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Abstract: In this work two synthetic approaches to introduce nitrile moieties into bio-based derived furanic compounds were investigated, i.e., dehydration of aldoximes and Knoevenagel condensation. Both methodologies have been first tested and optimized on furfural and thus exploited on 5-hydroxymethyl-2-furfural (HMF) and 5,5’-oxy(bismethylene)-2-furaldehyde (OBMF). The syntheses of furfural, HMF and OBMF aldoximes were efficiently conducted (also in large scale) under mild reaction conditions and short reaction time. The subsequent dehydration to nitrile furanic compounds was carried out in the presence of catalytic amounts of copper acetate monohydrate. Furthermore, Knoevenagel condensations were performed on furfural, HMF and OBMF with different Activated Methylene Group compounds, using for the first-time dimethyl carbonate as the reaction media. All the resulting products were isolated as pure via simple liquid-liquid extraction in good to excellent yields. Future applications of these compounds might include aldoxime reduction into amine furanics - herein also preliminary investigated - and hydrolysis of the nitrile derivatives in the related carboxylic acid (or ester) furanics. All these products are interesting monomers for the preparation of bio-based polymers.
Introduction
The exploitation and gradual depletion of fossil fuels, for the synthesis of chemical intermediates, fuels, solvents and materials have urged the scientific community to find alternative starting materials, as well as greener synthetic procedures that would have minimal impact on the human health and environment. 
On these premises, in 2007 the International Energy Agency Bioenergy has introduced within the well-known Task 42 the concept of Biorefinery intended as "the sustainable processing of biomass into a spectrum of bio-based products and bioenergy”. Indeed, by fractioning biomass, biorefineries can provide numerous and diverse starting materials, such as carbohydrates, proteins, polyols, fatty acids, terpenes, etc.[1-3]
In particular, the conversion of carbohydrates into aromatic derivatives, namely 5-hydroxymethyl-2-furfural (HMF) from hexoses and furfural from pentoses, are among the most investigated chemical transformation leading to bio-based platform chemicals.[4-8] The reason of such great interest for HMF stems from the possibility to covert this molecule into an array of industrially relevant compounds including pharmaceuticals,[9] biofuels,[10] polymer precursors[11-12] and surfactants.[13] 
Indeed, the versatile reactivity of HMF allows its easy upgrading via oxidation,[14] hydrogenation,[15] esterification[16] and Diels-Alder reactions.[17] The resulting furanic monomers, i.e., furan-2,5-dicarbaldehyde (DFF),[18] 2,5-furandicarboxylic acid (FDCA) and its esters,[19] bis(hydroxymethyl)furan (BHMF) and its derivatives,[20] 5,5’-oxy(bismethylene)-2-furaldehyde (OBMF),[21] and 2,5-dimethyl furan (DMF),[22] have also demonstrated a wide array of potential applications. 
Despite being highly versatile, HMF structure only incorporates hydrogen, oxygen and carbon atoms; introducing external nitrogen into HMF requires harsh conditions and most of the time non-sustainable sources such as ammonia. 
2,5-Bis(aminomethyl)furan (BAMF) and 5-(aminomethyl)-2-furanmethanol (AMF) are two examples of interesting nitrogen-based furanic monomers although studies on their synthesis are still at its early stage and mainly conducted on small scale.[23]
An alternative and simple approach to incorporate a nitrogen functionality into the HMF structure is by introducing nitriles moieties. Nitrile compounds holds significant importance as this moiety is widely present in natural products, pharmaceuticals, agricultural chemicals, and dyes.[24] 
[bookmark: _Hlk147061877]The Sandmeyer and Rosenmund von Braun syntheses are among the oldest documented procedures for the synthesis of nitrile compounds.[25] The related procedures involved the use of toxic solvents and reagents, such as copper cyanide (CuCN) and dimethyl formamide (DMF) in combination with harsh reaction conditions. Another approach for the synthesis of nitrile compounds is the dehydration of amides and aldoximes.[26] Aldoximes, in particular, can be prepared according to a relatively straightforward synthesis by reacting aldehyde with ammonia or – more commonly – with hydroxylamine hydrochloride (NH2OH∙HCl), often in combination with different solvents and reagents.[27] 
Over the years, numerous research groups have shown growing interest in the synthesis of nitrile compounds through the dehydration of aldoximes. This chemical transformation was achieved by employing various metal-based catalytic systems, including - among others - palladium, copper and iron.[28]
Previous investigations on the synthesis of nitrile derivatives of HMF have been reported in the literature although only one study involved the dehydration of the aldoxime derivative using trifluoroacetic anhydride as reagent; the resulting product was isolated in modest yield (38%).[29] 
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Scheme 1. Overview on the synthesis of nitrile derivatives of HMF and OBMF.

Regarding the nitrile derivatives of OBMF, only two scientific works can be found in the literature.[30-31] The first involved the dehydration of the aldoxime derivative of OBMF in acetic anhydride resulting in the desired product with a yield of 72% after extraction in a chlorinated solvent.[30] In the other procedure OBMF was dissolved at room temperature in a tetrahydrofuran/ammonia solution; thus, molecular iodine was added, and the mixture was left to react for three days. The OBMF nitrile was recovered after liquid-liquid extraction in 73% yield.[31]
An alternative synthetic approach to nitrile derivatives involves the Knoevenagel condensation, a reaction involving a carbonyl compound and an Activated Methylene Group (AMG) compound, such as methyl cyanoacetate or malononitrile. This reaction is typically conducted in the presence of a base such as ammonia, an amine, or ammonium salt.[32] 
Knoevenagel condensation is well known for the synthesis of α,β-unsaturated carbonyl compounds; in particular, it has been extensively exploited for the preparation of drugs, natural products, fine chemicals, and carbocyclic and heterocyclic compounds.[33] 
Numerous works exploited Knoevenagel condensation for the preparation of nitrile furanics with good to excellent yield.[34] However, in most cases, custom made heterogenous catalyst such as metal-organic framework and hydrotalcites were employed. An alternative interesting approach employed L-proline as catalyst although the authors mostly focused on the synthesis of α,β-unsaturated esters from HMF and furfural both achieved in moderate to good yields.[34]
Potential applications of Knoevenagel condensation-derived furanics include non-endocrine disruptive bio-based organic UV-B filters with antimicrobial activity and more recently colorimetric sensors for detecting ammonia.[35]
Starting from these premises in the present work - following our interest in furan compounds,[20][36] - two synthetic approaches are reported for the preparation of nitrile compounds derived from HMF and OBMF via aldoximes dehydration and Knoevenagel condensation (Scheme 1). 
The contribution we aim to achieve is developing (multi) gram-scale syntheses of these compounds in mild reaction conditions also aiming at simple purification procedures of the desired products. Indeed, the nitrile derivatives of HMF and OBMF are interesting intermediates because their hydrolysis or alcoholysis would lead to the related carboxylic acids and esters that can be used as monomers for the preparation of bio-based polymers. Additionally, the reduction of aldoximes furanics to achieve the related amine-derivatives, herein also preliminary investigated, is another interesting pathway to nitrogen bio-based monomers.
Results and Discussion
Aldoxime furanic compounds 
For the synthesis of furanic aldoximes we opted for a biphasic system, which enables to simplify the recovery of products from the reaction mixture, thus reducing the number of steps involved (Table 1).
Furfural was initially chosen as a case study. In a typical experiment, this substrate was dissolved in the selected organic solvent to which an aqueous solution of hydroxylamine hydrochloride (NH2OH∙HCl) and sodium carbonate (Na2CO3) was added. Several organic solvents were tested for this procedure, i.e., methyl tert-butyl ether (MTBE), 2-methyltetrahydrofuran (MeTHF), ethyl acetate (EtOAc) and cyclopentyl methyl ether (CPME) (#1-4; Table 1). In all cases the reaction was conducted at room temperature and monitored over time by thin-layer chromatography (TLC). Upon observing the full conversion of furfural, the reaction was stopped, filtered - if required - and then extracted with water to eliminate any excess NH2OH∙HCl.
All the trials conducted with the different media led to quantitative isolated yield of the desired furfural-oxime (#1-4; Table 1). 
Given the simplicity of the reaction and the good results obtained, we selected EtOAc as the reaction solvent for further investigation, mostly in consideration of its cheaper price.
The aldoximation of furfural was then investigated in the presence of different bases, i.e., potassium carbonate (K2CO3), sodium formate (Na(HCO2)) and zinc oxide (ZnO), (#5-7;Table 1). The results were very satisfactory in terms of isolated yields. According to the data collected, sodium carbonate was confirmed as the best performing base being also inexpensive and negligibly toxic.
Table 1. Synthesis of furan oximes.
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Descrizione generata automaticamente]
	#
	Aldehyde (g)
	Base (eq. mol)
	Solvent (mL)
	Yield (%)[a]

	1
	Furfural (2.0)
	Na2CO3 (0.75)
	MTBE (20)
	92

	2
	Furfural (2.0)
	Na2CO3 (0.75)
	EtOAc (20)
	95

	3
	Furfural (2.0)
	Na2CO3 (0.75)
	MeTHF (20)
	95

	4
	Furfural (2.0)
	Na2CO3 (0.75)
	CPME (20)
	90

	5
	Furfural (2.0)
	K2CO3 (0.75)
	EtOAc (20)
	93

	6
	Furfural (2.0)
	Na(HCO2) (1.50)
	EtOAc (20)
	80

	7
	Furfural (2.0)
	ZnO (1.50)
	EtOAc (20)
	90

	8[b]
	HMF (2.0)
	Na2CO3 (0.75)
	EtOAc (20)
	94

	9[b]
	HMF (2.0)
	Na2CO3 (0.75)
	MeTHF (20)
	88

	10[c]
	HMF (12.0)
	Na2CO3 (0.75)
	EtOAc (120)
	78

	11[d]
	OBMF (2.0)
	ZnO (3.00)
	EtOAc (80)
	72


Reaction conditions: An aqueous solution of NH2OH∙HCl (1.50 eq. mol) and base were added to an aldehyde solution in organic solvent, stirred at room temperature and monitored by TLC; all experiments showed quantitative conversion. The ratio Vaq:Vorg was equal to 1:1. [a] Isolated yield. [b] Crystalized HMF was used as starting material. [c] Raw HMF was used as starting material; [d] OBMF was dissolved in warm organic solvent. Subsequently, NH2OH*HCl (3.00 eq. mol) and base were added to solution, stirred at 50 °C and monitored by TLC.
Since EtOAc and MeTHF provided identical results in the conversion of furfural into furfural-aldoxime, they were both tested for the synthesis of HMF-aldoxime (Table 1; #8, 9). For these initial trials, pure HMF (as orange crystals) was used as starting material. This substrate was prepared according to our previously published procedure.[36b] 
In both experiments, HMF was fully converted, and HMF-aldoxime was isolated in very good yields, although the reaction performed in EtOAc gave better results, i.e., 90% isolated yield.
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Scheme 2. Two-steps approach to HMF-oxime from D-fructose

The previously employed biphasic system could not be used for the preparation of OBMF-aldoxime as OBMF resulted insoluble in water. Thus, the reaction was performed in EtOAc as the only solvent and ZnO as a heterogeneous base. In these conditions OBMF-aldoxime was recovered in 72% isolated yield after purification via liquid-liquid extraction. Full characterization of this compound – herein reported for the first time - confirmed the proposed structure. 
Finally, it should be mentioned that all the herein discussed furanic aldoximes were recovered as E/Z isomer mixtures with an average ratio of 50:50. These compounds were then used for the synthesis of the corresponding nitriles. It was not our interest to separate the two isomers.
Nitrile furanic compounds by aldoximes dehydration 
Having access to gram-scale procedures for aldoxime derivatives of furfural, HMF and OBMF, their dehydration to the corresponding nitrile derivatives was next investigated. 
Following a previously published procedure,[37] Cu(OAc)2∙H2O was selected as catalyst for the dehydration of aldoximes (Scheme 1; Table 2). Acetonitrile was chosen as the preferred reaction media since in this reaction it serves as solvent and reagent, actively taking part to the chemical transformation as depicted in Scheme 3. In fact, the presence of acetonitrile, or a pre-existing nitrile functionality, is necessary to promote the catalytic cycle that leads to the oxime dehydration.[38][28c]
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Scheme 3. Cu2+ salt catalytic cycle for the synthesis of nitriles from aldoximes. 
Furfural-aldoxime was firstly investigated as substrate. The reaction was conducted in the presence of a catalytic amount of Cu(OAc)2∙H2O (5% mol) and acetonitrile (35 mL) at 90 °C. In these conditions the only product observed was furfural-amide. This result was ascribed to the intrinsic reactivity of furfural nitrile, which led the newly formed compound to re-enter the catalytic cycle ultimately resulting in the selective formation of furfural-amide.
Table 2. Synthesis of furan nitriles.
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Descrizione generata automaticamente]
	#
	Aldoxime (g)
	Cu(OAc)2∙H2O
	Conc. [M]
	t (h)
	Yield (%)

	1
	HMF (0.50)
	5% mol
	0.10
	0.50
	63[a]

	2
	HMF (0.50)
	1% mol
	0.10
	5
	92[a]

	3
	HMF (0.50)
	-
	0.10
	24
	n.d.

	4
	HMF (0.50)
	1% mol
	0.10
	5
	72[b]

	5
	HMF (0.50)
	1% mol
	0.35
	5
	89[a]

	6
	HMF (0.50)
	1% mol
	0.70
	1
	55[a]

	7
	HMF (2.00)
	1% mol
	0.35
	24
	63[a]

	8
	OBMF (0.50)
	2% mol
	0.10
	18
	46[c]

	9
	OBMF (0.50)
	2% mol
	0.05
	18
	53[c]

	10
	OBMF (2.00)
	2% mol
	0.05
	18
	58[c]


Reaction conditions: Furan-oxime (1.00 eq. mol) was dissolved in acetonitrile, and Cu(OAc)2∙H2O was added to the solution. The mixture was heated to a temperature of 90 °C and monitored over time by TLC. All experiments show quantitative conversion. [a] Isolated yield via liquid-liquid extraction; [b] Isolated via column chromatography; [c] Isolated yield via chromatographic column.
Despite this result, HMF-aldoxime was also tested as substrate, postulating that the sterically hindered hydroxyl moiety would prevent the nitrile to be converted into the corresponding amide (Table 2; #1-7). The reaction was monitored over time by TLC, keeping 24 hours as the maximum reaction time. 
Upon complete conversion of HMF-oxime, the mixture was filtered through a thin layer of alumina and celite, which was washed with a small amount of acetonitrile. After evaporation of the reaction solvent, the crude residue was analyzed by proton NMR spectroscopy; HMF-nitrile was identified as the only product and was recovered in 63% yield. 
Several trials were then conducted to optimize the reaction conditions. Decreasing the amount of catalyst (#1-2; Table 2), the yield of HMF-nitrile increased significantly (92%), although the reaction required 5 hours to reach full conversion of the substrate. A blank reaction in the absence of the catalyst was also performed. In this case, the desired product was not detected even after 24 hours (#3; Table 2), highlighting the importance of Cu(OAc)2∙H2O for the conversion of HMF into its nitrile derivative. 
Additionally, the crude mixture of best performing trials (#2; Table 2) was analyzed via High-Resolution Mass Spectrometry (HRMS), showing besides the HMF-nitrile derivative also traces of HMF-amide.
HMF nitrile derivative was purified either via liquid-liquid extraction (#2; Table 2) or by chromatographic column (#4; Table 2). In both cases HMF-nitrile was recovered as pure in the form of a light-yellow oil. However, purification via chromatography led to a lower isolated yield (#4; Table 2 - 72%). This result can be ascribed to the acidic behavior of the siloxane groups present in the silica gel employed for the purification, which may have caused a partial hydrolysis of HMF-nitrile. Thus, in the subsequent trials the product was simply purified via liquid-liquid extraction.
The effect of concentration was next investigated (#5-6; Table 2). Using a 0.35 M concentration of HMF-oxime (#5; Table 2), very good results were obtained in terms of isolated yield (89%). However, by further increasing the concentration (#6; Table 2), a decrease in yield was observed (55%) along with the formation of an insoluble black material. Most probably, reducing the amount of solvent promoted secondary reactions and/or degradation of the starting material.
To scale-up the synthesis of HMF-nitrile (#7; Table 2), we opted for the best-found reaction conditions described in entry 5 (Table 2). In this case 2.0 grams of HMF-aldoxime were used and full conversion of the substrate required a longer reaction time. HMF-nitrile was isolated in lower yield (63%) compared to the one observed in smaller scale (89%), probably due to the formation of a higher amount of the related amide derivative due to the prolonged reaction time.
Several trials were then conducted to synthesize OBMF-nitrile from OBMF-aldoxime (#8-10; Table 2). 
Employing the best-found reaction condition for the preparation of HMF-nitrile (#5; Table 2), OBMF-nitrile was isolated in moderate yield (#8; Table 2 - 46%). Once again, the formation of OBMF-amide as side product was detected via HRMS, which inevitably led to a lower yield of the OBMF-nitrile. 
OBMF-nitrile was purified via column chromatography and isolated in the form of a white solid.
When the reaction was repeated employing a more diluted substrate solution (#9; Table 2), the yield only slightly improved. The 2.0 gram-scale synthesis of OBMF-nitrile conducted with these latter reaction conditions (#10; Table 2), confirmed the viability of the procedure also in larger scale (58%).
Some preliminary investigations were also conducted on the hydrogenation of furanic aldoximes for the synthesis of the related furanic amino derivatives. In a typical reaction the substrate (HMF or OBMF aldoxime) was dissolved in ethanol and palladium supported on carbon was used as catalyst. Upon complete conversion of the selected furanic substrate, the reaction mixture was filtered through a thin layer of celite, the solvent evaporated, and the residue analyzed by proton NMR spectroscopy. Reaction time, solvent, and catalyst amount were varied to optimize the reduction (see supporting information).



Table 3. Knoevenagel condensations on furfural, HMF and OBMF.
	#
	Aldehyde (g)
	AMG 
	Base
	Solvent (mL)
	t (h)
	T (°C)
	Yield (%)[a]

	1
	Furfural (1.0)
	Me-cyanoacetate
	Py
	DMC (30)
	0.5
	r.t.
	92

	2
	Furfural (1.0)
	Me-cyanoacetate
	NMPy
	DMC (30)
	0.5
	r.t.
	92

	3
	Furfural (1.0)
	Me-cyanoacetate
	DABCO
	DMC (30)
	0.5
	r.t.
	92

	4
	HMF (0.5)
	Me-cyanoacetate
	DABCO
	DMC (15)
	0.5
	r.t.
	93

	5[b]
	OBMF (0.5)
	Me-cyanoacetate
	DABCO
	DMC (30)
	1.0
	r.t.
	73

	6
	Furfural (1.0)
	Malononitrile
	DABCO
	DMC (30)
	0.5
	r.t.
	83

	7
	HMF (0.5)
	Malononitrile
	DABCO
	DMC (15)
	0.5
	r.t.
	65[c] 

	8[b]
	OBMF (0.5)
	Malononitrile
	DABCO
	DMC (30)
	1.0
	r.t.
	64[d] 

	9
	Furfural (1.0)
	(PhSO2)acetonitrile
	DABCO
	DMC (30)
	0.5
	r.t.
	91

	10
	HMF (0.5)
	(PhSO2)acetonitrile
	DABCO
	DMC (15)
	0.5
	r.t.
	87

	11[b]
	OBMF (0.5)
	(PhSO2)acetonitrile
	DABCO
	DMC (30)
	1.0
	r.t.
	83

	12
	Furfural (1.0)
	Dimethyl malonate
	DABCO
	DMC (30)
	0.5
	r.t.
	0

	13
	Furfural (1.0)
	Dimethyl malonate
	DABCO
	DMC (30)
	3.0
	100
	0

	14
	Furfural (1.0)
	Dimethyl malonate
	Py
	DMC (30)
	3.0
	100
	66

	15
	Furfural (1.0)
	Dimethyl malonate
	Py
	CPME (30)
	3.0
	100
	66

	16
	Furfural (1.0)
	Dimethyl malonate
	Py
	MeTHF (30)
	3.0
	100
	66

	17
	HMF (0.5)
	Dimethyl malonate
	Py
	DMC (15)
	3.0
	100
	61

	18[e]
	OBMF (0.5)
	Dimethyl malonate
	Py
	DMC (30)
	3.0
	100
	30[e]


Reaction conditions: The nitrogen base (0.1 eq. mol) and acetic acid (0.1 eq. mol) were dissolved in DMC (30 mL). Activated methylene group (1.0 eq. mol) and furan-aldehyde (1.0 eq. mol) were added to the solution. The reaction mixture was left under stirring for 30 minutes at room temperature. All experiments show quantitative conversion; [a] Isolated yield via liquid-liquid extraction; [b] Reaction conditions: The nitrogen base (0.2 eq. mol) and acetic acid (0.2 eq. mol) were dissolved in DMC (30 mL). Activated methylene group (2.0 eq. mol) and furan-aldehyde (1.0 eq. mol) were added to the solution. All experiments show quantitative conversion; [c] Concomitant formation of HMF-amide detected via HRMS; [d] Concomitant formation of the hydrolysed Knoevenagel adduct detected via HRMS and isolated via precipitation in  EtOAc (see Supporting Information); [e] Yield determined via 1H-NMR.


In any case the selectivity towards the amine furanic (HMF and OBMF) was always relatively low and the reaction mixture quite complicated to purify either due to the concomitant reduction of the furanic ring or to the presence of partially reduced product (in the case of OBMF). Detailed data on these preliminary investigations are reported in the Supporting Information (Table S1). 
[bookmark: _Hlk159439401]2.4 Synthesis of Knoevenagel condensation derivatives of HMF and OBMF
Numerous procedures can be found in which Knoevenagel condensations were performed on the most diverse substrates employing different amines as catalysts (primary, secondary, tertiary or ammonium salts).[30],[32]
Examples of Knoevenagel condensation on furfural have been reported in the literature,[34] meanwhile HMF and especially OBMF have only been scarcely investigated as substrates for this reaction.
Herein we selected to study Knoevenagel condensation on furanic substrates, screening the reactivity of different AMG compounds, i.e., malononitrile, methyl cyanoacetate, (phenylsulfonyl)acetonitrile, and dimethyl malonate (Table 3). Dimethyl carbonate (DMC) was chosen as possible solvent because it is classified as a green solvent,[39-40] and we wanted to test its potential use in this reaction. 
Pyrrolidine (Py), N-methylpyrrolidine (NMPy) and 1,4-diazabicyclo[2.2.2]octane (DABCO) were exploited as nitrogen bases to promote the condensation reaction (Table 3).Initially, a Knoevenagel condensation was conducted between furfural and methyl cyanoacetate in the presence of different nitrogen catalysts, i.e., Py, NMPy and DABCO (#1-3; Table 3).
In a typical reaction, the selected nitrogen base (0.10 eq. mol) and acetic acid (0.10 eq. mol) were dissolved in DMC. Thus, methyl cyanoacetate and furfural were added to the mixture and the solution was left under vigorous stirring for 30 min at room temperature.
The reaction was monitored by TLC, and upon reaching completion the solvent was removed by reduced pressure. The crude reaction mixture was then purified via liquid-liquid extraction (EtOAc:H2O) to remove impurities and the ammonium salt formed.
According to the data collected, all three bases tested led to excellent results with almost quantitative isolated yields towards the desired product (92%) (#1-3; Table 3). 
Since similar results were obtained for all the investigated catalysts, DABCO was arbitrary selected as organocatalyst for the next trials. Knoevenagel condensation of methyl cyanoacetate as AMG was subsequently tested with HMF and OBMF, providing excellent isolated yield values of the condensation products (#4-5; Table 3). 
It should be mentioned that HMF-Me-cyanoacetate is an extremely interesting substrate since this compound incorporates three different functional groups on the same structure (hydroxyl, nitrile, and ester), making it a potential monomer for the synthesis of polyesters with a pendant nitrile moiety that can be then used for further functionalization. 
Malononitrile was the next AMG compound tested on furfural, HMF and OBMF (#6-8; Table 3). Furfural-malononitrile was obtained as orange powder in high yield (83%) while HMF-malononitrile and OBMF-malononitrile were obtained as sand-colored powders in good yield (65% and 64% respectively). The reason behind the lower yields of these compounds was further investigated analyzing the reaction crude via HRMS. Results obtained highlighted the presence of amide derivatives, when HMF was used as substrate, together with partially hydrolyzed products when OBMF was employed. In this latter case an OBMF derivative displaying acid functionalities could be isolated in the form of a brown powder after precipitation in EtOAc (see  Supporting Information). However, despite our efforts, we were unable to properly determine the exact structure of this product; HRMS analysis seems to suggest the presence of two acidic group and two amide moieties. Nitrile groups hydrolysis might be caused by water traces present in the acetic acid. In addition, the presence of four nitrile functionalities in OBMF-malononitrile may have rendered this compound more susceptible to side reactions.     
Finally, (phenylsulfonyl)acetonitrile (#9-11; Table 3) was also tested leading to the related condensed products in very high isolated yields (80-91%). Furfural-(PhSO2)acetonitrile and OBMF-(PhSO2)acetonitrile were obtained as sand-colored powders, while HMF-(PhSO2)acetonitrile was obtained as a sticky brown oil.
All the above reported compounds were identified and characterized via proton NMR spectroscopy.
A Knoevenagel condensation was then conducted on furfural in the presence of less reactive dimethyl malonate employing the same reaction conditions (#12; Table 3). In this case the desired product did not form even when the reaction time was prolonged up to 3 hours (instead of 30 minutes) (#13; Table 3). This result was ascribed to the lower acidity of dimethyl malonate compared to the previously used AMGs (Table S2 Supporting Information).
However, when the reaction was repeated in the presence of Py the desired furfural condensed product was obtained in good yield (66%) (#14; Table 3). 
Knoevenagel condensations with dimethyl malonate were then attempted on the HMF and OBMF substrates (#17-18; Table 3). The derivative of HMF was obtained in ca 60% yield meanwhile, unfortunately, it was not possible to isolate the pure OBMF derivative even by gradient column chromatographic due to the similar retention time of the product with the monoderivative compound. It is intended to conduct further investigation on this specific OBMF derivatives as it could be an interesting compound with potential applications as metal chelating agent as well as crosslinking agent.
3. Experimental
General
All reagents and solvents were purchased from Sigma-Aldrich.
NMR spectra were recorded with Bruker 300 and 400 MHz spectrometers, in CDCl3.
HRMS spectra were acquired by means of a Bruker compact QTOF with a mass resolution of 30.000 in positive polarity mode. The mass calibration was conducted using a sodium formate cluster's solution and the data were processed in HPC mode. The acquisition was conducted in full scan mode in the range 50 to 500 m z-1, with a 4.0 L min-1 at 180 °C of source dry gas. The ion formula of each compound was calculated with the Smart formula tool within the Bruker software platform by using a 4 mDa of mass confidence and considering the isotopic pattern ratio. 
3.1 Synthesis of aldoxime derivatives
It should be mentioned that all the furan aldoximes were achieved as mixtures of the two possible E/Z isomers with an average ratio of 50:50. The related NMR spectra assignations are herein not reported (the spectra are in any case included in the supporting information). Once the furan-oximes were obtained, they were used for the synthesis of the corresponding nitriles. It was not our interest to separate the two isomers.
3.1.1 Synthesis of furfural-oxime (Mixture E/Z isomers)
An aqueous solution (20 mL) of NH2OH∙HCl (2.19 g, 31.5 mmol, 1.50 eq. mol) and Na2CO3 (1.67 g, 15.75 mmol, 0.75 eq. mol) was added to a solution of furfural (2.00 g, 21.0 mmol, 1.00 eq. mol) in EtOAc or MeTHF (20 mL) and stirred at room temperature and monitored by TLC. The phases were separated, the aqueous phase was extracted with EtOAc (3 x 20 mL). The organic phases were combined and dried (Na2SO4) and evaporated in vacuo. Furfural-oxime was obtained as a white solid with a yield of 95% (2.19 g); the resulting solid can then be ground to obtain a white powder.
3.1.2 Synthesis of HMF-oxime (Mixture E/Z isomers)
An aqueous solution (20 mL) of NH2OH∙HCl (1.65 g, 23.7 mmol, 1.50 eq. mol) and Na2CO3 (1.26 g, 11.9 mmol, 0.75 eq. mol) was added to a solution of HMF (2.00 g, 16.0 mmol, 1.00 eq. mol) in EtOAc (20 mL) and stirred at room temperature and monitored by TLC. The phases were separated, the aqueous phase was extracted with EtOAc (3 x 20 mL). The organic phases were combined and dried (Na2SO4) and evaporated in vacuo. HMF-oxime was obtained as yellow solid with a yield of 94% (2.10 g); the resulting solid can then be ground to obtain a yellow/orange powder.
3.1.3 Synthesis of HMF-oxime with D-fructose as starting material (Mixture E/Z isomers)
In a typical reaction in an autoclave, 20.0 g of D-fructose (110.0 mmol, 1.00 eq. mol) was reacted with 2.0 g of TEAB (10% wt.), 1.0 g of Purolite CT275DR (5% wt.), and 80 mL of dimethyl carbonate (950.0 mol, 8.60 eq. mol), at 110 °C for 2 h. After cooling, the reaction crude was filtered on a Gooch under vacuum with basic alumina and celite and washed with hot ethyl acetate (60 mL × 4). The mixture was then evaporated and dried under vacuum to give a viscous dark-brown oil (11.6 g). An aqueous solution of NH2OH∙HCl (9.60 g ,138.2 mmol, 1.50 eq. mol) and Na2CO3 (7.32 g, 69.10 mmol, 0.75 eq. mol) was added to a solution of raw HMF (11.6 g, 92.1 mmol, 1.00 eq. mol) in EtOAc (110 mL) and stirred at room temperature and monitored by TLC. The phases were separated, the aqueous phase was extracted with EtOAc (3 x 30 mL). The organic phases were combined, dried (Na2SO4) and evaporated in vacuo. HMF-oxime was obtained as orange solid with a yield of 65% (10.13 g); the resulting solid can then be ground to obtain a yellow/orange powder.
HRMS: m/z [M+Na]+ calc. for: 164.0318; found: 164.0326.
3.1.4 Synthesis of OBMF-oxime (Mixture E/Z isomers)
OBMF (2.00 g, 8.54 mmol, 1.00 eq. mol) was dissolved in 80 mL of warm EtOAc. After the complete solubilization of OBMF, NH2OH∙HCl (1.78 g, 25.26 mmol, 3.00 eq. mol) and ZnO (2.08 g, 25.26 mmol, 3.00 eq. mol) were added to solution, stirred at 50 °C and monitored by TLC. After total conversion of OBMF, the reaction mixture was filtered to remove ZnO.
The organic phase was washed with water (40 mL) and brine (40 mL) and the organic phase was separated. The aqueous phase was extracted with EtOAc (40 mL).
The organic phases were combined, dried (Na2SO4) and evaporated in vacuo. OBMF-oxime was obtained as yellow solid with a yield of 72% (1.62 g); the resulting solid can then be ground to obtain a light-yellow powder.
HRMS: m/z [M+H]+ calc. for: 265.0819; found: 265.0824.
3.2 Synthesis of nitrile derivatives
3.2.1 Synthesis of HMF-nitrile
HMF-oxime (0.50 g, 3.5 mmol, 1.00 eq. mol) was dissolved in acetonitrile (35 mL), then Cu(AcO)2∙H2O (7.0 mg, 3.5*10-2 mmol, 0.01 eq. mol) was added. The mixture was heated to reflux temperature, kept under stirring and monitored via TLC. After the reaction was finished, the mixture was filtered over a thin layer of alumina and celite. The mixture was concentrated under reduced pressure and purified by liquid-liquid extraction (Brine/DCM : 15 mL/15 mL x 3). Organic phases were unified, dried (Na2SO4) and evaporated under reduced pressure. HMF-nitrile was obtained as an amber-colored oil with a yield of 92% (0.40 g).
3.2.2 Gram scale synthesis of HMF-nitrile
HMF-oxime (2.0 g, 14.2 mmol, 1.00 eq. mol) was dissolved in acetonitrile (40 mL), then Cu(AcO)2∙H2O (28.0 mg, 14.2*10-2 mmol, 0.01 eq. mol) was added. The mixture was heated to reflux temperature, kept under stirring and monitored via TLC. After the reaction was finished, the mixture was filtered over a thin layer of alumina and celite. The mixture was concentrated under reduced pressure and purified by liquid-liquid extraction (Brine/DCM : 15 mL/15 mL x 3). Organic phases were unified and dried (Na2SO4) and evaporated under reduced pressure. HMF-nitrile was obtained as an amber-colored oil with a yield of 63% (1.10 g).
1H-NMR (400 MHz, CDCl3), δ ppm: 7.08 (d, 1H); 6.45 (d, 1H); 4.69 (s, 2H). 13C-NMR (100 MHz, CDCl3), δ ppm: 159.4; 125.8; 122.9; 111.4; 108.9; 57.4.
HRMS: as reported in literature.[41] 
3.2.3 Synthesis of OBMF-nitrile
OBMF-oxime (0.50 g, 1.9 mmol, 1.00 eq. mol) was dissolved in acetonitrile (40 mL), then Cu(AcO)2∙H2O (7.5 mg, 3.8*10-2 mmol, 0.02 eq. mol) was added. The mixture was heated to reflux temperature, kept under stirring and monitored via TLC. After the reaction was finished, the mixture was filtered over a thin layer of alumina and celite. The mixture was concentrated under reduced pressure and purified by chromatographic column (DCM). OBMF-nitrile was obtained as a white solid with a yield of 53% (0.23 g).
3.2.4 Gram scale synthesis of OBMF-nitrile
OBMF-oxime (2.00 g, 7.6 mmol, 1.00 eq. mol) was dissolved in acetonitrile (160 mL), then Cu(AcO)2∙H2O (7.5 mg, 15.2*10-2 mmol, 0.02 eq. mol) was added. The mixture was heated to reflux temperature, kept under stirring and monitored via TLC. After the reaction was finished, the mixture was filtered over a thin layer of alumina and celite. The mixture was concentrated under reduced pressure and purified by chromatographic column (DCM). OBMF-nitrile was obtained as a white solid with a yield of 58% (1.00 g).
1H-NMR (400 MHz, CDCl3), δ ppm: 7.09 (d, 2H); 6.50 (d, 2H); 4.58 (s, 4H). 13C-NMR (100 MHz, CDCl3), δ ppm: 156.3; 126.4; 122.7; 111.2; 110.8; 64.1.
HRMS: as reported in literature.[42] 
3.3 Synthesis of Knoevenagel derivatives
[bookmark: _Toc146980859]3.3.1 Furfural-malononitrile, Furfural-Me-cyanoacetate and Furfural-(PhSO2)acetonitrile
The 1,4-diazabicyclo[2.2.2]octane - DABCO (0.12 g; 1.04 mmol; 0.10 eq. mol) and acetic acid (60 μL; 1.04 mmol; 0.10 eq. mol) were dissolved in dimethyl carbonate (30 mL). Next, malononitrile (0.70 g; 10.4 mmol; 1.00 eq. mol) or methyl cyanoacetate (1.03 g; 10.4 mmol; 1.0 eq. mol) and finally furfural (1.00 g; 10.4 mmol; 1.00 eq. mol) was added to the reaction mixture. The reaction mixture was left under vigorous stirring for 30 min. The solvent was removed by reduced pressure, and the product was purified by liquid-liquid extraction (Brine/EtOAc : 30 mL/30 mL x 3). Organic phases were unified and dried (Na2SO4), treated with activated carbon and evaporated under reduced pressure.

Furfural-malononitrile was obtained as a bright orange powder with a yield of 83% (1.24 g).
1H-NMR (400 MHz, CDCl3), δ ppm: 7.82 (d, 1H); 7.53 (s, 1H); 7.39 (d, 1H); 6.74 (m, 1H). 13C-NMR (100 MHz, CDCl3), δ ppm: 149.5; 148.1; 143.0; 123.3; 114.4; 113.8; 112.6. HRMS: as reported in literature.[43]

Furfural-Me-cyanoacetate was obtained as a sand-colored powder with a yield of 92% (1.70 g).
1H-NMR (400 MHz, CDCl3), δ ppm: 8.05 (s, 1H); 7.77 (d, 1H); 7.42 (d, 1H); 6.68 (m, 1H); 3.93 (s, 3H). 13C-NMR (100 MHz, CDCl3), δ ppm: 163.1; 148.7; 148.4; 139.7; 121.9; 115.3; 113.9; 98.2; 53.3.
HRMS: as reported in literature.[44]

Furfural-(PhSO2)acetonitrile was obtained as a sand-colored powder with a yield of 91% (2.45 g).
1H-NMR (400 MHz, CDCl3), δ ppm: 8.03 (s, 1H); 8.01 (m, 2H); 7.77 (d; 1H); 7.74–7.70 (m, 1H); 7.65–7.61 (m, 2H); 7.31 (d, 1H); 6.68 (m, 1H). 13C-NMR (100 MHz, CDCl3), δ ppm: 149.1; 147.2; 138.3; 136.2; 134.5; 129.7; 128.5; 123.1; 114.1; 112.9; 110.5.
HRMS: m/z [M+Na]+ calc. for: 282.0195; found: 282.0198
[bookmark: _Toc146980860]3.3.2 HMF-malononitrile, HMF-Me-cyanoacetate and HMF-(PhSO2)acetonitrile
The 1,4-diazabicyclo[2.2.2]octane - DABCO (44 mg; 0.39 mmol; 0.10 eq. mol) and acetic acid (22 μL; 0.39 mmol; 0.10 eq. mol) were dissolved in dimethyl carbonate (15 mL). Next, malononitrile (0.26 g; 3.97 mmol; 1.00 eq. mol) or methyl cyanoacetate (0.39 g; 3.97 mmol; 1.00 eq. mol) and finally HMF (0.50 g; 3.97 mmol; 1.00 eq. mol) was added to the reaction mixture. The reaction mixture was left under vigorous stirring for 30 min. The solvent was removed by reduced pressure, and the product was purified by liquid-liquid extraction (Brine/EtOAc : 15 mL/15 mL x 3). Organic phases were unified and dried (Na2SO4), treated with activated carbon and evaporated under reduced pressure.

HMF-malononitrile was obtained as a sand-colored solid with a yield of 65% (0.45 g).
1H-NMR (400 MHz, CDCl3), δ ppm: 7.48 (s, 1H); 7.32 (d, 1H); 6.64 (d, 1H); 4.78 (s, 2H). 13C-NMR (100 MHz, CDCl3), δ ppm: 162.3; 147.6; 142.7; 124.7; 113.8; 112.8; 111.8; 57.6.
HRMS: m/z [M+Na]+ calc. for: 197.0321; found: 197.0323

HMF-Me-cyanoacetate was obtained as a sand-colored powder with a yield of 93% (0.76 g).
1H-NMR (400 MHz, CDCl3), δ ppm: 8.00 (s, 1H); 7.35 (d, 1H); 6.59 (d, 1H); 4.77 (s, 2H); 3.93 (s, 3H). 13C-NMR (100 MHz, CDCl3), δ ppm: 16.1; 160.8; 148.3; 139.4; 123.2; 115.4; 111.3; 97.8; 57.7; 53.3.
HRMS: m/z [M+Na]+ calc. for: 230.0424; found: 230.0425.

HMF-(PhSO2)acetonitrile was obtained as a brown-colored sticky oil with a yield of 87% (1.00 g).
1H-NMR (400 MHz, CDCl3), δ ppm: 7.99 (d, 2H); 7.94 (s, 1H); 7.73-7.69 (m, 1H); 7.64-7.60 (m, 2H); 7.24 (d, 1H); 6.57 (d, 1H); 4.72 (s, 2H). 13C-NMR (100 MHz, CDCl3), δ ppm: 161.9; 146.7; 138.4; 136.1; 134.5; 129.7; 128.4; 124.6; 113.2; 111.5; 109.7; 57.6.
HRMS: m/z [M+NH4]+ calc. for: 307.0747; found: 307.0741.
[bookmark: _Toc146980861]3.3.3 OBMF-malononitrile, OBMF-Me-cyanoacetate and OBMF-(PhSO2)acetonitrile
The 1,4-diazabicyclo[2.2.2]octane - DABCO (50 mg; 0.43 mmol; 0.20 eq. mol) and acetic acid (30 μL; 0.43 mmol; 0.20 eq. mol) were dissolved in dimethyl carbonate (30 mL). Next, malononitrile (0.28 g; 4.28 mmol; 2.00 eq. mol) or methyl cyanoacetate (0.42 g; 4.28 mmol; 2.00 eq. mol) and finally OBMF (0.50 g; 2.14 mmol; 1.00 eq. mol) was added to the reaction mixture. The reaction mixture was left under vigorous stirring for 1h. The solvent was removed by reduced pressure, and the product was purified by liquid-liquid extraction (Brine/DCM : 50 mL/100 mL). Organic phases were unified and dried (Na2SO4), treated with activated carbon and evaporated under reduced pressure.

OBMF-malononitrile was obtained as a sand-colored powder with a yield of 64% (0.45 g).
1H-NMR (400 MHz, CDCl3), δ ppm: 7.48 (s, 2H); 7.31 (d, 2H); 6.71 (d, 2H); 4.72 (s, 4H). 13C-NMR (100 MHz, CDCl3), δ ppm: 158.9; 148.0; 142.5; 124.3; 113.7; 113.6; 112.6; 64.7.
HRMS: m/z [M+Na]+ calc. for: 353.0645; found: 353.0642.

OBMF-Me-cyanoacetate was obtained as a sand-colored powder with a yield of 73% (0.62 g).
1H-NMR (400 MHz, CDCl3), δ ppm: 8.01 (s, 2H); 7.37 (d, 2H); 6.67 (d, 2H); 4.71 (s, 4H); 3.93 (s, 6H). 13C-NMR (100 MHz, CDCl3), δ ppm: 163.04; 157.7; 148.7; 139.3; 122.7; 115.2; 113.2; 98.3; 64.6; 53.3.
HRMS: m/z [M+Na]+ calc. for: 419.0850; found: 419.0849.

OBMF-(PhSO2)acetonitrile was obtained as a fine sand-colored powder with a yield of 83% (1.00 g).
1H-NMR (400 MHz, CDCl3), δ ppm: 8.01 (d, 4H); 7.95 (s, 2H); 7.74-7.70 (m, 2H); 7.66-7.61 (m, 4H); 7.24 (d, 2H); 6.64 (d, 2H); 4.66 (s, 4H). 13C-NMR (100 MHz, CDCl3), δ ppm: 158.5; 147.2; 138.3; 136.8; 134.5; 129.7; 128.5; 123.9; 113.3; 110.6; 64.51.
HRMS: m/z [M+NH4]+ calc. for: 578.1050; found: 578.1036
[bookmark: _Toc146980862]3.3.4 Synthesis of Furfural-dimethyl malonate
The pyrrolidine (86 μL; 1.04 mmol; 0.10 eq. mol) and acetic acid (60 μL; 1.04 mmol; 0.10 eq. mol) were dissolved in dimethyl carbonate (30 mL). Next, dimethyl malonate (1.38 g; 10.4 mmol; 1.00 eq. mol) and finally furfural (1.00 g; 10.4 mmol; 1.00 eq. mol) was added to the reaction mixture. The mixture was heated to reflux and left under vigorous stirring for 3h. The solvent was removed by reduced pressure, and the product was purified by chromatographic column (DCM). The solvent was evaporated by reduced pressure, and the product was refrigerated to solidify. Furfural-dimethyl malonate was obtained as a light-yellow solid with a yield of 66% (1.44 g).

1H-NMR (400 MHz, CDCl3), δ ppm: 7.54 (d, 1H); 7.50 (s, 1H); 6.79 (d, 1H); 6.52 (m, 1H); 3.94 (s, 3H); 3.85 (s, 3H). 13C-NMR (100 MHz, CDCl3), δ ppm: 166.8; 164.6; 148.9; 146.4; 128.2; 121.2; 118.3; 112.7; 52.6; 52.6.
HRMS: as reported in literature.[45] 
[bookmark: _Toc146980863]3.3.5 HMF-dimethyl malonate
The pyrrolidine (33 μL; 0.39 mmol; 0.10 eq. mol) and acetic acid (22 μL; 0.39 mmol; 0.10 eq. mol) were dissolved in dimethyl carbonate (15 mL). Next, dimethyl malonate (0.52 g; 3.97 mmol; 1.00 eq. mol) and finally HMF (0.50 g; 3.97 mmol; 1.00 eq. mol) was added to the reaction mixture. The mixture was heated to reflux and left under vigorous stirring for 3h. The solvent was removed by reduced pressure, and the product was purified by chromatographic column (DCM:EtOAc 7:3). The solvent was evaporated by induced pressure. HMF-dimethyl malonate was obtained as amber-colored oil with a yield of 61% (0.58 g), that solidified when it was put inside the fridge.

1H-NMR (400 MHz, CDCl3), δ ppm: 7.45 (s, 1H); 6.73 (d, 1H); 6.41 (d, 1H); 4.62 (s, 2H); 3.93 (s, 3H); 3.84 (s, 3H). 13C-NMR (100 MHz, CDCl3), δ ppm: 166.9; 164.5; 158.3; 148.5; 128.2; 121.0; 119.2; 110.4; 57.6; 52.7; 52.6.
HRMS: m/z [M+H]+ calc. for: 241.0707; found: 241.0708.
[bookmark: _Toc146980864]3.3.6 OBMF-dimethyl malonate (mixture mono- and bi-substituted product)
The pyrrolidine (35 μL; 0.21 mmol; 0.20 eq. mol) and acetic acid (25 μL; 0.21 mmol; 0.20 eq. mol) were dissolved in dimethyl carbonate (30 mL). Next, dimethyl malonate (0.56 g; 2.41 mmol; 2.00 eq. mol) and finally OBMF (0.50 g; 2.41 mmol; 1.0 eq. mol) was added to the reaction mixture. The mixture was heated to reflux and left under vigorous stirring for 6h. The solvent was removed by reduced pressure. Several eluent phases were tested but it was not possible to separate the mono-substituted product from the bi-substituted product. The bi-substituted product is present at 68% while the mono-substituted is present at 32%. 0.45 g of the mixture of the two products was recovered post column (DCM:EtOAc 10:1).
Conclusions
In this work it is reported a systematic investigation for the introduction of nitrile moieties into sugar-derived furanic compounds. In a first approach the synthesis and subsequent dehydration of furfural-, HMF-, and OBMF-aldoximes was investigated. Furanic-aldoximes were synthetized in good to excellent yields employing either a biphasic system (furfural and HMF) or ethyl acetate as media (OBMF) at room temperature in short reaction time. Purification of the products required a simple liquid-liquid extraction. Preliminary investigations on the scale-up of this procedure was also successful leading - in the case of HMF-aldoxime – to achieve up to 10 gram of product avoiding any time-wasting purification of HMF. 
The dehydration of aldoximes was then conducted using catalytic amounts of copper (II) acetate monohydrate. This procedure allowed to obtain the corresponding nitrile derivatives of HMF and OBMF in good to high yields (up to 89%) under mild reaction conditions. Once again purification was - in most cases - efficiently achieved by simple liquid-liquid extraction.
On the other hand, preliminary investigations on the reduction of aldoxime into furanic amines led to low yield and complicated reaction mixture that would require further investigations. 
[bookmark: _Hlk159441328]In a second synthetic approach to nitrile furanic compounds, the Knoevenagel condensation was exploited. Furfural, HMF and OBMF were reacted with several AMG compounds using DABCO as base and for the first time DMC as green reaction solvent. The related condensed products were isolated in good to excellent yield after minimal purification (liquid-liquid extractions). In some cases, HMF-amide could be detected via HRMS as a side product, while a hydrolyzed Knoevenagel adduct formed when OBMF was reacted with malononitrile having both acidic and amide moieties. Further studies are required to better understand the precise structure of the latter compound.
Finally, future applications of these nitrile furanics include either their reduction into amine or hydrolysis into their corresponding carboxylic acid derivatives, as both these derivatives might be used as monomer for bio-based furanic polymers.
Supporting Information
Supporting information file includes amine furanics synthetic procedures, pKa values for AMG groups and pKb of nitrogen bases, proton and carbon NMR Spectra and High-Resolution Mass Spectrometry analysis of the isolated products.
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Nitrile furanic compounds have been prepared employing two simple synthetic approaches; i) dehydration of aldoximes and ii) Knoevenagel condensation. Both methodologies were firstly tested and optimized on furfural and thus exploited on 5-hydroxymethyl-2-furfural (HMF) and 5,5’-oxy(bismethylene)-2-furaldehyde (OBMF). All the resulting products were achieved in good to excellent yield and isolated as pure employing simple purification procedure.
Institute and/or researcher Twitter usernames: Fabio Aricò: @Fabio_Arico; Ca’ Foscari University of Venice: @CaFoscari

image3.emf

image4.tiff
o7 "\ /

Furfural

VA a Ve

OBMF

NH,OH*HCI, Base
—_——

Solvent

NH,OH*HCI, Base
_—

Solvent

NH,OH*HCI, Base
_

Solvent

0.
W/

HON

Furfural-oxime

’\(_7/\

HMF-oxime

‘OBMF-oxime




image5.emf
 

O

HO OH

HO

HO OH

O

O

OH

HMF

H

+

-3 H

2

O

O

HON

OH

HMF-oxime

Na

2

CO

3

NH

2

OH*HCl


image6.emf
 

R

N

OH MeCN

N

H R

H

OH

N

Cu

+2

HO N

H

Cu

+2

O

NH

2

Cu

+2

R

N


image7.tiff
HMF-oxime

D o
HON/\<\_,7/\0 &

OBMF-oxime

~NOH

Cu(OAc),*H,0
_
CH;CN

Cu(OAc)*H,0
_
CH;CN

‘OBMF-nitrile




image8.png




image1.png
WILEY . vcH




image2.png
WILEY . vcH





RESEARCH ARTICLE


 


 


 


 


1


 


 


Synthe


tic 


Approach


es


 


to Nitrile


 


Furanics 


 


Mattia Annatelli


,


[


a


]


 


Chaimaa Sadraoui


,


[a]


 


Giacomo Trapasso


[a]


 


and 


Fabio Aricò


*


[a]


 


 


[a]


 


Dr. M. Annatelli, C. Sadraoui,


 


Dr. Giacomo Trapasso


,


 


Prof. F. Aricò


 


Department


 


of Environmental


 


Sciences, Informatics and Statistics


 


Ca’ Foscari University of Venice


 


Campus scientifico, Via Torino 155. 


30172 Venezia Mestre


 


E


-


mail:


 


Fabio.arico@unive.it


 


 


 


 


Supporting information for this article is given via a link at the end of the document.


 


 


Abstract:


 


In this work t


wo synthetic approaches 


to 


introduce 


nitrile 


moieties 


in


to


 


bio


-


based derived furanic compounds 


were


 


investigated


, 


i.e., 


dehydration of aldoximes and Knoevenagel condensation. Both 


methodologies have been first tested 


and optimized 


on furfural and 


thus 


exploited on


 


5


-


hydroxymethyl


-


2


-


furfural (HMF) and 5,5’


-


oxy(bismethylene)


-


2


-


furaldehyde (OBMF). 


The synthes


e


s of 


furfural, 


HMF and OBMF aldoximes 


w


ere


 


efficiently conducted 


(


also in large 


scale


)


 


under


 


mild reaction conditions and short reaction time


. 


The 


subsequent dehydration to nitrile furanic


 


compounds was carried out 


in the presence of 


catalytic amounts of copper


 


acetate monohydrate.


 


Furthermore, Knoevenagel condensation


s 


were


 


performed on furfural, 


HMF and OBMF


 


with different 


Activated Methylene Group


 


compounds


, 


using 


for the 


first


-


time


 


dimethyl carbonate


 


as the reaction 


media


.


 


All 


t


he resulting 


product


s


 


were isolated 


as pure 


via simple liquid


-


liquid 


extraction


 


in good to excellent yields. 


Future applications of the


se 


compounds


 


might 


include 


aldoxime 


reduction into amine 


furanics 


-


 


herein als


o preliminary investigated 


-


 


and


 


hydrolysis 


of the nitrile 


derivatives 


in 


the


 


related 


carboxylic acid 


(or ester) 


furanics


.


 


All these 


products 


are


 


interesting monomers for 


the preparation of 


bio


-


based 


polymers.


 


Introduction


 


The exploitation and gradual depletion of fossil fuels, for the 


synthesis of 


chemical


 


intermediates


,


 


fuels, 


solvents


 


and materials


 


have 


urged 


the scientific community to find 


alternative starting 


materials


,


 


as well a


s


 


greener s


ynthetic procedures that 


would 


have 


minimal 


impact on 


the 


human health and environment. 


 


On these premises


,


 


in 2007 


the International Energy Agency 


Bioenergy 


has 


introduced


 


within


 


the well


-


known Task 42 


the 


concept of Biorefinery intended as "the sustainable processing of 


biomass into a spectrum of bio


-


based products and bioenergy


”.


 


Indeed, 


by fractioning biomass, b


iorefineries can provide 


numerous and diverse starting materials, 


such as c


arbohydrates, 


proteins, 


polyols, fatty acids, terpenes,


 


etc


.


[1


-


3


]


 


In 


particular


, 


the conversion of 


carbohydrates 


into 


aromatic 


derivatives, namely 5


-


hydroxymethyl


-


2


-


furfural (HMF) from 


hexoses and furfural from pentoses


, are among the most 


investigated chemical 


transformation


 


leading to


 


bio


-


based 


platform chemicals


.


[


4


-


8]


 


The reason of such great interest 


for


 


HMF 


stems 


from the 


possibility to covert 


this molecule 


in


to


 


an array of 


industrially relevant compounds including


 


pharm


a


ceuticals,


[9]


 


biofuels,


[10]


 


polymer precursor


s


[11


-


12]


 


and surfactant


s


.


[13] 


 


Indeed, t


he


 


versatile reactivity


 


of


 


HMF


 


allows its 


eas


y


 


upgrad


ing


 


via oxidation,


[14]


 


hydrogenation,


[15


]


 


esterification


[1


6


]


 


and 


Diel


s


-


Alder 


reactions


.


[1


7


]


 


T


he resulting furanic monomers, i.e


.


, furan


-


2,5


-


dicarbaldehyde (


DFF


),


[18]


 


2,5


-


furandicarboxylic acid (FDCA)


 


and 


its esters,


[19]


 


bis(hydroxymethyl)furan 


(BHMF) and its 


derivatives,


[20]


 


5,5


’


-


oxy(bismethylene)


-


2


-


furaldehyde (OBMF),


[21]


 


and 


2,5


-


dimethyl furan (DMF),


[22]


 


have 


also 


demonstrated a wide 


array of 


potential applications


.


 


 


Despite being highly


 


versatile, HMF 


structure only 


incorporates


 


hydrogen,


 


oxygen


 


and carbon


 


atoms;


 


i


ntroducing external 


nitrogen


 


into HMF requires harsh conditions and most of the time 


non


-


sustainable sources


 


such as 


ammonia. 


 


2,5


-


B


is(aminomethyl)furan (BAMF) and 5


-


(aminomethyl)


-


2


-


furanmethanol (AMF) are two examples of interesting 


nitrogen


-


based furanic 


monomers 


although 


studies on their synthesis are 


still at its early stage 


and mainly conducted on small scale.


[23]


 


An alternative and simple approach to incorporate


 


a nitrogen 


functionality into the HMF structure 


is by


 


introducing 


nitriles


 


moieties


.


 


Nitrile compounds 


holds significant importance as 


this 


moiety is widely present 


in natural products, pharmaceuticals, 


agricultural chemicals, and dyes.


[24] 


 


The Sandmeyer and Rosenmund von Braun syntheses are 


among the oldest documented procedures for the synthesis of 


nitrile compounds


.


[25]


 


The


 


related procedures


 


involve


d


 


the use of 


toxic 


solvents and reagents, such as copper cyanide (CuCN) and 


dimethyl formamide (DMF)


 


in combination with 


ha


rsh


 


reaction 


conditions


. Another 


approach


 


for 


the 


synthesis of 


nitrile


 


compounds


 


is the dehydration of amides and aldoximes.


[26] 


Aldoximes


,


 


in particular, 


can be prepared according to 


a 


relatively 


straightforward 


synthesis by reacting 


aldehyde with ammonia or 


–


 


more commonly 


–


 


with 


hydroxylamine hydrochloride 


(NH


2


OH


·


HCl), often in combination with 


different


 


solvents and 


reagents.


[27] 


 


Over the years, numerous research groups have shown growing 


interest in the synthesis of 


nitrile 


compound


s


 


through the 


dehydration of aldoximes. This 


chemical transformation was 


achieved


 


by employing various 


metal


-


based


 


catalytic systems, 


including 


-


 


among others 


-


 


palladium, copper


 


and 


iron


.


[28]


 


Previous investigations on 


the synthesis of nitrile 


derivative


s


 


of 


HMF


 


have been reported in the literature although only 


one study 


involve


d


 


the dehydration of the aldoxime derivative using 


trifluoroacetic anhydride


 


as reagent; t


he 


resulting


 


product was 


isolate


d


 


in 


modest


 


yield (38%)


.


[


29


]


 


 


 




RESEARCH ARTICLE         1     Synthe tic  Approach es   to Nitrile   Furanics    Mattia Annatelli , [ a ]   Chaimaa Sadraoui , [a]   Giacomo Trapasso [a]   and  Fabio Aricò * [a]     [a]   Dr. M. Annatelli, C. Sadraoui,   Dr. Giacomo Trapasso ,   Prof. F. Aricò   Department   of Environmental   Sciences, Informatics and Statistics   Ca’ Foscari University of Venice   Campus scientifico, Via Torino 155.  30172 Venezia Mestre   E - mail:   Fabio.arico@unive.it         Supporting information for this article is given via a link at the end of the document.     Abstract:   In this work t wo synthetic approaches  to  introduce  nitrile  moieties  in to   bio - based derived furanic compounds  were   investigated ,  i.e.,  dehydration of aldoximes and Knoevenagel condensation. Both  methodologies have been first tested  and optimized  on furfural and  thus  exploited on   5 - hydroxymethyl - 2 - furfural (HMF) and 5,5’ - oxy(bismethylene) - 2 - furaldehyde (OBMF).  The synthes e s of  furfural,  HMF and OBMF aldoximes  w ere   efficiently conducted  ( also in large  scale )   under   mild reaction conditions and short reaction time .  The  subsequent dehydration to nitrile furanic   compounds was carried out  in the presence of  catalytic amounts of copper   acetate monohydrate.   Furthermore, Knoevenagel condensation s  were   performed on furfural,  HMF and OBMF   with different  Activated Methylene Group   compounds ,  using  for the  first - time   dimethyl carbonate   as the reaction  media .   All  t he resulting  product s   were isolated  as pure  via simple liquid - liquid  extraction   in good to excellent yields.  Future applications of the se  compounds   might  include  aldoxime  reduction into amine  furanics  -   herein als o preliminary investigated  -   and   hydrolysis  of the nitrile  derivatives  in  the   related  carboxylic acid  (or ester)  furanics .   All these  products  are   interesting monomers for  the preparation of  bio - based  polymers.   Introduction   The exploitation and gradual depletion of fossil fuels, for the  synthesis of  chemical   intermediates ,   fuels,  solvents   and materials   have  urged  the scientific community to find  alternative starting  materials ,   as well a s   greener s ynthetic procedures that  would  have  minimal  impact on  the  human health and environment.    On these premises ,   in 2007  the International Energy Agency  Bioenergy  has  introduced   within   the well - known Task 42  the  concept of Biorefinery intended as "the sustainable processing of  biomass into a spectrum of bio - based products and bioenergy ”.   Indeed,  by fractioning biomass, b iorefineries can provide  numerous and diverse starting materials,  such as c arbohydrates,  proteins,  polyols, fatty acids, terpenes,   etc . [1 - 3 ]   In  particular ,  the conversion of  carbohydrates  into  aromatic  derivatives, namely 5 - hydroxymethyl - 2 - furfural (HMF) from  hexoses and furfural from pentoses , are among the most  investigated chemical  transformation   leading to   bio - based  platform chemicals . [ 4 - 8]   The reason of such great interest  for   HMF  stems  from the  possibility to covert  this molecule  in to   an array of  industrially relevant compounds including   pharm a ceuticals, [9]   biofuels, [10]   polymer precursor s [11 - 12]   and surfactant s . [13]    Indeed, t he   versatile reactivity   of   HMF   allows its  eas y   upgrad ing   via oxidation, [14]   hydrogenation, [15 ]   esterification [1 6 ]   and  Diel s - Alder  reactions . [1 7 ]   T he resulting furanic monomers, i.e . , furan - 2,5 - dicarbaldehyde ( DFF ), [18]   2,5 - furandicarboxylic acid (FDCA)   and  its esters, [19]   bis(hydroxymethyl)furan  (BHMF) and its  derivatives, [20]   5,5 ’ - oxy(bismethylene) - 2 - furaldehyde (OBMF), [21]   and  2,5 - dimethyl furan (DMF), [22]   have  also  demonstrated a wide  array of  potential applications .     Despite being highly   versatile, HMF  structure only  incorporates   hydrogen,   oxygen   and carbon   atoms;   i ntroducing external  nitrogen   into HMF requires harsh conditions and most of the time  non - sustainable sources   such as  ammonia.    2,5 - B is(aminomethyl)furan (BAMF) and 5 - (aminomethyl) - 2 - furanmethanol (AMF) are two examples of interesting  nitrogen - based furanic  monomers  although  studies on their synthesis are  still at its early stage  and mainly conducted on small scale. [23]   An alternative and simple approach to incorporate   a nitrogen  functionality into the HMF structure  is by   introducing  nitriles   moieties .   Nitrile compounds  holds significant importance as  this  moiety is widely present  in natural products, pharmaceuticals,  agricultural chemicals, and dyes. [24]    The Sandmeyer and Rosenmund von Braun syntheses are  among the oldest documented procedures for the synthesis of  nitrile compounds . [25]   The   related procedures   involve d   the use of  toxic  solvents and reagents, such as copper cyanide (CuCN) and  dimethyl formamide (DMF)   in combination with  ha rsh   reaction  conditions . Another  approach   for  the  synthesis of  nitrile   compounds   is the dehydration of amides and aldoximes. [26]  Aldoximes ,   in particular,  can be prepared according to  a  relatively  straightforward  synthesis by reacting  aldehyde with ammonia or  –   more commonly  –   with  hydroxylamine hydrochloride  (NH 2 OH · HCl), often in combination with  different   solvents and  reagents. [27]    Over the years, numerous research groups have shown growing  interest in the synthesis of  nitrile  compound s   through the  dehydration of aldoximes. This  chemical transformation was  achieved   by employing various  metal - based   catalytic systems,  including  -   among others  -   palladium, copper   and  iron . [28]   Previous investigations on  the synthesis of nitrile  derivative s   of  HMF   have been reported in the literature although only  one study  involve d   the dehydration of the aldoxime derivative using  trifluoroacetic anhydride   as reagent; t he  resulting   product was  isolate d   in  modest   yield (38%) . [ 29 ]      

