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Abstract—Complete assignment of the 'H and '*C NMR spectra of all possible p-glucopyranosyl-p-glucopyranosides was per-
formed and the 'H chemical shifts and proton—proton coupling constants were refined by computational spectral analyses (using
PERCH NMR software) until full agreement between the calculated and experimental spectra was achieved. To support the exper-
imental results, the 'H and '*C chemical shifts and the spin—spin coupling constants between the non-hydroxyl protons of a- and
B-p-glucopyranose (1a and 1b) were calculated with density functional theory (DFT) methods at the B3LYP/pcJ-2//B3LYP/
6-31G(d,p) level of theory. The effects of different glycosidic linkage types and positions on the glucose ring conformations and
on the o/B-ratio of the reducing end hydroxyl groups were investigated. Conformational analyses were also performed for anomer-
ically pure forms of methyl p-glucopyranosides (13a and 13b) and fully protected derivatives such as 1,2,3,4,6-penta-O-acetyl-D-

glucopyranoses (14a and 14b).
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The structural analysis of carbohydrates is not a simple
task and usually it is necessary to utilize several analyt-
ical methods in a complementary way. For example,
X-ray crystallographic studies require suitable crystals
for diffraction measurements, and it is generally difficult
to obtain sufficiently good crystals from carbohydrates.
NMR spectroscopy provides a powerful arsenal of tools
for analyzing the primary structures of carbohydrates,
and it is the only experimental method by which it is
possible to analyze the conformations and dynamics of
sugars in their natural environment: water. Because of
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their versatility, NMR spectroscopic methods have been
widely utilized in the structural studies of carbo-
hydrates.! However, for the analyses of oligosaccharide
structures the measurements and interpretation of the
results can be very demanding and time consuming.”
The complete 'H and '*C NMR signal assignments
for all 19 a- and B-p-glucosyl-p-glucosides (Scheme 1,
2-12) have not been reported earlier. Moreover, most
of the published data available are contradictory.® '
Part of the published data is from selectively protected
sugars, for example, sugars methylated at the anomeric
center to hinder mutarotation and so enabling assign-
ment of the a- and B-anomerically pure saccharides sep-
arately with less overlapping signals. The '*C chemical
shifts of some anomerically locked glucosyl glucosides
have been determined using dynamic NMR, and they
have also been compared with those of the monomer
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Scheme 1. Glucopyranose is shown with all differently linked [(1<>1) (trehaloses), (1—2) (kojibiose and sophorose), (1—3) (nigerose and
laminaribiose), (1—4) (maltose and cellobiose), and (1—6) (isomaltose and gentiobiose)] glucose-based disaccharides investigated in this study.

p-glucose.'*'? Also, some proton chemical shifts for
glucose-based disaccharides have been determined
earlier,'®™'>"? and information about the coupling con-
stants was supplied by De Bruyn et al.'* in 1975.

The results of an earlier investigation aided by '*C
labeling of the concentrated solutions of aldohexoses
in water showed that almost all forms of p-glucose (1)
are present in solution (Fig. 1): a-pyranose 38% (1a),
B-pyranose 62% (1b), B-furanose 0.14% (1d), and the
aldehyde form 0.002% (1e).'* In a more recent investi-
gation of aldohexoses in water it was shown by using
3C labeling at the Cl terminus that all five- and
six-membered ring forms of D-glucose are present at
equilibrium at 30 °C [a-pyranose 37.63%, B-pyranose
61.96%, o-furanose 0.108% (1c), B-furanose 0.28%, alde-
hyde 0.0040%, and hydrate form 0.0059% (1f)]."> Seven-
membered ring forms were not detected.'”

The conformational space of a- and B-p-glucose has
been widely studied with experimental and theoretical
methods, but there are still many questions to be
answered.'® In most studies it has been found that the
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Te HO OH 1d
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Figure 1. Different forms of p-glucose in solution determined by '3
NMR spectroscopy.15

4C, chair is the dominant ring conformation in aqueous
solution for both anomers.'” ' In vacuo the a-anomer
is more stable than the B-anomer because of the anomer-
ic effect, but in aqueous solution the o/ ratio is reversed
due to solvent effects and hydrogen bonding.?’ For both
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the o- and the B-anomers, three rotamers due to the
hydroxymethyl side chain orientation are popu-
lated.'>>"?® These rotamers are defined by the O5—
C5-C6-06 torsion angle, which is about —60° in the
gg, 60° in the gf, and 180° in the tzg conformation.
Furthermore, the results of the theoretical studies have
shown that the conformations, which involve coopera-
tive anticlockwise orientation of intramolecularly
hydrogen-bonded hydroxyl groups, represent the most
stable ones in gas-phase.”” On the contrary, some exper-
imental and theoretical results have been reported indi-
cating that the cooperative orientation of the hydroxyl
groups is perturbed in aqueous solution due to intermo-
lecular hydrogen bonding to the solvent mole-
cules.?%?>3%-32 However, other theoretical studies have
shown that the hydroxyl groups can still remain anti-
clockwise oriented even though hydrogen bonds are
formed between the glucose hydroxyl groups and the
solvent molecules.***

Previously, the conformation around the glycosidic
linkage of some glucose based disaccharides had been
investigated by theoretical calculations.’*® Also, the
ring conformations, as well as, the position of the
hydroxyl groups have been investigated by several
groups.'”*** Furthermore, the orientation of the
hydroxymethyl group has been investigated using
NMR spectroscopic methods** and theoretical calcula-
tions in solution, as well as, in gas-phase.***® The influ-
ence of the hydrogen bonding of the hydroxyl groups on
the disaccharide conformations has been investigated by
replacing all hydroxyl groups with fluorine atoms, as
fluorine has approximately the same size as a hydroxyl
group but it does not permit hydrogen bonding.*’
Furthermore, the secondary structure of some mono-,
oligo-, and polysaccharides has been investigated by
vibrational Raman optical activity (VROA) spectro-
scopy.*®4 Recently, a vibrational circular dichroism
(VCD) study of discrimination of the glycosidic linkage
position and stereochemistry (a or ) of glucodisaccha-
rides was published.”® Both, reducing and non-reducing
glucobioses showed different VCD spectral features in
comparison to their constituent p-glucose and the ano-
merically locked model compounds investigated. Inter-
and intramolecular hydrogen bonding was suggested
to cause these spectral differences.”

In this work, the complete assignments of 'H, as well
as, 3C NMR spectra for compounds 1-14 (Schemes 1
and 2) are presented. The spectral assignments were
based on 1D proton and carbon NMR experiments in
combination with proton 1D TOCSY spectroscopy
and a set of 2D NMR experiments (J-resolved spectro-
scopy, DQF-COSY, TOCSY, HSQC, HMBC, HSQC-
TOCSY, and INADEQUATE) recorded with sufficient
resolution to separate 'H and 'C correlations and
chemical shifts from the 2D matrix. The chemical shifts
and coupling constants were then refined and the
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Scheme 2.

different populations were optimized by iterative
spectral analysis using PERCH NMR software.”!

Only the pyranose forms of the sugars were investi-
gated in this work, because all the other forms are pres-
ent in very low concentrations in aqueous solution.
Furthermore, no furanose- or open forms were detected
in the dilute samples prepared for 'H NMR spectra
analyses, so there was no need to include them in the
spectral analyses. In the high-concentration samples
for INADEQUATE measurements some extra sugar
signals were observed (<0.2%). The o/ ratio was deter-
mined from the proton spectrum by the integration of
the anomeric proton signals. The influence of the glyco-
sidic linkage position on the anomerization equilibrium
was investigated for the studied samples at 30 °C in
water. Additionally, the conformations of the anomeric
forms of the methyl glycopyranosides (13a and 13b)
were investigated in D,O and the peracetylated o- and
B-p-glucopyranoses (14a and 14b) in CDCIl; at 30 °C
(Scheme 2).

Furthermore, to support the experimental results, the
"H and "*C chemical shifts and the spin—spin coupling
constants between the non-hydroxyl protons for several
forms of o- and B-p-glucose were calculated using
density functional theory (DFT) methods.

2. Results and discussion

The structures of p-glucopyranose (1) and all of the
investigated 19 disaccharides, o,a-trehalose (2), o,p-tre-
halose (3), B,B-trehalose (4), kojibiose (5), sophorose
(6), nigerose (7), laminaribiose (8), maltose (9), cello-
biose (10), isomaltose (11), and gentiobiose (12) are pre-
sented in Scheme | where also the numbering of the
atoms is shown for compounds 1 and 7.

Generally, with the exception of the anomeric protons
of the disaccharides, the proton resonances of these
compounds display a rather narrow range of chemical
shifts, which makes detailed spectral analyses very diffi-
cult, even at the high magnetic fields available today. A
useful strategy for the structure determination of carbo-
hydrates is the complementary use of 1D and 2D 'H and
13C NMR spectroscopy. In principle, the resonance
assignment of at least one of the two spectra should be
achieved independently and could so serve as a starting
point for the construction of the two-dimensional (2D)
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heteronuclear chemical shift correlations. However, the
signals of certain types of protons and carbons (e.g.,
H1, C1, and C6) are more easily assigned than others,
and therefore these easily identified "H and '*C signals
can be used in a complementary fashion.

2.1. Carbon-13 NMR spectra

In the carbon spectra of gluco-oligosaccharides (Scheme
1) three chemical shift regions for the signals are usually
seen resulting from the anomeric (90-105 ppm), methine
(69-83 ppm), and methylene carbons (61-69 ppm). The
3C chemical shifts for the studied compounds are
collected in Table 1.

2.2. Proton NMR spectra

The signals of the anomeric protons are usually easily
identified because they are well-resolved in the low-field
region of the spectrum between 4.5 and 5.4 ppm and
each signal appears as a doublet (d) or as a broadened
doublet due to additional long-range couplings to H3
and HS5 (Tables 2 and S1, Supplementary data). All
the other non-hydroxylic protons appear as doublets

of doublets (dd), except HS that has couplings to H4,
Hé6a, and H6b (ddd) (Table 2).

Interestingly, in many cases long-range proton—pro-
ton couplings were observed for the a-anomers (see
Table S1) and were also reproduced by the DFT calcu-
lations. All the non-anomeric proton signals of the
glucose moiety appeared within 0.7 ppm in the region
3.2-3.9 ppm, resulting in higher order NMR spectra
typically observed for carbohydrates (Table 2). The
signals of the anomeric protons in the non-reducing unit
of the a- or B-disaccharides were close to each other
whereas those of the reducing unit at o- and B-equili-
brium were well separated. The o- and B-forms were
easily identified from their 3JH1,H2 and 1JC1,H1 values.
For example, for the a-pD-glucopyranose the 3JH1,H2 is
3.8 Hz and ]JCI,HI is 169.8 Hz, while for the f-anomer
the couplings are 8.0 and 161.3 Hz, respectively (cf.
Table 2). Similar values had also been observed in earlier
studies.’ The magnitudes of the 1JC1,H1 are reversed for
the corresponding L-isomers.>

The experimental "H chemical shifts are collected in
Table 2 with their vicinal and geminal coupling con-
stants measured at 500 MHz. The long-range couplings
are left out from Table 2 for clarity but are presented in
the Supplementary data (Table S1).

Table 1. '*C NMR chemical shifts of all the studied mono- and disaccharides (see Schemes 1 and 2) in D,O at 30 °C (14a and 14b were measured in

CDCl; and referenced to TMS d¢ 0.00 ppm)

Cl C2 c3 C4 C5 Co Cr’ Cc2’ Cc3’ c4’ Cs’ Co’

la 92.77 72.15 73.43 70.32 72.10 61.27

1b 96.59 74.81 76.43 70.27 76.61 61.42

13a* 99.92 71.87 73.74 70.22 72.23 61.21

13b° 103.88 73.75 76.42 70.31 76.57 61.41

14a 89.12 69.26 69.90 67.98 69.88 61.53

14b 91.77 70.32 72.85 67.86 72.79 61.52

2 93.93 71.71 73.20 70.37 72.83 61.20
3¢ 100.92 72.12 73.50 70.09 73.37 61.12
3 103.64 73.81 76.09 70.09 76.85 61.31
4 99.85 73.32 76.41 70.18 76.75 61.32
5a 90.12 76.59 71.88 70.25 71.97 61.24 97.00 72.07 73.45 70.08 72.50 61.00
5b 96.93 79.24 75.12 70.42 76.42 61.45 98.40 72.12 73.46 70.01 72.34 60.93
6a 92.42 81.39 72.36 70.10 7177 61.19 104.55 73.93 76.22 70.10 76.40 61.26
6b 95.25 82.07 76.48 70.08 71.47 61.31 103.33 74.17 76.24 70.26 76.70 61.47
Ta 92.93 70.78 80.36 70.69 71.87 61.06 99.77 72.37 73.56 70.11 72.44 61.05
7b 96.66 73.52 82.87 70.72 76.32 61.24 99.72 72.31 73.57 69.99 72.42 60.90
8a 92.70 71.67 83.13 68.81 71.90 61.23 103.61 74.17 76.25 70.26 76.67 61.40
8b 96.38 74.46 85.39 68.84 76.24 61.36 103.53 74.14 76.26 70.26 76.70 61.37
9a 92.58 71.97 73.90 77.63 70.64 61.27 100.34 72.44 73.55 70.03 73.34 61.16
9b 96.46 74.69 76.88 77.43 75.25 61.42 100.25 72.34 73.53 70.01 73.36 61.16
10a 92.46 71.87 71.98 79.43 70.75 60.60 103.20 73.82 76.16 70.12 76.63 61.25
10b 96.39 74.54 74.94 79.30 75.43 60.73 103.16 73.81 76.16 70.11 76.63 61.23
11a 92.85 72.07 73.67 70.20 70.69 66.42 98.63 72.16 73.72 70.15 72.46 61.11
11b 96.73 74.70 76.61 70.05 74.95 66.34 98.59 72.12 73.73 70.15 72.42 61.11
12a 92.77 72.05 73.30 70.06 71.07 69.28 103.30 73.72 76.29 70.24 76.52 61.37
12b 96.61 74.66 76.27 70.11 75.52 69.44 103.33 73.72 76.27 70.25 76.56 61.36

a13C chemical shift for -OCHj is 55.66 ppm.

®13C chemical shift for —-OCHj is 57.82 ppm.

“a-Anomer part.

4 B-Anomer part of the non-reducing o, p-trehalose disaccharide.



Table 2. Proton chemical shifts reported in ppm and Ji y coupling constants (Hz, in parentheses) of the studied compounds

Hl H2 H3 H4 HS Héa H6b  HI H2/ H3' H4/ H5' Héa' H6b’
3']HI,HZ 3‘,HZ,H3 3"H3,H4 3)JH4,H5 3JH5,H6a/H6b 2JHéa,HGb 3JHI’,H2’ 3‘,HZ’,H3’ 3)JH3’,H4’ 3JH4’.H5’ 3JHS’.HG&)’/ Hé6b' 2‘,H6a’.H6b'
1a 5.214 3516 3.696 3393 3817 3823 3.745
(3.80) (9.84)  (9.17) (9.99)  (2.31,540)  (—12.37)
1b 4.627 3226 3.469 3385  3.447 3879 3.704
(7.97) (9.46)  (9.17) (9.92) (227,595  (—12.30)
132 4796 3547 3.653 3388  3.632 3856 3.744
(3.83) (9.81)  (9.14) (10.10)  (2.32,5.58)  (—12.30)
13b* 4364 3247 3474 3366 3.447 3912 3.710
(8.00) (9.45)  (9.16) (9.92)  (231,6.14)  (—12.34)
14a 6.334 5.101 5472 5141 4119 4.099 4267
(3.71) (10.29)  (9.49) (10.35)  (2.32,4.14)  (—12.51)
14b 5.718 5137 5.250 5129  3.837 4117 4.288
(8.33) (9.58)  (9.39) (10.11)  (2.25,4.57)  (—12.50)
2 5.178 3.633 3.835 3.434 3.809 3.843 3.746
(3.86) (9.94) (9.12) (10.09) (2.33, 5.43) (—12.35)
3 5.222 3.583 3.734 3.434 3.923 3.823 3.744
(3.78) (9.92) (9.16) (10.26) (2.28, 5.22) (—12.31)
3 4.634 3.400 3.513 3.395 3.468 3.861 3.705
(7.98) (9.54) (9.15) (9.97) (2.30, 5.75) (—12.39)
4 4.805 3.346 3.502 3.406 3.463 3.902 3.721
(8.07) (9.47) (9.15) (9.93) (2.31, 6.05) (—12.38)
5a 5.426 3623 3.803 3447 3.847 3832 3.780  5.083 3.543 3.776 3.444 3.931 3.828 3.757
(3.55) 977 (9.07) (10.18)  (2.35,4.43)  (—12.30) (3.80) (9.95) (8.95) (10.06) (2.34, 5.30) (—12.51)
5b 4.784 3372 3.560 3409 3.448 3883 3704 5373 3.533 3.737 3.450 4.019 3.809 3772
(7.95) (9.40)  (9.13) (9.93)  (2.22,590)  (—12.31) (3.89) (9.94) (9.18) (10.18) (2.54, 4.64) (—12.61)
6a 5.428 3.628  3.848 3447  3.826 3824 3750  4.615 3.353 3.490 3.405 3.438 3.888 3.722
(3.68) (9.78)  (9.21) (10.08)  (2.39,527)  (-12.29) (7.92) (9.46) (9.18) (9.92) (2.26, 5.62) (—12.41)
6b 4.707 3.506  3.680 3.421 3.455 3878 3710 4972 3.321 3.501 3.374 3.442 3911 3.702
(7.91) (9.30)  (9.39) (9.92) (217,575  (—12.39) (7.98) (9.49) (9.11) (9.89) (2.22, 6.33) (—12.40)
Ta 5.219 3.611 3.838 3.630  3.840 3814 3750 5358 3.556 3.740 3.432 3.998 3.828 3.763
(3.82) (9.73) (8.9 (10.33)  (2.33,523)  (-12.33) (3.91) (9.91) (9.16) (10.17) (2.39, 4.78) (—12.34)
) 4.650 3319 3.627 3625  3.459 3872 3705  5.343 3.549 3.736 3.449 4.001 3.800 3.781
(8.03) (935  (8.72) (9.85 (227,585  (—12.32) (3.91) (9.92) (9.15) (10.19) (2.31, 4.35) (—12.30)
8a 5.221 3709  3.895 3.504  3.852 3821 3769 4.702 3.350 3.515 3.400 3.482 3.908 3.711
(3.79) (9.70)  (8.96) (991)  (2.26,492)  (—12.26) (7.98) (9.50) (9.16) (9.91) (2.26, 6.27) (—12.28)
8h 4.660 3.421 3.722 3500  3.476 3884 3723 4720 3.348 3.509 3.396 3.471 3.905 3.706
(8.05) (9.31)  (8.96) (10.04)  (2.07,5.56)  (—12.33) (7.96) (9.50) (9.14) (9.95) (2.29, 6.22) (—12.33)
9a 5215 3555 3.955 3.631 3.925 383 3797  5.391 3.568 3.684 3.405 3.719 3.843 3.753
(3.81) (9.92)  (8.97) (10.05)  (2.22,481)  (=12.17) (3.91) (9.92) (9.18) (10.07) (2.30, 5.28) (—12.40)
9b 4.638 3.261 3.753 3628  3.581 3897 3753 5.392 3.568 3.669 3.406 3.704 3.841 3.751
(7.98) (9.56)  (8.86) (9.84)  (2.11,537)  (-12.22) (3.93) (9.94) (9.20) (10.06) (2.25, 5.27) (—12.39)
10a 5212 3566 3.812 3629 3.937 3873 3846  4.501 3312 3.498 3411 3.478 3.907 3.726
(3.79) (9.85)  (9.12) (9.66)  (2.24,4.61)  (—12.38) (7.96) (9.50) (9.18) (9.90) (2.25, 5.89) (—12.43)
10b 4.649 3273 3.615 3639 3.586 3942 3797 4.499 3.304 3.496 3.409 3.476 3.905 3.725
(7.99) (937 (9.07) (9.83)  (2.19,5.14)  (—12.28) (7.95) (9.49) (9.16) (9.93) (2.27, 5.92) (-12.37)

(continued on next page)
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Table 2 (continued)

H6b’

Ho6a’

H4' H5’

3

H3’
3

H2’

HI’

Ho6b

Hé6a

H5

H4

H2 H3

H1

JHea' Hev!

2

3w Hea'/ HeW
3.699

H4' H5'
3415
(9.85)

H3',H4'
3.720
(9.15)

3
JH2 1y

3
Ju1 1

2
JHé6a,Héb

3J 15 Hoa/Hob
3.997

3
Juans

3
JH3,Ha

3
JH2,1H3

3
JH1,H2

3.755

3.835
(—12.43)

3.541
(9.89)

4.937
(3.72)

3.983

3.691
(~11.27)

3.503
(10.09)

3.694
(9.16)

3.530
(9.85)

5.228
(3.81)

11a

(2.18, 5.27)

3.721

(2.22, 4.39)
3.626

3.752

3.838
(—12.27)

3.415
(10.23)

3.725
(9.08)

3.544
(9.85)

4,943
(3.73)

3.941

3.748
(—11.24)

3.505
(9.86)

3.470
(9.18)

3.042
(9.43)

4.659
(7.98)

11b

(2.23, 5.25)
3.445

(2.04, 4.73)
3.971

3.712

3.904
(—12.30)

3.380
(9.92)

3.483
(9.18)

3.300
(9.47)

4.482
(8.00)

3.874

4.135

(—11.44)

3.489

(10.18)

3.701
(9.23)

3.525
(9.83)

5213
(3.79)

12a
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(2.26, 6.10)
3.452

(2.11, 5.07)

3.615

3.713

3.907
(—12.37)

3.380
(9.92)

3.486
(9.14)

3.306
(9.47)

4.499
(7.99)

3.833

4.190
(—11.48)

3.453
(9.79)

3.475
(9.19)

3.241
(9.41)

4.640
(7.99)

12b

(2.29, 6.05)

(2.05, 6.02)

#Proton chemical shift for the -OCHj3 group in 13a at 3.407 ppm and 13b at 3.559 ppm.

® 5-Anomer part.

¢ B-Anomer part of the non-reducing o,p-trehalose disaccharide.

To display the general appearance of the proton
NMR spectra of the glucopyranosyl glucopyranosides
the '"H NMR spectrum of the anomeric mixture of one
of the studied disaccharides, laminaribiose (B-p-Glcp-
(1—3)-p-Glcp) is shown in Figure 2 together with the
calculated spectrum from PERCH NMR software.

2.3. Anomeric ratios

The populations of different anomers at equilibrium in
aqueous solution at 30 °C are shown in Table 3. The
results clearly indicate that the anomeric ratio for the
reducing unit in these commercially available glucobios-
es is significantly affected when the non-reducing unit is
coupled with a (1—2) linkage (5 and 6). This is probably
due to the cooperation of steric hindrance and intramo-
lecular hydrogen bonding. From the optimized struc-
tures, used for the prediction of NMR parameters
(PERCH NMR software), the following hydrogen bond
possibilities were observed: for the B-(1—2)-linked o-
sophorose (6a) hydrogen bonds from 1-OH to O2 in
the glycosidic linkage and from 3-OH to 2'-OH are
likely. The hydrogen bonds found for the B-sophorose
(6b) are slightly longer due to its geometry. For the a-
anomer of the a-(1—2)-linked a-kojibiose (5a) hydrogen
bonds are favorable from 1-OH to O2 and from 3-OH
to 6’-OH while the B-kojibiose (5b) shows hydrogen
bonds from 3-OH to the oxygen in the glycosidic linkage
and from 1-OH to 2’-OH. For the more linearly linked
B-(1—3) disaccharide 8, the a-anomer is slightly more
favorable, which has been proposed also by VROA
studies.*” The other disaccharides studied were similar
to the p-glucose dissolved in water possessing a 62:38
of B/a ratio.

2.4. PERCH NMR software

The "H chemical shifts and coupling constants for all the
25 investigated compounds were refined by iterative
spectral analysis using both the integral transform mode,
as well as the total-line-shape fitting mode of PERCH’s
iterator PERCHit.>* Starting values for the iterative
spectral analyses were extracted from the experimental
spectra directly. The large variety of 1D and 2D-data
allowed very reasonable starting values for chemical
shifts and J-couplings, so the iteration usually con-
verged straightforwardly when starting with a rather
small line-broadening of 10-20 Hz in the integral trans-
form mode. In case of ambiguous assignments, the
different possibilities were iterated separately until no
further improvement was achievable. The spectral
parameters were finally adjusted using the total-
line-shape fitting mode including optimization of indi-
vidual line-widths and the line-shape (Gaussian/
Lorentzian contribution). In all cases, the overall RMS
for the difference between experimental and calculated
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s, b ek,
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3.60 3.50 3.40

Figure 2. The crowded non-anomeric region of the experimental (lower) and calculated (upper) proton NMR spectrum of laminaribiose (8)

(24 protons).

Table 3. The anomeric ratios of the studied compounds presented as percentages of the axial and equatorial hydroxyl groups at the reducing unit

based on the integration of the anomeric '"H NMR signals

Compound 1 5 6 7 8 9 10 11 12
a-Anomer (%) 37.5 48.1 73.3 384 44.1 38.9 38.1 38.4 38.3
B-Anomer (%) 62.5 51.9 26.7 61.6 55.9 61.1 61.9 61.6 61.7

spectra was below 0.1%. Due to the fact that the line-
widths and line-shapes were part of the final refinement
of the spectral parameters, the accuracy of the parame-
ters can be in the order of the digital resolution (0.09 Hz)
or even better.”® The standard deviations for the 'H
chemical shifts were found to be well below 0.1 Hz
and therefore could be given with four digits. The stan-
dard deviations for the J-couplings were in the same
range or better and therefore given with at least three
digits. This iterative fitting provides the most accurate
spectral parameters, and complete agreement of the
extracted spectral parameters with the experimental
spectrum should always be tested by calculating the
spectrum and comparing it to the experimental one
(Fig. 2), especially when the parameters have been
extracted using 2D-methods and the spectrum features
higher order effects as in most of these cases.

2.5. NMR results and discussion

The observed two spin systems (o- and B-spin system)
for glucose and the four spin systems for the disaccha-
rides are due to the anomeric o~ and B-configurations
of the reducing unit, giving different 'H and '*C chemi-
cal shifts and coupling constants for both the reducing
and the non-reducing part of the disaccharide. The three
non-reducing trehaloses are of course an exception to
this, because the anomeric configuration is locked, and
therefore no mutarotation occurs.

Steric hindrance, hydrogen bonding, and electronic
effects (proximity effects) could cause the chemical shift

differences in the investigated sugars. As can be seen in
Table 1, with the high field spectrometers available
today, in most cases the differences in the carbon chem-
ical shifts at the non-reducing end can be observed for
the o- and B-forms of the reducing end.

Only very small differences between the experimental
and the iterated spectra were observed. Some of these
differences arise from impurities in the commercial prod-
ucts but also due to additional very small '"H-'H long-
range couplings. These small discrepancies can partially
be solved by the versatility of the PERCH program,
which allows the determination of different line-widths
for different spin particles and therefore long-range cou-
plings smaller than the line-widths were usually
neglected. The 'H and '*C chemical shifts and coupling
constants for all the investigated compounds were also
predicted using PERCH MMS software®> and found
to be in very good agreement with the experimentally
determined parameters.

The assignment for the three non-reducing disaccha-
rides (trehaloses 2-4) can be based on the assignment
of the a- and B-anomers of glucose, except for the ano-
meric carbon. With the exception of the three trehaloses
(2-4), it was observed that the reducing anomeric a-car-
bon usually resonates in the region 90.1-92.9 ppm while
the B-carbon resonates at 95.3-96.9 ppm (Table 1). The
o-linked anomeric carbon of the non-reducing end reso-
nates in the region 97.0-104.6 ppm, while the B-linked
non-reducing anomeric carbon resonates at 98.4—
103.5 ppm (Table 1). The results also show that the
chemical shift of the anomeric carbon in the reducing
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end of the B-anomer is shifted several ppm downfield
(~96 ppm) from that of the a-anomer (~93 ppm). Also
the non-reducing anomeric carbon signal of the disac-
charides with an a-glycosidic linkage resonates at a
higher field than the B-linked disaccharide (Table 1).

The position of the linkage in disaccharides may also
be determined by observing which '*C resonances of the
residue undergo a 4-10 ppm downfield shift upon O-gly-
cosidation. This is seen, for example, in the C6 chemical
shifts of the 1—6 linked disaccharides 11 (66.4 ppm) and
in 12 (69.4 ppm) when compared to the corresponding
chemical shifts at approximately 61.3 ppm for all the
other unprotected sugars. As it can be observed from
Table 1 the B-configuration induced a 4 ppm downfield
shift of C1 and Cl1’. The reducing end C1 resonates
around 96.5 ppm for the B-sugar and at 92.5 ppm for
the o-mono- or disaccharide. The same tendency is
observed for the non-reducing unit anomeric carbon
chemical shifts (103 ppm for the B-linkage and 99 ppm
for a-linked disaccharides) (Table 1).

It is very challenging to analyze both the '*C and the
"H NMR spectra, and the information found in the lit-
erature with variable assignments achieved by the use of
different NMR techniques, sample concentrations, sol-
vents, and temperatures, does not provide much
help.®>'* In many cases the poor resolution of a spec-
trum can become a problem. That is why NMR spectro-
scopic analyses of larger glucose oligosaccharides than
glucobioses can be very complicated, especially if the
moieties are identical and are connected by the same
types of linkages. The proton and carbon NMR spectra
of maltose and maltotriose are almost identical, and
mainly in the carbon spectra more signals are observed
for the glucotriose than for the glucobiose. Therefore,
when working with larger molecules, it is better to utilize
the carbon spectrum and then move from the 2D hetero
correlation spectra (HSQC, HMBC, and HSQC-TOC-
SY) to the proton spectra (coupling constants can be
helpful in assigning different sugar monomers) and to

the different homonuclear 2D correlation spectra
(COSY and TOCSY). 2D J-resolved spectroscopy can
be very useful for the elucidation of complicated and
strongly overlapping proton multiplets. The chemical
shift and the "H-"H couplings are separated into two
different dimensions (the magnitude of the coupling
from the F1 axis and the chemical shift in the direct
dimension). In the 2D INADEQUATE spectrum direct
13C-13C connections are shown. The sensitivity for this
‘COSY’ type experiment is very low because the natural
abundance of '3C is just over one percent, and the prob-
ability of finding one '*C attached to another '*C iso-
tope is only one in 10,000. Therefore, the use of
INADEQUATE is mainly limited to very concentrated
solutions or *C-labeled samples.

2.6. Theoretical calculations

To support the experimental results, the '*C and the
non-hydroxyl 'H chemical shifts and the spin—spin cou-
pling constants between the non-hydroxyl protons of
o- and B-p-glucose were calculated with DFT methods.
Theoretical computation of NMR parameters by DFT
methods is nowadays at a level where useful accuracy
for structural chemistry studies is achieved at a reason-
able computational cost.”®>” On the basis of the reason-
ing by da Silva et al., a set of three conformers for
a-D-glucose and five for B-p-glucose depicted in Figure
3 were chosen to represent their average structures,
although the existence of other types of conformations
in aqueous solution cannot be excluded, but it is as-
sumed that such conformers are less stable than the cho-
sen ones.”! The relative stability differences of the
conformers in solution were obtained by calculating
their free energy differences (AG°) at the B3LYP/
6-31G(d,p) level and adding to them the corresponding
solvation energies calculated for each conformer at the
B3LYP/6-311G++(2d,2p) level. These relative stability
differences of the conformers in solution were then used

ﬁr}F'( "rﬁ w’ﬁ

—

]\!-,

B-gg

“r’lf%:'i ';P-.é’ ”LE&T

B-g9, p-gt,

Figure 3. The conformers of a- and B-D-glucopyranose used for the DFT calculations of spin—spin coupling constants.
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to estimate the conformer populations by assuming
Boltzmann distribution between the conformers (see
Tables S2-S7, Supplementary data).?!

For the optimized structures, the 'H and '*C nuclear
shielding constants and all the contributing terms to the
nuclear spin—spin coupling constants were calculated at
the B3LYP/pcJ-2 level. The correlation between the
population weighted averages (pwa) of the calculated
"H chemical shifts and the corresponding experimental
values (cf. Table 4) is surprisingly good [Raverage) =
0.977] considering that solvent effects were not included
in the geometry optimizations and NMR parameter
calculations. The largest absolute deviations between

the calculated and experimental values are less than
0.25 ppm (7%) and the overall mean absolute deviation
(MAD) is only 0.1 ppm (2.6%). Also, the calculated '*C
chemical shifts correlate very well with the experimental
values [cf. Table 5; Riaveragey = 0.9996]. However, the
calculated chemical shifts are systemically about
10 ppm (13.4%) larger in average than the correspond-
ing experimental values. The correlation between the
population weighted averages of the calculated cou-
plings and the experimental results (cf. Table 6) is good
[Riaveragey = 0.995], although, in some cases the devia-
tions are quite large. For example, the calculated
3JH1’H2 for the a-anomer deviates about 0.8 Hz (21%)

Table 4. Comparison of the calculated and the experimental (D,O, 30 °C) Jy values (ppm) of a-(1a) and B-p-glucopyranose (1b)

a-D-Glucopyranose (1a)

B-p-Glucopyranose (1b)

Calcd Exptl. Ao (ppm) |AS| (Y0) Calcd Exptl. Ao (ppm) |AS| (%0)
Hl1 5.301 5.214 0.087 1.67 4.586 4.627 —0.040 0.87
H2 3.273 3.516 —0.244 6.93 3.152 3.226 —0.074 2.29
H3 3.653 3.696 —0.043 1.15 3.478 3.469 0.009 0.25
H4 3.589 3.393 0.196 5.77 3.614 3.385 0.229 6.76
H5 3.907 3.817 0.091 2.38 3422 3.447 —0.026 0.74
Hé6a 3.913 3.823 0.090 2.34 3.966 3.879 0.088 2.26
H6b 3.768 3.745 0.023 0.62 3.753 3.704 0.049 1.32
MAD 0.110 2.98 0.073 2.07
R 0.9773 0.9763
(MAD = mean absolute deviation between the calculated and experimental values).
Table 5. Comparison of the calculated and the experimental (D,O, 30 °C) dc values (ppm) of a-(1a) and B-p-glucopyranose (1b)
o-D-Glucopyranose (1a) B-p-Glucopyranose (1b)
Calcd Exptl. Ad (ppm) |AS| (Y0) Calcd Exptl. Ad (ppm) |AS| (Y0)
Cl 104.74 92.77 11.97 12.9 108.59 96.59 12.00 12.4
C2 82.14 72.15 9.97 13.8 85.01 74.81 10.20 13.6
C3 83.96 73.43 10.53 14.3 86.00 76.43 9.57 12.5
C4 79.55 70.32 9.23 13.1 79.23 70.27 8.96 12.8
C5 81.89 72.10 9.79 13.6 86.58 76.61 9.97 13.0
C6 70.10 61.27 8.83 14.4 70.18 61.42 8.76 14.3
MAD 10.06 13.7 9.91 13.1
R 0.9996 0.9997
(MAD = mean absolute deviation between the calculated and experimental values).
Table 6. Comparison of the calculated and the experimental (D,O, 30 °C) Jy y values (Hz) of o-(1a) and B-p-glucopyranose (1b)
a-D-Glucopyranose (1a) B-p-Glucopyranose (1b)
Calcd Exptl. AJ (Hz) |AJ] (%) Calcd Exptl. AJ (Hz) |AJ] (%)
JH1,H2 4.59 3.80 0.79 20.8 7.75 7.97 —-0.22 2.7
Juimu3 —0.45 —0.39 —0.06 14.7 0.00 n.r. — —
T ms ~0.80 ~0.53 ~0.27 51.1 ~0.01 n.r. — —
JHo.13 9.83 9.84 —0.01 0.1 9.58 9.46 0.12 1.2
JH3,H4 9.26 9.17 0.09 1.0 9.11 9.17 —0.06 0.7
Juans 10.06 9.99 0.07 0.7 9.74 9.92 —0.18 1.8
JHs Hea 4.00 2.31 1.69 73.1 3.84 227 1.57 69.0
Jus.Heb 6.23 5.40 0.83 154 7.49 5.95 1.54 25.8
JH6a.H6b ~13.01 ~12.37 ~0.64 5.2 ~12.99 ~12.30 ~0.69 5.6
MAD 0.49 20.2 0.62 15.3
R 0.9959 0.9943

(n.r. = not resolved; MAD = mean absolute deviation between the calculated and experimental values).
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from the experimental value, and the calculated 3JH5,H6
values deviate between 0.9 and 1.7 Hz (15-73%) from
the experimental ones (Table 6). On the other hand,
the absolute deviations between the calculated and
experimental values of the other couplings between the
ring protons are small (0.01-0.27 Hz) (Table 6). The
mean absolute deviation is 0.4 Hz and the percentual
mean absolute deviation is 5.5% for all the couplings lar-
ger than 5 Hz. For small couplings (<5 Hz) the percen-
tual deviations become easily large, and therefore, they
were not included in the previous estimation. The estab-
lished accuracy in the calculation of the NMR parame-
ters is very good and indicates that the chosen level of
theory performs very well. Overall, the largest differ-
ences are observed between the calculated and experi-
mental 3JH5,H6 values (Table 6) which indicate that the
selected subsets of hydroxymethyl rotamers and their
relative stabilities are, perhaps, not thoroughly modeling
the complex equilibria of o~ and B-p-glucose in aqueous
solution. However, the calculated results support the
correctness of the experimental results. Especially, the
small long-range couplings observed for a-D-glucose
are delightfully reproduced by the computations.

The calculated dy, dc, and Jy g values for the differ-
ent rotamers (gg, gt, 1g, g¢», and gt,) are presented in
Tables S2-S7 in the Supplementary data.

2.7. Conclusions

All in all, the conformations of the sugar rings were not
affected by the different glycosidic linkages or the ano-
meric protection. The ring Jy i values for the peracety-
lated glucopyranose (measured in CDCl;) generally did
not change more than 0.3 Hz in comparison to the cor-
responding values of glucose, the spectrum of which was
recorded in water. The largest changes upon acetylation
were detected in the Jysue values. The solvent and
acetylation effects on the Jyy i values were much smaller
than we observed earlier for monosaccharides.”® Small
differences in the Jy4 ps values of the disaccharides were
observed in the reducing unit of the different anomers.
In general 3JH4,H5 for the a-anomer was >10 Hz while
for the B-anomer it was observed to be <10 Hz, that
is, approximately 0.2 Hz smaller than for the a-anomer
(Table 2). The correlation between experimental and
theoretically calculated NMR parameters (g, dc, and
Ju.u) was found to be good in general, and therefore,
supports the correctness of the experimental results.

3. Experimental

All the disaccharides were commercially available (the
highest available purity grades were purchased) and
used as such without any further purification. ‘100%’

D,0 was purchased from Euriso-top and CDCl; with
0.03% TMS from Aldrich.

3.1. NMR spectroscopy

All NMR spectra were recorded on a JEOL JNM A 500
or Bruker Avance spectrometer operating at
500.16 MHz for 'H and 125.78 MHz for '*C. 1D 'H
spectra were acquired with single-pulse excitation, 45°
flip angle, pulse recycle time of 13 s, and with spectral
widths of 5.5 kHz consisting of 64 k data points (digital
resolution 0.08 Hz/pt), zero-filled to 256 k prior to Fou-
rier transformation. The '*C spectra were acquired with
single-pulse excitation, 45° flip angle, pulse recycle time
of 3.9 s, and with spectral widths of 34 kHz consisting of
64 k data points (digital resolution 0.53 Hz/pt), zero-
filled to 128 k and with 0.5 Hz exponential weighting
generally applied prior to FFT. The probe temperature
was maintained at 303.15 K by a variable-temperature
unit. All chemical shifts are quoted on the J-scale in
parts per million (ppm). The chemical shift scales are
internally referred to the non-deuterated DMSO singlets
at 2.71 ppm and 39.39 ppm in D,O for 'H and '*C,
respectively.”” The anomeric carbons, as well as the
protons, can be separated based on their homo- and het-
eronuclear coupling constants. Selective 1D TOCSY
was also successfully utilized to distinguish between
the different spin systems.

Normal 2D techniques were used like DQF-COSY,
J-resolved spectroscopy, TOCSY (with spin-lock rang-
ing from 20 to 250 ms), HSQC, HMBC ('Jy ¢ was set
to 145 Hz and "Jy ¢ varying from 2 to 10 Hz), HSQC-
TOCSY (with spin-lock ranging from 50 to 300 ms),
and INADEQUATE, gradient enhanced versions were
used where it was possible.

3.2. Computational methods

All the DFT geometry optimizations and nuclear spin—
spin coupling calculations were performed with GAuss-
1IAN 03 program package utilizing the hybrid B3LYP
exchange-correlation functional.®® In the geometry
optimizations the 6-31G(d,p) basis set was used. For
the optimized structures, the nuclear shieldings (o) and
all the terms [Fermi contact (FC), spin-dipole (SD),
para- and diamagnetic spin—orbit (PSO and DSO,
respectively)] contributing to the J-couplings were calcu-
lated at the B3LYP/pcJ-2 level and the results were not
scaled. The pcJ-2 basis set is specially designed for the
calculation of nuclear spin-spin coupling constants.®’
The contraction scheme recommended by Jensen for
the pcJ-2 basis set was used. For reference, the nuclear
shieldings of tetramethylsilane (TMS) were calculated
at the same level and the chemical shifts were then
obtained by subtracting the isotropic shielding of each
nucleus from the relevant reference shielding, J;=
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Orer — 05 Finally for o- and B-p-glucose, population
weighted averages of the coupling constants were calcu-
lated. The populations of the various conformers were
obtained from their relative stability differences in
solution calculated utilizing the IEF-PCM method (see
Supplementary data).”!

The computational spectral analysis of the 'H-spectra
using PERCH NMR software was started from the
spectral parameters extracted by the above outlined
assignment procedure as described in the literature.”!
The refined spectral parameters were compared with
the predicted ones and larger deviations were checked
to ensure correct assignments.
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