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Abstract 

We report a solvent-free, microwave-assisted protocol for the synthesis of 2,2-disubsti-

tuted 1,3-oxathiolan-5-ones catalyzed by magnetite nanoparticles (MNPs). A design of ex-

periments (DoE) approach was employed to optimize reaction parameters using the 

model reaction between acetophenone and 2-mercaptoacetic acid. Temperature, catalyst 

loading, and stoichiometry emerged as the most influential factors. Although the aromatic 

model substrate afforded modest yields (up to 24% by GC), the optimized conditions ap-

plied to aliphatic and cyclic ketones led to significantly higher yields, reaching up to 92%. 

This study highlights the value of combining heterogeneous nanocatalysis, microwave 

irradiation, and DoE to streamline optimization in heterocyclic synthesis. 

Keywords: magnetite nanoparticles; microwave-assisted synthesis; 1,3-oxathiolan-5-
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1. Introduction 

The synthesis of heterocycles remains a cornerstone in organic and medicinal chem-

istry, with ongoing efforts to develop sustainable protocols for accessing bioactive scaf-

folds [1,2]. Among them, 1,3-oxathiolan-5-ones are of particular interest due to their oc-

currence in natural products, their role as versatile synthetic intermediates, and their po-

tential pharmacological applications [3,4]. Structurally, these six-membered heterocycles 

contain both sulfur and oxygen atoms together with a carbonyl group at position 5, which 

imparts unique reactivity. 

Classical methods to prepare 1,3-oxathiolan-5-ones rely on the cyclocondensation of 

thioglycolic acid with aldehydes [5]. However, their extension to ketones remains scarce, 

mainly because of the lower electrophilicity and steric hindrance of ketone carbonyls, 

which usually result in low yields or require forcing conditions [6]. This highlights the 

need for new approaches enabling the efficient use of ketones as starting materials. 
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In this context, heterogeneous catalysis with magnetite nanoparticles (Fe3O4, MNPs) 

has emerged as a sustainable option. The Lewis acidic Fe(II/III) sites on their surface can 

activate carbonyl groups, while their intrinsic magnetic properties allow simple recovery, 

aligning with green chemistry principles [7]. At the same time, microwave-assisted or-

ganic synthesis (MAOS) provides rapid and homogeneous heating, reducing reaction 

times and improving energy efficiency [8,9]. The combination of MNP catalysis and 

MAOS is therefore highly attractive for the development of efficient solvent-free proto-

cols. 

To rationally optimize such processes, statistical design of experiments (DoE) offers 

a powerful framework for simultaneously evaluating multiple factors and their interac-

tions, avoiding the inefficiency of one-variable-at-a-time optimization [10,11]. Recent ap-

plications of DoE in heterocyclic chemistry have demonstrated its value in identifying key 

parameters with a minimal number of experiments. 

Herein, we report a microwave-assisted, solvent-free protocol for the synthesis of 1,3-

oxathiolan-5-ones from ketones using MNPs. Reaction conditions were optimized 

through a 24 factorial DoE, which identified temperature, catalyst loading, and stoichiom-

etry as critical variables. This methodological contribution illustrates the usefulness of 

DoE in heterocyclic synthesis and establishes operational windows for subsequent full 

studies on catalyst characterization and reuse. 

2. Results and Discussion 

2.1. Design of Experiment (DoE) 

To optimize the model cyclocondensation between acetophenone and 2-mercaptoa-

cetic acid under microwave irradiation (Scheme 1), a 24 factorial design with four central 

points (20 runs) was applied. The studied factors were catalyst loading, temperature, stoi-

chiometric ratio, and reaction time (Table 1). Reaction yields, determined by GC–MS 

against an internal standard, ranged from 0 to 24% (Table 2). 

 

Scheme 1. Model reaction between 1-phenylethanone (1a) and thioglycolic acid (2). 

Table 1. Experimental matrix of the full factorial design (24) with central points for the model reac-

tion. 

Experimental Design 

With Two Possible Levels per Factor Experimental Domain 

Factors (k) Units Lowest level (-) Highest level (+) CP * 

Catalyst (A) % mol  10 20 15 

Temperature (B) °C 70 90 80 

Reactant ratio (C)  - 1-1 1-2 1-1 y 1-2 

Time (D) minutes 20 40 30 

* Center points. 

All reactions were performed in a single block and without replicates. Reaction yields 

were determined by GC–MS using an internal standard (Table 2). 
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Table 2. Experimental results for the synthesis of 2-phenyl-2-methyl-1,3-oxathiolan-5-one (3a) un-

der the designed conditions. 

Matrix 

Experiment A B C D Response (%) a 

1 10 70 1:1 20 4 

2 20 70 1:1 20 0 

3 10 90 1:1 20 19 

4 10 70 1:2 20 9 

5 10 70 1:1 40 6 

6 20 90 1:1 20 5 

7 20 70 1:2 20 -- 

8 20 70 1:1 40 -- 

9 10 90 1:2 20 15 

10 10 90 1:1 40 24 

11 10 70 1:2 40 14 

12 20 90 1:2 20 13 

13 20 90 1:1 40 8 

14 20 70 1:2 40 4 

15 10 90 1:2 40 20 

16 20 90 1:2 40 20 

17 15 80 1:1 30 10 

18 15 80 1:2 30 15 

19 15 80 1:1 30 12 

20 15 80 1:2 30 16 

a Determined by GC–MS using an internal standard. 

An initial observation of the data summarized in Table 2 revealed variability in the 

reaction yields, with a maximum of 24% (entry 10). To evaluate the statistical significance 

of the studied factors, an analysis of variance (ANOVA) was performed using MinitabLab 

software (Table 3). 

2.2. ANOVA and Factor Significance 

ANOVA analysis (Table 3) identified temperature (p = 0.005), catalyst loading (p = 

0.016), and stoichiometry (p = 0.034) as statistically significant factors, while reaction time 

showed a marginal effect (p = 0.080). The curvature term was significant (p = 0.048), indi-

cating non-linear contributions that limit the predictive accuracy of a first-order model. 

Although the global regression was marginally significant (p = 0.060), the Pareto chart 

clearly confirmed the influence of the three dominant factors (Figure 1). 

Table 3. Analysis of variance generated by Minitab Lab Software. 

Source DF 
Adjust 

SS. 

Adjust. 

MS  
F Value  p-Value 

Model 16 1042.56 65,160 7.63 0.060 

Linear 4 827.46 206,865 24.21 0.013 

% Catalyst 1 207.36 207,360 24.27 0.016 

Temperature 1 445.21 445,210 52.11 0.005 

Stoichiometric Ratio 1 117.13 117,128 13.71 0.034 

Time 1 57.76 57,760 6.76 0.080 

2-term interactions 6 39.71 6618 0.77 0.640 

% Catalyst*Temperature 1 2.56 2560 0.30 0.622 

% Catalyst*Stoichiometric Ratio 1 24.01 24,010 2.81 0.192 
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% Catalyst*Time 1 1.21 1210 0.14 0.732 

Temperature*Stoichiometric Ratio 1 2.56 2560 0.30 0.622 

Temperature*Time 1 5.76 5760 0.67 0.472 

Stoichiometric Ratio*Time 1 3.61 3610 0.42 0.562 

3-term interactions 4 84.39 21,097 2.47 0.242 

% Catalyst*Temperature*Stoichiometric 

Ratio 
1 82.81 82,810 9.69 0.053 

% Catalyst*Temperature*Time 1 1.21 1210 0.14 0.732 

% Catalyst*Stoichiometric Ratio*Time 1 0.36 0.360 0.04 0.851 

Temperature*Stoichiometric Ratio*Time 1 0.01 0.010 0.00 0.975 

4-term interactions 1 1.96 1960 0.23 0.665 

% Catalyst*Temperature*Stoichiometric 

Ratio*Time 
1 1.96 1960 0.23 0.665 

Curvature 1 89.04 89,042 10.42 0.048 

Error 3 25.63 8544   

Lack of fit 1 21.63 21,632 10.82 0.081 

Pure error 2 4.00 2000   

Total 19 1068.19    

Gl (Deegres of Freedom), Adjusted SS (Adjusted Sum of Squares), Adjusted MS (Adjusted Mean 

Square), F-value (contrast statistic) and p-value. The ANOVA results showed that three factors ex-

hibited a significant effect at a 95% confidence level (p < 0.05): catalyst loading (p = 0.016), tempera-

ture (p = 0.005), and the stoichiometric ratio of reagents (p = 0.034). Reaction time did not display 

statistical significance under the studied conditions (p = 0.080). Additionally, a significant curvature 

(p = 0.048) was observed, suggesting that the linear model may not fully capture the behavior of the 

system and pointing to the presence of nonlinear interactions among the variables. 

 

Figure 1. Pareto chart generated in Minitab. 

Response surface plots (Figure 2) provided a visual representation of the factor inter-

actions, particularly the synergistic effect of temperature and catalyst loading on yield. 

These plots also suggested the existence of a maximum response plateau at moderate cat-

alyst loadings and temperatures around 90 °C, consistent with the curvature effect de-

tected in the ANOVA. The bar chart in Figure 3 summarizes the predicted versus observed 

yields, highlighting the overall adequacy of the model despite modest conversions in the 

aromatic system. 
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(a) (b) 

Figure 2. (a) Graph of % conversion versus % catalyst and temperature. (b) Graph of % conversion 

versus time and temperature. 

 

 

Figure 3. Bar chart showing the response measure (% yield) and summary variables. 

2.3. Substrate Scope 

The optimized conditions (90 °C, 40 min, 10 mol% MNPs) were applied to a panel of 

ketones to evaluate substrate generality (Table 4). Aliphatic ketones such as 2-butanone 

and cyclic ketones like cyclohexanone afforded high yields (72–92%). In contrast, aryl–

alkyl ketones, exemplified by propiophenone, delivered moderate yields (23–45%). No 

products were detected for conjugated enones or highly substituted ketones, likely due to 

electronic delocalization and steric hindrance. These results demonstrate the importance 

of substrate structure in governing reactivity under the optimized conditions 
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Table 4. Scope of the synthesis of 1,3-oxathiolan-5-ones from ketones. 

 

Entry 
 Yield (%) c 

Ketone Uncatalyzed Reaction a Catalyzed Reaction b 

1 1a --- 25 

2 1b --- 23 

3 1c --- 45 

4 1d --- 26 

5 1e --- --- 

6 1f --- --- 

7 1g --- --- 

8 1h --- --- 

9 1i 10 72 

10 1j 20 75 

11 1k 15 78 

12 1l 25 81 

13 1m 18 92 

14 1n 15 89 

a Reaction conditions: ketone (1, 1 mmol) and 2-mercaptoacetic acid (2, 1 mmol) under solvent-free 

conditions, irradiated at 100 W and 90 °C for 40 min. Reaction progress monitored by TLC and GC-

MS. b Same conditions, using 10 mol% magnetite. c Yields determined by GC analysis using an in-

ternal standard. 

2.4. Practical Aspects and Implications 

Products were readily isolated by crystallization, and structural confirmation was 

obtained by NMR and MS. While the model aromatic substrate provided modest yields, 

the broader scope confirmed the potential of combining MNP catalysis with microwave 

irradiation. Importantly, the DoE methodology proved effective in rapidly identifying the 

operational windows of the process, offering a rational basis for scaling and further inves-

tigations on catalyst recovery and reuse, which will be addressed in future full studies. 

3. Conclusions 

A design of experiments (DoE) approach was applied to the microwave-assisted, sol-

vent-free synthesis of 1,3-oxathiolan-5-ones catalyzed by magnetite nanoparticles. Tem-

perature, catalyst loading, and stoichiometry were identified as the most influential pa-

rameters, while reaction time had only a minor effect. 

The model aromatic ketone provided modest conversions (up to 24%), but the opti-

mized conditions proved highly effective for aliphatic and cyclic ketones, affording yields 

of up to 92%. This outcome highlights the strong substrate dependence of the transfor-

mation. 

Beyond the specific synthetic results, this work underscores the methodological 

value of DoE in mapping operational windows for heterocyclic synthesis, providing a 
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rational basis for future studies. Ongoing work will address catalyst characterization, re-

covery, and reuse, expanding the applicability of this sustainable protocol. 

4. Methods 

4.1. Materials and Instrumentation 

All reagents were purchased from commercial suppliers and used without further 

purification. Magnetite nanoparticles (MNPs) were prepared by a standard co-precipita-

tion method reported in the literature [12], washed with water and ethanol, and dried 

prior to use. 

All reagents were of commercial grade and used without further purification, unless 

otherwise stated. Microwave reactions were performed in a CEM Discover® system 

equipped with continuous focused microwave power (100 W) in sealed 10 mL pressure 

glass vessels with magnetic stirring. Reaction temperature was monitored via an infrared 

sensor, and pressure was controlled by a septum-mounted sensor. 

Analytical data were obtained using the following instruments: GC–MS (HP5-MS ca-

pillary column, 30 m × 0.25 mm, 0.25 μm; 5972 MS detector, 70 eV EI mode), FT–IR (Nicolet 

Nexus 470), NMR (1H 300 MHz, 13C 75 MHz, Bruker ARX 300; CDCl3, C6D6, or DMSO-d6 

as solvents), elemental analysis (Exeter CE440), and melting point (Büchi B-545, uncor-

rected). 

4.2. Experimental Procedures 

4.2.1. Preparation of Magnetite Nanoparticles (MNPs). 

MNPs were synthesized following a standard co-precipitation procedure. The result-

ing Fe3O4 nanoparticles were washed, dried, and directly employed as catalysts. 

4.2.2. Design of Experiments (DoE). 

A 24 factorial design with four central points (20 runs) was carried out using Minitab 

software. The studied factors were catalyst loading (5–15 mol%), temperature (70–110 °C), 

stoichiometric ratio (1:1–1:1.5), and reaction time (20–60 min). Yields were determined by 

GC–MS using an internal standard (n-decane). 

4.2.3. General Procedure for the Model Reaction 

Reactions were conducted in a sealed-vessel microwave reactor (100 W, 90 °C) 

equipped with magnetic stirring. A mixture of acetophenone (1 mmol), 2-mercaptoacetic 

acid (1 mmol), and MNPs (10 mol%) was irradiated for 40 min under solvent-free condi-

tions. After cooling, the crude mixture was neutralized with saturated NaHCO3 solution 

and extracted with ethyl acetate. The organic layer was dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. 

4.4. Substrate Scope 

For scope evaluation, different ketones (1 mmol) were subjected to the optimized 

conditions (90 °C, 40 min, 10 mol% MNPs). Products were isolated by crystallization or 

column chromatography and characterized by NMR and MS, in agreement with literature 

data. 

Product Characterization 

The purified products were characterized by 1H and 13C NMR, IR, MS, and elemental 

analysis. 
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