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Abstract
        The unusual monosaccharaides such as Deoxy-hexose sugars, including methyl-pentose and aldo-pentose are promising and important sugars in life science, which have enormous chemotherapeutic and pharmaceutical applications. However, little research on H-bond interactions in these systems has been reported. The aldo-pentose has a proton instead of the CH2OH group on C5; conversely, methyl-pentose has a CH3 group on C5. The aim of the present study is to investigate the role and nature of intramolecular H-bonds on acidity of CH3-pentose sugars (L-fucose and L-rhamnose) and aldo-pentose sugars (D-xylose, L-lyxose, D-ribose and L-arabinose) using B3LYP/6-311++G(d,p) level. The calculated acidity values (∆Hacid) of these Dexoy-hexose were found to be from 343 to 369 kcal.mol-1, indicating they are stronger acid than ethanol and 2-propanol with the acidity values of 378.3 and 375.1 kcal.mol-1, respectively. This is related to the stabilization of the conjugate bases of these sugar through intramolecular H-bonds, which were analyzed in this study using AIM and NBO methods. 
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Introduction
      Carbohydrate sugars have attracted attention of many researcher for various fields such as biological process, pharmaceuticals, cosmetics, dietary supplements, food and flavor industries [1-3]. Deoxy-hexose sugars are unusual monosaccharide including CH3-pentose and aldo-pentose and essential building blocks for nucleic acids as well as important fuel molecules. Their hydroxyl groups (OH) orientation can be differed on their stereoisomers and caused different chemical and physical properties. The nature of hydrogen bond (H-bond) in Deoxy-hexose sugars have not been fully studied by computational methods.
 L-fucose and L-rhamnose with chemical formula C6H12O5 can be classified as either a methyl (CH3)-pentose or a 6-deoxy-hexose sugar due to the lack of a hydroxyl group on the carbon at the 6-position (C6) instead of CH2OH group, thereby making it a Deoxy sugar and multiple chiral carbon.  L-fucose is equivalent to 6-deoxy-L-galactose and L-rhamnose is equivalent to 6-deoxy-L-mannose. L-fucose is a common component of many N- and O-linked glycans and glycolipids produced by mammalian cells. Free L-fucose in serum and urine can be used as a marker for cancer, cirrhosis, alcoholic liver disease and gastric ulcers [4, 5]. L-rhamnose is found in bacteria and plants and it plays an essential role in many pathogenic bacteria, and it is also produced by microalgae belonging to class Bacillariophyceae (diatoms) [6]. 
D-xylose, D-ribose, L-lyxose and L-arabinose are classified as a monosaccharide of the aldo-pentose type with chemical formula C5H10O5 , which means it contains five carbon atoms and includes an aldehyde (CHO) functional group. D-xylose is a simple sugar first isolated from wood and has attracted the attention of many scientists since it is abundant in nature and the main building block for the hemicellulose; and as one of the main constituents of biomass and the first saccharide in biosynthetic pathways of most anionic polysaccharides[7]. L-lyxose occurs only rarely in nature and biology, for example, as a component of bacterial glycolipids [8]. L-arabinose has been the subject of much bio-molecular research, for example, in synthetic biology, arabinose is often used as a one-way or reversible switch for protein expression [9]. Also, L-arabinose is legally used as a food additive in some countries and it is a potential prebiotic [10]. L-arabinose has been used as a carbon source for the production of organic acids as well as for the production of the amino acids [11]. D-ribose, which occurs widely in nature, and its synthetic mirror image, L-ribose, is not found in nature. The β-D-ribofuranose forms part of the backbone of RNA. D-ribose has been suggested for use in management of congestive heart failure [12]. 
     The more abundant saccharides are as the "D"-form, with the exception of L-fucose, L-rhamnose and L-arabinose. D-xylose, L-arabinose and D-ribose are carbohydrate monomers that occur in large amounts in nature but L-fucose and L-ylxose occur in small amounts as natural products. The protonation of xylose in order to simulate the reaction of xylose in an acidic environment; and determination of their energetics decomposition have been conducted by quantum mechanical molecular dynamics simulations [13] and quantum mechanics modeling [14]. Caratzoulas et al. presented electronic structure calculation on the isomerization and epimerization of xylose to xylulose and lyxose at the MP2 and B3LYP theory level [15]. Recently, dehydration reaction of pentose sugars as D-xylose, D-ribose and D-arabinose in the gas phase were investigated by experimental method and theoretical calculation by Antonini, et.al [16].   
The chemical structures of Deoxy-hexose sugars are depicted in Figure 1. In L-fucose sugar; the orientation of HO2, HO3, CH3 groups are axial and HO4 group is equatorial, while in L-rhamnose, the orientation of HO3, HO4, CH3 groups are axial and HO2 group is equatorial. Therefore, C-4 in L-fucose and C-2 in L-rhamnose are chiral carbon (Figure 1-a). On the other hand, the orientations of HO2, HO3 and HO4 groups in D-xylose sugar are equatorial and it is equivalent of D-glucose sugar (Figure 1-b); thus, L-lyxose is C2 epimer; and D-ribose is C3 epimer; and L-arabinose is C4 epimer of D-xylose. The HO1 of Deoxy-hexose sugars in this work is in the β-position. The sugars  considered in this work are D-(ß) isomers. In addition, the general structure and configuration of the Deoxy-hexose sugars based on the orientation of OH groups and CH3 are given in Table 1, where “ax” and “eq” represent axial and equatorial positions, respectively. 
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Figure 1. General structure of Deoxy-hexose sugars; (a) represents CH3-pentose and (b) represents Aldo-pentose sugars. (c) For the atom label’s we used Mamony et al. [17] and IUPAC [18] . -D-xylose is an example of atom labels. 

      Non-covalent interactions, especially hydrogen bonding, are dominant factor in the machinery of carbohydrate molecular recognition [19, 20]; and more generally in the maintenance of their preferred conformational structures. The H-bond occurs between a proton donor (attached covalently to a highly electronegative atom such as O, N and F) and one of these heteroatoms. Also, during the last decade, the existence of weak CH…O hydrogen bonds in many biological structures was clearly established [21]. All OH groups in saccharides sugars can be participated in the H-bond donors and acceptors and make the stabilized favored conformations. In general, the minimum energy value for weak H-bond is as low as 0.24-0.28 kcal.mol-1, whereas, it can be reached to maximum 38 kcal.mol-1 for strong H-bonds. Also, On average, most H-bond energy values in sugars fall in the range of 1.2-7.2 kcal.mol-1  [22-24]. Moreover, according to numerical theoretical studies, the energy of CH…O bond is estimated between 0.1-1 kcal.mol-1 [25, 26]. The H-bond with the terms such as regular (two-center), bifurcated (three-center), or trifurcated (four-center) are defined by Jeffery and Saenger [27, 28]. It is ambiguous to access directly the presence and configuration of intramolecular H–bonds along with their relative strength by experimental methods. Therefore, the only reference data are theoretical results to supply reliable information and to characterize intramolecular O-H…O and C-H…O bonds. Gorbiz and Etter [29] studied the existence of the three-centered H–bonds with carboxylate groups based mainly on geometric parameters. The existence of bifurcated H-bond in rare sugar and also C-H…O bonds in Guanosine was investigated using  computational calculations [30, 31]. 
     Moreover, H-bonds could organize three-dimensional structures in compounds containing of O-H and N-H bonds. Also, the H-bonds could lead to enhanced acidity. In our previous studies, the role of H-bonds on the acidity of a series of polyols such as 2,3 (HOCH2CH2CH(OH)CH2)3COH was investigated. It was found that multiple intramolecular H-bonds can dramatically increase gas phase acidity in these alcohols [32].   
     In this study, we provide a comprehensive theoretical examination of the gas phase thermochemical properties of deoxy-hexose monosaccharide sugars by employing density functional theory (DFT, B3LYP) with the 6-311++G (d, p) basis set. The goal of this study is to provide insight into the electronic properties, H-bond pattern and influence of H-bonds on the gas phase acidity of L-fucose, L-rhamnose, D-xylose, L-lyxose, D-ribose and L-arabinose. Furthermore, we use topological parameters such as electron density and Laplacian of electron density from Bader’s atoms in molecules (AIM) theory and natural bond orbital (NBO) analysis to interpret different types of intramolecular hydrogen bonds in Deoxy-hexose sugars.
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R = CH3 (methyl-pentose) ;   R = H (aldo-pentose)

	

	Table 1. General structure and configuration of the Deoxy-hexose sugars including CH3-pentose and aldo-pentose based on the orientation of OH groups and CH3. The “ax” and “eq” represent axial and equatorial positions, respectively.

	  Sugars
	HO1
	HO2
	HO3
	HO4
	CH3

	 R=CH3

	L-fucose      
	β
	ax
	ax
	eq
	ax

	L-rhamnose
	β
	eq
	ax
	ax
	ax

	R=H

	D-xylose
	β
	eq
	eq
	eq
	-

	L-lyxose
	β
	ax
	eq
	eq
	-

	D-ribose
	β
	eq
	ax
	eq
	-

	L-arabinose
	β
	eq
	eq
	ax
	-



Computational details
      To calculate the acidity of the CH3-pentose and aldo-pentose sugars, the lowest–energy conformers of  neutral sugar and corresponding conjugate bases were first explored and selected at the relative energy range of 0–10 kcal.mol-1 by using the Merck Molecular Force Field (MMFF) in Spartan 14 software [33]. Then, the most stable conformers were optimized based on the B3LYP (Becke-Lee-Yang-Parr) version [34, 35] of the density functional theory (DFT) method with the 6-311++G(d, p) basis set [36, 37]. Using the DFT method, the lowest energy conformations were achieved by full geometrical optimization of each sugar and its anion. The absence of negative imaginary frequencies proved that energy-minimized structures correspond well to the local minima of the energy landscape (local minima were verified by establishing that the matrix of energy second derivatives has only positive eigenvalues). The gas phase acidity values of OH groups of methyl-pentose and aldo-pentose sugars were calculated at B3LY/6-311++G (d, p) level. Quantum theory of atoms in molecules (QTAIM) of Bader [38, 39] was employed for the structures optimized at the B3LYP/6-311++G (d,p) using the AIM2000 software [40] package to obtain the non-covalent interactions information including hydrogen bond in neutral Deoxy-hexose sugars and their conjugate bases. For this purpose, the relevant bond critical points (BCPs) were located and the charge density for each BCP was evaluated. Furthermore, natural bond orbital (NBO) analysis [41] was carried out using the same method and basis set to gain insight into intramolecular hydrogen bonding interaction of these compounds.

Results and Discussion
Acidity in Deoxy-hexose sugars
Acidity is determined as follows:
	HA  →  A  +  H+    :  Hrxn =Hacid  



	
(1)



    where, E298 represents the calculated energy including thermal vibrational corrections. The HA and A represent acidic sites of sugar-OH and its conjugated base of sugars-O-, respectively. The (5/2) RT term includes the translational energy of the proton and the ∆(PV) term. The gas phase values are positive and represent enthalpy requirement for deprotonating the neutral species at 298 K. The gas phase dissociation is endothermic due to the absence of solvent to stabilize the generated ions. Therefore, the lower values of ∆Hacid refer to stronger acidic (i.e., easier deprotonation). Table 2 summarizes the calculated gas-phase acidity (∆Hacid) values in kcal.mol-1 for different OH groups for the most stable conformers of L-fucose, L-rhamnose, D-xylose, L-lyxose, D-ribose and L-arabinose sugars (Figure 1) according to Eq.1 at the B3LYP/6-311++G (d,p) level.




	Table. 2 The calculated acidity values (∆Hacid) in kcal.mol-1 for acidic sites of Deoxy-hexose sugars at the B3LYLP/6-311++G (d,p) level of theory. 

	Acidic sites 
	CH3-pentose
	Aldo-pentose

	
	L-fucose
	L-rhamnose
	D-xylose
	L-lyxose
	D-ribose
	L-arabinose

	C1-HO1
	346
	355
	348
	345
	348
	348

	C2-HO2
	350
	      369 (eq)
	350
	       343 (ax)
	348
	351

	C3-HO3
	350
	349
	351
	347
	  345(ax)
	349

	C4-HO4
	     355 (eq)
	354
	355
	353
	348
	     ˂ 348(ax)


       The Deoxy-hexose sugars have four potentially acidic sites (i.e., C1-HO1, C2-HO2, C3-HO3 and C4-HO4, see Figure 1c). Based on the predicted acidity values, the OH groups in equatorial position in CH3-pentose sugars have the weakest acidity site.  For instance, C4-HO4 site of L-fucose and C2-HO2 site of L-rhamnose have the acidity values of 355 and 369 kcal.mol-1, respectively. The strongest acidic site in L-rhamnose is C3-HO3 with ∆Hacid = 349 kcal.mol-1 and in L-fucose it is C1-HO1 with ∆Hacid = 346 kcal.mol-1 (Figure 1a). While, the calculated acidity values (∆Hacid) of C1-HO1, C2-HO2, C3-HO3 and C4-HO4 sites in aldo-pentose sugars are in the range 343- 355 kcal.mol-1  (Table 2). As seen in Table 2, the strongest acidic sites are C2-HO2 in L-lyxose, C3-HO3 in D-ribose, and C4-HO4 in L-arabinose with the ∆Hacid values of 343, 345, 348 kcal.mol-1, respectively (Figure 1b). It is concluded that OH group in the axial position in aldo-pentose is the strongest acidic site and thus the most favored deprotonation site. Moreover, the acidity of ethanol and 2-propanol are 378.3 and 375.1 (kcal.mol-1) in the gas phase, respectively [42]. In comparison with these alcohols, the acidity values of methyl-pentose and aldo-pentose sugars are 346-369 and 343-355 kcal.mol-1 (Table 2); these results suggest the role of H-bonds in increasing the acidity of Deoxy-hexose sugars.  As shown in Scheme 1 (as a sample) and Figure 2, the conjugate bases of these sugars are stabilized via intramolecular H-bonds, which are studied in details using AIM and NBO analyses in this study.  The geometries of the conjugate bases of these sugars are discussed in the following section. 
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	Scheme 1. The sample optimized structures (blue background) and AIM molecular graph (black background) at B3LYP/6-311++G(d,p) level for (a) the conjugate baes of L-fucose (formed from deprotonation of its C1-HO1 site with ∆Hacid  = 346 kcal.mol-1; and (b) the conjugate base of L-Lyxose (formed from deprotonation of its C2-HO2 site with ∆Hacid  = 343 kcal.mol-1).



Geometries of the conjugate bases of Deoxy-hexose sugars
      The normal bond length of four OH groups including (O1-HO1), (O2-HO2), (O3-HO3) and (O4-HO4) in Deoxy-hexose sugars have values of 0.96 ± 0.01 Å. The H-bond lengths of the conjugate bases of both CH3- and aldo-pentose sugars obtained at the B3LYP/6-311+G(d,p) level of theory are given in Tables 3-4.  




	Table 3. The energy E (a.u.) of CH3-pentose sugars and intramolecular H-bond lengths (A…H-D) in Å for their conjugate bases obtained at the B3LYP/6-311++G (d,p).

	CH3-pentose
	    E (a.u.)
  in neutral 
	H-bonds in conjugate bases
	deprotonation sites

	
	
	
	C1-HO1
	C2-HO2
	C3-HO3
	C4-HO4

	   L-Fucose

	-611.9612
	O1….HO2-O2
	1.97
	
	
	

	
	
	O2….HO1-O1
	
	1.91
	
	

	
	
	O3….HO4-O4
	
	
	1.93
	

	
	
	O4….HO3-O3
	
	
	
	1.78

	
	
	O3….H2-C6
	
	
	
	2.74

	  L-rhamnose

	-611.9588

	O5….HO2-O2
	2.08
	
	
	

	
	
	O2….HO3-O3
O3….H3-C6
	
	1.87
2.54
	
	

	
	
	O3….HO2-O2
	
	
	1.94
	

	
	
	O4….HO3-O3
	
	
	
	1.96


       In general, the C-H…O distance is in the range of 2.2-2.6 Å, which is longer than that of  O-H…O with the range of 1.5-2.1 A˚ [25, 26]. It should be noted that the C-H…O bonds are weaker than the O-H…O bonds [57]. As seen in Table 3, the O-H…O and C-H…O distances for the conjugate bases of methyl-pentose sugars are in the range of 1.78-2.08 Å and 2.54-2.74 Å, respectively. These values are in good agreement with the geometrical results of inter-molecular CH…O/N H-bonds in DNA and RNA and Guanosine [30, 43]. As seen in Table 4, the O-H…O distances in the aldo-pentose sugars and their conjugate bases are within 1.53-2.16 Å. These values are in good agreement with our previous investigations [31, 44]. 








	Table 4. The energy E (a.u.) of aldo-pentose sugars and intramolecular H-bond lengths (A…H-D) in Å for their conjugate bases obtained at the B3LYP/6-311++G (d,p)

	Aldo-pentose
	E (a.u.)
in neutral
	H-bonds in conjugate bases
	deprotonation sites

	
	
	
	C1-HO1
	C2-HO2
	C3-HO3
	C4-HO4

	 D-xylose
	-572.6601
	O2….HO3-O3
	
	2.13
	
	

	
	
	O3….HO2-O2
	
	
	2.10
	

	
	
	O4….HO3-O3
	
	
	
	2.02

	 L-lyxose
	-572.659
	O1….HO2-O2
	1.75    
	
	
	

	
	
	O2….HO3-O3
	2.12
	
	
	

	
	
	O2…HO1-O1
	
	1.78
	
	

	
	
	O2…HO3-O3
	
	1.84
	
	

	
	
	O2…HO1-O1  
	
	
	2.08
	

	
	
	O3…HO2-O2
	
	
	1.80
	

	
	
	O4…HO3-O3
	
	
	
	1.98

	aD-ribose
	-572.6605
	O2….HO3-O3
	2.16
	
	
	

	
	
	O3….HO4-O4
	2.15
	
	
	

	
	
	O2….HO3-O3  
	
	1.82
	
	

	
	
	O3….HO4-O4
	
	2.12
	
	

	
	
	O3….HO2-O2
	
	
	1.85
	

	
	
	O3….HO4-O4
	
	
	1.84
	

	
	
	O4…HO2-O2
	
	
	
	1.64

	
	
	O4…HO3-O3
	
	
	
	2.06

	 L-arabinose
	-572.6594
	O3….HO4-O4
	
	2.15
	
	

	
	
	O3….HO1-O1
	
	
	1.53
	

	
	
	O3….HO4-O4
	
	
	1.92
	

	
	
	O4….HO3-O3
	
	
	
	1.66

	
	
	O3….HO1-O1
	
	
	
	1.87

	a For D-ribose, in its neutral strucuture, the only H-bond is O4….HO2-O2  (2.17 Å).     



Quantum theory of atoms in molecules (QTAIM) analysis 
       Quantum theory of atoms in molecules (QTAIM) analysis has been widely used to interpret any chemical bonds including the nature of H-bond interaction and confirmed to be a useful and successful tool for interpreting charge density. We carried out AIM study of electron density at the bond critical points (BCPs) by AIM2000 software to gain information on variation of the geometrical parameters and the H-bond strength in the conjugate bases of Deoxy-hexose sugars. 





      Topological parameters (calculated at the B3LYP/6-311++G(d,p) level) such as electron density,, and its Laplacian,, kinetic energy density, , potential energy density, , and H-bond energy,, at the BCPs for the conjugate bases of Deoxy-hexose sugars are listed in Tables 5 and 6.



       According to Bader theory of atom in molecules [45], if hydrogen bond exists, the range of electron density is 0.002 to 0.035 (a.u,) and its Laplacian is 0.024-0.139 (e/au5). The value of electron density and its Laplacian at BCPs for the conjugate bases of CH3-pentose fall between 0.0233-0.0439 (a.u.) and 0.0877-0.1257 (e/au5), respectively (Table 5); and those for the conjugate bases of aldo-pentose fall between 0.0177-0.0752 (a.u.) and 0.0847-0.1380 (e/au5), respectively (Table 6). Based on these ranges, the characteristic values and  at BCPs imply the presence of H-bond interaction in the conjugate bases of Deoxy-hexose sugars.  Laplacian of electron density is related to the chemical bond interaction energy by a local expression of the virial theorem [38]. Based on QTAIM, a positive value of  Laplacian of electron density at BCPs  indicates closed-shell electrostatic interactions such as ionic bonds, hydrogen bonds, and van der Waals interactions; whereas a negative value of  Laplacian of the electron density shows shared-shell electron covalent interaction [38]. Thus, a positive value of  at BCPs of H-bonds in the conjugate bases of Deoxy-hexose sugars indicates that these H-bonds are mostly closed-shell electrostatic interactions. 













    The electronic energy densityat BCPs is defined as  [47]; where refers to the electronic kinetic energy density, which is always positive, and  refers to the electronic potential energy density and must be negative [46] . The sign of depends on which contribution, potential or kinetic, locally prevails at BCPs and it determines whether the accumulation of charge at a given point of r is stabilizing; or destabilizing. Popelier [39] proposed the following criteria of strength: for weak H-bond both  and ; for medium H-bond  and ; and for strong H-bond both  and .  This classification shows that weak H-bonds eventually merge with van der Waals interaction; whereas strong H-bonds merge with covalent and polar bonds. 
      Different types of H-bonds are seen in the conjugate bases of Deoxy-hexose sugars. For example, the O2…HO1-O1 and O2…HO3-O3 H-bonds (Figure 3h) in the conjugate base of L-xylose (formed from deprotonation of L-xylose at C2-HO2); and O3…HO1-O1 and O3…HO4-O4 H-bonds (Figure 3e) in the conjugate base of L-arabinose (formed from deprotonation of L-arabinose at C3-HO3) show one bifurcated H-bond. However, the O3…HO2-O2 and O3…HO4-O4 H-bonds in the conjugate base of D-ribose (formed from deprotonation of D-ribose at C3-HO3); and O4…HO2-O2 and O4…HO3-O3 H-bonds in this conjugate base (formed from deprotonation of D-ribose at C4-HO4) exhibit two bifurcated H-bonds (Figures 3m and 3n). Moreover, the conjugate bases of D-xylose and L-arabinose (formed from deprotonation at C1-HO1) do not indicate any H-bonds. 






       The conjugate bases of L-fucose formed from deprotonation of L-fucose at C2-HO2 and C4-HO4 show the O2….HO1-O1 and O4….HO3-O3 hydrogen bonds, respectively (Figure 2b, 2d); and the conjugate base of L-rhamnose formed from deprotonation of  L-rhamnose at C2-HO2 (Figure 2f ) indicates the O2….HO3-O3 H-bond. These three H-bonds indicate medium and normal intramolecular H-bonds due to positive  and negative . Thus, these O-H…O bonds are categorized as partially covalent-partially electrostatic (Pc-Pe). Whereas, the conjugate bases of aldo-pentose sugars exhibit normal and bifurcated intramolecular O-H…O bonds. The normal intramolecular H-bonds in the conjugate base of D-xylose indicate van der Waals interaction due to  > 0 and  > 0. The bifurcated intramolecular H-bonds are identified in the conjugate base of D-ribose (formed from deprotonation of D-ribose at C3-HO3 and C4-HO4); and in the conjugate base of L-lyxose (formed from deprotonation of L-lyxose at C2-HO2); and in the conjugate base of L-arabinose (formed from deprotonation of L-arabinose at C3-HO3). These bifurcated intramolecular H-bonds are categorized as medium H-bonds and partially covalent-partially electrostatic (Pc-Pe) interaction in nature due to   and .
     According to topological parameters discussed above and results given in Tables 5 and 6, the conjugate bases of L-fucose, L-rhamnose and L-D-xylose indicate conventional H-bonds; whereas conjugate bases of L- lyxose, L-arabinose, and L- arabinose show both conventional and unconventional H-bonds.
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	Figure 2. Molecular graphs for the conjugate bases of methyl-pentose sugars. L-fucose deprotonated at C4-HO4  (d) and L-rhamnose deprotonated at C2-HO2  (f) show C-H…O intramolecular H-bonds. Other conjugate baeses of methyl-pentose sugars indicate O-H…O intramolecular H-bonds. The H-bonds in the conjugate basese of methyl-pentose sugars are conventional (normal). Small red spheres and lines correspond to the BCPs and bond paths, respectively.
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	Figure 3. Molecular graph for the aldo-pentose sugars. L-lyxose deprotonated at C2-HO2 (h), D-ribose deprotonated at C3-HO3  and C4-HO4 (m,n), and L-arabinose deprotonated at C3-HO3 site (e) exhibit bifurcated intramolecular H-bonds. While other conjugate bases of aldo-pentose show conventional intramolecular H-bonds. Small red spheres and lines correspond to the BCPs and bond paths.


     

Another interesting property in the AIM analysis is H-bond energy  at the BCPs. Espinosa [47, 48] proposed the following equation to calculate H-bond energy;
	

	
(2)










    The electron density and H-bond energies  are two criteria to explain and evaluate the strength of intramolecular H-bonds. The  values vary from 5.73 to12.15 kcal.mol-1 for the conjugate bases CH3-pentose as well as 4.74 to 24.94 kcal.mol-1 for conjugate bases of aldo-pentose sugars. The calculated values of and for neutral D-ribose at BCPs of O4….HO2-O2 H-bond are positive (+0.0596 and +0.0010) a.u, respectively, implying that O4….HO2-O2 H-bond should be considered as a weak H-bond. The L-arabinose deprotonated at C3-HO3 indicates the O3…HO1-O1 H-bond, which is the strongest bifurcated H-bond in aldo-pentose sugars with the largest value of = 24.94 kcal.mol-1, =0.0752 a.u.; =0.1380 (e/au5). 







     On the other hand, the strongest H-bond in the conjugate bases of CH3-pentose sugars is O4…HO3-O3 H-bond formed from deprotonation of L-fucose at C4-HO4 with the largest value of = 12.15 kcal.mol-1; =0.0439 a.u.; =0.1257 (e/au5). L-fucose deprotonated at C4-HO4 indicates the O3…H2-C6 H-bond (Figure 2d) with = 1.43 kcal.mol-1; and L-rhamnose deprotonated at C2-HO2 indicates the  O3…H3-C6 bond (Figure 2f) with = 2.08 kcal.mol-1; which are  categorized as weak H-bonds (van der Waals) with > 0 and > 0.




    The L-arabinose deprotonated at C3-HO3 indicates the O3…HO1-O1 and O3…HO4-O4 H-bonds with = 24.94 and 8.38 kcal.mol-1, respectively; and D-ribose deprotonated at C4-HO4 indicates the  O4…HO2-O2 and O4…HO4-O4 H-bonds with = 17.44 and 6.14 kcal.mol-1, respectively.  These are considered as bifurcated intramolecular H-bonds. Thevalues for the conjugate bases of methyl-pentose vary between 1.43 and 2.08 kcal.mol-1 for C-H…O H-bonds and from 5.73 to 12.15 kcal.mol-1 for O-H…O H-bonds. Whereas, in the conjugate bases of aldo-pentose sugars, values for O-H…O H-bonds vary from 4.81 to 24.94 kcal.mol-1. Consequently, these results show that H-bonds in the conjugate bases of methyl-pentose sugars are weaker than those in the conjugate bases of aldo-pentose sugars. The CH3 group  on C5 of methyl-pentose sugars causes the H-bonds strength to decrease in their conjugate bases, as compared to the H-bonds strength in the conjugate bases of aldo-pentose sugars. This rationalizes why methyl-pentose sugars are less acidic than the aldo-pentose sugars; the role of the CH2OH group is crucial in stabilizing hydrogen bonding in the conjugate bases of aldo-pentose sugars. Recently, Bayach et al. [49] showed that the hydrogen bond strength in the Octyl-xylopyranoside in which CH2OH group is absent on C5 is weaker than that in Octyl-glucopyranoside containing CH2OH group.

	





Table 5. Electron densities in (e/au3)), their Laplacians  in (e/au5), kinetic energy densities  in (a.u.), potential energy densities in (a.u.), electronic energy densitiesin (a.u.), H-bonds energies (kcal/mol-1) at BCPs of H-bonds in the conjugate bases of methyl-pentose sugars optimized at B3LYP/6-311++G(d,p) level .

	CH3-pentose
	Conjugate base  
	BCPs
	

	

	

	

	

	


	L-fucose
	C1-HO1
	O1…HO2-O2
	0.0289
	0.0999
	0.0283
	-0.0227
	0.0012
	7.11

	
	C2-HO2
	O2…HO1-O1
	0.0329
	0.1055
	0.0264
	-0.0265
	-0.0001
	8.30

	
	C3-HO3
	O3…HO4-O4
	0.0313
	0.1017
	0.0251
	-0.0248
	0.003
	7.79

	
	C4-HO4
	O4…HO3-O3
	0.0439
	0.1257
	0.0351
	-0.0387
	-0.0037
	12.15

	
	
	O3…H2-C6
	0.0073
	0.0239
	0.0053
	-0.0046
	0.007
	1.43

	L-rhamnose
	C1-HO1
	O5…HO2-O2
	0.0233
	0.0807
	0.0192
	-0.0183
	0.0009
	5.73

	
	C2-HO2
	O2…HO3-O3
	0.0356
	0.0977
	0.0264
	-0.0283
	-0.0019
	8.88

	
	
	O3…H3-C6
	0.0335
	0.0035
	0.0075
	-0.0066
	0.0009
	2.08

	
	C3-HO3
	O3…HO2-O2
	0.0308
	0.1010
	0.0248
	-0.0244
	0.0004
	7.65

	
	C4-HO4
	O4…HO3-O3
	0.0304
	0.0976
	0.0240
	-0.0236
	0.0004
	7.39







	





Table 6. Electron densitiesin (e/au3), their Laplacians  in (e/au5), kinetic energy densities in (a.u.), potential energy densities  in (a.u.), electronic energy densities in (a.u.), H-bonds energies (kcal.mol-1) at BCPs of H-bonds in the conjugate bases of aldo-pentose optimized at B3LYP/6-311++G(d,p) level.


	aAldo-pentose 
	Conjugate base  
	BCPs 
	
 
	
  
	
 
	
 
	
 
	
 

	
D-xylose
	C2-HO2
	O2…HO3-O3
	0.0214
	0.0836
	0.0189
	-0.0169
	0.0020
	5.28

	
	C3-HO3
	O3…HO2-O2
	0.0225
	0.0815
	0.0187
	-0.0171
	0.0016
	5.36

	
	C4-HO4
	O4…HO3-O3
	0.0426
	0.0882
	0.0211
	-0.0201
	0.0010
	6.30

	


L-lyxose
	C1-HO1
	O1…HO2-O2
	0.0464
	0.1307
	0.0373
	-0.0419
	-0.0046
	13.13

	
	
	O2…HO3-O3
	0.0188
	0.0858
	0.0186
	-0.0157
	0.0029
	4.93

	
	C2-HO2
	O2…HO1-O1
	0.0429
	0.1291
	0.0353
	-0.0383
	-0.0030
	12.02

	
	
	O2…HO3-O3
	0.0372
	0.1179
	0.0305
	-0.0316
	-0.0011
	9.91

	
	C3-HO3
	O2…HO1-O1
	0.0202
	0.0900
	0.0197
	-0.0168
	0.0028
	5.27

	
	
	O3…HO2-O2
	0.0410
	0.1199
	0.0325
	-0.0351
	-0.002
	11.00

	
	C4-HO4
	O4…HO3-O3
	0.0289
	0.0942
	0.0229
	-0.0222
	0.0007
	6.05

	D-ribose
	C1-HO1
	O2…HO3-O3
	0.0187
	0.0802
	0.0176
	-0.0152
	0.0024
	4.78

	
	
	O3…HO4-O4
	0.0177
	0.0847
	0.0181
	-0.0151
	0.0030
	4.74

	
	C2-HO2
	O2…HO3-O3
	0.0399
	0.1178
	0.0316
	-0.0338
	-0.0022
	10.59

	
	
	O3…HO4-O4
	0.0187
	0.0856
	0.0185
	-0.0157
	0.0029
	4.91

	
	C3-HO3
	O3…HO2-O2
	0.0364
	0.1152
	0.0297
	-0.0305
	-0.0009
	9.58

	
	
	O3…HO4-O4
	0.0375
	0.1192
	0.0309
	-0.0320
	-0.0011
	10.04

	
	C4-HO4
	O4…HO2-O2
	0.0573
	0.1340
	0.0446
	-0.0557
	-0.0111
	17.44

	
	
	O4…HO3-O3
	0.0251
	0.0872
	0.0207
	-0.0196
	0.0011
	6.14

	


L-arabinose
	C2-HO2
	O2…HO3-O3
	0.0192
	0.0783
	0.0175
	-0.0153
	0.0021
	4.81

	
	C3-HO3
	O3…HO1-O1
	0.0752
	0.1380
	0.0570
	-0.0795
	-0.0225
	24.94

	
	
	O3…HO4-O4
	0.0327
	0.1074
	0.0268
	-0.0267
	0.0001
	8.38

	
	C4-HO4

	O4…HO3-O3
O3…HO1-O1
	0.0577
0.0329
	0.1358
0.1064
	0.0447
0.0265
	-0.0554
-0.0269
	-0.0107
-0.0004
	17.38
8.44

	a)For D-ribose (neutral):
	O4…HO2-O2
	0.0181
	0.0596
	0.0140
	0.0130
	0.0010
	4.07






      Moreover, the electron density at the BCPs is a good measure to evaluate the H-bond length and strength. Thus, there is correlation between the interaction energy and topological parameters at the BCPs [50]. The electron density decreases as a result of the elongation of the corresponding bond, while the opposite occurs when the bond length shortens.  For instance, the H-bond length of O4…HO3-O3 in the conjugate base of L-fucose (formed from its deprotonation at C4-HO4) is 1.78 Å and the electron density at its BCPs is 0.0439 a.u., while the H-bond length of O1…HO2-O2 (formed from deprotonation of L-fucose at C1-HO1) is 1.97 Å and electron density at its BCPs decreases to 0.0289 a.u.. In addition, the values of electron density at BCPs of H-bonds in the conjugate bases of aldo-pentose decrease as intramolecular H-bond length increases. There is a good correlation between electron density, Laplacian of electron density, H-bond energy, sum of stabilization energy values, and intramolecular H-bond length in the conjugate bases of Deoxy-hexose sugars studied herein (stabilization energy will be explained in NBO analyses in the next section). Figure 4 presents the linear correlation between the values of, , and E(2) with bond length in conjugate bases of L-fucose. Figure 5 presents the linear correlation between electron density , (e/au3), at H-bond BCPs and interaction energyand stabilization energy E(2) in the conjugate bases of D-ribose.
	

	


	

	


	Figure 4. Linear correlation between calculated H-bond length (A°), electron densities  (e/au3) and their Laplacian  (e/au5) at H-bond BCPs,  (kcal.mol-1), and stabilization energy  (kcal.mol-1) in the conjugate bases of L-fucose.








	

	


	Figure 5. Linear correlation between electron density, (e/au3), at H-bond BCPs and the interaction energy  (kcal.mol-1), and stabilization energy, E(2) (kcal.mol-1), in the conjugate bases of D-ribose.



Natural bond orbitals (NBO) analysis 



      The electronic wave functions are interpreted in terms a set of occupied Lewis and a set of unoccupied non-Lewis localized orbitals in the natural bond orbitals (NBO) analysis [51]. This method provides information about the interactions in both filled donor and virtual orbital spaces (empty) that facilitates the analysis of intra-and intermolecular interactions. A second-order perturbation theory analysis of the Fock matrix was carried out to consider all possible interactions between the donor-acceptor orbitals and their estimated energies. For each donor orbital  and an acceptor orbital , the stabilization energy, E(2) , or the strengths of delocalization interactions is related to the electron delocalization between donor and acceptor , given by following equation: 
	

	
    (3)




where and are NBO orbital energies, and F is the Fock operator [52]. If the stabilization energy E(2) is large, then there is a strong interaction between electron donors and electron acceptors. Formation of H-bond in the conjugate bases of Deoxy-hexose sugars implies that a certain amount of electronic charge is transferred from the proton donor to the proton acceptor as well as a rearrangement of electronic density within each atom occurs. Tables 7 and 8 list charge transfer and stabilization energies, E(2) , for conventional and unconventional intra molecular H-bonds in the conjugate bases of Deoxy-hexoses sugars optimized at B3LYP/6-311++G(d,p) level. These H-bonds involve the electronic charge transfer from LP to BD*; where the LP denotes the lone pairs of the oxygen donor atoms, n(O), and BD* denotes the anti-bonding (H-O) acceptors, δ*,.  
     The highest charge transfers are related to bifurcated intramolecular H-bonds in the conjugate bases of aldo-pentose sugars. The following stabilization energy values, E(2), were found for various bifurcated H-bonds in the conjugate bases of L-arabinose:  for O3…HO1-O1 and O3…HO4-O4 (formed from deprotonation of L-arabinose at C3-HO3),  E(2) = 61.13 kcal.mol-1; for O4…HO2-O2 and O4…HO3-O3 (formed from deprotonation of D-ribose at C4-HO4),  E(2) = 38.65 kcal.mol-1; for O3…HO2-O2 and O3…HO4-O4 (formed from deprotonation of D-ribose at C3-HO3),  E(2) = 24.86 kcal.mol-1; and for O2…HO1-O1 and O2…HO3-O3 (formed from deprotonation of L-lyxose protonated at C2-HO2),   E(2) =28.20 kcal.mol-1. There are good correlations between the delocalization interaction energy and the other parameters obtained by AIM analysis for describing the strength of hydrogen bonding (Figures 4 and 5).
     The orbital interactions For L-arabinose deprotonated at C3-HO3 are nO3→σ*(HO1-O1) and nO3→σ*(HO4-O4) with   E(2) =61.13 kcal.mol-1; and for D-ribose deprotonated at C4-HO4, they are nO4→σ*(HO2-O2), nO4→σ*(HO3-O3) with  E(2) =38.65 kcal.mol-1. The highest stabilization energy E(2) corresponds to the orbital interaction of nO4→σ*(HO3-O3) in L-fucose deprotonated at C4-HO4 with E(2)=17.46 kcal.mol-1; and nO2→σ*(HO3-O3) in L-rhamnose deprotonated C2-HO2 with E(2)=14.42 kcal.mol-1. 
    The NBO and AIM results account for stabilization of the conjugate bases of CH3-pentose and aldo-pentose sugars via intramolecular H-bonds, which make them more acidic than normal alcohols containing just one OH group. 






	Table 7. The second-order perturbation energies E(2) (kcal.mol-1), corresponding to the most important charge transfer interactions (donor→acceptor) in the conjugate bases of CH3-pentose at B3LYP/6-311++G(d,p) level. 

	CH3-pentose
	Conjugate base
	Charge transfer
	E(2)
	 E(2)
	a Total  E(2)

	
	
	
Donor ()   
	
  acceptor ()
	
	
	

	



L-fucose
	C1-HO1
	n (2)O1→σ*(HO2-O2)
	1.88
	1.88
	1.88

	
	
C2-HO2
	n (1)O2→σ*(HO1-O1)
	0.61
	
10.19
	
10.19

	
	
	n (2)O2→σ*(HO1-O1)
	0.56
	
	

	
	
	n (3)O2→σ*(HO1-O1)
	9.02
	
	

	
	
C3-HO3
	n (1)O3→σ*(HO4-O4)
	0.55
	
9.06
	
9.06

	
	
	n (2)O3→σ*(HO4-O4)
	0.57
	
	

	
	
	n (3)O3→σ*(HO4-O4)
	7.94
	
	

	
	
C4-HO4
	n (1)O4→σ*(HO3-O3)
	1.56
	
17.46
	
17.46

	
	
	n (2)O4→σ*(HO3-O3)
	15.90
	
	

	
	
	n (2)O3→σ*(H2-C6)
	0.50
	0.50
	

	


L-rhamnose
	
C1-HO1
	n (1) O5→σ*(HO2-O2)
	0.52
	
4.21
	
4.21

	
	
	n (2)O5→σ*(HO2-O2)
	3.69
	
	

	
	
C2-HO2
	n (1)O2→σ*(HO3-O3)
	1.43
	
14.42
	
14.42

	
	
	n (3)O2→σ*(HO3-O3)
	12.99
	
	

	
	
	n (3)O3→σ*(H3-C6)
	0.84
	0.84
	

	
	
C3-HO3
	n (1)O3→σ*(HO2-O2)
	0.52
	
8.60
	
8.60

	
	
	n (2)O3→σ*(HO2-O2)
	8.08
	
	

	
	C4-HO4
	n (3) O4→σ*(HO3-O3)
	8.31
	8.31
	8.31

	aThe total is the total charge transfer stabilization energies for each sugar.













	Table 8. The second-order perturbation energies E(2) (kcal.mol-1), corresponding to the most important charge transfer interactions (donor→acceptor) in the conjugate bases of aldo-pentose sugars at B3LYP/6-311++G(d,p) level.

	Aldo-pentose
	Conjugate  base
	Charge transfer
	    E(2)
	   E(2)
	b Total  E(2)

	
	
	 Donor (i)
	 Acceptor ( j)
	
	
	

	
D-xylose

	C2-HO2
	n (3)O2→σ*(HO3-O3)
	4.06
	4.06
	4.06

	
	C3-HO3
	n (3)O3→σ*(HO2-O2)
	4.58
	4.58
	4.58

	
	C4-HO4
	n (3)O4→σ*(HO3-O3)
	6.72
	6.72
	6.72

	

D-lyxose

	
C1-HO1
	n (1)O1→σ*(HO2-O2)
	1.96
	
18.18
	
19.61

	
	
	n (2)O1→σ*(HO2-O2)
	16.52
	
	

	
	
	n (1)O2→σ*(HO3-O3)
	1.13
	1.13
	

	
	
C2-HO2
	n (1) O2→σ*(HO1-O1)
	2.36
	
16.26
	

28.2

	
	
	n (3) O2→σ*(HO1-O1)
	13.90
	
	

	
	
	n (1)O2→σ*(HO3-O3)
	1.85
	
12.3
	

	
	
	n (1)O2→σ*(HO3-O3)
	10.51
	
	

	
	
C3-HO3
	n (1)O2→σ*(HO1-O1)
	1.34
	
15.3
	
16.67

	
	
	n (2)O2→σ*(HO1-O1)
	14.00
	
	

	
	
	n (1)O3→σ*(HO2-O2)
	1.33
	1.33
	

	
	C4-HO4
	n (3)O4→σ*(HO3-O3)
	7.69
	7.69
	7.69

	D-ribose
	C1-HO1
	n (2) O2→σ*(HO3-O3)
	1.82
	2.68
	2.68

	
	
	n (1) O3→σ*(HO4-O4)
	0.86
	
	

	
	C2-HO2
	n (1) O2→σ*(HO3-O3)
	1.29
	14.64
	15.67

	
	
	n (3) O2→σ*(HO3-O3)
	13.35
	
	

	
	
	n (1)O3→σ*(HO4-O4)
	1.03
	1.03
	

	
	C3-HO3
	n (1)O3→σ*(HO2-O2)
	1.55
	12.15
	24.86

	
	
	n (3)O3→σ*(HO2-O2)
	10.60
	
	

	
	
	n (1)O3→σ*(HO4-O4)
	1.66
	12.71
	

	
	
	n (3)O3→σ*(HO4-O4)
	11.05
	
	

	
	C4-HO4
	n (1)O4→σ*(HO2-O2)
	4.17
	33.68
	38.65

	
	
	n (2)O4→σ*(HO2-O2)
	0.60
	
	

	
	
	n (3)O4→σ*(HO2-O2)
	28.91
	
	

	
	
	n (2)O4→σ*(HO3-O3)
	4.97
	4.97
	

	

L-arabinose

	C2-HO2
	n (2)O2→σ*(HO3-O3)
	2.06
	2.06
	2.06

	
	


C3-HO3
	n (1)O3→σ*(HO1-O1)
	6.09
	
51.97
	

61.13

	
	
	n (2)O3→σ*(HO1-O1)
	0.86
	
	

	
	
	n (3)O3→σ*(HO1-O1)
	45.02
	
	

	
	
	n (1)O3→σ*(HO4-O4)
	1.04
	
9.16
	

	
	
	n (2)O3→σ*(HO4-O4)
	6.84
	
	

	
	
	n (3)O3→σ*(HO4-O4)
	1.28
	
	

	
	C4-HO4
	n (1)O4→σ*(HO3-O3)
	2.84
	29.36
	
41.68

	
	
	n (3)O4→σ*(HO3-O3)
	26.52
	
	

	
	
	n (1)O3→σ*(HO1-O1)
	1.33
	12.32
	

	
	
	n (3) O3→σ*(HO1-O1)
	10.99
	
	

	a For D-ribose in neutral:          
	n (2)O4→σ*(HO2-O2)
	2.41
	2.41
	2.41

	 bThe total is the total charge transfer stabilization energies for each sugar.     






Conclusion


      Theoretical analysis was performed to explore the influence of H-bond on acidity of Deoxy-hexose sugars including CH3-pentose and aldo-pentose sugars. The results of the calculation reveal that acidity in the Deoxy-hexose sugars significantly depend on their OH groups orientation (equatorial and axial position) and the nature and strength of H-bonds in their conjugate bases. The axial OH groups in aldo-pentose were found to be more acidic than the equatorial OH groups in CH3-pentose sugars. Compared to aldo-pentose sugars, methy-pentose sugars are less acidic due to existent of CH3 group on C5. It was found that these sugars are more acidic than normal alcohols such as ethanol and propanol because their conjugate bases are stabilized through intramolecular H-bonds. Thus, the nature of these H-bond interactions was analyzed by means of the natural bonding orbital (NBO) and quantum theory atoms in molecules (QTAIM) approaches. Analysis of the electron density in methy-pentose reveals the existence O-H…O and C-H..O intramolecular hydrogen bonds in methyl-pentose sugars. Also, the results indicated the presence of two types of intramolecular (normal and bifurcated) H-bonds in the conjugate bases of Deoxy-hexoses sugars. The conjugate bases of D-ribose, L-lyxose and L-arabinose show bifurcated intramolecular H-bonds; in contrast, those of other sugars indicate only normal H-bonds. It was shown that intramolecular H-bonds are electrostatic (closed-shell) interactions in the conjugate bases of Deoxy-hexoes sugars due to at BCPs of H-bond. Although, depending on the  signs, some sugars are partially covalent-partially electrostatic and some are van der Waals interaction in nature. 
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