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Synthesis and Properties of Bilirubin Analogs
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Abstract. Bilirubin analogs with fert-butyl (1) and adamantyl (2) substituents at the central carbon have been
synihesized by reaciion of an o-H dipyrrinone with pivaldehyde or 1-formyladamantane. The pigments are shown
by NMR to adopt an intramolecularly hydrogen-bonded ridge-tile conformation. However, unlike their parent

unsubstituted rubin (5), the ridge-tile is distorted from C, symmetry by nonbonded steric interactions between the
bulky C(10) substituents and the proximal propionic acid chain. © 1998 Elsevier Scicnce Ltd. All rights reserved.
Introduction

The important and structurally interesting mammalian natural product, bilirubin (Fig. 1), is the

yellow-orange pigment of jaundice and is produced copiously in normal human metabolism from turnover
of hemoglobin and other heme proteins. 13 Considerable effort has been devoted to understanding the
properties and metabolism of bilirubin, with particular attention being focussed on its unique ability to fold
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FIGURE 1. (A) Rilirubin in a high energy porphyrin-like conformation with angles of rotation about the C(9)-C(10) and
OD
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C(10)-C(11) bonds, ¢, and ¢, ~OE B) Preferred bilirubin conformation shaped hke a ridge-tile with ¢;=¢, ~6
interplanar angle of ~100°. “This conformation achieves considerable stabilization from intramolecular hydrogen bonds
(hatched lines). (C) Mesobilirubin-XIITee shown in a high energy, linear conformational representation. Like bilirubin,
mesobilirubin has two dipyrrinone chromophores, but neither pigment prefers the linear conformation. Rotations about
torsion angles &; and & interconvert the nnmhvrm like, ndap-h!e‘ and linear conformations.
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into a conformation where the carboxylic acid groups are sequestered through intramolecular hydrogen
bonding (Fig. 1B). 4-6 Such hydrogen bonding decreases the polarity of the pigment and renders it unex-
cretable in normal metabolism, except by glucuronidation. " L7 Relocation of bilirubin’s propionic acid

groups from the natural locations at C(8) and C(12) prevents intramolecular uydrcgen bonding in mor
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acid groups at C(8) and C(12), such as the synthetic analog mesobilirubin-XIIle (Fig. 1C), typically exhibit
the same unique polarity and excretability properties as bilirubin. For these pigments, like bilirubin, can
tuck their carboxylic acid groups inward, where they are tethered to an opposing dipyrrinone by intra-
molecular hydrogen bonding (Fig. 1B).
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Carboxylic acid to dipyrrinone hydrogen bonding, depicted in Fig. 2A is favored over dipyrrinone
to dipyrrinone hydrogen bonding (Fig. 2B) and is one of the most interesting and important facets of bili-
rubin structure.*3 Although the two component dipyrrinone units of bilirubin and its analogs may rotate
relatively freely and independently about the interconnecting C(10) CH, group (Fig. 1), only two confor-
mations are uniquely stabilized through an extensive network of mtramolecular hydrogen bonds: that
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chemlstry and its stabilization by intramolecular hydrogen bondin g between propionic acid and dipyrrinone
groups led us to consider whether such hydrogen bonding might be retained in bilirubin analogs with bulky
substituents located at C(10), i.e., at the ridge-tile seam. In the following, we report on the synthesis, prop-
erties and conformational analysis of new, svmmetrlc analogs of rubin 5, 10 with rert- butyl (1) and 1-ada-

mantyl (2) substituents at C(10). The spectral properties of 1 and 2 are correlated with stereochemical

analysis from molecular dynamics simulations
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Synthesis. The target bilirubins 1 and 2 were prepared in 66 and 31% yield, respectively (Synthetic
Scheme) in straightforward fashion by trifluoroacetic acid-catalyzed reaction of the known 3,9-bisnor-
xanthobilirubic acid (7) with either pivaldehyde or 1-f0rrnvladamantane12 in dichloromethane. The

methyl iodide. Rubin acids 1 and 2 were converted to their bis-amides of Sa(+)=alamue methyl ester in
00/ <l at 10b,13
~70% yield using Shioiri’s reagent.”~ >~
Synthetic Scheme
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1: X=OH 2: X=OH
3. X=0CH, :I 4: X=0OCH, ]c ld
8:  X=NHCH(CHy)CO,CH, = 9:  R=NHCH(CH:)CO,CH, ~-

aTRA: P CH,N,; € Cs,CO,/CH;I/DMF; 4 [ -alanine methyl ester hydrochloride / Et;N / (C¢H50),PON;.

Polarity from Chromatographic Behavior. Counter-intuitively, the presence of lipophilic zerz-butyl (1)
and adamantyl (2) groups at C(10) of the parent rubin analog (5) produces unexpectedly short retention
times for 1 and rather long retention times for 2 (1, 13.4 min.; 2, 26.5 min.; 5, 14.9 min. ) on reverse-phase
1C) has a retention time of 18.3 min. Somewhat contradictorily, on silica gel
smaller R £ values (1, 0.55; 2, 0.64) when compared with the parent (5, 0.86), which is slightly more mobiie
than mesobilirubin- X1l (R ~0.81) using 2% CH;0H in CH,Cl, as eluent. The data hint at the possibility
that bulky C(10) substituents cause conformational deformations that weaken intramolecular hydrogen
bonding, thereby exposing the pigment’s polar groups.

C-NMR and Structure. The '°C-NMR spectral data (Table 1) of 1 and 2 differ little, except for signals
. RN . e e 13 et of the maran
due to the C(10) substituents. Both sets of data correlate nicely with the *“C-NMR spectrum of the parent
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rubin (5). Interestingly, the largest difference in chemical shift (~6 ppm) between 5 and 1 or 2 is at C(3)/
C(17), which are remote from C(10). Certain other ring carbons remote from C(10) in 1 and 2 show a large
deshieldings relative to the parent (5): ~3 ppm at C(6)/C(14), but most ring carbons of 1 and 2 show chemi-
cal shifts that are within 1-1.5 ppm of the corresponding carbons of 5. The expected exception is the large
difference (~4 ppm) at C(9)/C(11), which are adjacent to the substitution center. These large differences

are absent or considerably reduced in the spectra of dimethyl esters 3, 4 and 6, suggesting different confor-
mations for the acids and their esters.
RO,C CO,R
TABLE 1. !3C-NMR Chemical Shifts of Bilirubin Acids N—(s 5 D—(6 . 12—43 15 1)—(18
(R=H): 1 (X=tert-butyl), 2 (X= 1-Adamantyl), 5 (X=H)and ! z \ o/ X 9
Thelr Correspondmg Dlmethyl Esters (R=CH;): 3\, 4and6e ° /\NH/;/ G\Q/g— ;n_ﬁ\i':‘,/” ;G\Q/\ ©
Carbon® 13C Chemical Shift (8, ppm)° in (CD5),SO
Position 1 2 5 3 4 6
1,19 C=0 174.33 174.35 174.03 17251 172.42 172.13
2,18 =C- 123.55 123.58 122.54 123.50 123.55 123.17
21181 CH, 8.70 8.73 8.10 8.70 8.73 8.17
3,17 =C- 141.66 141.60 147.23 141.63 141.55 140.95
31,171 CH, 9.96 9.99 9.40 9.94 10.45 9.59
4,16 =C- 131.12 129.99 130.88 131.13 129.96 130.33
5,15 =CH- 99.27 99.24 97.80 99.17 99.19 97.94
6,14 =C- 125.63 125.62 122.00 125.62 125.62 123.51
7,13 =C- 120.30 121.24 122.90 120.52 120.80 122.75
7',13! CH; 10.41 10.49 9.25 10.33 9.99 9.25
8,12 =C~ 120.12 120.05 119.23 120.12 120.00 118.97
gl,121 cH, 20.30 20.36 19.27 20.31 20.33 19.34
82,122 CH, 35.24 35.40 34.34 34.76 34.92 34.12
83,123 C=0 172.51 172.42 172.00 173.17 173.20 173.31
84,124 OCH,4 — —_ — 51.54 51.62 50.91
9,11 =C- 132.90 132.82 128.81 132.85 132.83 130.57
10 CH, 23.55 23.71
H 45.9Y “42.30 a4.4/ 40.40
10! CH,4 35.82 — 35.79 —
C 37.56 — 37.54 —
10% CH, 29.63 41.26 — 29.58 41.16 —
103 CH — 28.63 — — 28.58 —
10* CH, - 36.71 — — 36.68 —

@ Run at 2.5 x 10™2 M concentration of pigment at 22°C. Multiplicities are determined by the APT method. b Superscripts refer to
carbons in the B-substituent chains, e.g., 2! is the first carbon attached to ring carbon 2. ¢ 8, ppm downfield from (CH;)4Si.
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ings of dipyrrinone lactam and pyrrole N-Hs, from ~7.5 and 8 ppm, respectively, in the monomer to ~11
and 10 ppm, respectively, in the intermolecularly hydrogen-bonded dimer in CDCl; (Fig. 2B).'4!> In bili-
rubins, dipyrrinone N-H chemical shifts have proven to be an excellent way to assess the presence and
nature of hydrogen bonding.m’m’17 These and other 'H-NMR studies* showed that the pyrrole N-H
chemical shift is ~9.2 ppm in CDCl; (e.g., 5, Table 2) when the dipyrrinone and carboxylic acid groups are

Linbad ke imtramalanilar heden cam koo ding (T ge nd 2A). 10,1617 . shieldine relative to that

linked by intramolecular hydrogen bonding (Figs. 1B an The~1 ppi sniciaing 1 vE 10 nat
. e Arn14.15

found in the planar alpymnone dimer (rg. 2b)" » - may be attributed to the posmomng OI the pyrrole N-H

to lie above the opposing pyrrole or dipyrrinone m-system when the pigments adopt a ridge-tile shape (Fig.
1B). A similar but larger shielding effect is found in dipyrrinone stacked dimers.!> Thus, the pyrrole N-H
chemical shifts of 1, 2 and 5 (Table 2) are consistent with acid to dipyrrinone intramolecular hydrogen
bonding of the type shown in Figure 1B. (The more deshielded lactam N-# and CO,H chemical shifts in
1 and 2 as compared with the parent, S, suggest stronger hydrogen bonding in the analogs.)

HOC felo M2}
HOQ (0

TABLE 2. '"H-NMR Chemical Shifts? and Multiplicities for ,
Bilirubin Analogs: 1 (X= r-butyl), 2 (X= 1-Adamantyl), and 5 7= {;"\ 7)/ \;8 i) 12;/ \<_’3 /‘f\\”>—<"’
(X=H) in CDCl, and (CD;),SO. 0”’2‘1\;«‘/ TN Ay e
Hydrogen® CDCl4
(CD;),S0
Position 1 2 5 1 2 5
8,123 CO,H 14.04 14.30 14.50 13.59 12.10 | 12.00 | 11.89
2
21,24 NH 11.47 1091 11.49 10.94 10.61 9.47 9.32 9.78
22,23 NH 9.329.09 9.329.12 9.15 9.78 9.70 10.32
5,15 =CH- 6.05 6.02 6.08 6.03 6.04 6.04 5.99 5.94
10 CH, 4.07 | 395
CH 4.63 4.51 4.12 3.89
10l ¢ — — — — — —
102 CH,/CH, 1.22 2.04 (2H) — 1.60 —
1.43 (4H) 1.07
10> CH — 2.03 — — 1.93 —
10* CH, — 1.69 — — 60 —_
8! 12! CH, 3.45,5cd 3 074 3.64,87 3.0848 2998 1 266" | 2627 | 241"
2.65,9¢h 2.53/8h 27084 2548 2.547m
8%,12° CH, 3.03,080 2.87°€P 3.04,£7 2.88%9 2.89K I 2207 | 219" | 2.05"
2.78,ch0 278 2.82,8h0 2.828hq 2.78/m"
71,131 CH; 2.17 220 2.16 2.10 2.06 2.05
' 2.19
3171 CH,y 2.06 2.08 2.06 2.00 1.96 2.00
2.07
21,181 CH,4 1.85 1.87 1.85 1.82 1.77 1.77

48, ppm downfield from (CH3),Si and J values in Hertz for ddd (except where noted) for 4 x 1074 M solutions at 22°C. P
J=12.50. €J=3.00. 9 -14.50. ¢ J=13.00. /J= -15.00. £J=2.50. 7 J=4.50. {J=12.25. / }= -14.25. ¥ J=13.50. ! J=2.60.
m J=4.60. " t,J=17.80. °J=-19.00. PJ=-17.50. 9J=-18.25. "]J=-18.70 Hz.



ATR AT PR, Py Y Tr

In CDCl3, the TH-NMR chemical shifts of the CO,H and alpyrrmone N-Hs provide strong, consis-
tent evidence for intramolecular hydrogen bonding. Most of the TH-.NMR signals of 1 and 2 are doubled
(Table 1). One set of lactam N-H resonances appears ~0.5 ppm more deshielded than the other, which is
comparable to that found in 5. The emerging picture is one of a nonsymmetric bilirubin core folded into
aridge-tile shape (as in Fig. 1B). Nonbonded steric interactions between the bulky fert-butyl or adamantyl
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CO,H, thereby mten51fy1n one hydrogen bonding triad while weakening the other and creating molecular
dissymmetry.
For bilirubins in (CD3),80, which is thought to interpose solvent molecules into the hydrogen
bonding matrix,%¢'8 the CO,H and lactam N- signals become more shielded than in CDCls, but the
pyrrole N-H typically becomes more deshielded (as is seen for 5 in Table 2), an indication possibly of a

conformational change that moves the N-H. In 1 and 2, however, the pyrrole N-H is not as deshielded as
erhanc he hulkv C(10) en bst
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The corresponding dimethyl ester spectra in CDCl; of 3 and 4 are very similar to those of 6 (Table
3), except for the dipyrrinone N-Hs. The lactam N-Hs are more shielded in 3 and 4 than in 6.

The N-H chemical shifts of rubin acids and their esters are typically very similar in (CD);SO, ¢f'S
(Table 2) and 6 (Table 3). Thus, when bilirubins are esterified (e.g., 6, Table 3), or when the propionic
acids are relocated away from C(8) and C(12) or replaced by simple alkyl groups, the pyrrole N-Hs are

CH;0.C CO,CH;
TABLE 3. 'H-NMR Chemical Shifts?® of Rubin Dimethyl

Esters: 3 (X= r-butyl), 4 (X= Adamantyl), 6 (X=H) in CDCl;4 A = Y/ \" ¥/ \” 15 =\"® A
and (CD3),S0. U"m\:’ 2N )i( 2N 2;:/ ~0
Hydrogen Chemical Shift in (CD5),SO Chemical Shift in CDCl,
Position 3 4 6 3 4 6
21,24 NH 9.41 9.33 9.78 9.71 9.70 10.44
22,23NH 9.73 9.73 10.41 8.25-8.75 8.25-8.75 10.28
5,15 =CH- 5.96 5.99 5.92 5.83 5.85 5.98
10 CH, 4.13 4.05
CH 4.04 3.88 4.18 4.05
10 cH; 0.99 e - 1.14 — —
10° CH, — 1.60 — — 1.62 —
103 CH — 19.95 - — 2.02 —
10* CH, — 1.60 — — 1.62 —
8',12! CH, 2.617 2.65° 2.88° 2.82° 2.85° 2.52°
82,12° CH, 2.11° 2.20° 2.49¢ 2.49° 2.50° 2.25°
71,131 CH,4 2.02 2.06 2.16 2.14 2.16 2.06
31,171 CH, 1.92 1.96 1.93 1.56 1.72 1.70 1.95
21,181 CH, 1.74 1.77 1.54 1.36 1.64 1.77
84,124 OCH,4 3.53 3.58 3.52 3.73 3.76 3.52

@Run at4 x 10~ M concentration of pigment at 22°C; 8, ppm downfield from (CH;),Si. ?t, J=7.80 Hz; €t, J= 7.50 Hz.
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found near 10.3 ppm in (CD5 )2DU In CDLI,, the ester pyrrole N-H is also often deshielded to ~10.3

109N
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ppm (from ~9.2 ppm in bilirubin)."”>“" This is because the esters in CDCl; adopt a more helical shape as
they relinquish acid to dipyrrinone hydrogen bonding (Fig. 2A) in favor of dipyrrinone to dipyrrinone
intermolecular hydrogen bonding (Fig. 2B).

While the 'TH-NMR spectra for the core C-H signals of dimethyl esters 3 and 4 are similar to those

of the parent (6), in both (CD5),SO and CDCls, there is no signal doubling. Especially notable dlﬁ'erences
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than in 6, with the pyrrole N-Hs being especially strongly shielded in CDCl; — to values at higher field
even than those of the corresponding acids, 1 and 2 (Table 2). The data seem to suggest ridge-tile confor-
mations for 3 and 4, attributable to geometric constraints imposed by the bulky C(10) ferz-butyl and
adamantyl groups.

Additional evidence on intramolecular hydrogen bonding between propionic acid (or ester) and

dipyrrinone groups in 1-6 can be elicited from an examination of coupling constants. It may be noted that

vicinal coupling in the propionic acid ethylene (-Cpify-CoH- CO,R) follows an A,B, pattern of two
tripiets for aii of the ester data of Table 2 and for the acid daia oniy in (CD4),SO (Tabi 1). These data are

consistent with relatively free segmental motion in these chains, as might attend limited or no hydrogen

bonding with the carboxylic acid or ester groups. The situation is very different for acids 1, 2 and 5 in

CDClj; solvent. Here, an ABCX pattern (ddd) is exhibited by each —CRH7—C oH2~CO5R segment.
Analysis of the vicinal HH coupling constants in the propionic amd chains of 1, 2 and S (Table 4)

ely2 villad Lt 1latdliity 11 1U11 115 U1

provides strong upportm experimental evidence for folded ridge-tile structures, as in Figure 1B. In

ralnYal!

CDCl; soivent, the

TABLE 4. 1H-NMR Chemical Shifts? and Coupling Constants® for the Propionic Acid -CgHpHx-CyHgHc-
CO,H Seg s in r‘n(‘l. at 22°C.

e LR me 1 81781

ﬁ-C"z ﬁ-CHz al-CHz a'-CH2
D;lY-
Pig-
1 5 3.07 2.53 2.78 2.87 3.45 2.65 2.78 3.03
R=rBu |Jpx 13.00 {Jap 250 [Jag 3.00 [ Jac 13.00 | gy 1250 | Jop 250 [ Jap 3.00 [ Jaop 1250
Jox 300 | Jac 450 | gy 450 |Jox 250 | Joe 3.00 | Jace 450 | Jpng 450 | Joryg 2,50
Tax -15.00 | Tox-15.00 | Jpc -17.50 | Jpo -17.50 | Jpry -14.50 | Jpox -14.50 | Jgecr -19.00 | T -19.00
2 5 3.08 2.54 2.82 2.88 164 2.70 2.82 3.04
R=Ada ‘IBX 13.00 JAB 2.50 jAB 2.50 jAC 13.00 JB’X' 12.25 JAIBI 2.50 JA B’ 2.50 JA'C' 2275
Jox 250 | Jac 450 Dlgx 450 | lox 250 | Jo 250 [ oo 450 Ngye 450 e 250
Jax -15.00 | Jox -15.00 | Jgc -1825 | Jge -18:25 | Jorg -14.25 | Joryi-14.25 | Jpicr =19.00 | Jpecr -19.00
H Ha
5 & | 299 2.54 2.78 2.89 Haw o Hx Ht A H'
= g COgH HO2C ~ nc'
R= JBX 13.50 JAB 2.60 JAB 4,60 JAC 13.50 CH, X, ~CHR RHC -, -CHy
Jox 260 [ Jac 460 [ Jgx 260 | Jox 260 IR 7 N
Jax <15.00 | Jax -15.00 | Jgc -18.70 | Jpc -18.70 S HE,

28, ppm downfield from (CH1)4Si. b J in Hertz from 500 MHz spectra.
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-CHHyCHgH-COOH segment which is constrained to adopt a fixed staggered geometry (Table 4) due
to strong intramolecular hydrogen bonding, e.g., Fig. 1B. On the other hand, the less complicated A,B,
pattern found in (CDj3),SO solvent (Table 2) indicates more motional freedom in the propionic acid
segment, whose CO,H groups are linked to the dipyrrinones via bound solvent molecules.5¢

The stereochemical conclusions reached above were confirmed by 1H{ 1 H}-homonuclear Overhauser
effect (NOE measurements in CDCl;y (Figure 3). The syn-Z-dipyrrinone conformation is confirmed by
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the vinylic hydrogens at C(5) and C(15) and the pyrrole methyls at C(7) and C(13), and the lactam methyls
at C(3) and C(17). Significantly, NOEs are observed between CO,H and lactam NH, as anticipated from
intramolecularly hydrogen-bonded conformations. NOEs are also observed between the fers-butyl
methyl(s) and the B-CHy. at 3.45 ppm (Table 2) in 1. Taken collectively, the NMR data support a fixed
staggered conformation of the propionic acid segment and intramolecularly hydrogen-bonded ridge-tiles
for1,2 and 5.

Hogc /\’ \v COzH woe N com HOZC CO,H
a Lt ~ | T n 4 /l r.fl
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TGURE 3. IHJ IHL homonuclear Overhauser effects (NOEs) found in 1 and 2 and their parent ( ) CDCI-. are shown hv

lid, double- headed curved arrows. Significant, albeit weak, NOEs are found between thc C _H protons and the lactam
N-H protons at N(21) and N(24), as indicated by dashed arrows.

UV-Visible Spectral Analysis and Conformation from Exciton Coupling. Further evidence on intramolec-
ular hydrogen bonding comes from solvent—dependent UV-visible spectra. Over a wide range of solvents
with varying polarity and hydrogen bonding ability (benzene, chloroform, methanol and dimethylsul-
foxide), the UV-visible spectra of mesobilirubin-XIlle (a well-studied analog of 5, with ethyl groups at
C(3) and C(17)) change very little, with A™2% being near 430 nm and AS" near 395 nm!*%2! — correspond-
ing to the two exciton components from electric transition dipole-dipole interaction of the two proximal
dipyrrinone chromophores approximately 90° apart (as in Figure 1).422:23 Since mesobilirubin-XIIle and
5 are known from NMR studies to adopt the intramolecularly hydrogen bonded conformation of Figure 1

in CNCL colvent and a similar conformation in (CD)-SO solvent 4:6:10,18 54 i bt he aroued that a V-
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visible exciton coup L Wil A ~43U 1M, A™ ~3¥Y5 1M Cdn DC ldKCTl a8 dnl naicdalor 01 d 101aca (Dut not

necessarily hydrogen-bonded) conformation akin to that of Figure 1. The UV-visibie spectra of 1 and 2
(Table 5) are very much alike but differ somewhat from those of 5, especially in (CH3),SO solvent, where
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near 390 nm. The data for 1 and 2 in (CH3)ZSU are consistent with a more helical folded conformation,
one with a smaller interplanar angle. The spectral data in CHCl; and other non-polar solvents support the
intramolecularly hydrogen bonded ridge-tile in 1, 2 and §.

UV-visible spectral data for dimethyl esters 3, 4 and 6 show a different solvent dependence. Spectra

in nonpolar solvents are quite similar to those of mesobilirubin-XIIla dimethyl ester, which typically
; Af Airaora2 24 3 i
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his results in spectra with a narrow bandwidth intense

)

pOldI' solvents such as benzene and chloroform.

absorption at A™3X near 380 nm and weak shoulder at A5" near 430 nm.!?®2! In more polar solvents such
as CH30H and (CH 3 SO the solutions are largely monomeric, and the UV-visible spectra are rather

similar to those of the parent acids in these solvents.

RO,C  COR
TABLE 5. Solvent Dependence of UV-Visible Spectra? of NIV y; \
Rubins (RefD: 106= iyl 2 0= Ladamanyand S 0= =L o A
H) and Their Corresponding Dimethyl Esters (R= CHs): 3, 4 N7 n " ‘g' ‘:/
and 6. .
Emax (AMAX\ AFf A ~nide ~Max (1 MAX\ A€ Minrnthe] Dotara
\\I\, J VL Aviun C \I\.- } Ul L/UIICTULY1 LoD
Solvent i 2 5 3 4 6
CgHg 47700 (421) 57384 (437) Insol. 40554 (381) 44874 (382 52700 (384)
54542 (421)% 18835 (423)*h 1 26434 (410)"
CH,Cl, 48300 (4200 | 48458 (417)% 40275 (381) 49033 (381) 57600 (379)
50020 (433) 51838 (433) | 51000 (427) | 24825 (409" | 26901 (418)sh
CHCl, 48510 (422" | 49722 (417) 39631 (389" | 44484 (399) 48400 (381)
50500 (436) 52755 (438) | 58000 (431) | 52406 (401) | 25780 (423)sh 36600 (411)sh
(CH;),CO Insol. 38512 (380) 43440 (380) 47000 (381)
47590 (424) 29907 (426) 27288 (408" | 33126 (405)h 34000 (427)h
CH;0H 38030 (396) 31856 (396) Insol. 36794 (394) 41401 (393)
37855 (416" | 30292 (415)h 35675 (41480 | 39401 (415)%h 47400 (427)
(CH3),SO | 41300 (416)" | 46167 (389) 38269 (388) | 45016 (387) 32500 (389)%
. 41590 (389) 12424 (41 11sh L£TUINN (AR 2242Q 741 &\S! 20329 FANTS A2ENN FADQ)
\ 7} I TY \‘f l_’ JTIVY R \TLU) JITIO Ty JO0JJ0 TV l} HIIUY (TL0O)
aeMaX and M in L« mol™ : cm™! at (A in nm) for 107> M solutions

Conformation from Molecular Dynamics. Like bilirubin (Fig. 1) 1, 2 and S may be viewed as two-blade
molecular propellers, where the blades consist of dlpyrrmones connected to a CH, or CHR at C(10). As
: 1 25

islow ef a

geometry, but fert-butyl and 1-adamantyl diphenylmethane prefer the C, or propelier conformation by ~3
kcal/mole (Fig. 4). Like a gem-dimethyl,lo
ate stabilizing effect on the C, conformation. Such groups might also be expected to stabilize the C, con-

formation in other molecular propellers, such as the C(10) tert-butyl and C(10) adamantyl analogs of

apparently, the fert-butyl and adamantyl groups have a moder-

bilirubin (1 and 2, respectively).
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In the tetrapyrrole analogs (1, 2 and 5) of diphenylmethane, the longer dipyrrinone blades have at
least one degree of conformational freedom not available in the simpler systems: the potential for curvature
within the blades by twisting the C(5)-C(6) or C(14)-C(15) carbon-carbon single bonds. However, the con-

formational possibilities within the dipyrrinone blades are severely limited, as judged from earlier work
riment? and CNDO/2-based

oth experiment® and CNDQO/2-b eld calculations <" which indicate a strong prefer-

Nnree.
Viwvw (s 4% Iy VALK

ence for the syn-periplanar or syn-clinal conformations (Fig. 2). The syn-periplanar conformation with
C(5)-C(6) or C(14-C(15) torsion angles 0-20° predominates in crystalline bilirubin and in dipyrrinone
hydrogen-bonded dimers. Syn-clinal conformations, with C(5)-C(6) torsion angles 20-50° are favored by
monomeric dipyrrinones with unsubstituted N-H groups. In bilirubins, differences in shape brought about

by twisting the blades are small compared with conformations generated through rotations of the dipyrri-

none blades about their C(9)-C(10) and C(10)-C(11) bonds (Fig. 1)
Rotations about the C(9)-C(10) and C(10)-C(11) carbon-carbon single bonds sweep the dipyrrinone

blades through large spatial distances and produce a wide variety of rather different and distinctive confor-
mational structures. At the two extremes are the planar or nearly planar porphyrin-like and extended con-
formations of Figs. 1A and C. (The porphyrin-like conformation is designated the ¢,= ¢,~0° conformer;
the extended conformation can be designated the ¢;=¢,~180° conformer.) Lying in between these two
planar conformations are a very large number of non-planar conformations, each of which has a non-super-

. . o ano o ane

imposable mirror image (as in the ¢;=h,=90° and ¢;~¢,=-90° gabled conformers). However, not all
: 4,26

of the conform e ex d to be equal in energy 2,426 por example, in the extended conformation of

Fig. 1C the propionic acid groups are severely buttressed against one another; and in the porphyrin-like
conformation of Fig. 1A, destabilizing non-bonded steric interactions arise between the pyrrole N-H groups
and the lactam carbonyl groups. These two conformers might thus be expected to be less stable than any
of the non-planar conformations in which non-bonding repulsions are minimized.

An examination of CPK-space filled models allows one to see the cited elements of conformational

destabilization, and molecular mechanics force-field calculations place those observations on a quantitative
basis. Using the SYBYL force-field program on an Evans and Sutherland ESV-10 graphics workstation,

. g
conformational energy maps for 1, 2 and 5 were generated. The map for 1 (Fig. 5) is nearly identical to
1 [

bilirubin? and mesobilirubin-Xille.? For 1 the clearly
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FIGURE 5. (Upper) Potential energy surface (left) and contour map (right) for conformations of 1 generated by rotating
its two dipyrrinone groups independently about the C(9)-C(10) and C(10)-C(11) bonds (¢, and ¢,, respectively). The energy
scale (bottom) is in kcal/mole. Isoenergetic global minima (set to 0 kcal/mole) are found near (¢4, ¢,) = (60°, 60°) (P-
chirality) and near (¢, $,) = (-60°, -60°), (-60°, 300°), (300°, -60°), (300°, 300°) (M-chirality). Local minima (20
kcal/mole above the global minima) are found near the (60°, 60°) global minimum at (¢, ¢,) = (60°, 220°), (220°,60°),
(-60°, 140°) and (140°, -60°). (L.ower) Interconverting ball and stick conformational representations for the M and P
helical global minima. (Hydrogens on the tert-butyl groups are removed for clarity.)



TABLE 6. Influence of C(10) Substitution on Selected Molecular Parameters for Energy-Minimum Conformations
of 10-tert-Butyl and 10-(1-Adamantyl) Rubins Determined by Molecular Dynamics Calculations.
HO;{C COM
Torsion and Interplanar Angles (°) D(s 5 7\/—\23 10 !Ma i =18
and Nonbonded Distances (A) oy\wwwkc“lwwmko
H H R H
5 1 2
for: R=H R=tert-Buty| R=1-Adamantyl
b (22-9-10-11)° 59 63 (220¥% 60 (2208
b, (9-10-11-23) 59 52 (60)8 60 (608
¥ (4-5-6-22)° 17 15 (35)% 16 (34)8
Y, (23-14-15-16)° -8.6 -4.6 (1218 -3.6 (12008
(21-4-5-6)¢ 1.5 0.9 (-3.0¥8 0.7 (-3.4)8
(14-15-16-24)¢4 -0.7 -0.6 (0.8)% -0.8 (-3.0¢
0 (dipyrrinone)® 88 87 (688 90 (77)¥8
0 (pyrrole)® 87 86 (78)8 88 (80)
d(C=0 - 0=CY 11 11(13.3)¢ 11 (13.5¥
d(vertical) 5.6 5.4 (6.0%¥ 54(65%¥

4 Using Sybyl ver. 6.0 for the Evans & Sutherland ESV-10 * workstation, ref. 4. bValues would be ~0° for the porphyrin
conformation, ~60° for the ridge-tile conformation and ~180° for the linear conformation. € Indicates distortion from a planar
dipyrrinone, where ¢ ~0°. % Indicates twist from 0° of C=C. € Interplanar dihedral angle using the average plane of each
dipyrrinone or the dihedral angle of the two pyrroles adjacent to C(10). / Dipyrrinone oxygen-oxygen nonbonded distance and
the vertical distance determined from one dipym‘none oxygen to the average plane of the second dipyrrinone. £ Parameters for

mmmnact lmma 14

iearest local minimuin 1ying some 15- 20 kcal/mole above the 5nuum IO T .

separated local minima lie some 15-20 kcal/mole above the global minima. In all of these maps, isoener-
agetin glakal srtaionn ava Alansely, lanntad nans = ~ ° = ~ ° = ° °
getic glub' | minima are u}caﬂy located ne (¢1‘¢2’”60 ), (¢1‘¢2"=60 ), (¢1_¢2"300 )9 (‘1""1"‘399 s ¢2"’

~60°), and (¢;~-60°, ¢, ~300°). Each global minimum lies as a deep depression in a canyon with steeply
rising walls. Local minima lie in significantly higher energy valleys. Even in the absence of hydrogen
bonding the global minimum-energy conformation has a ridge-tile shape that places the propionic acid
carboxyl groups in a position ideal for hydrogen bonding to the opposing dipyrrinone lactam carbonyl and
N-H groups and the pyrrole N-H group. Hvdmgc.n bonding sharply lowers the global energy minima and

-
thus acts as a powerful conformation ing f 10t available to most of the other tetrapyrrole con-

GO

formers which form the conformational energy map.

The giobal minimum conformations of Fig. 5 correspond to either of two unique 3-dimensional con-
formers, M and P which appear to play a central role in explaining many of the properties of bilirubin pig-
ments. The global minimum ridge-tile conformers found in our force-field calculations of bilirubin are
nearly identical to those seen in its X-ray crystal structures.2” In those conformations (Fig. 1B), the polar
ropionic acid carboxyl groups are sequestered internally, thus rendering the pigment lipophilic. It may

uctures: P corre nndQ to the global

e M and P conformers of Fig. § are mirror ima

Qi 2 AUL 2iR%

minimum (Fig. 5) at (¢;=¢,~60°), M corresponds to global minima at (¢ ¢q~—6 ®), (¢;=¢5~300°),
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by breaking the minimum number of nydrogcﬂ bonds while rotating the dipyrrinones about ¢ and ¢, and
remaking the hydrogen bonds. From an examination of Fig. 5, two distinct low energy interconversion
pathways may be charted from P to M: (1) A route from (¢1=¢,~60°) ~ (¢1~0°, $~90°) ~ ($p;~-40°,
$~100°) =(¢$p~-40°, $5~130°) = (¢~ -60°, ¢p,~180°) - (¢1~-80°, $p,~180°) and down to (¢,=-60°,
$,=300°), with an activation barrier of ~30 kcal/mole in the case of 1 or 2 (vs. ~19 kcal/mole for 5). (2)
=d~60°) - ((h.~0° $,~90°) - (¢]~—40° rha~100°) = ($1~-90°, $,~100°) ~ (P

S S B & ) *i > ¥2 i~
° o © o _—. ° XL7E n Masged Ase N ‘dal>) L aTalr-%
-100 s ¢2"-20 ) ind (¢1" 100 R ¢‘2 ~ -60 ) and down to (¢I‘¢2‘-_‘0 ), with a barrier of ~32 kcal/mole

in the case of 1 or 2 (and ~22 kcal/mole for 5).

The high energy valleys (isolated local minima) near the global minima of 1 or 2 (Fig. 5) correspond
to structures shown in Fig. 6. Like the global minimum, the local minimum conformations are also
stabilized by intramolecular hydrogen bonds, accommodated by the dipyrrinones twisting out of planarity.
The latter is accommodated by rotations in the proplomc acid chain that bring the B-CH, groups forward

e P M interconve ioht twisti

conformations of local min-
ima of 1 and 2 that lie ~20
and ~ 15 kcal/mole, respec-
tively, above the global min-
ima. In these local minima,
b, ~60°, ¢, ~200°. Ada-
mantane hydrogens are re-
moved for clarity.

Conformational Enantiomerism and Induced Circular Dichroism. In a nonpolar, aprotic solvent such
as chloroform, the conformational equilibrium between bilirubin enantiomers can be displaced from 1:1
by the addition of a chiral recognition agent.?22 Similarly, for bilirubin analogs 1, 2 and 5 in CHCl; an
uinine (Fig. 7). At a molar ratio of alkaloid:pigment of
A3 +52), of exactly the same signed order and nearly the same magnitude as that seen for bilirubin or
mesobilirubin-X1ITe..““® With 1 and 2, however, the Cotton etfect intensities are reduced by nearly an order
of magnitude. Whether this reflects ineffective complexation/recognition or an altered pigment con-
formation is not immediately clear. However, it is clear that although 1 and 2 behave qualitatively like §,




they do not behave exactly alike — evidence that the C(10) fert-butyl and adamantyl groups exert an
important stereochemical effect.

When human serum albumin (HSA) is used as the chiral complexation agent, however, aqueous
solutions (pH 7.4 Tris buffer) of 5 behave very similarly to those of bilirubin or mesobilirubin-X11Te, 28
exhibiting moderately intense bisignate CD curves (Ae75% +56, AeJ45 -23) due to enantioselective chiral
complexation of the pigment by the protein. For solutions of 1 and 2 with HSA, however, the magnitude

AL s Ty A .-m,-..-. 4o ama An“rgqr‘lf\mnlﬂ .r IA-., wad e 4l n..-w-,- aie re ~max
Ul UIC ULy O L 11E€CILS arc€ COiisiacrao: )’ 10 €a 4aiia uic Si 5 alc 1 u \l ut430 AL L\t:395 TIU
and 2: Ae‘;{g‘a 3, A€}5§ +11) while maintaining clearly defined bisignate shapes (Fig. 8). The data

indicate that the conformation of 1 and 2 on HSA is probably different from that of 5 on HSA. Surprisingly
the data indicate a preference for the opposite helical conformation in 1 and 2 relative to 5.
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and 2 to their bis-amides (8 and 9, respectively) with (S)- 07Ny \E/ ;” \ﬂ/ \ﬂ/\O
alanine methyl ester by the Shioiri procedure used previous- 8 R=ter-Butyl  9: R=1-Adamantyl 10: R=H




ly,‘“b’“’ the CD spectra of the opticaily active pigment amides were determined (Fig. 9) to reveai very
weak CDs — as contrasted with the parent amide (10). Interestingly, although TH-NMR (in which the
propionamide O=C-N-H is found to be strongly deshielded) indicates a high probability of intramolecular
hydrogen bonding in 10 (Table 7), in 8 and 9 it appears not to be involved in hydrogen bonding. Similarly,
the dipyrrinone NH chemical shifts of 10 differ significantly from those of 8 and 9, with the latter
suggesting weaker hydrogen bonding. Thus, it would seem that whereas the conformation of 10 retains

MY T4 DR Fe l Tra e d oen rAdad widan 4:1a cbemratrzia o rove e,
1S DHITUDIf-11KE uyu BCI Nnaca IIUEC'UIC oL uuuxc, UIC COILLLIOILTIE
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o O 7 is not quu.c ulC sarme. ll

oy

a behavior similar to that of the 10,10-dimethyl analog,‘ 0 the bulky C(10) alkyi groups play a major role
in weakening intramolecular hydrogen bonding in bis-amide 8 or 9 but are apparently less influential in the
parent diacids (1 and 2). The reasons for the difference in behavior are not entirely clear, but they may
relate to the longer length of the O-H vs N-H bond in a more open ridge-tile conformation in 8 and 1 (or
9 and 2) vs that of 10 and 5, where intramolecular hydrogen bonding is accessible oth the acid and

amide. Thus, the NMR data and the CD data (Table 8) suggest very weak conformatlonal selection of the

ek PR I | PR g ~ 1

P-helicity diastereomers in 8 and 9, and 1-2 orders of magnitude stronger selection of the P-helicity diaster-

eomer in 10.
80 r
/\
10 FIGURE 9. Circular dichro-
50 - ism spectra of 1.0 x 1073 M
Ae / \ (S)-alanyl methyl ester rubin
- bis-amides with C(10) rerr-
Z_:}‘ii“-_\ \ biityl (8), C(10) adamantyi (%)
0 ,,_ and the parent (10) in CH;CN
™~ solvent at 22°C. The compound
\ / numbers are indicated on the CD
i \ / curves. For comparison, the CD
~_ of thel0,10-dimethyl analog is
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TABLE 7. 'H-NMR Chemical Shifts? of Amide and Pyrrole N-Hs of the S-Alanine Methy! Ester Bis-amides (8-
10) of 1, 2 and 5, respectively, in CDCl; at 22°C.

Pigment Lactam Pyrrole Alanine
8 9.63 8-9 (v.br) 7.32 (syn)
Q 79 A ON {anti)
Z.0O V.V \ﬂlll,ll
9 9.59 8-9 (v.br) 7.30 (syn)
§.75 6.95 (anti)
10 11.70 10.62 10.25 (syn)

@8, ppm downfield from (CH;),Si.



TABLE 8. Circular Dichroism and UV-Visible Spectral Data? for the Bis-Amides 8-10 of 1, 2 and 5, respectively,
with S-Alanine Methyl Ester at 22°C.

Circular Dichroism UV-Visible

Solvent Pigment Aeg . (A A at Ae=0 Aepay (Ag) €max (A)
CH,Cl, 8 -0.7 (433) 422 +1.9 (383) 54,600 (386)
9 ~0 (440) — -3.1(374) 45,900 (387)
10 +32 (415) 388 ~20(375) 41,400 (406)
CH4CN 8 -0.4 (431) 422 +2.0 (381) 57,500 (380)
9 ~1.5 (427) 392 +2.0 (381) 53,300 (380)
10N 46074140 207 _A1 /292 A2 NDNOND FATAN
i Uz (r1i7T) JO/ +1 \JIJ, “I,Vuu \‘1‘[‘1’]
(CH;),CO 8 -1.4 (432) 396 +1.7 (380) 54,000 (383)
g -5.5(413) 395 +4.8 377) 44,500 (383)
10 +67 (416) 388 -39(374) 36,500 (416)
CH;0H 8 -1.1(410) 402 +2.1 (386) 49,200 (393)
9 -4.0 (415) 392 +3.3 (374) 45,700 (395)
10 +52 (420) 390 -28 (380) 46,000 (418)
(CH3),SO 8 ~4.5 (423) 395 +4.1 (380) 51,650 (389)
9 -5.4 (420) 393 +3.4 (363) 51,400 (388)
10 +10 (420) 389 -1.7(379) 47,000 (425)

dAeandeinL -mole”! - cm™ and A innm; % For 1 x 1073 M pigment solutions.

Concluding Comments

Intramolecular hydrogen bonding between the propionic acid CO,H and dipyrrinone groups is
known to be a dominant, conformation-stabilizing force in bilirubin. In the current study, the influence of
ingle terz-butyl or adamantyl substituent at C(10) in a bilirubin analog is evaluated. These bulky C(10)

c TTETTTTT SONT 7
substment% lie at the ridge-tile seam and introduce an internal steric buttressing on the proximal (but not
L. A PR | 2en dla mnsnlacy Frwntim s o Aot POV SN 0 F ol ag'h ISR IR 54 RGN WSRO S. I, B M
ine Ul )pI'UplUIllb allda blld 1 UICICDY 1UICILE a Ul 'tUﬁl 1 111 ULIC~11dll U1 ine 1ugc-tuc coniormation. i1ne

C(10) tert-butyl or adamantyl substituent raises the barrier to M < P conformational enantiomer inversion
and also stabilizes the intramolecularly hydrogen bonded ridge-tile conformation.

Experimental
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on a Varian Unity Plus 500 MHz spectrometer in CDCl; solvent (unless otherwise specified). Chemical shifts

were reported in & ppm referenced to the residual CHCl, 'H signal at 7.26 ppm and 3¢ signal at 77.0 ppm.
A J-modulated spin- echo experiment (A4ttached Proton T est) was used to assign Be.NMR spectra. Melting
points were taken on a MelTemp capillary apparatus and are uncorrected. Combustion analyses were carried
out by Desert Analytics, Tucson, AZ. Analytical thin layer chromatography was carried out on J.T. Baker silica
gel IB-F plates (125 p layers). Flash column chromatography was carried out using Woelm silica gel I, thin

layer chromatography grade. Radial chromatography was carried out on Merck Silica Gel PF,54 with gypsum
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preparative layer grade, using a Chromatotron (Harrison Research, Inc., Palo Alto, CA). HPLC analyses were
carried out on a Perkin-Elmer Series 4 high performance liquid chromatograph with an LC-95 UV-visible
spectrophotometric detector (set at 410 nm) equipped with a Beckman-Altex ultrasphere-IP 5 pm C-1 8 ODS
column (25%0.46 cm) and a Beckman QDS precolumn (4,.5%0.46 cm). The flow rate was 1.0 mL/minute, and
the elution solvent was 0.1 M di-n-octylamine acetate in 5% aqueous methanol pH 7.7, 31°C). Spectral data
were obtained in spectrai grade soivents (Aidrich orT isher) Pivaidehyde adamantane, bromine, triethyla.mine,
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10-tert-Butyl-8,12-bis-(2-carboxyethyl)-2,3,7,13,17,18-hexamethyl-1,10,19,21,23,24-hexahydro-1,19-
dioxobilin (1). 3-Nor-neoxanthobilirubic acid 7 (548 mg, 2.00 mmole) was placed into a 25mL round bottom
flask along with a small magnetic stir bar. The flask was then fitted with a rubber septum and 6 mL of
dichloromethane was added. After flushing the system with N, for several minutes, pivaldehyde (119 pL, 1.10
mmole) and TFA (500 pL) were added via a syringe. Upon addition of the acid, the mixture became
homogeneous and reddish orange. It was allowed to stir under N2 at room temperature for 8 hrs; then the dark

e 1nn

solution was taken up in 100 mL of dichloromethane and washed with water and saturated aq NaCl. After

anliatl A

ulyxug OVer dlul_yul 1V420U4, uxc SOIULioNn was CVdel dLCu 1o gl vE a U.d.ll& SUHU, WlllLll was lIlllelly purlut:u Dy
flash-column chromatography on silica gel eluting with dichloromethane-methanol 100:2 (by vol). The

resulting oranege solid was further nurified by radial chromatoeranhv. eluting with dichloromethane-methanol
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100:2 (by vol) to afford 404 mg (66%) of the desired bright yellow pigment (1). It had mp 270°C (dec); IR
1 s

(KBr) v: 3404, 2955, 1684, 1654, 1435, 1392, 1245,
data in Tables 1 and 2.

Anal. Caled. for C3sHy4OgN, (616.7):  C, 68.16; H, 7.19; N, 9.08.

Calcd. for C35H,,O(N, - CH;0H (648.7):  C, 66.63; H, 7.46; N, 8.64.

Found: C, 66.96; H, 7.50; N, 8.58.

10-tert-Butyl-8,12-bis-(2-methoxycarbonylethyl)-2,3,7,13,17,18-hexamethyl-1,10,19,21,23,24-hexahydro-
1 10_Adianvanhilin {2 Fveroace atharaal diaznmathanas wacg rxrlr]t:xr‘ tn o enhitinn AF 1T 100 ma) 1n 70 T Awy TIIR
.l.’J.J UIUVAULLLILIIL \-J} AAVOCID WLl WAl ulu.b\llll\al.llull\z YVAD duuva LU A Syl U 8 \J.UU 1115} 1 L\ 111k, ux] 11k1
and allowed to stir at room temperature for ca. one hour. The solvents were allowed to evaporate !eaving

0 ur ca. . s a
ellow residue. Radial chromatography using dichloromethane-methanol 100:3
of the desired dimethyl ester (3). It had mp 210°C (dec.); IR (KBr) v: 3382, 295 2 362 1734 1659 1541
1437, 1364, 1262, 1168, 579, 482 cm™ , and '"H-NMR and 13C-NMR spectral data in Tables 1 and 2. An
analytical sample was prepared by the addition of hexane to a dichloromethane solution of the pigment
followed by slow evaporation of the solvents under a stream of nitrogen. The resultant bright yellow crystals
were filtered and dried over P,O5 in a drying pistol overnight.

Anal. Caled. for C37Hg0gN, (644.8): C, 68.92; H,

Found: C, 68.99; H,

‘<

10-(1-Adamantyl)-8,12-bis-(2-carboxyethyl)-2,3,7,13,17,18-hexamethyl-1,10,19,21,23,24-hexahydro-1,19-
Bl tli Y D NTmie tnmmvr e 4l aliiliimalhin ani A MY SAQ san e D NN saasan~la) sxrna mlanad st o DL aaT smas P I B oy
uu.muuulu \L}. .)-HUl-uCUAouuuuuuuu 1L avliu \ l} JT0 L 15, LU L uuuu:) wad plau:u HIW a L0 1111 1uUudiu vuLluin
flacl alano with a emall maagnatie ctir har The flaclk wace then fitted with a mihher cenfitm and 10 mT  nf di-
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chloromethane was added. After flushing the system with N, for several minutes, 1- fvrmyladamanw.ne30 a7

mg, 2.20 mmole) and TFA (500 pL) were added via a syringe. Upon addition of the acid, the mixture became
homogeneous and reddish orange. It was allowed stir under N, at room temperature for 5 hrs; then the dark
solution was taken up in 100 mL of dichloromethanc and washed with water and saturated aq. NaCl. After
drying over anhydr. Na,SO,, the solution was evaporated to give a dark solid, which was initially purified by
flash-column chromatography on silica gel eluting with dichloromethane-methanol 100:2 (by vol). The result-
ing orange solid was further purified by radial chromatography, eluting with dichloromethane-methanol 100:2



(by vol) to afford 430 mg (31%) of the desired bright yellow pigment (2). It had mp 280°C (dec); IR (KBr)
v: 3416, 2908, 1692, 1683, 1648, 1492, 1438, 1259, 1216, 1173, 1055 cm™ !; and 'H-NMR and 13C-NMR
spectral data in Tables 1 and 2. An analytical sample was prepared by dissolving the sample in a minimum
amount of hot CH,Cl, and precipitating it out by the addition of hexane. The bright yellow pigment was
filtered and dried over P,O5 overnight.

Caled. for C4HggN,Op - 172 H,0 (703.9):  C, 69.96; H, 7.16; N, 7.96.
Found: C,659.80; H, 7.13; N, 7.72.

10-(1-Adamantv-8 12-hig (7_mpthnvvrarhnnv|ethyl) -2.3.7.13.17.18-hexamethvl-1.10.10 2123 24 -hexa.-
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hydro-1,19-dioxobilin (4). Cesium carbonate (130 mg, 0.674 mmole) followed by iodomethane (26.0 uL,
0.405 mmole) was added to a solution of (2) (120 mg, 0.174 mmole) in dry DMF (3.50 mL) and stirred at room
temperature for 4 hrs. Additional iodomethane was added (26.0 pL) and the solution was allowed to continue
to stir overnight. The yellow solution was then taken up in 50 mL of dichloromethane and extracted with water
(3%100 mL), dried over anhydr. Na,S0,, and evaporated to give an oil still containing some DMF. The oil was
placed under high vacuum for a day, and the solid residue was purified by radial chromatography. Elution with
dichloromethane-methanol 100:3 (by vol) afforded 103 mg of the desired diester (4) as a bright yellow solid
(81.7%). It had mp 280°C (dec). IR (KBr) v: 3380, 2906, 2849, 1739, 1680, 1630, 1436, 1348, 1262, 1167,
1054, 1015 cm ™ 1; and 1H NMR and 13C NMR reported in Tables 3 and 2. An analytlcal sample was prepared
ti r 1ane solution of the pigment followed by slow evaporauon of the
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Anal. Caled. for C43HgyN,Og (722.9): C,71.44; H,

Found: C,72.01; H, 7 ,
10-tert-Butyl-8,12-bis-(2-carboxyethyl)-2,3,7,13,17,18-hexamethyl-1,10,19,21,23,24-hexahydro-1,19-
dioxobilin bis-amide with S-(+)-alanine methyl ester (8). C(10)-ters-Butyl rubin 1 (61.6 mg, 0.1 mmole),
S-(+)-alanine methyl ester hydrochloride (140 mg, 1 mmole), diphenylphosphoryl azide (112 mg, 1 mmole,
88 nL), and triethylamine (204 mg, 2 mmole, 282 pl) were mixed in 2 mL of dry DMSO at room temperature
and stirred in the dark for 20 hours. To the clear, slightly green solution was added 80 mL of CH,Cl,, and the
solution was washed with water (3%40 mL). During the work-up the color became bright yellow once again.
The orgamc layer was dried over anhyd. Na,SO, and evaporated to afford a yellow film, which was purified
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1H-NMR(LDL13 §: 1.12 (s, 9H), 1.4 (d. 311, =7 Hz), 1.48 (d, 3H, J=7 Hz), 1.58 (s, 6H), 2.17 (s, 12H), 2.38

(m, 4H), 2.87 (m, 4H), 3.75 (s, 6H), 4.22 (s, 1H), 4.60 (q, 2H, J=7 Hz), 5. 87(brs 1H), 577(brs 1H), 6.90 (brs,
IH, CONH), 7.32 (brs, 1H, CONH), 8-9 ppm (vbrs, 2H, NH), 9.63 (brs, 1H, NH), 9.78 (brs, 1H, NH) ppm.
IH-NMR ((CD;),S0) &: 0.98 (s, 9H), 1.21 (d, 3H, J=7 Hz), 1.25 (d, 3H, J=7 Hz), 1.74 (5, 6H), 1.95 (s, 6H),
2.03 (s, 6H), 2.13 (m, 4H), 2.57 (m, 4H), 3.58 (s, 3H), 3.59 (s, 3H), 4.0 (s, 1H), 4.23 (q, 2H, J=7 Hz), 5.98 (s,
2H), 8.18 (d, 1H, J=7 Hz, CONH), 8.23 (d, 1H, J=7 Hz, CONH), 9.34 (s, 1H, NH), 9.37 (s, 1H, NH), 9.67 (s,
2H, NH) ppm.
Anal. Calcd. for C43H;5gNgOg (786.9): C,6
Found: C,6



NMR ((CD;),80) 8: 1.22 (d, 3H, J=7 Hz), 1.25 (d, 3H, J=7 Hz), 1.56 (brs, 12H, adamantane « and y H’s),
1.74 (s, 6H), 1.92 (s, 3H, adamantane P H’s), 1.96 (s, 6H), 2.03 (s, 6H), 2.14 (m, 4H), 2.59 (m, 4H), 3.587 (s,
3H, OCH3), 3.593 (s, 3H, OCH3), 3.88 (s, 1H), 4.239 (g, 1H, J=7 Hz), 4.235 (q, 1H, J=7 Hz), 5.98 (s, 2H), 8.22
(d, 1H, J=7 Hz, CONH), 8.27 (d, 1H, J=7 Hz, CONH), 9.36 (s, 1H, NH), 9.39 (s, 1H, NH), 9.70 (s, 2H, NH)
ppm.

Anal. Calcd. for C4oHg NeOg (865.1):  C, 68.03; H, 7.46; N, 9.71.

Calcd. for C4oHgyNgOg - 1/2 CH;OH (881.1):  C, 67.47; H, 7.55; N, 9.54.
Eannd- O LT2ANTT TAGCNT O A1

rourna. , U/.0VU, 11, /.9V, IN, 7.%41.

Molecular Dynamics. Molecular mec hanics calculations and molecular modelling were carried out on an
Evans and Sutherland ESV-10 workstation using version 6.0 of SYBYL (Tripos Assoc., St. Louis, MO). The
dipyrrinone units of 1 and 2 were rotated independently about the central CHR at C(10) (torsion angles ¢ and
¢») through 10° increments from 0° to 360°. (The ¢=0°, $,=0° conformer has a porphyrin shape.) In this
procedure the two torsion angles were held fixed at each increment while the remainder of the molecule was
relaxed to its minimum energy conformation using molecular mechanics. This was followed by a molecular
dynamics cooling curve consisting of the following temperatures and times: 100 fs at 20°K, 100 fs at 10°K,
100 fs at 5°K, 200 fs at 2°K, 200 fs at 1°K, 200 fs at 0.5°K, 300 fs a 0.1 °K. This was followed by molecular
mechanics minimization, which gave the lowest energy conformations for each set of ¢ values. The conforma-
tional energy maps were created usmg WlnngM (Informix), and the ball and stick drawmgs were created from

y I P .y o ~£ PR ST 11 L s sy
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(Cherwell Scientific, Oxford, U.K.) for the Macintosh
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