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Highly accurate and precise crystal structures of methytarabinofuranoside, methyp-ribofuranoside,

methyl o-p-lyxofuranoside, and methyt-p-xylofuranoside have been determined at 100 K by X-ray
crystallography. The structures of methylp-arabinofuranoside and methgip-ribofuranoside have also

been determined at 15 K by neutron diffraction. Equilibriury) geometries of the same compounds were
computed by means of density functional methods using a variety of exchange-correlation functionals and a
sequence of basis sets. The validity of the computed results was assessed by several criteria including agreement
between computed and observed bond distances and bond angles, agreement between computed and observed
ring conformations, and basis set convergence of the computed geometrical parameters. Particular reference
was made to computed internal hydrogen bond parameters, which are especially sensitive to the quality of
the theoretical treatment. Because of the intrinsic sensitivity of the conformation of the five-membered ring

to bond lengths and bond angles, molecular mechanics and small basis set SCF treatments are wholly
inadequate. Local density functional theory also fails because of a tendency to strongly underestimate internal
hydrogen bond distances. When the B3LYP exchange-correlation functional is used, bond lengths and bond
angles agree with the neutron diffraction values to within their experimental uncertainty and the ring
conformation is qualitatively correct, as long as a basis set of at least dophls-polarization quality (such

as cc-pVDZ) is used. Further expansion of the basis set leads to more accurate equilibrium bond lengths and
bond angles but does not appreciably affect the ring conformation. For meethwrabinofuranoside, methyl
p-p-ribofuranoside, and methyd-p-xylofuranoside, there is very good correspondence between the best
computed and observed ring conformations, even though some intermolecular hydrogen bonds in the crystal
give way to internal hydrogen bonds in the predicted gas-phase structures. On the other hand, in the case of
methyla-p-lyxofuranoside, an O2H-04 internal hydrogen bond between the ring oxygen O4 and the hydroxyl
hydrogen of a ring carbon (O2H) in the computed structure leads to a very large change of ring conformation
from the northeast corner of the pseudorotation pathway £8°, crystal) to the southeast corn& £ 130,
computed).

Introduction among bond-length, bond-angle, and nonbonded strains. The
effect of exocyclic substituents on the conformational behavior
of the five-membered ring is thus far more complex than the
sugars: For example, changes in the conformation of ribose rglatively simple_ and easily p_redictable substituent effects on
and deoxyribose rings are associated with major structural SX-membered ring conformation.

alterations in RNA and DNA and can have a decided influence A systematic conformational study of the simplest furano-
on the biological functions of these macromolecules. The subject sides, the methyl pentofuranosides, can help to provide a clearer
of conformation of five-membered rings in general, and that understanding of the energetics of the five-membered ring and
of the furanosides in particular, is especially intriguing and important insights into the effects of exocyclic substituents on
has been studied by various experimental and theoreticalring conformation. The eight methg-pentofuranosides com-
approaches:® In contrast to the six-membered ring, in which prise a complete set of all eight combinations of substituent
bond lengths, bond angles, and dihedral angles can be main-configurations on the furanose ring. Until recently, all structural
tained at their minimum energy values in a well-defined “strain- data for the methyl pentofuranosides were limited to the crystal
free” chair conformation, the five-membered ring is strained in structure of a single member of this group, methyb-

all conformations. As a consequence, a five-membered ring suchlyxofuranoside, determined in 1968 by X-ray crystallography
as cyclopentane fluctuates among a large number of confor-at room temperatureThe X-ray crystallographic structure of
mational states, each of which represents an uneasy compromisenethyl -p-ribofuranoside, also at room temperature, was

- - - - recently reported as wéll.
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There is considerable interest in determining the conforma-
tional states of biologically important five-membered ring
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degree of sophistication (and the cost in computation time)
necessary to deal with the problem of furanoside ring conforma-
tion.

Experimental Section

Synthesis and Crystallization of the Methyl Furanosides.

methyl o-D-arabinofuranoside methyl B -D-ribofuranoside Methyl a-p-arabinofuranosidel] was synthesized according
HO o 0—cH HO o o—chH to the method of Ness and FletcHér.
" Methyl 5-p-ribofuranoside Z) was purchased from Sigma
w Chemicals, Inc. and used without further purification.
v o o o Methyl a-D-Iyxofura_moside 8) was synthesized according to
O] @) the general Pascu thioacetal proceddm-Lyxose was treated
with MeSH in HCI/ZnC} to yield p-lyxose methyl thioacetal,
methyl o-D-lyxofuranoside methyl o-D-xylofuranoside which was recrystallized from ethanal:lyxose methyl thio-
o o Pa— o o acetal was demethylthiolated by the action of HQO/Hg@I

O MeOH, forming3 in 85% yield (based on thioacetal).

A mixture of anomeric furanosides and pyranosides of
D-xylose was synthesized via Fischer methanolysis by allowing
HO @) OH HO @ oH 5 g of b-xylose to react with 20 mL of anhydrous methanol
Figure 1. Atom numbering and nomenclature of the four methyl Coma}mmg 20uL of SOCk for- 2 h atroo-m temperature. -The
p-pentofuranosides studied. reaction was st_opped by addition of sollql NaH{ éfter which _
the reaction mixture was concentrated in vacuo. The resulting

methyl B-p-ribofuranoside, methyl-p-lyxofuranoside, and syrup, rich in anomeric furanosides, was taken up in a sr_nall
methyla-D-xylofuranoside {, 2, 3, and4 in Figure 1) by means volume of water and separated on a_colur_nn of a basic ion-
of cryogenic X-ray and neutron crystallography. The availability €Xchange resin (Dowex & 2) as described in ref 16.

of these data and recent advances in density functional theory ~Compoundsl and 2 were crystallized from ethyl acetate;
have prompted us to apply quantum chemical methods to this cCOmpounds3 and4 were crystallized from acetonitrile.
problem. The highly accurate crystal structures provide reason- X-ray Crystallographic Structure Determination. A single
able starting coordinates for the calculations. Furthermore, Crystal protected by a thin film of oil was mounted on a glass
agreement between experimental and calculated values of “hardfiber and immediately introduced into a stream of liquid nitrogen
structural parameters, such as bond lengths and bond anglesyapor at a constant temperature of 103 K. In the cask tfis
provide an independengxtrinsicindex of the adequacy of the ~ Was essential since these crystals are unusually hygroscopic.
theory in addition tantrinsic verification based on convergence A Rigaku AFC5R diffractometer, equipped with a rotating
of successively higher levels of theory. molybdenum anode and a graphite monochromater Q.71073

Strictly speaking, nine internal coordinates are necessary toA) was used for data collection. Unit cell parameters were
describe the conformation of a five-membered ring. A good established and refined using the AFC5 softwdrk:ray data
approximation can be achieved with a single parameter, the so-were processed using the Xtal 3.2 packég€rystallographic
called pseudorotational phase aride As the five-membered ~ data are summarized in Table 1.
ring accomplishes a complete circuit of its conformational ~ Structures were solved with SHELXS-88AIl non-hydrogen
itinerary via all 20 “classical” envelope (E) and twist (T) atoms were found directly; hydrogen atoms were introduced
conformationsP varies from 0 to 368 This approximation is  according to appropriate peaks in the difference map or, in some
especially convenient for simple description and comparison cases, geometrically. Structures were refined with SHELXL-
of ring conformations. We have used the definition Bf 9220 Structure solution and refinement data are summarized in
according to Altona and Sundaralingam. Table 1.

In this paper, we investigate the suitability of density Neutron Diffraction Structure Determination. All neutron
functional theory (DFT) for predicting ring conformation of the  diffraction measurements were carried out in the same general
methyl pentofuranosides. It has long been recognized thatmanner. Again, a summary of the crystallographic data is
closure of the five-membered ring imposes extreme sensitivity reported in Table 1.
of the ring dihedral angles to small variations in “hard” A single crystal was mounted in a halocarbon grease on top
parameters such as bond lengths and bond angles. Thereforegf an aluminum pin and immediately sealed in an aluminum
only a theoretical treatment that can accurately predict bond container under a helium atmosphere. The container was placed
lengths and angles can be expected to succeed in predictingn a DISPLEX model CS-202 closed-cycle refrigerator (APD
correct ring conformation. As we will show, accurate treatment Cryogenics, Inc.). Following a preliminary examination at 240
of nonbonded interactions, particularly hydrogen bonding, also K, the crystal was cooled to 15:00.5 K, where the temperature
appears to be indispensable. It has been amply demonstratesvas maintained throughout the measurements, and monitored
(e.g., ref 10) that modern DFT methods, particularly hybrid with a Ge resistance thermometer.
methods such as B3LYP (Becke 3-paramétetee—Yang— Neutron diffraction data were measured on the four-circle
Parf?) that include “exact exchange” contributions, are quite diffractometer at beam port H6S of the High Flux Beam Reactor
successful at predicting “hard” structural parameters such as(HFBR) at Brookhaven National Laboratory. The neutron beam,
bond distances and angles. In addition, very recent evidénce monochromated by germanium (220) planes in transmission
suggests that these methods may also be quite suitable in thegeometry, had a wavelength of 1.15942(10) A as calibrated
treatment of hydrogen bonding. Here, we have investigated bothagainst KBr;ap = 6.6000 A at 298 K.
basis set convergence and the effect of using different forms of  Unit cell constants were determined from %ih values of
the exchange-correlation functional in order to evaluate the 14 and 16 Friedel pairs, respectively, fband2. Reflections
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TABLE 1: Summary of Essential Crystallographic Data

Evdokimov et al.

X-ray diffraction (103(2) K)

neutron diffraction (15.0(0.5) K)

compound 1 2 3 4 1 2
sSpace group P1 P212121 P212121 P21 P1 P212121
A 2 8 4 2 2 8
a(h) 12.2648(10) 4.7970(10) 4.6770(10) 6.2240(10) 12.248(6) 4.818(1)
b (A) 6.8312(10) 12.712(3) 10.356(2) 8.142(2) 6.811(2) 12.769(2)
c(A) 4.601(2) 24.023(5) 15.658(3) 7.4200(10) 4.578(1) 24.199(3)
o (deg) 89.60(3) 90 90 90 89.54(2) 90
S (deg) 100.63(3) 90 90 100.99(3) 100.59(2) 90
y (deg) 86.67(3) 90 90 90 86.35(2) 90
crystal size (mr) 0.004 0.00375 0.002 0.008 0.84 0.243
unique reflections 4019 3418 1690 1953 2014 2244
unique obs reflectiorts 3428 3190 1621 1889 1523 918
0 range 1.69-40.05 1.76-27.66 2.36-27.41 3.09-22.50 4.6-52.5 4.0-52.5
y) Mo Ka Mo Ka Mo Ka Ag Ka 1.15942(10) A 1.15942(10) A
R factor F¢?) 0.0630 0.0592 0.0273 0.046 0.116 0.22
R factof 0.0580 0.0487 0.0251 0.047 0.064 0.118
goodness of fit 1.053 1.128 1.094 1.122 94 1.5P

afF > 2¢(F) for X-ray, Fo? > 30(F¢? for neutron structure.With weightsw—! = ¢2 4+ (0.02F?)3.

Figure 2. Superimposed (least-squares fit of ring atoms) B3LYP/cc-pVDZ computed (white) and observed X-ray (black) structures of methyl

a-D-arabinofuranoside.

were scanned using—26 step scans. In the data collection,

model should be adequate at 15 K and was therefore applied to

counts were accumulated at each step for a preset monitor coun®. For 1, anisotropic off-diagonal terms for atom C4 in structure
of the incident beam, amounting to approximately 2.6 and 7.5 1l (Figure 2) were set to zero after its ADT became nonpositive
s duration respectively fdt and2. The step size was varied to  definite.

give 65-85 steps per scan in the caseloénd 60 steps per The final difference Fourier map had no residual positive or
scan for 2. Intensities of three reflections were monitored negative peaks with scattering density exceeding 4%.fand
throughout the experiment as a check on experimental stability, 8% for 2, of that at the largest carbon atom peak. The relatively
which proved to be excellent. high R(F¢?) andwR(F¢?) values obtained foR result from the

An azimuthal scan of a reflection near= 90° showed high proportion of very weak intensities.

maximum intensity variations of 1 and 3% respectively for
and 2, which were within the expected experimental errors.

Integrated intensitiesp, and variances;¥(lo), were derived

Computational Methods

The Hartree-Fock, MP2 (second-order MgllePlesset
from the scan profiles as previously descriBeHorentz factors theory), and density functional theory (DFT) calculations were
were applied, as well as an analytical absorption correéfion. carried out using the GAUSSIAN 94 pack&geunning on a
Averaging over symmetry-related reflections gave internal DEC Alpha 500/500 workstation and an SGI Origin 2000
agreement factors o of 0.025 and 0.055 respectively far ~ minisupercomputer at the Weizmann Institute of Science. The
and2. molecular mechanics calculations were carried out using
The structural model was refined againstRIvalues using SPARTAN® on the DEC Alpha 500/500.
UPALS 2 The scale factor was varied together with positional ~ The following exchange-correlation functionals were con-
and anisotropic displacement parameters for the 46 atomssidered: (a) LDA (local density approximation), which is a
comprising the two molecules in the asymmetric unit. Attempts combination of the Slater exchange functidhahd the Voske-
to include an extinction correction indicated that this was not Wilk —Nusaif® correlation functional; (b) BLYP (BeckeLee—
significant, and therefore it was omitted. Fara number of Yang—Parr), which is a combination of the Becke (1988)
atomic displacement tensors (ADT) became nonpositive definite gradient-corrected exchange functional with the +¥ang—
with the introduction of anisotropic displacement parameters. Parr (LYP)2 correlation functional; (c) BP86 (Beckd*erdew
Examination of the individual tensor components revealed that 1986), in which the aforementioned nonlocal exchange func-
this behavior was caused by the presence of negative valuedional is combined with Perdew’s 1986 correlation functioifal;
insignificantly different from zero; in any event, the isotropic (d) the popular B3LYP (Becke 3-parametdree—Yang—Parr)
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TABLE 2: Computed and Observed Structural Parameters (A, deg) for Methyl a-p-Arabinofuranoside Structure 12
MM3 HF/4-21G HF/cc-pvDZ B3LYP/4-21G B3LYP/cc-pvVDZ exptl X-ry  exptl neutrof

r(C1-C2) 1.549 1.527 1.538 1.555 1.548 1.544 1.547
r(C2—C3) 1.533 1.538 1.524 1.543 1.536 1.526 1.541
r(C3—C4) 1.525 1.549 1.525 1.539 1.537 1.531 1.535
r(C4—04) 1.427 1.472 1.414 1.492 1.440 1.431 1.440
r(04-C1) 1.432 1.436 1.403 1.475 1.431 1.432 1.430
r(C1-01) 1.420 1.422 1.378 1.432 1.400 1.401 1.398
o(C1,C2,C3) 103.8 100.8 103.5 103.9 103.8 104.0 103.4
o(C2,C3,C4) 100.9 103.6 102.1 104.2 103.0 102.5 102.5
(C3,C4,04) 103.0 105.1 102.7 102.1 103.2 103.0 103.4
o(C4,04,C1) 106.5 109.3 108.8 105.7 107.4 107.2 106.5
(04,C1,C2) 106.0 104.6 106.5 106.9 107.0 106.3 107.3
r(O5H:+-04) 2.442 2.298 2.398 2.094 2.298 2.927 2.963
7(C1,C2,C3,C4) 260  —357 24.4 22.2 20.7 22.4 21.3
7(C2,C3,C4,04) —425 19.1 -38.7 —38.8 —-36.8 -38.6 -38.1
7(C3,C4,04,C1) 436 6.5 39.6 41.0 39.8 41.0 41.2
7(C4,04,C1,C2) —26.1 -30.0 —236 —27.3 —26.5 —26.4 -27.3
7(04,C1,C2,C3)  -15 405 2.2 2.5 2.2 1.0 2.4

P 54.11 152.20 52.99 58.00 58.80 57.17 59.03

a|n this and subsequent tablesiepresents a bond distance inda bond angle in deg, anda torsion angle in ded is the pseudorotation
angle (in deg) as defined in ref 1 Averaged estimated standard deviation (AESD): 0.0037 A on bond distancesnOtidnd angles: AESD:
0.009 A on bond distances, 0.6n bond angles.

functional, in which Becke’s hybrid local/nonlocal/Hartree  internal coordinate®! In those cases where a lower-level method
Fock exchange functiondlis combined with the LYP correla-  yielded a conformation significantly different from that of a

tion functional; (e) BAPW91 (Becke 3-paramet®&erdew- higher-level method, a higher-level optimization was performed
Wang 1991), in which the newer PerdeWang (1991) from that geometry to rule out convergence to different local
exchange functiondl is substituted for LYP. minima or starting point bias. Harmonic frequency calculations

The excellent performance of B3LYP for such varied proper- were also carried out at some of the lower levels of theory in
ties as geometries, harmonic frequenéfe&,onization poten- order to confirm that the optimized structures obtained were
tials and electron affinitie¥®® molecular charge distributiort§, true local minima.

electrostatic potentiaf$, and reactivity indice® such as the
Fukui function has previously been demonstrated. For our Results and Discussion
purposes, it is particularly noteworthy that B3LYP vyields ) ) ) )
qualitatively correct geometries even in problematic cases. For 1. Methyl a-p-Arabinofuranoside. The crystallographic unit
instance, structures for carbon clusters obtained using elaboratéell contains two distinct structures (labeleand Il) which
conventional ab initio method&were correctly reproduced by  differ mainly by the rotation angle around the €33 bond
B3LYP37 but not by BP86# (In addition, similar conclusions ~ but are otherwise quite similar (Figure 2).
appear to hold for proton-bound diméfs Since there is some All relevant geometry data for structureandll can be found
evidencé® that the B3PW91 method is somewhat more suitable in Tables 2 and 3, respectively.
for the calculation of charge distributions than B3LYP, par-  The X-ray and neutron data for structuregree to within
ticularly in strongly polar systems, we consider this functional their combined standard uncertainties and show pseudorotation
here since the systems under study contain strongly polar bondsangles of 57.2 and 5% 0respectively. All computed structures
Comparison between B3LYP and BLYP on one hand and considered give values close to these values, except for HF/4-
BLYP (or BP86) and LDA on the other hand, permits assess- 21G, which at 152 2represents a completely different structure.
ment of the importance of “exact exchange” effects and of The MM3 bond distances are very close to the observed values,
nonlocal corrections, respectively, while a comparison between as are, to a lesser extent, the bond angles. While the agreement
B3LYP and standard Hartred-ock calculations permits as- for the bond angles is also fairly good for the B3LYP/4-21G
sessment of the importance of electron correlation. level, bond distances, particularly those involving oxygen, are
The following three basis sets were considered: (a) the cc-too long by 0.04-0.06 A. This problem is remedied by enlarging
pVDZ (correlation consistent polarized valence doubjli®asis the basis set to cc-pVDZ, at which level the computed geometry
set of Dunning® which is a [3s2p1d/2s1p] contraction of a (particularly for the bond distances) agrees surprisingly well
(9s4pld/4sip) primitive set; (b) the 4-21G(*) basis set ob- with the neutron values; in fact, they are within the standard
tained by augmenting the standard 4-21G basi4'sehich is deviation of the experimental values for most parameters.
a [3s2p/2s] contraction of a (7s3p/3s) primitive set with d-type Considering that the neutron values were measured at 15 K and
polarization functions on the oxygen atoms, using the same should be larger than trug distances by about 0.01 A (in fact,
d-exponents as in the cc-pVDZ basis set; (c) the Dunning they should be close g distance®), some error compensation
cc-pVTZ (correlation consistent valence trigdebasis s with undoubtedly exists between neglect of the- r. difference
the d functions on hydrogen and the f functions on first-row (proper account for which would require at least third derivatives
atoms deleted. This basis set, which is a [4s3p2d/3s2p] of the energy) and the effect of basis set incompleteness, which
contraction of a (10s5p2d/5s3p) primitive set, will be denoted is expected to make the B3LYP/cc-pVDZ bond distances too

TZ2P (for triple< plus two polarization) in this work. long by a similar amouni® All the computed structures exhibit
In addition, we evaluated structures obtained using the MM3 an O5H--O4 internal hydrogen bond between the ring oxygen
molecular mechanics force field. (O4) and the hydroxyl hydrogen (O5H) of the exocyclic carbon

Optimizations were started off from the experimental geom- C5, which is absent in the experimental structures. It is
etries and carried out using the Schlegel algorffimredundant noteworthy that this interaction does not affect the ring
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TABLE 3: Computed and Observed Structural Parameters (A, deg) for Methyl a-p-Arabinofuranoside Structure |I
MM3 HF/4-21G HF/cc-pvDZ B3LYP/4-21G B3LYP/cc-pvDZ exptl X-ray  exptl neutrof

r(C1-C2) 1.548 1.527 1.536 1.553 1.546 1.542 1.534
r(C2—C3) 1.533 1.538 1.526 1.541 1.538 1.535 1.533
r(C3—C4) 1.524 1.549 1.519 1.528 1.527 1.526 1.534
r(C4-04) 1.428 1.472 1.416 1.494 1.442 1.428 1.427
r(04-C1) 1.432 1.436 1.401 1.476 1.429 1.429 1.433
r(C1-01) 1.420 1.422 1.378 1.430 1.400 1.397 1.396
o(C1,C2,C3) 104.1 100.8 103.6 103.9 103.8 104.1 103.9
o(C2,C3,C4) 101.3 103.6 102.3 103.9 103.1 102.2 102.1
(C3,C4,04) 103.2 105.1 102.9 102.1 103.2 104.1 104.1
o(C4,04,C1) 106.6 109.3 109.6 107.3 108.4 106.5 105.9
2(04,C1,C2) 105.9 104.6 106.4 106.6 106.8 106.7 107.4
r(O5H-+-04) 2.351 2.298 2.375 2.082 2.285 3.005 3.020
7(C1,C2,C3,C4) 241 357 25.1 27.8 22.9 19.5 19.9
7(C2,C3,C4,04) —41.0 19.1 —37.7 —39.6 ~36.8 —36.9 375
7(C3,C4,04,C1) 432 6.6 375 37.0 37.7 412 412
7(C4,04,C1,C2) —27.0 -30.0 —21.1 -19.7 —22.9 —28.2 —28.2
7(04,C1,C2,C3) 0.3 40.5 4.1 —5.4 -1.3 4.0 3.7

P 56.39 152.19 50.01 46.79 53.68 61.49 61.03

a Averaged estimated standard deviation (AESD): 0.0037 A on bond distancesndnd angles AESD: 0.010 A on bond distances, 0.6
on bond angles.

Figure 3. Superimposed (least-squares fit of ring atoms) B3LYP/cc-pVDZ computed (white) and observed X-ray (black) structures of methyl
[-D-ribofuranoside.

conformation at all, contrary to the case for metfiyb- latter has an additional O5HO4 hydrogen bond, which directly
ribofuranoside, where a similar interaction has a small but involves one of the ring atoms. As we will see below, this has
significant effect on the ring (see below). profound consequences for the sensitivity of the computed

Interestingly, while a basis of at least DZP quality appears structure to the level of theory.
to be required at the SCF level for a correct structure, the 4-21G  The most conspicuous feature about the computed geometries
basis set appears to be sufficient at the B3LYP level. for Il is the wild variation of the pseudorotation angle with the

At the B3LYP/cc-pVDZ level, structurk is more stable than level of theory. For instance, within the cc-pVDZ basis $et,
structurel by 1.21 kcal/mol, having a O3+02 interaction varies from—51.2, using the local density approximation, via
(3.08 A) that is absent in structute —43.6, for the BP86 functional, te-16.4, for BLYP, —14.5,

The computed ring conformation displays somewhat greater for B3LYP, and —15.5, for B3PW91. Within the B3LYP
sensitivity to the level of theory. Otherwise, most of the trends functional, it varies from-58.8, with the 4-21G basis set, via
seen for structuré are observed here; agreement between the —77.2, with the 4-21G(*) basis set, te-14.5, with the cc-
B3LYP/cc-pVDZ and the neutron structure is equally satisfying. pVDZ basis set. Since it appeared by no means certain that the

2. Methyl g-p-Ribofuranoside. The crystallographic asym-  latter value was converged with respect to the basis set, we

metric unit contains two distinct structures, labeleahdIl in reoptimized structures and |l in a still larger (TZ2P) basis
Figure 3. The relevant computed and experimental data areset. These calculations took a solid 2 weeks each on the SGI
presented in Tables 4 and 5, respectively. Origin 2000 of the faculty of chemistry. Eventually, this led to

With the notable exception of(C1-01), the X-ray and a geometry for structurll that quantitatively differs from its
neutron data for structuré agree to within the combined B3LYP/cc-pVDZ counterpart in a manner consistent with
uncertainties. In structurk, we find additional discrepancies experience (particularly, the shortening of bond distances as the
for r(C2—C3) andr(C3—C4). basis set is extended) but thabalitatively yields the same

Upon optimization at the B3LYP/cc-pVDZ level starting from conformation,P = —11.8.
the two X-ray structures, we obtain the two structures depicted These variations are very strongly correlated with quite drastic
in Figure 3. changes in the internal hydrogen bond distances. In particular,

Both calculated structures exhibit an internal hydrogen bond the O5H--04 distance changes from 1.92 A, at the B3LYP/4-
O3H---02; the crucial difference betweenandll is that the 21G level, over 2.35 A, at the B3LYP/cc-pVDZ level, to 2.44
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TABLE 4: Computed and Observed Structural Parameters (A, deg) for Methyl -p-Ribofuranoside Structure |

HF/ HF/ MP2/ B3LYP/ B3LYP/ B3PW91/ B3LYP/ exptl exptl

MM3 4-21G  cc-pvDZ  cc-pvDZ 4-21G cc-pvDZz cc-pvDz TZ2P X-ray? neutrort
r(C1-C2) 1.532 1.521 1.521 1.525 1.529 1.530 1.526 1.528 1.506 1.518
r(C2—C3) 1.519 1.529 1.525 1.532 1.544 1.537 1.532 1.534 1.523 1.540
r(C3—C4) 1.529 1.541 1.534 1.545 1.553 1.545 1.540 1.541 1515 1.530
r(C4—04) 1.431 1.460 1.418 1.442 1.489 1.442 1.434 1.442 1.444 1.443
r(04—C1) 1.431 1.427 1.398 1.411 1.453 1.415 1.409 1.416 1.407 1.405
r(C1-01) 1.420 1.417 1.385 1.409 1.448 1.409 1.404 1.409 1.405 1.433
a(C1,C2,C3) 101.5 101.5 100.9 100.2 101.6 101.4 101.2 101.5 100.8 101.0
a(C2,C3,C4) 101.7 101.7 101.7 101.4 101.6 101.7 101.6 102.1 103.9 103.4
o(C3,C4,04) 105.1 104.6 105.5 106.9 105.9 106.1 106.2 105.8 106.3 106.2
o(C4,04,C1) 109.9 110.4 111.5 108.6 108.4 110.4 110.3 110.6 109.1 110.2
o(04,C1,C2) 106.5 105.6 105.9 105.8 106.4 106.4 106.4 106.4 106.4 106.4
r(O5H---04) 3.740 3.767 3.731 3.737 3.819 3.776 3.769 3.788 3.582 3.749
r(O3H--02) 2.035 2.094 2.195 2.110 1.979 2.108 2.090 2.160 2.575 2.534
7(C1,C2,C3,C4) 37.7 39.3 36.5 37.0 38.9 36.1 36.3 35.7 325 32.2
7(C2,C3,C4,04) —350 —304 —27.3 —22.9 —28.8 —27.4 —27.1 —27.3 —18.4 —19.3
7(C3,C4,04,C1) 17.7 9.1 6.1 —2.2 6.8 6.8 6.0 7.2 —4.5 —2.8
7(C4,04,C1,C2) 6.8 16.4 18.1 27.0 18.6 17.1 18.2 16.3 26.3 24.4
7(04,C1,C2,C3) —284 —35.0 —34.4 —40.5 —36.3 —33.7 —34.5 —32.8 —36.5 —35.1
P 8.56 —5.60 —9.67 —22.34 —9.13 —8.49 —9.91 —7.55 —25.99  —23.45

a Averaged estimated standard deviation (AESD): 0.003 A on bond distancesroddnd angles? AESD: 0.012 A on bond distances, 0.7
on bond angles.

TABLE 5: Computed and Observed Structural Parameters (A, deg) for Methyl -p-Ribofuranoside Structure I

HF/ HF/ MP2/  B3LYP/ B3LYP/ B3LYP/ B3LYP/ exptl exptl LDA/ BLYP/  BP86/ B3PW9l/
MM3 4-21G cc-pVDZ cc-pVDZ 4-21G 4-21G(*) cc-pVDZ TZ2P X-ray? neutro® cc-pVDZ cc-pVDZ cc-pVDZ cc-pVDZ

r(C1-C2) 1532 1520 1521 1.525 1.527 1.538 1.530 1528 1.527 1.520 1.505 1.542 1.528 1.525
r(C2—C3) 1519 1533 1527 1.536 1.575 1.587 1.540 1536 1.511 1.539 1.542 1.555 1.557 1.535
r(C3—C4) 1528 1.538 1.533 1.544 1.556 1.554 1.544 1539 1516 1.539 1.538 1.557 1.559 1.539
r(C4—04) 1.432 1.470 1.425 1.452 1.503 1.475 1.451 1.450 1.435 1.453 1.453 1.473 1.479 1.443
r(04—C1) 1432 1.428 1.394 1.414 1.459 1.439 1.418 1419 1432 1.441 1.422 1.437 1.440 1.412
r(C1-01) 1420 1.415 1.383 1.407 1.439 1421 1.407 1406 1.384 1.413 1.378 1.426 1.411 1.401

o(C1,C2,C3) 101.5 1019 101.2 100.7 104.0 104.2 101.7 101.8 101.6 102.1
a(C2,C3,C4) 1015 1019 1017 101.7 103.7 103.5 102.0 102.3 1024 101.4
o(C3,C4,04) 1055 1049 1055 107.0 106.6 106.5 106.3 106.0 106.4 106.0
o(C4,04,C1) 109.6 1103 1114 108.4 106.3 106.8 110.3 110.5 109.8 110.1 106.1 109.8 107.4 110.1
a(04,C1,C2) 106.6 105.2  105.7 105.2 104.4  105.7 106.0 106.0 104.6 104.6 101.6 106.0 103.0 105.9
r(O5H:+-04) 2,403 2273  2.420 2.256 1.917 1.967 2.351 2439 3.288 3.389 1.931 2.351 2.203 2.330
r(O3H:--02) 2.037 2.074 2.190 2.085 1.808 1.868 2.091 2.153 3.262 3.398

102.2 102.0 102.2 101.5
101.7 102.2 102.2 101.8
106.5 106.5 106.6 106.4

1.870 2.079 2.024 2.074
7(C1,C2,C3,C4) 37.6 38.6 36.5 35.9 20.2 8.3 35.2 35.3 37.5 38.0 29.2 34.5 31.1 35.5
7(C2,C3,C4,04)—34.8 —27.9 —-269 —19.9 2.3 135 -244 —-254 -266 —-265 -36 —231 —9.1 243
7(C3,C4,04,Cl) 17.4 5.9 55 -58 —-254 323 2.9 4.5 4.1 40 —254 16 —18.2 2.3
7(C4,04,C1,C2) 7.3 19.1 18.7 29.7 38.7 37.9 20.3 18.7 20.1

20.7 44.4 21.1 38.6 21.2
7(04,C1,C2,C3)—28.7 —36.1 —-34.7 —-41.3 —-364 —-280 —349 —-339 —-359 -36.7 —-456 —-350 —433 357
p

7.96 —10.25 —10.55 —27.24 —-58.84 —77.16 —14.46 —11.82 —12.40 —12.96 —51.16 —16.45 —43.56 —15.45

a Averaged estimated standard deviation (AESD): 0.003 A on bond distancesroddnd angles? AESD: 0.012 A on bond distances, 0.7
on bond angles.

A, at the B3LYP/TZ2P level, a change of more than one-half in the predicted geometry foll, we have investigated the
of an angstim! As a matter of fact, the B3LYP/4-21G value is  performance of the levels of theory used in the present study
so “uncomfortably” short that it forces the whole structure to for the water dimer, perhaps the most extensively investigated
distort (Figure 4), leading to the dramatic change observed in prototype hydrogen-bonded system in the literature. Theoretical
P. studies of this system have been reviewed by Schémesry

The changes in the O3HO2 hydrogen bond distance, while ~ recently, Handy and co-workéfzomputed a complete potential
not as spectacular, are still quite large, from 1.81 A, at the surface for the water dimer using an adaptation of the B3PW91
B3LYP/4-21G level, over 2.09 A, at the B3LYP/cc-pVDZ level, functional in conjunction with the cc-pVTZ basis set. Some
to 2.15 A, at the B3LYP/TZ2P level. Since these changes do recent ab initio calibration studies of this system can be found
not directly involve a ring atom, however, their impact on the in refs 47 and 48.
overall shape of the molecule is not as dramatic. This conclusion
is borne out by comparison with structurewhich has only an

O3H:--02 hydrogen bond but not its O5H04 counterpart. interaction energy was computed both with and without the

While the variation in the O3H-O2 bond distance is almost  counterpoise (CP) correctidfA.The results are presented in
as strong as that for structute (from 1.98 A at the B3LYP/ Table 6.

4-21G level to 2.16 A at the B3LYP/TZ2P level), the pseu-
dorotation angle® varies by less than®2

Because of the well-known importance of basis set superposi-
tion error (BSSE) for weak molecular interactiofisthe

The most accurate estimates for the water dimer interaction

energy are 5.4k 0.7 kcal/mol experimentalfy and 5.0+ 0.1
2.1. A Brief Digression: The Water Dimer as a Model kcal/mol from an exhaustive ab initio convergence study by

System for Hydrogen Bonding. Since the quality of the Halkier et al*® using coupled cluster methods and basis sets
treatment of hydrogen bonds appears to be such a crucial factowith as many as 574 basis functions. With the largest basis set
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B3LYP/4-21G B3LYP/TZ2P

Figure 4. Comparison of X-ray (black) and computed (white) structures of methykibofuranoside Il at the B3LYP/4-21G and B3LYP/TZ2P
levels of theory.

TABLE 6: Performance of the Methods Used in This Work between structures and Il of methyl g-p-ribofuranoside is
for the Geometry (A) and Binding Energy (kcal/mol) of the calculated as 6.86 kcal/mol at the B3LYP/4-21G level, compared
Water Dimer to 2.49 kcal/mol at the B3LYP/TZ2P level.
AEwith- Halkier et al*® found that the use of (diffuse-function)
AE counterpoise “augmented” basis sets such as aug-cc-p¥its BSSE by

uncorrected correction r(O--H) r(0-+0) as much as an order of magnitude at the SCF level. Indeed, we
HF/4-21G 10.6 6.0 1.846  2.818 arrive at the same conclusion at the B3LYP level; with the aug-
H';/gfc‘g_\éeéz ?-Zg g-gg i-gig g-ggg cc-pVDZ basis set (which is the same size as TZ2P), the
B3LYP/4-21G 140 6.2 1768 2765 uncorrected and (_:orrected_ interaction energies are 4.68 and 4.53
B3LYP/cc-pVDZ 8.27 4.31 1909 2.883 kcal/mol, respectively, a difference that narrows to 4.57 vs 4.56
LDA/cc-pVDZ 13.8 7.0 1.822 2543 kcal/mol with the aug-cc-pVTZ basis set. The geometrical
BLYP/cc-pvVDZ 8.67 3.70 1922 2.899 parameters at the B3LYP/aug-cc-pVDZ lewgD---H) = 1.95
Egg\?\’/%cl'/%\fé oz g-ég g-gi i-gig g-gg A and r(O---0) = 2.91 A, agree to better than two decimal
B3LYP/T29n. i Ae6 Lom 5905  blaces with the B3LYP/TZ2P geometry.
B3LYP/cc-pVTZ 6.08 4.49 1948 20911 Finally, Halkier et al. found that the MP2 basis set limit for
B3LYP/AVDZ 4.68 4.53 1.947 2,910 the dimer interaction parameters (binding energy, intermonomer
B3LYP/AVTZ 4.57 4.56 1.954 2,917 geometric parameters) was quite close to the CCSD(T) basis
MPZ/AVQZ® 504 4.80 2.895 set limit, even though the MP2 basis set limit for the monomer
gggggg;ﬁ¥522w g:é(la j:gg 1943 2895 geometry and total atomization energies is significantly different
MP2/AV5Z (a)® 4.98 4.85 from the exact result.
CCSD(T)/V5Z (a)48  5.08 4.83 2.2. Methyl p-p-Ribofuranoside (Continued). From this
exptpL52 54+0.7 5.4+07 2.946 digression, we conclude that the lowest adequate level of theory
refta 5.0+£01 5.0+£01 2.90 for predicting the ring conformation (and related structural

features) of the furanosides will be B3LYP/cc-pvVDZ. The
formidable extra computational cost of B3LYP/TZ2P would be

used for the furanoside (TZ2P), the uncorrected and CP- required only if quantitative accuracy in the computgtiond
corrected interaction energies, 6.14 and 4.56 kcal/mol, respec-distances (particularly for the internal hydrogen bonds) were
tively, fairly tightly bracket the experimental value. The-@ of the utmost importance.

and O--O distances at that level are 1.95 and 2.91 A, The calculated bond distances at both the B3LYP/cc-pVDZ
respectively. The latter is about 0.04 A shorter than the andthe B3LYP/TZ2P levels agree well with the neutron results,
experimental valu® of 2.946 A. However, Halkier et df with two exceptions:r(C1-01) in structurd andr(O4—C1)
persuasively argue that this latter value should be revised in structurel, for which the discrepancies are somewhat outside
downward to 2.90 A, since a discrepancy of 0.05 A with the the experimental uncertainty. For such comparisons, then, the
true structure is almost an order of magnitude larger than could smaller basis set is quite adequate and certainly more economi-
reasonably be expected for tHé€ibest calculations. cal.

At the B3LYP/cc-pVDZ level, the uncorrected and CP- As previously seen by Handy and co-workéifer the water
corrected interaction energies are 8.27 and 4.31 kcal/mol, dimer, the LDA exchange-correlation functional is wholly
respectively. The increase in BSSE with this basis set somewhatinadequate for systems with hydrogen bonds. Interestingly, the
shortens the ©-H and O--O distances to 1.91 and 2.88 A, computed hydrogen bond distances in structiir@re quite
respectively. However, with the 4-21G basis set, dramatic different between the BLYP and BP86 functional, and also differ
shortenings to 1.77 and 2.77 A are observed, together with anmildly between B3LYP and B3PW91, suggesting a fairly strong
unrealistically large uncorrected interaction energy of 14.0 kcal/ dependence on nonlocal corrections to the correlation part of
mol. (The CP-corrected value, 6.2 kcal/mol, is still too high the functional.
but at least in the right range.) This exaggerated hydrogen bond As we have mentioned above, structures adequately
strength is consistent with the fact that the energy difference predicted even at the B3LYP/4-21G level of theory. We

a Exhaustive ab initio calibration study.
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TABLE 7: Computed and Observed Structural Parameters (A, deg) for Methyl a-b-Lyxofuranoside

MM3  HF/4-21G HF/cc-pvDZ MP2/cc-pVDZ

B3LYP/4-21G B3LYP/cc-pVDZ exptl X-Pay B3PW91/cc-pVDZ

r(C1-C2) 1.540 1513 1531 1.519 1521 1.523 1.540 1.519
r(C2—C3) 1.530 1.533 1.556 1.545 1.557 1.550 1.541 1.545
r(C3—C4) 1.526 1.549 1.535 1.564 1572 1.567 1.527 1.562
r(C4—04) 1.428 1.457 1.413 1.452 1.508 1.452 1.463 1.445
r(04—C1) 1.429 1.429 1.389 1421 1.470 1.420 1.454 1.413
r(C1-01) 1.420 1.419 1.384 1.400 1.432 1.402 1411 1.397
o(C1,C2,C3) 104.6 101.4 103.2 100.9 102.6 101.8 103.3 101.7
o(C2,C3,C4) 102.1 103.0 103.3 101.8 102.4 102.4 99.7 102.2
0(C3,C4,04) 103.4 104.3 104.6 106.4 105.7 106.1 102.7 106.2
0o(C4,04,C1) 106.7 110.9 107.4 105.7 104.8 107.6 109.0 107.2
0(04,C1,C2) 105.7 105.5 105.5 102.6 101.6 103.3 105.2 103.1
r(O2H:--03) 2.027 2.109 2.316 3.008 2.979 3.014 3.451 2.990
r(O2H---04) 3.162 3.498 2.949 2.272 2.217 2.419 4.137 2.373
r(O3H:--02) 2.551 3.341 2.433 2.023 1.892 2.028 2.789 2.003
7(C1,C2,C3,C4) 19.4 —-36.9 0.3 —30.2 —30.0 —28.1 39.0 —28.0
7(C2,C3,C4,04) —37.5 254 —22.9 4.9 3.4 51 —43.8 4.4
7(C3,C4,04,C1) 427 3.2 39.9 24.6 25.7 22.3 33.0 23.5
7(C4,04,C1,C2) —29.7 —20.9 —39.9 —44.9 —45.1 —41.2 —7.7 —42.3
7(04,C1,C2,C3) 4.9 35.8 23.0 46.7 46.7 42.8 —20.4 43.4

P 62.53  166.08 89.62 129.82 128.95 130.58 28.13 129.45

a Averaged estimated standard deviation (AESD): 0.0015 A on bond distancesinObbnd angles.

Figure 5. Superimposed (least-squares fit of ring atoms) B3LYP/cc-
pVDZ computed (white) and observed X-ray (black) structures of
methyl a-p-lyxofuranoside.

attributed this to the absence of an internal hydrogen bond
involving the ring oxygen O4, thereby obviating the necessity
of accurate treatment of hydrogen bonds. It is noteworthy that
the predicted ring conformation for structudeandll is nearly

the sameR differs by only approximately 9, althoughll has

an internal O5H-04 bond that lacks. In this case, it is only

guasiequatorial position. (In the crystal, O4 is involved in an
external hydrogen bond with HO3 of the adjacent molecule.)
This forces the entire ring to adopt a completely different
conformation, which explains the startling difference of 103
between the pseudorotation anglBsand the rather large
discrepancies between predicted and observed X-ray bond
distances, e.g., the discrepancyr{€3—C4) being 0.04 A.

The B3PW91/cc-pVDZ structure is quite close to its B3LYP
counterpart. Compared to B3LYP/cc-pVDZ, B3LYP/4-21G
shortens O3H-02 and O2H--O4 by 0.14 and 0.20 A,
respectively; despite thi® only changes by-1.6°. At the HF/
4-21G level, however, the change by +35.5 (relative to
B3LYP/cc-pVDZ) represents a qualitative change in the geom-
etry; in this case, it consists of the complete absence of the
O2H:---04 and O3H:--O2 hydrogen bonds, with there instead
being a somewhat unrealistically short 02403 bond. To rule
out the existence of two distinct local minima, this geometry
was reoptimized at the B3LYP/cc-pVDZ level, which led back
to the structure with the O2+04 bond. This serves as an
illustration of the pitfalls of using a low-level “ab initio” method
like HF/4-21G for structures of flexible biomolecules.

Using a larger cc-pVDZ basis set at the SCF level affécts
dramatically, but the computed value still differs quite substan-

inaccurate overestimates of the H-bond contribution that causetially from the B3LYP/cc-pVDZ and B3PW91/cc-pVDZ resullts.

a false distortion of the ring in low-level predictions of structure
Il.

Given the excellent performance of the MP2 method for the
water dimer, we have also considered MP2/cc-pVDZ structures
for the two ribofuranoside structures. Despite an approximately
4-fold increase in CPU time over the B3LYP/cc-pVDZ opti-
mizations, the MP2/cc-pVDZ results on the whole do not
suggest a great improvement over the former.

3. Methyl a-b-Lyxofuranoside. All relevant data have been
given in Table 7. In this case, the crystallographic asymmetric
unit only contains one unique structure (Figure 5).

The latter two are essentially the same as the MP2/cc-pvVDZ
result, obtained at substantially greater cost in CPU time.
Finally, the MM3 structure does predict the existence of ©O3H
02 but together with a short OH203 bond rather than the
OH2:--0O4 and ends up being quite different from both the
B3LYP/cc-pVDZ and the X-ray structures.
4. Methyl a-p-Xylofuranoside. Relevant results are given
in Table 8, while computed and observed structure are compared
in Figure 6.

Since no internal hydrogen bonds are present in either the

With the B3LYP and B3PW91 exchange-correlation func- computed ggs-phase or the obser\(ed crystgl structures, it comes
tionals, the computed structure exhibits two internal hydrogen &S N0 surprise that the conformation predicted at the B3LYP/
bonds: one, O3H-02, involving exocyclic groups only and cc-pVDZ level is almost identical to the X-ray _result. Differ-
the other, O2H-04, directly involving the ring oxygen. To  ences between computed and observed bond distances and bond
bring O2H sufficiently close to O4 to permit this hydrogen bond angles display similar trends as noted for the other compounds.
(even at the elongated distance of 2.42 A), the O2H group must While MM3 does yield a rather good geometry, its pseu-
be in a quasiaxial position, while in the crystal, it is in a dorotation angle® is still off by about 15.



752 J. Phys. Chem. A, Vol. 103, No. 6, 1999 Evdokimov et al.

TABLE 8: Computed and Observed Structural Parameters addition, B3LYP/cc-pVDZ computed structural parameters by
(A, deg) for Methyl o-p-Xylofuranoside and large agree with low-temperature neutron diffraction data
MM3 B3LYP/cc-pvDZ X-ray? to within their experimental uncertainty. Further expansion of
r(C1-C2) 1523 1533 1526 the basis set will lead to more accurate equ_ilibriu_m bon_d I(e_ngths
r(C2—C3) 1.528 1.547 1.526 and bond angles, but such improvement is neither significant
r(C3-C4) 1.547 1.557 1.547 compared to the experimental uncertainties in neutron diffraction
r(C4-04) 1.437 1.446 1.451 structures nor is it important for accurate prediction of ring
r(04-Cl) 1424 1.409 1421 conformation of five-membered ring systems. MP2/cc-pVDZ
ggg%gggi; 183:9 ig%;g 182:2 yields results comparable to those from B3LYP/cc-pVDZ at
o(C3,C4,04) 106.9 106.5 105.3 much greater computational cost. In short, B3LYP/cc-pvVDZ
o(C4,04,C1) 108.8 110.2 110.1 appears to represent the best compromise between accuracy and
a(04,C1,C2) 104.0 106.3 104.0 computational cost.
7(C1,C2,C3,C4)  —31.1 317 —37.2 It is worth noting that the B3LYP/cc-pVDZ optimizations
7(C2,C3,C4,04) 12.5 18.4 21.6 reported took, on average, about 2 days CPU time each on a
7(C3,C4,04,C1) 12.8 4.0 4.2 . .
7(C4,04,C1.C2) 332 254 284 DEC Alpha 500/500 workstation. For comparison, the neutron
7(04,C1,C2,C3) 39.9 35.7 40.8 diffraction data collection for a fairly large crystal of methyl
P 142.50 154.39 155.68 o-D-arabinofuranoside took approximately 2.5 weeks at HFBR.
a Averaged estimated standard deviation (AESD): 0.0015 A on bond For equivalent accuracy, neuFron diﬁraption data collection times
distances, 0°lon bond angles. would scale approximately linearly with the number of atoms

N, while in our experience, B3LYP/cc-pVDZ computation times
in this size range scale approximatelyN#$®. Recent advances

in ab initio methods for large systems however open up the
prospect of essentially linear scaling with In addition, the
ongoing improvements in CPU performance of workstation-
class computers will further reduce the premultiplie™NobfOn

the other hand, recent advances in neutron Laue methogdsy
considerably shorten data collection times.

For methyla-p-arabinofuranoside and methidp-ribofura-
noside, there is very good correspondence between the best
computed and observed ring conformations, even though some
intermolecular hydrogen bonds in the crystal give way to internal
hydrogen bonds in the predicted gas-phase structures. On the
other hand, in the case of mettydp-lyxofuranoside, an O2H
--O4 internal hydrogen bond that exists in the predicted gas-
phase structure but not in the crystal structure (where instead
the donor and acceptor are involved in external hydrogen bonds)
leads to a drastic change in ring conformation compared to the

g crystal.
Figure 6. Superimposed (least-squares fit of ring atoms) B3LYP/cc-  This study demonstrates the intrinsic difficulty in arriving at
pVDZ computed (white) and observed X-ray (black) structures of .4y enjent generalizations concerning substituent effects on ring
methyl o-p-xylofuranoside. L . .
conformation in the five-membered ring systems. Not only does
the intuitive approach, as embodied in the elaborate molecular
mechanics force field, fail to predict the correct structure but

In this paper, the structures of metlwib-arabinofuranoside,  even low-level quantum mechanical methods (small basis set,
methyl S-p-ribofuranoside, methylo-p-lyxofuranoside, and  Hartree-Fock or local density approximation) fail. If it were
methyl-o-p-xylofuranoside were studied experimentally by not for the outstanding case of methylp-lyxofuranoside,
X-ray crystallography at 100 K and, for the first two, by neutron however, one might have arrived at erroneously optimistic
diffraction at 15 K. Gas-phase structures of all four molecules conclusions, since the results of the analyses for methyl
were computed using density functional theory with a variety arabinofuranoside, methgtp-ribofuranoside, and methyl-p-
of basis sets and exchange-correlation functionals; for com- xylofuranoside, taken by themselves, suggest that less extensive
parison, Hartree Fock and second-order many-body perturba- (and certainly less expensive!) treatments might be adequate.
tion theory (MP2) calculations were also carried out. The importance of extending the experimental and theoretical

Because of the intrinsic sensitivity of the conformation of treatment to the remaining four members of the family of methy!
the five-membered ring to bond lengths and bond angles, furanosides is clear.
molecular mechanics and small basis set SCF treatments are
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