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1. Scope of the Review 
Nuclear magnetic resonance has had a revolutionary 

effect on the practice of carbohydrate chemistry since its 
inception, about 15 years ago, in the form of proton mag- 
netic resonance spectroscopy. Although the primary uses 
of the method were for elucidation of structure and con- 
formational preferences, routine applications for analysis 
of the composition of mixtures and the monitoring of 
reactions have become indispensable. As the result, the 
theory of carbohydrate chemistry has been greatly 
strengthened. This review is intended to display these im- 
portant advances and to indicate how current advances 
in instrumentation are influencing the further progress. 

Although carbohydrate chemists have made numerous 
ingenious applications of nmr spectroscopy and, indeed, 
have made a number of observations basic to the devel- 
opment of the theory of nmr, these contributions, in turn, 
depended on the available instrumentation. Therefore, it 
seemed most appropriate to organize this review in terms 
of the nmr experiment. Thus, the full potential of the 
method is best displayed, and the requirements for effec- 
tive planning and making of experiments are best delin- 
eated. However, a discussion of the theory behind the 
nmr phenomenon as well as details of the extensive and 
immensely sophisticated instrumentation used is beyond 
the scope of this review. These topics are extensively 
covered in a number of 

(1) J. A. Pople, W.  G. Schne\der, and H. J. Bernstein, "High Resolution 
Nuclear Magnetic Resonance, McGraw-Hill, New York, N. Y.. 1959. 
(2) J. W. Emsley, J. Feeney, and L. H, Sutcliffe, "High Resolution Nu- 
clear Magnetic Resonance Spectroscopy," Vol. 1 - 1  l, Pergamon Press, 
Oxford, 1965. 

This review does not deal with all applications of nmr 
that have appeared in the carbohydrate literature. In- 
stead, the authors have selected contributions which are 
considered to well illustrate the significance of the tool in 
its many facets to carbohydrate chemistry. Contributions 
from 1968 are given special attention. However, the con- 
struction of a coherent presentation required the inclu- 
sion of earlier basic contributions. Several r e v i e w ~ , ~ - l ~ ~  a 
section in "Rodd's Chemistry of Carbon Compounds,"14 
as well as a section on configurational analysis in carbo- 
hydrate chemistry15 cover earlier publications. A yearly 
review of the literature on carbohydrate chemistry which 
includes a chapter on nmr spectroscopy is available for 
the years 1 9 6 7 - 1 9 6 9 . 1 6  Applications of nmr to oligosac- 
charides and polysaccharides are not included as recent 
advances have now been well reviewed.13b 

11. The Nmr Experiments 
A. The Nmr Signals 
1. The Nuclear Probes 

All nuclei that have been used as probes in nmr exper- 
iments on carbohydrates have a spin of l/2. The magnetic 
parameters for these nuclei are summarized in Table 

2. Field Strength 
The earliest work was at 40 MHz, l8. l9 but most pub- 

lished proton magnetic resonance experiments of carbo- 

(3) A. Carrington and A. D. McLachlan, "Introduction to Magnetic Reso- 
nance," Harper Row, New York, N. Y., 1967. 
(4) L. M. Jackman and S. Sternhell, "Applications of Nuclear Magnetic 
Resonance Spectroscopy in Organic Chemistry," 2nd ed, Pergamon 
Press, Oxford, 1969. 
(5) F. A. Bovey, "Nuclear Magnetic Resonance Spectroscopy," Aca- 
demic Press, New York, N. Y., 1969. 
(6) E. D. Becker, "High Resolution NMR," Academic Press, New York. 
N. Y., 1969. 
(7) R. M. Lynden-Bell and R. K. Harris, "Nuclear Magnetic Resonance 
Spectroscopy," Thomas Nelson and Sons, Ltd., London, 1969. 
(8) T. C. Farrar and E. D. Becker, "Pulse and Fourier Transform NMR. 
Introduction to Theory and Methods," Academic Press, New York, N. Y., 
1971. 
(9) R. U. Lemieux and D. R.  Lineback, Annu. Rev. Biochem., 32, 155 
(1963). 
(10) L. D. Hall, Advan. Carbohyd. Chem.. 19, 51 (1964). 
(11) T. D. Inch, Annu. Rev. NMR (Nucl. Magn. Resonance) Spectrosc., 
2, 35 (1969). 
(12) L. D. Hall and J. F. Manville, Advan. Chem. Ser., No. 74, 228 
(1968). 
(13) (a) B. Coxon, Methods Carbohyd. Chem., 6, 513 (1972): (b) 
Advan. Carbohyd. Chem. Biochem., 27, 7 (1972). 
(14) S. Coffey, Ed., "Rodd's Chemistry of Carbon Compounds." Voi. I, 
Part F, 2nd ed, Elsevier, London, 1967, pp 139-165. 
(15) R. J, Ferrier, Progr. Stereochem., 4, 43 (1969). 
(16) "Carbohydrate Chemistry," Vol. 1 - 1 1 1 1  Specialist Periodical Reports, 
The Chemical Society, London, 1968-1970. 
(17) NMRTables, Varian Associates, Palo Alto, Calif.. 1968. 
(18) R. U. Lemieux, R.  K. Kullnig, H.  J. Bernstein, and W. G .  Schneider. 
J .  Amer. Chem. Soc., 80, 6098 (1958). 
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TABLE 1. Nuclei Used as Probes in Carbohydrate Chemistryl7 

Figure 1. The partial proton magnetic resonance spectra of 3- 
methyl-1-(P-D-ribofuranosy1)imidazolium iodide (1) in D20 solu- 
tion at 60, 100, and 220 M H Z . ~ ’  

hydrate derivatives are at 60 or 100 MHz. Although car- 
bohydrate substances are as a group particularly amena- 
ble to pmr studies, because of the substantial chemical 
shifts encountered, the advent of spectrometers operat- 
ing at much higher frequencies (up to 300 MHz), with 
homonuclear and heteronuclear spin decoupling as well 
as with homonuclear and heteronuclear field-frequency 
lock systems, is of great significance to the field. Ad- 
vances in the manufacture of wide-gap electromagnets 
permit high-resolution studies not only in 5-mm diameter 
sample tubes but also of larger volumes. This increases 
the sensitivity of the measurements and is most impor- 
tant for 13C nmr. For protons, the sensitivity at 100 MHz 
is 2.7 times that at 60 MHZ.~O With the advent of Fourier 
transform nmr spectroscopy,8,21 sensitivity enhancement 
has been greatly increased and the accumulation of data 
on the 13C nucleus with a natural abundance of 1.1% has 
been greatly simplified. 

There is a further advantage to obtaining nmr spectra 
at the highest possible magnetic field, namely resolution. 
Since a chemical shift between two nuclei is directly pro- 
portional to the magnitude of the external magnetic field, 
a complex, second-order spectrum at 60 MHz will very 
likely become first order at 220 MHz. As an example, 
consider the pmr spectra of 3-methyl-1 -(p-D- 
ribofuranosyl) imidazolium iodide (1) in D20 solution at 
60, 100, and 220 MHzZ2 (Figure 1). Only the ribofurano- 

(19) R.  U. Lemieux, R. K. Kullnig, and R.  Y .  Moir, J. Amer. Chem. SOC. ,  

(20) Reference 1, p 39. 
(21) R. R. Ernst and W. A. Anderson, Rev. Sci. Instrum., 37, 93 (1966). 
(22) R. U. Lemieux, S. S. Saluja, and T. L. Nagabhushan, unpublished 
results. 

80,2237 (1958). 

N m r  
frequency, Natura l  

MHz a t  abundance, Relative 
sensitivityo Isotope 23,487 G % 

’H 100.00 99.985 1.00 ’ 
13c 25.144 1.108 1.59 x 
l6 N 10.133 0.37 1.04 x 10-8 
l9F 94.077 100 0.833 
31P 40.481 100 6.63 X lob2 

a For equal number of nuclei a t  constant field. 

syl proton region is shown, and the increase in resolution 
and simplification of the spectrum are readily seen. 

OH 
1 

3. Field-Frequency Lock Systems 
Most spectrometers today are equipped with a ”field- 

frequency” stabilization (lock) system. Pmr spectra on a 
Varian HA-100 spectrometer may be obtained either in 
the locked “field-sweep” or the locked “frequency- 
sweep” mode.’3 The former mode of operation has the 
advantage in that it allows easy integration of the spec- 
trum which is very difficult, if not impossible, to perform 
in the “frequency-sweep’’ mode. Double and triple reso- 
nance experiments, on the other hand, are performed 
using “ f requency -s~eep . ”~~  

For solvents such as CDC13 and DMSO-de, tetrameth- 
ylsilane (TMS) is normally used for the internal lock and 
the reference signal. For D 2 0  solutions, water-soluble in- 
ternal references DSS (sodium 2,2-dimethyl-2-silapen- 
tane-5-sulfonate), TSP (sodium 3-trimethylsilyltetradeute- 
riopropionate), or pyrazine are normally used. External 
references, either a small, sealed capillary placed in the 
solution under study or a coaxial capillary system, are 
also used. Reference compounds include pure TMS, cy- 
clopentane, or hexamethyldisiloxane or solutions of TMS 
in CC14 or CDC13. It is important to note that the chemical 
shift of the hydrogen in the reference compound normally 
changes with solvent. For example, there exists a 0.33- 
ppm shift between pure tetramethylsilane and the com- 
pound as a 5% solution in CDC13. When working with the 
coaxial capillary, both the inner tube and the standard 
5-mm nmr tube must be of high precision to minimize 
spinning side bands. To eliminate bulk susceptibility cor- 
rections to the chemical shifts, it is necessary to have 
only a small quantity of an internal standard in solution. 
Then the external reference is used for the lock signal 
and the shifts are calibrated with respect to the internal 
standard. This is especially significant for variable-tem- 
perature pmr studies.24 

l9F and 31P nmr measurements have been carried out 
using mainly homonuclear lock systems. For I 9F  studies, 
CDCI3 solutions with internal CFC13 are usually used.25 In 

(23) “Varian HA-100 NMR Spectrometer Operating Manual,” Varian As- 
sociates, Palo Alto, Calif. 
(24) B. J. Blackburn, F. E. Hruska, and I. C. P. Smith, Can. J. Chem., 
47,4491 (1969). 
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31P nmr, a capillary of P406 or 85% H3P04 has served as 
the external reference.26 

With the "new generation" of spectrometers, data ac- 
cumulation has been further simplified. These contain 
lock, observing and decoupling channels so that an inter- 
nal lock on 'H, 2H, or 19F may be used while any nucleus 
is observed (for example, 'H, "B, 13C, 19F, 31P).27,28 
The decoupling channel allows for ready homo- and het- 
eronuclear decoupling. Using these instruments it is pos- 
sible to use the 2H of a solvent as the lock signal and ob- 
serve l3C while decoupling l H .  This eliminates the need 
for external references for most measurements. How- 
ever, an internal standard should always be used as a 
reference for accurate calibration of chemical shifts even 
when a solvent heteronuclear lock is used. The larger 
range of sample-tube sizes allows for an increase in the 
signal-to-noise factor for all nuclei and is especially im- 
portant for 31P and natural abundance 13C nmr. As an 
additional feature involving signal-to-noise enhancement, 
the spectrometers have the Fourier transform pulse ca- 
pability for several nuclei. These spectrometers are inter- 
faceable with small, digital computers which accumulate 
the time-domain signal from the pulse experiment, trans- 
form it to a standard "frequency domain" absorption 
spectrum, and allow the spectrum to be recorded in the. 
conventional manner. 

The 220-MHz Varian spectrometer operates in the HR 
(high resolution, no field-frequency stabilization) mode. A 
lock signal is not required and an internal standard is 
used. 

4. Nuclear Magnetic Double Resonance 
Nuclear magnetic double resonance refers to a spec- 

troscopic experiment in which a system is simultaneously 
irradiated at two different frequencies. The experiments 
have had widest application as an aid in the analysis of 
nmr spectra. The multiplet structure arising from the cou- 
pling of certain nuclei can be made to disappear since 
the spins of these nuclei are decoupled from the remain- 
der of the spin system. 

Nuclear magnetic double resonance experiments includ- 
ing "selective i r r a d i a t i ~ n " ' ~ - ~ '  and "spin t i ~ k l i n g " ~ ' - ~ ~  
have been extensively applied to carbohydrate chemistry. 
Two excellent reviews have appeared on this s u b j e ~ t , ~ ~ , ~ ~  
and its applications to carbohydrate chemistry have been 
well documented. 12,37-40 

Double resonance experiments can be subdivided into 
two c a t e g o r i e ~ , ~ ~  ,36 namely, "homonuclear" and "heter- 

(25) L. D. Hall, J. F. Manville, and N. S. Bhacca, Can. J. Chem.. 47, 1 
(1969). 
(26) M. M. Crutchfield, C. H. Dungan, J. H. Letcher, V. Mark, and J. R. 
Van Wazer, "31P Nuclear Magnetic Resonance," lnterscience Publishers, 
New York, N.  Y . ,  1967, Chapter 1. 
(27) "Bruker HFX NMR Spectrometer Operating Manual," Bruker Scien- 
tific, Inc.. Elmsford, N. Y .  
(28) "Varian XL-100 NMR Spectrometer Operating Manual,'' Varian As- 
sociates, Palo Alto, Calif. 
(29) J. P. Maher and D. F. Evans, R o c .  Chem. SOC.. London, 208 
(1961). 
(30) R. Freeman and D. H. Whiffen, Mol. Phys., 4, 321 (1961). 
(31) R. Freeman and D. H. Whiffen. Proc. Phys. Soc.. London, 79, 794 
(1962). 
(32) W. A. Anderson and R. Freeman, J. Chem. Phys.. 37, 85 (1962). 
(33) R. Freeman and W. A. Anderson, J .  Chem. Phys., 37, 2053 (1962). 
(34) G. Kotowycz and T. Schaefer. Can. J. Chem., 44, 2743 (1966). 
(35) J. D. Baldeschwieler and E. W. Randall, Chem. Rev.. 63, 81 
(1963). 
(36) R. A. Hoffman and S. Forsen, Progr. Nucl. Magn. Resonance 
Spectros.. 1, 15 (1966). 
(37) R. U. Lemieux and J. W. Lown, Can. J,  Chem., 42, 893 (1964). 
(38) R. U. Lemieuxand J. D. Stevens, Can. J. Chem., 43, 2059 (1965). 
(39) R. U. Lemieux and J. D. Stevens, Can. J. Chem., 44,249 (1966). 
(40) L. D. Hall and J. F. Manville, Carbohyd. Res., 8, 295 (1968). 

HI (DEUTERIUM OECOUPLED) H~ H~ 
(15.351 MHr) 

( c )  C J , ,  

345 3.95 445 4.95 5.45 5.95 T 

Figure 2. The 100-MHz partial proton magnetic resonance spec- 
trum of tri-O-acetyl-2-deoxy-1,5-anhydro-~arabino-hex-l -enit01 
in D 2 0  (a). The spectra of the 2-deuterio analog are given in b 
(undecoupled) and c (deuterium decoupled) .43 

onuclear." In "homonuclear" double resonance the irra- 
diated and the observed nuclei belong to the same nucle- 
ar species, whereas in "heteronuclear" double resonance 
two different nuclei are involved. A convenient notation 
for describing these experiments is A-(X) ,35  where the 
nuclear species being observed is designated first while 
the decoupled nucleus is written as { X \ .  

In a "selective irradiation" experiment the transitions 
involved in a particular spectral splitting are irradiated si- 
multaneously. This results in the collapse of associated 
transitions in another region of the spectrum. This meth- 
od is most useful in the analysis of weakly coupled sys- 
tems. In applications to systems with intermediate or 
strong coupling, it is usually not possible to prevent more 
than one spin coupling from being disturbed by the strong 
irradiation field. For tightly coupled spectra, "spin-tic- 
kling" is performed.33 

Besides the application of the above techniques to the 
analysis and simplification of nmr spectra, double reso- 
nance methods have been applied to the measurement of 
chemical shifts1z,37-39 and to the determination of the 
relative signs of coupling Relative 
signs of coupling constants can only be determined on 
systems having at least three mutually coupled spins, 
such as an ABC system, and "spin-tickling" techniques 
are normally used.33 

Heteronuclear double resonance techniques are also 
 sed.^^.^' A heteronuclear decoupler was developed for 
use with the Varian HA-100 s p e c t r ~ m e t e r ~ ~  for the fol- 
(41) W. McFarlane, Annu. Rev. NMR (Nucl. Magn. Resonance) Spec- 
rros., I ,  135 (1968). 
(42) R. Burton and L. D. Hall, Can. J. Chem., 48, 59 (1970). 
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B 

A 

1 I I I I I I I I 

4.00 4.50 5.00 5.50 6.00 T 

Figure 3. ( A )  The partial 100-MHz proton magnetic resonance 
spectrum of 2; (8) the change in the spectrum on decoupling 
F1; (C) the observed spectrum with simultaneous decoupling of 
F3. 44 

lowing experiments: observe ‘H at 100 MHz; irradiate 2H, 
19F, or 31P; observe I9F  at 94 MHz; irradiate ’H, 2H, or 
31P. With the advent of the new spectrometers, heteronu- 
clear decoupling experiments have become routine and 
include additional observing channels (*H, I3C, and 31P). 

The advantage of H-{2H) decoupling is illustrated in 
Figure 2.43 Note the disappearance of the small lH1  to 
2H2 coupling. Hall and coworkers44 obtained an excellent 

H spectrum (Figure 3) of 2,4,6-tri-O-acetyl-3-deoxy-3- 
fluoro-a-Dglucopyranosyl fluoride (2 ) .  By means of ’H- 
fi9F) decoupling experiments, the source and magnitude 
of the individual 19F-’ H couplings were confirmed. 

7 OAC 

5 .  Line Broadening 
An unsaturated nmr resonance has the familiar Lorentz 

line shape as predicted by the Bloch equations.45 How- 
ever, when the applied rf field becomes too strong, the 
spins do not have sufficient time to relax and a saturation 
,of the signal takes place. Saturation produces a broaden- 
ing of the spectrum and decreases the intensity of the 
central portion of the resonance absorption. Hence the 
experimentally imposed conditions under which a spec- 
trum is recorded can affect sensitivity, resolution, and the 
relative intensities of signals. 

Paramagnetic ions such as Mn2+, Fe3+, Co2+, N iZ f ,  
and Cu2+ may readily be chelated by carbohydrate sub- 
stances and hence affect the nmr spectra by leading to 
line b r ~ a d e n i n g . ~ ~  The magnetic fields associated with 

(43) R. U. Lemieux and T. L. Nagabhushan, unpublished results. 
(44) L. D. Hall. R .  N. Johnson, A. B. Foster, and J. H. Westwood, Can. 
J. Chem., 49, 236 (1971). 
(45) Reference 3, p 182. 

’ the unpaired electrons in paramagnetic substances pro- 
vide an efficient relaxation mechanism for the nuclei be- 
cause the electron magnetic moment is of the order of 
103 times as large as the moment of a nucleus.46 When 
line broadening is observed, the sample should be 
checked for traces of paramagnetic ions by passing it 
through an ion-exchange column.47 

Broadening of the nmr resonances by paramagnetic 
Cu2+ ions has, on the other hand, aided the interpreta- 
tion of the spectra of thioethers and related carbohydrate 
 derivative^^^ owing to the selective broadening of signals 
from protons geminal to the sulfur atom. For example, di- 
ethyl sulfide exhibits a recognizable triplet for the methyl 
group upon the addition of CuC12, while the CH2 reso- 
nance is broadened so as to be indistinguishable from 
the base line. The resonances of methyl 6-S-methyl-6- 
thio-a-D-glucopyranoside triacetate corresponding to the 
-SCH3 (7 7.82) and -SCH2- ( 7  7.39) protons were found 
to be greatly broadened owing to specific interactions 
with the cupric ions while the other peaks in the spec- 
trum remained sharp.48 

Paramagnetic metal ion interactions with nucleosides, 
nucleotides, and related molecules have been extensively 
studied using nmr techniques, and this work has been 
well r e ~ i e w e d . ~ ~ - ~ ’  Most of these studies were carried 
out using ’H  and 31P nmr. For example, a binuclear 2:2 
Cu2+-adenosine monophosphate complex has been pro- 
posed for both the 5’  and 3’ adenosine monophosphate 
isomers. The nmr data for adenosine 2’-monophosphate 
can be interpreted in terms of an intramolecular complex 
involving N3 and the phosphate group.52 The Co”, 
Mn2f,  and Ni2+ ion complex with adenosine triphosphate 
involves the binding of the metal to the phosphate groups 
and simultaneously, via a water molecule bridge, to the 
N7 position of the ring.53 Recently,54 specific line broad- 
ening effects were observed in the natural abundance 
13C nmr spectra and can be used in determining the na- 
ture of the paramagnetic ion binding site. The influence 
of paramagnetic Mn2+ ions on the proton-decoupled 13C 
spectrum of adenosine 5‘-monophosphate is shown in 
Figure 4.  The metal ion is held near the N7 position of 
the base since the C5 and C8 base resonances are 
broadened preferentially to the other eight carbon reso- 
n a n c e ~ . ~ ~  Kotowycz and S ~ z u k i ~ ~ ~  have extended these 
studies to complexes of Mn2+ with a series of nucleosides 
and nucleotides and have that both 5’ and 2’ 
adenosine monophosphate form 2 : l  complexes with 
cu2+. 

B. The Nmr Parameters 
Applications of nmr to problems of carbohydrate chem- 

istry involve measurements of four nmr parameters. 

1. Relative Intensities of the Signals 
a. Pmr Spectra 

The property that, under proper operating conditions, 

(46) Reference 1, p 207. 
(47) M. Cohn and T. R. Hughes, Jr.,  J. Bioi. Chem., 237, 176 (1962). 
(48) E. V. E. Roberts, J. C. P. Schwarz, and C. A. McNab, Carbohyd. 
Res., 7,311 (1968). 
(49) R.  Phillips, Chem. Rev.. 66, 501 (1966). 
(50) U. Weser. Sfruct. Bonding (Berlin), 5,41 (1968). 
(51) R. M. Izatt, J .  J, Christensen, and J. H. Rytting, Chem. Rev., 71, 
439 (1971). 
(52) N. A. Berger and G. L. Eichhorn, Biochemistry, 10, 1847 (1971). 
(53) T.  A. Glassman, C. Cooper, L. W. Harrison, and T. J. Swift, Bio- 
chemistry, 10, 843 (1971). 
(54) G. Kotowycz and K. Hayamizu, Biochemistry. 12, 517 (1973). 
(54aJ G. Kotowycz and 0. Suzuki, Biochemistry, 12,3434 (1973). 
(54b) G. Kotowycz and 0. Suzuki. Biochemistry, in press. 
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I I 

Figure 4. The natural abundance 13C proton-decoupled nmr 
spectra of adenosine 5'-monophosphate in D20: (a) the spec- 
trum of the metal-free solution; (b and c) the effect of Mn2+. 
The metal ion concentrations are indicated in the figure.54 

the relative intensities of absorption signals for different 
hydrogens is equal to the relative amounts of the hydro- 
gens producing the signals has been particularly impor- 
tant to analytical carbohydrate chemistry. Appropriate 
chemical shifts are often present for signals arising from 
components of a mixture, and rapid quantitative analysis 
is possible. A nonreacting internal standard is often nec- 
essary to provide a reference signal, and this reference 
should be as near as possible to the resonances under 
consideration. High-precision sample tubes are required 
for precise measurements. Thus, crude reaction mixtures 
can often be conveniently analyzed prior to separation 
and actual yields determined. Car bo hydrate chemistry 
abounds with examples of molecular  rearrangement^,^^ 
and the technique offers a particularly attractive means 
for assessing such phenomena. For example, the propor- 
tions of anomers, including furanose and pyranose forms, 
for sugars in aqueous solution have been determin- 
ed.39,56,57 A recent publication on the solution properties 
of 2-deoxy-D-eryfhro-pentose (2-deoxyribose) well illus- 
trates the potential of such m e a ~ u r e m e n t s . ~ ~  Thus, the 
equilibria achieved between the a and 0 anomers d the 
sugar in both the furanose and pyranose forms could be de- 
termined at a variety of temperatures, and the kinetics of 
the changes in composition leading to the mutarotation 
phenomena at 0" were obtained. The method is particu- 
larly useful for following the solution kinetics of complex 
reactions and has received many applications especially 
for the detection of reactive intermediates. Thus, Lem- 
ieux and coworkers59 were able to achieve evidence that 
the formation of alkyl tri-O-acetyl-2-oximino-a-~-arabino- 
hexopyranosides (7)  on reacting the dimeric form tr i-0- 
acetyl-2-deoxy-2-nitroso-a-~-glucopyranosyl chloride (3)  
with an alcohol in dimethylformamide involves dissocia- 
tion of the dimer as the overall rate-controlling stage and 
that the next stage is the conversion of the monomeric 
form (4 )  to tri-O-acetyl-2-oximino-c~-D-arabino-hexopyra- 
nosy1 chloride ( 5 ) .  This latter compound then enters into 
a reversible conversion to tri-O-acetyl-2-deoxy-2-nitroso- 
D-glucal ( 6 )  which is the precursor of the a-glycoside 7.  
Pmr made possible under appropriate conditions the de- 

(55) R. U. Lemieux, "Molecular Rearrangements," Part 2, P. de Mayo, 
Ed.. Interscience, New York, N. Y . ,  1964, p 709. 
(56) S. J. Angyal, Aust. J. Chem.. 21, 2737 (1968). 
(57) S. J. Angyal, Angew. Chem. lnt.  Ed. Engi.. 8, 157 (1969). 
(58) R. U. Lemieux, L. Anderson, and A. H. Conner, Carbohyd. Res.. 
20,59 (1971). 
(59) R. U. Lemieux, Y .  Ito, K. James, and T. L. Nagabhushan, Can. J .  
Chem.. 51, 7 (1973). 

tection of the highly reactive nitrosoalkene intermediate 6 
and also provided a convenient means for measuring the 
relative amounts of a-glycosides formed under competi- 
tive conditions. Furthermore, the formation of a third la- 
bile product in low yield was detected which remains to 
be characterized but may be the 0 anomer 8. Such in- 
vestigations could not be accomplished prior to the advent 
of pmr and comprise perhaps the most important single 
practical use of the method to carbohydrate chemistry. 
The number of applications made are too numerous to 
mention, but all amount to conducting a reaction in the nmr 
tube under temperature control. In view of the wide range 
of deuterated solvents present I y commercial I y available, 
there exists little limitation, on this account, to the reaction 
systems available for study. 

OAc 
/ 

3 

N-i-0 1 A c ~ *  OH 
CI 

5 
CI ' L 

4 

[ A c f c p <  N e 0  1 Ac:c* OR OH 

6 7 

1 A c O ~  AcO OR 1 
N-OH 

L 

8 

b. Carbon-1 3 Nmr Spectra 
Carbon-13 nmr has been amply described in two re- 

cent monographs.60a,b Natural abundance 13C nmr spec- 
tra are at present most commonly obtained in the Fourier 
transform mode.21 The relative intensities of lines which 
arise from the same number of nuclear spins may be in- 
fluenced by several phenomena. Differences in the relax- 
ation time T I  between the different nuclei must be con- 
sidered.8 With efficient proton noise decoupling,61 all 
splittings due to the 13C-H coupling constants are elimi- 
nated and the 13C resonances are enhanced not only by 
the collapse of multiplets but also by the nuclear 
Overhauser effect.6*$63 I f  dipole-dipole relaxation pro- 

(60) (a) J. B. Stothers, "Carbon-13 NMR Spectroscopy. Organic Chem- 
istry-A Series of Monographs," Vol. 24, A. T. Blomquist and H. Was- 
serman, Ed., Academic Press, New York, N. Y., 1972; (b) G. C. Levy 
and G. L. Nelson, "Carbon-13 Nuclear Magnetic Resonance for Organic 
Chemists," Wiley-lnterscience, New York, N. Y . ,  1972. 
(61) R. R. Ernst,J. Chem. Phys.. 45, 3845 (1966) 
(62) K. F. Kuhlmann and D. M. Grant, J. Amer. Chem. Soc.. 90, 7355 
(1968). 
(63) K. F. Kuhlmann. D. M. Grant, and R. K. Harris, J. Chem. Phys , 52, 
3439 (1 970). 
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vides the dominant mechanism between directly bonded 
carbon and hydrogen atoms, an enhancement of nearly 
three6zv63 may be observed for the 13C nuclei of methyl, 
methylene, or methine groups.63 But for appreciable con- 
tributions from other relaxation mechanisms, variations in 
the magnitude of the enhancement can63 be observed 
depending on the number of nearest-neighbor protons. 
Experimental conditions also give rise to phase and in- 
tensity anomalies.21 ,64 Integrated 13C spectra have been 
reported65 for sucrose and adenosine 5'-monophosphate. 
However, relative intensities of I3C resonances should be 
interpreted very cautiously. 

2. Coupling Constants 

Nuclear spin-spin coupling constants, to be referred to 
herein simply as coupling constants, are designated by J 
and are expressed either as cycles per second (cps) or 
as hertz (Hz). The nuclei involved (N1 and N2) are rep- 
resented in parentheses asJ(Nl,N2).  

Until 1968, virtually all nmr measurements involved 
proton magnetic resonance, herein designated as pmr, 
and were concerned with measuring the coupling con- 
stant and chemical shift parameters and interpreting their 
values. Coupling constants over two chemical bonds are 
designated as 2J(N1,N2), over three bonds 3J(Nl,N2),  
etc., and this nomenclature is used in this review. 

When a first-order spectrum is observed, the magni- 
tudes of the coupling constants may be determined di- 
rectly from the spectrum. Otherwise, the determination of 
the true coupling constant is rarely accomplished except 
by a complete analysis of the spectrum. Computer tech- 
niques in the analysis of nmr spectra have been de- 
scribed,66 and a variety of computer programs for nmr 
analyses are available.67 Theoretical spectra have been 
p ~ b l i s h e d , ~ ~ , ~ ~  and these also serve as an aid in deter- 
mining values of the true chemical shifts and coupling 
constants. 

Besides the magnitudes, a knowledge of the signs of 
coupling constants is necessary in the study of carbohy- 
drate configurations whenever theoretical spectra are to 
be calculated. Indeed, that the signs of the coupling con- 
stants for geminal and vicinal hydrogens are opposite 
was first discovered in attempts to calculate the theoreti- 
cal spectra for the ABC system of 4-substituted dioxo- 
lanes.70 Relative signs of coupling constants are often 
determined using double resonance  technique^.^^-^^ 

Many factors affect the magnitudes of observed cou- 
pling constants and must be considered. If the coupling 
undergoes a change with temperature, this likely results 
from a conformational equilibrium. Thus, determination of 
nmr spectra at two widely different temperatures can be 
useful to establish the conformational purity of a com- 
pound. A time-averaged nmr spectrum for conformers is 
normally observed and the chemical shifts as well as the 
coupling constants are intermediate between those ex- 
pected for the separate conformers. For example, the 
simplest situation involves appreciable populations of 
only two conformers 9a  and 9b. 
(64) R. Freeman and H. D. W.  Hill, J. Mag. Resonance. 4,366 (1971). 
(65) A .  Allerhand, D. Doddrell, and R. Komoroski, J. Chem. Phys., 55, 
189 (1971). 
(66) J. D. Swalen. Progr. Nucl. Magn. Resonance Spectrosc., 1, 205 
( 1  966). 
(67) "Quantum Chemistry Program Exchange, Catalog and Procedures," 
Voi. V I I ,  Chemistry Department, Indiana University, Bloomington. Ind., 
1971. 
(68) K. 6 .  Wilberg and B. J .  Nist, "The interpretatlon of NMR Spectra," 
W. A. Benjamin, New York, N. Y . ,  1962. 
(69) Reference 5, Appendix D, p 275. 
(70) R.  R. Fraser, R. U. Lemieux, and J. D. Stevens, J. Amer. Chem. 
SOC., 83, 3901 (1961). 

9a 9b 
I f  f a  and f b  are the relative populations (mole frac- 

tions) of the two conformers ( fa  + f b  = I ) ,  the ob- 
served time-averaged coupling constant is given by the 
equation 

Jobsd = Jav = PaJa 4- P d b  

where J a  is-the value of the specific coupling in 9a and 
Jb is the value in 9b. I f  chemical shift data (see section 
II,B.3) are available, the time-averaged chemical shift is 
related to 6a and to 6b by the relationship 

where 6, and 6b are the chemical shifts for either specif- 
ic nuclei or groups of nuclei in conformers 9a and 9b, re- 
spectively. 

On occasions, the coupling constants or chemical 
shifts in specific conformers can be determined by nmr 
measurements at very low temperatures when intercon- 
version is slow on the nmr time scale. Normally, how- 
ever, the coupling constants are estimated from model 
compounds possessing a conformationally rigid structure. 
For example, the demonstration that coupling constants 
for vicinal hydrogens defining a torsion angle of about 
180" was three to four times larger than when the torsion 
angle is about 60" was obtained from a study of the 
epimers of 4-tert-butylcyclohexyl compounds.18 Once the 
relative populations of the conformers are known at equi- 
librium, the standard free energy may be calculated for 
the process using the expression 

AG" = -RT'ln ( f b / f a )  

f a  and f b  may be estimated from the spectra in two 
additional ways. At temperatures where resonances are 
observed for the separate conformers, integration of 
these resonances (see section I I .B . l )  will yield f a  and 
f b .  Secondly, 6, and 6b may be measured indirectly from 
related compounds known to exist in a specific confor- 
mation and then used to compute f a  and f b  (see section 
fll). 

Conformational equilibria have been estimated by as- 
suming, in most cases, values for J(60")  and J(180"). Al- 
though such practice has provided much useful insight 
on conformational equilibria, it must be realized that un- 
less these are the only important conformers and the true 
values of J a  and Jb are known, such conclusions are sus- 
ceptible to considerable error. This source of error arises 
because only under rather unusual circumstances will the 
torsion angles actually be 60 and 180", especially for 
open-chain compounds, and only small changes from the 
60" torsion angle can cause large changes in coupling. 

For a so-called first-order spectrum, the width of the 
signal for a given hydrogen is the sum of all the coupling 
constants. When the hydrogen is coupled to several pro- 
tons, a band may be observed wherein the lines are not 
resolved. In such cases, a half-band width is measured. 
This half-band width is related to the sum of all the cou- 
pling constants involved. 

Several other factors influence the determination of 
coupling constants. I f  the proton under study is coupled 
with an exchangeable proton in a solvent such as DMSO 
as are the methylene protons in the -CH20H fragment, 
J(CH2,OH) may be measured. However, in water the hy- 
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-20 -10 0 IO -10 0 IO x )  

Figure 5. The computed spectrum for the X region of an ABX 
system. The spectra are calculated as a function of the relative 
chemical shift  AB. The coupling constants used for this calcula- 
tion areJAB = 8 HZ,  JBX = 8 HZ, and JAX = 0 H.z.'~ 

droxyl proton undergoes rapid exchange and the coupling 
cannot be observed. 

Another factor which must be considered involves sec- 
ond-order effects arising out of virtual long-range cou- 
 ling.^' ,72 This phenomenon arises in the system of pro- 
tons AB(X)n where 6~ - & is not at least an order of 
magnitude larger than JAB and has the result of produc- 
ing a signal for X which is greatly more complex than the 
doublet expected from the coupling of X only with B re- 
gardless of how great 6x - 8~ may be. The spacing 
found for the "rough" doublets observed for the anomeric 
proton of most sugars is less than the actual coupling 
constant. For example, the spacing of the "doublet" sig- 
nal for the anomeric proton of penta-0-acetyl-@-D-gluco- 
pyranose (10) is 6.7 Hz in chloroform at 60 MHz, 6.9 Hz 

r O A c .  

A c o ~ O A c  AcO 

AcO 
10 

in chloroform at 100 MHz, and 7.5 Hz in pyridine at 60 
M H z . ~ ~  Obviously, the chemical shift between H2 and H3 
is greater in pyridine than in chloroform, and this was at 
once apparent from the spectrum. The shift between H2 
and H3 was made very large by introducing a methyl 
group for the acetyl group at the 3 position. The spacing 
of the doublet corresponding to the anomeric proton now 
increased to 8.0 Hz, and this is probably the value for the 
coupling constant in the pentaacetate. Partial virtual cou- 
pling has been studied in detail in a four-spin system 
AB MX.73 

Caution must be exercised in assigning coupling con- 
stants to spectra that are subject to virtual long-range 

(71) F. A. L. Anet, Can. J. Chem., 39, 2262 (1961). 
(72) J. I .  Musher and E. J. Corey, Tetrahedron, 18, 791 (1962). 
(73) C.  B .  Barlow, E. 0. Bishop, P. R. Carey, R. D. Guthrie, M. A. Jen- 
sen, and J. E. Lewis, Tetrahedron, 24, 4517 (1968). 

5.0 6.0 ZO r 

Figure 6. The 60-MHz proton magnetic resonance spectrum of 
trichloroethyl P-D-galactopyranoside in D20 at 70".75 Note the 
similarity between the anomeric proton (H,) resonance and the 
computed spectrum shown in Figure 5e. 

coupling.38 As in Figure 5,74 virtual coupling can pro- 
foundly affect the structure of the signal for the X hydro- 
gen of an ABX system where A is not appreciably cou- 
pled to X. This situation is typical of the pmr signal for 
the anomeric hydrogen of sugars and related com- 
pounds. An example is the spectrum shown for trichlo- 
roethyl @-D-galactopyranoside (1 1) in Figure 6.75 The 
chemical shift 6 s ~  is about 60 Hz (at 60 MHz). Very 
good agreement is obtained from a comparison of the 
anomeric proton (H,) spectrum with the calculated spec- 
trum shown in Figure 5e with JAB = 1 Hz and JAB = JBX 

= 8 Hz. 

OH 
I -OH 

11 

a. Proton-Proton 
i. Geminal Coupling Constants 2J(H, H ) .  Certain trends 

have been e s t a b l i ~ h e d ~ ~ - ~ ~  for geminal 2J(H,H) coupling 
constants, and the factors influencing it are:76,78 (a) 
'J(H,H) increases (becomes more positive) as the hy- 
bridization on the carbon atom adopts more s character 
( i .e.,  the coupling constant increases with an increase in 
the H-C-H angle); (b) for both sp2 and sp3 methylene 
groups, introduction of a more electronegative atom (Y to 
the hydrogens increases the geminal coupling constant; 

(74) The spectra were calculated by Dr. J. S. Martin, Department of 
Chemistry, University of Alberta, Edmonton, Canada. 
(75) R. U. Lemieux and W. Vycudiiik, unpublished data. 
(76) J. A. Pople and A. A. Bothner-By, J. Chem. Phys., 42, 1339 
(1965). 
(77) M. Barfield and D. M. Grant, Advan. Magn. Resonance. 1, 149 
(1965). 
(78)  G. E. Maciel, J. W. Mclver, Jr., N. S. Ostiund, and J. A. Pople, J,  
Amer. Chem. SOC. ,  92, 4151 (1970). 
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(c) substitution of a more electronegative atom P to the 
hydrogens leads to a decrease in "(H,H); and (d) a H -  
electron system adjacent to a CH;! group generally leads 
to adecrease in 2J(H,H).  

Geminal coupling constants can have either sign (ref 
70, 76, 79) namely, negative in saturated s y s t e m ~ ~ ~ , ~ ~  
and positive in unsaturated carbohydrate derivatjves.40 

The following exampless1 illustrate the s ~ g g e s t i o n ' ~  
that geminal coupling depends in part upon the relative 
orientation of an electronegative vicinal substituent (X)  
with the coupling being numerically larger when the sub- 
stituent is gauche to only one of the geminal hydrogens 
than when it is in gauche relationship to both the geminal 
hydrogens. Coxon has observed examples with ribopyra- 
nose derivatives,8z and Hall and Manville have observed 
examples with 2-deoxyhexopyranose  derivative^.^^ This 
phenomenon promises to become of increasing utility in 
conformational analysis. The. above geminal coupling 
constants may be compared with the value measured for 
cyclohexane; from 1,1,2,2,3,3,4,4-octadeuteriocyclohex- 
ane2J(H,H) = - 13.05 H z . ~ ~  

U 

"2- AcO AcO% AcO (3% 

OCH, AcO 
12 13 

J5a,5e -10.7 -11.8 

AcO 
I H  

OAc 
I 

H 

15 
-13.1 Hz 

k-0 o \  

17 
J&,6e =-12.5 HZ 

ii. Vicinal Coupling Constants 3J(H,H) in a Saturated 
System. As early d e t e ~ t e d , ' ~ ~ ~ ~  coupling constants for 
vicinal hydrogens bear a relationship to torsion angle, 

(79) B. D. Nageswara Rao, J. D. Baldeschwieler, and J. I .  Musher, J .  
Chem. Phys., 37, 2480 (1962). 
(80) F. A. L. Anet. J. Amer. Chem. Soc., 84, 3767 (1962). 
(81) R. U. Lemieux, E. Fraga, and K. A. Watanabe, Can. J. Chem., 46, 
61 (1968). 
(82) B. Coxon, Tetrahedron, 22, 2281 (1966). 
(83) L. D. Hall and J. F. Manville, Can. J. Chem.. 45, 1299 (1967). 
(84) E. W. Garbisch, Jr., and M. G. Griffith, J. Amer. Chem. Soc., 90, 
6543 (1 968). 

and this has made possible the determination of configu- 
ration and/or conformation almost routine. This led to the 
proposal by K a r p l ~ s ~ ~ - ~ ~  that there exist relationships of 
the form 

3J (H l ,  H2) = a cos2 4 + b 

3J(Hl,  H2) = A + B cos 4 -I- C cos 2 4  

(ref 85) 

(ref 87) 

in saturated systems (la), where 4 is the angle between 
the H1-Cl-C2 and the H2-C2-C1 planes (19), and JO 
and b are constants for the particular system under 
study. In the latter equation the constants are A = 4.22, 
B = -0.5, and C = 4.5 Hz with a C-C bond length of 
1.543 A .  

H1*@% 

FH2 Hl-Cl-C2-H2 

18 

19 
The magnitude of the coupling is dependent on a vari- 

ety of other parameters besides the torsion angle 4.87 
These include the electronegativity of substituents88a and 
substituent induced changes in hybridization of the car- 
bon atoms, the Hl-Cl-C2 and Cl-C2-H2 bond angles, 
and the Cl-C2 bond length as well as other molecular 
proper tie^.^^ For example, a recent publication88b on the 
X-ray structure of tri-0-acetyl-P-D-arabinopyranosyl bro- 
mide has provided proton-proton torsion angles which 
bear only a modest correlation with the observed cou- 
pling constants in solution. 

The original calculations by K a r p l ~ s ~ ~  predicted the 
values for a of 8.5 Hz for 0" 5 4 5 90" and 9.5 Hz for 
90" 5 4 5 180" with b = -0.28 Hz. These results were 
soon verified by Anet.89 However, it became apparent 
that the general shape of the Karplus curve may be 
subject to a displacement depending on the nature of the 
compounds studied. It was necessary to displace the 
curve upward by 2.2 Hz to account for the couplings in 
1 , 3 - d i o ~ o l a n e . ~ ~ ~  Hence the application of the Karplus 
curve for conformational analysis requires a knowledge 
of the constants for the structures under consideration. 
C ~ x o n l ~ ~  has tabulated observed values of vicinal cou- 
pling constants for chair forms of a variety of carbohy- 
drate derivatives. The couplings between vicinal diaxial 
protons range from 8.6 to 11.5 Hz with a mean value of 
9.63 Hz, whereas between diequatorial protons the cou- 
plings are smallest and in the range 0.6-3.5 Hz (mean, 
1.54 Hz). The coupling constants between an axial pro- 
ton and a vicinal equatorial proton fall in the range 1.5- 
5.8 Hz with a mean value of 3.66 Hz. 

Williams and Bhaccago and Boothg1 have studied the 
variation of the vicinal coupling constants with the orien- 
tation of a given electronegative substituent. This config- 
urational dependence of the coupling is quite large and 
for the nondistorted chair conformers (20 and 21), the 
magnitudes of the coupling constants are 3Jae = 5.5 f 
1.0 Hz and 3Jea = 2.5-3.2 Hz, r e s p e c t i ~ e l y . ~ ~  This effect 
has been discussed in greater detail.12 

(85) M. Karplus, J,  Chem. Phys., 30, 11 (1959). 
(86) M. Karplus, J. Phys. Chem.. 64, 1793 (1960). 
(87) M. Karplus, J. Amer. Chem. Soc.. 85, 2870 (1963). 
(88) (a) R. U. Lemieux, J. D. Stevens, and R. R. Fraser, Can. J. Chem., 
40, 1955 (1962); (b) P. W. R. Corfield, J.  D. Mokren, P. L. Durette, and 
D. Horton, Carbohyd. Res., 23, 158 (1972). 
(89) F. A. L. Anet, Can. J .  Chem.. 39, 789 (1961). 
(90) D. H. Williams and N. S .  Bhacca, J. Amer. Chem. Soc.. 86, 2742 
(1964). 
(91) H. Booth, Tetrahedron Lett.. 411 (1965). 
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RO HeH* 

;a OR 
20, R = H  or Ac, 21, R = H  or Ac 

Jae = 5.5 f 1.0 HZ Je, = 2.5-3.2 HZ 

Karplus8' pointed out that a structural analysis based 
on the relationship between the magnitude of the COU- 

pling constant and the angle 4 will yield the most reliable 
results by comparing closely related molecules. As well, 
solutions to a structural problem should depend not on 
the exact values of the coupling constants but on the fact 
that certain couplings are "large" rather than ''small" or 
vice versa. Hence torsion angles calculated using the for- 
mer equation or similar relationships are only very ap- 
proximate due to the difficulties in determining values for 
the constants for any one specific kind of s t r ~ c t u r e . ~ '  
Values from 8 to 16 Hzy2 have been assumed for a = 
J(0" )  in the Karplus relationship. 

The Karplus type of relationship is most valuable in the 
study of conformational differences between closely re- 
lated compounds. For these purposes the constant "b" 
can be neglected and the equation takes the formg3 

'wl, H2) = KCOS'$J (i.e., 4J60c=J1803) 

where K depends on the precise nature of the H1-C1- 
C2-H2 fragment. The constant must take account of all 
the other factors affecting the magnitude of the coupling 
in addition to the torsion angle 4.  

A consequence of the cos' 4 relationship is that, when 
4 is between 50 and 70" or between 110 and 130", small 
variations in 4 cause large changes in the magnitude of 
the coupling and provide a sensitive probe for the study 
of conformational changes.18,85 However, the magnitude 
of the coupling is not very sensitive to small variations in 
4 near 0, 90, and 180°.93 

Experimental determinations of the signs of vicinal 
coupling constants have shown that these couplings are 
absolutely positiveg4 but, according to K a r p l ~ s , ~ ~  may be 
negative with $ N 90". Many theoretical calculations 
have also been carried out on vicinal proton-proton cou- 
pling constants, and these have been summarized by 
Maciel, et a / .95  

In carbohydrate chemistry, the determination of ' J (  H,H) 
values has been used to determine points of configuration 
as well as conformational preferences for pyranose,96-l33 

(92) S. Sternhell, Quart. Rev.. Chem. SOC., 23, 238 (1969) 
(93) H. Booth, Progr. Nuci. Magn. Resonance Spectrosc.. 5, 149 
(1969). 
(94) P. C. Lauterbur and R .  J. Kurland. J. Amer. Chem. Soc.. 84, 3405 
(1962), 
(95) G. E. Maciel, J. W. Mclver, Jr., N .  S. Ostlund, and J. A. Pople. J. 
Amer. Chem. Soc.. 92, 4497 (1970) 
(96) D. Horton. M. Nakadate, and J. M. J. Tronchet, Carbohyd. Res.. 7, 
56 (1968). 
(97) K. Onodera. S. Hirano, and F. Masuda, Carbohyd. Res.. 7, 27 
(1968) 
(98) F. Sweet and R.  K. Brown, Can. J Chem.. 48, 1481 (1968). 
(99) H. Libert. I .  Schuster. and L. Schmid. Chem. Ber.. 101, 1902 
(1968). 
(100) W.  Sibral, H .  Libert, and L. Schmid, Monatsh. Chem., 99, 884 
(1968). 
(101) N.  S. Bhacca, D.  Horton, and H.  Paulsen, J. Org. Chem,  33, 
2484 (1968). 
(102) N. Pravdic and D. Keglevic, Carbohyd. Res . .  7 ,  167 (1968). 
(103) V. I .  Glazkov, E. M. Malakhaev. and 6. N. Stepanenko, Dokl. 
Akad. Nauk SSSR. Ser. Khlm.. 182, 1322 (1968); Dokl. Chem.. 919 
(1968). 

furanose,134-148 and acyclic149-160 sugars. A note- 
worthy example is the demonstration of the so-called "re- 

(104) T. Maeda, K. Tori, s. Satoh, and K. Tokuyama, Bull. Chem. SOC. 
Jap., 42, 2635 (1969). 
(105) R. D.  King and W.  G .  Overend, Carbohyd. Res., 9,423 (1969). 
(106) C. 6. Barlow, E.  0. Biship, P. R. Carey, and R. D. Guthrie, Car- 
bohyd. Res.. 9, 99 (1 969). 
(107) F. W. Lichtenthaler, G. Bambach. and U. Scheidegger, Chem. 
Ber.. 102, 986 (1969). 
(108) R. J. Ferrier and N. Prasad, J. Chem. SOC. C, 575 (1969). 
(109) J. €3. Lee and B. Scanlon, Chem. Commun.. 955, 1969. 
(110) J. G. Buchanan, R.  Fletcher, K. Parry, and W. A. Thomas, J. 
Chem. SOC. B. 377 (1969). 
(111) N. S. Bhacca and J. J. Ludowieg, Carbohyd. Res., 11, 432 
(1969). 
(112) L. V. Fisher, W.  W. Lee, and L. Goodman, J. Heterocyci Chem., 
6 ,  949 (1969). 
(113) H. J. Jennings,Can. J. Chem.. 47, 1157 (1969). 
(114) E. L. Albano, D. Horton, and J. H. Lauterbach, Carbohyd. Res., 9, 
149 (1969). 
(115) S. Ishiguro, M. Sakata, M. Haga, and S. Tejima, Chem. Pharm. 
Bull., 17, 2571 (1969). 
(116) A. G. Sanchez, M. T. Aldave, and U. Scheidegger, Carbohyd. 
Res., 9, 335 (1969). 
(117) B. Coxon, Carbohyd. Res.. 14, 9 (1970). 
(118) Y. Ali, L. Hough, and A.  C. Richardson, Carbohyd. Res., 14, 181 
(1970). 
(119) 6. Coxon, Carbohyd. Res.. 13, 321 (1970) 
(120) S. Hirano, Org. Magn. Resonance. 2, 577 (1970). 
(121) J. P. Kamerling, D.  Rosenberg, and J. F. G .  Vliegenthart, Bio- 
chem. Biophys. Res. Commun.. 38, 794 (1970). 
(122) E. Hemmer and S. Liaaen-Jensen. Acta Chem. Scand.. 24, 3019 

(123) M. J. Harris and J. R.  Turvey, Carbohyd. Res.. 15, 57 (1970) 
(124) M. Fuertes, G. Garcia-Munoz. R. Madronero, M. Stud, and M.  
Rico, Tetrahedron. 26, 4823 (1970) 
(125) M. Cerny, J. Pacak. and J. Stanek. Carbohyd. Res., 15, 379 
(1970). 
(126) G .  Descotes, F. Chizat, and J. C. Martin, Bull. SOC. Chim. f r . .  
2304 (1 970), 
(127) R. M. Srivastava and R. K. Brown, Can. J .  Chem.. 48, 2341 
(1970). 
(128) 2. Smiatacz and J. Sokolowski, Rocz. Chem.. 44, 1417 (1970). 
(129) S. Kolka and J. Sokolowski, Rocz. Chem.. 44, 2311 (1970). 
(130) H. H. Baer and J. Kovar, Can. J .  Chem., 49, 1940 (1971). 
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235 (1971). 
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(136) J, Defaye and J. Heldesheim. Tetrahedron Lett.. 313 (1968). 
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Jap.. 41,2495 (1968). 
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1329 (1970). 
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(1970). 
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TABLE II. Calculated Values for the Proton-Proton 
Torsion Angles 4 (Deg) in 23Il9 

Orientat ion Calcd f rom 
of the molecular Calcd f rom 

Ang le  protons. models  3J(H,H) 

41,z e,q 22 36 (139)b 
@ 2 , 3  q,a 50 47 (129) 
434 a t e  72 63 (113) 
44,5 e,q 100 103 (74) 
44*51 e,q 20 44 (132) 

a Symbols used are: e, equatorial; a, axial; q,  quasi. The 
alternative values of + calculated from the Karplus equation 
are given in parentheses. 

verse anomeric effect" by Lemieux and Morgan.lG1 The 
driving force for the pyridinium ring to achieve the equa- 
torial orientation forces the pyranose ring into the boat 
conformation (235B) as established by X-ray crystallo- 
graphic analysis.162 The vicinal coupling constants found 
for the compound in solution support the maintenance of 
this unusual conformation since J1.2 = 2.8, J2.3 = 3.1, 
J3.4 = 3.2, and J4,5  = 5.7 Hz.lG1 

Coxonllg has analyzed the 100-MHz pmr spectrum of 
3-0-benzoyl-1 ,2,4-O-benzylidine-cu-D-ribopyranose (22) .  
Since the molecule is locked in an inflexible, skew con- 
formation of defined geometry (23), it was chosen for a 
study of the correlation between geminal, vicinal, and 
long-range coupling constants with conformation (see 
Table I I ) .  The vicinal coupling constants were calculated 
using the Karplus equation.87 A long-range coupling 
J(H2,H4) of 2.45 Hz over four saturated bonds was also 
observed for this m0lecule.l l 9  Monosaccharides with ni- 
trogen-containing rings have also been s t ~ d i e d , ' ~ ~ - ' ~ ~  
and the Karplus relationship has been extended to vicinal 
coupling constants in thesystem H1-C1-NH2.'67 

6h Ph 

22 23 
Well-resolved signals have been observed for the hy- 

droxyl proton resonances of alcohols dissolved in DMSO, 
thus allowing the measurement of the coupling constant 
3J(CH,0H) Rader169 studied the pmr spectra of 

(154) D. Horton and J. D. Wander, Carbohyd. Res., 10,279 (1969). 
(155) J .  B. Lee and B. F. Scanlon, Tetrahedron, 25, 3413 (1969). 
(156) J. M. Williams, Carbohyd. Res., 11, 437 (1969). 
(157) S .  J. Angyal and K. James, Aust. J .  Chem., 23, 1223 (1970). 
(158) D.  Horton and J. D. Wander, Carbohyd. Res., 13, 33 (1970). 
(159) D. Horton and J. D. Wander, Carbohyd. Res., 15, 271 (1970). 
(160) W. W. Binkley, D. R. Diehl, and R. W. Binkiey, Carbohyd. Res.. 
18,459 (1971). 
(161) R. U. Lemieux and A. R. Morgan, Can. J. Chem., 43, 2205 
(1965). 
(162) M. N. G. James, "Proceedings of the 13th Annual General Meet- 
ing, Canadian Federation of Biological Societies," University of Montreal. 
Montreal, Canada, June 1970, p 71. 
(163) H. Pauisen and K. Todt, Advan. Carbohyd. Chem.. 23, 115 (1968). 
(164) H. Paulsen and E. Mackei, Chem. Ber., 102, 3844 (1969). 
(165) H. Paulsen and U. Grage, Chem. Ber.. 102,3854 (1969). 
(166) H. Paulsen and G. Steinert, Chem. Ber., 103, 1834 (1970). 
(167) H. Booth and R.  U. Lemieux. Can. J ,  Chem., 49, 777 (1971). 
(168) 0. L. Chapman and R. W. King, J. Amer. Chem. SOC., 86, 1256 
(1964). 

cyclohexanols in DMSO and found the axial OH proton to 
higher field (0.21-0.27 ppm) than the equatorial proton 
for epimeric sets of molecules. A correlation of 
3J(CH,0H) with conformation was also observed with the 
equatorial epimer exhibiting a larger coupling by 1 .O-1.5 
Hz than the axial epimer. For example, in trans-2-methyl- 
cyclohexanol, J = 5.3 Hz, where, for the cis epimer, J = 
4.0 Hz. The magnitudes of the coupling were related to 
the effect of torsion angle and the populations of rotation- 
al isomers about the C-0 bond.169 

The proton of the anomeric hydroxyl of sugars reso- 
nates at lower field than those of the other hydroxyl 
 group^.'^^,'^^ As well, the anomeric hydroxyl proton of 
glucose and related sugars shows characteristic splittings 
of 3J(H,0H) = 4.0-4.5 Hz for (Y anomers (OH axial) and 
3J(H,0H) = 6.0-7.0 Hz for p anomers (OH equatori- 

P e r l i t ~ l ~ ' ~  has studied hydroxyl pmr spectra of sugars 
in DMSO and found that some sugars exist as furanoses 
to a greater extent in this solvent than in water. This dif- 
ference is very marked for D-arabinose. Cyclic and acy- 
clic forms of certain sugars could also be distinguished 
by the hydroxyl proton signals. Values of 3J(H,0H) have 
now been measured in a large variety of 

Fraser and coworkers172 have carried out an ABC 
analysis of the pmr spectra of the -CH20H group of 3p- 
acetoxy-5~,6~-oxidocholestan-19-ol in CDC13, benzene, 
and a 2 : l  mixture of acetone and CDC13. Two vicinal 
3J(CH,0H) coupling constants were obtained involving 
the same hydroxyl proton for torsion angles of 80 and 
160" ( & l o o ) .  A least-squares analysis of these data to- 
gether with several literature values was applied to the 
Karplus function to evaluate the coefficients, and the fol- 
lowing equation was obtained. 

aq.170 

3J(CH, OH) = 10.4 cos2 4 - 1.5 COS 4 -t 0.2 

Karplus behavior thus accounts for the variation of 
3J(CH,0H) with 4. For 4 = 80 and 160°, the observed 
couplings are 0.3 and 10.5 Hz, whereas those calculated 
using this equation are 0.2 and 10.8 Hz, respectively.172 
In 24, the OH group is internally hydrogen bonded and 

24 
J(CH,OH)tranS = 12.5 Hz (4 = 18Oo).l73 For 4 = 167", 
the observed coupling constant is 11.4 Hz.174 The calcu- 
lated values for these coupling constants are 12.1 and 
11.5 Hz, re~pec t i ve1y . l~~  The observed coupling con- 
stants of sugar-ring hydroxyl protons of several nucleo- 
sides dissolved in mixtures of dry DMSO-& and 
have been analyzed using this equation.' 75 The preferred 
conformations of the OH bonds of the sugar were thus 
calculated. 

(169) C. P. Rader, J. Amer. Chem. SOC., 88, 1713 (1966). 
(170) 8 .  Casu, M. Reggiani, G. G. Gallo, and A. Vigevani, Tetrahedron, 
22,3061 (1966). 
(171) (a) A. S. Perlin, Can. J. Chem.. 44, 539 (1966); (b) J. C.  Jo- 
chims, G. Taigel, A .  Seeliger, P. Lutz. and H. E. Driesen, Tetrahedron 
Lett., 4363 (1967) 
(172) R.  R. Fraser. M. Kaufman, P. Morand, and G. Govil, Can. J. 
Chem., 47,403 (1969). 
(173) N.  L. Bauld and Y.  S .  Rim, J ,  Org. Chem., 33, 1303 (1968). 
(174) R.  D.  Stolow and A. A .  Gallo, Tetrahedron Lett., 3331 (1968). 
(175) D. 8 .  Davies and S. S. Danyluk, Can. J. Chem.. 48, 3112 (1970). 
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TABLE Ill." Calculated Coupling Constants 
41(H,H) for Propane182 

9, 9', 4 1 ( ~ ,  H), 4, 4, '4 H I  H 1 I 

0 0 -1.04 120 120 -0.12 
60 -0.58 180 0.45 

120 -0.25 240 -0.29 
180 -0.29 300 -0.62 
240 -0.25 

d e g  deg Hz d e g  deg  HZ 

300 -0.58 180 180 1.44 
240 0.45 

60 60 -0.71 300 -0.49 
120 -0.46 
180 -0.49 240 240 -0.12 
240 -0.62 300 -0.46 
300 -0.32 

300 300 -0.71 

In Figure 7, the dihedral angles 4 and +' are defined. 

iii. Long-Range Coupling Constants 4J(H, H), =J(H, H) in 
Saturated Systems. It was early detected that long-range 
coupling over four bonds was sensitive to orientation ef- 
fects.176 Indeed, the now-extensive studies of a variety of 
systems where coupling is observed between nuclei sep- 
arated by four or more bonds have shown these cou- 
plings to be very sensitive to the relative orientations of 
the bonds. These have been measured in both saturated 
and unsaturated systems as well as systems involving 
heteroatoms and have been well 

In saturated systems, the largest four-bond couplings 
J(H1,HS) (25) have been observed for protons separated 

7 7 , 1 7 8  

H1, ,C2\ /H3 
c 1  c 3  

25 

in the planar zig-zag or W arrangement.92 For example, 
consider systems 26 to 28179 and 29.180 These first-order 
coupling constants follow the W arrangement for long- 
range couplings between hydrogen substituents in 1,3- 
diequatorial positions on the pyranose chair conformer. 
In molecule 29, a coupling between H1 and H5 across 
the C5 ring oxygen atom, a coupling between H4 with H6 
(exo), and a possible long-range coupling of H6 (exo) 
with proton H1 across the oxygen atom of the anhydro 
bridge were also observed.lsO 

H ., 
H-'c-o 

R3#. 

R4 R2 
J(Hl,H3), Hz 

1.4 
1.8 

26, R ~ = R ~ = O A C ;  R1 =R3=H 1.3 (1 79) 
27, R l  = R4 = OAC; R2 = R3 = H (1 79) 
28, R, = R3 = OAC; R1 = R4 = H (1 79) 

J(H3,H5) = 1.1 (180) 
29, R1 = R3 = OAC; R2 = R4 = H J(H1 ,H3) * 

(176) R. U. Lemieux and J. Howard. Can. J. Chem., 41, 393 (1963). 
(177) S. Sternhell, Rev. PureAppl .  Chem., 14, 15 (1964). 
(178) M. Barfield and B. Chakrabarti, Chem Rev., 69, 757 (1969). 
(179) L. D. Hall and L. Hough, Proc. Chem. SOC., London, 382 (1962). 
(180) D. Horton and J. S. Jewell, Carbohyd. Res.. 5,  149 (1967). 

Figure 7. The dihedral angles 4 and 4' in propane are depicted 
and are measured from the Cl-C2-C3 plane.182 

Barfield has carried out theoretical studies of the con- 
formation and substituent dependence of four-bond, long- 
range H-'H coupling constants.lsl ,182 The major contri- 
bution to four-bond couplings in saturated systems is the 
indirect c-electron mechanism.181 The coupling con- 
stants are strongly conformation and substituent depen- 
dent and can be either positive or negative in sign. Cal- 
culations of 4J(H1,H3) for couplings in propane were 
evaluated for 60" intervals of the torsion angles 4 and 4' 
(see Figure 7) .  l a 2  It is seen that maximum coupling (-I-1.44 
Hz) corresponds to the W arrangement (4  = 4' = 180") 
(Table I I I ) .  182 

The signs of four-bond, long-range coupling constants 
have been determined and 4J (diequatorial) couplings are 
positive (0.8 to 1.6 Hz) and 4J (equatorial, axial) cou- 
plings are negative in sign (-0.2 to -0.7 Hz) for the 
chair conformations of pyranoid sugars.40 For example, 

+1.6 H ~ a n d J 3 . ~  = 4-1.5 H z . ~ ~  
The very large long-range coupling 4J(H2,H4) = 2.45 

Hz was observed for compound 23. The torsion angles 
are both about 170" and very close to the planar W ar- 
rangement that is optimal for long-range coupling.' l 9  

Four-bond couplings of 0.4 Hz were observed between 
both H1 and H5 and H1 and H6 (exo) in 1,6:2,3-dianhy- 
dro-4-deoxy-~-~,L-ribo-hexopyranose and well display the 
W arrangement for the coupling through a bridging oxy- 
gen atom.'83 

Five-bond coupling constants along single bonds also 
show a stereochemical dependence. Lemieux, Fraga, 
and WatanabeB1 observed 5J(H1,H6ax) = f0 .6  Hz for 
compound 17. In this regard, it is of interest to note the 
antiperiplanar arrangements of the alternate c bonds and 
that ali six atoms must be near in one plane (30) .  
Coxonla4 has shown that 5J varies from 0.1 to 0.9 Hz and 

- in 1,6-anhydro-P-~mannopyranose triacetate, J1 ,3 - 

'Me 

30 

TsOCH2 

31 32 

o*Me 
Me 

(181) M. Barfield,J. Chem. Phys.. 41,3825 (1964). 
(182) M. Barfield, J. Amer. Chem. SOC.. 93, 1066 (1971). 
(183) F. Sweet and R. K. Brown, Can. J. Chem.. 46, 2289 (1968) 
(184) B. Coxon, Carbohyd. Res., 12,  313 (1970). 



680 Chemical Reviews, 1973, Vol. 73, No. 6 G. Kotowycr and R. U. Lemieux 

confirmed that the favored arrangement for five-bond 
coupling occurs when protons in a 1,4 relationship are 
diequatorial in a saturated, six-membered, oxygen heter- 
ocycle. Thus, a long-range coupling of 0.42 Hz was ob- 
served between proton H3,5 with proton H4 in 1,2-0- 
isopropylidene-3,5-0-[ (endo-methoxy) methylidene]-6-O-p- 
tolylsulfonyl-a-Bglucofuranose (31 ) .  This coupling was 
not observed for-the exo-methoxy isomer (32 ) .  184  

iv. Long-Range Coupling Constants 4J( H, H), 5J( H, H) in 
Unsaturated Systems. Long-range allylic coupling 
4J(H,H) (H-C-C=C-H) and homoallylic coupling 
5J(H,H) (H-C-C=C-C-H) constants are very sensi- 
tive to c o n f o r m a t i ~ n . ~ ~ + ~ ~ ~ . ~ ~ ~  GarbischlE5 found that the 
relationship between the allylic coupling and the torsion 
angle q5 between the protons is given by 

4J (H,M) = 1.3 cos2 - 2.6 sin2 q5 
(0" I 4 I 90") 

Allylic couplings can have either sign,92,178 and in cyclic 
compounds experimental values range from 4-1.6 to 
-3.5 H z . ' ~ ~  An inversion of the sign of the coupling con- 
stants is observed for calculated values of the allylic Cou- 
pling in propene as a function of the dihedral angle.i82 
Homoallylic coupling constants are p o s i t i ~ e . ~ ~ , ~ ~ ~  

Lemieux and O'Nei11186 have measured allylic coupling 
constants in 3,4,6-tri-O-acetyl-D-glucal (33a) and in the 
2-substituted derivatives. The 4J (H l  ,H3) coupling con- 
stants are 1.3 Hz for the glucal (33a) ,  1.1 Hz for the 2- 
chloroglucal (33b), and 1 0 . 3  Hz for the 2-nitro derivative 
(33c) .  

OAc 

R' 

33a, R = H  
b, R = CI 
C, R=NOp 

Allylic coupling constants have also been reported in 
hex-2-enosidess19 l S 7  and hex-3-enopyranosiduloses (34 
and 35) .  l E 7  

Q C H 3  0 G? 0 
34, J(H3,H5) =12.71 HZ 35, J(H3,H5) =12d Hz 

Coxon and coworkers have determined some of these 
long-range coupling constants using double resonance 
techniques in D-g/ycero-pent-2-enopyranosy~ deriva- 
tives.188 In 36, J(H l ,H4)  = 1.3 Hz andJ(H2,H4) = -1.2 
Hz. 

The negative sign for allylic couplings was further con- 
firmed12,40 and J(Hl,H3) = -1.3 Hz in 37 and 
J(H4,H6a) = -1.4 Hz andJ(H4,HGb) = -1.6 Hz in 38. 

(185) E. W. Garbisch, Jr.. J .  Amer. Chem. SOC.. 86, 5561 (1964) 
(186) I .  K. O'Neill with R .  U. Lemieux. Ph.D. Thesis, University of Alber- 
ta, Edmonton. Canada, 1966. 
(187) E. F. L. J. Anet. Carbohyd. Res., 1, 348 (1966). 
(188) 6. Coxon, H. J. Jennings, and K. A. McLauchlan, Tetrahedron. 23, 
2395 (1967). 

PAC 6 
AcO 

37 

c'l 
36 

Ha, ,Hb 

F 
CH 

38 

Lemieux and coworkers studied methyl 4,6-0-benzyli- 
dene-~-hex-2-enopyranosides (Table IV) This work 
was extended to 2,3-unsaturated methyl pentosides 
(Table V)  .Is9 

Measurement of coupling constants in unsaturated car- 
bohydrate derivatives has been extended to heterocyclic 
N - g l y c o ~ i d e s ~ ~ ~  and to purine derivatives (Table VI) . l g o  

b. 13C-Proton 
Vicinal Coupling Constants 3J( 13C, H) in the System 

13C-C-X-H. The possible value of this coupling to studies 
of rotational isomerism was examined by Karabatsos and 
C O W O ~ ~ ~ ~ S . ~ ~ ~ - ~ ~ ~  The dependence of 3J(13C,H) on tor- 
sion angle was established since the values of J(trans) 
and J(gauche) were estimated to be 3.5 (49) and 0.2 Hz 
(50) respectively for propionaldehyde-3-13C and 7,.8 (51) 
and 0.7 (52) Hz for pr0pionaldehyde-3-~~C oxime 0- 

TABLE IV. Long-Range Coupling Constants Observed in 
Methyl 4,6-O-Benzylidene-D-he~-2-enopyranosides~~ 

39 
wEryIhro isomer (16) <0.3 1.5 -2.2 

b O C H 3  

40 
n-Threo isomer (17) 

-0.8 1.7 -0 

<0.3 <0.3 <0.3 

(189) R. U. Lemieux. K. A. Watanabe, and A. A. Pavia, Can. J. Chem., 
47,4413 (1969). 
(190) R. J. Ferrier and M. M. Ponpipom. J .  Chem. SOC C, 560 (1971). 
(191) G. J. Karabatsos, J. Amer. Chem. SOC., 83, 1230 (1961). 
(192) G. J. Karabatsos, J. D. Graham, and F. M. Vane, J. Amer. Chem. 
SOC., 84, 37 (1962). 
(193) G. J.  Karabatsos and C. E. Orzech, Jr.. J. Amer. Chem. SOC., 87, 
560 (1965). 
(194) G. J. Karabatsos, C. E. Orzech, Jr., and N. Hsi, J. Amer. Chem. 
SOC., 88, 1817 (1966). 
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TABLE V. Allylic Coupling Constants for 
2,3-Unsaturated Methyl Pentosideslsg 
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0 0 

49 50 

41a, R=Bz  
b, R = A c  
c, R = H  

42a, R=Bz  
b, R=Ac  
c, R = H  

R o y o y o c H 3  

43a, R=Bz  
b, R = A c  
c, R = H  

44a, R = Bz 
b, R=Ac  
c, R = H  

Approximate coupling 
con st ants,^ Hz 

Compound J(Hl,H3) J(H2,H4) 

a - ~ .  Fu ra noside 
41a -1.2 -1.2 
41b -1.2 -1.2 
41c -1.2 -1.2 

42a -1.2 -1.2 
42b -1.2 -1.2 
42c -1.2 -1.2 

43a -0.9 -1.2 
43b -1.2 -1.2 
43c -1.1 -2.0 

44a <0.3 0 
44b <0.3 0 
44c -0.8 <0.5 

0 The signs are assumed for these coupling constants. 

p a -  Fu ranoside 

0s- Pyranoside 

0-1,- Pyranoside 

,XH3 
N 

X H 3  
N' 

51 52 

constants in 13C-enriched (at the 2 position) uridine (53) 
and the cyclonucleoside structures 54  and 55 and related 
structures of known con for ma ti or^.^^^ The results are 
given in Table VI1 and are plotted in Figure 8lS6 with the 

TABLE VII. Relationship between Torsional Angle 
and Vicinal 13C-lH Coupling Constantslg6 

I %\y'"" T r N n  HI' ,C2=N 0 

0 HI '  0 
HO OH HO H2' 

53 54 
0 

55 

TABLE VI. Coupling Constants (Hz) for Purine Derivatives'go 

~ O A C  r OR 

Torsion 
Vicinal 3I('3C,H), angle +, 
a t o m s  Hz deg 

AcoQB 
OR L$B 

I 

OAc OR 
45, B = theophyllin-7-yl 
46, B = 2,6-dichloropurin-9-yI 

47, R = Ac; B = theophyllin-7-yl 
48, R = Bz; B = theophyllin-7-yl 

Isomer I( Hl', H3') I( H l', H 4') 

C2-H 1' 2.4(53) 
3.6 (54) 
6.6(55) 

C2-H2' 2.0(54) 
C2-H 5' 8.7 (55) 
C2-H5" 2.0 (55) 
C2-H6 8.0 (uracil) 

8.0(53) 
7.2(55) 

-45 
-125 

170 
120 
175 

50 
180 
180 

-175 

45 a 

B 
46 ff 

B 
41  01 

0 
48 ff 

B 

1.0 
<0.5 

1 .0  
1 
0.7 
1.7 
0.7 
1.7 

0 
<0.5 

0 
1.7 
0.7 
2.0 
1.5 

-3 

methyl ether. This was also observed more recently in 
the spectra of 13C-enriched a-D-glucopyranose,' s5 

Lemieux and coworkers1s6 observed a torsion angle 
coupling constant relationship by measuring coupling 

(195) A. S. Perlin and 6. Casu, Tetrahedron Lett.. 2921 (1969). 

assumption that the signs of the coupling constants are 
positive throughout the range of the torsion angles. The 
torsion angles (see Table V I  I )  were originally estim'ated 
from molecular models1s6 and recently determined by X- 
ray crystallographic analysis. lS7 Except for @(C2-H5') 
and 4(C2-H5"), the agreement was very good. For 
55, an interesting bonding electron density distribution was 
observed Ig7 and could account for the exceptionally strong 
coupling [J(C2,H5') = 8.7 Hz] for the size of the torsion 
angle [4(C2-H5') = 158'1. Hence, information on con- 
formational preferences of molecules may be usefully ob- 
tained from the measurement of vicinal 13C to H coupling 
constants. lg6 This conclusion is now supported by similar 
observations reported by Schwarz and Perlin.lg8 Also, re- 
cently, Wasylishen and Schaefer' gs calculated that the 

(197) L. T. J Delbaere, M N G. James, and R.  U. Lemieux. J Amer 
Chem. SOC., 95,7866 (1973). 

(196) R. U. Lemieux. T. L. Nagabhushan, and B. Paul, Can. J. Chem.. 
50, 773 (1972). 
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I I I I I  I , , ,  

TORSION ANGLE, 4' 
Figure 8. The plot of the vicinal I3C-'H coupling constants vs .  
the torsion angles for compounds 53 (e), 5 4  (e ) ,  55 (e), 
uracil (a), and a-D-glucopyranose triacetate 1,2-(methyl or- 
thoacetate) ( @ )  .lS6 

torsion angle dependence of 3J(13C,H) in propane may 
be represented by 

3J( 13C,H) = 4.26 - 1.00 COS 4 + 3.56 cos 2 4  

where $ is the torsion angle. The magnitudes of the cou- 
pling constants determined using this equation are in re- 
markable agreement with the data obtained for the cyclo- 
nucleosides.196 

c. 3 l  P-Proton 

Vicinal Coupling Constants 3J(32P, H)  in the System 
31P-O-C-H. Tsuboi and coworkersz00-202 have studied 
the conformation of the P-0-C-H group in nucleotides 
and dinucleotide phosphates by analyzing the 3J(31 P,H) 
cou$ing constants, which were also considered to be 
sensitive to the torsion angle. The values for 3J(31P,H) of 
4.5, 1.9, 22.3, and 23.5 Hz were assigned to torsion an- 
gles of 60, 65, 175, and 180", respectively, for the sys- 
tem (P03'-)-O-C-H in aqueous solution. The investiga- 
tion was extended to 1 ,2,3-dioxapho~phorinanes.~~~ 

d.  lgF-Proton 
i. Geminal Coupling Constants zJ(H,F) in the System 

H-C-F. Hall and coworkers have extensively studied spe- 
cifically fluorinated carbohydrates,25~z04~zo5 observing 
both the proton and fluorine resonances. The measure- 
ments were extended to geminal 19F-'H couplings of a 

(198) J. Schwarz and A. S. Perlin, paper presented at the 55th Chemical 
Conference and Exhibition, Chemical Institute of Canada, June 5-7. 
1972, Quebec City, Canada, Paper 162. 
(199) R.  Wasylishen and T. Schaefer. Can. J. Chem., 50, 2710 (1972). 
(200) M. Tsuboi, F. Kuriyagawa, K. Matsuo, and Y. Kyogoku, Bull. 
Chem. SOC. Jap.. 40, 1813 (1967) 
(201) M. Tsuboi. M. Kainosho, and A. Nakamura in "Recent Develop- 
ments of Magnetic Resonance in Biological Systems," S. Fugiwara and 
L. H. Piette. Ed., Hirokawa Publishing Co., Tokyo, 1968, p 43. 
(202) M. Tsuboi, S. Takahashi, Y. Kyogoku, H. Hayatsu, T. Ukita, and 
M. Kainosho, Science. 166, 1504 (1969) 
(203) M. Kainosho, A .  Nakamura. and M. Tsuboi, Bull. Chem. SOC. Jap.. 
42, 1713 (1969). 
(204) L. D. Hall and J. F.  Manville, Chem. Ind. (London). 991 (1965). 
(205) L. D. Hall and J. F. Manville, Can. J. Chem.. 47, 19 (1969). 
(206) L. D. Hall and J. F. Manville, Carbohyd. Res. .  9, 11 (1969). 

series of hexopyranosyl fluoride  derivative^,^^ and these 
couplings were found to depend on the orientation of the 
substituent at C2. In the case of an equatorial substitu- 
ent, J(H,F) is ca. 53 Hz. When the C2 substituent is 
axial, J(H,F) appears somewhat weaker, ca. 49 Hz. Het- 
eronuclear decoupling experiments on 3,4,5-tri-O-acetyI- 
2-bromo-2-deoxy-a-D-mannopyranosyl fluoridezo6 showed 
this coupling, 50.2 Hz, to be positive. 

ii. Vicinal Coupling Constants 3J(H,F) in the System 
f-C-C-H. Vicinal l9F-' H coupling constants parallel the 
general stereospecificity of vicinal H-I H couplings and 
are positive in sign.207 Hall and associates (ref 25, 44, 
83, 204-206, 208-216) later examined this relationship in 
a large variety of fluorinated sugar derivatives and indeed 
found that the vicinal coupling, 3J( I9F,H), is stronger for 
the atoms in antiparallel orientations, J(180")  = 24 Hz, 
than when the atoms are in gauche relationship. A very high 
dependence of coupling on torsion angle in the range 
about 50-70" seems evident from the observation that 
the vicinal coupling in structures of type 56 (axial fluo- 
rine, equatorial hydrogen) is in the range 1-1.5 Hz but in 
the range 7.5-12.6 Hz for compounds of type 57 (equa- 
torial fluorine, axial hydrogen). lhrig and SmithZl7 have 
suggested from a study of a series of fluoro-substituted 
bicyclo compounds that, although a Karplus-type rela- 
tionship exists between the torsion angle and 3J(19F,H), 
the phenomenon is highly sensitive to substituent 
electronegativity effects. a L F  

F 
56 57 

Recently, Phillips and Wray2lB examined a number of 
deoxyfluoro-D-glucopyranoses, and an attempt was made 
to rationalize the 3J(19F,H) coupling constants on the 
basis of conformational electronegativity effects. Foster 
and coworkersz1g have applied the use of 19F resonance 
data to probe the mutarotational equilibrium for 3-deoxy- 
3-fluoro-~-idose and considered the implications of 
3J(19F,H) couplings on the conformational properties of 
the components. 

i i i .  Long-Range Coupling Constants 4J( H , f )  and 
5J(H,F) .  The long-range l9F-IH coupling constants 
across four saturated bonds parallel the corresponding 
H-1 H couplings;zz0 i.e., the long-range 19F-l H coupling 

constants are largest when the five nuclei are coplanar, 
for example, in a 1,3-diequatorial relationship. In this ori- 
entation for the nuclei, the 4J coupling is positive, but the 

(207) K. L. Williamson, Y.-F. Li. F. H. Hall, and S. Swager, J. Amer. 
Chem. SOC., 88,5678 (1966). 
(208) L. D. Hall and J. F. Manville, Chem. lnd. (London), 468 (1967). 
(209) L. D. Hall and J. F. Manville, Chem. Commun., 37 (1968). 
(210) A .  D. Barford. A.  B. Foster, J. H. Westwood. and L. D. Hall, Car- 
bohyd. Res., 11, 287 (1969). 
(211) J. Adamson, A .  B. Foster, L. D. Hall, R. N. Johnson, and R. H. 
Hesse, Carbohyd. Res., 15,351 (1970). 
(212) L. D. Hall and P. R. Steiner, Can. J. Chem., 48, 451 (1970). 
(213) L. D. Hall and P. R. Steiner, Can. J. Chem., 48, 2439 (1970). 
(214) A. B. Foster, R. Hems, and L. D. Hall, Can. J. Chem., 48, 3937 
(1970). 
(215) J. S .  Brimacombe. A .  B. Foster, R. Hems, J. H. Westwood, and 
L. D. Hall, Can. J. Chem., 48, 3946 (1970). 
(216) L. D. Hall, P. R. Steiner, and C. Pedersen, Can. J. Chem.. 48, 
1155 (1970). 
(217) A .  M. lhrig andS. L. Smith, J. Amer. Chem. SOC., 92, 759 (1970). 
(218) L. Phillips and V. Wray, J .  Chem. SOC. B, 1618 (1971). 
(219) A .  B. Foster, R. Hems, J. H. Westwood, and J. S. Brimacombe, 
Carbohyd. Res., in press. 
(220) A. 8.  Foster, R.  Hems, L. D. Hall, and J. F. Manville, Chem. 
Commun., 158 (1968). 
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sign can change when four of the nuclei are in one 
plane, for example, when the fluorine and the hydrogen 
are not both in equatorial orientation. However, the long- 
range, four-bond coupling constants between an axial flu- 
orine and an axial proton were found to be positive in 2- 
deoxy-2-fluorohexopyranosyl fluorides.221 Stereospecific 
4J(F,H) coupling constants have been established in 3- 
fluorinated glucose derivatives and follow these pat- 
t e r n ~ . ~ ~ ~ - ~ ~ ~  Five-bond 19F-'H coupling constants have 
also been studied in pyranose derivatives.220,222 

Long-range lsF-C-O-C-l H four-bond coupling con- 
stants have been observed in furanose derivatives.216 In 
a series of seven pentofuranosyl fluoride derivatives this 
coupling has a magnitude of 5.5-7.9 Hz when the atoms 
are in trans relationship. In the cis relationship, the cou- 
pling is between 1.0 and 1.8 Smaller 4J values 
were observed for the couplings between the fluorine and 
H3, namely, 1.7 to 2.4 Hz for the cis relationship and 0.7 
Hz for the trans relationship.216 These studies were ex- 
tended to several hexofuranosyl fluoride  derivative^.^'^ In 
5-fluoropyrimidine nucleosides, a long-range 5J coupling 
is observed between 19F and the anomeric proton. The 
magnitude of this coupling is dependent upon the anom- 
eric co.nfiguration of the nucleoside and is >1.5 Hz for 
the P isomers and <1.5 Hz for the a isomers.223 

e. Fluorine-Fluorine 
Vicinal Coupling Constants 3 J (  SF, 19F) in the System 

'9f-C-C-19F. The vicinal 19F-19F coupling constants of 
the a and p anomers of 3,4,6-tri-O-acetyl-2-deoxy-2-flu- 
oro-D-glucopyranosyl fluoride and of the corresponding 
Dmanno derivatives were measured. 221 The trans coupl- 
ing is -20.0 Hz while the gauche couplings range from 
-13.5 to -18.8 Hz. 

3. Chemical Shift 
a. Proton Magnetic Resonance 

The chemical shift has proven of great value to carbo- 
hydrate investigations. The early observations224 that the 
chemical shift of a proton depends on its environment in 
the molecule was demonstrated in 1958 by Lemieux and 
coworkers18,19 to apply to diastereoisomeric compounds. 
That pmr chemical shifts of a molecule are strongly de- 
pendent upon substitutional, orientational, and electrone- 
gativity effects of neighboring and distant groupings has 
since become of broad utility to organic chemis- 
trY.93~225-228 Booth,93 in an excellent review article on 
conformational analysis of cyclic compounds, sum- 
marizes those effects which are well recognized. 

i .  Substifutional Effects. One of the most interesting 
stereospecific dependences found in the original s t ~ d y ~ ~ , ' ~  
of 0-acetylated pyranose derivatives was that an equa- 
torial proton normally resonates at lower field than the 
chemically similar but axially orientated proton. Specific 
structural and configurational features can, however, 
cause exceptions to this general The shielding ef- 
fect of a neighboring carbonyl group229 on the equatorial 

(221) L. D. Hall, R.  N. Johnson, J. Adamson, and A. B. Foster, Can. J. 
Chem., 49, 118 (1971). 
(222) A. B. Foster, R. Hems, and J. H. Westwood, Carbohyd. Res.. 15, 
41 (1970). 
(223) R. J. Cushley, I. Wempen, and J. J. Fox, J. Amer. Chem. SOC.. 
90, 709 (1968), 
(224) J. T. Arnold, S. S. Dharmatti, and M. E. Packard, J. Chem. Phys.. 
19,507 (1951). 
(225) Reference 2, Chapters 3, 4, and 10. 
(226) Reference 6, Chapter I V .  
(227) Reference 4, Parts 2 and 3. 
(228) Reference 5, Chapter I I I 
(229) A. Nickon, M. A. Castle, R. Harada, C. E. Berkoff, and R. 0. Wil- 
liams, J. Amer. Chem. SOC., 85, 2185 (1963) 

TABLE VIII.n The Effects of Configuration on the 
Proton Magnetic Resonance Chemical Shifts of 
Hexopyranose Pentaacetates$g 

7 Chemical shift*-- - 
Carbo- r - H - 1 ~ -  7 H - 5 -  

Obsd Calcdc Obsd Calcdc hydrate 

5.76 5.75 
5.93 5.95 
6.00 6.00 
5.74 5.75 
6.00 6.00 
6.34 6.35 
6.09 6.15 
6.36 6.35 
6.02 5.95 
6.25 6.15 

3.9 3.9 
3.9 3.9 
4.2 4.15 
4 .1  4 . 1  
4.3 4.35 
4 .1  4.15 
4 .1  4.15 
4.4 4.35 
4.5 4.4 
4.6 4.6 

11 The spectra are observed in CDC13. The chemical shift is 
in ppm. The empirical rules from ref 38 were used to calculate 
a value for the chemical shift. 

proton and the deshielding of an axial proton by a syn- 
axial group3' are the more common sources of excep- 
tions to the rule, but the nature and orientation of neigh- 
boring groups also can have an important influence. 

By considering the dependence of ring proton shifts 
upon the orientation of a given proton with respect to the 
ring and upon the orientation of other electronegative 
substituents attached to the ring, Lemieux and Stevens38 
established simple empirical rules to correlate the chemi- 
cal shifts of the ring protons in acetylated glycopyranos- 
es. Using the chemical shifts of the ring protons of p-D- 
glucopyranose pentaacetate and 0-D-xylopyranose tetraa- 
cetate in CDC13 as the references for the acetylated 
hexo- and pentopyranoses, the effects on changing the 
sugar configuration could be expressed to a good approx- 
imation as follows. 

(1) I f  the proton under consideration has remained 
axial, (a) add 0.20 ppm for an axial acetoxy group at a 
neighboring position (i.e., the shielding of the axial proton 
by a neighboring equatorial acetoxy group is greater than 
by a neighboring axial acetoxy group); (b) add 0.25 ppm 
for an opposition of the proton by an axial acetoxy group 
( i .e . ,  the syn-axial acetoxy group has a deshielding effect 
on the axial proton). 

(2) I f  the proton under consideration has achieved the 
equatorial orientation, (a) add 0.60 ppm because of the 
change from the environment of an axial hydrogen to that 
of an equatorial hydrogen; (b) subtract 0.20 ppm for an 
axial acetoxy group at a neighboring position (i.e., the 
effect is opposite to that noted above for the axial pro- 
ton); (c)  subtract 0.20 ppm for an axial acetoxy group at 
the next to neighboring position (an apparent long-range 
effect). 

The agreement found for the H1 and H5 protons in a 
series of hexopyranose acetates is seen in Table V I  I I ,  

The above studies were extended to free sugars in 
aqueous solutions, and empirical rules for calculating 
proton chemical shifts in pyranoses were also present- 
ed.39 The chemical shifts of the ring protons of P-D-xY~o- 
pyranose and P-D-glucopyranose in D20 served as the 
reference compounds. These are as follows. 

(1) If the proton under consideration is in an equatorial 
orientation, add 0.60 ppm. 

(2) I f  the proton under consideration is in an axial ori- 
entation, (a) add 0.30 ppm for each neighboring axial hy- 
droxyl group; (b) add 0.35 ppm for each axial hydroxyl 
group which is in opposition to the axial proton. 

The procedure provides the following results for com- 
pounds in the conformations shown in Table IX.39 Similar 
agreement was obtained when the empirical rules were 



684 Chemical Reviews, 1973, Vol. 73, No. 6 G. Kotowycz and R. U. Lemieux 

TABLE IX. Pmr Chemical Shiftsu for Pentopyranoses in D2039 

Hi Hz H3 H4 HS* H s ~  

"-OH 
HO 

Reference 
ii-xylo 

H o q  HO 

OH 
n-xyio 

HO -0. 

HO 
n-arabmo 

H0*OH 

OH 

4.65 3.26 3.49 3.58 3.36 4.00 

Obsd 5.26 3.63 
Calcdb 5.25 3.56 

Obsd 4.94 4.04 
Calcdb 4.95 3.86 

Obsd 4.60 3.58 3.75 4.04 
Calcdb 4.65 3.61 3.79 4.18 

Obsd 4.99 3.60 4.13 3.79 
Calcdb 5.00 3.56 4.09 3.88 

3.32 
3.36 

4.09 
4.00 

i-ribo 

a In ppm from external tetramethylsilane. The calculated values are obtained using the empirical rules from ref 39. 

TABLE X. Pmr Chemical Shiftsu for Hexopyranoses in D2039 

-- GI ucose-- --M a n no se-- --Alloseb---- --Ga I ac tose-- ---Ta lose--- 
Proton a P a P a B a B a B 

H1 obsd 5.32 4.74 5.25 4.97 . . .  5.00 5.34 4.68 5.37 4.88 
calcd 5.34 ... 5.34 5.04 5.09 5.34 4.74 5.34 5.04 

H 2  obsd 3.60 3.32 4.01 4.03 ... ... 3.87 3.55 . . *  . . .  
calcd 3.62 ... 3.92 3.92 3.97 3.67 

Chemical shifts are in ppm from external tetramethylsilane. b The chemical shift for Ha@ was 4.28 ppm. 

applied to hexopyranoses using the chemical shifts for 
the ring protons of /%D-glucopyranose as reference 
(Table X) .  

These studies can be of considerable use in the estab- 
lishment of points of configuration especially at the 
anomerk center. For example, it follows that, for an 
anomeric pair of aldopyranoses, (a) if the anomeric pro- 
tons are shifted by about 0.60 ppm then the substituents 
at C2 and C3 are both in equatorial orientation; (b) i f  the 
chemical shift is only about 0.2-0.3 ppm, then one of the 
substituents on either C2 or C3 is axial ( i f  one form 
shows H l  to be strongly (about 8 Hz) coupled to H2, 
then H3 is axial); (c)  if there is little chemical shift, then 
both the substituents on C2 and C3 may be in axial orien- 
tation; (d) in the case of anomers with H3 and/or H5 in 
axial orientation, the form which has the axial proton(s) 
to lower field is the form that has the substituent at C1 in 
axial orientation (this rule is of particular value for acetyl- 
ated structures since, for these, the signal for H5 is nor- 
mally readily observed). 

Stevens and Fletcher have reported chemical shifts for 
protons in a large number of derivatives of pentofuranos- 
es.230 

Paulsen and coworkers231 have studied carbohydrate 
carbonium ions. For example, the nmr spectrum of tri-0- 
acetyl-a-D-idopyranose-4,6-acetoxonium hexachloranti- 
monate (58) in nitromethane at -25" showed the methyl 

(230) J. D. Stevens and H. G .  Fletcher, Jr., J. Org. Chem., 33, 1799 
(1968). 
(231) H. Paulsen, W. P. Trautwein, F. G. Espinosa, and K. Heyns, 
Chem. Ber., 100,2822 (1967). 

signal of the acetoxonium group to be chemically shifted 
0.76 ppm downfield from the 0-acetyl signals. Similar 
chemical shifts for the methyl signals of 2-methyl-1,3- 
dioxolenium tetrafluoroborate (2.67 ppm) and 2-methyl- 
cis-4,5-tetramethylene-l,3-dioxolenium tetrafluoroborate 
(2.72 ppm) had been observed by Winstein and cowork- 
ers ,232 

Y O  Ac 

OAc SbC16- 

58 

ii. Solvent Effects. The solvent effect on the chemical 
shift is, by definition, the change in the resonance posi- 
tion of some given proton of the solute between solvents 
A and B (at infinite dilution) measured from some com- 
mon reference.233 Solvent effects arise as a conse- 
quence of intermolecular forces and interactions. Their 
importance to nmr measurements arises from the rela- 
tively high concentrations of solute that are necessary, 
compared with other spectroscopic methods, to observe 
a signal. The deliberate use of solvent shifts may help in 

(232) C. B. Anderson, E. C .  Friedrich, and S. Winstein, Tetrahedron 
Lett., 2037 (1963). 
(233) P. Laszlo, Progr. Nucl. Magn. Resonance Specfrosc.. 3, 231 
(1967). 
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ACO 220 M H z  H5 H” 

r 3.72 4.09 4.23 4.09 5.44 5.72 

I I I I I 

4.5 10 55 &O &5 r 
Figure 9. (a) The partial 220-MHz proton magnetic resonance 
spectrum of 1 -thio-a-L-arabinopyranose tetraacetate in CDC13 to 
be compared with (b), the partial 100-MHz spectrum of l-thio- 
a-D-arabinopyranose tetraacetate in C&, (CD~)ZCO, and 

the determination of molecular conformations and struc- 
tures by simplification of spectra due to the characteris- 
tics of particular solvents.234 A voluminous literature ex- 
ists on solvent effects in nmr and has been reviewed by 
several authors . ,2 

Most carbohydrate derivatives are studied in CDC13 
with TMS as internal standard. To study particular solvent 
effects, spectra are observed in polar solvents such as 
(CD3)2CO, D20, CDsCN, (CD3)2SO, or aromatic solvents 
like C6D6 and C5D5N. In a given solvent, resonances cor- 
responding to two or more different nuclei in the same 
molecule may have nearly identical chemical shifts, but a 
change in the solvent will often separate these reso- 
nances and thus simplify the spectrum.38 Solutes with 
exchangeable protons normally arising from OH or NH 
groups may provide anomalous chemical shifts for these 
protons because of rapid exchange with trace impurities 
(usually water) so that an averaged chemical shift is ob- 
served. If it is desired to examine the chemical shifts and 
fine structure of the signals for exchangeable protons, 
the use of a strong hydrogen-bonding solvent such as 
(CD3)2SO will reduce the rate of proton exchange. Thus, 
coupling constants and chemical shifts for the protons in 
groups such as H-C-N-H and H-C-0-H can be readily 
measured.150~168-175,236-239 In the case of amines, the 
use of a strong acid such as trifluoroacetic acid can de- 
crease the rate of exchange so that the fine structure of 
the protons attached to nitrogen is readily 0 b ~ e r v e d . l ~ ~  
On the other hand, the addition of a solvent with ex- 
changeable deuterium such as D20 or CD30D leads to 
exchange of the proton by a deuteron and simplifies the 
spectrum since the active hydrogen signal will no longer 
appear and 3J(D,H) couplings are very weak.240 

(234) A. D .  Buckingham. T.  Schaefer, and W. G. Schneider, J. Chem. 
Phys., 32, 1227 (1960). 
(235) J. Ronayne and D. H. Williams, Annu. Rev. NMR (Nucl .  Magn. 
Resonance) Spectrosc.. 2,83 (1969). 
(236) J. T. Marvel, S. K. Sen, J. W. Berry, and A. J. Deutschman, Jr., 
Carbohyd. Res., 8, 148 (1968). 
(237) M. Anteunis, J. Van Beeuman, A .  De Bruyn, and J. De Ley, Bull. 
SOC. Chim. Beiges, 78, 651 (1969). 
(238) R.  D. Gilbert, C. G. Moreland, and R. Kammereck, Text. Res. J . .  
40, 193 (1970). 
(239) K. K .  Ghosh and R. D.  Gilbert, Text. Res. J.. 41, 326 (1971). 

CDC13.24’ 

H5 Hs 

r 3.04 4.12 4.26 4.97 5.40 5.54 

Figure 10. The 100-MHz proton magnetic resonance spectra of 
methyl 5-0-benzoyl-2,3-dideoxy-a-~g/ycero-pent-2-enofuranos- 
ide and its anomer.’89 

Aromatic solvents induce a solvent shift on solute pro- 
t o n ~ ~ ~ ~ , ~ ~ ~  owing to the magnetic anisotropy of the aro- 
matic ring. This implies large upfield shifts for protons sit- 
uated above the aromatic plane (shielding) and large 
downfield shifts (deshielding) for protons in the plane of 
the aromatic ring.234 Aromatic solvents may consequent- 
ly be useful to better approximate first-order spectra. 

Holland and coworkers reported a study of the pmr 
spectra of a series of acetylated l - t h i ~ a l d o p y r a n o s e s . ~ ~ ~  
The use of a solvent effect to simplify spectra is well 
demonstrated by the results reported in Figure 9. It is 
seen that the spectrum for 1 -thio-a-D-arabinopyranose 
tetraacetate in ( C D S ) ~ C O  at 100 MHz is highly unreveal- 
ing as compared to those in CDC13 and C6D6. Although 
the change in applied field from 100 to 220 MHz brought 
about further resolution, the best resolution was achieved 
at 100 MHz using C6D6 as solvent.241 Lemieux, Watan- 
abe, and Pavialag could distinguish methyl 5-0-benzoyl- 
2,3-dideoxy-a-~-g/ycero-pent-2-enofuranoside from its p 
anomer only by using solvent techniques. For the a 
anomer, of seven solvents used only (CD3)2S0 brought 
about a complete separation of the signals for H1 and 
H3. The specific solvent effect on the nmr spectrum is 
seen in Figure 10. I t  is noteworthy here that the desired 
resolution resulted from a nonaromatic solvent which 
may have been expected to have an effect similar to that 
of chloroform. 

It was early noted18 that axial acetoxy groups tend in 
general to produce their methyl resonance to lower field 
than equatorial acetoxy groups with chloroform as sol- 
vent. This tendency can be assigned, as a first approxi- 
mation, to the preferred orientation of acetoxy groups*42 
and, as a consequence, the methyl group of an equatori- 
al acetoxy group is shielded as a result of the diamagnet- 
ic anisotropy of the carbonyl group of a neighboring ace- 
toxy group; compare, for example, partial structures 59 

(240) Reference 5, p 132. 
(241) C. V .  Holland, D. Horton, M. J. Miller, and N. S. Bhacca, J. Org. 
Chem., 32, 3077 (1967). 
(242) J. S. Martin. J. Hayami, and R. U. Lemieux, Can. J. Chem., 46, 
3263 (1968). 
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rOAci 

NHAc 

L in CDC I3 

I 

6 7 0 9 x) 

= (PPm) 

Figure 11. The 60-MHz proton magnetic resonance spectra of 
methyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-t-~glucopyra- 
noside in CDC13 solution. The normal spectrum is shown in the 
middle, the upper spectrum is observed with Pr(DPM)3, where- 
as the lower spectrum is observed with E U ( D P M ) ~ . ~ ~ ~  

and 60. However, as pointed out by Lemieux and Ste- 
v e n ~ , ~ ~  there is no regularity to the chemical shift in- 
volved and, indeed, exceptions to the rule exist with chlo- 
roform as solvent and the shifts are strongly solvent de- 
pendent. For example, the chemical shifts of axial ace- 
toxy groups were not readily distinguishable from those of 
equatorial acetoxy groups when pyridine was the sol- 
~ e n t . 3 ~  

59 

\ 
CH3 

60 

The aromatic solvent-induced shifts of a variety of 
acetylated monosaccharides have also been stud- 

(243) R.  F. Butterworth, M. H. Freemantle, and W. G. Overend, Chem. 
Ind. (London), 1485 (1968). 
(244) M. H .  Freemantle and W. G. Overend, Chem. Commun.. 503 
(1968). 
(245) M. H. Freemantle and W. G. Overend, J. Chem. SOC. 6 ,  547 
(1969). 
(246) M. H .  Freemantle and W. G. Overend, J. Chem. SOC. B, 551 
(1969). 

ied.z43-z4! Freemantle and O ~ e r e n d ~ ~ ~  showed that the 
proton shift of the acetoxy methyl resonance occurs to 
higher field in C6D6 (0.3-0.45 ppm) than in CDCI3. The 
absolute values of the solvent-induced shifts cannot be 
rationalized quantitatively and, therefore, the use of 
chemical shifts for acetoxy groups to determine points of 
configuration and conformation can only serve as a 
guide. 38 

Perlin,171a Casu and coworkers,170 and Marvel and co- 
w o r k e r ~ ~ ~ ~  have studied the hydroxyl proton resonances 
of sugars in dimethyl sulfoxide. The anomeric hydroxyl of 
glucose and related sugars gives a proton resonance at 
the lowest field, its chemical shift and splitting being 
characteristic of the configuration of the anomeric link- 
age [T 3.70-4.05 ppm, 3J = 4.0-4.5 Hz for a anomers 
(OH axial) and T 3.40-3.68 ppm, 3J = 6.0-7.0 Hz for p 
anomers (OH e q ~ a t o r i a l ) ] . ’ ~ ~  Nonanomeric hydroxyls of 
glucose and most sugars related to glucose give nmr 
peaks in the range 7 5-6, taken as characteristic of hy- 
droxyl groups free to associate with dimethyl sulfoxide by 
hydrogen bonding.’ 70 Dimethyl sulfoxide was also used in 
the studies of seven o ~ o t r i a z o l e s , ~ ~ ~  and the chemical 
shifts and coupling constants were interpreted in terms of 
preferred conformations of the molecules. 

iii. Shift Reagents. Improvements in resolution have 
been obtained by the use of nmr shift reagents, namely 
europiumz48-z51 and praseodymiumz52 chelates of dipiva- 
loylmethane (Eu(DPM)3 and Pr(DPM)3). These have pro- 
duced remarkable shifts and simplification of the pmr 
spectra of  carbohydrate^^^^-^^^ when the structural re- 
quirement for complexing is present, normally an hydrox- 
yl or carbonyl group, and the material is soluble in an ap- 
propriate aprotic Butterworth, et a/. ,z53 
measured the pmr spectrum of methyl 2-acetamido- 
3,4,6-tri-0-acetyl-2-deoxy-a-~-glucopyranoside in CDC13 
at 60 MHz, shown in Figure 11. Comparison with the 
spectra of the same solution after the addition of 
Eu(DPM)3 (61) and Pr(DPM)3 (62) demonstrates the 

(CH,),-C-CH-C-C-(CH,), 1 I1 ( A- 0 

M 
61, M = Eu3+ 
62, M = Pr3+ 

utility of nmr shift reagents for spectral simplification and 
definitive peak assignments. It can be seen from Figure 
11 that characteristic downfield and upfield shifts of the 
N-acetyl methyl signal can serve as a diagnostic tool for 
the assignment of N-acetyl signals in the presence of ac- 
etoxy signals by utilizing shift reagents. N-Acetyl reso- 
nances may also be differentiated from 0-acetyl signals 
by inspection of the spectrum as they show relative line 
(247) K. D. Carlson, C. R. Smith, Jr., and I .  A .  Wolff, Carbohyd. Res.. 
13,403 (1970). 
(248) C. C. Hinkley. J. Amer. Chem. SOC.. 91, 5160 (1969) 
(249) J. K. M. Sanders and D. H. Williams, Chem. Commun., 422 
(1970). 
(250) P. V. Demarco, T. K. Elzey, R. E. Lewis, and E. Wenkert. J. 
Amer. Chem. SOC., 92, 5734 (1970). 
(251) P. V .  Demarco, T.  K. Elzey, R. B. Lewis, and E. Wenkert, J. 
Amer. Chem. SOC., 92, 5737 (1970). 
(252) J. Briggs, G. H. Frost, F. A. Hart, G. P. Moss, and M. L. Stani- 
forth, Chem. Commun.. 749 (1970). 
(253) R. F. Butterworth, A. G. Pernet, and S. Hanessian, Can. J. Chem.. 
49,981 (1971). 
(254) I. Armitage and L. D.  Hail, Chem. Ind. (London), 1537 (1970). 
(255) P. Girard, H .  Kagan, and S. David, Bull. SOC. Chim. Fr.. 4515 
(1970). 
(256) J. K. M. Sanders and D. H. Williams, J. Amer. Chem. SOC., 93, 
641 (1971). 
(257) W. D. Horrocks, Jr., and J. P. Sipe, I I i ,  J. Amer. Chem. SOC.. 93, 
6800 (1971). 
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broadening arising from the presence of the nitrogen 
quadrupole moment provided that these resonances do 
not overlap. 

iv. lntermolecular Interactions. Intermolecular interac- 
tions as well as conformational and solvent effects influ- 
ence the chemical shift. Tetra-0-acetyl-P-D-glucopyrano- 
syl halides and phenoxides in acetonitrile solutions show 
a specific deshielding of H1, H3, and H5 on addition of 
tetraethylammonium halides due to the formation of 
anion-molecule complexes.242 The spectra of the nitro- 
phenoxide derivative on addition of tetraethylammonium 
chloride are shown in Figure 12. On a simple electrostat- 
ic model the complexes may be regarded as involving the 
anion in an interaction with the molecule as a whole and 
not with any atom or functional g r o ~ p . 2 ~ '  

Complexing of sugars with diamagnetic ions was stud- 
ied by Angyal and D a v i e ~ . * ~ ~  Addition of CaC12 to a solu- 
tion of epi-inositol in D20 causes a large downfield shift 
(0.32 ppm in 2M CaC12) of the H3 proton, whereas the 
other protons shift to a lesser .extent. A possible complex 
is shown in 63 in which an axial-equatorial-axial se- 

63 

quence of three oxygen atoms in a six-membered ring is 
favored for complex formation.258 These studies have 
now been extended to include a variety of carbohydrates 
and salts.259 

b. 13C Magnetic Resonance 
The potential of 13C studies in conformational analysis 

is now well recognized since the 13C chemical shift is 
very sensitive to the conformational 
Hence 13C magnetic resonance studies have now been ex- 
tensively applied to the study of 
 nucleotide^,^^^.^^^ and n u c l e o s i d e ~ . ~ ~ ~ - ~ ~ ~  

(258) S. J. Angyal and K. P. Davies, Chem. Commun., 500 (1971). 
(259) S. J. Angyal, Advan. Chem. Ser.. No. 117 (1972). 
(260) G. W. Buchanan, D. A. Ross, and J. B. Stothers, J. Amer. Chem. 
Soc., 88, 4301 (1966). 
(261) D. K. Dalling and D. M. Grant, J. Amer. Chem. Soc.,  89, 6612 
(1967). 
(262) D. E. Dorman, S. J. Angyal, and J. D. Roberts, R o c .  Nat. Acad. 
SCi. U. S.,  63, 612 (1969). 
(263) D. E. Dorman, S. J.  Angyal, and J. D. Roberts, J. Amer. Chem. 
Soc., 92, 1351 (1970). 
(264) D. E. Dorman and J. D. Roberts, J. Amer. Chem. Soc., 92, 1355 
(1970). 
(265) L. D. Hall and L. F. Johnson, Chem. Commun., 509 (1969). 
(266) A. S. Periin, B. Casu, and H. J. Koch, Can. J. Chem.. 48, 2596 
(1970), 
(267) H. J. Koch and A. S. Perlin, Carbohyd. Res., 15 ,403  (1970). 
(268) N. Neuss, K. F. Koch, B. B. Molloy, W.  Day, L. L. Huckstep, D. 
E. Dorman, and J. D. Roberts, Helv. Chim. Acta, 53, 2314 (1970). 
(269) N. Yamaoka, T. Usui, K. Matsuda, K. Tuzimura, H. Sugiyama, and 
S. Seto, Tetrahedron Letf., 2047 (1971). 
(270) A. Allerhand and D. Doddrell, J. Amer. Chem. Soc.. 93, 2777 
(1971). 
(271) D. Doddrell and A. Alierhand, J. Amer. Chem. Soc.,  93, 2779 
(1971). 
(272) R. Burton, L. D. Hall, and P. R. Steiner, Can. J. Chem., 49, 588 
(1971). 
(273) D. E. Dorman and J.  D. Roberts, Proc. Nat. Acad. Sci. U .  S., 65, 
19 (1970). 
(274) H. H. Mantsch and I .  C. P. Smith, Biochem. Biophys. Res. Com- 
mun., 46, 808 (1972) 
(275) A. J. Jones, M. W. Winkley, D. M. Grant, and R. K. Robins, Proc. 
Nat. Acad. Sci. U. S.,  65, 27 (1970). 
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Figure 12. The effect of adding tetraethylammonium chloride on 
the 1 00-MHz spectrum of tetra-0-acetyl-P-D-glucopyranosyl p- 
nitrophenoxide in acetonitrile.242 

Roberts and coworkers278 have interpreted substituent 
effects of hydroxyl groups in alkyl-substituted cyclohexa- 
nols as a combination of steric and electronic effects. 
1,3-Diaxial interactions were also found to have a signifi- 
cant effect on the 13C chemical shifts. These measure- 
ments were extended to the inositols in an attempt to iso- 
late and measure the steric effect apart from the induc- 
tive effects arising from the hydroxyl groups.262 ,263 This 
is possible because the substituent at each carbon is the 
same. An empirical series of substituent parameters were 
derived for the unsubstituted inositols by assuming that 
the 13C chemical shift differences are associated with 
changes in the steric perturbation accompanying the 
epimerization of any center in the molecule. The chemi- 
cal shift of the carbon to which the hydroxyl group is di- 
rectly attached (the a carbon) is chosen as the refer- 
ence. A change in its chemical shift is then correlated 
with changes of the hydroxyl groups on the /3, 7, and 6 
carbons from the equatorial to an axial configuration. As 
the hydroxyl group on the a carbon can adopt either an 
axial (a) or equatorial (e) conformation, the 13C chemical 
shifts in two molecules were chosen as a reference. The 
single 13C resonance in scy//o-inositol, which has all OH 
groups equatorial, served as one such reference and, for 
molecules with an axial hydroxy group, the C2 resonance 
of myo-inositol, which has five equatorial and one axial 
hydroxyls, was chosen. It was found that for the carbon 
with an a-equatorial hydroxyl, the change of orientation 
of one of the @-hydroxyl groups from equatorial to axial 
produced a shielding of about 1.7 ppm. The change in 
orientation from equatorial to axial of both @-hydroxyls 
caused a shielding of about 3.6 ppm. Thus, the effect ap- 
peared near additive. A change of one of the y-hydroxyl 
groups from equatorial to axial orientation caused a 
shielding of about 2.8 ppm and, when both y-hydroxyl 
groups were thus changed, the shift was nearly doubled, 
6.8 ppm, and, therefore, again the effect seemed cumu- 
lative. The effect of changing the orientation of the 6-hy- 
droxyl was very small and near the experimental error as 
would be expected from attenuation of the steric effects 
that would accompany increasing distance between the 

(276) A. J. Jones, D. M. Grant, M. W. Winkiey, and R. K. Robins, J. 
Phys. Chem.. 74, 2684 (1970). 
(277) A. J. Jones, D. M. Grant, M. W. Winkley, and R. K. Robins, J .  
Amer. Chem. SOC., 92, 4079 (1970). 
(278) J. D. Roberts, F. J. Weigert, J. I .  Kroschwitz, and H. J. Reich, J. 
Amer. Chem. Soc., 92, 1338 (1970) 
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interacting groups. The effect on the chemical shift of the 
reference carbon (with a-hydroxyl equatorial) of chang- 
ing the orientation of both the p -  and y-hydroxyls from 
equatorial to axial orientation was thus expected to be 
about 1.7 4- 2.8 = 4.5 ppm, but the observed shift to 
higher field was only 3.2 ppm. The similar effects on the 
chemical shift of a carbon with an a-hydroxyl in axial ori- 
entation indicated a slight shielding effect (0.6 ppm) for 
the change at the p position but a deshielding effect of 
about 2.3 ppm for the change at the y position. The fact 
that both of the y effects are largest was considered to 
reflect the importance of syn-axial interactions. 

13C nmr techniques were applied to some pentose and 
hexose a l d o p y r a n o s e ~ , ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~  and chemical shift 
values are t a b ~ l a t e d . ~ ~ ~ , ~ ~ ~  The sugars were studied 
mainly as equilibrium mixtures of mutarotational isomers. 
As would be expected, the resonances of the anomeric 
carbons are always to lower field than those of the re- 
maining pyranose carbons. Also, the resonances corre- 
sponding to th.e C6-carbon on the unsubstituted hexoses 
occur to highest field. These resonances for an anomeric 
pair are always at least partially superimposed, agreeing 
with the observation that steric or proximity effects great- 
ly diminish with distance.264 Assignments were made 
based on spectra of D-glucose enriched with 13C (D-glu- 
c o ~ e - ’ ~ C ) , ’ ~ ~  from the 13C nmr spectrum of D-glucose- 
3-d and D-g luco~e-5 ,6 ,6 ’ -d3~~~  and from measurements 
on other derivatives and structurally related com- 
pounds.z66 Dorman and Roberts264 assigned many reso- 
nances by correlating observed chemical shift differences 
with changes in the chemical shift that would be expect- 
ed from configurational and conformational effects. Com- 
parison of the proton decoupling frequencies with the 
pmr spectra of these compounds served to corroborate 
these assignments . 

Perlin, Casu, and Koch examined the 13C chemical 
shifts of a number of aldoses and their methyl glycopyra- 
nosides.266 The spectra of the anomeric methyl D-glyco- 
pyranosides were found to be close counterparts of those 
of the parent sugar except, of course, for the C1 signals. 
The anomeric carbons are deshielded.by about 7 ppm. It 
was pointed out that the electron density at a given car- 
bon nucleus is a major factor in determining the chemi- 
cal shifts of 13C nuclei, and, therefore, the chemical 
shifts were compared with electron densities estimated 
by molecular orbital calculations. Generally good corre- 
spondence was achieved. The chemical shifts could be 
related to changes in nonbonded interactions with 
changes in configuration. Thus, the overall shielding 
states of the 13C nuclei of the different isomeric com- 
pounds appeared to reflect variations in the magnitude of 
repulsive interactions in the molecules. It was pointed out 
that the polarizing effects leading to deshielding of pro- 
tons (as reflected by the empirical rules presented by 
Lemieux and Stevens39) leads to shielding of the 13C nu- 
clei. The effect of changes in relative orientation of vici- 
nal bonds and their diamagnetic anisotropies must also 
have an effect as is considered to be the case for hydro- 
gen atoms279 since these are complementary to the po- 
larization effects. 

Perhaps the most convenient manner to present the 
data which have accumulated on the 13C spectra of car- 
bohydrates is by way of approximate empirical rules. Al- 
though the application of the rules provides neither ap- 
preciable theoretical insight nor high precision, the trends 
are delineated with few exceptions and could be useful 
for provisional assignments. 

(279) J. A.  Pople. Proc. Roy. SOC., Ser. A, 239, 550 (1957) 

TABLE XI. Application of the Empirical Rules for 
the Nmr Spectra of Inositolsa 

Inositol 1 

rcyllo- 118.8 

myo- Obsd 120.1 
Calcdb 119.8 

chiro- Obsd 120.9 
Calcd 121.0 

epi- Obsd 120.8 
Calcd 120.0 

(ref) 

2 

118.8 

120.3 
120.0 
122.0 
122.0 
118.0 
118.1 

Carbon atom 
3 4 

118.8 118.8 

120.1 121.4 
119.8 120.8 
119.7 119.7 
120.8 120.8 
122.4 118.0 
121.2 118.1 

5 

118.8 

118.2 
118.2 
122.0 
122.0 
120.8 
120.0 

__ 
6 

118.8 
- 

121.4 
120.8 
120.9 
121.0 
125.7 
122.8 

aThe observed chemical shifts are from ref 263 and are in 
ppm to high field of CS?. ”he chemical shifts a r e  calculated 
using the empirical rules presented in the text. 

Empirical rules for the 13C spectra of inositols263 are: 
(a) use the chemical shift of the 13C atoms of the all- 
equatorial scyllo-inositol as reference (addition corre- 
sponds to shielding): (b) if the hydroxyl is axial, add 1.0 
ppm (the bonded hydrogen is deshielded by 0.6 p p d 9 ) ;  
(c) if an hydroxyl group on a geminal carbon is axial, add 
1.2 ppm (the bonded hydrogen is deshielded by 0.3 
~ p m ~ ~ ) :  (d) if the attached hydroxyl is equatorial and an 
hydroxyl group is axial at the next to geminal position, 
add 2.0 ppm (the bonded hydrogen is deshielded by 0.35 
~ p m ~ ~ ) ;  (e) if the attached hydroxyl is axial and an hy- 
droxyl group is axial at the next to geminal position, sub- 
tract 1.7 ppm (the effect on the bonded equatorial hydro- 
gen was not obtained39). 

Using the above rules, the 13C nmr spectra for the ino- 
sitols listed in Table XI are accounted for as shown. 

Substantial discrepancy only occurs for C6 of epi-inosi- 
tol, but the rules correctly order the chemical shifts. It 
must be kept in mind that conformational purity is as- 
sumed but this must be only approximately so. 

Similar empirical rules can be drawn up for sugars and 
their methyl glycopyranosides. The above-presented 
empirical rules for inositols provide a 1 .O-ppm shift for the 
change from equatorial to axial orientation of the hydroxyl 
group bonded to the 13C atom. In the case of sugars and 
their glycopyranosides, this rule does not apply at the 
anomeric center; for example, C1 of P-glucopyranose is 
shifted from C1 of the a anomer by 3.9 ppm. This is not 
surprising since the anomeric e f f e ~ t ~ ~ . ~ ~ ~ . ~ ~ ~ , ~ ~ ~  requires 
a substantial change in bonding phenomena for a substit- 
uent at the anomeric center.282a The marked deshielding 
of C3 has been commented onz66 and appears related to 
the presence of the ring oxygen across the pyranose ring. 
The addition of about 2.0 ppm to the chemical shift oth- 
erwise calculated for the C3 atoms of pyranoses for the 
presence of at least one axial hydroxyl group in the mole- 
cule produces a result in much better agreement with the 
observed chemical shift. A possible special effect of this 
kind is perhaps not surprising since the changes in con- 
figuration should affect transannular polarization effects. 
Otherwise, the rules are the same except that p-D-glUC0- 
pyranose is the reference compound for hexopyranoses 

(280) J. T. Edward, Chem. Ind. (London), 1102 (1955). 
(281) R.  U. Lemieux and N. J. Chu, Abstracts, 133rd National Meeting 
of the American Chemical Society, San Francisco, Calif.. 1958, No. 31N. 
(282) (a) G. A. Jeffrey, A. Radom. and J. A. Pople, Carbohyd. Res., 25, 
117 (1972); (b) D. E. Dorman and J. D. Roberts, J. Amer. Chem. SOC., 
93, 4463 (1971); (c) W. Voelter, E. Breitmaier, and G. Jung. Angew. 
Chem., Int. Ed. Engl., 10, 935 (1971): (d) R. U. Lemieux and S. Koto, 
Abstracts, 165th National Meeting of the American Chemical Society, 
Dallas, Texas, 1973, No. MEDI-022; (e) A. S. Perlin, N. M. K. Ng Ying 
Kin, S. S. Bhattacharjee, and L. F. Johnson, Can. J. Chem., 50, 2437 
(1972); (f)  H. J. Jennings and I.  C. P. Smith, J. Amer. Chem. SOC., 95, 
606 (1973); (9) W. M. Pasika and L. H. Cragg, Can. J. Chem., 41,.293 
(1963). 
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TABLE XII.  Application of the Empirical Rules for 
the I3C Nmr Spectra of the Pentopyranosesa 

Pento- Carbon atom 
pyranose 1 2 3 4 5 

xylo  

l y x o  
(ref) 

rib0 

orabino 

xylo  

lyxo 

ribod 

orabino 

p Anomers 
95.5 118.0 
95.9 118.4 
98.2 122.1 
98.5 122.7 
96.7 119.0 
98.4 121.1 
98.6 121.4 
97.5 119.2 
95.3 120.1 
95.8 120.6 
95.5 120.0 

01 Anomers 
100.0 120.6 
100.4 119.6 

99.5 119.2 
98.2 122.1 
98.5 122.0 

100.7 120.2 
98.9 123.6 
99.4 123.6 

100.0 126.4 
99.5 121.4 

116.1 
116.7 
119.6 
119.8 
119.3 
121.1 
124.0 
119.1 
119.7 
120.1 
119.3 

119.2 
121.0 
120.1 
121.6 
122.4 
121.3 
122.0 
123.6 
126.4 
121.3 

122.8 
123.3 
125.5 
125.9 
124.8 
123.7 
125.1 
124.0 
123.8 
124.0 
123.8 

123.1 
123.1 
122.8 
124.7 
125.0 
124.8 
124.7 
123.8 
123.8 
123.8 

127.2 
129.5 
128.3 
128.6 
127.2 
129.4 
129.6 
129.2 
126.1 
124.0 
128.4 

131.1 
131.6 
129.2 
129.4 
129.6 
129.2 
129.4 
129.9 
130.2 
130.4 

"The observed chemical shifts are from ref 264 and 266 and 
are in ppm to high field of CS2. The chemical shifts are calcu- 
lated using the empirical rules presented in the text. cThe chem- 
ical shifts wereobtained fora-L-arabinose, Conformational equi- 
librium unknom. eThe chemical shifts were obtained for 
p-L-a ra binose. 

and /3-D-xylose for the pentopyranoses. The agreement 
between the observed 13C chemical shiftsz64,z66 with 
those calculated using the above empirical rules is seen 
in Tables XI I and XI I I .  

The natural abundance 13C nuclear magnetic reso- 
nance spectra of complex carbohydrate structures prom- 
ises to have a revolutionary effect on characterization 
and structure determinationz6zb~c Dorman and Robertszszb 
showed that the 13C nmr spectra of disaccharides (cel- 
lobiose, lactose, maltose, and sucrose) could be an- 
ticipated to a useful approximation from the spectra of the 
model hexoses and their methyl glycosides, taking into 
consideration the effects of the substitutional changes 
on the chemical shifts of the aglyconic carbon atoms. 
The procedures developed promise to find widespread ap- 
plication both for the study of oligosaccharides and poly- 
saccharides. This important advance is well illustrated by 
the spectrum for kanamycin A which is reproduced in Fig- 
ure 13. Thus one could readily see the presence of 18 
carbon atoms (see Table XIV), two of which could have 
been expected to be anomeric (6  96-100 ppm), likely four 
carbons attached to nitrogen (6 40-56 ppm) and one hy- 
drocarbon center (6  28.1 ppm). The remainder of the 
signals have chemical shifts in the regions typical for 
carbohydrate structures,z64~z66 and it could have, for 
example, been immediately suspected that the signal at 
60.7 ppm was from a carbon in a primary hydroxymethyl 
group. Many other such conclusions could have been 
made in the event that the structure was unknown. The as- 
signments made in Table XIV are to an extent based on 
such considerations but also through comparisons made 
with simple model compounds.z6zd The data in Table XIV 
show that 13C nmr spectra are probably the best single 
physical characterization of such complex structures so 

Figure 13. The natural abundance proton-decoupled 13C Fourier 
transform nmr spectrum of Kanamycin A in D20 at pH 3.6.282d 

TABLE XII I .  Application of the Empirical Rules 
for the I3C Nmr Spectra of Hexopyranosesa 

~ ~~ 

Hexo- Carbon atom 
Dvranose 1 2 3 4 5 

p Anomers 
gluco (266) 96.5 118.2 116.6 122.8 116.6 

(ref) (264) 96.7 118.3 116.8 122.9 116.8 
manno (266) 98.2 120.8 118.7 125.2 115.9 

(264) 99.1 121.5 119.4 125.9 116.8 
Calcdb 97.7 119.2 119.8 124.8 116.6 

ollo (266) 99.0 121.2 121.4 125.6 119.0 
(264) 99.1 119.1 121.4 125.7 121.2 
Calcd 98.5 119.4 119.6 123.8 118.6 

(264) 96.0 120.5 119.7 123.8 117.6 
Calcd 96.5 120.2 119.8 123.8 117.6 

golacfo (266) 95.8 120.2 119.5 123.1 117.3 

a Anomers 
100.4 120.9 
100.5 119.7 
100.5 119.4 

97.6 121.0 
98.6 121.8 

101.7 120.4 
100.0 123.5 
100.3 123.3 
100.5 121.4 

119.5 
121.1 
123.7 
121.5 
122.2 
124.7 
123.5 
124.1 
124.7 

122.8 
122.9 
122.8 
124.9 
125.6 
124.8 
123.8 
123.3 
123.8 

121.2 
121.1 
118.6 
119.8 
120.3 
118.6 
122.0 
122.3 
119.8 

The observed chemical shifts are from ref 264 and 266 and 
are in ppm to high field of CS2. The chemical shifts are calcu- 
lated using the empirical rules presented in the text. 

far developed. Indeed, in connection with pmr spectra, it 
can be anticipated that the structure of a new such com- 
pound could be so well delineated as to allow ready de- 
tailed chemical proof of structure. Comparison of the 
spectra for kanamycins A and B obviously shows their 
close structural relationships with the presence of an ad- 
ditional amino group in kanamycin B. The shift of the car- 
bon assigned to C3' would confirm the conclusions 
based on the appearance of five signals in the region 
40-56 ppm and assigned to carbons bonded to amino 
groups. Table XIV lists the major changes in chemical 
shift with change in pH from acid to alkaline conditions 
for both kanamycin A and 6. It is seen that the marked 
shifts occur for carbons geminal to the amino group (6 
carbons). The shifts of the carbons attached to the amino 
group are relatively very small. Thus, the measurement of 
the spectra of such compounds at two different pH's can 
provide much useful information. For example, the shifts 
assigned to C5' would strongly support the presence-of a 



690 Chemical Reviews, 1973, Vol. 73, No. 6 G. Kotowycr and R. U. Lemieux 

+H- I 
P i  

CH2OP 

c=o 
I 

CH2OP 

0 1 2 3 4 
FREQUENCY (cycles per sec) ( 

Figure 14. The 31P nmr spectrum of a solution of dihydroxyace- 
tone monophosphate at pH 6.5.293 

CH2NH2 group (the signal at 41-42 ppm) in these antibi- 
otics. 

13C natural abundance nmr can also be very useful to 
gain information on the structure for carbohydrates as 
complex as polysaccharides. Thus, Perlin and cowork- 

were able to achieve evidence for a biose re- 
peating sequence in heparin, a substance long known for 
its intractability. Another example is the demonstration by 
Jennings and Smith282f that a glucan elaborated by Tre- 
mella mesenterica has the sequence (1+4, 1+4, 
1-+6), as had been earlier determined by chemical 
means. It may also be noted that pmr spectroscopy can 
shed information on polysaccharide structures. 282g 

c. 19F Magnetic Resonance 

The effects of configuration, substitution, and solvent 
on the chemical shift of the anomeric fluorine of hexopy- 
ranosyl fluorides was investigated by Hall, Manville, and 
B h a ~ c a . ' ~  Empirical rules were formulated to account for 
the shifts observed with chloroform-d as solvent. A 
gauche oxygen at C2 causes a shielding of about 11 ppm 
with the substituent on the oxygen being acetyl, benzoyl, 
or methyl. A syn-axial acetoxy group shielded the fluorine 
of an a anomer by about 4 ppm. The effect on the axial 
a-fluorine by inversion at C4 to provide an axial acetoxy 
group was only about 1 ppm but about 4 ppm when the 
fluorine at C1 was in equatorial orientation ( p  anomer). 

The anomeric effect55 ,167 ,280,281 favors the axial orien- 
tation for a polar substituent such as fluorine at the 
anomeric center. As was previously found for tri-0-ace- 
tyl-@-D-ribopyranosyl bromide (64) , 283  the fluorine analog 

Br 

64 

also exists in the 'C4 conformation.205 Recent results by 
Lemieux and PaviazE4 indicate that the nonbonded inter- 
action between syn-axial acetoxy groups is relatively 
weak. It may be noted that, in fact, the syn-axial relation- 

(283) D. Horton and W. N. Turner, J. Org. Chem.. 30, 3387 (1965). 
(284) R. U. Lemieuxand A. A.  Pavia, Can. J. Chem., 47,4441 (1969). 

TABLE XIV. The 1% Nmr Shiftsa of Kanamycins A and B282d 

Kanamycin A 

3.6 pH 9.6 pH A 5.5 pH 10.6 pH A 

Kanamycin B 

c1 50.4 51.0 50.2 50.7 
c 2  28.1 36.1 8 28.9 35.8 6.9 

48.9 49.6 C3 48.3 49.6 
c 4  78.8 87.6 8.8 78.7 86.8 8.1 
c 5  13.4 74.8 74.7 74.7 
C6 84.3 88.4 4 . 1  84.2 88.2 4.0 
C1' 96.1 99.9 96.3 100.5 4.2 
C2' 71.4 72.4 54.2 55.6 
C3' 72.8 13.5 68.9 73.8 4.9 
C4' 71.4 71.7 71.2 71.7 
C5' 69.3 72.9 3.6 69.6 73.0 3.4 
C6' 41.0 42.0 40.7 41.9 
C1" 100.7 100.4 100.8 100.1 
C2" 68.7 72.4 3.6 68.5 72.1 3.6 
C3" 55.7 54.9 55.5 54.5 
C4" 66.2 70.0 3.8 66.1 69.6 3.5 
C5" 72.8 12.9 73.4 72.4 
C6" 60.7 61.1 60.5 60.7 

5 The chemical shifts are in  ppm to low field of TMS. 

ship for an acetoxy group and a small halogen such as 
fluorine may be very weakly repulsive if not attractive. 
This could arise since the ether oxygen of esters is 
known to be electron deficient as the result of resonance 
stabilization. 

Many specifically fluorinated carbohydrates (ref 44, 
206, 209-216, 219-222, 285-290) and nucleosides (ref 
223, 291, 292) have been examined. 

d. 31 P Magnetic Resonance 

As previously mentioned,202 3J(31P,H) coupling con- 
stants may be of value in describing the geometry of the 
structure. However, the measurement of 31 P chemical 
shifts f,or phosphorus-containing compounds can be use- 
ful in checking purity and establishing structure. 

The availability of Fourier transform 31P nmr was used 
by Grayzg3 to examine the relative amounts of tautomers 
in an aqueous solution of D-fructose 1,6-diphosphate. The 
compound was found, as was previously concluded,294 to 
exist predominantly (-90%) in the P-furanose form. The 
proportion of the a-furanose form was about 8% and the 
keto form about 1.7%. The method was also used to ex- 
amine the hydration of dihydroxyacetone monophos- 
phate. It was concluded that the low-field triplet (see Fig- 
ure 14) arose from the hydrated keto form and was pres- 
ent to the extent of 45%. 

Ho and coworkers295 examined the variation of the 31 P 
chemical shifts with pH for several molecules of biologi- 
cal interest. The 31P chemical shifts in compounds with 

(285) L. 0. Hall and J. F. Manville, Can. J. Chem.. 47,361 (1969). 
(286) L. D. Hall and J. F. Manville, Can. J. Chem., 47, 379 (1969). 
(287) B. A. Dmitriev, A. V. Kessenich, A. Y a  Chernyak, A .  D. Naumov, 
and N. K. Kochetkov, Carbohyd. Res., 11, 289 (1969). 
(288) J. C. Campbell, R. A. Dwek, P. W.  Kent, and C. K. Prout, Carbo- 
hyd. Res., 10, 71 (1969). 
(289) R. A. Dwek, P. W. Kent. P. T. Kirby, and A. S. Harrison, Tetrahe- 
dron Lett., 2987 (1970). 
(290) G. Jung, W. Voelter, E. Breltmaler, and E. Bayer, Justus Liebigs 
Ann. Chem., 734, 136 (1970). 
(291) R. J. Cushley, J. F. Codington, and J. J. Fox, Can. J .  Chem., 46, 
1131 (1968). 
(292) G. Kowollik, K. Gaertner, G. Etzold. and P. Langen, Carbohyd. 
Res., 12, 301 (1970). 
(293) G. R. Gray, Biochemistry, 10, 4705 (1971). 
(294) G. R. Gray and R. Barker, Biochemistry, 9, 2454 (1970). 
(295) C. Ho, J. A. Magnuson. J. B. Wilson, N. S. Magnuson, and R. J. 
Kurland, Biochemistry. 8, 2074 (1969). 
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phospho diester and symmetrically substituted pyrophos- 
p hat e I in kag es remained essentially con st ant , whereas 
for phospho monoesters there were relatively large 
changes (about 4 ppm) with change of pH from 3 to 9. 
For glucose 1-phosphate, there was a 3.7-ppm shift to 
low field over the pH range 3.0-8.6. The signal was a 
doublet with spacings of 6.0, 6.5, and 7.0 Hz at pH 3.0, 
5.8, and 8.6, respectively. 

31P nmr measurements were used in the assignment of 
the structures for dimethyl (1,2:5,6-di-O-isopropyIidene- 
a-D-allofuranose) 3-C-phosphonate and its 3-epimer, di- 
methyl (1,2:5,6-di-O-isopropylidene-a-~-glucofuranose) 
3 - C - p h o ~ p h o n a t e ~ ~ ~  and two isomers of inosine 5'- 
t h i o p h o ~ p h a t e . ~ ~ ~  

4.  Relaxation Times 
Measurements of the relaxation times of individual nu- 

clei in a molecule are mainly concerned with the 13C nu- 
clei and are discussed in the section on Fourier trans- 
form nmr. 

C. Special Techniques 
1. Deuteration 

Deuteration techniques have received extensive appli- 
cations in carbohydrate chemistry. The isotopic substitu- 
tion has such a very minor effect on the electronic struc- 
ture of the moleculezg8 that the chemical shifts of the re- 
maining nuclei are practically unaltered. Deuterons have 
a spin of one, and the value of the magnetogyric ratio is 
much smaller than that for protons. Indeed, an H-D 
coupling is smaller than the corresponding H-H coupling 
by a factor of 6.54. The deuterium spectrum, of course, 
does not appear in the region of the proton spectrum. 

Fully deuterated solvents are extensively used and the 
ready availability of heavy water (DzO) is of particular 
importance to carbohydrate chemistry. In order to mini- 
mize the obscuring of the nmr signals arising from the 
nonexchangeable hydrogens of a sugar, it is advanta- 
geous to freeze-dry the carbohydrate one or two times 
from Dz0. I f  the HDO peak still creates difficulties, it 
may be shifted away from the region of interest by 
changing the temperature of the measurement. To re- 
place exchangeable hydrogens from solutions in water- 
immiscible solvents, the practice of adding a drop of Dz0 
is commonly used. 

Feeney and Roberts299 have applied a double reso- 
nance technique for the removal of the H absorption sig- 
nal of HDO. Figure 15 shows the l H  spectrum of isopre- 
naline sulfate. Strong irradiation at 8.2 ppm not only de- 
creases the intensity of the HDO signal but also provides 
the chemical shift for the NH2+ protons. Other labile pro- 
tons in isoprenaline have very broad resonances and 
therefore the collapse of the HDO resonance could also 
be achieved by double irradiation in ,the region 3.5-6.5 
ppm. Almost a total collapse of the HDO absorption was 
observed for irradiation at 4.0 ppm.2gg 

Many applications of specific deuteration have been 
made in carbohydrate chemistry. These include studies 
concerned with the assignment of coupling constants. 
For example, Lemieux and Levine300 found the deutero- 
lysis of methyl 2-deoxy-2-iodo-~-D-glucopyranoside (65) 

(296) L. Evelyn, L. D. Hall, P. R.  Seiner. and D. H. Stokes, Chem. 
Commun., 576 (1969) 
(297) K. Haga, M. Kainosho, and M.  Yoshikawa, Buii. Chem. SOC. Jap.. 
44,460 (1971). 
(298) Reference 1. pp 161-163. 
(299) J. Feeney and G. C. K. Roberts, Chem. Commun.. 205 (1971) 
(300) R. U. LemieuxandS. Levine. Can. J .  Chem , 42, 1473 (1964). 
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Figure 15. The 100-MHz proton magnetic resonance spectrum 
of isoprenaline sulfate in D20.299 

proceeded with near complete retention of configuration. 
The coupling of the anomeric hydrogen with H2 in the 
product (66) was 9.9 Hz and therefore there could be no 

65 
FCH~OD 

66 

doubt about the configuration at C2. Anomerization of 66 
to the a form showed J1,2 = 3.9 Hz, necessarily the 
value for J,e,2a. Thus the coupling constant for J le ,2e  N 

1.4 Hz in the methyl 2-deoxy-a-D-glucopyranoside could 
be assigned.300 Specific deuteration can also be effec- 
tively used to eliminate virtual c o ~ p l i n g . ~ ~ . ~ ~  , 7 2  Thus, for 
example, the signal for H2 in 2-methoxytetrahydropyran 
is strongly affected by virtual coupling with the axial 
H4,01 since the protons at the 4 position are only weakly 
chemically shifted from those at the 3 position. To obtain 
nmr data that would enable the assessment of the cou- 
pling constants of H2 with the geminal hydrogens at the 
3 position, the virtual coupling of H2 with the hydrogens 
at the 4 position was accomplished by replacement of 
the two C4 hydrogens by deuterium. In 4,4',5,5'- 
tetradeuterio-2-methoxytetrahydropyran (67),  sharp sig- 
nals were obtained for the hydrogens at the 2, 3, and 6 
positions.301 The assignment of the distribution of a deu- 
terium atom at c 5  of tetra-O-acetyl-@-D-xylopyranose by 
nmr allowed the determination of the absolute configura- 
tion of optically active 1-deuterioethanol (68) since it was 
possible to degrade the monodeuterated xylose to dextro- 

D 

I I 
D OCH, OH 
67 68 

(301) R U Lemieux, A A Pavia, J C Martin, and K A Watanabe 
Can J Chem 47,4427 (1969) 
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rotatory 68 of about 30% optical Thus it is seen 
that deuteration in conjunction with nmr spectroscopy 
can be useful for determining stereochemical routes of 
reaction as well as points of configuration. 

The use of specific deuteration is well demonstrated by 
the following controversy. Hall, Manville, and B h a ~ c a ~ ~  
proposed that the rotamer for the acetoxymethyl group of 
both tetra-0-acetyl-a-D-gluco- and galactopyranosyl fluo- 
ride which has the acetoxy group antiparallel to C4 is 
particularly unfavored for both configurations at C4. The 
interpretation was reported as being at variance with that 
previously preferred by Lemieux and Stevens38 who in 
fact made no rotamer assignment for related glucose and 
mannose derivatives. Lemieux and Martin303a have more 
recently commented on the problems inherent to the use 
of vicinal proton-proton coupling constants in studies of 
these rotamer populations where there is no basis for 
anticipating the torsion angles involved. Holland, Horton, 
Miller, and B h a ~ c a ~ ~ l  did assign the conformer which 
has C4 and the %6-acetoxy group of I-thio-P-D-glucopy- 
ranose pentaacetate in antiparallel relationship as mak- 
ing a major contribution to the rotamer population. More 
recently,303b Gagnaire, Horton, and Taravel have con- 
firmed this conclusion by measuring J(H5,H6) for methyl 
tetra-O-acetyl-6-deuterio-a-~-glucopyranoside of known 
absolute configuration. 

Deuteration is also useful in the simplification of spec- 
tra. Thus, the preparation of 6,6’-dideuteriopenta-O-ace- 
tyl-P-D-glucopyranose simplified the multiplet correspond- 
ing to the C5 and C6 hydrogens, and the resultant signal 
was a one-proton doublet arising from the H5 prot01-1.~~ 
The anomeric hydrogen of penta-0-acetyl-P-D-glucopyra- 
nose was assigned to the doublet at lowest field by show- 
ing that the signal was absent in the spectrum of the C1- 
deuterated d e r i v a t i ~ e . ~ ~  This approach was extended in 
the assignment of spectra of aldoses in D20 solutions.39 
2,5,5’-Trideuterio-P-~-arabinopyranose, obtained by ex- 
change of 2-0-benzyl-5,5’-dideuterio-D-arabinose in D20 
-NaOD solution followed by hydrpgenolysis, allowed the 
examination of the coupling between H3 and H4. 

Many other experiments have been carried out in 
which deuterium atoms have been attached directly to 
the carbon skeleton.73,267,304-308 The 100-MHz nmr 
spectrum of 1,6-anhydro-2,3-0-isopropylidene-~-D-talopy- 
ranose (69)  was interpreted completely307 by comparison 
of its spectrum with those of the deuterated analogs 
(70-72).  Alterations in the appearance (but not position) 

R 
69, R = R‘ = H 
70, R = D; R ’=H 
71, R=H;  R ’ = D  
72, R = D; R ’=  D 

(302) R. U. Lemieux and J. Howard, Can. J. Chem., 41, 308 (1963). 
(303) (a) R. U. Lemieux and J. C. Martin. Carbohyd. Res., 13, 139 
(1970); (b) D. Gagnaire, D. Horton, and F. R. Taravel, /bid., 27, 363 
(1973). 
(304) W. Mackie and A. S. Perlin, Can. J,  Chem., 43, 2921 (1965). 
(305) D. Horton and J. S. Jewell, Carbohyd. Res., 3, 255 (1966). 
(306) R. F. Butterworth, P. M. Collins, and W. G. Overend, Chem. Com- 
mUn., 378 (1969). 
(307) D. Horton, J. S. Jewell, E. K. Just, and J. D. Wander, Carbohyd. 
Res., 18, 49 (1971). 
(308) E. Radatus, M. Yunker, and E. Fraser-Reid, J. Amer. Chem. SOC., 
93,3086 (1971). 

of various signals of the nmr spectrum of 69 as a func- 
tion of isotopic substitution permitted the complete deter- 
mination of chemical shifts and coupling constants for all 
protons in the molecule. Assignment of ring proton sig- 
nals of compound 69 would have been difficult using nor- 
mal double resonance techniques owing to the small 
chemical shift separation between some of the ring pro- 
tons. 

The observation309 that the axial proton at C2 in methyl 
4,6-0- benzylidene-2-deoxy-cu-~wythrot- hexopyranosid-3- 
ulose (73) resonates at lower field than the equatorial 
C2 proton was confirmed by the preparation of the deu- 
terated derivative 74.306 

73, R = H  
74, R = D  

Fraser-Reid and Radatus310 used deuterium labeling to 
establish the course of the reaction of 75 with lithium alu- 
minum deuteride. That the deuterium was incorporated 
from the face of the molecule from which the methoxy 
departed was indicated by the magnitude of J(H2,H3) = 
6.0 Hz. The P anomer of 75 provided the C3 epimer of 76 
for which J(H2,H3) = 1.7 Hz. 

H‘ H 

75 

D H 

Horton and coworkers31 1-313 have carried out specific 
deuteration experiments of individual acetyl groups in 
carbohydrate derivatives. For example, each of the acetyl 
group signals in the nmr spectrum of 2-acetamido- 
1,3,4,6-tetra-0-acetyI-2-deoxy-a-~-glucopyranose~~ and 
methyl 2,3,4,6-tetra-0-acetyl-a-~-glucopyranoside~~~ was 
identified. 

Assignment of N-acetyl signals in the presence of ace- 
toxy groups in carbohydrates has been resolved only re- 
cently by specific N- and O-deuter i~acety la t ion~~~ ,312 by 
solvent-induced shift  technique^^^^,^^^ and by an appli- 
cation of shift reagents Eu(DPM)3 and Pr(DPM)3.253 

The above deuteration techniques have been ap- 
plied3’ to octa-0-acetylsucrose. Individual acetoxy 

(309) P. J. Beynon, P. M.  Collins, and W. G. Overend, J. Chem. SOC. C. 
272 (1 969). 
(310) B. Fraser-Reid and E. Radatus, J. Amer. Chem. SOC., 92, 6661 
(1970). 
(311) D. Horton, J. E. Hughes, J. S. Jewell, K. D. Philips, and W. N. 
Turner, J. Org. Chem.. 32, 1073 (1967). 
(312) D. Horton, W.  E. Mast, and K. D. Philips. J. Org. Chem., 32, 1471 
(1 967). 
(313) D. Horton and J. H. Lauterbach, J. Org. Chem., 34,86 (1969) 
(314) F. W. Lichtenthaler and H. P. Albrecht, Chem. Ber., 99, 575 
(1966). 
(315) F. W. Lichtenthaler, G. Bambach, and P. Emig, Chem. Ber.. 102, 
994 (1 969), 
(316) T. Suami, T. Otake, S. Ogawa, T. Shoji, and N. Kato, Buli. Chem. 
SOC. Jap., 43, 1219 (1970). 

76 
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group signals in the pmr spectrum of this molecule were 
assigned by direct comparison with the spectra of specif- 
ically deuterated octa-0-acetylsucrose. These measure- 
ments served to confirm the structures of 2,3,6,3',4'- 
penta-0-acetylsucrose (77) and 2,3,4,3',4'-penta-O- 
acetylsucrose (78). The structures of molecules 77317 
and 78318 were assigned previously on the basis of their 
chemical behavior. 

I 
AcO 

77, R=H; R = A c  
78, R = Ac; R' = H 

Pravdic and Keglevic319 found an unusually high-field 
(7 8.42) acetyl group resonance for 2,3,4,6-tetra-O-ace- 
ty~-~-O-(indol-3-ylacetyl)-~-glucopyranose (79). The sig- 
nal disappeared on replacing the 2-0-acetyl group by a 
trideuterio acetyl group. Considering the orientation for 
0-acetyl groups relative to the pyranose ring,242 the con- 
formation of 79 is expected to be that shown. Thus, a 

v 
79 

shielding by the aromatic nucleus is not surprising.320 
Similar effects were noted for related aryl derivatives and 
occur, for example, for compounds such as 1,3,4,6-tetra- 
0-acetyl-2-deoxy-2- (2',4' -dinitroanilino) -a-D-glucopyra- 
nose (80).321 The methyl resonance of the 3-0-acetyl 
group appears at T 8.13. As expected, the methyl reso- 
nance of the anomeric 0-acetyl group is deshielded and 
is at T 7.73. 

0 2 

CH3 
80 

Deuteration techniques have also been used in the 
study of the degree of methylation at each position in 
mixtures of partially methylated methyl glycopyranos- 
ides.322, 323 The chemical shifts corresponding to each of 

(317) R .  U. Lemieux and J. P. Barette, J. Amer. Chem. SOC., 80, 2243 
(1958). 
(318) H. Bredereck, H. Zinner, A. Wagner, G. Faber. W.  Greiner. and 
W. Huber, Chem. Ber.. 91,2824 (1958). 
(319) N.  Pravdic and D. Keglevic, Carbohyd. Res., 12, 193 (1970). 
(320) C. E. Johnson, Jr., and F. A. Bovey. J. Chem. Phys., 29, 1012 
(1958). 
(321) R. U. Lemieux and G. Lee, unpublished data. 
(322) D. Gagnaire and L. Odier, Carbohyd. Res.. 11, 33 (1969). 
(323) E. 8. Rathbone and A. M. Stephen, Tetrahedron Lett.. 1339 
(1970). 

the ten methyl groups of methyl 2,3,4,6-tetra-O-methyl-a- 
and P-Dglucopyranoside were determined by systematic 
selective deuteration of the methyl groups. 322 Spectral as- 
signments for 0-methyl groups in monomethylated D-hex- 
oses have now been recorded.324 

2. Specific Labeling Using 1 5 N  

From a study of the pmr spectrum of 15N-labeled 6- 
acetamido-6-deoxy-l,2:3,5-di-0-isopropylidene-~-D-gluco- 
furanose, C o ~ o n ~ ~ ~  showed the coupling of 15N with the 
proton to be about 1.5 Hz over three bonds and 0.5 Hz 
over two bonds. The coupling of the directly bonded nu- 
clei was much greater, 91.3 Hz. This value was near the 
94 Hz observed by Mester and coworkers326 for 15N-H 
groupings in sugar osazones. In the case of sugar forma- 
zans, the coupling was only 46.5 Hz.327,328 The occur- 
rence of the signal for the N-H proton as a triplet with 
this spacing in the doubly labeled compound 81327 was 
interpreted in terms of a rapid tautomerization. However, 
this result also provides evidence for a strong hydrogen 
bond between the two nitrogens as depicted in structure 
81. A similar structure was observed in the case of FHF- 
by Martin and F u j i ~ a r a ~ ~ ~  with J( 'H,lgF) equal to 120.5 
Hz, about one-fourth of that in the HF molecule, 521 
~ 2 . 3 3 0  

i 
R 
81 

It is considered that the magnitudes of coupling con- 
stants between directly bonded 15N and a proton are de- 
termined mainly by Fermi contact interaction and hence 
proportional to the amount of s character of the nitrogen- 
bond 

3. Nuclear Overhauser Effect 
The nuclear Overhauser effect332 is observed during 

nuclear magnetic double resonance experiments. The ef- 
fect involves saturation of the signal due to a nucleus X 
(A-1x1) while an enhancement of the absorption intensity 
of a second nucleus A is observed. This allows the de- 
tection of nuclear-nuclear relaxation processes. When di- 
pole-dipole interactions are the dominant relaxation 
mechanism, the maximum nuclear Overhauser enhance- 
ment for 13C-{lH\ is 2.98862.63 and has been used to 
great advantage for the enhancement of natural abun- 
dance 13C spectra. I f  A and X are both protons, complete 
saturation of the X proton will result in a 50% enhance- 
ment of the integrated intensity of A.333 Since the relaxa- 
tion has a l / r 6  dependence on the separation between 

(324) E. G. Gros, I .  0. Mastronardi, and A. R .  Frasca, Carbohyd. Res.. 
16,232 (1971). 
(325) B. Coxon, Carbohyd. Res.. 1 1 ,  153 (1969) 
(326) L. Mester, G. Vass, A. Stephen, and J. Parello, Tetrahedron Lett., 
4053 (1968). 
(327) L. Mester, A. Stephen, and J. Parello, Tetrahedron Lett.. 4119 
(1968). 
(328) L. Mester and G. Vass, Tetrahedron Lett., 3847 (1969). 
(329) J. S .  Martin and F. Y .  Fujiwara, Can. J. Chem.. 49, 3071 (1971). 
(330) E. L. Mackor. C. MacLean, and C. W. Hilbers, Red. Trav. Chim. 
Pays-Bas, 87,655 (1968). 
(331) G. Binsch, J. B. Lambert, B. W. Roberts, and J. D. Roberts, J. 
Amer. Chem. Soc., 86, 5564 (1964). 
(332) (a) A. Abragam, "The Principles of Nuclear Magnetism," Oxford 
University Press, London, 1967, Chapter VIII; (b) J. H. Noggle and R. E. 
Schirmer, "The Nuclear Overhauser Effect. Chemical Applications," Aca- 
demic Press, New York. N.  Y., 1971. 
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TABLE XV. Nuclear Overhauser Study of the 
Equilibrium Process 83 e 84l67 

Increase 
Signal Signal i n  area, 

Exot obsd irradiated % 

1 H ?e CH, (4-axial) 2.0 
2 H 2s CH, (4-axial) 8.8 
3 H 5a N-CHs 6.0 

the observed and irradiated nuclei, nuclear Overhauser 
studies have been of considerable stereochemical and 
conformational interest.’ e7 3 ’  84 .333-337 

Schirmer, et  a/.,336 illustrated the quantitative use of the 
nuclear Overhauser effect in conformational studies by 
determining the relative distances between protons H8, 
H1 ‘, and H2‘ in 2’,3’-isopropylidene-3,5’-cycloguanosine 
(82) in solution while Hart and Davis334,335 have studied 
the conformation of purine and pyrimidine derivatives 
about the glycosidic bond. 

0 

CH3 x CH, 

82 

Booth and Lemieux’ have carried out nuclear 
Overhauser experiments in their study of rapidly intercon- 
verting mixtures of conformers. In tetrahydro-3,4,4,6-tet- 
ramethyl-1,3-oxazine (83) ,  the N-CH3 signal (7 7.80 in 
benzene) and the H5a signal (7 8.58) are well shifted, 
and in both conformations (83, 84) the axial methyl 
group at position 4 is in a 1,3-diaxial relationship to the 
axial hydrogen at position 2. Hence the magnitude of the 
enhancement for H2a on irradiation of the axial CH3 at 
position 4 forms a convenient standard on which to base 
any quantitative treatment of the enhancement observed 
for H5a on irradiation of the N-CH3. The results of the 
nuclear Overhauser experiments on the conformational 
equilibrium 83 F? 84 are given in Table XV. 

CH3 I H3C 
I 

83 84 
From Dreiding models the distance between H2a and 

the closest hydrogen of the axial CH3 at position 4 is al- 
most the same as that between Hba and the closest hy- 
drogen of the axial N-CH3, assuming staggered confor- 
mations. Hence it might be expected that the nuclear 
Overhauser enhancement observed in experiments 2 and 

(333) F. A. L. Anet and A. T. R. Bourn, J. Amer. Chem. Soc.. 87, 5250 
(1965). 
(334) P. A. Hart and J. P. Davis, J. Amer. Chem. Soc., 91, 512 (1969) 
(335) P. A. Hart and J .  P. Davis, Biochem. Biophys. Res. Commun., 34, 
733 (1969). 
(336) R. E. Schirmer, J. H. Noggle, J. P. Davis, and P. A. Hart, J. 
Amer. Chem. SOC., 92, 3266 (1970). 
(337) P. A. Hart and J. P. Davis, J. Amer. Chem. Soc.. 93, 753 (1971). 

3 would be the same if the compound possessed confor- 
mation 84 only. Qualitatively the data indicate that the 
contribution made by conformation 84 is appreciable and 
may dominate the equilibrium. The results may indicate 
that the anomeric e f f e ~ t ~ ~ , ~ ~ ~ . ~ ~ ~  has an influence on the 
conformational equilibria. However, since the enhance- 
ment is very sensitive to small differences in molecular 
dimensions, and relaxation of Hsa may occur by protons 
other than those of the N-CH3 group, a quantitative anal- 
ysis of the data was not f e a ~ i b 1 e . l ~ ~  

It is expected on conformational grounds that the 
methyl group of a methoxy attached to a six-membered 
ring will be gauche to the geminal hydrogen, and this is 
supported by the optical rotation of methylated carbohy- 
d r a t e ~ . ~ ~ ~ ~  That the methyl group and vicinal hydrogen 
are strongly compressed in structures, 85 and 86 was 
shown by C ~ x o n ’ ~ ~  who found a 25% enhancement of 
the integrated intensity of the proton resonances on irra- 
diating the methoxyl protons. A calculation of the van der 
Waals interaction energies was made. 

o?Me Me 

85, R = H; R’ = OCH3 
86, R=OCH3; R‘=H 

Internuclear double resonance ( i n d ~ r ) ~ ~ ~  techniques 
have been developed. 338-34? An indor experiment can be 
carried out between nuclei of the same or of different 
species and offers a means of locating hidden reso- 
nances as well as information concerning the structure of 
the energy level diagram and the relative signs of cou- 
pling constants.34i ,342 These results are of great value in 
the assignment of observed lines to theoretical transitions 
in computerized, iterative analyses of spectra.343 A sim- 
ple modification of a Varian HA-I00 spectrometer for 
IH - { ’  and H-/13C}272 indor experiments has been 
described together with several applications of this tech- 
nique in carbohydrate chemistry. 

4. Fourier Transform Nmr Spectroscopy 
In a conventional high-resolution nmr experiment the 

spectra are scanned by sweeping the field (or the fre- 
quency), and the absorption signals are observed in the 
continuous-wave mode in which the rf field is allowed to 
run continuously. In the Fourier transform nmr experi- 
ment a sequence of short, equally spaced, rf pulses are 
applied to the sample.8,2i 9 3 4 5  These pulses simulta- 
neously excite all spins with resonance frequencies with- 
in a certain region. The resultant free induction decay 

(338) E. 8. Baker. J. Chem. Phys., 37,911 (1962). 
(339) R. Kaiser, J. Chem. Phys., 39, 2435 (1963). 
(340) E. 8 .  Baker.J. Chem. Phys., 45, 609 (1966). 
(341) R. Freeman and W.  A. Anderson,J. Chem. Phys., 39,806 (1963). 
(342) V. J. Kowalewski, Progr. Nucl. Magn. Resonance Spectrosc., 5, 1 
(1969). 
(343) B. Coxon, Carbohyd. Res., 18, 427 (1971). 
(344) R. Burton. L. D. Hall, and P. R. Steiner, Can. J .  Chem.. 48, 2679 
(1970). 
(345) R. R. Ernst.Advan. Magn. Resonance, 2, 1 (1966). 
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signals in the time domain are then added coherently by 
a time-averaging computer, and Fourier transformation of 
the signal then gives the ordinary high-resolution spec- 
trum. This is possible since the free induction signal con- 
tains all the information available in the corresponding 
continuous wave spectrum and the two modes of display 
are related by a Fourier t r a n ~ f o r m a t i o n . ~ ~ ~  As the free in- 
duction signals are produced very rapidly, it is possible to 
obtain spectra in a much shorter time than in the contin- 
uous wave mode where one resonance is observed at a 
time and this facility has been used to follow the mutaro- 
tation of sugars.271.282c Consequently the sensitivity is 
much higher. The signal to noise ratio improves by a factor 
of ( F / A )  1 / 2  for spectra obtained in the same given time on 
the same spectrometer. f is the spectral width and the 
line width." This factor holds for spectral widths of about 
1000 Hz and corresponds to a signal to noise enhance- 
ment of at least one order of magnitude. Alternatively, 
the time required to obtain a spectrum with a given sig- 
nal-to-noise ratio is a factor of 100 shorter in a Fourier 
transform experiment than in the conventional one. 

The experimental requirements for Fourier transform 
nmr experiments have been discussed by Ernst and An- 
derson,21 Freeman and c o ~ o r k e r s , ~ ~ ~ , ~ ~ ~  Farrar,349 and 
Horsley, et Technically, several basic requirements 
must be considered and ~ a t i s f i e d . ~ ~ ~ , ~ ~ ~  These include 
pulse generation, detection of the signal and digitization, 
signal accumulation, the Fourier transformation, and then 
the display of the nmr absorption signal. In this mode of 
operation new techniques are applied and certain ques- 
tions arise that never have to be considered in continu- 
ous wave nmr. One of these is folding of spectra. Extra 
lines appear in the final spectrum when experimentally 
the carrier frequency is not set correctly with respect to 
the nuclear precession frequencies. Digitization of the 
data may also introduce folding of spectra when the 
spectral width F is not wide enough to include all the sig- 
nals from the nuclei in the sample under study. Since a 
large number of free induction decays are accumulated, 
high-field-frequency stability is required. A suitable time- 
averaging computer must be available with a capacity 
large enough for sufficient resolution, data storage, and 
Fourier transformation. 

Fourier transform applications now range from H 
measurements of long-range coupling constants of 0.05 
Hz,351 measurements on dilute aqueous solutions with an 
overwhelmingly large H20 to the measurement 
of a natural abundance 13C spectrum of 0.02 M ribonu- 
clease A,353 and natural abundance 15N nmr.354 

The technique has been extended to the measurement 
of partially relaxed Fourier transform spectra of individual 

ment the magnetization is first inverted by means of a 
1 H355,356 and 13C65>27O3271 ,357-361 lines, In this experi- 

(346) I .  J. Loweand R. E. Norberg, Phys. Rev.. 107,46 (1957). 
(347) H. D. W. Hill and R. Freeman, "Introduction to Fourier Transform 
NMR," Varian Associates, Palo Alto, Calif., 1970. 
(348) W. Bremser, H. D. W. Hill, and R. Freeman, Messtechnik, 79, 14 
(1971). 
(349) T. C. Farrar,Ana/. Chem., 42, 109A (1970). 
(350) W. Horsley, H .  Sternlicht, and J. S. Cohen, J Amer. Chem. SOC., 
92,680 (1970) 
(351) R. Freeman and R. C. Jones, J .  Chem. Phys., 52, 465 (1970) 
(352) A. G. Redfield and R. K. Gupta, J. Chem. Phys., 54, 1418 (1971). 
(353) A. Allerhand, D. W. Cochran, and D. Doddrell, Proc. Nat. Acad. 
Sci. U. S., 67, 1093 (1970). 
(354) J. M. Briggs, L. F. Farnell. and E. W. Randall, Chem. Commun., 
680 (1971). 
(355) R. L. Void, J. S. Waugh, M. P. Klein, and D. E. Phelps, J. Chem. 
Phys., 48, 3831 (1968). 
(356) R. Freeman and H. D. W. Hill, J. Chem. Phys.. 51, 3140 (1969). 
(357) R. Freeman and H. D. W. Hill, J. Chem. Phys., 53, 4103 (1970) 
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Figure 16. The proton-decoupled 13C nmr spectra of 0.5 M 
aqueous stachyose obtained at 15.08 MHz using Fourier trans- 
form techniques: (A) normal spectrum, (5) partially relaxed 
Fourier transform spectrum with T = 0.34 sec. The terminal ga- 
lactose resonances identified using the partially relaxed Fourier 
transform technique are identified with the arrows in (A) .270 

180" rf pulse. This inverts the distribution of spin popula- 
tions across the energy-level diagram. After an interval 7 ,  

a 90" pulse induces the free induction signal which is re- 
corded and then Fourier transformed. After thermal equi- 
librium has been established, the measurement is repeat- 
ed with a different value of T .  A series of such measure- 
ments yields a series of spectra which may be grouped 
together to form a three-dimensional diagram. The inten- 
sity of each resonance may then be studied as a function 
of T .  For T much shorter than T1, a negative peak will 
appear. As T increases, the negative peak decreases in 
amplitude, goes through a null, and then becomes posi- 
tive. For values of T much larger than TI, a normal reso- 
nance is observed. Intensities obtained from these spec- 
tra are related to longitudinal relaxation times by the 
equation362 

A = A0 [l - 2 exp( - T / T I ) ]  

where A is the observed intensity in a spectrum with a 
given value of T and A0 is the equilibrium intensity in a 
normal Fourier transform spectrum. 

Partially relaxed Fourier transform spectra are inter- 
esting since they yield information concerning the spin- 
lattice relaxation times of individual nuclei in the mole- 
cule. The measurement of partially relaxed spectra can 
be used to resolve overlapping peaks.65 For two carbons 
with identical chemical shifts but different relaxation 
times, a partially relaxed spectrum may show both a pos- 
itive and a negative peak and hence both resonances 
may be identified. This technique is especially useful as 
an aid in assigning I3C  resonances of complex molecules 
when internal motion contributes to the T1 of some of the 
carbons. 

The nonreducing tetrasaccharide stachyose 87 has 
been studied in the above manner.z7o The normal proton- 
decoupled natural abundance 13C Fourier transform 
spectrum of 0.5 M aqueous stachyose is shown in Figure 
16A. From the proton-decoupled partially relaxed 13C 
Fourier transform spectrum (Figure 16B), the galactose 
resonances could be divided into two sets with apprecia- 
bly different T1 values. The first corresponds to TI 0.5 

(358) A. Allerhand, D. Doddrell, V. Glushko, D. W. Cochran, E. Wenk- 
ert, P. J. Lawson, and F. R. N. Gurd, J. Amer. Chem. Soc., 93, 544 
(1971), 
(359) D. Doddrell and A. Allerhand, J. Amer. Chem. Soc.. 93, 1558 
(1971). 
(360) D. Doddrell and A. Allerhand. Proc. Nat .  Acad. Sci. U. S., 68, 
1083 (1971). 
(361) R. Freeman and H. D. W. Hill, J.  Chem. Phys., 54,3367 (1971). 
(362) A. Abragam, "The Principles of Nuclear Magnetism," Oxford Uni- 
versity Press, Oxford, 1961, p 64. 
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Figure 17. The proton-decoupled 13C Fourier transform nmr 
spectra of 1 M adenosine 5'-monophosphate in H20 obtained at 
15.08 MHz. The normal spectrum is shown at the top, whereas 
the rest are partially relaxed Fourier transform spectra. The 7 
values (seconds) are indicated in the figure.65 

sec, while for the other set T1 < 0.5 sec. Since one 
galactopyranose ring is terminal with possibly a faster in- 
ternal reorientation rate than the other galactose ring, the 
set of resonances corresponding to T1 values of 0.5 sec 
was assigned to the terminal galactose. 

0 b H  
87 

These experiments have been extended to studies of 
sucrose, adenosine 5'-monophosphate (5'-AMP), and 
cholesteryl chloride.65 A series of partially relaxed 13C 
Fourier transform spectra obtained for 5'-AMP are shown 
in Figure 17, and the measured T1 values are given in 
Figure 18.65 The protonated carbons have T1 values of 
less than 1 sec, while the nonprotonated carbons have 
spin-lattice relaxation times greater than 1 sec. From 
measured T1 values of protonated carbons rotational cor- 
relation times are determined.65 

Finally, Patt and S y k e ~ ~ ~ ~  have carried out a series of 
water eliminated Fourier transform nmr experiments 
which should prove very useful in 'H nmr studies of car- 
bohydrates. H Fourier transform nmr experiments in 
D20 solutions have been hampered by a large, residual 
HDO resonance which arises from a variety of problems 
associated with the study of weak resonances in the 
presence of a strong resonance. The experiment is car- 
ried out with a pulse sequence of the form T-a- tn-a/2,  

(363) S. L. Patt and 8. D. Sykes, J. Chem. Phys., 56, 3182 (1972) 
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Figure 18. The 13C T1 values of aqueous 1 M adenosine 5 ' -  
monophosphate at 42' are given in large digits in the top part of 
the figure. The proton-decoupled I3C Fourier transform nmr 
spectrum of this solution is shown at the bottom.65 In a recent 
publication*74 the 2' and 3' ribose resonances have been re- 
assigned from those shown. 

where T is a relatively long initial waiting time and t, is 
the time required for the HDO resonance to attain zero 
net longitudinal magnetization. If there is a large differ- 
ence in T1 values between the l H  resonances of the mol- 
ecule under study and that of HDO, the above pulse se- 
quence will null the HDO resonance while a normal spec- 
trum will be observed for the other resonances.363 

I 11. Conformational Equilibria 
Conformational a n a l y ~ i ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~  of sugars makes 

the assumption that the geometry of the pyranoses can 
be compared with that of cyclohexane while that of the 
furanoses can be compared with that of cyclopen- 
tane.57,364a Two chair forms or the less stable skew and 
boat forms are possible for the pyranoid ring, while the 
furanoid ring may adopt one of the envelope or twist 
forms. These conformations coexist in equilibrium in so- 
lution with one conformation usually predominating. The 
predominant conformations for many carbohydrates have 
been compiled and d i s c ~ s s e d . ~ ~  The procedures used to 
estimate conformational equilibria were presented in sec- 
tion 11.6.2. 

Durette, Horton, and B h a ~ c a ~ ~ ~  have recently re- 
viewed the application of these nmr methods to confor- 
mational equilibria problems in carbohydrate chemistry 
and have compared these critically. 

A. Pyranose Derivatives 
The conformational equilibria of 0-D-ribopyranose te- 

traacetate (88 s 89) were studied365,366 by applying the 

(364) (a) E. L. Eliel, N. L. Allinger, S. J. Angyal, and G. A. Morrison, 
"Conformational Analysis," Interscience, New York, N. Y . ,  1965, p 351; 
(b) P. L. Durette and D. Horton, Advan. Carbohyd. Chem. Biochem., 26, 
49 (1971). 
(365) P. L. Durette, D. Horton, and N. S. Bhacca, Carbohyd Res., 10, 
565 (1969). 
(366) N. S. Bhacca and D. Horton, J .  Amer. Chem. Soc., 89, 5993 
(1967). 
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methods of averaging of spin coupling, averaging of 
chemical shifts, and direct integration. The temperature 
dependence of the nmr spectrum is shown in Figure 
19.365 The data indicate that P-D-ribopyranose tetraace- 
tate undergoes rapid interconversion at room temperature 
in acetone46 and is a 9:11 mixture of the 7C(D) and 
C7(D) conformers. The method of averaging of chemical 
shifts was found to be unreliable as the chemical shifts of 
the protons under consideration in the two conformers 
may not be independent of temperature.365 Using the 
spectral method of averaging of spin coupling, the con- 
formational equilibria of a large series of peracylated Da l -  
dopentopyranosyl derivatives have been established.367,368 

H OAc U 

H HH OAc 
A c O W  AcO OAc 

AcO OAc AcO 

7c 
88 

c 1  
89 

Durette and H ~ r t o n ~ ~ ~  have continued their conforma- 
tional studies on pyranoid sugar derivatives by nmr to in- 
clude the tri-0-acetyl-D-aldopentopyranosyl bromides and 
chlorides having the a-xylo, a-lyxo, P-ribo, and P-arabino 
configurations and the 0-xylo chloride isomer. As well 
the tri-0-benzoyl-a- and 0-D-xylopyranosyl chlorides and 
tri-0-benzoyl-0-D-ribopyranosyl bromide derivatives were 
studied. The conformation favored at room temperature 
tends to become the exclusive form at low tempera- 
t u r e ~ . ~ ~ ~  The conformational studies have been extended 
to methyl, ethyl, isopropyl, and tert-butyl tribenzoylated 
P-D-ribopyranosides and the corresponding triacetates,370 
the 2,3,4-tri-O-acetyl-D-aldopentopyranosyl benzoates 
and 2,3,4-tri-O-benzoyl-D-aldopentopyranosyl acetates,371 
the eight methyl D-aldopentopyranoside triacetates and 
some corresponding t r i b e n ~ o a t e s , ~ ~ ~  and the 1-thio-D- 
aldopentopyranose tetra acetate^.^^^ Conformational equi- 
libria have also been studied in heterocyclic N-glyco- 
sideslP4 and a-glycopyranosides and glycosylamine de- 
rivat ives .g7 

Solvent effects have a marked effect on conformation- 
al equilibria. Large changes occur in the optical rotation 
and the nmr spectra of methyl 2-deoxy-a-~- and methyl 
3-deoxy-P-~-erythro-pentopyranoside (90)  when dissolved 
in a variety of solvents including chloroform, acetone, 
acetonitrile, pyridine, dimethyl sulfoxide, and ~ a t e r . 3 ~ ~  
These changes result almost exclusively from changes in 
conformational equilibria. The nmr spectrum of 90 in D 2 0  
required the compound to exist largely in the 7C confor- 
mation since J1.2 = 6.0, J2,3' J3,,4 8.9, J2.3 J3 ,4  

= 4.5, and J3.5 = 1.9 Hz. In this conformation a specific 
rotation of 4-95' was observed (expected specific rota- 
tion: In CDC13 solutions, J1 .2  decreased to 2.2 
Hz and H3, and H3 were weakly (<3 Hz) coupled with 
both H P  and H4. Similarly, H4 was weakly coupled with 
both H5, and H5. In chloroform, therefore, compound 90 
exists largely in the C7 conformation and a specific rota- 
tion of 142" is observed (expected, 137'). Thus changes 

(367) P. L. Duretteand D. Horton. Chem. Commun.. 516 (1969). 
(368) P. L. Duretteand D. Horton, Chem. Commun., 1608 (1970). 
(369) P. L. Durette and D. Horton, Carbohyd. Res.. 18, 57 (1971) 
(370) P. L. Durette and D. Horton, Carbohyd. Res.. 18, 289 (1971) 
(371) P. L. Duretteand D. Horton, Carbohyd. Res.. 18, 389 (1971). 
(372) P. L. Durette and D. Horton, Carbohyd. Res.. 18, 403 (1971). 
(373) P. L. Durette and D. Horton. Carbohyd. Res., 18, 419 (1971). 
(374) R. U. Lemieuxand A.  A. Pavia, Can. J. Chem., 46, 1453 (1968). 
(375) J. H. Brewster, J. Amer. Chem. SOC. ,  81,5483 (1959) 
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Figure 19. The 220-MHz nmr spectra of P-D-ribopyranose te- 
traacetate in (CD3)zCO at -84, -70, -60, and 20". Only the 
low-field region is 

in conformation occur with changes in the solvent envi- 
ronment. A linear relationship is obtained between the 
coupling constant J1.2 (measured from the spacing of the 
doublet for H1) and the specific rotation. The value for 
JI,~ is considered to be a measure of the relative popula- 
tions of the 7C and C7 conformations for 

bCH3 
90, R = H  
91, R = CH&O 
92, R = p-O,NC,H,CO 
93, R = CH3SOZ 
94, R = CH3 

Derivatives of methyl 3-deoxy-P-~-erythro-pentopyra- 
noside (91 to 94) were also studied.284 Compounds 91, 
92, and 93 exist largely in the C7 conformation with both 
R groups in axial and opposing orientation. Since this sit- 
uation is maintained for diverse solvents such as CCI4, 
CDC13, CD3CN, and, in the case of 91, D20, the prefer- 
ence for the C7 conformation is not appreciably affected 
by the dielectric constant of the solvent. As for the dime- 
thoxy compound 94, the conformational equilibrium fa- 
vors the 2,4-diequatorial conformer IC, in CC14. These 
data indicate that a meaningful quantitative conforma- 
tional analysis of molecules that contain interacting 
atoms having unshared electron pairs must consider the 
substituents on these atoms. The electrostatic repulsion 
between the oxygen atoms at the 2 and 4 positions is 
minimized by the presence of strongly electron-attracting 
substituents such as the acyl group in compound 91. The 
C7 conformation is then favored. As for compound 94, 
the more electron-rich oxygen atoms of the methyl ether 
groupings exert a stronger repulsion than in compounds 
91, 92, or 93, thus favoring the I C  conformer. Similarly, 
compound 90 in CDC13 has both the 2- and 4-hydroxy 
groups axial (C7). In D20, hydrogen bonding of both hy- 
droxyls with solvent (S) (COH...S) increases the negative 
charge on the oxygen atoms through polarization of the 
0-H bond (CO+H+-S). This occurs to such an extent 
that the repulsion of the C-0  bond dipoles in opposing 
axial orientation becomes adequately large to force the 
compound from the C7 to the I C  Conformation. 

Further evidence that specific solvation effects can 
alter conformational equilibria was obtained from a study 
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of the equilibrium process 95 96.301 The conformational 

n 

95 

equilibria were studied by measuring the coupling con- 
stant of H2 with the geminal protons at the 3 position. 
Optical rotatory data were used to provide information on 
the effect of solvent on the orientation of the methoxy 
grouping relative to the pyranose ring. The results indi- 
cate an increase in the more polar equatorial form with 
increasing solvent polarity. Solvent molecules capable of 
donating a hydrogen atom to form hydrogen bonds with 
the oxygens of the acetal linkage also stabilized the 
equatorial conformation (96) .301 

6. Furanose Derivatives 
A computer analysis of the entire 100-MHz nmr spec- 

trum of @-pseudouridine @-$) (97) and a-pseudouridine 
(a+) in aqueous solution has been carried out.376-378 
The observed coupling constants are given in Table X V I .  

H 
H\C/Y\C//O 

II I OH 
I 

97 
(376) F. E. Hruska, A. A. Grey, and I .  C. P. Smith, J. Amer. Chem. 
SOC.. 92, 214 (1970). 
(377) F. E. Hruska, A. A. Grey, and I .  C. P. Smith, J ,  Amer. Chem. 
SOC., 92, 4088 (1970). 

TABLE XVI. Coupling Constants (Hz) for 
6- and a-Pseudouridine at 30°3i8 

Coupl ing 
constant P i  a-$ 

161‘  0.8 1.3 
J l , Z ,  5.0 3.3 
1 2 ’ 3 ’  5.0 4.2 
J ~ i 4 ,  5.2 7.9 
J4’jrB 3.2 2 .4  
J i t ~ c  4.6 5.7 
JS’BVC -12.7 -12.7 

By an application of the modified Karplus equation379 
an equilibrium between several puckered forms of the ri- 
bose is proposed. These studies have been extended to 
uridine,380 @-cyanuric acid riboside,381 o r ~ t i d i n e , ~ ~ ’  and 
d i h ~ d r o u r i d i n e . ~ ~ ~  
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