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Note 

Tautomeric equilibria of some sugars by partially relaxed, 13C pulse Fourier- 
transform, nuclear magnetic resonance spectroscopy*j- 
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(Received January 19tb, 1981; accepted for publication, April 12th, 1981) 

The objective of this work was to determine whether routine, ‘3C-n.m.r. spectra 
can be used for accurate determination of tautomeric equilibria for sugars in solution_ 
It is generally considered that integrated intensities from i3C, pulse, Fourier-transform 
(p.F.-t.) n.m.r. spectra are not very reliable, quantitative measures of relative con- 

centrations of compounds in admixture, because of the nuclear Overhauser effect 

and differences in the spin-lattice relaxation times (TX) of different nuclei, as well as 

problems arising from inadequate, digital resolution of the spectra’. Several techniques 

have been developed to circumvent these difficulties. The nuclear Overhauser en- 
hancement (n-0-e.) can be diminished by the addition of a paramagnetic species 
to the sample3, although this method may not always be reliable”. Alternatively, a 

,oated decoupling technique may be used for minimizing the 0verhauserenhancement5. 
Saturation problems associated with excessive, radiofrequency power can be overcome 
by use of a suitable time-delay between pulses; the delay should be about 34 times 
the longest relaxation-time of any nucleus in the molecule if a 1: 1 intensity cor- 
respondence is to be expected between signals of different atoms in a given molecule6_ 

Application of the latter method results in considerable lengthening of the time 
required for recording spectra having an acceptable signal-to-noise ratio. For quan- 
titative analysis of complex mixtures with samples of realistic size, this method leads 
to spectral accumulation-times that are prohibitively long. A third method’, which 
retains the advantage of short recycling times, and also retains the nuclear Overhauser 

enhancement effect, ignores differences between nuclei in their spin-lattice relaxation- 

times and n.O.e., but ensures that the spectra are always obtained under conditions 

of equal (or near-equal) concentration, temperature, pulse width, and pulse-repetition 
(recycIing) rate. By including a known amount of a suitable, standard compound 
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in the mixture to be analyzed, the intensity of a standard resonance-peak can be 

compared with the intensities of each resonance in the spectrum_ The amount of 
each component present in the mixture may then be determined from the concentra- 
tion of the standard. 

Nevertheless, it has been demonstrated*, at least for such large, asymmetrical 
molecules as sugars, that the quality (si_enal-to-noise ratio and base-line stability) of 

ordinary p-F.-t_, 13C-n.m.r. spectra may be adequate for obtaining accurate integrals, 

because nearly all of the carbon atoms have the same n.O.e., and thus the same 
integrated intensities*_ For example, most of the protonated carbon atoms in sucrose 

have relaxation times of -Z 1 s. It would seem, therefore, that these relaxation times 
should be sufficiently short to make ordinary Fourier-transform, n.m.r_ spectroscopy 
a sufficiently accurate, quantitative technique for the study of complex molecules, 

including sugars, Lvithout the need for the aforementioned special techniques. 
The equilibrium compositions of tautomeric forms of various aldoses and 

ketoses, mostly in aqueous solution, have been studied by 13C-p.F.-t., n.m.r. spectros- 
copy+“_ Long repetition-times of up to 2-S s (ref. IQ, delays between pulses” as 
long as S s, and long-term scans (up to 100,000) have been used16_ We now demon- 
strate that even routine, partialiy relaxed, ‘3C-p.F.-t., n.m.r. spectra can be used to 
provide re!iable, quantitative data on tautomeric equilibria of sugars in solution. 

ExPERlblExTAL 

Proton-decoupled, natural-abundance-carbon-13, puIse Fourier-transform, 
n.m.r. spectra of D-glucose, D-mannose,--D-fructose, and D-ribose (Pfanstiehl Labs. 
Inc., Waukegan, Illinois) were recorded by Dr. C. Cottrell with a Bruker HX-90 
multinuclear spectrometer. Each sugar (0.4 g) was dissolved in I.5 mL of DZO 
(StohJer Isotope Chemicals, Inc., Waltham, Mass.), and spectra were recorded 

immediately after dissolution and again. after mutarotation was complete. Sodium 
4,4-dimeth+l-silapentane-1-sulfonate (DSS) was added as the internal reference, and 
all resonances were referenced to the highest-field, 13C resonance of DSS; by using 
internal 1,4-dioxane (a, = 67.4 p-p-m_ downfield from internal Me,%) as an ad- 

ditional reference, the aforementioned resonance of DSS was found to lie 1.6 p-p-m_ 

upfield of the signal of Me& so that all chemical shifts originally referenced to DSS 
were appropriately recaIculated. Spectra were recorded at - 30” by using the deuterium 
resonance of D20 as the lock signal. Measurements were made at a frequency of 
22-63 MHz, with proton broad-band decoupling at 90 MHz. Typical conditions of 
measurement were as follows: sweep width 3-5 kHz; frequency of repetition (re- 
cycling) 0.8-1.0 s; and 8,000 data-points (16,000 for the mutarotated solution of D- 

fructose)_ 

DISCUSSION 

Table I shows 13C-chemical shifts for tautomeric forms of D-glucose, D- 
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TABLE I 

CARBON-13 CHEhUCAL SHlFl-S FOR IAUTOMERS OF D-GLUCOSE, D-MANXOSE, D-FRUCTOSE, AND D-RIBOSE 

m SOLUTION 

Tarrtomeric form Chemical shifrs in p-p-m_ downfield from Me& Ref: 

c-z c-2 c-3 C-4 c-s C-6 

D-Glucose 
a-pyranose 

B-pyranose 

D-b&mxe 

a-pyranose 

p-pyranose 

D-Fructose 

a-pyranose 

8-PyranOse 

a-furanose 

93.0 72.3 73.7 70.6 72.3 61.6 
93.0 72.5 73.8 70.6 72.3 61.8 
93.3 72.8 74.2 70.9 72.5 62.3 
94.9 71.2 72.6 69.4 71.2 60.4 
92.94 72.47 73.75 700.56 72.28 61.59 
93.48 72.95 74.26 71.09 72.76 62.26 
97.0 75.1 76.8 70.6 76.7 61.6 
96.8 75.2 76.7 70.6 76.7 61.8 
97.2 75.5 77.1 70.9 77.1 62.3 
95.7 74.0 75.6 69.4 75.6 60.6 
96.74 75.14 76.71 70.60 76.78 61.74 
97.28 75-63 77.21 71.09 77.21 62.28 

95.0 71.6 71.2 67.8 73.3 62.0 
94.9 71.7 71.3 67.9 73.2 62.0 
96.1 72.7 75.8 68.8 73.9 66.6 
93.9 70.6 70.1 66.7 72.2 60.9 
95.0 71.7 71.3 68.0 73.4 62.1 
95.42 72.16 71.75 68.31 73.70 62.51 
94.6 72.2 74.0 67.6 77.0 62.0 
94.4 72.0 74.1 67.6 76.7 62.0 
95.5 72.9 75.0 68.5 77.8 63.0 
93.5 71.1 72.9 66.4 76.1 60.9 
94.6 72.3 74-l 67.8 77.2 62.1 
95.05 72.66 74.50 68.11 77.37 62.51 

66.1 
66.1 

65.9 
65.9 
63.2 
65.9 
649 

64.91 
65.0 
64.3 
63.7 
64.7 
64.7 
65.6 

64.7 
63.7 
63.94 
62.2 
64.0 
63.8 
63.8 
64.5 
63.7 

- - 
- 

71.1 71.4 
71.5 71.1 

70.9 71.3 
70.9 71.3 
71.8 72.1 
70.9 71.3 
68.6 70.6 
68.57 70.78 
70.7 70.1 

70.7 68.6 
67.3 69.6 

68.4 70.5 
68.4 70.5 
69.3 71.1 
68.4 70.5 
82.9 77.0 
82.96 77.02 
83.1 83.2 
83.1 77.2 
82.9 77.0 
82.9 77.0 
83.4 77.9 
82.9 77.0 

- 
66.1 
66.1 

- 

99.1 
99.0 
99.1 
99.0 

98.89 
99.0 
99.3 
98.0 
99.1 
99.1 
99.1 

99.1 
105.3 
105.23 
105.4 
105.7 
105.5 
105.5 
105.7 
105.5 

- 

70.0 

66.2 
62.0 
70.1 
70.16 
68.7 
70.2 
69.1 

70.0 
70.0 
70.4 
70.0 
82.3 
82.16 
77.1 
82.4 
82.2 
82.2 
83.0 
82.2 

- 

66.1 
62.2 
61.9 

z-E4 
64.3 
64.9 
63.3 

64.1 

z:: 
64.1 
62.1 
62.08 
62.2 
62.1 
61.9 
61.9 
62.7 
61.9 
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TABLE I (continued) 

Tanromer~c form Chemical s’lfts in p-p-m_ dow*rgie!d from Me&i Ref. 

C-I c-2 c-3 c-4 c-s C-6 

$-f-ose 

D-Ribose 
x-pyranose 

$pyranose 

z-f-ose 

#bfuranose 

63.7 
63.71 
64.0 
63.8 
63.6 
63.6 
64.7 
63.6 

94.4 
91-s 
93.8 
9-t-65 
94.8 
94.9 
95.3 
95.3 
94.15 
94.95 
97.2 
96.55 

102.4 76.4 75.4 81.6 63.3 
102.31 76.37 75.41 81.51 63.34 
102.5 76.6 81.6 75.6 63.4 
102.8 75.6 76.6 81.8 63.4 
102.6 76.4 75-4 81.6 63.2 
102.6 76.4 75.4 81.6 63.2 
102_8 77.5 76.4 s2.1 63.7 
102.6 76.4 75.4 81.6 63.2 

70.5 
70.1 
70.35 
71.15 
71.9 
72.1 
72.6 
70.0 
69.15 
72.15 
71.9 
75.6 

97.4 72.1 
1cl1.9 76.2 
102.6 76.5 
101.25 75.6 

102.05 76.4 

70.2 
71.7 
69-6 
70.35 
69.7 
69.5 
72.6 
72.6 
67.6 
70.1 
70.9 
70.35 
70.8 
71.15 
71.4 
74.3 

{ 70.35 
170.8 

71.55 

68.2 
69-O 
71.3 
68.4 
68-2 
68.4 
60.0 
72.6 
7i.3 
68.35 
84.0 

l83.75 

1 i8-f; 

83.4 
83.9 
83.75 
83.35 
83.6 

63.9 
64.3 
67.6 
64.1 
63.9 
63.9 
64.3 
64.3 
63.35 
64-l 
62.3 
61.7 

62.5 
63.5 
64.1 
62.9 
62.9 
63.65 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 

“Present work, in deuterium oxide, original data referenced to the highest-field resonance of DSS 
\\ere converted according to the equation: dMe&i = dDSS - 1.6. *Inwate+. ‘In water’?-‘_ din water”. 
CIn deuterium oxide’“. fin water, chemical shifts in p-p-m. downfield from “external” MeB; chemical 
shifts for the CZ- and &furanose forms are also given in the original papeGG. Pin deuterium oxide”. 
*In Naterg. ‘In deuterium orcide IS_ fIn water”. J% deuterium oxideX9. ‘In deuterium oxide”‘J. mIn 
deuterium oxidel”_ “In deuterium oxide? 8. OIn deuterium oxide3. Pin wateP. 

mannose, D-fructose, and D-ribose obtained in this work, together with comparative 
data given by other investigators. The proportions of tautomeric forms of ketoses 
at equilibrium in solution have been estimated from integrated and peak intensities’, 
or simply from relative peak-intensities l3 In some instances, only the resonances _ 
of anomeric carbon atoms were taken into account”*x3. TabIe II shows that integrals 
of individual signals in the spectrum of a given tautomer may differ quite significantly 
from each other in ordinary, ‘3C-n.m.r. spectra. Thus, by considering various pairs of 
corresponding carbon atoms (for the situation where two tautomeric forms are 
involved), diversent values of the composition, differing substantially from each 
other (see Table III), are obtained. It should also be noted at this point that the 
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TABLE II 

INTEGRATED SIGNAL-INTENSITIES IN ‘Y-p-F.-t., N.M.R. SPECTRA OF D-GLUCOSE, D-MAXNOSE, D-FRUCTOSE, 

AND D-RIROSE 

Slrgar Tautomer Integrated intensitiesa of carbolt signals 

c-2 c-2 - c-3 
__--- ._ __~__ 

c-4 c-5 C-6 
-___- -___ --_____ 

D-Glucose z-pyranose 1.00 - 1.07 - - - 
B-pyranose 1.18 1.12 1.27 - 1.00 - 

-Mannose ?r-pyranose 1.03 1.22 1.15 1.00 1.12 - 
f%w=ose 1.23 1.17 1.29 1.36 1.00 - 

D-Fructose z-pyranose 
1.35 

- 1.03 1.00 - - 
@-pyranose 1.00 1.22 1.32 1.36 1.36 
z-furanose - 1.00 1 A2 1.55 1.73 - 
&furanose 1.64 1.00 1.44 1.40 1.36 1.5s 

D-Ribose z-pyranose 1.00 - 1.15 - - - 

j?-pyranose 1.04 - - 1.00 - 
z-furanose 1.00 - - 1.04 1.30 7 
fi-furanose 1.40 1.19 - 1.00 2.15 

-- _--_-_ ~-____--__ -_- 

aThe integrated intensity of the weakest line of each tautomer is set equal to unityg; intensities of 
resonances that interfere with other, closely proximal resonances are not given. 

estimated compositions depend neither on the absolute difference in chemical shifts 
of carbon atoms considered nor on the similarity of their chemical environments_ 

However, the data do demonstrate (for D-glucose and D-mannose as examples) that, 

by taking into account all peaks well separated from others. it is possible to determine 

compositions consistent with data obtained by other methods (see Table IV). A 
similar procedure has been used’ 6--2o _ In order to determine the proportions of tau- 
tomeric forms of various ketoses at equilibrium in aqueous solution; the proportions 
were calculated by averaging all 13C signals of each form that are clearly separated 
from the others, except those of the anomeric carbon atoms, which, being quaternary, 

always give much smaller peaks than the other carbon atoms. 

The present results also show that, by usin g this averaging procedure, the 
tautomeric composition determined for D-fructose from an ordinary, ’ 3C-n.m.r. 
spectrum is very close to that determined from ‘3C-n.m.r. spectra recorded for a 
similar concentration and at the same temperature, but with a 2-s acquisition time 

and an S-s delay between pulses (see Table V). For the correct quantitation of a 

trace component, it appears to be important to use a relatively larse number of scans 
(up to 16,000 in the case of D-fructose; see preceding)_ Traces of furanose forms have 
been found in equilibrated, aqueous solutions of D-glucose” and D-mannose3’, and 
traces of acyclic, kero forms have been found in equilibrated solution of ketoses’ 8--zc. 
For the tautomeric equilibrium of D-ribose, data obtained by ‘3C-n.m_r. spectroscopy 
show somewhat less accurate correlation with those obtained by *l-I-n.m.r. spectros- 
copy than do those for the other sugars examined (see Table VI). 
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TABLE III 

EQUILIBRIKJ~S CO%WOSITIOSS OF D-GLUCOSE _AND D-MAi\‘SOSE IN DzO AT N 30” AS CALCULATED FROM 

PEAK AREAS OF VARIOUS CARBON SIGSALS IX ‘3C-N.%t.R_ SPECTRA 

Carbon atoms 
considered 

Absolrrte diflerence 

in chemical shift 

la, - $1 

Content of anomers in percent= 
______ 
z-Pyranose &Pyranose 

n-Glucose 
1 x:1/3 

12;2/3 
1 a;3@ 

1 z;5B 
32;1p 

32;28 
3cf;3/3 
3&p 
12,32;1/3,2/3,38,5B 

D-h&llllOS~ 

l=;l/? 
1,*;2/? 
1 z;3/3 
1 z&I 
I a;53 
2z;2fs 
2z;3/3 
2Cx;q? 
22;5/3 
3z;IS 
3 C&? 
32;3&4 
32;4@ 
3Cc;5p 
32;18 
4x;2#? 
4z;38 
4z;4p 
41;5/3 
5a;lj3 
5a;Zj-l 
Sa;3@ 
5a;4B 
5a;5fl 
la,2a,3a,4a,5a;1&2&3@,4~,5@ 

3.8 34 
17.9 35 
16.2 32.5 
16.3 3s 
23.1 36 

l-4 37 
3.1 34 
3.0 40 

10.6b 36* 

0.4 68 32 
22.8 69 31 
21.0 67 33 
27.4 66 34 
18.0 72 28 
0.6 72.5 27.5 
2.4 70.5 29.5 
4.0 69 31 
5.4 75.5 24.5 

23.4 70 30 
1.0 71 29 
2.8 69 31 
3.6 68 32 
5.5 74 26 

26.8 67 33 

4.4 68 32 
6.2 66 34 
0.2 65 35 
9.2 72 28 

x.3 70 30 
l-1 71 29 
0.7 69 31 
5.7 67.5 32.5 
3.7 74 26 
9.6* 70* 30b 

66 

z;.s 

62 
64 
63 
66 
60 

64b 

=&20/b. *Averaged values for the group of signals considered. 
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TABLE IV 

COMPARISON OF ANOMERIC EQUILIBRIA DElTRhlINED FOR D-GLUCOSE Ahm D-MAhiOSE BY VARIOUS METHODS 

Tautomeric 
form 

Contect of z and p anomers (in percent) 

Rotation= Bromine G.LC.” 1 H-N.nu-.c 13C-N.nt.r. ‘3C-h’.nt.r. 
oxidationa 

D-Glucose 
x-pyranose 
8-pyranose 

._____~ 

36.2 37.4 38.2 38 36d 37.3e 
63.5 62.6 61.8 62 64d 62.6C 

D-Mannose 
cr-pyranose 68-S 68.9 68.4 65.5 70f 63g 
/?-pyranose 31.3 31.1 31.6 34.5 3of 369 

_____~~__ -___ 

“In water at 0” (ref. 31). bin 3x1 HCI at 100” (ref. 32)). =In DzO at -31” (ref. 33). dPresrnt work; 
1.5~ solution in DzO at - 30’; 2lCO scans, 8192 data points, spectral width 5.000 kHz, pulse repetition- 
time 1 s; percentages (529;) were obtained from the arithmetical averages of the integrated intensities 
of rhe resonances of carbon atoms 1 , 2, 3, and 5 of the anomers. CSolutions (O-2-2.Snt) in water at 
42’, 4,096-18,0224 accumulations, 16,384 data points, spectral width 3.768 kHz, pulse repetition-time 
2.1 or 1.1 s; percentages (51:;) were obtained from the arithmetical averages of the integrated 
intensities of the resonances of carbon atoms 1 , 2, 3, and 5 of each of the anomers; 0.14 &0.@2”~ 
of the $.tautomer were also found at equilibrium’ a_ fPresent work, I.531 solution in DnO at N 30’; 
2048 scans, 8192 data points, spectral width 5.000 kHz, pulse repetition-time 1 s; percentages (i?‘b) 
were obtained from the arithmetical averages of the integrated intensities of the resonances of carbon 
atoms l-5 of each of the anomers. Golutions (4x1) in water at 36”; 16,384 accumulations, 16,384 
data points, spectral width 5.000 kHz, pulse repetition-time 1.03 s; percentages (&I”;) were obtained 
from the arithmetical averages of the integrated intensities of the resonances of carbon atoms l-5 
of each of the anomers; 0.6 &0.196 of the sr-fand 0.3 &O.lyb of the p-ftautomer were also found at 
equilibriums-‘. 

The foregoing procedure, using ordinary, partially relaxed, 13C, p-F.-t., n.m.r. 
spectra, provides, for the four su_ears studied, tautomeric compositions of an accuracy 
comparable with those obtained by more-sophisticated, magnetic-resonance proce- 
dures_ The results allow confidence to be placed in the use of similar procedures for 
determining the equilibrium compositions of D-glucaric acid and its lactones36, and 
those of D-aldonic acids and their lactones3’ _ m aqueous solution, as described in the 
accompanying papers. 
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TABLE V 

TAUTO\IERIC EQUILIBRlWl OF D-FRUCTOSE BY ‘3c-S.hLR. SPECTROSCOPY 

Conlenr of rauromrric forms in percent” Ref. 
~____ ..~_..__--.-._----~-~- - -___I_ ~--_____ 
z-Pxrattose &Pyranose z-Furattose @-Frrranose 

___ ___ .~ _ _.-_I--.~ .---__-- __L- 

2 70 5 b 
3 (:-_l) 57 (~6) 9 (=I) :: (53) c 

-, 5 60 10 30 d 

0 71. 5 23 c 

ti-xes is 4 21 f 

2.65 64.8 6.5 25.25 I 

“The (acyclic) X-era form has also been found by IX-n.m.r. spectroscopy: 2 &1:/o in pyridine-& 
at 33: (ref. 1s); 30” in DzO at 80’ (ref. 19); and O.SO~& in D-0 at 31’ (ref. 20). bPresent work; 
solutions (1.5~) in DzO; the compositions (~2’7,) are based on areas of all of the peaks of protonated 
carbon atoms well separated from others; 16,000 scans, 16,384 data points, repetition time 1 s. spectral 
width 4.000 kHz. CIn water at 36”; the composition was obtained by measurement of integrated 
peaks and peak intensitiesr’. din vvater; ,2-3:,, the composition was calculated from relative peak- 
intensities of the signals of the anomeric carbon atoms in the 13C-n.m.r. spectrum, and from integra- 
tion of the anomeric OH signals in the lH-n.m.r. spectrum i”J3_ %olutions (1-2~) in deuterium oxide 
at 30’; i2:,, the compositions were based on peak areas of anomeric carbon atoms; 4580 scans, 
S192 data points. 1-s acquisition time, S-s delay”. /Solutions (1 -s-%1) in DzO; the composition 
(zS”b) was obtained by averaging all signals of each form clearly separated from others, except those 
of the anomeric carbon atoms: 30,000-100,000 scans, 8192 data points, repetition time I.1 s, spectra1 
width 3.750 kHz (ref. 17). gsolutions (4x1) in D-0 at 31’; &ST,;, 20,000-80,000 scans, repetition 
timeZ* 1 A-2.2 s. 

TABLE VI 

TA~~OYERIC EQUILIBRIUM OF D-RIBOSE BY ?;.XR. SPECTROSCOPY 

Conrenr of taurotneric forms in percent 
_---.---.-----______--~ _--_-_.- ______.___~~ 
z-P}.rattose B- Pyranose sr-Fitrarrose /%Ftrrattose 

Ref. 

19 64 6 11 = 
1s 54 12 16 b 

21.5 5S.5 6.5 13.5 c 
20.3 62 6.1 11.6 d 

=Present work, solutions (1 .SM) in D20 at N 30”, by 13C-n.m.r. spectroscopy; 2200 scans, 8192 data 
points, spectral width 5.000 kHz, pulse repetition-time 1 s; percentages (&2:/,) were obtained from 
the arithmetical averages of the integrated intensities of resonances of C-l and C-3 of the a-p form, 
C-l and C-G of the p-p form, C-l, C-4, and C-5 of the cc-f form, and C-l, 2,4, and 5 of the fl-fforrn 
bin DzO at 70’, by *H-n.m.r. spectroscopy=_ Gin DzO at 31c, by lH-n.m.r_ spectroscopy33. dSolutions 
(M) in DcO at 30’, by I%-n.m.r. spectroscopy; 5000 scans, 16,384 data points, spectra1 width 
3_ofMl kHz, pulse repetition-time 5.7 s; percentages were obtained from the intensities of the C-l 
resonances of each of the tautomers-lg. 
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