
I. Introduction

2,2-Dimethyl-4,6-dioxo-1,3-dioxane 1 is a very useful

reagent in the synthesis of heterocyclic compounds. This

molecule is commonly known as Meldrum's acid with the

name from its discoverer, Scottish scientist Andrew Nor-

man Meldrum. It was synthesized in 1908 by the reaction

between acetone and malonic acid in the presence of acetic

anhydride and sulfuric acid (Scheme 1).1 Taking into

account the results of elemental analysis and the acidity

(pKa= 4.83 in water) 2, 3 of the final compound, Meldrum

misidentified its structure as the b-lactone of b-hydroxyiso-
propylmalonic acid (b,b-dimethyl-a-carboxy-b-propiolac-
tone 2). Only 40 years later, Davidson and Bernhard

determined the correct structure of Meldrum's acid 1.4

This structure was finally confirmed in 1985 when the first

crystal structure analysis of Meldrum's acid was carried

out.5 In addition, this investigation established the boat

conformation of the six-membered ring of Meldrum's acid,

which had been previously postulated based on the meas-

ured dipole moment.6, 7

Scheme 1

Despite the fact that more than 100 years has passed

from the discovery of Meldrum's acid, this reagent is still

very important and popular in organic synthesis. It can

react with various electrophiles at C(5) and nucleophiles at

C(4) and C(6) atoms. It has been used as a reactant in the

synthesis and design of a vast range of organic compounds

having utility in the context of drugs and pharmaceuticals.

The chemistry of Meldrum's acid and its derivatives has

been described in comprehensive reviews 8 ± 10 and in one

very short review.11 There are also some specialized subject

reviews, like for example: Meldrum's acid in the synthesis of

natural products,12 Meldrum's acid in domino and multi-

component reactions,13 ± 15 Meldrum's acid in catalytic

carbon ± carbon bond forming processes 16 and Meldrum's

acids in flash vacuum pyrolysis techniques.17 ± 19 The current

review is focused solely on the chemistry of an important

class of Meldrum's acid derivatives, acylated Meldrum's

acids.
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II. Preparation of acyl Meldrum's acid derivatives

A group of acylated Meldrum's acids is presented below,

namely, 5-[alkyl(aryl)(hydroxy)methylidene]-2,2-dimethyl-

1,3-dioxane-4,6-dione (parent acyl Meldrum's acid 3),

5-[alkyl(aryl)amino(hydroxy)methylidene]-2,2-dimethyl-1,3-

dioxane-4,6-dione (carbamoyl Meldrum's acid 4) and

5-[alkyl(aryl)amino(sulfanyl)methylidene]-2,2-dimethyl-1,3-

dioxane-4,6-dione (thiocarbamoyl Meldrum's acid 5).

Structures 3 ± 5

Owing to the formation of intramolecular hydrogen

bonds, all of acyl Meldrum's acid derivatives exist in aprotic

solvents (CDCl3, DMSO) mainly in their enol form.20 ± 22

Another characteristic feature of these compounds is their

thermal instability. Thermolysis of acyl Meldrum's acids

leads to the corresponding ketenes, acetone and carbon

dioxide.23 5-Acyl Meldrum's acids 3 can serve as synthetic

equivalents of mixed diketenes 6,24 which are usually not

available. Alcoholysis of compounds 3 provides easy prep-

aration of acylacetyc acids containing moiety 7.

Structures 6, 7

In contrast to the typical acyl Meldrum's acid 3, carba-

moyl 4 and thiocarbamoyl 5 Meldrum's acids are poorly

described in the chemical literature. Compared with acyl

Meldrum's acids 3, carbamoyl and thiocarbamoyl deriva-

tives are characterized by higher stability and slower ther-

molysis.22 This is because of the presence of two (instead of

one) intramolecular hydrogen bonds in their molecules.

Preparation methods of compounds 3, 4 and 5 are also

different.

The preparation of 5-acyl Meldrum's acid derivatives

was shortly described in general reviews.8, 9 This review

provides additional main and less popular procedures for

obtaining this class of compounds, special attention being

paid to new methods.

1. Synthesis from carboxylic acids and their derivatives
a. Preparation from carboxylic acids

One of the most common method for the synthesis of 5-acyl

derivatives 3 is the reaction between Meldrum's acid (1) and

carboxylic acid with coupling reagents (CR) such as dicy-

clohexylcarbodiimide (DCC),25 isopropenyl chloroformate

(IPCF) 26 or diethyl cyanophosphonate (DEPC) 27 in the

presence of a base (Scheme 2).
Scheme 2

Using this method it is also possible to synthesize

N-protected-a-amino-5-acyl Meldrum's acids, which can

serve as substrates in the synthesis of tetramic acids.28

However, in the case of acid-labile N-protecting groups

like, for example, Boc, significant self-decomposition of 3 is

observed.25 Up to 24% of BocGlu derivative of Meldrum's

acid decomposes within 6 month at room temperature.27

This instability is attributed to the acidic nature of 3, and

therefore an alternative protocol for preparation of N-Boc-

a-amino-acyl Meldrum's acid was developed by Baer and

co-workers.28 The carboxylic acid was treated with equi-

molar amounts of DCC and 4-dimethylaminopyridine

(DMAP), and after the reaction, the product was isolated

as a DMAP salt. The free acid 3 was released using ion

exchange resin immediately before subsequent reactions.28

b. Preparation from acyl halides

The first 5-[alkyl(aryl)(hydroxy)methylidene]-2,2-dimethyl-

1,3-dioxane-4,6-diones were prepared by Yonemitsu and

co-workers 24 in 1978 by the reaction between Meldrum's

acid and acyl chlorides in dichloromethane (DCM) in the

presence of pyridine (Py) (Scheme 3). This method is still a

common way to synthesize 5-acyl Meldrum's acids.29 The
1H NMR spectrum of the final products exhibited only

single signals corresponding to the enol forms of these

compounds (enolization of acyl Meldrum's acid derivatives

became a subject of many publications 20 ± 22). Instead of

pyridine, other bases like, for example, DMAP can be

used.30, 31

Scheme 3

Moreover, in place of acyl chlorides, it is also possible to

use acyl bromides.32 A major drawback of the method

proposed by Yonemitsu is the limitation to use only alkyl

acid halides. In the case of aromatic acid halides, it is

necessary to replace pyridine by DMAP; nonetheless, the

yield of the product obtained is still lower than when the

method with carboxylic acids is applied.33

In 1992 Henning et al.34 noticed that if alkyl chlorofor-

mates 8 are used as acylating agents in the reaction

proposed by Yonemitsu, the reaction mechanism com-

pletely changes. In this case, 5-[1-alkoxycarbonyl-4(1H)-

pyridinylidene]-1,3-dioxane-4,6-dione (9) is formed

(Scheme 4).
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Scheme 4

Bis-acylation of Meldrum's acid is very difficult, because

of enolization of the monoacylated compound. Neverthe-

less, it is possible to obtain cyclic bis-acylated Meldrum's

acid 10 by the reaction of Meldrum's acid with succinic acid

dichloride (Scheme 5). With higher homologues such as

glutaryl and adipyl dichlorides, dimeric products 11 are

predominantly formed (see Scheme 7).35

Scheme 5

c. Preparation from mixed carboxylic anhydrides

Methods for the synthesis of acyl Meldrum's acids based on

the reaction of mixed carboxylic anhydrides with Mel-

drum's acid in the presence of a base were also reported in

the literature. Mixed anhydrides in this transformations are

usually obtained in situ by treating carboxylic acid with

pivaloyl chloride (Scheme 8).36 ± 38

Scheme 6

d. Preparation from acyl imidazoles

Upon the addition of 1,10-carbonyldiimidazole (CDI) to a

reaction mixture composed of Meldrum's acid and carb-

oxylic acid, acyl imidazolide 12 is formed in situ. This

compound can also serve as a very good acylating

agent for the preparation of acyl Meldrum's acids

(Scheme 7).39, 40

Scheme 7

2. Synthesis from diketenes
Diketene 6a is one more commercially available acylating

agent. It reacts with Meldrum's acid at room temperature in

the presence of triethylamine and DCM to give 5-(1-

hydroxy-3-oxobutylidene)-2,2-dimethyl-1,3-dioxane-4,6-di-

one (13) (Scheme 8).41 ± 43

Scheme 8

3. Synthesis from isocyanates
Carbamoyl (4) and thiocarbamoyl (5) Meldrum's acid

derivatives are obtained by reactions of Meldrum's acid

with isocyanates 14.20, 21, 44 ± 47 and isothiocyanates 15 20, 48

(Scheme 9). The synthesis is usually carried out in DMF in

the presence of triethylamine. Aryl isocyanates react with

Meldrum's acid at room temperature in almost quantitative

yield, while alkyl isocyanates react much more slowly under

the same conditions. Despite the long reaction time (60 to

72 h), no by-products are formed.47

Scheme 9

4. Synthesis from 5-[bis(methylsulfanyl)methylene]-2,2-
dimethyl-1,3-dioxane-4,6-dione
The 5-[bis(methylsulfanyl)methylene]-2,2-dimethyl-1,3-di-

oxane-4,6-dione (16) is usually prepared in one-pot process

by the reaction of Meldrum's acid with carbon disulfide and

triethylamine with subsequent treatment with methyl
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iodide.49 The reaction of Grignard reagents with compound

16 affords a-alkyl(aryl)-a-(methylsulfanyl)methylidene Mel-

drum's acids 17.50, 51 Compounds 17 can be saponified to

give acyl Meldrum's acids 3 (Scheme 10).50, 52 ± 54

Scheme 10

The reaction of compound 16 with aryl or alkyl amines

in boiling EtOH leads to the formation of 5-[alkyl(aryl)ami-

no](methylthio)methylene]-2,2-dimethyl-1,3-dioxane-4,6-di-

ones 18.53, 55 These compounds react with alcohols in the

presence of HgCl2 to give 5-[alkyl(aryl)amino]alkoxymeth-

ylene]-2,2-dimethyl-1,3-dioxane-4,6-diones 19, which are

O-alkylated carbamoyl Meldrum's acid derivatives.53 As

an example, Scheme 11 shows the reaction with phenyl-

amine and ethanol, which gives compounds 18a and 19a.

Scheme 11

III. Properties of acyl Meldrum's acid derivatives

1. Enolic structure of acyl Meldrum's acids
The acyl Meldrum's acids represent a specific kind of

compounds having formally an active methine hydrogen

surrounded by three electron-withdrawing groups. Such a

constitution allows for existence of various tautomeric

forms. Generally, three tautomeric forms I ± III should be

considered (Scheme 12). Rappoport and co-workers 21, 22

have performed a thorough study of the tautomeric equili-

brium of carboxylic acid amides (carbamoyl Meldrum's

acids) by NMR spectroscopy and X-ray diffraction analy-

sis. First, they excluded the existence of structure II since

the 1H NMR spectrum (CDCl3) exhibits two broad singlets

at 11.16 ppm from NH and at 15.70 ppm from OH. The
13C NMR spectra also did not confirm the presence of

methine carbon (Cb) with a large coupling constant, which

also excludes structure II. Naturally, X-ray diffraction data

provide the strongest arguments, and they point to structure

I with a Ca7Cb bond lengh of 1.426(5) �A, which is longer

than a double and shorter than a single C7C bond; a C7N

bond length of 1.333 �A typical of enamines; and finally the

length of 1.300 �A for side-chain carbonyl groups, which is

close to a single C7O bond as expected for structure I.21, 22

Scheme 12

The same research group has studied similar equilibria

of thioenols and thioamides substituted by two electron-

withdrawing groups. In the case of thiocarbamoyl Mel-

drum's acids, on the basis of X-ray data, a thioenol

structure was established with the Ca7Cb bond lengh of

1.425(3) �A, which is very close to the oxygen analogue, the

C7N bond of 1.324 �A, which is typical of enamines, and

the C7S bond lengh of 1.739 �A, which is close to a typical

single C7S bond.

It should be stressed that acyl Meldrum's acid deriva-

tives represent a unique type of non-aromatic compounds in

which the enol form predominates, especially in the case of

carbamoyl and thicarbamoyl Meldrum's acids, which are

rare examples of stable enol forms of amides and thioa-

mides.

2. Pyrolysis of acyl Meldrum's acid derivatives
Pyrolysis of Meldrum's acid derivatives is well known and is

widely used. Thermal decomposition of acyl Meldrum's

acid derivatives leads to the formation of oxoketenes 20,

CO2 and acetone.56 ± 59 Also, the formation of 1,3-dioxin-4-

ones 21 and oxoketene [4+2]-dimer is possible

(Scheme 13).58, 59 The formation of compounds 21 is rever-

sible. Oxoketenes serve as key intermediates in the synthesis

of various products formed upon reactions with nucleo-

philes.56, 57

Scheme 13

One of special methods used for the thermal decom-

position of Meldrum's acid derivatives is flash vacuum

pyrolysis (FVP).19 In this technique, acyl Meldrum's acid

is heated to temperatures higher than 400 8C during a short
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period under reduced pressure (1 Pa). Under these condi-

tions, the listed intermediates are not trapped by nucleo-

philes and can be frozen in an argon matrix for subsequent

spectroscopic analysis.60, 61

In the case of carbamoyl derivatives of Meldrum's acids,

thermolysis process is much more complicated with a broad

range of possible products. Wentrup and co-workers 23

found that the product distribution for the thermolytic

reaction of carbamoyl Meldrum's acid depends on types of

substitution in the Meldrum's acid derivative as well as on

the reaction conditions. Series of FVP experiments per-

formed on compound 23 supported by the IR spectroscopic

study of the products provided interesting results. In lower

temperature range (200 ± 360 8C), the formation of ketene

24 together with ketimine 25 resulting from its rearrange-

ment was mainly observed. The final product of this

reaction route was quinolone 26. Higher temperatures

(400 ± 600 8C) promoted an alternative reaction pathway

through initial formation of ketimine 27, which eliminated

acetone and CO2 to form aryliminopropadienone 28. The

latter can be trapped by methanol or other nucleophilic

species present in the reaction mixture to yield compound

29 (Scheme 14). Note that for R2=NMe2 , pathway b

becomes predominant at temperatures as low as 300 8C.23

Aryliminopropadienones generated from various pre-

cursors including also carbamoyl Meldrum's acid deriva-

tives have found a synthetic application. Reactions of

compounds 28 with bis-nucleophiles afford perhydrodiaze-

pines 30 and 31a,b as well as pyridopyrimidine derivatives

32a,b, which itself can be a source of aryliminopropadie-

nones (Scheme 15).62

[1,3]-shift of R2

path a

R1 N

C

H

O

R2

25

24
N
H

R1

R2

O

26

R1 N

R2

H

CO

7R2H

R1 N

R2

O

O

O

OH

23

R1=H, Me, OMe; R2, R3=OMe, SMe, NMe2

7CO2,

7Me2CO

28

R1

O

O

O

O

C

27

path b

R1 N

R3

R2

O

29

R1

N

C

N

C

C

O

R2H, R3H

Scheme 14

Me 31b

R1=F, Et; R2=OMe, SMe, NMe2

23

N

R2

O

O

O

OH

FVP
R1

R1

28

R1

R1

N

N

Me

Me

O

N

R1

R1

30

R1 R1

N

NN

O

Me

32a

+

32b

R1R1

N

N N

O

Me

NHMe

NHMe

NHMe

NH2
N NHMe

N

N

O

N

R1

R1

31a

H +

N

N

Me

O

N

R1

R1

H

� �

C

N

C

C

O

Scheme 15

624 K Janikowska, J RachonÂ , S Makowiec Russ. Chem. Rev. 83 (7) 620 ± 637 (2014)



3. Reactions with nucleophiles: mechanistic consideration
Acyl Meldrum's acid derivatives may react with a variety of

nucleophiles. This can be used to obtain various hetero-

cyclic compounds such as b-lactams,46, 63 1,3-oxazinones,33

pilicides,30, 64 isoxazololes,29 tetramic acid derivatives,65

cyclic nitrones,66, 67 analogues of prodigiosin family anti-

biotics 68 and substituted pyridines.69 Also valuable non-

cyclic 1,3-dicarbonyl compounds can be easily synthesized

using acylated Meldrum's acids. We can cite, for example,

1,3-diones,70 keto esters,71 ± 73 and keto amides.74, 75 The

mechanism of formation of final products in the nucleo-

philic reactions of acyl Meldrum's acids depends on the

reactants and reaction conditions. Despite numerous

attempts to study this mechanism, it still remains a matter

of controversy. In the chemical literature, one can find four

proposed routes of the reaction between acyl Meldrum's

acids and nucleophiles (Scheme 16). These include inter-

mediate formation of a-oxoketenes 23 (path a), protonated

a-oxoketenes 33 (path b), non-decarboxylated a-oxoketenes
34 (path c) and a mechanism via addition ± elimination of

the nucleophile to give acyl Meldrum's adduct 35 (path d ).

Scheme 16

As mentioned above, the formation of a-oxoketenes 20

from the corresponding Meldrum's acid derivatives was

observed upon thermolysis, which was carried out in boiling

diphenyl ether (259 8C) 76 or under flash vacuum pyrolysis

condition (600 8C, 0.01 Torr).57, 60

The major route of reactions of Meldrum's acid deriva-

tives with nucleophiles is connected with the tendency of the

latter to form ketenes upon thermal decomposition. Once

formed, ketene may react with various types of nucleo-

philes. When the nucleophile is an alcohol or amine, the

ketene simply forms an SN-acylated product. When the

nucleophile is an imine, vinyl ether or another p-electron
system, [4+2]- or [2+2]-cycloaddition reactions can occur.

In 2004, Grabowski et al.38 postulated the mechanism of

decomposition of acylated Meldrum's acid 3 via a-oxoke-
tenes 20 (path a, Scheme 16). They undertook a detailed

mechanistic study of the synthesis of b-ketoamides from

acyl Meldrum's acids and various amines. The essential task

for this study was to determine the Meldrum's acid form

(anionic or free acid), which was achieved using IR spectro-

scopy. It was found that acyl Meldrum's acids are unstable

in acidic media at ambient temperature but are stable in

basic solutions. The observations suggested that decarbox-

ylation/amination of acyl Meldrum's acids required acidic

medium to achieve optimal results; hence, the free acid form

of acyl Meldrum's acid HA is the reactive intermediate,

whereas the anionic form A7 is not responsible for nucle-

ophilic addition or decomposition.

Grabowski and co-workers 38 first studied the kinetics of

decomposition of acyl Meldrum's acid in the absence of

nucleophiles in order to check the influence of acids or bases

on the reaction rate and then studied the decomposition of

acyl Meldrum's acid in the presence of various nucleophiles.

They proposed a reaction mechanism according to which

decomposition can proceed via a-oxoketene 20 or via pro-

tonated a-oxoketene 33, which can subsequently rearrange

to its tautomeric form 36 (Scheme 17).

Scheme 17

During the experiments they obtained results that

strongly suggested the first order for decomposition reac-

tion with respect to HA. Meanwhile, from the chemical

literature concerning the stability of ketenes, it is well

known 57, 77 that acylium ion 36 is lower in energy than the

protonated a-oxoketene 33. Moreover, protonation of oxo-

ketene 20 to compound 33 has a high energy barrier making

this process unlikely.

In the presence of nucleophilic species, the alternative

pathway of the reaction should be taken into consider-

ation in which the addition of nucleophile to the carbonyl

carbon of the 1,3-dioxa-4,6-dione ring is the rate limiting

step. In this case, the reaction rate should depend on the

[HA] and nucleophile concentrations. However, the

kinetic studies of the decomposition of Meldrum's acid

performed in the presence of nucleophiles, for example

BocNHOBoc, indicated again a first-order kinetics with

respect to HA.

Therefore, considering the results obtained by the

Grabowski group, it should be emphasized that irrespec-

tive of the presence or the absence of a nucleophile as well

as irrespective of the acidic or basic properties of the

reactants, the reaction always proceeds via a-oxoketene
intermediate 20.
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An alternative mechanism for the reaction of acyl

Meldrum's acid with nucleophiles was proposed by Almq-

vist and co-workers.30 They observed the formation of

2-pyridinones in the reaction of acyl Meldrum's acid with

thioazolines in the presence of gaseous HCl. The aurthors

postulated the formation of protonated a-oxoketene 33 as

an intermediate in this transformation. However, this mech-

anism has never been proven experimentally (see path b,

Scheme 16).30

However, if a nucleophile is able to react with acyl

Meldrum's acid derivative before it can be converted to a

corresponding ketene intermediate 20 or 33, then the

reaction pathway has to be different. For instance, Yama-

moto and Watanabe 33, 63 used the reaction of acyl Mel-

drum's acid with imines to synthesize 1,3-oxazinediones 37

and oxazin-4-ones 38 (Scheme 18). The structure of the

products obtained ruled out the possibility of formation of

a-oxoketene 20 or protonated a-oxoketene 33 intermediates

in the reaction medium (in this case, b-lactams should have

formed). To explain the formation of compounds 37 and 38

and the fact that decarboxylation did not occur throughout

the reaction time, the authors proposed a mechanism

including the intermediate formation of non-decarboxy-

lated a-oxoketene 34 or its zwitterionic tautomer (path c in

Scheme 16, Scheme 18).

Similarly, Zawacki and Crimmins 78 have observed that

treatment of acyl Meldrum's adducts with vinyl ethers in

refluxing benzene results in the formation of pyrandiones 39

rather than pyranones, which would be formed if the

reaction proceeded via the ketene intermediate (Scheme 19).

Scheme 19

Our own research seems to indicate that the reaction of

acyl Meldrum's acid with nucleophiles may take places even

before the loss of acetone and carbon dioxide through the

addition ± elimination mechanism (see path d in Sche-

me 16).79 In the reaction of carbamoyl Meldrum's acid 4a

with amines in the presence of trimethylsilyl chloride

(TMSCl), we observed high yields and reduction of the

reaction time in the synthesis of unsymmetrical malon-
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amides 40. It was found that the formation of N-trimethyl-

silylated amines is directly responsible for this acceleration.

In addition, we have noticed that TMSCl has no influence

on the rate of decompostion of carbamoyl Meldrum's acid

derivative. All these facts strongly suggest that N-trimethyl-

silylated amines react with carbamoyl Meldrum's acid

derivatives according to the addition ± elimination mecha-

nism rather than via the formation of free ketenes as in the

reaction with non-silylated amines (Scheme 20).79

IV. Reactivity of acyl Meldrum's acid derivatives

Acyl Meldrum's acid as a multifunctional molecule has a

wide range of possibilities to react with both nucleophiles

and electrophiles. Most explored and having the broadest

variety of synthetic applications is the thermal decomposi-

tion to give ketene type of species, which can subsequently

react with nucleophiles (paths a, a 0 in Scheme 21). As noted

above, acyl Meldrum's acid can also react with nucleophilic

reagents before the loss of acetone and CO2. In this

situation, two alternatives exist, the first one being a

nucleophilic attack on the carbonyl carbons of the 1,3-

dioxane-4,6-dione system followed by ring opening

(path b). The second, more frequently observed possibility

is the nucleophilic attack on the b-carbon of the conjugated

vinyl bond (path c), which may lead to reduction or

substitution in the side chain of the molecule.53

The last but not negligible opportunity is the electro-

philic attack on the anionic form of acyl Meldrum's acid

(Scheme 22). Here, three possible scenarios should also be

considered: an attack on the carbonyl oxygen of the 1,3-

dioxane-4,6-dione ring (path a), the reaction of an electro-

phile with the methine carbon atom (path b) 80 and, in the

case of thiocarbamoyl Meldrum's acids, alkylation of sulfur

in the side chain (path c).81

1. Reactions with acids
The reactions of acyl Meldrum's acid with dilute acids such

as HCl or HOAc provide an efficient synthesis of the

corresponding methyl ketones, important intermediates in

many organic transformations (Scheme 23).82, 83 Currently,

a number of methods for the preparation of methyl ketones

are known, for example, alkylation of acetone derivatives,

palladium-catalyzed oxidation of 1-olefins,84, 85 synthesis

from olefins and acetylenes using mercury compounds.86, 87

The synthesis from acyl Meldrum's acid derivatives is one of

the non-organometallic alternatives and easy going meth-

ods, which can be carried out under mild conditions.

Scheme 23

2. Reactions with nucleophiles
Acylated Meldrum's acids can react with H-, O-, S-, N- and

C-nucleophiles. N-Nucleophiles similarly to O-nucleophiles

can be introduced into the reaction medium from outside or

can be parts of the 5-acyl side chain of Meldrum's acid. In

all transformations described in this section (with the

exception of the reaction with H-nucleophiles), the carbonyl

group of the 5-acyl moiety of Meldrum's acid remains

intact. O-, S-, N- and C-nucleophiles react formally with

the 1,3-dioxane-4,6-dione moiety of the compound rather

than with the 5-acyl fragment.

a. Reactions with H-nucleophiles

In the reactions of acyl Meldrum's acid derivatives with H-

nucleophiles, the hydride ion selectively attacks the b-
carbon atom of the conjugated system of the acylated

Meldrum's adduct. The starting compounds 3 are reduced

to the alkyl Meldrum's acid derivatives 41 (Scheme 24). As

H-nucleophiles, sodium cyanoborohydride (NaCNBH3) 88

or sodium borohydride (NaBH4) 89 can be used.
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This method has been elegantly applied by Obaza and

Smith 90 for chain elongation in dicarboxylic acids

(Scheme 25). Because of the simplicity of this method, it is

still widely used in the synthesis of long-chain dicarboxylic

acids.91

Scheme 25

In 1997, g-substituted g-amino acids 42 were prepared in

this way from the corresponding a-amino acids.92 The key

step of the procedure is complete reduction of the keto

functionality of a-amino acyl Meldrum's acid 43 by sodium

triacetoxyborohydride. The resulting amino alkyl derivative

44 undergoes thermal decarboxylation with ring contraction

to give 5-substituted pyrrolidone 45, which yields the

corresponding g-amino acid 42 after alkaline hydrolysis

(Scheme 26). A similar approach using b-amino acids as

starting materials provides N-Boc-protected-a,d-disubsti-
tuted d-amino acids.93

Scheme 26

b. Reactions with alcohols

Concurrently with the discovery of acyl Meldrum's acid

derivatives, it was also noticed that these substances can

serve as very efficient substrates for the synthesis of b-keto
esters 45 in boiling alcohol (Scheme 27).24

Scheme 27

This methodology has been extensively used in organic

synthesis, including the total syntheses of a number of

natural products or compounds with biological activity.

Alcoholysis of Meldrum's acid is, for instance, one of the

steps of the synthesis of phenylpyrazolodiazepin-7-ones,94

which possess antiproliferative action on cancer cells.

In our research, we have found that, similarly to typical

acyl Meldrum's acids 3, carbamoyl Meldrum's acids 4 can

also react with O-sp3 nucleophiles giving malonamic acid

(malonic acid monoamide) esters 47 in good to excellent

yields (Scheme 28).45 Even weakly nucleophilic tert-butyl

alcohol gave malonamic acid tert-butyl esters in high yield.

The alcoholysis of carbamoyl Meldrum's acids was carried

out in refluxing ethylbenzene with a high excess of alcohol.

However, in the case of ethyl and tert-butyl alcohols as

nucleophiles, the boiling point of the reaction mixture

decreased from about 130 8C to 80 8C, which increased the

reaction time from 2 h up to 24 h.

Scheme 28

In 1996, Tietze et al.95, 96 have developed the solid-phase

synthesis of polymer-bound b-keto esters 48. The polystyr-

ene resin containing free hydroxyl groups was treated with

acyl Meldrum's acid in boiling THF, leading to the for-

mation of new modified resin containing b-ketoester side

chains. The process was monitored with IR spectroscopy

where the absorption band from the carbonyl group was

observed. They additionaly found that the b-ketoester
moieties introduced in the resin can be further modified by

alkylation with haloalkanes in the presence of tetra-n-

butylammonium fluoride (TBAF) (Scheme 29).

b-Ketoester-modified resins prepared by Tietze

et al.95, 96 can be used for the synthesis of biologically active

pyrazoles.

If the 5-acyl moiety of Meldrum's acid derivative has a

hydroxy group, an intramolecular reaction may occur

producing lactones 49 (Scheme 30).97

In 1992, Weiler and co-workers 98 developed a new

method for the synthesis of macrocyclic b-keto lactones by

cyclization of acyl Meldrum's acid derivatives with intra-

molecular hydroxy group (Scheme 31). This approach

involves thermolysis of acyl Meldrum's acid and lactoniza-

tion through intramolecular alcoholysis. This approach
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gives a modest yield of macrocyclic system 50 and a good

yield of unsubstituted 3-oxopentan-5-olide 51. To minimize

the intermolecular reaction, a dilute THF solution of

Meldrum's adduct was slowly added to boiling THF. How-

ever, no monomeric lactones were detected for any of

systems except those with n=2 and 10. When n=3 the

enol ether 52 was obtained in a 80% yield, demonstrating

the strong kinetic preference for the formation of 5-mem-

berd rings over 7-memberd rings.

The O-sp3 intramolecular ring closure reaction in which

the enolic hydroxy group attacks the carbonyl group of acyl

Meldrum's acid was described by HauÈ sler 43 and two years

later by Kang et al.99 In 1999, Lokot et al.100 described the

synthesis of 4-hydroxy-6-methyl-2-pyrones 53 (Scheme 32).

The process includes the formation of b-alkyl-substituted
acyl Meldrum's acid 54 and its subsequent thermal trans-

formation via the formation of a-oxo ketene as a key

intermediate followed by its intramolecular reaction with

the enolic hydroxy group.

The same research group 100 used this approach in a

seven-step synthesis of germicidin. The method gave germi-

cidin in an optically active form.

c. Reactions with amines

In 1978, it was proposed 24, 101 to use acyl Meldrum's acid 3

for the preparation of b-oxo-amides 55. However an effi-

cient and versatile method for the synthesis of these com-

pounds was developed and described only in 1992

(Scheme 33).75 The reaction involves direct aminolysis of a

slight excess of acyl Meldrum's acid 3 in benzene under

reflux for approximately 4 h.

Scheme 33

Weakly nucleophilic amines such as 2-aminopyridine or

2-nitroaniline reacted as good as aliphatic primary and

secondary amines, all the b-oxo-amides were obtained in
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good yields, irrespective of the type of amine. Under similar

reaction condition (boiling benzene), the reaction between

acyl Meldrum's acids and various carboxamides affords

imides in satisfactory yields.102

The method proposed by Pak et al.75 is used very often

in chemical synthesis; it can be applied for instance in the

three-step synthesis of substituted pyrroles 56 (Sche-

me 34).103

Scheme 34

The use of carbamoyl Meldrum's acid derivatives 4 as

acetyl group donors in the synthesis of unsymmetrical

malonamides 57 according to this method was also reported

(Scheme 35).47 The procedure is analogous to that used for

the preparation of b-oxo-amides 55. However, Pak's

paper 47 deals only with weakly basic N-nucleophiles such

as aromatic amines with electron-withdrawing groups or

even amides. In our research we have found that the use of

more basic secondary amines such as diethylamine or

piperidine in this reaction results in lower yields and longer

reaction time. These difficulties can be eliminated by adding

trimethylsilyl chloride to the reaction medium. Also, we also

have noticed that the reaction mechanism changes if TMSCl

is used.

Scheme 35

Acylated Meldrum's acid can also react with hydroxyl-

amine derivatives.104 Krogsgaard-Larsen and co-workers 29

have presented a versatile three-step procedure in which

acyl Meldrum's acid 3 is converted to N,O-di-Boc-protected

b-keto hydroxamic acid 58 upon aminolysis with N,O-

bis(tert-butoxycarbonyl)hydroxylamine, and compound 58

is cyclized to give 5-substituted 3-isoxazole 59 (Scheme 36).

What is surprising, in this process acyl Meldrum's acid

reacts efficiently with sterically hindered hydroxylamine

containing two Boc groups, suggesting that an unselective

strongly acylating intermediate is present during the reac-

tion.29

1,3-Dimethylurea and -thioures (60) are two more

examples of N-sp3 nucleophiles which can react with acyl

Meldrum's derivatives. The reaction of 60 with trifluoro-

acetyl Meldrum's acid leads to the formation of dihyd-

ro(thio)uracil derivatives 61, which can be dehydrated to 6-

trifluoromethyl(thio)uracil 62. It is significant that in the

case of thiourea derivatives, the yields are twice higher than

for urea derivatives (Scheme 37).71

Scheme 37

All the examples described so far were associated with

the attack of an N-nucleophile from the outside of the

molecule but the attack may also be intramolecular. The

reaction described by Jouin et al.105 in 1987 is an example of

intramolecular reaction of acyl Meldrum's acid with N-sp3

nucleophile. It was found that the condensation of Boc-

protected amino acids and Meldrum's acid followed by

deprotection and decarboxylation could produce pyrroli-

dine-2,4-diones 64 (commonly named as tetramic acids),

without racemization (Scheme 38).65, 105 These molecules

are important precursors of b-hydroxy-g-amino acids. The

proposed 105 method has been applied to the synthesis of

several biologically active molecules.106 ± 108 However, the

reaction conditions are rather elusive and, as reported, by

the authors, any change in the procedure leads to lower

yields.

Scheme 38

Tetramic acids can be also obtained in high yields by the

reaction of Meldrum's acid with N-urethane-N-carboxy

anhydrides (UNCAs) 65 followed by cyclization (Sche-

me 39).109 This procedure is applicable to Boc-, Fmoc- and

Z-carboxy anhydrides (Fmoc is fluorenylmethoxycarbonyl,

Cbz is benzyloxycarbonyl). Meldrum's acid 1 readily reacts
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with UNCAs 65 in the presence of tertiary amine (triethyl-

amine, N,N-diisopropylethylamine, N-methylmorpholine,

etc.) to afford in a few minutes corresponding acyl Mel-

drum's acid. The crude material is next cyclized according

to Jouin et al.105 and yields the corresponding enantiomeri-

cally pure tetramic acid derivative 64.

Scheme 39

Yet another efficient method for the assembly of the

tetramic acid core is the solid-phase synthesis using Mel-

drum's acid attached to a polymer support (Scheme

40).110, 111

Scheme 40

Another, method very similar to that discovered by

Jouin et al.105 was described in 2007 by Orsini et al.112

This is the intramolecular reaction for the synthesis of

piperidine-2,4-diones 66 (Scheme 41). In this case, instead

of a-amino acids, the b-homologues are used. It was also

noted that to increase the molecular diversity of compounds

64 as building blocks, selective 5-alkylation with lithium

hexamethyldisilazide (LiHMDS) is possible.112

In 2011, Kurth and co-workers 113 described the syn-

thesis of macrocyclic lactams from 5-acyl Meldrum's acids.

Carboxylic acid intermediates 67 for this reaction were

prepared by opening pentane-1,5-dioic acid anhydride with

carbamate-protected amino alcohol or diamine 68 with

protected amino group. The resulting compounds 69 were

next coupled to Meldrum's acid 1 in the presence of 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide (EDC). The

removal of the nitrogen protecting group delivers zwitter-

ions of acyl Meldrum's acids 67 (Scheme 42). As protecting

groups, both Boc and Cbz were explored. It was found that

Boc deprotection with SnCl4 proceeds more smoothly than

Cbz hygrogenolysis.

Scheme 42

The cyclization of compounds 67 was carried out in

MeCN at 125 8C for 15 minutes under microwave (MW)

radiation. Zwitterions 67 exist as an internal ion pair with

geometries that resemble the respective macrocyclic prod-

ucts 70 (Scheme 43). This pre-organization perhaps aids

ring closure, explaining high macrocyclization yields

(92%± 94%).113

The same research group utilized similar macrolactams

as intermediates in the multicomponent cyclization (Sche-

me 44). The resulting macrolactams 70 were made to con-

dense with a formaldehyde equivalent, yielding a methylene

derivative, which reacted as a dipolarophile in a KHCO3-

initiated nitrile oxide (from a chloro oxime) 1,3-dipolar

cycloaddition to furnish spiro-fused macrolactams 71 in

very good yields (70%± 74%).112

d. Reactions with thiols

Woodward and Ley 32 were the first to report the possibility

of reaction between acyl Meldrum's acid derivatives 3 and
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thiols. This reaction gave b-keto thioesters 72 (Scheme 45).

However, in the chemical literature, there are few examples

of the reaction of acyl Meldrum's acid derivatives with S-sp3

nucleophiles.

Scheme 45

We have found that carbamoyl Meldrum's acid deriva-

tives 4 can react with thiols in a similar way giving b-keto
thiomalonamides 73 in 31% to 65% yields (Scheme 46).45

Scheme 46

e. Reactions with cyclic and non-cyclic imines

Imines can react with acyl Meldrum's acid as N-sp2-nucle-

ophiles. This reaction type is described most widely in the

chemical literature dealing with the reactivity of acyl Mel-

drum's acids. In these reactions, the carbonyl function of

Meldrum's acid adduct acts as an electrophilic reaction

centre, and the 5-acyl Meldrum's acid introduces three

carbon atoms into the forming heterocyclic core.

Almqvist and co-workers 114 attempted to assemble

bicyclic b-lactam 74 directly by a Staudinger cycloaddition

of acylketenes 20 generated from acyl Meldrum's acids 3 to

optically active D2-thiazoline 75 under acidic conditions.

After structure elucidation of the product, it was found that

the reaction gave rise to chiral 1,3-oxazinones 76 rather

than 6-acylpenames 74 as was initially reported (Sche-

me 47).115, 116

Scheme 47

Enantioselective synthesis of thiazoline 77 fused to

highly substituted 2-pyridinone was performed by the

same research group in 2001 (Scheme 48). The reaction

was discovered when 2-alkyl-D2-thiazoline 78 and Mel-

drum's acid derivative 3 were saturated with HCl gas at

5 8C and subsequently refluxed in benzene at 78 8C. Further
refinement of the synthetic protocol revealed that the use of

dichloroethane (DCE) as a solvent at 0 to 64 8C leads to

2-pyridinones in good yields and with excellent enantiose-

lectivity.30, 117

Scheme 48

A tentative mechanistic explanation to the formation of

2-pyridinones 77 is presented in Scheme 49: the imine reacts

with the corresponding ketene and [1,5]-sigmatropic rear-

rangement results in enamide 79. Then an intramolecular

attack on the b-carbonyl group closes the six-membered

ring. After subsequent removal of a proton and water,

thiazolopyridinone 77 is formed. This reaction was used,

for instance, as a key step for the generation of diverse
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bioactive molecules, including in particular, pilicides based

on thiazolopyridones.64, 118 ± 120

Besides the above-mentioned methods, the Almqvist

research group has developed two other innovative methods

for the preparation of 2-pyridinones, one using solid-phase

synthesis with thiazoline esters bound to the resin 121 and

the other using microwave radiation.122

Kato and co-workers 123 described the reaction of acetyl

Meldrum's acid with benzylideneimines 80. When a solution

of Meldrum's acid adduct with appropriate imine was

refluxed in benzene, the exchange reaction between the

C7O moiety of the dioxane ring in acyl Meldrum's acid

and the C=N moiety of the Schiff base took place with loss

of acetone to produce the 1,3-oxazinedione 37 derivative

with a small amount of oxazin-4-one 38 (Scheme 50).

Scheme 50

Yamamoto and Watanabe 63 continued this work, which

was focused on this type of reactivity of acyl Meldrum's

acid derivatives. It was found that the product ratio of 37

and 38 depends on the reaction temperature. Treatment of

acyl derivatives 3 with imines 80 in benzene at 50 8C for 4 h

gave exclusively diones 37 in good yields. They also studied

the possibility of transformation of 1,3-oxazinedione 37 to

oxazin-4-one 38. Dione 37 was converted to ketone 38 by

refluxing in benzene or xylene, or directly by treatment of

acyl Meldrum's acid derivatives 3 with imine 80 in boiling

xylene.63

Almqvist's research group described a similar reac-

tion.124 They performed a set of experiments between

dihydroisoquinoline 81 and acyl Meldrum's acid derivatives

3 (Scheme 51). In the presence HCl or trifluoroacetic acid

(TFA), they obtained 2-pyridone 82 as the only product,

whereas under neural conditions, both products, 2-pyridone

82 and 1,3-oxazin-4-one 83, were observed. When triethyl-

amine was introduced into the reaction mixture, oxazinone

83 was formed predominatly. In this set of experiments,

Almqvist and co-workers also found that the formation of

83 is a reversible process, and under microwave irradiation

in the presence of TFA, 83 can dissociate to ketene and

imine, which form 2-pyridone 82. This result clearly

explains the observation that under acidic conditions only

one product 82 is formed, whereas under basic conditions,

83 is formed in excess but not as the only product.124

Scheme 51

Yamamoto and Watanabe 63 used acyl Meldrum's acid

derivatives in the reaction with aldimines for the prepara-

tion of monocyclic b-lactams. In the course of our own

study we discovered 46 that it is possible to obtain the

b-lactam moiety with retro-amide side chain 84 (Scheme

52). First, we chose benzene as a reaction medium based on

the experiments of Yamamoto and Watanabe.63 However, it

turned out that carbamoyl Meldrum's acids 4 decompose

much more slowly than compounds 3. When we replaced

the benzene solvent by toluene, we obtained a series of

b-lactams with retro-amide side chain 84 in good yields,

even when highly hindered di(tert-butyl)aldimine was used

as a substrate. We have found one limitation to this method:

if N-alkyl (cyclohexyl or ethyl) carbamoyl Meldrum's acids

were used instead of aryl derivatives, no desired b-lactams
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were obtained; instead, complicated mixtures of products

were formed.

Scheme 52

In 2010, Rubinov et al.125 have studied the intramolec-

ular reaction of 2,2-dimethyl-5-[3-(alkoxyimino)alkanoyl]-

1,3-dioxane-4,6-diones 85 (Scheme 53). It was found that

acyl Meldrum's acid derivatives 86 react with alkoxyamines

regioselectively at the b-keto group of the side acyl chain

affording the corresponding tricarbonylimines 85, which are

converted upon refluxing in toluene to products of intra-

molecular cyclization, N-alkoxy-2,4-dioxopirydine-3-car-

boxylic acids 87. These compounds are completely

enolized, and their structure is stabilized by two intra-

molecular hydrogen bonds. The decarboxylation of acids

87 in mesitylene at 160 ± 165 8C gives N-alkoxypyridine-2,4-

diones 88 in 85%± 90% yields.125

f. Reactions with vinyl ethers

Acyl Meldrum's acids 3 react with vinyl ethers 89 in

refluxing benzene to give compounds 90 analogous to

pyrandiones (Scheme 54).78 The latter are readily trans-

formed into g-pyrones 91 on treatment with PTSA in a 4 : 1

THF :H2O mixture at reflux. A variety of acyl Meldrum's

acids and vinyl ethers have been used to construct mono-,

di- and trisubstituent pyrones.78, 126 Substituted pyrones can

be used, for instance, in the synthesis of polyacetate- and
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spiroketal-containing natural products and as cycloaddition

substrates for the construction of polycyclic systems.

3. Carbocyclization
Sato et al.127 used diacid dichlorides 92 and acyl Meldrum's

acid derivatives 3 to synthesize, in four steps, optically pure

cyclophanes 93 possessing the 1,3-dicarbonyl moiety

(Scheme 55). First, dis(4,6-dioxo-1,3-dioxanes) 94

(n=6± 12, 16) were synthesized from the corresponding

diacid dichlorides 92 (n=6± 12, 16), according to a

reported procedure,24 in the presence of pyridine at 0 8C
to room temperature. The slow addition of compounds 94

into refluxing chlorobenzene under highly dilute conditions

(161074 mol litre71) gave (�)-cyclophanes 95 (n=7± 12,

16) generally in high yields. At temperatures higher than

130 8C, bis(4,6-dioxo-1,3-dioxanes) 94 lose acetone and

carbon dioxide generating bis(acylketenes) 96. The intra-

molecular [4+2]-cycloaddition of bis(acylketenes) 96 pro-

ceeds smoothly, giving (�)-cyclophane pyranones 95 in high

yields. Cyclophanes (n=7± 11) were readily separated from

oligomeric compounds by distillation. Higher homologues

(n=12, 16) were isolated by chromatography on neutral

silica gel. Racemic cyclophanes 95 containing 7 ± 10 bridg-

ing methylene units were resolved into enantiomers via

diastereoisomeric imine formation with (R)-1-phenylethyl-

amine followed by alkaline hydrolysis. This optically active

cyclophanes 93 can form complexes with metals such as

copper and europium.127

4. Acyl Meldrum's acids as nucleophiles
Reactions between Meldrum's acid derivatives and electro-

philes are widely described in the chemical literature. How-

ever, there are few reactions related to electrophilic addition

to 5-acylated Meldrum's acis. In 2012, Habibi et al.128

found that triphenylphosphine and dialkyl acetylenedicar-

boxylate 97 react smoothly in the presence of 5-acyl Mel-

drum's acids 3 in dichloromethane at room temperature.

This reaction type leads to the synthesis of new stable ylide

derivatives 98 (Scheme 56).

Scheme 56

5. Miscellaneous reactions
In 1990, Sato et al.129 found that acyl Meldrum's acid

derivatives can react with ketones in a similar way as diols

giving acetals. The reaction of 5-formyl Meldrum's acid 99

with L-menthone 100 in refluxing toluene for 0.5 h gave

products 101 and 102 in a 27% total yield (Scheme 57).

2,2-Dimethyl-1,3-dioxin-4-one is formed as a reactive inter-

mediate and then exchanges the acetone moiety with L-men-

thone to form spirocyclic dioxinone.

Scheme 57

Yamamoto and Watanabe 63 assumed that acyl Mel-

drum's acid derivatives 3 may lose acetone to give inter-

mediate 103. This was proven by exchange of the acetone

moiety in acyl Meldrum's acid 3 with a cyclohexanone

moiety on refluxing acyl Meldrum's acid and cyclohexanone

in benzene (Scheme 58).

Scheme 58

V. Conclusion

In the light of this review, it is clear that practical applica-

tions of Meldrum's acid derivatives in organic synthesis are

still extending despite the fact that Meldrum's acid was

discovered over one hundred years ago. A survey of recent

chemical literature indicates that the key trend of synthetic

applications of acyl Meldrum's acids is focused on the

preparation of biologically active compounds as, for exam-

ple, b-lactams, pilicides, isooxazol-3-ols, tetramic acid

derivatives or analogues of prodigiosin family antibiotics.

Acyl Meldrum's acid derivatives gradually find use in

peptide chemistry, especially the topic concerning applica-

tion of 1,3-dioxa-4,6-dione moiety as a kind of activating

agent seems to be promising. However, the well-known

strongly acidic properties of acyl Meldrum's acids can be

an obstacle for peptide strategies using a weakly acid labile

protecting group.

Another recently observed thread with growing impor-

tance is the reactivity of Meldrum's acid with organometal-
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lic reagents. Fillion research group has given particular

attention to this topic.130 ± 134 Meanwhile, the issue concern-

ing the mechanistic aspect of the reactivity of acyl Mel-

drum's acid derivatives should be systematized and

thoroughly explored because despite the presence of some

publications dealing with the mechanistic problems of

Meldrum's acid reactions, one can find a lot of data from

experiments which cannot be explained with presently

known theories about the reactivity and decomposition of

acyl Meldrum's acids.
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