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 KINETICS OF THE AMINO ACID AND PEPTIDE
CATALYZED DEALDOLIZATION OF
DIACETORE ALCOHOL -



INTRODUCTION

Although catalysis of the aldol condensation by amino scide and
peptides has besn recognised for some time, the literature offere mo
precise data comcerning the relative officiencies of these substances
as catalysts for aldolisation (or dealdolization) or the mature of the
catalytic species involved. Since such information was desired %0 sube
stantiate recent work on the mechanigm of the Maillard reaction, as
woll as to provide a possible insight into the mode of action of the
engyme, aldolase, the catalyeis of the dealdoliszation of diacetone
aloohol by buffered solutions of glycine, Il Xealanine, S -alanine,
and glyeylglyoine and their respective sodiun salts has been examined
kinotically, The effect of metallic ions on the glyeins and glyoyle
glycine catalysed reactions has also been determined,



' HISTORICAL BACKGROUND

The dealdolization of diacetone alcohol (Equation 1) in alkaline
solutions of both strong and weak bases has been widely investigated,
and Koelichen (1) and Akerlof (2,3) have demonstrated catalysis of this
reaotion by the hydroxyl ion, Likewise, Bell (L) observed only an

OH 0O 0
Cﬂa-g-Cli,-d-GH,-..—..a 2 CHy=C~CHy (2)

hydroxyl ion catalysis in kinetic studies of the aldol condensation,
French (5) found that the phenclegodium phenoxide system was active
catalytically only to the extent of its lydroxyl iom concentration, thus
ruling out the comsidsration of a gemeraliged acid«base catalysis in the
reaction, Akerlof (6) misinterpreted the effect of the weaker bases, and
it remained for Miller and Kilpatrick (7) and Westheimer and Cohean (8)

to demonstrate that dealdoliszation is specifically catalyesd by ammwonia
and the primary and secondary amines but not by tertiary amines, Thus,
the catalyses involved are highly spesific in nature,

Flscher and Marschall (9) produced aldol condensations in buffered
aolusiom. of smino soide (alanine), peptides {(leucyllsucine), and even
proteins (egg white) but found acylated amino acids (hippuric scid)
inactive, Likewige , Budnitskeya (10) observed an acceleration of the
aldol condensation of acetaldshyde by glycine, alanine, and aspartic scid
in that order while smines, amides, diketopiperasines, peptcne, and egg



albumin were effective to a lesser extent, Finally, Langenbeck and Borth
(11) investigated the effests of secondary amino asids and found sarcosine,
Negthyl glycine, Nemethyl alanire, and phenylesarcosine catalytically
active while Neethyl alanine, N-bensyl alanins, and «-methyl amino iso-
butyric scid were mot catalysts,

The exaymeo, aldolase, catalyzes the breakdown of hexose diphosphate
to triose phogphates asgording to Equation 29

n-gge?a,n, B Hw—m Hy H

) L8]
=i B, @
Hel w0l B—g ﬁ aa
ﬂ-g-o-m,a,

In in vitro studies of this enzyme, Meyerhof, Lohmamn, and Schuster (12)
found catalysis of the condensation of dihydroxyacetous phosphate with
aldslyydes other than glyceraldeiyde, The enzyme is therefore specific
for dihydroxyacetons phosphate but not for the aldelyde inwolved,

The materials teated for aldolase activity have bean nearly as
mmerous as the investigators. Typical scurces have been muscle and
yoast extracts (13), tumor extracts (1L), nervous tissue (15), bacteria
(16,17) , blood serum (18), molds (19), higher plants (20,21), and bovine
mdlk (22). .

That the enzymes isoleted from varicus sources are identical is a
patter of conjecture, Unly the variety from skeletal muscls has been
orystallized (23,2L), the othors being prepsred as extracts., The role



of metallic ions as activators or inhibitors of the aldolase gystem is
rather confused, The enzyme isolated from muscle by Herbert, et al. (25)
was n0t a metalloprotein and was inhibited by 1odine and Leavy metals
but not by oxidized or redused glutathione, Warburg and Christian (2L)
confirmed the reported absense of heavy metal lons from muscle aldolase
as well sp the lack of inhibition by substances such as pyrophosphate,

o, € t=dipyridyl, cysteine, or glutatidone, capable of forming complexes
with the heavy metals, However, in studies on yeast extracts, the swmwe
investigators cbgerved that cysteine produced an inhibition which was
reversed by the sddition of Zn**, Fe'*, co™, or Cu®* suggesting a possible
motallis ion activator for this partizular specics. Stumpf's pea sldolase
(20) aisplayed mo inhibition by Cu**, Hg**, or Ag* or by cysteine or

oC, Cladipyridyl. Aldolase prepared from Clostridium perfringens (17)
by Bard and Cunsalus was inhibited by of,Ct«dipyridyl and 1, JOephe=
nenthroline, an effeot reverssd by Fe** and Co**, It would seem, therefore,
that a species difference exists betvween the various enzymes, and in this
work the role of metallic ions in simplified eystems (glycine and glycyle
glycins) has been obssrved,



EXPERIMENTAL METHODS
Materials

Eastman Xodalk Company diasetone alcolhol was freshly digtilled prior
to each determination and bodled at (0=62° C/lL ma, Bastman Kodak
Company glycine was twice recrystallized from a methanolewater mixture,
Pfanstiehl C P, DleXealamine and Eastman Kodak Company Aealenine were
recrystalliyed from ethanolewater mixtures, Pfanstiehl C.P, glycyle
glycine was mot further purified, Sodium chloride, cupric chloride, and
magnesium sulfate were all C P, reagents,

Procedure

Unless otherwise indicated, the ionic strength was maintained at
1.0 ¥ with sodiuwm chloride, In some determinations, welghed ssumples of
the amino acids were added to the reaction mixture followed Ly the amount
of standard sodium hydroxide nccessery to give the desired buffer ratio;
in others, aliquots of standard buffer solutions of the amino acid end
its sodium salt were employed,

Reaction velocities were mesgured dilatometrically at a temperature
of 18,6020,001% C, In each case the initlal diacetons alcokol concemtra=
tion was 0,08 molar, The data followed a first order plot (Figure 1),
and the pseudc constants were evaluated by the method of Guggenheim (26)
using decadic logarithms throughout,
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RESULTS AND DISCUSSION

Pirst order pssudo constants obtained at constent buffer ratios and
varying buffer consentrations for esch system, and, in the case of glyeine,
at two buffer ratios, are shown in Table I,

In the amine systems studiad by Westheimer and Cohen (8), the kinstics
expression was found to bes

O K [A) = (e{0H7] + kgy(B)) (4] or

k! = gcn.[aﬂ‘] + kg [B) where
[(A] = comsemtration of diasetons alcohol at time ¢
{CH"] = concentration of Lydroxyl ion due to duffer

[(B] = concentration of molecular primary or secondary

k' = experimentally observed first order psewdo
constant

kog= and k, = respective catalytic constants,

In the amdno acid buffers amployed in these determinations, the species
present are R-CH(NEy*)=C00™ (B%) and R-CH(NH,)-COO™ (i), The corcemtrae
tion of BeCH(NHZ)-COOH (R) may be neglected since pK, = log R*/R as
reported by Edsall and Blancherd (27) are 5,42, 5.l1, 5.53, and L6 for
dlyeine, Cealanine, FGeslanine, and glyoylglycine respectively.
Accordingly, the smimo acid anion (R™) would be the predicted catalyst
and the kinstics expression would become:

k! = kon-[OR‘] " kﬂ.{n"]



TABLE I
PBEUDO CORSTANIS

bt e e e et e et e — —
Systen (&) (&%) k? x 10° min"
moles/liter woles/liter

Glycine 0,10 0.10 183"
0.25 0.25 1 2"
0.30 0. 3.3
00 0,0 73.7
0,5 0,50 9L.9
0,20 0 067 36.8
000 0,133 7h.0
0.5 0,180 86,0

mﬁxmm 0020 ¢ 020 _ 15-5
0.30 00 25.3
0.1&0 O.bO 3205

/2 «alanine 0.0 €20 29.2
0.20 0,20 58.5
c,30 0,% 8,0

Glyoylghycine 0,20 0,05 16,5

® 40,55 for all others «= 1,0,



Thia hes been realised experimentally, for a plot of psusdo constant versus
anine soid anfon concentration st constant buffer ratio (constant [0H™])

is stristly linear (Figure 2), In addition, the curves for glycine at
different buffer ratios are indistinguishable, This confirms the amino
asid anion as the sotive species, and from the slopes of these curves,

the catalytic oconsteamt, k;=, for easch anion has been calculated (Table IX),

TABLE IX

CATALYTIC CONSTANTS
e —

Catalyst e % 10% w0l min™
£ wglaning 26,4
Glyoine 18,5
D= Cwplanine 81

Glyeylglycine 8.3

Due to the proximity of the intercepts to the origin, no attempt has been
M to evaluate pXts for the systems inwlved,

To test the aeffect of metallic ions on the aminw acid catalysed rew
sction, determinations were made using Cu’® and Mg** in the presence of
glycine buffers end Cu'® in the presence of the glycylglycine system,

The results are shown in Table III, Albert (28) found that the metal fon
complexes with glycine in order of decreasing stability constants were
cn”>m**>zn“>_co“‘>ca">n§" >Mn**>Mg**, The two extremes have
therefore been examined, Mg**, juocapable of strongly complexing glycine,
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Figure 2. Relation of pseudo constant (k')
0 amino acid anion concentration (R7).



had 1ittle effect on the reaction whils Cu** produced inhibition in both
aystems, Assuming that Cu{glycinate)”, is formed (29) and is catalytic-
ally inactive, the calculated pseudo constant is 46,0 x 107® min ™ which
is in exvellent agresment with the observed value of 48,3 x 10™° min™,
Tho effect of Cu*® on glyoylglyoine is yualitatively the same, but the
magritude is somewhat grester than expected.

TABLE IXX
METALLIC 10N EPFICTS

Wcim 0,30 0.3 ot —— 53 o3
0.30 0,30 Mg** 0,01 S1.5
0.30 0.30 Cu** 001 L8,3
Gyeyiglyeine 0, 0 08 e ———— 16.5
0,20 0,05 Cu** 0,01 9.6

¥ 411 concentrations are in moles/liter.

Thess observations of the role of metal ions in the simplified
"aldolasewlike? systoms employed are similar to those made by Herbert, et
al, (25) with Ag*, Zn**, and Cu®* and the aldolase ensyme from sksletal
muscle, The faot thet muscle aldolase exhibits mextmum sctivity at pH
7.2 (30), above its isoelectric poinmt of 6,05 (23), coupled with the
knowledge that the basic smino acide comprise approximately 20% of the
total amino acid oemtent of the protein (31), strongly suggests that



the action of the ensyme may be one of spooific amine catalysis. The
metals mentioned by Herbert, et al. (25) are all readily complexsd by
asines and their inhibitory action may be dus to removal of the active
conter as a result of complex formation such as wes realised experimentale
3y in the case of glyoins and glyoylglyeine with Cu**,

The mechanism of the amine catalysed dealdolisation has never been
elucidatad, Yestholwer and Jomes (32) showed that the rate of the methyle
amine catalysed dealdolisation of discetons alochol inm agueous methamol
and ethanol was independent of the dielectric of the medium thus ruling
out the decamposition of a dipolar 2on as the rats determining stap,

The formation of a Schifi's base type intermediate between the amine and
diacetone alcohol has been suggested, On the basis of the dats of
Westhoimer and Jonea (32) and the cbservation that tue veloclty constants
for the nebutylamine eatalysed resction are the same in water and in 50%
water-dlosans mixtures, Koob, Miller and Day (33) have concluded that the
tmmnafmhawmr'abmuws&mdatmiaim;ammm
written the following equationss

H
(cﬁ,),g-cﬁ,i?ﬂu,«m, ex (m,)r&u,ﬁn,ﬂ,a
- -
(CHy) 5 iﬂ,&ﬂ, fast cﬂ,ﬁ-en,acn,-éaos,
KR q
CHy-CuCHg 1,0 faat . cpoCaCHy s,

Such & mechanism seams uniikely singe it falls to account for the catalysis
by sscondary amines where a delyydration of the intermediate is impossible,



The discovery by these investigators that the dealdolization of diascetone
alechol in arhydrous ethylene glycol as catalywsd by a large mumber of
anines prooseds at five to fiftesn times the corresponding rate in
sjueous solution wes explained by attributing powers of ®ziiivailon® %o
the glycol,

It has been shown that a goneraliszed acld catalysis operates in tho
formation of Schiff's hases such as semi-carbesones (3L), phenylhydrae
sones, and oximes (35). The fact that, in smins catalysed dealdolisa-
tions, the conjugats acid of the bese -iml'md is inactive catalytically,
am shown by Miller and Kilpatrick (7), Westheimer and Cohen (8), and the
presont investipation, would support the belief that AL the first step
in thic resction is ths formation of a Schiff's base, 1t is not the rate
determining step, It is strongly suspected that the rate determining
step may be the disproportionation of a cyelic intermediate such ass
533 /033

/3 ‘c; —0H
CHy O. _,,u—n |



1.

e.

3.

5.

SUMMARY

The catalysis of the dealdoligation of diacetoms aloohol in buffered
solutions of glyeine, DL-c(=alanine, (f~alanine, snd glyoylglycine
and their respective sodium salts has been studied kinetically,

The amino acid anion has been shown to be the catalytically active
spacies, the order of activity being S-alanine >glycine >DlL-cCe
alaninesglycylglyoine,

Metallic ions have boen shown t0 have no accelerating offect on the
reaction; jons capable of forming complexes with emines inhibit the

reaction,
A possible mode of aotion of the emayme, aldolase, is suggested,,

The mochanism of amine catalysed dealdoliszation is discusead,
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DETERMINATION OF THE RYDROXYMETHYL QGROUP
IR SUGARS ABD RELATED SUBSTAECES



INTRODUCTION

In the course of an inwestigation of the degradation of glycere
aldehyds, it became neceesary to devise an amalyticsl schems for detere
mirdng total sugars (glyceraldehyde plus dihydroxyacetons) in the
presense of pyruvaldshyde, A method sombining accuracy with spead and
ocape of manipulation was needed for use in kinetics studies involving
larges numbers of samples,

A procedure has besn developed whish conaiste of an owldation of
the sugars in & pericdic acid=podium bicarbonate duffer, destruction
of%ha excess periodate and iodate by addition of sodium sulfite, and
subseguont spectrophotometrio determination of the formaldehyde present
in this solution by means of the chromotropic acid reaction, The method
hag shown general applicability in the determination of sugars and re-
lated mbetances,
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BISTCRICAL BACKGROUMD

Malaprade (1,2) first established that the hydroxymethyl group of
mgmmdmlgelemoﬁdiw%ﬁmwﬂebrwmw. This rew
action was later extended to the «-amino alcolols by Hicolet and
Shinn (3). The formaldelyde so formed has been found useful in the
determination of many substances, and, as a result, many schemes have
been devised for its mml.

In early studles of the action of pericdic acid on polyhydroxylated
compounds, Fleury and Lange (1) determinsd formaldehyde by mesns of
Nessler's reagent sccording to the method of Bougault and Gros (S), and
also gravimetricslly with Vorlander's dimedon reagent (6),.

The precipitation of formaldebyds with dimedon, 5,5-dimethylel,3~
cyclohexanedions, as modified by Ionsscu and Bodea (7) and by Yoe and
Reed (8) has been widely and effectively used, Karrer and Pfashler (9)
removed the formaldelyde formed durdng periocdate oxidetion by steam
distillation at reduced pressure and precipitated the dimedon derivative
from the distillate, As many inwvestigators have observed, low results
were obtalmed when the oxidations were carrisd cut in ecid solution,
Reeves (10), in determining a series of sugars, precipitated the dimedon
derivative directly from the reaction mixture after destruction of the
exsoss periodate and iodate with sodium argenite. This irvestigation
abowed that the theoretical amount of formaldelyde was produced and
regovered if the perdodate oxidation was oarried out in solutions
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buffered at pH 7.5 by sodium bicarbonate. This was confirmed by Jeanlos
(11) who, bowever, was unable to obtain the theoretical amount of
formaldelyde from dihydroxyssetons by this procedure, In a modification
of Reeves® scheme, Bell (12) and Bell, Palmer, and Jones (13) condusted
the periodate oxidations in phosphate buffers at pH 7.&-7.5. This was
satisfactory for simple sugars but with highly metlylated derivatives
gave somewhat low and erratic results, Dimedon precipitation of forme
aldehyde has likewise been employed following periodate oxidation of
sorins in bicarbonate golution by Nicolet and Shinn (1L) and 4n phose
phate buffer by fees (15), while Mead and Bartron (16) utilised a
similar precedure in detamining formaldelyde produced on oxidation of &
series of hydroxyamino alkanes.

Polarographic determination of formaldelyde distilled from golution
following pariodate oxidation was uged by Boyd and Dambach (17) in the
detormination of serine and by Warshowsky and Elving (16) 4n the analysis
of mixtures of etiylons and 1,2«propylens glycols.

In determining mixtures of glyools, Desmuslle and Naudet (19) pre-
¢ipitated the excess pardodate Ly the addition of potassium nitrate and
meagured the formaldelyyde in the gupernatant by the reaction with phenyle
hydrasine hydrochloride and potassium ferricyanide. Tannenbeum and
Brioker (20) recently made a critical study of this method for determin-
ing formaldehyde and found that the operations must be very closely
timed, & necessity whioch greatly curtails its usefulness,

The reaction of formaldehyde with chromotropic acid (1 ,8«dilydroxy
naphthelene«),t=~digsulfonis acid) in sulfuric acid solution, first
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dsscridbed by Eegriwe (21), has been developed into a very sensitive and
sxsellent colorimetric method for formaldehyde by MaocFadyen, Watkins,
and Anderson (22), and by Bricker and Johnson (23), Boyd and Logan (2L)
measured serine by distilling formaldehyde from an oxidation mixture and
condensing it with clwomotropic acid, Bricker and Roberta (25) utilised
a pammxéte oxidation, followed by a periodate oxidation, and a forme
aldelyde determination on the distillate in measwring terminal unsaturas
tion in organic compounds,

In detormining mannitol in plasms and urine, Corcoran and Page (26)
oxidized the sample with periodic acid for eight to ten minutes,
destroye! exness oxldant with gtandard stannous chloride, and developed
the chromwtropiec acideformaldelyde dys direoctly on the reaction mixture,
Uxder these conditions, glucose was converted to sbout five per cent
of the thecretical formaldehyde,

Lambert and Nelsh (27) determined glyserol in fermenmtation solutions
by & five-mimute ocxidation with periodic acid, reduction of excess
periodate and jodats to iodida by a large excess of sodium argenite, and
a direct measure of fommaldelyde in the oxldation mixture by ths color
resacticn with chromotropic acid, Gluccse gave about five per cernt of
the theoretical formaldelgde,

Of the mary methods described, only the last tdo are attractive as
being applicable to largo mmbers of samples, In both cases, an acid
oxidation is used which was found slow and unsatisfactory in this
investigation, The use of stanmous clloride i3 uniesirable since it is
unstable, Its concentration must be known accuratsly because an exsess



of starrwus chloride produces a loss of formaldehyde dus to redustion,
In this investigation, use of arsenite %o destroy excess periodate and
iodate has invariably led to a copious ewolution of iodine upon addition
of sulfuric acid to the solution., Since iodine interferes with the dye
formation (28), this is highly undesirable,



EXPERIMENTAL METHRODS
Materials

The D-glucose used in these experiments was National Buresu of
Standards Dextrose (Lot #L560), Demylose, Demanmitol, and maltose were
@)l Pfanstiehl C.P, reagents, Dilgdroxyacetons was a Kutritional Bioe
chemioals product while M.-glyceraldelyde was synthesized by the method
of Pischer and Baer (29), Pfanstiehl C,P, [Legerine was recrystallised
from 50% ethamol, Victor Chemical Works glycolic acid was recrystale-
lised from methyl ethyl ketone, Matheson Company practicsl chromotropdo
acid was reorystallised from 508 ethanol, The periodic acid was a
G, Frederick Smith Chemical Company product while the arssnious oxide
was a Baker's C,P, analysed material, The sulfuric aclid was Merck roe
agent grade and the sodium bicarbonate, sodium sulfits, potassium iodide,
and iodine were all C.P. reagents,

Apparatus

Beckman Model B and Model DU spectroplotometors equipped with Corex
cella were used for optical density measurements,

Recommended Procedure

To a mixture of 2.0 ml, of 0,3 ¥ periodic acid and 2,0 ml, of 1 O M
sodium biocarbomate in a 100 ml, wlumetric flask 1s added 1,0 ml, of
solution containing from 0,01 to 0,10 millimole of the «~CHOH<CHgOH group



and capable of reducing no more tham 1.0 millieyuivalent of periodate,
The oxidation is allowed to proceed for a period of ome hour, At the end
of that time, 5,0 ml, of 0,5 M sodium sulfite solution is added to the
mixture and the resulting formaldehyde-sulfite solution diluted to 100 ml.
A blank is prepared containing the same amounts of sodium blcarbonate,
periodic acid, and. sodium sulfite.

One milllliter aliyuote of the formaldehyde-sulfite golution and of
the blank are then pipetted into separate 50 ml, volumetric flasks
eyuipped with glass stoppers. To each is added 0.5 ml, of 10% chromo=-
tropic acid and S ml. of 1L M sulfuric acid (7 parts sulfuric acid to 2
parts water by volume). The flasks are immersed in a boiling water bath,
the stoppers inserted, and the heating continued for 30 minutes., At the
ond of this time the flasgks are cooled and approximately LO ml, of dis-
til}ed water added to each flask, The flasks are again cvoled and the
solutions diluted to 50 ml, with digtilled water. Excess sulfur dioxide
is then removed by bubbling air saturated with water vapor through the
solutions at a rate of 750-1000 ml, of air per minute, The optical
density of the unknown is messured against the blank at 570 mu using the
Beclman Model B apeot'rophot.ometer.

4 calibration curve is prepared by determining the optical dengities
obtained by the above procedure with solutions of known glucose content,

Such a curve is strictly linear over the recommended comcentration range

(Figure 1),
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Figure 1. Calibration curve.
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Study of Experimental Conditions

Identity of the dye. The spectrum of the dye produced from 0,1
millimole of dihydroxyacetone by the recommended procedure was measured
using the Beckman Model DU spectrophotometer and compared with that
found by Speck (30) for the formaldehyde-chromotropic acid dye (Figure 2).
The two spectra wers identical,

Effect of oxidation in acid solutiomn. To test the effect of an acid
oxidation on formaldehyde production, samples of D-glucose, D=xylose, and

DL-glyceraldehyde were oxidiged by 2.0 ml, of 0.3 M periodic acid in the
abgence of sodium bicafbomt-e, and formaldeliyde was determined by the
recommended procedure, In addition, periodate consumption was measured
by a modification of the method of Fleury and Lange (31) as followss One
milliliter aliqyuota of the sugar solutions were mixed with 2,00 w1, of
0.3 ¥ periodic acid, the oxlidation allowed .to proceed for the indicated
times, the soluticns neutralized with solid sodium bilcarbonate, 2,0 ml,
of S% potagsium iodide followed by 5.00 ml, of 0,13142 N sodium arsenite
esolution added, and the excess arsenlte titrated with 0,01 N lodine to &
starch endpoint, The regults are shown in Table I,

Since about four hours is rejuired for complete oxidation to the
theoretical amount of formaldehyde in acid solution while this 1s accomp~
lished in onme hour or less in buffered solution at pH 7.5, the periodic
acid-sodium bicarbonate buffer described in the recommenied procedurs has

been employed throughout this investigation,
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TABLE X

EFFECT OF ACID OXIDATICR ON FORMALDEHYDE
PRODUCTICHN AND PERYODATE CONSUMPTION

Oxir?,:: ion Deglucose D-xylose DI.;Meraldegde
(hours)  mcHo® 10, ** ECHO®* 1. cro® 30
1 63 99.0 59 9814 9% ———
63 99.2 98.L
: 98.1
2 88 ’ 99.2 L - - “wes
88 99.3
3 97 99.L - e 100 Pp—
97 994
A 100 99.k S — 100 wwem
100 100.0

.

¥ Per cent of theoretical formaldehyds formed,
#® per cent of theoretical periodate consumed.,

iffect of sulfuric acid consentration used in dye development. In

preliminary work, the chromotropic asid-formaldehyde dye was developed in
concentrated sulfuric acid (18 M) as prescribed by Bricker and Johnson (23),
Since glycolic acid i1s an end product of the oxidation of dihydroxyacetone,
it was tested as a possible interference. Table II shows the effect of
heating 1.0 ml, of 0,001 M glycolic acid (the amount present after oxida-
tion of 0.1 millimole of dihydroxyacetone by the recommended procedure)
with 0.5 ml. of 10% chromotropic acid and 5 ml. of 18 M sulfuric acid for
the indicated times, Subseyuent to this observation, an analytical method
for glycolic acid based on thia color formation was described by Fleury,

Courtois, and Perles (32).
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TABLE 1I
PRODUCTION OF DYE BY GLYCOLIC ACID

Tm& i!t::‘)bi.ng Log I,/1 at 570 mu
30 0,043
60 0.077
150 0,128

Speck (30) had previously suggested that concentrated sulfuric acid
oxidized diacetyl te produce formaldehyde, aand it was thought that a
similar oxidation occouwrred with glycvlic acid. Therefore, the effect of
heating 0,001 millimole of zlycolic acid with 0,5 ml. of 10% chromotropic
acid and 5 ml. of sulfuric acid of varying concentrations for thirty
minutes was measured. This is shown in Table III,

Since the glycolic acid interference could be elimlinated by using
1L M sulfuric acid, samples of DlL-glyceraldeliyde were carried through the
recommended procedure and the optical densitles compared with thoge
obtalned using 18 M sulfuric scid, Table IV, It 1s obvious that the

sengdtivity ls unimpalired,

Effect of aeration, It was observed early in this investigation that
the presence of excess sulfur dioxide in solution resulted in considerable
erratic bleaching of the characteristic dye. Utilization of the evapora-
tion technigue of Bricker and Vail (28) failed to give reproducible
results, It was therefore decided to attempt asration of the samples,



TABLE ITI

EFFECT OF SULFURIC ACID COMCENTRATION
ON GLYICOLIC ACID DYE PORMATION

a5

Sulfuric acid Corgentration Log I,/I at 570 mum
18 M 0.,0L3
16 0.00S
il © 0,000
12 0,000
TABLE IV

EFFECT OF SULFURIC ACID CONCENTRATION ON INTRNSITY OF
CHEOMOTROPIC ACID-FORMALDEHIDE DYE

DL=glyceraldeliyde Log I,/I at 570 mu ®
(mg. oxidized) 18 M HaS0, 1k M He®,

2.0 e300 0.301

7.2 0,239 0,238

5.4 0.179 0179

3.6 0,120 c.121

% Average of three samples.
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Table V ghows the effect of time of aeration on the dye produced from
0.1 millimole of D=-glucose by the recommended procedurs, A thirty minute
asration preoduces maximum optical density.

TABLE V
EFFECT OF AERATION TIME ON INTSRSITY OF DYE

Ae:.(':;:::’mez%m log 1,/1 at 570 mu
0 0.175
10 0.270
20 ©.289
3 0.301
LS 0,305
& 0,302

160 0,301

Stability of formaldehyde-sulfite solution., To test ite stability,

1.0 ml. aliquots of the formaldehyde~gulfite solution from the oxidation
of 0.) sillimole of D=glucose were removed at the times indicated in
Table VI and carried through the recommended procedure, Such a solution
is perfectly stable for at least forty-eight hours.

Stability of the dye. The dye produced from 9,1 millimole of
Deglucose by the recommended procedurs was gtored in the dark and the

optical density meagursd at the times indicated in Table VII. The dye,
alsc, is stable for at least forty-eight houre,
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TABLE VI
STABILITY OF FORMALDIRYDE~SULFITE SCLUTION

Age of Solution Log I, /I at 570 mu
(bours) _
0 0.323; 0.32kL
2L 0.325; 0,325
L8 0,323; 0,32k
TABLE VIX

STABILITY OF DYE

Age of ’ Log 1,/I at 570 my
{hours
0 0.323
2L 0.325

L8 0.323




28

RESULTS AND DISCUSSION

The precedure herein desoribed has been successfully applied to the
deternination of Deglucose, Dexylose, [L-glyceraldehyde, dihydroxyacetone,
Demannitol , and maltose, The results are indicated in Table VIII, In
the analysis of thirty-eight samples of D-glucose, the precision was 21.1%.

In the case of Dl-serine, low results were always obtained (Table IX).
Extended oxidations produced no higher formaldehyde values thus eliminat-
ing the possibility of incomplete reaction, Van Slyke, Hiller, and
MacFadyen (33) in ltud;ﬂ.ng the periodate oxidation of serine, obtalned
low values for ammcnia at neutral to slightly alkaline pfi's and believed
this due to a reaction between ammonia and formaldehyde., This may account
for the low and reproducible values obtained in this investigation,

To test the recommended procedure on a disaccharide, maltose was
selested, This sugar was oxidized within thirty mimates to produce one
mole of formaldshyde per mole of disaccharide with no further oxidation
after four hours (Table X), This indicates that no hydrolysis occcurred
during oxidation in a neutral buffer and suggests the possibility of apply-
ing this procedure tc end group determinations on high molecular weight
polyssccharides,

The method presented here 1s superior to those of Corsoran and Page
(26) and Lambert and Neish (27) since by utilizing oxidation at pH 7.5,
the more slowly oxldized sugars may be dotermined as well as rapidly
oxidized materials such as glycercl and mannitol, Us;s of godium gulfite



TABLE VIII
RESULTS OBTAINED BY RECOMMENDED PROCEDURE

29

Compound Taken Pound
(mg.)
D-glucoge 18,0 18.03 17.9; 18,03 18.0
1.4 14,53 1L.bj 3k Lg ALLL
10,8 10,93 10,93 11,05 10.9
7.2 7.55 Ty 7.y 7.k
18.0 18.1; 18.1; 18.0
.4 14,53 1h.Ljy 14,9
0.8 10.6; 10.8; 11,0
7.2 703 7.3 7.3
- 18,0 17.73 17.8
bk 1L,.55 24,5
10.8 10,93 10,8
% 7.1; 7.1
3.6 3.63 3.5
Dexylose 15,0 1L.9; 15.05 15,0
12.0 11,95 12,03 12.0
9.0 8.9; 903 9.9
6L 595 5.9; 6.1
Dnglyu ald de 9.0 9.0’ 9003 9.0
sraldely 7.2 T.25 T.23 7.2
5. thﬁ 5.33 S
3.6 3.6 3.6 3.6
Dihydroxyacetons 9.0 .05 9.0; 9.0
Demannitol 9.1 92.03 9.03 %.0
hué hGS; ch’ haé
Maltosge 36,0 35.0; 35.1
32.5 33.3; 33.33 33.2




TABLE IX
DETEXMINATION OF DL-SERINE

Taken PFound Per cent of Theory
(mg.) (mg,)
10,5 9.5 91
9.5
9.4
5.25 L.83 93
L.Go
L. 80
TABLE X

FOKMALDEHYDE PRODUCTION FROM MALTOSE

Time of Oxidation Moles HORO/mole Maltoge
(bours)
0.8 1.02 0.97
1.0 1.02 0,98
1.5 1,03 -
20 1.02 -

L0 - 0.97




to destroy excess periodate and iodate eliminates the negessity of a
standard reagent such as stannous chloride and awvoids interference by
iodine produced when arsenite is used, The additional aeration step
necessitated by the use of sodium sulfite is not a serious drawback since
large numbers of samples may be aerated simultanecusly., The stability of
the formaldehydewsulfite solution coupled with the gtadility of the dye
allows extrame flexibility of operation, A complete analysis requires
about 2 1/2 hours, and many samples may be run concurrently.

Obviously any material which interferes with the formaldehyde dotgr-
mination by chromotropic acid constitutes an interference in this method,
In addition, ary substances produsing formaldehyde on periodate oxidation
will interfere. The glycolic acid mtmt‘ﬁmo hea been eliminated by
the cholce of gulfuric acid conventration used during the dye development,
Diaéetyl (30) and pyruvaldehyde (34) which are known to react with chromo-
tropic acid omuse mno interference sinoe they are cleaved by periodate,

The results obtained by an "acid oxidation® are ghown in Table I,

At least four hours is rajuired for gomplete reaction as measured by
formaldehyde production, However, pericdate conswmptlon as meagured by
the method of Fleury and Lange (31) is complete in one hour, Hughes and
Hevell (35) cbserved similar results in a study of the oxidation of
glucose by periodats, They found periodate consumption as measured by
the method of Fleury and Langs to be very rapid while formic acid pro-
duotion was much slower, If, however, pericdats consumption was measured
by the addition of acidiffed potassium fodide and a titration of ths
liberated iodine with sodium thiogulfate, it then paralleled formic acid
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production. These investigators considered that the oxidation procesded
by way of intermedliates which were more stable in alkelins than in acid
solutions, Our data would agres with this hypothesis, Apparently
periodate reacts rapidly with the reducing sugars both in acid and in
noutral media, The intermediates so formed must resot only slowly with
arsenite in neutral solution or, in other words, behave as iodate, thus
accounting for the apparent complete conswmption of pericdate, In aeid
solution, howsver, this intermsdiate breaks down in the presence of
iodide and allows measurament of unreduced periodate., Therefcre, the
statement of Hughos and Revell regarding the relative stability of the
intermediates in anid or alkali is trus only in the presence of lodide,
In the absence of iodide, the intormediates would appear to be loss
stable in alkaline solution since the products of the reaction are ree
leased more rapidly, It is possible that digproportionation of the
periodate~reducing sugar complex involves participation of the hydroxyl
ien,
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SUMMARY

1. A new method for determining the hydroxymethyl group in sugars and

3.

5.

related substances is described which consists of a periodate oxida~
tlon in neutral solution dbuffered by bicarbonate, destructicn of
excess perlodate and iodate with sodium sulfite, and subsequent
determination a# formaldehyde directly on the reaction mixturs by the
reaction with chrometropic acid,

The effects of (a) scidity of the oxidation medium, (b) sulfuric acid
concentration during dye development, and (¢) time of asration have
been investigated,

The stability of the formaldelyydeesulfite solution and of the dye
has been determined,

The method has been successfvlly applied tc the determination of
Deglucose, Dexylose, DLeglyceraldehyde, dihydroxyacetone, Demannitol, -
and maltose.

DL-gerine has been found to give low ylelds of measurable formaldehyde,

Maltose has been shown to yield ons mole of formaldehyde per mole of
disascharide suggesting use of this method in end group analyeis of

polysaccharides,
The method is comparsd with similar procedurus.

The anomalous Yacid oxidation® 1s discussed.
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KINETICS OF THe ACID AND BASE CATALYZED
DEGRADATION OF TH:t TRIOSES
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 INTHGDUCTION

Although considerable effort has been devoted to an elucidation of
the mechanism of the Lobry de Bruyn-van Lkenstein transformation in
alkaline golution, little information is avallable concerning the
occurrence of this reaction in dilute acid solution or the exact nature
of the catalyses involved., Likewise, pyruvaldehyde production from
the trioses (as well as from the higher sugars) in both acid and alkaline
solutions has long been recognized, yet little is known of the catalysts
for this reaction or its mechanism,

Knowledge of the catalyses operative in these processes was con-
sidered necessary to the study of the mechanism of reducing sugar
degradation in amino acid systems (Maillard reaction). Therefore, the
interconversion of DL-glyceraldehyde and dihydroxyacetone, as well as
the simultancous dehydration to pyruvaldelyyde, has been examined
kinetically in buffered solutions of formic, acetic, and trimethylacetic
acids arci their respective sodium salts. The effect of calcium ion on

these reactions has also been obsarved,
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HISTURICAL BACKGKOUND
The Lobry de Bruyn-van bkenstein Transformation

The reversible transformetion of aldoses into ketoses occurring in
dilute alkaline solution was first deseribed by Lobry de Bruyn and van
kkenstein (1, 2) and bears the names of these investigators. Glucose,
fructose, and mannose were each converted to the others in dilute solu-
tione of sodium, potassium, or ammonium hydroxide, calcium or magnesium
oxide, or sodium or potassium carbonate, In addition, non-fermentable
substances (3-ketohoxoses?) were formed, These studies also included
the similar transformations of galactose, maltose, lactose and melibiose,
Other researcherg have applied this isomerization to glyceraldehyde and
dihydroxyacetone (3), lactose and lactulose (L), zlucoheptose and gluco-
heptulose (5), xylose and arabinoge (6), and cellobiose (7). Calcium
hydroxide has been the usual catalyst.

In most cases, the simple interconveraion of sugars has been compli-
cated by fragmentation reactions and acid formation, OGottfried and
Benjamin (8) recently conducted an exhaustive study of the formation of
ketoges, organic acids, unfermentable substances, and color during
treatment of glucose with bases and arrived at a series of ampirical
expregsions which permitted calculation of each product.

Utilizing improved techniyues involving radiocisotope dilution
analyses for glucose and fructose and a corrected phenylhydrazone

precipitation procedure for mannosc, Sowden and Schaffer (9) have
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reinvestigated the reactions of thess sugars in U.035 N eodium hydroxide
at 35° C, After extended reaction times, susmation of analyses for
these three sugars accounted for about eighty percent of the atarting
material; the remainder had been converted to a mixture of non~ferment~
able sugar products of unkmown nature,

Garbutt and Hubbard (10) demonstrated interconversion of glucose,
fructose, and mannose in boiling ayueous solution and in boiling solu-
tions buffered at neutrality wﬁ.ﬁ.e Murschhauser (11) reported the
isomerization of glucose on boiling with alkaline earth carbonates,
Spoelr and co-workers observed similar converasions in the pressnce of
neutral (12) and slightly acid (13) phosphate buffere.

That organic bases could produce the Lobry de Bruyn-vean Ekenstein
reaction was shown by Fischer, Taube, and Baer (1l) who converted
glyceraldehyde into dihydroxyacetone by boiling with anhydrous pyridine,
Danilov, et al. (15), found that glucose was isomerized to fructose
without mannose production by anhydrous pyridine, Mannose was formed,
however, when ayueous pyridine and agueous alcoholic yuinoline were
employed, Midorikawa and Takeshima (16) confirmed these observations
and extended the reaction to include yuinaldine (17). Anhydrous pyridine
has been a valuable tool in the synthesis of many ketoses (18-25),

The mechanism of the Lobry de Bruyn-van Ekenstein transformation has
been the subject of much experimental work. In 1900, ‘ohl and Neuberg (3)
explained the comversion of glyceraldeliyde to dihydroxyacetone in
alkaline solution on the basis of an enediol formation, and this
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machanistic concept is still the accepted ons. In general form, this
may be pictured schematically as follows:

H%‘” : 0

‘?1:0“ e g.on == Px
O

R B

B3 -0H = SsS HobB

g ¢

(Rell, CH0H, etc, ; R'«ll, CHOH, etc.]

On the basis of the fragmentation products obtained on oxidation
of various sugars in alkaline solution, Nef (26) postulated the
formation of a series of enediols capable of being split by the oxidants,
The spontansous rearrangement of an “aldosate” anion suggested as the
mechaniam by Michaelis and Boma (27) and by Groot (28) also implied
previous enediol formation, In an exhaustive series of investigations
of carbohydrate oxidations, Evans and co-workers (29-h3) were led to
the conclusion that an equilidrium existed betwesn the sugars and a
sories of enediols in alkalins solution,

Gustus and Lewis (LL) examined the oxidation of tetramethyl glucose
in alkeline solution and obtained results indicating the presence of a
1,2=enedio), &xtension of these studles to the alkaline rearrangement
of tetrsmethyl glucose (LS), tetramethyl manncse (L6), trimethyl xylose
(47), and trimethyl arabinose (L8) showed, in each case, formation of
the corresponding epimeric methylated aldoge with no ketose production,
In addition, high iodine absorbing substances, believed to be the enediol
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intermediates, were present in alkaline solution but rapidly dissppeared
on acidification. Under similar conditions, Jemetiyl gilucoae (L9) was
converted to 3J-methyl fructose with no detectable enediocl concentration
(also true for glucose).

Electroreduction of sugars in alkaline solution by Wolfrom and
co=workers (50-54) gave isomeric polyols indicating the presence of
1,2~ and 2,3-enediols.

On the other hand, early studies of the Lobry de Bruyn-van Ekenstein
transformation in alkeline deuterium oxide solutions produced results
contrary to the predictions of the ensdiol mechanism, Fredenhagen
and Bonhoeffer (55) reported mo imcorporation of carbonebound deuterium
with glucose at 25° C while at higher temperatures ron-reproducible
data were obtalned, On the basis of these results, a "'dimsr intermediate®
mechanism was proposed for the low temperature reaction and a keto-emol
mechanism at higher temperatures, Ooto (56) reported comparable findings,
In sesrch of an explanation for this reported isomerization without »
exchange of carbonebound hydrogen by deuterium, Bothner<By and GCibbs (57)
employed le{24.Deglucose to test the possibility of carbon chain re-
errangement during the reaction. No such rearrangement was observed,

Topper and Stetten (58), in a reinvestigation of the reactions of
glucose in heavy water, obgerved deuterium exchange at both 25° and 35° ¢
in agreement with the enediol mechanimm, These results alse indicated
that the mannose produced when gluccse was treated with saturated lime
water was derived exclusively from fructose, and the following scheme

was presented:



glucose — trans-enadiol — fructose == cig-enedicl == mannose
Sowden and Schaffer (59) have recently presented furthsr evidence of
deuterium exchange at 25° C but concluded that fructose was not a
neceasary intermediate in the conversion of glucose to mannosge,

Although the enedol mechanism for the Lobry de Bruyn-van Ekenstein
tranaformation has apparently besn well establighed, the nature and mode
of action of the catalysts involved have received considerably less
attention, Most studies have been coMé in alkaline solutions and
Michaelis and Rena (27) reported glucose decomposition proportional to
the hydroxyl ion concentration, Various bases including the alkali and
alkaline earth hydroxides and carbonates as well as phosphate systems
have been employed, but the activity has been attributed to the hydroxyl
ion present in these solutions,

Little informaticn is available concerning sugar interceonversions
in acid sclutions undsr the influence of bases other than the hydroxyl
ion. A conversion of fructose intv glucose in slightly acid phosphate
systems was reported by Spoehr and Strain (13). Ashmarin and coeworkers
(60-62) examined the reactions of glucoss and fruotose in formate,
acetate, and succinate buffers and found an apparent catalysis of the
interconversion (and also of hydroxymethyl furfural formation) by the
anions of the acids involved, A similar acetate ion catalyzed iso~
merisation of arabinose was reported by Braun and Komnova (63). In
each case, & bisulfite fractionation scheme (6L) was employed to separate
aldoses from ketoses, and the isomer produced was identified as the
osasone of the starting material, Utlilizing ayueous pyridine systems,



Midorikewa (65) observed that with increasing pyridine concentrations,
the conversion of glucose to fructose increassd to a maximm value and
subsequently decreased. Due to the similarity of these results to those
obtained by Lowry and Faulkner (46) in the mutarotation of glucose, an
aclid=base catalysis was proposed.

Several investigators have reported apparent varistions in the
nature of the Lobry de Bruyn«van Ekenstein transformation dependent on
the particular caticnic species inwolved. Lobry de Bruyn and van
Exenstein (67) found that lead hydroxide convertsd glucose to mannose
with no detectable fructose, and that, under those conditions, fructose
was not iscmerized to the corresponding aldoses. Kef (26) reported
that calcium and lead acetates and lead chloride csused no enoligation
of the hoxoses, A comparative study of the sction of caloium and
sodium hydroxides on glucose at 25 C was conducted by Kusin (68),

With caleium hydroxide, a substance (believed to be the enol), capable
of reducing lodine and dichlorophenolindophencl, was present which
disappeared on acidification, Under similar conditions, sodium hydroxide
prodused no such result, MHannose formation was fawvorad by the caloium
hydroxide; fructose formation by sodium hydroxide, From these obgerva-
tions, Xuzin concluded that at low temperatures, calcium hydroxide
produced a cyclic enol without rupture of the pyranose ring whereas a
straight chain el was formed in the presence of godium hydroxide, At
higher temperatures, no difference in the action of the two bases was
detectable., Sowden and Schaffer (9) have recently confirmed that the
initial course of isomerization is different in mono- and divalent bases
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(caleium and barium hydroxides) of 0,58 concentration. At 0,035%
congentrations, howsver, these investigators found no apparent differ~
ence, Viad (69) observed that oxidation of glyceraldehyde and dihydroxy-
asetons in phosphate solutions was catalyeed by heavy metals, especially
copper, Ahlstrom and von Euler (70) likewise found that oxygen cone
sumption by buffered solutions of the trioses was catalysed by cuprioc,
ferric, and ferrcus sulfates. Ascusing the enediol ss the oxidiseable
species, t&;ua data mey indicate increased ability for enedicl formation
in the presence of these metal ions,

Pyruvaldehyde Formation

Pyruvaldeliyyde has been indicated as a degradation product of carboe
hydrates when aubaected to a wide variety of conditions,

Heuberg and Oertel (71) obtained pyruvaldehyde from glucose,
fructose, and mannose by warming with dilute sodium carbonate as did
Fernbach and Schoen (72). Fischler (73) and Fischler and Lindner (7L)
found pyruvaldelyde in the distillates from dilute alkaline solutions of
glucose, fructoss, galactose, maltose and lactose, Triose formation
and subgequent dehydration to pyruvaldeliyde was postulated, Neuberg and
Rewald (75) reported pyruvaldehyde formation on heating arabimose, xylose,
rhamnose, glucose, fructose, galactose, and glucosamine with ten per cent
smmonia. Bernhauer and Yolf (76) heated gluccse with calcium and
magnesium carbonates and obtained pyruvaldehyde, supposedly through a
trioge intermediate, Lvans and co-workers found that alkaline degrada-
tion resulted :Ln pyruvaldehyde production from glucose and galactose (31),



fructose (35), mannose (37), arabinose and xyloss (39), maltose {38),
cellobiose, lactosa, meliblose, and gentioblose (LO), and rhamnose (L2)
as vell as glyceraldelyde (33) and dihydroxyacetoms (3L). Again, triose
formation vas considersd the first step in the dogradation of the higher
sugars.

Endors ani Marquardt (77) observed pyruvaldehyds in the distillates
from aqueous solutions of glucose and xyloss, Cameron (78) obtained
pyruvaldelyde from glucose in the pressnce of scetic acid and bersylamine
while Taufel and Burmeister (79) found that after extended acid hydrolyses
sucrose golutions contained pyruvaldelyde. Enders (80) investigated the
production of pyruvaldehyde from maltose over a wide range of pH values.
A minimum was ocbserved at pi 1, Inoreased asidity increased the conversion
until a maximum was reached in twenty per cent sulfuric acid, As the pH
was raised, the conversion increased to a second maximum at pH 1112,
Above that point conversion of pyruvaldehyyde to lactic acid became more
rapid than pyruvaldehyde formation,

Fyruvaldehyde wes ususlly identified as its csazone. The observa~
tions that acetol was produced along with pyruvaldehyde (same osagones)
on distillation of hexoses in phosphate (81-8L) and in dilute sodium
earbonate solutions (685,86) as well as on the distillation of ajueous
glucose and maltose solutions (87) cast doubt on some of the earlier
results, However, utilising paper partition clromatography, Speck (88),
has recently mquﬁac:uy identified pyruvaldehyde as a product in
distillates from smino acldereducing sugar resction mixtures as vell as
in distillates from potassium hydroxide solutions of glucose.



ks

The ready conversion of the tricses to pyruvaldehiyde has long been
known, and, as noted previcusly, many workers have considered the trioses
as precursors of pyruvaldehyde in its production from the highsr sugars.
Derriges (89) reported the formation of pyruvaldehyde by the action of
sulfuric acid on dihydroxyscetons, and Neuberg, et al. (50) utilised
this resction in determining the trioses, Evans and co-workers observed
pyruvaldeliyde production from glyceraldehyde (33) and dihydroxyasetone
(31) in potassium hydroxide solutions. FPischer and Taube (91) were able
to dehydrate dihydroxyacetone to pyruvaldehyde by a distillation with
phosphorous pentoxide,

Little information is available concerning the mechanism of the
dehiydration of the trioses or ths catalyses involved, Dieche and Robbins
(92) reported an acceleration of pyruvaldehyde formation in neutral
glyceraldehyde or dihydroxyacetone solutions on addition of phosphate or
arsanate, Ca", Cu“, Pe'' and Fo*'* had no apparent effect, Evans and
Corntimaite (3L) have suggested that pyruvaldehyde arises from the
enadiol common to the trioses. In a study of the effect of amines on
the conversion of trioses into pyruvaldehyde, Strain and Spoehr (93)
found that several weakly basic amines catalysed this reaction in dilute
acetic acid sclutions. These investigators alsoc thought that a common
enediol modification of the trioses might be essential to the delydration,
Analysis of their data indicates that the amines which were active were
woak bages such that, at the aciditlies employed, they exigted largely in
the form of the free smine. This suggests & base catelysis and perhaps
a specific amine effect. Smith and Anderson (9L) have recently



investigated the dehydration of the 3«C-phenylirioses in dilute acetic
ms.d.A The aldotriose required the presence of a primary amine for
dehydration, while this was unnecessary for the ketotriosss. An enediol
intermadiate was proposed, Speck (88) has demonstrated the presence of
pyruvaldehyde in distillates from glyceraldehyde~amino acid mixtures,
The present investigation was designsd (a) to confirm the ccourrence
of the Lobry de Bruyn-van Ekenstein transformation in acid media, (b) to
tost the possibillity of a generalised acid-bage catalysis in this re-
action and in the simultaneous formation of pyruvaldehyde, (c) to examine
the effects of divalent cations on these processes, and (d) to gain as
much information as possible comcerning the resction mechaniems involved,
DLeglyceraldehyde and dihydroxyscetone were chossn for this study since,
in each casge, there is only oms possible isomerization or dehydration
product, and, in addition, the number of disturbing side reactions is

fou,
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EXP:RIMENTAL METHODS
Materials

The DL-glyceraldehyde employed in these meagurements was eynthesised
by the method of Fischer and Baer (95); the dihydroxyacetons was a
Nutritional Biochemicals product, The acetic acid was Baker's C.P,
analyzed. Eastman Kodak Company practical formic acid was fractionally
distilled and the fraction boiling at 99.5° C used in this investigation.
The trimetlylacetic acid was an Fastman Eodak Company product., Standard
gocdium perchlorate was prepared by neutralizing standard 2 M perchloric
acid solution to pH 7.0 with standard scdium hydroxide solution, Caleium
parchlorate and caleium acetate were prepared in solution by neutralisae~
tion of weighed samples of Baker's C P, calcium carbonate with the
respective acids, The n-butanol, n~heptanocl, and hydroxylamine lydro-
chloride were Eastman Kodak Company produsts, Periodic acid, perchlorato
ceric acid, and nitroferroin were obtained from the G, Frederick Smith
Chemical Company. Scdium oxalate, arsenious oxide, and perchloric acid
wers Baker's C P, analyzed materials, Matheson Company practical chromo-
tropic acid was recrystalliged from 50% ethamol. Sulfuric acid was
Merck reagent grade, Silver nitrate, nickelous sulfate, scdium acetate,
godium sulfite, sodium bicartonate, potassium lodide, fodine, ammonium
hydroxide, and sodium hydroxide used in this investigation were all C, P,

reagente,
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Apparatus

A Beckman Model DU spectrophotometer equipped with quarts cells
was ussd for ultraviolet spectral measurements while a Beclkman Model B
spectrophotometer with corex cells was employed for measurements in
the visible range, A Beckman pH meter with an outside glass elsctrode
was used for pH determinations, ‘

Identification of Products

Glyceraldebyde ylelds pyruvaldelyde in acid solution (89, %),

In preliminary studies utilizing the cerate oxidation techniyue de=
seribed below, degradation of glyceraldehyds in 2.5 M perchloric acid

at 50° C indlcated pyruvaldehyde as the only product. Therefore,
pyruvaldshiyde was anticipated as the predominant product of glyceraldehyde
degradation in mildly acid buffer systems such as acetate at 50° C, The
possibility of the transformation of glyceraldehyde to dihydroxyacetons
wag not overlooked in view of the interconversion of hexoses (60-62)

and pentoses (63) reported to ocour under similer conditions,

Either oxidation with periodic acid and subscguent determination of
the periodate consumed by the method of Fleury and Lange (96) or oxida-
tion with perchlorate cerate m L M perchloric acid followed by determina-
tion of the tetravalent cerium consumed by the procedure of Speck,
Porist, and Neely (97) would pemit‘ detsrmination of glyceraldehyde and
pyruvaldehyde in mixtures of these substances provided the initial
glyceraldehyds concentration is known, In a periodate oxidation,



L9

glyceraldehyde and pyruvaldehyde consume four and two equivalents of
oxidant per mole respectively whereas with cerate the consumption is
oix and two equivalents per mole, At the beginning of this investiga-
tion, the cerate method was chosen due to the greater differential in
eyuivalents of oxidant consumed,

Cerate oxidation studies.
If pyruvaldshyde were the only product, cerate consumption should

decrease with time, Therefore, preliminary studies of the degradation
of glyceraldehyde in acetate buffers at 50° C were made by measuring
cerate consumed by aliyuots of the reaction mixture at various times as
follows: 2.00 ml, aliguots of the reaction mixture (initially 0,2 M

in glyceraldehyde) were withdrawn at definite times, added to 20,0 ml,
of 0,2687 N perchlorato cerate in i M perchloric acid, and the oxidation
allowed to preceed for at least four hours. At the end of that time,
25,0 mi, of 0,1825 N sodium oxalate in 0,1 M perchloric acid was added
and the excess oxalste titrated with 0,02703 N cerate.in 2 M perchloric
acid to a nitroeferroin emd point.

In preliminary experiments, quantitative oxidation of pure glycere
aldehyde had been observed in a period of four hours, However, the
reaction mixtures contalming acetate buffers were incompletely oxidized
after four hours (low values at sero time), On the other hand, over
oﬁdat@n occurred if the oxidations were allowed to procesd for longer
periods. The presence of acetate may have csused a reduction in the
specificity of the oxidant, or acetate and formate may have been slowly



oxidired, This led to the discarding of this method for quantitative
purposes, Notwithstanding this, the cerate oxidation studies cone
tributed valuable yualitative information., Instead of the expected
drop in cerate consumption as degradation of the tricse in acetate
buffer proceeded, there wes a rapid rise followed by a gradual leveling
off and, after prolonged reaction times, a decrease, Although quantita~
tive calculations could not be made from these data, 1t was spparent
that some product, capable of a greater cerate consumption than
glyceraldehyde was being formed. It sssmed probable that this substance
was dihydroxyscetone, The eventual drop ir cerate consumption suggested
a slow conversion of ome or both of the tricses to pyruvaldehyde,

Ultraviolet spectral studies.
Cerate oxidation studies indicated dihydroxyacetone as well as

pyruvaldehyde as reaction products., In an effort to further identify
thase or other products the following experiment was carried outyg

A typicsal reaction mixturs was preparad which was 0,20 M in DL~
glyceraldehyde and O 40 M each in acetic acid and sodium acetate, This
solution was placed in a thermostat at 50° C, and, at definite times,
2.0 ml, aliyuots were removed and diluted to 10 ml, The absorption
spectra of these samples in the region 2L0-3 mu were ther measured
using the Beckman Model DU spectrophotometer,

Fizure 1 shows the absorption spectra of pure DL-glyceraldelyds,
dihydroxyacetons, and pyruvaldehyde whereas Figure 2 gives the results
of the above experiment over a period of twsnty-flve hours. The inftial

glyceraldehyde spsctrum changes fairly rapidly with a strong peak
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developing mear 270 mu after twelve hours., On further reaction, there
is a slow shift toward the longsr wave lengths, the maximum oceurring
at 275 mu after twenty-five hours. Comparison of thees curves with
those of Pigure 1 suggests a rapid formation of dihydroxyacetons
(maxcismm at 270 mu) with a elow conversion to pyruvaldehyde (meximum
at 260 mu),

Identification of dilydroxyacetone by paper chromstograply.

The reaction mixture employed for the spectral studies was used for

chromatograply. The sample was removed for tlis experiment after twenty-
four hours., Two drops of this solution were placed on filter paper
(“hatman No. 1) ani an ascending chromatogram developed using n-butanol
saturated with water as the solvent (96). Simultansously, pure samples
of OL-glyceraldenyde, dihydroxyacetone, pyruvaldebyde, and a synthetic
mixture of these three were chromatographed umier identical conditions,
After thirty-two hours, the chromatograms were removed, the solvent
front marked, and the sheets dried before an electric fan., They were
then sprayed ﬁith a solution containing equal volumesof S M ammonium
hydroxide anu 0,1 M gilver nitrate, dried at 11¢° ¢ for about five
minutes, washed with distilled water, and dried once more (99)., The
spots were circled and Kg¢ values calculated., The results are shown in
Table I. In every case, glyceraldehyde produced & poor chromatogram and
tailed considerably, Uiliydroxyacetone gave a shiarp, well defined spot
and was easily seen even when partially overlapping the glyceraldehyde
tail. It was obvious that pyruvaldeliyde could not be detected by this

procedure, probably due to its volatility. The third componernt of low ip
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found after twenty-four hours in the reaction mixture was not identified
but is believed to be a polymer formed from pyruvaldehyde. Anomalous
periodate consumption by pyruvaldelyde in acetate buffers after ex-
tended times (cited below) supports this point of view.

Dihydroxyacetone was therefore established as a product of the
degrudgtien of glyceraldelyde under the conditions of this investigation.

Identification of pmvﬂde@a by paper chromatography.

Pymv&léelwde was identified by chromatography of its dioxime
according to the method of Speck (B8) as outlined below,
TABLE X
IDENTIFICATION OF DIHYODKOXYACETONs

HMaterial Chromatographed ke suality of Spot
DL-glyceraldehyde ~0.35 Very diffuse; difficult to

estimate ke
Dihydroxyacetone 031 wWell defined
Pyruvaldelyde - No spot

Known Mixture:s

iL=-glyceraldsliyde ~ 0,36 Foorly defined
Dihydroxyacetons 0.33 Well defined
Pyruvaldehyde - No spot

Keaction Mixture:

DL-glyceraldehyde —~0,36 Diffuse
Dihydroxyacetrne 0.33 Well defined
Unknown 0.05 well defined
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Forty-eight ml, of a reaction mixture, identical with the one
described above, was removed after fifty-four hours, cooled, and mixed
with 50 ml. of solution containing 1 gm. of hydroxylamine hydrochloride
and 2 gm, of sodium acetate trihydrate, After standing overnight, the
solution was saturated with sodium chloride and extracted six times with
25 ml, portions of diethyl ether. The combined ether extracts were
dried over anhydrous godium sulfate, filtered, and the ether removed on
the water pump. The small amount of residus remaining was eyuilibrated
with 2 ml. of distilled water, the solution filtered, and six drops
placed on filter paper (“hatman No. 1). An ascending chromatogram was
developed using n-heptanol saturated with water as the solvent.
Simultaneously, & known sample of methylglyoxime was chromatographed
under identical conditions. After thirty-six hours, the chromatograms
vere removed and dried before an alectric fan in the absence of heat.
They were then sprayed with a 3% solution of nickelous sulfate hexa-
hydrate containing 0,1 ml. of 28% ammonie per 100 ml, and once more
dried, The results are shown in Table II, Thus, both dihydroxyacetone
and pyruvaldelyde were established as reaction products.

TABLE I1I
IDENTIFICATION OF PYnUVALDEMYDL

Material Chromatographed Re suality of Spot

Methylglyoxime 0.6 Well defined; orange with
‘ rose center,

Keaction mixture oxime 0.60 well defined; orange with
rose center,




Quantitative Analysis of Reaction Mixtures

8ince two procucts were being formed » two analytical methods were
necessary in order to estimate the three components, glyceraldelyde,
dikwfirozqrmatom, and pyruvaldelyyde, at any time, It was hoped that
cerate oxidations could be employed, but, due to the anomalous oxidations
discussed above, this method was discarded, 4 .mond attractive procedure
congleted of oxidation with periodic acid and subsequent determination of
periodate consumed by the method of Fleury and Lange (96). To test the
applicability of this method to the problem at hand, ssmples of DlLe
glyceraldelyde and dilydroxyacetone of concentrations expected to be en-
countered were oxidized for varying times by approximately 0,1 N periodic
scid and the perdiodate consumption determined, The results are given in
Table XII,

TABLE 11X
PERICDATE OXIDATION OF TRIOSES

Oxidation Time Equivalents I0 ™ consumed per mole triose®
(Hours) DL~glyceraldehyde Dihydroxyacetons
1 Dl-glyesraldehyde 1,987
2 3.9 1.992
3 3.956 1,996
L 3.956 2,008
& 3.962 2.008
Theory k000 2,000

#* Average of duplicate analyses,
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From theee data, it 1is seen that periodate consumption by both
sugars is oomplete after three hours under the conditions employed .,
Thornton and Speck (100), showed that pyruvaldehyde was completely
oxidized by periodic acid in one hour, Therefore, in this investigation,
periodate oxidations have been allowed to proceed for at least four hours,
thus insuring complete reaction.

On periodate oxidation, glyceraldehyde consumes four equivalents of
oxidant per mole whereas dihydroxyacetone and pyruvaldehyde each consume
two equivalents per mole,

If G, D, and P represent nmillimoles of glyceraldehyde, dilhydroxy-
acetone, and pyruvaldeliyde respectively per ml. of solution analysed, Go
represents initial glyceraldehyde concentration, and I represents milli-
‘equivalents of periodate consumed by one ml, of reaction mixture, the
following equations may be writtens

G+D+P «0o (1)

LG + 2D + 2P » I (2)
From these expressions, eyuation (3) may be obtalned,

G=I1f2-0 (3

Therefore, beginning with pure glyceraldshyde, G at any time may be
calculated from Uo and the periodate consumption, I, However, this
method offers no distinction between D and P, giving only thelr sum,

Since G could be determined at any time, & second method allowing
determination of total trioses would permit an estimation of all three
eémpomnt.s. The method selected was devised for this purpose and is

deseribed in Part II of this thesis.
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The operating procedure employed is best descrided by outlining a
typical experiment,

The calculated Quantity of standard acid (or a weighed sample in
the case of trimethylscetic acid) vas mixed in & 50 ml. volumetric flask
with sufficient standard sodium hydroxide to provide the desired bnffei'
ratio and concentration, To this was added enough standard sodium
perchlorate solution to bring the ionic strength to 0.Lk. This solution
was placed in the constant temperature bath opsrating at s50° to01% ¢
and brought to the bath temperature,

A sample of pure [l-glyceraldehyde (usually 0.9008 gm.) was weighed
on an snalytical balance, dissolved in redistilled water at the bath
temperature, and qnantitauwly‘trmsferrad tc the reaction flask, The
solution was mixed, brought nearly to the mark with redistilled water at
the bath temperature, and returned to the bath for about fifteen minutes,
It was then dlluted to the mark, thoroughly mixed, returned to the bath,
and the first samples removed,

In most experimsnts, solutions 0,20 M in glyceraldehyde were used
and 1,00 ml, aliyuots were removed at the desired times for anaiynis.

To determine periocdate consumption, & 1.00 ml. aliyuot of the re-
action mixture was tranaferred to a 300 ml, erlemmeyer flask containing
15.00 ml, of 0,108 N periodic acid and the oxidation allowed to proceed
for at least four hours, The solution was then neutralized and saturated
with solid sodium bicarbonate and 2 ml, of 5% potassium lodide followed
by 10,00 ml, of 0,13142 N arsenite added, After about fifteen minutes,

the excess arsenite was titrated with 0,01 N iodine solution to a starch



endpoint, Millieyuivalents of periodate consumed may be calculated from

the expressiom

I =15xKp = =10 x01302 ~ml, Tgx K (L)

To determine total trioses, & 1.00 ml, alijuot of the reaction
mixture was transferred to a 200 ml, volumetric flask containing 4 ml, of
1 M godium bilcarbonate and 4 ml, of 0,3 M periodic scid, and the oxidation
allowed to proceed for one hour, At the end of that time, 10 ml, of
0.5 M godium sulfite was added and the sclution diluted to the mark,
Duplicate 1.00 ml, aliyuots of this solution were pipetted into S0 ml,
volumetric flagks, followed by 0,5 ml, of 10X chromotropic acid and S ml.
of 1L M MIO acid, The flasks were heated in a bolling water bath
for thirty minutes. They were then removed, cooled, and about LO ml, of
distilled water added. The flasks were cooled once more, and the sclu~
tions diluted to the mark, Excess sulfur dicoxide was removed by bubbling
air saturated with water through these solutions at a rate of 750-1000
ml, per minute, The optical densities of these solutions were then
measured against 8 reagent blank' at 570 mu using the Beckman Model B
spectrophotometer. The total triose values were caloulated from a
standard curve prepared by similar treatment of either Deglucose or DlL-

glyceraldehyde,
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RESULTS ARD DISCUSSION
Order of the Reaction

Preliminary studies indicated that pyruvaldehyde was mot completely
stable in buffers of the type employed in this investigation. A fresh
solution of pyruvaldehyde (obtainsd by distillation of a sulfuric acid
solution of DL-glyceraldehyde) was prepared in a buffer 0,40 M in sodium
acetate and 0,133 M in acetic acid., This solution was placed in the
50° C thermostat and ons ml. aliyuots removed periodically for periodate
oxidaticn., At the same timea, similar aliquots were tested for form-
aldeliyde producing material by the total triose analysis., The results
are ghown in Table IV. The solution was colored after eighteen hours,
and some material capable of a greater periodate reduction than pyruv-
aldehyde itself was formed,

TABLE IV
INSTABILITY OF PYWUVALDEHMYDE IN ACETATE BUFFER

“Time of Standing Haq. 1047 Apparent |P] HCHO Producing
(Hours) Consumed Moles Matorisl

0 0.,2679 0.1340 Rone
18 0,2852 0.1426 None
2h 0,2930 0.1Lés lone
53 0,2958 C.1479 C e
72 C.0NT7 G.1524 -

336 0.39hL 0.1972 -

¥ Average of duplicate analyses
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In most of the maétiom studied, the starting material was mu'a
Dl~glyceraldehyde, and its concentration at any time could be calculated
from a knowledge of the periodate consumed by an aliguot of the reaction
mixture as outlined above, Due to the anomalous pericdate consumption by
pyruvaldehyde when present in appreciable concentrations and in order to
disregard the reverse reaction in the interconversion of the trioses,
only "initisl velocity® data has been used. Reactions wers usually
followed to the disappearance of 20-45% of the initial glyceraldehyde.

A plot of the logaritim of glyceraldehyde concentration versus time was
linear (Figure 3) indicating a first order disappearance of glyceraldehyde.
In over forty velocity determinations, mo deviations from this order were
observed,

If a roaction is of the first order, the pecudo constant caloulated
from the slope of the log G versus time curve is independent of initial
reactant concentration, Therefore, velocity deteminit.ioaa were made at
different initial glyceraldeliyde concentrations in buffers O.LO M each
in acetic acld ani sodium acetate, The resulte are shown in column two

of Table V.,
TABLE V
EFFECT OF INITIAL CGLYCERALDENYDE CONCENTRATION
TGo] -
(Moles/l) k' x 10% min (D/P)1
0.0 233 5.9
0,20 206% 5 0%*
oo 167 5.3

* Average of four determinations
** Average of two determinations
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A regular variation was observed which was not considered indicative of
an order other than the first, The dscrease in pseudo constant with
inorsasing initlal glyceraldehyde concentration was balieved the result

of decreased activity of the glyceraldehyde dus to the many polar hydroxyl
groups present in solution.

Calculation of Constants

Since the over-all disappearance of glyceraldehyde was of the first
order, this may be expressed as

- d0/dt « X [G) (5)

which on integration ylelds
«ln G = kt + constant (6)
or log O = <k't + constant (N

The pseudo constants (k'), employing decadic logarithms, wers evaluated
at varying buffer concentrations and buffer ratics for formate, acetate,
and trimethylacetate systems., The results are indicated in column seven
of Tables VI, VII, and VIII,

The observed variations in pssudo constants with various buffer
concentrations at constant buffer ratio, as well as at different buffer
ratios, suggested an acid and base catalyeed reaction, If [HA] and [AT]
repressnt concentrations of the acid and conjugate base respsctively of
the buffer system involved, such a catalysis may be represented by the

expression

-d0/dt = [kys{B*] + kg [HA] + k= (A7]) (G]  (B)



TABLE VI

PSEUDO CONSTANTS -~ ACETATE SYSTIMS

A-

Expt, [Oo] [CR,CO0H] [CHaCOONa] [NaCl0,] " “;fn‘.’: (p/P)e
18 0,20 - - 0.4k0 - o} -
b 0,20 0,20 0.20 ¢,20 1l 98 -
5 0.20 0,20 0,20 0.20 1 99 --
1o 0,20 0.20 0,20 0,20 1 1 L.b
1L 0.20 0.20 0,20 0.20 i1 100 L.5
15 0,20 0,30 0.30 0.0 1 152 L.8B
é 0,20 0.L0 0.0 - 1l 208 -
7 0,20 0,40 0.0 - 1 198 -
8 0.20 0,Lo ¢ .o - 1 208 S.b
16 0,20 0,.L0 0.0 - 1 207 L.6
13 0,20 0067 0,20 0,20 3 96 .6
12 0,20 0,10 0.3 0.0 3 139 L.8
10 ¢, 0.133 o,ko - 3 193 5.0

Average (D/P)L = L.6%.2

All congentrations in moles/l,



TABLE VIX

PSEUDO CONSTANTS e= FORMATE SYSTIMS
W
Bapt. [Go) (HCOOH] [HGooWa) [Naco,) #p 5020° (o

min=*
23 0,20 0,20 0,20 0,20 1 35 3.5
2k 0,20 0,30 0.30 0.10 1 & 3.5
26 0 .20 O .m 0 .l‘o - 1 71 2 .l‘
29 0,20 0,067 0.20 0,20 3 33 2.5
<8 0.20 0,10 0,30 0.0 3 51 2,6
27 0,20 0,33 0.0 - 3 62 L.

ALl concentrations in moles/l.

TABLE VIIX
PSEUDO CONSTANTS we TRIMETHYLACETATE SYSTIM3

N
o

| | A= ktx100
Expt., ([Go] [(CHa)sCCO0H] [(CHgy)aCO00Ka) (MaClOq] fif min=r (D/P)L

1

3k 0.2 0.0% 0.10 0,30 2 8k Lh.3
32 0,20 0,10 0,20 0,20 2 177 6.1
3% 0,0 0,025 0.0 0.3 L & L.
33 020 - 0,08 0,20 U ,20 L 166 6.8

Average (D/P)L = 5.kD1 1

All concentrations in moles/l.
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where the k's are the respective catalytic constants. No term for
spontaneous water catalysis has been included since » in the absence of
buffer systems, mo reaction ocourred (ixperiment 18, Table VI). The
paeudo constant decomes
k' [y 4 [R") » kg, [HA] « iy=[A"] (9)
or , :
k* wfig «][H*] + oc [HA] (10)
where oC = kg + I~ [A~MA) (1)

Therefore, at constant buffer ratic (constant [H*]), a plot of k' versus
[HA] should be linear. This was observed experimentally for the systems
studied (Figures L, 5, and 6), In every case the intercept was gero
indicating negligible catalysis by the hydronium ion as well as water.

A plot of the ﬁlapac (oC) of these curves against ths buffer ratio
[ATAHIA] should be linear, Moreover, the slopes and intercepts should
equal the cstalytic constants for the bases and acids inwolved respectively,
Such a plot is shown in Figure 7, and the catalytic constants so calculated
are given in Table IX,

From these data, it is seen that the over-all dissppearance of
glyceraldehyde is subject to an acid and base catelysis. The basic
catalysias by trimethylacetate, ace:bata, and formate ions is in qualitative
agreement with their relative -t.rangt!m as Bronsted bases. The catalytic
constants for* the respective acids do mot follow the expected pattern,
However, the errvr in their estimation may be considerable due to the
proximity of the intercepts to the origin., No explanation is evident for
the apparent fallure of the hydronium ion to functicon as a catalyst,
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TABLE IX
CATALYTIC CONSTANTS

o
S

System x 108 k,~ x 10®
mol=t min™2 Ei"‘ min“3
Formate 6 pih
Acetate 6 L5
Trimethiylacetate 18 19

Dihydroxyacetons == Pyruvaldehyde Ratios

Since an acid and bass catalysis was established for the gross
dissppearance of glyceraldehyde, the formation of dihydroxyacetone and
pyruvaldehyde muet be subject to such catalysis. However, these data do
not permit a cholce between two possible pathwayss (a) formation of
dihydroxyscetone and pyruvaldeliyde by two separate first order processes

0 k0D ,
N} PA’ (12)

or (b) by the breakdown of a common intermediate
'

k! & D 1
G~ E ot (13)

Reverss processes are ignored since only initial velocity data have been
smployed, In an effort to decide belween these possibilities, the
relative rates of formation of dihydroxyacetons and pyruvaldehyde werse
determined,



Concentrations of these products wers caloulated sas follows. Values
for [G] from psriodate consumption date and for {G « D] from total triose
snalyses were plotted against time and ths best smooth curves drawn
through these points (Figure 8), Corrected valuesg for [G) and {G + D]
were then oalculated from these curves, From these corrected values,

(D] amd [P] were calculated at various times, Assuming that during initdal
stagen of the reaction all the pyruvaldehyde comes from glyceraldeliyde,

a plot of [D] versus the corresponding [P] should be linear at low con=
centrations of products, This was observed experimentally (Figure 9) and
the slopes of these ourves, designated as (D/P)i, are shown in column
three of Table V and column eight of Tables VI, VII, and VIIX,

Although the variations in (D/P)1 are large in scme cases, these
ratios are essentially constant for a given aoidebage system and are
independent of buffer ratio and concentration, If equation (12) represents
the resction process, (D/P)1 = ky/ks and it 1s implied that the oatalytic.
constants for the acids and bases involved in the two reactions are alvways
proportional to each other. This sesms highly unlikely, The reaction
:lndicatlbd in equation (13), in which glyceraldehyde is slowly converted
to an intermediate E which rapidly produces diliydroxyacetons a&nd pyruve
aldelyde seems more plausible, The value (D/P)1 would then represent the
ratio of two fast processes essentially insensitive to amounts and ratios
of catalysts present,
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Glyceraldehyde =« Dilydroxyacetons Equilibrium

Efforts to evaluate an equilibrium constant for the reaction between
glyceraldehyde and dihydroxyacetone were not entirely successful. The
equilibrium wae well in favor of the ketose, Experiments in which
glyceraldehyde was the starting materisl gave results that were invalid
due to the anomalous periodate uptake by the concentrated solutions of
pyruvaldehyde present at or mear equilibrium, Alternatively, pure
dihydroxyacetons (0,10 M) was allowed to react for twenty-four hours in
& buffer 0,30 ¥ each in acetic acid and godium acetate at 50° C, The
ususl analyses and ealnﬁlat&am wers made, A plot of (D)/[G] versus
time was made and is shown in Pigure 10, This curve approaclLes a value
of 17 which does not compare unfavorably with values of about 20 reported
for the corresponding triose phosphates (101,102).

LEffont of Calcium Ion

Since divalent cations reportedly produce anomalous reactions in the
interconversion of the hexvses (see above), Ca** was tested for its effect
on the reactions of glyceraldehyds, Varying concentrations of Ca** were
added to reaction gystems 0,20 M each in acetle acid and acetate ion,

The results are indicated in Table X,

In neuiral soluticn, caleium perchlorate produced no reaction,
whereas in an acetate buffer the presence of Ca®’ produced an sugmentation
of rate proportional to Ca** concentration over the range investigated.
The (D/P)4 ratio was not affacted. The role of Ca’* as an accelerator of
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TABLE X
EFFECT CF CAICIUM ICR

Expt. [Go] [CHaCOCH] [CHa000") [Ca**] k' x 10 (D/P)4
Min™2
18 ¢ .20 - - - o -
39 0,20 - - c. 0" 0 -
10 0,20 0,20 0,20 —-— 101 k.6
1k 0.20 0,20 0,20 e 100 L.S
a 0,20 0,20 0,20 0.0 111 L.6
40 0.20 0,20 0,20 0,10" 120 4.5

All concentrations in moles/1; u maintained at 0.l by addition of

* gﬁﬁ&é perchlorate

&% Caloium acetate
the reaction probsbly inwolves a complex between glyceraldehyde and Ca'*
which forms rapidly and which is capable of a more rapid reaction with
acld or bage than is free glyceraldshyde, The insreased reactivity of
metal ifon complexes has been demonstrated by Steinberger and Westheimer
(103) 4in the decervoxylation of dimethyloxaloascetic acid and by Kroll

(10k) in the hydrolysis of amino acid esters.

Mechanism of HReaction

It has been found that the over-all disappearance of glyceraldehyde
1s subject to an acid and base catalysis.. Constant (D/P)1 values for a
given acid~base eystem strongly sugpest formaticn of a common inter-

mediate capable of yielding both dihydroxyacetone and pyruvaldehyde, The
naturs of the catalyses support the formation of the enediol common to



the trioses as the rate determining step ascording to the following
schemest

Acid catalysis —
3\‘.7’& H
>
R SR S cTh
I HC-OH
CHZOH .
CHgOH
o™ NP
l -
CH0H CHa0H
Page catalysis =
H\c¢0 B} a\C’G
| + A ——— - + HA (16)
H{i':-f}ﬁ fi’.-DH
CHZOH CHgOH
a 44
\cl;?Q \c"/ml
= ri:-(xi + HA —— {';-u{ . AT (17
CHa0H CHgoi

It is aleo possible that thess processes are not separats but ocour by a
concarted mechanism as suggested by Swain (1C5).

o ,E?\G’“O <-.__{_§‘A H\C/GH
DATYTHS GOH 47 — (}'-on +» BA™  (18)
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The value (D/P)i 1s believed to be a measure of the relative rates
of two rapid processes by which the ensdiol is converted to dihydroxy=-
acetone and pyruvaldelyyde respectively. The data do not permit an
evaluation of ths role of acids and bases in these processes although it
1s suspected that thess substances do participate. The fagt that a
different (D/P)1 value is obtained in different asid-base aystems implies
their participation in the rapid steps, The constancy of the (D/P)4
value for a given syetem, independont of buffer ratioc and consentration,
may also imply participation of acid and/or base in the rapid steps. The
degradation of glyceraldehyde may be con.;dmd ss occurring as followss

' ~Slow slow
raan——
glyceraldshyde enediol dihydroxyacetone
Efm Tast E
fast
pyruvaldehyde

The transformation of ensdiol to yield pyruvaldehyde mey involve a

process such ass

deon *A” 5, dom oHA (19)
|
Citgon HE ~0H
H
AWy e
foh ¢+ HA —> c!.os e« b o+ HgO (20)

1 B .
ﬁg—ﬂﬁ i



K\ L g H\c"o " 40

— CE
o — [ =N
Hﬁ + gﬂ. CHy

This sort of mechanism is supported by the fact that pyruvaldehyde
is apparently released as its amol, Freshly prepared pyruvaldehyde
(by distillation of glyceraldehyde in sulfuric acid) displays a strong
absorption maxiaum at approximately 250 mu indicative of an enolic group-
ing. This peak disappears on standing and the curve given in Figure 1 is
that of an eyullibrated solution,

The apparent inoreased rate of enediol formation in the presence of
Ca®* 4s provably the result of a glyceraldehyde-Ca’® complex such as

B o

7

[
1 .;C‘-u-
-O\

H H

It is conceivable that the electrostatic effect produced by an electro-
philic Ca** would increase the acidity of the hydrogen attached to the
central carbon atom and thus render it mors casily attacked by a bdasic

catalyst,



SOMMARY

1. The interconversion of glyceraldelyde and dihydroxyacetons, as well
as the simultanecus conversion %o pyruvaldehyde has been examined
kimti.oany in buffered solutions of formic, acetic, and trimethyle
asetldo acids and their respective sodium salts,

2, The degradation of glyceraldeliyde has been found first order in the
trioss,

3. Qlyceraldshyde degradation has been shown subject to an acid and
bage MMO

L. The relative rates of dilydroxyacetons and pyruvaldehyde formation
have been found independent of buffer ratio and concentration for a
given aystem; the relative rates ars different in different acide

bmmtmo

5. The equilibrium constant for the reaction between glyceraldehyde and
dihydroxyacetone has been evaluated,

6. An increase in the rate of glyceraldehyde degradation in the presence
of Ca** 4in asetate buffers has been observed; the increase was
proportional to Ca** concentration,

7. The possible mechanisms of the processes involved are disoussed,
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THESIS ABSTRACT

The catalysis of the dealdolization of diacetone alcohol in buffered
solutions of glycine, DL-Xeglanine, (3-alanine, and glycylglycine and
their respective sodium salts was examined kinetically by a dilatometric
technique at 18,60° C, The amino acid or peptide anion was the catalytic-
anj active species, the order of activity being (5 ~alanine >glycine >DLe
cc=alanines=glycylglycine. Metallic ions did mot accelerate the reaction,
Ions capable of forming amine complexes inhibited the reaction, The dis-
proportionation of a ¢yclic intermediate involving the amine catalyst and
diagetone aleohol was postulated as the rate determining step in the péocaaa.

A new method for determining the hydroxymethyl group in sugars and re=-
lated substances was developed which consists of a periocdate oxication in
neutral solution buffered by bicarbonate, destruction of excess periodate
and iodate by addition of sodium sulfite, and subsequent spectrophoto=-
netric determination of formaldehyde in the reaction mixture after ree
action with chromotropic acid, Glycolic acid interference was eliminated
without reduction in sensitivity by using 1L M sulfuric acid for develop-
ment of the dye, A thirty minute aeration was sufficient to remove excess
sulfur dioxide from the dye solution, Both the formaldehyde-sulfite solu-
ticn and the formaldehyde~chromotropic acid dye were stable for at least
forty-eight hours. Deglucose, Dexylose, DL-glyceraldehyde, dihydroxyacetone,
De-mannitol, and maltose were successfully determined by this procedure,
DiL-gerine gave consistently low ylelds of measurable formaldeliyde. Maltose
produced one mole of formaldehiyde per mole of disaccharide suggesting use
of this method in end group analysis of polysaccharides,

vy
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DL-glyceraldehyde was found to produce dihydroxyacetone and pyruvaldehyde
in acidic buffers. These reactions of DL-glycsraldehyde were investigated
kinetically in buffered solutions of formic, acetic, and trimethylacetic
acids and their respective sodium salts at 50° C, The reaction components
were determined by simultaneous measursment of periodate consumption and
estimation of total tricses (the latter by means of the method desoribed
above), The degradation was of the first order in the triose and was sube
Ject to an acid and base catalyeis, The relative rates of dihydroxyacetone
and pyruvaldehyde formation were independent of buffer ratio and concentra-
tion for a given systsm but were different in different acid-base systems,
The aqu:llibriﬁm congtant for the conversion of glyceraldehyds to dihydroxye
acetone was approximately 17, Calcium ion increased the rate of glyceralde=
hyde degradation, in proportion to the caleium ion concentration, The
formation of an enedicl was suggested as the rate determining step in the
degradation of lL-glyceraldehyde, This enediol was thought to react by
two separate, rapid processes to yleld dihydroxyacetone and pyruvaldehyde,
Formation of a tricse-calcium ion complex more rametive than the free sugar

was poatulated,



