An Instructive Update of Fischer’s Strategy for Assigning Configurations in Linear Aldohexoses
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ABSTRACT 

	The double salt with Na+ and Rb+ of (+)-tartaric acid made it more seeable by X rays diffraction. Three successive chain shortening of linear aldohexoses produces either D- or L-glyceraldehyde. Those giving D-glyceraldehyde, produces D-erythrose or D-threose by two successive chain shortening, and in this way the configuration of C-4 relative to C-5 is disclosed. Analysis of products of Malaprade oxidation cleavage of 1,2-5,6-di-O-isopropylidene hexitols indicates the configuration of C-2 relative to C-5. A similar result for C3 and C4 as a whole is obtained by isopropylidenation to 1,2-3,4-5,6-tri-O-isopropylidene hexitols, regioselective removing of terminal isopropylidene residues, oxidation cleavage and reducing; C3 and C4 are recovered as isomers of 2,3-O-isopropylidene tetritol, and the configuration of C-4 is cleared by two independent paths. Chain shortening followed by ends equalization, and optical activity measuring, is a versatile method for discerning between symmetrical, irrechi (configurational) and constitutional monosaccharides. Correlation of the results of the above essays unequivocally discloses the structure of all lineary isomeric hexitols and aldohexoses.
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1. INTRODUCTION

Crystallization of the double salt of sodium and ammonium of a racemic tartaric acid, led Pasteur (1848) to two different types of crystals. He separated and solved them in water. By using a polarimeter, he found out that one of the two solutions was dextrorotary and the other levorotary, (+)- and (‒)-tartaric acid, respectively.
[bookmark: _GoBack]About two decades later, van’t Hoff (1874) and Le Bel (1874) elaborated their postulate concerning the tetrahedral carbon. This postulate states that the valences of the carbon atom are directed according to the axes of a regular tetrahedron, and a carbon atom linked to four different substituents is an asymmetric entity, the simplest chiral construction. Van’t Hoff recounted that a contemplation of dichloromethane led him to this hypothesis: he reasoned that a plane structure of the latter would produce two disubstituted isomers, while only one form of dichloromethane was known. Chemical communications of van’t Hoff with J. Wislicenus (1873), when the latter was involved in the chemistry of lactic acid, precissely contributed to the appearance and development of tetrahedral model. Moreover, van’t Hoff constructed molecular models based on tetrahedrons which unequivocally represented every chiral carbon atom. (Dots and wedges models of today come from Van’t Hoff’s models) (Iga, 2018). Works of van’t Hoff evidenced a scientific and philosophical dilemma, if not a veritable crisis of chemistry, valid for all pairs of enantiomers of micro molecular organic compounds: which model to which isomer should be associated. This dilemma could not be solved by chemical methods (Bijvoet et al., 1951).
This hypothesis of van’t Hoff and Le Bel transcended in a veritable theory, due especially to the works of E. Fischer (1891, 1893 1894) and J. Wislicenus (1873, 1888). Fischer prepared the most isomers and derivatives of lineary aldohexoses ‒ hexitols, onic, uronic and aldaric acids, and applied van’t Hoff and Le Bel’s hypothesis by interpreting monosaccharides structure and their isomerism (Fischer, 1891, 1894).
Other scholars fully justified the atomic model of van’t Hoff and Le Bel. The image of diamond discovered by Bragg and Bragg (1913) by X rays diffraction appeared as an endless lattice of regular tetrahedrons whose apices were C atoms. Pauling (1928, 1931) explained this model in mathematical-physical terms by using a concept taken from biology, hybridization of orbitals. Pauling demonstrated that by mixing three p orbitals, each having two lobes and being perpendicular to one another, with a spherical s orbital, four hybrid sp3 orbitals are obtained, that are identical and oriented along the axes of a regular tetrahedron.
Chain-shortening means elimination of a C-unit from a molecule but keeping the defining functional groups. Wohl (1893) and Ruff (1901) independently developed and applied such methods to monosaccharides. Greater yields have been obtained by improving their methods (Hockett, 1935; Lake and Glattfeld, 1944). There are three publications in chemical literature, and the only their common author is H. O. L. Fischer (Baer and Fischer, 1939; Rubin et al., 1952). As partially indicated previously (Iga, 2018), their ideas and content could constitute the best foundation and justification, still without authors’ knowledge, for an updating of E. Fischer’s approach.
In this paper, an updating of Fischer’s strategy concerning elucidation of configuration of chiral carbons of linear aldohexoses, is presented. Instead of chain elongation, used by Fischer as Fischer-Kiliani synthesis, chain shortening was preferred. Fischer’s ends equalization reactions plus optical activity determination, has stressed his unmovable belief in the unity of structure and physical-chemical properties. When Kiliani studied L-arabinitol, he concluded this compound is devoid of optical activity, since he measured zero value for this parameter (Kiliani, 1887). But Fischer, having in mind the structure of L-arabinitol, insisted to find out a defined value of optical activity, and he succeeded by adding an optical activity enhancer, borax (Fischer and Stahel, 1891). However, in case of xylitol they found zero value both in the absence and presence of borax. 


2. PHYSICAL-CHEMICAL PROCEDURES AND RESULTS

The presence of two different ions, Na+ and Rb+, attached to the dianion of (+)-tartaric acid (Bijvoet et al., 1951) (Fig. 1, A), made the two carboxyl groups distinguishable. Hence, the structure of this acid has been elucidated as (2R,3R)-(+)- or L-(+)-2,3-dihydroxy succinic acid [(+)-tartaric acid] (Fig. 1, B, C, D). Removing of a carboxyl group of (+)-tartaric acid gives (S)-(–)- or L-(–)- glyceraldehyde (Klyne and Buckingham, 1978) (Fig. 2). In the virtue of enantiomorphism law, the configuration of chiral carbons of (–)-tartaric acid [(2S,3S)-(‒)- or L-(‒)-2,3-dihydroxy succinic acid] (Fig. 1, E, F, G) and (+)-glyceraldehyde 



Figure 1. Structural models assigned by Bijvoet et al., (1951) to L-(+)-tartaric acid (A, B, C, D) and D-(–)-tartaric acid (E, F, G). 
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Figure 2. Relationships of L-(+)-tartaric acid with L-(–)-glyceraldehyde and of D-(–)-tartaric acid with D-(+)-glyceraldehyde, respectively, either by chain shortening or by chain lengthening.



Figure 3. Half of aldohexoses give D-(+)-glyceraldehyde, and the other half, D-(‒)-glyceraldehyde, by three successive chain shortening.




Figure 4. Some D-aldohexoses give D-erythrose, other D-threose, by two successive chain shortening.
became also known. In fact, the isomers of tartaric acid and the isomers of glyceraldehyde are linked both by chain lengthening and chain shortening (Malaprade, 1928a, b; Jäger and Wehner, 1989). Based on these results the structure of many thousands of optically active compounds became accessible (Klyne and Buckingham, 1978).
Chain lengthening (Kiliani, 1987), as well as its complementary transformation, chain shortening (Wohl, 1893; Ruff, 1898; Hocket 1935a, b; Lake and Glattfeld, 1944), had the role to establish homologous series within monosaccharides. Moreover, the two techniques have had important preparative effects. Chain shortening allows stepwise removing of a C atom at a time from the monosaccharide molecule, but keeping the defining functional groups. Three successive chain shortening applied on the 16 isomers of lineary aldohexoses gave either (+)-glyceraldehyde (eight of them, 1a-8a) or (‒)-glyceraldehyde (the other eight, 1b-8b) (Fig. 3). The former are considered D series, and the latter, L-series. Two successive chain shortening applied on the aldohexoses of  the D-series produced D-erythrose (1a,4a,5a,7a) or D-threose (2a,3a,6a,8a). By these transformations, the configuration of C-4 relative to C-5 is determined (Fig. 4).
A hexitol can alternatively bind, in function of reaction conditions, two (Baer and Fischer, 1939a, b) or three (Rubin et al., 1952; Rong et al., 2014) residues of isopropylidene (Ipd). Malaprade oxidation of di-Ipd derivatives gives either 2,3-O-Ipd-L-glyceraldehyde and 2,3-O-Ipd-D-glyceraldehyde 1:1 or two moles of 2,3-O-Ipd-D-glyceraldehyde (Fig. 5). The results of these cleavage showed the relative configuration of C-2 to C-5. The latter alternative especially, has been used to the synthesis of glycerophospholipids and glycoglycerolipids (Mannock et al., 1987). However, the remarkable instructive value of this reaction has been noticed only recently (Iga, 2018, 2024). Isopropylidenation of hexitols in suitable conditions (Rubin et al., 1952; Rong et al., 2014) produces 1,2-3,4-5,6-tri-O-Ipd hexitol (Fig. 6). Then terminal Ipd residues are selectively removed, and 3,4-O-Ipd hexitol is submitted to Malaprade oxidation, reduced, and the product characterized as 2,3-O-Ipd tetritol isomer. This system of reactions indicated the configuration of C-3 relative to C-4. Moreover, the configuration of C-4 has been elucidated by two independent paths, and determined a correct insertion of C-3-C-4 fragment in the molecule. The products of the latter four essays are included in Table 1 and Fig. 7 (referred to 3, i.e. D-galactose), and of these products, the structure of the eight aldohexoses of the D series can unequivocally be known.
Cleavage of di-Ipd derivative of 1a leads to two moles of 2,3-O-Ipd-D-glyceraldehyde, and this indicates that hydroxyl group of C-2 is to the left and of C-5 is to the right, when carbonyl group is upward. D-Erythrose, produced of 1a by two successive chain shortening, shows the configuration of C-4 relative to C-5. Production of 2,3-O-Ipd-D-threitol from 1a, by tri-Ipd essay, also discloses configuration of C-4 and moreover the mode of insertion of C-3-C-4 fragment within the aldohexose molecule. Hence 1a is D-mannose (compare to D-galactose of Fig. 7). By a similar reasoning, the structure of 1a-8a aldohexoses can be elucidated, and by the virtue of enantiomorphism law, also the structure of 1b-8b aldohexoses.
Reduction of the 16 aldohexoses gives 10 hexitols ‒ 1'a; 2'a; 3’a,3’b; 4'a,4'b; 5'a,6'b; 6'a,5'b; 7'a,8'a; 8'b,7'b; 1'b; 2'b ‒ as van’t Hoff (1874) predicted, and Fischer (1891) demonstrated (Fig. 8) (two letters in their name means that they can originate of two different monosaccharides).
Fischer and Hirschberger (1888) remarked that a chiral hexitol, mannitol (Fig. 9), gave only one molecule of aldohexose, D-mannose, by kinetic oxidation with nitric acid. They concluded from this experiment that D-mannitol molecule is formed of two identical halves. In fact, four structure satisfy this criterion: D- and L-mannitol and D- and L-iditol. The latter two are excluded since iditol cannot produce meso-tartaric acid by oxidation. Fischer selected D-mannose by pure intuition. Our argument today is that the aldohexose produced by partial oxidation of natural mannitol gives (+)-glyceraldehyde by three successive chain shortening. On the other hand they found out that D-mannose and D- 


Figure 5. Di-O-Ipd hexitols of D-aldohexoses produce 2,3-O-Ipd-L-glyceraldehyde plus 2,3-O-Ipd-D-glyceraldehyde or 2x2,3-O-Ipd-D-glyceraldehyde, by reduction, di-O-isopropylidenation and Malaprade oxidation.



Figure 6. Configuration of C-3 and C-4 unitedly is inferred by reduction, tri-isopropylidenation, removing of terminal Ipd residues, Malaprade oxidation and reduction.

Table 1. Products of essays applied on monosaccharides, aldohexoses and their derivatives.

	Monosac-
charide
	Product(s) of
	Monosaccharide
structure


	
	Di-O-Ipd essay
	Two chain
shortening
	Tri-O-Ipd
essay
	

	(1a)
	2x(2,3-O-Ipd-D-glyceraldehyde)
	D-Erythrose
	2,3-O-Ipd-D-threitol
	D-Mannose

	(2a)
	2x(2,3-O-Ipd-D-glyceraldehyde)
	D-Threose
	2,3-O-Ipd-L-threitol
	D-Idose

	(3a)
	2,3-O-Ipd-L-glyceraldehyde +
2,3-O-Ipd-D-glyceraldehyde
	D-Threose
	2,3-O-Ipd-erythritol
	D-Galactose

	(4a)
	2,3-O-Ipd-L-glyceraldehyde +
2,3-O-Ipd-D-glyceraldehyde
	D-Erythrose
	2,3-O-Ipd-erythritol
	D-Allose

	(5a)
	2,3-O-Ipd-L-glyceraldehyde +
2,3-O-Ipd-D-glyceraldehyde
	D-Erythrose
	2,3-O-Ipd-D-threitol

	D-Glucose


	(6a)
	2,3-O-Ipd-L-glyceraldehyde +
2,3-O-Ipd-D-glyceraldehyde
	D-Threose
	2,3-O-Ipd-L-threitol
	D-Gulose

	(7a)
	2x(2,3-O-Ipd-D-glyceraldehyde)
	D-Erythrose
	2,3-O-Ipd-erythritol
	D-Altrose

	(8a)
	2x(2,3-O-Ipd-D-glyceraldehyde)
	D-Threose
	2,3-O-Ipd-erythritol
	D-Talose






Figure 7. Exemplary oxido-reduction cleavage of aldohexoses and their derivatives.



Figure 8. Hexitols produced by reduction of aldohexoses.
 


Figure 9. The shortest shortcut ever met ‒ from molecular formulae to structures as D-mannitol, D-mannose, D-glucose.

glucose give different phenylhydrazones, but the same osazone (Fischer and Hirschberger, 1889). Hence, they are epimeric at C-2, and their structure is obvious (Fig. 9). This is probably the shortest shortcut ever met, and it is due exclusively to E. Fischer and  his team.
A natural analog to 3,4-O-Ipd hexitol (Fig. 6), i.e. D-galactitol 3’R,4’S-cinnamicacetal, has been discovered in the dried tender stems of Cinnamomum cassia. This acetal has been synthesized by the aldolization of cinnamic aldehyde and D-galactitol (Fig. 10) (Liu et al., 2009).




Figure 10. Biochemical transformation of a meso homodimer in a meso heterodimer.

Hexitols with lineary molecules submit to the rules of systematization elaborated for micromolecular organic compounds (Iga, 2025). D- And L-Mannitol, D- and L-iditol are C2 symmetrical, and their molecule is formed of two identical chiral halves. Of this reason, all these hexitols give only one aldohexose, respectively, by their partial, kinetically checked, oxidation (Fischer and Hirschberger, 1888, 1889; Fischer and Fay, 1895). And this was the first reaction of desymmetrization of a C2 symm. compound, and the first desymmetrization in chemistry.  Although the first examples of C2 symm. molecules were the two enantiomeric tartaric acids separated by Pasteur (1848) from a racemic mixture, its experimental demonstration came later (Fischer, 1896). By (partially) reducing (+)-tartaric acid to D-malic acid, a unique product was obtained. Had he worked on (‒)-tartaric acid one unique isomer, L-malic acid, was produced, while meso-tartaric acid gave a racemic mixture of D- and L-malic.
Galactitol, allitol and their -aric acids are meso isomers (Fischer, 1891; Iga, 2024). The first meso isomer, meso-tartaric acid, was discovered by Pasteur (1853). Concerning these compounds, Fischer and Hertz (1892) made the following experiment: they reduced a typical meso isomer, galactaric acid, to galactonic acid. As expected, the product was a racemic mixture, and by crystalization as strycnine salts, they separated the enantiomeric components, (+)- and (‒)-galactonic acids. By this reaction of desymmetrization, Fischer and Hertz externalized an internal state of symmetry, and proved that meso isomers has a molecule formed of two enantiomeric, chiral, halves (Iga, 2024).
The other four hexitols ‒ D-glucitol (L-gulitol), D-gulitol (L-glucitol), D-altritol (D-talitol), L-talitol (L-altritol) ‒ are irrechi (configurational) (Iga, 2025).  These hexitols have the same skeleton as those symmetrical. However, their chiral carbons are distributed otherwise in their molecules (irregular distribution of chiral carbons). Partial oxidation of these hexitols, constantly produces two monosaccharides, e.g. D-glucitol (L-gulitol) gives D-glucose and L-gulose, etc.
In nature there are yet another type (molding) of isomers, constitutional ones. They have been redefined in this way: compounds devoid of chemical elements of symmetry, and whose molecular formula is able to produce at least one meso isomer are constitutional (Iga, 2025). Usually, they are much more numerous than all the former types taken together. Hexitols are probably an exception from this rule, since they know only one constit. isomer, hamamelitol (Beck et al., 1971; Thanbichler and Beck, 1974).
Compounds whose molecular formula is unable to produce a meso isomer have been defined as archaic (primitive) (Iga, 2024, 2025). By linkage to other atoms their status can be improved.
Increasing of the number of isomers with molecular formula is even faster than exponential equation. Schmidt (1986) and Laine (1994) independently calculated that the number of isomers of hexasaccharides generated by aldo hexoses is 1.05 x 1012 isomers. However, the number of relevant types (moldings) remains four, according to our opinion: meso, C2 symmetrical, irrechi, constitutional.
For the first time probably in science one had to operate with number bigger than Avogadro’s number. To alkanes, Fujita (2007) presented 100 chemical multitudes, every corresponding to a molecular formula (MF), from C1 to C100.
MFs give rise to a large variety of numbers of isomers, from one or two or three entities to a dozen of Avogadro’s number, and even more. Development of the content of a MF constitutes a spectacular phenomenon, a real big bang (Levinton, 1992) of micro molecular organic compounds. Fujita (2007) enumerated over  three billion (3.344.714.436) isomers to MF C27H56. 
MF C59 produces about 2.66 Avogadro’s number of entities. One wonders if any other science could equalize chemistry by possesing such a concentrated symbolization. 
On the other hand, although isomers of the same MF are not interchangeable by the known chemical rules, we can imagine that they are all equivalent, interconvertible and reducible to one of them, and finally to their MF, but never to zero, in the virtue of laws of matter conservation. This constitutes an example of reversible volatility or a reversibility of the big bang of micro molecular organic compounds, and it applies to all multitudes (Iga, 2025).

3. CONCLUSION
                       
Persistent improving of teaching process is dependent not only of the personal qualities of the teaching people but also on the knowledge of scientific and technical progress of a field. Shortening chain, followed by ends equalization, is a good strategy to distinguish between symmetric, irrechi and constit. Isomers. Shortening chain proves relative configuration, e.g. C-4 to C-5. Di-ipd and tri-ipd essays indicate configuration of C-2 relative to C-5 and configuration of C-3 relative to C-4, respectively. Configuration of C-4 is established by two independent paths.
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