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Restricted Conformational Flexibility of Furanose Derivatives: Ab Initio Interpretation of
Their Nuclear Spin—Spin Coupling Constants

Introduction

A renewed interest in the indirect nuclear spspin coupling
during the past decade has been partially stimulated by the
possibility of modeling experimental constants from the first
principles! Indeed, the implementation of the ab initio com-
putational methods for the coupling beyond the conventional
Hartree-Fock level brought a decisive improvement of the
accuracy, so that the theory could be applied to important
chemical problem&3 Especially, the coupled-perturbed ap-
proach implemented analytically within the density-functional
theory (DFT) led to a substantial decrease of the computational
time, so that bigger molecules, solvent effects, and complexes
could be studied® For some NMR applications the inclusion
of the solvent environment into the theory was found important
and had to be treated by continutih or by explicit solvent

models?
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Indirect spin-spin NMR*H—H coupling constants of newly synthesized furanose monosaccharide derivatives
were interpreted on the basis of ab initio modeling. Epoxy, epithio, and epimino groups were inserted into
the sugars and significantly limited their conformational flexibility, which was confirmed by a systematic
conformer analysis. Because of the restriction, the performance of the computations and the dependence of
the coupling constants on the geometry could be estimated more easily. Conventional Karplus equations are
not optimized for this class of compounds and cannot be used for reliable interpretation of the NMR spectra.
Fully analytical B3LYP/IGLOII computations of the coupling constants were performed including all the
four important magnetic terms (SD, DSO, PSO, FC) in the Hamiltonian. Good agreement of the calculated
and the experimental coupling constants was achieved, and computed structural parameters are consistent
with available X-ray data. The influence of the different functional groups on the-spin coupling constants

was discussed.

molecules*~16 Computed parameters are affected by the level
of approximations and quality of the basis sefor larger
saccharides, applications of the more accurate wave function
methods (configuration interaction, coupled clusters) is currently
not possible. Thus we find it important to assess the performance
of the computationally cheaper DFT approach on convenient
simple furanose models containing the polar and strained
oxirane, thiirane, and aziridine rings. The fusion of these three-
membered cycles onto the furanose ring, normally quite flexible
in most saccharides, virtually freezes its motion. This possibility
makes it convenient for verification of empirical laws relating
the NMR parameters to the conformation, for example, although
extensive recalibration of the Karplus equations often proposed
for flexible system®:17is not reasonable here. As shown below,
conformations involving movement of molecular side chains
(e.g., CHO— group) do not significantly affect the geometry
of the furanose ring nor the coupling constants. Several

Traditionally, empirical relations between the spspin conformers could be excluded on the bases of their calculated
coupling constants and molecular geometry, particularly the yg|ative energies. Most importantly, a particular value of the
principal torsion angles in peptides and saccharides, have beer?:onstant can be assigned to specific torsional angle and, as

used to interpret experimental dafa’® This approach, although  shown below, the calculations can well discriminate between
historically quite successful, bears the danger of failure for {ha individual chemical species.

systems that deviate from the class of compounds used for
calibration of the empirical relations. Also, it may be inap-
propriate for nonstandard conditions, such as for polar solvents
or the formation of molecular aggregates and complexes.

For sugars, the accuracy of NMR spigpin coupling

Presumably, good agreement between computed and experi-
mental coupling constants for the model compounds can further
enhance studies of related saccharides. The knowledge of
conformational freedom of the furanose ring in sugars is vital
for the estimation of biological activity and chemical reactivity.

constants calculated ab initio has been tested only for a relativelyAloart from the broadly used epoxy grotfhsimilar functional
small number of methods and with a limited amount of oy atives with sulfur and nitrogen found important applications

in carbohydrate chemistry. For example, episulfides have often
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H1 For the derivative numbeéf (C12H12N20s, the only one that
o R o ) could be cryst_allized) the monoclinic, space gré# (No. 4)
H i A e was found, witha = 7.7276(4) A,b = 15.1967(9) A,c =
4R AR 21.1803(7) A,p = 97.490(4), andV = 2466.1(2) R. The
H3 H2 3 2 structure was solved by direct methods and anisotropically
1 2 refined by full-matrix least squares. Hydrogen atoms were
located from the expected geometry. The Prince modified

H4 s O OoMe H48 O H1 Chebychev polynomial weighting scheffewas used, the
s s refinement converged tR = 0.0463 andR, = 0.0511,S =
R ;

I
=
(2]
o
I
=
(%]
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OMe

OMe 1.158 with the largest residual peaks ©0.35 and+0.35 e
A~3. The absolute structure was verified by a Flack enantiopole
H3 H2 H3 H2 parameter value 0f0.16(19). An extinction parameter of 535-
3 4 (19) was applied. RC9%,SIR9235 and CRYSTALS® programs
were used for data reduction, structure solution, and final
OMe H4s O  H1 refinemeng’
A systematic conformer search (considering all the free
OMe dihedral angles, the furanose ring flipping and the nitrogen
pyramidicity for7) has been performed. Fully relaxed geometries
H3 H2 H3 H2 were optimized with the HF, MP% and DFT methods using
5 6 the 4-31G, 6-31G**, and 6-31+G** Pople-style basis sets
of Gaussiar#? The hybrid Becke-3LYP (B3I4P and the general

4 S 8 OMe gradient approximation (GGA) BPW#1DFT functionals were
N NO, employed for the geometry optimization. The COSMO con-
HR H1 R= p/ tinuum modet? was utilized in the optimization to estimate the
influence of the benzene solvent on molecular geometries and
le] 7 energies. Supposedly, the model satisfactorily reproduces the
Figure 1. Studied compounds: methyl 2,3-anhydro-and f)-I- electrostatic effect of the solvent on the molecule, because the
erythrofuranosidel(and2), methyl 2,3-dideoxy-2,3-epithicx(and)- benzene permittivity is small and does not interact strongly with
I-erythrofuranoside3 and4), methyl 2,3-dideoxy-2,3-epiminax(and the solute. The calculation of NMR spitspin coupling
pB)-1-erythrofuranoside ¥ and 6), and methyl 2,3-dideoxy-2,3-(4-  constants was performed with the coupled perturbed DFT
nitrobenzoylepiminoj:-I-erythrofuranoside?). Conventional symbols  myethod in a vacuuriNote that recent application of polarizible
SandR are appended to distinguish the hydrogens at positicfis 4. continuum solvent model for the coupling did not bring

established as effective drugs with antiviral and antidiabetic unambiguous improvemefit. The coupling constantsJa

activity. 229 The NMR spectroscopy is indispensable for (wheren is the number of chemical bonds between thg pr.oton.s

structural studies of these compounds, because many do nof and b) were _calcu_lated as sums of th_e foqr cqntnbunons.
crystallize. Particularly, we were able to obtain crystals only of dlama_lgnetlc spirorbit (DSO){ paramagnetic spiorbit (PSO),
the last of the seven compounds studied here. Fermi contact (FC), and spin dipolar (SD) terfisStandard
4-31G, 6-31G**, 6-311G**, 6-31++G**, and aug-cc-pVDZ

Method atomic bases, and NMR-optimized basis sets IGLO Il and IGLO
) o ~ Il developed by Kutzelnigg and co-worképswvere used for

We have studied seven furanose epoxy, epithio, and epiminothe calculation of the coupling constants, within the B3L

derivatives, particularly methyl 2,3-anhydeet-erythrofurano- functional. The Gaussian program pack¥geas used for the
side (or (52R,55)-2-methoxy-3,6-dioxabicyclo[3.1.0]hexane by  geometry optimization and the program COLOGNE©®r

CAS nomenclaturel), methyl 2,3-anhydrg-l-erythrofurano-  the coupling constant calculations. Gaussian output also served
side ((152S,55)-2-methoxy-3,6-dioxabicyclo[3.1.0]hexar®, as an input to the program RGAso that electron densities
methyl 2,3-dideoxy-2,3-epithio—I-erythrofuranoside (82R 59)- perturbed by the coupling terms could be visualized.

2-methoxy-3-0xa-6-thiabicyclo[3.1.0]hexan8) methyl 2,3-
dideoxy-2,_3-thioﬁ-l-erythrofuranoside ((3235S-Z_-methoxy- Results and Discussion
3-oxa-6-thiabicyclo[3.1.0]lhexand) methyl 2,3-dideoxy-2,3-
epiminoe-l-erythrofuranoside (@& 2R,59-2-methoxy-3-oxa-6- Geometry. Although the three-membered ring significantly
azabicyclo[3.1.0Jhexand), methyl 2,3-dideoxy-2,3-epimino-  reduces the intramolecular motion, the torsion arglas well
B-l-erythrofuranoside (3 2S,55)-2-methoxy-3-oxa-6-azabicy-  as the angles (between the plane fitted into the four furanose
clo[3.1.0]hexanep), and methyl 2,3-dideoxy-2,3-(4-nitroben-  ring carbon atoms and the plane defined by theGe-C three
zoylepimino)e-l-erythrofuranoside (& 2R,59)-2-methoxy-6- atom furanose tip) and (between the NH (NC) bond and the
N—(4-nitrobenzoylepimino)-3-oxa-6-azabicyclo[3.1.0]hexane, plane of the three membered ring) as defined in Figure 2 may
7), structures of which are shown in Figure 1. Using the vary. For thep-nitrobenzoat& we considered also the rotation
convention of Serianni and Bark&rfor the C4 protons, around the CN bond (monitoring the angt¢), whereas the
hydrogen cis to O3 irl is labeled as H3 etc. carboxyl and nitro group atoms are kept approximately in the
Details of the synthesis and the X-ray experiment can be benzene ring plane due to theelectron conjugation. According
found elsewhere and will be elaborated in a separate publica-to these parameters, we have roughly classified possible
tion3132 Proton NMR spectra were measured for benzene conformers in Table 1 ¢af for the epithio and epoxy derivatives
solutions of the compounds, on the Bruker AM 400 MHz 1—4, and a-| for the sugar epimines—7) and created
spectrometer, at room temperature. The two- and three-bondcorresponding initial geometries.
proton—proton'H—H indirect NMR coupling constants were In Table 2, optimized angles and relative conformer energies
obtained by the first-order analysis from the expanded spectra.for the epoxy diastereocisomets-2 are summarized as obtained
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NO;

Figure 2. Definition of the dihedral angleg (CH;—O—C;—C;) and
@' (C;—N—CO—Ar), the angler between the two planes fitted to the
three (GOGC,) and four (GC,C3Cy) ring atoms, and the angtebetween
the NH (N—CO) bond and the £NC; plane. Analogous definition for
the ¢ andt angles was used for the epoxy and thio derivatives.

TABLE 1: Classification of Initial Conformer Geometries 2
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a See Figure 2 for the definition of the anglgsr, andg. ® Positive
when the oxygen plane (C:O in Figure 2) points toward the three-
member ring € ~ +20°) and vice versa: Pyramidal arrangement, out
(or negative) when the hydrogen atom points out of the molecular
center.d Additionally for 7, the anglep’ (Figure 2) was varied60°,
—60°, +180), so that a total of 36 initial conformers were investigated.
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at the HF/4-31G, HF/6-31+G**, B3L/6-311++G**, BPW91/
6-311++G**, BPW91/6-31H1-+G**/COSMO, and MP2/6-
311++G** levels of approximation. Although fot three (a-

c¢) (with even four with the MP2/6-31+G** method) stable
structures were predicted, only two (a, b) were found Zor
Additionally, for the latter, an occurrence of the conformation
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TABLE 2: Optimized Geometry Parameters and Relative

Conformer Energies for the Epoxy Compounds 1 and 2

starting
conformer HE HF B3L BPW BPW MP2
1

¢/t (deg)
a 173/7 179/20 178/19 176/20 173/21 180/24
b e 78/18 81/16 85/17 87/21 72/21
[ —69/15 —60/24 —58/23 —57/24 —54/25 —54/28
d a a a a a a
e 6213 b b b b 6124
f c c c c [ c

E (kcal/mol)
a 0 0 0 0 0 0
b - 3.6 3.3 3.0 25 35
[ 54 0.3 0.1 0.0 0.5 —-0.5
e -1.3 3.6

2
@/t (deg)

a 178/19 —177/23 —177/24 —176/25 —174/25 —179/28
b 77/10 68/13 66/14 65/16 62/16 66/18
[ a a a a a a
d a a a a a a
e b b b b b b
f a a a a a a

E (kcal/mol)
a 0 0 0 0 0 0
b 4.0 4.4 3.8 3.6 3.2 35

2 The resultant conformer is indicated when the starting conformer
type (Table 1) was not stable. Except of the first HF calculation, the
6-311-+G** basis was used 4-31G basis® COSMO model for the
benzene solvent.

of the purposes of the insertion of the epoxy group in the
furanose molecule. Compoundsand 2 did not form crystals

in our hands. However, computed geometry parameters are
consistent with X-ray data of two related epoxyfuranose
derivatives'’*8For the two crystal structures, found values for

7 were 19 and 8, and-56 and 48 for ¢, respectively. These
values ofr are reasonably close to those obtained for the lowest
energy conformers a and c, and clearly much smaller than for
“normal” furanoses without the epoxy constraint, for which

~ 35°, although other coordinates are more apporpriate for
description of the flexible ring puckering%.The angleg is
obviously quite vulnerable to the molecular environment, and
the experimental data as well as the computations suggest that
in principle all the conformations corresponding approximately
to the periodic minima~+60, —60, and+18(C°) are possible

for this class of compounds.

Conformer relative energies of the thio derivatigand 4

(b) in the Samp|e can be with a h|gh probab”ﬂy exc]uded, were calculated Only with the two most advanced B3L/6-
because its relative energy given by all the methods is well 311++G** and MP2/6-31%+G** methods. The optimized
separated from the ground-state a. Note that the difference (3.2 geometry parameters and conformer energies are listed in Table
4.4 kcal/mol) is bigger than the Boltzmann quantkim~ 0.6 3. Unlike for1 and2, only one conformer seems to be preferred
kcal/mol, as well as the expected accuracy of the calculations both for3 and4 diastereoisomers, although other higher energy
(~1 kcal/mol). On the contrary, the computations suggest that conformers (local minima) are possible. Similarly, as¥@nd
conformers a and ¢ are almost equally probabld f@onformer 2, the furanose ring in a bicyclic system seems to be quite rigid,
c has even lower relative energy if optimized at the MP2 level. With the anglesp ~ 180" andz ~ 25—30°. The sulfur bridge
This corresponds to a relatively loose methoxy group that can Plane is more coplanar with the furanose four carbon plane (the
rotate around a single bond. The motion will be probably even angle between the planes+$68°) than the epoxy bridge (with
more enhanced by dynamical influence of the solvent, which the analogous angle of73°). To our knowledge, no X-ray data

is, unfortunately, impossible to model by current means.lFor ~ are available for these structures.

the conformation e is favored by the HF/4-31G method, but  Computed conformer energies and geometry parameters for
according to the more advanced methods, it is either not stablethe epimino derivative$ and 6 are summarized in Table 4.

or possesses higher energy. Thus we can conclude that théDespite an additional degree of freedom, the pyramidicity of
furanose five-atom ring is virtually rigid, which was also one the nitrogen, and consequently, more local minima, relative
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TABLE 3: Optimized Geometry Parameters and Conformer
Energies for Epithio Derivatives 3 and 4

Bour et al.

TABLE 5: Relative Energies and Geometric Parameters for
Five Lowest Energy Conformers of Derivative 7

starting
conformer B3L/6-31%+G** MP2/6-311++G**
3
¢/t (deg)
a 176/25 178/31
b —63/30 —58/35
c 7724 68/29
d a 177+24
e b b
f c 70/—31
E (kcal/mol)
a 0 0
b 1.6 1.2
c 3.3 3.3
d 2.3
f 4.8
4
glt (deg)
a —177/27 180/32
b —92/26 —86/31
c 66/17 67/21
d a a
e b b
f c c
E (kcal/mol)
a 0
b 3.2 3.7
c 4.0 3.9

aSimilarly as in Table 2, types of the resultant conformations are

indicated for unstable starting structures.

TABLE 4: Optimized Geometry Parameters and Conformer
Energies for Epimino Derivatives 5 and 6

starting 5 6
conformer B3L MP2 B3L MP2
@ltlz (deg)
a —177/19/~67 180/25+69  177/244-68 179/28/69
b —78/16/-67 —69/22/-69 —66/14/-67 —66/18/-69
c 60/24/-68 55/29+70 94/23+-67 87/27+69
d 176/27/66  —179/31/67  175/31/66  178/34/68
e —80/24/66  —70/29/68 —63/21/66 —64/24/68
f 55/33/66 53/35/68 97/30/66 85/34/68
g a a a a
h b —62/—29/-69 b b
i c c [ [
j d —-179/21/67 d d
k e —68/-19/68 e e
| f f f f
E (kcal/mol)
a 3.6 4.1 1.8 2.3
b 7.0 7.6 5.4 55
c 3.9 3.8 5.4 6.4
d 0.0 0.0 0.0 0.0
e 3.0 3.0 4.1 3.8
f 2.3 15 3.6 4.0
h 7.3
j 1.9
k 4.3

level E (kcal/mol) ¢ (deg) 7 (deg) x (deg) ¢' (deg)
|
HF/4-31G 0 —174 10 44 70
B3L/6-31G** 0 179 21 52 77
B3L/6-311++G** 0 177 20 51 75
Il
HF/4-31G 0.7 —176 17 —-35 —67
B3L/6-31G** 0.9 177 30 —44 =70
B3L/6-311++G** 1.2 175 29 —43 —68
1]
HF/4-31G 4.4 —-176 11 46 —163
B3L/6-31G** 2.6 176 23 54 —155
B3L/6-311++G** 2.1 176 22 53 —154
\Y
HF/4-31G 45 —64 22 44  —155
B3L/6-31G** 2.7 —55 28 52 —150
B3L/6-311++G** 2.9 —56 28 51 —150
\Y
HF/4-31G 7.0 —175 26 —26 151
B3L/6-31G** 4.7 175 30 —44 142
B3L/6-311++G** 5.2 174 33 -39 142
X-ray? 172 26 52 76
177 23 50 69
177 24 51 68
174 24 53 76

aFour molecules in the elementary cell.

3.5-4.8 kcal/mol. Attempts to crystallize the epimino com-
pounds5 and 6 were not successful. But angles= (31°, 8°)
andxr = (51°, 59°) found by X-ray for related epiminofuranose
derivative4®30 correspond consistently to the b conformer (in
Table 4). It is also reasonable to suppose that compo&nds
and6 prefer the conformation d as they can form the intramo-
lecular hydrogen bond between the NH an@— groups.
Additionally, repulsion between the nitrogen and oxygen
electron lone pairs may stabilize this conformation.

The last compound is the most flexible, due to the additional
p-nitrobenzoyl group. Systematic searches preformed at the HF/
4-31G and B3LYP/6-31G** levels provided a total of 7 and
10 local minima on the potential energy surface, respectively.
Geometry parameters and relative energies of the five lowest
energy conformers {1V, same for both methods) are listed in
Table 5. Additionally, these conformers were optimized with a
bigger basis (6-31t+G**) for the B3L method. The most-
favored conformer (1) corresponds to the type d in Table 4 for
6 and7, and its theoretical parameterg, (z, 7, ¢') estimated
by the DFT method nicely reproduce the X-ray data. Because
the relative energy ordering of the first three conformers was
same for both methods and confirmed by the computation with
the bigger basis, we suppose that conformer | is also prevalent
in the liquid state. Obviously, this assumption may not be
relevant for polar solvents or for elevated temperatures.

Spin—Spin Coupling Constants.Experimental and calcu-
lated coupling constants fdrand2 are listed in Table 6. The
constants were calculated at the B3L/IGLOII level for the B3L/

conformer energies suggest that one conformation is prevalent,6-311++G** and MP2/6-311+G** optimized geometries,

similarly as forl—4. For the lowest energy conformer (d) the
furanose ring oxygen tip (see angbgpoints to the three-member

ring, similarly as for the most stable forms &f4. For 5,

flipping of the oxygen tip of the ring is enhanced by forming
an intramolecular hydrogen bond with the NH group, which
results in a relatively low energy 1.9 kcal/mol obtained for the
conformer j, whereas fot—4 such conformations are either

and at the B3L/IGLOIII level for MP2/6-31t+G** optimized
geometry. We investigated these combinations because previous
computations of the spirspin couplings utilizing the optimized
IGLO 1l and IGLO IIl bases did not regard the geometry
changes separately! As seen in the table, the geometry and
basis-set variations cause changes in the constants typically
smaller than~0.3 Hz. Given the limited precision of computa-

not stable at all or are associated with an energy increase oftion and experiment, the accuracy is sufficient for practical
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TABLE 6: Experimental and Calculated? Spin—Spin Coupling Constants (Hz) for Epoxy Compounds 1 and2

B3L geometries/IGLO I MP2 geometries/IGLO Il MP2 geometries/IGLO IlI
exp (in GDeg) a b c a b c e a b c e
1
8012 0.7 1.1 0.9 0.9 0.9 0.7 0.7 1.7 0.7 0.5 0.5 1.4
303 3.0 3.0 24 25 2.4 25 25 2.8 25 2.7 2.7 3.0
833.4r 1.0 1.3 1.4 1.2 1.0 12 0.9 3.0 0.9 1.0 0.8 2.8
3345 <0.5 -0.1 -0.1 0.0 0.0 -0.1 0.0 0.7 00 -01 0.0 0.8
2J4r as —10.6 —10.5 —10.5 —10.6 -100 -10.0 -10.1 -99 -85 —8.6 -8.7 -85
2
312 <0.5 -0.1 -0.1 0.0 -0.1 0.0 0.0
323 2.8 2.3 2.2 2.4 2.2 2.6 2.3
333.4r 0.8 11 13 0.9 1.2 0.8 1.0
33345 <0.5 0.0 -0.1 0.0 0.0 -0.1 -0.1
2Jaras -10.3 -10.1 -10.1 -9.5 -9.6 -8.0 —-8.1
Jo.45 0.4 0.0 0.1 -0.1 0.1 0.3 0.5
4Jo.4R 0.4 0.1 0.0 0.1 0.1 0.3 0.3
4145 -0.7 -0.9 -0.5 -0.9 -0.6 -0.8 -0.5

a By the analytical coupled-perturbed DFT B3L method. Numbering of the hydrogen atoms is given in Figure 1.

TABLE 7: Dependence of Calculated Coupling Constants on the Basis Set fof 1

4-31G 6-31G** 6-311G** 6-311H+G** IGLO I AUG-cc-pvdz IGLO 1l

88 b.f. 130 b.f. 192 b.f. 232Db.f. 232 b.f. 272 b 1. 376 b.f.
32 1.29 0.55 0.60 0.64 0.67 0.72 0.48
323 3.04 2.53 2.35 2.52 2.53 1.78 2.70
3J3.4r 1.78 1.04 1.07 1.08 1.16 112 1.00
33,45 —-0.14 —-0.27 —-0.19 —0.18 —0.05 —0.21 —0.08
24r s —15.25 —10.59 —9.01 —8.94 —10.02 —8.24 —8.60

aThe MP2/6-31%+G** optimized geometry of conformatiofilb was used.

reasons. For benchmark studies, however, such dependence on The fidelity of the computations is rather satisfying for
geometry (using the same IGLO Il basis for the coupling practical purposes, e.g., important coupling terms aslihe
calculation) is rather surprising and has to be taken into account.andJ; 4scouplings can be clearly distinguished, which suggests
For example, thd, 3 constants for the first (a df) conformer that direct computations can be used for saccharide conforma-
were calculated as 3.0 and 2.4 Hz with the B3L and MP2 tional studies in place of the Karplus equations for interpretation
geometries, respectively, i.e., with a relative error of 20%. of the experiment. Nevertheless the basis set dependence of the
Similar errors originate in the basis set dependence, as can beesults is still disturbing, because bigger bases make the
seen by comparison of the IGLO Il and IGLO Il results. For computations uneconomic and inaccessible for bigger molecules.

example, the absolute value of thhg4s constant of 1 Convergence of the coupling constants with the basis set size
(conformer a) decreases by 2.1 Hz if calculated in the bigger was investigated more systematically, and the results are shown
basis set. in Table 7 for the MP2/6-3tt+G** geometry of thelb species

Apparently, it is the relative accuracy that is characteristic only. Clearly, except for the simplest 4-31G basis, the accuracy
for the computed values. This is rather convenient for applica- is stabilized within the range mentioned above, but it does not
tions, as the longer range (and on average smaller) couplingreadily improve agreement with the experiment further when
constants are more important for elucidation of molecular the size of the basis set increases. This corresponds to the
structure. By comparing of the calculated and experimental findings of Helgaker and colleagi®sind reflects the complex-
vicinal (over three bonds) constants listed in Table 6, we can ity of the spin-spin coupling phenomenon. Particularly, it is
see that the difference is typically smaller than 15%. Unfortu- quite difficult to find an economic and balanced basis for all
nately, very small constants cannot be reliably determined four (diamagnetic, paramagnetic, Fermi, and spin dipolar)
experimentally. relevant Hamiltonian terms. Obviously, in the future, one can

As follows from general experimental experience, the spin  expect that reliability of the predictions will be further improved
spin coupling senses molecular geometry locally and the also by taking into account the solvent environment and
influence of remote groups weakly interacting with the coupled vibrational and overall dynamical averaging, or by a develop-
atoms quickly fades. Indeed, as can be observed in Table 6,ment of better functional and wave function methods.
rotation of the methoxy residue (generating conformers b The spin-spin coupling constants for the thio and epimino
< ¢) does not change significantly magnitudes of the coupling derivatives3—7 were calculated for the B3L/6-3%H-G**
constants for hydrogens attached to the furanose ring. On theoptimized geometry of the lowest energy conformers and at the
other side, for the conformer e &f where the geometry of the  B3L/IGLOII level for coupled-perturbed calculation and are
furanose cycle is different than for-a, significantly different compared to the experimental values in Table 8. Similarly as
constants are predicted. Because these do not agree with théor the epoxided and2, the theoretical values correctly follow
experiment (e.g., the calculated valugs = 1.4—1.7,J34r = the experimental ordering and magnitudes of the constants, and
2.8—3.0 Hz are much bigger than the experimental couplings mostly distinguish between different individual compounds. For
of 0.7 and 1.0 Hz, respectively), we can exclude a presence ofexample, the); , constant is immeasurably small féy 6, and
this conformer in the sample not only on the basis of the relative 7, but it increases above 1 Hz f8rand5, both in experiment
energy ordering (Table 2) but also because of the unrealistic and in the theory. The only inconsistency between the computed
theoretical coupling values. and experimental constady, of 7 can be most probably
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TABLE 8: Experimental and Calculated Spin—Spin
Coupling Constants for the Epithio (3 and 4) and Epimino
(5—7) Derivativest

3 4
exp B3L/IGLOII exp B3L/IGLOII
8012 21 2.7 <0.5 -0.1
303 5.0 4.6 4.8 4.5
3J3.4r 2.6 3.0 1.8 2.8
3345 <0.5 0.1 <0.5 0.1
2J4r 4 —10.1 —10.3 —10.2 —10.0
5 6
exp B3L/IGLOII exp B3L/IGLOII
EI 1.4 1.7 <0.5 0.0
323 4.0 3.0 3.9 3.0
3J3.4r 1.7 1.8 1.5 1.7
333,45 <0.5 0.0 <0.5 0.0
2Jar 4 -9.8 -9.8 -9.2 -9.3
7
exp B3L/IGLOII

3\]1,2 <0.5 1.9

33,3 4.4 4.2

333.4r 14 2.4

33345 <0.5 0.1

2J4r 4 —10.1 -9.9

a Calculated values are given for the lowest energy conformers.

attributed to an experimental artifact, because the calculated
value of 1.9 Hz is consistent with those for the related
compoundsl, 3, and5.

Generally, the vicinal coupling constants are considered to
be closely related to the HC—C—H dihedral anglé®13 This
is approximately true also for our class of compounds as follows
from the overview of the experimental vicinal constants and

Bour et al.

cheaper than the coupled-perturbed calculation. For the com-
parison, similar conformers were selected, so that solely the
influence of the epoxy, epithio, and epimino groups could be

monitored.

The diamagnetic coupling density (top of Figure 3) is
apparently mostly localized along the—+L—C—H vicinal
system, which corresponds to the usual chemical image of the
spin—spin coupling as a local phenomenon. Nevertheless, other
atoms contribute to the coupling, too. Particularly, the recogniz-
able contribution of the most distant carbon of the methyl group
is rather surprising, as the dipole-operator quickly fades with
the distance. However, relative contributions of the remote atoms
to the coupling constant are rather minor, as they are roughly
proportional to the volumes closed by the isodensity surfaces.
Note that the methyl and other groups can contribute to the
coupling also indirectly, via electron conjugation, electrostatic
field, etc.

The sulfur atom participates more on the DSO coupling than
the —O— and —NH— groups. This is in agreement with the
DSO part of thel, 3 constants, as they are approximately the
same for the epoxide and epimine-Q.53 and—0.59 Hz,
respectively) whereas its magnitude (in absolute value) decreases
to —0.20 Hz for the epithio sugar.

For the density perturbations caused by the paramagnetic term
of the hydrogen H2 (middle in Figure 3) relative differences
among the three compounds cannot be judged. Nevertheless,
we can see that the perturbation is spread over most of the
molecule, similarly as is the DSO density. This corresponds to
the same underlying spitorbital interaction providing these
two terms. Lately, it has been shown that (at least for light
atoms) all orbitals participate on the PSO coupling mechapfism.
As can be seen from the calculated values, the PSO terms is
again smallest for the sulfur-containing compound (0.13 Hz),
but similar (0.40 and 0.45 Hz) for the oxirane and aziridine

computed torsional angles in Table 9. Here, the computed anglesygrivatives.

are also compared to those obtained by Altona’s formulation
of the Karplus equation®. Clearly, there is loose dependence
between the coupling constants and the calculated angles, bu
guantitative conclusions cannot be made. For examplel for
and 3 the J;, constants differ by 1.4 Hz (200%) whereas
corresponding angles do by 6.e., 10%). Similarly, the constant

Js 4ris smallest for2 and biggest foB, whereas compounds
and 6 exhibit extreme values of angles.

The values of the torsion angles predicted on the basis of the
Karplus equation in Table 9 mostly agree with the presumably
correct numbers obtained by the computation for th& and
3—4R coupling, whereas the angles obtained on the basis of
the 2-3 and 3-4S coupling are off by up to 35The especially
large differences for the 23 coupling can be obviously
attributed to the influence of the three-member ring, for which
the original semiempirical formula could not be adjusted. Also,
it is remarkable that the-12 torsion angles are much better
reproduced by the Karplus formula for all tAefuranosidesZ,

4, 6) than for thea-isomers ¢, 3, 5, 7). It may indicate nonlocal
contribution to the coupling from the methoxy group.

To obtain an intuitive image about such influence of various
molecular parts on the indirect spispin interaction, we
visualized locations of some important coupling terms in Figure
3 for the J, 3 constant: the diamagnetic coupling density, and

The density perturbation caused by the Fermi contact interac-
tion is displayed at the bottom of Figure 3, for a different
brojection of the molecule. This term seems to be the most
localized and least influenced by the chemical environment.
Indeed, the epoxy and epimino derivatives again exhibit similar
values of the FC contributions (3.06 and 3.07 Hz) and the term
for the epithio sugar (4.54 Hz) differs significantly; nevertheless,
the relative change is much smaller than that for the DSO and
PSO terms. The minor role of the sulfur atom can be expected
in a direct mediation of this interaction, as the perturbed density
by the FC term around this atom is noticeably smaller than for
the oxygen and nitrogen derivatives. This can be most probably
explained by the longer €S bond lengths 0f~1.83 A, if
compared to the €N (~1.47 A) or G-O (~1.43 A) bond
lengths. For the FC perturbation, we may also see lobes pointing
inside the envelope formed by the furanose and the three-
membered rings and not following anybonds, which is rather
a counterintuitive phenomenon and can partially explained the
difficulties in the basis-set size convergence of the constants
(Table 7). Calculated values of the spin-dipolar (SD) contribu-
tions are similar and rather negligible for all the compounds, in

accord with previous observations for this kind of interac-
tion.1:253

perturbations of the electron density caused by the paramagnetic~ . . .sions

and Fermi terms from the H2 atom within the sum-over-state
(SOS) approximation described previouZllthough the SOS
method provided systematically underestimated values of the
constant$? we find it convenient for description of the
qualitative trends, because it is simpler and computationally

By the insertion of the epoxy-O—, epithio —S—, and
epimino —N— groups, the motion of the furanose ring in the
model compounds was restricted, which was confirmed by ab
initio computations of conformer energies. The restriction
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TABLE 9: Vicinal H —C—C—H Coupling for All Compounds 1—7 (Experimental Constants and the Dihedral Angles)

J(Hz) O calculated/predicted by Karplus relatin

H, H 1 2 3 4 5 6 7 1 2 3 4 5 6 7

1,2 0.7 (¢] 2.1 o 1.4 o o° 48 —78 43 —87 46 =77 41
78 =78 62 —86° 68 —83 84°

2,3 3.0 2.8 5.0 4.8 4.0 3.9 4.4 0 1 0 0 1 0 1
55 56 48 49 51 51 49

3,4R 1.0 0.8 2.6 1.8 1.7 1.5 1.4 —45 —44 —41 —-35 —45 —46 —40

-99 —10Z =71 =79 -85 —88 -90

3,48 (0] oP o° oP o° oP o 78 79 82 88 77 78 83

86° 86° 80r 80r 81° 81° 81°

2The calculated dihedral anglés (HCCH, deg) are given for the lowest energy conformer obtained by the MP2/6-8Gt* method.
b Experimental constant is smaller thai®.5 Hz.¢ Experimental couplings were outside the calibrated range (too small).

PSO

FC

SD 0.10 0.14 0.10
DSO -0.53 -0.20 -0.59
PSO 0.40 0.13 0.45
FC 3.06 4.54 3.07
Jo3(sum) 3.03 4.61 3.03

Figure 3. Vicinal J; 3 coupling: the diamagnetic spiorbit (DSO) coupling densityo(= 0.001) and the density perturbations isosurfaces caused
by the paramagnetic (PSQ@p/du = 0.007) and Fermi contact (F@p/gu = 0.002, different projection) terms of tHél atom. The signs are
indicated by the redH) and blue {-) colors. Analogous conformers were chosen, from left to right: B afof3, and d of5. Individual contributions

of the four Hamiltonian terms to the resulting constants (in Hz) are given at the bottom.

enabled us to better relate the experimental and calcutbted methoxy and NH groups does not have significant influence
IH spin—spin coupling constants to molecular structure, and on the couplings within the furanose ring, and their quantitative
estimate the influence of the molecular functional groups on analysis is behind capabilities of the modeling because of the
the coupling separately. Conventional Karplus equations are notlimited precision. The dependence of the computed coupling
parametrized for this class of compounds exhibiting large constants on the method used for obtaining the equilibrium
deviation from the spideal tetrahedral geometry of the carbon geometry was found comparable with the basis set dependence
orbitals. Indeed, they provided rather unrealistic values of of the coupled-perturbed calculation (with fixed geometry). The
dihedral angles, namely for those derived from the8Zoupling visualization of the coupling densities provided a better intuitive
involving the bridged atoms. Good agreement was achieved picture about the influence of various molecular parts on the
between the experiment and the ab initio results, although vicinal coupling. Predicted geometries are consistent with the
residual inaccuracy of the calculated constant$5%) could available X-ray data.

not be overcome by increasing the basis set size. It can be also

in part attributed to the error of the ab initio (DFT) method and  Acknowledgment. This work was supported by the Grant
neglecting of the vibrational effects. The motion of the side Agency of the Academy of Sciences (A4055104) and by the
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