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BC and *H spin-lattice relaxation times have been determined by
inversion recovery in a range of site-specific *C- and °H-labeled
saccharides under identical solution conditions, and the data were
used to calculate deuterium nuclear quadrupolar coupling constants
(*H NQCC) at specific sites within cyclic and acyclic forms in solu-
tion. ®C T, values ranged from ~0.6 t0 8.2 s, and *H T, values ranged
from ~79 to 450 ms, depending on molecular structure (0.4 M sugar
in 5 mM EDTA (disodium salt) in ?H,0-depleted H,O, pH 4.8, 30°C).
In addition to providing new information on *C and °H relaxation
behavior of saccharides in solution, the resulting ?H1 NQCC values
reveal a dependency on anomeric configuration within aldopyranose
rings, whereas ?H NQCC values at other ring sites appear less sen-
sitive to configuration at C1. In contrast, °’H NQCC values at both
anomeric and nonanomeric sites within aldofuranose rings appear to
be influenced by anomeric configuration. These experimental obser-
vations were confirmed by density functional theory (DFT) calcula-
tions of 2H NQCC values in model aldopyranosyl and aldofuranosyl
rings.  © 2000 Academic Press

Key Words: ?H T,; ®C T,; *H quadrupolar coupling constants;
isotopically labeled saccharides.

INTRODUCTION

1/Tp = 3/8(1 + n?3)(e*qQl/h)*1p, [1]

where 1T, is the °H spin—lattice relaxation ratey is the
asymmetry parameter of the field gradieeiqQ/h is the *H
nuclear quadrupolar coupling constant (NQCC), apds the
overall rotational correlation time for the @4 bond. For a
C-*H fragment, the asymmetry parameter is considered to |
very small or zero, and therefore it is often ignored. Thus, wit|
a knowledge ofH NQCC,*H T, can be related te, and thus
to molecular motion in solution.

Nuclear quadrupolar coupling constants have been shown to c
tain useful structural information. For examie, NQCC values in
O-H---O systems are sensitive to the O—O internuclear distanc
and thus to the strength of the hydrogen-bonding interadioitlje
main determinant of the field gradientBtis not the electrons in the
hydrogen % orbital but the nucleus to which it is directly bonded anc
the electrons donated by this nucle@s @s a consequencéH
NQCC report on the electronic environment of deuterium nuclei i
the ground state, leading to the expectation 1H&NQCC might be
sensitive to electronic differences at the anomeric carbon of sacc
rides where stereoelectronic factors are known to play an import
role, or possibly at O*H groups involved in hydrogen-bonding to

?H Nuclear spin-relaxation times are useful NMR parametersdgjvent or other solutedH NQCC values are expected to depend of

investigations of molecular motion and exchange processesgfH bond length 7), and thus their measurement in carbohydrat
solution (—3. Since the only significant contribution &1 re-  systems where C—H bond length changes have been reported, ¢
laxation arises from the motional modulation of the interactigse valuable.
between the quadrupole moment and the electric field gradient abespite these and other advantages, very little dataHon
the nucleus, the interpretation &l relaxation is less prone to spin—lattice relaxation times and quadrupolar coupling cor
error, in comparison tdH and “°C relaxation, where multiple stants in saccharides have been reported. This investigat
relaxation mechanisms occu#)( In addition, unlike™C relax- describes solution measurements of these parameters in cy
ation, cross-relaxation and cross-correlation mechanisms hawgl acyclic saccharides that have been site-specifically labe
been found to be negligible fH, thus further simplifying their with H at anomeric and nonanomeric methine carbons. |
interpretation in motional terms. order to calculatéH NQCC values in solution, complementary
°H spin-lattice relaxation®t T,) in molecules tumbling *C T, measurements were made using site-specificay
isotropically in the region of extreme motional narrowing isabeled compounds; these relaxation data are interpreted qu
described by itatively in terms of saccharide structure and conformatior
Calculations of’H NQCC values using density functional

1To whom correspondence should be addressed. E-mail: serianni.i@@0ory (DFT) have also been performed in aldopyranose a
nd.edu. aldofuranose models to test the experimental findings.
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EXPERIMENTAL arabinose, D-[2¥C]arabinose, D-[1¥C]lyxose, D-
o of® 42 beled q [1-*C]ribose, D-[22°C]ribose, D-[1*C]xylose, D-[2-
Preparation of °C- and “H-Labeled Compounds 15Clxylose, D-[1*Clerythrose, DL-[1¥C]glyceralde-

D-[1-*C]Galactose, D-[2¥C]galactose, D-[1¥C]glu- hyde, [1+°C]glycolaldehyde, and [I*C®‘]lactose
cose, D-[2¥*C]glucose, D-[3**C]glucose, D-[5¥C]glu- (Scheme 1) were prepared by methods described previou:
cose, D-[1**C]mannose, D-[2°C]mannose, D-[1°C] (8-12.
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D-[1-’H]Galactose, D-[ZH]galactose, D-[I*H]glucose, 150.840 MHz for**C and 92.085 MHz forH and using a
D-[2-*H]glucose, D-[3°H]glucose, D-[5?H]glucose, D-[1- 3-mm microprobe (Nalorac). Sample temperature was re
’Hlmannose, D-[2H]arabinose, D-[1*H]lyxose, D-[1°H]ri- ulated at 30°C. All determinations were made with the
bose, D-[2*H]ribose, D-[1°H]xylose, D-[2°H]xylose and spectrometer in an unlocked mode. Relaxation delays we
DL-[1-*H]glyceraldehyde (Scheme 1) were prepared as dehosen to be at least 10 times the longEsin the sample,

scribed previously13, 14. and 15-21r values, distributed as recommended previousl|
(16), were used to define the relaxation curve. For a give
Spin—Lattice Relaxation Time {JTDeterminations sample, a minimum of fivd, determinations were made on

18C and?H T, values were determined as follows. Pairs
site-specifically labeled compounds (ofi€-labeled and one
’H-labeled; e.g., D-[1°C]glucose and D-[H]glucose) were
dissolved in an EDTA (disodium salt) solution (5 mM, pH 4.8
prepared usingH-depleted HO (Sigma) to give a final 0.2 M
concentration of each compound (total saccharide concenfgperimental Calculations of Deuterium Nuclear
tion, 0.4 M). Prior to eacT, determination, the solution was  Quadrupolar Coupling Constant$H NQCC)
degassed with argon for 3—4 min in a 3-mm NMR tube, and the
tube was sealed with a plastic cap. ’H NQCC values were calculated indirectly from indepen
Spin—lattice relaxation timesT() were measured by in dent measurements 6C andH spin-lattice relaxation times
version-recovery 15) with a 180° composite pulse on a(17) and were restricted td4 nuclei on methine carbons. In the
Varian UnityPlus600 MHz NMR spectrometer operating atompounds examined, rapid overall isotropic reorientatio

ach nucleus, and peak intensity data were fit nonlinear
o) : : .
?S—parameter) using software supplied by Varian Instru
ments. The computeC and’H T, values were averaged
jamd used to calculattH NQCC values.
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(w7 < 1) and dipole—dipole relaxation foiC were assumed 8v2y2T i 23r & T = [€2qQ/A]3, [3]
(18, 19, thus permitting use of4)

which was used to calculatéid NQCC values. A C-H bond
length of 1.08x 10® m (1.08 A) was used in all calculations. The
use of Eq. [3] assumes that, and T, are identical, that is, there
is no isotope effect on correlation times in the systems examine

1/Tyc = N2y &yar cimem, [2]

. 13 . . . .
\rlleTrirk)eerﬂgi‘Cp;?otgﬁs gttzzlr?e_(ljait(l)c?hreeli;(?;ﬁ] (iatiN irlws ttr:]ig Theoreti_cal Calculatior;s of Deuterium Nuclear Quadrupolar
investigation)7 is Planck’s constant divided by2 y, and-yc Coupling Constants'ti NQCC)

are the gyromagnetic ratios Gfl and **C, respectivelyr ¢, is Molecular orbital calculations were performed with a mod.
the C—H bond length, angl, is the overall rotational correla- ified (20) version of the Gaussian 94 suite of progra¥) ©n
tion time for the C-H bond. Equations [1] and [2] werghe aldopentopyranose moddlgind2 and aldopentofuranose

combined to giveY), model 3.
HO H :
4 5 o) o) QO CHon o
) 2 1¢ m/q,OH HO
OH
OH HO
1 2 3 4
HaC . H H
H,OH
OH CHoOH CHz0H
HO HO HO OCH;
HO HO H
OH OCHj, ©
5 6 7

Electron correlation effects were treated by means of dens#tjudies of simple monosaccharides have confirmed this b
functional theory (DFT) using the standard B3LYP functiondiavior (18, 19. Qualitative analysis of’C relaxation data in
described by Becke2@). This functional comprises both localmethyl B-D-aldopyranosides have suggested slight motion:
(23) and nonlocal 24) exchange contributions and containgnisotropy caused by an effect of the Cslibstituent on the
terms accounting for localg) and nonlocal Z6) correlation inertial axes sufficient to cause molecular diffusion about
corrections. Geometric optimizations were conducted with tipeeferred, but undefined, axis of rotatioc80f. These effects
B3LYP functional and the standard split-valence 6-31G* basigere not observed in methyk-D-aldopyranosides. This
set 7). The ¢ glycosidic torsion angle i1 and2, defined as study was, therefore, confined to reducing sugars, thus elir
H1-C1-0O1-H, was set initially at 60° (OH1 gauche to H1 inating potential problems arising from the presence of a
and O5), which is the expected most stable conformation baseglycone. In addition, relaxation measurements were limite
on stereoelectronic and steric consideratid®8.(Calculations to ring nuclei only; nuclei located on hydroxymethyl groups
on 3 were conducted on each envelope conformation (1fere not examined due to complications arising from inter
structures) using methods and initial exocyclic torsion anglesal motions superimposed on overall motional reorientatior
described previously2). ’H NQCC values were calculated in  Previous studies1f) identified key factors that affect the
geometrically optimized—3 using the B3LYP functional and accuracy and precision @, measurements made by inversion
a [5s2pld,3slp] basis set. recovery (5). The distribution of data points along the relax-
ation curve is an important variable; in this study, 15-21
values were used, and these values were distributed in acc

RESULTS AND DISCUSSION dance with previous recommendationks)( Five measure-
ments of eacli; were made and the data were averaged to gi\
Motional Models and Reliability of TDeterminations the final averagel, = 1 STD (Fig. 1). The relaxation data

were fit nonlinearly to extracl;s, which has been shown to be
Relaxation data obtained on all compounds were treatsdperior to a linear fit of the data.
with the assumption that overall molecular reorientation in To evaluate the reproducibility of the, determinations:’C
solution is isotropic (i.e., Egs. [1]-[3]). Previous relaxatiomnd’H T, values were measured on tsamesample contain-
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A B Spin—Lattice Relaxation Times
100 2001

The **C T, values measured in this investigation (Table 1
® exhibit the expected dependence on molecular g (vith
longerT,s associated with smaller molecules. Thus, for exan
. ple, under identical solution conditionsl,., values for
50 [1-*C%lactose (MW 343 D) were 0.57 sy and 0.73 s §),
whereasT, ¢, values for [1**C]glycolaldehyde were 5.74 s
0oje  22%100% (hydrate; MW 79 D) and 8.20 s (aldehyde; MW 61 D).
. The average spin—lattice relaxation rateT J/for aldohex-
opyranoses (16 values) was 0.680.03 s*, whereas that of
aldohexofuranoses (4 values) was 05%.01 s, suggesting
different motional properties in these two ring structures. B
180 comparison, the averageTl/for aldopentopyranoses (14 val-
200] . Ues, 0.45+ 0.03 s ') and aldopentofuranoses (4 values, 042
0 15 20 25 0.03 s') are indistinguishable, suggesting that the motione
tau {sec) properties of these two types of structures are similar. W
assume that differences in C—H bond lengths are small and c
100 200 be neglected in the above comparisonsl,}y/, for aldohex-
opyranoses and aldopentopyranoses differ by 0.23asd for
P d ¢ 150 o838 * aldopentofuranoses and aldotetrofuranoses by 0.:20kus, a
e change in mass of 30 D (addition/removal of a HCOH frag
50 E 100 ment) translates into &0.22 s * change in*°C relaxation rate.
P In the erythrofuranoses, T/,,, = 0.22 s*, whereas values
25 § 0 of 0.21 and 0.42 S are observed for erythrose aldehyde an
o 0090000 ‘ hydrate, respectively. The larger value for the hydrate is part
° 01® attributed to its higher mass, but correcting for this contributio
: ([0.22 s'] X %30 = 0.13 ') gives a residual rate of 0.07"s
2 LI Since it is unlikely that this residual is caused by differen
C1-H1 bond lengths, its origin is attributed to a more extende
%0 10 conformation of the acyclic hydrate relative to the furanose
- . ' ‘ . 5o (31, increased interactions with solvent water (greater mole
00 05 10 15 20 00 o5 10 15 20 ular “friction”) caused by additional free OH groups in the
tau (sec) tau (sec) hydrate, and/or possible motional anisotropy. Interestingly
FIG. 1. Inversion—recovery, relaxation data obtained on a 50:50 mixture]'/T1 of the aldehyde and furanose forms are nearly identice
of D-[1-*C]xylose and D-[12H]xylose (0.4 M) in 5 mM EDTA (disodium C1—H1 bond length differences might be expected here, with
salt) in ?H,0-depleted HO, pH. 4.8, 30°C. Five independent data sets werslightly shorter bond in the aldehyde. This effect, if present, i
obtained to calculaté’C and’H T, values for the labeled sites within both apparently offset by conformational factors, altered hydroge

pyranoses. (A)°C relaxation,a-xylopyranose: 2.005, 2.016, 2.033, 2.025, : : : ; ;
1.954 s, (B)“C relaxation, B.D-xylopyranose. 2.252, 2.248, 2.286. 2.278 bonding with solvent and/or motional anisotropy. Unlike the

2.213 5. (C)H relaxation, a-D-xylopyranose: 009911, 0.09654, 0.0997g/1Ydrate, the aldehyde might assume a pseudocyclic or be
0.09854, 0.09831 s. (DJH relaxation, B-D-xylopyranose: 0.1174, 0.1176, conformation in solution, thus mimicking the cyclic furanose

0.1185, 0.1189, 0.1174 s. The value shown in each plot is the av@ragewith respect to overall motion. Since relaxation measuremer
calculated from the five data sets1 STD. were made on the same solution, solution viscosity cannot |
an influencing factor.

Differences in 1T, between the aldehyde and hydrate form:
_ _ ” , of DL-[1-*C]glyceraldehyde and [1'C]glycolaldehyde are
ing & 50:50 mixture of D-[1-C]xylose:D-[1-H]xylose, under ¢ 12 and 0.05 €, respectively. The former is attributed to the
the solution conditions described in Experimental on two sepyass difference, but the latter falls short based on mass cc
arate occasions. In additioHC T, values were determined onsjderations alone. The latter finding suggests that the value
two differentsamples of a 50:50 mixture of D-[£€]ribose: —~0.22 s%/30 amu, derived from the examination of cyclic
D-[1-°H]ribose. The results are summarized in Table 1. Thaructures, is not applicable to a wide range of moleculz
excellent reproducibility validates the methodology used #ructures and masses. Indeed, a plot @f 5 molecular mass
determineT; values and permits an evaluation of the errasising all of the available data is nonlinear over the mass ran
associated witfH NQCC determined from them. examined (Fig. 2). The resolution of Fig. 1 into aldehyde
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TABLE 1
3C Spin-Lattice Relaxation Times® in Various Carbohydrates

Compound a-pyranose B-pyranose a-furanose B-furanose Hydrate Aldehyde
lactose
C1 0.565+ 0.003 0.725+ 0.004
D-galactose
C1 1.515+ 0.003 1.54 +0.03 1.75 += 0.04 1.84, + 0.0
Cc2 1.5Q *= 0.02, 1.50; + 0.0 1.82, = 0.0% 1.81, = 0.0%
D-glucose
C1 1.42 = 0.01, 1.51; = 0.0%
Cc2 1.48 = 0.03, 1.45 +0.01,
C3 1.47% = 0.02 1.46, = 0.0
C5 1.49 *= 0.0% 1.49, = 0.00
D-mannose
C1 1.39 = 0.0% 1.54, = 0.02
Cc2 1.312+ 0.005 1.390+ 0.008
D-arabinose
C1 2.36 + 0.04 2.34 +0.03, 2.60, = 0.04 2.53 = 0.03,
Cc2 2.25 = 0.03 2.23, = 0.02
D-lyxose
C1 20 *0.1 2.34, + 0.05
D-ribose
C1 (exp 1% 2.49, £ 0.0 2.33, = 0.0% 2.50, = 0.0% 2.29, = 0.02
C1 (exp 2§ 2.61; +0.01, 2.44, +0.01, 2.64, = 0.03, 2.3% = 0.0% 1.57, = 0.09
Cc2 2.653+ 0.004 2.27 £ 0.0% 2.56; = 0.01 2.25 + 0.03
D-xylose
C1 (exp 1y 2.00, = 0.02 2.26, = 0.03,
C1 (exp 2) 2.00, = 0.03, 2.25 *+ 0.0
Cc2 2.25 +0.0% 2.19, = 0.0,
D-erythrose
C1 46 =02 45 =*+0.1, 24, £0.1 4.7, + 0.1,
DL-glyceraldehyde
C1 3.38 = 0.08 5.7, + 0.1
glycolaldehyde
C1 5.73 = 0.08, 8.2, + 0.1,
#In seconds.

® Different samples.
¢ Same sample.

hydrate, and cyclic groups (Fig. 3) reveals possible differencesample,’H T, values for DL-[1°H]glyceraldehyde hydrate
in slopes, with the steepest associated with cyclic structureesd aldehyde are 0.17 and 0.45 s, respectively.

and the shallowest associated with acyclic aldehydes. These

results imply t_hat oyerall molecular structure significantly _afDeuterium Nuclear Quadrupolar Coupling Constants

fects the relationship between molecular mass and rotational

correlation time; molecular mass is not the only factor control- ’H NQCC values, computed from Eq. [3] using the relax:
ling the rate of molecular reorientation in solution of sacchation data in Tables 1 and 2, are given in Table 3. Th
rides. The number and distribution of polar groups, and thusproducibility of these couplings was tested by determinin
the nature of solute—solvent interactions, also influence overtle °‘H NQCC for a- and B-D-[1-°H]xylopyranoses on two
correlation times. Thus, for example, even though the moleseparate occasions. The computed values were as follov
ular masses of structuresand 5 are nearly identical, their a-pyranose, 176.8 and 176.7 kHxpyranose, 171.5and 171.2
relaxation properties are expected to differ due to alter&#iz. These and other considerations (see further discussi

interactions with solvent water. below) indicate that the reportetH NQCC in Table 3 are
’H spin—lattice relaxation times (Table 2) are considerabBccurate to within+ 1.0 kHz.
shorter than®C T,s under identical solution conditiondd T, ’H NQCC values in aldofuranosyl and aldopyranosy! ring

values range from 0.07 to 0.13 s for aldohexopyranoses, aldange from 172.2 to 178.9 kHz (Table 3). THe¢ NQCC for
pentopyranoses, and aldopentofuranoses. These values®’itt of DL-[1-°H]glyceraldehyde hydrate (175.6 kHz) is sim-
crease considerably with decreasing molecular mass; thus, ifar to that for°’H1 of [1-’H]aldofuranoses and [iH]aldopy-
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1.80+) ’H1 depend on anomeric configuration, with larger value
predicted fora-pyranoses, but the magnitude of the difference

1601 cannot be quantified accurately using the present experimen

1.40-] a method.
Given the above experimental limitatiorfé NQCC values
1.20 were computed from density functional theory (DFT) in two

model aldopyranosesand?2, which mimic «- and 3-pyranoses,

2 100
- respectively. Computed C-H bond lengths and theorefidal
S 0807 NQCC values are reported in Table 4. The computed couplin
0,604 AI are in qualitative agreement with experimental data in that
B NQCC is~11 kHz larger inl than in2; computed asymmetry
0.40] Aé parameters were smafj(’H1), = 0.017,m(*H1), = 0.035). This
0201 A’ behavior correlates with C1-H1 bond length, which is compute
' o to be~0.01 A longer in2 (Table 4). This difference is apparently
0.00 e due tongs — o', donation by the O5 lone-pair anti to the
40 80 120 160 200 240 280 320 360 C1-H1 bond ir2, which induces contraction of the C1-O5 bond
molecular weight and lengthening of the C1-H1 bond. This donation is not possib

FIG. 2. The dependence ofC spin-lattice relaxation rateT(*) on N 1. The C1-H1 bond length difference computed.iand?2 is
saccharide molecular weight as determined frbmdata given in Table 1. also consistent with observed.,,, values in D-aldopyranoses
Closed squares represent aldohexopyranoses, open squares represent aldq}ggg)c,)-where coupling is~10 Hz larger for equatorial anomeric
furanoses, open circles repres_ent aldopentopyranoses, closed circles rep:ﬁmbns; the shorter equatorial C—H bond translates into greate
aldopentofuranoses, closed diamonds represent aldotetrofuranoses, open dia- . .
monds represent aldehydes, small closed triangles represent disaccharides(,:%f"‘iltgac'{er and hence lar_gléE_H' D'_ﬁerences irfH '_\IQCC between
large closed triangles represent hydrates. anomers at nonanomeric sitesliand2 are considerably smaller,

again in agreement with experiment. CompuitddNQCC values

at each methine carbon are slightly larger for axidlthan for
ranoses. In contrast, tfel NQCC for°H1 of DL-[1-°H]glyc- equatorialPH, an effect that correlates with C—H bond length.
eraldehyde aldehyde is significantly smaller (139.2 kHz). It is noteworthy that the DFT-computéti5 NQCC is~5

Within the aldohexopyranoses, a significant difference kHz larger in 1 than in 2 (Table 4). Only one case was
NQCC values for’H1 is observed between anomers, witlexamined experimentally (D-[3-]glucose), where a differ-
a-pyranoses (which contain an equatorial 4% bond) con- ence of 1.7 kHz was observed (Table 3), with th@yranose
sistently yielding the larger coupling. This pattern is not okexhibiting the larger value, in agreement with the DFT com
served at nonanomeric carbons; for example, the NQCC fautations. Interestingly, the axi&H3 also shows a small
’H1 in glucoanomers differ by 5.8 kHz, whereas thosedde, difference in NQCC betweeh and 2; this difference is also
’H3, and’H5 differ by 0.5-1.7 kHz. The origin of the effect atobserved betweegluco anomers (Table 3). These effects are
’H1 may be related to different G4 bond lengths between attributed to slightly shorter C3H3 and C52H5 bonds in the
anomers. To evaluate this factor, the effect of C1-H1 bond
length on*H NQCC for °H1 in a-D-glucopyranose was cal-
culated using thé’C and’H T, data in Tables 1 and 2. A plot 0.80
of NQCC as a function of ¢;,;, (Fig. 4) is nearly linear for
I c1.4 Values ranging from 1.05t0 1.12 A, with NQCC decreas-
ing by ~5 kHz per 0.01 A increase in C—H bond length. It is 0.60
important to note that, in the determination of NQCC values
shown in Table 3equal C1-H1 bond lengths in the- and
B-pyranoses were assumed (1.08 A). If C1-H1 bond lengths
differ between anomers, it is more likely that the equatorial
bond @-pyranose) would bahorterthan the axial bond3- 0.30+
pyranose), but a difference of no more than 0.01 A is expected.

0.70

0.501

0.404

1/Ty (1/s)

If the C1-H1 bond inx-D-glucopyranose is thus assumed to be 0201

0.01 A shorter than that i-D-glucopyranose (i.e., 1.07 A), 0.10] : : :
the recalculatedH NQCC in thea-pyranose increases to 184.0 40 80 120 160 200
kHz, thus further enhancing the difference in NQCC values molecular weight

betwee_n anomers. Thus, the me_thOd used _to Calcu'?‘te NQCQIG.& The dependence GiC spin-lattice relaxation rat@{") on molecular
values in Table 3 would underestimate the difference in NQCgeignt for (open squares) cyclic (furanose, pyranose), (solid triangles) acyc
between anomers. The data, therefore, suggest that NQCCdiaehyde, and (solid circles) acyclic hydrate forms (data taken from Table 1).
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TABLE 2

’H Spin-Lattice Relaxation Times® in Various Carbohydrates
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Compound a-pyranose B-pyranose a-furanose B-furanose
D-galactose
D1 0.0751=* 0.0007 0.0788= 0.0003
D2 0.072 *= 0.001 0.0726+ 0.0005
D-glucose
D1 0.068 = 0.00% 0.0774+ 0.0008
D2 0.0713=+ 0.0006 0.0704+ 0.0005
D3 0.0707= 0.0008 0.0714+ 0.0003
D5 0.0742=+ 0.0006 0.0755= 0.0005
D-mannose
D1 0.0686= 0.0003 0.0796+ 0.0009
D-arabinose
D1 0.1223+ 0.0007 0.1187 0.0006
D2 0.1103= 0.0006 0.1082+= 0.0005
D-lyxose
D1 0.0983=+ 0.0003 0.119% 0.0004
D-ribose
D1 0.1262=+ 0.0003 0.1221 0.0007 0.128+ 0.002 0.112 = 0.00%
D2 0.1313=+ 0.0006 0.1126+ 0.0003 0.139+ 0.002 0.109 *+ 0.00%
D-xylose
D1 (exp 1) 0.098 + 0.00%, 0.1181+ 0.0004
D1 (exp 2) 0.098 + 0.00% 0.1180=+ 0.0007
D2 0.11% =+ 0.00%, 0.1068+ 0.0005
DL-glyceraldehyde
D1 0.45 =0.0%° 0.1682=* 0.0009
#In seconds.
® Aldehyde.
¢ Hydrate.

a-pyranose, induced by a 1,4-lone-pair effect involving Ofengths will be significantly affected by vicinal lone-pai5,
(33), which causes a reduction in the computetNQCC. 1,3-lone-pair 86), and 1,4-lone-pair33) effects in saccha-
These theoretical findings are consistent with neutron difidles. Thus, for example, rotation of C—O bonds on carbor
fraction crystallographic data reported for metlayD-galac- bearing deuterons changes the disposition of oxygen lone-pa
topyranosides and methyls-D-galactopyranosid@ (34). For  with respect to the CH bond, thereby changing its length and,
6, Mcivn Feans @nd res,s are 1.095, 1.097, and 1.100 Aindirectly, affecting the magnitudes dflc, and °H NQCC
respectively, whereas for, the respective bond lengths aresalues. At anomeric carbons, C—O bond conformation is col
1.104, 1.106, and 1.106 A. As a contro}, ., are identical in trolled by stereoelectronic factors which are absent at oth
6 and 7 (1.104 A). The C1-H1 bond is shorter Biby an C—O bonds in saccharides. These differences may account,
amount (0.009 A) similar to that predicted from the DFPart, for the observed dependence’df NQCC on anomeric
calculations (Table 4), thereby providing experimental eveonfiguration; anomeric C—O bonds are equally constrained
dence for the reliablity of the theoretical calculations on modboth anomers, thereby reducing the effects of C—O bond rot
els 1 and 2 and reinforcing the above conclusions about thiional averaging on the coupling and accentuating the diffe
dependence ofH1 NQCC on aldopyranose anomeric configence in’H NQCC.
uration. D-Xylopyranoses show the same NQCC behavior as C
While the theoreticatH NQCC values in Table 4 are not inglucopyranoses, that is, NQCC f&d1 depends on anomeric
quantitative agreement with experimental data (Table 3), thenfiguration. InterestinglyyH1 NQCC is larger irg-D-arabi-
trendsexhibited are in good agreement with experiment. Th@pyranose than in-D-arabinopyranose, in contrast to obser-
computed 11 kHz difference betwe&dl NQCC inland2is vations made in D-Gal, D-Glc, D-Man, and D-Xyl (Table 3).
nearly identical to that determined experimentalyl(l kHz) This result is expected, however, since the preferred rir
if a difference of 0.01 A i ., is assumed in the calculations.conformation assumed by D-arabinopyranose<€isin which
Overall, these results support the conclusion it NQCC an axial C1-H1 bond occurs in thepyranose and an equa-
values depend on aldopyranose anomeric configuration. torial C1-H1 bond occurs in thg-pyranose (Scheme 13H
Given the important role of .., in affecting ’H NQCC NQCC values forH2 in D-xylopyranoses and D-arabinopy-
values (Fig. 4), it is important to appreciate that these bomdnoses are essentially unaffected by anomeric configuratic
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TABLE 3
’H Nuclear Quadrupolar Coupling Constants (NQCC)?
in Various Carbohydrates

BOSE-BASU ET AL.

TABLE 4
Theoretical °’H NQCC Values in 1 and 2
From Ab initio Calculations

Compound a-pyranose B-pyranose «a-furanose B-furanose Bond Bond length (A) ComputetH NQCC (kHz)

D-galactose 1

C1-D1 175.8 173.5 C1-H1 eq 1.09860.0113° 187.3(11.3°

C2-D2 178.8 178.5 C2-H2 ax 1.0974 (0.0007) 196.60.3)
D-glucose C2-H2 eq 1.0955-0.0004) 198.2 (0.0)

C1-D1 178.9 173.1 C3-H3 ax 1.0969+0.0030Q 196.0 (L.6)

C2-D2 178.6 178.1 C3-H3 eq 1.0966 (0.0005) 198.40.3)

C3-D3 178.6 177.4 C4-H4 ax 1.0985 (0.0009) 195.60.5)

C5-D5 175.7 174.0 C4-H4 eq 1.0977 (0.0000) 197.3 (0.0)
D-mannose C5-H5 ax 1.0992+0.0055 190.54.7)

C1-D1 176.5 172.2 C5-HS5 eq 1.0940 (0.0000) 197.1(0.2)
D-arabinose 2

C1-D1 172.2 174.0 C1-H1 ax 1.1099 176.0

C2-D2 176.9 177.9 C2-H2 ax 1.0967 196.3
D-lyxose C2-H2 eq 1.0959 198.2

C1-D1 178.4 173.7 C3-H3 ax 1.0999 194.4
D-ribose C3-H3 eq 1.0961 198.7

C1-D1 174.1 1711 173.0 176.8 C4-H4 ax 1.0976 196.1

C2-D2 176.0 175.8 173.6 1779 C4-H4 eq 1.0977 197.3
D-xylose C5-H5 ax 1.1047 185.8

C1-D1 176.8 1715 C5-H5 eq 1.0940 196.9

C2-D2 176.3 177.3
DL-glyceraldehyde #Value in parentheses is the difference in bond length or NQCC (\alue

Ci1-D1 139.2 175.6 Value,).

#In kHz = 1 kHz.

" Aldehyde. In contrast to behavior observed in aldopyranosgs,

Hydrate. NQCC values forH1 and®H2 in D-ribofuranoses are nearly

equally affected by anomeric configuration, in contrast to ok
servations made in conformationally rigid aldopyranose ring:

“H1 NQCC values in D-lyxopyranoses and D-ribopyranoseis pehavior is attributed to the significantly different ring
are larger in thex-pyranose, but these results are difficult t¢4nformations assumed by the and g-furanoses in solution,
interpret due to the presence of conformational averaging (i-§nich cause the CEH1 and C22H2 bonds to assume differ-

these aldopyranoses exist as a mixture of interconverting chgif; grientations in the two aldofuranose anomers. To examil
forms in solution).

quadrupolar coupling constant (kHz)

1954
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175

1704

165

160

T T T T
1.04 106 108 1.10 1.12

C1-H1 bond length (A)

this effect further’H NQCC values for the ring CH bonds
were calculated in the model aldofuranose, 2-defxy-
erythro-pentofuranos@, using DFT-optimized geometries re-
ported previously Z9). Theoretical NQCC values vary with
ring conformation (Fig. 5A) in a manner similar to that ob-
served previously for the correspondihly,, values (Fig. 5B),
demonstrating the importance of_., in dictating the mag-
nitudes of both the scalar and quadrupolar couplings. The
results suggest thaH NQCC values, like'J., (35), may be
useful probes of aldofuranosyl ring conformation in solutior
and thus deserve further scrutiny.

CONCLUSIONS

The primary aim of this investigation was to determfié
NQCC values for deuterium nuclei at different positions an
environments in saccharides. These values were determir
indirectly through measurements 61C and °H spin-lattice

FIG. 4. Dependence of calculatééil NQCC values (Eq. [3]) on C1-H1 elaxation times in site-specifi¢’C- and “H-labeled com-

bond length ina-D-glucopyranose.

pounds. In order to minimize sources of error, the measur
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FIG. 5. (A) Calculated®’H NQCC values from density functional theory
(B3LYP/6-31G* geometries and B3LYP/§2pld,3slp] for NQCC calcula-

tions) in3 as a function of ring conformation. Calculations were restricted t

the 10 envelope conformations, whée = 0.1 Pir, E, = 0.3 PAr, and so
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ments, and, given the uncertainties of solutith NQCC
determinations caused by the effect of C2HHbond length, it
would be valuable to prepare single crystals or polycrystallin
samples of anomericlfiJaldopyranosides to test the conclu-
sions drawn from the present data.

The experimentally determin€ti NQCC values (Table 3)
fall within the expected range; they are commonly assumed
be ~170 kHz in carbohydrates and are generally considered
be independent of structurdg). The present results, however,
contradict the latter assumptioitd NQCC for°H1 depends on
anomeric configuration in aldopyranoses, whereas the sens
tivity of ’H NQCC at nonanomeric carbons to anomeric con
figuration in these rings is much reduced, presumably due
part to the effect of C—-O conformational averaging orfl€—
bond lengths. In contrast, all rintH NQCC values may be
influenced by anomeric configuration in aldofuranosyl ring:
due to their inherent conformational flexibility. These conclu
sions are supported by theoretical (DFT) calculationsHbf
NQCC in model aldopyranoses and aldofuranoses, which su
gest that the effect is grounded largely in variations in CHi(
bond lengths between structures caused by differential oxyg
lone-pair effects. It should be appreciated, however, that tf
effect of C—O bond torsional averaging in solution will mod-
ulate’H NQCC values due to vicinal lone-pair effecB5) on
C-H bond lengths, leading to smaller differences than pre
dicted theoretically. Likewise, small librational fluctuations in
«- and B-pyranose rings could also yield smaller experimente
differences between anomers than predicted by theory.

forth, and to one set of exacyclic hydroxymethyl and C—O conformations; see Given the dominant role of local structure and geometry i

Ref. (29) for structural details. Calculated asymmetry parametgrfor all of
the calculated couplings ranged from 0.006 to 0.054. (B) Calculdtgdin 3

from density functional theory (B3LYP/6-31G* geometries and B3LYP

[5s2pid,2s] for 'Jqy calculations) (data taken from ReR9)).

dictating their magnitudes’H NQCC values obtained on
monosaccharides in this study can be applied with reasonal
tonfidence to studies of oligosaccharides containing these r
idues. Knowledge of the structural dependencies of these cc
plings will be essential to the accurate interpretation’ldf

ments were made on solutions containing equimolar concerlaxation data in terms of molecule motion and dynamics i

trations of the saccharide singly labeled wite and®H at the
same site in the molecule. TH# T, measurements were
simplified by conducting measurements’-depleted'H,0

solution.
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