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/EtOAc) (lit. mp 113 °C);' 'TH NMR 6 9.04 (d, 1 H, J = 2.4 Hz), 8.36
(dd, 1 H,J = 24,87 Hz),7.57 (d, | H,J = 8.7 Hz), 3.08 (q, 2 H, J
= 7.3 Hz), 1.46 (t, 3 H, J = 7.3 Hz); *C NMR 6 147.29, 144.59, 143.60,
126.98, 126.75, 121.65, 26.71, 12.44; IR (film) 3098, 2986, 1589, 1516,
1451, 1344, 1308, 1246, 154, 1098, 1053, 921, 832, 734 cm™'; GC-MS
mje (%) 228 (M*, 59), 200 (16), 184 (30), 183 (100), 137 (16), 106
(20), 95 (28), 91 (17), 79 (28), 77 (16), 69 (38), 63 (52), 62 (16).
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Abstract: Eight aldohexoses (allo, altro, galacto, gluco, gulo, ido, manno, talo), four aldopentoses (arabino, lyxo, ribo, xylo),
and two aldotetroses (erythro, threo) have been prepared with '3C-enrichment (99 atom-% !*C) at the terminal hydroxymethyl
(CH,0H) carbon. High-resolution 'H-decoupled *°C NMR spectra were obtained at 75 and 125 MHz in order to obtain
one-bond ('Jcc) and longer range (3¢, *Jec) 1*C-13C spin coupling constants involving the terminal carbons of the more
abundant furanose and pyranose forms of these monosaccharides in 2H,O. In some cases spectral interpretation was assisted
by the use of one-dimensional INADEQUATE !3C spectra. The effect of aldopyranose and aldofuranose ring structure and
conformation on the magnitudes of these couplings, especially 2/ccc and 3Jecec, Was probed. Results show that /¢ is highly
affected by the orientation of terminal hydroxyl substituents along the C—C—C coupling pathway and that 3Jcccc is not only
affected by molecular dihedral angle (i.e., Karplus relationships) but also by substituent geometry along the C—-C—C-C coupling

pathway.

Introduction

In recent years, nuclear magnetic resonance (NMR) spec-
troscopy has emerged as a powerful tool to investigate the
structures and conformational features of biologically-important
molecules in solution. The development of multidimensional modes
of data collection'? has played a dominant role in this regard,
especially in studies of macromolecules such as proteins and nucleic
acids. Implicit in these new methods is the fundamental as-
sumption that an intelligent integration of different NMR pa-
rameters can lead to more reliable models of solution behavior.
For example, the combined use of 'H-'H spin couplings (Jyy)
and nOes, measured from COSY and NOESY spectra, respec-
tively, has been important in computer-aided three-dimensional
structure determinations of proteins.>* Thus, studies aimed at
an improved understanding of how specific NMR parameters are
affected by molecular structure and dynamics are critical to the
development of NMR-based strategies to probe the solution
properties of molecules.

While numerous NMR studies of carbohydrates have used
TH-'H spin couplings to assess molecular structure and confor-
mation,’ interest in *C-'H (Jcy) and '3C-'3C (Joc) spin couplings
is increasing, partly because modern NMR methods are available
that permit their measurement without the need for '*C-enrich-
ment.%’ Thus, while the problem of measurement has been
reduced, a real need exists for systematic investigations of the
dependencies of these couplings on carbohydrate structure. This

YUniversity of Notre Dame.
tOmicron Biochemicals, Inc.
$Helsinki University of Technology.

need is particularly acute for J¢c, since it is well recognized that
relatively subtle changes in structure along the coupling pathway
may dramatically affect their magnitudes.® Seminal studies in
non-carbohydrate systems conducted by Barfield and co-work-
ers>!! have clearly shown that Jc depends highly on pathway
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Figure 1. (A) The partial 'H-decoupled 1*C NMR spectrum (75 MHz)
of L-[6-*C]idose. (B-D) INADEQUATE 1*C NMR spectra of L-[6-1°C]-
idose obtained with a 6 (B), 50 (C), and 100 ms (D) mixing time.
Shorter mixing times enhance the detection of carbons directly bonded
to the enriched site, while longer mixing times suppress the one-bond
correlations and enhance the detection of coupled carbons further re-
moved from the enriched site. Close inspection of data in (D) reveals
small couplings to C3 of the a-furanose (~76.4 ppm) and to C4 of the
a-pyranose (~71.7 ppm) that were not detected in the conventional 1D
spectrum in (A).

structure and that faulty interpretations can occur when these
couplings are applied without a detailed knowledge of this de-
pendency.

In a previous study,'?> we examined Jcc in the aldoses involving
the Cl (anomeric) carbon. Results showed that the relative
orientation of the hydroxyl substituents on the coupled carbons,
and on carbons along the coupling pathway, significantly affects
the coupling magnitude. For example, 2/¢, ¢; in aldohexopyranoses
was found to be large (~4.3 Hz) in structures having O1, Cl,
C2, C3, and O3 coplanar, and displacing either Ol or O3 out of
this plane reduced this coupling to a small or zero value. 3J¢; ¢4
was found to depend on the orientation of O1 with respect to the
coupling pathway, with larger couplings observed when O1, CI,
05, and C5 are coplanar.'? While the orientation of O6 with
respect to this coupling pathway is also likely to affect 3/ ¢4 in
aldohexopyranoses, this effect could not be assessed due to the
inherent rotational mobility of the exocyclic C5—-C6 bond.

The present investigation aims to extend this earlier work to
Jcc involving the terminal hydroxymethyl carbons of the simple
aldoses. (4-13C)Aldotetroses, (5-1°C)aldopentoses, and (6-13C)-
aldohexoses have been prepared, high-resolution 3C NMR spectra
at 125 MHz have been obtained and analyzed, and the 1*C-13C
couplings between the terminal carbon and the remaining pyra-
nosyl and furanosyl ring carbons have been interpreted in terms
of ring structure, configuration, and conformation.

Experimental Section

Materials. Potassium (**C)cyanide (K'*CN, 99 atom-% 13C) and
deuterium oxide (*H,0, 99 atom-% 2H) were purchased from Cambridge
Isotope Laboratories.

Instrumentation. Broadband 'H-decoupled '*C NMR spectra of
(*3C)-enriched aldoses (~0.6 M in 2H,0) were obtained at 125 MHz
and 21° on a Varian VXR-500 (uniTY) 500 MHz FT-NMR spectrom-
eter located in the Lizzadro Magnetic Resonance Research Center at the
University of Notre Dame. Quadrature-phase spectra were obtained with
a sweep width of 7000 Hz and 54 016 real points and were zero-filled to
give a final digital resolution of 0.065 Hz/pt. Observation pulses of 6
us (~25°) were employed with a relaxation delay (RD) of 5 s to give
a total interpulse time interval (acquisition time + RD) of 8.5 s, and free
induction decays were processed with resolution-enhancement functions

(11) Barfield, M.; Walter, S. R. J. Am. Chem. Soc. 1983, 105, 4191.
(12) King-Morris, M. J.; Serianni, A. S. J. Am. Chem. Soc. 1987, 109,
3501.
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(typically sine-bell or gaussian) to improve the detection of small cou-
plings. Spectra were referenced externally to the C1 chemical shift of
B-D-(1-13C)glucopyrancse (97.4 ppm), and reported chemical shifts and
BC-13C spin couplings are accurate to 0.1 ppm and £0.1 Hz, respec-
tively. High-resolution 'H NMR spectra (500 MHz) were collected on
the same spectrometer at 21° with sweep widths of 3400 Hz and 56K
data points, giving a digital resolution of 0.061 Hz/pt. 'H-'H spin-
coupling constants are accurate to £0.1 Hz.

One-dimensional INADEQUATE 12C NMR spectra’™!12 at 21° in 2H,0
were obtained on a General Electric GN-300 FT-NMR spectrometer
operating in the quadrature-phase mode. FIDs were processed with
exponential multiplication (EM) to yield spectra with a digital resolution
of 0.075 Hz/pt.

Synthesis of (13C)-Labeled Aldoses. Detailed procedures for the syn-
thesis of the '*C-labeled aldoses used in this study have been published
elsewhere,'*!* and only a brief account of the methods is given here.

D-(6-*C)Glucose was prepared from 1,2-O-isopropylidene-a-D-xylo-
pentodialdo-1,4-furanose and K*CN as described by King-Morris et al.!®
D-(6-1*C)Mannose was obtained from p-(6-13C)glucose by molybdate-
catalyzed C2-epimerization.'

D-(5-'*C)Ribose and p-(5-'*C)arabinose were prepared by treatment
of p-(6-*C)glucose with Pb(OAc),' to give D-(4-1*C)erythrose, which
was chain-extended by cyanohydrin reduction!®!4!8 to give the target
labeled pentoses. D-(4-'*C)Erythrose was epimerized with sodium
molybdate!$ to yield, after chromatography, p-(4-'*C)threose. D-(4-
BC)Threose was chain-extended by cyanohydrin reduction!®1418 to give,
after chromatography, p-(5-13C)xylose and p-(5-13C)lyxose.

L-(6-13C)Idose was prepared from 1,2-O-isopropylidene-a-D-xylo-
pentodialdo-1,4-furanose and K*CN as described by King-Morris et al.'s
L-(6-'*C)Gulose was obtained from L-(6-1*C)idose by C2-epimerization
with sodium molybdate.!6

D-(6-*C)Allose and L-(6-'3C)talose were prepared as described by
King-Morris et al.!’ for the preparation of D-(6-1*C)glucose by substi-
tuting 1,2-O-isopropylidene-a-p-ribo-pentodialdo-1,4-furanose for 1,2-
O-isopropylidene-a-D-xylo-pentodialdo- 1,4-furanose as the starting sugar
in the cyanohydrin reduction reaction. Epimerization of purified p-(6-
BC)allose and L-(6-'*C)talose with sodium molybdate!® gave p-(6-13C)-
altrose and L-(6-13C)galactose, respectively.

The labeled aldoses were identified by *C NMR spectroscopy using
chemical shift data reported previously.'?

Resuits and Discussion

A. Solution Properties of the Aldoses. Aqueous solutions of
the C,~C; aldoses contain several interconverting monomeric forms
which include cyclic hemiacetals (pyranoses and/or furanoses)
and acyclic gem-diol (hydrate) and aldehyde forms.'%° In
general, acyclic forms are present in significantly lower abundance,
and, when structurally allowed, pyranoses predominate over fu-
ranoses. The relative populations of these forms, and the kinetics
of their interconversion, depend highly on aldose structure.!%-2!
Thus, for example, aqueous solutions of D-glucose contain mainly
pyranoses, whereas comparable amounts of furanose and pyranose
forms are observed in aqueous solutions of D-talose!>21® and p-
idose.?'* In this study, we have restricted the examination of
13C-13C spin couplings to the more abundant cyclic forms.

In order to correlate 13C-13C spin couplings with molecular
structure, it is essential to define the conformational behavior of
each aldose. This behavior has been studied extensively for al-
dopyranoses,*?? which in general assume either *C, or !C, chair

(13) Serianni, A. S.; Barker, R. Synthetic Approaches to Carbohydrates
Enriched with Stable Isotopes of Carbon, Hydrogen and Oxygen. In Isotopes
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B3C-13¢C Spin Coupling Constants in Aldoses

OH HO
HO -0 Ho o Q o Q
HO OH OH
OH 4o OH OH OH
OH
1 2 3

J. Am. Chem. Soc., Vol. 114, No. 9, 1992 3501

4

ROOH R oH
HO
-0 -0
H HO
OH
OH
7 8
HO HO HO
R R OH R on
? ho ] —Q —Q
H HO
OH OH
OH OH
OH
10 11

12

HO HO
R R R OH R
HO °
OH OH
WA S HO OHOH

15 16

R R OH
Hom Hom R = CH,OH
HO OH OH HO oH
17 18

Chart 1
R
R
HO o HO
H (o]
HO OH
OH oH
OH
5 6
HO
OH
9
HO
HO OH
OH
13 14
Chart I1
OH
OH
o OH © OH
HO HO
HO HO
19 20
OH
O
HO OH
HO
21

conformations. In the analysis below, the following aldopyranoses
are considered to prefer the “C; conformation (Chart I):22® 8-

(22) (a) Eliel, E. L.; Allinger, N. L.; Angyal, S. J.; Morrison, G. A.
Conformational Analysis; Interscience: New York, 1967; pp 351-432. (b)
In Charts I-III and throughout this manuscript, all aldoses are represented
in the p-configuration for consistency and to avoid confusion, despite the fact
that in some cases *C~1C couplings were measured in the mirror-image
L-isomer (See Experimental Section). (¢) Bock, K.; Pedersen, C. Acta Chem.
Scand. B 1975, 29, 258,

D-lyxopyranose 1, 8-D-ribopyranose 2, a-D-xylopyranose 3, 8-D-
xylopyranose 4, a-D-glucopyranose 5, 8-D-glucopyranose 6, a-D-
mannopyranose 7, 8-D-mannopyranose 8, a-D-galactopyranose 9,
B-D-galactopyranose 10, a-D-talopyranose 11, 5-p-talopyranose
12, a-D-gulopyranose 13, 3-p-gulopyranose 14, 8-D-idopyranose
15, a-p-allopyranose 16, 8-p-allopyranose 17, and §-p-altro-
pyranose 18. Aldopyranoses preferring the !C, conformation
include a-pD-arabinopyranose 19, 8-p-arabinopyranose 20, and
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Table I. '3C-'3C Spin Couplings® in (6-'*C)Aldohexoses

Wu et al.

Table II. *C-13C Spin Couplings® in (5-1*C)Aldopentoses

coupled nuclei

coupled nuclei

compd C6,C5 C6,C4 C6,C3 C6,Cl1 compd C5,C4 C5,C3 C5,C2 C5,C1
p-allose D-arabinose
a-pyranose 16 434 nc 2.8 32 a-pyranose 19 37.8 nc nc nc
B-pyranose 17 43.1 ne 30 34 B-pyranose 20 375 nec 1.8 1.9
D-altrose D-lyxose
a-furanose 41.1 2.8 1.3 nc a-pyranose 22 38.9 nc ne 1.5
B-furanose 41.2 2.3 2.0 nc B-pyrancse 1 39.6 1.7 nec nc
a-pyranose 23 42.2 1.7 1.7 2.4 D-ribose
B-pyranose 18 429 ~0.6° 2.6 32 a-furanose 424 1.3 1.1 1.9
D-galactose B-furanose 42.0 1.8 1.8 ne
a-pyranose 9 44.9 nc 3.7 3.6 a-pyranose 21 38.5 nc br 0.8
B-pyranose 10 44.6 nc 4.1 435 B-pyranose 2 39.7 nc nc 0.9
D-glucose D-xylose
a-pyranose § 43.6 nc 39 33 a-pyranose 3 39.1 0.9 nc 2.0
B-pyranose 6 43.0 nc 44 4.2 B-pyranose 4 39.7 2.0 nc nc
D-gulose ?In Hz. The entries “nc” and “br” denote no observed coupling (J <
a-pyranose 13 445 nc 1.8 34 ~0.8 Hz) and broadened signal, respectively. Coupling signs were not
B-pyranose 14 44.5 ne 1.8 3.7 determined
p-idose , '
g_g::::g:: ~:(1)§ ;g ~(1)2 gg Table III. '3C-13C Spin Couplings® in (4-1*C)Aldotetroses
a-pyranose 24 20 ~07° 1.2 1.8 coupled nuclei
B-pyranose 15 443 nc 2.1 3.0 compd C4,C3 C4,C2 C4,Cl
D-mannose
a-pyranose 7 43.3 nc 36 3.3 p-erythrose
g-pyranose 8 433  nc 4.2 3.9 a-furanose ne
D-talose B-furanose 2.1 nc
a-furanose 41.3 2.1 0.9 nc hydrate 23
g-furanose 41.8 1.3 2.3 nc D-threose
a-pyranose 11 450 nc 3.4 3.4 a-furanose 37.2 1.6 ne
B-pyranose 12 450 nc 38 4.3 B-furanose 37.6 23 ne
hydrate 2.8

¢In Hz. The entry “nc” denotes no coupling was observed (J < ~
0.8 Hz). Coupling signs were not determined. For all entries, coupling
between C2 and C6 was not observed. ®Coupling observed in 1D IN-
ADEQUATE $pectrum only.

a-D-ribopyranose 21 (Chart II), while conformationally flexible
aldoses (i.e., those whose C, and !C, conformers have comparable
stabilities or assume nonchair conformations) include a-D-lyxo-
pyranose 22, a-D-altropyranose 23, and a-p-idopyranose 24 (Chart
I1I).

The conformational preferences of the pentopyranoses (1-4,
19-22) may be confirmed by examining the three-bond couplings
between C5 and H1 (3J¢syy,) that are readily measured in the
(5-1*C)derivatives. 3Jcsyy values obtained from high resolution
500 MHz 'H NMR spectra of the (5-13C)-enriched compounds
are as follows: 1, 1.7 Hz; 2,2.4 Hz; 3, 6.5 Hz; 4, 1.0 Hz; 19, 0.9
Hz; 20, 6.1 Hz; 21, 2.5 Hz; 22, 4.4 Hz. Standard *Jcsy, values
for dihedral angles of 60° and 180° are obtained from 4 (1.0 Hz)
and 3 (6.5 Hz), respectively, since these structures are confor-
mationally rigid (“C, conformers).! A comparison of these
standard values to 3J¢syy observed in 19 and 20 indicates that
pentopyranoses having the p-arabino configuration highly favor
the 'C, conformation (Chart IT). 3J¢syy values for 1, 2, 21, and
22 deviate from the standard values, indicating the presence of
conformational heterogeneity (i.e., C, and 'C,), although 1, 2,
and 21 still favor one form, namely, *C, for 1 (~87%) and 2
(~74%) (Chart I) and 'C, for 21 (~73%) (Chart II). The 4.4
Hz value of 3J sy observed in 22 indicates that 'C, (~38%) and
4C, (~62%) conformers are present in comparable amounts in
solution. These results are consistent with those obtained pre-
viously from an analysis of 'J¢, y; values.2

3C-13C spin coupling in aldofuranoses will also depend on ring
conformation, but their interpretation is difficult since the con-
formational behavior of these rings is less well defined compared
to that of pyranoses. However, as discussed below, the struc-
ture-coupling correlations derived from the examination of the
more conformationally rigid pyranoses are valuable in interpreting
related couplings in furanoses in terms of preferred ring and
side-chain conformations.

B. Verification of '3C Chemical Shifts in the Aldoses. Previous
13C NMR studies of (1-13C)-enriched aldoses at 75 MHz provided

?In Hz. The entry “nc” denotes no observed coupling (J < ~0.8
Hz). No entry denotes couplings that were not measured. Coupling
signs were not determined.

13C-13C coupling data of importance in assessing the validity of
reported °C signal assignments in these compounds.!? The ob-
servation of one-bond 3C-'C couplings between Cl and C2
(Mei,c2) provided an equivocal means to assign the C2 signals,
and empirically derived structure-coupling correlations involving
longer range couplings (/¢ ¢ and 3J¢, ¢) provided an auxiliary
means to test many of the remaining assignments. The present
study yielded new '3C-13C coupling information in these structures
(Tables I-III), and a similar treatment of the data provided further
confirmation of the reported assignments. These new data also
resolved uncertainties in the assignments of the C3 and C4 signals
of 8-D-arabinopyranose 20.!2 The observation of a large splitting
of the signal at 70.2 ppm ('J¢s ¢y = 37.5 Hz) and no splitting of
the signal at 70.1 ppm allowed their firm assignment to C4 and
C3, respectively.

In addition, the C5 signals of 8-p-talofuranose and a-p-talo-
pyranose were reported previously?!® to be equivalent (72.6 ppm),
but spectral data obtained on (6-!C)talose show these signals
resolved at 72.59 and 72.74 ppm, respectively. Chemical shift
equivalence was also reported!? for C4 of 8-p-allopyranose and
CS of a-p-allopyranose (68.3 ppm), but the present data showed
the latter signal to be 0.08 ppm downfield of the former. The
C4 signals of the a- and 8-D-gulopyranoses!2 were also resolved
in spectra of the (6-3C)-enriched sugar, occurring at 70.98 and
71.05 ppm, respectively. This improved resolution can be at-
tributed to the enhanced signal dispersion at 125 MHz relative
to that at 75 MHz.

C. 13C-13C Spin Coupling Constants. The measurement of
3C-13C spin coupling constants in (*C)-enriched carbohydrates
is sometimes complicated by the overlap of signals in crowded
regions of the 13C spectrum, especially for aldoses that exist in
several interconverting forms in solution (e.g., ribose, altrose, idose,
talose) and in complex structures such as oligosaccharides. This
problem can sometimes be eliminated in INADEQUATE !3C spectra
of (13C)-enriched compounds!? either by selectively observing those
carbons directly bonded to the enriched carbon or those further
removed but still scalar coupled to the enriched site. This approach
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was used to assist spectral interpretation of several (6-'*C)aldoses
and is illustrated for L-(6-'*C)idose in Figure 1. The detection
of small 13C-13C couplings also appears to be enhanced in IN-
ADEQUATE spectra relative to conventional 1D spectra. The
smallest detectable ’C-13C coupling observed in this study was
0.8 Hz, and thus the absence of an observed coupling (“nc” entries
in Tables I-III) does not imply that J = 0 Hz but rather that J
< ~0.8 Hz.

In this study, the signs of the observed couplings were not
determined, although experimental methods to measure them have
been reported.®} and it is unlikely that all of the measured
couplings have the same sign. The structure-coupling correlations
developed below for 'Jec and 3J¢¢ should be independent of
coupling sign, however, since the signs of these couplings should
remain constant. Some complications are encountered when
interpreting 2/ in the absence of sign information, as discussed
in more detail below. In addition, while both through-bond and
through-space mechanisms are believed to contribute to Jcc,® no
attempt has been made to evaluate their relative contributions
to the observed couplings.

One-Bond J . Jc involving the terminal (hydroxymethyl)
carbon of the cyclic forms of the aldoses may be grouped into three
types (Chart IV). The first (exo—endo) involves coupling between
an exocyclic and an adjacent endocyclic carbon (e.g., C5 and C6
in aldohexopyranoses, C4 and C5 in aldopentofuranoses), the
second (endo—endo) involves coupling between two endocyclic
carbons (e.g., C5 and C4 in aldopentopyranoses, C4 and C3 in
aldotetrofuranoses), and the third involves coupling between two
exocyclic carbons (exo—exo) (e.g., C6 and C5 in aldohexo-
furanoses) (Chart IV). An examination of the data in Tables I-III
reveals small differences in 'Jcc for each type. Jegcs (437 £
1.0 Hz) and 'J¢s ¢4 (42.2 £ 0.3 Hz) in aldohexopyranoses and
aldopentofuranoses, respectively, are comparable in magnitude.
In contrast, endo—endo 'Jcscq (38.9 £ 0.9 Hz) and g, 3 (37.4
+ 0.3 Hz) in aldopentopyranoses and aldotetrofuranoses, re-
spectively, are similar in magnitude and 4-5 Hz smaller than
exo—endo couplings. Exo—exo !Jcgcs in aldohexofuranoses (41.3
% 0.3 Hz) appear to be intermediate in magnitude. Thus, /¢
may be a potential probe to distinguish between pyranose and
furanose forms of an aldopentose but not of an aldohexose.

Two-Bond Jcc. In aldohexopyranoses, no coupling is observed
between C6 and C4 in all compounds except a-D-altropyranose

(23) (a) Hansen, P. E.; Poulsen, O. K.; Berg, A. Org. Magn. Reson. 1975,
7,405. (b) Linde, S. A.; Jakobsen, H. J. J. Am. Chem. Soc. 1976, 98, 1041.
(c) Hansen, P. E.; Poulsen, O. K.; Berg, A. Org. Magn. Reson. 1976, 8, 632.
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23 and «-D-idopyranose 24 (Table I). As a starting point in the
structural interpretation of this result, we note that 2/, ¢; in
aldopyranoses appears to depend in part on the relative orientation
of the terminal hydroxyl oxygens, with maximum coupling (3.9-4.6
Hz) observed when O1 and O3 lie in the plane defined by C1,
C2 and C3'2? (for example, in 8-D-xylopyranose 4). When one
of these oxygens is displaced from this plane, 2J¢, ¢; is reduced
to a very small or zero value.* When both oxygens are displaced
from the plane, coupling is observed but is small (1-2 Hz) in
magnitude.!22%2  Previous studies of analogous two-bond 3*C-'H
couplings (2Jcy) have indicated that oxygen substituents anti to
the coupled proton make a positive contribution to the observed
coupling, while oxygen substituents syn to the coupled proton make
a negative contribution.! Thus, by analogy to these results, it is
likely that 2J¢, c; has a positive sign when both Ol and O3 lie
in the coupling plane and that displacing these oxygens out of this
plane makes a negative contribution to the coupling and thus
reduces its magnitude, as proposed by Marshall.® Thus, while
the behavior of 2J¢ ¢; and 2J¢s ¢4 in aldohexopyranoses may not
be strictly analogous (i.e., in the former, two oxygens (Ol and
0O5) are appended to one of the coupled carbons (C1)), it may
be postulated that the lack of an observed coupling between C6
and C4 in aldohexopyranoses is due to the fact that O4 is
structurally forbidden to lie in the C6—C5—C4 plane in either C,
or !C, ring conformations. Under this structural constraint, and
by analogy to the behavior of 2J¢, ¢3,!2 coupling between C6 and
C4 can only occur (*C, conformers of D-isomers) when O6 is anti
to O5 (if O4 is equatorial) or when O6 is anti to HS (if O4 is
axial). These hydroxymethyl conformations are destabilized by
1,3-interactions and are expected to be present in low abundance
in solution. The presence of coupling between C4 and C6 in
a-D-altropyranose 23 (1.7 Hz) is probably due to conformational
heterogeneity; in the !C, conformation, O4 lies in the C4—-C5-C6
plane and coupling is expected. The presence of a small 2 ¢4
in 24 may also be due to the unusual conformational behavior
of this hexose.?!¢

%Jcs.cy in aldopentopyranoses ranges in value from 0-2.0 Hz
(Table II). Since the oxygen atom bonded to CS is no longer a
terminal substituent, the correlations observed for 2/ above may
not be valid for this coupling pathway. Indeed, if only the ori-
entation of O3 is considered, no structure-coupling correlations
are apparent. For example, O3 is equatorial (and thus in the
C5-C4-C3 plane) in a- (3) and 8- (4) p-xylopyranoses (*C;
conformers) and «- (19) and 8- (20) p-arabinopyranoses (IC,
conformers), but coupling is observed only in the former. This
observation suggests that the orientation of O4 relative to the ring
oxygen may play a role in affecting 2Jcsc3. This conclusion is
supported by the observed values®® of 2Jc; s in methyl 8-D-
glucopyranoside (2.5 Hz) and methyl 8-p-galactopyranoside (1.4
Hz), where conversion of the intervening C4 hydroxyl group from
an equatorial (anti to O5) to an axial (gauche to O5) position

(24) An account should also be taken of the ring oxygen appended to C1
when interpreting 2J¢; c;. Both oxygen substituents may be considered by
inspecting the net dipole vector that bisects the O5-C1-O1 bond angle and
lies in the O5~C1-O1 plane. This vector will be more closely aligned with
the C1-C2-C3 plane in §-D-pyranoses than in a-D-pyranoses in the “C,
conformation. Therefore, an analysis of 2J¢, ¢; based on consideration of the
relative orientations of only Ol and O3 along the coupling pathway, while not
strictly correct, yields the same result.

(25) (a) The observed 2J¢; ¢; values in a-p-gulopyranose (2.0 Hz) and
a-D-allopyranose (2.4 Hz) were attributed previously'? to the presence of
conformational averaging (i.e., *C; and !C,). While averaging may be a
factor, we now believe that a C1-C2-C3 coupling pathway having Ol and
03 in axial orientations may give rise to an observed 2J, c3 that is smaller
in magnitude (and perhaps different in sign) than 2J¢, c3 for the same pathway
in which Ol and O3 are equatorial. This contention is supported by the
observation® that 2Jc,cq = 2.0 Hz in a-D-talopyranose in which O2 and O4
lie in axial orientations. (b) Hayes, M. L.; Serianni, A. S.; Barker, R. Car-
bohydr. Res. 1982, 100, 87. (c) This effect is also observed for the C1-C2-C3
coupling pathway in aldohexopyranoses.!? 2J¢, c; = 4.5 Hz for 8-D-gluco-
pyranose (O2 equatorial), while %J¢; c3 = 4.0 Hz for §-p-mannopyranose and
$-p-talopyranose (O2 axial), indicating that hydroxyl orientation at the central
C2 carbon influences the magnitude of this coupling. (d) Lemieux, R. U.
Molecular Rearrangements; de Mayo, P., Ed.; Wiley-Interscience: New York,
1963; p 713.
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reduces the value of this coupling constant. Thus, for 2/ the
orientation of hydroxyl substituents on the central carbon relative
to the terminal oxygens may influence the coupling magnitude.?%
Furthermore, a significant difference in 2J¢s ¢ is observed between
anomers of the conformationally rigid xylopyranoses (1.1 Hz;
Table II), indicating that the electronic properties of the ring
oxygen (which will be affected by Ol orientation due to the
“anomeric effect”2d) may also influence this coupling in the
aldopentopyranoses.

In aldohexofuranoses, 2Jcq ¢4 ranges in value from 1.3 Hz
(B-talofuranose) to 3.5 Hz (a-idofuranose) (Table I). In these
structures, a zigzag extended coplanar O6—-C6-C5-C4-04 ar-
rangement is structurally permitted and thus may partly explain
the different behavior of 2Jc4 ¢4 in aldohexopyranoses and aldo-
hexofuranoses. The relatively wide range of 2Jcgcq4 values in
aldohexofuranoses probably reflects in part the different rotamer
distributions for the two-carbon exocyclic fragment in these
compounds, with larger values indicating a greater population of
the rotamer having the above-noted coplanar arrangement (see
discussion of 3Jcg 3 below). It may be argued that the inter-
pretation of 2Jc4 4 in aldohexofuranoses suffers from the same
problem encountered above for 2J¢sc; in aldopentopyranoses in
that one of the oxygens along the coupling pathway is not a
terminal substituent. We argue that this problem is not as critical
for the former coupling. The effect of anomeric configuration
on 2Jcg 4 in aldohexofuranoses is likely to be much smaller since,
on average, the C1-Ol bond prefers a quasiaxial orientation in
aldofuranoses regardless of anomeric configuration. Furthermore,
only one of the coupled carbons (C4) is near the anomeric center
and thus under its influence, whereas for 2Jc;c; in aldopento-
pyranoses both C3 and CS3, being ring carbons, are likely to be
affected by structure at Cl.

In contrast to 2J¢s c; in the aldopentopyranoses, 2Jcsc; in the
aldopentofuranoses (Table II) is likely to be influenced by the
same factors that affect this coupling in the aldohexopyranoses,
since terminal oxygens are present in both cases. Thus, in the
one case examined (ribofuranoses), coupling between C5 and C3
is observed («, 1.3 Hz; 8, 1.8 Hz). The conformations of the
furanose ring and exocyclic hydroxymethyl fragment are expected
to play an important role in determining 2/csc; in the aldo-
pentofuranoses. For example, coupling might be expected in the
‘E conformers of D-ribopentofuranoses (and D-arabinopento-
furanoses) in which both O3 and OS (g hydroxymethyl con-
formation) may lie in the C5—C4—C3 plane. Thus, the magnitude
of 2J¢s c; may have potential applications in the conformational
analysis of pentofuranoses. This reasoning allows for the prediction
that 2J¢s ¢; in aldopentofuranoses having the lyxo and xylo con-
figurations should be small or zero, since structural constraints
prevent O3 from lying in the zigzag extended O5-C5-C4-C3
plane in all furanose conformers having these ring configurations.
This prediction remains to be tested experimentally.

Coupling between C4 and C2 of aldotetrofuranoses (Table I1I)
cannot be easily interpreted, as this coupling (**37¢4 c,) will be
determined by two pathways, namely, C4-04-C1-C2 and C4-
C3-C2. In the structures studied, this coupling ranges in mag-
nitude from 1.6 to 2.5 Hz. 2*3J¢,¢, in aldotetrofuranoses is also
determined by two pathways (C4-04-Cl and C4-C3-C2-C1)
as discussed previously in a study of (1-13C)tetrofuranoses.?® In
the cases studied to date, 2*3Jc ¢, is usually small or zero in
furanose rings, in contrast to **3Jc4 co.

Three-Bond Jccc. Coupling between C6 and C3 in the al-
dohexopyranoses will depend in part on the dihedral angle, 6,
between these sites, that is, on the C5—C4 torsion angle. However,
other factors such as the nature and geometry of substituents along
the coupling pathway can have a notable effect on vicinal *C-13C
couplings. The latter effect was probed systematically by com-
paring 3Jcgcs in the aldohexopyranoses having defined ring
conformations.

Four structural motifs for the C6—C5—C4—C3 coupling pathway
are available in the conformationally rigid (*C,) p-aldohexo-

(26) Serianni, A. S.; Barker, R. J. Org. Chem. 1984, 49, 3292,
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pyranoses in which C6 and C3 are fixed in an antiperiplanar
geometry (6 ~ 180°) (Chart V). These motifs are distinguished
by the relative orientation of O3 and O4 (OS5 is present in a fixed
geometry in all compounds). An examination of the data in Table
I shows that coupling between C6 and C3 in aldohexopyranoses
having these atoms oriented antiperiplanar is notably affected by
the relative geometry of the hydroxyl substituents along the
coupling pathway. Coupling is maximal when O3 and Q4 are
equatorial (3.6-4.4 Hz in glucopyranoses 5 and 6 and manno-
pyranoses 7 and 8) or when O3 is equatorial and O4 is axial
(3.4-4.1 Hz in galactopyranoses 9 and 10 and talopyranoses 11
and 12) and minimal when these substituents are axial (1.8 Hz
in gulopyranoses 13 and 14) (Chart V). Intermediate values are
observed when O3 is axial and O4 is equatorial (2.6-3.0 Hz in
allopyranoses 16 and 17 and B-altropyranose 18) (Chart V). Thus,
while the dihedral angle between C6 and C3 is constant or nearly
so (~180°), the observed coupling ranges in magnitude from
1.8-4.4 Hz depending on pathway structure. Failure to appreciate
this effect could lead to erroneous interpretations of 3Jgc; in
carbohydrates, as in the absence of this knowledge a 1.8 Hz
coupling might be interpreted as originating from carbons oriented
gauche or near gauche (6 ~ 60°). It should also be noted that
the orientation of O6 with respect to the coupling pathway may
effect 3Jcq,c3, with an in-plane position (gr conformer) enhancing
coupling, but this effect could not specifically be evaluated due
to the rotational properties of the C5-C6 bond. This factor,
however, may account for the observed difference in 3J¢4 ¢; be-
tween pyranose anomers (e.g., 3.9 Hz in a-D-glucopyranose 5, 4.4
Hz in 8-p-glucopyranose 6). Thus, the different magnitudes of
3Jce,c3 between aldohexopyranose anomers having similar ring
conformations may reflect differences in the distribution of C5—-C6
rotamers.

In addition to the above-noted effect of hydroxyl substituents
along a vicinal 13C-C-C-13C coupling pathway, dihedral angle
also affects 3Jcgc; as expected. This effect is illustrated by the
1.2 Hz coupling observed in a-D-idopyranose 24, which prefers
a !C, or related skew conformation?! in which C6 and C3 are
oriented gauche or near gauche. The corresponding dihedral angle
(6 ~ 60°) should yield a smaller coupling than is observed when
6 ~ 180°. The presence of conformational heterogeneity is also
likely to be responsible for the small 3Jcg 3 in a-D-altropyranose
(1.7 Hz).

3Jcsc3 in the aldohexofuranoses (Table I) is expected to show
a structural dependency similar to that for 3Jc4c; in the aldo-
hexopyranoses, although this dependency is difficult to assess due
to the rotational properties of the exocyclic two-carbon fragment
and the conformational mobility of the furanose ring. However,
it is interesting to compare the relative magnitudes of 2J¢ ¢4 and
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3Jcs,c3 as both parameters will be affected differently, and in a
complementary fashion, by the C4-CS5 torsion angle. If we assume
that hydroxyl orientational effects along the coupling pathway
are small or cancel in this comparison, then Jc4c; should be large
and /¢4 ¢4 should be small when C6 and C3 are antiperiplanar,
as the former coupling is enhanced when C6 and C3 are anti-
periplanar while the latter is enhanced when C6 and C3 are gauche
(i.e., C6 and O4 are antiperiplanar) (see discussion of 2/ above).
This inverse relationship in the magnitudes of %/¢s cq and 3Jcgcs
in the aldohexofuranoses appears to be observed in the compounds
studied (Table I). Data in Table I indicate that 2J¢cgcs > *Jescs
in the idofuranoses while 2Jcgcq < 3Jcsc3 in B-D-talofuranose,
suggesting that the distribution of rotamers about the C4-C5 bond
in these structures differs significantly. 3/, s values should reflect
this difference and have been reported to be larger in idofuranoses
(~7.5 Hz)? than in §-D-talofuranose (3.2 Hz).2!® The large value
of 3Jy4ys in the former indicates a greater preference for the
C4-CS5 rotamer having these atoms antiperiplanar (Chart VI),
and this conformation is consistent with the observed relative
magnitudes of 2/ cq and 3Jcg 3 in these structures. The smaller
3Ju4ps in B-D-talofuranose suggests that H4 and HS prefer to be
oriented gauche in these structures, and, of the two gauche con-
formers available, that having C6 and C3 antiperiplanar appears
to be preferred (Chart VI) based on the large magnitude of 3J¢g 3
relative to 2Jg s Thus, internal consistency in the conformational
interpretation of 'H-'H and '3C-13C couplings in the exocyclic
two-carbon fragment of these aldohexofuranoses is obtained, but
additional studies will be needed to further validate these ob-
servations.

In the pentopyranoses, coupling between C5 and C2 (**+3Jcsc))
will be determined by two three-bond coupling pathways (C5-
C4-C3-C2 and C5-0O5—C1—C2), and coupling is observed in only
one case (1.8 Hz in 20, Table II). Similar behavior was observed
previously!? for the related 3*3J, ¢4 in the aldohexopyranoses.

Couplings between Terminal Hydroxymethyl Carbons and C1
in Aldopentoses and Aldohexoses. These couplings have been
studied previously using (1-'3C)-enriched aldoses'? and thus are
not discussed here. In two cases (D-ribopyranoses and D-
mannopyranoses), however, coupling to the terminal carbons could
not be determined with (1-'*C)-enriched compounds due to res-
onance overlap. This problem was resolved by observing the
coupling in the reverse direction (Tables I and II), and the observed
values are consistent with the structure-coupling correlations
derived previously.!2

Conclusions

Carbohydrates provide a convenient conformationally-defined
and readily substituted carbon scaffolding to assess the effect of
coupling pathway structure on the magnitudes of one-bond and
longer range '*C-13C coupling constants. Of particular interest
is not only the nature of the substituents along the coupling
pathway (electronegative hydroxyl groups in the present study,
although other substituents could be incorporated) but also their
relative configuration. The aim of this investigation was to study
the complete set of simple aldotetroses, aldopentoses and aldo-
hexoses in order to obtain sufficient coupling data to derive em-
pirical structure-coupling correlations. An understanding of these
correlations will assist in the application of these couplings to
carbohydrate structure and conformational analysis and will be
valuable for future theoretical (i.e., calculational) studies of
13C-13C coupling in these molecules.
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1Jcc involving the terminal hydroxymethyl aldose carbon is
moderately sensitive to the nature of the coupled carbons, that
is, whether one or both carbons is endocyclic or exocyclic. The
observed effect may be mainly attributed to differences in the
s-character of the carbon—carbon bond, the latter being affected
by the substituents appended to the coupled carbons.

The longer range Joc, however, are highly affected by coupling
pathway geometry. For 2Jccc in which the coupled carbons are
bonded to hydroxyl groups, we found that coupling is large for
O-C—C-C-O fragments having a zigzag extended planar geom-
etry. Thus, for 8-p-pyranoses (*C; conformers), 3J¢, ¢ is large
while 2J¢, ¢; in a-D-pyranoses is small or zero.!> On the basis of
these previous observations, the small or zero value of 2Jcg 4 in
most aldohexopyranoses is not surprising, as the covalent structure
of these rings prevents the 06-C6-C5-C4~O4 fragment from
assuming the extended geometry required for coupling to occur.
It is clear that the terminal oxygen substituents along the two-bond
3C-C-13C coupling pathway have a significant impact on the
magnitude of the observed coupling. On the basis of the above
observations, it may be predicted that 2/¢, ¢4 in glucopyranoses
should be much larger than 2/, ¢4 in mannopyranoses and ga-
lactopyranoses. Indeed, recent studies of (2-!3C)aldohexoses?®
show that 2J¢, ¢4 = 3.0 Hz for a-D-glucopyranose 5 and 2.8 Hz
for 8-D-glucopyranose 6, whereas no coupling is observed between
C2 and C4 in the a- and §-pyranoses having the D-manno and
D-galacto configurations, in agreement with prediction. It should
be appreciated, however, that the analysis of 2/ presented in
this paper is based on a relatively small data set and that further
study involving the measurement of coupling signs is likely to result
in further modification and refinement of rules correlating car-
bohydrate structure with the magnitudes of these couplings.

3Jccec is highly affected by dihedral angle and substituent
geometry. A comparison of several conformationally-rigid al-
dohexopyranoses having C6 and C3 in an anti orientation has
clearly shown that axial hydroxyl substituents truncate 3J¢c; and
that the effect is roughly additive. 3Jc4c; values may differ by
a factor of 2 for coupled carbons related by the same 180° dihedral
angle, depending on the relative configuration of the hydroxyl
groups appended to the terminal and intervening carbons along
the coupling pathway. This dependency serves to reemphasize
the fact that care must be taken when interpreting 3/ in terms
of molecular conformation, especially when structure-coupling
relationships pertinent to the specific coupling pathway in question
are not fully appreciated.

This study has also suggested potential new applications of some
3C-13C couplings to problems in carbohydrate structure eluci-
dation. For example, the complementarity in the magnitudes of
2Jcecq and 3Jcq ey in aldohexofuranosyl rings may be useful in
assessing exocyclic conformation in these compounds, but further
study will be needed to confirm their utility in this regard.
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