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Approach

O. L. Malkina, @ M. Hricovrni,* F. Bizik,% and V. G. Malkin* :©

Computing Center, Institute of Chemistry, Institute of Virology, Institute of Inorganic Chemistry,
Slovak Academy of Sciences, SK-84236 Bratia|eSlavakia

Receied: December 18, 2000; In Final Form: June 28, 2001

Chemical shieldings and coupling constants in a monosaccharide Blaylopyranoside were computed by
density functional theory (DFT) method. The differences between the experimental and computed chemical
shifts, for both DFT and MM3 geometries, showed that the method used reliably computes these NMR
parameters. The agreement with experimental values was also obtained forymaitmm and protorcarbon
coupling constants across one or more bonds. Furthermore, the effect of conformation upon both NMR shielding
tensors (the values and orientation of its principal components) and couplings has also been investigated. The
change of conformation around the €@1 linkage resulted in variations of mainly anomeric proton and
carbon chemical shieldings as well as both the ring and O1 oxygens. The observed variations were found
similar to those in Mg3-D-xylopyranoside [Hricowni, M.; Malkina, O. L.; Beik, F; Turi Nagy, L.; Malkin,

V. G.J. Phys. Chenl997, 101, 9756]. Similarly, the magnitudes &¥._y and3Jc_ varied upon the dihedral
angle¢ [H1—C1-01—-Cye. YJc1-n1 couplings, based on DFT geometry, changed between 151.7 and 165.6
Hz with the smallest values found fgrwithin —60° to 60°. 3Jy1-c1-01-c,,, Varied between 0 and 11.2 Hz

(DFT geometry) and showed the dependence comparable with the previous gherfiomer with one
exception: the magnitude 88c_y for antiperiplanar conformation is about 3 Hz larger for th@nomer.

Such differences could be important for the determination of glycosidic linkage conformation of carbohydrates
and may suggest that this type of dependence should be parametrized separatelyafat S-linked
carbohydrates.

Introduction SCHEME 1

Determination of secondary and tertiary structure of biologi-
cally active molecules is often based on NMR spectral data in HO
combination with computational methods. Chemical shifts and
coupling constants are usually the primary parameters utilized

@
in the initial step of an analysis. In most cases, the empirical OH §,
rules are chosen for interpretation of shifts and couplings in \
terms of the structure parameters. However, recent advances in CH;

theory and computational methods now allow one to calculate
the NMR parameters directly for a given structéiré? Particu-
larly interesting is the analysis aFcouplings and chemical
shieldings in molecules possessing biological activity. Results
of both ab initio and especially DFT methdést® showed that
the current methodology is capable of deriving the NMR

parameters with high accuracy even in medium-sized molecules., comparison with our previous stédyf Me f-p-xylopy-
Chemical shieldings and coupling constants exhibited a strong ranoside allows us to examine which dependences of NMR

depe.”deﬁ‘ige upon the structureZSin various systems such @parameters on the dihedral angje are similar for both
peptides” % and carbohydrat.e@.‘ o monosaccharides and which are specific. The computed coupling
Recently, we have investigated the NMR shieldings and constants and chemical shifts are compared with the previous

J-couplings in the monosaccharide Me-xylopyranoside using  gata, and the effect of configuration and conformation upon the
the density functional theory (DFT) methédWe found that NMR parameters is discussed.

chemical shifts of anomeric proton, anomeric, and methyl carbon
as well as the ring and O1 oxygens strongly depended on the

dihedral anglep. Similarly, the magnitudes of one- and three-
bond protor-carbon coupling constants varied significantly due
to stereoelectronic effectd. This agrees well with previous
observationg527 The present paper deals with the structurally
similar monosaccharide, Me-D-xylopyranoside (Scheme 1).

Methods

* E-mail: malkin@savba.sk. Fax: (421-2) 5941-0444. Telephone: (421-  The DFT calculations have been carried out using a modified

2) 5941-0469. version of the deMonKS program®2® augmented by the
 computing gﬁe”rﬁrs'try deMon-NMR codel® NMR chemical shifts were calculated
$ Institute of Virology. using the sum-over-states density functional perturbation theory
U Institute of Inorganic Chemistry. (SOS-DFPT)12 The method employed for the calculation of
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TABLE 1: SOS—DFPT Computed Shielding Tensord and
the Experimental Chemical Shifts for Me
o-D-Xylopyranoside

TABLE 2: Computed? and Experimental Coupling
Constants (in Hz) for Me a-p-Xylopyranoside®

DFT MM3 experiment

computed experimental e 156.3 (156.6) 167.3 1701

atom 011 02 O3 Oiso O’ Solution solid-state eoma 138.7 151.5 145.5
Cl DFT 516 821 90.1 746 99.8 1006 1017 Jostiseq 141.9 148.3
: . : . y ’ ; LJcsHsax 133.2 134.6

MM3 47.7 76.1 87.1 70.3 99.6 100.3 3 4.4 (4.3y 3.4 3.8

C2 DFT 90.3 101.1 125.0 105.5 68.9 72.3 73.5 3JH10M9 4'3 ’ 3'9 )

MM3 86.1 95.1 116.6 99.3 70.6 72.6 3\]ch3 8.0 7'1
C3 DFT 87.7 98,5 114.2 100.1 74.3 74.3 74.5 3JH1°5 9'2 9'7
MM3 81.6 96.7 1085 95.6 74.3 74.5 BJHseqC1 1'9 2'7
C4 DFT 91.7 944 1359 107.3 67.1 70.4 71.6 ZJH5'°‘X°1 _0'4 0'0
MM3 86.9 92.2 1295 102.9 67.0 69.8 ZJchz _0'2 1'2

C5 DFT 81.6 106.2 158.3 115.3 59.1 62.0 62.7 3JH201 3'9 3'2 37

MM3 80.5 104.3 158.9 114.6 55.3 61.7 3JH1H2 8.7 7.8 9.6

Owe DFT 85.3 105.9 181.4 124.2 50.2 56.0 57.9 3JH2H3 5'3 5'0 4-8

MM3 86.5 103.5 181.3 123.8 46.1 554 3J:2::: 10'5 10'4 10'9

@ At the lowest energy minimum geometry calculated by DFT with 2JHsaxHseq —9.0 —10.0 —-11.1

TZVP basis and by MM3 method.Referenced to the experimental
value of C3.¢ See Taylor et at® The resonance multiplicity is due to
the inequivalence of two molecules in the asymmetric unit.

a At the lowest energy minimum geometry calculated by DFT with
TZVP basis and by MM3 method.Experimental couplings were
obtained by computer simulation of the spin systéMalues in
parentheses are averages as estimated using the three lowest minima.

spin-spin coupling constant is described elsewHérall For all other listed couplings the effect was negligible.

calculated couplings have been obtained with Perdew and Wang

exchang® with Perdew correlation functionat.For chemical considered as approximately axially symmetric except for C4
shift calculations, the Perdew and Wang exchange-correlationywheregy; ~ o2, for both DFT and MM3 geometries. Similar
functional (PW913 was used. The geometry was optimized evidence found in-anome?! might indicate the structural

with Becke exchang@ and Perdew correlation functiondfs.

similarity of C4 environment in botho- and S-anomers.

For calculations of couplings and chemical shifts, the basis setHowever, in structurally similar monosaccharides, dteand

BIII of Kutzelnigg et al3* was used, and for the optimization
of the structure, we used a smaller TZVP b&3iBor compari-
son, the geometry was also optimized by the MM3 method with
MacroModelV5.0.36

Me -b-glucopyranosides, the measuredvalues in a single
crystal also were found to be quite different for &4This
experimental evidence could be due to the effect of the
hydroxymethyl group in aldohexose molecules upon the local

To study the dependence of NMR parameters on the dihedralshielding at C4. In addition, the orientation of hydroxyl groups,

angleg [¢ = ¢ (H1—C1-0O1— Cye)], the geometry was fully
optimized (at the DFT level) with a fixed value ¢ffor different
conformations ¢ = 0, 30, 60,..., 330.

The NMR spectra were collected on Bruker DPX 300 and
AMX 500 MHz spectrometers in D at 303 K. The chemical

predominantly at C4, can be different in solution and in solid-
state. Since the present data were obtained for the isolated
molecule, the effect of water molecules upon the formation of
hydrogen bonds was neglected.

The values of computed isotropic shifi§s(, referenced to

shifts are referenced to external TSP. The digital resolution of c3) for the DFT geometries are in agreement with the

one-dimensional spectra was 0.1 Hz. The values of coupling experimental values, though the discrepancies are slightly larger
constants were determined using the WINDAISY software for than those observed for the ring carbons3ianomer! The

simulation of higher-order spin systems evaluating six spins yse of MM3 geometries leads to quite close results for the ring

within the system.

Results and Discussion

Chemical Shieldings and Coupling Constants Based on
the Equilibrium Structure. We found that with both the DFT
and MM3 methods the minimum energy for Mebp-xylopy-
ranoside corresponds to the angle- —52°. The values of the
computed isotropic chemical shieldingsisf), the principal
components of shielding tensar;j, based on these DFT and
MM3 geometries, and the experimental shift values in solution
and solid-state for Met-D-xylopyranoside are listed in Table
1. The isotropic shieldings(s,) of the ring carbons (C1 to C5)
vary according to their position in the molecule, C1 being the

carbons, with a somewhat larger difference (3.8 ppm) for C5.
The largest deviation from experiment was obtained for methyl
carbon (5.8 and 9.9 ppm for DFT and MM3 geometries,
respectively). That can be attributed to the above-mentioned
neglect of the solvent effect as well as to the contribution of
other low-energy conformers.

The experimental and the computed prot@moton (Jy—n)
and proton-carbon (Jc—4) coupling constants are compared
in Table 2.3Jy_y values match satisfactorily with the experi-
mental coupling constants regardless of the method of geometry
optimization, though these couplings based on DFT geometry
are in slightly better agreement with the experimental values.
For the geminatJusax-Hseq the picture is reversed: the difference

most deshielded as expected. The same is valid for the principalbetween theory and experiment for the DFT geometry (2.1 Hz)

componentss;. Until recently, thel3C chemical shift tensors

is larger than for the MM3 one (1.1 Hz). Obviously, the reason

in Carbohydrates were assumed to be axia”y symmetric' This for this disagreement lies in the different geometries obtained
general assumption was verified in the present study for Me With DFT and MM3. The differences in the DFT and MM3
a-D-xylopyranoside. The difference between the two closest geometries also lead to different (up to 14 Hz) valueXJefn

principal components of the shielding tensaer;)( for ring
carbons can be relatively large, up+t050 ppm (seer,, and
o33 for C5). For carbon in the OMe group, this difference is

couplings. The latter indicates the high sensitivity of these-spin
spin couplings to the structural parameters.

ci—n1 and YJeo—p2 computed couplings (DFT geometry)

even larger (75.5 ppm). Thus, the shielding tensors cannot beshowed smaller values than the experimental ones, with a
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TABLE 3: Energy@ and Selected Geometrical Parameters Obtained by DFT (distances in A) and MM3 for Different
Conformers on the C1-01 Linkage in Me o-b-Xylopyranoside

DFT MM3

angle energy Cl01 C105 ClH1 0O5C101 C2C101 ClLRiC ClH1
0 16.97 1.417 1.393 1.108 111.95 106.33 114.55 1.112
30 29.41 1411 1.394 1.111 109.48 111.10 113.97 1112
60 31.97 1.396 1.401 1.113 107.21 115.68 115.80 1.112
90 42.71 1.399 1.406 1.111 106.73 117.33 119.55 1.113
120 52.70 1.397 1.412 1.108 108.97 119.22 123.10 1.114
150 48.95 1.391 1.415 1.106 112.96 117.79 121.48 1.115
180 34.71 1.415 1.389 1.106 114.64 111.40 117.20 1.116
210 29.01 1.429 1.386 1.106 115.19 108.93 117.41 1.115
240 28.23 1.437 1.383 1.107 115.69 105.30 118.74 1.115
270 14.69 1.421 1.383 1111 115.11 103.72 115.73 1114
300 1.05 1.407 1.392 1.112 113.59 104.07 112.89 1.113
330 4.04 1411 1.396 1.110 112.79 105.10 113.76 1112

a AE in kd/mol; energy minimun= —607.380 291 2 au at = 308°.

deviation of about 10%. This agrees with the results of Cloran +2.12 Hz and the DSO is-2.20 Hz for the same coupling in
et al23 for aldofuranosyl rings. The comparison of coupled-HF a S-anomer (the H1- H2 position is antiperiplanar). Similar
and DFT %Jc—y couplings computed in aldofuranosyl rings changes in absolute values and signs were obtained for other
showed that the scaled HF couplings gave smaller values (upcouplings, such a8Jus nsax JHa—tseq Jc1-Hsax “Jci-Hseg
to ~10 Hz) than those of the DFT-based couplifghis supporting this stereoelectronic dependence of -spibit
evidence was explained by the inclusion of electron correlation contributions.
in the DFT approach. Although better agreement with experi-  Conformational Dependence of Chemical Shifts upon the
ment was thus obtained by DFT, the calculated couplings were Dihedral Angle ¢. The effect of torsion (rotation around the
also systematically smaller than the measuikdy as in our C1-01 linkage) upon the values of chemical shifts and coupling
calculations for Meo-p-glucopyranoside. Rather surprisingly, constants was studied. The computed energies and selected
better agreement ifJc-y was found for MM3 than DFT  geometrical parameters as a function of dihedral aggée
geometry. For exampléJci-w1 (MM3) is 167.3 Hz, which presented in Table 3. Remarkable variations in bond lengths
nearly corresponds to the experimental value (170.1 Hz), and bond angles were obtained for various conformers. These
whereas the same DFT-based coupling is about 14 Hz lower.changes are closely related to the stereoelectronic effects and
Similarly, YJco-+2 (MM3) is closer to the experimental coupling  therefore are closely connected with the changes of chemical
than that based on the DFT geometry. This evidence is shieldings and coupling constants. For example;-B1 bond
comparable to the results in the previous study of the related length varied from 1.106 to 1.113 A, being shorter for the
compound® and indicates that even this simple method for antiperiplanar conformation. This change is in accord with the
optimization of geometry yields the monosaccharide structure magnitude of compute#lc—y where the larger coupling (see
which is sufficient for calculation of coupling constants, all the discussion below) was found for the antiperiplanar confor-
"Ju-n and "Je-y. Both geometries (DFT and MM3) allow  mation. The above finding agrees with the known relationship
correct interpretation ofJc— for axially and equatorially  between the bond length (and consequently the s-character of
oriented C-H bonds. As the overlap between the lone-pair MO the G-H bond) and the magnitude dflc_n.3° However, it
and the G-H bond is stronger in the synclinal positides-tseq contrasts with the recent evidence in 1,3 diheterocyclohexanes
becomes larger thallcs-hsax. Thus, the calculate@lcs-Hseq where no clear correlation betwekl_ and bond lengths was
> Wcs-msax (141.9 and 133.2 Hz, respectively, for DFT observed? The latter evidence might originate in simultaneous
geometry) andJci-w1 (0-anomer)> 1Jc1- 1 (B-anomer) (156.3  changes of the G301 bond length and other geometrical
and 151.2 Hz, respectively, for DFT geometyBuch evidence  parameters (the G101 and C+O5 distances, the ©C—0
is important for the correct evaluation of configuration at the and G-O—C bond angles) that varied as a function of furanose
anomeric center and can complement the experimentafti#a. ring conformatior?® Consequently, the computed carbon
The Fermi-contact term usually provides the main contribu- carbon and carbenproton couplings changed with these
tion to coupling constants. The PSO and the DSO terms in mostgeometrical parameters.
cases compensate each other, resulting in their nearly negligible Both oiso and g depend considerably upon tledihedral
total magnitude. However, in some particular cases, such asangle (Table 4). The dependences of C1 and H1 shieldings are
long-range couplings, or in-6F couplings’ the sum of the PSO  of primary interest due to their possible experimental applica-
and the DSO may not be neglected. It is also noteworthy in tions. oiso 0f C1 varies from 71.3 to 80.4 ppm, being lower for
this respect that the PSO and DSO contributions can vary in syn conformations (Figure 1). Nearly constant values are
the magnitude and in the sign since they both strongly dependobtained for¢ within the interval 90 —270 (with a small
on the local electronic structure. Thus, the effect of oxygen lone minimum at about 180 what is comparable with the finding
pairs and the geometry of the array of atoms within the coupling in s-anomer. The range of variations af, of C1 is larger in
pathway (and even nearby) may affect the smirbit contribu- the present case~@ ppm). However, the chemical shift
tions. Their absolute values can be up+®.5 Hz, with opposite difference betweern and 8 anomers agrees well with the
signs of the DSO and the PSO contributions. The sign changesexperimental trend. The analysis of the most important localized
when the stereochemistry of the array of atoms varies. For molecular orbital (LMO) contributions to the principal compo-
example, the contribution of the PSO-€.79 Hz and the DSO  nents shows (Table 5) their considerable stereochemical de-
is +0.78 Hz for3Jy;—n2 in ana-anomer (the mutual H¥+ H2 pendence as well as their partial compensation (especially at
position is synclinal), whereas the contribution of the PSO is conformations within 90 — 27C°). For example, contribution
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TABLE 4: Effect of Torsion of ¢ Angle upon the Principal Components of Chemical Shielding Tensors (ppm) for Selected
Atoms as Obtained by the SOSDFPT Method for Me a-p-Xylopyranoside

H-1 C-1 O-1
¢ 011 022 033 Oiso 011 022 033 Oiso 011 022 033 Oiso
0 235 26.4 29.3 26.4 46.1 77.0 91.8 71.6 231.8 266.4 331.4 276.5
30 23.4 26.1 29.4 26.3 53.2 79.4 92.8 75.1 221.6 268.0 326.6 272.1
60 23.8 24.3 30.2 26.1 58.2 78.1 96.3 77.5 232.3 239.9 329.8 267.3
90 22.6 24.1 30.6 25.8 59.0 84.9 97.2 80.4 206. 8 255.5 347.3 269.9
120 22.0 24.6 30.4 25.7 53.7 89.9 97.7 80.4 187.8 254.8 348.8 263.8
150 22.3 25.0 30.3 25.9 50.9 91.9 98.3 80.4 184.7 256.6 319.8 253.7
180 22.3 24.7 30.7 25.9 46.7 88.3 99.8 78.3 204.9 255.3 295.0 251.7
210 22.2 245 30.9 25.9 51.6 88.6 97.5 79.2 200. 5 264.5 331.8 265.6
240 22.1 24.7 31.1 26.0 57.3 87.5 95.5 80.1 189. 4 284.1 351.8 275.1
270 22.3 24.8 31.1 26.1 58.5 86.3 96.2 80.3 226.3 265.6 3324 274.8
300 23.0 253 30.9 26.4 53.1 84.7 91.3 76.4 238.5 263.0 303.9 268.5
330 23.0 25.6 29.7 26.1 46.8 77.3 89.8 71.3 224.9 266.6 311.3 267.6
CMe 05 Cc2
¢ 11 022 033 Oiso 11 022 033 Oiso o1 022 033 Jiso
0 84.6 92.6 181.9 119.7 186. 7 262.2 273.3 240.7 87.8 101.1 127.2 105.4
30 88.1 92.9 179. 4 120.1 186. 4 256. 6 275.1 239.4 78.7 100.6 123.6 101.0
60 94.8 101.0 174.6 123.5 190. 3 246. 6 281.3 239.4 81.1 97.5 123.0 100.5
90 97.6 106.0 169. 1 124.2 185.8 242.6 281.7 236.7 83.6 96.7 123.9 101.4
120 91.2 101.3 170.5 121.0 177.8 242.3 279.1 233.1 85.7 95.0 124.5 101.7
150 85.0 99.6 169. 2 117.9 159.1 238.9 274.9 224.3 88.5 94.2 127.6 103.4
180 95.8 102. 4 172.2 123.5 200.5 247.2 286.3 244.7 88.,2 101.3 125.3 104.9
210 95.0 110.9 171.6 125.8 214.6 257.9 283.8 252.1 89.4 101.3 122.7 104.5
240 93.1 115.4 178.8 129.1 220.8 264.9 271.9 252.5 89.9 100.2 121.7 103.9
270 96.1 111.0 179.1 128.7 224.5 261.0 273.3 252.9 89.6 99.4. 122.0 103.7
300 89.1 108. 2 181.0 126.1 222.7 265. 4 279.3 255.8 90.2 100.3 123.9 104.8
330 81.0 100. 4 181.6 121.0 202. 4 265. 3 275.0 247.6 89.4 101.7 127.0 106.0
a curve with two maxima shifted by 12@Figure 1), mainly
80.0 defined by the contributions from LMOs of the bonds-&21
and CtHL1. This finding is very similar to that of our previous
study?!
750 A strong conformation effect is also evident fag, of H1
] (Table 4, Figure 2). Chemical shieldings vary from 25.8 to 26.4
= ppm with the smaller values observed for conformationg at
(E)/ . = 90°—24(. This seems analogous to our previous results for
F 700+ e, theS-anomer where a strong effect of O1 lone pairs on shielding
o VA S of H1 was discovered The same has been found in the present
ST M analysis: both lone pairs of O1 have the dominant effect upon
! N 0iso Of H1. Contribution of the LMO of the first lone pair to
65.0 4 “"*’\_ Oiso has minimum 0.9 ppm) at 120, whereas the LMO
/ ; contribution of the second lone pair has minimurr0(9 ppm)
) nd ® at 240 (data not shown). Thus, two minima are shifted by°120
60.0 - This phenomenon has a rather interesting consequence: the
0 60 120 180 240 300 360 chemical shift of the anomeric proton @anomer can be higher
than the H1 shift for thex anomer for certain conformations
Torsion angle

(Figure 2). This differs from the situation discussed above for

Figure 1. Dependence of the anomeric carbon (C1) shieldings (ppm) anomeric carbons where theanomer carbon is always more

in Me a-b-xylopyranoside (dots, solid line) upon the dihedral angle

shielded than theS one, regardless of conformation. To

(deg) as obtained by SOS-DFPT method. The same type of dependenc@onclude, the considerable effect of conformation on both C1

for Me f-p-xylopyranoside (rhombuses, dotted line) is shown for
comparison (taken from the previous study).

from LMO associated with the G101 bond to botho,, and
o33 of C1 showed strong dependence ugofup to~33 ppm).
Although these variations io», and o33 partially compensate
each other (resulting in overall smaller changewigf due to
this bond) the LMO contribution tois, gives shielded plateau
at ¢ ~ 90°—15C. On the other hand, the €H1l LMO
contribution to o1 and o2, ranged up to~23 ppm. Their

and H1 shieldings in Me-xylopyranoside is in agreement with
our previous studk and supports the idea that stereochemical
dependences of chemical shielding of anomeric proton and
carbon could be useful in conformational analysis of oligosac-
charides in solution and solid-state.

The strongest dependencesagf, on ¢ were found for O1
and O5 nuclei. For O1, the variations @f, (25 ppm) are less
pronounced than those found for tifeanomer (32 ppmjt
whereas the range of changesamf, of O5 is about 29 ppm
(compare with 19 ppm in thg-anomet?). Both the effect of

opposite trend in signs leads to the partial cancellation, too. Thelone pairs of O1 and O5 oxygens as well as the influence of

contribution of Ct-H1 bond toois is shielded the most @t ~

methyl carbon upon O5 shielding may partially explain these

27¢—300. Thus, the observed dependence of C1 shielding is variations. Relatively strong mutual stereoelectronic interaction
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TABLE 5: Contributions of Localized MO for Some Selected Bonds toe Principal Components for Anomeric C1 as a Function
of ¢ Torsion Angle

Cl1-01 Cl-H1 C1-05
¢ 011 022 033 Oiso 011 022 033 Oiso 011 022 033 Oiso
0 —61.5 -35 -234 295 —-8.6 -375 —411  -29.1 -225 2.6 104 32
30 —59.5 —10.6 —18.6 —29.5 —14.3 —30.0 —41.8 —28.7 —20.0 —6.8 17.6 -31
60 -535 -152  -130 -273 -159 -265 —422 -282 -175 —12.7 212 -3.0
90 —53.7 —18.2 —-7.0 —26.3 51 —36.3 —42.2 —27.9 —185 —-12.2 20.3 —-35
120 —-534 216 -2.8 —26.0 -1.1 -40.5  —424  -280 -219 —-7.6 191 —-34
150 —51.8 —27.0 2.4 —25.4 2.8 —45.2 —42.0 —28.2 —26.3 —-12.4 20.1 —6.2
180 —56.9 —32.8 3.5 —28.8 8.3 —48.1 —43.6 —27.8 —21.4 —-11.3 14.9 —5.9
210 —59.6 —33.2 5.0 —29.3 7.7 —48.2 —44.2 —28.2 —16.3 —-11.4 134 —4.8
240 —62.6 —29.6 3.5 —29.6 4.8 —46.4 —43.2 —28.3 —19.7 —6.7 —-0.3 —4.5
270 —60.7 —26.1 -1.3 —29.3 -1.3 —40.4 —40.8 —27.5 —20.0 —54 13.8 —-3.9
300 —58.0 —13.9 —14.9 —28.9 2.0 —39.0 —41.7 —27.6 —23.7 13.3 46 —20
330 —59.4 0.0 —27.3 —28.9 —5.0 —39.1 —42.2 —28.8 —24.1 17.8 29 25
27.0 - is practically perpendicular to the ©%1—-01 plane.oi; also

%9 4 quite closely follows the C2C1—-H1 plane, with a maximal

N A deviation of 18.3 (for the dihedraby;- C2—C1—H1 angle). The

AN rd 022 component almost lies in the ©&1-01 plane. The sum

of angleso,,-C1—05 ando,,-C1—01 deviates from O5C1—

01 angle by not more than Z.1this difference must be equal

to zero if the component would lie exactly in the ©61-01
plane). However, the direction af,, in this plane varies
significantly: the angler,,-C1—01 changes from 44.6 to 83.4
during the rotation. Thers3 component remains more or less
perpendicular to the CiH1 bond, making an angle of 854

4.1°, whereas its angle with respect to the-€12 bond has a
more significant deviation during the rotation (8G129.4°).
Approximately, one can say that this component is perpendicular
to the C2-C1—H1 plane and it lies nearly in the G%1-01
plane: the maximal deviation of the dihedeak-O5—C1-01
-——— angle from zero is 1823 The contribution from a bond LMO

o 60 120 180 240 300 360 to a principal component of the CS tensor is maximal when
they are perpendicular to each other and it goes to zero as they

. . - become parallel (see elsewh#rer explanations and examples
Figure 2. Dependence of the anomeric proton (H1) shieldings (ppm)

in Me a-pb-xylopyranoside (dots, solid line) upon the dihedral angle of analyses .|n terms of |.0C61|IZ€d orbitals). ) o
(deg) as obtained by SO®FPT method. The same type of dependence ~ Thus, during the rotation, most of the changes in principle
for Me B-p-xylopyranoside (rhombuses, dotted line) is shown for components of CS tensor are due to the change of the angles
comparison (taken from the previous study). between the component and LMOs (in our case, bond LMOs).
As aresult, the total values of the principal components remain
between O1 and O5 pairs results in large variations of O5 and mostly unchanged due to compensation of contributions from
01 shieldings. The overatts, of O5 lone pairs vary up to 12 different LMOs. However, such analysis gives an easy tool to
ppm and those at O1 up to 6 ppm. access the preferable orientation of the principal components
Finally, oiso of C2 shows the dependence on the dihedral angle with respect to local bonds. The fact that a contribution
as well. This is influenced mainly by the O1 lone pairs and, (nonzero) of a bond LMO to a principal component of CS tensor

when comparing to thg-anomer, by the axial orientation of —a@lmost does not change during the rotation indicates that the
C1-01 bond. The above effects result in two minima of the angle between this bond LMO and a component of the CS tensor

SHIFT(H1)

262
2.1 4
26.0
259 4

258 4

257 4

256

Torsion angle

chemical shift of C2 nucleus at~ 60° and 270. Interestingly, ~is practically constant (see, for example, the almost constant
considerable shielding at C2 has been observed ifi-tmomer  contribution of C1-H1 LMO to o33 on C1 listed in Table 5).
at antiperiplanar conformation (the changd 2 ppm)2* whereas Conformational Dependence of Coupling Constants upon

the comparableis, is obtained in the present case (within 1 the Dihedral Angle ¢. In carbohydrates, the computédt—n
ppm). For thex-anomer, the considerable deshielding effect was indicated!23:24.26.2%hat the values may vary up to 35 Hz,
found for 4+ sc conformations. depending upon the torsion angle of the nuclei in the vicinity.
It is also of interest to analyze the orientation of principal The present analysis further supports this trend. For the DFT
components of a chemical shielding (CS) tensor on an atom geometries, the difference between the smahasty (151.7
with respect to its bonds with neighboring atoms. In particular, Hz at¢ = 30°, Table 6) and the largest value (165.6 Hzat
let us consider how the directions of the principal components 24Q) is nearly 14 Hz. Inspection of the shape of thle_y
of the CS tensor on C1 change upon the rotation of the dihedraldependence on the angte(Figure 3) indicates two maxima
angle¢. One can expect that some components would keep (at ¢ = 120° and 240). This form is very similar to the
preferable angles with certain bonds. It should be noted that dependence of H1 chemical shielding and again manifests the
the rotation upom slightly affects the bonding angles near C1. strong influence of oxygen lone pairs on one-bond coupling
The o1, component keeps a nearly constant angle (845/1°) constants. The shape of this curve also is reminiscent of the
with the C1-0O5 bond and approximately the same angle (83.7 dependence of chemical shielding upon the torsion angle in a
+ 6.1°) with the C1=01 bond. This means that this component $ anomer (Figure 3 and elsewhéhe Further comparison of
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TABLE 6: Effect of Torsion 2 upon the ComputedJci—p1 12.0
and 3Jp1-cwve (in Hz) in Me a-p-Xylopyranoside Based on 10
Both DFT and MM3 Geometries =
e1-m1 3JH1-cMe 100 1
p DFT MM3 DFT MM3 90 1
0 153.9 165.1 8.4 78 o) 807
30 151.7 164.1 6.5 5.0 = 7.04
60 153.2 165.7 2.1 1.5 = 504
90 158.0 169.0 0 —-0.1 /I,\ '
120 162.0 173.7 3.3 3.4 § 5.0
150 162.0 176.6 9.4 9.0 S 404
180 161.9 174.9 11.2 11.3 § '
210 163.1 173.0 7.4 7.1 3.0
240 165.6 172.2 2.2 1.3 20 4
270 161.8 170.7 0 0.3
300 157.6 167.3 3.1 3.2 1.0
330 155.3 165.3 6.8 6.5 0.0 4
360 153.9 165.1 8.4 7.8 10
a Rotation around the C101 Linkage. ' 0 ' 6|0 ' 1£0 ' 15';0 ' 2,1'0 ' 360 ' 3éo
180.00 Torsion angle

Figure 4. Dependence of the calculated three-bond proton-carbon
coupling constant (in Hz) between anomeric carbon (C1) and proton
(H1) upon the dihedral anglg (deg) in Mea-p-xylopyranoside (dots,
solid line). The same type of dependence for Bie-xylopyranoside
(rhombuses, dotted line) is shown for comparison (taken from the
previous study).

175.00
170.00

165.00

“irregularities” in the dependence &fci1—p; upon the torsion
angle are observed for MM3 geometry. Furthermore, the largest
1Jc1—m1 value corresponds t¢ = 150° with MM3 geometry,
whereas for DFT geometry, the largéd¢;—n; is obtained for

¢ = 240°. Thus, geometries of two maxima calculated with
MM3 are of lower quality than those of DFT. This evidence
clearly indicates that the simple MM3 method cannot account
for subtle stereoelectronic effects, such as the influence of
oxygen lone pairs upon the geometry and, consequently, upon

1J(C1-H1) [Hz]

LI T T 1 T T 1

0 60 120 180 240 300 360 the magnitude of coupling constants. In any case, the present
form of thelJc;-11 dependence upon thieangle supports the
Torsion angle previous data and suggests the possibility of its application, as

an additional constrain, in determination of the glycosidic
linkage conformation in saccharides. For more quantitative
application, however, further parametrization of the present
dependence seems necessary.

The dependence of calculated three-bond proton-carbon
coupling constants between H1 ang«@®Jc—y) is presented in
Table 6 as well. The magnitudes &fc_ vary significantly.

For DFT geometries, the largest values are found for syn (8.4
Hz) and for anti conformation (11.2 Hz). Thus, the difference
in 3Jc—y for syn and anti conformations is nearly 3 Hz which is
in good agreement with the experimentally parametridedy
curve®344 3-_, values were also computed for MM3 geom-
valid. Actually, the violation of this rule*Jci-riax > *Jca-H1ed etries. The difference between DFT- and MM3-based couplings
was observed in azido sugars experiment&lgnd now we is 0.1 Hz (11.2 and 11.3 Hz, respectively) for= 180; the
present a firm theoretical support and explanation for this largest difference was obtained fgr = 30°. However, the
experimental finding. Therefore, straightforward application of absolute computed values (for both geometries) for synclinal
that relationship in conformationally restricted (rigid) oligo- and and antiperiplanar conformations are considerably higher (by
polysaccharides, or their derivatives, may lead to an incorrect about 3 Hz) with respect to the experimental data. This evidence

Figure 3. Dependence of the calculated one-bond pretwerbon
coupling constant (in Hz) between anomeric carbon (C1) and proton
(H1) upon the dihedral anglg (deg) in Mea-D-xylopyranoside based

on DFT (dots, solid line) and MM3 geometries (crosses, dashed line).
The same type of dependence for fl@-xylopyranoside (rhombuses,
dotted line) is shown for comparison (taken from the previous study).

e in both anomers shows th&lci riax > Jca Hieq fOr
certain conformations (Figure 3). For examplégi—Hiax (B-
anomer)= 156.2 Hz for¢ = 150°, and'Jc1-Hieq (@-anomer)

= 151.7 Hz forg = 30°. Thus, the general rule proposed earlier
(Ye1-H1ax < NcaHieq Of about 10 HZP may not be always

determination of anomeric configuration.
As mentioned previously, MM3 geometry for the lowest
energy minimum yieldedJc:—n1 values closer to the experi-

seems similar to that found in thg-anomer. Since the
conformationally rigid derivatives of monosaccharides have been
used in the experimentally determined dependencdpfy*

mental data than did the DFT geometries. The same is valid and the present theoretical data were obtained oroMglo-

for the dihedral angle dependencé-&f;—n; (Table 6 and Figure

pyranoside, the differences in chemical structures is one of the

3). The computed values of couplings varied from 164.1 to 176.6 primary reasons for the above discrepancies. Also, as mentioned,
Hz; that is they are about 10 Hz larger than DFT-based ones.the calculated coupling constants were obtained without solvent-
In contrast to the curve obtained for the DFT geometry, no effect evaluation. Finally, the DFT method itself can also be a
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source of the differences (usually, DFT slightly underestimate  Supporting Information Available: Tables of angles on

calculated couplings), but this contribution should not be larger the C1 atom between the principal axes of NMR shielding tensor

than 10%, judging by the data obtained for other couplings. and the following: C+01, C1-C2, C1-H1, and C+0O5
The most interesting result of the present calculatiollefy LMOs. This material is available free of charge via the Internet

is the difference between the magnitudeskf  for a- and at http://pubs.acs.orghttp://pubs.acs.org.

p-linked carbohydrates (Figure 4). This difference is about 3
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