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GENERAL LIGAND AFFINITY CHROMATOGRAPHY

YANNIS D. CLONIS
Department of Biochemistry, School of Biochemical and Physiological Sciences, University
of Southampton, Bassett Crescent East, Southampton S09 3TU, UK.

(Received October 22, 1981)

Introduction

Recent developments in enzyme purification technology have raised the
status of the area from purely empirical to one displaying considerable
rationale. Old fashioned enzyme purification techniques such as the pre-
cipitation methods have, now, given way to chromatographic methods.
Precipitation techniques are realised by changing the pH, temperature '?
and/or salt concentration?, or in the presence of organic solvents*® or water
soluble high molecular weight polymers, such as polyethylene glycol . More
refined purification procedures are those employing chromatographic techni-
ques. In the latter case the separation of a mixture of compounds is achieved
by passing a flow of liquid (mobile phase) through a non-moving solid
medium (stationary phase) saturated with liquid. Hopefully this will result in
a differential migration of the compounds according to their Partition
Coefficient K. If C, is the concentration of the solute in the stationary phase
and C, that in the mobile phase, then K=C;/Cp. If K< 1 partition
favours the solute being in the mobile phase giving rise to partition chromato-
graphic techniques such as thin layer chromatography, gas liquid chromato-
graphy and gel filtration®. In the latter method the separation of the sub-
stances depends on the molecular size. If K >> 1 most of the substance has
been taken up by the stationary phase, therefore, giving rise to adsorption
chromatography. Three types of adsorption chromatography have attracted
considerable attention in enzyme purification: ion-exchange ", hydro-
phobic '“'7 and affinity chromatography'”?’. During the last decade or so
affinity chromatography has revolutionised enzyme purification technology.
The present review will focus attention upon this modern technique.

I. The Principle of Affinity Chromatography

The isolation of macromolecules such as proteins, polysaccharides and
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nucleic acids by conventional methods on the basis of small differences in
their physicochemical properties within the individual groups, is generally
difficult and time consuming. However, one of the most characteristic
properties of biological macromolecules is their ability to bind other molecules
specifically and reversibly. Accordingly, enzymes form complexes with
substrates, . inhibitors, cofactors and other structurally related compounds.
Antibodies bind specific. antigens and nucleic acids bind complementary
nucleic acids, etc. The exploitation of such reversible specific complexes
formed by biological macromolecules is the basis for their purification by the
method known as affinity chromatography.

The concept of afunity chromatography is realised by covalently attaching
one of the interacting species (e.g. a competitive inhibitor of the enzyme to be
isolated) to a water-insoluble support (e.g. agarose) and packing the support
into a chromatographic column. In principle, when a solution containing the
other interacting species (e,g. the enzyme that exhibits affinity for the
immobilised inhibitor) is passed through the column, only this particular
enzyme that displays affinity for the immobilised species will be adsorbed
whereas other molecules which show no recognition for the insolubilised
species will pass through unretarded. The adsorbed enzyme can then be
desorbed by introducing into the solution free substrate which will compete
with the immobilised inhibitor.

II. Nomenclature in Affinity Chromatography

A number of different terms have been proposed for this technique in
order to emphasize the purely biologically specific interactions involved and
to distinguish it from chromatography exploiting non-specific ion-exchange
or hydrophobic interactions. The technique has been termed «biospecific
adsorption chromatography»2!, «bioselective adsorption chromatography» 22,
«bioaffinity chromatography»?, «ligand specific chromatography»2* and
«biospecific affinity chromatography»2>. The term affinity chromatography is
“widely used in accordance with the recommendation of the committee for the
standardization of nomenclature in affinity chromatography?.

Aside from various terms for the technique, the individual components
involved have been named differently. The polymer to which one of the
interacting species is covalently bound has been termed «solid support»?’,
«carrier»2* and «matrix» >, The species attached to the matrix has been called
«effector»?®, «affinant»2® or «ligand»?’, whereas the substance to be isolated
may be called «affiner partner»?® or «ligate»®®. The terms «ligand» and
«complementary enzyme or substance», respectively, will be used here. The
molecule that separates the ligand from the matrix is termed «arm»,
«extension arm» or «spacer»>'. In order to attach the spacer or the ligand to
the matrix one must first introduce the necessary chemically reactive group to
the matrix by a process known as activation. The latter reactive group is
known‘as «connector substance» or «connector», «active group» or «reactive
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group»2°. The process of binding the ligand to the matrix has been named as
«coupling», «insolubilisation» or «immobilisation»>!.

ITI. Historical Background to Affinity Chromatography

The concept of separating macromolecules by means of biospecific inter-
actions with immobilised substances is not new. Starkenstein (1910)%
reported the isolation of o-amylase by means of adsorption onto insoluble
substrate (starch), while, Willstatter and co-workers (1923)3 succeeded in an
appreciable purification of lipase by adsorption onto powdered stearic acid.

The principle of affinity chromatography as realised today using a
covalently bound ligand on the matrix, was first exploited by Campbell and
co-workers (1951)** in the isolation of rabbit anti-bovine serum albumin
antibodies using an immunoadsorbent synthesised by coupling bovine serum
albumin to diazotized p-aminobenzylcellulose. Affinity chromatography was
first employed in the isolation of enzymes by Lerman (1953)° who isolated
tyrosinase on various p-azophenol-substituted cellulose columns. Later on,
Arsenis and McCormick (1964, 1966) purified liver flavokinase on flavin
substituted cellulose®® and flavin mononucleotide-dependent enzymes on
flavin phosphate substituted cellulose™’.

Within the last decade or so considerable interest has been aroused in the
development of affinity adsorbents based on biological specificity. Cuatrecasas
and co-workers (1968) introduced agarose as a matrix and the insertion of a
spacer molecule between the ligand and the matrix?’. The latter developments
in the methodology of affinity chromatography along with the cyanogen
bromide activation method of polysaccharide matrices by Axen and co-
workers (1967)*° were decisive for the dramatic expansion of this chromato-
graphic technique and stimulated the extensive use of affinity chromatography
in the isolation of enzymes, proteins, antibodies, nucleic acids, receptors and
many other biological substances'”!%-2?,

IV. Designing an Affinity Adsorbent

Matrix, spacer and ligand constitute the three main components of an
affinity system. Suitable coupling methods are required to combine these
three constitutents, furthermore, each individual component should exhibit
certain properties so that the overall system possesses the desired features
necessary for efficient operation.

The Matrix

Although there are many polymers capable of forming gels, very few are
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suitable for affinity chromatography since an ideal matrix should meet certain
requirements *® :
(i) It must be insoluble, hydrophilic with a high degree of porosity.
(ii) The gel particles should be uniform, spherical and rigid.
(iii) It must be physically and chemically stable and chemically inert.
(iv) The matrix should possess functional groups for coupling.

In practice, a matrix possessing all these ideal properties does not yet exist
and the various matrices available to the biotechnologist display properties
close to the ideal matrix to different extents.

Agarose (Sepharose) is a linear natural polysaccharide consisting of
alternating 1,3-linked B-D-galactopyranose and 1,4-linked 3,6-anhydro-o-L-
galactopyranose residues?’. The linear polymer forms a left-hand turn
paralleled double helix*' where the interior cavity is occupied by water
molecules that participate in a hydrogen bonding system that contributes to
the stability of the structure. The lack of covalent cross-linkages compromises
the stability of the gel and this is the main drawback of agarose as a matrix,
when used at temperatures above 40°C or below 0°C or at extreme pH
values. Nevertheless, the relatively large voids present in the polymer’s
aggregated form (network) endpw agarose with an important property. The
stability of agarose may be further improved by cross-linking. The latter can
be achieved either by employing cross-linking reagents such as epichloro-
hydrin or 2,3-dibromopropan-1-01***, or during the activation step. This is a
necessary procedure that must be followed in order to covalently link the
ligand onto the matrix. The cyanogen bromide activation method is the most
commonly used for polysaccharide matrices and was first introduced to
affinity chromatography by Axen and co-workers®. Fig. 1 illustrates the
probable course of events. The imidocarbonate formed may be cyclic where
the two hydroxyls belong at the same monosaccharide residue, or, it may be
acyclic where the two hydroxyls belong to different polysaccharide chains.
The latter would lead to matrix cross-linking improving its stability.
However, the introduction of isourea linkages possessing cationic groups of
pK, ~ 10, when coupling aliphatic amines, results in significant non-specific
adsorption of proteins**. This problem can be eliminated by employing
alkylhydrazides **#” which would result in isourea linkages with pK, values of
around 4% Furthermore, the isourea linkages are not very stable in the long
term, depending upon the pH and the composition of the irrigant *. Alter-
natively, activation may be effected by other means: treatment of the poly-

saccharide matrix with bis-epoxides or epichlorohydrin®’; oxidation with

sodium periodate®®’'; treatment with divinylsulphone>?, benzoquinone™,
s-trichlorotriazine (cyanuric chloride) or dichloro-s-triazines 4 2 4 6-trifluoro-
s-chloropyrimidine (FCP)?' or carbonyldiimidazolide>’.

Other natural polymers are less popular as matrices in affinity chromato-
graphy. Cellulose frequently displays considerable nonspecific adsorption and
the fibrous and non-uniform structure impairs flow rate properties, fur-

thermore, penetration by large protein molecules occurs. Dextrans (Sephadex),
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FIG. | : Chemical activation of polysaccharides by means of cyanogen bromide and
chemical coupling of a ligand NH»R to cyanogen bromide activated matrix.

although they combine a hydrophilic character with low non-specific
adsorption, are too soft for column procedures® and their degree of sub-
stitution is relatively low. Furthermore, activation leads to a considerable
degree of further cross-linking of the gel making it ineffective for affinity
chromatography even-for enzymes with low molecular weight.

Besides the natural polysaccharides used, other synthetic gels have been
employed as matrices. Co-polymerisation of acrylamide with the cross-linking
agent N,N’'-methylenebisacrylamide forms a gel comprising crosslinked
polyacrylamide chains®. This gel is not subject to microbial or enzymatic
attack and has no ionic groups, thus, it does not exhibit ion-exchange
interactions, however it does display some non-specific aromatic interactions.
The functional groups present permit a versatility in derivatisation and ligand
attachment®’ but its low degree of porosity endows this synthetic polymer
with a serious drawback. Other synthetic matrices employed are poly(hydro-
xylalkylmethacrylate)(Spheron)®®, ethylene-maleic anhydride copolymer
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(EMA)>, poly-p-aminostyrene®’ and semi-synthetic polyacrylamide-agarose
gels (Ultrogel)*’; Finally, inorganic carriers, such as porous glass, are
resistant to microbial attack and have a very rigid structure, the bed volumes
do not alter with solvent or ionic strength changes and, furthermore, they
offer sharp exclusion limits. Non-specific adsorption, however, can be rather
high but this can be overcome by coatmg the glass surface with a monolayer
of covalently bound dextran?!.

Nevertheless, it is accepted that agarose displays properties most closely
resembling those of the ideal matrix and is the best compromise as a matrix °'.
Furthermore, since H1Jerten succeeded in preparing agarose in beaded form
this natural polysaccharide has been extensively employed in affinity chroma-
tography &

62

The Spacer

For successful application of affinity chromatography one must make
certain that the experimental ligand-macromolecule interactions are as similar
as possible to those in free solution. Accordingly, the matrix should have a
high degree of porosity so that the macromolecule can diffuse through the
matrix network without any exclusion effects imposed by the size of the
matrix pores, and the ligand should be placed away from the matrix
backbone so that the interaction with the complementary macromolecule will
not be hindered by the matrix microenvironment. The latter may be achieved
by inserting a spacer molecule between the matrix backbone and the ligand.

The usefulness of the spacer concept in affinity chromatography was first
shown by Cuatrecasas and co-workers® in the purification of a-chymotrypsin
on Sepharose-bound D-tryptophan methylester, a competitive, inhibitor
(K; =10*M) of a-chymotrypsin. When this inhibitor is directly coupled to
Sepharose unsatisfactory resolution of the enzyme results, whereas drama-
tically stronger adsorption of the enzyme occurs if a 6-carbon chain is
interposed between the matrix and the ligand*®. However, for ligands which
are relatively strong inhibitors the spacer effect may not be as profound as
with those with lower affinity; for example, staphylococcal nucelase binds on
the immobilised strong competitive inhibitor 3" -(4-aminophenyl phosphoryl)
deoxythymidine 5’-phosphate (K; = 10"°M) without any spacer require-
ments *

When one is choosing a spacer two parameters must be taken-imto
account, the length and the nature of the spacer. Hipwell and co-workers %
.investigated the effect of the spacer length on the binding of several dehydro-
genases to N ®(w-aminoalkyl)-AMP-Sepharose and they found that the
binding strength increased with the spacer length until an optimum spacer
length had been reached. Similarly, Lowe and co-workers® performed ex-
periments with several dehydrogenases and kinases versus o-aminoalkyl-
NAD *-Sepharose and w-aminoalkyl-ATP-Sepharose, respectively. They found
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(Fig. 2) that the binding was very weak for spacers up to 4 methylene groups

500
400
300
200
100

[ KCl HmM)

Number of methylene groups

FIG. 2 : The effect of arm length on the binding of nucleotide-dependent enzymes to
immobilised nucleotides. (a) Rabbit skeletal muscle lactate dehydrogenase (1J),
pig heart muscle lactate dehydrogenase (o ), malate dehydrogenase (o),
glucose-6-phosphate dehydrogenase (B); immobilised NAD". (b) Hexokinase
(8), 3-phosplioglycerate kinase (B), glycerokinase (0); immobilised ATP. The
KCJ concentration (mM) required to effect elution of the bound enzyme is a
measure of binding. Reproduced from C.R. Lowe at al., Biochem. J., 133, 499
(1973).

(0-0.5 nm) whereas the binding strength increased substantially on elongation
of the spacer from 4 to 8 methylene groups (0.5-1.0 nm) reaching a maximum
at about 8, but then declined when arms containing more than 8 methylene
groups were used. It may be possible that the employment of a spacer of at
least 4 methylene groups (0.5 nm) is necessary for the nucleotide ligand to
traverse a barrier imposed by the micro-environment associated with the
matrix whereas the decreased binding observed with longer, than the
optimum, spacers may be explained if we assume a folding of the hydro-
carbon chain back along itself% although this may not be the case®’. Similar
results were obtained when lactate dehydrogenase was tested versus &-(w-
aminoalkyl)-AMP-Sepharoses; a spacer of about 6 methylene groups was
required here®® and this seems to be the optimum length in general®’. Lowe
and co-workers® noticed that enzymes with lower affinity for the ligand
required at least five methylene groups before any interaction was observed
and this is in agreement with observations by Cuatrecasas® that the length
of the spacer is more important for low affinity systems. Furthermore, not
only the affinity strength but also the molecular size of the macromolecule is
critical in determining the optimum spacer’s length. Accordingly, low
molecular weight enzymes display good accessibility for the immobilised
ligands and the length of the extension arm is not critical®>”. Thus the length
of the spacer is more important for low affinity systems and/or for high
molecular weight enzymes. Accordingly, the employment of large size spacers
such as denatured albumin 7, poly (DL-alanine)’!, polylysine and poly(lysyl-
alanine)’? was introduced in large macromolecules’ separations in order to
increase the accessibility towards the ligands.
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s+ Themature of: the spacer is another important parameter when designing
.an affinity -adsorbent. It has become evident in recent years that true bio-
“specific adsorption:is.a rare-phenomenon and is often accompanied by non-
specific. interactions. In fact in some cases operational chromatography is
only. possible:when non=specific phenomena """ are present to reinforce the
interaction between ligand and enzyme. Thus, the binding strength of several
dehydrogenases was increased as the hydrophobicity of the: spacer was in-
creased #7875 The poor results obtained when hydrophilic spacers were used
may be explained in terms of physical unavailability of the spacer-ligand
complex as a result of hydrogen bonding with the hydrophilic matrix
backbone®. In this context one cannot rule out conformational differences
between spacer-ligand complexes of different hydrophobicity/hydrophilicity.
Although it seems that hydrophobic spacers do reinforce ligand-macro-
molecule interactions, ionic effects may add to these interactions. For
example, several dehydrogenases were shown to bind tighter to N°-(6-
aminohexyl)-AMP-Sepharose (isoureaera ~10) than to N°®(hydrazido-
hexyl)-~AMP-Sepharose (isourea pK , 4.2)*". These observations underline the
eonfribution .of the isourea positive charge in strengthening the ligand-enzyme
interactions:;.

The choice of a spacer of a particular length and nature will depend upon
.the: nature of-the ligand as well. Thus, lactate dehydrogenase requires a spacer
of about §:8 nmr-long when oxamate was employed as a ligand ’®, a spacer 1.1
nm long-when-AMP linked through its N¢ position was employed as a ligand
and a spacer .1.5 nm long when AMP linked through its C8-position was
employed as-a-ligand?’.

The procedure followed in synthesising the matrix-spacer-ligand conjugate,
in orthodox and specise science, is to first prepare the spacer-ligand complex
by conventional organic chemistry and subsequently immobilise it to a
properly activated matrix. Although this procedure requires considerable
labour in isolating, purifying and characterising the compounds of each
individual synthetic step it is, however, a worthwhile effort since the reward

of having precisely defined affinity systems would be to interpret with
confidence the experimental results.

The Ligand

The ligand may be of two main types, the «specific ligands» and the
«group-specific» or «general ligands». The former class includes ligands with
very narrow specificity while the latter class includes ligands which display
affinity for a group of related macromolecules. The high specificity of specific
ligands endows them with the serious drawback that a new adsorbent must be
prepared for each different substance to be purified, which is time consuming
and uneconomical. On the other hand, a group-specific adsorbent, once
prepared, can be employed for a whole group of substances. Although these
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ligands offer a compromise in specificity, however, this can be overcome if
specific elution techniques are employed '’ i.e. formation of a binary complex
between free ligand and adsorbed enzyme, formation of a ternary complex,
employment of specific, for example, NAD *-adducts, use of negative elution,
photolysis, electrophoretic desorption, inhibition of ligand-enzyme interaction
and selective clearage of the matrix-ligand bond.

There are several group-specific ligands used in affinity chromatography
for the isolation of macromolecules!”!>*!: coenzymes (e.g. pyridine nu-
cleotides and nucleotides), nucleic acids and polynucleotides, lectins, organo-
mercurials, amino acids, protein A and dystuffs. Among them, nucleotides
and their analogues and dystuffs have received dramatic attention. This is not
surprising since of the 2000 or so enzymes found in the cell over 309 parti-
cipate in reactions involving NAD*, NADP* ATP, FAD, coenzyme A or
other nucleotides ’®7°, Especially, immobilised adenine nucleotides and adenine-
based coenzymes have been the subject of excellent reviews ®®!, in addition,
the use of non-adenine nucleotides in affinity chromatography has been
summarised 7.

The knowledge of the enzymatic three-dimentional structure in conjunc-
tion with the enzyme-ligand (nucleotide) interactions is useful in designing
suitable affinity adsorbents. In this way one may obtain information of what
groups of the ligand are not so important in the enzyme-ligand interactions
and thus can be chemically derivatised to immobilise the ligand. Following
this logic we alter least the immobilised nucleotide-enzyme interactions.
However, in this context one cannot rule out individual variations or the lack
of pre-accumulated knowledge and, thus, ligands immobilised through
different positions should be tested. In fact, it is well established that affinity
adsorbents prepared by immobilising nucleotides through different positions
exhibit different abilities to bind the same complementary enzyme *78234,

The sequence in preparing immobilised ligands is to chemically attach, for
example, a diaminoalkane spacer to the ligand and to then immobilise the
ligand-spacer complex to a properly activated matrix via the free amino
group of the spacer. Immobilisation can be achieved through the purine base,
ribose moiety, phosphate moiety, pyr1m1d1ne base or the nicotinamide moiety
(Fig. 3).

Purine base substitutions are realised by (i) direct nucleophilic attack by
diaminoalkanes at the C6 position of 6-CI-IMP®, 6-mercapto-IMP® and
6-methylsulphonyl-IMP?® to produce the corresponding N ®~(n-aminoalkyl)-
nucleotide. Also, the N®-purinyl amino group of NAD" can react with
succinic anhydride to form the corresponding succinamide-NAD* derivative
and its terminal carbonyl group can then be condensed with diaminoalkames
in a carbodiimide promoted reaction®. Direct carbamoylation of the N °-
amino group of AMP, ADP or ATP by hexamethylene diisocyanate generates
the corresponding 6-ureido purine derivative®®, or, the N ®-amino group may
be directly attacked on reaction with formaldehyde to yield the corresponding
N ¢-hydroxymethyl derivative which is then converted to N ®-(carboxyethyl)-
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FIG. 3 : Positions of dirivatisation of nucleotides and nicotinamide coenzymes for
subsequent immobilisation.

thiomethyl nucleotide derivative on reaction with 3-mercaptopropionic acid *°.
In both of the above cases the terminal free carboxyl group of the spacer may
be condensed with diaminoalkanes via a carbodiimide reaction. However, the
chemical lability of NAD" necessitated the use of alternative procedures.
Thus, direct alkylation of the N1 position of the purine base with iodoacetic
acid yields the corresponding l-carboxymyethyl derivative which is then con-
verted to the N°-carboxymethyl derivative via an alkaline Dimroth rear-
rangement®'®}. The terminal carboxyl group can then react with a diamino-
containing spacer in a carbodiimide reaction, as usual. Of the different
substitution methods quoted above for the N ®-position of the purine base, the
direct nucleophilic attack with diaminoalkanes that produces N ®-alkyl-
derivatives and the alkylation at the NI position followed by Dimroth
rearrangement that yields N °-(N-alkyl)carbamoyl-derivatives produce more
stable linkages between spacer and ligand than the linkages of the N ®-alkyl-
thiomethyl-*° and N®-acyl-* derivatives.

(i) Bromination at the C8 position of the purine base followed by a
nucleophilic displacement of the halogen by a suitable nucleophile-spacer
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such as diaminoalkanes , cysteamine®’” or 3-mercaptopropionic acid ®®.

There are no reports on the use of nucleotides or coenzymes immobilised
via the C2 position of the purine base in affinity chromatography.

Ribose substitutions and immobilisation via the vicinal hydroxyls may be
achieved by two methods: (i) Periodate oxidation of the nucleotide generates
aldehyde groups at the 2° and 3" position of the ribose moiety which may
then react either with an alkyldihydrazide **>!, or with alkyldiamines to form
the corresponding Schiff base. The latter is then reduced to a stable
alkylamino linkage. (ii) Condensation of the diol of the ribose moiety with
ethyl levulinate to the corresponding acetal ester of the nucleoside. The latter
is then phosphorylated at its 5 -position and subsequently the acetal ester is
hydrolysed to the corresponding free carboxylic acid. This may be coupled to
an alkyldiamino spacer via a carbodiimide promoted condensation ',

Phosphate substitutions are now achieved by formation of assymmetrically
substituted pyrophosphates. For this purpose one can follow either the anion
displacement method®*'® or the imidazolide method®*!00-13,

Pyrimidine base substitutions are performed, so far, by two procedures:
the first involves direct transamination between the exocyclic N ®-amino
group of the pyrimidine ring with an alkyldiamine by a bisulphite-induced
reaction ', The second method involves direct halogenation of the 5-position
of the ring followed by nucleophilic displacement by spacer molecules such as
cysteine or glutathione ', However compounds prepared by the second
method have not beeen tested in affinity chromatography, so far.

Nicotinamide substitutions may be achieved by exchanging the whole of
the nicotinamide ring with the appropriate pyridine analogue to produce the
corresponding NAD *-analogue, in the presence of NADase %,

However, besides the significance of the position of immobilisation of the
the various nucleotide ligands in the enzyme-ligand interaction, other para-
meters may play important role:

(i) Immobilised ligand concentration : Experimental work suggests that
the binding strength. increased with increasing ligand concentration 2. How-
ever, it is remarkable that after a critical ligand concentration is exceeded the
adsorbent lost its selectivity and acted as an unpecified ion-exchanger '°7.
Furthermore, adsorbents with high ligand concentration may cause difficulties
in eluting the macromolecule '%, thus, ligand concentration must be cerfully
controled. A ligand concentration of about 2-5 pmol/g moist gel is commonly
employed and the enzyme only ca. 0.1% of that actually utilises®.

. (i) Bed geometry and dynamics : The strength of the enzyme-ligand
interaction is a complex function related to bed geometry, ligand con-
centration ([L]) and total amount of ligand (T1)'". Lowe er al. (1974)'®
demostrated that the binding strength of the nucleotide-dependent enzymes
tested, on immobilised AMP, increased with increasing bed length and
approached a maximum limiting value; [L] and T; were kept constant and
the bed diameter altered inversely according to bed’s length at a 4/60 ratio.
Similarly, when [L] and bed diameter were kept constant and the T, was
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proportional to bed’s length, the binding strength increased linearly with bed
length '°, Contrarily, when T and bed diameter were kept constant and [L]
varied inversely to bed’s length, binding strength increased inversely to bed’s
length'®. However, such bed geometry effects are rather critical for low

affinity

systems.

Since the ligand-enzyme interaction is a time-dependent process, it would
be expected that equilibrium time and flow rate would influence that
interaction. One would expect that prolonged equilibrium times would

increase

binding strength, resulting in better resolution, and low flow rates

would allow better diffusion of the enzyme in the gel’s network '%'"0, In-
terestingly, such bed dynamic effects were, in practice, not always in line- with
theoretical considerations and proved not to be important factors for some

cases

18,38,109

However, to the author’s experience, opperational affinity

chromatography could only be achived, in a preparative scale with IMP
dehydrogenase onto immobilised IMP and AMP ligands, after a 20-30 min

equilibrium time had been exeede

d 17,96,111

(iii) Enzyme concentration : The enzyme-ligand interaction is almost
idependent of the initial free enzyme concentration, providing that the
enzyme is applied at a suitable flow rate and at sub-saturating amounts '8

(iv) Temperature : The adsorption of an enzyme to a stationary phase is
generally exothermic and according to the Le Chatelier principle, elevated
temperatures will move the equilibrium to the direction of free enzyme ''2. In
practice, the increasing temperature affects substantially the amound of
enzyme bound to affinity adsorbent (Fig. 4). The reduced binding observed
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FIG. 4 : Effect of temperature on the capacity of N 6—(6—am1’nohexy/)-AMP immobilised
to Sepharose. Yeast alcohol dehydrogenase (o), glycerokinase (O), ligand at
1.5 pmol/mi; glycerokimase (o ), ligand at 4.0 umol/ml. Reproduced from
M.J. Harvey et al., Eur. J. Biochem., 41, 353 (1974).
FIG. 5 : The resolution of a mixture of dehydrogenases on N6-(6—amin0hexy/)—AMP

immobilised to Sepharose, by a pH gradient. The equilibration pH was 6.0 and
the pH gradient was varied from 6.0 to 10.0. Bovine serum albumine (o),
malate dehydrogenase (® ), glucose-6-phosphate dehydrogenase (L1), lactate
dehydrogenase (M), yeast alcohol dehydrogenase (<>). Reproduced from C.R.
Lowe et al., Eur. J. Biochem., 41, 347 (1974).
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has been exploited to effect resolution of enzyme mixtures. by raising .the

temperature linearly ''2.

(v) PH : Deviation from an enzyme’s pH optimum influences both' the
velocity of its reaction and the affinity for its ligand''?. Fig. 5 shows the
exploitation of the pH influence on the enzyme-ligand interaction, in the
resolution of a mixture of dehydrogenases on immobilised AMP by a pH
gradient.

(vi) Dielectric constant : Any agent that alters the enzyme conformation
is potentially able to effect elution of the enzyme from its immobilised ligand.
For example, lactate dehydrogenase may be eluted from AMP adsorbent with
linear gradients of organic agents such as ethylene glycol, dioxane, dimethyl-
formamide or urea''¥. Such effects could be correlated to changes of the
affinity of the enzyme for its ligand and, also, may contribute to elimninate
non-specific hydrophobic adsorption to spacer arm assemblies '™

So far we have seen the rational approach in synthesising specific affinity
adsorbents suitable for macromolecule separations and, also, the various
parameters that one must take into account. However, recent studies '-!!>:!116
regarding the mode of interaction of E. coli IMP dehydrogenase with IMP
and AMP affinity ligands, revealed that specifically synthesised ligands do not
always produce the anticipated ligand-enzyme interaction. Such information
is important for affinity chromatography which employs a rational design of
affinity adsorbents.
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FIG. 6 : Structure of a widely used triazine dye; Cibacron Blue F3G-A or Procion Blue
H-B.

Besides the extensive use of nucleotides and pyridine nucleotides as’
general ligand chromatographic media, triazine dyes are, also, increasingly
exploited in affinity chromatography. However, these sulphonated poly-
aromatic reactive molecules are relatively new tools in general ligand enzyme
purification technology.

A typical structure of a triazine dye''” comprises the following: a terminal
sulphonated benzene ring (Fig. 6d) linked via a -NH-bridge to the triazine
ring (Fig. 6¢) containing one or two chlorine atoms depending on whether the
dye belongs to the H- or MX- range, respectively, and the chromophore (Fig.
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6ab) which is always linked to the trazine ring via a -NH- bridge. However,
the structures of the majority of reactive dyes remains a closely guarded secret
by the two main suppliers ICI (Procion range) and CIBA (Cibacron range).
The triazinyl moiety substituted with one (Fig. 6¢) or two chlorines is
responsible for the high reactivity of the dyestuffs. Accordingly, triazine dyes
can be immobilised to polysaccharide matrices ''®!''” by means of nucleophilic
displacement of the chlorine(s)''” by the matrice’s hydroxyls.

A large body of information has been accumulated over the last decade or
so on the interaction of enzymes and proteins with the anthraquinone dye
Cibacron Blue F3G-A (Procion Blue H-B, C.1. 61211). This dye selectively
interacts with pyridine nucleotide-dependent dehydrogenases, kinases, CoA-
dependent enzymes, hydrolases, polynucleotide-dependent enzymes, restric-
tion endonucleases, synthetases and a number of blood proteins including
serum albumin, clotting factors, lipoproteins, complement factors and inter- .
feron 712012 " and thus, has been used to purify biological molecules by
means of affinity chromatography. Furthermore, recently Procion Red HE-
3B is also increasingly employed in enzyme purification technology ''**?* as
well as other triazinyl dyes''®!%121:125,

Several studies have been performed, mainly with Cibacron Blue F3G-A,
to establish the basis for these selective interactions'”!?!; kinetic inhibition
studies of free dyes''®!?¢132  adsorption spectrum differences of the dye
caused in the presence of enzymem'm, induced circular dichroism stu-
dies 3140 X-ray crystallographic studies'*!, irreversible inactivation studies
of nucleotide-dependent enzymes with various triazine dyes %4144 post-
immobilisation chemical modification studies of triazine dyes'# and metal-
ion promoted binding of several enzymes to triazine dyes'*®!46,

It has been tentatively concluded that at least a part of the dye’s structure
(Fig. 6abc) mimics the naturally occuring biological heterocycles, such as
nucleoside phosphates, NAD *, CoA and folic acid, in terms of overall shape,
charge and aromaticity '°, and accurately reflects coenzyme binding to the
complementary-enzyme-'3"#147, Therefore, triazinyl dyes may be considered
as nucleotide substitutes and used as pseudo-affinity general ligands for a
large number of enzyme purification cases. Furthermore, it has been recently
found that dyes may differentiate between different nﬁcleotide—binding sites
of the same enzyme''"?; this information can be exploited to design specific
elution techniques''®.

V. Applications of Affinity Chromatography

In principle the technique can be applied whenever a specific interaction
occures between any two molecules.

Affinity chromatography has been traditionally applied in separations and
purifications of biological macromolecules and in particular for proteins that
recognise nucleotide-coenzymes and triazine dyes as ligands '7>19-20:6379.81,120,121,144
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The main powerful inherent advantages of affinity chromatography over
conventional classical purification methods are its selectivity and simlicity of
completion of work in a short time. Although the synthesis of general ligand
affinity adsorbents may, sometimes, be laborious and uneconomical, however,
this can be readily compensated by the fact that the adsorbents can be used
succesfully for a number of different purification cases. Furthermore, the
introduction of triazine dyes as general ligand media, along with their
extremely low cost and ease of immobilisation '7?, provided affinity chroma-
tography with one more advantage over other techniques. Only some typical
examples of the effectiveness of nucleotide and triazine dye ligands will be
suffice. :

Human serum lactate dehydrogenase could be purified, in a large scale,
from crude extracts on agarose-bound N ®~(6-aminohexyl)-AMP, followed by
elution with a NAD-pyruvate adducts, affording a 17,00-fold increase 'in
specific activity in a single step '*®. Similarly, human lactate dehydrogenase
could be purified 10,000-fold and 145-fold respectively from erythrocyte and -
liver extracts by chromatography on 8-immobilised AMP '*°. Purification to
homogeneity of IMP dehydrogenase from crude extracts of E. co/i provides
another example of large scale purification. The enzyme was chromato-
graphed on AMP'!'" and IMP® affinity adsorbents, followed by elution with
AMP and IMP gradients respectlvely, resulting in pure protein in:one
chromatographic step.

Other examples where triazine dye ligands are involved may be cited.
Purification to homogeneity, on a“ preparative scale, of 3-hydroxybutyrate
dehydrogenase in two succesive chromatographic steps on Procion Red H-3B
and Procion Blue MX-4GD dye columns, afforded 70% yield'®. This two-
step affinity procedure substitutes a conventional purification method in-
volving eight steps with an overall 9% yield '*'. The same ligand system may
be used to purify malate dehydrogenase '*°. Furthermore, three t-RNA synthe-
tases; methionyl-,. tryptophanyl- and tyrosyl- were purified to homogeneity on
immobilised Procion Green HE-4BD, Brown MX-5BR and Orange MX-G,
respectively'25. Conventional purification methods involved three further
columns for tryptophanyl -tRNA synthetase and at least four for tyrosyl--and
methionyl-tRNA synthetase '2°.

Affinity chromatography has also been utilised in other, than enzyme,
macromolecule separations, for example, in immunoseparations '*'% and
nucleic acid separations'“’"”r where complementary antibodies and nucleic
acids were used as ligands respectively, and separations of hormone-binding
" proteins *° and membrane-bound receptor proteins 160-162, Furthermore, af-
finity chromatography has been exploited in the isolation of supramolecular
structures such as Influenza virus '}, lymphocytes %% and other cells '%-'%8,

~ Besides its traditional use in separations and purifications, affinity
chromatography may be employed in other purposes:

.

(i) Isoenzyme resolution : All five isoenzymes of lactate dehydrogenase
have been resolved on immobilised N ®-(6-aminohexyl)~AMP, where elution
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was effected with a concave gradient of NADH '%°. Similarly, horse liver
alcohol dehydrogenase isoenzymes were resolved on the same adsorbent,
following specific elution with NAD" and cholic acid mixture ', Malate
dehydrogenase isoenzymes were separated, also, on the same adsorbent. The
cytoplasmic enzyme passed through the column unretarded whilst the mito-
chondrial malate dehydrogenase was bound and subsequently eluted in a
NADH gradient '’!. Finally, creatine kinase isoenzymes of green sunfish were
resolved on Blue Sepharose CL-6B!72,

(ii) Removal of contaminants : Commercially available crude pyruvate
kinase preparation containing lactate dehydrogenase can be purified to
lactate dehydrogenase-free preparation on immobilised N°®-(6-aminohexyl)-
AMP '*, A similar procedure was used to remove an impurity of mitochon-
drial malate dehydrogenase ‘from commercial preparation of pig heart
cytoplasmic enzyme'”!. Furtheremore, an NAD adsorbent was used to
remove various dehydrogenases associated with a preparation of cytochrome
C oxidase '"*. Finally, Sepharose-bound Cibacron Blue F3G-A was capable of
absorbing human serum albumin yielding albumin-depleted plasma '7>!7,
whereas, other dye adsorbents were utilised to remove contaminants from
near homogeneous proteins .

i(fl'l) Resolution of mutant proteins : Defective B-galactosidase forms pro-
duced from mutant strains of E. Coli have been studied by affinity chromato-
graphy '”®, whereas inactive mutant forms of E. coli IMP dehydrogenase from
guaB mutants have been purified on 8-(6-aminohexyl)-AMP following elution"
with a linear gradient of AMP'!". Finally, resolution of wild type from"
mutant enzymes and subunits of protein aggregates, on immobilised Procion
dyes, have been reported ',

(iv) Concentrate diluted solutions : Diluted solutions of IgG may be
concentrated on Sepharose-immobilised protein-A '8¢, : .

(v) Resolution of chemically modified forms frorm native pro'tez'ris : Active
site-modified staphylococal nuclease may be separated from inactive enzynie
on agarose-bound deoxythymidine-3-(p- ammophenylphosphate) 5’-phospha-
te '8!, whereas resolution of functionally-inactive NADP *-isocitrate dehydro-
genase from active form on immobilised triazine dyes was reported 2,

(vi) Estimation of dlssoczazzon constants : Such. information can be ob-
tained elther by elution analy51s or by frontal analy51s 184. the methods may?
be used to determine the’ dJSSOClatIOIl “Constant of free and immobilised:
flgand However, since the 1nteract10n ligand-enzyme may,- sometimes, be:
comphcated as, for example, between lactate dehydrogenase and immobilised
N -(6- ammohexyl)—AMP where ‘a complex biphasic time dependance is ob-
served 185 direct quantitative measurments may be difficult to make. A more
qualltatlve approach to the estimation of dissociation constants is that
reported by Brodelius and Mosbach (1976)'% where a stundard curved:of-
dissociation constants, known from literature data, for various lactate dehy-
drogenases versus the concentration of NADH reqired to effect elution from
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N é-(6-aminohexyl)-AMP-agarose, was employed to determine the dissociation
constant of NADH for various other unknown lactate dehydrogenases.

(vii) Studies on the binding of ligands to enzymes : The compulsory
ordered mechanism of lactate dehydrogenase in which the pyridine nucleotide
binds first, was confirmed by affinity chromatography’®. Similarly, hexo-
kinase only binds to immobilised ATP in the presence of the specific
cosubstrate glucose. This supports an ordered reaction sequence where
glucose *is added first followed by MgATP*. Contrarily, the equal ef-
fectiveness of all ADP and glucosamine adsorbents tested for hepatic gluco-
kinase, suggest that the kinetic mechanism for the binding of glucose and
ATP to the enzyme is random and idependent'®’.

(viii) Studies on ternary complex formation : It has been possible to
demonstrate that lactate dehydrogenase bound to immobilised AMP will
elute at lower NAD * concetrations when either lactate or pyruvate is included
in the NAD" grgdient’sg. Similar results were obtained with L-threonine
dehydrogenase'®® and malate dehydrogenase'® when L-threonine or L-
malate/oxalacetete were included in the NAD® gradients. Such results
support the formation of a ternary enzyme-NAD ™. substrate complex.

(ix) Studies on the nature and topography of binding sites : Isocitrate
dehydrogenase displays no affinity for agarose-bound ADP '™ and NADP* %2
substituted at the N © position, suggesting that this position is essential for the.
coenzyme binding to the enzyme. However, in many other cases N®-sub-
stituted coenzymes may be used as efficient affinity adsorbents. Such
information can establish whether gross difference in topography exist for
different enzymes.

Malate dehydrogenase from two different sources, pig heart and B.
subtilis, -displayed a preferred specificity for N® and C8-immobilised AMP
adsorbents respectively. It appears, therefore, that for the same enzyme but of
different species, minor differences may exist and produce significant changes
i the specificity for differently immobilised ligands.

Immobilised coenzymes may, also, be utilised to dinstiguih between
catalytic and effector sites, as with pyridine nucleotide transhydrogenase '*!,
or to_establish whether nucleotides may bind at the same or different sites of
a particular enzyme, as with NAD(P*)-dependent D-galactose dehydro-
genase ',

Finally, information concerning the rélative affinity of coenzyme fragments
for the same enzyme binding site, may be gained by affinity chromatography.
Pig heart lactate dehydrogenase and horse liver alcohol dehydrogenase have
been shown that bind strongly to all fragments greater than AMP.and very
weak to lower fragments'®?. Such studies in cojunction with studies on the
ionic, hydrophobic. and hydrogen bonding interactions between coenzyme
fragments and enzyme, may make possible to map the topography of the
coenzyme binding site.

(x) Biomedical applications : Affinity chromatography is proving to be
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useful for the selective removal of unwanted material from the blood of
patients by means of extracorporeal blood treatment. It is essential, however,
to make sure that the adsorbent is blood compatible and prevented from
releasing contaminants into the patient’s blood. This is achieved when
articicial cells are employed.

A number of synthetic immunoadsorbents. may be used to remove
specific antigens and antibodies from the blood, whereas bilirubin can be also
removed by extracorporeal hemoperfusion through agarese-bound human
serum albumin. Other substances associated with clinical toxicity, such as
digitoxin, cholic acid and salicylate, may also be removed.

It is worth mentioning that the affinity concept has found application in
many relevant biochemical techniques”’“,, such as :

[N

Covalent chromatography

Hydrophobic chromatography

Charge transfer and metal-chelate affinity chromatography
Affinity density perturbation

Affinity electrophoresis

Affinity partition

Affinity precipitation

Affinity electrodes

High performance liquid affinity chromatography

Affinity histochemistry.
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Xpwuatoypagia Zvyyeveiag

THv televtoia dexoetio 1) Xpopoaroypagio Zuyyeveiag (Affinity Chroma-
tography) #yer ocupfdriel Grogoociotikd otov kabapiopd kai dropdveon
Broloyikdv pokpopopiov kai Eyxel povonwinon v mpotipnon tdv Epev-
VIOV odv texviky otoév topéa adtd. .

‘H &pyn zfig teyxvikiic adtfic Paciferon o1 Sl)vatomw oynpoticpod
dvtiotpent®v Procuuniékwy, 6nweg m.y. petald vibpov kai cuvevivpov: té
terevtaio dxrvntonoifitatl (immobilised) cuvi|Bog Emdve oé Eva kKatdAAnAo
a81dAvto VEPSPILO mohvpepéc, 16 «bndoTpoliar (Matrix), kai Gnd v Béon
adth dvayvepilel Exhektikd, dvdpeco o dira, 16 dvrictoryo Evivpo 16
- &dmoio Koi deopedel dvvapikd. v mpokepévn mepintoon 16 cvvévivpo
dvopdletor «ovyyeviic» (affinant, ligand) 16 8¢ Evivpo «SLUTANPOUATIKOS
{complementary) cvyyevfic 1 Propdpro». “O ovyyeviic dxivnromotfital
xnuikda pé Eva «Bpayiova» (arm, spacer) 16 dméotpopa 16 6moio Exel npo- |
nyovuéveg évepyomoinbel (activated) ympikd.

Td Pacikd cLGTOTIKG £VOC CLUGTYUOTOS YPOUHATOYpA@iog CuyYeVeiag
elvar tpia: 16 Ombotpopa, & Ppayiovag kai 6 ovyyeviig, kol 16 Omoia
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gEvovovtal pnetafd tovg pé drdpopeg neBodovg dpyavikiig xrpeiog. Zoviifwg
oynuotifovue mpdta 16 odumioko ovyyevii-Bpayiovo xoi xatdmv 10
dkiwvnronolobye ot1d Evepyomoinuévo dBrOGTPOUOL.

T6 dndotpope tpénel vé TAnpfi dpropéveg ididtnteg Tig 6moieg umg Té
Srdpopo drnootpdpata TANpody ot drapopetikd Pobud. “H dyapdln (agarose,
Sepharose) elvot edpaimg S108edopévn GALG Kai GAAa QUOLKE TOALGEKY AP
Snwc kvttapivn (cellulose) xoi de€tpdveg (dextrans, Sephadex), xai cvvOe-
TIKG ToAvpepT] duvotov va ypnotpononBodyv. Oi guoikéc kol ynuikég i016-
Tjteg Tob bmootpdpotog eival Pacikol mapdyovteg yid v émtvyio TG
teyvikfic. ~O Ppayiovag drartel idaitepn mpocoy] d¢ dvagopd té pfjkog
Tov koi v molkdTnTd Tov. Téhog, O ovyyeviig xoi & TpOmOg GKVNTO- -
noujoedg Tov eivor KeBoploTikiig onuaciog Yid TV TeYVIKY] d10TL Emnped-
Cet Guueoa ™v Emtvyio dAAnAenidpacng (interaction) ovyyevii — GUURAT-
popatikod Bropopiov.

“O ovyyeviic duvatdv vé elvar dymAific eidikdtntog (specific llgand) a¢
dvogopd 16 cuounAnpopotikd Propdpro, 1 duvatdv va elvar £181kdg Y6 pia
opada Propopiwv (group specific ligand 1 general ligand). Ztv Sedtepn
koTnyopio ovumeptlapBdvovtar kai T6 voukAeotidio (nucleotides) kai
Spactikég xpooTikég (reactive dyes, triazine dyes) pé td 6noio koi Goyoiod-
paote otiv mapodca Epyacio.

‘Onoocdimote 1| xpopatoypa@ia cuyyeveiag ypnoiponotfjtor idiaitepo
gxtetopéva kai roteel tiv mhbov Ekhentiopévn koi eidikevpévn Ty ViKY
Sraywpiopod xoi kobopiopod Broloyikdv (pakpo)uopiov kol doudv Emeg
Y. TPOTEIVDV, Evidpwv, (ToAv)nentidiov, yAvKompoteivdy Kol moAvcok-
. xopLTdv, Amompwteivdy, moivvovkieotidiov kat vovkAeik®v 8wy, fvti-
Yoévov kol Gvticopdtov, 6puovdy kai Hrodoyeic SppuovdY, KVTTOTAUCUATL-
k®dv Opyavidiov, idv.kai xvtidpov, 1 Pacwny g 66 apyr Bploxet
gpappoytc of mapep@epelc TEYVIKEG TiiG Proymueiog.
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THE DETERMINATION OF MILK SERUM SOLIDS-NOT-FAT
IN FORTIFIED MILK USING THE CRYOSCOPE

J.D. EFSTATHIOU
Laboratories and Quality Control H.P. Hood, Inc., 500 Rutherford Ave, Boston, MA
02129.

(Received December, 5, 1978) (Revised May 31, 1980)

Summary:

Fortified and unfortified lowfat and nonfat milks were analysed for freezing point
and milk serum solids-non-fat. Data were statistically evaluated for possible cor-
relation. Results indicate that freezing point can be used effectively as a quality control
tool for monitoring amounts of added milk solids-not-fat in fortified milk products.

Experience in our laboratory has demonstrated that solids-not-fat determinations
on individual batches of Nuform, Balance and Fortified Fat Free milk products can be
completed in less than two minutes with precision and accuracy comparable to that of
the Mojonnier method.

Key words : Cryoscope, Milk serum solids-not-fat, Milk solids-not-fat.

Introduction

The freezing point of cow’s milk has been recognized as one of its most
constant values, normally varying between -0.530°C and -0.566°C on in-
dividual cow samples . Tt is known that the freezing point of a liquid is
governed by the number of molecules in solution and not the weight of the
molecules **. The freezing point of milk, like that of any aqueous system, also
depends on the concentration of water - soluble constituents. The lower free-
zing point of milk than that of water (1.86 °C) is caused (75-80%) by the lacto-
se and chlorides in solution. In addition a complementary relationship exists
between lactose and sodium chloride in milk such that the freezing point is
maintained within a narrow range. , '

Freezing point has been used for many years as a tool for detecting added’
water in milk. The principle is based upon studies that show that as the milk
is diluted by the addition of water, its freezing point tends to approach that of
water. It follows then, that the reverse should be true; i.e., the freezing point
depression should increase as the solids in solution are increased. Since
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freezing point depression is dependent upon the molecular concentration of
the milk serum, it is unaffected by variations in fat content.

Until Baer and Lowenstein published their work in September, 19779, lit-
tle research had been done on the relationship of freezing point depression to
added nonfat milk solids. Their studies demonstrated that a high correlation
“does indeed exist between freezing point and added solids-not-fat when using
nonfat milk and specific levels of fortification with nonfat dry milk. It was felt
that an adaptation of their technique might become a useful quality control
tool, and this paper describes our approach to the subject and our findings
and conclusions. 1

Method and Materials

Seventy-two samples of fortified lowfat and nonfat milk were prepared
using skim milk, raw standardized whole milk and condensed skim milk so as
to contain milkfat and milk solids-not-fat levels corresponding to the
specifications of the three commercially available fortified lowfat products;
Balance, Nuform and Silouet. Solids-not-fat levels were varied over a wide
range in order to give us a broad picture of the effectiveness of the test.
The samples were analyzed for milkfat by the Automated Light Scattering
Method (Foss Milkotester; AOAC 16.059 - 16.064, calibrated to Roese-
Gottlieb; AOAC 16.055). Total solids were determined by the Mojonnier
method’. Milk serum solids-not-fat (MSNNF) were then calculated using the
following ebuation :

Total Solids - Milkfat

100 -Milkfat < 100

% MSSNF =

Freezing points were determined by using the Advanced Cryomatic
Cryoscope Model 4CII (AOAC 16.089-16.092) obtained from Advanced In-
struments, Inc., Needham Heights, Massachusetts.

Results and Discussion

Of the seventy-two samples tested, thirty-one had fat and solids levels cor-
responding to Nuform; twenty-nine had levels corresponding to Balance, and
twelve had levels comparable to Silouet Fortified Nonfat. The samples were
tested for MSSNF and freezing point (Table I), and the test results were
plotted (Fig. 1). Performing a statistical regression on the data, the slope and
the intercept of the most probablé straight line through the cloud of points
(Fig. 1) was determined. With this regression equation we were able to
forecast an estimated MSSNF value for each sample using its freezing point.
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TABLE I : Freezikng Point vs. Milk Serum Solids-Not-Fat
Freezing Freezing

Case No.| Point (-C°) | MSSNF 9%/|| Case No. | Point (-C° | MSSNF %
1 0.532 8.88 37 0.590 9.77
2 0.536 8.92 38 0.603 9.88
3 0.573 9.50 39 0.613 10.07
4 0.578 9.64 40 0.614 10.10
5 0.576 9.52 4] 0.616 10.12
6 0.585 9.69 42 0.614 10.16
7 0.601 9.89 43 0.626 10.17
8 0.604 9.95 44 0.615 10.18
9 0.610 10.11 45 0.622 10.21
10 0.617 10.14 46 0.616 10.19
1 0.615 10.16 47 0.623 10.29
12 0.622 10.19 48 0.627 10.28
13 0.626 10.30 49 0.617 10.24
14 0.631 10.31 50 0.625 10.38
15 0.642 10.33 51 0.635 10.39
16 0.521 10.31 52 0.635 10.41
17 0.623 10.34 53 0.630 10.43
18 0.628 10.40 54 0.647 10.51
19 0.625 10.41 55 0.635 10.56
20 0.624 10.46 56 0.642 10.60
21 0.626 10.47 57 0.648 10.60
22 0.638 10.49 58 0.654 10.64
23 0.639 10.52 59 0.629 10.30
24 0.635 10.56 60 0.629 10.35
25 0.645 10.57 - 61 0.539 8.98
26 0.641 10.60 62 0.542 8.99
27 0.646 10.68 63 0.586 9.79
28 0.650 10.72 64 0.587 9.81
29 0.650 10.78 65 0.594 9.86
30 0.659 10.89 66 0.604 9.95
31 0.662 10.89 67 0.607 9.99
32 0.536 9.02 68 0.610 10.05
33 0.539 9.07 69 © 0.625 10.23
34 0.576 9.58 70 0.625 10.26
35 0.580 9.66 71 0.643 10.54
36 0.579 9.68 72 0.649 10.59
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FIG. 1 : Milk Serum Solids-Not-Fat (Mojonnier) vs. Freezing Point.

These estimated values were compared with the observed values (Table IT) and
statistically analyzed (Table ITI). Figure 2 is a graphic comparison, prepared
by computer, illustrating a comparison between the observed and estimated
MSSNF values. ~ '

Statistical analysis indicated an extremely high correlation between
freezing point and MSSNF (0.989). Replicate freezing point determinations
by the cryoscope rarely vary by more than = 0.002°C, indicating that the
analyses are very reproducible.

Regression analysis yielded the following equation :

% MSSNF = 14.98611(|F.P.}) +0.93545

On the basis of this equation, it can be seen that for every 0.10% increase
in MSSNF the freezing point will be depressed by 0.0067°. Conversely, for
every 0.001° change in the freezing point, a 0.015% change in the level of
MSSNF is indicated. These observations agree with those of Baer and Lowen-
stein. However, since their study dealt only with fortified nonfat milk in
which the milkfat levels were both constant and negligible, Baer and
Lowenstein did not make special note of the fact that the estimate reflects
specifically the level of milk serum solids-not fat rather than solids-not-fat
(SNF). In order to -convert our estimate of MSSNF to SNF, the milkfat
in the sample must be defermined and the following equation employed :

9% MSSNF (100 — % Fat)

% SNF = 100

(=)
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FIG. 2 : 4 comparison of the estimated and observed milk serum solids-not-fat
levels in seventy-two samples of lowfat fortified milks.

We had been ‘apprehensive about factors beyond our control that might
alter the freezing point/MSSNF relationship in raw milk supply. It is well
Kknown that seasonal variations in the composition of milk can be expected.
The most dramatic change occurs in the spring and early summer when there
is a sharp decrease in total solids. Changes in milkfat content account for the
major portion of this variation®®; however, nonfat solids variations in the
sera significantly affect the total solids content of the milk '°. Furthermore,
these changes are not signaled by corresponding fluctuations in freezing
point ''. As demonstrated by Stubbs and Elsdon '%, the average freezing point
of a large population (1000) of cows’ milks varies by less than £ 0.002°C
in the course of a year.

It was clear that what was needed was a method by which the regression
equation could be adjusted so as to reflect the changing MSSNF levels. Empi-
rical adjustment of the intercept appears to solve the problem. Triplicate
determinations of milkfat content, total solids by Mojonnier and freezing”



116 J.D. EFSTATHIOU

. TABLE .II.... Observed. y¥s. Estimated .MSSNF

Case No. | Observed | Estimated | Residual || Case No. | Observed | Estimated Residual
I 8.88 8.908 -0.028 37 9.77 9.777 -0.007
2 8.92 8.968 -0.048 38 9.88 9.972 -0.092
3 9.50 9.522 -0.022 39 10.07 10.122 -0.052
4 9.64 9.597 0.043 40 10.10 10.137 -0.037
5 9.52 9.567 -0.047 41 10.12 10.167 -0.047
6 9.69 9.702 -0.012 42 10.16 10.137 0.023
7 9.89 9.942 -0.052 43 10.17 10.317 -0.147
8 9.95 9.987 -0.037 44 10.18 10.152 0.028
9 10.11 10.077 0.033 45 10.21 10.257 -0.047

10 10.14 10.182 -0.042 46 10.19 19.167 0.023
11 110.16_ 10.152 0.008 47 10.29 10.272 0.018
12 10.19 10.257 -0.067 48 10.28 10.332 -0.052
I3 10.30 10.317 -0.017 49 10.24 10.182 0.058
14 10.31 10.392 -0.082 50 10.38 10.302 0.078
15 10.33 10.557 0.227 51 "~ 10.39 10.452 -0.062
16 10.34 10.242 0.098 52 10.41 10.452 -0.042
17 10.34 10.272 0.068 53 10.43 10.377 0.053
18 10.40 10.347 0.053 54 10.51 10.631 -0.121
19 10.41 10.302 0.108 55 10.56 10.452 0.108
20 10.46 10.287 0.173 56 10.60 10.557 0.043
21 10.47 10.317 0.153 57 10.60 10.646 -0.046
22 10.490 10.497 -0.007 58 10.64 10.736 -0.096
23 10.52 10.512 -0.008 59 10.30 10.362 -0.062
24 10.56 10.452 0.108 60 10.35 10.362 -0.012
25 10.57 10.601 -0.031 - 6! 8.98 9.013 -0.033
26 10.60 10.542 0.058 62 8.99 9.058 -0.068
27 10.68 10.616 0.064 63 9.79 9.717 0.073
28 10.72 10.676 0.044 64 9.81 9.732 0.078
29 10.78 10.676 0.104 65 9.86 9.837 0.023
30 10.89 10.811 0.079 66 9.95 9.987 -0.037
31 10.89 10.856 0.034 67 9.99 10.032 -0.042
32 9.02 8.968 0.052 68 10.05 10.077 -0.027
33 9.07 9.013 0.057 69 10.23 10.302 -0.072
34 9.58 9.567 0.013 70 10.26 10.302 -0.042
35 9.66 9.627 0.033 71 10.54 10.572 -0.032
36 ; 9.68 9.612 0.068 72 10.59 10.661 -0.071
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TABLE III : Statistical Analysis
a) Regression Analysis

Intercept .........c.o.n... P
Regression coefficient ........cooiiiiiiiiiiiiiiii i,
Standard error of regression coefficient .............. ... . coia..
Computed T-value ......oiiiiiii e
Correlation coefficient ..... ... ittt i e
Standard error of estimate .........iceiiiiiniiiiiiieiiiiiieeean.
Average difference of estimate ...........cooiiiiiiiiiiiiiiiiai.,

b) Analysis of Variance

Degree of

Source of Variation Freedom
Attributable to regression 1
Deviation from regression 70
Total 71

Sum of

Squares
15.786
0.351
16.137

Mean
Square
15.786
0.005

117

0.93545
14.98611
0.267
56.081
0.989
0.071
0.000

F Value
3145.076

point are made routinely on fortified lowfat milks, and the actual versus the
estimated MSSNF values are compared. The regression equation is then
adjusted, if necessary, by employing the new intercept as determined by the

following formula :

_ 100(S—F)
T 100—F
Where : 1 = intercept
S = total solids by Mojonnier
F = milkfat content

F.P. = freezing point absolute value

- — (14.986 X F.P,)

The action of monitoring the actual MSSNF levels in the milk supply has
the added advantage of helping to explain seasonal variations in ingredient

usage.

It has proven to be a simple matter to incorporate these new test pro-
cedures into our quality control program. Backup testing by Mojonnier
during the trial period increased our confidence in testing production

samples.

The reproducibility of the test has been impressive during routine quality
control operations and its speed of great values to the processing group.
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Provided that an adequate amount of data is accumulated on milkfat and
solids for a manufacturing location, new intercept values can be determined
for different milk pools. This makes the method readily adaptable to any
processing plant.

It is known that the instrumentation operates very well in the laboratory;
perhaps the system could be adapted to an «on-line» installation capable of
adjusting milk solids non-fat levels automatically.

’ ITepiinyn

Kpvooxomixég Ilpocdiopiouds tob “Avev Aimovs Enpod “Ymoieiupatog I'd-
Aaxtog

‘H mepiektikdtng ydhaktog €ig Gvev Aimog &npd dméAieiupo mpocdio-
pichn 816, tfic uedd8ov Mojonnier. T6 onueio méewg Eniong droloyicOnke
3164 kpvookomiov (Ilivag I).

TToTIOTIKY GvAAvoLg TV dmotedecpdtov (A1 €000YpPApUT GUUUETO-
Bolny) Edwoe thv kaTwbL EEicwon :

% M.S.S.N.F. = 14,98511(IF.P.I) +0,93545

8mov : % M.S.S.N.F. = 9% dvev Aimovg Enpdv Hnéretppo yorakTikod mAd-
GUOTOC.

F.P. = onueiov mifewg ydroktog (o.m.).

* Avévoig thig Eiodoeng detkviel 8T d1d kdbe 0,1% avdénon tod M.S.S.N.F.
16 o.7. Ehattobtol katd 0,0067°. “Avev Aimovg Enpév dméAeipupo YEAAKTOG
Sovatar v mpocdiopiobij ypnoponotdvtag v Egicwon

% M.S.S.N.F.(100 — % B.F.)

% S.N.F. = 100
8mov : % S.N.F. = ¢ &vev Aimovg Enpév Hmérelpa ydAaKTOG.

%B.F. = 9% Aimog ydAiakTog.

L1oTI6TIKY GvéAvon TOV peTpricenv did Mojonnier kai t@v droloyicbéviov
dvev Almoug Enpod dmoAsippatog ypnoiponordviag 16 ©.1. delkviEL amAn
e000Ypapun ovupetafor TV dvo Tiudv pé EEorpetikd dymin cvyvétnta
(98,9 %).

“H pébodog eivar Gmhn, ypiyopn kai dkpiPric kai d0vator vd ypnotpo-
nomndfj ei¢ Epyoaotripro mototikod EAEyyov ydioktog pé 1idn Omapyovra
Spyava avardcenc.
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EMF MEASUREMENTS. IN NON-AQUEOUS MEDIA.

(a) STANDARD ELECTRODE POTENTIAL DETERMINATION
OF THE SILVER-SILVER CHLORIDE ELECTRODE IN
NON-AQUEOUS ALCOHOLIC SOLUTIONS AT 15,20 AND
30 °C. ’ : ’

(b) ION PRODUCT OF ALIPHATIC ALCOHOLS AT 15, 20
AND 30 °C.

TOANNA E. PROVIDAKI-MOLINOU
Physical Chemistry Laboratory, University of -Athens, 13, Navarinou St.

(Received June 30, 1980)

Summary

The standard emf of the silver-silver chloride electrode in EtOH, PrOH, i-PrOH,
BuOH and i-BuOH solutions at 15, 20 and 30°C, has been determined and its thermal
coefficient computed. . .

The ion product of EtOH, PrOH, i-PrOH, BuOH and i-BuOH at 15,20 and 30°C
has been evaluated. The experiments were carried out by an electrometric method,
where a cell without transferrence, consisted of a platinum and a silver-silver chloride
electrode, has been used.

Key words : Standard emf, silver-silver chloride electrode, hydrogen electrode, non-aqueous
solvents, ion product, thermal coefficient.

Abbreviations
R :C,Hs, C3H,, 1-C3H7% : mean distance of closest
C Hy, -C,Hy, ~approach
M : Li, Na, 2.3.RT
I : ionic strength k A
D : dielectric constant EtOH : C.H.OH
dy : density- of the pure solvent: PrOH . CjHjOH
. 1/2 . :

o g-ggﬂ i-PrOH : i-C,H,OH

: o ) BuOH : C4H 90H

i-BuOH : i-C 4H 90H
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Introduction

Whereas the ionization constant (K) of water has been determined with
great accuracy and at a large extent of temperatures, small number of
measurements concerning the determination of the ionization constants of
solvents other than water, has been reported. This could be attributed to the
big experimental difficulties which arise at the handling of non-aqueous
solvents. Considering the first aliphatic alcohols,. only the K of MeOH has
been determined at a series of temperatures (0-45°)."> The K of EtOH has
been”estimated at 20°,% and at 25°.23 and of PrOH and i-PrOH at 20 and
2507

Th_effnethod used in all cases was an electrometric one. It can be seen that
the above mentioned measurements do not cover the subject of the acidic
character of these solvents. In this work is presented a more systematic study
of the ionization constant of aliphatic alcohols. The K of MeOH has not been
redeterminated, as the temperature range covered, is large. The measurements
in EtOH, PrOH i-PrOH at 20° have been repeated. That way a comparison is
possible which leads to conclusions about the experimental difficulties and
the precautions taken. The ionization constant determinated concerned the
EtOH, PrOH, i-PrOH, BuOH, i-BuOH at 15,20 and 30 °C.

The first part of this work is consisted of the determination of the
standard electrode potential (E*) of the silver-silver chloride electrode in each
solvent and temperature. '

The results obtained by different investigators appear in Table I It is

TABLE 1 : Standard electrode potential of the silver-silver chloride electrode in non-
aqueous aliphatic alcohols

EX (volt) t°C solvent ref.
-0.0098 25 MeOH |
-0.0099 25 o MeOH 5
-0.04462 25 EtOH 6
-0.0365 25 . -EtOH 7
-0.0883 25 "EtOH 8

+0.02190 ~ 25 EtOH 9
-0.08138 25 EtOH 10
-0.079 25 EtOH 4
-0.0723 25 EtOH 3
-0.065 20 EtOH 3
-0.102 25 PrOH 3
-0.092 20 PrOH 3
-0.122 25 i-PrOH 3

w2

-0.0995 20 i-PrOH
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apparent -that. a serious discrepancy exists as.to the value of E* in EtOH. ..
Vatious-systematic errors arise in the emf measurements of non-aqueous
solutions. Concerning the EtOH, the most important of them, seems to be the
.influence of traces of water, and for that reason appears a large number of
‘measurements i1 “this“solvent. It is ‘reported:that to-dttain an accuracy of
0.1 mV in E*, the molality of water should be less than 2.10° m, practically
unachlevable Other systematic errors can be, the oxidation of solvent by the
air (wh1ch has ar opposite effect ot the émf than the influence of traces of
water) and, the reaction of EtOH with HCI. The emf of other non-aqueous
cells does not depend so seriotisly on the traces of water. The oxidation of the
solvent by the air, and the poisoning of the electrode(s) by the solvent, are
other effects which may affect the accuracy of the results. Thus it seems that
the difference between precision and accuracy in non-aqueous: emf mea-
surements, often is large. AN
From the above mentioned it is obvious that a redetermination of E* was
necessary, as the results depend highly on the way of execution of the
experiment, on the kind of solvent and on the precautions taken to avoid the -
possible errors. So it was determined the E* for the already mentioned
alcohols at 15,20 and 30°C. From these values can be calculated the
temperature coefficient of the standard emf of the silver-silver chloride
electrolc}e in these solvents; the only available estimate appears to be in
" EtOH ",

Theoretical part

(a) Determination of the standard emf (molal), of the silver-silver chloride
electrode, in HCl-abs.ROH solutions. The cell used was :

Pt,H 2(patm) I HCI (m),ROH l AgCl I Ag
The measured emf was corrected to one atmosphere partial pressure of the

hydrogen gas. This value was called the «observed emf», and was related to
the molality of the solution, with the equation

— s RT
E=FE ——g lhmymgvyuve (D
2RT 2RT
E=E*——F—Inm; ——F—Iny, (la)

The mean ion activity coefficient is given by the Debye-Hiickel extended type
_ equation

A(Idy)"?
1 +aB(Idy)"?

-logy+ = — BI @)
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-which for a single electrolyte and dilute solution reduces to

A(m d()) 1/2
1+oaB(Idg)'?

-logy+ = ~— Bm (2a)

A and B were calculated from the equations?®
A = 1.82455.10%(DT)¥2, B = 50.2904.10%(DT)""?

The dielectric constants and the densities of the pure solvents at various
temperatures were taken from reported values 12, The value of a was 3.99 A,
It was used the same value for all solvents and temperatures of this work. The
parameter P is the «interaction coefficient». Combining equations (la) and
(2a) is obtained

A(mdg) "2
E = E*_Zklogm+2kl+aB(mdo)'/2 — 2kfm 3)
A quantity E*” is defined by :
s 172
E*” = E + 2k logm — 2k T:—fﬁ_ (3a)
and equation (3) becomes,
E*" = E* —2kfm | , 4)

A plot of E*” against molality (m), yields a straight line of intercept E* on
the m =0 axis, and of slop 2kp, from which § can be calculated. Once E* is
known, 7 = can also be calculated from the equation (la).

(b) Determination of the ion product of aliphatic alcohols. The ion product
of an aliphatic alcohol is given by the equation

K = aro-X apons
The galvanic cell used was of the type
Pt,.H 2p atm) | MOR (13 -y MCl 1y ) | AgCl | Ag
where (mgo-) and (m¢p-), are the molalities of the alcoxide and the chloride

salt of Na or Li, respectively.
The «observed emf» is given by the equation
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RT RT Ocr
E=E*— & an———F——ln omor (5)
which can be also ‘written, as,

RT RT MW RT Yor
E=EFE—-fF IhK ——F—In My T F In —— (6)
A quantity E*"" is defined as

.. E-E* mcr-
E*"" = K + log e | (6a)
thus equation (6) becomes
, Ycr
E*"" = -logK —log (7

YRrRO-

is directly proportional to the ionic strength'?,

) Ct
[he term 1()g
) R

iri dilute solutions, and a plot of the E*” " against (I) should yield (-log K) by
linear extrapolation to infinite dilution. :

Experimental

Cell design and apparatus. The cell was made of Pyrex glass and was
designed in a special way, so that a possible diffusion of the hydrogen gas
from the hydrogen electrode to the silver-silver chloride electrode com-
partment, be prevented. ‘ .

The electrodes were connectéd to the cell through ground joints, so that
no contact with the air be possible. The glass cell, as well as, a presaturator
bubbler for the incoming hydrogen, were immersed in a thermostat maintained
at t £ 0.05°C. The_cell contained about 55 cm? of the solution and the
pressaturator 150 cm?.

The emf measurements were carried out using a Cambridge Vernier type
potensiometer, equipped with a Cambridge Standard cell and a mirror type
galvanometer. The precision of the system was 0.001 mV.

All density measurements of the solutions were made by a thermostated
digital densitometer of Anton Paar K.G. DMA 02C Type.
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FElectrades. The-hydrogen electiodes were prepaied from-a platinum foil,
of total area 2 cm,’ and.thickness 0.015 cm, which was platinized according to
the- Hills and, Fves. method '*. They were washed in de-ionized water and
stored in dilute hydrochleric acid solution. Before their use they were pre-
soaked in.an alcoholic-hydrochloric acid solution, of the same concentration
to the one used. The hydrogen gas (of purity 99.999%), during a measurement,
was presaturated by bubbling through a solution of the same concentration .
and of double volume, before passing into the electrode compartment.

An hydrogen flowing rate of one bubble per second, was maintained
throughout each experiment.

The test of equilibrium was a constant emf value for one hour. It was
observed that the time required for obtaining a stable emf value, was
increasing with the number of measurements; that could be attributed to the
electrode becoming inert. Thus a cleaning and replatinizing of the electrode
surface became necessary before any new experiment.

The silver-silver chloride electrodes were of the «silver mirror» type
They were prepared from a platinum foil of a total area 2 cm* and thickness -
0.015 em, on which silver was deposited by the Rochelle salt mirror process '’.
Theé-silver, coating was anodized in dilute hydrochloric acid solution for 2-3
min, af a current density of 1.0 mA.cm 2. A conversion of 15-25%, of Ag to
AgCl was achieved. This type of electrode has been used to an excellent
effect!®, as it is free from aging effects, very well reproduced (better than
0.05.mV)*>!'®_ It is recommended for use in media of low dielectric constants.

.+.The present work consists the first use of the mirror-type electrode in non-
aqueous media.

In these experiments two electrodes were used, chosen from a group which
showed the lowest bias potentials against an aged one. Storage was achieved
by transfer to an alcoholic-hydrochloric acid solution.

Concerning the reproducibility and the long life of the electrode, the
following precautions were taken :

(i) The electrodes were stored in a dark place and the experiments were
carried out in a dark room, as the light could influence the percentage of the
silver on the surface.

(ii) The solutions were deoxygenated before their use, by bubbling N, gas
through them, because the air dissolved could cause a slow oxidation of the
silver, in the acidic solutions.

(iii) A diffusion of the hydrogen gas from the hydrogen electrode to the
silver-silver chloride compartment, was hindered by a special design of the
measuring cell, as the hydrogen could cause reduction of the silver in the
AgCl.

The two electrodes used were frequently checked and were proved to be of
an extremely good reliability, up to the end of the present work.

Thus, provided that the precautions mentioned are taken, the use of this
type of electrode in low-dielectric media, is confirmed. The bias potential was-
very low (£ 0.02 mV), and the reproducibility extremely good, as it didn’t
need a repreparation throughout all series of experiments in this work.

15,16
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Chemicals

The starting alcohols were of pA grade. They were subject to purification
by fractional distillation in an all-glass system. A Na-Hg amalgam was
introduced into the distillate, so that the last traces of water be moved.

The hydrochloric acid solutions were prepared by bubbling HCI gas,
directly into the alcohol in the glass vessel. Anhydrous hydrogen chloride was
prepared in an all glass apparatus, by introducing concentrated sulphuric acid
on sodium chloride, and dehydrated by passing through a series of glass
containers with CaCl,, H,SO, and P,O s, in order to be fully dehydrated. An
amount of about 50 cm?® absolute alcohol was introduced from the
distillation apparatus in the glass vessel, which was connected to the last part
of the hydrogen chloride production apparatus. The gas produced was
permitted to bubble in the alcohol for some minutes. Afterwards the vessel
was closed and put in the thermostat. This way any contact of the solution
with the air was avoided. The hydrochloric acid solutions were prepared just
before their use.

The alcoxide solutions were prepared by direct addition of the metal in the
absolute alcohol (Na in ethanol and Li in the other alcohols). The process
took place in a glove box, in a nitrogen atmosphere. The stoke solutions
were diluted in conceivable molalities and the title was determined titri-
metrically. The alcoxide solutions were prepared at the same time of the
experiment.

Salt, alcoholic solutions (NaCl in ethanol and LiCl in the other alcohols).

Stoke solutions were prepared by dilution of p.a. grade salt in the alcohol.
The title was determined gravimetrically. The solutions were rejected every
second day and new ones were prepared.

Procedure

(a) The hydrochloric acid-abs. alcohol solution was prepared directly in
the glass vessel as previously described, put in the thermostat and connected
to the hydrogen gas bubblers. After some minutes of the hydrogen flow, the
electrodes were introduced into the measuring cell and, emf measurements
were taken every 2-3 min. Equilibrium was reached when the emf values were
stable within 0.00003 volt for 60 min. )

Afterwards the title of the solution was estimated by titration with a
NaOH standard solution; no difference was found with the titration done
before the measurement. The solutions were of random concentrations so
that systematic errors to be avoided.

(b) A mixture of alcoxide and salt solution, of total ionic strength not
exceeding 0.13 m, consisted the solution to be measured, for the second part
of the experiments, which were carried out as previously described. Equi-
librium was reached within 60 min, when the emf was stable at 0.00003 volt.
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The measurement lasted 120 min. All experiments were carried out in a dark
room. :

Results and Discussion

(a) The results of the emf measurements of the cell
Pt,H, | HCl,),ROH| AgCl|Ag are given in Table II. A typical graphical
representation of the function E*’, as identified by eq.(3a), against the
molality (m) of HCI, ROH solutions, is shown in Fig. 1.

This plot should result in a straight line of zero slope, provided correct
value of the parameter a is chosen. As it is observed in Fig. | the plot gave a
straight line of a very small slope, for an a equal to 3.99 A, over the whole
concentration range. '

The value 3.99 A of o, is proved to be correct for HCI-ROH solutions '°
but no measurable differences in the standard potentials were obtained by
using, in the present calculations, a different o value which made the curve
horizontal, thus confirming that the small magnitude of the slope did not
decrease the accuracy of the extrapolation. The curves are drawn according -
to the least squares’ method and, the obtained standard (molal) emfs are
summarized in Table III.

The standard emfs, plotted against the absolute temperature (T), are
shown in Fig. 2. In the curve of EtOH in this Fig., a value at 10°C is placed

(—0.0313 v) taken from an unpublished work of the author, which fits very

*
well in the graph. From this representation the thermal coefficient (( aT))
of the standard emf is obtained, which appears to exceed a stable value for all
alcohols within £ 0.0004 volt K.

To compare the E* values in EtOH appearing in this work with those in
references, an interpolated value at 25° is obtained from Fig. 2, which is
—0.067 volt.

This is more negative than the ones of Harned and Fleysher®, and Lu-
casse’, and less negative than those of Taniguchi and Janz'’, Woolcock and
Hartley Schaal and Teze®, LeBas and Day*. The E* in PrOH and i-PrOH
at 20° deviate from those of Schaal and Teze?, being more negative about
0.005 volt.

(b) The results of the emf measurements of the cell
Pt,H; [mgo-, mc-, ROH [ AgCl| Ag are given in Table IV, together with the
ionic strength (I = mggo-+mg-) of the solution.

A typical graphical representation of the function E*’ " as identified by
eq.(6a), against I, is given in Fig. 3. The extrapolated values (pK), as well as
the K values calculated from them, are summarized in Table V. Comparing
the K of EtOH at 20% with the one of Schaal and Teze?, a descrepancy is
noticed (pK = 18.95) whereas a fairly good agreement is observed for K of
PrOH and i-PrOH at the same temperature (pK =19.33 and 20.73 re-
spectively). ' '



129

EMF MEASUREMENTS IN NON-AQUEOUS MEDIA

06L60°0  ¥9L0°0 1T€S1°0  TETO0
209800 TS0 TO060°0  86S0°0  10vTI'0  86T00  00S80°0  TTLOO  0SSSEO  TITOO
069010 16200  00¥60°0  0€50°0  6VEEI'0  0ITO0  CTO6II'0  S6200  [9ILI'0 €100
[EEI1°0  $0OTOO  00901°0  9€€0°0  0TPOI'0  T8000  0SLTI'0  00T00  OTPET'O  TEOO'0 0€¢
6LTST'0  §S00°0  8PLTI'O 9100 0$991°0  6L00°0  CTOELSI'0  LOIO'O  086€T0 62000
00L0T°0 01000  €OLEI'0  LEI0O0  LLTLIO  €90000 086610 - 1€000  OLI9T'O 81000
00¥01'0  §9L00  8TIOI'0  ©0190°0
111600 1¥S0'0  €0£80°0  0T600  00911°0  ¥S¥0'0  TLLOI'O  60S00  06SLI'0 < €120°0
00ZII'0 06200  LVE60°0  0S90°0  LTTP['0  80TO'0  OIIII'0  [LVOO  TOS610 611070
0TSII'0  LVTOO  €I1811°0  §9TO'0 €00 961000  OSEEI'0  0LZO0  TS80TO  8800°0 0T
[8LI1°0 00200  0TTEI'0 98100  OSISIO  6S10°0  889S1'0  OCI00  0SETTO 89000
10€£1°0  €¥10°0  0S6S1°0  SL00'0  8TBLI'0  S900°0  0OY81'0  :T9000  8¥T6TO  TI000
108800 €£L0°0 €8€01°0  0£01'0  TOOOI'0  9880°0  O€0LI0 65200
00L60°0  60S0°0  0880°0  1180°0  TSTII'0  S9L0°0  €SITI'O - 9LPO'O  €61LI'0  8¥2O0
002010 TSKO'0  €000I'0 06500  809TI'0  OSPO'0  <CTOSCI'0  1LTO'0 066810  TSI00
L8YI1°0  06Z0°0  00TII'0  SLEO0  869PI°0  €T20'0  6VEGI'0  T9000  [I€0T0  +010°0 S
T0ITI0 99200 0S911°0  0€€0'0  QOLPI'0  +ITO0  089STO  TI000  0699T0  $T00'0
0£9ET°0 €100 €9081°0  €¥00'0  TOSOT'O 6000  0106Z0 90000  0L68TO  €1000
(oa) ([ Brow)  Qoa) ([ Byow)  (roa)  (Bow)  (roa)  (Brow)  Groa)  (Byow) (D)
q w q w q w q w q w 1
Hong-! Hong HO1d-! HOW™

Dy 0£°0Z°S1 1® ‘sommpeiow snomea e 8y | O3V |HOT @ nH | ™" YT HId

HOId

qpeo oyy Jo sduprar JA ¢ 1T AT14V.L



130

-0.05

-010

S\

-015

FIG. | : Graphical representation of the E™*' against molality, for HCl-abs.i-PrOH
solutions, and evaluation of the standard emf Ey,) of the silver-silver chloride
electrode in i-PrOH solutions, at 15,20,30 °C.

FIG. 2 : Standard electrode potentials of the silver-silver chloride electrode, in various

005

IOANNA E. PROVIDAKI-MOLINOU,

0}10 -

o 15°
a 20°
v 30°

-005

-0.01

En(V)

-015

280
2

310

&4 0 PO

alcoholic solutions, plotted as a function of temperature.



EMF MEASUREMENTS IN NON-AQUEOUS MEDIA ) 131

e 15°
0
v 30
21 | - - y ] Y
rY * 'y
* *
20
{
L
19 1 L I . 1
] 0.05 0.10 I 015

FIG. 3 : Graphical representation of the E*’ against the ionic strength of a LiCl, i-
PrOLi, abs. i-PrOH solution, and evaluation at the I =0 axis of the pK of i-
PrOH ar 15,20,30 °C.

TABLE III : Standard EMF (E}) in molality scale of the silver-silver chloride
electrode in HCl-alcoholic solutions, and its thermal coefficient

£© EtOH PrOH i-PrOH BuOH i-BuOH
15 -0.04496 © -0.08630 -0.09432 -0.11590 -0.12172
20 -0.05250 -0.09715 -0.10484 -0.12498 -0.13159
30 -0.07938 0.12117 -0.12459 0.14153 -0.15526
(JE*)

1 -0.00244 -0.00239 -0.00210 -0.00173 -0.00210
(voltk ™

In Fig. 4, the pK values are plotted against the absolute temperature, and
it is observed that, as was expected, the pK decreases with the temperature.

At constant temperature, a gradual drop of the K values (an increase in
pK), is observed, as the chain of the molecule gets longer, with the exception
of i-PrOH, which deviates towards the smallest value.

The order they fOHOW iS, KEtOH > KPrOH > KBUOH > Ki—BuOH > Ki-PrOH
This could be explained considering two factors which mainly affect the
acidity of the alcohols, making them less acidic than water:

The inductive effect, which alkyl groups, replacing an H atom of the
molecule, display, and the magnitude of the dielectric constant of the
molecule.
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FIG. 4 : pK values of EtOH, PrOH, i-PrOH, BuOH and i-BuOH as a function of
absolute temperature.

The alkyl groups are poorer electron attractors than the hydrogen atoms,
and display an «electron donating», positive, inductive effect. This effect
increases the electron availability of the O atom (of the OH™), thus decreasing
the acidic character of the molecule. The relative magnitude of the inductive
effect of alkyl groups is normally found to follow the order,
ﬁ:)CH—*> MeCH—>> CH 3— which is also the order of increase of the electron
availability of the O atom; hence this is the order of decrease of the acidic
character of the molecule . -

The K of i-PrOH being smaller than these of BuOH and i-BuOH,
although the chain is shorter, is well explained by the fact, that the i-PrOH
molecule contains two methyl groups substituted on the a-carbon atom. The
inductive effect is in that case stonger (the methyls are closer to the O atom),
than the one existing in the longer molecules of BuOH and i-BuOH. The
dielectric constants of these alcohols are decreasing in the same order with the
K.

A lower dielectric constant means greater energy to separate charges. So
this factor together with the inductive effect could explain the order of K
obtained in this work.
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Hepitnym

«Metprioeic HEA ¢é i déatikd digAbuata dreipaticdy dixooldyv. Ilpoadio-
PIGLOG [ovTicoD YIvouévov».

" Ané-petprioeic HEA 100 otoryeiov Pt,H, [ HCl (y),ROH | AgCl | Ag Omo-
Aoyiletor 6 kavoviké duvapikd (E*) 1ol fjhextpodiov dpydpov-yiwprodyov
gpyvpov, o urj vdéatikd droidpate EtOH, PrOH, i-PrOH, BuOH, i-BuOH
otobg 15,20 xai 30°C.

Xpnoipomoteitol yid TpdTN Qopd & THmog ToD HAEKTPOSiOL «KATOTTPOL»
apydpov-yrwplovyov dpydpou, mol amodeikvietal E€alpetikd otabepd xoi
dvarapayoyioyo o 8An TNv didpkela TV TELPAPETOV.

‘Yrohoyiletor émiong 6 Bepuikdg ocvviehestiig ToU Kavovikol duvapt-
kol Y14 kdGBe Eva SrohdTn.

*AmS tic Tiuég avtég koi amé petprioerg HEA tod otoryeiov

Pt,H 2 | MOR(mRO_)’ MCl (mCl_)ROH t AgCl l Ag

vroioyifovtor td {oviikd yivopeva t@v Topandve GAELPATIKAY GAKOOADY
“y1d Tic id1eg Oepuoxpaciec.
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WITTIG REACTIONS OF a-DICARBONYL COMPOUNDS WITH
CARBALKOXYALKYLIDENETRIPHENYL-PHOSPHORANES.
SYNTHESIS AND STUDY OF (Z)- AND (E)-ISOMERIC ESTERS
OF SOME 4-OXO-0,-UNSATURATED ACIDS.
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Summary

Wittig reactions of benzil (/a),l-phenyl-1,2-propanedione (/b) and phenylglyoxal
(/c) with carbomethoxy- and carbethoxy-methylenetriphenylphosphoranes (2a, 2b) as
well as with o-carbomethoxyethylidenetriphenylphosphorane (2¢) have been studied.
Although two equivalents of the ylid were used in all reactions the dicarbonyl
compounds /g-c underwent alkene formation at only one carbonyl group and gave
mixtures of the possible stereo- and peri-isomeric esters of the corresponding 4-oxo-
a,[}—unsatlfrated acids. The proposed structures for the new compounds were con-
firmed by their spectral data ('H-NMR, IR, MS) and were further supported by the
transformation of some of them to five-membered methoxy- or hydroxylactones.

Key words : Wittig reactions, esters of 4-oxo-a,p-unsaturated acids, five-membered lactones.

Introduction

There are a number of reports in the literature concerning Wittig reactions
of a-dicarbonyl compounds and mainly of symmetric a-diketones with mono-
and bis-phosphonium ylids. The reactions with bis-ylids generally result to the .
formation of unsaturated cyclic compounds, through a normal bis-Wittig
reaction '* but an unusual reaction of benzil has also been observed*. The
less reactive mono-ylids usually react only with one carbonyl group giving
a,fB-unsaturated carbonyl derivatives. Although two configurational isomers
may be produced, the formation of only one isomer has been reported in
most of these reactions and in some cases a Michael addition of a second ylid
molecule to the originally prepared carbonyl derivative occured?. In contrast
to the extensive literature on Wittig reactions of several symmetric o-
dicarbonyl compounds, reactions with non-symmetric a-diketones have not
so far been reported. In connection with our previous work on bis-Wittig
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reactions of some a- and y-dicarbonyl compounds® we wish now to report
reactions of compounds /a-¢ with two equivalents of ylids 2g-c. In some
similar reactions benzil (/a) gave a,p-unsaturated ketones’® and phenyl-
glyoxal (/c) led to unilateral condensation of only the aldehydic carbonyl
group >'%. Taylor'! reported recently that dimethyl- and diethylglyoxal give
with cyanomethylenetriphenylphosphorane bis-Wittig reactions in contrast to
la which converts under the same conditions only one carbonyl group to
olefin. The reactions studied in the present work generally resulted through a
Wittig condensation of one carbonyl group of compounds J/g-c to the
formation of mixtures of the possible isomeric esters of the corresponding 4-
oxo-o,p-unsaturated acids. The structure of the new compounds prepared was
studied on the basis of their spectral and analytical data and also by cycli-
zation of some of them to 3-butenolactone derivatives.

Results and Discussion

The Wittig reactions between the a-dicarbonyl compounds /a-¢ and the
ylids 2a-¢ are given in Scheme 1, while the analytical and spectral data of
esters prepared are listed in Tables I, IL

-C-C-R
Ors5n -
00

Ph;P=C(R,)COOR,

la—c 2a-¢
R ,COOR, R Ry @ ,COOR; @ R,
=C + c=C c=C + c=C

/ \, 4 \ N e \
0:(1: R, o=(|: COOR, 0:(|: R, o=(|: COOR,
O (@ j ”

3a-g 4a-¢ S5a-b ba-c
la:R=CgH; 2a:R ;=H,R,=CH 3a,4a:R=C¢Hs, R|=H, R,=CH;
[h:R=CH, 26:R|=H,R,=C,H; 3b,46:R=C¢Hs, R;=H, R;=C,H5s
le:R=H 2¢:R|=R,=CH;’ 3c,4c:R=C¢Hs, Ry=R,=CHj3

3d, 4d, 5a,6a:R=CH; R |=H,R,=CH;
3e,4e, 5b,6b:R=CHj3, R;=H,R,=C,Hj;
3f,6c:R=R;=R,=CHj;

3g,4:R=H, R|=R,=CHj;

Scheme |
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TABLE 1 : Analytical data of compounds 3a-g, 4a-f, 5a-b, 6a-c.

Reaction Carbonyl Ylid Product M.p. or b.p.[OC]. Molecular Calculated/Found
N _~ compound Yie'ld[%]a (recryst. solvent) formula C% H %
(1it.m.p. or b.p.)
I 1a 2a 3a 70-71 (petr.ether) € H;05  76.67 5.30
(17) ‘ (266.28) 76.52 5.27
4a 91-92 (petr.ether) C17H1403 76.67 5.30
17
(65) (91-92) (266.28) 76.43 5.24
11 la 2b 3b 212-215/4.5 torr Cighye0y  77.12 5.75
(61) © (280.31) 77.50 6.01
4b . -77-79 (ether/petr. C18H 03 77.12  5.75
- ] 14 16
(28) ether) (83-84) (280.31) 76.93  5.72
111 la 2 3 96-97 (petr.ether)  CigH 04  77.12 5.75
(3) . (280.31) 77.46  5.68
4c 76-77 (petr.ether) c18H1603 77.12  5.75
) (2) (280.31) ~77.08 5.76
v 1b 2a 3d 0il C12H1203 70.57 5.92
- - Sy 21
(30) (159-160/16 torr) (204.22) 70.25 5.65
b b
4 — C1oM1505
(5) (50-52) (204.22)
. c
5a 0il (GLC) C12H1203 70.57 5.92
(36) (204.22) 70.20 - 5.71
' b b
ba ” C1211205
(25) (yellow oil) (204.22)
v 1b 2b 3e 155-156/5 torr C13H1403 71.54  6.47
(20) (218.24) 71.17  6.40
b b
de B et T —
(5) (218.24)
5b 154-155/4.5 torr C13H1403 71.5%4  6.47
(30) (218.?4) 71.78 6.64
6b 154-155/4.5 torr C13H1403 71.54  6.47
(21) (218:24) 71.83 6:63
N c
VI 1b 2¢ 3f 0i1 (GLC) €13H1493 71.54 6.47
(3) (218.24) 71.26 6.31
b¢c 145-146 (ether/ C13H1403 71.54 ' 6.47
) (19) chloroform) ’ (218.24) 71.42  6.36
VI 1c 2c 3q 152-153/5 torr . C12H1203 70.57 5.92
(65) (176/23 tor‘r)21 (204.22) 70.73 5.90
af 78-80 (petr.ether) C12H1203 70.57 5.92
(4) (204.22) 70.23 5.68

a : Based on the carbonyl compound used. - b : Not isolated from the reaction
‘mixture ¢ : See experimental.
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TABLE II : IR and 'H-NMR spectral data of compounds 3a-g, 4a-f, 5a-b, 6a-c®.

Compound

IR (CCl4)

Ve-o [cm_lj 5 [pbnﬂ

Th-R (cc1,)

3a
A
3b

1730,
1723,
1723,
1720,
1727,
1722,
1726,

1730,

1725,

1725,
1722,
1724,

1724,
1723,

1747,

1673
1678
1674
1680
1675

1673
1666

b
1704
b

1665

1705
1687
1676

1709
1666

1722

3.54(s, 3H); 6.16(s, dH); 7.20-7.57(m, 8H); 7.77-7.98(m; 2H)
3.55(s, 3H); 6.41(s, 1H); 7.18-7.58(m, 8K); 7.77-7.98(m, 2H)
1.11(t, 3H, J=7 Hz); 4.07(q, 2H, J=7 Hz); 6.17(s, 1H); 7.20-7.58
(m, 8H); 7.78-8.03(m, 2H) -

1.08(t, 3H, J=7 Hz); 4.01(q, 2H, J=7 Hz); 6.40(s, 1H); 7.20-7.58
(m, 8H); 7.80-8.02(m, 2H)

.02(s, 3H); 3.74(s, 3H); 7.30-7.68(m, 6H); 7.88-8.08(m, 4H)
02(s, 3H); 3.47(s, 3H); 7.20-7.52(m, 8H); 7.78-7.98(m, 2H)
38(d, 3H, J=1.5 Hz); 3.73(s, 3H); 6.09(q, IH, J=1.5 Hz);
38-7.62(m, 3H); 7.70~7.90(m, 2H)

08(d, 3H, J=1.5 Hz); 3.47(s, 3H); 5.95(q, 1H, J=1.5 Hz)©

18(s, 3H); 3.55(s, 3H); 6.64(s, 1H); 7.05-7.47(m, 5H)

33(s, 3H); 3.73(s, 3H); 6.08(s, 1H)®

30(t, 3H, J=7 Hz); 2.38(d, 3H, J=1.5 Hz); 4.20(q, 2H, J=7 Hz);
.09(q, 1H, J=1.5 Hz); 7.22-7.60(m, 3H); 7.67-7.93(m, 2H)

98(t, 3H, J=7 Hz); 2.08(d, 3H, J=1.5 Hz); 3.94(q, 2H, J=7 Hz);
94(q, 1H, J=1.5 Hz)®

04(t, 3H, J=7 Hz); 2.20(s, 3H); 3.98(q, 2H, J=7 Hz); 6.65(s, 1H);
.05-7.50(m, 5H)

30(t, 3H, J=7 Hz); 2.32(s, 3H); 4.20(q, 2H, J=7 Hz); 6.06(s, 1H);
.22-7.62(m, 5H)

.72(q, 3H, J=1.5 Hz); 2.19(q, 3H, J=1.5 Hz); 3.78(s, 3H);
28-7.65(m, 3H); 7.82-8.02(m, 2H)

83(s, 3H); 2.13(s, 3H); 3.76(s, 3H); 7.13-7.57(m, 5H)

18(d, 3H, J=1.5 Hz); 3.83(s, 3H); 7.35-7.63(m, 3H);

.70(q, 1H, J=1.5 Hz); 7.87-8.08(m, 2H)

.98(d, 3H, J=1.5 Hz); 3.78(s, 3H); 7.23-7.68(m, 3H);
.05-8,25(m, 2H); 8.40(q, 1H, J=1.5 Hz)

O = NN H N H NN OO O NNN NN NN

d23 4e 24,

: IR spectral data have been reported for compound 3d%, 3g 21 4d24 25 , 4e 24 , 6a%%;
'H-NMR s

gectral data have been reported for compounds 3d21 23, 3626 3g2] 23

b.: The compound has not been isolated from the reaction mixture.

: The absorptions of the aromatic protons were masked by those of the other

components of the mixture.
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Tt is obvious that the reactions of a-diketones la, Ib with the carbalkoxy-
methylenetriphenylphosphoranes 2a, 2b (reactions I, II, IV, V, Table I) gave
all the possible stereo- and peri-isomers in high total yields (76-96%), while
the reaction between /a~and the a-carbomethoxyethylidenetriphenylphos-
phorane 2c¢ (reaction IIT) resulted again to the formation of both possible
isomers, but in low total yield. In the reaction of /b with 2¢ (reaction VI) only
the (E)-benzoyl-and -the (Z)-acetyl products were detected and isolated from
the reaction mixture in a moderate total yield (22 %). a-Ketoaldehyde /¢ gave
with ylid 2¢ through a unilateral Wittig reaction of only the aldehydic
carbonyl group the benzoyl derivatives 3g, 4f (reaction VII) in high total
yield, in agreement with the higher reactivity of the aldehydic carbonyl group
in ketoaldehydes '%. In a similar reaction of /c with 2b only the preparation of
a (Z)-benzoyl derivative was reported '!*, It was also reported "' that the
reaction of /a with cyanomethylenetriphenylphosphorane gave a mixture of
both isomers in 77% yield, analysed without separation. In general, structural
assignments of compounds isolated from the reaction mixtures were made by
means of elemental analyses, spectral data and (wherever reasonably feasible)
comparison with literature data.

Compounds 3d, 3e, 3g, 4a, 4d, 4¢ and 6a are known and their data are in
‘good agreement with those given in the literature. The preparation of an ethyl
3,4-diphenyl-2-buten-4-on-I-oate ‘and its hydrolysis in 5% KOH in methanol
to the corresponding acid (m.p. 152-154°C) has also been reported'* but
without configurational assignment and spectral data. The reported m.p. 83-
849C for this ester differs from the data found for both isomers 3b, 4b
prepared in the present work and it was difficult to identify it with one of
them. - Although a variety of isolation and purification methods were
employed for the separation of the mixtures produced from the reactions I'V
and V we failed to isolate and purify compounds 4d, 4¢ and 6a. These known
compounds were identified by their 'H-NMR spectra.

All the isolated compounds gave correct elemental analysis. The recorded
mass spectra gave the expected molecular ion (M ") and furthermore all the
benzoyl derivatives gave the ion m/e 105 (C¢H s-C 56) and the acetyl de-
rivatives the ion m/e 43 (CH 3C56), usually as a base peak. The benzoyl
derivatives ~exhibited in the- IR spectra two strong absorptions-in the
range 1730-1720 and 1680-1665 cm™ for their ester and keto carbonyl
group respectively, while the acetyl derivatives showed these two bands
in the range 1730-1722 and 1709-1687 cm™', with the exception of the
benzoyl derivative 4f. An inspection of the 'H-NMR spectra of the esters
prepared reveals that the chemical shifts of the groups common in some of
the esters depend largely not only upon their configuration but also upon the
. substituents and mainly the phenyl groups present. The o-olefinic proton of
all compounds prepared from ylids 2a, 2b resonates at characteristic  values
and its absorption proved useful for the configurational assignments of some
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of thernew compounds as. well as for the distinction between the benzoyl and
acetyl derivatives prepared from reactions IV, V. This proton exhibited in the
"”I—I‘—NMR%S'ectr'a; of ‘the acetyl derivatives a' singlet signal while in those of
. the. benzoyl: derivatives a quartet, because of the f-methyl protons. Similarly
‘the.-B-olefinic proton of compounds 3g, 4f showed a quartet but at a lower
field than that.of the o-olefinic protons.

The new compounds 3a, 4f, 5a, 5b and 6b were fully characterized by their
analytical and spectral data which are in good agreement with the proposed
structures and with those of similar compounds given in the literature. The
«B» and «Z» configuration of 36 and 4b was assigned by comparing their
'H-NMR spectra ‘with those of compounds 3a, 4a. For a further con-
figurational comparison of the reported '* ethyl 3,4-diphenyl-2-buten-4-on-1-
oate with the esters 3a, 3b, 4a and 4b we tried to hydrolyse them to the
corresponding acids. Hydrolysis of 3a and 35 in 5% KOH in methanol gave in
both cases at first the known ' (E)-B-phenyl-p-benzoyl-acrylic acid (7), m.p.
120-123°C, in 45% yield, which was isomerised during the efforts for. puri-

R_ ,COOR: @ /COOH

. £=C, KOH/ CH3OH “e=c

N\ LN >

O~
1 1]
o}

0
3a.—b. 7
lCH3COOH/HcI l
R Ry H
7 :C=C\/ KOH/ CH 50H /C~C
@—ﬁ COOR; —ﬁ “COOH
0 o)
4a-b 8

@ R
\ st CH
CH3COO0H/HCI c=cC CH3COOH/HCI 3

R 2 “o=c”
\CI\ =0 CH.C ‘C\coocn
Ho” 07 CHa N
0
9a—b 6¢

902R2C6H5, R] =H
9b:R =R, =CHj,
Scheme 2
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fication by recrystallisation to the corresponding known '* (Z)-isomer 8, m.p.
150-153-9C. Hydrolysis of compounds 4z and 4b under the same conditions
resulted directly to the acid 8 in 90% yield. Compound &8 was converted by
recrystallization from chloroform to a solid m.p. 141-142°C, for which the
structure of the 4,5-diphenyl-5-hydroxy-3-butenolactone (9a) was assigned.
Then we tried to. hydrolyse the esters 3b, 4a, 4b by refluxing them in hydro-
chloric-acetic acid (1:9) solution. The treatment of 3b under these conditions
resulted originally to isomerisation to 4b and further by complete hydrolysis
to 9a. The reaction was monitored by '"H-NMR spectroscopy. Compound-4a
was directly hydrolysed also to 9a. Although the structure of cis-f-benzoyl-f-
phenyl-acrylic acid has been proposed for the solid m.p. 141-142°C'¢'7 we
consider that the cyclic form 94 is in good agreement with the recorded
spectral data. The compound under question exhibited a strong band in the
infrared at 1759 cm"!, diagnostic of the five-membered hydroxy-lactone
structure '®'°. Another strong evidence in favour of the cyclic structure is the
fact that in contrast to all the benzoyl derivatives, which show in the 'H-
NMR spectra a two-proton multiplet at § 7.80-8.00 ppm for the o-aromatic
protons of the benzoyl group, compound 9« exhibited one multiplet at &
7.20-7.80 ppm (10 H) for all the protons of both phenyl groups. Earlier
investigations demonstrated the occurence of (E)-(Z)-isomerization and of a -
ring-chain tautomerism in 4-oxo-o,B-unsaturated acids'®!® and it was also
reported that the cis-acids in solution are cyclic®. From these results it is
obvious that the previously reported ethyl-ester m.p. 83-84°C is identical to
compound 4b. " b
More evidence were necessary for the configurational assignment of
compounds 3c, 4c, 3f and Gc, since there are no general informative
correlations between the spectral data of the esters and their configuration. In
the '"H-NMR spectra of the isomers 3¢, 4c only the methyl protons of their
‘methoxy-groups resonate in different fields. This difference is not informative,
because in the spectra of the similar isoters 3a - 4a and 3b - 4b the protons of
the alkoxy-groups in each pair of (Z)-(E)-isomets show the same chemical
shift. On the other hand the chemical shift of the methoxy-protons of
compound 3f is very similar to that of the (E)-isomer 3d, while the shift of its
B-methyl protons is closer to that of the (Z)-isomer 4d. A similar relationship
between the chemical shifts of methoxy and acetyl protons of compound 6¢
and the (E)-, (Z)-isomers 5a-6a was also observed in their "H-NMR spectra.
Additional evidence for the configurational assignment of ‘compounds in
question was provided by refluxing them with methanol-sulfuric acid solution.
El-Ghandour et al,?! reported the transformation of cis-o-methyl-B-acetyl-
acrylic and cis-a-methyl-B-acetyl-2-butenoic acid methyl esters to 3,5-dimethyl-
and 3,4,5-trimethyl-5-methoxy-3-butenolactones respectively by treatment
with methanol-sulfuric acid solution. We tried this experiment to fully
characterised compounds 3b, 3g, 4a, 4b and found that only the (Z)-isomers
4a, 4b were partially transformed to the known'” 4,5-diphenyl-5-methoxy-3-
butenolactone (/0a). In'both cases an equilibrium between the cyclic product
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I0a and the methyl ester 4a was established even after prolonged refluxing. In
the experiments with the (E)-isomers, the ethyl ester-3b was only trans-
esterified to the methyl ester 3a while the methyl ester 3g was recovered
unaltered. Then we tried the same experiment with compounds 3¢, 4c, 3fand
6¢ and found that only compounds 4c and 6¢ were transformed to the
- corresponding lactones /0b and [0c in 40% and 479% yield respectively, while
compounds 3¢ and 3f maintained -the acyclic form and were recovered. The
cyclisation of compounds 4c and 6¢ was completed much more quickly

\ Ry
H2804 /CH30H C:C/
(4a, 4b, 4¢c, 6¢) —?-——\4/—-3———> R\ / \
/C\ Vs =0
CH;0 (o}
IOa—c

IOGZR:C(,HS, R|=H
IObIR:C6H5, R =CH;
10c:R =R ;= CHj;

Scheme 3

-

than that of compounds 4a, 4b and in these cases no starting esters were
recovered. The results of these experiments support the (Z)-configuration for
compounds 4c¢ and 6¢ and the (E)-configuration for compounds 3c and 3f.
Hydrolysis of 6c¢ under acidic conditions gave also the hydroxy-lactone 9b
(Scheme 2). All the cyclic products 9a-b and I0a-c gave the expected
molecular ion (M") in their mass spectra and correct elemental analyses;
their spectral data (Table III) are in good agreement with the five-membered
lactone structure. ’

From the data presented we can conclude that although two equivalents
of ylid were used in all reactions, compounds /a-c underwent alkene
formation at only ‘one carbonyl group. Table I shows that the benzoyl and
acetyl=(E)-isomers 3 and 5 weie prepared generally in higher yield than the
corresponding (Z)-isomers 4 and 6 respectively, with the exception of isomers
3a-4a. In the case of diketone /b the acetyl derivatives 5 and 6 were prepared
in a significant higher total yield than the benzoyl derivatives 3 and 4.

Experimental

M.p’s are given without correction and were determined with a Kofler
hot-stage apparatus. 'H-NMR spectra were obtained with a Varian A-60A
spectrometer with tetramethylsilane as internal standard. The mass spectra
were obtained with a Hitachi Perkin-Elmer RMU-6L mass spectrometér; the
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TABLE IIT : Analytical and speetral data--of compounds 9a-b and I0Oa-c

‘Compound M.p.[OC] Molecular Calculated/ lRa’b IH-NMRb’c
-1
{
{recryst. solvent) formula Found Veso [cm ] B[me]
(1it. m.p.) C% H %
9a  141-142 (CHC1;)  CycHy 0. 76.18 4.80 1759 6.45(s, 1H); 7.20-7.80
(141-142)" (252.26) 75.99 4.87 (m, 10H)€ V
9 146-147 (CHC1;)  CyH,,0, 70.57 5.92. 1758° 1.65(s, 3H); 1.98(s, 3H);
(204.22) 70.60 6.01 7.20-7.73(m, 5H)¢
102 98-100 (Ether/ CH1405 76.67 5.30 1770° 3.37(s, 3H); 6.55(s, 1H);
petr. ether) (266.28) 76.46 5.26 7.17-7.68(m, 10H)°
(103-104)17
106 0il Cigig03 77.12 5.75 1775° 2.08(s, 3H); 2.38(s, 3H);
o (280.31) 76.88 5.79 7.05-7.55(m, 10H)¢
. b
10¢ 0i1 Cy3tig0y 71.54 6.47 1768 1.56(s, 3H); 2.08(s, 3H); i
(218.24) 71.44 6.53 . 3.24{s, 3H); 7.35-7.67(m,5H)P

a : In CHCI; solution
b : In CCly4 solution
¢ : In CDCl; solution

lonization energy was maintained at 70 eV. Earlier reported procedures were
used for the preparation of the ylids 2a-c?.

Wittig reactions. General procedure

The reactions between the compounds /a-c and 2a-¢ were carried out
according to the following general procedure. A solution of dicarbonyl
compound /.(0.01 mole) and ylid 2 (0.02 mole) in dry methylene chloride (100
ml) was boiled under reflux for 15 h. Then the solvent was evaporated under
reduced pressure and the residue was roughly separated by column chromato-
graphy on silica gel eluting with chloroform. Fractions of 20 ml were
collected and the content of each fraction was checked by TLC and 'H-NMR
spectroscopy. The (E)-benzoyl derivatives 3, formed in all the reactions
studied, were generally moved through the column faster than the other
isomers of the reaction mixtures and eluted before them with the exception of
compound 3g (reaction VII, Table I) which was eluted after the other isomer
4f. A satisfactory separation between the isomers 3a-4a, 3b-4b, 3c-4c, 3f-6¢
and 3g-4f, prepared from the reactions I, II, III, VI and VII respectively was
achieved in this way. Similarly compounds 34 and 3e were also partially
separated from the produced mixtures of reactions IV and V respectively,
while the other products of these reactions were further separated by GLC
(column 20% OV-1. 60/80 Chrom, 4 ft) at 169° and 173 °C respectively. In
the first case compound Sa was eluted first as an individual fraction followed
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by the mixture of 3d, 4d, 6a and in the second case compounds 5b and 6b
were separated as the first and last fraction, while a mixture of 3e and 4e was
eluted between them. Compounds 3f and 6¢ were also purified by GLC on
the same column at 1619 and 163 °C respectively. The products were further
purified by methods given in Table I.

Hydrolyses of compouﬁds 3a, 3b, 4a, 4b, 6¢
A. Hydrolysis with methanolic 5 % potassium hydroxide -

Compound 3b (52 mg) was dissolved in 5% potassium hydroxide in
methanol (3ml) and the mixture was boiled under reflux for 5 min. The
solution was then cooled, acidified with dilute hydrochloric acid and
extracted with chloroform. The organic layer was dried with anhydrous
sodium sulfate, concentrated under reduced pressure and the residue was
separated by preparative TLC on silica gel, eluting with methanol-chloroform
(5:95) to give 20 mg of (E)-B-phenyl-B-benzoyl-acrylic acid (7), m.p. 119-
122°C (lit. 5 m.p. 120-123°C); yield 45%. Recrystallisation of 7 from
chloroform-petroleum ether gave the (Z)-isomer 8, m.p. 150-153 0C (it.'*
m.p. 152-154°C). Further recrystallisation of 8 from chloroform-petroleum
ether gave 4,5-diphenyl-5-hydroxy-3-butenolactone (9a), m.p. 141- 142°9C.

Compound 3a was also hydrolysed like compound 3b to give generally the
same results.

Compound 4b (35 mg) was hydrolysed like compound 3b to give directly
the acid 8 (29 mg, 93% yield) and by recrystallisation of § compound 9a (18
mg).

Similarly compound 4z (31 mg) was hydrolysed to 8 (25 mg) which was
then transformed by recrystallisation to 9a (17 mg).

B. Hydrolysis with hydrochloric-acetic acid (1:9) mixture

- Compound 4a (100 mg) was dissolved: in a mixture of hydrochloric- acetic
acid (1:9) (3 ml) and was refluxed for 8 h. Then the solution was concen-
trated under reduced pressure, water (2 ml) was added and the mixture was
extracted with chloroform. The organic layer was washed with water, dried
{Na,S0,) and concentrated to give crystals of 9a (75 mg, 809 yield) m.p.
141-142°C. The reaction was monitored by 'H-NMR spectroscopy and it was
found. that the gradual transformation of 4a to 9a was completed after 8 h of
refluxing.

- Treatment of compound 3b under the same conditions resulted originally-
to the isomerisation of 36 to 4b and finally to the preparation again of
compound 9a in 78% yield. The reaction was monitored by 'H-NMR spéctro—
SCOPY

- Similarly compound 6¢ (IOO mg) was dissolved in the above acidic mixture
(3 ml), boiled under reflux for 3 h and then worked up as in the case of 4a to
give by crystallisation from chloroform 3,5-dimethyl-4-phenyl-5- hydroxy 3~
butenolactone (9b) (42 mg, 45% yield) m.p. 146-147 oC,
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Preparation of S-methoxy-3-butenolactones 10a-c

A solution of compound 4a (100 mg) in 1.5% sulfuric acid-methanol
mixture (4 ml) was boiled under reflux for 2 h. The solvent was evaporated
under reduced pressure, the residue was diluted with water (2 ml) and the
‘mixture was extracted with chloroform. The recorded 'H-NMR spectrum of
‘the dried (Na,SO,) and concentrated organic layer showed the partial
transformation of 4a to 4,5-diphenyl-5-methoxy-3-butenolactone (/0a). The
treatment with the acidic mixture was repeated as far as the progressive
transformation of 4a to /0a was continued. After 6 h of refluxing an equi-
librium between the two isomers 4a-/0a was established. The mixture was
then separated by preparative TLC on silica, eluting with ether-petroleum
ether (1:1) to give from the faster moving band compound /0a (38 mg, 389
_yield), m.p. 98-100 °C (lit'” m.p. 103-104 °C). The starting ester 4a (44 mg)
was recovered from the next band.

The same experiment was also carried out with compounds 4b, 4c, 3b,
3¢, 3f and 6¢. Compound 4b (110 mg) underwent after 6 h of refluxing partial
cyclization to /0a (40 mg, 389 yield) and trans-esterification to 4a (51 mg).

Compound 4c (50 mg) was transformed after 2 h of refluxing to 3-méthyl-
4,5-diphenyl-5-methoxy-3-butenolactone (/0b) (20 mg, oil, 40% yield), sepa-
rated from the reaction mixture by preparative TLC, as compound /0a. No
starting ester 4c¢ was recovered. .

Compound 6¢ gave after 1.5 h of réﬂuxing 3,5-dimethyl-4-phenyl-5-
methoxy-3-butenolactone (/0c) in 47% yield (oil), separated also by pre-
parative TLC as above. No starting material 6c was recovered.

The ethyl ester 36 was only trans-esterified to methyl ester 34, even though
it was refluxed for 26 h.

Compounds 3¢ and 3f remained under the same conditions unchanged.

Mepidnym

*Avtidpdasic Wittig a-Oicapflovwlicdv évadocwv pé kapfalrkoévalkviidevotpi-
parvlopwaopopdvia. Xivlgan kal uerétn (Z)- wkai (E)-iooucpiv éotipwv
uepite@v 4-oéo-a,f-axopéotwy 6Eéwy.

v épyacio adth peretifnkav dvtidpdoelg Wittig tdv a-6ikapfovu-
Mx@v Evioewv Ja-c pé té OAdI 100 pocpdpov 2a-c. "Av xal o” Bheg tig
TEPINTOCELS Y pnolponoifnke 16 dAISto of dimhdoia poplokr mocdtnta
ané v SwkopPovuriky Eveon, td mpoidvia moL oymnupaticOnkov nfTov
piypato t@v EoTépov TOV GVTICTOIYOV dLVAT®Y icopepdv 4-0&0-a,B-akopé-
otov 6&éov kai tpofihbav and dvtidpactn Wittig 1o £vog kapPovulriov T@v
gvooeny la-c Zyfjua 1, Mivokag I). Z¢ dvdroyeg dviidpdoeig mod dvopé-
poviat ot Piprioypogpia cuviboc AopPdvetor Eva podvo amd td duvvatd
icopuepr} mpoidvta. Idnitepo Eviagépov mapovsiacay ol aviidpdoelg Tiic
uy ovupetpikfi o-diketdvng /b 1M Smoia Edwoe ortepeoynuixd icopepdi
anitic dvtidpdoewg Wittig xai t@v dYo kapBovurik®v tng Opadmv. "Av kol
1 dopn, mod mpoteivetal yid tic véeg Evdoelg 3a, 4f, 5a, 5b xai 6¢c ocvppovel
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P T QUOPATOOKONEKE: Tovg--dedopévo (Fhivexag- I11) xabog kKol pé td
dedopéva 1@V yvootdv o1 Pifioypapia Evicewy 3d, e, 3g, 4a, 4d, 4e xoi
6a, y1é v ebpeon thi¢ otepeoynuikiic dopfic 1dv dnoAoinwv véwv Evhcewmy
kabhg koi yid v mapanépa devkpivnon Tfic Soufig 1dv 3b, 4b, Eyive
Soxipy 71é v kvkkomoinet] tovg TpS¢ Tig dvtiotoryeg S-0dpofu- (Eyfjua
2) ¥ 5-ueBofu-raktdveg (Zxfipa 3) 9a-b xat /0a-c. "H perén £de1ée Bt udvo
14 (Z)-loopepn kukhomolotvtal kal Etor Bpébnke 1) Sopr Mol mpoteiveta
vid tig gvaooeiwg 3b, 3c, 3f, 4b, 4c, xoi 6c¢.
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A TWO-STAGE POLYCONDENSATION OF 2,5-FURANDICAR-
BONYL DICHLORIDE WITH N!,N5.DIPHENYL-1,24,5-TETRA-
AMINOBENZENE, 3.
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Laboratory of Organic Chemical Technology, University of Thessaloniki, Greece.
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Summary

The reaction variables (time, concentration, temperature, reactant mole ratio,
solvent) for the low-temperature solution polymerization of 2,5-furandicarbonyl
_ dichloride with N],Ns-diphenyl-],2,4,5-tetraaminobenzene were studied.

The yielded by the optimum conditions poly[furylene-(2,4-diphenylamino)amide]
was converted by thermal polycyclodehydration to the corresponding new poly
[furylene~(1,7-diphenyl)benzodiimidazole].

The prepared polymers were. studied by measuring inherent viscosity, molecular
weight, UV and IR spectra, thermal analysis and the results are discussed.

Key words : Solution po,lymerizaﬁon, Poly[furylene~(2,4-diphenylamino)amide], Poly[furylene-
(1,7-diphenyl)benzodiimidazole], or Poly(imidazo[4,5-f]benzimidazole-2,6-diyl-2,5-furanediyl).

Abbreviations : NMP=N-Methyl-2-pyrrolidone; DMA =N,N-Dimethyl-
acetamide;“DMF = N,N-Dimethylformamide; DPTAB=N ' N3-diphenyl-1,2,
“4,5-tetraaminobenzene; FDC = 2,5-furandicarbonyl dichloride; IMC =1initial
monomer concentration; DSC=Differential Scanning Calorimetry; TGA =
Thermogravimetric Analysis.

Introduction

2,5-Furandicarboxylic acid derivatives which are prepared from the
available. raw-material 2-furoic acid have already been used with tetra-
functional aromatic compounds to obtain heat resistant polymers, as well as
in some cases, their precursors polyamides. Thus, poly(furylene)-benzimida-
zoles ', -benzoxazoles?, -benzothiazoles®, -benzoxazinones>°, and -benzo-
dioxazinones® have been reported. Also in two recent papers’®, the poly
(furylene)-benzodiimidazole’ and its di(a- or B-)naphthyl derivatives® were
obtained by a two-stage polycondensation process.
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In this work the unknown poly[furylene~(2;4-diphenylamino)amide] (1)
was prepared by a low-temperature solution polymerization of 2,5-fu-
randicarbonyl dichloride with N IN 5—diphenyl—l,2,4,5-tetraaminobenzene. Also,
. the variables of the above reaction were studied to obtain this polyamide in a
highest molecular weight. In a second step, this polyamide I was converted,
by thermal cyclodehydration, to the corresponding new, thermally stable,
poly[furylene-(1,7-diphenyl)benzodiimidazole] (II).

HN NH N N
Vd N
+-c ::[:::]:: c——<2_7§>_.___
___<f7>_C_HN:I::I:NH_C___ Sy W o

(D (1D

The polyamide I and the polybenzodiimidazole II were studied and
compared with the corresponding polymers of terephthalic and isophthalic
acid®'" which were analogously prepared, as well as with the corresponding
unsubstituted” and di(o- or p-)naphthyl substituted® polymers of furandi-
carboxylic acid.

Experimental
¢

Materials : The 2,5-Furandicarbonyl dichloride was prepared as reported
in previous work®’. The N'N>diphenyl-1,2,4,5-tetraaminobenzene was
prepared according to the literature'"'>'3 from m-dichlorobenzene and
recrystallized twice from chloroform; m.p. .213.5-215%C (in_sealed tube)
(Lit. "3 210-211°C). The N-Methyl-2-pyrrolidone (NMP), (Fluka) was purified
by fractional distillation at reduced pressure (b.p. 82-84 °C, 10 mm Hg) over
calcium hydride and stored over activated 3A molecular sieves. Its water
content, determined by the Karl-Fischer method, was found 0.004%. The
N,N-Dimethylacetamide (DMA), (Merck) was stirred with fresh barium oxide
for three days, fractionally distilled at reduced pressure (b.p. 55-58 °C/11 mm
Hg), and stored over activated 3A molecular sieves. The water content
determined by the Karl-Fischer method, was found 0,019%. The N,N-
Dimethylformamide (DMF), (Fluka) was dried over MgSO ,, filtered, fractional-
ly distilled at reduced pressure (b.p. 39-40 °C/10 mm Hg), and stored over
activated 3A molecular sieves. The water content, determmed by the Karl-
Fischer method, was found 0,020%
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Polymers

Poly[furylene-(2,4-diphenylamino)amide]: According to TUPAC nomen-
clature, it .is a poly[2,5-furylene-carbonylimino(2,4- d1phenylam1no 1,5-phe-
nylene)-iminocarbonyl] (I).

.~ All ‘the -low-temperature solution polymerizations were carried out in a
four necked polymerization flask equipped with stirrer, thermometer, nitro-
gen inlet-and outlet tube, connected with a calcium chloride tube. The ap-
paratus was immersed in a refrigerated thermostatic bath and previously
heated for the removal of any moisture.

Solutions of N'! N5—d1phenyl 1,2,4,5-tetraaminobenzene in dry solvent
(NMP, DMA or DMF) were obtained with stirring under a nitrogen stream
at -10°C and the solid 2,5-furandicarbonyl dichloride was added in portions
in a period of 0.5 h under vigorous stirring. Then the temperature was kept
constant at -10, 0, 25, or 50°C for a studied period of reaction time under
continuous stirring and nitrogen stream. The viscous polymer solution was
poured into distilled water. The precipitated polymer was collected by suction
filtration, washed with water then with methanol and dried in vacuum (3 mm
Hg) at 60°C.

Thus, from 2.90 g (10 mmole) of N'N3-diphenyl-1 245 tetraamino-
benzene in 19.5 ml of NMP and 1.97 g (10.2 mmole) of 2,5-furandicarbonyl
dichloride (overall reactants 25% w/v) and for a reaction time of 1 h at 25°C
(optimum conditions), 3.98 g of polyamide I were isolated (yield 97%).

Anal. Caled. for (CoH §N403), = C, 70,24 H, 4.42; N, 13,65%
Found : C, 70,09; H, 4.49; N, 13,55%

The IR spectrum (KBr) showed absorptions at 3300 cm™ (NH), 1650 and
1530 cm™' (NH-CO). _

Poly[furylene-(1,7-diphenyl)benzodiimidazole]: According to ITUPAC
nomenclature, it is a poly[(1,7- dlphenylbenzo(l 2-d:4,5d" )dumldazole 27,6~
diyl)-2",5 -furylene] (IX).

It was prepared by thermal polycyclodehydration of I at 290-300 0C for 6
h in vacuum (0.01 mm Hg) and then it was pulverized and reheated under the
same conditions for more 6 h.

Anal. Calcd. for (Co,,HUN40), : C, 76.99; H, 3.77; N, 14.96%
Found : C, 76.05; H, 4.03; N, 15.00% ..

The IR spectrum (KBr) showed the disappearance of absorptions at 3300
cm™ (NH), 1530 and 1660 cm™' (NH-CO) and the appearance of absorption
maxima at 1600 (C= N) 1500, 1450 and 1380 cm’ , which are characteristic
of benzimidazole ring ™
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Analytical Methods

Melting points were taken on a Kofler melting point or a Buchi (dr.
Tottoli) apparatus and are uncorrected. Elemental analysis was performed
with a Perkin-Elmer model. No 240 analyzer and infrared. spectra were
recorded on a Perkin-Elmer model 281-B spectrophotometer using the KBr
pellet technique. Ultraviolet spectrum of polybenzodiimidazole was obtained
from its dilute solution in conc. sulfuric acid using a Pye-Unicam SP-8000
spectrophotometer. The inherent viscosities were measured. with Ubbelohde
viscometers at 25°C. The number average molecular weight (M,) of the
polyamide was determined by a Knauer membrane osmometer using Sartorius
regenerated cellulose membrane and DMF as solvent. The water content of
the solvents was determined with a Baird and Tatlock Karl-Fischer apparatus
using a solution equivalent-to 2.5 mg H,0/ml. The thermal properties of the
polymers were studied on a Perkin-Elmer DSC-2 Differential Scanning Calo-
rimeter (AT = 20°C/min) under nitrogen atmosphere and on a Perkin-Elmer
TGS-2 Thermobalance (AT = 5°C/min) for dry samples approximately 5 mg.

Results and Discussion

- The optimum polymerization conditions for the low-temperature solution
polymerization of N ! N?3-diphenyl-1,2,4,5-tetraaminobenzene with 2,5-furan-
dicarbonyl dichloride were determined by measuring the variation in the
extent of polymerization (viscosity) with the reaction variables such as
- reaction time (T), initial monomer concentration (total percentage weight of
monomers in the solution), temperature of reaction (t), reactant mole ratio
(FDC/DPTAB) and solvent.

In all polymerizations of this work an initial temperature of 10 °C during
the addition of the dichloride was choosen, in order to prevent hydrolysis of
dichloride whereas in lower temperatures precipitation of the tetraamine was
observed.

According to the data of Table I the maximum molecular weight (mherent
viscosity) was obtained at the reaction time of one hour (after the addition of
the dichloride) and further increase of the reaction temperature had no
pratical effect in extent of polymerization. ‘ Ny

Four analogous polymerizations with different initial monomer concen-
trations (Table II) and reaction temperature of 0°C (at -10 °C no homo-
geneous system was obtained for the high initial monomer concentrations),
showed that the highest value of inherent Viscosity was obtained for an initial
monomer concentration of 25% (w/v) and an additional reaction time of one
h at 50°C insignificantly increased the extent of polymerization.

The reduction of nj,, observed when a 309% initial monomer con-
centration was used, should be attributed to insufficient stirring caused by the
high viscosity of the reaction solution.
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TABLE 1 : Effect of reaction time (T) in the extent of polymerization in DMA
(IMC = 10%, t=-10°C, FDC/DPTAB = 1.02).

T (min) nin,(dl/g)
15 0.176
30 0.182
60 0.192
120 0.192
140% 0.193
180%* 0.193

* The last 20 min the temperature raised at 50 Oc,
** The last 40 min the temperature raised at 50 % to 100°C.

TABLE 1I : Effect of initial monomer concentration (IMC) on the extent of poly-
merization in DMA (FDC/DPTAB = 1.02, (a) =reaction time ! hour -’
at 0°C, (b)=additional reaction time I hour at 50 ocy.

(a) (b)

C % n;,(dl/g) ninn(dl/g)
10 0.172 0.187
20 0.201 0.216
25 0.221 , 0.228
30 0.188 0.192

" The study of the effect of the reaction temperature on the extent of poly-
merization showed that the temperatures of 25°C or 50 °C gave the best result
(Table III). :

TABLE III : Effect of reaction temperature on the extent of polymerization in DMA
(IMC =25%, T=1 hour, FDC/DPTAB = 1.02).

Reaction nimn(dl/g)
temperature
-10 0.201
0 0.221
25 0.228

~ 50 0.228
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The results of the effect of the mole ratio reactants on the extent of
polymerization showed that a slight excess of dichloride (FDC/DPTAB=1.02)
was beneficial, propably because it counteracted losses from hydrolysis. On
the contrary a higher excess of dichloride reduced the extent of polymerization
because of ‘the unequivalence of the reactants (Table 1V).

TABLE 1V : Effect of reactant mole ratio on the extent of polymerization in DMA
(IMC=25%, T=1 hour, t=25°C).

FDC/DPTAB n;pp(dl/g)
mole
1.00 0.192
1.02 0.228
1.04 - 0.199

Among the polar solvents studied, NMP was the most effective (Table V).
The low value of nj,, resulted when DMF was used, was explained by its
rapid and irreversible reaction with acid chlorides which reported in lite-
rature '>1¢- '

TABLE V : Effect of solvent on the extent of polymerization in (IMC =25%, T =1
hour, t=25°C FDC/DPTAB = 1.02).

Solvent Ny, (dl/g)
DMA 0.228 ) '
DMF 0.055
NMP 0.290

The poly[furylene-(2,4-diphenylamino)amide], prepared by the found
optimum conditions (IMC =25%, T=1 hour, t=25°, FDC/DPTAB =
=1.02, solvent NMP), was soluble in polar aprotic solvents such as NMP, .
DMA, DMF, dimethylsulfoxide and hexamethyl-phosphoramide. It showed
an inherent viscosity 0.29 dl/g in DMF (C =0.5%, 25°C) and 0.22 dl/g in a
mixture of tetrachloroethane-phenol(3:1) (C=0.5%, 25°C). Transparent
films were obtained from its DMF solutions. The number average molecular
weight of this polyamide determined osmometrically was found to be 18,600.
The prepared polyamide I showed lower inherent viscosity than the corresponding
polyamides of terephthalic and isophthalic acid which were obtained by ana-
logous about conditions in DMA %10,

The DSC and TGA thermograms in nitrogen (50-480 °C) showed that the
polycyclodehydration of the polyamide to the polybenzodiimidazole~ II
started at 240 °C with a maximum rate at about 300 °C, as it was observed for



POLY[FURYLENE-(1,7-DIPHENYL)BENZODIIMIDAZOLE] 155

the corresponding unsubstituted poly[furylene~(2,4-diamino)amide]’ and poly
[furylene-2,4-di(a- or B-naphthylamino)amides]®. The appearence of a second
endotherm peak at 388 °C in the DSC-curve for the polyamide was proved by
TGA to due to the completion of the cyclodehydration résulting to a total
percentage weight loss in agreement with that.calculated for its conversion to

_the corresponding polybenzodiimidazole.

The poly(furylene)benzodiimidazole II was -insoluble, in polat: selvents,
slightly soluble in conc. sulfuric (nj,, = 0.13,.C=0,2%, 259C)-and formic
acid (n;,, = 0.20, C =0.2%, 25°C) and soluble in, a mixture:of, tetrachloro-
ethane-phenol (3:1) (ny, = 0.33, C=0.5%, 25°C). It 1is ~rgmarkable “that
tenfold higher values of the-inherent viscosity-for the corresponding and
analogously prepared poly(1,7-diphenyl)benzodiimidazoles :of terephthalic’
“and “isophthalic acid “have been reported®.

The UV spectrum of II measured in conc, su]furlc acid solution
(C=5x%10" g/100 ml) showed a strong band at 416 nm (E lcm 864) and a
shoulder at 235 nm. .

‘ The ‘thermal stability of polybenzodnmldazole 11 was studied from its
TGA thermograms (Fig. }) determmmg Various critéria of thermostablhty 17,18
(Table VI). The*-aetivation: energy. O decomposmon in nitrogen* was dé-
termined by the multiple heating rate procedure '® as reported in a previous

paper |
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FIG. | : Thermogravimetric curves of polybenzodiimidazole Il

. Comparison of thermal stability of the polybenzodiimidazole IT with that
of the corresponding unsubstituted poly(furylene)-benzodiimidazole’ as well
as, that of the corresponding phenyl substituted and unsubstituted poly-
benzodiimidazoles of the terephthalic and isophthalic acid®'?, showed that
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TABLE VI : Data of thermal degradatlon of poly[furylene-(1,7- dlphenyl)benzodl—
1m1dazole] {(I).

Decomp. Temp. Hal.f-volati‘l'i;\:"Ir'itegralyp'rocedural % of total  Activation

of 5% weight zation gggnt:~? decomposmon weight loss .. energy?
loss 0:(? temperature, 17.19 ¢ a1.900°C?  Kcal x mole™
in air \inﬁnitlrog‘té'n ’;06;{
OC s OC
405 510 578 590 55 40

#Determined in nitrogen,

the presence of phenyl substituents reduced the thermal stability in nitrogen
but less than the presence of o- or f-miaphthyl substituents®. On the contrary
the presence of the phenyl substituents very slightly improved the thermo-
stability in air and less than. the presence -of a- or f-naphthyl substituents.

Mepitnym

IoAvovunbrvoaon tob dylwpidiov t0b 2,5-povpavodikapfovikod 6Eéoc ué 16
NI N3-Giparvvlo-1,2,4,5-tetpaauivofevidiio oé 8o otdda.

Yty épyooia adtn peietobvion dpylkd ol mapdueTpot tiig Gvtidpdoewg
nohvpepiopod, of Stdhvpa kal yaunii Beppokpacio, (xpoévog, cuykEvipo-
on, Beppoxpacia, popiokn oyéon AV dvTidpodviov povouepdv kai drord-
m™mg) 10b Sryhwpidiov T0b 2,5-gouvpavodikapPovikod dEEog pé 6 NI N3-
diparvvro-1,2,4,5-tetpaapvoPeviorio.

T6 vEo mohu[@ovpurevo-(2,4-dipatvurapivo)apidio] tod napaoxsuaom—
ke pé tic PEATioteg ouvlijkeg mapouvsiace péco poprokd Bdapog 18.600
(dopopeTpikd) koi Edmoe Gmd ddhupd tov of DMF dwogavy elxapntn
peuPpdavn. Adtéd pé Oeppiky) KukAooLUTOKVEOT petatpdnnke otd véo dvti-
oto1yo moiv[@ovpurevo(l,7-8iparvuro)peviodupidaloiio], ddidkvto.of mo-
MKobg dlohiteg, pé kol Bepuikty dvtoyr) (405°C otov dépa, SHOYC otd
dlwto) Onwg Edeike 1 Oeppootabuikr] Gvaivon. ; :

Ta dVvo mohupepn mol mapackevdotnkav pehetiOnkav pé oTovysiakt
avaivomn, petpnon tod rAoyopiikolb EDS0LE (i), AMyn euopdiov IR
kai UV, xai pé dtapopikn) Oepuidopetpia capwdcswg DSC. o

‘H obykpion tiig Oeppikiic otalepdntag tob morvPeviodyudaloriov
avtob pé adTiyv Tob dvticTtoyov un broxataoctnuévou Edeiée dti 1) mapov-
oia T®v Qoivuro- DmokatacTat®y peiwoe T  Ogpuikt} otabepdtnta. 616
dloto Evd abEnoe adtiv otdv dépo.
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ELECTROLYTIC FLOTATION IN INDUSTRIAL EFFLUENT
TREATMENT
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Summary

A detailed study of electrolytic flotation and its application to the processing of
industrial effluents was carried -out to determine the feasibility of the process. The
current density, the conductivity of the solution, the depth of the tank and the initial
concentration were taken as operating variables. Electrodes of different configuration
and material were also tried. Preliminary information on flotation characteristics
obtained from batch tests have been tested in a continuous unit. The kinetics and the
scale-up of the process were then studied.

Key words : Parameters, bubbles, flocculation, electrodes, continuous-flow, hydrodynamics,
membrane, operation.

Introduction

Electroflotation relies on electrolysis of the liquid between electrodes with
the resultant liberation of hydrogen and oxygen gases as extremely fine
bubbles, which rise to the surface acting as the bubble «blanket» (1). Electro-
flotation competes, in a broad sense, with air flotation as a means of achie-
ving or accelerating the physical separation of phases, whether these are
emulsions or suspensions. It has, therefore, a wide range of applications in
the field of industrial and mixed effluent treatment (2), (3), in addition to its
original field of minerals beneficiation. It is generally envisaged as a system
involving a tank in which two electrodes placed horizontally at the bottom
create, during passage of d.c., a stream of bubbles which achieve the flotation
process (Fig. 1).
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FIG. 1 : Schematic representation of an electrolytic flotation unit.

Results and Discussion

Type of Effluents Treated

Two laboratory prepared dispersions have been tried in the main study, in
order to test the fundamental aspects of the process. The first, being an
emulsion paint dilution, was chosen as a suitable suspension to determine the
feasibility of electrolytic flotation as a solid/liquid separation method. The
second was an emulsified oil-water dispersion and was studied to examine the
effectiveness of the process as a liquid/liquid separation technique.

The process was then tried effectivelly on a industrial waste, from a power
station, consisting of a mixture of oil, pulverized fly ash and an aqueous
solution. A series of experiments on milk dilutions were also tried giving
promising results; protéin recovery could be a profitable aspect of waste
treatment. ‘

An organic «haze» was also tested. The problem arises during the coales-
cence of phases in copper solvent extraction. The removal of the organic
entainment from the advanced electrolyte presents a valuable product
recovery, keeping in mind both the production of pure copper electrodes and
the solvent economy.

Finally, an oil-water sludge sample taken from a refinery’s interceptor was
treated successfully by electroflotation. The process is expected to cover the
field of breaking and separating the emulsions as the common oil-water
gravity separators are not designed for these purposes (4).

Processing Variables
The current density applied to the horizontal pair of electrodes was in the
range of 100-300 A/m2. The voltage was usually in the range of 5-20 V,
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depending on the effluent conductivity; while the interelectrode gap was
around 3 mm. On certain cases a common electrolyte (once, seawater) was
added to increase the conductivity of the solution. This can make an ap-
preciable saving in power consumption.

Increasing the current density results in a great deal more gas being
produced by the electrolytic cell. A large proportion of the gases may be
ineffective, but the net effect was to reduce the time required for solids
removal (Fig. 2). However, a higher current density brings an increase in

' l | c.d. (A/mY |

1500
x {00 |
N + 200 |
| o 300

§

concentration (ppm)
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“FIG. 2 : The change of concentration_of paint with fime. The effect of current density.

running costs. It was observed that the retention time of the process was
increasing with feed concentration and with decreasing power input. Tank
depths up to 1.5 m were tried successfully. On oné occasion a solids con-
centration reduction of 99.95 ¢, was observed.

The gas produced by electrolysis was the working tool in the flotation
process. It was calculated that the hydrogen flux was 173 mm?3/s for the
current density of 100 A/m2. Assuming that the bubbles have a spherical
shape, with a diameter of 0.05 mm, the number of bubbles evolved was
around 4X10%/s, at the above current. Observatlons of the gas bubbles
evolved flowing upwards gave the impression of laminar flow with no
disturbance or mixing of the liquid.
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A phenomenon has been observed where air bubbles - generated by
dispersed-air flotation - were, in some occasions, only mixing the liquid and
no phase separation was produced. However, flotation rate was found in
other cases as being somehow independent -of bubble size, and more
dependent on gas velumetric flow.

A very stable and relatively dry froth layer was formed during the electro-
flotation experiments, which consisted of gas bubbles and solids, oil, or both
depending on the experiment. Even when the current was switched off, there
was essentially no tendency for the solids to return to the solution. The
thickness of the layer was a function of current density, being greater at
higher densities. If thickening is the important furiction of the process then a
low current density should be used. The common method of removal of this
surface layer in flotation processes is by a large number of slow moving
flights combined with a speed controlled conveyor drive. It is then usually
disposed at approved areas, or burnt as it mainly contains organic matter, or
even further processed for by-products recovery, on certain cases.

Flocculation -

Chemical additives have been found to increase the flotation rate. Clari-
fication time and effluent quality were shown to depend strongly upon pH.
This is a known effect from minerals flotation; there is a definite relation bet-
ween zeta potential, the ionic strength of the solution and flotation recovery.

Floceulation is one of the dominant factors in dissolved-air flotation. In
difficult cases, such as stabilized emulsions or where stringent effluent dis-
charge conditions are applicable, it is thought necessary to have a well desi-
gned flocculator. It seems, at first, that flecculation increases the running
costs, however, the decrease in the retention time more than makes up for this
increase (5). .

In electrolytic flotation the need for charge neutralizers and coagulating
agents may be reduced to a minimum, and in some applications will not be
needed at all, due to the surface charges of the gas bubbles. The addition of
flocculants. succeeded.indeed. in. shortening the retention time.- However, the
use of them should depend on the optimization of the process, keeping in
mind their cost.

Electrolytic Bubbles

Gas bubble size is one of the parameters that affect flotation design. The
electrolytically produced *bubbles, being of two separate gases, presented
some difficulty when, after measured from the projected photographs, plotted
on a probability paper. Gas bubbles evolved at electrodes under different
conditions may have different sizes.
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Most of the bubbles measured were in the range 20-90-um. Those bubbles.
around the upper limit were believed to be the outcome of coalescence. "At
100 A/m? the mean diameter was 50 pm. The statistical mean in the empirical
distributions decreased- with respect to bubble size as the applied current
density was increased. The number of bubbles increases with increasing. cur-
rent density.

Separated Electrodes

Another consideration was if the chemical differences of the gases had any
effect on the process. This was accomplished by the construction of another
cell having the two horizontal electrodes separated by a cation exchange
membrane. In the meantime, any different effect introduced by the anode and
cathode separately was investigated (Fig. 3).

100}

otf conceniration (pf:'m)v

150 A/ntt

0 3 6
retenlion time (Ks)

FIG. 3 : Experiments with the conventional electrolytic cell and with separated anode.
Verification of the first-order equation.
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The specific role of the chemical effect of various gases during flotation
has been studied in early works applied on minerals research. Now coming to
electrolysis, one of the fundamental theoretical aspects concerns the mecha-
nism of gas evolution. In fact, despite the considerable literature on the sub-
ject, there is no universal agreement as to the precise mechanism, which
indeed may vary with the electrode surface and other operating conditions.

By using atomic hydrogen and atomic oxygen, it was established that their
chemical action on the suspended particles surfaces change the physico-
chemical properties and either assist or suppress flotation. A gas removing
medium was introduced in the lower part of the cell under the membrane, to
carry away the bubbles generated by the separated electrode (4).

It is understood that by separating the cathodic and anodic spaces of the
electrolytic cell in the flotation chamber, the whole design becomes more
complex. However, the advantage of operating with either electrodes can be
applied, when moving from the laboratory scale to an industrial plant, by
using the effect of the difference in the surface areas of the working electrodes.

Continuous Flow Experiments

Batch flotation tests were used to obtain data to evaluate a continuous
flow flotation unit, to foresee the way it should work and predict the expected
result. The basic information desired from the batch tests included answers to
questions including the following :

1) Will the material being considered float?

2) How rapidly will it float?

3) What kind of electrodes does it need?

4) What degree of effluent clarification can be expected?

5) What will be the rate of flotation?

6) How do changes in current density and feed concentration influence
these answers?

The answers to these questions are important when one is considering the
design of a flotation equipment for a particular application. Attention should
be paid on the sensitivity of the process with respect to each application.

As the flow of gas bubbles is necessarily rising, there are three choices for
the liquid entering the tank, among the following possibilities: 1) horizontal,
2) ascending, 3) descending (6). In the horizontal flow system it was found
difficult to avoid parasitic currents of recirculation due to density differences
of the bubbles. The cocurrent system was said to be less useful because of the
difficulty presented at the superior part to choose between the treated liquid
and the impurities. An homogeneous descending system provides counter-
current flow between the gas bubbles and the solid particles, and was said to
give a more favourable movement from the point of concentration gradients |
and probability of encounter. The counterflow circulation of the liquid was
found to give a high efficiency «filtration» effect. This was maximum when
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the liguid passed through the electrodes-to reach the-lower part of the tank.
Since the downward liquid velocity is less than the upward velocity of the
bubbles, it was suggested that the treated water was almost entirely clarified.

Generally, the batchwise tests can be used to gain preliminary informa-
tion on the flotation characteristics, while continuous flow experiments may
give the final design data. However, it has been reported that the results ob-
tained from prototype flotation units do not always agree with the results
predicted from thé data obtained from batch tests (7).

Detention time and feed concentration were found to affect the exit efflu-
ent concentration, for the specific application. Detention times were recorded
in the range of 3.3 ks for easily floatable matter and with feed concentrations
around 1,500 ppm, giving a concentration reduction of an order of 90 %. The
process was shown to be affected by high throughputs. With difficult
emulsions, the optimum detention time was approximately twice the above
mentioned, succeeding: concentration reductions of around 80 % this time,
with feed concentrations as:Tow as~60-100 ppm -of oil.

One of the factors on which - greatly. depends the performance of the
electrolytic flotation unit is the inlet: design.” A proper inlet could maximize
the adhesion efficiency by reducing turbulence. Any hydrodynamic streams
would contribute to detachment of bubbles from the suspended particles. It
was realised that the process-is:not intended to replace completely existing
forms of waste water treatment, buf rather to provide a facility which will
considerably reduce the polluting load of effluents: by simple and economical
means.

Flotation Hydrodynamics

The térm «hydraulic efficiency» has been introduced in sanitary enginee-
ring to describe the detention time distribution of the fluid and the flow
regime in the system. The measurement and analysis of the hydrodynamics is
usually of great importance in evaluating the system performance.

This investigation was undertaken as the efficiency was expected to be a
function of the residence time distribution. The stimulus-response technique
was used in this experimentation. The tracer input signal was an electrolyte
(acid) and had the form of a step function. Assuming that the flow regime
was composed of various flow types, a theoretical mixed model (8) was
applied and. the. experimental data were fitted accordingly.

It was concluded that no by-pass flow existed, while there was a deadwater
region during the cocurrent mode. The flow regime was dominantly backmix
flow. Attention should be paid at the settling of suspended mater as a result,
usually, of turbulence around the inlet. This is an antagonistic process when
the particles are heavier than water.
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Operation and Design Aspects

Before a viable electrolytic flotation process could be.developed it is
necessary to find electrode materials of adequate mechanical and electrical
properties with an extended lifetime. The basic requirement foi-the-electrodes
is to evolve very fine bubbles by electrolysis of the influent+fluid. To ac-
_ complish this in practice a number of criteria. must be satisfied :

1) no electrode corrosion,

2) avoidance of scaling,

3) capability of operating at high current densities, and
4) should not produce objectionable gaseous--products.

In this study the cell has been constructed"from stainless steel expanded
mesh. The corrosion of the anode is mdeed a disadvantage of the process,
particularly in high anion concentration in ‘the effluent. The use:of lead
dioxide covered titanium was; reported as a reasonable solution; this was
found from accelerated life tests (9) Electrolytic cells of differént material
and construction have been tested algo here, and ainong thetn‘a-set .of bipolar
electrodes (4). 7 '

A comparison of rinning expenses ‘between flotation: éyé’tems sliowed:
(Gardner, (2)) that electrolytic. flotation requ1res~-§1gn1flcantly less péYWer ot
units of 5 m? area or less; i.e. units able to accept flows in"thé rangeup-to
13.9 m3/ks. The advantage decreasés with increase in the ‘size of cell.
Calculations from the present data on power consumption gave approximately
3.6 MJ/m? -depending always on the conductivity of the effluent- which
means that the power costs of the process were 0.75 pence per m*® of effluent.

This treatment could still be considered as an «art» and more research was
needed on the basic theory of flotation performance and design. The begin-
ning was done with the bubbles measurement and the residence time con-
siderations described above. The hydrodynamics study proved an earlier
assumption that the vessel resembles a perfectly mixed reactor.

The principles of reactor design and scale-up are generally well establi-
shed in chemical technology (10). This knowledge would not only benefit
operation and prediction, but also flotation plant design would be placed on
a surer foundation, reducing the excessive reliance on costly trial and error
development of new and improved units.

An account of flotation machine development, together with the general
principles governing the operation of these machines, was given (11); the
main effort has been to find the most suitable impeller design. Process design
theory developed for foam separation was based on its resemblance, in a way,
with distillation with entrainment (12). While, the batch flux analysis, known
from the sedimentation of suspensions, was applied in dissolved-air flotation
(13). Tt seems that there are still fruitful areas for investigation.

Scaling-up experiments have been carried out - with surface area ratio of
0.017:0.36 m? (Fig. 4). The conclusion was that the rate of flotation was
decreased, which means longer detention times. The same result was obtai-
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FIG. 4 : Pilot plant electrolytic flotation tests with the emulsified oil dispersion.

ned when the effect of liquid height was investigated. Two reasons were given:
the wall effects in the small vessel, and the internal reflux of suspended
matter from the disturbed froth.

The knowledge of the rate at which suspended matter will be floated in a
unit is very important; also, an operator should be able to identify the
variables that control the rate. This understandmg of the process can lead to
improvement to flotation design.

A macroscopic method was followed in the kinetics study. It consisted of
the analysis of variations in suspended matter concentration as a function of
time. The conditions governing the entire period of the batch process were
not constant. It -was divided in stages and each was examined separately. The
actual flotation stage was found to follow a first-order -equation.

Flotation rates were found to be greater than settling rates under the same
conditions. This suggests a difference in the surface area requirement of the
two processes. Also, better effluent quality and shorter retention times were
involved in the former.

The flotation coefficient was calculated as a function of time, and from
that the flotation rate, which was observed to reach a maximum. The effects
of initial concentrations and current density were studied (Fig. 5). These
flotation rate maxima when plotted as a function of initial cell concentration,
in the range tested, were found to increase at first until a constant maximum
value is reached.

It seemed that there was an optimum concentration, where the coefficient
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FIG. 5 : Variation of flotation rate with time at different power inputs.

reached a maximum. There was also evidence that there was a certain limit in
suspended solids concentration, over which the process could not operate.
The generated bubbles were merely mixing the liquid.

General Discussion

When an effluent is brought between two electrodes, of which one is the
positive anode and the other is the negative cathode, and energy is applied to
the electrodes, an electric field is built up between them through the use of the
.cenductivity of -the suspension. Without the addition of chemicals a
preliminary coagulation occurs within the suspension, which seeks to group
the negative and positive particles together. Furthermore, with the de-
:composition.of water into its constituents, in the diffusion layer of the anode
-comes free atomic oxygen, which is carried by convection into the suspension
and it immediately conibines with organic and inorganic matter resulting in
its oxidation. In a similar manner, there is also a transformation brought
about by the -electrically excited hydrogen resulting in the reduction of
contained ‘matter.
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The four basic electrokinetic phenomena depend upon the same pheno-
menon of selective ion distribution on interfaces, and are involved in the
interface theory of flotation. It has been suggested that if it is desired to

"remove ‘all suspended matter from a liquid, advantages should result from
using a continuous stream of extremely fine bubbles, possessing potentials in
the positive and negative sense. These electrolytically produced micro-gas
bubbles possess very high surface charge densities, and because of the random
movement in the solution, they will find particles and globules with an oppo-
site charge. Thus, one may envision that the electrokinetic forces which cause
colloids and emulsions to be dispersed may be neutralized by charges on the
gas bubbles, which will then be available to collect around all suspended
matter and float it to the surface.

The electric field gradient between the electrodes aids the flocculation of
suspended matter. Further, when an electric current is applied to an effluent
the oxidation-reduction potential changes depending on the type of electron
treatment. Also, nascent hydrogen and oxygen are highly active and as they
attack the particle surface, a change of the flotation characteristics of this
particle can be effected. Any or more of the above effects could be operating
during electroflotation, and they have been described with the general term
«electrochemical effect» of the process. There should be a differentiation bet-
ween that and the application of gas bubbles in flotation as the working
medium for the transport process.

Concluding Remarks

Reviewing the process it should be noticed that :

1. The electrode grids can be arranged to provide good coverage of the
whole surface area of the flotation tank, so uniform mixing between the
effluent and the gas bubbles is achieved.

2. A large amount of very small bubbles is formed with minimum
turbulence, with result that clarification can be effected with effluents that
previously would not have been considered suitable for treatment by flotation.

3. The electric field gradient between the electrodes aids flocculation of
suspended matter.

4. Gas production, residence time and the other operating conditions can
be checked quickly and are easily controlled. -

5. No high pressure pumps, pressurized vessels, or other complex
machinery is needed, and the moving parts are minimal.

6. The equipment is reliable and safe in operation since only low voltage
is used.

7. The relative quantities of gases produced are a function of current
density and salinity of the solution. A simple blower system would eliminate
any hazard from the predominant escaping gas (hydrogen).
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8. Electrolytic flotation can be used in cases where air could be difficult to
dissolve in a particular effluent.

These are some of the reasons that make the process of electrofiotation
attractive.

Iepidnym

‘H ’Hiextpolvtixsi “Eninlevon ot Aigpyacia KaBapiouob Biopmyavikdy
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otjv KuweArida.
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pel pé mpaktiky) depyacio kabapiopod mov mopovoidlel optopéva TAEO-
vektipata of oyfon pé tic cvvnBiopéveg teYVIKEG Emimigvomg.
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Summary

1,3-Dioximes with an active methylene group are oxidised by the title reagent into
4-o0x0-4-H-pyrazole 1,2-dioxides, while substituted isoxazoles are simultaneously
formed. 2-Unsaturated 1,4-dioximes are oxidised into a mixture of pyridazine 1,2-
dioxides and 3a,6a-dihydroisoxazolo[4,5-d] isoxazoles.

Key Words : 4-oxo-4-H-pyrazole [,2-dioxides, Isoxazoles, Pyridazine 1,2-dioxides, 3a,6a-
dihydroisoxazolo(4,5-d)isoxazoles.

" Introduction

Oximes are known to undergo easily oxidation with a variety of oxidising
agents to a variety of products'?. With the exception of 1,2-dioximes which
are cyclised to furoxanes ', no other dioximes had been examined at the time
the present work begun. We report here our results with 1,3- and 1,4-
dioximes, using as oxidant phenyliodine(III)bis trifluoroacetate*, abbreviated
PIB. It should be noted that oxidation of several monoximes of both
aldehydes and ketones-have also- been-studied ‘with-PIB>; the results-being’
similar to analogous oxidations with lead tetraacetate?.

Results and Discussion

1,3-Dioximes. The dioximes oxidised were known compounds of unknown
configuration. They were oxidised at 0°C in suitable solvents with equi-
molecular amounts of PIB. The results for five 1,3-dioximes are presented in
Table I. It can be seen that flexible dioximes having an unsubstituted active
methylene group (1) give two products, i.e. 4-oxo-2H-pyrazole 1,2-dioxides
{2) and 3,5-disubstituted isoxazoles (3), according to Scheme I.
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TABLE-.L : Oxidation Products from Dioximes /

Oxime R R’ Isoxazole 3 Pyrazole dioxide 2 »
M.p.OC(Lit.m.p.), Yield M.P.9C(Lit.m.p.), Yield

la Me Me oil, 33% 108-110(109-110°)y 20%
1b Me Ph 41-42(42-43%), 60%( 162-164(163-164) 23%
Ic Ph Ph l39-l41(141b), 449, 189-190(191-192¢) 8%
1d -(CH3)3 - - -

2L. Claisen, Chem. Ber., 40, 3903 (1907).
by, Goldschmidt, Chem. Ber., 28, 2540 (1895).

‘Ref. 6.
T : "
|| — P18 R —R
NN ) \ o ] /N
HO.  OH o o - o
1 2 3

Scheme 1

4-Oxo-4H-pyrazole dioxides have been previously prepared from oximes of
2-unsaturated ketones upon treatment with NaNO,%’ and also by oxidation
of 1,3-dioximes with NaOBr?; in that case the initially formed 4,4-dibromo-
4H-pyrazole 1,2-dioxides were subsequently hydrolysed into 2. The identifi-
cation of 2 as reaction products was effected by comparison of their physical
and spectroseopic- properties-with -these -of authentic- samples-or with--values
from the literature.
A characteristic spectroscopic feature in their mass spectra is the
* low abundance [M-16]%, (M-oxygen), and [M-28]", (M-carbonyl), fragment
ions; the major fragment ions correspond to nitrile oxides, [RCNO]T".
These features were later corroborated in a publication® dealing exclusively
with the mass spectra of 2. Concerning the mechanism of the reaction,
several possibilities exist leading to the 4H-pyrazole 1,2-dioxide 4, e.g. the
dioxime may first be transformed into an iminoxy radical, by abstraction
of H, RC(=NOH)CH,C(NO"R, or give an iodine (III) derivative,
RC[=N-OI(Ph)OCOCF ;]JCH ,C(=NOH)R, or a gem-nitroso-trifluoroacetate
RC(NO)(OCOCF;)CH,C(=NOH)R. Such intermediates are known to be
formed from simple oximes'?’; by eventual release of iodobenzene and
trifluoroacetic acid they may be converted into 4, which reacts with more PIB
and gives the bis trifluoroacetoxy derivative 5 and this is finally hydrolysed,
probably during work-up (Scheme 2).
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Reactions with PIB where an active methylene group is transformed into
trifluoroacetate of a gem-diol have been observed in some instances, e.g. in
the oxidation of fluorene to fluorenone’. The propensity of gem-trifluoro-
acetates to hydrolyse into ketones is well documented. Air-oxidation of 4 to 2
probably occurs also to a considerable extent. Thus, by carrying out the
reactions by bubbling through atmospheric air yields of 2 were increased up
to 30%, while under nitrogen yields were only marginally smaller {1-3%).

The isoxazoles 3 are formed by an acid-catalysed ring-closure of the
dioximes from the trifluoroacetic acid released upon the reduction of PIB. An
independent experiment showed that the dioxime of 1,3-diphenyl 1,3-pro-
panedione 1s converted into 3 by 3% trifluoroacetic acid in chloroform. A
similar transformation has been observed when 6 was treated with formic
acid '°. There is no doubt that in these cases a partial hydrolysis (or acidolysis)
of I gives the monoxime 6 (or the acylal 7), which cyclise to 3 by dehydration

- {or removal of acid), Scheme 3 :

OAc

, Ho' R _R . R ~H©O or
T —NHOH \m | ~ AcOH
) ° \ AcO N
OH OH
8 4

Schemie” 3

The dioxime of I,3-cyclohexanedione was not cyclised, because the two
oximino groups are too far away to interact. The only isolated product was
the parent diketone. Similarly the carbonyl! compound is only isolated from
the dioxime of 4-ethyl-3,5-heptanedione. Presumably the ketones result from
gem-nitrosotrifluoroacetates, which hydrolyse upon work-up or decompose
thermally, like other similar compounds''.

1,4-Dioximes. The only reaction studied was that between the dioxime of

2,5-hexanedione and PIB. No cyclisation occured and the only product
formed was the bis-gem-nitrosotrifluoroacetate 8.

0COCF,
NO T Me
Me
CE,C00 NO

2
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As with simple oximes> the compound could not be obtained pure but its
formation was deduced by 1ts u.v. spectrum (A, at 640nm) and its i.r.
spectrum (veo at 1795 cm™, lack of OH absorption).

Attempts to obtain Diels- Alder adducts from &8 or other simple gem-
nitrosotrifluoroacetates and anthracene failed, although nitrosocompounds
with a- substltuents of strong electron-withdrawing character behave as
dienophiles '?

2-Unsaturated 1,4-dioximes. These dioximes, from trans-diketones but of
unknown configuration, 9, are new compounds® and they have been
reported * to cyclise with.- PIB to pyridazine 1,2-dioxides /0, a class of
compounds with few known representatives.

However Ohsawa et al. ™ showed that oxidation of the dioxime of 1,4
diphenyl-2-butene-1,4-dione 9a, gives mainly 3a,6a-dihydroisoxazolo [5,4-d]
isoxazole //a, along with small amounts of the isometic pyridazine 1,2-
dioxide /0a and some other minor products (Scheme 4). Furthermore, the
reported 3,6-diphenyl-pyridazine 1 ,2-dioxide '* was proved to be actually 3,6-
diphenyl-3a,6a-dihydroisoxazolo[4,5-dJisoxazole.

Scheme 4

The above finding has led to a reexamination of the reactions between 2-
unsaturated l,4-dioximes and PIB. It was found that the dioximes of 1,2,4-
triphényl=2:biiterie-1;4>dione~and of 2:hexene-1,4-dione give exclusively /0, as
already reported ', while all other dioximes, (with the exception of that of 1-
p-nitrophenyl-4-phenyl-2-butene-1,4-dione, which gives only //) give both /0
and /1, but those assigned as /0 are actually //. Pyridazine 1,2-dioxides are
eluted from the chromatographic column after the dihydroisoxazolo-isoxazoles
with fairly polar solvent mixtures and they are isolated in small yields, 2-7%
Sometimes a third product may also be eluted, before /0, ie. isoxazole /2.
The results obtained appear in Table II.

The distinction between /0 and // is based on both chemical and spectro-
scopic evidence. Pyridazine 1,2-dioxides are deoxygenated with PCl; to the
known pyridazines /3, while dihydroisoxazolo-isoxazoles remain unchanged
under these conditions (Scheme 5).
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"7— PCl, < — >
R— \ / —R —_—3 . R~ \ / —R

Scheme 5

Several attempts to oxidise // (with MnO, and 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone) to isoxazolo-isoxazoles were unsuccessful. Between the
two classes of compounds, /0 have invariably some 509C higher melting
point than //, with decomposition.

The u.v. spectra of /0 and /] differ in that A, of /0 and // appear at
290 nm and 260 nm, respectively. The i.r. spectra of /0 and // have no
significant differences. The n.m.r. signals of protons on C-4 and C-5 of the
pyridazine ring in /() appear at 7.58, while the protons on C-3a and C-6a of
the isoxazoline rings in // resonate at higher field, 6.5 6. Finally the mass
spectra of /0 have both [M-O]" ions, which are absent in //.

The 3-arylo-5-aroylo-isoxazoles were (Table II) /2a (m.p. 64°%) and 12f
(m.p. 1499, in yields of 2% and 3%. They showed the expected molecular ion
and fragmentation pattern in their mass spectra, but no microanalyses have
been performed.

Experimental

NMR (60 MHz, Me 4Si internal standard) and mass spectra (70 eV) were
recorded on Varian A-60A and Hitachi-Perkin-Elmer RMU-6L spectrometers,
respectively. IR spectra were recorded on a Perkin-Elmer 257 spectro-
photometer. Melting points have been obtained on a Kofler hot stage
apparatus and they are uncorrected.

All starting materials were known compounds, with the exception of the
2-unsaturated, 1,4-dioximes which were prepared by standard methods from
the respective trans-ketones. Their physical and spectral data as well as
elemental analyses may be found in reference 5. '

General procedure for the reactions of 1,3-dioximes. 4.1 mmol of PIB were
added into a solution of 4 mmol of the dioxime in chloroform or acetone (20
ml) at 0°C. After a few hours all dioxime was consumed. The solution was
evaporated to dryness and the residue chromatographed in a silica gel
column, using as eluent hexane~hloroform. The order of elution was
iodobenzene, isoxazole and pyrazole dioxide.

General procedure for the reactions of I,4-dioximes. The experimental
conditions were identical to those of reference [3. The order of elution during
column chromatography was iodobenzene, isoxazolo-isoxazole, (isoxazole),
and pyridazine dioxide.
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General procedure for the deoxygenation of pyridazine 1,2-dioxides. -A
sample of /0 was refluxed with an excess of PCl5 in CHCI; for 2 h. Water
was added to the reaction mixture, the aqueous layber was alkaline and the
pyridazine was extracted with CHCl;. After drying and removal of the
solvent, the residue was recrystallised from ethanol. Yields ranged between-
50% and 90%. The following pyridazines /3 were obtained: /3a, m.p. 220-
2219 (1it. 5 221-2229), /3b, m.p. 240° (new compound), /3c, m.p. 281-284°
(lit. ' 2859, 73d, m.p. 198-200° (lit.'7 198-1999), /3¢ m.p. 206-208° (lit. !’
206-2080), /3f, m.p. 230-231° (lit. "7 231-232%), /3g, m.p. 260-264° (lit.'®
2649).

Hepiinyn

'OCaidwticy kvkdomoinon 1,3~ wai [,4-d10ucov pé ditpipBoparxetolv-1wdo-
Levléhio

Awdipeg 1,3-8ikapfovorik@v Eviboewv ol Eyouv Evepyr| peBulevikty
oudda katd v Enmidpoot Sriprebopaketofu-twdofevioriov dEe1ddvovial
ot 4-6to0-4H-nvpaloro-1,2-010Ecidia, Evd mopdiinia oynupotilovol kai
3,5-6wmnokateotnuéva iocofaldola.

Aotipec dxopéotev 1,4-8ikapBovolk®y Evdocewv dEeiddvovial of
pivpa 1,2-8wotediov tiig mopwdalivrg kal dwdpo-toofaloro-tootaloriny.
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