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Abstract: Apart from being one of the most important intermediates in chemical synthesis, broadly 

used in the formation of C–C bonds among other processes, the β-dicarbonyl structure is present in 

a huge number of biologically and pharmaceutically active compounds. In fact, mainly derived from 

the well-known antioxidant capability associated with the corresponding enol tautomer, β-

diketones are valuable compounds in the treatment of many pathological disorders, such as cardi-

ovascular and liver diseases, hypertension, obesity, diabetes, neurological disorders, inflammation, 

skin diseases, fibrosis, or arthritis; therefore, the synthesis of these structures is an area of over-

whelming interest for organic chemists. This paper is devoted to the advances achieved in the last 

ten years for the preparation of 1,3-diketones, using different chemical (Claisen, hydration of al-

kynones, decarboxylative coupling) or catalytic (biocatalysis, organocatalytic, metal-based catalysis) 

methodologies: Additionally, the preparation of branched β-dicarbonyl compounds by means of α-

functionalization of non-substituted 1,3-diketones are also discussed. 

Keywords: 1,3-diketones; biological activity; organic synthesis; Claisen condensation; biocatalysis; 

organocatalysis; metal-based catalysis; hydration; oxidation; decarboxylative coupling 

 

1. Introduction 

1,3-Diketones (β-diketones) are ubiquitous scaffolds found in many natural prod-

ucts, exhibiting a wide range of biological activities. Thus, many naturally occurring 1,3-

diketones shown in Scheme 1, such as dibenzoylmethane (DBM, 1) or n-tritriacontane-

16,18-dione (TTAD, 2), are typical examples of this type of compounds, naturally obtained 

from plants such as eucalyptus leaves [1,2], licorice roots [3], vanilla beans [4] or sunflower 

pollen [5]. These powerful natural antioxidants possess prominent anti-cancer properties 

with minimal toxicity; thus, the potential activity of DBM as a therapeutic option for can-

cer treatment (in vitro and in vivo activity inhibiting the growth and proliferation of colon, 

mammary, lung, prostate, neuroblastoma and skin cancers), as well as for diabetes and 

dementia, has been recently reviewed [6]. 

Curcumin 3, an active ingredient of turmeric (a dried, orange-yellow-colored rhi-

zome derived from Curcuma longa L.), was for long known to possess antibacterial activity 

[7]. Curcumin and its mono and bis-demethoxy-derived compounds 4 and 5 are termed 

curcuminoids, and they account for 2–9% of the active compounds of turmeric [8]. These 

diarylheptanoids (an aryl-C7-aryl skeleton including the diketone moiety) are considered 

the principal active constituents responsible for the plethora of biological functions de-

scribed for turmeric [9]. Among them, curcumin is the most abundant and the most fre-

quently investigated for evaluating its applicability for the prevention and management 

of many illnesses, including cardiovascular and liver diseases, hypertension, obesity, di-

abetes, neurological disorders, inflammation, skin diseases, fibrosis, and arthritis [10,11]. 

The basic mechanism for curcumin’s biological activity is thought to be based on its mod-

ulation effect of various signaling molecules, transcription factors, and enzymes [12], as 
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well as regulating epigenetic activity, including the inhibition of DNA methyltransferases 

(DNMTs), regulation of histone modifications via the regulation of histone acetyltransfer-

ases (HATs) and histone deacetylases (HDACs), regulation of microRNAs (miRNA), ac-

tion as a DNA binding agent and interaction with transcription factors [13]. Additionally, 

curcumin possesses a very exciting chemo-preventive and therapeutic potential against 

cancer, as extensively assessed. Tetrahydrocurcumin 6, the major curcuminoid metabolite 

of curcumin, displays a higher water solubility compared to curcumin, as well as an en-

hanced chemical stability, bioavailability, and anti-oxidative activity, so that it could be 

an excellent alternative [14]. Similarly, the antioxidant activity of components of the gin-

ger (Zingiber officinale) rhizome was attributed to [6]– and [10]–dehydrogingerdiones (7 

and 8) and their corresponding dihydro analogs (9 and 10) [15]. 

 

Scheme 1. Some linear 1,3-diketones possessing biological activity. 

It has to be taken into account that most of the known dicarbonylic antioxidants exist 

mainly in the enolized form, as depicted in Scheme 2. In fact, apart from the enolized 

forms of curcumin, curcuminoids, and phenolic diketones shown in Scheme 1, the antiox-

idative power of compounds shown in Scheme 2, such as feruloylacetone (11 [16]), O-β-

D-glucoside derivatives of β-diketones (12, [17]), garcinol (13 [18], also with potent anti-

inflammatory [19] and anti-cancer [20] activities) or 2-aryl-1,3-indandiones (14, [21]), has 

already been reported. 
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Scheme 2. Keto-enol structures of linear and cyclic 1,3-diketones with antioxidant activity. 

Similarly, some other antioxidant compounds possessing an enolic moiety can be 

considered analogs of 1,3-diketones, although they are properly β-ketoesters. Thus, apart 

from the archetypal ascorbic acid 15 [22,23], compounds such as dihydropyran-2,4-diones 

16 [24], 4-hydroxycoumarins 17 [25], pulvinic acids 18 [26,27], and their natural analog 

norbadione A 19 [28] or Meldrum’s acids 20 have been assessed for their antioxidant ca-

pability [29,30], as shown in Scheme 3. 
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Scheme 3. Some examples of β-ketoesters with antioxidant activity. 

Aside from the antioxidative activity, some other pharmacological activities have 

been reported for β-diketones or their enolic counterparts. For instance, a series of 3-hy-

droxy-3-(4′-trifluoromethyl-phenyl)prop-2-en-1-ones (21, Scheme 4) has been screened for 



Pharmaceuticals 2021, 14, 1043 4 of 26 
 

 

their anti-malarial activity against chloroquine-sensitive Plasmodium falciparum (CD7) [31]. 

The molecular docking studies with PDB:4ORM confirmed the very potent anti-malarial 

activity of some of them. On the other hand, water-soluble compounds 22 (Scheme 4), O-

β-D-glucoside derivatives similar to 12 (Scheme 2) have shown antibacterial and antifun-

gal properties [32]. Conversely, also indanones 14 have shown antimicrobial activity [33]. 

The classical tetracyclines structure 23, whose use in clinical medicines is well docu-

mented [34–37], contains an α-hydroxy- or an alkoxy- substituent on the central carbon of 

the 1,3-diketone moiety, as depicted in Scheme 4. These antibiotics, still very useful be-

cause of their activity against a broad spectrum of microorganisms and their low toxicity, 

are being studied as precursors of new drugs [38–40]. Australifungin 24, isolated from 

Sporomiella australis, which contains an unusual β-ketoaldehyde function in its molecular 

structure, shows a prominent antifungal activity [41]. Additionally, chemical structures 

possessing the β-diketone structure can be considered as excellent candidates as drugs 

displaying multi-target potency. For instance, asymmetrical 1,3-diketones 25, with poten-

tial anti-cancer as well as anti-inflammatory activities, were synthesized via direct cou-

pling reaction between ketones and N-acyl benzotriazoles, based on soft enolization under 

mild conditions [42]. These compounds, of which, the drug likeliness and high glycemic 

index values were also evaluated, were very effective in inhibiting breast cancer cells and 

the associated inflammation; similarly, these same authors reported some other com-

pounds also possessing an unsymmetrical 1,3-diketone scaffold that is also potentially 

useful [43]. 

 

Scheme 4. Some linear and cyclic β-diketones possessing different biological activity. 

On the other hand, the capability of β-diketones to complex with metals is very well 

known, through the negative charge of the β-diketonato anion (Scheme 5, 26), which eas-

ily coordinates to many metals such as rhodium [44], manganese [45], iron [46], chromium 

[47], or copper [48,49]. Thus, they are generally used for solvent extraction of metals from 

metal-contaminated water [50]. To this respect, a recent theoretical study on the capability 
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of acetyl acetonate anion (Scheme 5, 26, R1 = R2 = Me), for complexing Cu(II) has been pub-

lished [51]. Remarkably, the antimicrobial activity of β-diketones is reinforced when com-

plexed with metals. Thus, coordination of the 2-thenoyltrifluoroacetone 27 (Scheme 5) lig-

and with copper (II) generated complex 28, which showed a better antibacterial ability 

against Escherichia coli (ATCC 6358P) and Staphylococcus aureus (ATCC 8099) compared to 

27 [52]. Similar behavior has been observed for complexes 29 and 30 [53], even showing 

antifungal activity against Fusarium verticillioides. Identical features have been described 

for Fe (II) complex 31 [54] and some other similar structures [55]. 

 

Scheme 5. Some 1,3-diketone-metal complexes with antimicrobial activity. 

1,3-diketones can also be used as synthons for furnishing several carbocyclic and het-

erocyclic structures, as reviewed by Kel’in and Maioli [56], many of them leading to bio-

logically active compounds. Apart from the classical examples covered in that seminal 

work, many other examples can be found in the literature; specifically, the pyrazol struc-

ture is present in many compounds possessing biological activity [57–61], and it is easily 

accessible through the condensation of 1,3-diketones and hydrazine [57]. In this sense, 

Mahajan et al. [62] reported the synthesis of thieno [2,3-b]quinoline-2 carboxylic acids de-

rivatives 33 (flavonoid type) and 34 (pyrazol type), displaying antioxidant and anti-in-

flammatory activity, by ultrasonic catalysis starting from asymmetric β-diketone 32 

(Scheme 6a). Other commonly used approaches are based on the Michael-type cyclization 

of 2-halohydrazone acetates with 1,3-dicarbonyl compounds, depicted in Scheme 6b 

[63,64], or the three-component coupling reaction of aryldiazonium salts with diazo and 

1,3-dicarbonyl compounds (Scheme 6c) [65]. Recently, the synthesis of 3,4-dicarbonyl-sub-

stituted pyrazoles 37 starting from a wide range of 1,3-dicarbonyl compounds and oxamic 

acid thiohydrazides was developed via iodine-promoted cascade imination/halogena-

tion/cyclization/ring contraction reaction accompanied by sulfur elimination (Scheme 6d) 

[66]. 
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Scheme 6. Synthesis of biologically active heterocycles starting from 1,3-dicarbonyl compounds. (a) 

flavonoid type (33) and pyrazol type (34) compounds with antioxidant and anti-inflammatory ac-

tivity; (b) biologically active N-arylpyrazolyl diketones (35); (c) biologically active N-arylpyrazolyl 

oxoesters (36); (d) biologically active pyrazolyl oxoamides (37). 

2. Synthetic Methodologies for the Preparation of β-Diketones 

As mentioned in the previous section, β-diketones and their derivatives present high 

importance as valuable compounds. For this reason, several methodologies have been de-

scribed for their preparation in different reviews [56,67]. The recent contributions to the 

preparation of these compounds are discussed in the next paragraphs. 

2.1. Synthesis of β-Diketones by Claisen Approach 

The most classical approach for the synthesis of 1,3-diketones consists of the Claisen 

condensation of ketones and esters under basic conditions. This procedure has been 

widely explored for several years, and is the most common approach for obtaining these 

valuable components. Several examples of Claisen condensation improvements have been 

performed, some of them commented in the present manuscript, for the preparation of 

1,3-diketones, but until 2014 no examples of direct synthesis of these compounds from 

carboxylic acids and ketones had been developed [68]. Initially, it was observed that the 

treatment of different phenylalkanoic acids (38) with trifluoroacetic anhydride (TFAA) 

and trifluoromethanesulfonic acid (TfOH) yielded the self-acylation compounds (1,3-

diketones) as the major products, as a result of the acylation of 1-indanones of 1-tetralones, 

the initially formed compounds in these processes. This acylation is given mainly when 

the reactions are carried out in the presence of low amounts of TfOH. When using one 
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equivalent of this acid, the process was completely chemoselective for the formation of 

the 1,3-diketone, whereas the use of larger amounts resulted in the benzofused ketones as 

the sole product. In view of these results, the formation of different 1,3-diketones (40) was 

studied by acylating alkyl aryl ketones 39 with alkanoic acids 38, with yields between 37–

86%, as shown in Scheme 7a. Furthermore, the acylation of ketones by carboxylic acids 

with different functionalities was studied. Thus, the reaction of alanine with 1-indanone, 

1-tetralone, and acetophenone led to the corresponding aminodiketones with moderate 

yields.  

Diferrocenyl β-diketones 43 have also been prepared using a Claisen approach 

(Scheme 7b) [69]. These compounds have been complexed with different metals and con-

verted into the corresponding pyrazoles, and were characterized and analyzed. The syn-

thesis of these diketones was carried out by the reaction of the ferrocenyl esters 41 with 

different ferrocenyl ketones 42 in the presence of lithium diisopropylamide (LDA) as a 

base in tetrahydrofuran (THF) at 0 °C. At these conditions, 54% of the diketone was re-

covered, but the self-aldol condensation α,β-unsaturated ketone appeared as a byproduct 

in 17% yield [70]. The use of KOtBu as a base reduced this byproduct while slightly in-

creasing the amount of 1,3-diketone (58%). 

 

Scheme 7. Synthesis of 1,3-diketones through classical Claisen condensation: (a) by acylating alkyl 

aryl ketones (39) with alkanoic acids (38); (b) by the reaction of the ferrocenyl esters (41) with dif-

ferent ferrocenyl ketones (42); (c) by condensation of 4-methylbenzoate methylenpyran (44) with 

different ketones. 
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The Claisen condensation has also been applied for the preparation of anisyl and fer-

rocenyl adducts of methylenepyran-containing 1,3-diketones, as shown in Scheme 7c [71]. 

These diketones were obtained from a 4-methylbenzoate methylenpyran (44) that was 

prepared by a Wittig-type reaction between 2,5-dipheny-4H-pyran-4-yl tri-

phenylphosphonium tetrafluoroborate salt with methyl 4-formylbenzoate in 75% isolated 

yield. The Claisen condensation of this benzoate was carried out at room temperature in 

the presence of KOtBu as a base. Thus, a solution of 4-methoxyacetophenone (45) or 

acetylferrocene (42) in THF was in situ deprotonated with the base in the presence of two 

equivalents of 44. Reaction occurred in 15 h, leading to both β-diketones 46 and 47 in 50% 

isolated yield. The spectral, structural, and redox properties of both compounds were fur-

ther analyzed. The authors also described the preparation of extended electron-rich ferro-

cenylmethylenepyran having a 1,3-diketone coordination site. Thus, ferrocenyl-

methylenepyran substrate was subjected to Friedel–Crafts acylation in dichloromethane 

(DCM) at 0 °C for 2 h, leading to the acetylated derivative with 61% isolated yield. This 

intermediate was treated with lithium diisopropylamide as a base to achieve the ferroce-

nylmethyelenpyran-containing-1,3-diketone with a 20% yield.  

Carbazole derivatives present a wide set of biological activities as antimicrobial [72], 

antiviral [73], antitumoral [74], or anti-inflammatory [75] compounds. For this reason, a 

set of carbazole-based 1,3-diketones (51) have been recently synthesized and evaluated as 

antimicrobial molecules [76]. 9-Ethyl-9H-carbazole-3-carbaldehyde was oxidized to 9-

ethyl-9H-carbazole-3-carboxylic acid 48, which was converted into the corresponding es-

ters by treatment with 2-hydroxyacetophenones (49) in the presence of phosphorous ox-

ychloride and pyridine. These carbazole esters (50) were treated with KOH in the presence 

of pyridine, leading to an intramolecular Claisen condensation through a Baker–Venkata-

raman transposition, leading to the corresponding 1,3-diketones with yields of around 

70% (Scheme 8a). These diketones were further transformed into the carbazole pyrazoles, 

whose biological properties were also evaluated.  
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Scheme 8. Preparation of valuable β-diketones using the Baker–Venkataraman transposition: (a) by 

treating of carbazole esters (50) with KOH in the presence of pyridine; (b) by treating diester 54 with 

NaOH/DMSO. 

The Baker–Venkataraman transposition has also been employed for the synthesis of 

a set of O-β-D-glucoside derivatives of β-diketones (56, Scheme 8b) [17], whose antibacte-

rial, antifungal, and antioxidants activities have been evaluated. 2,4-Diaryloxyacetophe-

nones 52 and benzoic acids 53 were subjected to the transposition employing phospho-

rous oxychloride and pyridine in a first step to obtain compounds 54, which lead to the 1-

(2′,4′-dihydroxyphenyl)-3-aryl-propane-1,3-diones (55) with yields between 64% and 74% 

after treatment with NaOH in dimethylsulfoxide (DMSO). The corresponding β-diketones 

were dissolved in 2.5% methanolic KOH and coupled with α-acetobromoglucose under 

nitrogen atmosphere to obtain the corresponding glycosylated 1,3-diketones with yields 

of around 70%. Finally, the tetra-O-acetyl-O-β-D-glucosides were deacetylated in dry 

methanol with sodium methoxide under an inert atmosphere, leading to the 1-(4′-O-β-D-

glucopyranosyloxy-2′-hydroxyphenyl)-3-aryl-propane-1,3-diones also with isolated 

yields between 66–75%. 

2.1.1. Preparation of Halogenated Diketones 

Besides the importance of classical β-diketones, those bearing (per)halogenated 

groups are of high interest due to their applications in different fields. In addition, the 

incorporation of these halogen atoms into the organic molecules often led to improved 

stability and pharmacokinetic properties [77,78]. In the last few years, different ap-

proaches have been developed in order to obtain these valuable materials. Thus, in 2016, 
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the synthesis of a set of pefluroroalkyl substituted β-diketones 61 (Scheme 9a) were pre-

pared by an improved Claisen-condensation of 1,1,1,-trifluoroacetone 57 and the corre-

sponding perfluoroalkylesters 58, or well by the condensation of halogenated acetones 59 

and ethyl 2,2,2-trifluoroacetate 60 in the presence of different alkoxides using n-pentane 

as solvent [79]. The so-obtained diketones 61 were purified by forming copper complexes 

insoluble in water that can be separated from the starting materials. In general, good to 

excellent yields were achieved after the purification step. These compounds were further 

employed for the synthesis of trifluoromethyl pyrazoles, compounds that present biolog-

ical activity, as commented before. 

 

Scheme 9. Preparation of halogenated 1,3-diketones via Claisen condensation: (a) via condensation 

of fluoroketones (57 or 59) with perfluoro alkylesters (58 or 60); (b) by condensation between 2-

acetylthiophene (62) and fluorinated esters (63); (c) by acetal acylation with trichloroacetyl chloride. 

In 2018, a method for the preparation of a set of 2-thienyl diketones 64 with different 

lengths of a perfluorinated side has been described, as shown in Scheme 9b [80]. Initial 

studies were carried out by the Claisen condensation between 2-acetylthiophene 62 and 

fluorinated esters 63 in the presence of different bases employing anhydrous Et2O as a 

solvent in the presence of highly active alkoxides as NaOMe or NaOEt. The higher reac-

tion yields were achieved when a mixture of both the ester and the ketone was added to 

a suspension of the base, whose quality presented a significant effect on the reaction yield. 

As the degradation of sodium alkoxides was difficult to control under the laboratory con-

ditions, authors have analyzed NaH as an alternative base, optimizing the rest of the re-

action conditions. Thus, THF was a more suitable solvent for this process, finding an op-

timal molar ratio between ester, ketone, and base of 1:1:2. The reaction was performed at 

5 °C, and once completed, it was stored at room temperature for 5–10 h, achieving the 1,3-

diketone with 92% total yield when using methyl heptafluorobutanoate as test substrate. 

This procedure was extended to the preparation of other perfluorinated 1,3-diketones, ob-

taining in all cases good yields. 1-(2-Thienyl)butane-1,3-dione was prepared in 71% yield 

through the condensation of 2-acetylthiophene with ethyl acetate. Further purification of 
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the 1,3-diketones obtained by Claisen condensation was performed by forming the copper 

salts of the diketone by treatment with Cu(OAc)2 in the presence of acetic acid and water. 

The decomposition of the copper chelate was carried out by the addition of Na2EDTA in 

a biphasic system water/EtOAc.  

The synthesis of 1,1,1-trichloro-4-methoxy-3-alken-2-ones and 1,1,1-trichloro-2,4-al-

kadiones presenting long alkyl chains with high yields has been recently reported from 

acetal acylation with trichloroacetyl chloride [81]. The dimethoxy acetals were prepared 

by acetalization of the fatty ketones with trimethylortoformate and p-toluensulfonic acid. 

These acetals were then subjected to trichloroacetylation in chloroform and pyridine, 

achieving the alken-2-ones as final products with high yields (85–95%); however, at the 

reaction conditions, with work-up in the presence of HCl and water, octan-3-one (65) is 

converted in the trichloromethyl-β-diketones, thus achieving the mixture of 1,3-diketones 

1,1,1-trichloro-3-methylnonanon-2,4-dione (66) and 1,1,1-trichloromethyl-3-hexan-2,4-di-

one (67) in a 75:25 proportion, respectively, as shown in Scheme 9c.  

2.1.2. Strategies for the Preparation of 1,3-Diketones Using Other Enolates 

The classical Claisen reaction typically requires a strong base. These reaction condi-

tions are a limitation for the preparation of β-diketones containing base-sensitive substit-

uents. For this reason, soft enolization techniques have been developed, in order to in-

crease the efficiency of the coupling. One example was shown in 2019, employing acid 

chlorides as electrophiles in the condensation process for the preparation of a set of steri-

cally hindered 1,3-diketones 70 containing the dipivaloyl methane group [82], as shown 

in Scheme 10a. Initial studies were performed in the reaction of the electrophiles pivaloyl 

chloride or methyl pivalate (68) with sodium pinacolonate (69) to yield the corresponding 

1,3-diketone. Different solvents were tested, achieving similar yields (around 65% after 2 

h at room temperature) when using pivaloyl chloride in the presence of toluene, DCM, or 

THF, although toluene was more effective if the reaction was left overnight. Reactions 

with methyl pivalate led to much lower yields even when heating. The process in the 

presence of the acid chloride was scaled up to a multigram scale, affording the dipivaloyl 

1,3-diketone with 88% yield. The process was also studied employing another bulky elec-

trophile as 2,6-dimesitylbenzoyl chloride with the sodium enolate from trimethylaceto-

phenone. The reaction was performed in the presence of a Lewis acid, to diminish a pos-

sible O-acylation product, resulting ZnBr2 as the best compound for obtaining the 1,3-

diketone, with the complete conversion after 2 days at 60 °C in toluene. Only traces of the 

O-acylation compound were achieved under these conditions. This process was extended 

to other bulky enolates in order to prepare the bulky 1,3-diketones, and it was observed 

that when the use of ZnBr2 is sensitive to the solvent employed, as a significant amount of 

O-acylation can be observed, whereas employing NaBr, no effect of the solvent nature was 

observed, achieving in general, good yields. The reaction between 2,6-dimesitylbenzoyl 

chloride with the sodium enolate from tert-butyl methyl ketone was scaled up to 10 g. 
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Scheme 10. Preparation of 1,3-diketones using soft enolates methodologies: (a) by using acid chlo-

rides (68) as electrophiles; (b) by using acid chlorides and β,γ-unsaturated ketones (73); (c) starting 

from β–phenylpropionic acids (75). 

In 2020, a novel method for the preparation of α-alkenyl-β-diketones 69 had been 

developed starting from β,γ-unsaturated ketones in the presence of acid chlorides [83], as 

depicted in Scheme 10b. The β,γ-unsaturated ketones were prepared by the functionali-

zation of the ketones 71 with acetylenes 72 at 100 °C in the presence of KOtBu/DMSO as a 

catalytic system. In view of that, the classical Claisen conditions failed to prepare the de-

sired 1,3-diketones, a soft enolization procedure was carried out. Thus, a coordination 

complex between a Lewis acid as magnesium bromide and the β,γ-unsaturated ketone 73 

provide the enolate. The presence of the Lewis acid increases the polarization of the car-

bonyl group, increases the acidity of the α-proton and blocks the oxygen-atom in order to 

prevent O-acetylations. The corresponding α-alkenyl-β-diketones (74) were prepared by 

adding magnesium bromide etherate and the β,γ-unsaturated ketone into a solution of 

the corresponding acyl chloride in DCM. The reaction was stirred for 5 min at room tem-

perature, and then N,N-disopropylethylamine was added, reacting at room temperature. 

When using benzoyl chloride, the final 1,3-diketone was obtained in 72% yield after 1 h. 

Lowering both the Lewis acid or the base led to a decrease in the yields, whereas the re-

action in the absence of magnesium salt only afforded the O-acetylation product. The ac-

ylation of the unsaturated ketone was tested in the presence of other aryl and heteroaryl 

chlorides, leading to the final 1,3-diketones in good yields (48–80%). Only when employ-

ing isobutyryl chloride, the diketone was not achieved, where we observed only the O-

acetylation product. The use of other β,γ-unsaturated ketones having a hydrogen substit-

uent instead of a methyl group at the α position was more complicated, due to the insta-

bility of the final 1,3-diketones when subjected to purification by column chromatog-

raphy, as partial isomerization and decomposition were observed.  

An aromatic 1,3-diketone bearing a thiophene moiety has been recently described, 

also employing soft enolization techniques [84]. This compound has further been em-

ployed as a ligand in iridium complexes with interesting photochemical properties. The 

synthesis was carried out in a two-step process. Initially, a benzotriazole amide of 



Pharmaceuticals 2021, 14, 1043 13 of 26 
 

 

isophthalic acid monomethyl ester was prepared, which was employed as the soft acyla-

tion reagent with 2-acetylthiophene in DCM at 20 °C using MgBr2·Et2O as Lewis acid and 

with N,N-disopropylethylamine as a base. The desired 1,3-diketone was recovered with 

58% yield after 20 h reaction. 

β–Phenylpropionic acids have been employed as starting materials in the formation 

of 1,3-diketones through intra- and intermolecular self-acylation reactions in the presence 

of the system TFAA-TfOH [85], as shown in Scheme 10c. TFAA was employed as a reac-

tion medium and as an activator to convert carboxylic acids into mixed anhydrides, acyl 

trifluoroacetates, which are efficient acylating agents, while TfOH helps to the enolization 

and increases the acylating power of acyl trifluoroacetates. β–Phenylpropionic acid was 

dissolved in a mixture of TFAA and DCM in the presence of 0.25 equivalents of TfOH at 

room temperature, yielding a 55% of 2-(3-phenyl-1-oxopropyl)indan-1-one and only 2% 

of 1-indanone, the product of the acid-catalyzed intramolecular cyclization of the carbox-

ylic acid, intermediate that was then acylated to yield the desired 1,3-diketone. If the 

amount of TfOH is increased to 0.5 equivalents, an 80% of the desired product was recov-

ered. Opposite, the reaction of γ-phenylbutyric acid at the same conditions only afforded 

the intermediate tetralone, with no further acylation process. When starting form 3-(4-

bromophenyl)propionic acid 75, as depicted in Scheme 8c, 67% yield of the diketone 77 

was obtained with 0.5 equivalents of TfOH. Increasing up to 1.0 equivalent led to a 78% 

yield, whereas higher amounts of the acid (3.0 equivalents) only afforded 6-bromo-1-in-

danone 76 as a final product. Finally, 3-[4-(1-adamantyl)phenyl)]propionic acid was 

treated at the same conditions (0.5 equivalents of TfOH) to obtain a 35% of 77 and 48% of 

76, which was not able to further react at the reaction medium due to its low selectivity. 

In further development, the obtained 1,3-diketones were converted into the correspond-

ing pyrazoles, compounds of high interest with valuable biological properties, as previ-

ously commented. 

2.2. Synthesis of 1,3-Diketones by Hydration of Alkynones 

Alkynones are valuable structural motifs in organic chemistry, normally prepared by 

the Sonogashira coupling of terminal alkynes with different acyl chlorides. The hydration 

of these compounds leads to the formation of 1,3-diketones, but the requirement of strong 

acidic conditions or the presence of PtCl4 or amines as catalysts reduces the application of 

this synthetic methodology. For this reason, in the last years, some other approaches for 

the hydration of alkynones under mild reaction conditions have been described [86,87]. 

Thus, in 2018, the application of oximes for the formation of 1,3-diketones from the 

corresponding alkynones was carried out [88]. 1,3-Diphenylprop-2-yn-1-one (78, R1 = R2 = 

Ph) was treated with benzaldehyde oxime 79 for the synthesis of the corresponding 1,3-

diketone, as shown in Scheme 11a. After analyzing different reaction conditions, the opti-

mized process was performed using dichloromethane as solvent and 1.1 equivalents of 

oxime and 20 mol% of PPh3 as a catalyst. At room temperature, 87% of the diketone was 

recovered after 3 h. The reaction was extended to other alkynones presenting alkyl, halo, 

and cyano substituents at the orto-, meta-, and para-positions of the aromatic ring with high 

yields. This method was also useful for naphthyl and heteroaryl alkynones, but no reac-

tion was observed when the carbonyl moiety was linked to an aliphatic carbon atom. The 

use of aromatic and aliphatic aldehyde oximes resulted in the formation of the 1,3-

diketone s with good to high yields. 

A set of aromatic and heteroaromatic 1,3-diketones 80 have been recently prepared 

by a gold(I)-catalyzed regioselective hydration of alkynones at mild reaction conditions 

[89]. Substrate presenting R1 = Ph; R2 = n-Bu was employed as a model substrate in the 

presence of PPh3AuCl (5.0 mol%) as a catalyst in methanol containing AgOTf (6 mol%) 

and five equivalents of water. Under these conditions, the regioselective hydration of the 

alkyne was performed successfully to obtain the desired product with 98% yield after 12 

h. These optimized conditions were extended to other alkynones. The hydration of differ-

ent ketones containing an n-butyl group at the alkyne terminal afforded the 1,3-diketones 
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with excellent yields, even when employing aryl, heteroaryl, or alkyl groups at the car-

bonyl side of the starting material. The effect of the substituents at the alkyne terminal 

was also analyzed at the optimized conditions. Ketones bearing a phenyl group at the 

terminal carbonyl were tested, we observed that both aromatic and aliphatic substituents 

were good substrates for this procedure, achieving yields between 80–96%.  

This methodology was carried out at gram-scale for some of the starting ketones, 

achieving the final 1,3-diketones with yields around 90%, even when using lower catalysts 

loading (1.0 mol% of PPh3AuCl and 1.2 mol% of AgOTf). 

 

Scheme 11. Preparation of 1,3-diketones by hydration of alkynones (78): (a) by treating with ben-

zaldehyde oxime (79); (b) by gold(I)-catalyzed regioselective hydration. 

2.3. Decarboxylative Coupling Reactions for the Synthesis of 1,3-Diketones  

The decarboxylative coupling reactions catalyzed by transition metals have been es-

tablished as a useful methodology for the formation of C–C bonds [90]. α-Oxocarboxylic 

acids have been employed as valuable acyl anion reagents, generated in situ by extrusion 

of carbon dioxide in the presence of the transition metals [91]. These reagents have been 

used for the acylation of arenes, enamides, and formamides, but no examples of sp3-hy-

bridized carbon centers have been reported until 2015, in which a set of α-bromoketones 

reacted with α-oxocarboxylates to yield the corresponding β-diketones in the absence of 

transition metals [92]. Initial experiments analyzed the cross-coupling between potassium 

2-oxo-phenylacetate (81) and 2-bromo-1-phenylethanone (82) in the presence of different 

catalysts at 140 °C to yield 1,3-diphenylpropane-1,3-dione (1, Scheme 12a). It was ob-

served that the control reaction in the absence of catalyst afforded higher yields. Mecha-

nistical studies showed that KBr, that is the second product formed in the metathesis of 

the carboxylate and the bromoketone, was the catalysts in the decarboxylation to yield the 

1,3-diketone. Thus, the reaction performed in the presence of KBr afforded the desired 

product in 63% yield, whereas other potassium halides led to lower yields. The best result 

was obtained in the presence of tetrabutylammonium bromide (TBAB, 86% yield), as the 

cation of this salt serves as a phase transfer catalyst. N-Methyl-2-pyrrolidone (NMP) was 

the best solvent for the reaction, which can be further optimized by increasing the tem-

perature to 160 °C, achieving the diketone 1 with 92% yield. Once optimized the process, 

a set of potassium α-carboxylates were tested in this reaction. Final 1,3-diketones were 

obtained with yields from 52% to 81%. Those aryl α-carboxylates containing electron-

withdrawing groups led to the diketones with good yields, whereas worse results were 

obtained with electron-donating compounds. Heteroaryl diketones were recovered with 

moderate yields. Regarding the α-bromoketones, both aromatic and aliphatic substituents 
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can be employed, achieving in general moderate to high yields, demonstrating that this 

procedure was a versatile method for the preparation of a wide set of β-diketones. 

In 2017, the decarboxylate coupling between methyl 2-oxo-2-phenylacetate (83) and 

82 in the presence of K2CO3 using NMP as solvent at room temperature was performed. 

After 24 h, hydrolysis in the presence of KOH was carried out for 2 h, and a mixture 11:9 

of 1,2-diketone 84 and 1,3-diketone 1 with a 36% yield was achieved (Scheme 12b) [93]. 

Different solvents and bases were studied in this process, and it was discovered that when 

the process was performed in a mixture of NMP, methanol, and hydroxyacetone, with a 

further treatment with 2.0 N KOH, a 78% of the 1,3-diketone 1 (>99:1 ratio with the 1,2-

diketone) was recovered. These optimal conditions for the preparation of the 1,3-regioiso-

mers were extended to other α-bromoketones and α-oxocarboxylates, the corresponding 

1,3-diketones with moderate to good yields were obtained. The steric effect on the α-oxo-

carboxylate has a greater influence on the reaction yield than the one from the α-bro-

moketone. Those substrates containing heteroaryl substituents were also accepted and 

even an α,β-unsaturated α-bromoketone was employed, and the 1,3-diketone with 63% 

yield was recovered. Finally, an aliphatic oxocarboxylate (cyclohexyl derivative) led to the 

final compound with a 67% yield.  

 

Scheme 12. Preparation of β-diketones by decarboxylative coupling reactions: (a) cross-coupling 

between potassium 2-oxo-phenylacetate (81) and 2-bromo-1-phenylethanone (82); (b) decarbox-

ylate coupling between 82 and methyl 2-oxo-2-phenylacetate (83). 

2.4. Miscellaneous Methodologies  

Bis(iodozincio)methane has been employed in the 1,4-addition onto α.β-unsaturated 

ketones 85. The use of this reactive in stoichiometric amounts in the presence of chlorotri-

methylsilane afforded (Z)-silyl enol ethers of β-zinciomethylated ketones. The silylation 

reagent can be eliminated by using an acyloxy group at the γ-position of the unsaturated 

ketone, it is possible in this way to convert (E)-4-acetoxy-1-phenyl-2-buten-1-one into the 

desired 1,3-diketone with 91% yield while working in THF at room temperature for 2 h 

(Scheme 13a) [94]. This methodology was extended to the preparation of other 1,3-

diketones (86). Aryl enones led to the final products with excellent yields (84–99%), 

whereas those alkylic ones afforded the diketones with moderate yields (51–69%). As the 

starting enones can be easily prepared by esterification of the corresponding alcohols, the 

tandem process represents a valuable method for the preparation of 1.3-diketones.  

Mechanistical studies on this process showed that there is an elimination of three 

atoms in the last step of the tandem reaction. Thus, when this process was also applied to 

a lactone as starting material, a 1,3-diketone with a three-atom contraction in the lactone 

ring was achieved as the final product.  

Spiroheterocyles present high importance in organic synthesis as well as in medicinal 

chemistry. The rigidity of these spirocycles led to novel biological and pharmaceutical 
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properties for this reason. Most of the syntheses of these spiroheterocycles have been car-

ried out using multicomponent reactions using normally non-environmentally friendly 

reagents. In 2017, a multicomponent process for the preparation of some of these com-

pounds containing 1,3-diketones was developed [95], as shown in Scheme 13b. Thus, the 

reaction of 1 equivalent of 4-hydroxycoumarin (87) and 2-amino-6-bromo-4-mehtylben-

zothiazole (88) with two equivalents of p-anisaldehyde (89) was studied at different con-

ditions. The reaction had a better yield in protic solvents such as methanol, ethanol, and 

water, whereas the amount of the reaction catalyst (sulfamic acid) was optimized, it was 

observed that with 2 mol% is more than enough to ensure a proper reaction. Thus, the 

best conditions were observed with sulfamic acid-water at reflux, achieving a 93% yield 

after 10 min. The multicomponent process proceeds with the condensation of the hy-

droxycoumarin with the aldehyde forming the first intermediate. The second equivalent 

of the aldehyde reacts with the thiazole in the presence of the acid catalyst to form an 

imine. The hetero-Diels–Alder reaction between the first intermediate and the imine led 

to the spiro[pyrimido[2,1-b]benzothiazole-3,3′-chromene]-2′,4′-dione 90. 

The oxidation of β-hydroxyketones (91) by different oxidants can also be a good ap-

proach for the preparation of β-diketones (92), but only a few examples have been de-

scribed in the bibliography. In 2011, it was shown the preparation of these valuable com-

pounds with high yields employing o-iodoxybenzoic acid (IBX), as shown in Scheme 13c 

[96]. Initial studies showed that this oxidant led to much better results in the oxidation 

than the application of the Swern oxidation or the use of Dess–Martin periodinane. IBX 

was then tested in the oxidation of different aldol-type substrates, achieving the corre-

sponding 1,3-diketones in nearly quantitative yield. Both alkyl and aryl substituents are 

tolerated, as well as acyclic and cyclic β-hydroxyketones. Syn- and anti-aldol diastere-

omers are also oxidized with excellent yields. An additional advantage of this method is 

that the reaction work-up is very simple, as the reaction mixture is filtered through silica 

gel to remove the heterogeneous oxidant. 

 

Scheme 13. Different synthetic methodologies for the preparation of β-diketones: (a) 1,4-addition of 

bis(iodozincio)methane onto α.β-unsaturated ketones 85; (b) via a multicomponent process; (c) by 

oxidation of β-hydroxyketones (91) with o-iodoxybenzoic acid (IBX).   
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3. Catalytic Methods for the Preparation of 1,3-Diketones  

Catalytic approaches have also been employed for obtaining 1,3-diketones. Depend-

ing on the nature of the catalyst, these compounds have been synthesized by using en-

zymes, organocatalysts, or metal-based complexes; in the following, we describe some 

examples in the last few years.  

3.1. Biocatalytic Synthesis of 1,3-Diketones 

Biocatalysts has proven to be an excellent and greener complement for classical or-

ganic synthesis, as the employ of biocatalysts (either native, chemically, or genetically 

modified) allows very clean and selective procedures [97–106]. Regarding the biocatalytic 

synthesis of 1,3-diketones, a straightforward methodology was initially reported in 2010 

by Müller and coworkers [107] by using a recombinant enzyme (YpYerE, a thiamine di-

phosphate (ThDP)-dependent aldolase from Yersinia pseudotuberculosis O:VI). This en-

zyme is capable of catalyzing the cross-aldol condensation between aldehyde (obtained 

via in situ decarboxylations of pyruvate) and ketones, leading to chiral α-acyl tertiary al-

cohols. The biocatalyst exhibits a very broad substrate tolerance, accepting cyclic and 

open-chain ketones, as well as diketones and α- and β-ketoesters as acceptor substrates. 

Thus, when this accepter is an α-diketone, the final product is a β-diketone with two sub-

stituents (alkyl and hydroxyl) in the central methylene, as shown in Scheme 14. 

 

Scheme 14. Preparation of a set of 1,3-diketones by a biocatalytic approach employing YpYerE. 

This same research group reported the use of another recombinant enzyme, the dou-

ble variant CDH-H28A/N484A obtained from the ThDP-dependent cyclohexane-1,2-di-

one hydrolase (CDH) from Azoarcus sp. strain 22Lin expressed in E. coli [108]. This enzyme 

also catalyzes the addition of pyruvate to cyclohexane-1,2-dione 95, resulting in a similar 

conversion of 96 (25%) but also with a higher enantiomeric excess (ee = 88%) [109]. Regard-

ing linear products, 94a was obtained with 31% conversion, while for 94b, a conversion of 

24% was reported with an ee of 54% for the S-enantiomer.  

Further, in 2010, the same year when Müller and coworkers reported the use of 

YpYerE [107], Giovannini et al. described the use of an acetylacetoin synthase (contained 

in cell-free extracts of Bacillus stearothermophilus cultivated on acetoin as the main carbon 

source) for catalyzing a similar aldehyde-ketone cross-benzoin-type reaction (Scheme 15) 

[110]. This enzyme promoted the ThDP-dependent cleavage of α-diketones 93, leading to 

the in situ formation of reactive aldehyde intermediates (acetyl and propionyl anion 

equivalents) and the release of the corresponding carboxylic acids. The subsequent attack 

of the acyl anion equivalent on one of the two carbonyl groups of the α-diketone 93 led to 

symmetrical achiral products (94a and 94b), as previously reported with YpYerE, or to a 

mixture of chiral products 97 (R-configuration) and achiral compounds 98, in all cases 

with moderate yields and different ratios. 
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Scheme 15. Preparation of symmetrical and asymmetrical 1,3-diketones by using acetylacetoin syn-

thase. 

The optically active products 97, some of which are known flavoring agents [111], 

always showed R configurations and ee values ranging from 67 to 91% [112]. This homo-

coupling of α-diketones has also been reported using continuous-flow conditions in a 

packed-bed reactor, in which the purified enzyme purified had been immobilized onto 

mesoporous silica [113]. Remarkably, Giovannini and coworkers reported [114] that the 

real enzyme responsible for reactions in Scheme 12, termed acetylacetoin synthase up to 

that moment, was, in fact, acetoin:dichlorophenolindophenol oxidoreductase (Ao:DCPIP 

OR), also used by the same group for catalyzing the asymmetric synthesis of phenyl acetyl 

carbinol (PAC) analogs [115]. Comparing the stereobias of this enzyme with that from 

YpYerE, for open-chain ketones, the two enzymes afforded products (94b, 97) with oppo-

site stereochemistry. 

An enzyme homologous (59% amino acid identity) to YpYerE, PpYerE from Pseudo-

monas protegens has been recently identified, crystallized, and its 3D structure has been 

determined [116]. Anyhow, comparing yields and ee values reported in the preparation of 

compounds 94b and 96, results with PpYerE are not better than those obtained with 

YpYerE. 

3.2. Organocatalytic Methodologies for the Preparation 1,3-Diketones 

The use of relatively small organic molecules as catalysts in organic reactions has 

gained an overwhelming interest during this century [117,118]. This catalytic approach 

has also been employed for the preparation of 1,3-diketones. Among the organocatalysts, 

N-heterocyclic carbenes (NHCs) have been used as catalysts in different organic reactions 

[119], including nucleophilic substitution reactions. It was reported that NHCs were able 

to participate in the intermolecular nucleophilic acylation of benzyl halides with alde-

hydes, but no examples of the acylation of α-haloketones via acyl anion equivalents of 

aldehydes and enals were shown until 2011, yielding to 1,3-diketones and α,β-unsatu-

rated 1,3-diketones [120], as indicated in Scheme 16. Thus, different types of NHCs (30 

mol%) were studied in the reaction between benzaldehyde or cinnamaldehye (99a; R = 

Ph–CH=CH) with phenacyl bromide (83) for preparing the corresponding 1,3-diketones 

100. Carbene I afforded the highest conversions in the preparation of both compounds, 

with yields around 85% when employing 1,8-diazabicycloundec-7-ene (DBU) as a base, 
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and the reaction was conduction in THF as solvent at 30 °C (Scheme 16). These reaction 

conditions were extended to the preparation of other aromatic 1,3-diketones with yields 

from good to excellent (60–90%), whereas the use of aliphatic aldehydes or α-haloketones 

led to low yields (15–25%). 

 

Scheme 16. Organocatalyzed synthesis of 1,3-diketones employing N-heterocyclic carbenes. 

3.3. Synthesis of 1,3-Diketones Using Metal-Based Catalysts 

Metal catalysts have also been employed for the preparation of 1,3-diketones. One 

example has been recently described for the preparation of chiral spirocyclic β,β’-

diketones (102) [121] through a palladium-catalyzed α-carbonylative arylation. Thus, 2-

(2-bromobenzyl)-3,4-dihydronaphthalen-1(2H)-one (101) was treated with CO at 105 °C 

in diglyme in the presence of Pd2dba3 (2.5 mol%) and a phosphorous ligand (II) using 

NaOtBu as base as 4 Å MS as an additive (Scheme 17). The phosphorous ligand plays a 

key role in the process activity and selectivity; it was observed that the use of (R,R)-Ph-

BPE, an ethylene bridged chiral biphospholane led to the desired diketone in high yield 

(92%) and optical purity (88% ee). The use of aromatic solvents led to an increase in the 

process selectivity, but lower yields were achieved. When a mixture diglyme/chloroben-

zene 1:1 was employed as a reaction solvent, the final product was isolated in 90% yield 

and 92% ee. The reaction scope was analyzed, it was observed that a wide set of spirocyclic 

diketones with different sizes of rings, substituents, and functional groups were prepared 

with high yields (67–94%) and optical purities (71–96%), demonstrating the versatility of 

this transformation. The process was scaled up to grams in the synthesis of a difluorinated 

diketone in a multistep process from a starting bromoolefin. Under the optimized condi-

tions, the chiral β,β’-diketone was recovered in 90% yield and 93% ee, which shows the 

practical application of this method. 

 

Scheme 17. Metal-based catalytic preparation 1,3-diketones in presence of a palladium complex. 

4. Synthesis by α-Functionalization of Other 1,3-Diketones 

The preparation of substituted 1,3-diketones can be performed from other simpler 

1,3-diketones through different methodologies. In the last few years, some examples have 

been developed to carry out these synthetic procedures. 

Chiral ferrocene-containing 1,3-diketones (105) have been prepared from 1-ferro-

cenyl ethanol (103) with the corresponding 1,3-diketones (104) [122], as shown in Scheme 

18a. The carbon–carbon bond formation was performed using cerium(IV) ammonium ni-

trate (CAN) at room temperature for 0.5 to 48 h [123]. Three 1,3-diketones have been ob-

tained, containing the methyl, the 4-methoxyphenyl, and the ferrocenyl group in their 
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structure, respectively. It has been observed that the size of the substituent presents high 

importance in the reaction development, as higher yields and shorter times were required 

for the smaller groups. Yields ranged from 79% for the methyl substituent to 44% for the 

ferrocenyl one. Solution and solid-state measurements have indicated that these three 

compounds exist only as diketo tautomers. 

Calix[4]arenes and calix[4]resorcines have been recently employed as platforms for 

the linkage of different 1,3-diketones, in order to prepare compounds that could be used 

with biomedical applications as contrast agents due to their photophysical properties 

[124]. The synthetic procedure for the preparation of these diketones was carried out using 

halogen-methylated derivatives of calix[4]arenes for anchoring the dicarbonyl moiety 

through the addition of sodium salt of the corresponding diketone to the 5,7-bis-(bromo-

methyl)-25,26,27,28-tetrahydroxycalix[4]arene in anhydrous 1,4-dioxane as solvent. The 

final compounds were recovered with good yields (52–60%) even when working at room 

temperature. 

In 2019 the preparation of valuable 2-(2,2,2-trifluoroethylidene)- and (2,2-difluoro-

ethyl)-1,3-dicarbonyl compounds (107) through a Knoevenagel condensation was re-

ported (Scheme 18b) [125]. This is an important reaction for the formation of C–C bonds 

leading to trisubstituted alkenes as final products. The reaction started from a 1,3-

diketone, 1,3-diphenylpropane-1,3-dione (1), which was treated with trifluoroacetic anhy-

dride (106) in the presence of different amines using toluene as solvent at 100 °C. The 

highest yield in the formation of the 2-(2,2,2-trifluoroethylidene)-1,3-dicarbonyl com-

pound was achieved in the presence of triethylamine (NEt3) as a base while using 5.0 

equivalents of anhydride and 7.0 equivalents of amine, leading to 95% of the desired prod-

uct. Once optimized this reaction, the substrate scope was studied with other bisbenzyl 

1,3-dicarbonyl compounds. In general, those symmetric compounds led to the final com-

pounds with moderate to good yields. There is no steric effect on the phenyl ring of the 

starting materials, but it was observed an effect of the electronic nature of the phenyl ring 

substituents. Thus, those diketones bearing electron-withdrawing groups led to lower 

yields in slower processes. Heterocyclic diketones afforded the final products with high 

yields (around 80%), whereas those asymmetric starting materials led to good yields (72–

85%). Once observed that a wide set of aromatic diketones can react, a partially fluorinated 

difluoroacetic anhydride was tested as a reagent in the condensation. The reaction af-

forded as final products the reductive products (alkanes) instead of the Knoevenagel al-

kenes, but yields were low (20–35%). 

The reaction of 1,3-diphenylpropane-1,3-dione with trifluoroacetic anhydride was 

performed at multi-gram scale. Thus, 2.24 g of the diketone 1 (R = H) led to 2.52 g of the 

desired product after 20 h, with 83% of isolated yield. 

 

Scheme 18. Synthesis of novel β-diketones by functionalization at the α-position of other 1,3-

diketones: (a) preparation of chiral ferrocene-containing 1,3-diketones (105); (b) preparation of the 
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preparation of 2-(2,2,2-trifluoroethylidene)- and (2,2-difluoroethyl)-1,3-dicarbonyl compounds 

(107). 

5. Conclusions 

The preparation of 1,3-diketones has traditionally been (and it still is) an area of the 

highest interest for organic chemists, as can be inferred considering the number and vari-

ety of research developed in this field, and commented in the present review. 1,3-

Diketones present a high interest not only by themselves, but also as precursors of a wide 

range of valuable molecules, including several types of carbocycles and heterocycles. In 

fact, a plethora of therapeutical uses are associated with these compounds, as described 

in the introduction section. 

It is well established that the most common method for the synthesis of 1,3-diketones 

involves the Claisen condensation between an ester and a ketone, a technique still nowa-

days widely employed for the preparation of novel compounds. This methodology can be 

performed with certain modifications, as exemplified by the use of soft enolates (carbox-

ylic acids) for the synthesis of base-sensitive 1,3-diketones. Apart from the Claisen ap-

proach, several techniques have appeared for the synthesis of these valuable scaffolds. 

Thus, the hydration of alkynones or the decarboxylative coupling of carbonyl compounds 

represent two interesting approaches for preparing 1,3-diketones with moderate to good 

yields. 

Special attention has to be given to the catalytic methods for the synthesis of 1,3-

diketones, especially for those metal-free synthesis represented by the use of enzymes or 

organocatalysts in catalytic amounts for the enantioselective (when required) synthesis of 

optically active β-diketones. 

Finally, the reaction of different electrophiles with the α-carbon atom of a β-diketone 

also represents a well-established method for the synthesis of novel α-substituted-β-

diketones, still applied in recent years. 

In summary, very attractive new methodologies have been developed during the last 

decade aiming to prepare novel valuable structures containing the 1,3-diketone scaffold 

with the highest yields. Anyhow, this is still a work in progress, as further improvements 

can be foreseen to be reported in the next future. 

Author Contributions: G.d.G. and A.R.A.; writing—review and editing. All authors have read and 

agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data sharing not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Brezani, V.; Šmejkal, K. Secondary metabolites isolated from the genus Eucalyptus. Curr. Trends Med. Chem. 2013, 7, 65–95. 

2. Gominho, J.; Lourenço, A.; Marques, A.V.; Pereira, H. An extensive study on the chemical diversity of lipophilic extractives 

from Eucalyptus globulus wood. Phytochemistry 2020, 180, 112520. https://doi.org/10.1016/j.phytochem.2020.112520. 

3. Mancia, M.D.; Reid, M.E.; DuBose, E.S.; Campbell, J.A.; Jackson, K.M. Qualitative identification of dibenzoylmethane in licorice 

root (Glycyrrhiza glabra) using gas chromatography-triple quadrupole mass spectrometry. Nat. Pro. Comm. 2014, 9, 91–94. 

https://doi.org/10.1177/1934578x1400900127. 

4. Brunschwig, C.; Collard, F.X.; Bianchini, J.P.; Raharivelomanana, P. Evaluation of chemical variability of cured vanilla beans 

(Vanilla tahitensis and Vanilla planifolia). Nat. Pro. Comm. 2009, 4, 1393–1400. https://doi.org/10.1177/1934578x0900401016. 

5. Schulz, S.; Arsene, C.; Tauber, M.; McNeil, J.N. Composition of lipids from sunflower pollen (Helianthus annuus). 

Phytochemistry 2000, 54, 325–336. https://doi.org/10.1016/S0031-9422(00)00089-3. 



Pharmaceuticals 2021, 14, 1043 22 of 26 
 

 

6. Jackson, K.M.; Frazier, M.C.; Mancia, M.D.; Shaw, R.N. Recent advances in the licorice root constituent dibenzoylmethane as a 

potential therapeutic option for cancer. In Studies in Natural Products Chemistry; Elsevier B.V.: Amsterdam, The Netherlands, 

2019; Volume 63, pp 1–19. 

7. Schraufstätter, E.; Bernt, H. Antibacterial action of curcumin and related compounds. Nature 1949, 164, 456–457. 

https://doi.org/10.1038/164456a0. 

8. Li, S.; Yuan, W.; Deng, G.; Wang, P.; Yang, P.; Aggarwal, B.B. Chemical composition and product quality control of turmeric 

(Curcuma longa L.). Pharm. Crops 2011, 2, 28–54. 

9. Amalraj, A.; Pius, A.; Gopi, S.; Gopi, S. Biological activities of curcuminoids, other biomolecules from turmeric and their 

derivatives—A review. J. Tradit. Complement. Med. 2017, 7, 205–233. https://doi.org/10.1016/j.jtcme.2016.05.005. 

10. Kotha, R.R.; Luthria, D.L. Curcumin: Biological, pharmaceutical, nutraceutical, and analytical aspects. Molecules 2019, 24, 2930. 

https://doi.org/10.3390/molecules24162930. 

11. Slika, L.; Patra, D. Traditional uses, therapeutic effects and recent advances of curcumin: A mini-review. Mini-Rev. Med. Chem. 

2020, 20, 1072–1082. https://doi.org/10.2174/1389557520666200414161316. 

12. Rahmani, A.H.; Alsahli, M.A.; Aly, S.M.; Khan, M.A.; Aldebasi, Y.H. Role of curcumin in disease prevention and treatment. Adv. 

Biomed. Res. 2018, 7, 38–38. https://doi.org/10.4103/abr.abr_147_16. 

13. Hassan, F.U.; Rehman, M.S.U.; Khan, M.S.; Ali, M.A.; Javed, A.; Nawaz, A.; Yang, C. Curcumin as an alternative epigenetic 

modulator: Mechanism of action and potential effects. Front. Genet. 2019, 10, 514. https://doi.org/10.3389/fgene.2019.00514. 

14. Lai, C.S.; Ho, C.T.; Pan, M.H. The cancer chemopreventive and therapeutic potential of tetrahydrocurcumin. Biomolecules 2020, 

10, 831. https://doi.org/10.3390/biom10060831. 

15. Patro, B.S.; Rele, S.; Chintalwar, G.J.; Chattopadhyay, S.; Adhikari, S.; Mukherjee, T. Protective activities of some phenolic 1,3-

diketones against lipid peroxidation: Possible involvement of the 1,3-diketone moiety. ChemBioChem 2002, 3, 364–370. 

https://doi.org/10.1002/1439-7633(20020402)3:4<364::AID-CBIC364>3.0.CO;2-S. 

16. Feng, J.Y.; Liu, Z.Q. Feruloylacetone as the model compound of half-curcumin: Synthesis and antioxidant properties. Eur. J. 

Med. Chem. 2011, 46, 1198–1206. https://doi.org/10.1016/j.ejmech.2011.01.039. 

17. Sheikh, J.; Parvez, A.; Juneja, H.; Ingle, V.; Chohan, Z.; Youssoufi, M.; Ben Hadda, T. Synthesis, biopharmaceutical 

characterization, antimicrobial and antioxidant activities of 1-(4′-O-β-d-glucopyranosyloxy-2′- hydroxyphenyl)-3-aryl-

propane-1,3-diones. Eur. J. Med. Chem. 2011, 46, 1390–1399. https://doi.org/10.1016/j.ejmech.2011.01.068. 

18. Padhye, S.; Ahmad, A.; Oswal, N.; Sarkar, F.H. Emerging role of Garcinol, the antioxidant chalcone from Garcinia indica Choisy 

and its synthetic analogs. J. Hematol. Oncol. 2009, 2, 1–13. https://doi.org/10.1186/1756-8722-2-38. 

19. Schobert, R.; Biersack, B. Chemical and Biological Aspects of Garcinol and Isogarcinol: Recent Developments. Chem. Biodivers. 

2019, 16, e1900366. https://doi.org/10.1002/cbdv.201900366. 

20. Kopytko, P.; Piotrowska, K.; Janisiak, J.; Tarnowski, M. Garcinol—A natural histone acetyltransferase inhibitor and new anti-

cancer epigenetic drug. Int. J. Mol. Sci. 2021, 22, 2828. https://doi.org/10.3390/ijms22062828. 

21. Nishiyama, T.; Shiotsu, S.; Tsujita, H. Antioxidative activity and active site of 1,3-indandiones with the β-diketone moiety. Polym. 

Degradation Stab. 2002, 76, 435–439. https://doi.org/10.1016/S0141-3910(02)00046-0. 

22. Arrigoni, O.; De Tullio, M.C. Ascorbic acid: Much more than just an antioxidant. Biochim. Biophys. Acta Gen. Subj. 2002, 1569, 1–

9. https://doi.org/10.1016/S0304-4165(01)00235-5. 

23. Njus, D.; Kelley, P.M.; Tu, Y.J.; Schlegel, H.B. Ascorbic acid: The chemistry underlying its antioxidant properties. Free Radic. Biol. 

Med. 2020, 159, 37–43. https://doi.org/10.1016/j.freeradbiomed.2020.07.013. 

24. De Souza, L.C.; De Araújo, S.M.S.; De Oliveira Imbroisi, D. Determination of the free radical scavenging activity of 

dihydropyran-2,4-diones. Bioorg. Med. Chem. Lett. 2004, 14, 5859–5861. https://doi.org/10.1016/j.bmcl.2004.09.030. 

25. Rouaiguia-Bouakkaz, S.; Benayahoum, A. The antioxidant activity of 4-hydroxycoumarin derivatives and some sulfured 

analogs. J. Phys. Org. Chem. 2015, 28, 714–722. https://doi.org/10.1002/poc.3475. 

26. Nadal, B.; Thetiot-Laurent, S.A.L.; Pin, S.; Renault, J.P.; Cressier, D.; Rima, G.; Le Roux, A.; Meunier, S.; Wagner, A.; Lion, C.; et 

al. Synthesis and antioxidant properties of pulvinic acids analogues. Bioorg. Med. Chem. 2010, 18, 7931–7939. 

https://doi.org/10.1016/j.bmc.2010.09.037. 

27. Le Roux, A.; Kuzmanovski, I.; Habrant, D.; Meunier, S.; Bischoff, P.; Nadal, B.; Thetiot-Laurent, S.A.L.; Le Gall, T.; Wagner, A.; 

Novič, M. Design and synthesis of new antioxidants predicted by the model developed on a set of pulvinic acid derivatives. J. 

Chem. Inf. Model. 2011, 51, 3050–3059. https://doi.org/10.1021/ci200205d. 

28. Meunier, S.; Hanédanian, M.; Desage-El Murr, M.; Nowaczyk, S.; Le Gall, T.; Pin, S.; Renault, J.P.; Boquet, D.; Créminon, C.; 

Mioskowski, C.; et al. High-throughput evaluation of antioxidant and pro-oxidant activities of polyphenols with thymidine 

protection assays. ChemBioChem 2005, 6, 1234–1241. https://doi.org/10.1002/cbic.200400421. 

29. Ivanov, A.S. Meldrum’s acid and related compounds in the synthesis of natural products and analogs. Chem. Soc. Rev. 2008, 37, 

789–811. https://doi.org/10.1039/b716020h. 

30. Brosge, F.; Singh, P.; Almqvist, F.; Bolm, C. Selected applications of Meldrum's acid—A tutorial. Org. Biomol. Chem. 2021, 19, 

5014–5027. https://doi.org/10.1039/d1ob00395j. 

31. Dalal, A.; Kumar, P.; Khanna, R.; Kumar, D.; Paliwal, D.; Kamboj, R.C. Hydroxyenone derivatives: In vitro anti-malarial and 

docking studies against P. Falciparum. Infect. Disord. Drug Targets 2020, 20, 237–243. 

https://doi.org/10.2174/1871526519666190116110108. 



Pharmaceuticals 2021, 14, 1043 23 of 26 
 

 

32. Sheikh, J.; Hadda, T.B. Antibacterial, antifungal and antioxidant activity of some new water-soluble β-diketones. Med. Chem. 

Res. 2013, 22, 964–975. https://doi.org/10.1007/s00044-012-0089-8. 

33. Pluskota, R.; Koba, M. Indandione and its derivatives - Chemical compounds with high biological potential. Mini-Rev. Med. 

Chem. 2018, 18, 1321–1330. https://doi.org/10.2174/1389557518666180330101809. 

34. Chopra, I.; Roberts, M. Tetracycline antibiotics: Mode of action, applications, molecular biology, and epidemiology of bacterial 

resistance. Microbiol. Mol. Biol. Rev. 2001, 65, 232–260. https://doi.org/10.1128/MMBR.65.2.232-260.2001. 

35. Roberts, M.C. Tetracycline therapy: Update. Clin. Infect. Dis. 2003, 36, 462–467. https://doi.org/10.1086/367622. 

36. Zakeri, B.; Wright, G.D. Chemical biology of tetracycline antibiotics. Biochem. Cell Biol. 2008, 86, 124–136. 

https://doi.org/10.1139/O08-002. 

37. Nguyen, F.; Starosta, A.L.; Arenz, S.; Sohmen, D.; Dönhöfer, A.; Wilson, D.N. Tetracycline antibiotics and resistance mechanisms. 

Biol. Chem. 2014, 395, 559–575. https://doi.org/10.1515/hsz-2013-0292. 

38. Genilloud, O.; Vicente, F. Tetracycline antibiotics and novel analogs. In Antimicrobials: New and Old Molecules in the Fight Against 

Multi-Resistant Bacteria; Genilloud, O., Vicente, F., Eds.; Springer: Berlin/Heidelberg, Germany, 2014; Volume 9783642399688, 

pp. 231–245. 

39. Liu, F.; Myers, A.G. Development of a platform for the discovery and practical synthesis of new tetracycline antibiotics. Curr. 

Opin. Chem. Biol. 2016, 32, 48–57. https://doi.org/10.1016/j.cbpa.2016.03.011. 

40. Kong, Q.; Yang, Y. Recent advances in antibacterial agents. Bioorg. Med. Chem. Lett. 2021, 35. 

https://doi.org/10.1016/j.bmcl.2021.127799. 

41. Williams, D.R.; Cullen Klein, J.; Kopel, L.C.; Nguyen, N.; Tantillo, D.J. Studies toward australifungin. A synthesis dilemma of 

regioselective keto-enol tautomerization. Org. Lett. 2016, 18, 424–427. https://doi.org/10.1021/acs.orglett.5b03464. 

42. Porchezhiyan, V.; Kalaivani, D.; Shobana, J.; Noorjahan, S.E. Synthesis, docking and in vitro evaluation of L-proline derived 

1,3-diketones possessing anti-cancer and anti-inflammatory activities. J. Mol. Struct. 2020, 1206, 127754. 

https://doi.org/10.1016/j.molstruc.2020.127754. 

43. Porchezhiyan, V.; Kalaivani, D.; Shobana, J.; Noorjahan, S.E. Synthesis, characterization, in silico and in vitro evaluations of 

symmetrical 1,3-Diketones. Asian J. Chem. 2020, 32, 853–864. https://doi.org/10.14233/ajchem.2020.22475. 

44. Conradie, J. Density functional theory calculations of Rh-β-diketonato complexes. Dalton Trans. 2015, 44, 1503–1515. 

https://doi.org/10.1039/c4dt02268h. 

45.  2015, 158, 418–426. https://doi.org/10.1016/j.electacta.2015.01.147. 

46. Conradie, M.M.; Conradie, J. Electrochemical behaviour of Tris(β-diketonato)iron(III) complexes: A DFT and experimental 

study. Electrochim. Acta 2015, 152, 512–519. https://doi.org/10.1016/j.electacta.2014.11.128. 

47. Liu, R.; Conradie, J. Tris(β-diketonato)chromium(III) complexes: Effect of the β-diketonate ligand on the redox properties. 

Electrochim. Acta 2015, 185, 288–296. https://doi.org/10.1016/j.electacta.2015.10.116. 

48. Chiyindiko, E.; Malan, F.P.; Langner, E.H.G.; Conradie, J. Conformational study of [Cu(CF3COCHCO(C4H3X))2] (X = O or S), a 

combined experimental and DFT study. J. Mol. Struct. 2019, 1198, 126916. https://doi.org/10.1016/j.molstruc.2019.126916. 

49. Chiyindiko, E.; Stuurman, N.F.; Langner, E.H.G.; Conradie, J. Electrochemical behaviour of bis(β-diketonato)copper(II) 

complexes containing γ-substituted β-diketones. J. Electroanal. Chem. 2020, 860, 113929. 

https://doi.org/10.1016/j.jelechem.2020.113929. 

50. Radzyminska-Lenarcik, E.; Witt, K. Solvent extraction of copper ions by 3-substituted derivatives of β-diketones. Sep. Sci. 

Technol. 2018, 53, 1223–1229. https://doi.org/10.1080/01496395.2017.1329838. 

51. Valdéz-Camacho, J.R.; Ramírez-Solís, A.; Escalante, J.; Ruiz-Azuara, L.; Hô, M. Theoretical determination of half-wave 

potentials for phenanthroline-, bipyridine-, acetylacetonate-, and glycinate-containing copper (II) complexes. J. Mol. Model. 2020, 

26, 1–13. https://doi.org/10.1007/s00894-020-04453-x. 

52. Xu, D.F.; Shen, Z.H.; Shi, Y.; He, Q.; Xia, Q.C. Synthesis, characterization, crystal structure, and biological activity of the copper 

complex. Russ. J. Coord. Chem. 2010, 36, 458–462. https://doi.org/10.1134/S1070328410060060. 

53. Mateyise, N.G.S.; Ghosh, S.; Gryzenhout, M.; Chiyindiko, E.; Conradie, M.M.; Langner, E.H.G.; Conradie, J. Synthesis, 

characterization, DFT and biological activity of oligothiophene β-diketone and Cu-complexes. Polyhedron 2021, 205, 115290. 

https://doi.org/10.1016/j.poly.2021.115290. 

54. Sampal, S.N.; Thakur, S.V.; Rajbhoj, A.S.; Gaikwad, S.T. Synthesis, characterization and antimicrobial screening of 1,3-dione 

with their metal complexes. Asian J. Chem. 2018, 30, 398–402. https://doi.org/10.14233/ajchem.2018.21041. 

55. Sheikh, J.; Juneja, H.; Ingle, V.; Ali, P.; Hadda, T.B. Synthesis and in vitro biology of Co(II), Ni(II), Cu(II) and Zinc(II) complexes 

of functionalized beta-diketone bearing energy buried potential antibacterial and antiviral O,O pharmacophore sites. J. Saudi 

Chem. Soc. 2013, 17, 269–276. https://doi.org/10.1016/j.jscs.2011.04.004. 

56. Kel'in, A.V.; Maioli, A. Recent advances in the chemistry of 1,3-diketones: Structural modifications and synthetic applications. 

Curr. Org. Chem. 2003, 7, 1855–1886. https://doi.org/10.2174/1385272033486134. 

57. Kumar, V.; Kaur, K.; Gupta, G.K.; Sharma, A.K. Pyrazole containing natural products: Synthetic preview and biological 

significance. Eur. J. Med. Chem. 2013, 69, 735–753. https://doi.org/10.1016/j.ejmech.2013.08.053. 

58. Ansari, A.; Ali, A.; Asif, M. Review: Biologically active pyrazole derivatives. New J. Chem. 2016, 41, 16–41. 

https://doi.org/10.1039/c6nj03181a. 

59. Khan, M.F.; Alam, M.M.; Verma, G.; Akhtar, W.; Akhter, M.; Shaquiquzzaman, M. The therapeutic voyage of pyrazole and its 

analogs: A review. Eur. J. Med. Chem. 2016, 120, 170–201. https://doi.org/10.1016/j.ejmech.2016.04.077. 



Pharmaceuticals 2021, 14, 1043 24 of 26 
 

 

60. Faria, J.V.; Vegi, P.F.; Miguita, A.G.C.; dos Santos, M.S.; Boechat, N.; Bernardino, A.M.R. Recently reported biological activities 

of pyrazole compounds. Bioorg. Med. Chem. 2017, 25, 5891–5903. https://doi.org/10.1016/j.bmc.2017.09.035. 

61. Xu, Z.; Gao, C.; Ren, Q.C.; Song, X.F.; Feng, L.S.; Lv, Z.S. Recent advances of pyrazole-containing derivatives as anti-tubercular 

agents. Eur. J. Med. Chem. 2017, 139, 429–440. https://doi.org/10.1016/j.ejmech.2017.07.059. 

62. Mahajan, P.; Nikam, M.; Asrondkar, A.; Bobade, A.; Gill, C. Synthesis, Antioxidant, and Anti-Inflammatory Evaluation of Novel 

Thiophene-Fused Quinoline Based β-Diketones and Derivatives. J. Heterocycl. Chem. 2017, 54, 1415–1422. 

https://doi.org/10.1002/jhet.2722. 

63. Mohamed, T.K.; Batran, R.Z.; Elseginy, S.A.; Ali, M.M.; Mahmoud, A.E. Synthesis, anticancer effect and molecular modeling of 

new thiazolylpyrazolyl coumarin derivatives targeting VEGFR-2 kinase and inducing cell cycle arrest and apoptosis. Bioorg. 

Chem. 2019, 85, 253–273. https://doi.org/10.1016/j.bioorg.2018.12.040. 

64. Farag, A.M.; Mayhoub, A.S.; Barakat, S.E.; Bayomi, A.H. Regioselective synthesis and antitumor screening of some novel N-

phenylpyrazole derivatives. Bioorg. Med. Chem. 2008, 16, 881–889. https://doi.org/10.1016/j.bmc.2007.10.015. 

65. Shao, Y.; Zheng, H.; Qian, J.; Wan, X. In Situ Generation of Nitrilimines from Aryldiazonium Salts and Diazo Esters: Synthesis 

of Fully Substituted Pyrazoles under Room Temperature. Org. Lett. 2018, 20, 2412–2415. 

https://doi.org/10.1021/acs.orglett.8b00750. 

66. Komendantova, A.S.; Lyssenko, K.A.; Zavarzin, I.V.; Volkova, Y.A. Iodine-promoted synthesis of pyrazoles from 1,3-dicarbonyl 

compounds and oxamic acid thiohydrazides. Org. Chem. Front. 2020, 7, 1640–1646. https://doi.org/10.1039/d0qo00476f. 

67. Shokova, E.A.; Kim, J.K.; Kovalev, V.V. 1,3-Diketones. Synthesis and properties. Russ. J. Org. Chem. 2015, 51, 755–830. 

https://doi.org/10.1134/S1070428015060019. 

68. Kim, J.; Shokova, E.; Tafeenko, V.; Kovalev, V. (CF3CO)2O/CF3SO3H-mediated synthesis of 1,3-diketones from carboxylic acids 

and aromatic ketones. Beilstein J. Org. Chem. 2014, 10, 2270–2278. https://doi.org/10.3762/bjoc.10.236. 

69. Lehrich, S.W.; Mahrholdt, J.; Korb, M.; Hildebrandt, A.; Swarts, J.C.; Lang, H. Synthesis, characterization, and electrochemistry 

of diferrocenyl β-diketones, -diketonates, and pyrazoles. Molecules 2020, 25, 4476. https://doi.org/10.3390/molecules25194476. 

70. Du Plessis, W.C.; Davis, W.L.; Cronje, S.J.; Swarts, J.C. Structural, thermodynamic and kinetic consequences of a spectroscopic 

study of the equilibrium between isomeric forms of ferrocene-containing β-diketones. Inorg. Chim. Acta 2001, 314, 97–104. 

https://doi.org/10.1016/S0020-1693(01)00292-4. 

71. Novoa, N.; Roisnel, T.; Dorcet, V.; Hamon, J.R.; Carrillo, D.; Manzur, C.; Guen, F.R.L.; Cabon, N. Anisyl and ferrocenyl adducts 

of methylenepyran-containing β-diketone: Synthesis, spectral, structural, and redox properties Dedicated to our distinguished 

colleague and friend Professor Bertrand Caro for his scientific achievements in the field of organometallic methylenepyran 

chemistry. J. Organomet. Chem. 2014, 762, 19–28. https://doi.org/10.1016/j.jorganchem.2014.03.029. 

72. Xue, Y.J.; Li, M.Y.; Jin, X.J.; Zheng, C.J.; Piao, H.R. Design, synthesis and evaluation of carbazole derivatives as potential 

antimicrobial agents. J. Enzyme Inhib. Med. Chem. 2021, 36, 295–306. https://doi.org/10.1080/14756366.2020.1850713. 

73. Caruso, A.; Ceramella, J.; Iacopetta, D.; Saturnino, C.; Mauro, M.V.; Bruno, R.; Aquaro, S.; Sinicropi, M.S. Carbazole derivatives 

as antiviral agents: An overview. Molecules 2019, 24, 1912. https://doi.org/10.3390/molecules24101912. 

74. Vairavelu, L.; Zeller, M.; Rajendra Prasad, K.J. Solvent-free synthesis of heteroannulated carbazoles: A novel class of anti-tumor 

agents. Bioorg. Chem. 2014, 54, 12–20. https://doi.org/10.1016/j.bioorg.2014.03.003. 

75. Li, R.; Du, Y.; Gao, Z.; Shen, J. Molecular modeling studies on carbazole carboxamide based BTK inhibitors using docking and 

structure-based 3D-QSAR. Int. J. Mol. Sci. 2018, 19, 1244. https://doi.org/10.3390/ijms19041244. 

76. Kadnor, V.A.; Mhaske, G.R.; Shelke, S.N. Synthesis and Antimicrobial Evaluation of Novel Carbazole Based β-diketones and 

its Pyrazole Derivatives. Croat. Chem. Acta 2018, 91, 367–375. https://doi.org/10.5562/cca3353. 

77. Zhou, Y.; Wang, J.; Gu, Z.; Wang, S.; Zhu, W.; Acenã, J.L.; Soloshonok, V.A.; Izawa, K.; Liu, H. Next Generation of Fluorine-

Containing Pharmaceuticals, Compounds Currently in Phase II-III Clinical Trials of Major Pharmaceutical Companies: New 

Structural Trends and Therapeutic Areas. Chem. Rev. 2016, 116, 422–518. https://doi.org/10.1021/acs.chemrev.5b00392. 

78. Johnson, B.M.; Shu, Y.Z.; Zhuo, X.; Meanwell, N.A. Metabolic and Pharmaceutical Aspects of Fluorinated Compounds. J. Med. 

Chem. 2020, 63, 6315–6386. https://doi.org/10.1021/acs.jmedchem.9b01877. 

79. Grünebaum, M.; Buchheit, A.; Günther, C.; Wiemhöfer, H.D. New efficient synthetic routes to trifluoromethyl substituted 

pyrazoles and corresponding β-diketones. Tetrahedron Lett. 2016, 57, 1555–1559. https://doi.org/10.1016/j.tetlet.2016.02.092. 

80. Taydakov, I.V.; Kreshchenova, Y.M.; Dolotova, E.P. A convenient and practical synthesis of β-diketones bearing linear 

perfluorinated alkyl groups and a 2-thienyl moiety. Beilstein J. Org. Chem. 2018, 14, 3106–3111. https://doi.org/10.3762/bjoc.14.290. 

81. Flores, A.F.C.; Blanco, R.F.; Souto, A.A.; Malavolta, J.L.; Flores, D.C. Synthesis of fatty trichloromethyl-β-diketones and new 1H-

pyrazoles as unusual FAMEs and FAEEs. J. Braz. Chem. Soc. 2013, 24, 2059–2065. https://doi.org/10.5935/0103-5053.20130237. 

82. Crossman, A.S.; Larson, A.T.; Shi, J.X.; Krajewski, S.M.; Akturk, E.S.; Marshak, M.P. Synthesis of Sterically Hindered β-

Diketones via Condensation of Acid Chlorides with Enolates. J. Org. Chem. 2019, 84, 7434–7442. 

https://doi.org/10.1021/acs.joc.9b00433. 

83. Shabalin, D.A.; Ivanova, E.V.; Ushakov, I.A.; Schmidt, E.Y.; Trofimov, B.A. Retrosynthetic Analysis of α-Alkenyl-β-Diketones: 

Regio-and Stereoselective Two-Step Synthesis of Highly Arylated Representatives from Acetylenes, Ketones, and Acyl 

Chlorides. J. Org. Chem. 2020, 85, 8429–8436. https://doi.org/10.1021/acs.joc.0c00768. 

84. Bezzubov, S.I.; Zharinova, I.S.; Khusyainova, A.A.; Kiselev, Y.M.; Taydakov, I.V.; Varaksina, E.A.; Metlin, M.T.; Tobohova, A.S.; 

Korshunov, V.M.; Kozyukhin, S.A.; et al. Aromatic β-Diketone as a Novel Anchoring Ligand in Iridium(III) Complexes for Dye-

Sensitized Solar Cells. Eur. J. Inorg. Chem. 2020, 2020, 3277–3286. https://doi.org/10.1002/ejic.202000372. 



Pharmaceuticals 2021, 14, 1043 25 of 26 
 

 

85. Kim, D.K.; Shokova, E.A.; Tafeenko, V.A.; Kovalev, V.V. Synthesis of 1,3-diketones from 3-(4-R-phenyl)propionic acids. Russ. J. 

Org. Chem. 2014, 50, 464–468. https://doi.org/10.1134/S1070428014040022. 

86. Lima, S.R.; Coelho, F. Synthesis of 1,4,6-Tricarbonyl Compounds via Regioselective Gold(I)-Catalyzed Alkyne Hydration and 

Their Application in the Synthesis of α-Arylidene-butyrolactones. ACS Omega 2020, 5, 8032–8045. 

https://doi.org/10.1021/acsomega.0c00101. 

87. Pradhan, T.R.; Park, J.K. An Overview of Water-Mediated Alkyne Functionalization by Neighboring Group Participation of 

Carbonyl Groups. Adv. Synth. Catal. 2020, 362, 4833–4860. https://doi.org/10.1002/adsc.202000826. 

88. Chen, P.; Zhang, Q.Q.; Guo, J.; Chen, L.L.; Wang, Y.B.; Zhang, X. An effective preparation of both 1,3-diketones and nitriles 

from alkynones with oximes as hydroxide sources. Org. Biomol. Chem. 2018, 16, 6958–6966. https://doi.org/10.1039/c8ob01861h. 

89. Kuang, J.; Zhou, T.; You, T.; Chen, J.; Su, C.; Xia, Y. Facile access to 1,3-diketones by gold(I)-catalyzed regioselective hydration 

of ynones. Org. Biomol. Chem. 2019, 17, 3940–3944. https://doi.org/10.1039/c9ob00494g. 

90. Rodríguez, N.; Goossen, L.J. Decarboxylative coupling reactions: A modern strategy for C–C-bond formation. Chem. Soc. Rev. 

2011, 40, 5030–5048. https://doi.org/10.1039/c1cs15093f. 

91. Wang, H.; Guo, L.N.; Duan, X.H. Decarboxylative acylation of cyclic enamides with α-oxocarboxylic acids by palladium-

catalyzed C-H activation at room temperature. Org. Lett. 2012, 14, 4358–4361. https://doi.org/10.1021/ol301801r. 

92. He, Z.; Qi, X.; Li, S.; Zhao, Y.; Gao, G.; Lan, Y.; Wu, Y.; Lan, J.; You, J. Transition-metal-free formal decarboxylative coupling of 

α-oxocarboxylates with α-bromoketones under neutral conditions: A simple access to 1,3-diketones. Angew. Chem. Int. Ed. 2015, 

54, 855–859. https://doi.org/10.1002/anie.201409361. 

93. He, Z.; Qi, X.; She, Z.; Zhao, Y.; Li, S.; Tang, J.; Gao, G.; Lan, Y.; You, J. Room-Temperature Coupling/Decarboxylation Reaction 

of α-Oxocarboxylates with α-Bromoketones: Solvent-Controlled Regioselectivity for 1,2- and 1,3-Diketones. J. Org. Chem. 2017, 

82, 1403–1411. https://doi.org/10.1021/acs.joc.6b02575. 

94. Sada, M.; Matsubara, S. A tandem reaction initiated by 1,4-addition of bis(iodozincio)methane for 1,3-diketone formation. J. Am. 

Chem. Soc. 2010, 132, 432–433. https://doi.org/10.1021/ja910428y. 

95. Kumar, M.; Arya, A.K.; George, J.; Arya, K.; Pardasani, R.T. DFT Studied Hetero-Diels–Alder Cycloaddition for the Domino 

Synthesis of Spiroheterocycles Fused to Benzothiazole and Chromene/Pyrimidine Rings in Aqueous Media. J. Heterocycl. Chem. 

2017, 54, 3418–3426. https://doi.org/10.1002/jhet.2964. 

96. Bartlett, S.L.; Beaudry, C.M. High-yielding oxidation of β-hydroxyketones to β-diketones using o-iodoxybenzoic acid. J. Org. 

Chem. 2011, 76, 9852–9855. https://doi.org/10.1021/jo201810c. 

97. Hoyos, P.; Pace, V.; Hernáiz, M.J.; Alcántara, A.R. Biocatalysis in the Pharmaceutical Industry. A greener future. Curr. Green 

Chem. 2014, 1, 155–181. https://doi.org/10.2174/2213346101666131113201722. 

98. Hoyos, P.; Hernáiz, M.J.; Alcántara, A.R. Biocatalyzed Production of Fine Chemicals. In Reference Module in Life Sciences; Moo-

Young, M., Ed.; Pergamon: Oxford, UK, 2017. https://doi.org/10.1016/B978-0-12-809633-8.09153-6. 

99. Hoyos, P.; Pace, V.; Alcántara, A.R. Chiral Building Blocks for Drugs Synthesis via Biotransformations. In Asymmetric Synthesis 

of Drugs and Natural Products; Nag, A., Ed.; CRC Press: Boca Raton, FL, USA, 2018; pp. 346–448. 

100. Domínguez de María, P.; de Gonzalo, G. Biocatalysis : An industrial perspective. Royal Society of Chemistry: London, UK, 2018. 

https://doi.org/10.1039/9781782629993-FP007. 

101. Alcántara, A.R. Biocatalysis and Pharmaceuticals: A Smart Tool for Sustainable Development. Catalysts 2019, 9, 792. 

https://doi.org/10.3390/catal9100792. 

102. Domínguez de María, P.; de Gonzalo, G.; Alcántara, A.R. Biocatalysis as useful tool in asymmetric synthesis: An assessment of 

recently granted patents (2014–2019). Catalysts 2019, 9, 802. https://doi.org/10.3390/catal9100802. 

103. Bell, E.L.; Finnigan, W.; France, S.P.; Green, A.P.; Hayes, M.A.; Hepworth, L.J.; Lovelock, S.L.; Niikura, H.; Osuna, S.; Romero, 

E., et al. Biocatalysis. Nat. Rev. Methods Primers 2021, 1, 46. https://doi.org/10.1038/s43586-021-00044-z. 

104. Hall, M. Enzymatic strategies for asymmetric synthesis. RSC. Chem. Biol. 2021, 2, 958–989. https://doi.org/10.1039/d1cb00080b. 

105. Sheldon, R.A.; Brady, D. Streamlining design, engineering, and applications of enzymes for sustainable biocatalysis. ACS 

Sustainable Chem. Eng. 2021, 9, 8032–8052. https://doi.org/10.1021/acssuschemeng.1c01742. 

106. Wohlgemuth, R. Biocatalysis-Key enabling tools from biocatalytic one-step and multi-step reactions to biocatalytic total 

synthesis. New Biotech. 2021, 60, 113–123. https://doi.org/10.1016/j.nbt.2020.08.006. 

107. Lehwald, P.; Richter, M.; Röhr, C.; Liu, H.W.; Müller, M. Enantioselective intermolecular aldehyde-ketone cross-coupling 

through an enzymatic carboligation reaction. Angew. Chem. Int. Ed. 2010, 49, 2389–2392. https://doi.org/10.1002/anie.200906181. 

108. Loschonsky, S.; Waltzer, S.; Fraas, S.; Wacker, T.; Andrade, S.L.A.; Kroneck, P.M.H.; Müller, M. Catalytic scope of the thiamine-

dependent multifunctional enzyme cyclohexane-1,2-dione hydrolase. ChemBioChem 2014, 15, 389–392. 

https://doi.org/10.1002/cbic.201300673. 

109. Loschonsky, S.; Wacker, T.; Waltzer, S.; Giovannini, P.P.; McLeish, M.J.; Andrade, S.L.A.; Müller, M. Extended reaction scope 

of thiamine diphosphate dependent cyclohexane-1,2-dione hydrolase: From C-C bond cleavage to C-C bond ligation. Angew. 

Chem. Int. Ed. 2014, 53, 14402–14406. https://doi.org/10.1002/anie.201408287. 

110. Giovannini, P.P.; Pedrini, P.; Venturi, V.; Fantin, G.; Medici, A. Bacillus stearothermophilus acetylacetoin synthase: A new catalyst 

for C-C bond formation. J. Mol. Catal. B Enzym. 2010, 64, 113–117. https://doi.org/10.1016/j.molcatb.2010.03.001. 

111. Bortolini, O.; Giovannini, P.P.; Maietti, S.; Massi, A.; Pedrini, P.; Sacchetti, G.; Venturi, V. An enzymatic approach to the 

synthesis of optically pure (3R)- and (3S)-enantiomers of green tea flavor compound 3-hydroxy-3-methylnonane-2,4-dione. J. 

Mol. Catal. B Enzym. 2013, 85–86, 93–98. https://doi.org/10.1016/j.molcatb.2012.08.015. 



Pharmaceuticals 2021, 14, 1043 26 of 26 
 

 

112. Giovannini, P.P.; Fantin, G.; Massi, A.; Venturi, V.; Pedrini, P. Enzymatic diastereo- and enantioselective synthesis of α-alkyl- 

α,β-dihydroxyketones. Org. Biomol. Chem. 2011, 9, 8038–8045. https://doi.org/10.1039/c1ob05928a. 

113. Giovannini, P.P.; Bortolini, O.; Cavazzini, A.; Greco, R.; Fantin, G.; Massi, A. Expanding the scope of enzymatic carboligation 

reactions in flow-mode: Production of optically active tertiary alcohols with packed-bed micro-bioreactors. Green Chem. 2014, 

16, 3904–3915. https://doi.org/10.1039/c4gc00838c. 

114. Bernacchia, G.; Bortolini, O.; De Bastiani, M.; Lerin, L.A.; Loschonsky, S.; Massi, A.; Müller, M.; Giovannini, P.P. Enzymatic 

Chemoselective Aldehyde-Ketone Cross-Couplings through the Polarity Reversal of Methylacetoin. Angew. Chem. Int. Ed. 2015, 

54, 7171–7175. https://doi.org/10.1002/anie.201502102. 

115. Giovannini, P.P.; Lerin, L.A.; Müller, M.; Bernacchia, G.; Bastiani, M.D.; Catani, M.; Di Carmine, G.; Massi, A. (S)-Selectivity in 

Phenylacetyl Carbinol Synthesis Using the Wild-Type Enzyme Acetoin:Dichlorophenolindophenol Oxidoreductase from 

Bacillus licheniformis. Adv. Synth. Catal. 2016, 358, 2767–2776. https://doi.org/10.1002/adsc.201600359. 

116. Hampel, S.; Steitz, J.P.; Baierl, A.; Lehwald, P.; Wiesli, L.; Richter, M.; Fries, A.; Pohl, M.; Schneider, G.; Dobritzsch, D.; et al. 

Structural and Mutagenesis Studies of the Thiamine-Dependent, Ketone-Accepting YerE from Pseudomonas protegens. 

ChemBioChem 2018, 19, 2283–2292. https://doi.org/10.1002/cbic.201800325. 

117. Oliveira, V.D.G.; Cardoso, M.F.D.C.; Forezi, L.D.S.M. Organocatalysis: A brief overview on its evolution and applications. 

Catalysts 2018, 8, 605. https://doi.org/10.3390/catal8120605. 

118. Xiang, S.H.; Tan, B. Advances in asymmetric organocatalysis over the last 10 years. Nat. Commun. 2020, 11, 1–5. 

https://doi.org/10.1038/s41467-020-17580-z. 

119. Flanigan, D.M.; Romanov-Michailidis, F.; White, N.A.; Rovis, T. Organocatalytic Reactions Enabled by N-Heterocyclic Carbenes. 

Chem. Rev. 2015, 115, 9307–9387. https://doi.org/10.1021/acs.chemrev.5b00060. 

120. Singh, S.; Singh, P.; Rai, V.K.; Kapoor, R.; Yadav, L.D.S. Nucleophilic acylation of α-haloketones with aldehydes: An umpolung 

strategy for the synthesis of 1,3-diketones. Tetrahedron Lett. 2011, 52, 125–128. https://doi.org/10.1016/j.tetlet.2010.10.175. 

121. Wu, T.; Zhou, Q.; Tang, W. Enantioselective α-Carbonylative Arylation for Facile Construction of Chiral Spirocyclic β,β′-

Diketones. Angew. Chem. Int. Ed. 2021, 60, 9978–9983. https://doi.org/10.1002/anie.202101668. 

122. Ahumada, G.; Roisnel, T.; Sinbandhit, S.; Manzur, C.; Carrillo, D.; Hamon, J.R. Synthesis, characterization and X-ray crystal 

structures of chiral ferrocene-containing β-diketones. J. Organomet. Chem. 2013, 737, 1–6. 

https://doi.org/10.1016/j.jorganchem.2013.03.032. 

123. Xu, X.; Jiang, R.; Zhou, X.; Liu, Y.; Ji, S.; Zhang, Y. Cerium ammonium nitrate: an efficient catalyst for carbon-carbon bond 

formation from ferrocenyl alcohol substrate. Tetrahedron 2009, 65, 877–882. https://doi.org/10.1016/j.tet.2008.11.048. 

124. Podyachev, S.N.; Sudakova, S.N.; Gimazetdinova, G.S.; Shamsutdinova, N.A.; Syakaev, V.V.; Barsukova, T.A.; Iki, N.; Lapaev, 

D.V.; Mustafina, A.R. Synthesis, metal binding and spectral properties of novel bis-1,3-diketone calix[4]arenes. New J. Chem. 

2017, 41, 1526–1537. https://doi.org/10.1039/c6nj03381d. 

125. Chen, Y.; You, Y.; Weng, Z. Syntheses of 2-(2,2,2-trifluoroethylidene)/(2,2-difluoroethyl)-1,3-dicarbonyl compounds and their 

fungicidal activities. Org. Chem. Front. 2019, 6, 213–217. https://doi.org/10.1039/c8qo01118d. 

 


