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The Biliverdin-(S)-amino acid derivatives 2-21 have been synthesized, and are
subject to a thorough c.d. and u. v.-vis. electronic absorption analysis in the
bilatriene chromophoric region. It is shown that the extent of chiral discrimination
of the bilatriene helices is particularly sensitive towards structural variations of the
amino acids bound to the propionic side chains. Thus, a pronounced decrease of
chiral induction occurs if hydrogen bonding between one of the two essential
coordination sites of the amino acid entity and the bilatriene backbone is
disturbed. Accordingly, derivatives of (S)-amino acid t-butyl esters (3,5, 7, 16, and
17) and N-substituted (S)-amino acids (8-10, 20, and 21) generally display weak
c.d. spectra. If additional polar groups are present in bis(amino acid) derivatives
mutual interferences of the adjacent side chains must be taken into account. The
attenuations of Ae-values observed for the bis(serine) and bis(aspartic acid)
compounds 14 and 15 thus are mainly due to intramolecular interchain
interactions. The results provide evidence in support of the proposed mechanism
of chiral discrimination in biliverdin amino acids.

( Keywords: Biliverdins; Chiral discrimination; Amino acids; C.d.; U.v.-vis)

Chirale Induktion in Biliverdin-(S)-Aminosduren, IT [1]:
Strukturelle Verdnderungen der Aminosiurefragmente

Die Biliverdin-(S)-aminosaurederivate 2—21 wurden dargestellt und ihre CD-
und UV-VIS-Spektren im Absorptionsbereich des Bilatriens einer eingehenden
Analyse unterworfen. Es zeigt sich, daB das AusmaB der chiralen Induktion im
Bilatrienteil gegeniiber einer Strukturvariation der kovalent gebundenen
Aminosduren besonders empfindlich ist. So beobachtet man eine deutliche
Verringerung des enantiomeren Uberschusses der Bilatrienhelices, sobald die
Wasserstoffbriickenbindungen zwischen einer der beiden maBigebenden Koordi-
nationsstellen des Aminosiurefragments und dem Bilatrien gestdrt sind.

** Dedicated to Prof. Dr. Kurt L. Komarek on the occasion of his 60th
birthday.
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Dementsprechend zeigen Derivate von (S)-Aminosédure-z-butylestern (3,5,7,16
und 17) sowie N-substituierten Aminosduren (8—10, 20 und 21) vergleichsweise
schwache CD-Spektren. Fiir Bis(aminosdure)derivate muB eine gegenseitige
Storung der beiden Seitenketten nur dann in Betracht gezogen werden, wenn
zusitzliche polare Gruppen vorhanden sind. So sind die Schwichungen, die bei
den Bis(serin)- und Bis(asparaginsdure)derivaten 14 und 15 beobachtet werden, im
wesentlichen auf intramolekulare Wechselwirkungen der benachbarten Seiten-
ketten zuriickzufiihren. Die erhaltenen Ergebnisse stiitzen den vorgeschlagenen
Mechanismus fiir die chirale Induktion bei Biliverdin-Aminosiuren.

Introduction

Biliproteins serve as light receptors in both photosynthesis and
photomorphogenesis. The interaction of their chromophoric groups, i.e.
open chain tetrapyrrols, with the covalently bound apoproteins is of
outstanding importance for the understanding of their function [2].
Therefore we recently [1, 3] have initiated a systematic study on that
topic. Experimental evidence has been provided that the large chiral
discriminations in biliverdin (S)-amino acid methyl esters are due to the
presence of two coordination sites in the amino acid residue, the ester
carbonyl group serving as hydrogen acceptor and the amide hydrogen
serving as hydrogen donor. Induction occurs intramolecularily by non
bonding interactions of the bilatriene backbone with its own side chains as
long as neutral, non acidic media are considered [1,3]. Meanwhile a
similar study has appeared [4 a]. In this connection it might be of general
importance that the c. d. data reported for optically active derivatives of
2,3-dihydrobilatriene-abe-12-propionic acid likewise fit these conditions
[4a,5].

Since the steric requirements of the asymmetric carbon markedly
influences chiral discrimination [1] additional information concerning
the role of structural variations of the C- and N-terminal sites of
covalently bound amino acids was of interest [6, 7]. This should provide
further support to the mechanism of chiral induction in biliverdin amino
acids. As in Part 1 of this series [1] the intensity of c.d. bands of the
bilatriene moicty is used to monitor the enantiomeric excess of the
kinetically labile helices.

Results and Discussion

Electronic Absorption and C.D. Spectra

The u.v.-vis. spectra of compounds 2-12 and 14-21 for benzene,
chloroform, and ethanol solutions are compiled in Table 1. The two main
bands of the bilatriene entities around A = 660nm and 380nm show
characteristics similar to those described previously [1]. Due to the



Table 1. U.v.-vis. electronic absorption spectra of optically active derivatives of
biliverdin-IXo. 2-12 and 1421 (c~5-107°M) at 293 K in various solvents; e,
MYem™'(),nm)

Benzene Chloroform Ethanol
22 15510 (653) 14610 (658) 14 460 (665)
51100 (380) 53450 (378) 51600 (377)
3 15050 (640) 12310 (652) 13390 (664)
47 890 (380) 47220 (379) 49980 (377)
42 14110 (653) 14 540 (658) 13180 (665)
48090 (381) 54750 (378) 49900 (377)
5 14170 (650) 12 560 (655) 12470 (662)
47460 (380) 48 160 (379) 49730 (377)
6 13640 (655) 13170 (662) 13470 (663)
47010 (379) 47230 (377) 48 360 (376)
7 15060 (643) 13270 (652) 13870 (660)
49980 (381) 51790 (378) 51290 (377)
8 15230 (657) 14 660 (658) 14290 (661)
50960 (381) 54750 (379) 52790 (377)
9 15070 (652) 12840 (657) 13670 (664)
47180 (382) 46 570 (382) 49790 (378)
10 15090 (655) 13350 (660) 13790 (665)
46930 (381) 47320 (381) 48510 (377)
11 15450 (658) 13950 (660) 14630 (663)
54220 (380) 55780 (378) 54760 (377)
12 15860 (655) 13370 (657) 14110 (664)
52610 (382) 53690 (380) 55350 (377)
14 14 700 (656)° 12 800 (656) 14850 (662)
48740 (381) 47000 (378) 52630 (378)
15 14220 (653) 12490 (658) 13230 (659)
50240 (381) 49610 (379) 50150 (377)
16 14450 (650) 12860 (654) 13060 (663)
48940 (381) 49200 (380) 48290 (377)
17 14410(655) 13310 (657) 13220 (663)
47690 (381) 49 530 (379) 47910 (376)
18 14190 (655) 13 520 (660) 13310 (664)
47740 (380) 50430 (378) 48750 (376)
19 14240 (655) 13 580 (658) 13280 (665)
48360 (380) 50350 (378) 48 040 (376)
20 15990 (657) 13910 (657) 14980 (663)
53100 (381) 52010 (380) 54810 (376)
21 15270 (654) 14270 (653) 13730 (661)
48 630 (380) 51600 (379) 49770 (376)

2 Values taken from Ref. [1].
b Due to the low solubility in benzene ¢ = 2-1076 M.
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Table 2. C.d. data of optically active derivatives of biliverdin-IXo 2-12 and 1421
(c~5-107°M) at 293 K in various solvents; Ae, M\ em™" (A, nm); estimated
error for |Ag| > 5: + 5%, for |Ae] < 5: 4 10%, as not otherwise stated

Benzene Chloroform Ethanol
28 +39.0 (657) +31.6 (657) +14.9 (663)
—56.9 (380) —47.4 (376) ~20.4 377)
3 +12.2 (652) +7.7 (650) +6.5 (660)
—19.8 (379) —13.7 (376) —-10.4 (377)
42 +39.9 (662) +33.4 (660) +21.4 (663)
—64.3 (378) —52.7 377 -31.7 (378)
5 +26.2 (661) +11.2 (660) +13.0 (660)
—45.7 (380) —21.1 (378) —22.7 (379)
6? +52.9 (660) +45.2 (657) +27.3 (663)
—77.9 (378) —67.8 (377) —~38.2 (377)
7 +19.8 (658) +11.8 (650) +13.5 (662)
—33.1 (380) —20.6 (378) -22.8 377
8 +23.3 (660) +7.3 (660) +12.0 (661)
—35.3 (380) —11.3 (378) -16.5 (377)
9 +3.1 (667) b +5.3 (659)
—-5.5 3377 —0.6 377) —9.1 (378)
10 +3.8 (663) b +4.3 (660)
—6.0 377) —1.4 (380) -7.3 (377
11 +52.0 (661) +37.1 (660) +7.4 (660)
—78.9 (379) —63.3 377) ~12.9 (375)
12 +3.0 (663) +1.6 (~620) —2.0 (~685)
—4.7 (~400) —5.1 (377 +1.3 (~400)
14 +28.8 (664)° +24.1 (662) +13.8 (660)
—49.6 (378) —42.4 (378) —17.9 (377)
15 +29.9 (664) +28.9 (660) +9.5 (660)
—49.1 (379) —48.8 (376) —13.9 (375)
16 +6.4 (656) +2.0 (650) +2.0 (660)
—10.5 (377) —3.9 (375) —3.0 (375)
17 +6.9 (654) +3.1 (650) + 1.6 (660)
—-10.9 377) -53 (377 —2.7 (378)
18 +19.2 (663) +17.2 (661) +7.7 (660)
—28.9 377) —26.1 (376) —11.3 (375)
19 +22.0 (665) +16.5 (662) +7.8 (660)
—34.6 (379) —27.2 (377) —11.4 (377)
20 +8.7 (662) +2.2 (655) +5.0 (660)
—12.4 (380) —3.4 (376) —7.0 (376)
21 +8.0 (662) +2.4 (660) +4.7 (660)
- —10.7 (380) —4.0 (378) —6.9 (375)

4 Values taken from Ref. [1].
b |Ag|(750-550) < 0.5.
¢ Due to the low solubility in benzene ¢ = 2- 1076 M.
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sensitivity of u.v.-vis. spectra towards conformational changes [8], it can
be concluded that the helical conformation of the bilatriene backbone is
not influenced by the amino acids covalently bound to the propionic side
chains. The band positions of the c.d. spectra (Table 2) are very close to
the respective u.v.-vis. spectra. Within experimental fluctuation the
spectra gained are independent from concentration (10™°~1072 M solut-
ions). This is in accordance with our previous findings that chiral
discrimination of the bilatriene helices in biliverdin amino acids occurs
intramolecularily [1].

For brevity, the following discussion is mostly devoted to benzene
solutions because effects are most pronounced in this solvent but
essentially the conclusions drawn are also valid for chloroform and
ethanol solutions.

Discriminatory Efficiency vs. Structural Variations

Considering first structure modifications at the C-terminal site of the
amino acid moieties, the Ag-values [9] measured for the r-butyl esters 3
(Ae = +12.2), 5(Ae = + 26.2), and 7(Ae = + 19.8) are markedly de-
creased if compared with their corresponding methyl esters 2(Ae =
+ 39.0), 4(Ae = + 39.9), and 6(As = + 52.9). Apparently, the reason
for the attenuations of discriminatory forces is mainly steric, the ¢-butyl
groups preventing as effective side chain—bilatriene interactions. Thus,
steric influence of an alkyl group bound to the ester oxygen of the amino
acid is opposite than for groups bound to the chirality centre [1].

Scheme 1

COR COR

R R
1 OH 9 (S)-Pro-OMe
2 (S)-Ala-OMe 10 (S)-Pro-OBzl
3 (S)-Ala-OtBu 11  (S)-Pro-Gly-OMe
4 (S)-Phe-OMe 12 (S)-Pro-Gly-OtBu
5 (S)-Phe-OtBu 13 (S)-Ser(tBu)-OMe
6 (S5)-Val-OMe 14 (S)-Ser-OMe
7 (S)-Val-OtBu 15 (S)-Asp(OMe)-OMe
8 (S)-(Me)Val-OMe

g2+
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Scheme 2%

R 1 R 2
16 (S)-Ala-OtBu OMe
17 OMe (S)-Ala-OrBu
18  (S)-Asp(OMe)-OMe OMe
19 OMe (S)-Asp(OMe)-OMe
20 (S)-(Me)Val-OMe OMe
21 OMe (S)-(Me)Val-OMe

Structural variations at the N-terminal site of the amino acid entities is
likewise accompanied by a modification of discriminatory interactions.
This is reflected by the pronounced decrease of the Ae-value obtained for
the N-methyl valine methyl ester 8 (Ae = + 23.3) if compared with the
unsubstituted compound 6 (Ae = + 52.9). Clearly, by N-methyl sub-
stitution the amino acid moiety, devoid of accessible hydrogen bonding
donor groups, partly loses its interacting efficiency. From these results
chiral discrimination in the proline esters 9 and 10 can be expected to be
poor. This expectations conform with the weak c. d. spectra of compounds
9 (Ae = +3.1) and 10(Ae = + 3.8). The reason for the even smaller
values may be interpreted in terms of rotational restrictions not present in
the open chain amino acid derivative 8. The optimal spacial accomodation
of the potential coordinating binding sites upon the bilatriene entity might
thus be further hindered. In the prolylglycine methyl ester 11 (Ae =
+ 52.0) the conditions for the generation of large discriminatory forces
are met again: the peptidic bond connecting the (S)-proline and glycine
building blocks now serves as hydrogen donor, while the second
coordination site is provided by the ester carbonyl group of the glycine
entity. Thus, even though glycine is intrinsically achiral the interactions
with the bilatriene moiety receive their handedness from the (S)-proline
unit inbetween. Moreover, as opposed to the proline esters 9 and 10
rotational restrictions no longer concern the binding sites. The involve-

* The assignment of isomers is arbitrarily.
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ment of the ester carbonyl group of glycine is supported by the
exceptionally small Ae-value obtained for the z-butyl ester 12(Ae =
+ 3.0).

One might argue that the influence of structure on chiral discrimina-
tion observed in compounds 3, 5, and 7-10 is due to intramolecular
interchain interactions. Since the side chains in positions 8 and 12 both
carry amino acids a mutual influence cannot be excluded, even if the
independence of the side chains has been documented for undisturbed
biliverdin bis(amino acid methyl esters) [1]. The c¢.d. measurements
performed with the monoamino acid derivatives 16 (Ae = + 6.4) and
17 (Ag = + 6.9) clearly show that the contributions of the individual side
chains in the bis(z-butyl ester) 3(Ae = + 12.2) are fairly additive [10].
Likewise, the Ae-value of the bis(N-methyl valine) 8(As = +23.3)
roughly compares with the sum of the two isomeric monoderivatives
20(Ag = +8.7) and 21 (As = + 8.0). For chloroform and ethanol solut-
ions similar relations can be taken from Table 2. Only the Ae-value of
compound 3(Ae = +6.5) for ethanol solution more strongly deviates
from additivity (16: Ae = +2.0 and 17: Ag = + 1.6). Anyhow, if the
interferences of the two side chains are held responsible for this
discrepancy, this would indicate that the adjacent side chains mutually
increase, rather than decrease, their discriminating effects. Hence, neither
the attenuations observed for the r-butyl esters 3, 5, and 7 nor the weak
c. d. spectra obtained for compounds lacking the amide hydrogen (8,9,
and 10) are due to intramolecular interchain interactions.

Now, the question of the role of additional polar groups in the amino
acid moieties arises. Such groups are present in the (S)-serine and (S)-
aspartic acid derivatives, 14 (hydroxymethyl) and 15(carboxymethyl),
respectively. Since steric influences of these groups can plausibly be
excluded, the c.d. spectra of 14 (Ae = + 28.8) and 15(A¢ = + 29.9) may
be compared with the value of the (S)-alanine derivative 2 (As = + 39.0).
Obviously, both the hydroxymethyl groups of the bis(serine) derivative 14
and the additional estercarbonyl groups of the bis(aspartic acid) com-
pound 15 cause a reduction of the enantiomeric excess of the bilatriene
helices. However, as can be seen from the c. d. spectra of the monoaspartic
acid derivatives 18(As = +19.2) and 19(As = + 22.0) the individual
contribution of each of the two side chains to chiral discrimination in the
bisderivative 15(Ae = +29.9) is pronouncedly smaller. On the other
hand, the sum [10] of As-values of the monoaspartic acid compounds 18
and 19 (= +41.2), is very similar to the Ag-value obtained for the
bis(alanine) 2 (Ae = + 39.0). This indicates that additional polar groups
do not compete with the other coordination sites, the amide group and the
ester carbonyl group directly bound to the chirality centre of the pertinent
amino acid, since this would reduce the Ag-values of both the bis- and
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mono-derivatives. More plausibly, it is the additional polar groups in the
amino acid moiety of the bis(amino acid) derivative 15 which give rise to
appreciable interactions between the two side chains. In consequence,
these interferences concomitantly loosen discriminating forces. The c.d.
of the bis(serine) derivative 14 may be explained by similar arguments. The
reason for these attenuations is in contradistinction to that deduced for
the ¢-butyl esters 3, 5, and 7 and the N-substituted amino acid derivatives
8-10, respectively.

The results obtained are compatible with our recent postulate [1] that
for the generation of large discriminating forces both the N- and C-
terminal sites of the amino acid entities must effectively interact with the
bilatriene moiety. If the structural features of the amino acid hinder this
highly efficient mechanism, discriminations are markedly lowered.

By a closer inspection of the c.d. spectra (Table 2) two groups of
compounds may be distinguished. The characteristics of the first group is
that their Ae-values pronouncedly decrease with increasing polarity of the
solvent, the attenuations for ethanol solutions being largest. This class
comprises the methyl esters 2, 4, and 6, the dipeptide 11, and the
derivatives of the polar amino acids 14, 15, 18, and 19. Further examples
are provided by Refs. [1] and [11]. For the second group this solvent
dependence is partly lost. If compared with the Ae-values for chloroform
solutions the corresponding values for ethanol are very similar or,
surprisingly, even increased. This is true for compounds 3, 5, 7-10, 12, 16,
17, 20, and 21, in which discriminatory forces a priori have been strongly
reduced by structural variations. In marked contrast, no simple relation-
ship between c.d. and a property of the solvent (e.g. diclectric constant,
dipole moment) is evident. Similar irregularities have been observed with
bili di- and tripeptides of small discriminatory efficiency [11].
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Experimental

M.p.s. were taken with a Kofler-Reichert hot-stage apparatus. 'H N.m.r.
spectra (250 MHz, Fourier transform mode) were measured with a Bruker
WM 250 instrument at 20°C in deuteriochloroform (chromatographed on
aluminia prior to use) and dimethylsulfoxide-d;. As internal standard tetra-
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methylsilane was used. Mass spectra were taken with a Varian MAT311A
instrument equipped with spectrosystem 166 using the fast atom bombardement
(f.a.b.) technique (butane-1,2,4-triol; Xe). U.v.-vis. spectra were taken with a
Perkin-Elmer Lambda 7 instrument (0.1-10 cm quartz celles) at 20°C. The c.d.
spectra were recorded with a Jobin Yvon Mark III instrument carrying
thermostated (20 + 1 °C) cylindrical quartz cuvettes (0.1-10cm). As solvents for
u.v.-vis. and c.d. measurements spectroscopic grade (Uvasol; Merck) benzene,
chloroform, and ethanol were used. Chloroform was chromatographed on
aluminia prior to use. Optical rotations were obtained with a Perkin-Elmer 241
instrument (10 cm cuvettes).

All reactions were carried out under argon and protected from light. Column
chromatography was performed on Kieselgel 60 (230-400 mesh; Merck) with
chloroform (Lichrosolv, Merck), ethyl acetate (p. A., Fluka), and methanol (p. A.,
Merck) as eluants. Preparative t.1.c. was performed on Kieselgel 60 (Merck) using
chloroform-methanol (1% v/v) as eluant. All solvents were flushed with argon.

The preparation of biliverdin-IX « (1) has been described elsewhere [12]. The
isomeric biliverdin-IX o monomethyl esters were synthesized from 1 (100 mg) by
partial esterification with 2,2-dimethoxypropane (1 ml) in methanol (10 ml) and
catalytic amounts of methanolic hydrochloric acid at 20 °C. After 2 h the reaction
mixture was quenched with water and extracted with chloroform—2-butanol
(25%v/v). Unreacted 1 (20mg) was stripped with aqueous sodium hydrogen
carbonate. The organic layer was evaporated off in vacuo yielding S0 mg (61%) of
a mixture (ca. 1:1) of biliverdin-IX« monomethyl esters.

Coupling of biliverdins with amino acid derivatives and dipeptides

Compounds 3, 5, 7-13, and 15 were prepared following the general procedure
described in Ref. [1]. Starting from 1 (50mg, 0.086 mmol), the appropriate
optically pure (S)-amino acid derivative (0.75mmol), and N-ethyl-N'(3-
dimethylaminopropyl)carbodiimide hydrochloride (Sigma). For the synthesis of
the monoamino acid derivatives 16-21 the isomeric mixture of biliverdin-IXa
monomethyl esters (vide supra) was used instead of 1. The dipeptides 11 and 12
were prepared according to a modified procedure given in Ref. [11]. After column
chromatography on silica gel {eluant for 3, 5, 7-10, 13, and 15: ethyl acetate—
chloroform (25% v/v); eluant for 11 and 12: chloroform—methanol (3% v/v)] and
trituration with benzene—hexane followed by centrifugation the pure compounds
(vields 30-50% unless stated otherwise) were obtained.

Separation of the isomeric monoamino acid derivatives (16/17, 18/19, 20/21)
was accomplished by preparative t.I.c. The syntheses procede without racemisat-
ion as has been shown in Ref. [1].

The c.d. and u.v.-vis. data are compiled in Tables 1 and 2.

Biliverdin-IX o bis[ (S )-alanine t-butyl ester ] (3)

From 1 and (S)-alanine #-butyl ester hydrochloride [13] {[«]% = + 1.8°
(¢ = 2, ethanol)}, m.p. 163-165°C, m.s.: 837 (M + 1); 'Hn.m.r. (CDCl, §):
Biliverdin moiety: 6.91 (1H, s), 6.63 (1H, m), 6.50 (1H, m), 6.15 (1 H, m), 6.05
(1H,s),5.98(1 H,s),5.67(2H, m), 545 (1 H, m), 2.97 (4H, m), 2.44 (4 H, m), 2.16
(3H, s), 2.10 (3H, 5), 2.08 (3H, ), 1.91 (3H, s5); acyl substituent: 6.73, 4.42, and
1.29 (5H, AMX,, Joy = 8.1Hz, Jyx = 7.2Hz), 6.70, 4.42, and 1.29 (5H, AMX,,
Jam = 8.1Hz, Jyux = 7.2Hz), 1.44 (18 H, s).
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Biliverdin-IXo, bis[ (S)-phenylalanine t-butyl ester] (5)

From 1 and (S)-phenylalanine r-butylester hydrochloride [13] {[«]% =
+ 46.6° (¢ = 2, ethanol)}, m.p. 137-140°C, m.s.: 989 (M + 1), 'Hn.m.r. (CDCl,,
d): Biliverdin moiety: 6.93 (1 H, s), 6.63 (1 H, m), 6.51 (1 H, m), 6.15 (1 H, m), 6.02
(1H,s),596(1H,s),5.67(2H,m), 5.45(1 H,m),2.95(4H, m),2.43 (4H, m), 2.18
(3H,5),2.08 (3H,s),2.06 (3H,s), 1.90 (3 H, s); acyl substituent: 7.19 (6 H, m), 7.05
(4H,m), 6.67(1H,d,J ~8Hz),6.64(1H,d,J ~8Hz),471 2H, q,J = 6.8 Hz),
298 (4H, d, J = 6.3Hz), 1.37 (18 H, s).

Biliverdin-IX« bis[ (S)-valine t-butyl ester] (7)

From 1 and (S)-valine sbutyl ester hydrochloride [13] {[«]¥ = +21.3°
(¢ = 2, ethanol)}, m.p. 122-124°C, m.s.: 893 (M + 1), 'Hn.m.r. (CDCI;, 9):
Biliverdin moiety: 6.91 (1H, s), 6.63 (1H, m), 6.52 (1H, m), 6.17 (1 H, m), 6.05
(1H,s),5.99(1H,s),5.68(2H, m),5.47(1 H,m),2.98 (4H, m),2.48 (4H, m), 2.19
(3H, s), 2.12 (3H, s), 2.09 (3H, s), 1.91 (3H, s); acyl substituent: 6.59 (1H, d,
J~8Hz), 6.56(1H,d, J~8Hz), 438 (2H, dd, J, =8.2Hz, J, = 4.7Hz), ~ 2.0
(2H, m), 1.42 (18H, s), 0.84 (12H, d, J = 6.5Hz).

Biliverdin-IXo bis[ (S)-N{methyl)valine methyl ester | (8)

From 1 and (S)-N(methyl)valine methyl ester hydrochloride [14] {[«]% =
+27.8° (¢ =2, methanol)}, yield: 10%, m.p. 80-82°C, m.s.: 837 (M +1),
"Hn.m.r. (CDCls, 8) [15]: Biliverdin moiety: 6.88 (0.25H, s), 6.87 (0.25H, s), 6.86
(0.5H,),6.65(1 H,m), 6.53 (1 H,m), 6.15 (1 H, m), 6.10 (1 H, 5), 6.05 (1 H, 5), 5.67
(2H,m), 5.45(1 H, m),2.98 (4H, m), 2.60 (4H, m), 2.20 (3H, ), 2.13(3H, 5), 2.11
(3H, s), 1.91 (3H, s); acyl substituent: 4.98 (0.5H, d, /= 10.5Hz), 4.97 (1 H, d,
J=10.5Hz),3.90(0.5H,d,J = 10.5Hz),3.70 (1.5H, s), 3.68 (1.5H, 5), 3.67 (3H,
s), 2.94 (4.5H, 5), 2.88 (1,5H, s), ~2.1 2H, m), 0.98 (4.5H, d, J = 6.3 Hz), 0.93
(1.5H, d, J=6.3Hz), 0.86 (1.5H, d, /= 6.3Hz), 0.84 (4.5H, d, /= 6.3 Hz).

Biliverdin-IXa bis[ (S )-proline methyl ester] (9)

From 1 and (S)-proline methyl ester hydrochloride [13] {[«]¥ = —31.8°
(¢ = 2, methanol)}, m.p. 119-124°C, m.s.: 805 (M + 1), 'THn.m.r. (CDCl,, ):
Biliverdin moiety: 6.86 (1 H, s), 6.65 (1 H, m), 6.53 (1 H, m), 6.15 (1 H, m), 6.11
(1H,5), 6.06 (1 H, s), 5.69 (2 H, m), 5.47 (1 H, m), 2.98 (4 H, m), 2.56 (4 H, m), 2.21
(3H.s),2.12(3H, 5), 2.10 (3H, 5), 1.95 (3 H, 5); acyl substituent: 4.48 (2 H, m), 3.73
(6H. s), 3.59 (2H, m), 3.44 2H, m), ~2.0 (8H, m).

Biliverdin-IX o bis[ (S)-proline benzyl ester ] (10)

From 1 and (S)-proline benzyl ester hydrochloride [13] {[«]® = —42.3°
(¢ = 1, methanol)}, m.p. 97-100°C, m.s.: 957 (M + 1), 'Hn.m.r. (CDCl,, 6):
Biliverdin moiety: 6.85 (1 H, s), 6.65 (1 H, m), 6.53 (1H, m), 6.15 (1 H, m), 6.11
(1H,s),6.05(1H,s), 5.68 2H, m), 5.46 (1 H,m), 2.97 (4H, m), 2.55 (4 H, m), 2.20
(3H,s),2.12 (3H, 5), 2.10 (3H, s), 1.92 (3H, s); acyl substituent: 7.30 (10H, s),
5.20and 5.12 (4 H, AB, J, = 12.7Hz), 4.55(2H, m), 3.57 (2H, m), 3.44 (2H, m),
~2.0 (8H, m).
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Biliverdin-IX« bis[ ( S)-prolylglycine methyl ester | (11)

From 1 and ($)-prolylglycine methyl ester hydrochloride [16] {[«]¥ =
— 41.2° (¢ = 2, methanol)}, m.p. 177-179°C (dec.), m.s.: 919 (M + 1), '"Hn.m.r.
(DM S0-d,, 8) [15]: Biliverdin moiety: 6.95 (1 H, s), 6.84 (1 H, m), 6.56 (1 H, m),
6.15(0.4H, s), 6.13 (0.6 H, ), 6.12 (0.4 H, s), 6.11 (0.6 H, ), 6.07 (1 H, m), 5.70
(2H,m), 540 1 H, m), 2.82 (4H, m), ~2.5(4H, m),2.17(3H,s),2.10(1.8H, 5),
2.08 (1.8H,s), 2.07 (1.2H, s), 2.05 (1.2H, s), 1.82 (3H, s); acyl substituent: 8.45
(0.8 H,m), 8.22 (1.2H, m),4.31 (2H, m),3.80 (4 H, m),3.63 (3.6 H,5),3.55 (2.4 1,
s), ~3.5(4H, m), ~1.9 (8H, m).

Biliverdin-IXa bis[ { S)-prolylglycine t-butyl ester] (12)

From 1 and (S)-prolylglycine 7-butyl ester {[o]% = — 53.3° (¢ = 2, ethanol)},
m.p. 173-176°C (dec.), m.s.: 1005 (M + 1), 'Hnm.r. (DMSO-d,, &) [15]:
Biliverdin moiety: 6.95 (1 H, s), 6.83 (1 1, m), 6.56 (1 H, m), 6.16 (0.4 H, s), 6.14
(0.6H,5),6.13(0.4H, 5), 6.10 (0.6 H, 5), 6.07 (1 H, m), 5.70 (2 H, m), 5.40 (1 H, m),
2.82 (4H, m), ~2.5 (4H, m), 2.17 3H, s), 2.10 (1.8 H, s), 2.08 (1.8 H, s), 2.07
(1.2H,5),2.04(1.2H,s), 1.81 (3H, s); acyl substituent: 8.32 (0.8 H,m), 8.11 (1.2 H,
m), 4.30 (2H, m), 3.67 (4 H, m), ~ 3.5 (4H, m), ~ 1.9 (8H, m), 1.40 (10.8 H, s),
1.35 (7.2H, s).

Biliverdin-IXo bis[ (S)-serine(tBu) methyl ester] (13)

From 1 and (S)-serine(/Bu) methyl ester hydrochloride (Serva) {[«]¥ =
+ 8.6° (¢ = 2, methanol)}, m.p. 87-92°C, m.s.: 897 (M + 1), '"H n.m.r. (CDCI,, 6):
Biliverdin moiety: 6.88 (1H, s), 6.64 (1 H, m), 6.52 (1 H, m), 6.16 (1 H, m), 6.07.
(1H,s),6.01 (1H,s),5.68(2H, m), 5.47 (1 H, m), 2.98 (4 H, m), 2.48 (4 H, m), 2.19
(3H, s), 2.12 3H, s), 2.10 (3H, s), 1.91 (3H, s); acyl substituent: 6.75 (1 H,
d,J=8.3Hz),6.70(1H,d, J = 8.3Hz),4.70 (2H, m), 3.74 (2H, m), 3.68 (3 H, 5),
3.67(3H, s), 3.49 2H, m), 1.09 (9H, s), 1.08 (9H, s).

Bitiverdin-1X o bis[ (S )-serine methyl ester] (14)

A solution of 10 mg 13 (0.011 mmol) in 0.3 ml trifluoroacetic acid was allowed
to stand at room temperature for 30 min. Then, chloroform was added and the
organic layer extracted with aqueous sodium hydrogen carbonate. After evapora-
tion of the solvent under reduced pressure the residue was chromatographed on
silica gel with chloroform—methanol (3% v/v) as eluent to afford S5mg (57%) 14,
m.p. 168-170°C (dec.), m.s.: 785 (M + 1), '"Hn.m.r. (DMSO-d,, §): Biliverdin
moiety: 6.94 (1 H, s), 6.84 (1H, m), 6.57 (1H, m), 6.15 (1 H, s), 6.13 (1 H, s), 6.08
(1H,m),5.71 2H,m), 540 (1 H, m),2.83 (4 H, m), 2.38 (4 H,m), 2.17 (3 H, 5), 2.08
(3H,s),2.05(3H,s), 1.81 (3H, s); acyl substituent: 8.23 2 H, d, J = 7.6 Hz), 5.04
(2H, broad), 4.36 (2H, m), 3.60 (6H, s), ~ 2.5 (4H, m).

Biliverdin-TX o bis[ (S)-aspartic acid dimethyl ester ] (15)

From 1 and (S)-aspartic acid dimethyl ester hydrochloride [17] {[«]® =
+ 15.8° (¢ = 2, methanol)}; m.p. 141-142°C, m.s.: 869 (M + 1), 'Hn.m.r. (CDCl,,
8): Biliverdin moiety: 6.77 (1 H, s), 6.62 (1 H, m), 6.49 (1 H, m), 6.16 (1 H, m), 6.01
(1H,s),5.94 (1 H,s),5.66 (2H, m), 5.46 (1 H, m), 2.95(4H, m), 2.48 (4H, m), 2.17
(3H,s),2.10(3H, s), 2.08 (3H, 5), 1.90 (3H, 5); acyl substituent: 6.95, 4.80, 2.90,
and 2.73 (8H, AMXY, J,y = 8.1 Hz, Jyx = Jyy = 4.8 Hz, Jyy = 16.7Hz), 3.70
(6H, s), 3.65 (6H, s).
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Biliverdin-IX o mono[ (S)-alanine t-butyl ester Jmonomethyl ester : Isomers 16 and
17

From the isomeric mixture of biliverdin-IXo monomethyl esters and (S)-
alanine 7-butyl ester; R:(16) > R;(17). 16: M.p. 146-150°C, m.s.: 724 (M + 1),
"Hn.m.r. (CDCl,, §): B111verd1n m01ety 6.87 (1 H,s),6.64 (1 H, m), 6.52 (1 H, m),
6.16 (1H, m), 6.09 (1H,s), 6.03 (1 H, ), 5.68 (2H, m),547(1H m), 2.96 (4H, m),
2.60 (2H, m),2.45(2H, m), 2.19(3H,s), 2.12 (3H, s), 2.09 (3H, 5), 1.91 (3H, s);
acyl substituent: 6.36, 4.47, and 1.31 (S§H, AMX,, J,y = 7.5Hz, Jyx = 7.2Hz),
3.67 3H, s), 1.45 (9H, s).

17: M.p. 154-156°C, m.s.: 724 (M + 1), 'Ho.m.r. (CDCl,, §): Biliverdin
moiety: 6.88 (1 H, s), 6.65 (1 H, m), 6.53 (1 H, m), 6.17 (1 H, m), 6.09 (1 H, s), 6.04
(IH,s),5.67(2H,m), 5.48 (1 H,m), 2.96 (4 H, m), 2.60 2 H, m), 2.45 (2H, m), 2.20
(3H,s),2.13 (3H, s), 2.09 (3H, s), 1.91 (3H, s); acyl substituent: 6.33, 4.48, and
1.32 (5H, AMX,;, Joy = 74Hz, Jyx = 7.2Hz), 3.67 3H, s), 1.46 OH, s).

Biliverdin-IX o mono[ (S)-aspartic acid dimethyl ester Jmonomethyl ester. Isomers
18 and 19

From the isomeric mixture of biliverdin-IXo monomethyl esters and (S)-aspartic
acid dimethyl ester hydrochloride; R/(18) < R/(19).

18: M.p. 134-136°C, m.s.: 740 (M + 1), 1Hn m.r. (CDCl,, §): Biliverdin
moiety: 6.82 (1 H, s), 6.63 (1 H, m), 6.53 (1 H, m), 6.16 (1 H, m), 608(1H, §), 6.03
(1H,s),5.68 (2H,m), 5.47 (1 H,m), 2.96 (4 H, m), 2.63 (2H, m), 2.48 (2H, m), 2.20
(3H,5s),2.12(3H,s),2.09 (3H, s), 1.90 (3H, s); acyl substituent: 6.56, 4.81, 2.93,
and 2.72 (4H, AMXY, Jo = 7.5Hz, Jyx = Jyy = 4.0Hz, Jxy, = 17.4Hz), 3.70
(3H, s), 3.66 (3H, s), 3.63 (3H, ).

19: M.p. 137-140°C, m.s.: 740 (M + 1), 'Hao.m.r. (CDCl,, §): Biliverdin
moiety: 6.83 (1 H, s), 6.64 (1 H, m), 6.53 (1 H, m), 6.16 (1 H, m), 6.08 (1 H, 5), 6.01
(1H,s),5.67(2H,m), 546 (1H, m), 2.95(4 H,m),2.62 (2H, m), 2.47 2 H, m), 2.20
(3H,s),2.13(3H,5),2.11 (3H, s), 1.91 (3H, 5); acyl substituent: 6.58, 4.80, 2.93,
and 2.72 (4H, AMXY, J, = 8.0Hz, Jyx = Jyy = 4.0Hz, Jxy, = 17.4Hz), 3.70
(3H, s), 3.66 3H, s), 3.63 3H, ).

Biliverdin-IXo. mono[ (S)-N(methyl)valine methyl ester Jmonomethyl ester:
Isomers 20 and 21

From the isomeric biliverdin IX o monomethyl esters and (S)-N(methyl)valine
methyl ester hydrochloride; R-(20) > R.(21).

20: M.p. 8183°C, m.s.: 724 (M + 1) 'Hn.m.r. (CDCl,, 8) [15]: Biliverdin
moiety: 6.86(0.75H, s), 6.85(0.25H, 5), 6.66 (1 H, m), 6.54 (1 H, m), 6.16 (1 H, m),
6.11(1H,s),6.05(1 H,s),5.69(2H,m), 5.46 (1 H, m), 3.00 (4 H, m), 2.57 (4H, m),
2.21(3H,s),2.13(3H,),2.10(3 H, 5), 1.91 (3H, 5); acyl substituent: 5.00 (0.75 H,
d, J=10.8Hz), 3.91 (0.25H, d, J = 10.6 Hz), 3.72 (0.75H, s), 3.69 (3H, s), 3.68
(2.25H, s), 2.93 (2.25H, s), 2.90 (0.75H, s), ~2.1 (1 H, m), .00 (2.25H, d, J
= 6.5Hz),0.94(0.75H, d, J = 6.5Hz), 0.87 (0.75H, d, J = 6.5Hz), 0.84 (2.25H,
d, /= 6.5Hz).

21: M.p. 83-85°C, m.s.: 724 (M + 1), 'Hn.m.r. (CDCl,, 8) [15]: Biliverdin
moiety: 6.85(0.75H,s), 6.84 (0.25H, 5), 6.64 (1 H, m), 6.52 (1 H, m), 6.15 (1 H, m),
6.10(1H,s),6.04 (1 H,s),5.68 (2 H, m), 5.46 (1 H, m), 3.00 (4H, m), 2.58 (4 H, m),
2.21(3H,s),2.13(3H,s),2.10(3H, s), 1.91 (3H, s); acyl substituent: 4.99 (0.75 H,
d, J=10.7Hz), 3.90 (0.25H. d, J = 10.7Hz), 3.70 (0.75H, s), 3.68 (3H, s), 3.66
(2.25H, s), 2.94 (2.25H, s), 2.90 (0.75H, s), ~2.1 (1H, m), 0.99 (2.25H, d,
J=6.5Hz),0.94(0.75H,d,J = 6.5Hz),0.89 (0.75H,d, J = 6.5Hz),0.84(2.25H,
d, J=6.5Hz).
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