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ABSTRACT: An ensemble of [y, Jcy, and Joc values was measured in aqueous solutions of

methyl a- and f3-p-idohexopyranosides containing selective '3
By comparing these J-couplings to those reported previously in the a- and p-b-
idohexopyranoses, methyl glycosidation was found to affect ring conformational equilibria,
with the percentages of *C, forms based on *J,y;; analysis as follows: a-p-idopyranose, ~18%;
methyl a-D-idopyranoside, ~42%; methyl f-p-idopyranoside, ~74%; f-D-idopyranose, 82%. Jcy

and Jcc values were analyzed with assistance from theoretical values obtained from density
functional theory (DFT) calculations. Linearized plots of the percentages of *C; against limiting

Jcu and Joc values in the chair forms were used to (a) determine the compatibility of the
experimental Joi and Joc values with *C,/'C, ratios determined from Jiy analysis and (b)

determine the sensitivity of specific Jcy and Joc values to ring conformation. Ring

conformational equilibria for methyl idohexopyranosides differ significantly from those

predicted from recent molecular dynamics (MD) simulations, indicating that equilibria

determined by MD for ring configurations with energetically flat pseudorotational itineraries
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may not be quantitative. J-couplings in methyl a-L-[6-"*CJidopyranosiduronic acid and methyl a-p-[6-"*C]glucopyranosiduronic
acid were measured as a function of solution pH. The ring conformational equilibrium is pH-dependent in the iduronic acid.

B INTRODUCTION

Aldohexopyranosyl rings are important constituents of many
biologically important oligo- and polysaccharides.”” These
rings contain multiple conformational elements that, like those
found in the aldopentofuranosyl rings of DNA and RNA, are
interdependent. These elements include exocyclic C—O bond

Scheme 1. Conformational Elements in Saccharides: Methyl
ﬁ-D-Galactopyranosyl- (1 »4)-p-p-xylopyranoside (1)

@ 0 HO

conformation € (especially important when the C—O bonds are pDGalp OH fiDXYIP
involved in O-glycosidic linkages such as ¢ and w),” exocyclic HO
hydroxymethyl group (CH,OH) conformation (rotation about A: g/p: O-glycoside linkage conformation

the C5—C6 bond, w),* and pyranosyl ring pseuclorotation,5 g o ng’;}ﬂfmﬂ 3;‘,’,}’5,,?,‘;’;{3{,’“"""”

characterized by two limiting chair forms denoted *C; and 'C, D: pyranosyl ring pseudorotation (o)
(Scheme 1). Unlike many biologically important building OH OCH,

blocks, aldohexopyranosyl rings are rich in electron lone-pairs
(see 2) that heavily influence their properties. These lone pairs
are displayed in specific spatial arrangements determined by
their carbon scaffolds. The relative disposition of lone-pair
orbitals on these scaffolds not only determines overall
molecular dipole moment, which is time-dependent due to
C—O bond conformational averaging in solution, but also
imparts structural plasticity to the ring caused by 1,2-, 1,3-, and
1,4-lone-pair effects on proximal C—H and C— C bond lengths
and other molecular parameters (Scheme 2).° The inherent
structural, and by inference, chemical and biochemical
properties of these rings are strong functions of the relative
orientation of their abundant lone-pair orbitals, leading to the
expectation that these properties differ for molecules free in
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solution and in receptor-bound states where these dispositions
are rigidified into specific configurations.

Noncovalent bonding interactions influence the conforma-
tional properties of aldohexopyranosyl rings, some intra-
molecular and others intermolecular, with the latter typically
involving solvent water. In the binding site of a receptor, the
latter solvent interactions are replaced by new interactions with
specific functional groups of the receptor, thus providing a
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Scheme 2. Examples of Lone-Pair Effects on C—H Bond
Lengths in Saccharides
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different state of solvation for the ring that in turn affects its
structure and reactivity.
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Simple aldohexopyranosyl rings exist in 32 absolute
configurations (16 p-series and 16 L-series).” Fourteen relative
configurations are largely conformationally homogeneous in
aqueous solution (i.e., their solutions contain one highly
dominant ring conformation or a set of closely related ring
conformations). These configurations include a,f-gluco 3a/p,
a,p-manno 4a/f, a,f-galacto Sar/B, a,f-talo 6a/pf, a,p-allo 7a/
B, P-altro 8B, and a,p-gulo 9a/p. Aldohexopyranosyl rings
having the a-altro 8a and a,f-ido 10a/f configurations are
conformationally heterogeneous (i.e., aqueous solutions contain
two or more ring conformers that may differ significantly in
their overall topologies). Analyses of Jec values,” "% Joy
values,'" and 3Jy; values'” support these assignments.

Aldohexopyranosyl ring conformational exchange (pseudor-
otation) is fast on the NMR time scale at room temperature,'”
and observed NMR parameters such as chemical shifts and J-
couplings are linearly averaged in accordance with the relative
abundances of the contributing conformers in solution. Barriers
<8 kcal/mol have been estimated for idohexopyranoside
pseudorotation.'* Idopyranosyl ring pseudorotation thus
mimics that of typical aldopentofuranosyl rings.

Studies of conformationally flexible furanosyl and pyranosyl
rings and saccharide elements such as exocyclic hydroxymethyl
groups and O-glycosidic linkages by NMR have benefited from
the analysis of NMR spin-coupling (J-coupling) ensembles.””
Linear averaging of these parameters simplifies their
interpretation when conformational heterogeneity exists, in
contrast with the nonlinear averaging of nuclear Overhauser
effects (NOEs)'® and residual dipolar couplings (RDCs)'®"”
that makes them more difficult to use to determine conformer
populations in solution. Conventional J-coupling analyses focus
on homonuclear Jiy; values, but the latter represent a small
percentage of the total J-couplings available in saccharides.
Simple aldohexopyranosyl rings (e.g., a,f-D-glucopyranosyl ring
3; Scheme 3) contain 50 J-couplings (excluding those involving
the hydroxyl hydrogens): 7 Juy (14%), 29 Jcu (58%), and 14
Jec (28%). Four of the seven Jyyy values (3]H1,H2J 3]H2,H3J 3]H3,H4;
]H4’H5) are sensitive to ring conformation, and three ( Jus,HoRs
3]H5’H65, and 2]H6R,H6$) are sensitive to exocyclic hydroxymethyl
group conformation. Thus, 86% of the available J-couplings are
routinely unused, in many cases due to a lack of quantitative
relationships correlating their magnitudes and signs with
saccharide structure.
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Scheme 3. Summary of Jyuy, Jcn, and Jcc Values in 3a/f”
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“J-couplings to hydroxyl hydrogens are not included. Values shown in
black relate to pyranosyl ring conformation; values shown in green
relate to the conformation about @w and/or 6.
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In this report, NMR J-couplings (Jyy, Jom, and Jc) are used
to investigate the conformational properties of D-idopyranoses
10a and 108 and their methyl glycosides 11 and 11/, and
methyl a-L-idopyranosiduronic acid 12a, in aqueous solution.
The investigation has four aims: (1) to determine the effects of
methyl glycosidation and C6 oxidation on idohexopyranosyl
ring conformational equilibria; (2) to develop new, and refine
prior, general relationships between Jcy and Joc values and
aldohexopyranosyl ring structure and conformation; (3) to test
the accuracy of DFT-calculated NMR J-couplings in saccha-
rides; and (4) to validate theoretical predictions of idohex-
opyranosyl ring conformational equilibria obtained from
molecular dynamics (MD) simulations.

B RESULTS AND DISCUSSION

A. Defining the Problem. Semiquantitative analyses of
intraring *Jyy and ¥y values and 3], ¢ values in *C-labeled
D-idopyranoses 10a and 10§ suggest that the preferred ring
conformation in aqueous solution depends on anomeric
configuration, with 10a preferring a 'C, (or 'C,like)
conformation (~80% 'C,), and 10f preferring a *C; (or *C;-
like) conformation (~75% *C,)."® These data have also
suggested that aqueous solutions of 10 contain the skew
(twist-boat) form *Sg (equivalent to ©S,) based on a qualitative
analysis of 3]H4,H5 values (see the related discussion below)."®
Recent DFT calculations'” on the L-enantiomer of 10a have
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Scheme 4. Preferred Ring Conformers of 10a (L-Isomer) in Solution Predicted from DFT Calculations of Total Energy"’
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shown that the “C; form is most preferred (equivalent to 'C, in
the p-isomer), followed by boat conformer B;, (equivalent to
*°B in the p-isomer, which is immediately adjacent to °S, in the
p-aldohexopyranosyl ring pseudorotational itinerary”’)
(Scheme 4). An energy barrier of ~S kcal/mol was calculated
for the interconversion of *C, and B;, with E; serving as an
intermediate. The H4—C4—C5—HS5 torsion angle in B; is
~0° compared to ~—60° in *C,, consistent with the larger than
expected Jyy, s in 10a.'® Thus, NMR'® and DFT studies'’
draw similar conclusions about the preferred solution
conformation of 10, and Cremer—Pople parameters calculated
by DFT for model structures 11a;,“', 11,%", 115, 115,%,
11a,%%, and 118,%> (see Scheme 5 for definitions and
calculations for further discussion of nomenclature) show
evidence of skewing toward nonchair forms (Table SI,
Supporting Information).

Scheme S. Model Structures Studied by DFT, Showing
Symbolism and Treatment of Exoxyclic Torsion Angles in
the Calculations
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Exocyclic torsions in 110,,€1, 11a,C1, 118,C1 and 118,°! (Series 1)
i =initial  f=fixed

C2-C1-O1-CHg = 180°%
C1-C2-02-H = 180°f
C2-C3-03-H = 180°f
©3-C4-O4-H = 180°f

05-C5-C6-06 = +60°f (g1)
C5-C6-06-H = 180°f

Exocyclic torsions in 110,62 and 118,°2 (Series 2)
i =initial f = fixed
C2-C1-O1-CHg = 180°%

H2-C2-02-H = 180°f
H3-C3-03-H = 180°f
H4-C4-04-H = 180°f
05-C5-C6-06 = +60°f (g1)
C5-C6-06-H = 180°f

Recent 10 us molecular dynamics (MD) simulations of the L-
enantiomers of 11a and 11/ in explicit water show that the a-
pyranoside highly favors 'C, (~85%) (equivalent to *C; of
11c), while the f-pyranoside almost exclusively prefers 'C,
(99.5%)."* These MD results are in fair agreement with the
above-noted NMR findings for 10 (75% *C; by NMR for 105;
>99% 'C, by MD for the f-L-glycoside) but in poor agreement
with the NMR findings for 10a (~80% 'C, by NMR for 10q;
~85% 'C, by MD for the a-L-glycoside). While methyl
glycosidation could shift the conformational equilibrium of
10¢, it seems unlikely that this substitution would grossly
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perturb the equlhbrlum, despite a presumably stronger endo-
anomeric effect”"” favormg the axial C1—O1 bond in the
glycosides.

B. Methyl Glycosidation Affects Idohexopyranosyl
Ring Conformational Equilibria: ®J,;,; Analysis. In light of
the ambiguities discussed above, 3]y values in 10a, 108, 11a,
and 11§ were measured under identical solution conditions
(Table 1). Differences between corresponding intraring *Jyy
values in the reducing sugar and methyl glycoside of each
anomer are small (<I1.8] Hz) but systematic, with all values
larger in 10a than in 1la and smaller in 104 than in 11/
(Table 1). Differences in corresponding intraring *Ji;y; values
between anomers (excluding 3]H1,H2) are larger in the reducing
sugars than in the glycosides, implying that glycosidation
renders the conformational behaviors of the two anomers more
similar.

The above conclusions were tested by quantitative analyses
of intraring *Jyy, with assistance from DFT-calculated *Jiyy
values (Table 2). ]H2H3 and ]H3H4 differ s1gn1ﬁcantly in the
limiting chair conformers as expected. In Cl, the coupled
hydrogens are diequatorial and give calculated ]HH < 2.8 Hz,
while in 1C4 they are diaxial and give calculated *Jyyy > 8.9 Hz.
Calculated *Jyy143 and *Jy3p, values were averaged in each
arrangement (four values in 11(11C1/110{2Cl and 11ﬂ1C1/11ﬂ2C1,
Table 2) to give DFT-calculated limiting *Ji;y and ™
values of 2.6 Hz + 0.5 and 9.2 Hz + 0.2 Hz, respectively. The
larger error in *J* reflects the wider range of H-C—C—H
torsion angles (Table 2) that lie in a steep region of the Karplus
curve. Experimental 3]H2,H3 and 3]H3'H4 values in 10a, 105, 11a
and 11/ (Table 1) were then averaged to give 8.0 Hz for 10q,
3.7 Hz for 10p, 6.4 Hz for 11a and 4.3 Hz for 11f. These
averaged experimental values, denoted *Jy*, and the DFT-
calculated limiting *J,y; and *Ji™, were used with eq [1] to
calculate the fractional populations of *C; (p(*C,)) and 'C,
(p(*C,)) forms in aqueous solution.

3]HHW = 3]HHM p(4cl) + 3]HHM P(1C4) (1)

This treatment gave the following fractional populations of
*C, forms: 10a, ~0.18; 1083, ~0.82; 11a, ~0.42; 1153, ~0.74.
These results show that substitution of an OCH; group for an
OH group at Cl in idohexopyranosyl rings shifts the *C,/'C,
conformational equilibrium significantly, especially for the a-
anomer. The *C; population increases ~2-fold in the @-anomer,
and the 'C, population increases ~1.4-fold in the f-anomer.
These changes are presumably caused by a stronger endo-
anomeric effect”””” in the glycosides relative to the reducing
sugars (i.e., methyl glycosidation increases the stability of the
chair conformer containing an axial C1—O1 bond). This
behavior mimics that of aldopentofuranosyl rings in which
methyl glycosidation favors nonplanar conformers bearlng axial
C1-01 bonds, at least in some ring conﬁguranons The
intrinsic conformational flexibility of idohexopyranosyl rings
implies relatively flat energy surfaces along their pseudorota-
tional itineraries that predispose them to conformational shifts

DOI: 10.1021/acs.joc.6b02399
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Table 1. Experimental Jyy Values” in 10, 108,° 11a, and 11

compound A values
Ju (Hz) 10a 11a 105 115 10a-11a 104-1153 10a-108 11a-118

o 6.0 4.3 1.6 1.7 1.7 —0.1

o 8.1 6.7 3.8 4.1 1.4 -0.3 4.3 2.6
Muse 7.9 6.1 3.7 4.6 1.8 —0.9 42 LS
N 0 0.3 12 0.8 —-0.3 0.4 -12 -0.5
o ms 5.0 3.6 1.8 2.5 14 —07 32 1.1
s 8.8 8.6 7.5 8.0 0.2 -0.5 13 0.6

N 39 3.8 44 42 0.1 0.2 -0.5 —0.4
uens” —12.4 —122 —11.8 —-11.8 —02 0 —0.6 —0.4

“+0.2 Hz in *H,0 at 25 °C. "Values for 10 and 10§ were taken from ref 18. “Stereochemical assignments of the diastereotopic H6R/H6S
hydrogens were not made; H6' refers to the more shielded hydroxymethyl hydrogen.

Table 2. DFT-Calculated Jyy, Jcu, and Jec Values in 11a,!, 11, 11a,%?, 118,€, 116, and 118,°*

model structure

J-coupling 11a,“! 11a,°! 11,2 115, 115, 115,%
Hur 0.8 (—83) 7.8 (—=173) 7.6 (=173) 2.1 (54) 49 (=51) 4.6 (-51)
Yo s 1.9 (82) 9.0 (175) 9.3 (174) 3.0 (75) 9.4 (180) 9.1 (176)
Trs 4 2.8 (=77) 9.4 (—176) 10.1 (—176) 2.6 (—=76) 9.2 (—=177) 10.3 (179)
g s 1.5 (=56) 7.1 (49) 7.2 (50) 1.9 (=50) 7.6 (46) 7.6 (47)
Yerm 172.1 163.5 160.3 161.3 172.9 174.3
Teum -12 —6.1 —64 -0.2 -0.2 0.2
oo 2.1 0.5 L5 69 -1.0 -0.8
e s —4.1 —44 —4.0 -39 —4.4 -3.8
Tesns =55 —49 -52 -5.6 5.1 -54
L 4.0 (—159) 1.4 (=67) 1.2 (—69) 5.5 (—168) 1.3 (—64) 1.1 (—66)
HeLms 2.1 (=53) 8.3 (—176) 8.8 (—175) 2.6 (=55) 8.6 (—169) 8.9 (—167)
e na 3.5 (164) 1.4 (64) 1.3 (64) 3.7 (164) 1.9 (62) 2.0 (61)
Fesms 1.2 (61) 7.2 (167) 7.4 (167) 0.7 (67) 6.6 (164) 6.6 (164)
s a 1.4 (64) 5.5 (169) 5.6 (167) 1.0 (70) 5.6 (165) 5.6 (165)
Yes,cs 48.5 432 42.9 48.0 43.5 434
Tercs -1.5 4.0 6.3 -0.3 -0.7 0.4
Tercs -2.0 -1.0 -0.9 -0.5 -2.6 -26
Teaca -12 +1.9 +3.5 -14 +2.6 +4.5
Feics 2.8 (=170) 1.6 (69) 1.8 (69) 3.4 (=172) 0.2 (76) 0.2 (78)
¥ eacs 3.6 —-0.1 —04 1.1 0.9 02
escs 2.6 (—=179) 1.0 (=73) 0.9 (=74) 2.5 (—174) 0.5 (=77) 0.5 (=77)

“In Hz; values in parentheses are torsion angles subtended by the coupled nuclei, in degrees, for the vicinal (three-bond) couplings.

in response to changes in ring substitution. These rings can be
regarded as “knife-edge” systems that are delicately balanced
energetically and are sensitive to internal, and presumably
external, molecular perturbations. Aldohexopyranosyl rings
having other relative configurations (e.g., 3a/f, 4a/p, Sa/p)
resist these perturbations.

C. Validation of the Effect of Methyl Glycosidation on
Idohexopyranosyl Ring Conformational Equilibria: Jcy
and Jcc Analysis. Joy and Joc values in 10, 10f, 11, and
11/ (Tables 3 and 4) were examined for their consistency with
chair equilibria determined from the *J;;;; analysis described in
section B. Limiting experimental Jy; and Jo values in the *C,
and 'C, forms of idohexopyranosyl rings were obtained, when
available, from conformationally rigid aldopyranosyl rings
containing coupling pathways that mimic those found in
idohexopyranosyl rings. Limiting calculated Jcy and Joc were
obtained from DFT calculations (Table 2). These limiting
values and the experimental oy and Joc values in 10a, 108,
11, and 11/ were plotted against the percentages of *C; forms
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in solution determined from the *Ji;y; analysis. The degree of
linearity of the resulting plots was used to test and/or validate
the *C,/'C, equilibria determined from the *J;y;; analysis.

C.1. 3C="H Spin-Couplings. Methyl a-p-mannopyranoside
13 and methyl a-p-arabinopyranoside 14 contain C1—-C2
fragments that mimic those found in the *C; and 'C, forms,
respectively, of 11a (Scheme 6). Methyl f-D-mannopyranoside
15 and methyl p-p-arabinopyranoside 16 contain C1—C2
fragments resembling those in the *C, and 'C, forms,
respectively, of 11 (Scheme 6). Since glycosides 13—16
highly favor the ring conformations shown in Scheme 6, they
provide limiting experimental 'J,;y; values in the two chair
forms of D-idohexopyranosyl rings.'" Throughout the following
discussion, limiting experimental J-couplings are shown in plots
(Figures 1—5) with green symbols, limiting calculated J-
couplings with red symbols, and experimental J-couplings (i.e.,
those measured in 10t/ and 11a/f) with black symbols. For
each color, filled symbols correspond to @-anomers and open
symbols to f-anomers.

DOI: 10.1021/acs.joc.6b02399
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Table 3. Experimental Jcy Values” in 11 and 116

compd
J-coupling 11a 115
Yerm 166.5 (165.2)° 162.9 (162.8)
Jerm 3.4 (x4.7) 0
L 2.7 4.5
Teins 4.0 34
evoch, 4.5 4.6
Yermz 1464 147.7
Team +1.7 (0) +4.6 (+6.1)
oo —43 —4.1
e 12 3.8
Yesms 146.8 149.9
Jos e —44 —47
Jesma —54 —43
Jesm 1.5 0.9
Feans 24 1.8
Ycsns 145.3 146.1
Yeons” 142.0 142.0
Jcsns =51 —4.9
eoma 22 1.7
“In Hz + 0.2 Hz; *H,O solvent at ~25 °C. “Hé’ is defined as the

more shielded hydroxymethyl hydrogen. “Values in parentheses are J-
couplings observed in the respective reducing sugars, 10 and 10/
(data taken from ref 18).

Table 4. Experimental ] Values” 11a and 116
compd

J-coupling 11a 115
Jeice 474 (462)" 45.0 (43.8)
Terock, -2.1 -2.0
Jorcs L5 (£2.5) ~0 (0)
Jercs 16 (1.1) 1.0 (0)
Jercs 2.4 (1.8) 2.8 (3.1)
34(3]c1,c4 br® (0) L1 (0)
Jeres 39.7 nd?
2]cz,c4 L1 br
*Jezocm, 3.3 3.1

¥ eacs 2.2 br
Ycs,ca 40.3 40.0
2]cs,cs 0 ~0
*escs 1.7 (1.2) 19 (2.1)
Yescs 43.3 (42.0) 43.7 (44.3)
Teoca ~0 (~0.7) ~0

“In Hz + 0.2 Hz; 2H,O solvent at ~25 °C. “Values in parentheses are
J-couplings observed in the respective reducing sugars, 10a and 1043
(data taken from ref 18). “br, broadened signal, ] < 0.6 Hz. 9nd, not
determined.

Good linearity is observed between the experimental 'Jc, 4
values in 11 and 11/ (Table 3) and the experimental limiting
1]C1,H1 values shown in Scheme 6 (Figure 1A). Data for 10a/f
are not shown because 'J¢, y; is affected by glycosidation. In
this case, limiting calculated 'J¢, i, values (Table 2) were not
included in the plot since they cannot be calculated
quantitatively without samphn§ all hydroxyl conformations in
the vicinity of the C—H bond.
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Scheme 6. Experimental 'Jcy Values in 13—16

HO OH
HO -Q OCH3
HO H OH

OCHj3 OH
methyl a-D-mannnopyranoside 13 methyl a-D-arabinopyranoside 14
1Je1,u1 171.0 Hz 1Jei,ue 161.1 Hz

HO OH OCH;,3
-0
HO
HO
H

methyl f-D-mannnopyranoside 15 methyl ﬁ D-arabinopyranoside 16
g1y 159.5 Hz 1Je1,u1 169.7 Hz

A 1721 B 1.0
< 170y 2.0
I 1681 a0
= 1667
I -
= 164] - 4.0
= 162] -5.0
160 -6.0
58 -7.0

25 50 75 100 25 50 75 100
%“C1 in solution % 4C, in solution

C 8.07 6.0
’%* 6.0 5.0
\-‘/:E 4.0 4.0
- 3.0
of .

5 20 2,0

o
0.0E 1.0
—2.0- 0.0
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% 4C, in solut|on % 4C, in solution

2ot e (H2)

3Jo1ns H2) T

Figure 1. (A) "¢y as a function of % *C; form in solutions of 11a
and 115. (B) *Jcu, as a function of % *C; form in solutions of 10c
and 11a. (C) chz,Hl as a function of % *C, form in solutions of 108
and 115. (D) *Jc, 13 as a function of % *C, form in solutions of 11a
and 11f. In A—D, black symbols, 10a and 11« (filled), 104 and 11/
(open). Green symbols = limiting experimental J-couplings; red
symbols = limiting calculated J-couplings; in both cases, filled = «
anomers and open = f-anomers. Linear fits of the data are shown.

Jorm values differ significantly in 10 and 11a (Table 3),
and limiting experimental values are available in the literature'’
for methyl @-pD-mannopyranoside 13 and methyl a-p-
arabinopyranoside 14 (Scheme 6)."' Limiting experimental
and calculated 2]C1,H2 values are in excellent agreement, yielding
a dynamic range of ~5 Hz (Figure 1B). Good linearity is
observed between the experimental *J¢,y;, values in 10a and
11 and the limiting J-couplings, with the more negative *J¢; 11,
in 10a consistent with a smaller percentage of *C; form in
solution. These results confirm the negative sign of 2]C1,H2 in
methyl @-p-mannopyranoside 13 determined previously.'' A
similar analysis for the f-anomers was not conducted since
2]C1,H2 in these structures is very small or zero in both chair
conformers (Tables 2 and 3)

Limiting experimental *Jc,y; values for IO,B and 11p
obtained from methyl f-n- mannopyran051de 15'" and methyl
p-p-arabinopyranoside 16" indicate a larger dynamic range
(~7 Hz; Figure 1C) than found for 2]C1,H2 in 10 and 11
(Figure 1B). The agreement between the limiting experimental
and calculated *Jc,; values is excellent, and good linearity is
observed when the experimental *Jc,y; values in 104 and 11/
are included in the plot. These results also provide evidence
that the sign of 2]C2'H1 in methyl B-p-arabinopyranoside 16 is
negative.'" A similar analysis for the a-anomers was not
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conducted since *J¢, yy, in these structures is small in both chair
conformers (Tables 2 and 3).

The C1-C2—C3—H3 coupling pathways in methyl f-p-
glucopyranoside 17 and methyl S-p-altropyranoside 18 mimic
those found in the 'C, and *C, forms of 1la and 115,
respectively. Limiting experimental *J, 43 values in 17 and 18"
were plotted with the limiting calculated ], yy; values (Table
2) and the experimental 3]C1,H3 (Table 3) in 1la and 11f8
(Figure 1D). Good linearity is observed in both data sets, with
both lines converging to give a common value of ~1.2 Hz in
the 'C, forms (0% *C,), corresponding to calculated C1—C2—
C3—H3 torsion angles of 64—68° (Table 2). However, both
lines diverge at 100% *C,, with larger values found in 11/ than
in 11a. The latter difference is attributed to the larger C1-C2—
C3—H3 torsion angle in 11/ relative to 11 (Table 2) and to
the effect of the in-plane electronegative substituent at C1 in
the f-anomer."'

Ho HO o%
(o) HO -
HO H
FMOCHS OCH,
OH HO

methyl B-D-glucopyranoside 17 methyl B-D-altropyranoside 18

C.2. ’C="3C Spin-Couplings. Experimental 'Jcs s values in
the a- and f-p-talopyranoses 19a/f (45.0 Hz)** were used as
the limiting experimental values in the *C, forms of 10a, 104,
11a, and 11f. A plot of these limiting values with the
experimental 'J¢; o6 values in 10a, 104, 11a, and 11/ (Table 4)
was approximately linear (Figure 2A). The y-intercept of 41.6

A45': B7.0']
N 447 N 5.0
< 4 s I
© ] [ ] m3.0'_ ®
S 43] 3779
0 1 - .
5(.)42_: c\?o1.0 co g
1 -1.0£: °
41-""|""|""|""| -3.0 ""I""I""l""?
0 25 50 75 10 0 25 50 75 100
% “C, in solution % 4C, in solution
C0.0 o D3.0
o o 6 ~
N 5 N 20
< 10 ==
8 3"
L - (6]
- N
<20 - 00
N o
-1.0
-3.0+ T 2.0 Ty
0 25 50 75 10 0 25 50 75 10

% “C, in solution % 4C, in solution
Figure 2. 1]C5,C6 (A), 2]c1,c3 (B), and 2]C1,C5 (C) as a function of % *C,
form in solutions of 10a, 104, 11a, and 11f. (D) *Jc, ¢4 as a function
of % *C, form in solutions of 11a and 114. In A, C, and D, the lines
represent linear fits of the data. In B, lines represent linear fits of the
data except for 11a,“* (see text). See Figure 1 for definitions of
symbols.

Hz provides an estimate of 'Jcs ¢ in 'C, ring conformers for
which an experimental value is currently unavailable. This value
(axial C5—C6 bond) is ~3.5 Hz smaller than that in *C, forms
(equatorial C5—C6 bond) (Figure 2A). DFT-calculated CS—
C6 bond lengths in model structures (11a;,“', 1.521 A; 11a,“",
1.532 A; 115,°Y 1.521 A; 115,°, 1.532 A; 11a,%%, 1.532 A;
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115,%, 1.532 A) are ~0.01 A shorter for equatorial C5—C6
bonds than for axial C5—C6 bonds. A shorter bond, which
implies greater s-character, is associated with a larger 'Jcs e
These findings are consistent with the behavior of methyl 2-
deoxy-f3-D-erythro-pentofuranose 20°° where ring pseudorota-
tion allows continuous transitions between quasi-axial and
quasi-equatorial orientations of the C4—CS bond. DFT-
calculated 'J¢, cs values in 20 vary inversely with ¢, cs, giving
a dynamic range of ~3.5 Hz associated with a ~0.013 A change
in bond length (Figure S1; see the Supporting Information). As
for Jo,u1 (Figure 1A), limiting calculated 'Jcs 6 values (Table
2) were not included in the plot since they cannot be calculated
quantitatively without samplin% all hydroxyl conformations in
the vicinity of the C—C bond."

HO

O._ OH

OH
HO HO

-0

HO
OH OH

methyl o,3-D- methyl 2-deoxy-B-D-
talopyranoses 190/f  erythro-pentofuranose 20

*Ji,cs values in simple aldopyranosyl rings depend on four
structural factors (Scheme S1; see the Supporting Informa-
tion): (1) the relative orientations of the (terminal) oxygen
atoms appended to C1 and C3;*° (2) C2—02 bond
conformation (6,);*” (3) C1-0O1 and C3-03 bond
conformations (6, 8;);>” and (4) C2 configuration.”” Factors
1 and 2 are the strongest and factor 3 the weakest. *Jc, c; values
can have positive or negative signs depending on the relative
orientation of the terminal C—O bonds; ZJCLC3 is most positive
(~+4.5 Hz) when both terminal C—O bonds are equatorial and
most negative (~—2.5 Hz) when both are axial.”****’ The
resulting dynamic range (~7 Hz) renders *Jc,c; one of the
most sensitive J-couplings to investigate pyranosyl ring
conformation, provided that sign information is available.”**’

Methyl a-p-allopyranoside 21 and methyl f-p-glucopyrano-
side 17 provided limiting experimental *J¢; c3 values in the *C;
and 'C, forms, respectively, of 10a and 11a, and methyl S-p-
allopyranoside 22 and methyl a-p-glucopyranoside 23 served
the same purpose for 10§ and 115. Linear plots of the limiting
experimental "’ and calculated 2]c1,c3 (Table 2) values with the
experimental *J¢, c; values (Table 4; Figure 2B) were obtained.
*Jeucs is similar (~0 Hz) in both chair forms of 104 and 115.
However, 2]c1,c3 is very sensitive to the ring conformation in
100 and 1la (dynamic range of ~6 Hz). The limiting
calculated *J¢, ¢; value in 11a,“* was excluded in this plot; this
value is associated with a C2—02 bond conformation (O2H
anti to H2; Scheme 5) in which the lone-pair orbitals on O2 are
antiperiplanar to both C—C bonds in the C1-C2—C3 coupling
pathwa_)r. This arrangement shifts 2]c1,c3 to a more positive
value.”’” Disparities observed between the limiting experimental
and calculated *J¢, c; values in the *C, form of the a-anomer
are probably caused by the effects of an axial O2 on *J¢, ¢; that
are not captured by the methyl a-p-allopyranoside mimic.

’Jeics values in *C, forms of p-aldohexopyranosyl rings
depend on anomeric configuration, with values of ~—2 Hz
observed in a@-anomers (axial C1—O1) and ~0 Hz in f-
anomers (equatorial C1—01).****° This work extends these
prior observations to aldohexopyranosyl rings bearing axial
C5—C6 bonds. Limiting experimental *Jc,cs values were
provided by a-p-mannopyranose 4a for the *C, forms of 10a
and 1la and p-p-mannopyranose 4f and methyl f-p-
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HO HO
HO R HO Q
OCHj3
OH
HO OCH, Ho M
methyl a-D-allopyranoside 21 methyl B-D-allopyranoside 22
HO
HO Q
HO
OH
OCHjg

methyl a-D-glucopyranoside 23

allopyranoside 22 for the *C, forms of 10f and 11f. Limiting
experimental 2]c1,c5 values in the 'C, forms of 10/ and 11a/
P are currently unavailable. The limiting experimental and
calculated *J¢; s values in the *C; forms are in reasonable
agreement (Figure 2C), considering that the experimental
measurements are prone to error because of their small
magnitudes. The limiting calculated 2]c1,c5 values are ~—1 Hz
for 'C, forms of a-p-idohexopyranosyl rings and ~—2.6 Hz for
'C, forms of f-p-idohexopyranosyl rings. Limiting calculated
Teies in *C, forms of a-p-idopyranosyl rings differ from
limiting *J¢; cs in 'C, forms of f-p-idopyranosyl rings despite
the presence of axial C1—O1 bonds in both cases. The axial
C5—C6 bond in the -anomers shifts *J¢, cs to a more negative
value by ~0.6 Hz (~—2 Hz to ~—2.6 Hz). A similar shift is
observed between f-p-idohexopyranosyl rings (*C;) and f-b-
idohexopyranosyl rings ('C,) (~—0.5 Hz to ~—1.1 Hz). While
the dynamic range for *J¢; cs is small (<2.5 Hz), plots of the
experimental *J¢; cs values in 10 and 11a and in 104 and 11/
(Table 4) and the corresponding limiting couplings against %
*C, form in solution are approximately linear (Figure 2C). The
plot for the f-anomers indicates that *Jc,cs in methyl f-p-
allopyranoside 22 is probably negative.'

HO— OH
HO - OH
HO

HO
HO OH

B-D-mannopyranose 44

OH
a-D-mannopyranose 4a.

*Jeacq values in aldopyranosyl rings exhibit configurational
dependencies similar to *J¢; s with equatorial C2—02 and
C4—04 bonds associated with moderately large positive
couplings and axial C2—02 and C4—04 bonds associated
with moderately large negative values.'"’ The plot of limiting
calculated *J¢, ¢4 values in 11, 11, 115,¢Y, and 115,
and experimental *Jc, ¢, values in 11a and 11/ against % *C,
form in solution is linear (Figure 2D).

*Jc1,06 values in aldohexopyranosyl rings depend on at least
three factors (Scheme 7):*" (a) the C1—-O5—C5—C6 torsion

Scheme 7. Three Molecular Torsion Angles 6, 6,, and @
Affect *J¢; ¢ Values in Aldohexopyranosyl Rings

6y: C1-05-C5-C6
0: 01-C1-05-C5
w: 05-C5-C6-06
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angle 6;; (b) the O1-C1-0S—CS torsion angle 6,; and (3)
the O5—C5—C6—06 torsion angle w. Factor 1 is the Karplus
dependency of vicinal *Joocc values that has been quantified for
O-glycosidic linkages in oligosaccharides.” Factors 2 and 3
describe contributions of in-plane terminal electronegative
substituents to *Joocc, Wwith each in-plane substituent
contributing ~+0.7 Hz to the observed coupling.’ An axial
03 also influences *Jc,cs values for reasons not yet
understood.'” *Jc,cs is maximal when 6,, 6,, and @ are 180°
and O3 is equatorial; in cases where 6, and 0, are fixed and
known, *J¢, cs can serve as an indirect probe of @. In ido rings
where *C;—'C, equilibria are of interest, 3]c1,c5 serves as a
probe of 6, which is ~180° and ~+60° in *C, and 'C, forms,
respectively, in the p-isomers.

a- (24) and p-p-allopyranoses (25) provide limiting
experimental *J¢; 6 in the *C; forms of 10a/11a and 104/
113, respectively.” " Since limiting experimental *Je1,cs values
are currently unavailable for 'C, forms, only DFT-calculated
limiting values (Table 2) were used in the analysis. Plots of the
limiting values and the experimental 3](31,(;6 values in 10, 104,
11a, and 11§ against % *C, form in solution were linear
(Figure 3A). Very good agreement is observed between the
limiting experimental and calculated *J¢; ¢4 in *C, forms; values
for the a-idohexopyranosyl ring are ~0.4 Hz smaller than for
the f-idohexopyranosyl ring due to loss of the in-plane O1.>'°
The difference between the limiting calculated 3]C1‘C6 values in

£ 30 2
"o °
G20
ﬁQ
®> 10
0.0
0 25 50 75 100

% “C, in solution

0 25 50 75 100

% “C, in solution

LI

1
25 50 7 100
% “C, in solution

Figure 3. *Jc; s (A) and Y36 (B) as a function of % *C, form in
solutions of 10a, 108, 11a, and 11f. (C) *3J¢, cs as a function of %
*C, form in solutions of 11 and 11f. Lines in each plot represent
linear fits of the data. See Figure 1 for definitions of symbols.
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the 'C, forms of both anomers is ~1.5 Hz, with the -anomer
showing the smaller coupling. This larger difference is
attributed to the loss of the in-plane Ol and on structural
factors associated with the C1—C6 diaxial interaction present in
f-anomers.

HO
HO

HO

Q HO

0]
OH
OH
HO OH
a-D-allopyranose 24

o O

B-D-allopyranose 25

*Jcscs values in aldohexopyranosyl rings show structural
dependencies similar to Jc; s but are also influenced by
configuration at C4 and possibly by conformation of the C4—
04 bond.” Experimental *Jes,cs values in 10a/f and 11a/p
were interpreted using only limiting 3]C3,C6 values obtained
from DFT calculations (Table 2). The dynamic range for ¥Jc; c
is small (Figure 3B), and structural perturbations could
significantly affect the quality of the analysis. Nevertheless,
the plot shown in Figure 3B is linear, indicating that the
experimental *Jc3cs values Jc3cq are consistent with the
*C,/'C, populations determined from the analysis of *Jyy
values.

Two dual-pathway *C—"*C spin-couplings exist in aldopyr-
anosyl rings, *Jc; 4 and >, 0. In 11a and 118, *7c, ¢4
values are very similar (~1 Hz), but ***J¢, s values differ
significantly (2.2 Hz in 1la; <0.7 Hz in 115) (Table 4).
Calculated ***J, c5 are ~0 Hz in 11a in 'C, and 3.6 Hz in *C,
but very similar (~1 Hz) in both chair forms of 11/. **¥J.c
values are determined by the algebraic sum of the individual
couplings along both constituent pathways.'” These pathways
involve C—X—C—C torsion angles of ~+60° in the chair forms
of aldopyranosyl rings (where X is either C or O). Both
constituent couplings, being vicinal, are expected to have
positive signs and thus add constructively. ***Jo values are
determined by the number of oxygen atoms antiperiplanar to
the coupled carbons; configuration at the coupled carbons does
not appear to be a determinant.'” For ¥ cacs the relevant
oxygens are O1, O3, and O4. When equatorial, these atoms are
antiperiplanar to either C2 or CS$ and reduce the coupling along
the relevant pathway. Thus, 11a contains no interactions in *C,
and three in 'C,, while 11/ contains one interaction in *C; and
two in 'C,. DFT-calculated *"J¢, ¢ values are consistent with
these predictions, although the individual effects are not
equivalent. For example, the conversion of 11a to 115 (*C,
forms) reduces **Jo,cs by 2.4 Hz (addition of one anti
interaction), whereas conversion of 118 to 11a (C, forms)
reduces 3+3]C2’C5 by ~0.7 Hz despite the same increase in anti
interactions. These findings indicate that, in this case, the effect
of configuration at the coupled carbons may not be negligible.
Nonetheless, plots of the DFT-calculated limiting J-couplings
and the experimental **’], o5 values in 11 and 11/ against %
*C, form in solution are approximately linear (Figure 3C). The
~4 Hz dynamic range, which is comparable to those observed
for single-pathway ¥ values (Figure 3A,B), renders 3+3]c2,c5
values potentially useful probes of pyranosyl ring conformation.

D. Behavior of 3Jj, s Spin-Couplings in Idohexopyr-
anosyl Rings. The above analyses of Jyy, Jon, and Joc values
in D-idohexopyranosyl rings assumes that a two-site *C; 2 'C,
exchange model adequately describes ring conformational
equilibria in solution. The linearities of the plots shown in
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Figures 1—3 support this contention. Other contributing
conformations in solution are neglected despite calculations
suggesting their presence, especially for the a-anomers
(Scheme 4)."” Prior interpretations of *Jy, s in 10a suggested
that skew forms such as °S, may exist in solution.'® This
conclusion was based on the assumption that similar H4—C4—
CS—HS torsion angles in the *C; (~—60°) and 'C, (~60°)

Scheme 8. Newman Projections for the C4—CS$ Fragment in
the *C, (A) and 'C, (B) Conformers of 10a/p

C6 C6
H4 04 04 C3
H5 05 H5 05
C3 H4
A B

forms of 10a (Scheme 8) give similar 3]H47H5 values and that
i s values of 1.1—1.2 Hz observed in methyl a- (26) and f-
D-galactopyranosides (27)""° are reliable limiting values in *C,
forms. The larger experimental *Jy, s observed in 10a (5.0
Hz) compared to 105 (1.8 Hz) was interpreted as evidence of
skewing in the C4—CS$ fragment of the a-idopyranosyl ring
toward nonchair forms containing smaller H4—C4—CS5—HS5
torsion angles.'® However, a closer inspection of the C4—C5
Newman projection for 10 (and 10f) (Scheme 8) indicates
that the H4—C4—CS—HS torsion angles of —60° and +60° are
not likely to yield similar *Jj, 5 values. In the *C; forms of 10a
and 10f, both H4 and HS are antiperiplanar to an
electronegative substituent (OS and O4, respectively), but
these arrangements are absent in the 'C, form. Electronegative
substituents anti to coupled hydrogens truncate *Jyccy values,”'
in this case appreciably since two anti interactions are involved.
A considerably larger Jyy, s is therefore expected in the 'C,
form than in the *C, form. Consequently, the larger *J;5, s in
10a relative to that in 10 may be caused mostly by
electronegative substituent effects and not by contributions
from nonchair forms in solution.

OH _OH
Q

HO OH

Q
HO OCHg

OH HO

OCHj
methyl a-D-galactopyranoside 26

OH
methyl B-D-galactopyranoside 27

To test this possibility, experimental and DFT-calculated
Tuans values in 10q, 106, 11, and 115 were plotted as a
function of % *C, form in solution (Figure 4). Limiting
experimental Jy, s values (100% *C,) were obtained from
methyl a- (26) and f-p-galactopyranosides (27) (1.1 and 1.2
Hz).""?° Linear fitting of the data gave an extrapolated 3]1—14,1—15
value of ~5.7 Hz in 'C, forms. Thus, the plot reveals a dynamic
range of 4.5 Hz despite the very similar H4—C4—CS—HS torsion
angles in both chair forms. Limiting calculated *Jyy, 45 values are
shown in the plot but were not included in the fitting because
they are may be influenced by exocyclic hydroxyl and
hydroxymethyl conformations, factors not investigated in this
work.

E. Anomalous Spin-Couplings in 11a. While the /5, s
values in 10a and 11 do not provide experimental evidence
for the presence of nonchair forms in solution (see above), five
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Figure 4. ¥, s as a function of % *C; form in solutions of 10a, 104,

11a, and 11f. Lines were obtained from a linear fit of the experimental
data only. See Figure 1 for definitions of symbols.

heteronuclear J-couplings, namely, *Jesus Joins Jooma
*Jesms and *Jog gy show behaviors suggestive of their presence.
Most of these J-couplings report on structure in the C3—C6
regions of idohexopyranosyl rings.

The C1-05-C5—HS coupling pathway in methyl o-D-
glucopyranoside 23 mimics that in the *C; form of 1la,
whereas those in methyl -p-glucopyranoside 17 and methyl S-
p-arabinopyranoside 16 (involving HSeq) mimic those in the
*C, and 'C, forms, respectively, of 11/3. When these data, the
limiting DFT-calculated *J¢, s values, and the experimental
3]C1,H5 values in 11a and 11/ are plotted against the % *C, form
in solution (Figure SA), good linearity is observed for 11/ but
not for 11a. The smaller than expected *Jc, s implicates the
presence of nonchair contributors that contain relatively small
C1-0S5—CS—HS torsion angles.

HO
-Q
HO OCH;

methyl 3-D-talopyranoside 28

Jeans in 11a and 11/ exhibit behavior similar to that of
*Jeuus (Figure SB). Only one limiting experimental J-coupling
is available in methyl p-talopyranoside 28 for *C;,'" so the
treatment relies heavily on limiting DFT-calculated values. The
plot shows considerable scatter, but better agreement is
observed for 11§ than for 11a.

*Jcsus values depend strongly on ring conformation, with ~1
Hz values observed in *C, and ~7 Hz values observed in 'C,
forms (Figure SC). The experimental coupling of 1.8 Hz in 11/
is reasonably well accommodated by a linear fit, but the 2.4 Hz
value in 1la is significantly smaller than predicted by the fit
line.

DFT-calculated J¢; yyy values are very similar in *C; and 'C,
forms of 11a and 11f, ranging from —4.0 to —4.5 Hz (Figure
S4; see the Supporting Information). The experimental
coupling of —4.3 Hz in 118 is consistent with the fit line, but
the —5.4 Hz value in 1l is significantly more negative than
predicted.

Finally, *Jc4 114 values are very different in the *C, (~1.5 Hz)
and 'C, (~5.5 Hz) forms of 11a and 11/ (Figure SS; see the
Supporting Information). The experimental coupling of 1.7 Hz
in 11/ is consistent with the fit line, but the 2.2 Hz value in 11a
is considerably smaller than predicted.

Collectively, these results suggest that 'C,like forms may
exist in solutions of 11a, possibly coexisting with the two chair
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Figure S. *Jc,us (A) and ¥, (B) as a function of % *C, form in
solutions of 11 and 11f. Lines represent linear fits of the limiting
experimental and calculated data only. (C) 3]C3,H5 as a function of %
*C, form in solutions of 11a and 11f. Line represents a linear fit of the
limiting calculated and experimental data for 11f. See Figure 1 for
definitions of symbols.

forms. However, a quantitative analysis of the complete
ensemble of J-couplings in 1la will be required to test
conformational models more complex than the two-state
*C,—-!C, model.

F. Ring Conformation of Methyl a-.-[6-'3C]-
Idopyranosiduronic Acid 12a. The effect of C6 oxidation
on the conformational properties of 11a was investigated to
answer two questions: (1) Does C6 oxidation of 11a to give
methyl a-L-idopyranosiduronic acid 12a affect pyranosyl ring
conformational equilibria? (2) Does the ionization state of 12a
affect ring conformational equilibria? Obtaining reliable answers
to both questions from J-couplings hinges on separating the
intrinsic (i.e., conformation independent) effects of COOH
ionization on J-couplings from those associated with a change
in the ring conformational equilibrium. This separation was
achieved using methyl a-p-[6-"*C]glucopyranosiduronic 29« as
the control. Nine J-couplings in 29a were measured recently at
pH 2 and 7 (Figure S6; see the Supporting Information) and
found to change by 0.3 Hz or less in most cases.”> The four
intraring *J;y;; values were essentially identical at pH 2 and pH
7, supporting the contention that ring conformation is
unaltered upon COOH ionization (essentially *C,).

In contrast to 29q, intraring 3y in [6-*C]12a increase by
0.9—1.7 Hz as the solution pH increases from 1.7 to 7.0 (Figure
6) (Table S4, Supporting Information). Joy and Joc values
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Figure 6. Effect of solution pH on Juy, Jcu, and Joc values in [6-*C]
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involving the exocyclic C6 also depend on solution pH, with
changes ranging from +1.7 Hz to —1.0 Hz (Figure 6). 3]HH
values in the ionized form of 12a, denoted 12'q, are very similar
to those found in 1le, indicating similar ring conformational
equilibria (~42% *C, for 11a; ~ 39% 'C, for 12'a) (Scheme
9). The percentages of chair forms in solutions of the
protonated form, denoted 12Pa, at pH 1.8 (based on ]H2H3
and ]H3H4 values; Table S4, Supporting Information) were
calculated us1ng eq 1: ~62% 'C,, ~38% *C, (Scheme 9). The
percentage of 'C, form of 12Pq is significantly higher than the
~42% *C, form found for 11a.

Scheme 9. Percentages of *C; and 'C, Forms of 12« in
Solution in Their Protonated and Deprotonated forms

OCHj
/w HOOC
HO
HOOC
1200 (4C;) 12Pa 1C4
~38% ~62% OCH
3
0]
Homocm
HO |
-ooc OH
12i0 (4Cy) 12| (104)
~61% ~39%

Jcu and Jec values show a greater dependence on COOH
ionization in 12« than in 29« (Figure 6; Figure S6, Supporting
Information). For example, *Jcqyy decreases by 0.2 Hz in 29a
and by 1.7 Hz in 12a. If an intrinsic contribution of —0.2 Hz is
assumed on the basis of the behavior of 3]C6,H4 in 29q, then
~1.9 Hz is attributed to a conformation effect in 12a. This
change is consistent with a higher percentage of *C; form in
12'q, since C6 and H4 are gauche in 'C, and antiperiplanar in
*C,. Similar arguments pertain to *Jcscy; in this case, the
conformational effect contributes —0.7 Hz to *Jcsc; upon
COOH ionization. C1 and C6 are antiperiplanar in 'C, and
gauche in *Cy, with coupling decreasing as the percentage of *C,
form increases upon COOH ionization. However, 3]cs,c3
exhibits little or no change upon COOH ionization, despite a
change in the relative arrangement of the coupled atoms similar
to that for *Josc;. Presumably, contributions from terminal
(03) and internal (O4) electronegative substituent effects
negate the conformational contribution.

Changes in ring-conformational equilibria in 12 upon
COOH ionization also appear to be encoded in the pH
dependencies of 'H and "C chemical shifts. In 29a, modest
changes (<0.01 ppm) are observed for 8y, Sy3, and S, with
H1 (—0.023 ppm), H4 (—0.05S5 ppm), and HS (—0.250 ppm)
showing progressively greater upfield shifts upon COOH
ionization (Figure S7, Supporting Information). A much
different pattern is observed for 12a, with all but the OMe
signals more shielded in the ionized state (Figure 7). The
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Figure 7. Effect of solution pH on 'H chemical shifts in 12a. Values in
ppm are 5pH 70 — OpH 1.8

differences are striking for the OMe, H1, H2, H3, and H4
signals, where conformational contributions exceed 0.1 ppm.
The upfield shift in the HS signal is also enhanced in 12a upon
ionization, with a conformational contribution of ~0.08 ppm
(the intrinsic contribution of ~0.25 ppm dominates as
expected, due to the proximity of HS to the site of ionization).
The enhanced upfield shifts upon COOH ionization in the H1,
H?2, H3, and H4 signals of 12« are consistent with an increased
percentage of *C; form in solutions of 12'e; changes from the
equatorial hydrogen orientations in 'C, to the axial hydrogen
orientations in *C; are expected to cause upfield shifts in all
four signals (see the Supporting Information).
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BC chemical shift dependencies on solution pH also differ
significantly for 12a and 29a. In 29¢, all carbon signals except
those for C1 and OMe shift downfield upon COOH ionization,
with larger effects observed for C4, CS, and C6 (Figure S8,
Supporting Information). These effects are intrinsic and scale
inversely with proximity to the ionization site (closer nuclei
show larger shifts). In contrast, the chemical shifts of carbon
signals in 12a do not exhibit this scaling, with the C2 and C3
signals showing changes equivalent to that observed for C5
(Figure 8). The downfield shifts of the C2 and C3 signals upon
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Figure 8. Effect of solution pH on 3C chemical shifts in 12a. Values
in ppm are Syp 70 = Opm 1

COOH ionization are consistent with an increased percentage
of *C, form in solution; the C2—02 and C3—03 bonds are
axial in the 'C, form and equatorial in the *C, form, and
conversion from axial to equatorial orientations is expected to
be accompanied by downfield shifts (see the Supporting
Information).

B CONCLUSIONS

An analysis of intraring *J;y;; values, assisted by theoretical >
values obtained from DFT calculations, indicates that the *C,
and 'C, populations of a- and f-p-idopyranoses in aqueous
solution differ, with ~18% *C, found for 10a and ~82% *C,
found for 10f (for *C, 2 'C, equilibria, AG®}y, = —0.9 kcal/
mol and AG°y; = +0.9 kcal/mol at 25 °C) (Scheme 10).
Conversion of D-idopyranoses to methyl D-idopyranosides
shifts *C; 2 'C, equilibria to ~42% *C, for 11a and ~74%
*C, for 118 (AG®};, = —0.2 keal/mol and AG®,;5 = +0.6 keal/
mol) (Scheme 10). The percentage of *C; in solution increases
for 10 and decreases for 10 upon methyl glycosidation, and
AAG?® values, where AAG® = AG® qucing sugar — AGgiycosider A€
as follows: @-anomer, —0.7 kcal/mol; f-anomer, +0.3 kcal/mol.
Methyl glycosidation stabilized idohexopyranosyl ring chair
conformers containing an axial C1—O1 bond, presumablzr due
to the stronger endo-anomeric effect in the glycosides.”"”** The
greater shift to an axial C1—O1 bond found in the *C; form of
11a (reflected in the larger value of IAAG®l) is probably due in
part to the A2 effect,” ™ although the strength of the latter
may be weakened by the axial C3—O3 bond, and different
steric contributions in the glycoside and the reducing sugar
(e.g, bulkier axial OCH; group) may play a role.”” A

1366

Scheme 10. Percentages of *C; and 'C, Forms of 10a/f and
11at/p in Solution Based on NMR J-Coupling Analysis
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contribution from the A2 effect is absent in the conversion
of *C, forms to 'C, forms of 104 and 11p, thus causing the
smaller shift. The IAAG®| value of 0.3 kcal/mol observed for
the f-anomers is attributed mainly to the endo-anomeric effect
in the 'C, conformer, although solvent effects may contribute.
Assuming an equivalent endo-anomeric effect in the a-anomers
of ~0.3 kcal/mol, the residual ~0.4 kcal/mol can be attributed
to the A2 effect if solvent contributions are ignored. This
behavior differs from that observed in conformationally rigid
aldohexopyranosyl rings (eg, gluco, manno, galacto) where
methyl glycosidation exerts little, if any, effect on *C, 2 'C,
equilibria. The unique properties of idohexopyranosyl rings are
noteworthy given their occurrence in biologically important
polysaccharides, commonly in the ionized form 12'a (eg,
dermatan sulfate, heparin, heparin sulfate).”® Ring substitution,
and possibly solvent and other intermolecular interactions, can
perturb idohexopyranosyl ring conformational equilibria (and
presumably dynamics) significantly in solution, enabling
different conformations in response to internal structural
and/or external environmental cues. This property is
presumably adaptive in biological contexts. Similar structure—
function arguments have been made in prior reports.”

Hooc O

OH

HO OH
a,B-D-riburonic acid 30

The conformational properties of uronic acid 12 depend on
the ionization state of its exocyclic COOH group. In this
respect, 12a behaves like conformationally flexible a,f-p-
riburonic acid 30 whose intraring Jiy;; values and by inference
its ring conformation depend on the COOH ionization state
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(as does its anomeric ratio).” The behavior of 12« differs from
that of 29a, which highly prefers the *C; ring conformation in
aqueous solution in both its protonated and ionized states.*”
The *C, 2 'C, equilibrium for 12'a more closely resembles
that of 1la than does 12Pa; the chair form bearing four
equatorial exocyclic C—O bonds is preferred (~58% 'C, for
11a; ~ 61% *C, for 12'a). Aqueous solutions of 12Pa contain
significantly more !C, form than do those of 12'a; that is, 12Pa
prefers a ring conformation in which the C5—C6 bond is
equatorial and the C1—O1 bond is axial. Whether these two
factors are reinforcing is unclear. The COOH group may
strengthen the endo-anomeric effect in 12Pa relative to the
COO™ group in 12'a or the CH,OH group in 1la, thus
shifting the *C, 2 'C, equilibrium toward the 'C, form. In
contrast, the COO™ group in 12'a appears to be structurally
equivalent to the CH,OH group in 1lla with regard to
influencing 4C1 2 1C4 equilibria. Differential solvation and/or
differential nonbonded interactions may also play a role in
determining *C; 2 'C, chair equilibria in 12Pa and 12'a.
However, regardless of the origin of the pH effect, the results
show that the *C; 2 'C, equilibrium for 12a depends on the
COOH ionization state, and this property could play a pivotal
role in determining its biological properties and functions.
Within the series 10¢, 11a, 12Pa, and 12/¢, the percentage of
chair forms containing four axial exocyclic C—O bonds (*C; in
the p-series, 'C, in the L-series) increases as follows: 18% (10a)
< 39% (12'a) ~ 42% (11a) < 62% (12°a).

A two-state *C; 2 'C, conformational model was used in
this study to interpret J-couplings and chemical shifts in
idohexopyranosyl rings. The reported percentages of *C, and
'C, forms, however, may not strictly pertain to only two
discrete chair forms, but rather to *C;-like and 'C,-like forms,
implying ranges of related conformers that may include the two
idealized chairs. For 10/ and 11/, the two-state model fits all of
the available J-coupling data satisfactorily; contributions from
nonchair forms in solution appear negligible. For 10c and 11¢,
however, most of the available J-couplings are consistent with
the two-state model, and several are not. The former group
reports mainly on structure in the O5—C1—C2—C3 fragment
of the pyranosyl ring, while the latter group reports mainly on
the C3—C4—C5—0S5 fragment. The graphical treatments
described herein point to possible ring distortions in the latter
fragment in the a-anomers. Few experimental data are currently
available that support a more complex conformational model
for 10a and 11a. A comprehensive quantitative treatment of
complete ensembles of J-couplings in 10a and 11a may enable
unbiased testing of a wider range of conformational models to
determine which best fit the data. A similar approach has been
taken recently to interpret redundant trans-O-glycoside J-
couplings in oligosaccharides in terms of ¢ and y rotamer
populations (Scheme 1).*

The *C,—'C, equilibria for 10@, 108, 11a, and 11§ in
solution (Scheme 10) were initially determined by analyzing
experimental *J,;y; values using DFT-calculated limiting *Jyyy
values and eq 1. Jcy and Jc values were then tested for their
consistency with the derived chair equilibria using both
experimental and DFT-calculated limiting J-couplings. In
addition to testing the derived chair equilibria, this approach
also revealed the sensitivities of specific Jcy and Jcc values to
aldohexopyranosyl ring conformation. The findings support the
contention that modern experimental conformational analyses
of aldohexopyranosyl rings need not depend solely on relatively
few intraring *J;;y; values, but rather on a larger ensemble that
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includes Jcy and Jc values. In some experimental cases where
reliable 3Jyy values may not be accessible, Joy and Joc values
are viable alternatives for the reliable assignment of ring
conformation, even in the presence of conformational
averaging.

This work provides new data to gauge the accuracy of J-
couplings calculated by DFT. In most cases, the calculated J-
couplings were in good agreement with experimental measure-
ments for coupling pathways involving two or three bonds.
Larger absolute errors were observed for one-bond 'Jcyy and
cc values, which is not surprising given the critical role that
C—0 bond conformation plays in dictating their magnitudes™"’
and the inability to accurately replicate these behaviors in a
computationally practical manner at the present time.

A key motivation of this work was to determine NMR-
derived *C; 2 'C, equilibria for 10e, 104, 11a, 1153, 12°a, and
12/a for comparison to those predicted by molecular dynamics
(MD) simulations and other computational methods. Repli-
cation of the experiment-based equilibria in MD simulations
would serve as a means to confirm the reliability of the MD
methodology. A similar approach to validating MD results has
been taken recently in conformational analyses of O-glycosidic
linkages in oligosaccharides and will be discussed in an
upcoming report.

Recent aqueous MD simulations of the L-enantiomers of 11a
and 117 indicate that the a-L-pyranoside highly favors the 'C,
form (~85%) (structurally equivalent to the *C, form of 11a),
while the f-L-pyranoside almost exclusively prefers the 'C, form
(99.5%)."* These preferences are inconsistent with those found
in this study. For 113, the MD results predict almost 100% *C,
form (p-isomer), but J-coupling analysis indicates ~74%. For
11a, 85% *C, is predicted by MD, but 42% is found from J-
coupling analysis. In the present case, it is unlikely that the
discrepancies are caused by insufficient simulation time (10 ys).
Solvation factors, specifically H-bonding interactions either
with solvent water or between hydroxyl groups on the
pyranosyl ring, might be responsible, although inaccurate
treatments of overlapping stereoelectronic effects (endo-
anomeric effect; A2 effect) may also contribute.

Recent 10 ns MD simulations of 12'a by Oborsky and co-
workers*” gave relative populations of *Cj, 'C,, and %S,
conformers that depended on the type of van der Waals and
electrostatic scaling employed in the simulations. The following
percentages were obtained from five different scaling schemes:
(a) 100% “Cy; (b) 83% 'C,/17% *Cy; (c) 85% 'C,/14% *C,/
1% 2Sy; (d) 73% 'C,/25% *C,/2% 2Sy; (e) 70% 'C,/22% *C,/
5% 2S,/3% other. The experimental *C; 2 'C, equilibrium
determined for 12/a in the present work (~61% *C; and 39%
'C,; Scheme 9) is in closest agreement with (e) in which scaling
factors of 1.0 and 3.0 were employed for the Coulombic and
van der Waals interactions, respectively.

MD results for 12a reported by Babin and Sagui*’ are
difficult to interpret because the ionization state used in the
simulations was not identified, although it appears to be 12Fa.
AG?® for the 'C, 2 *C, equilibrium was reported to be +0.71
kcal/mol, translating into 77% 'C, and 23% *C, at 298 K.
Experimental data reported herein gave 62% 'C, and 38% *C,
forms in aqueous solutions of 12P°a (Scheme 9), in reasonable
agreement with the MD findings. Interestingly, the authors
report a discrepancy between *Jiy values back-calculated from
their MD results (3]H1,H2 = 3.66 Hz; 3]H2,H3 = 3.69 Hz; 3]H3,H4 =
3.86 Hz; iy s = 3.54 Hz) and prior experimental >y data,**
the latter indicating a preference for the *C; conformer.
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However, the latter experimental *J;; values more closely
resemble those measured in 12'a than in 12Pa (P, = 4.9
Hz; ¥ 13 = 6.6 Hz; *Jis iy = 6.0 Hz; Jigy 145 = 4.0 Hz) (Table
S4, Supporting Information), thus explaining the preference for
the *C; conformer (Scheme 9). A different conclusion about
the level of agreement between the MD and experimental J-
couplings might have been reached had the effect of COOH
ionization on the *C; 2 'C, equilibrium been taken into
account in the simulations.

Recent 10 s aqueous MD simulations of 12'a by Sattelle
and co-workers™ indicate that *C; and skew-boat (mainly S)
conformers are 0.9 and 2.6 kcal/mol higher in energy,
respectively, than the 'C, form, translating into 18% *C, and
82% 'C, in solutions of 12'a at 25 °C. A much higher
percentage of the *C, form (~61%) was found in this work
(Scheme 9).

In summary, aqueous MD simulations to date predict widely
different *C, 2 'C, equilibria for 12a and do not address the
effect of COOH ionization on the equilibrium. MD-predicted
percentages of the *C, form in aqueous solutions of 12'a vary
from 18% to 100% depending on the parameters used in the
simulations. This range brackets the percentages obtained in
the present work (~38% for 12°a and ~61% for 12'a).

In addition to NMR J-couplings, some 'H and *C chemical
shifts depend on the *C; 2 'C, conformational equilibria of
idohexopyranosyl rings. CS chemical shifts differ considerably
in the *C; and 'C, forms, as do Sy, Spy3y O, and Sy, with Sy,
and 03 showing particular sensitivity. In contrast to J-couplings
whose magnitudes are determined largely by local bonding
environments, chemical shifts, especially for the solvent-
exposed 'H nuclei, may be significantly affected by environ-
mental factors, making their use potentially prone to misinter-
pretation. Nevertheless, dcs, Oppa, On3) Opigy and Oygg may prove to
be valuable probes of idohexopyranosyl ring conformational
equilibria for molecules free in solution and in receptor-bound
states.

B EXPERIMENTAL SECTION

Synthesis of Methyl a- and g-o-['*Clldopyranosides 11a and
118.*¢ p-[1-3C]Idose was prepared by cyanohydrin reduction using
D-xylose and K'3CN as the primary reactants.”’”** p-[2-1*C]Idose and
p-[3-®Clidose were prepared in a similar fashion using p-[1-*C]-
xylose and D-[2-*C]xylose, respectively, as the aldopentose reactants.
The C2-epimeric products, p-['*Clidose and p-["*C]gulose, were
separated by chromatography on a column (3 cm X 100 cm)
containing Dowex 50 X 8 (200—400 mesh) ion-exchange resin in the
Ca** form™ using distilled water as the eluent; p-idose eluted first,
followed by Dp-gulose. Some peak overlap was observed, but careful
pooling of fractions gave pure samples of labeled Dp-idose.

1-[6-*C]Idose was prepared by the addition of K*CN to 1,2-
isopropylidene-a-n-xylo-pentodialdo-1,4-furanose.™

The p-['3Clidoses were converted into methyl p-[*C]-
idopyranosides by Fischer glycosidation.'" After the reaction was
complete (~2 h), the solution was cooled, the resin catalyst was
removed by vacuum filtration, and the methanolic solution was
concentrated at 30 °C in vacuo to a syrup. >C NMR of the syrup in
’H,O indicated that idofuranosides, idopyranosides, and the 1,6-
anhydro derivative were present. The syrup was dissolved in a minimal
volume of distilled water, and the solution was applied to a column
(2.5 cm X 100 cm) containing Dowex 1 X 8 (200—400 mesh) ion-
exchange resin in the OH~ form.>" The column was eluted with
distilled, decarbonated water, and fractions were assayed with phenol—
sulfuric acid®® to locate the pyranosides. Careful pooling of fractions
gave >95% pure methyl a-p-["*CJidopyranoside (11) and methyl j-
p-[*CJidopyranoside (113) as determined by 'H NMR. The anomers
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were assigned on the basis of characteristic anomeric 'H signal
multiplicities reported for the a@- and S-p-idopyranoses'® and on
reported *C NMR data for 11a.>

Synthesis of Methyl a-1-[6-'3*Clidopyranosiduronic Acid
122 L-[6-3C]Idose™ " (500 mg, 2.78 mmol) was dissolved in
anhydrous methanol (30 mL), dry Dowex 50 W X 8 (200—400 mesh)
(H*) ion-exchange resin (0.5 g) was added, and the suspension was
refluxed for 3 h. After cooling and filtration to remove the resin, the
filtrate was concentrated to dryness at 30 °C in vacuo, the residue was
dissolved in a minimum volume of distilled water, and the solution was
applied to a column (2.5 cm X 110 cm) containing Dowex S0 X 8
(200—400 mesh) ion-exchange resin in the Ca** form.*” The column
was eluted with distilled, decarbonated water (1.0 mL/min), and
fractions (10 mL) were collected and assayed with phenol—sulfuric
acid.>> Fractions containing the idopyranosides were pooled and
evaporated to dryness at 30 °C in vacuo to give methyl a-L-
[6-*Clidopyranoside (fractions 29—31) (80 mg, 0.41 mmol) and
methyl f-1-[6-"°Clidopyranoside (fractions 35—37) (90 mg, 0.46
mmol). The anomers were assigned on the basis of characteristic
anomeric 'H signal multiplicities reported for the a- and f-n-
idopyranoses'® and on reported *C NMR data for 11a.%

Methyl @-1-[6-"*Clidopyranoside (80 mg, 0.41 mmol) was
dissolved in distilled water (20 mL, pH ~7.5), and sodium bicarbonate
(20 mg) was added to adjust the solution pH to 8.4. To this solution
was added 5% platinum on activated carbon catalyst (Pt/C; 1S mg,
prereduced under H,).*”*® The reaction flask was evacuated and filled
several times with O, and then partially immersed in an oil bath at 50
°C. The mixture was stirred for 6 h, during which time the solution pH
was maintained above 7 with occasional additions of solid sodium
bicarbonate. After catalyst removal by vacuum filtration, the reaction
mixture was applied to a column (2.5 cm X 25 cm) of DEAE-Sephadex
A-25 anion-exchange resin in the bicarbonate form, and the column
was eluted with a 2 L linear gradient (0—0.07 M) of sodium
bicarbonate at a flow rate of 1.0 mL/min.*” Fractions (15 mL) were
collected and assayed for uronic acid by TLC (silica gel; spots detected
by charring after spraying with 1% (w/v) CeSO,—2.5% (w/v)
(NH,)sMo,0,,—10% aq H,SO, reagent"‘). Fractions 49—53 contain-
ing 12a were pooled and concentrated at 30 °C in vacuo to ~10 mL.
This solution was treated batchwise with excess Dowex HCR-W2 (H")
ion-exchange resin, the resin was removed by filtration, and the filtrate
was frozen and lyophilized. The yield of 12a from the Pt/O, oxidation
reaction was ~40% (35 mg, 0.17 mmol) based on the weight of the
lyophilized product. The 'H and *C NMR spectra of 12a compared
favorably with those reported previously.*®

NMR Spectroscopy. High-resolution 'H NMR spectra of *C-
labeled 11 and 11f in *H,0 (~10 mM in glycoside) were obtained
at 750 MHz and 25 °C. Spectra were collected with 2000—3000 Hz
sweep widths and 32 K points, and FIDs were zero-filled before
processing with resolution enhancement to improve spectral
resolution. Since 'H spectra of 11a and 11/ were not first-order at
750 MHz, spectra were simulated using the MacNUTSs program™ to
extract accurate chemical shifts and J-couplings. Reported 'H chemical
shifts are accurate to +0.002 ppm, and reported Jiy; and Jcyy values are
accurate to +0.2 Hz, unless otherwise indicated. "H Chemical shifts
were referenced to the internal residual HOD signal at 4.800 ppm.

BC{'H} NMR spectra of 11 and 11/ were obtained at 150 MHz
in 2H,0 (~30 mM in glycoside) and 21 °C. Spectra were collected
with 8500 Hz sweep widths and 128 K points, and FIDs were zero-
filled before processing with resolution enhancement to improve
spectral resolution. Reported '*C chemical shifts are accurate to +0.1
ppm, and reported Joc are accurate to +0.1 Hz unless otherwise
indicated. *C Chemical shifts were referenced externally to the C1
signal of a-p-[1-3C]mannopyranose (95.50 ppm).*®

For 'H and C NMR studies of 12a, aqueous solutions were
prepared at different solution pD (pH meter reading on the *H,0
solution after calibration of a microelectrode with standard buffers) by
dissolving samples in *H,O and adjusting the solution pD with NaOD
or with batchwise addition of Dowex HCR-W2 (H*) (16—40 mesh)
ion-exchange resin. Final solutions were ~150 mM in 12a. High-
resolution 1D 'H and *C{'H} NMR spectra were obtained at 22 °C
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on a 600 MHz FT-NMR spectrometer equipped with a S mm
"H-"F/"N—*'P AutoX dual broadband probe. 600 MHz 'H NMR
spectra were collected with a 2100 Hz spectral window and a ~4.0 s
recycle time, and reported 'H chemical shifts and J-couplings (Jiy;; and
Jcn) are accurate to +0.001 ppm and +0.1 Hz unless otherwise stated.
BC{'H} NMR spectra (150 MHz) were collected with an ~28000 Hz
spectral window and a ~5.5 s recycle time. FIDs were zero-filled to
give final digital resolutions of <0.05 Hz/point, and FIDs were
processed with resolution enhancement (Gaussian or sine-bell
functions) to improve spectral resolution and facilitate the measure-
ment of smaller J-couplings. The degree of enhancement was chosen
empirically based on the observed effects on line shape and spectral S/
N. Reported "*C chemical shifts and J-couplings (Joc) are accurate to
+0.01 ppm and +0.1 Hz unless otherwise stated. "H and '*C Chemical
shifts were referenced externally to sodium 4,4-dimethyl-4-silapentane-
1-sulfonate (DSS).

Calculations. Geometric Optimization of Model Structures. Two
series of density functional theory (DFT) calculations were conducted
within Gaussian09°° using the B3LYP functional®” and 6-31G* basis
set> for geometric optimization. DFT calculations included the effects
of solvent water, which were treated using the self-consistent reaction
field (SCRF)*® and the integral equation formalism (polarizable
continuum) model (IEFPCM).° In series 1, structures 11a,“,
11, 115, and 115, (Scheme 5) were investigated (note that
the superscript “C” denotes a DFT calculated (in silico) structure (to
be distinguished from chemical compounds 1la and 11f), the
superscripts “1” and “2” denote the series, and the subscripts “1” and
“2” denote *C; and 'C, forms, respectively). In these optimizations,
five exocyclic C—O or C—C bond torsion angles were fixed at the
values shown in Scheme 3. In series 2, three C—O bonds in 11a,°"
and 1183,°! were rotated to the fixed values shown in Scheme 5, and
the resulting structures, denoted 11a,“* and 11f3,?, were reoptimized.
In series 1 and 2, the C2—C1-O1—CH; torsion angles were set
initially at 180° and allowed to optimize (Scheme $). Values of this
torsion angle in the optimized structures were as follows:
11a,°'(-173.3°), 11a,°" (-167.7°), 11a,"* (-168.0°), 115,
(168.0°), 115,° (170.1°), 115,%* (168.0°).

DFT Calculations of NMR Spin-Coupling Constants in Model
Structures. Juy, Jep and Jec spin-coupling constants were calculated
in 11a,%, 11a,%, 115, 115, 11a,%%, and 115, usin
Gaussian09°° and DFT (B3LYP).>” The Fermi contact,®™®
diamagnetic and paramagnetic spin—orbit, and spin-dipole terms®’
were recovered using a specially designed basis set, [Ss2pldi3slp]
and raw (unscaled) calculated couplings are reported; these values
have an average estimated error of +5% based on prior work.* J-
coupling calculations included the effects of solvent water and were
treated using the self-consistent reaction field (SCRF)* and the
integral eguation formalism (polarizable continuum) model
(IEFPCM)® as implemented in Gaussian09.
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