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Despite the ubiquitous distribution of oxygen in organic
molecules, 17O NMR spectroscopy has not found extensive
application in organic chemistry.1 Although the spectral
window for oxygen is large and oxygen chemical shifts are
sensitive to subtle structural changes, routine use of this
method has been limited because 17O is a quadrupolar
nucleus (spin number I ) 5/2) of low natural abundance
(0.037%).1-3 The method is most seriously limited by rapid
quadrupolar relaxation that gives rise to resonances that,
at room temperature, are often so broad they cannot be
distinguished from the baseline.
Nevertheless, natural-abundance 17O spectroscopic inves-

tigations of a number of 2-alkoxytetrahydropyrans4,5 and
monosaccharides6-9 have been reported by employing el-
evated temperatures (75-100 °C) in solvents of low viscosity
to reduce line widths. These results suggested to us that
17O NMR was of potential use in investigating oligosaccha-
ride conformation. An understanding of oligosaccharide
conformation is a critical prerequisite for elucidating the
important roles these molecules play in biology. To date,
this information has largely been obtained through the use
of 1H and 13C NMR spectroscopy. Despite the development
of powerful new techniques, these conformational studies
are still especially hampered by a paucity of constraints
about the glycosidic linkage that can be used to orient the
individual monosaccharide rings in three-dimensional space.10
A serious limitation of the use of 17O NMR for these

conformational studies is that at the temperatures required
for natural-abundance spectra to be obtained most oligosac-
charides will be present as a rapidly equilibrating mixture
of conformers. Obtaining meaningful information about
their conformation at physiologically-relevant temperatures
will be difficult. Measuring NMR spectra of specifically 17O-
labeled carbohydrates is possibly a way to circumvent this
problem. Although the line widths in spectra obtained at
room temperature will be broad, the spectral signal-to-noise
ratio will be dramatically improved and the resonances will
be clearly visible above the baseline.
Introduction of oxygen isotopes into carbohydrates is

usually done using a hydration/reduction strategy as il-
lustrated in Scheme 1.11-13 A protected monosaccharide

bearing an aldehyde or ketone (e.g., 1) is treated with H2
17O

or H2
18O to provide the labeled ketone 2, which is then

converted to the alcohol 3 by reduction. Among the draw-
backs of this approach are the following: (1) the exchange
process requires a large excess of (expensive) labeled water,
which must be recovered after the hydration step, and (2)
for ketones, stereoselective reduction of the carbonyl is
required, and when this cannot be achieved, stereoisomeric
product mixtures are produced. Only two reports11,14 de-
scribe the synthesis of sugars enriched with oxygen-17. In
one, the isotope is introduced as in Scheme 1;11 the other
relies on the trapping of carbohydrate-derived radicals by
17O2.14 Only primary carbohydrate alcohols have been
synthesized by the latter route, and it is unlikely that the
reaction will proceed stereoselectively at secondary centers.
We describe here a simple, efficient method for introduc-

ing oxygen isotopes into carbohydrates. Its general ap-
plicability has been demonstrated by the synthesis of a series
of 17O-enriched mono- and disaccharides. We have also
obtained oxygen chemical shift data for these glycans, which
were recorded at room temperature in acquisition times of
less than 10 min.

In our method, isotopic enrichment is achieved through
nucleophilic substitution either via a Mitsunobu reaction or
by way of a triflate displacement (Scheme 2). The nucleo-
phile used is either 17O-labeled benzoic acid (prepared by
adding a stoichiometric amount of 50% enriched H2

17O to
benzoyl chloride in pyridine) or its sodium salt. The isotope
is introduced via a stereoselective, irreversible reaction,
which makes this method superior to those previously
reported. Due to resonance, the oxygen label in the inter-
mediate benzoate (4) will be equally distributed between
both ester oxygens. The isotope present in the carbonyl
oxygen will be lost upon methanolysis of the benzoyl group,
and consequently the final compounds contain 25% 17O
enrichment. For the sake of clarity, only the benzoate
intermediates leading to labeled products are indicated in
Schemes 2-4.
Both routes were used to synthesize a series of labeled

monosaccharides (Scheme 3). Starting from alcohols 5-9,
we have incorporated 17O labels at both primary and

(1) Boykin, D. W.; Baumstark, A. L. In 17O NMR Spectroscopy in Organic
Chemistry; Boykin, D. W., Ed.; CRC Press: Boca Raton, 1991; p 39.

(2) Boykin, D. W. Stud. Nat. Prod. Chem. 1995, 17, 549.
(3) McFarlane, W.; McFarlane, H. C. E. In Multinuclear NMR; Mason,

J., Ed.; Plenum: New York, 1987; p 403.
(4) Eliel, E.; Pietrusiewicz, K. M.; Jewell, L. M.; Kenan, W. R., Jr.

Tetrahedron Lett. 1979, 3649.
(5) McKelvey, R. D.; Kawada, Y.; Sugawara, T.; Iwamura, H. J. Org.

Chem. 1981, 46, 4948.
(6) Gerothanassis, I. P.; Lauterwein, J.; Sheppard, N. J. Magn. Reson.

1982, 48, 431.
(7) Lauterwein, J.; Schulte, J.; Schumacher, M.; Cerny, M.Magn. Reson.

Chem. 1992, 30, 312.
(8) Schulte, J.; Lauterwein, J. Magn. Reson. Chem. 1992, 30, 334.
(9) Schulte, J.; Lauterwein, J. Magn. Reson. Chem. 1996, 34, 527.
(10) Homans, S. W. New. Compr. Biochem. 1995, 29a, 67.
(11) Gorin, P. A. J.; Mazurek, M. Carbohydr. Res. 1978, 67, 479.
(12) Clark, E. L., Jr.; Barker, R. Carbohydr. Res. 1986, 153, 253.
(13) Serianni, A. S.; Vuorinen, T.; Bondo, P. B. J. Carbohydr. Chem. 1990,

9, 513. (14) Sawamura, M.; Kawaguchi, Y.; Nakamura, E. Synlett 1997, 801.

Scheme 1

Scheme 2

3166 J. Org. Chem. 1998, 63, 3166-3167

S0022-3263(98)00276-X CCC: $15.00 © 1998 American Chemical Society
Published on Web 04/18/1998



secondary centers in excellent yield (15-20). These labeled
products can, as expected, be used in glycosylation reactions
as illustrated in Scheme 4. Disaccharides 22 and 24
represent the first reported 17O-enriched oligosaccharides.
Oxygen chemical shifts of selected compounds are pre-

sented in Table 1. All spectra were recorded at room tem-
perature in the indicated solvents at a concentration of
0.1-0.2 M. Spectra were obtained in 10 min or less with
excellent signal-to-noise ratios. With such a small panel of
labeled substrates, it is not possible to correlate these oxygen
chemical shifts to structure, but some points are worth
noting. First, inverting the 4-OH group from equatorial (17)
to axial (18) results in a nearly 20 ppm upfield shift of this
resonance. A similar effect has been previously reported
from natural abundance spectra.6 Second, glucosylation of
15 to provide 22 results in a 40 ppm shift of the labeled
oxygen to lower field. Third, there is a 10 ppm shift
difference between the two disaccharides. It should also be
mentioned that, in comparison with the monosaccharides,

the disaccharides have significantly broadened line widths.
This observation is in accord with previous investigations
on monosaccharides6 in which the resonance of the ring
oxygen was reported to be significantly broader than those
arising from the hydroxyl oxygens.
In conclusion, we report an efficient method for introduc-

ing oxygen isotopes into carbohydrates. The method is
superior to those previously reported in that it uses reactions
that are irreversible and stereoselective. Furthermore, in
contrast to other methods, only a slightly more than sto-
ichiometric amount of the labeling species is required.
Although we have synthesized only 17O labeled substrates,
the method should proceed equally well for 18O enrichment.
A current limitation is the 50% loss of label due to resonance
in the nucleophile, and we are investigating alternate
nucleophiles. We have also demonstrated that at enrich-
ment levels of 25% in solutions of moderate concentration
it is possible to obtain 17O spectra at room temperature using
short acquisition times. Therefore, this technique could, in
principle, be used to probe oligosaccharide conformation at
biologically relevant temperatures. In progress is the
synthesis of a larger panel of labeled carbohydrates that will
be used to further explore this possibility.
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Scheme 3a

a Key: (a) substrate (1 equiv), PhCObH (1 equiv), Ph3P (2.0 equiv),
DEAD (1.5 equiv), THF, rt; (b) Tf2O (2.0 equiv), pyridine, 0 °C; then
PhCObNa (1.2 equiv), DMF, rt; (c) NaOCH3, CH3OH; (d) CH3OH,
SnCl4, CH2Cl2, 0 °C f rt. #Yield after recrystallization. *Yield after
chromatography.

Scheme 4a

a Key: (a) 16, AgOTf, collidine, CH2Cl2, -20 °C f rt; (b) H2, Pd/C,
CH3OH; (c) NaOCH3,CH3OH; (d) 16, N-iodosuccinimide, AgOTf,
CH2Cl2. All yields after chromatography.

Table 1. 17O NMR Chemical Shifts

compd shift compd shift

10a 137.1;c 324.4d 17b 9.3
11a 141.1;c 335.6d 18b -7.6
12a 154.5;c 335.5d 19b 7.9
13a 145.0;c 345.5d 20b 5.4
14a 146.9;c 334.7d 22b 32.0
15b -10.8 24b 21.4
16a -16.7

a In CDCl3, referenced to external H2O at 0.0 ppm. b In H2O,
referenced to H2O at 0.0 ppm. c PhCObR shift. d PhCbOR shift.
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