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LA .EF

The studies reported in this thesis were made in the
context of the earlier v/ork done in this laboratory on ascorbic
acid and its derivatives. Although the chemistry of this
vitamin has been under study for a very long time, there are
still some aspects of it that are not quite well understood
and need clarification. It was considered important to
investigate these matters iIn view of the possibility that
some of the results may have serious biochemical and physio-

logical implications.

The earlier v/ork was restricted to spectroscopic studies.
This work has nov; been extended, and, in addition, the relative
reactivities of the vitamin and some of its derivatives and
analogues 1n a few reactions have been studied. The general
background of entire work is set forth and the status of the
background information available relating to every one of the
studies is briefly surveyed. The reactions studied include,
autoxidation, benzylation and Udenfriend hydroxylations.

Some allied stereochemical problems have been solved.
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Chapter |
GENERAL INTRODUCTION



Ascorbic acid (Vitamin C, iUI) is oneof the most
extensively studied of vitamins and a vastliterature has been

accumulated on itl’2

However, even today, the mechanisms of
its action iIn its various biological roles are not clearly
understood at the molecular level. At least,to a limited extent,
the situation holds true for the chemistry of the substance.

Even though the compound and its derivatives have been studied
for more than four decades, there ai’e still a number of instances
in its chemistry where the observed behaviour has not been
accounted for satisfactorily. Each of thesix carbon atoms of
the molecule is chemically different in character and each
carries a functional group of differe t reac-ivity. This situa-
tion can give rise to relatively complex behaviour in certain
chemical reactions and it is presumably for this reason that
some aspects of the chemistry of the vitamin still remain to be
clarified. The studies reported in this thesis have been made
in this context. Such an effort may be justified for its own

sake, but, more importantly It may have some bearing on the

mechanism of biological action of the vitamin.

AA was Tirst isolated by Zilva-~ fi’'om lemon juice and
characterised as a nitrogen free unstabl.e substance with
powerful reducing properties. Soon afterwards,Szent—GyorgiAS"’b
isolated from the adrenal cortex of oxen a crystalline substance
(m.p. 192°C) with formula CMHgON.  VJith the demonstration of

Its antiscorbutic activity , this substance was recognised to

be the sane as that isolated by Zilva.



The structure of AA was first established as L-threo-
2, 3] 165, 6-pentahydroxy-2-hexenoic acid-~- lactone (1) by Herbert,
Hirst and coworkers”. Fornation of furfural and carbondioxide
on treatment of the substance with strong hydrochloric acid
indicated the unbranched nature of the molecule™. The presence
of four hydroxyls was sho»m by the formation of a tetraacetaten
and a tetramethyl ether*™. Two of the hydroxyls were acidic in
nature, with pKa®"s of ’\.25Q and 11.79 ? and, further, these were
the ones that got methylated in the reaction with diazomethaslrag-o-l2
The presence of a 1,2-glycol system out of which one was a
primary alcohol was indicated by the reaction with lead tetra-

- 1~ 1N
acetate giving formaldehyde™ ~

The UV absorption of the
compound and its change with addition cf alkali suggested the
presence of an unsaturated system with a hydroxyl at the
A—position“’rg The formation of an isopropylidene derivative
with the reducing properties of the vitamin confirmed the nature

of glycol systera™. With the oxidation DF the vitamin itself to

oxalic acid (11) and L-threonic acid (11l1) by hypoioditen”

COOH
COOH
Naol HCOH +
COOH
HOCH
I
CHgOH

CH20H



ac' the ozonolysis of the tetramethyl ether (1V) to give a
product (V) which could be decomposed to the dimethyl ether of
L-threonamide (VI) and oxanide (VII)5’18 the structure of the

vitamin could be put down as (1), and it was consistent with

MeO-C =0
Ozonolysis % ?
HC-0— C-COMe ~’
MeOCH
CH20Me CH20Me
v
CONH2
H COH
H
MeOCH CONH-
CHgOMe
VII
VI

the formation of a neutral oxidation product”, dehydro ascorbic
acid "DHil, VIIlI and many other aspects of the chemistry of
the substance that were investigated™. This structure has been

confirmed by X-ray anu neutron diffraction studies19

The importance of the study of vitamin C may be realised

by even a cursory consideration of what happens in scurvy in



CH"™OH
VI
AA DHA
man20_22’29- The degeneration that sets in is so extensive and

all encompassing that no part of the human body is left un-
affected. Vitamin C is present in all human tissues and is
necessary for their proper functioning. AA is a labile substance
which passes rapidly from the plasma into the white cells where
it is involved in Immunological defence and is also stored. It
passes from the plasma into body tissue where it plays important
roles in liver metabolism, haemopoesis, collagen formation,
endocrine control and metabolism including ovulation and other
metabolic processes. General tissue metabolism is maintained

by AA, and tissue anabolism and growth is stimulated by a supply
of the vitamin in adequate amounts to maintain tissue saturation.
Many enzymes and hormones require AA as a cofactor for their

functioning/M AN

It is unlikely that in all these diverse functions of AA,
there is one chemical feature of AI* that serves as the common

denominator for them all. It looks more likely that we would



require a set of then for a satisfactory understanding of the
totality of all actions of It is not clear how many
elements are involved in this set. It is of interest here to
note that this situation makes it difficult to assess the
significance and reliability of “"de estimates of the anti-
scorbutic activities of analogues and other materials. The
index of antiscorbutic activityzA 2h has necessarily to be
confined to a limited number of relevant observations for
practical purposes A,and,for this reason, " "antiscorbutic™ activity
is not a well defined term even today. The ability of a subst-
ance to serve as an ascorbic acid substitute iIn a particular
biochemical role, for instance, as a mediating agent in hydroxy-

lation™, need not necessarily imply that it will be able to

play all the roles of LL with equal efficiency™.

Because of the variety of roles played by ascorbic acid,
there can be considerable doubt as to man’s requirement for the
vitamin which are to be met entirely from exogeneous source526-
The mega-vitamin controversy that has arisen in recent years

may be mentioned 1in this connection27_29.

It is apparently a
well established fact that animals that are able to synthesise
their own requirements of vitamin 3 iIncrease their production

of the vitamin about ten fold when subjected to biochemical
stress, such as drugs™™™. The increased production is apparently
a response to a need. This implies that animals like man, who

cannot meet their own needs of the vitamin from endogenous

sources, would also require increased amounts of it under



biochemical stress, and, unless the required amount is ingested,
their physiologies would be adversely affected™ '™~ There
iIs considerable merit in this arguments However, the actual
needs for meeting specific stresses will have to be estimated
only on the basis of experience. In actual practice, possible
harmful effects of uL metabolites like oxalic acid and their
variations in individuals will also have to be taken iInto account

in determining therapeutic dosage.

Of greater interest to us here are the suggestions as to
the likely paths by which AA is able to potentiate the different
activities it has been recognised to have. The notion that
intake of AA increases resistance to bacterial infection has
been widespread and it has considerable experimental basis29
This is so even for viral infectionszg, and, apparently, there
iIs evidence of the toxicity of to some types of cancer
cellsn' ™ In the case of resistance to bacterial infe-
ction, It has been suggested that the role of A% consists of the
help it gives for the synthesis of the required -globulins.

AA presumably helps to degrade cystine disulphide linkages to
SH groups i1.e. to form cysteine which goes into the making of
-gluobulins. The disulphide linkages of the gloubiins
themselves could be formed by the action of DHA that is formed.
The formation of -globulins 1is apparently genetically
restricted to the initial formation of chains with SH groups
only since no trinucleotide is known to code for cystine‘29

Similarly,it has been suggested that, in the resistance to



viral infections, Idi. action might manifest through a physical
effect, namely surf"~ce tension, and make the virus cell walls
vulnerable to attack by body nucleaseszg- It has also been
suggested that some of the beneficial effects of lu. may manifest
through the increased formation of the cyclic nucleotides
cyclic—ji-NP'A/g_ﬁ and cyclic—GMPho , which, 1in turn, potentiate
hormonal actionza- Several of these suggestions are apparently
important5 but, they will have to be placed on firm experimental

footing before we can consider more detailed mechanistic

implications.

The effect of vitamin C on every function of the human
body, seems to have been investigatedzo- Most of this has been
empirical in nature and little is known about their inter-
relationships. ""Contributions "hat may be of great importance
have been lost under a deluge cf clinical reports, many of wv/hich
V.ve little significance'"442 I"leverthelcsscoi.:.- progress towards

an understanding of AA functions at the ""molecular level™  has

emerged from the work done so far. Some of the typical bio-
chemical functions of that have been known are briefly

considered below.

The most outstanding property of A is its capacity for
reversible oxidation and reduction, and this property has
dominated the search for its role in metabolismhz- Fl-on the
fact that both the reduced and oxidised forms are usually found

in plant and animal tissues possessing high metabolic activity,



It appears probatle that it may play an important rolo 1in the
roactions involved in electron transfer in the colls. It has
been suggested that oxidation by numerous agents such as enzymes
or metal catalysts involves aselectron transfer occuring in two
stages. The first step is the formation of an unstable
semiquinone like radical formed as an iIntermediate between the
fully reduced and fully oxidised form, DILi. The evidenc-e for
the existence of this unstable and very reactive species comes
from studies of Kern and Racker ~ and Nason ~ mH'with plant
enzymes on animal tissuesugJand from ESR stuaieshﬁ. The second
step is the formation of DHii by dism.utation of monodehydro AA.

Thus, the reduction of cytochrome C by u.. whioh involves a

cuprous-cupric cycle may be visualised as follows”*™

>2 HgO

+++
Cyt-C-Fe

Cyt-C-Fe

CScheme for cytochrome C reduction catalysed by wi. oxidase.
Dotted lines show dismutation reaction of free radicals).



The role of AA iIn tyrosine metabolisrr, has been extensively-
studied™. From the reports, it appears that AA catalyses the
reaction of p-hydroxyphenylpyruvic acid to horaogentisic acid 1in
the presence of the enzyme, p-hydroxyphenylpyruvic acid oxidase.
The reaction, which involves hydroxylation of the benzene ring,
oxidative decarboxylation and migration of the side chain,
proceeds more rapidly in the presence of AA. The role of AA in
this reaction has, however, been shown to be nonspecific, and

substances other than AA have been found to be equally effective™.

Staudinger”n’” and Kersten et have indicated that
AA 1is involved in the biosynthesis of corticosteroids in adrenal
homogenates and that it is required for 1 1 -hydroxylation.
Kahnt and Wettstein5A and Kernsten o have also shown
that the rate of hydroxylation of deoxycorticosterone is
increased by AA. Staudinper et alng have also demonstrated

that an Aii dependent NADH oxidation in rat liver and kidney

microsomes requires only catalytic amounts of AA.

The participation of uL in the formation of inter
cellular substances of cartilage, dentine, bone and collagen
of fibrous tissues has been established beyond doubt . The
essential function of in collagen formation is its ability
to catalyse the hydroxylation of proline which forms Ih% of

collagen™. Cooper™ has suggested that AA is required for
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the conversion of tryptophan to 5“hyclroxytryptophan. It has
been suggested that a hydride ion is first removed from the
5-position of the tryptophan ring and this is replaceo by OH
from water. The two protons and electrons then reduce the
true acceptor DHA, and the cycle is complete by the oxidation

of AA to DHA.

AA has been found to be associated With the functioning
of other vitamins and some types of enz%mes42- In some cases

It activatess, e.g. arginase57, liver esterase5p, etc. and, 1n

others 5 it inhibitsj e.g. urease59

It has been observed that AA is concentrated iIn the more
actively growing regions of the plant, and hence it has been
suggested that it promotes the grov/th of certain plants™.
Aberg and Johnson™ have indicated that “"the effects of AA on
growth are due to the formation of H202 that occurs in the

oxidation of the vitamin by metal catalysis»

It has been shown that the transfer of plasma iron,
present as a protein iron complex, and its incorporation into
tissue ferritin requires the presence of AAM.

Because of its multifunctional ability, AA has been
widely used by food processors in follov/ing ways63; as a
vitamin™, an acid, a stabiliser in wine making, and soft

drinks, a flour improver in bread making, an antioxidant and

nutrient in soft drinks and beverages, a curing agent in meat



preservations, an agent of quality in food processing, an
oxygen scavanger, etc-65, Its 6-esters™ with fatty acids find
wide applications in antioxidant formulations for edible oils

and fats and also iIn various cosmetic Tforrnulations™.

Vie may novw/ turn our attention to some aspects of the
reported chemistry of AA and its derivatives v/here the observed
behaviour is not accounted for satisfactorily or requires
further elaboration. The systems involved are much less complex
than in biochemistry, but their study may conceivably give
information of appreciable relevance for the biochemistry of AA.
Herbert, Hirst and coworkers5, in their study on the
structure elucidiation of AA, have indicated that AA is capable
of reacting in different forms and the structure assigned by
them takes this fact into full consideration. An example 1is
the formation of I““O“‘methyl-hetero-Ai\ In the reaction with
diazomethane™. This indicated the existence of an isomeric
form of AA i1n methanolic solution. However, the significance

of several other observations Was not discussed”™.

2 ,3-Di-0O-methyl AA, on treatment with alkali wWas
reported to give an isomeric compound which was suggested to
be a bicyclic 3,6-anhydro derivative™. The formation of
only one epimer of the product, its unusual stability and the
possible stereochemistry at were not explained. The
2,3,5"trimethyl and 2 ,3*dimethyl--5-trityl ethers of AA could
also be isomerised by alkaline treatment. The natures of the

products obtained iIn these cases have not been studied, A
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later study reported the formation of tv;o epimeric products

in the isomerisation of 2'0-“benzyl“3*“0~rnethyl* \i\*\.

Another interesting instance v;hich requires further
clarification is the reported formation of only one isomer of
the C"2)'""tenzyl derivative in the benzylation of AA. Attack
by the benzylating agent would normally be expected from both

sides of the ring68

AA has also been reported to mediate not only enzymatic
hydroxylations but also nonenzymatic ones, the products obtained
being the same as the ones obtained under enzymatic conditions69,
Various substrates have been reported to be hydroxylated by
the Udenfriend system, which consists of AA,ametaI ionj a
chelating agent and molecular oxygen or . The most
interesting from our present point of view/ are those at sp3
sites v/here the products of hydroxylation have been claimed
to be highly stereo and regiospocific, No satisfactory
mechanism has been suggested for the high specificities
obtained which are surprising”particularly in the context
of the notion that the active part of the molecule is the
ene-diol ‘= -lactone system. Another property of AA v/hich
is quite opposite to this is its efficiency as an
antioxidant™”_ How the same compoiond is acting as an

oxidation mediator and an oxidation inhibitor is not clearly

understood.

The rapid fall in the UV absorption of AA in aqueous



solution was noted even in the earliest studies on AA®. This
was attributed to its rapid oxidation under the ..usual
conditions of measurement Where no special measures are adopted
for exclusion of air. However,there is strong indication that
the issue here is more complicated. Pronounced fall in the
intensity of absorption® of very dilute sodium ascorbate
solutions ha”- been observed in conductivity water under an
inert atmospherezg- Also.air oxidation of AA iIn aqueous
solution is extremely slow in the absence of a catalyst. The
results of the mechanistic studies in this regard are not
consistent70- DHA, the first oxidation product of AA, has
been shovm to exist in different form.s depending on the

manner of its generation and subsequent chemical treatment.
However, some of the reports in this regard are contradictory

and there 1is need for further study of the matter71

Among the aspects of the behaviour of AA which we have
listed as requiring further clarification, several involve
the formation of isomeric bicyclic forms explicitly. We have
also seen that there is evidence to shov; that AA is capable
of existing in the hetero form v/hich has a carbonyl group at
the 3“Position. This v/ould suggest the possibility that
bicyclic forms of AA itself may be involved in some of the
reactions of ascorbic acid, although they may exist merely
as transient intermediates. The studies reported in this

thesis have been made in the context of the clarifications
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needed and the difficulties mentioned above,, and an attempt

has been made to see

the existence of M

iT they could possibly be connected With

in bicyclic forms,
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Chapter I

SPECTROSCOPIC STUDIES ON ASCORBIC ACID,
DEHYDRO ASCORBIC ACID AND MONOMETHYL ETHERS
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1. Introduction

The review on the structure, chemistry and physiological
action of AA shows that the tremendous number of iInvestigations
in this regard have enabled us to understand the mechanistic
aspects of i1ts diverse functions only in a very limited way,
and only the broad outlines have been obtained . In order
to understand the mechanisms involved in detail at the
molecular level, a thorough understanding of the chemistry
of the molecule 1is necessary. The possibility of AA or
some of its derivatives existing and reacting in different
isomeric forms is an iImportant aspect of its chemistry

which needs to be studied in detail in this context.

One method of tackling a problem of this type 1is
by means of sjjectroscopic studies which can be very helpful.
The requirement for the direct observation or indirect
recognition of isomeric forms by this method, however,
requires their presence in appreciable amounts. Several
spectroscopic studies of various types have already been
reported, mainly on AA itself. Although it is well-knovm
that the proportion of such isomeric forms are generally
functions of the solvent used, not much attention has been
devoted to this matter mainly because of the lack of a
suitable method of study. It was therefore considered

v/orthwhille making some attempts in this regard.



But, it is useful to take stock of what has already been
done by way of spectroscopic work before the present study
iIs described. The required backgro\an(] information is

briefly summarised belov/.

In their v/ork on the structure of Vitamin C, Herbertp
et al.reported that an aqueous solution of AA has a very
intense absorption band in the UV with its head at 245 nm,
which moved to 263 nm with addition of alkali. This band
confirmed the presence of an a -unsatur.ated
carbonyl system, with an .(H- in theP -position. This band
showed up at 245 nm even in ethanol and methanol”~. Both
the 3-0-methyl and 2 ,3-di-O-methyl derivatives shov/ed
strong absorption bands at 230-235 nm, which shifted to
270 nm in the case of 3-0-methyl-AAN*~_  Hov/ever, there was
no absorption in the case of 2 ,3-di-p-methyl-AA on addition
of alkali5- The 1-0-methyl-hetero-AA had an absorption at
280 nm”™ which shifted to 320 nm on addition of alkali.

The 1,2-dimethyl ether had an absorption band at 270 nm

in water which on standing at 50°C slowly shifted to 245 nm,
as it readily hydrolysed to give 2-"methyl-AAil in which

the double bond had shifted back to its original place
betv/een AAN N

An interesting feature of the absorption of AA
in the UV was the rapid fall in the intensity of the band2

It was more®persistent in acid solution (pH <« 3).



The fall in intensity was attributed to air oxidation by
Herbert et 2- However, recent studies have shown that
this phenomenon was observed even when oxygen free
conductivity.” water was used for recording the spectrum.
The optical absorbance of 50 of sodium ascorbate at

g1 6.1 and 25°C was found to decrease with time even when
an inert atmosphere was maintained over the solution by
bubbling nitrogen, free from oxygen and carbondioxide”

The absorption at neutral pH could not be measured in the
usual manner (i.e. where no precaution Was taken to exclude
oxygen) without a stabiliser? A 0.001'™™ KCN solution

has been used as a stabiliser. The role of KCN is regarded
as the complexation of trace amounts of metal 1ions present
which catalyse,, the oxidation of AA. The system was found

n
to obey Beer-Lambert lav in the concentration range 2-10 /ml.

The position of absorption maximum and the value of
extinction coefficient have been reported to be pH,
concentration and solvent dependent,3*8’9 The has been
found to vary from 245 nm to 263.5 nm. Decreasing
concentration and increasing pH gave a bathochromic shift.
The UV absorption of AA has been assigned to a u:€>u¥ 3-8

excitation. The shift in v/1th change in concentration

A
of AA iIn aqueous solution has been attributed to

12
associationand/or the presence of a keto form of AA.
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Hovw/ever, Ogata and Kosugi have ruled out the possibility

of association and/or presence of a keto form. The two

possible keto forms have been considered by them out of

which 11 may be expected to be more stable than I.
mH
HO
HOCH HO ::h
CHOH CHgOH CHAOH

They attributed the bathochromic shift to the
dissociation of AA with increasing dilution or increasing pH,

The high value of (9600) can be attributed only

max
to alT »» M transition. The keto forms 1 or 11 will have
1HaX for an n >uwtransition at a longer wavelength than
for the end form and a weaker intensity (smaller m.ax) .
Also, the keto forms,v/hich have strained rings, are not
stabilised by the conjugation of C=0 to C=C. There is no

evidence of any absorption of the type expected for I or 1I.
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UV absorption of AA in acid solution, namely H2SO0™,
has also been reported to be dependent on the HASON

concentration™* The A vilich is at 262 nm 1in IxIo™™

UB.X
aqueous H2S0”™ has been reported to shift to 245.5 nm in
1x10“1N H’\SO’\.5 Increasing concentration from 45 to "
of H2SO0”™ decreased the intensity of absorption}A It was
also reported that AA in highly acidic solution does not
reduce iodine and 2 ,6~dichlorophenolindophenol because it

, _ " 1?
mainly exists as a non-reducing keto form.

A semiempirical LACO-MO-SCF method was used to
calculate the charge distribution, bond parameters and UV
spectra of AA, its monoanion, hydroxy tetronic acid and
its monoanion. The calculated values agreed with the

experimental; but, the bond length agreement v;as not so good.l4

It Was noted that 2,3-di-O-methyl ether of AA lost
its absorption on addition of alkali. It is also known
that alkali treatment of the compound leads to isomerization
to isodimethyl AA, which does not have any UV absorption
indicating the absence of double bond.5 This is

apparently something different from the loss of absorption

of sodium ascorbate in very dilute solution.

The vibrational spectra of crystalline AA and
sodium ascorbate have been discussed in terms of the

known structural parameters, previously determined by



X-ray diffraction analyses. Particularly, the observed
O*H stretching frequencies of AA and the corresponding 0-D
frequencies of the deuterated material have been correlated
v/ith the 0 .. .0 distances and the varying degrees of the
H"'bonding that would be involved. Various changes in

Raman spectra were observed on dissolution of AA and its
sodium salt in water; but there was no evidence for any
drastic rearrangements. 5 IR and Raman bands for the
intermolecular and intramolecular hydrogen bonded OH groups
and for the free and intramolecular H-bonded C-0 group of

AA have been studied.1ﬁ

IR spectmm of AA aqueous solution in the pH range
of 1,8 to 13.5 were used to determine the frequency of
fluctuations i1n functional groups of AA in the unionised,
monoionic and dianionic forms. Both AA and ascorbate formed
proton bridges between the carbonyl oxygen and the

neighbouring H-atoms of the ene-diol group.l7

It was reported by 'W@iglethat deuterated AA
prepared by crystallisation of AA from D20 shows a C~D
stretching frequency in its high resolution IR spectrum.
He has attributed the presence of C-D band to the exchange
of the for deuterium. The sample, examined in a
KBr disc,was prepared in the usual manner which involves

application of very high pressures.



27

Various proton and 1J€ NHfi studies have also been
reported. An attempt was made to study the keto-enol
tautomerism of AA and soditun ascorbate.lQ Keto-enol
tautomerism in a number of 1,5-diketo systems was studied
successfully with the help of wCFl MR spectroscopy.-
The isomer ratios found by this technique were in good
accord with those found by others. However, for AA and
Na-ascorbate no keto-tautomer could be detected by this

technique.

Berger™has made a systematic study of the
bio-redox pair AA-DHA. From the ~C-chemical shifts
obtained for AA at various pH values, he has shown that

form 1 is predominant out of the four forms (I to 1V).

HO _OH 0 DH
H. H.
A"0 0 /N0 " ~NOH
R
v
HO-
R

R= - CH—CHI

OH OH



HC—OH H'C—OH C=0

HC=20 HCOH CH20H

A proton decoupled carbon spectrum showed only six
signals and an off resonance spectrum showed the presence of
one primary, two secondary and three tertiary carbons.
Structures (11) and (111) could be eliminated on this ground
as well as the observation that only one carbon showed the
characteristic shift for a carbonyl group. Further a proton
coupled carbon spectrum of the substance showed a 5.7 Hz geminal
proton-carbon coupling constant for the less shielded of the
two non-carbonyl tertiary carbons. This was consistent ~
only with structure (1). The parent reductone, the threose
reductone (V), showed only two carbon signals, indicating rapid

interconversion of the tautomeric forms.

In the equilibrium is apparently heavily shifted to the
ene-diol and the rate of interconversions is apparently too
rapid for observation of any of the minor component
that could conceivably be present. It appears as 1i’ keto

forms (11 and I11l1) are to be neglected at least from the
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point of view of proportions as far as aqueous solutions

are concerned,

A recent study of NMR of AA and 5-C-deutero AA
was reported by Ogawa » who have established the
correct conformation of the AA side chain with the help

of the carbon-proton coupling constants. The long range
13c_1h spin-spin coupling constants were obtained from

proton coupled 15C NMR spectra. The most favoured rotamer

of AA iIn aqueous solution appeared to be VI.

\

lacobucci and Goldsmich?have studied the 13C—NMR
of many 2-and 3-substituted derivatives of AA, The 13C
shifts of the 3-0-methyl ether and 2- and 3-phosphate
esters of AA have been measured. A modification of the

proposed structure of AA monophosphate has been suggested.

Confirmatory evidence for the structure of 3-"-methyl AA



V/as obtained by chemical modification and study of mass
spectra of i1ts hydrogenated product and its comparison

v;ith that of 1,2 ,4,5>6-penta-0-acetyl-3“0-methyl“D-glucitol,

There has been a lot of controversy about the form
in which DHA, the Tfirst oxidation product of AA, exists
in solution. This issue 1is very iImportant in connection
with our own work where we are concerned with the
possibility of AA existing iIn different isomeric forms.
It is very important to know/ the properties of EHA, since

it can have serious implications for the behaviour of AA,

Earlier workers could not isolate DHA due to its
unstable nature.23 They studied the properties of this
compound only in solution. Attempts to isolate this compound
from aqueous solution did not succeed. These gave dark
syrups which were complex mixtures. Hirst and Woodward24
isolated it for the first time by oxidation of an ethanolic
solution of AA iIn presence of lead carbonate. The purity
was only about 65-70%. Later, Kenyon and Munro25 showed
that the product prepared by Hirst and Woodward after
drying and dissolving in ethanol at room temperature and
allowing 1t to stand deposited a crystalline colourless
compound, which had the characteristics of anhydrous DHA.
They suggested the possibility of existence of DHA in

polymeric form.



In 1951 j Pecherer shov/ed that it is extremely
unlikely that DHA could be successfully isolated from
aqueous solutions. He oxidised AA in methanol with chlorine
gas to get a methanol.adduct of DHA of very high purity

which was in accordance with the result of Kenyon and Munro.

The triketo structure (VIl1) assigned to DHA in earlier
days has been criticised, by several authors because the
three carbonyl groups in the® ring are hardly compatible with
the colourlessness of the crystallihe solid?**~"Albers,
Muller and Dietzp7and Tiechmann and ZiebarthPR based their
criticism on the nature of the IR spectrum of solid and
proposed a polymer form. Molecular vreight determinations
to ascertain the extent of polymerisation were complicated

by poor solubility in most solvents.28

But cryoscopic
measurements in EMSO lead to the conclusion that DHIA is a
monomer in solution?®@*"Albers, Muller and Dietz in 1964
prepared several derivatives of DHA and showed that DHA
exists in dimeric form (VIII). Muller-Mulot™*”™ proposed
an equilibrium in solution between a monomeric and a

dimeric form and based his conclusion upon the dependence

on time of the optical rotatory power.

0

HOCH

CHgOH
Vil
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Dietz™ (1970) emphasized the role of solvent in
determining the nature of DHA in solutions. Apparently,
the crystalline dimer could be precipitated when certain
acids were added to the solution of the monomeric DHA.

In the same year, Muller-Mulot gave a standard procedure
for preparing a stable dimer of DHA. AA dissolved in
anhydrous MSO or dimethyl acetamide when oxidised by
£-benzoquinone, chloranil or mercury acetate gave DHA.

On addition of pure formic acid and another organic acid
the crystalline DHA precipitated immediately. He also

gave a reliable procedure for recrystallisation.



Hvoslef"™ in 1972, showed that the dimeric structure (VIII)
suggested by Albers, Muller and Dietz27 for crystalline DHa
was correct by X-ray crystallogrpphy. The material used
for the study was obtained by dissolution of crystalline
DHA in DMSO and reprecipitation with acetonitrile. The
dimeric structure for crystalline dimer appeared to be
constant with the NMR spectrum obtained by Berger™®
in aqueous solution. However this dimer in aqueous solution
was shown to go over to the open chain dihydrated monomer
in about two days. In the same study it was shown that the
spectrm of the material freshly prepared by iodine oxidation
of AIl In aqueous solution seemed to exist iIn an open chain

dihydrate (XVI) of the triketo form (VII).

In a similar study Matusch suggested that the first
product of iodine oxidation was the dimer which soon broke
down to the triketodihydicate form. When the reaction was
done i1n DMSO, it appeared that the triketo form was formed
first which then changed over to the 3j6-anhydro form (X)
and finally to the dimer (VIII), 1iin appreciably different
result was obtained by Pfeilsticker, Marx and Bockish™
who employed benzoquinone and molecular oxygen for
oxidation and PMR, UV and IR spectroscopy for the

observation of structural changes.



CHgOH

XVI IX

It appears that the product in aqueous solution was
2,2,3,5~tetrahydroxy-3,6-anhydro-threo-hexuronic acid-
lactone (IX), The stable dimer of DHA could also be broken
down to the monomer by warming its aqueous solution. All
8 structural possibilities were considered. In a method worked
out for the gas chromatographic analysis of AA and its
oxidation products, the aqueous system were fixed by a cold
shock, lyophillised and the compound permethyl silylated 1in
anhydrous medium. The GLC of the solution of stable dimer 1in

warm water showed a single peak. The permethyl silylation

indicated the presence of four silylable hydroxyls.

There are a number of ESR spectroscopic studies of
the free radicals generated during AA oxidation In aqueous
as well as non-aqueous media. Two neutral radicals (X and XI)
and two ion radicals (X1l and XI11) have been reported to be

formed35_39 These radicals have been generated



using different oxidising agents under different
condition%g’SSThere appears to be a little confusion

regarding the usage of the term "monodehydro AA™. What we

refer to as. monodehydro /A 1is the neutral species (X or XI).
CH20H
X
HOCH
CHgOH CHgOH CHAOH
X1 Xl X1V

Russel et al. detected a paramagnetic iIntermediate
during oxidation of AA?N On the basis of hyperfine
splitting pattern,they suggested that the trione radical
anion exists as a dianion or enol. Similar dianion
structure has been considered by others for the radicals
generated iIn the reaction of AA with hydrazine38which was

later shown to be wrong™T Kirino and Kwall*™ have identified



two types of spccies labelled as 1 and m. The J,”type
species is stable and is produced by a number of oxidising
agents,vjhile that of the jn-type is unstable and is formed
only when TN™**H202 is tiie oxidant. They compared the
radicals of hJi with itiat of hydroxytetronic acid. They
suggested that the species formed from AA are (X) or (XI)

and a monoanion radical (XII),

This, report was further supported by Kirino and Kwan™"/
who studied the oxidation of Ai\,}gﬁalogues and derivatives”®
where 3-OH is free, by ESR. With Tin"-H202, they reported
two species, one a neutral radical (X or X1) and the other
an anion radical (XII). Only anion radicals are generated
when oxidising agents other than TiN*"-H02 were used.
Radicals generated in water MeOH, EtOH, PrOH and DMSO have
also been reported. Radicals have also been generated by
photolysing AA solutions. An effect of solvent was observed
and interpreted in terms of intramolecular H-bonding. AA is

probably able to scavenge all radicals by H~atom transfer.

Differences in g-factor and shifts in proton and
“~C-hyperfine coupling constants were observed for radicals
from AA and its analogues in aprotic solvents as compared
with those iIn aqueous solutio™? It is interesting to note
that the Cg-protons became magnetically nonequivalent

in the radical from AA, while they were equivalent in the

radical from D-iso-AA.



The foregoing account of spectroscopic work on AA and
DHA leaves some questions lAnanswered. Studies on Wi. show/
that the uncertainty in this case is limited to the question
of the structure of the monomeric form in aqueous solution.
Two studies report divergent results. There is need to sort
out the confusion here. However, all the-structures c.onsldered
have tetrahedral carbons at-the 2- and 3-posltion«i-~-Even the
2-carbonyl 1is presumably converted to the 2-biS“hydroxy or
2-hydroxy-2-alkoxy derivatives iIn aqueous or other hydroxylic

solvents. Since there is proof for the existence of AA in

the hctero form > "the questZQn of the possible existence
rxviii)
of AA also in bicyclic forms QVII to be examined.
OH
OH
CHgOH
v XVII XVIII

Darticularly in the background of the information available
on DHA and the need for furnishing an explanation for the
disappearance of UV absorption of AA in dilute solution.
Even if these are present only in extremely small amounts,

the occurence of these species V/ill have important
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consequences for the reactivity of the vitamin. Most of
hpve been

the studies that have so far been made/limited to aqueous

solutions. It appeared that it would be v/orthwhile to

examine AA and some of its derivatives in some non-aqueous

solvents spectroscopically to begin with. The present study

on ivi, its raonomethyl ether and DHA was undertaken

in this context.



Results and discussion

The pH and concentration dependences of the UV
absorption of AA, which have been studied earlier™, were re*
examined. At a concentration of 20 mg/100 ml, the A was
at 250 nn and the apparent » shifted with neutralization
in the manner shown in Fig. 1. This corresponded to the
appearance of a second at around268 rn. With excess
alkali, a "third/Aat 300 rai indicating probably a doubly
ionized species was also seen. From the pKa of AA, it could
be calculated that the starting solution should be dissociated
to the extent of over 19 percent. With the addition of
increasing conounts of alkali the intensity increases observed
for the second maximum did not quite correspond with the
anticipated amounts of ascorbate in solution. One is
reminded here of the recent report™ on the behaviour of
sodium ascorbate in aqueous solution. Even in conductivity
water and a completely iInert atmosphere, ascorbate solutions

showed pronounccd decrease in absorption intensity with time.

The behaviour of pure AA solutions themselves as
a function of concentration is illustrated in Fig. 2. The
/\IUjM shifted progressively to longer wavelengths. In
very dilute solutions, the problem of oxidation made
intensity measurements of doubtful value. At a concentration
of 1 mg/Z/100 ml in water, the absorption maximum disappeared

in about 2 hrs (Fig. 3) under aerobic conditions.
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HowGVor, even with total exclusion of ailr, a very appreciable
fall iIn intensity was still seen, although this was smaller than
that, under aerobic conditions. This result appeared to be
similar to the reported behaviour of sodium ascorbate in

dilute solution which has been already referred to.

No explanation has so far been suggested for this
observation. It is suggested here that the fall in intensity
may be understood in terms of the formation of the bicyclic

forms (XVI1) and (XVI11) of AA.

HOCH

CHgOH
XVI| XVIII IV

The molecule has been shown to exist in the hetero

form (1V) in methanol by the isolation of the corresponding
1-0O-raethyl derivative in the reaction with diazomethane 1in
the original work of Herbert, Hirst et al™. As is well
recognized, the ascorbate ion is ambident in nature and
there is no reason why it cannot protonate the lactone

carbonyl oxygen which is involved iIn the resonance of the
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anion. One should, oxpect the hc-toro-acid to bo formed in
aqueous solution also, and if this form is present, the
occuronoe of the bicyclic forms (XVII) and (XVI1l) is also
likely bocausc of the availability of a hydroxyl group on
"'®)“ is to the CMy-carbonyl in (IV). Thus, an
unconjugated one-diol and/or its keto form may be obtained.
The ease of interconversion between these bicyclic species
may be Ffacile,ery milch like-it is 1in "the case of the various
forms of trioso reductone. Form (XVII) having only an
isolated double bond and form (.XVIIl) wv/hich is a saturated
lactone cannot have UV absorption above 220 nizi. Forms (XVII)
and (XVI11) should be weaker acids than the normal form of AA,
and their formation \ander high dilution can give rise to an
anomalous increase in pH w/hich seems to have been actually

observed

A PMR spectrum of AA in D20 is shown in Fig. 4.
The CAM2“proton absorption is/%oublet \,J=1.86 Hz) at
4,96 . The multiplet absorptions of and C~Ngy-protons
are around 4.07 and 3.76 respectively. The small value

of N shows that there is no free rotation around the

N"N4) ‘= bond. The conformational preference is

apparently for (XX) or (XXI), since in the rotamer (XIX)

the and CMy-protons are trans to each other

IT repulsion betvrcen the adjoining oxygens is the determining

factor, then (>0 would bo the preferred conformation.
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On the other hand, i1f the "M—hydroxyl is involved in
hydrogen bonding with the C*y-oxygen (lactone other oxygon)
then (XXI) would bo the preferred form. A consideration of
thé PMR spectrum of DNiso-ascorbic acid presented in Fig. 5
shows that the second of the two possibilities mentioned

iIs correct. The rotamers for the D-iso-M are (XXI11),

XD and (XIV).
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Fig. 5 shows that is small (3 Hz) in this case as Vv/oll.
IT the oxygen-oxygon repulsion is the deciding factor, the
favoured retainer would be (XXI1I1l1) in v/hich the hydrogens arc
also trans. Since the strong coupling expected for this is
not seen, it is clear that hydroxyl hydrogen bonding is the
deciding factor. The favoured conformation for AA is as shown

where the oxygen are gauche to each other,
in (VI)/ For D>-isO“AA it may be either (XXI11) or (XXIV).

Vi

The preferred conformation for AA has actually been
established21 by a more laboriouss but sophisticated way

by measurements of SJ,A coupling constants on AA labelled
with deuterium at In ascorbic acid, the C™”-carbon

is thus situated away from the CM2~-carbon. From the

point of view of the ease of cyclization of (1IV) to (XVIl),
it nay therefore appear, at Ffirst sight, that the conformati-
onal position is not favourable. However, the barriers to
rotation involved here are too small to be able to prevent

cyclization from taking place and the energy of the cyclized



form itself would be more Important for otjr considerations
here. In fact, such differences in configuration do not
prevent the formation of furanose forms in carbohydrate
chemistry. In the bicyclic structure (XVI1) the hydroxyl

is trans to the C™”-oxygen with respect to ring B and at a

XV XXV
dihedral angle close to 120°, |In a corresponding bicyclic
structure for D-iso-ascorbic acid (XXV) the and

oxygens will eclipse and the repulsion energy involved will
be more than the hydrogen bonding energy. This is not to say
that a cyclic structure like (XXV) is not possible for
D-iso-ascorbic acid. It only means that such a structure

will be less stable and will probably be less readily formed.

The spectrum of AA was obtained in DgO solution
at various pH values. The spectra of solutions of the pure
acid and samples of the same with 25,50,75 and 100 percent

neutralizations were recorded. Also, a spectrum with excess
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alkali was obtained. The chemical shift variations for all
the six carbons are shown as functions of pH in Fig. 6. It
is found that it is the shielding that shows the largest
change. Up to the full neutralization stage, the shift 1is
to the low field side. V/ith excess alkali, there iIs a minor
change in the reverse direction. It is not clear what
significance should be attributed to this. In any case, no

pronounced structural change is indicated.

The formation of 1-O-methyl hetero-ascorbic acid in the
methylation of AA in methanol with diazomethane has already
been referred ton- This result is suggestive of the presence
of the hetero form (@.\-.) in solution. The methylation experiments
are preferably done at low temperatures. An attempt was
therefore made to see if any of the hetero form or its
modifications can be detected in methanol. The chemical
shifts of AA in methanol did not show any change with
temperature indicating the absence of any important structural
change. However, the intensity of and signals
decreased with decreasing temperature, while as that of
cnD), and were unaffected. This is readily
understood in t*rms of the slowing down of internal rotations
in the side chain at C™~"at low temperatures. This clearly
confirmed the conclusion that no structural change was
involved. It was also thought that it might be useful to

check the behaviour in DMSO in which AA has good solubility.
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Mo evidence for a second form could be obtained either from
PMR spectra in DMSO or Cl4R spectra in methanol. In very dry
DMSO solution some changes were seen for the proton signals,
particularly for those of the hydroxyl groups. Immediately
on dissolution, the enolic hydroxyls could be seen separately
for very brief moments, if the ascorbic sample was extremely
pure. But, for ordinary A.R. grade material, the enolic
hydroxyls appeared as a broad absorption at 650 Hz and the
alcoholic hydroxyls as another broad signal at 306 Hz. The
CrA—proton signals were similar to those
in water and centered around 282, 22~ and 206 Hz respectively.
After two days, both the hydroxyl absorptions tended to
broaden out and a new absorption started appearing at 33" Hz.
The new signal moved to 377 Hz iIn h days and to 372 Hz after
13 days. This did not change the position significantly on
further standing. All these changes are shown in Fig. 7.
The exchange averaged signal of the hyd™oxyl groups was
to be expected at ~78 Hz [(650x2 + 306x2)/”™ Hz]. This large
difference between the position expected for the exchange
averaged signal and the one actually found was indicative
of san.e structural change in solution. However, it was not
clear what exactly was happening. Since it was desirable to
have very dry DMSO and our deuterated samples contained a
fair amount of moisture, we had opted for an experiment 1in
the undeuterated material. The Interference from spinning

side bands was eliminated by changing their positions, and



an attempt was made to see iIf there was any change in the
nature of the and CM~2-proton absorptions. The
provisional reading was that there was no evidence for any
change. The significance of the change seen for the hydroxyl
protons in the absence of any change for CH absorptions is
not clear. A parallel study of time dependence of DMSO
spectrum in the infra-red also showed changes. These changes
are shovm in Fig, 8. The carbonyl absorptionand the C=C
absorption at 1750 om ~ and 1550 cm ~ respectively, Tfirst
decreased with time with the simultaneous enhancement of a
new absorption in the 1610 cm ~ region. But on prolonged
standing the change Was reversed.

VJhen a similar examination was done with 3-0-methyl AA
the hydroxyl signal obtained on standing was very close to
the exchange average signal. The PMR spectrum of 3-0-methyl
in dry DMSO is shown in Fig. 9. The doublet at dSh Hz was
assigned to the and multiplets around 209 Hz were
assigned to the and C™~-protons. The low field signal
at 500 Hz integrating to one protonwas due to the chelated
CN2N-0H.  The oW, CM2N-0OH protons together gave a signal
at 279 Hz. The 3-0-methyl signal appeared at 2"0 Hz.

After standing for about 20 hrs both the OH- signals became
more and more sharp. After 30 hrs they again became broad
and finally after 6 days completely disappeared. After
almost 12 days, a new signal started appearing at 326 Hz.

This became much sharper after about20 days and was at
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336 Hz integrating for almost k protons. Here the exchange
averaged signal should be expected at 376 Hz, The observed
hydroxyl absorption appeared to be close to the exchange
averaged signal. No other important change could be
recognized. It was therefore concluded that no major
structural change had taken place. In any case, no cydization
was involved. The cyclic 3-0-methyl has been successfully
isolated by a different method))land its PMR is discussed

elsewhere in this thesis.

The 1-0-methyl hetero AA reported by Hirst et al.
(m.p. 162°C) showed a very interesting change which could
be attributed to a definite structural change. This was
prepared in this laboratory by an earlier worker. The
spectrum of this sample (n.p. 162°C) in dry L»MSO is shown
in Fig. 10. The hydroxyls gave two broad sif'nals, one
around ~-50.0 Hz due to chelated hydroxyl and the other
centered around 289.0 Hz from the side chain hydroxyls. The
C(i™)-proton signal was at 275.0 Hz and O0™M2- and C™M“-protons
absorbed around 210.0 Hz. The methoxyl absorption was
at Hz. But on standing in DMSO, the spectrum changed
considerably. The hydroxyl signals broadened and -proton
gave two signals centered around 282.0 and 276.0 Hz
respectively. The ~nd CAMAN-protons gave broad signals
around 221.0 Hz. The methoxyl absorption was split into two,
one at 2°4-5 Hz and the other at about 192.0 Hz. After

about 5 days, the spectrum indicated the completion of the
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Fig- 10 ~ NMR Spectra of 1-0o- Methyl-hetero - Ascorbic acid
(m<p.163°C) in DMSO



transformation. The only hydroxyl signal was a broad
absorption, centered around 325.0 Hz indicating that all

the hydroxyls had become exchangeable. The -proton
absorption was shifted down-field to 287.5 Hz. The

and C™M~-protons gave separate groups of signals at about
212.0 Hz and 22™-.0 Hz respectively. The initial methoxyl
signal disappeared completely and the one obtained was upfield
at 191.5 Hz. This spectrum did not change on further standing.
The transformation responsible for the spectral changes was

presumably the conversion of (XXVI) into (XXVIl). The

XXVI XXVII

addition of the to the carbonyl .at the 3-position was
expected to be quite facile and susceptiblesto catalysis by
the basic solvent. A simple exchange averaged signal would
have appeared only at 372.0 Hz. The actual hydroxyl position
eventually obtained was at higher field. The upfield shift

of the methoxyl signal was readily attributed to the
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destruction of the electron withdrawing carbonyl function.

However, the 1-0-methyl AA that was isolated by us
corresponded to the one isolated by Reichsteinuc- Apparently,
the formation of this isomeric derivative is not easily
reproducible. The PMR spectrum of this in dry DMSO is shown
in Fig. 11. The -proton was/%oublet at 27k Hz, the

CAMAN-protons were at 20h- Hz and 210 Hz respectively.
The O-Me was at 2M+.0 Hz, There was only one broad OH
absorption which was centered at 290 Hz. This 290 Hz
signal however broadened out within an hour. After about
12 hrs a new broad signal appeared at 28k Hz but no change
was observed in/ﬁggt of the spectrum. On further standing
the OH signal at 28"~ became more sharp andlrggt of the
spectrum remained unchanged. It appears that the difference
between the two samples of 1-0-methyl-hetero-ascorbic acid
is most likely to be that the present sample is a hydrated
one, i.e. one where water has added to the 3-carbonyl
function. The IR spectrum (Fig. 12) of the derivative
showed no carbonyl absorption and seemed to support such
an assignment. The UV spectra of both samples iIn water
were 1identical and changed similarly on addition of alkali
(i.e. the AlmX was shifted to 325 nm from 281 nm). If the
3-carbonyl 1is hydrated, the side chain cannot of course,
be involved in a cyclization. The spectriin of the 2,3-dimethyl
ether of Al in DMSO seemed to show changes on long standing

even in the and CMA~-proton absorption region,






(%} 33NVIImSNVm

g

N

(52



fi'l

but their significance is not yet clear.

In connection with the question of the ease of
cycllzation of the ascorbic acidside chain whenthere is a
carbonyl group at the 3~position, NMH studies onDHii are
relevant. We have already seen that the stable dimeric form
is of the 3)6-anhydro monomer-"-*. This appears to have been
obtained both by the warming of aqueous solutions of the
stable dimeric form as well as by fresh oxidation of
However, we have seen that there are very appreciable
differences iIn the nature of theresults obtained in three

recent studies on freshly formed

20 .
Berger has suggested that the product obtained on
iodine oxidation of AA in aqueous solution is the dihydrate

/1) of the open chain triketo form (VIII). On the basis

CHgOH CHgOH

XVl VII

of chemical shifts. He has compared these shifts with
those obtained for an authentic sample of dimeric DHA (VIII)

in shifts measured by him are shown in Table 1



along with some measured iIn our study. Matusch™ has,
however, claimed that what is first obtained in oxidation

is the dimer (VII1) of DH/1 and that this changes over to

VIII

dihydrate of the open chain triketo form. Vfcat makes matters
more complicated is the report of Pfeilsticker-~ and coworkers
who prepared DHA samples by oxidation of AA with benzoquinone
and Og. [In either case, the proton spectrum of the sample
suggested a 3,6-anhydro structure with the 2-carbonyl in the

hydrated form(ix).

In the present study one of the methods employed for
making [HI™ in aqueous solution was by oxidation of kk with
mercuric acetate which was extremely easy to do. Our
shift data for Lk and DHA are shown in Table I. We also
prepared aqueous solution of pure DHA by the quantitative
oxidation of AA with iodine in the presence ofAﬁg?e equivalents

of sodium bicarbonate. This gave a very good sample without

any residual 4@ Our data are consistent with a bicyclic
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3j6-anhydro structure for [Hi. with the 2-carbonyl in the
hydrated form. In other words, our conclusions from shift
data are in agreement with those of Pfeilsticker-~-" and
coworkers, obtained from PMR studies. The bicyclic nature of
the species is indicated by the largeshift suffered by

in the conversion of to The proton decoupled

NMR spectrum of a freshly prepared DHA iIn aqueous solution

by i1odine oxidation is shown in Fig. 13a,. It is clear that
there are no carbonyl groups at™'(®* "ere are also
significant changes in shielding for and Our

measured shifts are very close to those obtained by Berger

for "dimeric DHA® except for

Dimeric DHA cannot be obtained iIn anaqueous oxidation
of the type we have done. Since our sample is undoubtedly
the bicyclic monomer, it is clear that Berger®s values are for
the same species which was apparently formed readily in aqgueous
solution from the dimer. We believe Berger®s assignment for
IS erroneous. He does not cite a shift for Our
assignments for and are based on the relative
magnitudes of "C-H coupling constants for the two cases.
The difference could be made cut even from. spectrum with
off-resonance broad band decoupling of protons, which is
shown in Fig. 13~. The direct coupling 1is larger for
since it is attached to a more electronegative oxygen.

Our shifts are consistent with data for other bicyclic
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derivatives studied in this thesis and discussed elsewhere.

The PMR spectrum of DH/I prepared in aqueous solution by
mercuric acetate oxidation is shown in fig. li+. The change

in the multiplicity pattern and the down field shift
for and observed 1is In agreement with the
356-anhydro structure. The "~-"C-NMR spectrum of the DHA
prepared by mercuric acetate oxidation of. a methanolic

solution of Ail is also in agreement with the 356-anhydro
monomeric structure. DHii when generated in methanol apparently
forms the methanol complex. The methanol addition at

may be either from the a or from the p side. This is presumably
the reason for the doubling of all the DHA r~arbon signals in
the spectrum which is shown in Fig. 15. The two signals

each for the acetate carbons are probably due to acetic acid
and some methyl acetate that is presumably formed in the

processing of the sample.

This conclusion is of relevance to the study of
autoxidation of i discussed elsewhere. It is not clear
to us how Berger managed to get an open chain form of DHA
by i1odine oxidation. Details of "his procedure are not
available. Since the reaction is reversible, we had employed
bicarbonate for neutralisation of the acid produced. The

method of oxidation apparently affects the nature of the

species obtained.
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Conclusions
With the help of the PMR spectra of and D-iso-iui,
particularly the Jp n p n coupling constants, it has
been possible to assign the confornation of the side chain
This is iIn agreement with the one made by Ogawa and

21
coworkers

It appears from the spectroscopic evidence that bicyclic
form (XVI1) is not populated significantly. There does not
seem to be any evidence for the hetero form (1V) also in any
sizeable amount. Since this species will be involved iIn rapid
exchange with the normal form, the decision in this regard is
more difficult. Apparently, as seen from UV spectral studies,
evidence for a change in structure seems to appear only in
very dilute solutions. These are concentration regions not
suited for study by other spectroscopic techniques (NMR and 1IH).
It looks as if the concentration of the type of species we are
looking for in the case of AA are so low that their presence

can be demonstrated only by reactivity studies.

Our studies on DHA have indicated that, irrespective
of the nature of the oxidising agent, the DHA formed in aqueous
solution exists in the monomeric 3,6-anhydro form. This
structural assignment has been made on the basis of and

’H spectra.
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Experimental

The water used for all the UV experiments was prepared
in the following manner. Double distilled deilonised
\rater was boiled for 15 minutes under a cui*rent of nitrogen
to expell all the Og present in it. It was cooled under a
current of Ng. Solutions of kA and the partially neutralised

solutions were prepared in an atmosphere of nitrogen.
1> pH Dependence of the UV absorption

50.0 Mg of AA (AR grade recrystallised twice from double
distilled water) was exactly weighed into a 100 ml volumetric
flask. It was dissolved iIn water prepared as described above

and made up to the mark.

~_.0 MI of this stock solution was treated \?ith .-
different amounts (5j10,15,25,50,75,100,200,700, ziolsz"S) of
O.INNaOH solution prepared iIn the purified oxygen free water
and diluted to 10.0 ml. The UV spectra of these solutions
were recorded on a Carl Zeiss ""Specord” UV spectrophotometer

using a quartz cell of 0.1 cm path length.
2. Concentration dependence of the UV absorption

Different volumes (3.0, ~.0, 6.0, 8.0 ml) of the AA
stock solution were diluted to 10.0 ml and their UV spectra

were recorded under the above mentioned conditions.
3. Decay of liA under very dilute conditions

The fall in the absorption intensity of the UV



absorption of AA at 1 ing/100 ml concentration was also
studied. For this experiment, double distilled water was
used with deoxygenation. The oxygen normally present in the
vrater was found to be enough to bring about the oxidation of
AA present iIn it. The UV spectra were recorded in a quartz

cell of 1.0 cm path length.

pH Dependent NMR studies of Aii

500 Mg of AA was dissolved in 3.0 ml of DgO and the
~MC-NMR spectrum was recorded. A 5.0 mm coaxial tube containing
dioxane in DgO was inserted in to thel0 mm tube containing
AA solution. The chemical shiftsof iJi were recorded
with respect to dioxane signal whose shift from TMS was taken
as 67.%+ ppm ( - dioxane PPm). Dioxane served
only as an intermediate reference and the calculated shifts
were with respect to TMS. For measuring shifts at
different pH"s, 500 mg of Ai. was neutralised to 25, 50, 75
and 1005? with 3N solution of NaOD and the total volume made
up to 3.0 ml and the spectra were recorded as mentioned above.

o NMR studies of iU in methanol at different
temperatures.

200 Mg of AA was dissolved in 3.0 ml of dry methanol
and the chemical shifts measured using a variable temperature
probe. The changes in chemical shifts with temperature

were negligible for all the carbons. Table Il shows the



chemical shifts of iui in MeOH.

?2r»

Table 11
No,, Compound/ 13 - _
solvent —mmmeC fﬂ—-dhAz_cal--shlfts-
1, AA/MeOH 172 .k 118,1 153.5 75.1 68,7 61.8
2, iJ./DMSO 171.7 119.3 153.9 75.8 69.3 63.3

3, D-i1so-A. 1/MeOH 172.119.3 153.9 7.7 71.9 62.7

The same obseivations were made even lor D-iso-i"™.,

which are also shown iIn Table 1I.

6. Timd dependent MMH studies of iX iIn dry DMSO

00 Mg of aA was dissolved in dry DMSO and the solution
was taken into a 10,,0 mm tube, ixll the operations were done
in a dry box. The dioxane tube was iInserted into this and
xras tightly sealed to prevent DMSO absorbing any moisture.
The sample was scanned at different time intervals. There
was absolutely no change in the chemical shifts of all six

carbons with time. The shifts are shown in Table II.
-/. Time dependent PMR studies of A in dry DMSO

30.0 Mg of Aii was dissolved 1n a 0.5 ml of dry DMSO.
i drop of TMS in CCI™ was added to this solution. The tube

was sealed well and spectrum was recorded at various time
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intervals. The same procedure was adopted even for 3-C-methyl

and 1-0-methyl
8, Time dependent IR studies of in DMSQ

solution ofwas prepared in dry DMSO in a dry
box. This solution was stored in a flask with a rubber septum
and kept 1in desiccator. t definite time intervals,
samples of the solution were drawn with the help of a syringe
and the IR spectra recorded using a NaCl cell of 0.025 mnn

thickness.

9, Prepa:ratlon of DHtx

~ N By mereuric acetate oxidation

(0.600 g) and mercuric acetate (1.086"- g) were weighed
into a conical flask. 3.0 MI of DgO was added and the solution
stirred on a magnetic stirrer for about 15-20 minutes. It was
filtered into the NMH sample tube using emJhatman No.”2 filter

paper .

(ii) By 1odine oxidation

(0.5 g) was dissolved in DgO (1.5 ml) to which
NaHCO™ {0.k-77 g) was added. 1~ (0.721 g) MOs dissolved in
DgO0 (1.5 inl) containing 1.0 g of KI. This solution was
slowly added to solution with stirring. This solution was
then transferred to a NMH sample tube and the shifts recorded

using dioxane as an intermediate standard.



(iii) By mercuric acetate in nethanol

e (0,6 g) was dissolved in dry MeOli (20.0 ml). To this
mercuric acetate (1.086” g) was added with stirring. After
the completion of the addition of mercuric acetate the
solution was stirred for 1/2 hr more. The solution was then
filtered through I"/atraan No.~-2 filter paper. The clear
solution was concentrated under vacuum at 30°G to get a light
yellow syrup. This syrup was dissolved ill dry methanol and

its spectrum recorded.

All the 60 MHz spectra discussed here were recorded on
a T-60 Varian spectrometer. Internal TMS was used as a
reference wherever feasible. For b™O spectra, external TMS
Nres employed as reference. All the 90 MHz proton spectra
and 10 spectra were recorded on/é?uker NfH-20 spectrometer.
For spectra, external dioxane in D™O was used as a
standard. For low temperature spectra, external CDCI™ was used
as a carbon reference. The IR spectra were recorded as nujol

mulls on a Perkin Elmer 221 spectrophotometer.
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Chapter Il

KINETICS OF OXIDATION OF ASCORBIC ACID,
ITS 5.6 ACETONIDE AND D-ISO-ASCORBIC ACID



S

Introduetion

Ascorbic acid (AA) and dehydro-ascorbic acid (DHA)
form a redox pair of considerable iImportance in biological
chemistry}' The oxidation of AA by molecular oxygen catalyzed
by metals has been the subject of numerous investigations
and has been reviewed recently. However, there have been,
in comparison, very few studies of the uncatalyzed reaction
which has been alternatively called T"spontaneous

3-9 The few studies that have appeared do not

oxidation’.
give a consistent picture of the reaction. Nevertheless,
some of the reported findings are interesting.

It has been suggested that the reaction takes place

in two stages.lO

The thermodynamics of the first stage have
been said to be independent of pH while the activation
parameters for the second were found to be pH dependent.

At pH >4,5, the reaction proceeded according to the kinetics
of the second stage which was suggested to involve the
formation of a complex between AA and its mono anion.
Dissociation of AA has been suggested as the first stage.

A study of the pH dependence of the oxidative decay of AA
over the pH range, 3.5 to 7.2, at an 1ionic strength of 0,4
at 57°C indicated a rate maximum at a pH of 4,25 which 1is
equal to the pKa of the acid]”™ This finding would imply
that the rate determining step involves both AA and its

anion. The occurence of a rate maximum at a pH of around

4 seems to be supported in another study.l2 There has been
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a report to the effect that a rate maximum could be
observed at a pH of 3.5 and a minimum at 7. This

study also showed that the reaction was inhibited by
ethanol. In a more recent study of the spontaneous and
metal catalyzed oxidations of AA, it has been shown that

in the pH range 2 to 5.5, the species involved in oxidation
is the mono anion? The specific reaction rates were found
to depend on pH, No rate maximum was observed iIn this
study. The reaction appeared to be first order with
respect to 0~ as well as the mono anion. The activation
parameters for the reaction have been determined. The rate
determining step of the reaction has been suggested to be

a hydrogen atom transfer from the ascorbate to give an
anion radical. It has not been made clear how the mechanism
that has been suggested would account for the very large
negative entropy of activation observed for the reaction.
There have also been reports to the effect that AA undergoes
oxidative decay only above a pH of 8,4’5 ! Evidence
obtained from studies for AA alone or iIn the presence of
one of its stereoisomers seemed to show that the pseudo
first order rate constants obtained are themselves
dependent on the concentration of the reagent._This
study has also mentioned the possibility that the reaction

involves a complex of AA with its anion.

Thus, the picture that emerges from these studies

iIs a confusing one. It is not clear how different behaviours



can be obtained for something like pH dependence of the
rate of oxidative decomposition. Tho existence of more
than one path for the reaction and a lack of information

as to v/hich one prevails under what conditions can make the
problem of analysis difficult. We have observed in an
earlier chapter that there is evidence which points to the
existence of ascorbic acid (I) in the tautomeric hetero
form (I11). 1t was also pointed out that if this is so,

we must also consider the possibility of bicyclic forms

() and(lv) for the compound in solution. We have already

HOCH

CHgOH

IV
dealt with the results obtained in attempts to study this

question by spectroscopic means, and found that, although



the possibility that has been visualized cannot be
discounted, the populations of possible tautomeric forms
are not high enough for spectroscopic observation.

However, the nature of the species In question, IS such
that it can have important implications for chemical
reactivity. Form (ill) should be highly reactive since

It is an ene-diol with an extra oxygen substituent on the
double bond and this bond is not deactivated by conjugation
to a carbonyl group. The possibility that this might be
the species involved in the “spontaneous oxidation® had

to be considered. The activation parameters reported by
Khan and Martel9 were a further pointer in the same direction.
It was therefore decided that it would be useful to compare
the “spontaneous oxidation®™ rates of AA with those for its
5,6-acetonide and one of its stereo isomers, namely
D-iso-ascorbic acid in some simple experiments. It was
proposed to see how these changed with concentration and
with progressive neutralization of the acid function. An
attempt was also made to compare the reducing powers of
these ene-diol systems iIn their reactions with some other

reagents including Fe™™ and Cu ons.



Materials, Procedures and Methods
. Materials

)] ASCorbic acid ; GR grade sample of 99.9% purity
(Sarabhai Merck) was recrystallized twice from double

distilled water.

i) Distilled water : Water obtained frolll a laboratory
electric still had a pH of 5.4. This was distilled twice
from an all glass assembly to get a water of pH 5.8.

This was then passed through a bed of mixed ion exchange
resins in a colionn. The first 10 litres of water was
discarded. About 50 litres of water was collected in a
clean glass vessel which was cleaned with chromic acid and
washed well with water and finally again several times with
double distilled deionised water. This water was boiled for
15 minutes to expell any C02 that might be present in it,
cooled under a alkali guard tube and then stoppered v;ell
with a ground glass stopper. Vtoile drawing water for each

experiment an alkali guard tube was connected to prevent

C02 absorption.

111) Air ; Air which was to be passed into the solution
for bringing about AA oxidation was first passed through
a strong (50") solution of sodium hydroxide and then

through distilled water,

iv) AA acetonide and benzoate were prepared according to

procedures described in chapter VI,
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v) Fehling®™ s reagent Fehling- solut-.xon A t/as preparet™in. the

usual manner and B with 1/3rd amount®of alkali recommended.

vi) Standard Fe™ solution* A 0,001 M solution of ferrous

ammonium sulfate was prepared in double distilled water.

vii) Ammonium citrate® A solution was prepared in double

distilled water.

viii) AA solution? A 10™ aqueous solution was. used.cc. " " . .

iX) o-Phenonthroline solution* A 0.25% solution of the

material in double distilled water was used.

x ) 0.1 M Phosphate buffer of pH s.5> 1 M Stock solutions
of KgHPOI”™ and KKgP.O™ were mixed in the appropriate proportion
to get pH s_.s and diluted with double distilled water to get

0.1 M solution.

1. Procedures
A. Oxidation with molecular oxygen

first
All the glass vessels used were washed/with chromic

acid, then with water and finally with double distilled
deionised water.

The decay of AA was followed by measuring the residual
ilA by titrating an aliquot of the solution against 0.001 N
iodine solution using starch as indicator. The 1i1odine
solution was prepared by diluting the required amount
of standard iodine solution of 0.1 N strength with
double distilled water. The exact normality of 0.1 N

1odine solution was determined by titrating it against

standard sodium thiosulfate solution!. The more dilute

R
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solutions required larger amounts of Kl to keep the iodine

vapour pressure above the solutions low enough.

Actual measurements of oxidative decay were done in the
following manner. 100 Mg of AA was accurately weighed and was
dissolved in 100 ml of stock water maintained at 30°C. An
aliquot of this solution containing the required amount of 1A

was pipetted out into a clean 250 ml volvimetric flask and was

diluted upto the mark with stock water at 300, For making

partially or completely neutralised (25", -.. 100™) solutions,

the required amount of 0,01 NKOH was added and the solution
diluted to 250 ml. 10 MI of the diluted solution was titrated

against standard Ig solution. The remaining solution was then
transferred to the reaction vessel and the air current \ras
started at the rate of 90 to 100 cc/min. The typical experimental

set up is shown in Fig, 1.

An aliquot of solution was withdrawn after every 10 minutes
and titrated against standard solution. The percentage of
unoxidised Aii. was plotted against time (t) of reaction to get the
decay rate curves. The initial slopes of log [Ail] vs t plots
were multiplied by a factor 2.303 to get the "specific" reaction
rates. Only the slope of the initial kO minute period was taken

into consideration. Each set of experiments were repeated thrice

to check the reproducibility.

Air
A A " AA
50% Disf. Soln.
KOH water

Thermostof maintoined of 301 0-0f“C

FIG. 1,



1. Methods

ii, Oxidation of by air

The procedure employed for the preparation of the
water used iIn this study ensured the exclusion of trace amounts
of metals which can affect the rate of reaction of ascorbic
acid with oxygen. The oxidative decay rates in ordinary
distilled water were found to be much higher than the ones
obtained in double distilled deilonised water. Since we
were working at very low concentrations where 1Ji decay was
very sensitive, the quality of water and air used had to be
very consistent. About 50 litres of water was prepared
by the procedure described and the entire study was done

using only this stock water.

Initial oxidations done by drawing air directly into
the liJ. solutions gave erratic results. The aomposition of
laboratory air was not the same all the tiriie,and also
the COg present in air was likely to affect the pH of the
solution. So, to avoid any uncertainty, a purified stream
of air was used as described earlier. Passage of air through
strong alkali solution made it free of COg and other acidic
vapours and the subsequent passage through distilled
water made it free of any alkali spray and got it saturated
with water vapour . Results obtained with this kind of

purification did show good reproducibility.



Preliminary experiments indicated that the more
interesting of the observations to be made were in the very
dilute regionCfor instance, 5 to 50 mg per 100 ml of water)
in case of It was also in such extremely dilute sold;ions
that the anomalous disappearance of UV absorption of ascorbic
acid in conductivity water had been studied™. In connection
with identification of the nature of the reactive species
involved in the autoxidation reaction, there was need to do
it under varying pH conditions. Jnstead of employing buffer
systems to maintain constant pH, jt was considered more
important to maintain pQLity of the reacting system and the
alternative course of xX\rorking with different proportions
of the acidic ene-diols and their potassium salts was chosen.
These mixtures were obtained by partia.l neutralisation

(25, 50 and 7550 and the pure salts by full neutralisation

of the acid forms.

The decay rates were obtained under the constant oxygen
c9ncentration that could be obtained by the air saturation
method. From the decay curves obtained, initial rates were
calculated so that the values would correspond to the initial
pH conditions. From these initial rates, it would,of course,
be more meaningful to calculate a "specific rate” 1in the case
of the experiments with pure acids or the pure salts, on
the assumption of a given order of involvement of either

species. Since the exact mechanism of the oxidation appears
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uncertain in the context of the conflicting reports mentioned,
an empirical approach was adopted here for the analysis of rate
data. When kinetics is of a clean type?the implications are
usually quite straight forward. But when it is not so, a step-
wise approach has to he adopted to bring out the features of the
reaction. For the experiments with pure acids and their

salts, some provisional ""specific rate™ constants have been
calculated on the basis of an assumed unimolecularity with
respect to the species involved since the rates appear to
depend on their concentrations. These so-called "specific
rates™ are iIn most cases not true velocity constants. They are,
however, useful for discussion purposes. In all cases, only
the change in total ene-diol content, i.e. the sum total

of the acid and the salt, has been followed. For experiments
with mixtures of acids and salts, it is therefore much less
justifiable to talk of "specific rates” although these

numbers can provide some useful information. As will be seen
shortly, true unimolecularity has been seen only for the

acetonide salt.

Residual i or analogous ene-diol was followed by
titration of an aliquot against standard Ig solution.
As a verification for the correctness of this procedure,
a reaction employing a concentration of 5.0 mg/Z7100 ml was
followed by UV spectrometry also, whero an aliquot was
suitably diluted and. the absorption intensity immediately

measured. The agreement was satisfactory. The decay rate



at the concentration of 1 mg/100 ml was, however, Tollowed

only by UV spectrophotometry.

“Specific reaction rates"” as qualified earlier were
raeasurcd from the initial slopes of each decay curve (Ffirst
N0 minutes only). Sinco the reactions involved are Imown to
become complex iIn extended reactions, the portions of the

curves for the later periods were neglected.

In the case of the acetonide, the oxidation experiments
were restricted to the sodium salt, in view of the hydrolysis
of the acid form under autocatalysis. The behaviour of 1A

salt under comparable conditions was also studied.

The reproducibility iIn the experiments with acid
forms were excellent. In the experiments at higher pH, the

reproducibility was better for the more concentrated solutions

For reaction periods away from the initial, the reproducibility

problem became often quite bad. But, these are sections which

were not made use of since only initial rates have been

considered for discussion purposes.

The reactions were followed by estimation of total
ene-diols (acid and salt forms) at various time intervals.
In almost all experiments sample were withdrawn at the
same set of intervals, namely, 0, 10, 20, 30, >0,
50,60,70,80 and 90 minutes. The estimated percentages
at these intervals are given below for the various experiments

along with other particulars. In a few cases where the
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intervals mentioned above were not adhered "to, the “"time of

reaction Is

D

2)

3

™

5)

6)

N

8)

N

Indicated

1 mg of Iui/loO ml,

100, 9.30(8),

5 mg of LA/100 ml,

100, 98.33, 96.66,
80.00, 76.66.

5 mg of Jiii/l0 ml,

100.,
75.00,

96.66,
71.66.

5 mg of AAZI00 ml,

100, 95.83, 92.5,
73.33, 70.83.

5 mg of 1Ji/Z100 ml,

100, 95.00, 91.66,
73.33, 70.83.

5 mg of /IO ml,

100, 90.83, 85.83,
70.83, 70,00.

10 mg of AAZ100 ml,

100, 98.3%,
90.90(65),

97.52,

10 rag of 1di/100 ml,

100, 97.93, 96.69,
87.60, 85.95.

10 mg of Ai*/I100 ml,

100,
86.77,

97.52, 96.28,
85.95.

90.70(15),

93.33,

89.16,

96.61+,
89.25(75),

in brackets.

neutralisation nil.

81.3(27), 71*2("0),

neutralisation nil.

9M.16, 91.66, 89.16, 86.66, 82.5,
V =

25/5 neutralisation.
* [

90.83, 87.75, 83.33, 80.83, 78.33,

50% neutralisation.

85.83, 82.50, 80.00, 77.50,

75% neutralisation.

87.50, 8n.16, 81.66, 78.33, 75.00,

100" neutralisation.

81.66, 79.16, 76.66, 73.33, 71.66,

neutralisation nil.

9k,62{k-5),
86.77(85).

92.97(55),

25" neutralisation.

95.86, 9-.21, 92.56, 90.90, 89.25,

50" neutralisation.

95.75, 93.38, 91.73, 90.08, 88.72,

1.92(110).



10)

11)

12)

13)

15)

16)

17)

18)

10 mg of A0 ml,

100, 96.69, 95.15,
86.77, 86.77.

10 mg of 11A/1I00 ml,
100, 95.86, 92.97,
20 mg of 1J3*/100 ml,

100, 99.37, 98.5%,
93.75, 92.91.

20 mg of /100 ml,

100, 98.75, 97.91,
92.91, 92.08.

20 mg of /iA/100 ml,

100, 98.75, 97.71,
92.11, 91.28,

20 mg of 1uvioo ml,

100, 98.5~, 97.70,
91.87, 90.83.

20 mg of AA/100 ml,

100, 98.33, 97.05,
91.66, 90.83.

50 mg of Ail/100 ml,

100, 99.66, 99.3+9,
98.31, 97.97.

50 mg of AA/100 ml,

100, 99.66, 99.32,

Y% neutralisation.

93.80, 92.9?, 90.90, 89.66, 88.»+2,

100" neutralisation,
90.90, 89.66, 88.M2, 87.60, 86.77,85.95.
neutralisation nil.

97.70, 97.08, 96.66, 95.83, 95.00,

25" neutralisation

97.08, 96.25, 95.71, 9™+.58, 93.75,

50% neutralisation.

96.88, 96.05, 95.02, 9™.19, 92.97,

75% neutralisation.

96.87, 95.62, 9QU-.58, 93.33, 92.70,

100 neutralisation.

96.25, 95.~1, 97.58, 93.33, 92.50,

neutralisation nil.

99.32, 99.15, 98.82, 98.65, -8,

25" neutralisation.

98.98, 98.31("5), 97.97(55), 97.81(65),

97 .>+7(75), 97.13(85).



19)

20}

21)

22)

23)

27

25)

26)

27)

28)

50 mg of 1Ui/100 ml,

100, 99.33, 98.82, 98.M9, 97.98, 97.57, 97.31, 96.81,

96.78, 96.1>+.

50 mg of AA/100 ml, &~ neutralisation.

100, 99.32, 98.78(25), 97.89(35), 97.30("5), 96.76(55),

95.95(65)", 95.62(75), 93.93(105).

50 mg of Aii/100 ml, 1005? neutralisation.

100, 98.81, 97.97, 97.~7, 96.79, 96.20, 95.78, 95.19,

9+ 60, 9,09

10 mg of D-iso-Aii/100 ml, neutralisation nil.

100, 99.57, 99.15, 99.15, 98.31, 97.~7, 96.63, 95.79,

9if.95, 93.27.

10 mg of D-iso-ii1il/100 ml, 25 neutralisation.

100, 98.36, 97.5", 96.72, 95.90, 95.08, 9“+.26, 92.62,

91.80, 90.98.

10 mg of D-iso-1iix/100 ml, ~0% neutralisation.

100, 98.36, 96.72, 95.08, 9+.26, 93.~, 92.21, 91.39,

90.98, 90.16.

10 mg of D-is0o-AA/100 ml, 75" neutralisation

100, 98.37, 96.7~, 95.93, 9i+.30, 92.68(55), 91.if6(65),

90.21+(75), 89.02(85).

10 mg of D-iso-iiA/100 ml, IQ¥/?- neutralisation.

100, 97.15, 95.93, 95.12, 9i+.30, 93.79, 92.68, 91.05,
-3, 89./wm3.

50 mg of D-iso-iJi/100 ml, neutralisation nil.

100, 99.83, 99.66, 99.M1(35), 99.16(~-5), 98.82(55),

98.65(65), 98.32(75), 98.23(85).

50 mg of D-is0o-AA/100 ml, Z neutralisation.

100, 99.57, 99.2>+, 98.82, 98.~, 98.15, 97.81, 97.31,

96.80, 96.30.

neutrallsatiorio



29) 50 mg of D-iso0-AA/100 ml, 50a neutralisation.
100, 99A9, 99.15, 98.82, 98.1"~, 97.81, 97.30, 96.80, 96.~6,
30) 50 mg of D-iso-AA/100 ml, 75 neutralisation.
100, 99¢32, 98.6>+, 98.30, 97.79, 97.13, 96.”3(65),
95.92, 95.58.
31) 50 mg of D-iso-Aii/100 ml, 100%? noutralisation.
100, 99.15, 98.”=8, 97.81, 97.22, 96.63, 96.0", 95.70,
95.03, 97.36.
32) 20 mg of D-is0o-AA/100 ml, neutralisation nil.
100, 99.79,99,,16(25), 98.75(35), 97.50(55), 96.66(65),
96.25(75), 95.62(85), 95.20(95).
33) 5,6-Acetonide equivalent to 5 Kg of 1uUi/100 ml, IQQJfc
neutralisation.
100, 100, 99.19, 98.38, 96.77, 96.77, 96.77, 95.96, 95.16.
3B 5,6-1i1Cetonide equivalent to 20 mg of 1d>./100 ml, 100%
neutralisation.
100. 99.59, 98.97, 98.36, 98.15, 97.5", 96.92, 96.31,
95090(85) .
35) 5,6-Acetonide equivalent to 50 mg of AAZ100 ml, 100%
neutralisation.
100, 99.83, 99.57, 98.98, 98.30("5), 98.05(55), 97.28(65),
96.41(80), 95A2(90).
B, Reducibility of QU™ to Gu
Fehling"s solutions a and B were mixed in equal
proportions just before use. 20 mg of AA,D-iso-iiit and
equivalent amounts of acetonide and benzoate (i.e. 27,5 mg and

31.8 mg respectively)were dissolved separately in 5.0 ml of



0,1 M phosphate buffer of pH 6.8. To these solutions 0.7 ml
portions of the mixture of Fehling®s. reagent were added. The
.j‘ &

Spanges in colour and the nature of the precipitates formed

were noted as a function of reaction time for the three cases.
C. Reducibility of to Fe*™

The reductions of Fe™™ to* F"™* were followed by the
complexation of the latter with OTphenanthroline and
spectrophotometric measurement“gﬁe blood red colour of the
complex formed. In the context of tur interest in Udenfriend
hydroxylations, the reductions Were done in 6.8 pH phosphate
buffer of 0.1 M strength which was the medium used in these
hydroxylations. Moreover, iInM order to get meaningful results

for the acetonide, there was need to work under pH conditions

where it would be stable to hydrolysis.

The calibration curve to measure the amount of ™
formed was prepared in the following manner. To an aliquot
of standard solution ferrous ammonium sulfate solution was
added ~.0 ml of 105™ solution of um, ~.0 ml of o-phenanthroline
and 1.0 ml of ammonium®™ citrate solution. This mixture was
diluted to 50.0 ml with 0.1 M, 6.8 pH phosphate buffer. The
red colour developed was measured at 512 nm. The instrument was
sot to zero with the help of a blank solution, 1i.e. the
solution of all the above said components except the standard
FE™" solution. The calibration data are presented 1in

T. "
Table. .1,



Table 1

Comparison of reaction mixtures

No. Solution of NH” AA £-phenan- Total

ferrous citrate solution throline volume O
ammon §um solution solution made up
sulfate with
ml ml mll ml bugfer
1. 0.0 1.0 ~.0 N0 50.0 0.0
2. 0.20 1.0 N0 >.0 50.0 0.212
3. O.MD 1.0 N0 ~N_0 50.0 o.hko
0.60 1.0 u-.0 ~.0 50.0 0.6™-0
5. 0.80 1.0 ~.0 N0 50.0, 0.865"
6. 1.00 1.0 N0 N0 50.0 1.07
7. 1.20 1.0 »+.0 >+.0 50.0 1.29
The ammonium citrate used served to keep all Fe present =

in solution, which otherwise had a tendency to precipitate
from the 6.8 pH buffer. For uniformity, 1.0 ml of citrate

solution was added to all the solutions of the calibration set.

The reduction of the ™™ by ene-diol was measured in
the following manner. Into a 50 ml volumetric flask was
added >+.0 ml of ammonium citrate solution, ~.0 ml of
o-phenanthroline solution and a weighed amount of the ene-diol
whose reducing power was to be measured. Equivalent amoimts

of ene-diols were used. The contents were then diluted to
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9.0 ml with buffer. 0.25 MI of standard ferric ammonium
sulfate (@ ml containing 55.85x10 ™ gms of Fe™”Y) was added
and the contents were shaken thoroughly. Optical density was
recorded soon thereafter. The change iIn the optical density

was recorded with time.

Table 11

Optical density with time

Compound 1.0 min 5.0 min 10 min 20 min 50 min
iL\ 0.315 0.3" 0.371 0-»+20 0.if28
(125 mg)
Acetonide  0.320 0.3"5 0.383 0.if-0 0.1455
(153.37 mg)
Benzoate 0.~-98 0.518 0.5M 0.595 0.605
(198.7 mg)

The high optical density observed in the-cases of benzoate
and acetonide did not appear to bo entirely due to the ferrous
complex. Even 1f all the Fe™” added were to completely get
reduced to Fe , the expected optical density was 0.53. However,
in the case of the benzoate,it was 0.605. The presence of a
masking colour was thus obvious. The colours of solutions of
the acetonide and the benzoate even before addition of FE***
were not satisfactory. The nature of the interference observed
could not be made out. Although these experiments did not serve
the i1ntended purpose, the experience has been related here for

purposes of record.



Results and discussion

The variation of oxidative decay rates of as a
;7iriiction of concentration in water, kept saturated with clean
trubljled air, 1is presented in Fig,2, The procedure employed
ensures constancy of oxygen concentration. The initial decay
was of the first order with respect to concentration. Fig. 2
also shows that, at higher concentration, the decay curves are
almost straight lines, and, as one goes to lower concentrations,

they take the shape of curves. The reproducibility of the
decay cuTves was good only at the higher concentrations. At
me lower concentrations, there was more of erratic behaviour.
Fig.- 2 also shows that the decay rate increases with iIncreasing
dilution- Since the first product of the oxidation is known

to imdergo further degradative transformations, the kinetic

be"haviour observed was bound to get more complex as the
”3action time increased,. So, the Tfirst order constants

or rathe?:* "“specific rates™, were obtained from the iInitial
decay rates. These were themselves found to be dependent
on the concentration of substrate employed. Table 111
gives the variation of specifr.c rates with changing

concentration of kX which >is also depicted in Fig.-3c

The curve has roughi;.-. the shape of a hyperbola. It is
clear from Fig. 3 that the decay rates rise very steeply at
low concentrations and change very slowly at high concen-
trations and it might be recalled here that a concentration

dependence of "specific" reaction rates has been indicated
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In on3 of the earlier studies.

Table 111
AA concentration (mgZICO ml) "Specific" decay rates
X 10N min™/.
1.0 80.6
5.0 20,7
10.0 12.9
20.0 7,1
50.0 2,3

The decay rate at this dilution wap followed by the fall
in the absorption of UV maxima while at other concentrations,

it was studied by i1odometric titrations described in

experimental section].

In some of the earlier studies reported in literature,
the AA decay was shown to be independent of initial
concentration. This was so apparently because many of these
studies were done at a higher concentration ranges where such
dependence does not seem to be observable, A concentration
range of 5~50 mg/100 ml is best suited if one wants to see
the dependence of decay rate on concentration. AA being a

weak acia, the only thing that can happen on dilution is the

of
increase”:;/dissociation. The behaviour observed suggests that
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dissociation of the acid is helpful for the oxidation. It is
thus clear that the anion of the acid is involved in the
reaction. At high concentrations of AA, the degree of
dissociation being less, the concentration of)gﬁion in solution

is relatively low and thus the decay is also very slow.

It is of interest to mention here that i1t is not possible
to prepare DHA by oxidation of a strong aqueous solution of AA

, - h -
by a current of air unaided anything else.

Since ionization was found to help oxidation of A,
it was natural to ask whether a pH increase would also not
result in an enhancement of the oxidation rate. The rates were
actually measured as a function of pH, not by employing- buffers,
but by using mixtures of AA and its potassium salt in varying
proportions keeping total concentration of AA in solution
constant. The decay that is spoken of here is for the total
of AA and its salt. It was found that the decay rates were
higher when more of the salt was present, i.e. at a higher pH.
Actually, the experimental solutions were obtained by partial
neutralisation of the same amounts of acid. Decay rate
data for two sets of “total®™ concentrations are shown in
Table 1IV. An increase in decay rate with increasing
neutralisation was obtained for every one of the four sets of
data. Table VI shows the variation for the other two
concentrations studied along with other information. The

rates were maximum for ascorbate solutions, i1.e. at the
highest pH.



Table 1V

Concentration Percentage "Specific" decay rates
of 1 neutralisation -4 -1
mg /Ji/100 ml -
5.0 0,0 20.7 -*©
25.0 33.
50.0 38.6 "
75.0 N_3N>T
100,0 N3 7 -
20.0 0.0 7.1
25.0 9.7: -
50.0 9.7 —
75.0 10.r:.
100,0 10.5" O
= See Experimental
" Figs. and 5 show the increase iIn decay rates with
increasing neutralisation at 5, 10, 20 and 50 mg of per
100 ml. These figures also show that, the variation was

less at higher concentrations. The curves are more smooth

at higher concentrations.

At higher neutralisations, the reproducibility was not

good. This behaviour

is comparable to that at low
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concentration of pure A* solutions. This means that when the
proportion of anion in the solution iIncreases there \Will be
more uncertainties in the oxidation reaction. The
reproducibility of partially neutralised solutions at all
concentrations was not as good as that obtainable for
experiments involving the pure acid. However, they were not

bad enough to affect the conclusions drawn.

The observed behaviour is not consistent with any
simple reaction mechanism involving only the anion of and
the undissociated acid in the slow step,, If this were the
case, the rate of variation should have shown a maximum for

50% neutralisation. This 1is apparently not the case.

The decay rates of D(-)-iso-iuj. were also studied under
varying conditions employed for A#*. The behaviour obtained
for the oxidation of D(-)-iso-AA was similar to that for iiA,
but, the variation of the first order "specific” decay rates
with concentration was much less steep. Table V shows a
selected ‘'specific” decay rates for aA and D(-)-iso-AA at
different concentrations. Fig. 6 dcpicts a graphic re-
presentation of the whole set of data. The higher the
concentration, the closer was its behaviour to that of AA
both qualitatively and quantitatively. Experiments with
partial neutralisation of the acid gave results similar to
those for the parallel ones with K. (Fig. 7). Samples of

the exact figures obtained are shown in Table VI. The data



108

SR

©

\%

-
v o

“

o

3 mo

%

;0

iDnpisaij

[Cip 9UO



Fig-7 Decay rates of partially neutralised solutions of D(-)-iso-/
(a) 50 mg/ioomi (b) 20 rng/ioomi



Concentration "Specific” decay rates xIO " min

mg/7100 ml Li. D(-)-iso-/ui
10,0 12,9 ~n1
20.0 71 2.9
50.0 2.3 1.8

clearly show that the ¥ariations observed with increasing

the
neutralisation in/case of D(-)-iso-iiii were less as compared
with those obtained for under similar conditions. This was

true even for thel free acids.

Table VI
Concentration % neutrali- "Specific” decay rates”
mg/100 ml
uU. D(-)-iso-1Ji

10.0 0.0 (pure acid) 12.9 ~a
25 15.2 8.3
50 16,1 12.
75 15.5
100 25.3 i

50.0 0.0 (pure acid) 2.3 1.8
25 3.6 ~.0
50 >+,8 ~.5
75 6.0 N6
100 7.2 5.5



We now come to the behaviours of the sodium salts of Mi
and its acetonide. The acid forms could not be compared on
account of self catalysed hydrolysis of the acetonide in
aqueous solution. Though, this problem did not arise for
the 6-benzoate of AA, it had a low solubility and so could not
be studied. The behaviours of the two salts studied were
highly interesting. The decay rate constants for the salts
of Aif and its acetonide at the same concentrations are as

shown in Table VII.

Table VII
Concentration of ene- “Specific™™ decay ~ates x 104} mia*
diol present as K-salt .
mg/100 ml. AA salt Acetonide salt
5 mg of 1A and A3 8 3.7
equivalent of acetonide
20.0 mg of AA and 10.1 5.0
equivalent of acetonide
50 mg of AA and 7.2 ~0

equivalent of acetonide

Oxidations with these salts were done in exactly the
same manner as before, and the concentration dependence
of reactivity was studied. The first order "specific” decay

rates obtained for the sodium salt of the acetonide were
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roughly the same (within + 0.8 x 10 for all concentrations
within the experimental errors, i.e. they were true first
order reactions and the reaction rates were low. But, 1in the
case of 1Ji salt, the apparent first order constants were
themselves concentration dependent. The decay rates for
hoth cases are presented iIn Fig. 8. The percentage decrease
in substrate concentration is shown on the y-axis. The top
curve represents the change for all three concentrations of
the acetonide salt. In a given time the same percentage Iis
decomposed irrespective of concentration. However, there

is a dramatic change in the behaviour of the corresponding
salt of 1Ji itself. The rate of oxidation increases steeply
with dilution as shown by the remaining curves in Fig. 8.
Apparently, the species involved iIn oxidation is not of the
same type as in the case of the acetonide, and the reaction
with this species is obviously more facile. Something that
happens with greater ease in the more dilute solution is
producing a more readily oxidisable species in the ascorbate
reaction. It appears that the more readily oxidisable
species is getting formed via hydrolysis, which is more
pronounced in more dilute solutions. Hydrolysis of the
sodium salt of the acetonide should also be more pronounced
in the more dilute solutions. But apparently, there is no
way of getting to/%gie susceptible species 1In this case

from the hydrolysis products which are the acetonide

molecule and the hydroxyl ion. In the case of sodium
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ascorbate the hydrolysis products are S\ itself and the
hydroxyl 1ion. It is very clear that AA is able to go over
to a more susceptible form which its acetonide is unable to
do. The results thus suggest that the formation of the more
susceptible species is dependent on the availability of a

free hydroxyl at the 6-position.

We have been able to bring out from these experiments
some very Iinteresting facts about the nature of /Ji. There
IS need to tie up all these observations iInto one mechanistic
scheme which accounts for every thing. What is suggested by
the oxidation results is the intervention of the side chain
and formation of a more reactive bicyclic intermediate, which
we had first considered in connection with the spectroscopic
studies. The complexity of the situation that arises can be
seen from the following schematic representation of

possibilities that can exist (Chart 1).

The reactive species involved is probably the anion
of the bicyclic ene-diol (111 ), It is not yet clear
what further assumptions are required in order to account
for observed dependences. But, it appears likely that a
suitable set can be found. The manner in which the present
experiments have been done may turn out to be not particulariy®
well suited for analysis. But they have been able to bring

out some of the more important features involved.
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A% VII

It is of Interest here to note that a quantitative
difference is detectable between the behaviours of D(-)-isO"
and Ui which are qualitatively similar. Apparently the
formation of the bicyclic intermediats is not quite facile
in the case of D(-)-iso-Aii. The change of configuration
at puts the 5-hydroxyl cis to the (“™joxygen (Vv°ID)

(i.e. the lactone oxygen). In the bicyclic structure, these
will almost eclipse each other and will therefore give a

structure of relatively higher energy.

The conclusions regarding the reactions of these
ene-diols with molecular oxygen were further confirmed by
their behaviour towards cupric copper. Actually three
oxidising agents including Ig? Cu++ and Fe were tried.
The reactions of these substrates with 0.1 M iodine in a
phosphate buffer of 6.8 pH were too fast for any difference
to become noticeable. Those with Cu gave nice results and

It was expected that the ™™™ reduction experiments might f
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o/fc to te even better. However, the expectation for the last
mentioned reagent was not realised because of experimental

difficulties.

The results of the reactions of Ali, its 5,6-acetonide
and 6-benzoate with Fehling’s reagent are shown in Table VIIi.
Comparable amounts of these substrates (20.0 mg of AA and its
equivalents) and the reagent (0,7~ ml of a mixture of
Fehling®s solutions A and B) were used iIn the reactions. The
table clearly shows that reduction®of Q™ was more rapid
with AA and D-iso-iLA. The reactions with the acetonide and the
benzoate were visibly slower. The colour change from blue
to green took appreciably longer time for the second pair of
compounds. Practically no difference in rate could be made
out In the experiments with ¥A and D-iso-Ali. The same
was true for the second pair. However, we know that the
acetonide 1is stable under the alkaline conditions of the
reaction mixture while the benzoate is not. The latter would
hydrolyse at quite a fair rate to give the more reactive
ascorbate ion. It was to reduce this hydrolysis that alkali
of the Feh]ing's reagent was cut down. The results may
therefore be taken to" imply that the reactivity order 1is
i ~ DHil > benzoate > acetonide. The same order of reactivity
was Ffound even in the Udenfriend hydroxylations described

in Chapter VI.

It was hoped that similar experiments on the reduction
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of to E™* would give even better results and that

they would be specially useful iIn the context of experiments
on Udenfriend hydroxylation. The actual optical density
data obtained at the wavelength of the ortho-phenanthroline
complex (512 nra) were, however, fTound to be not true measures
of ferrous i1on formation iIn the case of the acetonide and the
benzoate. The"values for the comparative* experiments are
however, shown in Table 11,for purposes of record. ’The
optical density figure (0.605) obtained for the benzoate
exceeded the theoretical value (0.53) calculated from the
calibration plot. The data showed that there was obviously
a masking colour in the cases of the acetohide and the
benzoate. The difficulty here was not iInvestigated further,
since the results with cupric copper were so clear and could

be readily reproduced any number of times.

Conclusions

The experiments on the relative ease of oxidation of AA,
iIts acetonide and D(--)-iso-Ai\ under a variety of conditions
brought out the important fact that the side chain of
ascorbic acid has a role iIn determining the reactivity of
the ene-diol system of the molecule. The difference in
behaviour obtained for the potassium ascorbate and the
potassium salt of/gthonide was striking. The concentration

dependence of the ease of oxidation was more pronounced for

Lk than for D(-)-iso-AA. Visual support for the conclusions
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of the autoxidation studies could be obtained by the Cu
reduction experiments, which were very easy to carry out.
It has been suggested that the side chain intervention is
through the formation of a more readily oxidisable bicyclic

spccies.
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Chapter IV

METHYLATION AND METHYL ETHERS
OF ASCORBIC ACID
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Introduction

The properties of the methyl ethers of ascorbic acid (AA)
were 1investigated at some length soon after the constitution
of the vitamin (1) was established™. The 1-, 2- and 3"0-methyl
derivatives (1Il, IV and V) were prepared™'™ and as noted
earlier the first of these was called 1-0-methyl-hetero-
ascorbic acid, a derivative of an isomeric form (11) of AA
which was presumably present in solution In very minor

*

2 U
amounts ” ,but was not isolable. The 2,3-dimethyl ether (VI)

OH
HO. HO HO
A \

AN C 0
/

HO' H 0* / MeO' 7

HOCH HOCH HOyH

CHgOH CHgOH CHMOH

OMe

\Y,

of AA and the 1,2-dimethyl ether (VII) of its hetero isomer

were also obtained”™’ The 2,3-dimethyl ether was further
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converted into several other ether derivatives in methylation

and tritylation reactions”” One of the most remarkable

properties of these compounds was their capacity to go over
into isomeric forms on treatment with alkali and

re-acidification®™*®. Thus the 2,3-dimethyl ether could
be isomerized iInto iso-di-0-methyl ascorbic acid for which

a bicyclic structure (X) was suggested. The substance did not

OMe
MeO

HOCH

CHgOH

4 VII

have a UV absorption and had surprising stability. It was

found to be unaffected by KMnO™ in acetone”™. Similarly, it
was found that 2,3?5-tri-O-methyl and 2,3-di-0O-methyl-6-

trityl derivatives (VIII and IX) of Ak could also be

isomerized by similar procedures”™. For these cases, ho

structures were suggested. 3-0-Methyl--2-0-benzyl AA has

been reported to be isomerized to a mixture of epimers™(XI)

which do not seem to have been separatedlz- Also, the

methylation of AA by BF” in methanol has been shown to
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H
Ph-CHg-0"
MeO. \
MeO
H
- MeO- *0OH
HOCH
CHgOH CH20CPh~
VIl IX X/

give two bicyclic 3-0-methyl derivatives™ (XI Il,and XIII)

Xl XM

The isolation of only one isomeric ticyclic form for the
2,3-dimethyl ether suggested that its epimer, which should
normally have been formed, was unstable. In the case of

the bicyclic forms of the 3-0-methyl derivative, one has been



shown to be less stable than the other™. The existence of
bicyclic forms for the ethers suggested the possibility of
similar forms for not only some other derivatives but also

for the parent compound itself.

The stereochemistry at the 2-position for iso-dimethyl-iui.
has not so far been studied and the structures of the other
isomeric derivatives have not been investigated. It has
already been pointed out that the possibility of occurence
of bicyclic forms for AA itself can have great significance
for its reactivity and the mechanisms of its action. It was
therefore thought that more information should be obtained
on the known bicyclic derivatives and the present study was
undertaken in this context. It was decided to compare the
spectra of iso-dimethyl AA with those of some of its close
analogues for an assignment of stereochemistry. In the effort
to make this compound and other bicyclic derivatives, iImproved
procedures for making several of these materials were

worked out.
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Results and discussion

Since we were iInterested iIn getting iso-dimethyl AA in
good dTiantities, a fair amount of effort was made to improve
the procedures for making 3-0-methyl and 2,3~di-0-methyl
derivatives of AA and also the isomer of the latter. A good
many experiments had to be done in this regard. In the
methylation of @ solutions of AA in methanol at 0" with one
mole equivalent of diazomethane, although the yields obtained
in solution were usually very high (97-98"), the amount of pure
product that could be isolated was often poor because of the
difficulty encountered in crystallisation. On removal of the
solvent, one normally obtained an oil from which crystallisation
of the product was extremely slow and did not give attractive
amounts. The time required for crystallisation was uncertain
and was of the order of 2 weeks or more. But, on removal of
impurities by chromatography over silica gel, one could obtain
the 3-0-methyl derivative in crystalline form in high yield

(80 to 85 within a matter of several hours.

However, by this procedure only one product could be
obtained. Formation of isomeric products in very small yields
was reported both by Herbert Hirst » 2 and by Reichstein,
Grussner and Oppenaueru- However, the compounds isolated
by the two groups were different. Attempts to make these

isomeric compounds did not give consistent results. Earlier

L
workers in this laboratory had obtained a product that
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corresponded well with the one (m.p. 162 C) reported by Herbert,
Hirst et al.” and also by Vestling and Rebestock™. But, later
attempts to reproduce the results gave only a material that
seemed to resemble the one (n.p. 152-153°C) reported by
Reichstein ~ al. The sample of the isomeric compound, which
was obtained in very small quantities in this study, did not
show the characteristic strong absorption of a lactone
carbonyl in the IR. Instead, it showed heavy absorption
around 1560 cm ™ which is shown in Fig.l. But, on
dissolution in water,, it showed a UV absorption with a/\max
at 281 nm shifting to 325 nm on addition of alkali. Its PMR
spectrum in DMSO (Fig,2) was similar to that (Fig-3) of the
3-0~methyl compound. But mass spectral fragmentation showed

an intensity pattern quite different from that of the 3*0-methyl
derivative. There were also appreciable differences in the
fragmentation patterns although many peaks were common. The
mass spectra are shown in Fig.if. The PMR spectriam in DMSO did
not change with time. This behaviour was very much unlike

that obtained for the 1-0-methyl derivative (111) which seemed
to correspond with that obtained by Herbert, Hirst et al.

In this case, the methoxyl shifted upfield to 192 Hz from its
original position at 21+-5 Hz in 5 days (Fig.5), suggesting

the addition of the 6-hydroxyl to the 3-carbony] leading to

a bicyclic form (X1V). It looked likely from the data that

the material of m.p, 152° isolated in this study was a

hydrated form of 1-0O-methyl hetero-ascorbic acid (XV).
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Fig- 5 NMR Spectra of 1-0 - Methyl-hetero - Ascorbic acid
(m-p.163°C) in DMSO
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OMe

HOCH

CH2OH CH™OH

X1V XV

The properties of the mono-methyl ethers are compared in
Table |I.

In an attempt to see if trace amounts of alkali would
induce formation of the 1-_"methyl derivative iIn the methylation
experiment, a monomethyl derivative of extreme sensitivity
to oxygen was isolated in some experiments. While working
with 6 g Ulots of AA iIn 100 ml of MeOH, a couple of drops of
20% aqueous KOH were added to the AA solution and the
methylation done in the usual manner at low temperature using
diazomethane in ether. On addition of the diazomethane
solution, a curdy white material precipitated out quite
frequently, but not invariably in several trials that were
made. The formation of this material tailed off*with the
progressive addition of the diazometh;ne solution. After the

addition of two equivalents of diazomethane was complete,

an attempt was made to separate out the precipitated solid

by filtration under suction. The precipitate was washed first



with methanol and then with ether. The material began turning
brown at strikingly rapid rate. It was quickly dissolved in
DgO0 and a PMR spectrum obtained immediately. The spectrum is

i i the material was _ i
shown in Fig. 6. It was clear that/“a mono methyl derivative,
whose OMe absorption was at high field. The behaviour that was

seen could not be attributed to any of the known forms for Ak

Table 1
Reaction Methyl ether
3-0-Methyl 1-0-Methyl hetero 1-0-Methyl
AA AA (m.p. 162" hetero AA
(m.p. 152°C)
1 Reaction Rcacts with Reacts with Reacts with
with acidified acidified acidified Ip
lodine solution very slowly™ very slowly"T
Fehling Reduces
A SO"IUFFA - Fehling Readily Readily reduces
solution on reduces hot hot Fehling
boiling Fehling solution.
solution
CO|OUI’ With Gives a Stable GiveS a Gives a
FeCl, intense blue transient transient
colour (The blue colour blue colour
first drop

gives a colour
that disappears
immediately,
the next few
drops give a
stable blue
colour).



1,1

A\

Bn on 89 Q9

wooo w

Qm Esc &

womy oBcS @

-
O

ZX

og



1777

and i1ts derivatives. The material was stable so long as it
was covered with solvent. Its extreme s"usceptihility to
oxygen made it difficult to get further evidence relating to

its structure.

In the preparation of the <,3“di-O-methyl derivative
also, the employment of chromatography greatly facilitated
the isolation of the compound in very good yields (90%). This
was done on a cellulose column with ether as the eluting solvent,
Isomerization of the compound in a manner similar to that
described earlier iIn the literature gave iso-dimethyl The
conditions for isomerization were studied in some detail.
It was found that employment of dilute solutions gave better
results. There was need to use alkali in about 50% excess and
a minimum period of 10 hrs was required for the alkali
treatment to give good results. In the acid treatment, the
amount of acid used was equivalent to the alkali used, and,
again, the sample was allowed to stand for some 10 hrs. After
removal of solvent water, the isomerized derivative was
obtained in pure form from the resulting oil by chromatography
over cellulose. Employing the modifications mentioned, yields
as high as 85-90™ could be obtained 4n the isomerization
and only one epimer was obtained. If enough time was not
allowed in the alkali and acid treatments, the yields
obtained were very poor. It should also be mentioned here
that Hirst ~ al, had employed distillation for obtaining

the pure isomer. It was found in this study that this procedure



1"S

was not satisfactory. The quantities that could be recovered
were low and the purity of the sample obtained was poor. The

3-0-methyl-;Jt did not undergo any isomerization under these
conditions.

The iso-dimethyl ether formed only a mono p-nitro-

benzoate (XVI) on esterification with p-nitro-benzoyl chloride.

The PMR spectrum (Fig.?) of the product showed that it was

the 5~0H that was esterified. A new singlet CH absorption

was seen at Hz and the Cg|3roton shifts (280 Hz and 252 Hz)

showed that their environments were appreciably different.

The C~-hydroxyl had disappeared in the isomerization. This
confirmed the suggested bicyclic structure for the derivative.
The properties of the compound agreed with those anticipated
from the earlier report. The PMR and CMR data for the

p-nitrobenzoate and the parent compound are shown in Table II.
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Fig-7. 90 MHz PMR Spectrum of Isodimethyl-p-
nitrobenzoale of AA in CDCU
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For the assignment of the stereochemistry of this
product, it was decided that it would be helpful to compare
its PMR spectrumA&E{%'%%ose of the iso derivatives of the mono-
methyl monobenzyl ethers. Both 2-0-benzyl-3-0-methyl (XVII)

and 2-0-methyl-3-0-benzyl ethers (XVIIl) were therefore prepared,

HOCH

CHgOH
XVII XVII

The former was prepared by reaction of the sodium salt of the
5j6-acetonide of 3-0-methyl-AA with benzyl chloride. The latter
was obtained by the diazomethane methylation of the 3-0-benzyl
derivative obtained in benzylation experiments on LL which are
to be dealt with in the next chapter. Both these ethers were
isomerized by procedures analogous to that described for the
2,3-dimethyl ether to get the corresponding isomeric compounds
(X1 and XIX), The PMR spectra for these two bicyclic
derivatives are shown in Fig, 9 and 10 respectively. The
yields obtained were. 85 to 90% iIn the isomerization and the

pure compounds were obtained by chromatography over cellulose.
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The PMR spectral data for the three dialkyl ethers and

their Isomers are shown in Table 11l. The stereochemical
assignment for iso-dimethyl ascorbic acid and its analogues
depends on the assignments for OMe absorption and the effect
of replacement of the 2-OMe group by a benzyloxy group
(—OCHAPh)/(gl&if and other proton absorptions of the compound.
In the conversion ofgg¥%ethyl to the iso-dimethyl derivative,
the methoxyl signals of the former were shifted upfield™.

In the spectrum of the open chain compound (Fig.1l1),there was
a very substantial difference of shifts for the two methoxyls.
The lower field signal could be readily assigned to the

3-OMe and the one at higher field to the 2-OMe, since the
former was at the "~-position in the a,”-unsaturated carbonyl

system. In the iso-derivative, an upfield shift could be

anticipated not only for the 3“OMe, but also for the 2-OMe.
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The 3*“0OMe, an enol ether function subject to the electron
withdrawing action of the lactone carbonyl in the starting
compound, was going over to a ketal form in the Isomeric
compound. A relatively large upfield shift could therefore

be anticipated for this change. In comparison, the 2-OMe,
which was an enol ether function, was changing over to an
ordinary ether and the shielding change associated with it

was smaller, but in the same direction. The methoxyls of the
iIso derivatives were assigned on this basis, the lower field
one being assigned to the 3"OMe. This was consistent with its
ketal character. In the spectrum of the analogous derivative,
where the 2-OMe was replaced by a 2-0-benzyl group, the only
signals, 1in addition to the that of the whose absorption
positions were affected were those of the 3-OMe and

The 3~0OMe signal suffered an appreciable shift of 0.33 PPm and
the signal, one of around 0.067 PPm. The and
C(6)-proton absorptions were practically unaffected. This
pattern of effects was consistent only with an assignment where
the 2-0-benzyl and the 3~"-methyl are cis to each other i.e.
the 2-0-benzyl had to be exo and the proton attached to

endo in the bicyclic system. In the spectrum of the epimer

of this derivative, substantial high field shifts would have
been expected for the and ~N-protons, since the

rotation of the 0-CHg-Ph group could bring the phenyl close

to these protons in the required conformation.

The data for the iso-derivative of the 2-0-methyl-3-0-
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benzyVCX1X) were also obtained to get some idea of the benzyl
substitution effects, although in this case the benzyloxy group
was at the ring junction and its steric effects could be
appreciably different from those of the 2-benzyloxy group.

For the 2-benzyloxy case the motion of the benzyl group would
be restricted by ring A and 3~-OMe at the ring junction. But,
in the 3-benzyloxy case the movement of the benzyl group

would be restricted mostly by the 2-OMe group and only a little
by the ring system. The cis effect of the 3-benzyloxy group

on the 2-OMe was therefore less than that of the similar effect
obtained when the positions of this functionalities were
exchanged. A Dreiding model of the iso-dimethyl derivative
showed that the ring system had only a little conformational
flexibility and that the of this compound was 1In quasi
equatorial position with respect to the lactone function.

The C"27-0 linkage was similarly in a quasi axial situation.
This geometry apparently accounts for the difficulty in its
enolization and consequent resistance to oxidation. In

contrast, its epimeric derivative (XX) should be expected to

XX



enolize readily and would be more susceptible to oxidation
and ring opening. These properties are of considerable
interest iIn connection with the question of the existence of

bicyclic forms for AA itself.

The endo stereochemistry for the C~g”™-proton assigned
for the iso-derivatives is supported by the reported

properties of bicyclic forms of 3-0-methyl-1iA™ (XI1 and XIII)

OMe

Xl X1l

which refused to isomerize under the conditions employed

for the di-ethers we have discussed. Methylation of Al

with methanol in the presence of BF" gave a set of two mono-
methyl derivatives, one of which was found to be more stable
than the other. These were shown to be bicyclic iIn nature
and the Cotton effects iIn the circular dichroism of these
derivatives as well as IR data for the compounds and their

acetates were shown to suggest that the less stable one had



an endo hydroxyl group and the more stable one an exo-
hydroxyl in a 3?6-anhydro-structure. In an attempt to repeat

this work, we could obtain only the more stable iso-compound.

The chemical shifts for several of the ether
derivatives, including the 2,3-di-0-methyl derivative, Iits
bicyclic isomer and its p-nitro-benzoate, have been measured.
The shifts for the latter two were consistent with bicyclic
structures. The data for these two compounds have been already
presented in Table 1lI. The assignments and related matters

are discussed elsewhere.

2,3rDi-0-methyl-6-trityl AA (XXI) was prepared by a
modification of the procedure described in the literature.
The preparation never came through satisfactorily when the
procedure from literature was adopted, [I'lhen the material was

employed here,

isomerized by the sequence of operations/a new substance was,
of course, obtained. But,the PMR spectrum (Fig-12) of the
product showed that it was a binary mixture. Considerable

difficulty was encountered in the separation of the components

and no satisfactory procedure has so far been worked out.

One of the derivatives that we were specially interested
in was the 6-methyl ether (XXI11) of A* which does not seem
to have been prepared by any one so far. It was thought that
it might be possible to obtain this by demethylation of the

2,3j6-trimethyl ether of AA whose preparation has been

described. The 2,3-dimethyl ether could be converted into

] >
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CHgOMe CHgOMe

XXII XXII

the 2,3,6-trimethyl ether (XXI111) by treatment with diazomethane
in the presence of fluoboric acid. But attempts to remove the
enol ether methyls did not succeed. Even with strong hydriodic
acid only the 3“OMe could be demethylated,, Employment of
elevated temperatures and AICI™ did not help. In the
preparation of 2,3,6-trimethyl ether, it was first obtained

as an oil, and, again, chromatography over cellulose had to

be resorted to in order to get the pure material.
Conclusion

The stereochemistry of iso-dimethyl ascorbic acid has
been established with the help of a couple of its mono-
benzyl analogues using PINR spectral data. The Cg-proton has
been shown to be endo in the bicyclic structures for these
derivatives. The instability of the epimeric form is

obviously related to the difficulty of formation of this



type of form in any appreciable amount for ascorbic acid
itself. Chromatographic procedures have been worked out for
the purification of several ether derivatives including the
3-methyl, 2,3-dimethyl, 3-methyl-2-benzyl, 3-benzyl-2-methyl,
2,3, 6-tr iraethyl and 2, 3-dimethyl-6-trityl ethers as well

as several isomerization products that could be obtained

from these.
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Experimental

Diazoraethane was generated from nitrosomethyl urea in
the usual manner in ether solution™. The urea was washed
with ether to make it free from any ether soluble impurities.
The ether used for the preparation was totally free of peroxides.
The solution of diazomethane was standardised against ascorbic
acid, two equivalents being required for conversion to the
dimethyl derivative. Persistence of the colour of diazomethane

beyond 10 minutes was taken as the criterion for the end point.

TLC of the reaction mixture was done on silica gel plates.
The developing solvent was prepared by mixing methanol, acetone
and benzene in the ratio of 15*15*70. Spots were identified
using an iodine chamber. In all the experiments described here,
the solvents were removed from reaction mixtures at a temperature
of about 15-25°C in a rotary evaporator under suction. In no

case was the temperature allowed to exceed 30°C.
1) 3-0-Methyl-A#

Mi (3.0 g) was dissolved in dry methanol (50.0 ml) and
the solution was cooled to the required temperature (methy-
lations at -"0, -10, 0°C were tried). Diazomethane solution
was also cooled to the same temperature. A calculated quantity
(one molar equivalent) of the diazomethane solution was slowly
added to the AA solution, so that the temperature rise was not
more than 5°C. At the end of the reaction, the decolorisation

of added diazomethane solution became very slow. But, 1iIn no



case could we observe the white precipitate described earlier
by Vestling and Rebstock”™. The average raethylation was 97-98%"
as judged from PMR spectra of the oils obtained on removal of
solvent. (The to OMe integration ratio should be 153 in
the pure compound). The TLC of the material indicated three
distinct spots. The middle spot was very high in intensity and
was due to 3~0-Me-AA, The very small fast moving spot was
probably I1-0-methyl-hetero-A«, The slow moving spot was that

of unmethylated HiIA.

Commercial chromatographic silica gel was found unsuitable
for chromatography of the methyl ether, since it contained small
amounts of unwashed mineral acid. However, it could be made
neutral by the following procedure. It was stirred with excess
of saturated sodium bicarbonate solution for 3 to hrs and left
overnight in the same medium. The material was then washed
several times with distilled water, till the washings were
completely neutral. This was then activated at 700-800°C for

to 5 hrs. From the material thus obtained, grade-I11 silica
gel was made in the usual way by treatment with the requisite
quantity of water. The grades of silica gel obtained was

checked with standard dyesl7-

The crude oil fran the reaction was loaded with a little
acetone onto a one inch silica gel column, prepared from 200 g
of silica gel grade-11 in pet.ether (60-80°C) slurry. It was

first eluted v;ith acetone-pet,ether (0*80). +tlore unidentified



impurity was obtained iIn this fraction. The elution was

continued until no further material come out. The pure 3-0-methyl
derivative was then eluted out with 30 to (v/v) acetone 1in
pet.ether. This fraction was concentrated by removing the
solvent under suction. The turbid solution was allowed to stand
overnight which deposited 3~0~methyl iJx as beautiful needles,

m.p. 121-122°C, yield SQ-Q5% UV max 2k5 nm, & = 130507

IR inax 17~ and 1675 cm””?? Eﬂq}-+ 28,9° in water; [Foun4*®

C, 39, H, 5.0; Cal. c, M.2, H, 5.3f].

The chromatographic procedure however failed to give
1-O-methyl-hetero-iJi which is formed only in small amounts as
indicated by the TLC of the crude methylation products. For
getting 1-O-methyl-iui, a different set of methylations were done
under the conditions described. The crude oils obtained were
seeded with the chromatographed 3-0-m.ethyl lu>. The oils on
standing for long did crystallise. The solid mass was extracted
with dry acetone to get an acetone insoluble portion. (The fresh
oils however did not give any acetone insoluble portion). In
many experiments, it turned out to be only unreacted Aa. However,
four of the methylations done at -~-0"C gave an acetone insoluble
portion which contained mainly 1-0-methyl Ix. This was crysta-
Ilised 5 times from acetone-methanol-pet-ether (60-80°) mixture

to get shining flakes melting at 157-153°C.

2) 2,3™di-0-Methyl ascorbic acid

Ascorbic acid (3 g) was dissolved in dry MeOH (50 ml) and
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and cooled to 0°C and the diazoraethane solution, similarly
cooled to 0°, was added slowly, not allowing the temperature to
rise above 5°C,until a yellow colour persisted. The mixture
was allowed to stand over-night at 10-15°G after addition of a
5a” excess of diazomethane. The solvent was then stripped at
50-60°G under suction in a rotary evaporator to get a light

yellow oil.

The 3“0-methyl ether could also be fiorther methylated to
get 2,3-di-0-methyl ether by a similar procedure. The oil

obtained iIn this case was easier to crystallise.

Even if the crude oil obtained from methylation of X%

eventually crystallised, only half the material cameout in

crystalline form. Chromatography had to be resorted to get good
recovery. The oil was dissolved in a small quantity of acetone
and loaded on to aone inch column of cellulose (200 g) which

was packed in a ether slurry. The dimethyl ether was eluted out
neatly with peroxide free ether. Nearly all impurities remained
on the column. On concentration of the ether solution and
allowing it to stand, the dimethyl ether separated out as sugar-
like crystals m.p, 59°C. This was the hydrated form, which,on
drying at room temperature in a vacuum desiccator over 72/
recrystallisation fhxﬂA?hloroform gave pure dimethyl ether m.p.
max

62-63°C. Yield uv/Zin water 232.5 nm (= 11,300), IR, 1770

and 1650 cm [al® = € 30° in water.



3) Isomerisatlon of 2, 3~cii-O~raethyl-uif

Crystalline dimethyl ether of (™-.0 g was dissolved in
distilled water (20.0 ml), to which 300 ml of O.INNaOH solution
was added. The solution was allowed to stand overnight in
darkness. This was then treated with dilute equivalent
to the alkali used and was again allowed to stand overnight.

The pH on addition of acid was about 2-3 which gradually rose

to 7. The solution was then concentrated under vacuum at 30°C,
to get a light yellow oil. This oil was dissolved in chloroform
and the solution dried over anhydrous sodium sulfate. Ghloroform
was then removed under vacuum to get an oil. The extent of
isomerisation could be judged from the OMe signals from open
chain and isomerised dimethyl ether which iIndicated a conversion

of 90-95%,

2,0 G of this oil was loaded on a one-inch cellulose
column which was prepared from 200 g of cellulose iIn pet,ether
(60-80°C) slurry. The elution was started with pet.ether and
then the polarity was increased vjith 5,10 ... 20% of added
chloroform. Solvents used had to be absolutely free of
moisture. Initial fractions contained some iImpurities. The
pure isodimethyl ether cane out in the 20 to chloroform
fractions. All the column fractions were checked by TLC and
the PMR spectra. The later fractions gave the unisomerised
dimethyl ether. The yield of isodimethyl AA was 80-85%. The
impure samples showed absorption at 235 nm due to the presence

of unisomerised dimethyl ether. The pure saiaple did not have



any UV absorption. IK showed in the double bond region

only a C=0 band at 1780 cm No C=C absorption was seen.
H) 30-"°Q thyl 5; 6-Dcetor.lde

kli. 5,6-acetonide was prepared according to the procedure
described in Chapter VI. The acetonide (3.0 g) was dissolved
in dry methanol (50 ml). The solution was cooled to 0¥G and
diazomethane solution similarly cooled was added slowly not
allowing the temperature to rise above 5¥0. The methylation
was done only to the extent of 80%. Several trials indicated
that complete methylation gave a mixture of 3-0-methyl-acetonide
along with normal 3~0"nethyl lu.. The separation of these two
was more difficult. Methylation to the extent of only 80% gave
a mixture of 3-0-methyl-acetonide and unreacted acetonide which

were easy to separate.

After the reaction, the solvent was removed at 30°C under
vacuum. The light yellow oil was seeded with the pure acetonide
itself. The product solidified within 2-3 days. This was then
extracted with chloroform. The unreacted acetonide, being
insoluble in chloroform?was filtered off. The filtrate was
concentrated and pet-ether was added slowly till the solution
became hazy. This solution on standing deposited needle shaped

crystals of the 3-0-methyl-/ii1i-5,6-acetonide, m.p. 89-90°C.

IT the oil refused to crystallise for a long time, it
was loaded on a cellulose column packed in chloroform. The

elution was done only with chlorDform. The chloroform, solution

ir,?i
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was concentrated and pet.other added to make it hazy and then

allowed to stand, when the pure material crystallised out,
5 3--Q~iaethyl-2-Q-benzyl-ascorbic acW

3“0-Methyl-5,6-acetonide of w* (5-0 g) was dissolved 1in
methanol C50.0 ml) to which one equivalent of sodium methoxide
solution of 1 N strength was added. After standing for 1/2 hr,
methanol was completely removed under vacuum at 0. The light
brown solid obtained was dispersed in benzyl chloride (15.0 ml)
and was heated on a waterbath for 2.5 hrs. The reaction mixture
was then poured on water and subjected to steam distillation.
On complete removal of benzyl chloride, the aqueous solution
was allowed to cool when beautiful needles of 3“0-methyl
2-0-benzyl-Ai4. separated out. It was further recrystallised

from chloroform to get a pure product m.p. 120-12170.
6) 1s0-2-0-benzyl1-3~-O-methyl-ii.il.

The 1isomerisation of 2-0-benzyl-3-0-methyl iJi. was done
by a procedure very similar to that employed for dimethyl ether
of iJi, Since the isonerised product was not very much soluble
in water, it separated out as an oil. This oil was extracted
into chloroform. The aqueous layer was also concentrated at
30°C, which gave very small amount of a yellow oil. This oil
yas dissolved iIn chloroform and mixed with the CHCI™ extract.
The combined CHCI™ extract was dried over anhydrous sodium
sulfate and the solvent removed under vacuum. The yellow oil

obtained crystallised without much difficulty. The isomerisation
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yield was almost 90-95f. The solid mass was recrystallised
fron CHCI™N-pet.ether mixture, m.p.73-75°C" Total yield was

about 90-95f. (IR jilgy 1790 am*- due Mo G=0).
B-Q-bGnzyl, 2-0-methyl /IA and its isomerisation

3"3 -Benzyl ether of AA obtained from the benzylation of
ascorbate iIn 50% aqueous acetone as described in the next
chapter was further methylated by diazomethane at 0°C. Concen-
tration of the reaction mixture gave a yellow oil, which did not
crystallise even after chromatography over cellulose,. But its
PMR spectrum improved on chromatography. This oil was isomerised
fixther by the procedure described above. There also, the
isomerised product had poor solubility in water. It separated
in the form of an oil. The reaction®™ mixture was extracted
exhaustively with CHCI®. The CHCI™ layer was dried over
anhydrous sodium sulfate. On concentration, this gave a light

yellow oil.

This oil was purified by chromatography oriiellulose
column. The column was packed in pet.ether (60-80°). The oil
to cellulose ratio was is100, Elution was started with pet.
ether. The pure isomeric compound was eluted only with
CHCI™ iIn pet.ether. The yield of pure product on chromatography
was about 70%. The percentage of the unisomerised product in
this case was found to be higher than those in the other tv;o
Isomerisations.

8) Unstable monomethyl ether

(6.0 g) was dissolved i1n methanol (100 ml) and solution
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cooled to -5°C. Two drops of 20™ aqueous KOH solution was
added to this. Ethereal dlazomethane cooled to -5°C was slowly-
added to this to get a curdy white precipitate. This precipi-
tate was centrifuged. The supernatant solution was discarded.
The residual white material was dispersed in methanol and again
centrifuged. This material was insoluble in most of the organic
solvents. Finally, it was washed vrith acetone and then with
ether several times. It was filtered off under suction very
rapidly. This material was highly unstable. V-Jen exposed to
air, it began turning brown very rapidly. It was iImmediately
dissolved in "27” N spectrum was recorded. No other

study could be done owing to its extreme unstability.
9) Bicyclic 3~Q-Kiethyl ether

AA (5.0 g) was dissolved in dry methanol (100.0 ml) to
which freshly distilled BF® ethereate (5.0 ml) was added. The
solution was refluxed for 10 hrs and then neutralised Vith
triethylamine (7.5 ral). The solvent was removed and the reaction
mixture loaded on to a one inch silica gel column (200 g of
silica gel) packed with CHCI®. The elution was started with
CHCI™. The polarity was then gradually increased with acetone.
The initial fraction contained some decomposition products.

The pure compound was eluted with 30% acetone iIn CHCI™. Later
fractions gave only some decomposition products and a large

quantity of unreacted IwU remained on the column. The fraction
containing bicyclic 3-0-methyl aa on concentration gave sugar-

like crystals, which had poor solubility in acetone and CHCI™.
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This gave a single spot on silica gel TLC with the solvent
system, 6’'h v/v acetone-CHCI™, for which the expected epimers
are reported to have different values. This crystalline
compound had a n.p. of 167-1697M0, indicating that it was the
stable epirmer (yield 500 mg). The PKR spectrun also indicated
that it was only one compound. Repeated attempts to isolate

the reported unstable epirmer were not successful.

10) 2,376-Tri-O-methyl ether

Pure dimethyl ether (1.7 g) was dissolved in dry methylene
chloride (25.0 m.) to which 0.50 ml of fluoboric acid (FM)
solution was added. This solution was cooled to 0°C and about
15.0 ml of diazomethane in ether solution was added and a further
0.2 ml of FBa solution XYs added. The following successive
portions of diazomethane and FBA solution were then added in
3 sets over a period of 1 hr. The solution was then filtered
and the solvent removed at 30M0 under suction. The light yellow
oil obtained was loaded on to a one-inch cellulose colujnn
(150 ml) packed in pet.ether. The elution was started with
pet.ether (60-80®). The polarity was gradually increased with
ethylacetate. The pure tri-0-methyl compound got eluted out
with 30T ethyl acetate in pet.ether (60-80°). On concentration
of the fractions, the trimethyl ether crystallised out as

colourless needles, m.p, 99-101°C.

Preparation of FBA solution* Fluoboric acid was prepared

by mixing boric acid and HF in equimolecular ratio at 0°C.
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0.133 MI of FBA was dissolved in 250 ml of a solution of 3.1

diethyl ether - methylene chloride.
11) Demethylation of 2,3, 6-tri-O-methyl Lix

Trial demethylation experiments were done on small samples
in a NMR sample tube (5,0 ram diameter) and the reaction was

followed by PHTI spectra.

Demethylations with HgSO™, HCI, HBr of various strengths
and including the concentrated acids were tried. The trimethyl
ether (25 mg) was dissolved in 0.5 ml of the acid, and the PMR
spectrum was recorded at different time intervals. At room
temperature, no demethylation took place with any of the acids.
However, at high temperature there appeared to be some decompo-
sitions taking place. Temperatures up to 50°C were tried. But
in no case did we succeed in demethylation of the 2- and 3’0Me
groups. However, with concentrated HlI at *+0°C, demethylation
only at 3 position took place giving a 2,6-di-O-methyl ether

which was not isolated.

Refluxing 2,3?6-trimethyl ether in methylene chloride
in presence of anhydrous aluminium chloride was also tried.
Here also, the reaction was followed by PMR. No demethylation

at 2,3 or 6 positions took place.
12) 3,3-Di-0-methyl-6-trityl ether
2,3-Di-0-methyl aA (0.56 g) was dissolved in 3.0 ml of

pyridine to which trityl chloride was added (2.218 g). This

solution was left iIn a desiccator and kept in the dark for
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about 7 days. About 100.0 ml of CHCI™ was added first to the
reaction mixture. Pet.ether (60-80) was then slowly added to
this solution when a brown oil precipitated and the supernatant
solution was milky. The brown oil which was mostly a mixture

of pyridine hydrochloride and some decomposition products”™ wa”
discarded. The milky solution was concentrated under vacuum

to get a light yellow oil. This oil was washed several times
with pet.ether. The oil eventually crystallised. The product
was recrystallised from methanol to get colourless needle shaped

crystals, m.p. 1J"+C.
13) Isomerlsation of 2,3-dimethyl-6-trityl ether

:.i) 2,3-Dimethyl-6-*trityl-Ail (1.0 g) was dissolved in
dry methanol (5.0 ml}. 0.5 N sodium methoxide solution
(3.5 moles) was added to this and the solution boiled for
5.0 minutes. This solution was then neutralised completely with
methenolic HCI solution. The solution was then poured on ice
and the white precipitate obtained was filtered off and washed
several tines with distilled water. The solid was recrystallised

from dry MeOH.

i) 2,3-Dimethyl-6-trityl ether (1.0 g) was dissolved in
MeOH. The solution was saturated with dry ammonia and left for
two days. The solvent was removed under suction to get a white

solid which was crystallised from methanol (m.p. 176°C).

The 1isomeric compound obtained by this procedure had the

same m.p. (178°C) as reported in literature. The PMR spectrum
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clearly showed that the product obtained was not a single
isomer but was a mixture of tI0 products. The separation of
this mixture iInto its components was found to be difficult and

was not achieved.
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Chapter V

BENZYLATION OF ASCORBIC ACID
AND ITS MECHANISM



Introduction

Ascorbic acid on treatment with benzyl chloride in
agueous acetone iIn the presence of 92 % potassium hydroxide
was shown to give a 2-C-benzyl derivative in 12 to I5% yield
in addition to the 3~0-benzyl derivative whose yield was also
12 to The reactive species involvedwas the ambident
anion (1) of ascorbic acid, and this was presumably the
first instance of a reaction of this type in carbohydrate
chemistry”, where benzylation normally gives O-derivatives

and has been extensively used for protection of hydroxyl

groups™ , A bicyclic form has been suggested for the product

2
and the probable stereochemistry has been indicated as in Il

HO ,\
IO_ / H
HOCH
CHgOH CHgOH
| a 1c

The Y®"-lactone ring of ascorbic acid is a planar
five-membered ring,and it is unlikely that the side chain
at can have any significant steric effect on a reaction
at ~(”~2)* Formation of only one product in the benzylation
reaction would, therefore, be anomalous since attack by

benzyl chloride should be nearly equally facile from either

[ *>



side of the five-membered ring and two products can normally

be expected. At least, there is no good reason for the total
exclusion of attack from the side cis to the two carbon side
chain if 1 is the reactive species. However, although a second
C-benzylation product was looked for in the product mixture,

only one could be found.

No explanation has so far been advanced for this
anomaly. Actually, the position is much worse because the
assigned stereochemistry for the 2-C-benzylation product
requires attack from the side of the ring cis to the side chain.
Also, no information is available on the behaviour of ascorbic
acid analogues iIn the same reaction. Such information would
be of considerable value iIn understanding the behaviour of
ascorbic acid itself in the reaction. It was, therefore,
decided to \mdertake a detailed study of the benzylation
of ascorbic acid and its analogues. The study was to include
among other things, a re-examination and the establishment
of the stereochemistry of the isolated C-benzyl .

derivative of-ascorblc acid and verifi<?at7lon of the presence

177



or absence of a second (epimeric) C-benzyl derivative

among the reaction products. Before a consideration of the
results obtained, it is of interest here to survey briefly
the available information on alkylation of ambident anions,

more particularly those of 1,3~dicarbonyl compounds.

There has been a great deal of interest on the course
of alkylation of ambident anions in the past. Particularly
intensive studies have been made on phenoxide anions. The .
main issue in all these studies has been C- O-alkylation
and the factors affecting the ratio of these alkylations™*»
Other anions have been those of nitro alkaneslMﬂls,
substituted phenolsN*/N\7AN? P-keto esters™”™", a,p-

N _/\
28’29, a,p-unsaturated ketones"‘O 6, cyclic

unsaturated acids
ketones (saturated and unsaturated)-"© , 1,3-diketones
and other ambident anions™M”/~\

11.12.18.20 and co-workers made systematic

Kornblum
studies of the various factors affecting the relative extent
of oxygen and carbon alkylation that are obtained in reactions
of phenolates with alkyl halides. Solvent effects can
manifest themselves either through a bulk property like
dielectric constant or through specific solvent effects
which may cause selective solvation of the specieslz- Other

factors Involved are the chemical natures of the ambident

anionic species, the leaving group18 and the alkyl moiety'Mﬂ

Solvent plays a very important role in deciding the

course of the reactionlz- In aprotic solvents, the dielectric
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mconstant and the capacity for solvating anion are important.
Dielectric constant has an effect on the solubility of the
anion, the higher the dielectric constant the greater is the
solubility. High dielectric constant solvents favour
O—alkylationlza- The reactions are picturised as taking

place between alkyl halide and i1on pairs or rather clusters

in which anions are associated with more than one metal I1on™.
The dielectric constant of the solvent may be expected and

has been found to have an important influence on such
reactions. The preference for O-alkylation that is observed

in media of high dielectric constant has been rationalised

in terms of the relative geometries involved in the transition
states for O-attack and C-attack and coulombic attraction
terms which can help or hinder alkyl-halogen bond fission.

In aprotic solvents, an important additional factor comes

into play which can over-ride the influence of dielectric
constant. Protic solvents can selectively solvate the

anionic oxygen sites through hydrogen bonding and shield

these from attack by the alkyl halide, thus promoting
C-alkylation™n” Thus, although water has a high dielectric
constant, C-alkylation is favoured in this medium™M/’A,
Non-polar solvents also favour C-alkylation because of the
decreased dissociation of the anion and formation of molecular
aggregates™N*n” This view is similar to that of Ingold™
who had proposed that dissociated ions would give a

preponderance of ether formation while aggregates woiild
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give mostly G-alkylation, Consideration of the influence of
dielectric constant in terms of its capacity to promote
dissociation of the alkyl halide also leads to the same pattern
of reactivity. Promotion of an type of dissociation wilj.
result In greater O-attack, that is attack on the more electro
negative atom iIn the anionic partll’AZ- Solvation can be
either of the anion or of the leaving group. Heavy solvation

however, affects the rate of the reaction and also the yield

because it shields the anion from the approach of the alkyl

groupl2t,o,d,J3.

Heterogenity or the homogenity of the reaction mixture
also affects the alkylation ratio, heterogenity favouring
molecular aggregation and hence C-alkylation and homogenity
favouring O-alkylation™. Solvents can also affect the
orientation of C-alkylation as can be seen in the case of
water which gives a mixture of ortho and para C-alkylation™”n”
In other solvents ortho alkylation is predominent. Salts of
less acidic phenols favour G-alkylation due to their decreased
dissociation leading to molecular aggregations™”’

This factor also comes iInto the picture when concentration
of the phenoxide ion is increased, leading to lesser

dissociation and consequent greater C-alkylation.

The electro positiveness of the metal cation also
affects the course of alkylation, the less electro positive
metals giving more of C-alkylation due to the decreased

dissociationN* NAANIANZITNZAN>AN - However, in/case of cyclic
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p-keto esters like "-carbethoxycyclohexanone one gets more

of O-alkylation with less electro positive metal ion22-

The nature of the alkylating agent also plays an
important role specially in molecules which are not planar.
The alkylation is always from the least hindered side. In the
case of benzylations of 2-nitropropane anions, the course of
reaction very much depends on the substitution on the benzyl
group and also on the halide atom. p-Nitrobenzyl 1iodide gives
95% of G-alkylation. Change in halide atom and replacement

of*“NOg by other groups affect the reaction very much18

Allylic halides which are more reactive than saturated
ones favour C-all?ylation”™, The hardness of the leaving group

also has an influence on the course of the reaction18 TB-

Usually, steric requirements of the alkyl group should

be expected to interfere more seriously with carbon rather
148
than oxygen alkylation. However, the case of o-disubstituted
phenols provides an iInteresting exception. Increasing bulk
of the alkyl group in this case favours C-alkylation as
11,19-21

O-alkylation is sterically more hindered. The role of the

12c,20
steric factor is also well illustrated in nitrile anions.

The nature of the halide 1ion has significant effects
only on the yield of the reaction but not on the

selectivity™”’
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In the alkylation of p-keto esters, the rol” played by
_DN\_
the above discussed factors have been established22 2 ’27-
Some of the alkylations of cyclic ketones have been found to

Qp 2,

be anomolous , but use of nonpolar solvents and low
reaction temperatures have been found to minimise the

- , 2k- -
abnormal reactions in some cases™ . Halides of unusual

reactivity gave more abnormalities

The selective C-alkylation of dienolates, anions derived
from a,p-unsaturated acids and esters has been used for many
synthetic purpose528’29- Here,regioselectivity was found to
depend very much on the metal ion. The ketone enolates from
a-unsaturated ketones were extremely sensitive to solvents
and the steric requirements of both enolate and alkylating
agents™’™_ Here also, metal ion had a great influence on
regioselectivity28- Different solvent systems have been tried

<n
for enhancing the carbanion activity”™ .

The regioselectivity is quite marked in the case of
alkylations of 1,3-diketones (I11). Carbon alkylation at
a-sites iIn these compounds is very difficult Even if
the alkylation goes at the a-positions,the yields are relatively
very poor. Thus, compound IV with powdered NaOH in refluxing
pyridine gave a sodium salt which in DMSO with prenyl bromide
gave a mixture of C- and O-alkylated products (V) and (VI),

But the yield of C-benzylation product was very low .
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Disubstituted derivatives of ethyl benzoyl-acetate unlike

those of ethylacetoacetate can either not be prepared at all
or only in very small yields by treating the more substituted
ester with sodium ethoxide and an alkyl i1odide in alcohol- -
However, these monosubstituted esters when treated with sodium
in toluene and an alkyl halide do give the disubstituted
derivatives in good yields. Renfrow and Renfrowl'IJ have

worked out different methods for alkylation of acetoacetic
esters at the a-carbon. These alkylations go very poorly 1in

alcoholic media. The reason for not getting C-alkylation

in 1,3-diketones is that the negative charge density at the

ISO



a-carbon atom is not enough for the alkylation as it is pulled

away towards the two adjacent carbonyl oxygens as shown in VII,

Attempts at the allylation of ~-hydroxy couinarin (Villa)
to prepare 3~allyl“~hydroxy coumarins (VIIIb) by different

methods have not been successful>5

VIl a

This is a situation very similar to that obtained 1in
ascorbate anion. In general, the alkylation of 1,3-diketones
at the 2-position is very difficult and the yields are very
poor .

It Is interesting to note that cyclic diketones of the
type shown in IX, which mainly exist as enols iIn presence of

base give only O-alkylation. Failure to achieve the

181
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C-alkylation with simple enolates derived from such molecules
Is consistent with Huckel molecular orbital calculations for
corresponding mesomeric anions. These reveal a partial postive

charge on the carbon required to act,as a nucleophile®

Heterogenity of reaction medium, aggregation of ions,

metal 1on and solvation play a role in deciding 0/C-alkylation

the
ratio in/case of a,p-unsaturated cyclic ketones of the type

shown below™ (X).

or

CH.

R =PhCH2 OCH2
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The above mentioned factors affect the ratio of a/~ epimers of

the C-alkylation, the size of R being the deciding factor. When

R COOEt, it is always the p-isomer that is formed and with

R

CH™ the a-isomer is obtained. The principle of least

hindered approach is illustrated in the case (XI) with R = Me.

COOEt COOEt

NaH /dioxane
Benzyloxy methyl
Chloride

COOEt

(Only isomer)

R= -CHgOBz

However, when R = COOEt it favours approach from the same side
since the dipole of the group helps the polarisation that

/\ L]
develops in the transition state because of its proximity—’\l’\ ,\2_

Control of the stereochemistry that one can get in
alkylation reactions is of considerable synthetic interest.
The synthesis of resin acids involve alkylations of cyclic
~N-keto esters, and a,P-unsaturated ketones xiD)"™»”

In these reactions, not only the 0/C-alkylation ratio but
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Xl

R=H or COOMe

R= H or COOMe

also the a1 eplmer distribution is important from the synthetic
stand point. Since the substrates have their own stereochemistry,
the epimer distribution will be largely a function of steric
interactions 1involving axial and equatorialsubstituents. This
implies that thesize of the alkylating agent will have an
influence on the epimer ratio. However, several studies have
shown that the nature of the enolate ion is more iImportant

than the alkylating agent in determining the stereochemical

course of the reaction"™\.

Stereospecific alkylations are reported in the case of
several steroid molecules**"” In adrenal steroids

methylation by methallyl i1odide in presence of potassium-t-
the
butoxide and _t-butanol gives/a-epimer for the monoketo
the
compound and only/B-epimer for the diketo (XIV) compound-"~.
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C=CH

-"CH,

CH.

ergostane series with methyl iodide and potassium-t-butoxide

also gave high yields of products having 9a-methyl groups™ .

The foregoging survey of the nature of the results that
are obtained in the behaviour of ambident anions in allcylation
reactions does not provide us a ready rationalization of the
reported behaviour seen iIn the C~benzylation of ascorbic acid.
Itlwas therefore decided that a verification of the formation
of only one C-benzyl derivative in the reaction as well as

re-examination of its stereochemistry was essential.
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Results

Potassium ascorbate iIn 3Po aqueous acetone was benzylated
with benzyl chloride. The procedure was similar to the one
followed by Jackson et 2 The reaction Vas carried out for
about 80 hrs, at the end of which acetone was removed under
suction at 25-30°C. The aqueous layer was washed with pet.
ether to remove the unreacted benzyl chloride. It was then
extracted v/ith hot ethyl acetate. All the benzylated products
got extracted into ethyl acetate. The aqueous layer was also
concentrated at 30°C under vacuum. The PMR spectrum (Fig.l)
of this concentrated aqueous layer showed that it contained
only unreacted potassium ascorbate and no benzylated product.
The ethyl acetate layer after concentration gave a light
yellow oil (Oil A) which contained the benzylated products.

The PMR spectrum (Fig.2) of this oil showed t/0 prominent
signals at 187 Hz and 320 Hz assignable to methylenes of
C-benzyl and O-benzyl derivatives respectively. The intensities
of the signals were almost equal indicating a 1;1 ratio for

carbon to oxygen alkylation.

Oil A on standing deposited colourless crystals. While
these crystals were insoluble in CHCI”™, the residual oil was
found to be soluble. The whole mass was, therefore, taken up
in chloroform and the crystals were filtered off and washed
with chloroform. The filtrate on concentration gave a
yellow oil (Oil B). The crystalline compound was identified

as 2-C*benzyl®-ascorbic acid and it was recrystallized from
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8sl chloroform-acetone mixture. The ra.p. of the ..recrystallized
product agreed with that reported,and IR spectrum (Fig.3)
indicated the absence of a C-C double bond. The PMR spectrum

was in general agreement with a bicyclic structure.

The PMR spectrum (Fig.-4) of the Oil B showed that i1t was
mostly 3“0O-benzyl‘-ascorbic acid. There was no signal in the
region for a benzylic methylene group, indicating that all

the C-benzyl derivative had crystallized out completely.

The TLC of the Oil B on silica gel showed that it was
a mixture of four compounds. The major one was the 3-b3nzyl ,,
ether as indicated by the PMR spectr™om. This oil was separated
into the components by chromatography on silica gel. All the
fractions were examined by PMR spectra. 1In all these
fractions, we looked for any other C-benzyl derivative that
might have been formed; but none was found. The 3-0-benzyl
ether accounted for almost 90% of the Oil B. The other small
component (about was i1dentified as 2 ,3-di-0O-benzyl
ether of ascorbic acid. The remaining two components were
present in very small amounts and could not be identified.
They were presumably some decomposition products of AA.
There was about 2% residue which came out o:xggiumn only by

methanol elution and this was i;isoluble in most of the

other organic solvents.

Thus, these results clearly indicated that only one

C*“benzyl derivative was formed e.d it had the benzyl group
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in the 2-position. The above experiment.: was repeated
several times and the results were found to be reproducible.

The total benzylation yields varied between 30 and UPo

Prolongation of reaction times beyond 70 hrs did not
give much effect on the benzylation yield. Neutralisation
of ascorbic acid only to the extent of about 9o gave a pH
of 5.8 to the solution. Reactions done at this pH gave
slightly increased amounts of side products (products other
than the C-benzyl and O-benzyl derivatives). Neutralisation
of ascorbic acid almost completely gave a pH of 8,5 to the
reaction medium, Benzylations at this pH reduced the amount
of side products; however, there was no effect on the total
benzylation yield. Since the reaction at a pH of 8.5 gave
a clean®r product mixture, further repetitions were done

only at this pH.

Benzylation of ascorbic acid using different solvents
did confirm the conclusions of Kornblum™ on the variation
of 0/C-alkylation ratio with change in solvents. MSO which
is a solvent with high dielectric constant, gave more of
O“benzylation. The aqueous acetone reaction being
heterogeneous and also having polar solvent like water gave
more of C-benzylation. Reactions in pare-MeOH and water

XoteJ
gave much less”™benzylation as compared to mixture of solvents

The ratios of 0 and C-benzylation obtained in the
various products were determined from the intensities of

O- and C-benzylic methylene signals in their PMR spectra



and these are presented in Table 1.

Table 1
Solvent used C-benzylation % O-benzylation
1 50% aqueous acetone 50 50
2 mso * 25 75
*
3 MeOH/HNO 25:75 40 60
4 \/ater 60 40
5 MeOH * 40 60

In the work up procedure, the acetone was removed
before extracting the benzylated products into hot ethyl
acetate. The removal of acetone had to be done at about
25-30°C only. Increase in temperature at this stage could
lead to the hydrolysis of the unreacted benzyl chloride
generating hydrochloric acid. This acid might catalyse the
formation of an acetonide of the benzyl derivatives formed.
In fact, the increased temperatures did give rise to the
formation of acetonides of the benzylated products. Even
these reaction products were analysed chromatographically
and it was found that only one C-benzyl derivative was

formed iIn the reaction.

* Please see experimental section.

HIT



Table 11 shows the results of various benzylation
experiments carried out. In each case, the C-benzyl
derivative, which crystallised out from the oil was washed
with chloroform to make it free of other products. The purity
was checked each time by m.p,, PT4R spectrum and other physical
and chemical properties. The aqueous layer was also examined
in each experimentso The PMR spectrum (Fig,2) of the crude

reaction product indicated a ratio of 1;1 for the 0-and C*

benzylations.
Table 11
No. of Time of % of pH of the Total Yield of
Expt. reaction neutra- solutionyield of C-benzyl
in hrs. lisation benzyla-*“ derivative
tion /o
products non
QD)
1 60 90 5.8 38 17
2 100 90 5.8 36 16.5
3 70 90 5.8 28 12
U 70 90 5.8 39 17
5 60 100 8.5 40 17.5
6 70 100 8.5 35 15
7 80 100 8.5 42 18
8 100 100 8.5 42 18

9 100 100 8.5 39 17
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The chromatographic analysis of the residual oil(0Oil B)
was done in Five experiments and in all cases it Was shown

that only one C-benzyl derivative was formed.

Benzylation of ascorbic acid acetonide was also done
under identical conditions. Since the acetonide Iis susceptible
to hydrolysis under its own acidity when dissolved in water,
care had to be taken to add it to an alkaline solution
containing required amount of alkali. The net yield of
benzylation in this case was iIn the range of 50 to 55 percent.
The PMR spectrum (Fig.5) of the crude reaction product did
not indicate any C™-benzylation. It was very well resolved and
showed sharp signals indicating the purity of the product.

It showed signals due to 0-CH2 and acetonide group at 324 Hz
and 78 Hz respectively. Their intensities were in the ratio

of 1:3 so that they could together be taken to mean that it

was mostly 3-0-benzyl-ascorbic acid acetonide. The crude oil
eventually crystallised. On recrystallisation from 5 percent
acetone in petroleum ether, it gave pure 3-p-benzyl-ascorbic
acid 5>6-acetonide. All the physical constants and spectral
data confirmed the purity of the sample. Only 5 to 5 per cent
of the oil was left in the mother liquor. This was presumably

a mixture of decomposition products.

The chromatographic analysis of this reaction product
was also done on cellulose although, this was not really
necessary. The TLC of the crude oil showed 3 spots, the

middle spot being the major one. Column chromatography on
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cellulose showed that the major component constituted 90 per cent
of the product mixture. The slov; moving one was identified as
tde unreacted acetonide and the fast moving one was present in
almost negligible quantities only. The latter was not _
identified. There was about 2-3 per cent residual material

on the column wv/hich came out only on elution with methanol.

This was found to be insoluble in most other organic solvents.

The aqueous layer Was also examined by PMR spectroscopy,
after concentration at low temperature (30°C). It did not
indicate the presence of any benzyl derivative. The only

material i1t had was the unreacted acetonide.

The PMR spectrum of the crude oil had no signal that
could bo attributed to one coming from a benzylic “C“CH2
group. The oil which crystallised after some time on
recrystallisation from 5% acetone in petroleum ether gave the
pure 3"-0“‘benzyl“5,6-acetonide. The mother liquor after
filtering off the crystals was concentrated to get a light
brown oil which corresponded to only about 5 to 6% of the
total oil. The PMR spectrum of this oil indicated that
it was a mixture of some decomposition products. In this
case, the chromatography was really not necessary because
the oil eventually crystallised to give the pure 3-0-benzyl-

acetonide.

Table 111 shows the results of the various acetonide

benzylations carried out.






Table 111

Mo. Time of % of pH of the Total Yield of the
reaction neutrali- solution yield recrystallised
(hrs) sation /N product (%)
1 70 100 8.5 53 50
2 80 100 8.5 50 47
3 90 100 8.5 55 51
4 100 100 8.5 58 54
5 70 100 8.5 50 46

Benzylation of D-iso-AA was also done under identical
conditions. The total benzylation yields here were better as
compared to those for AA benzylation. The average yield was
about 50%. The oil obtained after concentration of the ethyl
acetate layer showed k spots on TLC, The PMR spectrum (Fig.6)
showed a signal at 3* v/hich could be assigned to a
C-CH2 group. But its intensity was too lovf. The major spot
corresponded to almost 80-85/0 of the total product. The other
small components together wore about 10-15%e This mixture
was subjected to chromatography on a silica gel colimn. The
major component was identified as 5-0-benzyl D-iso-AA.

Another small fraction was 2 ,3*di-0-benzyl"”D--1sO0”AA. The

third component was small in amount and was 3-0bcnzyl -
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5sS-acctonide of D-iso-AA. The fourth component could not

bo identified and wac likely to bo a decomposition product. The
PMR spectra were used to examine all the column fractions.

About 2“3% of the total oil which remained on the column could
be eluted out only with methanol which gave a brownish solid
v/hich was insoluble in all organic solvents. The chromatography
was repeated on cellulose also and the results obtained v;ere

the same.

The aqueous layer was also examined by PMR spectra
after concentrating it at room temperature. It had only
unreacted potassium salt and no benzylated products. Table 1V

shows the results of different experiments.

Table 1V
No. Reaction % of pH of the Total yield
Time neutrali- solution of the benzyla-
%) sation tion (20
1 70 100 8.5 53
2 90 100 8.5 52
3 100 100 8.5 55
4 70 100 8.5 50

The results can be summarised as follows:-



-
o/

-
o/
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Ascorbic acid in 3b0 agueous acetone gave a
mixture,of C~benzyl and O-benzyl derivatives iIn the
ratio of 1:1. There is only one C-benzyl isomer
formed and it had the benzyl iIn 2**position. The

average yield of the total bcnzylation was about 35%.

Ascorbic acid acetonide gave only an 0“benzyl ether

with an average yield of 50".

D*“isO*“ascorbic acid gave O-benzyl derivative as a
single large product (about 83%) with very small
amounts of C-benzyl derivative \/hich could not be

isolated.
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Discussion

The benzylation of 1A described earlier’ was repeated
several times and the products carefully examined for the
formation of a possible stereo-isomer of the reported product.
The results were negative. But the stereochemistry of the
product obtained appeared to be opposite to that which has
been assigned to it. The PMR spectrum of 2-C-benzyl AN

is in complete accord with the bicyclic structure (II).

Ph
n b XV
AA 2-C - Benzyl AA DHA
6Ci4)—H 4*98 &ppm 4-27 Sppm 4-75 Sppm
c (5)-H 4-09 4.46 4759
¢ 3-75 4- 14 4-24

The spectrum of the compound in DgO (Fig, 7) which is
displayed along with that of AA itself, shows a doublet at
h.27~S which can readily be assigned to a multiplet
centered at due to and another multiplet
centered at ~1 S due to C™~™-protons. The singlet at
3.13. 7~ may be assigned to the methylene protons of the

benzyl group. The Ffive aromatic protons of benzyl group
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give an unresolved narrow band. The changes in shifts
observed for the and C™M~2N-protons in the
transition from kk to the benzyl derivative are quite striking.

The and -proton signals move downfield while that

of moves upfield. The downfield shifts (0,39 and
0,38 ppm respectively) are consistent with the formation

of ring B, Similar downfield shifts are seen for the

and C™M”2-protons in the conversion of AA to DHA (XV).
The -proton of DHA is only slightly more shielded than the
similar proton of AA. It would be reasonable from this to
conclude that the anticipated effect of formation of ring B
on the absorption should be slightly shielding for 1I.
What i1s actually found is a very pronoianced upfield shift for

by about 0.68 ppm. This 1is undoubtedly an effect of

the introduction of the C-benzyl group. The marked upfield
shift* may be readily rationalised if the benzyl group at
~2) exo. The is likely to come under a large
shielding effect of the phenyl ring of the benzyl group only
when the benzyl is exo. ITf the benzyl group had an endo
stereochemistry as assigned by the earlier workers , one

would not expect an appreciable upfield shift for
as the benzyl group, being on the wrong side, would be kept

far away frcan by ring B, If it were possible for
the phenyl ring to assume an orientation where it can

provide a small shielding effect on it is found

from an examination of a Dreiding model that such a phenyl

* For DHA, the downfield shifts for G/™-H and

are about 0,5 and 0.79 ppm respectively, and the

upfield shift foJ~"GM)™-H 0.22 ppm, the signal

appearing below/that of GM/™-H. In the spectrum of C-benzyl-AA

the signal is upfield from that of G™M"N-H.
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conformation should result in very strong upfield shifts
for the protons on and particularly those which
are endo. Such effects are not observed for these protons.
In fact, only the effect of fornation of ring B is seen.
Thus, the stereochemistry is undoubtedly exo for the benzyl
group. The spectra of the compound in pyridine and DMSO
are also shown in Figs. 8 and 9. The large upfield shift

for the iIs observed in all the spectra.

The earlier assignment of stereochemistry was made on
the
the basis of/dextro rotation shown by the amide (XVI) obtained

from (D). It was contended that Hudson’s™ lactone rule
Ph
E—NH,
Bz C— OH
————— C—OH
H—C—OH
Ho—d—n
————— CHo

lib XVI

would imply that the hydroxyl at the 2-position would be

to the right in the Fischer-Rosanov projection if the amide
Is dexterorotatory. However, Hudson’s rule assumes that the
amide group is attached to a CH-OH group. In other words,

the second group at must be a hydrogen in order for
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Fig. 8 60 MHz PMR Spectrum in pyridine
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the rule to hold good. In the case under consideration, this
is not so. Instead of a hydrogen, we have the highly
polarisable benzylic group. The very large effects that a
phenyl group can have in determining the rotation of an
optically active compound even when it is on a carbon adjacent
to the optically active centre may be illustrated with the
change in rotation from L-alanine (XVII) to L-phenyl-
alanine (XVII1). The molar rotation changes from +2 to -58

a

under comparable conditions on the introduction of/phenyl

group one carbon away from the optically active carbon.

COOH ﬁOOH
H2N~C—- H H H
CH3 CH2
Ph
XVII XVIII
aS-alanine oC-phenyl alanine
Mp = +2 Mp=-58

The error in the earlier assignment has thus been caused by
ignoring the benzyl substitution effect. The significance
of Hudson’s rules is presumably that the more polarizable
group would be to the right iIn the Fischer projection, us
between OH and CHg-Ph the latter 1is apparently the one that

iIs more polarizable. Such an interpretation would make
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the results consistent with the stereochemistry implied by

the PMR cheraical shift data.

Now that the stereochemistry at iIs established
unambigiously. the next question to be answered is why only
the exo epimer is formed. The possibility of the side chain
at 4, X exerting a large enough hindering effect on the
attack of the ambident anion at the position byzggﬁzyl
group is very unlikely. Because of the planarity of the ring,
any steric effect of the type mentioned has to be small. The
nature of the results obtained in the benzylation of the
5,6-acetonide of and D-iso-AA show that steric effect has
hardly any role to play. With the acetonide, no C-benzyl
derivative was at all formed while 3~0-benzylation was quite
appreciable. The acetonide fimction merely increases the
size of the side chain of the molecule and can hinder the
approach of benzyl chloride to only when it is from the
same side. There is nothing at all to hinder the approach
from the opposite side of the ring, and this derivative should
have therefore given a C-benzyl derivative just as itself.
But none was formed. With D-iso-ascorbic acid, the
benzylation was mostly at the 3-oxygen, The reaction
mixture seemed to show a signal in the PMR spectrum (Fig.6)
assignable to a benzylic methylene, indicating the likel/hood /
of the formation of a small amount (about 1/6th of the
3-0-benzylation product) of the C-benzyl derivative. But,

none could actually be isolated by chromatography of the
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product. D-lso/ji». differs from only in the configuration
at The bulk and nature of the side chain at is
the same in both cases. However, there was considerable
difference iIn its behaviour iIn benzylation as compared to
that of AA. As in the case of the acetonide, the side of the
mf'-lactone ring opposite to the one having the side chain is
completely free in D-iso-Aii as it is in itself. However,
the experiments done showed that formation of the C-benzyl

derivative was not as facile as in the case of Ux.

The differences in behaviour that have been observed
cannot thus be rationalized if the reactive species is (I).
It is, therefore, necessary to consider the other possible

forms we had discussed in the last two chapters. We

have already seen that the different isomeric forms

of Al that have been postulated are not present in high
enough concentrations to be directly observable. However,
as noted earlier, some of these, though present in only
very small concentrations, can be more reactive than the
normal form and can have great significance for the
reactivity of the vitamin. The isolation of the 1—0—me§hyl
hetero AAM, the likelyhood of Ut existing in the hetero
form (XVI1l) and the possibility that some of this will go
over to the bicyclic species (XIX) or (XX) have all been
mentioned. These can give rise to the ambident anion (XXI)

which can be the reactive species giving exclusively the
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exo product in. the C-benzylatlon. All these possible species
are shown in Chart I. Potassium ascorbate is the salt of

a weak acid and a strong base, and there will always be a
hydrolytic equilibrium under the reaction conditions mentioned.
This means that some free ascorbic acid and hetero ascorbic
acid will always be available from which species (XXI) can

be formed.

We may now consider the reactivity of species (XXI)
in which the negative charge is delocalised in the ~Q)"*(1)~*"
chain. The charge density here 1is distributed between '~(0)

oxygen.
and the lactone carbonyl/ ys compared with this, the
negative charge of the i1on 1 is more highly delocalised
and the available charge density on should be expected
to be lower. Further more, the energy for localisation of
the charge at will be much higher for the ion I than
it will be for (XX1). The activation energies for the
alkylation reaction in the two cases will therefore be

very different. The latter reaction will be more facile than

the former.

As far as stereochemistry is concerned,it is eminently
reasonable to consider that attack from the exo side would
be preferred since it would be the less hinderedside. The
alternative mode which is attack from the endo side will
be highly hindered. Thus, if it is the bicyclicanion that
is the actual reactive species, i1t will furnish a

ready explanation not only for the exclusive formation of
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only one product, but also the stereochemistry that Is

obtained for it.

Further, the behaviour of acetonide in the benzylation
reaction lends strong support to the proposition that it is
the bicyclic anion that is the reactive species. For the
formation of the bicyclic iIntermediates, the free OH group at

the CM~2N-position is a must. When this is blocked, the
formation of the bicyclic form is also blocked. This is
presumably what happens in the case of ilui-acetonide where

the OH at is blocked by the acetonide formation. Only
the open chain ambident anion is available in this case,and
this, apparently, gives only 0O-benzylation. Since the
bicyclic anion which would have the higher reactivity required
for C-bcnzylation cannot be formed at all, no C-benzylation

can take place in the case of ;ui.-acetonide.

We now come to the problem of the benzylation of
D-iso-1"J*. under 1identical conditions. The reaction was
predominantly at the oxygen. The spectrum (Fig. 6) of the
reaction mixture shows a low intensity signal that could
be interpreted as a benzylic methylene on carbon. However,
no C-benzyl derivative was isolated in the chromatography
of the reaction mixture. It could be safely concluded that
even it some benzylation had taken place, the extent of
reaction was much smaller than in the case of AA. ( Fig. 10

the
shows the PMR spectrum of/pure 3-benzyl ether of D-iso-iiA.
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plausible explanation for this difference may be furnished
on the basis of the need for the formation of a bicyclic
form for the reaction.When one considers the open-chain
structure, it is difficult to see why this compound does not

behave like Ai. in the benzylatim reaction.

A careful examination of the molecular models of the
bicyclic forms of kA and D-iso-iiA reveals an interesting
situation. The pictures of these two bicyclic models i.e.
of i (XX) and D-isc-i1J*. (X/Ql) are shown in Fig. 11. The
lactone oxygen attached to eclipses with the oxygen
on in the latter case. This will raise the energy of
the bicyclic form and increase the activation energy for
the cyclisation reaction. This situation would tend to
decrease the equilibrium concentration of the bicyclic form
and reduce 1its rate of formation. Another factor that can
help rationalise the C-benzylation yield is probably the
repulsive interaction between the and oxygens .
which would both be endo in the benzylated product. The

rate of reacti:;n of the anion with benzyl chloride is in

all possibility lower iIn this case.

These considerations show that the major difference
between 1J* and D-iso-iiii is only in the two factors mentioned,
When the configuration at is changed from D to L
these Interactions disappear. Since the equilibrium

concentration of the bicyclic form is low in the case of
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D-1so-AA and 1its rate of formation is also low, C-bonzylation
cannot compete effectively with O-benzylation, and only thd
O-benzyl derivative is formed. The energy raising interactions
between the and oxygens in species (XXI1l) 1is a
sum of Van der Walls and Coulombic repulsion terms. The
hydrogen bonding interaction between the oxygen and
-hydroxyl, which is energy lovrering, cannot compensate
for the 1increase in energy arising from the repulsive
terms mentioned. The repulsive interaction between the
and oxygens will be mostly Coulombic in nature
and it will get reduced with change in configuration from

D to L at

The nature of the results obtained in benzylation of
Ail and its analogues are thus in very good agreement with
the postulate that the reactive species involved is derived

from a bicyclic form.
Conclusion

The S-°G benzylation product of Mi. has been shown to
have its benzyl group in the exo configuration iIn its
bicyclic structure on the basis of PMR data. This assignment
IS opposite to that made earlier. It has been pointed out
that the error in the earlier assignment has apparently
arisen from the lack of consideration of substituent effect

of the benzyl group on the optical rotation of the derivative

"./hich was employed for the configurational assignment.
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The fact that only one C-benzylation product is
obtained iIn the reaction has been verified. The acetonide
of AA was found to give only O-alkylation in the reaction,
while, with D-iso-AA, O-benzylation prodominated. The
behaviours obtained in the benzylation of the three compounds
have been rationalized in terms of reactions via bicyclic

intermediates.
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Experimental

1. Benzylatlon of AAp

AA (10,0 g) was dissolved in water (100 ml) to which
KOH (3.~ g in 25.0 ml of water) was added. Benzyl chloride
(7.2 g) dissolved in acetone (100 ml) was added to the above
solution. This mixture was kept tightly closed on a mechanical

shaker for the required period of time (normally about 80 hrs).

After completion of the reaction, acetone was removed
at 25-30°C under vacuum on a rotary evaporater. The mixture
was then washed with pet.ether (60-80°~ 3 x 150 ml*" portions)
to remove the unreacted benzyl chloride. The aqueous solution
was now extracted repeatedly with hot ethyl acetate (6 x 200 ml
portions). The aqueous layer was concentrated and its PMR
spectrum was checked to m.ake sure that it did not contain any

benzylated product.

The ethyl acetate layer was dried on anhydrous sodium
sulfate. It was then concentrated under vacuum at 30~"0°C
using a rotary evaporater to get a yellow oil. The A"l of
the oil obtained was checked each time to determine the
proportion of 0- and C-benzylation products. The thick yellow
oil, on being allowed to stand, deposited crystals of
G-benzyl-AA (seeding with C-benzyl-iiA from a previous experiment

hastened the crystallisation).

After the crystallisation was complete, the mass was

extracted with CHGI™. The crystalline C-benzyl derivative
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being, Insoluble in CHCI™, was filtered off. The CHCI™ layer,
which contained mainly 3-0~t)enzyl-Aili, was concentrated under
vacuum at 30~40°C toget a vyellow oil. ThePMR spectrum of
this oil was checked each time to make sure that no C-benzyl-AA

was left in it

This oil was now loaded on to a silica gel column
(250 @) of 1 inch diameter which was packed in benzene. The
oil was dissolved inabout 20 ml of acetone into which = _
10.0 g silica gel was added. The acetone was evaporated
very slowly. The free flowing silica gel with the oil on it
was loaded on to the column as a benzene slurry. The elution
was started with benzene itself. The polarity was gradually
increased with ethyl acetate. 150 MI of the eluate was
collected in each fraction. The elution was monitored with
the help of silica gel TLC. The developing solvent system
for TLC was a mixture of 15 parts MeOH, 15 parts of acetone
and 70 parts benzene. 3“0-Benzyl-A/i., the major component of
the oil, came out of the column with 30-}%0" ethyl acetate in
benzene. The column was washed with ethyl acetate, acetone
and finally, with MeOH. All the fractions were analysed with
the help of PMR spectra, and the other possible epimer of
G-benzyl-i1/i. was looked for. The entire experiment was
repeated several times in order to make sure of the results.
The second epimer was not found anywhere. The 2-C-benzyl-AA
was recrystallised fv<xi 1 chloroform acetone mixture,

m.p. 156°C.

The silica gel used here was prepared from the commercial
grade material according to the procedure described in Chapter

v,



2. Benzylatlon of ki* acetonide

KOH (3.~ g) was dissolved in 125 ml of water to which
12.0 g of the acetonide was slowly added. The addition of
the acetonide to an alkali solution was necessary as/gggtonide
would readily hydrolyse to #Ji iIn pure water. Benzyl chloride
(7.2 g) dissolved in acetone (100 ml) was added to this and
the heterogeneous mixture was kept on a mechanical shaker for
the required length of time. The work-up procedure for the
isolation of the reaction product was identical to the one
adopted in the case of AA. Here, the pet.ether washings
contained the SDre henzylated product which crystallised out

(109-110"0

on concentrating the pet.ether layer. The m.p.”and spectral

data for this crystalline compound showed that it was only

pure 3" 0-benzyl-1Jx 5,6-acetonide,

The ethyl acetate layer gave a yellow oil which
crystallised readily. The PMR spectrtira of this was checked
each time. The solidified oil could be easily recrystallised
from CHCI™ and pet.ether (60-80°) mixture. The mother liquor
after crystallisation was also examined each time by PMR

spectrum.

However, 1in two experiments, the oil was subjected to
chromatography on cellulose (250 g) (since the acetonide group
was very susceptible to acids, this oil was separated on a
cellulose column instead of silica gel). The column was packed

in pet.ether in a one inch diameter column. The oil was loaded



on to the column after it was adsorbed on a small amount of
cellulose. The 3-0O-benzyl-i1Jiu acetonlde got eluted out
with 5 to 15 GHCI™ in pet.ether. The recovery was almost

90 to 95%.
3. Benzylatlon of D-iso-lu\

This was carried out exactly under the same conditions
as described for the case of /l using the same quantities of

materials.

The oil obtained from ethyl acetate layers refused to
crystallise even after long standing. So, this was taken up
for chromatography as such. The chromatography was also done
under the same conditions. The behaviour of the oil on the
column was similar to that of the Lk benzylation product. Here
also, all the fractions were checked by PMR spectra. Only

3“0-benzyl derivative could be obtained in the chromatography.

4, Benzylation of AA in solvent systems other than aqueous acetone

In case of purely aqueous system and aqueous-MeOH system
the work-up procedure was almost the same. Only iIn case of
agueous-MeOH system, the ethyl acetate extraction was done
after removing MeOH. [In case of 1>1S0, the solvent was removed
at 50°C in a rotary evaporator under vacuum and the residual oil
was dissolved iIn ethyl acetate. The ethyl acetate layers dried

and concentrated to get oils, which were analysed by PMR spectrum

to get 0/C benzylation ratio.
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Chapter VI

HYDROXYLATIONS MEDIATED BY
ASCORBIC ACID
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Introduction

Ascorbic acid (@@lA) i1s knovm to play a key role in
many biochemical transformations”™. An important type of
reaction catalysed by AA in living beings is hydroxylation.
AA has been shown to be essential for the conversion of
proline to hydroxyproline in collagen synthesis , the
biogenesis of corticosteroidso’IJ and the conversion of
tryptophan to its 5-hydroxy derivative®. AA is also known to
hydroxylate simple aromatic compounds for instance, acetanilide,

in presence of NADH . However, all these are enzymatic

reactions.

In 19)f3, Warren demonstrated for the first time non-
enzymatic-oxidations catalysed by AA7- Hydrocarbons like
anthracene, naphthalene and 3”-benzpyrene wero. found to be
hydroxylated in 80 aqueous acetone by air in presence of
The reactions were carried out iIn the absence of light to
prevent photo-oxidation of AA. This was an iImportant
observation because the aromatic hydrocarbons are carcinogenic,
and i1t is essential for the succeptible organisms to be able
to eliminate or detoxicate them iIf they get into their bodies.
It is of iInterest here to note that it has been shown that
when fed to animals on naphthalene diet inhibits the
development of cataract”. In the absence of At., naphthalene

added into their diets i1nduced the development of cataract

in the animals.

Udenfriend, Bordie for the first time, made a

9-11.
systematic study of aromatic hydroxylations mediated by /Ji
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They demonstrated that the products obtained in enzymatic

as well as nonenzymatic systems are the same. They
successfully carried out hydroxylations of various aromatic
compounds like acetanilide to N-acetyl-p-aminophenol, aniline
to p-aminophenol, salicylic acid to gentisic acid etc, with

a system consisting of iui, FeSON_711"0 and disodium salt of
EDTA in a phosphate buffer in presence of molecular oxygen

or This system has since been called the
"Udenfriend system®™ or a "model system®™ Tfor hydroxylation which
mimicks the enzymatic reaction. Later, various workers have
made use of the model system for different types of hydroxy-
lations and suggested different mechanisms for the reactions
involved. The transformations that have been claimed to be
produced by the Udenfriend system include hydroxylations of

amino acid512~l8, aromatic compounds including hydro-

in 19  on _ _ :)o_ oh- _
carbons , corticosteroids™” and deoxychlolic
ackkku, N-demethylation , oxidative decarboxylation of
fatty acids—"""'-", epoxide formation-" etc., out of which

aromatic hydroxylations is the one to which most of the

studies have been devoted.

However, out of these, hydroxylations at carbon
atoms are of special iInterest since these are difficult
functionalizations to bring about without the help of enzymes.
Conversions of ll-deoxycorticosterone, 7-deoxycholic acid

and proline into corticosterone-" , cholic acid and

hydroxyproline™” respectively by the model system have



been reported. The products mentioned are the same as those
obtained iIn the enzymatic reactions. These are highly regio
and stereospecific transformations. In the conversion of
deoxycorticosterone, TfTor instance, the reported observation
means that the model system produces a species that is able
to selectively abstract a hydrogen from the ll-position and
oxygenate the site selectively from the p-side. IT the
reactive part of AA is the ene-diol-? -lactone system as 1is
generally assumed, and the reactive intermediate involved 1in
the hydroxylation is considered to be one derived from it
without any iImportant structural change, i1t will be difficult

e - 9 19 21 23 %;
to understand the reported specificity. The hydroxyl > 7 30~

25_"ONT7 .
and hydl-cPeroxy ~ -radicals, mono-dehydro-ascorbic
N + AN
acid2 29 and the OH Ion'O have been suggested as reactive
intermediates in the reaction. But, i1t is Inconceivable

that these can give rise to the selectivity that has been

. 17 72" _ . S
claimed . In this connection, 1t is natural to ask
if tbe side chain has any role to play and whether the kind
of bicyclic intermediates we have considered in the earlier
chapters in connection with benzylation and autoxidation
might not be involved. A reactive intermediate obtained

from these would be more suitable for obtaining stereo-

selective transformations.

It i1s also conceivable that the same question may be
connected with another difficul{y regarding the reactivity

of Wi. jilthough i1t is a good hydroxylating agent in presence



of molecular oxygen, the substance and some of its
derivatives are also known to be oxidation inhibitorslﬂ_
For instance, the 6-esters of have been used for the
stabilization of linsaturated fatty oils against

autoxidationhz’

It is also generally assumed that, in
non-enzymatic reactions, the behaviour of iIs governed by
the properties of the ene-diol-"f"-lactone system. The manner
in which the same moiety can play these seemingly contradictory
roles has never been explained. It is possible that it is
again the involvement of the side chain that would help
provide a satisfactory explanation for the difficulty. It was
therefore thought that a comparison of the effectiveness of
Hix and some of its derivatives and analogues in Udenfriend
hydroxylations might give useful information as in the case
of the autoxidation experiments. But before we get to these
experiments, it would be appropriate to give here a fuller

account of the current status of knowledge on Udenfriend

systems.

The substrates that have been studied and the
transformations that have been achieved have been indicated.

We shall restrict our attention here mostly to hydroxylations.
The components of the Udenfriend system are 1Ji or any

other ene-diol, a metal ion, most often iron, a complexing
agent like EDTA and molecular oxygen or HgOg. The medium
of reaction is generally a phosphate buffer. Elimination
of any one of these components produces a very remarkable

reduction of the hydroxylation efficiency.



Several ene-diols including dihydroxymaleic. Qcid and
dihydroxyfumaric acid and catechol have been tried iIn place
of with positive results”’ Diketo compoimds like
DH;., which were initially claimed to be active, were later
found to be inactive in Udenfriend hydroxylations™. In the
case of oxidative decarboxylation of fatty acids by it was
shown that an ene-diol such as aa, where one proton is more
acidic than the other (an unbalanced ene-diol), was necessary
for activity as a catalyst™. The configuration at also
seemed to have a significant effect. D-1so-i1Ji had half the
activity of A and DHii had none. [H4 and catechol were not

very effective 1In producing oxidation™.

lons of copper or iron were essential for the Udenfriend
system to work. Iron has been found to be more effective
since copper destroys the ene-diols too rapidly by
autoxidation There has been a great deal of controversy
as to whether Fezlt or Fe is the effective catalyst and all

conceivable possibilities have actually been

suggestedNNANINC IANINANTI NN NO 2 \N* favour mono-

dehydroascorbic acid as the reactive iIntermediate assume FeN"™
as the effective catalysf™” _ Replacement of iron by

CoNn, CoN™, MY=*=_ Hg™ gave little or no activity™”.

a
The use of/chelating agent, although not absolutely
essential, enhances the rate and yield of hydroxylation by
) ) 3 9 TN 28 36
preventing wasteful oxidation of the ene-diol*> > > ~» |

The disodium salt of EDTA is the most commonly used chelating
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agent and an Fe-EDTA-Og o complex has been proposed as
an intermediate in the reaction. Although iron forms only
a 1“1 complex with EDTA, the optimum metal to ligand ratio

has been found to be 1:2/\VA/An,

As noted earlier, either molecular oxygen or ir2/2
required as the oxidant in the Udenfriend system™ Use of
labelled oxygen demonstrated that the oxygen introduced into
the substrate is mainly coming from the molecular oxygen™"/.
Reaction conditions like temperature, pH and the concentrations
of ene-diol and metal 1i1on have also been stud ied””

The majority of hydroxylation have been done at 30 to
Hydroxylations have been carried out over the pH range

2 to 7.5, the optimal pH depending on the substrate. Many
workers have preferred a pH of 6,8 which is close to
physiological conditions, "t higher pH, wasteful oxidation
of or other ene-diol has been found to be greaterhﬁ. The
rate and amount of hydroxylation increased with increased
concentration of the ene-diol upto a certain point beyond
\-ifhich no added advantage was obtainedg’ . kR similar effect

9.27

was seen for the metal 1i1on concentration also

Although, the products in the enzymatic and non-
enzymatic hydroxylations are the same, there is an
appreciable difference between the two sSystemsMNIANTAN
Hydrogen-peroxide cau be used only in the nonenzymatic
case™’”_  The AA that is converted into DHA in the non-

enzymatic reaction is 1irritrievably lost. But, 1in the
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enzymatic case, the DHA formed 1is reduced back to It
must also be mentioned that though there are many reports
claiming high specificity for the "model system™", there are
a few that seem to indicate formation of only mixtures of
productslA’in ’ There 1is at least one each of this typo
for proline™ and some aromatics™"~", including

21 h7 ;
> ". However, claims of

I
phenylalamine and coumarin
specificity have been a predominant feature of the available

literature.

Various mechanisms have been suggested for these
hydroxylations. All the proposals that have so far been
made, relate to aromatic systems. In the earlier studies,
no distinction was made between reactions using molecular
oxygen and HgOg. The two cases were deemed identical and a
common mechanism was assumed. In the initial phase of the
extensive studies on the Udenfriend system, most workers were
of the opinion that is oxidised iIn presence of molecular
oxygen and metal 1ons, to give hydrogen peroxide, which in
presence of Fe™”™ will give rise to OH radicals. This reaction
mixture was thus assumed to act like Fenton®s reagentljl‘8
Grinstead™ showed that the enzyme catalase, which destroys
HgOg, inhibited hydroxylation and assumed that this favoured
the Fenton type of mechanism in case of aromatic substrates.
He also suggested the possibilitytm?IHOZ radicals mfgﬁg

also be partly involved in the reaction. The OH or HOg

radical would generate aryl free radicals which would



continue the chain. Similar free radical mechanisms were

favoured by Douzue- and Buhler™.

Many others, however, could not furnish proof for
existence ofany time in. the model system, MMso It was
shown that could not replace the ene-diol in the
system ~* . Udenfriend e”™ al. believed that the
hydroxylating species is some unknown product formed by the
reaction of and HgOg, which is itself obtained by the
reduction of Og by ‘uk, Dalgliesh29 and Achesongg,mmo
supported this,considered a free radical electron acceptor
like monodehydroascorbic acid (WHi"O as the active
intermediate and ruled out the possibility of attack by
as suggested by Williamsl}O- The fact that hydroxylations
are at electron rich sites is consistent with a free radical
mechanism™\. The presence of free radical in the model system
was proved by i1cheson by initiation of polymerisation by the
"model system*zz- The existence of MDE/i during oxidation
of Ui in presence of metal ions has been proved by several

workers using ESR spectroscopy

Some more recent studies have suggested that the two
types of model systems i.e. model system with Og and with
HgOg as the oxidants are different and act by different
mechanisms”” I-Jere HgOg oxidant, OH radicals are
involved, and,when molecular oxygen is the oxidant,the

reactive species is presumably different.
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An interesting and attractive mechanism has been
suggested by Hamilton for the Udenfriend type of oxidation?®
This mechanism appears to be applicable for both sp” and
sp hydroxylations. It is similar to the one suggested earlier
for hydroxylation of anisole by hydrogen peroxide requiring
catalytic amounts of ferric i1on and catechol”™. The opinion
has been expressed that such reactions are reminiscent of
carbene reactions and the implication is that an oxygen
species with six electrons and similar to a carbene or
carbenoid species is responsible for oxidation. The evidence
supporting the suggested mechanism (Chart 1) for the model
system is the similarity of some of i1ts features to those of
the enzymatic system. The tetrahydropteridine cofactor (1)
required by phenylalanine hydroxylase has structural features
similar to 1IJ* (11) and 2 , 5-triamino-6-hydroxypyrimidine (I11)

which can replace in the model system.

OH



2+ 8

&
£ 00by 5
SS9 s BIES
3 a500
(o)

b e
LoV =0



Both model and enzymatic systems appear to require a metal

ion usually FM™*2 TYe stoichiometry of the reaction is as follows™

Og + S + AHg SO + A + HgO,

where S is the substrate being oxidised and SO the product.

Most of the mechanisms suggested have been in connection
with hydroxylations at sp carbon sites where the question of
stereoselectivity is not involved. The reported hydroxylations
at carbons are substantially with the same reagent and
under the same conditions. It would therefore appear that the
same reactive species would be involved. However none of the
species suggested seem to be suitable for a stereoselective
attack on the substrate. Further for hydroxylation to take
place at an sp” carbon, removal of a hydrogen atom and
introduction of hydroxyl are necessary steps. If the
intermediate is reactive enough for this purpose, it iIs not
clear why the reported regioselectivities were obtained.
iis indicated earlier, it was therefore considered that it
would be .of special interest to see if one or more of the
reported hydroxylations at sp”™ carbons could be reproduced.
This has been one of the iImportant things done iIn this study
described here. The problem of the dual role of LL, one
as an efficient oxidation mediator and the other as an
inhibitor of autoxidation, has been already mentioned and

this needs clarification.
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It is thus seen that there are many features in the
chemical behaviour of ascorbic acid still which remain to
be accounted for satisfactorily. Theepossibility that the
involvement of the side chain may be one of the factors that
complicates the behaviour of iIs the proposition we have
studied iIn earlier chapters in this thesis. In the background
of the review that has been made, it therefore appeared useful
to compare the efficiencies of W with that of some of its
derivatives and analogues in the Udenfriend hydroxylation of
a suitable substrate. The compounds studied include the
6-benzoate and the 6-palimate of W™, 5>6-i1sopropylidene AA,
phenyl tetronic acid, phenyl tetronimide, dihydroxymaleic

acid, dihydroxyfumaric acid and tetrahydroxyquinone.
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Materials, procedures and methods

The choice of a suitable hydroxylation experiments for
bringing out conceivable differences iIn the reactivities of
various ene-diols was a difficult problem. A number of
questions had to be answered before this choice could be made.
This involved a great deal of experimentation, A suitable
substrate had to be selected and the convenient concentration
ranges for the reactants, methods for measurements of the
progress of the reaction and the conditions best suited for
ready recognition of differences had to be determined. Ve

may begin with the preparation of the required materials.
6’k Materials

a) The following substances were used without further
purifications. (1) FeSOi~.yHgO (BDH Analar sample),
(2) Disodium salt of EDTA (Analar Merck sam.ple),(3) L)ihydroxy
fumaric acid (Fluka sample) ") Dihydroxymaleic acid
(Aldrich sample @B pure), (56) D(-) isoascorbic acid (Fluka

sample 99" pure), (6) Gentisic acid (BDH sample).
b) Ascorbic acid* GR grade AA (Sarabhai Merck) was

recrystallised twice from double distilled water before use.

c) Salicylic acid”™ Analar grade sample was recry-

stallised twice from double distilled water.

d) 5.6-Acetonide of AA: This was prepared according
50
to the procedure of Jackson which is better than others

described earlier.
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AA (10 g) was dispersed in acetone (M3.0 ml) to which
acetylchloride (1.0 ml) was added. The solution was stirred
well at room temperature for about ™ hrs. The mass \-*s then
cooled to 0°C to crystallise out most of the acetonide formed.
It was then filtered under suction. The white crystalline
mass of acetonide was washed twice with cold dry acetone.

This was then recrystallised thrice from dry acetone .to give

needle shaped crystals ( m,p,i 222°C and showed
[aljj + 28° 1n MeOH). Since, this derivative was very
sensitive to moisture, it was stored in a desiccator. On

standing it developed light brown colour so that it had to be

recrystallised each time before use.

51
e) 6-Benzoate of AA« AA (17.6 g) was dissolved in

Analar (98-997M0 Hgsoj» (250 ml) to which benzoic acid (18.32 g)
was added. The mass was stirred for 3.5 hrs at room temper-
ature. The reaction mixture was then poured on 500 g of
crushed ice, and then extracted three times with ether

(300 mi). The ether layer was then washed twice with 100 ml
of brine, dried on anhydrous sodium sulfate and distilled

to remove the solvent. The dryresidual solid was extracted
several times with drypetroleum ether (60-80°C) to remove
unreacted benzoic acid. The residue which was the 6~benzoate
of AA was recrystallised thrice from ethyl acetate-Acetone-

pet-ether mixture (m.p. 182 ).

) 6-Palmitate of AX. This was prepared according to

52
the latest procedure given by Cousins et al. 1A (i g) was



dissolved in Analar sulfuric acid (98-99%, 250 ml), to which
palmitic acid (26.0 g, 90f pure) was added. The mass was
stirred for about 2.5 hrs at room temperature, the clear
solution was allowed to stand for 3.5 hrs more at room
temperature. The mass was then poured on 500 g of crushed
ice and then extracted thrice with 300 ml portions of ether.
Ether layer was washed with brine (2x100 ml). The ether
layer was dried on anhydrous sodium sulfate. The ether v;as
then evaporated to get a dry solid. This solid was then
extracted twice with 300 ml portions of pet-ether (60-80°C)
to remove unreacted palmitic acid. The residue was
recrystallised thrice from chloroform to get the product

(m.p. 110-115°C).

53
Q) Phenyltetronimide» KCN (35.0 g) in 2 Naqueous

soda solution (1 litre) was treated with stirring and under
a current of oxygen free nitrogen with glyoxal hydrogen
sulfite dihydrate (87.5 g) and a solution of freshly distilled
benzaldehyde (26.0 g) in dioxane (50 cc). The olive green
solution gave a colourless precipitate after 30 minutes.
The pH of the solution at this stage was adjusted to 6 with
glacial acetic acid. The solution turned yellow and was
stirred for 3 more hours. The precipitate was filtered and
washed with lot of distilled water, methanol and ether.

The precipitate was dried in a vacuum desiccator and then
recrystallised several times from ethanol to get a m.p.

of 173-177°C (decomposition).
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h) Phenyltetronlc acid; Phenyltetronimide (1.91 Q),

prepared as above was dissolved in a mixture of 2N H2sO™
(25,0 ml) and acetone (10.0 ml). The solution was cooled

to 0°C and 10" NaNOg solution (15 ml) was added over a
period of 15 minutes. The solution was stirred for 1 hr and
allowed to stay overnight. The precipitate was filtered
under suction and washed with water. On concentrating the

filtrate some more of the product was precipitated.

1,0 g of this compound was dissolved in t-amyl
alcohol (60 ml) and absolute methanol (20 ml). This solution
was saturated with HgS gas at room temperature and allowed to
stay for 1™ hrs. Excess Hg3 was then flushed out with a
current of COg. The solution was concentrated under vacuum
to get a residue. The residue was redissolved in t-amyl
alcohol and sulfur was removed by filtration. The filtrate
was concentrated under vacuum. The residue obtained was
recrystallised thrice from acetone pet-ether (60-80°C) to

get the pure product (m.p. 154 IFFFC).

55
1) Tetrahydroxyquinones A solution of anhydrous sodiiam

sulfite (™0.0 g) and anhydrous sodium bicarbonate (15.0 Q)
in 300 mlI of water was heated to I+0"-5°C. To this was added
5055 of glyoxal solution (8.0 ml) and a brisk stream of air
was dra”™ through the solution for 1 hr without application
of heat. VW/ithin a few minutes, greenish black crystals of
the sodium salt of tetrahydroxyguinone began to separate.

The flask was then warmed to 80-90°C over a period of one hr.

2-H
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The air current was then stopped and the mixture was heated
to incipient boiling and set aside for 30 minutes. On
cooling this solution, the sodium salt of tetrahydroxyquinone
separated out, which was filtered and washed successively

with cold 15% NaCl solution and finally 50.0 ml of cold water.

This salt was now added to 50.0 ml of 2N HCl and the
mixture was heated to incipient boiling. The resultant
v/hen
solution was cooled in an ice bath/the glistening black
crystals of tetrahydroxyquinone precipitated out. The

crystals were filtered under suction, washed with ice cold

water and dried. The quinone failed to melt even at S-SOC.
6B Procedures

All the glass vessels and burettes used were thoroughly
washed with chromic acid, then rinsed several times with
double distilled water and then dried without using any

organic solvent.

Both air and oxygen were used as oxidants. The
procedure using air as oxidant was used only in the initial

experiments and i1t was later abandoned.

Preparation of buffers® Solutions of IM strength of
RHPON and I1"QiIgFO™ were prepared in double distilled water
and were stored at 0°C. For each experiment?different amounts
of these solutions were mixed to get the required pH and
then diluted with double distilled water to make O.IM buffer,

the
The pH of/buffer was measured on a Elico pH meter. The



stock solutions standing for more than fifteen days were

discarded.
6%B,1 Chromatographic procedures

Chromatograms were developed on strips of Vtoatman No.l
filter paper (I cms x ™6 cms). A maximum of four samples were
spotted on each strip. For comparative studies, equal amounts
of reaction mixtures were spotted with a graduated capillary
to ensure comparable conditions. Each time the capillary
was thoroughly washed before use. A hot air blower was used
to dry the spots, thus preventing the over spreading of the
spots. The chromatogram was developed with the solvent
system described below by the descending technique. The
chromatographic chamber was saturated with vapours of the
same solvent system. Each run took about 1™ hrs. The papers
were then removed from the chamber and then dried in air.

The dry paper was then sprayed uniformly with the desired
spraying reagent for identification of products. Only when
ninhydrin was sprayed the paper was to be slightly heated
with a hot air blower. For the other two reagents (A and B)
the colour development was immediate. But the chromatograms
were not very stable. Photographic records were therefore

made immediately after spraying the reagent.

The developing solvent system was prepared in the
following manner, n-Butanol, acetic acid and water were
mixed in the ratio of **i;5 (by volume) iIn a separating

funnel. The mixture was shaken well and allowed to settle

2k ;
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for 1/2 hr. The lower aqueous layex- was discarded. The

upper organic layer was used for developing the chromatograms.
Spraying agents were prepared in the following manner.

(@) Ninhydrin solution*™ One percent (w/v) ninhydrin
solution was prepared iIn acetone.

(b) Reagent L solution of one percent (w/v) analp.r
FeCl”™ in distilled water w.s prepared.

(c) Reagent 3 volumes of the above solution was
mixed with one volume of a one percent solution of potassium
ferricyanide in distilled water. This reagent was not stable

and was freshly prepared each time.
61B.2 Procedures for hydroxylation

a) The Model system consisted of the following- 15.0 mg
of FeSO™.yHgO, 75.0 mg of disodium salt of EDTA and the

chosen amount of ene-diol @i., its derivative or analogue).

b) Substrates Proline, salicylic acid or gentisic acid
was used in quantities indicated below. Proline used was
10.0 mg for all the experinents done on its hydroxylation.
The SA amount was 20.0 mg for most of the experiments and was

then decreased to 10.0 mg for experiments described in 6»C.13.

Though the substrate to ene-diol ratios varied in
several experiments, the amounts of FeSOj”~.yHgO and disodium
salt of EDTA were the same. The buffer used was O.IM of

pH 6,8 for most of the experiments, though 0.3M strength and
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different pH“s were also tried iIn a few experiments.

Procedure 1? Using air as the oxidants The buffer components
and the substrate to be hydroxylated were dissolved in

25.0 ml of buffer and this solution was placed in a reactor

as shown i1n Fig. 1.

FIG: 1.

Air was drawn through the solution at a controlled
a
rate (90-100 cc/min) using/flow meter connected to the system.
At different time intervals, samples were drawn using the same

graduated capillary and were spotted on filter paper strips.

Procedure !!e Using oxygen as the oxidant - This was the
procedure used for most of.the experiments described here.
For all the comparative studies, only this procedure was

employed.

The components of the model system were accurately
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weighed iInto a clear 250 ml Erlenmeyer flask fitted with a

head having a dropping funnel and a set of inlet and outlet

tubes as shovm in Fig, 2. buffer solution
OO0
Ftow
mefer
Components  of
FIG. 2. Udenfriend system
20.0 ml of the phosphate buffer was placed in the

funnel. Oxygen from a cylinder was now passed through the

inlet at a constant pressure for 30 seconds. The buffer was
then dropped into the flask in a period of 30 seconds whilg
maintaining the 0~ flow. The Og was passed for a further
period of 30 seconds. The assembly piece was then removed
and the flask was iImmediately stoppered with a ground glass
stopper. This flask was then kept on a mechanical shaker
for the desired length of time. Samples were then drawn with
a graduated capillary. For each reaction time the progress
of hydroxylation was measured iIn a separate run so that no
ambiguity arose from the opening of the reaction vessel for
sampling purposes. This procedure was specially suited for

making accurate comparisons of hydroxylation.
6—C Methods

As mentioned in the preceding survey, our first aim
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was to check the reproduci*>"ility ,of the reported highly
specific hydroxylations Sit sp™ carbon atoms. For this
purpose, we chose proline as substrate which has been studied
quite a few times with the Udonfriend system and more

frequently under enzymatic conditions,
65C.1 Hydroxylations of proline by model system

Even after several repetitions of the reported
procedures of hydroxylation of this compound, we-were unable
to detect any hydroxylation. The reported » _
methods claim very poor yields 1in these reactions. The
procedures employed used very high proportions of Aii in
relation to the substrate takg%?B’iéka consequence, the buffer
used was unable to maintain the pH mentioned. In this study,
several other reaction conditions including variations of the
concentrations of AA, metal i1on and EDTA, buffer strengths
and pH were tried. Continuous bubbling of air or oxygen as
well as filling of the closed vessels containing the Udenfriend
system with oxygen wras also tried. However, in no case could
we get a detectable hydroxylation. All the reactions were
monitored by paper chromatography. The reaction mixtures
were checked periodically from the begi®.nning of the mixing
of the reagents for about 5 hrs. A reference sample of a

mixture of proline and hydroxyproline dissolved in the buffer

was spotted on the same paper for comparison.
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In many of the hydroxylations reported at _sp™ carbon
atoms, the identification of the products has been done by
paper chromatography alone. In our experiments, we also got
a new spot after a few hours of reaction which had the same
i value as that of the reference hydroxyproline. However,

a careful examination showed that this spot gave a light

brown colour with ninhydrin, while the reference hydroxyproline
gave an intense lemon yellow spot. To avoid any confusion,

a small amount of the reference compound (hydroxyproline) was
added to the reaction mixture after 5 hrs of reaction (which
was giving a brown spot) and the mixture was rechromatographed.
It was found that the light brown diffuse spot was clearly
superposed on an intense lemon yellov; one in the centre.

This therefore meant that the brown spot having the same

value as that of hydrox>"proline was not really due to
hydroxyproline. It appeared very likely that this represented
a product of AA decomposition. This suspicion VWas proved

to be correct experimentally. A blank reaction with the model
system was repeated for a period of 5 hrs, which had no
substrate, viz. proline. As In other oases, the AA present
decomposed during this period. The chromatogram of the
reaction mixture gave a brown spot at the same place as before,
confirming that it was only an uL decomposition product.
Another study had reported that hydroxylation of proline

was observed only within the first three minutes.l5 In order

to confirm this, the experiment was repeated with reaction



times varying from 1 to 60 minutes. The chromatograms of

none of these reactions showed even traces of hydroxyproline.
6«C ,2 Hydroxylation of aromatic substrates

For comparing the efficiencies of M., its derivatives
and analogues, choice of a proper substrate and a procedure
for determining the extent of hydroxylation was necessary.
In the light of the results just mentioned, it was clear that
an aromatic substrate had to be employed. Some of the reported
procedures, involving tedious and lengthy solvent extractions,
did not appear convenient for our purpose™ The more the number
of operations, the more was the loss of the product formed.
For the comparative studiescfour interest here, methods not
involving any processing were more suitable. Also, iIn the
first place, one had to see if any qualitative difference
between these various ene-diols could be recognised before
going into elaborate quantitative procedures for their
measurement. In this regard, paper chromatography was more
attractive. This technique has been used by several workers
both for hydroxylations of saturated and aromatic substrates.
The difficulties iIn using this method were the choice of a
suitable developing solvent system and a spraying reagent.
The spraying reagent should preferably give different
coloured spots for substrate and product. Also, the recognition
of changes iIn the concentrations of the product and substrate
should be possible by visual comparison of the colour

intensities produced.



6»C.3 Ghoico of oxidising agent

Out of the two oxidising agents, HgOg and molecular
oxygen generally used with the model system, we selected the
latter in this study. This was closer to the physiological
conditions. The system has been reported to act in a
manner similar to that of Fenton®s reagent, which has been

shown to be different from that obtained with Og.25’26

6iC .~ Choice of substrate

Various aromatic compounds were successfully hydroxylated
by the AA model system under varying conditions of buffer
strength and pH, The following aromatic compounds were
successfully hydroxylated; benzene, toluene, nitrobenzene,
aniline, acetanilide and salicylic acid. The corresponding
phenolic derivatives were the products. In the case of
benzene and toluene, the substrates were very poorly soluble
in the model system and also were volatile and would not show
up In chromatography. With nitrobenzene, aniline and
acetanilide, the spraying reagents were not very satisfactory.
Out of all these, we found the hydroxylation of salicylic
acid (SA) to gentisic acid (GA) the most convenient one.

The spraying reagent A gave a pink spot for SA, the grey

blue colour for GA was not deep and stable. It was therefore
not convenient for visual comparison of iIntensities.

However, reagent B was very sensitive to GA, giving a stable
dark blue spot. The colour with SA was again pink. The

solvent system used for developing the chromatograms gave



different values for SA, G%, and the decomposition products
of . >0 Thus, there was no room for confusion. However, it
was found later that the derivatives of 1L employed as
mediating agents in this study had the same value as GA.

The overlap problem was solved by methods described elsewhere.

Though the majority of our experiments were done v;ith
Si. as substrate, it was found later that hydroxylation of G~
could be employed with greater advantage. With this substrate,
the differences in the reactivity of A~ and its derivatives
could be brought out more clearly. Also, the spot for GA
with reagent B was more stable and intense as compared to the
weak and unstable one for SA. Stable spots were obviously

more suitable for obtaining photographic records.
6‘C,~ Choice of reaction conditions

To avoid the decomposition of the phenolic products
of hydroxylation we did all our hydroxylations at room
temperature (25°C). The most commonly used phosphate buffer
was chosen for the purpose. Though different molar strengths
were successfully tried, it was decided to employ a O.IM
phosphate buffer. SA hydroxylation with model system was
carried out in the pH range of U-to 7. A pH of 6.8 was
very suitable for us for this study since the 5,6-isopropyli-
dene and the 6-benzoate derivatives of involved in our
studies here were relatively more stable at this pH.

Further, this pH was closer to physiological conditions.



Initially, only air was employed as the oxidant in
the model system. But, as we have seen iIn the kinetic studies
on autoxidation of the composition of laboratory air was
not the same all the time and this did affect the AA oxidation.
So, 1t was decided to use only oxygen from a cylinder which
ensured uniformity. In the iInitial experiments, Og was
bubbled continuously throughout the run. However, this was
not really necessary because the oxygen in the reaction
vessel itself was more than sufficient for the oxidation.
Closed vessels of uniform capacity and having ground glass
stoppers were preferred, so that the comparison would be
unexceptionable. However, there was not much difference
between the chromatograms of hydroxylations when air or Og

was used.

-_Ei"perimeats. . were also tried replacing Og by Ng in
the model system. No detectable hydroxylation was observed
when Ng was used.

61 C.6 Hydroxylation of Sa mediated by AA under different
conditions.

In the initial sets of experiments,we used 20.0 mgs
of SA, 15 mg of FeSOL|_7H20, 75.0 mg of AV and 75 mg of
disodium salt of EDTA in 20.0 ml of O.IM phosphate buffer
of pH 6.8. Samples of reaction mixtures were analysed after
5,10,15 .... 60 min, 2 hrs and 3 hrs. The hydroxylation
appeared to be very fast and was substantial within the

first 10 minutes itself. Detectable hydroxylation was

2r,r)



observed just after one minute of the mixing of all the
compounds and filling of the oxygen to initiate the reaction.
However, after 15 minutes, the spot intensity for GL fell

v/ith time. This was probably due to further hydroxylation

of Ga, X/hich was confirmed In a separate experiment. The
hydroxylation was carried out exactly under the conditions
mentioned above using GA as a substrate. The chromatograms
of the reaction mixture after 5,10 ... 30,60 min. showed the
gradual decrease of intensity for the GA spot confirming its
hydroxylation. With SA as substrate, its concentration would
show a monotonous decrease while that of product Gii would
first increase and then decrease if the first hydroxylation
has the higher rate. It was also seen from the chromatograms
of Sii hydroxylation that, even after 3 hrs, the SA spot
intensity appeared to decrease indicating that the model
system was still active. In one case,we continued the
reaction for 2k hrs, with refilling of oxygen every 6 hrs.
iilthough the SA spot intensity decreased to a considerable
extent, it did not completely disappear. There was not much

difference between the 5 hr: and 2% hr. chromatograms.
6*0.7 Effcct of varying iux concentration on hydroxylation

An attempt was also made to find out the minimuin
amount of AI* needed in the model system to bring about
detectable hydroxylation. A series of experiments were done
with no AA and with iIncreasing amounts of (5.0 mg, 10 mg,
20.0 mg, etc). The experiment with no iU\ called the blank

run, also gave a small amount of hydroxylation, as indicated

2r(]



18 'I'7

by the tiny faint blue spot for GA. The amount of hydroxy-
lation increased with increasing amount of W<. Increase in
the amount of GA i.e. amount of hydroxylation with increase

in was detectable by the naked eye upto the limit of

10.0 mg. The differences in colour intensities obtained for
product GA with larger amount of uL (for instance, 15 mg and
20 mg) in the model system could not be visually ascertained
since they were too deep. They appeared to give the same
intensity. Also, 1increasing concentration of in the system
increased the hydroxylation of the product This would add
to the difficulties iIn comparison. These experiments implied that
smaller amounts of iX than customarily employed would be

adequate and convenient for the purpose of the present study.
6-C .8 Limitations of the spraying reagents selected

In the initial experiments, we were spraying the
chromatograms only with reagent A. This reagent was quite
sensitive to SA, giving a pink spot which was not stable for
a long time. It also gave a grey blue spot for GA, the
apparent colour of which did not seem to belguantitative
index and could not be used for visual comparison. Reagent B
was very sensitive for GA. For SA, its colour was same as
that produced by reagent ¥. The chromatograms had to be
photographed immediately after spraying the reagents. In
the case of reagent the spots are not stable and in the

case of reagent B the entire paper turned blue within a few

minutes. For following only the disappearance of
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reagent L was more suitable. It did not affect the colourless
background of the paper, making photography easier. For
following the changes in the amounts of SA and GA with time,
reagent B was more suitable. The intensity of the blue spot
for GA obtained was so high that, beyond certain concentration,
visual comparison became too difficult. For this reagent,

the concentration had to be modified such that the visual
comparison of colour produced would be meaningful. Different
amounts of GA (2,5 .. 25 mg) were dissolved in 20.0 ml of
buffer. Equal amounts of these solutions are spotted with

a graduated capillary. The chromatograms were developed in
the usual manner. They iIndicated that the intensities
obtained with more than 8 to 10 mg were too deep for visual

comparison.

Experiments on the hydroxylating efficiency of AA
system with that of its 6-substituted derivatives were
undertaken under the optimum conditions thus established,
6 C.9 Some difficulties encountered iIn the comparative

studies.

In the comparison of the relative activities of
and the acetonide of i in the Udenfriend hydroxylations,
the amount of acetonide employed was the molar equivalent
of luk and the proportions of other reagents of the model
system remained the same including the substrate .
Substantial amouht of hydroxylation was obtained even with

acetonide. The chromatograms of the reaction mixture for a



2r. (i

5 min. reaction showed that the Gi. spot was®™ less than that
for the one mediated by For a ;E minute reaction, the
chromatogram showed almost equal intensities for both the
systems. For the 25 minute reaction chromatograms, however,
the order was reversed, the GA obtained with the acetonide
being more than that obtained with AA. This was so apparently
because, the GA formed with ki was further hydroxylated more
rapidly. This fa—ct was later confirmed when GA was used as
the substrate* It appeared to us that the apparent
reactivity of acetonide would not be the correct figure if
the material was contaminated with small amounts of iJi.

Our acetonide sample was twice recrystallised from acetone
giving correct melting point and rotation. However, the
chromatograms of the material showed a trace ambunt of
residual IH. Iin it. So, the hydroxylation observed with it
could also be attributed, at least iIn part, to the trace

amount of iJi. Such small amounts would be adequate to

produce appreciable hydroxylation as seen in 6*0.7.

610.10 Pre-incubation experiments =

For a comparison of the stabilities of and acetonide
a qualitative experiment was done in which these ene-diols
were incubated with 0™ in the model system for an hour.
The chromatograms of the reaction mixture showed a spot
for acetonide, but none for Ail.. It appeared that acetonide
could Withgt%nd the pre-incubation, 1i.e. acetonide appeared

to be more stable than hSi. This wag, of course a qualitative
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result* It was not clear as to how much acetonide was
remaining. However, it suggested pre-incubation of the
reaction mixture with acetonide before the addition of
substrate would destroy the trace amount of iui, perhaps
without doing much damage to the acetonide and would solve
the problem. These experiments were actually done before
the autoxidation work described earlier was carried out,
The comparative hydroxylation experiments employing pre-
incubation for the reaction with acetonide were actually
Carried out, the pre-incubation period being 1 hr. The
substrate SA was then added to the reaction mixtures and the
flasks refilled with oxygen. Hydroxylation was done for
different lengths of thﬁejhechromatogram even after 15 min.
of reaction showed only a trace amount of Gr*, with the pre-
incubated acetonide, which was comparable to that obtained
in the blank run where no ene-diol was added. The chromato-
grams for acetonide reaction with pre-incubation were checked
at different time intervals also. In comparison, a strong
spot for GA was seen in the experiment with On the
surface, it looked as iIf there was a dramatic difference
between and its acetonide. However, experiments with
specially purified samples of the acetonide having no trace
of showed that the acetonide was capable of giving quite
substantial hydroxylation-. Similar experiments were tried
with other 6-substi”tuted derivatives, viz. iXxi 6-benzoate,

This also gave a very substantial hydroxylation, although
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it appeared to be less as compared to with that obtained
with Ar*. The amount of hydroxylation in the case of benzoate

was even less than that obtained for the acetonide.

This meant;that prerincubation before reaction in the
case of the acetonide had destroyed not only the in it
but also most of the acetonide. Not only acetonide, but
also iKx and i1ts benzoate gave similar results, i.e.there was no
hydroxylation of SA with model system when the pre-incubation
with Og was adopted before additions of the substrate. In
any case, the pre-incubation procedure became irrelevant when
a satisfactory procedure of making the pure acetonide,
absolutely free of Ali., became available. Although the
experiments with the pre-incubation were thus not of much
use from the present point of view, it brought out clearly
that earlier claims to the effect that hydroxylations were

not affected by pre-incubation were definitely wrong.

Another 6-derivative we choose.-for the comparative
study was mJi 6-palmitate. This is a very well known
antioxidaanL1¥%is however had a limited solubility in the
buffer employed. The use of ethyl alcohol for_solubilising
the difficultly soluble steroidal substrates had been already
reported by several workers. So, It was decided to use
alcohol for solubilising the palmitate. Hydroxylation
experiments were done for various reaction times, 10,15 ...

and 60 minutes. But, to our surprise, none of these

chromatograms showed even a trace of CA. It should be



2t',2

emphasized here that the experiments referred to were not
merely with the palmitate. The experiments were of a
comparative nature and the other ene-diols were examined under
parallel conditions i.e. with addition of the same amount of
alcohol as for the palmitate case. Alcohol inhibited
hydroxylation in all cases including the one with Aa. Use
of methanol in placc of ethyl alcohol gave the same result,
the amount of alcohol used being 2 ml for each reaction.
6=C.11 Disadvantages of following GA spot intensity for
comparative studies.

It was observed that the values of GA, the acetonid-e
and the bonzoate were the same with the solvent system that
was employed here for development of chromatograms. Also, they
gave the same colour with reagent B. So, the corresponding
spot intensities in the chromatograms of thtj reaction mixtures
obtained with the benzoate and the acetonide could not be
used as measures of GA produced. In an experiment for
determining relative efficiencies of various ene-diols
including these, comparisons of G intensities were not
therefore meaningful. OFf course, as can be seen from the
decay kinetics dealt with elsewhere, there was little ene-diol
left unoxidised after 2-3 hrs. If one compared GA intensities
after 3 hour reaction periods, than the spot iIntensities
would probably be truly representative. However, by this
time (i.e. after a lapse of 2 to 3 hrs) the intensities were

themselves not true indices of Si» hydroxylation, since Ga
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itself was getting further hydroxylated to different extents with

the different ene-dioHs employed.

One way of solving the difficulty here was solvent
extraction of the aromatic acids, both SA and GA. This was in
fact tried, i~ter a 10 minute reaction, 2 ml of concentrated
HGI and 5 g of NaCl were added to all the systems. Then, they
were all extracted thrice with 30 ml portions of ether. "The
ether layer wras then dried on anhydrous Na2S0™ and the solvent
removed by distillation. The residue was dissolved in 20 ml

of ethanol. Now, equal amounts of these solutions were spotted.

In another set of experiments, after 10 minute reactions,
5.0 ml of O.IN 1Ig solution was added to each of the reaction
mixtures to destroy any ene-diol present and then they were
directly spotted. The excess iodine in the system did not
pose a problem since it got out of the system very readily

during chromatography.

Experiments \inder above mentioned conditions were
repeated using different analogues of viz. phenyltet.ronic
acid, phenyl-tetronimide, dihydroxymaleic acid, dihydroxy-

fumaric acid ™nd D(-)-iso-Ali. and tetrahydroxyquinone.
6i1C .12 Better way of comparison

Following the disappearance of. =~ In all the above
experiments, It was observed that while the GA spot iIntensity
showed first an iIncrease and then a decrease with time, the

SA spot iIntensity showed a monotonous decrease. This meant



that the fall iIn SA spot intensity would be a more meaningful
criterion for comparative studios. This was confirmed wlien

all the above mentioned experiments were repeated and reagent A
was employed for detection of Sii. This reagent did not give
much colour with decomposition products from the ene-diols

and did not change the colour of the paper adversely as did
reagent B, Spraying with reagent L gave pink spots for S

in a lightly yellow background making the comparison facile.

IS compared with this, the dark blue spots of GA in a back-
ground , which was steadily getting more and more blue, was

much more inconvenient for purposes of comparison.

The efficiencies of WJi, its 6-derivatives and analogues
in hydroxylations were now compared in fresh set of
experiments using changes in SA spot intensities in the
chromatograms,
656C .13 Optimum conditions for comparison of hydroxylation

efficiencies.

As has been declared earlier, it would be desirable to
obtain a qualitative demonstration of differences in
hydroxylation efficiencies in the Udenfriend system between

on the one hand and its derivatives and analogues on the
other, if such differences exist and are of suitable
magnitudes. From the point of view of visual comparison of
the extents of hydroxylation, we have already seen that it

is desirable to limit the amounts of substrate used (or

rather their concentrations) to modest levels so that the



PP

problem of judging relative colour iIntensities was made easier.
From the experience gathered iIn the experiments described
above, 1t became clear that it was best to compare the reaction
mixtures when most of the substrate was consumed in the
hydroxylation reaction, at least iIn one case. The conditions

of the following experiment with LL were found satisfactory

for our purpose.

(50,0 mg), FeSOLj 7H20 (15.0 mg) and disodium salt
of EDTA (75 mg) were dissolved in 20.0 ml of buffer
(0.IM, 6.8 pH) to which 10.0 mg of Sa was added. The

experiments were repeated with varying reaction times.

Comparisons after hrs were found to be most useful.
vJhen the ene-diol used was hk, the Sr* taken was completely
hydroxylated while residual amounts were left in the other

cases.

The use of GA as substrate instead of SA under these
conditions made these comparison much easier. The slower
reaction and the stronger colour obtained with this substrate

were helpful to bring out the differences under the reaction

conditions employed.



Results and Discussion

The best of our attempts to reproduce the reported
hydroxylation of prollne to hydroxy prollne were not
successful. Many of the earlier positive claims iIn this
regard were based on paper chromatographic evidence. In our
experiments on the Udenfriend hydroxylation of proline,
chromatography of the reaction mixture did give a spot with
the same value as hydroxy proline. But the colour with
ninhydrin was light brown instead of the lemon yellow expected
for hydroxyproline. Addition of authentic hydroxyproline
to the reaction mixture and re-chromatography brought out
the difference clearly. The material that gave the light
brown colour with ninhydrin tended to give a diffuse spot while
in the case of hydroxyproline the spot was more localized.

The spots were superposed on each other. Since was known

to give rise to a number of decomposition products it was
suspected that the compound giving the brown spot iIn gquestion
actually represented one of the decomposition products. This
suspicion was shown to be correct by an experiment in which

no substrate proline was used. The chromatograms of the
reaction mixtures obtained in 3 minute and 30 minute reactions
employing 10 mg of proline and 500 mg are shown in Figs.la
and ib along with the references required. The reference spots

~have been heavy iIn these figures.

It appears from these results that the identification

of products iIn the experiments reported in the literature



Fig. 1 < Hydroxylation of Proline to Hydr-oxy proline

System %

LR

15 mg FeSO™M.yHgO + 75 mg disodiuia salt of EDTA +
10 mg proline + 500 mg AA dissolved in 25 ml of O0.1M

phosphate buffer of 6.8 pH.

(&d) 3 minute, reaction chromatogram sprayed with 1%
ninhydrin solution.
[ - Reaction mixture, B - standard hydroxy proline

C - standard proline].

(b) 30 Minute reaction chromatogram sprayed with 1"
ninhydrin solution.
[ - Reaction mixture, B - standard hydroxy proline
C - standard mixture of proline and hydroxy

proline].



Fig- 1la

Fig. 1b «



has been defective and unreliablen"”” lilthough, inordinate
quantities of 1> wvrere used, there is no mention of any
difficulty arising out fF tlie-presence of Iu. decomposition
products in the reaction mixtures. Most of the reported
hydroxylations of this type, i.e. at sp” carbon

17 ,25,26,12-3»

atoms , the yields reported are very poor and

the method of identification of products has been paper
chromatography . In the context of the findings here, it 1is
felt that reports of the highly regio- and stereo-specific
hydroxylations at unactivated sp” carbon atoms, that seem to
have been obtained in Udenfriend reactions must be viewed
with considerable skepticsm. This does not however affect

the question that has been posed about the reactivity of

ascorbic acid, 1its derivatives and analogues.

In contrast to our experience with proline, all the
aromatic substrates we tried (toluene, benzene, acetanilide,
nitrobenzene, aniline, salicylic acid, etc.) underwent
hydroxylation under the Udenfriend conditions. From the
point of view of convenience in following the extent of
hydroxylations, it was found that salicylic acid {Sk) would
be a convenient substrate. This gives a pink colour with
FeCI™ (Reagent A) and the product of hydroxylation gentisic
acid (G.*) gives & blue-grey colour. With a mixture of FeCI?
and potassium ferricyanide (Reagent B) the colour with Sa
was the same, but, with Qi. it was dark blue. The suitability

of the substrate and the spraying reagents for the paper



chromatograms for recognition of quantitative differences was
brought“g;texperiments using varying amounts (0.0, 5.0, 10,0 and
15.0 mg) of Lk with a fixed quantity (20 mg) of S Fig, 2a
shows the chromatogram of four reaction mixtures obtained

in 30 minute reactions using-the quantities of iui specified
above with spraying reagent L. The increase in yeild of G*
(lower spots) with increasing concentration of AA is clearly
seen. Fig.2b shows the parallel chromatogram obtained for
the same reactions with reagent B. The decrease in 3A and
the corresponding increase in GA with the increase in the
concentration of Au are clearly seen. Fig. 2c shows the

chromatogram after it was washed with water when only the

spots for G remained on the paper.

In the initial attempts to compare hydroxylation
efficiencies, attention was concentrated on and its
acetonide. The course of this effort has been sketched
in the experimental section. Since the initial samples of
the acetonide had traces of i In it, and it was known that
ilui was more susceptible to autoxidation than the acetonide,
a selective pre-incubation of the reaction mixture for the
acetonide case was tried. The results of these experiments
are shown iIn Fig. 3a and -3b. The former 1is the chromatogram
of the reaction mixtures after one hour of reaction, the
spraying agent being reagent A. Fig. 3b shows the result
of spraying a chromatogram of the same reaction mixtures
with reagent B. All comparison studies included parallel

blanks. One would have been tenjpted to conclude from these



Fig. 2 Hydroxylation of SA to GAi

Sytem ® 15 mg FeSO|_~.7H20 + 75 ng disodiim salt of EDTA +
20 mg SA + varying amounts of M, (O, 5, 10, 15 mg)
dissolved in 20,0 ml 0.1 M phosphate buffer of 6.8 pH.

(@ 10 minuter reactions chromatogram sprayed with
reagent A.

(b) 30 minute: reactions chromatogram sprayed with
reagent B.

(c) The above chromatogram was washed with water when
SA spots were washed away leaving only the GA spots.
[ - 0.0 g, B-5.0mg, C - 10.0 mg, D - 15.0 mg
of iU].



27(l

B C D 8 c D
Fig. 2q Fig. 2b
Fig. 2c



Fig. 3a

SEi

Fig. 3b



not high and that of the palmitate was quite poor. It was
thought that we might use a little methanol or ethanol to
solubilize these things in the buffer as has been done in the
reported work on steroidal hydroxylations™™"” However, it
was found that the presence of methanol or ethanol inhibited
the hydroxylation of Sj. completely, . similar observation
was made by jiicheson and Hazelwood22 earlier who commented on
the use of alcohol for solubilization in the earlier studies.
Fig. 6 shows the chromatogram of the reaction mixtures for
experiments using ., its 6-benzoate and the 5j6-acetonide
along with a blank. It Is seen that the SA used remained
unaffeted. It is of interest here to recall that it has been

shown that methanol and ethanol are oxidised to the

™ 170
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corresponding aldehydes in the Udenfriend reaction .

Ethanol has® also been shown to stabilize Au against metal
catalyzed oxidathrwﬁg, As mentioned already, ethanol has
been used for purposes of solubilization of substrates in
severals reported hydroxylation of saturated compounds17

(i.e. at 9™ sites). This has apparently created considerable
confusion since no transformation of the substrate or the

decomposition of IliA i1tself is possible until after all the

alcohol employed is oxidised.

The comparison was done in the absence of alcohol 1in
a set of experiments using 5 mg of ik and corresponding
amounts of the other ene-diols i.e. the acetonide and the

benzoate. The amount of substrate (SA) used was 20 mg.



Fig. 5 ~ Hydroxylation of SA to Ga

System ; 15 mg FeSON.yHgO + 75 mg disodiun salt of EDTA +
20 mg SA + X mg ene-dlol dissolved in 20.0 ml of
0.1 M phosphate buffer of 6.8 pH. The chromatogram
was sprayed with reagent B.
[x = 50.0 mg i, 62 mg acetonide].
(« — acetonide system, B - standard mixture of SA .

GA, C - system).
Fig. 6 Hydroxy lation of SA to G-

System %15 mg FeSO™ .7H20 + 75 mg disodium salt of EDTA +
20 mg Sit + X mg ene-diol + 2.0 ml of ethanol dissolved
in 18.0 ml of 0.1 M phosphate buffer of 6.8 pH.

( X =50 mg All, 62 mg acetonide, 80 rag benzoate),

[a - idt system, B - acetonide system, C - benzoate

system, D - blank run].

Fig. 7 Hydroxylation of SA to Gl

System ' 15 mg FeSO™ ,7H20 + 75 mg disodium salt of EDTA +
X mg of ene-diol 20.0 mg gi. dissolved in 20 ml of
0.1 M phosphate buffer of 6.8 pH.

(x = 10 mg AN, 16 mg benzoate, 13 mg of acetonide),

[it - /1A system, B - acetonide system, G - benzoate

system, D - blank run].



Fig.7
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The chromatogram of the reaction mixtures 1is shown iIn Fig. 77
the spraying reagent being FeCl™. This picture made it clear

that the reactivity order was idx > acetonide > benzoate,

iiS mentioned in the experimental section, It was
desirable to obtain reaction conditions where the differences
would be even clearer. It was decided to see if 20 mg of SA
could be totally hydroxylated by allowing enough reaction time
using only 10 mg of The progress of the reaction vdth a
set of four ene-diols was followed and the results are
illustrated in the chromatograms of the reaction mixture
(Fig. 8) at various time intervals. It was seen that even
after "8 hours, there was residual SA left in the reaction
mixtures. Reagent B was used for spraying the chromatograms
in these cases. The GA spot iIntensities here are not accurate
indices of the extents of hydroxylation since GA itself is
further hydroxylated under the reaction conditions to varying

extents.

It was eventually found that if the substrate (Si0O amount
was reduced to 10 mg and the ene-diols used were equivalent
to 50 mg of Ail, one could obtain a better comparison of their
hydroxylation efficiencies in ™ hour reactions. The results of
a comparative study involving IU.N 1ts acetonide and 6-benzoate
are presented in Fig, 9. The first picture (a) is that of
the product chromatogram after 5 minute of reaction, the
second (b) was obtained after h hours. The picture 9(a)

clearly shows that the spot intensity for SA in the case of



Fig, 8

System

Hydroxylation of SA to GA

15 mg FeSO™.yHgO + 75 mg disoclium salt of EDTA v 20 mg
SA % X mg ene-diol dissolved in 20 ml of 0.1 M

phosphate buffer of 6.8 pH.

( X = 10 mg Aii., 16 ng benzoate, 13 mg acetonide, 8 mg
dihydroxy-maleic acid). All the chromatograms were

sprayed with reagent B.

(@) 10minute: reacrtions chiomatogram
(b) 30minuteu reactions chromatogram
(c) 12hour, reactions chromatogram

@1 ~Bhour;, reactions chromatogram

la “ system, B - acFtonjde system, C - benzoati..
system, D - dihvdiorv-nrl j* acid system).



Fig. 8 a Fig. 8 b Fig .8 c Fig s d
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1Ja has already got reduced even with 5 minute of reaction

as compared to the acetonide and benzoate systems. The spots
here were obtained with reagent When 9(b) was further
sprayed with reagent B the result shown in 9(c) was obtained.
The relative reactivity order suggested earlier, i.e. iul >
acetonide > benzoate, was thus confirmed. The results of a
completely similar set of experiments with phenyltetronic

acid, phenyltetronimide, tetrahydroxyquinone and dihdroxymaleic
acid are shown In Fig. 10. This group of compounds can be
placed between ascorbic acid and i1ts two derivatives we have

dealt with here as far as hydroxylation efficiency is concerned.

Since it was found that the hydroxylation of GA was
slower than that of SA, it was thought/tﬂ?ﬁ would be capable
of giving greater selectivity. Sets of experiments were
therefore done with Qi. as substrate, the result of one of
\;thich is illustrated in Fig. 11. The figure shows that AA

and D-iso are nearly equally efficient in the reaction,

while JJk benzoate ranks much lower.

To sum up, one may say that although only one compound
(proline) has been examined iIn connection with the behaviour
of the saturated type of substrate in Udenfriend hydroxylations,
the negative results obtained here cast serious doubts about
the authenticity of earlier claims in this regard. It appears
that the efficacy of ascorbic acid as a mediating agent in the
Udenfriend hydroxylation of aromatic substrates is

significantly reduced iIn its derivatives where the 6-hydroxyl



Fig. 9

System =

- Hydroxylation of SA to GA

15 mg

10 mg

FeSO|~.7H20 +75 mg dlsodium salt of EDTA

SA + X mg ofene-diol dissolved in 20 ml of

0.1 M phosphate buffer of 6.8 pH,

& =

@

®

©

-

50 mg Aii, 62 ng acetonide, 80 rag benzoate).
5 minute- reactions chromatogram sprayed with
reagent A.

h hour: reactions chromatogram sprayed with

reagent A.

hour, reactions chromatogram sprayed with

reagent B.

system, B - benzoate system, C - acetonide

system, D - blank run].
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Fig. 9a Fig. 9 b

Fig. 9c



iIs no longer free. Thus, both the 5,6-acetonide and the
6-benzoate are less, effective hydroxylating agents. The
significance of this is presumably that, in the presence of

the 6-hydroxyl group,, a more effective ene-diol can be
generated from ascorbic acid and that this new intermediate

iIs probably the actives material involved. The results obtained
here are thus consistent with those obtained iIn the autoxidation
and benzylation studies. As we have seen earlier, it is
possible for 1Ji. in its hetero-form (IV) to go over to a more

active ene-diol (V) when the 6-OH adds to the 3-carbonyl.

HOCK

CHZ20H

A%

We had also noted earlier that such a possibility could

account for several things, e.g. the disappearance of the

UV absorption of in dilute solution even iIn conductivity
water and under nitrogen atmosphere, the existence of a

very large negative entropy of activation for the uncatalyzed
autoxidation.of iUt which is iIn other respects™, 1i.e. enthalpy-
wise, a more facile reaction and the formation of only one

~N-benzylation product instead of two in the benzylation of iJi.



Fig, 10 - Hydroxylations of SA to GA

System : 15 mg FeSON.yHgO + 75 mg disodium salt of EDTA +
10 mg SA + X ng ene-diol dissolved in 20 ml of

0.1 M phosphate buffer of 6.8 pH.

(x = 55 mg phenyltetronic acid, 55 mg phenyltetronimide
25 mg tetrahydroxyquinone, k2 mg dihydroxy maleic

acid).

(@) 5.0 minutec reaction chromatogram sprayed with
reagent A.
(b) ™ hour: reaction chromatogram sprayed with

reagent B.

i - Phenyltetronic acid, B - phenyltetronimide,

C - Tetrahydroxyquinone, D - dihydroxymaleic acid].

Fig. 11 Hydroxylation of GA to Trihydroxy-benzoic acid

System ; 15 mg FeSOi™.yHgO + -
10 ng of GA + X mg ene-diol dissolved in 20 ml of
0.1 M phosphate buffer of 6.8 pH.

(x = 50 mg mA, 50 mg D-iso-zu*, 80 mg benzoate),

h hour™ reaction chromatogram was sprayed with
4
reagent B.

[0 - AA system, B - D-iso-Aiil system, C - benzoate

system, D - blank run].
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Fig- 10 a Fig- 10 b

Fig.11
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It would, of course, have been preferable if the role of the
side chain could result iIn even more dramatic effects on
reactivity. The Udenfriend hydroxylation reaction, being a
metal catalyzed one, is apparently not the most suited for
the purpose. Apparently, the reactivity of the system is
high and the selectivity low. However, the differences found
have been consistent and genuine. It appears to be quite
clear that the side chain of ascorbic acid has a very definite
influence on its reactivity even in non-enzymatic reactions.
In the oxidation of iui to DEili,which has a bicyclic form™*»,
the cyclization step need not necessarily be subsequent to
oxidation under all conditions.

NS far as the mechanism of the Udenfriend hydroxylation
itself is concerned, our findings here may be deemed to have
the following significance. There has actually been only

one mechanistic proposal v/hich ties up most of the available

Fe

HOCH
6
CHgOH
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information on this system . This 1is the one made by

Hamilton which might be recast in a completely parallel way
involving the iron complexes of the hetero-ascorbic acid and
the bicyclic ene-diol. In ascorbic acid, the 2-OH is chelated
to the lactone carbonyl (VI), and, when Fe™™ replaces proton

in the chelated ring, the product obtained can directly be the
covalently bound ferrous complex of hetero-ascorbic acid (VII).
In other words, formation of the iron complex of hetero-
ascorbic acid need not at all be via the free hetero acid.
®Je; the 6-OH adds on to the 3-carbonyl, this gets highly
activated (VIIl) for reaction with Og. The parallel mechanism

may be put down as shown in Chart I1I.

It is of course, not quite clear what the actual
mechanism is. If mono-dehydro-ascorbic acid is a reactive
intermediate, our findings here would imply that i1ts structure

iIs (IX). This would be consistent with the observation

IX

that the 6-protons of mono-DHA are non-equivalent.
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Introduction

In a number of the studies discussed so far, we have
made use of chemical shift datafof several derivatives, parti-
cularly spectral data;, for structural and stereochemical
assignments,often without any detailed or explicit discussion®
but assuming the validity of some statements v/hich were to be
discussed later. The difficulty that arose in the context of
the confusing reports on DHA may be recalled. The availability
of a number of derivatives prepared in connection with the
various studies here have been particularly helpful in chemical
shift assignments in some instances. It is of considerable
interest therefore to assemble all the spectral data obtained
and see to v/hat extent theilr variation can be correlated with

structural changes.

The mass spectra of a large number of these derivatives
have also been obtained with the hope that some useful infor—
mation may be gleaned from them. No attempt has been made to
interpret all the main features of the fragi“aentation patterns.
Wrfret has been done is to see if one or twa of the more iImportant
features of each spectrum can be accounted for. A matter that
iIs of special interest/}g %g Qggeif any ééature o? the mass
spectrum of AA or i1ts derivatives can be correlated with the
status of the side chain. In this respect,the results obtained
have been useful. Carbohydrate mass spectrometry has normally

employed methyl or silyl others or acetates. In the study

here 5 no spccial derivatization has been made. AA itself gave



a spectrum v/ithout difficulty., The prosence of other
functions in many of the derivatives concernGcl mitigated the
problem of volatilit3"’.

Results-and Discussion

The N14R shift data for iJ. and a number of its deri-
vatives arc presented in Tablcg I and IlI. We may first take up
for consideration the problem of assignments of secondary
carbons that arose iIn connection v.dth the iso derivatives of
2 ,3*“dialkyl ethers of r)\ and the clarification required on the
nature of newly formed DHA in aqueous solution5 in the context
of the divergent vievw/s exj-"ressed in literature. The data
required iIn this connection are presented in Table I . The
primaryj secondary or tertiary character ol the carbons was

ascertained from off-resonance spectra.

Berger had reported shifts of 8 .2 and 76.7 for
andrespectivelys for an aqueous solution of an authentic
sample of dimeric DHA, The value for VW/as suggestively
close to 8 .4 v."hich we had assigned to the C*, ~ of a freshly
prepared aqueous solution of DIFDN. All three of the iso
derivatives we had made from 2 ,3~dimeth3;"l, 2“benzyl-3“methyl
and 5“benzyl“2“methyl ethers of AA had three secondary carbons
each iIn the regions of 74--77s 77-80 and 86“89. Out of the
* The shifts are all expressed in ppm dovynfield from
IS i.e. 1in units. The spectra were recorded at 22.63 MHz

using dioxane as an intermediate external standard with a
value of 67 .4.

2'JU
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three carbons concernedj only iIs having an oxygen involved

13

in an ester linkage. Since the C-H coupling is sensitive to

the electronegativity of substituents”™ It may be anticipated
+H would be somewhat larger than

7
for the others. The difference iIn the magnitude of this coupling

h li f N
that coupling for C@y

from the others could be made out oven from the off-"resonance
spectra. The assignment for VW/as thus unambiguous (88-89 ).
In the spectrum of the p-nitrobonzoato of isO“dimethyl AA, an
additional secondary carbon showed the enhanced "C-H coupling
characteristics of esters. This absorbed in the range 77-75

The assignment for was made on this consideration. Furthers
the spectrum of 2-*“C"benzyl-/iA> which is also a bicyclic
3j5-anhydro derivative like the iso ethers, had a third

tertiary carbonwhile the iso derivative had onl’™ t/0 each.

The additional one in the C benzyl derivative was therefore
readily marked > and the shift concei-ned was very close to that
found for of iso-dimethyl and its p-nitrobenzoate.

The assignments for the other ethers were made on grounds of
analog;- and the whole set of assignments were mutually

consistent.

In the context of the assignments mentioned, there were
no doubts at all as regards the assignments shown in Table |
for DKA. It is clear that there is only one carbonyl in the
molccule. The 3,5-anhydro form is confirmed by the

and shifts. The carbonyl at C-2* is apparently

hydrated. It was thus clear that Berger"s assignment for



fin™*

was clearly erroneous, and, althougli the soliation concerned
VWas made from dimeric DHA, the species in solution had apparently
the 3s<5-anhydro monomeric structure and mies in its hydrated form.

In the change from the open chain to the bicyclic iorm, it is

apparently the and ~ among the proton bearing carbons,
that suffer the larger shifts dowifield. _In comparison> the
shift for iIs smaller. For *3) shifts involved

are larger and in the opposite directions, i.e. upfield. Zihis is
to be expected from the change iIn character from vinylic to
tetrahedral. The shift for the hydrated carbonyl group at

is naturally at lover field from those of the others. The

of iso-dimethyl-mA suffers a pronounced do®vnfield shift in its

conversion to the p-nitrobenzoate, This is presumably a

proximity effect.

The question of dimeric structure for the DHA samples
obtaj-ned here is apparently something that need not be seriously
considered in the context of the present measurements. According
to indications from literature, it appears impossible to obtain
DHA in this form when it is generated in aqueous solution, as
has been done here by the use of mercuric acetate or iodine as
the oxidising agent. In the case of iodine oxidation;, as the
reaction was reversible» bicarbonate hed to"be used to
neutralise the HlI formed. Berger~s 13C shift, measurements
for “dimeric’ DHA would seem to indicate that this form is
rapidly converted into the monomeric form in aqueous solution.

Also, as mentioned elsev/hero it is not clear to us by what
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procedure he managed to get DHA in the open chain form in

aqueous solution in the iodine oxidation of AA.

Table Il gives the cheniical shifts for various open
chain derivatives of AI\, One thing that is very clear from
these shifts as compared with those of Table 1 is that it is
easy to distinguish between an open chain and a bicyclic
3j5“anhydro structure by means of a 15C O-IR spectrum. The
pattern of shifts observed is the same for various 2,3,5 and

6—O—d—er—iva:tiv©3§scorbic acids in v/hich the side chain 1™ open..
The effect of acetonide formation on and iIs deshiel-
ding and is more pronoimced for and The downfield
shift for the a-carbon atom and upfield shift for the p-carbon
the

the
atom on esterification is well illustrated in/case of*6-benzoate

of AA.

The proton chemical shifts have been discussed iIn greater
detail in other chapters of this thesis. The data for a few
more derivatives of A, which x“re prepared for some other
purposes, have also been obtained since they are likely to be
of help in connection with studies on aA derivatives. These

are presented in Table 11I.

Earlier, in this laboratory the PMH spectrum of the
2,3-diphenacyl ether of Anh was examined. The spectrum was
recorded at 60 Mz on a T-60 spectrometer which gives a S/N
ratio of only 20 to 22 for if- ethyl benzene. The compound

had a good solubility in DMSO and the PMR spectrum in DMSG
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was as expected for the nonnal structure (1). Both the
methylenes of the phenacyl ether groups had the same gem
coupling constant; When the PICi spectrum of this compound was
recorded in CDCI”™, in which it had poor solubility, the noise
level was inconveniently high. Some of the noise signals were
mistaken for compound signals. The non-equivalence of the
protons of one of the phenacyl methylenes appeared to have
become very large while the gem coupling for the other appeared
decreased. In an effort to rationalise these changes the
possibility that the compound may exist in form (Il) was

considered.

HO

CHgOH

Structure (11) could very well account for®the observed

differences provided they were genuine. The phenacyl ether
at the 3“POsition will be on an asymmetric carbon atom and
would thus account for a larger chemical shift between the

methylene protons of the group. Since the CO group of the
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second phenacyl ether at the 2-positon is destroyed in the
trans-formation, a reduction in the gem coupling between its

non-equivalent protons could be expected.

However, the 90 MHz FT-PMi\ spectrum in CDCI™ (Fig.l) made
it very clear that both phenacyl methylenes have the same
coupling constant, which is iIn agreement with structure (I).
Apparently, the prying apart of the chemical shifts of the
protons of one of the phenacyl methylenes has presumably to be
rationalised in terms of a change in conformation of the side
chain at involving hydrogen bonding interaction between
one of the hydroxyls and one of the oxygens of the phenacyl
ether moiety at There is a close similarity between the
absorption patterns of the C™7~-protons of DHA and the di-
phenacyl ether of AA. One would be tempted to conclude from
this that the di-phenacyl ether 1is also bicyclic. However,the
open chain structure was also confirmed by the NIIrt spectrum
of 2,3~di-phenacyl ether of AA in CDCI™ which showed a typical
pattern for an open chain structure. This is of iInterest in
connection with the use of proton chemical shifts made by

Pfeilsticker for assigning a bicyclic structure for DHA.

The mass spectral data for a series of derivatives are
presented in Table IV. M/e values starting with the molecular
ion down to 100 are indicated along with peak intensities

do“Yn in brackets. Perhaps the most important finding from
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Table - 1V
AA
176(81), 1~5(21), Li+0(8), 130(10.5), 131(10.5), 119(86),
117(39.8), 116(100), 1I5Q2i+.3), 102(65.2), 100(6".5),
101(69), 99(19.33), 98(15), 96(15), 95(65), 91(?2), 89(50)
3-0-Methyl-ili"x
190(99), 186(17), 159(26), IM\(B3), 1»+1(12), 131(27),
130(100), 129(35), 127(28), 118(17), 115(26), 11~(33),
101(30), 100(25), 99(19), 90(25).
2, 3-dI1-0O-methyl-1iA
20n(51), 186(29), 173(3™), 172(20), 157(8), I1™-6(26),
1n5(66), I™M-(100), I>+3(67), 17°2(13), 130(1+7), 129(73),
127(19), 117(33), 116(51), 115(M9), Iiii+(i+2), 113("3),
102(22), 101(63), 100(1+2), 99(61).
1-0-Methyl hetero-jiA
190(75), 172(10), 159(53), m ( 23), ~-1(23), 13K52),
130(100), 129(38), 127(39), 117(18), 116(18), HN5(>»+7),
11~(51), 113(39), 103(26), 102(33), 101(66), 100(66),
99(60), 98(27).
3-0-Methyl-2-0-benzyl-AA
280(91), 222(70), 220(2™+), 207(59), 20717), 190(60),
189(37), 179(5™), 177(55), 159(55), m(67), 11+5(22),
131(55), 130(93), 129(69), 127("6), 117(2?), 116(37),
115(56), 11™(3M).
2,3-di-0-Methyl-6-0-trityl-AA
1+6(72), 369(™0), 303("9), 259(27), 21+5(7), 2~IH(X9),
27°3(100), 2n-2(58), 21+1(65), 270(28), 229(18), 228("-6),
227(16), 226(25), 215(28), 183(7™), 167(52), 166(52),
165(7M) .
AA-5,6-acetonide
216(77), 202(2n), 201(100), 185(7), 178(10), 159(9),
1M1(62), 129(65), 116(22), 115(21), 113(31), 105(32),
102(22), 101(86), 92(18), 87(35).



10.

11.

12.

13.

2,3-di-0-Methyl-5,6-acetonlde of iJi

2w-(68), 2i1+5(25), 231(28), 230(56),
189(100), 183(52), 186(25), 170(20),
155(12), 1™n(E@2n), m-3(52), 141(27),
127(17), 1252if), 115(39).
Iso-d ime th:" -liA

20wW69), 189(73), 187(57), 186(100),
157(10), I™M1F(30), Lif3("™8), 172(16),
129(53), 117(70), 116(66), 115(73),
103(26), 102(18), 10I(i+6), 100(11),
I1so-2-0-benzyl-3-0-methyl-/Ji
280(53), 262(65), 191(31), 190(58),
17222), 171(58), 1°5(27), 1™(36),
117(13), 116(37), 115("3), 11~(37),
106(27), 105(39), 103(21), 101(22),
2-C-Benzyl-AA

266(100), 218(31), 205(11), 170(10),
129(19), 128(61), 127(19), 121(19),
118(26), 116(22), 115(29), 105(3L),
102(65), 101(Gi+7), 9N(71).
Phenyltetronic acid

193(77), 192(100), 191(31), 17~(39),
I»+8(60), lif7(65), 16(58), 136(35),
1301+, 129(31), 121(31), 120(57),
105(59), 103(57), i0™-(50).
6-Benzoate of AA

280(8), 262(2), 223(3), 165(6),
106(8), 105(100).

229(90),
169(72),
129(17),

172(26),
131(27),
117(61),

99(88).

189(100),

M(27) .
108(3%),
100(25).

11+8("2),
120(53),
10726),

167(21),
13°(22),
119(81),

199(33),

157(™),

128(36),

171(81),

130(35),
113(62),

175(20),

127(9),
107(36),

131(25),

119(63),
103("6),

163(29),

131(25),
118(87),

123(8), 122(21),

.ol



these spectra is the common presence of M-31 and M-60 peaks 1in

the spectra of AA, 3-0O-methyl AA, 1-0O-methyl-hetero-iL/l and
2,3-di-0-methyl AA. The spectrum of 3“0-methyl-2-0-benzyl-AA
shows an (M-31) peak, but Instead of the anticipated (M-60)
peak on grounds of analogy, what is obtained is an (M-58) peak.
The formation of the ions with m/e values of (M-31) and (M-60)
appears to be characteristic of the side chain at Actually,
the (M-60) peak represents the predominant cleavage. The likely
site of first ionization is the oxygen on or the oxygen on
involved in lactone formation. Both are involved in
conjugation with the lactone carbonyl. Perhaps ionization at
the former site is somewhat easier. IT we assume that this is
so, a ready rationalization of the two fragmentation modes may
be made as indicated in mode 1 and 2 (Chart I). Following
Djerassi’s notation, Tish hooks have been used to indicate
likely single electron transfers and curved arrows for two
electron transfers, 1iccording to the first of the suggested
mechanisms, both modes of cleavage have the same deriving force,
namely, homolytic transfer of a hydrogen from the hydroxyl on
to the oxygen of via a six membered transition state
accompanied in concerted manner. The other similar possibi-
lities that may be considered involve transfer of the hydrogen
to the oxygen on OYW either from the G™M2“-OE as in modes 3 and
N (Chart 1) or from CM™2™-OH as in modes 5 and 6 (Chart 11). ~
These two characteristic cleavages giving M-31 and M-60
fragments, are absent in the spectra of all the bicyclic
derivatives as well as those iIn which the side chain hydroxyls

are not free.









One of the characteristic features of the bicyclic
derivatives in which the is present as a full ketal and
not as a hemi-ketal is the loss of water from the molecular
ion. Apparently, the -hydroxyl and one of the hydro-
gens are involved in this elimination. The (M-18) peak 1is
raissing from the spectrum of)%—benzyl—ascorbic acid in which
the iIs a hemi-ketal. The significance of this observation
is not clear. A characteristic cleavage of the molecular ion
in this case involves ring A as indicated in mode 7 (Chart 11).
rting B gives the positive ion fragment (m/e 102). V-Jen one
checks if this mode is seen in the other bicyclic derivatives
as well, what is found is that in addition to the expected peak,

one with a mass number smaller by one unit is found in larger

abundance. The species concerned is probably a positive ion

radical. The difference of one unit probably corresponds to
the
a proton loss from/alkoxy group at In any case, cleavage

of the ring in the manner suggested appears to be very likely,
A derivative in which the main fragmentation path is diverted
away from the ascorbic acid moiety is provided by the case the
trityl ether. The main fragmentation mode here gives the

trityl cation (We 2™3). Phenyl loss from the molecularmlon
also is one of the strong modes seen (M-77 peak). In the
5,6-acetonide of Ai., the fragmentation starts from the acetonide
moiety with an initial loss of a methyl group. The strongest
peak is one which is characterised by a loss of 57 mass units

from the molecular ion, representing the loss of a methyl group



and ketene from the molecule. This pattern is characteristic
of the acetonide function. Phenyl tetronic c?cid shows an (M--18)
peak apparently on account of loss of water, the molecular ion

froir. an isomeric keto form as shown in mode 8 (Chart 11).
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Chapter 1 - General Introduction

The background for the present studies has been furnished
by a brief general review -which surveys various aspects of the
chemistry of ascorbic acid (AA), the available information on
its biochemical roles and the importance of further studies on
the vitamin. It is pointed out that many of the mechanisms of
action of the vitamin are not yet clearly understood. Atten-
tion is specially drawn to some aspects of its chemistry which
have not been clearly understood and which require further
elaboration or clarification. Several of the questions posed
in this connection involve the possibility that AA might
exist iIn more reactive tautomeric form.s, at least transiently,
and that such a possibility may have iImportant consequences
for its reactivity. It is pointed out that it is in this

specific context that the present studies have been undertaken.

Chapter 11 - Spectroscopic studies on AA and monomethyl _ethe rs

Earlier sxjectroscopic work on AA and DHA has been
reviewed and studies that have a bearing on the question of
the existence of isomeric forms have been specially mentioned.
The PMR spectra of AA and D-iso-AA have been compared, and
the conformation of the side chain of AA around the
bond has been deduced from the lov; values of the H -
CMAN H coupling constants. The conclusion obtained is in

agreement with that arrived at from more laborious and

sophisticated measurements involving deuterium labelling.



The hydroxyl signals of the proton spectrum of AA iIn EFiSO

showed interesting changes with time, eventually giving one
broad band wv/hich did not corresi)ond to the v/eighted mean of

the starting absorptions. Hov/evers iIn the case of 3-0-methyl-AA,
the broad hydroxyl proton absorption signal obtained on long
standing was very close to the weighted mean of the starting
absorptions. Further; 13C spectra of AA in OMNISO showed that

no skeletal changes were involved. The spectrum was also
obtained in methanol both at room temperature and at around

-40°. No evidence for an isomeric specics could be obtained.

The IR spectrum of AA in dry DMSO showed interesting
changes with time in the double bond region affecting the CO
and C=C absorptions. However, on prolonged standing the changes
were found to be reversible. The significance of the

observation is not clear.

Earlier reports on the pH and concentration dependence
of the UV absorption and the fall in intensity that is obtained
even under inert atmosphere was verified. The probable reason

for the intensity decrease iIs considered.

In the context of the conflicting reports on the nature
of freshly formed DHA in aqueous solutions, spectra of
samples freshly prepared by oxidation of AA with mercuric
acetate and with iodine vere both examined. It was found that,
irrespective of the method of preparation, what was obtained

in aqueous solution was the hydrated form of the bicyclic



3,6-anhydro form.

C_hapter_I11™ “ 1y netics_ .of oxidation o * /YWY its 5 ,6-acetoni_de
and P-i1so--AA

The available information on the uncatalyzed oxidation
of AA by molecular oxygen v/hich has been called “spontaneous”
oxidation has been summarized. The findings obtained iIn the
studies concerned were quite diverse and no coherent mechani*
Stic picture of the reaction was indicated. The reaction
(in water; has therefore been reinvestigated Vith the purpose
of bringing out the nature of the major factors involved. The
concentration range of interest hero was that which approaches
physiological conditions and under which peculiarities in UV
absorption of AA noted earlier were observed. It was found that
the reaction rate in solution was strongly dependent on con-
centration vhen it was belovw/ 50 mg/100 ml. 1In this range, the
reaction rates Were also pH dependent, the reactivities being
larger in solutions with a larger proportion of the sodium
salt of AA. The behaviour of D-iso-AiV and its sodium salt
were similar to those of aA and its salt. The acetonide of AA
VWas an exception. Its salt gave relatively clean first order

kinetics.

The significance of these findings has been discussed,
and it has been concluded that they very distinctly suggest
the involvement of the side chain of AA in the production of

a more readily oxidisable species iIn solution. In other words.



it appeared likely that a bicyclic form of AN is involved.

The relative ease of oxidation of D-iso~AA> the
5,6-acetonide and the 6-benzoate of AA was studied by employing
cupric copper. Actually, Fehling’s solution v;a employed for
the purpose. The sharp change of colour from deep blue through
green and orange to red was convenient to render the reactivity
differences visible to the naked eye. The reaction with the
acetonide was distinctly slov;er “chan with JJi or D-iso-AA. The
benzoate appeared to have about the same reactivity as the
acetonide. However, when allowance was made for the hydrolysis
of the ester, It appeared that the ester was the least
reactive. This reaction was not suitable for bringing out any
difference between AA and D-iso-AA. An attempt to employ

ferric i1ron in a similar manner did not succeed.

The background work on methyl ethers of M. is reviewed
and the need for further clarification pointed out. The
bicyclic nature of iso-dimethyl ascorbic acid has been confirmed
and the stereochemistry at determined with the help of
PMR spectra of i1s0"2-0-benzyl-3-0-methyl-AA and i1so-2-0-
methyl-3-0“benzyl-Aj\. It has been found that the proton
at C"2)

For the preparation and purification of the derivatives

involved, several now procedures have been worked out.

Chromatographic techniques have been v/orked out for obtaining
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the 3-methyl and 2 ,3-climethyl ethers of Aii in pure form and
high yieldo The procedure for the isoracrization of the 2,3-
dimethi™l ether has been modified so as to obtain high yields

of the 1iso~derivative. The revised procedure was successfully
employed on the 2“0-benzyl*“5-p-ffiethyl and 2-0O-iuethyl-3-0-benzyl
derivatives. Attempts at making 6-0-methyl ascorbic acid by
deraethylation of the 2,3 sB-triraethyl ether did not succeed.

The procedure for makingxg?§“dimethyl 6-trityl ether of ascorbic
acid has been improved and the material WwWas isomerized in the

same way as the dimethyl ether. The product was a mixture of

compounds which was found to be very difficult to separate.

The preparation of what appears to be a new unstable
methyl ether of AA has been described. Its structure could

not be found out on account of its extreme sensitivity to oxygen.

Clifter_J -= Benzvla_tign of _AA and its"™ mechanisja

It has been reported in the literature that benzylation
of AA gave a 2-C--benzyl derivative for which a bicyclic
3,6-anhydro structure was assigned. Only one epimer was
reported to be formed. [Ihis appeared odd in view of the
nature of the ascorbate ion and the reaction was re-examined.
The literature on alkylation of 1,3-di-carbonyl and allied

systems has been reviev/ed in this connection.

The formation of only one epimer of the 2-C-benzyl
derivative has been confirmed in repeated benzylations. Its

bicyclic nature has been confirmed with the help of NMR spectra.



Hov/ever, the stereochemistry at been found to be the
opposite of what was assigned earlier. It has been showx that
the benzyl group has an pxp® stereochemiGtry on the basis of the
marked upfield shift for the CMyproton. Unlike Ail, its
acetonide did not give any C-benzylation at all. This appeared
to call for an explanation» Further, D-iso-Zw"v seemed to give
only very small amounts of a C*“benzyl derivative ™ if at all.
The formation of only one epimer of the C*benzyl derivative,
its exo stereochemistry and the refusal of ju acctonide to
give any C-benzylation at all seemed to indicate that the
reactive species involved is not the ambident anion of the
ene-diol*“ -lactone. The CM7~hydroxyl appeared to be impli-
cated, and i1t appeared likely that a more reactive anion of a
bicyclic form of AA was involved in the reaction. This would
furnish a ready explanation for the behaviour of the acetonide.
The decreased C _-benzylation in the case of D-iso-/Ji could
also be readily rationalized on this basis in terms of the
difficulty in the formation of such a bicyclic intermediate.
The bicyclic intermediate of D-iso-ZiA will have the and
oxygens nearly eclipsed with each other, raising the
energy of the species and the activation energy for its
formation. All the observed facts could be satisfactorily

rationalised with the proposed bicyclic anion.

(Mapter VI - Hyjdroxylations med iate™ by AA

The Udenfriend hydroxylation is a non”onzymatic

reaction in which mediation by AA gives results similar to
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those obtained in enzymatic hydroxylations. There has been a
groat deal of interest in the reaction boce.use of this similarity.
Thonassociated literature has been surveyed. Although a number
of studies have been devoted to mechanistic aspects, a good
mechanistic understanding of the reaction is still lacking, A
number of highly regiO“ and sterooseloctive hydroxylations have
been claimed to have been obtained at quite unactivated carbon
atoms of various substrates. There has been no information at
all about the nature of reactive intermediates v/hich can give
rise toAiﬁg%endous selectivity under non-enzymatic conditions.
In this context, and in the context of the results obtained in
the other studies described here, it appeared desirable to make
a comparative study of the efficiency of and some of its
derivatives and analogues as mediators of hydroxylation in the

Udenfriend reaction. It was also thought that there was need

to check the reports of the specificities obtained wore true.

The action of the Udenfriend reagent (ferrous-ascorbate--
EDTA) on proline was re-examined under a variety of conditions.
The reported formation of hydroxi®-proline could not be confirmed.
All the earlier product identifications had been by paper
chromatography. The chromatogram of the reaction products did
indeed have a spot Vith the same value as hydroxy proline,
but the colour with ninhydrin did not match, and the spot

actually represented one of the decomposition products of A/.

In the comparative study of hydroxylation efficiency,

there was need for a very great deal of preliminary experi-



mentation in order to find out appropriate reaction conditions
which could bring out the genuine differences 1In reactivity.
Salicyclic and gentisic acids wcre found to be suitable
substrates o It v;as found that 10 mg cf the former substrate
VWas completely hydroxylated in 4 hrs when 50 rag of AA was
c;i'jployed. The use of equivalent amounts of other ene-diols 1in
place of AA provided a method of comparison. It was found that
the hydroxylation efficiencies of dihydrox}/" maleic acid,
phenyltetronic acid and phenyltetron-imide wvrere about as
efficient as AA itself, Juog the closer analogues including
derivatives of AA* the reactivity order was AA~ D-iso-A/i >
5,6-acetonide> benzoate. The results suggested that the
blocking of 6-OH very definitely leads to reduction of hydroxy-
lation efficiency. It appeared likely that the iron complex
of a bicyclic form of is involved in the reaction andA?ikely
mechanistic scheme has been suggested. The demonstration that
the side chain of vA has a role in determining iIts reactivity
VWas consistent with the conclusions of quite a few other
studies reported iIn this thesis.
Cjicy?ter™J/11 & Nass_sp_ectrometric” and speptroscoDiXx

s™tudies. of M and its derivatives”

Some useful CMR, PMR and mass spectral data are presented
and discussed. The use of C spectra for assignment of the
structure of freshly formed DHA in aqueous solution and for
the recognition of other similar bicyclic structures of

derivatives of AA has been discussed with the help of data for



a number of compounds. Residual C-H coupling in off-resonance
~spectra could be made use of iIn distinguishing between secondary

carbons.

FMR spectra of the 2p3-"diphenac*yl other of showed
that the gem coupling in the phcnacyl niethA/"lenes to be the
same. Although the C™My-proton absorption pattern showed a

13

close similarity to that of DMji, a C“Spectrum of the

derivative showed it to bo an open chain compoundo

The mass spectra of a number oL open chain and bicyclic
derivatives have been presented. It has been shown that the
open chain compounds, where the side chain hydroxyls are free,
give characteristic M-31 and M“60 peaks, trobable mechanisms
for these fragmentations have been suggested. Also, a pre*
dominant cleavage mode of the bicyclic derivatives has been

recognized.
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Chapter 1 - General Introduction

The background for the present studies has been furnished
by a brief general review -which surveys various aspects of the
chemistry of ascorbic acid (AA), the available information on
its biochemical roles and the importance of further studies on
the vitamin. It is pointed out that many of the mechanisms of
action of the vitamin are not yet clearly understood. Atten-
tion is specially drawn to some aspects of its chemistry which
have not been clearly understood and which require further
elaboration or clarification. Several of the questions posed
in this connection involve the possibility that AA might
exist iIn more reactive tautomeric form.s, at least transiently,
and that such a possibility may have iImportant consequences
for its reactivity. It is pointed out that it is in this

specific context that the present studies have been undertaken.

Chapter 11 - Spectroscopic studies on AA and monomethyl _ethe rs

Earlier sxjectroscopic work on AA and DHA has been
reviewed and studies that have a bearing on the question of
the existence of isomeric forms have been specially mentioned.
The PMR spectra of AA and D-iso-AA have been compared, and
the conformation of the side chain of AA around the
bond has been deduced from the lov; values of the H -
CMAN H coupling constants. The conclusion obtained is in

agreement with that arrived at from more laborious and

sophisticated measurements involving deuterium labelling.



The hydroxyl signals of the proton spectrum of AA iIn EFiSO

showed interesting changes with time, eventually giving one
broad band wv/hich did not corresi)ond to the v/eighted mean of

the starting absorptions. Hov/evers iIn the case of 3-0-methyl-AA,
the broad hydroxyl proton absorption signal obtained on long
standing was very close to the weighted mean of the starting
absorptions. Further; 13C spectra of AA in OMNISO showed that

no skeletal changes were involved. The spectrum was also
obtained in methanol both at room temperature and at around

-40°. No evidence for an isomeric specics could be obtained.

The IR spectrum of AA in dry DMSO showed interesting
changes with time in the double bond region affecting the CO
and C=C absorptions. However, on prolonged standing the changes
were found to be reversible. The significance of the

observation is not clear.

Earlier reports on the pH and concentration dependence
of the UV absorption and the fall in intensity that is obtained
even under inert atmosphere was verified. The probable reason

for the intensity decrease iIs considered.

In the context of the conflicting reports on the nature
of freshly formed DHA in aqueous solutions, spectra of
samples freshly prepared by oxidation of AA with mercuric
acetate and with iodine vere both examined. It was found that,
irrespective of the method of preparation, what was obtained

in aqueous solution was the hydrated form of the bicyclic



3,6-anhydro form.

C_hapter_I11™ “ 1y netics_ .of oxidation o * /YWY its 5 ,6-acetoni_de
and P-i1so--AA

The available information on the uncatalyzed oxidation
of AA by molecular oxygen v/hich has been called “spontaneous”
oxidation has been summarized. The findings obtained iIn the
studies concerned were quite diverse and no coherent mechani*
Stic picture of the reaction was indicated. The reaction
(in water; has therefore been reinvestigated Vith the purpose
of bringing out the nature of the major factors involved. The
concentration range of interest hero was that which approaches
physiological conditions and under which peculiarities in UV
absorption of AA noted earlier were observed. It was found that
the reaction rate in solution was strongly dependent on con-
centration vhen it was belovw/ 50 mg/100 ml. 1In this range, the
reaction rates Were also pH dependent, the reactivities being
larger in solutions with a larger proportion of the sodium
salt of AA. The behaviour of D-iso-AiV and its sodium salt
were similar to those of aA and its salt. The acetonide of AA
VWas an exception. Its salt gave relatively clean first order

kinetics.

The significance of these findings has been discussed,
and it has been concluded that they very distinctly suggest
the involvement of the side chain of AA in the production of

a more readily oxidisable species iIn solution. In other words.



it appeared likely that a bicyclic form of AN is involved.

The relative ease of oxidation of D-iso~AA> the
5,6-acetonide and the 6-benzoate of AA was studied by employing
cupric copper. Actually, Fehling’s solution v;a employed for
the purpose. The sharp change of colour from deep blue through
green and orange to red was convenient to render the reactivity
differences visible to the naked eye. The reaction with the
acetonide was distinctly slov;er “chan with JJi or D-iso-AA. The
benzoate appeared to have about the same reactivity as the
acetonide. However, when allowance was made for the hydrolysis
of the ester, It appeared that the ester was the least
reactive. This reaction was not suitable for bringing out any
difference between AA and D-iso-AA. An attempt to employ

ferric i1ron in a similar manner did not succeed.

The background work on methyl ethers of M. is reviewed
and the need for further clarification pointed out. The
bicyclic nature of iso-dimethyl ascorbic acid has been confirmed
and the stereochemistry at determined with the help of
PMR spectra of i1s0"2-0-benzyl-3-0-methyl-AA and i1so-2-0-
methyl-3-0“benzyl-Aj\. It has been found that the proton
at C"2)

For the preparation and purification of the derivatives

involved, several now procedures have been worked out.

Chromatographic techniques have been v/orked out for obtaining
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the 3-methyl and 2 ,3-climethyl ethers of Aii in pure form and
high yieldo The procedure for the isoracrization of the 2,3-
dimethi™l ether has been modified so as to obtain high yields

of the 1iso~derivative. The revised procedure was successfully
employed on the 2“0-benzyl*“5-p-ffiethyl and 2-0O-iuethyl-3-0-benzyl
derivatives. Attempts at making 6-0-methyl ascorbic acid by
deraethylation of the 2,3 sB-triraethyl ether did not succeed.

The procedure for makingxg?§“dimethyl 6-trityl ether of ascorbic
acid has been improved and the material WwWas isomerized in the

same way as the dimethyl ether. The product was a mixture of

compounds which was found to be very difficult to separate.

The preparation of what appears to be a new unstable
methyl ether of AA has been described. Its structure could

not be found out on account of its extreme sensitivity to oxygen.

Clifter_J -= Benzvla_tign of _AA and its"™ mechanisja

It has been reported in the literature that benzylation
of AA gave a 2-C--benzyl derivative for which a bicyclic
3,6-anhydro structure was assigned. Only one epimer was
reported to be formed. [Ihis appeared odd in view of the
nature of the ascorbate ion and the reaction was re-examined.
The literature on alkylation of 1,3-di-carbonyl and allied

systems has been reviev/ed in this connection.

The formation of only one epimer of the 2-C-benzyl
derivative has been confirmed in repeated benzylations. Its

bicyclic nature has been confirmed with the help of NMR spectra.



Hov/ever, the stereochemistry at been found to be the
opposite of what was assigned earlier. It has been showx that
the benzyl group has an pxp® stereochemiGtry on the basis of the
marked upfield shift for the CMyproton. Unlike Ail, its
acetonide did not give any C-benzylation at all. This appeared
to call for an explanation» Further, D-iso-Zw"v seemed to give
only very small amounts of a C*“benzyl derivative ™ if at all.
The formation of only one epimer of the C*benzyl derivative,
its exo stereochemistry and the refusal of ju acctonide to
give any C-benzylation at all seemed to indicate that the
reactive species involved is not the ambident anion of the
ene-diol*“ -lactone. The CM7~hydroxyl appeared to be impli-
cated, and i1t appeared likely that a more reactive anion of a
bicyclic form of AA was involved in the reaction. This would
furnish a ready explanation for the behaviour of the acetonide.
The decreased C _-benzylation in the case of D-iso-/Ji could
also be readily rationalized on this basis in terms of the
difficulty in the formation of such a bicyclic intermediate.
The bicyclic intermediate of D-iso-ZiA will have the and
oxygens nearly eclipsed with each other, raising the
energy of the species and the activation energy for its
formation. All the observed facts could be satisfactorily

rationalised with the proposed bicyclic anion.

(Mapter VI - Hyjdroxylations med iate™ by AA

The Udenfriend hydroxylation is a non”onzymatic

reaction in which mediation by AA gives results similar to
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those obtained in enzymatic hydroxylations. There has been a
groat deal of interest in the reaction boce.use of this similarity.
Thonassociated literature has been surveyed. Although a number
of studies have been devoted to mechanistic aspects, a good
mechanistic understanding of the reaction is still lacking, A
number of highly regiO“ and sterooseloctive hydroxylations have
been claimed to have been obtained at quite unactivated carbon
atoms of various substrates. There has been no information at
all about the nature of reactive intermediates v/hich can give
rise toAiﬁg%endous selectivity under non-enzymatic conditions.
In this context, and in the context of the results obtained in
the other studies described here, it appeared desirable to make
a comparative study of the efficiency of and some of its
derivatives and analogues as mediators of hydroxylation in the

Udenfriend reaction. It was also thought that there was need

to check the reports of the specificities obtained wore true.

The action of the Udenfriend reagent (ferrous-ascorbate--
EDTA) on proline was re-examined under a variety of conditions.
The reported formation of hydroxi®-proline could not be confirmed.
All the earlier product identifications had been by paper
chromatography. The chromatogram of the reaction products did
indeed have a spot Vith the same value as hydroxy proline,
but the colour with ninhydrin did not match, and the spot

actually represented one of the decomposition products of A/.

In the comparative study of hydroxylation efficiency,

there was need for a very great deal of preliminary experi-



mentation in order to find out appropriate reaction conditions
which could bring out the genuine differences 1In reactivity.
Salicyclic and gentisic acids wcre found to be suitable
substrates o It v;as found that 10 mg cf the former substrate
VWas completely hydroxylated in 4 hrs when 50 rag of AA was
c;i'jployed. The use of equivalent amounts of other ene-diols 1in
place of AA provided a method of comparison. It was found that
the hydroxylation efficiencies of dihydrox}/" maleic acid,
phenyltetronic acid and phenyltetron-imide wvrere about as
efficient as AA itself, Juog the closer analogues including
derivatives of AA* the reactivity order was AA~ D-iso-A/i >
5,6-acetonide> benzoate. The results suggested that the
blocking of 6-OH very definitely leads to reduction of hydroxy-
lation efficiency. It appeared likely that the iron complex
of a bicyclic form of is involved in the reaction andA?ikely
mechanistic scheme has been suggested. The demonstration that
the side chain of vA has a role in determining iIts reactivity
VWas consistent with the conclusions of quite a few other
studies reported iIn this thesis.
Cjicy?ter™J/11 & Nass_sp_ectrometric” and speptroscoDiXx

s™tudies. of M and its derivatives”

Some useful CMR, PMR and mass spectral data are presented
and discussed. The use of C spectra for assignment of the
structure of freshly formed DHA in aqueous solution and for
the recognition of other similar bicyclic structures of

derivatives of AA has been discussed with the help of data for



a number of compounds. Residual C-H coupling in off-resonance
~spectra could be made use of iIn distinguishing between secondary

carbons.

FMR spectra of the 2p3-"diphenac*yl other of showed
that the gem coupling in the phcnacyl niethA/"lenes to be the
same. Although the C™My-proton absorption pattern showed a
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close similarity to that of DMji, a C“Spectrum of the

derivative showed it to bo an open chain compoundo

The mass spectra of a number oL open chain and bicyclic
derivatives have been presented. It has been shown that the
open chain compounds, where the side chain hydroxyls are free,
give characteristic M-31 and M“60 peaks, trobable mechanisms
for these fragmentations have been suggested. Also, a pre*
dominant cleavage mode of the bicyclic derivatives has been

recognized.






Preparation & Properties of 3-Mcthyl &
3.3~Ditnpthyl Ether* of Ascorbic Acid*

VILAit R. SHRIHATH a p. MArHAVAM Naib
Natinnal Chrmical Laboratory, Poona 411008

Keretvtd 10 January 1<)77: atifpud 7 Match 1977

In view of tb« dlvrr®*nt report* on tti# propcrtt**
of 3-mcthyl *ther of ascorbic acid, @ proc«dur» for tlw
preparation of th« authciitlc material astd Its chro*
matoftraphtc puriflcalion la d«*<rib«d. A eImllar
procedure has been developed for the 2J-ditnetbyl

ether aa well.

TN connection with some of our studies, we required

relatively large amounts of 3-methyl and 2,3-
dimethyl eth«rs of ascorbic acid. However, pro-
cedures availabli in the literature*™ did not appear
to be suitable for obtaining the quantities that we
were interested in. Further, there was need to
sort out the reported differences in th*’ prop<rties
of the former dtrivative. We have therefore investi-
gated different procedures lor making these deri-
vatives and worked out suitable chromat<”raphic
procedures for obtaining them in high yield? and
purity.

In earlier work, niethylations to the monomethyl
ether with diazomcthane have been carried out
at temperatures in the range from —40” to —10°
and solvent methanol stripped at around 15°,
We h&6%e found that rtMactions at temperatures
around 0°, not exceeding 5® give oils which behave
very well in chromatogr*hy. After the addition
of the requisite qiuinl~ty of diajson”iethane in ether.

*NCL Communication No. 2100.
86]
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IV n-tctton mixtttff need br allowed lo it«ad only
for tiro to three hours at 10* to 15%. The eoiwni
Jfiny b= stripped «t 40° to XT under veeiuimwithout
any drli‘trnous effect.

For ubtkininf thi- pure cooipound, coiunn chro-
matography of the oil 00 celiilo*e aad different tw s
of alianina and silica gel was tried. Grade-! liUca
il wea (ound to be saitabir, and it wasprepwvd
mxn conunerdal silica gel as foiknri: The com
meitial material vf*s sttrml with exceia oj saturated
sodiiim bicalboratt™ sottttion <ar 3 to 4 hr aod left
ovi-might in the sane loediwn. The material was
- washed well with distibed water aod
activated at 71»8<= ior 4 to S hr. From the
material thus obtained, grade-2 (ilica ge! mede
b the wsttal way bj' treatraeat with the nQuMte
quantity of water, and the vhi€iced was
checked with the standard dj'ea*.

The mp., UV (lau) end [«]. valaet of the
chrormto’\nphad product were stntiUr to thosj
reported by Haworth W It was also acUic
to iitmas a< reported by them, 'ni'? <.ui vaiirs
(13080) wai sonmwlaat bieh>r than thoJe reported
edilier. Th» results obtained wero coesistent aad
in no caM could we get a neutral proiuct. Thj
nnitral praJuct* ha< bwn repoctea to bi non-
reactiv* to iodine. Th5 addition of ioiino to ths
nuterial obtained here we ra]>d to start with,
but sloned down as thi reaction proo»d>d an&
hydr~en iodidi concsitration buut up in th;
reaction mixture, MrIith acidiSid iodine in
siam ioltd}. the roacUon is vwy slow at discribsd
by Hawi>rth and otHirs. thi likaly reiwa is that
as In th; caie of aicorblc acid, this r.ractio.i is
reversible as shown in Chart 1

Th) poiitively chargid intna)diati (11 or I1I)
ini‘olved do;s not lo«} a proto.i rjadily to givi th>
3riodo I-m.<lhoxy-2-oxojdrivativj (1V) which is th)
exMCted proioct. This product appsari to bs
oltB stabie. Th'! rducténce of the intermsdlata
to go ow«r to 1V would b« nore ooasistrat with
the iodonluns stnictnre (111) than with the 2-keto-
hjrdraxy carboafana stnictere IQ

The reported enhaaceawat 5 reactivity towards
iodine on treatmest with aiinii aad readdiae&tloB
i* most |«obabty daa to rteg opmtaf. It © sot

IIB. «ES'TBMBKR W

ckar 1 any *lacton<-is lormed in the IraniformaH>n
It is trlrvant in this connection lo n«aU that > n
chain or fthX*mmmbeml 1L.27%k~Mon”™ Twjuirv  %6rv
dr™ic  condition* (or reduction with h-ohi] |t
iodide*. The rrrsrnor of a chelatnl liydniwl
signal In the NMR of thr nethwt ethir
conftmied thr presrno’ of thi- raolic foitction at
Qii and the natiirr of the alworption (4 &
24 Hy. (<,/** 1-9 H*) and the band at 1740cm’
In the tR khowed that the T-laclooe structun
intact and that the |rroduct wa* the auth'niic
3methyl ether.

For tin dlrrethyl ether thi nrthe>-tatian udi4<lu>
wes simiUr to that for the nonumeth)'! ether  Th
reaction mixture was ailirmti to stand ov, nitilit
as uiual aod solvent stripped at SO* to und-r
suction.  Only about SOY ol the product could b
recovered from the oil obtained by thr crjstalli-
lation {arocednres that ha»r been described eariiit'.
The sinmple dhraokatographle proc.-dure dexcribsil
below gives about M per cent . No Incon-
gesénet\MS in the pni~rtirs of this nmaterial haw

3-O-Mtti*Uicurbic acuf— Aacor<sic add (3 dl
was disul” In dn- nvthanol. (SO ml) and the
solution cooled to O. A calculated quantity (one
notai equivalent, .ttandardixed agaio.st ascorbic acid)
of a diatotnethane soiution In ether was similariy
cooled and added slowy to the ascorbic acid sdution
so that the tempeiature did not rise abon S'.
After thr. reaction mixture wes alloni-d to stan.l
for 2 to 3 hr at IMS*, tJe solvent was stripp' d
in_a rotary vacuom evaporator at 40-S0° to get it
ooiourtese oil. The average yield was 97-9S% &>
;NARd from NMR spectra of the oils.

iho crude oU Irom th* reaction wes loaded with
a little acktona onto a one™tch sUka gel colum.

prepaxd lrora 200 g of silica gel grute-Z in pi-t. *

«th« (6080°) slur®. It was forst eluted w»rh
acetooe-pet. ether (SJ: 80). Some anidentifitd im-
purity wv obtained m thin fraction. The elution
was continued until no further material csme out.
Tioo e 30O derivative was then elutid
oat with 45% (V) acetone <n pet. ether. Thii
fractioo was concentrated by removitig solver®
onder suction. It was then alloned to stand over-
night when 3-O-methylascorbk acid

e« beaatifui needles, mp. 121-22°, yield 8088%
fov 245 nm < 13080; IR; »«.. 1740 and
Ift7» cmo»; W, --f2fl »" in water; NMR In DMSO;
single proton doublet with /»1-9 H» at 284 H»
* &e lo C(«H, three proton singlet at 242 H* due
to OMo. and maltiplets at 217 and 204 Hi repre-
sentlng Cni—H and Cm—H (Found: C, 439; H,

SO. C. 44-2: SN )

1.I-Di- 0 Mf(M*atorble aci/— Afcotbic acki (J K
wa dis.solvd (n MeOH (50 ml) and cooled to O*
and the disaomethane solutVin. similarly cooled,
was a<i” sloMy, not allowing the temperaturt
to rise above 5% until a yellow cokwr persisted

' The mixture wa* alloowl to stand overnight »t

10-15* atter addition of a S% exceae of dlaaoroethanr
The solutten was then stripped at 50< udT

i ({«nm«((ﬂﬁ at M MHi and

I/



KOT

“f1S S r "
Th,"FeSi* L“7ine e

ra p- 59" AftAT *«gar-Uke cry»UU,
® ** room ttmperatun in

* vacuum
fromdry SrSI'r°T *®* f®cr>-sta»i**tion

7 water, nfie T Wl EEEI LS

»ith /- -9 Hz at 27?2~ =1
at 242 and i i s *h«let»

TIGE T Mg IHITEE S TTHENAKTM! keklg

H o 1
Delhi, °riL Im rf (ajunior research fdlcw=>hil..
R*ftr«nc««

’. fjW’lmn ® N\
W V(19340 * Opp«.fAim. R.. «fo. fAi«

793 *'B20. * Himr. E. L.
M. C.y. ftof. C*«m . IM

%, 17

N 'Tr9N)°’e3l.®
(11

6 (1964) - MATHt% R, /, 4#n fAa#m Scr.. M®



	01_title
	02_preface
	03_contents
	04_chapter 1
	05_chapter 2
	06_chapter 3
	07_chapter 4
	08_chapter 5
	09_chapter 6
	10_chapter 7
	11_summary
	12_appendix



