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A 13C spin-lattice relaxation study of solvent effects on the rotational 
dynamics of methyl glucosides 
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Many instances are known of prominent solvent effects on the chemical and 

physical properties of carbohydrates. Familiar examples’.* are found in the 

tautomeric equilibria of sugars and the interconversions among conformational 

isomers. By contrast, relatively little is known about the influence of solvents on 

the rotational dynamics of carbohydrate molecules. As ‘“C-relaxation measure- 

ments are highly sensitive to differences in the configurations and conformations of 

such molecules3-8, they may also be cxpectcd to reflect alterations in‘dynamic be- 

haviour associated with solvation. Accordingly, the present study utilizes W-R, 

values in an attempt to evaluate possible effects on the motional behaviour of a pair 

of anomeric glycosides, i.e., methyl (Y- (la) and /3-D-glucopyranoside (lb), in a 

group of solvents that represent an extended range of such properties as viscosity 

and dielectric constant. 

The relaxation rates (I?, values, see equation I) for 13C obtained at 25” for all 
carbons of la and lb in various protic and aprotic solvents are summarized in 
Tables I and II, respectively. Two reports 3,4 have presented T, values for glucose 

derivatives in D,O and our results are in qualitative agreement with those values. 

The n.0.e. values for all carbons approached the asymptotic value of 2.988 to 

within -t5%, indicating that these carbons relax preponderantly via dipole-dipole 

interactions. 

The R, values of the ring carbons (C-l-5) of la in each solvent are similar 

within experimental error, suggesting isotropic overall motion for this molecule. 

For lb, the same isotropic overall motion is observed in methanol and acetic acid, 

whereas a slight anisotropicity in its overall motion is detectable in D,O, N,iV-di- 

methylformamide, pyridine, and methyl sulfoxide (Table II), from the fact that the 

R, values of the anomeric carbon differ from those of the other ring carbons by 

-8%, which was highly reproducible and outside the experimental error. As such 

000%6215/89/$03.50 @ 1989 Elsevier Science Publishers B.\/ 



T
A

B
L

E
 

I 

*3
C

-S
Pl

~L
A

~I
~~

 R
E
L
A
~
T
I
O
N
~
~
S
 

(
S
-
'
)
,
 R
O
T
A
~
O
N
A
L
c
O
R
R
E
L
A
~
O
N
T
l
M
E
S
(
p
S
)
,
 

A
N
D
C
O
U
P
L
I
N
G
C
O
N
S
T
A
N
T
S
 

(
H
Z
)
 F
O
R
M
E
T
H
Y
L
 

L
Y
-
D
-
G
L
U
c
O
P
Y
R
A
N
O
S
l
D
E
'
I
l
\
i
 

V
A
R
f
O
U
S
s
O
L
V
E
N
T
s
 

A
T

i?
!*

 

S
oh

w
lt 

9 
LF

 
c-

1 
c-

2 
c-

3 
c-

4 
C

-5
 

C
-6

 
C

H
, 

*0
 

re
rr

 
W

-c
s)

 
Jf

i.i
‘ff

.2
 

M
eO

H
 

0.
54

2 
31

.7
 

0.
88

 
0.

87
 

0.
83

 
0.

85
 

0.
87

 
1.

61
 

0.
31

 
40

.3
 

37
.8

 
3.

73
 

H
C

O
N

M
e,

 
0.

7%
 

36
.7

 
0.

94
 

0.
91

 
0.

91
 

0.
91

 
0.

91
 

1.
52

 
0.

37
 

42
.9

 
35

.5
 

3.
66

 
Py

ri
di

ne
 

0.
82

4 
12

.3
 

1.
43

 
1.

41
 

1.
39

 
1.

35
 

1.
37

 
2.

44
 

0.
41

 
65

.1
 

57
.1

 
3.

66
 

D
,O

 0
.5

M
 

0.
89

4 
78

.5
 

1.
04

 
1.

01
 

1.
01

 
3.

96
 

1.
01

 
1.

67
 

0.
38

 
48

.2
 

39
.0

 
3.

70
 

A
cO

H
 O

:S
M

 
1.

28
 

1.
25

 
1.

25
 

1.
27

 
1.

27
 

2.
27

 
0.

43
 

59
.3

 
53

.2
 

1.
23

2 
6.

2 
2.

08
 

2.
08

 
2.

17
 

2.
13

 
2.

08
 

3.
57

 
0.

60
 

10
0.

7 
83

.6
 

3.
70

 
M

ea
S 

o
.
Z
?
M
 

1.
96

0 
46

.4
 

1.
89

 
1.

85
 

1.
85

 
1.

82
 

1.
82

 
3.

13
 

0.
69

 
87

.3
 

73
.2

 
3.

60
 

M
 

2.
44

 
2.

38
 

2.
38

 
2.

38
 

2.
38

 
4.

17
 

0.
76

 
11

3.
2 

97
.6

 

aO
.S

~ 
So

lu
tio

ns
, 

un
le

ss
 o

th
er

w
is

e 
st

at
ed

. 
*S

ol
ve

nt
 v

is
co

si
tie

s 
in

 C
P 

at
 2

5”
. c

D
ie

le
ct

ri
c 

co
ns

ta
nt

s 
in

 D
eb

ye
 

at
 2

5”
. 

T
A

B
L

E
 

II
 

i
3
C
-
s
~
I
N
-
i
,
A
x
w
x
 R
E
L
A
X
A
T
I
O
N
 
R
A
T
E
S
 
(
s
-
l
)
,
 R
~
T
A
T
I
~
N
A
L
C
O
R
R
E
L
A
T
I
O
N
T
I
M
E
~
 

(p
s)

, 
A

N
D

 
C
O
U
P
L
I
N
G
 

C
O

N
S

T
A

N
T

S
 

(H
Z

) 
F
O
R
M
E
T
H
Y
L
 

/
3
-
D
-
G
L
U
C
O
P
Y
R
A
N
O
S
I
D
E
~
 I
N
 

V
A
R
I
O
U
S
S
O
L
V
E
N
T
S
A
T
 

25
” 

.~
 

So
lv

en
t 

7p
 

D
C

 
C

-l
 

c-
2 

c-
3 

C
-4

 
c-

5 
C

-6
 

C
H

, 
T

o 
Q

 
(C

-6
) 

JH
.I,H

-z
 

M
eO

H
 

0.
54

2 
31

.7
 

1.
27

 
1.

32
 

1.
33

 
1.

35
 

1.
33

 
2.

44
 

0.
44

 
61

.6
 

57
.1

 
7.

76
 

H
C

O
N

M
e,

 
0.

79
6 

36
.7

 
1.

19
 

1.
28

 
1.

28
 

1.
32

 
1.

30
 

2.
38

 
0.

47
 

59
.7

 
55

.8
 

7.
81

 
Py

ri
di

ne
 

0.
82

4 
12

.3
 

1.
96

 
2.

13
 

2.
08

 
2.

13
 

2.
13

 
3.

85
 

0.
57

 
97

.6
 

90
.1

 
7.

71
 

D
,O

 
0.

89
4 

78
.5

 
1.

14
 

1.
18

 
1.

25
 

1.
27

 
1.

27
 

2.
27

 
0.

42
 

57
.1

 
53

.2
 

8.
00

 
A

cO
H

 
1.

23
2 

6.
2 

3.
70

 
3.

85
 

4.
00

 
4.

00
 

3.
85

 
6.

47
 

1.
06

 
18

0.
1 

15
6.

1 
7.

87
 

M
e,

SO
 

1.
96

0 
46

.4
 

2.
56

 
2.

78
 

2.
78

 
2.

78
 

2.
78

 
5.

00
 

0.
83

 
12

6.
6 

11
7.

1 
7.

81
 

O
M
 s

ol
ut

io
ns

. 
*S

ol
ve

nt
 v

is
co

si
ty

 i
n 

cP
 a

t 
2S

 O
. D

ie
le

ct
ri

c 
co

ns
ta

nt
s 

in
 D

eb
ye

 
at

 2
5’

. 



290 NOTE 

anisotropy is not exhibited by la in any of the solvents, nor by lb in methanol or 

acetic acid, these atypically lower R, values of C-l cannot be ascribed to an un- 

expected change in the stereochemistry of the anomeric carbon. This finds support 

in the constancy in the values of J,., H_2 (Table I and II), which indicate that there 

is no substantial departure from the ideal 4C, conformation, An additional fact 

supporting this conclusion is the relative constancy (generally S3.5%) in the t3C 

chemical shift data (Table III) on changing the solvent; presumably, the minor 

differences observed are caused by variation in the solvating ability of each solvent, 

and hence the electronegative character of the hydroxyl groups. 

The anisotropicity in the overall motion of lb relative to that of la in D,O 

has been attributed4 to an effect of the p-anomeric substituent on the inertial axes, 

sufficient to cause molecular diffusion about a preferential, but undefined, axis of 

rotation. Although the basic argument seems correct, i.e., the presence of the /3- 

anomeric substituent is the major cause of the anisotropic motion, especially in the 

light of higher anisotropicities observed for larger P-substituents4, it is unlikely that 

this anisotropic motion can be described in terms of a preferential axis of rotation, 

as found with methyl P-o-galactopyranoside 4. Moreover, such solvent effects as 

hydrogen bonding may alter the overall shape of the solvated entity, resulting not 

only in a further shift of the principal axes of the diffusion tensor, but also in a 

different type of overall motion, as observed for lb in the two classes of solvents. 

The asymmetric molecule lb contains four hydroxyl groups and two oxygen atoms 

that constitute strong solvating centers. Therefore, the assumption that the princi- 

pal axes of the diffusion tensor coincide with the principal axes of the moment of 

inertia may not be justified for this highly polar moleculey~‘O. Rather, the three 

Euler angles defining the orientation of the diffusion tensor, in addition to the 

three diffusion coefficients, should be determined. In the context of Woessner’s 

treatment1*J2, six linearly independent equations, and hence six unique C-H 

vectors, as well as the corresponding 13C-R, values, are needed for the determina- 

tion of these six parameters, which appears to be impractical at this stage. 

In the following discussion, la and lb are treated as approximate isotropic 

tumblers, and hence their overall motion is described by equation 1, 

which holds under the extreme narrowing condition and where Nn is the number 

of protons bonded to the carbon atom in question, yn and ‘yc are the gyromagnetic 

ratios of the proton and carbon nuclei, respectively, R( =/r/27r) is Planck’s constant, 

rc_H is the C-H bond-length, and r,, is the rotational correlation time of the C-H 

vector under study. Tables I and II summarize the correlation times of la and lb 

calculated by means of equation 1. 

Neither the solvent viscosity nor the dielectric constant bear a direct relation- 

ship to the correlation times found for the overall motions of la and lb. This may 
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not be surprising, because the simple hydrodynamic model13 does not reflect such 

specific solvent effects as the strong hydrogen bonding that dominates solvation in 

some of the present systems. Nevertheless, viscosity cannot be excluded as a factor 

contributing to the rate of the overall and internal motions. For instance, a com- 

parison of the rates of the overall motion of both compounds in the aprotic solvents 

N,N-dimethylformamide and methyl sulfoxide, which have approximately the same 

donor character14J5, or of the rate of la at two concentrations in D,O and 

(CD&SO (Table I) shows a decrease in the rate of motion with increasing solvent 

or solution viscosity. 

No correlation was found between the relaxation data and the solvent di- 

electric constants, as might be expected. That is, the latter provide a measure of 

solvent polarity in terms of its ability to separate electrical charges and orient a 

dipolar molecule, whereas the total sum of the interaction of solute and solvent 

molecules is more extensive and complex. For carbohydrate molecules in particu- 

lar, hydrogen bonding can play a critical role in determining the rate of motion 

and, in this respect, the most significant factor is whether the hydrogen bonding is 
internal or external. In polar media, the interaction of the solvent and a hydroxyl 

group is typically strong, and often favors external hydrogen bonding with the 

solvent over internal hydrogen bonding, whereas the latter is favored in a solvent 

of low dielectric constant, if structurally permitted. In addition, solute-solute inter- 

molecular hydrogen bonding cannot be excluded in solvents of low dielectric con- 

stant. This may account for the very slow overall motion observed for both la and 
lb (Tables I and II) in acetic acid relative to that in methyl sulfoxide, which has the 

lower viscosity. As acetic acid, a highly associated liquid at room temperature, has 

a low dielectric constant and low ionizing ability 16, its tendency to form strongly 

associated dimers makes it an inferior solvating agent relative to other protic 

solvents, despite its rather high electron-acceptor properties15.“. 

An attempt was made to correlate the relaxation data with parameters, other 

than dielectric constant, that reflect solvent polarity18,19. None of these empirical 

parameters [e.g., Kosover Z-values, Winstein Y-values, Dimroth and Reichardt 

E-r-values, acceptor numbers (AN), donor numbers (DN), or P parameter$” 

correlated well with the data, even when the protic and aprotic solvents were 

considered separately. The most satisfactory fit (r = 0.859) was obtained between 

the r, values of lb and the (AN) parameters. Overall, these findings suggest that 

carbohydrate molecules, with many donor and acceptor centres, cannot be easily 

classified relative to the donor and/or acceptor properties of a solvent. Moreover, 

specific and non-specific interactions (e.g., coulombic, directional, inductive, and 

dispersion interactions) of sugar and solvent molecules cannot be reflected together 

in a single empirical parameter. No attempt was made to fit the data with a multi- 

parametric equation that has been proposed19. 

Each of the solvents used, except perhaps for pyridine, is associated to a 

greater or lesser extent in the liquid state. The introduction of la or lb into the 

solvent breaks the clusters of solvent molecules which promote solvation through 
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interactions with the hydroxyl groups and other polar centres. The strength and the 

type of solvation depend on the solvent donor and/or acceptor properties. In study- 

ing the n.m.r. shifts of the resonances of the hydroxyl protons of several sugar 

molecules as a function of pH and temperature, Harvey and Symons2i concluded 

that each hydroxyl group is hydrogen-bonded to two molecules of water and two of 

methanol. These finding, however, are at variance with hydration numbers of 3-5 

for each sugar molecule, reported by Suggett et ~1.~~~~~ on the basis of n.m.r. and 

dielectric relaxation data. Moreover, the possibility cannot be excluded21T24 that 

certain OH groups in the gauche conformation could form bridged structures with 
water or methyl sulfoxide and that, once attached, these solvent molecules could 

remain with the sugar molecules for a relatively long time because of the chelate 

effect. Based on the maximum allowed error of +13% in the r0 values in Tables I 

and II derived from the experimental error in the measured R, values, the rate of 

the overall motion for either la or lb in these solvents follows the order methanol 

= N,N-dimethylformamide = D,O < pyridine < methyl sulfoxide. Although the 

structures of the solvated species in N,N-dimethylformamide and pyridine are un- 

known, the above sequence appears to reflect both the viscosities and the molecular 

weights of the solvated entities. This is especially evident in the light of the Harvey 

and Symons’ mode12i depicting each hydroxyl group as hydrogen-bonded to two 

molecules of solvent. On this basis, the molecular weights of the solvated species 

are: in methanol (256), NJ-dimethylformamide (364), water (144), pyridine (496), 

and methyl sulfoxide (312). Underlying such a proposal is the basic assumption that 

the lifetime of the solvated species is longer than, or at least comparable to, the 

time scale of the molecular motion (alO-I2 s), which seems to hold for sugars in 

water solutions as deduced22j23 from n.m.r. and dielectric relaxation studies. 

As shown in Tables I and II, the correlation times for the motions of la and 

lb in D,O under the same conditions of concentration and temperature are compar- 

able. Comparable rates of overall motion are also found22,25 for (Y- and p-D-gluco- 

pyranose in D,O. From these observations, it appears that any possible restriction 

to the rotational motion of P-D-glucopyranose (or lb) by the tridymite arrangement 

of water molecules, with which this compound is more compatible than is its 

anomer26, is of minor importance relative to the rotational motion of the hydrated 

entity. Although, /3-D-glucopyranose is more highly hydrated than cr-D-gluco- 

pyranose22,23, the molecular weights of their hydrated forms differ by only 18 

(OH:H,O = 1: 1) or 36 (OH:H,O = 1:2), which would not contribute significantly 

to differences in their relaxation rates. 

Interpretation of the R, values of the hydroxymethyl group of these com- 

pounds is complicated additionally by the possibility of rotation about the C-5-C-6 

bond. An effective correlation time (T,~) for C-6 can be calculated from equation 

I, and the values obtained in this manner are summarized in Tables I and II. Com- 

pared with the TV values, for each solvent, they indicate a greater degree of motional 

freedom in la than in lb. As there is no obvious basis for assuming large differences 

in the rotational conformation and solvation pattern at C-6 for these anomers, the 
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different degree of motional freedom indicated by these data can be attributed to 
variations in their principal rotation axes, as discussed previously. 

EXPERIMENTAL 

The ‘H- and 13C-n.m.r. experiments were carried out on a Varian XL-200 
spectrometer operating at 200.0 and 50.4 MHz, respectively. 13C-TI experiments 
were conducted on the same spectrometer under conditions of full ‘H noise-de- 
coupling. The temperature was controlled at 25.0” 3~0.1”. The relaxation times were 
measured by the FIRFT method*’ and analyzed by a three-parameter non-linear 
procedure28. The pulse duration for a 180” flip angle, checked periodically, was 
28-29 PS. Other details on relaxation experiments and “C-n.0.e. measurements 
are given elsewhere5. The r.m.s. error in the three-parameter fit and the reproduci- 

bility were both f5%, or better. Solutions of the glucopyranosides in various 

deuterated solvents were degassed by saturation with dry nitrogen for l-2 min be- 

fort use. The concentrations were M for methyl P-D-glucopyranoside and 0.5~ for 

methyl a-D-glucopyranoside (0.25M in acetic acid) due to its more limited solubility 

in most solvents. 

A 2D heteronuclear shift-correlation experiment was performed for the 

assignment of the chemical shifts of the resonances of C-3 and C-5 of lb in D,O, 

which are resolved at 50 MHz, in contrast to earlier reportsz9 where the two signals 

appear to coincide. 
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