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ABSTRACT 

THE CHEMIS~1RY OF BTLIRUBIN 

IN N, N DIMETHYLF'ORMAM IDE 

Robert Szentirmay 

Master of Science 

Youngstown State University, 1973 

The present work is concerned with the reactions of 

the bile pigments-bilirubin and biliverdin in N,N-Dimethyl

formamide (DMF) as a solvent system. Qualitative experi

ments in DMF were performed as a preliminary study to deter

mine the reactivity of bilirubin with a number of oxidizing 

and complexing agents. It was found to readily react with 

a few of these reagents. Consequently, some of . the reactions 

were followed using visible spectroscopy. The solubility 

and stability of bilirubin in DMF was also qualitatively 

compared in a number of other solvents. 

Particular attention was focused on the properties 

of bilirubin under acidic and basic conditions. The bile 

pigment appeared unreactive to acids. This was confirmed 

by potentiometric titrations with HCl and picric acid using 

a glass indicator electrode. The oxidative voltammetry of 

bilirubin at a platinum indicator electrode was examined 

and showed no significant changes in the presence of picric 

acid. On the contrary, the acidic nature of bilirubin was 

indicated by its reactivity with basic impuri~ies in the 
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DMF solvent. It was shown -+;o behave as a diprotic acid as 

evidenced by quanti~ative changes occurring in its visible 

spectra and by potentiometric titration with tetramethyl

guanidine (TMG). A quantitative shift of oxidation pot ential 

from approximately +.7 volts to +.4 volts vs. Ag/AgCl(sat ), 

NaCl(sat) reference electrode was also observed with the 

addition of two molar equivalents of TMG. ControllRd poten

tial coulometry of bilirubin under these basic conditions 

indicated that the oxidation at +.4 volts leads to the same 

two electron oxidation to biliverdin as occurs under neutral 

conditions. The oxidative potential of biliverdin was also 

observed to shift to lower potentials with the addition of 

excess TMG. 

The reactivity of bilirubin with the Zinc(II) ion 

was a.lso investigated under neutral conditions and in the 

presence of TMG as a base. Visible spectroscopy indicated 

that with the addition of TMG a reversible metal ion

bilirubin complex forms with a corresponding shift in 

maximum absorbance from 450nm to 530nm. An examination of 

the dependence of complex formation on the concentrations 

of TMG and Zinc(II) was also undertaken utilizing visible 

spectroscopy and potentiometry. The results tend to indicate 

that a possible complex equilibrium is established between 

Zinc(II) as a Lewis acid, bilirubin as a diprotic acid, and 

TMG as a common base, 



The formation of the Zinc(II)-bilirubin complex was 

also correlated with a shift in the oxidation potential of 

bilirubin fr.om +.4 vol ts to approximately O. 0 vol ts using 

both platinum and vitreous carbon indicator electrodes. An 

attempt was made to elucidate the oxidative process at 0.0 

volts using constant potential coulometry in combination 

with visible spectroscopy. The experimental data are 

discussed and interpreted as resulting from .the formation 

of a mixture of products. The oxidation of the Zinc(II) 

complex with I 2 is also followed spectrophotometrically and 

compared to the results of the electrolysis. 

A separate study of the reactivity of biliverdin 

with TMG and Zinc(II) was necessitated to clarify the volt

ammetric and spectral changes observed in the bilirubin 

reactions. Biliverdin was also found to readily complex 

with Zinc(Ir) under basic conditions and to undergo signi

ficant spectral shifts. Changes in the anodic voltammetry 

of biliverdin with the addition of TMG and Zinc(II) are 

reported and are similar to the changes observed with bili

rubin. An electrolysis of the Zinc(II)-biliverdin complex 

was also performed and the results used to help interpret 

the spectral data obtained from the Zinc(II)-bilirubin 

complex oxidation. 

A short study of the reaction of the Copper(II) ion 

with bilirubin and biliverdin was also undertaken. As in 

the case with Zinc(II), no reactions occurred until TMG was 

added. The visible spectra following the course of t~e 
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reaction of Copper(TI) with both bile pigments is presented. 

Both reactions appeared to progress in a quantitative 

V 

fashion leading to the formation of the same apparent produc t 

The reactions were irreversible and tend to indicate that the 

bile pigments undergo oxidation. 
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CHAPTER I 

INTRODUCTION 

A. Nature of Bilirubin 

Bilirubin is a yellow tetrapyrrole belonging to a 

class of compounds found in the human body called bile pig

ments. Approximately JOO milligrams of bilirubin are formed 

daily from the enzymatic catabolism of hemoglobin taking 

place primarily in the reticuloendothelial cells i n the liver, 

bone marrow, and spleen. Being insoluble at the pH of the 

blood, bilirubin is transported to the liver bound to the 

serum protein, albumin (Figure 1). In the endoplasmic 

reticulum of the liver cells bilirubin is se.parated from the 

albumin protein and is converted into water soluble mono-

and di-glucuronides by reacting with uridine diphosphate 

glucuronate under the influence of UDP glucuronyl transferase. 

This esterification is essential, since a defect in any stage 

of the process results in an impairment of the liver's 

capability for removing bilirubin from the blood stream. 

Impairment of this process is manifested by the accumulation 

of bile pigment in the plasma in sufficient amounts to impart 

a yellowish tint to the skin. This is known as jaundice. 

· Conjugated bilirubin can be excreted via the bile to 

the intestine where it is hydrolyzed and undergoes a series 

of reductions by bacterial enzymes to form a series of 



RETICULO-ENDOTHELIAL SYSTEM 
(Liver,Spleen,Marrow) 

HEMOGLOBIN LIBERATED 
Giobin~/ (about 7-8 gm. daily) 
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BILIRUBIN (Protein-bound in plasma) 

(Systemic Circulation) ....... ½~~~~ .. · ~ 
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(0-4 mg.daily) IUROBILIN STERCOBILINI (Feces) 

(40-280 mg.daily) 

Figure 1. Hemoglobin Degradation and the Formation of Bile 
Pigments. 
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colorless tetrapyrroles known collectively as bilinogens or 

fecal "urobilinogen". Some of the urobilinogen is reabsorbed 

into the circulatory system, but most of these bile pigments 

are excreted. Of the urobilinogen that is reabsorbed, some 

is re-excreted into the bile and some is excreted by the 

urinary system via the ·kidney. The colorless "bilinogens" 

may undergo spontaneous autoxidation in the body or after 

being excreted, to urobilins and stercobilins, which are 

reddish-brown in color. These are the final products of bile 

pigment metabolism. 

Because of the importance of bile pigments in the 

physiological system a great deal of attention has already 

been given to the study of bilirubin and the bile pigments. 

Excellent reviews of these studies covering aspects through 

1967 have been given by With2 , Bouchier and Billing, 3 and 

Hargreaves. 4 However, all studies indicate that much is still 

uncertain concerning the chemistry of bilirubin. Investigations 

have been severely limited by the lack of stability and sol

ubility of bilirubin in aqueous solutions. This has led a 

number of primary investigators to the utilization of non

aqueous solvents for the study of the structure of BR 

(bilirubin) and its derivatives. Emphasis in recent years 

has been placed on the determination of this structure since 

it is believed to play an extremely important role in the 

chemistry of BR. These studies have been made primarily on 

the basis of visible spectroscopy, IR, and NMR data. The 

characteristic differences between BR and its esters in terms 
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of solubility and reactivity have been explained on the basis 

of tautomerism and intramolecular hydrogen bonding. However, 

controversy has only recently been again aroused in this 

issue. The results to date thus still appear inconclusive. 

One of the characteristic properties of most bile 

pigments was found to be their ability to form complex salts 

with Zinc ions. For a long time it was genetally accepted, 

however, that rubins did not form complex salts due to their 

relative acidity as compared with the other bile pigments. 

However, only recently BR has been found to complex with a 

large number of transition and rare-earth elements. 5 Com

plexation has also been shown to catalyze the oxidation of 

BR by either an isomerization or chemical oxidation. 5•6 

However, the only studies reported to this date have been 

with respect to complex stability and spectra. No real efforts 

have been ma.de to quantitatively characterize the BR complexes 

or to elucidate their characteristics and structures. 

B. Statement of the Problem 

The literature available on the studies of bile pig

ments present only four investigations which deal with direct 

electroanalytical studies of bilirubinoid systems. These 

have been limited in scope. Thus, not much is known concerning 

the electrochemical behavior of BR and its analogues. Never

theless, these investigations have shown the feasibility and 

promise of applying polarography, voltammetry, and controlled 

potential coulometry to the bilirubinoid system for the purposes 
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of identification, accurate quantitative determination, and 

synthesis. These methods are also advantageous i n that 

measurements can be made without the addition of other chemical 

redox reagents or without changing the bulk solution composi

tion. 

Van Norman has shown the feasibility of combining 

electroanalytical and spectral studies of BR in N,N-dimethyl

formamide.7 The utilization of dimethylformamide as a widely 

used electrolytic solvent system for a wide range of polar 

and nonpolar organic compounds and inorganic salts has also 

been well documented. Acid and base relationships have also 

been recently characterized for a wide variety of compounds 

in dimethylformamide (DMF).34 

This investigation is, therefore, an attempt to 

utilize sp~ctrophotometric and electrochemical methods for 

the study of BR in DMF as a solvent system. A preliminary 

qualitative study is made regarding the reactivity of BR in 

DMF with acid-base and redox reagents. This is followed by 

a potentiometric and voltammetric study of BR under acid and 

base conditions and under the conditions which lead to com

plexation with Zinc. The electrochemical methods are con

currently followed by visible spectroscopy in order to 

elucidate the chemical changes taking place. 

. I 
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CHAPTER II 

THEORY 

A. The Chemistry of Bilirubin 

Bile pigments may be defined as compounds that c on

sist of a chain of four pyrrole rings linked together by 

methene (-CH2-) or methyne (-CH=) groups. They are classi

fied according to the number and position of the double bonds 

joining the bridge carbon atoms to the pyrrole nuclei. 2 All 

naturally occurring bile pigments from higher animals are 

derived from protoporphyrin-IX by oxidative removal of the 

a -carbon linkage. 

-0-ca 
N 

D N N 

N tlc/3 Bile Pigment Skeleton 

Porphyrin Skeleton 

Figure 2 

Although the bile pigments are often represented as 

linear tetrapyrroles for convenience, the cyclic nearly 

planar arrangement as in porphyrin is a more precise repre

sentation in that it accounts for many of the prope~ties of 

bile pigments. These include tautomeric and isomeric forms, 8 •9 

prototropic isomerisation or autoxidation reactions. 9 ,lO,ll 



the ability to form metal complexes, 8 • 9 •10 and the op tical 

activity of urobilins and stercobilins. 11 •12 

Recently an enzyme-catalyzed mechanism has heen pro

posed for the 'in vitro' formation of BR from the oxidative 

degradation of haemoglobin. 13 This is presented in Figure J 

primarily to indicate the structural relationships between 

biliverdin and bilirubin and the jntermediate rolA of bili

verdin. The exact mechanism of BR conversion · into the other: 

reduced bile pigments has not been elucidated. However, a 

synthetic reductive pathway is well known for the formation 

b ·1· f b·1· b. 12 •14 of uro 1 in rom 1 1ru 1n. This series of reactions is 

presented in Figure 4. 

B. Tvaroha15 has also indicated the feasibility of 

synthesizing mesobilirubinogen (or urobilinogen) from 

mesobilirU:bin using a polarographic microelectrolysis and 

has characterized the polarography of mesobilirubin in basic 

aqueous systems. He has also characterized the polarographic 

reduction of BR and has shown the feasibility of using this 

technique in a quantitative determination of mixtures of 

these two species. 16 In his work, Tvaroha also reported a 

polarographic anodic wave for mesobilirubin with a pH-depend

ent half-wave potential at about -.1 Volts vs. the S.C.E. 

The changes in the electrocapillary maxima with concentration 

indicate that this is probably a 4 electron oxidation of a 

Hg-rnesobilirubin complex formed on the surface of the mercury 

drop. 

tQUNG_STOWN STATt I IT\11\ft'W~TT 277C90 
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Hb-Hp Complex 
Ml V 

p 

Me 

.P 

p Me 

Biliverdin 

Me V 

+ 
Fe 

H+ 
'-c=O 

H/ 
+ 

~~: 
Me ll Me 

V JJ p 

Haemo<. -methenyl 
oxygenase 

Formyl-biliverdin 
Me V 

Haem-< -methenyl 
formylase 

Bilirubin 

Me V , 

Me -~-- Me 1' .. ·---v Biliverdirf 
Reductase 

P Me 

Hp,gl (globin-haptoglobin) 

Me- CH3 

V- CH=CH
2 

P- CH2-cH2-COOH 

Figure 3- Possible Mechanism of Haemoglobin Degradation. 
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Biliverdin 

l"LL CH 

~~ ll ~, ~z 

o=l,,,..b CH N cH-lt(?-CH =l.,.J=o 
H M H 

(Green) 

Bilirubin 

!(Biliverdin Reductase) 
nu_ +VI CH 

' ,~ "2 
Me CH Ma.P P Me MeCH 

o=O=CHJIJLcHi_-0-cH=O=.o (Red) 
H H M '4 

Mesobilirubin 

J
( Pd, catalyst) 

CH +4H CH 
I 3 I 3 

Me cM,. Me. P P Ma Me CHz 

o=CJ=: CH -0-Cl-lz.JI:lCH ~o (Orange) 
H M M H 

sobilirubinogen 

l 
(Pd,catalyst and 

~ +4M ~~ 
Me t111 Me P P Me Me CH1 

O~H,JJl-CHzJIJL·~o 

Pressure) 

(Colorless) 
H H H H 

1-Urobilin 

l 
(ethanolic iodine 

~It, -tH ~H3 
Ma c~ Me P P Me Mt CH1 

01/cHilJL cat=V-~o 
M H M 

oxidation) 

Figure 4. Reductive Pathway of Bile Pigments 
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The ox i dative behavi or of BR has also been wel l i~nown 

and characterized. The spectral series a s s oc iat ed with the 

oxidative changes has been reported by Zak e t ai . 17 using 

oxidizing agents of varyine str engths, The c olor chanees can 

be attributed to the change :i.n the number of conjugated doubl e 

bonds going from 5 in BR to 10 in biliverdin to 8 for the 

purpurin and back to 5 for the chol e tolin. The sequence of 

reactions is given in Fieure 5. In the well-known Gmelin 

reactions bilirubinoids are oxidized in chloroform using 

fuming nitric acid. A popular method of synthesis of BV from 

BR utilizes FeC½in the presence of strong acid using methanol 

as a solvent. 18 Recently, Van Norman has shown the capability 

of electrochemically oxidizing BR through this series in 

Dimethylformamide using a platinum electrode. 7 He has char

acterized the oxidative voltammetry of BR and BV and has 

shown the feasibility of combining visible spectrophoto

chemistry and coulometry in an accurate quantitative deter

mination of BR. In the process he has also shown the possi

bility of quantitatively synthesizing BV from BR using t h is 

procedure and has indicated the possibility of using this 

technique in further analytical and synthetic applications to 

bile pigments. 

It has long been postulated that under condi t ions in 

which the normal physiological reductive pathway is impaired, 

alternate routes might exist for the oxidative catabolism of 

BR in animals19 with glucuronyl transferase deficiencies. It 

is also known that BR readily undergoes photooxidation to the 
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verdinoid under both aeroh ic and aenerobic conditions.5• 20 

The coupling of BR to the protein was shown to considerably 

h th . b' d b' 'd t· 20 en ance 1s aero 1c an aenero 1c ox1 a.1ve process. 

12 

Importance has been focused on this alternate oxidative process 

due to its clinical applicability in the treatment of hyper

bilirubinaemia resulting from obstructive jaundice. Although 

this alternate pathway has not been fully elucidated, a 

general scheme has been given by 0strow21 for this alternate 

pathway: 

I 

Haem 

~ Bilivirdin 

Bilirubin 
~ 

Yellow 

J 
380 nm. 

l 
Urobilinogen Colorless 

Pentdypent 

Reductive Oxidative 

Figure 6- Pathways of Haem Catabolism 

The stability of BR to oxidation has also been found 

to be strongly dependent on alkalinity and complexation. Zinc 

complexation has been shown to considerably enhance the oxi

dation of BR to BV. 6 Complexation with a number of metals 

has been shown ~o catalyze this process even under aenerobic 

conditions. 5 This ease of BR oxidation under the variety of 

conditions mentioned above is explained in terms of the 

lability of the central methylene bridge, the oxidation of 
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which results in the formation of the more stable v~rdinoid 

product. The autoxidation of BR to verdin even in the 

absence of an oxidizin~ agent is explained in terms of an 

intramolecular oxidation or prototropy. In this process, an 

isomerization occurs in which an unsaturated ethylene side 

chain of BR is reduced in a proton exchange which results in 

the oxidation of the methylene bridge. A scheme for this 

process is given as follows: 

Bilirubin 

Dihydrobiliverdin 

Figure 7- Isomerization of Bilirubin to Dihydrobiliverdin 

The product of this process is not BV but a reduced analogue, 

dihydrobiliverdin. This type of prototropic isomerization 

has also been shown to occur in other bile pigments.9• 22 It 

has been suggested that this process is catalyzed by irradia

tion with light of wavelengths between 400nm and 600nm and by 

metal complexation.5, 20 



The exact tautomeric structure for BR in solution has 

been a subject of debate ever since its discovery. It is 

commonly accepted that the relative insolubility of BR in 

neutral aqueous solutions is a result of strong intramolecular 

bonding of the type presented in Figure 9. ?his type of 

hydrogen bonding has also been used to explain the relative 

stability of BR to reaction as compared with its esters or 

· t 24 •25 't t 1 1 d conJuga es, 1 s me a comp exes, an 

reactivity under basic conditions. 20 •6 • 26 
as compared to its 

Arguments favoring 

both tautomeric (I and II) forms have been presented based on 

optical, NMR,and IR observations. 23 •27 • 28 •29 An uncertainty 

as to whether BR exists as a keto or encl isomer has also 
· 29 arisen. Nichol and Morell have argued in favor of the pre-

dominant enol form while most of the other investigators favor 

the keto form. 23 •24 •27 •8 Arguments favoring the keto struc

ture have also been made on the basis of bilirubin's relative 

acidity as compared to the other bile pigments. 8 •3° However, 

Velapoldi a~d Menis5 have recently proposed a mono-lactam

mono-lactim structure to explain the ability of BR to form 

metal complexes. This is similiar to the structures proposed 

for stercobilin, i-urobilin, and d-urobilin. 8 •12 ___________ : ________________________________ ,, 

Figure 8- Mono-Lactam-Mono-Lactim 
Form of Bilirubin 
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Figure 9. Tautomeric Forms of Bilirubin,Hydrogen Bonding 
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B. Direct Potentiometry 

In this method analytical use is made of the thermo

dynamic relations existing between cell potentials ar.d con

centrations existing in a dynamic equilibria. Measurement is 

made of the electromotive force at zero faradaic current re

sulting at an indicator electrode due to the activity of the 

electroactive specie. A comparison is made between the 

electromotive force for this half cell and that of a stable 

reference electrode. The reference electrode has a constant 

relative potential and is experimentally constructed to make 

electrochemical contact (salt bridge, fiber, capillary, etc.) 

with the test solution and yet remain independent of the 

concentration of the unknown specie. The difference in 

electromotive potential between the reference half cell and 

the test solution is the experimentally measured cell poten

tial (Ecell). The measured cell potential for a given redox 

system is related to the concentrations and to the reference 

electrode potential through the well-known Nernst equation: 

Ecell = E~x,Red + RT 1 i...QlU_ - ER f nF n (Red/ e 

This relationship provides a method for following the 

course of a reaction or titration where the ratio (Ox)/(Red) 

is changed and results in a corresponding change in the 

observed E .
1 ce 1. One can plot the Ecell vs milliliters of 

reactant added and follow the equilibrium relationships of the 

redox system as the familiar potentiometric titration curve. 
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For most of the potentiometric experiments in this 

study a pH-sensitive glass electrode is used as the indicator 

electrode. This device is based upon the fact that thin 

membranes of certain varieties of glass are responsive to 

hydrogen ions. If two solutions are separated by this membrane, 

a difference of potential will arise between its two surfaces 

which 'ideally' can be represented by the Nernst equation: 

+ 
Eg = ~T ln (H )UNK 

(1rF1" STD 

or 

The same principles which apply to aqueous solutions 

can be app~ied to establish pH scales in nonaqueous solvents. 

However, no_thermodynamically acceptable procedure has as yet 

been devised to correlate pH scales in different solvents. 

C. Single-Sweep Peak Voltammetry 

The study of current potential relationships of elec

trode reactions in stirred or quiet solutions is known as 

voltammetry. In the method utilized in this study, the po

tential at the indicator electrode (platinum) is changed 

linearly as a function of time (ramp function) and the current 

resulting from reactions at the electrode surface is analyzed. 

The magnitude of the current observed is dependent on the 

electrode potential, the rate of mass transport, and the 

kin t· e ics of the electron-transfer reaction at the electrode 



surface. The maximum current of oxidation or reduction is 

governed by the rate of mass transport of the electroactive 

specie from the solution to the electrode surface and is 

proportional to its bulk concentration. 

A quantitative treatment for this type of reaction 

. may be initiated by using Fick's first law to approximate 

conditions of semi-infinite linear diffusion. 32 Using the 

Nernst diffusion layer concept and Fick's law an expression 

for the limiting current may be derived: 

iL = nFADC 
6 

If the reaction is considered reversible the extent of 

reaction or current at the electrode is dictated by the 

thermodynamic equilibria of the redox system. Fick's first 

law may be applied to the Nernst equation to derive an 

expression relating current and potential: 

where 

= Eo + oc::o 1 Ox,Red ..!.::;..J..Z. og 
n 

Dred 
Dox 

In the case where both oxidizable and reducible 

18 

electroactive species are present, a more general expression 

for a composite anodic-cathodic process is: 

E = E½ + .:,.Q.i2. log (i1 )c -i 

n i-(iL) a 

This equation can be used to describe the current-potential 

relationship as long as the potential sweep is slow enough 
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·so that the diffusion layer is not changed. If however, 

the potential is swept rapidly so that a depletion effect 

occurs about the electrode ( increases), a peak current is 

observed followed by a decay in current. For a reversible 

electrode reaction involving soluble reactants and products, 

the value of the peak current is given by the Randles-Sevcik 

equation: 

The potential at which the peak occurs is related to the 

polarographic half-wave potential by 

Epeak = E~
2 

- 1.1 RT 
nF 

The value of the peak current varies, however, with 

the reversibility of the electrode reaction, as does the 

potential at which the peak occurs. The peak current for an 

irreversible electrode reaction is given by 

5 1 ~ ].. 
ip = J.01 x 10 n( aNa) 2 AD2 Cv 2 

The potential-sweep technique may thus be utilized to 

relate the concentration of an electroactive specie to the 

observed peak current since constant experimental conditions 

imply a linear relationship between current and concentration. 

The potential at peak current (Epeak) may also be used to 

identify the electroactive specie since it is characteristic 

of the compound electrolyzed and may be related to the polaro

graphic half-wave potential by the expression given above. 
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D. Controlled Potential Electrolysis and Coulometry 

In controlled potential electrolysis the potential of 

the working electrode is held at a fixed potential on the 

plateau of the polarographic or voltammetric wave, and the 

electroactive specie is oxidized or reduced completely. An 

electrode of large surface area is used and the solution is 

stirred vigorously in order to complete the reaction in a 

reasonable period of time. When the total quantity of elec

tricity flowing during the electrolysis is determined, the 

technique is called controlled potential coulometry. The 

relationship between the amount of current passed and the 

quantity of material electrolyzed is given by the following: 

Q = nFM 

The value of the initial current at the start of 

electrolysis is nFDAC 
cS 

where is the thickness of the diffusion layer (cm) and 

depends on the rate of stirring. During the course of the 

electrolysis the current falls off exponentially according to 

the equation i = i exp(-Bt) 
0 

where i is the current after time t and B = DA 
V o 

The total quantity of electricity which has passed during the 

electrolysis is given by 

Q = 
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This techniq~e can thus be used to determine then 

value for a reaction provided the concentration is known or 

vice versa. This can be determined by either taking the area 

under the graph of current vs. time or it can be determined 

by inserting a current integrator in series with the cell. 

E. N,N-Dimethylformamide as a Solvent System 

Dimethylformamide (DMF) is a protophylic aprot:Lc 

solvent and a slightly weaker base than dimethylsulfoxide or 

pyridine. In this respect it can almost be regarded as a 

neutral solvent. It is protophylic in the sense that it is a 

weak base and can accept protons: 33 

0 
II 

HO-S-NH 
II 

2 

0 

+ 

Sulphamic Ac id . D!V!F 

--
0 
II 

-o-S-NH2 II . 
0 

However, unlike water, neutral DIVIF does not undergo auto

protolysis nor does it serve as a proton donor to form a 

deprotonated solvent (lyate) anion. The basic character of 

DMF serves to level the strength of weak bases, but on the 

other hand this property and its relatively low dielectric 

constant (37) serve to accentuate the differences between 

acids. Thus, it serves as an excellent media for titrations 

of acids and acid analogues with strong bases. The pH range 

of DMF extends over 18 pH units and thus makes it suitable 

for such differentiating titrations.33 Recently Kolthoff 

et ai.34 have shown the feasibility of calibrating the glass 
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electrode in DMF and have determined the dissociation constants 

for a large number of organic acids and bases. 

In non-aqueous media with relatively low dielectric 

constant a factor must be taken into consideration which in 

aqueous media is of secondary importance. This is the possi

bility or tendency of solvated ions to associate to form ion 

. pairs and larger aggregates. The theory for these types of 

interactions is not yet well developed. For analytical 

purposes, ion pair formation can be neglected when the dia

lectric constant is greater than 4o. 35 Thus, DMF appears to 

be a border line solvent for this consideration. 

The relatively polar character of DMF and its 

dielectric constant combine to make it a good solvent for a 

wide range of polar and nonpolar organic compounds and a wide 

range of inorganic salts. These include inorganic perchlorates, 

alkali and alkaline earth iodides, and LiCl. Chloride salts 

tend to be insoluble while nitrates are soluble but tend to 

decompose. Dimethylformamide has become of special interest 

to electrochemists as a medium for the reduction of organic 

and organometallic compounds and as a media for polarography 

due to its wide accessible potential range, especially in the 

extreme negative region. Using NaC104 as the supporting 

electrolyte and platinum as the working electrode it has a 

potential range of +1.6 to -1.6 volts vs. the saturated 

calomel electrode (aqueous). A number of supporting electro

lytes, working, and reference electrodes have been success

fully applied in DMF,36 ,37 

'I 
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DivlF has a liquid range of (-61° to+ 153°), a viscosity 

comparable to water, and a relatively low vapor pressure at 

room temperature. It can be utilized as a solvent for absorp

tion spectroscopy in the visible and near u.v. down to 270nm. 

However, acids and bases catalyze a decomposition or hydrolysis 

of DMF to yield dimethylamine, carbon monoxide, other amines, 

and formic acid. A number of procedures are available for 

the purification of DMF to conductivity levels of less than 

lXlO-? ohm-1cm-1 . 36 
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C HAP'.rER I I I 

Materials and Apparatus 

A. Materials 

All chemicals used were of reagent grade and were 

used without recrystallization. Table l gives the chemicals 

used, the manufacturer, and the grade of the reagent. The 

solvent dimethylformamide was prepared by storage over molecular 

sieves and then was distilled (25°-4o 0 c) under reduced pressure 

(2mm-10mm Hg) in the presence of anhydrous Cuso4 as a drying 

t d t f th l f . . 't' 36 agen an as an agen or e remova o amine impur1 1es. 

Distillation was performed under an argon or nitrogen atmos

phere retaining the middle fraction (3/5) for -use. Fresh 

solvent was p·repared as a matter of necessity on approximately 

a bi-weekly basis. 

The bilirubin was obtained from the Sigma Chemical 

Company with a "purity of 99%" and had a molar absorptivity 

in chloroform of 60,000 + 600. The biliverdin dihydro

chloride (approximately 80% biliverdin) was also obtained 

from Sigma Chemical. Both Argon and Nitrogen were used for 

the de-aeration of solutions (,......_.,30 min.) and as inert atmos

pheres in this study. The argon was puri fied by passing 

over clean copper chips at 6oo 0c. 



TABLE I 

REAGENTS USED 

Material Formula Grade Reagent 

N,N-Dimethylformamide HCON(CH
3

)2 Certified A.C.S. 

Ferrous ammonium 
sulfate Fe(NH4)2 (so4)2 •6H2o " 

Zinc chloride ZnC1 2 •X H2o " 

Potassium permanganate KMno4 
II 

Potassium persulfate K2s2o8 " 

Potassium periodate KI04 " 

Ceric ammonium nitrate (NH4 )2 Ce (No
3

)6 It 

Pyridine N:CHCH:CHCH:CH " 

Cobaltous nitrate Co(NH
3

)
3

•6H2o Certified Reagent 

Ferric chloride Fec1
3 " 

Nickel (ous) chloride NiC1 2 •6H2o " 

Acetonitrile CH
3

CN Certified 

Glacial acetic acid CH
3

COOH Reaeent 

Manufacturer 
of 

Distributor 

Fisher Scientific 

" 

II 

" 

" 

II 

.. 
" 

II 

" 

" 

" 

" 
I\) 

V\ 

--·---~-·--- -·--·-- - - ··------ --·- - --



Material 

Zinc metal 

Zinc iodide 

Ethylenediamine 

Molecular sieves 
(Davison) 

Cupric sulfate, 
anhydrous 

Sodium chloride 

Iodine 

Bromine 

Potassium ferrocyanide 

Formula Grade Reagent 

Zn 

ZnI2 N.F. VIII 

H
2

NCH
2

CH
2

NH2 Purified 

base: Alumina-silicate Type 5A 
cation: calcium Grade 522 

Cuso4 Analyzed 

NaCl ti 

I2 
II 

Br2 
ti 

trihydrate K4Fe(CN) 6 •JH20 ti 

Potassium dichromate K2Cr2o
7 

ti 

Dimethylsulfoxide {CH
3

)2SO " 

Chloroform CHClJ " 

EDTA disodium, 
dihydrate crystal Analyzed A.C.S. 

Manufacturer 
or 

Distributor 

Fisher Scientific 

" 

" 

" 

Baker Chemical Co. 

" 

" 
ti 

" 

" 

" 

" 

II 

{\) 
a, 



Material 

Tetrabutylammonium 
hydroxide · 

(25% in methanol) 

Potassium biphthalate 

Sodium perchlorate 

Silver nitrate 

1,1,J,3 - Tetra-
methylguanidine 

Picric acid 

Perchloric acid (70%) 

Ferrous sulfate 

Sodium bisulfite, 
meta (anhydrous) 

Triethylenetetramine 

2,4-Pentanedione 

Formula 

(CHJCH2CH2CH 2 )4NOH 

1-KOCOC 6tt4-2COOH 

NaC104 

AgNOJ 

(CH
3

)2NC(:NH)N(CH
3

)2 
c6tt

3
N

3
o

7 
HC104 (aq) 

Feso4 •:X H20 

Na
2
s

2
o5 

(H2N (CH2 )2NHCH 2 )2 

CHJCOCH2COCH3 

Grade Reagent 

Baker Grade 

Primary Standard 

Reagent, A.C.S. 

White Label 

" 

Reagent, A.C.S. 

Reagent 

II 

Technical 

·Practical 

Manufacturer 
or 

Distributor 

Baker Chemical Co. 

" 

Ventron (Alfa 
Inorganics) 

Sargent-Welch 
Scientific 

Eastman Kodak Co. 

" 

Allied Chemical 

II " 

If If 

Matheson Coleman 
and Bell 

If If 

1\) 
--.} 



Material Formula 

Diethylenetriamine (H2N(CH2 )2) 2NH 

Argon (gas) Ar 

Hydrogen chloride 
(gas) HCl 

Nitrogen (gas) N2 

Zinc acetate Zn(C 2tt
3
o2 )2 •2H20 

Ferrocene (C 5tt5 2Fe 

Grade Reagent 

Practical 

Pre-Purified 

·rechnical 

Pre-Purified 

Analytical 

GP Grade 

Manufacturer 
or 

_______ILi stri bu tor 

Matheson Coleman 
and Bell 

Matheson 

" 

AERCO 

Mallinckrodt 
Chemical Works 

Research 
Organic/Inorganic 
Chemical Co. 

N 
X. 
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B. /\nparotus 

All solutions from crystalline 0r liquid r0ater~3 were 

prepared by we ir,ht us inc: a Mettl 0r H20 8 1 '1:J_rn j r.-ro ba 1 anc , . w j Lh 

a readability of .000 01 {~ram. Zn++ ::;olut iorn; ·ln DMP wern 2.~so 

prepared electrochemical ly using a zinc metal strip as the 

anode and a Sargent Model IV Coulometric Current Sourc~ as the 

current measurine; and controlling instrument. Electrochemic.:--:1 

e;eneration was performed j n the presence of O. lM NaCl OL~ as tl i r' 

electrolyte and usinp: a platinum foil counter e lectrode 

separated from the prime solution by a fine porosity glass 

fritted compirtment. The zinc metal strip was cleaned wi th 

nitric acid, rinsed with DNIF, and a preelectrolysi~ was per

formed in a separate solution of DMF prior to preparatio~~ of 

the stock Zn++ solution. 

Near ultraviolet and visible spectra were obtainej 

using a Cary ,Model 14M recording spectrophotometer or a 

Beckman Model DB spectrophotometer both calibrated usine a 

didymium glass filter. Infrared spectra were obtained with 2. 

Beckman Model IRS spectrophotometer using polystyrene for 

frequency calibration. 

All electrochemical measurements were obtained with a 

National Instrument Laboratory "Electrol2b" iri conjunctio!'l 

with a Val Tech Model 102h X-Y Recorder or a PAR Model 170 

Ele t h · ha c roe emistry System. •/ Potentiometric measurements were 

made using an Orion Model 801/digital pH meter. 



Seversl different tyres of electrodes werP- used 1.n 

this study, Ap;/.OlM AcNOJ (DMJ-i') a.nd A~/AgCl(sat), NaCl(sat) 

(DMF) reference electrodes were prepared by dipping a silver 

wire into solution contained in a 5mm o.d. glass tube that 

was sealed at the lower end containing an asbestos fiber as 

an electrolytic contact. Ag/AgCl(sat), NaCl(sat) and 

Ag/AgCl(sat), NaCl(sat), NaC104 (,lM) reference electrodes 

were also prepared using a Metrohm Ag/AgCl Nonaqueous Reference 

Electrode (EA425) assembly making solution contact with a 

5mm o.d. glass tube that was closed at the lower end by a fine

porosity frit. The electrodes for voltammetry were two Sargent

Welch Pt indicator electrodes with an area of approximately 

2cm2 or one Pt indicator electrode in conjunction with a 

vitreous carbon working electrode (Beckwith Carbon Corp.). 

The vitreous carbon electrode was made by pressure fittine; a 

vitreous carbon crucible (5/8 11 0.d. X 1/2" hgt.) onto a hollow 

teflon tube and using an inner mercury pool in contact with 8 

copper wire for electrical contact. Controlled potential 

coulometric measurements were taken using a large platinum 

foil and a platinum counter electrode in an isolated fritted 

compartment. Potentiometric measurements were made using a 

Coleman glass electrode in conjunction with one of the above 

reference systems. 

The electrochemical cells for potentiometry, volt

ammetry, and c-oulometry were Metrohm Model EA 874 titration 

vessels (EA 875-50, EA 875-20, EA 876-20) which had five 

openings in the upper portion to permit insertion of the 



·appropriate electrodes, gas bubblers, and pipets. The cell 

as used for voltammetry is illustrated in Figure 10. 

Jl 
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CHAP11ER IV 

PRELIMINARY S'rlJDTES 

A. Solvent Effects on Bilirubin 

Solutions of approximately 1 x 10-4 molar were 

attempted in neutral dimethylsulfoxide, DMF, pyridine, CHC1 3, 

ctt
3

CN, cc14 , and glacial acetic acid, The bilirubin appeared · 

to dissolve completely in the polar basic solvents, incom

pletely in ctt
3

cN and cc14 , and appeared insoluble in the acid. 

The visible and near u.v. spectra (to the solvent cutoff 

limit) were taken in each solvent using the Cary 14 spectro

photometer and showed only one major peak with the maximum 

lying between 450 to 455nm for all solvents. This is in 

agreement with the results given by Kuenzle 27 for DMSO, 

pyridine, CHC1
3

, and CC/4 and su.ggests that the same 

tautomeric specie of BR dominates in all these solvents. 

This is in contrast to the significant spectral shifts noted 

by Kuenzle 27 for· the dimethoxybilirubind;imethylester which 

is held in the lactim ether configuration and which shows a 

strong shift of the maximum to higher wavelingths with 

increasing polarity of the solvent, With BR there did appear 

a slight broadening in the peaks resulting in DMSO and 

pyridine, but these were not significa~t enough to warrant 

investigation. All solutions were purged with nitrogen for 

thirty minutes and appeared stable to light and if stored in 
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the freezer (-J0°C) for at least a few days. No study was 

made of the degradation of these solutions. However, solutions 

of BR in CHc1
3 

and cc14 appeared to undergo only sl i.ght 

oxidation even after two months of storage (-10% as determined 

spectrophotometrically), whereas the solution in pyr idine was 

highly oxidized (-50~~). The DMSO solution could not be storerl 

(freezing pt - 18. 5°c) and oxidized in a few days at room 

temperature in the dark. 

Assuming a molar absorptivity of 6 x 104 for BR 

(450nm) in co14 and CH3CN, the solubility of BR is ap;:roxi-
-4 . cc -6 . . . mated at 1 x 10 in 14 and 3 x 10 1n aceton1tr1le at 

room temperature. Kuenzles data indicates that the molar 

absorptivity (E) of BR does not change significantly with 

solvent (E = 58,000-62,000) except in the case of pyridine 

(E = 54,300). In DMF using a molar absorptivity of 60,000 

6 
-4 . 

the solubility of BR was determined as .7 x 10 by 

diluting a saturated solution and taking the visible spectra. 

An attempt was made to take the infrared spectrum of 

BR in saturated solutions of DMF, DMSO, and CHc13 using a. 

light path of 0.5 mm with pure solvent in the reference cell. 

However, the concentrations were too low and in each case the 

spectra of solvent only was observed. Broderson et ai. 28 

have obtained a partial IR spectra of JmM BR i.n chloroform, 

but all other IR work has been limited to dispersions in 

mineral mulls or KBr discs. 29 ,38,39 , 24 KBr discs were pre

pared by mixing ~nd grinding 1-2% mixtures of BR in KBr and 

subjecting the mdxtures to 8 tons of hydraulic pressure for 



one minute under vacuum. The TR spectra of the resulting 1/2 

inch diameter discs clearly reproduced the results alrP.ady 

published. The same procedure was applied to biliverdindi

hydrochloride. Although numerous trials appeared reproducible, 

the IR spectra of the hydrochloride salt did not contain the 

distinctive features of the BR spectra even though different 

concentrations were tried. In any event, it appears that 

infrared analysis of weakly soluble bile pigments must be 

limited to crystalline products which can be subjected to KBr 

discs or dispersed in mineral mulls. Figures 11 and 12 are 

examples of the IR spectra obtained using the IR-5 and KBr 

discs. 

B. Reactivity of Bilirubin in DMF 

The reactivity of bilirubin with a variety of oxidizing 

and complexing agents was qualitatively undertaken by simply 

adding dropwise concentrated solutions of these reagents to 

concentrated solutions of bilirubin in DMF and observing any 

noticeable color changes visually. These of course,represent 

a change in the conjugation of the bile pigment and thus an 

oxidation or complexation. The following table summarizes 

the results. 
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TABLE II 

REACTIVITY 01' BILIRUBIN IN DMF 

Compound 

HC1o4 (lOF-aq.) 

KMn04 

KI04 

Potassium biphthalate 

Na2s2o
5 

Ferrocene 

K2Cr2o7 
K2cr2o7 (acidic) 

tetramethylguanidine 

EDTA 

Ethylenediamine 

Solubility in DMF Reaction with BR 

highly miscible oxidation to 
verdinoid green 

Yes, clear oxidation through 
solution Gmelin series 

Yes, clear 
solution 

highly soluble, 
but unstable 

highly soluble, 
yellow 

highly soluble, 
red 

insoluble in 
neutral or 
acidic solution 

" " 

insoluble 

II 

highly soluble, 
.Yellow 

soluble, yellow 

II " 

" II 

rapid oxidation to 
verdinoid green 

None 

None 

None 

" 

" II 

no apparent reaction 

II II II 

soluble, yellow oxidation to 
verdinoid green 

high, colorless no immediate effect 

insoluble or None 
slightly soluble 

highly miscible, no apparent reaction 
colorless 



Compound 

Triethylenetetramine 

ZnC12 •XH2o 

Zn(CH:fOO ~• 6H2o 

Co(No3)2 •6H2o 

Feso4 °XH20 

K4Fe(CN) 6•JH20 
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TABLE I I (Cont'd) 

Solubility i n DMF Reaction with BR 

highly miscible, no apparent reaction 
colorless 

highl y soluble, rapid lightening 
blue solution of color 

hieh, yellow rapid shift to 
color green-yellow 

high, colorless shift to pink color 

high, colorless shift to red color 

high, bluish red rapid shift to 
amber color 

insoluble None 

insoluble or only reacts on shaking, 
slightly weaker color 
soluble(?) 

high, green blue rapid shift to 
yellow green 

insoluble None 

The ' term insoluble in the table refers to the fact 

that no salt crystals of the inorganic compound were 

visually observed to dissolve and the solution remai ned clear 

in color, All solutions of compounds soluble in DMF appear

ed qualitatively stable except the solutions of KMno4 which 

repeatedly turned to the brown color of Mno2 on standing fo r 

about a half-hour. Addition dropwise of lOF(aq.) HC104 
resulted in a gradual change of bilirubin to the verdinoid 

color. This seemed dependent on the amount of acid added but 
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was slow enough even in a relatively concentrated solution 

of acid in DMF to be easily followed spectrophotometrically 

with the Cary 14. The verdinoid peak at J80nm clearly appear

ed with the simultaneous disappearance of the peak at 450nm 

for bilirubin. This appears to be a unique situation since 

bilirubin appears to be insoluble in acidic aqueous solutions 

and reacts very rapidly to decomposition with the addition of 

concentrated HC104 (aqueous) to chloroform solutions. The 

chloroform product was red and readily extracted into an 

aqueous layer at the surface of the chloroform. This indicates 

that perhaps the product was a mixture of Neoxanthobilirubi.c 

acids or dipyrroles which result with vigorous oxidations 

that cleave the methene bridge. 

K2Cr2o7 did not appear to react with bilirubin in 

neutral DMF but appeared to react more vigorously in acid 

media than the acid by itself, The spectra of K2cr2o7 was 

taken in neutral DMF and showed seven peaks occurring 

between 330 and 400nm. This fine structure was subsequently 

lost with the addition of HC104 (aqueous) and was converted 

into one broad band over the same region. This indicates 

the K2cr2o
7 

is either undergoing a structural change or 

equilibrium shift to a specie which appears more reactive 

under acid (aqueous) conditions in DMF, perhaps analogous 

to that found in aqueous solutions. 
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No Fe(II) salts were found which readily dissolved in 

DMF, although shaken solutions of K4Fe(CN) 6 ·JH2o seemed to 

react with BR. The other transition metals in the form of 

their hydrated salts were highly soluble in DMF and showed 

reactivity with BR. In order to qualitatively ascertain the 

nature of the reactions, concentrated solutions ("'-' .1%) of 

the transition metal salts in DMF listed in Table 1 were 

added dropwise to BR samples stored in the spectral cuvettes 

(- 3ml) and the resulting changes were followed in the 

visible region using the Beckmann D.B. Figures 13, 14, and 

15 show the results obtained in the cases of Fe(III), Co(II), 

and Ni(II). The numbers on the spectral lines indicate the 

number of drops of solution added to the . BR and thus show a 

progression of the reactions. In each case isosbestic 

points are implied but perhaps not precise due to dilution 

effects. The spectra of the pure metal ion solutions in DMF 

were also taken to assess whether they interfere with the 

reaction spectra. In the case of Fe(III) and Cu(II) {max. 

430nm) no interference is expected. Co(II) shows a single 

peak at 520nm which should not interfere excessively with 

the results obtained. However, Ni(II) does absorb at 420nm, 

but the large change in E (extinction) indicates that BR is 

undergoing a reaction. In all cases excess metal and the 

passage of time resulted in even further oxidation. Zn(II) 

also reacted readily with BR resulting in a shift from 

yellow to deep red (max. 530nm). The Zinc (II) product 

appeared to be highly stable when stored in the freezer 
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under anaerobic conditions and was shovm spectrophotometrically 

to revert back to the rubinoid structure with the addition 

of weak acid (HC104 ) or triethylenetetramine. Visual inspec

tion showed that Ni(II) reverted back to the yellow and Cu(II) 

to a green solution with the addition of triethylenetetramine 

(TETA). No conclusion could be reached with Fe(III) or 

Co(II) since they both readily formed brown precipitates 

with TETA. This spectral data would tend to agree roughly 

in the case of Cu(II) and Co(II) with the initial peaks 

observed for metal complexes in chloroform-methanol soluiions 

observed by Velapoldi and Menis. 5 However, they differ with 

respect to the Zn(II), Fe(III), and Ni(II) complexes. 

I 2 and. Br2 were also shown to oxidize BR under 

neutral conditions to the verdinoid structure spectrophoto

metrically. Excess in each case led to further oxidation to 

blue or purple solutions, In order to ascertain the quan

titative nature of these reactions, weighed samples of 12 
ancl. Br2 (liquid) were dissolved in DIVIF and the solutions 

titrated against BR spectrophotometrically. The results 

indicated that more than one molar equivalent of Br2 was 

required for oxidation and that one to two molar equivalents 

of r2 were required for the same oxidation. Figure 16 shows 

the results obtained with the Cary 14 in one of the iodine 

titrations. H4Ce(so4)4 was also found to oxidize BR through 

the Gmelin series, but no spectral or quantitative study was 

made of this system. 
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CHAPTER V 

EXPERIMENTAL PROCEDURE AND RESUL'T'S 

A. Standardization of the DMF System 

Since BR possesses 6 potentially active protons and 

since it was found that BR was soluble in Dl\l!F under both 

acidic and basic conditions, it was deemed desirable to 

investigate the potentiometric behavior of BR in DMF. The 

standard glass electrode (aqueous) was used as the indicator 

electrode since it had been shown by Kolthoff et ai. 34 to be 

well-behaved with respect to potential in DMF with an ideal 

Nernst slope of 59mev. This method was also ·chosen as 

desirable for the standardization of acids and bases in DMF 

since work would have to be done in the low concentration 

ranges (- 10-4M) of BR solubility. The reference electrodes 

selected wer~ O.OlOM AgNOJ/Ag in DMF34 and Ag/AgCl(sat), 

NaCl(sat) in DMF (no literature reference). 

Initially 1 x 10-2M solutions of picric acid aria Ti~ 

(pKd = 1.3.65 for TMGH+34 ) were prepared by weight into 100 ml 

of DMF. They were potentiometrically titrated against each 

other and the expected end point found with a readability 

of 2%. An example of this type of titration 1.n DMF is re

presented in Figure 17, A stock HCl solution was prepared . 

by bubbling HCl through DIVlF for JO minutes (HCl- 5. IJ.M). 

For standardization and use this solution was diluted to 
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Figure 17. Potentiometric Titration of 28.0 ml. Picric Acid 
(2.86 x 10-3M) with TMG(9.9 x l0-3M) in DMF- Indicator Electrode, 
Glass Electrode; Reference Electrode, Ag/AgN03,.0lM. 
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approximately .lM. Standardizatio:i was achieved by flo;)dint" 

a sample (.lM) with 10 volumes of water and ::_Jotent.iometr i..cal1y 

titrating with standard aqueous NaOH solutions using a glass 

electrode. Sharp end points were found using this procedure. 

Attempts were made to stand?.rdize ,.., . OlM HCl solutions using 

this same technique, however, the end points were i ll-defined 

due to the large dilutions and the presence of DMF. The 

standard HCl solution (-.lN) was then titrated against the 

TMG solution (prepared by weight) and the concentrations 

were found to agree within 2%. An example of this type of 

titration is presented in Figure 18. 

Initial plots of log concentration vs. E (potential) 

obtained by titrating 25.0 ml of DMF with standard picric 

acid or HCl from a 10 ml buret were found to have large 

changes in potential (-200 to 400 mev) with the initial 

order of magnitude changes in acid concentration (lo-5 to 

10-3M). This was attributed to the titration of amine 

impurities in the solvent. Anomalous acidic behavior was 

also found for titrations of BR into DMF under these 

conditions. Purification of the DMF by vacuum distillation 

(1 to 5 mm) at room temperature in the presence of anhydrous 

Cuso4 resulted in a considerable improvement in the pur i ty 

of the DMF. The concentration of basic impurities in 

freshly purified solvent as estimated spectrophotometrically 

at 430nm as the p-nitrophenolate ion upon addition of 

l0-4M p-nitrophenol was - 1, x 10-5,34 The molar 
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absorptivity as determined for p-nitrophenol hy varying its 

concentration in l0-3M TMG was 3.3(±.2) x 104 . However, it 

was found that p-nitrophcnol did not rN1ct quantjtatively 

with TMG at low concentrations of base and thus could only 

be used as an approximate indicator of purity. The log 

concentration vs. E plots of purified DMF showed considerable 

improvement over that of the unpurified solvent. Nernst 

slopes for these solutions had values from 60 to 70 mev per 

paH unit for picric acid addition and were identical for 

both reference electrodes used. A representative plot for 

such a titration is given in Figure 19. The nonideal 

behavior might be attributed to residual impurities, espe

cially water, for which no special purification effort was 

made other than storing the DMF over molecular sieves. 

The stock standard solutions of HCl, TMG, and Picric 

acid were diluted down to the range of BR concentration 

(- 5 x 10-4 ) and titrated against each other. Figure 20 

and Figure 21 show the results of such titrations. The end 

points are ill-defined and the amount of error expanded to 

about ±5%. Readings taken with the Orion digital pH meter 

were found to stabilize rather rapidly (1-2 min) in acidic 

solutions but required about 5 to 10 minute~ to stabilize 

under strongly basic conditions. This is presumably due to 

the low activity of protons in basic DMF. A residual drift 

of 1 to 2mv per minute was found to occur after 5 minutes 

of waiting which occurred in the direction of the titration 

(acid or base). Readings were taken at constant intervals 

in the hope of minimizing this effect. 
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Figure20. Potentiometric Titration of TMG with HCl followed by 
a Back-titration with TMG in DMF-Indicator Electrode,Glass Electrode; 
Reference Electrode, Ag/AgN03,0.0lM. 
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10 

F~gure 2L Potentiometric '!Jtration of 20.0 ml. TMG( 2.5 x l0-
5

M) 
With Picric Acid(S.7 x 10 "'M) in DMF-Indicator Electrode,Glass 
Electrode; Reference Electrode,Ag/AgN03 , .0lM • . 



56 

B. Beh3.vior of BiJ irubin in the Presence of Ac· d 

Addition of BR powder or solution to pure DMF solu

tions at first resulted in potenti0metric changes rangi~g 

from 100 to 150 mv jn thn positive mode with T8 Spect to the 

glass electrode (acidic). Initially this was considered as 

a possible indication of the dissociation of the carboxylic 

acid groups of BR and thus acidjc behavior on salvation in 

DMF. However, the potential change wn.s observed to depend 

on the age and purity of the DMF. Under the best C'.)nditions 

with freshly distilled DMF this potential change was reduced 

to approximately +25 mv. Titrations of BR with picric acid 

and HCl at first gave anomalous results with varyine require

ments of acid showing titration end points. ThAse were 

correlated in a semi-quantitative manner with the degree of 

basic impurities in D!VfF as determined 1is•inr; p-ni trophcnol 
• • JIJ- • . as an indicator. The results tended to indicate that BR 

was not ionizing upon solvation in DMF but at low concentra

tions was undergoi~g an acid-base reaction with amine 

impurities. This assumption was J.qter confirmed by electro

chemical studies. 

Figure 22 shows~ potentiometric titratior. of B2 

with HCl. The titration curve is similiar to that of 

blank and has an anomalous end point which is far from that 

expected for a monoprotic acid-base reaction. The difference 

between the initial potentials (- l00ffiv) and the titer 

values at -600mv c:.---id -'+75r;-:v mir;ht be accounted for b:,,· 
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Ag/ AgN03 , • 0lM. 



solution and by a par~ial d issociation ~f t he DR diprot !c 

acid to react with these impuri~ie 3 . The titer value obtained 

thus represents a tjtration of t he amine impur ities and the 

BR anion in some type of equilibrium. Analysis of the BR 

visible spectra indicated no significant chc.ng es (l.-1-5Jnrn) 

~xcept those tha t coulrt te accounted for on the basis of 

dilution. Addition of excess HCl res1J.l ~. ed in an oxidat~ on 

of BR to BV. However, this appeared to show no time de

pendence and appeared to depend on the quBnti -:.~, of HC l adde d . 

The concentration of HCl required for complete oxidation 

(-10-2M HCl) as shown spectrophotometrically was orders of 
I'." 

magnitude larger than that of the BR (Rx 10-JM). It can 

only be presumed that since the stock HCl solution was 

already two months old at the time that an aci.d catalyzed 

hydrolysis ha.d occurred with the Dfvff' and th;::it impurities had 

developed (formic acid, dimethylamine) which oxidize BR and 

yet do not .significantly chane;e the normality of the DMF 

solution. 40 •41 The course of this oxidation was also 

followed by analyzing the oxidative voltammetry of BR at the 

platinum electrode. As excess HCl solution was added, the 

oxidative wave assigned to BR decreased 2.s the BV wave 

simultaneously increased. 

In order to confirm the above assumption, a fresh 

solution of Picric Acid was prepared and the oxidative volt

ammetry of BR was followed as a function of increased picric 



acid concentrat:..on. Figure 23 shows the rE!SUl ts of this 

experiment. There is no shift or change in the profile of 

the oxidative wave for BR (+,7v vs. Ap/Ae;Cl(sat), NaCl(sat) 

electrode). The decrP.af\e in peak heie;ht can be n.cc'.ounted fer 

qu.anti tati vely on the basis of dilution effects. 'l'he chanc;0. 

in the BV wave (+.85v) might be explained on the basjs of 
+ . 

BVH formation. These results are in sie;nificant contras~-

to those observed above with old HC l solutions. The visible 

spectra of BR in the presence of picric acid could not be 

followed 4ue to the interfering absorption of picric acid. 

However, analysis of the region from 600 to 700 nm indicated 

that less than 3% of the BR had been oxidized to BV during 

the course of the experiment. This fraction micht be 

explained as a result of the electrolysis occurring at the 

Pt electrode. 

Attempts were also made to follow the reduction of 

BR at the Pt electrode. Under neutral conditions a cathodic 

wave for BR was observed at -l.2v vs. Ag/AgCl(sat), Na.Cl(sat). 

Upon addition of acid, however, irregular results were 

obtained. These were attributed to reduction and adsorb-

tion of H+ and a fouling of the Pt electrode under acid 

conditions. Attempts were also made to follow the reductive 

processes using a Hanging drop mercury electrode, However, 

even after repeated cleanings of the electrode apparatus, 

the results were very irregular and the drop s~ze was hard to 

control. These difficulties were attributed to an instability 

of the hanging drop in DIVIF due to surface tension or wetting 

effects. 
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C. Behavior of Bi. lirubin Under B;:-,s ic Cor,di ti nn2 

1, Potenti ometry and Visi bl ri Spcctrn 

Potentiometric studies hact indi 1-:a l;pcJ thai:. thP 1.l eh'1V~ ('I' 

of BR in DMF was essentially ac .i die in naturE·. Indicat: nns 

were that it reacted readil~r with amine jmpurjties but rot 

significantly with acjds. The next series of studie~ were 

intended to examine the effect of base on BR, its reactivity, 

and electrochemical properties. TMG was used as the base du~ 

to its relative strength (pKd = lJ.65 for TMCH+) and ease of 

standardization. 

Initial titrations of BR with dilute TMG solutions 

(lo-3 to 10-400) showed a significant buffering capability for 

BR as compared to blank titrations. However-, no si.enificant 

end points could be clearly established due to dilution 

effects and the dilute nature of the solutions. FinaJly, it 

was decided to use as concentrated solutions of base and BR 

(near saturation) as experimentally feasible without intro

ducing gross uncertainties in the measurablP quantities. The 

best results were obtained using a 1 ml pipet (graduated 

to ,01 ml) controlled by a rubber pipet manipulator for 

titrating TMG at a concentration of 1 to 2 x 10-200 into BH 

solutions at near saturation (6 x 10-4 ) concentrations. The 

solution was maintained in a jacketed electrochemical cell 

at 25,5~ by circulating water from a temperature bath (!.1°c). 

TMG was added in ,05 ml quantities and potential readings 

taken at 5 minute intervals. Readings were found to stabilize 



within a two minute period after titrant addition followed 

by a drift of 1 to 2 mv per minute in the basic direction 

(negative potential). It was hoped that takine r~adiD g s at 

constant intervals would null i fy this effect. 

6? 

Figure 24 shows the result of one such titration anrl 

includes a blan~ titration with TMG under id entical experi-

mental conditions on the same day. The calculated ~nd point s 

and the experimentally determined end point inflections a.ppe2r 

within reasonable proximity (±10%). Thus, it is implied that 

at least two protons are quantitatively released by BR under 

basic conditions. No more inflection points were established 

potentiometrically although it was noted that a buffering 

effect by BR continues even with the addition of excess TMG 

as compared to the blank. Under strongly basic conditions, 

however, the response of the glass electrode becomes 

progressively more sluggish. This is presumed-a result of 

extremely low proton activity under such conditions in this 

solvent system. 

That this is indeed a quantitative reaction is also 

reflected by spectroscopic results. Figures 25A and 25B 

show the change in spectra with the addition of TMG. With 

the addition of the first equivalent of base a decrease in 

molar absorptivity and a slight broadening of the absorption 

is observed. Although the effect is twice that which would 

be expected from a dilution effect, it is still within 

experimental uncertainty. With the addition of the second 

equivalent of TMG a p~ogressive increase in ahsorbance 
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oc curs wh i ch ~axi~i zes at the s econct ~nd po i nt and sh i fts 

to 462nm. Addition of more thFm t wo equiva lents of base 

results in no further chan~es exc ept tho se wh ich can be 

accounted for on the basis of di l ution effec ts . The f i nRl 

extinction coeffi cient r epresents an approximat e 10% i ncrease 

over that of the neutral specie and a shift of maximum 

absorbance of about 10nm. 

2. Oxidative Voltarnmetry of Bilirubin Under Basic Condi tions 

The oxidative voltammetry of BR at the Pt electrode 

has already been elucidated in DMF by Van Norman. He 

quantitatively showed that BR oxidized to BV at approximatel y 

+.6 volts and BV subsequently at +.8 volts vs. the aqueous 

saturated ,calomel electrode (S.C.E.). Attempts to use the 

S.C.E. in DMF for prolonged studies, however, proved 

difficult since diffusion and precipitation of KCl into the 

DMF from the S.C.E. resulted in a plugging of the capillary 

tip of the S.C.E. and subsequent large changes in the resist

ance of the reference circuit. Using a Ag/AgCl(sat), NaCl(s 2. t ) 

DMF reference electrode, BR and BV oxidations were subsequently 

shifted to approximately +.7v and +.9v respec t ively. 

Throughout the preliminary studies it had been observed tha t 

a prewave occurred at approximately +.4v which appeared to 

depend on the age of the BR solution and on the purity of 

the solvent. With freshly prepared BR and DMF solvent th i s 

prewave was totally eliminated. The same prewave existed i n 

the voltammograms of Van Norman before e .lectrolysis. 7 
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The nature of the prewa.ve at +.l~v was affirmatively 

resolved by the analysis of BR under basic conditions. 

Figures 26A and 26B show the chronological changes resulting 

from the stepwise addition of exactly two molar equivalents 

of TMG to a BR solution. The oxidative wave at +.?vis 

quantitatively converted into the wave at +.li-5v while the 

. verdinoid oxidation remains relatively unchanged in its peak 

current potential. Addition of excess TMG (2 ~ J equiv.) 

resulted in a slight increase in the wave at +.45v and a loss 

in the current of the second wave. However, a quantitative 

study was precluded by adsorption effects which seemed to 

occur after the addition of more than two equivalents of TMG. 

The peak height of both peaks was progressively diminished 

and distorted with repetitive scans but could be resotred 

with a cleaning of the Pt electrode in nitric acid and sub

sequent rinsing in DMF or by a 'crude' vigorous wipine; of the 

electrode with a "Kimwipe" and then rinsing. Figure 27 shows 

the increase in current at +.4v using this •crude' technique 

to follow the changes occurring with increasing quantities 

of TMG. That the BV oxidation does indeed shift to lower 

potential under more strongly basic conditions (- 2 equiv

alents TMG) and merges with the BR oxidation was shown in 

an independent study of the voltammetry of BV. Figure 28 

shows the progressive shift of BV oxidation with increasing 

base concentration from +o.9v to 0,2v. Although there is a 

significant increase in the background current as a result of 

relatively large amounts of TM.G (Fig. 21 and Fig. 22), this 
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Figure26A. The change in the oxidative voltammetry of bilirubin 'Wi t-h .. L_ -
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iig~re 27. Oxidation of Bilirubin under Basic Conditions in DMF
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A- 10 ml. BV•2HC1(6.ll x l0-4M) + 25 ml. 2MF(O.l Min NaCl04) 
B- Solution A plus 0.6 ml. TMG(2.08 x 10- M) I 
C- Solution A plus a total of 1.0 ml. TMG I 
D- Solution A plus a total of 1. 2 ml. TMG I 
E- Solution A plus a total of 1.5 ml. TMG 
F- Solution A plus a total of 2.0 ml. TMG 
G- Solution A plus a total of 3.0 ml. TMG 

Background, 3.0 ml. TMG plus 25 ml. DMF__,.--._ 

+.8 +1.0 
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Figure 28. Oxidation of Biliverdin•2HC1 under Basic Conditions ~nc~r- Indicator Electrode,Pt; Reference Electrode, Ag/AgCl(sat), 
a sat); scan rate, 1 v/min. 
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should not significantly a l ter the voltammetric wave profiles 

at low potentials. Figure 29 shows the oxidation of TMG at 

the Pt electrode. Also shown is the effect of reac tion of 

TMG with Zn++ and HCl which results in a loss of the wave at 

+1.3 volts and which can be restored with addition of more TJYIG. 

The. entire shift in oxidation of BR and then subse

quently BV with excess base is represented more clearly using 

a vitreous carbon electrode (Fig. 30). Although similar 

adsorption effects occurred with this electrode, it appeared 

to be significantly more amenable to a clean wiping with a 

"Kimwipe", presumably due to its smooth surface. Using this 

technique peak currents and potentials were reproducible to 

within 10%. No extended study using this electrode was made 

since its use was initiated late in this study. 

J. Controlled Potential Coulometry Under Basic Conditions 

The method of controlled potential coulometry has 

already been utilized by Van Norman in conjunction with 

spectroscopy to show that the BR oxidation at +.6 is a 

2-electron process leading to the formation of BV. This 

technique was now employed in the presence of two equivalents 

of TMG to show that the same oxidation occurs at +.45 volts, 

Along with current integration the voltammetric behavior 

and spectra of diluted samples was taken. 

Analysis was performed by electrolyzing solutions 

of BR at a large platinum foil in the presence of two equiv

alents of TMG at a potential of +.5 volts vs. the Ag/AgCl(sat), 
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Figure 29. Oxidation of TMG in DMF- Indicator Electrode,Pt; 
Reference Electrode, Ag/AgCl(sat),NaCl(sat); Scan rate, 1 v/min. 
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iig~re3Q. Oxidation of Bilirubin under Basic Conditions in DMF
And1icator Electrode, vitreous carbon; Reference Electrode, 

g AgCl(sat),NaCl(sat),O.lM NaCl04; scan rate,20 mv/min. 
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NaCl(sat) electrode. The solution was preelectrolyzed at +.8v 

and +.5v and a background current taken after the addition 

of the TMG and before the addition of a weighed sample of BR. 

Difficulty was found during the course of the electrolysis 

due to adsorption onto the Pt foil. It was found necessary 

to wipe the electrode clean with a "Kimwipe" approximately 

every 20 to 30 minutes for the course of about one-half 

of the electrolysis. With the progressive formation of BV 

the adsorption problem diminished and electrode cleaning was 

performed less often. 0.5 ml samples were removed at 0.2 

coulomb intervals, diluted to 10 ml , and the visible spectra 

taken. Electrolysis to 90-95% completion required 6 to 8 hrs. 

and resulted in the expected dec:ay in current to a near back

ground level at completion. 

Figure 31 shows the observed changes in spectra and 

in the voltammograms observed during the electrolysis of 

6 -4 J0.8 ml of bilirubin at a concentration of 2.3 . x 10 Mand 

at an anodic constant potential of +.5v vs. the Ag/AgCl(sat), 

NaCl(sat) reference electrode. The visible spectra clearly 

indicate the stepwise conversion of BR (E max. 460nm) into 

its verdinoid oxidation product (E max. 380; 650). The 

voltammetry concurrently shows the loss of the oxidative 

wave (+.4v) assigned to the basic form of BR and the relative 

increase in the oxidative wave associated with biliverdin 

(+.8v). For a two electron process ("n"=2.0) this quantity 

of BR (7.08 x 10-6 moles) should theoretically require 1.37 

coulombs for complete oxidation. However, 0.09 coulombs 

must be subtracted as a correction for the calculated 
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quantity of unoxidized BR removed in sampling during the 

course of the electrolysis. A total correction of 0.07 

coulombs also had to be subtracted from the experimentally 

observed quantity of current passed as a bac~ground correction. 

Figure 32 shows the plots of the absorbance at 460nm and peak 

current, ip, at +.42 volt vs. coulombs passed, Extrapolated 

end points for the experimental results yield values of 1.20 

and 1.25 coulombs as opposed to a theoretical value of 1.28 

coulombs. 

A second electrolysis was performed on another bili

rubin sample following the same procedure. Parallel spectro

photometric and voltammetric results were obtained. Experi

mentally extrapolated end points were determined at 1.10 

coulombs (spectrophotometric) and 1.05 coulombs (voltammetric) 

as opposed to a theoretical requirement of 1.08 coulombs. 

The results of both electrolysis of the basic form of 

bilirubin at +0.5 volts indicate that the oxidation is a 2 

electron process leading to the formation of biliverdin. Both 

experiments show results within 10% of a theoretical value 

for "n" of two and are reasonable considering the experimental 

difficulties. 

D. Complexatilion of Zinc with Bilirubin 

1. Visible Spectroscopy 

This study was undertaken since the preliminary 

investigations had indicated that the zinc-bilirubin complex 

was relatively stable, could be formed reversibly, and 
lj 
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appeared spectrophotometrically discernable. A number of 

references were also available for zinc complexation with BR, 

its analogues, and other bile pigments ·. 29 • 5 • 26 ' 6 ' 42 

In order to overcome the interferences caused by t he 

acetate ion, a strong base in DMF, and excess water present 

in Zn(Ac) 2 •2H2o, Zn++ solutions for this study were prepar ed 

coulometrically in the presence of NaC104 as an electrolyte 

or by weight from ZnI2 dried under vacuum at 100°c. Although 

preliminary investigations had indicated reactivity between 

Zn(Ac~·2H2o and BR in DMF, attempts to complex BR under 

neutral conditions and at higher concentrations in purified 

DMF resulted in a negligible complexation. It was, however, 

noted that complexation increased as the DMF degraded. Sub

sequently it was found that complex formation increased with 

the addition of TMG. However, under equimolar conditions 

only part of the BR could be converted to Zn complex 

irrespective of the quantity of base present. This was 

indicated by voltammogram studies which showed an unde

finable mixture of anodic waves (partly BR at +.4v and 

+.7v) and visible spectroscopy which showed an apparent 

mixture. The electrochemistry was further complicated by 

uncertainties relating to the adsorption problems previously 

mentioned, especially at the low concentrations which could 

be followed spectrophotometrically. Further, the exact 

spectra for the quantitative complex was unknown and dilu

tion effects were unresolved. A compromise in precision 

was resolved by using a 2mm cell rather than a 1cm cell for 

spectroscopy and concurrently following the electrochemistry 



80 

at a five-fold increase in concentration. 

In order to resolve the conditions for complex for

mation a systematic study was undertaken which involved vary

ingthe initial molar .ratio of Zn/BR, titrating the solution 

with tetramethylguanidine, and following the course of the 

reaction spectrophotometrically. Figure 33 shows the relation

ships obtained between Zn/BR ratio, complex formation (530nm) ·,

and relative base concentration. Figures 34, 35, 36, and 37 

show the corresponding spectral changes occurring during 

these titrations. Three significant species appear pre

dominant; neutral BR (453nm), basic BR (464nm), and Zn 

complex (530-540nm). In each case addition of excess TMG 

leads to a slow reversion of complex back to basic BR. This 

type of behavior is graphically represented in Figure 33, by 

the leveling of complex concentration as a function of base 

concentration. Maximum complex formation, and perhaps near 

complete complex formation always appeared at BR:Zn:TMG 

ratios of 1:2:8. Excess TMG subsequently resulted in a 

slight loss of complex. In no cases were any appreciable 

oxidations observed as verdinoid absorbance in the regions 

600-700nm and 380-400nm during the day of the titrations. 

In addition, the addition of acid (HCl) resulted in a 

complete quantitative reversal of the system to neutral BR. 

Maximum complex formation at the ratio 1:2:8 was 

also found by starting with a BR/TMG mixture of molar ratio 

1:8 and titrating with Zn++. Excess Zn++ also resulted in 

a slow reversion of the process. However, this reversion 
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ml. TMG( 2.08 x 10-ZM) 
Figure 33. Spectrophotometric Titrations of zn++ -Bilirubin Mixtures 
With 'IMG- The absorbing species is zn2-BR complex at 530 nrn-2 mm.cell. I 
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A- 25.0 ml. DMF,3.0 ml. BR(6~1 x 10-4M 
and 0.20 ml. zn++(l x 10- M) 

B- A plus .09 ml. TMG(2.08 x 10-2M) 
C- A plus .19 ml. TMG 
D- A plus .30 ml. TMG 
E- A plus .41 ml. TMG 
F- A plus .SO ml. TMG 
G- A plus .62 ml. TMG 
H- A plus .78 ml. TMG 
I- A plus 1.0 ml. TMG 

WAVE LENGTH (nm) 
Figure34. Spectrophotometric Titration Bilirubin- zn++(l:l) mixture 
With TMG in DMF- 2 mm. Cell. 
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L- 25.0 ml.DMF,3.0 ml. 
BR(6.l x 10-4M) 

A- L plus .37 ml. zn++ 
(1.0 x 10-2M) 
A plus .12 21. TMG 
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H-A plus.65 ml.TMG 
I-A plus.75 ml.TMG 
J-A plus.85 ml.TMG 
K-A plusl.0 ml.TMG 
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/~ure 35 .Spectrophotometric Titration of Zn++ -bilirubin solution, 

·L molar ratio zn++:BR, in DMF- 2 mm. cell. 
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A-25.0 ml.DMt,3.0 ml.BR 
(6.1 x 10- M),.55 ml.Zn++ 
(1.0 x 10-2M) 

B- A plus .10 ~l.TMG 
(2.08 x 10- M) 

C- A plus .18 ml.TMG 
D- A plus .28 ml.TMG 

E-A plus .35 ml.TMG 
F-A plus .43 ml.TMG 
G-A plus .53 ml.TMG 

-A plus .60 ml.TMG 
I-A plus.72 ml.TMG 
J-A plus.SO ml.TMG 
K-A plus.90 ml.TMG 
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560 600 
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~~gure 36. Spectro~hotometric Titration of Zn++_Bilirubin solution, 

·1 molar ratio Zn +:BR, in DMF- 2 mm.cell. 
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L- 25.0 ml. D~~' 3.0 ml. BR 

(6.1 X 10-'M) 
A- L plus .915 ml.Zn++(1.o x 10-2M) 
B- A plus .11 ml.TMG(2.08 x l0-2M) 
C- A plus .20 ml.TMG 
D- A plus .27 ml.TMG 
E- A plus .36 ml.TMG 
F- A plus .47 ml.TMG 
G- A plus .53 ml.TMG(maximum) 

G H- A plus .65 ml.TMG 
1- A plus .80 ml.TMG ---· -----•- A plus .89 ml.TMG 

K-A plus .99 ml.TMG 

WAVE LENGTH (nm) 
Figure 37. Spectro~hotometric Titration of Zn++_Bilirubin solution, 
5:1 molar ratio Zn +:BR, in DMF- 2mm. cell. 
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was more significant than with excess base. Figure 38 shows 

the results of this type of titration. The near isosbestic 

point at 490nm shows a linear quantitative conversion and 

isolation of the basic form of BR (464nm) being converted 

into a Zinc(II)-bilirubin complex represented by the f ormul a 

•zn2BR' (530nm). The qualitative and titrimetric information 

indicates that the basic form of BR reacts to form a complex, 

whereas the neutral form remains unreactive. Results obtained 

using ZnI2 solutions in place of electrochemically generated 

Zn++ solutions were identical. 

Attempts were made to utilize Zn(Ac) 2 •2H2o for complex 

formation, However, the conditions for complete complex 

formation under variable Zn++ (1 to 5 equivalents) concentra

tions and also in the presence of TMG were unresolved. Appro x

imately 80% complexation, as compared to the above results, 

was achieved at a BRsZn(Ac) 2 •2H20:TMG ratio of 1:5:8. 

Preliminary attempts to use (Bu) 4NOH and triethylamine 

as bases in place of TMG also proved only partially succe s s

ful for complex formation. However, analogous chemical 

behavior was observed in terms of spectral shifts and volt

ammetric shifts, indicating that the basic form of BR and 
++ Zn complex formation is not specific to TMG nor the type 

of Zn++ salt utilized. Further attempts to use these bases 

in DMF might prove informative. 
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2. Anodic Voltammetry 

Problems of adsorption on the Pt electrode made 

elucidation of the complex anodic voltammetry difficult. 

However, enough data was accumulated through repetitive trials 

under conditions of variable BR, Zn++, and TMG concentrations 

to recognize a generalized behavior in the anodic voltammo

grams. Figure 39 gives an example of the changes observed. 

Starting with an initial Zn:BR ratio of .5 to 1, the volt

ammetry indicated that the addition of TMG resulted in a 

progression of steps (Figure 33): First, the formation of 

the basic form of BR (+.4v) and disappearance of the neutral 

form (+.?v, +.9v): second, an increase in oxidation in the 

region 0.0-0.2v concurring with the partial formation of Zn 

complex. On the other hand, starting with the basic form of 

BR in the presence of less than 8 molar equivalents of base 

(TMG), the addition of Zn++ leads to partial complex formation 

and partial reversion of BR to its neutral forms as shown 

in Figure 40. Increasing the concentration of base then 

results in the shifts noted above to lower oxidation poten

tials. The actual peak potentials observed appeared to depend 

on the condition of the Pt electrode. An attempt to show this 

increased current at low potentials with increasing complex 

formation was made by progressively adding Zn++ to a solution 

of 1:8 (BR:TMG) and following the course of the reaction 

voltammetrically as had already been done by spectroscopy. 

Due to adsorption problems after each voltammogram the Pt 

electrode was removed from solution, cleaned with a "Kimwipe", 
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Figure 39. Changes in Anodic Voltammograms of Zinc-Bilirubin 
Solutions with addition of TMG in DMF- Indicator Electrode,Pt; 
Reference Electrode,Ag/AgCl(sat),NaCl(sat); Scan rate, 1.0 v/min. 
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and then rinsed in a solution of clean DMF. It was then 

replaced into the test solution and another voltammogram 

taken. Attempts to clean the electrode surface with HN0
3 

or 

cleaning solution (H2so4 ,Na2cr2o
7

) between sweeps produced 

most erratic results, presumably due to the formation of oxide 

films. Figure 41 presents the results obtained by plotting 

the log of i(v=.15)/i(v=.45)-i(v=.15) vs. ml Zn++ added. The 

ratio maximizes at zn++=.5ml or 2 equivalents and then drops 

off rapidly. This result concurs with the spectroscopic data. 

Using this same procedure and technique, better results 

were later obtained using a vitreous carbon electrode. The 

results are shown in Figure 42. No quantitative study was 

performed • . Increasing complex formation results in a dis~ 

appearance of the BR and BV oxidative wave at +.35v and the 

emmergence of two new waves at +0.0 volts and +.2v. The 

oxidation at O.Ov is attributed to the Zn2BR complex and 

that at +.2v to the Zn BV- complex or BV, the immediate 

oxidation product. 

E. The Zinc-Biliverdin Complex 

A short study of the spectral and voltammetric 

behavior of BV in the presence of Zn++ and under the conditions 

imposed on BR was undertaken in order to verify the assign

ment of the second wave in the Zn2Br oxidation and to help 

elucidate the electrochemical oxidation occurring at the Pt 

electrode under conditions of constant potential coulometry. 
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Figure 42. The Effect of Addition of zn++ to a Solution of 
Bilirubin in the Presence of TMG( 8:1,TMG:BR molar ratio) upon 
the Electrochemical Oxidation Process in DMF- Indicator Electrode, 
Vitreous Carbon; Reference Electrode, Ag/AgCl(sat),NaCl(sat); 
Scan rate, ·2.S v/min. 



The voltammetry of BV under the basic conditi.ons 

employed to form the Zn2BR complex has already been presented 

in Figure 22. With the addition of one molar equivalent of 

Zn++ to BV under basic conditions BV readily forms a Zn-BV 

complex which shows a slight shift in oxidative potential 

(Figure 43) and a corresponding spectral change (Figure 44). 

The profile of the visible spectra presented for the Zn-BV 

complex is in agreement with the spectra presented for Zn-BV 

complexes formed in methano1. 1° Complex formation appears -to 

be quantitative, reversible with the addition of acid (HCl- I:MF), 

and also dependent on the quantity of base added. Complete 

complex formation appears to have a Zn:(BV,2HC1):TMG ratio 

of 1:1:5 as shown in Figure 45 where a mixture of 1:1 Zn and 

biliverdin dihydrochloride is titrated with TMG. 

An electrolysis at constant potential was performed 

on the ZnBV-complex presented in Figure 43 and 44 at a large 

Pt foil electrode and in the presence of excess Zn++ and TMG. 

Initial electrolysis was attempted at 0.0 volts. Howeve~, 

current passed at an initial rate of only .02coul/1000sec. 

After the passage of .08 coulombs electrolysis was continued 

at +.lv with an initial rate of .08coul/1000sec. and waE 

found to decay as a function of time. Figure 46 shows the 

spectroscopic changes occurring during the passage of 1.1.5 

coulombs (n~2). A decrease in absorbance at 400nm is 

correlated with an increase at 350nm, 600run, and 660nm. Back

ground currents under these conditions were found to be 

negligible. However, a significant rate of electrolysis was 
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Scan rate- 1.0 v/min. 
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Figure43. The Effect of Addition of Zn++ to a solution of 
Biliverdin in the presence of TMG(l0:l,TMG:BV) upon the anodic 
voltammograms in DMF. 
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Figure 46. Spectrophotometric Changes During the Electrolysis of 
Zn-BV at +.10 volts vs Ag/AgCl(sat),NaCl(sat) electrode- Pt electrode, 
2 mm. cell. 
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still maintained at the end of the experiment (.-.. .04coul/1000 

sec). It is also noted that no significant adsorption 

problems appeared evident and that the passage of current as 

noted above was maintained without interruption. Identical 

spectroscopic results were observed by oxidizing the ZnBV 

complex under the same conditions with DMF , solutions of r2 . 

No quantitative study was made of this reaction. However, jt 

is noted that similar spectral observations have been made by 

Gray et a1. 10 with respect to the oxidation of Zn-BV complexes 

with r2 using ethanol as the solvent. 

F. Constant Potential Coulometry of Zn-BR Complex 

This study was undertaken in order to determine the 

nature of the oxidation taking place for the Zn2BR complex 

at +o.o volts vs. Ag/AgCl(sat), NaCl(sat). Again, as before, 

the concentration range (- 8 x 10-5M) was chosen as a com

promise between spectrophotometric reliability and electro• 

chemical feasibility so that a simultaneous study could be 

made. This was particularly important since adsorption 

effects made a quantitative study based solely on volt

ammetry unreliable. 

Each electrolysis was preceeded by a preelectrolysis 

of the solvent system (45.0ml of ,lM NaCl04 ) at +.5v and 

at 0.0 volts. Then approximately 6.0ml of BR at 6.o x l0-4M 

was added along with 8 to 24 molar equivalents of TMG 

(- 2 x l0-2M). A background of this system was therr taken 

at O.O volts and proved to be negligible (-- .002coul/1000sec). 

This was followed by a spectrophotometric titration of the 
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solution with Zn+➔ ("' 1 x l0-2M) which resulted in a maximum 

complex formation each time between 2 to 2.5 calculated molar 

equivalents of Zn++ to BR. The absorbance for the complex 

(530nm) always exceeded the BR absorbance (464nm) by 5-15%. 

Independent background electrolysis of Zn-TMG mixtures at 

O.Ov showed a negligible background 'cathodic' current. 

Initial voltammograms started at -.2v and swept positively 

always showed two weakly defined waves for the Zn2BR solution, 

one maximized at between -,5 to O volts and another at +.l to 

.2v. 

Electrolysis was then initiated using a large Pt foil 

electrode at O,Ov and the progress of the electrolysis followed 

spectrophotometrically at intervals of .1 to .2 coulombs 

passed. At these intervals approximately .4ml samples were 

removed and the spectra taken (2mm path length) over the 

visible region. After the initial spectra, approximately 

10-20ul of a decomplexing agent was added (2,4-pentanedione, 

diethylenetriamine, or ethylenediamine) directly to the cell 
I 

and the spectra taken of the uncomplexed BR. 2,4-Pentanedione 

appeared to give the best results since the other two reagents 

appeared to leave a turbidity or precipitate after addition. 

In some of the experiments enough sample was removed to fill 

a 1cm cell and follow the region 600-700nm under magnified 

conditions to observe changes in the region of the weakly 

absorbing verdinoid product. Thus, three parameters were 

concurrerttly followed in order to elucidate the chemical 

changes taking place. Although adsorption did occur at the 
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Pt electrode and did reduce the current to about 1/2 its 

optimum value, the effect did not appear nearly as prohibi

tive as noted earlier in the electrolysis with BR in the 

presence of base and improved considerably during the course 

of the electrolysis. The Pt electrode was wiped with a 

"Kimwipe~ after each sample was taken. 

Figure 47Ashows the spectroscopic changes observed 

during the course of a typical electrolysis. Significant 

oxidation of Zn2BR complex is noted and verdinoid formation 

with near isosbestic behavior is observed in the region 

580-700nm., and increased absorbance at 400nm. However, 

near exhaustive electrolysis at 0,0 volts does not lead to 

the spectra expected for Zn-BV complex (the dotted line in 

Figure 41 shows the spectra of Zn-BV complex at 6.0 x 10-5M) 

in the region 360 to 580nm even though nearly enough current 

has been passed (.7 x 10-6 faradays) for a two-electron 

oxidation. The current at this point is passing too slowly 

to be carried further at 0.0 volts ( ....... 10-8 faradays per 

1000 seconds). It should be noted that if any significant 

quantity of BR is present at this point that its absorbance 

under these basic conditions should virtually bury any 

features attributable to Zn-BVabsorbance in the region 

400nm to 580nm, Also, it should be noted that BR will not 

oxidize at this low potential even in the presence of excess 

base. Further complicating the situation is the fact that 

the Zn2BR complex will revert to uncomplexed BR readily if 

the proper BR:Zn:TMG ratios are not maintained. This of 

course is impossible. under the conditions of electrolysi~. 
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Continued electrolysis of the sample at +.5v apparently lead s 

to an undefined mixture as shown in Figure 47B. 

Figure 48 shows the same sequence of electrolysis 

except that uncomplexed BR is followed by the addition of 

2,4-pentanedione to the cuvette sample. The spectra would 

tend to indicate that a large fraction of the BR remains 

unoxidized (- 1/3) even after exhaustive electrolysis. This 

would suggest that either this fraction was never initially 

complexed with Zn++ or that a reversion to BR had occurred 

during the course of the electrolysis. Nevertheless, a large 

degree of verdinoid formation is suggested by the region 

600-?00nm (approx. 2/J). Figure 48B shows the results of 

continued electrolysis at +.5v and apparent formation of 

ZnBV- and its purpurin oxidation product. The ZnBV

oxidation is indicated by the relative increase in the 

absorbance at 650nm as compared to 700nm (Figures 47A, 47B, 

and 46). It should be recalled that even at +o.o volts a 

partial oxidation of ZnBV- was previously observed and may be 

expected. Five repeated trials at this type of electrolysis 

gave similar results. Attempts were also made to perform 

the electrolysis at a vitreous carbon electrode and at a 

rotating Pt electrode, but the results were similar. 

Figure 49 shows a graphical representation of the 

spectroscopic data from the electrolysis discussed above. 

Initial loss of complex (530nm) is more rapid than can be 

accounted for by a two electron oxidation. This was more 

pronounced in some of the other experiments and presumably 
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represents a reversion of complRx to BR. Concurrently, total 

BR and BV appear to linearly decrease and increase respectively 

during the course of the electrolysis. 

Previously it was mentioned that r2 in DMF could be 

used to oxidize both BR and the ZnBV- complex, although non

quantitatively since oxidation appeared to continue through 

the Gmelin series. Figure 50 shows the oxidation of the 

Zn2BR complex by incremental addition of r2 . Two molar 

equivalents of r2 appear required for complete verdinoid 

formation. However, the products appear to be a mixture of 

BR, ZnBV-, Zn2BR, and ZnBV- oxidation product as noted by the 

profile of the region 600-700nm. Since the product mixture 

is strictly a function of probability, the profile of the 

spectra depends entirely on the method of the addition of r2 • 

It was subsequently found that small incremental additions of 

r2 produced spectra which semi-quantitatively resembled 

those obtained through the electrolysis procedure. This is 

another indication that the electrolysis procedure either 

directly or indirectly leads to verdinoid formation, but also 

results in an unresolved mixture of products. 

The stability of the Zn2BR complex was also tested 

under the conditions of electrolysis (rapid stirring and 

bubbling). The Zn2BR complex was found to degrade back to 

BR at an average rate of about 2% per hour over a six hour 

period. No verdinoid formation was observed. 
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A- 25.0 ml.DMi+ 3.0 ml!~R(6.06 x 10-4M) 
0.5 ml. Zn (1 x 10 M), 1.5 ml 
TMG(2.08 x 10-lM) 3 B- A plus 0.7 ml. 12(1.15 x 10- M) 

C- A plus 1.0 ml. 12 
D- A plus 1.7 ml. 12 
E- A plus 2.5 ml. 12 
F- A plus 3.1 ml. 12 
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Figure 50. Spectrophotometric Titration of zinc-bilirubin complex 
~ith r2 in DMF- 2 mm. cell. 
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G. Potentiometry of the Zinc(II)-Bilirubin Complex 

This study was undertaken as an attempt to clarify 

the anomalous 1:2:8 requirement for the formation of the 

Zn2BR complex as opposed to the quantitative reaction and 

ease with which the ZnBV- complex was formed. Previously it 

had been noted in the voltammetry of TMG that Zn++ and HCl 

readily reacted with this base. 

In order to resolve the zn++_TMG reaction a potentio

metric titration using the glass electrode was performed 

where TMG was added to a solution of ZnI2 • ZnI2 had to be 

used i-n these potentiometric studies since the electro

chemically generated Zn++ solutions were O.lM in Nac104 as 

an electrolyte. The NaC104 present resulted in acidic 

responses of the glass electrode and erratic potential 

measurements. These were presumably the result of a 'sodium 

error' under the conditions of low proton activity. Figure 

51 shows the results of this titration. Zn++ appears to 

react quantitatively with two molar equivalents of TMG 

giving a sharp end point under relatively concentrated 

conditions (,_,5 x lo-3M). No spectral absorptions were 

observed in the visible region of 350nm to 700nm during the 

course of the reaction. 

, A series of potentiometric titrations were then per

formed under conditions and concentrations amenable to follow

ing BR spectrophotometrically (,....,8 x 10-5M). In each case J.O 

ml of BR (6.0 x 10-4M) was added to 25.0ml of freshly distilled 

DMF followed by the addition of varying molar equivalents of 
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ZnI2(1.22 x l0-2M). The quantities of ZnI2 added ranged 

from .15 to .60 ml. These solutions were then titrated with 

TMG (1.48 x 10-200) and samples removed intermittantly for 

spectral observation. The spectral observations reproduced 

the results presented earlier in Figures 34-37 ■ Figure 52 

shows the results of the potentiometric titrations of these 

mixed solutions and of blanks of ZnI2 and BR. Clearly indicated 

in these curves and' in the relative potentials observed is 

the acidic behavior of Zn++ and its considerable buffering 

capacity with respect to the system. Apparent end points are 

also observed which would suggest titrations of Zn++ with TMG. 

With 4 equivalents of Zn++ the potential required for the 

removal of the second proton from BR does not appear to be 

attained even with the addition of 16 molar equivalents of 

TMG. These results and the spectral observations would tend 

to suggest a complex equilibria occurring between TMG as a 

base, Zn++ as a complexing agent and Lewis acid, and BR as 

an multiprotic acid. The lack of complete complex formation 

in the presence of excess Zn++ might thus suggest competitive 

interactions between these reactants. These results also 

qualitatively reaffirm the conviction that the basic form of 

BR is the specie undergoing reaction with Zn++ rather than 

the neutral specie. 
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H. The Bilirubin-Copper Reaction 

A short study of this reaction was undertaken since 

the preliminary investigation had indicated that this reaction 

was irreversible as compared to the Zn2BR complex. Cu(Cl04 ) 2 · 

6H2o was dried under vacuum at 100°c for 2 hours before 

preparing solutions by weight directly into DMF. The con

centration of the solution by weight and assuming the above 

* formula was 1,01 x l0-2M. An independent analysis performed 

on a 25,0 ml portion of this solution by a vacuum distilla

tion of the DMF and a subsequent iodometric determination43 

++ 2 in water approximated the Cu concentration at 1,07 x 10- M 

(27,2ml of Na2s2o3(9.84 x lo-3M) titrant required), 

Addition of up to five equivalents of Cu++ to BR 

(6.0 x 10-5M) under neutral conditions showed that only a 

partial reaction had occurred with BR. This was --10% as 

determined spectrophotometrically, Under equimolar conditions 

no change was observed in the BR visible spectrum. However, 

in the presence of excess base (TMG) the reaction appeared 

t o proceed quantitatively. Initial addition of Cu++ to the 

basic solution of BR resulted in a red coloring of the 

solution which faded into a yellow-green progressively within 

a matter of 3-4 seconds. This was believed to be BR complex 

formation followed by a rapid oxidation. Figure 53 shows 

the quantitative conversion of BR into a Cu++ oxidation 

* Performed by Mr. Dale Manos, a graduate student at 
Youngstown State University. 
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product at approximately 435nm and a shoulder at 360nm. 

The absorbance at 435nm appears to be minimized at a 

Cu++/BR ratio of 1:1. Addition of excess cu++ results in a 

slieht increase of the absorbance at 435nm and of the shoulder 

at 360 nm ('"" . OJ absorbance uni ts). Thus an end point for 

the reaction is difficult to ascertain spectrophotometrically. 

Decomplexation of the product with excess 2,4-pentanedione 

or diethylenetriamine was unsuccessful. However, neutra

lization with HCl resulted in the apparent purpurin spectra 

as shown in Figure 48. That the reaction of Cu++ with BR 

indeed represents an oxidation is suggested by the reaction 

of BV with Cu++ under identical conditions. This reaction 

is shown in Figure 54 and indicates that the same product 

is formed. However, the anomalous result that only about 

.5 to .75 molar equivalents of Cu++ are required for an 

apparent spectrophotometric end point remains unresolved. 

Attempts were made to determine a potentiometric 

end point for the reaction using a Pt indicator electrode 

for the Cu(II)-Cu(I) redox system. 44 However, no conclu

sive results were obtained. Qualitatively, it appears Ou++ 

undergoes a complexation with TMG as was the case with Zn++. 

No further investigations were made into this system. 
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CKAPTER VI 

DISCUSSION AND CONCLUSIONS 

Bilirubin has been found to be sufficiently soluble 

in DMF so that spectrophotorr.etric and electrochemical anal

ysis can be combined as investigative tools to follow the 

behavior of BR under acidic, basic and neutral conditions. 

This is in contrast to the solubility difficulties encountered 

in handling BR in neutral and acidic aqueous solutions. Never

theless, the neutral form in DlVIF appears to be the same fully 

protonated BR molecule that exists under neutral aqueous 

45 ( 6 -4 ) conditions. However, the low solubility ,7 x 10 M of 

BR in DMF requires a solvent of extreme purity, since BR 

appears to readily react with basic impurities as a diprotic 

acid. This reaction results in a considerable change in the 

chemical properties of BR. 

Under slightly acidic conditions no significant 

electrochemical or spectral changes have been observed f or 

BR. However, at high concentrations of HCl(DMF) oxida tion 

occurs. Oxidation is attributed to impurities which have 
. 40 41 developed by an acid-catalyzed hydrolysis of the solvent. ' 

Oxidation was unobserved using freshly prepared picric acid 

solutions. This 'lack' of reactivity with acids is fully 

consistent with the acidic nature of BR, its failure to form 

acid salts, and its insolubility under acid aqueous 

conditions. 42 •46 
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The quantitative behavior of BR as a diprotic acid 

has been followed potentiometrically, spectrophotometrically, 

and using oxidative voltammetry. These results suggest that 

under neutral solvent conditions BR exists in solution in its 

neutral form containing six protons and maintaining intra

molecular hydrogen-bonding. The neutral form of BR appears 

inert to complexation with Zinc(II) or Copper(II) and main

tains a relatively high oxidative potential of +.6v vs. the 

S.C.E. With the quantitative removal of two protons, 

presumed to be carboxylic acid protons, the oxidative poten

tial drops to approximately +.Jv vs. the S.C.E. However, the 

point of oxidation has been shown to still persist at the 

central methene bridge which oxidizes in a two-electron 

process to form the verdinoid product. The removal of two 

protons apparently disrupts intramolecular hydrogen-bonding 

(see Figure J) and leads to steric changes and or inductive 

effects which leave the methene bridge more prone to oxida

tion. Removal of two protons also leads to the formation 

of a basic form of BR which readily reacts with Zinc(II) or 

Copper(II). The preliminary investigations indicated that 

BR can also react in DMF with Fe(III), Ni(II), and Co(II). 

It is believed that quantitative reactions of these metals 

with BR will also be dependent on the presence of base and 

the production of the basic form of BR. 

The complexation of Zn++ with BR has been found to 

maximize at a BR:Zn:TMG ratio of 1:2:8. The large change 

in absorbance and wavelength and its isosbestic nature 
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suggests that complexation does indeed occur with the pyrrole 

nitrogens rather than simply due to a salt formation, This 

type of spectral behavior is similar, although not analogous, 

to the incorporation of Zn++ into the porphyrin molecule. 47 

The ratio of 1:2:8 might be explained either as the formation 

of a Zn-BR complex of 1:1 ratio in competitive equilibrium 
++ with a Zn(TMG) 2 complex, or as a Zn2BR complex which might 

be either a distinct complex or the result of molecular 

aggregation or polymerization. The effects of molecular 

aggregation of bilirubin molecules have been documentect48 •46 

and might be expected to occur in DMF. The following 

speculations might be presented in view of the experimental 

results. 

or 

1. Two protons must be removed from BR before it can 

react in complexation. These protons presumably come 

from the carboxylic acid groups. 

BRH2(neutral form) + 2 TMG=BR (basic form) + 2TMGH+ 

2. Reaction of Zn++ with BR results in the liberation of 

at least two more pyrrole protons and a complex 

formation which is analogous to metalloporphyrins. 

This might in part explain the acidic behavior of Zn++ 

and the reversion of a large fraction of free BR- to 

the neutral form. 

2TMG +BR-+ Zn++ = ZnBR= (bis-lactim complex)+ 2TMGH+ 

4TMG +BR=+ Zn++= ZnBR4-(bis-lactam complex)+ 4TMGH+ 

BRH2 + 2TMG 
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The anion complexes might be stabilized by anion-cation 

pair formation. 

J. The acidic behavior of Zn++ might also be explained 

in terms of complexation of Zn++ with TMG. 

4. The Zn-BR complex may actually be a molecular aggre

gate of BR:Zn:TMG in a ratio of 1:2:4. In this 

complex one Zn++ might complex as a metalloporphyrin, 

another as the carboxylate salt complex, and four TMG 

may fullfill the octahedral requirements of both Zn++ 

ions in DMF, thus forming a neutral complex. 

More information is required before the exact nature of the 

complex can be established. 

The oxidative potential of the Zn2BR complex is 

approximately -0,lv vs. the S.C.E. and shows a considerable 

change from that for the neutral and basic forms of BR, The 

experimental results suggest that oxidation proceeds by the 

same two-electron mechanism which leads to verdinoid forma

tion as in the other cases. However, this conjecture has 

still not been firmly established. This progressive ease in 

oxidation of the neutral, basic, and complex forms of BR is 

fully consistent with the chemical reactivity observed for 

the above species in various solvents and is analogous to 

their reactivity in water. 
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same methods used in this work to the bilirubin esters, 

methoxides, glucuronides and mesobilirubins. Although NMR 

work in DMF might be precluded due to the low solubility . of 

BR, dimethyisulfoxide has already been shown to be a viable 

solvent for this type of study. The neutral form of BR i.n 

this solvent system has also been shown to be the fully 

protonated form. Infrared work also would be most informa

tive. However, the problems of crystallization and purifi

cation of the compound and complexes from DMF would haYe to 

be resolved before such work could be initiated. A great 

deal of information concerning the reductive processes 

involved in the systems studied in this work might also he 

investigated utilizing the polarographic techniques already 

well established in this solvent system. 
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Zinc(II) complexation with biliverdin dihydrochlorid0 

is quantitative and appears to be near complete at a 

Zn:(BV•2HC1):TMG ratio of 1:1:5. This ratio suggests that 

complexation follows with the removal of two hydrochloride 

protons~ two acid protons1 and one pyrrole proton to form a 

stable bis-lactim BV complex. 

Zn+++ BV•2HC1 + 5TMG = 5TMGH+ + 2Cl- + ZnBV 

The spectra and relative ease of ZnBV- complex for

mation are fully consistent with previous observations by 

Gray et al. in ethanolic zinc acetate. 10 The electrochemical 

behavior of BV and its complex is qualitatively similar to 

that of BR although it has not been quantitatively elucidated, 

Copper appears to complex with BR under basic con

ditions and catalyze an immediate oxidation to form a complex 

which is either the Cu-BV complex or a purpurin complex. The 

behavior observed spectroscopically in DMF is analogous to 

the observations of Velapoldi and Menis5 for the reaction of 

BR with Copper (II) in a chloroform: methanol (1:1) mixture. 

Their explanation for this type of oxidation relates to the 

formation of a square planar BR complex which results in a 

strain at the already labile methene bridge. This argument 

may also be qualitatively extended to explain the relative 

ease of oxidation of the Zn2BR complex, 

The elucidation of the structural changes occurring 

wlth BR under conditions of base and complexation with zn++ 

and Cu++ could be further developed by a study of BR 

analogues in DMF. This might involve the application cf the 
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