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Abstract: Complete carbon-13 chemical shift tensors are measured in single crystals of mstlyglactopyranoside
monohydrate, methyd-p-glucopyranoside, methyk-p-mannopyranoside, methyl-p-galactopyranoside, methyl
B-D-glucopyranoside hemihydrate, and metfyb-xylopyranoside. The fits of the experimental data to the second-
rank form of shift tensors reflect the accuracy of the measured tensors and yield standard deviations that range
between 0.27 and 0.75 pprib initio gauge-invariant atomic orbital (GIAO) computations using the D-95 dodble-

basis set are used to assign the experimental tensors

to the carbons in the unit cell. The root-mean-square (rms)

deviation of the diffraction-structure-based GIAO shieldings fitted to all of the experimental shifts is 4.99 ppm. By
optimizing the ring and methyl proton positions with the Gaussian-92 program and repeating the GIAO computations,
the root-mean-square deviation is reduced to 2.40 ppm. These results illustrate that céf@ptetemical shift

tensors measured in single crystals and interpreted with quantum-chemical computations can be used to evaluate
differences between crystal structures obtained with X-ray diffraction, neutron diffraction, and structural optimization

methods.

I. Introduction

Carbon-13 chemical shifts are widely used to investigate
molecular structure and dynamics in both liquid and solid
samples. Modern solid-state NMR techniques determine
isotropic shifts from powders spinning at the magic ahgler
shift-tensor principal values from stationary powde&is. How-
ever, single-crystal NMR experimerts? in contrast to powder

methods, produce a complete description of the chemical shift
tensor with six independent components specifying the tensor

in a fixed crystallographic coordinate systétSuch complete
chemical shift tensors are very sensitive to the electronic

structure surrounding the observed nucleus, and consequently®

single-crystal NMR is an especially powerful way to explore
molecular configuration and conformatidh.The essential link
between chemical shift and structure is established by nuclea
shielding computations usingb initio quantum-chemical
technique®1® such as the gauge-invariant atomic orbital
(GIAO) method!#1> These computations take as input the
structure of the molecule in the form of nuclear coordinates,
usually obtained from X-ray or neutron diffraction studies. The
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sensitivity of the'3C chemical shifts to molecular structure, the
accuracy of chemical shielding computations, and the precision
of single-crystal tensor measurements now combine to connect
experimental chemical shift data to molecular structure in a
useful way. In this work, experimental shifts are correlated with
the results of GIAO computations based on both X-ray and
neutron diffraction structures, and also on molecular structures
in which the positions of €H bonded protons have been
optimized with the Gaussian-92 program.

Methyl glycosides provide an excellent class of compounds
for studying the influence of structural configurations and
onformations on complete chemical shift tensors. With the
same variety of hydroxyl group positions as found in their parent
carbohydrates, glycosides provide an opportunity to study the

(effect of configuration on chemical shifts. Conformational

differences are also present, as hydrogen bonding in the
crystalline environment typically moves hydroxyl hydrogen
atoms away from their idealized staggered conformations.
Numerous methyl glycosides are commercially available, and
they are relatively easily grown into large single crystals.
Furthermore, many glycoside structures have been obtained by
X-ray diffraction, and a considerable number of neutron
diffraction studies are availablé. Neutron diffraction structures
are especially valuable to the interpretation of chemical shift
tensors, as they typically provide more-accurate proton coor-
dinates for input to quantum-chemical computations of the
shielding. Methyl glycosides are attractive for NMR studies
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equatorial hydroxyl group configuration at C3. The hydroxyl
hydrogen atoms adopt a wide variety of conformations under
the influence of hydrogen bonding to neighboring molecules.
Coincidentally, the conformations of the methoxy groups and
the C2, C3, and C4 hydroxyl groups figlu andg-xyl are
quite similar.

II. Experimental Section

The sample materials were obtained from Pfanstiehl Laboratories,
Inc., purified by recrystallization, and grown into colorless transparent
single crystals by slow evaporation of 95% ethanehter solutions
at room temperature. These crystals were shaped with sandpaper to
fit into a shortened 5 mm NMR tube for installation into the multiple-
axis sample reorientation mechanigm.

Two-dimensional chemical shift correlation spectroscopy has been
described elsewhere? The 2D spectra were all obtained with a Bruker
CXP200 instrument operating at 50.304 MHz for carbon using a home-
built probe in an Oxford 200/89 vertical bore maghef he cross-
polarization and decoupling fields were 71 kHz, and optimum cross-
polarization times were determined with preliminary 1D CP/MAS
experiments. A flip-back pulse was used to restore any remaining
Figure 1. Six methyl glycosides in their crystal conformations. The ~Proton magnetization to the-z axis after the completion of each
views have been individually chosen for each molecule to place all @cquisition? A 10-s recycle time was used ferglu.’ The recycle
the rings in a similar orientation. Carbon 3 is indicated with a dot. times for the remaining five glycosides were set to abou_t 1.2 times the
proton T:s determined from 1D CP/MAS spectra using a proton

. . . . jnversion recovery (186-7—90°) sequence followed by proton spin-
because their proton relaxation times are shortened by the rapl(1ocking and cross-polarization to carbon for detection. The prdtsn

stochastic motion of the methyl group at ambient temperature. - ,_man 4-gal, andg-glu were found to be about 20 s, while those
Such glycosides are composed of only carbon, oxygen, andyor g-gal andg-xyl were found to be about 50 s. Six hypercomplex
hydrogen atoms linked by single bonds, and thus their shielding 2p FIDs were obtained with 512 complex points in the acquisition
tensors can be computed with relatively high accuracy using dimension and with a minimum of 64 complex points in the evolution

the GIAO method with standard basis sets. dimension. These 2D FIDs were Gaussian line-broadened by 0.6 ppm
This work reports complete chemical-shift tensors measured full-width at half-maximum in both dimensions, zero filled, and Fourier
using the 2D chemical-shift correlation (CSC) techniqdén transformed to 2048« 2048 point spectra with 10 000 Hz spectral

widths, corresponding to 198.8 ppm, in both dimensions. These spectra,

) . - 3 with approximately 50:1 signal-to-rms-noise ratios, were plotted at
monohydrate d-gal), methyl a-D-glucopyranoside d-glu), expanded scales corresponding to 0.12 ppm per millimeter and the

methyl (_)L-D-mannopyranosidea(-man), m?thylﬁ'D_'galaCto' centers of the peaks estimated visually; it is estimated that this process
pyranoside£-gal), methyls-p-glucopyranoside hemihydraté-( measures the shifts to within-80.06 ppm precision. The shifts with

the following six glycosides: methy-p-galactopyranoside

glu), aﬁd mchYB'D'Xy|0pyran05ideﬁ'xy|)- The cor.npleté.e'C the sample-positioning mechanism in the up and down positions were
chemical shift tensors have been measured previoustyghu referenced to TMS by replacing the single crystal sample with a 5-mm
with 1D spectroscop¥’, and a preliminary analysis of the present NMR tube containing TMS, and taking 1D spectra in the two positions
o-glu data has been publish&d. both before and after the data acquisition.

Neutron diffraction studies on four of the glycosidesgal All chemical shielding tensors were computed using the GIAO

(Cambridge Crystallographic Database REFCODE MGAL- chemical shielding methd#l with the D-95 double: basis sef as
PY01)18 a-glu (MGLUCP11)!® o-man (MEMANP11)! and |mplementec_j in the TEXAS progrdfmrun on an IBM RS-6000
B-gal (MBDGALO2) 8 found that their orthorhombic crystals POWERstation 370.
have theP2,2,2; space group with four molecules per unit cell.
Only an X-ray diffraction structure is available fgi-glu
(MBDGPH10)2° which was found to be tetragonal with the The experimental shift data were fitted while enforcing
P4,2,2 space group and eight molecules per unit cell. The symmetry constraints to obtain the tensors and to identify a
neutron study ofS-xyl (XYLOBMO01)2! showed that it is symmetry coordinate systeth. The standard deviations of the
monoclinic with theP2; space group and two molecules per symmetry fits are an estimate of the precision of the experi-
unit cell. mental tensors. GIAO computations were then used to assign
The conformations of the six glycosides in their crystalline the experimental tensors to the carbons in the unit cell, and to
states are shown in Figure 1. All the present glycosides form identify the crystallographic axé42> The GIAO shielding
a pyranose ring in the chair conformation, and the views in computations and the measured shift tensors were converted
Figure 1 have been chosen to portray all the chairs in a similar into the icosahedral representation and fitted with a straight
orientation. The five hexose glycosidasgal, o-glu, a-man, lineX® The straight-line fitting introduces an additive offset and
f-gal, ands-glu differ from one another only in the equatorial ~a multiplicative factor between the shift and the shielding scales.
versus axial configurations of their hydroxyl groups and The rms deviation of the points from the best-fit straight line is
methoxy groups, though all six glycosides share the sameequal to the minimum rms distance between the experimental

lll. Analysis
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shift tensors and the computed shielding tensors, as adjusted.
This rms deviation from the straight line reflects the reliability
of the computations.

The data for the four orthorhombiR2,2,2; glycosidesp-gal,
a-glu, o-man, ands-gal, were analyzed and assigned exactly
as discussed befofé. The assignment fow-glu interchanges
the tensors for C4 and C5 from those given in the original 1D
determination, and this point has also been discussed previ-
ously1317

The 3-xyl crystals are monoclinic with thB2; space group.

The two molecules in the unit cell are related by a 2-fold axis
parallel to theb crystallographic axis. The location of ttee
and c crystallographic axes, which is not determined by the
symmetry of the tensors, was resolved by taking a single 1D
spectrum with the field in a known direction relative to the
crystallographic axes determined from the crystal morphotégy.
All the angles between adjacent faces of a large crystal(6

cm?) were measured to reveal a crystal habit exhibi{ing1},
{011}, {11G}, and{001} faces. The crystal was then mounted
by gluing its (001) face to a 5-mm glass rod whose end was
ground perpendicular to its axis, the sample was placed in the
magnet with the rod axis aligned parallel to the field, and a 1D Experimental Icosahedral Shifts from TMS (ppm)
spectrum with the applied field along tle# crystallographic

m)

2201
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Calculated Icosahedral Shieldings from Bare Nucleus (pp:

140

axis was obtained. The coordinate system was then rotated '9U'€ 2. Correlation plot of computed icosahedral shieldings plotted
versus experimental icosahedral shifts. The shieldings are from GIAO

around the 2-fq|d axis until the S_h'fts along tre ax!s computations based on the diffraction structures. The solid circles are
corrt_aspo_nded with those observed '_n thg spectrum with the from S-xyl, whose structure was determined by X-ray diffraction. The
applied field along the crystallographit axis.?® open circles are from the remaining five glycosides, whose structure
ThepS-glu crystals are tetragonal with tiRg,2,2 space group  was determined by neutron diffraction. The lines are least-squares fits
and eight molecules in the unit cell, resulting in 56 peaks. This through these two data classes. The least-squares line through all of
large number of peaks posed a challenge, and the analysis waghe data is not shown. Each of the six points plotted for a tensor
assisted with principal values obtained from a magic-angle- represents the computed shielding and the experimental shift at one of
turning®® spectrum. Thg-glu molecules are related by a 4-fold Six icosa_lhedral dire_<:ti_ons_fixt_e(_1| to the cry_stallographic _frar_ne. An
axis parallel to thec crystallographic axis, two 2-fold axes explanation and statistical justification for this type of plot is given in
parallel to thea andb axes, and two 2-fold operations around ref 10.
axes that bisect theandb axes. There are thus eight possible
associations of the symmetry axes with the crystallographic axes,
and the correct association was found using B#2;2;

inaccuracy in the3-glu proton positions used as input to the
GIAO computation. Accordingly, the Gaussian-92 progfam
. t meth t t ine th itional was 'employed using the D-95* ba§|s Heto optimize .the
assignment method extended to examine the additional pos positions of the CH and CHprotons inS-glu, while holding

sibilities 24 Ilth b lei lei, and hydroxyl protons fixed
The glycoside methoxy carbon peaks assisted in the analysisa € carbon nuclel, 0Xygen nuclel, and nydroxy! protons fixe
because they are in an uncrowded region. and thus theirat their X-ray diffraction positions. The X-ray hydroxyl proton

connections through the six 2D spectra were especially easy toPositions were retained because the XCOH dihedral angles are

identify. Initial estimates for the symmetry coordinate system Qetermmed p_rlmarlly by mtermolecular hydr_ogen bondlng,_and
were thus found from the methoxy carbon tensors alone, andlt was impossible to optimize these angles without computational

since all carbons share the same symmetry frame, the analysigca:cggla”sneci%?lﬁfnnci;nt{:atlprﬂs r:)]o{?rr??zlztsiorl]no;r;elr Illjnche”
of the remaining tensors is facilitated. y ’ P fieg

and CH proton positions and recomputation of the GIAO
shieldings using the D-95 basis set reduced the rms deviation
of the assignment correlation plot f@rglu alone from 3.17 to
The experimental chemical shift tensors in the crystallographic 2.11 ppm.
coordinate systems are given in Table 1, and the standard Among the points in Figure 2 which arise from the glycosides
deviations of the symmetry fits are given in Table 2. whose structure was determined by neutron diffraction, most
Figure 2 shows the correlation plot of the experimental shifts of the outliers involve methyl carbons. Even neutron diffraction
versus the GIAO computed shieldings based on the diffraction has difficulty accurately measuring<H distances in stochasti-
structures for all six glycosides. The rms deviation of the points cally rotating or librating methyl group$;2’and hence the same
for all six glycosides from the least-squares fitted straight line optimization technique was also employed to adjust the positions
is 4.99 ppm. The solid circles are the points frghglu, the of the CH and CH protons in the other five glycosides, again
glycoside whose crystal structure was determined by X-ray holding all the carbon nuclei, oxygen nuclei, and hydroxyl
diffraction?® These points clearly lie above and outside the protons fixed at their neutron diffraction positions. This
band of open circles established by the other five glycosides Gaussian-92 optimization using the D-95* basis 28eand
whose structures were determined by neutron diffracddh2t Subsequent GIAO recomputation with the D-95 basis set,
Since X-ray diffraction often has difficulty locating protons decreased the rms deviations for the correlation plots for each
accurately?>?’and since*C chemical shielding is quite sensitive  of the five glycosides individually, as listed in Table 2. Even
to proton positions, this discrepancy immediately suggests

IV. Results and Discussion

(27) Stout, G. H.; Jensen, L. HXRay Structure Determination, A
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Table 1. Glycoside'*C Chemical Shift Tensors in the Crystal Coordinate Frame

Liu et al.

carbon éxx 6yy 6zz 5xy 6yz 62)( 611 522 633 6iso
Methyl o-D-Galactopyranoside
C1 113.0 99.9 88.4 9.9 —4.7 -0.5 118.5 96.5 86.3 100.4
C2 59.0 57.4 86.5 11.7 —-6.7 -3.1 89.1 67.5 46.3 67.6
C3 72.8 72.4 72.5 —-25 2.1 —21.8 94.9 71.9 50.9 72.6
C4 72.0 81.2 56.9 10.7 —2.4 5.2 88.2 67.9 54.0 70.0
C5 68.9 64.3 85.6 —10.1 10.4 —6.5 93.9 69.4 55.5 72.9
Cc6 55.4 68.3 60.4 14 -1.9 —28.3 86.6 68.0 294 61.4
Me 39.6 81.6 44.3 —15.6 —4.5 —35.2 88.8 72.7 4.0 55.2
Methyl a-p-Glucopyranoside
C1 112.8 95.3 94.8 —6.2 0.0 —-11.2 119.5 95.1 88.2 101.0
Cc2 77.9 53.6 85.3 0.0 7.9 0.0 87.2 77.9 51.7 72.3
C3 67.8 75.5 80.4 2.2 14.0 -9.9 93.8 72.9 57.0 74.6
C4 74.3 79.4 63.7 0.7 55 16.4 88.0 78.2 51.2 72.5
C5 67.6 85.8 72.6 5.0 11.0 13.3 96.6 73.3 56.1 75.3
C6 53.2 63.5 74.6 10.4 9.9 —22.6 89.2 69.6 325 63.8
Me 19.8 86.7 63.0 10.5 34 —18.7 88.3 70.0 11.2 56.5
Methyl a-p-Mannopyranoside
C1 116.2 82.5 100.1 —-7.4 55 -0.9 118.0 101.2 79.6 99.6
C2 79.3 54.0 80.7 0.0 8.3 0.0 83.1 79.3 51.6 71.3
C3 72.3 83.0 59.7 —7.6 8.0 9.4 87.4 76.5 51.1 717
Cc4 42.2 87.3 64.9 14.7 1.8 —14.6 91.9 70.9 31.6 64.8
C5 46.5 95.1 74.2 5.3 0.5 —-9.4 95.7 77.0 43.1 71.9
C6 83.7 27.6 65.5 0.2 4.0 -3.5 84.4 65.3 27.2 58.9
Me 38.3 72.9 53.4 —-17.2 21.4 311 86.9 74.2 35 54.9
Methyl -p-Galactopyranoside
C1 106.6 110.0 100.4 —4.8 1.0 -0.7 118.8 105.3 92.8 105.7
C2 53.9 72.7 87.0 —4.4 4.7 —2.4 88.8 71.9 52.9 71.2
C3 64.3 62.8 89.1 13.4 -0.2 4.1 90.0 76.3 49.8 72.1
C4 69.0 67.3 71.6 -1.6 —18.3 —6.6 88.6 69.9 49.4 69.3
C5 84.4 82.5 59.8 3.6 14.0 5.2 92.9 81.0 52.8 75.6
C6 50.4 53.4 84.7 22.5 4.1 8.0 89.5 69.7 29.2 62.8
Me 72.3 22.6 78.0 36.6 —-3.7 —54 94.3 75.4 3.2 57.6
Methyl 5-p-Glucopyranoside
C1 98.3 94.6 118.7 —4.6 —6.8 -3.1 120.7 101.3 89.7 103.9
Cc2 74.6 60.5 86.4 6.2 —6.6 12.1 94.1 73.0 54.3 73.8
C3 79.1 78.2 69.5 —-2.0 —2.2 11.8 87.9 77.4 61.5 75.6
C4 58.2 77.0 80.1 7.7 —14.2 —-2.9 93.0 69.3 52.8 717
C5 65.4 82.4 85.7 —15.1 —10.7 —6.6 96.1 84.8 52.7 77.9
C6 69.7 714 52.6 3.7 -0.2 27.4 90.3 711 32.3 64.5
Me 50.4 84.4 40.4 -9.6 19.6 32.0 92.2 75.8 7.2 58.4
Methyl 5-p-Xylopyranoside
C1 99.5 96.1 116.9 —4.7 —6.1 —4.3 119.0 102.8 90.7 104.2
c2 73.9 57.6 85.2 6.5 51 11.0 91.9 71.9 52.8 72.2
C3 83.6 79.3 717 -12 2.4 9.7 89.5 79.0 66.1 78.2
Cc4 54.8 77.0 76.8 —-8.4 —13.7 —8.7 90.6 717 46.3 69.5
C5 43.9 80.0 76.8 —28.4 -10.0 —-12.4 96.1 80.9 23.6 66.9
Me 47.6 83.0 41.3 —10.3 18.3 314 90.0 74.6 7.4 57.3

aTensor shifts are given in the Cartesian representation in ppm from TMS. The coordinate systemxiasgtaong thea crystallographic
axis, they axis along thé crystallographic axis, and theaxis along the or c* crystallographic axis. Carbon numbers are standard nomenclature.

Table 2. Statistical Information for Diffraction and Gaussian-92 Optimized Structures

diffraction diffraction optimized fixed C—H
compound standard dev method RMS de¥ RMS de¥ RMS dev
a-gal 0.75 neutron 2.67 2.39
o-glu 0.27 neutron 2.75 2.63
a-man 0.42 neutron 2.60 1.92
p-gal 0.65 neutron 3.65 2.28
B-glu 0.73 X-ray 3.17 2.11
B-xyl 0.71 neutron 2.66 2.28
all six glycosides 4.99 2.40 2.56

a All deviations are in ppm? The standard deviation reflects the precision of the experimental tei&4S deviation of the correlation plot
of the GIAO computations based on the X-ray or neutron diffraction structtiR®IS deviation of the correlation plot of the GIAO computations
based on the structures with ring and methyl proton positions optimiZ8IS deviation of the correlation plot of the GIAO computations based
on the structures with ring and methyl protor-8 distances all set to 1.085 ARMS deviation when the experimental shifts and computed
shieldings for all six glycosides are plotted on the same graph and a single straight line is drawn through all the points.

more important is the improvement in the full correlation plot

Figure 4 presents the optimized-€l bond lengths for both

in Figure 3, where the rms deviation dropped to 2.40 ppm, a ring and methyl C-H bonds plotted versus their corresponding
significant improvement over the original 4.99 ppm of Figure diffraction C—H bond lengths in all the glycosides. The neutron
diffraction C—H distances are between 1.026 and 1.095 A, while

2.
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o) is relatively insensitive to the €H bond length, while the
Figure 3. Correlation plot of computed icosahedral shieldings plotted perpendicular component exhibits a 112-ppm/A dependence on the
versus experimental icosahedral shifts for all six glycosides. The bond length.

shieldings are from GIAO computations based on structures whose CH ) )
and CH proton positions have been optimized with the Gaussian-92 diffraction bond angles, and the D-95 GIAO computations

Experimental Icosahedral Shifts from TMS (ppm)

program. repeated. These new shieldings yielded a rms deviation of 2.56
ppm for all six glycosides plotted together. Thus, simply setting
LIS all C—H bond lengths to an average optimized value provides

most of the improvement achieved by the full optimization,

] which gave a rms deviation of 2.40 ppm.

1.1 To explore the dependence’®€ chemical shielding tensors

] By os AR BHE,ER on C—H bond lengths in a simple case, D-95 GIAO computa-

tions were done on isobutane (2-methylpropane). The resulting

central carbon chemical shielding principal values are plotted

versus the €H bond length in Figure 5. The component lying

along the G-H bond is essentially independent of changes in

the C-H bond length, while the perpendicular component

exhibits a linear dependence afddl = —110 ppm/A. These

GIAO results suggest that inaccuracies ir i€ bond lengths

on the order of 0.1 A, a range suggested by the unoptimized

0.957 bond lengths shown in Figure 4, can introduce 10-ppm dis-

crepancies into predicted tensor components lying perpendicular

] to a C-H bond.

0.9 T r T T . The effect of conformation o#*C tensors may be seen by

09 0.95 1 1.05 11 L1s considering C3 in the six glycosides, as they all share the same
Diffraction C-H Bond Lengths (A ) equatorial hydroxyl group structure at C3. A simple model

Figure 4. Optimized G-H bond lengths of six glycosides plotted ~ Pased only on directly bonded atoms would therefore predict

versus the corresponding—@1 bond lengths from the diffraction  that all six C3 carbon tensors should be identical when they

structures. The X-ray structure bond lengths are shown as filled symbols,are expressed in a local coordinate system oriented by the atoms

1.05 1

1 ® CH X-Ray O CH Neutron

B CHj;X-Ray 0O CH;Neutron

Optimized C-H Bond Lengths (A)

and the neutron bond lengths as open symbols. MethyH®ond bonded to C3. Such a coordinate system is conveniently defined
lengths are shown as squares, and ring carbehi®@ond lengths as  with its z coordinate axis along the €33 bond, and with its
circles. X axis in the plane containing both the €83 bond and the

those from X-ray diffraction are consistently shorter, in the range bisector of the C2C3—C4 angle. The tensors of all the C3
between 0.940 and 1.025 A. The optimized-ig€ distances carbons represented in their respective local coordinate systems
fall in a much smaller range between 1.078 and 1.089 A, are listed in Table 3. Though the six tensors are similar, there
averaging 1.085 A. The neutron distances cluster around a valueare differences in individual components as large as 17 ppm.
only slightly larger than the average optimized distance, except The variations in a group of complete tensors may be character-
for those in the methyl groups, which tend to be about 0.04 A ized by their “scatter”, defined here as the rms dist&hoé
shorter, presumably because stochastic rotation or libration ofthe individual tensors from their overall average. A simple
the methyl groups makes their protons appear nearer to the axignodel that predicts a single value for all members of a group
of rotation. of tensors can never fit them with a rms deviation smaller than
The optimization of proton positions generally changes bond the group’s scatter. The scatter of the six experimental glycoside
angles as well as bond lengths. To determine the importanceC3 tensors is 5.96 ppm. In contrast, the scaled and shifted
of optimizing bond angles, all CH and Gldarbor-hydrogen GIAO results reproduce the tensors with a rms deviation of 2.40
bond distances were set to 1.085 A without altering the ppm, indicating that the GIAO computations achieve a level of
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Table 3. Carbon 13 Chemical Shift Tensors in Their Respective with heavier atoms, double or triple bonds, warelectron

Local Coordinate Frames structures. Studies on model compounds with known structures
molecule Sy dyy Oz Oxy Oyz O 011 022 033 Oiso should precede the application of the present technigues to such
o-gal  93.7 729 51.1-4.8 15 —-25 949 71.9 509 72.6  Cases. .

a-glu  92.8 68.9 62.6—4.7 3.0 —4.5 93.8 72.9 57.0 74.6 The latest low-temperature X-ray techniques have been shown

o-man 87.1 747 533 1.3 6.6-29 87.4 76.5 51.1 71.7 to address many of the problems described above. Such low-
B-gal 870 79.2 49.9-56 0.7 —1.1 90.0 76.3 49.8 72.1  temperature structures produce excellent agreement#@th
pglu 874 77.7 618-2.4 21 0.5 87.9 77.4 615 756  pemical shift tensors in naphthalefie® Similarly, a 1988
p-xyl 88.2 79.4 67.0-3.3 35 —1.2 89.5 79.0 66.1 78.2
neutron structure of pentaerythritbélso produces a remarkable
aTensor shifts are given in the Cartesian representation in ppm from 0.86-ppm agreeme#t. The present experimental determination
TMS. The coordinate system has #soordinate axis along the €3 of 13C chemical shift tensors ia-glu with a standard deviation

03 bond and itx axis in the plane containing both the €33 bond . . . .
the bisector of the C—2C3—C4pangle.b Since tﬁe principal values and of 0.27 ppm would provide another excellent diffraction-shift

the isotropic shift are independent of coordinate system, these valuesCOrrelation test case if an improved low-temperature X-ray
are the same as in Table 1. structure was available.

precision significantly better than that of a simple model. In V- Conclusions
order to achieve this precision the GIAO computations must Complete chemical shift tensors, when interpreted with
capture the effects of bond lengths, bond angles, and distantquantum-chemical computations, can provide important insight
structure on chemical shift tensors, which suggests that completeinto many aspects of molecular structure. It has been shown
chemical shift tensors can be used to check these structurathat GIAO computations using the D-95 basis set on six methyl
parameters. glycoside structures whose proton positions have been optimized
All of the GIAO computations used here have been performed produce chemical shielding tensors that correlate with the
on isolated molecules because of computational limitations. observed tensors with a 2.40-ppm rms deviation. Thus,
Unfortunately isolated-molecule computations preclude opti- complete!®C chemical shift tensors measured in single crystals
mization of hydroxyl proton dihedral angles that are influenced and interpreted with quantum-chemical computations can be
by intermolecular hydrogen bonding. They also neglect any used to evaluate differences between crystal structures obtained
direct effects of intermolecular hydrogen bonds'é@ tensors. with X-ray diffraction, neutron diffraction, and quantum me-
These limitations of the GIAO computations are not fundamental chanical optimization methods.

to the method, but only a practical problem that will disappear ) . . ) .
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