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Abstract: Methyl a- and -pyranosides of b-glucose and p-galactose 1—4 were prepared containing single
sites of 13C-enrichment at C4, C5, and C6 (12 compounds), and *H and *C{*H} NMR spectra were obtained
to determine a complete set of J-couplings (*J, 2J, and 3J) involving the labeled carbon and nearby protons
and carbons within the exocyclic hydroxymethyl group (CH,OH) of each compound. In parallel theoretical
studies, the dependencies of 1J, 2J, and 2J involving *H and *3C on the C5—C6 (w) and C6—06 (0) torsion
angles in aldohexopyranoside model compounds were computed using density functional theory (DFT)
and a special basis set designed to reliably recover the Fermi contact contribution to the coupling. Complete
hypersurfaces for *Jcs ce, 2Jes Her, 2Jcs Hes, 2Jces, 2Jcace, 2Jcansr: 2Jcanss, and 3Jce na, as well as 2Jusr s,
3Jus Her, and 2Jus Hes, Were obtained and used to parametrize new equations correlating these couplings to
w and/or 6. DFT-computed couplings were also tested for accuracy by measuring J-couplings in 3C-labeled
4,6-O-ethylidene derivatives of b-glucose and p-galactose in which values of w and 6 were constrained.
Using a new computer program, Chymesa, designed to utilize multiple J-couplings sensitive to exocyclic
CH,OH conformation, the ensemble of experimental couplings observed in 1—4 were analyzed to yield
preferred rotamer populations about w and 6. Importantly, due to the sensitivity of some couplings, most
notably 2Jusrnes, 2Jcsmer, and 2Jcshes, t0 both @ and 6, unique information on correlated conformation
about both torsion angles was obtained. The latter treatment represents a means of evaluating correlated
conformation in 1,6-linked oligosaccharides, since ¥ and 6 are redundant in these linkages. In the latter
regard, multiple, redundant scalar couplings originating from both sides of the glycosidic linkage can be
used collectively to evaluate conformational correlations between /6 and C5—C6 bond rotamers.

Introduction Scheme 1. Part of the Core Structure of Glycoprotein N-Glycans,
Showing 1,3- and 1,6-Linkages and the /6 Redundancy in the
Conformational analysis of saccharides by NMR is often Latter

compromised by insufficient structural constraints on which to a-D-Man
base firm conformational assignmefts.This problem is A OHLC H
particularly acute in studies of conformationally flexible do- HO -0 linkage
mains, such as the exocyclic hydroxymethyl ¢Cil) fragments AAAAnO conformation
of monosaccharides and tleglycosidic linkages of oligo- and [0 hcvgr:;gﬁg::ig‘r{'
polysaccharides. In the former, the assignment of conformation e
is especially important when O6 is involved in tBeglycosidic o CH, # OH
linkage, since here three torsion angles define linkage geometry, ' 0 HO @ _|-O
HOH,C Qv

namely,w, ¢, andy (Scheme 1). () o

Experimental and theoretical studies of trédiglycoside HG T/«\I’ 8-D-Man
couplings tcoc, 3Jcoch and3Jcocd were undertaken recently HO linkage

o-D-Man conformation

T Department of Chemistry and Biochemistry, University of Notre Dame. . . . . .

e Raﬁiaﬁon Laboratory, Uyniversity of Not,eyDame_ Y to dete_rr_nlne their dependencies on oligosaccharide structure.

ﬁStockhoIm University. In addition to the expected Karplus dependence’Jebec

Omicron Biochemicals, Inc. ; ; ;

(1) Bose, B.: Zhao, .. Stenutz, R.: Cloran, F.: Bondo, P. B.: Bondo, G.: Hertz, tgrmlpal eIectroneggt!ve substltgent effects were shpwn to be
B.; Carmichael, I.; Serianni, A. S. Am. Chem. S0d.998 120, 11158~ significant and quantifiable, leading to more accurate interpreta-
11173. ; i i 2 ikewise 3

(2) Cloran, F.; Carmichael, I.; Serianni, A. $. Am. Chem. S0d.999 121, tions of these CO_“F_’“”QS In St_rUCtural ter!}‘ﬁ"lkeWISe’ Jrcek
9843-9851. 23ncH, andlcy within saccharide exocyclic GIH groups were
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examined, leading to new equations correlating their magnitudes
to w and 6 (Scheme 1§. These studies demonstrated that
J-couplings often display dependencies on more than one
molecular parameter. These secondary dependencies are usefi
when direct experimental parameters are either unavailable or
inaccessible to probe a specific conformational feature. For
example, prior work suggests thdt; csin aldohexopyranosyl
rings not only display the expected Karplus dependence on the
C1-05—-C5—C6 torsion angle but also respond predictably to
changes in the O5C5—C6—06 torsion, suggesting that these
couplings may be valuable indirect probes of hydroxymethyl
group conformatiort. The two-parameter dependencies of J-
couplings lead to the possibility ofvaluating correlated
conformations in saccharideg.o explore this potential, the
present work aimed to identify the primary structural factor(s)
governing specificJ-couplings and to uncover and quantify
secondary (and heretofore unknown) structural dependencies tha
may be exploited to assess correlated behaviors. We also
attempted to identify the underlying structural features (e.g.,
bond lengths, bond angles, stereoelectronic effects) or trends
that influence specific coupling magnitudes.

The above experimental aims are more compelling when
considering the likelihood of conformational flexibility about
w, ¢, andy (Scheme 1). Arguments presented in the literature
about whether oligosaccharides are rigid or flexible are largely
moot; there is likely to be mobility about each of these bonds

in solution. The key issues are the amplitudes and time scales

of these motions, which are probably context-depenti&iten
the wide range of monosaccharides and the various modes o
assembling them into oligomers, it will be challenging to

establish whether these contexts can be systematically identified

and categorized, thereby leading to reliable empirical rules
correlating primary structure with oligosaccharide conformation
and dynamics.

In this study, recent wofkon J-couplings sensitive to
saccharide exocyclic GI®H conformation is extended. Previ-
ously we showed that density functional theory (DFT) calcula-
tions using a special basis set predily, 3Jun, andJcy nearly
quantitatively without the need for scalingyielding new
equations correlating these couplings witland/or6 (Scheme
1)8 Herein, ey, 3Jch, Yee, 2Jee, and 3Jcc are examined
experimentally and theoretically; additional data @py and
3Jun are also presented. Methyigluco- andb-galactopyrano-
side anomer&—4 were prepared singhfC-enriched at C4, C5,
and C6 and used for experimental determinationscpfand
Jec involving the carbons and hydrogens near the,GH
substituent; these couplings inC|Uaﬁ;5,ca ZJcsvHeq, 2JCS,H6S1
2JC6,H5 2\]C4,CG 3\]C4,HER1 3\JC4,H@ and3Jce,H4. Their interpretation
was facilitated by DFT calculations in model structuges7
and by NMR measurements within conformationally constrained
4,6-O-ethylidenep-gluco- andb-galactopyranoses. New pa-
rametrized equations relatinlyy, Jcn, andJcc to w and/or@
have been developed, and a concerted analysis of multiple

f

CH,OH

HO HO'

i OCH;4

p-Glc2 OH

w and 6 in aldohexopyranosyl rings is described using a new
computer program, Chymesa. The results have important
implications for future investigations of biologically relevant
oligosaccharides containing 1,6-glycosidic linkages.

Experimental Section

A. Synthesis of Labeled Methyl AldohexopyranosidesMethyl
o-D-[4-13C]-, [5-13C]-, and [64C]glucopyranosidesl}; methyl 5-p-
[4-13C]-, [6-*3C]-, and [643C]glucopyranosides?}; methylo-p-[4-13C]-

, [6-13C]-, and [64%C]galactopyranosides); and methy|3-p-[4-1°C]-,
[5-1%C]-, and [6%%C]galactopyranosided) were prepared as described
previously?:® and only brief descriptions are provided here.

D-[4-13C]Glucose and-[5-13C]glucose were prepared from-[1-
13C]- and [243C]glyceraldehyde, respectivelyand dihydroxyacetone
phosphate (DHAPY using FBP aldolase (E.C. 4.1.2.13) (Scheme 2).
The initially formed hexulose 1-phosphates were dephosphorylated with
acid phosphatase (E.C. 3.1.3.2), and the neutral lalzefadttose and
L-sorbose were purified by chromatography on Dowex<58 (200—

400 mesh) in the Ca form (fructose elutes first, followed by sorbodg).
The purified labeled-fructoses were treated with immobilizeekylose
isomerase (E.C. 5.3.1.5), and the resulting mixtures containing labeled
p-glucoses and-fructoses were purified by chromatography on Dowex
50 x 8 (200-400 mesh) in the G& form (glucose elutes first, followed

by fructose).

D-[6-1°C]Glucose was prepared from™¥CN and 1,20-isopro-
pylidenee-p-xylo-pentodialdo-1,4-furanose as described previotfsly.
D-[4-13C]-, [5-*°C]-, and [6%3C]Galactoses were prepared from the
corresponding labelep-glucoses via C4-epimerizatiéh.

redundang-couplings to evaluate correlated conformation about

(3) Church, T.; Carmichael, I.; Serianni, A. Sarbohydr. Res1996 280,
177-186

(4) Serianni, A. S.; Bondo, P. B.; Zajicek, J. Magn. Reson.Ser. B199§
112 69-74.

(5) Zhao, S.; Bondo, G.; Zajicek, J.; Serianni, A. &rbohydr. Res1998
309, 145-152.

(6) Stenutz, R.; Carmichael, I.; Widmalm, G.; Serianni, AJSOrg. Chem.
2002 67, 949-958.

(7) Serianni, A. S.; Cadman, E.; Pierce, J.; Hayes, M. L.; BarkeM&hods
Enzymol.1982 89, 83—92.

(8) Serianni, A. S.; Vuorinen, T.; Bondo, B. Carbohydr. Chem199Q 9,
513-541.

(9) Serianni, A. S.; Clark, E. L.; Barker, RCarbohydr. Res1979 72, 79—
91

(20) Effenberger, F.; Straub, Aetrahedron Lett1987, 28, 1641-1644.

(11) Angyal, S. J.; Bethell, G. S.; Beveridge, RChrbohydr. Res1979 73,
9-18.

(12) King-Morris, M. J.; Bondo, P. B.; Mrowca, R. A.; Serianni, A. S.
Carbohydr. Res1988 175, 49-58.
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Scheme 2

The labeledp-glucoses ana-galactoses were converted to their

*CHO
(OH) +
OH
DL-[1-13C]glyceraldehyde
(or DL-[2-13C]glyceraldehyde)

H,OP
0

aldolase
CH,OH
DHAP
CHO
OH
HO

+—OH

OH

OH

D-[4-'3C]glucose

CH,OP CH,OP
O o
HO + HoO
+—OH +—OH
OH HO
OH OH
D-[4-'3C]fructose 1P L-[4-'3C]sorbose 1P
N\ J
a) acid phosphatase
b) chromatography
CH,OH
_ xylose )
isomerase  HO
+—OH
OH
OH

D-[4-'3C]fructose

model compounds5(-7) were used in the calculations. The most

methyl pyranosides by treatment with anhydrous MeOH in the presence extensive data set was obtained ®rwhich lacks an OH substituent
of Dowex 50 x 8 (20-50 mesh) resin in the Hform (Fischer

glycosidation):* In each case, the mixture of anomeric aldohexopyra-

nosides was purified by chromatography on Dowex 8 (200-400
mesh) ion-exchange resin in the OFbrm, using water as the eluelit.
Purified glycosides (12 total) were identified by their characteristic
and*C chemical shiftd#16
4,6-O-Ethylidenep-[4-1°C]-, [5-1°C]-, and [6%3C]glucoses, and 4,6-

O-ethylidenep-[6-1%C]galactose were prepared from the corresponding

labeledn-hexoses as followX. The labeled hexose (181 mg, 1.0 mmol)
was mixed in a 10 mL round-bottom flask with acetaldehyde /60

1.1 mmol) andp-toluenesulfonic acid monohydrate (5 mg). The mixture

was stirred at 3C overnight and extracted with hot ethyl acetatex(3
8 mL), and the extract was concentrated af@0n vacuo. The crude

product was purified by chromatography on silica gel using MeOH/

at C4, thus reducing complications caused by the arbitrary introduction
of intramolecular hydrogen bonding (with concomitant undesirable
changes in bond torsions) during the geometric optimizations.al'he
and# torsion angles irb were varied systematically fronf 8360 in
30° increments by holding both torsion angles at fixed values in the
calculations, yielding 144 partially optimized geometries; all remaining
molecular parameters were geometrically optimized. These data were
used to generate the hypersurfaces. Nine structures were obtained
containing staggered values of and 6 wherein both torsion angles
and all other degrees of freedom were optimized. A comparison of
partially and fully optimized geometries gave an estimate of the extent
to which holdingw and 6 at fixed values affected the computed
couplings.

A second series of calculations was performe®and7 that contain

CHCI, (7:1) as the solvent, and the derivatives were characterized by an axial and equatorial OH substituent at C4, respectively. In these
1H and C NMR. Overall yields ranged from 15 to 25%; unreacted calculations, one set of-€0 torsion angles was inspected (664—
starting aldose, which accounted for the low yield, was recovered for O4—OH4 and C5-C6—06—0HS®6 torsion angles 0f-18C°), and only

reuse.

B. NMR Spectroscopy.*H and**C{*H} NMR spectra of3C-labeled
methyl p-gluco- andp-galactopyranosides, and &fC-labeled 4,69-
ethylidenep-gluco- and galactopyranoses, were obtained at@n
2H,0 (~50 mM for *H; ~200 niM for 13C) on a Varian UnitPlus FT-
NMR spectrometer operating at 599.887 MHz fdrand 150.854 MHz

for 13C. 1D Spectra were processed with optimal digital resolution and

resolution enhancement to extraktouplings having errors of0.1
Hz unless otherwise noted; couplings0.5 Hz appeared as line-
broadening. Spectral simulation was required to extract accuxate

andJcy couplings in all cases and to determine/confirm coupling signs;
MacNUTS® operating on Apple platforms was used to generate

simulated*H NMR spectra.
C. Theoretical Calculations. The torsion anglesp and 0, are
defined as O5C5—-C6—06 and C5-C6—06—06H, respectively, in

1-7. Density functional theory (DFT) calculations using the B3LYP

functional® and the 6-31G* basis $&were conducted withilGauss-
ian94?! for geometric optimization of molecular structufesThree

(13) Zhao, S. Personal communication.
(14) Podlasek, C. A.; Wu, J.; Stripe, W. A.; Bondo, P.; Serianni, A.Am.

Chem. Soc1995 117, 8635-8644.
(15) Austin, P. W.; Hardy, F. E.; Buchanan, J. C.; Baddiley].JChem. Soc.

1963 5350-5353.

(16) Bock, K.; Pedersen, @Q\dv. Carbohydr. Chem. Biochent983 41, 27—
66

(17) Bdnner, T. GMethods Carbohydr. Chem963 2, 309-313.

(18) MacNUTs Prg Acorn NMR Inc.: Livermore, CA.
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the three staggered rotamers abeutwere studied (total of six
structures). All structures were fully geometrically optimized. These
calculations were performed to determine the effect of OH substituents
on J-couplings involving C4 or H4 (e.g3Jcansvs 2Jesma 2Jcaco.
Restricting these calculations to a limited set 6f@ torsions avoided
complications caused by intramolecular H-bonding between O4 and
06 and their attached protons, which can distort geometries and induce
undesirable torsion changes in the molecules.

A third series of calculations was performed on @&thylidene-
a-D-glucopyranose 8a) and 4,60-ethylidenee-D-galactopyranose
(9a). As described fo6 and7, one set of €-O torsions was inspected
(optimized torsions were as follows: fda, C2—-C1-01-H =
—172.0, C1-C2—-02—H = —46.0°, C2-C3—03—H = —48.2; for
9a, C2-C1-01-H = -171.0, C1-C2-02—H = —44.3, C2-C3~
O3—H = —41.2).

Coupling constants i6—9 were calculatetby DFT using a modified
version of Gaussia®4?* and an extended basis set ([5s2|8kdp]f

(19) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(20) Hehre, W. J.; Ditchfield, R.; Pople, J. 8. Chem. Physl972 56, 2257
2261.

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B.
G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A
Montgomery, J. A.; Raghavachari, K.; AlLaham, M. A.; Zakrzewski, V.
G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. &aussian94 Gaussian, Inc.:
Pittsburgh, PA, 1995.
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Scheme 3. ldealized Staggered Rotamers (w) about the C5—C6 W W)
Bond of Aldohexopyranosyl Rings e T
06 HB6R 5 i
05 c4 05 c4 >
/10
'8 ener
H6S H6R 06 H6S 6 9y
\ "4 (kcal/mol)
H5 H5 - /
360 S
99 9t 3007 360
gauche-gauche gauche-trans 240
® = -60° ® = 60° 180 180
120 b ., ,/'/12 0
H6S 0(deg) " o\ | 5o  (deg)
05 C4 U\v'o
Figure 1. Conformational energy hypersurface generated frofr@@ations
of w and @ in 5 (144 optimized structures) determined by DFT (B3LYP/
H6R 06 6-31G*).
H5 Scheme 4. ldealized Staggered Rotamers (6) about the C6—06
tg Bond of Aldohexopyranosyl Rings
trans-gauche O6H O6H
©=180 H6S cs  C5 HeR
designed to reliably recover the Fermi contact contribution to the
coupling. Prior work has shown that, in the present cases, contributions
from the non-Fermi contact terms are small and can be neglected
without significantly affecting the results. All computed couplings H6R HES
reported areunscaled and all equations correlating structure with . 0 = -60°
J-coupling magnitudes and signs were derived using unscaled couplings. 6=60 -7
D. Equation Parametrization. Equations describing the depend- foad fed
encies of2J and3J on w and 6 were parametrized using ProFit 5.6.2 O6H

(Quantum Soft, Zrich, Switzerland). In the least-squares Monte Carlo

fitting module integrated in ProFit, coefficients of the Fourier series HER HBS
used to formulate the equation were randomly generated, and for each
set of coefficients, the deviation betweésvalues predicted by the
equation and those from the reference dataset was calculated in the
form of ay? parameter. In this work, the dataset consisted of 144 (

w, 0) points generated from the hypersurface calculations and of 9 freely
optimized (v, 6) rotamers. For each parametrized equatighwas 6 =180°
minimized in an iterative fashion. When no significant improvement trans
in 2 was observed compared to the “best” value, the calculation was

terminateq and the resulting set of coefficients was used to formulate of hydroxymethyl rotamers i%: gt ~ gg > tg. It should be
the best fit equation.

: . . noted, however, that the stabilities of theand gg rotamers
Extended equations were parametrized to better describe the . . .

dependence Gln, Jen, andJec onw and6 by systematically including may be gffect_ed by the location of O6H (i.e., 8) 'n gg and
 or 0 terms of increasing complexity in the Fourier series up to sin- 9t O6H is oriented near one of the OS5 lone pairs, and thus
(2x) and cos(®) and comparing the “besy? values for each extended ~ SOmMe stability may be conferred to both geometries due to
equation to thg? value generated by the simpler equations. In all cases, intramolecular H-bonding. Indeedg and gt were higher in
the number of terms was limited to 6 or 7 to avoid strongly correlated energy thartg when@ in the former was rotated to eliminate
terms, which would produce an underdetermined system and an artificial this H-bonding. Thusin the absence of sant tg may be more
improvement iny?. stable thargg and gt when contributions from intramolecular
Results and Discussion H-bonding are eliminated, despite the presence of the gauche

_ _ ) effece? in the latter forms which has been invoked to explain
A. General Considerations.|dealized staggered hydroxy- e experimentally determined preference fay and gt in
methyl rotamers relevant to aldohexopyranosides are denOtedaqueous solution.

gg (w = —60°), gt (w = 60°), andtg (w = 18C°) (Scheme 3).
The stereochemical assignments ofR#hd H&S are shown in

5, and rotamer definitions fo# are shown in Scheme 4. gt (1.5 kcal/moly> gg (6.5 kcal/mol); for7, gg (0 kcal/mol)~-

~Systematic rotations about and 6 in 5 (30° increments) 4t (0.4 kcal/mol)> tg (2.6 kcal/mol). These trends contrast with
yielded 144 (12« 12 matrix) structures that define a reasonable {4t pbserved fob, wheretg (0 kcal/mol)> gt (1.4 kcal/mol)

conformational energy hypersurface (Figure 1). Three energy - 99 (1.9 kcal/molyfor 6 = 18C°. The presence of an axial O4
minima are observed at the three stagges#trotamers: 6€0/—

C5

Introduction of an OH group at C4 &f giving 6 or 7, affects
the relative stabilities of rotamers. F6ytg (0.1 kcal/mol)>

60° (0 kcal/mol); 300/60° (0.4 kcal/mol); and 18U—60° (2.9 (22) (a) Wkolfe, S.Acc.dChem. Res1972 5, I1|027111.h(b) V\aberg, K. B.;

_ ; _ Murcko, M. A.; Laidig, K. E.; MacDougall, P. . Phys. Cheml99Q 94,
kcal/mol). Thus gas-phasdFT calculations at the B3LYP/6 69566959, (c) Zefrov. N. S Samoshin. V. V. Subbotin, O. A
31G* level of theory yielded the following relative stabilities Baranenkov, V. I.; Wolfe, STetrahedron197§ 34, 2953-2959.
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Figure 2. (A) Dependence ofJcs ug 0N w. (B) Dependence oflcs nes on w. (C) Dependence ofles s on w. Circles, data fronb (Table 1); open
diamonds, data froré (Table S1); open squares, data fr@r(irable S1). Fob in plots A and B, data are divided into two groups to emphasize the enhanced
coupling (open circles) observed in ofleconformation (see Scheme 5).

(6) destabilizesyg but exerts a minimal effect on thelative Table 1. Torsion Angles?, » and 6, and Calculated %Joy Values®

energies ofjt andtg. Introduction of an equatorial O4 stabilizes

ggandgt significantly and destabilizets. However, results for . . . . rg;;if

6 and 7 pertain to a small subset of-@ rotamers where i oS i

intramolecular hydrogen bonding is weak or nonexistent, and g? 7?; :gg ii'g :g; ot

relative populations derived frorgas-phasecalculations are 72 192 59 +25 —48

expected to change significantly when the remainingGC 58 50 20 53 125

rotamers are taken into account, due to selective H-bonding in  —79 —72 16.4 —48 126 ag

some forms. For these reasons, relying on conformational energy  —72 171 +2.5 -5.3 +2.6

maps to predict preferences abautan be problematic, since 176 74 -35 -23 -3.1

H-bonding and solvation forces affect torsional preferences. 177 —69 —-15 —4.0 —-3.0 (¢
B. Calculated NMR Scalar Coupling Constants and 176 176  —41 —46 —36

Parametrization. 1. Two-Bond3C—'H Spin—Spin Coupling 120 60 —5.5 +4.0 —4.8

Constants. 2Jcy Values are useful structural constraints in gg _1%% :g'g J_rg_g :‘51'?

saccharides, nucleosides and their derivativég3and general . ' :

rules have been proposed relatidgcr to specific patterns of 8 _28 :rig J_rg:i +%'%

oxygen atom substitution on the coupled carbon and on the 0 180 -2.0 —0.4 +0.1

carbon bearing the coupled hydrogé&fre With respect to Cht 120 60 11 a1 109

OH conformation, thre@Jccy are expected to be sensitive to —120 —60 +4.8 -6.1 +1.5

. 2Jcs ez 2Josmes and 2Jceps Computed values of these —120 180 +0.6 —59 +1.0

couplings in5 are given in Table 1. Application of the projection %In degrees® In Hz. < Defined as O5 C5-C6—06. 4 Defined as C5
rule?® yields two projections, 0 and 1.5, that correlate with ce—06-H06. ¢ Defined in Scheme 3. '

average DFT-calculatefllccy values of —3.8 + 1.2 Hz and

+3.2 + 1.8 Hz, respectively, using data in Table 1. As noted Nnumber of conformers compatible with extreme and intermediate

previously2425 these computed couplings are shifted to more experimental couplings. The dynamic range’&icy is ~+5

negative values than predicted by the projection rule. Hz to ~ —5 Hz (A ~ 10 Hz), which is comparable to, if not
The dependencies 8iccy on w and6 are shown in Figure  slightly larger than, that observed féiccch (A &~ 8 Hz) (see

2 for eclipsed and staggered rotamers. A single maximum  below). The signs otJci depend orw and are straightforward

and a single minimum are observed upon samplinigom 0° to determine experimentalff.Note that plots 0fJcs e and

to 36C°. This behavior differs from that exhibited Bycy and 2Jcs,Hesin Figure 2 are complementary, which is a useful feature
3J4u (see below), which display two maxima and two minima, for stereochemical assignments of Riénd H& and for CH-
and suggests a practical advantagéJlef; in studies of CH- OH conformational analysis.

OH conformation, namely, greater reliability in correlating ~ 2Jcs ez and3Jcs Hes €xhibit a dependence dhsimilar to that
experimental couplings to rotamer populations due to the smallerobserved foPJuerHes® TWo groups of couplings are observed
at a givenw for the three staggereirotamers (Figure 2A,B);

(23) (a) Bock, K.; Pedersen, @cta Chem. Scand., Ser. B®77 B31, 354— i imi i i
358. (b) Schwarcz, J. A.; Perlin, A. &an. J. Chem1972 50, 3667— two COUpIIngS are similar I.n magthde a.nd al\.NayS Sm.a”er
3676. (c) Schwarcz, J. A.; Cyr, N.; Perlin, A. San. J. Chem1975 53, (more negative) than the third. Tiferotamer in which OH6 is

1872-1875. (d) Bandyopadhyay, T.; Wu, J.; Stripe, W. A.; Carmichael, H H ihi
- Serianni, A S 0. Am. Chem. Sociod7 119 1737-1744. () gauche to both coupled nuclei consistently exhibits a more

Bandyopadhyay, T.; Wu, J.; Serianni, A.J Org. Chem1993 58, 5513~ positive coupling than the remaining two staggered rotamers
?gé;'l(?acggg‘gﬂggéj* Carmichael, |.; Serianni, AJSAm. Chem. Soc.  (Scheme 5). The effect is enhanced when the coupled proton is
(24) CIor’an, F.; Carmichael, I.; Serianni, A. $. Phys. ChemA 1999 103

3783-3795. (26) (a) Serianni, A. S.; Podlasek, C. Barbohydr. Res1994 259 277-282.
(25) Cloran, F.; Carmichael, I.; Serianni, A. $.Am. Chem. So2001, 123 (b) Marino, J. P.; Schwalbe, H.; Glaser, S. J.; Griesinged.@m. Chem.
4781-4791. Soc.1996 118 4388-4395.

15672 J. AM. CHEM. SOC. = VOL. 126, NO. 48, 2004



Bond Conformations in Saccharide Hydroxymethyl Groups ARTICLES

Scheme 5. 6 Rotamers that Make a Positive Contribution to Scheme 6
2Jcs Her (A), 2Jcs nes (B), and 2Jnernes (C)?
shift to
O¢H O6H morﬁ.(—)
coupling
C5 HE6R HBS C5 e
HB6S HER CH0H
A B HO A OCH,
O6H HJ OH
B-gluco B-galacto
HE /4 HES 2Soopz= 4.3 Hz 2eop = -4.8 Hz
The above discussion reveals a significant effect efCC
bond torsions orfJccy Magnitudes which were anticipated
C5 earlier® To explore this effect further, a full hypersurface was
c obtained foi5 whereinw and6 were sampled in 30increments

_ from 0° to 360°. Two-dimensional plots fofJcs e, 2Jcs Hes,
cos;:larllegancuhcl(;ai.se’ the GBO6H bond bisects the bond angle between the 54 2Jce.ns are shown in Figure 3A and B. Superimposed on
these plots are computed couplings determined in nine fully
optimized structures (Table 1). The latter data agree with those
anti to O5 (an increase of+4 Hz vs ~+2.3 Hz). This obtained from partially optimized geometrigsdicating that
observation is consistent with that made #disr Hes Where 6 fixing @ and 6 does not significantly alter the computed
having OH6 gauche to HSand HES contributes positively to couplings These results show that the effectébbn 2Jcc is
the coupling (Scheme 5C). The origin of this effect remains greater when the carbon bearing the oxygdso bears the
unclear, although it is noted that, in all three geometries, both coupled protonas opposed to the coupled carbon; rotatihg
coupled atoms are anti to an O6 lone pair. The expecteHlC  exerts a greater effect Gdcs qr and2Jcs pes than on?Jee bs,
and C-C bond elongatiofi may be partly responsible for the as revealed by the narrower range of couplings observed for
shift to more positive couplings. This effect is not observed for the latter at discrete values of. This effect is more clearly
2Jce s (Figure 2C), presumably because the-@¥b torsion is observed in the 3D hypersurfaces shown in Figures-BC
held relatively fixed by the pyranosyl ring and cannot modulate Presumably vicinal O6 lone pair effe¢gtoon the C6-HER/S
the coupling. bond lengths (see below) pertiiles 1avs more than O6 vicinal
Substitution of an OH group at C4 appears to affdet hw lone pair effects on the G5C6 bond length perturblce ys For
and2Jcs Hes in those ring geometries in which the coupled proton this reason2Jcsns may be more attractive thatdcs s and
experiences a 1,3-interaction with O4. In these cases, the2Jcsnes for studies of CHOH conformation when information
coupling is shifted to a more negative value. For example, about 6 is unavailable. In addition, theange of allowed
2Jcs Hes is shifted to a more negative (less positive) valugin ~ couplings at each value af is essentially the same as that
(by ~2 Hz) compared t® for » = +60° (Table S1); in thegt shown in Figure 2 when only staggeredl values were
rotamer, H® experiences a 1,3-interaction with the equatorial considered. The latter fact leads to simplified equations relating
04 in 7 which is absent ir6. Essentially no effect of O4 is  these couplings ta» and6, as described below.
observed in thgg rotamer (when differences in are accounted Valence bond angle, which has been shown to affiet,>
for) regardless of C4 configuration, presumably becaus8 H6 might also influence?JccH values. However, in the fully
is anti to C4 and thus well removed from the site of substitution. optimized, staggered structures reported in Table 1, thé-€H
The above-noted 1,3-factor may be caused by small changes irbond angle does not vary significantly; the average-C6—
C—H bond length induced by 04 lone pair effects; in this case, H6R, C5—C6—H6S, and C6-C5—H5 bond angles£1 SD) are
the oxygen lone pairs are expected to reduce bond lengths108.8 4 0.5°, 108.8 + 0.6°, and 108.1 & 0.8, respectively.
slightly,?” which may lead to the slightly more negatit@:. This distribution compares favorably with that found previously
An effect of C4 hydroxylation ofJce s is also observed,  for the HR—C6—-H6Sbond angle (1077+ 0.4°),° indicating
but only when 04 is axial (Figure 2C). The coupling is shifted that the C-C—H bond angle is probably not responsible for

to a morenegatie value in the three staggered rotamers.  the observed dependence?dgci on w and 6, at least within

This observation is consistent with prior reports of “remote” the group of structures studied.

effects oriJcch in aldohexopyranosidéd;oxygen substituents The dependencies 88cs v and2Jcs ves ON w and 6 were
trans to the coupled proton on adjacent carbons 3hify to parametrized using the complete dataset of 153 datapoints (144

more negative values (Scheme 6). The effect appears additivestructures from the hypersurface; 9 staggered structures in Table
in that the shift observed igg is ~2-fold greater than that 1), yielding egs 1a and b. Equation 1c describes the dependence
observed ingt, due to the presence of two anti oxygens (04 Of 2Jcens On w; attempts to parametrize this equation by

and O6) in the former.

(28) Serianni, A. S.; Wu, J.; CarmichaelJ.Am. Chem. So4995 117, 8645—
8650

(27) Cloran, F.; Zhu, Y.; Osborn, J.; Carmichael, I.; Serianni, Al. &m. Chem. (29) Maciél, G. E.; Mclver, J. W,; Ostlund, N. S.; Pople, J.JAAm. Chem.
So0c.200Q 122 6435-6448. Soc 197Q 92, 4151 4157.
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Figure 3. (A) The dependence 8fcs nevs On bothw andd, determined by varying both torsion anglessisystematically through 360n 30° increments.

The vertical spread of points at discretevalues demonstrates the sensitivity of thédg, to 6. Superimposed are coupling data computed in the fully
(staggered) and partially (eclipsed) optimized structures reported in Table 1. Filled dlglasw; open squares]cs nes, Stars and open circles, respective
couplings taken from Table 1. (B) Data similar to that in part A4dus nsin 5. Closed triangles, hypersurface data; open circles, data from Table 1. (C)
Hypersurface /) calculated forJcs yer in 5. (D) Hypersurface /6) calculated for2Jcs wes in 5. (E) Hypersurfaced/6) calculated for2Jes ps in 5.

including bothw and 6 terms did not improve the rms error
significantly.

2Jes = —1.40+ 0.94 cos) — 4.38 sinf) —
0.79 cos(B) — 1.24 sin(®) (rms=0.78 Hz) (1a)

2Jos s = —1.32+ 2.24 cosp) + 4.12 sinf) —
0.80 cos(?) + 1.24 sin(®d) (rms=0.70 Hz) (1b)

2Josps= —1.294 1.53 cosp) — 3.68 sinf)
(rms=0.45 Hz) (1c)

2. Three-Bond ¥C—'H Spin—Spin Coupling Constants.
8Jcans and 3Jcapes have been used previously to make
stereochemical signal assignments oR-#hd H&Sin *H NMR
spectra of aldohexopyranosyl rings, and in studies op@HH
conformationt430:31A Karplus relationship has been reported

15674 J. AM. CHEM. SOC. = VOL. 126, NO. 48, 2004

and was applied recently to interpr&lcs ner and 3Jca pes in
aldohexopyranosyl ring%.
Theoretical relationships amoridcs is, 2Jcames @, ando
were examined initially in5 using fully and partially geo-
metrically optimized structures (Table S2). These data are
plotted in Figure 4A, with the €C—C—H torsion angle¢
represented on theaxis rather thaw. The distribution of data
points at discrete values gf reveals the sensitivity o¥Jccch
to 0. In comparison t*JccH (see above), the effect @f on
8Jccen is much reduced, as illustrated in the 3D hypersurfaces
(Figure 4B and C) (note that the effect of €@4 bond rotation
(30) (a) Hayes, M. L.; Serianni, A. S.; Barker, Rarbohydr. Res1982 100,
87—101. (b) Morat, C.; Taravel, F. R.; Vignon, M. Rlagn. Reson. Chem.
1988 26, 264—-270. (c) Poppe, L.; Struike-Prill, R.; Meyer, B.; van Halbeek,
H. J. Biomol. NMR1992 2, 109-136. (d) Poppe, LJ. Am. Chem. Soc.
1993 115 8421-8426.

(31) Tvaroska, I.; Gadjos, Larbohydr. Res1995 271, 151-162.

(32) Tvaroska, I.; Taravel, F. R.; Utille, J. P.; Carver, JGRrbohydr. Res
2002 337, 353-367.
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Figure 4. (A) Dependence ofJca e and3Jca nes 0N ¢ in 5. Filled squaresilcq na (hypersurface data); open diamongllsa nes (hypersurface data); filled
circles, 3Jcaners curve reported by Tvaroska and Gadfdsypen triangles3Jcane in 6; filled triangles,3Jca nes in 6; open circles3Jcang in 7; open
squares3Jcapes in 7. Small black+ (3Jcaner) and X Cleanes) define Karplus curves predicted from eqgs 2 and 3. The vertical spread of points at discrete
¢ indicates the effect of. (B) Hypersurface calculated f8dcs ne in 5. (C) Hypersurface calculated f8lcs yes in 5. (D) Dependence 0¥ce vain 5 on the
C6—C5—C4—H4 torsion angle (Table S2). Filled circle¥cs naas filled squaresJcsaeq The vertical spread of points at discrete-C—C—H torsions
shows the effect of. Data for corresponding couplings é(open squares) and (open circles) are also shown.

on 3Jcs navs Was not evaluated, but this effect is expected to be is also evident in the limited data obtained 6rand 7. We
small based on observations made abov&les). Both3Jcs ns conclude that two different equations are required to describe
and®Jc4 nes display a Karplus dependence as expected, but the the structural dependencies®t ne and3Jcs nes and that the
two curves are phase-shifted by20°. For comparison, the  curves derived frond are applicable, to a first approximation,
previously reported theoretical cuA¥é2is shown in Figure 4A. to rings bearing OH substituents at C4.
While the general features of both treatments are conserved, Data in Table S2 yield additional insight into the effect of
predicted couplings fop + 30° differ significantly, with larger oxygen substituents ddcccn 3Jca e iN thegg andgt rotamers
values predicted by the present treatment. is1.1+ 0.6 Hz and 1.2+ 0.6 Hz for¢ of —66.1° £+ 8.8° and
Concern about the applicability of Karplus curves derived 64.8 4+ 8.6°, respectively3Jcs nes in gt andtg rotamers is 1.1
from theoretical studies 06 to the analysis of experimental 4+ 0.7 Hz and 3.7+ 0.2 Hz, respectively, fop of —52.6° +
couplings observed in authentic aldohexopyranosyl rings sub-9.2° and 59.8 + 3.2, respectively. Thus, the larger gauche
stituted with oxygen on C4 (i.e.l—4) was addressed by coupling observed forfJcsnes in tg is not caused by a
calculating®Jccen in 6 and 7 (Figure 4A). Although the data  significantly reducedg. This behavior is attributed to anti
for 6 and7 are limited, there is no indication that O4 substitution electronegative substituent effects caused by O5 and O6. For
significantly alters the relationshipsy1l Hz deviations are  3Jc4pes in tg, O5 is gauche to H§ and O6 is gauche to C4
observed ap ~ 180 for both couplings, whereas differences (i.e., there are no electronegative substituents anti to either
aty = ~60° and—60° are insignificant. The small phase shift coupled nuclei). In contrast, there is at least one electronegative
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Figure 5. (A) Dependence 0Jus ner and3Jus Hes ON w in 5 (open circles3Jus Her; Open triangles3Jys Hes). The vertical spread of points at discrete
torsions indicates the effect ¢t Curves derived from eqs 4 and % @nd x), and curves derived from previously reported empirically derived Karplus
equationd (filled upright and inverted triangles) are also shown. (B) Dependenédgfnes 0n w in 5. The vertical spread of points at discrete-C—
C—H torsions indicates the effect 6f (C) The dependence éluerHes in 5 onw in the three perfectly stagger@dotamers (open square®= 60°; open
circles,0 = —60°; filled circles, 6 = 18C°). (D) Dependence diuerHesin 5 on 6 in the three perfectly staggeredrotamers (open squares,= 60°; open

circles,w = —60°; filled circles, w = 18C).

substituent anti to a coupled nucleus in the remaining three caseswere found between DFT-calculated couplings and those

For example, foRJcanes in gt, HES is anti to O5, and O6 is
anti to C4, whereas fofJcspe in gg and gt, only one anti

predicted by the previous treatments.
The effect of anti electronegative substituents3dgrcy is

interaction is present. It appears that this “anti” effect, whichis 3150 observed iRJcs s computed in5—7 (Tables S1 and S2,

related to that reported féduu,° is not additive; the presence

Figure 4D). Forb, 3Jce Ha(eq)iS ~2.5 Hz smaller thafdcs nagax)

of one of these interactions appears sufficient to reduce a gauchq,.meq is anti to O5, whereas H4ax is gauche to O5), a decrease

C—C—C—H coupling to its minimum value. The observed

decrease ifJcccn Upon introduction of one “anti” interaction
is ~2.6 Hz.

Karplus dependencies fotdeqne and 3Jcapes Using 18
datapoints (i.e., 9 staggered and 9 eclipaedonformers in
Table S2) are described by eqs 2 and 3 in whichs used
(instead ofp shown in Figure 4A).

$Jcaner = 3.58+ 0.11 cosg) + 3.50 cos(@) +
0.35 sin) — 0.57 sin() (rms=0.38 Hz) (2)

3Jca s = 3.60+ 0.50 cos) + 0.06 cos(d) —
0.13 sinf) — 3.46 sin(w) (rms=0.44 Hz) (3)

Inclusion of the full hypersurface data (144 data points) and/or

similar to that observed folJcs wavs In addition to the “anti”
effect, a small 1,3-effect appears to be presentdegnain 5
in the gg rotamer (on H4,) and thetg rotamer (on Héy). This
1,3-effect decreases the observdgs 14 by ~0.7 Hz. Similar
effects were observed ddcs 1ain 6 and7, as shown in Figure
4D (Table S1). The introduction of an axial or equatorial O4
does not appear to influenéé-e 4 significantly (i.e., couplings
computed in6 and 7 are similar to those computed i),
presumably because O4 cannot lie in the coupling plane in either
orientation (i.e., a planar zigzag €€5—C4—04 arrangement
cannot be achievedJcs nain 5—7 is also affected by (Figure
4D), exhibiting a range of-1 Hz similar to that observed for
3ca s

3. Three- and Two-Bond 'H—'H Spin—Spin Coupling

inclusion of additional terms to describe the dependence of Constants.3Jus ner and 3Jus Hes Were computed previously in

3Jcanas on O yielded virtually identical equation$Jcs vervis

5 using the limited set of staggered and eclipsed geometries

calculated using eqgs 2 and 3 were not predicted accurately usinggiven in Table 2 Hypersurfaces were generated in the present

the previous Karplus equatiof52? rms deviations of 1.4 Hz
15676 J. AM. CHEM. SOC. ® VOL. 126, NO. 48, 2004

work to more fully evaluate the effect &f (Figure 5A, Figure
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6A and B).2Jys per and3Jys Hes €xhibit approximately the same
sensitivity tof as do3Jca ww and®Jcs pes I addition, the curves
for 3Jusner and 3Jus pes are phase-shifted by-50°; similar
behavior was observed foidcsnw and 3Jcapes (Figure 4).
Importantly, corresponding curves calculated using a well-
established empirically derived Karplus equatfare essentially
superimposable on the DFT-computed curves (Figure 5A),
thereby confirming the reliability of the DFT data.

In previous work, the dependencies®fis ner and3Jus Hes
on o were described using DFT data obtained on nine
completely optimized staggered and nine partially optimized
eclipsedw rotamers’ yielding eqs 4 and 5.

%315 er = 5.08+ 0.47 cosg) — 0.12 cos(d) +
0.90 sin) + 4.86 sin(2w) (4)

%315 s = 4.92-1.29 cosp) + 4.58 cos(d) +
0.05 sing) + 0.07 sin(2) (5)

computedtJyy are plotted as a function of and6, respectively.

In Figure 5C, where data for only the three perfectly staggered
0 rotamers are showR)uy is observed to shift tamore positie
(less negative) values whéh= 180° (Scheme 5§.In contrast,
Figure 5D shows that coupling data as a functior¢ dbr the
three perfectly staggerad rotamers are nearly identical. The
hypersurface foPJuerHes is shown in Figure 6C. A simple
equation derived from a restricted dataset was proposed previ-
oushy? that related?Jyernes t0 @ and 6. The additional
hypersurface dataset obtained in this work yielded an improved
equation (eq 6) with substantially reduced rms error.

2Juerres = —11.23+ 0.13 cos) + 0.74 cos(d) —
0.82 cosg) + 2.02 cos(?) (rms=0.51 Hz) (6)

4, Two-Bond ¥C—13C Spin—Spin Coupling Constants.
2Jccc and2Jcoc in saccharides have been studied previously,
leading to an empirical projection resultant (PR) method that
correlates the observed coupling to a projection resultant whose
value depends on relative orientation of oxygen substituents on

The above equations were not affected (i.e., rms errors differ ¢, coupled carborfsin the present studyJca cswas studied
by <0.1 Hz) when the same nine staggered conformers andiq getermine its sensitivity to and 6. ’

144 additional couplings from hypersurface calculations were
included in the parametrizations. Equations s pers Were
also derived by including additional terms to account for the
small effect of & (Figure 5A, Figure 6A and B), but this
refinement did not improve the quality of the parametrization
significantly.

2Juernesin 5is affected by botlw and6, but the dependence
on @ is considerably greater (Figure 5B, Figure 6C). The latter
conclusion is supported by data in Figure 5C and D, where

(33) Donders, L. A,; de Leeuw, F. A. A. M.; Altona, ®lagn. Reson. Chem
1989 27, 556-563.

Projection resultants determined fde4 cefor thegt, ggand
tg rotamers irb are+2.0,+0.5, and+0.5, respectively, yielding
predicted couplings of+2—3 Hz, ~ —1 Hz, and~ —1 Hz,
respectively. These results are in qualitative agreement with the
DFT-calculated couplings as a function@fand@ (Table S3,
Figure 7). Like2Jccp, a plot of 2Jccc Vs w contains a single
maximum and a single minimum, and couplings of positive or
negative sign. The dynamic range ©#.5 Hz is smaller than
that observed fofJcch.

Introduction of O4 generally shiftdlcs ceto more negative
values (Table S1), a result consistent with PR predictions;
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Figure 7. (A) Dependence ofJcsacsin 5 on w. The vertical spread of points at discretetorsions (smaller open circles) indicates the effecf.of arger
open circles are data taken from Table S3 for staggered and eclipsed conformations.abata in triangles and diamonds were obtained f®and7,
respectively (Table S1). (B) Hypersurfaae/@) calculated forJcacsin 5.

projection resultants are shifted to more negative values by 0.5for 1Jc4cs which shows essentially no dependencecgnas
unit, leading to the prediction of more negative couplings by expected (Figure 8A). A brief discussion of the effectuobn
~1.5 Hz. The orientation of O4 appears to affect the magnitude C5—-C6, C6-H6R/S, C5-05, and C6-O6 bond lengths and

of the negative shift for thgt andtg rotamers. cs.cein 5is found in the Supporting Information (Figures S1
2Jca,co data calculated fob were fit to yield eq 7a, which and S2).
reflects its dependence en The 1Jcs ce data in Table S3 and the hypersurface results
(Figures 8B and C) yielded eq 8, which correlates this coupling
2Jcace= 1.36+ 1.03 cosp) + 2.26 sin) to w ando.

(rms= 0.3 Hz) (7a)
es o= 44.81— 2.13 cosp) — 0.59 cos(d) —
This equation was modified to account for the influence of O4 3.57 cosg) — 0.43 cos(2) (rms= 0.60 Hz) (8)

using data obtained o and7, giving eq 7b.

) ) 6. Three-Bond 13C—13C Spin—Spin Coupling Constants.
Jca,ce= 0.20+ 0.16 cosp) + 1.34 sinf) 3Jc1.ceand3lcs oo values depend largely on the €05—C5—
(rms=1.5Hz) (7b) C6 and C3-C4—-C5-C6 torsion angles (Karplus curves),

) respectively, but a second-order dependence on theGB5
The rms error for eq 7b is much larger than that for eq 7a due cg—0g and C4C5-C6—06 torsion angles, respectively, is

to the limited data presently available to define the O4 effect. expected:2 The latter dependencies arise from the effect of “in-

5. One-Bond**C—*%C Spin—Spin Coupling Constants and plane” electronegative substituents, in the present case provided
1Bond-Length Considerations.Previous work has shovthat by 06 for specific values ab. Calculated couplings if (153
Jcc values in vicinal diol fragments (HE)C—'C—.OH). dgpend datapoints) show a systematic change in Bagh csand®Jcs cs
on the C-C and C-O torsion angles. Coupling is minimal and 54 5 function of» (Figure S3); in these calculations the torsion

maximal for O-C—C—O torsion angles of-0° and ~180, angle between the coupled nuclei is essentially unchanged
respectively. Superimposed on this dependence are effects du%wlgoo) due to constraints imposed by the pyranosyl rig: cs
to the C-0 torsions; coupling is minimal and maximal when s maximal whenw = ~18C° (tg rotamer), and3Jcs ce'iS

the H-O—C—C torsion angle is-60° and~180", respectively.  maximal whenw = ~+60 (gt rotamer); the two curves are
. The above relationships derived for a simple diol were tested complementary. Both couplings exhibit a small dependence on
in the CHOH fragment where the C5C6 and C&-O6 torsions ¢ owever, sincé lacks OH substituents at C1, C3, and C4,

are expected to modulatdcs ce Data in Table S3 show that, yrends observed in Figure S3 cannot be used quantitatively to
within each C5-C6 rotamer (three staggered and three eclipsed), g5ses%) in 1—4. The potential for this application remains to
cs.ceis larger whend is ~18C° (e.g., forgt, 1Jcs.ce = 43.5, be explored.

42.0, and 48.0 Hz fof = 57°, —48°, and 192, respectively). 7. Experimental Validation of Computed Couplings and
The presence of one O6 lone pair anti to the—C% bond Proposed Equations.H and 3C NMR spectra of 4,6-
reducestdcs csby ~5 Hz (Figure 8A). Data obtained from the ethylidenee- and 5-p-[4-13C]-, [5-13C]-, and [643C]glucopy-
full hypersurface are shown in Figure 8B (in which rotamers |sn0ses go.8) and 4,60-ethylidenee- and B-D-[6-13C]-
containing perfectly staggerecare highlighted) and Figure 8C.  gajactopyranose8¢.,8) contain experimental couplings that can
es.ce also depends om, with smaller couplings observed e correlated with defined hydroxymethyl conformatiotasirg
for @ ~ 0° than forwm ~ 18C°. Based on data in Table S3, 4j,¢cq ggin galactd. These couplings were compared to those
cs,cediffers by~5 Hz in these limiting conformations (Figure  predicted by the above equations and to those calculated in
8). These trends are similar to those reported in ethylene geometrically optimized conformers of 4@-ethylidenee.-b-
glycol3* Note that this behavior is different from that found glucopyranose and 4®-ethylidenee-p-galactopyranose. These
(34) Carmichael, I.; Chipman, D. M.; Podlasek, C. A.; Serianni, AJ.SAm. data (Table 2) ShOW that corresponding experimental and
Chem. Soc1993 115 10863-10870. calculated J-values differ by <1 Hz, suggesting that the
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(w/6) calculated for'Jcs csin 5.

equations can be applied quantitatively in analyses of@HH

axial O4 reducing the couplingy2 Within anomeric pairs, the

conformation inl—4. Several trends emerged from the analysis S-pyranose exhibits the largéic: ce as expected based on the

of J-couplings in8 and9.

In 8, 2JuerHes is —10.4 Hz for both anomers, in excellent
agreement with the computed value-610.4 Hz in8a. (Table
2). The computed HC—H bond angle in8a is 108.5. The
corresponding bond angle computedsis 107.7 + 0.4°.

ObservedJcs naws in 8 depend significantly on €H bond
orientation, with the equatorial C8H6R bond yielding a
coupling ~9 Hz larger than the axial CEH6S bond. This
difference suggests that the €A6R bond length is shorter than

orientational effects of 0352

8. Average Computed J-Couplings in Staggered Hy-
droxymethyl Rotamers. AverageJun, Jen, andJcc computed
from hypersurface data by averaging the three staggéred
rotamers § = —60°, 60°, and 180) at each staggered value of
w are given in Table FJcch sign predictions are also reported
based on the projection rufé? these predictions are in good
agreement with the computed data, but the calculated coupling
magnitudes are shifted to more negative values. This result is

the C6-H6S bond length, a prediction consistent with expecta- consistent with recent observatiéh®and probably arises from
tions based on prior studies. Indeed, DFT calculations conductedimitations of the projection rule for predictingJcn not

on8a revealed cs e (€9)= 1.0932 A and cg pes (ax) = 1.1025
A (|n 9a; l'ceHR (ax) = 1.1037 A andl’ce,Has (EQ) = 1.0928
A). In addition,XJcs psis slightly larger in8a than in83, again
consistent with observations irglucopyranoses; this effect is
attributed to the shorter GH5 bond in theo-pyranose caused
by 1,4-interactions with lone pairs on the axial &1.

Lcs.ceis smaller in9 than in8 by ~3 Hz. This difference is
attributed to the change in the ©&85—C6—06 torsion angle
from ~18C in the latter to~60° in the former, which is
expected to reduce the coupling (Séec discussion belowj?

8Jc1,ceand®Jcs ce are consistently smaller in corresponding
anomers 0B than in8. For3Jc; cs the difference is attributed
to the presence of the “in-plane ” O6 glucoisomers, which
enhances the coupling by0.6 Hz! For 3Jc3 ce the effect is
attributed mainly to the different configuration at C4, with an

involving anomeric carbons or protons. The data in Table 3
provide anaveragedynamic range for each coupling, which is
smaller than the actual dynamic range due to the averaging of
0 effects.

C. Experimental J-Couplings in 1—4 and Conformational
Analysis. 1. Qualitative Treatment and Comparison to
Theory. Characteristic features of tH&l and 13C{1H} NMR
spectra of-3C-labeled methyl pyranosides are shown in Figures
S4 and S5. ThéH spectrum of methyB-p-[4-13C]galactopy-
ranosided (Figure S4) showed nonfirst-order behavior; the good
agreement between the experimental and simulated spectra
allowed extraction of accuratéy and Jey values. Thel3C-

(35) (a) Wu, J.; Bondo, P. B.; Vuorinen, T.; Serianni, AJSAm. Chem. Soc.
1992 114, 3499-3505. (b) King-Morris, M. J.; Serianni, A. 8. Am. Chem.
So0c.1987 109 3501-3508.
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Table 2. Experimental J-Couplings? in 13C-Labeled 4,6-O-Ethylidene-a- and -p-Gluco- (8) and Galactopyranoses (9) and Comparison with
Calculated Couplings

coupling Jex (00)? Jex (B)? Jeg® Jeale ()7
2J16R Hes -10.4 —-10.4 —12.0~11.8 —10.4+12.1
335, Heeq 4.9 ~4.6 4.5/4.9 4.9¢55.7)/1.7 (—71°)
33445, Heax 10.8/10.8 11.1€176.2)/1.7 (48.2)
3Jca,Heeq 5.9 6.3 7.0/6.9 6.0¢173.6)/5.1 (169)
3Jca Heax 3.2/2.8 3.3(65.9/0.9 (-71.8)
2Jcs Heeq —4.1 —4.4 —3.0~3.0 —3.6 (111.8)/—4.8 (110.5)
2Jcs Heax —2.1/-2.3 —3.0(109.7)/6.3 (108.7)
e Heeq 151.6 152.1 153.0/154.5
e Heax 143.1 142.9 141.7/137.5
2Jce Hs -3.3 —2.8/-2.6 —2.7 (108.9)/2.4 (109.8)
Jes.co 43.2[40.3¢ 43.1[40.4] 44.8/44.5 44.8/42.8
2Jcace -1.6[-2.2] —1.5[-2.1] 0.04/-0.02 —1.1 (108.4)/—1.7 (109)
3Jce,c1 3.8[3.3] 4.9[4.3] 4.7/4.1
3Jce,c3 3.2[2.7] 3.5[3.1] 3.212.7
8Jca 2 1.0
2Jcans (—)4.6
caps 143.6 144.7
2)cams (-)1.6 -)2.2
3dca.cH ~1.4 ~1.4
3Jcs 1 6.4 0.9
3Jcs Ha 1.3
2Jcs Ha (—)2.8 ()35
Lcs Hs 148.8 146.2
435 o 0.9
3Jc6 Ha ~3.2 ~2.6
3Jce,c ~1.2 ~1.2
3t3Jcac1 0 0
2Jcsco (+)3.7 +)3.4
eaca 40.4 411
Ueacs 375 38.1
3JC4,CH br br
3Jca.cHa 31 3.1
2Jcs.c1 (—)1.8 0
3t3Jcs,c2 0 0
3335 2.4 25
2)cecHl 2.1[1.9] 2.1[1.8]
3Jc6,cHa 3.2[2.9] 3.2[2.9]

a|n Hz. ® Experimental couplings in aqueous solution at 298 K obtained from first-order an&lysisuplings predicted by equations that account for

the effect of eithew alone or ofw and 6 (see text). Two values are listed. Left entry: = 180° andd = 60°. Right entry: w = 182.7 andf = 56.6°
(torsions observed in the DFT-optimized structure of @;&thylideneei--glucopyranos®a). The following Karplus equations were used: eq 4%y Heeq

eq 5 for3Jus Heax €4 2 forJeapeeq €0 3 for3Jca neax €9 1a forfJes peeq €q 1b for2Jes peax €q 1c fordlesns eq 7b fordlesce eq 6 for2Juermnes and eq 8
for Lcs ce 4 DFT-calculated)-values in DFT-optimized 4,6-ethylidenee-p-glucopyranoseéa. (first entry) and 4,89-ethylidenee-p-galactopyranoséo
(second entry). Relevant bond and torsion angles are given in parenth€semlings in brackets are those observed in@.éthylidenee- and 5-pb-[6-
13C]galactopyranose$Signs shown in parentheses were predicted by the projectionZdgig (ef 23a) and the projection resultant methadk¢, ref 3).

9 Signs for these couplings are unknown.

Table 3. Averaged Calculated J-Couplings in Hydroxymethyl

bond coupling to C5, and no coupling to C2, C4, and the
Group Fragments for Staggered Rotamers about w and 62

aglycone CHS3.

coupling 99 ( = -60°) gt (w = 60°) g (@ = 180°) Experimentallyy values in1l—4 (Table 4) agree well with
2JH6R HES -10.8 —-10.9 —-10.0 those reported previoustyexcept fordJys per and 3Jus Hes in
?CS,H(R +3.4 (+)° —4.7() -3.0() 3. The latter couplings were confirmed via spectral simulation
23223? ;g-g 8 J_ri'g Efg :‘3"8 8 (Figure S4) and are in agreement with those reported by
2Jcuce 02 138 0.1 Tvaroska et al*? Stereochemical assignments of theR+nd

s HeR 0.9 10.8 47 H6S signals in1—4 were made according to Ohrui et%l(i.e.,

335 Hes 2.8 2.2 111 H6S downfield of HER in gluca HER downfield of HES in
3Jcan 1.7 1.4 6.7 galactg.

3Jca Hes 6.7 0.8 3.4

Experimentalcy values in1—4 are given in Table 5-Jc4 g
aCouplings were computed from hypersurface data by averaging the 1S larger in3/4 than in1/2. This enhancement may be attributed
three staggered rotamers § = —60°, 60°, and 180) at each staggered ~ to C—H bond orientation (axial vs equatorial) and/or-624

value ofw. Since some couplings exhibit a specific dependencé (see bond conformation. The equatorial €#4 bond in 3/4 is
text), use of these average couplings to fit experimental data is valid only ’ . )
when perfectly staggered rotamers, and equal populations of perfectly - €xpected to be shorter than the axial-G44 bond in 1/2,

staggered) rotamers, are present in solutidrivalues in parentheses are possibly leading to IargéﬂCH in the former. However, an axial
signs predicted by the projection ru

(36) (@) Ohrui, H.; Nishida, Y.; Higuchi, H.; Hori, H.; Meguro, Ban. J. Chem.
1987, 65, 1145-1153. (b) Ohrui, H.; Nishida, Y.; Meguro, Hgric. Biol.
Chem.1984 48, 1049-1053. (c) Hori, H.; Nakajima, Y.; Nishida, H.;
Ohrui, H.; Meguro, HJ. Carbohydr. Chem1986 5, 585-600.

{H} spectrum of methyd-p-[6-13C]galactopyranosid8 (Fig-
ure S5) shows long-range coupling to both C1 and C3, one-
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Table 4. Experimental H—1H Spin—Spin Coupling Constants? in 1—4
coupling o-D-Gle 1 [-D-Glc 2 o-D-Gal 3 p-0-Gal 4

3Jh1 H2 3.8 (3.8 8.0 (8.0) 3.9 (4.0 8.0 (7.9)

332,13 9.8 (9.8) 9.5(9.4) 10.3 (10.3) 9.9 (9.9)

3Jh3 Ha 9.2(9.1) 9.2(9.2) 3.4 (3.4) 3.5(3.4)

33ha,Hs 10.0 (10.1) 10.0 (9.7) 1.2 (1.0) 1.1(1.1)

3Jhs HeR 5.6 (5.5) [5.4} 6.2 (6.0) [5.9] 8.2(7.2)[8.3] 7.9 (7.9) [7.6]

3345, Hes 2.3(2.3)[2.2] 2.3(2.3)[2.0] 4.2 (5.2)[4.0] 4.4(4.4)[4.4]

2JH6R Hes —12.3(12.3) —12.4 (-12.3) —11.7 (-11.7) —11.8 (-11.7)

aln Hz +0.1 Hz,2H,0 solvent, 30°C. ® Data in parentheses were taken from Podlasek.dt &l Data in brackets were taken from Tvaroska efal

Table 5. Experimental 13C—H Spin—Spin Coupling Constants? in
1-4

Table 6. Experimental 13C—13C Spin—Spin Coupling Constants?
in1—4

coupling o-D-Gle 1 p-0-Glc 2 o-D-Gal 3 p-0-Gal 4 coupling o-D-Gle 1 [-D-Glc 2 o-D-Gal 3 p-0-Gal 4
cana 144.4 144.8 146.4 146.3 Wcs.ca 38.5 39.3 obst 38.6
s Hs 144.3 141.8 143.4 140.7 Wcacs 40.4 41.0 38.2 38.5
cs Hr 143.3 143.2 145.2 145.5 cs.co 43.3 43.3 447 44.8
lJCG,HS 144.2 144.4 142.5 142.9 2\]01'(;5 —2.0¢ nct —2.0¢ nc

2
2Jears —47 a8 117 116 chzu i?g -i-2b7e nc +£1%e
2caps  —2.9 -2.9 +3.1 +3.3 e ; obse ne -
2Josms —3.9 —-4.0 +1.1 +1.0 C4,C6 ne ne ne ne
210 _ _ _ _ 3Jci.ce 3.3 4.2 3.5 4.4
Jos, HeR 1.9 2.5 5.0 5.0 3 b 13
ey —Ll.4 -1.1 0.8 +0.2 N ar i an a5
2)c6 .15 -1.4 -2.2 -5.2 -55 C3.co : s . :
3Jcan2 1.0 11 0.8 0.6 a|n Hz 0.1 Hz,2H,0 solvent, 3C°C. P obsc= signal obscured nc=
3JcaHeR 1.1(1.1y 1.2 (1.0) 1.9 (0.9) 1.9 (1L.5) no coupling observed,)| < 0.5 Hz.9 Sign based oA*C—13C COSY-45
3JcaHes 2.8(2.9) 2.4 (2.4) 1.7 (3.7) 1.8 (4.0) data?* ©Sign predicted by the projection resultant metfod.
3Jcs,H1 obsé® 1.1 6.3 0.9
3Jcs H3 0.9 11 0.4 ne Experimental’Jcs ner and 2Jcs pes range from—1.9 Hz to
3Jce,Ha 3.6 3.6 1.0 1.0

aln Hz £0.1 Hz, 2H,0 solvent, 30°C. Signs determined via the
projection rulé3aand/or spin simulatior? obsc= signal obscured by the
HOD signal.nc = no coupling observed,J] < 0.5 Hz.dValues in
parentheses were reported by Tvaroska €¥af Signs were taken asH)
in calculations ofw/6 rotamer populations (see text).

04 may disrupt directional intramolecular H-bonding between
the adjacent equatorial OH groups @f2, resulting in an
increased population (relative t2) of the C4-04 rotamer
having OH4 anti to H4 ir8/4. In the latter rotamer, no O4 lone
pairs are anti to the C4H4 bond, and no C4H4 bond
elongation occurs.

LJcs vs exhibits a dependence on anomeric configuration, with
o-anomers yielding slightly larger couplings thAranomers.
This result is consistent with prior studies of oxygen lone pair
effects on saccharide-€H bond lengthg? The axial C+01
bond ina-anomers provides O1 lone pairs in a 1,4-orientation
to the C5-H5 bond. The resulting bond shortening, which is
absent inB-anomers, presumably enhandégs 45 A similar
argument was made recently in studiesidfnuclear quadru-
polar coupling constants in aldopyranosyl riffgs.

2Jcanz %Jcans and?3Jcs g have negative signs itV2 and
positive signs (when detected)3f. These results are consistent
with sign predictions based on the projection réfiefor 1/2
and 3/4, projections of 0 and-1.5 are obtained, respectively,
for each of these couplings, leading to predicted and (+)
signs, respectively. However, despite similar projectiéis, s
2Jcams and?Jcs pa Vary considerably, indicating that a general
empirical method to predict coupling magnitudes is error-prone
due to differences in coupling pathway structure aredCbond
conformations.

(37) Bose-Basu, B.; Zajicek, J.; Bondo, G.; Zhao, S.; Kubsch, M.; Carmichael,
I.; Serianni, A. SJ. Magn. Res200Q 144, 207—216.

—5.0 Hz and+-0.2 Hz to—1.4 Hz, respectively, whereadcs ps
ranges from—1.5 Hz to—5.5 Hz. These couplings lie within
the range predicted from the calculations (Figures 2 and 3).
Large shifts to more negative couplings are observe@fgie
and?Jce us Upon convertingl/2 to 3/4. This shift is consistent
qualitatively with a more populatetd) rotamer in Gal, at the
expense of thgg rotamer population. Theositive contribution
made to the experimental couplings by thg rotamer is
replaced by anegatie contribution made by thég rotamer.
This shift in populations exerts a much smaller effect& pes,
since bothgg and tg rotamers are associated with negative
couplings (Figures 2 and 3).

8Jcamz Values are slightly larger id/2 than in3/4, possibly
due to a small in-plane effect from the equatorial ®4lc yw
and 3Jcapes in 1—4 differ considerably from those reported
recently32 The couplings in Table 5 were confirmed through
spectral simulation. Previously reported coupliiysere mea-
sured from selective excitation experiments, but the resonance
frequencies for the H6 protons differ by7 Hz in 3 and~23
Hz in 4 at 600 MHz, which precludes determinations of accurate
3Jch using first-order approaches. Presumably this complication
is responsible for the observed differences.

8Jcs H1in 1—4 shows the expected dependence on anomeric
configuration, with larger couplings observediranomers (C5
anti to H1)3%2 36 4 is considerably larger id/2 (~3.5 Hz)
than in3/4 (~1.1 Hz) despite the gauche arrangement between
C6 and H4 in all compounds. The smaller coupling3id is
consistent with our theoretical findings (Figure 4D).

Experimentallcc values inl—4 are given in Table 6\Jc4,cs
is smaller in3/4 compared tol/2, whereas the opposite is
observed forlJecsce The O4-C4—C5-05 torsion angle
changes from-18C in /2 to ~60 in 3/4, andJcc is expected
to decreasé? the effect of the C4 04 torsion ontJcs,cs Which
can be substantial, is assumed to be negligible in this case.
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Similar arguments exp|ain th’e]cs,ce data; the slightly |arger Tabl¢ 7. Summary_ of w and 6 Rotamer Populat_ioan_s Determined
values in3/4 reflect a greater contribution by ttg rotamer in by Single » Analysis and Correlated /¢ Analysis® in 14

which O5 and O6 are anti, thus increasing the coupling. Again, rotamer populations (%)
C6—06 torsion effects are assumed to be minimal. compound gt 99 tg g+ g trans
2Jc1,cs depends on anomeric configuratigi:~ —2 Hz for 1 53(2) 40 (2) 7(2)
a-anomers and~0 Hz for B-anomers.2)coc4 is large and 5 21 5 ‘:‘ﬁ ) 88 ) 25 55 20
positive in 1/2 and ~0 Hz in 3/4, as expected based on the 59( ) 32( ) 9( ) 21 59 20
projection resultant methot?Jc csis ~0 Hz in 1—4; confor- 3 74 (4) 3(2) 23 (4)
mational averaging of thgg and gt forms for 1/2, and thegt 7421( ) g(z) %6 @ 27 36 37
. . . 4 72 (4 5(4
é?dtg forms for 3/4, is expected to yield smallcy cs (Figure 1 0 29 23 39 38
3Jc1,ceand®Jcs cedepend on the GEO5—C5—-C6 and C3- aSinglew analysis (first entry); data obtained by the fiiting method.

(G i a,bi ; ; Correlatedw/60 analysis (second entry); data obtained by thefi&ing
C4-C5-C6 torsion angle§5; in both cases, this torsion angle method. See text and Tables-S311 in Supporting Information. Values in

in 1—4 is ~18C°. Small deviations in the observed coupling parentheses are the respective standard deviations in the population.
are probably due to small changes in the torsion angle between

anomers and/or to in-plane electronegativity effetls; csis acceptable fits. The latter included calculations characterized
enhanced iff-anomers relative ta-anomers due to an in-plane by an overall rms error within 10% of the lowest rms error found
equatorial O%:3%In addition, thetg rotamer will enhancélc: cs among all analyses. This range corresponds to~@rl Hz
due to an in-plane O6; the small difference betwé&eand 3, uncertainty in the rms error, which is equal to the precision of

and between2 and 4, may be due to the expected larger the experimentals.

population oftg rotamer in Gal, which will enhance the observed The subscripts in the A By, and G series of calculations
coupling. ForfJes ce thegt rotamer is expected to enhance the designate how the limiting-values were chosen. In;1AB;,
coupling, due to an in-plane O6. Both Glc and Gal isomers show and G, an equilibrium between the threeerfectly staggered
an enhancement iAlcs cs in the f-anomer; this result may ¢ rotamers ¢ = 60°, —60°, and 180) was considered. Limiting
reflect, at least partly, an increase in titeotamer in3-anomers J-values were calculated from tlaeerageof hypersurface data
(see below). over the three perfectly stagger@dotamers at a specifio;

2. Hydroxymethyl Rotamer (w) Analysis in 1—4. All these values are reported in Table 3. This approach assumes
regressions and multilinear fits were conducted using a Fortranthat only perfectly staggered rotamers are present in solution
77 program, Chymesa, written in our laboratory (a copy of this and that the populations of the thr@eotamers are equal.
program can be obtained by contacting the authors). This For A, By, and G, DFT-calculated)-values for nine freely
program allows for selection of the protocol to be used for the optimized (v, 6) rotamers (Tables 1, S2 and S3 s ps,
regression or fit, i.e., the set of experimendal used in the 8Jcaners, and3Jcace and Table 2 in ref 6 fofJys pers) Were
calculation, the source of limiting values for thegt, gg, and used to calculate limitings for thew rotamer from the average
tg rotamers, and the weight attributed to eddh the fit. The over the three correspondirffy conformations. For example,
latter weight is used in the determination of the overall root- 3Jc4ne for gtis (1.2+ 1.7 + 0.6)/3= 1.16 Hz. Like A, By,
mean-square (rms) error between the experimental and calcu-and G, no preference for a specifi¢ orientation is assumed.
latedJs. The use of weighting factors accounts for differences  For A, Bs, and G, calculations were conducted assuming a
in the quality of the equations available for each coupling three-state equilibrium, but limiting-values were calculated
pathway. The program also allows the selection of ranges for using parametrized equations. Average torsion anglegtfor
each rotamer population in order to partially constrain the gg, andtg in the gluco (65°, —66.5°, and 175) and galacto
calculation if judged appropriate on the basis of additional (63.8, —52° and 178.4) configurations were taken from
experimental or theoretical data. However, in the present work, statistical studies of X-ray structufé® and assumed to be
this feature was not applied. Instead, mole fractions of all reasonable first-order approximations of the torsiond-.
conformers were allowed to vary from 0 to 1 during the fit. In Equations 4 and 5 were used to tréajs yer and 3Jus pes,

addition, an equal weighting factor of 1 was applied toJdall  and eqgs 2 and 3 were used to tréks 1evs for the regression
used to calculate equilibrium populations. and multilinear fits. Limiting values cfJcs pswere derived from
Three analyses were performed bn4, denoted as 4 By, eq 1lc, and limiting values ofJcs ce Were estimated from eq

and G. The results of these calculations are shown in detail in 7b. Contributions by were assumed to be uniform.

Tables S4S7 and are summarized in Table 7. In these  The analyses (Table 7) show tlgaitandgg predominate, and
calculations, the experimentiicouplings were analyzed in the  tgis almost absent, itV2. In contrast, thgg population is much
conventional manner, namely, as probeswpfthe 6 depend- reduced compared tg andgtin 3/4. These results are consistent
encies will be considered below. InAA3, w populations were  with the strong influence of C4 configuration on the distribution
obtained using onlyJys pers IN B1—Bs, @ populations were  of @ rotamers in saccharidé®3® However, we find thatgt
obtained using onlyJcs pevs In C—C4, multilinear fits were predominates ovegg in 1/2, contrary to prior report®
made using six experimentds Clus ners, 2Jcanmrs 2JceHs Furthermore, foB/4, very little gg rotamer was found, whereas
2Jca.co. Two results were obtained for thg-€Cs analyses: (1)
the “best” fit (i.e., that which gave the lowest overall rms error (38) g*gc"lfv%?{‘%_sglf;'tb'fih '&'{é;e{?é?ofﬁlygﬁé%?73%&%92332%2%3'5&)
between the experimental and calculalspland (2) a statistical 10963. (c) Kuttel, M.; Brady, J. W.; Naidoo, K. J. Comput. Chen2002
analysis consisting of average values and standard deviations 23 1236-1243. (d) Behrends, R., Cowman, M. K. Eggers, F., Eyring, E.

. . M.; Kaatze, U.; Majewski, J.; Petrucci, S.; Richmann, K.-H.; Riech JM.
for the gt, gg, andtg populations derived from an ensemble of Am. Chem. Sod 997, 119, 2182-2186.

15682 J. AM. CHEM. SOC. = VOL. 126, NO. 48, 2004



Bond Conformations in Saccharide Hydroxymethyl Groups ARTICLES

gg populations as large as 20% were reported previotidlye Table 8. Summary of & Rotamer Populations in Different w
attribute these differences to the use of multipleouplings in ~ Rotamers in 1747

the determinations; if the analyses are restricte@Jt@ only, rotamer populations (%)

populations similar to those reported previously are obtained. w=gt w=gg w=1

In 1/2, however, analyses based solely3day frequently lead compound g+ - tans gt g wans g+ g tans

to negativetg populations. In contrast, the multipleanalysis 1 1509) 27(7) 9(5) 7(5) 25(6) 9(6) 3(3) 3@3) 2(2)

yields positive populations for all three rotamers, thereby lending 2 14(8) 32(7) 13(5) 4(3) 23(5) 5(4) 3(3) 4(3) 2(2)

greater confidence to the results. 3 19(9) 21(9) 34(4) 0(0) 0(0) 0(0) 8(7) 15(7) 3(3)
For analyses based only on twovalues (i.e., A or By), 4 15(9) 21(9) 35(4) 0(1) 0(1) O(1) 8(7) 18(7) 3(3)

significant negativeg rotamer populations id/2 are observed aData obtained by the Afitting method; see text and Tables-S811

in only a few cases, suggesting that the selected limilggq in Supporting Information. Values in parentheses are the respective rms

the threew rotamers are reasonable approximations (see ©€rrors in the population.
Supporting Information). Importantly, for each compound, and
for each of the A and B series, relatively small differences
(less thant5% from the average values) in rotamer populations
are observed as the source of limitidgywas varied. Limiting

by w and 6. Jcs yevs Values were used qualitatively to assess
hydroxymethyl conformatiof.
In the multilinear fitting procedure described below, different

values derived from the parametrized equations or from DFT Weights were applied to the couplings to account for (a)
data yielded nearly the same results. However, discrepanciesJifférences in the precision to which they are known from
(ca.+10—15%) were observed between populations estimated &Periment, (b) the different quality of the equations (rms
solely from3Jus news or solely from3Jes navs errors), and (c) possible contributions to their magnitudes from

These findings stimulated the,Geries of analyses in which fac'torst(e.g.l, Ioknefpa|rff'effec:sddttiCH)Tvr\]/hI(f:hllwere negl.e(:fd

all available couplings were incorporated in the multilinear fit. owing to a fack ot sufhicient data. Ihe Toflowing weighting
L . factors were chosen for the fits: 1.6J¢sHers 3JcaHers

For 1—4, the C3 fits yielded the most accurate solutions to the 2 2 2 41 : O 10 40 0’1
equations. These analyses suggest thatotamers are not (155"*5"5’) co.s 2Jnerres and'Jes.ce, 0.1 (Jescd, and 0.
perfectly staggered in solution and that estimates of populations' “C¢H&S- . N B
based on torsion angles observed in crystal structures are more ng b conformers were considered ~ 60°, . 60", or
accurate. 180, in each case witl ~ 60°, —60°, or 18C. This model

. . . . assumes that no intermediate states exist in solution with
A comparison ofw populations determined by regression o :
- o - . detectable lifetimes and that all states are independent. Rotamer
analysis or through multilinear fit fak/2 reveals a small increase

o . . . populations were varied from 0 to 100% in 2% increments, and
Sg?ndaz;?s;r\(;noo@a, rrsg Ft)i(\a/(;“:/cfltm?p;h;ﬁc?sp;lzz%gzgarl\gdan the best analyses were defined as those resulting in the smallest
effect of anomeric configuration om populatiéjns (Table 7) rms errors between the calculated and experimental couplings.
This effect appears absent 3 ' Three multilinear fits (A—As in Tables S8S11) were

3. Distribution of Nine (w,0) Rotamers in 1—4 Through performed. In A, limiting J-values andv and@ torsion angles

Multilinear Fit. In previous worké rotamer populations having were taken from DFT calculations of the nine completely
L . o . . optimized staggered conformers (Tables 1, S2, and S3)zIn A
6 = 180 (trans) in mono-, di-, and trisaccharides were estimated P 99 ( )z

: and Ag, parametrized equations (eqs 4/5 # eqgs 2/3

from 2Juer Hes, @SSUMINg perfectly staggeredandd rotamers 3'68 P q (eq dfs’HeR/S' g

o N : for 3Jcq navs, €9s 1alb foPles navs, €q 1c¢ for?Jes ps, €q 8 for
and a similar distribution ofl rotamers in each of the three 1 5 2
otamers. Four limiti lues we ed. and no distinct Jes.ce €9 7b foréJea,ce €g 6 forJusres) and elsewhere (ref
' aznr]n;gé bel:r elml Qr?gva:nj g\; treegs n ’aig —n?ot:;nlg(r:slon 6 for Yce naris) Were used to back-calculate limiting couplings,
wa W gt 99 Ween 9 ’ assuming either perfectly staggeredand & conformers (A)
This analysis suggested that gauche-C%—06—06H rota- . .

ferred | ¢ harid d that bulki or the torsion angles used im AA3).

mebrst.tare tpreteorge n tm %S Schh arl esl atm f? as tu '®"" The results of these analyses are given in Tables84.
substituents a are Infroduced, the popuiation ottrans rotamelry,, g of populations of the ning® conformers that produced
increases. The percentage of trans rotamers for metmyl

gluco- and galactopyranasides was in agreement with thatthe lowest weighted rms error is shown fog-AA3, followed
g istical ith lati
estimated fromJucon (HBRIS—C6—06—H pathway)®® by statistical data with average populations and standard

. . . ) deviations (5% tolerance from the lowest rms value), as
The preceding discussion showed thabtamer populations g\ ,s5eq above for the regression analyses to assekse.
can be determined using fivé-values through multilinear

. . The sums of populations fey = 60°, —60°, or 180 rotamers
regression. This approach was extended to evaluatedbatid over the corresponding thrée= 60°, —60°, or 180 rotamers,
6 using twelveJ-values sensitive either @ alone or to both and conversely, sums of populations 6= 60°, —60°, or 180
w and 0. Zcs yeys are sensitive taw and 6 (Figures 2 and 3); f ' '

5 IS ! rotamers over the corresponding three= 60°, —60°, or 180
Jos,Hs @lso exhibits a dependence @mlb?'t to a lesser extent. rotamers, were calculated. Error analyses are provided in the
The effect of& on 3Jys pevs and 3Jca Havs is small 1.0 Hz)

d] i ed 4 orebiposk h form of the overall rms error of the “best” run and in the
and less easily parametrized. Present and preVosk has g iqual errors in eachl, estimated from the difference
shown that?JperHes is more sensitive t@ than tow. 2Jca.ce

ided inf ° b | hilelJ is infl g between the predicted and the corresponding experimental

provided information aboub alone, whileJs,ceis Influence value. Both weighted [rms (1)] and unweighted [rms (2)] errors

(39) (a) Bock, K.. Duus, J. QJ. Carbohydr. Chem1994 13, 513-543. (b) were de_termme(_i. However, to determlng the best fit among all
Nishida, Y.; Hori, H.; Ohrui, H.; Meguro, HJ. Carbohydr. Chem1988 calculations, weighted rather than unweighted rms errors were

7, 239-250. : )
(40) Fraser, R. R.; Kaufman, M.; Morand, P.; Govil, Gan. J. Chem1969 usec_j for_the reasons explained above. The results are sum
47, 403-409. marized in Table 8.
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a. Distribution of (w,0) Rotamers in 2/2. Data in Tables 7
and 8 confirm the validity of the nine-state equilibrium model.
For 1/2, the weighted rms errors of the best fits for the-A\3
multilinear regressions were consistenty).7 Hz, while the

unweighted rms errors ranged from 0.8 to 1.2 Hz. All regressions lographic stud$a

predicted time-average couplings within 655 Hz of the
experimental values except fédcs nevs In all runs, XJcs v
andJcs pes Were not accurately predicted (errors up+8 Hz),

which was expected since the equations were qualitative.

Although the ranges of overall rms errors for-AA; were small

for 1/2, the Ag regressions consistently produced the smallest
rms errors. This finding suggests thatndé in solution deviate
from those in perfectly staggered geometries.

The distribution ofw and6 rotamers predicted from theA
As analyses are similar fdrand2 (Table 7). Forl, thegg and
gt rotamers are roughly equally populated and account for
>~90% of thew populations, withtg represented by<10%.
In contrast, data foR suggest a preference gf overgg (~2-
fold), with tg still representing<10% of the population. Thus,
a small effect of anomeric configuration e distribution is
observed in thegluco anomers. An analysis of reveals a
preference fog— in 1/2 (Table 7).

More revealing is thedistribution of 6 rotamers within
specificw rotamers (Table 8). The data suggest thatnd 6
are not conformationally coupled, that is, the distributiorfof
rotamers is independent of the orientation akeutor example,
in gt of 1, ~53% of thed rotamers igg—, ~17% is trans, and
~29% isg+; virtually identical relative populations are found
in gg (Table 8). Similar results were obtained ®yrsuggesting
that anomeric configuration exerts little or no effect on correlated
conformations aboub and#é in the gluco configuration.

The distribution ofw rotamers predicted from single (i.e.,

Conclusions

Numerous experimental and theoretical determinations of
hydroxymethyl group conformation and dynamics have been
reported in aldohexopyranosy! ringsAn early X-ray crystal-
showed thatw populations change signifi-
cantly when O4 changes from equatorial §iinico, gt/gg/tg ~
40:60:0) to axial (irgalactg gt/gg/tg ~ 58:8:34). NMR studie®$
have yielded estimates of thyg (30—55% forgluco, 55—78%
for galactg, gg (45—70% forgluco, 10—25% forgalactg, and
tg (—25—25% forgluco, 2—30% forgalactg rotamer popula-
tions. The literature has been reviewed recently by Bock and
Duus2 Despite extensive work, however, the NMR approaches
to this problem have remained constant for decades. Virtually
all of the available analyses rely on t&dyccr, and only more
recently on tw@Jccch Furthermore, rotamer populations based
solely on 3Jyy are highly protocol-dependent, resulting in
significant anomalies (note the broad range of reported popula-
tion percentages above). In additiodyy analyses have
frequently yielded substantial negatitgepopulations ingluco
sugars®® The latter problem is attributed in part to the use of
inaccurate torsion angles in the limiting staggered rotamers,
which leads to errors in the estimates of the limitihgalues.

Tvaroska et at? recently determined the populations gif
gg, andtg forms in 1—4 and related compounds #i,0 and
methanol using eithefJys ners O 3Jcaners In this work,
substantial differences were reported in the populations derived
from both parameters for nearly all compounds, with a maximal
uncertainty of 46% foilgg rotamers in methyl &-methyl-a-
D-glucopyranoside.

New structural constraints to assess,OH group conforma-
tion in saccharides based on multiple, redundaobuplings
have been described in this report. Using theoretical and
experimental methods, equations were developed to correlate

noncorrelated) analyses is in excellent agreement with thatthe magnitudes and signs of 12 scalar couplings with@HH

predicted from the correlated analyses (Tables 7 and 8).

b. Distribution of (w,0) Rotamers in 34. Overall weighted
rms errors for A—Aj regression analyses performed3range
from 0.6 to 0.7 Hz, while slightly greater errors were found for

conformation. Importantly, some of these couplings display a
dependence not only om but also onf, in some cases
exhibiting a greater dependence on the latter than on the former.
These second-order dependencies serve as indirect probes of

4(0.7-0.9 Hz). Among all regression analyses, those performed C—O bond conformation in solution that do not depend on direct

assuming nonperfectly staggeredand 6 (i.e., A; and Ag)

observation/detection of the exchangeable hydroxyl proton.

yielded smaller overall rms errors than those based on perfectlyMore importantly, use of these equations allows assessments

staggered rotamers.

As observed forl/2, the populations oty and 6 rotamers
predicted from the A—As analyses were similar (Table 7). Thus,
in 3/4, gt predominates £70%), followed bytg (~30%).
Virtually no gg rotamer was observed. No effect of anomeric
configuration onw rotamer populations was found Bi4, in
contrast to results obtained d#2. With regard to6, the g+,

g— and trans rotamers are roughly equally populated (Table

7). Unlike 1/2, thedistributionof 6 rotamers ir3/4 depends on
the orientation aboub. In thegt form of both3/4, g—, g+ and

transé rotamers are roughly equally populated, whereds,in
g— predominates, followed bg+ and trans (Table 8). The

of correlated conformation about and 6.

Several key observations were made while developing these
new constraints, which are summarized as follows:

(a) DFT provides a nearly quantitative tool to calcultg,
Jch, andJec values in saccharides, judging from comparisons
of calculated and experimental couplings in conformationally
constrained systems. In this work, unscaled couplings were
employed. The theory appears sufficiently robust to yield
accurate couplings in terms of magnitude and sign, thus
obviating the need to impose empirical scaling adjustments
common to studies of this tyé The small deviations<10%)
are likely caused by neglected conformational factors, neglect
of non-Fermi contact contributions, and/or solvation effects.

effect appears to be caused by a significant reduction in the pyrther work is needed to establish the relative importance of

trans conformation abowt in tg compared tagt in both 3/4.

As found for /2, the distribution ofw rotamers predicted
from single (i.e., noncorrelated) analyses was in excellent

agreement with that predicted from the correlated analyses

(Tables 7 and 8).
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these factors in order to incorporate further corrections or
refinements to the methodology.

(41) (a) Houseknecht, J. B.; McCarren, P. R.; Lowary, T. L.; Hadad, CJ.M.
Am. Chem. So2001, 123 8811-8824. (b) Houseknecht, J. B.; Lowary,
T. L.; Hadad, C. M J. Phys. Chem. 2003 107, 372—378.
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(b) 2Jcch display a large sensitivity te if their signs are
taken into account. Importantly, prior suggestions thk
values are sensitive to-€0 torsions have been confirmed and
quantified. This effect appears more significant fer@ torsions
involving the carbon bearing the coupled proton than feiGC
torsions involving the coupled carbon.

(c) Different Karplus equations apply to the interpretation of
3Jcane and3Jeq Hes, in contrast to the prior generalized treatment
of these couplingd! This behavior mimics that observed for
3Js,Her and 3Jus Hes®

(d) Wcs cedepends on botly and#, as anticipated based on
previous studies oflcc in ethylene glycoB* The present work

be brought to bear on this torsioinom both sides of the
glycosidic linkageFurthermorecorrelated conformation about
w and 6/y can be inestigated thus providing more detailed
information on linkage flexibility.

Access to multiplel-couplings sensitive to C}DH confor-
mation render recently described theoretical approaches to
assigning CHOH conformation applicable to carbohydrate
systems. The CUPID methtdallows for calculations of a
continuous rotamer distribution from NMR data provided that
six conformationally sensitive parameters are available to
determine a Fourier expansion of the order three. The maximum
entropy metho#d can be applied more effectively through

defines a quantitative relationship between both torsions andaccess to an increased number of experimental NMR constraints.

1Jcc magnitude.
(e) 3Jc1.ceand®Jcs cemay be useful additional experimental
constraints onw. This sensitivity stems from the effect of

The present findings have implications not only for studies
of w and@ in exocyclic hydroxymethyl groups in oligosaccha-
rides but also for related studies in oligonucleotides. However,

terminal electronegative substituent orientation on the Karplus the equations reported herein were derived for pyranosyl rings.

dependencies ofccec and3Jcoco?!
(f) Given the simplicity of the present systems compared to

ethylene glycol, greater insight into the stereoelectronic effects

Further work is needed to determine whether modifications are
required to treat furanosyl rings.
Finally, it should be noted that exocyclic @8H conforma-

of oxygen lone pairs on saccharide bond lengths, and concomi-tion cannot be assessed \#ayy in some molecules. For

tant effects onJ-couplings, especiallyJcc, was obtained. In
addition to their use in conformational analysisgouplings

example,3Jyy values are unavailable to study conformation
about the C+C2 bond in 2-ketohexoses suchmfructose. In

provide a means to indirectly evaluate saccharide electronic andthese cases, the additiodatoupling constraints reported herein
stereoelectronic structure, both of which dictate their chemical could be advantageous.

and biological functions.
Nine independenb/6 rotamers inl—4 were assumed in the

present treatment, and their populations were calculated from

the multilinear regression of 1Rcouplings. The data show that
0 rotamer distribution may be affected tyin O6-unsubstituted
molecules. However, skewing in favor of speciflcotamers
is not large, suggesting that H-bonding solvation scaffolds, if
present, do not freeze-€O rotamers completely. It will be
important to test these conclusions via studiedJgéon™ and
3Jccon® which may provide complementary information on
C—0 conformation in aqueous solution.

The present study focused on free £LHH groups in four
methyl aldohexopyranoside$-4) to establish new-coupling/
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Supporting Information Available: Short discussion of the
effect of w on C5-C6, C6,HBR/S, C5—0O5 and C6-O6 bond
lengths andJcs csin 5 (Figures S1 and S2); Figure S3 (Effect
of w on3Jcy csand®Jcs csin 5); Figure S4 fH NMR spectrum

structure correlations in simple, well understood systems. While of 4): Figure S5 {3C NMR spectrum of3); Tables S+S3

the application of these correlations to unsubstituted@HH

(Calculated Scalar Couplings & and 7; Torsion Angles,w

groups has practical benefits (e.g., in oligosaccharides wheregndg, and Calculated@lcy Values in5; Torsion Anglesw and

intramolecular H-bonding may influenae and/or 8), more

0, and CalculatedJcc and?Jcc Values in5); Tables S4S11

significant applications are expected in compounds such as 1,6-containing detailed results of singtepopulation analyses, and

linked oligosaccharides containing substituted,OH groups.

correlatedw/6 population analyses iA—4. This material is

These linkages are characterized by three torsions and cargyailable free of charge via the Internet at http://pubs.acs.org.

display significant conformational flexibility. Recent studies
have addressed the concerted us@leéc, 3Jcocr, and3Jcocc

across glycosidic linkages to assess rotamer populations abou{

¢ andy.12In 1,6-linkages, howevery and 6 are redundant
and thus a significant number of redund&mouplings can now
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