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Ab initio molecular orbital calculations using density functional theory (DFT) have been conducted on the
aldopentofuranose, 2-deoyyp-erythro-pentofuranosel] to evaluate the performance of DFT methodology

in structural optimization and NMR spirspin coupling constant determinations prior to its application in
more complex carbohydrate-containing systems. Computed molecular parameters (bond lengths, bond angles,
bond torsions) and NMR spirspin coupling constantgd)in the 10 geometrically optimized envelope forms

of 1 are compared to those reported previously from HF/6-31G*-optimized geometries. In earliefwark,
values were first computed at the HF level using finite-field perturbation theory and a basis set specially
designed to economically recover the Fermi-contact contributioh ®lectron correlation effects on the
coupling constants were then introduced via second-order Mdflieisset perturbation (MP2) calculations.

The derived correlation corrections (i.e., the MPZHF values) were scaled by factors obtained from more
elaborate quadratic configuration interaction (QCISD) calculations on related, though necessarily smaller,
systems. In the present study, the Fermi-contact components df/#iees were computed directly via DFT,
presumably recovering the important effects of electron correlation and thus obviating the need for scaling.
Jen values (one-, two-, and three-bond) derived from the DFT treatment are compared to scaled couplings
obtained previously using HF/MP2 methods. The effect of structural relaxatiahi®mssessed by direct
comparison of HF values for thHéC—H couplings in both HF- and DFT-optimized geometritlkc, 2Jcc,

3Jce, and?™3Jcc values are computed (DFT) Inas a function of ring conformation for the first time, correlation
corrections are evaluated by direct comparison with HF calculations, and new structural interpretations of
these couplings are provided.

Introduction cases, the presence of populations of different, interconverting

Conformational analysis of biomolecules by NMR spectros- Molecules in solution gives rise to averaged NMR parameters,
copy depends, in part, on the accurate measurement andnd this averaging 1 th ?Iways linear, as discussed by
interpretation of scalar spirspin coupling constants] (cou- Jardetzky:® For example,"H—*H nuclear Overhauser effsects
plings), especially those across three bonds (vicinal couplings, (NOES) depend on the distanegbetween proton pairs as®,
3J). The latter values depend, among other factors, on the and thus the observed NOEs in flexible systems will be highly
dihedral angle between the coupled atoms, as first describedSkéwed in favor of conformers containing the smaller inter-
by Karplus® and numerous studies have defined correlations nuclear distances. This latter effect introduces complications

between molecular structure aAtlvalues in a wide range of in the structural interpretation of NOE values, especially when
compoundg. In contrast, one-bondl]) and two-bond %J) only a small number can be observed. On the other hand, scalar
couplings are applied less often in conformational analysis partly Couplings are averaged linearly, and thus their interpretation in
because their dependencies on molecular structure are not aghe presence of conformational flexibility is, in principle, less
well appreciated or understood, although some notable excep-Prone to error.
tions exist?~12 Vicinal spin couplings between proton&l) Recently we applied experimental and theoretical methods
are most commonly applied in structural studies due to their to evaluate the behavior dt4 values in biologically relevant
relative ease of measurement and the wealth of information 8-p-ribofuranosyl and 2-deoxg-p-erythro-pentofuranosyl
correlating their magnitudes with molecular structtirélow- rings1819Ab initio self-consistent field (SCF) molecular orbital
ever, with the development of modern NMR technigife’s, calculations using a split-valence basis set (6-31G*) gave
accurate spin coupling constants can be measured involvingoptimized structures for the 10 nonplanar (envelope) forms of
other nuclei such as carbon. Sindey and Jcc values are these rings, andlcy, 2Jcy, and3Jcy values were computed in
frequently more abundant in molecules tf¥dny values, these  each conformefiJcy values were first computed at the HF level
couplings represent a potentially valuable source of structural ysing finite-field perturbation theory and a previously introduced
information. basis séf designed to economically recover the Fermi-contact

The analysis of couplings in structure determinations is most  contribution to*3C—13C spin-spin coupling constants. Electron
valuable in molecules that are COI’IfOI’matlona"y flexible. In these correlation effects on the Coupling constants were then intro-

duced via second-order MgllePlesset perturbation (MP2)
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obtained from more elaborate quadratic configuration interaction piece of true HF exchange, have been shwa provide a
(QCISD) calculations on related systefisThese scaled  particularly reliable description of the unpaired spin distribution
coupling constants were combined with experimental measure-in radicals.
ments to establish the dependenciedgfvalues on furanosyl Geometry Optimization. Geometries were optimized in
ring conformation and on carbohydrate structure in general. constrained envelope forms (one endocyclic torsion angle was
However, while this theoretical approach predicts reliable held constant at ) as beforé® using the B3LYP functional
coupling trends it suffered from some limitations. First, and the standard 6-31G* basis set. Initial values for the exocyclic
geometrical parameters were determined at the HF level of torsions were chosen as befdfgla) the C1-O1 torsion was
theory, and thus electron correlation effects on structural chosen to maximize the exoanomeric eftéct® (OH-1 anti to
optimization were neglected. While correlation corrections were C2); (b) OH-3anti to C4; (c) C4-C5 in thegt conformation
included in the spin coupling calculations, they were overesti- (O5 anti to C3); (d) OH-5anti to CA4.
mated at MP2. Furthermore, the required scaling factors depend Calculation of J Couplings. All indirect spin—spin coupling
on the nature and separation of the coupled nuclei, the chemicalconstants in the optimized structures were determined using a
bonding along the coupling path, and the basis set employed inpreviously constructed basis &Hty finite (Fermi-contact)-field
the calculation. Reliable evaluation of these scaling factors thus double perturbation theo@.Suitable values for the perturbing
required extensive comparison with results from more accurate fields for the various couplings were chosen to ensure sufficient
treatments of electron correlation (QCISD) in a wide range of numerical precision while still allowing a satisfactory low-order
related model compounds whose sizes were kept relatively smallfinite-difference representation of the effect of the perturbation.
in order to ensure practicable computations. As before, only the Fermi-contact component of each coupling
These limitations prompted us to examine the use of density constant was recovered.
functional theory (DFT) in such studies, since DFT methods
are intended to economically recover the important effects of Results and Discussion
electron correlation. For example, Bauschli¢hbas shown the Optimized Structural Parameters and Conformational
considerable improvements, compared to HF results, in the Epergies. In a prior investigatiort? a detailed analysis of
determination of structural parameters, particularly when hybrid ¢onformational energies, structural parameters, and computed
functionals are used. Malkin et %ﬁ?_have shown that DFT 3., values in1 was reported using HF methods, and experi-
methods yield reliable NMR chemical shifts and sp#pin  mental couplings in methyl 2-deoy§-p-erythro-pentofurano-
coupling constants, at least in small hydrocarbons, StahFét al.  side ) were examined in light of the computed behavior. The
have shown that reliabléc values could be calculated by DFT  jm of the following discussion is to compare conformational
in an acyclic alkene, and a recent study of metlfyb- energies and optimized structural parametersderived from

xylopyranoside by Hricovini et &k° has demonstrated the  the HF (prior results) and DFT (present study) methodologies.
usefulness of DFT in predictindd, 13C, and’O chemical shifts

andJcy values, in carbohydrates. Further validation of the DFT HO OH HO OCHj,4
approach as applied to carbohydrate systems thus appeared o o
attractive in order to identify potential advantages and limitations

prior to its application in more complex carbohydrate-containing HO HO

systems. 1 2

In this investigation, the DFT method has been applied to . . )
predict molecular parameters (bond lengths, bond angles, bond_ Conformational energies fdr computed using the HF and
torsions) in the 10 geometrically optimized envelope forms of DFT methods are shown in Figure 1A. The overall shape of
2-deoxyB-p-erythropentofuranose 1j. These structural pa- e conformational energy curve is conserved in the two

rameters are compared to those reported previously at the HF/Aréatments; the global energy minimum is located aafd a
6-31G* level of theony? Joy values (one-, two-, and three- local minimum at*E, the latter being better defined in the HF

bond) in 1 are then computed using the DFT-optimized treatment. Virtually identical relative energies are obtained for

geometries and are compared to the scaled couplings reported Of the 10 envelope forms; ifiE, E, and 'E, significant
previously using HF and MP2 methd@and scaling procedures differences are obseryed, with the DFT t.reatment yielding
described above. FinallyJoc, 2Jec, e, and 23Jcc values smaller relat|ve_ energies. Electron correlation effects are ap-
are computed it for the first time, and structural interpretations ~Parently more significant in these western conformers. die

of these couplings are provided. These calculations were @MPplitudes of the two curves are similar, with an energy
performed with DFT-optimized geometries using both HF and difference of~3.3 kcal/mol predicted between the mosb)(E
DFT approaches, thus allowing a direct comparison of the @nd least (i) stable conformers.

improvements afforded by the latter treatment. Bond lengths (€H, C-0, and C-C) calculated by the DFT
method are 0.41.9% larger than corresponding bond lengths

calculated by the HF method (Figure B); see Supporting
Information). Thus, the DFT method produces more relaxed
All calculations were performed with a modifi&dversion structures than the HF treatment, in agreement with results
of the Gaussian 94 suite of prografisElectron correlation from more traditional electron correlation technigdesiow-
effects were treated by means of DFT. The standard B3LYP ever, both methods predict the sardependencie®f bond
functional, due to Beck& was used throughout. This functional length on ring conformation, which have been discussed in
comprises both loc#l and nonloca&’ exchange contributions  earlier reportd819.3638 |t should be noted, for example, that
and contains terms accounting for Ioc@land nonlocaP the C1-01, C1-04, and Ct+H1 bond lengths display the
correlation corrections. The B3LYP functional was chosen on expected dependencies on ring conformation. The exocyclic
two grounds. First, DFT with this functional has been shown bonds (C+01, C1-H1) are shortest when quasi-equatorial or
to produce structural parameters in close accord with experi- near-quasi-equatorial (e.gE/E; for C1—01; E/!E for C1—
ment?? Second, functionals such as B3LYP, which include a H1) and longest when quasi-axial or near-quasi-axial (ed., E

Computational Methods
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Figure 1. Effect of ring conformation on (A) conformational energy profiles, (B4l bond length, (C) C20O1 bond length, and (D) CAC5
bond length forl obtained from ab initio molecular orbital calculations using the BiF &nd DFT {d) methods and the 6-31G* basis set.

1E for C1-01; °E/E; for C1—H1). The behavior of the C1 Spin Coupling Constants.1. 23C—!H Spin Coupling Con-

04 bond length is explained by noting that it is maximal near stants. Figure 2A,C-F presents a comparison between the
°E/E; and minimal near E Maximal n — ¢* donation by the previously reported scaled (HF/MP2) couplings and the present
ring oxygen is expected when the €01 bond is axial, that DFT-derived values. These coupling constants were, of course,
is, in E/'E conformations? In these geometries, the €D1 obtained using different optimized geometries:lCbonds are
bond should lengthen and the €04 bond should contract due  noticeably longer in DFT-optimized structures, and the effect
to the anomeric effect in furanos#slin agreement with the  of this relaxation orlcy was determined by comparingscaled

computed behavior. HF/[5s2p1d,2s] calculations 0flci i using HF- and DFT-
Other key molecular parameters such as-COl and C3- optimized geometries (Figure 2B). The longer bonds in the DFT
O3 torsion angles, puckering amplitudg,), and C+04—-C4 geometries gavéarger unscaled HF values dflc; 41 and for

bond angle show similar overall dependencies on ring confor- the remaining?Jcy in 1 (data not shown), with differences
mation in both treatments (data not shown; see Supporting ranging from 3.3 Hz forJco hx to 9.2 Hz forlcy yp (values
Information). The C+O1 torsion experiences greater amplitude averaged over the pseudorotational itinerary). These data suggest
in the DFT treatment; this torsion is influenced by stereoelec- that geometry optimization using DFT makes a substantial
tronic factors (exoanomeric efféét33), and its behavior may  contribution to the differences observed between the scaled
thus be more affected than other-O torsions (e.g., the C3 couplings and the DFT-derivédc values. However, the larger
O3 torsion where the HF and DFT curves are more similar) unscaled HFJcy values obtained using DFT geometries may
when electron correlation effects are included in the calculations. yield scaledJcy values in better agreement with experiment
Puckering behavior is very similar in the DFT and HF thanscaledHF values using HF geometries, although this test
treatments, and a slightly smaller €E04—C4 bond angle (by  was not conducted. In contrast, HF/[5s2p1d,2s] calculations of
~1°) is calculated for all ring conformations using the DFT 2Jcy in 1 showed only small<€0.6 Hz) shifts to more negative

method. values on moving to the DFT structures, &gy values were
These results show that similar trends in optimized structural essentially unchanged (data not shown).
parameters in the 10 envelope conformersl afre predicted ComputedtJcy values inl are consistently larger in DFT

by the HF and DFT methods. The HF approach is known to calculations than the corresponding scaled (HF/MP2) values;
produce bond lengths which are markedly too short, at least however, couplingrendspredicted by both methods are virtually
for flexible basis sets, so that the DFT predictions, which are identical. Thus, for example, comput&l; 1; values range from
systematically longer here, are presumably in closer accord with 152 to 161 Hz in the (scaled) HF treatment and from 161 to
experiment. 171 Hz in the DFT analysis, translating into-®% increase in
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Figure 2. ComputedJcn values inl as a function of ring conformatierscaled values at HF/6-31G* geometri@ @nd DFT values at B3LYP/
6-31G* geometries): (A) Jcinz (B) Meimi, unscaled HF value®) and unscaled HF values using DFT-optimized geometf@s(C) XJcavz;
(D) Ycznzm (E) Yesnz (F) Ycans Dotted lines and accompanying values are the corresponding expeririizntablues observed ig.

coupling magnitude (Figure 2A). Similar percent increases are mentioned above, HF calculations (unscaled) at the DFT
observed forlJconmr (~6%), Yo nzs (~7%), Wz (~7%), geometries showed small negative shifts from values obtained
andJcq na (~5%). Much of these increases are correlated with in HF-optimized structures.
C—H bond lengthening between the HF and DFT treatments; The high level of agreement between compli&g, values
however, small residual discrepancies of up to 3.5 Hz (for in 1 and experimentally observed couplingiis encouraging.
Jconm) remain even after this is taken into consideration. For example, experimentally observed valuedlef 1z, 2Jc1 Hzs
Importantly, the DFT-derived couplings are in closer agreement 2Jca 1z, 2JcaHmr, Xcamzs and?Jcaps in 2 fall within the range
with experimental couplings than scaled values obtained at HF of computed values, and excellent agreement is observed with
geometries!(cy values in aldopyranosyl and aldofuranosyl rings  respect to coupling signs. Computédcy values probably
typically range from~160 to ~175 Hz), suggesting that the  contain the same errors &% values (up to~10%), but this
inclusion of electron correlation by the DFT method improves translates into a much smaller absolute erret (Hz) for the
the accuracy of computedty values. For exampléJci q = two-bond couplings. Observetc, 11 and 2Jcs ng values fall
173.9 Hz in methyl 2-deoxy-b-erythro-pentofuranoside?y), outside the range predicted by the computations, and these
a value which deviates significantly from the range of couplings deviations may reflect the effects of methyl glycosidation (for
computed by HF methods. The observed rang&lgf values 2Jcon) and hydroxymethyl rotation (foPJcsns on these
from DFT analysis still does not include the observed value, couplings (i.e., significant structural differences betwéein
but the agreement is improved and the residual deviation mayvacuo and? in solution prevent the direct comparison of the
be due in part to limiting the computations to a single calculated and observed couplings).
combination of exocyclic torsions it, solvent effects, and/or The computed?]cy values involving the hydroxymethyl
effects of methyl glycosidation oldcy q1 values, in additionto  protons £Jcsns and2Jcs pss) behave as predicted recentiy?43
the more technical factors of basis set limitations and the choice (via the projection rule for the gt rotamer (Figure 4A,B). In
of functional. this rotamer, the former is negative in sign, whereas the latter
Two-bond'3C—H couplings determined by the DFT method is positive. However, it should be appreciated that the Prlin
are consistentlynore positie than HF-derived values (Figure  and Pederséhempirical methods predict eithemallnegative

3). Thus, for exampl€Jcy nr and?Jcs ps are shifted by~+1 or large positive couplings foPJcg ns and?Jea nss, respectively,
Hz in all ring conformations, whereas smaller differences are in the gt rotamer. By comparison, the computations predict a
observed fO?JCLst, 2~]C2,HL ZJCZ,Ha chnggq, 2\](;3,H4, andch4,H3, —5.6t0—6.0 range fOIZJc4,H5Q and+0.3 to+1.6 Hz range for

As observed fotJcy values, the coupling trends predicted by 2Jcspss Griesinger and co-workers report&its yw values of
the HF treatment are reproduced by the DFT analysis. As —1.5 to +1.4 Hz and?Jcs pss values of —3.0 to —6.7 Hz in



Spin-Coupling Behavior of Aldofuranosyl Rings from DFT J. Phys. Chem. A, Vol. 103, No. 19, 1999787

M E 2o B : C F s
o
g £ 2 40
= = £ 4.0
E : g
2 8 o
; @ Q 3.54
g g =
: i & 304
) o °
° b ]
ik
g g [ 21 Hz
G -40 r r r , g -80 r . T ; 3 20 . T r :
e 0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
P/ (radians) P/r (radians) P/n (radians)

401 E -3.0- F

computed C2-H3 coupling (Hz)
computed C3-H2R coupling (Hz)
computed C3-H2S coupling (Hz)

' T T 7.0 T T T 1 -3.0 T T T 1
00 05 10 15 20 00 05 10 15 20 0.0 05 10 15 20
P/n (radians) P/x (radians) Pir (radians)

Gz Hz -
g 2 20
g 40 S 101
8 g
0.0+
I 451 2
™ < -1.04
O Q + 1.5 Hz
3 -5.04 29
é. é_ -3.04
8 -55+= 25z, T ) g -40 T . . .
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
P/r (radians) P/r (radians)

Figure 3. Computed endocycliglcy values inl as a function of ring conformatierscaled values at HF/6-31G* geometri@® @nd DFT values
at B3LYP/6-31G* geometriesE[): (A) ZJcl,HZR; (B) 2JC1,H8; (C) 2JC2,H1; (D) 2\]C2)H3; (E) 2JC3,H2R; (F) 2JC3,HZS; (G) 2JC3,H4; (H) 2\]C4,H3- Dotted lines and
accompanying values are the corresponding experimélgalalues observed ig.
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Figure 4. Computed exocycli@Jcy values inl as a function of ring conformation determined by the DFT method ([552gldasis set) at
B3LYP/6-31G* geometries: (A}Jcanw; (B) Zcamss (C) 2Jcs pa

RNA oligomers where theyg conformer is favored?® their C(OH) fragments, which differ from the (HOY&C(OH) frag-
prediction of couplingmagnitudesn this rotamer also contra-  ment relevant foPJcs hs/s analysis. An examination o¥fcy
dicts predictions based on the Perlin and Pedersen rules. Thevalues in conformationally rigid aldohexopyranosyl riffgs
disparity is most likely due to the fact that the Perlin rules are containing (HO)G-C(OH) pathways (e.g.2Jcons 2JcaHa
based on couplings in (HOYC or (OH)LC—C fragments and 2Jca g Shows that a projection of O corresponds to a coupling
the Pederson projection curve was developed for ¢d0) of —4.8 + 0.7 Hz (13 compounds) and a projection of 1.5
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Figure 5. Computed®JcH values inl as a function of ring conformatierscaled values at HF/6-31G* geometri@ @nd DFT values at B3LYP/
6-31G* geometriedq): (A) 3Jcinz (B) 2Jcing (C) 2camsg (D) 3eams (E) 2eans (F) 3canx; (G) 2canzs, (H) 2Jes qa Dotted lines and accompanying
values are the corresponding experimefilgl; values observed ia.

corresponds to a coupling of 1240.5 Hz (5 compounds). These the HF/[5s2p1d,2s] computédcy values on moving between
results are more consistent with the computed behavior of the HF- and DFT-optimized structures (data not shown). This
2Jcanxs and?Jcapss in 1 (we assume here that the behavior of is in accord with the insensitivity to optimization method of
2Jcn values in (HO)G-C(OH) pathways is not affected signifi-  the dihedral angle separating the coupled nuclei.
cantly by whether one of the carbons in the coupling fragment  The observedJcy values in2 involving ring protons lie in
is a terminal carbon) with respect to magnitude and sign and the range of the computed couplings in all cases (Figure 5).
suggest that a modified projection curve may apply to (HO)C  Thus, for example3Jcinz = 2.7 Hz in 2, and the computed
C(OH) pathways, as implied by Bock and Pedersen in the couplings range from-0 to 6.5 Hz. The agreement between
original description of their method. experimental and computed couplings suggests that the DFT
2Jcs,nawas predicted earlier to be small and negative for the and scaled HF methods are nearly quantitative, which contrasts
gt conformer in1 using the projection rule? and the sign with observations made fotJcy and 2Jcy values, where
prediction is confirmed by the computed data (Figure 4C). The differences in experimental and computed couplings were
computed coupling magnitudes, however, are somewhat moreobserved (i.e., experimental couplings fell outside of the
negative than predicted by the Perlin and Pedersen rules,predicted ranges in some cases). The better agreement suggests
apparently for the same reasons discussed abovE8dofx/s that 3Jcy values may be less sensitive to exocyclie € and
Three-bond3C—1H spin couplings are virtually identical in ~ C—O torsions thartJcy and2Jcy values.
magnitude in the scaled HF and DFT treatments (Figure 5). The exocyclic C3-C4—C5—H5R/S torsion angles in thgt
When differences can be discerned, the DFT calculations rotamer ofl vary slightly with ring conformation, as shown in
produce slightly larger couplings<Q.5 Hz difference). As Figure 6A,B. The approximatelgauchedihedral angles yield
observed fotJcy and?Jcy, virtually identical dependencies of — small values foPJcs yw and3Jes pss (0.5—1.5 Hz) (Figure 6C).
3Jcn on ring conformation are obtained by the HF and DFT The small dependence of these couplings on ring conformation,
treatments. Again, as mentioned above, there is little change inhowever, cannot be directly correlated with changes+0c
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C—H dihedral angles, suggesting that other unidentified factors C3—03 torsion angle (OH-3 approximateinti to C4) which

influence their magnitudes.

A total of 103Jcy values were calculated iy namely 3Jc1 na
et 2ezma 2eapn Aea ik, 2es s 2ea s eanr, 2JcamHes,
and®Jcs w3 Correlations between these couplings and dihedral
angle (for plots of G-H dihedral angles as a function of ring
conformation, see Supporting Information) are shown in Figure

yields a maximal value for this interactioklc4 cs depends on
hydroxymethyl conformation, which differs in the in vacuo
calculations and in solution; the computed couplings pertain to
only one C4-C5 rotamer @t), whereas in solution all three
rotamers are populated, albeit to different extéhss described
earlier, 1Jcc values for vicinal diol fragments depend on the

7. The composite curve (Figure 7A) is consistent with expecta- C—C torsion anglé?® Differences in the C505 torsional

tion, with minimal coupling observed & = ~90° and maximal
coupling observed & = 0° and 180. Two of the 10 available
8Jch values involve G-O—C—H coupling pathways3(c1 Ha,
3Jca.n1), While the remainder involve €C—C—H pathways. The
latter can be divided into three distinct types, namely, (OH)-
CCC(OHH, (OR)CCH, andCCC(ORH, where the italicized

behavior between the computational model and molecules in
solution are also expected to affeldcs cs magnitudet® As
observed for other exocyclic substituents, the—-C% bond
varies with orientation (quasi-axidk, longer; quasi-equatorial,
E4, shorter) (Figure 1D), and this dependence affédts cs
magnitude in a predictable manner (longer bond, $essaracter,

nuclei are coupled and the intervening carbons in the pathway smallerJ; shorter bond, more-character, larged) (Figure 8G).

have one oxygen substituent. Karplus behaviors of these four

Endocyclic C-C bond lengths vary with ring conformation

different pathways are not expected to be identical, which leadsin 1 in a predictable fashion (data not shown; see Supporting

to significant scatter in the composite curve (Figure 7A).
Individual Karplus curves (Figure 7BD) exhibit less scatter
and reveal subtle differences between the pathways. H@-C

Information). Previous studies of-€C behavior in furanosyl
rings have shown that a given~C bond is lengthened when
the ring atom opposite to it is out-of-plane and reduced when

C—H pathway (Figure 7C) exhibits the greatest amplitude, as both carbons in the €C bond are out-of-plane. Thus, the €1
expected; previous results in aldopyranosyl rings show that C2 bond length is maximal when C4 is out-of-plaf®xd =

substitution of an oxygen atom for carbon in aC—C—H
coupling pathway enhances couplitfgihese results are in fair

0.3 and 1.3) and minimal in th&; and T, conformers. The
C2-C3 bond length is maximal when O4 is out-of-plafér

agreement with Karplus relationships derived experimentally = 0.5 and 1.5) and minimal in tHd 3 and3T, conformers. The

using conformationally fixed model compountis?®

2.13C—13C Spin Coupling Constants. A. One-Bond Couplings.
ci1c2 is relatively constant throughout the pseudorotational
itinerary, varying from 41 to 42.5 Hz, with the minimal coupling
observed at E (Figure 8A). In contrast,lJcyc3 exhibits
considerable change with ring conformation, varying from 35.4
Hz (Es) to 39.9 Hz CE) (Figure 8C)XJcs cqvaries slightly with
ring conformation, with a minimal value (39.2 Hz) observed at
E; and a maximal value (42.7 Hz) observedat(Figure 8E).
The exocyclictcs csvaries significantly with ring conformation;
minimal coupling (44.0 Hz) is observed &, and maximal
coupling (48.4 Hz) is observed % (Figure 8G). The computed
relative magnitudes ofJcc values inl are in reasonable

C3—C4 bond length is maximal when C1 is out-of-plafér
= 0.7 and 1.7) and minimal in tH& 4 and*T3 conformers. Thus,
on the basis of bond length considerations alone, endocyclic
1Jcc values might be expected to vary with ring conformation,
with shorter bonds yielding larger couplings, but this prediction
is not supported by the computations. For exampleldes ca
comparable coupling minima are observed in {fig and 3T,
conformers where bond lengthrignimal and different coupling
maxima are found &€ and~E, where bond length isnaximal
Clearly, factors other than, or in addition to, bond length
determine the dependence @fidocyclictJcc values on ring
conformation.

B. Two-Bond CouplingsOnly one2Jcc value exists inl,

agreement with relative magnitudes observed experimentally in namely,2Jcs cs and predictions of its magnitude and sign have

2, where 1\](:4,(:5 > 1Jc1,c2 > 1ch,c4 > lchyce, In contrast to
LJch values,Ncc values computed by the DFT method &meger

been made previoush:>1 This coupling will be affected by
the relative disposition of the terminal electronegative substit-

than experimental couplings, and it is interesting to note that uents, O3 and O5, with an in-plane orientation {B—C4—

the approximate percent increase in the comptied values
with respect to the experimental values is not constaiti cx

~3%; lJCZ,c?, ~5%; lch,c4, ~99%; 1Jc4,c5 ~12%. We attribute
the larger percent difference #dcs cato our initial choice of

C5-05 coplanar) producing the largest (most positive) coupling.
The relative orientation of the terminal OH substituents depends
on ring conformation, with the in-plane orientation attained in
conformations neard#E (P/x = 1.1 and 1.3)dt rotamer). The
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Figure 7. (A) Karplus curve derived from all computeédcy values inl using the DFT method (6-31G* basis set). (B) Karplus curve from
computed®Jcy values inl pertaining to G-C—C—H coupling pathways. The solid line is the experimentally determined Karplus curve reported by
Schwarcz and Perliff.(C) Karplus curve from computetcy values inl pertaining to G-O—C—H pathways c1,1s O; 3Jcani, ). The solid line

is the experimentally determined Karplus curve reported by Tvaroska and co-wérid@yarplus curve from computetcy values inl pertaining

to coupling pathways involving C2 and RZH2S of 1. The solid line is the experimentally determined Karplus curve reported by Schwarcz and

Perlin® Absolute values of dihedral angles were used in each plot.

computed behavior (DFT) dflcs cs confirms this prediction,
with maximal coupling found at 1.B/x (10.4 Hz,*E) (Figure

9). Minimal coupling is predicted ned, that is, in ring
geometries where O3 is maximally out-of-plane. In all ring
conformations, 2Jca cs is positive, in agreement with the
projection resultant rulgt However, the maximal value 88c3 cs
predicted using the latter rule is—3 Hz (B/*E forms, gt
conformation about the CAC5 bond), which is significantly
lower than the DFT-calculated coupling. This difference may
be due, in part, to limitations of the projection method, which
was developed based 8¢ values involving anomeric and
secondary carbons appended with free hydroxyl gréups.
contrast, foPJcs cs aterminalcoupled carbon is involved (C5),

shown in Figure 9. This reduction is due to conformational
averaging of the ring (60%440%4T3) and about the G4C5
bond (21%gg, 52% gt, 26%tg).1° In the latter regard?Jcs cs
values forgg and tg rotamers are expected to be small and
possibly negative in sign, which would contribute to the smaller
experimentalPJcs cs value in 2. In structures such as oligo-
nucleotides where C4C5 bond rotation is constrainedd),
differences infJcs cs values between individual residues may
prove more easily related to changes in ring conformation.
C. Three-Bond CouplingSwo 3Jcc values exist irl, namely,
8Jc1.csand3Jco.cs The magnitudes of these couplings depend,
in part, on the C+04—C4—C5 and C2-C3—C4—C5 dihedral
angles @), respectively, which vary with ring conformation

and C4 does not bear a free OH group but rather the ring oxygen.(data not shown; see Supporting Information). The torsion angles
These differences may cause significant deviations in coupling computed by the HF and DFT methods are virtually identical,

behavior. The overall change in comput&ds cs values with
ring conformation 6.5 Hz) will probably be attenuated by
rotation of the C4C5 bond into thegg andtg conformations

in solution where O5 is out-of-plane. B 2Jczcs = 3.6 Hz,
which is considerably smaller than the maximum coupling

and the computed dependencies’af; cs and 3Jcz,cs on ring
conformation (Figure 10A,B) determined by both methods are
very similar. 3Jc; cs (DFT) varies from 0 to 4.5 Hz, with
maximal coupling observed at°E and minimal coupling
observed in the western hemisphere of the pseudorotational
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Figure 8. ComputedtJcc values inl as a function of ring conformation from DFT (UB3LYP/[5s2p28] and HF (UHF/[5s2p1ds]) methods
using DFT (B3LYP/6-SlG*) geometries: (AWCLCZ DFT; (B) 1\]@1'(;2, HF; (C) 1JCZ,C3. DFT; (D) lJszcg HF; (E) 1Jc3vc4, DFT; (F) lJC3IC4, HF; (G)
Wcacs DFT; (H) Ycacs HF.

itinerary. In contrast3Jcz,cs(DFT) shows a maximal coupling ':E 12.0+

near i (3.7 Hz) and a minimal coupling near; E~0 Hz). = 10.0]

Amplitudes of the two curves differ, withlc; csshowing larger £ 80l 36Hz

maximal couplings thaflcz,cs A plot of dihedral angle versus s

3Jcc for both3Jcr csand3Jc2,csshows that both couplings exhibit 8 6.0

a similar dependence on dihedral angle, with minimal coupling 8 4.0

(~0 Hz) observed a® = 90° and maximal couplings of 40 g 2.0-

5.0 Hz observed fol® = ~180¢° (Figure 10C). The’Jcics o

results are consistent with observédt; cs values in j3-b- g 0.0

aldohexopyranosyl! rings, which exhibit values of 4:00.4 E‘ -2.04

Hz50:52-54 for C—O—C—C dihedral angles 0f 18C°. The C}- g -4.0 . T T |
04—C4—C5 pathway giving maximaP (162, °E) resembles 00 05 10 15 20
the CE-05—-C5—-C6 pathway in3-p-aldohexopyranosyl rings P/x (radians)

since, in both pathways, Ql lies |n_the—0—_C—C coup_llng Figure 9. Computed?Jcscs values in1l as a function of ring
plane. The latter geometric factor is a major determinant of ¢onformation using the DFTCY) and HF @) methods ([5s2p1@s]
Jcocc magnitude?>3 It should also be appreciated that-€4  pasis set) at the B3LYP/6-31G* geometries. The indicated coupling is
C5 bond rotation influences the magnitudes 33¢; cs and the observedlcs cs value in2.
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Figure 11. Computed?**3Jcc values inl as a function of ring conformation using the HF (closed symbols) and DFT (open symbols) method
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8Jc2,c522 In the present calculations, the €€5 bond is in the expected to be determined by the algebraic sum of the couplings

gt conformation and thus O5 cannot lie in the -€24—C4— arising from both pathway®. These couplings, denoted as
C5 plane in any ring conformation, but coplanarity is possible 23Jc;.ca 273Jc1.ca and?3Jc, ¢4 are difficult to interpret in the
for the C2-C3—C4—C5 pathway in ring geometries ne#t. absence of magnitude and sign information for both constituent

The latter arrangement is expected aohancethe observed pathways. The computed dependencies of these dual-pathway
sensitivity 0f3Jc; csto ring conformation; that is, the amplitude  couplings on ring conformation are shown in Figure 11. The
of the 3Jc,,csversus conformation curve may be smaller in the DFT-derived couplings are in closer agreement with experi-
gg andtg rotamers; likewise, the amplitude of th#&; cscurve mental couplings observed tthan are HF-derived values, but
may be greater in th&gy rotamer. coupling trends predicted by both methods are simitgidc; c3

D. Dual-Pathway CouplingsCouplings between C1 and C3, values (DFT) vary from 0.8 to 3.2 Hz, with maximal coupling
C1 and C4, and C2 and C4 in aldofuranosyl rings are governedobserved in conformers neay &d minimal couplings observed
by two intraring coupling pathways, and their magnitudes are near . 2"3Jc; cqvaries from~0 to 3.4 Hz and exhibits maximal
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coupling neaPE and minimal coupling nearsEwhile 273)c; c4
varies from 0.9 to 3.1 Hz, with maximal coupling observed near
E> and minimal coupling observed ne8E. All three dual-
pathway couplings are predicted to be positive in sign, although
small negative couplings are observed f6#Jc; cqin 'E and

E, conformers.

These dual-pathway couplings show a limited sensitivity to
ring conformation, with the largest sensitivity exhibited by
2t3Jc1.cq (>3.4 Hz). These dependencies can be used to test
the behavior of their constitueRicc and3Jcc values if some
assumptions are made. For exampltéJci cqis 3.4 Hz in°E
and 0.2 Hz in B In these two conformations, the EC2—
C3—C4 dihedral angle is nearly constant-a®®. If the 3Jcccc
contribution to both computed couplings is assumed to be
constant (i.e., théJ component is relatively insensitive to the
changes in orientation experienced by the terminal substituents),
then the difference in the couplings (3.4 Hz0.2 Hz= 3.2
Hz) can be related to th&coc pathway. Thus, the two-bond
C—0—C coupling must benore negatie in the E conformer
than in°E, assuming that th&cccc pathways yield couplings
having positive signs; the latter has been recently verified
experimentally?® This prediction is consistent with experimental
observations im-aldohexopyranosyl rings. ke-anomers2Jci cs
= ~ —2 Hz, whereas ifB-anomers2Jci cs= ~0 Hz. The &
conformer ofl contains a C+04—C4 fragment resembling
the C1-0O5—C5 fragment int-p-aldohexopyranosyl rings, and
thus a~ —2 Hz coupling for the C+04—C4 pathway is
expected. In contrast, tR& conformation contains a CI04—

C4 fragment resembling the €D5-C5 fragment off3-p-
aldohexopyranosyl rings, and a very snidlf; c4is expected.
Given the approximations and assumptions in this analysis, the
apparent agreement between calculated and experimental cou
pling behavior is reassuring.

A similar approach may be applied to anal§z&lc; c3values.
Again, we consider those conformations where the-C38—
04—C1 dihedral angle is-0°, namely,’E and k. Calculated
couplings in these conformers are 2.9 and 2.2 Hz, respectively.
Using the same rationale as above, we conclude that the two
different two-bondpathways produce couplings that differ by
~0.7 Hz; that is2Jc1 c3values are very similar in théE and
E, conformers. This conclusion is consistent with prior observa-
tions on the behavior ofJccc values in carbohydratés.
Furthermore, ifE/E, conformations2Jc; c3is probably negative
in sign (—1—2 Hz) based on the application of the projection
resultant metho8t This prediction leads to a coupling 6f3—5
Hz for the C1+-04—C4—C3 pathway, which is in qualitative
agreement with recent studies of the dependencyJebcc
values on dihedral angle in saccharifés.

Accuracy of DFT-Computed Coupling Constants. The
utility of computed coupling constants in conformational
analyses of carbohydrate structures such dspends not only
on their reliability in terms of predicting coupling trends but
also on the extent to which they can be considered quantitative.
Recent studiég have shown that HF-computddy values inl
are highly overestimated, and a similar overestimation is
observed fodcc (see Figure 8). Clearly correlation corrections
are of paramount importance. In recent reptt8;36appropriate
scaling factors were determined fadgy values by computing
specific spin couplings at a high level of theory, namely,
quadratic configuration interaction (QCISD), and determining
the scale factor which, when applied to the approximate
correlation correction derived as the difference between MP2
calculations and the raw HF-calculated results, gave couplings
identical to the QCISD values. The numerical values of the

J. Phys. Chem. A, Vol. 103, No. 19, 1998793

scaling factors depend on the coupling type; for example, scaling
factors of 0.83, 0.75, and 0.83 were reported ¥y, 2Jch,
and3Jcy, respectivelyt®1936The scaled HF-derivedty values
for 1 used in this manuscript were obtained in this fashion,
whereas the DFT-derivelty valueswere not scaledThe level
of agreement between tlsealedHF andunscaledraw) DFT
couplings is remarkable, showing that the DFT treatment yields
Jen values (and presumabliec values) in closer agreement
with the results of higher-level calculationgthout the need
for scaling

The extent of the difference between raw HF- and DFT-
derived couplings can be observed in Figure 8. For example,
cacavalues inl range from 63 to 68 Hz in thenscaledHF
treatment, whereas the DFT results (also unscaled) yield a range
of 35—-40 Hz. The latter range is more consistent with the
observed coupling of 35.4 Hz i

The true extent to which the scaled HF or unscaled DFT
couplings agree with experimental data cannot be rigorously
assessed, however, in structures sucii asd 2 due to their
inherent conformational flexibility. While many of the observed
Jern andJec values lie within the allowed ranges of the computed
couplings, at least for the DFT method, these data are insuf-
ficient to address the question of accuracy unless a conforma-
tional model, itself subject to error, is invoked. We therefore
conducted spin coupling calculations on the model methyl
aldopyranosided) (optimized exocyclic torsions: O5C1—
01-CHz = —68.9; O5—C5-C6—06= 71.0° (gt conformer);
C5-C6-06—H = —169.6; C1-C2—-02—H = 177.0). Five
Jen values in3 were calculated (DFT), giving the following
results: 1~]Cl,H1= 152.7 HZ;ZJCLHZZ —-6.1 HZ;ZJCLH5= 2.2
Hz; 3Jcipm = 2.3 Hz; 3Jcins = 7.8 Hz. These computed
couplings were compared to those observed in mefhgt
glucopyranoside4), which has a similar structure & Jci 11
=161.3 HZ;ZJc;L,Hz: —6.3 HZ;ZJCLH5: 2.3 Hz. These results
show the DFT-computetlcy value to be 5.6% lower (absolute
error of 8.6 Hz), in good agreement with the error estimates
made above fotJcy values inl. The computedJcy and3Jcy
values appear to contain similar percent errors, which translate
into smaller absolute errors-0.2 Hz for2Jcy yz ~0.1 Hz for
2Jc1n9). The negative sign ofcy nzis accurately predicted by
the computations. Interestingl§Jcinw = 2.3 Hz in 3, but
SJC]_’H3 = 1.2 Hz in 4; likewise, 3JC1,H$ = 7.8 Hz in 3, but
3Jc1,n3= 6.0 Hz in methyl|3-p-allopyranosideX) in which H3
is equatorial. The smaller couplings4rand5 compared to the
computed values are caused by the different substitution pattern
at C3; loss of an electronegative substituent on the carbon
bearing the coupled proton apparently makes a positive con-
tribution to 3Jcccn values.

HOCH, HOCH,

Q Q
HO
H3S OCHs HO OCH,3
OH OH
H
8A 3 4
HOGH, HOGH,
Q
HO HO
OCH, Hm/ocmcma
HO OH OH
5 6

Jcc values were also computed 3and compared to corre-
sponding experimental values in etlfib-glucopyranosideq).
Computed couplings iB were'Jcy co= 53.6 Hz,2Jc1.c3= 1.4
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Hz, 2Jc1cs= —1.2 Hz,3Jc1.c6= 4.0 Hz, and®cy cha= —2.2 are in very good agreement with respect to both coupling trends
Hz. By comparison, ir6, 1Jc1co = 46.9 Hz,2)c1c3= +4.5 and absolute values. Thus, the DFT method provides a simpler,
Hz, 2Jc1,c5= ~ 0 Hz,3Jc1ce = 4.1 Hz, and®Jcichs= —1.8 more rapid approach to computidgouplings than the scaling
Hz. In contrast to observations dign, computedJcc values approach based on both HF and MP2 values, with comparable
appeatarger than experimental values; fédc1 c2and?Jc1 cHa accuracy. This observation provides a firm foundation for the

the percent increases arel3% and ~18%, respectively, application of the DFT method to larger carbohydrates such as
although the error in the latter is greater due to the small oligosaccharides, wheré&y and Jcc values, especially those
magnitude ofJc1cizand the error associated with its measure- across theO-glycosidic linkages, can be investigated more
ment @&0.1 Hz). It is important to note, however, tHdt; cis thoroughly as potential probes of conformation in solufidh.
affected significantly by the particular selection of-©21 and should be noted that the DFT method can also be used to
C2-02 torsions, which in the present case orient the aglycone compute3Jyy values, which may provide new insights into
CHz and OH-2 anti to C2 and C1, respectively. These torsional and nontorsional (e.g., Barfield effects) factors that
orientations are expected to give rise to a maximal or near- influence these couplings in cyclic systems such as furanosyl
maximal value ofJci1,c2* If either of these torsions is rotated  rings.
to agaucheorientation, the computeldc: codecreases by-46 While the high level of agreeement between the scaled HF
Hz. A simple Boltzmann average, weighted by the optimized ang unscaled DFT results faris encouraging, the DFT-derived
energies in the various rotamers, yielded a value of 47.8 Hz for jyajues cannot yet be considered quantitative. We estimate that,
LJca,c2 which is in closer agreement with the observed coupling using the DFT approach described herein, the compdégd
of 46.9 Hz. Comparisons f6dc1 csandJcy cs betweend and and Jcc values are 56% smaller and ~5—10% larger,
6 are less reliable due to the conformational flexibility of the regpectively, than experimental values. Interestingly, although
C5-C6 bond of6 in solution. Overall, the level of agreement  giferent calculational methods were employed, Hricovini et
between experiment and theory is remarkable, leading to the 5 23c agtimated errors 0&5% in recent DFT calculations of
expectation that DFT-derivedt andJec values will provide 3 yajues in methyB-p-xylopyranoside, again with calculated
a useful means of testing structure-coupling correlations in coyplings smaller than experimental couplings. The origin of
situations not readily studied via experiment. these deviations has not yet been identified but could stem from
The above comparison is not without limitations in that only - the inherent limitations of the calculations (e.g., choice of basis
one set of exocyclic torsion angles was inspecteg| ithereas  set, limitation of the calculations to one set of exocyclic torsions
conformational averaging about these bonds is expected injn 1, and others) as well as from the neglect of non-Fermi-
solutions of4—6. The effect of this averaging on computdd  contact terms in the calculations. It would be desirable to identify
values remains largely unknown. However, this uncertainty the cause(s) of these relatively small discrepancies between
notwithstanding, the available data suggest that and Jcc theory and experiment and correct them in order to establish a
values computed by the DFT method are@6 smaller and  firm computational method for the quantitative prediction of
~5-10% larger, respectively, than experimental values. Knowl- j.,, andJccin carbohydrates, which would stimulate their wider
edge of these correction factors may permit the quantitative useappjication in structural studies. Despite these current limitations,
of these couplings in future structural studies of saccharides. however, the robustness of the DFT approach is remarkable and
Improved basis sets in the geometry optimization aodupling worthy of further development and exploitation.

calculations, and an aqcounting of non-Fermi-contact terms in The effects of furanose ring conformation aw values inl
?nedlztisgr&zﬁurther improve the agreement between theory have been newly examined in this study. The computed behavior
’ of 2Jc3 csin 1is in qualitative agreement with predictions based
on the projection resultant meth&tthereby providing further
evidence of the potential of this coupling as a conformational
This investigation has provided a detailed comparison of Probe. Karplus curves constructed from DFT-compuifed and
structural parameters (bond lengths, bond angles, bond torsions)Jc+ values inl are in good agreement with those derived
and NMR spin coupling constantic(; andJcd) in a biologically previously from experlmer’?’é"48~53thgs providing evidence that
important aldopentofuranose, 2-degfp-erythro-pentofura- the c_om_putec_i longer-range couplings are nearly quantitative.
nose (), obtained by two different computational methods: ab New insights into dual-pathway*Jcc values inl evolved from-
initio self-consistent field HartreeFock calculations and density ~ the calculation of these couplings as a function of ring
functional calculations, both using the same basis sets (6-31G*Cconformation; these new data provide a means to diss&lkic
for geometry optimization and [5s2p2s] for coupling constant ~ Values into thei”J and®J components, at least for a few ring
evaluation). The primary aim was to evaluate the DFT method conformers. Qverall, the results of this investigation provide a
as applied to carbohydrate systems with respect to its ability to Strong incentive to measuréy and Jcc in more complex
compute NMR scalar couplings involving carbon. Previous furanose-containing biomolecules (e.g., DNA, RNA) where they
efforts to calculate) values inl using HF-based methodg, may yield conformational information complementary to that
while useful, were nevertheless cumbersome, requiring both HF Provided by more commofdy and NOE measurements. The
and MP2 calculations and the development of scaling factors inclusion of Jey and Jec should be particularly beneficial in
(from QCISD calculations on structurally related but smaller Studies of conformationally flexible systems where the inter-
systems) to moderate the overestimation of electron correlationPretation of more conventional NMR parameters such as NOE
effects on the computed couplings in the MP2 calculations. The ¢an sometimes be problematic.
DFT approach, which is designed to recover the important
effects of electron correlation, was expected to yield relidble Acknowledgment. This work was supported by a grant from
values directly, that is, computed values that do not require Omicron Biochemicals, Inc., South Bend, IN, and by the Office
scaling. This expectation has been realized. While structural of Basic Energy Sciences of the United States Department of
parameters, especially bond lengths, clearly differ in the HF Energy. This is Document No. NDRL-4085 from the Notre
and DFT treatments, ttecaledHF andunscaledDFT couplings Dame Radiation Laboratory.
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