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Abstract: Ab initio molecular orbital (MO) and density
split-valence basis set have been performed on

functional theory (DFT) calculations using a polarized
2-dgeayribofuranosylamine (2-deoxg-p-erythro-

pentofuranosylamine) in its unprotonaté)l énd protonated4)) forms. Structural data confirm three previously
reported factors influencing bond lengths in aldofuranosyl rings, and suggest the existence of a new 1,4-lone
pair effect. Conformational energy profiles f8and4 were compared to that described recently for 2-deoxy-
[-D-ribofuranose (2-deoxyp-p-erythro-pentofuranose). Results show that preferred conformation and energy
barriers to pseudorotation are affected significantly by changes in C1 substiftfenotonation of3 reduces

pseudorotational barriers, suggesting a more flexible

ring relative to the unprotonated molecule. NMR spin

spin coupling constants involving C1 and H1 were calculate®land4 using DFT methods described previously
(Cloranet al. J. Phys. Chenl999 103 3783-3795). Trends in computed couplings as a function of ring
conformation and C1 substitution confirm prior predictions based on experimental observations in aminosugars

and nucleosides. In general, one- and two-béspdandJcc

values appear more influenced by-©N substitution

and byN-protonation than vicinaldcy and3Jcc. These results will be useful in studies of related NMR scalar
coupling constants in biologically relevant aminosugars and nucleosides, either free in solution or as components

of oligosaccharides and oligonucleotides.

Introduction

It is well accepted that aldofuranosyl rings can exhibit
considerable conformational flexibility in solution, either as free
entities or as constituents of more complex biomolecules such
as DNA and RNA! This flexibility is commonly assumed to
involve a two-state exchange between generalized North (N,
3E) and South (SE) nonplanar conformers via a pseudorota-
tional itinerary (Scheme 1) or via inversiohThis two-state
model derives mainly from studies of the biologically relevant
pB-p-ribo and 2-deoxys-p-ribo (2-deoxyf-p-erythro-pento)
rings and is often assumed to operate in aldofuranosyl rings
having other structures and configurations. The latter assump-
tion, however, is not strictly valid, especially since a complete
understanding of the effects of furanose structure on ring
conformation and dynamics remains elusive. Such an under-
standing would be valuable, since other ring configurations (e.g.,
o-D-arabing and ring substitution patterns (e.g., glycosyl-
amines) are encountered in biological systems.
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Pseudorotational itinerary of an
aldofuranose ring

A key intermediate in the biosynthesis of purine ribonucle-
otides isf-b-ribofuranosylamine 5-phosphate the glycosyl-
amine derived fronf-p-ribofuranose 5-phospha®e* The amino
substituent at C1 of might be expected to exert a significant
effect on ring conformation, leading to different preferred
conformations fod and2. This difference is anticipated because
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the anomeric effect,which is a major factor dictating ring  and the effects oN-substitution/protonation on furanose ring
conformation in saccharides, differs Inand 2, resulting in a structure/conformation and NMR scalar couplings are more
modified interplay of competing structural forces. Given the readily discerned.

small energy differences between the nonplanar conformers of

1 and 2, any change in one structural factor is likely to alter Computational Methods

preferred ring geometry. A. Geometry Optimization. Ab initio MO and DFT calculations
In this report, the effect of amino group substitution at C1 of \ere performed with a modifiééiversion of the Gaussian 94 suite of

aldofuranosyl rings on ring structure and conformation has been programs-! For geometric optimization at the HartreEock (HF) and
investigated using ab initio molecular orbital (MO) and density DFT levels of theory, the polarized split-valence 6-31G* basi$?set
functional theory (DFT) and a model aldopentofuranose, was employed. For DFT, the standard B3LYP functional, due to
2-deoxyp-p-ribofuranosylamine (2-deoxg-p-erythro-pento- Becke!® was used in all calculations. This functional comprises both
furanosylamine), in both its unprotonate8) @nd protonated local* and nonlocdP exchange contributions and contains terms
(4) forms. MO calculations were conducted s a function accounting for locdf and nonlocdf correlation corrections.
of the C1-N1 torsion angle, and the most stable geometry was S described fob previously>” the 10 envelope forms & and4

’ . were examined by holding one endocyclic torsion angle fixed in each
compared to the most stable €01 geometry observed in

. of 10 computations (i.e., G, the C4-04—C1—C2 torsion was held
2-deoxyp-p-ribofuranose (2-deoxg-p-erythro-pentofuranose)  .onstant at 9. All remaining structural parameters were allowed to

5, which was studied previously using similar computational rejax in each calculation unless otherwise noted. Individual envelope
forms are identified throughout the paper via their corresponding
pseudorotational phase angteB,(Scheme 1), and are represented in
graphical plots a®/x radians, wheréE = 0.1 P/x (P = 18°), B4 =

P =-OPO3H, 0.3P/z (P = 54°), and so forth.
B. Calculations of NMR Spin—Spin Coupling Constants.**C—
H and 3C—1C NMR spin—spin coupling constants in the DFT-
optimized structures were obtained by finite-field (Fermi-contact) double
perturbation theor} calculations at the B3LYP level using a basis set
([5s2p1d,2s]) previously constructed for similar systéfasppropriate
values for the perturbing fields imposed on the coupled nuclei were
chosen to ensure sufficient numerical precision, while still allowing a
satisfactory low-order finite-difference representation of the effect of
the perturbation. Only the Fermi contact component of each coupling
constant was considered due to the dominant relationship of this term
in J values involving carbon and hydrogen, especially in saturated
\; j systems.

HO Results and Discussion

5 6 A. General Considerations.Initial calculations or8 focused
cH on the effect of C+N1 bond rotation on conformational energy
HO o s and structural parameters. Computations were conducted on the
10 envelope forms along the pseudorotational itinerary (Scheme
1). In all calculations, the saniritial exocyclic torsion angles
were chosen: H3C3—03—H, —60°; O4—C4—C5-05, 60
7 (gt rotamer); and C4C5—05—H, 18C. The three initial C+
N1 rotamers i are defined with respect to the orientation of
methods’” Comparisons betweed and 4 were also made to  the nitrogen lone pair as follows (Scheme 2)g, lone pair
evaluate the effect oN-protonation on ring structure and gauche to 04 and C2jt, lone pair gauche to O4 and trans to
conformation. Finally Jen andJcc values involving nuclei in - c2: andtg, lone pair trans to O4 and gauche to C2. Geometric

HO

the vicinity of C1 have been computed from DFT3rand4 optimizations were conducted with the 6-31G* basis set at the
and compared to those computed previoushysjh yielding Hartree-Fock level of theory (HF/6-31G*).
information on the effect oN-substitution andN-protonation During geometric optimizations of thepEand 'E (1.5 and

on these couplings in saccharides. The latter results arej 7 p/x) ring forms of3 in the gt rotamer, spontaneous bond
compared to predictions made recently from studies'¥]f
labeled aminosugars and nucleositié#.should be noted that, (10) Carmichael, 1J. Phys. Chem1993 97, 1789-1792.
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i i ; i Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
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Scheme 2

least stable rotamer most stable rotamer

rotations occurred to yield final structures significantly different
from starting structures. ForgEring puckering changed to the
OE form, whereas fotE, the CE-N1 bond torsion changed to
the more stabldg rotamer. These rotations were considered
undesirable since they, if uncorrected, would lead to structural
and conformational energy comparisons between significantly
different structures. Consequently, in these two cases, an
additional structural constraint was added to the calculation (for
Eo, the C4-04—C1—-C2 torsion angle was fixed at 28for

1E, the O4-C1-N1—-HR torsion angle was fixed at 207)7

These torsions were chosen based on observed trends in thes[(_e

parameters in the remaining eight ring forms where geometric
optimization proceeded smoothly. Therefore, molecular param-
eters calculated for thegand*E forms of3 (gt rotamer) contain

more error, and may account for the small discontinuities
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igure 1. Conformational energy profiles fa8 (HF/6-31G*) as a
function of the C+N1 torsion angle (Scheme 1): open squaggs,
rotamer; closed squaregt rotamer; closed circlesg rotamer.

in the literature; the preferred geometry orients OH1 gauche to

observed in some of the plots of these parameters as a functiony, 5nd H1 (Rotamer 1) due to the exoanomeric eff& The

of P for this structure.

The above HF/6-31G* calculations @&yielded a lowest
energy structure with respect to €M1 torsion angle tf
rotamer, Scheme 2). The 10 envelope forms3afontaining
this C1—N1 torsion (denotedstg) were then geometrically
reoptimized using DFT (B3LYP functional) and the 6-31G*
basis set. This reoptimization was conducted to permit structural
comparisons betweedig, 4, and5; similar DFT data ol were
obtained in this study (see below), and DFT dataSowere
reported previously. More importantly, however, the DFT-
optimized geometries foBtg, 4, and 5 were required for
calculations oflcy andJcc spin—spin coupling constants, since
recent work has show?that accurate couplings (less than 10%
error) can be obtained using both DFT(B3LYP)/6-31G* geom-
etries and DFT combined with finite-field perturbation theory
and a specially designed basis'8atithout the need for scaling.

The symmetry of the Nk group in4 eliminated the need
for exploration of CE+N1 rotamers as required i8. Initial
exocyclic torsions it were identical to those used f8r H3—
C3—03—H, —60°; 04—C4—-C5-05, 6C (gt rotamer); and
C4—C5—05—H, 180C. Seven of the 10 envelope forms con-
verged smoothly at the DFT(B3LYP)/6-31G* level of theory
without large excursions in these torsions. In three geometries
(Es, “E, Ep), however, spontaneous rotation about the-C5%
bond was observed, yielding tlgg geometry (O5 gauche to
04 and C3); this rotation was apparently driven by H-bonding

between the substituents on C1 and C5. For reasons discusse

above, this rotation was prevented by holding the-C3—
C5—05 torsion angle constant at 1'8@ these structures. This
additional structural constraint may introduce small deviations
in bond lengths, angles, and torsions, and possibly lead to small
discontinuities in graphical plots of the data for these forms.
B. Effect of the C1—N1 Torsion Angle on the Conforma-
tional Energies and Structural Parameters of 3.In aldofura-
noses such as, the preferred C+O1 bond conformation can
be predicted from a wealth of experimental and theoretical data

(29) Cloran, F.; Carmichael, I.; Serianni, A. 5.Am. Chem. S0d.999
121, 9843- 9851.

Rotamer |

situation is less clear for aldofuranosylamines such3as
Therefore, we examined the conformational energp afs a
function of pseudorotation phase and® in the three staggered
C1-N1 rotamers shown in Scheme 2. Three energy profiles
were obtained (Figure 1), with the highest energy structures
having thegt conformation (nitrogen lone pair trans to C2;
defined hereafter &8gt) and the lowest energy structures having
the tg conformation (nitrogen lone pair trans to O4; defined
hereafter a8tg). The energy profiles fagt and3tg are identical
in shape and nearly identical in amplitude, with minimal energy
structures located nedE (broad minimum) and the maximal
energy structure located ap Eelatively sharp maximum). In
contrast, the conformational energy profile f8gg (nitrogen
lone pair trans to H1) is shallower in amplitude and contains a
broad maximum nedE/E; and a sharp minimum at,EThus,
the effect of Ct-N1 bond rotation on the conformational energy
f 3 is significant. Stereoelectronic factors appear to explain
e lowest energy structur8t@); the nitrogen lone paimny, is
closer in energy t@ci, o4 than to oci n* and oci,cs, so that
the (?/v—oc1,04) interaction is favored over the (Aroci ni*)
and (w—oc1,c?) interactions. Similar arguments have been
invoked to explain the preferred €01 orientation and torsion
in O-glycosides’
It is interesting to note that the conformational energy profiles
for 3tg and 3gt are virtually identical, with the latter profile
shifted upward in energy by5 kcal/mol. Thus, despite the

(20) Lemieux, R. U.; Koto, STetrahedron1974 30, 1933-1944.
(21) Praly, J.-P.; Lemieux, R. WCan. J. Chem1987, 65, 213-223.
(22) Lemieux, R. UPure Appl. Chem1971 25, 527-548.
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Figure 2. Effect of ring conformation on the CIN1 bond length in
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Scheme 3

HO

and HZ experience 1,3-interactions along the itinerary which
presumably cause the observed bond shortening. TheHg4
bond length is unaffected by €N1 rotation.

The aberant behavior of the €813 bond deserves comment.
It is important to note tha@gt and3tg exhibit similar behavior;
3gg deviates from the others (Figure 3). The former behavior
is consistent with the expected dependence of this bond on
orientation, that is, bond length is maximal when quasi-axial
(E2/*E) and minimal when quasi-equatorigE(Es).2° Thus, the
behavior of3gg is unusual, and interestingly, its behavior is
similar to that observed previously js+p-ribofuranosé® and
2-deoxyp-p-erythro-pentofuranos&’ While this unexpected
behavior was noted in previous studies, we could not provide a

presence of the 1,3-interaction between the lone pairs at N1plausible explanation for it. The present data show that the C3

and O4 in thé’E/E; geometries oBgt these ring forms remain
the most stable.

The most favored ring conformations 8flie in the eastern
half of the pseudorotational itinerary, with tHg/E; forms being
lowest in energy. In these conformations, the-@IL bond is

H3 bond length igeducedin N forms of 3gg (as opposed to
the C3-H3 bond length being enhanced in S forms), thains,
ring geometries containing the shortest distances between the
nitrogen lone pair and H3Thus, in addition to bond orientation,
vicinal lone pair effects, and 1,3 lone pair effects} lone pair

quasi-equatorial. As shown in Figure 2, this bond responds to effectsappear to occur in these ring systerhs3cheme 3) and,

ring conformation in a similar fashion in each of the threeC1
N1 rotamers, with minimal bond length found when the-C1
N1 bond is quasi-equatorial (n€¥t) and maximal bond length
found when this bond is quasi-axial (neaj).Hn any given ring
conformation, the CN1 bond is shortest in the most stable
tg rotamer.

Brameld and Goddafél reported recently the potential
energies of6 as a function of C+N1 torsion angle and ring
conformation based on MO calculations similar to those
conducted here. The energy profiles 6oare virtually identical
to those found foB, suggesting that substitution at C4 of €H
for CH,OH (when the latter assumes tijiconformation) exerts
minimal effects on ring energies. The latter result accrues
presumably because, in tgeconformation, O5 points “away”
from the ring and is thus less likely to interact with ring

like the 1,3-effects, lead tbond shortening

The C1-04, C4-04, and C3-0O3 bond length dependencies
on ring conformation are independent of-€41 torsion (Figure
4). In any given ring conformation, the €04 bond is longest
in the most stablég conformer. In contrast, similar lengths are
observed for the C303 bond in3gg, 3gt, and3tg.

The C2-C3, C3-C4, and C4-C5 bond lengths ir8 are
similar in magnitude and exhibit the same dependence on ring
conformation in each GiN1 rotamer (Figure 5). In contrast,
the C1-C2 bond in3gt is longer than that found fadgg and
3tg, although all three C:N1 rotamers display the same €1
C2 dependence on ring conformation. The enhanced @2l
bond in3gtis caused by vicinal lone pair effects; in this rotamer,
the nitrogen lone pair is trans to the €C2 bond, thus
enhancing its length as expectdt, (Scheme 3). The C4AC5

substituents. On the other hand, a close correspondence wouldond shows the expected dependence on ring conformation,

not be expected betwe&wand3 when the latter contains other
C4—C5 torsions (e.g.,gg conformation), based on recent
observationg?

C—H bond lengths irB exhibit essentially the same depen-
dence on ring conformation in each of the-€M1 rotamers,
except for the C3:H3 bond (Figure 3). The slightly longer €1
H1 bond in3gg can be explained by noting that, in this €1
N1 rotamer, the nitrogen lone pair is trans to H1 (Scheme 2),

being longest when quasi-axial (nett) and shortest when
quasi-equatorial (near4Ein 3gg, 3gt, and3tg.6.7:26

Other molecular parameters such as-©#—C1 bond angle,
puckering amplitude 7¢,), and C3-O3 torsion are largely
unaffected by the CZN1 torsion angle ir8 (Figure 6). Small
differences are observed in the €@4—C1 bond angle and,
in western conformers.

C. DFT Structural Parameters and Conformational Ener-

thereby leading to bond elongation analogous to effects causedgies in the Most Stable Forms of 3 and 5The conformational

by oxygen lone pair$>26The reduced C2H2R and C2-H2S
bond lengths irBtg and 3gg, respectively, are attributed to the
previously reported 1,3 lone pair effect, which results inHC
bond shortening? for example, in3gg, the nitrogen lone pair

(23) Brameld, K. A.; Goddard, W. A., IJ. Am. Chem. Sod.999 121,
985-993.

(24) Cloran, F.; Carmichael, I.; Serianni, A. S. Manuscript in preparation.

(25) Serianni, A. S.; Wu, J.; Carmichael,J. Am. Chem. Sod 995
117, 8645-8650.

(26) Podlasek, C. A.; Stripe, W. A.; Carmichael, |.; Shang, M.; Basu,
B.; Serianni, A. SJ. Am. Chem. S0d.996 118 1413-1425.

energy profiles for3tg and 5 determined from DFT differ
significantly (Figure 7A); note that the conformational energy
profiles for3 determined at the HF (Figure 1) and DFT levels
of theory (Figure 7A) are very similar. In this comparison, the
exocyclic C3-03, C4-C5, and C5-O5 torsions are similar in
the two structures, the GIN1 bond in3 is tg, and OH-1 in5

is gauche to O4 and H1 (Rotamer [).3tg, the energy minimum
lies near k and the energy maximum lies neay. h contrast,

(27) Kennedy, J.; Wu, J.; Drew, K.; Carmichael, I.; Serianni, AJS.
Am. Chem. Sod 997, 119, 8933-8945.
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Figure 4. Effect of ring conformation on the G104 (A), C4-04 (B), and C3-O3 (C) bond lengths i3 (HF/6-31G*) for the three CEN1
rotamers (Scheme 2): open squaggrotamer; closed squaregt rotamer; closed circlesg rotamer.

for 5, the energy minimum lies neap Bnd the energy maximum  properties of O4 to dictate preferred conformation, as occurs in
lies nearPE. Thus, the preferred orientation of the-€41 and 5. It is noteworthy that the conformational energy profile for
C1-01 bonds irBtg and5, respectively, differs, with the former  3gtis not the same as that f&r despite the lack of a lone pair
preferring a quasi-equatorial orientation and the latter preferring trans to the C+04 bond. Thus, other factors must compete
a quasi-axial orientation. Both bonds, however, exhibit the same with the donor properties of O4 which favor geometries having
dependence on ring conformation (longest when quasi-axial the CI-N1 bond quasi-axial. Such factors may include the
(near k) and shortest when quasi-equatorial (& although elongation of the CtC2 bond (see below), which may stabilize
the C-N bond is longer in all ring conformations (Figure 8)). geometries having the GIN1 bond quasi-equatorial.

The conformational energy profile f@gg deviates signifi- All C—H bonds in the furanose ring display the same
cantly from those foi3gt and 3tg (Figure 1) but is similar to dependence on ring conformation3tg and5, except for C3-
that observed fos (Figure 7A); for 3gg and 5, the global H3 (Figure 9). The C+H1 bond is uniformly shorter ir3tg,
minimum energy conformer is;EThe loss of a lone pair trans  while the C2-H2Sbond is uniformly longer. These effects may
to the C1-0O4 bond in3gg apparently eliminates the donor be attributed to vicin&l?>26(C1—H1) and 1,3 lone paif (C2—
properties of N1 (see below), thereby allowing the donor H2S) effects present irb but absent in3tg. The behavior of
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(HF/6-31G*) for the three CEN1 rotamers (Scheme 2): open squaggstotamer; closed squaredt rotamer; closed circlesg rotamer. Therm

value forE, (gt) was fixed at 28 in the calculation (see General Considerations), thus leading to greater uncertainty in the resulting curve for
western geometries.

C3—H3 confirms the existence of 1,4 lone pair effects discussed  Substitution of NH for OH at C1 affects only the Ci1C2
above. Calculations 0% were conducted with the G101 bond length, which is uniformly longer itg (Figure 11A).
torsion orienting OH1 gauche to O4 and H1 (Rotamer 1), and All other C—C bonds display similar lengths Big and5, and
in this rotamer, one of the O1 lone pairs lies over the ring in N all C—C bonds show similar dependencies on ring conformation.
forms, thus reducing the G343 bond length in these forms. Minimal differences are observed in the €@4—C1 bond
The effect is absent iBtg, and thus the C3H3 bond length angle and C3-03 torsion angle iMtg and 5, although the
increases in N forms as expected due to orientation factors (theformer angles are moderately larger in the western forms of

bond is quasi-axial). 3tg (Figure 12).
The C1-04 bonds irBtg and5 display similar dependencies D. Preferred Conformations of 3g and 5 and Stereoelec-
on ring conformation, but this bond is uniformly longer3ty tronic Effects. The dissimilar conformational energy profiles

(Figure 10A). The C303 bond length is similar i8tg and5 of 3tg and 5 (Figure 7A) suggest a different interplay of
and displays a similar dependence on ring conformation. stereoelectronic factors at work in these compounds. This result
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Scheme 4

OH OH

HO 0 e HO 50t

) 1o
I Q [ @

endo anomeric effect exo anomeric effect

is expected, since iftg, dissimilar electronegative atoms are
appended to the anomeric carbon, whereas, itwo oxygen
atoms are involved. 18, the quasi-axial orientation of the €1
O1 bond in the preferred Econformer can be explained by
invoking no — oci-o1* donation by the antiperiplanar O4 lone

pair, causing the endocyclic €D4 bond to contract (Figure
10A) relative to the same bond in less stable ring forms (

Scheme 5

H _H
\N .

‘\%H

endo and exo anomeric
unfavored

exo anomeric
favored

furanoses noted previoudh?® (quasi-axial orientation favors
longer bonds). Importantly, the €1 bond elongation and
the concomitant quasi-axial orientation aeénforcing factors.
In the preferred Egeometry, botlendo(l, Scheme 4) andxo
(I, Scheme 4) anomeric effects compete, butehdoeffect
appears to dominate. A dominagxoeffect would favor a ring
geometry having the G101 bond quasi-equatorial (e.gE),
since the resulting shorter €D1 bond would be better
accommodated in this orientation.

In contrast, in3tg, the exo anomeric effect appears to
dominate. Thus, n— oci-o4* donation by the antiperiplanar
N1 lone pair leads to a shortening of the exocyclic-Olil bond
(Figure 8) and a lengthening of the endocyclic-&24 bond
(Figure 10A) in the favored £conformer (, Scheme 5). Both
endoand exo anomeric effects potentially compete when the
C1-N1 bond is quasi-axialll, Scheme 5), but apparently this
competition is avoided for the following reasons. It is well-
known that nitrogen is a better donor than oxygen, and this
preferred donor status results in a shortenee €1 bond, which
is better accommodated in a furanose ring when quasi-equatorial
than when quasi-axial. This latter orientational preference
operates in concert with the dominant donor properties of
nitrogen, leading to an avoidance of the potentially competing
endoanomeric effect.

Regardless of whether the above stereoelectronic explanation
of conformational preferences is correct, it is important to
appreciate that th-glycoside3tg and theO-glycoside5 prefer
significantly different conformations, and that these differences
may be important in biological processes involving these

Scheme 4). This effect would cause the observed exocycle C1 structures.

01 bond elongation in HFigure 8), although this lengthening

E. Effect of N-Protonation: Structural Comparisons

may also be caused by general bond orientational factors inbetween 3g and 4. The conformational energy profile f
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Figure 10. Effect of ring conformation on the G104 (A), C4-04 (B),

and C3-03 (C) bond lengths ir8 (DFT; B3LYP) in thetg rotamer
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shows two well-defined minima at conformations néap
(North) and?T3 (South) (Figure 7B). This profile contrasts with
those observed faBtg and 5 in which only one well-defined
energy minimum is observed (Figure 7A). Thidsprotonation
of 3tg, giving 4, causes significant changes in preferred
conformation; specifically, a small shift in the preferred S form
occurs (g — 2T3) and a new N energy minimum appears. The
global minimum remains with S forms, buWd-protonation
confers stability to N geometries. Furthermore, the amplitude
of the conformational energy curve fdr(~1.5 kcal/mol) is
considerably smaller than that f@&g (~3.5 kcal/mol), sug-
gesting greater conformational mobility in the protonated
structure.

Differences in preferred ring geometry betwegtg and 4

properties. The appearance ofTa (north) minimum for4 may

be attributed to the loss of tlexoanomeric effect arising from
N1 (due to the unavailable nitrogen lone pair), resulting in
domination by theendoanomeric effect exerted by O4. The
latter effect favors a quasi-axial, or near quasi-axial, orientation
of the C1-N1 bond as found ifT,. This situation is similar to
that observed in5, which favors a north (B geometry.
However, despite this effect, south forms are still preferred over
north forms of4, and this preference may arise, at least in part,
to the increased steric bulk of the NHgroup (relative to NH),
which would favor the quasi-equatorial orientation of the-C1
N1 bond found in2Ts. Alternatively, the quasi-equatorial
orientation of the C£N1 bond in4 may be stabilized relative

to the quasi-axial orientation due to the reduced resultant dipole

must be associated, in part, with differences in stereoelectronicmoment in the formet®
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N-Protonation causes substantial lengthening of the KIIL respectively. Thus, the GIN1 bond in4 is shortest when quasi-
bond (Figure 8). This bond displays the same dependence onequatorial (0.7/x; E;) and longest when quasi-axial (1P7r;
orientation as do the CAN1 and C+0O1 bonds in3tg and5, 1E). However, thesensitbity of the C1-N1 bond length it to

- - - orientation is greater than observedig and>5; in the former,
(28) These results are consistent with complementary data obtained from Il ch 0007 A i b d d to th
DFT calculations on cyclohexanes and 2-substituted tetrahydropyrans an overall change : '.S observed, compared to the
bearing single Chl NHa, NHs*, and OH substituents. Energy differences, more modest-0.01 A changes in the latter. The reason for the

(Eeq — Eay), WhereEeq andEax are the computed total energies for a given  enhanced sensitivity id is unclear.

substituent in equatorial and axial orientations, respectively, were found to .

be 2.2, 1.0, 1.2, and 0.4 kcal/mol for cyclohexane and 3.1, 2.5, 1.5, and The CIH1 and C2-H2S bond lengths are essentially
—1.2 keal/mol for 2-substituted tetrahydropyrans, forsChHz, NHz*, and unaffected byN-protonation (Figure 9A,C). In contrast, the-€2

OH, respectively. Thus, in cyclohexane, all four substituents prefer an - ;
equatorial orientation, with CHand OH bracketing NiHland NH™. In H2R, C3-H3, and C4-H4 bonds are shorter i The overall

contrast, only CH, NHp, and NH* prefer equatorial orientations in  dependence of these bonds on ring conformation is conserved
2-substituted tetrahydropyrans, with OH preferring to be axial as expected. in 3tg and 4.

Importantly, NH* displays a reduced preference for an equatorial orientation . L . .
relative to NH, in agreement with the results obtained for the aldofuranosyl  N-Protonation causes significant shortening of the endocyclic

rings 3 and 4. C1-04 bond ¢ —0.075 A) and lengthening of the endocyclic
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C4—04 bond ( +0.04 A) (Figure 10A,B). The exocyclic G3 change is not uniform3{g lowest, 4 highest).%Jc1 ¢z is also
03 bond is shorter i (~ —0.02 A) (Figure 10C) but the effect  consistently smaller iBtg than in5, although the difference is
is reduced relative to the endocyclic-© bonds, presumably  small (1-3 Hz) (Figure 13B); in contrast]c1 c2is significantly
because the bond is more remote from the site of protonation.reduced in4 relative to3tg and 5. These results show that
The dependence of these bonds on ring conformation is substitution of N1 for O1 affectslcy differently depending on

conserved irBtg and 4. the state ofN-protonation, while?Jcic2 is reduced upon
The C1-C2 and C2-C3 bonds in4 are shorter £ —0.01 N-substitution, with a greater effect observed for the protonated
A) and longer ¢ +0.01 A), respectively, than found f@tg, species. These results are consistent with recent comparisons

whereas the C3C4 bond is essentially unaffected (Figure of experimentallJcy and YJcc in methyl furanosides and
11A—C). The exocyclic C4C5 bond appears unaffected by nucleosides. For examplecy 41 = 173.9 Hz in methyl 2-deoxy-
N-protonation in eastern conformers, but shortens in western 8-p-erythro-pentofuranosid@® and'Jcy 4y ranges from 167.4
forms (Figure 11D). The dependence of the@bonds on ring to 170.8 Hz in 2deoxyribonucleosides’cy co = 40.5 Hz in

conformation is conserved iBtg and 4. 7 and Yy c2 ranges from 36.6 to 37.2 Hz in'-Aeoxyribo-
The C1-04—C4 bond angle is essentially unaffected by nucleoside$.

N-protonation (Figure 12A). A more shallow €®3 torsion Two-bond*C—'H couplings involving C1 and C2 were also

angle ¢ —40°) is observed it relative to3 (~ —60°) (Figure calculated (Figure 14). Interestingly, OH2 NH,1 substitution

12B). exerts opposite effects on the magnitudedlef hr and?Jcy pzs,

F. Calculated 13C—'H and 13C—'3C Spin—Spin Coupling with the former showing a slightly reduced coupling and the
Constants in 3g, 4, and 5.Computedcy andJcc values were latter showing a slightly enhanced coupling. In both cases, the
restricted to couplings involving the substituted carbon (C1) and effect is small 1 Hz), indicating that substitition of Njfor
its attached proton (H1) iBtg and4, since the effect of Ot~ OH at the coupled carbon in a€C—H pathway exerts a minor
N1 substitution on more remote coupling pathways was expectedeffect on 2Jcch. These results are consistent with recent
to be negligible. These couplings are compared to related valuesobservations made in 2-acetamido-2-deoxy-glycopyranosides

in 5, which were reported previously. and in nucleoside$The fact that opposite effects are observed,
1 m1in 3tg is uniformly smaller thartJcy gy in 5 by ~10 however, shows that both-&C—H pathways are not structurally
Hz (Figure 13A). HoweverJcy y1 in 3tg increases by-20 Hz equivalent, that is, the different orientations of electronegative

uponN-protonation. In all compound&]c; 1y exhibits the same  substituents appended to these pathways yield different observed
dependence on ring conformation, although the magnitude of effects.N-Protonation does not appear to afféts; nzs signifi-
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cantly, but?Jc; pg is shifted to a more positive value by3 substitution at the coupled carbon, influené&scyand3JcocH

Hz; again, seemingly similar pathways manifest much different minimally (Figure 15).3Jc; csvalues in3tg, 4, and5 are also
behaviors. In contrast, OH> NH, substitution at the carbon  very similar.

bearing the coupled proton causes a substantial decrease in Two dual-pathway3C—13C couplings were examined, namely,
2Jcch as manifested in the differeRlc, yi values calculated 23]y czand?™3Jcy c4(Figure 16). The behavior of the latter is

in 3tg and5 (Figure 14C). This decrease-8.5 Hz) is in good essentially the same Big, 4, and5; the more negative couplings
agreement with earlier findings in 2-acetamido-2-deoxy-glyco- in western forms (relative to eastern forms) have been explained
pyranosides and in nucleosideshere a decrease 6f2.5 Hz previously? These results suggest tHéisubstitution ortJcoc

was estimated. Interestingly, this decrease is substantiallyvalues will be small?™3Jc; c3 however, displays significant
reduced uporN-protonation (Figure 14C), resulting in more differences in3tg and5, and coupling along this pathway will

similar 2Jc 1 in 4 and>5. be affected by the relative orientation of the terminal electrone-
The vicinal couplings3Jci na 3Jc1,Ha 3Jcz i, and3Jes py, are gative substituents. I6, both are oxygens, and thus coupling
virtually identical in3tg, 4, and5, indicating thaiN-substitution/ is similar (0.7 Hz difference) in the extreme geometri&sdnd

protonation at the carbon bearing the coupled proton, or E;) where quasi-axial and quasi-equatorial orientations are
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interchanged. These extreme geometries, however, do not yield

equivalent couplings iBtg, and a greater difference in coupling
is observed (1.2 Hz). However, the coupling difference is still
small, thus confirming recent predictions of the behavior of
2t3Jc1 c3in ribonucleosides and-2leoxyribonucleosidesThe
effect of ring conformation 0A™Jc; c3in 4 is more similar to
that observed fob, suggesting that N&t more closely mimics
OH than does Nk

Conclusions

The structural and conformational properties of 2-deBxy-
p-erythro-pentofuranosylamine in its unprotonate@) (and
protonated4) forms, as derived from molecular orbital calcula-
tions at the HF and DFT (B3LYP) levels of theory using the

6-31G* basis set, have been investigated in this report. These
properties are compared to those reported previously for

2-deoxyp-p-erythro-pentofuranosé.b” Substitution of NH or
NHs" for OH at the anomeric carbon &fand substitution of
NHs™ for NH; at the anomeric carbon &fsignificantly affect

the molecular structure and preferred conformation of the
furanose ring. Furthermore, the effects of Nind NH*
substitution onJcy and Jcc values involving nuclei in the
vicinity of the anomeric carbon were examined to test previous
predictions on the effect of © N substitution in saccharides
based on limited experimental observati&fghis information

will assist in future interpretations afcy and Jec values in

nucleosides, aminosugars, and other nitrogen-substituted sac-

charides.

Geometric optimizations conducted as a function of pseu-
dorotational phase angle and-€41 bond torsion yielded three
distinct conformational energy profiles f@&; with the most
stable C1N1 rotamer orienting the nitrogen lone pair trans to
O4. Three major factors affecting bond length in furanose rings,
identified in previous investigations, are confirmed3rand
summarized in Scheme 6: orientational factors (for exocyclic
bonds; quasi-axial or quasi-equatorial), vicinal lone pair effects,
and 1,3 lone pair effects. The present results¥ohowever,
suggest that a fourth factor influences exocyclic bond lengths,
namely, a 1,4 lone pair effect (Scheme 6). This factor explains
the anomalous conformational dependence of theld3bond
reported previously in 2-deox§-p-erythro-tetrofuranosé®2”
B-p-ribofuranose?® and 2-deoxyB-p-erythro-pentofuranosé’
The preferred CEN1 rotamer in3 (tg) prevents this interaction,
and thus the C3H3 bond in this compound behaves as
expected. Irb, however, the preferred €101 rotamer (Rotamer
I) places an oxygen lone pair in proper orientation to cause C3
H3 bond length truncation in N forms.

The significantly different preferred ring conformations3of
and5 determined with the most stable €D1/N1 rotamers can
be explained by invoking stereoelectronic arguments involving
lone pairs in the vicinity of the anomeric carbon. Competing
endo and exo anomeric effects appear to dictate preferred
conformation; in5, the endoeffect dominates, whereas B

Cloran et al.

i (+0.037)
d (-0.075)

NHz*

HO oY |=<—i(+0.134)
d (-0.003)//:\§ 7‘
u (< 0.001) — \d (-0.011)

d (-0.003
u (< 0.001)
SH NHgz*

—0==

HO \H

d (-0.005)—,
H

HO

AN

i (+0.018)

- (-0.001)

H
d (-0.002)

Figure 17. Changes in €H, C—C, C—N, and C-O bond lengths
(B3LYP/6-31G*) upon N1 protonation: & decrease, + increase, u

= unchanged. Values in parentheses denote the average bond length
change (in A) over the pseudorotational itinerary.

Scheme 6
OH

H 0

ax
HO
He R

9 H

quasi-axial/ vicinal lone pair

quasi-equatorial
bond orientation

effect
(lengthens)

Os‘” i
foN !
' \C E{z Ry

H3 Rs
1,3 lone pair 1,4 lone-pair
effect effect
(shortens) (shortens)

the need to break bonds. For example, the-O1 bond can
assume a quasi-axial or quasi-equatorial orientatigelatively
stable geometriesf 5, whereas a similar transformation in
aldopyranosyl rings is often very energetically unfavorable (e.g.,
4C4/1C, interconversion). In the latter system, anomeric pairs
are usually studied, necessitating comparisons between two
different molecular structures.

The preferred quasi-equatorial orientation of the-Glil. bond
in 4 might be considered a manifestation of the reverse anomeric
effect in saccharide®, were it not also true that the GN1
bond in 3 prefers the same orientation. Furthermoh¢,
protonation of3, giving 4, results in increased stabilization of
forms containing quasi-axial GAN1 bonds, that is, protonation

theexoeffect dominates. In both cases, the preferred orientation results in the stabilization of particular ring geometries via the

of the exocyclic C+0O1/N1 bond reinforces these interactions.
In contrast, thendoeffect of O4 dominates i4, thus stabilizing
north forms, but south forms &f (in which the CtN21 bond

normal endoanomeric effect. This effect can be rationalized
from resonance considerations; hyperconjugative structures
generated from CiN1 bond breaking it when the CE+N1

is quasi-equatorial) are still preferred, presumably due to the bond is quasi-axial do not suffer from charge separations, in

steric requirements of N§t and/or the reduced resultant dipole
moment. It is noteworthy that stereoelectronic and other

contrast to a similar treatment B) and thus anomeric effects
in 4 would be expected to be at least as strong as thoS&e in

structural effects in saccharides can be studied conveniently inThese observations reinforce the view that reverse anomeric
furanosyl rings due to their ability to assume a continuous range effects do not exist) at least in structures such ds

of nonplanar conformations in which all ring substituents are
able to orient either quasi-axially or quasi-equatorially without

(29) (a) Lemieux, R. U.; Morgan, A. RCan. J. Chem19645 43, 2205~
2213. (b) Lemieux, R. UPure Appl. Chem1971, 25, 527—-548.
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Figure 18. Calculated partial Karplus curves for specifigy and3Jcc in 3tg, 4, and5: (A) 3Jcinz (B) 2Jcina (C) 2z nsn (D) 3Jcarmy, (E) 3eics
open squares3; closed triangles4; closed squares.

It should be appreciated that the stereoelectronic factorsenzyme active site; for example, in the conversion of 5-phos-
involving the anomeric carbon o8 which influence ring phoribosyle-pyrophosphate (PRPP) taduring the biosynthesis
conformation in this structure are not strictly transferable to of inosine monophosphate (IMP), the initially form#&dn the
nucleosides. In the former, a localized lone pair resides on N1, active site may be unprotonated, and only upon release to
thereby permitting n—~ o* donation, whereas in nucleosides, solution does protonation occur. The latter release may be
the lone pair is delocalized within the aromatic base, making accompanied by substantial changes in preferred furanose
this donation unlikely. This difference is important when conformation and conformational dynamics (i.e., bound and free
considering stereoelectronic factors that controt-Gll bond geometries may differ).
orientation and furanose ring conformation in nucleosides. The observed effects of O N1 substitution on computed

While the observation thad and 5 differ considerably in Jcn and Jec values are in very good agreement with prior
preferred conformation is important to appreciate, it should be predictions. Previous suggesti8tisat a different projection rule
recognized that the protonated form of glycofuranosylamines is required for the interpretation 882 11 in nucleosides are
such asl, and not the unprotonated form, will dominate in  validated. The present results also explain why, for example,
solution under physiological conditions. The results of the 2Jc; xsand3Jcs psin O-glycoside models and nucleosides are
present calculations show that N1 protonation exerts a major in close agreement; present data show that-€41 substitution
effect on furanose structure and conformational energy. Sig- exerts only a minor effect on their magnitudes. In general,
nificant changes are observed ir-C, C—N, and C-O bond 8Jccen 3Jcoch and3Jcocc are affected minimally by G~ N
lengths, as summarized in Figure 17. Interestingly, changes insubstitution at terminal carbons, regardless of the state of
bond length appear to alternate systematically through the N-protonation; this result is clearly depicted in Figure 18, which
structure, i.e., increase decrease~ increase, etc. In contrast,  shows similar partial Karplus curves constructed from related
C—H bond lengths remain relatively unchanged. N1 protonation 33, and 3Jcc in 3tg, 4, and 5. In contrast,2Jccy values are
also lowers the barrier to pseudorotation, suggesting more affected significantly when the substitution change occurs at
conformational flexibility, and appears to stabilize north (N) the carbon bearing the coupled proton; a much smaller effect
forms. A more conventional N/S conformational model therefore is observed when the substitution occurs at the coupled carbon.
emerges for4, whereas only a single energy minimum is  The J-coupling/structure correlations drawn from this work
observed for3. Thus, protonation at the exocyclic N1 8f  |end themselves to systematic experimental validation. For
induces pervasive structural changes in the molecule reminiscent@(ampha}JCLH1 and ez in 3 are predicted to increase by
of those caused by furanose ringxygen protonation reported  ~10 Hz and decrease by2—4 Hz, respectively, upom-
recently?’ It should be appreciated that the protonation state of protonation. Thus, these one-bond couplings, espediiiy1,

a molecule free in solution may not be the preferred state in an might serve as useful probes of the state of protonation of amino-

(30) Perrin, C. L.; Armstrong, K. Bl. Am. Chem. So¢993 115 6825~ conta.ining. saccharides in solution. Two—pohﬁ:—lH Spin-
6834. couplings in3 are also affected bi-protonation, although like
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Lc1.ca the changes are modest«2 Hz). Thus, present data  should be similar; thus, for example, tra@sglycoside couplings

on 3—5 suggest that'Jco . in the biologically relevant involving C2 of 2-aminosugars such as 2-acetamido-2-deoxy-
monosaccharidep-glucosamine, will be pH dependent, with  S-p-glucopyranose might be expected to exhibit a dependence
larger couplings observed under acidic conditiolgg 12 in on torsion angle similar to that exhibited Byp-glucopyranose.
D-glucopyranoses is also expected to be larger #3an, in This prediction remains to be tested theoretically and experi-
2-amino-2-deoxys-glucopyranoses (free base) and smaller than mentally with appropriate model structures and biologically
LJc2nzin its corresponding hydrochloride salt. These predictions relevant aminosugar-containing oligosaccharides, respectively.
assume that the effects observed herein for glycosylamines are

transferable to aminosugars having the amine substituent Acknowledgment. This work was supported by a grant from
appended to non-anomeric carbons. The latter assumption,Omicron Biochemicals, Inc. of South Bend, IN, and by the
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These results have important implications for studies of trans- of Energy. This is Document No. NDRL-4194 from the Notre
O-glycosideJ-couplings in oligosaccharides. The €04—C4— Dame Radiation Laboratory.

C5 coupling pathways i8—5 bear resemblance to-€©—C—-C

coupling pathways acro$3-glycosidic linkages, and couplings JA994544G

across the Iatte_r paghways are useful conformational constraints (31) Bose, B.- Zhao, S.. Stenutz, R.: Cloran, F.- Bondo, P. B.. Bondo,
in oligosaccharide®! The present results suggest that Karplus G.: Hertz, B.: Carmichael, |.: Serianni, A. $.Am. Chem. Sod.998 120,
curves for G-C—C—0O—C and N-C—-C—-0O—-C pathways 11158-11173.




