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"Now to assert that these things are exactly as I have
deceribed would not be reasonable., But that these things,

or something like them, are true ....seems to me fittinz,.!

Phaedo

Plato.
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HOTES oR

SALERINAWMAL CECIIONS,

Infra rcd spectre (i.c.) were recorded with eithor & Terkin - Bimer

{9

257 or GZlspectrorhotometer. Freguencies of the significant abmorptions
. . -1 e o .

are recorded in cm. , calibrated ageinst = polystyrcence {ilm. The

absorptions are desisnated as w(weak), m(melium), s(strong), end

be(broad).

Ultra violet and atrorption spectira (v.v.) were recorded with

either a Unicam SP800 or a Cary 14 spectrophotometer., Wavelen

are rccordel in nwm, colibrated cgainst a holuium filter. Extinciion

[

Coefficients (e) were determined using a Unicom SP500 spectrovhotumcter,

NMuclear masnetiec resonance specira (n.m.r.) were recorded vwith

either a Terikin — Blmer R12 spoctrometer at 60MHz or a2 Varian HA -
100 spectrometer at 100Hz at PCHU, Barwell. The resonances are
designated by their chemicel shifts () from the internal standard(THS)

at T=10, PFollowing the T value in each cace, where avpropriate,

|t

s gi?en, in parentheses, the multiplicity, s(singlet), d(doublet),
t(triplet), a(quartet), sp(septet), m(multiplet), br(broad), the
integration (H) and the spin ~ epin coupling constant (J) in Iz.

Elemental anslyses were determined by either Alfred Bernhardt

(4. Germery) (B) or Dr. F.B, Strauss (Oxford) (s).

Kass spectra were recorded with either an AEI MS902 spectrometer

at the University of Hull (Hull) or an AEI 1S9 spectromcter at
PCKU, Harwell (PC*U) The major peaks are recorded in m/e units,

with the relative abundances (as a € of the base peak) in

parenthe ces, The molecular ion is designated by MY and the ba

Helting roints (mep.) were dotermined using a Reichert heated

nicroscope stage and are uncorrected..




- (111,) -

Thin loyer chrountosranhy (TLC) and wrerarative lsyer chroantorrarhy

S

(PLE) were cerried out on silica gel Fi 254 (u.v. sensitive) at

100 » 20ca nlates rocpectively. The solvents used are specified

Specific asctivities of radioactive samples were determined using

a Paciliard 4000 scintillation counter,



SUNLEARY

In thicz thesis some chemical anpoets of the bile pisaznt

Bilirubin hazs beenn shown to exist as the bislactam tausoner,

with 2n intrancleculerly hydrogen bonled structure which is

inlezendent of the medium, Possible structures are discussed in

Chunter

The clinical determination of bilirubin involves trcatment .

of the pigment with diazotised sulphanilic acid ( the van den
Bergh rzaction) when bilirubin is cleaved at the central methylene
cridge to form two azopizments, The fate of the central mothylene

brii=-e carbon atom was unknown until the present work, but it had

becn nostulated as being liberated as formaldehyde. In Chanter 3,
it is shown thot formaldebyde is formed during this recaction , and

thnt it cén be detected by the product of its reaction with
dimedona,

Some metel conmplexes of bilirubin formed in dipolar aprotic
solvents are discussed in Chapter 4. A vpossible struciure for the
conrlen with Zn(II), isolated from DIF solution, is suggested,

In Chanter 5, a pots ntlally extremely useful method for the

syathesis of bilirubin conjugates of defined structures is examined,

sing nubstituted aryl triazenes, under nmild conditions. This
method allows the esterification of & specific hyiroxyl group in
a rolyhydroxylated mono- or oligosaccaride without protection of
the other hydroxyl groups present. Thus, in this work, using
1 - zlkyl =3-p- tolyltriazenes, the hitherto unlnown diethyl,

diisonronyl and dibenzyl esters of bilirubin have been prepared

anl characterised.
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1, CLOERnt TUTRGHUCT™I O,

4s early os 1347, Virchow had suggested ithul bile vignenis

are derivetives of haemoglobin and had described the isolation

. 1 . -
of " hzematoidin" crystals. Hans Fischer, showed that hoematoidin

: . s ... 2 . . .
was ifcontical to bilirubin,” Having determined the struciure of

3 4 s

ischer chowed that bilirubin was formed

6

hzenin cnd bilirubin

[ g
from hoenin 4 and also synthesised both haemin “ and bilirubin,

1.2. Gencral Siructure of the Zile Pisments.

The bile pigmenls are open chain tetrapyrrole compounds,
the pyrrole rings being joined together by single carbon links,
which may be either methylene (~CH,.-) or methinc ~CH=) bridgses.

2 <
They are derived from the porphyrins, which arc cyclic tetra-—
pyrroles, having the individual vyrrole rines linked by four
04 ] o by tal N
methine bridses, designated o ﬁ ¥, S. The »norphyring are

formed by substituting the hydrogen atoms in positions 1 - 8 of
the vorsghin nucleus (l.I.) with various radicals, such as methyl,
eihyl, vinyl, carboxymethyl, and 2 ~carboxyethyl. The two
mesomeric forms of porphin are shown in Rigure 11, but the true
tructure of porphin is intermediate between these two extremes?
If the porphyrin ring is opened by oxidation and subsequent
loss of one of the methine bridge carbon atoms, open.chain tetra-
pyrroles, bilatrienes, are obtained. Frogressive hydrogenation
of the remeining methine bridges produces biladienes, bilenes,
. . 8a
and bilanee, If the cerbon bridges are designated a, b, c, 7,
then the series of compounds shown in Plgure 1.2 ig obtained,

In the cace when the porphin nucleus is substituted with

four mcthyl groups, two vinyl groups, and two 2 —carboxyethyl
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TAUTOMERIC FORMS OF PORPHIN
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geouns, the vrotovornhyrine are formed. In tacory, 15 ioomers
. . . . " ; 3
are possible, bul in nature, only the fora IX occurs, =  JIf

praeonorchyrin IX, (l.II.), ie cleaved zypecifically at the

& - methine bridge, the IXK serics of bile piguents is formed,

This series comprises the verdine (bilatriencs), rubins (Lila—

diencs - ac), rhodins ond violins (viladienes - ab), vrobilins

sens (bilsnes)s. This thesis is concerned

Cy

(bilenes)yena urobiline
with one meaber of this scrice, namely bilirubin IXel, which is
2 biladiene ~ an (1.III.). The other menbers of the sdries are

[ad
R oa 13a
fully discussed elsewhere, > 95

1.3, Biosynthesis of Bilirubin.

In men, 80 - 90¥ of the totel bilirubin formed deily,
(200 ~ 3002z ), originntes from the breekdowy of the haem moiety
(1.IVa.) of haemoglobin liberated during the breakdown of red
blood cells. The remaining 10 - 209 originates from other
haemosproteins, such as myoglobin and the ecytochromes.

Studies of bile pigment formation using lsN— labelled
glycine, showed that 10 - 204 of the label was excreted within

11, 12

on. Most of the remainder was

e

a few days of adninistrat
excreted after 120 - 140 days, and corresponded to the normal
red-cell 1ife - span. Between these two peaks there was a low
plateau of excretion of the label. 1In contrast to the 120 day
life span of the haem from haemogslobin, the haem from other
haemoproteins, for example myoglobin and the cytochromes, shows
no definite life span. It is likely that the degradation of the
haem from these proteins accounts for the "low platezu" of bile
pigment excretion, especially since it hzs now becen shoin that
myoglobin haem can bz converted into bilirubin, but at a2 turnover
rate too slow to contribute a major part of the "early labelled"

13

peak,



HOOC COOH
(1.70)

HOOC COOH




(1I¥a) n=2 NO COUNTER ION, HAEM
(1¥b) n=3 X=0H, HAEMATIN
(1IVc) n=3 X=Cl, HAEMIN
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Up to about 1943, it vas szoverally sccepted thet the
Yoorly lobolled™ bilirubin arosc vie the desitruclion of erythrocytes

»ily after their formation, althouszh no direct evidence had

ever been rrecented. The observotion that the incorporation of

the morvinrrin precursor, §- amirolzevulinic acid (ALA) (1.v.)

into the Limem of hacemozlobin is very much lower than that resulting
14

Trom an equivalent anount »f glycine has lead to clarification

of tie orizin of the "early lebelled™ peak. Analysis of the

radioactivity of plaswma bilirubin afier the administration of

4
1 'C - labelled ALA has shown that an "early labelled" peak appears

15 1 .
within tw» hours. > In contrast, when 5N - labelled glyeine

Py

is administered, the "early labelled" peak does not appear until

-

two fractions, one inlencndent of, and the other associated with

1

haemsglobin heem synt wesie, This was confirmed in kinetic studies

vhich also demonstrated that the appearance ond disapoecarance of

redioactivity in hevnctic hsen- containing enzymes precedes the

16, 17

appoarance l’C =labelled bilirubin in the bile, Thus

it arpears tuut both erythroid and non - erythroid components
-normally contribute ito the "early labelled™ veak in bile pigment
fornation.

1,4. Catabolism of Hacwmosloabin,

The hzem moiety of haemoglobin is converted into bilirubin

iliveriin, but the metabolic steps involved in this conversion

<
fode
o]
o’

are not vell understood. The presence of iron-bound protoporphyrin

. c 4 ‘ . . . 1 . .

i essential for the conversion, both in vitro, and in vivo.

15, 19

Although free protoporpvhyrin is converted to bilirubin in vivo,

the turnover rate is much slower then thot for the coaversion of



haenotin (l. IVb.) to bilirubin, The small ousntitiecsn
protopsrenhyrin evereted as Lilirubin in these stuilies can
by assunming that the protoporphyrin is first converted to
It is untertain whethsr the proicin moiety of haemoglobin
required For the breakdovn of hasem. In vivo stulies show

-

genous haematin (1.IVb.) is catabolised at a rate similar

of

be exnlajl
hoom.

ig

thet exo-

to that

obscrved for haemozlobin, sugzgesting that the binding of hzem to

globin is not necessary ior the porphyrin ring 0poning.21

other experiments, in vitro, indicate that globin is nece
i . 22 . o

for the catabolism of haen, The mechanism of the conver

hzemoslobin to bile pigments has been the subject of sever

investigations and evidence has been presented which suzae

the reaction can either be non - ensymetic or enzymatic in

However,
ssary

sion of

2l recent

zta that

nature.

A non - enzymatic mechanism for the degradation of haem hzs

8b . . ' .
been proposed and stronz evidence supporting this has been

reported. 22 = 2T 1p vitro studies of the coupled oxidation of

various haem - containing substrates with ascorbate, under

physiological conditions of temperature, pH, and partial pressure

of oxygen, have shown that green oxidation vroducts, which
5CNy, gr e ]

biliverdin on hydrolysis, can be obtzined. (Figure 1.3.)It

yield

is

suggested that such a coupled oxidation may be of significance in

vivo, The basic mechanisn has been modified by supposing that

apo - hzemoproteins {(eg. apo - haemoglobin, apo - m oglobin) can
t O Iy 3 b & O

act as enzymes, with the haem binding sites being eguivalent to the

22

enzyme active sites,

This mndification was introduced for

scveral reasons, Firstly, random cleavage of all four mcthine

bridses occurs during the in vitro ascorbate - coupled oxidation

28, .

23 . . .
of haemin 7 (l.IVc.) whereas in vivo, the haem is cle

specifically at the o - bridpe. 30 Sccondly, the ascorbate

aved

v
1

3

2

b



BILIVERDIN IX$

FIGURE 1.3. THE CONVERSION OF HAEM INTO THE FOUR ISOMERS
' OF BILIVERDIN IX




counled oxidation of hoenoslobin or wyoglobin in the precence of

frec hLaea yields specificzlly-cleaved desradation products in
€xcess of those nosgsible from the original haen prateing in the

~r
-

absence of the hoemoprotein, the haem is not siznificently degsreded,
. o : X . oo s 31 . . 32
X ~Rey diffrottion enalysie of haemaglohin and myozlobin

has shown that in both coces, the hoem wroups lie in non -~ molar
? i L e

he surface of the globin chains with the o — methine

[ ad

crevices neasr

=

p inside the crevices,leaving the other bridges

[o N

bridzes lying de

@

(particularly the ¥§ - bri?ge) expozod. The soecific cleavage of the

[0

A - methine bridzge must, thercfore, be a positive effect of the
hacm binding site, rather than the masking of the other three
bridges, 2y 33
conditions, the specificity is lost cnd a2 random mixture of all four
isoners of biliverdin is obtained 34 (Figure'1;3.).The observation21
mentioned earlier, that the protein moiety is asoparently not
necessary for haem cleavege is only compatible with this theory
if it is assured that thé exogenous hazem has immediate access 1o
apo - haemoprotein,

Eor the enzymatic catabolism of haem, two different. sysiems
hzve been described: haem -% -~ methenyl oxygenase from liver 35-31
and nmicrosomal haen oxygena;e§8f42‘rhe £0 callcd haem - & -~ methenyl
oxygenase was thought to convert haem into formylbiliverdin (1.VI.)
in a reaction involving sscorbate, which appesred to be essential
for the activity of the enzyme. The formylbiliverdin was then
converted into biliverdin by another enzyme, haem — o4 — methenyl
formylese, It was also'claimed that the formylbiliverdin produced
was entirely IX& in configuration, Reinvestigation of this systen
26, 27

ha and

2

shown the clezvage to be non - & — bridge specific

non - enzymatic, the appérent activity being due to the ascorbate

[yl

Thus, vhen the cleavage is carried out urder denaturing
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i3

5 c v R 24, 2

counled oridation alrandy described
Hicroszomal haen oxygenace is o mixed function enuyme syston,

it} . ’ o~ y : 2 4? .

vith eytochrome P - 450 a2z the terainnl oxidose, which catalyses

ihe oxidation of hoenm spocifically at the ol - methine Lridze to

form Liliverdin IXL , This sicop is cournled with a soluble NAD T

‘fS‘-ASI

biliverdin IXel into bilirubin TA« Izem oxygonase has

N TTT

an ahoolute and ctoichiometric recuirement for the HADFH and

molecular oxygen, gonerates corbon menoxide in amounits equimolar
to the bilirubin formed, and is inhibited by carbon monoxide.39

Using

f
ia

18 . cm s
molecular 02, it has now been shown that the bilirubin

formed from haem, using this enzyme gystem, contains two atoms of

18 ‘s 13, . .
0 znd an addition:l 0 atom avpecars in the carbon monoxide

that orizinates from the d-metnine bridge carbon atonm of the haem,
()

w18 N . s . . ,
o 0 was Tound in the bilirubin when the reaction was carried
. .. 18, 18, 42
out in a medium containing H2 0 instead of molecular ~ 0.,
<

These observations, together with those of the metabolism

of the ol- and ﬁ-— oxymesoferrihzemns (1,viia,and 1,VIII,) heve

enabled a possible pathway for the conversion of haem into
bilirubin to be elucidsted. oL- Oxymesolerrihaem is extensively
converted into the expec ted bile pigment, while the f isomer is :
poorly converted into bile pignent. 45 By analogy with these results

it is assumed that o -oxyprotoferrihaem (1,VIIb.) is an

intermedizte in the catabolism of haem, The vossible pathway

Iy
=

is shown in Figure 1.4, and is a modified version of that already
. . .18 c4 s
In the light of the experiments using 02, it is
now unneccssary to retzin the last tvo steps in the published
scheme, The compounds involved in these steops are appareatly

not intermcdiates in the conversion in vive, otherwise the final

bile viganent would have only one 18O atom per molecule,
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Biliverdin

~N-

BILIRUBIN
Reductase

FIGURE 14. A PLAUSIBLE PATHWAY FOR THE CONVERSION OF
HAEM INTO BILIRUBIN. "



owyenase 1s unaccentzvle, end
while wiersesnnl hmenm orygonnze has sllowed o nmelabslic nathuay
to be doduced, the concent that bile vigments mey boe formed non-
egzynatically via ascorbate and euvoheemooroteins should not be
isnored,

Recently, the degrodotion of hrem comdounds fo bile

4
b . l7

pigments has been reviewed,

Frief mention should be made here of the sites of Tornation

of bilirubin, Most bile pizment producad in mammals is formed
in the reticulocndothelial system and parenchymnal cells of the

liver, The remainder is vroduced extrakepatically, and bone marrow
circulating blood and the spleen apoear to Lo important here.

It is of intercst to note that the studies on microsomal haem

| =l

oxygzenase heve shown the highest activity of the enzyme 1o be in

the epleen, liver, brain, kidney, end lunzg,(in order of decreasine

fes )
activity )}9in keeping with the classical view of the imvortance
of the reticuloendothelizl system in the catabolism of haenoe—

, 0b
proileins,

1.5, lictabolism of Bilirubin,

l1.5.1., DBinding to Albumin,

After releace from the sites of haemoglobin brealdown,
since bilirubin is essentielly water insoluble, it is transported
in plasma bound ecxclusively to albumin. Both bovine serum albumin
(BSA ) and human serum aliumin (HSA ) have been used to study the

e :

properties of bilirubin bound to 2lbumin, Stulies using sceveral

10c, 48 - 52
- 52 have shown that one,

different techniques in vitro,
two or three molecules of Lilirubin azxe bound per molecule of
albumin, depending on conditions end mathod of anslysis, However,

this ratio is probably lower in vivo, since scveral endogenous



-3 -

and cvopernous cubstances, »orticunlarly orgenic anlons, moy conpete

b4
g =4l
£ £t [107 2

for the bilirubin binding sites on the protein. The bindivg

54

is non - covalent, involving histidine residues, and if wore
than onc bilirubin molecule is bound per ILIZA molecule, there

appear to be two types of binding sites, with ore bilirubin molecule

bound more tightly than the rest. 49 On binding to BSA or HIA

’
either bathochromic or hypuochromic shifts in the visible absorption
spectrum of bilirubin are obcerved, denending on the conditions

(eg. pH, ionic strength, ions present). 95 mhege shifts could

be caused by the influence of the smino acid residues neer the
binding site or could indicate changes in conformation of the
bilirubin molecule. Ovtical rotatory dispersion (o=p ) and

circular dichroic - (CD ) spectral studies have been useful regarding

5

the latter possibility. °° ~ 25 VWhile free Lilirubin is usually
considergd opticélly inactive because of the commonly accented
"linear" formula, the ORD spectrél curve of BSA -~ bilirubin complex
at pll 5 exhibits the largest Cotton effect reported in the visible
region (Figurel.Sa.)?l This effect is very likely ascociated
with a huge dezgree of inherent dissymmetry and dipole - dinole
coupling Between the two divyrrylmethene chromophores, Therefore,
it is'pr0posed that bilirubin adopts a helical conformation, with
the sense of a right handed helix, when bound to BSA. 52

While the binding characteristics and the absorption spectira
of BEA -~ and H3A ~ bilrubin complexes>are very similar, the Cotton
effects generated by the HSA - bilirubin complex are very different

50, 53

from.those obtained with DBSA. The general differences are
shown in Figure 1,5,By analogy with the suggested structure for
" the BOA - bilirubin conplex, the observed inversion of the sign

of the main CD bonds with changing vH may be due to a change

in the dissymmetric mode of binding of bilirubin to H3A, resulting



al CKkD Spectrum of the
BSA -Bilirubin Complex

7 ot pH 5 From ref 5.

6500

b} CD Spectra of the 2:1 HSA-
Bilirubin Complex. From ref 50.

c) CD Spectra of the 21 BSA-
Bilirubin — and HSA-Bilirubin=---
Complexes at pH 74. From ref 53.
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in & different, onposite relative oricntntion betrcen the
590

moments of the dipyrrylmethenc chromovhores,

1.5.2, Conjugetion,

In order thot it mey be excretad, free bilirubin
(wator insoluble) is converted into a water soluble derivetive -
a so cclled "conjugate". This process occurs within the liver cells
and the uptake of bilirabin (ie. that which is not formed in the
liver) bty the liver cells is raopid snd is preceded by the disaociation
of the bilirubin - albunin complex.' Hithin the cell, the bilirubin
is conjusated with glucuronic acid, derived from uridine dipkosphate -
ol - glucuronic acid (UDFG), by the enzyme bilirubin glucuronyl
transferase, This enzyme is probably one of several aglucuronyl
transferases which are bound to the endonlesmic reticulum (ER)

N

of the liver cells. Using Lilirubin as subsirate (normally glucuronyl

3

transferaces are estimated with glucuronide cccestor molecules
other than bilirubin, eg p - nitrophenol) the greatest ensyme
activity lies in the roush ER, 56 although activation of the enzyme
with EDTA causes rough ER to be converted into smooth ER. o1

s q

The existence of bilirubin glucuronides ("conjugztes")

[=g'e] .
O~ 60
? These compounds can be cleaved

was demonstrated in 1956,
by p ~ glucuronidase to yield bilirubin and glucuronic acid,
indicating that the glucuronic acid is attached to bilirubin molecule
in the ﬁ-— configzuration, and are found to be unstable towards
alkali., It was soon shown that the conjugateé are esters between

the carboxylic acid grouvs of bilirubin and the C(1) hydroxyl

61 - 64

groun of glucuronic acid. Since bilirubin contains iwo
carboxylic acid groups and is asymmetric, a diglucuronide and

two monoglucuronides can exist, Initizlly, while the diglucuronide
was rcodily identified, it vas suggested that the monoglucuronide

Y

could be a 1 & 1 complex of bilirubin znd its diglucuronide, 61



Towever, i1t hoe now beon shouva thot bilivebin mono 7o vezailo

AL AR s ~ vy ey - . 1y - vt e b . P T '
Tiod et either cavbouwyl ngJ,) cxioets fag ol enontend

entity, The seouence ol rocctlons involved in the conjuiing

[

of bilirudbin is shoun in Msoure 1,

\

t was thouzht thet tilirvbin vas conju-rie

[N
P
oy

Por meny yenvo

solely wilh slucurosic zeid ( as has beer cecumed in the forerning

dizcuscion). Within the part few yecrs,it hes been chown thed
bilirubin cun be conjugated with other susurs, Thuin vivo, in

dog bile, (- D -~ glucoce (IX) anl B~ & rylose (£) conjurotou

of bilirubin have becn identified. in hunen bile, it heco

been shown that the major bilirubin conjusstes are crcreted ac

the acyl glycosides of three aldsbiourchric acids (1.XI.- 1,111,

a pseudoaldobiouronic a2cid (1.XIV.) and & hexur ronosylozzuronia

acia (1.,%V.) 10, 71 In vitro, using rat liver preparations, bilirubin

72 = 15 1375

has been conjugated with p - D - glucoss and - D - zrloce

from UDP - & ~ glucose and UDP -& -~ xylose recpectively.

168

pée]

Clecrly, the view thuat bilirubin is excreted solely e

diglucuronide must be modified in the lichv of this rcecent work.

‘Tt has been suggezted that bilirubin is linked to mucoooal -

jO]

saccharidey 6 if this is so, thon it is interesting to speculate

(o]

that perhaos bilirubin could be conjugnied with a »olysaccharid
initially, which during isoletion vrocedures eg. 61, 77=19 is
progressively degraded until only one, or perhavs tvo suger recilucc
remain attached to the bilirubin.

In whichever way bilirobin is conjumited, conjugation
greatly alters the physiolozicel and ciemical nrooertics of
bilirubin, and the 1« 1Jt10nsn10 between conjurction and exerciion
has get to be fully cxplained. The conjuszted bhiliivdbin is
excreted into the bile and thence into the inlestine vwhere

cventually bzcterial F - glucvronidase hydrolyses Lhe conju Log
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+ Pyrophosthate

Yy . + Dehydrogenasze |
UDP~ol ~G3lucone + ZHAD ? UDP- o ~3lucuronic Lcid

+ 2ADIT o+ 2pt

UDP— ol ~Glucuronic Acid + Bilirubin

Bilirubin glucuronyl transferasc

Bilirubin lonoglucuronide + Bilirubin Diglucuronide 4 UDP

=te

Figurs 1.6, The Formation of Bilirubin Conjuzates.
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o bilirabin, which is further ralucsd to wpobilinozons (bilanes)

. o . 82
and urobiling (bllenos) (Plgarc 1,2 ).“

R

7 . . . Gy s . . a0 . e L.
1.5, Detcwvminztion of Bilirubin gnd the Yiazo Reaction,

LBilieubin is zlly estinated by the van den Bersh reaction

[}
P
e
o

which the bile visment is allowed to react with diazotised
gulphanilic ecid. The bilirubin is cleaved ot the central wmoethkylene
carbon bridse, to foram two isomoric azopigrents (1.XVI, 1.XVIL.)
which are esiimated cocctrophotonetrically at 520 - 690 nm. Two

Fal

renction can be identified:s ‘the Ydirect" resction in

e

7

ol
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th diazo wezpent,

any apprecizble reaction occurs. The distinction between the two
reactions is straightforward, the direct reaction being given by
conjuzated biliruﬁin while the indirect reaction is given by Ifree,
unconjugeted bilirubin. The diamo reaction.is discussed more fully
in a later chapter,.while a full description of the modifications
of the ven den Bergh reaction,and the techniques used in the

. . et s s . 104
estimation of bilirubin is given elsewhere.

.

1.7. Isomers of Bilirubin, Other Than IXol.

.

Naturally occurring bilirubin is generally assumed to be
fyrmed from the stereospecific cleavage of the o — methine bridge
of haem. I% has been reported that naturol bilirubin consists
solely of the IX« isomcr(l,III;)%Obut more recent studies have
revealed the presence of other isomers. Hacs spectrometric
investigations of the bilirubin obtained from ox bile and emu egg
chells have shown the nresence of 2 — 5% of either of, or a
mixture of, the isomers IXB (1.XVIII.) and z§  (1.Xx

This methol relies on ithe fragacntation of the bile vigments at
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the centlral meihylene bridge to ~ive two dipyrryl nollene nubuaits,

.

the Ty (1.5T4.)

£

However, it will be seen that ‘the IXw

»]

izomers will yield subuaite of the same mass, while the subunite

]
mn

from the IXF isomer will be ideatical in mass o those from lhe
IX§  isomer. Thue one carnst digtinguich between the I 2nd
IX¥ or the ILp end IX§ isomers. Cxidation of bilirubin to
biliverdin with glecial acetic acid and forric chleride, followed
by esterification snd seprration of the esters using TLC has

shown that pig bile bilirubin contains 93+56 % of the IXot dLszome

ar
82
with traces of the IXP end 1X & isoners, but no IXY isomer. ©

Oxidation of bilirubin with alkaline potassium nermengonate, o

convert the middle pyrrole rings into o, d} -~ dicarboxylic

acids,identifiable by GLC  of their ethyl esters, has revealed that

ox gallstﬁne bilirubin contains 1 - 3 % of non - IXot isomer, if

that isoner is soiely IX¥y or 2 - 6 ¢ if it is IXp or %8 . 83

Again, this method does not allow one to distinguish between the

IX@ or IX§  isomers. Finally, in vitro oxidations of haem

yield all four IX configuration -isomers, 22,28, 29

A1l the non -~ IX«d isomers discussed so far have been of

the IX configuration. However, bilirubin from a number of

commercial sources is separable, by TLC, into three components,

bilirubin ITII (l.XXI) in quantities ranging from trace amounfs

to 16%, bilirubin XITI® (1.XXIT) (trace amounts to 22%4) and bilirubin
T (1005 to 62% ).84 In addition, it was found that under ‘the condition
sed for TLC (1% glacial acetic acid in chloroform, silica gel),

pure bilirubin IXet disproportionates into a mixture of isomers
conteining III (1%), IX« '(957;) and XIIIx (4%). 84 These

findings ere unusual sinpe hacin occurs only in the IX configuration,

hence the new isomers cannot be formed naturally.

Dehydrogenation of bilirubin with benzoouinoane in ccotic



H
(1. XXI) BILIRUBIN T«
\' MM
\L | i I
=

(1XX1) BILIRUBIN XM«



-13 -
R W ey 85 .
rielés biliverdin IITet , IXet and AI1IoL anl wvhen this
: . &4 .
is comparcd with the result deseribed above, ' three pessibilities
arise t— a) if purz bilirubin IXe was used then the reaction
conditions &llowed . the isomerisation to occur, b) the bilirubin
initially contzined the three isomers and the reaction conditions
hed no effect on the isomer ratio or ¢) the reaction conditions
served t> enhance the isomer rotio. Treatment of bilirubin IX«
in DMSO with glacial acetic acid at 8500 or with coacentrated
hydrochloric acid at room temperature causes isomerisation and
. 86

formation of bilirubin III«L and XITIL . The disproportionation
also occurs under much less vigorous conditions, nemely in dilute
aguesous solution in the ol ranze 7.4 - 11l. 81 In the »H range 11-14,
no disprovwsrtionetion could be detected. 56, 81

Nuclear mdgnetic resonance spectroscony has also been used
in the detection of non - IX configuration isomers., The n.m.r.spectra
of human bile bilirﬁbin and commercial biiivubin were compared
and found to be identical, with the integrals of 2ll four methyl
ignals egqual. 83 The occurrencs of bilirubin III® and XITI
along with bilirubin IX«K would have been dete cted by differences
in the ratios of the methyl resonances. No new regonances would be
observed since the two methyl groups on the outer pyrrole rings in
bilirubin IIIX and XIIIX are each identical to one of the methyl
grouvs on the outer pyrrole rings of bilirubin IXX .

The results indicate thnt the variadble amounts of bilirubin
IIIX end XIIIx found in commercial vilirubin are artefacts formed
during the isolation procedure. On the other hand, ths later resul ts
jndicate that the isomerisation could occur in vivo, although only
vhen the bilirubin is free, eince albumnin - hound bilirubin aprzars

817

not to disnrorortionzte.



invaolves electronhilic eubotitution of bilirudin &nd frognentation

o4 the central methylene bridze. Recombinetion of the divyrrylmeihone

cubunits praluced would then lead to isomer formztion., In ecidic

bt

media, the initial step ic »nrobobly the uptake of a proton while

sten is probolbly the abstraciion

re-
[¢]
l J
o3
o
(52
e
[k}
¢
4
o]
8]
e

in nildly elkazline media, 1

of » w-oton from 2 molecnle of water, Such a scheme ic outlined

in Pigurcl.T. Attack by water at the exocyclic methylene group of

the diryrrylecthenes could occur to give hydroxymeihyl derivatives,

st . . houn in Pieu : ) ; Loy 3 i
which could react as shoun 1n Figure .1,8 1o give the isomeric bile

The isomerisation rcaction can occur with any bilirubin and
therefore, the ccid treatment of, say, a mixture of bilirubin IX™
X ,IXy¥ ond IX & would result in a multicomponent mixiure

of products, Thus any attempt to determine the presence of non
82, 83

conditions

o
[+

e
H-
3

IX configuretion bilirubins under yossible isomerisin
can lcad only to a gualitative result. At the same tine, it is
vunlikely theat any minor isomer present will be removed completely,
since no one isomer is suscentible to vrefercntial attock.

, 82, 89

The two independent obscrvations that two minor,
2
non - IX configuration isomers (unidentified in one casc and
. 89 :
shown to be IIIL and XIII« in the other ) wvere found in the
products from the sodium amalgrm reduction of bilirubin, followed
by a ferric chloride — azcid oxidntion,mey now be exvlained. It

vas orizinally suggested that an isomerisation had occurred during

alkaline reduction., It is nov clear, that in addition to the probeble

sence of the III« ard XITToL isomers in the bilirubin used,

ol
H
o)
r

isomerisation must have cceurred during the acidic ozidntion steo,

Chromic ccid or chromzte oxidations have been used in the

90, 91

ctructure determinntions of bile pigments. However, gince
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the technicus s usually wned 19 dotermine e ntioe of the v ende

rings present, rother thoa the abrolute conligmotion (althoueh

in some circunsitznces the chromale oxidation will yicld thio
informat i".) eny isomcrisation occurving in the noild - oty ne

vigmenis will nol gercrally affect the Tinsl result,

Connequently, when interproting ony cxverimentsl rosull

?

rarticulerly vhen the ecid trectment of bilirubin o Snvolved

o

Jlowance must be made for the nomsible vreoence of i:romers othaw

than of the IX confi-uration,

1.2, Jaundice and the Thotochemict >y of Bilirubin,

Althzugh the tovic of jaundice is noi directly relevant io
this thesis, it will be discussed briefly with refercnce o sone
recent work concerning the photochemistiry of bLilirubin., A full
aiscussion of jauﬁdice is éiven elsewvherc, 10e, 52

Jaundice is characterised by a yellow discolourstion of the
£kin and orzans, and is caused by the retention of bilirubin,
Jeundice of the newborn has been treated by rhototheropy, which »aduc
the high level of bilirubin present by converting it 1o colourless

products, Since ﬁncertainty exists over the structureg and
toxicities of the photodccomposition products, attennts hove been
made to identify them,

The photodecomposition, acrobically anl in diffure daylizit,
of a chloroform solution of bilirubia hes been studied. 72 Noast
of the bilirubin decounmoses to give dipyrrylmethenes (1,7XIIT.--
l.XKV.), 3 - curboxyethyl ~4- metilyl pyrrole~2,5-dicarboirlic 2oid
(1.XXVI.) end the maleimides (1.X2VIT, - 1.X¥51.), while & onall
fraction deconposes with retention of the tetrenyrrolic siructure

.

to give, intow olia, biliverdin., A11 of thooo rroducts swe canily



dorived from Lilioabin by wvariousz oxidoition end roduction rerciions,

¥
H
PJ
%]
[
e
[§h]
(-\-

ion ( bout 24 houes ) of oryvren Tlushed golubions

oi bilirobin in dilutc metheorolic amnoniae gives a complex mixture
. . - “4
o vroductu, In thiwz woy, the di-yrrylmethencn (1.XXilTn".

wor 35 . . N Q/
1. IIIﬁ.’ 9)), haematinic acid ~7 ( .K«a.) end methylvinyl-

c6., 7 I » .
meleimide 707 7¢ (1.AXVII.) have been isolated. It is susgested

that, in_vivo, the products formed during vhototherapy sre the

divyrryvliethenes (l.XKkIIb, 1. X%XT1Tb, ), methylvinylmeleinide and
94

. Since the latter two compounds apprear noit to

[N

haemziinic aci

evhibit the usual enzyme toxicitly associated with maleimide, 1t

is likely thot if these compound:s zre formed in vivo they would

toxic 24

e

be non -
The course of the photolysis reaction devends on the nature

of the solvent. Thus,in chloroforn, biliverdin is the main product

of irrediati 9) vhereas in methanolic ammonia, biliverdin is formed
. . . . . . . 96
carly during the photolysis but disavpears on continued irradiation.

Biliverdin foramotion may involve radical abstraction 2t the central
methylene carbon bridge of bilirubin, while the fragmeniation rezction
mey bc rotionslised .in terms of the photosensitised generation of

singlet oxygen followed by its cycloaddition to bilirubin with

subsequent solvolysis. 93. Evidence has bLeen presented which suggests

98

that bilirubin censensitise its own destruction and a possible

eaction scheme is outlined in Figure 1.9.

Some evidence, eg. the appearance and dissppearance of biliverdin

96

during lonz term photolysis suzzests that biliverdin may be

intermedicte in the vphotodecomposition process., However, this
question remains unresolved, for while methylvinylmaleimide has been

detected 2fter the photalysis of biliverdin ( although only after

4]

42 ~ 130 hours photolysis)?9 it also appears that biliverdin dimethyl

ster, at lenct, is not an oxygen sensitiser ond inhibits bilirubin
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Bilirubin > [Bilirubin]*
Excited stiats
s . 5 3, \ . . 1
[Blllrubln]* + o? > Biliruvbin + O2
g . 1 5 .
Bilirubin o+ 02 > Products,

Figure 1.9, The Thotochemical Reactions of Bilirudbin,
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. e 120 s e ca s . . .
shodo oxidation, On thie basis, it is sugzested thet biliverdin
is nat an intermedicte in the main pathucy of bilirubin photo -~

Jecowwnsition,
Firally, irraiiation of o 10% methanol in chleroform solution

of bilirubin has boen shown to form (l.XKﬂIV.) and

=

N

t 1s suzgested

that bilirubin could recct in 2 similar manner with nucleorhilic

. . . . 01
substances in vivo during phototherapy.
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Jesredative 4 and cyrnthetic 7 methods, end it was suscested that

the structurel formula of bilirubin wos (2..).'L This reprocents

the terainal pyeroles (A and D) as ol— hyldroxynyrroles thus giving

the bislactim toutomer of bilirubin (2.1). Line
"

the wezak bosic character of bilirubin together with its appurent

oo

inebhility to fora stable mctal complexes, it was sugzesied that
bilirubin toutomerised to the bisluctem form (2.II).  In the
lectim fors,thers are two tertiary nucleonhilic ritrogen ctoms (in

ringc A and D) which could coordinate with metzl atoms whereas in
L

3

the lactam form no similar nitrogen atoms are available., This
teutomerism was subscquently investioated by several groups.
The simplest models for bilirubin are the hydroxypyrroles;

P
ol - hydroxypyrroles (2.II1) have been shown to exist as lactamgloJ

KN

while ﬁ'- hyiroxypyrroles (2.IV) appear to exist predominantly in
the enol form. }04

The spectrovhotometric titration curves for four tyves of
bile vigments (urobilins, violins, verdins, and rubins ) (Figure 2.1)
have been detsrained. 105 On the basis of the relative basic
strengths of these compounds, it was concluded that they were best
represented as bislactams, If the series urobilins, violing,
verdines is considered, the chromophores containing the tertiary
nitrogen atom become more cextensive, so that the lone pair electrons

on this nitrogen atom become less available for donation %o a proton.

Thic re

(')
C
ot
-
2]

in the obmerved decreasing basic sirengths in going
from urobilins to verdins, If the rubins exist in the bislactan
form, they ought to be the least basic compounds in the series, since

no tertiary nitrogen is nrosent., A vredominantly acidic charazcter
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for <ho rudbins vor {oand

3 Y S 4o \ v O N . PSS SN
Ginyerylaocihkone subunits cech contain a2 carbvonyl

e of accowmolating the cnionic charge resulting from toe

e
<

Ciscociation of either W-H grour and would lead to stabiliscotion

Fad
1

the anionic Tora (Fi, gure 2.2)., ALl four orotons in the bislactan

(@]

struc t ur

I
&)
e
2
—

should, therefore be more readily ionised than the
. ‘e o ) 105
corrazrvonding acidic vrotcn in pyrrole iteelf,
Infra rod srectral studies of hilirudbin have been interorated
. . -1
in szcveral weya. Thus, the cbsorpilion band at 3,420 cem,” has been
attributed to the - s tLCtbhlﬂ” modz of a pyrrole,conbined with
that of a cyclic ¥ - 1actam, inplyinzs that the terminal vyrrole

. . 126 ... . . -1
rinma are in thoe lactam form, The absorption bond at 1246 cm,

.
has becn attributed to ths C-0 stretching mode in the group

. - . N : 107
HO—C:=Yiay thereby favouring the lactim tautomer. The band

. o -1
observed in the ragion 1650 - 1630 cm.” has been variously assigned

to the C=C siretching mode, 107 the C=N stretching mode 108 and

,, 83
the C=0 stretching mode of a lzctan,
Comparisen of the visitle and u.v, specira of bilirubin
with those of variosus diyvyrrylunethencs has shown that bilirubin exists

. 1092 . j
as 2 Vvislactam, 7 while a monolactam - monolactim form has also

Thus, the rroblem of the tautomeric forms of bilirubin is
? =
the object of the current investigation was to clarify

1 . 1, .
11 ieTey U.V., and "il nem.r, studies of

\»l
C
3]
[©]
o ")
e
3

conf
this. In a recent paper,
bilirubin were interpreted as indicating thot bilirubin exists as
the cnol tauiomer whereas bilirubin dimethyl ester existis ac the
lacteon teutoner., This taubtomerism on esterification wes explained
in terms of the loss of hydrogen bonding betveen the carboxyl grouns

of the pronionic acid side chains which held the molecule in a

confo.nntion maitable for hydrogen bonding between the tuo terminal
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bydrogen bonds can occur either belween these corloxyl grouns or

between a carboxyl group and o I-H group of a vyrrole or lactam,

105, 112

o

(0]

Threc voszsible hydroscon bonded sitruclures have been prowoseld
and it has been sumgested that bilirubin adopits one hydrozen bonded

106

foryy in the zolid state and another in solution. The evidence
for the medium -~ dependent hydrogen borded sitiructures appesrs dubloas
in parte (eg. tie apvezrsnce of O-I1 vibrational absorption bands in

the i.r. svectrum of a compound in which all the labile vroitis have

been exchanged with deuterons), so a reinvesticotion wes undertaken

2.2. Results end Liscussion,

2.2.1. Tautonericm,

" . 1. .
Tac published "H nemer. spactrun of bilirubin, using

2H6—DMSO as solvent, shous, inter alia, thrce broad singlets at
0+12« (14), =-0.01~ (1H) and ‘0-45%‘(2H).111 These ars assigned to

the two protons of the carboxylic aecid grouvs (-O-45w ) and to the
wo HN-H protons of the pyrrole rings B and C ( =0+01% ana +0.127¢ ).
A broad resonance observed at 4757 is assignzd to the enolic O-H
vrotons of the lactim tautomer. If the lactim tautomer is the
predominant form in this solvent, then the observation of the enol
0-H protons at uch a hizh field is unuzuvel, Normally, the
resonance poasition would be expected to be at lower field because
the O-H groupc are deshielded by the anisotropy of the r-electron
systen of the C=¥ bond, 113a
The 1H n.m.r. spectrun of bilirudin,crystallised from
chloroform/methanol, dissolved in 2H6 ~DIC0, was recorded at GOMHz
The major differences observed comnrarcd with the nublished spectrumlll

are (i.) the absence of an absorption at 4.75% , (ii.) the oresence

conteing wwo cnrboxyl zeid groops, intronoleculur



- 21 -

of a broad cbsorvtion ot 6-62v due 1o atler, ond (iii,) the
prezence of & broad eisnel at ~1.70% , which, howover, does not

corresnond €O an integral number of nrotons. The soectra of szeveral
other freshly prevarcd samnles, using solvent from the same smourcs,

show the san

=

e features, but as the resonance dve to the prescnce of

vater in the solvent increases in intencity, so the interncity of the
reconznce ot ~1l.70v decreacses, It would appear therefore, that the

resoncnce at ~le70% is water denendent.

o .
Using carefully dried “Hg -Di30, the 1y n.m,r. 2pectrun of

bilirubin,recorded at 102z (Figure 2.3.), shows brocd sinclets
at =1.90 (2H), -0.50~ (24), —0.10+ (1H), and +0+45+ (2H), These

six low - field vrotons can be assigned in twe ways. Firsily, if

bilirubin exists as the lactam tautomer in DMS0 solution, then they
y

'2

orrespond to four N-H protons and two carboxylic acid protons.

Secondly, if the lactim tautomer predominates, they correspond to
two N-H vrotons, two carboxylic acid protons and two enolic O0-H
protons. In order to distinguisld thees possibilities, exchange

renctions were carried out using bilirubin and the model compounds
2,4 -dicethylpyrrole-3-propionic acid 114(2.V.), which containg a
pyrrole N-I group~and a carborylic acid group and resembles the
B and C rinzgs of bilirubin, and N-benzoylglycine (2.VI.) which
containg a secondary emide N-H group.

Successive additiona of deuterium oxide (1OV1 0.5 mmole )
to a solution of bilirubin (47n0, 70Pmole ) in 2H6 -D1S0 (0+5mL )
cause 2ll the low field signzls to collsvse, whereas similar alditions
of water cause only the signal at —1+90T to collapse (Figure 2.4.).

.

The 1y n.m.r. spectra of solutions of (2.V.) and (2.V1.) in

H6 =DMCE0 are azlso affected by the addition of water. In then
cases, the signals due to protons attached vo nitroszen oversist,

¢
vhereas tbose due t» hydroxylic protons collapse. These resulis
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suggest that in bilirubin, two protons only cre attoched to oxyaen
atoms - the carboxylic acid protonz - aud that, in dry 2H6 -D¥130,
the lacfam tautomer is the predominant form in solution. Shortly
after this work had heen complectied, a paper was published confirming
the presence of a singlet,at -1-S9T’in the 1H N n.r. spacirun of
bilirubin, due to the carboxylic acid protons. 88

These results indicate that six vprotons in bilirubin are
readily exchangeable while previous work has suggested that only

four protons can be exchanged.106 This was reinvestisated, and

~

<y ‘v . . 126 .
tritiated bilirubin was vrevared by direct exchange "7 in a water-

106). The

free atmosphere (a precaution not observed previously

specific activity of two preparations, carefully dried to constant

activity, indicated that, after correction for quenching by bilirubin,

5.95 (average of seven détermiﬁations) and 603 (average of six

ieterminations) afoms of tritium can be incorporated into each

molecﬁle of bilirubin. The earlier ?epart of only four atoms of

tritium being incorporated may be explainzd by the extrcme rapidity

of exchangeibf the carboxylic acid protons with adventitious water.
Additional evidence that all six labile protons in bilirubin

can undergo exchange is provided by i.r. speciroscopy. The i.r,

spectrum (Nujoi mull or potassium chloride disc) of ‘a sample of

deuterated bilirubin also prevared by direct exchange in a water -

free atmosphere, shows no absorption maxima in the region 3,000 -

3,600 cmtl due to O-H or N-H vibrations. Figure 2.5 shows the

spectrum.of deuterated bilirubin as a Nujol mull compared with that

of the undeutérated material. If a votassium bromide disc of deuterated

bilirubin is prepared, deuteron — proton exchange with the siightly

hygroscopic matrix produces absorption mavima at 3,400 cm':l and

3,280 cnzt as found for undeuterated bilirubin, 108 The publirhed

KBr disc spectrum of deuterated bilirubin shows absorvtions at 3,420
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and 3,300 cm:l due to N-H and 0-I vibroztions, whercas that in ehlorwoform
shows almost no absorption in the region 3,200 ~ 3,500 cn?l 196
These results, taken in conjunction with the apperent oxchenge of only
four protons, were interpreted az indicating that bilirubin exists
in two hydrogen bonded forms, one in the solid state and the other
in solution (sse section 2.2.2. of thiz chapter). The presence of
2 large O-H grouo absorption in the spectrum of deuterated bilirubin
is apparently ignored, even though it was suggested that the four
protons exchanged were the two carboxylic acid proions and the two
N-H protons of the lcctem rings. The best explanation for these
results is again deuteron — proton exchange in the KBr disc while
the sample used for the solution spectrum, whichians prepared Ly
extraction of freshly precipitated deuterobilirubin with chloroform,
would be wet with deuterium oxide, which could exchange with any
adventitious water in the system.

In proposing the lactim tautomer,lll a comparison was drawn
between the positions of the visible absorption maxima of bilirubin
(Amax 450 nm,, solvent not specified ) and isoneoxanthobilirubic
acid (2.VIT.) (A,,, 395 nm., presumably in the same solvent ). It
was suggested that this difference coﬁld not be accounted for by the
" absence of a vinyl substituent in (2.VII.) and must arise from a

difference in the'chromophores in each compound, ie. since (2.v11)
exists as the lactam tautonmer, 105 then bilirubin must exist as the

lactim tautomer. This comparison 1is dubious for several reasons,

Pirstly, the solvent is not specified and if the data for (2.,v11)
is assumed to be taken from the literature, 105 then the solvent
is aqueous buffer at a neutral pH, whercas ﬁhat for bilirubin could
be either chloroform or neutral aqueous buffer. Secondly, the two
halves of bilirubin molecule do not have identical chromonhores.

Thus, in the A-B dipyrrylmethene, the vinyl substituent is cross



conjugated with the mnin chromovhore wherecs the one 5n the C - 1)
Sivyrrylmsthene i linearly conjuzated with the mzin chromovhora,
Therefore, there ouzht to be a difference in the positions of the
visible absorntion meyima of the two dipyrryimethenes and the
absorertion meximui of bilirubin can be concidered to bz the sum
of the two individual mexima. However, in mesobilirubin (2.VIIL.),
the two chromophores are the same as that in isoneosxanthobilirubic
acid so, a priori, there ought to be very little difference between
the oositions of the absorption maxima of these compounds. In
neutral aqueous conditions, mesobilirubin has an absorption maximum
at aBout 410 nm 105 (same conditions as for (2.VII.) ). The difference
(15 nm) between mesobilirubin and (2.VII.) nay be due to interactions
between the dipyrrylmethene subunits in mesobilirubin, interactions
which are not poseible in (2.V1I.). Hence the difference between the
prositions of the absorption maxima of bilirubin and (2.VII~) is probably
due to the absence of a vinyl group in (2,VII.) and so no information
regarding the lactam - lactim tautomerism can be gained in this way.
"Bilirubin wiil react with diazomethane giving predominantly
the dimethyl ester together with a small amount of o(,d.' -~ dimeth-
oxybilirubin dimethyl ester 102 (2.IZ.). 1In this compound, tautomerism
is impossible and the chromophore is fixed in the lactim form.
Comparison of the visible spectra of bilirubin and (2.IX.), a more
valid comparison than between bilirubin and (2.VII.), suggests that
bilirubin, in chloroform solution, exists as the lactam tautomer.
If it is ascumed that the absorvtion maximum of the lactim tautomer
of bilirubin (2.I.) in chloroform would differ negligibly from that
of the enol ether (2.IX.) in chloroform (Apay 418 nn), then the
observed azbsorotion maximum of bilirubin in chlorof@rm at 454 nm.must
indicate that the lactam toutomer predowminstes in this solvent.

The formation of (2.IX.) shows that a small promortion of bilirubin
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in solution must be prazent as the lactin tautoumer. Prolonged

iJ

treatment of bilirubin in chloroform or DHMSC with diazomcthine

[a)
. - O .
does not enhance the yield of (2.IA.). Ko explenation has yet

been offered to account for theme obssrvations, but it has been
b

sugrested that they are possibly the result of some altered
interaction betiween the carboxylic acid groups and the heterocyclic

83

systems of bilirubin., Such an interaction might resuli from

(73

intramolccular bydrozen bonding in bilirubin,

2,2.2. Structure and Hydrogen Bonding.

Before discussing the various hydrogen bonded structures
for bilirubin which have been proposed, mention must be made of the
possible cis - trans isomerism in bilirubin itself., Bilirubin
is formed from Haem and therefore should contain one of the basic
steric rocquirements of haem, namely that the hydrogen atoms of
the methine bridges are trans with respect to the nitrogen atoms
of the adjacent lactam rings (2.X.) and not cis (2.XI.).

By convention, bilirubin is gencrally represented as the
éi§ jisomer (2.XII.). In theory, bilirubin does possess the
capacity to isomerise in this waye. The central methylene bridge
protons, being adjacent to an extended conjugated system
containing a carbonyl group onto which a negative charge may be
delocalised, are verhaps rather more acidic than a normal alkyl
methylene function. Thus enolisation via the loss of one of
theée orotons or the N-H proton of either pyrrole ring B or C,
rotation about the €(4) - €(5) and C(15) - C(16) carbon -
carbon bonds and re - ketonisation;produces the cis isomer

(Figure 2.6.).



Clo) N 0°
H

(2%]11

(2XT)

FIGURE 26. THE ISOMERISATION OF BILIxiBIN. Both mechanisms are
shown on the same molecule.
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Whether or not this is a Ffessible process in vivo, tecause in viiro
the rezction couli reouire extreme alkaline conditions, 1t iw dmportant
to recosnise that the isomerism does in theory, ot leust, exiet.
When reading oubliched literature concerning hydrozen bonding in
bilirubin, it is apparent thzt erroneous conclusions heve been deduced
through the use of both cis and trans isomers,

Four fundamental hydrosen bonded structures for bilirubin
have been proposed (2.XIV. - 2.XVII.) and three of these (2.XIV. -
2.XVI.) are reproduced here in the exact forms in which they were
published, Structure (2.XIV.) appears impossible on steric grounds
alone, z2lthough this structure has been considered likely in a recent
paper. 93 A model of (2.XIV.) indicates that it is dmpossible to
form hydrogen bonds between the carboxylic carbonyl group and the
pyrrole N-H group without severely distorting the molecule, Structure
-(2.XVII.) in whiéh the hydroxyl group of one of the carboxylic acid
functions forms a hydrogen bond to the m-electron system of either
pyrrole ring B or C heé also been considered. 88 This can be considered
as being "half way" towards stiructure (2.XIV.). However, evidence
from the i.r. spectrum of bilirubin (Figure 2.5.) suggests that this
structure is not adopted. A priori, one would expect the stretching
frequency of the carbonyl groups to be affected to a much lesser
extent in (2.XVII.) than in the other cases cited, because they ere
not directly involved in the hydfogen bonding. The observed carbonyl
frequency at 1690 thl indicateg that tho carbonyl groups varticipate
in strong hydrogen bonding, since saturated sliphatic carboiylic
carbonyl groups absorb at 1700 - 1725 om>l in the absence of
hydrogen bonding. 1152

Structures (2.XVa,b.) and (2.XVI.) are more feasible. It has
been'suggested,on~the evidence of isotope sxchange exreriments (see

section 2.2.1, of this chapter ), that (2.XVI.) occurs in the solid
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. - : X 106 .. i
state vhile {2.XVb,) occurs in chlorof»rm solution. Fodels

constructed of the two forms indicated that ecch was free Irom

106
n

4.

stirai snd if the diagrams are to be interpretsd rigorouxly then
(Z.XVb) shows ithe trans igomer while (Q.XVI.) shows the cig isomer,
Obviously the two forms are not now immediately interconvertible in
goinz from the £01lid etate into solution without the enolisatlon
vrocess, described above, occurring first - a process unlikely 1o
occur in the neutral medium of a chloroform solution, Whichever
isomers it wvas intendéd to depict, it is possible for the i{ruuns isomer
to adont the structure (2.XVIII.) which is similar to (2.XVI.).

The subseguent .discussion will concentrate solely on hydrvogen

bonded forms of the trans isomer.

If one forin is prevglent in the s51id state while another prevails
in solution eg. (2.,XVIII.) and (2.XVb.), one might exvect the
carboxylic groupé to absorb at slightly different i.r. frequencies
in the two forms, nince different groups are involved in the hydrogen
bonding. Inithe present work,the i.r. spectra of bpilirubin wvere
recoried in different media and it was found that the vposition of the
cerboxylic carbonyl absorntion does notl alter whether the rample is
prepared as a Ngjol mull, potzssium bromide disc, in chloroform solution
or in dioxan solﬁtion (Figure 2.7.). In contrast, the i.r. frequency
at which the carvboxylic carbonyl group in 2,4~ dimethylpyrrole -3-
propionic acid (2.V.)Aabéorbs is strongly dependent on the medium
and ranges from 1630 cm-.'1 (Nujol mull) to 1735 cm?l in dioxan solutisn
(Figure 2.8.). These results indicate not only that the carbonyl
groups of the propionic acid side chains particinate in sirong
intramolecular hydrogen bonds (Y;EEEEE)’bﬁt that the hydrogen bonding
does no% alter with the medium, Thus,bilirubin can exist only as
(2.XVb.) (or as seems more likely, a closely related structure)

or (2.XVIIL.),
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FIGURE 27 THE CARBONYL REGIONS OF THE LR. SPECTRA
o OF BILIRUBIN IN DIFFERENT MEDIA
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FIGURE 2.8. THE CARBONYL REGIONS OF THE LR SPECTRA
- OF (2V) IN DIFFERENT MEDIA
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In (?.XVIII.), a planar, »rotoporvhyrin -~ like structure is
impossible because of steric crowding between the carbonyl grouns
of the terminal lsctam rings. (In going from haem to bilirubin =
single carbon atom has been replaced by two oxygen atoms).i Therefore
the molecule can either adépt a three dimensional "V" shape with
the two arms of the molecule held apart by steric repulsion botween
the lactam rings or alternatively, and to be preferred, can adopt
a plenar "V" shape by allowing rotation about the C(5) -~ C(6) and
C(14) - ¢(15) carbon — carbon bonds to take the lactam rings away
from each other as in (2.x£x.).
| The possibility of intermoiecular hydrogen bonded dimers and
polymers based on the carbéﬁyl - carboxyl hydrogen bonded structure
has been suggested. 106 In the solid state, one cannot distinguish
these forms from the intramolecularly bonded monomer by i.r.
spectrbscopy, but in dilute selution, any interm&lecular hydrogen
bonds should be broken down; Thereforé the i.r. spectrum of a
dilute solution should show the presehce of a non - hydrogen bonded
carboxylic carbonyl group, unless the molecule adonts an intra-
molecularly hydrogen bonded structure bzsed on the same system.
Since bilirubin is soluble in chloroform only to fhe'extent of lmg/ml,
giving a 17 x 10~ molar solution, it might be expected thet at this
concentration, all intermolecular hydrogen bonds would be broken,
Nevertheless, in_solutioh, the carbonyl frequency is still observed
at 1690 cm?l indicating the hydrogen bonding is unchanged. Dilution
experiments to determine if a change in hydrogen bonding occurs are
not pfactical beczuse of the poor solubility of bilirubin. The
change of intermslecular to intramolecular hydrogen bonding on dilution
is unlikely, since the molecule ought to form and retain the hydrogen

bonded structure which is energetically most favourable, which in

~ this case ought to be the intramoleculer form,

. i :
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ihen suggested originally, 106 structure (2.%Vb,) wasn thought
to be strain free. Ilowever models indicate three related stiructures
vhich are less strained than (2.XVb,). These are (2.%X.), (2.Xx1.)
and (2.XkII.) which is intermcdiate betveen the first two structures.

How are the four most likely structures (2.XIX.) - (2.XXII.)
to be distinguished? The i.r. spectrum of bilirubin (Figure 2.5.)
shows a sharp absorption at 3,410 cm'.'1 and a broad absorption at
3,230 cm-.'1 with no other significant absorption between 2,800 and
1,700 cm':1 The absorption at 3,410 cm:1 can be assigned to the non-
hydrogeh bonded N-H stretching vibration of a cyclic lactam, 115b
but it is rather too low for the non - hydrogen bonded N-H vibration
of a pyrrole which usually appears at about 3,500 cm:} 115¢ and
is also rather too low for the free O-H vibration of a carboxylic
acid group, which is usually found between 3500 - 3560 en7t 1102
The band is rather too sharp to contain any hydrogen bonded O-H or
N-H vibrations, The band af 3,230 cm?l can be assigned to hydrogen
bonded N-H vibrations of the pyrroles and the lactams since hydrogen
bonded O-H vibrations generally occur between 2,500 - 2,700 omT 112a
The absence of any other significant absorption bands in this region
suggests the absencevof any hydrogen bonded O-H groups in bilirubin,
Thus (2.XVb,) and (2.XIk.) are eliminated. There is additional
evidence for discounting (Z.XIX.) since this form contains the
hydrogen bonded structure of a carboxylic acid dimer, which generally
gives rise to a broad absorption region with many sub -~ maxima between
3,000 énd 2,5QO cm?l 115a In free protoporphyrin, it is expected
‘that intramolecular hydrogen bonding occurs readily between the
carboxyl groups of the propionic acid side chains, and in a series
of deuteroporphyri.n free acids, eg.(2.XXIII.) deuteroporphyrin itself,
broad bands near 3,100 and 2,600 cmfl, characteristic of dimeric

carboxylic acids .are found.116 Since (2.XIX.) is the direct
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equivalent of these porvhin diacids, the abseace of say Lihoe berde

in the i.r. spectrum of bilirubin (even as a KBr dice, vhich shows

]

the region of the apectrum obscured by Nujol) tenis to ougrest
that bilirubin does not adopt a form like (2,XIX.).

Even though no free W-il groups are present in (2.iXIL.),
this structure is compatible with the svectral evidence if the °
band at 3,410 em=) is assigned to the O-H vibration which must then
be weakened by the effect of the hydrosen bonding of the N-I groups
to the carbonyl group. _

Structures (2,XX. ) ana (2.XXI. ) are also compatible
with the i.r. spectrum if the band at 3,410 en7! is assigned to
the frece O-H and N-H vibrations, while that at 3,320 cmflis assiened
to the .bonded N-H vibration in each case.

Consequently any one of either (2.XX.)’ (2.XXI.) and (2.XXII.)

seems to be a plausible hydrogen bonded siructure for bilirubin,

Models of these three formas are shown in - Plates 2.1 = 2.3 .If it
is assumed that the hybridisation state of the lactam nitrogzen
atoms approaches sp2 rather than sp}’ then the models of
forms (2.XX.) and (2.XXI.) indicate that structure (2.XXII.)
would follow directly. While these three cannot be distinguished

as yet, there is a slight overall preference for the form

(2.X%11.).
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2.3, Ivoerimeninl,

« .
Materials

#ilirubin was obiained furon DO Chenicnle Ltd., end crystailised

111

from chloroform ~— melhanol befers use,

. " . - : - 88 . ,
u.v. (Chloroforn) & A 454 nn (e 59, 400). Lit., M, 4930

Ay

(e 52,8M),

Analyzin  (S) Pound  C, 67-87; H, 60235 N, 9.2¢

(13

C, 1, 1 O roquires €, 67:815 I, 6.16;
N, 9.59%.

6‘_ww-C was dried over SJreshly heated 4A molecular sieve, in

a well — stopocred vial, for one weck before use,

Methods,

2,4 - Dimethylnyrrole —3- oropionic Acid (2.V.).~ This was vprepared

according to the reaction secuence shown in Fgure 2.9.

Methyl 4 ~ acetyl —5- oxohexanoate (2.%X1V.).~ This was vrepared as

desoribed ~17 using methyl acrylate (50g, 1¢2 mole ). Distillation

yielded methyl -4 -acetyl -5- oxohexanoate (28g., 30%.), b.p.134 -

- 135°¢ /20 mm He.

i.r. (L iquid film) Voax : 1735(s), 1700(s) omy

1

-6+85(s), +6+05(s)(tozether 1H),

1Y

18 n.n.z.(60 Kz, CDCL,) %
6+31(s)(3H), 7.76(s), 7.81(s), 7.30 -

8.00(n), {together 10H).

Analysis (S) Found C, 58.00; H, 7.62%.

09H1404 requires C, 58,063 H, 7.53%.
186M*,2), 144(31), 113(34), 112(32),
111(2), 97(6), 84(14), 74(20), 71(19),

69(7), 59(7), 55(17), 43(8*, 100).

-

Mess Spectrum (full) m/e

Accurate mass of molecular ion =
186+083026.

C911/0/ requires 186.08920.
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Ethyl 4-2'~ methoxycarbonyletiyl-3,5-Adinethylpyrrole—2=corhoxyleate

(2.84VI.).~ Bthyl acetate (13z, 0-1 mole ) was nitrosated or slrendy

] 117

descrited, uging the sodinm nitrite - glacial acetic acig racthod,

to yield the inlermediate (Q.XXV.). This was allowed to react

with metilyl 4-acetyl~S-oxohexanoate (18<6g, 01 mole ) as already

117

escribed to give (2.XXVI.). Crystallisation from abeslute

ethenol (charcozl) yielded colourless plates, (123, 48%), m.p.

106.5 - 197°C.

ir. (Mujol muli) ¥V : 3310(s), 1730(s), 1660(s) omt

u.v. (f ethanol)

Moy 280nm (e 17,900), 245nu(sh).
4 n.m.x. (60 NHz, CDC1,) ® & 0:60(bys,1H), 5.65(a,d=THz, 2H), 6.1

| (s,39), 7+40(m,4H), 7.7o(s;3H), 7.75(=,

30), 8-62(t,J= THz,3H).
Analysis  (B) : Pound C,61.59; H, 7.53; N,5.48%.
013H19N04requires C,61.66; E,7.5130,5.53%,

Mags Spectrum(Hull) m/e : 254(8), 253(M) 44), 208(18), 181(15),
135(10), 134(86), 133(10), 120(8), 98
(5)s 97(5), 96(10), 95(6), 94(7), 93(7),
91(7), 79(7), 18(5), 17(11), 66(6), 65(11),
53(7), 42(7).
Accurate mass of molecular ion = 253,1320.
C, 3fi; g0, requires 253.1314.

2y4~Dimethylpyrrole-3-propionic acid (2.V.).- Phe diester (2,XXVI.)

was hydrolysed and decarboxylated by a modification of the method
already described. 114 (2.XXVI.) (5g, 0+02mole ) wes heated under
gentle reflux under nitrogen with water (25ml ), methanol (7.5 ml ),

and sodium hydrdxide (5g, 0.125mole ) for threc hours. After fraciional

distillation of the methanol, sulphur dioxide was paszed into the

remaining hot liguid until effervescence had ceased and a vrecipitate
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lad 1 ) - N .o - \
had formed. The slurcy was cooled, extracbed with other (2 > 5om1 )y

the ether dried over anhydrous ﬁaQSOﬁ end the solvent remover in
2774 3

vacuo %o leave a pale yellow solid, Crysicllisction from chloroform

. . o, . .
- petroleum ether (bun, 60 - 80°C ) (charcozl) yiclded pale yvellow

plates, (2.14g, 50%), m.n. 145 - 146°C, (Lit.,llS 139 - 140°C.).

i.ro(Fujol mull) Voos : 3,600(s), 1709{pp,s) et
u.v.{ZBthanol) ¢ Bnd abzorption oanly.
1y nen.r, (60 NHz, 09013) v 40;90 (br,s,1H), 2.40(vr,s,1H),
| 3.55(s,11), 7.35(m,4H), 7.80(=,38),
7.92(=, 37).
Analysis  (S) :Pound C, 64.45; H, 7.82; ¥, 8,37<.

CQH13HO2 requires C, 64.68; H, 7.78;
N, 8.387.

Mass Spectrum(Mull) m/e - : 167(u*,24), 122(7), 120(6), 109(10),
108(8%,100), 107(14), 106(12), 94(6),
80(5), 78(8), 68(5), 67(5), 66(c),
54(5), 52(6), 46(8), 42(9), 40(12),
Accurate mass of molecular ion = 167.0941.
C9H13NO2 requires 167.0946.

N-Benzoylglycine (2.VI.).- This was prevared as already described.118a

Mesobilirubin (2.VIII.).— Bilirubin was hydrogenated as already

described, 88 excevnt that the crystallisation was from chloroform

at —20°C,
u.v.{ thloroform) s A 432rn (£56,600), Lit 88 A___434nm
P * Ay A A H . max o Sl 9 . .9 max +
(e57,800).
Analysis  (S) :found C,66,87; H,6.775 W,9,447,

N e 3 \ . I C. 15 e
C33H4Oﬂ406 requires C,67.32; H,6.85;



lass Spectrun (rein) s foeuraets vuos of uwolacular Ton
QN s ty X 3
= 05,0030, CL )i, 5 roquires
53 LA 6 ]

o o '— Dimethoxylbilirubin Ullbulvl Lsier (K.IA') -~ Bilirubin was

R . 102
methylated as alrcadr described, Crretallisation from licsht neiroleum

ether (b.o. 40 - 60°C) yielded olates, m.n. 153 - 154°C, (Lit., m.p.
150 - 152°C,111 15608 1v{). Inzsufficient material was obtained for
an elemental anslycois.

u.v. (Chloroform) ¢ A AlBnnm (eSD,}OO).Lit.,gS Amﬁv418nm

max ax
(e 49,990).
Mass Speetrun (PCHT) : Accurctc mass of molecular ion

= 640,3235, CBYHﬂﬁN406,requires
LA -

The cracking vatlern is showm and

discussed in Chapter 5.

Deuterated Bilirubin,— All operations were carried out in a water free

atmosphere. Bilirubin (73mg, 0.125mrcle ) was shaken with a solution

of sodium (35mg, 1.5amole) in deuterium oxide (IOml, 99.8 atom % D)

for one minute in the dark. Dcuterium chloride (N.2nl of a 389 solution
in D0, 99.5 atom % D) was added and the nvecipitnte filtercd and

2
W TT

dried over phosshorus pentoxide at 27 mrls,

450 (€58,200).

»t

u.v.(Chloroforn)
nay
The preparation of MHujol mulls ani Rr diccs Tor i.r.
spectroscony was cnrried out an far ac vossible in 2 water - free

atmosnhere,
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h A > a2

Scintilletiosn dMluid.— A poranido - free dioxan — based ncdiunm was

used contvainiig naphthilens (603/1 ), Zs5 - diphanylos”'ﬁLo PO'
4@/1 Y oand 1,4 - bis - {5 - nhenyloxazol -?~r]) beansene (rOPOP\
(l.;g/l ). The dioxan wag previously dried overnisht over sodiwa
vwire and distilled, in subdued lisht, from sodium borohydride.
10ml oliquots of this mediws were used ner sample vial,

Construction of Quenchirs Curve.— Bilirubin hzoe 2 light cbserption

maximun at 454rm and the absorption profile is such that a consgiderable

nrovortion of the flusrescence ol both PPO, at 363nm, and carticularly

POPOFP, at 430nm, is absorbed by the bilirubin, Thus at bilirubin

concentrations greater than O.ESmg/Ile scintillation fluid, there

is greater than 50% quenching, and above 0.1ms/10ml, the quenchinz
A quenching curve was consiructed in the following manner:--

Aliguots (0.1ml = 0.6ml) of a solution of cold bilirubin in

scintillatisn fluid (0.05mg/ml) were made up to 10ml with scintillation

fluid, Tritieted water (10 pls activity ~3 x 1040pm/10 Pl) was

added to each.. The apvarent activity was determined and compared

with the activity of a similar sample lacking bilirubin, The results

of 21 deterninniions ore shown graphically in Figure 2.10., with the

line of least sguares enalysis drawn in,

Tritiated Bilirubin.- All operations were carried out in a water -

free atmosphare. Bilirubin (73mj, 0.125mmole) was shaken with a
solution of sodium hydroxide (60mz gy le Smﬂole) in tritiated water
(5m1,'activitv 5.5 x lOgcpm/ml) for one minute in the dark,
Hydrochloric ocid (0.211 conc. ICl diluted with tritiated water(lml))
vos added and the preciyitute Tiltered and dried to constant activity

T

over phosphorus pentoxide at 20mm lg.

u.v.{Dioxan) t Aoy 403nm (¢ 59,200).
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The activiir of 1es filtrate woo debtormingd and foundl to bLe

v
. 1 , s ) s . SN R S P ~ o -~ L - 3
59 = 15 G?nAJmuLes thus 27 0 atome of hydvroven spre oxchoviozable

Q
b

A3

ner molseule of Liliwubin, thon tho tritipted Bilirsabin should hove
. e ,or e ] .

a specific activiity of J.59 = 10 com/wanle,

3

t

The svecific activily of the tritinoted bilivobin vas determined

' . 4 - . . .
as follows:~ Aliguots (0.1ml ~ 0.6ml) of o solution of tritisted
bilirubin in dioxan (about O.D}ﬂg/ml, the exact concentration being

determined spectrophotonetrically) were made up to 10ml with

scintillation fluid and the samules counted, After correction for

3

quenching, it was shown thot, for two »nreparations, 5.95 (average

of seven determinations) and $,03 (avorago of six determinatinons)

atoms of tritium are incorporated intn each molecule of bilirubin,



CHAPTER 2

-

THE DIAZO REACTION.



3. THQ )-,40

3.1. Iuntroductiorn.

Bilirubin roeacin with mony diansliced aromitic aminer ~and
is cleaved at the central methylene Lridse 1o forn Lo isoneric
azopizments eg (3.I.) and (3.IT.). The verotion lLe

' o

diazotised sulphanilic acid ~ ihe van den Dergh ro

used in the quantitative determiuation of Lilirubin rnd its conjugetes
in sera. Two types of reaction have beer identificd, the "iadirect"
reaction, given by unrconjusatced biliruhia only in tae oreuence of a
"promoter" (usually methanol) - which mry serve to disrupt ihe

hydrogen bonds in bilirubin ~ znd the "dirsct" recciion, siveun by

res no cdded promoicr,

[N

conjugated blllra»il whieh rcoun

The dipyrrylmethene azovwiznents hal been chown to be products

of the diazo reaction,lOd bat only recently have tihe isomers been
¢ 2
separated and identifiect 181’1‘2 The vairs of isomcrs (3.¢.), (3,II.)

and (3.111.),(3.IV.) have been identified from the rezctions of
2

bilirubin with diazotised ethyl anthraunilate 121,12 and dizrntised
aniline 122 respectively. It will be seen, that all the carbon atoms

in bilirubin are accounted for in the azonigmente zave one, ithat of

the central methylens bridge., The diazo reaction is thought to occur

in two ssteps,123’l'"'4 and it has been postulated that the central

methylene bridge carbon atom is released as formeldehyde during the

123, 124

second step of the reaction. However, no formaldehy:ile could

be detected in the distillate from the ven den Bersh reaction using
125

3 - methyl -2- benzothiaznlone hydrazone (MBIH) (3.V.). °° MZTH

~

reacts with alivhalic alick"uce in the presence of oxyzen and dilute

). 126

acid to form the intense blue cation (3.VI. In the alcence

4
t

of other reported attempis to detect any formaldehy’ic renewsl ottomvls

were made in the current invesiigation to detceruine 217 the allchyie

is formed during the cource of the diazzo reaction.
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3.2. Revulve and Diccussion,
o avprocchoy were uced to deteet the forreldehvdes— Tirotly,
as the free aldebydie and secondly, to tren it cheniceslly and then

v ths derivetive so formed,

Pormaldehyde csn be rendily detected by GLC using a column
with pontactythritol tetraacetate as the stationary phase. 127 In
this worly, using 6£t and 12 't columns, the limit of detection of
Tormeliehyde was founl to be 0.0S% w/v formaldehyde in methanol/water.
Theoreiical con:idizsrations of the diazo reaction show that 0,33mmole
of bilirvbin (195m¢) will yield only 190n: of formaldehyde, then if

the resction is carried out in a total volume of 100ml, this represents
a:maximum concentra tlon of formaldehyde of O. 014 U/V. Avart from the
low concentration of formaldehyde involved, it was found unpractical
to inject a sample of the reaction mixture directly into the gas
chromatograph because of the vresence of involatile materials, while
distillation of the formaldehyde with the solvents would serve only

to reduce the formaldehyde concantration still further. For these
recsons this methol was abandoned in favour of trapvring the formaldehyde
chemically with 5,5 - dimethyleyclobexa-1,3~dione (dimedone) (3.VII.)
to form formaldehyde dimethone(3.VIII.}. With free bilirubin, the
diazo reaction can be readily carried out in a chloroform - methanol
medium. Since botu these solvents contain C1 units that could give
rise to formaldehyde, this solvent system was rejected and a 1,2 -
dichlorozthane — tert. butanol medium used instead,even though the
reaction is much slower in this medium. Bthanol was tried, with a
reaction rate siamilar tb that observed with methonol, but this shows
the disalvantage of the frrmotion of a troublesone by - product -

r,é - dincthyl =3- ethoxycyclohex -2- enone (dimedone ethyl ether)
(3.IX.) - during the slightly acid'conditions‘of the last stzge of

the reaction sequence., A corresponding similar by -- nrcduct (3.X.)



(3.vI)

OHumanGC

CH2

OtliHO
(3.¥m)

RO 0

(3IX) R:CHZCH3
(3X) R= C(CH3)3



i ualikely in the casz of tert, butansl bhecs=usc of the ready clesvogso
of tho (CH3)30~O bond in acid coniitlions.

The dizzo reaction was carried out in a 1,2 = dichloroethane~
tert, butanol medium and the solvents distilied into a =olution of
dimedone. After work-up, formaldeshyde dimethone, identical in all
respects with an suthentic sawple, could be isolated, thus showing
that formaldebyde is indeed formed during the diazo reaction. No
forumaldehyle dimethone wus obtained from two control reactions, onz
in which the diagonium comnound was omitted and the other in which
the bilirubin was omitted.

A possible mechenism for the reaction is shown in Figure 3.1.;
it should be noted, however, that the initial attack by the diazonium
cation can occur at either C(9) or C(11). The general reaction

23

s s ; 1 L .
scheme is similar to that alrszady reported for which confirmatory

123, 124, 128

kinetic evidence has been vresented and which must

follow since all the main vroducts of the reaction are now known
(ignoring any side reactions). The divyrrylmethene (3.XI., R =H) has

alresady been postulzted as an intermediate in the reaction ;23’ 124

123 and to react with

and has been claimed to have beéen isolated
diazotised aromatic amines, 123 Therefore, an elegant way to confirm
that formaldchyde is formed durihg the second step of the reaction

is to isolate (B.XI.) and allow it to react with a diazonium compound
and -determine any formaldehydé produced as formaldehyde dimethone,
However, all attempts, in this work, to repeat the isolation of

23

(3.XI., R = H), as described,l failed., No other methods of isolation

wvere atiempted,
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3.3, Exvwerimential,

Materials,

2
before use, 129
. - \ 88 .
u.v.(Cnloroform) : kmmy49uww (e 594400, Lity, knzx453nm
(e 58,800
Analysis (B) : Pound C,67.04; H,6.163 N,9.45%.

¢, H, %,0, requires C,67.813 H,6,16;

1,2 - Dichloroethane, Tert.Zutsnol and Petroleum Ether (b.n. 60 - 86°C)

were distilled before use,

Diethyl Ether (4.R.) and Ditadone were used without further purification.

Methods.

. 1 1"
Gas Caromatography,— Two columns were nrepared, 6 x 3/8 o.d. and

[} " " ’
12 x 3/8 n.d. using 20% w/ﬁ pentaerythritol tectraacetate on PhasePak
Q}27 An F & X Gas Chromatograph was used with the coluun temperature

at 95°C and a helium flow rate of 25m17min. at 25v.c.i.

Detection and Isslation of Pormaldehyde as Forannldehyde Dinmethone

(3.VIII.)

a) Using 1,2 - Dichloroethane and Teri.Butanol.— Bilirubin (19504,

0.33mmole) was suspended in a mixture of 1,2 — dichloroethane (50ml)
and tert., butanol (SOml ). A solution of benzenediazonium chloride

130 4 A . . N
(2mmole) was added and the mixture stirred in a closed flask, in
the dark, at room temperature, for 30 minutes., A Ffurther guantity
of benzenediazonium chloride (2mmole) was added and the solution
stirred for 30 minutes move. The reaciion mixture was then

evaporated to dryness, the solvents teing distilled into a solution

of diuedone (200mg) in tert. butanol (5)ml ), with the receiver
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eonnected to a Jdreschel botilie conteining a eimilar solution of

iimedone {200me) in tert. butonsl 50ml,;. The dinedonc colultions
\ (& 3 )

vere couwbined and heated unier gentle reflux for 20 min, After cooling

and removal of the solvents in vacuo, TLC (chloroform) of the residue

showed the ovresence of formazldehyde dimethone, RF = 0,44, The

formaldelhyle dimethore was isolzted by elution from n eilicic ccid

column (100 mesh, l4cm x 3cm 0.d.) with petroleum ether (vep, 60 -

80°¢C) - diethyl ether (3&1, v/v). This moterial was uvsed without

further vurificatiion. Recovery was up to 20mg (20¢), m.n. 186 - 187°C

Lit., 3 191 - 191.59C.

i.r., (Chlorofor v
i.r. (Chlosoform) -

u,v. (Qualitative,Metﬁanol)
1

H n.m.r.(60 NHz, CDCl3) v

Mass Spectrum(Eull) n/e

.

.

1610(s), 1580(s) em7t

A 25Tum increasing to 288nm on the
max :
addition of basé.

6.80(s,2d), 7.70(s,8H), 8.95(s,12H)

The enol hydroxyl protons were not observed.

293(5), 292(1%,20), 191(5), 180(5),

166(5), 165(22), 161(5), 153(8), 152

(23), 149(8), 141(6), 145(6), 141(7),
140(21), 137(14), 125(11), 124(13), 123
(11), 121(10), 112(19), 111(11), 110(10),
109(29), 107(13), 105(11), 98(11), 97(27),
96(11), 95(27), 93(14), 91(16), 85(17),
84(25), 83(s%,100), 82(18), 81(27), 79(17),
77(12), 73(13), 71(23), T70(23), 69(42),
63(23), 57(27), 60(13), 57(46), 56(73),
55(96), 54(19), 53(21), s51(11), s0(12),
15(14), 44(27), 43(54), 42(23), 41(89),
43(23).

Accurate mass of molecular ion = 292,1677.

017H24O4 requires 292,.1674,

e e e
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The motorizl wes identica? in all resnocts o zn cuthentic -
cample of forwmaldehyde dimethone, 13%, 152
Yhen 1,2 - dichloroethane (50ml) and text. butenol {50ml)
containing formaldchyde (10mg, ecuivalent to 195mg of bilirubin)
were distilled as above the fornalliehyle dinethone recovered never
excecded ZOﬁ of the theoretical anount (lOOmg).

b) Using 1,2 - Dichloroethane snd Zthanol,

The diazo reaction was carried out exaclly as described above
using ethanol in place of terf. butanol, but TLC (chloroform) of +the
oroduct obtained showed a large amount of a product with RF = 0,22,
This material was isolated by PLC (chloroform) and found to be
dimedone ethyl ether (3.IX.), identical with an authentic sample
prepared as described below,

i,r.(Liquid film) V¥V 1660(s), 1610(s) om?L

max

u.,v.(Qualitative, ¥ ethanol)
H Amax 253nm,

% nom.r.(60 MHz, cc1,,) s 4.75(s,15), 6.05(q,T=THz, 2H), 7.75(s,2H),
7.90(s,2H), 8,60(t,J=7Hz, 3H), 8.90(s,6H).
169(7), 16881 7,48), 154(5), 153(16), 140

(6), 113(10), 112(87), 98(12), 86(12), 85

(11), 84(B%,100), 83(10), 69(60), 68(76),

67(8), 57(8), 56(9), 55(16), 53(6), 42(7),

41(20), 40(15).

Mass Spectrum(Hull) n/e

Accurate mass of molecular ion = 168,1146,
leHléoz requires 1685.1150.

Dimedone Ethyl Ether.-— This was prepared as already deccribed 1180

using dimedone (7g, 0.05mole) and diethyl sulphate (6.6ml, 7.7z, 0.05mole)

Distillation of the final product yielded dimedone ethyl ether (5g, 697 ),
b.p. 130°C/9an.



i.r. (Diquid £ilm) v o, ot i650( 1610() ¢
u.v, (Cualitative ﬁethanol) PR
5 H I\‘m“ 4 ‘JY‘ le
&

e non.r. (60 s, CC1,)

4 4.75(s,11), 6.10(q, J=THz, 2H), 7.75(s,2H),

(23

7.91(s,2d), 8.62(t, J=THz, 3H), 8.91(s,6H).

HYass Spectrum(Hull) m/e 169(11), 168", 53), 1)3(1/), 140(12),

125(6), 113(10), 112(s%,100), 111(5),
57(7), 85(9), 84(93), 83(27), 10(5), 69
(50), 68(58), 67(8), 51(8), 56(17), 55
(20), 53(6), 43(27), 42(6), 41(21),
40(12).

Accurate mass of molecular ion = 168,11645.

clth,o requires 165,11502,




CHAPTER 4.

METAL COMPLEXES OF BILIRUBIN,
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4. METAL COMPLEXES OF BILIRUBIN,

4;1. Introduction.

The apparent inability of bilirubin to form stable metal
complexes was explained by assuming that bilirubin existed as the
bislactam 8o rather than the bis=lactim form. The latter contains
two tertiary nitrogen atoms which would coordinate to a metal ion,
whereas these nitrogen atoms are not present in the bislactam and
so, this form should not form complexes. In contrast, biliverdin
and other tertizry nitrogen - containing tetrapyrroles, readily

10f, 133 However, it appears that bilirubin

form metal complexes.
will also form metal complexes, particularly with zinc ions. Thus,
the addition of a 2% solution of zinc acetate in methanol to a
solutiorn of bilirubin in chloroform - methanol (1:1) induces a
bathochromic shift in the absorption specirum from 452nm to 476nm.134
" This is explained by a reversible complex formation with the zinc
ions, since the addition of acid causes decomposition of the complex
and the absorption meximum returns to 452nm, 134 Mesobilirubin will
also form a complex with a bathochromic shift from 430am to
451nm, 134 Similar effects were observed when aqueous zinc acetate
was added to a solution of bilirubin in ethanolamine, the complex
being decomposed on the addition of a chelating agent (ED‘I’A).135

The presence of zinoc ions in an agueous alkaline solution of
bilirubin has been shown to cause an increased rate of decomposition
of bilirubin, 136, 137 The complexes formed between bilirubin and
transition and rare earth metals in chloroform - ethanol have also
been examined, and it was found that transition metals that formed
stirong, square planar complexes caused rapid bilirubin degradation.
Of the lanthanide elements, only samarium (III) showed any tendency

to form covalent bonds. 110
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Recently, the complexes between ihe biladisnc (4.1.) and the
transition metals Co(TII), Wi(II), Cu(II), ond Zn(Z1) have been

isolated and characterized. 133, 139

All the complexes have a ligand
metal ratio of 1:1, but those of Co(II) and Zn(IIl) contain two tetra-
pyrrole residues with tetrahedral coordination about the metal atom,
while those of Cu(II) and Ni(II) contoin one tetrapyrrole rcazidue with
square planar coordination. However, while (4.I.) is a bilezdiene - ac,
it is unlike bilirubin in that it lacks the lactam carbonyl groups, and
as a result, contains two tertiary nitrogen atoms., If bilirubin forms
similar complexes, it must presumably first enolise to the bislactim,
It has been suggested that zine moy be important in liver

140

and bilirubin is known to inhibit human and equine liver
141 142

function
alcohol dehydrogenase, and‘equine liver glutamate dehydrozenase.
Both of these ensymes require zinc ions for thei: activity and it has
been suggested that, inter alia, the mechanism of inhibition by

bilirubin may be due to the formation of a complex between the bilirubin

and zinc ions.

In view of these observations an examination of some zinc complexes

was uniertaken with a view to the elucidation of their structures,

4.2. Results and Discussion,

4.2.1, Bilirubin - Zinc Complexes.

4.2.1.1., Preliminary Observations.

The metal complexes of bilirubin have been examined

110 110, 134 chloroform -

ethanolamine, 135 tetrahydrofuran,'llo D30, 1O ona

potassium cyanide - DMF 119 25 solvents. In this work, the complexes

using chloroform,
1i0

chloroform - methanol,

ethanol,

formed between bilirubin and zinc acetate in DUF and DNMSO were
examined and will be discussed.

When solutions of zinc acetate and bilirubin in anhydroug DR
. > = 'y

T A AVINE-3 AAKEER




M M HCO0G COOCH; M M

M M H CO0C COOCH M M

\N/W\

(41)
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D¥%50 or N, - dimethy: acetamide (DHA) are mixed, a bathochromic shiflt
from 454nm to 526 nn iz observed in the absorntion snectirunm and the
solution becomss dark red (Figure 4.la-c.). N,N -Dietlhylformamide
was also examined ag a solvent, but a larce excess of zinc acetate
was required for any appreciable complex formation to occur,
Corresponding complexes are also formed between mesocbilirubin and
zinc acetate under identical conditions with a bathochromic shift from
420nm to 432nm (Figure 4.1d.). Similar spectral shifis areiobserved
vhen the zinc salts of formic, propionic, n ~butyric, and n -valeric
acids are used in the place of zinc aceﬁ&te. However, for the saﬁe
degree of complex formation in each case, more zinc formate is
required thon any other zinc alkyl carboxylate tested. On the other
hand, the zinc salts of the strong acids hydrochloric, sulphuric and
trichloracetic are not conducive to complex formation in the divolar -
aprotic solvents used. Thus it would appecr that on complex formation
protons are liberated, which if not removed as the undissociated acid,
(as in the case of acetic — n —valeric acids) effectively cause the
decompositiop of the complex, Indeed the addition of water or ccid
to, e.g. the complex with zinc acetate causes decomvosition of the
complex,

The compléxes in DMF are fairly stable towards oxygen, the
stability increasing in the presence of an excess of zinc acetate,
whercas in DM30, the compiexes are stable only in the absence of oxygen.
In the prescnce of oxygen, the colour due to the complex rapidly fodes
but the identities of the pr:isumed oxidation products have not been
determined.

Spectrophotometric examination of the additién of aliquots of
a s&lution of =zinc écetgfe in DMF solution to a solution of bilirubin

in DMF shows a family of absorption curves (Figure 4.2.) with a
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single isolestic point at 478na itvdicrting lhet the chunges in
concentration of the zbsarbing sveccies (bilirubin =nd the complex)
are related lincarly and thst the overall rcuction hus one rate

. 143
determining =tep. 2

The complex nature of the raacting systen
precluded the calculztion of a weaningful stability constant of the
complex, Xxamination of the organic material recovered from tae
samples of the complexes (in DUF and DMS0) decomposed by water vhowed
it to be identical to bilirubin in 21l respects, indicating that the
complex formation is indeed a reversible nrocess.

In view of the instability of the zinc complex in DISO solutiom,
compared with that in DMT, most of the cuantitative detcerminations

vere carried out using the comvlex in the latter solvent.

4.2,1.2. Stoichioictry and Tosrible Structures of

the Zinc Complexes.

T44

Using the method of continuous variations,
it was shown that in both DMF and D¥S0, the zinc ¢ bilirubin ratio
in the complexes is 3 : 1. Concentration of a solution of bilirubin
and four edﬁivalenis of zinc acetate in DN yields an orange precipitate
and elementzl analysis of two separate preparations indicated a
nitrogen : zinc ratio of 2 :l. Tgking these results together and
assuming that the complex contains one tetrapyrrole residue, then there
must also be two DMF molecules mnresent in the complex. ASamplos of
the DMF complex prepared from 14C - labelled zinc acetate had specific
actiyities, after correction for quenching, consistent with the presence
of two acetate ions. The complex therefore has a bilirubin s zinc 3
acetate ion : DMPF ratio of 1:3:2:2.
Isolation of the complex from DM30 solution, in an analogous

manner yields a dark red solid, but with variable Zn : W and Zn : S
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reiion for scoveral savnlces iszolated, DPreswanbly, this coanlex
. v 9 i

-

undergoes some decompooiiion during the isolation procedure,

o~

The i.r. spectrum of the isolated DEF complex zgo & Wujol mull

. : R e .
(Fisare 4.3.) chows a band at 3,30%em,” indicating the oresence of

]

115¢

o

0~ or IN-H groups; while the carbonyl region snows bands at
sy =1 h vt .
1660, 1630 zad 1575cm.~ in contrzet to that of bilirubin nader the

)

Investigation of thoe isolated DWF complex by mass spectronetry

\J1

same coniitions (Figure 2.

shows that, on raising the temperature of a sample which had been
directly inscerbed intc the spectrometer, DMI® is evolved at SOOC
followed by acetic acid at 100 - 120°C., When the comolex prepared
from zinc poricuterocacetate is similarly analysed, DUF and CD3COOH
are evolved. However, it iz not possible to distinguish the
cracking petterns of T, CH3COOH or CD3COOH hecause of the presence
of decomposition fragrents from the bilirubin ligand. This suggesls
that the DHF.and acetate ions are present as ligands., The presenceof
free HF is unlikely since the semple was maintained at a pressure
of 0.,1lmm Hg at voom temnperature for 24 hours, Also the presence of
frce zine acetate is unlikely, for while the hydrated salt does evolve
acetic acid in the mase spectrometer under the conditions used above,
it does so less readily thzn do the complexes.

It is not pnossible to record the 1H‘n.m.r. spectrum of the
DMF complex, since, once isolated, it is very insoluble. However,
it is possible to record the spectrum of the DMSO complex since a
concentrated sample can be prepared in situ using 2H6 ~DHMSO and
zinc perdéuteroacetate. As both the D¥PF and DMSO complexes have the
same gzinc : bilirubin ratio and similar absorption svectra, it is

. 1 .
aszumed that the "H n.m.r. spectrun of the DIF complex would be siwilar

to that observed for the DMSO comwnlex, The mejor difference between
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- - ) -t k) 2- e
bin eni the complex in  “H, - DMS0  (Pigure A4.4.)

ic the colloura of the signal due to the methine bridge nrotons at

1

3.92% in the spectrum of bilirxubin, The "H n.m.r. spectrum of

-t
=
[

(o8
(e
fd
e
!

a2 . ree [T A 3 ]
ubin in Hé ~DiI30 (Fisure 4.5.),obta1nea in an analogous

monner desonstirates more clearly the changes occurring on complex
o S O &

formation, Thus, the methine bridge protons, resonating as a singlet
at 4,06 ¥ i: mesobilirutin, rescnate es a group of threc singlets at
3.98%, 3.831 and 3.82% in the DMNSO complex, with the intensities
of the two lower field resonances being equzl. Integratioh of all

three resonances suggests that, combined, they correspond to two

nrotons, & possible explanation is thet if the complex is in

free bilirubin while the remaining resonancesz arise from the coumplex.
Why the complexation of zinc should czuse this effect is uncertain,

‘but while it'suggests thet the zine ions are coordinated by the nitrogen
atoms of bilirubin and mosobilirubin, the Zn(II) ion has a le
configuration of electrons and is therefore diamagnetic and so shouvld
influence the n.m.r. spectrﬁm very little. The attempted titration

of the methine proton resonance with 2Zn(II) failed because whenever
less than four equivalents of 7Zn(I1) were added to the sample tube,
the complex vrecipitated out,.

All attempts to obtain the DMF complex in a macrocrystalline
forn failed, the complex being cbtained instead as an apparently
amorphous orange powder. A-Ray powder photographs of several samples
of the complex show a fow, reproducible diffraction bands differing
from those obtained from erystalline zinc acetate or bilirubin zlone,

This

B

ndicates that the ~ocaplex is microcrystalline and a definite
chenical entity.

Before o structure is provosed certzin assumptions must be made.

There are no ligand ficld stabilication efizcis in the Zn(II) ion



FIGURE 4.4. THE 100MHz 1HN.MR. SPECTRA OF
BILIRUBIN (@) AND ITS ZINC(I) COMPLEX(b)

IN 2H6-DMSO
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FIGURE 4.5. THE 100MHz 1HN.M.R. SPECTRA OF

MESOBILIRUBIN () AND ITS ZINC(Il)
- COMPLEX(b) IN 2H -DMSO
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becmusze of the completed d snell hence the siereochemisizy of #n(II)
complexes is determined solecly by concideration: of the size,
electirostatic forces and covalent bonding forces of the ligonds,
Therefore, Zn(II) generally adopts a coordinztion number of four with
3 2 &

o R V'
tetreuliedral coordination of the ligands.

Assuming the complex to contain one tetrapyrrole rexidue, it
is proposed that one of the zinc ions is coordinatved by the
carboxylate anions of the two »ropionic acid side chains, in a manner
146

similar to that found in zinc acetate dibydrate. Hovever, unlile

Zn(OAc)z.ZHZ

it is sugrested that the carboxylate-coordinated zinc ion in the DNF

0, vhich is octzhedral with the acetate grouns eguatoriel,

complex is tetrahedral, in the absence of any extra ligend: which
might have otherwise forced it to adopt an octzhedral structure.

This centre is therefore elecirically neutral with the stereo -~
chemistry as shown by (4.II.). Only if the bilirubin enolises to the
bislactim form, to give two tertiary nitrogen atoms can the other

two zinc ions be coordinated in a manner in keeping with the normal
bonding in metal complexes of pyrrolic systems. 133, 147 It is

then possible that the enolisation is the rate determining step in
the formation of the complexes, réferred to above, The complete
structure is shown by (4.III.) with the two vacant coordination sites
on each of tﬁe pyrrole - coordinated zinc ions occupied by a uni -
dentate acetate ion and a DMF molecule coordinated via the nitrogen
atom. It will be seen that the molecule is electrically neutral.

A model of (4.III.), shown in Plate 4.l., indicates little
strain or steric crowding. This avppears to be & plausible structure
- a structure baéed on the hydrogén bonded structure of bilirubin
(2.XVIII.) is rejected because of even greater steric crowding than

in the case of free bilirubin. If the insolubility of the DX[F complex
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is cimmificant then it ie connible that the complex could te polymoric.
Polymers, based on (4.1II.), are poszible with the units linked hy
the coorlination of propionate groups from two diiferent bilirubin
molecules to 2 zinc ion; Unfortunately, the nature of the rezction
mixture does not allow an estimzte to be made of the molecular weight
of the comnlex when it is formed initially in solution, Furthernore,
thie insolubility of the isolated comvplex does not permit an accurate
determination of its molecular weight by cryoscoric, ebullioscopic
or osnometric methods,

The i.,r. spectrum of the comrlex is compatible with the structure
(4.7IT.). TIf the band ai 3,3000mT" iz assimed to the stretching mode
of the enolic 0-Y grouv, the bands at 1660, 1630, and 1575cm7; may
‘be assigned in the following woy. The carbox&late ions show two..CO
stretching bands in the i,r. spectrum, whether it is free or

148 Theoratically, these bands ( for

coordinated to a metal ion.
symmetrical and asymmetrical stretching modes) should be further apart
when the carboxylate group is a unidentate ligand than when it is

a2 bidentate ligend. By comparison with examples already published,l48’149
the broad band et 1575:m>> in the complex is essigned to the
asymmetric streiching mode in the bidentate propionate and the
unidentote scetate ligands. The band observed at 14150m71 is
assigned to-the symmetrical stretching mode of the unidentcte ligands
while that of thelbidentate ligends is presumed to be obscured by the
Hujol absorption band at 1465cm:1 The absorvtion at 1660cmTY is
assigned to the carbonyl stretching mode in the DMF ligand while that

at léibcmtl is. probably due to C=C and C=N stretching modes in the

bilirubin ligard.



.2.2.  Zine Comnlexes of Bilirubin dinethyl Beter and oL oL '-

Dimethovybilirubin Dimethyl Enrter,

Doth bilirubin dimethyl ester (4.IV.) and & ,of '= dimeth~
oxybilirubin dimethyl ester (4.V.) will forem complexes with winc acetate
in DUF zolution., In each case the complex is slower in forming than
the correrponding complex of bilirubin, ihat of (4.IV.) taking 20 -

30 minutes at rosm temwerature while thot of (4.V.) takes 1 - 2 hours,
This latter observation is uwnusual since (4.V.) is fixed in the big-
leetim form so the rate of complex formation ought to be equal to or
areater then the rote observed for bilirubin itself unless the structures
of the two complexes differ.

Using the method of continuous variations, 144 the Zn 1 (4.V.)
ratio in the o ,of '— dimethoxvbilirubin dimethyl ester complex was
found %o be 2 ¢ 1. Unfortunontely this method cannot be used to
Jecternmine the stoichiometry of the bilirubin dimethyl ester comnlex
since the absorption svectrum of this complex varies with the amount
of zinc added.

Figure (4.5.) shows the variations, with time, in the abszorption
spectra when two(a) and four(bd) equivalents of zinc ions are added to
a solution of bilirubin dimethyl ester in DMF.. The corresponding
absorption spectra obtained whem two equivalents of zinc ions are
added to a solution of ol,ol *~ dimethoxybilirubin dimethyl ester are
chown in Figure4.T7a, while Figurc 4.7b shows the effect of adding
2liguots of two equivalents of zinc ions and recording the spectrum
immediately after each addition, The anppearance of an isobestic
point in each case indicates o linear reletionship between two components,
However, in Mgure 4.7z, the isobestic point (at 460nm ) does not
coincide with the absorption specirum of the o ,of '~ dimethoxybilirubin

dimethyl ester wherezm the isobestic point in Figure 4.7b  (at 455nm )
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ZINC ACETATE TO BILIRUBIN DIMETHYL ESTER IN DMF
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does, This may indicate thut the initial complex (ag in Figure 4.7b.)
rearranges with time to give a complex with a Zn : (4,V.) ratio of
2 : 1., Possible siructures for the complexes with (4.1v.) ard (4.V.)
are shown by (4.VIa.) and (4.VIby) respectively, although the
possibility of a binuclear complex for bilirubin dimethyl ester as
found Tor (4.1.) cannot be ruled out, The behaviour of the bilirubin
dimethyl ester complex may possibly be due to interaction between the
r-electron systems of the dipyrrylmethenes and any zinc ions in excess
of those required for complex formation.

In a mamer similar to that described for bilirubin complexes,
bilirubin dimethyl ester, identical in all respects to an authentio
sample,can be recovered from the decomposition of the complexes formed.
with two and four equivalents of zinc ions in DMF solution., However,
in the case of «,®' - dimethoxybilirubin d imethyl ester, insufficient
material was available for the similar examination of the tetrapyrrole

obtained from the decomposition of this complex.

4.2.3. Compléxes Between Bilirubin and Other Metal Acetates,

Qualitative absorption spectra were obtained by adding
aliquote of either a M/lO or saturated solution of the metal acetate
in DMF to a 10_5M solution of bilirubin in DMF., Not unexpectedly,
no significant changes are:observed when the acetates of Li(1), Na(1),
K(1), Ca(II), Ba(II), Ag(I), ng(n), and T1(I) are added. The
additions of Be (as BeO(OAc)G) and Mg(II) produce hypsochromic shifts
from 454nm to 4l4nm. The additions of Mn(II), Ni(II), Cu(II), and
Pb(iI) cause no shifts in the position of the absorption maximum but
do cause decreases in the extinctions, These observations are rather
surprising since one might expect, by analogy with porphyrin systenms,

for these cations to form complexes, Perhaps this reflects the



the 1n2bility of Rilirubin io confovn to the steveochemical
these motals,

Only when the acetaztes of Co(II) and Cd(II) are added ore
bathochrormic shifts, nisilar to those for 7n(IL}, observed. The
aboorption srnectra of these comnlexes are chown in Flgure 4.5, with
that of the zinc compler, under the came conditions, jucluded f-r

comvarison., Tue Co(II} and Zn(II) ions have very similer radii and

it is suggested ihat the preferred stereochemistiry in bilirubin -

e

metal compleres i; tetrzhoiral since it is known that Co{II) forms

more teirahedral complexes than any other transition metzl ion}45b If
bilirubin can form only tetrahelrazl complexes, then this mey explain

the absences of any complex formation with other metals as

suggested above. Although the C3(II) ion is lavger than the Zn(II) :
ion, the formation of a cadmium complex is not unexpected since zinc

and cadmium are group IIb metals. The third member of this group,

mercury, when added as Hg(II) causes rapid oxidation of the bilirubin

to a green pimsent, presumably @ vordin.

4.3. Experimental,

Materials.

—

Bilirubin (B.D.H. Chemicals Ltd.) was purified as described inm Chapter

3, Section 3.3.

N,N¥ -Dimethylformamide was dried over anhydrous barium oxide for several

days, decanted, distilled under reduced pressure and redistilled unler
reduced pressure from, and onto, freshly heated molecular sieve(44)
before use.

Dimethyl Sulvhoride was dried over calcium hydride for several days

and then distilled as described for DMF,

Zinc Acetate Dihydratc (Q.R.) was used without further purification.
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¥ethodso,

Isolation of the Zinc -~ I tin Comnt oy from DEF D nlution,~ Bilirubin

(100mg, 0.17mmole ) was discolved in nurifTied DA {(150al ) and sine
acctate dihydrate (150ms , O0.08 mmole ) dissolved in DME (5wl ) added.
The solution was allowed to stund for 10 minutes, in the Zirk and hen
most of the solvent, (1301 ) wes removed in vacun, below 40°¢.

The resuliing dark red - broun solution was selt sside for one hour

in the darlz, the prccipitate isolated by vacuum filtration and washed

with a little DXF, The last traces of solvent were removed at 0,15mn Hgy

overnight,
i.r. (Fujol iull) vmax : 3,300(w}, 1660(s), 1430(s). 157§(br,s)cn?1
Analysis (B) : Found (i) C, 49.643 H, 5.245 N, T7.16;
Zn, 16.89%.
(ii) ¢, 49.72; H, 5.07; W, 7.10;
Zn, 16.77%.
If the comvnlex has the siructure proposed
then the molecular formula is 43H52 10 Ny
which reguires C, 49.51; H, 5.23; N, 8,06;
Zn, 18,809,
Mass Spectrum (PCMU) : Accurdte mass of the ion corresponding to

DMF(C3H7NO) = 73.0538, C3H7NO requires

73.0528.

Accurate mass of the ion corresmonding to

) = 60.0211. C2H4O2

acetic acid (02 4%

reauires 60,0211,

The complex vrevared using zine deuteroacetate (167 mg, 0.68mmole)
was isolated in a similar monner.

f.r.  (Kujol mull) vt 3,310(n), 1655(s), 1630(s), 1560(s) catl




Mase Sacctrum (FUNU)

JAE\,)“ 40) at w/o 73 = 73.0527.
2

F,/ 0 requires 73,0528,

Accurste mass of the ion corresponding

to CD CO0H = 63,0400, C TU O

requires 63,0400,

Deterrination of the Quantitative Absorption Spzctra.—- The

~

quantitative absorption nnecira of the complexes werce determined

by their prevaration in gitu, and all determinations were carried
out using a Cary 14 Spectrovhotometer. A solution of toilirubin
or megobilirubin in the appropfiate solvent, having an optical
density at the absorption mzximum, beilween 0.1 and 1.04was
prepzred. Zinc acetate dilydrate, dissolved in the same solvent,
as added until +he extinction at the absorption maximum of the
complex reached a maximum value., This generally required 6 - 12
equivaleﬁts of the zinc acetete dihydrate. The molarity of the
bilirubin solution was deterained spectrophotometrically, using
the extinction coefflclent" in Table 4.1, allowinz the extinction
cbefficient of the complex to be deterwined, assuming the complex

to contain one tetrapyrrole residue. The average of several

determinations in each case is shown in Table 4.1,

Accurcie nmanss of ihe ion corwvesponding?

D
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Lalaigll Lele
Prec Ligond, Complex,
Tetrapyrrole. |[Solvent. 2 3 - €
Hllaa -
S S ,
o, A48%nm, 586,700 526nmn, 53,000
Bilj.rublr\ DuA, /"/31211 . ‘) / s 200 39_()(1,' . 7fo ’ 020
1. -
YT o, o 30 8}
DIBG, 454:173 . 5() , 200 32,\‘”1{71 . 63, 000
- 32nm 64,900
Y. 220am, 50,300 aszna. v
Fesobilirubin,
A0 5
e ~~ L3¢ 39 NI 5) 800
2is0. 42750 53,200 Irbie 4

. . 1 < . o
Determination of the "H n.m.r, Bocctra of the Zinc Comvlexes of

Bilirubin and HMesobilirubin in zHG -~ DdEQ,~- Bilirabin (3033, Slrmole )

wes dissolved in 2H6 - DHSO (0.5m1-) in a samnle tube and a 2.2i!
solution of zinc deuteroacetetec in dentorium oxide (lOOrl, 4 sguivalents
of Zn(IT)) added and the spectrum recorded. A further quentity of

the zinc‘deuteroacetate solution was added (50 rl) and the spectrum

re -~ recorded. The 1H n.m,r. spectrum of the mesobilirubin complex

was obtained in a similar manner.

Zinc Deuteroacetate Dideuterohydrate.- Ierdeutercacctic acid (Sml,

58, 0.078mole ) vas diluted wiih deuterium oxide (15ml), sinc oxide
(4.0g, 0.049mole) zdded and the suspencion heated mently to boiling

point. The supernatant was decanted ari zav cloudiness cleared by

!

the addition of a few drops of CD,CO0D, The solution was allowed to

3

cool, the crystals collected Ly vacuum fiitration ¢nd dried in voeuo

. L. . o
over phosphorus pentoxide. Yield 4.54c, (514).
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14 y e 14 . .
1 - C - Zine Acetote.- 1 - ~7C - Acetic acid wax obiained as the

sodium salt (95%visot0pic atundance in the carbon atom). Two methode
h ] g JE N . N 2 Lo A @ 14 o 4 S

werc used to convert this to zinc aceinte: a) 1l -9 - sodium acetato

(SOIACi) was diluted with the unlabelled salt (2g ) dissolved in water

(2m1 ). This soluiion was allovwed to percolate through a column of

. . -t . .

ion exchange resin (Dowex x 5C, H form, TOml wet vol. of resin).

The acid fraction was collected, stirred overnight with an excess of

basic zinc carbonate, Tiltered and the filtrate reduced in volume to

about 10ml and allowed to crystallise. The crystals were collected

by vacuum filtration, dried in vecuo over phosphorus pentoxide, ground,
. . 14

and sieved through a 70 mesh sieve. b) Two scanles of 1 - ~4C —

X . i1 14,
labelled zinc acetate were obtained by diluting a sample of 1 - 1L~
sodium acetate (ZSOrCi) with different amounts of cold zinc acetate
(about 2g and 3g ) dissolved in water. Crystals were obtained and

processed as described in a).

Determination of the Specific Lctivities of the Prevarations of 1 —140—

Zinc Acetate.- A sample of radioactive zinc acetate (20 - 50 mg )

was dissolved in water (lml ) and the activitics of 10, 20, - 6op1
aliquots determined using the dioxan based scintillation medium
‘described in Chapter 2, section 2.3. The specific ectivities of the
three preparations were found to be i ) 6.28 x lO6 com/mmole (prepared
by method a)), ii) 3,29 x 107 com/mmole and iii) 4.61 x 1o7cpm/hmole.

(both prepared by method b)).

Isolation of the Zinc - Bilirubin Complex, Labelled with 1 - 140 -

Acetate, from DMF Solution.- Samples of the labelled comnlex were

prepared exactly as described above for the "cold" complex., The i.r.

spectrum and the X-ray powder photograph of e2ch preparation were

identical to thoze obtained from the "cold" complex,
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Determination o7 the Bvecific Activilties of the Sanrles of Lobelled

Comnlex from DiF =olution.- A convenioent approach was to wtiline the

limited solubility of the UMP complex in DMSO, (uenching curves were
construcfed for the chemical quenching by the Dif$0 and the colour
quenching by the complex, using DUSO and a DMSO solution of the DET
cowplex recpectively, in similar ways to that alrendy described in
Chepter 2, section 2,3, The quenching curves arc showm in Figure 4.9
and Figure4.l9 respectively., The quenching by DHSO is low (2bout 3¢
ver O.lmg in 10 ml) whereas that by the complex is greater ( about -
305 per 0.05mz in 10ml) |

o ) 1 " A
A sanple of the 1 - 4C - scetate labelled complex (1Om3) wa.s

)

suspended in D50 (10m1) anl the suspension stirred, in the dork at
room temperature until a solution wes obtained (about 2 hours).
Aliquots (O.lml — 0.6ml) were counted and the specific activity of the
complex determined, after correction for quenching. The sﬁecific
activities of the three samples prepared from the three proporations
of 1 - 140 ~ gzinc acetate were fouﬁd to be i) 5.94 x 1060om/hmole,
ii) 2.97 % 107 com/muole, and iii) 4.85 x 10!con/mmole respectively,
which indicates the presence of i) 1.88, ii) 1.80, and iii) 2.10
acetate ions respectively per molecule of complex.

Attempts were made to determine the specific activities of
these samvles employing the technique of suspension counting usihg

150
the thixatropic cgent Cab — O - Sil (502mg/10ml). > The specific

14c

activities of the 1 - - zinc acetate preparations were readily
determined in thid way. However when applied to the DNMF complex, the
method failed because of quenching within the particles themselves end
attennts to construect & quenching curve led to a series of random

results even vwhen the latter hal been pasced through a fine - mezh

siewd,
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Yoternination oT the Yine : Tetranyrrole 2mtios in the Complexecn

: 144

Yxaminel.~ The sethod used was szimilar to thet alreedy descrilded,

all solutions being made up to 2 volume of 10ml. The molaritics of

the pisment solutions used (ond hence also of the zinc acetate solubions)
ranged from 0.5 x 1O~5M to 2.0 x 107 -H, the exact concentration being
determined spectrophotometiricclly. The zinc acetete colutions were

vreocered by dilution of an H/lO solution in the apnropriate solvent,

Recovery of Bilirubin and Bilirubin Dimethyl Ester from the Comvleres

Formed in DHPF Solution and of Bilirubin from the Comvlexes Formed in

D¥S0 Solution,~ Bilirubin (100mg, 0.17mmole) was dissolved in D¥F

or DMS0 (100ml) and zinc acetate (150mg, 0.68mmole) added. The

solutions were allowed to stand at room temperature for 30 minutes in

the dark and were then poured into water (11 ) containing a few dropc

of glacial zcetic acid. This solution was extracted with chloroform

(3 x 250m1) and the organic layer washed with water (1 x 100ml) containing
a little sodiﬁm bicarbonate, then with water alone (1 x 100ml)., The
chloroform sclution was dried over anhydroﬁs Na2804 and the solvent
removed in vacuo to leave an orange residue which was maintained at

lmm Hg overnight. Recovery of bilirubin was Tlmg (71%) (DMF) and

62mg (62%) (DMSO).

u.v. (Chloroform) From DYF, A __ 454nm (e 57,900),

Lit.,88 }max_543nm (¢58,800).
From D¥S0,A, . 454nm (& 59,700),
Lit.,88 Mony 493nm (e 62,200)

The i.r., g n.m.r, and the mess spectra were identical to those
described in Chapter 2, the Appendix and Chapter 5 respectively.

Ina ;ihilar manner, bilirubin dimethyl ester was recovered
from DIF solutions containiag two.and four equivalents of zine acetate.

Recovery was 61% (2 equivalents Zn(II)) and 635 (4 equivalents ofZn(II))
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were identical to thoce cugerved for an cubthentic sowaloe
dinelhyl ester describad

Control experine

dimethyl ester froa the

never exceeded 7O

Bilirubin Pimethyl Buicr.- This was prevered as described in Chapter 5,

section 5.3.

o)
;n

oL, ' ~ Dimcthoxybilirubin Dimethyl Ester.- This was prepzred

already deceribed in Chapter 2, scction 2.3,
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5, BITERS OF DILIRUBIN.

5.1, Introcduction,

The methods available for the inolation of bilirubin conjug-tes
from bile are lengthy and ~ive products of uncertein purity, due either
to the incomplete separntion of the comoounds ia bile or o ine farmation

. 8 .
solation procedures. 1, 1 The first

W

of artefacts during the

bilirubin conjugate to be idcntified was the diglucuronide (5.1.) in

which the propionic acid side chaing of bilirubin are esterified by

the C(I) hydroxyl zroups of f =D - glucuronic acid. 61 Recently,

other sugar derivatives hove been identified in bilirubin conjugates

isolated from humsn bile, and it is likely that bilirubin is excreted

in part ez acyl glycosides of complex oligosaccharides 70 (see

Chapter 1, section 1.5.2.)« In dog bile, bilirubin can be excreted

as the acyl glycosides of P - D - glucose and B~ D - xylose.és’ 69, 151
Thus there is a need for synihetic bilirubin conjugntes of

defined chemiczl structure to confirm these various naturally

occurring conjug:tes, Any chemical method for the synthesis of

bilirubin conjugetes must allow the stereospeciiiic esterification

of a particular hydroxyl group of a polyhydroxylated saccharide residue,

Moreover, in view of the known instability of bilirubin under acid86

or alkaline 87, 136, 137, 152 conditions, the esterification must

take place under mild conditions and preferably also with the minimum

use of protecting groups. The methods currently available for the

synthesis of the dimethyl ester of bilirubin such as diazomethane%oz’l53

methanol - boron trifluoride }54 or methanol -~ hydrogzen chloride 111
are unsuitable as these nrocedures connot be easily adapted for the
esterification of specific hydroxyl groups in mono - or oligo -

saccharides,

The rezction between bilirubin diimidazolide (5.11I.)
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prenared from bilirubin ond H,H - carbonylbisiniiszole {5.IT,.) in

155, 156

>}

iF) and glucuronic oecid heas yielded products with moRilities

. 1

on TLC identical to the %ilirubin mono - and dislucuronides isolsted

78

from bile, The synthetic diglucuronide geve a direct von den Bergh
reaction, was hydrolysed by o~lkali, indicating an ecster, bLut was

not cleaved by f ~ glucurcnideze. Since TLC of the ethyl enthranilate

-

156

azopigment showed the prescnce of several components, the most
likely explanction is that random esterification of bilirubin by any
of the hydroxyl groups of the glucuronic acid hos occurred. N -
Protected amino acids have been esterified specifically by the free
C(I) hydroryl group of otherwise fully protected glucuronic acid in
a related menner. 157 The disadvantage of +this method if apnlied to
bilirubin would be the need for the removal of protecting grouwns with
as little degradafion of the bilirubin molecules as possible,

The reaction between diazotised aromatic amines and a primory
alkyl amine in neutrsl solution yields 1 - alkyl-3-aryl >triqzeneslsg’159
These compounds, eg.1 =aliyle3-p-tolyltrisgenes (5.IV.), will estorify
carboxylic acids to give the corresponding alkyl esters in high yieid

.

under mild conditions. An extension of the method for the prevarztion
of 1 - amino - f -D - glucose 160 to other sugars could allow the
preparztion of the corresponding carbohydrate triazenes, Thus, in

theory, a method exists for the synthezis, under mild conditions, of

bilirubin conjugates with specific sugar residues,

52, Results and Discussion.

5¢2.1. Preparation and Identification of the BEsters.

The reaction between bilirubin and the triazenes (5.1Va,
b,d,e,) in chloroform solution zt room temperature yields the dimethyl

(5.Va.) and the hitherto unknown diethyl (5.V.b.), diisoprooyl (5.Ve.)
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FIGURE S.2. THE DISSOCIATION OF TRIAZENES

®

I

NENLR

— z>
G



i
N
\J1
i

end dibensyl (5.Vd.) c~bers of pilirubin wiich hove been identified
by the usval physical technigucr,

The mechaniem of the reaction is uncertain, but it is likely
that, in chloroform solution, atinmcir by the carboxylic acid residuer
of bilirubin on the «lkyl grouvnas of =ne tsutomer of the triazene

wroduces the ester, nitrosean anl v — toluidine,as shown in Figure 5.1,

e

-

The stereospecificity of the recctiion is unlmown, but it uppesrs that,
in chloroform solution, the decomposition of the triszenes does not
involve carbonium ions, formed ar shown in Pigure 5.2., as
. . o . 1 .
intermediates, An exanination, by “H n.m,r. spectroczcopy,of the
vroduct from the rezction hetween vhenylacetic acid and 1l -n -~
propy1_3_p_tolyliriuzeﬁe(B.IVc.) in chleoroform solution, failed
to reveal any signals 2ue to iso - prooyl groups, indicating that
the reaction had procecded without the rearrangement of an intermediate
n - propyl carbonium ion to an iso — propyl carbonium ion.
However, it has been observed that substantial rearrangement of the
' . ) 161 .
n - propyl grouy occurs in polar solvents. These two observations
suggest that the stersospecificity of the reaction may be solvent
dependent,
The properties of bilirubin dimethyl eater prepared in this
manner are identical to those of this ester obtained, for exanple,
. 88 . . . -
vsing diazomethane, while the other csters prepared have been identified
. . 1., i i '
by i,r., absorption, macs and i n.m.r. snechtroscony, as well as by
elemental analysis whenever poscible.
The i.r. spectra of the esters, when rccorded as Nujol mulls,
s . : ; -1 |
KBr discs or chloroforie solutiong, show bands at 1735cm.
< s 2 s . L i 115e
characterictic of non - hydrogen bonded ester carbonyl groups.
-1 . . . . ,
A band at 3340cm.” is also obmerved, which iz ascigned to the N - H

115b,c

vibrations of the lactam and pyrreole rings since the

frequency is too low for O -H vibrations. Thus it appears that the
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esters retain the bislecton tautomeric Torm of bilirubin., In ihes

POSe S}

and other rasmects, the specira, as Nujol mulls,nsree with thot wublished

o
et
)

for the dimethyl cster.
The esters =11 sho. absorntion muxima #t 400nm in chloroform

[t

solution end zt 450nm in methonol or DHUSO solution, as does = sample of
i . ) 8¢ . - c o
authentic dimethyl ester, The reasons Tor these difierences are

e
discussed more fully below.
Mass spectrometric anclysis of the esters gave accurate mass values

for the moleculer ions consistent with the exvected molecular formulae

as shown in Table 5.1. The crocking opatterns of the esters are

TABLE 5,1.
Ester Molecular Reguired FPound
Formula
Dinethyl C3SHAONAO6. 612.2948 612.2343
Diethyl C37H44N406 640.3261 640.3271
Diisonropyl| 39 48N4 6 668.3574 668, 3582
Dibenzyl 48k 0, 764.3574 T764.3596

shown in Figures 5.3 to 5.6 with those of bilirubin, mesobilirubin

and o, (! ~ dimethoxybilirubin dimethyl ester (Figures 5.7 to 5.9)

included for comparison and completeness, In each case the fragmentation  §
162,163

pattern is essentielly the same as that already observed for bilirubin. i

For all the molecules, except «,ol' - dimethoxydilirubin dimethyl

ester, the parent ion is cuite strong, but the two vrincipal ions

‘(S.VI.) and (5.VII.), ono of which is the base peak in each spectrum
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(exzcept for the dibenszyl ecter) arise fron cleavege ocourring ot ;
the centrzl methylenc bridse, Tor both of thesc ionn, o alternciive i

siructurces may be written depending on which way the cleavege occurs i

znd there is no reason to suprosc thet one may be favoured rather :
than the other. In the case of the dibenzyl ester the wolecule S
frasments to give one vrineipal ion only, correspvonding to (5.V31.). E
The remaining minor fragmentis in every cuce mey be derived by side
chain cleavages of thesz two main fragments ani the cracking pattexns
below m/e 200 are very similer, o= one might exvect, to that obtzined

s 162 - . 4. s A
for bilirubin, The cracking pattern of o ,of = dimethoxybiilirubin dlmethyl‘;

ester is very similar to those a2lready discussed except that the

parent ion is also the base peak and the two hzlf -~ molecule fragmente

are much lover in intensity. 7This behaviour may be the result of
this compound being = bislactim,
1. s e -
The "H n.m.r, gspecira of the diethyl, diisopropyl and

dibenzyl esters recorded in deuterochloroforn (Figures 5.10 to 5.12)

resemble thaot of the dimethyl ester zlready published, 88 except

for the resonances of the esterifying alkyl groups. Thus, the
diethyl ester shows a cuartet at 5.86T and a triplet af 8.74+ (6H)
dus to the ethyl gréups, the diisopropyl ester shows a septet at
4,98t (2H) and a doublet at 8.77t (1l2H) due to the isopropyl groups,
while the dibenzyl ester shows singlets at 2.70+% (10H) and 4.89<
(21 ) due to the benzyl groups. The spectirum of the dimethyl ester

in 2H6 ~DiSO differs from that in deuterochloroform,88 the major

differences being obscrved in the resonances of the C- methyl groups

(v.infra). These changes are also observed for the vreviously

unknown esters prepared in this work.
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Ie2eZe  Tantonerism arn? Sclvent Yfveotn,

It hag been showa 77 and confirmed in this woric tint

bilirubir exists ac the biclactam tautomer and, @ griori, o chonpe

to the bislactin toutomer is not expected on methylation of bilirubin
to the dimethyl ester; since the carboxyl groups are not conjugated
with the diryrrylmethene chromophores., Since the pouitions of the
chsorption mzxime of chloroform solutions of bilirubin dimeihvl ecter
(425an) and bilirubin (450am) difier, it has boen susgested that
teutomerism - from the bislactim in bilirubin to the bislactam in

the dimethyl ester -~ does occur, This change was thought to arise
from loss of hydrogen bonding between the propionic zcid side chains
and the two terminal hydroxyl groups of the bislactim tautomer of

bilirubin, 111

3

he absorption maximum of the dimethyl ester in chloroform
solution is nearer to that of o ,0( ' — dimethoxybilirubin dimethyl

ester (fixed in the bislactim form) than to thot of bilirubin (Tzvle5,2.)

[}

uggesting that the dimethyl enter might exist as the bisla ctlm tautoner

in this solvent, This possibility has already been considered and i

TA3LE 5,2,
Coﬁpound Solvent e
Bilirubin CHCl3 454nm ;
D¥SO 454nm %
Bilirubin cHC1, 4000
7 Dimethyl MeOH ' 448nm i
Ester DIISO 453nm
o, ol *=Dinethoxy-
bilirubin Dimethyl| CoCl3 418nm
Ester DiS0 424nm
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rejected becouse the i.r. spectrum of the dimethyl esler in carbon
tetrzchloride (in which the absorption moximun occurs wt 400am)

88
., QO .
shows no hydroxyl grouns to he precsent,. In »nolar solvents, like

DMED, strong aggregation between uwnlvent and solute molocules is
thought to account for the bathechrvenic shift to zbout 450am.88
The publiched 1H Nemel's sbectrum of bilirubin dimethyl ester

in deuterochloroform 83 shows five resonances,at 8.257%, 0.04+,
T97% 4 19471, and T7.927v , said to arise from the C—mcthyl grouns
of various molecular species present, selthough the natire of thece
iz not described., TIf the monomer only were present, then three
resonances only should be observed in the ratio 2 ¢ 1 ¢ 1, assuming;
for reasons given in the Appendix, that the C~methyl groups of the
two pyrrole rings will resonate with the same chemical shifts,
In 2H6 -DMSC however,‘the spectrum differs from that observed
in deuterochloroform. The C-methyl protons now resonate as four
singlets in the ratio 1 ¢+ 1 ¢ 1 : 1 with chemical shifts similar to
those obrerved for bilirubin (Figure 2.3.) and is intervreted as
indicating the presence of a single molecular species.

In this work, the deuvterochloroform spzcirum of a =zample of
the dimethyl ester prepored by the triazene method shows five
similar high field resonances, but at 8.42t, 8.287, 8.04<¢,

7.98T, and 7.92¢ (Figure 5.13.). The spectrun of the same sample
recorded in 2H6 ~DMSO shows the expected changes in the chemical
shifts of the C-methyl groups (Figure 5.14.). If the signal due to
the central methylene bridge protons corresponds to two protons,
then the rescnances due to the C-methyl groups correspond to rather
more than the expected tvelve protons, Sanples of .the dimethyl

ester, prepared using different commercial sanples of bilirubin,

give 4 n.m.r. spectra in which the rutio of the intensities of the
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resononces ot 8,427 and 7.93% arc the soae fon all the scomples
of bilirubin uwsed but in which the ratio of ithewse roconances +o
the remaining high field C-methyl resonances veries considerably.
Furthermore, for a sample of the dimethyl ester in whieh the
intensities of thesze two reronances are neglipitle, the 1:
srectrun in deuterochlecroform is inverient over the corcentration
range 0,0254 to 0.15M; indicating that only one molecular suecies
is prezsent. Even though ithe concontrotion ronge examinéd was
veoried by less than ten - f0ld, if several molecular species were
formed their nresence should have teen detected by the presence of
exira resonances, e;necially at the higher councentretions, since

the published spectrum was recorded with an ester concentrotion of
O.O5M.88 The resonances observed a2t 8.427% and 7.987T are therefore
aseribed to bilirubin - like impurities althoush their exact nature

o~

must remain obscure. The presence of the isomers bilirubin ITY o
and XIII should not give rise to any new C-methyl resonances as
‘ . 88 A \
elready described, The presence of bilirubin IXf , IXY¥ and-
IX§ is considered unlikely, for while these isomers could give

81 - 83 is too

rise to extra resonances, their natural abundance
low to account for the peak intensities observed. Concomitant with
the decrease in the amount of impurity, the low field region of
the spectrum, showing N - H resonances, simplifies, until, with a
lov concentration of imourity, peaks at —0.,157 (2H), —0.48< (1H)
and “1.207'(1H) only are observed (Figure 5.15.) as exnected for
the monomeric dimethyl ester.

These results suggest fﬁat one species‘only is precont in
deuterschloroform (and therefore chloroform) so the existence of

several molecular species of the c~ter in non - polar solvents

seems doubtful., This leaves two vossibilities to account [lor the
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difference in the aboorpiion sypectra ond these ars o)icks - enol
baut: o s e : R PSS R  1¢
automerizn despite the i.r. evidence duoceribel above and
b) solvent effects.
In a mananer similar to that descreibed o distinguish batweon
HeE ana ; " s. 1, . e s
-H and 0~H regonances in the "H n.m.r». zueeteua of bilizsubin (Chanter
2.), the bislactem tautomer was found %o be the only tautomer present
. o 2 o .
in both Hé ~DM30 and ceuterochloroform. Thur in each coue, all
the low field =ignals collapse on the addition of deuteriun oxide
while the addition of water has no effect,
If a keto - enol tautomerism, noanitored by n.m.rc. snectroscopy,

is disturbed by any physical means, then concomitant with the decreasne

iy

in intengity ol rescnances dues to one toubtomer, there should be on

increase in the intensity of resonapces duc to the other taubomer,

unless the tautomerism is so rapid that only ths tine averaged siganls
are observed, Onc such mcthod is to vaxy the Lomssature,and the

high field regions of the spectra obtained from a deuterochloroform
solution of the dimethyl ester at various temperatures are shown
in Figure 5.16., The main effects observed are, that on reducing
the température, the reconauce at 8,281 moves downfield rapidly
until at -60°C it coalesces with the resonance at 8.04T . The
singlet, due to the pyrrole C-methyl groups,obserVed at 7.92¢ at
ambient temperature is just resolved at ~-60°C into two overlapping
singlets at 7.867 and 7.92 T . On rzising the temperaturc from
-60°C to ambient, the chemical shifts observed initially are
regained. Therefore, these obsefvations are not of a keto - enol
tautomerism and may be explained on the basis that at ambicnt
temperature there is free rotation about the bonds between the

central methylene bridge carbon atonm znd the dipyerylmethene

subunits (5.VIII,), with, on average, the two hzalves of the molecule
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evneciencing the some cuvivonment, Oa lowerin:y ihe toaporeoinre,

these prolztions become vrogrescively more rectricied with the
moleculew beiny "frogen out! probodly in fora (5, IT.) wnther then in

form (5.VIIT.)s The Torm (5.314.) is preferrcd because of the

hydrozen bondin

I
£
= o

in & nanner glailar to thet alre:dy

3

>
!
i3
o

sposcd for bilirubin (Chapter 2.).

4 ¥eto - enol egullibrium cen be disturbed by altering the
diclectric constant. of the medium by theaddition of another solvent.
Thug, the progressive zddition of DMSO'to 2 solution of bilirubin
dinethyl ester in  chloroforam causes a shift in the position of
the zbsorniion maximum»from 400nm to 450nm, Similarbto thet
obzerved on the addition of mcthanol.lll The examination by lH
n.o.r. spectroscopy of this process (using dcuterated solvents)
causes chanzes in the C-methyl resonances as shown in Figure 5.17.
These chanzec are similar to those observed using verisble tempercture
technicues described abo?e and also are not due to & keto -~ enol
toutonorisn,

Therzfore, the observed differences in the absorption spectra
of bilirubin dime£h31 ester are most likely due 1o solvent effects
which cause the molecule to adopt different conformeations in the
two solvents.64 Solutions of bilirubin in chloroformvand DMSO
have the szme absoiptionkmaxima (Table 5.2.); These two solvents
differ widely in polarity, so the obéerved absorption maxima must
be 2 reflection of the ;trbng intramolecularly hydrogen bonded
structure adopted by bilirubin (Chapter 2.) in both solvents rather
thén of any solvation effects of the two solvents, In theory,

109 s0 the observation

bilirubin in chloroform should abserb at 420nm
of the absorption maximwa at higher wavelength may be due to

interactions between the dipyrrylmethene chromophores, In the
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FIGURE 517 THE HIGH FIELD REGIONS OF THE 60MHz
1HN.M.R. SPECTRA OF BILIRUBIN DIMETHYL
- ESTER IN DEUTEROCHLCROFORM AFTER
THE ADDITION OF THE STATED VOLUMES
2

OF HS—DMSO
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case o0 the diwethyl ester howeverythe differencen in solvelion
nrooeriies of the two solvents become vignificont in the abroonce
of ¢ny intrameclecular hydrogen bonding at ambient temperaztures,
Jydrogen bonding between ike ester ani DHS0 solvent moleculog,
varticularly et the lactam residves, could force the molecule to
agdont a conformution similar to that of bilirubin, thus allowing
the czame interactions between the dipyrrylmethene subunite
lezcdin:g to the same absorption meximum, The interaction between .
solute rni solvent in chloroform solution will be much weaker
than in DXE0, therefore the dimethyl ester mey adovt a random
conlisuration with less interzctions between the chromophores

leadin,

»
2

to an ahsorption maximum at shorter wavelength.

Ly, X' -- Dimethoxybilirubin dimethyl cater has solvent indevenilent
absorpiion maxima (Table 5.2.) and the 'Y n.o.r. spectra

recorded in Jeuterochloroform and 2H6 - DMSO are very similax
(Fizares 5,18. and 5,19. resnectively)., The differences betwecn
the C-methyl resonances are minimal, with a singlet being

observed at 8,06T (3H) in each solvent., The sinslet at 7.86<

(9H) in deuterochloroform is resolved into three singlets (two

2
HG - DMS3O0.

. v overlanping) at 7.847T , 7.89 T and 7.917 in
fhe abcence of any solvent dependency here must result from the
non — polar nature of this compound.compared with bilirubin end
its dinethyl ester. There is no hydrogen bonding and fhe
chloroform and the DMSO molecules interact with the &, Xt .
dimethoxybilirubin dimethyl ester to:an equal degreeyagein

leading to the adoption, by the solute, of a random conformetion

leading to similar absorption maxima in each solvent.
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3ilirubin was obtained from BDI Chemicals Litd., Fluka A.3. and
‘Bizaa Chemicol Company end wos used without further puriflicsiion,

1 - Alkyl —-3—p— Tolyltrianenes were obteined Trom Hillow Frook

Leboratories, Inc. and were used without further purificotion,

.0 . .
Petroleum Ether (B.n. 60 - 80°C ), Chlorofora and Methonol were

distilled before use,

Hethods,

Bilirubin Dimethyl Bster.- Bilirubin (120mg, O.2mmole) was susvended

in chloraform (lZOml) and 1 = methyl -3-vp- tolyltriazene (150mz,

lanole ) added. The mixture was stirred, in the dark, at room
temperature for 12 hours, During this time, the reaction mixture
da;kened and the bilirubin dissolved. Excess triaczene was decomposed
by shaking the chloroform coltition with dilute HC1 (1N, 100ml). The
orzznic layer was then sheken with saturated agueous sodium bicarbonate
(100m1), with water (2 x 100ml) and finally dried over anhydrous

Na230 After filtration and removal of the solvent in vacuo at

4°
40°C, the residue was applied to a column (45cm x 1l.5¢m o,d.) of
neutral alumina. Elution with chloroform -~ petroleum ether (b,p.
60 - 80°C) (r 1, v/v) followed by pure chloroform removed most of
the impurities, The bilirubin dimethyl ester was eluted with
chloroform - methanol (20 : 1, v/v), and was finzally purified by
PLC on silica gel, develoning the chromatogram with benzene -~
ethanol (25 : 2, v/v)%64 The orange band,R, = 0.7, was removed from
the plate énd the enter eluted from the adsorbent with chloroform.
Evapbration of the chloroform in vacuo followed by crystallisation,
from methanol, gave bilirubin dimethyl ester (56.5mg, 46%), m.p.

198 - 200°C., Lit., 'l 200 - 205°c.
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i.r.  (Tujol mull) ywa 3340 (br, m), 1736 (m) et

.

A

[

u,v., (Chioroform) Ay 400 (e 55,600). Lit.

(¢ 55,302).

Y opam.r. (100MHz,COC1,)  : See Table 5.3.

1)

tnalysis  (B) Found €,63.613 H, 7.09; ¥, 8,94 ¢.
c squires C,68.65; 1, 6.60;
L35H4ON4O6 requires C,63.65; M, 6.60;
-
0, 9.15 9.
¥ass Spectrum  (PCHT) : The cracking pattern is shown in Figure

5.3, and the accurate mass of the

molecular ion in Table 5.1,

Bilirubin Diethyl Ester.- This was synthesised {rom bilirubin

(120mg, O.2mmole) and 1 — ethyl —3-p— tolyltriazene (325mg, 2.0mnole)
as described above, Crystallisation,from hexane,of the product

obtzined from PLC gave bilirubin diethyl ester (13mg, 10%), m.n,

197-198°C.

i,r. (Nujol mull) Vmax : 3340 (vr, m), 1753 (=) em7t
un.v. (Chloroforn) : A, 400mm (e 55,100).

1

See Table 5.3.

]

H n.m.x. (1oomnz,03013)

Anelysis  (S) Found C, 69.37; H, 6.88; N, 8.29%.

C37H44N406 requires C, 69.34; H, 6.93;
N, 8.74%.

The cracking pattern is shown in

o -

Masz Snectrum (PCMU)
Figure 5.4, and the accurate mass of

the molecular ion in Table 5.1,

Bilirubin Diisopropyl Ester.- This was synthesised from bilirubin

(120mg, O.2mmole) and 1 -isopropyl -3-p- tolyltriazene (335mg, 2.0mmole)

as described above. Crystallisation,from hexans,of the product



- TH -
obiained from ILC gove bilirubin diizonronyl estor (o0me, 1573

A

m.m. 179 - 121°%C,

L.re  (fujol smull) Vn°x : 3350 (br,m), 1720(=) enTt
u.v. (Chloroform) ¢ A 400mm (£54,200), |

*»

Iy n.n T. (10)133,0D013) See Table 5,3.

Analysis  (B)

Found C, 69.63; M, 7.27; ¥, 8.46%.

requives C, 710,023

H, 7.24; N, 8,37,
Mass Svectrum (FCKU) s+ The crecking pattern is shown in |
Figure 5.5, and the accurate macs J

of the molecular ion in Teble 5.1,

Bilirabin Dibennyl Ester.-— This was synthesised from bilirubin

(120me, O ZWWOLP) and 1 -~ benzyl =3-p- tolyltriazene (450mg 2.0mmole)
as described above., Despite repeated attempts,material obtained
from PLC (23ms, 14%) could not be crystallised and an enalytically

pure sample of bilirubin dibenzyl ester was not obtained.

&

»e

u.v, (Qualitative, o 400mn.

Chlofoform)

See Table 5.3.

.. -

14 noa.r. (100%Hz, 00013)

The cracking pattern is shown in

Mass Spectrum (PCMU)
Figure 5.6,and the accurate masc of

the molecular ion in Table 5.1,

The Raaction Between Phenylacetic Acid and l-n-Propyl—3-p-

Tolyltriazene.— To phenylacetic acid (272mg, 2,0mmole) in

chloroform {50m1) was added l-n-propyl-3-p-tolyliriazene (390mg,
2,2nnole) with stirring., Immediate evolution of nitrogen was
observed and the solution was set aside, at room temperature, for

30 minutes,
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Lycenss trigecene wos removed with HOlD in the uvosund smovoon, tho

. S / - wy ~ . R
chloroforu solution was dricd (anhydroun NuqFoﬂj end evepoprslod
(28 4

. o} . . .
in vacuo, at 40°C, to leave a yellow oll which was cuomined by

i1 nem.r. stectroscovy  (6011n) without further wuritication, 1o

3
e

gnales corresvonding tor isoprovyl grouwus could bhe dolzcted v bhe

fod

LI |

H n.m.r. snectrum of a carbon tetrachloride solution of the oil
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TABLE 5.3.

Diethyl BEster

Diisopronyl Ester

Dibonzyl Ester

Asgignment,

——— et e v

e e e B e

— et i e -—

8,04(s, \ 12m0)

8.73(dJ2H’J=7HZ) Methyl protons of isopronyl coter rrouna
8.74(tﬁlﬂ3ﬁ7ﬂz) lethyl protons of ethyl ecter FroLas
8.27(s, 8.26(s, 8.30(s, Methyl grouv on C(2)

8.04(s, | 12H)

Kethyl group on C(17)

-

7.92{s, 7.92(s, 7.91(s, 7.95(s, Methyl grounw on C(7) anl ¢(13)

7.32 7.34 7.36 7.32 “Methylene groups of mpropionic estep

(AEstystem,SH) (Aszsystem,8H) (Angsystem;BH) (Angsystem,aH) side chains on C(8) and ¢(12)

6.31(5,6H) Methyl protons of methyl ester groups
5.85%(q,J=7Hz) Methylene protons of ethyl ester groupé-__

5.84(s,br,2H) »* 5,82(s,br,2T) 5,86(s,br,2H) Methylene protons on C(10) T

5.28 -~ 3,32 5.28 - 3,30 5.28 = 3.30 5,26 = 3.32 Vinyl groups on 9(3) and C(18) and

(=,81) (m,8H) (m, 8H) (m)** methine protons on C(5) and C(15)
4.98(sp,2H,J=7HZ) ¥cthine protons of isovropyl N

ester groups

4,89 (s)**

Methylene nrotons of bengyl

ester grouns.

- 2.70(s,10H)

Phenyl ring protons of benzyl

ester groups.

~0,10 - -1,18

(m,br,4H)

—0.10 - '1.16 X

(m,br,4H)

~0,08 - ~1.18
(m,br, 4H)

) —0.07 hend -1014

(m,br,4H)

Protons on ring nitrogen atoms,

* The quartet and methylene singlet overlap;

the total integral corresponds to 6H.

##* Total integral corresponds to 12H,
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APPENDIX.

INTERPRETATION OF THE 1H N.M.R. SPECTRUM

OF BILIRUBIN.



- (i.) -
INDPIEIFABIATION OF THE 1H T.N,R. SPECTRUNM OF BILIAUSIN,

The spectrum of bilirubin at 100MHz in 2H6 -DHSO (Figure AJl.)

is discussed in conjunction with that of mesobilirubin under the same
coniitions (Figure A.2.).

Syvamination of the structural formula of bilirubin surpests
that the C(7) and C(13) methyl groups will resonate at approxiamately
the same frequency, while the chemical shifts of the C(2) and C(17)
methyl zroups will differ because of the relative position; of these
‘groups with resvpect to the lactam carbonyl groups and the C(3) and
¢c(18) vinyl groupé}3bAccordingly, the resonances 2t 7.96r and 8.007
are assigned, though in no special order, to the C(7) and C(17)
methyl groups.

In methacrolein (A.I.) and crotonaldehyde (A.II.), model
compounds for the A and D lactam rings respectively, the methyl
resonances appear at 8,22t and 8.09« rcsvectively. 165 The case
of bilirubin is complicated by the presence of the vinyl groups,
but it is assumed that any inductive and spatial effects of the
vinyl groups on the methyl groups are the same in each case, so that
by direct comparison the rcsonances at 8,07 eand 7.82= are
assigned to the C(2) and C(17) methyl groups respectively.

If, in mesobilirubin, it is assumed that the methyl groups
resonate in the same reletive positions as in bilirubin, the C(2)
and C(17) methyl group resonances apparently move upfield, by
roughly equal amounts, to 8.22t and 7.94r respectively, while the
C(7) and C(13) methyl resonances remain essentially unchanged at
7.99&’ and 8.0l . Thus, the assumptions made above concerning the
effects of the vinyl groups seem valid. The two model compounds resemble
more closely the lactam rings of mesobilirubin than those of bilirubin,

so the methyl resonance at 8.227% in methacrolein (= ring A)
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- (1i.) -
confirms thelassignment of the C(2) metlihyl group din mewsoldliimbin
(z1so at 8,22 ¥ ) and hence ia bilirubis also.

The methﬁlenc groups of the propionic acid side chains on C(8)
and C(12) in both conpounds are partly buricd beneath the methyl and
5 .

1he H6 NSO resonancds. They would appear as an A?B?

ENUERECH N

The singlets at 6,007T in bilirubin and 8.04¢ in nesobilirublin
are essigned to the central meibylene bridse protons in cach cese.
The two protons of the C(5) and C(15) methine bridjes resonnte &s a
sinclet &t 4.05T in mesobilirubin, while in bilirubin, analysis of
the signals between 3,04 = and 4,78« (v.infra), chows that the
resonances of these protons comprise part of the singlet at 3,917 .
The singlet at 3.91T and part of the singlot at 4.30+ have beon
assigred previously, one each , to these protons;'lll The
simal at 3.91T has also been assigned to both thase protonu
alone, 88

The remeinder of the resonances between 3.04 - and 4.78~v in
bilirubin arise from the C(3) and C(18) vinyl grouns, which appear
to resonate as two first order ABX systems, Allel and A2B2X2. The

theoretical first order analysis of the ABX system is shown in

Figure A.3 113¢ :nd the vinyl spectrum of bilirubin will be analysed

with reference to thig.

The signels between 3,04t and 3.55t comprize the X protons
and since the SBK values are identical for both Xl and X2 these

" protons are only distinguishable by the SAX values, which are

different. The two groups are the signals at 3.04,3.14, 3.22, and 3.32<

(xl) with Sp;X) = 19Hz and Sgyx, = 10Hz and those at 3.26, 3.36,

3.44 and 3.547% (xz) with Spox, = 16 Rz and Sp,x, = 10Hz.
Theoretically, from the first order approach, the singlets within

a group should have equal jntensities. This is only true in the present
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FIGURE A.3. THE THEORETICAL FIRST ORDER ANALYSIS

OF AN ABX SPECTRUM (From ref. 113c)



- (iii,) -

came i the shoulder {o low field on the sinzlet at 3,32« and hulf
of the singlets at3.44~ and 3.54+ are due to the presence of impurities
or the presence of bilirubin IKﬁ s IXy¥ or X8 - the presence of
biliruﬂin ITI« or AIII« should serve merely to incroace the intensities
cf 211 the singlets within a group. If this is not the case then the
increased intensitier must be due to extra lines from the vinyl TouUNs,
©o that the first order apprcach used here is not stricily valid.ll3c

The theoretical model requires that the AB protons should give -
rise to four pairs of doublets¥* in this case; only five doublets are
ovserved in the spectrun. The pair centred at 4.707 are complete and
represent one proton., The highfield part of the doublet at 3,72~
imust be ohscured by the singlet at }.91?7 while the lowfield counterparts
of the doublets at 4.437v and 4.47+ must themselves form the singlet
et 4.31 v .

Inspection of the spectirum readily shows two values for JAB’
thus tﬁe doublet at 3.72~« and the two doublets centred at 4.70~
represent part of one pair of AB wnrotons (JAB = 4Hz) while the
doublets at 4.43v and 4.4T7<t represent part of the other AB protons
JAB = 2Hz). Consider the case vhere JAB = AHz, By direct comparison
vith the theorestical model, the douﬁlets ceptred at 4.707 arise from
the B proton, while the counterpart of the doublet at 3.72< is only
symmetrically located under the singlet at 3.9l if SAx = 19Hz =
SAlxl o Thus the Allei system is identified and the complete

analysis is shown in PFigure A.4.

By 2 similar argument, the doublets at 4.47v and 4.43%

* The term "doublet" is used here to describe one half of an
AB -~ type cuartet rather than the 1 : 1 doublet produced when one
proton ie split by another on on adjacent carbon atom, each being

in a different chemical enviroument.
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FIGURE A.4. THE ANALYSIS OF THE A1B1X1 VINYL GROUP



~ (iv.)

represent parte of the eignals due to the A, and 3, protons recccctively.

2 2
239X2 syasten is shown in Figure A.5., where it
[

is ceen theot the singlet at 4.30% is, in fact, compounded from tvo

The analycis of the A

overlapping doubletsa,
The two ABY systems are not spzecificelly assigned to the €(3)

and C(18) vinyl grouns. Although X. resornatez at lower *ield than

1
Kz, the resonance pozitions of AlBl and A, B, bear no relationshin to
[48 -
these nor to eech qther. However if Xl and X2 are regarcded as protons
of a methyl group, then the argument used to distinguish the C(2) end

C(17) methyl groups suggests that A B.X, and A B.X, are the C(3) and

17171 27272
€(18) vinyl groups respectively.

The resonance at lowest field, -1.90% , in bilirubin (and
mesobilirubin) is assigned to the carboxylic acid protons for reasons
already given in section 2.2.1 of this thesis.. The remaining low
fiel§ signals must then be due to the pyrrole and lactam N -H groups.
Pyrroles and lactams can usually be distinguished, since pyrrole N-H
protons .are exchangeable in Dzo/bci,whereas lactam N-H protons are

113d In the case of bilirubin and

exchangeable only in D20/NaOD.
mesobilirubin«ail the N-H protoné are exchanged with D20 alone

(Pigure 2.4.) . Mesobilirubin shows two singlets at +0,207 (2H) and

- 0.35¢ (2H), whereas bilirubin shows singlets at +0.10% (1H),

-0.02 ¢ (1H) and -0.45¢ (2H), the latter being resolved on scale
expansion into two overlapping singlets 0.03 v apart. The resonances

at —0;451r in bilirubin and —0.35?t in mesobilirubin are assigned ‘o

the N-H protons of the pyrrole rings. These are essgntially magnetically
equivalent in both compounds and those in bilirubin would be expected

to change in position but little on reduction of the vinyl groups.

The iemaining singlets at +0.101t and -0.027 in bilirubin and the

signal at +0,20 7 in nmesobilirubin are assigned to the lactam N-H

vrrotons of rings A &nd D, although no specific assignment is made in
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- (v.) -
the casze of bilirubin. In the publishe! assignment, o the
resonances &b +0.107T and -0,04~ are assigned to the pyrrole N-U

protons while that at ~0.45+ is assigned to the lactam N-H protons.
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Short Communication

Tautomerism and Hydrogen Bonding in Bilirubin

By D. W. HurcHinNsoN, B. JounsoN and A, J. KNerr*
School of Molecular Sciences, University of Warwick, Coventry CV4 TAL, U.K., and King's College
Hospual, Denmark Hill, London 8.K.5, U.K.

(Recesved 13 April 1971)

The tautomerism of bilirubin has been the subject
of recent investigations (Kuenzle, 1970; Nichol &
Morell, 1968) and we now present additional evi-
dence that the lactam form is the predominant
tautomer in solution and in the solid state.

The 'H n.m.r. spectrum of bilirubin (40mg,
70umol) in carefully dried [*H¢}dimethyl sulph-
oxide (0.5ml) exhibits broad singlets at § = 11.80
(2H), 10.50 (2H), 10.10 (LH) and 9.95 (1H) p.p.m.
(Kuenzle, 1970), but no signal at 5.25 p.p.m., which
has been attributed (Nichol & Morell, 1989) to the
enolic protons of the lactim tautomer. We have
found that, although all low-field signals collapse on
addition of deuterium oxide (20ul, 1mmol), when
water (10 ul, 0.5 mmol) is added to a similar solution
of bilirubin in [*Hg)dimethyl sulphoxide only the
signal at 11.80p.p.m. disappears. Then.m.r. spectra
of solutions of N-benzoylglycine or 2,4-dimethyl-
pyrrole-3-propionic acid (Morsingh & MacDonald,
1960) in dry [3Hgldimethyl sulphoxide are also
affected by the addition of water. In these cases the
signals due to hydroxylic protons disappear, where-
a8 signals due to protons attached to nitrogen atoms
persist, These results suggest that in bilirubin two
protons are attached to oxygen atoms and that the
lactam tautomer is the predominant form in solu-
tion in dry [*H¢]dimethyl sulphoxide.

Tritiated bilirubin was prepared by direct ex-

. change (Brodersen, Flodgaard & Krogh-Hansen,
1967) in an atmosphere of dry nitrogen. The specific
radioactivity of two preparations, carefully dried
to constant radioactivity, indicated that 5.95 (aver-
age of seven determinations) and 6.03 (average of
six determinations) atoms of tritium had been
incorporated into each molecule of bilirubin. An
earlier report that only four atoms of tritium are
incorporated per bilirubin molecule (Brodersen
etal. 1967) may be explained by the extreme rapidity
of exchange of the hydroxylic protons with adventi-
tious water.

Additional evidence that all six protons in bili-
rubin can undergo exchange is provided by i.r.

* Present address: King’s College Hospital, Denmark
Hill, London 8.E.8, UK.,

spectroscopy. The ir. spectrum (Nujol mull or
potassium chloride dise) of fully deuterated bili-
rubin, prepared as described above by direct ex-
change in an atmosphere of dry nitrogen, has no
absorption maxima in the region 3000-3600cm™!
due to O-H or N-H vibrations. If a potassium
bromide disc of deuterated bilirubin is prepared,
deuteron-proton exchange with the slightly hygro-
scopic matrix produces absorption maxima in the
region of 3400 and 3225cm™1, as found for undeuter-
ated bilirubin (Newbold & LeBlanc, 1864). The
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Fig. 1. Tautomeric forms of bilirubin,
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carbonyl stretching vibration of the propionie acid
side chains of undeuterated bilirubin appears in the
i.r. spectrum at 1690cm™! (Brodersen et al. 1967;
Fog & Jellum, 1963; Newbold & LeBlane, 1964).
We have found that the position of this band does
not alter whether the sample is prepared as a Nujol
mull, potassium bromide disc or in solution (chloro-
form or dioxan). In contrast, the carbonyl stretch-
ing vibration of 2,4-dinethylpyrrole-3-propionic
acid is strongly dependent on the mediun, ranging
from 1690cin~! (Nujol mull) to 1735cin™! (dioxan
solution).

These results suggest that the carbonyl groups of
the propionic acid side chains in bilirubin participate
in strong intramolecular hydrogen bonds and that
tho hydrogen-bonding does not alter with medium.
Two structures (I and 1I, Fig. 1) are possible on
steric grounds (Brodersen et al. 1967) and we believo
that the conformation of the molecule is the same in
solution and in the solid state. Hydrogen-bonding
between the hydroxyl groups of the propionic sido
chains and the m-electron system of the pyrrole
rings (Kuenzle, 1970) should not lower the carbonyl
stretehing frequency to 1690em~! and we consider
that this form of bonding is unlikely in bilirubin.

Materials. Bilirubin was obtained from BDH
Chemicals Ltd. (Poole, Dorset, U.K.) and recrystal-

D. W. HUTCHINSON, B. JOHNSON AND A.J. KNELL

1971

lized from chloroform-methanol (Found: C, 67.9;
H, 6.0; N, 9.2; C;;H;(N,O4 requires C, 67.8; H, 6.2;
N, 9.69,). It had a light-absorption maximum in
chloroforin at 454nm (e 59400). Deuterated bili-
rubin had an absorption maximum in chloroform at
450nm (e 58300).

Infrared speetra were recorded with a Perkin-—
Elmer 621 spectrometer and 'H n.m.r. spectra wero
recorded with a Perkin—-Elmer R12 spectrometer.
The tritiumn content of samples was measured with
a Packard 4000 scintillation counter by using a
dioxan-based scintillation medium containing naph-
thalene (60g/l), 2,5-diphenyloxazole (4g/l) and 1,4-
bis-(5-phenyloxazol-2-yl)benzene (0.1g/l).
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Short Communications

The Reaction between Bilirnbin and Aromatic Diazo Compounds

By D. W. HutcHINSON and B. JOHNSON
Department of Molecular Sciences, University of Warwick, Coventry CV4 TAL, U K.

and A. J. KNELL
Liver Unit, King’s College Hospital, Denmark Hill, London SES 9RS, U.K.

(Received 18 February 1972)

Bilirubin (I) reacts with diazotized aromatic amines
and is cleaved at the central methylene bridge to form
two isomeric azopigments (II and ITI). The reaction
between bilirubin (I) and diazotized sulphanilic acid
is used to determine the concentrations of bilirubin
and its conjugates in sera [the van den Bergh reaction
(Hijmans van den Bergh & Snapper, 1913)]. The
structures of the azopigments derived from diazotized
ethy! anthranilate and aniline have been established
(Jansen & Stoll, 1971), and the reaction with diazo-
tized ethyl anthranilate has been used in the deter-

mination of the structures of bilirubin conjugates
(Compernolle et al., 1970). The van den Bergh re-
action is thought to occur in two steps, and it has been
suggested that the central methylene bridge carbon
atom of bilirubin (I) is released as formaldehyde
during the second step of the reaction (Overbeek
et al., 1955). However, formaldehyde could not be
detected in the distillate from the van den Bergh
reaction by using 3-methyl-2-benzothiazolone hydra-
zone, which reacts with formaldehyde to form a blue
colour (Fog & Jellum, 1962).
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Scheme 2. Reaction between dimedone and form-
aldehyde

A mechanism for the formation of formaldehyde
from bilirubin (I) is suggested in Scheme 1; it should
be noted that initial attack by the diazonium ion
could occur at either of the pyrrole rings flanking the
central methylene bridge.

We now report that formaldehyde is formed during
the van den Bergh reaction and can be dctected as
formaldehyde dimethone (V), the product of the
reaction between formaldehyde and §5,5-dimethyl-
cyclohexane-1,3-dione (dimedone) (IV) (Scheme 2).

Experimental

With free bilirubin, the van den Bergh reaction can
be carried out in a chloroform—methanol medium.
Since both these reagents contain C, units that could
give rise to formaldehyde, this solvent system was
abandoned in favour of a 1,2-dichloroethane-2-
methylpropan-2-0l medium, although the reaction
was much slower in this medium.

Bilirubin (195mg, 0.33mmol) was suspended in a
mixture of 1,2-dichloroethane (S0ml) and 2-methyl-
propan-2-ol (50ml). A solution of benzenediazonium
chloride (2mmol) was added and the mixture stirred
in a closed flask, in the dark, at room temperature for
30min. A further quantity of benzenediazonium
chloride (2mmol) was added and the solution stirred
for 30min more. The reaction mixture was then
evaporated to dryness, the solvents being distilled
into a solution of dimedone (200mg) in 2-methyl-
propan-2-ol (50ml), with the receiver connected to a
second vessel containing a similar solution of di-
medone in 2-methylpropan-2-ol. The dimedone solu-

tions were combined and heated under gentle reflux
for 30min. After cooling and removal of the solvents
invacuo, t.1.c. of the residue (on silica gel, with chloro-
form as solvent) showed the presence of formalde-
hyde dimethone (V), Rr 0.44. No formaldehyde
dimethone (V) was obtained from two control re-
actions, one in which the benzenediazonium chloride
was omitted and the other in which the bilirubin was
omitted. The formaldehyde dimethone (V) was
isolated by elution from a silicic acid column with
light petroleum (b.p. 60-80°C)-diethyl ether (3:1,
v/v). Theisolated material was identical in all respects
with an authentic sample of formaldehyde dimethone
(V). The recovery of the compound (V) was up
to 209% (20mg) of the theoretical amount. When
1,2-dichloroethane (50ml) and 2-methylpropan-
2-0l (50ml) containing formaldehyde [10mg, equi-
valent to 195mg of bilirubin (I)] were distilled as
above, the formaldehyde dimethone (V) recovered

never exceeded 20°% of the theoretical amount
(100mg).

Materials

Bilirubin was obtained from BDH Chemicals Ltd.
(Poole, Dorset, U.K..) and was purified by the method
of Fog (1964) before use (Found: C, 67.9; H, 6.0;
N, 9.2; Cs3sH3N,O¢ requires C, 67.8; H, 6.2; N,
9.6%). It had a light-absorption maximum in chloro-
form at 454nm (e 59400). 1,2-Dichloroethane and
2-methylpropan-2-ol were distilled before use, and the
dimedone was used without further purification.
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" &3 Intramolecular Hydrogen Bonds in Bilirubla

Knell, A.J.; Johnson, B., and Hutchinson, D.W.
Liver Unit, King’s College Hospital, London, England, and School of Molecular
Sciences, University of Warwick, Coventry, CV4 7AL, England ,

A specific system of intramolecular hydrogen bonds is probably present in bilirubin, as

" sttested by the following observations: (1) Isotope exchange experiments demonstrate six

exchangeable protons in bilisubin, of which two are attached to oxygen. The lactam tau-
tomes therefore predominates. (2) The carboxyl stretching vibration at 1,690 cm™* in the
infre-red spectrum of bilirubin is at an unusually low wave number, and does not vary with
change of matrix or solvent. (3) The titration curve of bilirubin has a two-equivalent step st
sbout pH 7.5, which we believe is the dissociation of the pyrrole amide groups. This pKa
contrasts with the expected for such an amide (about 10). The pKa of the propionic carbox-
yl groups is probably less than 4, whereas the expected value is 4.8. Bilirubin probably is a
bdis-anion between pH values of about $.and 7, and s fefre-inion above pH 8. (4) Molecular
models show that mmhydtmbondsmsmtmandmephmﬂvofm

: .. puin of pyrrole rings is preserved.

This system of hydrogen bonds is uokeaucordupmn.&nnpmotmd .
the diszo reaction may act by thess hydrogen bonds, ¢g. urea, cafleine,
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