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Abstract—Double Quantum (DQ) NMR, which utilizes the magnetic dipole interaction between the '*C atoms, was used for
the complete assignment of the 1>C NMR resonances to the corresponding carbon ring positions for the monoclinic and triclinic
allomorphs of methyl 4’-O-methyl-p-p-cellobioside-'>C;5(1-"3Cy,), a cellodextrin model compound of cellulose '*C-perlabeled at
the cellobiose core. The through-space interactions were used to identify the direct chemical bonds between adjacent carbon atoms
in the rings. More importantly, the '>*C NMR signals of the carbon sites C1’ and C4 involved in the glycosidic bond were identified.
This allowed for the complete '*C chemical shift assignment, that when combined with the X-ray crystallography data provides a

complete characterization.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The allomorphism of cellulose, the exact structure of the
respective hydrogen bond networks and the changes of
these networks upon swelling and dissolution processes
are current ‘hot topics’ in cellulose chemistry and major
challenges in polysaccharide analytics today. One way to
tackle these problems is to use cellulose model com-
pounds, from which the analytical results may be trans-
ferred to the polymer. This approach allows both:
deriving first results on the polymer by analogy and
sharpening the analytical tools with the help of ‘easy-
to-study’ model compounds.
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The disaccharide methyl 4’-O-methyl-B-p-cellobioside
(1) was the first oligosaccharide model compound for
cellulose to be found to crystallize also in two allo-
morphs.'? Solid-state NMR characterization verified a
significant effect of the crystal packing on the '*C chem-
ical shifts; even though the conformation of the individ-
ual molecules was quite similar in both crystalline
phases as shown by XRD, their solid-state NMR chem-
ical shifts showed appreciable differences.” The complete
assignment of the NMR resonances to specific carbon
atoms in the glucopyranose units requires that (i) the
two subsets of six NMR resonances, belonging to either
glucopyranose moiety, must be distinguished from each
other and that (ii) in a subsequent step the C1’ and C4
resonances involved in the glycosidic bonds must be
identified. This is the aim of the present paper.

It should be noted that the first task has already been
solved in the past by various groups using '*C-enriched
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cellulose samples and two-dimensional (2D) Double
Quantum (DQ) NMR experiments based on homo-
nuclear J-couplings.>'® However, no information is
obtained on the glycosidic bond this way.

Considering that the assignment of glucopyranose
units in cellulose allomorphs!® is still a challenge and a
matter of debate, it seemed indispensable that such a
basic problem was solved for a relatively simple cellu-
losic model compound before the complex polymer case
is addressed. The synthesis of 1-'3Cy,, a compound fully
13C-labeled in both glucopyranose units, has been de-
scribed.'> We now focus on the complete assignment
of all '*C resonances to their specific positions in the glu-
copyranose units, including the direct observation of the
glycosidic bond, that is, the identification of the C-4 and
C-1' atoms of the adjacent glucopyranose moiety, in
both crystallographic modifications—the stable mono-
clinic P2; allomorph and the metastable triclinic P1 allo-
morph—of this cellulosic model compound.

Figure 1. Thermal ellipsoid plots (60% ellipsoids) and crystallographic
atom labeling of methyl 4’-O-methyl-B-p-cellobioside-'>C, (1-'3Cy,).
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2. Results and discussion

The molecular structure of compound 1-13Cy, in its
monoclinic phase' is shown in Figure 1 along with
the crystallographic atom labeling, which is used in the
following. Figure 2 displays the crystallographic packing
along the b-axis.

The '*C CPMAS NMR spectra of the monoclinic
phase of the non-labeled model compound methyl 4’-O-
methyl-B-p-cellobioside (1) and its labeled counterpart,
methyl 4’-O-methyl-B-p-cellobioside-'>Cy, (1-13Cy,), are
shown in Figure 3 (upper and middle row) together with
the triclinic allomorph of 1-*Cy, (lower row)."* Narrow
3C peaks with a line width at half-height of about
0.2 ppm (30 Hz) are observed for the non-labeled cello-
bioside (top-row spectrum) proving the high crystallinity
of this sample. All of the 14 expected resonances are
observed in this spectrum: 12 for the carbons in the two
glucopyranose units and two for the methyl groups.
These methyl resonances (C1M, C4’M) can be easily
identified using different and, in particular, short CP
times of about 0.5 ms. As the methyl groups rotate, the
heteronuclear 'H-'’C-dipole interaction within the
methyl group is smaller than the corresponding coupling
of the CH and CH; units. Consequently, the CIM and
C4’'M methyl carbon signal intensities are smaller for
short CP times. These peaks are found at 55.7 ppm (right
line) and at 61.4 ppm (third line from the right). All 12
carbon resonances of the glucopyranose rings are
resolved. The pairs of the C1, C4, and C6 carbons can be
assigned readily as shown in Figure 3 by comparing their
chemical shifts with the well established assignment of
celluloses.®'*!° However, without additional informa-
tion it cannot be decided, which of these peaks represent
the C1, C4, C6, or C1’, C4’, C6’ sites in the structure.
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Figure 2. Crystal packing diagram of methyl 4/-O-methyl-p-p-cellobioside-'>Cy, (1-'3Cy,), monoclinic allomorph, along the b-axis.
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Figure 3. Proton-decoupled '3C NMR CPMAS solid-state spectra of
crystalline 1 (monoclinic phase) in natural '*C abundance (A), and of
1-13Cy, with >99% '3C enrichment at the 12 cellobiose carbons (B:
monoclinic phase, C: triclinic phase).

Furthermore, the assignment of the six '*C resonances
between 70 and 80 ppm to the C2, C2’, C3, C3’, C5,
and C5’ sites is also not obvious.

The *C NMR spectrum of the monoclinic form of the
13C enriched sample (1-'Cy) is shown in the middle
row of Figure 3. For comparison, the '*C NMR spec-
trum of the enriched triclinic allomorph of 1-3Cy; is
shown at the bottom row of Figure 3. The most notable
difference between the spectra of the two labeled cello-
biose phases is that the peaks are somewhat broadened
in the triclinic phase, which is attributed to a less perfect
crystallinity of this sample. Further, the two C1/C1’ res-
onances have obviously very similar isotropic '*C chem-
ical shifts, in contrast to those in the monoclinic sample.
Apart from evident minor chemical shift differences, all
other features are similar for the two allomorphs.

Because of the isotopic enrichment (>99% '*C) all
observed '*C resonances of the labeled samples appear
as multiplets due to homonuclear J-couplings. Each of
the C1, Cl’, C6, and C6’ peaks consists of a doublet
as there is only one directly bonded carbon. The typical
J-coupling value is between 35 and 42 Hz. All other car-
bon resonances show a triplet-like shape suggesting that
the two J-couplings to the two adjacent carbon atoms
are of the same size. A fine structure owing to slightly
different couplings was not observed in the solid-state
NMR spectra. It should be mentioned that the C1M
and C4'M sites were not '*C-enriched in the synthesis.
Consequently, their resonances do not show up in the
spectrum of the labeled compound. Their absence con-
firms the above assignment of C1M/C4’'M versus the
C6/C6’ sites by different CP times.

Two-dimensional NMR experiments'® are required to
assign the *C NMR shifts to specific positions in the
structure. Double Quantum (DQ) NMR experiments
are particularly useful provided '*C-enriched samples
are available. Rather than exploiting the '*C homo-
nuclear J-couplings'® where only directly bound carbon
sites are detected—the homonuclear dipole coupling
between the carbon atoms is used here. It should be noted,
that the homonuclear J couplings, although not used for
the DQ coherence generation, occur in the DQ peaks in
both frequency dimensions, too. Hence, the DQ peaks
will show multiplets on both frequency dimensions.

Under the experimental conditions of 12.5 kHz sam-
ple rotation frequency and a DQ evolution/reconversion
time of one rotor period, the DQ peaks of directly
bonded carbon atoms dominate the spectrum. Hence,
the connectivity patterns of the rings carbons can be
readily identified as shown in Figure 4.

A 2D DQ spectrum correlates the chemical shifts «
and b of adjacent atoms, which are either chemically
bonded or in close spatial proximity, along the horizon-
tal axis (here the normal '*C scale) with their sum (DQ)
frequency a + b on the vertical axis. A DQ peak pair will
appear located at the crossing points of the DQ fre-
quency a + b along the vertical axis with the two peaks
at frequencies a and b at the horizontal axis. The cross-
peak pattern of sample 1-*C;, (monoclinic) is shown in
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Figure 4. 2D 13C Double Quantum (DQ) NMR spectrum of 1-3Cy,
(monoclinic) as contour plot (lowest contour level 6%). For more
details see text.
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Figure 4. Furthermore, the so-called DQ-diagonal (dot-
ted line) is an essential feature in these spectra. It corre-
lates the single quantum resonance frequency with its
double quantum frequency; hence, its slope is 2. As a
consequence, all DQ peak pairs involving chemically
different carbons (with different chemical shifts) appear
symmetrically around this DQ diagonal. Only if con-
nected sites have the same chemical shift, their DQ
peaks lay directly on the DQ diagonal. This is not the
case with our samples.

In order to understand the assignment procedure for
1-3Cy, (monoclinic), the '*C CPMAS spectrum is
shown on top of the 2D DQ spectrum. For clarity, the
resolved and assigned carbon sites C1’, C1, C4, C4/,
and C6', C6 are displayed as well. The reason why the
left peak of the anomeric carbons is assigned to Cl1’
and the left resonance of the C4/C4’ pair to C4 will be
discussed later. This final assignment (consistent with
the nomenclature of Fig. 1) requires the identification
of the carbon signals involved in the glycosidic bond
(see below). The lowest contour level used in Figure 4
is 6%. Under these circumstances, the spectrum of sam-
ple 1-'3Cy, (monoclinic) shows only DQ peaks for
directly bonded carbons although the dipole coupling—
acting through space—was used for the DQ generation
and remixing. The procedure to find out, which of the
carbon resonances belong to the same glucopyranose
ring is relatively easy: Select for example the C6'-C5’
DQ peak pair located at the DQ frequency at
137.9 ppm. From the C5’ DQ peak go straight down un-
til the C5’ peak of the C5'-C4’ DQ peak pair (symmetric
around the DQ diagonal) is reached. This DQ peak pair
is at a DQ frequency of 158.2 ppm. This simple proce-
dure is repeated now for C4'/C3’ and so on until the
Cl’ site is identified. Figure 4 displays these DQ peak
pairs for one of the glucopyranose rings (hatched lines).
Sometimes the assignment requires some care if DQ fre-
quencies of different pairs are very similar or if DQ
peaks are very close to the DQ diagonal. The first case
is met here for the C5'-C4’ and C5-C4 DQ peak pairs.
Although the individual chemical shifts of C4/C4’ and
C5/C5' are quite different, their DQ frequencies differ
only by 0.4 ppm (158.2 vs 157.8 ppm). But the fact that
the DQ peaks pairs must be symmetric around the DQ
diagonal readily solves the problem. Another case is
marked by the ellipse at the center of the DQ spectrum.
Here, the C3—-C2 DQ peak pair is extremely close to the
DQ diagonal, because the C3 and C2 chemical shifts are
almost identical. Even if '3C resonances of carbons in
different rings (here C2 and C2’, ellipse at the bottom
of Fig. 4) have nearly the same shifts, they can easily
be separated through the DQ peaks with their C1 and
Cl’ neighbors. As a result, the '*C resonances can be
grouped into two classes corresponding to the two
non-equivalent glucopyranose rings. The chemical shifts
for the carbons of the two rings of 1->Cy, (monoclinic)

Table 1. A complete assignment of the '*C chemical shifts (d) in the
two glucopyranose rings of the monoclinic modification of 1-1*Cy,

Chemical shifts & (**C) in ppm
Cl c2  C3 c4  CS C6

Glucopyranose’ ring 1049 744 762 82.0 748 61.7
Glucopyranose ring 1029 745 741 849 729 594

The numbering follows the nomenclature used in Figure 1 and corre-
lates the '*C NMR shifts with the crystallographic XRD data for the
first time.

are summarized in Table 1. It should be noted that
similar results have been published for cellulose.>®%13

Finally, the question, which set of resonances belongs
to which of the glucopyranose units of the crystallo-
graphic structure can be answered. This is synonymous
with the question, which of the two ‘C1’ and two ‘C4’
resonances belongs to the carbons C1’ and C4 forming
the glycosidic bond. Only this step enables the full cor-
relation of the carbon resonances with the X-ray struc-
ture shown in Figure 1. As the DQ peaks were
generated by the homonuclear dipole coupling DQ peak
pairs between remote, that is not directly bonded car-
bons, within the rings can be observed. These remote
DQ peaks, such as for instance C6'-C4’ or C1'-C3’ have
only about 5% of intensity of the DQ peaks of directly
bonded carbon atoms because of the larger distances
and, hence, their much smaller mutual dipole coupling.
These remote DQ peak can be visualized in the spectrum
by changing the lowest contour level of the plot to 3%.
Figure 5 shows the essential section of the DQ spectrum
for identifying the NMR resonances of the two carbon
sites C1’ and C4 of the glycosidic bond for sample
1-3Cy, (monoclinic).

The '*C NMR spectrum is plotted on top of the DQ
pattern for referencing the carbon site assignment.
Besides the very strong direct DQ peak pairs C1’/C2’
and C1/C2 (not connected in Fig. 5), four additional
DQ peak pairs are found. These pairs are indicated by
hatched lines. At the DQ frequency 175.8 ppm the DQ
peak pair of C1 and CS5 sitting in the same glucopyra-
nose ring and spaced by the ring oxygen site is found.
Similarly, it is possible to assign the C1'-C3’ DQ peak
pairs at 179.5 ppm and the remote C1'-C5’ bonding sce-
nario of the other glucopyranose ring. Most impor-
tantly, there is one single DQ peak pair at 189.8 ppm,
which shows the C1’ and C4 resonances of the glycosidic
bond. With this piece of information, the two sets of six
carbon NMR resonances for each glucopyranose ring
can be correlated directly for the first time with the
X-ray structure as shown in Figure 1.

In the same way, the triclinic allomorph of 1-13Cy,
was investigated. These results are summarized in Table
2. It is interesting to note, that in the triclinic phase the
C3 and C3’ shifts are almost identical (as is for C1 and
C1’), and that they are significantly low-field shifted by
about 5 ppm compared with the monoclinic phase.
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Figure 5. 2D "*C Double Quantum (DQ) NMR spectrum of 1-'*Cy,
(monoclinic) as contour plot (lowest contour level 3%). For more
details see text.

Table 2. A complete assignment of the '*C chemical shifts () in the
two glucopyranose rings for the triclinic modification of 1-3Cy,

Chemical shifts 6 (**C) in ppm
Cl 2 C3 Cc4 C5 Cé6

Glucopyranose’ ring  105.1 740 79.3 81.0 77.1 63.4
Glucopyranose ring  105.5 73.3 78.8 83.8 747 60.0

The numbering follows the nomenclature used in Figure 1 and corre-
lates the '3C NMR shifts with the crystallographic XRD data for the
first time.

3. Conclusions

All solid-state NMR carbon resonances of the cellulose
model compound methyl 4'-O-methyl-B-p-cellobio-
side-13Cy, (1-13C12) in both its monoclinic and triclinic
crystal phases were fully assigned using Double Quan-
tum (DQ) NMR. For the first time, the connectivity of
the carbon atoms forming the glycosidic bond, CI1’
and C4, was observed directly.

In future studies, these NMR techniques will be used
to study the interaction of the labeled model compound
with cellulose solvents such as N,N-dimethylacetamide/
LiCl or N-methylmorpholine-N-oxide, especially with
regard to swelling as the initial stage in the dissolution
process. Emphasis will be placed on the identification
of interaction sites between solvent and solute molecules.

4. Experimental
4.1. NMR spectroscopic study

"H and "*C solid-state NMR measurements were per-
formed on an AVANCE 600 spectrometer (14.1 T, Bru-
ker Biospin GmbH, Rheinstetten, Germany) equipped
with wide bore magnet. Magic angle sample spinning
(MAS) was applied using 2.5 mm zirconia rotors. All
MAS experiments were carried out at room temperature.

The '"H NMR spectra were acquired at a Larmor
frequency of 600.2 MHz using a 90° pulse. A rotor-
synchronized echo was used for the spectra acquisition
with a MAS spinning frequency of 27 kHz. The spectra
were acquired by one scan with 2k data points at a spec-
tral width of 100 kHz. The relaxation delays were varied
(1, 2, 10, 20, 30, 60, 90, 120, 240, 480, and 720 s) and a
'H T, of about 120 s was measured.

13C CPMAS spectra were recorded at a Larmor fre-
quency of 150.9 MHz with a 2.5 mm double-resonance
probe. Cross-polarization (CP)!” was used for the spec-
tra acquisition. The 'H 90° pulse length was 2.75 ps, a
contact time of 2 ms was used with repetition times of
30 s. During the contact time, the carbon spin lock field
strength was held constant, while the proton spin-lock
field was ramped linearly (ramped-CP'®) down to 50%
of the initial value. Proton decoupling was carried out
with a 15° two pulse phase modulation (TPPM) se-
quence.'” For '3C chemical shifts (J) the glycine COOH
signal set to 6 = 176.4 ppm was used.

Two-dimensional homonuclear >C Double Quantum
(DQ) experiments using the back-to-back sequence®
were carried out at a MAS spinning frequency of
20 kHz. The "H 90° pulse length was 2.00 ps, a contact
time of 1 ms was used for cross-polarization (CP). Pro-
ton decoupling was carried out with a two pulse phase
modulation (TPPM) sequence. Rotor-synchronized ¢,
incrementation (A¢; = 50 ps) was used. In total 1024¢,
increments were acquired with 16 scans per increment
and a repetition time of 10s.

4.2. X-ray crystallographic study

X-ray data collection was performed with a Bruker AXS
Smart APEX CCD diffractometer and graphite mono-
chromatized MoK, radiation, A =0.71073 A at 100 K;
corrections for absorption and related effects with the
program SADABS, structure solution with direct meth-
ods, structure refinement on F> (Bruker AXS, 2001: pro-
grams SMART, version 5.626; SAINT, version 6.36A;
SADABS version 2.05; XPREP, version 6.12; SHELXTL, Ver-
sion 6.10. Bruker AXS Inc., Madison, WI, USA).
Methyl 4'-O-methyl--p-cellobioside-*Cy, (1-3Cyy).
2C,13C,Hx01;, M =382.36, monoclinic, space
group P2j/c a=6.5846(5)A, b=14.0141(12) A, c=
9.2868(8) A, p=109.110(1)°, V' =809.73(12) A°,
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Z=2, D.=1.519g/em®, T=100K, x=0.132mm ',
F(000) = 396, colorless block (0.46 x 0.38 x 0.24 mm);
total reflections = 12,058, unique reflections = 4686,
R;,=0.0239, final refinement: data/restraints/para-
meters = 4686/79/250, goodness-of-fit on F* = 1.038,
R; =0.0350 (1> 2a(I)), wR, =0.0875 (all data).

CCDC 626358 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained
free of charge at www.ccdc.cam.ac.uk/conts/retriev-
ing.html [or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge CB2 1EZ, UK fax:
(intl.) +44-1223/336-033; e-mail: deposit@ccdc.cam.
ac.uk].
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