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Abstract: L-xy/o-2-Hexulosonic acid (3a) (and its methyl ester, 3b) in solution was shown to exist prodominantly in the a-py-
ranose form. D-ara6mo-2-Hexulosonic acid (and its sodium salt and methyl ester) was found to be a mixture of the a- and 
/3-pyranose tautomers (6, 7) and the a- and /3-furanose tautomers (8, 9). These results correlate very well with the known 
tautomers of L-sorbose (3c) and D-fructose (6d, 7d, 8d, 9d), respectively. The chemical shifts of the carbon resonances are only 
slightly affected by solvent changes. The tautomeric equilibrium of methyl D-a«j6mo-2-hexulosonate was quite different in 
different solvents with the pyranose tautomer being favored in water and the a- and /3-furanose tautomers being favored in 
Me2SO. The rate of tautomerization of D-fructose in Me2SO-</6 was found to be much more rapid than the rate of tautomeri-
zation of methyl D-arabi'flo-2-hexulosonate. D-*y/o-5-Hexulosonic acid was found to exist as a mixture of the a- and /3-fura­
nose tautomers (13a, 14a) and the open-chain keto tautomer (12a) while D-/>ao-5-hexulosonic acid was found to exist as a 
mixture of the a- and /3-furanose tautomers (13c, 14c) with little if any of the open-chain keto tautomer present. Sodium D-
?/ira>-2,5-hexodiulosonate and related compounds were shown to exist predominantly in a pyranose ring tautomer with the 
C-5 carbonyl hydrated. In all cases in which a crystal structure has been determined, the major tautomer in aqueous solution 
was found to be the same as in the crystal. 

Discussion 

During the past few years the use of 13C nuclear magnetic 
resonance spectroscopy (13C NMR) has become important in 
the study of the conformation and tautomeric equilibria of 
sugars in solution.1 Of particular importance has been the 
study of the tautomeric equilibrium of ketoses by 13C NMR 
since alternative methods do not provide the desired infor­
mation. The first ketoses studied by 13C NMR were D-fruc­
tose1'2 and D-turanose.2 The spectrum of D-fructose revealed2 

the presence of four components whose gross structures were 
assigned and equilibrium was determined. Koerner and co­
workers3 and others4 have reported the tautomeric composition 
of D-fructose 6-phosphate and D-fructose 1,6-diphosphate, and 
corrected several misassignments made by Doddrell and Al-
lerhand2 in the first detailed analysis of D-fructose by 13C 
NMR. Subsequently Perlin et al.5~7 studied a variety of fu-
ranose and hexose sugars as well as model compounds and 
showed that for the two possible furanose forms 1 and 2 the 
shift of the anomeric carbon of 1 was shielded by 4-7 ppm 
relative to the anomeric carbon of 2. 

Que and Gray8 have studied a number of ketohexoses in 
solution and also detailed this cis effect. Angyal and co­
workers9'10 have reported the most detailed study of hexuloses 
in solution as well as a study of 1-deoxyhexuloses and 3-hex-
uloses. In addition Funcke and Klemer11 have reported the 
equilibrium mixture present in D-fructose and 1-amino-1-
deoxy-D-fructose derivatives. Finally Hyvonen and co-work­
ers12 looked at the effect of temperature and concentration on 
the tautomeric equilibrium of D-fructose in water. 

At the present time no data on the tautomeric equilibrium 
of hexulosonic acids has been reported. Owing to the com­
mercial importance of D-ara/x'no-2-hexulosonic acid [an in­
termediate in the preparation of D-e/-j^ro-hex-2-enono-
1,4-lactone (or D-erythorbic acid)] '3 '1 4 and L-xy/o-2-hex-
ulosonic acid [an intermediate in the preparation of L-threo-
hex-2-enono-l,4-lactone (or L-ascorbic acid)],15 the potential 
value of D-xy/o-5-hexuIosonic acid16 and D-r/ireo-2,5-hexo-
diulosonic acid'7_2 ' in the synthesis of L-ascorbic acid, and the 
potential role a number of these compounds may play in the 

biosynthesis of L-ascorbic acid,22 we initiated a program to 
determine the conformation and tautomeric equilibria of the 
above acids, the corresponding salts and esters, and a number 
of related compounds via 13C NMR. The results of this study 
are reported here and are compared with the results that some 
of the above workers obtained on hexuloses and modified 
hexuloses. 

L-xjKJo-2-Hexulosonic Acid. The first molecule studied was 
L-xylo-hexulosonic acid and its methyl ester. In all solvents 
used (Me2SO-^6, D2O, pyridine-rfs. DMF-dj) only two tau­
tomers were detected and one of those was present in very small 
amounts. The major tautomeric form was the a-pyranose 
tautomer shown by structures 3a and 3b. Carbons in 3a and 
3b were assigned by use of the results of single-frequency off-

Ol Ol 

a.. R1 = CO2H1 R 2 - H 
b. R1 = CO2CH3 , R 2 = H 

C. R 1 = C H 2 O H 1 R 2 = H 
d. R 1 = C H 3 1 R 2 = H 
e. R1 = CO7CH1 , R7 = D 

O- OH 
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Table 1.13C Chemical Shifts of L-xy/o-2-Hexulosonic Acid and 
Related Compounds in D2O" and Me2SO-(Z6

6 
Table II. 13C Chemical Shifts of the Tautomers of Methyl D-
araWno-2-Hexulosonate in D2O0 and Me2SO-(Z6* 

3a (D2O) 
3b (D2O) 
3cc (D2O) 
3d ̂  (D2O) 
3a (Me2SO-(Z6) 
3b (Me2SO-(Z6) 
3c (Me2SO-(Z6) 

1 

172.2 
170.5 
64.5 
25.3 

171.3 
170.2 
64.4 

2 

96.9 
96.6 
98.5 
98.5 
96.4 
96.8 
97.8 

3 

73.3 
72.8 
71.4 
75.8 
73.2 
73.3 
71.0 

4 

74.3 
73.7 
74.8 
74.5 
74.5 
74.2 
74.6 

5 

70.0 
69.5 
70.3 
70.3 
70.4 
70.3 
70.4 

6 

63.4 
62.8 
62.7 
62.4 
63.4 
63.4 
62.4 

-OCH3 

53.9 

52.9 

6c (D2O) 
9c(D20) 
8c (D2O) 
7c (D2O) 
6c (Me2SO-(Z6) 
9c (Me2SO-(Z6) 
8c (Me2SO-(Z6) 

C1 

170.6 
170.6' 
171.F 
170.6C 

170.2 
170.6/ 
170.2/ 

C2 

97.0 
98.9 

103.8 
97.0 
97.2 
99.2 

103.9 

C3 

69.3 
78.5 
83.5 
70.6^ 
69.6 
79.2 
83.8 

C4 

69.5 
74.1 
75.8 
1\.T 
69.8 
75.0 
76.3 

C5 

69.1 
81.7 
83.0 
65.7* 
69.1 
82.8 
83.3 

C6 

64.7 
62.2 
61.6 
63.5 
63.0 
64.6 
62.4 

-OCH 3 

53.9 
53.9<* 
53.6rf 

53.5rf 

52.5 
52.5* 
52.2* 

" Chemical shifts in parts per million from methanol standard as­
signed as 49.3 ppm relative to tetramethylsilane. b Chemical shifts 
in parts per million from Me2SO-(Z6 assigned at 39.6 ppm relative to 
tetramethylsilane. c Data taken from ref 9. d Data taken from ref 
10. 

" Chemical shifts in parts per million from methanol standard as­
signed as 49.3 ppm relative to tetramethylsilane. * Chemical shifts 
in parts per million from Me2SO-(Z6 standard assigned as 39.6 ppm 
relative to tetramethylsilane. c~z Assignments may be inter­
changed. 

resonance decoupled spectra (SFORD) and from the spectra 
of specifically deuterated pure methyl L-[5-2H]-xy/o-hex-
ulosonic acid (3e)23 in Me2SO-(Z6.24 The resonance at 70.3 
ppm appears as a low-intensity triplet in C-5 deuterated 3e. 
/3-Deuterium isotope shifts of 0.034 and 0.05 ppm were ob­
served for resonances at 74.2 and 63.4 ppm, respectively.25-28 

The SFORD spectra allowed assignment of these peaks to 
carbons at C-4 and C-6. The resonance at 73.3 ppm was not 
broadened on deuteration at C-5 and is thus assigned to C-3. 
In most of the spectra of 3a and 3b there is a small amount 
(<3%) of another tautomeric form which presumably is 
a-furanose 4a or 4b. However, definitive data were not ob­
tained. 

This result is in agreement with both the known solution 
conformation of L-sorbose (3c) in which the a-pyranose rep­
resents 98% of the tautomeric mixture with the other 2% being 
the a-furanose forms 58 '9 and the structure of L-xy/o-2-hex-
ulosonic acid in the crystalline state.29 The relative chemical 
shift of the carbon atoms or tautomeric equilibrium of 3a and 
3b was not significantly affected by the use of different solvents 
(D2O, Me2SO-(Z6, pyridine-^, and DMF-(Z7). 

In Table I is shown a comparison of the chemical shifts of 
3a, 3b, 3c, and 1-deoxy-L-sorbose (3d). As can be seen, the 
chemical shift of C-4, C-5, and C-6 is not affected to any major 
degree by changing C-I from -CO2R to -CH 2 OH to -CH 3 . 
However, it should be noted that, in a comparison of 3a, 3b, 
or 3c, to 3d, C-3 in 3d is deshielded by 2.5-4.4 ppm. The 
original carbon assignments for L-sorbose (3c) made by Angyal 
and co-workers10 and based on the expected $ effect27,28 at C-3 
in 3d (relative to 3c) are consistent with our carbon assignments 
in 3a, 3b, and 3c. 

Methyl D-arafc/no-2-Hexulosonate. The 13C NMR spec­
trum of methyl D-(zrafo'«o-2-hexulosonate in Me2SO-(Z6 sur­
prisingly afforded a single tautomeric form to which was as-

Table III. Tautomeric Mixture of Methyl D-arabino-2-
Hexulosonate at Various Times (Me2SO-^Z6) 

p: HOH7C ^ . O . OH c ^ o . o^ 

R 7 W B J T R , 

R1 - C O 2 N a 1 R 2 = H 

R] = C 0 2 H , R2 = H 

R1 = CO2CH3 , R2 = H 

R1 = CH2OH, R2 = H 
R1 = CH 3 , R 2 = H 
R1 = CH2N(CH3)Ph, R2 = H 

6c 
9c 
8c 
7c 

O 

100 

1 

80 
13 
7 

tr 

time. 
5 

53 
29 
18 
tr 

, days 
12 

43 
35 
22 
tr 

19 

41 
31 
28 
tr 

27 

42" 
32 
27 
tr" 

= CO7CH,, R7 D 

" Mixture of 6c and 7c in ratio of 6:1. The anomeric carbon of 7c 
was not always clearly resolved from the anomeric carbon of 6c. The 
amount of 7c gradually increased from 0% at time ze i to an equi­
librium concentration of approximately 6%. 

signed structure 6c (see Table II for the chemical shifts). 
However, in solution this material isomerized slowly to afford 
ultimately a mixture of four components, 6c, 7c, 8c, and 9c. 
The chemical shifts of 6c, 7c, 8c, and 9c were assigned based 
on SFORD and from the spectra of specifically deuterated 
methyl D-[5-2H]-araW«o-hexulosonic acid (6g).30 The C-5 
resonances of 6g, 8g, and 9g at 68.99, 83.22, and 82.75 ppm, 
respectively, appear as low-intensity triplets on substitution 
with deuterium. In addition, /3-deuterium isotope shifts of 
0.085 and 0.061 ppm at 69.8 and 63.0 ppm in a 1:1 mixture of 
6c and 6g allowed the assignment of C-4 and C-6, respectively. 
Line broadening due to /3-deuterium isotope effects was ob­
served only at 76.3 and 75.0 ppm in 1:1 mixtures of tautomers 
8c/8g and 9c/9g, respectively, allowing assignment of C-4 in 
these systems. Owing to the low concentration of pyranose 
tautomer 7c, a- and /3-deuterium isotope effects were not de­
termined. The structural assignments of the furanose tau­
tomers were made by comparison with the 13C NMR spectrum 
of D-fructose and also are based on the well-documented 
fact5-10 that the furanose 9c with cis hydroxyl groups at C-2 
and C-3 should have its anomeric carbon shielded relative to 
the anomeric carbon in 8c in which these hydroxyl groups are 
trans. In addition thermodynamic predictions are in agreement 
with the relative order observed.3132 The tautomeric equilib­
rium at various times is summarized in Table III. 

Not surprisingly, when a catalytic amount of />toluene-
sulfonic acid was added to a sample of 6c in Me2SO-(Zg, the 
tautomerization was considerably faster. These results are 
summarized in Table IV. Equilibrium appears to have been 
reached in less than 24 h in this case compared to more than 
12 days in the uncatalyzed case. It must be noted that the 
anomeric carbons in 6c and 7c were not always adequately 
resolved to allow ratios of these two tautomers to be deter­
mined. 

The fact that the initial solution spectrum of methyl D-
arai/«o-2-hexulosonate in Me2SO-(Z6 showed exclusively the 
/3-pyranose form provides strong evidence that this is the 
crystalline form of methyl D-arai/wo-2-hexulosonate. 
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Table IV. Acid-Catalyzed" Tautomeric Mixture of Methyl D-
arabino- 2-Hexulosonate at Various Times (Me2SO-^) 

6c 
9c 
8c 
7c 

0.25 

72 
16 
12 

0.5 

57 
20 
13 

time, 
2.0 

53 
27 
20 

h 
6.0 

40 
31 
21 

24.0 

39 
35 
26 
tr 

240 

39* 
34 
27 
tr* 

"p-Toluenesulfonic acid-H20. * The estimated ratio of 6c:7c at 
equilibrium was 4:1 to 6:1 in these samples. 

Table V. Composition of the Tautomeric Equilibrium of Methyl 
D-arabino- 2-Hexulosonate in Various Solvents 

6c 
9c 
8c 
7c 

Me 2SO-^ 6 

36" 
32 
27 
6° 

D2O 

67* 
15 
9 
10* 

pyridine-ds 

52 
29 
19 
C 

DMF-d-, 

42 
39 
19 
C 

" The chemical shifts of the anomeric carbons of 6c and 7c are very 
similar and not always resolved. The ratio given is approximate. * In 
most spectra the anomeric carbons of 6c and 7c were not resolved. 
c Pyranose tautomer 7c was present in very low amounts. 

While the tautomeric equilibrium is quite different in dif­
ferent solvents (Table V), only in M e 2 S O - ^ were the tauto­
meric ratios significantly different initially than that observed 
in later spectra of the sample. Clearly the pyranose tautomer 
is favored in D2O while pyridine affords approximately a 1:1 
mixture of pyranose:furanose forms, and Me2SO and DMF 
favor slightly the furanose forms. This information clearly can 
be used to advantage in choosing solvents for specific chemical 
transformations. 

Since it was observed that methyl D-arai/HO-2-hexulosonate 
slowly isomerized from the pure /3-pyranose tautomer (6c) to 
an equilibrium mixture of 6c, 9c, 8c, and 7c, a closer look at 
the ' 3C NMR spectrum of D-fructose in Me 2 SO-^ was taken. 
It is well known that Me2SO greatly slows down proton ex­
change and thus should greatly slow down the tautomeric 
equilibration of sugars as well. This effect has been referred 
to by Perlin et al.,6 who observed that the tautomeric equi­
librium of D-fructose in D2O was maintained initially if the 
aqueous solution was concentrated and then dissolved in 
Me2SO. On storage this equilibrated to the equilibrium 
present in Me2SO. Doddrell and Allerhand2 also reported that 
the 13C NMR spectrum of D-fructose in D2O originally af­
forded two components and on standing equilibrated to a 
four-component mixture. We were interested in determining 
whether or not the initial spectrum of D-fructose in Me2SO-^6 
would show only the /3-pyranose form (6d). Our initial at­
tempts were made with D-fructose purchased from MCB 
(spray dried). When the spectrum was obtained, a tautomeric 
mixture had already formed (6d:9d:8d:10 = 40:41:15:4). Since 
it is likely that the D-fructose used was not in one tautomeric 
form in the solid state but was already equilibrated, a sample 
was recrystallized from methanol. This afforded an initial 
spectrum showing a preponderance of the /3-pyranose form 
(6d:9d:8d = 82:13:5). A more careful study revealed that the 
tautomeric equilibrium of fructose was established rapidly even 
in Me2SO. These results are shown in Table VI. The rate at 
which this equilibrium is established as well as that for methyl 
D-ara6/«o-hexulosonate will clearly be dependent on tem­
perature, time, acid catalysis, and solvent purity. These results 
strongly suggest that in the crystalline state the D-fructose used 
was in the /3-pyranose form. The crystal structures of D-fruc­
tose33 and bis(/3-D-fructopyranose)calcium chloride trihy-
drate34 and dihydrate35 all have been determined and all are 
in the /3-pyranose form. It has been noted by Angyal32 that all 

Table VI. Tautomeric Equilibration of D-Fructose in Me2SO-^ 

•ne, min 

8.8 
15.6 
22.4 
29.2 
103.8 
110.6 
117.4 
124.2 
24 h 

%6d 

81 
65 
58 
54 
43 
36 
37 
37 
31 

%9d 

10 
21 
33 
35 
46 
43 
45 
44 
45 

%8d 

9 
14 
9 
12 
11 
21 
19 
19 
19 

" The percent of 6d in entries 1-8 may include small amounts of 
7d as the anomeric carbons of 6d and 7d were not resolved in these 
spectra. * Each entry was a 6.8-min run, taken consecutively but not 
cumulatively from a starting time of 2 min after solvent addition. 

Table VII. 13C Chemical Shifts of Tautomers of Sodium D-
arabino- 2-Hexulosonate in D2O." 

6a 
7a 
8a 
9a 

1 

174.8 
C 

C 

C 

2 

97.3 
C 

104.2 
99.8 

3* 

69.5 
l\.2d 

82.9 
78.4 

4* 

70.1 
72.3d 

75.8 
74.5 

5* 

69.5 
67.0"* 
82.4 
81.1 

6 

64.5 
C 

61.4 
62.3 

" Chemical shifts in parts per million standard assigned as 49.3 ppm 
related to tetramethylsilane. * The chemical shifts were assigned by 
analogy with deuterium-labeling studies on 6c, 9c, 8c, and 7c in 
Me2SO-^. c Peaks not assigned. d Assignments may be inter­
changed. 

pyranoid sugars studied by X-ray analysis have been found in 
the same chair conformations in the solid state as those that 
predominate in aqueous solution. 

The much more rapid rate of tautomerization observed for 
D-fructose compared to methyl D-ara6//io-2-hexulosonate can 
be explained by comparing the energetics of the intermediates 
required for tautomerization to occur—namely, the open-chain 
keto form. The open-chain keto tautomer from D-fructose (10) 
is unexceptional. However, the open-chain keto tautomer from 
methyl D-ara&mo-2-hexulosonate generates an a-keto ester 
which contains an unfavorable electronic dipolar interaction. 
Therefore the rate of opening of tautomer 6c to 11 would be 
predicted to be slower than the rate for the opening of 6d to 10, 
which agrees with the experimental data. 

IfH2OH CO2CH3 

C=O (-0 
HOCH HOCH 
HCOH HCOH 
HCOH HCOH 

CH2OH CH2OH 

10 11 

Finally the 13C NMR spectrum of methyl D-[5-2H]-ara-
bino- 2-hexulosonate was obtained in pyridine-1^5 (see Table 
X for a summary of the data). It was observed that for tau­
tomers 6c, 9c, and 8c the resonances at 70.9, 84.6, and 85.5 
ppm collapsed to broadened triplets. Since these were the same 
resonances assigned on the basis of the '3C NMR spectrum 
of labeled tautomers 6c, 9c, and 8c in M e 2 S O - ^ this result 
supports the assumption that no changes occur in the ordering 
of the carbon chemical shifts on changes in solvent.24 

Sodium D-araWno-2-Hexulosonate. The 13C NMR spec­
trum of sodium D-arabino- 2-hexulosonate in D2O reveals the 
presence of four tautomeric forms. These are represented by 
6a, 8a, 9a, and 7a. No open-chain keto acid was observed 
(<2%). The peaks were easily divided into four sets due to the 
differences in equilibrium concentrations of the four compo­
nents. See Table VII for a summary of the data and the pre­
ceding discussion on melhy\-D-arabino- 2-hexulosonate for the 
method used in making the assignments. The tautomeric 
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Table VIII. Composition of the Tautomeric Equilibrium of D-
arabino-2-Hexulosonic Acid in Various Solvents 

Table X. 13C Chemical Shifts of D-Fructose-Related Compounds 
in Pyridine-^0 

Me2SO-^6 

6b 36 
9b 35 
8b 23 
7b 6 

D2O 

73 
16 
11 
tr 

Table IX. 13C Chemical Shifts of D-
in D2O0 

1 • 2 3d 

pyridine-^5 

54 
28 
18 
tr 

DUf-Ct1 

Al 
36 
22 
tr 

•Fructose-Related Compounds 

Ad 5d 6 

6a 
6b 
6c 
6d6 

6ec 

9a 
9b 
9c 
9d* 
9ec 

8a 
8b 
8c 
8d* 
8ec 

174.8 
171.8 
170.6 
64.7 
25.6 

63.6 
24.8 

63.8 
22.8 

97.3 
96.8 
97.0 
99.1 
98.9 
99.8 
98.7 
98.9 

102.6 
102.3 
104.2 
103.6 
103.8 
105.5 
105.9 

69.5 
69.3 
69.3 
68.4 
72.9 
78.4 
78.5 
78.5 
76.4 
81.0 
82.9 
83.6 
83.5 
82.9 
83.1 

70.1 
69.6 
69.5 
70.5 
70.4 
74.5 
74.2 
74.1 
75.4 
75.5 
75.8 
75.9 
75.8 
77.0 
77.3 

69.5 
69.2 
69.1 
70.0 
70.0 
81.1 
81.6 

7 
6 

81.2 
82.4 
82.7 
83.0 
82.2 
82.0 

81 
81. 

64.5 
64.7 
64.7 
64.1 
64.1 
62.3 
62.1 
62.2 
63.2 
63.5 
61.4 
61.5 
61.6 
61.9 
62.0 

" Chemical shifts in parts per million from methanol standard as­
signed as 49.3 ppm relative to tetramethylsilane. b Taken from ref 
9 and confirmed in these laboratories. c Taken from ref 10. d The 
chemical shifts were assigned by analogy with deuterium-labeled 
derivatives of 6c, 9c, and 8c (this work) and deuterated derivatives of 
D-fructose (ref 10). 

equilibrium was determined to be approximately 80:trace:3:17 
for 6a:7a:8a:9a in D2O. 

D-ara/w'no-2-Hexulosonic Acid. The 13C NMR spectrum 
of D-araW«0-2-hexulosonic acid36 is as expected very similar 
to that of the corresponding sodium salt and methyl ester. In 
solution there are four tautomeric forms present—6b, 9b, 8b, 
and 7b. In Table VIII is summarized the tautomeric equilibria 
of D-<zra6z'no-2-hexulosonic acid in various solvents. In D2O 
the pyranose form (6b) is favored, while in the more polar 
solvents DMF and Me2SO the furanose forms (9b and 8b) are 
favored. The tautomeric equilibrium does not appear to be 
affected substantially whether or not the free carboxylic acid, 
sodium salt, or methyl ester is present at C-1. The solvent de­
pendence of the pyranose to furanose forms has been previously 
reported.6 

In Table IX is shown a comparison of the chemical shifts of 
a variety of D-fructose-related materials. As can be seen, within 
each series of compounds little effect on the chemical shift of 
the carbons is observed at C-4, C-5, and C-6 when C-I is varied 
from -CH 3 to -CH 2 OH to -CO2R. The /3 effect2728 resulting 
from changes at C-I causes C-3 to vary from approximately 
—0.5 to +4.6 ppm in the tautomers of each series. 

Funcke and Klemer1' have recently reported the 13C NMR 
spectra for D-fructose and a number of 1-amino-1-deoxy-D-
fructose derivatives in pyridine-^5. Within this series, the 
tautomeric equilibrium did not vary greatly and the chemical 
shift of the atoms in each tautomeric form did not vary greatly 
with different amine substituents. In Table X several sets of 
data from the spectra of these compounds are compared with 
that from 6b, 6c, 8b, 8c, and 9b,c. Again major chemical shift 
differences are confined to C-I, C-2, and C-3. In C-4 to C-6, 
only minor changes appear to be present. 

Sodium D-xy/o-5-Hexulosonate. The 13C NMR spectrum 
of sodium D-.xy/o-5-hexulosonate in D2O shows the presence 
of three major components. One is the open-chain keto form 

1 3* 4* 5* 

6b 
6c 
6dd 

6 f 
9b 
9c 
9dd 

9 f 
8b 
8c 
8dd 

8 f 

173.7 
171.6 
67.1 
59.9 

174.2 
172.0 
65.1 
58.5 

174.4 
171.9 
66.2 
57.5 

98.5 
99.0 

100.6 
100.5 
100.9 
101.1 
105.0 
104.4 
105.1 
105.9 
107.5 
107.8 

71.4 
71.6 
71.0 
71.0C 

81.2 
81.4 
79.1 
79.F 
85.3 
85.7 
85.3 
82.6' 

71.9 
71.8 
72.6 
71.8C 

76.9 
76.8 
78.0 
76.6C 

76.9 
77.9 
79.1 
80.0C 

70.8 
70.9 
71.6 
70.6C 

84.3 
84.6 
84.7 
83.6C 

84.7 
85.5 
84.7 
85.7C 

65.6 
65.8 
65.8 
64.3 
64.3 
64.4 
64.7 
63.6 
63.1 
63.6 
63.3 
62.8 

a Chemical shifts in parts per million relative to dioxane assigned 
as 67.4 ppm relative to tetramethylsilane. * Shifts assigned by analogy 
with deuterium-labeled derivatives of 6c, 8c, and 9c (this work) and 
deuterium-labeled derivative of D-fructose (ref 10). c Assignments 
may be interchanged. d Data taken from ref 11 and assignments from 
ref 10. 

12a and the other two are furanose forms 13a and 14a. The 
major furanose form was assigned to 13a using arguments 
similar to those used for determining the structures of the two 
furanoses present in a solution containing methyl D-arabino-
2-hexulosonate. It must be noted that the crystal structure of 
calcium D-Jc^/o-5-hexulosonate dihydrate has been deter­
mined37 and corresponds to the major furanose form (13a) in 
aqueous solution. These data are in agreement with the con­
clusions reached by Chen and co-workers,38 who studied the 
tautomers of D-xy/o-5-hexulosonate in water by UV, IR, and 
1 H N M R . Our observed tautomeric equilibrium of 79:10:11 
in D2O for 13a: 14a: 12a is remarkably similar to the tautomeric 
equilibrium reported for the corresponding tautomers of D-
M^o-2-pentulose:10 13b:14b:12b = 62:16:22. 

The 13C NMR data for 12a, 13a, and 14a are summarized 
in Table XI. Carbon chemical shift assignments are based on 

? 
HCOH 

HO£H 
HCOH 

C = O 

CH2OH 

12 

a. R = CO2Na 

b. R = H 

HOH2C o R] HO 0 R, 

a. R, = CO2Na, R2 = H 

b. R 1 = H 1 R 2 = H 

c. R 1 = H 1 R 2 = CO2Na 

CH3O 0 CO2CH3 

JP 
TOH2C o CO2CH3 

CH3O ^ m m r 

chemical shifts, SFORD spectra, and a comparison with the 
chemical shifts for the known furanose tautomers of D-
r^reo-2-pentulose.10 The assignment of C-2 in 13a was ob­
tained from the specifically deuterated D-[2-2H]-xylo-5-
hexulosonic acid.30 Thus the results obtained for sodium D-
x^/o-5-hexulosonate are consistent with the results previously 
reported for D-threo-pentu\ose. 

When D-xy/o-5-hexulosonic acid was treated with methanol 
and/?-toluenesulfonic acid, a mixture of two furanosides was 
obtained.39 Structures 15 and 16 were assigned to these com­
pounds based on the 13C NMR data which are summarized 
in Table XI. 

Sodium D-/y*o-5-Hexulosonate. Only the two furanose 
tautomers 13c and 14c are observed in the 13C NMR spectrum 
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Table XI. 13C Chemical Shifts of the Tautomers of Sodium D-
.xy/o-5-Hexulosonate, Sodium D-/>oc:o-5-Hexulosonate, and 
Related Compounds in D2O" 

Table XII. 13C Chemical Shifts for D-f/ireo-Hexodiulose Related 
Compounds and Calcium D-J^reo-2-Pentulosonate Tautomers 
(D2O)' 

13a 
14a 
12a 
13b/* 
14b/* 
Ubfg 
13c 
14c 
15 ' 
\6m 

1 

176.5 
176.9 
178.8 

178.0 
177.5 
171.3 
171.4 

2 

80.1 
83.9C 

d.e 

70.6 
73.7 
62.5 
80.6 
81.8 
82. V 
76.2* 

3 

77.1 6 

80.4<-
73.0* 
75.7 
76.7 
72.7 
78.2* 
81.5'' 
78.W 
77.8* 

4 

77.0* 
77.6C 

73.8e 

77.1 
81.4 
76.1 
76.1* 
79.8'' 
ll.V 
77.5* 

5 

103.8 
107.6 
213.4 
103.7 
106.5 
213.4 
102.7 
105.5 
110.9 
104.7 

6 

64.5 
63.3 
66.9 
63.9 
63.3 
66.9 
63.2 
62.7 
56.4 
60.1 

20a 
20b 
20c ̂  
20d 
21 
22 

1 

175.4 
170.5 
169.9 
65.41, 

175.8 
174.7 

2* 

93.6 
92.9 
96.6 
93.1 

101.6 
105.6 

3 a 

72.2 
71.6 
71.9 
70.0 
79.0 
81.6 

4» 

74.3 
73.3 
74.2 
73.7 
75.1 
75.5 

5* 

97.7 
97.0 
97.7 
98.3 
71.2 
73.2 

6 

66.7 
66.1 
60.4 
64.2e 

" Assignments may be interchanged. * Assignments for carbons 
2 and 5 based on D2O/H2O exchange experiments on 20c. c Chemical 
shifts in parts per million from methanol standard assigned as 49.3 
DDm relative to tetramethvlsilane. d Chemical shifts in Darts ner 

" Chemical shifts in parts per million relative to methanol in­
ternal standard assigned as 49.3 ppm relative to tetramethylsil-
a n e b.c.e.h.i.j.k Assignments may be interchanged. d Assignment was 
not made. / Data taken from ref 10. * For comparative purposes the 
numbering used for D-r^reo-2-pentulose tautomers (13b, 14b, and 
12b) is that shown in the table. ' The ester methyl is at 52.4 ppm; the 
ketal methyl is at 49.0 ppm. m The ester methyl is at 52.5 ppm; the 
ketal methyl is at 48.8 ppm. 

of sodium D-Ay:>co-5-hexulosonate in a ratio of 72:28, respec­
tively. The major furanose form was assigned to 13c using 
arguments similar to those previously presented. Carbon as­
signments were based on the chemical shift, SFORD spectra, 
and specifically deuterated D-[2-2H]-/yxo-5-hexulosonic 
acid30 and are similar to the shifts assigned to 13a and 14a (see 
Table XI). 

Calcium D-f/ireo-2,5-Hexodiulosonate. Since the chemical 
structure of calcium D-?/zreo-2,5-hexodiulosonate was deter­
mined by Katznelson and co-workers,40 several tautomers have 
been proposed for its solution structure. On the basis of po-
larographic data, Bernaerts and De Ley41 suggested that 
tautomers 17 might represent the solution structure for calcium 
D-f/ireo-2,5-hexodiulosonate. By analogy with the proposed 
structure for D-?/i/-eo-2,5-hexodiulose (18),42 Imada and 
Asano43 suggested that tautomer 19 might represent the so­
lution structure for calcium D-Mreo-2,5-hexodiulosonate. We 
have obtained 13C N M R data from calcium D-threo-2,5-
hexodiulosonate which are not consistent with either tautomer 
17 or 19, but rather support tautomer 20 as the major tautomer 

2 C ~ ^ HoV~ 

O 

o ^ / ° H 

CO2Na, OH 

a. R, = CO2Ca,/,, R2 = H 

b. R1 = CO2CH3 , R 2 = H 

c. R 1 = C O 2 C H j 1 R 2 = CH 

d. R1 = CH2OH, R2 = H 

for freshly prepared material in aqueous solution.21 There is 
little or no keto component present. The chemical shifts are 
shown in Table XII. Additional support for this assignment 
was obtained when the 13C N M R of calcium D-threo-2-
pentulosonate was obtained. This material clearly can exist 

million from Me2SO-^ assigned as 39.6 ppm relative to tetrameth-
ylsilane. Solvent was Me2SO-^. e Assignments may be inter­
changed. 

only in two furanose tautomers and an open-chain tautomer. 
The 13C NMR data are consistent with the presence of fura­
nose tautomers 21 and 22. Little if any open-chain keto tau-

. 0 . OH 

J-*CO2Ca,,, 

^ O . CC 

0L 
tomer was present. These data are summarized in Table 
XII. 

The methyl ester dimethoxy ketal 20c also exists predomi­
nantly in a single pyranose tautomer, and has been shown to 
exist in this conformation in the crystal state as well.44 By 
analogy it has been concluded that freshly isolated D-threo-
2,5-hexodiulose (2Od) exists predominantly as a pyranose 
tautomer with a hydrated 5-keto group rather than structure 
18 as previously proposed.42 

The chemical shifts of the anomeric carbons at C-2 and C-5 
in 20a-e are consistent with a pyranose conformation, with the 
anomeric carbon resonances in 21 and 22 being deshielded by 
3-9 ppm relative to any anomeric carbon in 20a-e. In addition 
the chemical shifts of C-3 and C-4 in 20a-e are more consistent 
with a pyranose ring tautomer (compare with the chemical 
shifts of C-2 and C-3 in 21 and 22). The recent characteriza­
tion45 of 6-deoxy-D-f/!reo-2,5-hexodiulose and its methyl py-
ranoside dimethoxy ketal (20e) as a pyranose tautomer based 
on ' H NMR is also in agreement with our assignments in the 
2,5-hexodiulose series. 

Carbon assignments for 20a-e are based on chemical shift 
and SFORD spectra for carbons C-I and C-6. Anomeric 
carbons C-2 and C-6 are based on H2O/D2O deuterium iso­
tope shift experiments on 20c in Me2SO-^6-46,47 A 35% in­
crease observed in the signal width at half-height of the carbon 
resonance at 96.6 ppm relative to the absorption at 97.6 ppm 
suggests that the upfield quaternary carbon is appended with 
the anomeric hydroxyl moiety. Unequivocal assignment of C-3 
and C-4 is not possible at this time. 

Experimental Section 

The 13C NMR spectra were obtained on a Varian XL-100A-15 
(25.2 MHz) spectrometer equipped with a Nicolet Technology 1080 
data system. Proton decoupling was provided by square wave modu­
lation48 of the Varian gyrocode heteronuclear decoupler. The spectra 
were obtained with a tip angle of approximately 30°, an acquisition 
time of 1.4 s using quadrature phase detection, and computer reso­
lution of 1.4 Hz (sweep width 6 kHz; 8K data points). The field fre­
quency lock was maintained by the solvent deuterium resonance in 
a 5-mm sample tube (o.d.) and the internal standard adjusted to 
provide chemical-shift values relative to tetramethylsilane. Standards 
and shifts (ppm) used were Me2SO-^6 (39.6), dioxane (67.4), 
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methanol (49.3), and CDCl3 (76.9).49 All spectra were recorded at 
ambient probe temperature. 

The extent of the /3-carbon deuterium isotope effects was deter­
mined by examination of a 1:1 mixture of deuterated and undeuterated 
material25'27'28 in MsiSO-df, solvent.24 Separation of partially resolved 
peaks was determined by deconvolution using the curve analysis 
program of J. W. Akett provided by the Nicolet Users Society. Car­
bon-atom assignments were made by off-resonance decoupling, 
chemical shift, and deuterium isotope substitution. The identity of 
the different tautomers was determined by comparison with literature 
precedent for related keto sugars8-10 and by the use of the cis effect 
on the anomeric carbon in furanose rings.5-10 The ratio of tautomeric 
components in solution was determined by the peak heights of the 
anomeric carbons. To check the accuracy of this method, T\ 's for the 
anomeric carbons, measured by progressive saturation, were shown 
to be 5.82 and 6.47 s for a mixture of 6c and 3c in water, respectively, 
corresponding to a calculated relative error of about 5%. Variation 
of the pulse tip angles from 10 to 30° on 6c and 3c also showed no 
change in relative peak heights for the anomeric carbons. In addition 
7Ys for the anomeric carbons in 6c, 9c, and 8c were shown to be 4.22, 
5.28, and 4.46 s, respectively, in MtiSO-df,. Based on these data it 
was assumed that the height of the various anomeric carbon atoms 
in each sample accurately reflected the ratio of tautomers present. 

The compounds used were prepared according to procedures de­
scribed in the appended references. These were sodium D-arabino-
2-hexulosonate,50-52 D-ara6/'«o-2-hexulosonic acid,36 methyl D-
arabino- 2-hexulosonate,50,51 sodium L-xy/o-2-hexulosonate,15 methyl 
L-xy/o-2-hexulosonate,15 L-*>>/o-2-hexulosonic acid,15 calcium D-
xH/o-5-hexulosonate,50'53 methyl (methyl D-f/i/-eo-5-hexulofuran-
osid)onate,39 calcium D-rAreo-2,5-hexodiulosonate,54'55 D-threo-
2,5-hexodiulose,56 calcium D-r/ireo-2-pentulosonate,57'58 D-[5-
2H]-ara6i>io-2-hexulosonic acid and methyl ester, L-[5-2H]-xylo-
2-hexulosonic acid23 and methyl ester, D-[2-2H]-;ty/o-5-hexuloson-
ate,30 calcium D-/yxo-5-hexulosonate,59 and sodium D-[2- 2 H]-
/yxo-5-hexulosonate.30 

D-Fructose was recrystallized by dissolving 10 g in hot methanol, 
concentrating to approximately 60 mL, and allowing to slowly cool 
to room temperature. After standing at room temperature for 2 days 
the large, transparent crystals were collected and dried (0.54 g, mp 
111-12O0C). 

Calcium D-xv/o-5-hexulosonate and calcium D-/yxo-5-hexuloso-
nate, which are only sparingly soluble in water,60 were converted to 
their soluble sodium salts either by adjusting the pH of an aqueous 
heterogeneous solution containing the calcium salt to 2 with sulfuric 
acid, filtering off the calcium sulfate, adding sodium hydroxide, and 
crystallizing or stirring the calcium salt with an excess of Dowex 
50W-X8 cation exchange resin in the sodium form and crystal­
lizing. 

The crystalline nature of D-araW/to-2-hexulosonic acid36 was 
demonstrated by its X-ray powder diffraction pattern. However, this 
does not provide any evidence as to whether or not the crystals consist 
of a single tautomeric form or a mixture of tautomeric forms. 
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