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Abstract: Isotopic substitution is known to affect kinetic rate constants and equilibrium constants in
chemistry. In this study, we have used tritium substitution and high pH to probe the glucose = glucose™ +
H* equilibrium. Passing partially ionized mixtures of [*H]- and [**C]glucose over anionic exchange resin
has permitted the detection of subtle differences in pK,. We have found that, at pH 11.7 in an anionic
exchange system, [*H]glucose always elutes ahead of the [**C]glucose, and we report isotope effects of
1.051 £ 0.0007, 1.012 + 1.0005, 1.014 + 0.0004, 1.024 + 0.0003, 1.014 + 0.0004, and 1.015 + 0.0014
for [1-3H]-, [2-H]-, [3-3H]-, [4-3H]-, [5-3H]-, and [6,6-3H,]glucose, respectively, as compared to either [2-14C]-
or [6-1*C]glucose. The elevated isotope effects at H1 and H4 imply unusual charge sharing in anionic
aqueous glucose. Base titration of 3C-chemical shift changes demonstrates the dominance of pyranose
forms at elevated pH, and ab initio isotope effect computations on gas-phase glucose anions are presented.

Introduction C6,
o - O\c1 _#OH
In chemistry and enzymology, isotope effects are used
regularly to observe transition states and equilibria and to ca
determine rate-limiting steps. Several isotopomers may be HO\\\\“‘ ""//,,OH

recruited to give a perspective on the process under examination,
but, typically, the reaction involves transformation at one moiety
or the breaking of one bond. However, a position-specific
multiple isotope effect study can also be used to understand
the localization of a global process. One example is a study of
isotopic fractionation of nonionized benzoic acid under reverse-
phase chromatography attributed to regiospecific hydrophobic
or van der Waals interactions with the stationary pHeSienilar
studies of hydrophobicity by retention time isotope effects would

OH
Figure 1. [3-D-Glucopyranose.

the mannose anion was seen to be one of the more stable ions,
its charge would be shared by the alternating equateadbl—
equatorial OH+3 groups in theg-anomer. In glucose, presum-
ably, charge cannot be shared stably between these three

; h | * that th bstrat q equitorial hydroxyls in the same way (Figure 1). Carbohydrate
orm another example, except that the substrates used wer omplexes with alkali and alkaline-earth metals have been

invariably perdeuteratet® To our knowledge, amu_ltiple isotope _studied with implications for sugar sympé#% and while
effect study has not been performed to characterize the behavior

fth idi . | i lecul h | crystallography has provided structural information about sugar-
ot the acidic groups in a polyprolic molecule such as glucose. 5, 4 meta hydroxide adduct4,'®> the solution complexes
Carbohydrates are among the most studied biological mol-

X T o = appear to be understood only to the level of stoichiometry.
ecules, including important early findings of sugar mutarotation - s paper, we have generated the glucose anion under high-
as a function of pH (refs48). Titration of hydroxide solutions

i . pH conditions and used anion-exchange chromatography resin
with carbohydrates showed the existence of at least two and,, perform isotopic fractionation. We have found thatl-
possibly three ionizable groups in aqueous glucoséore

! . o glucose can be separated to near-baseline purity ffd@1-[
recently, from studies of aldoséetose isomerizations at  g,00se, hut fractionation for other tritium labels is not as large.

alkaline pH, it was concluded that some hexose anions couldyq have performed a pH titration 81C NMR chemical shifts
g’ . : o
be stabilized by favorable ierhydroxyl interactions? because i natural abundance over the basic range to show the dominance

(1) Lockley, W. J. SJ. Chromatogr1989 483 413, of S-glucopyranose and-glucopyranose at high pH, and we

(2) Tanaka, N.; Thornton, E. R. Am. Chem. Sod976 98, 1617. show calculations of isotope effects which aid in interpreting
gg Egvv\ysa%RﬁA]'-Lﬁ%u%?rmﬁt%r'(lz?wge?ng'szo(sc?%zs 197 2530 the HPLC data. We conclude that variation in the retention time
(5) Lowry, T. M.; Smith, G. FJ. Chem. Socl1927, 2539.
(6) Lowry, T. M. J. Chem. Socl927, 2554, (11) Rendleman, J. A. Adv. Carbohydr. Chem1966 21, 209.
(7) Bronsted, J. N.; Guggenheim, E. A. Am. Chem. S0d.927, 49, 2554. (12) Rendleman, J. A. J. Org. Chem1966 31, 1839.
(8) Hudson, C. SJ. Am. Chem. Sod.91Q 32, 889. (13) Rendleman, J. A. J. Org. Chem1966 31, 1846.

(14)

(15)

(9) Urban, F.; Shaffer, P. Al. Biol. Chem.1931, 94, 697. Cochran, WNature 1946 157, 872.
(10) ElKhadem, H. S.; Ennifar, S.; Isbell, H. Sarbohydr. Res1989 185, 51. Beevers, C. A.; Cochran, Wroc. R. Soc. London, Ser.1®47, 190, 257.
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isotope effects reflects the extent to which each hydroxyl is 1000 7
ionized in theB-glucopyranose anion at pH 11.7 and that this

anion carries its charge primarily on O1 and secondarily on O4. 800 7]

Materials and Methods 2 600 ]

3H- and '“C-Labeled GlucoseAll glucose or radiolabeled glucose 400
was purchased from either Amersham Radiochemicals (Piscataway, NJ) h
or Sigma Chemicals (St. Louis, MO), except for the®Hglucose, 200 ] \ |
which was synthesized in a procedure adapted from that déi®wan ]
and Widmalmt. 0 et

HPLC. High-pH anion-exchange chromatography was performed 0 5 10 15 20 25 30
on an HPLC system purchased from Dionex Corp. (Sunnyvale, CA), time from injection (minutes)
using a CarboPac PA1 column (4 mm250 mm) and isocratic aqueous s
NaOH pH 11.7 (5 mM NaOH). Peaks were visualized in real-time using 20107 P
pulsed-amperometric detection (PAD), but the isotope effect data r 4
reported herein were obtained by injecting a;20mixture of [**C]-
glucose and3H]glucose with a 5QuL Hamilton syringe. Next, 6-s
fractions around the expected elution time were collected and analyzed
for both tritium and'C content; 1QuL of each fraction was added to
1 mL of HO and 10 mL of Liquiscint (National Diagnostics, Atlanta,
GA) scintillation fluid and counted for 1 min in a Searle Delta 300
instrument. The first moment of the elution peak of each isotope was
calculated according to

200 10° |

150 10° |-

counts per minute

100 10° |-

5 o [
(time of fraction ix cpm in fraction i) 50107 I
n—=

mea
total cpm

010° FE6e6606669 -'-'—‘

where each fraction was assigned the time at the midpoint of its 6-s

span. These were divided (tintéC/time °H) to obtain the retention

time isotope effect. Because solute travel velocities scale linearly with *+12.5 minutes = time post injection

the percent of time spent in the mobile phase, the observed isotopeFigure 2. Typical HPLC chromatographs. The top panel shows detection

effects directly represent the fraction of sugar ionized. by pulsed amperometry, and the bottom panel demonstrates near-baseline
Chemical Shift Titration with pH. First, 300 mg of unlabeled sugar ~ SeParation of isotopes for the co-injection ofHjglucose and [64C]-

was dissolved in 60@L of D,0O, and the pH was titrated with 10 N glucose.

NaOH and concentrated NaOHH-uncoupled*C NMR spectra were o

then obtained using a 300 MHz Bruker instrument and uncorrected for chromatograph follows a typical injection of the 20 s_ample

deuterium content at the following pH values: 8.3, 9.0, 10.4, 11.7, and demonstrates both the solvent front at approximately 1.7

12.1, 12.4, 12.6, 12.8, 13.0, 13.25, and 13.7. min and a baseline waver at 18 min, corresponding to the onset
Computations. Glucopyranose anomers in the gas phase were of the column-washing phase. Other artifacts either were not

energetically minimized using Gausstarsoftware at the density  radioactive or were significantly different in retention time from

functional level of theory (b3pw91/6-31g**). Each molecule was the main glucose peak.

ionized by removal of a proton from a free hydroxyl, minimized again Expansion of fractions about the glucose peak for the
at the same level of theory, and then subjected to frequency Calcmat'onsimultaneous injection of [2H]- and [644C]glucose demon-

in Gaussian. Deuterium and tritium isotope effects were calculated for . . . .
P strates near-baseline separation of isotopes (lower panel, Figure

each model with respect to the neutral anomer via IsoEff9the o .
frequency scaling factor used was 0.9561 as suggested in ref 20. Noz)' The results for each backbone hydrogen substitution in

attempt to model thé*C NMR chemical shifts was made computa- 9lUCOS€ are summarized in Table 1.
tionally. It is significant that isotope effects are observed for all
substitutions. In all cases, the tritiated material was seen to elute
before the }*Clglucose. The largest separations of 1.057
Experimental. HPLC. Glucose elution at 13.5 min is seen 0.0007 were obtained for tritiation at H1 and of 1.624.0003

as the most prominent feature in the top panel of Figure 2. The for tritiation at H4. All other effects (with tritium at H2, H3,

: : H5, and H6) were similar (1.0£21.015). It was possible to
e e o O . Sac00s 125 4785, obtain measurements within a small experimental error while

(18) Friscckf]], M. J.; Trucks, G.kW.; Sﬁhleg(él, H. B.; Scuseria, G. E.;SRobb, M. keeping the total number of injections between three and seven
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, . . . . .
R E.; Burant, J. C.. Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, repllcaFe. experiments. This accuracy arises from the simulta-
E' NMStram' !\/I.Bc.;PFarkal?, %; TAO(rjnasL J.(;:Bacr:?%e. (\j/.;é:osgl,g\{l.: Ckamel, neous injection of isotopes, yielding an internal control, and to

.; Mennucci, B.; Pomelli, C.; amo, C.; Clifford, S.; Ochterski, J.; . . . .

Petersson, G. A.: Ayala, P. Y.; Cui, Q.. Morokuma. K.: Malick, D. K.: the large number of data points{&0) comprising each isotopic
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, e|ution.
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; . . .
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, We also attempted the observation of deuterium isotope
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_; _ini i _ _ H
Johnson. B G.: Chen. W.. Wong. M. W.- Andres, J. L.: Head-Gordon, effects by co |n!ect|ng unlabeled- and [1-d]glucose and scanning
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.6; Gaussian, for two peaks in the resultant pulsed-amperometry chromato-
Inc.: Pittsburgh, PA, 1998. ; ;

(19) Paneth, P. “ISOEFF98". 1998. gram. Unfortunately, the dgutenum isotope _effects are subtle

(20) Wong, M. W.Chem. Phys. Lettl99§ 256, 391. enough to prevent useful line shape analysis for peak decon-
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ppm, respectively. Moving away from the reader are spectra at progressively higher pH: 11.7, 12.1, 12.4, 12.6, 12.8, 13.0, 13.25, and 13.7.

Table 1. Retention Time Isotope Effects (RTIE) for Glucose and
High-pH Anion-Exchange HPLC
labels isotope effect? std. dev. n
[1-H] + [2- or 6-“C]glucose 1.057 0.0007 3
[2-H] + [2- or 6-“C]glucose 1.012 0.0005 7
[3-H] + [2- or 6-“C]glucose 1.014 0.0004 7
[4-3H] + [2- or 6-“C]glucose 1.024 0.0003 4
[5-3H] + [2- or 6-1“C]glucose 1.014 0.0004 4
[6,6-*H2] + [2-1“C]glucose 1.015 0.0014 4

aCalculated as the first moment of elution pedtC{/first moment of
elution peak {H).

volution. Isotopic observation by scintillation counting does not
suffer from this limitation.

Chemical Shift Titration with pH. We used®*C NMR to
visualize the aqueous equilibrium of glucose as a function of
pH. Chemical shifts for all*3C spins were found to vary
smoothly as a function of pH (@land Cx titrations illustrated
in Figure 3). The data for all nuclei are given in Table 2.

H+
H t H
HsC CH3 HsC CHs;
ooe-.. H O Q
(4 (M)

Figure 4. Hyperconjugation increases with deprotonation.

counterparts prefer tighter environments. Therefore, the alter-
ation of vibrational environment between two states at equilib-
rium can be probed by looking for isotopic enrichment in either
state, by definition, the isotopic perturbation of an equilibrium
constant. Incidentally, the methyl CH bonds antiperiplanar to
the central CH bond in our example are subject to a normal
isotope effect as well, but they are 4 times smaller in magnitude.
Isotope Effects in Glucose lonizationHigh level computa-
tions on glucose are summarized in Table 3. In each anomer,

Several features of the pH titration deserve note. First, the represented in the gas phase, the free hydroxyl moieties were
ratio of 5- to a-pyranose anomers increases by a factor of 4 as individually deprotonated, and fractionation factor changes were
the solution is basified from pH 8.3 to 13.7. Second, chemical computed for the backbone hydrogen atoms. Reading the second
shift changes are seen for each nucleus in both anomers, withcolumn, for instance, demonstrates that deprotonating the 2-

the largest chemical shift change belonging to thg @id Clx
spins, followed by C2, C20, and CoHt.. Only one nucleus in
each anomer undergoes negative shift with increasing pH, but
the nuclei are different: GBor C2u.

hydroxyl group ina-glucose causes normal isotope effects at all
backbone hydrogen atoms, with the largest effect by far coming
at the (geminal) H2 atom. In reading rows, we can see that each
isotope substitution has the greatest effect on the acid dissocia-

For samples between pH 10.4 and pH 14, separate pHtion constant when it is closest to the deprotonated group, and
measurements before and after the NMR spectrum was takenin this way we expect isotope effects upon deprotonation to
(20—30 min) demonstrate a variable acidic shift by up to 0.16 report on the proximity to the deprotonation site in glucose.
pH unit. Further, the small chemical shift changes for those spins  The 3-anion is not listed in calculated isotope effects for

caused significant errors in mosKpfits for our titrations.
Despite these errors, theKp values were consistent with
published values of 12.1 and 13.85.

Computations. Deprotonation of 2-Propanol. A sample
calculation of deprotonation in model compounds can serve to
reveal electronic changes giving rise to isotope effects. With
2-propanol, a secondary alcohol resembling a generic hydroxyl
group in glucose, we calculate the isotope effect on the
equilibrium of ionization to be 1.36 for the tritiation of the
central CH bond. The basis of this effect is illustrated in Figure
4. Hydroxyl deprotonation increases the ability of oxygen lone
pairs to hyperconjugate into the antibondid)(orbital of the
geminal CH bond. Thisi — ¢* hyperconjugation lowers the
bond order of the CH bond with respect to the protonated
molecule, permitting the CH hydrogen atom to “feel” a
vibrationally more loose environment. It is well accepted that
lighter isotopes prefer vibrational laxity, while their heavier

7874 J. AM. CHEM. SOC. = VOL. 125, NO. 26, 2003

ionization (Table 3). Minimization of the initial 3-alkoxide
models caused the migration of the 4-hydroxyl proton to form
OH3 for both anomers. The low relative free energies of the
4-alkoxide are seen in the table.

lonization of any glucose hydroxyl causes significant isotope
effects at all positions, not only the geminal CH. This is
important in interpreting the experimental isotope effects, where
significant isotope effects are seen at all positions, and it is most
noticeable in the [3H] row of isotope effects. The ring oxygen
O5 in cyclic glucopyranose is never free to ionize, yet labeling
H5 perturbs the acid dissociation constant of any other hydroxyl
group. Finally, the [6,6H,] isotope effect is comparable to other
isotope effects for ionization of the 4-hydroxyl, but it is
surprisingly large for ionization of the 6-hydroxyl, an unusual
result. Changes in the HG86—C6—C5 torsional angle can
lead to significant isotope effectsput this is not operant here;
the gas-phase 6-hydroxyl always points to its partner, whether
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Table 2. Titration of Chemical Shift Change with pH by Addition of 10 N NaOH

3C-signal
pH (Bla) c18 Cla csp c3p c2p C3a C5a C2a Cla cap cep Céa
13.70 384  101.08  96.28  76.63 7552 7718 7382  74.20 7029  70.74  70.86 6146  61.29
1325 325 10056 9556  76.52 7553  76.87 7367  73.75 7052 7055 7069  61.39  61.19
13.00 297 10022 9521  76.57 75.62  76.76  73.71 7361 70.55 70.70 6146  61.23
12.80  3.00 9953 9444  76.37 75.63 7631 7345  73.04 7089  70.31 7047 6130  61.07
12.60 257 99.03 9397  76.32 7570  76.03 7335 7277 71.06 7022  70.38 6127  61.03
12.40  2.33 98.61  93.65  76.26 7576 7580 7329 7256 7118 7015  70.31 6124  61.00
12.10 214 98.15 9331  76.22 7582 7554 7322 7235 7130 7009 7022  61.20  60.99
11.70  1.93 97.27 9281  76.13 7597 7503  73.14  72.03 7149 7000  70.07 6115  60.95
11.40 179 97.13 9279  76.20 76.06 7501 7321  72.07 7158 7006  70.11 6120  61.00
1040  1.62 96.24 9237  76.11 76.01 7444 7305 7174 7165  69.91  69.86  61.06  60.92
9.00 158 96.15 9234  76.13 76.00 7439 7305 7172 7166  69.91  69.85  61.06  60.92
830  0.98 96.15 9234  76.14 76.00 7439  73.05 = 7172 7166  69.91  69.85  61.06  60.92
Fit Parameters
Omin 96.24 9241  76.12 76.01 7444  73.06 = 7177 7164  69.92  69.87 61.07  60.93
AO 4.93 4.33 059 —0.54 2.77 0.86 271 —1.48 0.94 0.99 0.39 0.46
Table 3. Calcmilfged Isotope Effects on lonization the ionized pyranose anomers, which would be in rapid
(b3pw91/6-31™) equilibrium with the neutral forms.
b lonic versus Size-Exclusion Retentionlsotope effect mea-
label 1 2 4 6 surements on the chromatography of glucose under alkaline
1-3H 1.36 1.09 1.06 1.07 conditions have been performed (see ref 23); however, in that
2-H 116 1.45 1.03 1.03 paper, only the [1-d] and [2-d] equilibrium isotope effects were
3-3H 0.96 1.06 1.09 1.01 d Th lusion that the ob d isot froct
434 104 103 126 107 measured. The conclusion that the observed isotope effects are
5-3H 1.05 1.04 1.06 1.11 due to ionization finds precedent in the literature. TKg pf a
6,6°H, 1.07 1.06 122 2.95 basic group is invariably increased by the introduction of vicinal
rel. free energy (kcal/mol) 0.0 14.4 2.4 39.8 hydrogen isotopes (see refs-226). This was seen as acceler-
P ated elution of isotopomers oN-methyl labeled benz-
azepines during reversed-phase chromatografingreased Ka
! 2 4 6 or basicity of the amino group led to a greater proportion of
;z: 1-83 i-gg 1-8421 i-gg charged molecules, which elute more quickly under these
334 101 111 109 101 conditions. The largest effects on c_hromaf[ograph|c mobility are
43H 1.02 1.03 1.27 1.06 seen where the solute population is partially charged.
5-°H 1.07 1.04 1.06 110 The nature of the interaction between glucose and the
6,6H, 1.06 1.06 1.23 3.00 ; i :
CarboPAC PAL column at high pH is predominantly that of
rel. free energy (kcal/mol) 52 14.6 3.9 414 ionic-exchange. The lowestKp of glucose at 25°C is

aThe 3-anion could not be generated in the gas phase. Minimization
always deprotonates O4 to make the H3-hydroxyl.

4-hydroxyl or 4-hydroxide (structures may be found in the
Supporting Information).

Discussion

Evidence of Pyranose Forms at High pHSmooth titration
of C18 or Cla peaks shown in Figure 3 indicates a slow
equilibrium (<300 s1) between low-pH anomers but rapid

approximately 12.09,and the eluent in the present study was
pH 11.7. Therefore, a significant proportion of the glucose
molecules passing over the stationary phase will possess the
negative charge required to interact with and be retained in the
instrument beyond solvent front elution.

Size-fractionation can be a concern in the elution of small
molecules over any resin. However, even though isotopic
differences in bond length (and molecular extent) do exist, the
proximity to a bulky group has been shown to suppress
fractionation! We would expect the extracyclic methylene to

equilibrium between each of these and one of the two high-pH partially shield H4 from direct interaction with the stationary

species. Neither of the latter corresponds to the chemical shif

+phase, giving rise to decreased fractionation at that position

of acyclic aldehyde (207 ppm) or aldehydic hydrate (90.3 ppm) relative to H2 or any of the other positions. Instead, we see

quantitated previousl2 Were these signals due to furanose
forms, they would appear in slow equilibrium with the pyra-
noses, as the rate-limiting step for pyraneganose exchange
(ring-opening) is identical to that for pyrancespyranose

greater fractionation. This does not eliminate the possibility of
size-exclusion fractionation, masked by a greater ionization
effect, but any size-fractionation isotope effects are mixed with
significant isotope effects resulting from ionization even at distal

exchange. Rapid exchange to furanose forms would also peSites (see Table 3). Therefore, we judge the contribution of size-

revealed by splitting of th8 peak (andx) and smooth transition

of each daughter peak to the position of each of the two high-
pH signals. The high-pH peaks are therefore most likely due to

(21) Lewis, B. E.; Schramm, V. LJ. Am. Chem. So001, 123 1327.
(22) zZhu, Z.; Zajicek, J.; Serianni, A. 8. Org. Chem2001, 66, 6244.

(23) Rohrer, J. S.; Olechno, J. Bnal. Chem1992 64, 914.

(24) Kudelin, B. K.; Gavrilina, L. V.; Kaminski, Y. LJ. Chromatogr.1993
636, 243.

(25) de Ridder, J. J.; van Hal, H. J. M. Chromatogr.1976 121, 96.

(26) Masters, C. F.; Markey, S. P.; Mefford, I. N.; Duncan, M. Aal. Chem.
1988 60, 2131.

(27) Heys, J. RJ. Chromatogr.1987, 407, 37.
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Figure 5. In agueous solution, the acidic O1 and O4 communicate either
through a bridge of water molecules (these are shown in red, panel a) or to

the conjugate site on a complexed glucose molecule, stabilized by
coordinating sodium ions (panels b and c). Panel c shows a stereoview of

one such possible complex.

a)
c)

charge sharing
H H OH H
HOH,C | “ I I CHOH glucose
OH H OH
Q

Figure 6. Proposed charge sharing in aqueous ionized glucose at pH 11.7.

fractionation isotope effects as negligible in the current observa-
tions. Hydrophobic fractionation is unlikely on the same
grounds.

Uneven Charge Sharing at High pH.The hypothesis of

Let us begin with the assumption that tH&,f O1 is slightly
lower than that for O4, with respect to the first ionization of a
glucose molecule. Subtracting a “background” of 0.14 from our
isotope effects leaves 1.040 and 1.010 for Ol and 04,
respectively. We showed in Table 3 that H1 is more sensitive
to ionization at O1 than H4 is to ionization at O4 by a factor of
1.5. This leaves about 2.6 times as many glucose molecules
ionized only at O1 as those ionized only at O4, at pH 11.7,
corresponding to I§, values of 12.2 and 12.7, respectively.

It is clear that deprotonation of one hydroxyl must raise the
pK, of the other group, as the overalKpof 12.1 for glucose
corresponds to a single deprotonation as mentioned before. The
guestion remains as to how such inhibition may occur. Should
we assume that electrostatics govern the process, especially
given the very polar solvent and sodium cations? If not, then
we must propose an apparatus for the transmittal of information
from one site to the other: O1, O4, and some intermediary atoms
or molecules. Such an effect would certainly be distance-
dependent, and it could mimic an electrostatic-type decay with
distance. As a corollary, this arrangement can be thought of as
a collective acid, where anion burden is shared between several
atoms each with partial charge.

Two models for the charge sharing include a three or four
molecule water bridge acting as a collective acid (Figure 5, panel
a) or a complex of stoichiometry 2Gluco3e2Na'. In the ion-
pair model, the second sugar molecule is rotated with respect
to the first by 180 about two orthogonal axes and arranged so
that the normal to each (approximate) sugar plane is made
parallel and is nearly overlying (Figure 5, panels b and c). The
latter model is probably more likely, and such a complex would
juxtapose both OH4 against OHAnd OH1 against OH4
Deprotonation and binding of each Navould then be shared
between each of the two hydroxyls in each of two sites per
dimer. One caveat to this particular suggestion is that alkali
metal hydroxide adducts of sugars have regularly been isolated

uneven charge sharing (see Figure 6) requires differences inin the literature, and the glucose:NaOH pair typically precipitates

hydroxyl pKy's. Previous workers have demonstrated the
presence of at least two ionizable groups in the many carbo-
hydrates’ the first two values for glucose reported are 12.09
and 13.85. At least the lowerKg can be seen to come from

only a single deprotonation, as the number of hydroxides bound

per glucose at pH= pKy = 12.1 in that reference is 0.5 and not

in a molar ratio of 2:23 However, molar concentrations of
hydroxide can lower the ratio to a minimum near 1:1, and the
solution complex structure does not necessarily coincide with
the solid complex structure.

Implications for Mutarotation. Three main processes must
occur in the ring-opening of a glucopyranose form: deprotona-

1.0. The present data were taken at pH 11.7, close to the firstyjon 4t 01, protonation at O5, and bond-breakage between C1

pKa but over 2 pH units from the second. The latter ionization
is unlikely to be observed in this study, implying that the

ionization presently observed derives from a single deprotona-

tion of each glucose molecule withKp of 12.1.

and O5. On the other hand, at high pH, pyranose anions are
stable molecules, with ionic burden carried predominantly at the

anomeric oxygen (present results). By Occam'’s razor, we expect
the anomeric deprotonation under alkaline conditions to present

Several observations support the idea that ionization 0CCUIS o ring-opening reaction with an activated substrate. It is as-

primarily at OH1 in glucose and secondarily at OH4. First, the
largest HPLC isotope effects are seen at these positions. Isotop
effect calculations show that, with the exception of the primary

sumed that the ionic form is not a dead-end state but rather
%n-path to ring-opening in aqueous solution, and this point cer-
tainly awaits verification by transition-state analysis at high pH.

alcohol at C6, all backbone hydrogens are equally sensitive to

geminal deprotonation. In fact, the extreme sensitivity of H6
atoms virtually eliminates the possibility of their participation
in ionization, because no effect is seen experimentally. Next,
pH titration of chemical shifts reveals by far the largést
(ppm) for C1. Finally, gas-phase computations on these ionic

Conclusions

The isotope effects reported for anionic-exchange HPLC
retention time represent slight differences in thi, pof
glucopyranose hydroxyl groups. Most of the charge in ionized

forms demonstrate the enthalpic preference for deprotonationglucose at pH 11.7 is carried by OH1 with some participation

at OH1 and OH4. Of these, the experimental isotope effects
are the most convincing.
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by OH4 (Figure 6). Furthep3-glucopyranose dominates mac-
roscopic observables at high pH by a factor ef& In this
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way, any contribution ofo-glucopyranose to the observed Note Added after ASAP Publication: Tables 1 and 3
isotope effects will be upstaged by the nature of things in the contained errors in the version published on the Web 6/6/2003.
B-sugar. The version published 6/10/2003 and the print version are
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