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Since the advent of carbohydrate chemistry, it has been
established that numerous reactions leading to chemical
transformations at the carbonyl/anomeric group, such as
oxidation, reduction, isomerization, addition, condensation,
degradation, etc., involve the acyclic saccharide as an
intermediate.!!. Enzymatic carbohydrate isomerization or
redox reactions have been of considerable interest for years,
due to their significant theoretical and practical importance
for biological,” medicinal® and food chemistries and
biofuel technologies.’! The acyclic intermediates of these
transformations are difficult to characterize accurately, due to
their low to trace populations in anomeric equilibria
(Scheme 1) and their inability to crystallize.”! We have
previously demonstrated, however, that 1-amino-1-deoxy-
pentulose derivatives can provide crystallographic data about
acyclic keto tautomers.”” An X-ray diffraction study of the
acyclic 1-amino-1-deoxy-D-xylulose tautomer revealed sim-
ilarities between the conformations of the carbohydrate part
of this compound and the xylo-pentose substrate in the active
site of D-xylose isomerase, as well as the keto tautomer of
xylulose. Encouraged by this initial success, we have obtained,
for the first time, the crystal structures of several acyclic D-
fructose keto tautomers, specifically b-fructosamine deriva-
tives 6 and 8.

Initially, we sought to verify that crystalline N-methyl-/N-
p-tolyl-D-fructosamine (6) may contain the keto isomer, as
was suggested on the basis of the IR spectrum.® In the solid-
state "CNMR spectrum of 6, only one set of carbon
resonances is present, with an unambiguous carbonyl signal
at 0 =209 ppm and no anomeric carbon peaks in the interval
of d=95-110 ppm, which indicates that crystalline 6 exists
solely in the keto tautomeric form (Figure 1 A). To further
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Scheme 1. Tautomerization of fructosamines. Six tautomeric forms and
a hydrate are shown. For the majority of fructosamines, -pyranose is
the dominant tautomer, with 50-60% of the total population, followed
by the a- and B-furanoses, at 30-40%. The a-pyranose and acyclic
keto tautomers were not known to exceed 5% until this study.
Enolization of the keto tautomer into the acyclic enamine normally
proceeds in the presence of a nucleophilic catalyst, such as a
carboxylic acid or phosphate. The acyclic hydrate is not a tautomer;
however, consideration of its equilibrium with the keto form is
essential for this study. See Table 1 for the R' and R? groups.

investigate this phenomenon, a set of crystalline N-alkyl-N-
aryl-D-fructosamine derivatives (Table 1) was prepared.

The compounds were synthesized by using a condensation
reaction between D-glucose and aromatic amines, followed by
the carboxylate-catalyzed Amadori rearrangement.”)
Remarkably, the N-aryl-fructosamine derivatives with R*=
methyl, ethyl, or cycloalkyl crystallized exclusively in the
acyclic keto form, as evidenced by C NMR spectral data
(Table 1).

Two of the acyclic molecules, 6 and 8, afforded prisms
suitable for single-crystal diffraction studies,”) which con-
firmed, together with the NMR data, that these compounds
exist exclusively as keto tautomers. ORTEP views of 6 and 8
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Figure 1. Solid-state >*C NMR spectra and molecular structures of
A) crystalline N-methyl-N-p-tolyl-p-fructosamine (6) and B) crystalline
N-ethyl-N-p-chlorophenyl-p-fructosamine (8).

are shown in Figure 1. In both molecules, the C2-C6 carbon
chain of the carbohydrate portion is in the planar zig-zag
conformation, similar to that found in crystalline D-glucitol."”!

The C—C bond lengths in the fructosyl portion of 6 and 8
(see Table S2 in the Supporting Information) are close to the
respective values in D-fructose and its derivatives'!! (mean of
1.521 A). The mean distances of the hydroxy C—O bonds in 6
(1.426 A) and 8 (1.432 A) are longer than the corresponding
bonds in fructopyranoses and are rather closer to the average
values!'” from crystalline D-glucitol derivatives. The C—
C(OH)—C and C—C—OH valence angles in 6 and 8 (see
Table S2 in the Supporting Information) range from 107.1° to
113.4° (mean of 110.4°) and compare well with the average
values'” found in alditols. The values of the respective
valence angles around the carbonyl C2 atom in 6 and 8 are
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close and are in good agreement with the relevant values
found in acyclic D-xylulose-glycine” and dihydroxyace-
tone.!

The respective torsion angles around the C4—C5 and C5—
C6 bonds in 6 and 8 (Table S2 in the Supporting Information)
are within 4.5° of each other, but the conformations around
the carbonyl group differ significantly. In the *C NMR
spectrum of crystalline powdered 8 (Figure 1B), two sets of
carbon signals indicate that this compound may exist in two
different conformations. The carbonyl-centered fragment of
molecule 6, including atoms O3, C3, C2, 02, C1, and N, is
virtually planar, with only small (8-10°) deviations of the
torsion angles from the staggered/eclipsed conformation.
Similar spatial arrangements for the carbohydrate fragment
were found in acyclic p-xylulose-glycine!”! and dihydroxyace-
tone,!”! as well as the acyclic p-glucose/b-fructose or D-xylose/
D-xylulose intermediates in the xylose/glucose isomerase
active site."¥! Within the enzyme complexes, however, the
periplanar disposition of the O1, 02, and O4 atoms of the
acyclic carbohydrate intermediates is stabilized by coordina-
tion with two metal ions, typically Mg>"™ or Mn”*' ions.
Stabilization of the cis conformer in polar environments has
also been detected for a number of a-amino acetone
derivatives™ and was explained on the basis of o(C—H)—
0*(C=0) and o(C—H)—n*(C=0) interactions.!'"!

Subsequently, we examined the tautomeric composition
of the fructosamine derivatives in D,O/pyridine solutions by
BC NMR spectroscopy. According to the spectral data, the -
pyranose form predominates in 1-10, 13, and 14 (Table 1),
followed by the p-furanose form and a population of minor
tautomers divided between the a-pyranose, a-furanose, and
acyclic keto tautomers. This tautomeric pattern is character-
istic for both D-fructose and fructosamines derived from
aliphatic amines and amino acids.*'”) Table 1 provides a
pattern that relates the fructosamine acyclic keto tautomer
population to the nature of the aglycon. b-Fructosamine (1)
and its N-alkyl- or N-carboxyalkyl derivatives are comparable
to common hexoses and hexuloses in displaying less than 1 %
of the acyclic tautomer in the equilibrium. N-Aryl-substituted
fructosamines 2, 3, and 4 show a 2-5 % tautomeric population
present in the keto form, while addition of the N-methyl
group in 5-7 enhances the acyclic isomer percentage to 9-
11%. This proportion is augmented with an increase in the
size of the N-alkyl substituent, such as those in 8-10. Upon a
further increase, as in fructosamines 11 and 12, an unprece-
dented acyclic keto tautomer proportion of 52-57% is
observed, which dominates over the pyranose and furanose
species. Notably, the aglycon structure does not significantly
influence the relative proportions of the cyclic fructosamine
tautomers, which retain the [-pyranose > fp-furanose >
a-furanose > a-pyranose order in aqueous pyridine solutions.

When compared to other known fructosamine structures
that crystallize in the P-pyranose form,!'>!8 the crystal
structures of 6 and 8 do not reveal any obvious specific
interactions or steric constraints that would destabilize the
energetically favorable B-pyranose tautomer.

We note, however, that the O2 carbonyl oxygen atom in
these molecules is not involved in any heteroatom contacts, in
contrast to the situation in published B-D-fructopyranosyl-
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Table 1: Tautomeric composition of fructosamine derivatives (Scheme 1) in the crystalline state and in  acyclic tautomer population
D,0/pyridine solution at 25°C. (Table 1), apparently as a result of
Cpd. R R? Crystalline Tautomers in solution [%] decreased hydrophobicity around
tautomer a-pyr  B-pyr  afur  P-fur keto the carbonyl group due to the
[%, type] proximity of the charged protonat-

1 H H 100, B-pyr 4.5 641 174 144 06  edamino group.
Although the molecular confor-
2 M@ H 100, frpyr 29 >8.8 95 252 33 mations in 6 and 8 have significant
differences around the carbonyl
3 m@CH3 H 100, f-pyr 3.5 61.0 o4 242 19 group, the crystal structures of the
compounds (see Figure S1 in the
4 M@ H 100, B-pyr 3.1 540 112 265 5.2  Supporting Information) are simi-
H.C lar. In both, there are two-mole-
cule-thick infinite layers that prop-
3 m@ CH; 100, keto 23 312 4.6 319 101 agate in the crystallographic (001)
plane. Within the layers, the mole-
2.1 49.9 4.3 32.2 11.0  cules are bound together by a net-
6 ““@CHs CH; 100, keto 5.71 27.6% 8.8¢  45.8F 1229 work of intermolecular hydrogen

ib] i ol bl bl
4.0 62.2 129 18.5 2.4 bonds, and the layers apparently

interact by van der Waals forces. In

7 mﬂ@F CH, 100, keto 2.5 52.1 5.0 31.0 9.4 the crystal structure of 6, the inter-
molecular H-bonding (see Table S3

8 M@Cl CH,CH,4 100, keto 2.0 48.7 42 323 12.7  in the Supporting Information) pat-
tern consists of two similar infinite

9 N\@ CH,CH=CH, 100, B-pyr 2.2 47.4 4.5 33.6 12.3 homodromic chains, -O3—H:-O5—
H+— and —O04-H--O6—H—,

50, B-pyr which are formed by all of the

10 W@ (CH,);CH; 50, p-fur 22 44.7 43 320 168  available hydroxy groups of the
carbohydrate portions and which

coil along the crystallographic axis

n W‘@ "WO 100, keto 1.5 273 3.9 151 322 [010] in opposite directions. In 8,
the intermolecular hydrogen bond-

12 W‘@ VW<:> 100, keto 0.9 25.4 3.5 13.2 57.0 ing is represented by a system of
eight-membered homodromic

13 NR'R?= @E> 100, B-pyr 3.3 57.0 6.7 30.5 25  cycles, —0O5-H:+-06—H:-03—
N H--O4—H:— (see Figure S2 in the

14 NR'R?— ©fj 50, B-pyr 54 473 44 38 124 Supporting Information). There is
N 50, B-fur no evidence for the involvement of

the amine N atom in the hydrogen

[a] In [D¢]acetone. [b] In D,O with 1 equivalent of HCI. [c] See reference [12]. : AR
bonding. Also, the aromatic rings

amine structures,'>!"'8 in which an intramolecular hydrogen

bond between the carbonyl/anomeric O2 and amino N atoms 0.0 -
is a common feature. We suggest that the introduction of a

local hydrophobic environment around the carbonyl group -0.5 1
could decrease the rate of carbonyl C=O bond attack by

hydroxy groups originating from either the carbohydrate -1.0]
chain (attached to the C5 or C6 atoms) or water solvent 2
molecules. Consequently, this would promote stabilization of £ 5]
the keto tautomer, relative to the cyclic forms or the acyclic

hydrate (Scheme 1). To test this hypothesis, we measured the 0]
carbonyl hydration rates by monitoring the exchange of the
carbonyl/anomeric oxygen atom with the oxygen atom from

the isotopically labeled solvent H,"*O by mass spectrometry. _2'5—6
A remarkably good correlation was found between the log k (hy)

carbonyl hydration rates and the proportlon§ of acychc k.eto Figure 2. A correlation between the hydration rate constants k,,” and
tautomer for all of the tested ketosamine derivatives equilibrium molar fraction N of the keto acyclic fructosamine tauto-
(Figure 2). Furthermore, acidification of fructosamine solu-  mers in pyridine/H,"*0 at 25°C. The numbers correspond to the
tions, such as a solution of 6, caused a dramatic drop in the = compounds listed in Table 1.
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do not stack and are not involved in any other specific
interactions in the crystal structure of 6 and 8.

Given that some fructosamines bearing N-alkyl substitu-
ents bulkier than methyl or ethyl, such as 9, 10, 13, or 14
(Table 1), fail to crystallize in the acyclic form despite the
higher population of this form in the respective solutions,
hydrogen-bonding and crystal-packing forces may also con-
tribute to the stabilization of the keto isomer.

In conclusion, the presented data imply that stabilization
of the acyclic tautomers of reducing carbohydrates such as
fructose can be achieved by creating a hydrophobic micro-
environment around the carbonyl group, even without steric
constraints. This new phenomenon offers a mechanistic
alternative to metal chelation, which is operational in
hexose isomerases,'! and, in conjunction with the implied
major role of hydrophobic forces for carbohydrate—protein
interactions," could also provide an insight for understand-
ing the work of metal-independent enzymatic catalysts, such
as the eukaryotic phosphoglucose isomerases® or oxidore-
ductases.?!!
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