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Total Synthesis of the Urobiliverdin and Coprobiliverdin Isomers 
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The total synthesis of the five urobiliverdin isomers which can be derived from the oxidation of uroheme I 
and uroheme I11 was achieved, as well as the synthesis of the five coprobiliverdin isomers which can be derived 
from the oxidation of coproheme I and coproheme 111. The biliverdins were obtained by oxidation of the 
corresponding 1,19-bis[ (tert-butyloxy)carbonyl]-b-bilenes. The latter were obtained by condensation of the 
appropriate 5'-[(tert-butylo~)carbonyl]-5-formyldipyrrylmethanes with the a-unsubstituted 2 4  (tert-butyl- 
oxy)carbonyl]dipyrrylmethanes. Urobiliverdin I was found to be identical with bactobilin, a bile pigment isolated 
from anaerobic microorganisms. 

In a preliminary report of this work1 we have shown that 
the bile pigment isolated from prokaryotes and for which 
the name bactobilin was proposed2 was identical with 
urobiliverdin I3 (Chart I). This was achieved by com- 
parison of badobilin with a synthetic sample, the synthesis 
of which raised the problem of an efficient procedure to 
prepare urobiliverdin and coprobiliverdin isomers (Chart 
I). All the biliverdin derivatives isolated until now from 
eukaryotes (biliverdins M a  and E@, the prosthetic groups 
of phycobilins and phytochrome) are derived from the 
biological oxidation of heme IX4 and are therefore bilin- 
l,19-diones5 substituted with propionic acid residues at C-8 
and C-12 (see Chart I) and with methyl, vinyl, or ethyl 
residues at the other @-positions of the bilindione molecule. 
The isolation of bactobilin, a bilitriene possessing four 
acetic and four propionic acid side chains, suggested that 
the well-known biological oxidation of M to biliverdin M a  
which takes place in plants and animals could also take 
place with the earlier intermediates of the heme biosyn- 
thetic pathway, namely, with the uroporphyrin and co- 
proporphyrin isomers. There is only one heme IX isomer 
in living cells (iron-protopporphyrin IX) while there are 
two natural isomers (I and 111) of uroporphyrin and co- 
proporphyrin;6 therefore, the oxidative breakdown of the 
natural uroporphyrins and coproporphyrins could give rise 
to  ten biliverdin isomers (Chart I). 

The total synthesis of the biliverdin IX type isomers and 
derivatives was usually achieved by base-catalyzed con- 
densations of 3-pyrrolin-2-ones with 5-formylpyrrole- 
carboxylates which afforded 1(10H)-dipyrrinone-9- 
carboxylates. The latter were transformed into 9- 
formyl-l(lOH)-dipyrrinone which were condensed with 
9-unsubstituted l(lOH)-dipyrrinones to give biliverdins 
bearing an unsymmetrical substitution pattern.' However, 
the preparation of the dipyrrinones needed for this syn- 
thetic approach is not so straightforward when the syn- 

(1) Valasinas, A.; Diaz, L.; Frydman, B.; Friedmann, H. c. J. Org. 

(2) Brumm, P. J.; Fried, J.; Friedmann, H. C. Proc. Natl. Acad. Sci. 
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tuted with side chains corresponding to a uroporphyrin, and coprobiliv- 
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pigments, see: Bonnett, R. In The Porphyrins; Dolphin, D., Ed.; Aca- 
demic Press: New York, 1979; Vol. 1, pp 1-27. 

(4) For reviews on bile pigments in nature, see: (a) Schmid, R.; 
McDonagh, A. F. In The Porphyrins; Dolphin, D., Ed.; Academic Press: 
New York, 1979; Vol. 6A, pp 257-292. (b) Bennett, A.; Siegelman, H. W., 
ref 4a, pp 493-520. (c) O'Carra, P. In Porphyn'ns and Metalloporphyrins; 
Smith, K. M., Ed.; Elsevier: Amsterdam, 1975; pp 123-153. (d) Scheer, 
H. Angew. Chem., Znt. Ed. Engl. 1981,20, 241-261. 
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1979,51, 2253. 
(6) Frydman, R. B.; Frydman, B.; Valasinas, A,; ref 4a, pp 1-127. 
(7) Siedel, W. Hoppe Seyler's A.  Physiol. Chem. 1935, 237, 8-35. 

Gossauer, A. Israel J. Chem. 1983,23,167-172, and references therein. 
Gossauer, A,; Plieninger, H., ref 4a, pp 586-650. 
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Chart I. Urobiliverdin (U) and Coprobiliverdin (C) Isomers 
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thesis of a bilindione structure heavily substituted with 
acetic and propionic acid residues is needed. Although an 
earlier reports showed the possibility of obtaining 1- 
(10H)-dipyrrinone from dipyrrylmethane-a-carboxylic 
acids by conversion of the latter into a-bromo (or chloro) 
dipyrrylmethanes followed by an hydrolysis step, it was 
only recently that the conversion of b-bilenes or a,c-bila- 
diene-a,a'-dicarboxylates to biliverdins through the se- 
quence of bromination and hydrolysis, was put on a firm 
baskg This opened the possibility of using the b-bilenes 
and its precursors usually prepared as intermediates for 
porphyrin synthesis,'O also as intermediates for biliverdin 

(8) Markovac, A.; Kulkarni, B. D.; Shaw, K. B.; MacDonald, S. F. Can. 
J .  Chem. 1966,44, 2329-2336. 

(9) Smith K. M.; Kishore, D. Tetrahedron 1983,39, 1841-1847. 
(10) (a) D\az, L.; Valasinas, A.; Frydman, B. J. Org. Chem. 1981,46, 

864-867. (b) Dim, L.; Frydman, R. B.; valasinas, A.; Frydman, B. J. Am. 
Chem. SOC. 1979,101,2710-2716. (c) Diaz, L.; Buldain, G.; Frydman, B. 
J. Org. Chem. 1979,44,973-977. (d) Valasinas, A.; Frydman, B. J. Og.  
Chem. 1976,41, 2991-2994. (e) Valasinas, A.; Levy, E. S.; Frydman, B. 
J. Org. Chem. 1974,39, 2872-2877. 
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Scheme I 
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Scheme I1 

synthesis, and this report shows that indeed this approach 
allowed the efficient synthesis of urobiliverdin and co- 
probiliverdin isomers. The latter were recently obtained 
as mixtures of isomers by the chemical "biomimetic 
oxidation" of uroheme I11 and copropheme 111," but the 
yields of the biliverdin mixtures was very low (much lower 
than that obtained during the oxidation of hemin IX to 
the biliverdin IX isomers12), while the separation of the 
isomers is still a complex procedure. 

The ten biliverdins depicted in Chart I were obtained 
by a synthetic approach which was based on the oxidation 
of the corresponding b-bilenes. Eight S-[(tert-butyl- 
oxy)carbonyl]-5-( benzyloxycarbonyl]dipyrrylmethanes 9 
(a and b)-12 (a and b) were obtained by condensation of 
the corresponding (2-acetoxymethy1)pyles 1-4 with the 
a-unsubstituted pyrroles 5-8 (Scheme I). The synthesis 
of all the eight monopyrroles was reported el~ewhere.'~J~ 
Hydrogenolysis of the benzyl residues of the dipyrryl- 
methanes 9-12 over 10% Pd/C, followed by purification 
of the resulting dipyrrylmethane-5'-carboxylic acids by 
column chromatography on TLC silica gel and decarbox- 
ylation of the latter by heating in vacuo above 200 "C for 
a short period, afforded the a-unsubstituted dipyrryl- 
methanes 13-16. Formylation of the latter with the di- 
methylformamide-benzoyl chloride reagent afforded the 
2-formyldipyrrylmethanes 17-20 which were then con- 
densed with the a-unsubstituted dipyrrylmethanes 13-16 
in the presence of 48% HBr to give the corresponding ten 
b-bilene hydrobromides 21 (a and b)-25(a and b) (Scheme 
11). The latter were oxidized to the corresponding biliv- 
erdii esters (Chart I) with bromine and trifluoroacetic acid. 
The yields of the oxidations of the b-bilenes to the biliv- 

~~ 

(11) Benedikt, E.; Kost, H. P. 2. Naturjorsch. 1983, 38c, 753-757. 

(12) Bonnett, R.; McDonagh, A. F. J.  Chem. Soc., Perkin Trans. 1 

(13) Cavaleiro, J. A. S.; Kenner, G. W.; Smith, K. M. J. Chem. SOC., 

Kost, H. P.; Benedikt, E.; Cmiel, E.; Schneider, 5. Zbid. 943-950. 

1973,881-888. 

Perkin Trans. I 1973, 2478-2485. 

erdins was poor (around lo%), and better yields were 
obtained in the coprobiliverdin series than in the urobi- 
liverdin series. 
All the coprobiliverdin tetramethyl ester isomers as well 

as urobiliverdins I, IIIa, IIIB, and 1117 octamethyl esters 
were crystalline solids, while urobiliverdin I116 octamethyl 
ester was an oil. The wide range of melting points found 
for the coproporphyrin tetramethyl isomers ( I  mp 
188-190 "C; IIIa: mp 190-192 "C; IIIB: mp 135-137 "C; 
1117: mp 202-203 "C; 1116: mp 92-94 "C) suggests that 
these isomers have crystal packings which reflect different 
configurational structures. It is known that the biliverdins 
are chromophores of high flexibility and adopt a large 
number of configurational, conformational, and tautomeric 
forms.14 

The uro- and coprobiliverdin isomers have a UV max 
around 370 nm (Table I) and a vis max around 640-650 
nm when registered in chloroform at lo5 M concentration. 
The position of the two main absortion bands (particularly 
the vis max) are solvent and concentration dependent. In 
methanol, urobiliverdins had a UV max around 370 nm 
and a vis max around 640-650 nm (e.g., urobiliverdin IIIB 
had a UV mart a t  369 nm and a vis max a t  648; e(vis)/e 
(UV) = 0.27) and coprobiliverdins had a UV max around 
365 nm and a vis rnax around 640 nm le.g., coprobiliverdin 
IIIB had a UV max at  362 nm and a vis rnax at  645 nm; 
e(vis)/t(UV) = 0.28). At a M concentration in meth- 
anol the vis max had a hypsochromic shift of about 15 nm 
and the W max had a bathochromic shift of about 20 nm, 

(14) Braslavsky, S. E.; Holzwarth, A. R.; Schaffner, K. Angew. Chem., 
Znt. Ed. Engl. 1983, 22, 656-674, and references therein. 
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which could be attributed to the formation of aggregates 
of the extended forms.14 Upon acidification of the chlo- 
roform solutions there was a strong bathochromic shift of 
the vis max both in the urobiliverdin and in the copro- 
biliverdin isomers and a pronounced increase in the t- 
(vis)/c(UV) ratio (Table I). It has been established (in 
studies carried out mainly with biliverdin IXa dimethyl 
ester) that the ratio t(vis)/c(UV) is in the verdins a 
function of their molecular extension. An increase in this 
ratio indicates a change from the helically coiled form 
(52,102,152) where the ratio is similar to that of a por- 
phyrin to more extended forms (e.g., 52,10E,152) where 
the ratio is similar to that of a p ~ l y e n e . ~ ~ J ~  

The analysis of the high field 'H NMR spectra of the 
five urobiliverdin isomers was found to be a useful ana- 
lytical tool to differentiate among them and to establish 
beyond doubt that bactobilin was identical with urobiliv- 
erdin I. The 'H NMR spectra (Table 11) showed the ex- 
pected low-field methine signals (H-10, H-5, H-15) where 
the H-10 had the lowest field ~a1ues . l~  The resonances 
of the methylene residues of the acetate chains were ex- 
tremely useful in the characterization of the isomers. 
There are two clearly different types of acetate and pro- 
pionate residues in urobiliverdins; the exo chains which 
are CY to the amide carbonyl groups and the endo chains 
which are a t  the other positions of the pyrrole rings. It 
has been shown that in the biliverdin isomers the exo 
methyl residues and the exo methylenes of the propionate 
residues bound to the pyrrole ring are always shifted to 
higher fields when compared with the similar endo resi- 
dues.'J2 It is also known that the b-methylenes (bound 
to the methoxycarbonyl residues) are always shifted to 
higher fields when compared with the a-methylenes (bound 
to the pyrrole ring). Therefore, in urobiliverdin I octa- 
methyl ester the endo methylenes (7a and 12a) were at the 
lower field values (3.662 and 3.643 ppm) while the exo 
methylene 2a was at  higher field value (3.393 ppm), and 
the methylene at  17a had an intermediate value (3.555 
ppm). Similar criteria were used to assign the acetate 
methylene shifts of the other urobiliverdin isomers (Table 
11). In the I116 isomer the endo acetate methylenes 7a and 
12a had a single low field value (3.545 ppm) and the exo 
2a and 18a methylenes had a single high field value (3.360 
ppm). The pattern of the acetate methylene resonances 
was so different in the urobiliverdin I, IIIa, IIIP, IIIy, and 
I116 isomers that it allowed to distinguish among them 
(Table I). 

The assignment of resonance values was more 
straightforward in the case of the methylenes of the pro- 
pionate residues. In the case of the exo propionates, the 
a-methylene signals (see Chart I) shift to the higher field 
values and sometimes overlap with the b-methylene values. 
Thus in urobiliverdin I octamethyl ester the 13a, 8a, and 
3a methylenes were assigned to the 2.952,2.870, and 2.845 
ppm resonances, while the 18a (exo) signal was at  2.680 
ppm, and the b-methylenes were in the 2.606-2.545 ppm 
region (Table I). In urobiliverdin 1117 the 2a and 18a 
methylenes of the exo propionate residues overlapped with 
the b-methylene shifts at the high field values (2.615-2.501 
P P d .  

The comparison of the spectrum of bactobilin octa- 
methyl ester with those of the urobiliverdin isomers clearly 
showed that bactobilin is identical with urobiliverdin I 
(Table I). The identity of urobiliverdin I and bactobilin 
was also established by a HPLC analysis of their free acids 
(Table 111). Although urobiliverdins IIIr and I116 were 

Valasinas et al. 

(15) Wray, V.; Goasauer, A.; Gruning, B.; Reifenstahl, G.; Zilch, H. J. 
Chem. SOC.. Perkin Trans. 2 1979, 1558-1563. 

Table 111. HPLC Analysis of Urobiliverdins I, IIIcu, IIIp, 
1117. and IIIP 

~ 

isomer tR (min) isomer t R  (min) 
bactobilin 9.50 urobiliverdin 1110 11.00 
urobiliverdin I 9.50 urobiliverdin IIIr 9.25 
urobiliverdin IIIa 12.25 urobiliverdin 1116 9.50 

'Acetonitrile (2%) in 0.05 M sodium citrate bufer (pH 7) was 
used as solvent. Flow rate was 0.7 mL/min at 1200 psi. The uro- 
biliverdin peaks were detected at 372 nm. 

not separated from urobiliverdin I in this system, their 'H 
NMR spectra (Table I) ruled out these structures for the 
natural pigment. 

M) of the tetramethyl 
esters of the coprobiliverdin isomers (see Experimental 
Section) had a similar shift pattern to that discussed above. 
The exo methyl residues had signals around 1.80 ppm, 
while the endo methyls resonated at  2.25-2.0 ppm. H-10 
had the lowest field signal, while H-5 and H-15 had dif- 
ferent shifts in all the isomers except in coprobiliverdin 
I. The shifts of the a- and b-methylenes in the propionate 
residues were as expected; in coprobiliverdin 1117, six 
methylenes (the b-methylenes plus 2a and 18a) shifted to 
a single high field value (2.05 pprn). 

The presence of urobiliverdin I in bacteria was unex- 
pected since all the natural biliverdins in eukaryotes are 
type I11  isomer^.^ Heme oxygenase is certainly not in- 
volved in the oxidation of a hypothetical uroheme I since 
extensive studies on the specificity of this enzyme have 
shown that neither hemins of type I nor octacarboxylic 
hemins are substrates of the enzyme.16 Uroheme I11 was 
recently chemically oxidized in very low yields to a mixture 
of the urobiliverdin isomers,l' but the enzymatic results 
suggest that a uroporphyrinogen (a hexahydroporphyrin) 
rather than an uroporphyrin is the precursor of bactobih2 
The fact that the synthetic urobiliverdins are excellent 
substrates of biliverdin reductase" adds relevance to the 
physiological significance of bactobilin. 

Experimental Section 
General Procedures. Melting points were determined on a 

Kofler melting point apparatus and are uncorrected. 'H NMR 
spectra were routinely recorded in CDC& on a Varian FT-80A 
spectrometer. The 500-MHz spectrum was recorded on a 
University of Chicago built DS-1000 spectrometer equipped with 
a Nicolet 1180 data acquisition system. The 470-MHz spectra 
were recorded at 5ooo Hz on a Nicolet 470-MHz ('H) spectrometer 
with a 32K memory and processed by a Nicolet computer. Mass 
spectra were obtained with a Varian CH-7 spectrometer. The 
silica gel used in column chromathography was TLC Kieselgel 
(Merck). TLC was performed on precoated silica gel F-254 plates 
(Merck, 0.25 mm layer thickness). The substances were spotted 
by spraying the plates with Ehrlich's reagent (2% p(dimethy1- 
amino)benzaldehyde in 6 N HCl) or by treatment with bromine 
vapor which gave orange or red colors with the dipyrrylmethanes. 

tert -Butyl 3,3'-Bis[~-(methoxycarbonyl)ethyl]-4,4'-[bis- 
(methoxycarbonyl)methyl]-5'-[ (benzyloxy)carbonyl]di- 
pyrrylmethane-5-carboxylate (12a). A solution of 1.12 g (3.4 
mmol) of pyrrole 5,1°a 1.49 g (3.2 mmol) of the acetate 2,1°a and 
120 mg of p-toluenesulfonic acid in 60 mL of dry methylene 
chloride was heated at 40 "C during 5 h while being stirred with 
a stream of nitrogen. The solution was poured into 100 mL of 

The lH NMR spectra (2 X 

(16) (a) Frydman, R. B.; Awruch, J.; Tomaro, M. L.; Frydman, B. 
Biochim. Biophys. Res. Commun. 1979,87,92%935. (b) Frydman, R. B.; 
Tomaro, M. L.; Buldain, G.; Awruch, J.; Diaz, L.; Frydman, B. Biochem- 
istry 1981,20, 5177-5182. (c )  Rezzano, I.; Tomaro, M. L.; Buldain, G.; 
Frydman, R. B. Biochim. Biophys. Acta 1982, 704,261-266. (d) Tomaro, 
M., L.; Frydman, R. B.; Frydman, B.; Pandey, R. K.; Smith, K. N. Bio- 
chzm. Biophys. Acta 1984, 791, 342-349. 

(17) Tomaro, M. L.; Frydman, R. B.; Awruch, J.; Valasinas, A.; Fryd- 
man, B.; Pandey, R. K.; Smith, K. M. Biochim. Biophys. Acta 1984, 791, 
35&356. 
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water, the organic layer was separated, the aqueous layer was 
extracted with methylene chloride (3 X 50 mL), and the pooled 
organic solvents were washed with a saturated sodium bicarbonate 
solution and then with water, dried (NaZSO4), and evaporated 
to dryness in vacuo. The dipyrrylmethane 12a was purified by 
filtration through a TLC silica gel column (4 X 30 cm) using 2% 
methanol in benzene as eluant. The fractions containing the 
dipyrrylmethane 12a (monitored by TLC) were pooled and 
evaporated to dryness. The oily residue (1.5 g, 62%) had the 
following: mass spectrum, m / e  (relative intensity) 696 (M’, lo), 
639 (M+ - isobutylene, 15), 595 (639 - COz, 20); ‘H NMR (CDCl3) 
6 7.10 (b, 5 H, Ph), 5.10 (8 ,  2 H, CH2Ph), 3.90 (8 ,  2 H, pyrr- 
CHz-pyrr), 3.75, 3.55 (s, s, 4 H, CH2CO), 3.50 (8,  12 H, OCH,), 
2.40-2.60 (m, 8 H, -CH2CH.), 1.40 (s, 9 H, (CH,),). 

tert-Butyl 3,3’-Bis[&(methoxycarbonyl)ethyl]-4,4’-bis- 
[ (methoxycarbonyl)methyl]dipyrrylmethane-5-carboxylate 
(16a). Dipyrrylmethane 12a (1.5 g) dissolved in 100 mL of ethanol 
was reduced with hydrogen at 50 psi during 2 h over 0.8 g of 10% 
Pd on charcoal. The solution was evaporated to dryness after 
filtration of the catalyst, the residue was dissolved in a small 
volume of 5% methanol in chloroform, and the solution was 
filtered through a TLC silica gel column (4 X 30 cm) using the 
same eluant. The fractions containing the dipyrrymethane acid 
were pooled and evaporated to dryness, and the residue was 
decarboxylated by heating at 205 “C during 2 min in vacuo. The 
residue was dissolved in a small volume of 2% methanol in 
benzene and was filtered through a TLC silica gel column (2 X 
20 cm) using the same solvent as eluant. The fractions containing 
the dipyrrylmethane 16a were pooled and evaporated to dryness; 
the oily residue (0.5 g, 41%) had the following: mass spectrum, 
m / e  (relative intensity) 562 (M’, 15), 505 (M+ - isobutylene, 50); 
NMR (CDCl,) 6 6.50 ( 8 ,  1 H, H-5’1, 3.90-3.50 (b, 18 H, OCH3, 
CHzCO, pyrr-CHz-pyrr), 3.45 (s, 2 H, CHzCO), 2.25-290 (m, 8 H, 

tert -Butyl 3,3’-Bis[ 8- (met hoxycarbony1)et hyl]-4,4’-bis- 
[(met hoxycarbony1)met hyl]-5’-formyldipyrrylmet hane-5- 
carboxylate (20a). A solution of 500 mg of dipyrrylmethane 16a 
in 0.6 mL of dimethylformamide was kept a t  5 “C, and 0.6 mL 
of benzoyl chloride was added in one portion. The mixture was 
kept under moisture-exclusion conditions at  20 “C during 1 H. 
Ethyl ether (20 mL) was then added to the mixture and the 
solution was extracted with water (3 X 5 mL). The pooled water 
extracts were reextraded with ethyl ether (10 mL), and the traces 
of the latter were eliminated from the aqueous solution with a 
stream of nitrogen. The aqueous solution was adjusted to pH 
8 with a 10% sodium carbonate solution and left during 20 h at 
20 “C. The oily precipitate was extracted into chloroform (3 X 
10 mL), the latter extracts were pooled and evaporated, and the 
residue was crystallized from ethanol-water: 320 mg (61%); mp 

pyrr-CH2-pyrr), 3.65-3.75 (b, 16 H, OCH3), 2.40-2.75 (m, 8 H, 
CHzCH2), 1.50 (8, 9 H, (CH,),). Anal. Calcd for C28H38N2011: 
C, 58.98; H, 6.44; N, 4.74. Found: C, 58.91; H, 6.40; N, 4.72. 

tert-Butyl 3,4’-bis[~-(methoxycarbonyl)ethyl]-4,3’-bis- 
[ (methoxycarbonyl)methyl]dipyrrylmethane-5-carboxylate 
(14a) was obtained from 10alob (1.3 g) following the procedures 
described for the synthesis of 16a; 500 mg (47% overall yield) 
of 14a were obtained: mass spectrum, m / e  (relative intensity) 

16 H, OCH3, CH2C0, pyrr-CH2-pyrr), 3.50 (s, 2 H, CH2CO), 
2.50-2.75 (m, 8 H, CH2CH2), 1.50 (s, 9 H, (CH,),). 

tert-Butyl 3,4’-bis[~-(methoxycarbonyl)ethyl]-4,3’-bis- 
[ (methoxycarbonyl)methyl]-5’-formyldipyrrylmethane-5- 
carboxylate (Ma) was obtained from 500 mg of 14a following 
the procedure described for the synthesis of 20a; 360 mg (68%) 
of 19a were obtained: mp 128-129 “C (ethanol); NMR (CDCl,) 
6 9.55 (s, 1 H, CHO), 3.95 (s, 2 H, pyrr-CHz-pyrr), 3.50-3.80 (b, 
16 H, OCH,, CH20), 2.50-3.10 (m, 8 H, CHzCH2), 1.55 (s, 9 H, 
(CH,),). Anal. Calcd for CBH%N2Ol1: C, 58.98; H, 6.44; N, 4.74. 
Found: C, 59.00; H, 6.50; N, 4.70. 

tert-Butyl 3,3’-dimethyl-4,4’-bis[~-(methoxycarbonyl)- 
ethyl]-5’-[ (benzyloxy)carbonyl]dipyrrylmethane-5- 
carboxylate (9b) was obtained from the reaction of 1.8 g of the 
acetate 3lOE with 1.3 g of pyrrole 713 following the procedure 
described for the synthesis of 12a; 2.6 g (92%) of oily 9b were 
obtained: mass spectrum, m / e  (relative intensity) 580 (M+, 28), 

CHZCH,), 1.50 (5, 9 H, (CH3)3). 

96-98 “C; NMR (CDCl,) 6 9.50 (8,  1 H, CHO), 4.00 (8, 2 H, 

562 (M’, 20); NMR (CDC13) 6 6.40 ( 8 ,  1 H, H-57, 3.60-3.85 (b, 

J. Org. Chem., Vol. 51, No. 15, 1986 3005 

179 (37); NMR (CDC13) 6 7.38 (s, 5 H, Ph), 5.25 ( ~ , 2  H, CHzPh), 
3.81 (8 ,  2 H, pyrr-CHz-pyrr), 3.63 (8,  6 H, OCH,), 2.99 (m, 4 H, 
CHzCHzCO), 2.48 (m, 4 H, CH2C0), 1.98 (6, 6 H, CH,) 1.59 (9, 

9 H, (CH313). 
tert -Butyl 3,3’-dimethyl-4,4’-bis[~-(methoxycarbonyl)- 

ethyl]dipyrrylmethane-5-carboxylate (13b) was obtained from 
9b (2.4 g) following the procedures described for the preparation 
of 16a; 0.96 g (50% overall yield) of oily 13b were obtained: mass 
spectrum, m / e  (relative intensity) 446 (M’, 49), 180 (61); NMR 
(CDCl,) 6 6.40 (b, 1 H, H-5’), 3.81 (s, 2 H, pyrr-CH,-pyrr), 3.74, 
3.76 (s,6 H, OCH,), 2.76 (m,8 H, CHzCH2CO),2.11 (s,6 H,CH3), 

tert-Butyl 3,3’-dimethyl-4,4’-bis[j3-(methoxycarbonyl)- 
ethyl]-5’-formyldipyrrylmethane-5-carboxylate ( 17b) was 
obtained from 13b (0.8 g) following the procedure described for 
20a; 0.57 g (65%) of 17b were obtained: mp 114-116 “C (etha- 
nol-water); NMR (CDCl,) 6 9.54 (8 ,  1 H, CHO), 3.88 (8 ,  2 H, 
pyrr-CHz-pyrr), 3.71, 3.69 (s, s, 6 H, OCH,), 2.97 (m, 4 H, 
CHzCHzCO), 2.57 (m, 4 H, CH2C0), 2.10, 2.05 (s,6 H, CH,), 1.57 
(s ,9  H, (CH,),). Anal. Calcd for Cz5H3,N2O7: C, 63.29; H, 7.17; 
N, 5.91. Found: C, 63.30; H, 7.20; N, 5.80. 

ter t -Butyl  3,4’-bis[/3-(methoxycarbonyl)ethyl]-4,3’-di- 
met hyl-5’4 (benzyloxy )carbonyl]dipyrrylmet  hane-5- 
carboxylate (lob) was obtained by condensation of 1.3 g of 
acetate 3 with 0.9 g of pyrrole 813 (as its methyl ester) following 
the procedure described for the synthesis of 12a; 1.6 g (85%) of 
oily 10b were obtained mass spectrum, m / e  (relative intensity) 
580 (M’, 6), 314 (5); NMR (CDCl,) 6 7.37 (s, 5 H, Ph), 5.29 (s, 
2 H, CH2), 3.92 (s, 2 H, pyrr-CH,-pyrr), 3.68 (s, 6 H, OCH,), 3.04 
(m, 4 H, CH2CH2CO), 2.59 (m, 4 H, CH2CO), 2.28 (s, 3 H, 4’-CH3), 

tert-Butyl 3,4’-bis[~-(methoxycarbonyl)ethyl]-4,3’-di- 
methyldipyrrylmethane-5-carboxylate ( 14b) was obtained 
from 10b (1 g) following the procedures described for the synthesis 
of 16a: 0.4 g (47% overall yield); mass spectrum, m / e  (relative 
intensity) 446 (M’, 95), 180 (80); NMR (CDC1,) 6 8.33, 7.95 (b, 
1 H, NH), 6.40 (b, 1 H, H-59, 3.87 (pyrr-CH2-pyrr), 3.80,3.74 (s, 
6 H, OCH,), 2.60 (m, 8 H, CH2CHz) 2.30 (s, 3 H, 4-CH3), 2.08 (s, 

tert -Butyl  3,3’-bis[@-(ethoxycarbonyl)ethyl]-4,4’-di- 
methyl-5’-[ (benzyloxy)carbonyl]dipyrrylmethane-5- 
carboxylate (12b) was obtained from the reaction of 1 g of 813 
and 1.4 g of 4’OC following the procedure described for the synthesis 
of 12a; 1.3 g (60%) of 12b were obtained: mass spectrum, m / e  
(relative intens ity) 608 (M’, a), 551 (M+ - isobutylene, 24), 461 

2 H, CH2Ph), 4.25-3.90 (b, 6 H, OCH2CH3), 2.65-2.40 (m, 8 H, 

1.58 (9, 9 H, (CH3)3). 

2.08 (8, 3 H, 3-CH3), 1.58 (s, 9 H, (CHJ3). 

3 H, 3’-CH3), 1.59 (s, 9 H, (CH3)3). 

(551 - CHZPh, 100); NMR (CDC13) 6 7.35 (s, 5 H, Ph), 5.20 (s, 

CHZCHZ), 2.65-2.20 (9, 8, 6 H, CH3), 1.55 (s, 9 H, (CH3)3), 1.20, 
1.15 (t, t, 6 H, OCH2CH3). 

ter t -Butyl  3,3’-bis[~-(ethoxycarbonyl)methyl]-4,4’-di- 
methyldipyrrylmethane-5-carboxylate (16b) was obtained 
from 12b (1.3 g) following the procedures described for the 
preparation of 16a; 0.6 g (65% overall yield) of 16b were obtained 
mass spectrum, m / e  (relative intensity) 474 (M+, 25); NMR 
(CDCl,) 6 6.35 (s, 1 H, H-5’), 4.25-3.90 (m, 4 H, OCH2CH3), 3.85 
(s, 2 H,pyrr-CH,-pyrr), 2.75-2.45 (m, CH2CH2), 2.25 (s, 3 H, CH3), 

tert -Butyl 3,3’-bis[~-(ethoxycarbonyl)methyl]-4,4’-di- 
methyl-5’-formyldipyrrylmethane-5-carboxylate (20b) was 
obtained from 16b (0.6 g) following the procedure described for 
20a; 0.41 g (65%) of 20b were obtained: mp 120-122 “C (etha- 
nol-water); NMR (CDC13) 6 9.50 (s, 1 H, CHO), 4.25-4.0 (m, 6 
H, OCHzCH3, pyrr-CHz-pyrr), 2.85-2.45 (m, 8 H, CH2CH2), 

OCHzCH3). Anal. Calcd for C25H34N207: C, 63.29; H, 7.17; N, 
5.91. Found: C, 63.25; H, 7.10; N, 5.60. 

Urobiliverdin I (Bactobilin) Octamethyl Ester. A mixture 
of 97 mg (0.16 mmol) of aldehyde 19alob and 90 mg (0.16 mmol) 
of dipyrrylmethane 14a was dissolved in 3 mL of anhydrous 
methanol and 0.3 mL of 48% HBr was added. The solution was 
kept at 20 “C during 15 min and was then poured over a column 
(1.5 x 20 cm) of deactivated alumina (prepared by suspending 
Merck grade I alumina in methanol, filtering, and drying in air), 
prewashed with chloroform. The bilene 21a (yellow band) was 
eluted with the same solvent and was collected in a mixture of 
methanol and 48% HBr. The eluates were evaporated to dryness 

2.0 (8, 3 H, CH3), 1.50 (s, 9 H, (CH3)3), 1.40 (t, t, 6 H, OCH2CH3). 

2.35-2.30 (e, S, 6 H, CH3), 1.55 (s, 9 H, (CH3)3), 1.25 (t, t, 6 H, 
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in vacuo and the red residue was redissolved in dry ethyl ether 
and the solution was again evaporated to dryness. The hydro- 
bromide 21 [NMR (CDC13) 6 7.50 (b, 1 H, CH=), 5.00 (b, 4 H, 
pyrr-CHz-ppr), 3.87,3.75 (8, s, 4 H, CHzCO), 3.69, 3.68 (b, b, 24 

1.55 (s, 18 H, (CH3)3)] was dissolved in 30 mL of trifluoroacetic 
acid previously flushed with nitrogen, and the mixture was kept 
at 20 OC during 15 min under a stream of nitrogen. Bromine (0.03 
mL) was then added in three portions over a l-h period, while 
the solution was kept a t  -10 OC. The mixture was then poured 
over degassed water (100 mL), the aqueous solution was extracted 
with chloroform (4 X 30 mL), and the chloroform extracts were 
washed with 8% sodium bicarbonate, dried (Na2S04), and 
evaporated to dryness. The residue was disolved in a mixture 
of chloroform/acetone/qethanol(94:42) and was fiitered through 
a TLC silica gel column (4 X 30 cm). The fractions containing 
the blue band were pooled and evaporated to dryness, and the 
residue was crystallized from chloroform-hexane: 12 mg (8%); 
mp 178-180 OC; mass spectrum, m / e  (relative intensity) 960 (M+ 
- 2, l), 488 (dipyrromethenone half plus CH, 4), 476 (dipyrro- 
methenone half, 4), 456 (M' - 474 - 30 (2CH3), 15), 444 (M' - 
488 - 30 (2CH3), 19), 400 (444 - 44 (Cod, 9), 386 (400- 14 (CH3), 
13), 371 (458 -87 (CH2CH2CO2CH3), 10). Anal. Calcd for 

N, 5.72. 
Coprobiliverdin I tetramethyl ester was obtained following 

the procedure described above. By condensation of 90 mg of the 
aldehyde 19b10C (as its diethyl ester) and 80 mg of 14b, the bbilene 
21b was obtained as its dimethyl and diethyl ester and was ox- 
idized to coprobiliverdin I as described above. After filtration 
through the TLC silica gel column using chloroform/acetone/ 
llpethanol(100:4:2) as elution solvent, the obtained mprobiliverdin 
I ester was dissolved in 5 mL of 5% sulfuric 4cid in methanol and 
kept at 20 OC during 18 h. The solution was diluted with chlorform 
and then washed with a 8% sodium bicwbonate solution, and 
the organic layer was evaporated to dryness in vacuo. The residue 
of coprobiliverdin tetramethyl ester was crystallized from chlo- 
roform-benzene: 15 mg (11%); mp 188-190 "C; NMR (CDC13) 
6 6.60 (5, 1 H, H-lo), 5.80 (s, 2 H, H-5 and H-15), 3.70 (8, s, s, 12 
H, OCH3), 2.80 (m, 6 H, CHz-3a, 8a, and 13a), 2.75 (m, 6 H, 
CH2-Sb, 8b, 13b, 18a, and 18b), 2.20,2.10, 2.05 (8, s, s,9 H, CH3-7, 
12, and 17), 1.80 (s, 3 H, CH3-2). Anal. Calcd for C3g&N401O: 
C, 64.09; H, 6.34; N, 7.66. Found: C, 64.10; H, 6.30; N, 7.56. 

Urobiliverdin IIIa octamethyl ester was obtained following 
the described procedure by condens&ion of 18a (65 mg) and 13a10a 
(60 mg); 8 mg (8%) of urobiliverdin IIIa octamethyl ester were 
obtained by oxidation of the b-bilene hydrobromide 22a: mp 
185-187 "C (chloroform-hexane); mass spectrum, m/e  (relative 
intensity) 960 (M' - 2, 3). Anal. Calcd for c47HuN4018: c ,  58.62; 
H, 5.61; N, 5.82. Found: C, 58.81; H, 5.82; N, 5.90. 

Coprobiliverdin IIIa tetramethyl ester was obtained by 
condensation of 17b (75 mg) and 14b (70 mg) to give the b-bilene 
hydrobromide 2% which was then oxidized to the coprobiliverdin 
IIIa tetramethyl ester: 13 mg (12%); mp 190-192 OC (chloro- 
form-hexane); mass spectrum, m / e  (relative intensity) 730 (M', 

C-15), 3.70, 3.75 (s, 8, 12 H, OCH3), 2.80, 2.60 (t, t, 8 H, CHz-3a, 
8a, 12a, Ma), 2.50 (b, 8 H, CH2-3b, 8b, 12b, lab), 2.10, 2.05 (9, 
b, 9 H, CH3-7, 12, 17), 1.80 (s, 3 H, CH3-2). Anal. Calcd for 
C3J34sN4010: C, 64.09; H, 6.34; N, 7.66. Found C, 64.05; H, 6.25; 
N, 7.76. 

Urobiliverdin IIIB octamethyl ester was obtained by con- 
densation of the formyldipyrrylmethane 20a (100 mg) and Malob 
(90 mg) to give the b-bilene hydrobromide 23a which was oxidized 
to the urobiliverdin ester was described above: 15 mg (9%); mp 
183-185 OC (chloroform-hexane); mass spectrum, m/e  (relative 
intensity) 960 (M+ - 2,2). Anal. Calcd for C47HMN4018: C, 58.62; 
H, 5.61; N, 5.82. Found C, 58.65; H, 5.73; N, 5.78. 

Coprobiliverdin 1118 tetramethyl ester was obtained by 
condensation of the dipyrrybethanes 19b'" (90 mg) (as its diethyl 
ester) and 16b (80 mg) to give 23b (as its ethyl ester) which was 

H, OCHJ, 334,328 (8, 8, 4 H, CHZCO), 2.56 (b, 16 H, CH&H2CO), 

C47HuN4Ole: C, 58.62; H, 5.61; N, 5.82. Found C, 58.39; H, 5.50; 

16); NMR (CDCl3) 6 6.70 (s, H, C-lo), 5.85, 5.80 (9, 8, 2H, C-5 and 
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oxidized to the corresponding biliverdin and transesterified with 
5% sulfuric acid in methanol to give coprobiliverdin IIIP octa- 
methyl ester: 12 mg (10%); mp 135-137 "C (chloroform-hexane); 
mass spectrum, m / e  (relative intensity) 730 (M', 19), 360 (100); 

C-15); 3.75,3.70 (b, b, 12 H, OCH3) 2.75 (m, 6 H, CH2-3a, 7a, 13a), 

12, 17), 1.80 (s,3 H, CH3-2). Anal. Calcd for C39H4N4010: C, 
64.09; H, 6.34; N, 7.66. Found: C, 64.15; H, 6.21; N, 7.50. 

Urobiliverdin 1117 octamethyl ester was obtained by con- 
densation of the form ldipprylmethane 17aloa (90 mg) and the 

24a which was oxidized to the urobiliverdin: 8 mg (5%); mp 
203-205 OC (chloroform-hexane); mass Spectrum, m / e  (relative 

H, 5.61; N, 5.82. Found: C, 58.85; H, 5.50; N, 5.70. 
Coprobiliverdin 1117 tetramethyl ester was obtained by 

condensation of 17b (72 mg) and the diethyl ester of 15b10C (70 
mg) to give the b-bilene hydrobromide 24b which was oxidized 
to the biliverdin and then transestesied to the tetramethyl ester: 
11 mg (10%); mp 202-203 OC; mass spectrum, m / e  (relative 
intensity) 730 (M', 18); NMR (CDCl,) 6 6.57 (e, 1 H, H-lo), 5.82, 

(m, 4 H, CH2-8a, 13a), 2.55 (b, 12 H, CH2-2a, 18a, 2b, 8b, 13b, 
lab), 2.15, 2.10, 2.05 (8, s, 8, 12 H, CH3). Anal. Calcd for 
C39H4N4010: C, 64.09, H, 6.34; N, 7.66. Found: C, 64.10; H, 6.20; 
N, 7.65. 

Urobiliverdin I116 octamethyl ester was obtained by con- 
densation of the formyldipyrrylmethane 20a (100 mg) and the 
dipyrrylmethane 14a (90 mg) to give the b-bilene hydrobromide 
25a which was oxidized to the urobiliverdin I116 octamethyl ester; 
13 mg (7.5%) of the noncrystalline isomer was obtained mass 
spectrum, m/e  (relative intensit) 962 (M+, 6), 476 (a), 488 (9), 
444 (20). 

Coprobiliverdin 1116 tetramethyl ester was obtained by 
condensation of the dipyrrylmethane 20b (90 mg) and 14b (80 
mg) to give the b-bilene hydrobromide 26b which was oxidized 
to the biliverdin and the latter than transesterified to finally give 
coprobiliverdin 1116 tetramethyl ester: 20 mg (16%); mp 92-94 
"C (chloroform-hexane); mass spectrum, m/e (relative intensity) 

s, 2 H, H-5 and H-E),  3.65,3.70 (s, s, 12 H, OCH3), 2.95-2.50 (m, 

CH3-2, 18). Anal. Calcd for C39H4N4010: C, 64.09; H, 6.34; N, 
7.66. Found: C, 64.13; H, 6.31; N, 7.56. 
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