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Solid-phase synthesis and 'H and **C high-resolution
magic angle spinning NMR of '*C-labeled resin-bound
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We show how high-resolution magic angle-spinning NMR spectroscopy can be used to characterize
13C-labeled saccharides that have been prepared using solid-phase synthesis techniques while they are
still bound to a solid-support resin. With the use of *C-labeled glucose as the starting material, we have
successfully synthesized mono-, di- and trisaccharides with uniform *C labeling of the saccharide rings.
Using these materials, we have been able to assign the *C and 'H spectra and to characterize various
impurities on the resin beads. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Solid-phase synthesis techniques have proven to be useful
methods for generating oligopeptides,!? oligonucleotides®
and, more recently, oligosaccharides.*> However, character-
ization of reaction products by NMR spectroscopy while
they are still resin bound is difficult because the pres-
ence of the solid support reduces the spectral resolution.
Although the use of high-resolution magic angle spinning
(HR-MAS) techniques®~® can drastically improve the reso-
lution, the resonances in HR-MAS spectra are still broad
relative to conventional solution-state NMR spectra. There-
fore, spectral overlap often complicates the characterization
of resin-bound products; this is particularly relevant in
the analysis of oligosaccharides, where the 'H resonances
are dispersed over a relatively limited range of chemical
shifts. Although high-resolution solution-state NMR spectra
of reaction products can be acquired after cleaving them from
the solid support, the analysis of products while they are still
resin bound is more useful as this allows reaction products
and intermediates to be identified during the course of a
synthesis rather than only at the end.

In this paper, we describe the synthesis of *C-labeled
mono- and oligosaccharides using solid-phase synthesis
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techniques along with the application of HR-MAS 'H and *C
NMR to these samples. Previous efforts towards the study
of resin-bound saccharides using HR-MAS NMR were only
partially successful in assigning the 'H and *C spectra’ or
focused on monitoring *C-labeled!®!! or F-containing!?-1
protecting groups to track the progression of a synthesis.
By including *C labels on the saccharide itself, we are able
to use the additional chemical shift dispersion from the 13C
spectrum to disentangle and assign the poorly resolved 'H
spectrum.

EXPERIMENTAL

Compounds

The starting material for the solid-phase synthesis ([*Cg]dibutyl-3,4-
di-O-benzyl-6-O-levulinoyl-2-O-pivaloyl-p-glucopyranosyl ~ phos-
phate, 7) was synthesized starting from ['3Cg]-p-glucose as shown
in Fig. 1. The resulting '3C-labeled starting material was then used
in the stepwise solid-phase reaction scheme shown in Fig.2 to
generate 13C-labeled mono-, di- and trisaccharide samples. The solid
support used for the synthesis was 1% divinylbenzene cross-linked
chloromethyl polystyrene resin (Merrifield resin). Polystyrene resins
have become the standard support for oligosaccharide solid-phase
synthesis owing to their ready availability, synthetic versatility and
compatibility with a wide range of solvents and reagents. Although
other polymeric supports (such as the polyethylene glycol cross-
linked polymeric supports POEPS and POEPOP) facilitate on-resin
analysis, they are not widely used for the routine synthesis of
oligosaccharides. All chemicals were of reagent grade and used as
supplied except as noted. Dichloromethane and tetrahydrofuran
were purified using a J.T. Baker Cycle-Tainer Solvent Delivery
System. Solutions were evaporated under reduced pressure at a
bath temperature not exceeding 40°C. Column chromatography
was performed using a forced flow of the indicated solvent on
Sigma H-type silica (10-40pm).

3,4,6-O-Acetyl-D-arabino-hex-1-enitol (2)

A mixture of [13C6]-D-glucose (1, 1000 mg, 5.73 mmol) and acetic
anhydride (5ml, 52.9 mmol) in pyridine (10 ml) was stirred at
room temperature for 3 h, after which the reaction mixture was
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Figure 1. Synthesis of the '3C-labeled glycosylating agent (7). The starting material (1) was uniformly '3C labeled, as indicated by
the dots in the structure. As a result, 7 was '3C labeled around the glucose ring. See text for further details of the synthesis.
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Figure 2. Solid-phase synthesis of the 13C-labeled mono-, di- and trisaccharides (9, 10 and 11). The labeled sites on the glucose
rings are indicated by dots and by the numbering. Further details of these syntheses are provided in the text.

concentrated. The resulting peracetylglucose was dissolved in
CH,Cl; (20 ml) and cooled to 0°C. A 33% HBr—AcOH mixture
(4 ml) was added slowly and the solution was stirred at 0°C for
3 h. After allowing the solution to warm to room temperature,
it was stirred for an additional 3 h. The reaction mixture was
poured into ice-cold aqueous NaHCO3, eluted with CH,Cl,, washed
with HyO, dried over MgSQy, filtered and finally concentrated
to provide glycosyl bromide. The compound was dissolved with
ethyl acetate (10ml) and cooled to 0°C. A suspension of Zn
dust (3.8 g), CuSO4-5H,0 (50 mg) and AcONa (250 mg) in 60%
AcOH-H;0 (26 ml) was added to the reaction solution and
stirred at 0°C for 1h and at room temperature for 1h. After
the reaction was complete, the suspension was filtered through
a pad of Celite. The resulting filtrate was eluted with ethyl acetate,
washed with aqueous NaHCO; and H;O, dried over MgSOs,
filtered and concentrated. The residue was purified on a silica
gel column using hexane—ethyl acetate (75:25) as eluent to provide
2 (1474 mg, 84%).

Copyright © 2004 John Wiley & Sons, Ltd.

6-O-Triisopropylsilyl-D-arabino-hex-1-enitol (3)

Compound 2 (1220 mg, 4.39 mmol) was dissolved in MeOH (18 ml).
Sodium methoxide (0.5 M in MeOH, 2 ml) was added to this solution
and stirred at room temperature for 2 h, after which the reaction
mixture was neutralized with Amberlite IR-120 (H*), filtered and
concentrated. This concentrate was dissolved with DMF (10 ml) and
cooled to 0°C. Triisopropylsilyl chloride (1.0 ml, 4.67 mmol) and
imidazole (580 mg, 8.52 mmol) were added to this solution, after
which the mixture was stirred at 0°C for 2 h and concentrated. The
residue was purified using silica gel column chromatography with
toluene—acetone (80: 20) as eluent to provide 3 (1204 mg, 89%).

3,4-Di-O-benzyl-6-O-triisopropylsilyl-D-arabino-hex-1-enitol (4)

Compound 3 (1200 mg, 3.89 mmol) was dissolved in DMF (20 ml)
and cooled to 0°C. NaH (60% oil dispersion, 470 mg, 11.75 mmol)
was added and the resulting solution was stirred at 0°C for 1h.
BnBr (1.86 ml, 15.55 mmol) was added and the mixture was stirred
at 0°C for 2h. After the reaction was complete, the excess of
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NaH was decomposed by MeOH. The mixture was diluted with
CHClp, washed with H>O twice, dried over MgSOy, filtered and
concentrated. The residue was purified using silica gel column
chromatography with hexane—ethyl acetate (15:1) as eluent to
provide 4 (1805 mg, 95%).

3,4-Di-O-benzyl-D-arabino-hex-1-enitol (5)

Compound 4 (1780 mg, 3.64 mmol) was dissolved in THF (10 ml) and
cooled to 0°C. A 1.0 m solution of TBAF in THF (5.5 ml, 5.5 mmol)
was added and the resulting solution was stirred for 1h at 0°C
and for 3 h at room temperature. The reaction mixture was diluted
with CH,Cl,, washed with H>O twice, dried over MgSQy, filtered
and concentrated. The residue was purified using silica gel column
chromatography with hexane—ethyl acetate (75:25) as eluent to
provide 5 (1070 mg, 88%).

3,4-Di-O-benzyl-6-O-levulinoyl-D-arabino-hex-1-enitol (6)

A mixture of 5, levulinic acid (0.64 ml, 6.23 mmol), DIPC (0.98 ml,
6.21 mmol) and DMAP (38 mg, 0.31 mmol) in CH>Cl, was stirred
at 0°C for 2 h. The reaction mixture was purified using silica gel
column chromatography with toluene—acetone (90:10) as eluent to
give 6 (1316 mg, 99%).

Dibutyl 3,4-di-O-benzyl-6-O-levulinoyl-2-O-pivaloyl-D-
glucopyranosyl phosphate (7)

Compound 6 (427 mg, 0.992 mmol) was dissolved in CH>Cl, (10 ml)
and cooled to 0°C. A solution of dimethyldioxirane in acetone
(0.08 M, 19 ml, 1.5 mmol) was added and the reaction mixture was
stirred at 0°C for 20 min. The solvent was then removed using a
stream of nitrogen. After the remaining residue had been dried in
vacuo at 0°C for 10 min, 10 ml of CH,Cl, were added to dissolve
the residue. The resulting solution was cooled at —78°C for 15 min.
At this temperature, a solution of dibutyl phosphate (0.235 ml,
1.19 mmol) in CH>Cl> (10 ml) was added dropwise over a period
of 5 min. The reaction mixture was then warmed to 0°C, at which
point DMAP (485 mg, 3.97 mmol) and pivaloyl chloride (0.245 ml,
1.99 mmol) were added to the solution. The solution was then
allowed to warm to room temperature over 1 h and hexane-ethyl
acetate (1:1) was added. The reaction mixture was filtered through
a short silica gel column and concentrated. The residue was purified
using silica gel column chromatography with hexane—ethyl acetate
(60:40) as eluent to afford 7 (529 mg, 72%).

Glycosylation reaction on solid phase. General procedure

A mixture of octenediol linker-bound resin 8 (300 mg, ~0.15 mmol,
1 equiv.) and the glycosylating agent 7 (222 mg, 0.3 mmol, 2 equiv.)
in anhydrous CH,Cl, (10 ml) was shaken at room temperature for
15 min. This suspension was then cooled to —78°C, at which point
a solution of 0.5m trimethylsilyltrifluoromethanesulfonic acid in
CHClI; (0.6 ml, 0.3 mmol, 2 equiv.) was added. The suspension was
shaken under a nitrogen atmosphere at a temperature between —78
and —50°C for 1 h. The resin was then washed with CH,Cl,, MeOH,
THF and CH;Cl,. This procedure was repeated twice.

Deprotection reaction on solid phase. General procedure

A mixture of carbohydrate-bound resin 9 (277 mg, ~0.13 mmol,
1 equiv.), acetic anhydride (0.05ml, 0.53 mmol, 4 equiv.) and
DMAP (5 mg, 0.04 mmol, 0.3 equiv.) in pyridine (10 ml) was shaken
at room temperature for 2h. The resin was then washed with
pyridine—acetic acid (3:2). A solution of 0.25m N>Hy-HOAc in
pyridine—acetic acid (3:2) (10 ml, 2.5 mmol) was added to the resin
and the suspension was shaken at room temperature for 30 min.
The resin was then washed with pyridine—acetic acid (3:2), 0.2m
AcOH in THF, THF and CH,Cl,. This procedure was repeated
twice.

Spectroscopy

The 'H and '*C NMR spectra of the resin-bound mono-, di-,
and trisaccharides (9, 10, and 11 in Fig. 2) were acquired
on a Bruker DRX600 spectrometer operating at 600 MHz for
'H and 125 MHz for ¥C and equipped with a 'H/*C HR-
MAS probe. The samples were swollen in CDCl; (which also
served as the lock solvent and reference) prior to packing
the swelled resin into 4 mm zirconium rotors. Swelling the

Copyright © 2004 John Wiley & Sons, Ltd.

HR-MAS NMR of 3C-labeled resin-bound saccharides

resin is crucial for obtaining high-resolution spectra as it is
only in the gel phase that the resin is sufficiently mobile
on a molecular scale to average effects due to dipolar
couplings and chemical shift anisotropy. Even with a swelled
resin, residual dipolar couplings and magnetic susceptibility
gradients due to the solid-liquid interfaces in the sample
substantial broaden the spectrum. Fortunately, these effects
can be greatly attenuated by spinning the sample about
the magic angle. The resulting HR-MAS spectra are very
similar to solution-state NMR spectra in terms of information
content (isotropic chemical shifts and scalar couplings) and,
in favorable cases, resolution. For our experiments, the
samples were spun at a frequency of 6 kHz to ensure that any
sidebands were outside the 0—10 ppm chemical shift range
of the 'H spectra.

The composite pulse decoupling sequence WALTZ-
16516 was used for both 'H decoupling (w; /27 = 2.5 kHz)
and 13C decoupling (w1 /27 = 4.2 kHz). HSQC spectra'” were
measured using 2048 (t;) x 512 (t;) points and zero-filled
once in each dimension prior to Fourier transformation.
With 16 scans per increment and a recycle delay of
1s, the experiment time for each HSQC experiment was
2.3 h. INADEQUATE spectra'® were measured using 2048
(t2) x 256(t1) points and zero-filled once in each dimension
prior to Fourier transformation. With 64 scans per increment
and a recycle delay of 1s, the experiment time used
to acquire each INADEQUATE spectrum was 4.6 h. The
length of the spin-echo period at the beginning of the
INADEQUATE sequence was set so that 50 Hz 3C-13C
scalar couplings resulted in the most efficient generation
of double quantum coherences. INADEQUATE experiments
optimized for weaker *C-13C couplings (33 Hz) produced
similar results.

All spectra were recorded at room temperature (25°C).

RESULTS AND DISCUSSION

The 'H HR-MAS spectrum of 9 [Fig. 3(a)] highlights the
relatively broad lines that sometimes occur with resin-bound
samples. Resonances due to protons on the saccharide ring
appear between 3 and 5.5 ppm; the strong background
signals that appear between 1-2.5 and 6-8ppm are
primarily due to the resin. As the ring protons are coupled to
3C nuclei (via both one-bond and longer range couplings),
the use of *C decoupling improves both the spectral
resolution and the sensitivity [Fig. 3(b)]. Even so, there are
still a number of resonances that overlap the ring protons;
these can be excluded from the spectrum by incorporating
a 13C filter based on two INEPT transfers.!” By using such a
B3C filter in the pulse sequence, the 'H spectrum [Fig. 3(c)]
only includes protons that are directly bound to *C nuclei
and, as a result, the seven ring protons in the monosaccharide
sample (9) can almost be completely resolved. Unfortunately,
the 'H linewidths are ~50 Hz, even with *C decoupling, so
the resonances in the much more congested 'H spectra from
the disaccharide [10, Fig. 3(d), 14 resonances are expected]
and trisaccharide [11, Fig. 3(e), 21 resonances are expected]
samples cannot be straightforwardly resolved.

The ring protons are difficult to resolve because the peaks
are dispersed by their chemical shifts over a range of only
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Figure 3. "H HR-MAS NMR spectra of the 13C-labeled saccharide samples (9—11). As seen in spectrum (a), resonances arising
from protons on the saccharide rings of 9 lie between 3 and 6 ppm; the large resonances outside of this region are due to the resin.
An expanded view from a "3C decoupled 'H spectrum of 9 is shown in (b). To limit the observed signal to protons attached to
labeled carbon sites, '3C edited and decoupled "H spectra were acquired for 9, 10 and 11 and are shown as spectra (c), (d) and (e),
respectively. The seven peaks arising from protons directly bound to '3C-labeled sites can be almost resolved in (c). The linewidths
of the TH resonances are of the order of 50 Hz; this linewidth makes it impossible in spectra (d) and (e) to resolve all the resonances
(14 are expected for 10 and 21 for 11). The assignments were determined from 'H-13C HSQC spectra (see Fig. 6). Degenerate

resonances are indicated by forward slashes.

2.5 ppm. The range of chemical shifts for the *C nuclei
in the rings is not nearly so limited; peaks are dispersed
over 45 ppm. Consequently, it is much easier to assign and
interpret the *C spectra and then to use this information
to assign the 'H resonances. Figure 4(a) shows the 'H
decoupled *C spectrum for 9. Resonances located below
60 and above 110 ppm are due to the natural abundance
concentration of ¥C in the resin. The saccharide region of
the 3C spectrum is shown in Fig. 4(b), (c) and (d) for 9, 10
and 11, respectively. The six resonances that are expected for
9 can be clearly seen in Fig. 4(b) even though the resonances
corresponding to carbons 2 and 5 are nearly degenerate.
Some additional low-intensity peaks can be seen in this
spectrum at 66—72 and 98 ppm. These resonances are due
to saccharide molecules that are bound directly to the resin
instead of to the octenediol linker. Although these impurities
complicate the spectra to a certain extent, they do not affect
the purity of the final synthesis product because they are not
removed from the resin by the cleavage reaction.

To assign the 13C resonances, we used the INADEQUATE
experiment, which is well suited for working with linear spin
systems. The arrows in Fig. 5(a) illustrate how it is possible
to ‘walk through’ the INADEQUATE spectrum to assign
the 13C resonances for 9. For 10 [Fig. 5(b)] and 11 [Fig. 5(c)],

Copyright © 2004 John Wiley & Sons, Ltd.

the INADEQUATE spectra can be analyzed in the same
fashion. In the case of uniformly labeled samples, a number
of additional peaks appear in the INADEQUATE spectra due
to the generation of doubly antiphase coherences between
three or even four spins. The four of these coherences that
are most efficiently generated for 9 are indicated by dotted
circles in Fig. 5(a); several weaker peaks that arise due to this
mechanism appear at contour levels that are not visualized in
the spectra shown in Fig. 5. Although both saccharide rings
of 10 could be independently assigned, the close similarities
between the first and second rings in 11 make most of the
BBC resonances from these two rings degenerate (at least
within the limits of the experimental resolution). Resonance
assignments that are degenerate are indicated by forward
slashes in Figs 3, 4 and 6.

Once the C resonances have been assigned, it is
straightforward to use 'H-"C HSQC spectra to assign the
'H resonances; such spectra are shown for the three samples
in Fig. 6. The 1*C and 'H resonance assignments that resulted
from these experiments are given in Table 1.

3C-C NOESY, 'H-'H NOESY and 'H-'H ROESY
spectra of the samples did not reveal any cross peaks; we
interpret this as an indication that the local environment of
the saccharide molecules is dynamic, i.e. that the molecules

Magn. Reson. Chem. 2004; 42: 453-458
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Figure 4. (a) 'H decoupled '¥C HR-MAS NMR spectra of the '3C labeled monosaccharide sample (9). The carbohydrate region of
the spectrum for 9 is shown in (b); this same region is also shown for (c) 10 and (d) 11. Spectral resonances above 120 and below
50 ppm are mainly due to the natural abundance concentration of '3C nuclei in the resin. In spectra (b)—(d), the resonances at

98 ppm and between 66 and 72 ppm are due to impurities, as discussed in the text. The numbers give the assignments determined
from the INADEQUATE spectra (see Fig. 5). Note that for 11, several of the resonances are nearly degenerate and could not be
disentangled in the INADEQUATE spectra; these degenerate resonances are indicated by forward slashes.
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Figure 5. '3C-13C INADEQUATE spectra used for assigning the 13C resonances for (a) 9, (b) 10 and (c) 11. In spectrum (a), arrows
illustrate the coupling pathway connecting the resonances and dotted circles indicate strong cross peaks arising from three
quantum spin order (/1x/2,/3,). The other peaks seen in the spectra are due to '3C-labeled impurities (as discussed in the text) and
because of additional, less efficiently generated, three-quantum spin order terms.

do not have a well-defined structure when bound to
the swelled resin. This interpretation correlates with the
relatively short relaxation times that we observed for the
saccharide resonances (T; = ~500 ms for 3C and ~300 ms
for 'H).

Copyright © 2004 John Wiley & Sons, Ltd.

It is often the case in HR-MAS NMR that better
resolution of the desired resonances can be achieved by
inserting a CPMG pulse train immediately before signal
acquisition.®?! This takes advantage of the fast rate at
which broad resonances dephase during the CPMG period.

Magn. Reson. Chem. 2004; 42: 453-458
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Figure 6. "H-13C HSQC spectra for (a) 9, (b) 10 and (c) 11. The increase in spectral congestion with the addition of more saccharide
rings is apparent going from spectrum (a) to (c). Degenerate peaks that cannot be resolved are indicated by forward slashes.

Narrow resonances are only slightly attenuated by the CPMG
pulse train and, consequently, are enhanced relative to the
broad signals in the resulting spectrum. The end result is
that broad resonances are removed (or at least attenuated)
in the spectrum and therefore the apparent resolution of
the remaining resonances in the spectrum is improved.
Unfortunately, the interesting resonances in our samples
had relatively fast transverse relaxation times (i.e. they were
the broad components of the signal), so this technique was
not applicable.

CONCLUSION

By incorporating *C labels, we have succeeded in char-
acterizing and assigning the 'H and *C NMR spectra of
resin-bound oligosaccharide samples. This highlights an
important application of HR-MAS to the monitoring of

Table 1. Resonance assignments (in ppm) for the ring carbons
and protons for the resin-bound saccharides 9, 10 and 11. The
resins were swollen with CDCl3, which was also used as the
lock reference

'H (ppm) 3C (ppm)
Atom 9 10 11 9 10 11
1 447 452 451 1012 1009 100.8
2 5.11 5.16 5.15 730 732 732
3 3.77 3.81 3.80 832 832 833
4 3.66 3.78 3.77 774 776 777
5 3.59 3.65 3.64 732 754 758
6  443/430 397/3.85 395/383 631 619 620
1 4.65 451 1014 1018
2 5.20 5.15 728 732
3 3.81 3.80 833 833
g 3.76 3.77 774 77.7
5 3.66 3.64 732 758
6 448/436 3.95/3.83 632 620
1 4.64 101.2
2" 5.19 72.9
3 3.80 83,5
4 3.75 77.5
5" 3.65 732
6 4.49/4.34 62.9

Copyright © 2004 John Wiley & Sons, Ltd.

solid-phase syntheses of ¥C labeled oligosaccharides, an
application that is important in the synthesis of both uni-
formly and selectively labeled saccharides by solid-phase
techniques. Such labeled materials are becoming increas-
ingly important for studying the structure and function of
oligosaccharides and glycoproteins in biological processes.
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