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INTRODUCTION

During the past quarter of a century the competition
between chemical synthesis snd micro-bioclogical methods
for producing numerous organic compoundés has become ever
inoreasingly keen, A number of so-called heavy chemlcals
have been prepared at one time or another by both methods.
Wotable among these are acetone, acetic acid, glycerol,
ethyl alcohol; higher alcohcls; and gluconic acid, This
last is usually obtained as the calclum salt,

0f considerable Interest at present 1s the oxidation of
glucose in thevpresance of calcium carbonate to obtaln cal-
ciun gluconate. Thils oxidation has been carried out by
wells; &oyer; 3tubbs; Herrlck, and May (1937) using Aspergil-
lus niger in nutrieht medium and by Isball and Frush (1931)
using carbon electrodes in é glucose solutlon contalning
sodium bromide as the electrolyte. Since both methods give
excellent yilelds under almost identical conditions of temper-
ature and concentration; it would seem that there is some
felatienshig between miero-blologleal oxidation and oxida-
tion at an electrode.

Fink and Summers (1938) show in thelr investigation that
both sodium chloride end sodlum lodide may be used instead
of sodliwa bromide but the current yleld 1s decidedly less.

The explanation offered is that sodium bromide acis as a



cabalyst for the oxidation of glucose to gluconic acid, If
this is so, and the evidence is all in its favor, why then
cannot the conditions such as current density, electrode
material, electrolytes, and catalysts or carrlers be so
arranged ss to ¢arry out a large number of reactions pre-
vicusly oconsidered to be essentially biochemical?

In the case of the jscetobacter it is well known that

dirfferent specles will oxidize compounds to different end
products depending on the intensity of their oxidation,.
There is also a variation of oxidation ability of vari-
ous electrodes. This phencmenon may well be assoclated with
the "oxygen overvoltage."” It should be at once stated that
the term "oxygen overvoltage,"” since the oxygen elecirode is
not thermodynamically reveraible; may not be strictly anal-
ozous to true "overvoltage."” Nevertheless, it will be shown
that the concept has a practical utility in deserlbing the

phenomena o be discussed. Certain species of scetobacter

show a specific oxidatlon toward polyhydric aleohols, that
is, they show a preferential oxidation of the sscondary
aleohol group next (0 the terminal primary alcohol group.
The question at cﬁce arises as to whether the above phenome-
non is associated with a definlte oxldation potemtial; with
the ability of the organiam to activate the molecule in a
partioular manner; or both. Eﬁrek'and flahn (1932) in speak=-

ing of catalytic dehydrogenation of alcohols state, "The



higher primary alcohols reguire relatively higher tenmpera-
tures for decomposition than the corresponding secondary
algohols.™ This statement leads one to belleve that there
is an oxidatlon potential which will Just oxidize a second-
ary alcohol group but will not affect a primary alcohol
group.

It is the purpose of this thesis to compare pure chemi-
eal and electrolytic oxidations of hydroxyl-contalning come
pounds with the blochemical oxldation of similar compounds
in the hope that material will be compiled whieh; though it
may not fully enswer the questions previously raised, will
serve as part of the foundation for further work. It is doubt-
ful that oxidations in vitro can be controlled to such an
extent that yields as high as those obtained in blochemical
oxidation will be realize&; but date should be obtained which

may be helpful in correlating these oxidation mechanisms.



HISTORICAL

When living organisms grow and nmultiply in some nutri-
ent medium the carbon source serves two purposes: a source
of energy for the.organism and a source of cell constituent
bullding materisl, Xost reactions used by organisms to
obtain energy are oxidation reactions, sinece, as a rule they
are exothermic; that is; show a decrease in free energy. The
above are spoken of as oxidation-reductlion reactlons because
one never observes the oxidatlon of a substrate without =
carresponding reduction of some subst&nce; either atmospheric
oxygen or another hydrogen gecceptor. During the process of
cell metabolism the materisls which undergo chemical conver-
sion by the enzymic system of the cell are produced in vari-
ous degrees of oxidation depending on the organism. ¥or
exampla; Acetobacter suboxydans will oxidize glucose to

gluconic acid, while Clostridium butylicun changes it to

butyl elcohol and acetone; yeast forms ethyl alecohol and
carbon dioxide by breaking down the glucose molecule.

Ever since Pasteur proved that micro-organisms are the
cause of the seeming spontaneous chemical changes whlch take
place in sugar containing medium, man has been trying to
explain how these changes are brought about. As a result of
the great volume of work done 1t has been shown that enzymes

or organic catalysts are resgponsible for the activation of



the molecules which undergo change. This activation is
necesséry; for even though a chemical transformation serves

as a source of energy by showing a decrease in free energy,
the reaction does not necessarily go spontaneously until '
the reacting molecules have been put in an activated stats,
For example, let us consider any compound 4 with a certain
energy content which reacts in such a way that the resulting
compound B has a smaller energy content. In this hypothetl-
cal case the molecules of compound 4 must have thei: energy
content raised to C before they can reacﬁ to give B« Flpgure I
shows that the system must 50 over an “energy hill" of

helght E; before the éhemical change can occur. As the change
oceurs ;;Qrgy Ep 1s evolved, and the net decrease in free
energy for thé~;eaction is Eﬁ - E;. It is evident; there-
fare; that synthetic pfocesses by bacteria, §; is larger than

Ep, must be coupled with reactions eorresponéihg to a diminu-

f;b;ure ;Zr

Ene )’f‘y ‘_ﬁ.




tion of free energy, that is, the reactlon is a blochemlcal
oxldation~reduction,

By using a catalyst 1t 1s possible to go from A to B
at a greater velocity than without a catalyst., Concerning
the action of the ocatalyst, Sohwab (1937) states:

"Tt is evident that the veloclity is unequivocally
Tixed by the constants and interrelationships of

the separate elementary processes, However it is
not necessary to assume that the 'catslytic force!
is a mysterious action at a distunce of which a
particular substance brings about an alterstion in
the constants: Ye have {0 suppose, rather, that the
catalyst enters directly into the mechanism of the
reaction. Because of the definiteness of the
velocity which we have Jjust mentioned, the appesr-
ance of new velocities simply means the operation

of fresh elementary reactions or of new arrangements
between them, with the partlcipation of the catalyst.,
Thus, it is not so much that the velocity of the
0l1ld reaction is ralsed, but that the catalysit creates
& new path, which makes possible a greater velocity
and this new path ls dependent upon the presence of
the catalyst, because the latter takes part in the
reaction. The requlrement that the catalyst, K,
should 'not appear in the end produets of the reacw
tion' is fulfilled by its final regeneration in a
nenner such as the following:

ls A+ X = AKX
s AK + B= AB + X
Totals A + B = AB catalyzed by K

This is an example of catalysis by an intermediate

compound: Most positive catalyses can be explained

in this way:®

In respect to activation by the catalyst Schwab states:
tzctivation leading to a spontaneous reaction can alweys be
interpreted as a nopn-spontaneous endothermic initial step

and 1ts acceleration by a reuction involving the catalyst



can be conceived as an induction of this kind, The dis-
tinetion is only that a successive exothermic reaction
releases enough energy to return the catalyst partly or
completely to its originsl state. Such processes would be
considered as catalytic, since here the amount of catslyst
consumed depends on the conditions and, from the standpoint
energetic, has zero as a limit.” These ideas are very much
in agreement with the ideas of enzymlc action glven below.

Kluyver and Donker (1925) postulate & theory of micro-
biological oxidation which combines with the oxygen activae-
tion theory of warburg {(1924) with that of wieland (1923}
which explains biochemical oxidation as & catalytic transfer
of hydrogen. By combining these theories, a respirstion
becomes a process whereby cells can derive enerzy necessary
for growth either by userobic or asnaerobic oxidation of the
substrate.

Aerobic respiration; termed oxidative dissimilation, is
the transformation of the substrate in the presence of free
oxyzen into compounds which are exoreted. Anaeroble respira-
tion, termed fermentative dissimilation, is the transformae
tion of the substrate in which free oxygen takes no pars;
instead other hydrogen acceptors are present.

The oxidation of glucose to gluconle acid or of

sorbitol to sorbose by Acetobacter suboxydans is a very good

example of an aerobic oxidation, whereas the transformation



of zlucose into butyl aleohol ané other products of Clogtridi-

um acetobutylicum is anzerobic respiration or fermentative

dissimilation.

The respiration processes, according to XKluyver and
ponker (1925); are fundamentally the sams; and the observed
differences are due to varying affinlty of the protoplasm
of the cells for hydrogen. AaAccording to this concept it is
no longer necessary Lo assume a different enzyme system for
each single biochemical reaction. However they admit that
different hydrolytic enzymes are necessary for complex
oarbchydrates; fats; and proteins. The differences which
have been accredited to such enzymes as oarboxylase,
alachﬁlaxiéase; aldehyéamutase; catalasa; etc., are supposed
to be due to different affinity for hydrogen shown by the
protoplasm. In view of the ideas presented here a classifi-
cation has been presented vwhich groups the specles of bacteria
of similar respiratory and morphological actions together.
In all there are seven groups which are placed in the order
of the decreasing «ffinity of the protoplasm Tor hydrogen
and increasing affinity for oxygen.

Kellin (19:9) has formulated z scheme of micro-biologi-
cal resplration which also combines the theories of ¥arburg
and wielend and seenms to give a very good picture of the
mechanisms of respiration., This theory of aerobic respirs-

tion mechanism introduces the pigment cytochrome. The scheme
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then becomes dehydrogenase~substrate-cytrochrome~oxidase-
oxygen. The dehydrogenase in Keilin's systenm, as in Wie-
land*s, has the power to activate the substrate molecules,
@hila the cytochrome~oxidase portion 1s ldentical wlth the
substance which Warburg regards as essentiasl for blologicel
oxidation by molecular oxygen. In the presence of a suitable
dehydrogenase the cytochrome~oxydase~oxygen system msy be
replaced by some other hydrogen acceptor such as methylene
blue, thus beconing snaeroble. The ocourrence of the pigment
cytochrone appears 10 be very widespread; it has been isolated
from numerous baoteria. A great deal of experimental evidence
has been found whiech tends to show that it 1s quite important
in oxidation-reduction systems. On consideration of what has
been ssld concerning the proposed respiration sohemes; it is
glear that the sctual mechanism of cell respiration probably
is a rather complicated setup.

Stephenson {1935) states that the coytochrome system in

acetobacter is responsible for practically all the respira-

tion. This is rather interesting becmsuse their respiratory
mateabolism 1s characterized by ithe incompleteness of ths
oxidatlons which they bring about., DBertrand (1898} was the
first to publish an extensive study of the idcetobacter.

Later (1504) he presented a literature review of the blochem-~
istry of the organism.

It was the characteristlc action of the Acetobacter,

the transformation of ethyl alechol into acetic acld, which



led Welland to extenc his dehydrogenation theory of oxida-
tion to bvieclogleal processes., The controversy which arose

over the mechanlism of the acetaldehyde to acetic acid

reaction has not been completely settled, but the evidence
is very strong that under usual conditions the transforma-
tion 1s & direct dehydrogenatlon of the hyé:ated acetaldehyde
and not a dismutation (Cannizzaro resction).

The generally acoepted mechanlsm of the conversion of
ethyl alcohol to acetic acld may be visuslized as:

l. A catalytic dehyérogenétion of ethyl alecohol to
acetaldehyde,

o
Gﬂg-’G-GE‘#G——-?GHg,*CﬂO#Kaﬂ
B H
Neuberg and Kord (1919) proved acetaldehyde was an inter-
mediate product by fixing it with neutral calelum sulfite.
2. Iydration of acetaldehyde molecule.

?B
r——
CH;, - C =0 + H0 CHz: -~ C ~ OH
37 2 e N3 ,
: B

3. Activation and dehydrogenation of the hydrated

acetaldehyde.
- §
CHz - C - OH* + 0 -C =0 4+ H0
é* .—__.?033 >}

*penotes activated atom.
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In defense of the last two points Wieland ané Bertho (1828)
showed that atmospheric oxygen could be replaced by other
hydrogen acceptors such as methylene blue and benzoguinone.
¥hen both oxygen and quinone were present the oxygen was
used only after practically all the guinone was reduced.

They also showed that; although a Cannlzzaro reaction does
take place; it is so slow that 1t can account for only a very
small fractlon of the acetic scid formed, Tammiya and Tanaka
{(1830) have shown that the dehydrogenation of both alcohol
and acetaldehyde hydrate 1s strongly inhibited by carbon
monoxide in the dark, This would seem t0 show that the
eytochrome-~oxidase system is the one responsibvle for the
oxidatlon.

Butlin (1836) groups the verious chemical transforma-~
tions of the acetle acilé bucteria under six heads as follows:
{a) The oxidative (asroblc) dlssimilation of sugsars.

{b) Permentative (anserobic) dissimllation of the

acetic acid bacteria,

(¢c) The oxidative dissimilation of alcchols,

(4} The oxidative dissimilation of acids.

{e) Polysaccharide synthesis by the acetic acid bacteria.

{f) The oxidative dissimllation of amino-acids.
Only two, (@) anc k), of these are relative to this research snd
are therefure the only parts which will be discussed.

The scetic acid bacteria have been classified by Kluyver

and Donker (1924) as "aerobic organisms with strong oxidative



{dehydrogenating) powers, characterized by the direct dehydro-
genation of glucose to gluconle acid in the presence of
powerful hydrogen acceptors such as oxygen and methylene

blue.” The reasction expected would be;

CHyOH ('}HQGH
HOCH HOCH
HocH HooH

mbon % TV weem R
HOGH HOCH

&m0 Soom

Under the right conditions, given by Currle and Cartsr (1933},
gluconic scid 1s formed and can be isolated as the calclum
salt,

If, after the foématien of gluconle scid, & further
dehydrogenation takes place one would expect the primary
alcohol group to be converted into 6~aldehydo-gluconic acid

and then further dehydrogenated to saccharie acid according

to the equations:

?ngﬁ c':zm
HOCH HOCH
HGéH mén

mon 0 —> H(,}OH * 50
ﬁm‘m HO(;H

I |
COOH CO0H
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OH
I
HCOH COOH
l {
HOCH HOCH

l l
HOCH + 0 5 HOCH + Hp0

l
HCOH HCOH

|
BOCH HO&H
[
bﬂ@ﬁ COOH

Vissertt Hooft {1825) reports that S-~keto~gluconic acid
is formed by the second dehydrogenation and no sacchariec
acid is fcund; showlng that due to steric configuration or
some other cause the secondary alcohol group 1s attacked
before the primary slcohol group. Therefore instead of the

above reactions the sctual path taken by the dehydrogenation

isg
cl:HgoH Cltﬁzoﬂ
HOCH C=0
HO%H + 0 HO%H + B0
HCOOH 7 ucom 2
HoGH Hoc.:ﬁ
Soon clmoa'

Very little c¢an be found in the literature concerning
the aserobic dissimilation of other simple sugars, but it is
to be expected that dehydrogenations similar to that of
glucose would take plece in the cage of the alﬁehydo—trioses;

tetroses, pentoses, and hexoses., Vlssertt Hooft (1925)
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reports scid formatlon in rhamnose, galactose, and maltose
solutions while Xluyver and de Leeuw (1924) find that S-keto-
gluconic scid is produced from maltose solutlons. This would
suggest that the maltose is first hydrolyzed to iis compo-
nents.

Dne largely to Bertrandts {(1888) classiosl research with
the sorbose bacterias their dehydrogenation action on poly~-
hydric elochols has been much more thoroughly investigated.
Aslthough more recent research has rather confused the problenm

of configuration in regard to dissimilation by Acetobacter,

Bertrand®s ldeas on this subject are still menerally accepted.
He tested a number of polyalcohols in 2 per cent solutions
containing 5 per cent yeast water and concluded that when
compounds made up of primary and secondary alcohol grouys; a8
are the p@lyhydric alcohols; are oxidized by the sorbose
baeteria; only the secondary alcohol grouping is attacked and
converted Into the ketone group in the beta position; and the
dehydrogenation depends on the configuration of the moleculs.
The favorable configuration is that 1n which the beta and
gammae hydroxyls are in the cils position. To support these
conclusions Bertrand (1898) reported thst glyceral; erythritol,
l—arabinose; d~serbitol; manﬂitol; persitol; and volimitol
were dehydrogenated to beta-ketonic compounds, while l-xylitol
and dulecitol were not attacked.

The mechanism of the dehydrogenstion is explained by

agsuming that the sorbose bacteria activate the beta hydrogen
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atome In such a way that they are easlly stripped off by
oxygen or other hydrogen acceplors.

The rules concerninz favorable configuration of the
alcohol molecule which Bertrand gave have been questioned
by vOtocek; Valentin; and Rac (1930) who were unable to
oxldize rhoéeitol; l-rhamnose, or alphua- and beta-rhamno-
hexitol; and more recently by Hann, Tilden, and Hudson
{1938) who carried out experiments using sixteen sugar alco-
hols snd related compounds. They reported that d-arabitol
and l-fucitol were oxidlized whereas l-srabitol and d-lactosi-
tol were not attacked.

The actlon of icetobacter suboxydans which was first

reported by Kluyver and de Leeuw {1924) differs from that of
the acetiec aold bacteria as regerds Intensity of oxidstion.
Their zction is so mild that glucose ig dehydrogenated to
gluconic acid or S-keto-gluconie acid ané no further even
when the culture is artificiually aserated. Thls characteris-
tic suggests & solution to the questlon of the feasibility
of greater aeration of culture to Ilnorease the rate of oxida-
tion, whiech was Drought up when Bertho {(1829) found that
the velocity of dehydrogenstion of isopropyl alcohol to
agetone using oxygen as a hydrogen aseeptor is directly pro-
portionsl to the concentratlon of oxygen.

Fulnmer, Dunning; Guymon; and Underkofler (1936) have

studied the effect of concentration of sorbltol upon the



production of sorbose by the action of Agetobacter sub-

oxydans. Theyfound that at a concentration of 35 per cent
sorbitol or below approximately 80 per cent can be rescovered
as sorbose. The use of high concentratlions of sorbitol
affords an easy method for laboratory production of sorbose
and therefore has stimulated interest in the production of
sorbose for the synthesis of vitamin C. ﬁells; Stubbs, Lock-
wood, and Roe (1937) have adapted the process to use subw-

merged growth of Acetobacter suboxydans in & rotating drum

developed for the production of gluconic aclid by molds. 3By
using pressure seration of the culture a 93 per cent yleld of
sorbose from 15 per cent sorbitol solution can be obtalined in
24 hours.

The above brief dlscusslon has given an insight into
the blologleal oxidation action; especially aerobic dissimi-
lation of certzin carbohydrates and polyhydrice ulcohols.
thile 2 great deal of Information is available concerning the
pure chemical oxidation of sug&rs; very few data are avallable
on the oxidation of polyhydrie aloohols.

In strong acid and basic solutions the carbohydrates
undergo rather complicated isomerization and degradation
reactions giving meny and varied producis. Vhen they are sub-
Jected to long traatment; at nigh_temperature; with powerful
oxldizing agents such as potassium permanganate, potassium

dichromate, and ammonium persulfate the products range from



the mono~ and di-carboxylic acids to carbon dloxide and
water, Of more interest to this study, however, are the pro-
ducts of oxidation using mild conditions which ocsuse the
minimum of degradation of the molecule.

In general, chemicsl oxldation of the sugars can be
divided into two clesses: (1) those carried out in alkaline
mediun and (2) those accomplished in acid solutlon. The first
class has been studied especially by Nef (1904) and Zvans
(1929). The second has been investigated by iLverett and
Sheppard (1936) using bromine and dilute nltric aecid znd by
Ridgeway (1931) employing potassium permangsnate at a pH
corregponding to that used with bromine,

In alkalinﬁ solutions sugars show a marked itendency to
isomerize. 4t low temperztures and very dllute solutions this
isomerization may be negliglble but as a rule degradation of
the molecule is predomlnant. Svans (1929) has reviewed the
studies made In his laboratory on the resctions of sugurs in
alkaline golutions both in the presence of and absence of
an oxidizing agent. The produets of the oxldation are ex-
plained on the basls of the formstion of "enediol” and sub-
sequent oxidation and splitting of the sugsr at the double

bond thus formed.
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HOCH
|

CHpOH

HOCH
]

HOCH w.. HOCH

|
HOOH
|
HOCH

!
CEC

d-glucose

!
HCCH

)
COH
n

H COH

glucose
1«2 enediol

f'-20—

CH50H

I
HOCH
|

. HOCH

|
CoH

\ ]

COH
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glucose
2=-3 enediol

e

Gz OH
HOCH
|

. COH

J
CCH

l
HOCH

|

CH5;0H

glucose
3-4 gnediol

“hen the double bonds are ruptured the following reactions

take place:
(1)

(2)

fHROH
HOCH

ED?H
HCOH

[
CCH
"
CHCH

CHaO0H

!
HOCH

I
HOCH

{

COH

i

CCH

éﬁgozz

B0l
HOCH

|
HOCH

|

E HCOH

{
-COH

(

GH0H

EO?H

HOCH
|
-COH
[

don
|
CHaOH

T¢ supporit the theory set fortih by the equations given sbove,

a study of the reactlions of sugars 1n alkaline solution but

in the absence of an oxidizing agent was made. DBy comparing

the formation of the several products to ithe concentration of
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the base Evans {1929) found that the amounte of lastic acld,
pyruric &ldehyde; acetic gcld, and formic aeid formed on
oxidation were definite funetions of the alkall eoncentration.

Everett and Sheppard (1936) have made extenzive guanti-
tative studies of the oxidation of more than fifty carbohy-
drates by bromine and less thorough studies using dilute
nitric acid. In many respescts, they found the Gzidation by
dilute nitric to resemble very closely the oxidation by
bromine. All oxidatlions at 259 ¢, were allowed to run for
forty-two days, and in the course of the oxidation by bromine
several stages could be recognized.

Aldoses as a rule were oxidized in three stages: first;
monocarvoxyllic acids were formed; the second step resulted in
keturonic acld and some dlearboxylic acid fermationg ané
finally, the keturonic acids themselves were oxldized. vhen
ketoses were subjecied to the same conditions of oxzidatlon as
the zldoses 1t was found that they were only partially changed
t0 keturonle aclds. The suger alcohols were found to be
oxldlzed first to ketones and then the oxidation character-
istic of ketones took place.

The formation of aldonic acids followed by the formsztion
of keturonic acids from aldoses and the formation of ketones
from sugar alcohols is very intereating; since it would seem
to Indicate that in some way the hydrogens of the secondary

alcohol mroups have been more highly activated than the
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hydrogens of the primary alcohol agroups, suggesting a close
connection between the oxidation of these compounds by

bromine and by Acetobacter suboxydans. At this point the

statement, "This reagent (bromine) and nitric acid produce
oxidation products which are similar to those formed by
1iving bacteria and fungl, as shown by Bertrand and subse=
quent investig&tors;" by Zverett and Sheppard (1936) becomes
gquite significant. 4 discussion of the simllarities of the
products produced by the pure chemical oxidetion and by bac-
teria will be gilven later.

Studies of the effect of concentration, temperature;
aaidity; and buffers indicate that; (1} the liberated bromide
slows down the oxzidation to keturonic acids; so more of this
acid is formed in dilute solutions, (2) buffers accelerate
all stages of the oxidation end seem to materlally increase
the keturonic acid formation, and {3) increased temperature
increases the speed of the reaciions as would be expected.

Everett and Sheppard (1936} concluded that: "Oxidation
paths are determined by three general structure influences:
(a) substitution upon the upper; or reducing; carbon of the
ring; (b) cis-trans isomerism of intermediate cyclic carbons;
{c) substitution on the lower carbon. The first i1s manifested
in the great differences between alpha- and bdeta-glycoslidesg
the second determines the relations of lsomeric sugars; the
third becomes important for methyl pentoses and dicarboxylic

aoclds.n



Ridgeway (1931) attempted to oxidlze glucose using
potassium permanganate in sulfuric acid at the same pH at
which the sugar 1s oxidized by bromime to gluconic acid;
however no gluconic acid was lsolated. It was found that
the oxidation proceeds very rapldly to a certain point and
then goes on at a much slower rate. The decrease in veloclity
is attributed to formation of a more stable oxldation product
and a more stable oxidant,

Accordling to Raymond (1938) glucose is oxidized by hot
dilute nitric acld principally to gluconiec acld but bolling
concentrated nitric acid oxidizes both terminal carbon atoms
forming sacc¢haric acid. The oxidation of sugars using hydrogen
peroxide 1s catalyzed by both ferrous salts and colloidsl
ferric hydroxide. 1In the presence of ferrous salts both
aldoses and 2-ketoses arc converted into osones accompanied

by some degradation of the molecule,

CHzOR CEOH GHOR
CHOH CHOH CHOH
QHOH cHoH $xom
GHoE ——> lmon € cmom
éBQH é =0 é =0
oo ¢ro Stz

Colloidal ferric hydroxide catalyses the decarboxylation of
sugar aclids to glve aldoses of one less carbon than the

parent acid.
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Ochl (1931) investigated the action of bleacshing powder
on gluecse; fruetose; and suorose at different temperatures.
Using a 0,05 molar solution of sugar and hypochlorite, he
obtained gluconic acld with a smell amount of oxallc and
sacchariec acid. On doubling the concentration of hypo-
chlorite a 94 per cent yleld of gluconic acid was obtained;
together with approximately S per cent of oxalic and some
saccharic acid. Fructose treated in the same way and under
the same conditlons as glucose was only 37 per cent oxidized.
These results suggested a possible separation of fructose _
from glucose by oxidation of suerose with bleaching powder.
Experimental verirication was obtained when the solutlons
resulting from this oxldaetion of sucrose showed the presence
of glucose amounting to only 21 per cent of the amount of
fructose remaining.

Pang (1932) reports the formation of xylonle acid when
xylose 1s oxidized with chlorine in ammoniggl solution.

A8 would be expected, the aldehyde group of aldose sugars
can be oxidized to the acid group provided a relatively miléd
oxidizing agent is used. Xiliani (1880) was among the first
to prepare gluconic acid by oxidlizing glucose with bromine,
while investigating this method Bunzel and Methews (1909)
found that the hydrobromic acid produced retarded the speed
of the reactlon and if the aldose is not a monosaccharide

hydrolysls may cause poor ylelds of the desired acid. Flscher



and Meyers (1889) obtalned only about 30 per ceni yields

of aldobionic acids from the oxidation of lactose and mal-
tose by bromine water. XKunz and Pudson (1826) were rewarded
with =similar ylelds from neolactose. In both cases the
presence of gluconie and galactonic acids, probably resulting
from the hydrolysis of the dlsaccharlde and then oxidation of
the simple sugars, rendersed crystallization of the aldovionic
acids difficult,

Recently seversl lnvestigastors attempting to elininate
the inhibition of the hydrobromic acid have obtalned very good
yields of the aldonic acids of the monosaccharides by eleciro-
lytic oxldation of the aldoses in the presence of varlous in-
organic bromides. Isbell and Frush (1931) and Fink and
Summers (1938) have both prepared gluconic acid in the form
of calcium gluconate by very similar methods. Essentlizlly
both processes are about the same; oxildizing an aldose at a
carbon electrode using a bromide or bromide-containing
electrolyte solution. Although both authors have operated
thelr processes on a semi-commercial scale und have applied
Tor patents; the conditions of the processes are guite fully
given and discussed in the articles cited.

Isbell and Fpush (1931} have also applied their method
to the oxidation of é~galactose; d—mannose; d—xylose;
l~arabinese; l-rhamnose, d-lactose, and d-maltose with good

yvields of the acid obtained in all cases,



Cook and Major (1935), using the method described by
Isbell and Frush (1931}, report that S5-keto gluconic acid
as well as gluconic acid is formed. This compound is the

second dehydrogenation product produced by Acsetobacter sub-

oxydangs so 1ts appearance here illusirates the possible A
parallellsm of electrochemlcal and blochemloal oxidations,

Strictly speaking; any process involving the transfer of
electrons to or from a substance 1s a reduction or oziéation;
respeétively. On this besis the electrodeposition or dissolu~-
tion of metals, and likewise the llberation of oxygen or
hyércgen; could be referred to as reduction or oxldatlon.
for our purpose we shall define an electrochemical reduction
as the transformetion of the depolarizer taeking place at the
cathode when a current passes through the electirolytic cell.
Likewise we shall define an electrochemlcsl oxldation as the
transformation of the depolarizer taking place at the anode
when a current passes through the electrolytic cell. The
depolarizer nmay be deflined as any material in s solution which
takes up ?he hydrogen or oxygen liberated at an elecirode,

In general; the successful electrochenical oxidation of
one organic compound to form some other definite compound is
much more difficult to carry out and control than electro-
chemical reduction because of the innumerable oxldation pro-
ducts possible; ranging: from the simplest oxidation products
to the ultimate formation of carbon dloxide and water. In the

case of elecirochemical reduction, the end product is usually



the material sought, and there is not the tendency at the
cathode to cause such deep-seated changes in a compound but
rather to saturate its structure with hydrogen. Since elec-
trochemical reduction takes place at the cathode which is
negative and therefore only attracis positive (metallic) ioms,
almost any metal which will not react wlth water can be used
as an electrode for electrochemical reduction. The opposite
is true for the anode and great difficulty is experienced
when one tries to use the majorlty of metals as electrodes for
electrochemlcal oxzidetion.,

Electrochemlcal methods in gemeral appear to have at
least one advantage over ordinary chemlcal methods. The final
product should contain no cénsiderable amount of lmpurities
resulting from the use of a chemical oxldizing or reducing
agent. A very good example is the reduction of nitrobenzene
t0 aniline which, if carried out using iron and acid as the
reducing ag&nt; necessitates the separation of iron salis
from the aniline. On the other hand; electrochemical reduc-
tion of nitrobenzene in acld solution using a lead cathode
vields almost pure aniline as the salt. It 1s also possible;
by altering the conditions of nitrobenzene reduction; to stop
at any of the intermediate reduction products shown in
Hubexr's (1898) proposed scheme of electrochemical reduction
of nitrobenzéne " which gives ull the possible intermediate

products and conditions necessary for thelr formation «s the

final product.
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One should not get the idea that electrochemical prepa-
ration of organic compounds has no disadvantages for several
secrn Lo stand out very obviously. Usually electrochemical
reactions are very slow and hence requlre g great deal of time
and space for application on a commercial scale; as a rule an
agqueous solution ié necessary so the insolubllity of many
organic compounds in water offers guite a problem. Moreover,
the conditions under whioch the electrolysis 1s conducted have
a marked influence on the nature of the final products, making
careful conirol and handling absolutely necessary.

Electrochemical reduction of organic compounds has been
more thorouzhly investlgsted than electrochemical oxldation
due largely to the gresier choice of elecitrode materials and
thie ebsence of degradatlon reactlons at the cathode. The
fuctors which appear to influence the products formed by elec-
trochemical reductions are (a) neture and condition of the
eleetrode; (b) elecirode poﬁenti&l; (c) concentration of the
depolarizer, (d) temperature of the electrode and electrolyte,
and (e) catalysts or carriers. Due to the great number of
combinations of conditions which are possible; only & general
discussion of them can be made in this thesis,

The property of the cathode material whieh appears to
have as mueh Influence as any other on the nature of the electro-
chemical reductlon process is that known as "overvoltage.”

To understand this property it is necessary to surmmarize a Tew

of the principles of electirochemistrye.
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If a strip of a metal is placed in a solution of the
salt of that metal, the metal shows a definite tendency to
go into solution and form ions. Because of this tendency
there 1s a potential setup between the metal and the solu-
tion the wvelue of which depends on the active mass or cone
centration of the metal lons already in solution. If this
strip of metal is made the cathode of an electrolytic cell
contalninzg a solution of & salt of the metsl and & current
is passed through the cell; it will be found that the poten-~
tlal or B. M. ¥. required to forece the current throush the
cell and cause the metal to plate out will be of opposite
sign and Just slightly groater thun the potentlial set
up by the tendency of the metal t0 zo into solution. This
poten@ial is known as the reversible potentivl of the eleg-
trode.

48 an example let us consider the silver electrode whose
reversible potentlal in a one molar solution of zllver nitrate
is 0.5Z volis. If this electrode is made the cathode of an
electrolytic cell conteining one molar niltric acid instead
of silver nitrete andéd & current is passed through the eell;
it will be found that a potentiél approximately 0.15 volts
greater is required to make a current flow than was required
when silver nitrate wus the electrolyte. It will z2lso be
noted that mas bubbles form on the electrode. This differ-

ence between the reversible potentlal of the electrode and



the potential required to cause evolution of gas is called

overvoliage. Xach metal has an overvoltage of its own which

varies from 0.005 volts for platinized platinum to 0.78 volts
for mercury. Table I given below is from Glasstone and
Hickling (1935).

TABLE I. Minlmum Overvoltages in
2 ¥ Sulfurlc acid,

Ketals Volts
Platinized platinum 0.005
Gold 0.02
Iron (in alkall) 0.08
Smooth platinum 0.09
Silver 0.15
Hickel 0.21
Copper 0.23
Cadmium 0.48
Tin 0.53
lead 0.64
Zine 0.7
Hereury Q.78

It should be undersiood, however; that the overvoltage of a
metal is not a properiy which can be measured with any high
degree of accuracy, so most of the values given are only
approxinate.

Allman and Ellingham (1924) prefer the concept that the
reaction of the hydrogen lon at the cathode takes place 1in
three steps: the discharge; the formation of ztomic hydrogen
followed by the production of molecular hydrogen. If this
latter reaction is catalyzed by the metsl of the electrede;

molecular hydrogen will form readily, dbut if the process



does not ooour rapldly there should be an accumulstion of
atomic hydrogen on the electirode. aAssuming that s certain
gas pressure is necessary for bubble formation; it is obvious
that there probably will be an appreclable asccumulation of
hydrogzen atoms on an electirode which Goes not cutalyse the
formation of hydrogen molecules. Juch metals will assume\a
high eathode potential before bubble evolution begins, and

80 will show & high overvoltage. Conversely if the netal
catalyses the formatlon of hydrogen molecules, there wlll be
no considerable concentration of atomlic hydrogen present when
pubbles begin to form; and s0 the overvoliage is low.

‘Now it 1s possible to obtein some idea of the resotion
at the cathode during an electrochemical reduction. As the
reducible depolarizer comes near or in contact with the
cathoﬁe; it will react readily with the atomlic hydrogen and
vield a reduction product. If the overvoltage of the elec-
trode is high there will be a large concentration of active
hyoszen present and a vigdrous reduction wili ensue, but if
the overvoltage of the cathode is not so high, the~concenﬁra-
tion of hydrogen atoms will be smaller, in sonme oases little
more than in ordinary hydrogen gas at atmospheric pressure;
and the reduction is much milder. The above explanation
agrees very well with the findings of Tafel (1900) who reduced
the difficultly reduced carbonyl compounds and pyridine

electrochemically at merocury, lead, and zinc electrodes.
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Elbs and Silvermann (1901} found that nitrobenzene can be
reduced guantitatively to aniline at zine, lead; tin; and
mercury cathodes, but at niokel; carbon; and platinum
cathqdas benzidine and phenylhydroxylemine are products as
well.

Electrochemical oxidation has been applied %o the manu-
facture of a number of inorgenic substances for some time;
but its use in the realm of organlc chemistry has found
l1ittle spplication although in'general; according to Flchter
and Stocker (1914), the products of electrochemical oxidation
are similar to those formed by the action of hydrogen per-
oxide, In the first place the mechanism of the evolution of
oxygen at the anode and conseguently the mechanisin of oxlds-
tion is abgcure; and in the second place every anode; as a
rule; at first tends to dissolve in the electrolyte; limiting
the cholce of anode materials to those mebtsls which can be
made passive in the particular elecirolyte used. Herein lies
one of the maln drawbacks to eleéctrochemical oxidatlon for
there appears to be no series of stable potentlals between
the hlgh potentisl of oxygen evolutlon and the low potentlsl
at which anode solution occurs; therefore as good contirol
of the intensity of the anode is not posslible, as in the case
of the cathode; where a range of overvoltage potentials and
a wide cholce of eleotrode materials are avallable,

The difference in overvoltage range may be seen by com-
paring Table II below,taken from Glasstone and Hickling (1935},

with Table I.



TABLE II. Oxygen Overvoltages in
1 N Potassium Hydroxzide.

Metal Volts
Nickel 0.13
Cobalt 0.14
Platinized platinum 0.25
Iron 0.25
Lead 0.31
Silver D.41
Palladium 0.43
Smooth platinum 0.45
Gold 0.53

Garrison and Lilly (1934) who have measured oxygen
overvoltages in K/10 sodium hydroxide give the following

values:
TABILE IIX,
¥etal Vvolts
MWickel 0.245
gobalt 0.300
Iron Ca545
Iridium 0.387
Platinum {smooth) 0.402
gold 0,580

48 seen from Table III above most usable elactrodes show
rather high overvoltage tending to high oxldizing power;
according to Fichter (1929) this should be compared only with
the strongest oxildizing agents.

Perkins (1905) clalms that electrochemical oxldation is
due to the action of the discharged hydroxyl groups and not

to the discharged oxygen, basing his contention on the fact
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that toluene and related compounds yield similar products
when oxidirzed with ohromyl chloride and electrochemicslly,

Glasstone and Hickling (1932) have proposed a hydrogen
peroxide theory of anodic oxldation. wWhen the hydroxyl ions
are discharged at the anode they inmediately combine to form
hydrogen peroxide which becomes concentrated ln « layer at
the electrode and can be removed either by reaction with an
oxidizable subsiance, or by decomposition into oxysen and
water.

It would be mosl convenlent to think of oxygen over-
voltage as being due to a phenomenon similar to that of hydro=-
gen overvoltage., If one visuallzes the reactions whlch take
place at the anode as being;

1. 20H - 2CH + 2e
2. OH + 0H —> Hp0 + 0
Be 0 + 0 ——> 02
a similarity between oxyzen liberation at an anode and hydro-
gen liberation at a cathode is noted. A has already been

stated, hydrogen discharge takes place as follows:
l.H +e —> H
2. H+H —> H,
The irreversible reaction of two nascent hydroxyl radicals
at the anods to form water and oxygen would be cause enough
for the irreversibility of the oxygen electrode.
The oxldation of primary end secondary alcohols to

carbonyl compounds can be more easily understood if one thinks



of electrochemical oxidation as belng brought about by
activated or atomic oxygen adsorbed on the anode in much

the same way that hydrogen 1z held on the cathode. Even
though the oxygen overvoltage 1ls not a direct usasure of

the oxidizing power of an anode as the hydrogen overvoltage
is @ measure of the reducing power of the cathode, the active
oxygen theory can still be used to explain a large number of
oxidations.

Due to the large number of isolated experiments, infor-
matlion concerning the electrolytic oxidation of organioc
compounds is rather fragmentary. KXnobel and Brockman (19:86)
have complled a very complete bLibliography of the workX pre-
vious to 19285.

When comparing the oxldation resctions brought about Ly

icetobacter suboxydens with those caused by other agents, it

is most loglical to begin with the oxidstion of ethyl aleochol
and the products formed. It is rather aifficult to compare
the products of electrochemlical oxidation of ethyl alcohol
obtalned by different investigators becuuse of the wide
varlation in conditiong and current densities used. However
it seems to be the concensus of opinion that ethyl alcohol
is oxidized to acetlic acid at high ocurrent density and is
oxidized only to acetaldehyde at low current density. Cure
rent density may be expressed either in amperes per squure
decimeter or in amperes per square centimeter, but unless

otherwise stated it 1is usually assumed that current density
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is given in amperes per square decimeter of electrode sur-
face exposed to the solution.

Using low current density end a one per cent sulfuric
acid solution Jaillard (1864) oxidized ethanol to acetzlde=-
hyde. Elbs and Brunner (1930); who have investigated
alcohol oxidation rether thoraughly; reported that with high
current density acetic aucid was the maln product with only
about flve per cent of acetaldshyde being found.

Dony-Henault {1900) suggested that whether or not a
reaction stopped at & certain point depended on the depolar-
izing action of the first product formed. AbL & potential of
1,66 volts acetaldehyde is an excellent depolarizer, but at
1.3 volts and a small current density acetaldehyde 1s formed
elmost quantitatively from ethyl aleohol. I{ might be that
low current density and therefore low rate of oxygen discharge
gives the acetaldehyde time to diffuse awvay from the elec-
trode; whereas high current density and 1ts corresponding
rapid oxygen discharge does not, Thls idea is substantiated
by Slaboszewlez (1903) who found that acetaldehyde is a
better depolarizer than is ethyl zlcohol in equal concentra-
tions. Aoetaldehyde has been proved to be the first oxida-
tion produce of ethyl alecohol by Scilotter (1902) who cbtained
elghty per cent current yields by working at high temperatures
s0 that the acetaldehyde distilled out and was removed from
the sphere of oxidation.



The oxidation of higher primsry alcokols follows much
the same course as the oxldation of ethyl alcohol. Elbs and
Brunner {(1900) found that n-propyl alcohol in dilute sule-
phuric acid is oxldized at platinum and lead dioxide anodes
to propionic acid. Nlnety per cent yilelds of proplonic acid
were obtalned with very little aldehyde, except at low cur-
rent density. Shunzo XKoizumi (1921) reports that isoamyl
aleohol is transformed into isoveleric aldehyde at lead
dioxzide and nickel electirodes ln sulfurlc aclid solution when
the current dencity was less than one &mpere; but under the
same conditione and a ourrent dengity of two amperes 1so=-
valeric aclid was the main product.

Isopropyl slcoohol has been oxldized electrochemically
by Elbs and Brunner (1900) ylelding seventy per cent of
acetone along with some acetic acld, formic aoid; and carbon
dioxide, The oxidation of other simple secondary alcohols
has not been reportsd. However several of the more complex
secondury alechols have been oxidlzed to the corresponding
ketonss,

Glycol in scid solution ylelds carbon monoxide; carbon
dicxide; triozymethylene; glycolic acid, formic acid, oxygen,
hyérogen; and a sugar which Renard (1€75) claimed was not a
pentose but formed an osazone meliting at 184 to 1835° (.
Glycerol ylelds similar products including a sugar which in

thils case appears {0 be a pentose.



Until about the turn of the century most investigations
of electrochemical oxidation reuctions had been carried out
using compounds selected entirely at random so lonz as they
were soluble in water, As a rule ocurrent densities were
rather high ané the platinum and lead dioxide electrodes
employed usually caused extremely viporous oxidation. Under
the condlitions of high current density and high overvoltage
electrodes it is only natiiral that the carbohydrates which
were oxidized ylelded a large varlely of products and under-
went considerable degradation. Renard {(1879) oxidized
glucose electrochemically and was able to identify formic
acld, triexymsthylene; and sacchariec acids Lob {1909) made
the first systematic study of the electrochemlcal oxidation
of glucose using a lead slectrode in dilute sulphurie acid;
ané reporits formaldehyde, formic acid% d—arahinose; d-arsbonio
acid, trihydroxyglutaric acid, gluconie acid; and saccharic

acld are farmedg The scheme of oxidation suggested by lLob

iss
/ \ / \ HCOOH
"
CeH120y Cely00g C5H1006 CsHgly  CO + GOy
gluconic saccharie erebonic trihydroxy~
acid acid acid glutaric
acid

In recent years the tendency has been to subject the

carbohydrates to milder electrochemical oxidation. To obiain



a milder oxidatlon some investlgators have turned from

metal electrodes and electrolytes which cause oxygen to be
liberated; to halogen eleetrolytes and ecarbon electrodes. The
work of Isbell and Frush (1931) mentioned above has been more
extensive than that of other lnvestigators.,

The information on electrochemicél oxidation of poly-
hydric¢ alcohols may best be summed up by the words of Glass-
tone and Hickling (1935), "Mennitol, erythritol, and cane
sugar have been elecirolytically oxidized hut the resulis are

of no special interest.”



METHODS

Analytical Hethods

puring an electrochemical oxldation, even when very
carefully controlled; it 1s to be expected that small amounts
of compounds other than the major product will be formed,
Because these zre usually present in rather insignificant
amounts;_analyses were made only for the umjor product or
products. By making use of various color reactions used by
biochemists when analyzing body fluids; it 1s possible to
determine very accurately whet type of compound 1s present.
when the complexity of the mlxture resulting from the oxida~
tion was not too great the final productis were isolated and
identified; where possible, by derivatives. In some cases

it was necessary to develop analytical methods.

l. Determinetion of acidlty

The amount of acid formed during the electrochemical
oxidation was determined by titrating 2 ml. of the medium
with approximately XN/10 base using phenolphthalein as the
indicator; and expressed as acldity in terms of mls. of
N/10 base or acid required per ml. of medium.

The weight of acid formed as a result of the oxidation

of a primery alcohol was calculated from the aclidity by



means of simple molecular relationships between the acld

and the base used. Vhen tests show that there is no appre-
ciable aldehyde present, it is reasonable to assume that only
one acid has been formed from the primary alcohol. At the
end of the oxidation the resulting solution was distilled;
the distillate neutralized with sodiun carbonate; and then
redlstilled. Gualitetive analyses of the second distillate
and residue were carried out to deternine what products were

present.

2. Determinatlion of ketone

Acetone vwas determined by the Goodwin (1920) modification
of the Messinger method and is tabulated In milligrams per
ml. of mediuwm. One ml. of N/10 ilodine solution 1s equivalent
to 0,00086747 zm. or 0.96747 mgm. of acetone.

Methyl ethyl ketone was determined by the same meihod
and under the same conditions but a different iodine equlvalent
lad 10 be used. This value was determined by standarization
of the method against solutions of varying concentrations of
methyl ethyl ketone which had been purified bj isolating it
as the sodium bisulfite addition compound. One ml. of ¥/10
iodline solution is equivalent to 0.001213 gms. or 1.218 ngn.
of methyl ethyl ketone.,

5. Determination of reducing compounds

PolyLydric alcokhols should yleld either reducing com-

pounds or acids, or both when they are oxldized. The reducing



power of the medium at different stages of the oxidation
wes determined by the shaffer-Haurtmann (1920) method., In
most cages we cannolt be absolutely sure what compoundé czuses
this reducing power so all values are expressed in terms of

mem. of slucosge per ml. of medium,

4. Identification of final products

Volatlle ascids were recovered as the sodium salt and
identified as the p-toluidides. A

Volatile ketones were identifled as the 2,4-dinitro-
phenylhydrazones.

The presence of saturated aliphatic aldehyces was tested
for with Schifft*s reagent.

The compounds resulting from the oxidatlon of polyhydric
elcohole could not always be conveniently separsted from the
original polyhydric alcohol so various specific tests were
used. Phenylhydrazine alds in detecting aidehydic and
ketonic polyhydric compounds, but usually forms osazones
Instead of the single sddition hydrazones making it impossible
to differentlate between isomers which differ only in the
configuration of the two affected carbon atoms. Glucose;
mannose; and fructose all give the same phenylosazone. There
are various color tests which are specific for certain groups
of compounds or grouplngs of atoms in a compound. Use has

been made of some of these tests to determine what types of



compounds are present., If the final product is known it
is often possivle to determine the course of the reaction.
Description of the tests used are given below.

¥olisch test.-~54i test for compounds having the carbo-

hydrate grouping. The reagent used 1s a 15 per cent alecoholie
solution of alpha-naphthol. Place approximately 5 nl. of
sugar solution 1in & test tube and add several drops of
Molicsh reagent. Pour 5 ml. of concentrated sulfurie zcid
down the side of the test tube so0 that the acid forms & layer
beneath the carbohydrate solution. A4 reddish-violet zone is
produced at the point of contuct of the solutions, Instead
of the usual solution of 15 per cent alpha~naphthol several
drops of a B per cent alcoholice thymol solutlon may be used,

Seliwanoff test.--is test used primarily for fructose

but also glves & positive reaction with other ketoses. Does

not glve positive reaction with any aldoses. The reagent

Lo

was prepared by dissolving 0,10 gms. of resorcinol in 200 nl.
of 1:2 {12 per cent) hydrochloric acid. To approximately

5 ml., of Seliwanoff's reagernt in a test tube add a few drops
of the solution to be tested and heat the mixture to boiling.
A positive reaction is indiceted by the production of a red
color and the separation of a brown-red precipitate. Heat
the solution only to bolling because excess heating may
cause the sugar Lo isomerize,

Bial's orcinol test.--A test which is specific for

pentoses. The reagent was made by dissolving 1.5 gn. of



orcinol (S5~-methyl resorcinol) in 500 ml. of concentrated
hydrochloric acid and then adding 25 to 30 drops of 10 per
cent ferric chloride solution. To 5 ml. of Blalts reagent
in a test tube add 2 to 3 ml. of sugar solution and heat the
mixture gently until the free bubbles rise to the surface.
Immedlately or on cooling the solution becomes green and a
floecculent precipitate of the same color may form.
Phenylhydrazine reaction.--The reagent 1is made by
dlssolving 0.5 gm. of phenylhydrazine hydrochloride and 0.75
gn. of sodlum acetate (fused) in 10 ml. of water. If neces-~
sary the solution may be heated to 609 C, Use 0.5 ml, of
approxinmately 0.2 molar sugar solution and add 1 ml. of
phenylhydrazine reagent. Heat on water bath for 10 to 20
minutes and set aside to cool. After crystallization has
teken place the crystals may be exzamined under a microscope

and compared with known osazones or photomicrographs,



EYPERTMENTAL

Apparatus

It was declded that oxidation of alcohols at low current
density would be most applicable In this case because a
direct current of low amperage 1s easier to produce and con~
trol, and too, the heating effects are not nearly so great,
The direct current source may be a storage batiery or series
of storage batteries; a mnotor~generator cambination; or some
type of rectifier. Each source has its own advantages and
disadvantages which were rather thoroughly investigated
before salecting a vacuum tube rectifier as the direct cur-
rent source for these investigations.

Rectifliers or power packs which change alternating curye
rent into direct are of several types: wet; dry, and vacuum
tube. For our purpose a vacuum tube outfit seemed to be most
satisfactory because it is comparatively foolproof and fairly
inexpensive. with the large choice of rectifier tubes svail-
able it is posslble to make power packs with current outputs
up to 250 nmilliemperes at a maximum voltage of 500 volts.
When a variable resistance is lnserted in the cireuit; the
current output can be varied from 250 milliamperes downward
without entirely losing the advantage of the large driving

force avallable.



The power pack used as a source of direct current in
this investization was bullt so that several different tubes
could be used. The only requlrements are that the filament
rating is 5 volts and peak plete voliage is at least 280
volts. A wiring diagram of the power pack circult used in
this investigation is shovn in Fisure IX.

During an electrolysis there is always danger that the
anode will corrode to such an extent that the external cir-
cuit will be broken; and very disastrous results may ensue
if the slternating current through the primary of the transe
former is not turned off within a short time. Fuses will
protect the power pack from short circuits in the external
circuit but some sort of relay or circult breaker is necessary
to protect the power pack against burnouts when the external
circuit 1s broken,

The relay used in this investigstlon consisted primasrily
of an electromagnet and an iron-tipped crossbar fitted with
a meroury circuit bresker. The magnet is connected in series
with the electrolytlc cells and as long as a current is
flowing the corossbar remsins horizontal. The circult breaker
is made by sealing an electrode in each end of & tube halfl
filled with mercury. The mercury makes contact with both
electrodes as long as the tube is horizontal snd thus keeps
the primary circuit of the transformer closed. If the

external circult 1ls broken, the magnet ceases to function
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4.
5.
Ba
7
6.
Sa

16.
il.

List of Parts of Power Pack

Power transformer

rated at 200-500 volis and 200~250 millismperes
Electrolytlc condensers

450 volis, meximum 550 volts
Swinging choke

8-30 henries; 200-250 millismperes
Smoothing choke

20 henries, 200-250 milliamperes
Tube

#80, #83, or #83 volts
Power rheostat

rating 75 watts and 500 ohns
Yoliage divider

rating 1300 ohms and 100 watts
Voltmeter

300 watts
Milliammeter

250 nmilliamperes
Chassls
Fuses
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and the crossbar tilts thereby cutting off the alternating
current.

It is advisable to know when the current goes off so
that the length of oxidation of the compounds will be known,
4 self startling electric clock makes a very convenient indi-
cator if it is wired im parallel with the primsry of the
power transfiormer.

The electrolytic cells which have been used in previous
studles are of various shapes'and descriptions, Several tyrpes
of cells including beakeﬁs, large test itubes with sealed on
side axms; 500 ml. wide-mouﬁhed bottles, and 250 ml. wide-
mouthed bottles were tried before the 250 ml. wide-mouthed
bobttles were flnally decided upcn. The botiles were fitted
with number nine rubber stoppers having four holes bored in
them for electrode leads, stlrrer, and sampling opening.

Stirring or agitation of the solutlon while the current
is passing 1s very necessary;for the rate of diffusion to
and away from the electrode is seldom equal to the rate of
reaction. Although any form of agltation may be used; sone
type of mechanical stirrer is usually most convenient.
Frequently one of the electrodes 1ls rotated so that it keeps
the solution moving, but this arrangement 1s usually rather
difficult to adjust. Among its more lmportant purposes
stirring serves to bring new depolarizer in contact with the

electrode surface, remove the products of the reaction from
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the vieinity of the electrodes so that further oxidation is
held at a minimum; and decrease the concentration of positive
and negative lons around the respective electrodes. For
this investication variable speed; electric motor-driven
stirrers were used., The blades of the stirring paddles

drove the solution dovnward against the bottom of the cell
where it moved upward over the electrode surfaces.

Yhen metal electrodes were used, they were cut long
enough to extend approximately 5 cm. below the surface of
the liquld snd were suspended by means of copper wire passed
up throush glass tubes in the rubbef stopper. The cathodes
in all cases were surrounded by alundum cups; extraction
thimbles measuring 19 by 90 mm. with flat bottoms and in
three grades of porosity were used. These porous cups
almost entirely eliminated the reduction of the oxidation
products at ihe cathode by decreasing éiffusion of the depo-
larizer while offering very little hindreance +4o the ions of

the slecirolyte.

Investigation of Xlectrode Haterials and Zlectrolytes

In investigations of the electrochemlcal oxidation of
aleohols, it is necessary to determine the manner in which
the different electrodes react when used ln a variety of
electrolytes. The electrodes tested in connection with this

investigation were lead, nickel, copper, tin, zinec, carbon,



and aluminum., The behavior of each of these wlll be discusssed

under the electrolyte employed.

sulfuric acid as elestrolyte

when 2 per cent sulfuric scid was used as the elec-
trolyte; a covering of black lead dioxlde formed on the lead
anode and made 1t almost imwediately possive., Oxyzen was
liberated quite rTapidly after the electrode surface had been
changed to the dloxlide. A nlokel anode was gradually dis-
solved in the elecirolyte with very lititle gas evolution.
Copper anodes dissolved rather rapidly in the sulfuric acid
slectrolyte, while tin first became covered with the black
oxide followed by the disselving of the electrode; some gas
was evolved. 2Zinc and aluminum electrodes, as would be
expected; dissolved quite rapidly in soid electrolyte. The
carbon anode was oxidized by the oxygen liberated at the
electrode 50 is not very useful when sulfuric acid is the

electrolyte.

sodium hydroxide ag electrolyle

Lead electrodes dlssolve very repidly without gas evolu-
tion or apparent oxide formation when 2 per cent sodiunm
hydroxide was used as the electirolyte. A nickel anode
becane covered with an oxide film which made 1t passive 1In
bagic solution, and oxygen was liberated quite rapildly. The

inertness of nickel in alkaline solution should meke i¢ a



very good oxldatlon electrode. Copper also became passive

in basic solution and showed promise of being gulte useful

as an anods, Both copper and nickel anodes, however,
dissolved very rapidly when a polyhydric compound such as
glycerol or sorbitol was present in the solution. apparently
a complex was Tormed whieh is similar to the one which copper
forms wiith tartrates. The findings of lLieser and Sbert
{1937) that cuprle hydroxide formed complexes with poly-
alcohols such as glycerol, adonitol;and inositol support the
above statement. Tin; zinc, and aluminum anodes dissolved
guite rapidly in 2 per cent sodium hydroxids since they are
amphoteric metals. Carbon anodes disinteprated in alkuline
solution as a result of oxldation by nascent oxyzen which

was liberated.

So0dium sulfate as electrolyte

A neutral solution such as sodlum sulfate has been
suceessfully used as the electrolyte in electrochemical
reductions. Therefore it probably would have certaln advan-
tages for electrochemical oxidation, 4anodes of lead, when
employed in 2 per cent sodium sulfate solution, were covered
with lead dloxide Just as they were in sulfuric scid, and
guickly became passive so that oxygen was liberated falirly
rapidly. Nickel; ccpper; zinc; and alunminum dissolved very

much the same as they did in sulfurle acid solutions with



little or no gas evolution. Tin electrodes seemed to hs
slightly more passive than other electrodes tested but they
gradually corroded wlth very litile ges evolution. Carbon
electrodes vere attacked very severely by the oxygen liber-
ated at the anode. In general, when sodium sulfate was used
the electrodes behaved much the same as they did in sulfuric
acid, Therefore since a neutral solution ls much more easlly
handled than an acid electrolyte, sodlum sulfate appears to

have certzin advantages over sulfuric acid.

Halldes ag electrolytes

The halide compounds, either acid or neuﬁral; have
essentially the ssme effect on a1l metal electrodes tested.
They dissolved without any apparent llberation of gas. Lead
and tin were corroded more slowly than the other nmetals. A
¢arbon anode was not attacked by the halogens liberated from
the halide electrolytes and so seemed t0 be the only anode
material which could be used under the above conditions.
After long use, however, the carbon anocde showed some wear

but not enough to caucse trouble.

Phosphate electrolytes

The experiments already carried out indicate that a
protective coatling or film must be formed on the electrodes

if they are to be passlve enough to use as anodes in prolonged
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electrochemlcal oxidations. To meet this requirement elec-
trodes are necessary which wlll form insoluble compounds
with the metal used as the anode. It is also necessary thati
these lnsoluble compounds adhere very astrongly to the elecs
trode. ¥ith these two reguirements in mind numerocus elec-
trodes snd solutlons were tested in hopes that combinations
would be found wihich fulfilled thenm,

¥lokel, zinc, anéd copper phosphates are all insoluble
but when these slectrodes were tested using I per cent primary
or secondury phosphate as electrolyte, the insoluble compound
wag formed as a finely dlvided precipitate instead of the
desired film on the electrode. aluminum on the other hand
formed a film under the avove conditions but it had such
high resistance that a potentisl of 125 volis was required
to moke current flow. Tin and lead both formed black oxides
in phosphate solutions which protected them agelinst eicessive
corrosion. When £ per cent phosphoric acid was used, results
were obtained which were quite similar to those reported for

primary and secondary phosphates.

}Miscellaneous electrolytes

The chromium ion has been reported to be a good oxygen
carrier. A 2 per cent solution of potassium chromate was
tried as the electrolyte using zine, copper, nickel, aluminum,

tin, and lead electrodes. In most casses a flocculent yellow
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precipitate was noted after several hours with no apparent
film formation on the electrode. Nickel anodes did not
seen to be attacked whlle again a film formed on the alu-
minum electrode which had a very high fesistance.

when potasslium permangsnate was used as the electro-
lyte, mangsnese dloxide was precipltated ss & flocculent
preciplitate lesving the solution baslc. An slkaline sclution
probably would csuse excesslive degradation of the sugars and

therefore is to be avoided.

plscussion

In view of the results of the above experiments 1t
becanme obvious that there are only & limited number of nater-
lals which are suitable for use as anodes for the type of
investigation in hand. Disregerding the noble metals; which
were nol tested, only four metals and one nommetal seemed
usable, and these can be employed only under certain specific
conditions. Lead anodes may be used in sulfate or phosphate
solutions either acid or neutral. However they are more
resistant to corrosion in sulfate than in phosphate electro-
lytes. Carbon anodes are most effective when used in halide
solutions both acld and neutral. Nickel and copper anodes
are passive only in alkalline solution and are guite resistant
to corrosion except when polyhydric compounds of the glycerol

type are present. Hence it is doubiful whether nickel and



copper enodes can be used to oxldlze sugar or sugar alcohol
solutions. Then too alkaline solutions tend toward exces-
sive sugsr degradation, so are to be avolded.

The electrodes and elecirolytes selected were: (1) lead
in sulfate solutions both acid and ..utral, (2) carbon in
neutral hallde solutions, (3) nickel in sodium hydroxide
solution, and {(4) copper in sodium hydroxide solution. The
slectrolyte solutions used were all at 2 per cent concentra=-

tvion.

Oxidation of compounds containing only

one functional sroup

Most polyhydric alecohols contaln both primary and
secondary alcchol groups, s0 before attempiing the oxids-
tion of suger alcohols preliminary experimentis were made
using compounds which contain only & secondary aleohol group
and only a primery alcohol group. By using compounds with
only one functional group it is possible to determine how
each group reacts at the varlous electrodes and in the
presence of the different electrolytes. The course of the
reactions was followed by analyzing ssmples taken from each
electrolytic cell at 8 to 12 houwr intervals. The 5 ml.
samples of medium were diluted to 50 ml. and appropriate
aliquots were analyzed for acidlity and ketone formation by

methods already ziven.



Approximately 10 per cent solutions of two primary
aloohols, n~propyl and isobutyl, were oxidized under the
following conditions, The electrodes used were: (1) sheet
lead anode measuring 2 by 5 cm. with 2 per cent sulfuric
acid as electrolybte, () sheet lead enode measuring 2 by 5
en, with sodium sulfate as elecirolyte, (3) cylindrical
carbon anode approximately 0.75 cm. in diameter by 5 cm.
long with 2 per cent sodium bromide as electrolyte, {4) sheet
nickel anode measuring 2 by © em. with 2 per cent sodium
hydroxide as elee%rolyte; and {5) sheet copper anode measur-
ing 2 by & on. wlth £ per cent sodium hydroxzide as elec-
trolyte. The current was adjusted so thet 150 n.a. were
flowing through the cells under sufficient potential to keep
a constant flow. All solutlons were vigorously stirred
during the course of the reaetion; anG the level of the
liguid was kept constant by addition of water or appropriate
aqueous solution to replace that decomposed by electrolysls
and removed as semples for analysis.

When & primary alcohol is oxldized, it is firsi changed
into an aldehyde. Vhether the aldehyde formed will be
further oxidlzed %o an acid depends on the relative depolar-
izing sctlon of the original alcohol and of the aldehyde
which 1s formed by the initiel oxidation. In most cases an
aldéehyde is at least as good if not bveiter depolarizer than

the corresponding alcohol. The resulis of these experiments
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support this last generality since no test for aldshyde was
obtalned with Schifft's reagent and acid was present in con-
siderable quantities. Saturated aliphatic aclds are, as a
rule; qulte resistant to oxidation so there 1s little danger
that sppreciable guantities of the acid will be degraded.

The data swumarized in Table IV give the amounis of
acld formed at different stages of the oxidation caleculated
from the acidity of the solubtion. Assuming that the oxlds=~
tion of s primary alcohol follows the equation;

CpHgCHpOH ~—~l> CoHgCHO -8 GaH5CO0H

it 1s possible to calculate the amount of acid which could
be expected if the process were 100 per cent efficlent. lLet
us teke for an example an electrochemical oxldation of
n~propyl alcghcl which has proceeded for 40 hours with 150
M.8. passing. On titrating one ml. of the solution from the
cell which contains 200 ml. an acidity of 2.0 ml. of /10
base was found. There would‘be: -

2 x 0.,0074 x 200 = 2.96 gu. of acld in the cell,
The Faradays which have pacssed are

, 3600 x 0,150 |
22 gesccx 120 . 21600/96500 = 0.2238

From the equation glven above one sees that two atoms of
oxygen, egulvalent to four Paradays per mole, are required
to change the aloohol to the acid. To form one gm. of accid
4/74 is required and so 0.223¢ Faraday will form

2208 x 74
9.2 ==z 4.14 gms. of acid.
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TABLE IV

Zffect of different electrolytes and anodes on the eleo-
Trochemical oxidation of typical primary alconols.

Tine, acidlityl Yield® Current
hours effieiency3

I. 10 per cent n~propyl alcohol as depolarizer

lead anode 1n 2 per c¢ent sulfuric azcild
CUTTEnt 10U Mefle

2 1.15 8.00 7546
32 1.70 12,55 75.8
44 2;30 17050 78.8
57 2,95 22,40 75.8
64 : 3.87 24,80 74.8

lead anode in 2 per cent sodlum sulfate
current 156 Mebla

12 011 0:84 36,05
21 054 4.10 37.70
28 082 6.22 42,90
35 1.18 8497 49.50
45 1.72 13.07 56410
68 2,76 20.95 59.40

lgeidity is expressed in ml., of }N/10 base equivalent to

gcid in one nl. of mediunm.

zYiela is expressed in gm. of acld formed per 100 gn. of
aleohol in originsl medium, and since a 10 per cent alcohol
solution was used it also shows ngm. of acid per ml. of
nmedium.

Sgurrent efflclency iz ratio of acld formeé to that which
should have been formed on basls of current consumption.



TABLE IV. ({Continued).

Time, Acidityt Yield? Current
hours erficiency®

carbon anode in 2 per cent sodium bromide
current A50 Il.8a.

8 0.025 0.19 4.6
19 0.23 1.75 17.7
31 0.45 3.40 2l.2
43 0.65 4,95 2Z.2
&5 0.85 6445 22.6
68 1.05 8.00 22.8

nickel anode Iin 2 per cent sodium hydroxide
current 170 mea.

13 0,48 3.65 54.3
20 ¢.81 8.16 59,5
26 1.15 8.75 65.0
37 1.81 11.48 59.9
44 1.73 13.15 57.6
50 1.956 14.70 56.8
61 2415 18.30 51.6
coprer anode in Z per cent sodium hydroxide
current 1ol m.a.

8 0.92 7.0 169.0
19 1.50 1l.4 ‘
31 2415 16,3 101.5
43 2«90 22.0 ‘
55 Se4D 29.8 104.8



TABLE IV. (Concluded).

Tine, aciaivyl Yield® Current
hours efficiency?

IT. 10 per cent 1sobutyl alcohol as depolariczer

lead anode in 2 per cent sulfuric acid
current 150 M.a.

10 Q0,55 4,96 80.8
21 0.95 8.58 6645
32 _ 1,30 11.73 59.7
44 - 1465 14.90 55.0
87 2.02 l8.22 5240

lead anode in 2 per cent sodium sulfate
current 150 m.a.

8 0.40 3.52 7146
19 0.80 7.23 6149
31 1.20 10.86 57,0
43 1.82 16,46 62.53
55 2420 19.80 58,8
68 2465 24,00 574

carbon anode in 2 per cent sodium bromide
current 150 m.a,

10 0,025 0.22 348
21 0.15 1.35 9.6
32 0.30 2.70 13.7
44 C.45 4.08 15.0

57 0,80 5.42 13.2
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The current efficiency is 2.96/4.14 = 0,715 or 71.5 per
cent,

Approximately 10 per cent solutions of two secondary
alcohols, isopropyl and secondary butyl, were oxidized under
the same conditions given for the piimary alechols. gSeconéd-
ary alcohols yield ketones as oxidation products in one
step. To undergo further oxidation it is necessary to split
the molecule at the carbonyl group; a reaction which reguires
rather drastic conditions, so it is not surprising that only
slizht increase in acldity was noted during these oxidations.

Assurdng that the oxidation of a secondary aleohol
conforms to the equation,

CHsCHOICH3 0 CH;COCHy
it is possible tb calculate the amount of ketons which
could be expect =d 1f the process were 100 per cent efficlent.
Since the amount actuslly present 1s known, the current
effigiency can be determined as 1t wae for the acid forma-
tion.

The data surmarized in Teble V give the amounts of
ketone formed at different stages of the oxldatlon determined
es. previously described. The zeldlty of each solution was
also determined because any splitting of the ketones initl-
elly formed would become evident as inoreased aei&iﬁy due
to the two amclilds formed b the splitiing.

seids or ketones were formed at the lead electrodes

uged in sulfate solutions in practically eguivalent amounts



TABLE V

Effect of different electrolytez and anodes on the elec-
trochemical oxidation of typlcal secondary alcohols.

Tine, Acidityt vield® current
hours efficiency®

I. 10 per cent isopropyl alcohol as depolarizer

lead anode in 2 per cent sulfurlc acid
current 150 m.a,

12 0.15 10.0 83.9
20 0.30 14.4 92.0
3 0.20 17.6 84,3
36 0.27 23.9 84.8
47 0.25 30.0 81l.95
62 0.27 54.6 71.3
74 0.35 45.0 74.3

lead anode in 2 per cent sodium sulfate
current 1LoU Leds

j #:4 0.47 6.3 67.1
21 0.67 10.1 61.5
8 0.67 14.6 66.6
45 0.72 26.9 76.5
56 0.72 33.8 772
68 0.81 593 75.8

lAﬁiéity is expressed in ml. of N/10 base eguivalent to
acid in one ml. of medium.

2yield is expressed in gm. of ketone formed per 100 zm. of
aleohol in original medium, and since a 10 per eent alcohol
solution was used it also shows mgm. of ketone per ml. of
medium.

3current efficiency is ratio of ketone formed to that which
should have been formed on basis of current consumption.
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TABLE V {Continued).

Tinme, Acidityl Yield? Current
hours efficiency®

carbon anode in 2 per cent sodium bromlide
current 150 m.a,

8 0.025 6.8 108.5

18 0.05 11.5 77.4
31 0,05 20.7 85.5
43 0.05 2840 835.2
55 0.05 3542 8l.8
868 0.05 4345 81.8

nlckel ancde in 2 per cent sodium hydroxide
current 136 Dle& o

13 0.83 .55 893.8
20 0.54 1.0 75.6
26 0.54 13.5 5643
a7 0.59 15.6 54.0
44 0.63 16.6 48,2
50 0.68 17.5 44,7
61 0.73 18.4 38.5

copper anode in 2 per ceni sodluwm hydroxlde
surrent LoU m.a.

8 0.55 3,26 S52.1
3l 0.75 76 5l.4
43 1.05
55 1.25 9.56 22.2
68 1.55 11.6 21.8
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TABLE V (Concluded).

Time, Aciaityl Yield? gurrent

hours efficiency3

II. Secondary butyl alecchol as depolarizer

lead in & per cent sulfuric acid

1z 0.40 6.38 52.7
s4 0.65 8.82 5643
36 0.90 14.50 589
48 1.10 17.32 35.8
60 1.37 20.10 5343
72 1.75 20.85 28.7

lead in 2 per cent sodium sulfate

12 0.70 35.07 20.4
24 0.90 5.57 2340
356 1.10 10.45 28.8
48 1.357 14.05 29.0
60 1.75 17.30 28.6
72 2.10 18.70 25.7

carbon In 2 per cent sqéium bronide

iz ¢.025 5.57 46.0
24 0.025 6.10 25.2
36 0.025 8.70 85.9
48 0,028 9.064 19.8
80 0.025 10.45 17.2

72 0.025 11.10 15.3
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calculated on the basis of the equations given. The carbon
anode, when used with sodium bromide as alectrolyte; oxi-
@ized a secondary alcohol to the ketone just as efficiently
as d4id the lead anode in sulfate solutions; however its
effect on primary aleohols was considerably less. Acid was
formed at the carbon electrode as the result of the oxidation
of primary alcohols in quantities only about 40 per cent

of the amount formed at the lead electrodes, No aldehyde

was indicated in the final solution by the Schiff test.

Nickel electrodes tended to catalyse scid formation
more than ketone formation. The decrease in rate of acid
formation shown towerd the end of the electrolysis is pro-
bably due to the decomposition of_soﬁium nroprionate sccord-
ing to the Kolbe (184%) syntheses.

The results obtained usingz a copper anode in socdium
hydroxide solution is obviously in error for it is very
unlikely that & yield of over 100 per cent 1s possible. The
acidity of the solutioﬁ was determined by tltrating the base
which remained g%t any particular time; 80 any reaction whiceh
used up sodium hydroxide would appear ag acid formed, and
thereby cause the error.

when the results of the above experiments were con-
sidered in their entirety; they indlcated that the carbon
electrode used in sodium bromide solution probably would

oxidize the secondary alcochol group of a compound in prefer-



ence to the primary aeleohol group. IFurther experiments
will be made iIn an attempt to verify this possibvility.

To prove the assumption that the expected acids were
actually the oxldation products of the primary alcohols;
p-toluldides were made and the melting points determined.
Approximately 100 ml. of the flnal solution was fractionated
and the acid poritlon neutralized with sodlur carbonate. The
sodium salt solution was evaporated to dryness and a portion
used to prepare the p-toluldide as descrlbed by Mullekin
{1904). The derivative of the acid formed duringz the oxilda-~
tion of n-propyl alcohol melted at 124° C. and did not lower
the melting polnt of proplon-p~toluidide. The derivative
of the acld formed Guring the oxidstion of isobutyl alecohol
melted at 1059 ¢. ané 4id rot lower the melting point of
isobutyle-p-toluldide,

The ketones formed by electrochemical oxidation of the
secondary alcohols were identified by preparing the 2;4—
dinitrophenyl hydrazones and comparing the melting points
with those of known compounds. Approxzimately 100 ml. of the
final solution was fractionated and a derivative made from
the lower bailing fraction using the method described by
Allen {1930). In all instances the solution zave materials
whose boliling points corresponded to the unknown, the initial
aleehol; and water. The derivatlve of the ketone formed

during the oxidation of isopropyl alcohol melted at 1279 C.



and did not lower the melting point of acetone-~L,4-dinitro-
phenyl hydrszone., The derivative of the ketone formed during
the oxidation of secondary butyl alcohol melted at 1159 ¢C.
and did not lower the meliing point of methyl ethyl ketone~
8;é—dinitroyhenylhydrazane.

During the determination of acetone by the Goodwin
(1920) modification of the Messinger metha&; it was found
that under the conditions of the analysis isopropyl alcohol
caused a smzll error when preéent in Cfairly larse amounts.
Goodwin (1920) states that ethyl alcohol does not interfere
with the analysls even when the concentration is ten times
that of the acetone present, but mskes no mention of 1iso-
propyl alcohol.

A series of solutions was made which contzined varying
enounts of acetone and isopropyl alcohel and allguot por-
tions were analyzed for acetone, The data obtalned are
given in Table VI, and show that an appreciable error in the
acetone value is ccused by isopropyl alcohol when present
in concentrations greater than one-half the amount of acetone
present.,.

wWhen the molar ratio of acetome to isopropyl alcohol
is two or greater; the error in the sanalysis is within the
limits of ezperimental error. I the analysis is made using
15 ml, of 0.2 ¥ 1odine solution and 0.1 N sodium thlosul-

fate solution, uvest resulis can be obtained when the concen~-



TABLE VI

Error in acetone value caused by isopropyl aleochol,

Molar ratic Acetone in mgm./ml. Actual
acetons/ error
aloochol Present Pound in mgm.
0.1 5.60 6;525 +0.93
0.2 5.60 5.995 +0 ¢ 39
0.25 5.60 5.89 +0.29
0&35 5060 5c83 "’0023
0.50 5.60 5.72 +0.12
1.00 5.60 Se72 +0.12
2.00 5.60 5.65 +0.05
3.00 8.40 8.43 +0.03
4.00 11.11 1l.1 «0.01
5.00 14.00 13.92 -0 .08
6.00 16.67 16,72 +0.05
700 19.60 19.55 -0,05
8.00 E2.22 22.14 -(.08
9.00 25.80 25.15 "0.04
1C.00 2778 27 .82 +0,04
12.00 33433 33.38 +0.05
16 ‘00 4434‘4 44Q 56 "O QOB
20.00 855.56 55.48 -(.08



tration of acetone in the sample used is between 5 and 20
mgm,. ; however a maximum of 25 mgm. can be determined with
falr accuracy. Since solutions of greater concentration of
acetone than the maximum given above must be diluted and
aliquots used for the analysis, any error in titration will
be multiplied by an integer whose value depends on the anmount
of dilution of the original solution. The predominance of
negative errors in the acetone values ls probably due to the
tendency 10 slightly over titrate the excess lodine liberated
by the acid.

The above discrepancy in the aceione value, when con-
siderable isopropyl was present; led to expariments‘whieh
were made Lo determine wiether alkaline iodine solution such
a8 that used in the scetone determination showed any differ-
ence in its oxldizing action on primary and secondary alcohol
groups. Zthyl alecohol and isopropyl alcohol were selected
for the comparison becsuse both yield oxidation products
which form lodoform quite readily. The remaining lodine may
be easily determined by’titrating the acidified solution
with sodium thiosulfate. The oxidation of both alcohols to
their respective initial oxidation compounds and the subse-~
guent formation of iodoform; a8 shown by equations below;
require equivalent amounts of iodine; thus allowing a direct

comparison on the titration values to be mads,
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Ethyl alcochol
1. CHzCHpOH + N&0I w3y~ CH3CHO + Nal + HgO
2« CHzCHO + SNa0l —— CHIg + HCHONs + 2NaOH
Isopropyl alcohol
3. CHzCHOHCHz + NeOI ——>» CH3COCHz + Nal + Hp0
4. CH3COCHg + 3NeOI > CHIz + CHzCOONa + 2NaOH

Ten ml. portions of two molar solutions of ethyl
alcohol and isopropyl alcohol were placed in separate 300
ml. flasks together with 20 ml, of 1 N alkell., The flasks
were placed in ice and after they had reached a constant
temperature, 15 ml. of approximately 0.2 N iodine solution
were added with vigorous shaking. The flasks were allowed
to stand in the ice for varyins lengths of time and the iodine
liberated by acidifying with 20 ml. of 1 N acid titrated with
standard sodium thiosulfate. 'The lodine used up during the
reaction 1s found by subtracting the amount of sodium thio-
sulfate required to titrate the excess lodine from the
blank. This determination is made using 10 ml. of distilled
water instead of the alcohol solution,

The data swmarized in Table VII indicazte that the
secondary aloohol group oxidizes quite readily at the poten-
tial of alkaline ilodine solution while the primsry alcohol
group, at least the one in ethyl alcohol; is oxidized only
slowly.

This difference in the action of ethyl alcohol and

izopropyl alcohol in the presence of an oxidizing apgent is
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TABLE VII

Effect of alkaline iodine solution on
ethyl alcohol and isopropyl alcohol.

Time, welght of ml. of K/10
nimates alecohol in I» used by
sanple alcohol

I. Ethyl alcohol

5 0.865 0.72
10 0.865 0.85
15 0.865 0.95
30 0 .865 1.17
45 0.865 1.34

II. Isopropyl alcohol

5 1.218 8.45
10 1.218 10.88
15 1.218 12,30
30 1.218 13.73

45 l.218 14.35
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evidence in support of the idea that the action of iceto-

bacter suboxydans ln oxidizing & secondary alcohol group in

preference to a primary alcohol group is more & guestion
of oxidation potentliel and not so much & question of specifi-

city of the organism.

Oxidation of Compounds Containing Two

Funcglonal Groups

zffect of copcentration on oxidation of sornitol

Experiments to determine ithe effect of the concentra-
tion of sorbltol on the course of the oxidation rave rether
inconsistent results due prodbably to slight varlations of
the conditions in different cells. It i3 almost 1lmpossible
t0 secure ldentical agltution of the solution in different
cells and equelly difficult to obtalin several electrodes
which will 21l maintain like surfaces.

The course of euch reactlon wag followed by determining
the acidity of the medlius at various intervuls. The reducing
power of the solubtion, using the Shaeffer-Hartmann method,
was also debtermined because 1t is logical to suppose that
ag the result of electrochemical oxidation, « sugar alcohol
will yield a product or products whieh show reducing power.
This reducins value of the solutlon should be an indication

of the course teken by the oxidation. Most probuble productis
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which would show reducing properties are hydroxyl ketones;
aldehydes, and ketonic aclds.

3ince the copper number varies with the nature of the
reducing agent; the reducing value is caleculated as dextrose.
It 1s evident that such values do not represent the situa-
tion quanzitatively but they do give a means of determining
general treﬁﬁs.

The data swmarized in Table VIII are typical of the
trend of the reaction which took place in the different con-
centratlions of sorbitol. It is evident that there is very
little difference among the reactlions which took place in
concentrations of sorbitol between 5 and 15 per cent at the
time intervals studled. Lead electrodes, which had previously
been thinly coated with lead dloxlide, were used as anodes;
and 2 per cent sodium sulfste served as the electrolyte. The
lead electrode used in the 20 per cent sorbitol solution was
prone to form a coating of insoluble lead sulfate instead
of lead diloxide as was usually the case. This removal of
sulfate from the solution would explaln the decrease in
acidity noted in this cell. In low concentrations of sorbitol
it appears that oxygen was liberated at the anode faster
than unaltered depolarizer could come in contact with the
electrode and take up the oxygen; thus accounting for the
lower reducing vaelue shown by this solutlon,

Concentrations of gorbitol varying from 5 to 15 per cent

gseened to be about equally sultable for electrochemical



- 77 -

TABLE VIII

Effect of concentration of sorbitol on the course of
the oxidatlion by lead electrodes in sodium sulfate.

Tine, Acidityl Reducing value,
hours : caloulated as
mgm. dextrose/

& -

20 per cent sorbitol

10 0.80 10.2
22 0.45 12.2
35 0,00 13.2
47 -0.05 14.8
58 -0.25 13.7

15 per cent sorbitol

10 0.62 8.8
22 0.50 10.7
35 0.78 13.3
4% 0.921 14.9
58 1.12 16.7

10 per cent sorbitol

10 0.55 6.9
22 0.60 1l.1
35 1.12 158.3
&7 1,65 18,58
58 - 221 19.8

li01dity is expressed in ml. of N/10 base equivalent to
acid in one ml. of mediunm.



TABLE VIII. (Concluded)

Time, Acidityl Reducing value,

hours calculated as
ngm. dextrose/
ml,

7.5 per cent sorbitol

1¢ 053 6.6
22 .78 10.8
35 1.05 lé.4
47 ‘ 1.65 16.2
58 2.18 17.4

2.5 per cent sorbitol

10 0.65 Sel
22 1.25 8.2
35 1.70 0.5
47 1,95 2.9
38 2.00 3.1

5 per cent sorbitol

10 0.50 bodk

aa 0.92 1l.8
35 1.61 15.3
47 Se&D 17.4
58 3.05 17.5
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oxidation; however a 10 per cent sclution appeared to give
slightly higher reducing velues. The nearly equivalent
anounts of reducing substances as well as the nearly equal
acldlities shown by the several solutions whose concentra-
tions ers between the above limits, indicate that the
depolarizer is coming in contact with the electrode in
quantities large enough %o tzke up all of the aaiive oxyzen
avallable, Silnoe all experiments were conducted at low
current densities, only a certain amount of depolarizer can
be oxidizeé-at any one instant and any excess coming in con-
tact with the anode 1s not rezcted upon.

The steady increase in acidity together with the relative-
ly small increase In reducing velue of the above solutions
indicate that the first oxidation products are being further

oxidized *t0 acidic compounds as the oxldation progresses.

Effect of various anodes and electrolytes on the oxidation

of sorbitol

The results of the oxidations of sorbitol using lead
electrodes in sulfate solutions showed that less drastic
oxidizing conditions are to be preferred., On the basis of
the prelimlnary experiments which showed that a carbon elec-
trode in sodlum bromlide solutlon was rather mlld in its
oxidizing action, it appeared that the other halldes would

act similarly. Several 10 per cent sorbltol solutions were



oxidized using the following anode~slectrolyte combinations:
(1) lead in sodiuwn sulfate, (2) carbon in sodium chloride,

(3) carbon in sodium bromide, (4) carbon in alkaline
potagsiun iodide; () tin in primary potassium phosphate;

and (6) tin iIn sodium carbonate. The previous experiments
have shown that lead brings about essentislly the same reac-
tions when used in sulfuric acid and sodium sulfate solutions;
80 it was declded that sodium sulfate would be employed as
reference for all succeedling experiments.

The formation of lodoform which took plsce gt the carbon
ancde in the alkaline potassiwa ilodide solution could occur
only if one of the beta-secondary alcohol groups of the sugar
alcohol was attacked before the teralnal group was oxidized;
since the structure RGCHz 1s requlred for iodoform formationm.

Tin elecirodes égd not give the exzpected passivity for
the black oxide which formed did not adhere to the electirode
very well. At the end of thirity hoﬁrs the tin electrodes
were too corroded for further use.

The data summarized 1n Table IX indicate that oxidation
at a lead anode ylelds both reducing compounds and acid come
pounds; while oxidation at carbon anodes with sodium bromide
or sodiunm chloride as elcctrolyte produced almost as large
amounts of reducing compounds but very little aclid., This
low acid condition indicates that the glcohol molecule is
being oxidized to the aldehyde or the ketone with very



TABLE IX

Effect of various anodes and electro-
lytes on the oxidation of sorbitol.

Tine, Acidityl Reducing value,
hours caloulated as
mgne glucose/ml.

10 per cent sorbitol as depolarizer

lead anode in 2 per cent sodium sulfate
gurrent 150 m.a.

8 0.50 8.55

18 0.75 12.60
31 1.10 20.45
44 1.60 22450
56 2.10 23.50
68 £e45 25.95

carbon anode in 2 per cent sodlum chloride
current 150 m.&.

6 0.05 5.9
20 0.15 12.6
31 0.25 16.3
44 0.35 20.4
56 0.45 22.1
69 0.55 2358

carbon anode in 2 per cent sodiuwm bromids
current 1D0 m.a.

8 0.18 6.5
18 .30 11.2
31 0.40 16.3
44 0.45 18,05
56 0.55 19.65
68 0.55 2l.1

gcarbon anode in £ per cent potassium iodlde
and sodium hyvaroxide

No reducing values noted. Iodoform appeared in apprecia-
ble guantities throughout the electrolysis,

lgciéity is expressed in ml. of N/10 base equivalent to acid
in one ml, of medium,.
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little further oxidation to acids. It was thought rsther
unlikely; in view of the previous experiments, that one of
the aleohol groups of ithe sugar would be oxidlized more
easily than the sldehyde group of the same molecule; hence
it would asppear that one of the secondary aleohol groups had
been transformed into a carbonyl group; thus accounting for
the reduclnsz properties of the solutlon.

The sorbiitol solution which had been oxidized at the
carbon anode using sodium bromide as electrolyte gave a
negative test for aldehyde with Sehiffts reagent, while the
sorbitol solutions oxidized at the carbon znode In sodium
chloride and the lead anode in sodium sulfate gave positive
tests with the saue rsagent. After distilling a portion of
sachh of the two last mentioned solutions tesis for aldehydes
and aclds were nmade on the dilstillate. In both cases aclds
and aldehydes were present, thus indicating that consider-

able degradation of the polyaloohol molecule had taken place.

iffect of the use of catalyvsts or carriers on the sleciroe

ghemical oxidation of sorbltol

Previous experiments have shown that twoeﬂectro&es;
lead in sodium sulfate solutions and carbon in sodium bromide
solutlons, are typlosl in their action on sorbitol, so it
was decided that the effect of various materials, when pres-

ent 1n small amounts, on the course of the reaction should



- 82 -

be determined, These minute quantities of material added
to the solution have at various times been referred to as
catalysts and carriers and are ususlly added t0 increase
the efficiency of the oxidation, 48 a rule carricrs are
compounds containing an element which chanses easlly from
one valence to another and therefore merely acts as host
to the ozygen for a short time, hence the name carriler,

Since the lead electrode when used In sulfate solution
exhibits & rather vigorous oxidizing zetion on sorbitol; a
number of different compounds were tested to determine
whether one or more of them woulld tend 10 make the lead
anode milder 1in 1its setion. It is assumed at this point
that low acldity and high reducing value throughout the
course of the oxldetion is an indication of mild oxidizing
action,

The dats summarized in Table X wereobtained using the
following compounds as catalysis or carriers: 0.25 per cent
potassiun fe:ricyanide, 0.2 per cent secondary potassium
phasyhate; 0.01 per cent vanadium pentoxide, 0.01 molybdenum
pentcxida; 0.1 per cent ferric chleride, 0.1 per cent ceriec
sulfate; and 0.1 per cent mercurle sulfate.

Of the carriers tested only molybdenun pentoxide, ferric
sulfate, and mercuriec sulfate increased the reducing value
of the solution appreciebly. In the presence of molybdenum

pentoxide reducing compounds were formed very rapldly during



TABLE X

Zffect of catalysts or carrlers on the
oxidation of sorbitol by lead electrodes.

Time, Aciaityl Reducing power
hours ngm. gluccse/

0.25 per cent potassium ferricyanlde

8 0.52 4.0
18 0.85 11.5
3l 1.35 i8.1
44 1.50 19.0
56 1.65 19,8
68 1.82 20.4

0.2 per cent secondary potassium phosphate

11 Q.42 12.8

17 1.2 16.2

25 1.68 18.5

31 1.90 20,5

37 1.95 21l.1

49 2.70 18.7
1.95%

0.01 per cent vanadium pentoxlide

il 0.42 15.1

17 l.14 _ 15.9

25 l.41 18.7

31 1.45 20.1

37 1.55 2095

498 2.00 19.80
1.55%

lﬁaidity is expressed in ml. of /10 base equivalent to
acid in one nl. of nmediunm,.

*acildity shown by last Tigure was determined after catholyte
had been mlxed with anolyte,



TABLE X. (Concluded).

Time, Acidityl Reducing power
hours mgm. glucose/
ml.

0.0l per cent molybdenum pentoxlde

11 0.42 13.8
17 1.15 19.7
25 1.51 22.8
31 1.55 24.8
37 l.682 26,1
49 2.85 24.0
1.55%
0.1 per cent ferric sulfate
8 0.70 4.2
18 0.90 12.6
30 1.35 18.65
42 1.90 22418
3 2.28 26.1
65 Z+55 27.7
0.1 per cent ceric sulfate
6 0.50 5.1
18 0.55 8«5
30 0,75 13,
42 0,82 15.8
53 1.43 18.3
85 1.94 20.3
0.1 per cent mercuric sulfate
8 0.50 5.8
18 0,35 9.3
30 0.60 18.3
42 0.95 21l.9
53 1.10 25.1

65 1.15 26.8



the initlal stages of the oxldation, but the rate of
formation fell off slowly as the reactlon progressed. The
increass in acldity and the decrease of reduclng values st
the end of the reaction indicate that further oxldation of
the iﬂitial products took place. Ferric sulfate when aéﬁed
to the soluilon caused a marked increase in reduclang value,
This increase is espeoclally interesting in view of the part
played by iron compounds in bilological oxidation-reduction
processes. The higher ascldily observed in the solution con-
taining ferric sulfate is probably due partizlly to the acld
liverated when some of the iron salt was decomposed at the
cathode. Xercuric sulfate appears to have a rather desirable
effect on the course of the oxidation since the combination
of high reducing value and low acidity is assumed to indi-
cate only slight degradation of the initial oxldation pro-
duct.

Several of the more promising catalysts were used with
carbon electrodes with sodium bromide as the electrolyte, and
in addition a few miscellaneous combinations such as carbon
glectrodes in 2 per cent sodium chloride plus 0.1 per cent
manganese chloride, nickel anode in 2 per cent sodiwm hydrox~
ide plus 0.0l per cent vanadium pentoxide; snd tln anode in
2 per cent sodium carbonate plus 0.1 per cent vanadium pentox-
ide. This lust combinatlon was tried in the hope that

stannic vanadate would form and catalyse the oxidation.



Stannlc vanadate 1s one of the most actlve vapor phase
dehydrogenation catalysts known and has a very low temper-
ature of activatlon. The tin electrode corrodes too badly
to be useful for extended oxidations.

The data glven in Table I indiéate that molybdenum
pentoxlde acis as a very good oxidation catalyst for the
carbon anode, increasing the efficlency approximately 50 per
cent. Mangesnous chloride catelyses the formation of aciad
by the carbon electrods when used in sodium chloride solu-
tion. 4lthough ferrié salbs incressed the efficlency of
lead anodes, they seemed (o have the opposite effect on the
carhoﬁ anodes. Vanadlum pentoxide has no effect on the
course of the reaction caused by a carbon electrode. “hen
nickel anodes were used in an alkaline solution, the solu~
tion begame very deeply colored, Since a desp red precipl-
tate was obtalned with dimethylglyoxime, it would eppear
that the cocloration was due 0 & nickel compound formed
with the sorbitol which is similar to the copper complexes

of polyaleohols described by Lieser and Ebhert (19357).

Identiflocation of oxidation‘products

The separation of the principal final products present
in the solution which has been subjected¢ to eleotrochemical
oxidation for fifty hours would be & very lengthy and tedious

procedure so some oOther method of identification was sought.
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TADLE XTI

Effect of carriers and catalysts on the oxi-
dation of sorbltol by carbon electrodes,

Time, scidityd Reducing power
hours, mga. glucose/

10 per cent sorbitol as depolarizer

earbon anode in 2 per cent sodlium bromlde
nilus U,01 per cent vanadlum pentoxide
ourrent 400 Thells

6 0.10 Sad

18 0.25 10.7
30 0.55 14,5
43 Uedd 16.8
53 0.8% 18.7
65 0.60 20.1

earbon anode in Z per cent sodium bromlde
pius QUL per cent moiybéenum penltoxide
currenﬁ 15U mesi,

6 0.15 5.65
18 0.30 14.90
30 0.40 21.15
42 0.45 24.20
55 0.55 28.20
65 0.65 50.50
72 0.65 32420

l.0iaity is expressed in ml. of K/10 base equlvalent %o
acid in one ml. of medium,
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TABLE XI. (Concludead)

Time, Acicityl Reducing power
hours ngm,. glucose

»

garbon anode in 2 per cent sodium bromlde
plus U.,l per cent fTerric chloride
CUTTENL LDU M.8.

8 0.27 5.05
12 0,35 8.1
31 Q.37 10.9
] 0,44 12,65
5% 0.48 14.2
68 0.48 15.85

garbon anode in 2 per cent sodlium ohloride
plus O,l1 per cent manganese chloride

gurrent MeBe
8 0.58 6.5
31 2.45 19.8
441' 3-50 22:6
56 4463 24,5

68 6.10 ‘ 25,7

nlckel anode in 2 per cent sodium hyaroxide
plus U0l per cent vanadium pentoxide
OULTENs LoU Mehe

& Aclidity 1s of no 2.8
i8 value because the 7e4
30 nickel electrods 10.7
42 formed addition- 14.2
53 products with the 18.05
65 polyhyéric alcohol 21.70
7z in presence of 22,40

sodium hydroxlde.



There are certain c¢olor tests specifie for ketone ZTroups,
carbohydrate structure, and the presence of pentoses,

the procedures for which have already been described, which
are used by biochemlsts for detectleon of sugars in various
animal flulds, These tests indicate the type of compound
Present and therefore given an insight into the possible
mechanism of the reaction. 4s & control, tests previously
deseribed were made using ten compounds of known structure.

The results are glven in Table XII.

TABLE I
: Tests Used .
: : BLaY T MOII1S6H ¢ oellvanorr

Compound used: for pentoses : for earbo- : for ketose

s :+  hydrate s grouping

H { _Structure :
Glucose ¢lear solution positive clear solution
Fannose ¢clesar solution positive clear solution
Galactose clear solution positive olear solution
Fructose brown preclpitate positive red precipitate
Sorbose brown preciplitate positive red precipitate
Rhamnose brown preclpitate positive olear solution
Arabinose green precipltate positive clear solution
Xylose green precipliate positive olear solution
Dihydroxy=-
acetone pink precipitate positive cloudy solution

Sorbitol clear solution negative clear solution
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Since a complete tabulation of the tests made in connec-
tion with the analysis for the final oxldetlon products
present in the numerous sclutions would be so long as to
be impractical, unnecessary duplication will be avoided.
Typleal examples were selected from the reactions zlready
Giscussed and their designations are glven bLelow:

1. Lead anodes with 2 per cent sodium sulfate as electrolyte

Ae HNo carrier. Table IX.

B. Potassium ferricyanide, 0.25 per cent. Table Z.

. Secondary potussium phosphate, 0.2 per cent. Table X.

De Vanadiwm pentoxide, 0,01 per cent. Tuble X.

E. Nolybdenum pentoxide, 0.0l psr cent. Table .

F» Perric sulfate, 0.1 per cent. Table X.

G. Ceric Sulfate, 0.1 per cent. Table X.

He Hercurie sulfate, 0.1 per cent. Table X.

2. Carbon anodes with 8 per cent sodium bromide as electrolyte

I, Xo carrier, Table IX.

Je Vanadium pentoxide, 0.0l per cesnt. Table XI.

K. HKolybdenum pentoxlde, 0.0 per cent. Table xI.

3. Carbon anodes with 2 per cent sodlum chloride as electro-
lyte

L. Ho carrier. Table IX.

¥. Manganese chloride, 0.1 per cent., Table XI.

4. Nickel anode in 2 per cent sodium hydroxide as electrolyte

N. Vanadlum pentoxide, 0.0l per cent. Table XI.



Senple Schiff

A

B

positive

positive

positive

positive

positive

voglitive

positive

positive

negative

slowly

positive

faintly

positive

positive
positive

positive
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. Bial
negative
negatlive
negative
decldedly

positive

greenish
precipitate

greenish
precipitsate

preenish
preclpitate

greenish
precipitate

TABLE XIII

Kolisch Seliwanoff

positive whitish precipitate
clear sclution

positive whitish precipitate
¢lear solution

positive whitlsh precipitate
clear solution

positive whltish precipiiate
clear solution

positive whitish precipltate
clear solution

positive whitlsh precipitate
clear solution

positive whitish preclpitate
clear solution

positive whitish preclpitate
clear solution

positive positive

positive positive

positive positive

positive positive

positive pink precipltate

positive

positive

reactlon of
ketose

reaction of
ketose

reaction of
ketose

negutive

reaction of
ketose
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The data tabulated in Table XIII support the previous
ssertion that the lead anode has a degradative oxidizing
action on the polyalcohol molecule while the carbon anode
using soclum bramide as elecirslyte does not. Using sodium
chleoride as the electrolyte the action of the carbon anode
appears 10 have some characteristics of both the above
materials.

A sugar even though it is an zldose does not react posi-
tively to Schiff's reagent because of the hemi-acetal link-
age present. Therefore, the molecule must have been oplit
at some point and smaller molecular welght aldehydes formed.
41l solutions except those oxidized at the carbon anode
using sodium bromide as electrolyte gave strongly positive
Sehiff's tests showing that considerable smounts of aldehydes
have been produced &t the lead anodes.

The Seliwanoff test for ketoses incilecated that they were
present in five solutions, all of whieh had been oxidlzed
at carbon anodes., The reactions of the other solutions
teated could not tve interpreted.

The Bisl test for pentoses gives a bright green solu-
tion or precipitste or both when they ere present. CJontrols
have shown; however, that ketohexoses also re&t to Blal's
reagent but give dark brown preciplitates. The resulis of
this test on the oxidized solutions showed pentoses were

certainly present in one solution end probably present in



four others, ag well as substantiating the presence of
ketoses in several more.

Phenylhydrazine will react wlth carbonyl groups to form
compounds known as hydrazones. Slnes sugsrs all have
carbonyl groups, they will give this characteristie reaction,
but 1t is usually rather difficult to stop the resction at
the hydrazone. The usual procedure is to heat the nixture
of sugar and phenylhydrazine on a water bath so that the

osazone is formed as shown by the equation below.

OHpOH ?}zgon
HG?E HD?H /
EO?H HpIliHC g He HG?H
HCOH 3 HGCH
EG(%H c‘g = HNHCgHs
CHO HC = NHHCgHs
d-glucose d-zlucose osazone

Morrow and Sandstrom (1835} have described a method
for the identification of sugars by oObserving the orystslline
structure of the osazones under a microscope, and give a
nunber of photomicerographs of typical osazones, The use of
phenylhydrazine for qualitative identification of wvarious
sugars 1s not as specific as it could be for there are
certain sugars which give ldentical osazones. The eguation

below shows that glucose, fructose, and mannose form ldenw



tical osczones.

several memvers in ecch of these grouss, other methods must

If one is to distinguish between the

be used.

?EQGH ?HBOH ?EzOH
EQ?E HO?H HO?H
HOCH HOC;H HOCH

H('?QH HCOH H(.}OH
HQéH é =0 HéOH
¢to (‘Sﬁgeﬁ S0
d-glucose d-fructose d-mannose
& CHg0H
HoC
ED%H
HCOOH
t|3 T NNHCeHg
Hé = NNHCgHg

Since alpha substituted phenylhydrazines differ from
phenylhydrazine in thelr reactions with aldose sugars,
forming hydrazones instead of osazones, it is possible to
identify varlous sugars by determining the melting points
of the compounds formed. Because of ithe complexity of the
mixture with whiech it was necessary to deal, it was decided
thet an attempt should be made to devise a method for
microscopic guallitative identification based on the method

glven by Xorrow and Sandstroun (1935) but using alpha sub=-



stituted phenylhydrazines as well as phenylhydraziae‘ A
method of this sort would have the advantage of ease of
manipulation and could be used on mixtures containing many
materlals other than sugars without preliminary separation.

Por example, consider the three sugars glucose;
fructose, and mannose., ‘'Jhen treated with phenylhydrszine
hydrochloride as described on page 44, all three gi%e the
osazone shown in Figure V. Mannose, however, first forms
the hydrazone whieh is quite insoluble and precipitates
along with the osazone. On heating for a short time all the
hydrazone will change to the osazone, and Flgure VI shows
the erystalline structure of both. If these three sugars
are treated with alpha-methyl phenylhydrazine and acetiec
acid, glucose forms the hydrazone which is rather difficult
to erystallize, while fructose and mannose form the erystals
shovn in Figures VII and VIII respectlvely.

Sorbose and its 1scmers; idlose and gulose, on treat-
ment with phenylhydrazine hydrochloride form osazones whose
erystals are shown in Figure I¥, while sorbsge; the only
sugar of the thres immediately avallable, forms the crystals
shown in Figure X when allowed 1o react with alpha-methyl
phenylhydrazine and acetic acid. The photomicrographs;
Flgures XI to XVII, show the appearance of the reaciion
products of various other sugars with phenylhydrazine and
alpha-methyl phenylhydrazine,
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Figure V Figure VI
Glucossazone Mannose hydrazone
and Giucosazone

Figure VII Figure VIII
Suger treated with ¥ethyl Ph=nylhydr-zine
Fructose jaunose

Flgure IX Figure X
Lorbose treated Sorbose trested with
+ith Phenylhyarazine Hethyl rhenylhydrazine
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Pigure XI Figure XII
Arabinose Xylose

Figure XIII Flgure XIV
Rhamnose Dihyuroxy acetone

Figure XV Figure XVI
Galsactose

Treated with Treated =ith

Phenylhydrazine ¥ethyl Fhenylihydrazine
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when the phenylhydrazine test was applied to the
oxldation products formed under the various conditions
used in thls investligation, filve different orystalline
structures were obtained. The photomicrographs of these
erystals are shown in Figures XVII to XXI inclusive and
the letier designation refers to the key on page 90. The
cerystals in these photomicrographs deo not entirely matech
any of the knowns and therefore were not ldentified, but
in Flgure XIX there is a small amount of glucosazone

present.



Flgure XVII Flgure XVIXI

Figure XIX
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Flgure XX
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SUMMARY AND CONCLUSIONS

It has been suggested that the preferential oxidizing

actlon which Acetobacter suboxydans shows toward secondary

alcohol groups 1s due to the faelt that secondary alcohol
groups eare oxidized st a lower potential than the primary
alcohol groups of the same molecule. ook and Major (1955);
using the method described by Isbell and Frush (1931},
reported that S-keto-gluconic acld as well as gluconie acid
was formed when glucose was oxidized at an anode in the
presence of sodium bromide. This finding together with the
statement that *the sugar alcohols were found tc be oxidized
to ketones and then the oxidation characteristie ol ketones
took place, made by Everett and Sheppard (1938) with
reference to bramine; seens to substantiate the suggestion

that the oxidizing action of the jscetobacter suboxydans i1s

a matber of potential.

puring the preparation of this thesis several experi-
mental facts were brought to light which also substantiated
the ides mentioned in the preceding parsgraph.

{1) Isopropyl aleohol 1s oxidized quite readily to
acetone at the temperature of melting ice by alkalline iodlne

solution while alcohol is oxidized very slowly under the

pame ¢ondltions.,
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(2) A lead electrode in the presence of a sulfate
eleotrolyte will oxidize both primary and secondary
alecohol groups egually well. However, a carbon electrode
in the presence of a halide electrolyte oxidizes a
secondary alcohol group very readily and a primary aloochol
group slmost not at all.

{3) Polyhydric aloohol solutlons oxidized with lead
‘electrodes in the presence of sulfate electrolytes reacted
pogitively to 3chiff's aldehyde test and negatively to
Seliwanoff's test for ketoses, These tests would indlcate
that the aloohol molecule has been badly degraded.

{4) Polyhydric alcohol solutions oxidized with carbon
elecirodes in the presence of sodium bromide reacted
negetlively to Schiff's aldehyde test and positlively to
sellwanof{'s test for ketoses, indicating the absence of
degradation.

{5) Blal‘'s test for pentoses showed the presence of a
pentose in the solution whose oxidatlion was catalyzed by
vanadlium pentoxide. This test also substantiated the
Seliwanoff test in every case.

{6) The color tests used indicate that on very mild
oxidation, polyhydric alcohols tend to be oxidized to kstonic
compounds. However, in the presence of more vigorous
oxldizing conditions the polyhydric alcohol molecule seens

to be attacked at several polntis.
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