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Abstract 

Alpha-ketoglutaric acid (α-KGA) possesses significant therapeutic potential in 

oncology and post-operative care. However, its application is limited by poor cellular 

membrane permeability. The main aim of this study was to overcome this limitation, 

enhancing the number of α-KGA getting through. For this reason, the dimethyl-α-

ketoglutarate (DM- α-KG) was synthesized. This molecule can be utilized due to its 

substantially enhanced cellular uptake, particularly in malignant cancer cells. 

Considering the therapeutic importance of DM-α-KG, Fischer esterification of α-KGA 

was carried out to synthesize dimethyl-α-ketoglutarate (DM-α-KG) using para-

toluenesulfonic acid monohydrate (p-TsOH·H₂O) as a homogeneous catalyst. 

Comprehensive experimental investigations were performed by varying key reaction 

parameters, including temperature, reagent concentrations, catalyst type and loading, 

and reaction composition, particularly the amounts of methanol and methyl isobutyl 

ketone, to maximize the yield of DM-α-KG. Furthermore, a kinetic study was 

conducted to establish fundamental parameters for potential large-scale industrial 

applications. In addition, the recyclability of the catalyst was evaluated over 

consecutive reaction cycles, highlighting its importance for process sustainability and 

economic feasibility. 
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Popular Scientific Summary, Societal and Ethical Aspects    

 

Popular scientific summary 
α-Ketoglutaric acid (α-KGA) is a critical molecule in human physiology, serving 

primarily as a key intermediate in cellular energy production. In addition to its 

endogenous roles, α-KGA has demonstrated substantial practical utility in medicine. It 

is effectively employed to promote recovery following severe trauma and invasive 

surgery. Moreover, it serves as a potent therapeutic agent capable of suppressing the 

proliferation of malignant cells and containing localized tumour growth.  

In this work the main aim was to increase the quantity of α-KGA capable to enter and 

to penetrate in cell membrane changing slightly the structure of molecule using an 

esterification reaction in order to obtain the desired result. 

The target molecule obtained from this synthesis demonstrates superior cellular 

permeability. Once internalized by the cell, the masking groups appended during the 

reaction are hydrolysed, liberating the original α-KGA to perform its intended 

physiological role. 

Societal aspects 
From a societal perspective, the development of efficient methodologies for 

synthesizing DM-α-KG holds significant promise for public health. Oncology and post-

operative care remain major societal challenges that heavily impact patient well-being 

and healthcare systems. By enhancing the cellular bioavailability of a molecule capable 

of accelerating muscle recovery and inhibiting malignant cell proliferation, this 

research directly contributes to the broader societal goal of improving patient outcomes 

and overall quality of life. Furthermore, advancements in such targeted therapies have 

the potential to ultimately reduce the long-term socioeconomic burden associated with 

extensive medical treatments. 

Ethical aspects 
Throughout this study, environmental sustainability remained a primary operational 

focus. The reaction methodology was specifically designed to mitigate ecological 

impact by utilizing green solvents and replacing traditionally corrosive, non-

recoverable acids with a sustainable catalytic alternative. Additionally, process 

efficiency was maximized by optimizing the reaction parameters—specifically, 

operating at mild temperatures and short residence times—to strictly minimize overall 

energy consumption. 

 



III 
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Keq Equilibrium constant 
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NMR Nuclear Magnetic Resonance 
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1 Introduction 

Alpha-ketoglutaric acid (α-KGA) plays several vital roles in the human body, 

particularly as a key intermediate in mitochondrial energy metabolism. It is an essential 

metabolite that can be obtained through dietary intake and is involved in numerous 

physiological processes [1]. The production of α-KGA can be achieved through both 

biological and chemical pathways. The biological route primarily involves targeted 

microbial fermentation, which is extensively utilized for nutritional applications. Several 

studies have demonstrated fermentation as an efficient and viable approach for α-KGA 

production [1]. However, to satisfy increasing industrial demand, various chemical 

synthesis routes have also been developed. 

One chemical approach involves the reaction between methyl dichloroacetate (MDA) 

and methyl acrylate (MA), producing dimethyl-2-oxoglutarate (DMDG), which is 

subsequently converted into an aqueous α-KGA solution under alkaline conditions [2]. 

More recently, a heterogeneous catalytic route for α-KGA synthesis was developed 

through aldol condensation of pyruvic acid and glyoxylic acid, yielding 2-hydroxy-4-

oxoglutaric acid as an intermediate. Subsequent dehydration and hydrogenation over a 

Pd/TiO₂ catalyst resulted in α-KGA formation [3]. In addition to chemical synthesis, α-

KGA can also be produced through cell-free enzymatic systems involving in vitro 

metabolic pathways with multiple enzymatic steps [4]. Owing to the presence of highly 

reactive functional groups, α-KGA serves as an important building block in polymer 

synthesis by facilitating polymerization reactions. Furthermore, it has emerged as a 

promising precursor for several bio-based processes [1]. Consequently, α-KGA is 

increasingly recognized as a versatile platform molecule with a broad spectrum of 

industrial and chemical applications. 

Beyond its industrial significance, α-KGA also exhibits considerable therapeutic 

potential. Clinical studies have reported that α-KGA supplementation improves muscle 

recovery following invasive trauma and helps to reduce muscle degradation during 

surgical procedures [5]. Additionally, α-KGA promotes organ blood flow. In oncology, 

α-KGA has attracted interest as a therapeutic agent due to its ability to simultaneously 

suppress respiration and glycolysis in tumour cells [6]. It has been reported to inhibit 

malignant cell proliferation by inducing cell death and reducing tumour-associated 

angiogenesis. 

Despite these promising therapeutic properties, the clinical application of free α-KGA 

is limited by its poor cellular membrane permeability. This intrinsic limitation 

significantly reduces cellular uptake and restricts both its in vivo efficacy and the 

detailed investigation of its biological mechanisms [7]. To overcome this drawback, 

dimethyl α-ketoglutarate (DM-α-KG), the dimethyl ester derivative of α-KGA, can be 

employed as an alternative. Esterification of the carboxylic acid groups reduces 

molecular polarity and markedly enhances membrane permeability. The methyl ester 

groups primarily function as transport moieties that facilitate passage across the lipid 

bilayer. Following cellular uptake, intracellular esterases hydrolyse the ester bonds, 

releasing active α-KGA into the cytoplasm to exert its biological effects [7]. 

Considering the therapeutic importance of DM-α-KG, the present study focuses on the 

Fischer esterification of α-KGA to synthesize DM-α-KG using p-toluenesulfonic acid 

monohydrate (p-TsOH·H₂O) as a Brønsted acid catalyst  show in Figure 1 [8]. 
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Fig. 1. Reaction scheme for Esterification of α-KGA to DM-α-KG 

Various homogeneous and heterogeneous acid catalysts have previously been employed 

for Fischer esterification reactions. Homogeneous catalysts include sulfuric acid 

(H₂SO₄), p-TsOH·H₂O, methanesulfonic acid (MSA), and acidic ionic liquids (ILs), 

whereas heterogeneous catalysts include Amberlyst resins and sulfated zirconia [9]. 

Although comparative studies involving MSA and H₂SO₄ have demonstrated 

comparable or even higher esterification yields, these catalysts present major drawbacks, 

including high corrosivity and poor recyclability, which limit their applicability in large-

scale processes. Heterogeneous catalysts also exhibit limitations due to their requirement 

for elevated activation temperatures, resulting in more severe operating conditions. 

In the present work, p-TsOH·H₂O was selected as the catalyst because of its low cost, 

recyclability, and relatively low corrosivity toward processing equipment. p-TsOH has 

been extensively employed as an acid catalyst in the processing of biomolecules, 

biopolymers, and synthetic polymers [10,11]. The esterification of α-KGA to DM-α-KG 

was systematically investigated by evaluating the influence of reaction parameters 

including temperature, reaction time, α-KGA concentration, water content, catalyst type 

and loading, and solvent selection. Reaction progress, DM-α-KG yield, formation of by-

products, and purity of the recovered catalyst were assessed using NMR spectroscopy. 

2. Materials and Methods 

2.1 Materials 

Alpha-ketoglutaric acid (α-KGA), dimethyl-alpha-ketoglutarate (DM-α-KG), para-

toluenesulfonic acid monohydrate (p-TsOH, 97.5% purity), and sulfuric acid (H₂SO₄, 

97% purity) were purchased from Sigma-Aldrich. Methanol (CH₃OH, 100% purity) and 

CDCl₃ were obtained from VWR Chemicals, while methyl isobutyl ketone (MIBK, 99% 

purity) was purchased from Merck Darmstadt. Deionized (DI) water was used as 

required during the experiments. All materials used in this study were analytical-grade 

reagents and were utilized without any further purification. 

2.2 Synthesis of DM-α-KG 

The esterification experiments for the conversion of α-KGA to dimethyl α-ketoglutarate 

(DM-α-KG) were carried out in sealed glass pressure vials. The reaction mixtures were 

heated to the desired temperatures using a preheated paraffin oil bath. The reactions were 

performed using either methanol or methyl isobutyl ketone (MIBK) as the reaction 

solvent. For reactions using methanol as the solvent, 0.2 g of α-KGA, 0.088 g of p-TsOH 

catalyst, and methanol were mixed in glass vials. The reaction mixtures were then treated 

at different temperatures for varying reaction times. The influence of water content was 

evaluated by adding an equivalent amount of water (with respect to α-KGA) to the 

reaction mixture, and the reaction was carried out at 80 °C for 1 h. When MIBK was 

used as the solvent, methanol was added in equivalent amounts where the influence of 
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different reaction parameters, including reaction temperature, methanol concentration, 

water content, α-KGA loading, catalyst amount, and catalyst type, were investigated. To 

maintain a constant reaction volume, the amount of MIBK was adjusted accordingly. 

For kinetic studies of α-KGA esterification, 0.2 g of α-KGA, 0.011 g of p-TsOH catalyst, 

and 10 equivalents of methanol in MIBK were used. The reaction mixtures were treated 

at 40, 60, and 80 °C for reaction times ranging from 15 to 120 min. The recyclability of 

the catalyst was evaluated using 0.088 g of catalyst, 0.2 g of α-KGA, and 10 equivalents 

of methanol in MIBK at 80 °C for 60 min. Prior to the recyclability study, catalyst 

recovery was performed using an ethyl acetate/water solvent extraction method. After 

60 min of reaction, 1 mL of water was added to the reaction mixture, followed by 

thorough shaking. The mixture was then kept under static conditions to allow the 

formation of a biphasic system. The organic phase was separated by adding ethyl acetate, 

and the remaining aqueous phase was dried to recover the catalyst. 

2.3 NMR analysis  

The amount of DM-α-KG formed in the reaction mixture was quantified using NMR 

spectroscopy. Upon completion of the reaction, approximately 40 µL of the reaction 

mixture was collected and diluted in deuterated chloroform (CDCl₃) containing 

cyclohexane as an internal standard. The internal standard stock solution used for 

calibration was prepared by mixing 20 mL of CDCl₃ with 100 µL of cyclohexane. 

To establish the calibration curve, a series of six standard samples containing 1, 3, 5, 7, 

10 and 15 mg of pure DM-α-KG were prepared using the stock solution. After acquiring 

the corresponding NMR spectra, the target peak areas were integrated and plotted 

against the respective analyte concentrations. The resulting plot produced a linear 

calibration curve shown in Figure 2, and its slope was subsequently used to determine 

the product concentration in the reaction mixtures. 

Assuming 100% theoretical conversion, the maximum attainable mass of DM-α-KG 

from 0.2 g of α-KGA was calculated to be 0.238 g. Establishing this theoretical 

maximum enabled the precise quantification of DM-α-KG concentration in the analysed 

NMR samples. The theoretical amount of DM-α-KG (M Theoretical) present in the collected 

reaction mixture was calculated using the following equation: 

 

𝑀𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙,   (𝐷𝑀−𝛼−𝐾𝐺) =
𝑀𝑅𝑀 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 × 𝑀𝐷𝑀−𝛼−𝐾𝐺(0,238)

𝑀𝑡𝑜𝑡𝑎𝑙 𝑅𝑀
     (equation 1) 

 

where, M (RM collected), M(DM-α-KG) and M (total RM) denote the amount of reaction mixture 

collected, amount of DM-α-KG (0.238g) in a collected sample amount and amount of 

total reaction mixture, respectively. The DM-α-KG content in the analysed sample was 

determined using the calibration curve. The characteristic OCH₃ peak of DM-α-KG was 

used for quantification, while the calibration samples containing pure DM-α-KG 

enabled the accurate identification of the corresponding functional group signals in the 

NMR spectra. The amount of DM-α-KG in the sample was calculated as follows 

 

𝑀(𝐷𝑀−𝛼−𝐾𝐺)𝑖𝑑𝑒𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡,   =  
𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑂𝐶𝐻3 (𝐷𝑀−𝛼−𝐾𝐺)

𝐶𝑢𝑟𝑣𝑒 𝑠𝑙𝑜𝑝𝑒
     (equation 2) 
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The product yield was subsequently determined using the following equation: 

%𝑌 =  
𝑀𝑖𝑑𝑒𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 ×  100

𝑀𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙
      (equation 3) 

 

 

 
Fig. 2. Calibration curve with slope value 

2.4 Statistics, literature search and AI usage 

Various software tools and digital databases were utilized to support this study. Data 

processing and numerical analyses were conducted using Microsoft Excel. 

Comprehensive literature retrieval was performed via Google Scholar to identify 

appropriate peer-reviewed references, optimize compound selection, and establish a 

robust theoretical framework for the project. Additionally, AI-based language models 

were employed during the drafting phase strictly for grammatical proofreading and 

language refinement, ensuring that the experimental procedures and scientific 

discussions were articulated with academic fluency and rigor. 

3. Results and Discussion 

3.1.1 Dimethyl-α-ketoglutarate (DM-α-KG) synthesis using methanol as solvent 

Fischer esterification of α-KGA to DM-α-KG was performed in methanol, where 

methanol acted as both the reagent and solvent in this synthetic approach. In this study, 

the influence of reaction temperature as well as the effect of excess water in the reaction 

composition on the yield of DM-α-KG were investigated. 

3.1.2 Influence of reaction temperature 

The esterification of α-KGA to DM-α-KG was carried out in methanol while 

maintaining a methanol-to-α-KGA molar ratio of 40:1 (40 equivalents) in the reaction 

composition. To evaluate the influence of reaction temperature, the esterification 

reaction was performed at different temperatures, namely 40, 60, 80, and 100 °C. The 

progress of the reaction at each temperature was periodically monitored by 1H NMR 

analysis. As shown in Figure 3A, irrespective of the applied temperature, the yield of 

DM-α-KG reached 60-70% within 15 min. However, as the reaction progressed from 15 

to 30, 60, 90, and 120 min, the amount of product gradually decreased at 60, 80, and 100 

°C. In contrast, at 40 °C, the product yield increased and reached 73% after 60 min, 

followed by a slight decrease to 68% after 120 min. 

To gain a more detailed understanding of the reaction progress, the 1H NMR spectra of 

the reaction mixtures obtained at different temperatures and reaction times were 

analysed. As shown in Figure S1, the proton signals corresponding to the two -OCH₃ 
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groups were observed at 3.63 and 3.83 ppm, whereas the signals corresponding to the 

two adjacent -CH₂ groups in the desired product, DM-α-KG, appeared at 2.63 and 3.11 

ppm for all reaction mixtures analysed at different temperatures and reaction times. This 

assignment was confirmed by comparison with the NMR spectrum of commercially 

available DM-α-KG. 

 
Fig.3. A) Influence of reaction temperature. Reaction conditions: α-KGA=0.2g, p-TsOH.H2O = 0.088g, 

Temperature = 40-100oC, methanol = 1.77g (2.23ml) and, B) 1H NMR spectra at 80oC with reaction time 

a) 15min, b) 30min, c) 60min, d) 90min and e) 120min.    

However, in addition to the signals corresponding to DM-α-KG, two additional sets of 

signals were observed in the reaction mixtures depending on the applied reaction 

temperature and duration (Figures 3B and S2). These included SET-1 signals at 3.18, 

3.20, 3.55, 3.62, and 3.78 ppm (indicated by *), and SET-2 signals at 3.32, 3.61, and 

3.75 ppm (indicated by #). The SET-1 signals were observed in all reaction mixtures 

regardless of reaction temperature and time. In contrast, the SET-2 signals were mainly 

observed at elevated temperatures (60, 80, and 100 °C), where their intensity gradually 

increased with reaction time, whereas they were absent at 40 °C. Comparison of the 13C 

NMR spectra of reaction mixtures obtained after 1 h at 40 and 100 °C revealed that, in 

addition to the signals corresponding to the two carbonyl (-C=O) groups of DM-α-KG, 

additional carbonyl signals appeared when the reaction temperature was increased from 

40 to 100 °C (Figure 4A). Furthermore, a signal at 97.42 ppm was observed at both 

temperatures, while an additional signal at 101.64 ppm appeared only at 100 °C.  

 
 

Fig. 4. A) 13C NMR spectra of a) DM-α-KG, reaction mixture at b) 40oC and, c) 100oC. B) Structure of 

DM-α-KG and its possible hemiketal and ketal derivatives.  
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The α-KGA molecule contains one α-keto group (>C=O) in its structure, which is highly 

susceptible to acetalization in the presence of a large excess of methanol and an acid 

catalyst. This transformation typically leads to ketal formation (CH₃O-C-OCH₃) via an 

intermediate hemiketal species (H-C-OCH₃) [12]. Ketal formation from the carbonyl (-

C=O) group can be confirmed by 13C NMR analysis, where transformation of the 

carbonyl group to a ketal result in the disappearance of the carbonyl signal normally 

observed between 190–200 ppm and the appearance of signals corresponding to the 

tertiary ketal carbon between 95-105 ppm. Although the signals corresponding to the 

carbonyl (-C=O) groups of DM-α-KG did not completely disappear, signals 

corresponding to tertiary carbons in the range of 95-100 ppm were observed at both 40 

and 100 °C. This observation indicates that, in addition to the dimethyl ester of α-KGA 

(DM-α-KG), additional products containing ketal functionalities were also formed 

(Figure 5). 

 

Fig. 5. Reaction scheme of esterification of DM-α-KG 

Similarly, Stella et al. also reported the formation of a dihydroxyl analogue of a ketal 

following hydration of the α-keto group of pyruvic acid (an α-keto acid), which was 

confirmed by 13C NMR analysis [13]. Furthermore, these observations suggest that the 

SET-1 and SET-2 proton signals observed in the 1H NMR spectra, at different 

temperatures, originate from ketal-containing chemical species. It is noteworthy that the 

appearance of SET-2 proton signals in the 1H NMR spectra, at elevated temperatures, 

together with the additional tertiary carbon signal observed at 100 °C (101.64 ppm), 

indicates the formation of a greater number of ketal-containing species at higher 

temperatures. The possible chemical entities containing ketal and hemiketal functional 

groups formed during the esterification of α-KGA are presented in Figure 4B.Based on 

these observations, it appears that a significant amount of DM-α-KG is formed within 

the first 15 min of the reaction at all investigated temperatures. However, the product 

remains relatively stable at 40 °C, whereas at higher temperatures it gradually converts 

into ketal-containing derivatives, which correlates well with the observed product yields 

(Figure 3). It is also important to note that ketal formation may occur simultaneously 

from α-KGA itself, since the α-keto group remains equally available for this 

transformation throughout the reaction progress. 

 
 

Fig. 6. 1H NMR spectra of reaction mixtures DM-α-KG and water treated at A) 40°C and B) 80°C for 

60min a) No water, b) 2eq. water (0.0588 ml) and c) 4eq. water (0.1175 ml). Reaction conditions: DM-α-

KG = 0.1981g, p-TsOH.H2O = 0.088g and methanol = 1.614 g (2.038 ml) to 1.77g (2.23ml).     
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To confirm the formation of ketal-containing chemical entities as well as to evaluate the 

stability of DM-α-KG, control experiments were conducted in which DM-α-KG was 

exposed to p-TsOH catalyst in methanol at 40 and 80 °C. As shown in Figure 6A-a, DM-

α-KG became thermally unstable even at 40°C, and signals corresponding to the SET-1 

protons were observed. Upon further increasing the temperature to 80 °C, along with the 

SET-1 proton signals, high-intensity signals corresponding to SET-2 protons also 

appeared (Figure 6B-a). These observations indicate that the thermal stability of DM-α-

KG further deteriorated with increasing temperature, resulting in its conversion to ketal-

containing derivatives in the methanol-rich environment at elevated temperatures. 

To suppress the formation of ketal derivatives, the interaction of DM-α-KG with 

controlled amounts of water in methanol was also investigated, based on the assumption 

that water could reduce the in-situ formation of ketal derivatives by converting the ketal 

group (CH₃O-C-OCH₃) back to the α-keto group (>C=O) under acidic conditions [12]. 

As shown in Figures 6A-b, c and 6B-b, c, upon introducing 2 and 4 equivalents of water 

(with respect to DM-α-KG) into the methanolic solution, the SET-2 proton signals were 

not observed at 40°C and were significantly reduced at 80 °C. These observations 

suggest that the presence of water effectively suppresses the formation of ketal-

containing derivatives and improves the stability of DM-α-KG under the reaction 

conditions. 

3.1.3 Influence of water amount  

 

Fig. 7. Influence of amount of water. A) 40oC and B) 80oC Reaction conditions: α-KGA=0.2g, p-

TsOH.H2O = 0.088g, reaction time = 60min, methanol = 1.614 g (2.038 ml) to 1.77g (2.23ml) and water 

= 0.1175 g (0.1175 ml) to 0 g 

Considering the positive influence of water on the stability of DM-α-KG, the 

esterification of α-KGA in methanol was carried out in the presence of equivalent 

amounts of water at 40°C for different reaction times up to 120 min, and the reaction 

progress is shown in Figure 7A. The introduction of water into the reaction mixture 

inhibited the progress of the reaction at 40°C. It was observed that the addition of 2 and 

4 eq. of water (with respect to α-KGA) further decreased the yield of DM-α-KG 

compared to the reaction performed without water addition. 

At 80°C, the addition of 2 equivalents of water increased the reaction yield to 72% within 

15 min compared to the reaction without water; however, the yield gradually decreased 
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to 61% after 120 min (Figure 7B). Furthermore, the reaction progress in terms of DM-

α-KG yield was also examined at 120°C for 1 h using 2 and 4 equivalents of water in 

the reaction composition. As shown in Figure S3, the yield of DM-α-KG at 120°C was 

found to be in the range of 50-60%, which is comparable to the yield obtained at 80°C.  

These results indicate that the addition of excess water had a beneficial effect in reducing 

the formation of undesired products when DM-α-KG was treated in methanol in the 

presence of catalyst. However, under typical esterification conditions, excess water in 

the reaction mixture reduced the yield of DM-α-KG, likely due to its in-situ hydrolysis 

back to α-KGA. Furthermore, this negative effect of excess water on reaction progress 

also suggests that the in-situ water generated during esterification of α-KGA may 

contribute to reducing the DM-α-KG yield through hydrolysis. The NMR spectra of the 

reaction mixtures obtained at 40°C after 60 min did not show any significant difference 

between the SET-1 and SET-2 proton signals despite the varying amounts of excess 

water added (Figure S4A). Since no significant changes were observed in the NMR 

signals while the yield of DM-α-KG decreased, it indicates that simultaneous hydrolysis 

influenced the reaction progress. On the other hand, at 80 and 120°C (60 min), the 

intensity of the SET-2 proton signals decreased significantly upon the addition of excess 

water, indicating reduced ketal formation (Figure S4B, C). However, as the yield of DM-

α-KG did not improve, it suggests that hydrolysis of DM-α-KG also occurred in the 

presence of excess water under these conditions. 

Overall, these results indicate that, along with esterification of α-KGA, two side 

reactions such as acid-catalysed ketal formation and hydrolysis of DM-α-KG contribute 

to the reduction in DM-α-KG yield. Furthermore, the rates of esterification, ketal 

formation, and hydrolysis were found to be influenced by the applied reaction 

temperature. However, a separate detailed study would be required to investigate the 

thermodynamics and kinetics of these individual processes.  

3.2 Dimethyl-α-ketoglutarate (DM-α-KG) synthesis using methyl 

isobutyl ketone (MIBK) as solvent 

3.2.1 Influence of methanol excess 

The previous experiments conducted using pure methanol as the solvent identified 

methanol as the primary factor contributing to the formation of undesired products, such 

as ketals, which subsequently reduced the yield of DM-α-KG. To improve the yield of 

DM-α-KG, the solvent used for the esterification reaction was replaced with methyl 

isobutyl ketone (MIBK), while maintaining a quantitative amount of methanol in the 

reaction mixture. MIBK has been applied as a co-solvent in several biorefinery processes 

to improve the selectivity towards desired products, where it acts as a low-cost in situ 

extraction medium for low-molecular-weight organic compounds formed during the 

catalytic transformation of biomolecules or biopolymers, such as sugars and microbial 

polyesters [14, 15]. The primary rationale for using MIBK as the reaction solvent was 

that the desired product, DM-α-KG, would remain protected from hydrolysis due to the 

limited solubility of water in MIBK, while also being less susceptible to ketal formation. 
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Fig.8. A) Influence of amount of methanol. Reaction conditions: α-KGA=0.2g, p-TsOH.H2O = 0.088g, 

reaction time = 60min, temperature = 80°C, MIBK = 1.66 g (2.06 ml) to 0 g and methanol = 0.109 g 

(0.1384 ml) to 1.77 g (2.23 ml), and B) . 1H NMR spectra for influence of amount of methanol with 

amounts a) 2.5 eq., b) 5 eq., c) 10eq. d) 20eq., e) 40 eq. Reaction conditions: α-KGA=0.2g, p-TsOH.H2O 

= 0.088g, reaction time = 60min, MIBK = 1.66 g (2.06 ml) to 0 g, methanol = 0.109 g (0.1384 ml) to 1.77 

g (2.23 ml), 

In this study, the methanol-to-substrate (α-KGA) molar ratio was varied to 2.5, 5, 10, 

20, and 40 equivalents (the latter corresponding to methanol used as the sole solvent). 

Simultaneously, the amount of MIBK was adjusted to maintain a constant total reaction 

mass. The reactions were carried out at 80°C for 60 min using 0.088 mg of catalyst. As 

shown in Figure 8A, a DM-α-KG yield of 65% was obtained with 2.5 equivalents of 

methanol. The yield further increased to 72% and 80% when the methanol amount was 

increased to 5 and 10 equivalents, respectively. However, further increasing the 

methanol amount to 20 and 40 equivalents resulted in a decrease in DM-α-KG yield to 

78.67% and 55.58%, respectively. NMR analysis revealed that no signals corresponding 

to ketal derivatives were observed with 2.5 equivalents of methanol, whereas similar 

signals with low intensities appeared at 5 and 10 equivalents of methanol. In contrast, 

high-intensity signals corresponding to ketal derivatives were observed at 20 and 40 

equivalents of methanol, which correlated with the reduction in DM-α-KG yield (Figure 

8B).  

Therefore, the use of MIBK as the reaction solvent in combination with controlled 

amounts of methanol, particularly at 5 and 10 equivalents, effectively minimized the 

undesired side reactions of ketal formation and hydrolysis. This improvement can be 

attributed to the absence of excess methanol in the reaction medium and the reduced 

interaction of DM-α-KG with in situ generated water, respectively. 
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Fig.9. 1H Methanol = 5 and 10 eq., reaction time = 15-120min, temperature = 80°C, methanol = 0.219 g 

(0.276 ml) to 0.428 g  (0.553 ml) and MIBK = 1.55 g (1.92 ml) to 1.331 g (1.65 ml)   

To gain a deeper understanding of the influence of methanol amount, the esterification 

of α-KGA using 5 and 10 equivalents of methanol was carried out at 80°C for different 

reaction periods. As shown in Figure 9, the yields of DM-α-KG remained stable at 

approximately 70% and 80% for 5 and 10 equivalents of methanol, respectively, 

throughout the investigated reaction times ranging from 15 to 120 min. NMR analysis 

of the corresponding reaction mixtures showed that no signals corresponding to SET-2 

protons were observed, while only very low-intensity signals corresponding to SET-1 

protons appeared regardless of the methanol amount used (Figure S5). These 

observations indicate that the use of MIBK as the reaction solvent effectively 

contributed to maintaining the stability of DM-α-KG while suppressing ketal formation 

and hydrolysis over the reaction period. 

3.2.2 Influence of reaction temperature (using MIBK as solvent) 

After understanding the positive influence of MIBK as a solvent, it was further employed 

in the esterification of α-KGA to investigate the effect of reaction temperature. In this 

study, the reactions were carried out at 40, 80, and 120°C using 10 equivalents of 

methanol in the reaction composition and the progress of reaction is presented in Figure 

10A. At 40°C, the yield of DM-α-KG gradually increased from 55% to 76% as the 

reaction time increased from 15 to 60 min and remained stable up to 120 min. This 

behaviour differed from that observed when bulk methanol was used at 40°C, where the 

yield reached approximately 60% within 15 min and remained nearly constant at around 

70% upon extending the reaction time to 120 min. These observations indicate that lower 

reaction temperatures combined with reduced methanol amounts significantly influence 

the reaction progress. Upon increasing the reaction temperature to 80°C, the DM-α-KG 

yield increased to approximately 80% within 15 min and remained stable throughout the 

reaction period up to 120 min. Further increasing the temperature to 120°C did not 

significantly influence the reaction progress, and the yield remained stable at 

approximately 80% over the reaction period of 15-120 min.  

Consistent with the previous observations, the NMR signals associated with ketal 

formation were significantly reduced at all applied reaction temperatures. It is worth to 

mention that at 80 and 120°C, DM-α-KG may exist in equilibrium with its ketal 
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derivatives as well as its hydrolysed form, i.e., α-KGA, due to the presence of in-situ 

generated water in the reaction mixture. 

 
 

Fig.10. A) Influence of reaction temperature. Reaction conditions: α-KGA=0.2g, p-TsOH.H2O = 0.088g, 

reaction time = 120min, methanol =10eq. MIBK = 1.33 g (1.65 ml). and B) Influence of amount water. 

Reaction conditions: α-KGA=0.2g, p-TsOH.H2O = 0.088g, reaction time = 120min, methanol =10eq., 

amount of water = 2eq. to 8eq and MIBK = 1.33 g (1.65 ml) g to 1.13 g (1.4 ml), Water = 0 to 0.197 g 

(0.197 ml) 

3.2.3 Influence of water amount (using MIBK as solvent) 

In the case of pure methanol as the reaction solvent, the previous study investigating the 

influence of water content demonstrated that the addition of excess water inhibited the 

reaction progress. Similarly, the effect of excess water on the reaction progress was also 

examined when MIBK was used as the solvent medium. In this study, 2, 4, 6, and 8 

equivalents of water (with respect to α-KGA) were added to the reaction mixture, while 

the amount of MIBK was adjusted to maintain a constant total reaction mass. As shown 

in Figure 10B, the yield of DM-α-KG decreased progressively with increasing water 

content in the reaction mixture. Specifically, the yield of DM-α-KG decreased from 80% 

(without additional water) to 46% when the water amount was increased to 8 

equivalents. 

The corresponding NMR spectra showed that signals associated with ketal formation 

were not significantly observed for any of the applied water amounts, despite the 

reduction in DM-α-KG yield (Figure S6A). Therefore, the decrease in yield cannot be 

directly attributed to ketal formation. Instead, it may be correlated with the higher 

solubility of the catalyst in the aqueous phase, reducing its effective availability for 

catalysing the esterification reaction. Furthermore, although the product is relatively 

protected by the MIBK solvent environment, excess water may still interact with the 

product due to the presence of methanol in the reaction composition, potentially 

promoting hydrolysis and contributing to the observed decrease in DM-α-KG yield. 

3.2.4 Influence of catalyst amount (using MIBK as solvent) 

The influence of catalyst amount was also examined using p-TsOH·H₂O, where catalyst 

loadings ranging from 0.005 to 0.088 g were investigated. In this study, the methanol 

amount was kept constant at 10 equivalents, while the reaction was carried out at 80°C 

for 60min. As shown in Figure 11A, no DM-α-KG was formed in the absence of catalyst. 

As expected, the yield of DM-α-KG increased with increasing catalyst loading in the 

reaction composition. A yield of 50% was obtained with only 0.005 g of catalyst, which 
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further increased to 62% and 79% when the catalyst amount was increased to 0.011 and 

0.044 g, respectively. However, no further improvement in yield was observed when the 

catalyst amount was increased to 0.088 g, and the yield remained nearly constant at 

approximately 80%. 

A similar trend was observed in the NMR analysis, where the intensity of the signals 

corresponding to DM-α-KG gradually increased with increasing catalyst amount, while 

only very low-intensity signals corresponding to ketal derivatives were detected (Figure 

S6B). These results indicate that increasing catalyst loading promotes the esterification 

of α-KGA; however, beyond 0.044 g of catalyst, the reaction reached a plateau with no 

significant improvement in DM-α-KG yield. 

 
Fig.11. A) Influence of amount of catalyst. Reaction conditions: α-KGA=0.2g, p-TsOH.H2O = 0.005-

0.088g, reaction time = 60min, methanol=10eq., temperature = 80°C, MIBK = 1.414 g (1.75 ml) to 1.33 

g (1.65 ml) and, B) Influence of amount α-KGA. Reaction conditions: α-KGA=0.2-0.5g, p-TsOH.H2O = 

0.088g, reaction time = 60min, methanol =10eq., MIBK = 1.414 g (1.75 ml) to 1.33 g (1.65 ml).   

3.2.5 Influence of α-KGA amount (using MIBK as solvent) 

In this esterification approach, the efficiency of p-TsOH·H₂O was further examined for 

the conversion of increasing amounts of α-KGA ranging from 0.2 to 0.5 g, while keeping 

the catalyst amount, methanol loading, reaction temperature, and reaction time constant. 

As shown in Figure 11B, the yield of DM-α-KG gradually decreased from 80% to 68% 

as the amount of α-KGA increased from 0.2 to 0.5 g, respectively. The corresponding 

NMR spectra shown in Figure S7A also exhibited analogous trends regarding the 

reaction progress. These results indicate that increasing the substrate loading reduced 

the conversion efficiency under the applied reaction conditions, likely due to the fixed 

catalyst amount and methanol concentration. 

3.2.6 Influence of catalyst type (using MIBK as solvent) 

In addition to p-TsOH·H₂O, other acidic catalysts, namely sulfuric acid (H₂SO₄) and 

methanesulfonic acid (MSA), were also evaluated for the esterification of α-KGA. In 

this case, the yield of DM-α-KG reached 76% and 87% when MSA and H₂SO₄ were 

used as catalysts, respectively (Figure 12A). Although these yields were comparable to 

those obtained using p-TsOH·H₂O, the latter may be preferred for this esterification 

approach due to the higher corrosivity and limited recyclability associated with H₂SO₄ 

and MSA. Therefore, p-TsOH·H₂O appears to be a suitable catalyst for the synthesis of 

DM-α-KG, offering a balance between catalytic performance and operational 

advantages. 
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Fig.12. A) Influence of type of catalyst. Reaction conditions: α-KGA=0.2g, catalyst = 0.088g (p-

TsOH.H2O, H2SO4 and MSA, reaction time = 60min, methanol=10eq., temperature = 80°C, MIBK = 

1.339 g (p-TsOH), 1.375 g (MSA) and 1.374 g (H2SO4). and B) Kinetic study. Reaction conditions: α-

KGA=0.2g, p-TsOH.H2O = 0.011g, reaction time = 60min, methanol =10eq., temperature = 80°C, 

MIBK = 1.40 g (1.74 ml) 

3.2.7 Kinetic study (with MIBK as solvent) 

To evaluate the rate of esterification of α-KGA to DM-α-KG, the reaction was 

commenced at 40, 60 and 80°C with 0.011g of the catalyst and 10 eq. of methanol. In 

this case, the milder reaction conditions were maintained in terms of temperature and 

amount of catalyst considering the higher yields at with 0.088gm of the catalysts. Under 

these operating conditions, the esterification can be safely assumed to be irreversible, 

thereby allowing us to neglect both thermodynamic equilibrium limitations and potential 

side reactions in our kinetic model. 

 

The experimental setup collected in the Figure 12B can be accurately modelled as a 

perfectly mixed batch reactor (PMBR). Consequently, the temporal evolution of species 

concentrations can be reliably described by applying the fundamental ideal batch mass 

balance equations. 
𝑑𝐶 𝛼−𝐾𝐺𝐴

𝑑𝑡
= 𝑅     (equation 4) 

In a PMBR the mixing time TMIX is negligible respect to the reaction time TRXN, this 

assumption confirms the homogeneity of our mixture in this way we could work only to 

define the K in a kinetic regime. The reaction mixture density doesn’t change over all 

the reaction time, for this reason it can be assume that the volume remains constant. We 

work with a big excess of methanol so we can assume that the only affecting 

concentration is the Cα-KGA, for this reason we can assume that the rate R is of first order. 

 

𝑅 = (𝐾𝑟𝑒𝑎𝑙 𝐶𝑀𝑒𝑂𝐻) 𝐶𝛼−𝐾𝐺𝐴   (equation 5) 

 

𝑅 =  𝐾𝑎𝑝𝑝𝐶𝛼−𝐾𝐺𝐴  (equation 6) 

 

The Kapp is dependent on the catalyst amount so if in the future we would like to change 

the concentration of our catalyst we cannot use this k because is strictly related to the 

initial amount of p-TsOH. Substituting and solving the integral it was possible to retrieve 

the formula which describes the trend along the time. 

 

− 𝑙𝑛 (
𝐶𝛼−𝐾𝐺𝐴,𝑖𝑛 (1 − 𝑋)

𝐶𝛼−𝐾𝐺𝐴,𝑖𝑛
) = 𝐾𝑡   (equation 7) 
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−𝑙𝑛 (1 −  𝑋) = 𝐾𝑡   (equation 8) 

 

Plotting the logarithmic term on the Y-axis against the time in the X-axis, the slope of 

the trendline would be the K. This procedure was repeated to determine the rate 

constants at three distinct temperatures: 40°C, 60°C, 80°C and using the Arrhenius 

equation it was possible to calculate the Activation Energy. 

The value retrieved from the plot, corresponding to the activation energy is 37.27 kJ/mol. 

The NMR analysis revealed a synchronous growth of the methoxy signals in a ratio of 

1:1, suggesting that the activation energy represents a global parameter, encompassing 

both the consecutive esterification steps occurring on the α-KGA molecule. 

3.2.8 Recyclability of the catalyst (using MIBK as solvent) 

The recovery of the p-TsOH·H₂O catalyst was carried out using a solvent extraction 

approach prior to its reuse in consecutive esterification cycles of α-KGA. In this 

procedure, water and ethyl acetate were used to separate the catalyst and the organic 

phase containing MIBK and DM-α-KG, respectively. The aqueous phase was separated 

from the organic phase, dried, and the recovered catalyst was subsequently reused for 

four consecutive reaction cycles. As shown in Figure 13A, the yield of DM-α-KG 

remained stable at approximately 80% and was not significantly affected upon repeated 

use of the catalyst. This observation indicates that the catalytic activity of p-TsOH·H₂O 

was maintained throughout the recycling cycles. However, as shown in Figure 13B, the 

NMR spectra of the recovered catalyst revealed that, in addition to the signals 

corresponding to the catalyst, signals associated with unreacted α-KGA were also 

present. This observation suggests that a fraction of the unreacted α-KGA was 

transferred to the aqueous phase during the solvent extraction process and remained 

associated with the catalyst after drying of the aqueous phase. Therefore, although the 

catalyst exhibited good recyclability and maintained catalytic performance, the recovery 

procedure may lead to the co-recovery of residual substrate, which should be considered 

during catalyst reuse and mass balance calculations. 

     

    
Fig.13. A) Recyclability of p-TsOH.H2O catalyst. Reaction conditions: α-KGA=0.2g, p-TsOH.H2O = 

0.088g, reaction time = 60min, methanol=10eq., temperature = 80°C, MIBK= 1.331 g (1.65 ml) and B) 
1H NMR spectra of a) recovered catalyst and b) α-KGA 
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4. Conclusions and Outlook 

4.1 Conclusions 

In conclusion, the synthesis of DM-α-KG was successfully achieved via Fischer 

esterification of α-KGA using p-TsOH·H₂O as a recyclable catalyst. When methanol 

was used as the reaction solvent, the maximum yield of DM-α-KG reached 72% at 40°C 

after 60 min. However, at higher reaction temperatures, the yield decreased due to the 

formation of undesired ketal derivatives of DM-α-KG. The introduction of MIBK as the 

reaction solvent in combination with 10 equivalents of methanol significantly reduced 

ketal formation, resulting in an increase in DM-α-KG yield to 77% at 80°C within 15 

min, which further increased gradually to 80% after 60 min. Although the addition of 

excess water reduced ketal formation in this esterification approach, it did not 

significantly improve the DM-α-KG yield. The catalyst loading substantially influenced 

the reaction progress. A catalyst amount of only 0.005 g was sufficient to produce DM-

α-KG with a yield of 50%, whereas increasing the catalyst loading to 0.044 and 0.088 g 

increased the yield to approximately 80%. The p-TsOH·H₂O catalyst demonstrated high 

catalytic efficiency, providing a DM-α-KG yield of 68% within 60 min even when the 

α-KGA loading was increased to 0.5 g while using 0.088 g of catalyst. The reaction 

kinetics were successfully evaluated, revealing an activation energy of Eₐ = 37.27 kJ 

mol⁻¹. Furthermore, the catalyst was successfully recycled for four consecutive cycles 

without significant loss of catalytic activity. However, the recovered catalyst was 

accompanied by residual unreacted α-KGA. Overall, the use of MIBK not only enhanced 

the productivity of DM-α-KG by suppressing undesired ketal formation but also 

facilitated product separation from the catalyst through the formation of a biphasic 

system with water. Additionally, the combination of high product yield under mild 

reaction conditions and catalyst recyclability highlights the potential of this process for 

large-scale synthesis of DM-α-KG, an important therapeutic intermediate with potential 

applications in malignant cancer treatment. 

4.2 Limitations of the work 

Despite a rigorous optimization of the reaction parameters, the overall conversion 

systematically plateaued at an 80% upper limit. This barrier is the result of two 

concurrent factors. First, the thermodynamic equilibrium (Keq) of the esterification 

restricts the maximum reach; according to Le Châtelier's principle, the inevitable 

accumulation of water as a by-product shifts the equilibrium backwards, promoting ester 

hydrolysis. Second, the system is hindered by competitive side reactions, where the 

necessary stoichiometric excess of methanol begins to react with the newly formed DM 

-α-KG, and forms the undesired ketal derivatives. The catalyst obtained with less purity 

after its consecutive recyclability.  

4.3 Outlook 

Regarding future perspectives, subsequent research could explore the substitution of 

methanol with ethanol to synthesize the diethyl ester derivative of α-KGA. Replacing 

methanol with ethanol will increase the hydrophobicity of our product, ensuring greater 

permeability. Additionally, the development and optimization of an efficient 

downstream separation protocol, aimed at isolating and purifying the target product from 

the MIBK solvent phase, represents a critical area for future investigation. 
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Supporting information 

 

Figure S1. 1H NMR spectra for a) dimethyl-α-ketoglutarate (DM-α-KG) and, b) 

reaction mixture with reaction condition, α-KGA= 0.2g, p-TsOH.H2O = 0.088g, 

Temperature = 80oC, methanol = 1.77g (2.23ml).  

 

 

Figure S2. 1H NMR spectra for esterification of α-KGA to DM-α-KG at dffent temperature 

in methanol A) 40°C, B) 60°C, C) 80°C and D) 100°C for a) 15min, b) 30min, c) 60min, 

d)90min and e) 120min. reaction mixture with reaction conditions, α-KGA= 0.2g, p-

TsOH.H2O = 0.088g, methanol = 1.77g (2.23ml).  
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Figure S3. Influence of amount of water at different temperatures. Reaction conditions: 

α-KGA=0.2g, p-TsOH.H2O = 0.088g, temperature = 40oC or 80oC or 120oC. reaction 

time = 60min, methanol = 1.77g (2.23ml) to 1.67 g (2.11 g) and water = 0 to 0.0986 g 

(0.09864 ml) 
 

 

 

 

Figure S4. 1H NMR spectra for esterification of α-KGA to DM-α-KG at different temperature 

at different temperatures A) 40°C, B) 80°C and C) 120°C. Reaction conditions: α-KGA=0.2g, 

p-TsOH.H2O = 0.088g, reaction time = 60min, , methanol = 1.77g (2.23ml) to 1.67 g (2.11 

g) and water = 0 to 0.0986 g (0.09864 ml) 
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Figure S5. 1H NMR spectra for influence of amount of methanol with amounts A) 5eq. 

B) 10 eq. Reaction conditions: α-KGA=0.2g, p-TsOH.H2O = 0.088g, a) 15min, b) 

30min, c) 60min, d)90min and e) 120min, reaction temperature = 80oC, , methanol = 

0.219 g (0.276 ml) to 0.428 g  (0.553 ml) and MIBK = 1.55 g (1.92 ml) to 1.331 g (1.65 

ml).  

 

 

Figure S6. 1H NMR spectra for A) Influence of amount of water with amounts a) 2eq., 

b) 4eq. c) 6eq. d) 8eq. Reaction conditions: α-KGA=0.2g, p-TsOH.H2O = 0.088g, a) 

reaction temperature = 80°C, time = 60min. Methanol = 0.553 ml (10 eq.) MIBK = 1.33 

g (1.65 ml) g to 1.13 g (1.4 ml), Water = 0 to 0.197 g (0.197 ml)  B) Influence of amount 

of catalyst, a) No catalyst, b) 0.005g, b) 0,011g, c) 0.044g and, d) 0.088g and e) 120min, 

reaction temperature = 80oC, time = 60min, methanol = 10eq. MIBK = 1.42 g (1.76 ml) 

to 1.33 g (1.65 ml).  
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Figure S7. 1H NMR spectra for A) Influence of amount of α-KGA with amounts a) 0.2g., 

b) 0.3eq. c) 0.4eq. and d) 0.5g Reaction conditions: p-TsOH.H2O = 0.088g, a) reaction 

temperature = 80°C, time = 60min. Methanol = 0.553 ml (10 eq.) and MIBK = 1.33 g 

(1.65 ml) to 0.368 g (0.457 ml).  B) Influence of type of catalyst, a) p-TsOH.H2O, b) 

H2SO4 and c) MSA, reaction temperature = 80oC, time = 60min, methanol = 10eq MIBK 

= 1.339 g (p-TsOH), 1.375 g (MSA) and 1.374 g (H2SO4). 
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