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Summary. Characteristic oxidation reactions of bilin-l,19-diones (biliverdins) and biladien-ac-l,19- 
diones (bilirubins) were reinvestigated. These include bromine and iodine oxidation of biliverdin IXct, 
bilirubin IXa and their Zn(II) complexes, the reaction described by Siedel (1941) of mesobilirubin XIIIct 
dimethyl ester with nitric acid (Gmelin reaction) and Smith's oxidation (1977) of etiobiliverdin IVy 
using T1 triacetate and Pb tetra-acetate. For some of these reaction products new structures were 
assigned on the basis of their spectrometric data. These structures agreed with the expected reactivity 
pattern of biliverdins and bilirubins. 
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Reaktivifiit von Pyrrolpigmenten, 15 Mitt.: LIber die Oxidation von Bilirubinen und Biliverdinen 

Zusammenfassung. Einige bekannte Oxydationen von Bilin-l,19-dionen (Biliverdinen) und Biladien- 
ac-dionen (Bilirubinen) wurden neuerlich untersucht, und zwar die Brom- und Jodoxydation von 
Biliverdin IXct und Bilirubin IX~ sowie der entsprechenden Zn(II)-Komplexe, die Reaktion des 
Dimethylesters von Mesobilirubin XIIIct mit HNO 3 (Gmelinreaktion; Siedel 1941) und Smith's 
Oxydation von Etiobiliverdin IVy mit Thaliumtriacetat und Bleitetraacetat. Fiir einige Reaktions- 
produkte wurden aufgrund spektroskopischer Daten neue Strukturen-konsistent mit dem bekannten 
Reaktionsverhalten von Biliverdinen und Bilirubinen-formuliert. 

Introduction 

The redox in terconvers ion between bi ladien-ac-l ,19-diones (bilirubins) and  bilin- 
1,19-diones (biliverdins) [2] is a well s tudied react ion I-3], in part  because of  the 
biological significance of  biliverdin reduct ion  to bil irubin and  the studies directed 
to the deve lopment  of  chemical  analysis  of  bil irubin in biological media.  The 
ox ida t ion  of  bi l in-l ,19-diones involves the addi t ion  of nucleophiles f rom the 
medium,  mos t  often followed by f ragmenta t ion  processes of  the carbon  skeleton 
1,4-6]: in agreement  with this, the irreversibility of  the electrochemical  oxida t ion  of 
biliverdin has been demons t r a t ed  1,1, 3g,7]. As a result of the small differences 
between the ox ida t ion  potent ia l  values of  bilirubins and  biliverdins 1,1, 7], the 
major i ty  of  reagents which oxidize bi ladien-ac-l ,19-diones oxidize the result ing 
bi l in- l ,19-diones as well. Dur ing  the oxida t ion  of bilirubins using such poor ly  
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discriminating oxidizing agents a sequence of colour changes is observed. This is 
due to the initial oxidation of the biladiene-ac to bilindione (bathochromic shift) 
and to the subsequent bilindione ;t system shortening (hypsochromic shift), as a 
result of the addition of nucleophiles and fragmentation reactions. Among the most 
characteristic of these oxidation processes are: 

(i) the so-called Gmelin reaction [4], i. e. oxidation of bilirubin by nitric acid (a 
reaction nearly 200 years old! [8]); 

(ii) the oxidative nucleophile additions to the exocyclic double bond of the 
5-ylidene-3-pyrrolin-2-one end fragment of biliverdins: for instance, using 
bromine as oxidant [5a] or, more recently, by anodic electrolysis [5d-e], or 
even by oxidation with TI(III) and Pb(IV) [5b-c]; 

(iii) the oxidation of the Zn(II) complexes of bilirubins and biliverdins with iodine 
[6]. 

In the past, much experimental work has been published related to these 
oxydation processes, which helps in the interpretation of the reactivity of linear 
oligopyrroles. However, literature contains results concerning the bile pigment 
oxidation products, in which the proposed structures do not agree with their 
expected reactivity. These results arise criticism especially because of the absence of 
spectrometric data due to their early origin. 

The Gmelin reaction [4, 8] consists of several reaction steps, the first one being 
the oxidation of bilirubins to biliverdins. These are subsequently converted 
(oxidative nitration) into 5-nitro bilindiones [4c, 9a] which, in spite of their ~r system 
extended through the four rings, show a biliviolin* or bilipurpurin UV/Vis 
absorption spectrum because of the Z configuration at C5 and the ca. 90 ° dihedral 
angle conformation at C4, C5, C6, C7 [9]. Nucleophilic substitution reactions to 
these reaction intermediates may also occur. Nucleophilic addition to these nitro 
derivatives in acidic media and subsequent fragmentation would give tripyrrin-14- 
carbaldehydes: this reaction pathway has been suggested on the basis of the 
fragmentation pathway experienced by analogous compounds [10]. However, 
during his investigation of the Gmelin reaction, Siedel [4b-d] never identified any 
tripyrrin type compounds among the reaction products from mesobiliverdin XIII~ 
dimethyl ester (see C in formula scheme); rather he reported bilipurpurins and 
bilicholetelins (four ring systems) as the only reaction products. Although some of 
these products agree with the expected reactivity of bile pigments [11], others 
needed to be further investigated on the basis of modern structural methods. We 
have already shown that the mesobilipurpurin XIII~ dimethyl ester (619 nm Zn ÷ ÷) 
identified by Siedel [4b-c] as 4-nitroso-5-hydroxy biladiene-cd-l,19-dione is actually 
the corresponding 5-nitrobilin-l,19-dione [6c]. Here we present additional results 
on the identification of the products formed during the oxidation of C with 
concentrated nitric acid [4a-c]. 

* In addition to the well known bilirubin and biliverdin nomenclature, in this paper the old bile 
pigment nomenclature of bilipurpurin, biliviolin and bilicholetelin will be used: biladien-ab-l,19- 
diones, tripyrrin-l-ones and bilen-a-l,19-diones, respectively. 
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Oxidation of bilindiones with bromine in the presence of alcohols results in 
colour changes similar to those of the Gmelin reaction [4b], and bilipurpurins 
(4,5-dialcoxy biladienes-cd) have been identified among the reaction products 
[4b, 5a, 9b]. These bilipurpurins are also obtained from bilindiones in the presence 
of methanol, both by anodic oxidation [5d-e] and with TI(III) [5b-c]. Furthermore, 
it has been reported [5b-c] that oxidation of etiobiliverdin IVy, (D) with TI(III) or 
Pb(IV) in acetic acid yields the 4-acetyl-bilin-1,5,19-trione D 1, besides other reaction 
products and the characteristic tripyrrin-14-carbaldehyde D4 (coming from a 
fragmentation reaction). However, the structure of bilipurpurin D1 does not agree 
with the expected reactivity pattern for biliverdins and for the 4-methylene-3- 
pyrrolin-2-one fragment of bile pigments. Here we present results, which confirm 
the expected oxidative reactivity pattern of bile pigments and assign the right 
structure to the aforementioned 4-acetyl-bilin-l,5,19-trione. 

Related to the reaction of biliverdins with bromine, a chemical test for biliverdins 
and bilirubins is known which is based on the change of electronic absorption 
spectra of their Zn(II) complexes after iodine addition [6]. The test is based upon 
the generation of a spectrum with red fluorescence typical of the biliviolin and 
bilipurpurin Zn complexes. Lemberg has studied the end products of this reaction 
[6b] and we have reported [6c] the true structure of chrysins-  one of the end 
p roduc t s - a s  10,11-dihydro-14-formyltripyrrin-l-ones. Data concerning the for- 
mation of Zn(II) complexes of bilirubin and biliverdin, mainly in solution, have been 
published, as well as results about their reactivity towards oxidizing agents [12]. 
However, most of these data are difficult to correlate. Here we present results on 
the reactions of bilirubin IX~ (A), biliverdin IX~ (B) and their Zn complexes with 
iodine, comparing them with the analogous reactions with bromine. 

Results and Discussion 

Oxidation of Bilirubin 1X~ (A), Biliverdin 1X~ (B) and their Zn(II) 
Complexes with Bromine and Iodine 

The reaction of dimethylformamide (DMF) solutions of bilirubin IX~ (A), biliverdin 
IX~ (B) and their Zn(II) complexes with bromine or iodine were studied following 
the changes in their UV/Vis spectra after addition of a halogen solution in DMF 
(see Exp. Part). These spectral changes are fast and stable in the absence of oxygen. 

Iodine addition changes the bilirubin (A) spectrum (2ma x 442 nm) only at a large 
halogen excess: reagent to substrate molar ratios above 7:1 are needed to achieve 
formation of biliverdin (2max 380, 650 nm) in excess with respect to the initial 
bilirubin. Biliverdin (B) itself is not oxidized by iodine and the changes in spectra 
observed (see below) must be attributed to the formation of some type of 
charge transfer complex. This is characterized by a 15 nm bathochromic shift and 
an hyperchromic effect on the low energy biliverdin absorption band. This 
hyperchromic effect is not very important and is probably accompanied by an 
hypsochromic effect on the high energy band. Unfortunately, absorption of iodine 
in this range does not allow the measurement of the corresponding absorption 
coefficient. 

Bromine oxidizes very efficiently bilirubin (A) to biliverdin (B). The process is 
likely equimolar, and the formed biliverdin is then partially further oxidized to 
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bilipurpurins. However, bromine oxidizes B to bilipurpurins less efficiently than it 
oxidizes A to B: similar ratios of oxidized biliverdin are obtained when 1:1 or 7:1 
bromine to bilirubin ratios are used. 

These results indicate that iodine, with a lower reduction potential than bromine, 
can barely oxidize bilirubins to biliverdins: This lower reactivity of iodine vs. 
bromine is also observed with biliverdins. However, the small differences on anodic 
electrochemical potential values between bilirubins and the corresponding biliverdins 
(~60mV) [1, 3, 7-1 cannot account for the different reactivity of both substrates 
towards bromine. Rather, this difference in reactivity must be explained in terms of 
the different type of reaction of halogens with bilirubins and biliverdins. While 
oxidation of bilirubins to biliverdins (formal dehydrogenation) can be interpreted 
by means of radical mechanisms, electron transfer or electrophilic attack of a 
positively charged halogen species to the ~ pyrrole ring position (C9) followed by 
hydracid ~ elimination; in contrast, the irreversible steps of the oxidative transfor- 
mation of biliverdins to bilipurpurins in the presence of halogens belong to the 
reaction type of the intermediates generated from the formal reaction of the 
unsaturated n system of biliverdins with a positively charged halogen species. The 
regiospecificity of the electrophile attack at the C5 position of biliverdins is 
experimentally proved [e.g. 4c,4d, 13-1 and has been explained by semi-empirical 
calculations [11-1: Scheme 1 shows the more likely reaction pathways from the 
intermediate I obtained following electrophilic attack to the biliverdin rc system. The 
most important reaction steps, which can explain the reaction products isolated 
after the oxidation of biliverdins, are: 
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(i) recovery of the exocyclic double bond from I by deprotonation at carbon atom 
C5 giving II [13]; 

(ii) addition of a nucleophile to carbon atom C4, either directly to I or to a 
2-oxo-(2H)-pyrrole intermediate (III or IV: such tautomeric structures of 
pyrrole-(2H)3-in-2-ones, in spite of not having been isolated, they have been 
proposed as intermediates in several bile pigment reactions [13, 14]); 

(iii) facile nucleophilic substitution of the halogen atoms at  sp 3 carbon atoms 
bonded to the ~ ring position of pyrrole rings and to the ~ position to a 
double bond C--N [13]. 

(see Scheme 2) 
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The role of nucleophiles in this reaction is confirmed by the enhanced 
transformation of biliverdins to bilipurpurins in the presence of nucleophiles. 
In contrast with the results in D M F  reported here, iodine in protic solvents 
oxidizes, although slowly, biliverdins to bilipurpurins [6c] and the reaction with 
bromine in methanol proceeds at an equimolar ratio [4c, 5a, 9b]. The reaction 
of biliverdins with halogens towards bilipurpurins shows the characteristics of both, 
an irreversible reaction, and of one which depends on the reagent excess. These 
observations are in good agreement with a first reaction step depending on a Nernst 
redox relationship. A first reaction step consisting of the oxidation of biliverdin to 
a radical cation would agree with the results reported here. This reaction pathway 
consisting of a primary one electron oxidation has already been proposed [5c, 9b-1 
and is discussed below. 
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D M F  solutions of the Zn complexes of A or B react with iodine more efficiently 
than the corresponding solutions without the addition of Zn(II) (see Exp. Part). Such 
a difference in reactivities agrees with the lower anodic potentials of the lactam N H  
deprotonated bilirubins and biliverdins, structures which are present in these Zn(II) 
complexes [1, 12c]. 

The structure of the transition metal complexes of bile pigments is not well known, because of their 
low stability constants and of the presence of more than one form in equilibrium, depending on the 
experimental conditions [12]. As a consequence of the necessary NH deprotonation and of the low 
stability constants, complex formation depends on the pH of the medium. This explains the differences 
reported in literature about the formation of some of these complexes: in DMF A does not form the 
Zn(II) complex using ZnI  2 [15], but according to the results reported here, the complex is formed if 
an excess of zinc acetate is used, i.e. the hydrolysis of the metal acetate salts seems to determine the 
formation of complexes of bile pigments with transition metals [16]. The structural analogy between 
the lactam NH deprotonated biliverdin anion and the biliverdin-Zn complex is shown by the 
corresponding UV/Vis spectra: The UV/Vis spectra in DMF of the Zn complex of B and of its dimethyl 
ester [12c] are very similar and both are significantly similar to those of lactam NH deprotonated 
biliverdins lacking free propionic acid substituents [17] (e.g. the diester C and the alkyl substituted 
biliverdin D). 

The Zn complexes of A show a high reactivity towards iodine: addition of one 
equimolar amount  of iodine results in a mixture containing a small amount  of the 
initial bilirubin, a significant amount  of the biliverdin-Zn complex (2m,x 715 nm), and 
as principal component  the Zn complex of a bilipurpurin or biliviolin (2ma x 648 rim) 
showing a red fluorescence. This change in colour, together with a red fluorescence, 
is characteristic for the test of bilirubins using Zn(II) acetate plus iodine [6a]. 
Bromine in turn reacts with the Zn complex of A to give the biliverdin and 
bilipurpurin Zn complexes to a lesser extent. However,  the decrease in intensity of 
the bilirubin-Zn complex UV/Vis absorption band is higher with bromine than with 
the same molar ratio of iodine and with the first, it is similar to that of uncomplexed 
A with bromine. Possibly, the enhanced reactivity of the Zn complex allows, in the 
case of bromine, other reactions of the ~z system in addition to those performed by 
iodine. Among those, one can speculate with direct oxidation towards propent- 
dyopent  derivatives [18]. 

In the case of the Zn complex solut ions of B reaction with iodine takes place at 
an equimolar ratio, but  bromine needs a twofold ratio to give similar amounts  of 
bilipurpurin and biliviolin complexes. In this latter case, the presence of absorpt ion 
bands near 546 and 512 nm (which are not present when iodine is used) suggests 
further oxidation of the primary reaction products of the biliverdin Zn complex; 
towards urobilinoid- or dipyrrin-Zn complexes; i.e., the enhanced reactivity of the 
biliverdin-Zn complex allows either reaction of a second bromine on the initial 
substrate or bromine attack on the bilipurpurins and biliviolin Zn complexes, which 
result as primary reaction products. 

The enhanced reactivity of the Zn complexes of bile pigments can be attributed 
to both, higher reactivity towards electrophiles, as a result of their higher electron 
density, and to the lower oxidation potential of the metal complexes compared to 
the free bile pigments [12c]. 
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Bilipurpurins and Biliviolins from the Reaction of Mesobiliverdin XIII~ 
Dimethyl Ester with Nitric Acid 

The study of the reaction products from the Gmelin reaction by Siedel [4b-d] had 
been performed upon the "symmetric" mesobilirubin XIII~ dimethyl ester in order 
to reduce the number of possible reaction products. We have followed the same 
strategy but started with the biliverdin C, the product corresponding to the first 
colour change observed during Gmelin test. The reaction was quenched [4b-c] at 
the biliviolin stage after addition of an aqueous NaOH solution. Preparative thin 
layer chromatography on silica gel using CH2C1E/CHaOH, 25:1 as eluent, yielded 
five fractions (R f: 0.65 violet, 0.56 red, 0.50 blue, 0.45 red and 0.36 blue-violet). Siedel 
used column chromatography on talcum powder for this separation. 

The blue fraction (Rf  0.50) was identified as unreacted biliverdin C. 
We identified the fastest migrating fraction as the compound called by Siedel 

mesobilipurpurin XIII~ dimethyl ester (619 nm Zn + +), and later identified [6c] as 
5-nitromesobiliverdin XIII~ dimethyl ester C1. 

The red fraction of R f  0.56 shows physical data very similar to those of the 
fraction called by Siedel [4b-c] mesobilipurpurin XIII~ dimethyl ester (622 nm 
Zn++). For this bilipurpurin the structure of bilin-1,5,19-trione C2 had been 
postulated [4b]. However, our spectral data permit to assign to this compound the 
structure of tripyrrin 14-carbaldehyde C4 [1H-NMR, MS (EI and FAB ionizating 
modes) and IR]. The physical and additional experimental data reported by Siedel 
for this fraction also agree with this tripyrrinone structure. The fluorescence 
spectrum of C4 shows, by excitation at its absorption bands, emission at the red 
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region (2era 678 nm), especially intense for its Zn complex (2era 653). The physical 
properties of our R f  0.56 fraction are slightly different to those described by Siedel 
for mesobilipurpurin XIIIe dimethyl ester (622 nm Zn ÷ ÷). However, the small differ- 
ences in melting point, elemental analysis and UV/Vis spectra observed must be due 
to the contamination of Siedel's sample by the bilipurpurin C2 [in our chromatog- 
raphy R f  0.45; see below]. Differences in the chromatographic behaviour of the 
reaction mixture under the conditions used by Siedel (talcum powder) and ours 
(silica gel) would make both results compatible. 

The physical data of the red fraction of R f  0.45 do not agree with any of the 
fractions isolated by Siedel. A structure of bilipurpurin of keto type (C2) can be 
assigned on the basis of our spectral data. However, this fraction was always 
contaminated with small percentages of additional compounds (with more than 85~ 
corresponding to structure C2; 1H-NMR, see Exp. Part). MS spectra (FAB): 
(M + 1) ÷ = 631 m/z, M ÷ = 630 and the typical fragmentation of a ketone to a ketyl 
cation (M - 124) + = 506 (loss of the final end ring) confirm the C2 structure. In 
addition, this fraction shows a typical biliviolin or bilipurpurin UV/Vis absorption 
as well as its Zn complex. The fluorescence of C2 ('~em 585 nm), is different from 
that of a tripyrrin type of structure, such as C4 ('~em 653 nm), an observation that 
can be of interest to differentiate bilipurpurins of keto type and tripyrrin biliviolins. 
The main impurity of this fraction could be the choletelin of diketo type C3, on the 
basis of the MS (FAB) peaks at 647 and 669 m/z, (M+ 1) ÷ and ( M + N a )  ÷, 
respectively, as well as of the shoulder at about 470 nm in the UV/Vis spectrum. 
This absorption is characteristic of the bilen-b-l,19-dione chromophore. 

The slowest migrating fraction could not be identified (see Exp. Part). However, 
its UV/Vis spectrum shows a first absorption in the bilipurpurin region, but lacking 
the characteristic double band, and a second absorption corresponding to biliverdins 
(see Exp. Part). The non fluorescent Zn complex excludes the possibility of a mixture 
containing bilipurpurins. The 1H-NMR spectrum shows several olefinic signals, and 
the MS (FAB with m/z at 1000) contains a peak at 615 m/z, the same value 
corresponding to mesobiliverdin dimethyl ester, a compound which must be 
excluded however, on the basis of its very different R f  value. Additional peaks 
appear at higher mass (e.g. 748, 959 m/z). We suggest a dimeric or polymeric structure 
formed in a reaction of the radical cation or neutral radical which originated in the 
first reaction steps (see below). 

Oxidation of Etiobiliverdin IV7 (3,8,12,17- Tetraethyl-2,7,13,184etra- 
methylbilin-l,19(21H,24H)-dione) (D) with Thallium(III) Triacetate 
and Lead(IV) Tetraacetate 

The experiments described by Smith [5b-c] on the oxidation of D with thallium 
triacetate and lead tetraacetate were repeated and the oxidation products isolated 
and identified. 

The comparison of the reaction products obtained with both oxidizing agents 
at different reaction times (45', 24 h and 72 h) do not show any significant difference: 
the same reaction products in analogous relative ratios were obtained at each 
reaction time. Thin layer chromatographic (TLC) analysis (benzene:ether 1:1, or 
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CH2Clz:methanol 30:1) of the reaction mixture results in five fractions, although 
in the solvent system used by Smith [5c] only four fractions could be detected. We 
found the benzene:ether mixture especially suitable to separate the two fastest (F1 
and F2, from the front to the origin respectively) and the slowest (F5) migrating 
fractions, while under these conditions the two remaining middle fractions (F3 and 
F4) were isolated as a single fraction, which was subsequently resolved by PTLC in 
CH2C12:methanol 30:1 (inversion of the elution order!; see Exp. Part). 

F2 was identified by TLC, UV/Vis, IR and 1H-NMR as unreacted starting 
biliverdin D. 

F4 was identified as the tripyrrin-14-carbaldehyde D4 (m.p., UV/Vis, IR, 
1H-NMR, 13C-NMR), already described by Smith from an analogous reaction 
mixture [5c]. 

F1 shows the same physical and spectroscopic data as the product assigned by 
Smith [5c] with the structure of 4-acetyl-bilin-l,5,19-trione D1. However, a more 
detailed examination of its 1H-NMR spectrum (a 200 MHz compared to 100 MHz 
instrument in Ref. [5c]), together with i t s -un t i l  now unrepor ted-13C-NMR 
spectrum, points to structure D2. The a H-NMR singlet near 5.9 (ppm, 6) corresponds 
to two protons, not to one as assigned in Ref. [5@ under high resolution conditions 
this signal is shown to contain a narrow singlet (5.88 ppm) and a wider one 
(5.89 ppm). Furthermore, the ~ 3C-NMR spectrum (DEPT experiment) shows only 
two olefinic =CH signals (113.6 and 95.9 ppm), and one CH signal corresponding 
to a tertiary sp 3 carbon atom (64.1 ppm): such a CH group, with low field resonating 
H and C nuclei, does not agree with structure D1 and confirms structure D2. The 
remaining ~3C-NMR signals also agree with structure D2: e.g. only one carbonyl 
group of keto type (184.8 ppm) and three carboxyamide carbonyl groups (172.1, 
171.8 and 171.1 ppm) are detected. MS fragmentation ( M + =  556 m/z), with an 
important peak at 390 m/z (M - 194) +, shows the formation ofa ketyl cation by loss 
of the 3-pyrrolin-2-one ring and of the acetyl group. In addition, its characteristic 
bilipurpurin absorption UV/Vis spectrum seems to exclude any additional N 
substitution: configurational and conformational hindrance would be expected to 
change the shape of the rc conjugated chain and consequently its UV/Vis absorption 
spectrum. 

F3 is the main reaction product (~  30~ w/w) at short reaction time and is not 
described by Smith because of the coincidence of its R f  in the eluting system 
toluene:ethyl acetate 8:2 with the initial biliverdin D, however it can be separated 
by PTLC using successive chromatography in two eluting systems. Its UV/Vis 
spectrum shows a wide absorption near 550 nm, but its shape is not characteristic 
for bilipurpurin or biliviolin absorption (double band). A second, intense absorption 
at 364nm together with a smaller absorption at 315nm in place of a unique 
absorption about 320nm confirm the differences in absorption between this 
compound and a bilipurpurin or biliviolin. The MS spectrum is very similar to that 
of the N-acetyl-bilintrione D2 of fraction F1. This fact points to an isomer of D2. 
Actually, D3 (F3) has been observed to decompose into D2 (F1). XH-NMR and 
a3C-NMR spectra indicate the presence of five non-ethylic methyl groups, two 
=CH groups of a tripyrrin residue and three carbonyl groups of lactam or ester 
type (172.3, 171.2, 170.4 ppm). The IR spectrum shows, in addition to the lactam 
groups, a distinct absorption at 1770 cm-  1 plus a C=O stretching absorption at 
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about 1200 cm-  1. In conclusion, these spectral data point to the presence of an enol 
acetate group at C5, i.e. to structure D3. Such a structure is confirmed by its chemical 
behaviour. D3 decomposes in wet methanol giving D2 besides D4 and the 
compound of fraction F5. This observation is confirmed by the changes in each 
fraction yield with time (see below). In fact, D3, although not isolated, had already 
been proposed by Smith as the first reaction product or intermediate in the reaction 
of D with thallium triacetate and lead tetra-acetate [5c-1. The absorption spectrum 
of D3 (see above) should be attributed to a Z configuration at the exocyclic double 
bond at C4, as a result of the substitution at C5 [19] and, likely, to the presence of 
an internal hydrogen bond with the lactam NH. As a matter of fact, this is an 
analogous structure, (stabilized by similar effects) to the 5-nitro bilindiones [9b]; 
however, the UV/Vis absorptions near 364 nm and likely at about 600 nm (included 
on the wide band centered at 550 nm) might correspond to the presence of additional 
conformers with a ~z system of a biliverdin type. 

The compound in F5 shows a typical biliviolin or bilipurpurin absorption 
spectrum. This compound could not been identified because it could not be isolated 
pure since it decomposes giving D2 and other two unidentified derivatives, one 
shows a biliviolin-like spectrum and the other one a bilicholetelin-like one. This 
compound in F5 is also obtained from the decomposition of D3 (without detection 
of ethyl methyl maleimide!). Its MS is similar to those of D2 and D3. The 1H-NMR 
spectrum indicates absence of C2v symmetry, two olefinic signals corresponding to 
protons at C10 and C15 carbon atoms, one signal at 6.05 ppm, i.e. a similar chemical 
shift to the proton at C4 in D2, one sharp NH signal (NH of a 3-pyrrolin-2-one 
group?) and five singlet methyl groups. Its IR spectrum does not show a C=O 
absorption corresponding to an enol acetate, ester or to the N,N-diketyl group of 
D2. In conclusion, F5 is likely to be a 1)2 isomer, with the acetyl group bonded to 
a nitrogen other than N21. 
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By increasing the oxidation time, the relative amounts of each fraction change: 
an expected decrease of the initial biliverdin (D), increase of the N-acetyl derivative 
D2, decrease of the enol acetate D3 and increase of the compound in fraction F5. 
Furthermore, a relative increase of the tripyrrinone aldehyde D4 is observed in 
lengthening the reaction time from 45' to 24 h, but it could not be detected at all 
after 72 h. This result must be attributed to the easy oxidation of the carbaldehyde 
group. Hydrolysis in methanol of D3 gives, in addition to D2, also D4 and the 
compound of fraction F5, which agrees with the expected reactivity of an enol 
acetate. 

Concluding Remarks 

There is strong evidence that aromatic electrophilic substitution on systems with 
low oxidation potential, i.e. highly reactive systems, does not proceed via an 
intermediate carbocation, but rather through an initial electron transfer followed 
by coupling of the resulting radical species [21]. For instance, this reaction 
mechanism has been proposed in the case of porphyrin nitration with N20+, 
because of the low oxidation potential of porphyrins [22-1. Biliverdins have an even 
lower oxidation potential (about 0.2-0.3 V lower) and consequently an electron 
transfer mechanism in the attack of most of the electrophiles described here should 
be preferred. In this respect, 5-nitrobilin-1,19-dione fermation from bilin-l,19-dione 
nitration using nitrous acid is very significant. In this case, the first reaction step 
should be biliverdin oxidation to the radical cation, which can either couple to 
N O  2 and loose a proton - as proposed [9b-1 - or undergo a subsequent one electron 
oxidation and proton loss to add a nitrite nucleophile (Scheme 2). 

X + R I ~  R2 (see scheme 1) 
\ -  ' 

X" • 

f -  x 

I;I '~i~J H I 

X • 

\ -  H 
H O ' ~ N ~  X 

III, IV 
T i 

Scheme 2 
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The similar reaction products obtained by chemical and electrochemical [e.g. 5] 
oxidation of biliverdins and the same nature of these reaction products agree with 
reaction mechanisms involving nucleophile capture following loss of one electron. 
This is what probably occurs during the chemical oxidation of D in acetic acid to 
give D3. 

Concerning the reactivity towards halogens, even though it is not possible to 
unequivocally distinguish between electrophilic attack or electron transfer, the 
results of the reaction of A, B and their Zn(II) complexes with iodine or bromine 
indicate a dependence on the substrate oxidation potential and on the halogen 
reduction potential for the first step i.e. towards a mechanism based on an initial 
electron transfer. 

The expected orientation of electrophilic attack to biliverdins and bilirubins is 
basically the same as that of their respective radical cations towards nucleophiles. 
Simple semi-empirical reactivity calculations - based upon the HOMO coefficients - 
which predict the position for electrophilic attack in biliverdins and bilirubins (C5 
in the case of biliverdins and C9 in the case of bilirubins [11]), cannot distinguish 
between reactivity towards electrophiles and the most reactive positions for 
nucleophilic attack' to the corresponding radical cations. 

Electrochemical evidence shows oxidation of bilirubins to occur through a two 
electron process [1, 3]: however, whether one electron is lost in each dipyrrinone 
half or two electrons are lost in the same dipyrrinone residue remains as an open 
question (see Scheme 3). Reactions of bilirubins towards electron deficient species 

BILIRUBIN 

. / H . _ / 
L H + J 

R R H R R ~ ~and C l l  

H H PROPENTDYOPENTS ? 

BILIVERDIN-H* 

Scheme 3 
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show regiospecificity on positions C9 and C l l  [11,20]. The two most likely 
mechanisms for reaction of bilirubins with electron deficient species involve 1) 
bilirubin oxidation followed by nucleophile attack at C9 or 2) direct electrophilic 
attack to C9: The last mechanism seems to operate for non-oxidizing electrophiles, 
e.g. protons in the so-called "scrambling" reaction of bilirubins [12a, 20], and we 
assume oxidation to the radical cation as the most suitable mechanism for oxidizing 
electrophiles, e.g. halogens. Formation of the radical cation at C9 would also explain 
production of propentdyopents in alkaline media [18], this probably being the 
reaction pathway for the easily oxidizable bilirubin-Zn complexes. Similarly, the 
elusive, yet observed by some authors, scrambling reaction of bilirubins in base 
could involve radical cations obtained by oxidation of the easily oxidizable NH 
deprotonated bilirubin [1]. 

Experimental Part 

Bilirubin IX~ was of commercial origin (Janssen Chimica). The synthesis and properties of the following 
compounds are described in literature: biliverdin IX~ [23,l, biliverdin XIIIct dimethyl ester [24, 25,l, 
etiobiliverdin IV? (3,8,12,17-triethyl-2,7,13,18-trimethyl-bilin-l,19-dione) [26]. 

Thin layer chromatography (TLC) analysis was performed on silica gel with fluorescence indicator 
chromatofoils (DC-Alufolien F254, Merck). Preparative thin layer chromatography (PTLC) was 
performed on 1 mm thick silica gel (Merck) plates. 

Melting points were determined on a Kofler-Reichert microhot stage apparatus. UV/Vis spectra 
were recorded on a Perkin-Elmer Lambda 5 instrument. IR spectra were recorded on a Perkin-Elmer 
681 spectrometer. MS on a Hewlett-Packard 5988A instrument equipped for FAB analysis with a 
Capillaritron Frasor  (Xe). 1H-NMR spectra were determined on a Geminis 200 Varian (200 MHz) 
instrument: chemical shifts are referred to TMS as internal reference. Fluorescence spectra were 
performed in an Aminco SPF500 ratio spectrofluorometer using solutions of the chromophore in 

CH2C12 of absorbance at 2max 0.1. 

Oxidation of Bilirubin IXct (B), Biliverdin IXot (C) and their Zn(II) Complexes with 
Bromine and Iodine 

Exact volumes of a bromine or iodine 1.5.10- 3 mol 1- solution in DMF (for residue analysis, Merck) 
were added to a 1.5.10- 5 mol 1-1 solution of A or B in DMF. The UV/Vis spectral changes were 
recorded. These changes are fast and remain practically stable under water and oxygen exclusion. 
Oxidation experiments on the Zn(II) complexes of A and B were performed using similar solutions to 
which a zinc acetate excess was added to fully shift (by UV/Vis) the equilibrium towards the bile 
pigment Zn complex. For  A, an eight fold molar excess was needed [isosbestic point; the complex 
showed 2ma x 523 nm and 490 nm (sh)], while for B a twofold molar excess was sufficient [isosbestic 
point; the complex showed 2rex 713 nm, 389 nm (intensity ratio; 1:2) and 660nm (sh)]. 

Experimental Procedure to Reproduce Sieders Results of  the Gmelin Reaction [4b-c,l 

The experimental procedure adapted from Ref. [4c1 was the following. To a solution of 30 mg 
mesobiliverdin XIIIct dimethyl ester (C) (3,17-diethyl-8,12-di(2-methoxycarbonylethyl)-2,7,13,18-tetra- 
methyl-bilin-1,19(21H,24H)-dione) in 20 ml CH2C12 contained in a separatory funnel a solution of 
5 mg NaNO2 in 4 ml 2 mol l-1 HNOa was added in several fractions under shaking. Addition was 
continued until the mixture showed a red-violet colour, at which point 4 ml of a 2 mol l-1 NaOH 
solution were added at once. The organic phase was separated, dried with anhydrous Na2SO4 and 
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evaporated under vacuum. The residue was analyzed by analytical TLC (see text) and separated by 
PTLC using CH2C12/CH3OH, (25:1) as eluent. Five fractions were isolated (TLC Rf: 0.65, 0.56, 0.50, 
0.45 and 0.36). 

Fraction of Rf O.65; 5-Nitromesobiliverdin XIllct Dimethyl Ester [(3,17-Diethyl-8,12- 
di( 2-methoxycarbonylethyl)-2,7,13,18-tetramethyl-5-nitrobilin-1,19( 21H,2 4 H )-dione] (C1) 

Isolated in 30% yield and identified as C1 [described by Siedel [4c] as the so-called mesobilipurpurin 
XIIIct dimethyl ester (619 nm Zn ÷ ÷] according to its UV/Vis, IR, 1H-NMR, MS(FAB, Xe) spectra, 
and melting point [6c-I. 

Fraction of Rf O.56; 3,17-Diethyl-14-formyl-8,12-di( 2-methoxycarbonylethyl )-2,7,13-trimethyl- 
trip yrrin- l ,19-dione (C4) 

Isolated in 23% yield and identified as C4 on the basis of its physical and spectroscopic data. These 
are very similar to those of the so-called mesobilipurpurin XIIIct dimethyl ester (622 nm, Zn ÷ +) [4c]. 
According to our results, the last sample would consist of C4 contaminated by the bilipurpurin 
identified as C2 in this work (fraction of Rf 0.45 see below). 

M.p. 155-157 °C. MS (FAB, Xe, m/z): 530 (M + Na) +, 508 (M + 1) +, 507 (M) +. UV/Vis lama x nm (e)]: 
CH2C12: 535(10000), 504(10300), 470 sb, 320(24700); CH3OH: 527, 499, 317; Zn(II) complex (Ethanol- 
CH2C12-Zn acetate): 617(12000), 573(7800), 331(20000). 

Fluorescence spectrum: 2~xc = 504, 535 nm, 2em = 678 nm. Fluorescence spectrum Zn complex: 
2ex ~ = 334, 577 nm, 2era = 653 nm. IR (film, cm-1): 3300-3350, 1735, 1710, 1H-NMR (CDCI3, ~ ppm): 
9.82 (s, -CHO), 6.84 (s, C10 =CH), 5.90 (s, C5 =CH), 3.68 (s, -COOCH3), 3.66 (s, -COOCH3), 3.00 (t, 
J = 7.1 Hz, 2 H), 2.91 (t, J = 7.1 Hz, 2 H), 2.57 (t, J = 7.1 Hz, 4 H), 2.54 (q, J = 7.9 Hz, 2 H), 2.36 (s, C13 
-CHa), 2.09 (s, C7 -CHa), 1.98 (s, C2 -CH3), 1.20 (t, J = 7.9 Hz, 3 H). 

Fraction of Rf O.50; Mesobiliverdin XIII~ Dimethyl Ester (C) 

Isolated in 6% yield and identified as unreacted C. 

Fraction of Rf 0.45; 3,17-Diethyl-8,12-di(2-methoxycarbonylethyl)-2,7,13-trimethylbilin- 
1,5,19(4 H,21 H,24 H)-trione (C2) 

Isolated in 11% yield and identified as impure C2 (>  85%, from 1H-NMR analysis). According to the 
UV/Vis sh. near 470 nm and the MS peaks, the accompanying impurity is probably 3,17-diethyl- 
8,12-di(2-methoxycarbonylethyl)2,7,13-trimethylbilin-1,5,15,19(4H, 16H, 21H, 24H)-tetraone (C3). 

M.p. 209-212°C. MS (FAB, Xe, m/z): C2; 631 ( M + I ) + ,  630 (M)+, 506 ( M - 1 2 4 ) + .  C3:669 
(M +Na)  ÷, 647 (M + 1) ÷. UV/Vis [2max nm (~)]: CH2C12:543 (12000), 506 (10500), 324 (26500), (470 sh 
from C4); CH3OH: 537, 502, 322 Zn(II) Complex (CH2Ct2-Ethanol-Zn acetate): (stable bands after 
several minutes) 626 (14000), 583 (8000), 336 (18000). 

Fluorescence spectrum: 2exo=324, 506 nm, 2em=585. Fluorescence spectrum Zn complex: 
2exc=336, 630nm, 2em=655 nm. IR (film, cm-1): 3340, 1735, 1710, 1675, 1655. 1H-NMR (CDC13, 
6 ppm): only main peaks, those assigned to impurities not given; 11.7 (s, NH), 10.23 (s, NH), 8.21 (s, 
NH), 6.97 (s, C10 --CH), 6.22 (s, C4 CH), 6.01 (s, C15 =CH), 3.68 (s, -CO2CH3), 3.64 (s, -CO2CH3), 
3.00, 2.95 (2 t, J = 7.1 two -CH2-CH2-COOCH3)  2.65-2.35 (m, two -CH2-CH2-COOCH3)  and two 
-CH2-CH3),  2.34 (s, C13 -CH3), 2.11 (s, C7 -CH3), 1.94 (s, C2 -CH3), 1.88 (s, C18 - c n 3 )  , 1.20 (t, 
J = 7.9 Hz, -CH2-CH3) , 1.09 (t, J = 7.9 I4_~z, C17 -CH2-CH3).  

Fraction of Rf O.36 

Isolated in 6% yield. The following data suggest a. dimeric structure containing a biliverdin and 
bilipurpurin or biliviolin units. 
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M.p. 181-183 °C. MS (FAB, Xe, m/z): 927, 748, 615, 480, 467, 332. UV/Vis 1-2max rim]: CHEC12: 
640 sh, 571 (wide), 370, 326 (intensity ratio 1:1.3:2.2); CH3OH: 558, 368, 323. 

Oxidation of Etiobiliverdin IVy ( 3 ,8,12,17-triethyl-2,7,13,18-trimethylbilin- l ,19( 21H,2 4 H )-dione ) (D), 
with Thallium(III) Triacetate or Lead(IV) Tetraacetate 

The procedure described in Ref. [5c] was followed. To 30 mg D (0.060 retool) in 3 ml HOAc, was 
added under stirring, in several steps and during 30 minutes, an equimolar amount of the oxidizing 
agent (lead tetraacetate or thallium triacetate, crystallized in AcOH prior to use). After 45 min, the 
mixture was poured onto 300ml water and neutralized to pH= 10 (4~ aq. Na2CO a solution or 
concentrated aq. ammonia). The precipitated pigments were extracted with CH2C12, the organic phase 
washed with water, dried with NaESO 4 and evaporated to dryness. PTLC (eluent benzene:ether 1:1) 
permitted to separate the two fastest migrating fractions (F 1 and F2), a mixture of the two middle ones 
(F3 plus F4) and the slowest migrating fraction (FS). F3 and F4 were separated by PTLC in 
CHECIE:CH3OH 30:1. Table I summarizes the analytical TLC R f  values of each of these fractions in 
our two eluents, as well as in the eluting system (toluene:ethyl acetate 8:2) used in Ref. [5c] (the same 
R f  value of F2 and F3 in this last system, which explains why fraction F3, i.e. compound D3, was 
not detected by the authors of Ref. [5c]). 

Additional oxidation experiments were performed following the same procedure but increasing the 
reaction time from 45 min to 24 and 72 h: the amounts of isolated fraction (mg per 100rag of initial 
D) at these three reaction times were: F1, 7, 13 and 27; F2, 24, 23 and 11; F3, 34, 19, and 17; F4, 5, 8 
and zero; F5, 6, 22 and 18. 

Fraction F I : 2 •-Acetyl-3•8•12•• 7-tetraethyl-2•7•• 3•• 8-tetramethylbilin-1•5•• 9 ( 5 H•21H•2 4 H )-tri•ne 
(D2) and Ethyl Methyl Maleimide 

This fraction contains small amounts of ethyl methyl maleimide, identified by its 1H-NMR spectrum 
and by TLC (comparison with a pure sample). Removal of this imide can be achieved by fast extraction 
with a cold alkaline aqueous solution. The remaining compound shows the same physical properties 
and spectral data (m.p., IR, UV/Vis, MS, and 1H-NMR) as the compound assigned to structure D1 
in Ref. [5c]. However, the 1H-NMR 5.88 ppm singlet assigned in Ref. [5c] to one of the =CH groups 
was shown to consist of two singlets I-5.88 and 5.89 ppm] corresponding to two protons. The 13C-NMR 
spectrum (DEPT) confirms structure D2 for this compound. 

13C-NMR (CDC13, 6ppm, DEPT): 184.8 (keto C=O), 172.1, 171.8 and 171.1 (three C=O), 169,6 
(C=N), 156.2, 153.1, 147.6, 146.5, 144.8, 135.4, 133.5, 133.2, 132.5, 130.1, 130.0, 129.4 (12 quaternary 
sp 2 C), 113.6 (C10 =CH), 95.9 (C15), 64.1 (C4, CH), 23.9 (CH3-CO), 20.5, 17.7, 17.4, 17.1 (four 
CHa-CH2) , 15.9, 15.8, 14.1, 11.9 (four-CH2-CH3), 10.5, 9.5, 8.5, 8.3 (four CH3-C=). 

Table 1. TLC (SiO2) Rfvalues of the five fractions isolated from the mixture obtained in the oxidation 
of etiobiliverdin IVy (D) with lead(IV) tetra-acetate or thallium(II1) triacetate 

Fraction (Colour) Benzene:Ether CH2C12:MeOH Toluene:Ethyl acetate 
(1:1) (30:1) (8:2) 

F1 (red) 0.53 0.63 0.32 
F2 (blue) 0.34 0.60 0.18 
F3 (blue) 0.26 0.47 0.15 
F4 (red) 0.24 0.22 0.15 
F5 (violet) 0.1 0.18 0.1 



416 C. Acero et al. 

Fraction F 2 : Etiobiliverdin IVy [ 3,8,12,17- Tetraethyl-2,7,13 ,18-tetramethylbilin- l,19( 21H,2 4 H )- 
dione] (D) 

Identified as the initial reaction product (D) by TLC, UV/Vis, IR and ~H-NMR spectra. 

Fraction F 3: [ 5-Acetoxy-3,8,12,17-tetraethyl-2,7,13,18-tetramethylbilin-l ,19( 21H,24H )-dione] (D3) 

Identified as D3, according to the following spectral and physical data. 
M.p. 179-181 °C. MS(E1, 70eV: m/z): 556 (M) +, 390, 282, 268, 178. UV/Vis [2ma ~ nm (e)]: CHCI3: 

550 (9700), 364 (16500), 315 (13800). IR (film: cm-  1): 3300 (NH), 1770 (C=O vinyl acetate), 1700 (C=O), 
1680, 1600, 1220 (C-O). 1H-NMR (CDCI3, ~5 ppm): 6.73 (s, C10 =CH), 5.94 (s, C15 =CH), 2.68-2.46 
(m, four CH2-CH3)  , 2.32 (s, -CH3), 2.07 (two s, two -CH3)  , 1.90 (s, -CH3), 1.88 (s, -CH3), 1.25-1.12 
(m, four C H a - C H 2 -  ). 13C-NMR (CDCI3, 6 ppm, DEPT): 172.3, 171.2, 170.4 (three C--O), 160.5 (C=N), 
146.9, 146.7, 145.4, 145.1,141.6, 138.5, 135.9, 134.0, 131.0, 130.5, 130.2, 128.9, 125.8, 123.5 (fourteen sp 2 
quaternary C atoms), 114.8 (C10 --CH), 96.6 (C15 --CH), 20.5 (CH3-COO-),  20.2, 17.8 (two 
-CH2-CH3) 17.6 (two -CH2-CH3) , 15.9 (two CHa-CH2-),  14.3, 13.3 (two CHa-CH2-),  10.0, 9.4, 8.3, 
8.0, (four -CH3). 

The enol acetate functional group was confirmed by heating 5 mg of F3 in 3 ml methanol to reflux 
during 40 minutes: partial decomposition under formation of F1, F4 and F5 occurs. 

Fraction F4: 3 ,8,12- Triethyl-14-formyl-2,7,13-trimethyltripyrrin-1(15 H, 16H )-one (D4) 

Physical and spectral data were those described in the literature [5c]. 
13C-NMR (CDC13, ~ ppm, DEPT): 178.2 (-CHO), 172.1 (C=O), 169.6 (C=N), 153.6, 147.3, 146.3, 

145.3, 134.1, 133.6, 133.3, 133.1, 130.4, 128.5 (ten sp 2 quaternary C atoms), 113.4 (C10 =CH), 95.6 (C5 
=CH), 17.7, 17.6, 17.1 (three-CH2-CHa), 15.9, 15.7, 14.2 (three CHa-CH2), 9.5, 8.4, 8.3 (three-CH3). 

Fraction F5 

A pure compound could not be obtained, basically as a result of its easy decomposition to D2. 
UV/Vis 1-2max nm (e)]: CHC13: 545, 510, 324 (intensity ratio; 0.9:1.0:2.0) and 364 sh. MS(El, 

70eV:m/z): Same spectrum as D2 and D3. 1H-NMR (CDC13, t$ ppm): main signals assigned to the 
most abundant compound; 8.22 (NH), 6.74 (s, --CH), 6.05 (d, J = 2 Hz?), 5.90 (s, --CH), 2.70-2.40 (four 
-CH2-CH3) 2.35 (s, CH3), 2.11 (s, CH3), 2.02 (s, CH3), 1.83 (s, CHa), 1.78 (s, CH3), between 1.35-0.78 
(four CH3-CH2-  ). 
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