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Abstract

This thesis describes the synthesis of three new
isoalloxazines with special structural characteristics
which we hovned would, and in fact did, modify their chemical
reactivity so as to imorove our understanding of mechanisms
of flavin reactions generally: kinetic studies of their
reactions with a dithiol, recduced nicotinamide and sulphite
were made.

A new general synthesis is described for the
preparation of o-nitro-(i-alkylamino)aromatic compounds
via nucleophilic displacement by alkylamine of a methoxy
groun ortho to a nitro group. Two new compoundsg, the
isomers 1-(2'-hydroxyethylamino)-2-nitronaphthalene and
2-(2'-hydroxyethylamino)-l-nitronavhthalene, were prepared
by this method.

These compounds were used to synthesize two isoallox-
azines which each have an additional benzene ring fused
either at the 6,7-bond of the isoalloxazine nucleus
(7-(2'=-hydroxyethyl)-10-methylnapatho[l,2-g]oteridine-~
9,11(7H,10H)-dione; isoalloxazine A) or at the 8,3-bond
(12-(2'-hydroxyethyl)-9-methylnaphtho[2,l-glpteridine-
8,10(9H,12H)~dione; isoalloxazine B). The third new
isoalloxazine (10-(2'-hydroxyethyl)-3-methylbenzol g] -
pteridine-2,4(3H,10H)-dione; isoalloxazine C) was prevared
by a conventional route.

Kinetic studies, the first recorded for isoalloxazines
of the type of A and B, were undertaken for reactions with
1,3-dithio-2-propanol, with NADH and with sulphite.

In the case of the dithionrovanol reaction, a linear
free-energy relationship was observed between the logarithm

of the second order rate constant and the volcrogravhic
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half-wave votential, E; (slope 26 + lV’l). The conclusion
2

drawn from this is that, if the redox reaction occurs
through an addition-elimination sequence, the 5-, 6~ and
8-positions are not essential centres for thiol oxidation.

In the case of the reactidﬁ with NADH, direct evidence
was obtained for the formation of a kineficéliy important
comnlex between the isoalloxazine and NADH from the
observation of saturation kinetics. This is the first
reported instance of the observation of such direct evidence
for complex formation with NADH. The rate constants for
the three isoalloxazines follow the reverse order expected
from the E% values and from the rates of reaction with DTP.
The equilibrium constants (Ke) for the complexing of
tryptophan with the isocalloxazines were measured by
fluorescence quenching. A linear free-energy relationship
was not observed betwecen the logarithm of Ke and the
logarithm of the rate constant for NADH oxidation. It was
concluded that the unexpectedly high rate of reaction of A
relative to that of B was due to the formation by A of =
complex with NADH closer to the hydride acceptor site, the
5-position, than is the case for isoalloxazine Bj; and that
the productivity of the complex therefore is markedly
determined by the orientation of the NADH molecule with
respect to the isoalloxazine within the complex.

The anaerobic nucleophilic addition reaction of
sulohite with isoalloxazines A and C is a two stép vrocess
of the form X&Y-3Z, whereas the reaction with B is a
single equil;brium step. The reduced isoalloxazine vroducts
from A and C are oxidized by molecular oxygen to new

isoalloxazines but that from B is not. The new isoalloxazine
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from C reacts further with sulphite to yield a reduced
snecies different from that of the anaerobic reaction,
while the vroduct from A does not react further. These
observations provide supvort for the mechanism previously
suggested in the literature for the reaction of sulphite
with isoalloxazines. A small rate denression was observed
for A relative to B and C in a vnlot of logarithm of rate
constant against E%. This is interpreted as being due to
steric crowding at‘the 5-nosition caused by the a-hydrogen
on the nanhthalene moiety, an effect not observed in the
dithiol reaction which more likely involves nucleophilic

addition at the 4a- rather than the 5-position.
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l. INTRODUCTION

The term 'biological oxidation' covers a large area of
reactions which occur in the metabolism of living organisms.
This work is concerned with the smaller, but still large
field of flavin-mediated redox reactions. The flavin
coenzymes involved in these processes are riboflavin (II),
flavin mononucleotide (FIN, III) and flavin adenine dinucleo-
tide (FAD, IV).

The basic skeleton of flavins is an isozlloxazine
nucleus (I), which is systematically named a benzo [g] pteri-
dine-2,4(3H,10H)-dione. However, there must be a substit-
uent other than hydrogen at the N(10) position or otherwise
the molecule exists as the corresoonding isomeric alloxazine,
The numbering system adopted for this thesis is that of
Chemical Abstracts. Two names are in common use for com-—

pounds with skeleton I. These are flavin and isoalloxagzine.

H
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The former is usually retained to describe naturally occurr-
ing 7,8-dimethylsubstituted isoalloxazines while the latter
term is used when the substitution pattern in the benzene
ring is other than 7,8-dimethyl. These terms are used

throughout this thesis as defined above.

1-1 HISTORICAL AspEcrsi

The initial detection of riboflavin or a derivative
of riboflavin as an impure resinous pigment was made by

Blyth in 1873. Blyth called this pigment lactochrome.
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Further research into naturally occurring flavins did not
begin until half a century lster, when several impure
yellowish pigments were isnlated from several sources:
lactochrome from whey by Bleyer anéd ¥Kallmann; lyochrome from
animal tissues by Ellinger and Koschara; cytoflav from
heart muscle by Banga and Szent-Gyorgyi; ovoflavin from egg
white by Wagner-Jauregg and coworkers. The latter pigment
was the first pure crystalline voroduct and this achievement
made it possible to determine the biological effect of
riboflavin. It was shown, in fact, to be a nutritional
factor for mammals and was later called vitamin B2. Subse-
cuently, lactoflavin was isolated in sufficient quantities
for structural determinations to be carried out. These
showed the molecule to consist of a ribitel moiety and an
isoalloxazine ngcleus. The structure was confirmed by syn-
thesis in 1335 by Karrer and Fuhn ané their associates.
The compound was now called riboflavin.

Riboflavin (II) is found universally in pnlant and

animal tissues, either free or bound in two coenzymes,
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riboflavin mononucleotide (FiN, III) and riboflavin adenine
dinucleotide (FAD, IV). '01d yellow enzyme' which catalyses
the rcoxidation of the reduced coenzyme nicotinamide
adenine dinucleotide phosphate (NADPH) was found to give
two fractions when treated with methanol: a colourless
protein and a protein-free vignent. Xuhn established that
the latter vnignent was related structurally to riboflavin
and Theorell demonstrated that in fact it was the ribofla-
vin-5'-phosphate ester, FllN. The second prosthetic group
containing riboflavin, FAD, was discovered in 1938 by
Warburg and Christian in D-amino acid oxidase. The structure
of this second cofactor was confirmed by synthesis in 1954
by Todd and his coworkers.

Recently many derivatives of riboflavin have been
found in which the 8-methyl group is modified. Examples
of 8-substituents on the isoalloxazine nucleus include

2 4 5
N-CH,-%, —S-CH2-3, -0H", and —N(CH3)2 .

1-2 FLAVOENZYMES

The two flavin vrosthetic groups FIIN and FAD vary in
their binding to the avoprotein from one enzyme to another.
They generally act as orosthetic groups rather than freely
dissociating coenzymes. The binding position on the flavin
is not known with any certainty in many cases, but several
possible sites are:

(a) ionic interactions between cationic groups on the
protein and the phosphate residues of the coen-
zyme;

(b) hydrogen bonding to the nitrogen and oxygen

functions of the isoalloxazine nucleus;
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(¢c) hydrogen and avolar bonding to the ribityl side

chain; and

(d) through covalent bonds to the 8-aposition on the

isoalloxazine ring systen.
Flavooroteins occupy an intermediate vosition between
two other tyves of dehydrogenases, pyridinoproteins and
cunroproteins. They catalyze the oxidation of substrates
of intermediate redox notential, such as amines to alde-
hydes, carbonyl comvounds to of-unsaturated carbonyl com-
vounds, nonheme iron and NAD(P)H. Their reduced forms are
oxidized by interaction either with oxygen directly or with
a number of alternative accevtors in the respiratory chain.
Flavoproteins are mainly concerned with three import-
ant areas of oxidative metabolism; these are as follows:
(a) the oxygen-linked dehydrogenation of substrates
(e.g. amino acids);

(b) the cytochrome-linked dehydrogenation of the
initial members of the particle-bound respiratory
chain utilizing substrates such as NADH, succinate,

o-glycerophosphate, choline, .sarcosine and D- and

L-lactate;
(¢) +the NAD(P)-linked dehydrogenation of certain low

potential substrates, e.g. dihydrolipoate,
dihydroorotate and reduced ferredoxin.
The latter two groups sometimes have additional cofactors
associated with the catalysis which are usually metal ions.
The flavoenzymes are involved in many facets of the
metabolism of living organisms. They have considerable

importance in the respiratory system; the flavin moiecty

seems to be the collecting point for electrons from differ-—
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ent substrates6a. Reactions of flavins may, in fact, be
rate limiting in mitachondrial respiration, since all

other chain components are present in excess (e.g. nico-
tinamides:flavins:ubigquinone:scytochrome a = 100:1:100:10)6b.
In the photosynthetic processes, flavins also have a major
role in the cyclic and non-cyclic electron flow and energy
conservation. In both microsomal and mitochondrial oxygen-
ation flavin seems to control not only cytochrome reduction
but also, indepencdently, oxygen-activation.

Classification of the flavonroteins is best made from
the viewpoint of the substrate utilized; a classification
by this method is given below:

(a) C-H dehydrogenases: this is the major grouping
in this classification. The enzymes are involved
with deaminations of amino acids and amines,
decarboxylations, oxidations of alcohols and
aldehydes and the reoxidation of reduced nicotin-

amide coenzymes (equation 1.1).

NADH ~—2—s NaD* (1.12)
RCH(NH2)COOH ——3> RCOCOCH + NH3 (1.1v)
HOOCCH,CH,COCH ~ ————> HOOCH=CHCOCH (1.1c)
CHyCOC00H ~ ———> CH,COOH + €O, (1.14)
CH;CH(OH)COOH ~ ———> CH3COCOOH (1.1e)

(b) S-H dehydrogenases: such enzymes catalyse the
oxidation of dithiols, e.g. dihydrolipoamide, to
the corresponding disulphide comvpounds (equation

1.2).

H SH -
CHQ,COOH —> CH,),COOH (1.2)
H H
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(¢) Electron transferases: as the name implies these
enzymes are involved in electron transfer systems,

examples of these enzymes being ferrodoxin-NADP

reductase and flavodoxin.
(@) Other redox-active flavoproteins: +these enzymes
are concerned with the reduction of such ions as

sulphite (to sulphice) and nitrate (to nitrite).

1-3 FLAVIN CHEWISTRYS

Active flavin can operate between different chemical
oxidation states. There are three such states: the terms
used to describe them are flavoouinone for the fully oxi-
dized flavin molecule, flavosemiquinone or flavin radical
for the half-reduced state and flavohydroguinone for the
totally reduced form. As indicated in Figure I, these flavin
states may exist in dissociated or protonated forms, depend-
ing on pH., Thus the spectra of the various flavin states

exhibit a dependence on the pH.

1-3.1 Flavoguinone

In the absence of reducing agents and in the presence
of oxygen the flavooguinone (FloxH’ Vb) is the only stable
flavin state. FloxH exhibits a very characteristic absorp-
tion svectrum with maxima for riboflavin at 445 and 373 nm,
These two prominent visible absorption bands of oxidized
flavins aopear to be w-n* transitions due to electronic
transitions in different varts of the isoalloxazine ring

structure6°.

Deprotonation at N(3), to give the flavoquinone anion

Flo

x (Ve), does not have any oronounced effect on the spec-



Flavoquinone (V)
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Figure I. Flavin species, as they occur at different pH and redox states.

Approximate buffer regions of the singlet species are givensb.

€T
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trum. This indicates that there is negligible mw-conjugation
of electrons of this part of the pyriminoid ring with the
rest of the flavin nucleus. Protonation of the flavoquin-
one at pH<1l on N(1) gives FIOXHE (Va). This causes drastic
changes in the flavin spectruﬁ and elimination of the
characteristic *flavin' colour. This cation probably has
no physiological significance however since the pKa is so
low.

Flavins are subject to strong solvatochromism.

Solvent changes from polar to non-polar increase the reso-
lution observed in the 450nm band and shifts the 370nm band
to shorter wavelengths.

The flavins exhibit a strong green fluorescence and
this has a maximum emissioa at 530nm. The fluorescence is
extrem=ly sensitive to environmental influences. In some
cases the emission is quenched by comvlex formation between
the isoalloxazine nucleus and some aromatic compound. The

fluorescence also disapvears at extremes of pH.

1-3.2 Flavohvdroauinone

In a two electron reaction, oxidized flavin reacts
with the reduced form of a substrate molecule, AH2, to
yield the flavohydroguinone (FlredHB’ VIIb) and oxidized
substrate, A (equation 1.3).

FloxH + AH2 —_— FlredH3 + A (1.3)

The reduced flavin becomes itself a substrate for other
electron accentors, thereby regenerating the oxidized flavin,
Artificial electron acceptors can be utilized in the ab-
sence of natural acceptors. Examoles of these are methyl-

ene blue, indoovhenol, phenazine, tetrazolium dyes and the
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most common, molecular oxygen.

On full reduction of the flavoquinone to the flavohy-
droquinone, which can be achieved chemically with sodium
dithioniteg, the characteristic visible absorption spectrum
of the flavin is bleached, leaving bands at approximately
260 and 350nm. This spectrum consists of a series of weak

overlapvuing bands which are »robably due to several n-g%

transitionsbc.

The more acidic nrotons in the flavohydrogquinone are
situated at the N(1) and N(3) positions. Alkylation at
N(3) causes no change in the acidity of the reduced flavin
which has a nKa of approximately 6. Therefore the most
acidic proton in the flavohydroguinone is at N(1). Tautom-
erism of the C(2) and C(4) carbonyls to the 'iminols' can
occur quite readily contrary to the situvation for oxidized
flavin. This is reflected by the ease with which the
carbonyl oxygens are alkylated. Although N(3) can also be
alkylated, there is no corresponding reaction with N(1).
This is probably due to steric hindrance from the N(10)
substituent. Thus the chemistry of the N(3) position
apvears to remain unaffected by the change in the oxidation
state of the flavin.

The greatest change which occurs on reduction of FloxH
is that the vproduct flavohydroguinone is folded about the
central axis (N(5),N(10)) in a ‘'butterfly wing' conformation
in contrast to the volanar flavoquinonelo as is consistent
with the loss of conjugation between the benzenoid and
pyriminoid rings. The flavohydroouinone cation (FlredHZ,
ViIa) is oresent at pH 1 and N(5) becomes a quaternary

ammonium tetrahedral centre. Deprotonation at N(1) of the
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neutral reduced flavin molecule at pH 6-7 gives the anion,
FlredHE (VIIc). The full negative charge on the pyrimidine

ring prevents delocalization of electrons from the other

rings and thereby enhances the folding of the molecule.

1-3.3 M™avosemiaguinone

The flavin radicals (’F1H2, VIb) formed by the one-—
electron oxido-reduction of free flavohydroguinone and
flavoouinone, resvectively, are difficult to demonstrate
as the racdicals react more ravidly to form the oxidized or
reduced flavins. The flavosemigquinone is more readily
shown with flavooroteins as the oresence of the avoprotein
stabilizes the flavin radical.

In partially reduced flavin solutions flavosemiguinone
nolecules exist in eguilibrium with the oxidized and reduced
forms by comproportionation (ecuation 1l.4).

F1 .H + Fl  qHy == 2°FlH, (1.4)

Similarly to the two other oxidation states the flavo-
semiouinone can exist in neutral, cationic and anionic forms.
In acid solution the flavosemigquinone exhibits a character-
istic reddish colour due to the light absorption spectrum
of the cationic radical, ’Fng (VIa). This has maxima at
about 360 and 430nm. Deprotonation at vH>2 gives the
neutral species, 'F1H2 (VIb), which also has a characteris-
tic blue colour with a long wavelength absorpntion about
560-620nm. Spectral assignments for the anion have not as
yet been made with any certainty.

Experimental difficulties experienced with the absorp-
tion svectrum of the flavoéemiquinone is counteracted by

their paramagnetism and hence the exhibition of ESR svectra.
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As with light absorption the ESR svectra show pH dependence.
The racdical anion has the simplest snectrum of 12 evenly
spaced lines. The cationic and neutral spectra are more
comolex with hyperfine lines occurring. Alkylation of N(3)
has only very slight effects on the ESR spectrum and also
there is only a very small spin density localized on the
pyriminoid nitrogens. Thus the unpaired spin is virtually

isolated from the pyriminoid nitrogens.

1-3.4 Holecular Complexes

Bimolecular complexes of the charge-transfer type have
been demonstrated to be formed between the flavin molecules
of different redox states. These produce broad light
absorvtions with maxima in the 800-1000nm region. These
complexes form for a number of aromatic compounds and flavin
molecules. The effect on the visible spectrum of the flavin
is to brozden the peaks and to shift them to longer wave-
lengths.

X-ray data has shown the existence of face-to-face
comolexes of isoalloxazines with various aromatic molecules
in the crystalline state. For example, lumiflavin associ-
ates with 2,3-navhthalenediol in a 1:2 complexll and with
benzoguinone in a 1:1 complexlz. Purines and pyrimidines
are known to associate in acueous solutions by forming
stacks of parallel planar moleculesl3. The crystal struc-
tures of the isoalloxazine-comvplex crystal would susgest
similar stacking.

Proton magnetic resonance and circular dichroism spec-

14

tra of acueous FAD solutions corroborate the association

of the aromatic rings to form parallel stacks. In photo-
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chemical recuction in the presence of EDTA, FAD exhibits a
slower rate of reduction when comvared with FMle. This
fact was attributed to the formation of an intramolecular
complex between the flavin nucleus and the adenine moiety

of FAD. Pleischman and Tollint?

found that isoalloxazine
derivatives, such as lumichrome, FIN and riboflavin, pro-
duced highly coloured solutions in strong acid with electron-
rich phenols due to the formation of 1l:1 charge-transfer
complexes between the phenol and monoprotonated flavin.
With very good donor molecules, such as 1l,4-naphthalenediol,
the compnlexes formed in neutral solution. The formation of
the complexes was corroborated by svectral evidence;
decreases and broadening of the flavin absorvptions and the
appearance of long wavelength absorptions, in the case of
1,4-navhthalenediol, were observed.

The characteristic fluorescence of isoalloxazines is
quenched by a wide variety of aromatic compoundsl7. In
fact the fluorescence of FAD is 90% ouenched relative to an
equivalent concentration of FMN18 due to complexing between
the adenine and isoalloxazine ring systems of FAD. TFluo-
rescence gquenching of isoalloxazines has also been shown to
occur in solutions containing tryptoohanlg. The observation
of such quenching by these tyves of molecules is interpreted
as implying complex formation of some form although not
necessarily of the charge-transfer type. Purines and
pyrimidines,; although forming complexes with isoalloxazines,
do not give colour changes with isoalloxzazines in acid

unlike the phenolsl6a.
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1-4 FLAVIN AND FLAVOPROTEIN MECHANISMS

The mechanisms by which flavins and flavoproteins
catalyze reactions will be discussed in two parts. Firstly,
the oxidation states between which the flavin nucleus
operates and seconély, on a molecular level, the tynes of
flavin-substrate complexes which have been suggested from
enzyme and model studies as likely intermecdiates in the

redox reactions.

1-4.1 Flavin Oxidation States

in the Plavovnroteins

One of the unsolved problems in the field of biologic-
al oxidations is the mechanism by which the two-electron
transfers occurring in the early stages of the resvpiratory
chain are linked to the one-electron transfer steps occurr-
ing in the cytochrome region of the respiratory system.
When redox equivaleats are transferred through flavin from,
say, NADH to cytochrome or ubiguinone, the flavin accepts
two electrons at a time together with a proton. However,’
the acceptor sites will not accept more than one electron
at a time. Thus the flavin effectively 'splits' the elec-
tron pair. However, if this occurs then there must be some
way in which the two electrons can be yielded with the same
potential since the change from flavoauinone to flavosemi-
quinone and the latter to flavohydrocuinone represents a
great difference in the potential of the two levels. This
problem can be solved if there is a second redox-active
group which can comprovortionate or disproportionate the
system so that the second electron has egquivalent energy to

the first. The simplest method would be to have an addit-
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ional flavin moiety present thereby producing two flavin
radicals which would necessarily be of similar votential
(equation 1.5). This process would necessitatepthat there
2F1 _H 355; Flieqlly + Fl,H == 2°F1H, (1.5)

be some form of inter-flavin contact. IHost of the flavo-
enzymes have more than one coenzyme associated with themnm,
suggesting thaet this is a real possibility.

Wiith the existence of three oxidation levels, the flavo-
enzymes can utilize peirs of these states to carry out
their catalysis. Some enzyues avpear to function between
the oxidized and radical levels, while others overate
between the reduced and radical levels and then again
others use only the oxidized and reduced states of the flavin.

Glucose oxidase provides the only authenticated
example of an enzyme functioning solely between flavoquin-
one and flavohydroquinonezo. Svectral intermediates have
not been detected and the half-reduced enzyme has been
found to be unreactive to substrate. This would also
indicate that the di-radical is not an intermediate in thé
mechanism. Snake venom L-aninoacid oxidase provides an
example of the mechanism involving flavosemiguinoid inter-
mediates from the oxidized flavin.Zl. Transient long-wave-
length absorbing intermediates form on addition of L-leucine
to a solution of the enzyme?Q. This enzyme is very suscep-
tible to inhibition by excess substrate. It was suggested
that the enzyme was being completely reduced to the flavo-
hydroguinone state in the oresence of excess substrate.
However, the half-reduced enzyme was found to be inactive

towards the substrate.

Catalysis involving transfer between the flavohydro-
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quinone and the flavin radical levels apnears to be demon-
strated by NADPH cytochrome ¢ reductase23. The cytochrome
is reduced at the exnense of the flavohydroquinone to yield

an intermediate exhibiting a long-wavelength absorption

consistent with a radical structure.,

1-4.2 1lechanisms at the

Molecular Level

The interesting aspect of flavin catalysis is the
mechanism of electron transfer and the accomnanying ques-
tion of the tyve of contact between the isoalloxazine
nucleus and the reductant molecule which allows such elec-
tron transfer to occur.

The reduction of the flavoouinone state to the flavo-
hydroguinone state is a two electron process as shown in
eguation 1.6.

Pl H + 27 + 2H —> Fl,oqH; (1.6)
Therefore, in flavin-mediated redox reactions there is a
reqguirement for the transfer of these two electrons to the
flavin from the reductant molecule. The methods by which
these electrons may be transferred from reductant to iso-
alloxazine are as follows:

(a) the electrons are transferred as a pair with a
proton, i.e. as in a hydricde ion equivalent;

(b) the electrons are transferred singly, i.e. a
radical mechanism involving transfer of the
hydrogen radical, H®, and one electron;

(c¢) the electrons are transferred via the formation
and subsequent breaking of a covalent bond from

the reductant molecule to the flavin.
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Depending on which of these mechanisms operates the
nature of the contact between isoalloxazine and reductant
would be exvected to differ. Contect in cases (a) and (b)
might be expected to occur through the formation of a com-
plex, possibly of the charge-transfer type, from within
which direct transfer of hydride ion, hydrogen atom or elec-
tron occurs. Such prior complexing would not be excluded
in the case of (¢), but the formation of a obond between
reductant and isoalloxazine reguires specifically that there
must be a receptor site for adduct formation on the
isoallozrazine nucleus.

These factors are discussed in more detail in the

following sections.

1-4.2.1 The Hydride Ion Mechanism

Support for this mechanism would come from evidence
for complex formation of flavin with reductant and for
direct hydrogen transfer to isoalloxazine. Many oxidations
of reduced nicotinamide species involve the direct transféf
of hydrogen to the oxidant24. This has been shown by iso-
topic labelling with deuterium and these observations have
generally been intervreted as implying the transfer of a
hydride ion from within a molecular complex of reductant
and oxidant.

Isoalloxazines certainly do form complexes with many
molecules (section 1-3.4) but whether such complexes with
the reductant lie on the reaction pathway for redox reac-
tions is another question: a representation of such a com-

plex between reduced nicotinamide and the isoalloxazine

nucleus and ensuing hydride transfer to the isoalloxazine
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may be envisioned as in equation 1l.7.

(1.7)

NA DH-Fl NAD-FIH”

Isenberg and coworkers25 suggested that oxidized iso-

alloxazine and reduced nicotinamide form a charge-transfer
complex of this type which is important in the redox process,
but no conclusive evidence to support this hypothesis had
been obtained until recently when direct evidence was
presented for a preegquilibrium comolex between oxidized
lumiflavin and N—methyl;l,4—dihydronicotinamide26. This
evidence was obtained from a Lineweaver-Burke nlot (kobs -1
against [nicotinamide]'l) which had a negative intercept on
the x-axis. Such nlots are generally interpreted as imply-
ing the formation of some form of molecular complex between
the reactants. This was corroborated by the observation of
a long wavelength absorntion during the reduction reaction.
The rate of disanpearance of this vpeak was identical to the
rate of formation of reduced lumiflavin.
The oxidation of dimethyl trans—l,2-dihydronhthalatesz7

(equation 1.8) and NADELD by certain isoalloxazines showed

H . OOEt COOEt FL_H (1.8)

OEt COOEt

a linear relationship between the logarithm of the rate of
reduction of the iéoalloxazine and the logarithm of the
equilibrium constant for the binding of tryptophan to the

igoalloxazine nucleus. The internretation of these obser-

vations was that 'kinetically imvortant preequilibrium
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complex formation tekes place’'.

As mentioned sbove, reduced nicotinamides are known
to varticivate in reduction reactions with direct transfer
of a hycdrogen to the oxidant24.. The transfer of hydrogen
from IIADH to a substrate molecule via an enzyme-=bound
flavin has been demonstrated28. This implies that the
hydrogen is initially directly transferred from NADH to the
oxidized flavin in the enzyme with subseauent transfer from

the reduced flavin to the substrate which is reduced.

Deazaflavin (VIII) has the nitrogen at the N(5) posi-

T =

s
z

7 “CHy
tion replaced with a carbon atom. This molecule behaves
in a similar fashion to the isoalloxazines in the usual
flavin reductions29 forming the 1,5-dihydro molecule.
Reaction of deazaflavin with NADH in deuterium oxide occurs
with direct hydrogen transfer to the C(5) position3o. The
interpretation of this evidence is that both the hydrogen
atom and the two electrons are transferred internally to
deazaflavin from within a compnlex between NADH and deazafla-
vin. Such a test cannot be made for direct transfer with
isoalloxazines themselves as proton exchange occurs at N(5)
of the reduced isoalloxazine, but the result for deazaflavin

suggests that direct hydrogen transfer would probably occur

for isoalloxazines themselves.

1-4.2.2 Electron Transfer via Covalent Bond Formation

31

Hamilton was the first to clearly consider the

possibility of electron trangfer occurring through a coval-
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ent link between the isoalloxazine moiety and the substrate.

The basic requirement for such a mechanism is an
electrophilic centre on the isoalloxazine nucleus to which
a nucleophile can add and that the covalent complex thus
formed can break down as completion of the electron trans-
fer occurs.

For the oxidation of a generalized species HA-BH, the

mechanism can be outlined as in equation 1l.9.

-yt - P -
HA+BlI === HA-B == H-A-B-F _—

Bt 4 oa=B 4 ¢ 205 FH,, (1.9)
The hydrogen-atoms are therefore transferred externally
as nrotons during the reduction of the isoalloxazine in
contrast to the case involving direct hydride transfer in
1-4.2.1 above, while the electrons are transferred via the
formation of the covalent bond between the reductant
molecule and the isoalloxazine.

Theoretical calculations32 show that the N(5) position
on the isoalloxazine nucleus is the nost electronhilic
closely followed by the 4a, 6, 8, 9a and 10a positions,
and all are ©possible sites for addition of nucleovhiles.

Hamilton considered the possible generality of such
a mechanism for a number of reductants with the 4a-position
as the most likely electrophilic centre for covalent bond
formation. Thus, for example, if the timing of proton
transfer to the isoalloxazine is ignored for the oxidation

of a dithiol the mechanism may be visualized as in

equation 1.10.

HSQH | | e
[P N
e 2 - QI e
258 °
HLs_)
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The other vossible sites for covalent bond formation
would also allow the comnletion of electron transfer in a

redox reaction (equation 1.11).

| o | H-S ) L g
0 ol 8gr
l S
HYS, 3 = nis) ® = (1.11)

H@
S
N
S
9a 193

The necessary step for vindication of such a mechanism
is the observation of a covalent adduct of the isoalloxazine
as an inbtermediate on the pathway of a redox reaction, but
so far these have not been observad.

Addition comgoounds of isoalloxazines have been observed
and in some cases isolated from non-redox reactions.
Nucleoohilic addition of sulphite has been observed with

33 34

flavoenzymes and with free isoz2lloxazines”’'. In the case
of the enzymes svectral evidence only is available since
the instability of the sulphite-enzyme complexes does not
allow their isolation. Isoalloxazine-sulphite addition
complexes have been isolated where the isozlloxazine has

been allylated at the N(1) position*2, The position of

attack was suggested to be the N(5) nitrogen (IX). This

O
H3C N N\TO
J o o=
H H
3 1 -
So3 6
was reasonable since this position is in fact the most
electronhilic in the isoalloxazine nucleus34b. Hevesi and
Bruice34b have shown that although the sulohite initially

adds to N(5) in isoalloxazines carrying no N(1l)-substituent
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further attack occurs at the C(8) and C(6) positions with
the expulsion of the N(5) sulvhonate group to yield the
1,6,7,8-tetrahydroisocalloxazine—6,8-disulvhonate (equation
1.12, X). ‘hen this new reduced isoalloxczine is reoxidized
by air the isoalloxazine, XI, is formed and this when

R= 26-dimethylphenyl! ; R'= CH

3
e SV
& 0

¢ 3

treated with sulphite was found to form the 4a-adduct (XII).
This was thought to be because the N(5) position was electro-
statically hindered by the sulphite group at C(6) in XI.
The structure of XI was confirmed by elemental analysis.
This study establishes that 4a-, 5-, 8- and possibly 6-
positions are potentialacceptor sites for nucleophiles.
Isoalloxazines are readily reduced in photochemical
reactions in the presence of a variety of compounds such as
EDTA35 and phenyl acetic acid36. Both 4a- and 5-adducts
have been observed in the case of vhenylacetic acid36. The
adduct which is formed depends on the steric conditions at
the N(5) position in the isoalloxazine. With XIII, which is

not crowded at the 5-position, the 5-adduct was produced
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HCQH CH, CH, y
@ 3@11;‘} 90, (11,
H,C CH,COH ﬂﬁ X H,CO,H

(equatlon 1.13) but if there was a methyl group at C(6)(XIV)

phenylecetic acid added to the 4a-position (cquation 1.14).

tetraacetylribityl R
1
FCHCOH._ N\TO . o
HaC (1.14)
Hy HzC
/’

Adducts of isoelloxazines are not usually observed when
they are nhotochemically reduced in the nresence of EDTA,
but when electron deficient isocalloxazines (XI, ¥V) were

used 4a-adducts were cbserved to for435 In fact the adduct
(:H3

NC A~ ' Z
L
vroduced from XV was so steble that it resisted further
reduction to the 1, 5-dihydroisocalloxazine. Thus the format-
ion and stability of the adducts are controlled by steric .
and electronic factors.

Isomerization of 4a- to 5-adducts and vice versa
{ecuation 1.15) has been observed in addition complexes from
both photochemica136’37 and dark non-redox reactions38. The
direction of the isomerization depends on the thermodynamic

stability of the individual adducts and the ease of

isomerization devends on the carbonium ion stability of

jI:::]:;;:E (1.15)
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the migrating group37. The conclusion which may be drawn
from this is that there is the vnossibility of a general
covalent reaction mechanism, say through a 4a-adduct.

Thus this could form directly or if the steric and elec-
tronic factors overating in the flavin cause a 5-adduct to
form this could thén rearrange to the 4a-isomer.

Although there has been the observation of the adducts
mentioned above, there is as yet no svectral evidence for
an adduct being an essential intermeciate on a non-photo-
chemical redox reaction pathway. Despite lack of swnectral
corroboration, kinetic evidence has been pnresented, however,
which implicates an adduct intermediate in the reaction
of dithiothreitol (XVI) and 3-carboxymethyllumiflavin
(XVII)39. Through kinetic analysis of the pH-rate profile

(|ZH2C H(OH)CH(OH) (|3H2
SH SH
XVI Hs

of this reaction Loechler and Hollocher have deduced that

(a) there is change in the rate-determining step from
adduct formation (oH 7-11) to adduct breakdown
above and below that pH range, and that

(b) general acid catalysis (by buffer) of the adduct
formaetion step occurs.

This is consistent with adduct formation at the 4a- rather
than the 5-position for the following reasons. From
equation 1.10 it can be seen that when the adduct forms at
4a-position a formal negative charge develops at N(5),
whereas if attack occurs at N(5), the formal negative
charge is generated at N(1l) as in equation 1.16. The pKa

of N(5)H in a 4a-adduct has heen estimated to be very high
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| -
Jo 0o
\1}4 — ] ) | \\rH
L4
S

.16
5> L (1.16)

Hs\ja HS_ )
(pX 2439) and thus 4a-addition would be expected to be
subject to general acid catalysis; fhe pKa of N(1)H in a
5-adduct, on the other hand, is much lower (pX = 6.639)
and conseguently protonation of the anion would not occur
at the pH values used and general acid catalysis would not
be observed.

Further kinetic evidence has been obtained by Yokoe
and Bruice4o from the reaction of 8-cyano-3,10-dimethyl-
isoalloxazine (XV) and thiophecnol. The reaction of XV with
excess thiophenol followed first orcder kinetics in isoallox-
azine (pH 4.8-3.9) and was found to be second order in
total thiol. General acid catalysis was not observed.
Despite the latter observation these facts are consistent
with 4a-addition and with rate limiting breakdown of the

adduct to the »nroduct (ecuation 1.17).

_ _ k, BH kRS~
RS™ + XV = 4a~ === 4aH —=—> oyproducts (1.17)

kgbB
General acid catalysis is not observed because the break-
down of the adduct rather than the attack of the thiol
anion is rate limiting. This difference between mono- and
di-thiols is caused by the close proxinity of the second
thiol group in the latter which allows rapid connletion
of electron transfer; formation rather than breakdown of
the intermediate is rate determining and general acid

catalysis is observed.

A mechanism for mommhiols could also be postulated4o

involving addition of thiol to N(5) (equation 1.18) to
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- |
_ ' N~ N
RS+ FI == I | = I —> products
N ' (1.18)
|
RS HRS

account for the lack of general acid catalysis. Migration
of RS to the 4a-position is suggested, with subsequent
breakdown to the products. However, this mechanism was
Giscounted as the 5-azdduct would be z sulphenamide which
would be susceptible to transamination by strong a—-effectors

such as hydrazine (eouation 1.13), but this was found to

have no effect on the rate of reaction4o

b A A A _.
M%INI Cwiesr
R H

/Y
HNNH,

The kinetic evidence of the dithiol reaction also
eliminates the other electrophilic sites for attack of
thiols at the isoalloxazine nucleus since the anion at N(1)
is formed when addition occurs to these centres (equation
1.11). The 9a and 10a sites have been eliminated as oblig-
atory vpositions for covalent adduct formation as the rate
of reduction of the isoalloxazine was found not to be
depressed when these positions were sterically crowded%g.

The mechanism provosed by Hamilton requires the forma-
tion of an anion leading to the attack on the isoalloxazine.
Flavoenzyme and model isoalloxazine studies demonstrate that
a carbanion or some other nucleophile derived from the
substrate is an important intermediate in certain dehy-
drogenation reactions. The oxidation of B-chloroalanine
by D-zmino acid acid oxidase is dependent on the dissocia-
tion of an o -C-H bond in the substrate, i.e. the formation

of a carbanion is rate limiting4l (equation 1.20).



ClCHZ-?—COO— —_— 01CH2-qLcoo‘ _—

+ +
i3 i3 (1.20)
— -_ (e - +
C1CH -G Eoo —> CLCH,=G-C00™ + N}
NH} 0

llodel dehydrogenations of dimethyldihydrophthalate827
(eguation 1.21) and nitroalkanes4o (equation 1.22) by iso-

alloxazines have also been found to be dependent on the

H )
COOCH., _ . OOCH,5 f COOCH3
3 = E }41 21)
COOCH,, *
OOCH, OOCH, 3
R-CH,NO, === R-CENO, Fl, p_cHO + NOS (1.22)

formation of a carbanion intermediate, but this in itself
is insufficient evidence to exclude direct hydrogen

transfer.

A mechanism involving a 5-adduct is a possibilty for
the reaction of nitroalkanes with isoalloxazines. The

reaction of nitromethane and 2-nitroprovane was not buffer

catalyzed4o suggesting involvement of a 5-adduct rather

than a 4a-adduvct and there is evidence for the formation

of a 5-adduct from the reaction of D-amino acid oxidase with

nitroalkanes42. A 5-carbinolamine intermediate (XVIII)

| H
N
L ==
)
—C-OH

[

has been suggested for the interaction of reduced isoalloxa-
zine with carbonyl compounds43, but this species has been

shown not to be on the redox reaction pathway44.

1-4.2.3 The One-Electron Transfer Process

With the transfer of a single electron to the oxidized
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isoalloxazine nucleus the flavosemiquinone must be an
intermediate species. The'observation of the semiquinone
state would be more likely to occur during enzyme studies
where the surrounding protein molecule could stabilize the
reactive radical svecies. It must be emphasized that there
is a complicating factor which may occur with the observa-
tion of the semiquinone state; this is that oxidized and
reduced isoalloxazine molecules cean interact to yield two
radical molecules as in equation 1l.23.

F1__H + FlredH3 === 2°'FlH (1.23)
These need not, of course, be on the redox pathway. There
are several cases of flavosemigquinones appearing in enzyme
systems; these have been mentioned in section 1-4.1.

A stable semiquinone intermediate of deazaFAD bound
to D-amino acid oxidase has been reported45. The radicsl
was formed in a photochemical reaction in the presence of
EDTA; the absorption svectrum was similar to the known
spectrum of the 'red! semiquinone of normal D-amino acid
oxidase. The formation of the radical was confirmed by the
observation of an BSR signal under the same conditions.

Isoalloxazines ozidize a-ketols to the corresponding

1l,2-diketone compounds (equation 1.24).

O OH % ?

i
~C-CH- 2o _¢-c- + om' (1.24)

-

Brown and Hamilton40 have suggested that the reaction
might oproceed via a 4a-adduct (see section 1-4.2.2) as in

equation 1.25.

'Y —= T F
|§>5 N

- ——i?H —ji——q%lH‘”

(1.25)
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However, a-ketols are also oxidized to their corresvonding
diketones by molecular oxygen and Fehling's solution. The
rates of these recctions are proportional to the hydroxyl
ion concentration and they are the came at icdentical pH47.
Bruice and coworkers47 found that the rates of oxidation

of furoin (XIXa) and benzoin (XIXb) to furil and benzil
X1X (a)R=®
1L
RTC—CHR (b)R= ()

respectively by molecular oxygen, 2,6—-dichlorophenolindo-
vhenol anéd lumiflavin were also identical at the same pH.
It appears therefore that the oxidation of a-ketols by all
these oxidants depends on the rate-limiting formation of
the same intermediate, that is, the enediolate anion (XX)
(equation 1.26). 0 ?H

RCH—(I'ER === RC=CR (1.26)
This is in contrast to the anion suggested by Hamilton
(equation 1.25),

When an alcoholic mixture of benzoin and benzil is
treated with base a purple colouration appears. This col-
oured comvpound has been shown to have an oxidation level
between those of benzoin and benzi148uand has been inter-
preted as formation of a radical species. The mechanism
of the oxidation of benzoin and ascorbic acid by molecular
oxygen has been shown clearly to involve a radical inter-

mediate49’50.

Thus although the covalent mechanism, as in equation

1.27, is avnplicable to the oxidation of a-ketols by iso-
U Lo [ T:!
N N |
| 5 :’\ l (1.27)
H- " BHQ® HO- H
T 9 ﬁ)ﬁ PHY

—C=—=C— —C—-C— —C—C—
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alloxazines there is the possibility that the reduction of
isoalloxazines by enediols may involve radical svecies in
the redox reaction pathway. This avnvears to be even more
likely as a result of observations made recently in the
reaction of reduced isoalloxazines with carbonyl comvounds.

51

Bruice and Yano have demonstrated one—-electron transfer

in these reactions. For exanple, the reactions of 1,5-di-
hydro-3, 5-dinethylluniflavin (XXI) with such carbonyl
conmpounds as ethyl nyruvate, phenyl glyoxal, chloral, bar-
bituric acid, benzoguinone, navhthoquinone and ninhydrin
yield the blue zwitterionic 3, 5-dimethyllumiflavin radical

(xXx11) (equation 1.28).
CH3 H

H. ' O
3 I . j@i (1 28)
H , ‘CH3 A H§ f\

XXL CHy O

The observation of the radlcal is pObqlble because the
substitution of an alkyl group at N(5) enhances the stabil-
ity of the radical formed and also it prevents further
reaction with another carbonyl group, or with the radical
formed from the carbonyl (XXIII), to the fully oxidized
isoalloxazine as Bruice ané Yano have suggested might occur

for the Teaction of 'normal' reduced isoalloxazines (equa-

I
AN\ NN#
+ XOH —> IN/ . H-élt—OH (1.29)

That single electron transfer is a distinct possibility

tion 1.293).

for isoalloxazines is shown by the reaction of 1, 5-dihydro-

lumiflavin-3-acetic acid (XXIV) with NMalachite Green cation

(XXV) which was first order in isoalloxazine and second
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oréer in Malachite Green5l. This is consistent with a

radical vrocess where the isoalloxazine radical, formed
from the initial reaction (equation 1.30a) between reduced
isoalloxazine and }Malachite Green cation reacts with a

second cation to give the oxidized isoalloxazine (equation
1.30b). N(CH,),

CH H

J L
| + ‘G< >———>F|+(§+H(Lym)
WHCOH @ I
XXV
XXV

i .
‘F1H  + "(I:- == Fl__ + cI:-— + HY (1.30Db)

2 '%—- —> 7product (1.30¢)
Whether radical mechanisms of this type overate in the re-
verse direction, e.g. in the oxidation of alcohols to
ketones (i.e. the revcrse of eguations 1.29 and 1.28)
remains to be seen.

HMluch of the work done with isoallowazines which is
aimed at studying specific effects related to either the
hydride transfer mechanism (section 1-4.2.1) or the coval-
ent mechanism (sccétion 1-4.2.2) is equally relevant to the
single electron transfer processes. For example, the
evidence relating to formation of bimolecular complexes 1s
relevant since there might be contact of this form prior
to electron or hydrogen atom transfer. Likewise single
electron transfer followed by covalent bond formation be-

tween the resulting radicals (equation 1.31) is chemically

F1 + HR —> °‘F1” + °RH ~———> P-RH (1.31)

H,R

equivalent to direct attack on isoalloxazine by the reduct-
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ant anion, and the mere observation of a covalent intermed-—
iate does not exclude initial one electron redox processes

of this type.

1-5 AIM OF THIS WORK

As mentioned earlier (section 1-4.2.2) there are
several possible electrophilic centres (XXVI) on the iso-

alloxazine ring system at which nucleophiles might attack

R
s Oa 0a . O
CL LN =
" § 4.6)

to form covalent adducts. Before the present study commen-—
ced the 9a and 10a sites had already been eliminated as
essential for adduct formation along the redox reaction
pathway for dithiol oxidation but the roles of the 4a-, 5-,
6- and S-positions were unknown. We therefore set out with
the intention of synthesizing isoalloxazines in which some
of these other electrophilic centres are blocked or steric-
ally crowded.

It is difficult to imagine how the 4a-position could
be blocked or sterically crowded as there is no possibility
of introducing substituents at this or any of the adjacent
ring positions and we were left therefore to concentrate
on the 5-, 6- and 8-vpositions.

The 6~ and 8-positions could clearly be blocked by
introducing bulky substituents at these positions. Such
a substitiuent in the 6-pnosition would also have a steric
crowding effect on the N(5)-position but it would be weak
unless the substituent weré narticularly bulky, and in this

case synthetic difficulties were envisaged. ‘ihat was
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required was clearly a substituent held rigidly in the
region of N(5) yet not sufficiently bulky that it would
affect any attack of nucleonhiles at the 4a-vosition (from
above the plane of the isoalloxazine ring).

To meet all these requirements, we decided to synthe-

size the following series of isoalloxazines, which for

convenience will be subsequently be referred to as A, B

o \r

(A) ICKYI[ (B) ECKEC (C)

Incorporation of the additional benzenoid substituents in

and C:

A and B has the following effects:

(a) Attack of a nucleovhile at the 6- and 8-vositions
in XXVII and XXVIII respectively would result in complete
loss of aromaticity in both benzenoid rings of each iso-
alloxazine and consequently would be thermodynamically
unfavourabdle.

(b) The o-hydrogen in isoalloxazine A (XXX) is held

rigidly in a position which should lead to steric crowding
|

N% XXX
(L.

at the N(5)-position. Hemmerichlo has stated that "5-addi-
tion involves strictly in-plene attack" and we vpredict

that the hydrogen atom in cuestion would nrovide more
effective hindrance of such a reaction than 6-substituents

generally while at the same time having no out-of-nlane

steric crowding and consequently no effect on any addition
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at the 4a-position.

(c) The additional benzere rings of A and B night
also influence reactions which are dependenf on molecular
comnlexing since the area available for compmlexing has
been increased and the differences in the orientations of
the additional benzene rings with reswect to the isoallox-
azine moiety might have effects which throw light onto the
cuestion of orientation effects in the molecular comnlex.

Since our studies commenced, kinetic evidence concern-
ing general acid catalysis in the reaction of dithiothreitol
and 3-carboxylumiflavin has been adduced as evidence that
adduct formation at the 4a- rather than 5-, 6- and 8-posi-
tions is essential for dithiol oxidation (see section 1-4.
2.2). The conclusions drawn in this kinetic study are
based on 2 multi-parameter kinetic anolysis of a pH-rate
profile and while they are established within reasonable
doubt, we felt that more direct evicdence concerning essen-—
tial sites for adduct formation which our isoalloxazines
were able to provide was still desirable either to confirm
or repudiate the kinetic interpretation.

With regard to the reaction of sulpvhite with isoallox-
azines, the interpretation which has been made (see section
1-4.2.2) is that initial 5-addition is followed by a second
sulphite attack at the 8-position and then a third at the
6-position. Three questions we hoped to be able to answer
from our studies were:

(a) Does the steric crowding at N(5) in isoalloxazine
A redirect initial sulphite addition to the 4a-position or
possibly to the 8-position?

(b) Does attack of the second sulphite at the 8-posi-
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tion lead to an air-oxidizable sulphonated dihycdroisoallox-

azine (equation 1.32) even if the b-position is not aveil-

H | o
L w

. N\r/O '03 |
AT
O,

able to allow the formation of a disulphonated tetrahydro-

isoalloxazine (isoalloxazine A)?

(c) Does the second sulphite attack occur at the
6-vosition if the 8-position is not frce (isoalloxazine B)?

Finally, the recction of reduced nicotinamides such
as NADH is known to involve kinetically important preequi-
librium compnlex formation prior to electron transfer (see
section 1-4.2.1). The additional area available for such
complexing in isoalloxazines A and B and the variation in
the orientation of the extra benzene rings with respect to
the N(5) position, which is probably the hydride acceptor
site in the reaction with reduced nicotinamides, makes our
series an interesting one to study. This is particularly
so from the point of view of how the orientation of, for
example, NADH with respect to the isoalloxazine in the

comolex determines the rate of subsequent hydride transfer.
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2. SYNTHESIS OF ISOALLOXAZINES

2-1 PLANNING THE SYNTHESIS

As outlined in the previous chapter, we wished to
synthesize isoallorazines with the following basic struc-~

tures.

The requirements for the synthesis were therefore as followvs

(a) to incorporate the required naphthalene nucleus
into the molecule in the correct orientation;

(b) +to introduce a substituent at N(10) which would
hely to offset the anticipated reduced solubility
in water of the isoalloxazines resulting from the
additional fused benzene ring;

(¢) to incorporate a substituent at N(3) so as to
eliminate problems of interpretation of kinetic
resulting from N(3)-H ionization, which occurs
around pH 1052.

The first of these is the most important and is discussed
first as it predetermines the ovtions available to meet the

reguirements (b) and (c).

2-1.1 Incorporation of the

Naphthalene Nucleus

There are several general methods for the preparation
of isoalloxazines as swmarized by Lambooy53:
(a) The condensation of N-substituted ortho-phenylene-

diamines with various nyrimidines, such as
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alloxan and the barbituric acids.,.
(b) The reaction of violuric zcid with substituted
anilines.
(c) The condensation of diaminouracils with benzo-

cuinones and with biacetyl.

(,\‘/

(&) The cyclization of suitable 2,3-guinoxalines.

From the point of view of accessibility of suitable
naphthalene derivatives as starting materials, only the
first of these methods was open to us. A convenient
reaction leading to isoalloxazines of the required struc-
ture seemcd to involve the condensation of l-methylalloxan

with mono-(N)-substituted-l,2-diaminonaphthalenes (Scheme

I). W (
ﬂIii '3 O /;} 2O lllii $
O | XK, | ol
z N.
NH, C Y CHs Z " CHg
O
or \' S < or
o RO
g 9OU!
NH2 (‘/ N c") \CH3

J \

Scheme T

The synthetic problem was reduced therefore to the
prevaration of a suitable vair of isomeric N-alkyl-l,2-
diaminonaphthalenes. The following standard synthetic
methods53 for the oreparation of mono-(N)-substituted-l1,2-
diaminobenzenes were considered from the »oint of view of
apolicability to the navphthalene derivatives.

(a) The reaction of i—amino—2~acylaminobenzenes (1)

with aldehydes gives the corresvonding imino compound which
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is then reduced to give the secondary amine (eguetion 2.1).

> -
NHCOR’

HCOR'
M . )
NHCHAR NHC
@Ez‘e———@%
NH, NHCOR'

The free diamine is obtained by mild alkaline hydrolysis of

(2.1)

the acylamino groun.
(p) One of the nitro groups in ortho-dinitrobenzenes
(II) cen be substituted by vrimary amines to give a product

which is easily reduced to the diamine (equation 2.2).

NO, RNH
(2.2)
NO, NH,
I

Elevated temperatures (130-1400) have been found to be
necessary to oromote this reaction, in some cases for sever-

54-63

al hours
(¢) This procedure is similar to (a) in that it

involves the condensation of an aldehyde with an arylamine,

specifically a 2-nitroaniline (III). The condensation

product is then reduced to the diamine (equation 2.3).

NH N=CHR HC
CEN 2  RCHO C[N HZ(R2.3)
0 NO NH

> Hy
I 2

(d) In 1l-halo-2-nitrobenzenes (IV) the halogen is
activated by the ortho-nitro group such that it undergoes
nucleophilic substitution by amines (equation 2.,4). This
recaction is the most comrionly used preparation of the di-

amine in the synthesis of isoalloxazines. The halogens
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EI = (L —— 0"
_—
NC)2 NH2 (2.4)
I Z=F Cl,Br, I

avnear to follow the usual order of decreasing reactivity
for aryl halides: F> Cl> Br> I. The nitroamine is reduced
by any of the standard methods.

(e) The fifth sequence involves the reaction of a
2-nitroaniline (V) with an alkyl or aryl halide at reflux-
ing temperature in the presence of potassium carbonate and
cunrous iodide or votassium acetate and cupfic hydroxide64.

The N-substituted nitroamine can then be reduced by the

common reagents.(equation 2.5).

NHR NHR
N02 NO, NH

The N-tolylsulphonamldes and HN-acylnitroanilines may also
be used in this procedure but extra stevs involving the
hydrolysis of the N-substituent are necessary.

(f) Aryl diazonium salts (VII) react with N-substi-.
tuted anilines (VI) to form 2-azoamino compounds (VIII) if
the 4-position is blocked and this can be followed by

reduction to give the required phenylenediamine (equation

2.6).

& o O

None of the above methods (a) to (f) were considered
to be ideal for our syntheses for the following reasons:

(a) A specifically acylated 1,2-diaminonaphthalenes
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would be required and these are not readily accessible.

(b) 1,2-dinitronaphthalene is not readily available
and the non-equivalence of the nitro groups would probably
lead to a mixture of isomeric products which would be
difficult to sevarate.

(c) and (e) 1-Amino-2-nitronaphthalene could be
obtained via nitration of N-acylated-l-aminonazphthalene but
only as a minor byproduct since 4-substitution would pre-
dominate. 2-Amino-l-nitronanhthalene could probably be
obtained via nitration of N-acylated-2-aminonaphthalecne
but this would have required the handling of highly toxic
2-aminonaphthalene.

(f) Objections exactly equivalent to those of {c¢)
and (e) apply.

(d) Por this method l-halo-2-nitro- and 2-halo-1-
nitro-naphthalenes are required. Preparation of these via
Sandmeyer type reactions of nitro—substituted diazonium
salts requires the same aminonitronaphthalenes as for (c)
and (e) and the same objections therefore apply. The
alternative, direct nitration of halonaphthalenes is of no
value as the deactivating effect of the halogen would
probably determine that most substutution would occur in
the unsubstituted fused benzene ring.

We were left, therefore, to consider alternatives to
the above methods. The one method which seemed most sub-
ject to suitable modification is (d); the substituent 2
(in IV) displaced in the nucleoohilic aromatic substitution
reaction with amine need not necessarily be = halogen.
More importantly, if an alternative substituent Z could be

found which was not only o,p-directing in electrophilic
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aromatic substitution but also activating, then the major
objection apnlying to the halo-substituent outlined above
would not conly.

The alkoxy group is known to be disnlaced by hydroxide
and thionhenoxide in activated nucleonhilic aromatic subs-—
titution, but we have been unable to find any reference to
substitution of the alkoxy group by amines, not even in
kinetic studies, but we opursued this »nossibility since the
group 1s a »nowerfully activating and o,p-directing group
in electrovhilic aromatic substitution., Also, monosubs-
titution in 2-substituted nanhthalenes generally occurs
almost exclusively at the l-position with o,p-directing
substituents65a. Thus a suitable route to a 2-alkylamino-~
l-nitronaphthalene appeared to be nitration of 2-methoxy-
nanhthalene followed by nucleophilic aromatic substitution

of methoxide with amine, and finally reduction (eguation
hKDQ

2.7).
OCH4
J -
l, (2.7)

NH, NO,

NHR NHR
T —

This turned out to be a successful route.

The equivalent sequence starting with l-methoxynavphtha-
lcne would give not only the required l-methoxy-2-nitro-
naphthalene but also the 4-nitro derivative, the latter
probably in considerable excess66. In vicw of the probable

difficulty of separation and purification of the required
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2-nitro derivative we looked into the alternative of phenol
nitration orior to methylation and found that 2-nitro-l1-
nanhthol can be prepared in gocd yield via nitrosation of
l-naphthol followed by oxidation of 2~nitroso—l-naphthol67.
Steam distillation can be used to separate it from the

4-nitro-l-naphthol. The following synthetic route was thus

attemoted and found to be successful (equation 2.8).

OH OH OH
NO ()2‘
D —- O -1
(2.8)
NHR NHR OCH%
E NGOG
S <—

Although we have used the hydroxy and methoxy grouvs
to achieve a particular substitution pattern in the naph-
thalene derivatives, the method is quite general and its
application to benzene derivatives should allow preparation
of isoalloxazines with substituent natterns at the 6, 7, 8
and 9 positions in the isoalloxazine nucleus not nrevious-

ly readily accessible.

2-1.2 The N(3)- and N(10)-Substituents

of the Isoalloxazine Nucleus

As already indicated in the above section, a methyl
group can be readily incorporated at the N(3)-position
through the use of l-methylalloxan in the final condensat-
ion reaction.

The N(10)-substituent of the isoalloxazine is derived
from the amine used in the nucleophilic aromatic substitu-

tion stage of the synthesis described above in section
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2-1.1. We chose therefore to use 2-aminoethanol as the
amine in the hope that the 2f*-hydroxyethyl substituent at
the N(10)-nosition of the isoallorazine would improve the
solubility. 2-Aminoethanol is less basic and less nucleo-
ohilic than the alkylamines68 but it reacted sufficiently

fast for our opurvoses with the methoxynaphthalenes.

2-2 THE SYNTHETIC STAGES

The following reaction seguences (Schemes II, III, IV
and V) were carried out during the synthesis of the three
isoalloxazines, labelled for convenience A, B andT.

(a) Isoalloxazine A: (7-(2'-hydroxyethyl)-10-methyl-

naphtho [1,2-gJpteridine-9,11(7H,10H)~dione)

OH OCH,
— I

< l X
NHCHGCH,OH OCHy
0 —
XL XTI

l

NH, CH,CHgOH

O
O NHCHCHOH O y
A
CH,
O
Xt

Scﬁeme II
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(b) Isoalloxazine B: (12-(2'-hydroxyethyl)=9-methyl—
naohthol[2,1-g]pteridine-8,10(9H,12H)~dione)

OH OH
NO o,
(1) — 0 Jg—C_C12
X\ XVT l XV
NHCH,CH,OH OCH,
' 908
6————
XX l XVIT
NHCH,CH,OH O CH CHQOH
NH, 0
(1O ——  TI T
“CH,
XX o
XXT (B)
Scheme III

(¢) Isoalloxazine C: (10-(2'-hydroxyethyl)-3-methyl-

benzolglpteridine-2,4(3H,10H)~dione)

F NHC HCHOH
—_—
(:::]:;K)Q NOo
XX XX

|

9”2“;2\‘;2 HCH,CHOH
\CH3 NH2
XXIV.
XXV (C)

Scheme IV
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(d) 1-llethylalloxan:
TOORt xvmr
GHo H
T 1 CoOEt O o
CHyC—NH, —> C H4~C—NH—C—NH-CH, =YY
XXYT poavas / (" CH3
H H
N\{) \ro
o “CHy <C::>~CH i~ CHj
XXX O
XXX

Scheme V

2-2.1 Prevaration of l-Methylalloxa

Alloxans can be synthesized by the oxidation ¢f the
corresponding barbituric acid derivatives. The latter
compounds are obtained as products from the condensation
of diethylmalonate and N-substituted ureas. Attempts were
made to carry out the coandensation of diethylmalonate with
methylurea in the presence of sodium ethoxide69 and the
subseguent reaction of the product with benzaldehyde to
give 5-benzal-3-methylbarbituric acid7o, but only low
yields (7-10%) of the barbituric acid were obtained.
Better yields were achieved when diethylmalonate was con-
densed with l-acetyl-3-methylurea in the presence of mag-
nesium methylate7l. Benzalbarbituric acids are readily

oxidized to the corresvonding alloxans by chromium triox-

ide’® in good yield.

2-2.1.1 Preparation of l-Acetyl-3-methylurea (XXVII)T2
Acetamide (XXVI, 59g, 1mol) was dissolved in liguid
bromine (88g, 0.55mol) by warming gently. Sodium hydroxide

(40g, 1mol) in 160ml of water was then added slowly with
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stirring. The yellow solution was heated on a water bath
until an effervescence began. The mixture was cooled in
an ice bath and the crystallized product was filtered at
the pwip and washed with cold water. Recrystallization
from hot water gave pure l-acetyl-3-methylurea, m.p. 181o

(1it.!> 180-1°). vYield 32g (55%).

2=-2.1.2 Prevaration of 5-Benzal-3-methylbarbituric acid
(XXIX)7O'71

Kagnesium turnings (9.5g, 0.4mol) were dissolved in
methanol (20Cml). Diethylmalonate (XXVIII, 25g, O.1l5mo0l)
was added, followed by l-acetyl-3-methylurea (32g, 0.3mcl).
The mixture was then refluxed for 72 hours. The solvent
was removed under reduced pressure and the residue was taken
up in hot water and acidified with dilute hydrochloric acid.
Benzaldehyde (17g, 0.16mol) was then mixed with the hot
solution of 3-methylbarbituric acid and left to cool. The
solid material was collected and then suspended in absolute
ethanol. 5-Benzal-3-methylbarbituric acid was filtered at
the pump and dried over silica gel, m.p. 227° (lit.'? 220.5-
222,5°%). Yield 23g (64%).

2-2.1.3 Preparation of l-liethylalloxan (XXX)7O

Chromium trioxide (20g, 0.2mol) was dissolved in water
(10ml) and then glacial acetic acid (50ml) was added. With
the temperature of this solution being maintained between
50° and 660, 5-benzal-3-methylbarbituric acid (23g, 0.1lmol)
was added in small portions with stirring. After the final
addition of barbituric acid the temperature was maintained

at 50-60° for a further 30 minutes. The mixture was then
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cooled at 90 for 24 hours. 1l-llethylalloxan was Tiltered at
the vump and was washed with cold glacial acetic acid until
colourless. The product was recrystallized from glacial
acetic acid to give pure l-methylalloxan, m.p. 135-40°
(lit.73 150°. This is presumably the hydrate; after dry-
ing at 100° for 12 hours, m.p. 198°.). Yield 12g (76%).

2-2.2 Preparation of the Methoxy-

nitronavhthalenes

The sequences for these syntheses have been outlined

above in section 2-1l.l. The experimental details are as

follows.,.

2-2.2.1 Prevaration of 2-lethoxy-l-nitronaphthalene
(Scheme II)
(a) Preparation of 2-lMethoxynaphthalene (X)75a
2-Hydroxynaphthalene (IX, 100g, O.7mol) was nixed

with sodium hydroxide (29g, O0.7mol) dissolved in water
(420m1). The solution was cooled %o 0° and dimethyl sul-
phate (38g, O0.7ml) was added with stirring. The mixture
was then placed on a steam bath for one hour. The product
was collected at the pump and washed with 10% sodium hydrox-
ide solution. The solid was recrystallized twice fron
methanol to give pure 2-methoxynaphthalene, m.p. 72—40

(1it.79% 72°). vield 97g (88%).

(b) Prevaration of 2-lethoxy-l-nitronavhthalene (XI)65b

2-llethoxynavhthalene (50z, 0.32mol) was dissolved
in acetic acid (160ml) and cooled to 5°. Witric acid

(22.5m1, sp.gr. 1.42) was added slowly with stirring, the
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temperature being maintained below 20°. The solution was

stirred for a further 30 minutes after the final addition
of nitric acid and then cooled to 5o again. The crystal-
lized nroduct was filtered at the nump and washed with cold
water. Recrystallization from glacial acetic acid gave

pure 2-methoxy-l-nitronaphthalene, m.p. 127-8° (lit.73 128°).
Yield 38g (59¢%).

2-2.2.2 Preparation of l-liethoxy-2-nitronavhthalene

(Scheme III)

(a) Preparation of 1-Methoxy-2-nitrosonaphthalene

(xvr)®7

A solution of l-hydroxynaphthalene (XV, 20g, 0.14
mol) in 5% sodium hydroxide solution (200ml) was mixed
with a solution of sodium nitrite (10g, 0.1l4mol) in 2.51
of ca. 0.1l sulphuric acid containing 500g of ice. The
yellow precipitate was collected after 12 hours and it was
than redissolved in a theoretical amount of very dilute
sodium hydroxide solution (0.1%). The product was then
reprecivitated with dilute hydrochloric acid. The nixture
of 2- and 4-nitroso-l-naphthols was collected and dried

over silica gel under reduced pressure.

(b) Preparation of 1-Hydroxy-2-nitronaphthalene
(xvin)®7
The nitroso mixture (17g) from above was made
into a paste with hydrogen peroxide (59ml, 100vol) and
10% ferrous sulphate solution (2ml). A 205 solution of
sodium hydroxide (13ml) was mixed with the paste and after

the initial reaction had subsided a further 20ml of the
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sodium hydroxide solution wes added. After 12 hours the
reaction mixture was diluted to 500ml witth water. This
solution was then boiled and filtered at the pump while
still hot. ‘When the soiution was cool it was acidified with
dilute hydrochloric acid and the 2-nitro isomer was isolated
by steam distillation. The distillate was extracted with
chlorofrom. The solution of the product in chloroform was
dried over anhydrous magnesium sulvhate and the solvent was
then removed under reduced pressure. l=Hydroxy-2-nitro-
nanhthalene was recrystallizecd from absolute ethanol,

n.p. 127° (1it.’> 127-8°). Yield 8,2g (31% from l-naphthol).

(c) Preparation of 1l-Methoxy-2-nitronaphthalene

(ovizz) PP

A solution of diazomethane#® in diethyl ether was
nixed with l-hydroxy-2-nitronaphthalene (XVII, 5.3g, 0.03
mol) in methylene chloride (100ml) until an excess of the
reagent was vresent. The solution of the procduct was then
dried over anhydrous magnesium sulvhate and the solvent
was removed under reduced pressure. The oproduct was placed
on a short column of alumina (BDH, Brockman, activity II),
eluted with carbon tetrachloride and recrystallized from
glacial acetic acid to give crystals of l-methoxy -2-nitro-

nanhthalene, m.p. 79-80° (lit.66 80%). Yield 2.3g (40%).

2-2.3 DPreparation of the (2'-Hydroxy-

ethylamino)nitro Compounds

Test reactions of 2-aminoethanol with the nitro ethers

. 4 . . 5
%* Prepared from N-nitrosomethylurea and potassium hydroxide’ 5¢



2-2 49

showed an immediate deepening of the colour of the solution
indica@ing that the ortho-nitroamine was forming. Compari-
son of the UV-visible and nmr spectra of the starting
material and the coloured nroduct confirmed this. When

the replacement reaction was carried out in 1005, 2-amino-
ethanol it was found that decomposition-of the nitroamine
occurred to give a brown product if the reaction was allowed
to continue for too long or the temperature became too

high., Increased yields were obtained when the substitution

reaction was conducted in chloroform as solvent.

2-2.3.1 Preparation of 2-(2'-Hydroxyethylamino)-l-nitro-
nanhthalene (XII, Scheme II)

2-lMethoxy =-l-nitronapnthalene (XI, 31lg, 0.15mol) was
nixed with 2-aminoethanol (100ml) and heated on a steam
bath for 30 minutes. The cooled solution was then mixed
with chloroform and repeatedly extracted with water. The
chloroform fraction was dried over anhydrous magnesium
sulphate and the chloroform was removed under reduced
pressure. The so0lid was recrystallized twice from chloro-
form to give bright orange crystals of 2-(2'-hydroxyethyl-
amino)-l-nitronaphthalene, m.p. 127-8°. Yield 8.7g (25%).
(Founda: ¢, 62.12; H, 5.25; N, 11.90%. Calculated for
012H12N203: c, 62.06; H, 5.21; N, 12.06%. The nmr spectrum
(DrSO) showed signals at T 6.32 (41, multiplet, ?CHQCHz—);
1.98-2.80 (5H, two doublets at 2.10 and 2.76, J=10.0+0.5Hz
for both, other major peaks occur as a multinlet); 1l.42
(1H, doublet, J=8.5 + 0.5Hz ); 1.07 and 4.88 (1H each, both
broad, -NH and -OH). The ir spectrum (nujol) showed absor-

otions at (crrl) 3450 (w,b), -1640 (s), 1565 (s), 1522 (s)
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1310(s), 1189(m), 1113(m), 1070(m), 893(m), 805(m), 779(m)
and 749(m). The ir spectrum was run on a Shimadzu Infrared
Spectrophotometer lfodel IR-27G; the nmr spectrum was run on

a JEOL C-60HL instrument.)

2-2.3.2 Preparation of 1-(2'-Hydroxyethylamnino)-2-nitro-
navhthalene (XIX, Scheme III)
1-llethoxy-2-nitronavhthalene (XVIII, 1l.5g 0.007mol)
and 2-aminoethanol (l.2g, 0.02mol) were dissolved in chloro-
form (5ml1l) and refluxed for 1 hour. The product was then
purified by the procedure as described above for the
2-amino-l-nitro isomer. The compound was recrystallized
from chloroform to give bright orange crystals of 1-(2'-
hydroxyethylamino)-2-nitronavhthalene, m.p. 130-1°.
Yield l.4g (86%). (Found: C, 61.87; H, 5.41; N, 12.06%.
Calculated for C12H12N203: c, 62.06; H, 5.21; N, 12.06%.
nmr (DMSO) T 6.35 (4H, multiplet, —CH,CH,-); 1.38-2.90 ( 5H,
contains two doublets 2.07 and 2.82, J=10.0 + 0.5Hz for
each, other peaks occur as a multiplet); 1.05 and 4.37
(each peak is 1H, the forﬁ;r is broad and the latter is
a triplet, J=8.0 + 0.5Hz, -NH and -0H). ir (nujol, cm—l)
3460(w,b), 1629(s), 1585(s), 1534(s), 1326(s), 1257(s),
1185(s), 1170(s), 1138(s), 1062(m), 953(m), 807(m) and
762(m).)

2-2.3.3 Preparatiqn of 1-(2'-Hydroxyethylamino-2-nitro-
benzene (XXIII, Scheme IV)
This synthesis involves the reaction of l-fluoro-2-
nitrobenzene with 2-aminoethanol as outlined in the general

reaction sequence (@) in section 2-1.1.
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1-Fluoro-2-nitrobenzene (XXII, 10g, 0.07mol) and 2-

aninoethanol (12g, 0.2mol) were dissolved in chloroform
(70ml) and refluxed for 30 minutes. The product was puri-
fied in a similar manner to that for the previous two
nitroanines, except that it was recrystallized from carbon
tetrachloride to give bright red crystals of 1-(2'-hydroxy-
ethylamino)-2-nitrobenzene, m.p. 69-71° (lit.76 69-719).
Yield 8.6g (66¢).

2-2.4 Reduction of the (2'-Hydroxy-—

ethylamino)nitro Compounds

The transition metals can be used as hydrogenation
catalysts for the vpreparation of the phenylenediamine from

. . . . . . 56,
its immediate precursor, the nitroamine. Nickel 6’77,

palladium54’78 and platinum55’57-60’776’77k’79 oxides have

been used with varying degrees of success. The reduction

has also been accomplished with palladium and platinum on

carbon77c’79g’80, calcium carbonate55’79b5803’81’82 and

barium sulphate55’81.

Chemical reducing reagents may also be used to give

the diamine. ZIExamples of reagents which have been utilized

are stannous chloride63’64 82,83 84

, tin and iron in hydro-

chloric acid, refluxing water with iron filings85, hydrogen

. . . . 86
sulphide or ferrous sulvhate in ammonia

87

, sodium dithionite
in 50% ethanol and zinc in acetic acid87’88.

Isolation of the phenylenediamines is rarely carried
out82 because they are not especially stable. Generally
a large loss is associated with any purification of these

readily oxidizable comvounds. Consequently they arce used

immediately without further treatment.
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Three reagents were tried for the reduction of the
nitroamines. These were Raney nickel and hydrazine hydrate
in ethanol, tin in hydrochloric acid , and stannous chloride
in hydrochloric acid. The last of these was found to be the
best reductant for these compounds. The yields of isoallox-
azine obtained were 15-30¢, 50% and 60-65%5 resnectively for
the three methods in the case of isoalloxazine A. Stannous

chloride was also a much more convenient reagent to use
than either tin or Raney nickel. The experimental details
are as follows.

Stannous chloride (3.6g, 0.016mol) in hydrochloric
acid (20ml, sp.gr. 1.18) was added to the (2'-hydroxyethyl-
amino)nitro compound (0.004mol) dissolved in hydrochloric
acid (10ml, sp.gr. 1.18). The mixture was heated until it
had decolourized. It was cocled to 0° and an equivalent
volume of ice-chilled sodium hydroxide solution (30%) was
added. The alkaline solution of the diamine was extracted
with diethyl ether. The ether was removed under reduced
pressure and the residue taken up in a small volume of

glacial acetic acid.

2-2.5 The Condensation Reaction

Leading to the Isoalloxazine

The synthetic route for this condensation has been
outlined above in section 2-1.1 (Scheme I). The.condensa-
tion of the diamine and the alloxan is commonly carried out
in glacial acetic acid with boric acid present38. The
latter acts as a catalyst in the reaction77.

The same procedure was euaployed for 2ll three isoallox-

azines prepared and it is as .follows.
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As mentioned above the diamine was dissolved in glacial

acetic acid. This solution was then mixed with a solution

of l-methylalloxan (0.68g, 0.004mol) and boric acid (2g)
also in glacial acetic acid ané then refluxed for 5 minutes.
The solvent was removed under reduced pressure and the
residue was suspended in warm water for 30 nminutes. The
product was collected at the pump and dried over silica

gel under reduced pressure. The isoalloxazines were then
purified as described in the following section (2-3) and

elemental analyses canbe found in section 2-4,

2-3 DPURIFICATION OF THE

ISOALLOXAZINES

It has been found in some cases that if the reduction
of the immediate vprecursor to the diamine becomes too

vigorous, loss of the side chain26d or loss of other subs-

tituent382 on the ring may occur. In such instances,
impurities would occur which would be very sinmilar to the
desired isoalloxazine, These would therefore be extremely
difficult to remove from the isoalloxazine sample.

Of the three isoalloxazines synthesized only A pre-
sented any great problem associated with its purification.
Isoalloxazines B and C were found to be sufficiently soluble
in glacial acetic acid such that recrystallization of the
isoalloxazines from this solvent gave acceptable elemental
analyses (section 2—4).

Initial trial tests showed that isoalloxazine A had
low solubility in the solvents commonly used for recrystal-

lization of isoalloxazines. Several attempts at the puri-

fication of A were made:



2-3 54
(a) recrystallization from dimethyl formamide (DHF);
(b) chromatography on an alumina column (BDH, Brock-
man, activity II) with methanol as eluant followed by
recrystallization from DINF;

(¢c) recrystallization for a third time from DMF.
Although good crystals of the isoalloxazine were obtained
from the recrystallizations, the analyses after each puri-
fication step were unsatisfactory. This fact was emphasized
by running thin layer silica gel chromatographs with
l-butanol-acetic acid-water (8:2:2) and l-butanol-ethanol-
211 ammonia (3:1:1). Both chromatograms showed two spots
very close together.

A second oreparative sample of A was chromatographed
on silica gel (BDH, 60-120 mesh) with formic acid-chloro-
form (1:4). 1MMass svectral analysis of the product obtained
indicated that it was, in fact, the formate ester of the
2'-hydroxy function (m/e: 350(p), 322, 306, 292, 278, 221,
193, 179, 166, 152, and 140).

To hydrolyze the ester, the isoalloxazine (330mg) was
dissolved in hot hydrochloric acid (25ml, sp.gr. 1.18).
After 5 minutes the solution was cooled in an ice/salt ‘bath
for 1 hour. The isoalloxazine was filtered at the pump to
give brown-orange crystals. The solid was washed with
water and dried (under reduced pressure over silica gel)
to give bright red crystals of isoalloxazine A, m.p. 287-
288.5°,

Recrystallization of isoalloxazine B from glacial
acetic acid also gave a bright red product, m.v. 278-9°.
Isoalloxazine C was recrysfallized twice from glacial

o)
acetic acid to give bright yellow crystals, m.p. 294-6".
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2-4 ANALYSIS OF THE ISOALLOXAZINES

Difficulty in obtaining satisfactory elemental micro-
analysis of isoalloxazines is a well known problem57’64'9o.
The isoalloxazines tenaciously retain solvents after recrys—
tallization; these are only removed after drying at high
temperatures and in some extreme cases sublimation in a
high vacuun was required64.
Removal of traces of 'bound water' is the more usual
problem57’9o. Zlevated temperatures and reduced pressures
are comnonly used to eliminate the water. However with
high temveratures there is the accompanying possibility of
thermal decomposition. Consequently there must be a balarnce
between the temperature used and the amount of water removed
from the sample.
The three isoazlloxazines were dried at 500 and 1 mm Hg
over phosphorus pentoxide in a Towers drying pistol before
analysis. The microanalysis data and mass spectral results
obtained are as follows.
(a) Isoalloxazine A (¥IV): 7-(2'-hydroxyethyl)-10-
methylnaphtho [1,2-g Jpteridine~9,11(7H,10H)-dione
Found: C, 62.42; H, 4.46; N, 16.62%, Calculated
for Cl7H14N4O3.§H20: C, 62.19; U, 4.50; M, 17.06%.
M/e: 322(p), 292, 278, 249, 221, 193, 173, 166,
152 and 140.

(b) Isoalloxazine B (XXI): 12-(2'-hydroxyethyl)-9-
methylnaohtho [2,1-g Joteridine-8,10(9H,12H)~dione
Found: C, 63.29; H, 4.53; N, 17.26%. Calculated
for Cy-Hy,N405: C, 63.35; H, 4.38; N, 17.38%.
m/e: 322(p), 292, 278, 234, 221, 193, 179, 166,
152 and 139.
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(¢) 1Isoalloxazine C (XXV): 10-(2'-hydroxyethyl)-3-
methylbenzo [g pteridine-2,4(3H,10H)~-dione
Found: C, 56.71; H, 4.51; N, 20.06%., Calculated
for €)M, ,N,05: C, 57.35; H, 4.44;5; W, 20.58%.
m/e: 272(p), 262, 256, 255, 242, 228, 215, 199,
185, 171, 156, 143 and 129,

(The mass spectra were run a Varian MAT CH5 mass

spectrometer.)



3. EXPERIIENTAL

Reactions that were carried out with the three iso-
alloxazines A, B and C involved sulphite, 1,3-dithio-2-

nropanol (DTP) and reduced nicotinamide adenine dinucleo-—

tide (NADH).

3=1 REAGENTS AND PREPARATION

OF SOLUTIONS

As the reduced isoalloxazines are readily reoxidized
by molecular oxygen the solutions used for the kinetic
studies must be made up such that air is excluded. For the
aqueous solutions, deaerated (N2) double distilled water
was used in all cases. This water was prepared by reboil-
ing a quantity of double distilled water for 15 minutes and
then while the water was cooling oxygen-free nitrogen gas
was flushed through it.

pH determinations made on the buffer solutions and
on the reaction solutions were measured on a Radiometer
model 26 pH meter with a calomel electrode (Radiometer

type K401) and a glass electrode (Radiomcter type G202C).

3-1.1 1,3-Dithio-2-pronanol

1,3-Dithio-2-provanol (Aldrich) was distilled before
use. The reactions of DTP with the isozlloxazines were
carried out in 0.1M borax buffer at pH 9.2. A stock
solution of the buffer was prevared with di-sodium tetra-
borate (BDH) and this was flushed with oxygen-free nitrogen
prior to the preparation of each dithiol solution. These

solutions were then standardized, immediately before each

run, against iodine. An aliquot of the solution was
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diluted with distilled water and acidified with sulphuric
acid (sp.gr. 1.84), excess so0lid potassium iodide (11&B)

was added and the solution was then titrated with standard

solution of potassium iodate (BDH)?1792%, 1he equations

for this reaction are given in equation 3.1.

- - -t
IO3 + 51 + ©OH —_— 312 + 3H20

OH (3.1)
I, + HOCH(CH,SH), ——> 2IT + 2H' + )<;x;7(
S—S

The endpoint of the titration was determined with starch
indicator. This method of standardization of the dithiol
solutions produces the iodine in vitro and is preferred tc
titration of dithiol with a standard solution of iodine as
it minimizes the risk of 'over oxidation' of the the
dithiol to higher oxidation states than the disulphide,
which might occur in pockets of high iodine concentration
during a éirect titration proceduregzb.

It was found to be necessary to carry out this stand-
ardization of the dithiol solutions each time vprior to a
run because it was found that the dithiol concentration
decreased with time. This was found to cause no great
vroblems for the reactions of isoalloxazines B and C with
DTP as the reactions were completed within several minutes
of commencing each run for both of these isoalloxazines.
However, this aiparent instability of DTP did cause problems
with isoalloxazine A where the time intervals of.the reac-
tions were usually 30 to 60minutes long and in some cases
longer. It is over this length of time that the dithiol

concentration changes. This consequently would be expected

to give rise to a gencral irreproducibility inherent in the
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reaction of A with DTP. This was in fact observed, the
scatter of the points for isoalloxazine A in a vnlot of
kobs against the concentration of DTP (Figure 16, section
4-6) was greater than that observed for the two other
isoalloxazines. Although thiols are subject to autooxi-
dization, this requires the presence of metal ions and

t92c; oxygen is the most readily available for

some oxidan
the latter. As the solutions of the dithiol are anaerobic
this possibility may be discounted, the lack of oxygen is
also shown by the fact that no .reoxidation of the reduced
isoalloxazine svecies occurred when the reaction solution
was shaken during or after the run had been comvlcted

and onrior to the ovening of the reaction cell. The insta-
biiity of DTP may be due to closeness of the two thiol
functions. It has been shown that the rate of autooxidation
of dithiols is denendent on the distance of separation of

the two groupsgzd.

3-1.2 Reduced Nicotinamide

Adenine Dinucleotide

Reduced nicotinamide solutions were prepared by
mixing weighed amounts of NADH (Sigma) with a 0.05M phos-
phate buffer; the concentrations were then calculated
using a molecular weight of 771 (supplied by Sigma). The
buffer stock solution was prepared from sodium hydrogen
phosphate (BDH) and sodium dihydrogen phosphate (I&B) to
give a pH of 6.3. =HEach solution of reduced nicotinamide
was flushed with oxygen-free nitrogen for at least 15

minutes before being used.
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3=1.3 ‘Sulvhite

The reactions of sulphite with the three isoalloxazines
were also conducted at a pH of 6.3. No secondary buffer

system was required for these reactions since the concen-

trations of sulohite employed were such that they acted as
their own buffer., The solutions were prevared from sodium

sulphite (ii&B) and sodium meta-bisulvhite (11&B). The

sulphite concentrations were calculated using a pKa for

sulphurous acid of 6.63 (300)34bt

3-1.4 1Isoalloxazines

The three isoalloxazines were dissolved in redistilled

dimethyl formamide (BDH). The concentrations of the stock

solutions were such that a 0.05m1l aliquot would give an

isoalloxazine concentration in the reaction cell of zvnrox-

imately 5 x 10—5M. These stock solutions were also

rigorously flushed with oxygen-free nitrogen gas.

3-2 KINETIC MEASUREMENTS AND

ANALYSIS OF DATA

The reaction cell used in the kinetic runs was

2

modified Thunberg tube (Figure 2). The isoalloxazine

Water aspirator

N
=0

L/ -
Isoalloxazine // L_j =

solution in DMF Oxygen-free N
Buffered reagent solution 2

L

.:3','!;.:i ;il.;

FIGURE 2: The reaction cell used in the kinetic
. runs depicting how it was set up for a run.
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solution, normally 0.05ml, was placed in the cell can as
shown in Figure 2. The volume of the isoalloxazine solu-
tion was kept this small to minimize temperature drops
when the two solutions were mixed to initiate the reaction.
The amount of dimethyl formamide in the reaction solution
after anixing was no greater than 2%.

The solution of the second reagent was nlaced in the
cuvette and in the case of the sulnhite and NADH reactions
it was flushed for 15 minutes with oxygen-free nitrogen.
This practice was not continued with the DTP solutions; due
to the instability of the 1,3-dithio-2-propanol solutions
this procedure was eliminated in favour of commencing the
Tuns as soon as possible after the solutions had been
nrevared,

The cell system was assembled and sealed with Apiezon
I1 grease after the cell cap and the remaining snace above
the solution in the cell had been carefully flushed with
nitrogen. The Thunberg tube was then alternately evacuated
with a water aspirator and filled with oxygen-free nitrogen.,
This cycle was repeated from 20 to 25 times. Care is
necessary to eliminate oxygen from the system as the reduced
isoalloxazine is readily reoxidized by molecular oxygen
and even very small amounts of oxygen could clearly cause
deviations in the observed kinetics of the reaction under
study. The cell was finally closed at atmospheric pressure
under nitrogen and placed in the thermostated cell holder
of the spectrophotometer. The temperature was allowed to
equilibrate for 15 minutes at 30o before the reaction was

initiated by mixing the two reactants.

The reaction between the isoalloxazines and the reduc-—
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tants was followed at constant wavelength by recording the
disappearance of the isoalloxazine continuously with time

on a Cary 17 spectrophotometer. The absorption was measured
at wavelengths of 460, 485 and 434 nm for isoalloxazines

A, B and C respectively. i

Revetitive scan exneriments were also conducted on
some of the runs in order to observe the formation of poss-
ible intermediates during the course of the reactions.
These runs were also carried out on the Cary 17 and
a Unican SP 1800B Ultraviolet spectrophotometer with a
Unicam SP 1805 nrogram controller was also used; the
svectra for the latter instrument were recorded on a Unicam
AR linear recorder,

After each run had been inprogress for approximately
five half-lives, the reaction solution was allowed to stand
for a further equivalent period of time to obtain an infinity
reading as a check against the computed value for this
parameter,

Before air wasg readmitted to the cell at the end of
each run the Thunberg tube was shaken and the absorption
rechecked for any increase over the infinity reading. Such
a change would indicate the possible presence of oxygen in
the cell. Air was then readmitted to the cell and mixed
with the solution. The absorption was again measured. This
is a test to determine the percentage regeneration of the
oxidized isoalloxazine. Full regeneration of the isoallox-
azine would indicate that the disavncarance of the iso-
alloxazine was due to the redox reaction and not some

irreversible process such as hydrolysis of the isoalloxazine

nucleus. The pH of the reaction solution was measured
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after the completion of each run.

The absorption-time data obtained from the kinetic
runs were treated by a non-linear least squares computer
orogram run on a Digital PDP 11/05 computer. An explana-
tion of and the theory behind this program is in Appendix
I. The observed rate constants were thewby obtained for

several concentrations of the reductants for each isoallox-

azine,

3—3 MISCELLANEOUS EXPERINMENTAL

DETERMINATIONS

Several other exveriments were conducted to obtain

vertinent data on the reagents as described below.

3-3.1 Polarocravhy

The polarographic half-wave potential is the potential
at the point on the polarographic wave where the current
is equal to one-half the diffusion current and it is
designated by E%.

The half-wave potentials of the three isoalloxazines
were determined using a Heath polarogravh model EUA-19-2
with the Heath drovnping mercury electrode model EUA-19-6.
The E% values obtained were measured against the standard
calomel electrode (Coleman) at room temperature. It is not
necessary to determine the E% values at the temperature
of the kinetic runs (i.e.’30°) as the half-wave potentials
of reversible processes are nearly indevendent of the
temperaturegB.

The polarographic half-wave potentials are pl depend-

entd3 as shown in equation 3.4. This effect arises from
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the dependence of E% on the difference in the number of
protons in the oxidized and reduced svecies; thus if there
is an ionizable proton in one of these two species the

difference in the nuaber of vrotons will clearly change with

pH.

For the reaction in eauation 3.2

0x + mHY 4+ ne” —> Re (3.2)
equation 3.3 can be written
p %
E_];_ = Eo - BE" 1n —O—X_l_ + m B—T 1n aH'l' ( 3 . 3 )
E nF Dre2 nkF

BEguation 3.3 can be condensed to equation 3.4

E, = Ej; - 0.059% pH (3.4)
2

5
E® is the formal potential; Dox and Dre are the diffusion
coefficients of the oxidized and reduced species respec-—
tively; E% is the value of E% at pH 0; m and n are the
nunbers of oprotons and electrons, respectively, involved
in the process.

The half-wave potentials were therefore determined af
the two pHs used in the kinetic experiments, e.g. 6.3 and
8.9. A 0.05 phosphate buffer with 1.0l potassium nitrate
was used for the former pH and a 0.01lM borax buffer con-
taining 1.0 potassium chloride was used for the higher pH.

The concentration of the isocalloxazine solutions were

approximately 1 x 10~*

M with the concentration of dimethyl
formamide being no greater than 55. The isoalloxazine
solutions were flushed with oxygen-free nitrogen for 15
minutes immediately nrior to the E% determinations being

made under nitrogen.
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3-3.2 Ionization Constants

To our knowledge the ionization constants of

~

1l,3-dithio-2-provanol have not been reported in the

literature. The dithiol dissociates as shown in equation

3.5,
Kl +
HSCHQCH(OH)CHQSH === H + HSCH2CH(OH)CH23'

x, (3.5)
HSCH,CH(OH)CH,S~ <=5 vt + _SCHZCH(OH)CHZS-

The ionization constants, Kl and K2, for this process are

defined as in eouation 3.6.

[H*J[CHQ(SH)CH(OH)Cﬂzsj

=
]

[CHZ(SH)CH(OH)CHZSH]

(3.6)
[H*]ECHz(s“)CH(OH)CHQST

ECHZ(SH)CH(OH)CHZST

These two parameters were measured by titration with
base in aqueous solution at 30° and y 0.2. Avvproximately
0.01M dithiol solutions were titrated with 1.006l vpotassium
hydroxide using a Radiometer Autoburette ABU 11. The pH
was measured with a Radiometer model 26 pH meter employing
a Radiometer tyve K401l calomel electrode and a Radiometer
tyope G202C glass electrode.

The ionization coefficients were obtained from the
pH=volume data using a computer program94 on a Digital PDP
11/05 computer. A printout of this program and an exvlan-

ation of it may be found in Appendix II.

3-3.3 Extinction Coefficients

The molecular extinction coefficient is defined as

the optical density of the absorbing solution for a. concen-
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tration of 1 g.mol. per litre of the absorbing species and
a path length of 1 cm. The coefficient can be calculated

from the Beer-Lambert law which is as shown in equation

3.7.

log Io/It

]

ect (3.7)
where log IO/It is the optical density of the absorbing
solution; ¢ is the molecular extinction coeficient; c is
the concentration of the absorbing species and t is the
path length.

The molecular extinction coefficients were measured
for the three isoalloxazines in the visible and near UV
regions. The determinations were made in agueous solution
containing % dimethyl formamide with isoalloxazine concen-
trations of 1.492, 2,566 and 1.822 x 10”21 for isoallox-—
azines A, B and C resvectively. The spectra of the iso-
alloxazines were recorded on a Cary 17 swnectropnhotometer

with a path length of lcm.

3-3.4 Eguilibrium Constants

for Comvnlex Formation

The decrease in the fluorescence of isoalloxazines
with increasing concentration of tryptophan has been
interpreted as resulting from the formation (as in equation

27

3.8) of a non-fluorescent complex .

FL + Q == TF1Q (3.8)

The ecuilibrium constant, Ke’ for the formation of the

complex with the quenching agent is given by equation 3.9.

Ke = —[F"'l'_Q ']" ( 3 9 )

(F11[Q1]
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The fluorescence of the quenched isoalloxazine solu-
tions were measured relative to the fluorescence of an
uncomnplexed isoalloxazine solution of identical concentra-
tion on a Beckman mocdel 772 Ratio Fluorometer. The
measurenents were made at 230 and in a 0.05 vhosphate
buffer (pH ©.34). The tryptophan concentrations ranged
from 0.5 to 2.0 x 10_3M and the isoalloxazine concentrations

were aporoximately 1 x 10™°M.
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4, RESULTS AND DISCUSSION

The results of the experiments described in Section

3-3 are given first followed by the results of the kinetic

studies,

4-1 POLAROGRAPHY

The polarographic half-wave notentials were obtained
from the polarograms by drawing straight lines through the
residual and limiting currents (see Figure 3) and then
drawing a third line which bisects the distance sevarating
the first two lines at each end of the »nolarogram. The
intersection of this bisector with the polarogram gave the
E% value of the isoalloxazine under study. Seven to nine
Ceterminations were made for each of the three isoallox-
azines and for riboflavin at pHs of 6.3 and 8.9. The mean
values of E% and their standard deviations are given in
Table 4-1. They cdecrease with pH in a similar manner and
in agreement with the decrease expected from equation 3.4
(section 3-3.1). A typical polarogram of those obtained

for the isoalloxazines is shown in Figure 3.

TABLE 4-1

E, (V) for isoalloxazines A, B, C and
2

riboflavin against S.C.E. at 22°.

pH 6.3 8.9
E% s.d. E% S.d.
A -0.443 0.001 -0.549 0.003
B -—0.261 0.001 -0.410 0.002
C -0.356 0.005 -0.466 0.002
Riboflavin -0.,392 0.005 ~0.496 0.002
Riboflavind? pH 8.0 =0.460
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FIGURE 3: A typical example of the polarograms obtained for the

isoalloxazines; this particular polarogram is of isoalloxazine A
at pH 6.3,
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4-2 JONIZATION CONSTANTS OF

1, 3=-DITHIO~2-PROPANOL

Five titrations of 1,3-dithio-2-vnropanol with
potassium hydroxide were conducted. The pKl and pK2 values

for the orocesses shown in equation 4.1 obtained from the

HSCH,CH(OH)CH,SH <= H' + HSCH,CH(OH)CH,S™

K (4.1)
HSCH, CH(OH) CH,S~ =2~ m* . TSCH,CH(OH) CH,S~

runs are given in Table 4-2. The pH-volume data for these
runs and a specimen nlot of pl against volume of titrant

added are given in Appendix II.

TABLE 4-2

pKl and pK2 and their standard

deviations of DTP at 300.

pKl s.d. pK2 Sed.

1 3.20  0.06 10.98  0.03

2 9.24  0.10 11.22  0.11

3 9.06  0.17 10.99  0.03

4 9.02  0.18 10.91  0.02

5 9.12 0.0l 10.76  0.13
weighted | 9,33 0.09 10.96  0.17

* weighting factor = 1/s.d.

4-3 EXTINCTION COEFFICIENTS OF

THE THREE ISOALLOXAZINES

The extinction coefficients were calculated from the
optical density and concentration data using eguation 3.7

3=33 . . .
in sectionhand the values for the three isoalloxazines are
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given in Table 4-3.

TABLE 4-3

Extinction coefficients, E(H_lcm-l), for

isoalloxazines A, B and C in aoueous solution.

Amax ( nm ) € meXx
A 260 46100
303 19000
456 16500
477 16400
B 303 29000
374 7700
480 11500
498 11500
C 264 36400
341 8190
434 8780

4-4 EQUILIBRIUM CONSTANTS FOR

COMPLEX FORMATION

The measured fluorescence of the quenched isoalloxazine
solutions is directly »roportional to the concentration
of the uncomplexed isoalloxazine since the fluorescence of
the solutions are_measured as a fraction, R, of the free
isoalloxazine fluorescence. Thus the concentration of the
complexed isoalloxazine is given by 1l -R. The equilibrium
constant, Ke’ (given by equation 3.9, section 3-3.4) was

then calculated from cquation 4.2,
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kg, = =F.L (4.2)
R [Q]

[Q] is the concentration of tryptophan,

The decrease in the fluorescence of the complexed
isoalloxazine solutions with the concentrations of trypto-
phan used ranged from 30 to 705% relative to the unguenched
isoalloxazine fluorescence. The fluorescence data and the
equilibrium constants calculated for the three isozllox-

azines are given in Table 4-4 with an estimation of the

exnerinmental error.

TABLE 4-4

Effect of tryptophan concentration on the
fluorescence of isoalloxazines; and eguilibrium
constants (Ke) for isoalloxazines A, B and C at

pH 6.34 and 230.

102 [Q1(11) R 1-R K,
A: 5 0.640 0.360 113
10 0.470 0.530 113
15 0.377 0.623 110
20 0.308 0.692 112
mean 112 + 3
B: 5 0.670 0.330 99
10 0. 506 0.494 98
15 0.495 0.605 102
mean 100 + 3
c: 5 0.695 0.305 88
10 0.540 0.460 85
15 0.440° 0. 560 85

mean 86 £ 3
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4-5 REACTION OF ISOALLOXAZINES

WITH SULPHITE ION

The reaction of isoalloxazines with sulnhite ion was
discussed in Section 1-4.2.2. @ brief recavnitulation is
that sulohite adds reversibly to the N(5)-position of the
isocalloxazine nucleus. Isoalloxazines unsubstituted at the
l-, 6- and GO-positions react further to yield a 6,8-disul-
phonated product after reoxidation of the reduced snecies

involved in the reaction.

4-5.1 Reduction of Isoalloxazines

A, B and C

Two successive reactions were observed for isoallox-
azine C at high sulphite ccncentrafion as depicted in
Figure 4. There was a rapid disappearance of isoalloxazine
at 434nm followed by the slow appearance of the final
product at 265nm. This clear definition of two stages to
the reaction of C with sulphite was lost at lower concen-
trations of sulnhite such that there appeared to be only
one continuous stage (Figure 5).

Repetitive wavelength scans of the reazctions of iso-
alloxazines A and B with sulphite indicated only the one
stage to the reaction (Figures 6 and 7, respectively).
However as with isoalloxazine C both of these isocalloxazines
showed a dependence on the initial sulvhite concgntration
in the amount of isocalloxazine reacting. For example,
infinity readings showed that with 0.01M and 0.87M sulphite
solutions T0% and 90%, respectively, of isoalloxazine C
had disappeared; with 0.44il and 0,87l sulphite solutions

the extent of the reaction with isoalloxazine A was 45% and
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' FICURE 4: Repetitive wavelength scan of the course of the reaction of
isoalloxazine C with a 0.14M solution of sulphite at pH 6.3 and 300.
Sean 1. 4min; 2. 15 3, 13; 4. 2%; 5. 3}; 6. 4; 7. 7; 8. 10; 9. 15;
10, 21; 11. 30; 12. 46; 13. 463min; 14 22hr 21min after mixing.
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FIGURE 5: Repetitive wavelength scan of the course of the reaction of
isoalloxazine C with a 0.01M solution of sulphite at pH 6.3 and 30°.
Scan 1. ¥min.; 2. 3; 3. 8; 4. 18; 5. 59; 6. 191; 7. 271; 8. 334;

9. 391min; 10. 18hr 37min after mixing of the reagents.
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FIGURE 6: Repetitive wavelength scan of the course of the reaction of
iscalloxazine A with a 0.87M solution of sulphite at pH 6.3 'and’BOo.
Scan 1. 3min after mixing; 2. 10; 3. 28; 4. T1; 5. 1563 6. 214;

7. 269min, ’
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FIGURE 7: Repetitive wavelength scan of the course of the reaction of
isoalloxazine B with a 0,01M solution of sulphite at pH 6.3 and 300.
Scan 1. 15sec after mixing; 2-11..2 minute intervals; 12. 31min;

13. after approximately 20 half-lives.



4-5 78

5% respectively; and 867 and 985 of isoalloxazine B had

reacted with 0.01l1 and 0.87H sulvphite solutions resvectively.

4-5.2 Reoxidation of the Reacfion

Solutions of the Three

Isoalloxazines

The product from the reaction of C with sulphite is
oxidized by the readmittance of air to the reaction solution
to give an isoalloxazine which has a shift in the 340nm
absorption as compared with isoalloxazine C (Figure 8).
This new isoalloxazine then rapidly disavpeared to give a
product which had a different spectrum from both of the
products from the first two anaecrobic reactions (Figure 3).

Although both isoalloxazines A and B appear to react
similarly with sulophite (e.g. only the one reaction was
observed), the reactivity of the reduced snecies from each
isoalloxazine with air differs markedly. Readmittance of
air to the reaction solution of A yields an oxidized

isoalloxazine with a change in A e of the long—wavelength

ax
absorption (Figure 10). The reaction of A with an aerobic
sulphite solution vroduces the same change in the UV-visible
spectrum, and there is also no further reaction occurring
unlike the case with isoalloxazine C. The reaction solution
of B, on the other hand, is totally insensitive to the
presence of oxygen. The appearance of an isoalloxazine

was not observed when air is readmitted to the anazerobic
reaction solution of B and sulvhite. When the sulphite is
removed as S0, by drawing gither air or oxygen-free

nitrogen through the acidified solution, oxidized isoallox~

azine B is regenerated. There are no changes in the wave-
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FIGURE 8: Comparison of the spectra of isoalloxazine C and the oxidized
product (II) from the reaction of C with sulphite. Spectra (a) isoallox-
azine C; (b) product II.
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FIGURE 9: Comparison Sf the spectra of the reduced species from the
anaerobic (structure II) and aerobic (III) reactions of isoalloxazine
C with sulphite at pH 6.3 and 30°. Spectra (a) structure III;

(b) II.
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FIGURE 10: Comparison of the spectra of isocalloxazine A and the oxidized

product (VI) from the reaction of A with sulphite, Spectra (a) isoallox-
azine;_(b) product VI,
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lengths of any of the visible region absotptions (Figure

11). The immlications of these observations are discussed

in Section 4-5.4.

4-5.3 Kinetics of the Reaction

of A, B and C with Sulnhite

All three isoalloxazines followed first—order kinetics
in the vresence of excess sulphite. Typical examples of
the first-order »lots obtained for isoalloxazine B with
sulphite are shown in Figure 12. A linear rélationship
was obtained between the observed rate constant, kobs’ and
sulvphite concentration (Figure 13). The rate law for the
reaction of the isoalloxazines with excess sulvohite is

shown in equation 4.3.

a[F]

- =2 = x_._ [F] (4.3)
at obs
Kopg = kZESOS

Therefore the slopes of the lines in the plots of k o
against sulphite concentration (Figure 13) are the apparent
second order rate constant, kz(app), for the three isoallox-
azines. The kz(app) values are collected in Table 4-8.
A linear free-—energy relationship has been reported

for the reaction of a series of isoalloxazines (with no
steric crowding at N(5)) with sulphite between the logarithm
of kz(app) and the polarographic half-wave potential, E%19_
Isoalloxazines B and C, unlike A, do not have any steric
crowding about the N(5) position and therefore one might

expect a similar free-—-energy relationship to exist for

these two isoalloxazines. Consequently it is interesting
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FIGURE 11: Repetitive wavelength scan of the regeneration of
isoalloxazine B after the removal of sulphite.

Scan 1. arbitary zero
time; 2. 8imin after 1; 3. 30; 4. 48; 5. 62; 6. Ti; 7. 101; 8. 120;
9. 14Q; 10. 1813 11, 220min.
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TABLE 4-5
Effect of sulphite concentration (}) on the
observed rate constant, k (min-l), for

isoalloxazine A at pH 6.3 and 30°.

(503 1 107Kk 103s.4d.
0.44 2.22 0.04
0.87 4,70 0.07
0.87 4.87 0.08
0.90 5.41 0.30
0.90 4.56 0.17
0.90 6.77 1.63
TABLE _4-6

Effect of sulphite concentration (IM) on the
observed rate constant, k . (min—l), for

isoalloxazine B at pH 6.3 and 30°.

[SO?] K pe s.d.
0.01 0.187 0.003
0.180 0.014
0.148 0.006
0.10 0.572 0.012
0.554 0.046
0.521 0.032
0.87 3.64 0.04
3.67 0.03
4.03 0.10
0.90 4.01 0.03
4.21 0.02
4.16 0.04
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TABLE

4-7

Effect of sulphite concentration (II) on the

observed rate constant, k

.0bs

isoalloxazine C at pH 6.3 and 30°.

(min"l), for

[SOS kobs s.d.

0.01 0.0023 0.0004

0.10 0.068 0.008

0.90 0.629 0.006
0.652 0.002
0.638 0.002
TABLE 4-8

Apparent second order rate constants, k2(app)

(M—lmin-l) for isoalloxazines A, B and C
4

with sulohite at pH 6.3 and 30°.

85

ky(app) Log X, By (V)
A 0.0055 + 0.0007 -2.26 + 0.29 -0.443
B 4.33 & 0.12 0.637 + 0.018 | =0.261
c 0.715 + 0.007 -0.146 + 0,001 | -0.356
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FIGURE 12: Typical examples of the first order plots obtained. These
examples are for isoalloxazine B with sulphite ion at concentrations
of (a) 0.01M; (b) 0.10M; (c) 0.90M at 30 and pH 6.3.
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FIGURE 13: Effect of sulf)hite ion concentration on the observed rate
constants of the three isoalloxazines A, B and C. These plots were

used to obtain the apparent second order rate constants.
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to draw a line through the points for B and C in a »nlot of
logarithm of kz(app) and E% for the purvoses of comparing
the rate constant of A with those of B and ¢ (Figure 14).

Although the wvalues of kz(aop) follow the trend of the E

iy

N,

values for the three isoalloxazines, the voint for A in
Figure 14 falls below the line drawn through B and C by
1.48 logarithm units which corresnonds to a factor of 30.
The deviation of A from this line is greater than the
experimental error of 0.29 in A, and thus the deviation
may be regarded as a significant though small rate depress-—
ion assuming that B and C define the normal free-enecrgy
relationship.

It was mentioned in the previous section that the
reaction oroduct of isoalloxazine B and sulvhite was
insensitive to oxygén. This fact is corroborated by the
conparison of the values of kobs determined for isoalloxa-
zine B with a 0.901 sulnhite solution in anaerobic and

aerobic kinetic runs (Table 4-9).

TABLE 4-9

Comparison of observed rate constants, kobs
(min_l), for isoalloxazine B with anaerobic
and aerobic 0.90M sulvhite solutions at

pH 6.3 and 300.

anaerobic aerobic
1 4,01 % 0,03 3.89 1+ 0.04
2 4.2 x 0.02 4,10 £ 0.03
3 4,16 + 0.04 4,13 + 0.04
mean | 4.13 + 0,10 4,04 + 0.13
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FIGURE 14: A plot of logarithm of kz(app)(sog) against polarographic
half-wave potential showing the rate depression for isoalloxazine A
relative to the assumed linear free-energy relationship for isoallox-

azines B and C.
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The two sets of values agree within experimental error and

therefore the reaction of isoalloxazine B with sulphite ion

would appear to be unaffected by the presence of air.

4~5.4 Discussion and Conclusion

of the Sulvhite Reaction

The observation that the amount of isoalloxazine
consumed in the reaction with sulvhite is dependent on the
initiel sulvhite ion concentration agrees with the conclus-—

ion of Hevesi and Bruice34b

that the initial disavpearance
of isoalloxazine is an equilibrium process.

The two stages in the reaction of isocalloxazine C with
sulphite mirrors the behaviour of 3-methyl-10-(2',6'-di-
methylohenyl)isoalloxazine with sulphite observed by Hevesi
and Bruice34b. Thus a similar intervretation may be used
to explain the two stages in the reaction. The initial
disanpearance of the isoalloxazine is a reversible addition
to the N(5)-nosition followed by attack at the 8-position
with elimination of sulphite from the 5-vosition and

further addition to the 6-position to give the slow apvear-

ance of the final product (I, equation 4.4).

| 3 -
] I

$ 4 .

N O e
SO SO3

l, (4.4)
"05S | - O3S rls =
L — UL
~ X ~
N <
I SO;5 O SC%

The change in the wavelength of the 340nm absorntion of
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isoalloxazine C when zir is reazdmitted to the reaction
solution suggests that a new isoalloxazine is nroduced,
Following on from equation 4.4, this new isoalloxazine
would clearly be the 0,8-Cisulphonate derivative of o (II,

equation 4.5).

@)
SO O
IC

SO
4 ~ e . -~ . . 3
The Tinal reaction of C is the disappearance of II; Hevesi
3 Trui 34b 2 an s s . .
and Iiruice suggested that this is due to the formation

of a 4a-nddition nroduct (III) as formation of the
5-sulnhonate of II would involve electrostatic hindrance
from the 6-sulnhonate grouw. An additional factor is that
the 6= and S-sulvhonate functions would »sromote 4a-addition
by electron withdrawal. This step is in agre:oment with the
observed difference between the snectra of the final
products of the znaecrobic and aerobic reactions of iso-
alloxazine C (Figure 3). These differences imply that a
different tyne of reduced species is involved, i.e. in the
anserobic case structure I and in the aerobic case structure
11T,
The rate depression observed for the reaction of A
with sulphite ion could imnly that
(a) a different site from that used in the case of
B and C is involved in the attack of sulphite on
A, or
(b) +that the steric crowding by the o~hydrogen at the
N(5)-position (IV) is slowing the reaction of A

with sulphite.
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SOt

The latter suggestion would be a favoured reason if

91

"5-addition involves strictly in-vlane (of the isoallox—

azine structure) attack" as Hemmerich stateleb. Thus if

the rate depression is caused by steric hindrance from the
a-hydrogen of the naphthalene moiety (IV) then the change
in the wavelength of the 460nm absorvntion of A on reoxidas
tion of the reduced species resulting from the reaction
with sulvhite may be explained by the addition of a second_
sulphite ion to the 8-position as in the case of C, with
expulsion of the 5-sulphonate grouv (V, equation 4.6) and

subsequent oxidation of V by oxygen to give the 8-sulphonate

derivative of A (VI).

SEE —

3

\l' (4.6)

In this case then the probable reason why only the one
reaction was observed for A with sulvhite is that the slow
rate of reaction obscures observation of the second reactiomn
(as in the case for reaction of C at low sulphite concen-
tration (Figure 5)). If steric effects are operating to
hinder 5-addition, the first step of the reaction of A will

be slowed relative to any subsequent attack at the 8-pos-
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ition so that, unlike the case with C for which the first
reaction is relatively very fast for high sulnhite ion
concentration, the two successive reaction may be indis-
tinguishable.

However the rate depression may be caused by the
attack of sulohite at a site other than the N(5)-position,
for examnle, attack could occur at either the 4a- or 8-
vositions. Thus if such were the case in either situation
A could not be exvected to follow a free-energy relation-
ship with B and C. In the latter case the 8-position is
less electrophilic than the 5-position and consequently
attack of the nucleophile nmight be exnected to be slower at
this position. Clearly, attack at the 8-position would

produce V in a one step reaction (equation 4.7), which

ORS '

SO3 |
it~

would be consistent with the observation of the single stage

in the reaction.
Formation of V via 4a-addition may be envisioned as
in equation 4.8. 1Initial attack of sulphite occurring at

the 4a-position, followed by isomerization to the 5-sul-

H O
N

N_O
VI «e— ¥ <— Eil[ I
' ~N
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phonate with subsequent attack at the 8-position as in

equation 4.6. Precedence for 4a-5 isomerism has been shown

by Hevesi and Bruice34b’38 who found that an equilibrium

existed between the 4a- and 5-sulphonate adducts of
10—(2',6'-dimethvlnhenyl)—3—methylisoalloxazine-6,8-disul—
phonate. 4a-addition has been suggested as the initial
reaction of the above isoalloxazine with sulnhite since
5-addition would be electrostatically hindered by the
b-substituent. These consecutive reactions in egunation
4.3 could also be indistinguishable from each other and
hence could give rise to one observable reaction.

Since these three possibilities for the reaction of A
with sulphite ion cannot be clearly determined from the
data it will be of interest therefore to look at the
possible reasons for the small size of the observed rate
depression for A in terms of the three proposed mechanisms.

(a) As mentioned earlier Hemnerichi®? nas suggested
that 5-addition is restricted to an in-plane anproach. It
is felt however that an out-of-plane apoproach by a
nucleophile would be just as likely, if not more so, in the
case of nucleophilic addition. In this situation an in-
plane aporoach would involve interaction with the lone
pair electrons on the S5-nitrogen and consequently would be
less favourable than an out-of-plane anproach which would
not involve such interactions. In the case of isocalloxazine
A, the steric crowding about the S5-position would also be
less for an above-the-plane attack by sulphite, the amount
of hindrance caused by the a-hydrogen (see IV) depending

on the precise transition state geometry.

(b) In the ground state of igoalloxazine A (VII)
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there will be a certain amount of steric strain between the
lone vair electrons on N(5) and the covlanar a-hydrogen.

As the sulnhite ion adds to the N(5)-position the isoallox—
azine molecule will change its configuration from the
planar structure of the oxidized molecule to the 'butter-
fly' shave of the 1,5-dihydroisoalloxazine (VIII, equation

10a . . .
4.9) « The axis of this change in configuration occurs

through the nitrogen atoms at the 5- and 10-positions. The
effect of this change would be to release the strain
between the N(5) lone pair electrons and the gq-hydrogen at
the expense of some crowding with the N-sulphonate
substituent in the oroduct. The release of the strain
could give rise to a 'steric acceleration' effect which
would have to be balanced against any decrease in the rate
of reaction by steric crowding in the product.

(¢) Assuming that no 5-addition at all occurs, the
magnitude of the depression may just reflect the differences
between the electrovhilicity of the 8-position (or 4a-pos-
ition) on the one hand and the 5-position on the other.

The former two positions would not be subject to steric
effects and thus the rate of reaction would depend on only
the relative electroohilicity of the two positions, which
would therefore necessarily be lower than that of the
5-position.

There is no compelling reason to suggest that the

sulphite reaction mechanism of A is different from the
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normal mechanism involving initial 5-addition, especially
in view of the suggestion in (a), and the simplest inter-
pretation is that the magnitude of the rate depression is
due to either a balance between steric deceleration and
acceleration effects or a weakly hindered out-of-plane
approach of the nucleophile. With the evidence vresented
here these two possibilities cannot be readily distinguished
from each other,

The observation of only the one reaction of isoallox-
azine B with sulphite and the lack of any svectral changes
in the reoxidized spectrum (Figure 11) suggests that the
only stage in the reaction is a reversible addition of

sulphite at the proposed reactive centre, the 5-nitrogen

(equation 4.10).

Further addition to the 8-position is highly unlikely since
it would involve total loss of aromaticity in both benzen-

0id rings (IX, equation 4.11).

s
— 'o3l \FC\) (4.11)
X

Formation of the 6-sulvhonate (eguation 4,12) can also be

eliminated since it would be electrostatically unfavourable
because of the adjacent S5-sulvhonate and since no spectral
change was observed with the reappearance of an oxidized

isoalloxazine. If 6-addition did occur the product (X)



would be exnected to be oxygen sensitive as with the case

of the proposed 8-sulphonate of isoalloxazine A. Direct

attack of sulohite at the 6-vosition in oxidized B may be
elininated for the same reasons. Consequently it ma& be

concluded that the only reactioh—of isocalloxazine B with

sulphite is an eguilibrium addition to the N(5)-vosition

as shown in equation 4.10.

Final conclusions which may be drawn 2bout the
reaction of isoalloxazines with sulphite generally, which
can be deduced from the studies of the reactions of iso-
alloxazines A, B and C, are as follows:

(a) EHevesi and Bruice34b suggested that the second
stage of the reaction of isoalloxazines (with free 1-, 6-
and 8-positions) involves sulphite addition at the 8-pos-
ition with expulsion of the 5-sulphonate substituent as
so§ and then attack at the 6-position. From the behaviour
of isoalloxazines A and B with sulphite it is concluded

that this is in fact the correct sequence of reactions

(equation 4.13); the former isoalloxazine appears to give

| - O3 | -

O
[ —

Q
0

an 8-adduct but the latter does not give a 6-adduct. Thus
6-addition occurs only after 8-addition.

(b) The conclusion drawn in (a) suggests that the
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addition of sulphite ion to the o—-position is simply
addition of sulvnhite to an olefin and it is therefore not
an inherent reaction of S5-addition compounds as shown by
the lack of any such reaction of the sulvhite-addition
preduct of B in which the 6,7-double bond forms vart of
thebenzenoid ring.

(c) The observation that the new isoalloxazine formed
in the aerobic reaction of A with sulphite does not react
further with sulphite (unlike C) implies that the S—sul-
phonate function by itself causes insufficient activation
of the 4a-position to vromote further addition at this
centre, whereas the presence of two sulphonate groups as in
isoalloxazine C (at the 6- and 8-positions) is sufficiently

activating to nromote 4a-addition.

4-6 REACTIOHS OF ISOALLOXAZINES A,

B AND C WITH 1,3-DITHIO-2-PROPANOL

The formation of adducts by thiols at the 4a-, 5-, 6-,
8-, 9a- and 1l0a-vositions of isoalloxazines was considered
in section 1-4.2.2. In brief, kinetic evidence shows an
intermediate adduct is formed in the reaction of dithio-
threitol; the observation of general acid catalysis
sugsests that the 4a- is more likely than any of the other
positions as the centre for this adduct formetion; and of
these other positions the Ja- and lOa-positions have been

excluded as essential reaction centres.

4-6.,1 Kinetics of the Reaction

Of AJ B and C 'v‘."’ith. DTP

The three isoalloxazines A, B and C followed first
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order kinetics with large excess of 1,3-dithio~2-propanol

(DTP) at the pH employed in the reaction (Figure 15). The

observed rate constants, kobs’ obtained were found to be

linearly related to the total thiol concentration (Figure

16). Therefore following on from the previously reported
work39’4o

the rate law for this reaction is as shown in

equation 4.14.

- 2] _ g (Firore] (4.14)
at 2

Thus with the concentration of the dithiol held constant
(in excess) the disappearance of the isoalloxazine is
pseudo-first order and equation 4.14 reduces to equation

4.15

a[F]
a

]

K pg [F] (4.15)

ot

and kobs = kZEDTP].

Therefore the slope of the plot of the observed rate cons-—

tant, k against the concentration of DTP will be the

obs’?

second order rate constant, k2. The values of k, of the

2
three isoalloxazines were derived from the above plots by
least squares analysis and they are presented in Table 4-13.

From Table 4-13 it can be seen that the second order
rate constants are in the order B > C > A and that they
follow the order of their resvective volarogravhic half-
wave potentials, E%. A linear free-energy relationship

between the logarithm of k, and E% for the reaction of

2
l,4-butanedithiol with a series of isoalloxazines was

observed by Bruice and coworkerslg. The vlot of logarithm
of the second order rate constants obtained against the

polarographic half-wave potential (Figure 17) establishes



TABLE 4-10

Effect of DTP concentration (1) on the
observed rate constant, LS, (min_l),

for isoalloxazine A at pH 9.2 and 30°.

10°[DIP] | 10%k 10%s.4d.
0.96 1.62 0.01
1.73 2.60 0.04
1.73 2.55 0.04
1.73 2.54 0.04
3.20 6.01 0.11
3.40 4.82 0.11
3.62 6.58 0.21
3.67 5.61 0.20
3.76 5.63 0.12
7.26 12.34 0.26
T.41 10.77 0.26
7.49 13.84 0.25
7.62 11.98 0.14




4-6

Effect of DTP concentration (}M) on the
. =1
observed rate constant, Ik , (min™),

for isoalloxazine B at pH 9.2 and 300.

TABLE 4-11

lOB[DTP] Kobs s.d.
0.185 0.737 0.011
0.331 1.314 0.026
0.355 1.558 0.018
0.615 3.326 0.041
0.684 3.775 0.028
0.882 4.561 0.055
1.08 5.674 0.030
1.30 T.252 0.072
1.56 8.497 0.054
2.45 14.48 0.13

100
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TABLET 4-12

Effect of DTP concentration (}) on the
-1
observed rate constant, kobs (min™"),

for isoalloxazine C at »nH 9.2 and 300.

102 [DTP] . s.d.
0.656 1.488 0.003
0.705 1.616 0.011
0.717 1.628 0.006
0.735 1.549 0.042
0.735 1.537 0.008
1.37 3.304 0.009
1.45 3555 0.059
1.49 3.411 0.023
2.87 6.962 0.029
2.95 T.112 0.041
2.99 7.122 0.059




TABLET 4-12

Effect of DTP concentration (i) on the

observed rate constant, k (min—l),

obs
for isozlloxazine C at pH 3.2 and 30°.

102 [DTP] K, s.d.
0.656 1.488 0.003
0.705 1.616 0.011
0.717 1.628 0.006
0.735 1.549 0.042
0.735 1.537 0.008
1.37 3.304 0.009
1.45 3.555 0.059
1.49 3,411 0.023
2.87 6.962 0.029
2.95 7.112 0.041
2.99 7.122 0.059

101
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FIGURE 15: Typical examples of the first order plots obtained for the

reaction of isoalloxazine C with 1,3-dithio-2-propanol at concentrations

of (a) 0.00656M: (b) 0.00137H: (c) 0.0295M at pH 9.2 and 30°.

PIGURE 16: Effect of dithiol concentration on the observed rate

constants of the three isoalloxazines A, B and C.
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FIGURE 17: Linear free-energy correlation between the polarographic

half-wave potentials and the logarithm of the second order rate

constant for the reaction of the three isoalloxazines with DTP.

TABLE 4-13

Second order rate constants, k, (M_lmin-l),

for the reaction of isoalloxazines A, B

and C with DTP at pH 9.2 and 30°.

k,* log Xk, E%(V)
A]l1.67 + 0.16 0.223 + 0.021 -0. 549
B | 5920 x 330 3.77 + 0.21 . =0.410
c 247 & 5 2.39 ¢ 0.05 -0.466

%#These values were detcrmined by least sauares
analysis of the lines of Figure 16; the errors
were determined in the analysis and are adjusted
to 30% confidence.
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that a linear free-energy relationship exists for isozllox—
azines A, B and C with slove of 26 x+ 1V™L (cf 32v-1 for
1,4-butanedithioll?),

4-6.2 Discussion and Conclusion

The observation of the linear free—energy relationshivn
for the three isoalloxazines suggests that there are no
electronic or steric effects omerating in isoalloxazines
A and B which hinder the reaction of these two isoallox-
azines with 1,3-dithio-2-propanol.

The possibility that the 6~ and 8-positions on the
isoalloxazines nucleus were sites for the formation of an
adduct during thiol oxidation was considered in Section
1-4.2.2. Prom the structure of A and B, it can be seen that
in A the 6-position is blocked while the 8-position is free,
whereas in B the reverse situation exists with the 8-pos-
ition blocked and the 6-position free. Addition of the
thiol anion to the 6-vosition of A (XI) would result in the
complete loss of aromaticity of the naphthalene moiety of

A. This would be expected to be much less favourable than
| - RS | -
llii !'I IQ\TJD @)
~ X I
H
|ll!! SR ) 3
XL XIC

addition to the 8-vosition in which case one of the benzene

Hs

rings retains its aromaticity (XII). Consequently if
6-addition is obligatory for dithiol oxidation then a
comparison of the 6-positions in isoalloxazines A, B and

¢ shows that a rate devression from the linear free-energy

relationship would therefore be expected for A. A similar
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comparison of the 8-positions indicates that this would not

be the case for A if 8-addition is involved in the reaction

mechanism. The absence of any such deprcssion in Figure 17
excludes essential formation of a 6-adduct for isoallox-
azine A but not the possibility of an 8-adduct.

By analogy with the situation of the b-position of 4,
similar arguments can be apvlied in the case of isoallox-—
azine B to exclude obligatory 8-adduct formation (x111).
Further the formation of a 6-adduct with B (XIV) cannot be

exclucded by analogy with the possible 8-addition in

isoalloxazine A.

RS H O

The conclusion to be drawn from the linear free-energy
relationship is therefore that if there is a single
essential site for adduct formation in the reacticn of
dithiols with isoalloxazines then it is neither the
6-position nor the 8-position. The vpossibility that both
6- and 8-addition can occur at similar rates can probably
also be excluded on the basis that isoalloxazine A would
react via XII, isoalloxazine B. via XIV and therefore
isoalloxazine C, with its 6~ and 8-positions both free,
would be exvected on statistical grounds (since it will
have two reaction centres rather than the one in A and B)
to show a rate acceleration relative to A and B. It can be
seen from Figure 17 that this is not the case, although
the exverimental error in the points for A, B and C could

conceal small deviations but not a factor of logarithm of 2
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(or 0.3) in the point for isoalloxazine C.

With the elimination of the 6- and 8-nositions there
remain only two electrophilic centres, the 4a- and 5-pos-
itions, for the formation of adducts with thiol anion, as
the 9a- and 10a-positions have been eliminated in a
previous study (see section 1-4.2.2). Considering the
steric crowding present at the 5-position of A ( see section
4-5.4) and the lack of a rate depression for A from the
linear free-energy relationship (Figure 17) it might apnear
that 5-addition is inessential for the reduction of
isoalloxazines by thiols. However, this premise assumes
that only an in-plane approacthb of the thiol anion to
N(5) occurs. It was felt that the formation of the 5-adduct
cannot be excluded on this basis since an out-of-plane
attack on the N(5)-vosition is a possibility. Conseguently
it might conceivably be only slightly hindered by the
a-hydrogen, the amount devending on the geometry of the
transition state. Therefore attack at the 4a- and
5-positions cannot be distinguished on the basis of these
results although kinetic evidence presented by Loechler

33

and Hollocher favours the former site for the formation
of an intermediate adduct on the redox reaction pathway of

thiol oxidation.

4-7 REACTIONS OF ISOALLOXAZINES

A, B AND C WITH NADH

The reaction of isoalloxazines with reduced nicotin-
amides was discussed in Section 1-4.2.1. Briefly, there

is direct spectroscopic and kinetic evidence for complex

formation in the case of the .reaction with reduced N-methyl-
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nicotinamide but not in the case if NADH; and bulky out-of-
plane isoalloxazine substituents result in parallel rate
depressions for reduced N-methylnicotinamide and NADH.
These denressions are accomiodated by a linear free~energy
relationshin between the logarithm of the rate constant

and the logarithm of the equilibrium constant for complex-
ing by tryvtovhan thus providing indirect evidence for
essential face-to-face comnlexing of isoalloxazine and

reduced nicotinanides on the reaction pathway in both cases.

4~7.1 Kinetics and Discussion of the

Reaction of A, B and C with NADH

The reactions of the three isoalloxazines A, B and C
with NADH appear to follow first order kinetics in both
isoalloxazine as in Figure 18 and NADH (Figure 19) up to
approximately 0.0054 NADH. Above this concentration the
pseudo-first order rate constants for A, B and C are
denressed progressively from lines drawn through the
initial voints of plots of the observed rate constant, kobs’
against NADH concentration (Figure 13). This 'tailing off
of the k4 values is probably due to a saturation effect
caused by NADH. Such an effect is common in a reaction
involving an equilibrium step followed by a rate limiting

step as in equation 4.16.

k k

X + Y ;F%e Z -—§> P (4.16)
k
-1

Thus as the concentration of, say, Y increases the concen-
tration of Z builds up such that the rate of reaction
increases to a maximum dependent on the magnitude of the

rate of breakdown of 2 (k3) to the products. Further
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increases in Y do not vroportionately increase the rate

because if, for instance, 90% of X is already complexed by

Y then by doubling the concentration of Y will not also
double the concentration of Z as there is insufficient X
for this to occur. Therefore the reaction will become

indevendent of [Y] and it will tend towards zero ovrder in

Y as [Y] increases.

r

To test such a posscibility Lineweaver-Burke plots90
were drawn for all three isoalloxazines. These plots are
described by a general ecuation given by equation 4,17,

Za
v

p

= + % (4.17)
\Y Vv
where Vis the rate of reaction; V is the limiting rate as
a+ew; and Ky is the value of a at 3V. It may also be,
in some cases, the dissociation constant of the pronosed
complex between X and Y (equation 4.16). Thus a plot of
1/v against 1/a will have a slbpe of Kd/V and an intercept
with the y-axis of 1/V. If saturation is occurring then
the intercept on the x-axis is negative and it is equal to
1/Kge

Under the reaction conditions the rate law for the
reaction of NADH with the isoalloxazines is described by
equation 4.18.

a[F] .
Vo= - S - Koy [F] (4.18)

This can be rearranged to give equation 4.19.

[Fl1 _ _1 (4.19)
v : k

obs

- 1
Linear relationships between kobcl and [NADH 7=+ were



Effect of NADH concentration (M) on the
observed rate constant, k i (min-l),

for isoalloxazine A at pH 6.3 and 300.

TABLE 4-14

3 2 2
10° [NADH] 10 kobs 10"s.d.
0.468 2.64 0.05
0.483 2.98 0.03
1.01 5.05 0.12

5.92 0.05

6.10 0.05

1.03 6.24 0.05

1.87 12.22 0.10

10.81 0.13

10.47 0.15

4.02 23.47 0.39

22.81 0.26

10.0 40.86 0.37
14.8 61.47 0.46
20.3 71.97 0.35
69050 O°44

01.2 62.85 0.92
64,55 0.72
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Effect of NADH concentration (M) on the
observed rate constant, K bs (min-l),

for isocalloxazine B at pH 6.3 and 30°.

TABLE 4-15

3, 2 2.
10° [ADH] 10k 1 10°s.4d.
0.132 0.35 0.01
1.02 2.17 0.02
1.08 2.44 0.04
3.85 7.45 0.03

8.22 0.05

TTT 0.13

5.06 10.52 0.05

6.53 12.64 0.11

12.59 0.27

9,56 16.15 0.09

14.06 0.48

10.72 16.57 0.32
17027 O°O6

17.12 0.25
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Effect of NADH concentration (M) on the
<« (= =3 '] —l
obscrved rate constant, K bs (nin™"),

for isoalloxazine C at pH 6.3 and 30°.

TABLE 4-16

3 . 2 2
10~ [WADH ] 10K g 10%s.4d.
1.03 4.81 0.02
2.05 10.14 0.06

10.23 0.10
10.18 0.09
4.06 20.10 0.11
20.29 0.13
6.91 31.08 0.15
29.91 0.39
28.33 0.50
10.25 43.08 0.38
44 .58 0.40
39039 0‘35
19.72 77.89 0.21
20.04 T4.48 0.33
82.01 0.84
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FIGURE 18: Typical examples of the first order plots obtained for

isoalloxa
0.00187M;

hxémhrﬁ

zine A with NADH at concentrations of (a) 0.00101M; (b)
9¢) 0.00402M at pd 6.3 and 30°.

10 r

09 t

0.6 |

J& 2 2 2 I I ) - Il 3
(0] 2 4 6 8 10 12 14 16 18 20 22
[NADH] (103M)

FIGURE 19: Effect of NADH concentration on the observed rate constants
for the three isoalloxazines A, B and C showing the progressive

deviation of the points as the concentration of NADIH increases.
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FIGURE 20: Linear correlations obtained for the Lineweaver-Burke plots for the reaction
of the three isoalloxazines with NADH, Inset: an enlarged view of the area about the

origin showing the negative intercepts of the lines with the x-axis.
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observed for isoalloxazines A, B and C with negative
intercevts on the x-axis (Figure 20). This therefore is

direct evidence for preequilibrium compnlexing between NADH

and each isoalloxazine. The parameters, V (or k3) and K
10 ¢

d’
09 t
o8 |

/./
07 } o
06

05

ipet
kobs““'n )

04 t O
03
02

o1 |

3 3 Iy 1 2 - 3

0_0 3 A i
(o] 2 4 6 8 10 12 14 16 18 20 22

[NaDH] (10" M)

FIGURE 21: A plot of kobs(NADH) against NADH concentration showing the
fit of the experimental values with the curves generated by equation

4.20 using the values obtained for k., and Kqe

3
can be obtained directly from the Lineweaver-Burke plots
but more reliable values can be obtained from a non-linear
least squares treatment of equation 4.20 (which can be

derived from the reaction in egquation 4.16).

k. [NADH ]
kK . = 3 (4.20)
obs Ky + [NADHJ

Details of this method are given in Avvendix III. The
values computed by this method are presented in Table 4-17
and their fit with the experimental data can be seen in

Figure 21.

A rate equation can be derived for the formation of
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TABLE _4-17
The Lineweaver-Burke parameters, K, (M) and
.o =1
k3 (min™"), and the apparent second order
rate constant, kz(app) (M—lmin—l), for the
reaction of A, B and C with NADH at pH 6.3
and 30°.
Ky kq k3/Kd k,(app)
A | 0.023 £ 0.002 1.47 £ 0.09 63 + 9 58 & 2
B 0.021 + 0.003 0.51 + 0.06 24 + 6 19 + 1
¢ | 0.072 £ 0.009 3.56 + 0.41 49 + 12 50 & 1

the reduced isoalloxazine from the reaction seguence shown

in equation 4.21.

X X
P + NADH =% X —=> PFH~ + NAD' (4.21)
kK_y
Therefore QLEE:A = k3[X] (4.22)
at
and aBX] oy [PI0NADH] - k_[X] -k, BKD (4.23)

at

Assuming that a steady state situation occurs for X,

then alxl _ o
at
kl[F][NADH]
Consequently xl = (4.24)
‘ k_ + k3

Substitution for ] in equation 4.22 gives equation 4,25

J— k.k
arFu—1 _ 13 rE[ NADH] (4.25)
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The equilibrium constant for the formation of the complex

between P and NADH is defined in equation 4.26.

K = Xky/k_q (4.26)

The dissociation constant, Kd, of the complex is related to

ot -1

K by the equation K = Kd + Therefore the apnarent
second order rate constant, k2, is defined by equation
4.25 and is

klk

3

k = ——

) (4.27)
B

If k_l>>k3, that is,if X is formed in a rapid equilib-
rium with the reagents vrior to breakdown, then equation

4.27 reduces to equation 4.28.

k- k k

k, = 23 - 23 (4.28)
k K
-1 a

This is in fact the recinrocal of the slope of the Line-
weaver-Burke plot and the agreement with the kz(anp) values
determined from the early points of the kobs—[NADHJ plots
(Figure 19) can be seen in Table 4-17, especially for C.
The differences between the values obtained for A and B can
be exvlained by the fact that the lines for A and B begin
t0o curve to greater extent at much lower concentrations of
NADH than for isoalloxazine C, and this curvature therefore
will tend to lower the gradient of the line drawn through
these voints.

The decreased rate of reaction of isoalloxazine B is
shown clearly by the k2(app) values in Table 4-17 where it
is seen that the rates of reaction vary in the order:

A > C > B, although there is a difference from this

sequence in the order of the k3 values: C > A > B.
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FIGURE 22: A plot of logarithm of kS(NADH) against polarographic half-
wave potential showing the depression for isoalloxazine B below the
line drawn through A and C.

The order of the k2(app) values is the reverse order
expected from the E% values and from the rates of reaction
with 1,3-dithio-2-provanol; the k3 values for A and C,
however, follow the trend in E% and it is readily seen that
the value for B is depressed f;om a line drawn through the
points of A and C in a vlot of logarithm of k3 against E%
as in Figure 22, In the NADH reaction isoalioxazine A is
reduced three times faster than B (by comparison of kz(app))
whereas in the dithiol reaction (section 4-6) B reacts more
rapidly than isozlloxazine A by a factor greater than

three thousand.
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With a consideration of the evidence supnorting the
Tormation of nre-ccuilibrium comnlexes with reduced
nicotinamideslg’26, and the supporting evidence of the
results presented here, the rates of reaction of isoallox—
azines A and B can be explained in terms of the orientation
of the NADH moiety within the comvlex. Both A and B have an
additional benzene ring attached to the basic isoalloxazine
structure of C (see A and B, v. 35). This extra benzene
ring is much closer to the suvnosed hydride accevtor site,
the N(5)-position (see 1-4.2.1), in isoalloxazine A than it
is in B. The comnlex formed with A might therefore have
the NADH molecule advantageously closer to the N(5)-posi-
tion, whereas with isoallozazine B the nicotinamide moiety
might be compnlexed further from the acceptor site.

Porter and coworker826 consider Kd’ in the reaction of
lumiflavin with N-methyl-1l,4-dihydronicotinamide, to be a
true dissociation constant of the complex formed since
" the formation of the comnlex at a reduced nicotinamide
concentration equal to Kd was too fast to be measured by
the stopped flow method ".If thisis true in the case of the
three isoalloxazines then B has the largest association
constant of the three (followed closely by A), but the
reaction of B with NADH proceeds the least rapidly; that
is, although the complex between NADH and the isoalloxazines
A and B forms to approximately the same extent, the complex
formed with B is much less vproductive than that of A.

This then is confirmation that the orientation of the NADH
within the complex is important, since B is inherently the
more reactive isoalloxazine as shown by the E% values and

the rates of reaction with dithiol.
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The equilibri 3
auilibrium constants (Ke) for complex formation

between the three isoalloxazines angd tryntonhan were

measured by fluorescence quenching (section 3-3.4)., Tt
was found that the equilibrium constants were in the order
A>B>C (section 4-4). 7This confirms that isoalloxazines

A and B form complexes with tryptophan more easily than

isoalloxazine C does.

TABLE 4-18

Comparison of equilbrium constants, Ke
and l/Kd (M—l), for complex formation
of isoalloxazines A, B and C with

tryotophan and NADH resvectively.

K, 1/K 4
A 112 43,2
B 100 47.2
c 86 13.9

From Table 4-18, it can be seen that there is an over-
all correlation between these values and the values of the
equilibrium constants for complex formation with NADH (l/Kd)
derived from the Lineweaver-Burke analysis of the kinetic
data in that the equilibrium constants for A and B in both
cases are distinctly larger than those of isoalloxazine C.
The difference in the magnitude of the values of Ke and
l/Kd for each isoalloxazine may suggest that the comnlexing
of tryptophan responsible for fluorescence quenching may
not involve the same part of the face of the isoalloxazine

molecule as the NADH molecule and indeed the similarity of
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log k, (NADH)

0.0 1 1 1 1 ) .
1.2 1.4 1.6 1.8 20 2-2
log Ke (tryptophan)

FIGURE 23: A plot of logarithm of kz(NADH) against logarithm of Ke for
the complexing of tryptophan-showing the lack of any correlation for

isoalloxazines A, B and C (cf line for isoalloxazines I-V from ref. 5).

the association constants, K of the three isoalloxazines

e?
sugeests even that tryntophan complexing might occur over
the pteridine ring area which is common to all three
isoalloxazines. Further, unlike the case for the reaction
of another series of isoalloxazines with NADH19, there is
no linear relationship between the logarithm of kz(NADH)
and the logarithm of Ke for the comnlexing of A, B and C by
tryptophan (Figure 23). This suggests that in this . case
the tryptonhan comnlexes responsible for fluoresééhée
gquenching are not good models for these particular NADI-
isoallorazine pre-equilibrium comnlexes on the redox

reaction pathway. This is consistent with the concept

suggested earlier that comvlexing of NADH is assisted by
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the additional benzenoid rings in A and B over 2 region of
the isocalloxazine molecule where tryotovhan comvlexing
either does not occur or, if it does is less effective at
quenching the isozlloxazine fluorescence. Since all
oxidized flavins fluoresce, this is then clearly a function
of the isoalloxazine nucleus and it is therefore a feasible
supposition that if tryptoohan were complexed partly over
the extra benzenoid rings of isoalloxazines A and B then
auenching by tryptophan would be expected to be less
efficient., An understanding of the molecular orbitals in
the fluorescence of isoalloxazines and a comprehensive
study involving different quenching agents would obviously

be needed to proverly justify this interpretation.

4-7,2 Conclusions

In conclusion, the results obtained for the reaction
of NADH with three isoalloxazines provide

(a) for the first time direct evidence for a complex
with isoalloxazines on the redox reaction pathway; and

(b) evidence that the productivity of such a complex
is determined critically by the orientation of the reduced
nicotinamide ring with respect to the isoalloxazine
hydrogen acceptor site.

The latter point might obviously have considerable
bearing on the orientation in which NADH and the .flavin
are held by the protein functional groups at the active

site of such enzymes as NADH-dehydrogenase.
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4-8 CONCLUSIONS FRCHM THE THRLEE

Ll

REACTIONS OF ISOALLOXAZINES

A, B AND C

It has been suggested from kinetic evidence that
sulphite attacks initially at the N(5) position on the
isoalloxazine nucleus. A rate depression, albeit a small
one, was observed for isoalloxazine A (with steric crowding
at N(5)) when reacting with this nucleophile. By the same
token, the lack of any such devression in the rate of
reaction of isoalloxazine A with 1l,3-dithio=2-propanol
suggests that thiol oxidation does not occur through a
S-adduct. However, as mentioned earlier, this is based on
the assumption that only in-plane attack occurs when the
N{5) nitrogen is involved in adduct formationlOb. It is
considered, however, that the approach of the nucleophile
to the N(5)-position need not be restricted to this single
direction of attack; out—of-plane attack is just as likely,

esvecially in the case of nucleovhilic addition which
would avoid unnecssary interaction between the approaching
nucleophile and the lone pair electrons on the nitrogen at
the 5-vposition. Thus on the basis of the kinetic data
presented in section 4-6, addition of the thiol anion to
the 5-position cannot be dismissed altogether. The linear
free—energy relationship observed for 1,3-dithio-2-propanol
(Figure 17) might then be explained in terms of a lower
steric demand in the transition state for thiolate
addition at N(5) than for sulphite addition. Differences
in the size, vpolarizability and nucleophilicity of the

thiolate and sulphite ions in relation to attack at an

electrophilic nitrogen would certainly be exvected to result
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in different steric demands, but to our knowledge there

have been no studies of such effects; nucleopvhilic addition
to nitrogen is a rare reaction,

Consideration of the evidence presented in section

1-4.2.2 concerning the reaction of thiols with isoalloxa—
zines and the knowledge that thiols are known to attack

the carbon atom in imine structures (XVII)ng’97 (e £

the -N(5)=Cc(4a)X bond in isoalloxazines, XVIII) would

e Y
4a

XV 5
XVIIL

suggest however that initial formation of a 5-addition
compound on the redox reaction pathway of thiol oxidation
is less likely than 4a-addition.

In section 4-5.4 it was concluded that the magnitude
of the observed rate devression of isoalloxazine A in the
reaction with sulphite was due to either a balance between
steric deceleration and steric acceleration effects
associated with an in-plane attack or an out-of-plane
approach of the nucleophile to the 5-position. With
consideration of the attack at the 4a-position by the dithiol
the two possibilities above can now be distinguished. In
the oxidized isoalloxazine molecule the carbon and nitrogen
atoms at the 4a-~ and 5-positions resvectively are sp2
hybridized and the bonds to these atoms and the lone pair
electrons on the nitrogen are coplanar (XIX). With the
formation of the 4a-adduct the carbon and the nitrogen
3

change to sp” hybridization. This has the effect, in

isoalloxazine A, of altering the orientation of the lone
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pair electrons with resvect to the o-hydrogen (see iv),
and removes the lone pair electron orbital from the vlane
of the hydrogen atom. This consequently releases the
strain described earlier (section 4-5.4) between the
a-hydrogen and the lone pair electrons (XX). Thus if steric
aceleration is a significent force in the reactions of
isoalloxazine A it would also be expected to have an effect
on the 4a-addition of dithiol to the isoalloxazine. The
lack of any deviation within experimental error of the
point for A from the linear free-encergy relationship in
Figure 17 for the dithiol suggests that this effect is not
significant in the reactions of isocalloxazine A. In view
of this it is concluded that the small size of the rate
depression of A in the reaction with sulphite is due to an
out=of-plane approach of the nucleovhile

The observation of saturation kinetics with isoallox-
azines A, B and C is the first to be observed with NADH
itself, although a similar case was reported by Porter and
coworkers2® with lumiflavin and N-methyl-l,4-dihydronicotin-
amide. The latter being, however, of the order of a 100
times19 more reactive than NADH itself as evident from
the rates of isoalloxazine reduction. The observed order
of the rate of reactions of the three isoalloxazines with
NADH confirms, together with direct evidence, the suggestion

that ore-—-cguilibrium comnlexing occurs between reduced
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nicotinamides and isoalloxazines, and also emphasizes the
fact that the orientation of the NADH moiety within the

complex is vitally important in the mechanism of the

reaction,
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APPENDIX T LEAST SQUARES ANALYSIS

The usual methods of analyzing kinetic data for a
first order nrocess usuvally involve the knowledge of
either an initial or a final (infinity) reading. This
value is then apnlied to every »oint as in the conventional
first order plot of logarithm of (QD—A) versus time to
determine the rate constant. Such methods allow no room
for error in Qn’ Thus analytical methods that are indevpen-
dent of the initial and final readings are desirable.
Several methodsg8-loo have been devised for situations
where both the initial and final readings are unknovmn.

93 99

These vrocedures of Guggenheim”’~, Kezdy 100

and Swinbourne
have the advantage of producing linear gravhs with the
minimum of calculation and they are therefore simvle to
apply. However, the disadvantages of these methods are the
necessity for readings to be taken at constant time inter-
vals and the requirement that for accuracy there be a
fairly large time interval between the readings (at least

one half-1ifel00)

The non-linear method for unknown initial and final
readings devised by Moorelol eliminates the main disadvan-
tages mentioned above. This prccedure was used in
computing the rate constants for this work and it is
described below. The method has the added advantage of not
requiring the readings to be taken at regular intervals
and that the readings may be taken for any length of time.
The initial and final values and the standard deviations of
the three parameters are also determined with the rate
constant.

For a first-order reaction it can be shown that
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equation I.1 holdleQ.

1n (POO P)/(POO-PO) = =kt (1.1)

P is some physical proverty of the system which is related
linearly to the concentration of the reactants and products.
g)and QD are the values of the physical vroverty when

t=0 and at the end of the reaction resvectively; k is the
rate constant of the reaction. Equation I.1l can be

rearranged to give equation I.2,

_ -kt =kt
P = gn(l-e )+ R e (1.1)

where the devendent variable is expressed in terms of the
independent variable t. Zguation I.2 can then be treated
as a three parameter problem, that is, by letting k, Po
and g)be unknowns. Solution of equation I.2 by the
method of least squares must be done by an iterative

procedure starting from approximate values of the unknown

parameters103. The normal equations required for the

solution are given in equation I.31O3.
N apy2 N o ap P Y w. @R )@B)ee - ? wE (D) (I.32)
.zlwi(si) 8k + .lei(gﬁ)(ggléﬁm iglwi(iig a0 = L WiFi gk L
1= 1= - = =
N apy@P N o 3py2 N @2 )26 - g wE, G2 (I.3Db)
L " \GxI YD . <3P ) L TLWQP [¢) PR A A 5L .
iglwt ak)(a%)ak + tle ( 3 sp. 4+ tgl P Q—; = LwE (e
Y. e er Yy CE)@B)sp, + I\)'fv,:.(”—lz-’ ]26P = lgw.rz.(z’-‘f) (I.3c)
izlwi(ii 5p)ox + izl +53) 53 0% jLWilen ) 0 = L MR GE

The solution of these equations gives Sk, GQD and-6%>wh1ch
are the estimated shifts in the approximate values of k,

gb andi% respectively:

Eele k(imnroved) = Xk(previous) + 6k

w. is a weighting factor given by (standard deviation of
i .
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obs . =2 . .
servation, i)T“, Unit weights can be uged when the

st o . .
andard deviztion is apvroximately the same for each

obse i : i i
rvation. Bi 1s the difference between the ith value

of P and the value calculated from equation T.2 using the

estimated values of the three parameters. N is the total

number of observations. The vartial derivatives required

to solve the normal equations are given by ecuation I.4.

oP _ -k

(ﬁ)p o T TR e € (I.42)
© o

oP _ -kt

(5§1k . = 1 - e (I.4p)
b

3P _ -kt

(sggk ] = e (I.4¢)
b)

The initial estimates for the three varameters 4o not
need to be very accurate. g)and Bn can be taken as the
first and final observations and the rate constant can be
estimated from an approximate value of t% froem the
relation k = 0.693/t%.

The normal equations are solved by the inversion of
the 3x 3 matrix containing the coefficients of §k, agn and
Gg)on the left hand side of the normal equations using an
Algorithm of Busing and Leving104 (proram SYMINV) and then
the inverted matrix is multiplied by a third order vector
comprising the right hand side of the normal equations
(program HMULT). This method is convenient as the diagonal
elements of the inverted matrix are related to the standard

105

deviations of the three parameters « Thus the standard

deviation, O, is given by

o; = J(bjj Iw,E,%)/(N-3)
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where bjj is the apnrooriate diagonal element of the

inverted matrix.
Improvement of the least saguares fit is shown by the

convergence of the quantity EWiEi2 to its minimum value.

With unit weights a convenient test for convergence is
when ZWiEiz varies by less than 107° between successive
cycles.,

The computer programs given below are written in the
Ortec Analytical Comvuter Language (ORACL) and they were
run on a Digital PDP 11/05 computer. The vrogram NOITLIN
calculates the coefficients of the normal equations and it
is also the major control program for the other ovrograms
listed. SYMINV inverts the 3x 3 matrix produced by NONLIN
and this is then multiplied by a third order vector in
MULT. Programs TABS and CAL deal with data entry and
orint-out of rssults respectively.

An example of the fit obtained with the experimental
data is shown in Table A-~1l and Figure 24 for the reaction
of isoalloxazine C with a 0.00656l solution of DIP. The

values of the parameters for this case are

X = 0.0248 &£ 0.0001 sec™t
W.E.2 = 2.70 x 107°.

11
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where bij is the apnrovriate diagonal element of the

inverted matrix.

Improvement of the least squares fit is shown by the
convergence of the quantity ZWiEi2 to its minimum value.
With unit weights a convenient test for convergence is
when ZWiEi2 varies by less than 10"6 between successive
cycles,

The computer programs given below are written in the
Ortec Analytical Comvwuter Language (ORACL) and they were
run on a Digital PDP 11/05 computer. The program NOHLIN
calculates the coefficients of the normal equations and it
is also the major control program for the other orograms
listed. SYNIINV inverts the 3x 3 matrix produced by NONLIN
and this is then multiplied by a third order vector in
MULT. Programs TABS and CAL deal with data entry and
print-out of results respectively.

An examvle of the fit obtained with the experimental
data is shown in Table A-1 and Figure 24 for the reaction
of isoalloxazine C with a 0.00656l1 solution of DTP. The

values of the parameters for this case are

= 0.0248 & 0.0001 sec™t
P = 0.083
2 6

! D = ° X 10— .
ZWE, 2.70
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TABLE A-1

Typical cxamnle of the fit obtained for the kinetic

runs (isoalloxazine C with DTP (0.0065611)).

No. Time  Abs(E)  Abs(T) Diff.
1 22 0.426 0.426 0.000
2 27 0.386 0.386 0.000
3 32 0.350 0.351 0.001
4 37 0.320 0.319 0.001
5 42 0.232 0.232 0.000
6 47 0.267  0.268 0.001
7 52 0.246 0.246 0.000
8 57 0.227 0.227 0.000
9 62 0.210 0.210 0.000

10 67 0.154 0.195 0.001

11 72 0.182 0.182 0.000

12 77 0.170 0.171 0.001

13 82 0.160 0.160 0.000

14 87 0.151 0.151 0.000

15 92 0.143 0.143 0.000

16 97 0.136 0.136 0.000

17 102 0.130 0.130 0.000

18 107 0.124 0.125 0.001

19 112 0.119 0.120 0.001

20 117 0.115 0.116 0.001

21 122 0.112 0,112 0.000
22 127 0.108 0.108 0.000
23 132 0.105 0.105 0.000
24 137 0.102 0.103 0.001

25 142 0.100 0.100 0.000
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FIGURE 24: An example of a plot of optical density against time
demonstrating the fit of the experimental points with the curve
generated by equation I.1 using the values of k, %o and I(’) obtained

by the non-linear least squares method,
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nd>LN

10
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22
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23
30
3¢
40
50

€0
€S
70
72
75
80
82
85
90
95
100
105
110
115
120
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130
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140
145
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v
NON=-LINEAR LEAST SQUARES FIT FOR FIRST ORLER PROCESS
INITAL AND FINAL FINAL VALUES UJKNOWN
EQUATION 1S OF THE FOR: PI=-P=(PI=~PJ) EXP(=-KT)

0[O NONLINC(NUABER,K,PI,»PO, F) '

Q5 ERASE Q3 INTEGER COii0N Q

ARG (NU1,K,PI1,P3, B)
SET Q=HU4, W=1,NR=3 ’
I FCF).EQ.COYES); COTO 30

"COM10u

TI TLE; ERPASE TITLES STRING COMiIN TITLEC 75

TYPE '"TITLE"!;ASK TITLE

L3 TABS(Q)

COi140N P, T»Ds, Y, A,DB, G5 ERASE WYLB, G

DIMENS CO4X0N \(3),Y(3),B(3,3),C(2,3)

SET V(1)=K£,1(2)=PIl, V(3)=FJ, ES=0
B(x.’1)--0}5(112)=0)B(113)=UIB(2)2)=015(2)3)=OJB(313)=0
55 Y(1)=0,Y(2)=0,Y(3)=), ES2=ES, ES=0

FOR I=1,Q

SET Z=EXP(-VC1)X)¥T(1))
B(l;l)’—‘B(l)l)"".\.’*(T(I)*(\‘<2)'\'(3))*Z)-2
B(l)2)=5(112)+w*7(1)*(\'(2)-\.(3))*2*(1-2)
BC(3,3)=B(3,3)+W*z#2;6(2,2)=B(2, 2)+ W(1-2)"2
B(C1l., 3)=S(1)3)*'.\5*T(I)*(\'(2)‘\'(3))'}2*z
B(25,3)=B(2,3)+W*(1=2)%Z -
E=PCI)=-V(2)#(1-2)-V(3)*Z; ES=ES+ WE*E

YC1)=YC1)+ U TCII®E*CV(2)=-W3))*2Z
Y(2)=Y(2)+U* EX¥C1=-2)3Y(3)=Y(3)+ W E*Z
NEXT I

SET B(2,1>)=BC(1,2),B(3,2)=B(2,3),B(3» 1)=BC1.,3)
DI SY#INV(E,NR)

LO MULTCA,Y,NR)

FOR J=1,3

GC1,J)=\V(J)+DCJI5 WJII=CC1.d)
G(2:d)=SQRT((A(J:J)*ES)/(Q-E}))

NEXT J

1 FCABSCES2-ES))« GT.C10E-T)3 GOTO S0
TYPE %, !1!"7 ES = ",ES.!

0O CAL
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MULT

3 REIARK MULTIPLICATION OF NR ORLDER VECTOR AJD NR X NR MATRIX
5 ARG (A, Z,UR)

10 CO“MON L5 ERASE D; DIMENS COMMIN LDCNR)
15 FOR J=1,NR

20 D(Jr=0

25 IJR 1=1,NR

30 DCJI=LCJII+A(J,1)22C(C1)

35 NEXT I

40 NEXT J

45 RETURJ

SYHINVY

3 REMARK INVERSION OF NR X NR SYMETRICAL MATRIX
S ARCG(B,#R)
10 DIMENS VI1CHRI, W3CHT)
11 COIlMON A3 ERASFE A3 DIMEIS COMUOW ACNR,NR)
15 FOR I=1,NR5 FOR J=1,0R; ACI,J)=BCIl,JI)SNELT J30XT I
20 FOR I=1,uR
25 FOR J=1,NR
30 WICJI=ACl,d)
35 NEXT J
40 I FCABSCW 1€¢1)>)-.00001) 45, 50, 50
45 TYPE !'"HELPI!"™ .
4€¢ STOP
S0 SET D=1/V¥1CI)
S5 FOR J=1,4R
€0 W3(J)=-VI1C(JI*D
€S NEXT J
70 FOR J=1,0K
75 FOR K=J,JR
80 ACJ,i)=ACJ, D +WICJ)* W3
85 ACK,JI=ACCI, )
90 NEXT K
92 NEXT J
95 W3¢(1)X=-D
100 FOR J=1,4R
105 AC1,J)=W3(J)
110 ACJL1D=UW3C(J)
115 NEXT J
XT 1
::05 I\;OBI;TI=X;NR3 FOR J=1,NR;ACI,J)=~ACI,JISNEXT J3NEXT 1

130 RETURN
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TAB

CAL

)

1

S
10
15
20
25
30
32
35

10
15

20
25
30

REIARSC FJTRY OF LATA

ARG (NUM1)

COA410:4 P, T; ERASE P, T; DIMEIS COMiMON PCNUHA)» TCNUMD
TYPE !" EJTER™!

FOR I=1,3U1

ASK PC1),TCI)

NEXT 1 '

TYPE !

RETURN

RE1ARK PRINT OUT OTF RESULTS

COiMON C, TITLE

TYPE ', TITLE, !!

TYPE " L = ", %25. 04, GCl, 100" + "5CG(25,10,"
TYPE GC1,1)%€0," + *,G(2,1)% €0, !

TYPE " Pl ", 24.03,CC1,2)," + ",CC2
TYPE " PO “,06C1,3)," + ",0(2,3), ¢!
RETURN

2), !
!

]
!

134
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APPENDIX II CALCULATION OF pK_ VALUES
(=3

OF 1,3-DITHIO-2-PROPANOL

The ionization constants of 2y 3~dithio-l-propanol are

separated by only 1.96 units of pK (pKl 8.62, pK, 10.58106)
and they are therefore considered to be overlanping

ionization processesg4. A similar situation would be

expected for the isomer, 1l,3-dithio-2-propanol. Overlapping
ionizations occur when a second proton is being titrated
before ionization of the first has been comnleted., Such

an occurrence will clearly lead to an indefinite endpoint

of the first ecuivalent. When the ionization of the nrotons
are overlanning the usual methods for the determination of
pK, e.g. calculation of the individual concentrations of

the ionic svecies involved, cannot be employed. Albert and
Serjeant94 have devised a computer vnrogram for calculating
overlanving ionization constants. This program is based

107

on an eaquation derived by Sveakman « This eguation was

rearranged by Albert and Serjeant to give equation II.l,

1 HHFE _ogm ooy G=F) (11.1)
K‘i‘ (2-F) e (2-F)

. ot ae e m
where H+} is the hydrogen ion activity; Kl and K2 are the
mixed ionization constants (because both activity and
concentration functions are used in the expression). The

term F is defined by equation II.Z.

+.
. C, + [H] + [OHT] (11.2)

Cy

i + juring the
C¢. and C, are the concentrations of K added during th

A t

titration and the concentration of the substance being
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tltrated, resneotively, and they are defineqd by equation
I1.3,

V.. N

whe a initi
re V and VT are the initial volume and volume of titrant

added resvectively. The term N is the concentration of the

titrant; 7 is the weight taken of the substance and I is

its molecular weight,

The ionization orocess for a dibasic acig can be

represented by equation II.4.
Kl -
HoA ===~ HA~ + §H*

. (11.4)

== 272 , gt

HA

The thermodynamic ionization constants can be written as

in equation II.S.

f -2
t _ m _ t _ m-A
Kl = KlfHA and K2 = Kzf"_: (11.5)

The activity functions are calculated from the Debye-

Huckel equation (equation II.6),

2
- log f. = Az /I (11.6)
1 1+ Ba; /I

where A and B are constants which vary with the temverature
and the dielectric constant of the solvent. The term ay is
an ionic size parameter and z is the charge on the ionic
species. I is the ionic strength and this quantity cannot
be calculated from the stoichiometric concentrations used.
Thus estimations of I must be made to calculate the activity

functions.

The activity functions may be evaluated by defining a
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N A and B have values of 0.5161 mol~?
1% and 0o33013<108cm'1mol%1%,

term FS. Thus at 30°,

; respectively, and ay has the
value of 5x 10” "cm, then FS has the value

PS = vI
1l + 1.65 /1

and then from equation II.6

£ _ 1
st
10A2°F
Therefore at 30° the values of fiya— and £,-2 ave 1070+ 5161F5
-2.004 3 .
and 10 “7 resvectively. The thermodynamic values

now becomne

m m
K X
ot 1 4 2
K = -—= and /. = —TTEITITS

Substitution of these values into ecuation I1.1 gives

1 {HV}°F 1 t .. 1.5479 FS +1-F
= - - K. 10 ° = W= (11.7)

This equation, in conjunction with equation II.1l, is used to
calculate the thermodynamic ionization constants as

described below.

1. Avproximate values for K? and Kg are obtained with the

pH-volume data from equation II.1 by least squares analysis.
2. The concentration of the ionized species are evaluated

m m . s
using the aporoximate values of Kl and K2 in the following

equations (II.8)
K2 {H") _ K
[HA™] = 'lﬁ“‘ ct and [A7F = -%;2 Ct (11.8)

m e+ ;M
where D = (H*}2 4 Klfﬁ j oo+ KiKoe



A-I1 138

3. The values of [HA™ J znd [A-e] are then used to calcu-

late the avnroximate ionic strength given by ecuation II.9,

I

3(C, + [HAT1 + 40a7%) & 300%)) (11.9)

and hence the first estimations of the activity functions.
4. The hydrogen ion activity is converted to the corre-

sponding concentration by equation II.10.

This teram is then used to calculate [0H™] and F (equation
I1.2) in which the concentrations rather than the activities
must be used. The activity corrections for use in equation
II.7 are also calculated.

5. Equations II.1 and II.8 are solved by least squares
analysis, thereby obtaining values for the mixed and
thermodynamic ionization constants. The refined values of

2

KT and K2 are used to recalculate [HA” ] and [AT°]; thus

2
with {H'} an imvproved avoroximation of the ionic strength
is calculated.

6. The values of the thermodynamic constants are further
refined by reveating the calculations until successive

values of the paraneters are constant.

Table A-2 contains the pH-volume data for the five
titrations of 1,3—dithio—2—propanol conducted and Figure

25 is a vlot of pH against the volume of KOH added for

run (e).
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KOH(ml)
(a) 0.121
0.201
0.301
0.401
0.451
0.501
0.601
0.651
0.701
0.801
0.851
0.301
0.951
1.001
1.101
1.201
l.251
1.301
1.401
1.501
1.601

TABLE A-2

PH-volume data, pKl and pK2 for the

titration of 1l,3-dithio~

2-propanol

by votaszium hydroxide (1.2M), 300.

pH
8.421
8.708
3.952
J3.170
J.277
9.371
9.562
9.602
9.762
9.961
10.005
10.162
10.260
10.350
10.524
10.696
10.781
10.862
11.029
11.190
11.333

pKl
9.20
2.23
9.23
9.24
9.25
9.24
9.22
9.21
J.18

9.05

ng

11.00
10.98
10.97
10.96
10.95
10.96
10.97
10.98
11.00
11.02
11.03

KOH(m1)
(v) 0.100
0.200
0.300
0.400
0.460
0. 500
0. 550
0.600
0.650
0.700
0.800
0.850
0.910
0.950
1.000
1.050
1.100
1.200
1.300
1.400
1. 500
1.600

pH
8.345
8.740
8.992
9.226
9.357
9.441
9.546
9.651
9.760
3.870
10.088
10.191
10.312
10.396
10.493
10.584
10.676
10.859
11.037
11.205
11.360
11.551

pK, DX
9.22
9.26
9.26
9.29
9.30
9.30
9.29
9.28

2

9.26

9.22

8.95
11.23
11.17
11.16
11.15
11.14
11.14
11.16
11.20
A1.25
11.31
11.50

139
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Table A-2 continued,

KOI(ml)
(¢) 0.100
0.150
0.200
0.250
0.300
0.400
0.450
0.500
0.550
0.600
0.650
0.700
0.760
0.800
0.850
0.900
1.000
1.100
1.150
1.200
1.250
1.300
1.350
1.400
1.450
1.500
1.600

oH
8.222
8.448
8.103
8.743
8.870
9.031
9.198
9.2373
9.400
9.503
3.610
9717
9.847
9.931
10.036
10.133
10.330
10.511
10.600
10.691
10.773
10.8393
10.343
11.031
11.111
11.187
11.321

PK4
9.10
J.12
J.13
J.13
3.14
3.15
9.15
9.15
9.13
9.11
9.08
7.01
8.85

8.53

pK

N

11.03
10.39
10.96
10.95
10.95
10.96
10.97
11.02
10.99
11.00
11.01
11.01
11.00

KOH(m1)
(d) 0.100
0.160
0.200
0.250
0.300
0.400
0.450
0.500
0.550
0.600
0.650
0.700
0.760
0.800
0.860
0.900
1.000
1.050
1.100
1.150
1.200
1.250
1.300
1.400
1.460
1.500
1.600

pH
8.130
8.449
8. 591
8.722
8.843
9.062
9.166
9.268
9.366
9.464
9.570
9.673
9.800
9.881
10.009
10.089
10.279
10.370
10.460
10.549
10.637
10.721
10.809
10.972
11.070
11.132
11.272

PK, K,

9.07

9.09

9.11

9.11

9.11

9.12

9.12

9.11

9.10

9.07

9.04

8399

8.79

8.46
10.96
10.93
10.89
10.89
10.89
10.89
10.89
10.90
10.91
10.92
10.92
10.92
10.90

140
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Table A-2 continued.
KOH(ml) =*
(e) 0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.300
0.920
0.940
0.960
0.980
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.860

%concentration of KOH 1.0H.

pH
8.151
8.502
8.731
8.920
9.030
9.250
9.420
9.591
9.768
9.803
9.841
3.875
9.910
9.947
10.110
10.261
10.405
10. 540
10.677
10.811
10,346
11.072
11.148

oK
9.10
9.11
9.11
9.12
9.12
9.12
9.13
J.13
9.13
3.13
9.13

PK

10.86
10.86
10.86
10.34
10.82
10.81
10.79
10.78
10.75
10.70
10.58
10.45

141
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FIGURE 25: An example of a plot of pH against volume of potassium
hydroxide added in the titration of 1,3-dithio-2-propanol. The
points used in the analysis are designated by o and they are

presented in Table A-2 part (e).
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AN WEL N NN = -
oo ) oOiin o

o

RrJfrf CALCILATIS SVInLAFRI.IC
§fﬁh?:”‘c?gfavfns PRI PITHEITIJLETRIC TATA &7 AY TEIPERATURE
A ;_dngf.: 25" JUIBEF FIIJTS 1.4 FIRST FCUIVALEIT ", i

ASf PTAILECULAR WELCAT =, S, ™ VELCAT ", WTL " ISITIAL VILUAE ", A
AS: YUCUHC UCL RLLEL ", iCIL, ™ UL ALLEL *, WL ‘ e
ASK 1"CIUC TITRANT ", 2C, ™ TEIPECATURE ", T5 ™ PAV AT TEAP *, KU
ASK V"PATLIETERS A ¢ b 4T TEIP ", L1,1L¢ ’ ‘ e

ASK !'"X TYPE: JEC-ACIL, 0-A4FIOLYTE, PJS-E ", KTYP
. A . > -Ea
ASL IMLoThn Iy v, SE ".& E

SET LG=Lc*c2)0"3

Ful  VaLUES JF EIFUGCTI D.isn

-+ €C314.100 P, taA, N SULS

TFCy o), ST CUYLZ)3 (OSUh 4d(

DIA4EIS f((?J):Y(ZJ);.-l(.J);O.—((.JJ:ACT(."J);ACTI(IJ);F.CT?(N)
IJR I= | P

HOID=10"C=FACI))32:4¢1 )=107 € V+PACTI) )

70 11CT(I)=];I‘.CT1(I)=];‘A:CT?(I)=1

78 NEXT 1

30 REMAAPK  SILT FCUATIOIS bY LEAST SQUARES TJ OBTAIN AINEL
3€ RFAATK CJISTAITS, €4l o« Ci2, HIL TAERAILYLAAIC CONSTANTS,
90 REJIADL Tl ¢ T2,

7E TA(1=0171(?=C

100 SULI=0,S5017=0, SUiXY=(, SUARE=0, SUMA= 0, SUME=0s SULAB=0, SULAS=0
108 TXVA=THL, TACA=TiE

110 DR I=1,4

11S F=¢( \‘1—'.(1)".’;(1/(;"L.+\A(I))+.{(I)-J.{(l))’S;..*(A‘..+\'l~.(l))/(‘T“IDOO
12¢

—-— e -
A Amnen
QN O™

A=CCICT C=FAI))) " E)® I/ (2-F)3L=C 10" C=PACI) )% C1-F)/CC=F)
FICATYPE) 130,135,140
XCI)=4#/6CT2C1)53YCI)=E/£CTIC1) 3 GITD 1 4°
RAI)=L37C1)=L/ACTCID S GOTI 148

R =a#aCTeCI) 371 =L20CTICD)

SUMN=SUAY+Y (1) SULL=SUik+X (1) SU.iA=SUMA+AS SUAE=SUIb+ B
SUKY = SUAKY+XCI ) #Y (1 )5 SUAKe= SUANL+XC 1) %X (1)
SUAAD=SUAALYA*E; SUIAS= SUAAZ+ARA

- WEXT 1

DAAl= 3% SUIXE-SUIX™ 25 LA2=*SU.1AE-SUIA™ 2

Tll=1/7CCI* S0y =CU I SUIYI/Z L)

Cl=1/C(53% SUAAD-SUAA%SILIE) / L12)

TKE=ABSC(SUANE* S UIY - SUL{H SUAKY)I /A1)

CH{2=AES(CSUINE*SUIL=-S V1A% SUIAL) /LA2)

REAARI IJJIC STERICTA AIL ACTIVITY ITWNCTIONS CJMPUTFL AT TEIP
FOR I=1,1

P=10"(C=-PAC1))

DA=(P  2+CK12P+C 1% CHEI T SLACAL+ VACI) D/ WT*1000

5 AA=CA1*P/LIS £A=CL1*CAC/ L3 dcA=P 2/ L4

CL=\ JL*ACIL#C/CEL+VACI))

I FCKTYPEYCZ0S,210,21¢

ET=« S*¥((C VACI DB LC/CAL+ VACID DI I +HA+ L*AA)+ )1« E*4CI ) CITO 220
ST=o S*((VACI D ®EC/CAL+ VACI D)) +CL+A2A+ALI+ 1« S+ 4CI)3 CGITO 220
CT=o SEC(VACI I ®AC/CAL+ VACI ) ) ) +CL+ASA® 4+HAI + 1+ S44C1)
FS=SGRT(ST)/(1+LZ2*SCRT(ETY)
ACTCII=10"(DI*FS)ACTICID)=10"C3*LI1*FS)
ACT2CIN)=10"C4*D1I*FS)54CII=P*ACT(1)

0ACI)=10"C=14)/74C1)

NEXT I )

REAARIK CHECK CONVERGEVCE OF VALUES OF CIWSTANTS
EPA=ABSCTKI* 107 (=-5))3 LFL=ADBS( TAZ*107C¢=-5))

DI A=ADBS(TLIA-TK 1) LI=ABSC(TKZA-TL2)

I FCDIA).CT.CFPAX3 GITD 100

ITCLIB)« CT.CEFPEXSCITI 100

REAASX CALCULATIIN JF PXl ¢ Pd2

su4=0 o ] ey
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APPENDIX III LEAST SQUARES ANALYSIS

OF SATURATION KINETICS

This method has the same basis as the non-linear

least squares vrosram described in Avovendix I. The

equation used is also a non-linear function and it has the
form as shown in ecuation I1I1.1,
kB[NADHj

Kobs =

- (I11.1)
Kd + [NADH]

where kobs is the observed rate constant of the reaction

between the isoalloxazine and NADH; k3 and Kd are defined
by the reaction sequence given in equation III.Z2.

X
F + NADH <=X= (P-NADH) —3s PH- + NADY (III.2)

k3 is the rate constant for the breakdown of the comnlex
between the isoalloxazine and NADH; and K is the eguilib-

rium constant for the formation of the complex while

-1

K. =K and is the dissociation constant of the complex.

da
Bguation III.1 can be derived from the kinetic

equations for the reaction in III.Z2, for which equations

IITI.3 and IIT.4 can be written.

dlFH_ 1 _ k5 [F-NADE] (I1I.3)
at
af F-NADH] _ ky [FIMNADH] = (k_j+ k) [F-NADH] (111.4)

at
i tants of
where kl and k_l are the forward and back rate consta

the equilibrium and K = k;/k_j.

The total isoalloxazine concentration is given by
= 1 + [F-NADH] (111.5)
[F1, F1 + )

Agsuming‘the steady state approximation for the complex
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dt
k -+ k TAD
and therefore [F] = ( i 3)[ Ao (111.6)

k, [ WADH ]
Substituting couation III.6 into III.5 gives

[F]_[NADH])
[F-NADH] = ° (I1I1.7)

(k_i+ k3)/%k; + [WADH]

Finally, substitution of equation III.7 into III.3 gives

- k. []  [NADH]
alPH 1 _ 3 "9 (II1.8)
dt (k_l+ k3)/k1 + [NADH]
Under the reaction conditions the rate equation is
arrFd 1 _ :
-_E;_— = kyps[F] (111.9)

Thus comparison of III.8 and III.9 gives equation III.1O0.

k4 [NADH]
Kops = (I11.10)
b8 (k_;+ k3)/kl + [NADH]
If k 1>>k3, i.e. the formation of the complex is very fast
then (k_y+ k3)/ky = k_1/% = Kg

and hence eqguation III.1O reduces to equation III.l.
The solution of equation III.1 is a two parameter
problem with the unknowns being k3 and K. By analogy with

the three normal equations (I.3) in Appendix I there are

therefore only two such equations required to solve equation

I11I.1l, and they are given in equation IITX.1ll.

N
N
N 2 3k = (I111.11a)
v GR) ok + L vilex, )(§§ JoKa = Ve 2 G )
=1 3 =
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Q,
o~
| —4

[
~

w
+

nes12

N 2k
=1 d
where k is equivalent to kobs; 6k3 and §

Kd are the

calculated changes in the estimated values of k3 and Kd

respectively. The vartial differential equations required

to calculate the coefficients of 6k3 and GKd are given

in equation III.1l2.

3k
X ) - (NADH] (III.12a)
3 K, Ky + [NADH]
k. [NADH]
3
(§§ ) = - 3 - (III.12b)
d Xk, (Ky + [NADHI)

W, is the weighting factor for the ith wvalue of kobs and it
is given by (standard deviation of ki)-z. E; is the same
as in Appendix T.

The normal equations are then solved as described for
the three parameter case in Apvendix I to acheive the best
values for k3 and Kge The fit of the experimental data
with the theoretical curve can be seen in Figure 21
(section 4-7.1), +the experimental values of kobs are
given in Tables 4-14, 4-15 and 4-16.

civen below is the orintout of the programs used to
calculate k3 and Kd; SATKIN calculates the coefficients
in the normal equations (IIT.11). The two sub-programs,
SYMIN2 and NMULTZ2, utilized with SATKIN are identical to

those used in NONLIN in Appendix I (except that NR=2).
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