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a - Synergism between sterwprotonic Can inherent preference for 

protonation/deprotonation in the lone pair direction, and sterweleckonic 

effects on the formation and breakdown of the tekahedral intermediate has 

been demonskated during the kinetically controlled enzymic aminolysis of 

specific esters by N-nuclwphiles. While both N-methylated and N-unme- 

thylated nuclwphiles promote chymokypsin anilide hydrolysis, the N-me+ 

thylated nuclwphiles do not aminolyse detectably acylchymokypsin. 

The favourable interaction between a lone pair orbital n of the atom X (Scheme I) and the anti- 

bonding orbital (I l of an antiperiplanar polar bond Y-Z 01 -a*T_Z interaction) proves to be essential for 

the stabilization of the ground state (thermodynamic effect) or transition state (kinetic effect) of the mo- 

T 

Z- tl. ,.n 

lecular conformation 1’. The thermodynamic effect is expressed by the conformational preferences of 

sugars Canomeric effect ‘1 and nucleic acids (gauche effect?4 the kinetic effect is observed in the stereo- 

electronic acceleration of the polar Y-Z bond cleavage/formatior?. On the other hand, a protonation/ 
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Abstract: “C-NMR spectra of a series of acyclic, monocyclic and polycyclic ketones and 
diketones serve as a basis for investigating transannular orbital interaction in diketones. The 
shielding of the “C=O resonance frequency of the diketone relative to the monoketone which can 
be observed in all cases, depends on factors such as the number of intervening u-bonds, relative 
orientation of the carbonyl groups and intervening o-bonds. 

INTRODUCTION 

Over 20 years ago Hoffmann described the phenomenon of electron delocalization through 

homoconjugation in terms of direct (“through-bond”) and indirect (“through-space”) interactions from 

localized chromophores2 Orbital interactions through space have been detected by photoelectron (PE)3 

and electron transmission spectroscopy,“’ and by kinetics of solvolysis reactions.S7 For example, the large 

splittings of the r-orbitals (0.86 eV) and r*-orbitals (1.52 eV) of norbomadiene, as detected by PE 

spectroscopy, are thought to originate mainly from through space interactions and to a lesser extent from 

through-bond coupling.* Transannular orbital interactions between two ketone carbonyl chromophores 

give large n-orbital splittings when overlap through skeletal o-orbitals is possible, as in tetramethyl-1,3- 

cyclobutanedione (0.75 eV)? and smaller splittings arise when the overlap between the n-orbitals and 

the relevant u-p ring orbitals is poor, as in 2,Snorbornanedione (0.16 ev).” 

Although not as extensively investigated, transannular orbital interactions have also been detected 

by ‘%-NMR spectroscopy. With a favorable aligmnent of the C=O groups, S,=o of the dione may be 

strongly shielded relative to 6,=, of the corresponding mono-ketone, cjI 2,Snorbomanedione (S,=o 

212.3) and norbornanone (S,,, 218.1)” In the former, a 1,4-diketone, the chromophores are separated 

by three u-bonds, but equivalently strong shieldings may be detected even in l,Sdiketones, where the 

Dedicated to Professor Carl Djerassi on the oocasion of his 70th birthday 
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Transannular orbital interaction in diketones 9195 

that of (e), and the magnitude of A8 is larger. Similarly, the magnitude of A8 is larger in (b) than in (f), 

and larger in (c) than in (g). However, when the O=C---- C=O nonbonded distance becomes large, 

as in (d), Ag is essentially the same as in its acyclic analog (h). Whether one can assign the difference 

in magnitudes of A8 for the cyclic and acyclic analogs to through-space effects is unclear because of the 

difficulty in assessing the dependence of 6 on the through-bond coupling path. However, on a qualitative 

basis, it seems clear that through-space effects play an important role in the “C=O shieldings of the 

cyclic diketones. 

Through-space orbital interactions thus appear to be optimized in cyclic systems where the C=O 

groups have a favorable alignment. Compare M, for example, of the norbomanedione and adamantane- 

dione [(b) and (d) of Table 1, respectively] to A6 of cyclohexanedione and cyclooctanedione [(b) and (c) 

of Table 2, respectively]. In each case, the C=O groups are connected by three or four u-bonds, but in 

the former set (Table 1) they are thought to be co-linear, and the magnitude of A6 is larger. However, 

even with a favorable alignment, orbital interactions of diketones through the same three or four bonds 

do not necessarily give rise to very large A8 magnitudes when there are intervening u-bonds, even when 

the C=O are co-linear, as in (j), or when the C=O groups are not co-linear, as in (i). 

CONCLUDING COMMENTS 

The carbonyl resonances of all of the diones of this work (Table 2) are shielded relative to 

corresponding mono-ketones. This behavior is consistent with earlier observations in other 

bichromophoric systems with C=O chromophores aligned for transannular orbital interaction (Table I).” 

The origin of this effect would appear to lie in orbital interaction through space as well as through a- 

bonds. A more complete analysis of the relative contributions of through-space and through-bond orbital 

interaction awaits a theoretical analysis of %=O shielding tensorsI of the bichromophoric and 

monochromophoric substances of Tables 1 and 2. 

EXPERIMENTAL 

Gene& Nuclear magnetic resonance (NMR) spectra were determined in CDCl, on a GE QE-Plus 

spectrometer operating at 75.5 MHz for 13C and are reported in parts per million downfield from 

tetramethylsilane, unless otherwise indicated. 1,3Cyclobutanedione was a gift from LONZA Corp., 2- 

pentanone and 2,4pentanedione, 1,Ccyclohexanedione and cyclohexanone, 2-hexanone and 2,5- 

hexanedione, cyclooctanone, 2-heptanone, 2-octanone and bicyclo[3*3*O]octane-3,7-dione were from 

Aldrich. 

2,6-Heptanedione” was prepared according to the method of Cope and 0verberger.‘“17 

2, 7-Octanedione’8 was prepared according to the method of Januszkiewicz and Alper.” 
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pH-SENSITIVE EXCITON CHIRALITY CHROMOPHORE. 

SOLVATOCHROMIC EFFECTS ON 

CIRCULAR DICHROISM SPECTRA 

Stefan E. Boiadjiev and David A. Lightner* 

Department of Chemistry, University of Nevada, Reno, Nevada 89557-0020 USA 

Abstract: Diesters (1 and 3) of (1S,2S) and (1R,2R)-cyclohexanediol and diamides (2 and 4) of (1S,2S) and (1R,2R)- 
diaminocyclohexane with p-hydroxycinnamic acid exhibit intense bisignate circular dichroism spectra in CH3OH: I 
Ae +55 (323 nm), -34 (287 nm); 2 Ae +75 (318 nm), -55 (281 nm) and in (CH3)2SO: l AE +53 (328 nm), --33 (292 
nm); 2 AE +65 (319 nm), -- 50 (280 nm). Added NaOH causes a bathochromic shift of-50 nm in CH3OH and -80-90 
nm in (CH3)2SO. Copyright © 1996 Elsevier Science Ltd 

I N T R O D U C T I O N  

The search for new types of  chromophores useful in forming derivatives of  diols and diamines for exciton 

chirality 1 studies has uncovered a variety of  carboxylic acids ranging from para-substituted benzoic and 

cinnamic acids to naphthoic and anthroic acids, 2 from dipyrrinone acids 3 to porphyrin acids. 4'5 The last are 

especially useful for long-range exciton coupling. In the current work, we focussed attention on thep-hydroxy- 

cinnamate chromophore for exploring a potential pH shift on exciton Cotton effects. Previously, p-methoxy 

and p-dimethyl-amino cinnamic acid esters have been used in exciton studies, 2 but to the best of  our knowl- 

edge, the p-hydroxy has not. Yet, one can anticipate that its carboxylic acid esters and amides should exhibit 

large bathochromic ultraviolet (UV) and circular dichroism (CD) spectral shifts in the neutral to basic pH 

range. Consequently, we preparedp-acetoxycinnamic acid as the key chromophore to be used in our syntheses. 

. _ ~  0 I i . . . . . . .  pH ~ 0 
HO CH:CH-C-XR • " -0 CH:CH-C-XR 

decreoee pH 

rnax 24,000 (X=O or NH) ~ max350 30,000 
aoo 

RESULTS AND DISCUSSION 

Synthesis. As outlined in the Synthetic Scheme, p-hydroxycinnamic acid was acetylated in 89% yield using 

acetic anhydride in pyridine. 6 The product was converted with thionyl chloride to the corresponding acid 

chloride, which was reacted smoothly with (1S,2S) or (1R.2R)-trans-cyclohexanediol in dry dichloromethane 

2825 



pH-Sensitive exciton chirality chromophore 2829 

when deprotonated in dimethylsulfoxide (Table 2). Yet, again the UV spectra of the protonated forms are very 

similar in pure methanol and in dimethylsulfoxide. 

TABLE 2. UV Spectral Data for Monoamides 9 and 10. 

9 10 

Solvent s max X (nm) s max ~. (nm) s max ~, (nm) 

CHCI 3 24300 278 19900 307 sh 22300 291 

CH3OH 27500 277 22900 307 23600 292 

(CH3)2SO 24600 276 20300 308 sh 23300 293 

0.1 M NaOH/CH3OH - -  - -  29700 347 14200 313 sh 

(CH3)2SO/NaOH a --- - -  31900 378 10800 327 

a (CH3)2SO containing 2% (vol) of a solution of 0.1 M NaOH in CH3OH 

CONCLUDING COMMENTS 

The p-hydroxycinnamate chromophore has been shown to exhibit the expected excellent pH-sensitive 

spectral shifts in its exciton coupling CD and UV spectra of the diesters of (IR,2R) and (1S,2S)-trans- 
cyclohexanediol and the diamides of (1R,2R) and (1S,2S)-trans-diaminocyclohexane. An unusual solvato- 

chromic effect on the phenoxide form in dimethylsulfoxide solvent leads to -90 nm bathochromic shifts and 

20-40% enhancements of As max. These findings indicate p-hydroxycirmamic acid may be useful for exciton 

chirality studies where red-shifted chromophores are important. 2 

EXPERIMENTAL 

General.  All circular dichroism spectra were recorded on a JASCO J-600 instrument, and all UV-vis spectra 

were recorded on a Cary 219 spectrophotometer. NMR spectra were obtained on a GE GN-300 spectrometer 

operating at 300 MHz. CDC13 solvent (unless otherwise noted) was used and chemical shifts were reported 

in 8 ppm referenced to residual CHC13 1H signal at 7.26 ppm and 13C signal at 77.00 ppm. J-modulated spin- 

echo experiment (Attached Proton Test) was used to obtain 13C-NMR spectra. Optical rotations were measured 

on a Perkin-Elmer 141 polarimeter. Radial chromatograph), was carried out on Merck Silica gel PF254 with 

CaSO 4 preparative layer grade, using a Chromatotron (Harrison Research, Inc., Palo Alto, CA). Melting points 

were determined on a Mel-Temp capillary apparatus and are uncorrected. Combustion analyses were carried 

out by Desert Analytics, Tucson, AZ. 

Spectral data were obtained in spectral grade solvents (Aldrich or Fischer). Enantiomerically pure 

(1R,2R) and (1S,2S)-trans-l,2-cyclohexanediol and 1,2-diaminocyclohexane were from Fluka; trans-p- 
hydroxycinnamic acid was from Acros. 
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A symmetrical difluorinated bilirubin analog, 8,12-bis(2-carboxy-2-fluoroethyl)-3,17-diethyl-2,7,-
13,18-tetramethyl-10H,21H,23H,24H-biline-1,19-dione (9), was synthesized from methyl 3-[2,4-
dimethyl-5-(methoxycarbonyl)-1H-pyrrol-3-yl] propionate (1) in nine steps. Fluorine was introduced
by reaction of an intermediate methyl 3-[1-(tert-butoxycarbonyl)-2,4-dimethyl-5-(methoxycarbonyl)-
1H-pyrrol-3-yl]-2-hydroxypropionate (5), with (diethylamino)sulfur trifluoride (DAST). The flu-
orinated rubin exhibited the expected IR, UV-vis, and NMR spectroscopic properties, similar to
those of the unfluorinated parent, mesobilirubin XIIIR. However, the solubility properties
unexpectedly differed, with the fluorinated rubin being less soluble in organic solvents than its
parent. While this phenomenon may be attributed to the much increased acidity of the carboxylic
acid hydrogens in 9, it probably also arises from less effective intramolecular hydrogen bonding
due to a decreased basicity of the propionic acid carbonyl groups.

Introduction

Bilirubin IXR, the yellow-orange pigment of jaundice
formed from heme during normal metabolism in humans
and other mammals,1,2 owes its peculiar solubility and
solution properties to a stubborn tendency to tuck its
polar carboxylic acid and amide groups inward, linking
them up through hydrogen bonding (Figure 1).3,4 The
most stable and persistent conformation, shaped like a
ridge-tile and maintained by six intramolecular hydrogen
bonds, has been found in crystals of bilirubin5,6 as well
as in various solutions7,8 and is thought to be important
in its transport and metabolism.2,9 Analogs that have
the C-8 and C-12 propionic acid groups transposed to
other sites on the pigment backbone (e.g., C-7 and C-13
in mesobilirubin IVR) are much more polar, behave
completely differently, and do not engage in intramo-
lecular hydrogen bonding.9,10 But analogs with propionic
acids at C-8 and C-12 (as in mesobilirubin XIIIR) or
replaced by a wide range of differing alkanoic acid chain
lengths apparently do retain the conformation-determin-
ing intramolecular hydrogen bonding motif, which de-
termines their shapes and properties.9,11

The key elements for intramolecular hydrogen bonding
are thus a dipyrrinone receptor for the carboxylic acid
group and a carboxylic acid tethered to ring carbons 8
and 12 (Figure 1). The carboxylic and dipyrrinone
moieties form a complementary hydrogen bonding pair.
Esterification disrupts the hydrogen bonding to some
extent, as does amidation to give tertiary amides.12 Even
so, hydrogen bonding of the dipyrrinone to a carboxylate
ion seems to be quite effective in retaining the pigment’s
folded, hydrogen-bonded conformation.7,8 Since the car-
boxylic acid group is essential for effective hydrogen
bonding to a dipyrrinone receptor, we wondered whether
varying the acidity of the carboxylic acids might alter the
effectiveness of the intramolecular hydrogen bonding. To
achieve a profound alteration in carboxylic acid acidity,
we determined that introduction of an R-fluorine, as in

X Abstract published in Advance ACS Abstracts, December 1, 1996.
(1) McDonagh, A. F. Bile Pigments: Bilatrienes and 5,15-Biladienes.

In The Porphyrins; Dolphin, D., Ed.; Academic Press: New York, 1979;
Vol. 6, pp 293-491.

(2) For recent reviews, see: Gollan, J. L. (guest ed.) Pathobiology
of Bilirubin and Jaundice. Semin. Liver Dis. 1988, 8, 103-199, 272-
283.

(3) Lightner, D. A.; McDonagh, A. F. Acc. Chem. Res. 1984, 17, 417-
424 and references therein.

(4) Person, R. V.; Peterson, B. R.; Lightner, D. A. J. Am. Chem. Soc.
1994, 116, 42-59.

(5) Bonnett, R.; Davies, J. E.; Hursthouse, M. B.; Sheldrick, G. M.
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Structure in Bilirubin Metabolism and Excretion. In Hepatic Metabo-
lism and Disposition of Endo and Xenobiotics; Bock, K. W., Gerok, W.,
Matern, S., Eds.; Falk Symposium No. 57; Kluwer: Dordrecht, The
Netherlands, 1991; Chapter 5, pp 47-59. (b)McDonagh, A. F.; Lightner,
D. A. Cell. Mol. Biol. 1994, 40, 965-974.

(10) Trull, F. R.; Franklin, R. W.; Lightner, D. A. J. Heterocycl.
Chem. 1987, 24, 1573-1579.

(11) Person, R. V. Conformational Analysis of Bilirubin and its
Analogues. Ph.D. Dissertation, University of Nevada, Reno, 1993.

(12) Boiadjiev, S. E.; Anstine, D. T.; Lightner, D. A. Tetrahedron:
Asymm. 1994, 5, 1945-1964.

Figure 1. Bilirubin-IXR shown in a linear representation
(upper) and in its most stable ridge-tile conformation (lower,
only one of two enantiomers is shown). The ridge-tile is
stabilized by a network of 6 intramolecular hydrogen bonds.
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Cotton effect intensities are larger, suggesting a greater
enantioselectivityspossibly due to the more acidic car-
boxylic acids of 9 forming a tighter salt linkage to an
amine residue (lysine) on HSA.22
If the spectral data for 9 generally conform to expecta-

tions, the solubility and chromatographic data were
surprising. The parent mesobilirubin XIIIR is soluble
in chloroform (∼1 mg/mL maximum), but 9 is very
insolublesso much so that 1H-NMR could not be mea-
sured in this solvent. It also exhibits very limited
solubility in most other organic solvents, although the
solubility was sufficient for determining the UV-vis
spectra, which were quite like that of mesobilirubin
XIIIR. Dimethyl sulfoxide proved to be the best solvent
for 9, but it is not the solvent of choice for studying
bilirubin conformation by NMR.8 Comparison of TLC
behavior on silica gel using 4% CH3OH in CH2Cl2 as
irrigant gave an Rf of 0.95 for mesobilirubin-XIIIR and
RF values of 0.39 and 0.36 for 9 (diastereomeric mixture).
The data suggest that the two fluorines of 9 render it
more polar than the parent. Comparison of HPLC
behavior using a reversed-phase column and 0.1 M di-
n-octylamine acetate in methanol as eluent23 gave a
retention time of 16.5 and 17.1 min for 9 vs 17.9 min for
mesobilirubin XIIIR. Consistent with 9 being a mixture
of diastereomers, it exhibits two peaks (1:1 ratio). These
data suggest that 9 is only somewhat more polar than
its parent.

Concluding Comments

The decreased solubility of R,R′-difluoromesobilirubin
XIIIR (9) in organic solvents and its increased polarity,
compared to the parent rubin, were unanticipated and
suggest that intramolecular hydrogen bonding in 9 may
be weaker or less influential. Other rubin acids that
cannot hydrogen bond, e.g., mesobilirubin IVR, are also
more polar and insoluble in solvents such as chloroform.9
We surmise that the powerful inductive effect of the
R-fluorine, in addition to rendering the carboxylic acid
proton much more acidic than ordinary carboxylic acids,13

also renders the nonbonded electrons of the carboxylic
acid carbonyl much less basic (as reflected in the more
shielded 13COOH chemical shift, Table 1)sand thus
possibly less effective in maintaining the hydrogen-
bonded structure of Figure 1. Metabolism studies of 9
and the influence of the enhanced carboxylic acid acidity
on hepatic glucuronidation and excretion are in progress.

Experimental Section

NMR spectra were obtained at 300 MHz and 500 MHz in
CDCl3 solvent (unless otherwise noted), and chemical shifts
were reported in δ ppm. J-modulated spin-echo experiments
(APT) were used to obtain 13C-NMR spectra. 19F-NMR spectra
were referenced to external CFCl3 standard at 0.00 ppm. GC-
MS analyses were carried out on a capillary gas chromato-
graph (30 m DB-1 column) equipped with a mass selective
detector. Analytical thin layer chromatography (TLC) was
carried out on J. T. Baker silica gel IB-F plates (125 µm layer)
using 4% methanol in dichloromethane. Radial chromatog-
raphy was carried out on Merck silica gel PF254 with CaSO4

preparative layer grade. HPLC analyses were carried out on
a high-performance liquid chromatograph with a UV-vis
spectrophotometric detector (set at 410 nm) and a Beckman-
Altex ultrasphere-IP 5 µm C-18 ODS column (25 × 0.46 cm)
with Beckman ODS precolumn (4.5 × 0.46 cm). The flow rate
was 1.0 mL/min, and the elution solvent was 0.1 M di-n-
octylamine acetate in 5% aqueous methanol (pH 7.7, 34 °C).
Melting points are uncorrected. Combustion analyses were
carried out by Desert Analytics, Tucson, AZ. High-resolution
mass spectra were run at the Midwest Center for Mass
Spectrometry, University of Nebraska, Lincoln. Spectral data
were obtained in spectral grade solvents (Aldrich or Fisher).
Ethyl acetoacetate, pentane-2,4-dione, methyl methacrylate,
diisopropylamine, trimethylbromosilane, di-tert-butyl dicar-
bonate, tetra-n-butyl ammonium fluoride, n-butyllithium in
hexane, (diethylamino)sulfur trifluoride (DAST), p-chloranil,
and sodium borohydride were from Aldrich. Tetrahydrofuran,
dichloromethane, chloroform, methanol, hexane, and dimethyl
sulfoxide were HPLC grade from Fisher. Tetrahydrofuran was
dried by distillation from LiAlH4; methanol was distilled from
Mg(OCH3)2; dimethyl sulfoxide was freshly distilled from CaH2

under vacuum. Human serum albumin was defatted, from
Sigma Chemical Co.
Methyl 3-[2,4-Dimethyl-5-(methoxycarbonyl)-1H-pyr-

rol-3-yl]propionate (1). This pyrrole was prepared as
reported previously in 45% yield from methyl acetoacetate and
methyl 4-acetyl-5-oxohexanoate: mp 106-107 °C (lit.24 mp
107-108 °C); 1H-NMR δ 2.21 (3H, s), 2.26 (3H, s), 2.42 (2H, t,
J ) 7.4, 8.3 Hz), 2.70 (2H, t, J ) 7.4, 8.3 Hz), 3.65 (3H, s),
3.81 (3H, s), 8.88 (1H, br s) ppm; 13C-NMR δ 10.41, 11.13,
19.45, 34.77, 50.75, 51.31, 116.6, 119.8, 126.8, 130.4, 162.3,
173.4 ppm; MSm/z (rel intens) 239 (M•+; 35), 208 (6), 180 (4),
166 (82), 134 (100), 106 (8) amu.
Methyl 3-[2,4-Dimethyl-5-(methoxycarbonyl)-1H-pyr-

rol-3-yl]-2-hydroxypropionate (2).25 To a solution of LDA
(prepared from 50 mmol of diisopropylamine and 50 mmol of
1.6 M n-BuLi in hexane at -20 °C) in 60 mL of dry THF was
added a solution of 1 (4.79 g, 20 mmol) in 60 mL of THF at
-45 °C. After 1 h of stirring at -40 °C, an oxygen stream
was bubbled through the solution for 45 min while the
temperature reached -20 °C. The reaction was quenched with
water, the product was extracted with CHCl3, and the organic
layer was washed with 3% HCl and water until neutral.
Triethyl phosphite (3 mL) was added, the organic extracts were
dried (MgSO4) and filtered, and the solvent was removed under
vacuum. After column chromatography on silica gel (hexane:
ethyl acetate ) 10:1-10:3.5) and recrystallization from EtOAc/

(23) McDonagh, A. F.; Palma, L. A.; Trull, F. R.; Lightner, D. A. J.
Am. Chem. Soc. 1982, 104, 6865-6867.

(24) Jackson, A. H.; Kenner, G. W.; Sach, G. S. J. Chem. Soc. C 1967,
2045-59.

(25) For a similar procedure see: Takeda, K.; Shibata, Y.; Sagawa,
Y.; Urahata, M.; Funaki, K.; Hori, K.; Sasahara, H.; Yoshii, E. J. Org.
Chem. 1985, 50, 4673-81. Kim, M. Y.; Weinreb, S. M. Tetrahedron
Lett. 1979, 579-82.

Figure 2. Circular dichroism (CD) spectra of 2 × 10-5 M
solutions of R,R′-difluoromesobilirubin-XIIIR (9) (Spectrum 1)
and mesobilirubin-XIIIR (Spectrum 2) in pH 7.4 aqueous
phosphate buffer containing human serum albumin in 22 °C.
The molar ratio of pigment to protein is 1:2. CD and UV-vis
data for 9: ∆ε427

max ) +107, ∆ε383
max -74.5, and ε429

max ) 50,200;
and for mesobilirubin-XIIIR: ∆ε444

max +55.3, ∆ε391
max -62.0, and

ε437
max ) 46,600.
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Aqueous dissociation constants of bile pigments and 
sparingly soluble carboxylic acids by I3C NMR in 
aqueous dimethyl sulfoxide: effects of hydrogen 
bonding 
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Abstract DKS for the acid dissociation of the carboxyl nicterus, the major component of pigment gallstones, 
groups of bilirubin in water have been reported recently to 
be 8.1-8.4, or higher. These high values were attributed to 
intramolecular hydrogen bonding. They have led to sugges- 
tions that monoanions of bilirubin predominate at physio- 
logic pH and are the species transported most readily into 
hepatocytes by carriers. Such high aqueous pK,s are inconsis- 
tent with recent I %  nuclear magnetic resonance (NMR) mea- 
surements on mesobilirubin XIIIa, done on aqueous solu- 
tions containing dimethyl sulfoxide. To investigate whether 
the presence of dimethyl sulfoxide leads to unreliable values 
when using NMR spectroscopy to determine pK,s of car- 
boxylic acids that can undergo intramolecular hydrogen 
bonding, we measured the pKas of "Glabeled fumaric, maleic, 
and phthalic acids in solutions containing up to 27 vol % di- 
methyl sulfoxide. In addition, we used "C NMR to estimate 
the pK,s of 2,2'-methylenebis [5-carbomethoxy-4methylpyr- 
role&[ 1-"C]propanoic acid], a model for the LWO central 
rings of bi1irubin.m Our results show that "C NMR of aque- 
ous dimethyl sulfoxide solutions can be used with confidence 
to measure pK,,s of intramolecularly hydrogen-bonded car- 
boxylic acids. They support our previous estimates for the 
pK,s of bilirubin and confirm that intramolecular hydrogen 
bonding has little effect on the acidity of bilirubins in water. 
Together with previous studies and chemical arguments they 
strongly suggest that reported aqueous pK,s of >8, or even 
>6, for the carboxyl groups of bilirubin are incorrect and that 
arguments used to rationalize them are questionable.-Trull, 
F. R., S. Boiadjiev, D. A. Lighmer, and A. F. McDonagh. Aque- 
ous dissociation constants of bile pigments and sparingly solu- 
ble carboxylic acids by "C NMR in aqueous dimethyl sulfox- 
ide: effects of hydrogen bonding.,J. Lipid Rm. 1997. 38: 1178- 
1188. 

- A -  - 
and an endogenous inhibitor of free-radical injury ( I -  
3). Like its blue-green precursor biliverdin ( Z ) ,  it is a 
dicarboxylic acid. Accurate values for the acid dissocia- 
tion constants (K,s) of biliverdin and BR have been dif- 
ficult to ascertain because both pigments are only very 
sparingly soluble in water at physiologic pH and below 
(4-7). Until about 1980 most estimates and determina- 
tions of the K,s of BR indicated them to be about 5.0 
X M (pK, 4.3)-1.3 X lo-" M (pK, 5.9) (7-13), 
which is within the range expected for aliphatic carbox- 
ylic acids (14). Recent studies (15-17), however, have 
concluded that they are about lo-' M or less because of 
intramolecular hydrogen bonding (H-bonding) . These 
extraordinarily low values are gradually becoming ac- 
cepted in the literature (18-22). 

Recently, we used 'iC: nuclear magnetic resonance 
(NMR) spectroscopy to measure the K,s of several syn- 
thetic compounds related to BR (23-25). These in- 
cluded mesobilirubin (MBR) XIIIa (3), mesobiliverdiri 
XIIIa (4), the two mono-pronionic bile pigments (5) 
and (6), and the di and monopyrrolic acids (7) and ( 8 ) .  
For each compound we found K,s in the range ex- 
pected for aliphatic carboxylic acids and no evidence 
for a large effect of intramolecular H-bonding. Since 
'"C-NMR spectroscopy is a sensitive and accurate 
method for determining dissociation constants (26- 
29), our results led u s  to question the high pK,, values 

Supplementary key words bilirubin biliverdin fumaric acid gall- 
stones * jaundice * maleic acid * organic anions * phthalic acid * pK, ____- 

Abbrebiations: BR, bilirubin IXa; H-bond (ed, inx), hydrogen bond 
(ed, ing); HPLC, high pressure liquid chromatography; MBR, meso- Best-known as a colorful herald of hepatobiliary dis- 

ease, bilirubin (BR) (1, Fig. 1) is the toxic agent in ker- 
bilirubin; NMR, nuclear magnetic resonaI,cc, 
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was, in fact 4Z,15Z-bilirubin IXa, as assumed; compara- 
tive control studies with biliverdin were not done; and 
chloroform, which has been shown to be unsuitable for 
such studies (69) was used as the organic phase. Earlier 
partitioning studies, not cited in (16), done with more 
suitable water-immiscible organic solvents gave data 
consistent with pK,s of -4.3 and 5.3 ( 7 0 ) ,  close to our 
measured values for MBR XIIIa (24). In principle, the 
solubility and partitioning methods are reliable. How- 
ever, they require accurate measurement of extremely 
low concentrations of BR in water at acid pHs, which is 
difficult, and are prone to interference from traces of 
water-soluble diazo-reactive bilirubinoid impurities. 
The solubility method also requires knowledge of the 
intrinsic water solubility of unionized BR, which has 
proved difficult to measure accurately and is controver- 
sial (15, 16, 30). In contrast, the "C-NMR technique 
does not require measurement of concentrations, is in- 
sensitive to trace amounts of diamagnetic impurities, 
and unlike the partitioning procedure used recently 
(1 6) requires no evaporation or extensive manipulation 
and sampling of solutions. 

CONCLUSIONS 

In this and previous papers (23-25) we have shown 
systematically: i )  that "C NMR in aqueous &DMSO so- 
lutions is a reliable method for determining aqueous 
pK,s of mono- and dicarboxylic acids, even those that 
are intramolecularly H-bonded; i i )  that mono-, di-, and 
tetrapyrroles containing propionic acid side-chains 
have pK,s similar to those of simple aliphatic acids; 
iii) that acids that can undergo the same type of intra- 
molecular H-bonding as BR have pK,s similar to those 
that cannot; and iv) that the pK, of BR analog 5,  with 
only one propionic acid, is 4.3. With that work as foun- 
dation we measured the pK,s of the COOH groups of 
MBR XIIIa and found that both are <6 with pK,, -4.2 
and pK,:, -4.9 (24). As the constitutional and three-di- 
mensional structures of MBR XIIIct and BR are similar, 
we conclude that the two pK,s of BR also are likely to 
be in the range -4.2-4.9. That conclusion is broadly 
consistent with widely overlooked solvent partitioning 
studies (69, 70) and all observations on the pK,s of BR 
made before 1985. Our studies reveal no peculiar effect 
of DMSO on H-bonding in BR and raise doubts about 
the accuracy of recent determinations by solubility (15, 
26), spectrophotometric (26, 27), and solvent parti- 
tioning methods (16) and the significance of biological 
models based on them (17). Our data indicate that the 
predominant species present in simple aqueous solu- 
tions of BR at physiologic pH is the dianion, as previ- 

ously pointed out by Brodersen (4, 5 ,  48) among others. 
This does not exclude the possibility that BR ~nonoani-  
ons play a special role in phase transfer of BK in vivo. 
as proposed by Wennberg (71). The pK,s of BR will, of. 
course, be dependent on the medium and values for 
water may differ from those for BR in other em' 'iron- 
ments, such as bile or lipids. Studies on fatty acids and 
bile acids (27, 28) suggest that the pK of BR in ii ~~ ien i -  

brane might he some three units higher than in water. 
Our studies indicate that the aqueous ionization of BK 
is not abnormal or unusual or much influenced by in- 
tramolecular H-bonding, contrary to earlier unsubstan- 
tiated assumptions (1 5-1 7). What is odd about BR com- 
pared to other dicarboxylic acids such as biliverdin and 
protoporphyrin is its extraordinary lipophilicitv (72) 
which seems to have a dominant effect on its transport 
and metabolism (32, 72). But for that, BR probably 
would not cross the placenta in fetal life (73) or  require 
glucuronidation for hepatic excretion postnatally. Fo- 
cusing only on ionization, neglecting three-dimensional 
structure and accepting improbably high aqiieous pK, 
values is liable to produce a jaundiced perspective of 
BR transport and metabo1ism.W 

This work was supported by National Institutes of Health 
Grants HD-17779, DK-26307 and GM-36633 and by a NATO 
International Collaborative Research Grant CRG.950626. 
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Carboxylic acid ionization constants by 19F NMR spectro-
scopy
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ABSTRACT: The19F NMR spectra of 26 simple fluorinated carboxylic acids were measured in aqueous solutions of
pH 0.3–10.0. Analysis of the fluorine chemical shift dependence on pH allowed the determination of ionization
constants from the titration curves; the values agreed with known pKa values. The acidity of a fluorinated bilirubin
precursor was established using this method. Copyright 1999 John Wiley & Sons, Ltd.

KEYWORDS: 19F NMR; fluorinated carboxylic acids; ionization constants; pKa

INTRODUCTION

The natural yellow–orange pigment bilirubin is the end
product of heme catabolism in mammals.1 Bilirubin
contains two propionic acid groups, and their ionization
behavior is implicated in the pigment’s hepatic transport,
neurotoxicity, formation of gallstones and protein and
lipid membrane binding.2 In a recent investigation of the
inter-relationship between altered acidity of synthetic
bilirubin analogs and their solution properties, such as
stereochemistry, polarity, solubility and excretion, we
introduced substituents with a strong electron-withdraw-
ing effect in the vicinity of the carboxylic acid groups.3,4

Methoxy and methylthio substitution at thea-carbon of
each propionic acid of bilirubin was expected to decrease
the acid pKa by 1 unit, but this did not significantly
change the pigments’ overall properties.3 In contrast,a-
fluoro substitution, which was expected to decrease the
pKa by more than 2 units (CH3CO2H, pKa = 4.76;
FCH2CO2H, pKa = 2.585) led to drastically altered
properties.4 Synthetic a,a'-difluoromesobilirubin-XIIIa
is polar and water soluble, whereas natural bilirubin is
relatively non-polar, lipophilic and completely insoluble
in water. Water solubility was attributed to complete
ionization of the acid groups at pH� 7. Therefore, we
sought to obtain an independent quantitative estimate of
acidity of a,a'-difluoromesobilirubin-XIIIa and some of
its precursors.

The presence of a fluorine atom, with a nuclear spin
I = 1/2, the natural isotopic abundance of 100% and high
receptivity (a measure of the ease of detecting a nucleus;6

19F is 0.83 of that of protons) offer an opportunity to use
19F NMR spectroscopy for the examination of ionization
equilibria. The chemical shift (�F) range of a19F NMR
signal is intrinsically very wide, and therefore the fluorine
nucleus is an excellent, highly sensitive probe of its
environment. This fact was used more than 35 years ago
for pKa determinations ofp-fluoroacetophenone (C–H
acidity) andp-fluorobenzamide (N–H acidity),7 and as
recently as 1998 for subtle changes of�F arising from
solvent-induced isotope shifts due to enrichment of water
with H2

18O.8

The literature provides a number of examples in which
19F NMR spectroscopy was used to study the ionization
of protonated amines containing fluorine. Such amines
were designed to have pKas in the physiologically
important range (pH 6.5–8.0) and were used in the
development and application of NMR indicators for non-
invasive and accurate intracellular pH measurement.9–12

To the best of our knowledge, there have been no
systematic reports on titrations of simple carboxylic acids
and determination of their pKas using19F NMR spectro-
scopy. In this paper we report on the changes of19F NMR
chemical shifts associated with the ionization of
carboxylic acids in the (strongly) acidic pH range, show
how such changes can be used to measure their pKas and
apply the method to the pKa determination of a
fluorinated bilirubin precursor (1).

RESULTS AND DISCUSSION

A series of carboxylic acids bearing a single fluorine
reporter atom on an sp3-or sp2-hybridized carbon atom or
trifluoromethyl group attached to an aliphatic or aromatic
carbon atom were studied. The structures of the acids
investigated are shown in Scheme 1.
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goodagreementwith literaturedataon the effect of one
stronglyelectronegativefluorine substituent.The pKa of
1 providessuggestiveevidencethat the acidity of the
bilirubin synthesized from 14 would also show a
correspondingincrease(�100-fold), and this doubtless
contributesto its peculiarproperties,suchasits aqueous
solubility.

Further work is in progress (P. B. Karadakov,
University of Surrey,UK) to understandthe observed
19F NMR chemicalshifts andD�F by applyingab initio
calculations.

CONCLUSIONS

Thefluorinenucleusappearsto beanexcellentprobefor
monitoring by NMR ionization equilibria in acidic
aqueousmedium. Its wide chemical shift dispersion
rangeallowsaccuratepKa determinationsfor avarietyof
carboxylicacids.The methoddefinesthe expectedhigh
acidity of a fluorinated bilirubin precursor to be
pKa = 2.67.

EXPERIMENTAL

The 19F NMR spectrawere acquiredat 25� 1°C on a

Varian Unity Plus spectrometerat 470.254MHz in
5 mm tubes, and were referenced against external
standards:hexafluorobenzene(5� 0.02mM in CHCl3)
at � ÿ 162.90ppm or CFCl3 (10� 0.05mM in CHCl3)
at � 0.00ppm, with shifts upfield from CFCl3 being
negative.20 Typical experimentalparameterswere flip
angle 55°, interpulse delay 3 s, collecting 128
transients,and spectralwidth 35 kHz using 70K data
points. Each FID was zero filled to 262K and
multiplied with an exponential function (line broad-
ening 0.1Hz) prior to Fourier transformationto give a
0.27Hz digital resolution.Proton decouplingwas not
appliedandconsistentlythe chemicalshift of a selected
prominent line was followed. pH measurementswere
made using an Orion Model 811 pH meter with an
Orion Model 91-02 combination electrode calibrated
twice for the range 0.3–10.0 at pH 4.00, 7.41 and
10.00. Potassiumtetraoxalatebuffers (50mM)14 were
used throughout, the pH being adjustedwith HCl or
KOH. The pH valuesreportedin Table1 refer to those
of freshly preparedaqueousoxalic acid–oxalatecon-
taining solutionsbeforedissolvingthe fluorinatedacid.
A stock solution of the eachacid 1–26 (concentration
40� 1 mM) was prepared in DMSO-d6. A 100ml
aliquot was diluted to a volume of 2 ml at each pH
of the oxalate buffer, giving a total fluorinated acid
concentrationof 2.00� 0.05mM and 5% (v/v) DMSO-
d6 in the NMR samples.The pH valuesof the NMR
solutionswere then recheckedand showedonly small
changesof 0.03–0.25pH units, with larger variations
occurring with the more acidic compounds.These
findings are consistent with previous studies that
showedthat very low concentrationsof DMSO exert
only a very small effect on buffer pH.22

The small amountof addedDMSO-d6 servedas an
internalNMR deuteriumlock andwasusedto maintain
solution homogeneity.Whereasa numberof the acids
(e.g. 2, 4, 5 and25) usedin this work aresolublein the

Figure 4. Changes of 19F NMR chemical shift and 19F1H
coupling pattern of a-¯uoro(pyrrole)propionic acid (1) with
pH

Figure 5. Variation of 19F NMR chemical shift with pH for
aqueous solutions of a-¯uoro(pyrrole)propionic acid (1)

Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 751–757(1999)
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Akaract: Measurements on eighteen 13COOH-labeled acids, including hydrogen-bonded and non-hydrogen-bonded 
standards are self-consistent and suggest strongly that the aqueous pKas of bilirubin are within the normal range for 
aliphatic carboxylic acids. Our empirical observations provide further evidence that the 13C-NMR method is valid when 
suitable buffers, DMSO concentrations and extrapolations are used and refute recent suggestions to the contrary. 
© 1999 Elsevier Science Ltd. All rights reserved. 

We recently used x3C-NMR to estimate pKas of simple mono- and dicarboxylic acids and several com- 
pounds related to bilirubin, a natural dicarboxylic acid. We made measurements in water and aqueous solu- 

tions containing not more than, and mostly very much less than, 31 mole% (CD3)2SO. With these methods 
we observed literature values for standard acids and were able to estimate the PKas of bilirubin to be -4 .2 -  

4.9, as expected for two non-interacting aliphatic COOH groups. ] We undertook those studies because of 
our interest in applications of ]3C-NMR to ionization phenomena and our skepticism about recent reports 2 

that had put the pKas of bilirubin in the range 6.8-9.3, far from the typical aliphatic COOH value of -5. 
A subsequent Letter 3 has suggested that our estimates are unreliable. The criticisms appear to boil down 

to two main objections: (1) that we ignored effects of DMSO on COOH dissociation; and (2) that we failed 
to consider intramolecular interactions of carboxyl groups. Additionally, the Letter implied that our mea- 
surements of the pKas of standard acids were inconsistent with accepted values. In the following we present 
additional validation of the ]3C-NMR method and show that it provides accurate estimates of the aqueous 
pK~s of aliphatic carboxylic acids, even those prone to intramolecular hydrogen bonding. 

Fig. la  shows t3C-NMR titration data for [1-13C] - phenylacetic acid in solutions containing from 0-31 

mol% DMSO. 4 In these experiments, to avoid DMSO-buffer interactions, pH was adjusted only with HCI/ 

. . . . . . . .  / NaOH and the pH plotted is the measured pH of the 
,*, I ~ ,,0 solution used for NMR runs. Textbook titration 

- -  **0g 27 t r g  

,, ~ ,,, curves were obtained, even at 31 mole% DMSO, 
_~ '/, ,7, 

~e*  

• ~ o r ° ~ l s  , ~ o  4ZS *~0 , a S  

Applr*nt pKI ~ Applrlnl pKl j 
Figure 1.13C_NM R titrations of -99% [ 1- l JC] - phenyl- 
acetic acid in DMSO/H20. Numbers beside the curves 
in (a) and (c) are vol% of DMSO. In (c) curves for 1.8 
and 3.6 vol% DMSO have been omitted for clarity. For 
other details see the text. 

and apparent pK a values for each solvent could be 
readily derived by standard methods. Plotting these 

apparent pKas versus mole% DMSO (Fig. lb) gives 
an acceptable linear relationship over the range of 
DMSO concentrations used and shows that appar- 
ent PKaS for DMSO-water solutions containing up 

to 31 mole% DMSO can be reliably extrapolated to 
give a good estimate of the value in DMSO-free 
solution (measured pK~, 4.31; extrapolated, 4.35). 
For comparison, Fig. lc shows 13C-NMR titrations 
for 13C-phenylacetic acid taken from an earlier 

paper, la In this experiment, buffers were used to 
adjust pH and the pH used in plotting the data was 

0040-4039/99/$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved. 
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Dedicated to Professor Otakar Červinka on the occasion of his 75th birthday in recognition of his
outstanding contributions to the area of organic stereochemistry.

Stereospecific syntheses afforded endo,endo- (1) and exo,exo- (2) bicamphors, while the third
possible diastereomeric exo,endo-bicamphor (3) originated from nonselective camphor radical
dimerization. The stereochemistry of bicamphor linkage was confirmed by 1H NMR analysis.
Chiroptical and ultraviolet spectral data are presented for the three diastereomers 1–3 to
show interchromophoric interaction. Conformational analysis to evaluate the relative orien-
tation of each pair of carbonyl chromophores was accomplished by 1H NMR spectroscopy
and molecular mechanics calculations.
Key words: Camphor dimers; Molecular mechanics; Stereochemistry; Conformation analy-
sis; CD spectroscopy; UV spectroscopy; NMR spectroscopy, 1H and 13C; Terpenoids.

The ketone carbonyl n→π* transition was among the first chromophores
studied extensively by modern chiroptical methods: optical rotatory disper-
sion1 (ORD) and circular dichroism2 (CD) spectroscopy. Attractive factors
include its accessibility (λmax ≈ 300 nm) and its spectroscopic nature (elec-
tric dipole forbidden – magnetic dipole allowed) which leads to a very large
Kuhn’s dissymmetry factor, g = ∆ε/ε. Early investigations led to the first ra-
tionalization of optical activity imposed on a symmetric carbonyl group by
its chiral environment, the octant rule3–5. Over the past fifty years a wealth
of experimental data for the carbonyl n→π* transition CD and ORD have
been accumulated, analyzed and reviewed1–7. Although the octant rule has
been firmly established and extensively applied in the determination of ab-
solute configuration or conformation of ketones, refinements (such as con-
tributions from front octants8) have been made, and reservations have been
expressed6 when new perturbers or cyclic systems were investigated, e.g.
cyclopropyl-containing tricyclic ketones9. The interpretation of CD Cotton

Collect. Czech. Chem. Commun. (Vol. 65) (2000)
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A Water-Soluble Synthetic Bilirubin with
Carboxyl Groups Replaced by Sulfonyl Moieties

Stefan E. Boiadjiev and David A. Lightner�
Department of Chemistry, University of Nevada, Reno, Nevada 89557-0020, USA

Summary. The first symmetrical bilirubin analog with CO2H groups replaced by SO3H, 8,12-bis-(2-

sulfo-ethyl)-3,17-diethyl-2,7,13,18-tetramethyl-(10H,21H,23H,24H)-bilin-1,19-dione, was synthe-

sized from methyl (2,4-dimethyl-5-ethoxycarbonyl-1H-pyrrol-3-yl) acetate in nine steps via the

sulfonic acid analog of xanthobilirubic acid (XBR) and isolated as its disodium salt. The sulfonic acid

group was introduced at an early stage of the synthesis by reaction of an intermediate, ethyl 4-(2-

bromoethyl)-3,5-dimethyl-1H-pyrrole-2-carboxylate, with sodium sulfite. The disodium bilirubin

disulfonate exhibits NMR spectroscopic properties rather similar to those of the parent carboxylic

acid, mesobilirubin-XIII�; however, its UV/Vis spectra are blue-shifted and broadened relative to

those of the parent compound. Like mesobilirubin, the disulfonate displays a positive exciton chirality

circular dichroism spectrum, albeit with weaker Cotton effects, in a buffered aqueous solution

(pH ¼ 7:4) containing a 2:1 molar ratio of human serum albumin.

Keywords. Pyrrole; Sulfonic acid; Spectroscopy; CD.

Introduction

Bilirubin-IX� (Fig. 1A), the yellow pigment of jaundice, is formed from heme during
normal metabolism in humans and other mammals [1, 2] and owes its water
insolubility and other properties to a persistent tendency to tuck its polar carboxylic
acid and amide groups inward, linking them by hydrogen bonds [3, 4]. The most
stable conformation, shaped like a ridge-tile and secured by six intramolecular
hydrogen bonds (Fig. 1B), has been found in crystals of bilirubin [5] and its
dicarboxylate dianion salt [6] as well as in solution [7, 8]. The ridge-tile conformation
is believed to be important in the transport and metabolism of bilirubin [2, 9]. Analogs
with vinyl groups reduced to ethyl (as in mesobilirubin-XIII�), with alkyl substituents
on the propionic acids [10], or even with electronegative substituents such as OCH3

[11] or F [12] on the propionic acid chains all apparently retain the conformation-
determining intramolecular hydrogen bonding motif, which determines the pigment’s
shape and properties. However, analogs with propionic acid groups transposed from
ring carbons 8 and 12 to other sites on the pigment backbone (e.g. to 7 and 13 in
mesobilirubin-IV� [13]) are much more polar. They cannot engage in intramolecular
hydrogen bonding and behave completely differently in solution [13].

� Corresponding author. E-mail: lightner@unr.edu
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Abstract—The biliary excretion of the sodium salts of 8-(2-ethanesulfonic acid)-3-ethyl-2,7,9-trimethyl-1,10-dihydro-11H-dipyrrin-
1-one (xanthosulfonic acid) and a fluorescent analogue (8-desethyl-N,N0-carbonyl-kryptopyrromethenone-8-sulfonic acid) was
compared in Mrp2-deficient (TR�) and normal rats. Both organic anions were excreted rapidly in bile in Mrp2-deficient rats, but
the biliary excretion of the fluorescent sulfonate was impaired relative to normal controls. The rat clearly has efficient Mrp2-inde-
pendent mechanisms for biliary efflux of these anions that are not used by bilirubin or its mono- and diglucuronides. # 2002
Elsevier Science Ltd. All rights reserved.

Efflux from liver to bile is a major process in the elim-
ination of countless endogenous and exogenous chemicals
from the body. Taurine and glycine amides of hydroxyl-
ated cholanic acids (bile salts), which are the major
solutes of bile, are actively transported through the
canalicular membrane of hepatocytes by an ATP-
powered protein known as BSEP (bile salt export
pump).1 In contrast, the monoglucuronide (1) and
diglucuronide (2) conjugates of bilirubin (3) (Scheme 1),
which impart to bile its golden hue, are thought to be
actively transported across the same membrane by the
ATP-ase Mrp2 (multidrug resistance associated protein
2), also known as cMOAT (canalicular multispecific
organic anion transporter).2,3 Mutant rats (TR� and
EHBR rats) that do not express this protein are unable
to excrete bilirubin glucuronides efficiently in bile and
exhibit mild conjugated hyperbilirubinemia because of
the accumulation of bilirubin glucuronides.4,5 Similarly,
people with Dubin–Johnson syndrome, caused by a rare
genetic defect in Mrp2 synthesis, also develop hyper-
bilirubinemia. In addition to bilirubin glucuronides, the
biliary excretion of a number of other chemicals has
been shown to be impaired in Mrp2-deficient rats.2,3

These include glucuronide and glutathione conjugates
as well as glutathione itself. Such animal studies, along
with isolated perfused liver experiments and many

0960-894X/02/$ - see front matter # 2002 Elsevier Science Ltd. All rights reserved.
PI I : S0960-894X(02 )00395-5

Bioorganic & Medicinal Chemistry Letters 12 (2002) 2483–2486

Scheme 1. Linear representations of bilirubin monoglucuronides (1),
bilirubin diglucuronide (2), bilirubin (3) and bilirubin ditaurine amide
(4). (Only one of two possible isomeric monoglucuronides is depicted;
in the other isomer, the positions of the methyl and vinyl groups on
the end rings are reversed, placing vinyl groups as indicated by dotted
lines in 1.)
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Summary. The first optically active taurine conjugate of a bilirubin was prepared by reaction of taurine

sodium salt with the mixed anhydride formed from reaction of (�S,�0S)-dimethylmesobilirubin-XIII�

with isobutyl chloroformate. Analysis of the circular dichroism spectra of the conjugate in water and

chloroform indicate a conformational preference for the (M)-helical ridge-tile conformation, thus

providing the first spectroscopic evidence on the conformation of ditaurobilirubins.

Keywords. Taurine; Bilirubin; Dipyrrinone; CD.

Introduction

Taurine ð�O3SCH2CH2NH3
þÞ, a conditionally essential nutrient important to mam-

malian development is found in plasma and milk, inter alia, and in bile as conjugates
of bile acids, e.g., taurocholic acid [1, 2]. It has also been found as a conjugate of the
dicarboxylic acid bilirubin (the yellow pigment of jaundice) in the bile of certain fish
(yellowtail, red sea bream, and flounder) [3]. It is not found in mammalian bile,
however, where the principle bilirubin conjugates excreted into bile are mono and
di-conjugates of glucuronic acid [4]. Bilirubin glucuronides are reactive, undergoing
acyl migration and facile hydrolysis, and they are not readily available [5]. In
contrast, the ditaurate does not undergo either and is far more stable, and it is
available commercially. Consequently, it has been used as a surrogate for bilirubin
diglucuronide in vitro and in animal studies, where it is smoothly excreted by the
liver [6, 7]. Although its constitutional structure is known (Fig. 1), little is known of
its conformation [8].

In the following, we describe the syntheses of the ditaurate of (�S,�0S)-
dimethylmesobilirubin (1) and �-methylxanthobilirubic acid (2) (Fig. 2) and a
spectroscopic study of 1 designed to provide new information on the three-dimen-
sional structure of ditaurobilirubin.
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Summary. Pyrrole �-aldehydes (2-formyl-4,5-dimethyl-1H-pyrrole and 2-formyl-N-methylpyrrole)

condense readily at C(3) of indolin-2-ones to give dipyrrinone analogs, such as (3Z)-[(4,5-dimethyl-

pyrrol-2-yl)-methylidenyl]-indolin-2-one and (3E)-[(1-methylpyrrol-2-yl)-methylidenyl]-indolin-2-

one. 1H-NMR NOE analyses and X-ray crystallography confirm the syn-(Z) configuration for the former

and the syn-(E) configuration for the latter. The former is stabilized by intramolecular hydrogen bonding.

Molecular mechanics calculations of the latter indicate no energy difference between the syn and anti

conformations.

Keywords. Pyrrole; X-ray structure; Hydrogen bonding.

Introduction

Our interest in synthetic bile pigments with aromatic substituents [1–3] and
annelated pyrrole rings led us to prepare and investigate potential dipyrrinone syn-
thons for the latter. Two types of potential precursors are oxisoindole and oxindole,
with the former leading to the conventional bile pigment types. The latter condenses
easily with pyrrole �-aldehydes, reactions that formed the basis for a study of
antiangiogenic agents targetting at receptor tyrosine kinases [4–6]. In the following
we describe the synthesis of a new potential antiangiogenic agent 1 (Fig. 1) from 2-
indolinone (3) and compare its conformation to that of a known analog 2 using NOE
NMR spectroscopy and X-ray crystallography.

Results and Discussion

Synthesis

3-[(Pyrrol-2-yl)-methylidenyl]-indolin-2-ones 1 and 2 were prepared in excellent
yields by piperidine-catalyzed condensation of 3 with 2-formyl-4,5-dimethylpyrrole
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The first optically active glycine conjugate 1 of a bilirubin was prepared in several steps
from (S)-β-methylxanthobilirubic acid glycine conjugate 8. The latter was synthesized by re-
action of benzyl glycinate tosylate with the mixed anhydride formed in the reaction of
(S)-β-methylxanthobilirubic acid 6 with isobutyl chloroformate. Spectroscopic analysis of the
circular dichroism spectra of 1 in various solvents, including aqueous buffer, indicate a
conformational preference for the M-helical ridge-tile conformation, thus providing the first
spectroscopic evidence on the conformation of glycobilirubins.
Keywords: Glycine conjugate; Bilirubin; Hydrogen bonding; Pyrroles; CD spectroscopy;
NMR; Porphyrins; Oligopyrroles; Amino acids; Conformation analysis.

The essential amino acid glycine (–O2CCH2NH3
+) is found widely in nature,

serving as a flexible link in proteins, recognition sites on enzymes and cell
membranes, a component of molecular activity modifying conjugation,
etc.1 Together with taurine (–O3SCH2CH2NH3

+), it is an important am-
ide-linkage conjugate of bile acids2–4, and both serve in detoxification
mechanisms of xenobiotics in vivo5. Although taurine conjugates of the nat-
ural dicarboxylic acid bilirubin (the yellow pigment of jaundice) have been
found in the bile of certain fish (yellowtail, red sea bream and flounder)6,
neither taurine nor glycine conjugates (Fig. 1) of bilirubin seem to be pres-
ent in mammalian bile, where the principal bilirubin conjugates are mono-
and diglucuronides7. Bilirubin glucuronides are reactive, undergoing acyl
migration and facile hydrolysis, and pure conjugates are not readily avail-
able8. In contrast, bilirubin ditaurate (taurobilirubin) is very stable and
commercially available, thus making it a useful surrogate for bilirubin
diglucuronide in vitro and in animal studies, where it is smoothly excreted
by the liver9. The bis-glycine amide of bilirubin (glycobilirubin10) is also
predicted to be stable, but far less is known of its properties and conforma-
tion; few citations appear in the literature, and only one synthesis has been
described10.

Collect. Czech. Chem. Commun. (Vol. 68) (2003)
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pKa and Aggregation of Bilirubin: Titrimetric and Ultracentrifugation Studies on
Water-Soluble Pegylated Conjugates of Bilirubin and Fatty Acids†
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ABSTRACT: A water-soluble conjugate (1) with intact carboxyl groups was prepared by addition of poly-
(ethylene glycol) thiol (MPEG-SH) regiospecifically to theexo vinyl group of bilirubin. 1H and 13C
NMR and absorbance spectroscopy in CDCl3 and DMSO-d6 confirmed the assigned structure and
showed that pegylation did not disrupt the hydrogen-bonded ridge-tile conformation of the pigment moiety.
Aqueous solutions of1 were optically clear, but NMR signals were seen only from the MPEG por-
tion and none from the tetrapyrrole, consistent with dissolved assemblies containing aggregated bilirubin
cores within mobile polyether chains. On alkalinization (pH>12), signals from the pigment moiety
reappeared. Titrimetric measurements on1 in water showed the pKa’s of the two carboxyl groups to be
similar (average 6.42). Control studies with pegylated half-esters of succinic, suberic, brassylic, thapsic,
and 1,20-eicosanedioic acid showed that pegylation per se has little, if any, effect on carboxyl ionization.
However, aggregation increases the apparent pKa by ∼1-2 units. The molecularity of bilirubin in solution
was further characterized by ultracentrifugation. Over the pH range 8.5-10 in buffer, bilirubin formed
multimers with aggregation numbers ranging from∼2-7. Bilirubin is monomeric in DMSO or CHCl3 at
∼2 × 10-5 M, but aggregation occurred when the CHCl3 was contaminated with trace adventitious (perhaps
lipoidal) impurities. These observations show that aggregation increases the pKa’s of aliphatic carboxylic
acids relative to their monomer values in water. They are consistent with earlier13C NMR-based estimates
of ∼4.2 and∼4.9 for the aqueous pKa’s of bilirubin and similar studies of bilirubin in micellar bile-salt
solutions. Together with earlier work, they confirm that the pKa’s of bilirubin are about normal for aliphatic
carboxyls and suggest that the high (>7.5) values occasionally reported, including those based on CHCl3

partitioning, are artifacts of aggregation or technique.

Bilirubin, a tetrapyrrolic dicarboxylic acid (Figure 1), is
the cytotoxic yellow pigment of jaundice (1). Produced in
healthy adults at about 300 mg/day by catabolism of heme,
it is eliminated by the following series of poorly understood
steps: delivery to the liver as a complex with serum albumin
(SA);1 dissociation from SA and uptake by hepatocytes;
migration within hepatocytes to the endoplasmic reticulum

where it is converted to mono- and diglucuronides by a
bilirubin-specific glucuronosyl transferase (UGT1A1); pas-
sage of the glucuronides to the apical (canalicular) mem-
brane; efflux of the glucuronides, but not the parent uncon-
jugated pigment, into bile by the organic anion ABC trans-
porter MRP2 (2). Even less well understood than these
processes are the mechanisms of uptake of bilirubin into the
brain and its neurological toxicity. Nevertheless, bilirubin
has proved an informative model for the metabolism and
transport of many xenobiotic carboxylic cholephilic organic
anions, and considerable interest in the pigment has been
rekindled recently by the rediscovery of its potent antioxidant
properties and mounting evidence that it is a major physi-
ologic cytoprotectant (3, 4).

The structure, state of aggregation, and degree of ionization
of bilirubin in vivo are clearly key determinants of its
biochemical properties. Although bilirubins’s chemical struc-
ture is frequently misrepresented or misinterpreted (5), its
constitution and structure in the solid state and in solution
in organic solvents are well-established. Its aggregation,
which may be involved in its neurotoxicity and is a common,
often overlooked, source of difficulty and error in experi-
mental work (6), is less well characterized. And, although
the two acidic side chains in bilirubin are simple aliphatic
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methyl sulfoxide; EPPS, 4-(2-hydroxyethyl)piperazine-1-propanesulfon-
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CONCLUSION

For years, the aqueous dissociation constants of monomeric
bilirubin have been described as uncertain. While highly
accurate values are still unavailable, a substantial body of
evidence now indicates that they are within the range (pKa

) 4-5) expected for aliphatic propionic acid groups, that
they are not greatly influenced by intramolecular hydrogen
bonding, as expected for this type of carboxylic acid, and
that aggregation of the pigment leads to elevated apparent
pKa’s. Indeed, unusually high pKa values in the absence of
any structure rationale should lead to a suspicion of some
sort of aggregation phenomenon. Published values of>8.0
are no longer credible, and biological models (15) based on
them may be misleading and erroneous. Estimates of the
water solubility of bilirubin based on the same partitioning
studies (13, 60) and frequently cited in recent bilirubin
literature (25, 99-102) may also be incorrect.
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epoc ABSTRACT: Intense fluorescence from a new, more highly conjugated (benzannelated) xanthoglow analog, 9,11-
dimethyl-10-[2-(methoxycarbonyl)ethyl]-5H,7H-pyrrolo[20,10:6,1]pyrimidino[3,4-a]isoindole-5,7-dione (1), was
determined accurately and compared with fluorescence from the parent xanthoglow, 1-ethyl-8-[2-(methoxycarbonyl)
ethyl]-2,7,9-trimethyl-3H,5H-dipyrrolo[1,2-c:20,10-f]pyrimidine-3,5-dione (2). Benzoxanthoglow (1) gave a quantum
yield for fluorescence (�F) of 0.78 in cyclohexane (�exc 412 nm, �em 487 nm), whereas xanthoglow methyl ester (2)
gave �F¼ 0.80 in cyclohexane (�exc 410 nm, �em 473 nm). In DMSO, 1 gave �F¼ 0.55 (�exc 419 nm, �em 530 nm) and
2 gave �F¼ 0.65 (�exc 419 nm, �em 508 nm), illustrating the large Stokes shifts and strong fluorescence properties of
these easily synthesized yellow pigments. Copyright # 2004 John Wiley & Sons, Ltd.
Additional material for this paper is available in Wiley Interscience

KEYWORDS: fluorescence; xanthoglow; dipyrrinones

INTRODUCTION

Dipyrrinones (Fig. 1) are typically yellow chromophores,
with a strongly allowed absorption ("� 30 000) near
400 nm.1 In solution, the singlet excited state from
absorption of an �400 nm photon is rapidly relaxed by
4Z! 4E double-bond isomerization. For example, the
quantum yield for Z!E photoisomerization of xantho-
bilirubic acid (Fig. 1), �Z!E, is �0.22 (�E! Z �0.40) in
EPA (diethylether–isopentane–ethanol, 5:5:2 v/v/v) at
20 �C1 and �0.2 in pH 7.4 aqueous buffer containing
human serum albumin (HSA).2 Radiative decay by fluor-
escence is correspondingly very weak, with minute
fluorescence quantum yields: �F< 1� 10�3 in EPA1

and �F< 3� 10�3 in aqueous buffered HSA at 22 �C.2

At very low temperatures (77 K) in glasses, �Z!E

decreases to<5� 10�4 and �F increases to �0.33 in
EPA. When the Z!E photoisomerization is prevented
by bonding constraints that link the two nitrogens by one-
carbon3–6 (or longer6) belts, �F measured at room tem-
perature rises considerably.

In this work, we examined the influence of extended
conjugation, through benzannelation of the dipyrrinone,
measuring �F for 1 and making comparisons with
the parent xanthoglow (2).5 Because most general
references7,8 that describe methods for determining quan-
tum yields do not outline a step-by-step experimentally
detailed procedure for measuring relative �F, we describe

a systematic method for relative �F measurements
that should be useful to those learning fluorescence
spectroscopy.

RESULTS AND DISCUSSION

Synthesis

The parent, unbridged, methyl esters of xanthobilirubic
acid (XBR, Fig. 1) and its 2,3-benzo analog, both known
from earlier studies,9,10 were dissolved in anhydrous
methylene chloride solvent and reacted with 5 mol equiv.
of 1,10-carbonyldiimidazole in the presence of DBU
base5 to afford 90 and 93% isolated yields of 1 and 2,
respectively. Compounds 1 and 2, solutions of which
were intensely fluorescent to the naked eye, gave the
expected 13C and 1H NMR spectra, with the latter
showing the absence of the NH resonances and the former
showing a new signal at 143–144 ppm for the imide
carbonyl.

UV--visible absorption and fluorescence
emission spectra

The UV–visible spectra of 1 and 2 (Table 1) reveal a long-
wavelength maximum absorbance near 415–426 nm for
1 and 425–431 nm for 2 with a smaller associated ", as
has been noticed previously for planarized dipyrri-
nones.3,4 In addition, a shorter wavelength UV band
near 275–285 nm and a longer wavelength band lying
close to 363–370 nm become evident in 1. Only small
wavelength shifts in the long-wavelength absorption

Copyright # 2004 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2004; 17: 675–679
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cyclohexane as 394.8 mg and that of 2 as 290.1 mg. From
Eqn (1), and the available significant figures, then trun-
cating at the final product, we found

�F ¼ ð7:085 � 10�2=7:350 � 10�2Þ � ð290:1=394:8Þ
� ð1:4462=1:4262Þ � 0:90 ¼ 0:66

Alternatively, using integral values from the fluori-
meter:

�F ¼ ð7:085 � 10�2=7:350 � 10�2Þ
� ð1:572 � 108=2:106 � 108Þ
� ð1:4462=1:4262Þ � 0:90 ¼ 0:67

The agreement between these two methods is excel-
lent, and similarly excellent agreement was confirmed for
three more samples in five different solvents. The dis-
advantage of the ‘cut and weigh’ method is obvious: the
‘weight’ of the emission band varies. Variations come
from the different scaling factors along the x- and y-axes:
in every sample and standard pair, the scaling must be
adjusted to accommodate both band intensities. Thus,
every pair (different solvent or sample) will give a
different weight for the same standard (DPA). The
numerical integral method avoids this complication, i.e.
the intensity of DPA is always 2.106� 108 (arbitrary
units) and this value was used throughout the study.
The various �F, �exc and �em values for 1 are summarized
in Table 2. The fluorescence quantum yields of the parent
xanthoglow methyl ester (2) were determined in the same
manner and are shown in Table 2.

Clearly, the �F values of 1 and 2 are very large and
approach unity in cyclohexane while tapering off in
methanol. The latter solvent might have promoted self-
association of these non-polar pigments; however, in the
range of concentrations used, 10�5–10�6

M, we found
<<2% deviation from Beer’s law. The conjugation of 1
exhibits little effect on �F but a significant effect on �em,
with the emission band showing a 10–22 nm bathochro-
mic shift of 1 relative to 2. Both 1 and 2 show large
Stokes shifts, from 70 to 90 nm in non-polar solvents and
from 110 to 120 nm in polar solvents.

CONCLUSION

Determinations of �F for 1 and 2 relative to three known
standards reveal very high values of �F in a study that
illustrates practical aspects, reproducibility and standard-
ization of the method. The importance of 1 and 2 relates
to the potential of those strongly blue–green-emitting
yellow dyes in forming conjugates to proteins and nucleic
acids, where they might serve as fluorophores in gene and
protein profilings on DNA and protein chips.

EXPERIMENTAL

Fluorescence measurements were performed using a
Jobin Yvon Fluorolog 3 Model FL3-22 instrument at

Table 2. Solvent dependence of the fluorescence quantum yields (�F) and excitation �max (�exc) and emission �max (�em) (nm)
for 1 and 2

Cyclo-C6H12 C6H6 CHCl3 CH3OH (CH3)2SO

Compound �exc �em �F �exc �em �F �exc �em �F �exc �em �F �exc �em �F

1 412 487 0.78a 419 500 0.68 419 508 0.67 419 541 0.36 419 530 0.55
2 410 473 0.80 419 484 0.72 419 497 0.67b 419 531 0.35c 419 508 0.65

a �F¼ 0.75 using perylene standard (�st¼ 0.91) in air-free cyclohexane.
b �F¼ 0.63 using anthracene standard.
c �F¼ 0.34 using anthracene standard.

Figure 4. Solvent dependence of fluorescence emission
from 1 (top) and 2 (bottom) in (� � �) cyclohexane, (-- -- --)
benzene, (-- � � --) chloroform, (------) methanol and (-- � --)
dimethyl sulfoxide
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A new, highly fluorescent (φF up to 0.85) rigid anti-Z-
dipyrrinone chromophore has been synthesized in high yield
in a one-pot reaction by condensing two monopyrroles in the
presence of DBU to form the pyrrolo[3,2-f]indolizine-4,6-
dione nucleus.

Ordinary dipyrrinones, such as those elaborated from
the syn-Z template of Figure 1A, are typically nonfluo-
rescent because their ∼420 nm excited states relax to a
new ground state by rapid nonradiative decay involving
Z f E isomerization of the C(4)-C(5) double bond.1 When
Z f E isomerization is prevented by bridging the two
nitrogens with short carbon chains, strong dipyrrinone
fluorescence (e.g., fluorescence quantum yield, φF ∼0.85)
may occur.1-3 The very few examples of bridged dipyr-
rinones include the tricyclic ring system 3H,5H-dipyrrolo-
[1,2-c:2′,1′-f]pyrimidine-3-one (Figure 1B), reported in
19862 and prepared from pyrrole-2-aldehyde in 3-4 steps.
Analogues with â-substituents were prepared from the
parent syn-Z-dipyrrinone by inserting a methano up to
a 1,3-propano belt.1,3 More recently we proposed a
smoother, higher yield N,N′-bridging reaction in which
a carbonyl group was inserted into the preformed syn-
Z-dipyrrinone by treatment with 1,1′-carbonyldiimidazole
(CDI) in the presence of 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) to give the highly fluorescent 3,5-dione (Figure
1C).4,5 In the following we describe a novel, high-yield
condensation of two pyrroles to give directly the related
(but unreported) pyrrolo[3,2-f]indolizine-4,6-dione chro-
mophore (Figure 1D), based on the anti-Z-dipyrrinone
skeleton. Such fluorescent pigments, with suitable polar
groups attached, might be useful in fluorescence imaging
of hepatic metabolism.

Dipyrrinones are typically synthesized by coupling two
pyrrole precursors. Seeking a short, one-pot synthesis of
new fluorescent dipyrrinones, we envisaged a reaction

sequence from two pyrrole precursors that would form a
dipyrrinone in the first step and then proceed in a second
step to form the desired tricyclic product. Thus, to
prepare an N,N′-carbonyl-bridged syn-4Z-dipyrrinone
(Figure 1C) might require a pyrrolinone and the N-
methoxycarbonyl derivative of an R-formylpyrrole. How-
ever, the number of synthetic steps would not be reduced;
so we considered an analogous reaction that might lead
directly to a new type of fluorescent Z-dipyrrinone,
rotated into the anti conformation and with the lactam
nitrogen linked by a carbonyl group to a pyrrole â-carbon.
Condensation-intramolecular cyclization was achieved
by a highly successful route (outlined in Figure 2)
involving base-catalyzed (ethanolic KOH) coupling of 86

with 10,7,8 a readily available pyrrole R-aldehyde pos-
sessing a â-carboethoxy group. (Pyrrolinone 8 was ob-
tained from 4-methyl-3-ethyl-2-p-toluenesulfonylpyrrole,
prepared by a Barton-Zard reaction between p-toluene-
sulfonylmethyl isocyanide and 2-nitropentan-3-ol.6) The
overall mechanism involves (i) standard formation of the
dipyrrinone by aldol condensation followed by (ii) depro-
tonation of the lactam NH to promote nucleophilic attack
on the C(7)-CO2Et from the anti conformation of the
dipyrrinone (Figure 2). From 8 + 10 in ethanolic KOH,
a nearly quantitative yield of a very polar product was
obtained that was shown to be a 73:27 mixture of the
expected bridged dipyrrinone 1 and the unbridged dipyr-
rinone diacid 14. Since the C(7) carboethoxy group is
difficult to saponify (as with mesitoic acid esters9), we
suggest that 14 might arise indirectly, from ring opening
of 1 under the reaction conditions. Both 1 and 14 were
suprisingly insoluble in most organic solvents and thus
difficult to work with. Conversion of the mixture to
methyl esters (using diazomethane) or isobutyl esters
(using i-BuI-Cs2CO3) led to barely improved solubility,
but sufficient for tedious chromatographic separation to
give the methyl ester of 1 and its isobutyl analogue.

Interestingly, when the mixture of 1 + 14 was treated
under more forcing conditions, with isobutyl iodide-Cs2-
CO3 in hot DMF, only the N-isobutyl isobutyl ester (7)
was obtained. Apparently the C(7) CO2H of 14 is esteri-

(1) Ma, J. S.; Lightner, D. A. Tetrahedron 1991, 47, 3719-3726.
(2) van Es, J. J. G. S.; Koek, J. H.; Erkelens, C.; Lugtenburg, J. Recl.

Trav. Chim. Pays-Bas 1986, 105, 360-367.
(3) Hwang, K. O.; Lightner, D. A. Tetrahedron 1994, 50, 1955-1966.
(4) Brower, J. O.; Lightner, D. A. J. Org. Chem. 2002, 67, 2713-

2717.
(5) Boiadjiev, S. E.; Lightner, D. A. J. Phys. Org. Chem. 2004, 17,

675-679.

(6) Kinoshita, H.; Hayashi, Y.; Murata, Y.; Inomata, K. Chem. Lett.
1993, 1437-1440. See also: Bobal, P.; Lightner, D. A. J. Heterocycl.
Chem. 2001, 30, 527-530.

(7) Jones, R. V. H.; Kenner, G. W.; Smith, K. M. J. Chem. Soc.,
Perkin Trans. 1 1974, 531-534.

(8) Brittain, J. M.; Jones, R. A.; Jones, R. O.; King, T. J. J. Chem.
Soc., Perkin Trans. 1 1981, 2656-2661.

(9) Goering, H. L.; Rubin, T.; Newman, M. S. J. Am. Chem. Soc.
1954, 76, 787-791.

FIGURE 1. The syn-Z-dipyrrinone skeleton (A) and its
methano-bridge analogue (B), 3H,5H-dipyrrolo[1,2-c:2′,1′-f]-
pyrimidine-3-one, (C) 3H,5H-dipyrrolo[1,2-c:2′,1′-f]pyrimidine-
3,5-dione, and (D) pyrrolo[3,2-f]indolizine-4,6-dione. The di-
pyrrinone conformation of (A)-(C) is syn-Z and that in (D) is
anti-Z.
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fied, along with the C(9) CO2H, and the C(7) ester is
recycled through the intramolecular cyclization. Com-
pound 7 had much better solubility properties than either
the methyl ester of 1 or its isobutyl ester.

Exploring parameters that influence solubility in com-
mon organic solvents we prepared the N-methyl analogue
(5) of 2 and the n-heptyl analogue (4) and found that the
former had better solubility properties than the latter.
To avoid the formation of the dipyrrinone diacid (14)
byproduct, we eschewed ethanolic KOH, replacing it with
DBU (Figure 3) to prepare 2 from 8 + 10 directly,
smoothly, and in high yield. Similar treatment of 8 + 11
or 8 + 13 afforded the tert-butyl ester 3 or diester 6,
respectively.

The structures of 1-7 follow logically from their known
precursors and their spectroscopic properties. In addition,
X-ray quality crystals of 5 (triclinic space group P1h with
cell dimensions a ) 8.3584 (17) Å, b ) 11.6270 (18) Å,
and c ) 11.8366 (19) Å) and 7 (triclinic space group P1h
with cell dimensions a ) 12.569 (2) Å, b ) 14.698 (3) Å,
and c ) 15.133 (3) Å) were grown from DMSO (5) and

ethanol-water (7). Their crystal structures were deter-
mined, showing that both are planar, with C(3a)-C(9a)-
C(9)-C(8a) torsion angles of 0.8° and 0.1°, respectively,
and N(5)-C(8a)-C(9)-C(9a) torsion angles of -0.4° and
-2.0°, respectively (see Figure 1 for the pyrrolo[3,2-f]-
indolizine-4,6-dione numbering system). The N(5)-C(4)-
C(3a) angles are 112.5° and 114.5°, respectively. The
C(8a)-C(9) double bond lengths of 5 and 7 are 1.352 (7)
and 1.322 (10) Å, respectively, and the C(9)-C(9a) single
bond lengths are 1.415 (7) and 1.400 (11) Å, respec-
tively: bond distances similar to those reported for
unbridged dipyrrinones10 and indicative of bond alterna-
tion in the six-membered ring. Crystals of 5 show two
molecules in the unit cell in parallel planes (∼3.5 Å apart)
oriented head to tail (Figure 4) with one molecule of
DMSO. The structure of 7 is less refined due to disorder
in the isobutyls and significant thermal motion in the
N-isobutyl. Crystals of 7 show two unique molecules in
a 4-molecule unit cell along with one solvent molecule
(modeled as EtOH) per pair of dipyrrinones. In contrast
to 5, 7 (with bulkier alkyls) packs not in parallel planes,
but in planes inclined at 63° to each other.

As observed previously for N,N′-carbonyl-bridged syn-
dipyrrinones, N,C-carbonyl-bridged anti-dipyrrinones 1-7
gave pronounced hypochromicity and a bathochromically
shifted λmax of long wavelength UV-vis transition (Figure
5) relative to unbridged dipyrrinones, with only a small
influence due to changes in solvent type and polarity
(Table S-1 of the Supporting Information). Solutions of
1-7 were strongly fluorescent to the eye. Excitation of
the long wavelength band (392-399 nm) produced in-
tense fluorescence between 435 and 505 nm (Table 1),
with a large Stokes shift. The fluorescence quantum
yields at room temperature in CHCl3, CH3OH, and
DMSO determined versus 9,10-diphenylantracene stan-

(10) Falk, H. The Chemistry of Linear Oligopyrroles and Bile
Pigments; Springer-Verlag: Wien, Germany, 1989.

FIGURE 2. Condensation of pyrrolinone 8 and pyrrole aldehyde 10 to give bridged dipyrrinone 1 in three steps. A byproduct
(14) is formed in the ratio 27:73, 14:1, and the mixture can be converted to 7 as shown.

FIGURE 3. General reaction for synthesizing pyrrolo[3,2-f]-
indolizine-4,6-diones (2-6) from simple monopyrrole precursors
8-13.

FIGURE 4. Crystal structure drawing of N-methyl methyl
ester 5 molecules (in the unit cell). One DMSO molecule per
molecule of 5 has been deleted for clarity of representation.
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Summary. (A) The origin of exciton interaction and examples of its application to organic stereo-

chemistry are presented. (B) N,N0-Carbonyl-bridged dipyrrinones constitute a new class of highly

fluorescent chromophores suitable for investigations of stereochemistry and absolute configuration.

N,N0-Carbonylxanthobilirubic acid esters are strongly fluorescent, with a fluorescence quantum yield

(�F) �0.8, but produce only weak exciton CD from the trans-1,2-cyclohexanediol template. The ester

of an analog with benzoic acid replacing propionic, N,N0-carbonyl-8-(4-carboxyphenyl)-3-ethyl-2,7,9-

trimethyl-(10H)-dipyrrin-1-one, exhibits strong fluorescence (�F¼ 0.68, �em¼ 493 nm, �ex¼ 422 nm

in CHCl3) and UV-Vis absorption ("� 21000 at 424 nm) in organic solvents. Its diester with (1S,2S)-

cyclohexanediol is fluorescent and exhibits exciton circular dichroism (D"¼þ15 dm3 �mol�1 � cm�1,

�¼ 432 nm; D"¼�4 dm3 �mol�1 cm�1, �¼ 380 nm) that correlates with the Exciton Chirality Rule.

Keywords. Circular Dichroism; Fluorescence; Exciton; Pyrroles.

Part A. Fundamentals of Exciton Chirality

Exciton Coupling

Exciton Spectra. Excitation of a molecule from its electronic ground state to an
electronically excited state – promoted usually by the absorption of ultraviolet or
visible light – involves movement of an electron, a process called an electronic
transition. In near ultraviolet-visible light absorption, the electron typically moves
from a high-energy occupied molecular orbital to a low-energy unoccupied mole-
cular orbital, such as in �!�� excitations. This movement of an electron creates
an instantaneous dipole or polarization of charge (called an electric transition
moment or electric transition dipole), a vector quantity with both a direction
(orientation) and a magnitude (intensity) that vary according to the nature of
the particular electronic transition and the chromophore involved. Two or more

� Corresponding author. E-mail: lightner@scs.unr.edu
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ABSTRACT N,N V-Carbonyl-bridged dipyrrinones constitute a new class of highly
fluorescent chromophores suitable for investigations of stereochemistry and absolute
configuration. Xanthoglow (N,NV-carbonylxanthobilirubic acid) diamides of trans-1,2-
diaminocyclohexane are strongly fluorescent (fF = 0.37, lem = 500 nm, lex = 419 nm in
CHCl3) but exhibit only weak exciton circular dichroism (CD). In contrast, the diamide
of (1R,2R)-diaminocyclohexane from the xanthoglow analogue whose propionic acid has
been replaced by benzoic acid (N,NV-carbonyl-8-(4-carboxyphenyl)-3-ethyl-2,7,9-trimeth-
yl-(10H)-dipyrrin-1-one) exhibits even stronger fluorescence (fF = 0.62, lem = 495 nm,
lex = 422 nm in CHCl3) and UV–visible absorption (q = 41,600 dm3�mol�1�cm�1 at
424 nm) in organic solvents. Its exciton CD (Dq = �13 dm3�mol�1�cm�1, l = 432 nm; Dq =
+2 dm3�mol�1�cm�1, l = 382 nm) correlates with the exciton Chirality rule. Chirality
17:316–322, 2005. A 2005 Wiley-Liss, Inc.

KEY WORDS: circular dichroism; dipyrrinones; diamines

A few years ago, we showed that dipyrrinone chromo-
phore (Fig. 1), which is yellow with an intense, long wave-
length p–p* absorption (qmax f 30,000 dm3�mol�1�cm�1,
lmax f 410 nm) and an electric transition dipole moment
oriented along the long axis of the molecule,1,2 can be an
effective chromophore for exciton chirality CD studies in
the visible region.3 An imaginary line connecting C(2) and
C(8) of a dipyrrinone is approximately parallel to the long
axis, long-wavelength electric transition moment, there-
by suggesting that either C(8) or C(2) would be an ap-
propriate site for attachment to chiral molecules. In the
previous studies, we compared exciton CD spectra of
trans-1,2-cyclohexanediol esters of dipyrrinones attached
by their C(8) acetic acid or propionic acid chains. The
acetic acid belt, with fewer degrees of motional freedom,
gave the more intense CD, however, and showed an in-
verted CD couplet with respect to propionic derivatives,
which correlated with the exciton chirality rule.3 We had
less success in preparing diesters from a dipyrrinone-8-
carboxylic acid, which we expected would further reduce
conformational mobility.

Subsequently, we showed that dipyrrinones with a
carbonyl bridge connecting the pyrrole and lactam nitro-
gens have large fluorescence quantum yields fF > 0.5, be-
cause excited state decay by 4Z!4E dipyrrinone carbon–
carbon double-bond isomerization is prevented.4 For those
studies, we prepared a derivative of xanthobilirubic acid
which we call xanthoglow (Fig. 2). To extend our dipyr-
rinone chromophore stereochemical investigations into
exciton CD of fluorescent chromophores, we prepared a
new fluorescent dipyrrinone derivative (xanthoglow ben-
zoic acid) whose carboxylic acid linker is attached to a
rigid benzene ring spacer at C(8). With a para-substitution
pattern on the benzene ring and the orientation of the

dipyrrinone long-wavelength transition dipole lying along
the long axis of the chromophore,1,3,5,6 the xanthoglow
benzoic acid long wavelength transition moment is ex-
pected to lie approximately parallel to the long axis of the
dipyrrinone pigment and the long axis of the benzoic acid.

There have been many studies of exciton chirality of
diols, but fewer of diamines,7 – 12 especially the benzamides
of the simple enantiomeric trans-1,2-diaminocyclohexanes,
whose amides have shown a strong tendency toward
insolubility and gelation.10 The stereochemistry of cyclic
diamines has been studied by CD spectroscopy using non-
amide chromophores, e.g., dicarboximide11 and Schiff
base or cyanine dye-type12 chromophores. In the current
work, we focus on the amides of trans-1,2-diaminocyclo-
hexane with xanthoglow (1) and xanthoglow benzoic acid
(2). We also include data from the amides of p-
dimethylaminobenzoic acid (3), for comparison purposes.
The CD spectral properties of the benzamides have been
reported,7 but there appear to be no literature data on the
p-dimethylaminobenzamides. Although a fluorescent chro-
mophore is not required for exciton chirality absorption
CD studies, a strongly fluorescent chromophore might
open up the possibility for complementary CD studies in
the emission mode,13,14 where increased sensitivity (from
very low sample concentrations) could be an advantage.
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MS 216, University of Nevada, Reno, NV 89557-0020. E-mail: lightner@
scs.unr.edu
Received for publication 1 February 2005; Accepted 4 March 2005
DOI: 10.1002/chir.20170
Published online in Wiley InterScience (www.interscience.wiley.com).

A 2005 Wiley-Liss, Inc.

CHIRALITY 17:316–322 (2005)



characteristics of this new CD reporter (as a monomeric
chromophore corresponding to 2) have been described.19

The chromophore is an intense yellow pigment with
q425 = 20,700 dm3�mol�1�cm�1 in chloroform and high-
fluorescence quantum yield fF = 0.78 in cyclohexane
(green emitting solution, lem = 456 nm). Thus, the N,NV-
carbonyl bridging causes an f20 nm bathochromic shift
and a significant hypochromic shift. In contrast, the un-
bridged dipyrrinone exhibits q406 = 43,900 dm3�mol�1�cm�1

in chloroform and is not fluorescent.16

Consistent with 1 and 3, 2 exhibited an exciton CD
corresponding to the diamine absolute configuration
(Fig. 5), as predicted by the exciton chirality rule.8 Such
consistency suggests that although the exact direction of
the long-wavelength transition polarization in the chromo-
phore of 2 is unknown, it is, most likely, similar to that of
an unbridged dipyrrinone, namely parallel to an imaginary
line connecting C(2) and C(8) of the dipyrrinone.1,2,6 This
line is almost parallel to the para-bonds on the benzene
ring linker. Consequently, the mutual orientation of
transition dipole moments in a bichromophore like 2 is
independent of rotation around the para-bonds. Never-
theless, the benzene ring is not coplanar and conjugated to
the fluorophore (compare in Table 1 the lmax 423 nm of 1
with a saturated chain at C(8) vs. lmax 424 nm of aryl-
substituted 2). Rotation about the dipyrrinone C(8) to
C(4V)-benzoic acid bond should be fairly unrestricted.
Molecular mechanics calculations20 indicate that in the
most stable conformation, the phenyl ring is rotated out of
coplanarity with the dipyrrinone by f85j due to steric
buttressing by the C(9)–CH3, and C(7)–CH3. And X-ray
crystallographic analysis of a monopyrrolic precursor of
the fluorophore in 2, as well as a meta-substituted
analogue, revealed that the plane of the benzene ring is
inclined at the pyrrole plane by 67–68j (unpublished
results). From the absence of ortho-substituents on the
benzene ring, we do not expect rotation about tricycle
C(8)– ipso-benzene bond to be frozen in solution at
ambient temperature. However, rotation about the single
bond does not alter the orientation of the dipyrrinone long-
wavelength transition dipole. As pointed out in the
introduction, the advantage of para-substitution in 2 and
3 is in maintaining the directionality of the inherent
transition dipole moment of the dipyrrinone chromophore.
Regardless of the conformation around the para-bonds,

the exciton interaction is governed by the conformation
around the amide nitrogen atom.

Although the CD intensities of bis-amide 2 were
disappointingly low, enhanced fF values (Fig. 4) would
suggest that this chromophore might be useful for
FDCD.13,14 A comparison of the fF values of Table 2
indicates strong fluorescence from the bis-amide (2) of
the benzoic xanthoglow in aprotic solvents, mimicking the
upward trend in fF observed for the xanthoglow bis-
amide (1). The fF data for 2 are very similar to those of
its mono-amide 4, which indicates little if any intramo-
lecular fluorescence quenching due to energy transfer
in the bis-amide. All this suggests that FDCD might prove
to be a sensitive method for determining the CD of
these pigments.

A similar comparison of the solvent dependency of the
CD Dq values of 2 shows little variation from nonpolar to
polar or aprotic to protic. This behavior is rather different
from the values for 1. We suggest that the greater number
of degrees of freedom between the chromophore and the
diamine in 1 is responsible; whereas, in 2 and 3 the
chromophores are constrained to lie along the stereogenic
carbon–nitrogen axis designated in Figs. 1 and 5. Unlike
the bis-amides with p-dimethylaminobenzoic acid, how-
ever, the chromophores are farther apart in 2, with a
concomitant weakening of the exciton interaction.

CONCLUSION

A new, highly fluorescent chromophore suitable for CD
and potentially for FDCD has been prepared and used for
exciton coupling CD of trans-1,2-diaminocyclohexane. The

Fig. 5. (Upper) (1R,2R)-Diaminocyclohexane diamides (R = R1),
mono-amides (R1 = H) with xanthoglow, xanthoglow benzoic acid, and
p-dimethylaminobenzoic acid. (Lower) Newman projection looking down
the 1,2 carbon – carbon bond of the diamine derivatized as amides with the
relevant chromophores of Figure 2.

TABLE 2. Fluorescence quantum yieldsa and emission
wavelengthsb (fF (lem)) of diamides 1 and 2 and

monoamide 4

Solventc (1S,2S)-1 (1R,2R)-1 (1S,2S)-2 (1R,2R)-2 (1R,2R)-4

Benzene 0.22 (478) 0.17 (488) 0.68 (482) 0.69 (481) 0.63 (479)
CHCl3 0.37 (500) 0.36 (502) 0.61 (496) 0.62 (495) 0.52 (497)
CH3OH 0.05 (529) 0.05 (529) 0.30 (529) 0.32 (529) 0.43 (528)
DMSO 0.17 (509) 0.18 (508) 0.56 (507) 0.58 (506) 0.64 (506)

aRelative quantum yield versus 9,10-diphenylanthracene standard: fF = 0.90
in cyclohexane (see Eaton, ref. 21).
bFrom excitation at 411 – 419 nm.
cConcentration, (3.0 – 7.7) � 10�7 M.
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bis-amides (2) follow the exciton chirality rule8 but the CD
Dq magnitudes are only f1/4 as large as those from the
bis-amides with p-dimethylaminobenzoic acid. However,
the large fF values (0.3–0.7) might make the benzoic acid
analogue of xanthoglow (Fig. 2) a very sensitive chromo-
phore for FDCD studies.
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Summary. A set of four regioisomeric dipyrrinone propionic acids has been synthesized and their

hepatic metabolism examined in rats: xanthobilirubinic acid and pseudo-xanthobilirubinic acid each

with a propionic acid on a pyrrole ring; exo- -xanthobilirubinic acid and endo- -xanthobilirubinic

acid, each with a propionic acid transposed to a lactam ring. After intravenous injection all four iso-

mers were excreted to some degree in unchanged form in bile in normal rats. Xanthobilirubinic acid,

the structurally closest dipyrrinone to bilirubin, and exo- -xanthobilirubinic acid were excreted almost

entirely in unchanged form. However, a small fraction of xanthobilirubinic acid acyl glucuronide was

also detected. More extensive acyl glucuronidation was observed for pseudo-xanthobilirubinic acid,

and endo- -xanthobilirubinic acid underwent slow metabolism to unidentified more polar products

that did not seem to be glucuronides.

Keywords. Pyrrole; Dipyrrinone; NMR.

Introduction

Dipyrrinones are yellow, non-fluorescent dipyrrolic pigments with an extensive
system of conjugated double bonds, and they comprise the core chromophores of
the yellow-orange tetrapyrrole pigment of jaundice and mammalian bile: bilirubin
(Fig. 1A) [1, 2]. They have captured interest as simple analogs of bilirubin for use in
model studies of chemical reactions [3], in the preparation of highly-fluorescent
analogs [4], in photochemistry [5], and in hepatic metabolism [4, 6]. One dipyrri-
none, xanthobilirubinic acid (XBR, Fig. 1B) has for the past three decades stood
out as a bilirubin model compound and also as a standard for HPLC analysis of
bilirubin glucuronides [7]. With respect to the location of a propionic acid at a
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Abstract—Yellow 9-methyldipyrrinones can be converted readily and in high yields to symmetric linear tetrapyrroles, blue biliverdinoids,
which are cleaved in half, smoothly at room temperature to afford yellow 9-H dipyrrinones, and 9-CHO dipyrrinones as their violet to orange
colored adducts with the carbon acid used for the scission: thiobarbituric acid (TBA), N,N0-diethylthiobarbituric acid, barbituric acid, N,N0-
dimethylbarbituric acid, and Meldrum’s acid. The adducts, usually only of passing interest, are formally Kn€ovenagel condensation products of
a 9-CHO dipyrrinone with TBA and other carbon acids of this work, and a reverse Kn€ovenagel reaction of such adducts leads to 9-CHO
dipyrrinones. Under a set of improved reaction conditions the sequence thus efficiently converts 9-CH3 dipyrrinones to 9-H and 9-CHO
dipyrrinones.
� 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Dipyrrinones1 are the chromophores of bilirubin (Scheme
1), the yellow-orange pigment of mammalian bile and of
jaundice, and they also constitute the two halves of biliverdin
(Scheme 1), the blue-green biological precursor of bilirubin
and the pigment of non-mammalian bile.2 In both bilirubin
and biliverdin, the dipyrrinone units are connected by a sin-
gle carbon, C(10). Although these pigments are not biosyn-
thesized in nature by conjoining two dipyrrinones, bilirubin
and biliverdin analogs have been prepared synthetically by
coupling two 9-H dipyrrinones with formaldehyde or its
equivalent, or by coupling a 9-formyldipyrrinone with a
9-H dipyrrinone or even by oxidative coupling of 9-methyl-
dipyrrinones.1 The 9-H dipyrrinone precursors, as well as
9-formyldipyrrinones have been prepared by synthesis, typ-
ically from monopyrroles. 9-Methyldipyrrinones are like-
wise synthesized from monopyrroles, but direct conversion
of these synthetically more accessible pigments to syntheti-
cally useful 9-H dipyrrinones has not been achieved.

In the mid 1920s Hans Fischer renewed his investigations of
the constitutional structure of bilirubin and learned subse-
quently that bilirubins and biliverdins are cleaved to 9-H di-
pyrrinones in boiling resorcinol. Under brief reaction,
bilirubin, its dimethyl ester and biliverdin dimethyl ester af-
forded only low yields of vinyl-neoxanthobilirubinic acid
(Scheme 1) or its methyl ester—all with an endo-vinyl

group.3 The ‘other half’ of the tetrapyrrole, with the exo-
vinyl group, was not recovered—an observation that led
Fischer to first assume a symmetrically-substituted linear
tetrapyrrole structure for bilirubin (which he subsequently
disproved). In contrast, mesobilirubin cleaves to a good
yield of a mixture of neo- and iso-neoxanthobilirubinic acids
(Scheme 1) that proved difficult to separate at the time.

Some 50 years later, Manitto and Monti4 demonstrated
a novel, less vigorous, and high yield fragmentation of bili-
verdin and its symmetric analog, biliverdin-XIIIa dimethyl
ester, a biliverdin analog with two endo-vinyl groups, to
afford 9-H dipyrrinones from reaction with 1.5 equiv of thio-
barbituric acid (TBA) (Scheme 2) in methyl acetate at room
temperature. The green-blue color of the verdin changed
gradually over 6 h to purple; and poorly-soluble, magenta-
colored TBA adducts of dipyrrinones were precipitated
from chloroform/hexane in w80% yield. The pale yellow
filtrates yielded 9-H dipyrrinones. The reaction has several
advantages, the most significant are its simplicity and high
yields, and the fact that the vinyl groups remain intact. Al-
though unprecipitated TBA adducts render chromatographic
separation of the 9-H dipyrrinones difficult, the cleavage
reaction of biliverdin is probably the most convenient alter-
native to prepare not readily accessible 9-H dipyrrinones
possessing vinyl groups, and it offers a convenient way to
make other 9-H dipyrrinones,5–7 given the verdin.

When a symmetrical verdin such as biliverdin-XIIIa di-
methyl ester is treated with TBA, only one 9-H dipyrrinone
product is possible: vinyl-neoxanthobilirubinic acid methyl
ester. In this case, as with biliverdin, one half of the verdin
is ‘lost’ to the TBA adduct, which might be viewed formally
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and 15 in (CH3)2SO are yellow (somewhat deeper yellow
than that found in a typical dipyrrinone), but 15 is a dark,
red-orange solid and 14 is a yellow solid.

Anticipating an absorption band near 450 nm, we found it
near 460 nm for 14 and near 430 nm for 15. Strikingly, how-
ever, the 3 value of this band in 14 exceeded 100,000, while
that from 15 was close to 40,000 (Fig. 5). The 460 nm band
of 14 is very sharp and very intense, e.g., 14a in methanol
3¼130,200 (456 nm). In contrast, 15a in methanol has
3¼44,000 (428 nm), an 3 value that is still higher than
from a typical dipyrrinone. The observed strong intensity
of 14 is very much related to its narrow shape. In comparing
the integrated intensities of 14 and 15, and also those of the
dipyrrinone adduct 4 and xanthobilirubinic acid methyl es-
ter, one finds nearly identical values, with that of 14 being
onlyw10% higher. Thus, the observed difference in 3 values
due to TBA attachment to an a- versus a b-pyrrole position
in 14 versus 15 is clarified; the dipole strengths are actually
quite similar.

In contrast to the long wavelength band in 14 or 15, which is
shifted byw100 nm from that of the dipyrrinone adducts of
TBA, the shorter wavelength band lies (in 14) at nearly the
same wavelength (near 325 nm) but is shrunk considerably
in intensity, down to 3 w6000. Apparently the intensity of
the last is very much related to the presence of the dipyrri-
none unit, as is the long wavelength band hypsochromic shift
ofw100 nm.

3. Concluding comments

The current work elaborates on the mechanism and useful-
ness of the smooth cleavage of biliverdins by selected carbon
acids to 9-H dipyrrinones and the carbon acid (Kn€ovenagel)
adducts of 9-CHO dipyrrinones. The reaction is improved by
changes in solvent from the originally used ethyl acetate to
methanol or DMSO and by choosing from among thiobarbi-
turic acid (TBA), diethyl TBA, barbituric acid (BA), di-
methyl BA, and Meldrum’s acid—depending on the
requirements of product isolation. For example, it is easy
to isolate the adduct in high yield (>90%) when BA in
CH3OH is used to cleave the verdin, as the product precipi-
tates almost entirely and in high purity (>95%) from the re-
action mixture. From this carbon acid, the 9-H dipyrrinone
may be isolated relatively easily and in high yield by chro-
matography of the mother liquor. The adduct, which shows
tight intramolecular hydrogen bonding between the dipyrri-
none pyrrole NH and a proximal C]O of the carbon acid,
will undergo a retro-Kn€ovenagel reaction, from which a
9-CHO dipyrrinone may be isolated in 26–66% yield.

4. Experimental section

4.1. General procedures

Nuclear magnetic resonance (NMR) spectra were obtained
on a Varian Unity Plus 500 MHz spectrometer in CDCl3
solvent (unless otherwise specified) at 25 �C. Chemical
shifts were reported in d ppm referenced to the residual
CHCl3

1H signal at 7.26 ppm and 13C signal at 77.0 ppm.

A combination of heteronuclear multiple bond correlation
(HMBC) spectra and 1H{1H} NOE data were used to assign
1H and 13C NMR spectra. UV–visible spectra were recorded
on a Perkin–Elmer Lambda-12 spectrophotometer. Melting
points were taken on a Mel Temp capillary apparatus and
are corrected. Combustion analyses were carried out by Des-
ert Analytics, Tucson, AZ. Analytical thin layer chromato-
graphy was carried out on J. T. Baker silica gel IB-F plates
(125 m layers). Radial chromatography was carried out on
Merck silica gel PF254 with gypsum preparative layer grade,
using a Chromatotron (Harrison Research, Palo Alto, CA).
Spectral data were obtained in spectral grade solvents
(Aldrich or Fisher). Deuterated chloroform and dimethyl
sulfoxide were from Cambridge Isotope Laboratories.
(4Z)-3,8-Diethyl-2,7,9-trimethyl-10H-dipyrrin-1-one (kryp-
topyrromethenone)8c,9 and etiobiliverdin-IVg (1),8 (4Z)-
3-ethyl-8-(5-carbomethoxypentyl)-2,7,9-trimethyl-10H-di-
pyrrin-1-one,8b mesobiliverdin-XIIIa-8,12-dihexanoic acid
dimethyl ester (2),8b 3,4-diethyl-5-methylpyrrole-2-carbal-
dehyde,17 and 2,5-dimethylpyrrole-3-carbaldehyde18 were
prepared as described in the literature. Barbituric, 1,3-dime-
thylbarbituric, thiobarbituric, and 1,3-diethylthiobarbituric
acids were from Aldrich and used as received, Meldrum’s
acid was synthesized according to a literature procedure,28

and biliverdin-IXa dimethyl ester was obtained by esterifi-
cation of bilirubin followed by oxidation.2

4.2. General procedure for biliverdin cleavage

To a solution of 249 mg (0.5 mmol) of etiobiliverdin-IVg
(1)8 in 60 mL of methanol (obtained within 45–60 min)
was added a solution of 1.2 mmol of carbon acid (thiobarbi-
turic acid, TBA; diethyl TBA; barbituric acid, BA; dimethyl
BA) in 60 mL of methanol, and the mixture was stirred at
25 �C for 1.5–2.5 h. Then the solvent was evaporated under
vacuum (rotovap), and the residue was purified by radial
chromatography. In reactions using TBA and diethyl TBA,
radial chromatography was performed after filtration of the
magenta-colored, partially insoluble adducts. The adduct
from reaction of the verdin with BA was separated by filtra-
tion, and after evaporation the filtrate was chromatographed
to yield 9-H dipyrrinones. Using the same stoichiometry, re-
action conditions and work-up, verdin 2 and biliverdin
dimethyl ester were reacted and worked up similarly.

4.2.1. 3,8-Diethyl-2,7-dimethyl-(10H)-dipyrrin-1-one (3).
Neokryptopyrromethenone (3) was isolated (eluant CH2Cl2/
AcOH/CH3OH¼100:2:1 to 100:2:3) in 76% yield following
cleavage of etiobiliverdin-IVg (1). It had mp 202–204 �C af-
ter crystallization from CH3OH/CH2Cl2 (lit. mp 197 �C11);
1H NMR ((CD3)2SO) d: 1.08 (3H, t, J¼7.6 Hz), 1.09 (3H,
t, J¼7.6 Hz), 1.77 (3H, s), 2.02 (3H, s), 2.33 (2H, q,
J¼7.6 Hz), 2.49 (2H, q, J¼7.6 Hz), 5.95 (1H, s), 6.71 (1H,
d, J¼2.5 Hz), 9.69 (1H, s), 10.46 (1H, s) ppm; 13C NMR
((CD3)2SO) d: 8.0, 9.0, 14.6, 14.8, 17.1, 18.0, 97.7, 118.8,
121.0, 123.4, 123.8, 125.3, 128.5, 147.3, 172.0 ppm; NMR
data in CDCl3 are in Table 1. Anal. Calcd for C15H20N2O
(244.3): C, 73.73; H, 8.25; N, 11.47. Found: C, 73.45; H,
8.13; N, 11.64.

4.2.2. 3,8-Diethyl-2,7-dimethyl-9-(40,60-dioxo-20-thioxo-
(10H,30H,50H)-pyrimidin-50-ylidene)methyl-(10H)-dipyr-
rin-1-one (4). This pigment adduct was obtained (eluant
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