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[bookmark: _Hlk40695830]ABSTRACT: Several alkyl carbonate derivatives of 5-hydroxymethylfurfural (HMF) and 2,5-bis(hydroxymethyl)furan (BHMF) have been synthesised for the first time. In most cases high yields were achieved using mild reaction conditions and compounds were recovered as pure with none or minimal purification. The new HMF and BHMF derived products resulted stable over time and they are suitable monomers for new bio-based polycarbonates and polyurethanes.
INTRODUCTION 
Biomass-derived C6-furanic platform chemicals are regarded as the most promising building blocks in biorefinery exploitation.1 5-Hydroxymethylfurfural (HMF) is referred as a “sleeping giant” in consideration of its potential in bridging the gap from a fossil-based chemistry to a more sustainable one.2 
A major advantage of HMF molecular structure is the absence of chiral centers, thus all C6-carbohydrates can be converted into this platform chemical, albeit with different selectivity.3 Furthermore, HMF is a versatile substrate with enormous market potential as it can be easily converted into high value chemicals, materials and bio-based polymers.1,4 However,  there are some limitations in developing a more efficient HMF-based chemistry, i.e., its preferred solubility in water, rather than organic solvents, the absence of a cost-efficient scale-up synthesis (HMF current price is 3900 €/kg)5 and its well know stability issue, partially solved by the addition of small amount of a stabiliser such as sodium dithionite.6  



Figure 1. BHMF most investigated chemical transformation.

In this view, 2,5-bis(hydroxymethyl)furan (BHMF) is regarded as more stable bio-based platform chemical. Recent examples of industrially interesting BHMF chemical transformation include:
· [bookmark: _Hlk40695861]oxidation reactions leading to furan-2,5-dicarboxylic acid (FDCA) and 2,5-diformylfuran (DFF), used as monomers for polymers (PEF) and macrocycles;7
· syntheses of bis(alkoxymethyl) furans (BAMF), potential fuel additives;8
· preparation of bis(amino)furans (BAmMF)9 and bis(carbamate)furans (BCMF)10 regarded as promising monomers for polymers;
· easy access to bis(sulfonated) (BSMF)11 and bisacetyl (BAcMF)12 derivatives investigated as monomers for polymers and bio-based acetylating agents respectively. 
[bookmark: _Hlk40696011]Other interesting reactions include Diels-Alder cycloaddition leading to bis(hydroxymethyl)norcantharimide,13 cross coupling to form (monoester)methylhydroxyfuran (MEHMF)14 and rearrangements reaction.15 BHMF scaffold has also being used for the preparation of surfactants16 and pincers catalysts.17
[bookmark: _Hlk40696027]In this work we exploited, the reactivity of HMF and BHMF with dialkyl carbonates (DACs)18 used as green solvents and reagents. To the best of our knowledge only two isolated examples have been reported in the literature exploring DAC-derivatives of furanics:
· a lipase-catalyzed methoxy carbonylation of HMF via DMC where the so formed 5-(methoxycarbonyl)oxymethylfurfural (3)  required the use of deep-eutectic solvents (DES) as separating agent;19
· a reaction of BHMF with dipropylcarbonate and an excess of N,N-diisopropylethylamine (DIEA) as base leading to the related bis-alkylcarbonate product  with a less than 10% isolated yield.20
Herein it is reported an easy synthetic approach to several alkyl carbonate derivatives of furanics employing mild reaction conditions; the high stability of the isolated new compounds render them suitable monomers for novel bio-based polycarbonates and polyurethanes, as well as, interesting reaction intermediates.
RESULTS AND DISCUSSION
[bookmark: _Hlk40696094] HMF, used for this study, has been synthesized from D-fructose according to our recently reported procedure that employs acid catalyst Amberlyst-15 and dimethyl carbonate (DMC) as extracting solvent and avoids any purification technique.21 


Scheme 1. Alkoxycarbonylation of HMF and subsequent reduction.
Alkoxycarbonylation of HMF was conducted by reaction of freshly prepared HMF with an excess of DMC (30 eq. mol) in the presence of potassium carbonate as base (1.0 eq. mol) at reflux temperature (#1; Table 1). 
Table 1. HMF reactivity with DACsa
	#
	K2CO3
	DACs 
	Na2S2O4
	Temp.
	Yieldb

	
	eq. mol
	(eq. mol)
	Weight %
	° C
	%

	1
	1
	DMC (30)
	-
	90
	1  41

	2
	-
	DMC (30)
	-
	90
	1  0c

	3
	1
	DMC (30) 
	-
	60
	1  13

	4
	1
	DMC (30) 
	2
	90
	1  54

	5
	1
	DEC (30)
	-
	100
	2 10c

	6
	1
	DEC (30)
	-
	140
	2  16


a Reaction conditions: HMF (1.0 g) was freshly prepared19 and directly used for the preparation of the alkyl carbonate derivatives 1-2. All reactions were conducted for 16 h; NMR analysis on the reaction mixture never showed the presence of residual HMF, thus conversion should be considered quantitative for all the experiments reported b Isolated yield; c After 5 hours NMR spectra showed that ca 20% of HMF converted into humins; d Calculated via NMR.

	The base was used to ensure deprotonation of the substrate hydroxyl moiety promoting the transesterification reaction. NMR analysis of the reaction mixture showed the presence of 5-(methoxycarbonyl)oxymethylfurfural 1 as the only product. The pure compound – in the form of low melting yellow crystals - was isolated by quick column chromatography on silica gel and its structure was confirmed by NMR spectra and high-resolution mass spectrometry.† 
	The moderate isolated yield of compound 1 (41%) is ascribable to a significant mass loss already evident in the recovered reaction mixture.  Most probably the relatively high reaction temperature and the unstable nature of HMF led to humins formation at the same time of HMF methoxycarbonylation. This hypothesis was confirmed by repeating the reaction without the base (#2; Table 1). In this experiment the methylcarbonate derivative 1 was not formed, on the other hand decomposition of HMF was already visible after 5 hours. 
	The methoxycarbonylation reaction was then performed at 60 °C, to minimise HMF decomposition, however the isolated yield of compound 1 resulted only 13% (#3; Table 1). It can be deduced that at this temperature HMF alkoxycarbonylation is slower than the substrate decomposition taking simultaneously place.
	The best result was achieved by performing the reaction at 90 °C in the presence of a small amount of sodium dithionite (#3; Table 1).6 Although at this temperature the decomposition of the starting material is inevitable, sodium dithionite once again demonstrated its efficiency as HMF stabiliser. In fact, in this condition mass loss of the reaction mixture was reduced and the isolated yield increased up to 54%.
[bookmark: _Hlk40696132]	As expected, 5-(ethoxycarbonyl)oxymethylfurfural 2 was more difficult to isolate (#5-6; Table 1). Reaction conducted at 100 °C using diethyl carbonate (DEC) as solvent and reagent, resulted in 10% yield of compound 2, according to NMR spectrometry estimation (#4; Table 1). The ethyl carbonate derivative 2 was isolated as a pure compound via column chromatography in modest yield (16%) after performing the reaction at the refluxing temperature of DEC, 140 °C in the presence of 1.0 eq. mol of potassium carbonate (#5; Table 1). 
[bookmark: _Hlk40696147]	From the mechanistic point of view, both alkyl carbonate derivatives 1 and 2 formed according to a base-catalysed acylation mechanism (BAc2) under thermodynamic control following the HSAB Person theory.22  
	The methoxycarbonyl compound 1 is an interesting intermediate as it encompasses two functional groups that can be easily modified or used as such. The product resulted very stable; NMR analysis performed over a period of a month did not show any evidence of its decomposition.
[bookmark: _Hlk32929112]	Several experiments have also been conducted to chemoselectively reduce the aldehyde group of methyl carbonate compound 1 to achieve 5-(hydroxymethyl)-2-(methoxycarbonyl)oxy methylfuran 3.†
 	Sodium borohydride was inefficient as the reducing agent, most probably as result of its basicity that might promote transesterification reaction of the compound 3, once formed. An experiment was also performed by using Pd/C catalyst in the presence of hydrogen. The reaction led to a complex mixture of compounds; attempted column chromatography was not successful in recovering the compound 3. Investigation on more selective reducing catalysts is currently ongoing.
	The reactivity of more stable BHMF with several DACs - via BAC2 mechanism - was next investigated (#1-8; Table 2). All experiments were conducted by reacting BHMF (0.5 grams) with an excess of the selected DAC (6-30 eq. mol) in the presence of potassium carbonate (2.0 eq. mol) as a base. 
[bookmark: _Hlk32930066]	DACs, used as reagents and solvents, can be, in most cases, recovered at the end of the reaction by distillation and eventually reused. Due to its cheap price and easy availability, recycling of K2CO3 was not herein investigated.




Scheme 2. Reactivity of BHMF with organic carbonates.
A preliminary experiment was conducted reacting BHMF and an excess of DMC in the absence of base (#1; Table 2).  The substrate resulted partially insoluble in DMC and, after six hours at reflux temperature, showed a low conversion (15%) into the monomethylcarbonate derivative 3 (100% selectivity). Conversely, 2,5-bis[(methoxycarbonyl)oxymethyl]furan 4 and 2,5-bis[(ethoxycarbonyl)oxymethyl]furan 5 were readily synthesized in high yields (87 and 76% respectively) using commercially available DMC and DEC (#2-3; Table 2) in the presence of potassium carbonate. These results demonstrated that the base not only promoted the alkoxycarbonylation reaction, but also improved solubility of BHMF in the DAC.



Table 2. BHMF reactivity with DACsa
	#
	ROCOOR 
	K2CO3
	Temp.
	Time
	Conv.b
	Yieldc

	[bookmark: _Hlk533161343]
	R=                       (eq. mol)
	(eq. mol)
	° C
	h
	%
	%

	1d
	CH3 			(30)
	-
	90
	6
	15
	3 15b

	2
	CH3 			(30)
	2.0
	90
	6
	100
	4 87

	3
	CH2CH3 		(30)
	2.0
	140
	6
	100
	5 76

	4
	CH2CH=CH2 		(10)
	2.0
	140
	6
	100
	6 70

	5
	CH2CH2OCH3    	(10)
	2.0
	100
	24
	70e
	7 26

	6
	(CH2CH2O)2OCH3 	(6)
	2.0
	100
	24
	40
	8 10

	7
	CH2Ph			(6)
	2.0
	100
	24
	40
	9 20c

	8
	Ph			(6)
	2.0
	100
	24
	100
	10  nd

	9f
	CH3 			(5) 
	1.0
	90
	6
	80g
	3 13c

	10h
	CH3 			(5) 
	1.0
	60
	6
	50i
	3 25

	11
	CH3 			(3) 
	1.0
	60
	6
	45j
	3 20


a Reaction conditions: BHMF 0.5 gr in the presence of 2.0 eq. mol of K2CO3; b BHMF conversion was evaluated via 1H NMR spectroscopy; c Isolated yield; d Reaction conducted in the absence of base; e Selectivity calculated via NMR showed 70% of the product 7 and 30% of the monocarbonate derivative; f Reaction conditions: BHMF (0.5 g), 1.0 eq. mol of K2CO3 in 100 mL of CH3CN; g Selectivity calculated via NMR showed 16% of monocarbonate compound 3 and 84% of compound 4; h Reaction conditions: BHMF (0.5 g) 1.0 eq. mol of K2CO3 in 6 mL of MeTHF; i Selectivity calculated via NMR showed 90% 3 and 10% of 4; j Selectivity calculated via NMR showed 85% 3 and 15% of 4  

The bis(methyl carbonate) derivative 4 was isolated as a light yellow solid, meanwhile the bis(ethyl carbonate) compound 5 was a brownish oil. Both compounds were fully characterised and showed high stability over time. The easy synthetic procedure to bis(alkyl carbonate) compounds 4-5 renders them interesting monomers for polycarbonates and polyurethanes derived from BHMF that are so far only scarcely investigated.23
The alkoxycarbonylation reaction was also conducted by employing commercially available diallyl carbonate. 2,5-Bis[(allyloxycarbonyl)oxymethyl]furan 6 was isolated in high yield (#4; Table 2) after filtering the exhausted base from the reaction mixture and distillation of the exceeding DAC under vacuum. The presence of the double bond in the structure of the monomer 6 opens up the possibility to numerous further derivatisations such as i) sulfonation reaction leading to new surfactants, ii) epoxidation of the double bond leading to monomers for polymers, iii) preparation of  organosilsesquioxanes to be used in sol-gel chemistry, etc. Preliminary investigations on similar allyl derivatives of C6 sugar-based monomers, such as isosorbide, have already been reported.24 
Furthermore, the bis(allyl carbonate) derivative 6 could be used as monomer for the preparation of polymers via photoirradiation or employing Grubbs catalysts.25   
[bookmark: _Hlk32931832]Samples of bis(2-methoxyethyl) carbonate and bis(2-(2-methoxyethoxy)ethyl) carbonate available in our laboratory were used to attempt the synthesis of the related bis(alkyl carbonate) derivatives 7-8 (#5-6; Table 2).
[bookmark: _Hlk32931191]2,5-Bis[(2-methoxyethoxycarbonyl)oxymethyl]furan 7 was isolated only in modest yield (26 %) as a brownish oil after distillation of the exceeding DAC. 
In the case of compound 8 the yield was even lower as a result of the more sterically hindered carbonyl group of the starting DAC and its high boiling point that rendered the purification via distillation quite complicated.
Similar difficulties were encountered also in the experiment conducted with dibenzyl carbonate (#7; Table 2). The desired product 9 was identified via NMR analysis, however in the investigated reaction conditions, BHMF conversion was only moderate and purification could eventually be achieved only via column chromatography.
[bookmark: _Hlk40696207]An experiment (#8; Table 2) was carried out employing commercially available diphenyl carbonate (DPC). The high reactivity of DPC as carbonylating agent led to a mixture of products including small oligomers, thus the synthesis of the related bis(phenyl carbonate) derivative 10 was no further investigated at this stage.  
Some preliminary investigations were then conducted for the preparation of the monomethoxycarbonyl derivative 3. In this case, BHMF was reacted with DMC (5.0 eq. mol) in CH3CN (100 mL) using potassium carbonate (1.0 eq. mol) as a base. High dilution was used in order to minimize the formation of the bis(methyl carbonate) derivative 4 (#9; Table 2). 
In these conditions, small amount of product 3 was detected in the reaction mixture and column chromatography was attempted to achieve a sample of the desired product.  Interestingly, NMR spectrum of the purest fraction isolated showed – together with compound 3 - presence of another product with a very symmetrical structure (only two peaks according to proton NMR spectrum).† It was speculated that due to the diluted reaction conditions (BHMF 0.04 mol/L), a small amount of the 8-membered cyclic carbonate 11 was formed via an intramolecular BAc2 reaction of the mono(methyl carbonate) derivative 3 (Scheme 3). 


Scheme 3. Formation of 8-membered cyclic carbonate 11 from BHMF.
[bookmark: _Hlk40696226]A sample of the cyclic carbonate 11 was thus synthesised by reaction of BHMF with 1,1′-carbonyldiimidazole (CDI) using potassium carbonate as a base in diluted conditions. The purification of the product was rather complicated by the presence of excess imidazole released as leaving group during the cyclisation reaction. The pure cyclic carbonate could be finally isolated either by numerous washing of the reaction mixture with a diethyl ether/ethyl acetate solution or via column chromatography. Full characterisation of compound 11 confirmed the proposed structure, as well as, its presence as by-product in the attempted synthesis of compound 3 (#9, Table 2).† 
The cyclic carbonate 11 would be a very interesting monomer for polycarbonate preparation; further experiments on this compound are on-going.
The synthesis of 5-(hydroxymethyl)-2-(methoxycarbonyl) oxymethylfuran 3 was then carried out using a less polar solvent, i.e. 2-methyltetrahydrofuran, more concentrated reaction conditions (BHMF 0.66 mol/L) and lower temperature (#10; Table 2). In these conditions the product 3 was isolated as pure in modest yield (25%) after column chromatography. Bis(methyl carbonate) derivative 4 and residual starting material were also detected in the reaction mixture. An experiment conducted decreasing the amount of DMC, resulted in a similar isolated yield of compound 3 (#11, Table 2).  Further studies on this monomer will be carried out focussing on optimizing the reaction conditions.   




CONCLUSION
A synthetic procedure to bis(alky carbonate) furanics is herein reported for the first time by reaction of HMF or BHMF with selected DACs in the presence of potassium carbonate as  a base in mild conditions. 
5-(Methoxycarbonyl)oxy methylfurfural 1 was achieved in good yield upon reacting HMF with DMC; the pure compound was isolated after minimal purification. This product incorporates two reactive groups that can be further functionalised and possess high stability over time. 
[bookmark: _Hlk45010051][bookmark: _Hlk45010146][bookmark: _Hlk45010231]A series of bis(alkyl carbonate) derivatives of BHMF was then prepared via DAC chemistry employing potassium carbonate as a base. Commercially available DMC, DEC and diallyl carbonate led to the related BHMF derivatives 4-6 in very good yield (70-87%). The products were isolated by filtration of the exhausted base and distillation of the exceeding DAC without any further purification. These compounds have numerous potentials as monomers for bio-based polycarbonates or polyurethanes, as well as, starting materials for surfactants and detergents.
Sterically more hindered DACs, i.e., bis(2-methoxyethyl) carbonate, bis(2-(2-methoxyethoxy)ethyl)carbonate, dibenzyl carbonate and diphenyl carbonate   required either harsh reaction conditions or purification of the products via column chromatography. 
[bookmark: _Hlk45010277]Noteworthy, this study also led to the isolation of BHMF mono(methyl carbonate) derivative 3 and a 8-membered cyclic carbonate 11. These compounds have been isolated in modest yield and fully characterized. Their potential application as monomer for polymers such as polycarbonates is evident, optimization and implementation of their preparation is currently on-going.       

ASSOCIATED CONTENT
Supporting Information.† Supplementary Information (SI) available includes experimental procedure and complete characterization of compounds 1-11 (NMR spectra and exact mass). 
AUTHOR INFORMATION
Corresponding Author
*Fabio Aricò: fabio.arico@unive.it


ACKNOWLEDGEMENTS 
This work was financially supported by the Organization for the Prohibition of Chemical Weapons (OPCW); Project Number L/ICA/ICB/218789/19. Dr. Angel Gabriel Sathicq was financed by OPCW Fellowship program. Dr.  Iskandar Abdullah was financed by Erasmus+ ICM KA107 grant.


REFERENCES
1. [bookmark: _Hlk2979195]a) Bozell, J. J.; Petersen, G. R., Technology development for the production of biobased products from biorefinery carbohydrates—the US Department of Energy’s “Top 10” revisited. Green. Chem., 2010, 12 (4), 539-554. DOI: 10.1039/B922014C; b) Kucherov, K. A.; Romashov, L. V.; Galkin, K. I.; Ananikov, V. P.  Chemical Transformations of Biomass-Derived C6-Furanic Platform Chemicals for Sustainable Energy Research, Materials Science, and Synthetic Building Blocks.  ACS Sustainable Chem. Eng., 2018, 6, 8064-8092. DOI: 10.1021/acssuschemeng.8b00971.
2. Galkin, K. I; Ananikov, V. P. When Will 5‐Hydroxymethylfurfural, the “Sleeping Giant” of Sustainable Chemistry, Awaken? ChemSusChem, 2019, 12, 2976-2982. DOI: 10.1002/cssc.201900592
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SYNOPSIS
The reaction of platform chemicals HMF/BHMF with dialkyl carbonates, used as green solvent and reagent, led to a new family of bio-based stable compounds.
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