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ABSTRACT: The present study discloses for the first time
furanose structures in imines derived from 2-amino-2-deoxyaldo-
ses, thus assessing the anomeric equilibria. In DMSO solution,
imines derived from D-galactosamine, [(2R,3R,4R,5R,6R)-3-amino-
6-hydroxymethyltetrahydropyran-2,4,5-triol], exist in equilibrium
between α and β anomers of the corresponding pyranose and
furanose forms. In parallel analogy to glycoimines existing
exclusively in pyranoid structures, β-anomers are extensively
favored, a bias that can now be ascribed with confidence to a
genuine reverse anomeric effect. Specifically, this effect describes a
conformational preference opposite to the anomeric effect, thereby
implying a destabilization of the axial anomer (α-anomer) together
with pure steric effects. As extensively detailed throughout this paper by experimental and computational methods, the core
argument is the existence, in both α-pyranose and α-furanose imines, of an intramolecular hydrogen bond between the anomeric
hydroxyl and the nitrogen atom that inhibits the exo-anomeric effect. Moreover, solvation may synergistically reinforce this inhibition
of the exo-anomeric effect, thus favoring the predominance of the β-anomer.

■ INTRODUCTION AND BACKGROUND
Among aldohexoses, galactose exhibits a unique and distinctive
behavior, as its five-membered furanose ring may be a dominant
structural motif in numerous living organisms, especially
bacteria, fungi, protozoa and plants.1 Gram-negative bacteria
possess an outer lipopolysaccharide (LPS) membrane that lies
outside the peptidoglycan wall. The LPS layer has antigens
containing sugars in the furanose form. D-Galactofuranose is
arguably the most abundant furanose-sugar present in the cell
envelopes of Escherichia coli, Mycobacterium tuberculosis,
Klebsiella pneumoniae, Salmonella typhimurium, or Shigella
dysenteriae.2,3 Furanose residues have likewise been identified
in plant cells and contribute to maintain the rigidity and
impermeability of the cell wall.4 Overall, such a furanose array
constitutes a protective arsenal, which is crucial for bacteria
growth and survival. In fact deletion of the glfA gene,
corresponding to an enzyme required for galactofuranose
biosynthesis in the opportunistic pathogen Aspergillus fumigatus,
rendered the fungus cells less virulent and sensitive to
therapeutic agents.5 Accordingly, while mammalian glycans
incorporate only the pyranose form of galactose, methods to
distinguish between galactopyranose and galactofuranose
isomers of different anomers (either α or β) are relevant for
detecting and identifying the fingerprints present in bacterial
glycans.6 Unlike unsubstituted D-galactose, the presence of other
functional groups, particularly at C-2, should significantly
modify the mutarotational and/or anomerization equilibria
and, in context, the corresponding 2-amino-2-deoxy derivatives

are suitable for modulating stereoelectronic effects capable of
altering isomer populations.
Although the first imines derived from 2-amino-2-deoxy-

aldoses were reported at the dawn of the 20th century (Scheme
1),7 imines (3, 4) derived from D-glucosamine (1) and D-
galactosamine (2) were isolated later from hydrolyzed
polysaccharides of egg albumin,8 cultures of Bacteria dysenter-
iae,9 β-heparin,10 as well as from Streptomyces strains.11 Such
transformations represent suitable methods for isolating

Received: April 2, 2025
Revised: August 18, 2025
Accepted: September 8, 2025
Published: September 17, 2025

Scheme 1. Short Syntheses of Imines Derived from
Unprotected 2-Amino-2-deoxyaldoses
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compounds 1 and 2 from complex reaction mixtures of either
synthetic or natural origin.
Other authors,9 while investigating the formation of Schiff

bases, were able to isolate small amounts of D-glucosamine and
D-galactosamine, and concluded that imines 5−9, derived from
p-nitrobenzaldehyde, p-nitrocinnamaldehyde, 2-hydroxy-1-
naphthaldehyde, and 4-hydroxy-3-methoxy-benzaldehyde, re-
spectively, were the most appropriate derivatives for the
isolation and characterization of D-galactosamine from complex
mixtures without interfering with the presence of other
carbohydrates or amino acids. 2-Hydroxy-1-naphthaldehyde
derivatives were the most insoluble compounds and enabled the
isolation of up to 30 mg of free D-galactosamine.

The anisal derivative of D-galactosamine (10) was synthesized
and characterized during studies aimed at elucidating the
structure of β-heparin,10 which differs from standard heparin,
also called α-heparin, by the presence of D-galactosamine instead
of D-glucosamine. Between 1952 and 1961, other groups12,13

used Schiff bases from 2-hydroxy-1-naphthaldehyde to charac-
terize various mono-, di-, and trimethyl derivatives of D-
galactosamine (11−17), albeit the only valuable structural
data reported were their optical rotation and the existence of
mutarotation.

In contrast, the reaction of 2-amino-2-deoxy-D-galactose (2)
with acetylacetone leads to a pyrrole derivative (19) through the
intermediacy of enamine 18.14 However, it was found15 that
compound 2 condensed with two molecules of acetylacetone.
The first reaction takes place with the amino group and then, the
resulting product undergoes aldehydic condensation with a
secondmolecule of acetylacetone. The product in question, 1-C-
(1-acetylacetonyl)-2-deoxy-2-(1-methyl-3-oxo-but-1-enyl)-
amino-D-galactitol (20) shows the properties of both enamine
and diketone side chains.

More recently, compound 21 (6 crystallizes as its β-anomer)
has been employed to synthesize 1,3,4,6-tetra-O-acetyl-2-
amino-2-deoxy-β-D-galactopyranose (23) through its per-O-
acetyl imine 22.16 Likewise, the α-anomer 26 has been obtained
via the enamine derivative 24, generated by reaction of 2 with
diethyl ethoxymethylene malonate, the latter being a synthetic
equivalent of an aldehyde, i.e., diethyl formylmalonate (Scheme
2).16

Although the chemistry of 1 has been extensively explored,17

this does not apply to the imines of D-galactosamine (2), for
which neither a comprehensive study nor the origin of
mutarotational equilibria (Scheme 3) have been reported so
far. We have recently shown that arylimines derived from 1 do
actually exhibit a true reverse anomeric effect (RAE), despite the
controversy surrounding this concept (vide infra), whose
magnitude can be as intense as that of the endo-anomeric
effect.18a The existence of this RAE can now be disconnected
from purely steric arguments, and involves the combined

Scheme 2. Complementary Routes to O-Acyl Anomers of Protected Galactosaminea

aReagents: (i) PhCH = CHCHO, NaHCO3; (ii) Ac2O, C5H5N; (iii) 5 M HCl(aq), CH3COCH3; (iv) EtOCH = C(CO2Et)2, Et3N; (v) Br2, H2O,
CHCl3.

Scheme 3. Structural Conjectures Accounting for
Mutarotation in Aminosugar Imines
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inhibition of the exo-anomeric effect in the α-anomer along with
solvent effects.
The present study sheds light into the mutarotation equilibria

of imines derived from D-galactosamine (2) and the RAE shown
by pyranoside and furanoside structures, which is quantified for
the first time. As noted in the introductory paragraph, the
thermodynamically less stable galactofuranose form is essential
for the viability of some pathogens and their glycans are
therefore potential targets for drug action.19

■ RESULTS AND DISCUSSION
Syntheses and Structural Elucidation. The direct

condensation of 2-amino-2-deoxy-α-D-galactopyranose hydro-
chloride (2) with cinnamaldehyde and other substituted
benzaldehydes in aqueous solution under alkaline conditions,
proceeds quickly at room temperature to afford the correspond-
ing Schiff bases as solid products. Thus, compound 21 and a
series of 2-(arylmethylidene)amino-2-deoxy-β-D-galactopyrano-
ses (27−31) could easily be obtained. As we shall see later, and
like in the case of 6, the crystalline material isolated for imines 9
and 10 correspond to their β-anomers 27 and 28, respectively.

Likewise, condensations of 2 with some polyaromatic
aldehydes, namely 1-naphthaldehyde, 4-methoxy-1-naphthalde-
hyde, 2-naphthaldehyde, 9-anthracenealdehyde and 9-phenan-
threne aldehyde, gave rise to the corresponding imines 32−36,
all having β-configuration at the anomeric position.

Such bulky derivatives will allow us to evaluate the influence of
steric or hydrophobic effects, if any, caused by the iminic
substituent on the anomeric equilibrium. In contrast, these
effects would be reduced in the cinnamylidene derivative 21,
where the aromatic ring and the sugar moiety are interconnected
by a vinylene spacer, the latter enabling however the propagation
of substituent electronic effects.
The structures attributed to the above-mentioned Schiff bases

are consistent with their spectroscopic data and elemental
analyses (Tables S1−S3). That compounds 21 and 27−36 do
actually exist as β-anomers can be inferred from their J1,2
coupling constants having a value of 7−8 Hz, consistent with
an antiperiplanar relationship between theH-1 andH-2 protons,
i.e. the OH group adopts an equatorial disposition at the
anomeric carbon. Moreover, the constant between the anomeric
hydrogen and carbon atoms (1J), as measured in the coupled 13C
NMR spectra, is ∼160 Hz. Early studies by Bock and
Pedersen20,21 have shown the diagnostic value of that anomeric

constant in pyranose rings as axial protons (β-anomers) have
consistently lower values (by ∼10 Hz) than those found for α-
anomers (i.e., equatorial proton). For D-galactosamine deriva-
tives, the α-anomers show 1JC1−H1 values close to 170 Hz, which
decrease at ∼160 Hz in their β-counterparts. In all cases, imines
21 and 27−36 exhibit constants indicative of β-configurations at
the anomeric position.20,22

The H-2 proton is usually the most shielded signal appearing
at ∼3.1−3.3 ppm with the sole exception of the anthracenyl
derivative 35, deshielded by ∼0.3 ppm. Moreover, the iminic
proton is shifted downfield by ∼0.6−1 ppm. Such variations are
not observed in phenanthrene 36 which behaves like the
naphthalene derivatives 32−34. These variations should be
ascribed to conformational orientations of the anthracene ring
causing a significant deshielding on the H-2 and CH=N protons.
The phenanthrene nucleus adopts however an analogous
disposition to the one found for naphthalene rings (Figure 1).

The low values found for J3,4 (∼3.5 Hz) and J4,5 (0 Hz)
coupling constants also agree with a D-galacto configuration plus
4C1 conformation of the pyranose ring. In addition, the
galactopyranose structure attributed to imines 27, 28, and 29
could further be confirmed by preparing the corresponding per-
O-acetylderivatives (37−39), isolated in good yields, by reaction
with acetic anhydride and pyridine at room temperature. NMR
spectra showed the existence of another side product during the
acetylation of compounds 27 and 29. Accordingly, pure samples
of 37 and 38 were obtained after fractional crystallization.

The structures attributed to 37−39 are fully supported by
their elemental analyses, polarimetric and spectroscopic data.
Again, for comparative purposes, Tables S4−S6 include the
spectroscopic data of compound 22.16 IR spectra show no
absorptions above 3100 cm−1, which confirms the acetylation of
the phenolic OH group in 27. Significant peaks correspond to
stretching bands of the carbonyl group (∼1750 cm−1), the C−
O−C moiety of acetate groups (∼1250 cm−1), and the iminic
C=N bond (∼1650 cm−1). The high values measured for J1,2
coupling constants are also consistent with β-configurations at
the anomeric center, identical to that of parent imines.
Moreover, the solid-state structure of 38 could be unambigu-
ously determined by single-crystal X-ray diffraction (Figure 2
and Table S7).23

Although the synthesis of 38 was accompanied by little
amounts (<5%) of its acetic acid salt 40, the latter could be
removed by crystallization. However, compound 37was isolated
together with significant amounts of its acetate 41 (65:35,
respectively). However, the structures of 40 and 41 are based on

Figure 1. Spatial arrangements of aromatic rings in sugar imines.
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their spectroscopic data. The IR spectrum of a sample
containing 37 and 41 shows absorptions at ∼3260 cm−1,
characteristic of the NH group. The corresponding 1H NMR
spectrum (Figure 3) shows the H-1, H-2, and H-3 protons of 41
shifted more upfield than those of 37 (Δδ ∼ 0.25, 0.1, and 0.2
ppm, respectively). In stark contrast, as a result of protonation,
the H-2 signal appears shifted downfield (Δδ ∼ 0.8 ppm) as
quadruplet, being coupled with the H-1 and H-3 protons, and
the NH signal (J1,2 ∼ J2,3 ∼ J2,NH). The latter appears as doublet
at ∼5.43 ppm, whose identification is confirmed by D2O
exchange; the shift being also concentration-dependent.
Furthermore, 13CNMR data agree with the proposed structures.
TheC-1 signal resonating at 93.0 ppm in compound 41 is almost
coincidental with that of 37 (93.3 ppm). The methyl signal of
the acetate group resonates at ∼23.3 ppm.
The coupling constants measured for 41 are also similar to

those found for 37, thereby proving the existence of a β-
glycopyranose ring (J1,2 ∼ 8.7 Hz for 41) with D-galacto
configuration and 4C1 conformation. In addition, the high values
measured for J2,NH (∼10 Hz) demonstrate that such hydrogen
atoms exhibit an antiperiplanar relationship, which is consistent
with a preferential conformation in solution similar to the one
found for D-glucosamine-based imines18 and that of compound
38 in the solid state (Figure 2). In other words, the planar iminic
functionality is nearly orthogonal (∼90°) to the mean plane of
the pyranoid ring (Figure 4).
The per-O-acetylimines 42−44 could easily be obtained by

conventional acetylation of compounds 33−35. Once again,
their structures are corroborated by elemental analyses and

spectroscopic data (Tables S4−S6), which also confirm the
structures of the starting imines. Compounds 42−44 show large
J1,2 values (∼8Hz), consistent with an equatorial arrangement of
the acetate group. The anthracenyl derivative 44 exhibits rather
downfield shifts for the iminic (ΔδCH=N ∼ 0.8 ppm) and H-2
(ΔδH‑2 ∼ 0.3 ppm) protons, relative to those found in per-O-
acetylimines 37−39, 42, and 43.

Equilibria Involved in Mutarotation. Like other reducing
sugars, the above unprotected imines derived from 2-amino-2-
deoxy-D-galactose exhibit mutarotation; i.e., their optical
rotation in solution changes temporarily to reach ultimately a
constant equilibrium value. As outlined in Scheme 3, the causes
of mutarotation are manifold and may often overlap or mutually
reinforce each other. Regarding the sugar moiety, the origin of
mutarotation can be associated with configurational changes at
the anomeric center and/or variations in ring size. To shed light
into the mutarotational phenomenon, we have performed a
detailed study on the putative equilibria undergone by the Schiff
bases synthesized herein with identification, whenever possible,
of the intermediates involved.
Despite the fact that D-galactosamine-based imines are

structurally related to those of D-glucosamine (differing by
their configurations at the C-4 atom), their behavior in solution
is markedly different.18 Thus, NMR monitoring of imines 27−
36 in DMSO-d6 solution at room temperature show their
equilibration with three additional products as evidenced by the
presence of four signals between 7.8 and 8.5 ppm, characteristic
of the corresponding iminic protons. Likewise, the region
between 6.0 and 6.5 ppm shows four resonances generated by

Figure 2. ORTEP diagram generated by X-ray diffraction analysis of
benzaldehyde derivative 38. Ellipsoids are drawn at 50% probability.

Figure 3. 1H NMR spectrum of a mixture containing 37 (○) and 41 (□) (magnification of the zone between 3.5 and 6 ppm as recorded in CDCl3).

Figure 4. Preferential conformation adopted by compounds 40 and 41
in solution.
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the anomeric hydroxyl groups. Peak integration indicates that
two products are formed in low yield, although the other
amounts up to ca. 25% after equilibration. As a typical example,
Figure 5 shows the evolution of proton signals in the case of
imine 30 on zooming the upfield resonances between 3.0 and 5.4
ppm. Compounds a−d are labeled in decreasing order of relative
abundance.
Also, four signal sets can easily be identified in the

corresponding 13C NMR spectra, as shown in Figure 6 for 29.
It is particularly noteworthy the region between 90 and 105 ppm
showing the four anomeric carbon atoms. Like in Figure 5, the
carbon resonances of individual substances are labeled a−d
showing their relative abundance. As we will see later, these
isomers correspond to the structures of β-pyranose, β-furanose,
α-pyranose and α-furanose isomers, respectively. Table 1
gathers some selected spectroscopic data for such products
arising from Schiff base 29, as well as their relative populations
determined by peak integrations of different proton signals,
according to eq 1:

I I I I I%Sb 100 /( )X X pyr fur pyr fur= · + + + (1)

where the IX terms correspond to the integration values of the
signals corresponding to the different isomers of the Schiff base
(SbX). In addition, Table S8 lists all carbon signals shown in
Figure 6 and their assignment.

As an example, the relative stability of the four pyranose/
furanose and α/β isomers of 29 is given in Table 1 (last column),
calculated using eq 2, where Keq is the equilibrium constant
between two given isomers and in which the values of the gas
constant, R, and the temperature, 27 °C (300 K), have been
introduced. The relative stabilities are referred to the most
abundant isomer (β-pyranose).

G RT K

K

(kcal/mol) ln

0.6 ln

0.6 ln( Sb / pyr )X

eq
X

eq
X

° =

=

= [ ] [ ] (2)

All the imines derived from D-galactosamine exhibit a pattern
similar to the one described for 29, as exemplified by the data
obtained for imine 31 after equilibration (Table S8). Likewise,
the cinnamylidene derivative 21 shows similar trends, thus
evidencing that this behavior does not depend on the iminic
substituent, as the insertion of the vinylene linker between the
imine functionality and the aromatic ring has little or no effect on
the equilibrium, a fact already identified in imines derived from
1.18b

As outlined in Table 2 the relative distribution of products a−
d follows an identical order with small variations ([a] > [b] > [c]
> [d]). However, less reliable data can be inferred from the peak
integration in compounds c and d due to their low-yielding

Figure 5. Top: 1H NMR spectrum of the product mixture generated from compound 30 after equilibration (signals corresponding to individual
substances are labeled a−d). Bottom: magnification of the upfield proton zone.
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formation. Overall, those ratios are accurate enough and show
the consistent formation of the same substances.
A careful spectroscopic analysis allows to identify such

secondary substances formed after equilibration. Thus, com-
pounds a and c most likely correspond to pyranose imines 45
and 46 having either β or α anomeric configurations,
respectively; whereas structures b and d should be furanose
rings (47 and 48) possessing β and α configurations,
respectively, at their anomeric centers (Scheme 4).

The structural elucidation of the major product (a) as 2-
(arylmethylene)amino-2-deoxy-β-D-galactopyranose (45)
could be easily accomplished by its clear-cut spectroscopic
analogy to the starting product. Compound b exhibits a different
shift pattern, which enables the identification of such signals by
both D2O exchange and double resonance experiments. NMR
data are collected in Tables S9−S11. The treatment with D2O
shows that doublet signals at 6.50 and 5.27 ppm correspond to
OH groups, while the triplet centered at 5.21 ppm and the
quadruplet at 4.19 ppm convert into doublet and triplet signals,

Figure 6. Partial view of the 13C resonances obtained from imine 29 at equilibrium. Products a−d are labeled in decreasing order of relative abundance.

Table 1. Selected NMR Data (δ, ppm; J, Hz), Composition and Relative Stabilities (kcal/mol) in Solution of Products Generated
from 29 after Equilibrationa

1H NMRb 13C NMRc

compound CH=N C1−OH JC1H−OH CH=N C-1 populationd (%) ΔG°exp.e

a 8.21 s 6.52 7.0 162.27 96.28 70.4 0.00
b 8.32 s 6.49 6.5 162.27 100.58 24.7 0.63
c 8.33 s 6.12 4.3 162.42 93.50 3.4 1.82
d 8.39 s 6.32 3.5 162.54 97.27 1.5 2.31

aIn DMSO-d6.
bAt 400 MHz. cAt 100 MHz. dProton integration. eFrom eq 2.

Table 2. Populations (%) Measured by Proton NMR Integration in the Equilibrium Mixtures from 21 and 28−36a

compound 21 28 29 30 31 32 33 34 35 36

a 70.1 58.8 70.4 63.7 73.8 63.1 65.6 63.8 81.6 79.2
b 25.2 32.9 24.7 27.5 21.9 27.5 25.6 28.3 12.0 18.6
c 3.5 5.9 3.4 6.9 3.9 7.6 6.8 6.2 4.8 2.0
d 1.2 2.4 1.5 1.9 0.4 1.9 2.0 1.6 1.6 0.2

aIn DMSO-d6 at room temperature.
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respectively. Selective irradiation of the two OH groups
evidence their couplings with signals centered at 5.21 and 4.19
ppm, which correspond to the H-1 and H-3 protons,
respectively. Further DEPT and 2D 1H−13C correlation spectra
enable the unambiguous assignment of all the signals.
The above structural assignment rules out the alternative

formation of products generated by intramolecular cyclization of
the anomeric hydroxyl to the iminic bond. This type of
tautomerism in imines derived from 1,2- and 1,3-aminoalcohols
is well established and has been extensively studied. Thus,
imines derived from 1,2-aminoalcohols lead to five-membered
rings (1,3-oxazolidines),24 whereas those of 1,3-aminoalcohols
generate the corresponding six-membered rings (1,3-oxazi-
nes).24f,i,25 In the present case, one could conjecture the
formation of a bicyclic 1,3-oxazolidine, either trans- or cis-fused
to the pyranoid ring (49 and 50, respectively), or alternatively
cis-fused to the furanoid ring (52). A trans-fused furanoid bicycle
(51) would be significantly strained and less stable than the
aforementioned structures (Scheme 5).18b Nevertheless, the
presence of typical NMR resonances for the iminic bond

(CH=N) at ∼8.3 and ∼162 ppm, together with the absence of
signals at∼5.30−6.0024−27 and∼90−93 ppm,24,26a which are to
be expected for the H-2 and C-2 atoms of the 1,3-oxazolidine
ring, rule out the formation of structures 49−52.
Product b would also be inconsistent with the pyranoid α-

anomer (46) because the anomeric proton resonates at ∼5.2
ppm,26a,28 which deviates from the shift expected for α-
configurations, more shielded than that of the β-anomer (∼4.7
ppm). Moreover, the coupling constant J1,2 shows values at∼5−
6 Hz, which also disagrees with that of α-anomers (∼3.5 Hz).
Lastly, the large value of J3,4 (≥8 Hz) is not compatible with a
gauche relationship between the H-3 and H-4 protons in
pyranose structures of D-galacto configuration and 4C1
conformation.
For compound 28, the anomeric carbon of its byproduct a,

resonating at ∼96.5 ppm, shows a coupling 1JC1,H of ∼157 Hz,
consistent with a β-configuration.20−22 The anomeric signal of
product b shows instead a value for 1JC1,H of 165 Hz. The latter
would agree with an α-configuration at the anomeric center,20,21

albeit the chemical shift at∼101 ppm is rather unusual. It is well-
known that the anomeric carbons in both D-hexopyranoses and
D-pentopyranoses, regardless of their absolute configuration, do
not exceed the standard shift of 98.2 ppm.20,29 On the contrary,
the anomeric carbons of the corresponding furanose rings may
resonate beyond 100 ppm.20 Accordingly, the new products
(53−63), called formerly compounds b, should all have the
structure of 2-(arylmethylene)amino-2-deoxy-β-D-galactofura-
nose (47) and their spectroscopic data are collected in Tables
S9−S11.
A similar behavior has been previously reported for arabinose.

This pentose shows the same relative configurations at the
furanose ring as those of D-galactose or D-galactosamine.
Arabinose does exist preferentially in a pyranose structure,
equilibrated with its furanoid ring nevertheless. The latter
amounts to ca. 3% in aqueous solution and up to 33% in
DMSO.26a,30

Scheme 4. Equilibria Involving the Formation of Pyranose
and Furanose Structures from D-Galactosamine-Based
Imines

Scheme 5. Plausible and Rejected Structures Generated by Intramolecular Cyclizations in D-Galactosamine-Based Imines
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In conclusion, the spectroscopic data supporting a β-
configured furanose structure for 53−63 are:
1. All carbon shifts in 53−63 are nearly coincidental with
those of β-D-galactofuranose (64).20 For comparative
purposes Table S11 includes 13C chemical shifts for
compounds 64 and its α-anomer 65.

2. Multiplicity of the H-3 proton: a quadruplet that results
from its couplings with H-2, H-4, and the OH signal at C-
3. The magnitude of J2,3 ∼ J3,4 ∼ J3,OH ∼ 7.0−8.5 Hz can
only be compatible with a trans arrangement among H-2,
H-3, and H-4 in furanoses of D-galacto configuration (L-
arabino configuration for ring carbons).

3. The chemical shifts of the H-1 and C-1 signals in 53−63,
more deshielded than the corresponding signals in
pyranoid isomers 21, 27−36, also agree with the rule of
thumb stating that the anomeric signals of glycopyranose
structures resonate invariably more upfield than those of
the corresponding glycofuranose ones.20,26a

Only a few proton signals could be identified in the case of
products c, the third in relative abundance, albeit comparisons of
13C chemical shifts with those of model compounds suggest

structures of 2-(arylmethylene)amino-2-deoxy-α-D-galactopyra-
noses (66−76). Table S12 collects the carbon resonances for
such model compounds, namely both α- and β-anomers of 2-
acetamido-2-deoxy-D-galactopyranose (77 and 78, respec-
tively).20

The minor products d have been identified as 2-
(arylmethylene)amino-2-deoxy-α-D-galactofuranoses (79−89).
Again, Table S12 shows, for comparative purposes, the carbon
resonances of some compounds along with those of the α-
anomer of D-galactofuranose (65).

Overall, the behavior shown by imines derived from D-
galactosamine contrasts with the one found in their D-

Table 3. Equilibrium Populations (%) of Pyranose Anomers for D-Galactosamine Iminesa

compound

anomer 21 28 29 30 31 32 33 34 35 36 91 92 95

α 3.5 5.9 3.4 6.9 3.9 7.6 6.8 6.2 4.8 2.0 35.7 31.8 82.0
β 70.1 58.8 70.4 63.7 73.8 63.1 65.6 63.8 81.6 79.2 41.8 60.5 18.0
αb 4.8 9.1 4.6 9.8 5.0 10.7 9.4 8.9 5.6 2.5 46.1 34.5 82.0
βb 95.2 90.9 95.4 90.2 95.0 89.3 90.6 91.1 94.4 97.5 53.9 65.5 18.0
ΔG°anpyrc −1.79 −1.38 −1.82 −1.33 −1.77 −1.27 −1.36 −1.40 −1.69 −2.20 −0.09 −0.38 +0.91
Eanpyr

d,e −0.54 −0.13 −0.57 −0.08 −0.52 −0.02 −0.11 −0.15 −0.44 −0.95 +1.15 +0.87 +2.16
ΔG°raepyrf,g 1.73 1.32 1.76 1.27 1.71 1.21 1.30 1.34 1.63 2.14 −0.04 −0.32 −0.97

aIn DMSO-d6.
bα-Pyranose + β-pyranose = 100%. cFrom eq 3, in kcal/mol. dFrom eq 8, in kcal/mol. eAnomeric stabilization referred to

cyclohexanol. fFrom eq 9, in kcal/mol. gReverse anomeric stabilization referred to 91.
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glucosamine counterparts,18 which are stable enough in solution
and only equilibrate between α- and β-anomers of pyranoid
structures.
Anomeric Equilibria in Imines and Enamines Derived

from D-Galactosamine. Due to the anomeric effect,31,32 both
D-glucose and D-galactose exhibit a greater population (by three
times higher) than expected for the α-anomer in aqueous
solution,33 which increases further in less polar solvents such as
DMSO.34 This trend is also observed for the corresponding
hydrochlorides of α-D-glucosamine (1), α-D-galactosamine (2),
and 2-amino-2-deoxy-α-D-glycero-L-gluco-heptopyranose
(90),35 although apparently the anomeric effect is almost
negligible in their imines derived from aromatic aldehydes,18

because the population of α-anomers in DMSO decreases to
≤12% in both pyranose and furanose structures (Table 3).
The preferential stabilization36 of pyranose sugar rings when

they contain an axial electronegative substituent at C1 is
contrary to expectations based on considerations of steric or
solvation factors.37 Three hypotheses have been frequently
invoked,32,38,39 even if not mutually exclusive, accounting for the
anomeric effect: (a) dipole interaction,31a i.e., the α-anomeric
preference would be due to the repulsion between the dipoles of
the anomeric hydroxyl and those of the endocyclic oxygen; (b)
hyperconjugation or antiperiplanar lone pair hypothesis model
(ALPH), based on the n → σ* interaction, i.e., stabilizing
interaction of the axial electron pair on the endocyclic oxygen
(nO, HOMO) with the empty orbital σ* of the C−OH bond of
the α-anomer (LUMO),40 and (c) electron pair repulsionmodel
(n → n interaction): strong destabilization generated by the
interaction between orbitals filled of two pairs of solitary
electrons, spatially very close.41

However, Mo and associates reported some computational
evidence ruling out hyperconjugative interactions as key factors
responsible for the anomeric effect,42 which is better interpreted
in terms of electrostatic interactions. The underlying physical
origin(s) of this phenomenon remains unclear43,44 and the
anomeric effect can be attributed to a combination of steric,
resonance, hyperconjugation, inductive, hydrogen bonding,
electrostatic interaction, and solvation effects, all influenced in
addition by the theoretical level of calculations.45,46

On the other hand, it has been suggested that amino and
alkylamino substituents in anomeric positions, either neutral or
protonated, can show a reverse anomeric effect.47,48 The
existence of the reverse anomeric effect has been questioned
and debated. The greater equatorial preference has been
attributed to an accentuation of the steric effects, as illustrated
by the protonation of alkylamino or imidazole substituents.49−51

NMR and X-ray crystallography studies of a 1,3-dioxolane
derivative, which carries a bulky quaternary quinuclidine
substituent on C-2, has revealed the absence of reverse anomeric
stabilization.52

Most of the work carried out on the anomeric effect has been
limited to investigate the influence of different substitution
patterns on the anomeric configuration. Enamines formed by
the condensation of β-dicarbonyl compounds and their
synthetic equivalents with 1 and 2 always adopt the α-anomeric
configuration; that is, the anomeric hydroxyl is arranged
axially.53 In stark contrast, Schiff bases resulting from the
condensation of these amino sugars with simple aromatic
aldehydes adopt the opposite configuration.16,18,54−58

In the conformation adopted by the imine group with respect
to the pyranose ring, the pair of unshared electrons of the
nitrogen is arranged approximately parallel to the axial bonds of

the ring. In this particular arrangement the electron pair of the
iminic nitrogen could then exert a stereoelectronic effect that
disfavors the axial anomer (α). Actually, for this anomer one can
envisage a conformation showing a possible repulsive inter-
action between the electron pair of the nitrogen and one of the
lone pairs on the oxygen at the anomeric hydroxyl (Figure 7a).
However, theoretical calculations indicate that this effect, if any,
should be negligible or does not exist at all.18a

In the absence of any other factor, the exo-anomeric
interaction is the most dominant, even in the α-anomer.
Nevertheless, intramolecular hydrogen bonding can take place
between the imine nitrogen at C2 and the anomeric hydroxyl,
which changes the orientation of the lone pairs of the latter,
thereby decreasing or eliminating the exo-anomeric effect on the
α-anomer (Figure 7b). Formation of such a bonding in the β-
anomer is hampered by the conformational rigidity of the
arylimino group. The destabilization that these interactions
cause in the axial anomer translates into a significant increase in
the population of the equatorial anomer. Globally considered,
this fact could be interpreted as an inversion of the anomeric
population, that is, a genuine reverse anomeric effect (RAE).18

Reverse Anomeric Effect in Pyranose Structures. In line
with the preceding structural discussion, it is now quite obvious
that the structural complexity of imines derived from D-
galactosamine in solution stems from a superposition of
anomeric and ring (pyranose versus furanose) equilibria
(Table 2). Despite this fact, our experimental results point to
a prevalence of the β-pyranose structure over the α-form, owing
to the above-mentioned RAE that destabilizes the α-anomer,
which could be roughly estimated. Table 3 collects the
percentages of pyranoses (both α and β), in equilibrium with
the corresponding α- or β-furanoses, for D-galactosamine Schiff
bases. This Table also includes the percentages referred to
pyranoid forms only (i.e., α-pyranose + β-pyranose = 100%),
ΔG°anpyr, the anomeric stabilization Eanpyr, and the RAE
ΔG°raepyr.

ΔG°anpyr is the observed free energy change for the balance
between the axial and equatorial disposition (eq 3) in pyranoid
imines: α-anomer⇄ β-anomer

G RT

RT K

ln( pyranose / pyranose )

ln

o
an

pyr

an
pyr

= [ ] [ ]
= (3)

The anomeric stabilization Eanpyr, defined as the nonsteric
stabilization of the axial conformer, can be quantified by
correcting the axial preference of a substituent (ΔG°anpyr) with
the steric effects that favor an equatorial arrangement (ΔGosteric):

E G Gan
pyr o

an
pyr o

steric= (4)

The steric component is measured on model compounds in
nonanomeric systems. For pyranose sugar derivatives, the AX
values of cyclohexane are generally used. The parameter A for a

Figure 7. Stereoelectronic interactions and hydrogen bonding in the
axial anomer of sugar imines.
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substituent X is given by AX = −ΔG°steric, where ΔG°steric
measures the variation of free energy in the axial ⇄ equatorial
equilibrium for cyclohexane carrying the substituent X; that is, it
measures the steric preference for the equatorial arrangement of
a given substituent (eq 5).

G RT Aln( equatorial / axial )o
steric X= [ ] [ ] = (5)

When one varies the substituents at nonanomeric positions
AX = AOH and the quantitative relationship for the anomeric
hydroxyl group can be expressed by eq 6:

E RT K Alnan
pyr

an
pyr

OH= + (6)

Thus, the AOH value for the hydroxyl group in aqueous
solution is 1.25 kcal/mol and corresponds to 89%-predom-
inance of cyclohexanol with the equatorial hydroxyl59,60 (eq 7).

A G

0.002 298 ln(89/11)

1.25 kcal/mol

OH
o

steric=

= × ×
= (7)

The resulting eq 8 can then be employed for determining
Eanpyr:

E K(kcal/mol) 0.6 ln 1.25an
pyr

an
pyr= + (8)

Data in Table 3 show that the anomeric stabilization values lie
between−0.02 and−0.95 kcal/mol. They have a negative value,
indicating that the β-anomer is widely favored in the anomeric
equilibrium.
The difference between the anomeric effect (ΔG°anpyr) in

absence of the imine group and the anomeric stabilization in
imines (ΔG°impyr) allow us to estimate the reverse anomeric
effect (ΔG°raepyr).18 If we accept as quantitative estimation of the
anomeric effect the value of Eanpyr shown by 2-deoxy-D-galactose
(2-deoxy-D-lyxo-hexopyranose, 91) in D2O for the ratio 40% α-
anomer: 44% β-anomer at 31 °C (Ean91 = −0.6 × ln[44/40]) =
1.19 kcal/mol),61 then

G G G
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an
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=
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Clearly the extent of the reverse anomeric effect is high
enough, between 1.21 and 2.14 kcal/mol, which exceeds that of
the endo-anomeric effect (0.96−1.91 kcal/mol).38c For com-
parative purposes, Table 3 includes the data for D-galactopyr-
anose (92).

Reverse Anomeric Effect in Furanose Structures. A
similar analysis can be conducted on the corresponding
galactofuranose structures, with data collected in Table 4,
which also shows the percentages relative solely to the
equilibrium between α- and β-furanoid anomers (i.e., α-furanose
+ β-furanose = 100%) and ΔG°anfur values (eq 10):

G RT

RT K

ln( furanose / furanose )

ln

o
an

fur

an
fur

= [ ] [ ]
= (10)

Such data indicate again that β-furanose structures are more
abundant than their α-furanose counterparts, thus suggesting
the same stabilizing steric and/or stereoelectronic effects as
those present in pyranoid rings. On the other hand, the steric
effect in β-anomers arising from eclipsing cis-vicinal groups in
five-membered rings cannot be neglected.
In this case we were unable to calculate the anomeric

stabilization parameter Ean because the AOH value for cyclo-
pentanol is not available. However, recently, Gaweda and
Plazinski have shown by calculations that the endo-anomeric
effect in furanose derivatives exhibit a mean increase of the endo-
anomeric effect of 0.64 kcal/mol (2.7 kJ/mol) compared to
structurally analogous pyranosides. In the specific case of the
hydroxyl group, this value is 0.36 kcal/mol (1.5 kJ/mol)62 and
accordingly

E E 0.36an
fur

an
pyr= + (11)

By applying this result to furanose imines in Table 4 (from
data collected in Table 3), Eanfur will take values between
approximately 0.34 and −0.59 kcal/mol.
A plot of the percentages of furanose structures as a function

of the corresponding percentages of pyranose structures for a
given anomer (Table 3) leads to an acceptable correlation. This
representation for the β-anomers (eq 12 and Figure S1)
indicates that similar effects occur in both β-pyranose and β-
furanose anomers.

rfur(%) 0.72 pyr(%) 28.53( 0.915)[ ] = [ ] + = (12)

Likewise, when the values of ΔG°an for the furanose imines
(ΔG°anfur) are plotted as a function of those of the
corresponding pyranose imines (ΔG°anpyr), a good linear
correlation could be obtained as well (eq 13 and Figure 8).
The value larger than 1 of the slope (1.24) demonstrates that

Table 4. Equilibrium Populations (%) of Furanose Anomers for D-Galactosamine Iminesa

compound

anomer 53 55 56 57 58 59 60 61 62 63 93

α 1.2 2.4 1.5 1.9 0.4 1.9 2.0 1.6 1.6 0.2 3.1
β 25.2 32.9 24.7 27.5 21.9 27.5 25.6 28.3 12.0 18.6 4.6
αb 4.5 6.8 5.7 6.5 1.8 6.5 7.2 5.4 11.8 1.1 40.3
βb 95.5 93.2 94.3 93.5 98.2 93.5 92.8 94.6 88.2 98.9 59.7
ΔG°anfurc −1.83 −1.57 −1.68 −1.60 −2.40 −1.60 −1.53 −1.72 −1.21 −2.70 −0.24
AOHfur

d 1.97 1.87 1.98 1.86 1.96 1.84 1.87 1.88 1.95 2.07 1.63
Eanfur

e,f −0.28 −0.02 −0.13 −0.05 −0.85 −0.05 0.02 −0.17 0.34 −1.20 1.79
ΔG°raefurg,h 1.83 1.57 1.68 1.60 2.40 1.60 1.53 1.72 1.21 2.70 0.24

aIn DMSO-d6.
bα-Furanose + β-furanose = 100%. cFrom eq 10, in kcal/mol. dFrom eq 16, in kcal/mol. eFrom eq 17, in kcal/mol. fAnomeric

stabilization referred to cyclopentanol. gFrom eq 18, in kcal/mol. hReverse anomeric stabilization referred to 93.
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furanose imines show a RAE greater than that shown by their
pyranose analogs.

G G r1.24 0.07( 0.921)o
an

fur o
an

pyr= + = (13)

In a similar way to the procedure performed with pyranose
imines, the anomeric stabilization Eanfur can be formulated
according to eq 14:

E G G G Aan
fur o

an
fur o

steric
cyclp o

an
fur

OH
cyclp= = +
(14)

where AOHcyclp measures the steric preference for the pseudo-
equatorial arrangement of the hydroxyl group in hydroxycyclo-
pentane (eq 15):

A G

RT ln( pseudo equatorial / pseudo axial )
OH

cyclp o
steric

cyclp=
= [ ] [ ]

(15)

It is not possible to measure AOHfur experimentally, because
the barriers to interconversion between the different con-
formations of hydroxycyclopentane derivatives are very low (<1
kcal/mol).62 However, a good approach can be inferred from
eqs 6, 11, 13, and 14:

E A E A
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an
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OH
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and accordingly

A E K0.24 1.84 0.14 ln 1.54OH
cyclp

an
pyr

an
pyr= + = +

(17)

The apparent value of AOHcyclp depends on the value of Eanpyr,
namely, the substituent attached to C-2. Table 4 shows such
results averaging to 1.93 kcal/mol. However, these values may
be influenced by both electronic and steric effects produced by
arylimino groups located at C-2. To avoid this, we used the
published data for the equilibrium composition of 2-deoxy-D-
lyxo-hexopyranose (91) (α-pyranose:β-pyranose 40:44) with
AOHcyclp taking the value 1.55 kcal/mol. From eq 14 the
following expression can be obtained:

E G K1.55 0.6 ln 1.55an
fur o

an
fur

an
fur= + = + (18)

The calculated values, using eq 18, of Eanfur lie between 0.34
and −1.20 kcal/mol, similar to those obtained by means of eq
11. The value of the anomeric effect for the equilibrium of 2-
deoxy-D-lyxo-hexofuranose (93) (α-furanose:β-furanose ratio:
8:8) is 1.55 kcal/mol.61 This value is very close to that calculated
for the anomeric effect in 2-hydroxytetrahydrofuran (94), which
is 1.43 kcal/mol (6.0 kJ/mol).62 The magnitude of RAE will be
given by eq 19:

G G G

E E

E

G

1.55

93

93

o
rae

fur o
an

o
an

fur

an an
fur

an
fur

o
an

fur

=

=

=
= (19)

In general, the calculated values of ΔG°raefur are somewhat
higher than those of ΔG°raepyr, ranging between 1.21 and 2.70
kcal/mol. These results indicate that the RAE is greater for
furanoid imines than for their pyranoid isomers, and overcomes
the extent of the endo-anomeric effect. In furanoses, this effect is
typically larger than in pyranoses.62

Therefore, the experimental data support the existence of a
RAE in imines derived from 2-amino-2-deoxyaldoses, capable of
counterbalancing largely the anomeric effect. The opposite
effect is observed when the Schiff base shows an enamine
structure, as evidenced by compounds 24 and 959b (α-anomer
>80%); their lone pair is heavily involved in electron
delocalization with the double bond, thus inhibiting completely
or partially the formation of the hydrogen bond between the
anomeric hydroxyl and the nitrogen atom. Again, endo- and exo-
anomeric effects make the α-anomer more stable and hence the

Figure 8. Representation of ΔG°anfur versus ΔG°anpyr for β-anomers of
21, 28, 30−34, and 36.

Scheme 6. Generation of Pyranose and Furanose Structures in Mutarotational Equilibria of D-Galactosamine Imines
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most populated isomer (for comparative assessments, the
anomeric populations of 95 have been included in Table 3).
Moreover, protonation of the imine nitrogen restores the
presence of the exo-anomeric effect, as evidenced by hydro-
chloride 96 in which the α-anomer dominates again in the
equilibrium mixture (α-anomer: 84.8%).18

Theoretical Calculations. In the search for a rationale
accounting for the above-detailed facts, we performed additional
computational studies on the relative stability of all species
involved in mutarotational equilibria. DFT calculations with
inclusion of solvation effects (SMD method),63 as implemented
in the Gaussian09 package,64 with the 6-31G(d,p), 6-311G-
(d,p),65 and def2-TZVP valence-triple-ζ basis66 sets, optimizing
the geometries in gas phase with the B3LYP67 and M06-2X68

density functional methods69 without any geometric restriction
(see Experimental Section), were carried out and will be
described herein. In addition, electronic structures were
analyzed by the natural bond orbital (NBO) method.70 In
order to alleviate the computational cost (36 = 729 possible
conformations for each anomer), these calculations have been
conducted on a structurally simple imine (29) and Scheme 6
depicts the computed species.
Because of hydroxyl groups may participate in both inter- and

intramolecular hydrogen bonding with the endocylic oxygen
and the iminic nitrogen, these possibilities have been taken into
account. Thus, we have considered the hydroxyl arrangements
a−c for compounds 29 and 69, being the most stable structures
those forming intramolecular hydrogen bonds (Figure 9). Table
5 collect some computed data on relative stability (for extended
data, see Supporting Information and Table S13).

All the conformational dispositions adopted by hydroxyl
groups in aldehyde structures 97−100 leading to the cyclic
arrangements of 29, 56, 69, and 82 showed higher energies than
those of acyclic ones (Tables 6 and S14), presumably due to the
enhanced stability of single C−O bonds relative to the π bond of
carbonyl groups.
Entries b and c in cyclic structures 29, 56, 69, and 82 refer to

staggered conformations of the hydroxymethylene OH group at
C-6. In pyranose species b, that OH group is involved in
hydrogen bonding with the OH group at C-4. On the contrary,
hydrogen bonding takes place with the endocyclic oxygen in
species c (Figure 9). The latter appears to be the most stable

form in DMSO solution for both anomers. Figure 10 shows the
most stable conformations encountered for the four anomers
through computational analyses.
Calculations in Table 5 show a greater stability of the pyranoid

α-anomer over the β-configuration (ΔΔG° ∼ 0.6 kcal/mol at
the 6-311G(d,p) level or∼0.3 kcal/mol using def2-TZVP), thus
accounting for a prevalence of the former (ca. 70 or 60%) at
room temperature. However, this disagrees with the experiment
that shows a preferential formation of pyranoid β-anomers. This
mismatch should clearly be attributed to the SMD method’s
inaccuracy, which does not consider explicitly solvent molecules
competing with intramolecular hydrogen bonds (OH groups) in
structures 29, 56, 69, and 82.
It is particularly noteworthy the stability of the furanoid β-

anomer (56), which amounts up to 28% in the equilibrium
mixture. Calculations point to the greater stability of the β-
anomer (56), which adopts the 1T2 conformation and is capable
of forming two hydrogen bonds: one involving the OH group at
C-5 and the iminic nitrogen and the other between the anomeric
OH and the OH group at C-3, thus leading to the most stable
furanose structure.71 In contrast, the α-anomer (82), due to a
stabilizing hydrogen bond between the OH at C-5 and the
anomeric OH, leads to a furanoid ring in 2T1 conformation.
The theoretical analysis shows that the stability of 56d

decreases by ∼5 kcal/mol on removing the hydrogen bond with
the iminic nitrogen by 180°-rotation of the angle C5−O (Table
5 entry e, Figure 11). This value is coincidental to the H-bond
energy calculated from geometrical data involving the OH
groups at C-1 and C-3 (Table S15), according to the empirical
relationship of eq 20.72 The parameter dD···A denotes the
calculated distance (in Å) between donor and acceptor atoms of
the hydrogen bonding. As inferred from data gathered in Table
S15 (last column), both hydrogen bonds do increase the stability
by ∼8−10 kcal/mol.

Figure 9. H-bonded structural arrangements (a−c) for phenylimino
derivatives at C-2.

Table 5. Relative Stabilities (kcal/mol) of All Species
Involved in the Mutarotation of 29

gas phaseb DMSOb

entry conformera ΔE ΔGr ΔE ΔGr
29 b 4C1 2.26 1.92 0.67 0.31

c 4C1 2.42 1.85 0.07 0.34
69 b 4C1 1.32 1.31 0.40 0.68

c 4C1 0.00 0.00 0.00 0.00
56 c 2T1 6.65 4.89 5.89 3.14

d 1T2 1.71 0.63 1.16 1.26
e 1T2 8.15 7.07 7.07 6.01

82 c 2T1 2.20 1.12 1.94 1.36
d 1T2 4.96 3.72 3.09 3.10

aRing conformation. bM06-2X/def2-TZVP.

Table 6. Relative Stabilities (kcal/mol) of Acyclic Species
Involved in the Mutarotation of 29a,b

gas phase DMSO

ΔE ΔGr ΔE ΔGr
97 17.08 13.44 16.13 12.43
98 10.71 8.22 11.16 8.24
99 14.53 10.21 15.33 11.96
100 14.59 10.47 12.77 9.09

aEnergies refer to those of 69c (Table 5). bM06-2X/def2-TZVP.
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E (kcal/mol) 5.554 10 e d
HB

5 4.12 D A= × ··· (20)

Moreover, the α-anomer (82) adopting the 1T2 conformation
could still form an intramolecular hydrogen bond between the
OH group at C-5 and the iminic nitrogen, but not the one
involving the anomeric OH and the OH group at C-3, thus
decreasing its global stability to ∼2 kcal/mol (Figure 11).
It is interesting to point out that the aryliminic group at C-2

adopts invariably the same orientation, regardless of the cyclic
structure, either pyranose or furanose. The plane containing that
group is approximately orthogonal to the sugar plane, with the
lone pair on the iminic nitrogen adopting and antiperiplanar
arrangement with respect to the H-2 proton. This general
observation suggests the existence of a stereoelectronic effect

accounting for that spatial orientation. Such effects involve
usually the interaction with heteroatom lone pairs or donor−
acceptor orbital interactions that satisfy a stereochemical
requisite.
Application of the NBO method73 to the most stable

conformations of 29, 56, 69, and 82 indicates that the strongest
interactions involve heteroatom lone pairs and antibonding
orbitals C−C, C−O, and C−H in antiperiplanar dispositions
(Tables S16 and S17). Both the anomeric and exo-anomeric
effects belong to this kind of stereoelectronic effects.32 In
particular, the interactions between the lone pair on the nitrogen
atom and antibonding σ orbitals of the C2−H bond (nN →
σ*C2−H2 ∼ 5.6−7 kcal/mol) and the CH (iminic) bond (nN →
σ*=C−H ∼ 12−13 kcal/mol) manifest themselves in pyranoid

Figure 10. Preferential conformations adopted by 29c, 56d, 69c, and 82c in DMSO solution.

Figure 11. Relative stabilities of α- and β-anomers in furanose structures (kcal/mol) at M06-2X/def2-TZVP in DMSO. Data in parentheses at the
M06-2X/6-311G(d,p) level.

Figure 12. Atom numbering for the NBO analysis of pyranose (29c/69c) and furanose structures (56d/82c).
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and furanoid imines, and justify the spatial arrangement of the
arylimino group. Such interactions have been previously
reported by other authors.74,75 In addition, compound 69
exhibits a significant endo-anomeric effect (nO2 → σ*C1−O1 ∼ 12
kcal/mol), while a stronger exo-anomeric effect (nO1→ σ*O2−C1
∼ 18 kcal/mol) is present in 29 (Figure 12).
In 1T2 and 2T1 conformations, adopted by the furanoid

anomers 56d and 82c, respectively, the anomeric hydroxy
groups prefer pseudoaxial orientations and both show endo-
anomeric (nO2 → σ*C1−O1 ∼ 17−18 kcal/mol) and exo-
anomeric effects (nO1 → σ*C1−O2 ∼ 12 kcal/mol for β-anomer
and ∼8 kcal/mol for its α-counterpart). Furthermore,
compound 56d exhibits a notable interaction between the
lone pair on the nitrogen and the antibonding orbital of the OH
at C-5 (nN → σ*O5−H9 ∼ 14 kcal/mol in DMSO), thus
explaining the hydrogen bonding linking those groups and
contributing to the stability of the 2T1 conformer.
A particular advantage of the acetylated derivatives is the

possibility of evaluating the relative stability shown by α- and β-
anomers in the gas phase and the existence, if any, of a RAE
caused by the arylimino function and not disturbed by
intramolecular hydrogen bonding. Bearing this goal in mind,
gas-phase and CHCl3-based computations have been performed
on the tetraacetyl derivative 38 and its α-anomer (101), which
reproduce well the solid-state parameters (bond lengths and
dihedral angles, Table S18) obtained by single-crystal X-ray
analysis.

In order to determine the relative stabilities of both anomers,
the three possible orientations around the acetoxymethyl group
at C-5 have been taken into account (Figure 13). However, only
the disposition obtained by X-ray diffractometry has been
considered for the remaining acetate groups of 38, which adopt a
Z stereochemistry around the CO−O bond; in other words, the
C=O bond lies approximately in a parallel arrangement to the
contiguous C−H bond. The NBO method73 shows a strong
interaction nO → π*C=O (∼51 kcal/mol), arising from the
electron delocalization of one lone pair on the oxygen atom with
the C=O bond, plus another interaction nO → σ*C−H (∼3−5
kcal/mol), which largely account for the orientation adopted by
acetate groups (Table S19). Moreover, this conformation
significantly minimizes steric repulsions. The orientation
adopted by the arylimino group, ranging from the solid state
to gas phase and solution, similar to the one adopted by
nonacetylated imines, results from a couple of moderate
interactions: nN → σ*C2−H2 (∼7 kcal/mol) and nN → σ*=C−H
(∼13 kcal/mol).
Irrespective of the level of theory, gas-phase calculations

predict a greater stability of the α-anomer over the β-isomer,
most likely due to the anomeric effect (Table 7). This result
suggests the absence of a RAE, at least for the acetylated
derivatives. The difference in stability decreases by incorporat-
ing the solvent effect, albeit a completely reverse trend is not
observed at all.
The preceding data, however, do not explain why the β-

anomer of nonacetylated imines 21, 27−36 becomes the most
stable isomer in DMSO solution. Had any stereoelectronic effect
counterbalancing the anomeric effect, it would have likely been
unveiled by theoretical calculations. It is evident that in the
imines of D-galactosamine, like in those derived from D-
glucosamine, the presence of the free anomeric hydroxyl is
compulsory to establish the crucial hydrogen bonding with the
iminic nitrogen, thus generating an RAE.
We then turned our attention to the role played by the solvent

on nonacetylated imines. Thus, and regardless of the hybrid

Figure 13. Different conformational orientations of the acetoxymethyl group in 38.

Table 7. Relative Energies for Different Molecular Arrangements of 38 and 101 (kcal/mol)a

gas phasea CHCl3
a gas phaseb CHCl3

b

ΔE ΔG ΔE ΔG ΔE ΔG ΔE ΔG

38 β 3.56 4.86 2.11 2.40 3.38 3.92 1.20 1.17
β-a 1.31 2.05 0.28 0.60 2.90 1.29 1.54 0.94
β-b 1.03 1.03 0.44 −0.81 1.59 1.95 0.72 1.04

101 α 2.66 3.98 1.91 3.60 1.59 2.41 0.36 0.70
α-a 0.92 0.25 0.24 −0.18 2.75 0.94 1.33 −1.39
α-b 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

aAt the B3LYP/6-31G(d,p) level. bAt the M06-2X/6-311G(d,p) level.
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functional employed, the difference in stability between α- and
β-anomers invariably decreases as the solvent polarity increases.
While in the gas phase, the α-pyranose structures aremore stable
than their β-homologues, the energy difference decreases and
even inverts on increasing the polarity (Table 7).
Unfortunately, the SMD method is not fully satisfactory to

account for the experimental evidence, because β-anomers are
preferentially formed according to NMR data recorded in
DMSO-d6, which disagrees with the relative stabilities
determined by computation in the same solvent. The solvation
effect could be better reproduced by discrete methods that
explicitly consider solvent molecules. In a preliminary analysis,
only the first layer of water molecules surrounding the imine
molecule has been taken into account. It is well-known that DFT
methods computing explicitly the interaction of one molecule of
water with the hydroxyl groups of a carbohydrate fragment
provide more structural details than those currently employed
(e.g., the SMD method), which ignore hydrogen bonding and
other conformational aspects affected by solvation. Momany
and co-workers76 have shown that the use of such discrete
models do justify the abundance of β-anomers in D2O solutions
of D-glucose and D-galactose, despite the existence of anomeric
effects. Their conformational analysis performed at the B3LYP/
6-311++G(d,p) level on the different gas-phase and hydrated
structures (mono- and pentahydrates), reveal equilibrium α/β
populations of D-glucose (32/68) close to those detected
experimentally (36/64) and far from the one obtained by
computation in the gas phase (63/37).
In the present case, to assess the influence of water on the

relative stability of α- and β-anomers, the analysis has been
conducted on the monohydrate derivative. Since the imine
functionality provides a highly basic center, one could
conjecture a strong interaction between the iminic nitrogen
and one molecule of water. The latter was deliberately placed
near the anomeric OH group, thus enabling hydrogen bonding
involving water, the OH group, and the nitrogen atom. This
computational analysis was optimized without any geometrical
restriction, at the aforementioned M06-2X/6-311G(d,p)65 and
M06-2X/def2-TZVP66 levels. Data obtained with both basis sets
are almost coincidental and are gathered in Table 8 with further
visualization in Figure 14.
Table S20 summarizes the geometrical parameters for

hydrogen bonding involving the nitrogen atoms together with
a quantitative estimation of their strength (EHB).

72 For the β-
anomer (29·1H2O), one hydrogen bond is generated between
the iminic nitrogen and water (EHB∼ −3.5 kcal/mol). However,
the α-anomer (69·1H2O) may establish a second hydrogen

bond between the molecule of water and the anomeric OH in
axial orientation. The bond length in these intermolecular
interactions is shorter than the one found for the hydrogen bond
in 29·1H2O, thereby indicating stronger interactions (EHB ∼
−5.5 kcal/mol), which shouldmost likely account for the greater
stability of the α-anomer monohydrate, relative to the situation
in the absence of water (Table 8). By applying the SMDmethod
to the monohydrate species, the energy difference between both
anomers decreases to a significant extent in DMSO and favors
the formation of the β-isomer in water. However, the strength of
the hydrogen bond is hardly altered.
In view of these results showing the benefits of computing

explicitly discrete molecules of water around the polyhydroxy-
lated sugar chain, further conclusions can be extracted from the
interaction with five water molecules. Their orientation is
somewhat random, although facilitating the formation of
intermolecular hydrogen bonding with the OH groups and the
iminic nitrogen. It is clear that intermolecular coordination with
water molecules exerts a crucial influence on the anomer
stabilization. Such dispositions for pyranose species are depicted
in Figure 15. In the case of the α-anomer, the formation of
intramolecular hydrogen bonding between the anomeric OH
and the nitrogen atom does actually take place. Both the stability
and parameters of this bond are compiled in Tables 8 and S21
(EHB ∼ −7 to 8 kcal/mol).
The energy difference between pentahydrated anomers

decreases, although the α-anomer still represents the favored
isomer in gas phase. Incorporation of additional water molecules
could decrease the energy difference still further, but the
computational cost does substantially increase. Since the five-
molecule sphere constitutes the first solvation layer, it would be
more appropriate the application of the SMD model to
pentahydrated species and consider the effects of solvents
other than water. Accordingly, the relative stabilities show the
opposite trend favoring the β-anomer, both in water andDMSO.
We also calculated the relative energies of 29 and 69 solvated

with discrete DMSO molecules (i.e., the solvent in which the
RAE was determined). In this case, only three discrete DMSO
molecules were considered to generate the first solvation shell,
interacting via hydrogen bonds with the OH groups at C-3, C-4,
and C-6 of the pyranose ring. The anomeric hydroxyl was left
free to form the hydrogen bond with the imine nitrogen.
Furthermore, we studied how the presence of DMSO and water
as solvent (SMD method) affects the structures obtained in the
gas-phase calculations. These results, gathered in Table 9 and
Figure 16, were similar to those found for hydrated species: the
β-anomer is more stable than the α-anomer.
We have applied the same methodology to the β- and α-

anomers with furanose structures 56 and 82, respectively. Five
water molecules were arranged next to the hydroxyl groups
(Figure 17) with optimization at the M06-2X/6-311G(d,p) and
M06-2X/def2-TZVP levels as well,65,66 and devoid of any
geometrical restriction. Then, the influence played by solvent
effects on the relative stability of both anomers has been
examined with the SMD method (Figure 18, Table 10).
In general, it is observed that the β-furanoid anomer is more

stable than the α-furanoid counterpart; especially in DMSO, as
observed experimentally. The β-anomer shows the hydrogen
bond between the hydroxyl at C-5 and the iminic nitrogen,
responsible for its stability and high proportion in solution in
DMSO (∼28%). The calculated strength of this bond is ∼5−8
kcal/mol (Table S22).

Table 8. Relative Energies of 29 and 69 (Anhydrous and
Hydrated Pyranose Forms) in Media of Varied Polaritya

gas phase DMSO water

ΔE° ΔG° ΔE° ΔG° ΔE° ΔG°
29b β 3.33 2.59 1.03 0.59 −0.24 −3.00
69b α 0.00 0.00 0.00 0.00 0.00 0.00
29·1H2O

b β 4.46 4.01 1.92 1.74 0.11 −0.37
69·1H2O

b α 0.00 0.00 0.00 0.00 0.00 0.00
29·5H2O

b β 3.47 3.97 −0.52 −3.43 −0.38 −2.40
69·5H2O

b α 0.00 0.00 0.00 0.00 0.00 0.00
29·5H2O

c β 2.61 2.47 −1.21 −3.78 −0.86 −1.94
69·5H2O

c α 0.00 0.00 0.00 0.00 0.00 0.00

aIn kcal/mol. bM06-2X/6-311G(d,p). cM06-2X/def2-TZVP.
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On the other hand, the α-anomer shows the hydrogen bond
involving the nitrogen atom with the anomeric hydroxyl, like the
α-pyranose isomer (∼8−9 kcal/mol, Table S23). In this case,
the disposition adopted by the anomeric hydroxyl inhibits totally
or partially the existence of a possible exo-anomeric effect, as
occurs with its pyranose counterpart. Therefore, the furanose
imines derived from D-galactosamine also present a RAE,
responsible, at least in part, for the predominance of the β-
anomer in the mutarotational equilibrium. Obviously, further
analyses concerning all the possible arrangements of solvated

imines, involving either five water molecules or three DMSO
molecules, could afford more conclusive results. However, such
an in-depth computational study is beyond the scope of the
present work.
Finally, we have already indicated that tautomers with

enamine structure such as 24 and 95 do not exhibit the RAE,
as the nitrogen atom cannot establish a hydrogen bond with the
anomeric hydroxyl. Neither could it formwith the hydroxyl at C-
5 (as in 56d) to stabilize the furanose structure. As a result, in the
anomeric equilibrium of enamine 24, only the α- and β-
configured pyranose structures are present, while the corre-
sponding furanose forms could not be detected in appreciable
quantities.16

■ CONCLUSIONS
Schiff bases derived from D-galactosamine are obtained in
crystalline form as β-pyranose anomers, which however exhibit a
complex equilibrium in solution with the α-anomer as well as
with α- and β-furanose structures. Furanose structures in imines

Figure 14. Gas phase-calculated monohydrated structures of anomers 29 and 69.

Figure 15. Gas phase-calculated pentahydrated structures of pyranose anomers 29 and 69.

Table 9. Relative Energies of 29 and 69 (Trisolvated
Pyranose Forms) in DMSOa,b

gas phase DMSOc waterc

comp. anomer ΔE° ΔG° ΔE° ΔG° ΔE° ΔG°
29 β 0.26 −0.78 −0.65 −1.49 −2.29 −3.67
69 α 0.00 0.00 0.00 0.00 0.00 0.00

aIn kcal/mol. bM06-2X/def2-TZVP. cSMD method.

Figure 16. Optimized trisolvated structures (DMSO as solvent), from gas-phase calculations, for pyranose anomers 29 and 69.
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derived from 2-amino-deoxyaldoses are unprecedented in the
literature. DFT calculations show that the significant presence of
the furanose β-anomer (∼28%) is due to the formation of a
hydrogen bond between the iminic nitrogen and the hydroxyl at
C-5. When the Schiff base adopts an enamine structure, the
formation of this H-bond is not possible and, in fact the
occurrence of furanose structures is rare. In both types of imines,
pyranoses and furanoses, the β-configured anomers are largely
favored. An estimation of the RAE in furanoid imines is
proposed, which generally turns out to be higher in magnitude
than that shown by the corresponding pyranoid imines.
Through experimental measurements and theoretical support

from calculations, the configurational bias results from the
interplay between a RAE and solvation effects. The former, even
if controversial, appears to be genuine enough to overcome
purely steric considerations. The prevalence of β-anomers in
solution in both pyranose and furanose structures can be
ascribed to inhibition of the exo-anomeric effect, resulting from
an intramolecular hydrogen bond established between the
anomeric hydroxyl and the nitrogen atom. This bonding that
alters substantially other associated stereoelectronic effects,
provides a valuable rationale, apparently overlooked so far,
which should stimulate the investigation of this sort of
cooperative effects in synthesis and catalysis.

■ EXPERIMENTAL SECTION
General Information. All reagents and solvents were obtained

from commercial suppliers and used without further purification.
Compounds 21 and 24 were synthesized according to methods
described previously.16 Melting points were determined on Gallen-
kamp and Electrothermal apparatuses and are uncorrected. Optical
rotations were measured on a PerkinElmer 241 polarimeter at 20 ± 4
°C, with sodium (D line, λ = 589 nm) and mercury beams (λ = 578,
546, 436 nm). IR spectra were recorded in the range of 4000−600 cm−1

on an FT-IR Thermo spectrophotometer. Solid samples were recorded
on KBr pellets. 1H NMR spectra, at 400 or 500 MHz and 13C NMR
spectra at 100 or 125 MHz, respectively, were measured on Bruker 400
and 500 AC/PC instruments in DMSO-d6 or CDCl3. Structural
elucidation was facilitated through (a) distortionless enhancement by
polarization transfer (DEPT), (b) 2D correlation spectroscopy
(COSY), (c) heteronuclear multiple-quantum correlation (HMQC),
(d) heteronuclear multiple bond correlation (HMBC) and (e) isotope
exchange with deuterium oxide. The resonance signals of different
deuterated solvents were used as internal standards: CDCl3 (δH = 7.26,
δC = 77.16 ppm), DMSO-d6 (δH = 2.50, δC = 39.5 ppm). The
multiplicities of the resonances are abbreviated as followed: s (singlet),
bs (broad singlet), d (doublet), dd (doublet of doublets), ddd (doublet
of doublets of doublets), t (triplet), m (multiplet). All J values are given
in Hertz. Microanalyses were determined on a Leco CHNS-932
analyzer. Analytical and preparative TLC was performed on silica gel
with monitoring by means of UV light at 254 and 360 nm and iodine
vapors. High-resolution mass spectra (HRMS) were obtained using
electrospray ionization (ESI) techniques with a 6520 Accurate-Mass Q-
TOF LC/MS system from Agilent Technologies at the Servicio de
Apoyo a la Investigacioń (SAIUEX) in the University of Extremadura.
Computational Details. The computational DFT study, as

implemented in the Gaussian09 package,64 was carried out using the
M06-2X68 hybrid density functionals in conjunction with 6-31G(d,p),
6-311G(d,p)65 and the def2-TZVP valence-triple-ζ basis sets.66 The
latter has proven to be reliable enough for estimating structure and
binding in other carbohydrate derivatives.77−79 The M06-2X method
was chosen on the basis of previous studies in estimating conforma-
tional energies related to noncovalent interactions. In all cases,
frequency analyses were carried out to confirm the existence of true
stationary points on the potential energy surface. All thermal

Figure 17. Conformational arrangements of water molecules employed for calculations.

Figure 18. Gas phase-calculated pentahydrated structures of furanose anomers 56 and 82.

Table 10. Relative Energies of 56 and 82 (Pentahydrated
Furanose Forms) in Media of Varied Polaritya

gas phaseb DMSOb waterb

ΔE ΔG ΔE ΔG ΔE ΔG

56·5H2O
b β 0.00 0.00 0.00 0.00 0.00 0.00

82·5H2O
b α 5.09 3.81 4.71 3.15 1.81 2.88

56·5H2O
c β 0.00 0.00 0.00 0.00 0.00 0.00

82·5H2O
c α 3.36 1.22 3.71 1.71 1.29 −0.54

aIn kcal/mol. bM06-2X/6-311G(d,p). cM06-2X/def2-TZVP.
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corrections were calculated at the standard values of 1 atm at 298.15 K.
Solvent effects were modeled through density-based, self-consistent
reaction field (SCRF) theory of bulk electrostatics, i.e., the solvation
model based on density (SMD),63 as implemented in the Gaussian09
suite of programs as well. This solvation method accounts for long-
range electrostatic polarization (bulk solvent) together with short-range
effects due to cavitation, dispersion, and solvent structural effects. We
assessed mutarotational equilibria and solvent effects in 2-iminoaldose
derivatives using four approaches: (a) gas-phase, as the absence of
solvent allows determining the intrinsic stability of each species; (b)
continuum solvation: anomerization was studied in solution with a
description of the solvent as a continuum dielectric medium, using
specifically the SMD model; (c) microsolvation: calculations were
conducted in the gas phase, but several water molecules were added to
the resulting structures of the stationary points in order to determine
the stabilization induced by hydrogen bonding, and (d) microsolvation
and continuum solvation, which represents the hybrid between
methods (b) and (c). Here, the assembly of the imine with one or
several water molecules was studied in a continuum and polarizable
dielectric medium. Electronic structures were analyzed by the natural
bond orbital (NBO) method.70,73

Crystal Acquisition Data and Structural Refinement. A single
crystal of 38 (0.30 × 0.30 × 0.20 mm3), suitable for diffraction, was
prepared by slow crystallization in 96% ethanol (Table S7). Cell
dimensions and intensity data for 38 were recorded at 120 K, using a
Bruker Nonius Kappa CCD area detector diffractometer mounted on
the window of a rotating Mo anode (λ (Mo Kα) = 0.71073 Å). Data
collection and processing were carried out using the programs
COLLECT80 and DENZO,81 and an empirical absorption correction
was applied using SADABS.82 The structures were solved via direct
methods83 and refined by full matrix least-squares on F2. The hydrogen
atoms were placed in calculated positions and included in the
refinement using a riding model approximation. Crystallographic
illustrations were prepared using the CAMERON programs.84

Synthesis of Schiff Bases from D-Galactosamine. Procedure 1:
to a solution of D-galactosamine hydrochloride (0.5 g, 2.3 mmol) in 1M
NaOH (4.5 mL) was added the appropriate aromatic aldehyde (2.5
mmol), and the mixture was stirred at room temperature for 1 h. After
cooling at 4−5 °C overnight, the resulting solid was collected by
filtration and washed successively with cold water, ethanol, and diethyl
ether, and dried over silicagel.
Procedure 2: to a solution of D-galactosamine hydrochloride (1.01g,

4.7 mmol) in water (6 mL) was added NaHCO3 (0.50 g, 4.7 mmol).
Then, a methanolic solution of the aromatic aldehyde (4.7 mmol) was
added and the resultingmixture was stirred until precipitation of a white
solid that was stored at 4−5 °C. As above, it was collected by filtration,
washed successively with cold water, ethanol, and diethyl ether, and
dried over silica gel.
2-Deoxy-2-[(E)-(4-hydroxy-3-methoxybenzylidene)amino]-β-D-

galactopyranose (27).White microcrystalline solid. Procedure 1 (0.72
g, 100%); Mp 166−168 °C; [Lit.9b Mp 153−155 °C]; [α]D +44.4°;
[α]578 + 47.6°; [α]546 + 55.2°; [α]436 + 42.6° (c 0.5, pyridine); IR (KBr)
νmax́ 3370 (OH), 1643 (C=N), 1595, 1518 (arom), 1289 (C−O−C,
ether), 1132, 1028 cm−1 (C−O), 831 (arom). 1H NMR (400 MHz,
DMSO-d6) δ 8.05 (1H, s, CH=N), 7.36 (1H, d, arom), 7.10 (1H, dd,
arom), 6.81(1H, d, arom), 6.44 (1H, bs, C1-OH), 4.63 (1H, d, J1,2 7.5,
H-1), 3.66 (1H, d, J3,4 3.1 Hz, J4,5 0 Hz, H-4), 3.59 (2H, m, H-3, H-6),
3.52 (1H, dd, J5,6’ 6.0 Hz, J6,6′ 10.7 Hz, H-6′), 3.46 (1H, t, J4,5 0 Hz, J5,6 =
J5,6′ 6.2 Hz, H-5), 3.06 (1H, dd, J1,2 7.8 Hz J2,3 9.4 Hz, H-2). 13C{1H}
NMR (100 MHz, DMSO-d6) δ 162.1 (C=N), 148.1, 128.3, 123.2,
115.9, 115.5, 110.1 (C arom), 96.4 (C-1), 75.4 (C-5), 74.7 (C-2), 71.8
(C-3), 67.5 (C-4), 61.0 (C-6). Anal. calcd for C14H19NO7: C, 53.67, H,
6.11, N, 4.47. Found: C, 53.52, H, 6.11, N, 4.48.
2-Deoxy-2-[(E)-(4-methoxybenzylidene)amino]-β-D-galactopyra-

nose (28).White microcrystalline solid. Procedure 1 (0.43 g, 63%); Mp
184−186 °C; [Lit.11 Mp 150 °C]; [α]D + 30.0°; [α]578 + 32.2°; [α]546 +
39.0°; [α]436 + 62.0° (c 0.5, pyridine); IR (KBr) νmax́ 3494, 3294, 3183
(OH), 1641 (C=N), 1607, 1516 (arom), 1264 (C−O−C, ether), 1157,
1027 (C−O), 833 cm−1 (arom). 1H NMR (500 MHz, DMSO-d6) δ
8.13 (1H, s, CH=N), 7.67 (2H, d, arom), 6.98 (2H, d, arom), 6.43 (1H,

d, J1,OH 6.5 Hz, C1-OH), 4.63 (1H, t, J1,2 ≈ JC1,OH 7.0 Hz, H-1), 4.60
(1H, bs, C6-OH), 4.51 (1H, d, JC4,OH 5.5 Hz, C4-OH), 4.40 (1H, d,
JC3,OH 3.0 Hz, C3-OH), 3.80 (3H, s, CH3), 3.67 (1H, s, H-4), 3.58 (2H,
m, H-3, H-6), 3.53 (1H, m, J5,6′ 6.0 Hz, J6,6′ 10 Hz, H-6′), 3.46 (1H, t,
J4,5 0 Hz, J5,6′ = J5,6′ 6.0Hz, H-5), 3.09 (1H, dd, J1,2 7.5 Hz, J2,3 9.5 Hz, H-
2). 13C{1H} NMR (125 MHz, DMSO-d6) δ 161.1 (CH=N), 160.9 (C
arom), 129.4 (2 C arom), 129.1 (C arom), 113.8 (2C-arom), 96.0 (C-
1), 75.0 (C-5), 74.7 (C-2), 71.5 (C-3), 67.1 (C-4), 60.6 (C-6), 55.1
(OCH3). Anal. calcd for C14H19NO6: C, 56.56, H, 6.44, N, 4.71. Found:
C, 56.53, H, 6.18, N, 4.31.
2-[(E)-Benzylidenamino]-2-deoxy-β-D-galactopyranose (29).

White microcrystalline solid. Procedure 1 (0.45 g, 73%); Mp 190−
191 °C; [α]D + 32.6°; [α]578 + 35.6°; [α]546 + 42.0°; [α]436 + 73.0° (c
0.5, pyridine); IR (KBr) νmax́ 3536, 3243 (OH), 2957, 2895 (C−H),
1640 (C=N), 1580 (arom), 1152, 1078, 1030 (C−O), 881, 762, 692
cm−1 (arom). 1H NMR (400 MHz, DMSO-d6) δ 8.21 (1H, s, CH=N),
7.73 (2H, m, arom), 7.44 (3H, m, arom), 6.49 (1H, d, JC1,OH 6.8 Hz,
C1−OH), 4.68 (1H, t, J1,2≈ JC1,OH 7.3 Hz, H-1), 4.63 (1H, t, JC6,OH 6.2
Hz, C6−OH), 4.58 (1H, d, JC3,OH 6.9 Hz, C3−OH), 4.45 (1H, d, JC4,OH
4.4 Hz, C4−OH), 3.67 (1H, t, J3,4 3.6 Hz, J4,5 0 Hz, H-4), 3.59 (2H, m,
H-3, H-6), 3.52 (1H, dd, J5,6′ 5.3 Hz, J6,6′ 10.7 Hz, H-6′), 3.49 (1H, t, J5,6
= J5,6′ 6.1 Hz, H-5), 3.15 (1H, t, J1,2 ≈ J2,3 8.6 Hz, H-2). 13C{1H} NMR
(100 MHz, DMSO-d6) δ 162.4 (C=N), 136.5 (C arom), 130.7 (C
arom), 128.8 (2C arom), 128.2 (C arom), 96.3 (C-1), 75.4 (C-5), 74.9
(C-2), 71.8 (C-3), 67.4 (C-4), 61.0 (C-6). Anal. calcd for C13H17NO5:
C, 58.42, H, 6.06, N, 5.26. Found: C, 58.21, H, 6.33, N, 5.33.
2-Deoxy-2-[(E)-(3-hydroxybenzylidene)amino]-β-D-galactopyra-

nose (30).White microcrystalline solid. Procedure 1 and recrystallized
from methanol (0.53 g, 82%); Mp 191−193 °C; [α]D + 53.0°; [α]578 +
57.0°; [α]546 + 67.4°; [α]436 + 147.4° (c 0.5, pyridine); IR (KBr) νmax́
3454, 3090 (OH), 1643 (C=N), 1587 (arom), 1169, 1111, 1018 (C−
O), 878, 794 cm−1 (arom). 1H NMR (500 MHz, DMSO-d6) δ 9.52
(1H, s, OH-arom), 8.11 (1H, s, CH=N), 7.23 (1H, t, arom), 7.18 (1H,
t, arom), 7.11 (1H, d, arom), 6.82 (1H, dd, arom), 6.45 (1H, d, JC1,OH
7.0 Hz, C1−OH), 4.63 (2H, m, H-1, C6−OH), 4.54 (1H, d, JC3,OH 6.0
Hz, C3−OH), 4.42 (1H, s, C4−OH), 3.67 (1H, s, H-4), 3.58 (3H, m,
H-3, H-6, H-6′), 3.46 (1H, t, J4,5 0 Hz, J5,6 = J5,6′ 6.5 Hz, H-5), 3.11 (1H,
dd, J1,2 8.0 Hz, J2,3 9.5 Hz, H-2). 13C{1H} NMR (125 MHz, DMSO-d6)
δ 162.4 (C=N), 157.9, 138.1, 129.9, 119.9, 118.0, 115.0 (C arom), 96.5
(C-1), 75.6 (C-5), 74.9 (C-2), 71.9 (C-3), 67.6 (C-4), 61.2 (C-6). Anal.
calcd for C13H17NO6: C, 55.12, H, 6.05, N, 4.94. Found: C, 55.31, H,
6.15, N, 4.98.
2-Deoxy-2-[(E)-(2,4,6-trimethylbenzylidene)amino]-β-D-galacto-

pyranose (31). White microcrystalline solid. Procedure 1 (0.40 g,
56%); Mp 185−186 °C; [α]D +2.0°; [α]578 + 2.0°; [α]546 + 2.8°; [α]436
+ 9.4° (c 0.5, pyridine); IR (KBr) νmax́ 3500−3000 (OH), 1650 (C=N),
1612 (arom), 1282 (C−O−C, ether), 1156, 1068, 1013 (C−O), 876,
778 cm−1 (arom). 1H NMR (400 MHz, DMSO-d6) δ 8.41 (1H, s,
CH=N), 6.84 (2H, s, arom), 6.47 (1H, d, JC1,OH 6.8 Hz, C1−OH), 4.65
(2H,m, J1,2 7.4 Hz, JC6,OH 6.0Hz, C6−OH,H-1), 4.58 (1H, d, JC3,OH 7.6
Hz, C3−OH), 4.46 (1H, d, JC4,OH 4.8 Hz, C4−OH), 3.67 (1H, t, J3,4 ≈
J4,OH 3.6 Hz, J4,5 0 Hz, H-4), 3.59 (1H, dd, J6,6′ 11.2Hz, J5,6 5.6 Hz, H-6),
3.56 (1H, m, H-3), 3.51 (1H, dd, J6,6’ 11.2 Hz, J5,6′ 5.6 Hz, H-6′), 3.45
(1H, t, J5.6≈ J5.6′ 6.0 Hz, J4,5 0 Hz, H-5), 3.11 (1H, t, J1,2≈ J2,3 8.6 Hz, H-
2). 13C{1H} NMR (100 MHz, DMSO-d6) δ 162.1 (C=N), 137.2 (3C
arom), 131.7 (C arom), 129.1 (2C arom), 96.4 (C-1), 75.9 (C-5), 75.4
(C-2), 71.7 (C-3), 67.5 (C-4), 61.0 (C-6), 21.0 (CH3), 20.5 (2 CH3).
Anal. calcd for C16H23NO5: C, 62.12, H, 7.49, N, 4.53. Found: C, 62.20;
H, 7.33; N, 4.60.
2-Deoxy-2-[(E)-(1-naphthylmethylene)amino]-β-D-galactopyra-

nose (32).White microcrystalline solid. Procedure 2 (0.46 g, 31%); Mp
134−135 °C; [α]D + 14.2°; [α]578 + 12.6°; [α]546 + 14.6°; [α]436 +
100.2° (c 0.5, pyridine); IR (KBr) νmax́ 3265 (OH), 1636 (C=N), 1576,
1511 (arom), 1236 (C−O−C, ether), 1151, 1082, 1028 (C−O), 803,
775 cm−1 (arom). 1H NMR (500 MHz, DMSO-d6) δ 9.05 (1H, d,
arom), 8.84 (1H, s, CH=N), 8.02 (1H, d, arom), 7.98 (1H, d, arom),
7.91 (1H, d, arom), 7.58 (3H, m, arom), 6.54 (1H, d, JC1−OH 7.0 Hz,
C1-OH), 4.77 (1H, t, J1,2≈ JC1,OH 7.5 Hz, H-1), 4.64 (2H,m, JC3−OH 7.5
Hz, JC6−OH 4.0 Hz, C3-OH, C6-OH), 4.51 (1H, d, JC4−OH 4.0 Hz, C4-
OH), 3.73 (1H, m, J3,4 3.5 Hz, J4,5 0 Hz, H-4), 3.67 (1H, m, J5,6 5.0 Hz,
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J6,6′ 10 Hz, H-6), 3.62 (1H, m, H-3), 3.57 (1H, m, J5,6′ 6 Hz, J6,6′ 11 Hz,
H-6′), 3.53 (1H, m, J5,6 6.0 Hz, H-5), 3.27 (1H, dd, J1,2 8.0 Hz, J2,3 9.5
Hz, H-2). 13C{1H} NMR (125 MHz, DMSO-d6) δ 161.9 (C=N),
133.3, 131.4, 130.6, 130.5, 128.8, 128.3, 126.9, 126.0, 125.2, 124.7 (C
arom), 96.1 (C-1), 75.4 (C-5), 75.1 (C-2), 71.6 (C-3), 67.2 (C-4), 60.7
(C-6). Anal. calcd for C17H19NO5: C, 64.34, H, 6.03, N, 4.41. Found: C,
64.52, H, 5.88, N, 4.46.
2-Deoxy-2-[(E)-(4-methoxy-1-naphthyl)methylene]amino-β-D-

galactopyranose (33).White microcrystalline solid. Procedure 2 (0.28
g, 18%);Mp 165−167 °C; [α]578 + 13.0; [α]546 + 14.8 (c 0.5, pyridine);
IR (KBr) νmax́ 3296 (OH), 1678 (C=N), 1578, 1514 (arom), 1229 (C−
O−C, ether), 1086, 1015 (C−O), 808 cm−1 (arom). 1H NMR (400
MHz, DMSO-d6) δ 9.21 (1H, d, arom), 8.67 (1H, s, CH=N), 8.22 (1H,
d, arom), 7.82 (1H, d, arom), 7.62 (1H, t, arom), 7.55 (1H, t, arom),
7.06 (1H, d, arom), 6.50 (1H, d, JC1‑OH 7.0Hz, C1-OH), 4.74 (1H, t, J1,2
≈ JC1,OH 7.3 Hz, H-1), 4.65 (1H, t, JC6‑OH 5.0 Hz, C6-OH), 4.60 (1H, d,
JC3‑OH 7.0 Hz, C3-OH), 4.49 (1H, d, JC4‑OH 4.2 Hz, C4-OH), 4.02 (3H,
s, OCH3), 3.72−3.56 (4H, m, H-3, H-4, H-6, H-6′), 3.52 (1H, m, J5,6
5.7 Hz, H-5), 3.19 (1H, t, J1,2 = J2,3 8.6 Hz, H-2). 13C{1H} NMR (100
MHz, DMSO-d6) δ 162.5 (C=N), 156.8, 132.0, 131.6, 127.7, 125.8,
125.4, 125.2, 124.4, 122.0, 104.2 (C arom), 96.6 (C-1), 75.7 (C-5), 75.4
(C-2), 72.1 (C-3), 67.6 (C-4), 61.0 (C-6), 56.1 (OCH3). Anal. calcd for
C18H21NO6·H2O: C, 59.17, H, 6.35, N, 3.83. Found: C, 59.35, H, 6.57,
N, 3.83.
2-Deoxy-2-[(E)-(2-naphthylmethylene)amino]-β-D-galactopyra-

nose (34).White microcrystalline solid. Procedure 2 (0.42 g, 28%); Mp
178−180 °C; [α]D + 44.0°; [α]578 + 46.6°; [α]546 + 56.2°; [α]436 +
133.2° (c 0.5, pyridine); IR (KBr) νmax́ 3545, 3246 (OH), 1634 (C=N),
1433 (arom), 1152, 1082, 1034 (C−O), 746 cm−1 (arom). 1H NMR
(400MHz, DMSO-d6) δ 8.39 (1H, s, CH=N), 8.19 (1H, s, arom), 8.01
(1H, m, arom), 7.95 (3H, m, arom), 7.56 (2H, m, arom), 6.56 (1H, d,
JC1‑OH 6.9 Hz, C1-OH), 4.73 (1H, t, J1,2 ≈ JC1,OH 7.3 Hz, H-1), 4.67
(2H, m, JC3‑OH 7.1 Hz, JC6‑OH 5.4 Hz, C3-OH, C6-OH), 4.51 (1H, d,
JC4‑OH 4.4Hz, C4-OH), 3.72 (1H,m,H-4), 3.60 (4H,m,H-3, H-5, H-6,
H-6’), 3.24 (1H, t, J1,2 = J2,3 8.6 Hz, H-2). 13C{1H} NMR (100 MHz,
DMSO-d6) δ 162.8 (C=N), 134.5, 134.3, 133.2, 130.2, 129.0, 128.6,
128.2, 127.7, 127.1, 124.2 (C arom), 96.5 (C-1), 75.6 (C-5), 75.1 (C-
2), 72.0 (C-3), 67.7 (C-4), 61.2 (C-6). Anal. calcd for C17H19NO5: C,
64.34, H, 6.04, N, 4.41. Found: C, 64.21, H, 5.83, N, 4.39.
2-[(E)(9-Anthrylmethylene)amino]-2-deoxy-β-D-galactopyranose

(35). Yellowish powder. Procedure 2 (1.21 g, 67%); Mp 162−164 °C;
[α]578 + 4.0°; [α]546 + 5.0° (c 0.5, pyridine); IR (KBr) νmax́ 3391 (OH),
1645 (C=N), 1643, 1519 (arom), 1158, 1073, 1017 (C−O), 875, 798
cm−1 (arom); 1H NMR (500 MHz, DMSO-d6) δ 9.29 (1H, s, CH=N),
8.64 (3H,m, arom), 8.12 (2H,m, arom), 7.54 (4H,m, arom), 6.77 (1H,
d, JC1,OH 7.5 Hz, C1-OH), 4.89 (1H, d, JC3,OH 7.5 Hz, C3-OH), 4.84
(1H, t, J1,2 ≈ JC1,OH 7.5, H-1), 4.67 (1H, t, JC6,OH 5.5 Hz, C6-OH), 4.64
(1H, d, JC4,OH 4.5 Hz, C4-OH), 3.80 (1H, m, H-4), 3.76 (1H, m, H-3),
3.66 (1H, m, H-6), 3.62 (1H, m, H-6′), 3.56 (2H, m, H-2, H-5).
13C{1H} NMR (125 MHz, DMSO-d6) δ 161.3 (C=N), 130.7 (2C
arom), 129.4 (C arom), 129.0 (2C arom), 128.4 (2C arom), 128.2 (C
arom), 126.6 (2C arom), 125.5 (2C arom), 125.3 (2C arom), 96.1 (C-
1), 75.9 (C-2), 75.3 (C-5), 71.5 (C-3), 67.3 (C-4), 60.7 (C-6). Anal.
calcd for C21H21NO5·H2O: C, 65.44, H, 6.02, N, 3.63. Found: C, 65.61,
H, 6.14, N, 3.43.
2-Deoxy-2-[(E)-(9-phenanthrylmethylene)amino]-β-D-galacto-

pyranose (36). Yellowish powder. Procedure 2 (0.73 g, 42%); Mp
118−120 °C; [α]D 18.2°; [α]578 18.6°; [α]546 14.6° (c 0.5, pyridine); IR
(KBr) νmax́ 3335 (OH), 1637 (C=N, arom), 1446 (arom), 1149 (C−
O−C, ether), 1084 (C−O), 745 cm−1 (arom). 1H NMR (400 MHz,
DMSO-d6) δ 9.25 (1H, d, arom), 8.91 (1H, d, arom), 8.86 (1H, s,
arom), 8.84 (1H, d, arom), 8.23 (1H, s, CH=N), 8.10 (1H, d, arom),
7.73 (4H, m, arom), 6.61 (1H, d, JC1‑OH 7.0 Hz, C1-OH), 4.82 (1H, t,
J1,2≈ JC1,OH 7.1 Hz, H-1), 4.72 (2H, m, C3-OH, C6-OH), 4.64 (1H, m,
C4-OH), 3.76 (1H, m, H-4), 3.58 (4H, m, H-3, H-5, H-6, H-6′), 3.32
(1H, t, J1,2 = J2,3 8.5 Hz, H-2). 13C{1H} NMR (100 MHz, DMSO-d6) δ
162.8 (C=N), 131.2, 130.8, 130.4, 129.5, 128.0, 127.5, 127.4, 127.2,
126.1, 123.4, 123.1 (C arom), 96.4 (C-1), 75.9 (C-5), 75.5 (C-2), 71.9
(C-3), 67.5 (C-4), 61.0 (C-6). Anal. calcd for C21H21NO5: C, 68.65, H,
5.76, N, 3.81. Found: C, 68.76; H, 5.57; N 3.68.

General Procedure for the Synthesis of Per-O-acetyl-2-
(arylmethylene)amino-2-deoxy-D-galactopyranoses. To a sus-
pension of the corresponding 2-(arylmethylene)amino-2-deoxy-β-D-
galactopyranose (1.8 mmol) in pyridine (2.4 mL) was added acetic
anhydride (2.2 mL) under stirring and cooling at 0 °Cwith ice. After 24
h, it was poured into ice−water and a solid was subsequently obtained
after agitation, which was collected by filtration and washed with cold
water, and dried over SiO2.
1,3 ,4 ,6-Tetra-O-acety l -2-deoxy-2- [ (E ) - (3-methoxy-4-

acetoxybenzylidene)amino]-β-D-galactopyranose (37) and 1,3,4,6-
Tetra-O-acetyl-2-deoxy-2-[(E)-(3-methoxy-4-acetoxy-benzylidene)-
amino]-β-D-galactopyranose Acetate (41). (a) Using the general
method a mixture of 37 and 41 (proportion 65:35, respectively) (0.21
g) was obtained from 27 (0.56 g). (b) Following the general method
from 27 (0.56 g, 1.8 mmol) and pouring the reaction mixture into ice−
water with added sodium hydrogen carbonate, solid 37 (0.39 g, 41%,
white crystal) precipitated. Crystallized from ethanol−water, it hadMp.
219−221 °C; [α]D + 13.6°; [α]578 + 15.0°; [α]546 + 17.6°; [α]436 +
25.8° (c 0.5, CHCl3); IR (KBr) νmax́ 3262 (NH), 1753 (C=O), 1647
(C=N), 1568 (arom), 1217 (C−O−C, ether), 1078 (C−O), 901, 750
cm−1 (arom). 1H NMR (400 MHz, CDCl3) δ 9.95 (1H, s, CH=N),
7.51−7.07 (3H, arom), 5.94 (1H, d, J1,2 8.2 Hz, H-1), 5.46 (1H, d, J3,4
3.3 Hz, H-4), 5.26 (1H, dd, J2,3 10.5 Hz, H-3), 4.23−4.12 (3H, m, H-5,
H-6, H-6′), 3.91 (3H, s, OCH3), 3.65 (1H, t, J1,2 ≈ J2,3 9.2 Hz, H-2),
2.35, 2.18, 2.06, 2.05, 1.91 (5× 3H, s, CH3). 13C{1H}NMR (100MHz,
CDCl3) δ 170.3, 170.1, 169.5, 168.8 (C=O), 164.3 (C=N), 151.5,
135.2, 124.7, 123.4, 122.7, 110.8 (C arom), 93.3 (C-1), 71.8 (C-2), 71.4
(C-5), 68.8 (C-3), 65.8 (C-4), 61.3 (C-6), 56.1 (OCH3), 20.8 (1 ×
CH3, acetate), 20.6 (3 ×CH3, acetate). Anal. calcd for C24H29NO12: C,
55.07, H, 5.58, N, 2.68. Found: C, 54.87; H, 5.43; N 2.58.
Spectral Data of Compound 41. 1H NMR (400 MHz, CDCl3) δ

8.23 (1H, s, CH=N), 7.51−7.07 (3H, arom), 5.70 (1H, d, J1,2 8.7Hz, H-
1), 5.54 (1H, d, JNH,2 9.5 Hz, NH), 5.37 (1H, d, J3,4 3.1 Hz, H-4), 5.08
(1H, dd, J2,3 11.2 Hz, H-3), 4.48 (1H, c, J1,2≈ J2,3≈ J2,NH 10.5 Hz, H-2),
4.16 (3H,m,H-5, H-6, H-6′), 3.89 (3H, s, OCH3), 2.33, 2.13, 2.04, 1.94
(4 × 3H, s, CH3). 13C{1H} NMR (100 MHz, CDCl3) δ 170.7, 170.4,
169.7, 168.3 (C=O), 164.3 (C=N), 152.0, 134.3, 124.7, 123.4, 122.8,
110.5 (C arom), 93.0 (C-1), 71.8 (C-2), 71.4 (C-5), 70.3 (C-3), 66.3
(C-4), 61.3 (C-6), 56.0 (OCH3), 23.3, 20.8 (2 CH3), 20.6 (2 CH3).
1,3,4,6-Tetra-O-acetyl-2-[(E)-benzylideneamino]-2-deoxy-β-D-

galactopyranose (38) and 1,3,4,6-Tetra-O-acetyl-2-[(E)-benzylide-
neamino]-2-deoxy-β-D-galactopyranose Acetate (40). A mixture of
38 and 40 (proportion∼ 95:5, respectively) (0.76 g) was obtained from
29 (0.48 g). Compound 38 could be isolated by fractional
crystallization in ethanol−water (0.24 g, 31%, white crystal). Mp
134−135 °C; [α]D + 43.6°, [α]578 + 46.4°, [α]546 + 53.6°, [α]436 +
111.4°, [α]365 + 232.0° (c 0.5, CHCl3); IR (KBr) νmax́ 1750 (C=O),
1647 (C=N), 1582 (arom), 1215 (C−O−C, ether), 1074 (C−O), 931,
756, 692 cm−1 (arom). 1H NMR (400 MHz, CDCl3) δ 8.30 (1H, s,
CH=N), 7.72 (2H, d, arom), 7.43 (3H, m, arom), 5.95 (1H, d, J1,2 8.2
Hz, H-1), 5.47 (1H, d, J3,4 3.3Hz, H-4), 5.27 (1H, dd, J2,3 10.4Hz, H-3),
4.19 (3H, m, H-5, H-6, H-6′), 3.65 (1H, t, J1,2 8.2 Hz, H-2), 2.18, 2.11,
2.03, 1.89 (4 × 3H, s, CH3). 13C{1H} NMR (100 MHz, CDCl3) δ
170.9, 170.4, 169.6, 168.7 (C=O), 165.3 (C=N), 135.4, 131.4, 128.7,
128.5 (C arom), 93.4 (C-1), 71.8 (C-2), 71.4 (C-5), 68.8 (C-3), 65.9
(C-4), 61.3 (C-6), 20.7 (2 CH3), 20.5 (CH3). Anal. calcd for
C21H25NO9: C, 57.93, H, 5.79, N, 3.22. Found: C, 57.43, H, 5.94, N,
3.45.
Spectral Data of Compound 40. 1H NMR (400 MHz, CDCl3) δ

8.30 (1H, s, CH=), 7.72 (2H, d, arom), 7.43 (3H, m, arom), 5.71 (1H,
d, J1,2 9.9 Hz, H-1), 5.50 (1H, d, JNH,2 10.1 Hz, NH), 5.38 (1H, d, J3,4 2.8
Hz, H-4), 5.09 (1H, dd, J2,3 11.3 Hz, J3,4 3.3 Hz, H-3), 4.46 (1H, c, J2,3 =
J3,4 = J2,NH 10.1Hz, H-2), 4.16 (2H,m,H-6, H-6′), 4.03 (1H, c, J4,5 0Hz,
J5,6 5.5 Hz, H-5), 2.17, 2.13, 2.05, 2.03, 1.94 (5 × 3H, s, CH3, acetate
groups). 13C{1H} NMR (100 MHz, CDCl3) δ 170.9, 170.4, 169.6,
168.7 (C=O), 165.3 (N=CH), 135.4, 131.4, 128.7, 128.5 (C arom),
93.0 (C-1), 71.8 (C-2), 71.4 (C-5), 70.3 (C-3), 66.3 (C-4), 61.3 (C-6),
20.7 (2 CH3), 20.5 (CH3).
1,3,4,6-Tetra-O-acetyl-2-deoxy-2-[(E)-(4-methoxybenzylidene)-

amino]-β-D-galactopyranose (39). White microcrystalline solid. The
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title compound (0.47 g, 56%) was obtained from 28. Mp 175−176 °C;
[α]D + 56.4°; [α]578 + 47.6°; [α]546 + 55.2°; [α]436 + 42.6° (c 0.5,
CHCl3); IR (KBr) νmax́ 1748 (C=O), 1643 (C=N), 1607, 1514 (arom),
1254 (C−O−C, ether), 1067 (C−O), 837, 712 cm−1 (arom). 1HNMR
(400 MHz, CDCl3) δ 8.21 (1H, s, CH=N), 7.66 (2H, d, arom), 6.93
(2H, d, arom), 5.93 (1H, d, J1,2 8.2 Hz, H-1), 5.47 (1H, d, J3,4 3.3 Hz, J4,5
0 Hz, H-4), 5.25 (1H, dd, J3,4 3.3 Hz, J2,3 10.4 Hz H-3), 4.19 (3H, m, H-
5, H-6, H-6′), 3.61 (1H, t, J1,2 8.3 Hz, J2,3 10.2 Hz, H-2), 2.18, 2.05, 2.03,
1.89 (4 × CH3). 13C{1H} NMR (100 MHz, CDCl3) δ 170.5, 170.1,
169.7, 168.8 (C=O), 164.4 (C=N), 162.2, 130.2, 128.4 (C arom), 114.0
(2C arom), 93.5 (C-1), 71.7 (C-2), 71.5 (C-5), 68.8 (C-3), 65.9 (C-4),
61.3 (C-6), 55.4 (OCH3), 20.8 (CH3), 20.7 (2 CH3), 20.5 (CH3). Anal.
calcd for C22H27NO10: C, 56.77, H, 5.85, N, 3.01. Found: C, 57.67, H,
5.51, N, 3.19.
1,3,4,6-Tetra-O-acetyl-2-deoxy-2-[(E)-(4-methoxy-1-naphthyl)-

methylene]amino-β-D-galactopyranose (42). White microcrystalline
solid. The title compound (0.46 g, 50%) was obtained from 33. Mp
128−130 °C; [α]D + 39.0°; [α]578 + 40.4°; [α]546 + 49.0°; [α]436 +
117.2° (c 0.5, CHCl3); IR (KBr) νmax́ 1746 (C=O), 1645 (C=N), 1577
(arom), 1232 (C−O−C, ether), 1091, 1035 cm−1 (C−O). 1H NMR
(400 MHz, CDCl3) δ 8.91 (1H, d, arom), 8.79 (1H, s, CH=N), 8.32
(1H, d, arom), 7.78 (1H, d, arom), 7.61 (1H, m, arom), 7.53 (1H, m,
arom), 6.85 (1H, d, arom), 6.04 (1H, d, J1,2 8.4 Hz, H-1), 5.51 (1H, d,
J3,4 2.8 J4,5 0 Hz, H-4), 5.36 (1H, dd, J3,4 3.2 J2,3 10.4, H-3), 4.22 (3H, m,
H-5, H-6, H-6′), 3.70 (1H, dd, J1,2 8.4 Hz, J2,3 10.0 Hz, H-2), 2.21, 2.07,
2.02, 1.89 (4 × 3H, s, CH3, acetate groups). 13C{1H} NMR (100 MHz,
CDCl3) δ 170.4, 170.1, 169.7, 168.8 (C=O), 165.1 (C=N), 132.2,
131.5, 129.5, 128.01, 125.6, 125.5, 124.2, 122.4, 122.3, 103.2 (C arom),
93.6 (C-1), 71.8 (C-2), 71.7 (C-5), 69.7 (C-3), 66.0 (C-4), 61.3 (C-6),
55.7 (OCH3), 20.7, 20.5 (4 × CH3). Anal. calcd for C26H29NO10: C,
60.58, H, 5.67, N, 2.72. Found: C, 60.34; H, 5.72: N, 2.88.
1,3,4,6-Tetra-O-acetyl-2-deoxy-2-[(E)-(2-naphthylmethylene)-

amino]-β-D-galactopyranose (43). White microcrystalline solid. The
title compound (0.50 g, 57%) was obtained from 34. Mp 85−86 °C;
[α]D + 33.4°; [α]578 + 34.6°; [α]546 + 39.8°; [α]436 + 83.8° (c 0.5,
CHCl3); IR (KBr) νmax́ 1751 (C=O), 1643 (C=N, arom), 1217 (C−
O−C, ether), 1042 (C−O), 752 cm−1 (arom). 1H NMR (400 MHz,
CDCl3) δ 8.35 (1H, s, CH=N), 8.05 (1H, s, arom), 7.90 (4H,m, arom),
6.00 (1H, d, J1,2 8.2 Hz, H-1), 5.49 (1H, d, J3,4 3.3 J4,5 0 Hz, H-4), 5.32
(1H, dd, J3,4 3.4 J2,3 10.5, H-3), 4.19 (3H, m, H-5, H-6, H-6′), 3.73 (1H,
dd, J1,2 8.2 Hz, J2,3 10.3 Hz, H-2), 2.20, 2.07, 2.05, 1.91 (4 × 3H, s, CH3,
acetate groups). 13C{1H} NMR (100 MHz, CDCl3) δ 170.4, 170.1,
169.7, 168.7 (C=O), 165.4 (C=N), 135.0, 134.6, 133.1, 132.8, 129.5,
128.9, 128.6, 128.0, 123.8, 122.7 (C arom), 93.4 (C-1), 71.8 (C-2), 71.5
(C-5), 69.0 (C-3), 65.9 (C-4), 61.3 (C-6), 20.7, 20.7, 20.5 (4 CH3).
Anal. calcd for C25H27NO9: C, 61.85, H, 5.61, N, 2.89. Found: C, 61.93;
H, 5.84; N, 2.76.
1,3,4,6-Tetra-O-acetyl-2-deoxy-2-[(E)-(9-anthrylmethylene)-

amino]-β-D-galactopyranose (44). Yellowish powder. The title
compound (0.79 g, 83%) was obtained from 35. Mp 225−228 °C;
[α]578 + 31.0°; [α]546 + 38.4° (c 0.5, CHCl3). 1H NMR (400 MHz,
CDCl3) δ 9.49 (1H, s, CH=N), 8.54 (1H, s, arom), 8.34 (2H,m, arom),
8.04 (2H, m, arom), 7.52 (4H, m, arom), 6.13 (1H, d, J1,2 8.3 Hz, H-1),
5.59 (1H, d, J3,4 3.2 Hz, J4,5 0 Hz, H-4), 5.47 (1H, dd, J3,4 3.2 Hz, J2,3 10.5
Hz, H-3), 4.26 (3H, m, H-5, H-6, H-6’), 4.05 (1H, dd, J1,2 8.4 Hz, J2,3
10.4Hz, H-2). 13C{1H}NMR (100MHz, CDCl3) δ170.5, 170.2, 169.7,
168.6 (4 C=O), 165.9 (C=N), 131.2, 130.0, 129.1, 127.4, 127.0, 125.4,
124.0 (C arom), 93.4 (C-1), 71.9 (C-2), 71.7 (C-5), 70.5 (C-3), 65.9
(C-4), 61.3 (C-6), 20.8 (2 OCH3), 20.7 (OCH3), 20.6 (OCH3). Anal.
calcd for C29H29NO9·H2O: C, 62.92, H, 5.64, N, 2.53. Found: C, 63.18,
H, 5.58, N, 2.67.
Mutarotation of D-Galactosamine Imines. The corresponding

imine was dissolved in DMSO-d6 and NMR spectra were recorded at
different intervals until they remained unchanged.
2-[(E,E)-Cinnamylideneamino]-2-deoxy-β-D-galactofuranose

(53). 1H NMR (400 MHz, DMSO-d6) δ 8.05 (1H, d, J=CH−CH 8.8 Hz,
N=CH−CH), 7.59 (2H, m, arom), 7.36 (3H, m, arom), 7.17 (1H, d,
JCH=CH 16.0 Hz, CH=CH−Ar), 6.94 (1H, dd, JCH=CH 18.5 Hz, JCH−CH
8.8 Hz, CH−CH=CH), 6.47 (1H, d, JC1‑OH 6.4 Hz, C1-OH), 5.25 (1H,
d, JC3‑OH 6.3 Hz, C3-OH), 5.13 (1H, t, J1,2 ≈ JC1‑OH 5.8 Hz, H-1), 4.13

(1H, c, J2,3 ≈ J3,4 7.5 Hz, H-3), 3.88 (1H, dd, J3,4 8.4 Hz, J4,5 1.8 Hz, H-
4), 3.67−3.36 (4H, m,H-2, H-5, H-6, H-6’). 13C{1H}NMR (100MHz,
DMSO-d6) δ 164.0 (C=N), 142.0 (2C, CH=CH), 135.9, 129.5, 129.2,
128.7, 127.6 (C arom), 100.6 (C-1), 85.0 (C-2), 80.9 (C-4), 74.9 (C-
3), 70.3 (C-5), 63.3 (C-6).
2-Deoxy-2-[(E)-(4-methoxybenzylidene)amino]-β-D-galactofura-

nose (55). 1HNMR (500MHz, DMSO-d6) δ 8.23 (1H, s, CH=N), 7.71
(2H, d, arom), 7.00 (2H, d, arom), 6.40 (1H, d, JC1,OH 6.5 Hz, C1-OH),
5.20 (1H, d, JC3,OH 6.0 Hz, C3-OH), 5.16 (1H, t, J1,2≈ JC1,OH 5.5 Hz, H-
1), 4.16 (1H, c, J2,3 = J3,4 8.0, H-3), 3.90 (1H, dd, J3,4 8.5 Hz, J4,5 2.0 Hz,
H-4), 3.80 (3H, s, CH3), 3.60−3.30 (4H, m, H-2, H-5, H-6, H-6′).
13C{1H} NMR (125 MHz, DMSO-d6) δ 161.1 (C=N), 129.5, 129.1,
114.0 (C arom), 100.6 (C-1), 83.8 (C-2), 80.9 (C-4), 74.5 (C-3), 70.3
(C-5), 63.3 (C-6), 55.2 (OCH3).
2-[(E)-Benzylideneamino]-2-deoxy-β-D-galactofuranose (56). 1H

NMR (400 MHz, DMSO-d6) δ 8.32 (1H, s, CH=N), 7.77 (2H, d,
arom), 7.47 (2H, d, arom), 6.49 (1H, d, JC1,OH 7.6 Hz, C1-OH), 5.27
(1H, d, JC3,OH 6.4 Hz, C3-OH), 5.20 (1H, d, J1,2 ≈ JC1,OH 5.8 Hz, H-1),
4.42 (1H, c, J2,3 = J3,4 6.8 Hz, H-3), 3.95 (1H, dd, J3,4 6.9 Hz, H-4),
3.60−3.50 (4H, m, H-2, H-5, H-6, H-6’). 13C{1H} NMR (100 MHz,
DMSO-d6) δ 162.4 (C=N), 136.2 (C arom), 131.1 (C arom), 129.0
(2C arom), 128.4 (C arom), 100.6 (C-1), 83.9 (C-2), 81.0 (C-4), 74.5
(C-3), 70.3 (C-5), 63.3 (C-6).
2-Deoxy-2-[(E)-(3-hydroxybenzylidene)amino]-β-D-galactofura-

nose (57). 1H NMR (500MHz, DMSO-d6) δ 9.54 (1H, bs, OH-arom),
8.22 (1H, s, CH=N), 7.24 (1H, d, arom), 7.17 (2H, m, arom), 6.86
(1H, m, arom), 6.44 (1H, d, JC1,OH 6.5 Hz, C1-OH), 5.23 (1H, d, JC3,OH
6.0 Hz, C3-OH), 5.17 (1H, t, J1,2≈ JC1,OH 5.5 Hz, H-1), 4.16 (1H, c, J2,3
≈ J3,4 8.0 Hz, H-3), 3.90 (1H, dd, J3,4 8.0 Hz, J4,5 2.0 Hz, H-4), 3.62−
3.37 (4H, m, H-2, H-5, H-6, H-6′). 13C{1H} NMR (125MHz, DMSO-
d6) δ 162.5 (C=N), 158.0, 137.8, 130.2, 118.5, 114.3 (C arom), 100.9
(C-1), 84.0 (C-2), 81.3 (C-4), 74.6 (C-3), 70.6 (C-5), 63.5 (C-6).
2-Deoxy-2-[(E)-(2,4,6-trimethylbenzylidene)amino]-β-D-galacto-

furanose (58). 1HNMR (400MHz, DMSO-d6) δ 8.52 (1H, s, CH=N),
6.88 (2H, s, H-arom), 6.51 (1H, d, JC1‑OH 7.2 Hz, C1-OH), 5.30 (1H, d,
JC3‑OH 6.4 Hz, C3-OH), 5.20 (1H, t, J1,2 ≈ JC1‑OH 5.4 Hz, H-1), 4.58
(1H, d, J 6.4Hz, OH), 4.18 (1H, c, J2,3≈ J3,4 7.4 Hz, H-3), 3.90 (1H, dd,
J3,4 8.4 Hz, J4,5 1.4 Hz, H-4), 3.69−3.41 (4H, m, H-2, H-5, H-6, H-6′).
13C{1H} NMR (100MHz, DMSO-d6) δ 162.1 (C=N), 138.8, 129.1 (C
arom), 100.8 (C-1), 85.2 (C-2), 81.1 (C-4), 74.7 (C-3), 70.4 (C-5),
63.5 (C-6).
2-Deoxy-2-[(E)-(1-naphthylmethylene)amino]-β-D-galactofura-

nose (59). 1H NMR (500 MHz, DMSO-d6) δ 9.15 (1H, d, H-arom),
8.91 (1H, s, CH=N), 8.04 (1H, d, arom), 7.95 (1H, d, arom), 7.58 (3H,
m, arom), 6.53 (1H, d, JC1‑OH 6.5 Hz, C1-OH), 5.32 (1H, d, JC3,OH 6.0
Hz, C3-OH), 5.31 (1H, t, J1,2 ≈ JC1,OH 5.5 Hz, H-1), 4.29 (1H, c, J2,3 ≈
J3,4 8.0 Hz, H-3), 3.96 (1H, dd, J3,4 8.0 Hz, J4,5 2.0 Hz, H-4), 3.75−3.30
(4H, m, H-2, H-5, H-6, H-6’). 13C{1H} NMR (125 MHz, DMSO-d6) δ
162.2 (C=N), 133.4, 131.0, 130.9, 129.7, 128.5, 127.2, 126.1, 125.3,
124.6 (C arom), 100.4 (C-1), 84.5 (C-2), 80.7 (C-4), 74.4 (C-3), 70.0
(C-5), 63.0 (C-6).
2-Deoxy-2-[(E)-(4-methoxy-1-naphthylmethylene)amino]-β-D-

galactofuranose (60). 1H NMR (400 MHz, DMSO-d6) δ 9.31 (1H, d,
J 8.5 Hz H-arom), 8.73 (1H, s, CH=N), 8.22 (1H, d, arom), 7.82 (1H,
d, arom), 7.62 (1H, t, arom), 7.55 (1H, t, arom), 7.06 (1H, d, arom),
6.48 (1H, d, JC1‑OH 5.4 Hz, C1-OH), 5.27 (1H, m, H-1, C3-OH), 4.25
(1H, c, H-3), 3.93 (1H, dd, J3,4 8.4Hz, J4,5 1.8 Hz, H-4), 3.74−3.42 (4H,
m,H-2, H-5, H-6, H-6′). 13C{1H}NMR (100MHz, DMSO-d6) δ 162.8
(C=N), 156.8, 132.0, 131.6, 127.7, 125.8, 125.4, 125.2, 124.4, 122.0,
104.2 (C arom), 100.8 (C-1), 84.9 (C-2), 80.9 (C-4), 74.7 (C-3), 70.2
(C-5), 63.4 (C-6), 56.2 (OCH3).
2-Deoxy-2-[(E)-(2-naphthyl)methylene]amino-β-D-galactofura-

nose (61). 1H NMR (400 MHz, DMSO-d6) δ 8.48 (1H, s, CH = N),
8.25 (1H, s, arom), 8.02 (1H, m, arom), 7.95 (3H, m, arom), 7.56 (2H,
m, arom), 6.52 (1H, d, JC1‑OH 6.6 Hz, C1-OH), 5.31 (1H, d, JC3‑OH 6.3
Hz, C3-OH), 5.25 (1H, t, J1,2 ≈ JC1,OH 5.8 Hz, H-1), 4.23 (1H, c, J2,3 ≈
J3,4 ≈ JC3‑OH 7.5 Hz, H-3), 3.93 (1H, dd, J3,4 7.5 Hz, J4,5 1.1 Hz, H-4),
3.70−3.22 (4H, m, H-2, H-5, H-6, H-6′). 13C{1H} NMR (100 MHz,
DMSO-d6) δ 162.5 (C=N), 134.4, 133.8, 132.5, 130.3, 129.0, 128.6,
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127.7, 127.0, 123.7, 122.6 (C arom), 100.7 (C-1), 84.0 (C-2), 81.0 (C-
4), 74.6 (C-3), 70.3 (C-5), 63.3 (C-6).
2-[(E)-(9-Anthrylmethylene)amino]-2-deoxy-β-D-galactofura-

nose (62). 1H NMR (500 MHz, DMSO-d6) δ 9.45 (1H, s, CH=N),
8.71−8.59 (3H, m, arom), 8.14 (2H, m, arom), 7.59 (4H, m, arom),
6.67 (1H, d, JC1‑OH 6.5 Hz, C1-OH), 5.51 (1H, d, JC3,OH 6.5 Hz, C3-
OH), 5.41 (1H, t, J1,2 ≈ JC1,OH 6.0 Hz, H-1), 4.41 (1H, c, J3,4 ≈ J2,3 8.0
Hz, H-3), 4.04 (1H, dd, J3,4 8.0 Hz, J4,5 2.0 Hz, H-4), 3.90−3.35 (4H, m,
H-2, H-5, H-6, H-6′). 13C{1H} NMR (125 MHz, DMSO-d6) δ 161.2
(C=N), 129.2, 129.2, 128.7, 127.9, 126.8, 125.4 (C arom), 100.2 (C-1),
84.9 (C-2), 80.8 (C-4), 74.2 (C-3), 70.0 (C-5), 63.0 (C-6).
2-Deoxy-2-[(E)-(9-phenanthrylmethylene)amino]-β-D-galacto-

furanose (63). 1H NMR (400 MHz, DMSO-d6) δ 9.35 (1H, m, arom),
8.92 (1H, m, arom), 8.86 (1H, s, arom), 8.84 (1H, d, arom), 8.31 (1H,
s, CH=N), 8.10 (1H, d, arom), 7.73 (4H, m, arom), 6.60 (1H, d, JC1‑OH
6.5 Hz, C1-OH), 5.35 (1H, t, J1,2≈ JC1,OH 5.8 Hz, H-1), 4.34 (1H, c, J3,4
≈ J2,3 7.6 Hz, H-3), 3.98 (1H, dd, J3,4 7.5 Hz, J4,5 1.4 Hz, H-4), 3.75−
3.45 (4H, m, H-2, H-5, H-6, H-6′). 13C{1H} NMR (100MHz, DMSO-
d6) δ 163.0 (C=N), 1312, 130.8, 130.4, 129.5, 128.0, 127.5, 127.4,
127.2, 126.1, 123.4, 123.1 (C arom), 100.6 (C-1), 85.0 (C-2), 80.9 (C-
4), 74.6 (C-3), 70.3 (C-5), 63.4 (C-6).
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