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Abstract: Microwave irradiation has profoundly influenced the field of organic synthesis, and has emerged as a valuable technique for enabling rapid and efficient chemical transformations. In this study, we explored the oxidation of cyclohexanecarboxamide using di-tertiary-butyl chromate (TBC) under microwave irradiation in various organic solvents, such as tetrahydrofuran (THF), 1,4-dioxane, and dichloromethane (DCM). The reaction mixtures were prepared by combining the substrate solution with TBC in appropriate ratios, followed by stirring and microwave irradiation for specific durations. The resulting products were characterized using a combination of chemical and instrumental techniques, including elemental analysis, Fourier transform infrared (FTIR) spectroscopy, differential thermal analysis (DTA), thermogravimetric analysis (TGA), and mass loss patterns. Our findings demonstrate that this microwave-assisted approach aligns with the principles of green chemistry and offers a sustainable and efficient route for the oxidation of cyclohexanecarboxamide.
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1. INTRODUCTION
Microwave-assisted organic synthesis (MAOS)1_2 and microwave-induced organic reactions (MIOR)3 have revolutionized organic chemistry by offering sustainable and efficient synthetic approaches. These techniques align with green chemistry4-5 principles, reduce reaction times, improve yields, and minimize waste generation. The concept of microwave dielectric heating, introduced by Spencer6 in 1947, was applied to organic synthesis in the pioneering work of Gedye et.al.7-9 in 1986. Since then, the field has flourished, with over 2000 research articles demonstrating the versatility of microwave-assisted techniques. A comprehensive review by P. Lindstrom et al 10. highlighted the advantages of MAOS and MIOR, including significantly reduced reaction times, improved product yields, and minimal waste generation. These techniques are attractive alternatives11 to the conventional heating methods.
In this study, we explored the oxidation of cyclohexanecarboxamide 12 using di-tertiary-butyl chromate13 (TBC) under microwave irradiation. TBC, a robust and versatile oxidant, has been extensively studied since its introduction by Oppenaur and H. Oberrauch14 in 1949. The products of cyclohexanecarboxamide have the potential to serve as ligands for the formation of Cr complexes in various oxidation states.
Cyclohexanecarboxamide, an alicyclic amide, is a white to light yellow coloured odourless solid. It can act as a precursor for both specialised polymers15_17 and bioactive molecules18_20 in agricultural and pharmaceutical chemistry. It is also used for the production of alicyclic amines21 for further chemical derivatisation it also finds its use in the synthesis of high valent Chromium complexes and mixed ligand22 co-ordination compounds.  By oxidizing cyclohexanecarboxamide with TBC under microwave irradiation, we synthesized and characterized chromium complexes23_24 in lower oxidation states. This approach expands the scope of ethyl cyclohexanecarboxamide chemistry and demonstrates the versatility of TBC as an oxidizing agent25_26.
2. MATERIALS AND METHODS
All chemicals used in this study were of analytical reagent (A.R.) grade procured from commercial sources and used as received. Cyclohexanecarboxamide, chromium (VI) oxide, tertiary butyl alcohol, tetrahydrofuran (THF), 1,4-dioxane, dichloromethane (DCM), acetone, silver nitrate, potassium persulfate, ammonium iron (II) sulfate (Mohr's salt), potassium dichromate, and barium diphenylamine-1-sulfonate has also used.
The oxidant di-tertiary-butyl chromate (TBC) was synthesised in situ through the dissolution of a precisely weighted quantity of chromium (VI) oxide in 10 ml of tertiary butyl alcohol. Cyclohexanecarboxamide (2 g) was dissolved in 10 ml of tetrahydrofuran (THF), 1,4-dioxanloromethane (DCM) in a rigorously cleaned and desiccated beaker under continuous magnetic stirring at room temperature. The substrate-to-oxidant molar ratios were 1:1, 2:1, and 3:1, respectively. The reaction mixture was irradiated in a Samsung household microwave oven G-273V (20 L, 2450 MHz, and 150 W) for various oxidation times. Thermometric measurements were conducted to assess the exothermic and endothermic natures of the reaction by recording the initial and final temperatures of the reaction mixture. The isolated products were subsequently washed with acetone, meticulously dried, labelled A11CHAMIDE, A21CHAMIDE, A31CHAMIDE, B11CHAMIDE, B21CHAMIDE, B31ECHC, C11CHAMIDE, C21 CHAMIDE, C31CHAMIDE, and stored for further analytical and spectroscopic characterization. The percentage compositions of carbon, hydrogen, and nitrogen were determined using a EUROVECTOR E-3000 elemental analyser. The chromium content was subsequently quantified by volumetric titration using potassium persulfate, potassium dichromate, and Mohr's salt solutions. The oxygen content was calculated by subtracting the percentages of carbon, hydrogen, nitrogen, and chromium from 100. The empirical formulae for the complexes were deduced from the elemental analysis data. Fourier transform infrared (FTIR) spectra of the products were recorded on a PerkinElmer Fourier transform infrared spectrometer (FTIR4000-450 cm-1). Thermogravimetric and differential thermal analyses (TG-DTA) of the compounds were performed using a Perkin Elmer Diamond TG-DTA system. The samples underwent a controlled heating process at a constant heating rate of 10°C /min, progressing from ambient temperature to a final temperature of 700°C. The characterization data for all synthesized products, including FTIR spectra, TG-DTA thermographs and corresponding analytical data in Tables 1-3 are summarised.
3. ETHICAL COMPLIANCE
This research project involved human participants and was conducted in accordance with the approval granted by the Ethics Committee of the University Department of Chemistry, Ranchi University.
4. RESULTS AND DISCUSSION
The exhaustive analytical data presented in Tables 1, 2, and 3, and the FTIR, and TG-DTA graphs encompassing the physical parameters, elemental analysis, and proposed chemical formulations, respectively, coupled with the FTIR, TGA-DTA graphical representations, facilitate the derivation of several pertinent technical conclusions pertaining to the synthesis of chromium-cyclohexanecarboxamide (CHAMIDE) complexes. A meticulous examination of these datasets enables a comprehensive understanding of the complexation process, thereby permitting inferences to be drawn regarding the structural and compositional attributes of the resultant chromium-CHAMIDE complexes.
Table 1: Preliminary product characterisation (Cyclohexanecarboxamide -TBC)
	Serial no.
	Sample label
	Solvent
	Subs./ Oxd. Ratio
	Microwave Irad. Time (in sec.)
	Yield (in gm.)
	Colour
	Solubility
(in water)

	1. 
	A11 CHAMIDE
	THF
	(1:1) 
2g/2g
	44
	3.12
	Dark Brown
	Sparingly Soluble

	2. 
	A21 CHAMIDE
	THF
	(2:1) 
2g/1g
	60
	2.40
	Greyish Green
	Sparingly Soluble

	3. 
	A31 CHAMIDE
	THF
	(3:1) 2g/0.67g
	72
	2.13
	Dak Green
	Insoluble

	4. 
	B11 CHAMIDE
	1,4- Dioxane
	(1:1) 
2g/2g
	75
	2.10
	Brownish Green
	Insoluble

	5. 
	B21 CHAMIDE
	1,4- Dioxane
	(2:1)
 2g/1g
	100
	1.84
	Brownish Green
	Insoluble

	6. 
	B31 CHAMIDE
	1,4- Dioxane
	(3:1) 2g/0.67g
	110
	1.05
	Brownish Green
	Insoluble

	7. 
	C11 CHAMIDE
	DCM
	(1:1)
 2g/2g
	64
	2.55
	Greenish Blue
	Sparingly Soluble

	8. 
	C21 CHAMIDE
	DCM
	(2:1)
 2g/1g
	82
	1.86
	Greenish Blue
	Sparingly Soluble

	9. 
	C31 CHAMIDE
	DCM
	(3:1) 2g/0.67g
	90
	1.20
	Brownish Green
	Insoluble



Table 2: Product formulation– I
	Serial No.
	Sample No.
	Cr%
	C%
	H%
	N%
	O%
	Empirical Formula

	1. 
	A11
CHAMIDE
	17.87
	14.43
	2.06
	2.40
	63.24
	Cr2C7H12NO23

	2. 
	A21
CHAMIDE
	19.92
	16.09
	3.06
	2.68
	58.25
	Cr2C7H16NO19

	3. 
	A31
CHAMIDE
	21.94
	17.72
	3.37
	2.95
	54.02
	Cr2C7H16NO16

	4. 
	B11
CHAMIDE
	21.94
	17.72
	3.37
	2.95
	54.02
	Cr2C7H16NO16

	5. 
	B21
CHAMIDE
	23.42
	18.92
	4.05
	3.15
	50.46
	Cr2C7H18NO14

	6. 
	B31
CHAMIDE
	25.49
	20.58
	3.43
	3.43
	47.07
	Cr2C7H14NO12

	7. 
	C11
CHAMIDE
	19.84
	16.03
	3.43
	2.67
	58.03
	Cr2C7H18NO19

	8. 
	C21
CHAMIDE
	20.47
	16.53
	3.54
	2.75
	56.71
	Cr2C7H18NO18

	9. 
	C31
CHAMIDE
	24.29
	19.63
	4.20
	3.27
	48.61
	Cr2C7H18NO13



Table 3: Product formulation– II
	Sl. No.
	Sample No.
	Empirical Formula
	 Formulation

	1.
	A11 CHAMIDE
	Cr2C7H12NO23
	Cr₂O3 (COOH COOH)2 3CO2 (H2O)4 NO2


	2.
	A21 CHAMIDE
	Cr2C7H16NO19
	Cr2O3 (HOOCCH2COOH) (CH3COOH) (CO₂)2 (H2O)4 NO2


	3.
	A31 CHAMIDE
	Cr2C7H16NO16
	Cr2O3 (HOOC(CH2)2COOH) (CH3COOH) (CO₂) (H2O)3 NO2

	4.
	B11 CHAMIDE
	Cr2C7H16NO16
	Cr2O3 (HOOC(CH2)2COOH) (CH3COOH) (CO₂) (H2O)3 NO2


	5.
	B21 CHAMIDE
	Cr2C7H18NO14
	Cr2O3 (HOOC(CH2)3COOH) (CH3COOH) (H2O)3 NO2

	6.
	B31 CHAMIDE
	Cr2C7H14NO12
	Cr2O3 (HOOC(CH2)4COOH) CO (H2O)2 NO2


	7.
	C11 CHAMIDE
	Cr2C7H18NO19
	Cr2O3 (HOOCCH2COOH) (HOOCCOOH) (CH3COOH) (H2O)4 NO2


	8.
	C21 CHAMIDE
	Cr2C7H18NO18
	Cr2O3 (HOOC (CH2) COOH) (HOOCCOOH) (CH3COOH) (H2O)4 NO


	9.
	C31 CHAMIDE
	Cr2C7H18NO13
	Cr2O3 (HOOC (CH2)3 COOH) (CH3COOH) (H2O)3 NO
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4.1. Synthesis and Preliminary Characterization
​The interactions between cyclohexanecarboxamide and di-tert-butyl chromate (TBC) were investigated under microwave-assisted conditions. 
· As summarized in Table 1, the microwave methodology facilitated rapid complexation, with reaction times ranging from 44 to 110 s. This represents a significant kinetic enhancement over classical thermal methods, which traditionally require several hours of reflux.
· Solvent Influence: The dielectric properties of the solvent significantly modulated the reaction rate and yield. Tetrahydrofuran (THF) proved to be the most efficient medium, yielding up to 3.12 g (Sample A11) within the shortest irradiation time (44 s). This efficiency is attributed to the optimal dipole moment of THF, which ensures rapid energy transfer during microwave exposure. In contrast, 1,4-Dioxane and Dichloromethane (DCM) required longer irradiation periods and generally resulted in lower mass recovery.
· Stoichiometric Effects: A clear dependency on the substrate-to-oxidant ratio was observed. The 1:1 ratio consistently provided the highest yields across all solvent systems. As the substrate concentration increased (3:1), a decrease in yield and a transition to complete water insolubility were noted, suggesting the formation of more hydrophobic or potentially higher-order coordination species.
​4.2. Elemental Analysis and Empirical Formulation
​The elemental compositions (C, H, N, O, and Cr) presented in Table 2 were used to derive the empirical formulas for the synthesized complexes.
· ​Chromium content: The chromium content consistently ranged between 17.87% and 25.49%, increasing as the substrate-to-oxidant ratio shifted from 1:1 toward 3:1. This trend indicates that higher substrate concentrations may promote the formation of complexes with a higher relative metal density or a more compact coordination sphere.
· ​Core Structure: The data consistently indicate a binuclear chromium (III) oxide core (Cr2O3). This suggests that during the microwave-assisted process, the hexavalent chromium in TBC undergoes a partial reduction and subsequent condensation to form a stable oxo-bridged binuclear framework.
​4.3. Proposed Structural Formulation and Ligand Fragmentation
​The structural formulations detailed in Table 3 provide deep insights into the oxidative role of TBC. The cyclohexanecarboxamide moiety appears to undergo systematic oxidative ring-opening and fragmentation.
· ​Oxidative Cleavage: The identification of various dicarboxylate ligands—including Oxalic acid, Malonic acid, Succinic acid, Glutaric acid, and Adipic acid—within the coordination sphere suggests that the TBC facilitates the cleavage of the cyclohexane ring at different positions depending on the reaction conditions.
· ​Coordination Environment: The Cr2O3 core is further stabilized by auxiliary ligands including acetate groups (likely derived from TBC degradation or oxidative byproducts), nitro groups (NO2), and neutral molecules such as CO2 and H2O.
· ​Solvent-Dependent Coordination: Notably the choice of solvent influenced the specific dicarboxylate formed. For instance, THF systems (A-series) yielded oxalate, malonate, and succinate fragments, whereas 1,4-Dioxane (B-series) favoured longer-chain fragments like glutarate and adipate. This indicates that the solvent medium plays a role in stabilizing specific transition states during the oxidative degradation of carbamide.
​4.4. Physical Properties and Stability
​The transition in product colour from Dark Brown to Greenish Blue and Dark Green is indicative of d-d transitions within the chromium centres, consistent with the coordination of different carboxylate ligands. The shift in solubility from sparingly soluble to insoluble as the organic fraction increases suggests that the complexes become more polymeric or less polar as the chain length of the coordinated dicarboxylates increases.
5. ​CONCLUSION
The microwave-assisted synthesis of chromium-cyclohexanecarboxamide complexes is a highly efficient, solvent-dependent process. The dual role of TBC as both an oxidant and a complexing agent leads to the formation of a series of binuclear Cr (III) complexes featuring fragmented dicarboxylate ligands. This study underscores the potential of microwave energy to drive complex oxidative coordination pathways in a matter of seconds which would otherwise be unattainable via conventional heating.
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