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Investigation of the Hydrogen Bonding Properties of a Series of
Monosaccharides in Aqueous Media by "H NMR and IR Spectroscopy
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A technique, based on 'H NMR and IR experiments, to char-
acterise intramolecular hydrogen bonds in aqueous medium
in a series of amino, amido and ammonium sugar derivatives
has been established. Three groups of molecules, repres-
enting amides (4, 5 and 6), amines (7 and 8) and ammonium
salts (chlorides 9 and 10, and phosphates 11 and 12), with
different relative configurations of their functional groups,
have been investigated to assess the effect of the nature and
the stereochemistry of these groups on the hydrogen-bond-
ing features of the sugar. The deduced features in water solu-
tion are compared to those obtained previously in nonpolar
solvents. The phosphate salts of amines 7 and 8 (11 and 12)

were also prepared, in order to evaluate the influence of the
OH groups on the binding of the phosphate counterion, and
the possibility of establishing cooperative hydrogen bonds
involving the phosphate group. The data presented here in-
dicate that the 1,3-cis-diaxial-type configuration in sugar di-
ols and amino alcohols produces an intramolecular six-mem-
bered-ring hydrogen bond that survives in water and, more-
over, offers the possibility to establish cooperative intermol-
ecular hydrogen bonds.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Biological recognition of carbohydrates relies upon mul-
tiple weak interactions.l! = Although still controversial, hy-
drogen bonds and van der Waals forces seem to be the most
important ones.>~71 Under physiological conditions, carbo-
hydrates are highly hydrated, and so water molecules must
be displaced from their surface before a hydrogen bond to
a receptor molecule may be formed.[®1 The role that hydro-
gen bonding plays in carbohydrate recognition is uncer-
tain,!'% and studies of intra- and intermolecular hydrogen
bonding in carbohydrates in aqueous solution are thus es-
sential to improve our understanding of the interactions of
these molecules in nature. The high hydroxy group content
in carbohydrates makes the study of carbohydrate OH---XH
and OH---X hydrogen-bond energetics fundamental to the
understanding of carbohydrate recognition. Moreover, the
cooperative effect of many hydrogen bonds acting together
is believed to play an important role in biological inter-

@ Dep. Quimica Organica Biologica, Instituto de Quimica
Organica, CSIC,
Juan de la Cierva 3, 28806 Madrid, Spain
[°] University of Cambridge,
Lensfield Road, Cambridge, CB2 1EW, UK
[l Instituto de Estructura de la Materia, CSIC,
Serrano 121, 28006 Madrid, Spain

Eur. J. Org. Chem. 2002, 1925—1936 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

actions. Hydrogen-bonding cooperativity, defined as the
change in the strength of a hydrogen bond when a second
hydrogen bond is formed between either the hydrogen-bond
donor or acceptor (of the existing hydrogen bond) and a
third hydrogen-bond group, may enhance (positive cooper-
ativity) or weaken (negative cooperativity) a hydrogen-bond
interaction.!'' 14 The experimental study of hydrogen
bonds involving OH groups in aqueous media, either by IR
or by NMR, is a difficult task. Furthermore, the obtaining
of experimental evidence of hydrogen-bonding cooperativ-
ity in aqueous solution has proved to be even more
difficult.'3~17]

In principle, the most direct probe with which to study
the involvement in hydrogen bonds of OH groups of sugars
by '"H NMRU8~2% i5 the hydroxy resonance, as it is sensitive
to solvent changes and to their implication in hydrogen
bonding. Unfortunately, observation of the OH '"H NMR
resonance in aqueous medium is complicated by the fast
exchange of the OH proton with water protons. In favour-
able cases, it is possible to use the WATERGATE or similar
pulse sequences to suppress the water 'H NMR signal effi-
ciently, without affecting the resonance of exchangeable
protons or influencing signals close to the water signal.[!]
Moreover, in acquisition of spectra at low temperature, the
OH signals of aqueous sugar samples can be observed with-
out the use of special precautions and, in some cases, coup-
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ling constants of the OH peaks have been resolved. There
is an additional difficulty for the study of OH hydrogen
bonds. While hydrogen-bond donor and acceptor centres
are well defined in other systems (NH in peptides and in
nucleotides), OH groups have dual donor/acceptor charac-
ter, and the prediction of the donor/acceptor character of
every OH is much more difficult for highly hydroxylated
compounds such as carbohydrates.[>?>~24

In order to detect intramolecular hydrogen bonds in
water, it is necessary to rely on the measurement of one
or several of the common '"H NMR resonance parameters:
chemical shifts, vicinal coupling constants, temperature co-
efficients, exchange rates with solvent and interresidue
NOESs may be extracted to infer the existence of such hydro-
gen bonds. In fact, interresidue hydrogen bonds have been
identified in disaccharide and in linear and branched trisac-
charide moieties.[>>>% To the best of our knowledge, how-
ever, no evidence for the existence of intramolecular hydro-
gen bonds in a simple monosaccharide in aqueous solution
has yet been reported.

The efficiency of IR spectroscopy in characterisation of
hydrogen bonds in nonpolar solvents is well known.?”-28! In
aqueous media, however, the strong hydroxy v(O—H) and
amide v(N—H) bands present in sugar derivatives in non-
polar media are masked by the corresponding ones gener-
ated by water, and consequently the 4000—3000 cm ! spec-
tral region cannot be used for the study of hydrogen bond-
ing.

Nevertheless, carbohydrate hydroxy groups cause me-
dium-intensity v(C—0) and 3(O—H) bands, which can be
used as diagnostic signals for the presence of hydrogen
bonds. This is supported by the fact that in alcohols in the
vapour state, in which hydrogen-bonded interactions are ab-
sent, no upshift of the v(C—0) bands is observed upon O-
deuteration of these hydroxy compounds.[*’! In contrast, hy-
drogen-bonded alcohols, either in the liquid state or dis-
solved in nonpolar solvents, show v(C—O) upshifts upon
deuteration®” as a result of Fermi resonance involving
v(C—0) and 6(O—D) vibrations. Consequently, this
v(C—0) shifting can be expected whenever O—H-+-O hydro-
gen bonds are present, even in aqueous medium. In connec-
tion with this, hydroxy—water and hydroxy—hydroxy hy-
drogen bonds can be distinguished by the magnitude of the
v(C—O0) shift. In the case of ethanol in water (5% w/w), the
v(C—O0) upshift upon deuteration is about 2 cm™!.131 It is
obvious that stronger v(C—O) upshifting is to be expected
when carbohydrate intramolecular hydrogen bonds are pre-
sent in water solution; otherwise these would be broken by
water. We have used this infrared spectroscopic method to
identify intramolecular hydrogen bonds in the carbohyd-
rates studied here for the first time.

Sugar diol and amido alcohol arrangements are “com-
mon features” found in carbohydrates present in antibiotics
and anticancer drugsB*>33 that interact with specific se-
quences of DNA in the minor groove. Their involvement in
hydrogen-bonding interactions with the phosphate groups
present in the groove has been postulated. Additionally, 1,2-
and 1,3-amino alcohol hydrogen-bonding motifs are found
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in the potent amino sugar antibiotic family,13*33! which in-
teract specifically with RNA. Under physiological condi-
tions these amines are protonated, and so electrostatic inter-
actions, and presumably hydrogen bonds, are relevant to
their interaction processes. Efforts have been made to deter-
mine the contribution of the interaction between the neigh-
bouring OH and the ammonium groups on phosphate
binding, depending on the different relative configurations
of these particular OH groups.[** We have found that, in
nonpolar media, the glucose amido alcohol 1 presents a
very efficient bidentate binding motif complementary to a
phosphate salt (AG® = —4.4 kcal mol™"),[37] the intramolec-
ular hydrogen bond being the origin of the extra stabilis-
ation by cooperativity.

In this context, and following our studies on the role of
the nonadditive (cooperative) effect of hydrogen bonds in
carbohydrates,[*® 411 we report here on the hydrogen-bond-
ing properties of a series of water-soluble 1,2- and 1,3-diol
and amino alcohol monosaccharide derivatives (4—12),
with gluco and galacto configurations in the 1,6-anhydrosu-
gar series (see Figure 1) in aqueous solution.

R
oH ¢ oH 9 o)\N—HO
Q HO- AL Q

HO HNVO HN?O HO HO
R R
1 R=CsHy 2 R=Cy5Hy, 3 R=Cy5H;)
4 R=Cl, 5 R=CH, 6 R=CH,
oH 9 oH 9
0 1o 0
HO R R
7 R=NH, 8 R =NH,
9 R=NH;'CI” 10 R =NH;'Cl”

11 R = NH;"Phos™ 12 R =NH; Phos™

Figure 1. Carbohydrate derivatives studied in this work [Phos™ =
tetrabutylammonium bis(3,5-di-zerz-butylphenyl) phosphate)

These derivatives were selected on the basis of our previ-
ous findings in nonpolar media of stable and directional
intramolecular hydrogen bonds for a particular relative ori-
entation of the hydrogen-bonding centres in the corres-
ponding organic-soluble derivatives 1, 2 and 3 (see Fig-
ure 2).

Thus, three groups of molecules, representing amides (4,
5 and 6), amines (7 and 8) and ammonium salts (chlorides 9
and 10, and phosphates 11 and 12), with different relative
configurations of their functional groups, were investigated
both by NMR and by IR to assess the effect of the nature
and the stereochemistry of these groups on the hydrogen-
bond features of the sugar. The features deduced in water
solution were compared to those obtained previously in
nonpolar solvents.?®38 The phosphate salts of amines 7
and 8 (11 and 12) were prepared in order to evaluate the
influence of OH groups in the binding of the phosphate
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Figure 2. Hydrogen-bonding pattern of sugar derivatives 1, 2 and
3 in chloroform

counterion, and the possibility of establishing cooperative
hydrogen bonds involving the phosphate group.

Results and Discussion

1. Amides 4—6 in Water Solution and Their Analogues 1—3
in Chloroform Solution

In preliminary communications we have examined the hy-
drogen-bonding abilities of a series of 1,2- and 1,3-diols and
amido alcohols, with either gluco or galacto configurations,
in chloroform solution.%3% Monoalcohols were also used
as models to study the influence of a second hydroxy group
with 1,3-diaxial or 1,2-diequatorial orientations on cooper-
ativity. NMR, IR and vapour-pressure osmometry experi-
ments allowed us to demonstrate that analogue 3, with the
1,6-anhydro-gluco configuration and a 1,3-syn-diaxial ori-
entation of the hydroxy groups, forms stable dimers in non-
polar media, where the intramolecular six-membered ring
hydrogen bond 2-OH — 4-OH is the origin of the effect-
iveness of the dimerization. More recently,*® we have also
shown that analogue 3 is able to interact and to form stable
complexes (AG® = —4.4 kcal/mol) with the cytidine-gua-
nosine (CG) base pair, through cooperativity-enhanced hy-
drogen bonds between the hydroxy groups of the sugar, the
carbonyl group of G and the NH, group of C.

The results for the water-soluble sugar amides 4—6 can
be summarised as follows. In all cases, the exchangeable
proton resonances of the three compounds were sharp and
well resolved in '"H NMR spectra acquired at low temper-
atures, and the coupling constants of CH sugar ring reson-
ances indicated that all of them displayed 'C, chair con-
formations under these experimental conditions. This is rel-
evant, since the formation of intramolecular hydrogen
bonds in 6 is more likely to occur when a chair conforma-
tion is adopted than when a boat conformation is present.
The conformations of 1,6-anhydro-B-p-glucopyranoses are
known to be solvent-dependent, and appreciable popula-
tions of boat-like conformers have been observed in
DMSO.#2431 Analogously, the hexadecanoyl and naph-
thaloyl amido-substituted analogue of 6 (compound 3) has
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also been shown to present a chair conformation in
[D]chloroform over the 297—318-K temperature range.

The 'H NMR spectra of 4—6 were fully assigned by
TOCSY and NOESY experiments at low temperature with
solvent suppression (presaturation) (Table 1).

Table 1. '"H NMR chemical shifts (5, ppm) and coupling constants
(J, Hz) of sugar amides 4—6 in water solution (H,O/15% [Dg]-
acetone)

Proton 4 5 6

) J o J ) J
1-H 550 1.2 538 1.1 548 1.0
2-H 380 1.1 4.07 12 3.68 1.1
3-H 379 1.3 4.03 1.1 379 1.2
4-H 377 1.0 389 1.3 359 1.0
5-H 4.67 06,54 451 06,55 462 05,55
6-H.,.4o 421 9.1 430 -89 404 -9.0
6-H.,, 3.69 - 3.67 — 3.77 -
3-OH/2-OH 6.30 - 6.20 — 697 —
4-OH 646 — 590 - 6.35 —
NH 8.04 8.7 8.34 88 8.19 8.2

In the NOESY spectra of 4 and 5, NOE cross-peaks were
detected between the OH signals and their respective vicinal
proton signals. No other NOE cross-peaks from the OH
resonances were observed. Furthermore, the amide signals
of 4 and 5 exhibited NOE cross-peaks to several ring pro-
tons (1-H, 2-H, 3-H, 4-H). It was also evident that the OH
protons of 4 and 5 underwent chemical exchange with water
protons, but no exchange cross-peaks between amide and
water protons were detected. Temperature coefficients of
—10.6 and —10.3 ppb K™™', and —10.5 and —11.1 ppb K™!
were determined for the 3-OH and 4-OH resonances of 4
and 5, respectively. In both compounds, the difference be-
tween the temperature coefficients of the two OH protons
was insufficient to be significant, since the experimental
error in the determination of temperature coefficients in
15% [DgJacetone in water was estimated to be between 0.5
and 1.0 ppb K~!. In any case, the temperature coefficients
of the OH resonances of 4 and 5 indicated that the corres-
ponding OH groups were equally exposed to solvent and
that, as such, participation of these OH groups in intramo-
lecular hydrogen bonds was unlikely, or the population of
the intramolecular hydrogen-bonding isomer was too small
to produce changes in this parameter. Furthermore, the
magnitude of the temperature coefficients of the OH reson-
ances of 4 and 5 was consistent with the OH protons being
engaged in hydrogen bonding to solvent water molecules,
rather than involved in intramolecular hydrogen bonds.

Analysis of the '"H NMR spectra of aqueous solutions of
6 acquired at low temperatures (< 278 K) showed sharp
and well-resolved lines for the exchangeable proton signals.
Moreover, the resolution of the NH and OH proton reson-
ances improved as the proportion of [Dglacetone in water
was increased and the acquisition temperature was lowered.
In 15% [Dglacetone, for example, both sugar OH signals
were resolved at 278 K, whereas in pure water only one
broad OH peak was observed at 268 K.
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Little variation was observed in the exchangeable proton
chemical shifts of 6 over the range of aqueous compositions
studied. The OH resonances were slightly displaced to
lower field as the proportion of [D¢lacetone in the solvent
was decreased, while the chemical shift of the NH reson-
ance was essentially uninfluenced by small changes in the
solvent composition. For example, at 263 K, on decreasing
the solvent acetone content from 15 to 10%, the NH chem-
ical shift was virtually unaffected, and the OH peaks were
displaced downfield by 0.02—0.05 ppm. No change in the
chemical shifts or coupling constants of the H—C protons
was detected on varying the solvent composition or temper-
ature. At 263 K in 15% acetone, the couplings of the OH
signals were resolved, although the coupling pattern could
not be identified properly. Under the same conditions, the
amide proton was a doublet with a coupling constant of
8.2 Hz. The behaviour of the rest of the sugars in water
was therefore studied using 15% [Dglacetone in water as the
aqueous medium.

For 6, temperature coefficients of —12.9 and —9.8 ppb
K~! were determined for its OH resonances. In this case,
the difference between these values is greater than the mar-
gin of error in determining temperature coefficients. The
temperature coefficient of 4-OH was similar to the experi-
mentally determined temperature coefficient for a non-
intramolecularly hydrogen-bonded OH proton. (‘"H NMR
spectra of a monoalcohol in which there was no possibility
of the formation of intramolecular hydrogen bonds were
acquired in 15% [Dglacetone in water at distinct temper-
atures in order to calculate the temperature coefficient of a
non-intramolecularly hydrogen-bonded OH proton reson-
ance. Unfortunately, the most suitable substrates for this
purpose were not water-soluble and 2-propanol was em-
ployed. By using the WATERGATE pulse sequence, the
OH resonance of 2-propanol was resolved at temperatures
below approximately 283 K and the corresponding temper-
ature coefficient was determined to be —11.3 to —12 ppb
K1) In contrast, the temperature coefficient of 2-OH (Ad/
AT = —9.8 ppb K ') was significantly smaller, although
still rather large in relation to the reported values for those
OH protons involved in strong intramolecular hydrogen
bonds in [Dglacetone/water.

On the other hand, the temperature coefficients of the
NH resonances of 4—6 were too close to each other (be-
tween 7.3 and 8.0 ppb K1) to provide evidence for differ-
ential involvement of the respective N—H protons in hydro-
gen bonding

Although less evident and probably shorter lived, the
NMR behaviour of 6 in water solution resembles that of
its analogue 3 in chloroform, in which a 2-HO — 4-OH
intramolecular hydrogen bond could persist for a limited
amount of time. In contrast, compounds 4 and 5 did not
show any NMR indication of the existence of intramolecu-
lar hydrogen bonding as previously found in chloroform for
1 and 2 (Figure 2).

As regards IR experiments, band shifts in opposite direc-
tions due to coupling (Fermi resonance) can provide in-
formation on the interactions between functional groups.
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This coupling can be either electromagnetic or mechanical.
In the first case, coupling is generated by electromagnetic
interaction of parallel or antiparallel oriented similar di-
poles, while mechanical coupling is caused by electronic
fluctuations of groups contacting each other through, for
instance, hydrogen bonds. Generally speaking, hydrogen-
bonding studies of aqueous solutions of organic com-
pounds by infrared spectroscopy are hampered by the
v(O—H) bands of water. However, on the basis of the above
band shifts and by considering v(C—0) and §[O—H(O—D)]
bands, it is possible to obtain information regarding the
hydrogen bonds between different polar groups. Addition-
ally, 6(NH3) was observed for the detection of hydrogen-
bond formation in the ammonium salts.

We therefore performed IR experiments in water solu-
tion. The v(C—0) and amide IT bands of the three sugar
amides 4—6 were examined for intramolecular hydrogen
bonds (see Table 2).

Table 2. Infrared bands (cm™') obtained for the amide-containing
sugars 4—6 in H,O and D,O solutions

Band Solvent 4 5 6
v(C—-0) H,O 1138 1089 1117 1060 1146 1079

D,O 1152 1123 1139 1091 1159 1100
Amide I H,O 1559 1559 1549

The amide II bands of compounds 4 and 5 appeared at
the same frequency (1559 cm™!). As the two amides differ
only in the relative configuration of 4-OH, the results seem
to indicate that the 1,3-diaxial relative orientation of 4-OH
and 2-NH in 4 does not affect the amide group. Two situ-
ations can be considered: either both of them are free or
both are involved in the same type of hydrogen bonding.
In nonpolar media, 1 (an analogue of 4) represents a six-
membered ring intramolecular hydrogen bond between the
two diaxial substituents®®! (see Figure 2). Sugar 6, which
has the amide group in position 3, displayed this band at
lower frequency (1549 cm™!). Unfortunately, we do not
have an analogue of 6 that could be used as a model for
non-intramolecularly hydrogen-bonded 3-NH.

In the 1200—900-cm ™! spectral region, upshifts of two
v(C—0) bands in compound 5 were detected upon deutera-
tion (see Figure 3a), with the 1117- and 1060-cm™! bands
shifting to 1139 and 1091 cm ™!, respectively. As described
above, shifts of the v(C—0) and 6(O—D) bands in opposite
directions means that C—O and/or O—H groups are in-
volved in intramolecular interactions.

Unambiguous assignment of these bands to particular
C—0 and O—H bonds could not be performed without iso-
topic C and O labelling of the molecule, and so two possible
hydrogen-bonding isomers could be conceived of, involving
a hydrogen bond between 3-OH and either 1-CO or 4-OH.
Since two — and not three — v(C—O) upshifts were de-
tected upon deuteration of this compound, the double in-
teraction, 4-OH---3-OH-:1-OC, cannot be considered. This
result is completely in accordance with the hydrogen-bond-
ing isomer equilibrium we have proposed in nonpolar me-
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Figure 3. IR spectra (1200—900-cm ™! region) of compounds 5 (3a)
and 6 (3b) in H,O (upper spectra) and D,O (lower spectra)

dia between the OH---OH centres of 2, the organic-soluble
analogue of 5 (see Figure 2).18]

In the case of the sugar amide 4, two v(C—0O) bands at
1138 and 1089 cm ™! shifted upon deuteration to 1152 and
1123 cm™!, respectively. This is compatible with the exist-
ence of a 3-OH-+1-OC hydrogen bond, as found in its or-
ganic-soluble analogue 1. The most significant result was
the finding that the 1,3-cis-diaxial diol 6 also showed two
v(C—0) upshifts (Figure 3b), from 1146 and 1079 cm ™! to
1159 and 1100 cm ™!, respectively. This is in agreement with
the NMR spectroscopic data in water, and confirms the
presence of an intramolecular hydrogen bond between the
diaxial diol 2-OH and 4-OH, forming a six-membered ring
intramolecular hydrogen bond, in accordance with the previ-
ously characterised intramolecular hydrogen bond in the
corresponding analogue 3 in nonpolar solvents (Fig-
ure 2).1381 This has proved to be essential for effective bind-
ing in intermolecular processes, due to hydrogen-bonding
cooperativity.[?8-3741]

2. Sugar Amines 7 and 8

Unfortunately, the exchangeable proton resonances of the
amines 7 and 8 were not resolved under the experimental
conditions used to acquire the 'H NMR spectra of the cor-
responding amides 4 and 5 as described above. This situ-
ation was not surprising, as the more basic amine group
would be expected to scavenge protons more readily than
an amide group and cause a fast rate of proton exchange.
The rest of the signals were assigned by conventional
methods as described earlier. The coupling constants al-
lowed us to deduce that the conformation of each amine
was a !C, chair.
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The pK, values have been used as a tool to characterise
the existence of polar interactions in nitrogen-containing
sugars.['”] The resonance signals of 2-H in 7 and 8 appeared
characteristically isolated at high field (6 = 2.78 and
3.06 ppm), and so were used as probes in a pH titration (in
D,0O at 299 K) in order to determine the pK, values of the
sugars. It was observed that the chemical shifts of protons
1-H and 5-H of 7 and 8 were also sensitive to the pH, being
displaced downfield by 6 = 0.25 and 0.13 ppm, respectively;
pK, values of 7.3 and 7.0 were determined for 7 and 8.
As the error in the measurement of the pK, values by this
procedure is < 0.1 pK, units, these data established that 7
was protonated more readily than 8. Since the only struc-
tural difference between the two compounds resides in the
configuration at C-4, the measured difference between these
pK, values could be attributed to the appearance — or en-
hancement — of a nonpolar interaction, probably an intra-
molecular hydrogen bond,l'”! between the ammonium
group at C-2 and 4-OH after protonation of the gluco deriv-
ative 7. Such an interaction would not be possible upon
protonation of the galacto analogue 8, and so a stabilisation
of protonated 7 relative to protonated 8 would be provided
(see Figure 4).

o0 9 pRa=73 ot Q
0 — 0
110 NH, 0., N.Iocr
H™
HH
7 9
on Q  pKa=7.0 oH 4
HO 0 HO- /AL,
NH, NH;' CI
8 10

Figure 4. Protonation equilibrium of amine derivatives 7 and 8,
showing the possible intramolecular hydrogen-bonding patterns

3. Ammonium-Containing Sugars 9—12: Effect of the
Counterion; Hydrogen-Bonding Interaction with Phosphate

The paper on 1,2- and 1,3-amino alcohol interaction mo-
tifs in the molecular recognition of aminoglycoside antibi-
otics has motivated efforts to determine the differences in
binding to phosphate depending on the different relative
configurations of OH groups close to the ammonium
group.[*?l In nonpolar media, we have previously found that
the glucose amido alcohol 1 represents a very efficient bi-
dentate binding motif complementary to a phosphate salt
(AG® = —4.4 kcal mol™"),*7! the intramolecular hydrogen
bond being the origin of extra stabilisation by cooperativity.
The water-soluble derivatives 9—12 were therefore studied
in order to perform a comparative study in aqueous media.

The '"H NMR spectra of the ammonium chloride (9—10)
and ammonium phosphate sugars (11—12) in water/16%
acetone revealed a clear difference from the respective
amines (7 and 8) and amides (4 and 5). Generally, lower
temperatures were required to observe the NH and OH pro-
ton resonances for 9—12 than for 4—8. For 11, in fact, the
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OH resonances were not sufficiently well resolved even at
the lowest temperature attainable without freezing in 15%
[D¢lacetone/water. The observed data (Table 3) could not
be correlated either with the type of counteranion [chloride
or tetrabutylammonium bis(3,5-di-zert-butylphenyl) phos-
phate] or with the configuration of the functional groups.

Table 3. '"H NMR chemical shifts (8, ppm) and coupling constants
(J, Hz) of sugar amides 9—12 in water solution (H,O/15% [DgJace-
tone)

Proton 9 10 11 12
1 J o J ) J 1) J

1-H 570 1.0 5.63 1.0 5.70 1.0 563 1.0
2-H 332 1.1 355 1.1 334 1.1 3.56 1.1
3-H 393 1.2 416 1.2 392 1.2 416 1.2
4-H 3.82 1.0 443 1.0 386 1.0 416 1.0
5-H 4.80 0.5, 4.61 0.5, 4.76 0.5, 4.62 0.5,

5.5 5.5 5.5 5.5
6-H,,., 4.60 —-9.0 416 —-90 430 -90 444 -9.0
6-H,,, 3.83 - 376  — 38 — 3.76
OHEI 6.63 — 6.25 — — — 6.27
OHEI 7.01 - 6.35 — — — 6.36
NH 6.70 8.2 6.90 8.2 8.30 8.2 842 8.2

[al The assignment of hydroxy peaks makes no distinction between
OH groups in positions 3 and 4.

The difficulty in resolving the OH resonances of 9—12
also hampered the determination of the corresponding tem-
perature coefficients; where OH resonances could be ob-
served, the temperature range over which they were resolved
was generally too small to allow the temperature coefficient
to be measured accurately.

Fortunately, IR experiments proved to be very useful for
characterisation of intramolecular hydrogen bonds in these
compounds, whereas the obtaining of NMR information
presented serious experimental problems. We detected intra-
molecular hydrogen bonds in the two ammonium chloride
derivatives 9 and 10 by measurement of the v(C—O)
frequencies (see Table 4). In the ammonium phosphate
derivatives 11 and 12 we also compared their v((PO,7)
bands.

Table 4. Infrared bands (cm™!) obtained for the ammonium-con-
taining sugars 9—12 in H,O and D,O solutions

Band Solvent 9 10 11 12

v(C-0) H,0 1123 1082 1121 1065 1124 1091 1123 1067
D,O 1151 1113 1143 1073 1124 1089 1143 1074
d(NH;*) H,O 1533 1538 1555 1540

vy(PO,™) H,O - - 1088 1089

By the method described above, upshifting of two
v(C—0) bands upon deuteration was observed for the two
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Figure 5. IR spectra (1200—900-cm ™! region) of compounds 9 (5a),
10 (5b) and 12 (5¢) in H,O (upper spectra) and D,O (lower spectra)

ammonium chloride salts 9 and 10 (see Figure 5a), which
means that there is an intramolecular hydrogen bond invol-
ving two C—0O/O—H groups in each molecule.

As expected, these results are consistent with those ob-
tained for the analogous sugar amide derivatives 4 and 5 in
water, and compatible with those proposed for their corres-
ponding chloroform-soluble derivatives 1 and 2 (see Fig-
ure 2).

On the other hand, comparison of the ,(NH;*) bands
in 9 and 10 (1533 and 1538 cm ™!, respectively) yielded no
evidence of an intramolecular hydrogen bond between
NH;" and 4-OH in 9, in which case it would be expected
to show 84(NH;™) at a higher frequency than in 10.

With regard to the effect of the counterion on the estab-
lishment of intra- and intermolecular hydrogen bonds invol-
ving the phosphate ion, not only v(C—O0), but also
8(NH3") and v{(PO,") bands were observed. Phosphate
salts 11 and 12, which only differ in the orientation of 4-

Eur. J. Org. Chem. 2002, 1925—1936



Hydrogen Bonding Properties of a Series of Monosaccharides

FULL PAPER

OH, showed very different behaviour in the three absorp-
tions. Additionally, they behaved differently from their cor-
responding chlorine salts (9 and 10).

Comparison of the §(NH;") bands in phosphate salts 11
and 12 showed differences between the two compounds. A
significantly higher frequency (1555 cm™!) was observed for
this band in 11 than in 12 (1540 cm™'). This suggests that
an intramolecular hydrogen bond (absent in 12) exists be-
tween 2-NH™* and 4-OH in 11, NH;" being the hydrogen-
bonding donor group.

Additionally, comparison of v{(PO,7) in both 11 and 12
deuterated salts (see Table 4) with the same band in a non-
carbohydrate model salt [tetrabutylammonium bis(3,5-di-
tert-butylphenyl) phosphate] (1091 cm™!) showed downsh-
ifts of 2 cm ™! for compound 11 and 1 cm ! for compound
12. This observation implies that PO,~ is involved in an
additional stabilisation of the complex, presumably through
intermolecular hydrogen bonding that is stronger in 11 than
in 12.

Upshifting of two v(C—0) bands was observed in 12
upon deuteration (Figure 5c). In fact, the bands affected by
a Fermi resonance are the same as in the chloride salt 10,
which suggests the conclusion that the hydrogen-bond
model existing in compound 10 (either 3-OH---1-OC or 3-
OH---4-OH) remains in the presence of phosphate anion.
On the contrary, no clearly visible upshifting of v(C—0)
bands was observed for the phosphate salt 11 upon deutera-
tion (see Table 4), which suggests that the hydrogen bonding
involving the 3-OH group is different from that in the
homologous chloride salt 9 (see above), in which the up-
shifting of two v(C—O0O) bands was detected. All of these
results seem to show that, in the presence of phosphate an-
ion, 3-OH no longer interacts with 1-CO but preferentially
forms a more stable intermolecular hydrogen bond with
PO,".

This last evidence furthermore suggests that the inter-
molecular interaction between the sugar and the anion
PO, ™ in 11 could be explained by the formation of an intra-
molecular 2-NH*--4-OH hydrogen bond stabilised by
cooperativity, and in a reciprocal manner, that the interac-
tion with the phosphate is enhanced by the same effect.

Finally, the differences found in the 1200—900-cm ™!
spectral region between the chloride (9) and phosphate (11)
salts in D,O (Figure 6) can be attributed to interactions
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Figure 6. IR spectra (1200—900-cm~! region) of compounds 9
(upper spectrum) and 11 (lower spectrum) in D,O
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with their respective anions. It seems that a strong hydrogen
bond with the PO,™ group is present in 11, and is respons-
ible for shifting the v(C—0O) absorption to higher frequen-
cies (see Table 4). This is apparent for the v(C—O) band of
9 (1151 cm™ ') and the homologous 11 (1164 cm ™).

These are relevant results, since the interaction with the
phosphate anion in water seems to be dependent on the
relative stereochemistry of the carbohydrate hydrogen-
bonding centres in the proximity to the ammonium group.
Furthermore, they suggest that the hydrogen-bonding array
present in 9 (and 11) could be a good candidate in the de-
sign of carbohydrate RNA binders.

Conclusions

We have established a technique, based on '"H NMR and
IR experiments, with which to characterise intramolecular
hydrogen bonds in aqueous medium in a series of amino,
amido and ammonium sugar derivatives containing 1,2- or
1,3-diol moieties (4—12). Essentially, six-membered ring in-
tramolecular hydrogen bonds between 2-OH and 4-OH in 6,
and 2-NH™" and 4-OH in 9 and 11 have proved to be long-
lived in water. Experimental evidence was provided by low-
temperature NMR experiments in a 15% [Dglacetone/water
solution, in which chemical shifts, coupling constants and
temperature coefficients of the sugar protons were studied.
Infrared spectra of aqueous samples, particularly the detec-
tion of upshifts of v(C—0O) bands upon deuteration, has
been decisive in the unambiguous characterisation of the
intramolecular CO---HO—C hydrogen bonds.

Thus, both NMR and IR showed the presence of an in-
tramolecular 2-OH-++4-OH hydrogen bond (six-membered
ring cis-intra-hydrogen bond) in compound 6. In addition,
infrared spectroscopy was able to detect hydrogen-bond in-
teractions between 3-OH and 1-O in compound 4, and 3-
OH-+4-OH or 4-OH---3-OH hydrogen bonding (five-mem-
bered ring cis-intra-hydrogen bond) in compound 5, for
which NMR spectroscopic data were not conclusive. These
particular hydrogen bonds have been observed previously
in nonpolar media for their corresponding organic soluble
derivatives 1, 2 and 3. The six-membered ring intramolecular
hydrogen bond in 3 allows efficient cooperative intermolecu-
lar interactions in nonpolar media.l?®3”) As far as the am-
monium-containing sugars 9 and 10 are concerned, they
show IR spectra indicative of the same hydrogen bonds (in-
volving the OH groups) as observed in their respective
amide analogues 4 and 5.

As regards the possible formation of an intramolecular
hydrogen bond between 2-NH and 4-OH in the 1,3-cis-di-
axial glucose derivatives 4 (amido alcohol), 7 (amino alco-
hol) and 9 (ammonium chloride alcohol) in water, only the
pK, difference between amines 7 and 8 can be taken as evid-
ence of the existence of a certain percentage of the hydro-
gen-bonding isomer in solution. This particular hydrogen
bond has been characterised in nonpolar media for the
same configuration in analogue 1. In contrast, if the chlor-
ide counterion is changed for phosphate (compound 11),
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IR spectroscopy confirms not only the presence of this in-
tramolecular hydrogen bond, but also the participation of
3-OH in the interaction with phosphate.

In conclusion, the data reported here indicate that the
1,3-cis-diaxial-type configuration in sugar diols and amino
alcohols results in an intramolecular hydrogen bond
(forming a six-membered ring intramolecular hydrogen bond)
that survives in water and, moreover, offers the potential to
establish cooperative intermolecular hydrogen bonds. This
fact may have implications in the design of molecular recog-
nition processes, especially towards DNA and RNA, where
this type of sugar structures is very common.

Experimental Section

1. General Methods and Materials: All chemicals were purchased
from Aldrich and Sigma. Molecular sieves were activated at 300 °C
for 5 h. All reaction solvents were distilled prior to use. Chromato-
graphy was performed with Merck 7734 silica gel 60, and TLC on
silica gel plates (Kieselgel 60). Compounds were viewed under UV
light and/or by dipping in H,SO,/MeOH (1:10, v/v) followed by
subsequent charring at 140 °C.

2. Synthesis: The syntheses of all the compounds prepared here
were not optimised, since the major aim of this work is to examine
their hydrogen-bonding properties. Amines 7 and 8 were prepared
from D-glucal and D-galactal, respectively, as shown in Scheme 1.
Compounds 7 and 8 were the precursors for the rest of derivatives,
including amide acetates 4 and 5, ammonium chlorides 9 and 10
and ammonium phosphates 11 and 12. The benzylated azides 17
and 18 were prepared according to previously described proced-
ures, with minor modifications. Since the intermediates in the syn-
theses of 7 and 8 had been characterised previously, 13—18 were
not recrystallised and were used in the synthetic procedure after
purification by column chromatography. Treatment of 13 and 14
with sodium azide yielded 15 and 16, respectively. However, azides
of opposite configuration were also obtained. The products were
purified after benzylation of the crude mixtures to give 17 and 18.
The benzylated azides 17 and 18 were hydrogenolysed by using pal-
ladium hydroxide on carbon in the presence of trifluoroacetic acid,
the trifluoroacetate salts of the corresponding ammonium-con-
taining sugars thus being obtained. The corresponding free amines
7 and 8 were isolated after ion-exchange column chromatography
of the crude products. The acetate amides 4 and 5 were prepared
from 7 and 8, respectively, by stirring with acetic anhydride. In a
parallel manner, the corresponding gluco and galacto ammonium
chlorides 9 and 10 were derived from 7 and 8, respectively, by addi-
tion of an excess of hydrochloric acid. Ammonium phosphate salts
11 and 12 were prepared analogously from 7 and 8 after addition
of 1 equiv. of sodium bis(3,5-di-zert-butylphenyl) phosphate in
aqueous solution. In both cases, the solvent water was removed
by lyophilisation.

1,6-Anhydro-2-deoxy-2-iodo-p-D-glucopyranose ~ (14):  D-Glucal
(1.37 g, 9.4 mmol) and molecular sieves (3 A) were placed in a two-
necked, round-bottomed flask, equipped with a condenser. The
complete apparatus was exposed to vacuum and argon (3 cycles),
and dry acetonitrile (55 mL) was then introduced into the system.
The resulting mixture was stirred with warming until the substrate
sugar was dissolved. Bis(tributyltin) oxide (3.8 mL, 7.5 mmol) was
then added, and the colourless solution was heated under reflux
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Scheme 1. Synthetic route for the preparation of amines 7 and 8
(i) a. (Bu3Sn),O/CH;CN, b. I,/CH,Cl,; (ii) NaN3/DMF/H,O; (iii)
a. NaH/DMF, b. BnBr; (iv) Pd-OH/C, H,, TFA CH;OH/H,O

under argon for 3 h; the solution became opaque during the course
of the reaction. After the mixture had cooled to room temperature,
the solvent was removed by evaporation under reduced pressure
and the residual oil was dried under high vacuum. The residue was
taken up in dry dichloromethane (55 mL) under argon at room
temperature and subsequently cooled in an ice/water bath. lodine
(2.85 g, 11.2 mmol) was added to the dichloromethane solution,
and a colour change to dark brown was immediately observed. The
mixture was allowed to stir at 0 °C for 15 min, and filtered through
a Celite plug to remove tin salts and molecular sieves. The Celite
was washed with dichloromethane, the filtrate and dichlorome-
thane washings were combined, and their volume was reduced to
approximately 5 mL by rotary evaporation. The concentrated
dichloromethane solution thus obtained was diluted with hexane
(50 mL) and stirred with aqueous sodium thiosulfate (50 mL) for
12 h, after which the aqueous and organic phases were then colour-
less. The aqueous phase was extracted with ethyl acetate (6 X 100
mL) and then dried with sodium sulfate, and the solvent was re-
moved to give a white, oily solid. The crude product was dissolved
in methanol, mixed with silica and concentrated to dryness in raro-
tary evaporator. Flash column chromatography (silica; 18 cm, hex-
ane/acetone, 3:2) gave 14 as white solid (1.65 g, 6.1 mmol, 65%).

1,6-Anhydro-2-deoxy-2-iodo-p-D-galactopyranose (13): D-Galactal
(6.9 g, 47.2 mmol) and molecular sieves (3 A) were placed in a two-
necked, round bottomed flask equipped with a condenser. The
complete apparatus was exposed to vacuum and argon (3 cycles),
and dry acetonitrile (55 mL) was then introduced into the system.
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The resulting mixture was stirred with warming until the substrate
sugar was dissolved. Bis(tributyltin) oxide (3.8 mL, 7.5 mmol) was
then added, and the colourless solution was heated under reflux
under argon for 3 h; the solution became opaque during the course
of the reaction. After the mixture had cooled to room temperature,
the solvent was removed by evaporation under reduced pressure
and the residual oil was dried under high vacuum. The residue was
taken up in dry dichloromethane (55 mL) under argon at room
temperature and subsequently cooled in an ice/water bath. lodine
(2.85 g, 11.2 mmol) was added to the dichloromethane solution and
a colour change to dark brown was immediately observed. The
mixture was stirred at 0 °C for 15 min, and filtered through a Celite
plug to remove tin salts and molecular sieves. The Celite was
washed with dichloromethane, the filtrate and dichloromethane
washings were combined, and their volume was reduced to approx-
imately 5 mL by rotary evaporation. The concentrated dichlorome-
thane solution thus obtained was diluted with hexane (50 mL) and
stirred with aqueous sodium thiosulfate (50 mL) for 12 h, after
which the aqueous and organic phases were colourless. The aque-
ous phase was extracted with ethyl acetate (6 X 100 mL) and then
dried with sodium sulfate, and the solvent was removed to give a
white, oily solid. The crude product (TLC: silica; hexane/acetone,
3:2; 2 elutions) was dissolved in methanol, mixed with silica con-
centrated to dryness by rotary evaporation. Flash column chroma-
tography (silica, 18 cm; hexane/acetone, 3:2) gave 13 as white
solid (65%).

1,6-Anhydro-2-azido-2-deoxy-p-D-glucopyranose (15) and 1,6-Anhy-
dro-2-azido-2-deoxy-3,4-di-O-benzyl-p-d-glucopyranose (17): Com-
pound 13 (3.66 g, 13.4 mmol) was heated with sodium azide
(25 mmol) in aqueous DMF overnight, until the reaction was com-
plete. Flash column chromatography of the product (ethyl acetate/
hexane, 2:1; product loaded onto silica) yielded fractions con-
taining two species [TLC: silica; hexane/acetone, 3:2; 2 elutions:
R{(15) = 0.18]. The more polar fraction was an impurity. When
dissolved in dichloromethane, the mixture of products produced a
yellow solution; a white solid was precipitated from this solution
on addition of hexane. Material (1.51 g) containing 15 (impure)
was obtained after purification by column chromatography (IR:
¥ = 2070 cm™'). The yield is not quoted since a mixture was ob-
tained and used in the further step. This mixture was treated with
benzyl bromide in excess. Flash column chromatography (silica;
hexane/ethyl acetate, 7:1) gave 17 in an overall yield of 51% (from
13) when the synthesis was carried out on a 13.4-mmol scale.

1,6-Anhydro-2-azido-2-deoxy-f-D-galactopyranose (16) and 1,6-
Anhydro-2-azido-2-deoxy-3,4-di- O-benzyl-p-d-galactopyranose (18):
Compound 14 (1.65 g, 6.1 mmol) was heated with sodium azide
(25 mmol) in aqueous DMF overnight, until the reaction was com-
plete. Flash column chromatography of the product (ethyl acetate/
hexane, 2:1; product loaded onto silica) yielded fractions con-
taining two species [TLC: silica; hexane/acetone, 3:2; 2 elutions:
R{16) = 0.20]. The more polar fraction was an impurity. When
dissolved in dichloromethane, the mixture of products produced a
yellow solution; a white solid was precipitated from this solution
on addition of hexane. Material (0.80 g) containing azide 16 (im-
pure) was obtained after purification by column chromatography
(IR: ¥ = 2070 cm ™). The yield is not quoted since a mixture was
obtained and used in the next step. This mixture was treated with
benzyl bromide in excess. Flash column chromatography (silica;
hexane/ethyl acetate, 7:1) gave 18 (1.0 g, in an overall yield of 45%
from 14) when the synthesis was carried out on a 6.1-mmol scale.

2-Amino-1,6-anhydro-2-deoxy-f-D-glucopyranose (7): TFA (5
equiv.) was added to a stirred solution (45 mm) of 17 (500 mg,
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1.36 mmol) in methanol/THF (5:1), followed by palladium hydrox-
ide on carbon (3 equiv.). The resulting mixture was purged with
hydrogen and stirred under hydrogen for 10 h. The mixture was
then filtered through Celite and washed with ethanol and ethyl
acetate. The filtrate was concentrated under reduced pressure to
yield a colourless oil. TLC (silica; dichloromethane/methanol,
100:5) showed complete conversion of the starting material. The
product was then dissolved in milli-q water and loaded on to a
column of Dowex 50 wx8-200 resin, prepared by washing with 5%
aqueous HCI, followed by water until the eluent was neutral. Milli-
q water (200 mL) was then eluted through the column (under grav-
ity) to remove salts produced in the reaction. To collect the prod-
uct, aqueous ammonium hydroxide solution (0.5 m) was eluted;
fractions from the column were monitored by TLC (2-propanol/
water/concentrated aqueous ammonia solution, 7.2:2.5:1) and
those containing 7 were lyophilised to remove solvent water. (Vari-
ation in the efficiency of ion-exchange chromatography on Dowex
50 wx8-200 resin was observed; in some cases two column runs
were necessary). Lyophilisation produced 7 as a white solid
(194 mg, 1.2 mmol, 88%), which was recrystallised from methanol/
diethyl ether to give 92 mg (0.57 mmol, 42%) of pure crystalline
material. '"H NMR (500 MHz; [Dglacetone/H,O, 15:85; 261 K):
8 = 4.65 (d, 3Jsgexo = 5.1Hz, 1 H, 5-H), 4.21 (d, *Jsendo.gexo =
7.7Hz, 1 H, 6-H,,.4,), 3.80—3.74 (m, 3 H, 6-H,.,, 4-H, 3-H), 2.78
(s, 1 H, 2-H) ppm.

2-Amino-1,6-anhydro-2-deoxy-p-D-galactopyranose (8): TFA (5
equiv.) was added to a stirred solution (45 mm) of 18 (900 mg,
2.45 mmol) in methanol/THF (5:1), followed by palladium hydrox-
ide on carbon (3 equiv.). The resulting mixture was purged with
hydrogen and stirred under hydrogen for 10 h. The mixture was
then filtered through Celite and washed with ethanol and ethyl
acetate. The filtrate was concentrated under reduced pressure to
yield a colourless oil. TLC (silica; dichloromethane/methanol,
100:5) showed complete conversion of the starting material. The
product was then dissolved in milli-q water and loaded onto a col-
umn of Dowex 50 wx8-200 resin, prepared by washing with 5%
aqueous HCI, followed by water until the eluent was neutral. Milli-
q water (200 mL) was then eluted through the column (under grav-
ity) to remove salts produced in the reaction. To collect the prod-
uct, aqueous ammonium hydroxide solution (0.5 m) was eluted;
fractions from the column were monitored by TLC (2-propanol/
water/concentrated aqueous ammonia solution, 7.2:2.5:1) and
those containing 8 were lyophilised to remove solvent water. 'H
NMR spectra of a monoalcohol in which there was no possibility
of the formation of intramolecular hydrogen bonds were acquired
in 15% [Dglacetone in water at distinct temperatures in order to
calculate the temperature coefficient of a non-intramolecularly hy-
drogen-bonded OH proton resonance. Unfortunately, the most
suitable substrates for this purpose were not water-soluble and 2-
propanol was employed. By using the WATERGATE pulse se-
quence, the OH resonance of 2-propanol was resolved at temper-
atures below approximately 283 K and the corresponding temper-
ature coefficient was determined to be —11.3 to —12 ppb K~
Lyophilisation produced 8 as a white solid (345 mg, 2.14 mmol,
87%). 'H NMR (500 MHz; [DgJacetone/H,0, 15:85; 270 K): & =
5.39 (s, 1 H, 1-H), 4.51 (dd, 3Js56.c, = 4.6 Hz, 1 H, 5-H), 4.37 (d,
2 sendosexo = 1.9 Hz, 1 H, 6-H,,,5,), 4.11 (d, J = 4.2 Hz, 1 H), 3.92
(d, J = 43Hz, 1 H), 3.67 (m, 1 H), 3.06 (s, 1 H, 2-H) ppm. ES
MS: caled. for C¢H;NO4 161.16; found (positive mode): m/z =
162.1 [M + H]"; found (negative mode): m/z = 160.1 [M — Na]*.

2-Acetamido-1,6-anhydro-2-deoxy-B-D-glucopyranose (4): Acetic an-
hydride (5 equiv.) was added to a stirred solution of 7 (0.65 mmol)
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in methanol (Merck), and the resulting mixture was stirred over-
night. TLC (silica; dichloromethane/methanol, 100:20) then
showed the complete consumption of the starting material. The
reaction mixture was concentrated under reduced pressure to yield
a yellow oil; toluene was repeatedly added to the residue, and the
solvents were evaporated. Compound 4 was obtained as a white
solid (52 mg, 0.26 mmol, 40%) that was recrystallised from meth-
anol/diethyl ether. '"H NMR (500 MHz; [DgJacetone/H,O, 15:85;
270 K): & = 8.04 (d, *Jnmm2 = 8.7 Hz, 1 H, NH), 6.455 (s, 1 H, 4-
OH), 6.30 (s, 1 H, 3-OH), 5.46 (s, 1 H, 1-H), 4.67 (d, *J560x0 =
5.5Hz, 1 H, 5-H), 4.22 (d, *Jsendosexo = 1-8 Hz, 1 H, 6-H,,4,),
3.79-3.77 (m, 4 H, 6-H,.,, 2-H, 3-H, 4-H), 2.06 (s, 3 H, CH3) ppm.

2-Acetamido-1,6-anhydro-2-deoxy-p-D-galactopyranose (5): Acetic
anhydride (5 equiv.) was added to a stirred solution of 8
(0.47 mmol) in methanol (Merck), and the resulting mixture was
stirred overnight. TLC (silica; dichloromethane/methanol, 100:20)
then showed the complete consumption of the starting material.
The reaction mixture was concentrated under reduced pressure to
yield a yellow oil, toluene was repeatedly added to the residue, and
the solvents were evaporated. Compound 5 was obtained as a white
solid (40 mg, 0.20 mmol, 42%), which was recrystallised from meth-
anol/diethyl ether. '"H NMR (500 MHz; [DgJacetone/H,O, 15:85;
270 K): § = 8.34 (d, 1 H, 3Jnm.21 = 8.8 Hz, NH), 6.20 (s, 1 H, 3-
OH), 5.90 (s, 1 H, 4-OH), 5.42 (s, 1 H, 1-H), 4.54 (d, 3J5 6x, 5.5 Hz,
1 H, 5-H), 4.42 (d, 2sendosexo = 7-9 Hz, 1 H, 6-H,,0), 4.09 (d, 3J5.
uNu = 89Hz, 1 H, 2-H), 4.03 (s, 1 H, 4-H), 3.91 (s, | H, 3-H),
3.70 (m, 1 H, 6-H,,,), 2.04 (s, 1 H, CH3) ppm. ES MS: calcd. for
CsH3NO 203.1; found (positive mode): m/z = 226.0 [M + Na]*.

2-Ammonio-1,6-anhydro-2-deoxy-f-D-glucopyranose Chloride (9): A
solution of hydrochloric acid in milli-q water (a few drops from a
pipette of concentrated HCI in approximately 5 mL of milli-q
water) was prepared and added dropwise to a solution of recrys-
tallised 7 (0.12 mmol) in milli-q water, until the pH was shown to
be acidic, by spotting (with a fine capillary) onto pH indicator pa-
per. The acidic solution thus obtained was lyophilised to yield a
white solid that was recrystallised from methanol/diethyl ether. 'H
NMR (500 MHz; [Dglacetone/H,0, 15:85; 261 K): 6 = 7.01 (br. s,
1 H, OH), 6.70 (s, 3 H, NH), 6.63 (br. s, 1 H, OH), 5.70 (s, 1 H,
1-H), 4.76 (d, 3J560x0 = 5.5Hz, 1 H, 5-H), 4.30 (d, *Jsendo.6exo =
7.8 Hz, 1 H, 6-H,,4), 391 (s, 1 H, 3-H), 3.857 (s, 2 H, 4-H,
6-H.,,), 3.34 (s, 3 H, 2-H) ppm.

2-Ammonio-1,6-anhydro-2-deoxy-f-D-galactopyranose Chloride
(10): A solution of hydrochloric acid in milli-q water (a few drops
from a pipette of concentrated HCI in approximately 5 mL of milli-
q water) was prepared and added dropwise to a solution of recrys-
tallised 8 (0.19 mmol) in milli-q water, until the pH was shown to
be acidic, by spotting (fine capillary) onto pH indicator paper. The
acidic solution thus obtained was lyophilised to yield a white solid,
which was recrystallised from methanol/diethyl ether. 'H NMR
(500 MHz; [Dglacetone/H,0, 15:85; 270 K): 6 = 6.9 (v br. s, 3 H,
NH), 6.35 (br. s, 1 H, OH), 6.25 (br. s, | H, OH), 5.63 (s, 1 H, 1-
H), 4.62 (s, 1 H, 5-H), 4.44 (d, *Jsendo.sexo = 8-0 Hz, 1 H, 6-H,,.4,),
4.16 (s, 2 H, 3-H, 4-H), 3.76 (m, 1 H, 6-H,,,), 3.55 (s, 1 H, 2-H)
ppm. ES MS: calcd. for CgH|,NO4Cl 197.6; found (positive mode):
mlz = 162.1 [M — CI]*; found (negative mode): m/z = 196.1
[M — HJ*.

2-Ammonio-1,6-anhydro-2-deoxy-p-D-glucopyranose Bis(3,5-di-terr-
butylphenyl) Phosphate (11): Recrystallised 7 (0.12 mmol) was dis-
solved in milli-q water in a vial, and a second solution containing
an equimolar quantity of sodium bis(3,5-di-zert-butylphenyl) phos-
phate in milli-q water was prepared. This solution was then trans-
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ferred to the vial containing the sugar by micropipette. The solvent
water was removed by lyophilisation, and a white solid was ob-
tained and recrystallised from methanol/diethyl ether. 'H NMR
(500 MHz; [DgJacetone/H,0, 15:85; 261 K): & = 8.30 (br. s, 3 H,
NH), 7.41 (m, 2 H, H,,y), 7.24 (m, 3 H, H,,y), 5.70 (s, 1 H, 1-H),
4.78 (s, 1 H, 5-H), 4.30 (d, 2Jsendo.6exo = 7.9 Hz, 1 H, 6-H,,4,), 3.92
(s, 1 H, 3-H), 3.86 (s, 2 H, 4-H, 6-H,,,), 3.34 (s, 1 H, 2-H) ppm.

2-Ammonio-1,6-anhydro-2-deoxy-f-D-galactopyranose  Bis(3,5-di-
tert-butylphenyl) Phosphate (12): Recrystallised 8 (0.19 mmol) was
dissolved in milli-q water in a vial, and a second solution, con-
taining an equimolar quantity of sodium bis(3,5-di-zerz-bu-
tylphenyl) phosphate in milli-q water, was prepared. This solution
was then transferred to the vial containing the sugar, by micropip-
ette. The solvent water was removed by lyophilisation, and a white
solid was obtained and recrystallised from methanol/diethyl ether.
'"H NMR (500 MHz; [DgJacetone/H,0, 15:85; 270 K): & = 8.42 (br.
s, 3 H, NH), 7.41 (m, 2 H, H,y), 7.24 (m, 3 H, Hyy), 6.36 (s, 1
H, OH), 6.27 (s, | H, OH), 5.64 (s, 1 H, 1-H), 4.62 (s, 1 H, 5-H),
4.44 (d, *Jsendosexo = 8.0Hz, 1 H, 6-H,,4), 4.16 (s, 2 H, 3-H, 4-
H), 3.76 (m, 1 H, 6-H,,,), 3.56 (s, 1 H, 2-H) ppm. ES MS: calcd.
for CigH,,NOgP 411.3; found (positive mode): m/z = 412.3 [M
+ H]".

Sodium Bis(3,5-di-tert-butylphenyl) Phosphate: Ion-exchange resin
(WA30, Supelco) was placed in a column (gravity packing). A vol-
ume of aqueous hydrochloric acid (2 M) equal to twice the volume
of resin was passed through the column under gravity. Water was
then passed through until the eluent was neutral; this procedure
was repeated, substituting the hydrochloric acid solution with an
aqueous sodium hydroxide solution (2.5 m). The resin was then
washed with methanol, drained of excess solvent and stored until
required.  Bis(3,5-di-zert-butylphenyl)  phosphate (350 mg,
1.4 mmol) was stirred with a large excess of resin (volume of 2 mL)
in methanol (3 mL) overnight, or until analysis by NMR spectro-
scopy showed that the reaction was complete. [Differences between
the aromatic resonances of bis(3,5-di-zert-butylphenyl) phosphate
and sodium bis(3,5-di-zert-butylphenyl) phosphate allowed the con-
version from the former to the latter to be monitored. '"H NMR
data of bis(3,5-di-tert-butylphenyl) phosphate for comparison with
the corresponding data of sodium bis(3,5-di-zerz-butylphenyl)
phosphate: 'TH NMR (300 MHz; [Dg]DMSO; 299 K): § = 7.36 (m,
2 H, Hyry), 7.17 (m, 3 H, Hyry) ppm.] The product was isolated
by removing the resin by filtration, concentrating the filtrate and
recrystallising; 90 mg (0.33 mol, 24%) of the salt was collected from
the first recrystallisation. '"H NMR (300 MHz, [D¢]DMSO, 299 K):
8 =7.20 (m, 2 H, Hyyy), 7.11 (m, 2 H, Hy,y), 6.93 (t, J = 7.0 Hz,
1 H, Hyry) ppm. ES MS: caled. for CpH;o(NaO4P 272.2; found
(positive mode): m/z = 295.0 [M + Na]*; found (negative mode):
mlz = 249.1 [M — Na]*.

3. 'TH NMR Studies in Aqueous Solution: For all 'H NMR studies
of 4—12 in aqueous solution, the corresponding monosaccharide
was dried under high vacuum and a temperature of 308 K prior to
use. Sample solutions for "H NMR spectroscopy were prepared at
concentrations ranging from 2 X 1073 to 8 X1073 m, and freshly
filtered milli-q water was always employed. Throughout this work,
the pH of the NMR samples was not varied. All the spectra in
water solution were recorded with solvent suppression; usually, the
WATERGATE pulse sequence was employed, although some spec-
tra were also carried out with presaturation (Cambridge). A prelim-
inary investigation was carried out to select the proper conditions
for the acquisition of spectra of the aqueous sugar solutions. Usu-
ally, as the first step, several NMR spectra were recorded for a
saccharide concentration of around 2 mwm, employing different
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combinations of [Dglacetone and water. In particular, the [Dglace-
tone content of the solvent was varied from 5% to 15%. A number
of spectra were also acquired at various temperatures in pure water
using a [Dglacetone capillary. [Where an acetone capillary was em-
ployed the 'H NMR spectra were referenced to the 2-H resonance
at 6 = 3.86 ppm. An acetone resonance was observed at 6 = 3.3
ppm and a second resonance associated with the solvent was ob-
served at 6 = 4.3 ppm. The chemical shift and linewidth of the
latter resonance varied with temperature and it is proposed that its
resonance was attributable to water within the capillary tube.]
Room-, high- and low-temperature '"H NMR spectra of the samples
were acquired with Varian UNITY 500 (Madrid) and Bruker DRX
500 (Cambridge) spectrometers. All NMR spectra were recorded
with careful control of the temperature. In all cases, chemical shifts
(8) are quoted in ppm, the downfield direction being positive, and
are referenced to DSS, although acetone was used as external
standard (capillary). Coupling constants (J) are given in Hz and
uncertainties quoted as * 0.1 Hz.

4. Measurement of Temperature Coefficients: As a first step, 'H
NMR spectra were acquired for each of the sugars 4—12 at various
temperatures in 15% [Dglacetone/water, in order to calculate the
temperature coefficients of the NH and OH resonances. These
values are shown in Tables 1 and 3, along with the representative
coupling constants and chemical shifts. Five spectra were acquired
at distinct temperatures in the 263—278-K range to determine tem-
perature coefficients of sugar resonances in aqueous solution (15%
[DgJacetone in water). All measurements of temperature coeffi-
cients were carried out at least twice. The temperature coefficients
were taken from the experiment in which the chemical shift/temp
data exhibited the closest fit to a straight-line plot. Generally, dif-
ferences smaller than 0.5 ppb K~! were observed between values of
temperature coefficients of a given signal determined from different
experiments. Differences smaller than 0.6 ppb K~! were observed
between temperature coefficients of a given signal determined at
high and low concentrations. This variation in temperature coeffi-
cients was similar to the experimental error.

5. Titration NMR Experiments: Titration experiments to determine
the pH of the amino sugars in water solution were also carried out.
The amino sugar was dissolved in D,O (8 mm) and the pH of the
obtained solution was determined. The NMR spectrum was then
measured and the pH was determined again. The pH of the sample
solution was varied by = 0.5 pH units by the addition of small
quantities (< 5 uL) of HCl and NaOH solutions in D,O. Repeti-
tion of the complete procedure was performed a minimum of
twelve times. The sampled pH (average of the measured values
prior to and after the acquisition of each spectrum) and the ob-
served chemical shift of 2-H were fitted to a straight line to obtain
the corresponding pK,. The pH-meter readings were not corrected
for samples in D,O.

6. Infrared Spectroscopy: The infrared spectra were recorded with
a Perkin—Elmer 1725X Fourier transform infrared spectrometer
assisted by a personal computer for signal storage, display and pro-
cessing. For each aqueous solution spectrum, 32 scans were coad-
ded at a spectral resolution of 2 cm™!. Cells with ZnSe windows
and 12 pm path length were used for measurement of the spectra.
To compensate for '"H,O and >H,O absorptions, the solvents were
placed in the same kind of cell. Spectral contributions from residual
water vapour in the sample chamber were eliminated by use of a
set of water vapour spectra measured under identical conditions.
The subtraction factor was varied until the second derivative of the
2000—1700-cm ™! absorption region was featureless.
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