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ABSTRACT

The scope and limitations of the SIMPLE n.m.r. method (secondary isotope
muitiplet n.m.r. spectroscopy of partially labelled entities) has been investigated
for a series of glucodisaccharides. 3C-SIMPLE n.m.r. measurements have been
made on solutions of (1—-1)- (a,a-trehalose), (1—2)- (sophorose and kojibiose),
(1-3)- (laminaribiose), and (1—6)-linked (gentiobiose and isomaltose) glucodi-
saccharides in (CD,),SO and the results combined with those previously published
for (1—4)-linked analogues (maltose and cellobiose). Each linkage (and substitu-
tion) type gives rise to a unique pattern of 13C isotopomers which, in principle, may
be used for complete assignment of the spectra and structural analysis of the
molecule. The glucodisaccharides are difficult to analyse, compared with other
disaccharides, because the presence of two glucose moieties leads to degeneracies
of a few isotopic multiplets which cannot be differentiated by the magnitudes of the
isotope effects. Assignments in aqueous solutions were obtained by using the DIS
(differential isotope shift) n.m.r. method in conjunction with the results from
SIMPLE n.m.r. In practice, nearly all of the signals can be assigned unequivocally
and the remaining signals are choices between two possible assignments.

INTRODUCTION

Recent reports!~7 have highlighted the power of the SIMPLE n.m.r. method
in providing unequivocal assignment of the 3C-n.m.r. spectra of mono- and oligo-
saccharides. The method consists of measuring the *C-n.m.r. spectrum under con-
ditions of slow D,H exchange [e.g., in (CD,),SO] for carbohydrates with partially
deuterated hydroxyl groups. Under these conditions, resonances due to the
separate isotopomers give rise to multiplets for each carbon atom which are
analysed in terms of two-bond (8, 89-121 p.p.b.) and three-bond (y, 069 p.p.b.)
isotope effects. The number of lines in a multiplet depends on the number of
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separate isotope effects and their magnitudes, whereas the relative intensities of
the lines in the multiplet also depend on the OH:OD ratio. In addition to the
number of isotope effects that characterise a given carbon, the magnitudes of y
effects depend on the configuration of the hydroxyl group, making the observation
of secondary isotope multiplets of partially labelled entities (SIMPLE) n.m.r. a
powerful method for the structural analysis of carbohydrates!67. In order to obtain
the maximum information from SIMPLE n.m.r., certain procedures have been
followed. Signals were assigned to their respective anomers in the normal 13C-
n.m.r. spectrum on intensity criteria. Signals arising from the two anomers of the
non-reducing unit have chemical shifts closer together than those in the reducing
unit!8, The BC-n.m.r. spectra exhibit three chemical shift regions resulting from
the signals for anomeric (88-105 p.p.m.), methylene (60-69 p.p.m.), and the other
methine (68-89 p.p.m.) carbons and, within each region, unequivocal assignments
may be made from analysis of isotopic multiplets. The SIMPLE n.m.r. method also
provides the necessary background information on the magnitudes of 8 and 1y iso-
tope effects that enables the differential isotope shift (DIS) method?~!! to be used
for unequivocal assignment of *C-n.m.r. signals of molecules in solution in H,0
and D,O from the results of one experiment. The two methods of analysis
(SIMPLE and DIS n.m.r.) are based on the facile exchange of OH by OD groups
and provide an important addition to other methods for the assignment of 3C-
n.m.r. spectra of carbohydrates®12 such as chemical shift criteria and comparison
with model compounds?3-15, selective 2H or 1>C enrichment'6~!8, selective decoupl-
ing!9-2!, relaxation measurements®?-26, and measurement of 'H-'3C coupling con-
stants in 1D and 2D heteronuclear J-resolved experiments?’-2.

We have tested the scope and limitations of the SIMPLE n.m.r. method by
application to the 1*C-n.m.r. assignment of the series of glucodisaccharides in solu-
tion in (CD;),SO and to the assignment in aqueous solution by the DIS method;
the latter assignment may be checked by results available in the literature®:12.13-29,
Measurements have been made on (1—1)- (a,a-trehalose), (1—2)- (sophorose and
kojibiose), (1-—3)- (laminaribiose), and (1—6)-linked (isomaltose and gentiobiose)
glucodisaccharides and combined with those available in the literature for the
(1—4)-linked analogues (maltose! and cellobiose?).

RESULTS AND DISCUSSION

The structures of the glucodisaccharides are shown in 1-8; the numbers of
the carbons of the non-reducing residues of 2-8 are primed and those of the re-
ducing residue are unprimed as shown in 3. Substitution at different positions of
the reducing residue gives rise to characteristic multiplets for secondary isotope
shifts (H/D) of each carbon atom (Table I). Compared to D-glucose, substitution of
a hydroxyl group causes the loss of a 8 effect for the geminal carbon and the loss
of a vy effect for a vicinal carbon; thus, Table I can be used for structural analysis
of substituted monosaccharides as well as aiding the analysis of oligosaccharides.
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TABLE I
ISOTOPE EFFECTS FOR THE REDUCING RESIDUES OF DISACCHARIDES IN THE FYRANOSE FORMS®
Linkage C-1 C-2 c3 C4 C-5 C-6
-1 ¥ B+y  B¥2y Bty 2y B Trehalose
12 B 2y B+y B+y 2y B Kojibiose (a)
Sophorose (8)
13 Bty Bty 2y ] 2y B Nigerose (a)
Laminaribiose (8}
1-4 Bty  B¥2y Bty v Y B Maltose (a)
Cellobiose (8)
1—6 B+y  B+2y B2y Bty v — Isomaltose ()
Gentiobiose (8)

“Different patterns of isotope multiplets are expected for furanose forms. “The carbons of the non-
reducing residues have the same pattern of multiplets as trehalose.
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The carbons of the non-reducing residue of each disaccharide have the same pattern
of isotopic multiplets represented by that of trehalose, viz., C-1' (y), C-2' (B + ),
C-3' (B +2y), C4' (B + ¥), C-5' (2y), and C-6' (B). The expected isotope effects
(Table I) are the same as the multiplet matrices reported’ except for the inclusion
in this work of the multiplets for the C-1 and C-6 resonances.

In order to aid the assignment of the spectra and to determine the type of
linkage, the expected number of resonances with each multiplicity (s, d, dd, etc.)
and the expected isotope effects (B8, ¥, B + v, etc.) have been summarised in Table
II, together with the corresponding carbons for each type of glycosidic linkage.
Except for those containing (1—-2) and (1—3) linkages, the disaccharides give rise
to different patterns of expected multiplicities that can be used to aid the assign-
ment of the spectra. For the (1-»2)- and (1—3)-linked compounds, it can be seen
that, although the number of signals with similar multiplicities is the same, these
linkages might be differentiated by the isotope effects on C-1 [(1-2), B8 effect;

TABLE I1

NUMBER AND TYPE OF ISOTOPE MULTIPLETS EXPECTED FOR CARBON ATOMS OF DISACCHARIDES IN THE
PYRANOSE FORMS

Linkage Resonance multiplicity and isotope effect
s d ddort d dd ddd
Y 2y B Bty B+2y
1-1 0 1 1 1 2 1
C-1 C-5 C-6 C-2 C3
C-4
1-2 0 1 3 3 4 1
cr C2 C1 Cc-2' C-3
C5 C-6 C-3
C-5' C-6' C-4
C-4'
13 0 1 3 3 4 1
cr C-3 C4 C-1 C-3’
cs c6 c2
C-5' Cc-6' Cc2
C-4'
1-4 0 3 1 2 4 2
C-1 C-s’ C-6 C-1 C-2
Cc4 C-6' Cc-2 Cc3
C-5 C3
C-4
1—-6 1 2 1 1 4 3
C-6 Cc-1 C-5 C-6' C-1 C-2
C5 Cc-2 C3
C4 Cc-3

c-4’
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(1-3), B + vy effect] and, possibly, confirmed by the different behaviour of C-
2,3,4. The situation for a,e-trehalose [(1—1) linkage] is trivial in that only six sig-
nals are expected for glucodisaccharides with a centre of symmetry. The (1—6)
linkage is unique in providing the only example of a signal with no isotope effects,
i.e., the signal for the linkage carbon (C-6) is a singlet. The assighment of spectra
of molecules containing (1—6) linkages can be confirmed by other unique features
such as two signals with one y effect (C-1' and C-5) and three signals with three
isotope effects (8 + 2y for C-2, C-3, and C-3’). Similarly, the (1—4) linkage gives
rise to a unique pattern of multiplets with, for example, three signals with one y
effect (C-1', C-4, and C-5) and only two signals with one B effect (C-6 and C-6).

The BC-n.m.r. spectra of the reducing glucodisaccharides may be made more
complex by anomerisation in solution, producing 24 signals rather than the 12
expected for the dimer. Fortunately, the anomers of glucodisaccharides usually
occur in different proportions at equilibrium for solutions in (CD,;),SO, thus
enabling the two sets of signals to be differentiated in a normal proton noise-
decoupled spectrum. The normal 13C-n.m.r. experiment is an important prelude to
13C SIMPLE measurements because it provides a preliminary assignment of
resonances to the reducing and non-reducing residues. Previous work on a and g
anomers has shown that the chemical shifts of the carbon signals of the non-
reducing residues are similar to each other, whereas those of the reducing residue
are significantly different from each other, with those of the 8 anomer often down-
field of those of the corresponding a anomer®!2; this method of assignment is
referred to as the anomerisation experiment. When the difference in proportions
of anomers is large, the separate signals can also be distinguished in the SIMPLE
n.m.r. spectrum, despite the decrease in sensitivity relative to the normal *C-
n.m.r. spectrum.

a,a-Trehalose [a-Glcp-(1—1)-a-Glcp]. — There are only six multiplets in the
100-MHz SIMPLE *C-n.m.r. spectrum (Fig. 1) of a,a-trehalose (1; OH:0D,
41:59) because of the molecular symmetry. Most carbons have a unique pattern of
isotopomers (Table II) and immediate assignment was possible for C-1 (y), C-3 (B
+ 2v), C-5 (27), and C-6 (B). The C-2 and C-4 signals were distinguishable from
the 4-line (B + ) multiplets, but the signals could not be assigned unequivocally
by SIMPLE n.m.r. because the magnitudes of the B and vy effects were similar for
both carbons. In this work, the C-2 and C-4 signals were assigned by an
INADEQUATE n.m.r. experiment?C,

The spectrum in Fig. 1 is similar to that observed! for methyl a-D-gluco-
pyranoside and is characteristic of all 1-substituted glucopyranosides in solution in
(CD,),SO. As the signals for C-2 and C-3 of a,a-trehalose are significantly down-
field of that for C-4, it was assumed that this criterion may be applied to assign the
C-2 and C-4 signals of the non-reducing groups of all the glucodisaccharides.

Sophorose [B-Glcp-(1-2)-Glecp]. — Previous 'H-n.m.r. measurements
indicated that the a anomer preponderates?! in solutions in (CD;),S0, although
signals from both anomers (a: 8, 80:20) were observed by 3C-n.m.r. measurements
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Fig. 1. 100-MHz SIMPLE *C-n.m.r. spectrum [(CD;),SO] of a,a-trehalose (1; OH: 0D, 41:59).

in this work (Table III). The 100-MHz SIMPLE !3C-n.m.r. spectrum of sophorose
(2; OH:OD, 49:51) is shown in Fig. 2. Inspection of Table II shows that C-1’ («y)
and C-3' (8 + 2v) could be assigned immediately since they had unique patterns
of isotope effects, although the signal for C-3'B was difficult to observe due to
overlap with the multiplets for C-3'a and C-38. The signal for C-1 (B effect) in the
anomeric region was readily differentiated from those of C-6 and C-6' by virtue of
its chemical shift. Six carbons were expected and observed to have 21y effects (C-2,
C-5, and C-5') and, of these, four multiplets exhibited y magnitudes of 27 or 28
p.p.-b. and so were assigned to C-5 and C-5', whereas the other signals were
assigned to C-2. The remaining signals (C-2',3,4,4') each exhibited 2 isotope effects
with the same (8 + v) multiplet pattern and, as the magnitudes of corresponding
B and vy effects were expected to be similar, differentiation between these.signals in
sophorose was not possible by SIMPLE n.m.r., and other criteria were required.
The anomerisation experiment indicated that the signals at 73.8 and 70.1 p.p.m.
belong to the non-reducing residue, whereas those at 71.6 and 70.2 p.p.m. belong
to the reducing residue. The former carbons (C-2' and C-4’) could be differentiated
by chemical shift criteria, but the latter pair (C-3 and C-4) had isotope effects of
such similar magnitudes (y, 3647 p.p.b.) that they might only be differentiated by
a TH-13C heteronuclear COSY?-2 or a similar experiment.

Kojibiose [a-Glcp-(1—2)-Glep]. — The patterns of isotope effects for
kojibiose (3) were the same as those for sophorose (Table II), although some
changes in magnitudes might be expected for a-(1—2)- compared to B-(1-2)-
linked glucodisaccharides as well as changes in chemical shifts in both the reducing
and non-reducing residues. For kojibiose, resonances due to both anomers (a:8,
46:54) were clearly visible in the 100-MHz SIMPLE *C-n.m.r. spectrum (OH:0D,
49:51) (Fig. 2). Differentiation between the signals for « and 8 anomers was
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TABLE III

CHEMICAL SHIFTS OF THE GLUCODISACCHARIDES IN SOLUTION IN {CD;),80¢

Disaccharide C1 C-2 C-3 C4 C-5 C-6
a,a-Trehalose (1) (1-1) 93.08 71.60 72.90 70.20 72.39 60.83
Sophorose (2) (1-2)
a non-reducing unit 104.92 73.81 76.34 70.10 76.73 61.17
reducing unit 91.37 82.07 71.640 70.17¢ 71.72 60.09
B non-reducing unit 103.92 74.16 76.258 70.07¢ 76.66 61.17
reducing unit 95.10 83.50 76.03¢ 69.95° 76.92 60.98
Kojibiose (3) (1-»2)
« non-reducing unit 96.90 72.45 73.47 70.28 72.47¢ 60.97
reducing unit 88.62 71.60 71.65¢ 70.65¢ 72.024 61.26
B non-reducing unit 98.25 72.22 73.60 70.25 72.30 60.95
reducing unit 96.30 80.50 75.30/ 70.59 76.74 61.19
Laminaribiose (4) (1-3)
a non-reducing unit 104.01 73.79 76.19 70.14 76.84 60.95
reducing unit 91.75 70.89 84.94 68.56 71.80 61.05
B non-reducing unit 103.90 73.79 76.19 70.14 76.82 60.93
reducing unit 96.30 73.49 88.16 68.65 76.17 61.08
Maltose (5) (1-»4)
o non-reducing unit 100.85 72.68 73.47 70.11 73.51 61.04
reducing unit 92.22 72.00 73.03 80.39 70.40 60.77
B non-reducing unit 100.81 72.57 73.45 70.07 73.51 61.02
reducing unit 96.89 74.53 76.57 79.86 75.16 60.88
Cellobiose (6) (14)
a« non-reducing unit 101.69 73.48 74.44 69.99¢ 76.53 60.99
reducing unit 91.99 72.05 71.37 80.96 69.77 60.49
# non-reducing unit 103.09 73.28 74.44 70.01 76.73 60.99
reducing unit 96.62 74.47 75.01 80.70 74.69 60.55
Gentiobiose (8) (1-6)
a non-reducing unit 103.11 73.51 76.81 70.08 76.73 61.07
reducing unit 92.14 72.21 73.02 70.59 70.48 69.00
B non-reducing unit 103.11 73.47 76.82 70.04 76.73 61.04
reducing unit 96.76 74.75 76.60 70.18 75.13 68.81
Isomaltose (7) (1~6)
a non-reducing unit 98.66 71.94 73.08 7017 72.35 60.88
reducing unit 92.17 72.15 73.00 70.86 70.25 67.32
B non-reducing unit 98.72 71.91 73.13 70.17 72.37 60.86
reducing unit 96.80 74.68 76.63 70.32 74.80 67.29

“Chemical shifts of the protio isomer were measured in p.p.m. relative to 8icp )50 39.5. b=fTentative
assignment obtained using chemical shift criteria. Pairs of assignments with the same letter may be
exchanged. #Resonance difficult to observe in the SIMPLE n.m.r. spectrum due to overlapping
multiplets, but clearly visible in the normal *C-n.m.r. spectrum. *Ref. 1. Ref. 2.

accomplished from intensity ratios of the signals in the normal *C-n.m.r. spectrum.
Differentiation between reducing and non-reducing residues relied on the similarity
of chemical shifts of @ and 8 anomers for the non-reducing residue compared to the
reducing residue (e.g., C-2 v C-2', C-3 v C-3', and C-6 v C-6').

Many signals for kojibiose were assigned by inspection of multiplets in the
same way as for sophorose (i.e., C-1, C-1', C-2, C-3’, C-6, and C-6'). A similar
limitation of the SIMPLE n.m.r. method for the unequivocal assignment of signals
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Fig. 2. 100-MHz SIMPLE "*C-n.m.r. spectra [(CD,),SO] of sophorose (2; a:8, 80:20, OH:0D, 49:51)
and kojibiose (3; a:8, 46:54, OH: 0D, 49:51).

was exposed for the four carbons with (8 + v) isotope effects (i.e., C-2', C-4', C-3,
and C-4) in kojibiose as found for sophorose. The presence of both a- and s-forms
should enable the C-2’ and C-4' signals to be differentiated from those for C-3 and
C-4. For this molecule, three pairs of closely spaced resonances were observed
(72.2 and 72.4, 70.6, and 70.3 p.p.m.). The pair that had the most widely separated
chemical shifts (76.0 and 71.6 p.p.m.) was assigned to C-3 as, of the carbons con-
sidered, it is the closest to the anomeric centre and followed the behaviour found
in sophorose. The signal for C-2" was assigned by using chemical shift criteria, and
those for C-4 and C-4’ were assigned using the anomerisation experiment. The
signal for C-58 was distinguished from that for C-5'8, using the anomerisation ex-
periment, but the signals for C-5a and C-5’a had similar chemical shifts and could
be assigned only tentatively.

Laminaribiose B-Glcp-(1—3)-Glep]. — The 100-MHz SIMPLE BC-n.m.r.
spectrum of laminaribiose (4; OH:OD, 52:48) in solution in (CD,),S0O (Fig. 3)
showed isotopic multiplets for both a and 8 anomers. Measurements from the C-1
signals in the normal '3C-n.m.r. spectrum indicated an a:B-ratio of 53:47 which
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was sufficient to assign signals of both anomers from the intensities of analogous
signals. Inspection of Table II indicates that the C-1' (y) and C-3' (B + 2y) signals
could be assigned from the unique patterns of their isotope effects and that the C-4,
C-6, and C-6' signals could be recognised by a single B effect for each anomer. The
C-4 signals (68.6 p.p.m.) could be differentiated from those of C-6 and C-6’ by
using chemical shift criteria. Assignment of the up-field signals to C-6 and C-6’ was
based on an anomerisation experiment. There are three carbons (C-3, C-5, and
C-5') expected to have 2y effects. Chemical shift criteria were used to differentiate
the C-5 and C-5' signals from the C-3 signal, which is observed down-field of the
other (84-88 p.p.m.) due to substituent effects. The magnitudes of vy, and y,, (22~
25 p.p.b.) were smaller than those (~40 p.p.b.) normally associated! with these
magnitudes in glucose derivatives.

Of the resonances expected to show (B + %) effects, the anomeric C-1 signal
is readily identified for both « (91.8 p.p.m.) and 8 (96.4 p.p.m.) anomers, whereas
signals for the non-reducing residue (C-2' and C-4’) have similar chemical shifts for
both « and B anomers and the signals could be assigned only tentatively using
criteria based on relative chemical shifts. The remaining signals corresponded to
C-2B8 (73.5 p.p.m., ¥y 64 p.p.b.) and C-2« (70.9 p.p.m., y,; 24 p.p.b.), confirmed
by the relatively large magnitudes of y,, for the B compared to the a anomer as
found previously for maltose and melibiose!.

Maltose |a-Glcp-(1—-4)-Glep] and cellobiose [B-Glcp-(1—4)-Glcp]. — The
assignments for maltose! (5) and cellobiose? (6) have been accomplished previously
by SIMPLE C-n.m.r. measurements, using criteria based on numbers and
distribution of isotope effects as summarised in Table II. The magnitudes of the
isotope effects have been included in Tables IV and V in order to complete the
series. The spectrum of maltose was notable for the extra isotope effect observed

C-6'«
!
C-6'8
cs's |
c5'
C-l'a 7I C-de
| o
1 ¥ cie c-58 Laminaritiose “1
213 S ey
3
i C-5e ‘
‘ c-18 C-la C-2¢
,j\)&\ Mj\,&“ f \N
RPN RO IS ey IO (NP UV WP SO EU NP WU i PR S Il e e i
.0 1038 %z 9.8 N 062 5.0 6.8 Tz 160 e T T34 T8 0 0.2 700 6.8 68.6 684 612 6LU 608

Fig. 3. 100-MHz SIMPLE "*C-n.m.r. spectrum [{CD,),SO] of laminaribiose (4; a:8, 53:47, OH:0D,
52:48).
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TABLE IV

MAGNITUDES OF -ISOTOPE EFFECTS IN THE GLUCODISACCHARIDES?

Disaccharide B, B, B; B, Bs
a,a-Trehalose (1—1) — 107 105 104 119
Sophorose (1—2)
a non-reducing unit — 99 96 103 119
reducing unit 93 — 100 102 114
B non-reducing unit — 100 106* 103% 119¢
reducing unit 95 — 96 100 107
Kojibiose (1—2)
a non-reducing unit — 925 93 103 117
reducing unit 90 — 100 99 117
B non-reducing unit — 101 99 104 117
reducing unit 95 — 101 103 115
Laminaribiose (1—3)
a non-reducing unit — 97 95 89 117
reducing unit 95 100 — 96 121
B non-reducing unit — 97 95 89 112
reducing unit 9% 91 — 93 108#
Maltose (1—4)
o«  non-reducing unit — 100 103 102 115
reducing unit 96 100 95 — 112
B non-reducing unit — Y 103 102 115
reducing unit 105 100 93 — 108
Cellobiose (1—4)
a  non-reducing unit — 104 976 97° 113»
reducing unit 91 90 101 — 115
B?  non-reducing unit — 104 97 97 113
reducing unit 104 105 99 — 110
Gentiobiose (1--6)
a non-reducing unit — 99 90 104 119
reducing unit 99 103 101# 1025 —
B non-reducing unit — 99 99 102 116
reducing unit 104 103 100 105 —
Isomaltose (1—6)
a  non-reducing unit — 108 103% 1018 117
reducing unit 104 105 92 98 -
B non-reducing unit —_ 105 103 101 113
reducing unit 101 100 104 97 —

“Magnitudes were measured in p.p.b. All isotope effects are negative. The effects are tabulated on the
basis that the tentative assignments in Table III are correct. 5Slight inaccuracies in these magnitudes
may occur due to overlapping multiplets. ‘Ref. 1. 9Ref. 2.

on C-2' which was attributed to the effect of an HO-3 - - - HO-2' intramolecular
hydrogen-bond as found in cyclomaltoheptaose!.

Gentiobiose |B-Glcp-(1—6)-Glep]l. — The 100-MHz SIMPLE 3C-n.m.r.
spectrum of gentiobiose (8; OH:OD, 49:51) in solution in (CD,),SO (Fig. 4)
showed isotopic multiplets for both anomers. Measurements of the C-6 signal,
which exhibited no isotope effects, indicated that the a:p-ratio was 37:63, so that
the spectra of both anomers could be readily differentiated and analysed.
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TABLE V

MAGNITUDES OF y-ISOTOPE EFFECTS IN THE GLUCODISACCHARIDES”

Disaccharide R/7] Y2t Y23 Y22 V34 Yo V54 Y56
a,a-Trehalose (1-1) 15 — 34 41b  41p 38 25t 2%
Sophorose (1-2)
a  non-reducing unit 17 — 34 48 480 53 21 27
reducing unit — 9 47 — 40 36 28° 28b
B non-reducing unit 2 — 35 53 53 47 28> 28k
reducing unit — 59 30 — 43 47 276 27
Kojibiose (1—-2)
a  non-reducing unit c — 28 322 32 30 216 21k
reducing unit —_ 34 34 — 40 36 218 218
B non-reducing unit < — 27 K74 320 30 26° 26
reducing unit 62 31 — 40 40 2 26
Laminaribiose (1—-3)
a  non-reducing unit 25 — 214 42 54 37 22b 226
reducing unit 204 244 — 26 226 — 1764 176
B  non-reducing unit 31 — 214 42 51 37 22t 22k
reducing unit 24 64 — 25 2% — 1844 18bd
Maltose (1—-4)
a¢  non-reducing unit 20 — 29 45 4¢3 21t 2P
reducing unit 16 500 500 42 — 40 — 20
g non-reducing unit 40 — 36 38 3% 38 2 22
reducing unit 22 66 53 43 — 34 — 22
Cellobiose (1—4)
a  non-reducing unit ¢ — 29 45b 45b 33 27 27
reducing unit 17 ¢ 45 38 — 200 — ¢
B#  non-reducing unit 20 — 29 456 45b 33 VAL AL
reducing unit 21 65 40 43 — 17¢  — 22
Gentiobiose (1-+6)
a«  non-reducing unit 22 — 36 45> 45b 33 200 200
reducing unit 14 38 38 400 400 34 3 —
B  non-reducing unit 22 — 34 470 47 34 200 200
reducing unit 21 68 35 46> 46b 34 29 —
Isomaltose (1-6)
a  non-reducing unit 17 — 234 350 356 35 30 300
reducing unit 28 35 3% 46b 466 31 32 —
B non-reducing unit 9c — 274 52b 526 35 27 27
reducing unit 26 69 33 46 46> 32 32 —

“Magnitudes were measured in p.p.b. All isotope effects are negative. The effects are tabulated on the
basis that the tentative assignments in Table III are correct. PAveraged value due to degeneracies.
<Effect too small to be clearly resolved. ‘Inaccuracies in magnitudes may occur due to signal overlap or
poor signal-to-noise. ‘Ref. 1. Ref. 2.

Inspection of Table II shows that three carbons had a unique pattern of
isotope effects, making unequivocal assignment straightforward for C-6 (no
effects), C-6' (one B effect), and C-5' (2 vy effects). In addition, two carbons had
only one y effect and the down-field signal in the anomeric region was readily
assigned to C-1' (103.1 p.p.m., vy, 14 p.p.b.), whereas the up-ficld signals were
assigned to C-58 (75.1 p.p.m., vs, 29 p.p.b.) and C-5a (70.5 p.p.m., v, 31 p.p.b.)
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Fig. 4. 100-MHz SIMPLE “C-n.m.r. spectra [(CD;),S0] of gentiobiose (8; a: 8, 37.63. OH: 0D, 49:51)
and isomaltose (7; a: 8, 43:57, OH:0D, 52:48).

on chemical shift and signal intensity criteria. Although four carbons (C-1,2',4,4")
were expected to show four lines from (B8 + v) effects, the signal of the anomeric
carbon C-1 was significantly down-field from those of the others (C-1896.8, C-1a
92.2 p.p.m.) and the C-2' and C-4' signals were distinguished by the similarity of
chemical shifts of their different anomers. This left the C-4 signals at 70.6 and 70.2
p.p-m., which could be readily assigned to the a and B anomers, respectively, be-
cause of the large difference in their intensities. Three carbons were expected to
show three (8 + 2v) isotope effects (Table II) and, of those, the signals for C-3’
had very similar chemical shifts (76.81 and 76.82 p.p.m.) for the « and 8 anomers,
respectively, whereas those for C-2 and C-3 were expected to exhibit different
chemical shifts for the a and 8 anomers. The major signals corresponded to the a
anomer and occurred at 76.6 and 74.8 p.p.m. The up-field signal exhibited one
large vy effect (68 p.p.b.) and so was assigned to C-28 by analogy with the large v,
magnitudes found for maltose and melibiose! and with reference to the observation?
that y,,,. > 7. The corresponding C-28 resonance (72.2 p.p.m.) exhibited v,, and
7,; magnitudes of ~38 p.p.b. similar to those observed! for the analogous signal in
maltose and melibiose. The remaining C-38 (76.6 p.p.m.) and C-3a (73.0 p.p.m.)
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signals were readily assigned by considerations of signal intensities and magnitudes
of appropriate B and vy isotope effects.

The SIMPLE BC-n.m.r. spectrum of isomaltose (7) in solution in (CD5),SO
(Fig. 4) exhibited isotope multiplet signals from both anomers (a:f, 43:57) that
were essentially the same as those found for gentiobiose, and the assignment of the
spectrum was accomplished in the same manner as for gentiobiose. The OH:0D
ratio was 52:48. The spectra of isomaltose and gentiobiose were similar, except for
changes in chemical shifts that were most apparent for the signals of C-1',2',3' 5",

Assignment in aqueous solution using DIS n.m.r. — Such assignments have
been reported® 1117 for some of the glucodisaccharides. When used in conjunction
with results obtained by SIMPLE n.m.1. for solutions in (CD,),80, DIS n.m.1.
becomes a powerful tool for unequivocal assignment of carbon signals of molecules
in aqueous sofutions.

DIS n.m.r. spectra display two peaks for each resonance, one for the sample
in D,0 and one for the sample in H,0. The difference between the two peaks
corresponds to the sum of the isotope effects on the resonance concerned plus the
bulk magnetisation effect of the D,0 that surrounds the H,O. The bulk magnetisa-
tion effect is usually ~+30 p.p.b. (in the direction opposite to the isotope effect)
for a 5-mm tube in a 10-mm tube and affects all resonances equally. The bulk
magnetisation effect is calculated for each sample by averaging over all signals,
according to the following formula.

Total DIS effects — Total SIMPLE effects
Total number of carbons

Bulk magnetisation =

Spectra of samples in aqueous solution were assigned initiaily by direct com-
parison with the assignments for solutions in (CD,),SO. Some resonances appeared
close together (within ~1 p.p.m.), giving rise to the possibility of a reversal of
assignment between solvents. Comparison of the observed DIS effect (minus the
bulk magnetisation effect) with the total of the expected magnitudes of the 8 and/or
y effects observed by SIMPLE n.m.r. of the resonances of the glucodisaccharides
always led to an unequivocal assignment of the resonances for solutions in D,O and
H,O based on the assumption that the assignments for solutions in (CD,),SO
solution are correct. The chemical shifts (Table VI) obtained by DIS n.m.1. are
consistent with previous assignments, although accurate to an extra order of
magnitude.

CONCLUSIONS
Thus, the combination of the normal ®C- and the SIMPLE “C-n.m.r.

experiments provide an unequivocal assignment for ~93% of the signals in the
glucodisaccharides, and the remaining signals are choices between 2 alternatives.
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TABLE VI

CHEMICAL SHIFTS OF THE GLUCODISACCHARIDES IN SOLUTION IN DZO‘

Disaccharide C-1 C-2 C3 c-4 C-5 c-6
a,a-Trehalose (1-1) 93.78 71.72 73.27 70.38 72.73 61.25
Sophorose (1-2)
a non-reducing unit 104.54 74.07 76.42 70.22 76.42 61.58
reducing unit 92.53 81.45 72.48 70.22 71.82 61.25
B non-reducing unit 103.30 74.47 76.42 70.22 76.42 61.58
reducing unit 95.34 82.14 76.42 70.39 76.79 61.25
Kojibiose (1-2)
a non-reducing unit 96.69 71.79 73.36 69.92 72.27 61.38
reducing unit 89.94 79.03 71.74 70.27 71.74 61.61
B non-reducing unit 98.61 71.92 73.36 69.86 72.10 61.32
reducing unit 96.67 76.35 74.97 70.13 76.18 61.84
Nigerose (1-3)
a? non-reducing unit 98.8 71.8 73.1 70.3 71.8 60.8
reducing unit 92.1 70.3 79.8 69.6 71.2 60.8
Bt non-reducing unit 98.8 71.8 73.1 70.3 71.8 60.8
reducing unit 96.0 73.1 82.2 69.6 75.6 60.8
Laminaribiose (1—3)
a non-reducing unit 103.65 74.68 76.50 70.45 76.78 61.58
reducing unit 92.86 71.86 83.25 68.99 72.03 61.44
B non-reducing unit 103.56 74.68 76.50 70.45 76.78 61.58
reducing unit 96.53 74.35 85.51 69.11 76.30 61.44
Maltose (1—-4)
a non-reducing unit 100.49 72.68 73.85 70.29 73.50 61.45
reducing unit 92.78 72.25 74.13 77.84 70.78 61.54
B non-reducing unit 100.46 72.59 73.83 70.26 73.50 61.45
reducing unit 96.66 74.98 77.10 77.63 75.41 61.67
Cellobiose (1—4)
a non-reducing unit 103.20 74.98 75.10 70.28 76.70 61.42
reducing unit 92.61 72.06 72.17 79.46 70.82 60.75
B non-reducing unit 103.20 74.98 75.10 70.28 76.70 61.41
reducing unit 96.54 74.78 76.38 79.46 75.57 60.89
Gentiobiose (1—-6)
a non-reducing unit 103.24 73.77 76.38 70.31 76.47 61.46
reducing unit 92.79 72.14 73.42 70.15 71.05 69.27
B non-reducing unit 103.28 73.77 76.38 70.31 76.51 61.46
reducing unit 96.64 74.78 76.40 70.19 75.77 69.41
Isomaltose (1—6)
a non-reducing unit 98.78 72.55 74.05 70.33 72.62 61.42
reducing unit 93.08 72.40 74.00 70.41 70.84 66.53
B non-reducing unit 98.78 72.55 74.05 70.33 72.62 61.42
reducing unit 97.96 75.07 76.91 70.47 75.11 66.65

sChemical shifts were measured in p.p.m. relative to 8; 4 jox.nc 07.4. Assignments are based on the
assumption that those for (CD,),SO are correct. ®Previously reported assignments!® adjusted for
8 4-dioxane 07-4.

SIMPLE n.m.r. is therefore a powerful tool for assignment in such difficult
circumstances. However, 10% of the assignments were based on the results of an
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INADEQUATE experiment on a,a-trehalose. The magnitudes of isotope effects
were consistent with those previously reported for compounds similar to those
discussed here. For oligosaccharides that are more complex than the gluco-
disaccharides, especially where the reducing terminal is blocked, the role of 2D
experiments in assignment would be greater. The SIMPLE n.m.r. experiment
would still be useful because it would remove the necessity for carrying out extra,
less-sensitive 2D experiments. When SIMPLE n.m.r. is combined with the DIS
n.m.r. method, all the 13C signals assigned for solutions in (CD,;),SO can be
assigned for solutions in D,0 and H,0. When used in this way, DIS n.m.r. enables
more accurate and reliable assignments for aqueous solutions than those assign-
ments previously reported. With just three 1D-n.m.r. experiments, the methods
described here provide an assignment that is equivalent to the application of a
variety of 1D- and 2D-n.m.r. experiments which are more difficult to obtain and
process.

EXPERIMENTAL

The glucodisaccharides were commercial samples and were deuteriated by
lyophilising from D,0, and dissolved in (CD;),SO. The OH:OD ratio was adjusted
by adding very small amounts of H,O and D,0 as necessary. The extent of deuteri-
ation was determined by 'H-n.m.r. measurements of the areas of H-1 and residual
OH multiplets, or from the ratio of the areas of the HOH and HOD peaks. The
OH:OD ratio may also be determined from appropriate *C resonances.

Natural abundance, 100-MHz (Bruker WH400) SIMPLE 3 C-n.m.r. spectra
were obtained at 310 K under proton noise-decoupling conditions. Normal 13C-
n.m.r. spectra were obtained at 50 MHz (JEOL FX200) under the same conditions.
50-MHz DIS BC-n.m.r. spectra were obtained for solutions in H,O in a 5-mm tube
inside a 10-mm tube containing the sample in D,0. Depending on the experimental
conditions, between 5,000 and 100,000 transients were recorded for concentrations
of 50 mg/cm?®. The sweep-width was set to record all the peaks of interest and,
for solutions in (CD,),SO, to fold the (CD,),SO signal onto a section of the
spectrum free of other signals. Zero-filling up to 64k points led to a digital resolu-
tion of ~1.6 p.p.b. per point. Spectra of solutions in (CD,),SO were referenced
with respect to d.cp) 50 39.5, and spectra of aqueous solutions were referenced to
81 4. dioxane 67-4. The a:pB-ratio was calculated from the ratio of the peak heights of
the appropriate 13C signals or from 'H-n.m.r. spectra.

The notation used for isotope effects (8, y) denotes the >C signal being ob-
served with a numerical subscript (e.g., 8;) and, when appropriate, a second
numerical subscript for the hydroxyl group which gives rise to the isotope effect
(e.g., vs and vy, correspond to the 3-bond isotope effects observed on the C-3
signal resulting from deuteriation of HO-2 and HO-4, respectively). All isotope
effects reported are negative, i.e., substitution by the heavier isotope leads to an
up-field chemical shifts. All isotope effects are quoted in p.p.b. (i.e., 10~ p.p.m.).



16 R. E. HOFFMAN, J. C. CHRISTOFIDES, D. B. DAVIES, C. J. LAWSON
ACKNOWLEDGMENTS

We thank the A.F.R.C. and Tate and Lyle for a CASE studentship (to
R.E.H.), the M.R.C. for n.m.r. computing facilities (Birkbeck College and
N.ILM.R.), and the S.E.R.C. for a post-doctoral fellowship (to J.C.C.) and n.m.r.
facilities (together with the University of London, U.L.I.R.S. service).

REFERENCES
1 1. C. CHRISTOFIDES AND D. B. DAVIES, J. Am. Chem. Soc., 105 (1983) 5099-5105.
2 J. C. CHRISTOFIDES AND D. B. DAVIEs, J. Chem. Soc., Chem. Commun., (1983) 324-326.
3 J. REUBEN, J. Am. Chem. Soc., 105 (1983) 3711-3713.
4 J. REUBEN, J. Am. Chem. Soc., 106 (1984) 2461-2462.
5 J. C. CHRISTOFIDES AND D. B. DAVIES, J. Chem. Soc., Perkin Trans. 2, (1984) 431-488.
6 J. REUBEN, J. Am. Chem. Soc., 106 (1984) 6180-6186.
7 J. REUBEN, J. Am. Chem. Soc., 107 (1985) 1747-1755.
8 B. CoxON, Dev. Food Carbohydr., 2 (1980) 351-432.
9 P. E. PFEFFER, K. M. VALENTINE, AND F. W. PARRISH, J. Am. Chem. Soc., 101 (1979) 1265-1274.
10 P. E. PFEFFER, F. W. PARRISH, AND J. UNRUH, Carbohydr. Res., 84 (1980) 13-23.
11 P. E. PrerreR AND K. B. Hicks, Carbohydr. Res., 102 (1982) 11.
12 K. Bock AND H. TH@GERSEN, Ann. Rep. NMR Spect., 13 (1981) 1-112.
13 A.S. PERLIN, B. Casu, AND H. J. KocH, Can. J. Chem., 48 (1970) 2596-2599.
14 D. E. DORMAN AND J. D. ROBERTS, J. Am. Chem. Soc., 92 (1970) 1355-1361.
15 T. Usur, N. YaMaokaA, K. MATsuDA, K. TusIMURA, H. SUGANO, AND S. SETO, J. Chem. Soc.,

Perkin Trans. 1, (1973) 2425-2432,

16 P. A. J. GORIN, Can. J. Chem., 52 (1974) 458—461.

17 8. C. Ho, H. J. KocH. AND R. S. STUART, Carbohydr. Res., 64 (1978) 251-256.

18 P. A. J. GORIN, Adv. Carbohydr. Chem. Biochem., 38 (1981) 13-104.

19 J. FEENEY, P. SHAW, AND P. J. S. PAUWELS, J. Chem. Soc., Chem. Commun., (1970) 554-556.

20 B. BIRDSALL AND J, FEENEY, J. Chem. Soc., Perkin Trans. 2, (1972) 1643-1647.

21 D. Y. GAGNAIRE, F. R. TARAVEL, AND M. R. VIGNON, Carbohydr. Res., 51 (1976) 157-182.

22 Y. INOUE AND P. CHUGO, Carbohydr. Res., 60 (1978) 367-370.

23 A. HEYRAUD, M. RINAUDO, M. VIGNON, AND M. VINCENDON, Biopolymers, 18 (1979) 167-185.

24 A.S. PERLIN AND G. K. HAMER, ACS Symp. Ser., 103 (1979) 122-152.

D. HALL AND G. A. MORRIs, Carbohydr. Res., 82 (1980) 175-184.

K. KocHETKOV, O. S. CHIZHOV, AND A. S. SHASHKOV, Carbohydr. Res., 133 (1984) 173-185.

A. MORRIS AND L. D. HaLL, J. Am. Chem. Soc., 103 (1981) 47034707,

A. MORRIS AND L. D. HALL, Can. J. Chem., 60 (1982) 2431-2435.

Bock, C. PEDERSEN. AND H. PEDERSON, Adv. Carbohydr. Chem. Biochem., 42 (1985) 193-225.

Bax, R. FREEMAN, AND S. P. KEMPSELL, J. Magn. Reson., 41 (1980) 349-353.

31 A. DEBRUYN, M. ANTEUNIS. AND G. VERHEGGE, Bull. Soc. Chim. Belg., 84 (1975) 721-726.

32 D. GAGNAIRE, J. SAINT-GERMAIN, AND M. VINCENDON, J, Appl. Polym. Sci., Appl. Polym. Symp.,
37 (1983) 261-284.

25 L.
26 N.
27 G.
28 G.
29 K.
30 A.



