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shown by tests on standard mononucleotides. A solution
of 32 micromoles of the synthetic nucleoside diphosphates
in 1 cc. of water was added to 16 cc. of tris-(hydroxy-
methyl)-aminomethane buffer (pH 7.6) containing 1 cc. of
enzyme preparation and the mixture incubated at 37°.
Ion-exchange analyses by the standard procedures were
carried out on aliquots withdrawn at intervals. In the case
of uridine diphosphate,® after 16 hours 43.6% and after
40 hours 51.5% of the diphosphate had been degraded to
the monophosphate, no nucleoside being formed. In the
case of cytidine diphosphate® after 16 hours 23.89%, after
40 hours 37% and after 64 hours 399, of the diphosphate
had been converted to the monophosphate and 13.3% to
cytidine. The identification of the monophosphates as the
5’-phosphates was established by ion-exchange procedure
similar to the one described above under uridine-5’-phos-
phate.

Paper Chromatography of Uridine and Cytidine Diphos-
phates.—The solvent system isopropyl alcohol-19, ammo-
nium sulfate (2:1, v./v.), using Whatman filter paper 1
previously soaked in 1% ammonium sulfate solution and
dried, was found to be completely satisfactory in the present

(30) Cf. ref. 22, p. 539. Uridylic acid & is degraded more rapidly
than cytidylic acid by the nucleotidase.
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investigation; R; values: uridine, 0.64; uridine-5’-phos-
phate, 0.45; uridine-2’(3’)-5’-diphosphate, 0.34; cytidine,
0.51; cytidine-5’-phosphate, 0.38; cytidine-2’(3’),5’-di-
phosphate, 0.22. A second solvent system also found
useful, especially for the separation of inorganic phosphate
from the nucleotides is that of Ebel3! isopropyl alcohol (75
cc.)-water (25 cc.)-trichloroacetic acid (5 g.)-ammonia
(sp. gr., 0.9); 25 cc. R; values: inorganic phosphate, 0.68;
uridine and cytidine diphosphates, around 0.32,
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Although the reaction of glucose with chlorine in aqueous solution buffered at pH 2.2 by H;PO,/NaH,PO, proceeds be-
vond the gluconic acid stage, the kinetics of reaction to this stage has been investigated through utilization of glucose in great
excess, In order to prevent errors arising from the volatility of chlorine in acid solution, a convenient syringe-reactor tech-
nique has been devised. Variation of specific rate, both during the course of a reaction and with change in initial concentra-
tion of oxidant, added chloride ion and hydrogen ion, leads to the conclusion that Cl; is much more reactive than HOCI.

At pH 2.2 the reaction follows the rate law: v = ky(Cly)(glucose).

approximately 15 liters mole™! hr.™%,

For anomerically equilibrated glucose at 35.7°, k2 is

At a pH of 3, the specific rate increases with increased buffer concentration. An
analogous phenomenon is discernible in prior work with aqueous bromine.% 32

A mechanism consistent with the data in-

volves attack of a base on a complex of halogen and carbohydrate.

Introduction

Earlier studies?® of the oxidation of p-glucose and
other simple carbohydrates by aqueous solutions of
halogens have been largely devoted to bromine
water. These have demonstrated that initial reac-
tion is to the p-gluconic acid stage in strongly acid,*
alkaline,® or buffered feebly acidic® media. Under
the latter conditions the primary identifiable prod-
uct is D-glucono-é-lactone,”™® Br; is the active com-
ponent of bromine water® and @-p-aldoses react
more rapidly than their respective «-anomers.
With excess unbuffered bromine water further
oxidation occurs very slowly to yield 5-keto-p-glu-
conic acid!! along with lesser amounts of p-glucaric
acid.'?
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Meager available information suggests that reac-
tion with aqueous chlorine follows a course similar
to that with bromine. Thus D-glucose yields p-glu-
conic acid in both acidic!® medium and alkaline®
solution, but at a slower rate and in poorer yield
than with bromine. Unlike bromine, unbuffered
chlorine water attacks p-gluconic acid rapidly.t*

The most significant studies involving aqueous
chlorine have been devoted to its action in unbuf-
fered solution on various glycosides. The reaction
with methyl a- and $-p-glucoside® is slower than
with glucose, yet it proceeds initially to the b-
gluconic acid stage, with 5-keto-p-gluconic acid!®
and p-glucaric acid® being formed subsequently.
Analogous primary reactions have been established
for methyl «- and $8-p-galactoside, mannoside, xy-
loside and 8-p-cellobioside.’®¥” In all these cases
oxidation is not preceded by hydrolysis’®~% and
the 8-glycosides react more rapidly than the respec-
tive a@-anomers.»!?

Since initial attack by chlorine takes place solely
at the acetal carbon of the relatively unreactive gly-

(13) H. Hlasiwetz and J. Habermann, Ber., 8, 486 (1870).
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(17) B. Lindberg and D, Wood, bid., 8, 791 (1952),
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cosides, it can be concluded that initial reaction
with glucose is selective and occurs at the hemiace-
tal carbon. The present work has been largely de-
voted to an investigation of the kinetics of this re-
action.

Experimental

Apparatus.—The volatility of chlorine in acid aqueous
solution is so great that ordinary analytical procedures
cannot be employed. This problem has been overcome
previously but by cumbersome means.’®1® A more con-
venient procedure employs as the reaction vessel a hypo-
dermic syringe provided with an adapter (Fig. 1) attached
by means of a ground joint. This permits all but a very
small portion of the reacticn mixture to remain thermo-
stated throughout a run so that, by discarding the contents
of the adapter before taking a sample, effective temperature
control is assured. The delivery of samples beneath the
surface of aliquots of arsenite solution eliminates evapora-
tion losses completely. The syringe and adapter were
painted black in order to prevent photochemical complica-
tions. Aliquot sizes were determined by weighing. Reli-
ability of the sampling procedure was established as better
than £19%, by analyzing successive portions of charges of
chlorine water. The density of that portion of the reaction
mixture remaining at the end of each run was measured with
a Mohr-Westphal balance.

GROUND YO SYRINGE TiP,

I’ig. 1.—Adapter for syringe reactor.

Analyses.—The sum of the concentrations of the com-
ponents of aqueous chlorine (stoichiometric chlorine), <.e.,
dissolved chlorine, hypochlorous acid and hypochlorite ion,
were determined by reducing with excess /100 sodium
arsenite solution and back-titrating to a starch end-point
with N/100 iodine in the presence of solid sodium bicarbon-
ate.?

Glucose was determined by the anthrone method.2
Color was measured at 620 mg with a Klett—-Summerson
colorimeter (No. 6618) equipped with a Baird 7-3231-5
interference filter and a Corning 3486 absorption filter.
The ability of the method to discriminate between glucose
and its oxidation products was established by analyzing
aliquots of a kinetic experiment with glucono-é-lactone as
reductant.

Chloride ion formed by processes other than hydrolysis of
aqueous chlorine was determined from the difference be-
tween the stoichiometric concentration of chlorine and the

(18) J. Groh, Z. physik. Chem., 81, 695 (1913).

(19) F. O. Rice and C. F. Fryling, Tuis JoURNAL, 47, 379 (1925).
(20) R. M. Chapin, ibid., 56, 2211 (1934).

(21) F.TJ. Viles, Jr., and L. Silverman, Anal. Chem., 31, 950 (1949).
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concentration of chloride ion (Volhard) present after re-
ducing an aliquot with sodium arsenite in the presence of
solid sodium bicarbonate.

The pH of that portion of the reaction mixture remaining
at the end of each run was measured by means of a glass
electrode (Leeds and Northrup pH meter No. 7662).
Failure to thermostat the electrode cup reduced the accuracy
of these measurements since the pH of the buffer solution
(approximately 0.30 molar in HzPO, aud 0.31 molar in
NaH,PO,) varied from 2.09 at 27.0° to 2.19 at 335.7° in
agreement with the known temperature dependence of the
ionization of H3PO,.2%23

Kinetics and Stoichiometry.—In the majority of experi-
ments a weighed sample of glucose was dissolved in a weighed
portion of thermally equilibrated, buffered chlorine water.
The instant of addition of glucose was taken as zero time in
kinetic experiments, any evaporative loss of oxidant prior
to this addition being irrelevant to the subsequent measure-
ments. A convenient quantity of homogetteous solution
was then rapidly drawn into the thermally equilibrated
syringe-reactor. Experimental points were taken over
about 909, of reaction.

In an alternative procedure (ruu 17 and all those labeled
I in Table IV) glucose was dissolved in buffer and equili-
brated thermally and anomerically. An aliquot of ther-
mally equilibrated chlorine water was then added rapidly
(time of addition being taken as zero time) and the homo-
geneous solution quickly drawn into the syringe reactor.
In experiments labeled I only the first 10 to 159, of the re-
action was followed (eight experimental points).

In stoichiometric work aliquots to be subjected to the
anthrone procedure were quenched in the usual way, treated
with sodium bicarbonate and allowed to stand overnight.
The pH was then adjusted to 4 to 6 with acetic acid and the
aliquot diluted «ith water to 100 ml. before being subjected
to analysis.

Reagents.—Glucose was Merck C.p. anhydrous grade
and was found polarimetrically to be almost entirely a.
Glucono-é-lactone (Pfizer) was dried at 110° for 1 hour;
[]®D +63.2°6 minutes after dissolution (1.2527 g. in 25 ml.
H,0); Fehling test was negative on boiling; silver nitrate
and Beilstein tests were negative; color corresponding to
0.29 of glucose-active material developed with anthrone
reagent. Chlorine water was prepared with exclusion of
light and stored under refrigeration in the dark for as long
as two months.

Data

The reliability of the data for purposes of chemi-
cal interpretation was evaluated by several experi-
ments.

Blank runs corresponding to the majority of ex-
periments revealed that the stoichiometric chlorine
concentration decreased less than 19, during peri-
ods corresponding to kinetic runs extending to 909,
consumption and by about 59, in 24 hours. No
further decrease ensued during the following 24
hours. No evidence was detected of catalysis of
decomposition of aqueous chlorine by sodium chlo-
ride, buffer components or sodium sulfate.? Al-
though the concentration of unbuffered chlorine
water decreased drastically on prolonged refriger-
ated storage in the dark, there was only a minor
accompanying accumulation of chloride 1on.% Ap-
parently most of the observed decrease in stoichio-
metric chlorine was due to vaporization.

That anomerically equilibrated glucose consti-
tuted the reductant was demonstrated by observing
that mutarotation in standard buffer at 35.7° was
ten to one hundred times as fast as consumption of

(22) A. A. Noyes, THis JoUrNaAL, 80, 349 (1908).

(23) L. ¥. Nims, ibid., 56, 1110 (1934).

(24) Compare ref. 3, pp. 136-137.

(25) In a relatively unfavorable case, during a 28-day period non-
hydrolytic chloride ion increased from 1.4 X 10~%to 2.0 X 10~3 mg.
ion per gram of solution while stoichiometric chlorine decreased from
44.1 X 10-%to 23.7 X 10-% meq. per gram of solution.



April 5, 1955

chlorine and that kinetic data with glucose pre-equil-
ibrated in buffer were in agreement with those ob-
tained with simultaneous dissolution of glucose and
exposure to chlorine (Table IV, runs 17 and I-17).
Stoichiometry.—The dependence of stoichiom-
etry on time is indicated by the data of Table I.
The blank loss of chlorine for a parallel experiment
with a similar initial concentration was 4.29, in
25.17 hours and a total of 4.3% in 50.35 hours. Al-
though a rigorous correction cannot be applied to
the data of Table I, it is clear that the ratios chlo-
rine consumed :glucose consumed are all somewhat
greater than they would be in the absence of chlo-
rine consumption not related to glucose and its oxi-
dation products. It nevertheless can be concluded
that the oxidation to the gluconic acid state is
slower than the second step and that extensive fur-
ther oxidation occurs but at a rate considerably
slower than that of the initial attack on glucose.

TABLE I
STOICHIOMETRY® AT 35.7°

Chlorine Glucose Moles chlorine
concen,, b concn., consumed per
Time, mmole/g. mmole/g. mole glucose
hr. X 103 X 103 consumed
0.10 30.9 3.27 ..
2.57 20.7 2.68 2.0
7.57 28.3 1.79 1.8
15.47 25.4 0.92 2.3
24.10 23.2 .51 2.8
48.45 16.6 .03 4.4
74.02 12.8 .00 5.5
s Concn. of buffer (moles/kg. of soln.): aH,POy,

0.302; H;PO,, 0.288. ® Not corrected for blank loss.

Kinetics.—Rate data were collected at 35.7° for
solutions in which the initial molar ratio glucose:
chlorine varied from 18.5 to 78. A standard initial
concentration of glucose, namely, 0.444 mole per
kilogram of solution was generally employed and
small deviations corrected on the basis of an order
of unity in this reactant (vide ¢nfra). The data of a
typical run are assembled in Table IT in the form
of time vs. concentration, integrated first-order rate
constants and instantaneous specific rates, respec-

TABLE II

KiNeTIC DATA FOR RUN 7°
First order rate

Concn. of Inte- Instan-
oxidant, grated®  taneous® Fat
Time, meq./g. soln. ks, ki, 1 ~ a
hr. X 102 hr. =1 hr. -? 1 — at hr. =t
0.00 2.044  0.70° 0.66° 0.004 7.0
.13 2.68 .71 .71 .101 7.0
.37 2.26 .71 .78 .116 6.7
.48 2.04 .77 .82 L122 6.7
.65 1.75 .80 .87 L131 6.6
.85 1.47 .82 .93 140 6.6
1.00 1.26 .85 .96 147 6.5
1.33 0.89 .90 1.03 .158 6.5
1.65 0.63 .93 1.08 .166 6.5
2.00 0.44 .95 1.11 .173 6.4
2.33 0.33 .94 1.13 175 6.5
s At 35.7°; buffer concn.: H;PO4 0.265 mole/kg.
soln.; NaH,PO, 0.278 mole/kg. soln. ® From kb = 2'303
log (Ox)y/(Ox). °From k = (d(Ox)/dt)/(Ox). ¢ By

extrapolation. ¢ 1 — a = (Cl;)/(Ox); calculated by means
of equation 3 with R = 0.129 mole/kg. soln.
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tively. In order to calculate the pseudo first-order
constants from the integrated rate expression, it is
necessary to evaluate (Ox)o, the initial stoichio-
metric concentration of chlorine. This was accom-
plished by extrapolation of log (Ox) to zero time
using only the first two experimental points. The
instantaneous pseudo first-order specific rates were
obtained from the smooth curve of (Ox) vs. time
with the aid of a Bausch and Lomb prism tangenti-
meter. The tabulated initial rate values (k;), were
obtained by linear extrapolation of plots of inte-
grated and instantaneous specific rate constants,
respectively, vs. time. Initial rate constants simi-
larly obtained for runs which differed only in initial
stoichiometric concentration of oxidant are listed
in Table IIT and their linear dependence on the

TaABLE III
DEPENDENCE OF INITIAL RATE oN OXIDANT CONCENTRA-
TION®
Initial pseudo first-order
rate, hr. 71
(Ox)o, b Inte- Instan-
meq./g. soln, grated taneous M
un X 102 (k1g)o (k11)o 1 — a® 1 — o
4 1.08 0.39 0.39 0.039 10.0
7 2.94 .70 .66 .094 7.4
3 3.33 .79 . .104 7.6
6 4.44 .99 .91 .130 7.6

s At 35.7°; buffer concen. (moles/kg. of soln.): NaH,PO,
0.278; H;PO,, 0.268. * Initial stoichiometric concn. of
oxidant determined by extrapolation. €1 — ap = (Cla)y/
E{Ox)o. Calculated by means of eq. 3 with R = 0.129 mole/

g. soln.

initial concentration is illustrated by Fig. 2. Where
initial rates were determined, both (Ox), and (&),
were obtained directly from the linear plots of log
(Ox) vs. time.

1.2 I

1.0

0.8

(F1")e, hr. A,

0.2

0 1.0 2.0 3.0 4.0 5.0 6.0
(Ox)p, meq./g. soln. X 10%
Fig. 2.—Initial pseudo first-order specific rates (by ex-
trapolation of integrated data) vs. initial oxidant concentra-
tion.

Consideration of the hydrolytic equilibrium of
chlorine (equation 1)

Cl, + H:O T> HOCI 4+ CI- + H+* (1)
provides an explanation of the observed variation
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in the initial pseudo first-order specific rates with
initial stoichiometric concentration of oxidant and
of the increase in rate during a single run. Assum-
ing that hydrolysis is the sole source of initially
present chloride ion, it is clear that, at constant pH,
the fraction of total oxidant present initially as Cl
increases with increasing initial stoichiometric con-
centration of oxidant. It thus appears that Cl,
1s more reactive than HOCL It can also be dem-
onstrated that the fraction of total oxidant present
as Cl; increases during the course of the reaction in
agreement with the observed rate increase. Thus,
with @« = (HOC1)/(Ox), 1 — a = (ClL)/(0Ox);
(C17) = 2[(0x)p — (0Ox)] + (HOCI) + m, where m =
concentration of added chloride ion, the equilib-
rium relationship at constant pH is represented by
equation 2.

_ K _ ala(Ox) +2(0x0) — 2(0x) + m]
R=rms = j—_ 2
Here, R and K are concentration equilibrium con-
stants. Solution of this expression yields equation

3

_ =B + [B? + 4R(Ox)]"2

@ = 3(0x) &
where B = 2(0x)y — 2(0Ox) + R + m. The value
of R can be estimated with fair accuracy from avail-
able thermodynamic data on the hydrolysis of
chlorine.?® From these, the thermodynamic equilib-
rium constant at 35.7° is found to be 6.55 X 10~*
(equation 4).

(HOCH(H #)(C17) yrociva+yor-
(Clz) YCl2

It can reasonably be assumed that +vymoci/vcn
equals unity even at the 0.3 molal ionic strength of
the buffer. The product ym+yci- equals v+ for
HCl. Interpolating the data? for HCl in solu-
tions of NaCl, v . at the ionic strength of the buffer
and 0.01 molal HC! may be taken as 0.74. This
yields R = 1.20 X 10-3/(H*). The pH of reac-
tion mixtures in standard buffer as measured di-
rectly with a glass electrode was 2.2, corresponding
to ag+ of 6.3 X 10~% molal. For purposes of
estimating ~yg+ it was assumed® that vyci-
= g+ in 0.3 molal solutions of KCl. Thus,
from the available values of v+ for KCI?® and v
for HCl, yg+ may be taken as 0.79. This yields
0.150 mole per kilogram of water as the value of R.
For each run where R has been employed in calcu-
lation it has been further converted to the appropri-
ate units, .., moles per kilogram of solution. The
values of 1 — « calculated in this way for run 7 are
tabulated in the fifth column of Table II. Knowl-
edge of « as a function of stoichiometric oxidant
concentration permits estimation of %, and k,%0¢,
the individual specific pseudo first-order rates
for attack by Cl; and HOCI], respectively. If
HOCI is inert, £t = ki/(1 — «), where k' is the

(26) G. N. Lewis and M. Randall, *’Thermodynamics,” McGraw—
Hill Book Co., New York, N. Y., 1923, p. 508.

(27) H. S. Harned and B. B. Owen, "’The Physical Chemistry of
Electrolyte Solutions,’”’ Reinhold Publ. Corp., New York, N. V., 1950,

. 575.
7 (28) D.S. McKinney, P. Fugassi and J. C. Warner, in’’Symposium
on pH Measurement,’”’ American Society for Testing Materials, Phila-

delphia, Pa., 1946, p. 20.
(29) Reference 27, p. 360.

=655 X 10~ (4

NorMAN N. LICHTIN AND MELVIN H. SAXE

Vol. 77

experimental instantaneous specific rate corre-
sponding to a given «. The approximate constancy
of k/(1 — @) throughouta single run (sixth column
of Table II) indicates that HOCI contributes little
to the reaction. A similar conclusion may be
drawn from the unalogous treatment of the initial
rates of several runs (Table III), although the data
for run 4 suggest that HOCI is not totally inert.
An apparent value of % HO9C can be obtained by
graphical solution of the equation k; = kHOC o +
kiC2(1 — ). Such a solution using values of (k;5),
from Table III yields £, = 7.7 hr."!and £,H0C! =
0.05 hr.~! but, in view of the uncertainties involved
in estimating R and the presence of small initial
concentrations of chloride ion not resulting from
hydrolysis, little significance can be assigned to the
latter figure and it can only be concluded that
HOCI reacts much more slowly than Cl,. Taking
ki as 7 hr.—!, with glucose at a concentration of
0.444 mole/kg. solution, the second-order rate con-
stant for the reaction of chlorine at 35.7° is 16 kg.
mole~! hr.~! or, since the solutions had a density
of 1.074 g./ml., k,Clis 15 liters mole—! hr.~ %,

Data summarized in Table IV support some of
the above conclusions and, in addition, provide
information concerning salt effects and catalysis
by acids and bases. The results of run I-17 indi-
cate that the extrapolation procedure described
above is reasonably accurate. Runs 9 and 10, with
added chloride present at concentrations too low
to sensibly alter the ionic strength or to convert a
significant fraction of oxidant to trichloride ion,30
proceeded at enhanced rates as would be expected
from equation 1. Inrun 9 the integrated rate con-
stants increased only 179, over 859 of reaction
while in run 10 there was only random variation
over the same period. These results would be

TABLE IV
SUMMARY OF INITIAL RATES
(Ox)o, Added
meq./ substance, Exptl. Std.
2. moles/kg. (k1)0, ¢ (R18)0,d
Run soln. Bufferb soln. pH hr.mt  hr."t
17¢ 0.0244 0.278;0.95¢4  .......... 2.2 0.5 0.62
1-17¢ ,0203  .311; .926 .......... 2.1 B2 .55
9 .0449  .278; .954 0.0211 NaCl 2.2 1.39 .99
10 L0411 ., 278; 954 .0402 NaCl 2.2 1.33 .03
8 L0454 .274; .954 .0990 Na:S0: 2.3 94 1.00
20 L0335 .248; 954 .750 Na,S0« 2.3 67 .79
1.23¢ .0332  .302; .927 288 KC10: 2.1 93 .79
11 L0201 .410; 954  .......... 2.2 64 .55
13 0353 .282; .0842 ......,... 3.0 147 83
15 0236 3.15; .0841 .......... 3.05 .74 61
1-28° 0208 0.0275; .967 261 KCICs 1.5 1.48 76
1-99¢ .0300 .258; .924  .......... 1.35 2.38 73
1-24%7 0332  .300; .926  .......... 2.1 .80 78
1-53%¢ 0349  .26%; .926  .......... 2.1 .86 .81
194 .0292  .278; 954  .......... 2.2 1.16 .72

¢ Experiments by G. J. Grillo involving initial rate
measurements with glucose pre-equilibrated in buffer solu-
tion. ¢ Composed of H;PO, and NaH,PO,. The first
figure cited is the concentration of the salt in moles/kg.
soln.; the second is the molal ratio of acid to salt. ¢ Unless
otherwise indicated, by extrapolation of integrated rate
constants to initial concentration; corrected for deviation
from std. concentration of glucose on the basis of an order
of unity. 9 By interpolation of Fig. 2. ¢ With glucose
preequilibrated in buffer solution. / Concn. of glucose:
0.251 mole/kg. soln. ¢ Concn. of glucose: 0.800 mole/kg.
soln. * Glucono-s-lactone as reductant.

(30) M. S. Sherrill and E. B. Izard, THis JournNal, 53, 1667 (1031).
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expected from the buffering effect of added chloride
on the hydrolytic equilibrium. Solution of equa-
tion 3 for «p for run 10 yields a value of 0.70. On
the basis of k,“* = 7 hr.~! this leads to a value of
(k1)oof 2.1 hr,~!, The agreement with the observed
value of 1.53 hr.~! is as good as might be expected
on the basis of the several uncertainties both in
calculation and experiment,

The data of runs 8, 20 and I-23 reveal a negligible
salt effect and thereby support the interpretation
of the influence of chloride ion. The results of
runs 8 and 20 have an additional significance be-
cause SO4~ is a base of roughly the same strength as
H,PO,~ and there is no evidence of appreciable
catalysis by this ion.

The results of run 11 suggest an enhanced rate at
higher buffer concentration and standard compo-
nent ratio but the effect is marginal.3! The data
of runs 13 and 15, however, unequivocally demon-
strate a catalytic effect. A decreased rate would
be expected at pH 3.0 because of the effect on the
hydrolytic equilibrium. With the aid of equation 3,
a value of (ki)o equal to 0.14 hr.—! can be calcu-
lated for run 13 in (probably fortuitously) excellent
agreement with the observed value. With a tenfold
increase in buffer concentration at the same ratio
and pH, however, the rate becomes at least as
great as at pH 2.2.

Runs I-28 and 1-29, which were carried out at
lower pH, proceeded at enhanced rates in accord
with the expected shift in the hydrolytic equilib-
rium. These data do not, however, reveal any
other significant influence of acid concentration.
This can be deduced from the similarity of results
at the two buffer concentrations. The agreement of
the experimental initial rates of runs I-28 and I-29
with the values calculated by means of equation 3,
namely, 1.6 and 2.8 hr.~, respectively, further sub-
stantiates the conclusion that enhancement of
H;PO, and H3;O* concentration does not produce
any catalytic effect like that observed at higher pH.

An order of unity in glucose is demonstrated by
the results of runs I-24 and I-53, which were car-
ried out with glucose concentrations differing widely
from the standard value. Correction of the ob-
served pseudo first-order specific rates (0.45 and
1.56 hr.—1, respectively) to standard glucose con-
centration on this basis gives rates in good agree-
ment with the standard values.

Run 19, which employed glucono-é-lactone pro-
ceeded at a rate somewhat faster than the corre-
sponding standard rate with glucose. Since the
rate of this run decreased slightly as it progressed,
it can be concluded that free gluconic acid and its
v-lactone are probably less reactive than the é-
lactone. The observed rate can accordingly be
taken as an upper limit to the reactivity of the
sum of tautomeric acid and lactones which may be
present in the reaction mixtures formed from glu-
cose.

Discussion

It can be concluded from the assembled evidence

that the rate data for glucose refer to conversion

(31) Experiments by G. J. Grillo have shown that with much higher
buffer concentrations (ca. 3M) the secondary salt effect is so large (pH
shifted to 1.05) that a unique interpretation of the observed enhance-
ment in rate is not possible.
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to the gluconic acid stage. It has been established
that the principal effective oxidant is molecular
chlorine and that the reaction is of the first order
in this reagent and in glucose. The second-order
rate constant represents a weighted mean, since
anomeric equilibrium is maintained. If the reac-
tion of a-glucose is taken as negligible®10-1517 k.5, the
specific rate for 8-glucose, is approximately 25 li-
tersmole~'hr.~!. Thereaction rate, at a pH of 2.3
or less, has been found to be virtually uninfluenced
by perchlorate and sulfate ions and, aside from the
influence of pH on the hydrolytic equilibrium, by
phosphoric acid and oxonium ion. At a pH of 3,
however, catalysis is observed which can be as-
cribed either to H,PO,~ ion or to some species de-
rived therefrom.

The observed catalysis is consistent with observa-
tions on the behavior of aqueous bromine. Both
in acid solutions® and in solutions buffered with
carbonate to a pH of about 5-6,° molecular bromine
is the active oxidant in bromine water. Quantita-
tive comparison of the data of Bunzel and Math-
ews® with those of Isbell and Pigman® reveals a
pronounced catalytic effect. The former workers,
employing bromine water containing 0 to 0.5 N
added acid (HBr, HCl, H,S0,, H;PO,) and excess
preequilibrated glucose, obtained rate data at 25°
which they corrected for formation of inert Br;~
and Br,Cl—. Their results,?® upon correction for
relatively unreactive a-glucose, yield % = 3.25
liters mole—! hr.—! at 25°. Isbell and Pigman,®
employing BaCQ;/CO; as buffer (pH 5-6) with
pure B-glucose, obtained rate data which upon
correction for formation of Br,~ and Brs~ yield a
value of k¥ = 174 liters mole—! hr.—13¢ at (.3°.
This striking acceleration may be interpreted in
terms of catalysis involving any or all of the spe-
cies HCO;~, CO;= and OH—.%

Any attempt at a complete mechanistic picture
would be premature at this time but certain as-
pects can be discussed with profit. For this pur-
pose, it is assumed that there is a fundamental simi-
larity between the modes of action by aqueous
chlorine and bromine.

Earlier work with bromine has demonstrated
that the pyranose form of glucose is the reduc-
tant.”~ This conclusion is buttressed by the fact
that various methyl glycosides are oxidized by
aqueous chlorine at C, more rapidly than they are
hydrolyzed. 151

The oxidizing species may be compared with
reactants which have been identified in aromatic
halogenation.® Studies in the latter field have
revealed that not only X, HOX and OX -, but also

(32) H, H. Bunzel and A. P. Mathews, Tuts JOURNAL, 81, 464
(1909).

(33) Although Bunzel and Mathews do not state their units, it is
apparent from their data that, for their pseudo first-order constants,
these are min. ~!, The frequently referred to%? observation by these
workers of inhibition of oxidation by acids is not apparent in their rate
constants corrected for inertness of Br:Cl1~ and Br;~ (their KV).

(34) Rate constants tabulated by these authors are apparently in
units of liters mole ~! min, ~1/2.303.

(35) The possibility exists that the analytically useful alkaline
’*hypoiodite” oxidation of simple carbohydrates (cf. ref. 3, p. 156) may
actually be a reaction of molectlar iodine catalyzed by OH ~ or other
basic reagents.

(36) Cf.C. K. Ingold, »’Structure and Mechanism in Organic Chem-
istry,” Cornell University Press, Ithaca, N. Y., 1953, pp. 288~-295.
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X+,%5 H,OX+, XHPO,~ % and CH;COX?* may be
present in aqueous solutions of halogens under
various conditions. In the present and earlier
related work, Cl; and Br; have been found to be
the major oxidants. The absence of catalysis in
the acid range does not, however, rule out the possi-
bility of detecting oxidizing action by H,OX +or X+
under more suitable conditions, e.g., with acidified
pure HOX.¥ Molecular bromine and chlorine
have also been identified as the active components
of acid aqueous halogen in the oxidation of acetal-
dehyde'®% and formate ion.’#4! In the oxidation
of acid-oxalate ion, however, HOCI] and HOBr are
the active reagents. 443

The formation of acyl hypohalites constitutes a
possible explanation of the catalytic effects ob-
served in the present work and related studies with
bromine.®3% Catalysis by buffer components of
aromatic bromination with HOBr, but not with
Brs, has been observed and ascribed to formation of
reactive intermediates of this type.?% In con-
trast to the present work this catalysis has in sev-
eral cases been found to be due to the acid compo-
nent of the buffer.’3.% However, H,PO,~ has
been observed to function as a bromination cata-
lyst.3 Catalysis of the oxidizing action of Br,
by the components of carbonate buffer®3® suggests
that the mechanism of catalytic action is different
from that evoked in aromatic bromination, not only
because Br; is involved but because of the improba-
bility that intermediates such as BrOCO.~ would
have enhanced reactivity.

A related hypothesis accounts for catalytic ac-
tion on the basis of interaction of glucose with buf-
fer components to form a reactive intermediate.
Formation of products of this type in appreciable
concentration has been ruled out polarimetrically
for H;PO,/NaH,PO, buffers at pH 2.2 and 3.0, but
rapid reversible generation of very low concentra-
tions is not thereby excluded.

The available data can be accommodated if gen-
eral base catalysis is assumed to be operative. The
absence in the present work of detectable accelera-
tion by hydroxide ion can be ascribed to its very
low concentration. The apparent inertness of
SO~ (at pH 2.3) may be ascribed to its feeble
basicity rendering it incapable of competing with
solvent molecules. In such a case, the Bronsted
catalysis law® predicts that H,PO,~ will be inert as
well. The dependence of rate on buffer concentra-
tion at pH 3 must then be ascribed to the action of
HPO,~ if Cl; is the oxidant. Alternatively, since
at pH 3 the proportion of oxidation by HOCI is
greater, it may be assumed that attack by this

(37) P. B. D. dela Mare, A. D. Keltey and C. A, Vernon, J. Chem.
Soc., 1290 (1954).

(38) D. H. Derbyshire and W. A, Waters, tbid., 564 (1950).

(39) W. J. Wilson and F. G. Soper, ibid., 3376 (1949).

(40) S. Bugarszky, Z. physik. Chem., 48, 63 (1904).

(41) G. Bognar, ibid., T1, 529 (1910).

(42) R. O. Griffith, A. McKeown and A. G. Winn, Trans, Faraday
Soc., 28, 107 (1932).

(43) R. O. Griffith and A. McKeown, ibid., 28, 518 (1932).

(44) R. P. Mauger and F. G. Soper, J. Chem. Soc., 71 (1946); B.
S. Painter and F. G. Soper, rbid., 342 (1947).

(43) A. A. Frost and R. G. Pearson, '’Kinetics and Mechanism,”’
J. Wiley and Sons, Inc., New York, N. Y., 1933, pp. 210-214.
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molecule is more susceptible to catalysis so that
H,PO,~ (as well as HPO~) is effective.

Speculation concerning the mode of attack of
oxidant can be guided not only by kinetics but by
the occurrence of selective attack at C; in both py-
ranose aldoses and glycosides. This selectivity vir-
tually eliminates a rate determining reaction with
molecular halogen to form alkyl hypohalite since
such a reaction could occur readily at other than
the hemiacetal hydroxyl. Equilibrium formation
of alkyl hypohalite at various positions followed by
a rate controlling decomposition occurring most
rapidly at C, is eliminated by the observed enhance-
ment of the reaction rate by chloride and hydrogen
ions. It can be seen from equation 5 that such a
step would lead to inhibition by these ions.

ROH + Cl, T ROCI + H* 4+ ClI=  (5)

A mechanism involving preliminary alkyl hypohal-
ite formation is, in any case, inapplicable to the gly-
cosides.

The demonstrated existence of complexes of ethers
and alcohols with bromine and iodine¥ suggests
a type of mechanism which may hold for both pyra-
nose aldoses and glycosides and which provides a
role for base catalysis closely resembling its partici-
pation in chromate oxidation.® This consists of
processes such as

X
:0—R , :0—R
[ rapid |
— —_—
H C—{ + X2 : H (‘3—\
o reversible . o
| |
X
(6
0—® + :N
B ?@ n(I:"J T slow
: — —_—
I—\ 0
I O I

| B:H++C__i +2X~ + R:N*

0]
l

Here B:and N:represent any base, including water,
or for the glycosides N: represents any nucleophilic
reagent. R is either hydrogen or an alkyl group.
Further work directed toward the testing of this
hypothesis is under way in these laboratories.
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