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ABSTRACT 

The conformational properties of a cyclic trisaccharide: [O-/?-u-glucopyranosyl-( l-+6)], 1,6”-an- 

hydride nonaacetate (Ci6H4X0Z4, 1) have been established by high-resolution ‘H- and “C-n.m.r. spectrosco- 

py in conjunction with potential-energy and molecular-mechanics calculations. The n.m.r. parameters used 

were nuclear Overhauser enhancements (n.0.e.) and coupling constants. From theoretical models of the 

trisaccharide, a statistical-mechanics approach was used to compute an ensemble average-relaxation matrix 

from which the n.0.e. were calculated. The observed nuclear Overhauser enhancements as measured by 

n.m.r. spectroscopy may be satisfactorily modelled if averaging over two conformational states is consid- 

ered. In solution. both conformations of the molecule exhibit three-fold symmetry; theB-linked glucopyran- 

ose rings have the ‘C, conformation. In one conformer, the orientation about the (I-6) linkage is 

characterized by torsion angles @ = -79.5’, v/ = 143.5, and w = -64.3. For the other conformer, these 

values are @ = - 137.7, Y= 68.2, and w = 45.6. The existence of such a conformer shows that solution 

behaviour is not dominated by the stabilizing influence of the exoanomeric effect. 

INTRODUCTION 

The major spectroscopic tools for determining three-dimensional structures of 

molecules and macromolecules are X-ray diffraction and nuclear magnetic resonance 

(n.m.r.) spectroscopy. In the past decade, there has been an upsurge in the application of 

n.m.r. to the assessment of molecular conformations in solution. N.m.r. effects are of 

two types: those transmitted through bonds (such scalar effects as coupling constants) 

and those transmitted through space (dipolar effects, such as the nuclear Overhauser 

enhancement, n.0.e.). Provided that the distance dependence of the effect is well 

understood, as in the case of n.O.e.‘, through-space effects may be used to estimate 

internuclear distances, Applications to structure determinations include such complex 

natural products as proteins. Almost all applications of n.0.e. to conformational 

analysis assume. explicitly or implicitly, monoconformational behavior. 

* To whom corrcspondcncc should be adressed. 
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Ox -----CA-x 

OA-x 

Fig. 1. Schematic drawing ofthe mole~ulo of[O-B-I,-glucopyranosyl-( 1 -+G)], 1 .h”-anhydride nonaacctare 1, 
with labelling of the atoms and torsion angles of interest. The atoms of the acetate groups are labeled CA. 
CM. and OA (inset). These abbreviations denote carbonyl C, methyl C. and carbonyl0, respectively. 

Y = C;I--C,-I-.-.c,+,-bC,+,-5 

Q = O,- l-C,, ,-6--C;, ,-5---O,.+ ,-5. 
The orientation about w is referred to as either g~~M~~e-~~~~~?s (gt), g~u~~ze-g~&~~~e 

(gg), or ~r~rzs-g~~,~c~e (fg). In this terminoi~gy, the torsion angle: O,-I-C,+,-6-C, i ,-5- 
O,, ,-5 is stated first, and the torsion angle: (Ii-l-C,+ ,-6-C,, ,-5-X,, ,-4, second. 

The two prochiral protons at C-6, H-6proR and H&pros, may be differentiated 
by the rule proposed by Hanson”, by selective deuteration, and by n.m.r. results on 
model compounds”~“. Their relative orientations as a function of the rotation about 
C-5-C-6 are depicted in Fig. 2. 

N.~r.t. specfroscopy. -- ‘H- and ‘“C-n.m.r. spectra were recorded at 303 K with 

Bruker AM-300 or/and AM-400 spectrometers equipped with Aspect 3000 computers. 
The sample of 1 was dissolved in CDCl, (30 mg per mL). Chemical shifts are expressed in 
p.p.m. relative to Me,Si as internal standard. 

The inversion-recovery method was used for T, deternlinations [two pulse- 

sequences (T.. .1X0.. A.. .9O)n] with at least 12 f values. The peak heights of the di~~r~nt 
signals were measured as a function of delay time (t) and these data were analyzed by 
computer to determine the relaxation rates f - IO%). 
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in question. This interpretation implies that, in a first step, all contributions to the total 

energy of the molecule arise from nearest-neighbour residueeresidue interactions. 

In a second step, the low-energy conformers are submitted to a complete energy 

optimization through molecular-mechanics calculations’” using the MM2P-85 version 

(Molecular Mechanics Calculations”). Contributions arising from stretching, bending, 

stretch-bending, torsional, dipolar, and non-bonded energies are taken into account. In 

such a type of calculation, all of the atoms, including the hydrogen atoms. as well as the 

lone pairs on the oxygen atoms, have to be considered. 

Modelling strategy. - Modelling studies were conducted on the trisaccharide and 

its peracetylated derivative. The starting geometry for the glucose residues was taken 

from the standard residues derived from the Carbohydrate Standard Fragment Li- 

brary2”. The coordinates of the hydrogen atoms were determined by using a C-H bond 

length of 0.11 nm and a bond vector related appropriately to the CC and C-O bond 

vectors. As for the peracetylated trisaccharide, the sugar ring geometry (a slightly 

distorted 4C, conformation) was selected from a survey of acetylated glucose residues”. 

The coordinates of the hydrogen atoms were determined as already described. The 

atoms of the acetate groups are labelled CA, CM, and OA, denoting the carbonyl C, the 

methyl C, and the carbony atoms respectively. As in other carbohydrate acetates, the 

secondary acetate groups are arranged in such a way that the carbonyl group eclipses 

the axial hydrogen atom at the corresponding ring-carbon atom’“. 

It has already been pointed out” that the construction of a cyclic oligosaccharide 

may be performed with the use of helical parameters, n and h. In this instance, n is the 

number of residues, and h the advance per residue, which is the translation along the 

helix axis, and has to be set equal to zero. In the present work, calculation of the helical 

parameters as a function of variations of @ and V (o being assigned a fixed value at 

given intervals) was performed following an algorithmn reported previouslyZ5. 

Calculation of n.0.c.. - The method for calculating theoretical n.0.e. values 

from an ensemble of possible conformations has been described by Cumming and 

Carve?, and is described only briefly here. For all possible conformations, their 

probability of existence (P,) with respect to relative polulation depends upon their 

energies and follows a Boltzmann distribution with a partition function Q. For a system 

having i different microstates we have: 

P, = exp( - WWQ (0 
and 

Q = C exp( - E,/kT) (4 
The averaged < f(hs) > (n.0.e. value detected on proton d when irradiating proton s) 

may be calculated by solving a series of simultaneous equations’.” from the matrix of all 

averaged < r(k,l) -‘>. In each of the imicrostates, the conformation is fixed and r(k,l) is 

the distance between proton k and proton I. Each term of the averaged distance-matrix 

may then be calculated: <r(k,l) ‘> = C P, ri (k,l) ‘. (3) 
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Conformution uhout the C-5-C-6 bond ,from the H-H coupling constants. 

Measurement of the 3JH.5,H_hproR and 3JH.5,H_bproS coupling constants provides a way to 

estimate the rotamer distribution about C-5-C-6 in solution. For this purpose, the 

following set of equations, established by Manor et al.‘” may be used: 

1.3(gg) + 2.7($) + 11.7(tg) = ‘Jw5. wbpro,s 

1.3(w) + 11 .Gt> + Wtg) = ‘JH_x,H_hproH 

gg+qt+ty= 1. 

where gg, gt and tg represent the respective percentage of each conformer. Such a set of 

equations has been used by Wu et al.” to investigate the conformational equilibrium of 

the primary hydroxyl group in methyl pentofuranosides. Nishida et ~1.‘~ used the same 

procedure for hexopyranoses. For the present cyclic peracetylated trisaccharide, 

straightforward application of the set of equations yields the following results: gg = 

53%, gt = 52%, tg = -5%. 

It is obvious that the negative population of the tg conformer has no physical 

significance. The conclusion is that both yy and gt orientations about C-5-C-6 bond are, 

within experimental error, equally distributed in chloroform-d solution. 

Estimation qf isotropic rotational correlation-time and measurement of proton 

n.0.e. ~ The utility of n.m.r. relaxation processes to estimate internuclear distances 

derives from the possibility of extracting the contribution of the dipole-dipole (dd) 

mechanism from the total relaxation of a nuclear magnetic spin. Dipole-dipole relaxa- 

tions are dependent on interatomic distances; they are also influenced by motional 

characteristics of the molecule as characterized by the isotropic rotational correlation- 

time: 5,. The sign and maximum theoretical value for any direct n.0.e. is a function of 

the product T,W, (u, being the Larmor frequency). The rotational correlation-time of 

the sample was estimated from measurements of the carbon-proton spin-lattice relaxa- 

tion time and carbon-proton n.0.e. For a given proton H,, the spin-lattice relaxation 

time T, is a function of intramolecular dipole-dipole (dd) relaxation, intermolecular 

(inter) relaxation, solvent induced (solu) relaxation, and paramagnetic impurities (para) 

and follows the equation: 

l/(T,)H, = l/(T,)dd + l/(T,)inter -I- l/(T,)solu + l/(T,)para (4) 
To a good approximation l/(T,)H, = l/(T,)dd. This may be ascertained further by 

measuring the “C spin-lattice T, relaxation-time as well as the “C-‘H n.0.e.. These 

TABLE III 

“C Relaxation time (s) and “G’H n.0.e. values of I at two different magnetic fields 

C-l c-2 c-3 c-4 C-5 C-6 

T, culues 
2.35 (Teslu) 0.35 0.35 0.35 0.35 0.35 0.18 

7.05 (Tdr) 0.35 0.35 0.36 0.35 0.35 0.18 

n.0.e. ualues 
2.35 (Teslu) 2.8 3.0 3.0 2.9 2.7 3.0 

7.05 (Trsla) 2.8 3.0 3.0 3.0 2.8 2.9 
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The preliminary calculations were aimed at the construction of starting models to assess 
whether a cyclic trisaccharide could be built having the six-membered rings in a chair 

conformation. The conformational investigation of such a cyclic system may be per- 
formed by calculating combinations of @. Y, and o giving rise to the expected structure 

and by computing the energy associated with the resulting conformations. By using a 
rigid geometry for the glucose residues, a set of three glycosidic torsional angles (@, Y, 
o) and the magnitude of the valence glycosidic angle (z) remain to be determined. A 
magnitude of + 113” may be assumed for this valence angle. Despite the fact that the 

existence may be assumed of the three stable. non-eclipsing dispositions around the 
angle w, values of this angle over the whole angular range, in 30” increments, were 

considered. For the sake ofconciseness, only three potential iso-energy surfaces and the 

corresponding helical iso-parameters maps (n = 3 and II = 0) are shown. These maps, 
which are computed for a disaccharide molecule {gentiobiose), are presented in Figs. 3a, 

b, and c; they correspond to ga~~~?~-gau~*~z~, ga~~~e-tr~~s, and trff~~-g~~~~~ orien- 
tations, respectively. It may be noted that only two sets of glycosidic torsional”angles 

can generate a cyclic trisaccharide having low-energy conformations. One corresponds 
to @ = -8O”, W = 135”, u = -6O”, and z = 113.5” (model gg), and the other to Q, = 
- 156”, Y = 66.5”, w = 50”, and z = 114.5” (model yr). As for a ~~~~s-g~uche 
orientation about C-5-C-6 (a = 180’) it is obvious that no cyclization can occur 

without distorting the 4C, chair conformation of the glucose residue. 
The conformations corresponding to models yy and gr were used to construct the 

peracetylated trisaccharides, which were then submitted to complete energy mini- 
mization through MM2P-85. The structural features of interest corresponding to the 
refined geometries have been deposited as supplementary material (see footnote, page 
201), along with the energy values, It is noteworthy that there is no significant departure 
from three-fold symmetry. These two models were considered for the rest of the work 

and used to model the n.m.r. observations. 

Calculated uerms observed n.0.e.. -- By utilizing the method outlined in the 
Experimental section, n.0.e. values were calculated for comparison with values deter- 
mined experimentally. Calculations were performed for each individual model, and for 
an equiprobable mixture of conformers. These results are reported in Table IV. For 

each of the irradiated protons, identification of which hydrogen pairs present confor- 

mationally independent n.0.e. is quite straightforward. This is particularly useful for 
scaling the experimentally observed n.0.e. Among the protons, only irradiation of H-3 

leads to conforl~ationally iI~d~pendent effects. This is not surprising, as examination of 
the models indicates that this proton is remote from all of the conformationally sensitive 

protons of the molecule. Also, the H-3 protons only experience contributions from the 
H-l, H-2, H-4, and H-5 protons of the same residue. Similar n.0.e. values (upon 
irradiation of H-3) are calculated for the gg and the yl model. They exhibit little 
variation and reflect the subtle differences between the geometry and conformations of 
each model; they also provide some indication concerning the standard deviations. For 
this particular proton, there is a good agreement between observed and calculated 

values for each of the low-energy conformations. 
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The H-l-H-5 interactions appear to be very conformationally sensitive, as calcu- 

lated n.0.e. values for the gg and the gt model differ strongly. In the gt model, the H-5 

proton does indeed experience a direct contribution from the irradiated H-l hydrogens 

belonging to two consecutive glucose units, B and C, as shown in Fig. 1. The same effect 

is found for H- 1 when H-5 is irradiated, since both H- 1 A and H- 1 C are enhanced. None 

of these strong enhancements are calculated in the case of the gg model. AS for the 

H-6proR and H-6proS protons, all of the calculated values indicate a lack of strong 

enhancement. At this stage it must be stressed that none of the models taken separately 

can explain the observed n.0.e. values as the experimental values lie between those 

calculated from the gg and gt models. 

No satisfactory agreement between calculated and observed n.0.e. may be 

reached without considering an equimolar proportion of the yg and gt conformers. The 

choice of this ratio is dictated by the conclusions derived from molecular modelling 

concerning the sole occurrence of two low-energy conformers. along the with the 

interpretation of the iJH_5,,,_hproR and iJH_Z,H_hpri,S coupling constants. As may be seen from 

Table IV, the agreement between the calculated and the observed n.O.e.‘s of the 

conformationally sensitive protons is now very satisfactory. 

Desrription of the solution confomations. -- The final atomic coordinates corre- 

sponding to the two conformations (namely gg and gt) found in solution have been 

deposited*. Stereoscopic depictions (PITMOS”) of the yg conformation and of the gr 

conformation are given in Figs. 4a and 4b, respectively. For the sake of clarity the 

acetate groups are not shown. As the present results were obtained through a complete 

geometry-optimization and energy minimization, it would be meaningless to report 

such stereochemical features as intracyclic bond-lengths and bond-angles. In both 

conformers the conformation of the glucopyranose ring is “C,, whereas the secondary 

acetate groups are arranged in such a way that the carbonyl nearly eclipses the axial 

hydrogen atom at the corresponding ring-carbon atoms. There is no significant depar- 

ture away from the usual 4C, conformation. The stereochemical features occurring at 

the glycosidic linkages (@, Y, w, and t) have been deposited as supplementary material. 

There is no noticeable departure from three-fold symmetry in either conformation. In 

both conformers the acetate groups point away from the molecule and therefore they do 

not perturb the establishment of the conformations at the glycosidic linkages. 

For the gg conformation, the glycosidic torsion angles average @ = - 79.5”, Y = 

143..5’, and w = -64.3‘, respectively. The average value of the valence angle t is 113.5”. 

(These values should be compared with those derived from the crystal structure of 

gentiobiosej4 @ = -58.3’, Y = -156.3”. w = -61.5’-, and 5 = 113.3’). This 

conformation corresponds to an orientation of @ in agreement with the establishment 

of the exoanomeric effect. As for the yt conformation, the glycosidic torsion-angles 

average @ = - 137.7”, ‘v = 68.2”, and w = 45.6’, respectively. The averagevalue ofthe 

* The deposited materials may be obtained from Elsevier Science Publishers B.V., BBA Data Deposition. 

P.O. Box 1527, Amsterdam, The Netherlands. Reference should be made to No. BBA/DD:457,,Chrhoh~dr. 

Res., 211 (1991) 191-205. 
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99 

Fig. 5. Molecular representations showing the opposite curving displayed by the 99 (concave shape) and gr 
(convex shape) models. 

conclusion that two conformations occur equally in solution. However, quite a different 
conclusion would be reached had the conformer population been estimated from a 
Boltzmandistribution based onenergydifferences. In the MM2P-85 scheme, conformer 

gg has an energy of 102.3 kcal/mol, whereas conformer gr has an energy of 114.4 
kcal/mol. The strict application of Boltzman distribution would give a very small 

population to the yr conformer in a vacuum. Such a discrepancy could result from 

inadequate parameteri~ation of the energy calculations in MM2, It is clear that the 
existence of a stable conformation having @ about - 140“ (very different from the one 

predicted from the exoanomeric effect) is never experienced in crystal structures, and 
therefore may be missing in the set of observed data used in the parameterizations. 

Moreover, such a conformation is not considered stable in some of the semi-empirical 
quantum-mechanical treatments such as MNDO ~Modi~ed Neglect of Differential 

Orbitals), whereas it corresponds to a stable state according to such other methods as 
PCILO (Perturbative Configuration Interaction with Localized Orbitals) (1. Tvaroska 
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