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ABSTRACT

The hydroxyl proton coupled lH NMR spectra of solutions of B-
D-digitoxopyranose and of an equilibrated mixture of the four ring
forms of D-digitoxose in dimethylsulfoxide-dg have been assigned
completely by two-dimensional, proton chemical shift correlated
NMR spectroscopy and spin decoupling at 400 MHz, Analysis of
resolution enhanced, one-dimensional H NMR spectra yielded an
almost complete set of CH and OH proton-proton coupling constants
for the four ring forms. The free aldehydo form of D-digitoxose
in dimethylsulfoxide-dg solution has been detected by means of its
characteristic H-1 quartet at § 9.687. Quantitative analysis of
the equilibrated mixture of the five forms of D-digitoxose gave
the composition:- a-pyranose, B-pyranose, a-fu;anose, B-furanose,
aldehydo form, 11.2, 67.3, 8.4, 13.0, and 0.1%, respectively. The
'C; chair conformations have been assigned to the a- and 8-
pyranose forms by analysis of the coupling constants and are
discussed qualitatively in terms of their relative stabilities.

INTRODUCTION

The development of two-dimensional, nuclear magnetic resonance
(2D NMR) technique52 has recently had a substantial impact on the
spectroscopy of carbohydrat:es.:i_9 In fact, owing to the large

number of inequivalent nuclei and well defined stereochemical and

525
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conformational variations that are present in carbohydrates, these
substances serve as excellent models for demonstration of many of
the 2D NMR techniques that are now available. 2D lH chemical
shift COrrelated NMR SpectroscopY (2D COSY) has been implemen-

10,11

ted as an elegant and efficient alternative to conventional,

one-dimensional spin decoupling, and various modified 2D COSY
experiments have been proposed and used for other purposes.lo’12
Solutions of carbohydrates in dimethylsulfoxide (DMSO) are of
significant interest to us for purposes of quantitative analysis
and physical characterization; for example, the certification of

9,13 In DMSO solution, the

D-glucose Standard Reference Materials.
mutarotation of sugars is normally slower than in aqueous .solu-
tion,14 thus affording more time for initial analytical measure-
ments. Additionally, the hydroxyl protons of sugars are usually
in slow exchange in neutral DMSO solutions, so that the NMR signals
of these protons are observed as separate multiplets. This pheno-
menon offers the possibility of a greater number of well dispersed
analytical "handles" for DMSO solutions than for aqueous solutions,
but has the disadvantage that coupling with the hydroxyl protons
causes the spectra of many of the CH protons to be more complex.lh
Nevertheless, the hydroxyl proton coupling constants have intrinsic
value and in some cases yield additional stereochemical
information.9

This paper describes an investigation of D-digitoxose (2,6-
dideoxy—g—zihgfhexose) and its various forms by lH NMR spectros-—
copy at 400 MHz. The 2D COSY method is used to delineate the
assignments in the hydroxyl proton coupled spectra obtained from
solutions of D-digitoxose in DMSO~Q6.
J-resolved NMR technique has been applied to complete analysis of

In related work, the 2D

the lH NMR spectra of the hydroxyl proton coupled o- and

B—Q—glucopyranoses.9

RESULTS AND DISCUSSION

lH NMR Spectroscopy of Solutions of Crystalline D-Digitoxose.

Taken soon after dissolution of the sugar, the lH NMR spectrum of
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a solution of a commercial sample of crystalline D-digitoxose in
DMSO—.g6 showed the CH and OH proton signals of predominantly a
single species. Interpretation of the vicinal CH proton-proton
coupling constants of this species (vide infra) irddicates that it
is the B-pyranose form (B-p). Under high resolution conditions
(low sugar concentration and resolution enhancement by Gaussian
exponential filtering), the 1H NMR spectrum (see FIG. 1) of g-D-

digitoxopyranose shows evidence for at least two long range

°"a
CHa 0.
OH
HO
H-2e H-2e J
— 1
2 1
H20
H-3 H-S H4
N 1
4 3
HO-4/
HO-1
HO-3
e
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FIC. 1. H NMR spectrum of a solution of B-D-digitoxopyranose
in DMSO-dg at 400 MHz.
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coupling constants since the H-1 signal appears as a tridecet and
the HO-3 signal as a quartet. On addition of deuterium oxide to

the solution, the hydroxyl signals disappear and are translocated
to the HOD signal, and the H-2'(=H-2a) pentadecet collapses to an

octet, because of removal of the coupling constant 1.0

394 ,H0-3
Hz. Spin decoupling experiments confirmed the presence of this

coupling and also that of a smaller one, 4 0.5 Hz. The magni~

33,3
£
tude of the coupling between H-2a and HO-3 suggests that H-2a,

C-2, C-3, and HO-3 have a planar 'W' arrangement, in which HO-3 has

a favored orientation with the OH bond trans coplanar to the

CH e)

o y
H/ J20,H0-3 = 1.0
T
J,3=0.5

C-2--C-3 bond. The observation of a small value ga HO=3 3.1 Hz
3

is consistent with a gauche orientation (dihedral angle 60°) of

H~-3 and HO-3 in the B-p anomer. A similar long range coupling

constant 1.2 Hz has been reported for a-D-glucopyranose

35 wo-1 5
examined under the same conditions. Further confirmation of the
long range coupling between H-2a and HO-3 of B-D-digitoxopyranose
was obtained by means of the 2D COSY method.

A pulse sequence for the 2D COSY NMR technique is shown in
FIG. 2. The first /2 pulse turns the magnetization vector from its
equilibrium position along the z-axis into the x-y plane. The

transverse magnetization evolves during the incrementable delay
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n/2 n/2
or n/4

H Acquire
1 H D1

t —> t —>

1 2

D1 = Relaxation delay

t1 = Incrementable delay

FIG. 2. Pulse sequence for 2D COSY lH NMR,

£y, at the end of which a second 7/2 (or n/4) pulse mixes the
magnetizations and hence the chemical shifts of the homonuclear

spins. A free induction decay (FID) signal is acquired during the

time t,, for each discrete value of £ The resonances detected by
the first Fourier transformation of the FIDs in the 5 dimension
are modulated as a function of El by all frequencies (due to both

chemical shifts and coupling constants) that are generated by the
first pulse.

For parallel transitions, i.e., those that generate resonances
in the same multiplet, the chemical shifts that undergo mixing are
identical and the resulting multiplets in the 2D spectrum have the
same chemical shift in both dimensions. Thus one part of the 2D
COSY spectrum consists of a set of resonances along the diagonal,

that correspond to the normal one-dimensional spectrum. This

effect may be seen in the contour plot of the 1H 2D COSY spec-

trum of B-D-digitoxopyranose that is shown in FIG. 3.
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FIG. 3. Contour plot of the 2d COSY lH NMR spectrum of B-D-
digitoxopyrancse in DMSO-dg at 400 MHz, with the spin
coupling connectivity pathway indicated.

Other transitions of spin coupled nuclei are either progres-
sively or regressively connected through a common energy level,
and mixing of the magnetizations of these chemically shifted nuclei
(e.g., A and X) produces resonances in the 2D COSY spectrum that
have different chemical shifts in each dimension, e.g., coordinates
8

GX’ and GX,G These resonances therefore occupy off-diagonal

A’ A’
positions in the 2D COSY spectrum and are known as cross peaks.2
The observation of cross peaks signifies spin coupling connectivity
between the related multiplets on the diagonal, thus affording a

method for spectral assignment.lo
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In FIG. 3, the connectivity pathway between the HO-1 and CH3
protons is illustrated for the case of a single anomer (B-p).
Noteworthy is the observation of a cross peak for H-2a and HO-3,
thus providing further verification of their long range coupling.
The smaller coupling between H-1 and H-3 was not indicated by
this experiment, although modified procedures are available for

10,12 The chemical

emphasis of long range coupling constants.,
shifts measured by first order analysis of the well dispersed
spectrum (FIG. 1) of the B-p anomer are shown in Table 1 and the
coupling constants in Tables 2 and 3. The large value gl,z, 9.6
Hz indicates that H-1 and H-2' have a trans-diaxial orientation
and, therefore, that the preponderant anomer in crystalline D-
digitoxose is the B-pyranose form. The remaining vicinal CH
proton-proton coupling constants (Table 2), in particular the
24,5 9.4 Hz confirm the 4§1 chair conformation for the B8-p
anomer (in solution).

value

The structure of D-digitoxose is closely related to that of
2-deoxy-D-erythro-pentose, from which the 2,6-dideoxyhexose may
be derived merely by substitution of a hydrogen atom at C-5 by a
methyl group. Previous work has shown that 2-deoxy-B-D-erythro-
pentopyranose adopts the alternative 49; chair conformation, both
in aqueous solution,15 and in the solid state.16 Thus the obser-
vation that B-D-digitoxopyranose in DMSO-d  solution favors the

—6

491 conformation exclusively may be attributed to the conformational

locking effect of an équatorial methyl group.

lH NMR Spectroscopy of Equilibrated Solutions of D-Digitoxose.

Following dissolution of crystalline D-digitoxose in DMSO-d , the
solution mutarotates fairly rapidly (2-3 days) to give an equilib-
rated mixture of five different forms. The hydroxyl proton

coupled lH NMR spectrum of the four major components of the
mixture is shown in FIG. 4, in which may be seen four HO-1 doublets
in the viéinity of § 6 and four H-1 multiplets around § 5. These
signals obviously represent the four ring forms of the sugar.

The fifth species in. the equilibrated mixture was detected as a
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TABLE 3., OH Proton Coupling Constants (Hz) of Digitoxose.a

¢ J

Anomer-ring form  J; uo 1 Jo, o3 I3 m0-3 L4,H0-4 25,HO-5

a-pyranose 7.3 -— 5.4 7.0 -
R-pyranose 6.4 1.0 3.1 7.0 -
a-furanose 5.6 ——— 5.4 e 7.2
B-furanose 5.5 - 4.6 -—— -

8For solutions in DMS0-dg , measured at 400 MHz, with digital
resolution, 122mHz/point.

bObscured.

very weak quartet (J 1.8 and 3.4 Hz) at § 9.687 that is undoubtedly
the H-1 signal of the aldehydo form of digitoxose. The observation
of this form as a free aldehyde rather than as an aldehydrol may

be attributed to the relatively anhydrous conditions in the sol-
vent. The signals ;E\the aldehydo form are beyond the dynamic
range of the 2D COSY experiments reported herein and, therefore,

these signals are not discussed further, except for the purpose of
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CHy

FIG. 4. Hydroxyl proton coupled, gy »R spectrum of an equili-
brated mixture of the ring forms of D-digitoxose in
DMSO-dg, measured at 400 MHz. The signals of the
aldehydo form are not showm.

535
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quantitative analysis of the mixture. The aldehydo forms of
digitoxose and other sugars will be the subject of a future
communication.

The lH NMR spectrum (Fig. 4) of the equilibrated mixture of
D-digitoxose species is quite complex and it was here that the
full power of the 2D COSY method became useful. If the equivalent
protons of a methyl group are considered as a single spin group,
then each ring form of digitoxose gives rise to a 10 spin system
of protons, and complete assignment of the proton spectrum of four
ring forms by conventional spin decoupling techniques would require
4Q separate experiments. In practice, most of the spin coupling
connectivity information for the four ring forms was obtained from
a single 2D COSY experiment, A limited number (four) of spin
decoupling experiments was done to resolve certain ambiguities in
the two-dimensional data. However, in spectra that contain over-
lapping multiplets or multiplets of similar chemical shift, assign-
ments made exclusively by spin decoupling methods may also be
expected to suffer from some ambiguities, owing to the presence of
non-selective off-resonance effects.

Matching of the integrated intensities of the multiplets in
the one-dimensional spectrum (FIG. 4) allowed many of the resolved
multiplets to be identified as originating from one particular
ring form or another. A contour plot of the 2D COSY spectrum of
the four ring forms of equilibrated D-digitoxose is shown in FIG.
5., To avoid confusing the diagram, the connectivity pathway is
only shown for the a-furanose anomer (o~f), although a similar
pathway was constructed for each ring form in turn., In this way,
the multiplet locations of the ring forms in the equilibrated
mixture were assigned completely and measurement of the high
resolution, one-dimensional spectra yielded the chemical shifts,
and CH and OH proton-proton coupling constants reported in Tables
1, 2, and 3, respectively.

The a-pyranose anomer (o-p) was assigned as the form that
displayed similar coupling constants (except J. ,2,) to the B-p

1
form characterized already. The vicinal CH proton-proton coupling
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FIG. 5. Contour plot of the 2D COSY 1H NMR spectrum of an
equilibrated mixture of the ring forms of D-digitoxose
in DMSO-dg at 400 MHz.

constants of the a-p form are also consistent with the égl chair

conformation, although in view of . the fact that H-1 and H-3 have a
planar 'W' arrangement in this conformation, it is surprising that

4
the value -il,3

than that of the B-p form. It is possible that the 421 conforma-

tion of the a-p anomer does not have ideal geometry because of

0.6 Hz for the o-p form is only slightly larger

distortion induced by a syn-axial 1,3 interaction between the

DMSO—Q6—solvated hydroxyl groups at C-1 and C-3. Although the
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value Jl,HO-l 7.3 Hz of the a-p form is larger than that (6.4 Hz)
of the B-p form (Table 3), it has recently been observed that the
value ii,HO-l 4.8 Hz of o-D-glucopyranose is smaller than t??t
(6.6 Hz) of B-D-glucopyranose. Thus, an earlier suggestion™ that
equatorial H-1 protons have relatively large couplings of 6.5-8 Hz
with HO-1, whereas the corresponding couplings of axial H-~1 protons
are smaller (4.5-5 Hz) does not appear to be generally valid.

The o-furanose form (a-f) was assigned as the component of
the equilibrated mixture that displayed the smaller coupling
constants (gl,z, 2.3 and JQ',B
at C-2 (H-2') and H-1 and H-3, respectively, since smaller cou-

3.6 Hz) between one of the protons

plings would be expected for these trans pairs of protons than for
the cis pairs of protons H-1, H-2 and H-2, H-3 (11’2 5.6 and £2’3
7.7 Hz). This assignment identifies H-2 as the hydrogen atom
above the furanoid ring (i.e., the one with the L configuration)
and H-2' as the atom below the ring. The assignments of the o~f
and B-f forms are also consistent with assignments derived pre-
viously for the o and. B forms of 2-deoxy-D-erythro-pentofuranose
on the basis of both lH NMR and polarimetric studies.15

15

The coupling constants J. 2.4 and J 5.3 Hz reported

29 ot
for Z—deoxy-u—g—erzthro—pento%;ianose are iéiy similar to those
found for a-D-digitoxofuranose and those reported for 2-deoxy-8-
D-erythro-pentofuranose (£1,2 = giyz, 4.5 Hz) are closely similar

to the values measured for B-D-digitoxofuranose (see Table 2),
although the labeling of H-2 and H-2' is reversed.

A useful simplification of the lH NMR spectrum of the equilib-
rated mixture of digitoxose forms was obtained by deuterium exchange
of the hydroxyl protons prior to spectroscopy of the solution in
DMSO-Q6 (see FIG. 6), This procedure effectively removed the OH
coupling constants and yielded a spectrum resembling that of
digitoxose equilibrated in deuterium oxide. The chemical shifts
of the simplified, but still overlapping H-5 multiplets of the a-f
and B-f forms were measured in this way (Table 1). The quartet

and triplet band shapes of the hydroxyl uncoupled H-1 multiplets
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FIG. 6. H NMR spectrum of an equilibrated mixture of per-0-
deuterated ring forms of D-digitoxose in DMSO-dg at
400 Miz.

are generally characteristic of the anomeric configurations of 2-
deoxy-a- and B-D-erythro-pentofuranose derivatives.18

Quantitative Analysis of Equilibrated D-Digitoxose. The

presence of a large number of well resolved multiplets in the
hydroxyl proton coupled spectrum (FIG. 4) of the equilibrated
mixture of D-digitoxose anomers allowed a multi-parameter,
quantitative analysis to be performed; i.e., one in which a number

(in this case, 5-8) of the proton signals of each ring form were
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integrated following acquisition of the spectrum under non-
saturating conditions., The results of this analysis are shown in
Table 4, The composition data show that the B-p form is by far
the most stable form in DMSOjg6 solution, in spite of the fact
that the 491 conformation favored by this form must be destabi-
lized by the anomeric effect. This lends further weight to the
argument that the a-p form must be even more destabilized by its
syn-axial 1,3 interéction. By contrast, the o-p form of 3-deoxy-
D-ribo-hexose (in which HO-3 is not present) is relatively more
stable (B-p:o-p ratio, 40:26).19

The proportions of the D-digitoxose ring forms measured by lH
NMR (Table 4) are in good agreement with those determined by l3C
NMR.20 The aldehydo form has the expected low concentration

(0.1%).

EXPERIMENTAL

Preparation of Solutions. Crystalline D-digitoxose (Aldrich21

Gold Label grade, 99+%) was dried under vacuum at 50 °C for five

TABLE 4. Composition of an Equilibrated Solution of Digitoxose.a

Species Percent Compositionb
a-pyranose 11.2 £ 0.3
B~-pyranose 67.3 + 0.4
a-furanose 8.4 % 0.2
RB~furanose 13.0 £ 0.2
aldehydo-form 0.1°

82 mol L7! in DMSO-dg, equilibrated for two months.

bFor the ring forms, the composition reported is the mean of
the integrals of 5-8 different proton signals of each form,
plus or minus one standard error. Methyl proton signals were
not used because of significant peak overlaps.

“Obtained from two equilibrated solutions by integration of
the aldehydo proton quartet.
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days and portions were dissolved in aliquots (0.5 mL) of fresh
1

DMSOfg6. H NMR spectra of these solutions indicated that the
crystalline D-digitoxose contained greater than 997 of the
g-pyranose anomer. A per-O-deuterated mixture of D-digitoxose
anomers and ring forms was prepared by successive lyophilizations
of the crystalline sugar with aliquots of deuterium oxide (3 mL,
99 atom % D, 2 mL, 100 atom % D; and 1 mL, 100 atom % D). The
lyophilizate (50 mg) was then dissolved in DMSOjQ6 (0.55 mL).

NMR Spectroscopy. lH NMR spectra were recorded at 400 MHz

and at 27 °C by use of a Bruker Instruments Model WM-400 spectrom-
eter in the pulse-Fourier transform mode. One dimensional spectra
were acquired by means of the Bruker FTQNMR and DISNMRP programs
using spectral widths of 3, 4, or 5 kHz and a 32,768 point data
set, resolution enhanced, and then zero filled to 65,536 points.
The use of a spectral width of 5 kHz was necessary for detection
of an unfolded H-1 signal of the aldehydo form of D-digitoxose.
Resolution enhancement was performed by Gaussian, exponential
filtering of the FID signal, using a line broadening of -1.0 Hz
and a Gaussian broadening fraction of 0.3. For quantitative
analysis, a 20° pulse (width 3.0 us) was used together with a
total relaxation delay of 8.05 s. Before integration of each
multiplet, the baseline surrounding it was individually corrected.
2D COSY lH NMR spectra were obtained by means of the Bruker
DISNMRP program, using an initial data matrix (51 X EQ) of 256 x
1,024 points that was zero filled to 512 x 1,024 points, and then
doubly transformed to give a matrix (real part, 21 X §2) of 512 x
512 points, for which the spectral width was 2,304 Hz in both
dimensions (digital resolution, 4.5 Hz/point = 0.011 ppm/point).
The 7/2 pulse width was 14 us and a minimum relaxation delay of
5.22 s was used together with either 16 or 64 scans for each value

of the incrementable delay £y
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