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Interactions of Sugars with the Sodium Cation. 
Sensitivity of the Sodium-23 Nuclear Magnetic 
Resonance Line Width in Pyridine Solution 

Sir: 

Sugars complex sodium;1 biological implications are diverse 
and widespread.2 We report concentration and temperature 
dependent increases in line width of the 23Na NMR signal due 
to complexation of the sodium cation by the sugar. 

The 23Na line width v\/2 increases greatly when small 
amounts of sugars, such as fructose, galactose, or glucose are 
codissolved with the sodium salt in pyridine. For instance, with 
0.0189 M N a + C l O 4

- in pyridine at 300 K, the following 
equation describes the dependence upon galactose concen
tration: 

«M/2(Hz) = 3870 (galactose) + 49 (D 
In order to simplify the analysis, we selected L-sorbose (Al-
drich) as a sugar in which the anomeric equilibrium favors to 
a great extent the a form, which is virtually the only one 
present in water3 or in pyridine4 solution. Sodium perchlorate 
(0.1 M) is dissolved in an 80:20 mixture of pyridine and pyri
dine-^, carefully dried by refluxing over potassium hydroxide 
pellets and distillation under argon. Line widths are obtained 
using a Bruker HFX-90 spectrometer at 23.81 MHz. The 
broadening AIM /2 is a linear function of L-sorbose concentra
tion at each temperature in the range 250-340 (Figure 1). At 
such low sugar concentrations, ca. 1O-2 M, the solution vis
cosity remains unaffected. This broadening does not appear 
to originate from slow chemical exchange of N a + between 
nonequivalent sites; a graph of log Avi/2 as a function of re
ciprocal temperature is linear, i.e., indicative of fast exchange, 
as previously shown for the binding OfNa+ to carbohydrates 
in water solution by Angyal5 using proton NMR, and by An-
drasko and Forsen6 using sodium-23 N M R relaxation times. 
Writing the observed line width v\/2 as:6 

_ (Na + ) T . , ^(sorbose) 1 . . . 
*""I/2 ~ . . . + . TT l̂/2 + , , W X I „ + > «""1/2 I (2) (Na+)o 1 + K(Na+) 

where (Na+)o is the molar concentration of added salt, and 
(Na + ) that of uncomplexed sodium ions; K is the stability 
constant rather than a true equilibrium constant since the 
activities of both partners in pyridine are unknown; ci/2s is the 
line width for the sodium cation symmetrically solvated by n 
pyridine molecules, n = 4 being a very likely number;7 and v\ /2a 

is the line width for the sodium cation asymmetrically solvated 
by n — p pyridine, and q sugar molecules. These are weak 
complexes5,6 and (Na + ) a* (Na+)o at the sodium concentra
tions used in this study. Equation 2 indeed predicts the linearity 
of ci/2 vs. (sorbose) as observed in Figure 1. A graph of (Na+)o 
vs. (A1/1/2)-1 is also linear (p > 0.990 for three points at each 
temperature) if AJ>I/2 = ci/2 - v\/2s, with K~l as the ordinate 
and f i/2a (sorbose) as the slope. The results are indicated in 
Table I. From the small temperature dependence of K, the 
entropy change AS0 = - 3 8 ± 20 J K - ' mol - ' . Assuming one 
entering sugar molecule (q = 1), this appears to rule out any 
stoichiometry other than p = 1, i.e., one sugar has displaced 
one pyridine unit. Otherwise, there would be a gain in trans-
lational entropy of ca. 105-165 J K - 1 mol - 1 per additional 
pyridine displaced, by application of the Sakur-Tetrode re
lationship modified for the gas-to-liquid change. The tem
perature dependence of the line width in the complex v\/2a 

(Table I) yields the apparent activation energy for reorienta
tion of the complex in pyridine solution; the linear graph of log 
ei/2a as a function of T~l (p = 0.989 for five points) has a slope 
EJR, with £ a = 4.4 ± 1.2 kcal mol - ' . In the ignorance of the 
quadrupolar coupling constant and of the asymmetry pa
rameter for the sodium nucleus in this complex, not a sym-

^ , (H.) 
200 . 

100 

28OK 

290 K 

ifl 20 [SORBOSE] 10' M' 

Figure 1.23Na line broadenings AIM/2 as a function of L-sorbose concen
tration at 290 K(p = 0.991) and 280 K (p = 0.994). 

Table I. Interaction Parameters for the Sodium-Sugar 
Interactions" 

Temp 
(K) 

250 
260 
270 
280 
290 
300 
300 
300 

Sugar 

Sorbose 
Sorbose 
Sorbose 
Sorbose 
Sorbose 
Glucose 
Galactose 
Fructose 

Stability 
constant 
K(M~]) 

12.5 ±3.75 
8.2 ±2.5 
7.4 ±2.2 
8.4 ±2.5 
7.2 ±2.2 
2.6 ±0.8. 
5 ± 1.5 
6.2 ± 1.8 

Line width 
in complex 
Ki /2 a (Hz) 

2700 ± 800 
1890 ± 570 
1640 ± 500 
1040 ±310 
800 ± 240 
845 ± 250 
850 ± 250 
830 ±250 

" The quoted uncertainties have been evaluated taking twice the 
standard deviation as an upper limit for the systematic error. 

metrical top, one cannot derive a correlation time for the ro
tational motion of this entity. 

The stability constant for the sorbose-Na+ complex obtained 
here8 is unusually large for a sugar devoid of the characteristic 
axial-equatorial-axial arrangement of OH groups.5 Clearly, 
use of pyridine as a solvent boosts the magnitude of these in
teractions and makes them much better amenable to study. 
Unfortunately, inositol, which binds strongly the N a + cation, 
is virtually insoluble in pyridine. We visualize the complex with 
three pyridine nitrogens and two (or three) sugar oxygens ar
ranged around sodium. The resultant dissymmetry and electric 
field gradient9 at the sodium nucleus are consistent with the 
extremely large i/|/2a values in Table I. Also the complex would 
reorient rather more slowly than the (Na+)4Pyr species; the 
latter motion also is characterized by an activation energy of 
£ a = 4.4 ± 0.6 kcal mol - 1 while pyridine solvent molecules 
reorient with an activation energy of 2.4 kcal mol~'. ' ' We note 
furthermore that our v\/2a values (Table I) are commensurate 
with those reported by Popov12 in his pioneering study of the 
monensin-sodium complex. 

The gratifying internal consistency of this treatment and its 
simplicity make it a likely explanation of the reported increases 
in the sodium line width. We are led to the conclusion of in
sertion of one sorbose molecule in the sodium solvation shell, 
with the attendant release of one pyridine solvent molecule.13 
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Prenyltransferase. The Mechanism of the Reaction1 

Sir: 

Prenyltransferase (EC 2.5.1.1) catalyzes the condensation 
between C4 of isopentenyl pyrophosphate (IPP) and Ci ' of an 
allylic pyrophosphate, giving the five-carbon homologue of the 
allylic pyrophosphate. This is the fundamental chain elongation 
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reaction of terpene biosynthesis and leads to the formation of 
several important classes of natural products such as sterols, 
carotenoids, dolichols, and respiratory coenzymes. The 
mechanisms which have been proposed for prenyl transfer can 
be grouped into two broad categories (Scheme I): those in 
which condensation is initiated by heterolytic cleavage of the 
carbon-oxygen bond, with or without assistance from the 
double bond of isopentenyl pyrophosphate, yielding cationic 
intermediates (ionization-condensation-elimination),2 and 
those in which condensation is initiated by attack of a nu-
cleophilic group at the double bond of isopentenyl pyrophos
phate with simultaneous formation of the C1 '-C4 bond between 
the two substrates and rupture of the Cj'-oxygen bond (dis
placement-elimination). 2d-3 We reasoned that it would be 
possible to distinguish between the two mechanisms by re
placing the R group in the allylic substrate by a trifluoromethyl 
group. The strong electron-withdrawing effect of a trifluoro
methyl substituent ( c + = 0.612)4 should retard the rate of 

Table I. Effect of Methyl and Trifluoromethyl Groups 

Reactant T, 0C 
Solvent 

(%acetone-H20) &CF3/CH3 

SNl 
£-3-Trifluoromethyl-2-buten-1 -yl methanesulfonate 

(£-l-OMs) 

3-Methyl-2-buten-l-yl methanesulfonate (4-OMs)0 

SN2 
E-1 -Chloro-4,4,4-trifluoro-2-butene (5) 
£-l-Chloro-2-butene(6) 

20 
20 
60 
70 
80 
0 

20 

20 
20 

92 
50 
50 
50 
50 
92 
92 

100 
100 

5.5 X 1 0 - 8 a - r 

1.55 X 1 0 - 6 ^ 
1.28 ±0 .03 X IO- 4 ' ' 
3.06 ±0 .20 X 1 0 - 4 f 

7.98 ±0 .55 X 10~ 4 c 

3.82 ±0.11 X 10-3<-
2.99 ±0 .12 X 10~ 2 c 

68.8 X I f J - W 
6.1 X 1 0 - W 

1.8 X 10"6 

11 

" Extrapolated from higher temperatures. AH* = 20.7 kcal mol-1, AS* = -15 eu. * Extrapolated 50% acetone-water, m = 0.383, Y = 
2.25. c Units are s-'. d AH* = 15.8 kcal mol"1, AS* = -12 eu. ' For displacement with I-(KI), 1. mol"1 s-'.-^E. T. McBee, R. D. Battershell, 
and H. P. Braendlin, J. Am. Chem. Soc, 84, 3157 (1962); J. A. Pegolotti and W. G. Young, ibid., 83, 3258 (1961). * L. F. Hatch and S. S. 
Nesbitt, ibid., 73,358(1951). 
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