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Abstract

The 'H and ®C NMR assignments for the simple aldopentopyranoses in 2HZO were
made using high field 2D NMR spectroscopy. The furanose forms of ribose were also
tentatively assigned. The 2D techniques used to assign the resonances include the HMQC,
HMBC, 2QF-COSY, TOCSY, 2Q, and INADEQUATE experiments. Selective 1D TOCSY
experiments were also necessary to assign the crowded proton spectrum of ribose.

1. Introduction

In light of their importance in biological systems, it is surprising that the 'H
NMR signal assignments for the simple aldopentoses in aqueous solution have not
been made. In this paper, we have used 13C, 'H, 2D, 1D, and selective NMR
techniques to assign the 500-MHz 'H NMR spectra of the pyranose forms of
L-lyxose, L-arabinose, p-xylose, and p-ribose in 2H20. We have also made tentative
assignments for the furanose forms of p-ribose. As discussed below, these assign-
ments are complicated by strong "H scalar (J) coupling [1].

The C chemical shifts of the aldopentoses in aqueous solution are known [2],
so as much as possible we have used the heteronuclear multiple quantum coher-
ence 2D experiment (HMQC [3]) to assign directly attached protons. We have also
used the homonuclear 2D C-3C INADEQUATE experiment [4] to trace the
carbon skeletons of the sugars, because for some of the sugars the >C spectrum is
quite crowded. In some of the INADEQUATE spectra, strong BC scalar (J)
coupling is observed, as discussed below. For this reason, heteronuclear 2D HMBC
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[3] and 'H homonuclear 2D 2QF-COSY [5], TOCSY [6], 2Q [7], and 1D selective
TOCSY experiments were used to make some of the assignments.

2. Experimental

p-Xylose, D-ribose, L-arabinose, and L-lyxose were purchased from Aldrich
Chemical Co. and used without further purification. Both 0.10 and 2.0 M solutions
were prepared in 99.9% 2H20 (MSD Isotopes). Solutions were allowed to stand at
room temperature for at least 24 before spectra were collected. Sodium 2,2-di-
methyl-2-silapentane-5-sulfonate was used as an internal reference (5 'H 0.00
ppm; & C 0.0 ppm).

All NMR experiments were performed at 500.13 MHz (‘H) and 125.78 MHz
(**C) on a Bruker AM-500 spectrometer operating in the quadrature mode at
25°C. One-dimensional 'H and *C spectra were acquired for each sugar solution.
For the 0.10 M solutions, two dimensional 'H phase-sensitive double-quantum-
filtered COSY spectra [5], TOCSY spectra [6], and double-quantum spectra [7]
were also obtained. 2QF-COSY data were obtained with a spectral width of 2000
Hz in both dimensions except for L-arabinose, which had a spectral width of 2202
Hz in both dimensions. Each 2QF-COSY spectrum contained 4K complex points
in the F2 dimension, and 8 transients were collected for each of the 1024 ¢, values.
TOCSY spectra were acquired with 4K complex points and a spectral width of
6250 Hz in F2, with 512 experiments and a spectral width of 4000 Hz in the F1
dimension. The mixing time in the TOCSY experiments was 46 ms using DIPSI-2
for spin-locking [8]. 'H20 spectra of p-ribose and 1-arabinose were measured with
a spectral width of 2000 Hz in the F2 dimension and 4000 Hz in the F1 dimension
with 1024 experiments being collected in the latter dimension. The mixing time for
the 'H 20 experiments was 25 ms. A total of 16 transients were collected per ¢,
increment for both the TOCSY and 'H 2Q data. Final data matrices were either
2K x 1K or 2K X 2K real points.

Direct 'H-*C two-dimensional correlation information was obtained for the
0.10 M solutions by applying a modified HMQC experiment [3] in which a BIRD
sequence [9] was used to facilitate suppression of protons not coupled to Be.
GARP-1 decoupling of *C was used during acquisition [10]. The spectral widths
for the HMQC experiment were 2000 Hz (F2, 'H) and 10000 Hz (F1, *C) with 256
experiments in the B¢ dimension. For the 0.10 M ribose solution, selective 1D
TOCSY experiments were run in which a selective purged half Gaussian 90° pulse
[11] replaced the initial hard 90° pulse of the TOCSY sequence. This experiment
was used to determine protons which were scalar coupled to each of the resolved
anomeric protons of p-ribose. Mixing times of 50-200 ms were used. For the same
sample, an HMBC experiment was also run to establish long range Be-'H
connectivity [3].

Direct *C-3C two dimensional correlation information was obtained for the
2.0 M solutions with the INADEQUATE experiment [7]. The spectral widths in
the F1 and F2 dimensions for these experiments were 6024 and 12048 Hz,
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respectively, with 128 experiments of 2K complex data points and 768 scans each
zero-filled to 512W in ¢, prior to Fourier transformation. Due to fast relaxation of
the viscous 2.0 M solutions, it was possible to use a short relaxation delay of 1.2 s
between scans. The 1JCc coupling constants were observed to be ~ 40 Hz, so a
1/(4J) value of 6.25 ms was used in the INADEQUATE experiments.

3. Results and discussion

The INADEQUATE spectrum of 2.0 M p-xylopyranose in HZO obtained at
11.747 Tesla and 25°C, is shown in Fig. 1, which allows direct BC resonance
assignments to be made (Table 1). For xylose and the other aldopendoses, some
differences in *C and 'H shifts, usually less than 0.3 ppm for >C and 0.1 ppm for
'H, were observed for the 0.10 and 2.0 M sugar solutions; the sequence of shifts
was unchanged except for one case with ribose discussed below.

The shifts reported in Table 1 are those of the 0.10 M solutions. Xylose does
not yield significant quantities of furanose forms under these conditions. The only
closely spaced resonances in the 1D *C spectrum are those corresponding to the
4« and 48 carbons, but these are easily differentiated in 1D slices from the
INADEQUATE spectrum, and by the greater signal intensity for the 8 anomer.

After making the C assignments, the directly attached non-exchangeable
hydrogen atoms may be assigned from the HMQC spectrum (Fig. 2). The 'H
assignments are given in Table 1, and are further verified by comparison with
2QF-COSY and TOCSY spectra. No correction of the 'H chemical shlfts for

strong scalar coupling has been made in Table 1, because the largest JHH
observed for aqueous sugar solutions is 10 Hz [12] and the minimum 'H shift
difference observed in the sugar solutions we studied was 15-20 Hz. In these
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Fig. 1. 2D magnitude-mode C INADEQUATE [7] spectrum obtained at 125.78 MHz for 2.0 M
D-xylose in *H,O at 25°C. Experimental details are described in the text. Adjacent coupled *C nuclei
in the sugar skeleton appear as separated doublets at the chemical shifts of the respective carbons in
the rows of the spectrum. The F1 frequency for a row is the sum of the chemical shifts of the coupled
carbons. The identities of the coupled '*C pairs are indicated.
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Table 1
The 'H and *C signal assignments for the aldopentopyranoses 2 in 2H20
Sugar Proton a Anomer B Anomer Carbon a Anomer B Anomer
L-Arabino 1 4.51 5.23 1 99.2 95.0
2 3.50 3.81 2 74.4 7.0
3 3.65 3.87 3 75.0 71.1
4 393 3.99 4 71.1 7.3
Sa 3.67 3.64 5 69.0 65.1
5b 3.89 4.02
L-lyxo 1 5.01 4.86 1 96.7 96.9
2 3.81 393 2 729 73.0
3 390 3.64 3 733 75.5
4 3.86 3.83 4 703 69.3
5a 3.83 327 5 65.8 67.1
5b 3.70 3.96
p-ribo 1 487 493 1 96.3 96.7
2 382 3.53 2 73.0 739
3 3.93 4.11 3 722 719
4 3.87 3.90 4 70.1 70.2
Sa 3.62 3.70 5 65.8 65.7
5b 393 3.84
D-xylo 1 5.18 4.57 1 95.0 99.4
2 351 3.22 2 74.2 76.7
3 3.65 342 3 75.7 78.6
4 3.61 3.63 4 72,1 721
Sa 3.68 3.92 5 63.7 68.0
5b 3.68 3.31
2 0.1 M solutions of L-arabinose, 1-lyxose, p-ribose, and p-xylose.
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Fig. 2. 2D phase-sensitive 'H-'> C HMQC [3] spectrum of 0.1 M p-xylose in 2HZO at 25°C. Experimen-

tal details are given in the text. The cross-peak

uencies are those of a given hydrogen (F2) and its

directly bonded carbon (F1). The identities of the >C-! H pairs are indicated.
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Fig. 3. Expansion from the 2D INADEQUATE spectrum of 2.0 M vL-lyxose in ’H ,0 at 25°C showing
the strong ljc,c between C-2 and C-3 of the a-pyranose. In the weak coupling limit (Fig. 1), the two
doublets would appear on the same row of the plot. 13¢ chemical shifts for C-2 and C-3 for the 2.0 M
solution are slightly different than those observed for the 0.1 M solution in Table 1. These changes are
due partly to concentration effects and partly to strong coupling.

extreme cases, the actual "H chemical shifts are slightly different (an error of
< 0.03 ppm).

Lyxose also exists primarily in pyranose forms in aqueous solutions. The Bc
chemical shifts for the 1« and 18 carbons differ by only 0.2 ppm, but these carbons
are easily assigned by the greater intensity of the a anomer, and confirmed by
comparison with the HMQC spectrum and the 1D 'H spectrum, where the larger
3JH-1,H-2 in the @ anomer is readily observed [12]. The remaining >C assignments
for L-lyxopyranose follow directly from the INADEQUATE spectrum (Table 1),
with an interesting twist brought about by the strong *C-13 C scalar (J) coupling
observed between C-2 and C-3 of the a anomer (Fig. 3). In the 2D intensity map
the intensities of the strong coupling muitiplet components are found to vary from
row to row. Thus, the maximum *C connectivity intensity is no longer confined to
a single row as expected for weak scalar coupling, but spread over several rows.
Nevertheless, the "H assignments (Table 1) are clear and follow directly from the
HMQC spectrum. These assignments are also consistent with the 2QF-COSY and
TOCSY data.

The INADEQUATE spectrum for r-arabinopyranose in 2HZO reveals strong
coupling and severe signal intensity loss for C-2, C-3, and C-4 of the less abundant
B anomer, and strong coupling with some intensity loss between C-2 and C-3 of the
a anomer. For the B anomer, the carbon skeleton could not be definitively
assigned on the basis of the INADEQUATE spectrum, and the 'H 2Q experiment
was used to assist with the 'H assignments in this case (Fig. 4). For arabinose the
furanose forms are barely observable in aqueous solution, the *H resonances of the
pyranose anomers are sufficiently dispersed that definitive assignments can be
made, and the >C assignments follow immediately from the HMQC spectrum.
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Fig. 4. Expansion from the phase-sensitive 2D 25 ms 'H-2Q experiment [7] for 0.1 M L-arabinose in
?H,0 at 25°C. Experimental details are described in the text. >Jy; 3y and “Jy g values between pairs of
protons (and to a lesser extent coupling to other protons) appear as separated multiplets at the
chemical shifts of the respective protons in rows from the spectrum. The F1 frequency for a row is given
by the sum of the chemical shifts of the coupled protons. The correlations between the H-2—H-3 and
H-3-H-4 of the B-pyranose are shown. Positive and negative cross-peaks are plotted without distinc-
tion.

Again, the 'H assignments are consistent with the 2QF-COSY and TOCSY
spectra.

All spectra obtained for p-ribose in 2H20 solution are complicated by the
presence of significant quantities of both furanose anomers, which are found in
concentrations nearly as high as those arising from the less abundant a-pyranose
form. Although the signal-to-noise of the INADEQUATE spectrum for ribose was
sufficient to make the *C assignments (and hence the 'H assignments) of the
B-pyranose anomer, it was not sufficient to make B¢ assignments of the a-pyranose
and the furanose-anomers. Strong coupling between C-2, C-3, and C-4 of the
a-pyranose caused severe signal loss, and the signal intensity for the furanose
anomers was insufficient on the basis of their low concentrations. To overcome this
problem, we performed a selective TOCSY experiment in which H-1 of the
«-pyranose was irradiated with a selective 90° pulse. By varying the mixing time
(spin-lock time) from 50 to 200 ms, it was possible to assign H-2, H-3, and H-4 of
the a-pyranose, and also one of the two C-5 protons. Using HMQC data, the
carbons and the other C-5 proton could also be assigned. The 'y assignments for
the B-pyranose were verified with the selective TOCSY experiment, but this
experiment did not yield good data for the furanose forms, possibly because of
their increased conformational mobility [12]. However, we were able to make
tentative a531gnments for the furanose anomers by identifying the H-12 and H-13
on the basis of *Jy LH2 [13] by examining the proton connectivity as revealed
in the 2D TOCSY and 'H 2Q experiments, and through their long-range con-
nectivity to >C as revealed in a 2D HMBC experiment. These data, when used in
combination with the HMQC data, led to the tentative assignments for the
furanose forms shown in Table 2. Except for C-5 and its attached protons, the 'H
and PC assignments in Table 2 agree with those reported for 5-O-methyl-
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Table 2

Tentative *H and 1*C signal assignments for p-ribofuranose ? in 2HZO

Proton a Anomer B Anomer Carbon a Anomer B Anomer
1 5.39 5.25 1 99.2 103.9

2 4.101 4,00° 2 72.83 78.14

3 411 422 3 73.83 73.3

4 4.14! 3.992 4 85.93 85.34

5a 3.65 3.67 5 64.1 65.2

5b 3.76 3.82

? The tentative assignments in each of the four groups (labeled with superscripts 1-4) may be
interchanged.

ribofuranoses [13]. The *C chemical shifts of the furanose forms of ribose were
quite concentration dependent. Large differences in BC shifts (up to 2 ppm) were
observed for the 2.0 and 0.1 M ribose solutions, particularly for C-5 of both
anomers.
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