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Rates of mutarotation, catalytic coefficients, and isotope effects are reported for the mutarotations
of a-D-xylose, a-D-glucose, and B-D-fructose in H,O and in D,O at 20°C. The isotope effects (ku/kp) for
the mutarotation of B-D-fructose (a pyranose-furanose interconversion) parallel in striking manner the
isotope effects for the mutarotation of a-D-glucose (an a-B pyranose anomerization). For each sugar,
the isotope effect is lowest for the acid-catalyzed reaction, and highest for the water-catalyzed reaction.
The parallelism of the values obtained for the isotope effects under various conditions shows that the
rate-determining steps in the two reactions are similar. Presumably, in both instances, the overall
mutarotation arises from concurrent reactions operating on different species of the sugar and showing
substantially different isotope effects. The gradual change in the isotope effect indicates that, under

the conditions studied, three reactions take place concurrently.
The following isotope effects were found for the mutarotations at 20 °C: For a-D-glucose, ky,0 4 /kps0 +
= 1.39: kHz()/kl)z()z 3.87; and A'B/k§= 1.83. For B-D-fructose. A‘u;un/lfl)z()/« =139 /fuzo/kbg(l= 3.87; and

kg lk=1.92.

tation reactions.

Mechanisms are presented for the several concurrent acid- and base-catalyzed mutaro-
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1. Introduction

The mutarotation process is known to involve the
reversible interconversion of several modifications
of the sugar [1, 2].2 For most sugars, this results
in an equilibrium that may include two pyranose
forms, two furanose forms, the acyclic form, and
solvated and ionic modifications of these. The muta-
rotation of D-glucose consists almost entirely of an
a- pyranose interconversion (anomerization). The
mutarotations of D-galactose, D-talose, D-ribose, D-
glycero-D-ido-heptose, and certain other sugars give
clear evidence for two types of reaction, namely, a-
pyranose anomerization and pyranose-furanose inter-
conversion [3]. The mutarotation of D-fructose,
however, arises in large measure from a pyranose-
furanose interconversion [4].

The a-B pyranose anomerizations have been investi-
gated thoroughly, but relatively little work has been
done on pyranose-furanose interconversions. Isbell
and Pigman [4] showed that the two types of reaction
differ in their heats of reaction, activation energies,
rates of reaction, and sensitivity to acid and base

! Abstracted, in part, from a thesis submitted by Clarence W. R. Wade to Georgetown
l\_mvo ty in May 1965, in partial fulfillment of the requirements for the degree of Doctor
of Philosophy.

* Figures in brackets indicate the literature references at the end of this paper.

catalysts. It has been tacitly assumed that both a-8
pyranose anomerizations and pyranose-furanose inter-
conversions take place through a common, acyclic
intermediate. However, other mechanisms are pos-
sible, especially anomerization without ring opening,
or a change in ring size by intramolecular ring con-
traction or expansion. In view of these possibilities,
it seemed desirable to study and compare the two
types of mutarotation, in H,O and in D;O. Prior to
the present work, others [5, 6, 7, 8] had studied the
mutarotation of D-glucose and certain other «a-f8
pyranose anomerizations by means of deuterium
isotope-effects, and had obtained important infor-
mation on the reaction mechanisms, but no pyranose-
furanose interconversion had been so investigated.
For this reason, we undertook a comparative study of
isotope effects in the mutarotation of D-glucose, a
typical a-B pyranose anomerization, and the muta-
rotation of D-fructose, a typical pyranose-furanose
interconversion.

The object of the work was to elucidate the mech-
anisms for pyranose-furanose interconversions and
to show how these reactions differ from a-B8 pyranose
anomerizations. In the work reported here, methods
were successfully developed for preparing and purify-
ing the O-deuterated analogs of a-D-glucopyranose,
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FIGURE 1.

a-D-xylopyranose, and B-D-fructopyranose. Accurate
rates of mutarotation were determined for the O-
hydrogenated sugars in HxO and for the O-deuterated
sugars in D»O in the presence of certain acid and base
catalysts. From these data, catalytic constants and
deuterium isotope-effects were calculated. Mech-
anisms were formulated for the mutarotation reactions,
and these are discussed in relation to isotope effects.

Numerous workers have sought to explain how
mutarotation reactions take place. Lowry and co-
workers [9] studied the mutarotation of tetra-O-methyl-
D-glucopyranose in solvents of low dielectric constant
and found that the reaction is slow in dry pyridine, or
in dry cresol, but is fast in a mixture of the two sol-
vents, or in either solvent when moist. From these
observations, Lowry [10] concluded that, for muta-
rotation to occur, both an acid and a base must be
present. He then proposed that the mutarotation of
D-glucopyranose involves a ternary reaction of the
sugar, an acid, and a base, as shown in figure 1. The
rate-determining step was assumed to be the opening
of the ring by the simultaneous attack of a base
catalyst and an acid catalyst to form the acyclic
aldehyde.

The mechanism involves simultaneous transfer
of a proton from the acid to the sugar and of a different
proton from the sugar to the base, with a rearrangement
of the valence electrons. In aqueous solutions,
water molecules provide both the acid and the base
functions. The work of Swain and Brown [11] on the
mutarotation of tetra-O-methyl-D-glucopyranose in the
presence of the bifunctional catalyst, 2-pyridinol, and
other evidence [12] support the concerted mechanism.
However, there is considerable evidence for other
reaction-paths, especially for a two-step mechanism
[5, 13, 14, 15, 16, 17]. Regardless of whether proton
transfer is by a concerted or a consecutive (two-step)
mechanism, the overall process for the mutarotation
requires that the sugar molecule accept a proton from
an acid catalyst and release another proton to a base
catalyst. The concerted and two-step mechanisms
differ primarily in the mode of proton transfer. Deu-
terium isotope-effects, discussed in the next section.
provide a means for testing various reaction
mechanisms.

2. Discussion of Isotope Effects

In H,O/D;O systems, overall isotope-effects arise
from a combination of kinetic isotope-effects and sol-

B---H—0
N\
RAPID CH
p— AN
S ; O---HA
SLOW :/
i

Concerted mechanism of Lowry [10].

vent isotope-effects. Ordinarily, kinetic isotope-effects
are greater than unity, whereas solvent isotope-effects
are less than unity. Hence, the overall isotope-effect,
kyulkp, may have a value smaller than, equal to, or
greater than unity. Kinetic isotope-effects depend on
differences, in the H»O and DO systems, in the
energy involved in the alteration of bonds in the tran-
sition state; in general, the stronger the altered bond,
the greater the kinetic isotope-effect [18, 19, 20].
Usually, the heavier isotope produces the lower reac-
tion rate; hence, isotope effects greater than unity are
termed “normal,”” and those less than unity are termed
“inverse.” A large, normal isotope-effect indicates
that a proton is transferred in the rate-determining
step, with rupture or formation of a bond.

Solvent isotope-effects have their origin in differ-
ences, in the behavior of the reactants, that are due to
differences in the isotopic solvents; usually, they are
inverse effects. The ion product of D;O at 20 °C is
10-15-95 whereas that of H2O is 10-1417 [21]. Thus, a
water molecule has a greater tendency to form an
H4O ion than a DO molecule has to form a DfO ion.
Because of the difference in the base strengths of
the solvents, a sugar molecule is able to compete more
effectively with the D20 molecule for the deuteron
than with the H»O molecule for the proton. This
situation leads to a higher concentration of the con-
jugate acid of the sugar in D2O than in H,O [22]. The
same situation exists in certain other reaction systems.
Examples are (a) the acid hydrolysis of sucrose [23];
(b) the base-catalyzed enolization of acetone [24]; (c)
the acid-catalyzed decomposition of ethyl diazoacetate
[25]; and (d) the acid-catalyzed anomerization of acetyl-
ated sugars [26]. These reactions are subject to
specific hydrogen (deuterium) ion catalysis, and the
isotope effect, ky/kp, ranges from 0.39 to 0.69. All of
these reactions arise from solvent isotope:effects;
they involve a rapid proton (deuteron) transfer from
the catalyst to the substrate, followed by a rate-
determining step with no proton transfer. Thus, these
isotope effects arise from differences in the:concen-
tration of the conjugate acid, and not from a rate-
determining cleavage reaction.

Reactions showing kinetic isotope-effects differ
from those just cited in that they are more rapid in
H,O than in D;O. Examples are (a) the decomposition
of nitramide [27]; (b) the mutarotation of sugars [5, 6,
7, 8]; (¢) the bromination of 3-methyl-2,4-pentanedione
[28]; and (d) the hydrolysis of acetamide by strong
acids [29]. The latter reactions are subject to general
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acid-catalysis. In each instance, the kinetic isotope-
effect is superimposed on a solvent isotope-effect.

For base catalysis, the deuterium isotope-effects
are also greater than unity. Thus, (a) enolization of
3-methyl-2 4-pentanedione by base [30], (b) hydrolysis
of acetamide by base [29], and (c) reaction of phenyl
acetate with glycine and with ammonia[31] give overall
isotope-effects which range from 1.1 to about 1.6.

For elucidation of the course of mutarotation reac-
tions, knowledge of the timing of the addition and
elimination of the proton is important. When the
proton transfer occurs after the rate-controlling step,
it has no primary kinetic consequence, but when it
occurs in the rate-controlling step, it has a strong
effect. Thus, the magnitude of the isotope effect
provides an insight into the reaction mechanism.

Numerous comparative studies have been made of
the mutarotation of a-D-glucopyranose in H.O and
D,O. Pacsu [6] found that the rate of mutarotation
of D-glucopyranose is higher in H,O than in D,O.
Later, Hamill and La Mer [7] discovered that, regard-
less of the catalyst, the rate is higher in H,O than in
D,0, and that the ratio of the rates in H.O and DO is
dependent upon the strength of the catalyst. Thus,
they found the isotope effect to be 1.37 for catalysis
by strong acids, and 3.80 for catalysis by the water
molecule. Nicolle and Weisbuch [32] determined
the rates of mutarotation of a number of sugars, and
found that the overall isotope effect varied from 3.0
to 3.8; however, they did not relate the values to the
pH or to the type of reaction.

Challis, Long, and Pocker [5] observed that the
values of ky/kp for the mutarotation of tetra-O-methyl-
a-D-glucopyranose do not differ greatly from those
for a-D-glucopyranose. From a study of the reactions,
they concluded that the acid-catalyzed mutarotation
proceeds via a two-step mechanism consisting of a
rapid exchange between hydrogen (or deuterium) of
the solvent and that of the anomeric hydroxyl group,
followed by slow rupture of the anomeric O—H bond
in H,O (or the O—D bond in D>O) with simultaneous
ring-opening.

Long and Bigeleisen [8] extended the theory of
Challis and co-workers by relating ky/kp and its mag-
nitude to (1) the strength of the catalyst, (2) specific
hydrogen-ion and general acid-base catalysis, and (3)
the exchange equilibrium between protons of the
solvent and protons at the reaction center of the sub-
strate. With these relationships mathematically
represented, they accounted, on the basis of general
acid-catalysis, for differences in the isotope effects for
acids of various strengths. They pointed out that the
isotope effects found for catalysis by strong acids (1.37)
and by acetic acid (2.6) are of the expected magnitude,
and that the isotope effect found for water catalysis is
consistent with a reaction “in which the water molecule
is acting simultaneously as a proton acceptor and
donor” (i.e., the concerted mechanism).

The isotope effects and other experimental facts
clearly indicate that the mutarotation of D-glucose,
an a-B pyranose anomerization, takes place by acid-
catalyzed and base-catalyzed mechanisms, involving
acyclic intermediates.

In the present investigation a striking parallelism
has been found in the values of ky,o/kn.0, kiyo+/fps0+-
and kg/ky for the mutarotations of B-D-fructose (a
pyranose-furanose interconversion) and a-D-glucose
(an a-B pyranose anomerization) under a variety of
conditions. This result shows that the rate-determin-
ing steps in the two reactions are similar. Presum-
ably, in both instances, the overall mutarotation arises
from concurrent reactions involving the acid and base
catalysts present. The mechanisms will be considered
in detail after a brief discussion of the mutarotation
measurements.

TABLE 1. Mutarotation constants for sugars in H,O and in D,O

solutions at 20° C

a-D-GLUCOSE

Serial| Solvent Catalyst Conen. sugar | pH meter | (A;+ ko)
No.2 /100 ml reading ”
1 H.O | 0.015N sulfuric acid ««wweeeeeeeeeee 4 1.72 0.0103
1*[ DO 0.015N sulfuric acid -+ < 4 1.32 .00448
2 H,O | 0.005V sulfuric acid -- 4 2.10 .00789
2% DO ~ulfuru acid 4 1.71 .00277
3 H.O0 4 2.38 .00719
3*1 D.O .0025N 4 2.00 .00226
4 H.O | 0.001NV K ac id phthalate 4 4.40 .00634
4*| DO | 0.001N K acid phthalate 4 4.70 .00163
5 H.O | 0.00002V sodium hydrox 4 7.30 .00780
5% DO | 0.00002N sodium hydroxid 4 7.20 .00177
6 H.O0 0.00002N sodium hydroxid: 18 6.70 00660
6% D,O 0.00002N sodium hydroxid: 18 7.40 .00198
7 H.O | 0.00006N sodium hydroxid 4 9.45 1600
7% DO | 0.00006N sodium hydroxid. 4 9.80 0669
B-D-FRUCTOSE
8 H,O [ 0.015N sulfuric acid «-.ooooovnniene 4 1.72 0.220
8* | D,O | 0.015N sulfuric acid . w 4 1.32 .138
9 H,O | 0.005N sulfuric acid . 4 2.10 124
9% [ DO { 0.005V sulfuric ac ld : 4 1.71 0623
10 H,O | 0.0025N sulfuric 4 2.38 0952
10* [ D,O | 0.0025N sulfuric ac: 4 2.00 .0390
11 H.O | 0.001N K acid phth 4 4.40 L0580
11* | DO | 0.001N K acid phthalate 4 4.70 .0153
12 H»() 0.00002N sodium hydroxic 4 7:35 247
12 | DO | 0.00002N sodium hydroxid 4 8.22 .332
13 H,O | 0.00002N sodium hydroxid 18 () 70 118
13* | DO | 0.00002N sodium hydroxid 18 7.33 .0485
a-D,XYLOSE
14 H.O 0.015N sulfuric acid --+eveeveeneennt 4 1572 0.0353
14* | D,O | 0.015N sulfuric acid..... 5 4 1.32 .0151
15 H,O | 0.001N K acid phthalate... & 4 4.40 .0201
15* [ D,O 0.001V K aeid phthalate........... 4 4.70 .00552

2 Similar measurements in HoO and D;O are numbered alike, but are distinguished by
use of asterisks.

© pD for the D0 solutions equals the pH-meter reading +0.4.

€ (ky+k2)=1/t [log (ro—rx)—log (re—r.)].

3. Mutarotation Measurements

Mutarotation measurements, reported in table 1,
were made for the normal forms and the O-deuterated
forms of a-D-glucopyranose, a-D-xylopyranose, and
B-D-fructopyranose, using H.O and D.O solutions
containing acids and bases. The H,O and DO solu-
tions were designed to be molecularly equivalent,
and the equivalence of the buffered solvents was com-
pared by measuring the pH after dilution (to the same
composition) of the H>O solvent with D20, and of the
D>O solvent with H»O. The mutarotation measure-
ments were conducted in the conventional manner
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[33], and the equilibrium rotations, specific catalytic
effects, and isotope effects were calculated and
compared.

Comparison of the equilibrium optical rotations
(see table 2) of the sugars in H.O and in D,O shows
that D-glucose is slightly less dextrorotatory in D,O
than in H,O, whereas D-fructose is slightly less levoro-
tatory in D»O than in H,O.

TABLE 2. Equilibrium rotations of D-glucose and D-fructose in
H,O and in D,O

Sugar Solvent /100 ml 1€ ESE [a]p
D-Glucose......ooovvvviiiiiiiiniiinn H.O 4 20.0 +12.18 S5 247
D.O 4 20.0 +11.88 +51.4
H.O 4 3.9 +12.09 S=52°3
DO 4 39 +11.80 SE6 15
D-Fructose..........ccooeeiieniis H.O 4 20.0 2135 —92.4
D.O 4 20.0 —20.76 —89.8
H.O 4 3.9 —23.41 —101.3
D.O 4 39 —22.76 —98.5

@ The solutions were read in a 2-dm tube with a Bates saccharimeter, using a dichromate
filter and either a white light or a sodium light. No significant difference was found in
the reading obtained with the two lights. The readings were converted into’[a], on the
assumption that 1 °S=0.3462 angular degree.

4. Catalytic Effects in a-83 Pyranose Anomeri-
zations and Pyranose-Furanose Intercon-
versions

Isbell and Pigman showed that pyranose-furanose
interconversions are much more sensitive than «-8
pyranose anomerizations to acid and base catalysts,
and that the effect on the rate of mutarotation of small
changes in acidity (or basicity) is greater for D-fructose
than for D-glucose or D-xylose. Therefore, it is of
interest to intercompare the rates of mutarotation of
these sugars in H,O and in D>O at various pH (or pD)
values (see table 3).

The mutarotation ratios of D-xylose to D-glucose at
two widely different pH values (4.40 and 1.72) show
only a small difference in either H,O or D;O. Thus,
changes in the acid and base catalysts appear to affect
the mutarotation constants of D-xylose and D-glucose
to almost the same degree. On the other hand, the
mutarotation ratios of D-fructose to D-glucose show
wide variation in both solvents over the same range of
pH. The high values of the ratios in acid solution
arise from the greater sensitivity of the mutarotation

TABLE 3. Relative rates of mutarotation of a-D-glucose (G),
B-D-fructose (Fru) and a-D-xylose (Xyl) at 20 °C at
approximately equal acidities

pH (or pD) of solution | Ratio of (k;+ k2)
Solvent Catalyst
G Fru Xyl | Fru/G | Xyl/G
H,0 [0.015N sulfuric acid. 1.72 1.72 1572 21.4
D0 | 0.015N sulfuric acid. 152 1572 1.72 30.8

H,0 | 0.005N sulfuric acid 2.10 ; 15.7}.

D20 [ 0.005N sulfuric ac 2.11 A 2251

H,0 | 0.0025N sulfuric a 2.38 2 13.2].

D0 | 0.0025N sulfuric acid... 2.40 e 17.3 |

H,0 [0.001N K H phthalate.. 4.40 % 92

D.O [0.001N K H phthalate........ 5.10 . 9.4

H.0 | 0.00002N sodium hydroxide o 7.30 1653 Bormacomeee 31.7

DO [0.00002N sodium hydroxide......... 7.80 Tl scorod 24,545 s

of D-fructose to acid catalysts. In weakly acid solution
(region of minimum rate), the mutarotation ratios of
D-fructose to D-glucose are almost the same in H,O
and DO (9.2 and 9.4, respectively). This agreement
shows that the catalytic effects of the H,O molecule
and the D:O molecule on the rates of mutarotation
are alike.

In strongly acid solution, the mutarotation ratios of
D-fructose to D-glucose show large differences for
H>O and D:O, but those of D-xylose to D-glucose do
not. Thus, in 0.015 M sulfuric acid, the mutarotation
ratios of D-fructose to D-glucose are 21.4 in H>O and
30.8 in D>O, whereas those of D-xylose to D-glucose are
3.43 and 3.37, respectively. The high mutarotation
ratios of D-fructose to D-glucose in the alkaline region
arise from the higher sensitivity of the mutarotation
of D-fructose to base catalysts. The last two experi-
ments reported in table 3 were conducted on solutions
that differed slightly in alkalinity. This fact may
account for the seemingly anomalous values for the
fructose/glucose ratios.

Because the mutarotations are affected to different
degrees by acids and bases, evaluation of isotope
effects in D»O and H»>O requires consideration of the
specific catalytic effects of the catalysts present.
According to Bronsted and Guggenheim, and others
[34, 35, 36], the mutarotation constant (ki + k») for a
sugar in the presence of acid and base catalysts can
be represented by an equation of the following type:

(k1 + 1\2): A‘HgO =F EijAj[HAj] aF EnkB,, [B,,].

where the symbols in brackets represent the concen-
trations of the catalysts. The term ky,o represents
the catalytic effect of the solvent, water, and the
coefficients Aya;. ks, . etc., represent the specific

catalytic constants of the substances indicated in the
subscripts. In aqueous solutions at various pH values,
the principal catalysts are water molecules, hydronium
jons, hydroxyl ions, and sugar anions (S~), and the
mutarotation constant is represented by the following
equation, from which the catalytic constants may be
calculated:

(k1+ k)= ky,o+ ku,o+[Hs0*]

+koy-[OH]+ ky-[S™1 (1)
The catalytic constants of the deuterium analogs may
be obtained from a similar equation by substitution of
deuterium for hydrogen.

In evaluating catalytic effects, values of [H;O+*] and
[DsO+] were obtained by measurements with a glass
electrode at 20 °C, assuming that pD=pH+0.4. The
values of ky, and kp,o given in tables 4 and 5 were
estimated by plotting the mutarotation constants ob-
tained in acid solutions against the hydrogen ion (or
deuterium ion) concentrations. In each instance, a
line was obtained whose intercept on the vertical axis

3 Although /{"x" represents the catalytic «ffect ot the solvent, water, the specific (molar)
catalytic constant for the water molecule, k00 18 AHZ()/SSAS.
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TABLE 4. Catalytic constants® for mutarotations in H:O solutions TABLE 5. Catalytic constants® for mutarotations in D.O solutions
at 20 °C at 20 °C
S:,Jrial pH [Hz0+] [OH-]® (hy+ k2) kw0 AH‘“‘ kge Serial| pD [D;0+] [OD-]" (k¥ +43) koo kpso + e
No. No.
a-D-GLUCOSE a-D-GLUCOSE
1] 1.72] 1.9x10-* (“) 0.0103 (0.0063) 1*| 1.72] 1.9Xx10-2 (4) 0.00448 (0.00163
2 2.‘10 7.9x10-* (4 .0103 (0.0063) ZaaI w20 7.8x10-3 (4) .00277 (0.00163),
3(238] 4.2x10-¢ (9) .0103 (0.0063) 3* 1240 4.0x10-3 (%) .00226 (0.00163),
4| 440 (9) () .0103 (0.0063)}..... 4* | 5.10 (%) 151256105 .00169 (0.00163))
511730 () 1.35x10-7 .0103 (0.0063).. 5% | 7.60 (4) 3.55x10-% .00177 (0.00163)|.
6 6.79 () 3.39x10-8 .0103 (0.0063)|.. 6* | 7.80 (4 5.62x10-8 .00198 (0.00163 ).
71945 () 1.91 X 10-3 .0103 (0.0063)) 7* 10.20 (9 1.41 X 10-3 .0669 (0.00163 )|
Average (0.0063) Average (0.00163)
B-p-FRUCTOSE B-D-FRUCTOSE
8172 1.9x10-2 (&) 0.220 (0.058), B — 8*| 1.72| 1.9x10-2 () 0.1380 (0.015
91210] 7.9x10-3 (4 124 (0.058)) 8. . gRIIN2:11 7.8x10-3 (4) L0623 (0.015),
10 | 2.38| 4.2x10-3 () 0952 (0.058)| 8. . 10* | 2.40| 4.0x10-3 () .0390 (0.015)|
11 | 4.40 () () .0580 (0.058)f............. . 11* | 5.10 (4 1.12 X 10-10 0153 (0.015)....
12 | 7.35 (9) 1.51 X107 .248 (0.058)}.. . b 12* | 8.62 (L) 3.72x10-7 .3320 (0.015)}.
13 | 6.70 S 3.39x10-% 118 . 1.8 x 10 13* | 7.73 (% 4.79x10-% L0485 (0.015)....
Average 1.5 x 108 Average (0.015
a-D-XYLOSE a-D-XYLOSE
14 | 1.72] 1.92x10-2 (9 0.0353 (0.0201 R e e resens 14* | 1.72 1.9x10-2 (9 0.0151 (0.0055
15 | 4.40 (&) (&) L0201 (0.0201)| 15*% | 5.10 (49 (9 L0055 (0.0055
Average (0.0201 ) Average (0.0055

Hhith2)=kyot ki g [HsO* ]+ kg [OH-).

" Calculated from pH, assuming that the ion product at 20 °C is 101417,

2 kB[OH‘]=I.‘ [S7]1+ Anu"”“ “]. kg is concentration-dependent, as shown in eqs (2) )
and (8).

4 Concentration of catalyst considered negligible.

was kHzO or /szo. The Values Of A‘H:lO* and /‘4sz0+ were

calculated from the measurements in acid solution,
assuming that

(/A‘] ar /.g) = /\'HZO B /“H:,O+[H3O+] iI’l Hzo.
and

(A;k A A;k) = A‘D.p ar A'L)ﬂo +[D30+] in D,0O.

The values of ky 0. kp,o. kuo+. and kp o+ found for
D-glucose are in fair agreement with values reported
by Hamill and La Mer [7] and other workers [34, 35,
36]. No similar data have heretofore been reported
for the mutarotation ot D-fructose.

Evaluation of the catalytic constants koy- and K

is complicated by the fact that the mutarotation reac-
tion becomes too rapid for accurate measurement in
hydroxyl ion concentrations greater than 10-6.  Sepa-
rate determination of £ [OH-] and £ [S-] is
especially difficult because the latter term is over-
shadowed by the former. Hence, we represented the
overall effect of base catalysis in HyO with hydroxyl
ion concentration [OH] as:

kg|[OH-]=F _[OH—]+A'S,[S‘], 2)
and in DO as
§[OD‘]=k0D_[OD‘]+kS—[S']. (3)

ST+ k3 =hpo+ky o +[DsO ]+ kSOD .

b Calculated from pD, assuming that the ion product at 20 °C is 10~ 13-95,
Ck¥OD-]=k¥-[S]+ k¢ -[OD].

4 Concentration of catalyst considered negligible.

D0

oD

In neutral and alkaline solutions, catalysis by hydrogen
(or deuterium) ions is negligible, and values for /i and
& were calculated from the equations

(/A']+A'2):/|'H2()+/A'B[()H_]., (4)

and

(l.';"+/.‘.’_f)=/.'1)2(,+/.':[OD—]. (5)

In the calculations, the values for ky o and kp,o were
derived as previously described, and those for [OH]
and [OD-]| were obtained from pH or pD measure-
ments, on the assumption that [H;O+][OH~-]= 10~ 1417,
and that [D;0+][OD-]=10-15-9 [21].

The values of £y and £} found by solving eqs (4)
and (5) are given in tables 4 and 5. The catalytic
constants were then used to obtain the isotope effects
given in table 6. The results show a striking parallel-
ism in the isotope effects for the water-catalyzed, the
acid-catalyzed, and the base-catalyzed mutarotations
of a-D-glucose and B-D-fructose. In each instance,
the isotope effect is lowest for the acid-catalyzed re-
action and highest for the water-catalyzed reaction.
The parallelism supports the hypothesis that the two
reactions, one an a-B pyranose anomerization and the
other a pyranose-furanose interconversion, take place
by similar mechanisms. Isotope effects had not been
reported previously for the mutarotation of D-fructose.

As already mentioned, the catalytic constant kg for
base catalysts includes the effect of the hydroxyl ion
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and that of the sugar anion. Necessary data are
available for the separate evaluation of the two effects

TABLE 7. Calculated catalytic effects for the sugar anions in the
mutarotations of a-D-glucose and B-D-fructose in water at 20 °C

in H20 but not in D,0.
Catalytic
L . Concn. [S5IS Catalytic | effect for | Percent
TABLE 6. Isotope effects in the mutarotations of D-glucose, D-fructose, Serial No.| Sugar | mole/1 pH mole/1 constant g of (ky+ k)
and D-xylose at 20 °C ? * koS-
Sugar kol kvso Kio+/kpso- kalks 5 |p-Glucose | 0.22 730 | 10-3% 45. | 0.00011 [ 17
6 1.00 6.70 T 45. .00013 230
1.00 12.25 050 [ oeveiiiiii e ®)
a-D-Glucose 3.87 1.39 1.83
B-D-Fructose 3.87 1.39 1.92 12 D-Fructose| 0.22 735 10-53 330. 0.00162 2.83
a-D-Xylose 3.65 ) e 13 1.00 6.70 10-3:30 330. .00166 2.86
1.00 12.00 ) | srossmooncocoal kosdososmacnec ®)
@ The values are based on the averages for the catalytic constants given in tables 4 and 5.

According to Bronsted [37] the catalytic constant
for a base is given by the following expression:
kg =GK}, (6)

where G and y are parameters evaluated from measure-
ments with a series of comparable base-catalysts,
and Ky is the reciprocal of the dissociation constant
of the conjugate acid. From the measurements of
Bronsted and Guggenheim [36], ¥ has a value of about
0.4 for the base-catalyzed mutarotation of D-glucose.
The values of G for the mutarotation of D-glucose and
D-fructose may be estimated from the respective

catalytic constants for the water molecule, given in
table 4. Thus,

ko —GRY, (7)
where Ay o is the specific (molar) catalytic constant for
the water molecule (i.e., ky,0/55.5), ¥ is 0.4, and Kp,
by definition, is the reciprocal of the dissociation con-
stant of the conjugate acid, H;0*; for this acid, K, is
55.5. For D-glucose at 20 °C, kj,, is 0.0063/55.5, and
G, calculated from eq 7, is 107325, Similarly, for
Dfructose at 20 °C, A}, is 0.058/55.5, and G is calcu-
lated to be 10-2:28,

These values can now be used to estimate kg™, the
catalytic constant for the sugar anion. From the data
of Urban and Schaffer [38], we calculated the acid
dissociation constants for D-glucose and for D-fructose
in water at 20 °C to be 1071225 and 10-12:%_ respectively.
Therefore, from eq (6), for D-glucose,

kg = 10-325(1012:25)0.4 = 45,
and for D-fructose,
kg = 10-2:28(1012:00)0.4 = 33,

The latter value is based on the assumption that the
parameters of eq (6) are the same for the mutarotation
of D-fructose as those determined for the mutarotation
of D-glucose. The above values were used to obtain
the catalytic effects of the sugar anions given in table
7. There are no data on the ionization of sugars in
D0, and, therefore, calculations similar to those in
table 7 could not be made for the DO system.

a Calculated from the pH, the concentration of the sugar, and the acid dissociation con-
stant of the sugar.
Y Mutarotation too rapid to be determined.

A simple calculation shows that the relative impor-
tance of catalysis by the sugar anion depends on the
concentration of the sugar. Thus, if K is the acid
dissociation constant of the sugar, and Ky is the ion
product of water, then

K [HS] K [HS][OH"]

1571=1m,077 Ky

and

_ ks_K [HS][OH-]
- =

kg 1S7] @8

Substitution of the appropriate values in eq (8) gives

the following expressions:

44.7 X 101225 [HS] [OH-]
10-14.17

=3720[HS] [OHJ;

~12.00 =
and for D-fructose, kS_[S—]=331 x 10 10_14FES] L]

= 49,000[HS] [OH-].

for D-glucose, kS_[S']Z

These values may now be used in eq (2) to calcu-
kou- from kg[OH-]. Thus, for D-glucose,

kel OH-]= (kow_ + 3720[HS])[OH],
kow = ks — 3720[HS].

or

For pAructose,

kou-= kg —49,000[HS].

At pH values less than 8, [HS]is substantially equal
to the molar concentration of the sugar. It follows
from the above equations that the values of k; and £}
should be dependent on the concentration of the sugar.
However, because of the high catalytic effect of base
catalysts, the errors in measuring Az and £} in the
present study were too large to reveal the concentra-
tion factor. The sugar concentrations for the measure-
ments in D;O were the same as those for the cor-
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responding measurements in H.O; hence, the
concentration factor is partially eliminated in the
ratios of kg/k given in table 6.

Table 8 presents values for the catalytic constants
for the mutarotations of D-glucose and D-fructose in
H;O. The high sensitivity of the mutarotation of
D-fructose to hydroxyl ion catalysis is shown by the
large value of koy_, nearly 200 times that for the
mutarotation of D-glucose. The values of ky,q, ky,ot
and k;_ for D-fructose, however, are only approximately
ten times those found for D-glucose. The excep-
tionally high sensitivity of the mutarotation of D-
fructose (and presumably of other pyranose-furanose
interconversions) to catalysis by hydroxyl ion is anom-
alous and should be investigated further.

TABLE 8. Comparison of catalytic constants for the mutarotations
of D-glucose and D-fructose in H>O at 20 °C

Serial Molar
No. Sugar conen. | pH [OH-] ko |kuo+ | ks-2 | Kou-" kg
of
sugar
5 |p-Glucose | 0.22 7.30 |1.35x10-76.3X10-%[ 0.21] 45. 10,200, 1.1 X101
6 1.00 6.70 [3.39x107¥ 5,300 {0.9 X 10*
i 0.22 [ 9.45 [1.91 X105} 7,200 {0.8x10*
Average | 0.5 6.3X10-4| 0.21] 45. 7,600 [0.9x10*
12 |p-Fructose| 0.22 7.35 |1.51 X10-75.8 x10-3| 2.2 | 330. [1.29Xx10° |1.3Xx10¢
13 1.00 6.70 [3.39x 10~ 1.74 X108 &5
Average | 0.6 5.8x10-3} 2.2 [ 330. [1.5x10¢ |1.3x10¢
Ratio of constants fructose/glucose 9.2 10.5 7.3 197
a Calculated by means of eq (6).

b Calculated by means of eqs (2) and (8).

5. Reaction Mechanisms

In the preceding section, it was shown that the iso-
tope effects for the mutarotations of D-glucose and
D-fructose in H,O and in D,O are similar under a
variety of conditions. This result is rather surprising,
because the mutarotation of D-fructose involves a
change in the size of the ring, whereas the mutarota-
tion of D-glucose involves a change in the configuration
of the anomeric carbon atom. A change in anomeric
configuration could take place either through a cyclic
or an acyclic intermediate.

5.1. Cyclic Mechanisms

Excellent discussions of epimerization and ring
isomerization of sugar derivatives have been written
[42, 43, 44]. It was pointed out that anomerization
of acetylated sugars’'in aprotic solvents, and certain

(HpSO4 + HOAC)
———
C—H S
I
OAc

+0Ac

FIGURE 2.

rearrangements of methyl glycosides, presumably
take place by cyclic mechanisms. Thus, Bonner
[26] found that the rates for the anomerization of penta-
O-acetyl-D-glucopyranose and tetra-O-acetyl-D-xylo-
pyranose in 1:1 AcOD—Ac,O with D,SO, catalyst
are approximately 1.7 times those in 1:1 AcOH-—
Acs0 with HoSOy catalyst (i.e., ky/kp=0.6, an inverse
isotope effect). He explained the result by a solvent
isotope-effect in the reaction depicted in figure 2.
Undoubtedly, the reaction takes place by way of a
cyclic intermediate, without rupture of the pyranose
ring.

In striking contrast to this reaction, the mutarota-
tion of the unsubstituted sugar is slower in D>O than
in HyO under all conditions studied. There is no
evidence for a mutarotation reaction of a sugar that
proceeds with an inverse isotope-effect. Elimina-
tion and addition of the anomeric hydroxyl group in a
cyclic mechanism would result in hydroxyl exchange.
Experimentally, oxygen exchange in water labeled
with 80 is much slower than the mutarotation reac-
tion [39]. Hence, we conclude that the cyclic mech-
anism is of little importance in the mutarotation of the
free sugar in water.

Because a pyranose-furanose interconversion re-
quires ring contraction, the cyclic mechanism can be
excluded in the mutarotation of D-fructose. An
intramolecular cleavage reaction analogous to the
rearrangement of methyl 3.,6-anhydro-a-D-glucopyra-
noside to methyl 3,6-anhydro-a-D-glucofuranoside
[40] can be envisaged [41] for the mutarotation of
D-fructopyranose, but this seems unlikely in light
of the similarity in the isotope effects for the muta-
rotations of D-fructose and D-glucose.

5.2. Acyclic Mechanisms

In the discussion that follows, it is postulated that
the mutarotation of free sugars takes place by way of
an acyclic intermediate, and that cyclization of the
intermediate gives either a pyranose or a furanose
form of the sugar, depending on the position of ring
closure.

When a sugar is dissolved in water, various reac-
tions occur. Hydrogen bonds and ion pairs are formed
between the solvent and polar groups; protons of the
hydroxyl groups are exchanged; ionization takes place
with the formation of both cations and anions; and
activated complexes are formed with any catalysts
present. The various molecular species exist in
dynamic equilibrium and take part in the mutarota-
tion reactions. The observed mutarotations are,
however, dominated by kinetic conditions (not by
true equilibrium conditions). It was mentioned that

(HpS04+ HOAC) .
——
C— O/Ac

|
H

Anomerization of an O-acetylpyranose in a mixture of acetic acid, acetic anhydride, and sulfuric acid [26].
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oxygen exchange in water labeled with 180 is slow [39]
in comparison with the mutarotation, and that this
fact precludes a (cyclic) mutarotation mechanism in-
volving hydroxyl exchange. Reversible formation of
a gem-diol by the carbonyl form of the sugar would
also result in oxygen exchange. The slow exchange
with 80 is in accord with the premise that hydroxyl
groups attached to the carbon chain of the sugar react
more readily than water molecules with the nascent
carbonyl group. In the reaction mixture, equidib-
rium conditions are established slowly, and this fact
accounts for 80 exchange at elevated temperatures
and during long reaction periods.

In the acid-catalyzed mutarotation the reaction
sequence starts with the rapid, reversible addition
of the acid, HA, to the ring oxygen atom. This addi-
tion is followed by a series of reactions, resulting in an
acyclic intermediate which establishes equilibrium
with other acyclic forms. By recyclization, the acyclic
intermediate yields the ring isomers (or anomers).
Presumably, the activated complex formed by the
addition of HA to the ring oxygen atom can take part
in the cleavage reaction directly, or the complex can
ionize prior to cleavage. The first path gives rise to
general acid-catalysis (fig. 3); in this process, rupture
of the ring, with release of anion A~ is rate-determining.

In accordance with the interpretation of Long and
Bigeleisen [8], in the transition state, the HA bond is
stronger for weak acids than for strong acids. Rup-
ture of a strong, isotopic bond in a rate-determining
step gives a large isotope-effect; this accounts for the
fact that the isotope effect is larger weak than for
strong acids.

Figure 4 illustrates the general acid-catalyzed muta-
rotation reaction with hydronium ion as the catalyst.
Cleavage of the hydronium ion and rupture of the
ring in the transition state yields the acyclic cation
and a molecule of water. The bond joining the proton
to the anomeric oxygen atom must remain intact in
the transition state; otherwise, the reaction would be
the concerted mechanism of figure 1. The isotope
effect is small because the bond joining the proton
and the water molecule is weak and easily ruptured.

Protonation of the ring oxygen atom by strong acids
prior to ring cleavage results in specific acid catalysis
(see fig. 5). The rate of the subsequent reaction de-
pends on the concentration of the cyclic sugar cation
formed, which, in turn, depends on the concentration
of the hydronium ion and not on that of any other acid.
Thus, the reaction should be subject to specific hy-
dronium ion catalysis. This reaction differs from
general acid-catalysis (see figure 4) in that the H;O+

OH
R_o H
+ HA
oH SLOW
o OH
RAPID R o
SLO _
+A
T
RAPID C=0'H
OH i
H
N H
+HA
H
OH
ALL ACYCLIC FORMS + HA
H
1l
0
A sLow o
RCOH
H \\
\ OH _
L RAPID + A
sLow
" ? c=0'H
RCOH RCoH RAPID

i +HA
OH
H

FiGURE 3.

General acid-catalysis.
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bond is broken prior to, not in, the rate-determining
step. For this reason, there is no primary isotope-
effect. However, the concentration of the sugar
cation is higher in D,O than in H,O, and this higher
concentration of the sugar cation in D,O should give
rise to an inverse, solvent isotope-effect, as in the acid
hydrolysis of sucrose [23]. Experimentally, it has
not been possible, under any circumstances, to obtain
an inverse isotope-effect for the mutarotation reaction
of sugars in aqueous solutions. Hence, we conclude
that specific hydronium-ion catalysis plays, at most,
only a minor part in the overall mutarotation.

To account for the very rapid mutarotation of the
sugars in alkaline solution, a base-catalyzed mecha-
nism is necessary. The base-catalyzed reaction must
involve the anomeric hydroxyl group, because, when
this hydroxyl group is replaced by an amino group or
by an alkoxyl group, base-catalyzed anomerization
does not occur [17].

A base-catalyzed step, in combination with general
acid-catalysis, accounts for the behavior of the sugars
in slightly alkaline solution. Strong bases cause
rapid, reversible ionization of the sugar; and the
ionization step is followed by transfer of a proton from
the solvent (or other general acid-catalyst) to the ring
oxygen atom, and slow rupture of the ring, as illus-
trated in figure 6. A moderately large, kinetic isotope-
effect arises in HoO and DO from alteration of the
relatively strong H—OH bond in the transition state.

H
|

|
|
|
|

Weak bases and sugars form complexes which may
react by way of general base-catalysis depicted in
figure 7. In this process, cleavage of the proton from
the anomeric hydroxyl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>