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Abstract: A variable-temperaturéH NMR study ong- and a-b-glyceropent-2-enopyranosyl nucleosidels-10

has shown that the constituent pyranosyl moiety is involved in a rapid two%tigte> °E/S, conformational
equilibrium. The results of the conformational analysi$®f; coupling constants were compared with the trends
of X-ray crystallography aneb initio calculations, which support the two-state dynamic equilibrium and suggest
that the equilibrium is affected by the nature of the heterocyclic aglycon.fTheleosided—5 adopt predominantly
(approximately 95% in purine and 80% in pyrimidine nucleosides at 298 K) the conformation that is intermediate
between théE and®S, canonical forms, where both the nucleobase ar@H are in the axial orientation. The
pyranosyl moiety ofx-purine nucleoside6 and?7 is involved in an unbiased two-state conformational equilibrium.
On the other hand, the-pyrimidine nucleoside8—10 show a conformational bias of ca. 75% towakdcanonical

form. The van't Hoff type analysis of the changes in the conformational equilibrium with temperature afforded
thermodynamic data ofHs == °E/°S, conformational equilibrium ill—10. The comparative analysis &fH° has
shown thafHs = SEAS, conformational equilibrium id—10is driven by the fine tuning of O6-C1' —N1/9 anomeric
effect, the gauche effect of the [08C5 —C4'—04] fragment, the interaction betweensystem of the C2-C3

bond with the heterocyclic aglycon and@H in the allylic position, and the intrinsic steric effect. Dissection of the
individual contributions to the drive of conformational equilibriumlef10 has shown that the relative strength of

7T — 0* cr—N1/g iNteractions in purines pyrimidine nucleobases increases in the following order: cytosingacil

< thymine < adenine< guanine.

Introduction is in the pseudoaxial orientation, and one of thée [0de pairs

is in antiperiplanar orientation with respect to the glycosyl
bond%2 There are few consequences of the ©-N anomeric
effect. These are (1) an axial preference of the aglycon in order
to provide optimum geometry for orbital interaction which is
opposed by steric repulsions, (2) a shortening of-€@21' and
éengthening of CEt-N bond due to the population of an
antibonding orbital, and (3) a widening of the-@—N angle
when base is in axial orientation and closure 6f ©-N angle

The anomeric and gauche effects are well recognized as
important factors in defining the predominant conformational
state of the sugar moiety in nucleosid(®&snd many other
heteroatom-contaning (cyclic) systefnsAnomeric effect has
been introduced in carbohydrate chemistry, where alkoxy and
halogen substituents at the anomeric carbon atom of pyranoside
show a tendency to occupy the axial positfgh.The origin of
the anomeric effect can be explained in terms of electrostatic

interaction&® or orbital overlap and is still a matter of debate.
Anomeric effect in natural pentofuranosyl nucleosides drives
North= South equilibrium toward North, where the nucleobase
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to values smaller than tetrahedral when base is in equatorial
orientation’

The gauche effect is the preference for gauche conformations
rather than trans in systems like2XC—C—Y, where X and Y
are electronegative atoms or groddsit has been shown that
3-OH and 3-phosphate in 2deoxynucleos(t)ides drive the
North== South pseudorotational equilibrium in aqueous solution
toward South where [O4C4 —C3—-0OH(OPQH™)] fragment
is in gauche orientatiofi. The vinylogous anomeric efféét1?
was introduced to explain the axial orientationsairchloro
ketoximest® Similar observations were made much earlier by
Corey, who has found that the halogen in 2-halocyclohexanones
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2',3-Unsaturated Pentopyranosyl Nucleosides

is mainly in the axial positiod3 The generalized anomeric
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Interpretation of the experimental proteproton coupling

effect has been extended to transition states to rationalizeconstants3Jyy) suggests that the pyranosyl moietylir 10 is

stereochemical discrimination. The kinetic anomeric effect is

involved in a two-state equilibrium. The assumed two-state

used to explain the relative rates of departure of leaving groups conformational equilibrium is in agreement with thb initio

and various kinetic data. In the stiddpf substituent effect on

calculationsin vacua The variation offJyy with the change

the rate of Claissen rearrangement, it was suggested that ratef temperature and solvent gives us thermodynamic data on the
acceleration is a chemical consequence of kinetic vinylogous conformational equilibrium in1—10 and therefore enables

anomeric effect.

insight into the interplay of stereoelectronic effects. From the

Carbohydrate modifications of nucleosides offer an approach geometric considerations based on the model building of the

to modify the biological activity of a nucleoside, and it has led

structures of1—10, it is apparent that the (solution state)

to a series of antivirial and antitumoral drugs. The carbohydrate conformation will be determined by the competing anomeric

modifications likewise offers opportunities to obtain new

effect of the nucleobase, gauche effect 6DH with O6, the

antisense constituents, which are stable against nuclease degnteraction of thes-system along C2-C3 with both the

radation and show favorable hydrolization propertfe®-Glyc-

ero-pent-2-enopyranosyl nucleosidds-10 are starting mate-
rials for the introduction of the'ahydroxymethyl appendix, and
after the inversion of configuration at thegosition, one obtains

heterocyclic aglycon and’OH in allylic positions, and the
inherent steric effects. We have initiated conformational studies
with the following objectives in mind: (1) to describe the
conformational equilibrium 0f—10in solution and to determine

nucleoside analogues for antisense and antiviral studies. Theséhe enthalpy and entropy contributions to the drive of the
compounds can also be considered as model compounds to begiaquilibrium, (2) to establish if there is any nucleobase-dependent

studying the conformational behavior of more complex nucleo-
sides with an unsaturated six-membered carbohydrate niéfety.

1 6
. 5 0 Base o
=" N=r
HO h A HO Base
1-5 6-10
1(BA), 6 (0A): Base = adenin-9-yl
2(G), 7 (0G): Base= NZisobutyrylguanin-9-yl
3(BC), 8 (aC): Base =cytosin-9-yl
4 (BT), 9 (oT): Base =thymin-9-yl
5(BU), 10 (aU): Base = uracil-9-yl

Since the nucleobases i-10 occupy both anomeric and
allylic positions, we have initiated conformational study of their
constituent pyranosyl moieties by the combination of NMR
spectroscopy, X-ray crystallography, aalol initio calculations
in order to gain a deeper insight into the predominant forces
which drive their conformational equilibrium. X-ray crystal
structures of three of the compounds—@) were published
earlier together with the preliminary report on the conformation
in DMSO solutiont®@ The variability in the puckering of the
pyranosyl moiety observed in the X-ray crystal structures of

interaction of ther-system with the heterocyclic moiety (purine
vs pyrimidine) and how it drives the pyranosyl conformation
of 1-10and (3) to evaluate in the thermodynamic terms>

o* cr—Ngp iNnteraction in the modified nucleosides for the first
time.

Procedures

The conformation of the pyranose ring was analyzed on the
basis of the vicinal protonproton coupling constantdys, 3Jss',
3J;», and 3Jz4. This analysis depends on three essential
translational steps: (1) proteiproton coupling constants are
translated into protoAproton torsion angles®uy), (2) ®un
are translated into the corresponding endocyclic torsion angles
(vi), and (3)v; are translated into the puckering parameters
describing geometry of the pyranose ring. All three steps were
incorporated into the computer program PYRLW (see the
Experimental Section).

The first translational step is done with the use of the
generalized Karplus equations. In our conformational analysis,
we utilized two separate Karplus equations for coupling
constants along C&pCsp and Csp—Cs# bonds, which differ
greatly in their elaboration and quality.

A. C4'—C5 Torsion. The generalized Karplus equation (eq

1—3 suggests that the conformation of the unsaturated pyranosyl1), Which was introduced by Altoret al. ' correlates théJuy

nucleosides is partially controlled by the puricepyrimidine
nature of the heterocycle linked to the'Gi the carbohydrate
moiety (.e.anomeric center). However, a noticeable difference

coupling constant and the torsion angle between the coupled
atoms (byy). Additionally, eq 1 includes terms which correct
for the electronegativity and the relative position of the

between the solution state conformation and the solid state Substituents along the coupling path.

conformation can be expected. The crystal-packing forces

additionally determine the conformation through the hydrogen-
bonding and base-stacking forces between bhases.
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33y = P, co€ @, + P, cos®,,, + P, +

4
A{P, + Py cof(&; @, + Peli)} (1)

whereP; to Ps are empirically determined parametéfs); is
empirical group electronegativity, anf] denotes the relative
orientation of substituents.

B. C1—-C2 and C3—-C4 Torsions. The simple two-
parameter Karplus equation described by GarBshhs been
used to translate the experimentdly into proton—proton
torsion angles across CspCsp’ fragments. It should be noted

(16) (a) Altona, C.; Francke, R.; de Haan, R.; Ippel, J. H.; Daalmans, G.
J.; Hoekzema, A. J. A. W.; van Wijk, Magn. Reson. Chenl994 32,
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however, that the parametrization is of qualitative nature and

discrepancies between the calculated and experimental coupling

constants of up to 1 Hz are expected.

C. C2—-C3 Torsion. An additional piece of the information
concerning the conformation of pyrano moiety comes from the
structures ofLl—10, namely, the parts across 'CZ3 that are
expected to be planarg., 1,)[C1'—C2—-C3—-C4] = 0°. We
have incorporated this fact in our optimization routine by
applying a strong penalty if, deviates from zero.

The second step in our conformational analysis is defined
by the relationships between exocyclic protgroton torsion
angles (@yy) and the corresponding endocyclic torsion angles
(vi) which are given as a set of simple linear equations:

&)

Note that each pair of vicinal ring protons has its own
parametersA andB. For the situation where all bond distances

q)HHexoz Aviendo+ B

are equal and all valence angles between ring atoms are equal,

which would give rise to ideal Newman projectiods= 1 and

B = 0° for cisoid exocyclic protons and = +120 for transoid
exocyclic protons along C8pCsp bond. However, the
variation in valence angles for realistic six-membered rings in
1-10causes a considerable deviation from the ideal projection
symmetry. We have turned tab initio calculations on
compounds with bott#- and a-configurations to obtai\, B
parameter sets in eq 2. Several completely free geometry
optimizations at HF/3-21G and HF/6-31G** levels were per-
formed on the structures ¢fA (1), 5G (2), 5C (3), oA (6),
andoC (8). The four protor-proton torsion angle®1», @34,
d,5, anddys- and the corresponding endocyclic torsion angles
11, v3, andv, were extracted from the optimized structures of
p-anomers (Figure 1) and-anomers (Figure 2) and used to
calculate theA and B parameters in eq 2. We have noticed
that theA andB parameters fopA (1) and3C (3), as well as

for aA (6) andaC (8) are indeed very similar and therefore no
separate sets @& andB parameters for purine and pyrimidine

Polak et al.
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Figure 1. The correlation between protemproton @nn) and the

corresponding endocyclia torsion angles along CtC2 (panel A),

C3—C4 (panel B), and C4-C5 bonds (panel C) fof nucleosides

1-5. 64 data points originate fromb initio optimized geometries of

BA (1), G (2), andsC (3) with 3-21G and 6-31G** basis sets. Straight

lines were obtained with the linear regression analysis according to

nucleosides were used. The results of the parametrizations ofthe relation®py = Av; + B. A and B values are given in Table 1.

eq 2 are given in Table 1.

The third translational step in our conformational analysis is
the calculation of the puckering parameters from the set of
endocyclic torsion angles with the truncated Fourier formalism.
According to truncated Fourier formalisth,the endocyclic
torsion anglesi()*° are interrelated and defined by the puckering
parameter$,, ®,, and®3 according to eq 3.

v, = @, cosP, + 4ri/6) + P, cos(ri) 3)
The puckering coordinate®,, P, and®; define the conforma-
tion of a given six-membered ring as a single point in a
cylindrical conformational spacé. They can be replaced by a
spherical polar se®,, Q, and®, whereQ is the total puckering

amplitude
Q=yP;+ @5 @
and
© = arc tan (0,/P.,) (5)

The simplified two-dimensional projection of a sphere for a
particular value of puckering amplitud@ is shown in Figure

(18) (a) Haasnoot, C. A. GI. Am. Chem. S0d.993 115, 1460-1468.
(b) Haasnoot, C. A. GJ. Am. Chem. S0d.992 114, 882-887.

(19) The endocyclic torsion angles are defined as follows]{C5 —
06—-C1—C2], v, [06 —C1—C2—C3], »,[C1'—C2—-C3—C4], v3[C2 —
C3—C4—C5], v4 [C3—C4—C5—06], andvs [C4—C5—06—C1].

3. The center of the projection & = 0° corresponds to a
canonicalC4 form. Other typical canonical forms occur at the
specific points on the projection circles with distinctPgvalues
(labeled by filled dots in Figure 3). Half-chairs (H) are
characterizet by © = +45° andP, = n(60°), envelopes (E)
are by® = £49.1° andP, = 30° + n(60°), and screw-boats
(S) are by® = £63.£ andP, = n(60°) (n = 0—5).

The observed coupling constants are time-averaged and
thereforel®rt= ¥ ;xJ, wherex is a mole fraction of a particular
conformer andJ is the respective limiting coupling constant.
In our analysis of the experimental coupling constants, we have
assumed a two-state conformational equilibrium basedlton
initio profile calculations fide infra). Therefore, the3Juy
coupling constants can be calculated from a given geometry of
the two conformers and their respective mole fractions with the
use of eq 6.

Jcalcd: XIJI(le, q)zll q)?,l) + X”\]”(PZH, (I)ZII, q)3ll) (6)

The problem of the conformational analysis of pyranosyl moiety
in 1-10is to find seven independent parametd?s (., and
®3 for the two conformers and the mole fraction, see eq 6)
which best fit the set of four experiment&lys, 3Jys5', 3Jv2,
and3Jy coupling constants. Another known parameter is that
the endocyclic torsiom; is 0° because the fragment along'€2
C3 double bond has to be planar. Since the number of
unknowns is larger than the number of availaBlgy at a
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6—10. Eleven data points originate froa initio optimized geometries
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the relationd®yy = Av; + B. A andB values are given in Table 1.
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particular temperature, the assumption is made that the geometry,

of the pyranose ring in the conformational equilibrium remains
constant and only the population changes with the change o

temperature or solvent. The iterative least-squares optimization
procedure has been used to find the best fit of the experimental

and the calculatedlyy. During this iterative procedure, the
conformational space of the pyranosyl moiety has been thor-
oughly examined by performing optimizations from several

starting geometries (see the Experimental Section for details).

Results

The conformational analysis of—10?° is based on the
interpretation of protofrproton coupling constants) which
have been extracted frothl NMR spectra acquired at 300 MHz
in D,O in the temperature range from 278 to 358 K in 20 K
steps (data at two limiting temperatures are given in Table 2,

(20) The configuration at the anomeric center ir-10 has been
independently establish&dby 1D difference NOE measurements. Nucleo-
sides1—5 exhibit HI < H5" and H8/6<> H5' NOE interactions which
unequivocally proves thefi-configuration. Alla-analogue$—10 exhibit
NOE contacts between H> H4', H1' < H5', and H8/6<> H5", which
proves that H1, H4', and H3 protons are on thg face of the sugar moiety
in 6—10 and thea-configuration at the anomeric center. In addition, the
NOE interactions between Hand H6 in pyrimidine and between H&nd
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whereas data at 298, 318, and 328 K are not shown but were
used in the analysis) and in DMS@-at 298 K (Table 2).
Qualitative analysis ofJyz and*J,4 shows that the deviation
from the plane defined by C2C3 is bigger for H1 than for

H4' which suggest that the predominant conformer ir-10

is characterized bSE puckering ¢ide infra). In the>E canonical
form, H1 is axial, whereas H4is equatorial, consistent with
the higherJ; 3 in comparison wittJ, 4 experimental coupling
constants (Table 2). Note that the relative ratio between the
experimentafJ;z and*Jy4 coupling constants is approximately
two in all compounds, except inA (6) and aG (7), which
suggests their lower conformational purity (Table 2).

The X-ray crystal structures of—3 are knownt®2 The
relevant puckering coordinates for the pyranosyl moieties of
the two independent structures in the unit celld-68 are given
in Table 3. It turns out that both X-ray crystal structures of
purine nucleosideSA (1) andSG (2) show similar conforma-
tions that are intermediate betwedhs half-chair and’E and
Es envelope forms, respectively, wherg¥s (3) is characterized
by ®Hs puckering (Table 3 and Figure 3). Our first step in the
conformational analysis was to determind.f3 adopt similar
conformations in aqueous solution as they do in the solid state.
We have extracte®1y, P34, Pgs5, and P45 proton—proton
torsion angles from the X-ray crystal structuresséf (1), G
(2), andC (3) and used them to calculate the corresponding
vicinal proton-proton coupling constants (Table 3). The
comparison of the calculated and the experimet®al at 298
K in DO has shown that the agreement is more or less
acceptable foBA (1). The biggest difference between the
calculated and the experimentdyy coupling constants iBA
(1) is 1.0 Hz for Jys» (Table 3). This suggests that the
conformation adopted by the pyranosyl moiety A (1) in
X-ray crystal structure and in J® are very similar. The
agreement between the calculated and the experim&atals
worse for3G (2) with the largest discrepancy of 3.3 Hz for
Jys (Table 3). This means that the protgproton torsion angles
found in the X-ray crystal structure 6G (2) cannot adequately
account for the experimentélyy coupling constants at 298 K.
The difference between the calculated and the experim&ital
at 298 K forC (3) is as high as 7.2 Hz foldss which clearly
shows that the (predominant) conformation in solution differs
normously from the conformation found in the X-ray crystal
structure of3C (3).

Subsequently, we have performed the optimization of the
geometry of the puckered pyranosyl moietylin3 in order to
find the best fit of the experimental and the calculatag, at
298 K in D,O in terms of a single-state conformation. These
analyses of the experimentdls, 3Jy5, 31>, and®Jz4 coupling
constants at 298 K id—3 resulted inAJ values below 0.8 Hz
for A (1), 0.4 Hz for3G (2), and 2.1 Hz foBC (3) (Table 3).
The optimized geometries of the assumed single-state conform-
ers of 1—3 are very similar and close ttE canonical form,
which is close to the conformation found in the X-ray crystal
structure ofSA (1), but show much poorer agreement WAt
than the two-state modedifle infra). The optimized geometry
of SC (3) is very different from the puckering found in its X-ray
crystal structure (Table 3). The analysis of the experimental
3Jun coupling constants at 298 K ih—3 in terms of a single-
state conformation results in individual differences between
experimental and calculatédyy of up to 2.1 Hz (Table 3).
This indicates a serious error in the assumption of a single-
state model comparing to the two-state model in terms of
agreement of the observed and calculafddy coupling

(21) Jackman, L. M.; Sternhell,. RApplications of Nuclear Magnetic

H8 in purine nucleosides were observed which show that the base adoptsResonance Spectroscopy in Organic Chemigtgrgamon: London, 1969;

predominantlyanti conformation in1—10.

pp 315-341.
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Table 1. The A andB Parameters which Relate ProteBroton Torsion Angles to Endocyclic Torsion angles (eq 2)

C1 configuration AorB Dy [oXY Dyy Dys
ik A 0.892 0.952 0.961 0.965
B 58.368 60.620 0.967 —119.430
ob A 0.975 0.971 0.974 0.976
B —60.268 61.188 1.334 —119.272

2The A and B parameters were calculated with the linear regression based on the set of 64 sets of exocyeliprptototorsion anglesi{)
and endocyclic torsion angles;X from ab initio HF/3-21G- and HF/6-31G**-optimized geometries@h (1), SG (2), andSC (3). The following
Pearson correlation coefficients were found: 0.9®7), 0.998 (z4), 0.998 (P45), and 0.998 P45). ° A set of 11dyy andv; torsion angles
from HF/3-21G-optimized geometries afA (6) andaC (8) was used to calculatd and B parameters. The Pearson correlation coefficients are
0.995 @1'2'), 0.999 (1)3'4'), 0.999 @)4’5’), and 0.999 @4'5”).

P, = 360°
P, =330° H, P, =30°
1S, ‘E
P, =300° ™ P2 =60°
TH 'E '
P, = 270° ‘E / E, E, P, = 90°
3H:
38, * B
s & .
©-45 minor o and
’H
) ©=49.1° &
P, = 240° — P, = 120°
SS]
© = -63.4°
P =210° H oL
2= ©, - o
1 e P: =150
P, = 180°

Figure 3. Schematic polar projection of the sphere showing the conformational space accessible to the pyranosyl mbieti@sHar clarity,

only the projection circles for the envelop® (= +£45°), half-chair @ = +49.7°), and screw-boat® = +63.4°) canonical forms, which are
characteristic for the puckering of pyranosyl moietied 0, are shown. Shaded areas represent part of conformational space that is characteristic
for the puckering of the major conformer fhanomersl—5 and ina-anomers$—10. The geometry of the minor conformer, which was kept fixed
during the iterative optimization procedure of experimefial, is shown by a filled triangle. The geometries of the X-ray crystal structiires

BA (1), G (2), and5C (3) are shown by asterisks. Note tHat3 have crystallized with the two structures in the unit cell (Tablé®3).

constants. Additionally, all of the vicinal coupling constants for SA (1) and G (2) are characterized by very similar
change with the change of temperature from 278 to 358 K (see puckering, which is very close fitls canonical form and closely
Table 2). This clearly indicates that no single conformer is resembles the conformations found in the X-ray crystal struc-
consistent with the complete set of 24 temperature- and solvent-tures of SA (1) and 5G (2) (Table 3). The conformations of
dependentJyy coupling constants for a particular nucleoside SA (1) andSG (2) that best fit the experimentalyy at 298 K
(1-10). with the assumption of a single-state model are also similar to
To examine the feasibility of a two-state conformational the conformers in the HF/3-21G lowest eneffiPHg confor-
equilibrium, we have performed seveedd initio optimizations mational pool foBA (1) (Table 3 and Figure 4). The puckering
on 1-10 in vacuo at the HF/3-21G and HF/6-31G** levels.  of the second lowest energy conformergifa (1) and G (2)
The energy profiles o8A (1) andSC (3) at the HF/3-21G level is close toPHs canonical form. The energetic preference at the
have shown two energy wells that are separated with the barrierHF/3-21G level foPHg over®Hs conformation is 2.2 kJ mot
of 34.5 and 45.2 kJ mol, respectively (see Figure 4). The in SA (1) and 8.0 kJ moit in SG (2), which is in qualitative
heights of the barriers suggest a rapid exchange on the NMRagreement with the results of our evaluation of the energetics
time scale between interconverting conformers, which results of the assumed two-state conformational equilibriurgAn(1)
in the time-averaged coupling constants and chemical shifts of and3G (2) (vide infra). ForjC (3), the geometry of the X-ray
1-10. The energy minimization of—3, where all degrees of  crystal structure is very similar to the geometry of the lowest
freedom were freely optimized, resulted in the two lowest energy energy conformer at the HF/3-21G level, both being intermediate
conformers forl—3, which are given in Table 3. The energy between théHs and & canonical forms. On the contrary, the
difference between the two minima is small and suggests thatdiscrepancy between the experimental (298 K) and the calculated
both conformations are possible. The lowest energy conformers3lys, 3Jys:, 3J12, and3Jz4 coupling constants based on the
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Table 2. Experimental ProtorProton Coupling Constantsi{) for 1—10 at Two Extreme Temperatures in® and at 298 K in DMSQ3?

compd solvent T (K) 3J1'2' 3\]3'4' 334'5' 3\]4'5" 4\]1'3' 432'4' 4\]3'5"
BA (1)° D,O 278 3.3 5.2 2.5 1.9 1.9 0.8 0.8
358 31 4.8 3.0 2.7 2.0 1.0 1.0
DMSO 298 3.0 3.9 3.7 3.6 1.7 1.2 0.6
BG (2)¢ DO 278 34 5.2 2.4 1.7 1.9 0.8 0.9
358 3.2 5.0 2.9 25 1.9 1.0 1.2
DMSO 298 29 4.1 3.5 35 1.9 1.3 0.7
BC (3)¢ DO 278 31 4.5 3.2 3.2 2.0 1.1 0.9
358 2.8 4.1 3.8 4.2 2.1 1.3 0.7
DMSO 298 2.1 2.9 4.7 6.9 21
BT (4)° D,O 278 3.1 4.6 3.1 3.0 2.0 11 0.9
358 2.8 4.2 3.7 4.3 21 1.3 0.7
DMSO 298 2.1 2.0 4.8 6.9 2.0
BU (5)f DO 278 3.2 4.7 3.1 2.8 2.0 1.1 1.0
358 2.9 4.3 3.6 3.9 2.0 1.3 0.8
DMSO 298 2.0 2.3 4.6 6.5 1.8 1.8
oA (6)9 DO 278 2.4 3.6 4.2 5.6 1.9 1.3
358 24 3.6 4.3 5.6 1.9 1.4
DMSO 298 2.7 2.7 5.2 7.7 1.9 1.7
oG (7)" DO 278 25 3.3 4.6 6.2 1.9 1.4
358 2.4 3.3 4.6 6.2 1.9 14
DMSO 298 29 2.6 5.4 8.1 1.8 1.7
oC (8) DO 278 1.9 4.5 3.4 3.3 2.0 1.0 0.9
358 2.0 4.4 3.6 3.8 2.0 1.0 1.0
DMSO 298 3.9 4.5
oT (9) DO 278 2.0 4.4 34 3.6 2.0 1.0 0.9
358 2.0 4.3 3.6 3.8 2.0 1.0 1.0
DMSO 298 2.0 4.0 3.7 4.0 2.0 1.2 0.7
ol (10)% DO 278 2.0 4.4 35 3.8 2.0 1.0 0.8
358 2.1 4.2 3.7 4.1 2.0 1.1 0.9
DMSO 298 2.0 3.9 3.9 4.7 2.0 1.3 0.5

a Jun values (in hertz40.1 Hz) have been extracted from B NMR spectra recorded at 300 MHz in,O in the range of 278358 K in 20
K steps and in DMSQJs at 298 K. The complete set dfyy and chemical shifts ili—10 at five distinct temperatures (data not shown) were
simulated and iterated by the simulation module of VNMR software packaéD,O, 298 K, MeCN= 2.00 ppm): 8.19 (H8), 8.12 (H2), 6.49
(H3, 3Jy3 = 10.2 Hz), 6.41 (H1, 6.21 (H2), 4.14 (H4), 3.80 (H5, 2Jgs = 13.1 Hz), 3.75 (H5) ppm.¢é (D20, 298 K, MeCN= 2.00 ppm):
7.99 (H8), 6.48 (H3 33,3 = 10.2 Hz), 6.36 (H), 6.18 (H2), 4.13 (H4), 3.83 (H5, 2Js5: = 13.0 Hz), 3.77 (H5) ppm.© ¢ (D,0, 298 K, MeCN
= 2.00 ppm): 7.57 (H6), 6.40 (H3*J>3 = 10.2 Hz), 6.25 (H1 5Jys = 1.1 Hz), 5.90 (H5), 5.88 (H, 4.14 (H4), 3.86 (H53, g5 = 12.8 Hz),
3.71 (H3') ppm.© 6 (D20, 298 K, MeCN= 2.00 ppm): 7.42 (H6), 6.42 (H3J3 = 10.3 Hz), 6.23 (HY, 5.88 (H2), 4.16 (H4), 3.90 (H3, 255
= 12.7 Hz), 3.74 (H3), 1.79 (CH) ppm.' 5 (D20, 298 K, MeCN= 2.00 ppm): 7.64 (H6), 6.44 (H3*Jz = 10.3 Hz), 6.24 (H1 “J15 = 0.3 Hz),
5.98 (H2), 5.73 (H5), 4.14 (H), 3.88 (H5, 2Jgs = 12.8 Hz), 3.75 (H3) ppm.9 6 (D,0, 298 K, MeCN= 2.00 ppm): 8.21 (H8), 8.18 (H2), 6.40
(H3, 333 = 10.2 Hz), 6.36 (H1, 5314 = 1.9 HZ), 6.11 (H2), 4.32 (H4), 3.97 (H3, 2Jss = 12.0 Hz), 3.62 (H5) ppm." (D-0, 298 K, MeCN
= 2.00 ppm): 8.09 (H8), 6.38 (M3*J»3 = 10.3 Hz), 6.33 (H1 “Jys = 0.5 Hz), 6.06 (H2), 4.34 (H4), 3.96 (H3, 255 = 12.0 Hz), 3.61 (H5)
ppm.i (D20, 298 K, MeCN= 2.00 ppm): 7.63 (H6), 6.32 (H3*Jys = 10.3 Hz), 6.25 (H1 5Jys = 2.2 Hz,"Jy5 = 0.2 Hz,*Jys» = 0.3 Hz), 5.97
(H5), 5.85 (H2), 4.17 (H4), 3.95 (H5, 255 = 12.4 Hz), 3.75 (H3) ppm.i § (D0, 298 K, MeCN= 2.00 ppm): 7.52 (H6), 6.34 (H33)z3 =
10.3 Hz), 6.22 (H1, “Jys» = 0.4 Hz), 5.83 (H2), 4.18 (H4), 3.96 (H53, g5 = 12.4 Hz), 3.76 (H3), 1.82 (CH) ppm.* 6 (D0, 298 K, MeCN
= 2.00 ppm): 7.68 (H6), 6.36 (HFJr3 = 10.3 Hz,4Jss = 0.9 Hz), 6.23 (H1, “Jys: = 0.4 Hz), 5.84 (H9), 5.81 (H5), 4.19 (H3, 3.96 (H3, 2Jss
= 12.4 Hz), 3.74 (HS) ppm.
proton—proton torsion angles from the lowest energy conformer pyrimidine moiety has however a great influence on the drive
of SC (3) at the HF/3-21G level is as large as 6.8 Hz, which of the conformational equilibrium iA—10. The least-squares
shows that the &£conformer is not predominant in solution at  optimization procedure in which the starting geometry of major
298 K (Table 3). conformer of1l—5 was systematically varied gave the best fit
In further elaboration of conformational equilibria bf10, with the root-mean-square error below 0.2 Hz (Table 4). The
we have assumed a two-state equilibrium which is supported largest individual discrepancy ifdyy was below 0.2 Hz for
by the small HF/3-21G energy difference between the two couplings along Csp-Csp® and below 0.4 Hz for couplings
minima (see Table 3 and Figure 4). The conformational analysis along Csp—Cs#, which is well within the precision of the
of experimentaPJyy in 1—10 boils down to finding puckering corresponding Karplus equations. Perusal of data in Table 4
parameters of the two conformers and mole fractions at eachshows that the pyranosyl puckering of the major conformers in
temperature that best fit our experimerithly data set (eq 6).  B-anomersl—5, which was freely optimized, is intermediate
To reduce the number of parameters to be extracted from thebetween théE and>®S, canonical forms. The conformational
experimental couplings, the geometry of the minor conformer ranges for the major and the minor conformers involved in the
in 1—5 was kept fixed during the optimization procedurePo two-state equilibrium ofl—10, which show slightly worse
= 109.0, Q = 42.4, and® = —45.¢°, which is close tFHs agreement with the set of experimentaly than the best fit,
canonical form (see the Experimental Section for details). The are given in the Experimental Section. It should be noted that
geometries of the major conformersla5 were allowed to be the minor conformer is only populated by ca. 5% foand 2
optimized freely as well as the populations at all temperatures and ca. 20% foB—5 at 278 K and therefore cannot be defined
and conditions at which experimentdly, data were provided.  with high precision through the analysis of experimental
The results are presented in Table 4. The variation in the coupling constants. For treanomers$—10, the experimental
pyranosyl puckering of the major conformers is very small values foriJy» were excluded from the least-squares optimiza-
amongg- anda-nucleosides, which indicates that the nature of tion because the Karplus equation by Garbiécannot account
the nucleobase has a minor (if any) influence on the geometry for the coupling constants below 2.6 Hz. Results of the
of the major conformer in solution. The nature of purirse conformational analysis of the-anomers—10 are presented
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Table 3. Comparison of the Puckering Coordinates and the Corresponding Vicinal P#toton Coupling Constants f&A (1), 5G (2),
andSC (3) Based on X-ray Crystal Structures, Two Lowest HF/3-21G Energy Conformers, and Geometries Obtained with Single-State

Analysis of Experimentallqy at 298 K

ring puckering

spherical coords.

calculated coupling constahts

compd X—rayEre|/NMR P> Q () form Jro (A-J) Jzg (AJ) Jas (AJ) Jas (AJ)
BA (D) X-ray® 2909  42.7 499  He 38(05) 4605  3.0(0.4) 1.2€1.0)
0.0° 2012 463 474 SHo 41(0.8) 49¢02) 2006 1.8 ¢0.4)
2.2 1090 442  —473  SH, 34(0.1) 28¢23) 69(43)  10.2(8.0)
single st 2731 395 459 SE 3.9(0.6) 52(0.1) 2.240.4) 1.4 (-0.8)
8G (2) X-ray® 3136  43.0 511  §Ss  46(1.3) 35¢(17)  58(3.3) 0.741.1)
0.0¢ 2017  46.7 475 SHq 41(08) 49¢03) 20(05) 1.8(0.0)
+8.0¢ 109.1 442  —473  SH, 34(0.1) 28€24)  6.8(4.3) 10.2 (8.4)
single st 2632 380 522 SE 35(02)  53(0.1) 2.340.2) 1.4 €0.4)
AC (3) X-ray® 113.9 455  —447  SHs 3.0(0.0)  27¢17)  59(2.6) 10.7 (7.2)
0.0° 107.3 448 -469 & 35(05) 27¢17)  6.6(3.3) 10.3 (6.8)
+3.8 2774 437 520 °E 37(0.7)  5.1(0.7) 1.941.4) 19¢1.6)
single st 279.9  40.1 409 SE 43(13)  52(0.8) 2.341.0) 1.4 ¢2.1)

ap,, Q, and® are given in degree8.3J;» and3Jz» have been calculated by the use of three-parameter Karplus eqtiatidmereas’]ys and
3Jys have been calculated by the generalized Karplus equation (€gAL).is defined aslcalcd — Je®t ¢ Data from ref 15a. Note that each of the
nucleosidesl—3 crystallizes with two structures in the unit cell. The valuesFerQ, and® for one of them are given in the table. The other
structure exhibits very similar puckering coordinat&s:= 296.7, Q = 43.7, and® = 46.9 for A (1), P, = 316.F, Q = 41.7, and® = 51.0°
for G (2), andP, = 111.0, Q = 46.3, and® = —48.4 for SC (3). The orientation of the nucleobase across the glycosyl bote 8is anti/high
anti relative to the pyranosyl moiety{O6' —C1'—N9/1—-C4/2] = 275 and 303 in A (1), y = 281° and 283 in G (2), andy = 218 and 252
in BC (3). ¢ The lowest energy conformers which have been arbitrarily assigned the relative energy (in"KJoh@.0 are characterized by
HF/3-21 energy of-802.52589 hartrees f@#A (1), —876.99010 hartrees f@#G (2), and —731.04383 hartrees f@#C (3). ¢ The experimental
coupling constants at 298 K were analyzed with the iterative procedure of program PYRLW in terms of a single-state conformatoQ, Einel
© parameters of the assumed single conformer were changed in order to find the best fit between experimental and back3gaiculated

in Table 4. Our analysis has shown theh (6) andaG (7)
are involved in an unbiasebHs == SE/fHs conformational
equilibria (Table 4). The conformational equilibrium @fano-
mers8—10 show a bias toward theE conformation (ca. 75%
at 278 K, Table 4). The largest individual difference between
the experimental and the calculat&gy values after the least-
squares optimization procedure6r-10 was below 0.2 Hz for
couplings along C4-C5 and below 0.5 Hz for couplings along
C3—C4 bond with the overall root-mean-square error below
0.2 Hz (Table 4).

Populations of puckeréiHs and>E/S, pyranosyl conformers
at various temperatures in the range from 278 to 358 K were
used to construct van't Hoff plots to determine the enthalpy
(AH®) and the entropyAS’) of the®Hs == SEAS, conformational
equilibria of 1—101in aqueous solution (Figure 5). Straight lines
were obtained, which support the model of a two-state confor-
mational equilibrium for the pyranose ringsbf10. We note
that the Pearson correlation coefficients betweegdsns) and
1/T were >0.96 for all compounds, except forA (6) andaG
(7) which have slopes of the van't Hoff curves close to zero

in ca. 1:1 conformational equilibrium withG® values close to
zero. Theira-pyrimidine counterpart8—10 show at 298 K,
however, a preference for tBE conformation of ca. 75% which
is reflected in negativdG® values betweer-2.3 and—2.8 kJ
mol~1 (Table 5).

A tentative explanation of our findings is derived on the basis
of the structures of théHs and SE/SS, conformers shown in
Figure 6. The conformational equilibrium of pyranosyl residue
in 1—10 is driven by the exocyclic substituents, which have
the 4-OH group as a common feature to all compounds and a
nucleobase in either thg- or o-configuration. We have
considered five principal stereoelectronic effects which control
the Hs == SE~S,; equilibrium: (1) the gauche effect (GE) of
[06'—C5—-C4—04] fragment, (2) the anomeric effect (AE)
which is nucleobase dependent, (3) the interactiom sfstem
across C2-C3 with the o* orbital of C4—04 bond @z —
0*ca—04), (4) the interaction ofr system across C2C3 with
the o* orbital of the glycosyl bond A — o*cr-ng/1), and (5)
the steric preferences (SE) of the substituents for equatorial
orientation, the heterocyclic aglycon in particular. Model

and therefore the Pearson correlation coefficients are close tobuilding?? of 5-anomers shows that in the major conformer of
zero. The values for enthalpies and entropies, obtained from1—5, which is intermediate between tRE and®S,; canonical

the slope and intercept of van't Hoff curves, respectively, for
1-10 are given in Table 5.

Discussion

From the results of the conformational analysis %dfi
presented in Tables 4 and 5, it is evident thatnomersl—5
have highly similar conformational properties with respect to
the pyranose rings. In gli-anomers, we have found in,D a
pronounced preference for the conformation which is intermedi-
ate between theE envelope an8S, screw-boat forms. 145,
AH° contributions toAG® drive the®Hs == SE/S, equilibrium
toward®E/,S, conformation and are ca. two times stronger than
entropy contributions at 298 K (Table 58-Purine nucleosides
1 and 2 show in DO larger conformational bias toward the
SEAS, conformation than their pyrimidine counterpa@s5.
o-Purine nucleosidesA (6) andaG (7) are in DO involved

forms, both the nucleobase and-@H group are in axial
orientation (Figure 6A). The conversion to s conformation
results in the experimentally undesirable equatorial orientation
of both the base and-©OH. Clearly, the anomeric and gauche
effects are cooperative and both drive tPids SEPS,
equilibrium toward the®EPS, conformer (Figure 6A). In
addition, bothr — 0*ca—o0s andz — o*cr—ng/1 interactions
are optimal in théEPS, form. Repulsive steric interactions of
the nucleobase with the axial hydrogen at’' Gmd other
substituents drive the conformational equilibrium toward the
5Hs conformation in which the nucleobase is in equatorial
orientation (Figure 6A).

For a-anomers$—10, the interplay of stereoelectronic effects
is slightly altered. Model buildirf§ of 6—10 shows that the

—
=

(22) Insight 11, Molecular Modeling System, version 95.0; Biosym/
MSI: San Diego, CA, 1995.
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Figure 4. Plot of the relative HartreeFock energy (in kJ mol) as

a function of the endocyclic torsion anglg[O6' —C5 —C4—C3] for

PA (1) in panel A and5C (3) in panel B. The profiles were obtained
through optimization at the HF/3-21G level by keepingconstrained

at distinct values, while all other degrees of freedom were freely
optimized. The conformers in the energy minima are the result of
completely free optimization. The calculations on bg# (1) andsC

(3) showed two energy minima which are presented in Table 3. The
lowest energy minimum fofA (1) is found atv,= 50.7 (panel A)

and corresponds to ttels canonical form. The second lowest energy
minimum for8A (1) is found atv,= —49.6° (°Hs canonical form) and
has relative energy of 2.2 kJ mélabove the global minimum. The
barrier of 34.5 kJ mot* between the two energy minima f8A (1) is
found atvs = 0.0°. The lowest energy minimum f@C (3) shown in
panel B appears at, = —51.0° and corresponds to the; Eanonical
form (Table 3). The second lowest energy minimumdar(3) is found
atv,= 52.5 (°E canonical form) and is characterized By, = 3.5 kJ
mol~* above the lowest minimum. The barrier of 45.2 kJ Mdletween

the two energy minima fofC (3) is found atv, = 10.C°.

4'-OH is in axial orientation in théE conformer, whereas the
nucleobase is in the equatorial orientation (Figure 6B). This
means that the gauche effect of the [©65—-C4—04]
fragment andr — o*cs—os interactions both prefer theE
conformation, whereas anomeric effect amd— o*cr—non
interactions drive the equilibrium toward tRids conformation.
Additionally, the steric bulk of the nucleobase on the sterically
crowded o. side of the sugar moiety drives tHéls = 5E
equilibrium in 6—10 toward the’E conformation (Figure 6B).
We can therefore write the relative contributions to the drive
of two-state conformational equilibrium if—210 in the form

of two separate equations 8¢ (eq 7) ando- (eq 8) anomers.

B-anomers:AH° or AG® (kJ mol'Y) = —GE — AE —
(T —0%ca—o4) = (T 0*cronon) T SE’ (7)

—
-—

a-anomers:AH® or AG® (kJ mol ) = —~GE+ AE —
(7= 0*cy—o4) + (T — 0* cy_no) — SE" (8)

J. Am. Chem. Soc., Vol. 119, No. 41,97/

stereoelectronic effect toward the conformation which is inter-
mediate between theE and5S, canonical forms, whereas a
positive sign denotes a drive towdids conformation. In order

to dissect the experimentalH® values in1—10 into the five
postulated contributions, we have turned to the results of the
evaluation of the individual gauche and anomeric effects in
natural nucleosidek. The comparative analysis &fH® of the
North == South pseudorotational equilibria in pentofuranosyl
nucleosidelhas shown that the strength of the gauche effect
of the [04—C4—C3—-03] fragment is 7.3 kJ moft. Ad-
ditionally, it has been shownthat the anomeric effect is
nucleobase dependent andH° values are 2.1 kJ mot for
adenine, 3.1 kJ mol for guanine?* 5.2 kJ mot for cytosine,

3.7 kJ mot? for thymine, and 4.5 kJ mot for uracil. It should

be noted that these estimates of the anomeric effect combine
both the strength ofgy — o* cr—ngs1 interaction and the inherent
steric effect of the nucleobase. The comparison of the steric
energies in the computer models of the Nomth South
conformers in3-pentofuranosyl nucleosides with tfids s °E/

53, puckered pyranosyl moieties In-5 suggests that the steric
repulsions of the nucleobase with other substituents are com-
parable in the two sets of compounds. The subtraction of the
gauche and anomeric effects from experimentdP values in
1-10enabled us to calculate (eqs 7 and 8) the resultant of the
o — o* interactions in1—10. The results are presented in the
form of bar graph in Figure 7 and show that there is a net drive
toward the®E conformation inSA (—1.9 kJ mof?t) and G
(—4.7 kJ mot?), whereas3-pyrimidine nucleosides are char-
acterized with the resultant which drives tRids = SE/fS,
equilibrium toward théHs conformation (6.6 kJ motl for AC,

3.5 kJ moft? for ST, and 4.5 kJ mot* for SU) (Figure 7A). In

all B-anomersl—5, theswr — 0* c4—o4 interactions are a constant
force which drives the equilibrium toward tREfS, conforma-
tions cooperatively witht — o* cy—ng/1 interactions (see Figure
6A). At the moment, we are not able to distinguish between
the individual contributions of the two cooperative— ¢*
effects. Nevertheless, the bar graphs in Figure 7A show that
the sum of the two effects clearly drives the conformational
equilibrium in 1—5 toward the 5EFS; conformation more
efficiently in g-purines than ing-pyrimidines. This indicates
that 7 — o0*cr—ngn interactions are more efficient when the
nitrogen atom is part of the electron-rich imidazole moiety of
purine than part of the electron-deficient pyrimidine and increase
in the following order: cytosines uracil < thymine < adenine

< guanine.

The subtraction of the strength of the gauche and anomeric
effects from the experimentaiH® values in6—10 according
to eq 8 has shown that there is a net drive toward btHe
conformation inaA (5.1 kJ mot?!) and oG (4.4 kJ mot?).
Similar dissection of the individual contributions #H° in
o-nucleosides pyrimidine shows that the resultantzof—
0*cr—Noi1 and s — 0* ca—o4 interactions drives théHs == 5E
equilibrium in8—10 toward the’E conformer inaC (—2.9 kJ
mol~1) and toward théHs conformation inaT (2.2 kJ mot?)
andaU (1.2 kJ mot?). It is clear from Figure 6B that the
— 0*cr—non1 @andsr — 0* c4—o4 interactions oppose each other
in the drive of theHs = 5E equilibrium in6—10. Thex —
0* ca—o4 INteractions are a constant force in@bnomer$—10,
which enables us to qualitatively scale the strengths ef
o* cr—Ng/1 iNteractions in purine and pyrimidine nucleosides. In
o-purines the driving force toward tiiels conformation is larger
than that in theo-pyrimidines, which suggests that —
o* cr—Nop INteractions are stronger when the nitrogen atom is

The negative sign of terms in eqs 7 and 8 denotes a drive of part of the electron-rich system than when it is part of the

the ®Hs == SEPS, conformational equilibrium by a particular

electron-deficient heterocyclic system. It should be noted
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Table 4. Conformational Equilibria of the Pentopyranosyl Moietieslefl0 in Aqueous Solution

major conformet population (Y%°ERS,) error analysis(Hz)

compd P, Q (€] 278 K 358 K 8ys 3ys 3y a4 rms
PA (D) 257.3 36.9 55.3 94.4 84.8 0.2 <0.1 0.2 0.1 0.07
BG (2 257.0 36.9 55.4 96.5 87.4 0.1 <0.1 0.1 <0.1 0.06
AC () 250.5 36.3 59.4 78.9 67.3 0.2 0.1 0.3 0.4 0.23
AT (4) 252.9 36.3 58.4 81.3 67.2 0.2 <0.1 0.4 0.4 0.20
pU (5) 253.1 36.1 58.2 83.2 71.2 0.1 <0.1 0.3 0.3 0.16
oA (6) 293.6 435 475 53.9 53.6 0.1 <0.1 0.1 0.08
oG (7) 292.4 42.1 48.3 46.6 46.6 0.2 <0.1 0.5 0.19
aC (8) 271.4 37.2 49.8 77.9 72.7 <0.1 <0.1 <0.1 0.03
oT (9) 284.0 40.1 457 75.4 72.8 <0.1 <0.1 <0.1 0.04
aU (10 284.1 40.1 45.6 73.1 69.8 <0.1 <0.1 <0.1 0.03

a2 The puckering parametePs, Q, and® are given in degrees. The geometry of the minor conformer was kept fixed=atl09.C, Q = 42.2,
and® = —45.¢°, which is close to théHs canonical form? The largest absolute discrepancy betwd®pi and J°ad at five temperatures in 4D
is tabulated. Fon-isomers6—10, 3J;»> was not used in the PYRLW analysis because Garbisch eqtfatiannot account for the experimental
coupling constants below 2.6 Hz.

(A) 0* cr—Noir andr — 0* ca—oa interactions which drive théHs
= 5E equilibrium in6—10.

240 | - The results of the conformational analysis®dfiy in 1—10
s BG in DMSO suggest a strong solvent dependence on stereoelec-
3.00 o tronic effects which drive the conformational equilibrium in
LI 1-10(Table 5). g-Purine nucleosides and2 show in DMSO
2.60 at 298 K high conformational preference of ca. 73% toward
3 s e B the conformation intermediate between tBeand®S, canonical
‘g 2.20 & L a o forms (Table 5). Note that the conformational biasliand2
£ oL has been reduced by ca. 20% units whe@Das been replaced
MO g by DMSO. Their pyrimidine counterpart8{5) exhibit in
- gl B DMSO at 28 K a slight preference of ca. 60% for tiels
140 ) ° e EZ canonical form (Table 5). The approximately 75% conforma-
100 | o : : .- tional preference of pyranosyl moiety -5 for the conforma-
UL tion that is intermediate between thie and®S, forms in D,O
o S , , , , has been, in DMSO, reduced by 34 to 41% units and actually
270 2.90 3.10 3.30 3.50 370 inverted in favor of thé?Hs form. The a-purine nucleosides
1000/ T (K) oA (6) andaG (7) are, in DMSO, involved in approximately
(B) 70:30 conformational equilibrium between thdy and>E forms
L35 o o (Table 5). Their a-pyrimidine counterparts8—10 show,
115 ] o !; ,”‘: however, a preference of 630% for the®E conformation
095{ X R IPREEENN T 0 oo (Table 5). Note that the conformational equilibriumGand7
3 0753 e has been shifted by ca. 22% units whefOhas been replaced
3 0557 by DMSO. The comparison of the conformational preferences
= 0357 of pyranosyl moieties 08—10 in D,O and in DMSO shows
R B oo @ ST that the preference for tHE conformation has been reduced
g;’: s R e A S & oG by 5-11% units due to the change of solvent (Table 5).
2.70 2.90 3.10 3.30 3.50 3.70
1000/ T (K Conclusions

Figure 5. Van't Hoff plots of In(xse/xens) as a function of reciprocal

of temperature fop nucleosided—5 (panel A) and forw nucleosides - ;
6—10 (panel B). Mole fractions of th&E and®Hs conformers were ero-pent-2-enopyranosyl nucleosidds-10 have been studied

determined through the analysis®fy measured at five temperatures  BY *H NMR spectroscopy and compared with the results of
ranging from 278 to 358 K with the PYRLW program. From the slope  X-ray crystallography anab initio calculations. The experi-

Conformational characteristics of pyranosyl moietpiglyc-

and the intercept with ordinate of the straight linas{° andAS® were mentalJuy coupling constants acquired inO and in DMSO-
calculated according to the relation: XefXens) = —(AH°/R)(1000T) ds were interpreted in terms of a two-state conformational
+ AS/R. The Pearson correlation coefficien®) (are 0.990 forBA equilibrium between théHs conformation and the conformation
(1), 0.990 forBG (2), 0.987 forpC (3), 0.995 forBT (4), 0.999 forfU which is intermediate between tRE and®S, canonical forms.

(5), 0.751 foraA (6), —0.045 foraG (7), 0.990 fora.C (8), 0.959 for The 8 nucleosidesl—5 adopt predominantly th8EAS, con-

aT (9), and 0.992 fomU (10). formation where the nucleobase is placed in the axial orientation.

There is a noticeable difference in the conformational prefer-
however, that the steric repulsions are expected to be larger onences betweefi-purinesl and2 (approximately 95% at 298 K
the a side compared tg side of the pyranose ring it—10. A in D,0) and-pyrimidine analogue8—5 (approximately 80%).
larger drive toward the’E conformation ina-pyrimidine  The high conformational bias toward tHE/SS, conformers in
compared to that im-purine nucleosides might indicate that 1-5 is the result of cooperative drive of the gauche effect of
the steric bulk of the former is larger and therefore forcing the the [08—C5—C4 —04] fragment, the nucleobase-dependent
base into the equatorial orientatioie(, °E conformer) more anomeric effect, and the resultant of— ¢*c4—o4 andz —
effectively. We are however at present not able to distinguish o* cy—ngp1 interactions which are opposed by the steric preference
between the individual contributions of the steric effeats; of the nucleobase for tHids conformation. The sugar moiety
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Table 5. Thermodynamic Parameters for tftes = SE/S, Conformational Equilibrium irl—10in DO and DMSOds

D;0 DMSO-s

compd AH° AS ~TAS (298 K) AG® (298 K) YEFS, (298 K) AG® (298 K) WEFS, (298 K)
BA (1) -11.3 -17.8 5.3 -6.0 91.8 2.4 725
8G (2) -15.1 -26.5 7.9 -7.2 94.8 —2.7 74.8
BC (3) -5.9 -10.3 3.1 -28 75.6 0.8 42.0
BT (4) -75 -15.0 45 -3.0 77.0 1.4 36.2
BU (5) -73 -12.9 3.8 -35 80.4 0.9 41.0
oA (6) -0.1 0.9 -0.3 -0.4 54.0 2.1 30.0
oG (7) 0.2 -0.6 0.2 0.4 46.0 2.6 25.9
oC (8) -5.0 -7.3 2.2 -2.8 75.6 ~1.6 65.6
oT (9) -1.4 45 -1.3 2.7 74.8 2.1 70.0
aU (10) -1.6 2.4 -0.7 2.3 717 -1.3 62.8

2 AH° andAG® are given in kJ maolt; AS’ is in J moit K—1, A negative sign foAH°, —TAS’, andAG® denotes a drive of the conformational
equilibrium toward theEFS, canonical form, whereas a positive sign denotes a drive towartHihfrom. Error estimates foAH° andAS’ are

+0.3 kJ mot?! and+2.0 J mot! K2, respectively.
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Figure 6. Stereochemical relationships of the@H group and the nucleobase with respect t6 &8l the C2-C3 double bond between conformers
involved in a two-state equilibrium df—10in $ nucleosides (panel A) and mnucleosides (panel B). Note that anomeric effegk (> 0* cr—non
interaction) drives the conformational equilibrium toward Y&€S, conformers in3-anomers (panel A) and toward tfiés conformers im-anomers
(panel B). The gauche effect of the [G8C5 —C4'—04] fragment and ther — o*cs—o4 interaction drive the equilibrium toward tHERS,
conformers in botlB- (panel A) anda-anomers (panel B). The — o*cr-nen interaction is optimal in théEAS, conformers in thg3-anomers
(panel A) and in théHs conformers in thex-anomers (panel B). The steric bulk of the nucleobase results in the preference fidg tomformers
in the 8-anomers (panel A) and tH& conformers in thex-anomers (panel B).

in a-purine nucleoside® and7 in agueous solution is involved

in an unbiased two-state conformational equilibrium. On the
other hand, thex-pyrimidine nucleoside8—10 show a con-
formational bias of ca. 75% toward tH& canonical form.
Thermodynamic data on the two-state conformational equilib-
rium of pyranosyl moiety irl—10 suggests that — o* cr—non1

interaction greatly depends on the nature of the heterocyclic

aglycon. Itis much stronger when the nitrogen atom is part of
the electron-rich imidazole moiety of a purine residue than when
it is in the electron-deficient pyrimidine. The strength of the

— o*cr-ngi1 interaction increases in the following order:
cytosine < uracil < thymine < adenine< guanine.

Experimental Section

NMR Spectroscopy. *H NMR spectra were recorded at 299.942
MHz on Varian UnityPlus NMR spectrometer at the National NMR

Center of Slovenia. BD (99.9% deuterium) or DMS@; (99.9%
deuterium) were used as solvents. The sample temperature was
controlled to approximately:0.5 K. Sample concentration was 10
mM, except for2 which was 1.5 mM in RO. All measurements were
performed under identical spectral and processing conditions: 2800
Hz sweep width, 32K time domain, zero-filling to 64K, and slight
apodization to give resolution enhancement. Spectra were simulated
with a standard computer simulation algorithm, which is integrated into
Varian software (VNMR version 5.1A), in order to obtain accurate
coupling data and chemical shifts. One-dimensional NOE experiments
were run wih 5 s irradiation time and with saturation of individual
lines within the multiplet. NOE difference spectra were obtained by
internal subtraction of on- and off-resonance spectra.

Analysis of 3Jyy. The conformational analysis of pyranosyl moiety
in 1—10 has been performed with the use of our computer program
PYRLW which finds the best fit between experimental and calculated
3Jun. The program PYRLW has been written in FORTRAN and run
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Figure 7. Relative contributions of the effects (in kJ m¥l that
compete in the drive of théHs = SEFS, equilibrium in 5-anomers
1-5 (panel A) and ina-anomers6—10 (panel B). The experimental
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Hz) between experimental and calculafddy has been found only
when the starting puckering parameters of the major conformers have
been set tab, = 30°, P, = 18C° or 27C¢, and®; = 0° or 3C°. After
finding the geometry of the major conformer (see below) which gives
the low root-mean-square error, we have constrained the major
conformer to the optimized geometry and variggd®,, and®; of the
minor conformer to improve the agreement betwé®¥iandJead The
smallest root-mean-square error and the lowest difference betif€en
andJecdwere obtained withP; = 109, @, = 30°, and®; 30° as

the minor conformer, which were in further optimizations Iof10
constrained to assume fixed value when the geometry of the major
conformer was optimized.

In our additional analysis oflu4 in 1—10, we wanted to determine
(1) the conformational range of the major conformer, when minor is
constrained to thé®Hs canonical form, and (2) the reverse, the
conformational range of the minor conformer when major is kept fixed.
We have found that the conformational equilibrialin10 are defined
by [40° < P, < 15(°, 30° < &, < 50°, —50° < d3 < —5°,30° < Q
<70°, —80° < ©® < —45°] = [230° < P, < 275, 27° < &, < 38,
11° < @3 < 27°, 3%F < Q < 40°, 45 < O < 75°] for S-purine
nucleosided and2, [60° < P, < 15C°, 30° < &, < 70°, —60° < &3
< —20° 36 < Q <90, —56° < ©® < —45°] = [230° < P, < 265,
28° < @, <39, 10° < P3 < 24°,37° <Q <41°,50° < @ < 77]
for S-pyrimidine nucleoside8 to 5, [85° < P, < 140, 25° < @, <
35°, —35° < d3 < —20°,36° < Q < 50°, —56° < O < —44] =
[270° < P, < 295, 29 < @, < 32°, 23 < P3 < 29°, 377 < Q <
43, 48 < © < 52°] for a-purine nucleoside6 and7, and [50 < P,
< 150, 20° < d, < 50°, —=50° < P53 < —10°, 25° < Q < 70°, —70°
<O < —45°] = [240° < P, < 290, 28 < @, < 34°, 15 < P53 <
30°, 37 < Q < 42°, 43 < O < 69] for a-pyrimidine nucleosides
8—10. The populations of the two conformers in the above sets of
best fits betweed®*?tandJ@dhave at a particular temperature varied

AH° values are represented by the bars on the left side (bars shadeq)y +29% units in1 and2, by £1.5% units in3—5 and8—10, and by

with tilted lines). The conformational equilibrium is driven by the
combination of the gauche effect (GE) of [G&5—C4—04]
fragment (bars with horizontal lines), the anomeric effect (AE) of the
nucleobase (white bars), and the combination of the> 0*cs—o4
interaction, ther — o*cr—ngi interaction, and the steric preferences
of the nucleobase for equatorial orientation (bars with vertical lines).
The gauche effect drives tlels = SEfS, equilibrium toward theéE/

55, conformation in both3- (panel A) anda-anomers (panel B). The
anomeric effect drives the conformational equilibrium toweE#S,
conformation in3 anomers (panel A) and toward tfids conformation

in a-anomers (panel B). See the text for the interpretation of the
resultant of the competing effect of the— ¢* c4—o4 interaction, the

7 — 0*cr-non interaction, and the steric preferences on the drive of
the ®Hs = SEFS, equilibrium in 1—-10.

on SG Indigo2 computer. The input consists of the paraméer®s
(eq 1), thek electronegativities of the four substituents (alond-€4
C5 bond),A andB parameters, the experimentdls, and the initial

+1% unit in6 and7. The deviation betweedf* and J°2° coupling
constants in the above analyses was below 0.4 HZJ@r, 3Jss-, and
3Jz4 and below 0.7 Hz fofJ,» with an overall root-mean-square error
below 0.4 Hz.

Ab Initio Calculations. All calculations were performed with
Gaussian 94 prograthrunning on Silicon Graphics Indigo 2 (SGI-
G94 revision D.1) or Indy (SGI-G94 revision C.3) with R4000 processor
and Hewlett Packard (HP-PARisc-HPUX-G94 revision D.1) series 700
computers. For all of the compounds, all internal degrees of freedom
were freely optimized at the HF/3-21G level except for the energy
profiles shown in Figure 4, where, was kept fixed to scan the
conformational space (typical CPU time was 10 h). Optimized values
were used as input for the geometry optimizations at HF/6-31G(d,p)
level (typical CPU time was 4 days). Stationary points were verified
through vibrational frequency calculations.
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