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C and H spin–lattice relaxation times have been determined by
inversion recovery in a range of site-specific 13C- and 2H-labeled
accharides under identical solution conditions, and the data were
sed to calculate deuterium nuclear quadrupolar coupling constants

2H NQCC) at specific sites within cyclic and acyclic forms in solu-
tion. 13C T1 values ranged from ;0.6 to 8.2 s, and 2H T1 values ranged
rom ;79 to 450 ms, depending on molecular structure (0.4 M sugar
n 5 mM EDTA (disodium salt) in 2H2O-depleted H2O, pH 4.8, 30°C).
n addition to providing new information on 13C and 2H relaxation
ehavior of saccharides in solution, the resulting 2H1 NQCC values

reveal a dependency on anomeric configuration within aldopyranose
rings, whereas 2H NQCC values at other ring sites appear less sen-
itive to configuration at C1. In contrast, 2H NQCC values at both
nomeric and nonanomeric sites within aldofuranose rings appear to
e influenced by anomeric configuration. These experimental obser-
ations were confirmed by density functional theory (DFT) calcula-
ions of 2H NQCC values in model aldopyranosyl and aldofuranosyl
ings. © 2000 Academic Press
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13C T1;

2H quadrupolar coupling constants;
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INTRODUCTION

2H Nuclear spin-relaxation times are useful NMR paramete
investigations of molecular motion and exchange process
solution (1–3). Since the only significant contribution to2H re-
laxation arises from the motional modulation of the interac
between the quadrupole moment and the electric field gradi
the nucleus, the interpretation of2H relaxation is less prone
error, in comparison to1H and 13C relaxation, where multip
relaxation mechanisms occur (4). In addition, unlike13C relax-
tion, cross-relaxation and cross-correlation mechanisms
een found to be negligible for2H, thus further simplifying the

interpretation in motional terms.
2H spin–lattice relaxation (2H T1) in molecules tumblin

isotropically in the region of extreme motional narrowing
described by

1 To whom correspondence should be addressed. E-mail: serian
d.edu.
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1/T1D 5 3/8~1 1 h 2/3!~e2qQ/\! 2tD, [1]

where 1/T1D is the 2H spin–lattice relaxation rate,h is the
asymmetry parameter of the field gradient,e2qQ/h is the 2H
nuclear quadrupolar coupling constant (NQCC), andtD is the
overall rotational correlation time for the C–2H bond. For a
C–2H fragment, the asymmetry parameter is considered
very small or zero, and therefore it is often ignored. Thus,
a knowledge of2H NQCC, 2H T1 can be related totD and thus
to molecular motion in solution.

Nuclear quadrupolar coupling constants have been shown t
tain useful structural information. For example,2H NQCC values in
O–2H . . .O systems are sensitive to the O–O internuclear dist
and thus to the strength of the hydrogen-bonding interaction (5). The

ain determinant of the field gradient at2H is not the electrons in th
hydrogen 1sorbital but the nucleus to which it is directly bonded
the electrons donated by this nucleus (6). As a consequence,2H
NQCC report on the electronic environment of deuterium nuc
the ground state, leading to the expectation that2H NQCC might be
sensitive to electronic differences at the anomeric carbon of sa
rides where stereoelectronic factors are known to play an imp
role, or possibly at O–2H groups involved in hydrogen-bonding
solvent or other solutes.2H NQCC values are expected to depen
C–2H bond length (7), and thus their measurement in carbohyd
systems where C–H bond length changes have been reported
be valuable.

Despite these and other advantages, very little data o2H
spin–lattice relaxation times and quadrupolar coupling
stants in saccharides have been reported. This investig
describes solution measurements of these parameters in
and acyclic saccharides that have been site-specifically la
with 2H at anomeric and nonanomeric methine carbon
order to calculate2H NQCC values in solution, complementa
13C T1 measurements were made using site-specifically13C-
labeled compounds; these relaxation data are interpreted
itatively in terms of saccharide structure and conforma
Calculations of 2H NQCC values using density function
theory (DFT) have also been performed in aldopyranose
aldofuranose models to test the experimental findings.
@
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EXPERIMENTAL

Preparation of13C- and 2H-Labeled Compounds

D-[1-13C]Galactose, D-[2-13C]galactose, D-[1-13C]glu-
ose, D-[2-13C]glucose, D-[3-13C]glucose, D-[5-13C]glu-

cose, D-[1-13C]mannose, D-[2-13C]mannose, D-[1-13C]
,
-

d
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nt
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d

arabinose, D-[2- C]arabinose, D-[1- C]lyxose, D-
[1-13C]ribose, D-[2-13C]ribose, D-[1-13C]xylose, D-[2-
13C]xylose, D-[1-13C]erythrose, DL-[1-13C]glyceralde
hyde, [1-13C]glycolaldehyde, and [1-13Cglc] lactose
(Scheme 1) were prepared by methods described previ
(8 –12).
SCHEME 1

2 2 2 13 2
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tion
D-[1- H]Galactose, D-[2-H]galactose, D-[1-H]glucose
D-[2-2H]glucose, D-[3-2H]glucose, D-[5-2H]glucose, D-[1
2H]mannose, D-[2-2H]arabinose, D-[1-2H]lyxose, D-[1-2H]ri -
bose, D-[2-2H]ribose, D-[1-2H]xylose, D-[2-2H]xylose and
DL-[1-2H]glyceraldehyde (Scheme 1) were prepared as-
scribed previously (13, 14).

Spin–Lattice Relaxation Time (T1) Determinations

13C and 2H T1 values were determined as follows. Pairs
site-specifically labeled compounds (one13C-labeled and on
2H-labeled; e.g., D-[1-13C]glucose and D-[1-2H]glucose) wer
issolved in an EDTA (disodium salt) solution (5 mM, pH 4
repared using2H-depleted H2O (Sigma) to give a final 0.2 M

concentration of each compound (total saccharide conce
tion, 0.4 M). Prior to eachT1 determination, the solution w
degassed with argon for 3–4 min in a 3-mm NMR tube, and
tube was sealed with a plastic cap.

Spin–lattice relaxation times (T1) were measured by in-
version-recovery (15) with a 180° composite pulse on
Varian UnityPlus 600 MHz NMR spectrometer operating
e

f

ra-

e

50.840 MHz for C and 92.085 MHz for H and using
3-mm microprobe (Nalorac). Sample temperature was
ulated at 30°C. All determinations were made with
spectrometer in an unlocked mode. Relaxation delays
chosen to be at least 10 times the longestT1 in the sample
and 15–21t values, distributed as recommended previo
(16), were used to define the relaxation curve. For a g
sample, a minimum of fiveT1 determinations were made
each nucleus, and peak intensity data were fit nonline
(3-parameter) using software supplied by Varian Ins
ments. The computed13C and 2H T1 values were average
and used to calculate2H NQCC values.

Experimental Calculations of Deuterium Nuclear
Quadrupolar Coupling Constants (2H NQCC)

2H NQCC values were calculated indirectly from indep-
ent measurements of13C and2H spin–lattice relaxation time

(17) and were restricted to2H nuclei on methine carbons. In t
compounds examined, rapid overall isotropic reorienta
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2092H T1 AND NQCC IN LABELED SACCHARIDES
(v tc ! 1) and dipole–dipole relaxation forC were assume
(18, 19), thus permitting use of (4)

1/T1C 5 N\ 2g C
2gH

2 r CH
26tCH, [2]

here 1/T1C is the 13C spin–lattice relaxation rate,N is the
number of protons attached to the carbon (N 5 1 in this
investigation),\ is Planck’s constant divided by 2p, gH andgC

are the gyromagnetic ratios of1H and 13C, respectively,r CH is
he C–H bond length, andtCH is the overall rotational correl
tion time for the C–H bond. Equations [1] and [2] w
combined to give (1),
ns
na
al
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th
as
s
1
as

(1
gle
in
d

at
n i
ion

a

a

8g H
2gC

2T1C\
2/3r CH

6 T1D 5 @e2qQ/\# 2, [3]

which was used to calculate2H NQCC values. A C–H bon
length of 1.083 1028 m (1.08 Å) was used in all calculations. T
use of Eq. [3] assumes thattCH andtD are identical, that is, the
is no isotope effect on correlation times in the systems exam

Theoretical Calculations of Deuterium Nuclear Quadrupo
Coupling Constants (2H NQCC)

Molecular orbital calculations were performed with a m
ified (20) version of the Gaussian 94 suite of programs (21) on
the aldopentopyranose models1 and2 and aldopentofurano
model3.
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Electron correlation effects were treated by means of de
functional theory (DFT) using the standard B3LYP functio
described by Becke (22). This functional comprises both loc
23) and nonlocal (24) exchange contributions and conta
erms accounting for local (25) and nonlocal (26) correlation
orrections. Geometric optimizations were conducted with
3LYP functional and the standard split-valence 6-31G* b
et (27). Thef glycosidic torsion angle in1 and2, defined a

H1–C1–O1–H, was set initially at260° (OH1 gauche to H
and O5), which is the expected most stable conformation b
on stereoelectronic and steric considerations (28). Calculations
on 3 were conducted on each envelope conformation
structures) using methods and initial exocyclic torsion an
described previously (29). 2H NQCC values were calculated

eometrically optimized1–3 using the B3LYP functional an
a [5s2p1d,3s1p] basis set.

RESULTS AND DISCUSSION

Motional Models and Reliability of T1 Determinations

Relaxation data obtained on all compounds were tre
ith the assumption that overall molecular reorientatio
olution is isotropic (i.e., Eqs. [1]–[3]). Previous relaxat
ity
l

e
is

ed

0
s
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n

studies of simple monosaccharides have confirmed thi
havior (18, 19). Qualitative analysis of13C relaxation data i
methylb-D-aldopyranosides have suggested slight moti
anisotropy caused by an effect of the CH3 substituent on th
inertial axes sufficient to cause molecular diffusion abo
preferred, but undefined, axis of rotation (30). These effect
were not observed in methyla-D-aldopyranosides. Th
study was, therefore, confined to reducing sugars, thus
inating potential problems arising from the presence o
aglycone. In addition, relaxation measurements were lim
to ring nuclei only; nuclei located on hydroxymethyl grou
were not examined due to complications arising from in
nal motions superimposed on overall motional reorienta

Previous studies (16) identified key factors that affect t
ccuracy and precision ofT1 measurements made by invers

recovery (15). The distribution of data points along the rel
tion curve is an important variable; in this study, 15–2t

values were used, and these values were distributed in a
dance with previous recommendations (16). Five measure
ments of eachT1 were made and the data were averaged to
the final averageT1 6 1 STD (Fig. 1). The relaxation da
were fit nonlinearly to extractT1s, which has been shown to
superior to a linear fit of the data.

To evaluate the reproducibility of theT1 determinations,13C
and 2H T1 values were measured on thesamesample contain
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210 BOSE-BASU ET AL.
ing a 50:50 mixture of D-[1-13C]xylose:D-[1-2H]xylose, unde
the solution conditions described in Experimental on two
arate occasions. In addition,13C T1 values were determined
two different samples of a 50:50 mixture of D-[1-13C]ribose

-[1-2H]ribose. The results are summarized in Table 1.
excellent reproducibility validates the methodology use
determineT1 values and permits an evaluation of the e
associated with2H NQCC determined from them.

FIG. 1. Inversion–recoveryT1 relaxation data obtained on a 50:50 mixt
f D-[1-13C]xylose and D-[1-2H]xylose (0.4 M) in 5 mM EDTA (disodium

salt) in 2H2O-depleted H2O, pH. 4.8, 30°C. Five independent data sets w
obtained to calculate13C and 2H T1 values for the labeled sites within bo

yranoses. (A)13C relaxation,a-xylopyranose: 2.005, 2.016, 2.033, 2.0
1.954 s. (B) 13C relaxation,b-D-xylopyranose: 2.252, 2.248, 2.286, 2.2

.213 s. (C)2H relaxation,a-D-xylopyranose: 0.09911, 0.09654, 0.099
0.09854, 0.09831 s. (D)2H relaxation,b-D-xylopyranose: 0.1174, 0.117

.1185, 0.1189, 0.1174 s. The value shown in each plot is the averaT1

calculated from the five data sets6 1 STD.
p-

e
o
r

Spin–Lattice Relaxation Times

The 13C T1 values measured in this investigation (Table
exhibit the expected dependence on molecular size (31), with
ongerT1s associated with smaller molecules. Thus, for ex
ple, under identical solution conditions,T1,C1 values fo
[1-13Cglc]lactose (MW 343 D) were 0.57 s (a) and 0.73 s (b),
whereasT1,C1 values for [1-13C]glycolaldehyde were 5.74
(hydrate; MW 79 D) and 8.20 s (aldehyde; MW 61 D).

The average spin–lattice relaxation rate, 1/T1, for aldohex
opyranoses (16 values) was 0.686 0.03 s21, whereas that o
aldohexofuranoses (4 values) was 0.556 0.01 s21, suggestin
different motional properties in these two ring structures
comparison, the average 1/T1 for aldopentopyranoses (14 v
ues, 0.456 0.03 s21) and aldopentofuranoses (4 values, 0.46
0.03 s21) are indistinguishable, suggesting that the moti
properties of these two types of structures are similar.
assume that differences in C–H bond lengths are small an
be neglected in the above comparisons. 1/T1,avg for aldohex
opyranoses and aldopentopyranoses differ by 0.23 s21, and for
aldopentofuranoses and aldotetrofuranoses by 0.20 s21. Thus, a
change in mass of 30 D (addition/removal of a HCOH f
ment) translates into a;0.22 s21 change in13C relaxation rate

In the erythrofuranoses, 1/T1,avg 5 0.22 s21, whereas value
of 0.21 and 0.42 s21 are observed for erythrose aldehyde
hydrate, respectively. The larger value for the hydrate is p
attributed to its higher mass, but correcting for this contribu
([0.22 s21] 3 18⁄30 5 0.13 s21) gives a residual rate of 0.07 s21.
Since it is unlikely that this residual is caused by diffe
C1–H1 bond lengths, its origin is attributed to a more exten
conformation of the acyclic hydrate relative to the furano
(31), increased interactions with solvent water (greater mo

lar “friction”) caused by additional free OH groups in
ydrate, and/or possible motional anisotropy. Interestin
/T1 of the aldehyde and furanose forms are nearly iden

C1–H1 bond length differences might be expected here, w
slightly shorter bond in the aldehyde. This effect, if presen
apparently offset by conformational factors, altered hydro
bonding with solvent and/or motional anisotropy. Unlike
hydrate, the aldehyde might assume a pseudocyclic or
conformation in solution, thus mimicking the cyclic furan
with respect to overall motion. Since relaxation measurem
were made on the same solution, solution viscosity cann
an influencing factor.

Differences in 1/T1 between the aldehyde and hydrate fo
of DL-[1-13C]glyceraldehyde and [1-13C]glycolaldehyde ar
0.12 and 0.05 s21, respectively. The former is attributed to
mass difference, but the latter falls short based on mass
siderations alone. The latter finding suggests that the val
;0.22 s21/30 amu, derived from the examination of cyc
structures, is not applicable to a wide range of molec
structures and masses. Indeed, a plot of 1/T1 vs molecular mas
using all of the available data is nonlinear over the mass r
examined (Fig. 2). The resolution of Fig. 1 into aldehy

e
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2112H T1 AND NQCC IN LABELED SACCHARIDES
hydrate, and cyclic groups (Fig. 3) reveals possible differe
in slopes, with the steepest associated with cyclic struc
and the shallowest associated with acyclic aldehydes. T
results imply that overall molecular structure significantly
fects the relationship between molecular mass and rota
correlation time; molecular mass is not the only factor con
ling the rate of molecular reorientation in solution of sacc
rides. The number and distribution of polar groups, and
the nature of solute–solvent interactions, also influence ov
correlation times. Thus, for example, even though the m
ular masses of structures4 and 5 are nearly identical, the
relaxation properties are expected to differ due to alt
interactions with solvent water.

2H spin–lattice relaxation times (Table 2) are consider
shorter than13C T1s under identical solution conditions.2H T1

values range from 0.07 to 0.13 s for aldohexopyranoses,
pentopyranoses, and aldopentofuranoses. These valu
crease considerably with decreasing molecular mass; thu

TAB
13C Spin–Lattice Relaxation T

Compound a-pyranose b-pyranose

lactose
C1 0.5656 0.003 0.7256 0.004

D-galactose
C1 1.5156 0.003 1.547 6 0.037 1
C2 1.502 6 0.020 1.508 6 0.023 1

D-glucose
C1 1.424 6 0.014 1.513 6 0.015

C2 1.485 6 0.032 1.458 6 0.017

C3 1.472 6 0.026 1.466 6 0.025

C5 1.495 6 0.015 1.493 6 0.008

D-mannose
C1 1.395 6 0.016 1.540 6 0.021

C2 1.3126 0.005 1.3906 0.008
D-arabinose

C1 2.366 6 0.043 2.345 6 0.037 2
C2 2.252 6 0.030 2.234 6 0.021

D-lyxose
C1 2.04 6 0.15 2.345 6 0.051

D-ribose
C1 (exp 1)b 2.497 6 0.012 2.334 6 0.023 2
C1 (exp 2)b 2.616 6 0.014 2.445 6 0.014 2
C2 2.6536 0.004 2.271 6 0.018 2

D-xylose
C1 (exp 1)c 2.007 6 0.021 2.266 6 0.031

C1 (exp 2)c 2.007 6 0.031 2.255 6 0.029

C2 2.251 6 0.023 2.190 6 0.012

D-erythrose
C1 4

DL-glyceraldehyde
C1

glycolaldehyde
C1

a In seconds.
b Different samples.
c Same sample.
es
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example,2H T1 values for DL-[1-2H]glyceraldehyde hydra
and aldehyde are 0.17 and 0.45 s, respectively.

Deuterium Nuclear Quadrupolar Coupling Constants

2H NQCC values, computed from Eq. [3] using the re
ation data in Tables 1 and 2, are given in Table 3.
reproducibility of these couplings was tested by determi
the 2H NQCC for a- and b-D-[1-2H]xylopyranoses on tw
separate occasions. The computed values were as fo
a-pyranose, 176.8 and 176.7 kHz;b-pyranose, 171.5 and 171
kHz. These and other considerations (see further discu
below) indicate that the reported2H NQCC in Table 3 ar
accurate to within6 1.0 kHz.

2H NQCC values in aldofuranosyl and aldopyranosyl r
range from 172.2 to 178.9 kHz (Table 3). The2H NQCC for
2H1 of DL-[1-2H]glyceraldehyde hydrate (175.6 kHz) is si
ilar to that for 2H1 of [1-2H]aldofuranoses and [1-2H]aldopy-

1
esa in Various Carbohydrates

ranose b-furanose Hydrate Aldehyde

6 0.011 1.847 6 0.013

6 0.023 1.817 6 0.029

6 0.046 2.539 6 0.034

6 0.018 2.294 6 0.021

6 0.030 2.388 6 0.029 1.571 6 0.090

6 0.019 2.252 6 0.030

6 0.24 4.51 6 0.11 2.40 6 0.13 4.72 6 0.17

3.386 6 0.089 5.70 6 0.19

5.736 6 0.082 8.20 6 0.17
LE
im

a-fu

.751

.828

.601

.502

.645

.563

.69



e i
ith

-
ob

f

at
n
on
l-

ot
r
as
t is
lue

gt
ria

cte
b

0 ),
4.0
lue
Q
C
C

2 lues
nce
ental

s
two
,

r l
lings

ry

b uted
t tly
d he

nd
sible

es
ric
ater
n
r,

a s

.

as
r-

om-
ll
o
are
e

r
cyclic
1).

s .
ldo
pre
en

des

212 BOSE-BASU ET AL.
ranoses. In contrast, the2H NQCC for 2H1 of DL-[1-2H]glyc-
eraldehyde aldehyde is significantly smaller (139.2 kHz).

Within the aldohexopyranoses, a significant differenc
NQCC values for2H1 is observed between anomers, w
a-pyranoses (which contain an equatorial C1–2H1 bond) con
sistently yielding the larger coupling. This pattern is not
served at nonanomeric carbons; for example, the NQCC
2H1 in glucoanomers differ by 5.8 kHz, whereas those for2H2,
2H3, and2H5 differ by 0.5–1.7 kHz. The origin of the effect
2H1 may be related to different C–2H bond lengths betwee
anomers. To evaluate this factor, the effect of C1–H1 b
length on2H NQCC for 2H1 in a-D-glucopyranose was ca
culated using the13C and2H T1 data in Tables 1 and 2. A pl
of NQCC as a function ofr C1,H1 (Fig. 4) is nearly linear fo
r C1,H1 values ranging from 1.05 to 1.12 Å, with NQCC decre
ing by ;5 kHz per 0.01 Å increase in C–H bond length. I
important to note that, in the determination of NQCC va
shown in Table 3,equal C1–H1 bond lengths in thea- and
b-pyranoses were assumed (1.08 Å). If C1–H1 bond len
differ between anomers, it is more likely that the equato
bond (a-pyranose) would beshorter than the axial bond (b-
pyranose), but a difference of no more than 0.01 Å is expe
If the C1–H1 bond ina-D-glucopyranose is thus assumed to

.01 Å shorter than that inb-D-glucopyranose (i.e., 1.07 Å
the recalculated2H NQCC in thea-pyranose increases to 18
kHz, thus further enhancing the difference in NQCC va
between anomers. Thus, the method used to calculate N
values in Table 3 would underestimate the difference in NQ
between anomers. The data, therefore, suggest that NQC

FIG. 2. The dependence of13C spin–lattice relaxation rate (T1
21) on

accharide molecular weight as determined fromT1 data given in Table 1
Closed squares represent aldohexopyranoses, open squares represent a
furanoses, open circles represent aldopentopyranoses, closed circles re
aldopentofuranoses, closed diamonds represent aldotetrofuranoses, op
monds represent aldehydes, small closed triangles represent disacchari
large closed triangles represent hydrates.
n

-
or

d
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s

hs
l

d.
e

s
CC
C
for

H1 depend on anomeric configuration, with larger va
predicted fora-pyranoses, but the magnitude of the differe
cannot be quantified accurately using the present experim
method.

Given the above experimental limitations,2H NQCC value
were computed from density functional theory (DFT) in
model aldopyranoses1 and2, which mimica- andb-pyranoses
espectively. Computed C–H bond lengths and theoretica2H

NQCC values are reported in Table 4. The computed coup
are in qualitative agreement with experimental data in that2H1
NQCC is;11 kHz larger in1 than in2; computed asymmet
parameters were small (h(2H1)a 5 0.017,h(2H1)b 5 0.035). This
ehavior correlates with C1–H1 bond length, which is comp

o be;0.01 Å longer in2 (Table 4). This difference is apparen
ue to nO5 3 s*C1,H1 donation by the O5 lone-pair anti to t

C1–H1 bond in2, which induces contraction of the C1–O5 bo
and lengthening of the C1–H1 bond. This donation is not pos
in 1. The C1–H1 bond length difference computed in1 and2 is
also consistent with observed1JC1,H1 values in D-aldopyranos
(32), where coupling is;10 Hz larger for equatorial anome
protons; the shorter equatorial C–H bond translates into gres
character and hence larger1JCH. Differences in2H NQCC betwee
anomers at nonanomeric sites in1 and2 are considerably smalle
gain in agreement with experiment. Computed2H NQCC value

at each methine carbon are slightly larger for axial2H than for
equatorial2H, an effect that correlates with C–H bond length

It is noteworthy that the DFT-computed2H5 NQCC is;5
kHz larger in 1 than in 2 (Table 4). Only one case w
examined experimentally (D-[5-2H]glucose), where a diffe
ence of 1.7 kHz was observed (Table 3), with thea-pyranose
exhibiting the larger value, in agreement with the DFT c
putations. Interestingly, the axial2H3 also shows a sma
difference in NQCC between1 and 2; this difference is als
observed betweengluco anomers (Table 3). These effects
attributed to slightly shorter C3–2H3 and C5–2H5 bonds in th

FIG. 3. The dependence of13C spin–lattice relaxation rate (T1
21) on molecula

weight for (open squares) cyclic (furanose, pyranose), (solid triangles) a
aldehyde, and (solid circles) acyclic hydrate forms (data taken from Table
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2132H T1 AND NQCC IN LABELED SACCHARIDES
a-pyranose, induced by a 1,4-lone-pair effect involving
(33), which causes a reduction in the computed2H NQCC.

These theoretical findings are consistent with neutron
fraction crystallographic data reported for methyla-D-galac-
topyranoside6 and methylb-D-galactopyranoside7 (34). For
, r C1–H1, r C3–H3, and r C5–H5 are 1.095, 1.097, and 1.100

respectively, whereas for7, the respective bond lengths
1.104, 1.106, and 1.106 Å. As a control,r C4–H4 are identical in
6 and 7 (1.104 Å). The C1–H1 bond is shorter in6 by an
amount (0.009 Å) similar to that predicted from the D
calculations (Table 4), thereby providing experimental
dence for the reliablity of the theoretical calculations on m
els 1 and 2 and reinforcing the above conclusions about
dependence of2H1 NQCC on aldopyranose anomeric con
uration.

While the theoretical2H NQCC values in Table 4 are not
quantitative agreement with experimental data (Table 3)
trendsexhibited are in good agreement with experiment.
computed 11 kHz difference between2H1 NQCC in1 and2 is

early identical to that determined experimentally (;11 kHz)
f a difference of 0.01 Å inr C1–H1 is assumed in the calculation
Overall, these results support the conclusion that2H1 NQCC
values depend on aldopyranose anomeric configuration.

Given the important role ofr C–2H in affecting 2H NQCC
values (Fig. 4), it is important to appreciate that these b

TAB
2H Spin–Lattice Relaxation T

Compound a-pyranose b-p

D-galactose
D1 0.07516 0.0007 0.078
D2 0.072 6 0.001 0.072

D-glucose
D1 0.0682 6 0.0016 0.077
D2 0.07136 0.0006 0.070
D3 0.07076 0.0008 0.071
D5 0.07426 0.0006 0.075

D-mannose
D1 0.06866 0.0003 0.079

D-arabinose
D1 0.12236 0.0007 0.118
D2 0.11036 0.0006 0.108

D-lyxose
D1 0.09836 0.0003 0.119

D-ribose
D1 0.12626 0.0003 0.122
D2 0.13136 0.0006 0.112

D-xylose
D1 (exp 1) 0.0984 6 0.0010 0.118
D1 (exp 2) 0.0985 6 0.0012 0.118
D2 0.1110 6 0.0014 0.106

DL-glyceraldehyde
D1 0.450 6 0.017

b 0.168

a In seconds.
b Aldehyde.
c Hydrate.
1

f-

i-
-
e
-

e
e

d

lengths will be significantly affected by vicinal lone-pair (35),
1,3-lone-pair (36), and 1,4-lone-pair (33) effects in saccha
rides. Thus, for example, rotation of C–O bonds on car
bearing deuterons changes the disposition of oxygen lone
with respect to the C–2H bond, thereby changing its length a
indirectly, affecting the magnitudes of1JCH and 2H NQCC
values. At anomeric carbons, C–O bond conformation is
trolled by stereoelectronic factors which are absent at
C–O bonds in saccharides. These differences may accou
part, for the observed dependence of2H NQCC on anomeri
configuration; anomeric C–O bonds are equally constrain
both anomers, thereby reducing the effects of C–O bond
tional averaging on the coupling and accentuating the d
ence in2H NQCC.

D-Xylopyranoses show the same NQCC behavior a
glucopyranoses, that is, NQCC for2H1 depends on anome
configuration. Interestingly,2H1 NQCC is larger inb-D-arabi-

opyranose than ina-D-arabinopyranose, in contrast to obs
vations made in D-Gal, D-Glc, D-Man, and D-Xyl (Table
This result is expected, however, since the preferred
conformation assumed by D-arabinopyranoses is1C4 in which

n axial C1–H1 bond occurs in thea-pyranose and an equ
torial C1–H1 bond occurs in theb-pyranose (Scheme 1).2H
NQCC values for2H2 in D-xylopyranoses and D-arabinop
ranoses are essentially unaffected by anomeric configur

2
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2H1 NQCC values in D-lyxopyranoses and D-ribopyrano
are larger in thea-pyranose, but these results are difficul
interpret due to the presence of conformational averaging
these aldopyranoses exist as a mixture of interconverting
forms in solution).

TABLE 3
2H Nuclear Quadrupolar Coupling Constants (NQCC)a

in Various Carbohydrates

Compound a-pyranose b-pyranose a-furanose b-furanose

D-galactose
C1–D1 175.8 173.5
C2–D2 178.8 178.5

D-glucose
C1–D1 178.9 173.1
C2–D2 178.6 178.1
C3–D3 178.6 177.4
C5–D5 175.7 174.0

D-mannose
C1–D1 176.5 172.2

D-arabinose
C1–D1 172.2 174.0
C2–D2 176.9 177.9

D-lyxose
C1–D1 178.4 173.7

D-ribose
C1–D1 174.1 171.1 173.0 176.8
C2–D2 176.0 175.8 173.6 177.9

D-xylose
C1–D1 176.8 171.5
C2–D2 176.3 177.3

DL-glyceraldehyde
C1–D1 139.2b 175.6c

a In kHz 6 1 kHz.
b Aldehyde.
c Hydrate.

FIG. 4. Dependence of calculated2H1 NQCC values (Eq. [3]) on C1–H
ond length ina-D-glucopyranose.
s

e.,
air

In contrast to behavior observed in aldopyranoses2H
NQCC values for2H1 and 2H2 in D-ribofuranoses are nea
equally affected by anomeric configuration, in contrast to
servations made in conformationally rigid aldopyranose ri
This behavior is attributed to the significantly different r
conformations assumed by thea- andb-furanoses in solution
which cause the C1–2H1 and C2–2H2 bonds to assume diffe
ent orientations in the two aldofuranose anomers. To exa
this effect further,2H NQCC values for the ring C–2H bonds
were calculated in the model aldofuranose, 2-deoxy-b-D-
erythro-pentofuranose3, using DFT-optimized geometries
ported previously (29). Theoretical NQCC values vary wi
ring conformation (Fig. 5A) in a manner similar to that
served previously for the corresponding1JCH values (Fig. 5B)
demonstrating the importance ofr C–H/2H in dictating the mag
nitudes of both the scalar and quadrupolar couplings. T
results suggest that2H NQCC values, like1JCH (35), may be
useful probes of aldofuranosyl ring conformation in solu
and thus deserve further scrutiny.

CONCLUSIONS

The primary aim of this investigation was to determine2H
NQCC values for deuterium nuclei at different positions
environments in saccharides. These values were deter
indirectly through measurements of13C and 2H spin–lattice
relaxation times in site-specific13C- and 2H-labeled com
pounds. In order to minimize sources of error, the mea

TABLE 4
Theoretical 2H NQCC Values in 1 and 2

From Ab initio Calculations

Bond Bond length (Å) Computed2H NQCC (kHz)

1
C1–H1 eq 1.0986 (20.0113)a 187.3 (11.3)a

C2–H2 ax 1.0974 (0.0007) 196.0 (20.3)
2–H2 eq 1.0955 (20.0004) 198.2 (0.0)

C3–H3 ax 1.0969 (20.0030) 196.0 (1.6)
C3–H3 eq 1.0966 (0.0005) 198.4 (20.3)
C4–H4 ax 1.0985 (0.0009) 195.6 (20.5)
C4–H4 eq 1.0977 (0.0000) 197.3 (0.0)
C5–H5 ax 1.0992 (20.0055) 190.5 (4.7)
C5–H5 eq 1.0940 (0.0000) 197.1 (0.2)
2
C1–H1 ax 1.1099 176.0
C2–H2 ax 1.0967 196.3
C2–H2 eq 1.0959 198.2
C3–H3 ax 1.0999 194.4
C3–H3 eq 1.0961 198.7
C4–H4 ax 1.0976 196.1
C4–H4 eq 1.0977 197.3
C5–H5 ax 1.1047 185.8
C5–H5 eq 1.0940 196.9

a Value in parentheses is the difference in bond length or NQCC (Va1–
Value2).
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2152H T1 AND NQCC IN LABELED SACCHARIDES
ments were made on solutions containing equimolar con
trations of the saccharide singly labeled with13C and2H at the
same site in the molecule. The2H T1 measurements we
simplified by conducting measurements in2H-depleted1H2O
solvent (anomeric2H signals sometimes overlap with t
HO2H signal). Thus, an underlying assumption is that co
butions made to13C T1 relaxation by solvent water proto
and/or by the presence of carbon-bound and/or hydroxyl
tons in the vicinity of the labeled carbon are negligible; tha
we assume that the dominant source of relaxation of th13C

ucleus derives from its directly attached proton.
Other experimental methods are available for the dete

ation of 2H NQCC values. Studies of single crystals
powders by wide-line NMR methods yield quadrupolar c
pling constants directly in the solid state (1). In solution, Hardy
et al. (37) described recently a relaxation method to determ
2H NQCC values in13C–2H fragments involving measureme
of 2H and 13C T1 and steady-state13C NOE measuremen
under2H saturation in a single deuterated sample. In princ
solid-state NMR studies provide the most definitive meas

FIG. 5. (A) Calculated2H NQCC values from density functional theo
B3LYP/6-31G* geometries and B3LYP/[5s2p1d,3s1p] for NQCC calcula

tions) in 3 as a function of ring conformation. Calculations were restricte
the 10 envelope conformations, where3E 5 0.1 P/p, E4 5 0.3 P/p, and so
orth, and to one set of exocyclic hydroxymethyl and C–O conformations
ef. (29) for structural details. Calculated asymmetry parameters,h, for all of

the calculated couplings ranged from 0.006 to 0.054. (B) Calculated1JCH in 3
from density functional theory (B3LYP/6-31G* geometries and B3L
[5s2p1d,2s] for 1JCH calculations) (data taken from Ref. (29)).
n-

i-

o-
,

i-

-

e

,
e-

ments, and, given the uncertainties of solutionH NQCC
determinations caused by the effect of C–H/2H bond length, i
would be valuable to prepare single crystals or polycrysta
samples of anomeric [2H]aldopyranosides to test the conc
sions drawn from the present data.

The experimentally determined2H NQCC values (Table 3
fall within the expected range; they are commonly assum
be;170 kHz in carbohydrates and are generally consider
be independent of structure (38). The present results, howev
contradict the latter assumption.2H NQCC for 2H1 depends o
anomeric configuration in aldopyranoses, whereas the se
tivity of 2H NQCC at nonanomeric carbons to anomeric c
figuration in these rings is much reduced, presumably d
part to the effect of C–O conformational averaging on C2H
bond lengths. In contrast, all ring2H NQCC values may b
influenced by anomeric configuration in aldofuranosyl r
due to their inherent conformational flexibility. These con
sions are supported by theoretical (DFT) calculations o2H
NQCC in model aldopyranoses and aldofuranoses, which
gest that the effect is grounded largely in variations in C–H2H)
bond lengths between structures caused by differential ox
lone-pair effects. It should be appreciated, however, tha
effect of C–O bond torsional averaging in solution will m
ulate 2H NQCC values due to vicinal lone-pair effects (35) on

–2H bond lengths, leading to smaller differences than
dicted theoretically. Likewise, small librational fluctuations
a- andb-pyranose rings could also yield smaller experime
differences between anomers than predicted by theory.

Given the dominant role of local structure and geometr
dictating their magnitudes,2H NQCC values obtained o
monosaccharides in this study can be applied with reaso
confidence to studies of oligosaccharides containing thes
idues. Knowledge of the structural dependencies of these
plings will be essential to the accurate interpretation o2H
relaxation data in terms of molecule motion and dynamic
solution.
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