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ARTICLE INFO ABSTRACT

Keywords: Open-chain tetrapyrroles are ubiquitous and abundant in living organisms (algae, animals, bacteria, and plants),
B?I.e pigment including examples such as bilirubin, biliverdin, phycocyanobilin, phycoerythrobilin, and urobilin. The open-
Bilin chain tetrapyrroles, collectively termed bilins, arise from biosynthesis or degradation of tetrapyrrole macro-
Biliprotein s . . . . . . . .

Luciferin cycles. Bilins are now known to play a wide variety of biological roles encompassing light-harvesting (in phy-
Phycobilin cobiliproteins), photomorphogenesis, signaling, and redox chemistry. The absorption spectra of bilins spans the
Phyllobilin ultraviolet (UV), visible, to near-infrared (NIR) regions depending on the degree of conjugation, thereby
Phytochrome providing a wide range of colors from red/orange to blue/green. The fluorescence intensity of bilins is often quite

low and hence fewer spectra are available, but can be increased substantially by structural rigidification, as
evidenced by the wide use of biliproteins as fluorescent labels. The present article describes a database of ab-
sorption and fluorescence spectra of bilins from natural and synthetic origins for 220 compounds (270 absorption
and 13 fluorescence spectral traces). Spectral traces of bilins published over the past ~50 years have been
digitized and assembled along with information concerning solvent, photochemical properties (molar absorption
coefficient and fluorescence quantum yield), and literature references. The spectral traces (xy-coordinate data
files) can be viewed, downloaded, and accessed at www.photochemcad.com. The accessibility of spectral traces
in digital format should facilitate identification and quantitative calculations of interest in diverse scientific

areas.

1. Introduction

Open-chain tetrapyrroles are comprised of four pyrrolic rings
attached via three methylene or methine units. They are also referred to
as bilins, bilanes, and bile pigments because such compounds were
originally isolated from mammalian bile in the form of bilirubin and
biliverdin [1]. Open-chain tetrapyrroles are also commonly called linear
tetrapyrroles to draw a distinction from tetrapyrrole macrocycles;
however, the molecules adopt a rich set of stereochemical conforma-
tions and are rarely linear in a strict sense [2,3]. The conformations arise
from the nature of the saturation of each pyrrolic ring (pyrrole, pyrro-
line, or pyrrolidine), the pyrrolic substituents (oxo, alkyl, vinyl, etc.),
configurations of any stereocenters, and the various paths of conjugation
encompassing up to four pyrrolic rings. Open-chain tetrapyrroles are
ubiquitous pigments of life found in animals (amphibians, birds, fish,
insects, mammals, reptiles) [1,4], plants [5], algae (cryptomonads,
glaucophytes, rhodophytes) [6,7], and bacteria (cyanobacteria) [8].

The naturally occurring open-chain tetrapyrroles are derived
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invariably by degradation of tetrapyrrole macrocycles such as heme or
chlorophylls. One notable exception is hydroxymethylbilane, which is a
precursor in the biosynthesis of tetrapyrrole macrocycles. Heme is
degraded to biliverdin IXa by heme oxygenase in the presence of oxygen;
thereafter, biliverdin IXa is reduced to bilirubin IXa by biliverdin
reductase (Scheme 1, upper panel) [9,10]. The Roman numeral suffix is
legacy nomenclature from an early era of tetrapyrrole science [11]. In
mammals, heme oxygenase attacks the a-position out of four possible
positions; therefore, the biliverdin o isomer is predominant in nature [4,
10]. In cyanobacteria and perhaps other organisms, biliverdin IXa is
further reduced to form phycoerythrobilin, which is subsequently iso-
merized to phycocyanobilin [12,13]. A further class of open-chain tet-
rapyrroles is found through the breakdown process of chlorophylls at the
a-position, which leads to red chlorophyll catabolite (RCC) in senescent
leaves (Scheme 1, lower panel, right) [14,15]. Further metabolism of
RCC occurs to form a diverse collection of phyllobilins, which now have
been characterized in > 30 plant species [16,17]. Phyllobilins differ
from heme-derived bilins in the presence of the fifth ring characteristic
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of photosynthetic tetrapyrrole macrocycles.

Open-chain tetrapyrroles are also found in marine organisms,
namely krill and dinoflagellates. Such structures are derived from
degradation of chlorophyll a at the 3-position and are referred to as
luciferins (Scheme 1, lower panel, left). Dinoflagellates are known as
one source of the toxic “red tides,” and the brilliant blue biolumines-
cence that can illuminate the summer ocean at night is ascribed to the air
oxidation of a dinoflagellate luciferin [18,19]. Krill luciferin, the cause
of krill bioluminescence, is analogous to dinoflagellate luciferin [19,20],
and is assumed to originate from dietary sources such as dinoflagellates
[21]. Studies of the biosynthetic origins of dinoflagellate luciferins are
under progress [22,23].

Beyond ubiquity and diversity, open-chain tetrapyrroles are abun-
dant: the amount of heme degraded by an average human is estimated as
~375 mg per day [24], which extrapolated for a world population of 8
billion equates to 10° kg per year. The net production of chlorophylls is
estimated to be 102 kg/yr [25], which provides an upper bound on the
production of phycobilins. Numerous synthetic open-chain tetrapyrroles
have also been prepared as follows: (i) part of the total synthesis of
naturally occurring [2,26] or synthetic [27-29] open-chain tetrapyr-
roles, (ii) as diverse metal complexes in fundamental studies of coordi-
nation chemistry [30,31], (iii) from ring cleavage of tetrapyrrole
macrocycles via oxidation [5,30], or (iv) as precursors of synthetic
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tetrapyrrole macrocycles [32-40].

The physiological functions of naturally occurring open-chain tet-
rapyrroles often occur in the confines of protein complexes. Examples
include the following: (i) light-harvesting in algae and bacteria as phy-
cobiliproteins/phycobilisomes [13]; (ii) photomorphogenesis regula-
tion as phytochromes in plants [41]; and (iii) coloration of bird eggshells
[40-43], molluscan shells [44], fishes [45], and insects [46]. These light
and color-related features are attributed to diverse photochemical and
photophysical properties of open-chain tetrapyrroles, which are enabled
by the wide range of absorption in a region where chlorophylls have
little absorption. The region between the intense blue and intense red
absorption bands of chlorophylls is referred to as the green gap.
Accordingly, applications of open-chain tetrapyrroles are found in a
wide variety of fields, for instance as natural food colorants [47],
cosmetic patches [48,49], photosensitizers for photodynamic therapy
[50,51], fluorescent markers [52], absorbers in dye-sensitized solar cells
[53,54], and chromophores in genetically modified fluorescence pro-
teins [55,56] including those in the nascent field of optogenetics [57,
58].

The rich physiological features of open-chain tetrapyrroles begin in
many cases with the absorption of light. Absorption and fluorescence
spectral data of open-chain tetrapyrroles in the literature from four or
more decades ago are largely only available in tabulated form for a
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Scheme 1. Degradation pathway of heme and chlorophyll a.
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limited number of compounds [1,27,59]. Absorption spectra of
open-chain tetrapyrroles tend to exhibit broad peaks compared to other
pigments (carotenoids, chlorophylls); hence, mere tabulated data
(wavelength, absorption coefficient) are insufficient for understanding
spectral properties. The accessibility of spectral traces is essential for
structure-spectral comparisons, assessing possible color, performing
multicomponent analysis, and calculating rates of excited-state
energy-transfer (e.g., FRET) as well as the magnitude of oscillator
strengths [60]. The scattered nature of the available specctral data has
precluded a comprehensive understanding of the scope of the bilins
field.

In this article, we describe a database of spectra of 220 open-chain
tetrapyrroles, including 270 absorption and 13 fluorescence spectral
traces. The compounds include those from natural and synthetic origins.
The spectra complement those in a recently assembled database for
phyllobilins [17]. The spectra were obtained from the published litera-
ture and are accompanied by photophysical data (values of the molar
absorption coefficient and fluorescence quantum yield) where available.
The spectral traces (xy-coordinate text format) and photophysical data
can be accessed at www.photochemcad.com. Taken together, the
assembled data should provide a foundation in support of research in the
bilins field.

2. General overview
2.1. PhotochemCAD

PhotochemCAD is comprised of a program for performing calcula-
tions germane to the photosciences, databases of spectra along with
companion photophysical parameters, and literature references. The
program contains modules for calculations relevant to individual com-
pounds (oscillator strength, transition dipole moment, natural radiative
lifetime); interactions of compounds (Forster resonance energy transfer
or FRET, Dexter energy transfer, energy transfer analysis); and mixtures
of > 2 compounds (multicomponent analysis) [60]. Additional calcu-
lational features are available to create and manipulate fictive data for
comparative purposes. The databases to date include those for 300
common compounds [61], chlorophylls [62], synthetic chlorins [63],
tolyporphins [64], phyllobilins [17], and flavonoids [65]. The spectra
can be viewed at a website [66,67] whereas the program and spectral
databases must be downloaded to carry out calculations.

The assembly of databases of spectra is essential to advance the
photosciences, yet remains a painstaking endeavor given that such data
typically are found rarely and irregularly across the vast print literature
[68]. Tabulations of peak maxima of various compounds have value, but
spectra are essential for a deep understanding and consideration of
many applications in the photosciences [68-70]. For open-chain tetra-
pyrroles, the acquisition of absorption and fluorescence spectral traces
faces challenges due to the limited commercial availability of such
compounds and the impracticality of soliciting raw data — presumably
mostly in print form — over a period of 50 years from research groups
spread globally. Thus, we decided to assemble a database of digitized
absorption and fluorescence spectral traces from the published
literature.

2.2. Scope

In this article, we focused on open-chain tetrapyrroles regardless of
their natural, semi-synthetic, or synthetic origin. The compounds
include the free base species as well as metal complexes thereof. We
generally excluded the following groups of compounds: complexes
composed of two open-chain tetrapyrroles and one or more metals;
synthetic oligopyrroles that contain > 4 pyrrolic species [71-73]; and
double stranded or helical metal complexes of oligopyrroles [74-87]. A
few representative difluoroboron complexes of open-chain oligopyrroles
have been included where valuable comparisons can be made, but many
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such compounds [88,89] have been omitted. The present database also
excludes all but three phyllobilins (which are employed for comparison
purposes), as a spectral database of such compounds has recently been
assembled [17]. Finally, we also have excluded the many articles con-
cerning open-chain tetrapyrroles that include tables of absorption
maxima but without absorption spectral traces.

2.3. Sources of spectra

Altogether, 270 absorption spectral traces and 13 fluorescence
spectral traces were digitized from the scientific literature by using the
software WebPlotDigitizer [90]. In some older literature, the spectral
traces in the diagrams were hand-drawn, and the resulting absorption
maxima were significantly offset from the values listed in the text. For
those cases, the absorption maxima were adjusted to cohere with the
values in the companion text. The process for digitization has been
described in detail [62,64,65].

Nine absorption spectral traces (1, 21, 214-220) were drawn from
our prior publications [37-40,61]. Such spectra were measured at room
temperature using 1-cm path length cuvettes with an Agilent 8453
spectrometer. An absorbance maximum was maintained below A = 1.5
to avoid detector saturation.

3. Bilin structures and spectral parameters
3.1. Nomenclature and terminology

The nomenclature of compounds that are germane to bilin chemistry
is shown in Chart 1, along with common motifs and their terminology.
The nomenclature in the field of tetrapyrroles is a hodgepodge of legacy
terms, idiosyncratic conventions, semi-systematic names, and more
formal names drawn from the American Chemical Society (ACS) and the
International Union of Pure and Applied Chemistry (IUPAC). For
example, the a,p,y,5 labels to denote the meso-positions of heme shown
in Scheme 1 date to Hans Fischer approximately a century ago. The most
recent formal review of tetrapyrrole nomenclature, now somewhat
dated, was prepared by Moss [11]. Any discussion of nomenclature
should be leavened by the spirit of Fox and Powell [91], authors of an
authoritative text on the topic, who stated “The only real requirement for
conventional nomenclature is that it provide unambiguous and understand-
able names for the audience being addressed. The main goal of any systematic
nomenclature is to convey the composition, and as far as possible, the
structure of chemical compounds and substances. However, there are cir-
cumstances that need, even require, a unique name, that is, one and only one
name for each substance.” The development of nomenclature within a
family of substances in a given domain within the tetrapyrrole field is
quite challenging given that many families include a variety of natural
substances, each often with a unique name, along with diverse collec-
tions of non-natural, synthetic compounds [92,93].

A collection of pyrrolic monomers is shown in the top row of Chart 1,
where “pyrrolic” is the all-encompassing term to describe all members.
The common names used herein are shown in red font. The pyrrolidin-2-
one compound is a lactam (cyclic amide), as is the pyrrolin-2-one. Given
the common presence of such structures in the bilin family, the common
names pyrrolidinone and pyrrolinone are used herein.

The second row shows dipyrrolic structures. The term dipyrrin has
supplanted the previous term dipyrromethene [11]. The dipyrrinone is a
very common motif in naturally occurring bilins. In principle, the
dipyrrinone can tautomerize to give a hydroxy-dipyrrin, and although
the equilibrium profoundly favors the dipyrrinone, trapped derivatives
and analogues of the hydroxy-dipyrrin are described in the collection
presented herein. The value of common names even for relatively small
structures is seen by one of the formal names of dipyrrinone, which is
(Z)— 5-((1H-pyrrol-2-yl)methylene)— 1,5-dihydro-2H-pyrrol-2-one.

The third row of Chart 1 shows nomenclature for bilane, which is the
parent, or reference, structure of bilins. The numbering system proceeds
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Chart 1. Nomenclature and terminology of bilin-related motifs and compounds.
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from 1 to 19 encompassing all carbon atoms, with nitrogens numbered
21-24. A legitimate question concerns the skipped 20 position.
Excerpting from Moss [11] with elision of figure callouts here and in the
following, ‘the bilane is defined without oxygen substituents, and is
numbered (omitting C-20) to agree with the numbering of the unsubstituted
porphyrin ring system. Unless otherwise specified it is implied that each ni-
trogen atom of bilane is saturated.’ The dipyrrolic units are labeled a, b,
and c as shown. Other terminology drawn from the analogous tetra-
pyrrole field includes “meso-positions” to define the carbon bridging the
pyrrolic units, and a- and B-positions as indicated.

The fourth row of Chart 1 shows the series of various dehydro-
genated bilane derivatives. The progression from bilane — bilene —
biladiene — bilatriene entails a 2¢”, 2H™ oxidation at each step; thus, the
entire transformation from bilane to bilatriene represents a 6e”, 6H"
oxidation. In this regard, the transformation resembles the conversion of
a porphyrinogen to a porphyrin [94]. We note the statement by Moss
[11], ‘Unsubstituted oxidised bilanes may be named semisystematically on
the basis of the bilane structure. The number of additional double bonds
involving the carbon bridges is indicated by changing the ending ’-ane’ to
"-ene’ (1 such additional double bond, total 9 double bonds), and ’-adiene’ (2
such additional double bonds, total 10 double bonds). The system with one
further double bond (total 11 double bonds) has already been defined as bilin
and this name is used in preference to bilatriene.” Here, we depart from
Moss and use the term bilatriene rather than bilin to indicate the spe-
cific, fully unsaturated structure; as is now common in the field, we use
“bilin” as a sweeping term to encompass the family of open-chain tet-
rapyrroles. The terms a,b,c to indicate the position of unsaturation can
be used as a prefix or suffix; thus, for example, bilene-a and a-bilene are
equivalent, with usage dependent on author’s preference and dictates of
language. There are multiple possible isomers in many bilin structures;
for example, biladiene-ab and biladiene-ac structures are isomers, as are
bilene-a, bilene-b and bilene-c (not shown). It should not escape the
careful reader that in a substituted bilin, there is some arbitrariness as to
the orientation of the bilin in numbering of carbons beginning 1-19 and
use of labels a,c; in other words, either of the two terminal carbons could
be numbered 1 versus 19. We have generally tried to be faithful to the
choices employed in the published manuscripts that form the basis for
this review.

The fifth row of Chart 1 shows the core structure of a bilirubin and a
biliverdin. Each contains an oxo group at positions 1 and 19. A bilirubin
thus is comprised of two dipyrrinones attached to the 10-methylene
unit. A biliverdin is the 2e”, 2H™ oxidation product of a bilirubin. The
porphyrin structure is shown to emphasize the presence of pyrrole and
pyrrolenine units, which exchange via facile tautomerization. This point
is germane to bilin chemistry, where similar pyrrole and pyrrolenine
motifs are present, and we emphasize that a given line drawing of a bilin
may represent one of several possible tautomeric forms. In this regard,
we again turn to Moss, who in referring to bilindiones stated [11] ‘The
linear tetrapyrrole structures are formally tautomeric with the corresponding
bilin-1,19-diols. However, present evidence indicates that the bislactam form
predominates and most naturally occuring [sic] linear tetrapyrroles are
named on the basis of the bislactam (i.e. —1,19-dione) tautomer.’ Accord-
ingly, the reader should be aware of additional tautomers and resonance
forms beyond the single display provided herein for a given compound.
In some cases, distinct tautomers may underlie reactivity and spectra,
whereas in other cases the tautomers are only an academic possibility.

The aforementioned nomenclature for bilin species has a compelling
and consistent logic. A wrinkle on this otherwise clean description ari-
ses, however, because bilins typically originate from porphyrins. The
sixth row of Chart 1 shows the structure of heme and three bilins derived
therefrom. The seventh row shows the full numbering system of all
positions corresponding to the structures in row six. Bilirubin IXa, an ac-
biladiene, is derived by excision of the carbon at the 5-position of heme
(the heme a-carbon). The numbering system of heme does not carry over
to the bilin species; the 4- and 6-positions flanking the excised carbon in
heme now are numbered 19- and 1-, respectively, in the resulting
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bilirubin IXa. Similarly, biliverdin IXp, an abc-bilatriene, is derived by
excision of the carbon at the 10-position of heme (the heme f-carbon);
the 9- and 11-positions flanking the excised carbon in heme now are
numbered 19- and 1-, respectively, in the resulting biliverdin. So it goes
also for bilirubin IXy, an ac-biladiene derived by excision of the carbon
at the 15-position of heme (the heme y-carbon), whereupon the 14- and
16-positions flanking the excised carbon in heme now are numbered 19-
and 1-, respectively, in the resulting bilirubin. The centrality of the
heme-bilin legacy cannot be overstated. Here we close with Moss [11],
in referring to bilirubin and biliverdin structures, “In the recommended
nomenclature the Roman numeral and Greek letter (that in the Fischer system
refer in a formal way to the substitution pattern and to the position of
cleavage of the corresponding porphyrin respectively) have been dropped.
Thus biliverdin was formerly biliverdin IXa. Because the vast majority of
references are to this common substitution pattern, it has become common
practice to drop the IXa designation. ” Thus, the o3 labels showing the site
of excision are dropped in naming bilins derived from heme. The
numbering system also is not carried over. For those whose world is
porphyrincentric, the disjoint in nomenclature from porphyrin to bilin,
despite the shared legacy, is often discombobulating.

3.2. Structures

The structures of 220 open-chain tetrapyrroles and related com-
pounds are displayed in Chart 2. Common names are also provided
where available.

3.3. Tabulated spectral parameters

The absorption spectral data (absorption maxima, relative in-
tensities, solvents, molar absorption coefficients, and literature cita-
tions) of open-chain tetrapyrroles are listed in Table 1 [18-20,95-199].
The compounds are categorized in the following 10 groups: (1) biliru-
bins and related compounds (1-19), (2) biliverdins/bilindiones and
related compounds (20-81), (3) extended bilindiones (82-98), (4)
urobilins and related compounds (99-101), (5) phycocyanobilin and
related compounds (102-131), (6) biladiene derivatives (132-163), (7)
boron difluoride complexes (164-170), (8) bilins derived from synthetic
tetraarylporphyrins (171-203), (9) chlorophyll catabolites (204-213),
and (10) Knoevenagel enones (214-220). In Table 1, the position of the
absorption maxima are as stated in the given reference even though the
spectra may show slight deviations therefrom.

4. Absorption spectra by compound class

The absorption spectral traces of open-chain tetrapyrroles are dis-
played in Fig. 1. Each panel displays normalized spectra. The reader is
referred to Table 1 for listings of molar absorption coefficients, where
available. The absorption spectral range of open-chain tetrapyrroles is
mainly dictated by the degree of conjugation encompassing the pyrrolic
units. For comparison purposes, the absorption spectra of pyrrole-
containing compounds in diverse conjugation levels are shown in
Fig. 2. The absorption maxima of each pyrrolic compound is as follows:
pyrrole (221, Amax = 206 nm, in hexane) [61]; dihydrodipyrrin 222
(Amax = 225 and 330 nm, in diethyl ether) [200]; xanthobilirubic acid, a
dipyrrinone (223, Apax = 411 nm, in DMSO) [103]; dipyrrin 224 (Apax =
446 nm, solvent unspecified) [201]; and tripyrrinone 225 (Apax = 326
and 569 nm, in ethanol) [202]. The spectra are compared with that of
bilindione 24, which exhibits a relatively sharp band in the near-UV
region as well as a weaker but broad absorption band extending into
the NIR region. The progressive increase in position of wavelength
maximum with the extent of conjugation provides a systematic Aufbau
approach for understanding the spectra of members of the bilin family. A
similar Aufbau approach has been taken to understand the spectra of
chlorins [63].

Other major factors that influence absorption spectral properties of
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Chart 2. The structures of open-chain tetrapyrroles.
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Chart 2. (continued).
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Chart 2. (continued).
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142 143 144 145 146

R = CO,Et
one of two ligands shown one of two ligands shown

Chart 2. (continued).
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Ar = 4-CO,Me(CgHa) Ar = 4-CN(CgHy) Ar = 4-OMe(CgH,)

171 172 173 174 175

Ar = 2-OMe(CgHy) Ar = -4-CI(CgH,) Ar = 4-CO,Me(CgHy)
176 177 178 179 180

Ar = 4-CI(CgHa)
181

Ar = 4-CO,Me(CgHy) Ar = 4-C(CgHy) Ar = 4-CO,Me(CeHy)

187 188 189 190

Ar = 4-CO,Me(CgH,) Ar = 4-CO,Me(CeHy) Ar = 4-CO,Me(CeHy) Ar = 4-CO,Me(CgHg) Ar = 4-CO,Me(CgH,)

191 192 193 194 195

Ar = 4-CO,Me(CgHy) Ar = 4-CO,Me(CgH,) Ar = 4-CO,Me(CgH,) Ar = 4-CO,Me(CgHy) Ar = 4-CO,Me(CgHy)

196 197 198 199 200

Chart 2. (continued).
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201 202

203
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NaO,C 204

Krill luciferin

205

Chart 2. (continued).

open-chain tetrapyrroles are the substituents, metalation state, steric
configuration (E/Z), and solvents. We now consider the ten groups in
turn. In each case, every structure is called out with regards to spectral
features.

4.1. Bilirubins and related compounds (1-19; panels A1-A6)

The classic bilirubin compound is bilirubin IXa (1), derived by
oxidation of the heme ligand at the a-position (Scheme 1). The ab-
sorption maxima of bilirubin and derivatives (1-11) range from 378 nm
(8) to 455 nm (2) in chloroform (except 5 in aqueous Tris buffer and 10
in methanol). The position of the peak maximum depends on the nature
of the peripheral substituents (Fig. 1, panel Al). Each bilirubin contains
two dipyrrinone units joined at the 10-methylene unit. Note that bili-
rubin derivatives exhibit significant spectral effects depending on the

13

absence/presence of carboxylic acid substituents (typically propionic
acid substituents). The bilirubin derivative in this set with the shortest
wavelength maximum is mesobilirubin XIIIa dimethyl ester (8), which is
nearly coincident with that of etiobilirubin (11). Both structures lack
free carboxylic acid groups. The spectral distinction between 8 (378 nm)
and 4 (431 nm) is significant, especially because both have identical
chromophores and substituents except for the dimethyl ester and free
carboxylic acids, respectively.

Bilirubin is known to fold upon itself in solution, with one of several
folded conformations shown in Fig. 3. The self-folding is enabled by the
pivot point provided by the 10-methylene unit and driven by a network
of complementary intramolecular H-bonding pairs [203]. The intra-
molecular H-bonding arises from interactions of the carboxylic acid
moiety of the first dipyrrinone with sites on the second dipyrrinone. The
carboxylic acid is both a H-bond donor and a H-bond acceptor. The
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Table 1
Absorption spectra data for open-chain tetrapyrroles in the database.

Cmpds Amax (relative intensities) e (M'em™) solvent Ref

(1) Bilirubins and related compounds

1 451 55000 (451 nm) chloroform [61]
450 62400 (450 nm) chloroform [199]
454 37700 (454 nm) chloroform [131]
455 43400 (455 nm) methanol [131]
453 35500 (453 nm) pyridine [131]
455 38700 (455 nm) tetrahydrofuran [131]
443 65700 (443 nm) Tris buffer” [199]
2 455 57200 (455 nm) chloroform [199]
443 37000 (443 nm) Tris buffer” [199]
3 451 40500 (451 nm) chloroform [199]
442 42100 (442 nm) Tris buffer” [199]
4 431 58400 (431 nm) chloroform [199]
431 57800 (431 nm) chloroform [117]
426 57000 (426 nm) dimethyl sulfoxide [117]
439 59000 (439 nm) dimethyl sulfoxide [103]
418 36700 (418 nm) Tris buffer” [199]
5 392 32200 (392 nm) Tris buffer” [199]
6 400 75100 (400 nm) carbon tetrachloride [161]
405 55800 (405 nm) chloroform [161]
401 32500 (401 nm) chloroform [131]
399 44700 (399 nm) cyclohexane [131]
453 62200 (453 nm) dimethyl sulfoxide [161]
451 33400 (451 nm) methanol [131]
421 50400 (421 nm) pyridine [161]
438 25700 (438 nm) pyridine [131]
406 28300 (406 nm) tetrahydrofuran [131]
7 393 chloroform [162]
8 378 58000 (378 nm) chloroform [119]
427 65000 (427 nm) dimethyl sulfoxide [119]
9 432 53000 (432 nm) chloroform [119]
426 60000 (426 nm) dimethyl sulfoxide [119]
10 444 methanol [111]
11 382 64700 (382 nm) chloroform [131]
430 49300 (430 nm) methanol [131]
392 46300 (392 nm) pyridine [131]
380 63300 (380 nm) tetrahydrofuran [131]
12 394 19900 (394 nm) chloroform [132]
378 50700 (378 nm) chloroform [131]
375 47000 (375 nm) cyclohexane [131]
387 57000 (387 nm) methanol [131]
13 442 33500 (442 nm) chloroform [104]
423 31900 (423 nm) methanol [104]
14 428 46500 (428 nm) methanol [193]
15 428 46500 (428 nm) methanol [151]
16 389 33400 (389 nm) chloroform [117]
383 40500 (383 nm) dimethyl sulfoxide [117]
17 432 methanol [167]
437 33000 (437 nm) methanol [168]
18 416 chloroform [162]
19 432 chloroform [162]

(2) Biliverdins/bilindiones and related compounds

20 374 (1), 668 (0.25) water [188]
21 380 (1), 663 (0.27) 49900 (380 nm) chloroform [125]
377 (1), 667 (0.28) 56200 (377 nm) ethanol [61]
22 372 (1), 638 (0.3) 35800 (372 nm) dimethyl sulfoxide [103]
360 (1), 680 (0.55) ethanol [197]
23 369 (1), 639 (0.29) 55100 (369 nm) chloroform [105]
372 (1), 635 (0.33) 55900 (372 nm) dimethyl sulfoxide [105]
24 370 (1), 650 (0.29) 49900 (370 nm) chloroform [106]
25 371 (1), 636 (0.29) 52000 (371 nm) chloroform [125]
26 369 (1), 598 (0.49) 41000 (369 nm) chloroform [125]
27 373 (1), 571 (0.35) 50700 (373 nm) chloroform [129]
28 367 (1), 635 (0.29) 52500 (367 nm) chloroform [178]
373 (1), 640 (0.29) methanol [178]
29 368 (1), 640 (0.29) 23600 (368 nm) chloroform [129]
30 370 (1), 650 (0.28) 51300 (370 nm) chloroform [125]
31 370 (1), 605 (0.31) 44200 (370 nm) chloroform [125]
32 322 (1), 525 (0.46) 50500 (322 nm) chloroform [106]
33 387 44000 (387 nm) chloroform [143]
440 31600 (440 nm) dimethyl sulfoxide [143]
34 402 24000 (402 nm) chloroform [143]
35 385 (1), 656 (0.27) chloroform [145]

(continued on next page)
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Table 1 (continued)

Cmpds Amax (relative intensities) e (M tem™) solvent Ref
36 368 (1), 608 (0.47) 41700 (368 nm) chloroform [177]
37 317 (1), 559 (0.78) 41700 (317 nm) chloroform [177]
38 365 (1), 595 (0.41) 23700 (365 nm) methanol [126]
39 365 (1), 595 (0.56) 20300 (365 nm) methanol [126]
40 360 (0.92), 575 (1) 7700 (575 nm) methanol [126]
41 360 (1), 585 (0.45) 12500 (360 nm) chloroform [130]
42 360 (1), 575 (0.74) 11100 (360 nm) chloroform [130]
43 360 (1), 570 (0.63) 10900 (360 nm) chloroform [130]
44 366 (1), 600 (0.44) 10900 (366 nm) chloroform [128]
45 363 (1), 573 (0.55) 10300 (363 nm) chloroform [128]
46 385 (0.48), 534 (1) 27700 (534 nm) chloroform [105]
385 (0.61), 545 (1) 25800 (545 nm) dimethyl sulfoxide [105]
47 296 (1), 362 (0.58), 678 (0.13) 39100 (296 nm) chloroform [165]
48 296 (1), 374 (0.58), 724 (0.28) 49300 (296 nm) chloroform [165]
49 380 (1), 642 (0.28) 67000 (380 nm) dichloromethane [100]
50 350 (1), 906 (0.33) 35000 (350 nm) pyridine [100]
51 375 (1), 654 (0.22) 35000 (375 nm) pyridine [99]
52 381 (1), 749 (0.28) water [197]
53 355 (0.78), 615 (1) 28300 (615 nm) methanol [127]
54 370 (1), 670 (0.3) 40800 (370 nm) methanol [127]
55 369 (1), 687 (0.81) 44000 (369 nm) methanol [127]
56 390 (1), 706 (0.66) 30000 (390 nm) chloroform [149]
57 405 (1), 670 (0.8) 23800 (405 nm) methanol [149]
58 388 (1), 910 (0.41) 24000 (388 nm) chloroform [149]
59 402 (1), 790 (0.47) 33600 (402 nm) dichloromethane [163]
60 400 (1), 823 (0.34) dichloromethane [163]
61 358 (1), 726 (0.32) 39700 (358 nm) dichloromethane [170]
62 762 42400 (762 nm) methanol [124]
63 380 (1), 726 (0.32) 50000 (380 nm) chloroform [158]
64 388 (1), 790 (0.32) 50300 (388 nm) chloroform [158]
65 412 (1), 778 (0.31) chloroform [158]
66 430 (1), 868 (0.33) 16300 (430 nm) chloroform [158]
67 444 (1), 906 (0.3) 13700 (444 nm) chloroform [158]
68 422 (1), 896 (0.22) 65000 (422 nm) chloroform [158]
69 413 (1), 822 (0.4) 30800 (413 nm) dichloromethane [157]
70 425 (1), 846 (0.35) 22100 (425 nm) dichloromethane [157]
71 412 (1), 834 (0.45) 26100 (412 nm) methanol [148]
72 383 (1), 854 (0.2) 35600 (383 nm) methanol [148]
73 310 (1), 400 (0.7), 766 (0.2) 26000 (310 nm) dichloromethane [160]
74 308 (1), 424 (0.95), 802 (0.32) 29000 (308 nm) dichloromethane [160]
75 308 (0.98), 432 (1), 752 (0.29), 844 (0.29) 39000 (432 nm) dichloromethane [160]
76 277 (1), 345 (0.66), 431 (0.56) 33350 (277 nm) ethanol [147]
77 312 (1), 438 (0.55), 780 (0.55) 11000 (312 nm) chloroform [166]
78 361 (0.87), 551 (1) 20000 (551 nm) chloroform [178]
355 (1), 550 (0.61) 38900 (355 nm) methanol [178]
79 361 (1), 551 (0.36) 56200 (361 nm) chloroform [178]
360 (1), 546 (0.5) 43700 (360 nm) methanol [178]
80 325 (1), 556 (0.73) 48000 (325 nm) chloroform [106]
81 620 55000 (620 nm) methanol [124]

(3) Extended bilindiones

82 308 (0.37), 516 (1) methanol [169]
83 311 (0.34), 499 (1) methanol [169]
84 470 dimethyl sulfoxide [169]
85 457 dimethyl sulfoxide [169]
86 461 40600 (461 nm) chloroform [194]

456 43900 (456 nm) dimethyl sulfoxide [194]
87 284 (1), 533 (0.76) 50000 (284 nm) dichloromethane [114]
88 381 (1), 820 (0.9) 37100 (381 nm) dichloromethane [115]
89 367 (1), 627 (0.33) 32500 (367 nm) dichloromethane [115]
90 372 (0.17), 760 (1) 65000 (760 nm) dichloromethane [115]
91 368 (1), 644 (0.41), 844 (0.13) 34000 (368 nm) dichloromethane [116]

364 (0.58), 486 (1), 650 (0.19) 50500 (486 nm) dimethyl sulfoxide [116]
92 319 (1), 725 (0.14) 60000 (319 nm) chloroform [138]
93 318 (1), 394 (0.82), 554 (0.71) 32000 (394 nm) chloroform [139]
94 394 (1), 510 (0.12) 6400 (394 nm) chloroform [139]
95 354 (1), 445 (0.67) 20100 (354 nm) dichloromethane [142]
96 518 30000 (518 nm) dichloromethane [142]
97 424 57000 (424 nm) dichloromethane [183]
98 391 (1), 699 (0.27) 58300 (391 nm) chloroform [146]

(4) Urobilins and related compounds

929 445 (1), 503 (0.41) 15800 (445 nm) methanol [182]
100 496 94000 (496 nm) dichloromethane-d, [150]
101 493 78400 (493 nm) dichloromethane [150]

(continued on next page)
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Table 1 (continued)

Cmpds Amax (relative intensities) e (M tem™) solvent Ref

(5) Phycocyanobilin and related compounds

102 361 (1), 605 (0.38) water [191]
363 (1), 623 (0.4) methanol [197]
103 369 (1), 600 (0.35) 54200 (369 nm) chloroform [112]
368 (1), 600 (0.39) 43000 (368 nm) methanol [108]
362 (1), 600 (0.36) 41700 (362 nm) methanol [152]
104 372 (1), 610 (0.29) 57500 (372 nm) methanol [195]
105 345 (1), 590 (0.46) 38000 (345 nm) methanol [102]
106 295 (0.72), 505 (1) chloroform [113]
107 316 (0.65), 530 (1) 17700 (530 nm) methanol [118]
108 330 (1), 565 (0.64) 17500 (330 nm) methanol [118]
109 320 (0.7), 583 (1) chloroform [113]
110 336 (0.45), 604 (1) 33200 (604 nm) methanol [118]
111 338 (0.89), 629 (1) 24100 (629 nm) methanol [118]
112 366 (0.92), 416 (1) dichloromethane [192]
113 361 (0.67), 442 (1) dichloromethane [192]
114 358 dichloromethane [192]
115 347 (1), 582 (0.43) 16100 (347 nm) chloroform [133]
116 353 (1), 616 (0.44) 38000 (353 nm) chloroform [133]
117 349 (1), 673 (0.53) 39700 (349 nm) chloroform [133]
118 349 (1), 600 (0.45) 34800 (349 nm) dimethyl sulfoxide/water [135]
119 350 (1), 560 (0.65) 25500 (350 nm) dimethyl sulfoxide/water [135]
120 344 (1), 580 (0.42) 34700 (344 nm) chloroform [122]
121 348 (1), 550 (0.7) 24800 (348 nm) chloroform [122]
122 348 (1), 582 (0.47) 32300 (348 nm) chloroform [123]
123 348 (1), 540 (0.75) 23600 (348 nm) chloroform [123]
124 339 (1), 645 (0.43) chloroform [136]
125 365 (1), 636 (0.59) chloroform [136]
126 345 (1), 580 (0.45) chloroform [140]
127 345 (2), 585 (0.44) carbon tetrachloride [137]
128 328 (1), 555 (0.78) 28600 (328 nm) dimethyl sulfoxide [144]
323 (1), 536 (0.65) 29600 (323 nm) water [144]
129 346 (1), 595 (0.45) 33400 (346 nm) dimethyl sulfoxide [144]
335 (1), 570 (0.45) 35200 (335 nm) water [144]
130 335 (1), 563 (0.43) 17200 (335 nm) chloroform [141]
131 320 (1), 545 (0.84) 19100 (320 nm) dimethyl sulfoxide [134]
(6) Biladiene derivatives
132 387 (0.35), 547 (1) 39800 (547 nm) benzene [164]
133 445 (0.6), 511 (1) methanol [190]
134 450 (1), 520 (0.84) dichloromethane [181]
135 451 (0.31),519 (1) chloroform/methanol [180]
136 454 (0.11), 524 (1) 210000 (524 nm) chloroform [120]
137 485 97200 (485 nm) dimethyl sulfoxide [185]
138 441 36300 (441 nm) dimethyl sulfoxide [185]
139 502 98900 (502 nm) dimethyl sulfoxide [185]
140 473 (1), 540 (0.52) dichloromethane [175]
141 447 (1), 518 (0.41) 24600 (447 nm) dichloromethane [175]
142 425 (1), 490 (0.54) 27700 (425 nm) chloroform [173]
143 454 (0.92), 475 (1) 153000 (475 nm) chloroform [173]
144 461 97800 (461 nm) chloroform [173]
145 488 124000 (488 nm) chloroform [172]
146 476 73600 (476 nm) chloroform [172]
147 498 dichloromethane [175]
148 509 58900 (509 nm) chloroform [174]
149 521 140000 (521 nm) chloroform [174]
150 524 125000 (524 nm) chloroform [174]
151 432 (1), 724 (0.45) 60000 (432 nm) ethanol [120]
152 424 (1), 774 (0.53) 81900 (424 nm) dichloromethane [175]
153 334 (0.21), 590 (1) 85000 (590 nm) dichloromethane [109]
154 330 (0.62), 565 (1) 36000 (565 nm) dichloromethane [109]
155 405 (0.78), 495 (1) 76000 (495 nm) dichloromethane [109]
156 398 (1), 812 (0.18) 39800 (398 nm) dichloromethane [110]
157 420 n-propanol [121]
158 463 n-propanol [121]
159 458 22300 (458 nm) N,N-dimethylformamide [154]
159 468 n-propanol [121]
160 479 n-propanol [121]
161 496 n-propanol [121]
162 464 (0.39), 504 (1) 120000 (504 nm) dichloromethane [153]
505 n-propanol [121]
163 504 chloroform [97]

(7) Boron difluoride complexes
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(continued on next page)



M. Taniguchi and J.S. Lindsey

Table 1 (continued)

Journal of Photochemistry & Photobiology, C: Photochemistry Reviews 55 (2023) 100585

Cmpds Amax (relative intensities) e (M tem™) solvent Ref
164 364 (0.66), 629 (1) 57500 (629 nm) chloroform [107]
634 62500 (634 nm) xylene [96]
165 556 157000 (556 nm) tetrahydrofuran [186]
166 566 108000 (566 nm) tetrahydrofuran [186]
167 577 139000 (577 nm) tetrahydrofuran [186]
168 550 benzene [98]
169 550 benzene [98]
170 547 170000 (547 nm) benzene [98]
(8) Bilins derived from synthetic tetraarylporphyrins
171 335 (0.58), 400 (1), 616 (0.45) chloroform [198]
172 333 (0.69), 400 (1), 609 (0.45) chloroform [198]
173 327 (0.62), 402 (1), 628 (0.49) 39200 (402 nm) chloroform [159]
174 400 (1), 631 (0.49) chloroform [176]
175 419 (1), 632 (0.51) chloroform [176]
176 394 (1), 613 (0.69) chloroform [176]
177 330 (0.57), 412 (0.6), 590 (1) 39000 (590 nm) dichloromethane [101]
178 352 (1), 561 (0.63) chloroform [198]
179 316 (0.97), 358 (0.85), 527 (1) chloroform [198]
180 337 (1), 554 (0.58) dichloromethane [171]
181 359 (1), 416 (0.98), 561 (0.38) dichloromethane [187]
182 345 (0.9), 583 (0.49), 627 (1) benzene [95]
183 346 (1), 560 (0.63) dichloromethane [189]
184 339 (0.86), 585 (0.63), 628 (1) dichloromethane [189]
185 360 (1), 489 (0.99), 820 benzene [95]
186 790 dichloromethane [189]
187 364 (1), 478 (0.99), 760 (0.28), 861 (0.23) 24700 (364 nm) dichloromethane [187]
188 361 (1), 486 (0.88), 757 (0.23), 857 (0.2) 25870 (361 nm) dichloromethane [187]
189 371 (0.73), 414 (1), 485 (0.49), 754 (0.12) 40000 (414 nm) dichloromethane [187]
190 325 (0.81), 402 (1), 644 (0.4) 44200 (402 nm) chloroform [159]
191 328 (0.77), 409 (1), 651 (0.29) 50500 (409 nm) chloroform [159]
192 331 (0.8), 408 (1), 673 (0.35) 45100 (408 nm) chloroform [159]
193 336 (0.89), 420 (1), 699 (0.39) 42100 (420 nm) chloroform [159]
194 366 (0.92), 433 (1), 706 (0.28) 44600 (433 nm) chloroform [159]
195 360 (0.7), 444 (1), 676 (0.36) 47500 (444 nm) chloroform [159]
196 346 (0.83), 427 (1), 668 (0.27) 41700 (427 nm) chloroform [159]
197 342 (0.68), 430 (1), 667 (0.24) 54700 (430 nm) chloroform [159]
198 371 (0.87), 463 (1), 706 (0.37) 48200 (463 nm) chloroform [159]
199 371 (0.87), 463 (1), 712 (0.37) 40900 (463 nm) chloroform [159]
200 372 (0.88), 480 (1), 723 (0.4) 51800 (480 nm) chloroform [159]
201 330 (1), 455 (0.87), 752 (0.27) benzonitrile [179]
202 344 (0.96), 484 (1), 814 (0.4) benzonitrile [179]
203 326 (1), 442 (0.95), 804 (0.42) benzonitrile [179]
(9) Chlorophyll catabolites
204 242 (1), 386 (0.37) acetonitrile (40%)" [20]
246 (1), 388 (0.37) ethanol (50%)" [19]
205 247 (1), 392 (0.31) ethanol/water [196]
206 233 (0.98), 348 (1) acetonitrile (30%)" [18]
207 313 (0.12), 370 (0.2), 633 (1) methanol (80%)" [18]
208 336 (1), 605 (0.41), 690 (0.30) dichloromethane [155]
209 237 acetonitrile [18]
210 366 (1), 569 (0.58), 587 (0.57) no solvent specified [184]
211 363 (1), 549 (0.69), 577 (0.69) no solvent specified [184]
212 314 (1), 486 (0.55), 528 (0.56) 28200 (314 nm) dichloromethane [156]
213 310 (1), 486 (0.68), 526 (0.68) 28200 (310 nm) dichloromethane [156]
(10) Knoevenagel enones
214 236 (0.9), 294 (1), 495 (0.27) acetonitrile [38]
215 239 (1), 295 (0.75), 501 (0.32) acetonitrile [38]
216 295 (1), 487 (0.41) 30500 (295 nm) acetonitrile [38]
217 319 (1), 505 (0.61) 26000 (319 nm) chloroform [371
218 330 (1), 474 (0.57) toluene [39]
219 339 (1), 454 (0.51) toluene [40]
220 337 (1), 480 (0.56) toluene [40]

# In aqueous solution.

dipyrrinone contains two N-H units that serve as H-bond donors, and a
carbonyl group that serves as a H-bond acceptor. The integral role of
H-bonding in the self-folding implies that a bilirubin bearing a dipro-
pionic acid dimethyl ester, which lacks H-bond donor capability, is
unlikely to fold in the same manner. Conversion of the sp®-hybridized
10-methylene of a bilirubin to the sp®-hybridized 10-methine of a

biliverdin also would abolish the folding process. Such structural fea-
tures — folded or not folded — underlie some of the observed spectral
features of the bilins described herein.

The absorption spectrum of bilirubin IXa (1) bearing free carboxylic
acid substituents shows almost no change with solvent across the range
of chloroform, tetrahydrofuran, ethanol, and pyridine (Fig. 1, panel A2).
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Fig. 1. Absorption spectra of open-chain tetrapyrroles in the database.
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Fig. 1. (continued).
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Fig. 1. (continued).
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Fig. 3. Self-folding of bilirubin about the 10-methylene group to give a ridge-
tile conformation. The non-bonded H---C distances are displayed in A.
Adapted from Nogales and Lightner [203].

On the other hand, the absorption spectrum of bilirubin IXa dimethyl
ester (DME) (6) bearing carboxylic esters changes significantly with
solvent, ranging from 400 nm in non-polar solvents (chloroform,
cyclohexane, or carbon tetrachloride) to 453 nm in polar solvents
(methanol, dimethylsulfoxide), with spectra intermediate between the
two limits in solvents of intermediate polarity (tetrahydrofuran, pyri-
dine) (Fig. 1, panel A3). Similar solvent effects are observed for etiobi-
lirubin (11), which lacks carboxylic acids altogether (Fig. 1, panel A4).

The absorption spectra of bilirubins 12 and 13, wherein the nitrogen
atoms are bridged by covalent moieties, are compared to that of etio-
bilirubin (11) (Fig. 1, panel A5). Bilirubin 12 is bridged across nitrogen
atoms N?’-N?*, whereas bilirubin 13 is bridged across N*’-N?? and
N?3_N?% in both cases the bridge comprises a methylene unit. Etiobi-
lirubin exhibits a fairly narrow absorption band. Introduction of a
methylene bridge between distal nitrogen atoms (N?’-N?%) in compound
12 causes substantial spectral broadening. Introduction of carbonyl
bridges between each of two adjacent nitrogen atoms (N?’-N?? and
N?3_N?%) in compound 13 causes both broadening and a significant
bathochromic shift.

Bilirubins 14 and 15 are modified wherein a thia or selena atom
replaces the 10-methylene to join the two dipyrrinone halves. The ab-
sorption spectra of 14 and 15 closely resemble that of the parent bili-
rubin IXa (1) itself (Fig. 1, panel A6). Oxidation of the 10-methylene to
give a ketone (10-oxo-mesobilirubin, 16) results in a hypsochromic shift
and extensive spectral broadening. Isolumirubin IX (17) is an analogue
of bilirubin IXa (1) that has undergone photocyclization, thereby
creating annulation across positions 3 and 7. Phorcarubin DME 18, a
bilirubin derived by y-oxidative scission (and methylation of the pro-
pionic acid groups), contains a 1,2-ethane bridge derived by addition of
the N?2 nitrogen at the p-position of the 12-vinyl group. Isophorcarubin
DME 19 is a further derivative wherein cyclization also has occurred by
addition of the N?! nitrogen to the a-position of the 7-vinyl group.
Phorcarubin DME 18 is thus a bilirubin containing one seven-membered
cycle, whereas isophorcarubin DME 19 is a bilirubin containing one
seven-membered cycle and one six-membered cycle; both cycles impart
structural rigidification. The absorption spectra of photocyclized bili-
rubin (isolumirubin IX, 17) and nitrogen-B-pyrrole bridged bilirubins
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(phorcarubin DME, 18; isophorcarubin DME, 19) are rather similar to
that of bilirubin IXa (1) (Fig. 1, panel A6).

4.2. Biliverdins/bilindiones and related compounds (20-81; panels
B1-B17)

Biliverdins, often also referred to as bilindiones, contain three
methine carbons (5,10,15-positions) in the tetrapyrrolic structure and
pyrrolinone termini. In contrast, bilirubins contain only two methines
(5,15-positions) and one methylene (10-position). As such, biliverdin/
bilindiones have a longer path of conjugation, which is manifested in the
absorption spectra. The classic biliverdin example is biliverdin IXa (20),
derived, like bilirubin IXa, by oxidation of the heme ligand at the
a-position (Scheme 1). The absorption spectra of nine biliverdins/
bilindiones (20-25 and 28-30) are similar with each other. Each ex-
hibits two bands, in the regions ~370 and ~650 nm, with an intensity
ratio of ~3:1 (Fig. 1, panel B1). Etiobiliverdin has been characterized in
three isomeric forms (25-27) depending on the configuration of two of
the three carbon-carbon double bonds that encompass the 5-, 10-, and
15-methine carbons and bridge the pyrrolic and pyrrolinone units. The
effect of steric configurations of the double bonds (E/Z) are compared
for the three isomers (Fig. 1, panel B2). The absorption maxima shift
hyspochromically in the series ZZZ-isomer 25 (Apmax = 635 nm) to the
EZZ-isomer 26 (Apax = 598 nm) to the EZE-isomer 27 (Apmax = 571 nm).
The consequences of conformational distortion on absorption spectra
are described in the landmark book by Falk [2]. In a similar manner, the
absorption maxima shift hypsochromically in going from the ZZZ-isomer
30 (Amax = 650 nm) to the EZZ-isomer 31 (Ayax = 605 nm) (not shown).

Several meso-substituted bilindiones have been prepared and char-
acterized. The absorption spectra of meso-substituted bilindiones 32-35
are compared with that of the corresponding parent bilindione 24
(Fig. 1, panel B3). Introduction of the 10-isopropyl or 10-tert-butyl group
(33 or 34) causes the bands at ~650 nm to be diminished due to the
strong structural distortion [143]. The absorption maximum of the
isopropyl-bilindione 33 shows a further hypsochromic shift due to tau-
tomerization to the isopropyliden-biladiene-ac, where the double bond
resides between the meso-carbon and the secondary carbon of the
attached isopropyl moiety, affording four N-H protons rather than three
for the tautomer shown [143]. Introduction of a 5-nitro substituent
causes a profound hypsochromic shift (from 24: Ap,x = 650 nm to 32:
Amax = 533 nm). The shift has been ascribed to the prevention of
conjugation due to the bulkiness of meso-nitro substituent (alterna-
tively, electronic perturbation due to resonance giving the dioxoimine
moiety as a canonical form cannot be ruled out); regardless of origin, the
absorption spectrum of 32 is somewhat similar to that of a tripyrrinone
[106] as seen by the spectrum of 25 (Fig. 2). On the other hand, the
absorption spectrum is relatively unchanged by the introduction of a
10-aryl substituent as observed for 35.

Several so-called “stretched” bilindiones have been prepared
wherein a large molecular entity spans the two propionic acid sub-
stituents, altering the conformation of the bilindione unit, or at least
restricting the suite of possible conformations to a more limited set. The
absorption spectra of ZZZ-isomer 36 and EZE-isomer 37 exhibit hyp-
sochromic shifts compared to spectra of the unstretched parental com-
pounds ZZZ-isomer 25 and EZE-isomer 27 (Fig. 1, panel B4) [177].
Strictly speaking, 36 and 37 are not “open-chain” tetrapyrroles; how-
ever, the spectra are listed herein because the tetrapyrrole chromophore
remains an open-chain and the “stretching” unit is joined via
non-conjugated, ester moities.

Methylation at one or more of the nitrogen atoms causes a hyp-
sochromic shift in comparison with the parent compound. Thus, the
peak maximum for the parent etiobiliverdin (25, Ayax = 636 nm) differs
from that upon introduction of a single N-methyl group given by 38
(N24—methyl, Amax = 595 nm) and 40 (N23—methyl, Amax = 575 nm), as
well as two N-methyl groups given by 41 (N?),N?**-dimethyl, Amax =
585 nm) (Fig. 1, panel B5). The shifts are attributed to distortion of the



M. Taniguchi and J.S. Lindsey

conjugation [130].

Once N-methyl groups are introduced and absorption spectra have
been hypsochromically shifted, the effects of Z/E configuration are less
pronounced. Thus, the absorption maxima of several isomers are rela-
tively similar exemplified by the following: ZZZ-isomer 41 (Apax =
585 nm), EZZ-isomer 42 (Amax = 575 nm), and EZE-isomer 43 (Amax =
570 nm) (Fig. 1, panel B6). In other words, the effects of different Z/E
configurations and the presence of N-methyl groups are not additive.

The conversion of the carbonyl group of a pyrrolinone moiety in an
N-methyl etiobiliverdin (from 38 and 39) to a methoxypyrrole unit (44
and 45) causes a nominal effect on the resulting absorption spectra
(Fig. 1, panel B7). Thus, 44 and 45 are 1-methoxybilin-19-ones (or vice
versa, 19-methoxybilin-1-ones). One interpretation is that the pyrroli-
none structure itself is better represented via resonance as an oxy-
pyrrolenine unit, the latter isoelectronic with the chromophore irrevo-
cably enforced by the introduction of the methoxy group.

The introduction of a carbonyl bridge between adjacent nitrogen
atoms (N?® and N?%) in biliverdin 25 to form 46 causes a large hyp-
sochromic shift (Fig. 1, panel B8) [105]. This result is in the opposite
direction from the similar N*'-N??, N*3_N?* carbonyl bridge modifica-
tions of bilirubin 13, or even the methylene bridge across distal nitro-
gens N?I-N?* of bilirubin 12, versus the parent etiobilirubin 11 as
described in the previous section (Fig. 1, panel A5), which causes a
bathochromic shift. The conjugation in a biliverdin is fundamentally
different from that of a bilirubin, and distinct spectral effects are not
surprising.

A more facile and more versatile approach to achieve bridging across
nitrogen atoms in bilins is by metal coordination. The absorption spectra
of metal complexes of bilindiones 47-52 are compared to the spectrum
of the free base bilindione 24 (Fig. 1, panel B9). Metal chelation often
imparts a substantial bathochromic shift. The magnitude of bath-
ochromic shift of absorption maxima compared to free base bilindione
24 (Amax = 650 nm) are nickel(II) 47 (Amax = 678 nm) < palladium(II)
48 (Amax = 724 nm) < manganese(Ill) 50 (Apax = 749 nm) < iridium
(I1) 52 (Amax = 906 nm). The absorption spectra of cobalt(III) complex
49 and iron(Il) complex 51 are relatively unchanged compared to that
of free base bilindione 24. The free base bilindione contains three N-H
units, which are replaced by M-N dative bonds upon metal (M) chela-
tion. In the case of trivalent metals, no counterion is expected or
observed. In the case of divalent metals, an accompanying anion is
present; for the nickel(I) 47 and palladium(II) 48 chelates, the
accompanying anion is triiodide. For the manganese(III) 50 and iron(III)
51, apical coordination by one or two pyridine molecules, respectively,
is observed.

There are occcasional structures described in the literature that are
difficult to reconcile with the reported spectra. In one such instance,
compound 53 is reported to be a mono-hydroxy mono-oxo bilin. In other
words, a tautomer of bilindione 25. The absorption spectrum assigned to
structure 53 exhibits a hyperchromic and hypsochromic shift (to
615 nm) compared with that of 25 (Ayax = 635 nm). Further study is
required to reconcile this apparent discrepancy. On the other hand, and
more reasonably, the conversion of a pyrrolinone to a methoxypyrrole in
54, where dipyrrinone — hydroxydipyrrin tautomerism (Chart 1) is not
possible, causes a bathochromic shift of the absorption maximum, from
635 to 670 nm (Fig. 1, panel B10).

Complexation of a bilindione with a metal can induce bonding
changes in the organic ligand. Thus, each metal complex 55-62 is dis-
played with the bilin moiety comprised of one oxo group and one hy-
droxy group along with the formal dianionic ligand and dicationic
metal; the tautomerism to form one hydroxydipyrrin from the dipyrri-
none is required for complementary coordination. The resulting ligand is
best regarded as a bilatrienone. The metal-coordination complexes
55-62 exhibit absorption spectra that are sharp and bathochromically
shifted versus that of the free base bilindione 25 (Fig. 1, panel B11). Very
large bathochromic shits of absorption maxima are observed for chelates
of manganese(Il) (58, Amax = 910 nm), cobalt(Il) (60, Apnax = 823 nm),
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and thallium(IIl) (62, Apax = 762 nm) compared to the free base bilin-
dione 25 (Ayax = 635 nm). The position of the absorption maxima of
zinc(II) complexes 55, 56, 59, 61 varies depending on the nature of the
peripheral substituents.

Cyano-substituted bilins 63-68 were prepared by treatment of ver-
dohemes with cyanide, as reported by Balch and co-workers [158]. The
installation of a single meso-cyano group generally causes a significant
bathochromic shift. The absorption maxima of 10-cyanobilindione 63
(Amax = 726 nm) and 1,5-dicyanobilatrienone 65 (Apmax = 778 nm) are
considerably bathochromically shifted compared to that of the parent
bilindione 24 (Apmax = 650 nm) (Fig. 1, panel B12). Similar results are
observed for the absorption spectra of cyano-substituted zinc(II) bilat-
rienones 64-68, wherein the absorption maxima are bathochromically
shifted up to ~200 nm compared to that of the parent zinc(II) bilat-
rienone 55 (Apax = 687 nm) (Fig. 1, panel B13). The zinc bilatrienones
bear 10-cyano (64), 1,5-dicyano (66), 1,5,10-tricyano (67), and 1,
10-dicyano (68) substituents.

Derivatives of bilindiones bearing various terminal substituents in
lieu of one oxo moiety have been prepared and converted to the zinc(II)
chelate. The replacement of the oxo group entails concomitant conver-
sion of the pyrrolinone to the substituted pyrrolenine, affording the
resulting bilatrienone. The substituents include methoxy (59, Amax =
790 nm), N,N-dimethylamino (69, Ayax = 822 nm), methylthio (70, Apax
= 846 nm), and formyl (71, Aypax = 834 nm). Regardless of the disparate
substituents, which range from potent electron-donating via resonance
(N,N-dimethylamino) to strongly electron-withdrawing via induction
(formyl), the spectra are quite similar with each other (Fig. 1, panel
B14).

A free base formyl-substituted bilatrienone has been chelated with a
variety of metals, including zinc(Il), iron(II), cobalt(Il), nickel(II), and
copper(Il), affording 71-75, respectively. The resulting absorption
spectra of the diverse metal complexes exhibit Apyax > 800 nm due to the
dual effects of metalation and the presence of the 1-formyl substituent
(Fig. 1, panel B15). For example, the absorption maximum of the zinc(II)
chelate with the 1-formyl group 71 (834 nm) shows a bathochromic
shift compared to that of the zinc(II) chelate with the 1-methoxy group
59 (790 nm).

Several core-modified bilindiones have been prepared and can be
compared with the representative unmodified bilindione 25 (Fig. 1,
panel B16). The installation of a pyridine ring in lieu of a pyrrole ring
causes a large hypsochromic shift, from 636 nm (25) to 431 nm (76).
The installation of a furan ring (78, Amax = 551 nm) or thiophene ring
(79, Mmax = 550 nm) also causes a hypsochromic shift. Balch and co-
workers prepared a tripyrrinone bearing an appended pyridine-2,5-
dione 77 as a palladium(II) complex [166], which exhibits NIR ab-
sorption (Amax = 780 nm). The pyridine-2,5-dione was attached via a
single carbon-carbon bond linkage, in effect replacing not only the ter-
minal pyrrolinone unit but also the 5-methine carbon. Accordingly, the
pyridyl nitrogen atom is in a 1,4-relationship with the N?? atom as
opposed to the ordinary 1,5-relationship of N*? and N?* atoms in an
unmodified bilindione (as in 25).

Compound 80 derives from a bilindione to which two molecules of
ethanol have been added, interrupting the conjugation across the length
of the tetrapyrrole structure. Compound 80 can thus be regarded as a
tripyrrinone with an appended, non-conjugated pyrrolinone unit. The
absorption spectrum of 80 (Ayax = 556 nm) is similar to that of a free
base tripyrrinone (Fig. 1, panel B17). Bilindione derivative 80 was iso-
lated as an unexpected byproduct in the attempted halogenation of
biliverdin 24 in chloroform, where the two added ethoxy groups origi-
nated from the use of ethanol as a stabilizer of the solvent chloroform
[106]. Note that while the added ethanol for stabilization may only
comprise 0.75% on a volume basis (7.5 mL of ethanol per liter), for
example, such a fraction corresponds to 0.13 M [204], which is in
considerable excess of the typical concentration of tetrapyrrole species
in many cases. Compound 81 has a more explicit origin, arising from
exposure of thallium(Ill) complex 62 to air and methanol [124].
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Compound 81 can be regarded as a bilindione to which two molecules of
methanol have been added, followed by stabilization of the hydrox-
ypyrrolenine tautomer rather than the pyrrolinone tautomer in the
thallium(III) chelate. The absorption spectrum of 81 (Apmax = 620 nm) is
similar to that of a metal tripyrrinone. The structure and absorption
spectrum of a free base tripyrrinone (225, Apax = 326 and 569 nm, in
ethanol) are shown in Fig. 2.

4.3. Extended bilindiones (82-98; panels C1-C4)

Most of the examples included in this category contain conjugated
groups interjected between the two halves of the classic bilirubin (e.g.,
1) or biliverdin (e.g., 20) molecules. The structures have been created
for multiple basic science purposes, including to explore the interplay of
structure variation, molecular conformation, and absorption properties.

Bilindione analogues wherein one or more alkynes replaces the
central, 10-methylene (or 10-methine) have been prepared by Lightner
and co-workers [169,194]. The absorption spectra of bis(dipyrrinone)s
bridged with carbon-carbon triple bonds (1,2-ethyne or 1,4-butadiyne)
82-86 are compared to the spectrum of mesobiliverdin XIIla DME
(23) (Fig. 1, panel C1). Compounds 82-86 do not display an absorption
band at ~650 nm, which is a characteristic spectral feature of bilin-
diones. Rather, their absorption spectra are ascribed to a dipyrrinone
framework, e.g., xanthobilirubic acid (223) shown in Fig. 2, plus a
bathochromic shift due to the presence of the ethyne unit. The absorp-
tion maxima of ethyne-bridged bis(dipyrrinone)s 82 and 83 appear at
516 and 499 nm, respectively. The bathochromic shift of the
butadiyne-bridged bis(dipyrrinone)s is slightly weaker than that of the
ethyne-bridged structures, with absorption maxima as follows: 470 nm
(84), 457 nm (85), and 461 nm (86).

Chen and Falk synthesized a series of conjugation-elongated bilin-
diones, 87-91, wherein an additional alkene is inserted in lieu of the
central, 10-methine carbon [114-116]. The absorption spectra of 87-91
are overlayed with that of the parent bilindione 25 for comparison
(Fig. 1, panel C2). The presence of the additional carbon-carbon double
bond in 87 (Amax = 533 nm) causes an unexpected hypsochromic shift of
the absorption spectrum compared to that of 25 (Ayax = 636 nm). The
hypsochromic shift is explained by twisting of the single bond bridging
the two dipyrrinones, which causes dihedral deformation and thwarted
conjugation [114]. The addition of one carbon atom in going from 87
(two-carbon bridge) to 88 (three-carbon bridge) resolves the configu-
rational strain and enables a planar arrangement; accordingly, the ab-
sorption spectrum of 88 (Apax = 820 nm) exhibits a profound
bathochromic shift compared to that of 25. The entirety of the bath-
ochromic shift is attributed to the extended conjugation [115]. Partial
rigidification of the n-system through use of a fused 6-membered ring in
going from 88 to 89 imparts a hypsochromic shift (Apax = 627 nm)
compared to the absorption spectrum of 88 and affords a spectrum more
similar to that of 25. Incorporation of a squaric acid moiety in 90 should
provide the same conjugation level as in 88. The absorption maximum of
90 (Amax = 760 nm) is not as bathochromically shifted compared with
88, which is explained by charge interaction from the zwitterionic
squaric acid [115]. Further addition of conjugation in 91, which con-
tains a four-carbon bridge, causes an extra bathochromic shift (Amax =
844 nm) together with a hypochromic shift, and solvatochromism is
observed. Molecular modeling of 90 suggested very few planar confor-
mations [116]. These prominent examples illustrate that absorption
spectral properties are not simply governed by the ostensible degree of
conjugation, and steric factors need to be considered.

Compounds 92-94 each contain an additional pyrrolic unit and
hence are pentapyrroles. Compound 92 can be regarded as a homologue
of biliverdin, containing five pyrroles rather than the canonical four.
Compounds 93 and 94 are derivatives of 92 derived by addition of one
and two molecules of 2-mercaptoethanol, respectively, to the carbon(s)
flanking the central pyrrole. Compound 93 effectively is comprised of a
dipyrrinone and tripyrrinone, whereas 94 is comprised of two
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dipyrrinones and a lone pyrrole. The absorption spectra of pentapyrroles
92-94 are overlayed with the spectrum of the parent tetrapyrrole 25 for
comparison (Fig. 1, panel C3). The absorption spectrum of 92 (Apax =
725 nm) is bathochromically shifted and broadened compared to that of
tetrapyrrole 25. Due to the interruption of conjugation, the absorption
spectrum of 93 (Amax = 554 nm) resembles that of tripyrrinone 225, and
the absorption spectrum of 94 (Anax = 394 nm) resembles that of
dipyrrinone 223 (see Fig. 2).

Assorted bilindiones have been prepared that are sufficiently singu-
lar or exotic as to best be considered individually rather than within a
systematic series. Such structures here are 95-98, for which the ab-
sorption spectra are overlayed with that of the tetrapyrrole etiobili-
verdin 25 for comparison (Fig. 1, panel C4). Compound 95 (Amax =
445 nm) contains a direct carbon-carbon single-bond linkage between
the two dipyrrinones — effectively an a,a-linked bis(dipyrrinone) —
entailing loss of one double bond, which is reflected in a hypsochromic
shift compared to that of 25. Oxidation of diene 95, which contains four
N-H groups and two carbon-carbon double bonds, one in each dipyrri-
none unit, resulted in formation of 96, which contains three N-H groups
and three carbon-carbon double bonds between pyrrolic units. The
resulting absorption maximum (Apmax = 518 nm) is bathochromically
shifted compared to that of 95; however, the shift does not reach the
long-wavelength position exhibited by the ZZZ-isomer 25 (Apax =
635 nm) perhaps owing to the ZEZ configuration of 96 [142]. The ab-
sorption spectrum of homorubin 97, which lacks conjugation between
the two dipyrrinones because the linker is a saturated 1,2-ethane unit in
lieu of the single 10-methylene, is almost identical to that of a lone
dipyrrinone 223 (see Fig. 2). An extension of conjugation between the
pyrrole and pyrrolinone rings in 98 (Amax = 699 nm) causes a bath-
ochromic shift of the absorption spectra compared to that of 25 [146].

4.4. Urobilins and related compounds (99-101; panel D1)

Compounds 99-101 are defined by two distinct structural features, a
free base dipyrrin core to which are appended two pyrrolinone units
without intervening conjugation. The absorption spectra of d-urobilin
hydrochloride salt (100) and L-stercobilin hydrochloride salt (101) are
almost identical, given that the chromophore is a dipyrrin structure
(Fig. 1, panel D1). Protonated dipyrrins and metal-chelated dipyrrins
generally afford sharp absorption bands, whereas free base dipyrrins
tend to give a very broad absorption band [201,204,205]. The absorp-
tion spectrum of urobilin 99 exhibits a very broad band at short wave-
length and a sharp band as a bathochromic shoulder [182]. The latter
shoulder is coincident with the absorption band of 100 and 101.

4.5. Phycocyanobilin and related compounds (102-131; panels E1-E9)

Phycocyanobilin (102) is a red, light-harvesting pigment found in
cyanobacteria and some additional photosynthetic organisms. Phyco-
cyanobilin (102) differs from biliverdin IXa (20) in the presence of an
ethyl substituent rather than a vinyl substituent at position 18, and an
exocyclic ethylidene moiety rather than a vinyl group at position 3. The
exocyclic ethylidene group causes the terminal heterocycle to be a
pyrrolidone. Phycocyanobilin and derivatives 102-104 each contains
such a pyrrolidone unit, whereas in phycocyanobilin derivative 104 the
exocyclic ethylidene group has been further derivatized by addition of
an N-acetylcysteine methyl ester molecule. The absorption spectra of
phycocyanobilin derivatives 102-105 (Apax 590-610 nm) show a hyp-
sochromic shift (~60 nm) of the main absorption band compared to that
of biliverdin IXa DME (21, Apax = 667 nm) due to the diminished
conjugation, yet the absorption spectral pattern of biliverdins is gener-
ally retained (Fig. 1, panel E1).

Phycoerythrobilin (106) is a blue, light-harvesting pigment found in
cyanobacteria and some additional photosynthetic organisms. Phy-
coerythrobilin (106) is an analogue of phycocyanobilin (102), differing
in the presence of saturation at positions 15 and 16, and a vinyl group at
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position 18 rather than an ethyl group. The diminished conjugation
among tetrapyrrolic units causes the absorption spectra of phycoery-
throbilin 106 (Amax = 505 nm) and phycoerythrobilin dimethyl ester
107 (Amax = 530 nm) to fall in between the absorption of dipyrrin 224
(Amax = 446 nm) and that of tripyrrinone 225 (Ayax = 569 nm) (Fig. 1,
panel E2 and Fig. 2). The core chromophore of the compound named
isomesobiliviolin DME (108) is a tripyrrinone framework; thus, the
absorption spectrum of 108 (Apmax = 565 nm) closely matches that of
tripyrrinone 225. Moss argues against usage of the term violin because
of structural ambiguity, stating in a sly footnote deep within an other-
wise dry tome on nomenclature [11] “the violins are muted in these rec-
ommendations.” The absorption spectra of the zinc(II) complexes 109
(Mmax = 583 nm), 110 (Apax = 604 nm) and 111 (Apax = 629 nm) are
more narrow and bathochromically shifted compared to those of the free
base counterparts 106-108 (Fig. 1, panel E3). It warrants mention that
bilin pigments employed in biological light-harvesting are invariably
housed in protein scaffolds, which can substantially alter the spectra and
photophysics (vide infra).

Phycocyanorubin (112) and phytochromorubin (113) are analogues
of bilirubins that each contains an exocyclic ethylidene bond [192].
Phycocyanorubin (112) is to phycocyanobilin (102) what bilirubin IX«
(1) is to biliverdin IXa (20). Phytochromorubin (113) contains a
18-vinyl group whereas phycocyanorubin (112) contains a 18-ethyl
group. The absorption spectra of 112 (Apaxy = 416 nm) and 113 (Apax
= 442 nm) are hypsochromically shifted compared to that of bilirubin
IXa 1 (Amax = 451 nm) (Fig. 1, panel E4). Further reduction to saturate
the 15,16-positions of phytochromorubin (113) gives phycoerythror-
ubin (114: Apax = 358 nm), which causes an additional hypsochromic
shift. In phytochromorubin (113), meso-position 10 is saturated. In
phycoerythrorubin (114), meso-positions 10 and 15 are saturated.

Bilindione 115 contains a gem-dimethyl group at position 2. As such,
the gem-dimethyl-substituted terminal heterocycle is a pyrrolidinone. A
gem-dimethyl group locks in the saturation level in a manner that is
resilient toward adventitious dehydrogenation as might occur upon
routine handling [92]. A gem-dimethyl (or gem-dialkyl) group is found
in a number of naturally occurring hydroporphyrins, including the well
known cofactors cobalamin and F43¢, and the lesser known tolyporphins
and bonellin [206,207]. The conversion of the remaining pyrrolinone
unit of 115 (Amax = 582 nm) to a pyrrolenine, concomitant with the
conversion of the carbonyl group to a methoxy group, gives 116 (Ayax =
616 nm). Conversion of the pyrrolidinone of 115 to a 1-pyrroline moiety
gives 117 (Amax = 673 nm). In both cases, the change in structure causes
a bathochromic shift (Fig. 1, panel E5).

Falk and co-workers prepared an extensive series of synthetic phy-
cocyanobilin analogues [121,132-136,139,140,144] Each compound
118-127 contains one gem-dimethyl group causing the terminal het-
erocycle to be a pyrrolidinone. In structures 118-125, the gem-dimethyl
group is at position 2 whereas in 126 and 127, the gem-dimethyl group
is at position 3. The location of the structural lock at position 3 or 2
appears inconsequential. On the other hand, the absorption spectra of
the EZZ-isomers (119, 121, and 123) are hypsochromically shifted
compared to those of the ZZZ-isomers (115, 118, 120, 122, 126, and
127) (Fig. 1, panel E6).

The installation of an additional oxo group by oxidation of the 3-
methylene group flanking the 2-gem-dimethyl group affords bilin-
triones 124 and 125, where the oxo groups are located at positions 1, 3,
and 19. The two bilintriones are isomers that differ with regard to the
configuration about the double bond spanning positions 15 and 16. The
absorption spectra of 124 (Apax = 645 nm) and 125 (Apax = 636 nm)
exhibit a bathochromic shift compared to that of 127 (Apax = 585 nm),
which is a bilindione analogue (Fig. 1, panel E7).

The final group of structures in this set contain peripheral modifi-
cations. Compounds 128 and 131 are bilintriones with an annulation at
positions 3 and 4 in the pyrrolidinone ring. Position 3 has proved ver-
satile for elaboration. Compounds 115-121 each contain an acetic acid
ester moiety attached to position 3; compounds 122 and 123 each
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contain an N-substituted acetamide moiety attached to position 3.
Compounds 129 and 130 extend the latter examples: 129 is an analogue
of 122 that bears a longer N-acetamide-substituted peptide chain; 130
contains an a,e-linked lysine bridging the two propionic acid units via
amide bonds, forming a macrolactam. The absorption spectra of
128-131 are overlayed with the spectrum of the benchmark compound
127 for comparison (Fig. 1, panel E8). The conjugation level of 129 and
130 is unchanged from that of 127 by the presence of the peripheral
amide bonds; thus, the absorption spectra of 129 (Apax = 595 nm) and
130 (Amax = 563 nm) are similar to that of 127 (Amax = 595 nm).
Compound 127 contains the same chromophore of 129 and 130 but
lacks the acetamide substituent entirely. On the other hand, the presence
of a fused five-membered ring (2-pyrrolidone for 128 and y-butyr-
olactone for 131) spanning positions 3 and 4 causes diminished conju-
gation. As a result, the absorption spectra of 128 (Apax = 536 nm) and
131 (Amax = 545 nm) are hypsochromically shifted compared to that of
127.

Compound 132 was separated as a side product upon p-methylation
of a hexahydroporphyrin (a pyrrocorphinate) by Eschenmoser and co-
workers [164]. Compound 132 contains two gem-dimethyl groups
(positions 2 and 7) and an exocyclic ethylidene group at position 1; the
ethylidene n-system can be regarded as effectively isoelectronic with an
oxo group. The absorption spectra of 132 (Apax = 547 nm) is similar to
that of tripyrrinone 225 (Fig. 1, panel E9 and Fig. 2).

4.6. Biladiene derivatives (132-163; panels F1-F5)

The compounds in this group contain a bilene, biladiene, or bilat-
riene chromophore and furthermore lack 1,19-diones. Compounds
133-138, 141 and 142 are a,c-biladienes. The absorption spectra are
shown in Fig. 1, panel F1. The absorption spectra of free base biladienes
138 (Amax = 441 nm) and 142 (Ayax = 425 nm) are similar to that of a
single dipyrrin 224 (Apax = 446 nm). The absorption maxima of bila-
diene salts 133-137, 140, and 141 (485-524 nm) are sharper and
bathochromically shifted compared to those of corresponding free base
species 138 and 142. The absorption spectra of metal complexes of the
biladienes (139, 140, 143-146) are similar to those of biladiene salts
described above (Fig. 1, panel F2). Protonation and metal complexation
have similar effects on the spectra of dipyrrins [204,205].

Compounds 147-150 are b-bilenes whereas 151 is an a,b,c-bilat-
riene. Compound 152 is an a,b,c-bilatriene with a lone alkylidene
extension of the n-system. Bilenes 147-150 are either salts or metal
complexes; thus, each resulting absorption spectrum exhibits a sharp
band (Amax = 498-524 nm) (Fig. 1, panel F3). The sharp band is typical
of that observed for bis(dipyrrinato)metal complexes [201,204,205].
The bilatriene framework of salt 151 (Apax = 724 nm) and free base 152
(Amax = 774 nm) gives rise to the absorption band in the NIR region. Not
surprisingly, the extended conjugation in 152 results in the most bath-
ochromic absorption in this subset.

Compounds 153-156 are o,a-bidipyrrins synthesized by Broring and
co-workers [109]. The compounds contain two dipyrrins directly linked
by a carbon-carbon single bond across the respective dipyrrin a-posi-
tions (i.e., the dipyrrin 9- and 11-positions were the 10-carbon present).
The absorption spectra of bridged bidipyrrin 154 (Apmax = 565 nm) is
significantly broader than that of corresponding 153 (Apax = 590 nm)
(Fig. 1, panel F4), which has been explained by the inaccessibility of a
single minimum conformation due to restricted rotation. The absorption
spectra of copper(Il) complex 155 (only a partial spectral trace is
available) and 156 exhibit a broad band in the NIR region.

Dundia and co-workers prepared a series of a,c-biladiene analogues
157-163 wherein the central, 10-methylene unit bridges each dipyrrin
chromophore at a f-position (i.e, corresponding to the 8- and 12-posi-
tions in an ordinary a,c-biladiene) [121,153]. The absorption spectra
of 157-163 (Fig. 1, panel F5) are similar to those of the ordinary,
a,a-linked (i.e., 9,11-linked) analogues 133 and 138 (Fig. 1, panel F1),
where each free base species 157-159 (Aax = 420-463 nm) exhibits a
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broad band, while each salt 160-163 (Apax 479-504 nm) presents a
sharp band.

4.7. Boron-difluoride complexes (164-170; panel G1)

The formation of difluoroboronato complexes of a dipyrrin origi-
nated with the pioneering work of Treibs and Kreuzer [208]. While the
modern era of BODIPY chemistry chiefly focuses on dipyrrins given the
desirable fluorescent properties of the dipyrrinato-borondifluoride
complexes, analogous complexes have also been formed of bilins and
derivatives. Compound 164 is a bilindione to which is complexed one
difluoroboron unit, on the central dipyrrin moiety (i.e., spanning the “b”
unit, linking the N?_N?3 atoms). Compounds 165-170 are bilins to
which are complexed two difluoroboron units, one on each of the
dipyrrin moieties (i.e., spanning the “a” and “c” units, linking the
N?1_N?? and N?*-N** atoms). Each bis(difluoroboron—-dipyrrin) complex
joined via pyrrolic a-positions 165-167 [186] or pyrrolic p-positions
168-170 [98] exhibits a typical sharp, BODIPY-type absorption band
(Fig. 1, panel G1) [201]. The presence of an aryl group attached to the
saturated 10-methylene site in 169 or 170 does not impart a noticeable
change in absorption, as expected given the lack of conjugation at this
position. On the other hand, the absorption spectrum of 164 (Apax =
634 nm), the bilindione to which is complexed one difluoroboron unit
across the “b” unit, shows a broad band (fwhm ~100 nm) with shape
resembling that of BODIPY derivatives with extended conjugation
[209].

4.8. Bilins derived from synthetic tetraarylporphyrins (171-203; panels
H1-H6)

This section focuses on bilins derived from oxidative cleavage of
meso-tetraarylporphyrins. The meso-tetraarylporphyrins were first re-
ported by Rothemund in the 1930s, are readily synthesized [94], and
have become workhorse molecules across chemistry, materials science,
and the photosciences. Since the initial report of bilindiones derived
from meso-tetraarylporphyrins in 1980 by Smith and co-workers [189],
Mizutani and co-workers have made extensive contributions [95,159,
171,176,187,198]. The absorption spectra of bilindiones bearing diverse
aryl substituents at the 5,10,15-positions 171-176 are rather similar
with each other (Fig. 1, panel H1). The absorption spectra of
meso-triaryl bilindiones 171-176, which exhibit absorption maxima in
the range 609-632 nm, are comparable to those of B-alkyl-substituted
bilindiones 24, 25, 28-30 (636-650 nm) (Fig. 1, panel B1). The simi-
larity implies that the presence of a full complement of meso-aryl or
pB-alkyl substituents have little effect on the general spectral features of
bilindiones. The term “full complement” indicates each meso-position or
each p-alkyl position is so substituted; in this case there is a 5,10,15-tri-
arylbilindione or a 2,3,7,8,12,13,17,18-octaalkylbilindione. Compound
177 is an a,o-linked bis(dipyrrinone) that contains 5,15-diaryl substi-
tution and no p-alkyl groups. The absorption spectrum of 177 is hyp-
sochromically shifted with respect to that of 176, although there are
differences in the nature of the meso-aryl groups: p-chlorophenyl in 177
and o-methoxyphenyl in 176. Analysis of additional compounds would
be required to draw definitive conclusions about the role of structure
and substituents in altering spectra for these distinct compounds.

Bilindiones 171-176 each contain three carbon-carbon double
bonds linking the pyrrolic moieties. Compounds 178-181 differ in
several significant ways from 171-176. First, the terminal heterocycle is
a pyrrole rather than a pyrrolinone; second, position 1 bears an aroyl
group; and third, one molecule of water has been added to the pyrro-
lenine unit encompassing methine carbon 5. Alteration of the conjuga-
tion level from a triene (171-176: Apax = 609-632 nm, Fig. 1, panel H1)
to a diene (178, 180 and 181; Apax = 554-561 nm) causes an expected
hypsochromic shift of the absorption maximum (Fig. 1, panel H2).
Compounds 178-181 display a tripyrrinone chromophore that bears
two meso-aryl substituents. The diene 178 (Apmax = 561 nm) is a ZZZ-

29

Journal of Photochemistry & Photobiology, C: Photochemistry Reviews 55 (2023) 100585

isomer. The absorption spectrum of the EZZ-isomer diene 179 (Apax =
527 nm) is further hypsochromically shifted (Fig. 1, panel H2).

Compound 182 is the zinc(Il) chelate of 178. The absorption
maximum of the zinc(II) chelate 182 (Apmax = 627 nm) is bathochromi-
cally shifted compared to that of the free base 178 (Apax = 561 nm)
(Fig. 1, panel H3). Compound 183 is a reduction product of 178. The
relationship is most easily seen by visualizing a tautomer of 183 that
contains a 1-benzoyl group and a saturated 5-methylene site. The
tautomer of 183 (H and Ph at the 5-position) effectively contains the
same chromophore as 178 (HO and Ph at the 5-position). The absorption
spectra of 178 and 183 are almost identical with each other regardless of
their distinct compositions and ostensibly distinct structures, suggesting
the aforementioned tautomer is a likely contributor to the solution
structure of 183. Similarly, the absorption spectra of the respective zinc
(II) complexes (182 and 184) are almost identical with each other. One
possible coordination sphere for 184 is displayed in Chart 1; the actual
coordination geometry is unclear given the requirement for a formal
dianionic ligand to complement zinc(II) and the presence of three N-H
units in the parent, free base ligand.

The formal oxidative scission of meso-tetraphenylporphyrin by
addition of a molecule of oxygen across the bond between a meso-
carbon and the a-pyrrolic position affords a free base open-chain tetra-
pyrrole that at the respective termini contains a pyrrolinone unit (19-
oxo group) and a benzoylpyrrole (1-benzoyl group). The open-chain
tetrapyrrole also contains a phenyl group at each of the 5-, 10-, and
15-positions. An appropriate term for the ligand is a bilatrienone.
Compounds 185-188 are so derived and are chelated with zinc(Il),
magnesium(Il), and copper(Il), respectively. Each of the bilatrienone
metal complexes exhibits a very broad band at ~800 nm (Fig. 1, panel
H4).

Bilatrienones bearing three meso-aryl groups have been prepared
that contain a wide variety of substituents at the 1-position (190-200).
The 1-substituents range from methoxy, phenoxy, amino, alkyl or aryl
amino, alkyl or aryl thio, alkylidenyl, and thionyl. The absorption
spectra of 190-200 are overlayed with the absorption spectrum of
bilindione 173 for comparison (Fig. 1, panel H5). The groups that impart
a substantial extension of conjugation cause a bathochromic shift (198,
Amax = 706 nm; 199, Aoy = 712 nm; 200, Apayx = 723 nm) compared to
that of bilindione 173 (Amax = 628 nm). Comparison also can be made
with bilatrienones 55-61 and companion spectra (Fig. 1, panel B11).

meso-Tetraarylporphyrins have been prepared from pyrroles that
bear f,p’-annulated alkyl moieties. Such porphyrins tend to be struc-
turally deformed due to the steric interactions of the flanking meso-aryl
and p-alkyl groups [210]. Bilatrienones derived from such porphyrins
(201-203) were prepared by Smith and co-workers [179]. Like com-
pounds 185-189, the bilatrienones bear 5,10,15-triphenyl groups and a
1-benzoyl group, but unlike 185-189, also contain a full complement of
B-alkyl substituents, namely a tetramethylene unit spanning each of the
three B,p’-pyrrolic sites. The absorption spectra of the metal chelates
show that the absorption band appears in the NIR region. The peak
maxima include 752 nm for the zinc(II) chelate (201), 840 nm for the
copper(Il) chelate (202), and 804 nm for the nickel(II) chelate (203)
(Fig. 1, panel H6).

4.9. Chlorophyll catabolites (204-213; panels 11-13)

Chlorophylls are produced globally in gargantuan quantities yet
until recently relatively little was known about the processes by which
chlorophylls are degraded. The products in plants derived from chlo-
rophyll a, termed phyllobilins, are derived by oxidative scission at the
chlorophyll a-position. Some 73 native or native-derived phyllobilins
have been identified over the past three decades, and the absorption
spectra have been compiled in a database [17]. In this section, the ab-
sorption spectra of open-chain tetrapyrroles produced by scission of
chlorophyll a at the §-position are compared (Scheme 1).

The chlorophyll catabolites of interest here are referred to as
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Table 2
Fluorescence spectra data for open-chain tetrapyrroles in the database.”

Cmpds Mu ¢ solvent Ref
13 510 0.09 chloroform [104]
101 534 dichloromethane [150]
134 555 0.014 dichloromethane [181]
163 510 chloroform [971
164 672 0.37° xylene [96]
165 571 0.99 tetrahydrofuran [186]
166 581 0.77 tetrahydrofuran [186]
167 598 0.96 tetrahydrofuran [186]
168 559 benzene [98]
169 556 benzene [98]
170 556 0.85 benzene [98]
212 612 dichloromethane [156]
213 611 dichloromethane [156]

2 All spectral data were determined in solution at room temperature. *The ®;
value was determined in ethanol.

luciferins. Compounds 204-211 each are pyrochlorophylls indicating
loss of the carbomethoxy group at the 13%-position of chlorophyll. The
absorption spectra of Krill luciferin (204, Amax = 386 nm) and Dinofla-
gellate luciferin (205, Amax = 392 nm) match each other closely (Fig. 1,
panel I1). Each contains a limited path of conjugation given the satu-
ration at two of the three meso-carbons, as reflected in the absorption
maxima in the near-UV region. Embedding a second carbonyl group in
the five-membered, exocyclic ring (so called ring E) creates a 1,2-dione
motif and causes a hypsochromic shift (206, Apax = 348 nm) compared
to that of Dinoflagellate luciferin (205, Amax = 392 nm). The absorption
spectrum of 209 (Apax = 237 nm), where the addition of a hydroxy
group further interrupts any conjugation, is similar to that of pyrrole
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(Mmax = 209 nm) [61].

The absorption spectra of 207 (Apax = 633 nm) shows an immense
bathochromic shift compared to that of Krill luciferin (204, Amax =
386 nm) due to the presence of additional conjugation that encompasses
two pyrrolic units (Fig. 1, panel 12). Further added conjugation (208,
shoulder ~690 nm) to encompass three pyrrolic units causes a
commensurably increased bathochromic shift and broadening of the
absorption spectrum. The absorption spectra of 210 (Apmax = 567 and
587) and 211 (Aax = 549 and 577) show bathochromic shifts compared
to the spectrum of Krill luciferin (204); however, the shift is less extensive
compared to the spectrum of 208. The distinctions are attributed to the
fact that compounds 210 and 211 each contain a hydrated vinyl group,
which removes a significant auxochrome from the bilin chromophore.

Compounds 212 and 213 are derivatives of the red chlorophyll
catabolite (RCC), which is a universal precursor to phyllobilins, and are
mentioned here only for comparison purposes. The structures differ
from RCC itself (see Scheme 1) in that both are pyro derivatives and both
are ZEZ-isomers rather than the ZZZ-isomer presented by RCC.
Furthermore, 212 contains a free propionic acid whereas 213 is a methyl
ester thereof (RCC-Me) [156]. The absorption spectra of 212 and 213
are almost identical to that of RCC methyl ester (Fig. 1, panel I3). This
observation is at odds with the features exhibited by bilindiones (Fig. 1,
panel B2) and phycocyanobilins (Fig. 1, panel E1), wherein a substantial
hypsochromic shift is observed due to the change in stereoconfiguration.

4.10. Knoevenagel enones (214-220; panel J1)

The total synthesis of native photosynthetic pigments has largely
been neglected [206]. A program aimed at the total synthesis of native

photosynthetic  tetrapyrroles, including chlorophyll a and
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Fig. 4. Fluorescence spectra of open-chain tetrapyrroles in the database. The reader is referred to the text or original citations for solvent and other information. (A)
Nitrogen-bridged bilirubin 13. (B) I-Stercobilin hydrochloride (101) [150] and a,c-biladiene salt 134. (C) Bis(difluoroboron-dipyrrin) complexes 165-170. (D) RCC
derivatives 212 and 213 as well as the methyl ester of the red chlorophyll catabolite (RCC-Me).
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bacteriochlorophyll a, has yielded analogues of bilins as reaction in-
termediates. The intermediates are derived from Knoevenagel conden-
sation of a dihydrodipyrrin-carboxaldehyde and a p-ketoester to which is
attached a dihydrodipyrrin (for bacteriochlorophylls) or dipyrro-
methane (for chlorophylls). The products of the Knoevenagel conden-
sation thus contain a propenone unit that links the two halves
(214-220). Compounds 214-216 are synthetic precursors of chloro-
phyll analogues and contain a dihydrodipyrrin in conjugation with a
propenone-dipyrromethane [38], whereas compounds 217-220 are
precursors of bacteriochlorophyll analogues and contain two dihy-
drodipyrrins in conjugation with a propenone [37,39,40]. The absorp-
tion spectra of 214-220 show a visible band from 454 to 501 nm, and
absorption in the UV region that is slightly different for the set 214-216
(band <300 nm) versus the set 217-220 (band ~319-339 nm) (Fig. 1,
panel J1). Each member of the former set contains a formylpyrrole that
is not conjugated with the dihydrodipyrrin-propenone pyrrole, whereas
each member of the latter set contains a dimethoxymethyl (acetal) group
attached to the terminus of one of the dihydrodipyrrin halves. While
214-220 are not bilins, the structures are similar, and the relatively
facile synthesis of such compounds may open doors for comparative
studies of reduced, open-chain tetrapyrroles.

5. Fluorescence spectra

The literature provides numerous examples of absorption spectra of
compounds in the bilin family, as delineated in the prior sections. By
contrast, the literature on fluorescence spectra of the same compounds is
very sparse. At first glance, the contrast is astonishing. On further in-
spection, the reason for the dearth of fluorescence spectra has to do with
the often, but not always, very low fluorescence yield of bilin com-
pounds in solution. Here, we provide a necessarily short section on the
fluorescence spectra and properties of members of the bilin family.

In general, “normal’ open-chain tetrapyrroles are weakly fluorescent
at room temperature. The metric for fluorescence intensity is the fluo-
rescence quantum yield (®¢), which takes on values from O to 1. A ®¢
value of 1 indicates that for each photon absorbed, one photon is emitted
as fluorescence. The ®; value of bilirubin 1 is < 10 in Tris buffer at
room temperature [211]. The ®¢ of bilirubin IXa DME (6) increases from
7.6 x 10 in ethanol at room temperature to 0.31 at 77 K in ethanol
[162]. Metal chelation with “innocent” metal ions [2] generally in-
creases the ®¢ value for bilins, as evidenced for biliverdin DME (21, ®¢ =
1.1 x10™ [212] converted to zinc(I) biliverdin DME (®f = 0.036)
[213]. The synthetic phycocyanobilin analogue 118 (& = 8 ><10'4) is
also weakly fluorescent [214].

(A)
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Concerning the fluorescence of bilins, we harken back to the notion
proffered over 80 years ago by Lewis and Calvin [215], who stated “All
of these groups that cause a rapid dissipation of the energy of electronic
excitation, whether this is manifested by diminution of fluorescence or by
diminution of structure, may be likened to loose bolts in some moving part of a
machine. They provide a process by which the energy of the system is lost or
degraded.” Conversely, one can understand the profound increase in
fluorescence of bilins upon application of conditions — temperature,
medium, or structural — that limit conformational motion. Said differ-
ently, the diminution of the rate constant for internal conversion (kic)
upon restricted conformational motion causes a concomitant increase in
excited-state lifetime (t5) and hence a commensurate increase in fluo-
rescence quantum yield (®¢). The competition among photophysical
processes is given by Eq. 1, which includes the rate constant for fluo-
rescence (kg) and intersystem crossing (kisc) as well as that for internal
conversion (kjc). This simple heuristic — that constraining motion about a
chromophore can increase the ®¢ - is as important today as it was in
1939 [215], and certainly helps to explain many cases of substances that
exhibit aggregation-induced emission, which often stems from the same
phenomenon of restricted motion.

@p = ki / (Kic + Kise + k) = kpTs (@)

The notion of restricted conformational motion of bilins leading to an
increased ®f value has been described by Falk [2]. A further point
germane to the fluorescence of bilins warrants mention: a compound
with dim fluorescence (i.e., low value of ®¢) can still be a potent
photosensitizer, as long as the rate constant for the excited-state sensi-
tization process is of significant magnitude relative to the sum of the
other rate constants for depopulating the excited state [216]. The pro-
cesses are competitive. In this regard, while the ®¢ value is often taken as
a proxy for the excited-state lifetime, a low ®¢ value does not imply an
impotent photosensitizer. For perspective, the benchmark molecules
meso-tetraphenylporphyrin and zinc(II) meso-tetraphenylporphyrin
exhibit a ®¢ value of 0.090 and 0.030, respectively [217]; such values
are ostensibly low (or at least often regarded as low), but both com-
pounds are valuable photoactive entities used across the photosciences.

The fluorescence spectral data for 13 open-chain tetrapyrroles are
listed in Table 2. The table includes the wavelength of fluorescence
maxima (\qgy,), @f value if available, solvent for data collection, and
literature citation. The compounds selected here have published fluo-
rescence spectra (compounds 1, 6, 21, and 118 mentioned above have
reported @ values but were not accompanied by published fluorescence
spectra). The fluorescence spectral traces of the 15 open-chain tetra-
pyrroles are displayed in Fig. 4. The fluorescence spectra in Fig. 4 are
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Fig. 5. (A) Structural rigidification of phycocyanobilin in the protein binding pocket of C-phycocyanin, one of the major biliproteins of phycobilisomes [223]. (B)
Phycobilisome showing the pigment-—proteins phycoerythrin (PE), phycocyanin (PC) and allophycocyanin (APC) [221].

(a) Adapted from Elgabarty. (b) Adapted from Saer and Blankenship.
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Fig. 6. (A) Absorption spectra of open-chain tetrapyrroles [phycoerythrobilin (106) and phycocyanobilin (102)] alone in solution and of biliproteins phycoerythrin
(PE), phycocyanin (PC), and allophycocyanin (APC). (B) Fluorescence spectra of the biliproteins PE, PC, and APC.

normalized to unity. The reader should realize that the magnitude of
fluorescence might vary.

We now briefly summarize key structural features for the compounds
described in Table 2 and Fig. 4, as well as selected counterparts of the
compounds.

e Compound 13, a bilirubin derivative that bears carbonyl bridges
between N*'-N?? and N23—N24, exhibits ®¢ = 0.09 at room temper-
ature [104] (Fig. 4, panel A). Similar intensification of fluorescence
is observed for the nitrogen-p-pyrrole bridged bilirubins phorcarubin
DME (18) and isophorcarubin DME (19), where the ®¢ value is
0.0015 and 0.04, respectively, in ethanol at room temperature [162].

e Compounds 101 (I-stercobilin hydrochloride) [150] and 134 (a
diprotonated a,c-biladiene salt) [181] contain one or two protonated
dipyrrin moieties, respectively (Fig. 4, panel B). Compound 134
exhibits ®f = 0.014.

e The bilindione difluoroboron complex 164 (®; = 0.37) exhibits a
broad fluorescence band and spectral shape similar to BODIPYs with
extended conjugation [209] (Fig. 4, panel C).

e Each compound 165-170 is a bis(difluoroboron) complex of a bila-
diene and exhibits a sharp fluorescence band characteristic of typical
BODIPYs and a value of ®¢ up to 0.99.

o A difluoroboron complex of an analogue of urobilin 100, which is a
bilene-b (i.e., contains a single dipyrrin chromophore), exhibits ®¢
= 0.57, although the spectral trace is apparently not available [218].

e Now we turn to derivatives of the red chlorophyll catabolite (RCC),
namely the methyl ester RCC-Me and 212 and 213, all of which are
phyllobilins. The fluorescence spectra of 212 and 213 in dichloro-
methane (with 1% methanol) are overlayed with that of RCC-Me in
ethanol [156,219] for comparison (Fig. 4, panel D). While 212, 213,
and RCC-Me exhibit nearly identical absorption spectra (Fig. 1,
panel I3), the fluorescence spectra of 212 (Aey, = 612 nm) and 213
(hem = 611 nm) differ significantly from that of RCC-Me (Aem =
687 nm, ®¢ = 0.036). A reasonable number of fluorescence spectra of
phyllobilins have been reported, albeit generally without informa-
tion concerning ®s values [17]. Where data are available, phyllobi-
lins exhibit moderate ®¢ values (e.g., phyllolumibilin exhibits ®¢ =
0.21 in ethanol at room temperature [220]) compared to the puny
emission of most bilirubins and biliverdins.

The larger values of @ given by the above examples versus that
typical of bilirubin alone can be attributed to rigidification of the mo-
lecular architecture (i.e., suppression of rotation that leads to an in-
crease in internal conversion), in accord with the heuristic enunciated
by Lewis and Calvin [215] and in accord with data assembled by Falk
[2]. On the basis of the limited data available, it appears that rigidifi-
cation of an open-chain tetrapyrrole by the mere presence of an
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exocyclic, five-membered ring (ring E of chlorophylls) contributes to an
increased @ value. Additional study is required to ensure that such a
perspective is reflective of a large number of compounds and is not
biased by a small number of positive reports on selected compounds.

To close, we return now to bilins, which lack the exocyclic, five-
membered ring. Selected bilins are embedded as pigments in pigment-
protein assemblies, known as phycobilisomes, that function as light-
harvesting elements in phototropic bacteria [221,222]. The bilins
include phycoerythrin (PE), phycocyanin (PC), and allophycocyanin
(APC). Incorporation of the bilins in proteins imparts structural rigidi-
fication. One example, drawn chiefly from X-ray studies, is illustrated
for phycocyanobilin in such a protein in Fig. 5 panel A [223]. Several
features are noteworthy: (1) the open-chain tetrapyrrole is covalently
bound by cysteine thiol addition to the vinyl group of ring A; (2) the
dipyrrin unit (rings B and C) is protonated by an aspartate; (3) multiple
hydrogen-bonds are extant with protein residues including lysine and
arginine, as well as the alanine backbone. The structural rigidification
results in a sharp absorption band relative to that in solution, where
many conformations are available, and also a profound increase in @
value in the biliprotein when measured apart from the rest of the phy-
cobilisome architecture. Typical ® values include the following: PE,
0.41-0.98 [224-226]; PC, 0.51-0.81 [224-226]; and APC, 0.68 [225].

A representative structure of a phycobilisome is shown in Fig. 5 panel
B. The pigment-protein assemblies include phycoerythrin (PE) at the
outer section of the rod, distal from the thylakoid membrane. Beneath
the PE elements are phycocyanin (PC) elements. Beneath the PC ele-
ments are allophycocyanin (APC) elements at the core of the assembly.
The flow of excitation energy following absorption of light is excep-
tionally rapid and essentially quantitative, in a downhill cascade, from
PE to PC to APC constituents and on to the chlorophylls of photosystem
II. The phycobilisomes are dynamic structures and can undergo alter-
ation to accommodate different illumination conditions. The phycobi-
lisomes serve to augment the light-harvesting capacity attained from
chlorophylls alone [221,222].

The absorption spectra of selected open-chain tetrapyrroles and
biliproteins [227,228] are compared in Fig. 6. Phycoerythrobilin (106)
is the chromophore of the biliprotein PE, and phycocyanobilin (102) is
the chromophore of the biliproteins PC and APC. The sharp absorption
spectra upon incorporation in the protein assembly is profound and
resembles that observed upon protonation or metal chelation of a
dipyrrin or bilin containing a more extended n-system. The fluorescence
bands of the biliproteins also are sharp. Such features are readily
attributable to the rigidification, and perhaps protonation or
hydrogen-bonding, of the bilin chromophore in the protein matrix.
These examples illustrate the profound change of spectral and photo-
physical features that can be exercised upon incorporation of appro-
priate bilin chromophores in a suitable environment.
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6. Outlook

The bile pigments may have had a lowly origin, identified as mere
waste products, but members of the ever-increasing family of bilins have
been found to occupy diverse roles in the life sciences. Constituents of
bilins such as dipyrrins are now of central importance in fields that range
from coordination chemistry to clinical diagnostics. The spectral data-
base of open-chain tetrapyrroles described herein should support
fundamental research concerning individual compounds as well as
comparative studies among compounds. Of considerable interest is to
gain a deeper understanding of the relationship between molecular
structure and spectral properties, including the type of Aufbau-like
progression outlined herein to visualize how increasing conjugation
underpins a spectral progression. An understanding of the structur-
e-spectra relationship of bilins provides a valuable juxtaposition for
analogous phyllobilins, which differ in particular due to the presence of
the fifth, exocyclic ring characteristic of photosynthetic tetrapyrroles.
The present database of spectra for bilins in conjunction with the
database for phyllobilins [17] should enable systematic comparisons
and deepen understanding of these often-disregarded yet valuable
members of the tetrapyrrole family.
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