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[bookmark: _GoBack]ABSTRACT: Catalytic methods for the synthesis of amides are much sought after. Silica catalysts have shown promise, but yields are generally moderate and the use of toluene, a toxic and regulated solvent is required. Here, the Hansen Solubility Parameters in Practice (HSPiP) software package has been used along with the Yalkowsky approximation to make predictions about the solubility of a series of aliphatic and aromatic amides in less hazardous solvents. The conventional solvent toluene has been modelled, along-side potential bio-derived alternatives, to find a safer and more productive reaction medium for amidation chemistry. The best candidate, 4-methylisopropylbenzene (p-cymene) was then examined experimentally against toluene in a range of silica-catalyzed reactions between carboxylic acids and amines, including both aromatic and aliphatic reactants. The increased temperatures achievable in the higher boiling p-cymene are shown to provide a significant improvement to yields compared to toluene. The low solubility of many of the amides in cold p-cymene proves an aid to separation. In general, higher polarity amides exhibit more favorable yields. In addition, tests run in a continuous flow system demonstrate the potential for further efficiency improvements by the recirculation of reactants.
INTRODUCTION
Amide synthesis is one of the most prevalent and important conversions in the pharmaceutical industry.1,2 This class of reaction is routinely carried out using one of many known coupling agents, which have been reviewed thoroughly in the literature.3–8 Employment of such reagents is an effective method of avoiding the formation of unwanted ammonium-carboxylate salt instead of the product. Regrettably, they are often toxic and corrosive, and their use is wasteful as stoichiometric amounts are used up in the process.9–11 More recently, this has inspired a move towards catalysis to improve efficiency and decrease toxicity and risk.12–16 Heterogeneous activated silica catalysts are particularly advantageous because they are cheap, robust and reusable.17,18 
For solubility reasons, coupling reagent enabled amidations are typically run in polar aprotic solvents such as dichloromethane (DCM) and N,N-dimethylformamide (DMF).19 In the absence of coupling reagents, toluene is preferable as a solvent because its poor hydrogen-bonding ability accelerates the reaction.20 Unfortunately, all of the aforementioned solvents are subject to increasingly restrictive legislative actions.21 As the majority component, the solvent is routinely the chief contributor to the hazards of a reaction. Finding suitable alternative solvents is crucial for amidation chemistry to be performed safely, and pursuing this goal provides an opportunity to improve performance. The influence of the solvent on rates of reaction is quite profound, akin to a catalyst, and reaction equilibria are also solvent dependent. Although safer or bio-based solvents for amidation are occasionally investigated,19 most research efforts to date have focused on catalyst development. 
Herein, we show that computational tools make it possible to rationally optimize a chemical process (such as amidation) with a straight-forward solvent substitution. The clear advantage of using predictive modelling software is the avoidance of “trial-and-error” approaches that are time consuming and only reveal the best solvent from within a limited set of experimental data. A useful and widely applied software package for solvent selection is HSPiP. The application of Hansen solubility parameters using HSPiP calculations makes the determination of appropriate solvents considerably faster than running practical experiments. For this investigation, we could predict the relative solubility of an amide in each solvent. This information permitted the rapid optimization of the experimental conditions, as amide recovery through precipitation was necessary due to typically high boiling points found with bio-based solvents. 
[image: ]
Figure 1. Structure of p-cymene (left) and D-limonene (right).
Toluene is a prime target for replacement, owing to its flammability, unsustainable origin (crude oil), and the fact that it is a suspected teratogen.22 p-Cymene (Figure 1) was identified as a promising bio-based solvent replacement for toluene due to its similar polarity and functionality. p-Cymene can be synthesised using silica supported palladium or mesoporous silica-alumina from D-limonene, which itself can be extracted from food waste such as citrus peels.20,23 p-Cymene  is also naturally occurring in its own right, being present in certain essential oils, and is low enough in toxicity to be a recognised food additive.24,25 Another property of p-cymene that makes it appealing for this study is its boiling point (177 °C compared to 111 °C for toluene). We postulated a higher reflux temperature would likely increase the rate of direct amidation, and ideally translate to shorter reaction times.

RESULTS AND DISCUSSION
Thirteen amides were selected, covering a range of aliphatic, furan and aromatic structures (shown in Table 1), to test p-cymene as a reaction solvent. The ideal solubility of each amide was predicted using the Yalkowsky approximation (see Figure 2).26 It is derived from the difference between the melting point of the solute and the temperature defined for the prediction. Amides with lower melting points have higher ideal solubilities due to the lower amount of energy required to break intermolecular interactions. 

[image: ]
Figure 2. Ideal solubility prediction using the Yalkowsky approximation and literature melting points, at 25 °C. 
This method is independent of the solvent. Even though the efficiency of the reaction is not predicted, the low solubility expected for amides 1-6, 10, 12 and 13 is of significant benefit to the recovery of the amides by filtration. To demonstrate the advantage of using a higher boiling solvent as a medium for the reactions, a heat map (Figure 3) was modelled using equations for enthalpy and entropy of activation (from the uncatalyzed amidation; see Supporting Information for details). Theoretically, the highest rates of reaction can be achieved using solvents in the bottom-right hand corner of the graph (i.e. elevated temperatures and low polarity). The temperature is the dominating influence on the rate of reaction, as the reaction is entropically driven. The absolute solubility of each acid and amide was tested in both toluene and p-cymene at 25 °C to establish the strength of the correlation between reality and our predicted results using these modelling techniques. The results are given in Table 1 and are consistent with the prediction in Figure 2 except for amide 9 which was found to be poorly soluble despite its relatively low melting point of 82-83 °C.27 HSPiP software was used to determine the Hansen solubility parameters of each amide and reaction solvent (Figure 4). 
[image: ]
Figure 3. Heat map modelling showing the effect of solvent hydrogen bond basicity and temperature on the rate of reaction of phenylbutyric acid and benzylamine (un-catalyzed).
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Figure 4. Hansen space featuring non-hazardous solvents from the CHEM21 selection guide for classical and neoteric solvents for amide 1 (left) and amide 12 (right) (green data points).  Blue data points are within the sphere, and represent solvents that will dissolve the amide. Red data points represent solvents that will advantageously not dissolve the amide. See Figure S1 for 2D representations of the Hansen space.


Table 1. Isolated yields for direct amide formation in toluene or p-cymene solvents along with experimental solubilities of amides in toluene or p-cymene.


	Entry
	R1,a
	R2,a
	Isolated % Yield
	Amide Solubility /mol kg-1

	
	
	
	Toluene
	p-Cymeneb
	p-Cymene
	Toluene
	p-Cymene

	1
	C6H5CH2CH2CH2
	C6H5
	61
	37
	92
	0.077c
	0.017c

	2
	C6H5CH2
	C6H5
	80
	57
	88
	0.042
	0.013

	3
	C6H5
	C6H5
	36
	5
	69
	0.015
	0.005

	4
	ClC6H4OCH2d
	C6H5
	74
	75
	77
	0.073
	0.021

	5
	C6H5CH2
	ClC6H4e
	18
	6
	55
	0.085
	0.045

	6
	C6H5CH2
	C6H4(CH3)2f
	20
	2
	69
	0.029
	0.000

	7g
	C6H5CH2
	C4H8h
	52*
	28*
	22*
	highi
	highi

	8j
	C6H5
	CH3CH2CH2CH2
	(k)
	(k)
	55
	highi
	highi

	9
	C6H4(NO2)l
	CH3(CH2)4CH2
	(k)
	(k)
	34
	0.052
	0.004

	10
	C6H4(NO2)
	C6H5
	8
	<1
	11
	0.000
	0.000

	11g
	C6H11m
	CH3(CH2)4CH2
	9
	16
	>99
	highi
	highi

	12
	C6H11
	C6H5
	11
	5
	70
	0.031
	0.011

	13
	C4H3On
	C6H5
	(k)
	(k)
	78
	0.081
	0.018


K60 catalyst activated at 700 °C; reactions run for 24 h; solubilities determined at 25 °C; (a) 12 mmol of each reagent, (b) 111 °C, otherwise solvents set to reflux, (c) mean of 3 tests, (d) 4-chlorophenoxyacetic acid, (e) 2-chloroaniline, (f) 2,6-dimethylaniline, (g) non-precipitating waxy solid, (h) pyrrolidine, (i) accurate measurement not possible by this method and with available quantities, (j) oil, (k) yield too low to isolate, (l) 4-nitrobenzoic acid, , (m) cyclohexane carboxylic acid, (n) 2-furoic acid.  *Amide 7 isolated yield trend differs w.r.t. yields obtained on GC. As 7 did not precipitate, there were likely several losses during the isolation process. See Table S1 for GC yields, catalyst-free reaction yields and an example of catalyst reuse for amide 13. 


By visualizing the relative solubilities in the “solvent-space”, it was possible to affirm the predictions about the likelihood that the amides would precipitate out of solution. The proximity of solvent and solute in the Hansen solvent space indicates a high affinity (“like-dissolves-like”). Amides have been plotted individually with a data set of solvents to show which will be likely to form a solution and which fall outside the solubility zone (green sphere). It is logical that the greater distance in solvent-space (corresponding to dissimilar polarity and H-bonding), the lower the solubility of the amide. It is important to bear in mind that the radius of the sphere of solubility is specific to each amide, so a clear trend could not be drawn between distance and the solubility of p-cymene or toluene. However, in general, the HSPiP predictions agree with the Yalkowsky approximation. The two amides nearest to the solvents, 7 and 11, were soluble in the two solvents and thus outside the range of amides suitable for filtration. The farthest amide in solvent space, 10, showed no solubility in either solvent, which can be attributed to the increased polarity afforded by the -NO2 functionality. Although toluene and p-cymene occupy the same region of solvent space, amide solubility was consistently lower in p-cymene due to its relatively lower polarity, which is an advantage for recovery. 
With the aim of testing the efficacy of p-cymene as a solvent for direct amidation, a study was conducted covering the range of amides with various functional groups to account for steric effects and selectivity (see Table 1). Amidations were run in toluene (reflux) and in p-cymene (111 °C and reflux) to investigate the potential benefits of a temperature increase made possible by the low volatility of p-cymene. The heterogeneous catalyst chosen for this purpose was K60 silica gel activated to 700 °C. Yields were obtained via GC analysis (Table S1) and by isolation of the pure amide to assess losses in the work up (Table 1). 
It is evident from the results in Table 1 that the yields after 24 h were generally lower in p-cymene at 111 °C than those in refluxing toluene. However, raising the temperature of p-cymene to reflux caused a dramatic increase in the yield. In the case of N-(2,6-Dimethyl-phenyl)phenyl-acetamide, an increase of more than 50% was observed in refluxing p-cymene over toluene. In the cases of nitro containing amide, 9, the higher temperature is necessary to promote the reaction. Energy measurements were carried out on the synthesis 3 using both solvents at 111°C and p-cymene at reflux (see Supplementary Information). The high temperature p-cymene was the most energy efficient per unit product of all the systems (0.357 kWh g-1), refluxing toluene giving the next best at 0.464 kWh g-1.  Given the lack of insulation on the vessel, heat losses would be significantly greater for the refluxing p-cymene system, meaning a well-insulated system would benefit the high temperature process further. 
In general, the catalyst was effective where aromatic amines were used but did not make a significant difference to reactions involving aliphatic amines (see S1). However, it should be noted that in examples where the catalyst offered little benefit (Table S1, amides 7 and 11) there was still a significant improvement in yield on moving to the hotter refluxing p-cymene solvent over the toluene equivalent. The activated K60 silica catalyst was recovered and reused for the synthesis of 13 (see Table S1), showing no drop in yield and therefore suggesting excellent potential for use in continual flow reaction. 
Amide 1 (4,N-diphenylbutyramide) was selected for the flow reaction as it was isolated in high yields from the batch reaction and how a low absolute solubility in cool p-cymene. The solubility of 1 was checked visually at increasing temperatures and found to have completely dissolved in p-cymene at 70 °C. Correspondingly, 4-phenylbutyric acid was checked at decreasing temperatures and found to precipitate out of solution at temperatures below -5 °C.  This information was used to decide on the suitable operating temperatures for use in a flow reaction, i.e. the temperature of the reaction column to keep the amide in solution, and the temperature of the cooling reservoir to keep the acid in solution but allow precipitation of the amide. The results of this reaction in p-cymene are provided in Table 2. 




Table 2. Results of continuous flow reaction between 4-phenylbutyric acid and aniline in p-cymene.
	Recirculations
	Residence timea
(min)
	Total time
(min)
	Space time yieldb
(mg g h-1)

	1
	23.3
	67
	60

	2
	46.6
	134
	48

	3
	69.9
	201
	39


(a) Calculated from volume of catalyst (3 g) and flow rate (0.3 mL min-1) (b) the incremental decrease in output is expected as the starting materials were not replenished.

The results confirm that this system has the potential to improve efficiency by recycling of the reaction products and, in a more sophisticated flow system, regular removal of the amide product.

CONCLUSION
Several amides have been successfully formed using p-cymene as the reaction solvent and a simple activated K60 silica catalyst as the activating agent. The results show that the higher boiling point of p-cymene compared to toluene has an advantage in this set of reactions as the higher temperatures achievable can produce higher yields of product within a given time frame. The low volatility of p-cymene makes it a safer choice considering concerns of safety and environmental health and the indication is that the high energy usage associated with distilling off the solvent can be mitigated in many cases where the products are precipitated out of solution. p-Cymene has been successfully applied to direct amidation set up in a continuous flow reactor, reducing the risks brought about by the high pressures associated with higher volatility solvents. It is important to note that much research still needs to be done into the production of bio-based p-cymene to make it economically competitive.28 Hansen solubility parameters have been used to predict where this is likely to be the case highlighting the need for an intelligent approach and choosing solvents on a case-by-case basis. This approach may be applicable to many other processes where the properties of the solvent factor strongly in the outcome, and should be used to target toxic and undesirable solvents for replacement. 

EXPERIMENTAL SECTION
K60 silica gel for chromatography was obtained from Sigma-Aldrich. NMR spectra were obtained on a 400 MHz JEOL spectrometer. GC chromatograms were obtained on a Hewlett-Packard 6890 Series gas chromatograph using 30 m Rxi-5HT column, 0.25 mm ID, 0.25 μm df. GC-MS were obtained on a Perkin-Elmer Clarus 500 gas chromatograph combined with Clarus 560 S mass spectrometer. CHN analysis was conducted by using an Exeter Analytical Inc CE-440 analyser and the samples were weighed by using a Sartorius SE-2 analytical balance. Infrared Spectroscopy was run on a Perkin Elmer FTIR/FTNIR Spectrum 400 Spectrophotometer. Amidations were carried out on a Radleys 6-position multipoint hot-plate and condenser. Flow reactions were run on a Uniqsis Flowsyn continuous flow reactor. Activation of silica catalyst. K60 silica gel was activated at 700 °C for 4 h in a furnace under ambient pressure, with a ramp rate of 10 °C min-1. The catalyst was allowed to cool naturally to room temperature.
[bookmark: _Hlk499897464]General procedure. Chosen carboxylic acid (12 mmol), activated K60 silica(0.62 g) and 20 mL of solvent (toluene or p-cymene) were heated to reflux (111 °C/177 °C) in a two-necked round bottom flask equipped with a condenser and suba-seal. Once reflux was reached, chosen amine (12 mmol) was injected into the reaction mixture. After 24 hours, the hot reaction mixture was filtered through a sintered glass funnel (sample taken for GC analysis, see Table S1) and the catalyst washed with 10 ml of hot solvent. The filtrate was left in a refrigerator (4 °C) to aid product precipitation. Product was obtained by filtration and washing with cyclohexane (unless stated otherwise in details for each amide in the SI).
Procedure for flow reaction. 4-phenylbutyric acid (1.97 g, 12 mmol) and aniline (1.12 g, 12 mmol) were dissolved in p-cymene (20 mL) and fed into a flow reactor. The catalyst chamber (0.785 x 7.000 cm) was filled with K60 silica activated at 700 °C (2.5 g). The reactant solution was fed through the catalyst chamber at 150 °C with a flow rate of 0.3 mL min-1. The output tube was fed into the input vessel (cooled with tap water, ~10 °C) to allow the reactants to flow through the system repeatedly. Yields were determined by gas chromatography.
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SYNOPSIS
Computational modelling predicts selective precipitation of structurally diverse amide products, facilitating substitution of toluene solvent with bio-derivable para-cymene.
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Heterogeneous catalysis, amide, solvent substitution, flow chemistry, Hanson solubility parameters, Yalkowsky approximation, para-cymene.
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