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Abstract—The crystal structure of the title compound is the first example of a bilirubin existing in both extended and cyclic con-
formations and the first bile pigment structure showing two markedly different conformations in the unit cell. In contrast to pre-
vious rubin structures the dipyrrinone rings are twisted out of planarity in both conformers. Because of numerous hydrogen-
bonding and ionic interactions a highly complex tetrameric structure is observed in which each extended conformer is held pincer-
like by another. # 2001 Elsevier Science Ltd. All rights reserved.

Unlike their relatively rigid porphyrin and heme pre-
cursors, bile pigments are conformationally flexible
molecules.1 In solution and in the solid state biliverdin
and related compounds (with the tetrapyrrole backbone
1) exist predominantly as helical (‘lock-washer’) 5,9,14-
synperiplanar conformers,2 although extended ‘linear’
conformers can occur.3 In contrast, folded ‘ridge-tile’
structures, in which the two synperiplanar dipyrrinones
lie in separate planes at �95–120� to each other, have
invariably been observed for the corresponding rubins
(backbone 2), such as bilirubin 3, containing propionic
acid substituents at C8 and C12.4�8 These ridge-tile
conformers are stabilized by a network of intramol-
ecular hydrogen bonds linking the propionic carboxy
groups to the pyrrole imino and lactam groups. This
conformation is dominant in solution5,6 and has been
found even for C10-substituted derivatives both in
solution5,8a and in the solid state.8b The conformational
preference of rubins that cannot form intramolecular
hydrogen bonds is less clear. Molecular dynamics cal-
culations suggest that the ridge tile conformation is still
preferred,7b while spectroscopic studies indicate that
other conformations are possible.9 The only relevant
crystal structure available is that of 1,19-diethoxybili-
rubin diethyl ester 4, which crystallizes in a conforma-
tion in which the two planar dipyrrinones are oriented
almost perpendicular to each other.10

During studies related to bile pigment metabolism in
frogs, we synthesized the sulfonated bilirubin analogue
etiobilirubin-IVg-C10-sulfonic acid and isolated its
monosodium salt 6. The crystal structure of this sub-
stance presented here is remarkable because of its unu-
sually high degree of solvation and localization of
sodium ions within an intermolecular channel, and
because the unit cell contains two different conformers,
one intercalated inclusion-like into the other and neither
having the expected ridge-tile structure.

The sulfonate 6 [emax (390 nm, CHCl3) 41.4 mmol dm
�3]

was synthesized by reaction of aqueous sodium bisulfite
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with etiobiliverdin-IVg 5 in CHCl3/MeOH and crystal-
lized from EtOH/n-hexane.11,12 The product had MS
and 1H NMR spectra consistent with the assigned
structure, but failed to give satisfactory elemental ana-
lyses because of its high degree of solvation and its ten-
dency to decompose during vacuum drying. A crystal
structure analysis of 6 was performed as a low tem-
perature study at 130 K.13

The salt crystallizes as a tetramer (Fig. 1) in which pig-
ment dimers of extended and claw-like conformers are
linked together by multiple ionic and hydrogen bonding
interactions involving the sodium and sulfonate ions,
solvent molecules, and the pyrrinone NH/O groups.
Hydrophobic groups cover the exterior surface of the
tetramer, and a polar channel, running between the
dimers is stuffed with solvent of crystallization. Four
water molecules and 14 ethanol molecules of solvation
were found to be directly associated with each tetramer.
One hexane molecule and additional water residues
were located in the void between the tetramers.

The difficult packing, the complex hydrogen bonding
system, and disorder in some chromophore side chains
and in the solvate molecules made the refinement diffi-
cult and gave a structure with relatively high R-values.

This has been observed for most related structures and
is often a limiting factor in obtaining reliable structural
data for linear tetrapyrroles.1,15 Despite the unsatisfac-
tory refinement the X-ray analysis confirms the assigned
structure of 6 unambiguously as the monosodium salt of
a C10 sulfonate.

The tetramer is held together by ionic interactions
between the Na+ and SO3

� groups (Na1–O7 2.318 Å,
Na2–O2 2.621 Å). The coordination sphere of the
sodium ions is saturated by ethanol (N1–O2S 2.376 Å,
Na2–O3S 2.288 Å, Na2–O4S 2.502 Å) and water mole-
cules (Na1–O1H 2.331 Å, Na1–O2H 2.472 Å, Na2–O2H
2.48 Å) and by bonding with pyrrinone carbonyl oxygen
atoms (Na1–O5 2.428 Å, Na2–O3 2.473 Å, Na2–O5
2.384 Å). Additional stabilization is achieved by using
ethanol and water molecules as connectors for hydrogen
bonding systems. Examples are the connection of Na1
via a two ethanol chain to the SO3

� group of the claw
conformer (O2S–O5S 2.709 Å, O5S–O8 2.637 Å), of Na2
via a one ethanol bridge to the SO3

� group of the extended
conformer (O4S–O3 2.872 Å), and of Na1 via a water
(O2H) to Na2. The ethanol situated between Na2 and O3
is also coordinated to N24 (N24–O4S 2.884 Å), while the
water molecule O1H connects Na1 to N21 (2.873 Å).
Additionally O2H is bonded to a further ethanol (O2H–
O6S 2.750 Å), that in turn is bonded to N28 (2.970 Å).

Figure 1. The molecular structure of the tetrameric aggregates formed by 6 in the crystal. Hydrogen atoms, methyl and ethyl substituents, and
disordered positions have been omitted for clarity. Dashed solid lines indicate bonding interactions involving the sodium cations, dashed lines
hydrogen bonding interactions involving oxygen atoms and dotted lines those involving nitrogen atoms.

Figure 2. View of the extended, linear conformer of 6 in the crystal.

876 M. O. Senge et al. / Bioorg. Med. Chem. Lett. 11 (2001) 875–878



The two monomers in each dimer of the unit cell have
markedly different conformations that have not been
observed previously in crystal structures of bilirubins
(1,19-dioxo-biladienes-ac). One has an extended, ‘lin-
ear’, conformation (Fig. 2); the other, a symmetrical
folded, claw-like conformation (Fig. 3). The two mono-
mers form an inclusion complex in which one lactam
ring of an extended conformer is intercalated within the
wide cleft located between the two dipyrrinone arms of
a claw conformer (Fig. 4). This interaction is facilitated
both by the specific conformation of the claw conformer
and by hydrogen bonding interactions. The carbonyl
oxygen atom O1 of the extended conformer is connected
in bidendate fashion to N26 (2.872 Å) and N27 (2.909
Å) of the claw conformer. Additionally, a short inter-
molecular contact is observed between N22 and O10
(2.917 Å).

In both conformers the dipyrrinone moieties deviate
much more from planarity than observed in other bili-
rubin structures. The interplanar dihedral angles
between the two pyrrole rings in each dipyrrinone are
26.3� (N21/N22) and 27.7� (N23/N24) in the extended
conformer and 31.7� (N25/N26) and 34.2� (N27/N28) in
the claw conformer. This is also shown by the twist
angles about the bridge C¼C bond (c1, c2) within each
dipyrrinone (e.g., c1=ffC4,C5,C5,N22). These are 17.9
and 21.8� in the linear conformer and 26.7 and �30.5�
in the claw conformer. In bilirubin the respective values
are 17.5 and �2.7�.4a Presumably, distortion energy in 6
is more than offset by stabilizing non-bonded interac-
tions within the tetramer.

As shown, the relative orientations of the two dipyrri-
none arms in each conformer are quite different. The
angle between the two 11 macrocycle atom planes (for
each dipyrrinone) is 61.9� in the linear and 88.9� in the
folded conformer, respectively. Even more revealing
are the dihedral angles involving the meso carbon C10
connecting the two dipyrrinone units. According to
Sheldrick the angles f1 (ffN22,C9,C10,C11) and f2

(ffC9,C10,C11,N23) are expected to be approx. 0� for a
porphyrin, f1��10� and f2��10� for a helical con-
formation, f1�60� and f2�60� for the ridge-tile con-
formation, f1�180� and f2�180� for a linear
conformation and f1��90� and f2�0� for a perpendi-
cular conformation.10 In the present case, the extended

conformer (Fig. 2) exhibits f1=137� and f2=100.2�

while the folded conformer (Fig. 3) has an f1 angle of
67.3� and a f2 angle of �61.1�. Thus, the two con-
formations found here deviate substantially from the
four classical predicted conformational extremes.

The present structure is the first example of a rubin
existing in both extended and folded conformations and
the first bile pigment structure showing two markedly
different conformers in the unit cell. It contrasts mark-
edly with previous rubin structures in that in both con-
formers the dipyrrinone rings are twisted out of
planarity. Remarkably, each extended conformer is held
pincer-like by the other folded conformer (Fig. 4).

Together with Sheldrick’s structure10 of diethoxy-bili-
rubin dimethyl ester the present example shows that
non-ridge-tile structures may prevail for bilirubins when
intramolecular hydrogen bonding to propionic or amide
functions at C8 and C12 is precluded. For such com-
pounds, the classical ridge-tile structure is not necessa-
rily the preferred conformation, at least in the solid
state. The presence of two conformers in crystals of 6
suggests that the compound may also be con-
formationally heterogeneous in solution, as suggested
for bilirubin dimethyl ester.9
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