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ABSTRACT

The oxidation of D-glucose by periodate has been investigated
with respect to mechanimm. A spectrophotometric method of following
the change of concentration of periodate by meaguring the optical
density at 222.5 millimicrons has been developed, The mechanism of
the periodate attack on D-glucose has been found to consist of a small
smeunt of random attack on agy¢lic glucose accaspanied by oxidatiom of
the cyclie form to give 2-formyl glyceraldehyde ester. This ester
then slowly hydrolyses as the rate-determining step in the reaction,
followed by further exidation of the glyceraldshyds. A similar re-
action has been found to take place with D-Arabinose.

The reaction of 1,3-diketones with periodate has been investi-
gated and four 1,3-diketones have been found to react (acetyl acetone,
1,1-dimethylcyclchexan-l,3-dions, 3-methyl-2,li-pentadione and 1,L-
diphenyl-1,3-butadione). These involve both cyclic and acyclie
coampounds. The reaction has been found to produce no formic acid or
formaldehyde, but it does produce carbon dioxide from unsubstituted
1,3-diketones. The reaction is more rapid with periodic acid than
with sodium periodate. A mechanism for the reaction has been proposed.
The stoichiometric ratio of periodate to unsubstituted 1,3-diketones
has been found to be about four to one.

The reactiom of periodate with D,l-glyceraldehyde has been
investigated. In reactions involving excess zlyceraldehyde and in
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which final production of formic acid and formaldehyde are determined
analytically, a method of calculating glycolaldehyde and glyoxal
production as well as glyceraldehyde consumption has beea devised.
The method has been applied t0 the task of finding the relative rates
of attack on the carbonyl-carbinol bond (01-C2) and the glyeol bond
(C2-C3) in glyceraldehyde. The rate of the firat has been found to
exceed that of the latter Yy at least a factar of five.

4 decrease in concentration of thi glyceraldehyde~periodic acid
reaction nixture produces an increase in rate of the reactiem,
particularly st the initial stage. A dscrease im pH balow that produced
by the periodic produces a déc;rcue in rate during the first stage,
Addition of equivalent amounts of sodiwm hydroxide produces a decrease
in the final stage of the reaction.

The depalymerization of the dimar of D,L-glyceraldehyds has been
investigated at 0° C and the equilibrium constant has been found to
be 1.0.
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INTRODUCTION

The Malaprade (1-3) reaction, which involves cleaving a chain
between two carbon atoms, each of which carries either a hydroxyl, a
carboryl or an amino group, has been used extensively for determining
the structure of unimown compounds and for quantitative analytical
determinations. These uses are based on the asswrption that a perliodate
reacts quntiutive]y wvith the 1,2 groups listed and that a reaction
does not take place with other groupings. The reaction can only remain
dependable as an analytical tool if the conditions under which stoichio-
metric reactions take place are known and can be utilized. This re-
quires a knowledge of the mechanisms of the reactions.

In the wse of periodates for either of the purposes mentioned,
the progress of the reaction is usually followed either by determining
the decrease in periodate or the increase in same product, or products,
such as formaldehyde, formic acid or occasionally some less common
product. It is therefore essential that the reaction proceed stoichio-
metrically.

A search of the literature has disclosed a mmber of anomalies
with respect to the reaction which can invalidate many of the results
obtained by the use of periodate and also a mmber of disagreements
between investigators en matters of fundmmental importance. It was
therefore decided to investigate further the mechanism of the reaction
between periodic acid and the simple sugars.






Many eontradictery statements with regard to the influence of
various factors on the reastion have been noted. With respect to the
simple glysols, Price and Kroll (L) found that with ethylene glyeol
and pinacol the reaction was more rapid in acid than in alkaline solu-
tion and that the reaction with pinacol was a general acid-base
oatalysed reaction, although the variation of rate constant with pH
produced a complex curve., Price and Knell (5) found the rate constants
for ethylene glycol essentially independent of pH below 7 and falling
off rapidly above pH 7. Heidt, Gladding and Purves (6) reported the
reaction with ethylene glycol as more rapid at lower pH's, falling off
uwp to pH 5, then rising to approximately pH 8 and asswning very low
values in more alkaline media. Duke and Bulgrin (7) predisted the
rate for ethylens glycel should be independent of pH in the renge pH
3-7 because increased acid catalysis was offset by decreaged ionisation
of the periodie acid. Buist and Bunton (8) found the maximum rate
coefficients for the ethylens glycol-periodic seid resctiom at pH 4
with a decrease om both sides and a very sharp decrease above pR 7,
Taylor, Soldano end Hall (9) for most glycols describe a hroad pH range
between 2.5 and 6.0 producing maximum reaction rates and a desrease at
either end.

For glucose, Huches and Nevell (10) found that periodate was con-
sumed faster inm buffersd acid and in neutral solution than at pH 9.7.
8peck and Forist (11) found the reaction with glucose slower in acid
than in bicarbonate buffer, Fleury, Oourtois and Bieder (12) oxidized
aldohexoses more readily at pH 6.5 using a phosphate buffer than at






pH 1.6, but the polyhydroxyl campounds, mannitol and sorbitol were
oxidized more rapidly at pH 1.6 than at 6.5.

Oreville and Northcote (13) with di, tri- and tetra-O-methylated
glucoses detected a decrease in rate with decrease in pH, but a few
compounds which did not have the expected structure for normal reaction
showed abnormal reactions and axilized active hydrogens faster at pH S
than at pH 7.5. Neumuller snd Vasscur (1h) with maltose, melibiose,
methyl-o -D-glucoside, yeast, glucan anl dextran found a second or
overoxidation stage having a minimm rate at pd 3 and 4. Jeanloz (15)
using methylated sugars found rates faster in weaily alkaline solution.
Bell (16) with methylated sugars obtainel best results at pH 7.5.

Others who found more raspid rates in the alkaline region were
Reeves (17) with monosaccharides in sodium bicarbonate btuffer; Grangaard,
Gladding and Purves (18) with starch and cellulosey Jeanlos and
Porchielli (19) with starch and hyaluronic acid; Lindstedt (20) with
yeast mannanj Sprinson and Chargaff (21) with tartaric acidy Huebner,
Ames and Bubl (22) with various organic compounds containing active
hydrogens Yan Slyke, Hiller and MacFadyen (23) with hydroxy lysine;
McCasland and Smith (24) with sminocyclancls; Jeanlos and Forchielli
with chitin (25) and gluccsamine (26).

With respect to the effect of other ions on the periodate reaction,
Taylor, Soldano and Hall (9) discovered that the rate of reaction of
periodates in the presence of neutral salts is increased proportionally
to the concentrations of the salts., Builast and Bunton (8) found rate
constants dependent on ioniec strength and acidity and Huebner, Ames






and Bebl (22) found considerable varistion at the ssme pH with dife-
ferent buffers. A number of investigators have reported greatly
incressed rates and even some abnormal effects from the use of phos-
phate buffers. Fleury, Courtois and Bieder (12) with aldeses and

Bell and Greville (27) with 3,L4-di-O-methyl-D-glucose report increased
rates with phosphate. fhe latter also report formation of formaldehyde
very late in the reaction and an early production of formie acid.

Bell (16) with 2,3~ and 2.6-di-O-methyl glucose observed over-
oxidation end production of carbon dioxide. Bell, Palmer and Johns
(28) noted that when the periodate to phosphate ratio was increased
3-O-methyl and 2,3,ketri-O-methyl glucoses produced more formaldehyde
and less formic acid and vico.voru. They also noted an overcensump-
tion of periodate. The total yield of farmaldehyde and formioc acid
was approximately ens mole per mole of the trimethyl glucese, so that
when one increased the other apparently decreased. Lindstedt (20)
uging yeast maman, catalysed by phosphate, found inoreased rates and
everoxidation even in acid sclution and showed that two thirds of the
mannan molecule was oxidized to sarbon dioxide at pH ¥ and 50° ¢ when
eatalysed by phosphate. With a variety of carbohydrates and derivatives
he obtained everexidation and in some cases carben dioxlde. Oreville
and Northcote (13), on the other hand, found no acceleratiem due to
phosphate catalysis on methylated glucoses. In fact, they fewnd the
rate even faster when the soiution was adjusted to the desired pH by
NaCH rather than by phosphates.






A number of workers have reported pH changes during the course
of the reacticn. Buist and Bunton (8) found a sharp drop in pH when
an excess of glycol was mixed with periodie acid and which they assumed
to be dus to ﬁu greater acidity of the intermediate complex between
the two oompounds. A further slow decrease followed, which was evi-
dently due to the decempesition of the complex and the formation of
the relatively strong iodic acid. At pH S they found a sharp decrease
in PN followed by a slow increase. Price and Knell (5), also wsing
ethylene glycol, ower the rangss pH 1-7.5 and 10-11.5 found no changes
of pH during the reaction, but they did find a change in the range
7.5-10. MoCasland amd Smith (2L) using smimocyclancls found a rise of
1-3 pH units dwring the reaction, but this was spparently due to the
sxmonia liberated.

Greville and Northoote (13) observed that in some methylated
sugars the rate of oxidation increases with the degree of methylation
and that ther ate is not dependent on the mumber of actual er potential
hydrexyl groups, but rather on the mumber of methoxyl radicals. For
ingtance, the consumption of periocdate by 2,3,k4,6-tetra-O-methyl-B-
glucose reaches 1.5 moles, whersas, thecretically, 1l moles are re-
quired to exidise it completely to formic acid and 2k meles to cerbon
diaxide. |

Ssveral imvestigaters have reported inoconsistencies in the wse of
arsenite for the determination of periodate in the solution. This is
the method of Fleury and Lange (29). Hughes and Nevell (10) attriduted
the inconsistencies to the slow reduction of the intermediste complex



between periodate and the glycol (glucose in this case). If this is
true, the arsenite method would not measure the periodste which had
already formed the intermediste complex, btut which had not yet oxidised
the glycol, They also found that the solutions after reaction with
excess arsenite liberated considerable iodine wpon standing. They
assumed this to be the result of a slow reaction of the intermediate
complex with 1odide ions in the slightly alkaline solution. Such a
result wvould naturally indicate a correspondingly larger consumption
of pericdate as ocmpared with formie acid produced.

Speck and Forist (11) alse observed that pericdate consumptien
as meagured by arsenite reduction appeared to procesd considerably
faster than formaldechyde formation.

Van Slyke, Hiller and MacFadysn (23) obtained a similar discrepancy
in working with hydroxylysine, but they attributed the results to the
fact that their reaction running in acid solution was progressing
slowly. Then upon sdding sodium bicarbonate in erder to produce a
favorable pH for reaction with arsenite, the reaction with periodate
took place instantly. They found the glycoleperiodate reastion in
sodimm bicarbonate buffer to be almost ingtantaneous.

Schwars (30) explains the apparent high periodate consumptiom,
shen titrated by the arssnite method, as being a result of oxidation
of active hydrogen or of iodination by free iodine liberated in the
alkaline solution. This reaction might be illustreted as follows:






Gy CHo—q Gy —
(1) '] 2 ] |

RO-C-H - a0 Ho

R - 0 IpeH0O 0
HO-C-H - CHO ——tcl clxo

[} | ]
B-C -0 —— RO-(IS —_—

' _ '
H-C-OH H-C=0 o

' )

C!120!I + HCHO

1,L~anhydromannitcl

In this connection it win be recalled that free iodine in an
alkaline solution substitutes for alpha hydrogem in a manner similar
to the iodoform reaction whea aldéhydea or ketones are present in the
reaction mixture.

Overoxidation, which may appear merely as s slight overconsumption
of periodate without apparently diminishing the analytically determined
products or which may in its extreme case involve oxidising most of
the products of the normal reaction toe arbon dioxide and water, appears
to be a comson phenomenon if one can judgs by the mmber of references
to it in the chemical literature. Overoxidations produced by phosphate
catalysis has already been considered. |

Brown, Dunstan, Halsall, Hirst and Jones (31) eondusted their
experinents on end-group determination in polysaccharides specifically
to determine odnditionu for avoiding overoxidation. Mitchell and
Percival (32) working with several methylated fructoses found over-
consumption of periodate and less than theoretical ylelds of formaldehyde
in nearly every case. Miyada (33) on the other hand obtained prac-
tically theoretical formaldehyde ylelds and periodate consumption with



3,k4,6-d1-0-methyl-D-fructoss. Doerschuk (34) found in an exidation

of glycerol-1-C¥ by periodate 0.25% of the C'! pregent as formic asid.
He attributed this to emﬁution occurring in the glysol aldehyde
which resulted from the first stages of the reaction. This may more
1ikely have been the result of overoxidation of formaldehyde by the
periodie acid.

Jeanlos and Forchielld (19,26) concluded from thelr stwdies on
polysaccharides and glucosmmine that owveraxidationm is a function of
temperature as well as of pH and that 1t can de eliminated by werking
at 5° C or lower. They also reccmmended a pN of L-5 for minimizing
overoxidation.

Methylated sugars sppear eme\hny subjest to overoxidatien as
previously noted in reference to the work of Grevills and Newrthcote
(13), Bell (16) and Bell, Palmer and Johns (28).

The effect of light on periocdate solutions has vboen sarefully
investigated by Head and Standing (35). They found that periodate
solutions will reduce to iodate and finally to free lodine wpon
sufficient exposure to light. Head snd Hughes (36) found that daylight
oatalysed periodate reactions with simple organic campounds swuch as
formic acid, formaldehyde, glycollio acid, methyl alechol, exalic seid,
othyl alcchol, acetaldehyde., With a large excees of periodate in
bright sunlight it was found possible to complstely oxidise formis
acid in one dayj otherwise a matter of dsys was required to produce
significant oxidatiom. Head (37), imvestigating ths effect of deylight
on periodate oxidation of glycosides and cellulose, found definite






catalysis by light. However, in the course of two hours no appreci-
able difference was obscrved between reactions run in the dark and in
the dayli.@t. In fact, in six hours the difference was small, but in
terms of days it became very great. He contirmed his observations
over periods as great as 120 days. The results of exidations extending
over this period of time are quite meaningless in view of the frequent
observation of overoxidatiom by periodate.

Head also found that a great excess of periecdates tends to increase
everaxidation, so much so that the curve shows no differentiation
between the original Malaprade reaction and overoxidation. He also
found that free iodine is produced when there is insufficient periodate.

Periedate 1s also known to oxidise ¢certain sulfur containing come
pounds. Nicolet and Shinn (38) fonnd that periodic acid reacted with
methionine and cystine, spparently bty oxidation of the sulfur. BPonner
snd Driske (39) have shown that phenyl-p-D-thioglucopyrancside is
exidised to a sulfone, in aiddition to the normal glycol ecleavage, and
that this reaction produces iodine., This lodine oxidised active hydrogen
to a hydroxyl group, as shown in equation (1), thus making further
reaction with periodate possible.

A number of workers have reported the reaction of periodate with
active hydrogen, either with or without carbon dioxide production. The
findings of Schwars (30) have already been mentioned. Kewsaller and
Vasseur (1) reported a secand stage of oxddation with maltose, similar
to the example in equation (1), in which active hydrogen was oxidiged
to & hydroxyl group capable of further oxidetion with periodate.
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Head and Hughes (4C) postulate essentially the same resulis on
intermediatc campounds in tho oxidation of cellobiose, This is 1llus-
trated as followss

" o 0
[} ] L

(2) CHC-g-CI0 0§ OHC-p-GHO0 2% § R-0-c-a10 + HCOM
9 .
R R

Hucbrer et al. (L1) reported a similar oxidation of active hydro-
gen in barnyl glucoside and of the hydrogen on carbon 1t in 2{10,lt-

anhydro~D-xylo-tetrahydroxy butyl) benzimidezole.

(3) H-?KBO B—E:;Qo B—?—O\-Bo

H-C-CH HO
¢ .

R-C-H 0 2710, 0 IO 0
1] —— —

H-C-OH CHO Q10
] v !

H-C — H-C —d HOw=( —I
] ] t
CHL0H CHoOH Q1,0H

Bormyl glucoside

Boe Borryl radical

\

H-N N
\ 7/
¢
' 2(11, k' ~aphydro-D-rylo-
H-Ct— tetrahydroxy butyl)
¢ bengimidazole
HO-C-H
' 90
- H-C-~-0H
'
B-C




Neuberger (L2) also reported a similar phenamenon in connection
with periodate axidatiom of ethyl glucosamate (together with the
sppearance of free iodine) as shown in equation (k)

COOT% o
' ,
E-C-NI0CCH5 goorY '

’ - - HO-0-MHOCCcHg
H-C-08 a0

]
H-C-C3 ¢

:naon 2HCOOH & HCHO

Potter and Hassid (L3) in end group determinatians of starch also
report oxidation of the active hydrogen in the formio acid ester of
tartronaldehyde, Halsall, Hirst and Jones (Ll) found that when an
active hydrogen was oxidised, such as in a methyl furanoside, iodine
wvas formed. They also found that when methyl hexa- or pentapyramosides
were axidised that normal products were obtained.

Huebner, Ames and Bubl (22) specifically checked the reactions
between ecertain campounds containing active hydrogen with periodate
and found that a reaction took place with malonic acid, tartronic acid,
mesoxalic acid, monoethyl malonate, malic acid, digitoxose, acetoacetie
ﬁm, alpha-ethylmalonic acid, oxalacetic scid, acetone dicarboxylie
acid, citric acid, lactic acid, pyruvie acid, 1,lL-anhydrosorbitol and
ethyl oxonalonate. Many of these produced carbon dioxide in the re-
ection. Sane wers very rapid, as for exsmple malonic acid using 3.01
equivalents of periodate; acetons dicarboxylic acid, L.5 equivalents
and acetoacetic acid, 2.5 equivalents of periodate in an hour.



Significantly, they reported no reaction with acetyl acetone, because
it gave off no carbon dioxide. These reactions were run at 21° C in
a solution 0.04-0.06 M with respect to the substance being oxidiged
and containing fram 1.2 to 1.6 times the molar equivalent of sodium
metaperiodate theore.tical]y necessary for complete oxidation.

Sprinson and Chargaff (21), investigating the periodate oxidation
of active hydrcgery proposed the following reaction with malonic acids

(5) MOOC-CH,-COOH 104~  HOOC-CHOH-COOH I0),” _ OHCCOOH + COp -

A.

CO, + HCOOH

They found that although these reactions are slower than the
normal Malaprade reaction between two groups consisting of carbonyls
or hjdro:vl:, the reactions nevertheless are reasonadbly rapid and must
be taken into consideration in the use of the Malaprade reaction.

For instance, tartaric acid consumed fram one to three moles of periodate
in less than one hour, the amount of periodate depending on the con-
centration of periodate, pH and temperature.

A most interesting observation was made by Courtois and Joseph
(LS) who reported a slow periodats resction with dimedone, a 1,3-
diketene. This substance consumed 2.67 moles of periodic acid per
mols of dimedone in 96 hours.

Wolfrom and Bobbitt (L4S) have recently obtained resctions with a
mmber of cyclic 1,3-diketones and have proposed a mechanism for the
reactions. They, however, reported that acyclic 1,3-diketones did

not react.
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Fleury and Boisson (L7), Nicolet and Shinn (38) and Kbouvine and
Arragon (48) all attribute the formation of carbon dioxide to periodate
clesvage of glyoxylic acid. The first of these groups of workers
reports that glyoxylie acid is quantitatively transformed into formic
acid and carbon dioxide in 2} hours. However, this presumably takes
place at the temperature of a hot water bath, which is definitely
above the temperature at which roactions of analytiecal significance
nay be run.

Therefore, in addition te the usual Malaprade reaction with
periodates, at least two other types of oxidation seem te exists
(1) Oxidation of so-called active hydrogen. (2) Cleavags of a car-
boxyl group from a carbonyl group, er to a lesser extent from a -
carbinol group. A knowledge of these reactions which invelve wmsual
periodate oxidations is of great value in analytical work involving
periodate oxidation of cerbohydrates, so that periodate consumed in
these reactions will not be attributed to the usual Malaprade re-
sctions,.

In addition to these reactions there are others which are more
difficult to classify. Nicolet and Shinn (38) report a slow reaction
with a variety of amino acids containing only emino and carboxyl
groups. This perhaps can be clasgified under type (2) above, inasmuch
as the amino group would be susceptible to hydrolysis.

The reactions of periodate on simple organic compounds such as
methyl and ethyl alcohols, as reported by Head and Hughes (36), would
also be difficult to classify as one of these two types. Another



1

reaction difficult to classify would be the one reported by Ramachandra
and Sarma (L9) of the oxidation of 1,2-dihydroxy-3-anthraquinone
sulfonats, which is the same product produced by mild oxidising agents
such as alkaline ferricyanide.

With respect to the kinetics of the reaction between periodate
and the glycols, Price and Kroll (L) worked out rate constants on the
basis of a second order reaction for pinacol. Price and Knell (5), in
addition worked out second order rate constants at various pH's for
ethylene glycol and for cis- and trans-cyclohexens glycols,

Duke (50) was able to demonstrate for tha first time by working
at relatively high glycol concentrations that the kinetics of the
periodate-glycol reaction are campatible with the mechaniss in which
formation of a periodate-glycol complex is rapid and reversible,
whercas transformation of this camplex to lodate and formaldehyde is

the rate determining step.

fast slow
Periodate ¢ glycol == periodate-glycol ———==> 1odato +

complex formaldehyde

Taylor (51) expanded Duke's work and found that the rate constants
for the second order reaction inoreased as the reaction proceeded,
especially at low temperatures and equal ooncentrations., Upon increas-
ing the glycol to periodate ratio, the rate constants decreased
markedly.

Duke and Bulgrin (7) have worked out a serles of rate constants
for the methylated ethylene glycols in which from zero to four methyl
groups were substituted for the hydrogers on sthylene glycol.
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They drew the conclusion that the mechanism involved an active inter-
mediate and that in all except the tetramethylated compound (pinacol)
the rate determining step was the disproportionation of the camplex.
In the case of pinacol the formation of the camplex was the rate
determining step. This was asmmed to be due to the steric hindrance
of the methyl groups.

Buist and Bunton (8) have worked ocut a series of rate constants
as affected by pH and have drawn the conclusion that the attacking
species of paricdate ion is monovalent. This ion could be either
10)," or K| IO, with the former as the more logical choice. Taylor,
8oldano and Hall (9) have given evidence fram the pH effests that the
attacking species must be a monovalent ion in that the calculated
pl-rate curve based on a monovalent ion agrees very well with the
experimental curve, However, theae calculated rates when applied to
pinaccl and some carbohydrates do not cerrelate with experinrental data.

Crisgee, Kraft and Rank (52) early applied the theory of a lead
- tetreacetates ester intermediate with giycols to the periodate camplex.
This idea that the intermediate 13 an ester of the general structure

H-?—O\

H-C~0"
1

IOLL. + H’

has been quite generally accepted by workers in the field., Heidt,
Oladding and Purves (6) have attempted to give a mechanism for the
formation of the intermediate in terms of molecular modecls.
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Smith and Duke (53) have given a probable electronic mechanism for
the reactions involving the clesvage of the carbon chain.

With respect to the method of sttack by the periodate ion upen
the glyeol growping, Price and Knell (5) have postulated a back side
approach of the periodate ion and in which the reaction forming the
imternediate camplex takes place in two stages. If the last stage is
assumed to be the rate controlling step it would agres with the data
presented by a mmber of workers, nmmely that the cis-glycol growping
reacts faster than the trans-glycol. Price and Knell (5) found this
to be true in the case of the cis- and trans-qyclchexene glycols.
Fleury, Courtois and Bieder (5L) in comparing the rates of the reaction
of periodate on aldoses and polyalcohols found the follewing relative
reactivitiess

Mannitol > Sorbitol > Mannose > Galactose > Glusose
This arrangement corresponds with an arrangement in terms of decreasing
mumbers of adjacent carbon atoms with the same configuration.

McCasland and Smith (2L) experimenting with sminosyclanols found
the cis- advantage in resction rates mach less proncumced in the case
of reaction with periodate thamn with lead tetraacetate. With cis-2-
sainocyoclopentanol the reaction was four times as fast as with trans-
campound, but with ois-2-sminocyclchexanol the distinstion was not
pronounced. In some cases the trans-campound even reacted faster.

Certain ring strwctures have been used to demonstrate cis- trans-
effects. Dimler, Davis and Hilbert (55) found that B-1,6-anhydro-D-
glwcofurancse (I) does not react with periodate and Alexander, Dimler
and Mehltretter (56) similarly found that & -1,6-anhydro-D-galacto-
fursanose (II) does not react either,
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The assumption has been that it is because of the trans- positions
together with the t wo locked rings whioh effectively prevent any iso-
merisation. Klostermsn and Smith (57), carrying this idea farther,
synthesised the campounds L-threitan (IIX) and erythritan (IV) which
both reacted with periodate, Nevertheless the L-threiten rescted the
ilovest, particularly with periodic ecid. Both of them reacted slower
with the periodic acid than with the sodium periodate, and with the
acid the difference between them was more pronounced.

Jackson and Fudson (58), on the other hand, prepared 1,6-anhydro-
B-glucopyrancse (V) which reacted with the periodats. This compound
also has a dowdle ring structure and trans- grouping of hydroxyls and
yet undergoes a reaction. On this basis Oreville and Northoote (13)
are of the opiniom that 1t is not the trans- configuration that inter-
feres with the reaction., HNowever, they apparently do nod Sake iate
eonsideration the fact that in (V) the ring system which carries the
hydroxyl groups is six-membered, whereas in (I-IV) the corresponding
rings are five-membered. The gix-membered ring is more puckered and
pernits greater movement of the atoms than the more rigid and planar
five-membered ﬁnuumoh’amdhm-cmotucmlm and
Sudth (24). .

Suith (59) found that the 1,L-lastens of glucossccharte setd (VI)
did not react with periodie acid in one hour, whereas the glucosaccharo-
3,6-1actons (VII) reacted readily with periodic scid. Again the
hydroxyl groups are on a rigid five-membered ring, which eould prevent
the isomerisation of trans- greups.
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i‘awlor (51) discusses the effects of reactions on compounds
(I-IV) and draws the conclusion that the hindrance is caused by a
field effect of the oxygen, whereby the oxygen repels the negative
periodate ion in a backside approach. This is a possible explanation
and in the case of a six-membered ring formed by the bridgehead oxygen,
such as in (V), the oxygen being further removed, could have less
effect.

In most of the previous discussion of mechanism the emphasis has
been mainly on the reaction between periodate and the fundamental
glycol groups. Hughes and Nevell (10), however, tackled the problem
of the mechanism in the reaction of periodic acid on sugars such as
glucose., When they measured the progress of the reaction between
sodium periodate and glucose by sodium thiosulfate titration of the
dodine liberated from excess potassium 1odide in acid solution, they
found a fairly close correlation between periodate consumed and formic
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acid produced, except for a small discrepancy at the "beginning of the
reaction,” as they call it. Therefors they postulate a very systematic
attack upon the glucose molecule, cleaving first the (-C,y bond, then
in succession the Cy-C3, C3-Cj donds, eto. to the end of the chain,
thus liberating formaldechyde as the final product. This apparently
would explain the lag in the produstion of formaldehyde, which they
found according to their data. Thelr first measurement was taken after
22 hours had elapsed and therefore they really did not have the data
at the beginning of the reactien.

In view of the possibility of a random attack of periodate on
glucose 4t seems strange that the attack on the 0;<Cy bond should be
the exoclusive mode of attack. One of the reasons for wndertaking this
research problem was to further check this phenomenon and if possible
to determine the actual mechanism or the principles involved in
pmfegontial attacks on sugar molecules.

It is a generslly accepted fact that only am extremely small
peroentage of the glncose molecules in a solution are present in the
open chain aldehyde form.

To assume that only the open chain form reacts with periocdate
would seem rather preswmptucus in view of the fact that polysacchamrides
with locked rings react prectically as fut as glucose wheneveyr
soluble, Oonsequently, a mmber of investigators have asmmed that
possibly a formie ester may be formed in the reaction in the following
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(6) Ho-c-H o 0 o

" n
H-C~OH B-C H-C +
' A (] B U c
H-C He G — H-C-OH HCHO
) ) '
H-C-OH H-C-OH H—?-OH
] [ ]
H H H
+ 2HOOOH

, Hughes, himself, in collaboration with Head (LO) assumed a similar
mochgnism in the axidation of cellobiose and whereby it would produce

a formic acid ester. The hydroh"ais of such an ester could be the
rate detemmining d*’.ep of the reaction.

Morrison, Kupyer and Orten (60) assume the formation of such an
ester as the reason for obtaining less than the theoretical amount of
formic scid from maltose. Newmller and Vasseur (1l) and Halsall,
Hirst and Jones (LL) 8150 assumed such an ester. Meyer and Rathgeb
(61) found evidence of it in determining terwinal end groups in starch.

Barker and Smith (62), by starting with glucose containing a
methyl or a methanesulfonyl (mesyl) group substituted on carbon 3 end
oxidiging it with sodiwm metaperiodate, obtained L-formyle-3-methyl-
D-arabinose or L-formyl-3-mesyl-D-arabinose, respectively. These
products were quite positively identified by carbon, hydrogen, methyloxy
and formyloxy analyses as well as by physical constants, derivatives
and infra-red spectra. Smith (63) later used the periodate reaction






with 3-mesyl-D-glucose in a preparative reaction in which the formyl
egter was used for the preparation of ribose.

Schopf and Wild (6L) 4n oxidizing glucose with sodium periodate
found that three moles of periodate reacted rapidly, but only two moles
of formic acid were readily available for titration with sodium hydrox-
ide, A third mole of sodium hydroxide was slowly consumed over &
period of four dsys. 7This was explained by step A in equation (6),
which consumed three moles of periodate and produced 2 moles of formic
acid plus ons mole of the formia ester. This ester them hydrolysed
over an extended period, thus really being the rate determining step
in the reaction. They performed this reaction on a preparative scale,
isolated the ester, determined its physical properties, hydrolysed it
and identified the dimedone derivative as tiut of glyceraldehyde.

When they reacted one mole of sodium periodate with one mole of glucose
they recovered two-thirds of a mole of glucose. This seems to indicate
that once the ring is cleaved, the bonds in the open chain are more
readily available for reaction than the bonds in the cyeclic structure.

This mechanism fits the experimental data determined by Hughes
and Nevell (10) inasmuch as by the time they msde their firgt analysis
of the reaction mixture, a large proportion of the ester would have
had an opportunity to hydrolyse, producing almost & mole of formic
-acid per mole of periodats. The remaining unhydrolysed ester evidently
produced the small discrepancy that they noted.

It was the purpose of this investigation to elucidate the mechanism
by moans of Iﬁioh the periodate attack on glucose produced formaldehyde
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at a slower corresponding rate than periodate was consumed. During
the course of the investigation the formation of a formyl ester
became apparent and the idea was soon corroborated by other investi-
gators who have been cited. To investigate the further attack on
glucose and other simple sugars the investigation was extended to in-
cslude relative rates of reaction with various bonds in intermediate
products of glucose oxidation, particularly in glyceraldehyde.



EXPERTMFNTAL MRTHODS AND DATA
Apparatus ani Materials

Apparatus. A Baclman, model DU spectrophotameter with 1 em.
quarts cells vas used for measuring ultra-viclet sbserption and a
Beckman, model B spectrephotometer with 1 em. Corex ¢slls for measur-
ing ebeorption in the vigible range.

Materials. The periodie asid, 1odic acid and sodium iodate used
were produced by the G. Prederick Smith Chemical Co. The fermic asid,
formaldehyde, sodiwmm bicarbonate, sodium sulfite, glyeerol and smmoniunm
scetate were O, P. grades The D-glucose used for these experiments
was National Buresm of Standards dextrese. The D-arabinose vas Fre-
cured from Oeneral Bliochemicals Inc. The scetol was s Ries Co. product.

The chromotropie acid (L,5-dihydroxy-2,T-naphthalenedimlfonic
asid) was Matheson Oo., practical grede, and was purified by recrystal-
lisation from SO{ ethancl-water mixture. The glycolaldehyde was
prepared by the method of Pischer and Traube (55) frem dihydror, maleic
acid vhich was in turm prepared from tartarie acid ¥y the method of
Fischer and Feldman (66).

The asetyl scetons was an Eastman Kodak Co. prodast. It was re~
diumodmdthornctimbom;mﬁ;rmeus-M°de.
Its vefrastive index &t 18.5° was 1.L528. Methyl scetyl acetone was
prepared from acetyl avetone and methyl iodide by the method of
Spragus, Beckham and Adkins (67). Phenyl acetyl acetophenone was
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prepared from ethyl phenyl acetate and acetophenone by the Claisen
reaction as develeped by Bulow and Grotowsky (68).

Glyceraldechyde, unless otherwise stated, was prepared by the
"Organie Syntheses" procedure (69). The last glyceraldehyde used was
& Matritional Blochemicals Corporation product,.

The glyoxal used was a technical grade 30% solution produced by
Union Carbide Corporation.

Ultra-Viclet Absorption Method of Determining Periodic Acid

In order to determine the progress of periodic acid oxidations it
was necessary to have an analytieal method for following the concen-
tration changes of periodic acid which would not alter the course of
the reaction itself as the arsenite method has been known to do. To
schieve this, ultra-violet absorption curves of 0.0001 M periodic acid,
0.0001 M 1odic acid solutions and mixtures of both which totaled 0.0001 M
concentration of acid wers plotted with the Beckman, model DU spectro-
photameter, In all experimental work fresh periodie acid solutions
were made daily.

Interferences., To determins whether formaldshyde, formic acid
ar ths carbon dioxide in ordinary distilled water would interfere by
means of their own absorption, a preliminary experiment was performed.

Two 0.0001 M periodie acid solutions were made, one made wp with
ordinary distilled water and the other with doubly distilled carbon
dioxide-free water.
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A third 0.0001 M periodic acid solution containing formic acid
to the 0.00009 M concentration and a fourth containing formaldshyde to
the extent of 0.000018 M eoncentration were made up. These concen-
trations of formic acid and formaldeshyde are spproximately the msximum
expected vhen any reaction betwsen periodic acid and glucose is cam-
plete and has been diluted to 0,0001 M concentration, based on the
original periodic acid.

The maxinmom sbsorption occurred at 222.5 mm, which would then
appear to be the logical point for measurement of the optical density
of periodic acid solutions. A4 comparison of optical densities at
222,5 mu gave the following resultse

0.0001 M Periodic acid in ordinary distilled water 0.982
0.0001 M Periodic acid in ordinary distilled water 1.02
0.0001 M Periodic acid in ordinary distilled water 1.02

0.0001 M Pe;acdic acid in donbiy distilled ODp-free water 0.996

0,0001 M Periodic acid with 0.00009 M formic acid 0.960

0.0001 M Periodic acid with 0.000018 M formaldehyde 0.981

Apparently none of these components, carbon dioxide, 'fmic acid
¢or formaldehyde have any appreciable sbsorption at this concentration.
Their effect, if any, is to lower rather tham to increase the optical
density. Of these, the only one which hag an effect beyond the
experimental error is that of formic acid.

Dixon and Lipkin (70), who developed a samewhat similar spectro-
photometric method for periocdate, report that in the light beam of
the spectrophotmeter formic acid 1s oxidiszed by metaperiodate to
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carbon dioxide. This could account for tha glight decrease in optical
density of periodic acid solution containing formic acid., Dixon and
Lipkin, however, neglected the absorption of the lodate, which was pro-
duced in the reaction. This neglect introdiuces an error of about
12-13% in the analysis.

Determination of ahsorption cwrves, From a 0.0001 M periodic

acid solution and a 0.0001 M iodie acid soclution, mixtures of the two
solutions were made as shown in Table I,

TABLE I
MIXTURES OF PERIODIC AND OF IODIC ACIDS

trgtion ML, of 0.00C1 M Solution

m;eggfg ton cme;O' 6 Acid ]
9 1 L5.00 5.00
8 2 0,00 10.00
7 3 35.00 15.00
6 I 30.00 20.00
5 5 25.00 25.00
L 6 20.00 30.00
3 7 15.00 35.00
2 8 10,00 40.00
1 9 5.00 45.00

The experimentally determined optical demsities are found in
Table IT and a comparison of the absorption curves of 0.0001 M periodic
acid and 0.0001 M iodic acid are found in Figare 1.
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Figure 1. Abgorption Spectra of 0.0001 M Periodic acid and

0.0001 M Todic acid.
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Summary of possible errors. Franm the mcasured optical densities

of the original 1 x 10'1‘ M perdodic and iodic acids the optical density
of cach rixture at esch wave length was calculated. These calculated
optical demsitics were campared with the cxperimental optical densities
end the deviation ncted. This deviation was labelled plus if the
observel opticzl density was higher than ths calculated and minus if
it was lower than the calculated optical density. A swmary of these
deviations is given in Table III.

TABLE III
SUMMARY OF RFADING PRRORS

Wave- Concentrations of Perlodic Acid x 10'5 Sum of the
length "9 8 7 & 5 &L 3 2 1 = Absolute
in mp Errors
200 412 0 46 -2 413 412 -12 -3 =17 77
208 49 #6 =45 =48 €0 414 <4 0 -11 7
210 #7410 413 @36 410 413 -1 ¥ -5 105
215 7 4T 413 9 43 4l 2 -6 65
220 48 6 411 &3 L 7 2 6 -5 58
222.5 4 46 47 6 5 3 0 # -| 39
225 *20 46 +18 €18 416 48 +11 ¢7 -1 105
230 48 411 o7 ¥ 7 & 5 45 3 59
235 8 48 3 43 5 &4 5 O Lo
20 48 95 3 ¥ 46 5 3 3 -1 L6
250 45 e 45 43 45 W e 2 1 33
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Fxamination of the sums of the absolute errors indicates that
the two lowest sums are at 25C mp and 222.5 mp. The former wavelength
hag the disadvantage of extremely small incroments between the various
dilutions. The latter has much larger increments and thorefore a
greater degrea of accuracy. This 11lustrates the principle that
measurcments majs at absorption peaxs usually producc the greatest
accuracy. From the optical Jdensities of the original i x 10"" periodic
acid and iodic acid concentrations, values were calculated for each of
the mixtures. These concentrations are campared with the experimentally
determined concentrations calculated from the optical densities of the

nixtures in Tabla IV,

TABLE IV
ERRORS IN CALCULATING CONCENTRATIONS OF PFRIODIC ACID

Actual Concentretlons  Concenirations Calculated — Per Cent

in Moles/Liter from Optical Densities Error
9.00 x 20 9.05 x 10= +0.55
8.00 x 10~ 8.06 x 10~ +0.75
7.00 x J.o"s 7.C8 x 10'5 +1.1L
6.00 x J.o‘s 6.07 x 107 +1.17
5.00 x 10'5 5.06 x 10‘5 +1.,20
4.00 x 3.0'5 3.92 x 10‘5 -2.0
3,00 x 107 3.00 x 107 0.0
2,00 x 10'S 2.04 x 10"5 +2.0
1.00 x 10‘5 "0.95 x 10‘s «5.0
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It vill be seen from Table IV that for all except the very low
consentrations of periodic acid the method is good to an error of plus
ornimoZ%.

mmj.on of the abgerption method of determination to 1.12 x

;(:"’l M sodium periodste solutions. A 1.75 x 10"‘2‘ nolar solution of
sodimm periodate was made Yy dissclving 3.990 g. (17.5 millimoles) ef
periodiec acid in 15 ml, of water in a 100-ml. volumetric flask, adding |
79.36 ml. of 0.2309 N NaCH solution and diluting to the indicated
volume. The resulting solwtiem was 0,175 M with respect to ¥al0),

(o mhxoé). This solution was then diluted to a molarity of
1.75:10"‘. It wvas found that sodiwm periodate required seversl dsys
of shaking to obtain a solution and even then it did not completely

- dissolve. Therefore, the relatively soluble periodic acid was used.
AlTS x 10",4 M solution of sodimn iodate (NaX03) was made by
dissolving sodium  4iodate in water. Mixtures of these two solutions
were made and their optical demsities measured at 222.5 mp and 20° C

as given in Table V.
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TABLE V

OPYICAL DENSITIFS OF SODIUM PFRIODATE-SODIUM IODATE MIXTURES AT
222.5 myp AND 20° C.

Concentrations of Ratio by Mole Percent
Yolums of of Solute

Sodiem Sodiwm Periodate Vhich is Optical Densities
’.:1;3:8‘ :I:? 3313‘132: ;:ﬁxato Observed Calculated
1.7% 0.00 ' 100 1.72

1.0 0.35 L1 8o 1.4k2 1.43

1.05 0.70 32 60 1.1, 1.13

0.70 1.05 213 1o 0.830  0.833

0.3% 1.10 Ll 20 0.53  0.538

0.00 1.75 | 0 0.242

Effcct of Sedium bicarbonate on sbgerption of periodic acid. The
ultra-violet absorption curve for a 0.0002 M soluticn of periodis acid

was constructed hy measuring the optical density at various wavelengths.
To dstermine the interfersnce, i€ sy, from sodium bicarbonats,
1.000 g. of sodium bicarbonate was dissolved in L35 ml. of the sbove
0.002 M solution and the sbsarptien curve was determined again., The
results are shown in Figure 2, It is apparent that the ultra-violet
method of periodic acid snalysis can not be used on reastion mixtures
buffered with sodiwm bicarbonate. The carbsnate group appears to
shift the absorption peak toward ths shortsr wavelengths.
It was found on several occasions that a periodic acid selution,
which was treated with sn equal mumber of moles of sodium hydroxide
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gave the same absorptien as a solution of the ssme molarity without
the sodiwm hydroxide.

Experimental method. For periodate determination during the
progress of a reaction, aliquot samples were removed at intervals,
diluted to 0.0001 M (based on the original comcentration of perdodic
acid in the reaction mixture) and the optical density was read at the
temperature indicated in the appropriate table.

Oxidation of D-Glucose

Reaction of 0.9_25 M periodic acid with 0.005 M D-glucose.

Equal volumes of & 0.050 X periedic acid sclution and a 0.0090 M
D-gluoose solution were placed im 200 ml. erlemmsyer flasks and at the
nanent of initiation of the reastion, the solutions were rapidly poured
frem one flask to ancther. Samples were taken ot as rapidly as
possible and alternately for periodic acid analysis and for formalde-
hyds analysis.

Paricdis acid analyses were perfermed ly removing 1.00 ml. aliquot
samples of the reactien mixture and diluiing to 250 ml. The optical
density was then measwred at 25° C. and 222.5 mp.

Formaldehyds analyses were made by the method of Speck and
Porist (11). Three-milliliter aliquots were removed from the reaction
nixture and added to a 10-ml. volumetrie flask containing 1 ml. of
0.4 M sodimm sulfite. This was diluted to 10.0 ml. Of this resulting
solution, 1.00 ml. was taken and added to a 50-ml. glass-stoppered
velwnetric flask. To this was added 0.5 ml, of 10% chremotropic asid
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and § ml. of 14 M sulfuric acid. The mixture was heated in bolling
water for 30 minutes, It was then cooled, diluted almost to volume,
eooled again, diluted to volwme and then asrated fer 30 minutes.

The optical density was measured at 570 mp end campared with a
previously constructed calibration curve prepared from Naticnal Buream
of Standards D-glucose sccording to directions given by Speck and
Porist,

Subsequent chramotropic acid analyses for formaldehyde were made
in the smme way, differing only in the degres of dilution and the
quantity of sodium sulfite used, These two factors were determined
by the original concentration of the reaction mixture, The reaction
mixturs was usually diluted to such an extent as to obtain between
0.03 and 0.10 millimoles of formaldshyde per milliliter of diluted
solution. The quantity of sodium sulfite was adjusted in each case
to give a slight excess beyond that required to reduce all of the
original periodic acid in the aliquot to fodide. In all cases, a one
milliliter aliquet of the diluted solution was used for the subsequent
color development with chromotropic acid.

Table VI shows the results of the reaction mixture analyses and
Figme 3 11lustrates the progress of the reaction graphically.

Another reactiom was run in the ssme wxy as the preceding, except
that periodic acid analywses ssmples were read immediately instead of
being allowed to stand for a time, The resalts of this analysis are
found in Table VIT and in Fgure li. A comparison of the two graphs
provides definite indicatien of a contimuation of the reaction after
dilxtion.
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TABLE VI

PYRIODIC ACID CONSUMTD AND FORMALDPHYDW PRODUCTD BY THE RTACTION OF
0,025 M PERIODIC ACID AND 0.00L5 M D-GLUCOSE AT 25° C.

Original Quantities of Reactantss Periodic Acid, 5.00 Millimoles
D-Glucose, 0,900 Millimoles

Periodic Acid Consumed Formaldehyde Produced
“¥ne Intarvals Optical Millimoles “Hme ﬁf&% M{11imoles of

in Mimites*  Density of Periodie in Minutes Formaldehyde
Acid Consumedw Produceds®

1.5 0.792 1.10 2,2 0.087
k.25 0.698 1.95 6.7 0.106
7.0 0.670 2,12 8.3 0.1L0
10.0 0.635 2.32 13.5 0.120
20.2 0.555 2.76 2.7 0.153
3.0 0.500 3.06 33.0 0.160
bo.o 0.478 3.23 42.6 0.167
$5.2 0.L3L 3.50 57.8 0.173
87.0 0.399 .n 90.0 0.193
119.0 0.394 3.7, 122.0 0.220
1601.0 0.L00 3.70 184.0 0.270
310.0 0.3L9 3.98 315.0 0.360

#After the periocdic acid samples were diluted they were allowed to
stand for frem 30 mimutes to 2} hours before they were read, emn the
aspunption that the extreme dilution had effectively decelerated
the reaction. The samples were then read on the spectrophotometer
at the first convenient time. It was later found that there was
still a reasonably rapid reaction taking place in the diluted re-
action mixture. Therefore, the time interval is actually longer
than the one indicated in the table.

#wThese molar quantities are caleulated for the entire reaction
mixtare.



S G e SBCONTL=-0 o G0 e CTOVY STUOTUIRT [0 Gon*n Ju UOTZ30Buy P e ¢ V5
voogAG cvTa R I t b IS RD=TVIPRRS + 3

SILNANIN

00¢ Ov ¢ o8l oci 09
| | | i | ] : | !

-t

0 "€ \ ~9°0

- -
o .

3d
0 "$[O— NoOlildwnsNOO 3ivOOld

| l | ] 1 | 1 l 1 l

3lvaoltly3d 30AH30VANYN O
SITONITTIN SITONWITTIN




Original Quantities of Reactantst

TABLE VII

PERIODIC ACID CONSUMED AND FORMALDFHYDE PRODUCED BY THE REACTION OF
0,025 M PRRIODIC ACID AND 0.00L5 M D-GLUCOSW AT 25° C

39

Periodiec Acid, 5.00 Millimoles
" D-Glucose, 0,900 Millimoles

-

—

Periodic Aci? Consuned

Formeldchyde Produced

Tme intorvals Optical Mililmoles

Tme intervals Millimoles of

in Seconds Density of Periodie in Seconds Formaldehyde
Acid Consumeds® Produceds
72 0.887 0.82 157 0.135
250 0.660 0.99 330 0.153
kos 0.817 1.25 Lo 0.163
$62 0.785 1.L, 6L0 0.179
s 0.755 1.62 799 0.184
906 0.712 1.87 972 0.185
1,075 0.690 2.00 1,160 0.168
1,235 0.675 2,09 1,396 0.189
1,624 0.638 2.3 1,722 0.187
1,904 0.618 2.2 1,991 0.192
2’352 0-590 2.58 2,1‘36 0.207
2,827 0.565 2.7 2,919 0.200
3,87 0.511 2.84 3,957 0.215
l, 762 0.50L 3.04 1,860 0.235
5,71 0.490 3.13 5,840 0.230
6,83 0.470 3.26 6,953 0.256
8,137 0.Ll1 3.5 8,294 0.268
9,’-"48 Oohﬁ 30’-&2 9,550 0.282
11,854 0.402 3.69% 1,277 0.304
17,299 0.364 3.93 17,397 0.394
20,096 0.3L46 k.03 20,188 0.426
22,797 0.334 k.09 22,904 0.479
25,428 0.319 4.18 25,515 0.485
67,500 0.162 k.99 67,200 0.784
(13 hrs. 45 min,) (18 hrs. 4O min,
Periodic acid
blank made from
0.250 M solution
dfluated to
0.0001 M
67,700 secs. 0,980 0.28

These molar quantities are caloulated for the entire reaction

nixture.
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The original 0.250 M periodic acid which had stood as long as the
reaction mixture was diluted to 0.0001 M concentration and measured.
It showed a decrease in periodic acid concentration which corresponded
te 0.28 millimole and which partially accounts for the 0.L9 millimoles
excess of periodic acid consumed, inasmch as 4.5 millimoles represents
the theoretical consumption of periodic acid. The theoretical pro-
duction of formaldehyde was 0.9 millimoles. Therefors, the theoretical
quantity of formaldehyde was not produced, although a slight overcon-
sumption of periodic acid had ensued.
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