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OBJECT IVES

CRSISERN M M TR IR IMETEALT LT 2 BT EX

The elusive nature of ribaflavin 2-imine and the intriguing
possibility that it was a biological precursor of riboflavin nads
the synthesic of this new typs of isoalloxazine an attractive
problem. It was therefore descided that a new cttempt ot ths
synthesic of riboflevin 2-imine and releted problems should bo
studied.

Eaving synthesised riboflavin 2-imine and having establishud
that it was not a precursor in flavinogenesis; it becans cbvious
that the outstanding intermediate in riboflavin biosynthesis
waz 5-zmino-2,6-dihydroxy-4-Deribitylaninopyrimidine, The
synthesis of this vital pyrimidine was underteksn with = vievw
to investigating its chemical transformation to riboflavin undar

conditions of possible biological significance,
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JIMTRODYCT ION

Riboflavin is one of the most widely distributed
vitaning and appecars tc be present in small emcunts in cach
aninal end planti Its synthesis by organisms appears to b2
cemaon and five synthesise it in large cmouats.

1. Clostridie acatobutylicuﬁ'

3
2. Mycobeonteria cnmegnatis

&
3. Candida spacies

8
4. Eremothecium ashbvii

6
5. Achbyse gossypii

The lest twe ia particular have been used fox the
hiosynthetic studies which are discussed in & later secticn,
The main role of ribcflavin in cergarnisms is oz the
prazthetic nucleotide portion of the flavo-protesin enzymss,
of which betwesn 20 and 30 ars at present known. A nurhsy
of theso have riboflavin~Si-phaosphate (I, flavin mononucleatido
or FMYR) as the proszthetic group, but the majority coniain

flavin-adenine dinucleotide (II, FAD).
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The riboflavin portion of these structurcs ic readily
redused by chemical reagents and in so doing adds twe hydregen

i

atems across ite gquingereoid structure to give tho lsusze cempouni,
Thasa leuco compounds ere readily recoxidised by @zygeni

“?he biolegleal activity of the flavin nucleotidaes
vhaen inzorporated in ths flaveopro?ains is due te this exmidatior
end reduction, in other words, they act as hydrogen c&rriﬂréu
The ribeflevin portion of & flavo~protcin cenzymsz iz resdily
reduced by its specific substrate, e.g.y, cne of tho reduced
co=-cnaymes., In scme cases the flavin group ie net re-cxidiscd
vy O, , but by spscific acceptora such as cytochrome c. Such

cases are the Coenzyme I- cytachrome ¢ and Coenzyma II-

€
eytochroma ¢ reductases, the first of which occurs in bacteric
9?1011
ard the other in animal tissues and yeast. In other

cagses the flavin group reacts directly with oxygen which is



reduced to hydrogen peroxide, such enzymes are oxidases like

the D-amincacidoxidases, which occur in liver, kidney, moulds,

and bacteria, and in which the flavin is the prosthetic group

in association with iron{2 The reaction in this case is
D-enino acid + Q, —> a-keto acids + NHy +H, 0,

Albertlagie pointed out that riboflavin contained a
grovphig resenbling the wellokﬁewn netal chelating compound
8-hydroxy quinoline, and showed that it has the property of
binding divalent ions of heavy metals; in partiqular Fe++.
These chalates-ccntain tvo metal atoms per molecule of
riboflavintﬁ but in flavo-protein enzymes the ratio is lsl.16
All such metal containing enzyme systems are dehydrogenassas,.
It has been ehown that while the metal is.ﬁecessary fer the
reduction of some of the acgeptors, ii is not nocessary for
others. Thus it is often possible to remove the metal by
diaiyais against, say, 8-hydroxy quinoline so giving & mesial-
free enzyme which has lost its ability to‘react with eytochroms
Cy feiricyanide or nitrate; but which still retains its
original ebility to reduce Q,, dyes, quinones Or CO-enzymes.
The metal is therefore shown to be.not concerned with the

- 1€
activation of the hydrogen donor.
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Synthesis of iscAlloxazinas.

The important step in ali isoalloxazine synthesés
conoists of the coandensation of an arcmatic component (Ring a)
#ith a pyrimidine component (Ring C) thus forming the pyrazins
ring (Ring B) giving the typical-fused‘threa-ring systeno.

The problem of total synthesis consistis therefors
in defining the proper condensation conditions as well ez thes
preparation of the required arom&tic &nd pyrimidine intermediates.

isoAlloxazine syntheses can best be classified into

throa diétinct types.

Condensation of an n-phenylene-diamine type compound
(IIX) with alloxan (IV) in acid conditions after the monner

of Yuhﬂ: g? ‘ ' OH

B N SNy

e
CH;,; /E\%”l \ CTD)\; Q/&O

R R
I v v

This was the method by which the first syntheses

of lumiflavin (V, R = Me) and riboflavin (V, R = D-Ribityl)
18 19
were achisved by Xuhn, Weygand, Kerrcr and their many

co-workers; The weskness of the method resides in %ths

oxygen-sensitivity ¢f the required o-phenylene-diamines, which



is so pronounced that these vital intermediates are best
never isoleted, The condensation of these o-phenylenc-diamines
with alloxan in the presence of boric acid takes placa at
roon temparaturs in most cases in good yield.

It is obvious at this stage that such variations
as thers are in the above syntheges of iesoalloxezines lie in
the preparation of the required o-phenylene-diamine. In the
case of the synthesis of riboflavin the required compound is
2-amino-4,5-dimethyl-l-D-ribitylaminobenzene (III, R = D-Ribityl),
and three of tho most profitable and interesting routes to this
gonpound are summarised below.
(2) 3,4-Xylidine (VI) is condensed with D-ribose (VII,
R = «(CHOH); .CH, OH) and the resulting riboside (VIII) is
reduced catalyticallyt9 The introduction of the s2econd cnino
group is achieved by coupling with diazonium salte to form
the azo dyes, which on reduction, either catelytically or
chemicelly, give the required diamine (IX, R = --(CHOH);,c.CIIzO}tI)’;wzsbl
This nethod gives a 38% yield of riboflavin based

on the initial D-ribose.
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(1) o-¥itro=-3,4-xylidine (¥) is condensed with D-riboss end

the reaction product (X1I) is reduced catalytically to th=

. 21822 of .
disnmine, Using this method yiclds of 16% of rideflevin

beasad on D-ribose axe chteined,
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The intermediate amino-glycoside (XI) exists in

equilibriua with its tautomsric Schiff bass (XII).

e

ay” > N
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The amino-glycoside affords a synthesis of the
isoalloxazinc-glycosidcs 23 it may te reduced exzlusively at
the nitro group. The synthesis is achieved by first acetylat-
ing the cminoce-glycoside to give its tri-acetate (XIII) which is
partially reduced to the diamine (XIV) which in turn is’
condensed with alloxan to give the tri-acetate (XV) of thn
iSO&llOXﬂZinﬁmglyGOBid@is The free glycoside (XVI) is
ohtained from this by saponification, and it is of interecst
that the iscalloxazine-glycosides do not show the physiclogiesl

preperties of vitamin B,

FLavah glycoside ' S
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(¢c) Procedures (2) and (b) both use D-ribose as the sugar
sourcs iﬁ the synthesisy 1t is also possiblé to use the less
expensive D-arabinose (XVII) and this is the bgaia of perhaps
the most elegant of iscalloxazine ayntheseszo4 In this
procedurs Di-arabinose is condensed with 3sd=xylidine in th=a
presenco ¢of small smounts of acid to give the D-arabinoside
(Xv111) %hich uadergoes an Amadori-rearrangement upon hesting
to 75° to form the D-iso-arabinosamine (XIX). Catelytis
hyéregonation in alkaline medium converts the D-=iso-arabincsamii:
to 4,5=dimethyl-l-D-ribitylaminobenzene. The yield cof thic
intermediate is 13% based upon the initial D-arsbinose, Tho
prosadure from then is &8 above in (&),

It is worth noting that the reduction of ths
keto group in the sugar side chain of the Amadori rearranged

product gives sterec-specifically the desired isomer.
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2. The sccond genreral method of 1isgallcxazine synthesis

is. commonly known as the Ladenburg synthesis. This route
concists of condensation of the atove 2-amino-4,95=dimethyl-
=l=D=ribitylaminobenzens with 5-substituted mono- or di- halo
barbiturie zcids (XX, X = halogen) in pyridineig Thisg
procedure is leza mild and more cumberscme than the Tirs?
genoral method.

Halogen substituted barbituric acids are howevoer

more readily eccesaible than alloxan, The yields in thz

reaction cre about the same a5 in (1) =nd the reacticz
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leveoflavin

proceads using either a mono- or a di- substituted halogen

compound or a mixture of thse two.

The third method was likewise discoversd by Tishler
and is célled the "Tishler Condensation® . This procedurs
consists of condensation of an o-sccondary amino-czZo compound
(XXI) with free barbituric acids The reaction takes placs
in excellent yield in & refluxing butanol acetic ecid mizturs,
Although the reaction, which involves the breaking of N=N
double bond, under these conditions is unusual Hemmerich?v

believos it is possible to show it as electrophilic substitution

after the following scheme.
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CHy N=N-Av

-+

Henmerich found that with higher acidity there
ic acceleration in the reaction rate and from this he implies
that the protonised czo-body (XXII) must be the recctivs
intermediate. That the above mechanism is a realistic one
is suppcrted bj the fact that Kuhn end Weygandls fourd that
the product of the condensation of an ggphenylene-diamins with
allexan in neutral solution could not subsequently be eyclised
to en isoalloxazine (XXV). Kuhn and Weygand believed that
this product was the anil (XXIII), but more fecently King and
Clark»lﬁwisa8 have discarded this structure and have elternatively

proposed that of & quinoxaline-carboxyureide (XXIV).
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Recently Hemmerich et al. have been

responsible for sevaral interesting syntheses of iscallexasine:,
each of which has been an extension of a known method. These
are summarised below,

(e) Tho condensation of thiobarbituric acid (XXVI) and inino-
barbituric acid (XXVII) with N,3,4-trimethyl-6-(p-carboxyphenyl
820)-aniline (XXVIII) gives 2-thiolumiflavin (XXIX) and
2-lumiflavinmine (XXX) respectivelyi9

A more elegant synthesis of 2-lumiflavimine is

achieved by the reduction, using Raney nickel, of N,4,5-

trimethyl-2-nitraniline (XXXI) followed by condensation of the



vosulting o~-phenylene-diamine with 5,5~dibromcbarbituric acid—2-

Jg0
imine (XXXII).

X ‘w’\{'i_
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(b) Another intersting variation is achieved by inserting new
groups in the benzenoid intermediete and then condensing with
elloxan. By this method 8-aminolumiflavin (XXXIII) is produced

30
from Ny3,4«trimethyl«2,6-dinitreniline (XXX1V).

1 a -3 , 1 )
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(¢) The letest variation used by Hemmerich is based on ths
condensation of substitued 2,4-~dieminotoluencs with dorivativos
of violuric aci&ti The resulting 7-amino iso«allbxazinaa

are interesting conmpounds in as much as they are appreciably
more stable than the normal T-methyl derivatives. Typical of
this type of reaction is the condensation of 2-amino-4-methyl
aminc toluene (XXXV), formed from its 2-nitro analogus by

catalytic reduction, with violuric scid-2-imine (XXXVI) to give

31
8-nor-8-amine-2~luniflavinine (XXXVII).

! \\\N/l\NH
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The Biosynthesis of Riboflavin.

Comparison of the structural formula of riboflavin
with those of the naturally occurring purines and pteridines
shows a striking resemblance in that they all have as a
part of their nucleus the skeleton of a dieminopyrimidine.

In the examples below this is shown c¢learly on the right hand
side of the dotted line. On the basis of this structural
similarity it would not be surprising if there were some closo
biclogical relationship between these three important groups of

compounds,

}
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CH 5
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e .
A |
7
C?rig/ 3 I
|
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R=Nls , Guanesine Bioplerin

R=OH | Karthosine .
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MacLarenf‘ was the first to suggest that purines
played a role as precursors in the biosynthesis of riboflavin,
This hypothesis has been confirmed by many workers, and from &
combination of their efforts a picture has taken shape which
is at once both exeiting and intriguing-.

Results obtained by Plam33 cn the incorporationg of
radiocactively labvelled compounds into riboflavin usiné

Ashbya gossypii showed & striking similarity to résults obtained

34935
by Buchanan, Sonne and Delluva on the incorporation of

similarly labelled compounds into uric acid. Thus, 1‘0-f0rmate
enters position 2 of riboflavin and positions 2 and 8 of_uri@
acid, 14}C»cavrbon dioxide or CH%ZQCQZH enters position 4 of
riboflavin and position 6 of uric acid, and the carbon atoms of
glycine enter positions 9a and 4a of riboflavin and positiocus

4 and 5 of uriec acid. The nitrogen of glycine enters position

7 of uric acid, and although no degradation has as yet beexn
worked out that will give the contribution to the individual
nitrogen atoms in riboflavin, nitrogens 9 and 10 contain thirty
times the amount of label carried by nitrogens 1 and Soh Support
for these incorporation studies came from the work of Goodwin and
his group who showed that serine stimulated flavinogenesisﬁsga?

and that before its incorporation it was transformed to formate

7 358
and glycine, and from Klungsoyr who demonstrated the
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incorporation of labelled formate into the 2 position of
riboflavin. Goodwin also showedsv that the incorporation of
labelled serine could be diluted out using adenine.
The most striking evidence for the conversion of
’

3 o
purines into riboflavin came from the work of McNutt who,

working with adenine and the mould Eremothecium ashbyii, showed

that in the transformation carbon atom 8 of the purine was
"lost ' This result he confirmed both wifh adenine specifically
labelled 4in the 8 positioni9 and with adenine which was
randomly labelledt° From his results he came to the conclusion
that the contribution of the purine to riboflavin was an

intact pyrimidine ring, and this appears to bz generally
accepled, The present author, however, was struck by the
fact, first cbserved by McNuttsg but later ignored, that there
seemed to be some evidence for opening and possible "loss' in
the pyrimidine ring of the purine. This evidence is discussed
in the*appendix to this section.

Leaving aside the question of whether or not the
pyrimidine ring opens the fact tﬁat the essential contribution
of purines to riboflavin is an intact pyrimidine ring is
supportad by Goodwin's suggestion41 that 4,5-diéminouraci1 is a
normal netabolite of E. ashbyii. Diaminouracil is not
however en intermediate in riboflavih biosynthesis as Goodwin‘i2

43 944 48
Xorta, "and Masuda have all searched in vain for a
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stimulation of flavinogenesis, and indeed Goodwin has been able to
show42 that this compound, which is normally very sensitive to
oxidative self-condensation; undergoes such a reaétion in the
culture mediuvm. It is generally accepted that the wvital
intermediate in the transformation of purines is in fact the
ribitylaminopyrimidine (XXXVIII, R = D-ribityl) even although
this ccompound has nevef heen isolatéd or detected in vivo.

This failure to detect such an important precursor is, however,
not surprising as it undergoes self-condensation very rapidly.
This 1is discussed further in the theoretical segtion of p=art
two of this thesis,

Two other points concerning the purine contribution tc
flavinogenesis must be mentioned, The first of these is that
the aza-purines all inhibit flavinogenesisizg&s which is te be
expected, and that the ons corresponding tc¢ xanthine {(XXXIX)
doss so preferentiallyia The second point is that the only
reasonable alternative route to riboflavin, that from 2-aminc-
=4, 5=dimethyl-l~D-ribitylaminobenzene (XL), is ruled out cwing

to the non-stimulatory effect of this compou*xd‘:G

U

w1 ,
I\N A ~ Ha
' //l\\\ " L\W \\\///L\\
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SSAU XA AT




Finally, Goodwin“6 has established that the purine
precursors of riboflavin fall into the following order of
decreasing effectiveness; guanine, xanthine, adenine,
hypozenthine, and uric acid. #e has also shown contrary to
Mcﬂutt39 that there is no significant difference between the
effectiveness of the parent purine and its riboside, This
greater effectiveness of guanine compared with xanthine,
coupled with the fact that most of the naturally ccecurring
pteridines have a 2-amino group, raised the possibility that
the immecdiate precursor of riboflavin was its 2-imino analogue.
This idea, coupled with the fact that riboflavin 2-imine wes
repartedéW to be a most elusive compound, stimulated & new
attempt at its synthesis and this is the subjeet of the first
part of thie thesis, Goodwin, however, repon:c-ts;ﬁ8 that
riboflavin 2-imine neither promotes nor inhibits flavinogenesis,

The other portion of the riboflavin nucleus which has
still to be accounted for is of course the benzene ring, and
it is here that the focus of present controversy is situated.
Fortunately some extremely elegant workﬂg'ao with tracer
compounds has given a clear picture on which to base subsequent
work,

The generally accepted pattern for the formation of

_ 51
the benzene ring is that of Birch who suggests that head to



20

head und head to tail linkages of 4 moles of acetic aecid,
probably as diacetyl or acetoin derived from 4 moles of

pyruvic acid;, form the skeleton.
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This suggestion is supported by saveral facts,
Easudaézgaa has been able to identify both acetoin and
pyruvic acid in the m&e&lium and broth of E. ashbyii, and
Go@dwinéo has reported the presence of acetoin. Plautzs
v3sing incorporation techniques, has been able to demonstrate
the following scheme. The label from CHgichQH is incorpor-

ated at positions 6 and 7, and positions 8a and 10a of the

' 14
riboflavin nucleus, and the label from glucose (1= C) and
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glucose (6-“0)9 which are metabolised to acetate iqcﬂhcozﬂ,

is incorporated in the methyl groups and in positions 5 and 8.
Goodwin also demonstrateduo that the label from acetoin labelled
with?‘c in one of its methyl groups is incorporated one half

in the methyl groups of ribofiavin, and the other half in

positions 5 and 8.

cHCau

+ - -+ +r--- T
e | \
| I ' [ oo

l | |
: ' | | L

!
| | |
l : l U o
e P
| CHy ~c - { Slucose (-— 4.)
d - — - -4 -L i

-_ - 4 )
\V‘v/ -

K : A:%L W ‘4’ )

The origin of the atoms forming the benzene portlon
of riboflavin is thus established, but there is considerab@el
uncertainty as to how the benzene ring precursor presents
itself to the diaminopyrimidines Two major hypotheses have
been suggested,

82 °84 '

Masuda was the first to suggest that diacetyl
or acetoin reacts with the ribitylaminopyrimidine to givs
6,7-dimethyl-ribolumazine (XLI) which he called for convenience

. 82 .
G-compound. He then postulates that G~coapound reacts with

a further mole of diacetyl or acetoin and so gives riboflavin.
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|
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Evidence for this route has gained support from thaz
58 23786
fact that Masude  and others have been able to isolats
G-compound from both E.ashbyii and A.gossypii. Plaut has also
56
been able to show using labelled formate ard glycine tha¥
G-compound has a higher specific radioactivity at early pericds
of the incubation then riboflavin and is consequently a possible
precurser and cedtainly not a degradation product. The strongést
evidence that G-compound is a precursor in the bicsynthesis of
riboflavin comes from its transformaticn intc riboflsavin by
57980 939°60
various biological systems. On the chemical side
Hasuda claims that G-compound reacts with diacetyl at 120-130°
82
to give riboflavin, but this type of reaction could not be
» 61
repeated by Birch and HMHoye.
There are, however; almost as many reasons for

questioning the validity of this route to flavinogenesis as

there are for proposing it. In the first place G-compocund is



only present in small amounts compared with riboflavin at any
82?56 e :
stage in the growth of the mould. After 24 hours the ratio

of G-compound to riboflavin is 1:50, and after 84 hours it is

2

about 1:30.5 These ratios indicate an accumulation, however
slight, of G-compound, which is unexpected as Masuda.s2 has
conmmented on its high activity_as an intermecdiate, and indeed
used this argument to explain the small quantity detectable in tho
culture mediunm. The quantity of G-compound is indeed so small
thet McNutt and Forrestsa failed to observe it during their
early work using E.ashbyii =although fully aware of Masuda's work,
A critical study of the biological systems used in
the transformation of G-compound to rihoflavin suggests several
points which indicate that an alternative pathway of riboflavin
biosynthesis may also operate, Korteﬁaiée was the first to
repert that labelled G-compound isolated from & batch of
E.eshbyii which had been incculated with guanine (5-1‘0) could
not be converted to riboflavin when inoculated into yet another

57
batch of E.ashbyii. Katigiri on the other hand had shown that

enzyme solutions or washed cells of E.coli neapolitanus and other

organisms converted G-compound to riboflavin in 4%%|yield in the

presence of pyruvic acid or diacetyl. E.coli neapolitanus,

however, is not normally a known riboflavin producing organism

and this raises doubts as to what conclusion can be drawn from
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this observation. The other biochemical systems which have
brought about the conversion of G-cpmpound to riboflavin

have been cell-free extracts of é_ggosszp_iiw’59 which gave

at the hands of Plaut a 6% and at the hands of Korte a 7%
yield, cell=free extracts of E.ashbyii which gave a 1% yields,9

and cell-free extracts of Mycobacteria smegmatis which gave a

yield of 5%&9 To show how cautiously results using cell-frea
extracts must be treated Korte has recently pointed out59 that
the biggest conversion of G-compound to riboflavin, i.e. one
of 10%, is given by cell-free extracts of M.avium, an organism
which has no known riboflavin producing properties. The semo
worker has also pointed out that guanine which is normally
converted to riboflavin by E. ashbyii in arcund 40% yield is
convertad not to riboflavin but to =xanthine using cell-free
extracts of this organismc59 Other evidence for this
tendancy of cell=frce extracts not to fumction like the growing
organism seens abundanto63

. . 62 964 9538
One further interesting compound has been isolated

. 64?65 966 ?6
from riboflavin producing cultures and this has been shown

to be 6-methyl-T-hydroxy-ribolumazine (XLII), given the trivial

name Ve-compound by Masude.
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Haauda,s‘ vio first 1soiated this pteridine from
AE?ashbyii, suggeatedes that it was formed by reaction of pyruvic
acid with S5-amino-4-D-ribitylaminouracil, and to support this
mechanism reportedBa that the addition of pyruvic acid to
E.ashbyii reduced the quantity of G-compound and increased the
quantity of V-compound produced. Later work by the same group
threw some doubt on this finding for it was shown.6a that
V-compound &s well as riboflavin was produced when G-compound
was incubated with a crude enzyme extract of E.ashbyii. l{orte65
has recently shown that the reason for the low yield mentioned
above in the transformation of G-compound to riboflavin using
cell-free extracts of various organisms is that G-compound has
mainly been converted to V~-compound. The role of V-compound,

@s 1s that of G-compound, still ecems somewhat obscure, but at
least in this case there is agreement that it is not an

]
intermediate in flavin°ganesisf2 68 269
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The second hypothesis dealing with the biosynthesis
of the benzene ring in riboflavin is based on the chemical
studies of Birch and Moyef“s1 These two workers have ghown
that two moles of diacetyl can be self-condensed to form an
aldol of probable structure (XLIII)g1 This aldol reacts . as
the hexane trione (XLIV) when heated with either 4,5-diamino-

uracil or S-amino-4-methylaminouracil to give respectively the

pteridines (X1V) or (XIVI) or their 'I—:I.sc:uers.u'ln
OH OH
P SN, SN &
I\O\ ' l | « P
o SN e £7° i o7 T8N
cii3 Cily C"3 CH3
KL XLiv XLV
oy - o
c“a\~4,/’q&
XD
Cﬁgcﬁo Clia o
' Clla
XLv|

Further, Birch and. Moye demonstrated the cyclisation

of the pteridines (XIV) and (XLVI) to give lumiohrome and
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T 81961 ,
lumiflavin respectively. The cycliszation of the

' @-mothyl pteridine was achieved in polyphosphoric scid = and
the pteridine having no substituent in the eight position
was oyclised wsing H-sodium hydroxides
Porbaps the most interesting development in chemical
studies of riboflavin biosynthesis has been the ona vhich ie
th» oubject of the second part of tththssiss and which may

well bridge the gap betwsen the two sbove-mentioned thoories.

The Biosyﬁthesis of Pteridines.

The sirilarity of the pteridines to riboflcvirn
suggasts the possibility of some comzmon pathuay in their
eepai‘éte biosynthesis. Support for this hypothesis cams Lrc:
the roport by Albert ° of the in vitro tranaformation of
2-hydroxy purine (XIVII) to 2-hydroxy pteridine. In this
tronsformation tho iminazole ring of the purine opern, ot
pil5 end 20°, to glvs d-amim-5-fomamino-2-hydroxj pyrimidihe
(IL‘?III) which then loses its formyl at pH2 to give the 4,5-

- @iamindpysinidine (XLIX). This 4,5-diaminopyrimidine thon
condensés with glyoxal, at pH7 and 37°,-to give a quantitative
yield of 2-hydroxy pteridine (L).

' *"  In the light of the transformation of purines into

‘riboflavin, possibly via a pteridine, the order of the following
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reaction éééuénce is of particular interest.
ﬁ}{C)
N N H
> XLV
1 OH oH

X1

Ha

“‘%\ OH KN OH

L XLIX

There is also one example of & purine as a pteridine
71
precursor in nature. Ziegler-Gunder et al. injected the

larvae of the amphibian Xenopus intradermally with guanine

(2-

‘c). Ten days later the skins of the sacrificed larvae
were extracted with N-ammonia at 20°, and cﬁromatdgraphy of
the extracts yielded several blue-fluorescing spots, one of
which was converted by oxidation to labelled 2-amino-4-hydroxy
pteridine-6-carboxylic acid.

Perhaps the most interesting deveiopment in this
subject has been the publishing of two inﬁepondent but very

, 72 *73 74 :
similar theories by Wood and Weygand. Wood first
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suggested,?g that the ring fission undergone by guanosine and
guanylic acid on treatment with alkylating agents, or ionising
radiation, may be the initial stage of aipurine to pteridine
transférmation. He predicted that by these means the
pyrimidine glycoside (LI) could well be :t;ormedz2 More
recently 7 he has advanced the view that this pyrimidine glycoside
then undergoes an Amadori rearrgngemeﬁt to give (LI1, R = FH,),
which on intramolecular ring-closure would give a pteridine

_ (LIIY) similar to biopterin. Alternatively addition of a

| moieoule of water to thsis,é-double bond at the intermediate

dihydropteridine stage, followed by fission of the polyhydroxy

side chain would give xanthopterin (LIV), The feasability of
thiaiaequence was admirably demonstrated by Wood and Neilson.v3
who synthesised the pyrimidine (IV), ring closed it intra-
molecularly, and detected 2,4,6-trihydroij pteridine (IVI
in the reaction mixture.

Wood also pointed out’q that reduction of the
keto-group in (LII, R = OH) would give the riboflavin
intermediate (XXXVIII), R = D-ribityl).

I‘R T e, T
/1\““2 m: \< \N

Oh cﬁi
1Cb KON ) CHout

a foron )b
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The theory of Weygand was very similar and
stated that the possibility of the 5'-phosphate of (LI)

undergoing ring opening and Amadori rearrangement to give

the 5'-phosphate of (LII, R = NH,) which undervent intra-

30

molecular ring-closure to give (LVII) seemed reasonable. He

postulated that this pteridine would then lose its side-chain

and undergo oxidation to give xanthopterin. Addition of s

molegule of water and further oxidation would then give

leucopterin (LVIII).

HO NH2_

Weygand's reasons for postulating this route

are interesting. If 3-4 day-old cocoons of Pieris brassicae
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are inoculated with glucose [2-1‘0] or ribose[l-i‘c] then a
78 and 64% respectively recovery of label is found in carbon
atoms 6 and 7 of the resulting leucopterinZ‘ These results
are certainly in keeping with what would be expected if the.

above sequence of reactions were the operative one.

Angend on Ring-Opening.

2 Ldenine (LIX) exclusively labelled in position 8
with 1‘0 gives. using g,ashb ii, ribvoflavin which contains only
9% of the original aativity of the purine. This 9% was found
to be diatributed in the ﬁanner 45% in the isoalloxazine
nuc1§u§ and 55% in the ribityl side chain by conversion of
riboflavin to lumichfémo (IX). This reaﬁlt was taken to

indicaté "loss" of carbon 8 in the transformation of purines

- 39
to riboflavin.
| NH, . CH

N\\

N G N OH

X | X

Theoretically then if randomly labelled adenine is

added one would expect, since each carbon atom can be taken as

possessing 20% of the total activity, that 91% of 20% i.e.
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19.2% of the total esotivity would be ®*lost®" . The remasinder
of carbon-8's share of the total activity 1.8% would be
redistributéd as .81% to the iscalloxazine nucleus of
ridoflavin, end .99% to the ribityl side chain. This would

give a final eido chain activity of 1.21% (h x 100)

80 + .81
80 + 1.8

total remaining activity in the riboflavin produced. McNutt,

and a final nucleus activity of 98.79%( x 100) of the
however, found _ that the eide chain has in faot 6% of the
remaining activity and the isoalloxasine nucleus only 94%
:lnd:lcat‘ing some contribution of labelled c?u-hon to the side
chain from some position other than position 6.

The only position which could possibly donate
labelled carbon without cozmplete rupture of the adenine
nolecule is position 2, by means of an open-chain compound such
as (IXI), so it is reasonable to assume that if there is any

such contribution it comes from thers.

H, OFE,
mi/ «CHO
T

If one assumes that all the labelled carbon "lost™
from position 2 is "regained™ by the side chain then one finds

that carbon 2 must contribute 3.91% (If x is the % of carbon 2
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remaining in the pyrimidine ring, then x = [.94 x 81.8]-[60 + .81]
or x = 16.09%) of the fotal original activity of the adenine
to the riboflavin side chain, which is 19.55% of its own
original activity. On this evidence McNutt states that the
pyrimidine ring goeé 1ntaot:° the earlier results which caused
him some doubt when submitted to fhe above galculation require
a label transfer from carbon 2 as high as 76% of its original
activity's.9 More vecently fl&utasstudying the incorporation
of adenine specifically labelled in position 8 with e reported
that there was considerable incorporation‘of label in the
resulting.riboflavin. ‘ |

In support of McNutts conclusion fhgt no ripg
opening takes place two considerations are outstanding.
Pirstly if carbon-2 of the purine does contribute to any great
thent to the side chain in riboflavin then this would amount
to éontribution of formate to the side chain, and experiments
using’labelled formate show that most of the formate contribution
to riboflqvin can be accounted for in the nucleua?3’7° In the
second place the amount of label in the individual carbon atoms
in the pyrimidine ring of riboflavin sfter incorporation of
randomly labelled adenine shows no deficiency of label in

carbon-2 compared with carbons 4,5 and 610
In support pf the possible opening two other results
spring to mind. Incorporation studies using guanosine

14 -
equally labelled with C in the nucleus and the sugar side chain



gave riboflavin in which more than 90% of the activity was in

the "isealloxazine n.ucleusi9 This is exactly the resﬁlt one would
expect if the mechanism of transformation was one which involved
removal of sugar giving an intermediate of type (LXII),V which
then opened in the pyrimidine ring to give (LXIII). Rotation

about the central carbon-carbon bond would in effeqt interchango
the céfbons-marked thus?“ Pinally inco:poration of a new sugarc
would give an overall effect similar to that of the rand6m1y
labelied purine free base which as we know in the case of adenine

, 40
gives a result of this order.
QH

b N K CONH, K, CONIL,
4 | //l\ \\ﬁﬁ N\\T//’
OH

7
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| *¢tgo  “CHO
CHO S¢HO :’zno
XIT

JXITX
The other interesting discovery which lends weight to

such a mechanism is reported by Goodwin 22.2;}43 These workers
found that aminopterin inhibited growth or purine formation as
usual but to their sufprisﬁ it promoted flaiinogeneaia. As it
seemed well-established that purines were transformed into
riboflavin it was expected that anything which inhibited growth
would also inhibit flavinogenesis. The only obvious explanation
of this.strange result is that E.ashbyii =an transform the
inhibitéd puring intermediate into a riboflavin intermediate.

As aminopterin inhibits by blocking the insertion of one-carbon
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units the obvious purine intermediates that would be blocked are
78 .
either (IXI¥) or (IXV), and both of these suggest a pyrimidine

ring-open intermediate in flavinogenesis.

ON N
C_ Hy B \i,Hz
NH, HN/’,C:D
ibose PO, Ribose PO,
X XV

It seems to the suthor that further study of
possible pyrimidine ring opening in the route purine to
riboflavin is merited on the above evidence. This is, however,

not considered further in this thesis.



PART I

The Synthesis of Riboflavin 2-Imine and

Related 1soAlloxagine 2=-Imines.
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Theoretical

Recently two syntheses of an isoalloxazine 2-inmine
(ILXVI, R = R'A- CHy ) have been reported?g’so and these have
been discussed esrlier in this thesis. In view of the low
yields-in’these reactions, together with fha abservationf7
that many unsuccessful attempts have been made to prepars
riboflavin 2-imine; it appeared unlikely that standard
isozlloxazine syntheses would be successful fof the synthesis
of this flavin.

Two recent pteridine syntheses are of interest
when considering a new syntﬁetic approach tq the isoalloxazin939
In the first of these Fidler and qud7? reported tha synthaesis
of 2-imino-8-substituted-pteridinea by condensation of afi-
dicapbonyl compounds with 5-amino-4-alkyl (or aryl) amino-

pyrimidines (IXVII), e.g.

N Cxﬁo ou
P
' W, Ny h
c. T y -
o Yo !alﬁ N W PH
Cus CH-

LXYI LAV
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The imindpteridine (1IXVIII) was identical with the
product obtained in é éecond Bynthesisvawhicb involved fusion
of the pyrazine ester (IXIX) with guanidine carbonate.

Adaptation of the first of these methods to the
synthesis of riboflavin 2-imine was premature as the necessary
-pyrimidine intermediate, 2,5-diamino-4-D-ribitylamino-6-hydroxy
pyrimidine, was at that time unattainable. It is of interest
that this coﬁpound’was later synthesised in this department
by Larderygwho used a method similar to that repsrted later in
this thesis for the synthesis of the corresponding 2-hydroxy
pyrimidine.

It seeﬁed practical however to adapt the second of
the above pteridine sjnthesis, and prior to the work reported
in this thesis Hill80 had investigated this type of pondensation
with considerabie success using the quinoxaline ester (IXX,

R =H, R' = C ).
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He roported that condensatibn of this ester
with guanidine in the presence of sodium mefhoxida gave ths
tricyclic spiro compound (IXXI, R = H, R' = CHy), This he
ccafirmed ﬁy comparison cf the U.V. absorption spasctruz of
his producf with that of a similar spiro compogpd (1LXX1I1,
R = CHy R' = R*' = H) obtained by Clark-Iewis = fron
traatzant of the carboxyureide (LXXIII, R = CHy, R' = R'' = H)
with anhydrons potassium carbonate in dry acetone at an
eievatad f&ﬁpératurs. Hill also condensed the quinoxalina

estor (LXX, R = Hy R' = CH,) with urea and prodiiced a compound
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which on methylation with methyl iodide gave the spiro
compound (IXXITI, R = R* = R" = CHy). This proved to be
idQntical with an authentic specimen produced by methylation
of Clark-Lewis! spiro compound (ILXXII, R = CH;, R' = R'' = H)':1
Hill also reportedau'that more prolonged reaction
of the ester (LXX, R = H, R' = CH;) with guanidine in sodium
propoxide in the dark gave'a mixture of the isoalloxazine 2-
-imine (LXXIV, R = H, R' = CHy) and 2-amino-4-hydroxybenzo[g]
-pteridine (LXXV, R = H). When the resction was repeated in

daylight, the sole product was the amino-alloxazine (LXXV,

R = H)o
R R
/LN \N
p. H Q 2 v
| N NH,
R' ‘ -
LXXIV LXXYV

A

It was therefore decided that condensation of fhe o
ester (IXX, R = H, R' = CH;) with guanidine in the dark
should be reinvestigated to confirm the findingsao of Hill -
and to explain, if possible,ythe ﬁnexpgcted result,

The methyl ester (IXX, R = H, R' = CH;) was
prepared by N-methylation of the corresponding hydroxy esters
It was then condensed with guanidine in sodium prﬂpbxido in

the dark and in an atmosphere of nitrogen. After refluxing
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for three days the reaction was stopped and the reaction

nixture allowed to come to room temperature. This gave a bright
orange precipitate consisting of two main»broducts. Atfampted
separation by column chromatography using cellulose powdef was
not complétely successful, but the products were aeparéted by
making use of the diffeérent solubilities of their hydrochlorides,
By this means the productis were shown to be the isocalloxazine
2-imine (IXXIV, R = H, R' = CH; ), and the aminoalloxazine (ILXXV,

80
R = H) as reported by Hill.

Qf/ ? o
R

An analogous synthesis of lumiflavin 2-imine
(LXXIV, R = R' = CH;) was now attempted as this would enable
direct comparison to.be made of the product of this new
isoalloxazine synthesis with that of eatablished methodaia’so

Lumiflavin obtained by irradiation of riboflav:lne2
vas degradeﬁ using sodium hydroxide to give 3,4-dihydro-4,6,7-
~trimethyl-3-oxoquinoxaline-2-carboxylic aoidga Treatment of
this acid vith excess diazomethane gave the methyl ester (LXX,

R = R' = CH; ) required for condensation reactions. This

quinoxaline ester was treated with guanidine in sodium propoxide
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and the mixture was incubated at 25°., Removal of the alcochol
gave a prbduct which on treatment with hydrochloric acid gave
the hydrochloride of the spiro compound (LXXI, R = R' = CHy).
The free base was obtained by treatment of the hydrochloride
with sodium hydrogen carbonate in aqueous solution. Ths
ultraviolet spectrum of this product (see Table 1 ) was very

. eo
similar to that of the spiro compound reported by Hill.

H
cO — NH
R P l
AN N — c =NH

R NS0

%

R’

LAX]

Condensation of the hethyl ester (LKX, R = R' = CHy)
with guanidige in sodiunm bropoxide was therefore repeated under
more drastic conditions by refluxing for three days in the dark
and in an oxygen-free atmosphere. This method gave as the
main product a yellow pigment which was shown to contain
2,lo-dihydro-4—hydroxy-2-imino-7.B,lo-trimethylbenzo[g]pteridine
(LXXIV, R = R' = CHy, "lumiflavin 2-imine ) both by paper
chromatography and by ﬁltraviolet absorption spectroscopy. The
yield could be improved only slightly by refluxing the yellow
pigment in methanol, and no satisfactory method of separating

lumiflavin 2-imine from this yellow pigment could be found,
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It seemed desirable at this stage to obtain larger
quantities of lumiflavin 2-imine, and it was decided to attempt
a new synthesis based on the first pteridine synthesis discussed
at ths beginning of this section. The'proposed reaction would
involve condensation of 3,4-dimethyl-o-benzoquinone (LXXVI)

with 2,5-diemino-4~hydroxy-6-methylaminopyrimidine (LXXVII),

okl OoH
CHy
+ — /|\
/’L\, ™ >
\o N N "“‘b N Nﬁ
! CHa ,
cl-l5
— CHa
LXXVI LXXVII
3y4-Dimethyl-o-benzogquinone was prepared by standard
84985986 .
procedurses and converted'toithe stable yellow dimer

by treatment with glacial acetic acid. This dimerisation wés
carried out because Bardos gg_g;gt have reported that the dimer
gives a better yield of alloxazines when condensed with
unsubstituted diaminopyrimidines than does the monomeric compound,
The dimeric quinone was reacted with 2,5-diamino-4-hydroxy-6-

: -methylaminopyrimidin977 (1XXVII) in alkaline solution and the
green product seemed to be lumiflavin 2-imine from its ultraviolet
absorptioﬂ spectrum, and when recrystallised from hydrochloriec
acid gave orange needles of a hydrochloride which was identical
with the hydrochloride of lumiflavin 2-imine prepared by standard

procedures (The author is indebted to Dr. P. Hemmerich of the
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University of Basle for carrying out this comparison).

The most striking property of lumiflavin 2-imine
compared with other isoalloxazine 2-imines is that it is
oxtremely insoluble in alkali. During the condensation of
the quinoxaline ester (ILXX; R = R' = CH;) with guanidine in
sodium propoxide considerable difficulty was encountered with
“bumping" due to a heavy precipitation during the reaction.
It is Just possible that at some stage in this reaction an
intermediate compound is produced which is also very insoluble
in alkali and that this insolubility of a vital intermediate is
the reason for the low yield in the reastion.

In the hope that riboflevin 2-imine (LXXIV, R = CHy,
R*' = D-ribityl) would be produced in a better yield, an
analogous synthesis was carried out starting from methyl
3,4-dihydro-6,7-dimethyl-}-oxo-4-Dfribitquuinoxaline-2~
carboxylate (IXX, R = CHy, ﬁ' = D - ribityl). This compound
was prepared by esterification of fhe-corresp’ondingvacid87
which is readily obtained from riboflavin by treatmenf with
dilute sod;um hydroxide. The esterification proceeded
smoothly using diazomethane or more gasily by heating the
acid with methanol.

This ester (LXXy, R = CHy, R' = D-ribityl) with
guanidine in the presence of sodium propoxide gave a high

yield of 2,3,4,5, 1',2',3',4'~-0octahydro-2-inino~6',7'~-dimethyl-



-3{5-@10::0-4 t-D-ribitylglyoxaline-4-spiro-2'-quinoxaline
(IXXI, R = CHy, R' = D-ribityl) which was readily converted
to its crystalline hydrochloride. Hore prolonged reaction.
in daylight and in the presence of air gave 2-amino-4-hydroxy~
7,8-dimethylvenz o [g]pteridine (LXXV, R = CHy3 "2-amino
lunichrome' ), apparently ident}cal with fhe material
prepared byiBardos,VOIBen, and Enkoji.s‘ A similar reaction
carried out under nitrogen and in the dark gaie_a‘mixthre of
products including a large proportion of 2,10-dihydro-4-
-hydroxy-Zyimino-T,B-d1methy1-10-D-r1bity1bénzp[g]pteridina
(LXXIV, R = CHy, R - D-ribityly “riboflavin 2-imine"),
Isolation of pure riboflavin 2-imine was achieved, with
difficulty, by chromatography on "Florisil" cqlumns, or
alternatively by repeated precipitation from acid. These
procedures were carried out in the dark as riboflavin 2-imine

readily urderwent photolysis.
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The isoalloxazine 2-imines (LXXIV) when treated with
dilute elkali in the presence of air and in the dark, resdily
lose fhe 10-alkyl substituent with the formation of 2-amino-
alloxazina derivatives (ILXXV). This behaviour is in distinct
contrast with that of isoalloxazines such as riboflavin?v and
luniflavin’  which under similar conditions undergo ring
cleavage to quinoxaline derivatives, and it may have some
bearing on the biological transfer of C, -C;, fragments. One
further interesting observation is that in the case of
riboflavin 2-imine in cold dilute alkali the product was a
nixture of 2-aminolumichrome and lumiflavin 2-imine. Since
lumiflavin 2-imine is not converted to 2-gminolumichrome in
cold alkali owing ta its insolubility there must be two
distinct degradations of riboflavin 2-imine, at least in the

T 82
cold reaction, similar to the two distinct degradations which
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riboflavin undergoes on photolysis in alkaline solution to
give lumiflavin and'lumichromeo

For isoalloxazines and isoalloxazine 2-imines
(LXXIV) there is the possibility.of resonance involving diﬁolar
forns such as (LXXVIII). The insolubility of £he ‘imines in
chloroformland othér non-polar solvents makes it likely that-
the contribution of such ionic forms to the fesonance hybrid is
much greater than with isoalloxazines such as lumiflavin which
readily dissolve in chloroform. The existence of such
contributing structures may e#plain the ease with which
10-alkyl substituents may be clea§ed from isoalloxazine
2~imines (ILXXIV). The bacterial piément, pyocyanine (LXXIX),
which has an analogous dipolar'structurag,8 is similarly

89
demethylated in alkaline solution to l-hydroxyphenazine

(Ixxx).
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Irradiation of riboflavin 2-imine (LXXIV, R = CHy,
R' = D-ribityl) with ultraviolet light gave products analogous
to those obtained on photolysis of riboflavin,. Thus in acid
solution 2-gminolumichrome (LXXV, R = CHy) was produced, and
in alkaline solution & mixture of lumiflavin 2-imina (IXXIV,
R = R' = CHy ), 2~aminolumichrome (ILXXV, R = CH;) and a third,
unidentified, product which on the basis of its ultraviolot
absorption spectrum was probably a quinoxaline. Irradiation
of luniflavin 2-imine (LXXIV, R = R' = CH;) in acid solution
also gave 2-aminolumichrome (IXXV, R = CH;).

In contrast to the above degradations brought about
by ths action of light or alkali, the isoalloxazines (IXXIV)
were apparently stable to heat. Thus when an aqueous solution
of an imine was heated no degradation was observeda

During condensations using the quinoxaline ester
(LXX; R = CHy, R' = D-ribityl) or its parent. carboxylic acid
(ILXXXI) a blue-fluorescing compound persisted on paper
chromatograms. This compound was shown by paper chromatography
to be present in the reaction mixture of the riboflavin 2-imine
condensation, and also in that of the ribityl spiro compound
(LXXI, R = CHy, R' = D-ribityl). It was likewise produced by

photolysis of the acid (LXXXI) in either acid or alkali.
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CH " o .
(]{3 o a5 | O
CHy. (CHOH )3 CHH CHy. (CHOH)a CH,OH

5 | RRXT

A small quantity of the blue fluorescing compound
was obtained from the riboflavin 2-imine reaction by means of
chromatogtaphy on a cellulose powder column. This prodﬁct was
shown to be identical both by paper chromatography and |
elementary analysis with a quinoxaline (IXXXII) which Miles,
Smyrniotis, and Stadtman’? obtained from bacterial decomposition
of ripgflafin. Miles et al. reported, without experimental
detaiifoAfhat the acid (IXXXI) could be converted to the
quinoxaline (IXXXII) by the action of hydrogen peroxidé in
acetic acid. An experiment using the acid (LXXXI), hydrogen
pefoxide, and acetic acid was therefore performed and gave a
product which was the same as that isolated in the above
reactions. On this evidence it seems likely that the blue
fluorescing compound has the structure (LXXXII). The literature
description.’° of the light-absorbing properties of this compound

is a little confused.
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Hiles gg_gl:o give figures in the text of their
paper which agree with those determined in the course of the
present work (see Table 1), In the same paper, however, a
graph is given which is obviously in error, the curves at

pH1l and pH13 having been labelled in the reverse manner.
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Compound | (A)

Spiran (LXXI)
R = Qmwo,m. = Qmw O..@O

R = CHg, R' = D-ribityl 0.24

ao&ro:ﬂnm (LXXV)
R=H 0.46

R = CHg 0.54

(B)

0.14

0.03

TABLE 1.

.v.smx.ﬁm. in parentheses) in

226(28,000 ),
218(31,100),
340(11,300 ),
230° (18, 900),
220(31,500 ),
342(11,300),

218(28,800 ),
333( 7,000 ),
212(27,800 ),
345( 9,200),
224 (23,600 ),

420( 7,400)
220 (23,900 ),

306(4600 )

241(21,800 ),
410( 7,500)
306( 4,500 )
m»omﬁmm.qoov
412( 7,200)

262(44,500)
416( 9,000)
244 (23,500 ),
3702 (5,200 ),
264 (43,650 ),

266(27,500 ),

Hz0 at pH given

pH13
pH1
pH?

pH1

pH13

263(32,900 ),
pH1

430%(2,100)

344 (5,500 ),
pH13

. b
wmmﬁm‘moov vmp
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TABIE I Anong.;

R
Compound (A) f (B) Amax. (£ in parentheses) in Hg0 at pH given
Compounds (LXXIV)
R =H, R' = CHg 0.23  0.36 216(24,500), 264(29,800)
358( 8,200), 428(11,020) Pl
R = CHg, R' = CHg 0.34 0.23 223(21,100), 268(25,000 )
334( 9,100), 443(10,300) pAL
R = CHz, R' = D-ribityl  0.22 0.28 224(27,000), 270(32,100)
 336(12,300 ), 442(14,100 ) pHl
Riboflavin 0.22  0.39 223(35,500), 267(35,500)
. 376(10,700 ), 445(11,500) P
Compound (LXXXII) See experimental  214(49,800), 234%(12,500) i
P

266( 4,600 ), 324(12,500)°
220 (45,000}, 239(16,300 ),

‘ o o
322(13,100), 334(14,500), 348 (9,800) pH13

detnam

e
2 Shoulder P Bardos et al. .u give max.266(£,33,900) and 362 mu (10,720 ).

€ Miles ot 21?° give 213(46,000), 234(12,100), 263(3,190) and 323 mu(10,700) at pH1,
. . ‘ a
and 222(39,000), 239(14,000), 322(12,200), 334(13,300 ), and 348 mu (8,550) at pH13.



52

Yields of substances that have no definite m.p.
refer to the stége when they appeared homogeneous in paper
chromatography. Chromatograms were aevelopéd by the ascehdihg
technique, solvents being (A) butan-l-ol-5N-acetic acid (7:3),
and (B) 3% aqueous ammonium chloride, and were viewed in
ultraviolet light of wavelengths 254 and 365 ma., Infra-red
spectra were determinéd for Nujol mulls and potassium chloride

diczes.

S;gxgroxyquinoxaline-2-carbo;xuréide.28- Alloxan-

monohydrate (3.7 g.) in water (75 ¢.c.) was treatéd with a
solution of o-phenylenediamine (2.5 g.) in water (150 c.c.).

The mixturé was allowed to stand at room temperature for 20 min,
end the resulting yellow micro-crystalline solid was collected.
Recrystalliéation from a large quantity of glacial acetic acid
gave the carboxyureide (4.85 g., 90%) as yellow micro-crystals,

m.po 250° (-1it_.2,° 250°).

' 28
3-Hydroxyquinoxaline-2-carboxylic gcid. -

3-Hydroxyqﬁinoxaline-2-carboxyure1de (4.7 8;) was refluxed for
4 hr. in 5N-sodium hydrbxide (30 c.c.). The reaction mixture

after cooling was acidified to pH4 using 5N-hydfochloric‘acid;
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The precipitated solid was collected, washed with water,

and dried. Rec?ystaliisation from water gave the carboxylic
acid as yellow prismatic needles (3.2 g., 80%), m.p. 268°
(11t.; 268°).

80
Methyl 3~-Hydroxygquinoxaline-2-carboxylate . =

3-Hydroxyquinoxaline-2-carboxylic acid (1.6 g.) suspended in
dry methanol (100 ¢.c.) saturated with dry hydrogen chloride
was refluxed for 2 hr. Refrigeration gave the methyl ester

(1.48 g.; 86%) which recrystallised from methanol as prisms,
Mo Po 222° (Iitogao 222°)o

Methzl 3y4~-Dihydro-4-methyl-3~oxoquinoxaline-2-

80 :
-carboxylate. - Methyl 3~hydroxyquinoxaline-2-carboxylate

(12 g.);, methyl iodide (20 g.), and anhydrous potassium carbonate
(60 g.) were refluxed in dry acetone (180 c.c.) for 24 hr. The
mixture was then cooled, water was added, and the whole

extracted with chloroform. Evaporation of the dried chloroform
extract, and recrystallisation of the residue from methanol

gave the N-methyl ester (10 g., 78%) as rosettes of needles,

. 28?80
m.p. 126° (1it., 126°),

2,10-Dihydro-4-hydroxy~-2-imino-10-methyl benzo
[g]pteridine. - A solution from sodium (0.347 g.) in dry

propan-1-0l (40 c.c.) was added to a warm solution of dry
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guanidine hydrochloride (1.49 g.) in dry propan-1-ol (50 c.cC.).
The nixture was added to'a hot solution of methyl 3,4-dihydro-4-
-methyl-3-oxoquinoxaline-2-carboxylate (1 g.) in propan-l-o0l
(50 c.c.), and theanrefluxed for 72 hr. in the dark in an
oxygen~-free nitrogen aetmosphere., The cooled reaction mixture
yielded a bright arange precipitate (1,6 g.) readily separated
by paper chromatography into 2-amino=4-hydroxybénzo[g]pteridine
and the desired isoalloxazine~2-imine. Chromatography of a
larger sample (0.3 g.) on a column of cellulose powder (Whatman
No.l; 70 g.) with butan-l-ol-water-acetic acid (63:27:10)

as solvent did not, however, separate the two components
completely. The remainder of the crude product (1.3 g.) was
dissolved in the minimum quantity of hot 5N-hydrochloric acid.
The hydrochloride of 2-amino-4-hydroxybenzo[g]pteridine was
filtered off, and the filtrate was diluted with ethanol and
evaporated to dryness gg_ggggg.. The residue, when shaken with
dry ethanol (100 c.c.) gave a brightcrange powder (100 mg.).

Recrystallisation from ethanol gave the bright yellow

isoalloxazine-2-imine, m.p. »350° (Found: C,53.3; H,4.0.
C, ,HyONg .H, O requires C,53.93 H,4.5%).

37
Lumiflavin. - Riboflavin (4.7 g.) was irradiated

(16 hr.) in 2N-sodium hydroxide (2000 c¢.c.) in an open trough
(1iquid depth 1.5 in.) equipped with a mechanical stirrer,

using a U.V, lamp.(Hanovia, 380 watt.) at a distance of 15 cm.
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The 1rradiate§ solution was acidified using 5N-sulphuric acid
and extracted with chloroform until the‘chloroform iayer was
colourless. The chloroform extract, after drying over sodium
sulphate, was evaporated to dryness in vacuo to yield cfude
lumiflavin (2.1 g3 56.5%). U.V. spectrum in 0.2N-sodium

hydroxide had maxima at 218,266, 350 and 420 mu.

394=Dihydro=4,6,7~trimethyl-3-o0xoquinoxaline-2-

~ es . :
carboxylic Acid. <~ A solution of crude lumiflavin (10.4 g.)

in 2N-sodium hydroxide was refluxed for 1 hr. After filtration
the solution was acidified with concentrated hydrochloric acid
and extracted with chloroform using a qontinuoué solvent
extractor. The dried chloroform éxtract_waa reduced to dryness
to give the carboxylic acid (4.1 g., 42.7%) which readily
recrystallised from methanol to give orange minuts needles,

40
mope 202-2040 (lito’ '215.)0

Methyl 3,4~Dihydro-4,6,7=-trimethyl-3-oxoquinoxaline-

-2-carboxylate. - 3,4-Dihydro-4,6,7-trimethyl-3-0xoquinoxaline=
-2-carboxylic acid (éoﬂ g.) was esterified with diazométhane

(8 equivs.). Recrystallisation from methanol gave the methzl
ester (1.95 g., 66%) as yellow plates, m.p. 169-170° (Found:
C,63.83 H,5.9; N,11.4. C;3H, 403N, requires C,63.4; H,5.7;
N,11.4%).
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2,35445,1" 92';5'94"0°tmdr0f2'im1n°'4"6'v7""

~trimethyl-3',5-dioxoglyoxaline-4-spiro=-2'-quinoxaline. - To a

solution from sodium (0,77 g.) in dry propan-l-ol (12.5 c.C.)
was added dry powdered guanidine hydrochloride (.338 g.) in
propan~l-0l (12.5 c.c.). The mixture, after filtration, was
added to a solution of methyl 5,4-dihydro-4,5,7-triméthy1-3o
oxoquinoxaline-2-carboxylate (0.25 g.) in dry propan-l-ol
(12.5 c.c.) and kept at 25° for 20 hr. The volume of the
solution was reduced, the cream-coloured precipitate collected

and recrystallised from 2N-hydrochloric acid to give the

hydrochloride of the spiro compound (0.12 g.) as yellow needles,

m.po 267-270° (Found: C,50.13 H,5.43 N,22.3. C,3H 50,8, HC1
iequires Csy50.43 H,5.23 N,22.6%).

The free base was prepared by dissolving the
hydrochloride (0.043 g.) in water and adjusting the pH to 7 by
the addition of solid sodium hydrogen carbonate. The pale cream
précipitate (0,02 g.) was collected, washed with hot water, and
dried in vacuo to give the base as a hygroscopic powder, m.p.

275° (Found: C,57.13 H,5.5. C,5H 50,85 requires C,57.13 H,5.5%).

8686 191
2-Phenylazo=-4,5-dimethyl Phenol. - 3y4-Xylen~

-1-01 (14 g.) and 10% sodium hydroxide (93 c.c.) were stirred
until the solution became homogeneous.
Aniline (12.5 c.c.) and ice (150 g.) were treated

with concentrated hydrochloric acid (41 c.c.3 sp.gr. 1.16).
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A solution of sodium nitrite (10 g.) in water (20 c.c.) was
then added slowly and the mixture was stirred until diazotisation
was complete.

To the alkaline solution of the phenol cracked ice
(100 g.) was added followed by the diazonium salt solution, The
solution was then stirred for 30 min. while the temperature was
kept below 10°; and then left standing for a further 3 hr. at
7-10°. The orange precipitate was collected, washed with water
(100 c.0.), stirred for 10 min. with 10% sodium hydroxide
(300 ¢.c.), recollected, washed with water; and recrystallised
from ethanol'to give 2-phenylazo-4,5-dimethyl phenol (17 g.)

85
as deep red needles, m.p. 129-131°. (lit., 130°).

84
2-Amino-4,5-dimethyl Phenol. - To & suspension of

2-phenylazo-4,5-dimethyl phenol (17 g.) in ethanol (250 c.c.)

was added Raney nickel (2 g.), and the mixture was hydrogenated
in a Coock hydrogenation apparatus at an initial hydrogen pressurs
of 4 atmospheres. When uptake of hydrogen ceased the catalyst
was removed by filtration and the alcohol by distillation

in vacuo. The residue was washed with cold toluene (100 c.c.)
and recrystallised from hot toluene to give 2-amino-4;5-dimethyl

phen°1 (5 go), MePo 174° (litso"l’,B.”l?S.)o

84 '
Monomer of 4,5-Dimethyl-o-benzoquinone. - 2-Amino-

-4,5~dimethyl phenol (5 g.) was dissolved in water (350 c.c.) and



concentrated sulphuric acid (9 c.c.). This solution was poured
rapidly, with stirring, into a solution of potassium dichromate

(8 g.) in water (350 c.c.). The solution was extracted immediatoly
with chloroform (150 c.c.) and the chloroform layer was dried over
anhydrous sodium sulphate. The clear solution was concentrated

in vacuo to give the monomerio 4,5-dimethylfgpbenzoquinoné (2 g.)

as deep red crystals after washing with cold ether, m.p. 95°

(118.5° 95°).

84
Dimer of 4,5-Dimethyl-o-benzoquinone. Monomeric

4,5-dimethyl-g-benzoquinone (2 g.) was dissolved with heating in
glacial acetic acid (11 c.c.) and water (65 c.c.,) was then added.
Aftor standing for 8 days at room temperature the precipitated
dimer (1 g.) was collected, washed with water and dried, m.p. 168°.
Recrystallisation from 2-propanol gave dimeric 4,5-dimethyl-o-
benzoquinone (0.39 g.) as yellow crystals, m.p. 173=175° (Lito,as
178-180°).

80
2-Amino-4,6-dihydroxypyrimidine. Dry powdered
guanidine hydrochloride (200 g.) and diethyl malonate

(320 g.) were added to a solution from sodium (75 g.) in
ethanol (1.5 1.). The mixture was refluxed for 2 hr. at the
end of which the best part of the ethanol was removed by
distillation in vacuo. The resulting solid was treated with
water (2 1.) and the solution acidified by the addition of

glacial acetic acid. The product was collected, and dried at
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115°, to give the pyrimidine as an off-white poﬁder (230 g.),

m.p. > 300°.

2gégiggr4,6-dichlorogxrimidineio:?22-Amino-4,6-
dihydroxypyrimidine (100 g.) was refluxed with phosphoryl
chloride (400 c.c.) and diethylaniline (100 c.c.) until
complete solution. The dark viscous solution was poured into
crushod ice (1500 g.). The resulting brown solid was collected
and dried. 2-Amino=-4,6-dichloropyrimidine was obtained as
lustrous white plates (35 g.), m.p.221° (11t33 221°), by
heating the brown solid at 165}/&5 mm. in a large sublimation

apparatus.

60?93
2-Amino-4-chloro-6-hydroxypyrimidine. 2-Amino-

-4,6=-dichloropyrinidine (30 g.) was refluxed for 8 hr., in
N-sodium hydroxide solution (370 c.c.). The solution was
filtered, cocoled, and acidified with glacial acetic acid to
give the 2-amino-4-chloro-6-hydroxypyrimidine as a white powder
(24.8 g.)» mopo 260-262° (1ita, 261°).

79
2-Amino-4-hydroxy~6-methylaminopyrimidine, -
2-Amino~-4~-chloro-6-hydroxypyrimidine (8 g.) and ethanolic

methylamine (33% w/w; 25 c.c.) were heated at 120° for 4 hr.
The solution was cooled, and the precipitate was collected and
dissolved in hot dilute hydrochloric acid (30 c.c.). The acid
solution was treated with charcoal, and sodium hydrogen

carbonate was added to give 2-amino-4-hydroxy-6-methylamino-
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pyrimidine. Recrystallisation from ethanol gave light brown

77
plates (2 g.), mep. 255=257°. (1lit., 255-257°).

‘ 77
2-Amino-4-hydroxy-6-methylamino-5-nitrosopyrimidine. -

2-Am1no-4-hydroxy-6-methylaminopyrimidiné (2 g.) in 2N=-
hydrochloric acid (35 c.c.) was treated dropwise at O°® with
.sodium nitrite (1.6 g.) in water (20 c.c.). - After being
chilled overnight the pink precipitate was collected, and
recrygta}lisad from water to give the S5e~nitrosopyrimidine

(1.29 g.) as orange needles, m.po;>,300°.

77
2,5-Diamino-4-hydroxy-6-methylaminopyrimidine. -
2-Amino-4-hydroxy=-6-methylamino~5-nitrosopyrimidine (0.5 g.)

in hot sodium hydroxide solution (0.72 g. in 8 c.c. water)

was heated to 80°, and a vigorous stream of nitrogen was

bubbled through the solution. Sodium dithionite (2 g.) was
added during 5 min., the colour of the solution changing from
deep red to yellow. Heating under nitrogen was continued for

a further 20 min., concentrated hydrochloric acid was added

to pH9.5 and the solution was chilled. The rather unstable 2,5-
diamino-4-lydroxy-6-metlylaninopyrinid ine (0.4 g-) was collected, m.p.
204-210° (14t.) 204-210°).

2,10-Dihydro-4~-hydroxy-2-imino-7,6,10-trimethyl

benzo[glpteridine. ("Iumiflavin 2-imine" ). -

(a) To a solution of dimeric 5,4-dimethyl-g:benzoquinone

(0.32 gs) in water (10 c.c.) and 10% aqueous sodium hydroxide
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(1c.c.) was added a similar solution of 2,5-diamino-4-hydroxy-
~-6-methylaminopyrimidine (0.4 g.). The mixture ﬁas kept at room
temperature for 3 days in a stoppered flask. The resulting
precipitate was collected, shaken with N-sodium hydroxide

(25 ¢.c.) in which the isoalloxazine 2-imine is insoluble, and
finally refiltered and washed with ether. Recrystallisation
from the minimum quantity c¢f 2E-hydrochloric acid gave the

hydrochloride (0,06 g.) of the benzopteridine as orange needles,

m.p. > 360° (Found: C,53.13 H,4.65 N,24.2. C,sH 50Nz .EC1
requires C,53.5) H,4.83 N,24.0%).

(v) To a solution from sodium (0.3 g.) in dry propan-l-ol
(50 c.c,) was added dry powdered guanidine hydrochloride (1.24 g.)
in propan-l-ol (50 c.c.). The mixture, after filtration, was
added to a solution of methyl 3,4-dihydro-4,6,7-itrimethyl-3-
oxoquinoxaline-2-carboxylate (1 g.) in propan-l-ol (50 c.c.) and
the whole was refluxed in the dark for 72 hr. in an oxygen-free
nitrogen atmosphere. The precipitate was collected and washed
with ether, This material was shown by paper chromatography
and light absorption to contain a small quant;ty of "lumiflavin
2-imine" . This quantity of product was augmented by refluxing

a yellow pigment, the main product of the reaction, in methanol.

344-Dihydro~6,7-dimethyl-3-0x0-4-D-ribitylquinoxaline-

87
-2-carboxylic Acid. - A solution of riboflavin (10 g.) in

N-sodium hydroxide (300 c.c.) was heated for 1 hr. at 90°. The
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solution was filtered, cooled, neutralised with acetic acid
and left to stand for 3 days at 5°. The solid was collected
and purified by dissolving in hot water, treating with charcoal,
and adding an equal volume of alcohol to the filtrate. The
resulting cryétals (4.9 g.) of the sodium salt of the required
carboxylic acid were collected and dried to constant weight
at 95°, m.p. 243-244° (lite, 242-243°).

The sodium salt (4.9 g.) was dissolved in hot water
(150 c.c.) and treated with an excess of 10% sulphuric acid.
After standing at 5° the yellow acid was collected and
recrystallised from ethanol to give bright yellow crystals

(2.55 go), mopo 115-120° (1ith, 183-183.5°).

Methyl 3,4-Dihydro-6,7~dimethyl-3-0x0-4-D-ribityl-

quinoxaline -2-carboxylate. -

(a) To a solution of 3,4-dihydro-6,7-dimethyl-3-oxo-
-4-D-ribitylquinoxaline~-2~carboxylic acid (4.6 g.) in the
minimum quantity of methanol was added ethereal diazomethane
(8 equivs.). After 30 min., the solution wes evaporated to
dryness in vacuo and the residue recrystallised from methanol,

to give the methyl ester (4.25 g., 89%) as pale yellow needles,

m.p. 185-186° (Found: C,55.9% Hy6.33 Ny7.6. C,,H,,0,N, requires
C355:Ts Hy6c13 N,7.7%).
(v) 344-Dihydro-6,T-dimethyl=3-0x0~4=D-ribitylquinoxaline-

-2-carboxylic acid (11 g.) was recrystallised from the minimum
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quantity of methanol to give bright yellow needles (9 g.),
m.po 183°, identical in paper chromatography and ultra-violet
and infrared absorption with the methyl ester prepared by the

above reaction.

2,3,4,551152',3%,4'~0ctahydro~2-imino-6',7'-dimethyl-

" «3',5-dioxo~4'-D-ribitylglyoxaline-4-spiro-2*'-quinoxaline. -

To arsolution from sodium (0.52 g.) in dry propan-l-ol (12.5 c.c.)
was added dry powdered guanidine hydrochloride (0.225 g.) in
prOpén-l-ol (12.5 c.c.). The mixture, after filtration, was

added to a solution of methyl 3,4-dihydro-6,7-dimethyl-3-o0xo0-
~4-D-ribitylquinoxaline~2-carboxylate (0.25 g.) in dry propan-1
-0l (12,5 c.c.) and kept at 25° for 20 hr. The cream-coloured
precipitate was collected, washed with & little water, and

dried, to give the spiro-compound (0.2 g., 75%), m.p. 183-186°

(Found: C,48.33 H,6.63 N;16.9. C,,H,505N5,1.5H,0 requires
Cy48.63 Hy6.23 N,16,7%).
A solution of the spiro-compound in 2N-hydrochloriec

ecid gave ths hydrochloride, as yellow needles, m;po 227=229°

(from 2N-hydrochloric acid) (Found: C,47.73 Hy5.93 N,16.7o

01732308H5’HCI raquires 0,5705‘ H’5°6; N,lsoB%)o'

2-Amino=-4-hydroxy=-7,8-dimethylbenzo[g]pteridins. -

Hethyl 3,4-dihydro-6,7-dimethyl«3-o0x0~4-D-ribitylquinoxaline-2-

-carboxylato (1 g.) in dry propan-l-ol (50 c.c.) was treated with



guanidine (from 0.85 g. of the hydrochloride and 0.2 g. of
sodium) in propan-l-ol (60 c.c.)y; and the mixture was refluxed
for 90 hr. The resulting solution.was evaporatéd to dryness
in vacuo, end the residue was dissolved in water, and 2N-
hydrochloric acid was added to give pH6. The yellow
precipitate (0.66 go) was collected, washed with water, dried,
and recrystallised fiom dimethylformamide to givq the benzo-
pteridine as yellow needles, m.po;> 350° (Found: C559.73
Hy4.23 N,28.6. Calc. for C,,H 0Nz C,59.7s H,4.635 N,29,0%).

2,10-Dihydro-4~hydroxy-2-imino~7,8-dimethyl-10-D~

-ribitylbenzo[g]pteridine. ("Riboflavin 2-imine® ). - 3,4-Dihydro-
_-6.7-dimetﬁwie}oxodbqubitquuinoxaline-2-carboxy1ate (1 g.) in
dry-nopropa;ol (50 c.c.) was condensed with guanidine (from 0,85 g.
of hydrochloride and 0.2 g. of sodium by refluxing the mixture

for 72 hr., under nitrogen, in the dark. :The mixture was

filtered while hot, and the crude orange-brown product (1.25 g.)
was wvashed with etﬁer and dried. This materiasl, shown by paper
chromatography to contain riboflavin 2-imine, was purified by

one of the following methods. |

(a) | | The éfude material (1025 g.) wes dissolved in 50%
acetic acid (300 c.c.) and the solution was neutralised with

solid sodiuvm hydrogen carbonate. The red insoluble material
which separated was removed by centrifugation, and the supernatent

solution wes extracted with phenol (total 300 g.). Ether (1 1.)
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was added to the phenolic extracts which were re-exgracted with
water (90 c.c.). This aqueous solution deposited overnight a
red product shown by paper chromatography to be lergely ribo-
flavin 2-imine. This was dissolved in the minimum of 5% acetic
acid and chromatographed on Florisil (50 g.) in the derk. The
column was washed with 5% acetic acid (100 c.c.) and the product
finally eluted with l:9-pyridine-water (150 c.c.). The eluate
was token to drynsss in vacuo (rotary ovaporator), and the
residue dissolved in the minimum quantity of 2N-hydrochloriec
acid, Addition of zolid sodium hydrogen carbonate to pH 7 zave
the isoallozazina 2-imine (" riboflavin 2-imine" ) as an

orange powdor (0,15 g., 15%) (Found: C,54.13 H,5.73 N,18.2.

C,sH,, OgN; requires C,54.4s H,5.65 N,18,7%).

(v) The crude prcduct (1°2 g.) was dissolved in 2N
-hydrochloric scid (100 c.c.). To the filtered solution wers
added a few drops of hydrogen peroxide to bleech any soluble
impurities, and 10% aqueoué sodium hydrogen carbonate wae

added to givé PH7. The resulting mixture was heated at 100° for:
2 hr. to coaguléte the precipitate, which was collected after
being kept overnight at 0°., This procedure was raopeated several
tines and finally gave riboflavin 2-imine (0.15 g.) as an

orange vpowdsr, The infrared spectrum was identical with that

‘of the specimen prepared a&s above.



Treatment gg_Isoalloxazines'Z-;miges»with Alkali and
(=) " The imine (2 mg.) was heated in N-sodium hydroxide
(lc.c.) at 100° for 1 hr. in the dark. The products were
examined by paper chromatography and ultraviolet spectroscopy.
Riboflavin 2-imine and lumiflavin 2-imine were converted
completely into 2-aminolumichrome; and the l0-methylisoalloxazine
2-imine was converted into 2-aminoalloxazine.
(v) The treatment with alkali was repeated at room
temperature in the dark., After three days riboflavin 2-imine
was partially converted to 2-aminolumichrome and lumiflavin 2-
-imine, lumiflavin-2-imine was unchanged owing to its almost
complete insolubility in N-sodium hydroxide, agd the 10-methyl
isoalloxazine 2-imine was entirely converted to 2-aminoalloxazine.
(e) Procedure (a) was repeated using water in place of
Nesodium hydroxide and paper chromatography showed no change in

any cage.

Photolysis of Riboflavin 2-imine. - Riboflavin 2-imine

in 0.lN-hydrochloric acid (5 c.c.) was irradiated for 16 hr, with
ultraviolet light (Hanovia U.V. S.500). Paper chromatography

and ultraviolet spectroscopy then showed the presence of
2-aminolumichrome and a little unchanged imine.

Similar photolysis in 0.5N-sodium hydroxide yielded
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luniflavin 2-imine, 2-aminolumichrome, and a product of
unknown structure whose absorption spectrum (mgx. at 210, 270

and 370 mu at pHl), indicates that it is probably a quinoxaline.

Photolysis of Lumiflavin 2-imine. - Lumiflavin

2-imine (3 mg.) in OolN-hydrochioric acid (5 c.c.) was
irradiated for 16 hr. with ultreviolet light. Paper chromatographr
and ultraviolet spectroscopy then showed the product of the
reaction to bo 2-aminolumichrome,

No photolysis of lumiflavin 2-imine in élkali was

investigated owing to its insolubility.

Investigation of Blue-Fluorescing Compound. -

(a) In the above synthesis of riboflavin 2-imine an
impurity with a blue fluorescence when viewed in ultraviolet
light persisted. A sample (0.2 g.) of the crude reactiom
product was therefore chromatographed on a column of cellulose
- powder (Whatman No. lf 50 g.) with bufan-l-ol—water-acetic acid
(63:27:10) as solvent. 4 blue-fluorescing band was eluted by
'this method and was shown to be pure by paper chromatography.
The eluate of this band was therefors taken t§ dryness to give
(IXXXII)es a buff-coloured solid (20 mg.) Ry value 0,59 in
butan-l-ol-acetic acid-water (160:40:75) (Found: C,55.28;

H,6.46. Calc. for CuH,oN;Op. C,55.55, H,6.22%).
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(v) The reaction mixture of the ribityi spiro compound
was examined using paper chromatography and vas shoun to
cgntain 5 blue-fluorescing spot, Rg value 0,59 in the above
mentioned solvent system.

(e) 3,4-dihydro=6,T~dimethyl=3-0x0=4~-D-ribityl
quinoxaline-2-carboxylic acid (10 mg.) was dissolved in O.lN;
sodium hydroxide (5 c¢.¢.) and irradiated in the usual manner
for 16 hr,

The seame procedurc was repeated using O,1N-
-hydrochloric acid in place of sodium hydroxide.

Both reactions on paper chromatography showed the
presence of a blus fluorescing compound of Rf valus 0,58 in the
above solvent system.

(a) 394=-Dihydro-6,7-dimethyl=3-0x0-4=D=ribitylquinoxalinec-
-2-carboxylic acid (0.5 g.) was dissolved in dilute acetic aciad
and-heated at 90°. Hydrogen peroxide was added dropwise until
avolution of gas had subsided. The reaction mixture was then
allowed to stand for 2 hr. at 30° during which time the yellow
colour of the solution gradually weakened in intensity. On cooling
a white microcrystalline solid was precipitated (0.32 g.) which
showed an Re value of 0,58 on paper chromatography using the

20
gbové solvent system, m.p. 257-259° (1lit., m.pP.257=260°).



Chcecmical Studiss of the Biosynthesis of Riboflavin.



Theoxrsaticeael

Synthesis of Pvrimidine Precursor.

The implication of Goodwin's observation.‘a that
riboflavin 2-imine neither promoﬁee nor inhibits flavinogenesis
in E.eshbyii is that deamination in the route guaniﬁa—;e-riboflavin
must take place prior to formation of the condensed ring system
of riboflavin., If one forgats for the momeni the.queation cf
possible opening of tho pyrimidine ring during the transformation

. s2
and simplifies the sequence, &s does lasuda, to one of purins

-
s

5-anino-4~substituted amino pyrimidins —=-pteridine —-—=;
riboflaving, then it is obvious that the'outstanding intermsdiats
is tho diaminopyrimidine. It seemed likely that this compon=z
ves Y-amino-2;6-dihydroxy-4-D-ribitylaminopyrimidine (LXXXiIIg
R = D-ribitylamino, R'=KE, ) and it was therefore decided to

investigato the synthesis of this compound.

oH N OH
R Ch
Z~om (C'HoH)g
R CHo @ ¥ OH
TR TN XXXY
Ths proposed synthesis involved condensation of D-ribityl-
, 94798996
amine (LXXXIV), & known sugar amine, with 4-chloro-2,6-

~-dihydroxy pyrimidins (LXXXV, "4-chlorouracil' ). The pyrinidins

product of this reaction, 2,6-dihydfozy=4-D—ribitylaminopyrimidine



(LXXXiII, R = D-ribitylamino, R' = H), would then be nitrosated
tc give the corresponding Senitrosopyrimidine (IXXXIII, R = D-

~-ribitylamino, R* = NO) which on reduction either chemically or
catalytically would give the desired 5-amino compound (LXXXIII,

R = DaribitylamiROQ Rt = NHQ),

=

Ui

R R
[>XXV]

2,4,6-Trihydroxypyrimidine (LXXXVI, ReRt'wR?' =~ OH, "barbituric

acia") was.convertedgv to its trichloro derivative (ILXXXVI,
R=R?=R" = Cl). Alkaline hydrolyeis of this trichloropyrimidine
gave 4~chlorouracil (IXXXV). This onez-stop conversion wecs
‘recommended by Langleype and is superior to the two-step literature
method.,

At this stage it was decided that a model synthesis uaing
commercially available B-hydroxy ethylamine instead of D-ribityl
amine wouldAprove valuable. When 4-chloronracil (LXXXV) and two
equivalents of B-hydroxyethylamine were refluxed together using
water as solvent the pyrimidine starting material was recovered.
The reaction was ropeated using N,Ne-dimethyl formamide and a white
‘crystalline pyrimidine derivative was isolated in good yield.

This product did not, however, analyse for tho desired 4-f-

hydroxyethylaminouracil (LXXXVII, R = B-hydroxyethylamino), but

rather analysed for the corresponding 4-dimethylaminopyrimidine



(IXXXVII, R = dimethylamino). This dimethylamino compound was
thorefore prepared by an‘ﬁnambiguous method, namely a sealed tube
condensation 6! 4-chlorouracil and dimethylamine at elevated
temperatursa. The products frﬁm both condensatiorns were identical
in paper chromatography, ultrayiolet and 1nfrarad absorption
spectra, and in elementary analysis. This same compound,
4-dimethylamino~-2,6-dihydroxypyrimidine, was detectcd when
4-chlorouracil was refluxed with N,N-dimethyl formamide in the

absence of f-hydroxyethylamine.

CH

TXXT RN

The mechaniem fof the condensation of N,Ne-dimethyl form&mids
and 4-chlorouracil is not opvious, but it may proceed via the
quaternary salt (IXXXVIII).

Condensation of 4-chlorouracil and fi-hydroxyethylamine was
accomplished in an aqueous medium in a sealed-tube reaqﬁion at
high teiporatnre, and gave‘2,6-dihydroxy-4-B-hydroxyeth}lamino-
pyrimidine (LXXXVII, R = B-hyd:oxyethylamino), whioh on treatment
with nitrous acid at low temperature gave the desired purple

nitroso derivative (IXXXIII, R = f-hydroxyethylamino, R' = KO).



Two methods for the synthesis of D-ribitylamine are given in
the literature but of these the more direct method of Folkers st a%ir
was rejected as the products were heavily discolouredo The method
adopted wes that of Kuhn, 93“933"99 wﬁich consisted of converting
D-ribose (IXXXIX) to its oxime (XC) and then catalytically
rodusing the oxime to the desired amina.. This procédura was félloéé

i
ed and the yleld of aminc wes estimated by titration in the recom-

24 ) : ’ 04 91900
mended mznner, but none of the known crystalline derivatives
of D-ribityl emine could be formed.  po

———CHOH &E
]
o (cmom), HoOH),
——CH, H, OH
(LXXXIX) (xc)
K.0 ﬁ' HO.N Acooﬁ
| |
HC > ¢ rgﬂ ——> K
l XL - l
R ' R RS
(xc1) (xc11) (Xc111) (xcIv)

In an cttompt to form the tetra-acetate of D-ribitylanine
acetylafion of Deribose oxime, using acetioc anhydride/%y:;dineg
was invostigated. The product, however, was a gum which proved
intractible, probably exﬁlaining the surprising absence of Any
literature report of the aéetylation of_this important sugar oxime. |
It is knownf that on acetylation anti oximes (XCI, R = sugar chainﬁ

tend to dehydrate to give the corresponding acetylated nitrile
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(XCII, R* = acetylated sugar chain), whereas with syn oximes
(XCIII, R = sugar chain) thers is the possibility of getting the
fully acetylated oxime (XCIV, R' =« acetylated sugar chain). The
infrared speotrum of tha above gum shows acetate and oxime bands,
but no hydroxyl or nitrile bands thus indicating that D-ribos;
oxine is & syrn oximas.

As reduction of D~-ribose oxime was not giving the reported
crystalline derivatives of D-ribityl amine the product of the
reaction was further investigated by chromatography on a cation
exchange resin, the product being eluted with oxalic acid. The
anine containing fractions from the column were detected using
the ninhydrin testtoz end these fractions were finally examined
using paper chromatography. The papers were developed by
spraying with sodium periodate solution and, after removal of
iodine, detecting any aldehyds produced by m2ans of Schiff's reagent.
These techniques showed that there were at least two products in
the reaction nixture.

This being so it was decided that the crude reaction product
from reduction of D-ribose oxime, after removal of solvent ot low
temporature, should be reacted with 4-chlorouracil and that any
pyrimidine mixture should then be separated.

Reaction of the crude D-ribitylamine gum and 4-chlorouracil

at high temperature in a sealed tube gave, however, a charred



solution which on paper chromatography appeared void of any pyrimi-
dine product. For this reason this approach was abandoned. (It is
only fair to add that Plaut and Haleyss subsequently -achieved .
this condensation under slightly less drastic conditions, but hetﬁ
again the reaction mixfnrs was not ﬁromising and requi:#d ion-
~exchange chromatography before yielding the required pyrimidine

derivative [LXXXVII, R = D-ribitylamino]).,

CH
ON

R OH

XN

Hitration of 4-chlorouracil using fuming nitric acid with
concentrated sulphuric scid readily gave 4-chloro-2,6-dihydroxy-5-
nitropyrimidine (XCV, R = Cl), a very reactivé 4-chloropyrimidina.
Treatmsnt of (XCV, R = dl) with water, ammonia, B-hydroxyethylamine,

and methylamine readily gave tho corresponding 4-hydroxy (XCV,

R = OH), 4-amino (XCV, R = NE, ), 4-f-hydroxyethylamino (XCV,

R = NH.CH,CH,OH), émd 4-methylamino (XCV, R = NHCH;) pyrimidines.
Condensation of"(xcv. R = Cl1) with orude D-ribitylamine,

hoever, gave & mixture of products from which a small amount

of the 4-aminopyrimidine (XCV, R = NH,) was readily separated.
The remainder of the reaction mizture,-which ghowed two

product spots on papér chromatography, was absorbed on an anion

exchangs resin and the products eluted using zmmonium formate buffex



et various pH values. Buffer at pH7 eluted a nitro-pyrimidine
product which is as yet unidentified. Buffer at pH4 eluted a
second nitro-pyrimidine product in large yield which on isolation
proved to be the required 2,6-dihydroxy-5-nitro=4-D-ribitylaminc~
pyrinidine (XCV, R = D-ribitylamino).

It was thought that the unidentified pyrimidine product of
the condensation might be the corresponding 4-di-D-ridbitylamino-
pyrimidine (XCV, R = di-D-ribitylamino) and to test this theory
4~chloro-S5-nitronracil (XCV, R = Cl) was condensed with dimethyl-
enine. The resulting 4-dimethylamino-2,6-dihydroxy-5-nitro-~
pyrimidine (XCV, R = dimethylamino)showed, however, an ultraviolat
absorption spectrum which was markedly different (see Table 2) from
that of the unidentified nitro-pyrimidine, whose absorption
spectrum was more akin to that of a 4-monoalkylamino-2,6-dihydroxy-
~5=nitro-pyrimidine. It is therofors unlikely that this compbund
is 2 4-dialkylaminopyrimidine.

Synthesis of Aromatic Precursors.

The dimerisation of diacetyl which is reported in the
literaturemuoa was repeated but no crystals of the otharwise
satisfactory product could be obtained. Attempts to self-condense
diacetyl using an anion exchange resin in its hydroxyl form
produced a crystalline aldol which was different in its infrared

. 81 &¢
spectrum from the dimer described by Birch. The dimer was a.asignadi
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etructure (XCVI) largely on the basis of itsninfrared spectrum,
The latter shdwed peaks at 1764 c:mc.-'1 (assignsd to a carbonyl
group in a S-membered ripg), 1720 cm.-l(acetata carbonyl), and
one at 3600 Gmo.1 (hydrox&l). It is therefore a semi-ketal

derived from the open-chain hexane-trione (XCVII).

CH3CO g /CHZ\C’O CH_;CQ\ /CHJ\C"O
~ C B
| ~o Non
CH, C—-oH chy /C=o
CHa

XN XY

The product from the new condensation proved to bs identical
with a orystalline product which was obtained from an old bottle
of diescetyl and it can fherefore aﬁparently be formed under very
mild conditions. This nev aldol was shountobz a trimer of diacetyl
by elementary analysis and by molecular weight determination using
the elevatiorn of the boiling point technique., This result was
supported by X-ray crystallographic studies ﬁhich showed that the
crystal cell was monoclinic and coﬁiained 12 diacetyi unifso Sincs
in e nonoclinic cell the number of molecules is unlikely to be
othe;‘than 2, 4, or B,'this indicates a trimer (The author is
indebted to Dr, Speakman of the University of Glasgow for’carnying

out this preliminary X-ray study). Final evidence for the produst
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baing a trimer came from its nuclear magnetic resonanée spectrunm
which showeéd a total number of hydrogen containing groups
consistent only with three diacefyl molecules. Thus the N.M.R.
datan showed that the trimer contains two different acetyl groups
(7,741, 7.804 p.pom.) three methyl groups (8.608, 8.682, 8,708
all of & type B to oxygen, oniy one CH, group (doublets at 6.87
and 8,24, &B type, J,; = 13.5 ¢ 8), and only a single OH
gronp of such a loy value SoﬁéT'at 600%'§/v in carbon tetrachloride
that is necessary to invoke rather strong internal hydrogen-
-bond ing. (The author is indebted to Dr. G. V. D. PTiers of the
HMinnesota Mining and Manufacturing Company for the above N.lM.R.
data). This evidence agrees well with the infrared data which
showed one type of carbonyl at 1706 cmS! typical of an open-chain
ketons, an intramolecularly H-bénded hydroxyl band at 3436 cmo™
and a C-methyl band at 2976 cm:1

Since in the trimer there is only one CH, group and one OH
group then'it'follows that only two diacetyl molecules can be
linked by aldol type linkage, The hexane trione must therafore
bg a fundamental unit in the trimer molecule, and it is likely
that the third molecule of diacetyl is linked by acetal
linkages. Chart I shows various ways in which this can be
done leading to four possible structures for the trimer

(XCVIII—>CI).

Epand positions are given as’] -values as defined by Tiers
(J. Physs Chem., 1958, 62, 1151).
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Exaninetion of accurate molecular models ("Buchi" models) show .
that in.structures (C) and (CI) the distance between hydroxyl and
either carbonyl group is too great to permit the strong hydrogen
bonding, which is indicated by both infrared and N.M.R. spectra.
The distances; as measured on the model, range fronm Boeia‘*’4a4io,
whereas Pauling? 04 guotes an 0—H .c.....0 distance of 2°5-2°9;.
Similar measurements on models of structures (XCVIII) and (XCIX)
give O-—I ..c000..0 distances of the order given by Pauling for
hydrogen-bond ing.

Of these two possible structures (XCVIII) and (XCIX) the latter
seems unlikely as the trimer does not undergo a normal typs of
periodate oxidation.

On treatment with sodium meta-periodate the trimer consumes
exactly 2 moles as determined by titration with sodium arsenits,
but this is not & normal oxidation as the periodate is still
available for oxidation of a normal cis-glycol such as ethylens
glycol., Further evidence that the trimer portion is unaffected
in this pseudo-oxidation is the fact that the trimer still reacts,
after the oxidation, with 4,5-diaminopyrimidines to give the same
mixtures as it normally does (see }éter section).

If structure (XCIX) were the stramcture of the trimer it
should consume 1 mole of periodate to give the ¢yclic ketone
(CII). This does not happen since the cyclic ketone (CII)

could not react with a 4,5-diaminopyrimidine in the same mannor
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es doos the trimor. It would seem therefore that the most
likely structuzro for ths trimer, considering all tho gvidencs,
is (XCVIII)

CHz O oo

OCH; CH,C0 2~ 0]
| 3\/Gii2xc/ \é

C C f / N
D= ! S i
N D/ \CHB CHy  O—C—O
o-—-—-cli"‘f"’ Ciy
CH3 -

The complex formed botwcon the trimer and sodium metse
pericdate is not st tho prossat fully understeed; but it nny
well bo that owing to tha close proximity of the two acatais
carhenyls and the hydroxyl group in (XGVIII) tho periodate £ind:
it possible to form @ cyclic complox of the typs (CIIX) éi@h thn
trinag. This complex is certainly quitec scluble in alcohol fon
it cannot bo precipisated from aguoous solption usirg cthanocl,
end it nay well provido a means of achieving pericdate oziddtionc

in non=gcquoous nedia.
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The trimer is stable in acid but readily degrades in
alkali in the cold, and in general shows a pronounced tendancy
to oplit up and react as diacetyl. Thus on attempted formation
of an oxime, dimethylglyoxime was obtained, and on acetylation
discoatyl was the only product.

Reaction of diacetyl trimer and 4,5-diamino-2,6-dihydroxy~
pyrimidine (CIV, R = NE, ) gave a mixture of pteridines. From
this mixture 2,4-dihydroxy=-7-(2'-hydroxy=2'-nethyl-3'-oxobutyl)-
=6-methyl pteridine (CV) (or the 6 isomer) was isolated and
identified by comparison with an authentic sample prepared by
reaction of diacetyl dimer with 4,5-diamino-2,6-dihydroxy-
pyrimidineg1 The other pteridine in the mixture was shown to
bo 2,4-dihydrozy=-6,T-dimethylpteridine (CVI) by comparison
(using paper cﬁromatograph& and ultraviolet absorption spectro-
scopy) with an authentic sample of this pteridins obtained from
reaction of diacetyl with 4,5-diaminouracil§1,1°3 The trimer
of diacetyl was therefore reacting as if it were dimer and
monomer loosely combined and consequently free to react
soparately. At the same time as these reactions were being
studied the cyclisation of the pteridine (CV) to lumichrome
(cVII) was re-investigated. 4is repori:eds1 by Birch and Moye
this cyclisation was found to proceed readily using Ne-sodium
hydroxide. It could also be achieved, although less readily,
using N ,, sodium hydroxide, but no cyclisation was achieved in

acid conditions,



Diacetil
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Condensation of Pyrimidine and Aromatic Prepuraora.

Tha nitro group in the 5-nitro-4-substituted aminopyrimidines
(XCv) was readily reduced catalytically, but as soon as air was
allowed into the hydrogenation flask the resulting 5-amino-4-
-substituted aminouracil underwent self-condensation. For this
reason isolation of any of these diaminopyrimidines proved
impossible; and in most cases & chemical reducing agent such as
sodium dithionite in slight excess, or zinc dust in dilute
mineral acid, was used in preference to a catalytic method of
reduction, The structure of the self-condensation product 1is

discussed later in this thesis.,



In an attempt to synthesise e stable derivative of the
S-amino-4-substituted aminouracils (CIV, R = NHX) 2,6-dihydroxy-
-4-B=hydroxyethylanino-5-nitropyrimidine (XCV, R = NHCH, éHz OH)
wes reduced using zinc dust and concentrated formic acid. After
romoval of the zinc residues from ths reaction mixture a white
ether-insoluble pyrimidine was obtained. This pyrimidine was
readily recrystallised from water as white needles which
enalysed in sgrecemant with o di-formyl derivative of 5-amino-
=2,6=dihydroxy-4-f-hydroxyethylaminopyrimidine. The crystalline
product appeared to be gquite stable in the solid state, but in
hot aquaous solution the self-condensation reaction which is
typical of 5~amino-4-substituted aminouracils (see below) was
observed. When the above treatment with zinc dust and formic
acid was repsated using 2,6-dihydroxy-4-methylamino-5-nitropyrimi-
dins (XCcVY, R = NHCH;) a wvhite ether-insoluble product was oncs
again obtained. This product also gave white neédles on
recrystallisation from water but on this occasion the needles
analyséd for the mono-formyl derivative of 5-amino-2,6-dihydroxy-
~4-methyl aminopyrimidine. The formyl product was on this
occasion stable both in the solid state and in hot aqueous solution
at pH7. It therefore seems likely that the mono-formyl derivative
of 5-amino-2,6-dihydroxy-4-methylaminopyrimidine is (CVIII),
and that the di-formyl derivative of the 4-B-hydroxyethylamino

analogue is (CIX), the extra formylation having taken place on

the side-chain hydroxyl. This might well éxplain the pronounced



instability of the di-formyl derivative of the 4-f=hydroxyethyl-
amino compound in thaf the formyl attached to the side chain
alcohol ﬁay vell be removed in hot aqueous solution at pH7 so
liberating formic acid which lowers the pH of the soluticn and
thus hydrolysé¢s off the sacond formyl to give the unstable
S5-amino~4-B=hydroxylethylaminouracil (CIV, R = NBCH&CH’,,OH)° It
was indeed observed that a hot agqueous solution of the di-formyl
derivative of (CIV, R = RHCH,CH,0H) does show a pronounced drift

towards an acid pH value.
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'(a) Modol experiments using the B-hydroxyethylaminopyrimidine

(cIv, R = B-hydroxyethylamino).

Hydrogenation of 2,6-dihydroxy-4=-f-hydroxyethylamino-5-
nitropyrinidine (XCV, R = NH.CH,CIH, Oﬁ) or its corresponding
S-nitroso anzlogue using platinum or palladiunm catalyst readily
geva tha Sezminopyrimidine (CIV, R = NH.CH, .CH,CH) vhich was
condensed with diacetyl in the absence of 6xygan. From ths
reaction mixture the very soluble 2,8-dihydro-4-hydroxy-8-p-
-hydroxysthyl-G,7-dimethyl-2-oxopteridina4(CX, R = CH,CH, CH)
was isolated and characterised. This pteridine, whose U.V,
ahsorption spectra were identical uith.thoea of ifasuda's
G-compoumda,a was aloo obtained as the sole product when
diacetyl trimer was reacted with the Soaminbpyrimidine (c17,

R = RHCHgCH,0d) in en ox&rgsn-free atmosphere in the presencs
of tho platinuz catelyst. It appears that diacotyl trimor

breaks down under these conditiocns, and catalytic reduction
of the nitro group was abandoned at this stage in favour of

cheniczl methoda °
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The reaction of diacetyl dimer with 5-amino-2,6-dihydroxy-
—4-B-hydroxyethylaminopyrimidine (CIV? R = NHUB&CH&OH) was next
gtudicd at soms length. Whgn these compounds were reaétad at
pil4 end 90° for a quarter of an hour and the reaction mixture
cxs=nined using paper chromatography it was found that thers
were two products of the reastion. The less mobile product
in solvent (A) was identical in fluorescence and in ultraviolet
absorption spectra with the ptoridine (CX, R = CE,CH,0H), but was
quite distinct from it in Rp value. For these reasons this now
pteridiﬁe'#as.aseumed to be the 7-(2'-hydroxy#Z'-methyl-}'-bxobutyl)
pteridine (CKI, R = CEp.CH,03) (or the 6-isomer). This pteridins
haz not beéen iaola?ed in crystallins form since the solid obtain@d
fronm pui@ concentrated solutions proved very hygroscopic and
surprisingly prone to decomposition. The more mobile product in
solvent (A) was alvays present in very small amounts and
exhibited &n orange fluorescence when viewed in ultra-violet
light. It was obtained in low yields ec a réadily crystallino
orcnge =olid by elution from largengoale paper chromatograms of
the reaction mixture. Analysis of this oranges-fluorescing
compound indicated & molecular formula of ci‘n;,n;oh; It could
thus be either compound (CXII, R = CH,CH,0H) or (CXIII, R =
CE,CH,0H). It is of intereost that this orange-fluorescing
compound cannot be converted té'the 9-hydroxyethylisoalloxazins

(CXIV, R = CH,CH,OH) by any of the procedures reported immediately



below for the conversion of the pteridine (CXI, R = CH,CH,0H) to
this isoalloxazine, and it would seem that tha structure (CXII,
R= CHQCHzoﬂ) is more in keeping with this observation than ie

struoture (CXIII, R = CH,CH, OH).

CH {

The reaction mixtures obtained above by condensation of
"diacetyl dimer and 5-amino-2,6-dihydroxy-4-p-hydroxyothylamino=
pyrimidine were treated with either dilute alkali or acid 6!
varying strengths. The main product of all such reactions was
a very pure form of 6,7-dimethyl-9-f-hydroxyethylisoalloxazine
(CXIVy, R = CH%CHQOH). The ease with which this cyclisation takes
place is quite astonishing and examination of the mother liquors

of all these resctions showed that it was the yellow-fluorescing

band corresponding to the pteridine (CXI, R « CH,CH,0H) which had



disappeared in ths course of the cyclisation. In every case
thorough comparison using infrared and ultraviolet spectroscopy,
pepar chromatographj, and melting-point data was made of the
product of the reaction and an authentic sample of 6,7-dimethyl~
9-f-hydroxyethylisoalloxezine.

Aﬁtention was next focussed on the reaction of diacatyl
trimer with 5-amino-2,6-dihydroxy-4-f-~hydroxyethylaminopyrimidine,
The two compounds as in the previous case Wers reacted tdgether
at pl4 and 90° for 15 minutes, and the reaction mixture was
examined using paper chromatography in the usual manner. This
time tha ghromatogran exhibited three product bands. Two of
these bands were identicael with the two bands obtained in the
dimer reaction, and the third product was identical in fluzrescencs.
ultraviolet abserption spoctra, and RF valua with 2,8-dihydro=4-
-hydroxy-8-pf-hydroxyethyle6,7~dimethyl-2-oxopteridine (CX, R =
CH,.CH,0H). As in the case of the reaction of the trimer end
4,5-diaminourac11 the trimer is reacting as if it were a mixture

of dimer and monomer.

Cn
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As bafors various trimer reaction mixtures were treated
witheither dilute alkall or different strengths of acid anQ
heated for periods ranging fromABO'min. to 8 hr. In all
cqn@itions,fbrmation of 6,7-dimethyl-9-pf~hydroxyethyliso-
‘alloxazine took place although in the case of fhe dilute Qlkali
cyclisation 1t§ presence was only demonstrated using paper
chromatography and ultraviolet absorption spootroscopy. 1In
the reactionas conducted in acid aﬁlution the purity of the
crystaelline 9-hydroxyethylisoalloxazine which separated fronm
the rcecaotion nixture was if anything bgttap than that of the
semg product obtained in the same manner in the dimer serises.
Exemination of the mother liquors showed that in the cyclisation
the ﬁteridine (CXI, R = CH,CH,0H) tends to disappear, wherees
the pteridine (cx. R = CH,CH,0H) remains uncianged in the

reaction mixture.

(b) Hodel experiments using the methylaminopyrimidins (CIV,

R = methylamino).

| A seriss of reactions similar to that above involvirng the
4~-f=hydrozyethylaominopyrinidinas (CIV, R = NH.CH, CE, 0H) was
carried out using the 4-methylamino analogue (CIV, R = NHCE; ).
oH

OH
O Hyﬁ
R ")\OH R h%\@H

v civ
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The reaotion of di&catyl dimer and 5-amino-2,6-dihydroxy-4-
-methylaminopyrimidine (CIV, R = NHCH;) was investigatsd and
the reaction shown to give products analogous to those obtained
in the reaction involving the pyrimidine (CIV, R = RHCE,CH, 0H).
Thus tho known pteridine (CXI, R = CH;) (or its 6oiaomer)‘1
and an orange-fluorsscing compourd which analysed for either
(CXII, R = CH;) or (CXIII, R = CH;) wers the products of the
reaction, The pteridino (OXI; Re= CEQ) was.not isolatsd but
was direotly cyolised to lumiflavin (cxxv. R = CH; ) using aecid
or alkali. Once again the orange-fluoresoing compound, which vas
alvays precoant in small amounts, did not undergo thie cyclisaticn.
The above experiments are essentially a confirmation of the
results of Birch and Hoyettbnt the conditions used for cyclisation
pf the pteridine intermsdiate are superior to those guoted in

ths literature.

OH OH

cy Y o CRB/T\ Ciy o

9
B
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The reaction of diecotyl trimer with the S5-aminopyrimidins
(CITy R = HHCE@) followed the same course as the dimer reaction
except that the reastion mixture contained 258-d1hjdro~4=hydroxy=
=2-0x0-6,7,8-trimethylpteridine (CX, R = CHy) & known pteridinei6
That this pteridine was the additional compound was checked by
comparison of the reaction mixture with the condensation pro@uct
fron the reaction of diacetyl and the pyrimidine (CIV, Ra CH; ).
Treatment of the crude trimer reaction mixture with hydrochloric
acid brought about cyclisation of the pteridine intermediate

(CXI; R = CHy) to lumiflavin.



(c) Synthesis of riboflavin from pyrimidine and aromatic Precursors.

This section deals with the reaction series involving the
most important of the S-amino-4-substituted aminouracils, the
one which is probably a biological prbcursor of riboflavin, namely
S-anino=2,6-dihydroxy~4-D~ribitylaminopyrimidine (CIV, R = D=
-ribitylamine). The reaction of this pyrimidine with diacetyl
dimer was therefore investigated.

The reaotion gave the oxpected mixture of two products. One
of then, & yellow fluorescing compound, had an ultraviolet
absorp%tion spestrum similar to that of ¥asuda's "G-compdnnd“

(CX, R = D-ribityl)ia but differing from G-compound in R, valus

in oolvent system (4). The sacond product was an orénge-fluoresceni
compound analogous to thos® obtained in the model expariments;
Cyclisation of the yellow-fluorescing compound, vhich by analogy
with the above modol experiments is taken to be the pteridine (CXI,
R = D-ribityl), to riboflavin (CXIV, R = D-ribityl) vas readily
achieved by treatzcnt with either acid or alkali.

The corresponding reaction using diacetyl trimer differed in the
usual way in that ths reaction mixture contained an extra spot when
ezemined on paper ohromatography. This corresponded to the pteridins
(CX, R = D-ribityl, " c-compound" ) which was synthesised
unambiguously by condensation'of diacetyl with the pyrimidine (cIv,

R = D-ribitylemino), Riboflavin (CXIV, R = D-ribityl) was once



mors obtained from pteridine (CXI, R = D-ribityl) by cyclisation

using acid or alkali.

HN X %I%«

R )\ori CHy I« \ﬂ/go
[&V4 R X
“sm m

@ XN

(d) Syntheses of pteridines analogous to Masude's "V-compound® .

Condensation of 5-amino-4~B-hydroxyethylaminouracil (CIV,
R = NHCH,CH,OH) with pyruvic acid gave 7,8-dihydro~2,4-dihydroxy-
~-8-B-hydroxyethyl-6-methyl-7-oxopteridine (CXV, R = CH,CH, OH).
Similar condensation of the 4-methylaminopyrimidine (CIV, R = RHCH, )
éave the 7-oxopteridine (CXV, R = CH;). Both these pteridines
shbwed ultraviolet absorption spectra identical with those given
by Haaudaé‘ for his “V-compourd" (CXV, R = D-ribityl).

At th;a point Naley and Plautcs reported the synthesis of

#*Y-compound¥ itself by condensation of S5~amino=4-D-ribitylamino
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urecil (CIV, R = D-ribityl) and pyruvic acid. Further work on

the pfoblem was therefore abandoned.

(@) Self-condensation products from S5~amino-4-substituted

aminouracils (CIV, R = substituted amino).

The ease with which S5-amino-4-substituted aminouracils
vndergo self-condensation has already been mentioned. Thus
the di-fofﬁyl derivative of S-amino-Zg6-dihydroxy-4-é—hydroxyethyl-
eminopyrimidine (CIX) was heated for several hours in acid
solution. A yellow crystalline product was obtained from this
self-condenaation reaction, This product had an analysis which
indicated a pyrimidopteridine structure analogous to the
compounds recently prapersd by Taylorl.o6 The ultraviolet
spaectrum of this self-condensation product was also in fair
agreement with that of the compounds prepared by Taylori,06
wﬁich were all derivatives of 2-aminopyrim1diné, and were
prepared byre ction of alloxan (CXVI) with p&rimidines of the

10721038
type (CXVII, R = sugar amino or alkylamino). In earlier papers



using 4;5-diaminopyrimidinas and alloxan Taylor et s8l. had shown

that structure (CXVIII) was preferred to (CXIX) for these

pyrinidépteridinas.

O

Condensation of 5-amino-2,6-dihydroxy-4-f-hydroxyethylamino-
pyrimidine with alloxan using the method of Taylor’,'o6 or &
ﬁodificatioh in which the 5-gminopyrimidine was madé by
reduction of the 5-nitro analogue with sodium dithionite rather
than witﬁ ginc dust in dilute mineral acid, gave a pyrimido-
pteridine for ;hich by analogy with Taylor's work?oa.lo?’loa
the structure (CXX, R = CH,CH,OH) is preferred to the struoture
(CXXI,R = CH%CHEOH)° This synthetic produ&t was idéntical #ith

the product obtained from the self-condensation reaction in
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fluorescence, ultraviolet and infrared spectroscopy, and in RF
value on paper chromatography using solvent system (B). The
self-condensntion reaction therefore involves the elimination

of 1 mole of ammonia and 1 mole of ethanolamine per twe moles

©
Ho ~ L
Nthrzfj[::f§1§§q/<L§D
Mol

XXX S

of pyrimiaine;

HO

OH OH
ON
N

HO Nﬁi\OH H OH

|
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An unambiguous synthesis of the pyrimidopteridine (CXX,
R = CH,CH,OH) using barbituric acid (CXXII) and 2,6-dihydroxy-4-
~B-hydroxyethylamino~5-nitrosopyrimidine (CXXIII) was attempted
but the product proved to be a mixture of two compounds of iery
similar solubilities. Separation was achieved using paper
chromatography in solvent system (B) and by repeated recrystall-

isation from dilute hydrochloric acid, and the less mobile



component of the mixture was shown to be identical with the
self-condensation product in fluorescence, Ry value, and in its
ultraviolet and infrared absorption spectra. It seems likely
considering this evidence that the preferred structure (CXX,
R = CH,CH,0H) is the correct one. Further evidence gould be
gained from degradative studies of these pyrimidopteridines.

in a similar way prolonged self-condensation of the
4-methyiaminopyrimidine (CIV, R = NHCH; ) gave a pyrinmidopteridina
(CXX, R = CH,) identical with that obtained by condensation of
alloxen with the same pyrimidine (CIV, R = NHCE ).

Reactions involving the 4-D-ribitylaminopyrimidine (CIV,
R = D-ribitylamino) also gave a crystalline p;oduct-which was
readily idsntified as a pyrimidopteridine by.its characteristic
fluorescence. This pyrimidopteridine from self-condensation
was idéntical, as in-gll other cases; with the product of
the reaction of alloxan and the pyrimidine (CIV, R = D-ribityl-

amino), and therefore has the structure (CXX, R = D-ribityl).




SUMZARY

Two important observations can be made on the results
detailed in Part II of this thesis. The first is that the
reaction of diacetyl trimer with 5-amino-2,6-dihydroxy-4-D-
ribitylaminopyrimidine to give "G-compound" and the pteridine
(CXI, R = D-ribityl) may provide the link between the two
separate theories of the biosynthesis of riboflavin préposed

1 ' 56 788
The early high specific activity

62 51 %6
by Hasuda and Birch.

of labelled '*G-compound' isolated from A.gossypii compared

with the riboflavin produced would now be quite consistent

with it not being an intermediate, and the non-conversion of
#G-compound?! tao riboflavin using growing cultures of gfashbxiies
or éﬁgossxpiiaa would be a fully expected result.

The second observation is that is strikingly evident that
ritrogen 8 of the pteridins must ba substituted befors pteridines
of the side-chain type will cyclise to give a three ringed
nucleus using the dilute acid cyclisation developed during the
course of this study. In other words using the pteridine (CV)
cyclisation to lumichrome (CVII) proceeds only at strongly
alkaline pH values, but using the pteridines (CXI, R = alkyl or
sugar) cyclisation to the isoalloxazine (CXIV, R « alkyl or sugar)
is effected throughout the range of pH values 1-6 and 13. This
greater ease of cyclisation of N-8 substituted pteridines to

isoalloxazines probably explains the inhibitive effect on
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flavinogenssis of nearly all the unsubstituted diaminopyrimidines

42
used in tests involving E.ashbyii.
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Compound

. OH
pol

=T - R - B - B - R -

01, R? HH

N(Cﬂa )2' R' = H
FH.CE, .CE, OH, R* = H
HO.CE, .CH, OH, R'= NO

Cl, R* = KNG,

B, R' = N,

OH’ R‘ = Hoz

HH.CH, CH, OH, R'=N0,
NH.CH, CH, OAc,R'= KO,
NHCHy , R' = NO,

NH.CH, . (CHOH), .CH, OH,

R' = NQ,

7\ neXxo.

TABIE 2.

220(8,600),

220(23,300),
220(25,700),
216(8,300),

281(8,000),

223(19,000),
226(11,600),
218(15,800),
220(19,100),
228(23,000),
216(17,900),
227(23,500),
218(16,250),
224(19,000),
218(15,700),
228(25,700),

217(17,900),

(mu) (€ in parentheses) in
H,0 at pH given.

278(10,300)
270(23,300)
266(21,600)
310(18,000)
315(8,600)
514(12,700)
334(14,900)
318(7,800)
330(10,500)
324(13,400)
333(11,500)
321(12,800)
337(15,250)
322(11,600)
338(14,200)
323(14,200)
336(17,000)

pH13
pal3
PH13
pH13
238 §
pll
PEL3
pH1
pﬂl}

- pH1

PHL3
pH1
pH13
oH1
pH13
pH1

pH13



TABIE 2
Compound
R = N(CE; ), s R' = NG,
HA Py
HN N///L‘OH
R

R = CH,CH, OCHO
R = CH,

101

(Contd,)

xmaxo(mu) (& in parentheses)
in H,0 at pH given

240(13,400), 346(4,800) pH1

.225(139000)r 356(99200) PH13
221(22,500), 268(17,700) pH13
218(21,500), 266(17,900) pH13



mex. (mu in parentheses)
Gompound : X in &‘,O)aggpﬁ glven

& = shounlder

CX, R = CE,CH,0H  256(14,700), 276*(10,100), 408(11,500)  pHl
250(18,600), 280(10,700), 312(14,200)  pH13
CXV, R = CE, 261(13,800), 324(14,600)  pHL
220(10,700), 256(6,200), 286(7,600)  pHL3
358(10,700),
R = CH,CH, OH 281(10,500), 326(10,600) pH1
| 221(12,100), 259(7,100), 288(6,500) pH13
356(11,000),
244(13,200), 360(7,000) pE13
248(18,700), 362(6,900) pH13
CXIV, R = CH, 222(25,900), 265(27,800)  pH1
375(8,800),  440(9,100)
220(36,600), 269(33,700)  pH13
353(9,100), 444(9,300)
R= CH,CH, OH 223(31,100), 267(29,600)  pH1
576(9,900),  444(10,900)
222(27,700), 270(35,800) pH13
| 556(11,700), 446(12,500)
R = D-ribityl 223(35,500), 267(35,500) pH1
376(10,700), 445(11,500)
222(26,600), 270(31,700) pE13
- 356(10,600), 447(10,600)
CXII, R = GHj 260(21,300), 298%(10,200), 434(12,000)  pH1
226(22,300), 272(18,300), 456(16,100) PHE13
R.CE;CH,08  260(16,200), 30d"(9,000), 430(10,900)  pHI
224(19,200), 272(15,800), 454(14,500) pH13



Compound

CXX, R = CHy
» R=CH, CH, OH

R = D-ribityl

Self-Condensation

Eethyl Series

f-hydroxy ethyl
saries

D=ribityl series

(mu) (2 in parentheses)
in E,0 at pH given

Amaxo
222(25,100) 277(10,900), 418(24,000)
236(32,700),272(14,400), 431(35,500)
228(20,400),278(9,300), 422(20,800)
231(29,100),272(13,100), 436(51,400)

230(22,600),280(10,300), 422(22,200)
230(27,100),272(11,900), 436(26,600)

222(21,300), 276(9,600), 416(20,000) -
238(25,600), 278(9,200), 430(25,800)
228(21,000), 280(9,300), 422(22,300)
232(28,200), 272(12,100), 437(29,700)
232(29,000), 280(12,700), 422(31,200)
232(25n400). 276(10,000), 434(30.900)_

pH1
PH13
pH1
pH13
PEl
PH13

pH1
PE13
pHEl
pﬁl}
pH1

pH13



EXPERIMENTAL

109
2,4,6-Trihydroxypyrimidine (" barbituric acid® ) . - Ethyl

malonate (80 g.) and urea (30 g.) in absolute ethanol (250 c¢.0.)
were cdded to sodimnm ethoxide (11.5 g. of sodium in 250 c.c.
absolute ethanol) and the mixture was refluxed for 7 hr. in an
oil-bath at 100-110°. Hot water (500 c.c. 50°) was then added
followsd by 12N-hydrochloric acid (47 c.c.). After stirring

the solution was filtered and left to stand overnight at 0°,

The czyétalline product was collected, washed with cold wator
(50 c.co), and oven-dried at 100-110° for 2 hr. to give off-white

crystals (50 g., T8%), m.p. 240° (decomp,) [lit..lo9 nm.po 240°]

2,4,6-Trichloropyrinidine.’ - 2,4,6-Trihydroxypyrinidins
(50 g.) wes added portion-wise over 10 min. to a mixture of
diethylaniline (95 c¢.c.) and phosphoryl ehloride (156 ¢.0.),
efter which ths vhole was refluxzed for 5 min., cooled, and poured
on ice (600 g.). The mixture was extracted with ether (750 ¢.c.)
and the ether extract was dried over anhydrous sodium sulphate,
The ether was removed by evaporation in vacuo and the oily residus
was subjected to fractional distillation at reduced pressure, the
fraction of b.p.110° being collected to give the trichloro-
pyrimidine (48 g., 66%) es o clear viscous oil with extreme

vesicant properties.
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4-Chloro-2,6-dihydroxypyrimidina (*'4-chlorouracil® ). -

2,4,6-Trichloropyrimidine (48 g.) was refluxed for 16 hr. in a
solution of sodium hydroxide (41.8 g.) in water (420 c.c.). On
cooling the sodium salt of 4-chloro-2,6-dihydroxypyrimidine
separated out, and this was converted to the free pyrimidine

by the addition of 12N hydrochloric acid (50 c.c.). The product
was collected, washed with water, and dried over silica gel, to
give the pyrimidine as a white powder (35.2 g°;A92%), mopo. 300°
(decomp.), showing one spot on paper chromatography.

Reaction of 4-Chlorouracil and Ethanolamine in Dimethyl

Pormanide. - 4-Chlorouracil (3 g.) and ethanolemine (3 g.)

were refluxed together for 2 hr., in dimethyl formamide (50 c.c.)

On cooling a white product (0,275 g.) was precipitated and
collected, the filtrate on reduction of volume gave a further

crop (0.8680 g.). The two crops were bulked and twice recrystallised
from weter to give white plates (0.75 g.)s m.p.»300°. (Found:
Cy46.43 Hy5.23 Ny2T7.5. Calc. for CyHyl,Q,. C,46.43 H,5.83

Ny2701%.

4-Dimetg;;am1no-2,6-d;gydrogigz;imidine,- (a) 4-Chlorouracil
(0.5 g;) end dirmsthylamine (3 c.c. of a BE%IE/Q alcoholic solution)
were heated at 120° for 4 hr. in ethanol (25 c.c.) in a sealed tube.
The resuiting solution was tﬁken to dryness and the residue was

recrystallised threo times from water to give white plates

(0.375 g.) of 4-dimethylamino-2,6-dihydroxypyrimidine, m.po »» 300°



(litito mePo > 300¢) which was identical with the product of
reaction immediately above in infrared absorption spectrum and
on paper chromatography. (Found: C,46.5; H;5.5) N,27.0. Cale.for
CoHpl; Q. Cy46043 Hy5.83 [,27.1%).

(b) 4-Chlorouracil (0.5 g.) end dimethyl formamide (25 c.c.)
garae reflﬁzed together for 2 hr. The product was shown by
paper chromatography and light absorption to be identical with
4-dimethylamino=-2,6-dihydroxypyrinidine. ‘

4-p-Hydroxyothylamino~2,6-dihydroxypyrimidine. ~ 4-Chorouracil

(2 g.) and ethanolamine (2 g.) in water (50 c.c.) were heated
together st 140° for 2 hr. in a soaled tube. The water was
removed in vacuo and the residue thrice recrystallised from water

to give white needles (0.31 g.) of 4-B-hydroxyethylamino-2,6~

dihydroxypyrimidine, m.p. 256-258° (Found: C,42.03 H,5.23 N,24.3.

CgHoN; Oy requires C,42.13 Hy5.3% H,2406%}

4-f-Hydroxyethylamino-2,6-dihydroxy~5-nitrosopyrimidine. -

4-p-Hydroxyethylanino-2,6-dihydroxypyrinidine (0,13 g.) was
disgolved with hoating in 2R-hydrochloric acid (3 c.c.) and the
solution was chilled in a freezing mixture. To the chilled
solution was added, dropwise, sodium nitrite (0,16 g.) in wﬁter
(1.6 c.c.). The mixture was allowed to come to room temperaturs,
and the pink solid (0.133 g.) was collected. The product was
twice racrﬁatallisad from water to give 4-f-hydroxyethylamino-
-2,6-dihydroxy-5-nitrosopyrimidine aa'purple plates, m.p, 240°

(decomp.) (Found: C,36.1; H,3.93 N,28.0. C.HyK,0, requires
Cs36.0; He4.05 N,28,0%0).
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. . .
D-Ribose oxime. = - Sodium ethoxide (1.16 g. of sodium

in 25 c.c. of absolute ethanol) was added to a solution of

dry h&droxylaﬁinehydrochloride (3.6 g,)-in absolute ethanol

(75 c.c.) and the mixture was allowéd to stand overnight.

After removal, by‘filtration, of sodium chloride the filtrate

was heated to 70° and the hot solution treated portion-wise with
D-ribose (5 g.). The mixture waaléllowed to stand overnight at
room temperature after which the product was collected, washed with
ethanol and then ether, to give D-ribose oxime (5.1 g., 93%) as
whité needles, m.p. 139-141° (1it.°® 140°).

Acetylation of D-ribose Oxime. - D-ribose oxime (1.5 g.) was

dissolved in pyridine (12 c.c.) and.treated with acetic anhydride
(9 c.c.) at room temperature. After 3 hr. the mixture was

poured into water (100 c.c.) and the agueous solution was
extracted with echloroform (200 ¢.c.). The chloroform layer was
washed first with 4N-hydrochloric acid and then with water, after
which it was dried over anhydrous so@iﬁm sulphate. Removal of
the chloroform in vacuo gave & clear intractible gum (3.12 g.,
94%) whose infrared absorption spectrum showed acetate and oxime

bands, but no hydroxyl or nitrile bands.

94 |
D-ribitylamine. <~ Pt0, (0.5 g.) was suspended in water
(100 c.c.) and reduced with hydrogen. A solution of D-ribose
oxime (1 g.) in water (30 c.c.) was then added dropwise, and

the whole hydrogenated until the theoretical uptake was obtained.
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After removal of the catalyst the solution was made up to 250 ¢.c,
and was shown to contain amine (0 876 g. based on D-ribitylamlne,
95.7%) bty titration with N//, hydrochloric acid to the methyl-red

end-point.

Ozalote of D-ribitylamine. - D-ribose oxime (1 g.) was
reduced as above ﬁnﬁ the resulting amine solution was run on to
a column-of Anmberlite IRC50 ion-exchange resin (1.5 x 15 om., HY
form)., The column was washed with water (300 c.c.) and the
product eluted with O.1X oxalic acid. The eluate was collected
in 10 c.c. fractions which were tested for acidity and colouration
with niﬁhydrin. Those fractions which were both neutral and
positive to ninhydrin were examined in péper chromatogréphy the
papers being daveloped using periodate solution followed by Schiff'
raagent. By this method the eluate of the column was shown to
consist of at least two amines.

4-Amino-2,6-dihydroxy~5-nitropyrimidine, - 4-Chlorouracil

(3.5 g.) wes d1ssolved gredually in 36N sulphuric acid (11 ml.)
at <45°. Fitric acid (d,1.5; 3.8 ml.) was slowly added with
otirring maintaining the temperatuie at 0° The solution was
then kept at room temperature fgr 30 min. until a solid was
precipitated. The mixture vas then treated with ice (80 g.)
and fhe pH of the solution was adjusted to éH? by the addition
of 10N ammonium hydroxide. Recrystellisation of the collected
preduct ga%e 4-amino-296-dihydroxy=5-nitrobyrimidine as a white

‘ 11 L
crystalline solid (2 g.) m.p.»330° (li%o, Mo Po ;>330°) (Found:
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0'2506§ H'Soz- Calc. for C‘H‘N‘Q‘oﬂz(). 0'2503" E,}oz%t)o

4~Chloro-2,6-dihydroxy-5-nitropyrimidine. - 4-Chlorouracil
(5 g.)-was é;ésolved gradually in 36N sulphuric acid (6 ml.) at
£ 45°. Nitric acid (251,53 5.3 ml,) was slowly added with
stirring at 0°, The solution was then kept.at roon temperature
for 30 ﬁino until soiid precipitated, after which it was treated
with ice (20 g:). The vhite product was collected, washed with
water (2 x 20 ml.), and dried in vacuo over phosphorus pentoxide
Yield 2.35 gos MoDPo 220-222°, (Found: C,25.8y H,1.5. CeH, N3 0,C1
requires C,25.13 Hy1.1%).

2,4,6-Trihydroxy-5-nitropyrimidine. = The filtrate of the

innediately ebove reaction after removal of 4-ch16ro-2,6-dihydroxy-
~5-nitropyrimidine was diluted with water to 100 ml, and left
overnight at room temperature. The white cryatailine product
wes collected and dried to give 2,4,6~trihydroxy-5-nitropyrimidins
(1.6 go)s mopo 180° (littto _181') identical with an authentic
sample of this compound in paper chromatography, and ultraviolet and
infrared abéorption,.and showing no depression on taking a mixed
melting-point.
4-p-Bydroxyethylamino-2,6-dihydroxy=-5-nitropyrimidine. -
4-0h10ro-2,6—dihydroxy-S—nitrogyriﬁidina (1 g-) in ethanol (50 c.c.)

was treated with ethanolamine (2 equivalents). The mixture was
then heated to boiling and treated with water drop-wise until all

the product just dissolved. On cooling 4-B-hydroxyethylamino-2,6-

dihydroxy-5-nitropyrimidine separated out asgfine white needles




(1008 go)’ Mo Pe 217-219'0(F°und3 CQ5306‘ HQBOBS N,2602a
Ceﬁaﬁqoa rﬁquires 0’5503§ H,Bo?' N,2600%).
4~-p-Acetoxyethylamino-2,6-dihydroxy-5-nitropyrimidine.=-

4-p-ﬂydroxyethy1§m1np-2,6-dihyaroxy-5-n1tropyrimidine (1 g.) was
tréated with pyridine (10 c.c.) and acetic anhydride (16-¢oco).
end the mixture was heated for 20 min. on a steam bath. After
stending ovefnight at 0° the mixture was filtered and the product
récrystalliaed from water to give the acét#fe (-5 g.) as white
needles, m.p. 326°. The filtrate, after destruction of excess
acetic anhydride with ethanol, was reduced in volume in vacuo to
give a further crop of the acetate (0.3 g.) which after one
recrystallisation from wator also melted at 326°. (Founds

Cs37035 Hy3.53 N,22,1. CgH, N 0 roquires C,37.2y H,3.93 N,21,7%).

4-Nethylamino-2,6-dihydroxy-5-nitropyrimidine. - 4-Chloro-2,6-
-dihydroxy~S-nitropyrimidine (1.3 g.) in ethanol (€0 c.c.) was
treated with meihylamine (2 equivalents) in alcoholic solution
(53}53/%)ﬁ The mixture was heated to boiling and treated with
Just enough water to effeqt solution. On cooliﬁg 4;methylamino-
-2,6-d1hydroxy-5-nitro@yrimidine separated out as lustrous white
needles (1.1 g.), m.p.»330°. (Found: C,32,13 H,3.63 §,29.5.
CyH,N, 0, requires C,32.33 H,3.33 N,30.1%).

2,6-Dihydro -5-n1tro-4—D-ribit4laminop rimidine, - D=Ribose
Xy 24 Oy

oxime (6,6 g.) was hydrogenated using Ptch (2.6 g.) as catalyst
according to the procedure reported above. When the hydrogenation

was finished the catalyst was reméved and -the amine solution
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trected with a solution of 4-chloro-S=nitrourscil (3.9 g.) in
ethanol (265 ¢.C.) at room temperature. The reéulting mixtu;e
aés left to stand for 24 hr. at room temperature and the solid
product (1 g.) was then collected. This product was 1dentiqg1
with 4-amino;2,6-dihydroxy-S-nitropyrimidine whgp conpared with
an authentic sample of this pyrimidine using infrared and ultra-
violet absorption spectroscopy, and paper chromatographic
techniques.,

The filtrate which still contained two other pyrimidines by
exanination using paper chromatography was treated with ammonia
and formic acid until the solution w=es buffered at pHEl0.T. 'This'
solution was next run on to a column of the anion exchanga rosin
(Amberlite CG 400; formate form)‘ﬁhich had been previously
prepared by washing with ammonium formate buffer (%/io<v1th
respact to formic acid) at pE 10.7. When all the pyrimidine
solution had been ebsorbed on the column thorough washing with
the amnonium formate buffbr'(gVﬁp‘with respect to formic acidj
pEloof) was commenced. No product was eluted at this stage. The
pH of the buffer‘solution (still M 10 with respect to formic acid)
was now changed to 7.4 and a bright yellow pyrimidine was eoluted
from the column in a fairly broad band.. This pyrimidine shows
ultraviolet absorption maxima at 322mu at pH1l, and 334nmu at
pHE13, and is as yet of unknown constitution.

The buffer solution was next changed to one of pH4 (g/fO'with

respect to ammonia) and ths eluate soon gave & pyrimidine in &



nerrow band. All fractions tontaining this pyrimidine; checked

by paper chromatography and ultraviolet absorption spectroscopy,
were bulked and the water was reduced in volume in vacuo at a
temperature‘not exceeding 40°. When only about 10 c.c. of agueous
solution remained ethanol (500 c.c.) was added and the resulting
white precipitate was collected. The pyrimidine was freed of eny
ammoniun formate by boiling in ethanol (150 c.co) in which

cmmonium formate is soluble., The white pyrimidine (2.7 g-) could

not be crystallised, m.p. 203-204°. (Found: C,33.83 H,4.8; N,17.4.
CoHy, 740, IO requires Cy33.35 Hy5.03 H,;17.3%) [c];s + 405° in T, 4
sodium hydroxide (2310125)0

Ths‘ribitylaminOpyrimidihe showed an uptaks of 2,7 mol. of

periodic ecid on oxidation.

2,6-Dihydroxy~-4-dimethylamino~5-nitropyrimidine. - 4-Chloro-
-2,6-dihydroxy-5-nitropyrimidine (1 g.) in ethanol (50 c.c.) was
treated with a solution of dimethylamine in methanol (33% w w)
Just to slkaline reaction with narrow-band indicator paper (B.D.H.
pET-8.5). After 15 min. at room temparature the product was
collected and recrystallised from ethanol to give the pyrimidine
as bright yellow needles (0.8 g.), m.p. 186-189° (Found:A0,3602;
H,3.93 K,28.4. CgzH,N,0, requires C,36.0y H,4.03 N,28,0%).

Proparation of Anion Exchange Resins for Aldol Condensations

113
of Diacetyl. - The resins used for the purpose were Amberlite

CG 400 and Amberlite IRA 400. Both were prepared by washing with
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5% sodium hydroxide solution until the eluate gave & negative test
for chloride ion. The resins were then washed with water till
free of all excess sodium hydroxide and dried overnight at 30°. The

resins wero used within 24 hr of drying.

Diacetyl Dimer (5-acetyltetrahydro-2-hydroxy-2,5-dimethyl-3-oxo

510103
furan). Lo (a) During & period of 1 hr. N-potassium hydroxide

solution (350 c.c.) was allowed to drop into a stirred solution
of diasétyl (100 g.) in water (300 c.c.) while the reaction
nixturo was maintaiﬁed at 0°. The pale yellow solution after
acidification with 107 sulphuric acid was extracted with ethor
(750 coco). - The ethereal extract aftor drying over anhydrous
sodiun sulphate was taken to dryness in vacuo and so gave a
yellow viscous liquid (60 g.). The liquid was fractionzlly
distilled at 89}/692 mm. and this procedure gave a pale yellow
gum which,could not be crystellised. The product had boiling
point 89° at 0,2 mm. (Diels, Blanchard and D'Heyden give 89° at
0.2 mm.) and its 1nfrared absorption spectrum showed peaks at
3,576, 1720 and 1770 cn> (Birch and Moye give 3,600, 1720 and
1770 cmo-i).

(v) Diacetyl (30 c.c.) was treated portion-wise with the anion
exchange resin (Amberlite CG 4003 OH form ; 10 g.) and the

mixture was shaken and left to stand overnight at room

temperature. During the nmixing procedure a slight increase in

the temperature of the reaction was allowed, bdut any tendency for
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the reaction to become vigorous was checked. The resulting paste
was trested with ether (100 c.c.) and the ion-exchange resin was
removed by filtration. Removal of the ether then gave a faint
yollow liquid (19 g8.) which was identical to that obtained by
procedure (a) on infrared spectral comparison.

Diacetyl Trimer. (a) Diacetyl (30 c.c.) was treated

portion-wise with the anion exchange resin (Amberlite CG 4003 OH
formy 10 g.) as in the preparation (b) of diacetyl dimer, except
that on this occasion the reaction was slowed down by rigid control
of the tempsrature. When the reaction mixture becams very
viscous (3-5 days) it was treated with ether (100 c.c.) and the
exchange resin was filtered off. Removal of the ether gave a light
yollow gumn to which water (3 c.c.) was added and the whole
r@frig?ratadvovernighto' The resulting crystals were collected and

recrystallised from ether to give white needles (2 g.), mop. 66=-75%.

Ths compound had a molacular weight of 251 (elevation of the
boiling point of benzene) which indicated thatiit was & trimer
of diacetyl (M.W.258). X-Ray orystallographic studies showed the
crystal to be monoclinic and showed the unit 0;11 to contain
12 diacetyl units, and this result also suggests a triner. The
elementary analysis also indicated a polymer of diacetyl (Founds
Co55.93 H,7.2. (CeEg Oy ), Tequires C,55.8; H,7.0%).

The trimer shows no absorption in the ultraviolet, but absorbs

in the infrared where it has a vefy complex spectrum with a very
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strong carbonyl band at 1706 cle (open chain ketone) and baﬁ¢a at
3436 cmoul(bH).and 2976 cm.,'11 (C-CH; ). The N.M.R. spectrum of

the trimér indicates that there is only one aldol liqkago in its
formation,

(v) Diacetjl (25 c.c.) was treated with the anion exchangs resin
(IRA 4003 OH forms 8 g.) and the mixture was left at room
temperature until crystals separated out and the whole becams
solid (3=5 days). The resin was removed by solution of the
crystalline product in ether (200 o.co)'fpllowed by filtration.
Removal of the ether gave & crystallins mass, which on recrystallisa-=
tion (twice) from ethef gave white needles-(605 80)s MoPo TO=TT®,
identical on infrared spectral comparison with the product of

preparation (a).

Treatment of Diacetyl Trimer with Periodic Acid. - (a) The
trimer of diacetyl (0.4954 g.) was treated with sédium metaperiodate
(25 c.c. of & solution containing 5.3996 gﬁoo' c.C.) and ths
volume was made up to 50 c.c. After 4 hr. the periodate contant
of a 5§ c.c., aliquot of this solution was determined using 0.1042K
sodium arsenite solution. A blank solution similar to thes above
but without any trimer was made up, and the periodate content of
a 5 c.co aliquot of it was likewise estimated.

The positive aliquot required 4.8 c.c, of sodium arsenite,
and the blank aligquot required 12 c.c. of sodium arsenite. These
,résults show an uptake of pariodate equivalent to 1.96 moles per

mole of trimer.



(b) Tho above procédurg was repeated except that on this occasion
titrations were mede after 2 hr., 4 hr., 6 hr., and 24 hr. These
showed uptakes of periodatq equivalent to 1.75, 1.93, 1.98 and

2,05 moles per mole of trimer respectively.

(c) Diacetyl trimer (0.2572 g.) was treated with exactly 2 moles

of sodium metaperiodatgv(lo c.Cc. of a solution containing 4.8664 gz//
100 c.c.) and the solution was made up to 25 c.c. after 4 hr, &

5 c.¢. aliquot of the solution was titrated and the periodate

uptake was shown to be 1.95 moleg/;ole of trimer. The remaining

20 c.c., of the solution wera treated with ethylena glycol (0.1325 g.)
énd after a further § hr. with dimedone (1.0109 g.). The mixture
was heated for 10 min. at 90° and so gave the formaldehyde~dimedons
ccaplex. The solid was collected and dried to give a white powder
(0.7662 g.y 73% based on initial sodium periodate present)

mep. 190° (1it., 189-190°).

51?103
' 254-Dihydroxy-6,7~dimethylpteridine, - 4,5-Diamino-2,6~

dihydroxypyrimidine sulphate (2.5 g.) in water (80 c.c.) was
treated with diacetyl (2 equivs.). The mixture was heated on a
steam bath until everythiné had gone into sélﬁtion, after which
it was left overnight at 0®°, The product was collected, washed
with water, and dried at 100° to give the pteridine as colourless
needles (1.6 g.), m.p. 340° (litit 340°).
7-(2'--.}_?;(11'0:1-2'-methyl-}'-oxobutzl)f2,4—fl§gldr051-6-mgfgzl=

pteridine. -  (a) 4,5-Diamino-2,6-dihydroxypyrimidine sulphate
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(0.5 g-) in water (25 c.c.) was treated with the diacetyl dimer
(2 equivs.). The mixture was heated until complete solution,

treated with charcoal, filtered, and left at 0°. 7-(2'-Hydroxy-2'-

methyl-3'-oxobutyl)=-2,4-dihydroxy-6-me thylpteridine thus precipitated

as golden plates which were twice rocrystalliscd (charcoal)-from
water to give light yellow orystals, (0.26 g.), m.p. 226-228°,
Further recrystallisation gives m.p. 230-232° (lit.s,1 230-232°).
(Founds C,51.5 H,5.2. Calc for C,,H  Me0. C;51.8s H,5.1%).
(b) Diacetyl trimer (1.85 g.) was dissolved in water (40 c.c.)
by heating on & steam-bath, and 4,5~dicmino=-2,6-dihydroxypyrinidins
sulphate (2,45 g.) was addsd, Heating was continued to complete
solution, charcoal was added, the.soiution was boiled for a fow
minutes and then rapidly filtered. After standing overnight at 0°
the off-white product was collected and twice recrystallised from
wate?, using charcoal, to give the pteridine as light yellow prisms,
(0.6 g-)p mopo 227=-229°. This product was 1daﬁtical with that
obtained in method (a) in paper chromatography, ultraviolet and
infrared spscira, and in its esubscequent convertibility to lumichrome
(bélow)o_
Further examination of the mother liquors of this reaction,
both by éaper chromatography and ultraviolet spectroscopy, showed
that they confﬁined'2,4-dihydroxy-6,7-dimethy1pt;;idine.
2,4-D1§1gr5§1-7,B-dimeygx;fbenzo[g]pteridiné,(ﬁﬁmiohrome").

(a) The ptdriéine.(cv, 0.35 go) was heated at 100° in N-sodium
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hydroxide solution (35 c.c.) for 1 hr, On cooling the sodium salt
of lumichrome was deposited. The mixturoc wsas aéidified yith
2N-hydrochloric acid and the gelatinous yellow lumichrome (0.29 g.)
was collected, washed with water and dried, m.p. > 300° (;ig,ixs

D 300°).

The ultraviolet absorpiion spectrum of the product at pHiS
showsd psaks at 222, 260, 340, and 428 mu, which is 1dentiéal with
that of an suthentic spscimen of lumichrome.

(S) The procedure in (a) was repeated using E{,-sodium hydroxide
in placs of N-sodium hydroxids end the product was again shown by
ultraviolet spectroscopy and paper chromatography to be lumichrome.
(¢c) Tho procedurs in (a) was repéated using §{,-hydrochloric acid
in pléd@ of N-sodium hydroxide. On this occasion heating was"
continued for 6 hr. On cooling the pteridine starting material
was recovered;, and paper chromﬁtography of the reaction mixture
showed no traces of lumichroms.

| Di-formy) Derivative g;_5-95192,2.6-d1gxdrng-4-p-gxggggg
ethylaminopyrimidine. = 2,6-Dihydroxy-48-hydroxyethylanino=5-

-nitropyrimidine (0.5 g.) was dissolved in 98% formic @cid (20 c.c.)
and the'sélution.was treated with zinc dust (0.6 g.). Tﬁz mixturs
vas refluxéd for 8 hr. and the zinc salts weré removed by
filtration of the still hot solution. Inmediaté sddition of
ethanol (2% ¢:cs) and ether (200 c.c.) to the £iltrate gave &

white precipitate (0.4 g9), which was.collectéd, washed with ether,

and freed of eny traces of formic acid by standing over sodium



hydroxide pellets in vacuo. Recrystallisation from water

gave white needles (0.22 g.) m.p. > 325°. (Found: C,39.7s H,4.3s

§,23,3. CuH,,N,05 requires C,39.7; H,4.23 N,23.1%).

The Formyl Derivative of 5-Amino-2,6-dihydroxy-4-methylamino-

Bgrimidin?. - 2,6-D1hydroxy-4-meth&lamino-5-nitropyrimidine (0.33
g,) vas dissolved 15 98% formic acid (20 c.c,) and the solution
was treated at 90° with zinc dust (0.5 go.). After the initial
reaétioﬁ had subsided the mixture was heated at 90° for 10 min,
~and then filtered hot tolrémdve zinc salts. Immediate addition
of alcohol and ether to the filtrate precipitated the pyrimidins
as a white solid (0.25 g.). Recrystallisation of the white solid

from water gave the formyl compound as long white needles (0019 g.)

mop°:>5259 (Found: C,39.03 H,4.43 N,30.1. requires Cs39.13 Ho4.44
N;30.4%).

2,8-Dihydroo44hx§rg££fﬁ-Begydrogyeggxly6,7-dimethx1-2fggg¢
Eteridix;\e. - (a) 2,6-Dihydroxy~-4~B-hydroxyethylamino-5-nitroso-
pyrimidine (0,3 g.) in water (50 c.c.) was hydrogenated using a
palladium charcoal catalyst (10% palladiums 0.15 g.). When the
upteke reached theoretical (20 min,) the hydrogen in the apparatus
was replaced by nitrogen and the solution was treated with
diacetyl (0,3 g.3 100% excess) in alcohol (25 c.c.). After 30 min.
the catalyst was renoved by filtration and the bright green
fluorescing solutioﬁ was réduced in volume at leaé than 40° to

circa 10 c.c. and refrigerated. The resulting crystals were

collected and twice recrystallised from water to give the



oxo-pteridine as dark-orange needles (0.05 g.)s mopo 270° (dec.)

(Founds C,51.05 Hy5033 N,23.8. C, oK ;N,0p requires C,50.83 H,5.1;
N,23,7%).
(b) 296~Dihydroxy-a-ﬂ-hydroxyethylamino-5-nitropyrimidine

(0.4 g.) in water (50 c.c.) was hydrogenated using platinum oxide
(0.2 g.) as catalyst. After the theoretical uptake was reached (5 hr.)
the reaction mixture was treated as in procedure (a) and gave ths
oxopteridine as orange needles (0.08 g.), m.p. 270° (dec.). The
product was idantigal with that obtained in procedure (a) on
comparison using ultraviolet and infrared spectroscopy, and using
paper chromstography.

(¢) 2,6-Dihydroxy=-4--hydroxyethylemino=5-nitropyrimidines (0.5 g.)
in water (75 c.c.) was hydrogenated using platinum oxide (0.2 g.)

es catelyst in the manner of procedure (b). On this occasion,
however, when the hydrogenation was complete diacetyl trimer (0.5 g.)
vas cdded in placs of diacetyl. The work~up was then as in (a) and
(b) and the initial orystalline product (0.42 g.) was twice
recrystallised from water to give bright orange needles (0.075 g.),
n.p. 270° (dec.). This product was shown to be identical with

those of procedures (a) and (b) by all the normal identification
techniques.,
Reaction of Diacetyl Dimer with 5-Amino-2,6-dihydroxy-4-f-

hydroxyethylaminopyrimidine. - (&) 2,6-Dihydroxy=-4-B-hydroxyethyl-

cmino-5-nitropyrinidine (0.5 g.) was dissolved in water (10 c¢.c.)

and made alkaline with 10% sodium hydroxide (3 c.c.). The solution

was roduced with codium dithionite in the usual manner and after the



finish of the reaction the pH was adjusted to 4 by the addition
of l2f-hydrochloric ecid, The solution was then treated with
diacetyl dimer (0.5 g.) and the mixture was heated for 15 min. at
90*. The orange solution was examined in paper chromatography
using solvent system (A) and was shown to consist of two spotc.
The one of lower RF value exhibited a dbright yellow green
flucrasconos and had the same ultraviolet absorption spectrum as
2,8=dihydro-4~hydroxy-8-8~hydroxyethyl-6,T~-dimethyl-2-oxopteridina
bothAin acid end alkali, but its RF value did nof agree with that
of the latter’compound, The more mobile component exhibited an
orangse fluorescence and had a new typs of pltraviolet absorption
spectrun.

The reaction mixture was separzted using paper chromatography
on sheatsa cof tﬁick filter paper (Whatman Hoolﬁl) and solvent
system (A). ‘The bands from several shests corresponding to the
orange and the yellow green fluorescing compounds wers cut from thz
dried paper and treated with water (total volume 400 c.c, for each).
Wﬁen the coﬁp@unds had basen fully exirasted from the papsr, the
paper was reaovod by filtration end thoe volume of each filtrate
was reduced at low temperature in vacuo to about 10 c.c. 'The
yellow-green fluorescing solution zave a very hygroscopic orange
80l1id which rapidly underwent decomposition to give a,@ark-brown
gum. The orange fluorescing solution deposited bright oreange
crystals (0.025 g.), which recrystallised from water as needles,
Mm.p. 266-268°. (Founds C;54.63 H,5.2; C, ¢H, ¥, 0, requires
Cy55025 He5037)0



<@ da O,

(v) 2,6-Dihydroxy-4-B-hydroxyethylamino-5-nitropyrimidine (Océf go)
wes dissolved in water (10 c.c.) end was reduced ﬁsing sod ium
dithionite in alksline solution as sbove in (a). The reduccd
solution was taken to pH4 by the addition of 12N-hydrochlorie
ecid, and treated with discetyl dimer (0.2% go)ol After heating
for 15 min. at 90° the pE was adjusted to 7 using the required
amount of sodium hydrcgsn c&rﬁonate, end the reaction mixture
treatcd with enough KNesodium hydroxzide solution to give an
overall normality of O.1F. Heating was continued at 90° for &
further 1 hr, at the end of which the reaction mixture was takea
to pEl using 12¥shydrochloric acid and placed in the refrigarator.
Orange crystals (0.025 g.) of 6,7-dimethyl-9-p-hydroxyethyliso
alloxesine deposited overnight, m.p. 300° (littt% 300-301°),

{(¢) The di-formyl derivative of 5-amino-2,6-dihydroxy-4-p-
-hydrozysthylaminopyrimidine (0.5 go) was treated with diacetyl
dimer {1 g.) and 0.1N-hydrochloric acid (10 c.c.) and the nixturs
was heatoed for 8 hr, at 90°. The resulting orange product was
collected and recrystallised from water to give the 9-f-hydroxy=-
ethylisoalloxazire as pure orange needles (0.06 g.) m.p. 300-301°%,
(d) The diformyldderivative of S-amino-2,6-dihydroxy-4-f-hydroxy
athylaminopyrimidine (0.22 g,) was treated with diacetyl dimer
(0.5 g.) and R-hydrochloric aeid (15 c.c.). The mixture wes
refluxed for 30 min.; cooled and filtered to give 6,7-dimothyl-
~9-f-hydroxyethylisoalloxazine as pure orange needles (0,04 go)

NoPo 301°%,
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(e) 2,6-Dihydroxy-4~p-hydroxyethylamino-5-nitropyrimidine
(0.36 g-) in hot water (8.5 c.c.) was treated with zinc dust
(1.2 g.) and 10N-sulphuric acid (1.1 c.c.). The mixture was
refluxed for 10 min. and the zinc residues were %hen filtered
from the still hot solution. Diacetyl dimer (0.75 g.) in water
(5 c.c.) was added to the filtrate and the reaction nixture was
refluxed for 15 min. The mixture was once more filtered, to
remove impurities, and the filtrate was adjusted to pHl using
12N-hydrochloric acid. Refluxing of the reaction mixture for
a further 15 min., followed by cooling, gave 6,7-dimethyl-9-f-
hydroxyethylisoalloxazine as pure microneedles (0.1 g.) mopo
298-300°.

Reaction of Diacetyl Trimer with S5-amino=2,6-dihydroxy-4-p-

hydroxyethyleminopyrimidine. - (a) 2,6-Dihydroxy-4-B~hydroxy-

ethylamino-5-nitropyrimidine (0.25 g.) was dissolved in water

| (10 c.c.) and reduced with sodium dithionite in alkaline solution
in the usual manner. The reduced solution was taken to pE4 by
the addition of 12N-hydrochloric acid, and treated with diacetyl
trimer (0,25 g.). The mixture was heated for 10 min. at 90°
after which it was examined using paper chromatography and
ultraviolet absorption speciroscopy. By these means the mixture
was shown to consist of three compounds, the orange fluorescing
and yellow-green fluorescing compounds encountered in the
reaction with diacetyl dimer (see above) plus a further

yellow-green fluorescing compound which was shown to be 2,8«
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-dibydro~4-hydroxy-8~B-hydroxyethyl-6,7-dime thyl-2-oxopteridine.
(b) 2,6-Dihydroxy-4-p-hydroxyethylamino-5-nitropyrimidins (0.25 Ho)
‘was dissolved in water (10 c.c.) and was reduced using sodium
dithionite in alkaline solution in the usual manner. The reduced
solﬁtion was taken to pIl4 by the addition of 12N-hydrochloric acid,
and treated with diacetyl trimer (0.4 go)« After heating for
15 min, at 90° the pH was adjusted to 7 using the required amount
of ao#ium hydrogen carbonate, and the reaction mixturse treated
with énough N-sodium hydroxide solution to give an overall -
nornality of 0.1N. Heating was continued at 90° for 1 hr. and
the raacfiqn mixture was then rafrigerated. No solid separated
out, butrthe mixture was shown to contain the 9-hydroxyethyliso-
alloxazlng_both by paper chromatography and by ultraviolet
absorption spectroscopy.
(c) The di-formyl derivative of 5-amino=-2,6-dihydroxy-4-f-
-hydroxyethylaminopyrimidine (0.1 g.) was treated with diacetyl
trimer (0.25 g.) and 0.1N-hydrochloric acid (10 c.c¢.) and the
mixturs was heated for 8 hr., at 90°, The resulting orange érystals
(0.03 g.) were recrystallised from water to give 6,7-dimethyl-9-f-
hydroxyethylisoalloxazine as oraﬁge needles, (0.02 g.) m.p. 300°.
(d) The di-formyl derivative of S-amino-2;6-dihydroxy-4-B- -
~hydroxyethylaminopyrimidine (0.15 g.) was treated with diacsetyl
trimer (0.15 g.) and W-hydrochloric acid (10 c¢.c.). The mixture
wgs reflu;ed for 30 min, and then cooled so giving 6,7-dimethyl
-9=f-hydroxyethylisoalloxazine as pure orange needles (0,015 g.),

mopc 399"'300&’0




. The mother ligquors of reactions (b), (c) and (d) above all
- contained considersblo quantities of 2,8-dihydro-4-hydroxy-8-p-

hydroxyethyl-6,7-dimethyl-2-oxopteridine. -

- Reaction of Diacetyl Dimer with S-Amiang,6-digxdroxx-4-

‘methylaminopyrimidine. - (a) 2,6-Dihyd:q{y-4—methylamiquSQ

-nitropyrimidine (0.25 g.) was dissolved iﬂ'water (10 c.c.) and
the golution.was treated with 10% sodium hydroxide (5 c.do). The
nitro group was next reduced to an amino gfou§~as above using
.e0odium dithionite, ana after adjustment of tﬂe pPH of the reduced
solution to 4 diacetyl dimer (0.5 g.) wéa a&ded. The mixture
was heated at 9Q' for 20 min, after which the pH was raised to

7 using sodium hydrogen carbonate. Sufficient sodium hydroxide
was uext addod to give a normality of N ., based on the total
volume of the mixtura, The mixture was further heated at 90' for
1 hr.--‘Acidification wi£h a few drops of‘12N-hydrochloric acid
and extraction with chloroform (100 c.c.) gave a yellow chloroforn
extract whlch showed a bright green fluorescence and which was
shown to contain lumiflavin both by paper chromatography and
qltraviolet absorption spectroscopy. - -

(b) 2,6-Dihydroxy-4-methylamino-5-nitropyrimidine (0.23 g.)
waa?gissolved in waterA(IO c.c.) -and the solution was .treated
with sodium hydroxide and sodium dithionite as in (a). When ths
reduction was complete the pH was adjusted to pH3.5 ;sing 12N-
hydrochloric acid, Diacetyl dimer (0.5 g.) was then added and

the mixture was heated at 90° for 15 min. At the end of this



period the solution was treated with more 12N-hydrochloric acid
to pH1 and heated at 90° for a further 30 min, Extraction with
chloroform (75 c.co) gave a yellow‘aolution‘which on evaporation
in vacuo gave lumiflavin as a pure orange powder (0,03 g.).

The aqueous layer from the chloroform extraction was left
overnight at room temperature and gave an orange solid (0.035 g.),
which was collected, and recrystallised from water to give orangs
neadles, m.p. 258-262°. This orange compound analyses for
luﬁiflavin plus one mole of water (Found: C,55.5; H,5.13
Cy3H; ¢, 05 - 0.5H,0 requires C,55.2y H,5.3%).

Reaction of Diacotyl Trimer witﬁ SeAmino=-2,6-dihydroxy-4-

-methylaminopyrimidine., « 2,6=-Dihydroxy-4-methylamino=5-nitro-

pyrimidine (0,2 g.) was dissolved in water (10 c.c.) and reduced
as abovéo After complefion of the reduction and adjustment of
pH to 3.5 diacetyl trimer (0.28 g.) was added and the mixture
was heated at 90° for 15 min, The pH was next further reduced
using 12N-hydrochloric acid to pHl and the mixture was refluxed
for 1 hr, Lumiflavin separated out overnight Qs bright orange
needles (0.04 g.), m.'po 326° (lit.l,“ 328°), |

Reaction of Diacetyl Dimer and 5-Amino-2,6-dihydroxy-4-D-

-ribitylaminopyrimidine. - (a) 2,6-Dihydroxy=-5-nitro=-4-D-

-ribitylaminopyrimidine (0.25 g.) was dissolved in water (10 c.c.)
and made alkaline with R-sgodium hydroxide (5 c.c.). The nitro
group was then reduced using sodium dithionite as above. ¥hen

the reduction was complete the pH was adjusted to 4 by the
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addition of 12R-hydrochloric acid.r The solution was treated

with diacetyl dimer (0.5 g.) and the mixture was heated for 15 min.
at 90°. The orange solution was examined in paper chromatography
uging solvant system (a) and was shown to consist of two spots
which were identical in fluorescence and ultraviolet absorption
spectnz#ith the two products produced by the reaction of diacetyl
dimer and S-amino-2,6-dihydroxy-4-f~hydroxyethylaminopyrimidins.
(b) 2,6-Dihydroxy-5-nitro-4-D-ribitylaminopyrimidine (0.75 g.)
wes dissolved in water (30 c.c.) and reduced using sodium
dithionite in elkaline solution as in (a). The reduced solution
was taken to pH4 by the addition of 12N-hydrochloric acid, and
treatsd with diacetyl dimer (0.75 g.). After heating for 10 min,
at 90° the pH was readjusted to 7 using sodiunm hydrogen carbonats,
and the reaction mixture treated with enough Nesodium hydroxide
solution to give an overall normality of 0.lN. Heating was
continued at 90° for a further 1 hr. at the end of which ths
reaction mixture was acidified. Riboflavin was shown to be the
product of this cyclisation both by paper ¢hromatography ard
ultraviolet absorption spectroscopy.

(¢) 2,6-Dihydroxy-5-nitro-4-D-ribitylaminopyrimidine (0.2 g.)

was dissolved in water (5 c.c.) and Nesodium hydroxide (2 c.c.)
was added, The solution was then reduced with sodium dithionite
in the uéual nanner, The pH was then adjusted to 1 and the
solution was treated with diacetyl dimer (0.25 g.). The mixture

was heated at 90° for 8 hr., and cooled to give riboflavin as an



orange powder (0.016 g.), m.p. 282°, identical with authentic
riboflavin in all its physical properties.

‘Resction of Diacetyl Trimer and 5=-Amino=2,6-dihydroxy=4-D-

~-ribitylaminopyrimidine. - (a) 2,6-Dihydroxy=-5-nitro-4-D-

ribitylaminopyrimidine (0.5 g.) was dissolved in water (15 co.c.)
and made alkaline with N-sodium hydroxide (5 c.c.). Sodium
dithionite was next added until the solution became colourless.
The reduced solution was taken to pH4 by the addition of 12N-
hydrochloric acid and treated with diacetyl trimer (0¢5 go)s The
mixture was heated for 10 min., at 90° and then the pH was
readjusted to pHT by the addition of sodium hydrogen carbonate,
Examinatiog of the reaction mixture by paper chromatography in
solvent system (A) showed that there were thres main products.

Two of the products were the same as in the reaction with diacetyl
dimer (sce above) and the third was identical both in RF valus and
in ultraviolet absorption data with 2,8-dihydro=4-hydroxy«6,7-
-dimgthyl-Z-oxo-B-D-ribitylpteridine ("G~-compound" ).

The reaction mixture was next treated with enough 0.5N-sodium
hydroxide to give an overall normality of 0,1N, and heated at 90°
for 1 hr. The presence of riboflavin was proved by paper
chromatography and ultraviolet absorption spectroscopy.

(b) 2 6—Dihydroxy-5-nitro-4-D-ribitylaminopyrimidine (0.25 go) was
dissolved in water (10 c.c.) and the nitro group raduced

using sodium dithionite in alkaline solution in the usual manner,

The pH of the reduced solution was adjusted to 6 by the addition of
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12N-hydrochloric acid, and diacetyl trimer (0.25 g.) was added.
After heating the reaction mixture at pH6 and 90° for 10 min,
the pH was readjusted to pHl1l by further ﬁddition of 12N-~hydro-
chloric acid and the solution was refluxed for 30 min, On
cooling riboflavin sepgrated out as pure orange needles (0,03 g.),
. Po 289°(litii 292°).,
7,8-Dihydro-2,4-dihydroxy-8-p~hydroxyethyl-6-methyl-7=-0xo0~
pteridine., - 2,6-Dihydroxy=-4-f-hydroxyethylamino-5-nitropyrimidine
(1 g-) in water (20 c.c.) was made alkaline by the addition of
N-sodium hydroxide (10 c.c.) and was treated with sodium difhionita
until the yellow solution which first went red became colourlsss,
The mixture was then adjusted to pH5 by the addition of the
required amount of 12N-hydrochloric acid, treated with pyruvic acid
(100% puritys 0.8 g.), and heated at 90° for 1 hr. The reaction
mixture was then filtered while still hot and left at room
temperature whereupon crystals raéidly deposited. The crystals
were collected and recrystallised from water to give the pteridine
as long white needles (0.75 g.), mop. >325° (Found: C,45.7;
Hy4.4y N,23.2. CoH, N,0, requires C,45.43 H,4.2y N,23.5%).
748-Dihydro-2,4~dihydroxy~6,8-dimethyl-7~oxopteridine., -
2,6-Dihydroxy-4-metmlamino=5-n1tropyr1mid1ne (1 g.) in w'ater

(30 co.c.) was made alkaline by the addition of N-sodium hydroxide
(10 c.c.) and was treated with sodium dithionite until the yellow
solution became colourless. The pH of the solution was next

adjusted to 5 by the addition of 12N-hydrochloric acid and treated
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with 100% pyruvic acid (0.75 g.). The mixture was heated for
1 hr. at 90°, filtered while still hot, and left to come to
room tempersture. The white crystalline product was collected,

and recrystallised from water s white needles, (0.6 g-), moDo

>325°. (Found: C,46.5s Hs4.23 W,27.2. CgHyN, Oy requires

C,46.23 Hy3.9% N,26.9%). |
2,10-Di§1dr6-10-ﬂ-gxdroixetgzlcz-25274,6,8-trihx§roxypyrimido

[5,4-g]pteridine. - (a) 2,6-Dihydroxy-4-f-hydroxyethylamino-5-

-nitropyrimidine (1 g.) was dissolved in water (20 c.c.) and
reduced using sodium dithionite in alkaline solution. When ths
reduction was complete the pH was adjusted to 3.5 by the addition
of 12N-hydrochloric ecid. The solution was next treated with
alloxan (0.79 g.) and an extremely short-lived purple colouration
developed. The now bright yellow sﬁlution was refluxed for 2 hr.,
cooled, and filtered to give a yellow solid (0.65 g.). Recrystall-

isation from water gave the pyrimidopteridine as bright yellow

plates, m.p. >325° (Found: C,38.03 H,3.Ts Ny2605. C;oHyNg0pH, O
requires C,38.73 Hy3.33 N;27.1%).

(v) 2,6-Dihydroxy-4-p-hydroxyethylamino-5-nitropyrimidine (0.5 g.)
in hot water (12 c.c.) was treated with zinc dust (1.6 g.) and
10N-sulphuric acid (1.5 c.c;). The mixture was refluxed for

10 min, after which the zinc residues were romoved by filtration
of the still hot mixture. The zinc residues were washed ﬁith
water (10 c.c.), and alloxan (0.4 g.) was then added to the

filtrate plus washings. A deep purple colour immediately formed



and persisted during 5 min, The reaction mixturs was refluxed
for 2 hr. to give a bright yellow solution, which on cooling
deposited the pyrimidOpferidine as yellow plates (0.69 g.)-
Recrystallisation from water gave large lustrous yellow plates,
mepo > 325°.

(¢) The di-formyl derivative of 5-amino-2,6-dihydroxy-4-f-
hydroxyethylaminopyrimidine (0.37 g.) was dissolved in 0,1N=-
hydrochloric acid (50 c.c.) and the solution was refluxed for

6 hr. The volume was then reduced to 10 c.c. whereupon the
pyrimidopteridine cryetallised out as yellow plates (0.25 g.),
mePo,” 325%

(d) Barbituric acid (0.3 g.) and 2,6-dihydroxy-4-f~hydroxyethyl-
amino-5-nitrosopyrimidine (0.3 g.) in glacial acetic acid (10 c.c.)
and 12N hydrochloric acid (1 drop) were heated together at 120°
for 9 hr. The reaption mixtgre was treated with efhanol and so
gave a yellow precipitate which was collected and dried to give
& dull yellow powder (0.25 g.). This powder contained two
compounds which were separated using paper chromatograph& in
solvent system (B). By this means the less mobile spot was
shown to be identical with the products from (a), (b) and (c)
in fluorescence, Ry value, and UV absorption spectrum.‘ Repeated
recrystallisation of the yellow powder from 2N hydrochloric acid
gave a bright yellow solid (0.07 g.) which was identical in its

infrared absorption spectrum with the products from (a), (b) and

(e).
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2,10-Dihydro-1l0=methyl-2-0x0+-4,6,8=-trihydroxypyrimido[ 5;4~g]

gteridine,s(s)2,6-D1hydroxy-4-methylamino-5-nitro§yrimidihe (0.4 go)
was dissolved in water (25 c.c.) and reduced in the usual way

using sodium hydroxide and sodium dithionite. The reduction
completed the pH was adjusted to 3.5 using 12N-hydrochloric acid and
elloxan monohydrate (0,25 g.) was added. The mixture becams
momentarily deep purple and finally bright yellow. After refluxing
for 2 hr, the bright yellow solution was left to stand overnight

end the fesulting erystalline product (0.35 g.) was collectsd.

Recrystallisation from water gave the pyrimidopteridine as bright

yellow crystels, mopo> 325°

(v) 2,6-Dihydroxy=-4-methylamino=S-nitropyrimidine (0.35 g.) was
dissolved in 98% formic acid (20 c.c.) and the hot solution was
treated with zinc dust (0.5 g.). The mixture was heated at 90°
for 10 min.,; after which the zinc salts and residues were removed
by filtration of the still hot mixture. The filtrate was treated
with ethenol (20 c.c.) and ether until a solid precipitated. The
solid was collected and washed with ethanol and ether. The

drj of f-white solid was then dissolved in water (50 c.c.)
containing 12N-hydrochloric escid (2 c.c.), and the solution was
refluxed £for 6 hr. Finally reduction of the volume of the
solution to 15 ¢c.¢c, gave the pyrimidopteridine as yellow crystals
(0:13 goJs aPop325° (Pounde C538.25 Hy2.33 N,29.3. CoHyNgO4.H,0
requires C,38,63 H,;2.93 H,30.0%).
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2,10-Dihydro-2-0x0-10-D=ribityl-4,6,8-trihydroxypyrimido

[5s4-g]pteridine. - (a) 2,6-Dihydroxy-s-nitro-4-D~ribity1aﬁino-

pyrimidine (0.25 g.) was dissolved in water (10 c.c.) and treated
with N-sodiﬁm hydroxide (5 CoCo)o Sufﬁcieﬁt sodium dithionite
was next addad>to give a colourless ao_lﬁtion° When the reduction
was complete the pH was adjusted to 4 by the addition of 12H-
hydrocﬁloric acid and the reaction mixture was treated with
alloxan (0,13 g.). The mixture was refluxed for 2 hr, and then
cooled to give a bright yellow micro-orystalline product (0916 ge)o
The product, recrystallised readily from water to give the

pyrimidopteridine as yellow plates, m.p. .>325° (Found: C,38.33

Hy4.T. C,4H, (Ng0p-1.5H, 0 requires C,38.1y H,4.2%).

(b) The filtrate of the reaction of 5-amino-2,6-dihydroxy-4-D-
-ribitylaminopyrimidine &nd the dimer of 3,4-dimethyl-o-benzo-
quinone (see Fart III),after the removal of riboflavin, was treatsd
with ethanol (100 ¢.6.). The bright yellow precipitate was twice
recrystallised from water to give yellow plates (0,05 g.)

identical with those obteined in (a) in all physical properties.



PART III

£ New Synthesis of Riboflavin and

Related Isoalloxazines,
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THEORETICAL.

3 5332 1 3_14 J

The availability of 5-amino-4-D-ribitylaminouraocil
(CIV, R = D-ribitylamino) and analogous pyrimidine derivatives,
togethgr with the recent descriptione‘ of a stable dimer of
3,4~dimethyl-o-benzoquinone (CXXIV) suggested a new and con;;ﬁient
synthesis of isoalloxazines in general.

Thus condensation of this dimer and 5-amino-2,6-dihydroxy-
-4-B-hydroxyethylaninopyriuidine (CIV, R = NHCH,CE,OH) gave
6,7-dimethyl-9-f-hydroxyethylisoalloxazine (CXIV, R = CH,CH,OH).
This material was identical with & sample preparad by the
literature method114 which involves periodic acid oxidation of
rivoflavin (CXIV, R = D-ribityl) to the corresponding 9-formyl
methylisoalloxazine (CXIV, R = CH,CHO) which is convertsd using
sodiuva borohydride to the desired 9-f-hydroxyethyl analogue
(CXIV, R = CH,CH,0H),

oH OH

——

|
Ngﬁi?ﬁf‘ Chig ] W/AA%D

l
XN W R v

In a similar way 6,7,9-triméthy1isoalloxaziné (CXIV, R = CH; ,

"luniflavin'' ) was prepared by reaction of the dimer of 304~
-dimethyl-o-benzoquinone and the 5-aminopyrimidine (CIV,
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Finally condensation df 5-amino-4«D-ribitylaminouracil
(CIV, R = D=ribitylamino) with the dimer of 3,4-dimethyl-o-
~benzoquinone gave pure crystalline riboflavin,

This new method for the synthesis of isoalloxazines compares
favourably with the older methods reported in the literature

(see Introduction).



136

EXPERIMENTAL

, , , - 114
6,7-Dimethyl~9-formylmethylisoalloxazins. - Riboflavin

(5 g.) suspended in 2N-sulpburic acid (130 c.c.), was treated

in an ice bath with periodic acid (11 g.) in water (80 c,ca),‘and
the mixture was stirred for 30 min., still in an ice bath. The
mixture was further stirred for 2 hr, at 25° snd left overnight
a% the same tempsrature to effect solution. Sodium carbonate
was added to pHl.5 at which pH the solution was treated with
charcoal. After the addition of a few drops of capryl alcohol
the pH was further adjusted using sodium carbonate to pH3.8

and the product collected, washed with cold water, ethanol, and
finally ether to give 6,T-Qimethy1-9-formy1methy1isoalloxazin@

s a bright orange powder (2.8 g.), mop. 268-270° [litiol,4 270-271°].

114
6,7-Dimethyl-9-B-hydroxyethylisoalloxazine. - (a) 6,7-Dimethyl-

~9-formylmethylisoalloxazine (2.8 g.) was dissolved in cold
0.1N sodium hydroxide (100 c.c.) and treated, during vigorous
stirring, with sodium borohydride (0.37 g.) in water (25 c.c.).
Stirring was continued for a further 2 hr., at room temperaturs,
the solution cooled thereafter in an ice bath, treated with
glacial acetic acid to pH4-4.5 and filtered. The product was
washed with cold water, dilute acetic acid, and acetone to give
6,7-dimethyl-9-p-hydroxyethylisoalloxazine as an orange powder
(2 g-). The isoalloxazine was purified by reprecipitation with
dilute sulphuric acid from its solqtion in dilute sodium

hydroxide and was so obtained as a bright orange powder; m.p.

300° (1it:3" 300-301°).
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(v) 2,6-Dihydroxy=-4-B-hydroxyethylamino-5-nitropyrimidine
(0;25 g.) in water (10 c.c.) was made alkaline by the addition
of N-sodium hydroxide (5 0.¢.)s Sodium dithionite was next
added until the eolut;on became colourless. The pH of the solution
was reduced to 4 by the addition of the required amount of
glacial acetic acid, after which a solution of the dimer of
3,4-dimethylfgybenzoquinone (0.17 g.) in alcohol (10 c.c.) was
gdded. The mixtu:e was heated for 30 min. at 90° and finally made
strongly acid by the addition of 12N-hydrochloric acid. On
cooling pure 6,7-dimethyl-9-f-hydroxyethylisoalloxazine separated
out as orange needles (0.095 g.), m.Po 297=299°.
6&.9-%@&&@111&@93&9&%1&@ ("lupiflayint ). - 2,6-Dihydroxy-
-4-methylamino-5-nitropyrimidine (0.1 g;) was dissolved in water
(5 c-.c.) and the solution was treated with 10% sodium hydroxide
(5 ¢c.co)o Sufficient sodium dithionite to decolourise the
solution was next added with the solution at-90°° The pH was
edjusted to 5 by the addition of a few drops of glacial acetic
acid, and the mixture was treated with a solution of the dimer
of 3,4-dimethyl-o-benzoquinone (0.15 g.) in alcohol (10 c.c.).
Heating at 90° was continued during 30 min, after which the
solution was left to stand over-night at room temperature.
6,7,9-Trimethylisoalloxazine separated out as fine orange

needles 0.06g.), mop. 325-326° (1it. 328°).
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6,7-Dinethyl-9-D-ribitylisoalloxazine ('' Riboflavin® ). -

2,6-D1hyaroxy-5-nitro-4-D-Ribitylamipopyrimidine,(0025 go)

in water (10 c.c.) was made alkaline by the addition of N-sodium
hydroxide (5 c.c.). Sodium dithionite was next added until

the solution became colourless., The pH was reduced to 4 by

the addition of the required amognt of glacial acetic acid, after
which a solution of the dimer of 3,4-d1methy112-benzoquinone (0.15
g.) in alcohol (10 c.c.) waes added. The mixture was heated for
30 min., at 90° and finally made strongly acid by the addition

of 12N-hydrochloric acid. On cooling pure riboflavin separated
out es orange needles (0,09 g.), mop. 288° (litiz 292¢), [a];s

- 116° in N/, sodiua hydroxide (g,0.528) 11tt§7[a];° - 115° in
N/ o sodiun hydroxide (g,0.447),
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