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Abstract: The conformation of the diamide and the bis-N-methyl&de of an optically 

active analog of bilirubin (/3S,/3’Sdimethylmesohilirubin-XI&) is stabilized in a ridge-tile 

shape by intramolecular hydrogen bonding, as detected by ‘H-NMR and CD spectroscopy. 

The matrix of intramolecular hydrogen bonds resists disruption even in (CH,),SO solvent, 

where very strong exciton coupling CD is evident: AC?% -417, AE?:~ +234 (diamide). 

INTRODUCTION 

Bilirubin-IXa! (Fig. 1), the yellow-orange neuratoxic pigment of jaundice, is formed in human 

metabolism by the normal turnover of hemoglobin and other heme proteins. l-’ It is a conformationally 

mobile bichromophore with characteristics of a molecular propeller. Rotation of the dipyrrinone chromo- 

phores about the central -CH, unit at t&-, generates a large number of conformational isomers, of which 

a ridge-tile shape conformer has a minimum number of non-bonded steric interactions.3-5 This is also a 

conformation that brings the two propionic acid groups (located at Cs and C,,) into close proximity with 

the pyrrole N-H and lactam -NH-C=0 groups, with the result that a network of intramolecular hydro- 

gen bonds can easily be established - thus rendering the ridge-tile conformation unusually stable.6 This 

inward tucking of the C$H groups and tethering ta opposing dipyrrinones through intramolecular 

hydrogen bonding also lowers the acidity and decreases the polarity of the pigment, leaving it unexcretable 

in normal metabolism (hepatic excretion), except via glucuronidation. The ridge-tile conformation is found 

in crystalline bilirubin and its salts,‘t8 and it is favored by bilirubin in non-polar organic soIventqg-” and 
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even in polar solvenk9*” However, when the propionic acid groups are translocated away from Cs and 

Cr2, the solution properties of the pigment undergo significant changes. Such pigments are more polar 

than biliibin and much less soluble in non-polar organic solvents, such as chloroform,‘* and they typically 

are more excretable (hepatic excretion), usually not requiring glucuronidation.‘3*14 However, analogs with 

propionic acid groups at Cs and CI,, e.g. mesobilirubin-XIIIar (Fig. 1) typically share the unique (non) 

polarity and (non) excretability properties as bilirubin. For these pigments, like bilirubin have their COzH 

groups sequestered through intramolecular hydrogen bonding. 

Bilirubin-1Xa MESOBILIRUBIN-XIIIa 

FIGURE 1. (Left) Bilirubin-IXo with its two dipyrrinone chromophores shown enclosed in dashed 
boxes. (Bight) Mesobilirubin-XI&, a symmetric analog of bilirubin-IXo, with ethyl groups. 

I 

F’IGURX 2. (L&3) Partial structure showing a dipyrrinone fragment hydrogen bonded to a carboxylic 
acid group (upper) and to an amide group (lower). (Bight) Interconverting intramolecularly hydrogen- 
bonded enantiomeric conformers of bilirubin-IXcr. The double headed arrows represent the dipyrri- 
none chromophore Ilong wavelength electric transition moment vectors (dipoles). The relative heli- 
cities (M, minus or P, plus) of the vectors are shown (inset) for each enantiomer. 

Bilirubin intramolecular hydrogen bonding (Fig. 2) is one of the most interesting and important 

facets of bilirubm conformation. 3*7,9JoJ5 Althought the two component dipyrrinone units of bilirubin-type 

molecules may rotate relatively freely and independently about the interconnecting central -CH2- group, 
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two non-superimposable mirror image conformations are uaiquely stabilized through an extensive network 

of intramolecular hydrogen bonds. These conformational enantiomers are known to in&convert falrly 

rapidly at room temperature over a barrier of - 20 kcal/mole.g~lo Our interest in stabilization of pigment 

stereochemistry through the action of intramolecular hydrogen bonding led us to consider: (1) whether 

such hydrogen bonding might be mtained in a bilirubin analog where both propionic acid groups are 

replaced by propionamide groups, and (2) how such hydrogen bonding might affect the conformation of 

the pigment. 

For this study we chose mesobilirubin-XI& as a model for bilirubin. In particular we chose meso- 

bilirubin-XI& models with one methyl group at each b-position of the two propionic acid side chains, 

thereby creating potentially optically active isomers [@Q?‘S) and @R,@‘R)] for use in probing pigment 

stereochemistry through circular dichroism spectroscopy. As will be illustrated, the &methyl groups per- 

turb the equilibrium depicted in Fig. 2 through non-bonded sterlc interactions (with Cl0 hydrogens), with 

the result that the equilibrium is shifted toward the M-chirality conformer in the /3S$‘S enantiomer - and 

shifted toward the Fchirality conformer in the @R&R) enantiomer.16 The equilibrium displacement, 

however, obtains only in intramolecularly hydrogen-bonded conformers. Thus these optically active 

pigments can be viewed as powerful chlral probes of pigment stereochemistry and intramolecular hydrogen 

bonding. In the following we report on the synthesis, spectroscopic properties and conformational analysis 

of the bis-amide (1) and bis-N-methylamide (2) of &3’dimethylmesobillrubin-XIIIcu (8). 

o$-p$:&D 
10 

H 

f3,/9’-DIMETHYLMESOBILIRUBIN-XIIIa (8) 

~ o&$:qJ=J* 
10 

H H 

B,B’-DIMETHYLMESOBILIRUBIN-XIlta DIAMIDES 
1: R-H 2: R-CHS 

RESULTS AND DEXXJSSION 

Synthtmk The target amides (1 and 2) were obtained through the series of steps outlined in the Synthetic 

Scheme. A more diit route would have lnvolved reaction of the appropriate stereoisomer of B,f3’-dl- 

methylmesobllirubin (8)16 in the Shioiri reaction, r7-tg which involves activation of the carboxylic acid 

groups with diphenylphosphoryl axide in dry dimethylfomnunide (DMF) followed by reaction with the 

appropriate amine hydrochloride in the presence of triethylamine. Although this approach was successful 

with mesobilirubin-XIII itself, we could not induce its /3,/3’dimethyl analog (8) to react satisfactorily. 

Consequently, we prepamd dipyrrinone amides 5 and 6 from 7 and subjected them to the oxidative coup- 

ling using p-chloranil in the presence of hot 98% formic acidzo to give the corresponding verdlns (3 and 
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4) as blue needles in 44-63 % yield. Reduction of the verdiis using sodium borohydride in tetrahydrofuran- 

methanol solvent afforded the correspondiig bright yellow mesobilirubin amides (1 and 2) in 3940% yield. 

The reaction sequence, when carried out with racemic dipyrrinone amides, afforded a mixture of racemic 

[(/3&/3’s) + @R$‘R)] and meso (&T,B’R) diastereomers of verdins and rubins. We were unable to aepa- 

rate the diitereomers of the bis-N-methylamides (2) and the primary amides (1); however, the pure rubii 

and verdin enantiomers, (&7,/3’s) or @R,B’R), could be synthesized from enantiomerically pure or highly 

enriched (6s) or (BR) dipyrrinone acids (7a or 7b), which were available from an earlier study.m 

1: R=H 

b 

3: R=H 

RHN 

o+$H;&o 2: R=C& 

H H 

t 

H 
7 H 

a The a series has the (@$configuration, the b series has the (BR)-configuration; ’ NaBH4; c chloranill 
HCO$I/reflux; ’ Diphenylphosphoryl azide/DMF/(CHsCH&N, ’ NH&l; f CH#HsCl. 

NMR Analysis and Intmmolecular Hydtvgm Bonding. Intramolecular hydrogen bonding is believed to 

be the most important factor in stabilizing the folded, ridge-tile conformation of bilirubin in the cry~tal~*~ 

and in solution in non-polar solvents. 3*9*10121 It is thought to be important even in polar and hydroxylic 

solvents,3~9c~22 and it is of major importance to the success of the allosteric model essential to this work. 

The potential for intramolecular hydrogen bonding in the primary and secondary amides of mesobiibin 

differs little from that of the parent acid, as in Fig. 2 with NH replacing OH. Such hydrogen bonding can 
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oflen he detected by ‘H-NMR spectroscopy, especially in non-polar solvents.gd The ‘H-NMR data (Table 

1) for la and 2a may be compared with those of the parent acid @a): significantly, the proton chemical 

shifts are very similar. Of special importance are the lactam and pyrrole N-H chemical shifts in CDCls, a 

solvent in which intramolecular hydrogen bonding has previously been established for bilirabins.g~21 The 

strongly deshielded lactatn N-H chemical shifts suggest the presence of hydrogen bonding to the propionic 

carbonyl, and the relatively more shielded pyrrole N-H chemical shifts are a strong indication of a folded 

conformation, as depicted in Fig. 2, where one pyrrole N-H lies above the +-system of the other. Just as 

the strongly deshielded acid OH confirms its hydrogen bonding (to the lactam C=O), the strongly deshield- 

ed propionamide N-H resonances of la and 2a imply participation in hydrogen bonding. Noteworthy is 

TABLE 1. Proton NMR Spectra (6, ppm downfield from (CHs)$i) of the (&3’s) Enaatiomers &Y-Dime- 
thylmesobilirubin-XBk (8a), Diatnide (la) and Bis-N-methylamide @a) in CDCls and (CD&SO at 22°C. 

xc=0 o=cx 

o&q.p?“$jz& 
PI H22 

to 
H H 

23 H 24 

6 in CDCI, 6 in (CDs@0 

We Site 
(X$H, 

la 
(X=NHd (X=&C& (XFOH) &Ha) (X=&H3 

COOH 

co&R 
83,123 13.60(s) 8.91@rs) 8.92@& 11.98(brs) 8.24(brs) 8.30(&q) 

5.551brs) 8.22&s) 

CH; 2’,18’ 1.85(s) 

=CH 5,15 6.04(s) 

-CHz- 10 4.06(s) 

NCHs B5 - 

1.82(s) 

J.%(s) 

4.01(s) 
- 

1.85(s) 1.76(s) 

5.96(s) 5.95(s) 

4.03(s) 3.98(s) 

2.90(d)’ - 
‘J=7.4 Hz; bJ=3.0, 12.0, 7.4 Hz; =J=3.o, 18.2 Hz; ‘J=12.3, 18.2 Hz; 7=7.6 Hz; fj=7.3 Hz; 
aJ=3.5, 11.7, 7.3Hz; hJ=3.2, 16.9 Hz; ‘J=12.1, 16.9Hz; iJ=5.OHz; 9=2.6, 17.5 Hz; 
‘J=11.9, 17.5 Hz; ‘“J=7.OHz; “J=8.8, 7.1 Hz; OJ=8.7, 8.1 Hz; pJ=3.0, 16.2 Hz; eJ=12.6, 16.2 Hz; 
7=4.5 Hz; 7=10.8 Hz, overlapped, 
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the large difference in chemical shifts of the two propionamide N-H resonances of la. We attribute the 

more deshielded resonance to the syn-H involved in hydrogen bonding - and the more shielded resonance 

to the anti-H (not involved). This large difference stands in contrast to the ordinary behavior of propiona- 

mide N-Hs, as seen in dipyrrinone Sa in CDCls (Table 2). Those data strongly implicate one of the propi- 

onamide N-Hs in hydrogen bonding and support the thesis that intramolecularly hydrogen bonded structures 

(akin to Fig. 2) are involved. In (CD&SO, a solvent known to hydrogen bond to OH and NH resi- 

dueq3J1*” the CO+ resonance is more strongly shifted (upfield) than the N-H resonances from the 

CONH group, suggesting a greater solvent perturbation on the intramolecular hydrogen bonding matrix 

(of Fig. 2). 

TABLE 2. Comparison of ‘H-NMR Chemical Shifts of Amide N-H and N-CH3 Resonances in Dipyrri- 
nones and Mesobiliibins in CDCls and (CD&SO Solvent at 22°C. 

a In (CD&SO solvent. b CH, signal. 

1.35 (d) 1.29 (dd) 

1 FIGURE 3. Newman Rrojections for the propionic acid residues in (@,/J’S)-dimethylmesobibrubin- 
KIIIu @a) (Left) and in its diamide (la, R=H) or bis-N-methylamide (2a, R=CHs) (Right). The 
:hemical shifts and spottings are assigned to the relevant protons on the basis of earlier assignments 
?or 8a (ref. 16) biliruMn (ref. 9b). 

Further support for a stable, intramolecularly hydrogen-bonded ridge-tile conformation comes from 

analysis of vi&al H 1 B coupling in the propionic acid or amide side chains. Confirming a molecular 

shape where the propicoic residues are constrained to adopt fixed conformations, vicinal H 1 H coupling 

constants (Sa : J,c=3 Hz, JAB= 12 Hz; and mesobilirubin-XIIIcr : JAc=3 Hz, JAB= 13 Hz) in the 



Optically active biiirabin amides 497 

propionic acid segments, -CH,(CH,)-CHuH&O and -CHAHxCHBHcCO,H, respectively) are not the 

averaged values seen in flexible chains (@data in (CD&$0 : JAc = JAB = 8 Hz). The data are consistent 

with a fixed and staggered segment geometry (Fig. 3) wltb an H,-C-C-Hc torsion angle of -60” and an 

HA-C-C-H, torsion angle of - 180’ - close to the geometry seen in Dreidlng models or in the global 

energy minimum conformation. l6 Also importantly, they indicate that the conformational enantiomerism 

depicted in Fig. 2 is slow on the NMR time scale.‘*” 

Confonnational Axul’ysis from MO&&~ DyMmics Gialculations. Molecular dynamics calculations on 

bilirubin confirm the importance of intramolecular hydrogen bonding. The conformational energy map 

(Fig. 4) for rotations of the dipyrrinones about Cl, reveals a collection of isoenergetic global minima, 

which correspond to either identical or mirror image structures represented by the M and P chirality 

conformers shown. Interestingly, aside from differences due to enantiomerism, the global energy minimum 

conformation of bilirubin is essentially the same, whether hydrogen bonding is present or absent. Thus, 

with full hydrogen bonding the global energy minimum for the P-chirahty conformer lies at +t = & = 63 ‘; 

in the absence of hydrogen bonding it lies at & =& - - 70”. However, the stabilization due to intramolecu- 

lar hydrogen bonding is potentially considerable, which we compute to be - 20 k&/mole. This suggests 

that other conformers are essentially absent and that studies of bilirubin conformation should, as a starting 

point, focus on intramolecuiarly hydrogen-bonded structures. 

The “internal” stereochemistry and non-bonded steric interactions in the intramolecularly-bonded 

conformers is quite revealing. Close inspection of the steric environment of each of the diastereotopic 

hydrogens in the -CHZ-CH2- fragment of the intramolecularly hydrogen-bonded propionic acid groups 

suggests a way to displace the M 2 P equilibrium of Fig. 4. Thus, when folded into the M-chirality ridge- 

tile enantiomer, the (pro-R)-&hydrogen (but not the pro-s) is brought into close non-bonded contact with 

the central -CH2- group at Cm. On the other hand, in the P-chirality enantiomer, it is the (pro-X)-6- 

hydrogen that is buttressed against the C r. -CH,- group. Consequently, when bilirubin-IX (or mesobili- 

rubin-XI&) adopts either of the thermodynamically preferred intramolecularly hydrogen bonded ridge-tile 

conformations, one conformational enantiomer is expected to be destabilized relative to the other through 

allosteric action by judicious replacement of hydrogens on the propionlc acid chain by methyl groups. In 

earlier work,16 we showed that insertion of a methyl group at the pro-S site on the B-carbon of the 

mwobilirubin-XI& (Fig. 1) propionic acid shifts the conformational equilibrium toward M by destabilizing 

the P-chiiality intramolecularly hydrogen-bonded conformational enantiomer through the introduction of 

a severe non-bonded CH, 1 CH2 steric interaction with the C 1o -CHZ- group. Alternatively, introduction 

of a methyl group at the pro-R site destabilizes the M-chirality enantiomer and shifts the equilibrium 

toward P. Assuming that intramolecular hydrogen bonding remains a potent conformation-stabilizing 

force, introduction of such methyl groups might thus be expected to force the resolution of mesobilirubin 
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FIGURE 4. (Upper L& Potential energy surface and (Upper Right) contour map for biliibii-Ma conformations gener- 
ated by rotating the ~~#i~yrrinone groups independently about the C+&, and CtO-CII bonds (&t and h respectively). 
The energy scale (Midq#I 18 in kcalhol, and global minima (set to 0 kcal/mol) ate found near (+t,+,j = (60”, 60’) (P- 
chirality), and (&,w R;l l-w-, -6O”), (-60”, 300”), (300”, -6O”), (300’. 300”) (M-chiraity). Data are from molecular 
dynamics simulations *leg SYBYL@ (Tripes Assoc.) on an Evans & Sutherland ESV-10 workstation. (Lower) Ball and 
stick conformational reltrscntaions for the ridgstile shape M and P-chindity intramolecularly hydrogen bonded, intercon- 
verting enantiomers of Wirubm-Mar. In the propionic acid side chains attached to pyrmle ring carbons C, and C,,, the 
hydrogens on the /3 Andy’ -CI-&- groups are either pm-R or pro-S (only one hydrogen of the set is designated). When 
the M-chiity conforq~ inverts into the P-chirality, steric crowding of the pro-R hydqens is relieved and replaceil by 
similar crowding of thek4)o-S hydrogens. Drawings from Miiller and F&L’s “Ball and Stick” program (Cherwell Scientific, 
Oxford, U.K.) for the #ecmtosh. 
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amides through intramolecular steric interactions. 

The experimental evidence for intramolecular hydrogen bonding in la and 2a is fully supported by 

molecular dynamics calculations, which show global energy minima for @&/3’S near (+r=& = -6O”), (4t= 

-6o”, 4z=300°), (4r=300°, #Q= -60”) and (41 =&= 300”), corresponding to the M-chirality conformer 

of Fig. 5. A local minimum corresponding to the P-chirality conformer is found near (+1=+2= 60”) and 

lies some 4.5 kcal/mole higher in energy than the Mchirality due to non-bonded steric interactions between 

the B-methyls and the C,, -CH*-. Intramolecular hydrogen bonding remains an important factor despite 

the non-bonded steric interaction, but one conformational diastereomer (M) is clearly favored over the 

other (p). Secondary, higher energy local minima can also bc detected. Four isoenergetic local minima 

&J+= 42 =-llO’), (4,=-llO”, &=250’), (4t=42=2500) and (41=250°, 42=-110”)] lie some 9-10 

kcal/mole higher in energy than the nearby M-chirality global minima, A corresponding local minimum 

(41 = 42 = 115”) located nearby the P-chirality minimum at (41 =42 = 60’) lies some 7-8 kcal/mole above 

the global minimum, M. In these secondary local minima, residual hydrogen bonding is still maintained; 

however, in view of the predicted large energy difference between these secondary local minima and an 

ilf-chirality global minimum, they may be expected to contribute very little to the conformation of la and 

2a. Similarly, on the basis of energy considerations the P-chirality conformer of la probably contributes 

little to the overall conformation population, 

Nuclear overfrauscr *ct. The conclusions reached above on the conformation of la and 2a are 

supported additionally by ‘H-NMR NOE measurements. In the most stable ilf-chirality conformation (Fig. 

5, upper left) of la or 2a (or P-chirality conformation of lb or 2b) the Ctu -CH2- lies close to the B,B’- 

hydrogens at Cs’ and C!,, 1 and distant from the B,B’-methyl groups at Cs’ and C,,‘. One might therefore 

expect to see a strong NOE between the C ru -CH,- hydrogens and the /3,B’-hydrogens, but no NOE, or 

at best a very weak NOE, for the /3,/3’-methyls. The &/3’ methine hydrogens at Csl and C,,’ (3.52 ppm 

in la and 3.55 ppm in 2a, Table 1) show a strong NOE on the C,, -CH,- hydrogens (at 4.01 ppm in la 

and 4.03 ppm in 2a) but no NOE on the pyrrole ring methyls at C, and C,, (2.21 ppm in la and 2.24 ppm 

in 2a). In contrast, the &methyls at Csr and C 121 (1.29 ppm in la and 1.34 ppm in 2a) show strong 

NOES on the pyrrole ring methyls at ($1 and C r31 but no NOES on the Cl0 -CH2- group. These results 

are best accommodated by the iutramolecularly hydrogen-bonded M-chirality conformation shown in Fig. 

5. In further support of this stereochemistry, NOES (weak) are found between Hn (but not H,..) and the 

propionamide anti-NH or CHsN of la and 2a, respectively (see Table 2 and Fig. 3). Other strong NOES 

found bchvecn (i) the lactam and pyrrole NHs, (ii) the hydrogens at C, and Cl, and the ethyl hydrogens 

at Cs and C17, and (iii) the C,IC,, hydrogens and the methyls at C7 and Ct3 conSrm that the dipyrrlnones 

of la and 2a adopt a syn-Z conformation, as shown. The parent @&~‘s)-dimethylmesobilirubin (8a) 

shows similar NOES, as reported previously.r6 
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FIGURE 5. Ball and WIG rmresentations for the most stable conformations of (Upper) @S,fl’s)dimethyl- 
mesobilirubin-XI& atamide (la) and (Lower) (BS,/3’S)dimethylmesobilirubin-XI& bis-N-methylamide 
Qa) in their ridge-tile tie. M and Fchirality intramolecularly hydrogen-bonded diastereomers. In the 
M-chirality diastereomtt of la and 2a, the B&/3’S methyl groups lie away from the C,, -CH,- group, but 
in the less stable (4.3 Wal higher energy) P-chirality diastereomer the methyls are buttressed against the 
C,, -CH2-. 
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Stereochemiftry, Confo~tlonal Analysis and Circular Di&roii. With the introduction of 

chiral centers on the propionic side chains, as in the (/3S,B’S)-dimethylenantiomers of 1,2 and 8, one can 

expect, at a minimum, modest optical activity from a W-T* excitation in the dipyrrinone perturbed by dis- 

symmetric vicinal action. However, if intramolecular hydrogen bonding prevails, the conformational enan- 

tiomerism shown in Figs. 4 and 5 may be driven in either direction by equilibriumdisplacing perturbations 

of an intramolecular origin, e.g., methyl substitution. If the predicted forced displacement of the M 2 P 

equilibrium is achieved, then the two dipyrrinone chromophores will be held in a fixed chiral geometry 

(M or p), depending on the R,S stereochemistry at /3 and 8’; and a strong exciton chirality4s” interaction 

between them should lead to strong optical activity. Detection of optical activity (and an excess of the M 

or P chirality conformer) has been accomplished by circular dichroism (CD) spectroscopy on the parent 

acid enantiomers (8a and 8b), which are found to exhibit very large bisignate Cotton effects (CEs), with 

A.E values in the range 200-400 M’ cm-’ for the pure enantiomers. l6 Intense bisignate CD CEs are also 

seen (Fig. 6) for the primary and secondary bis-amides, la and 2a of (/3S,B’S)-dimethylmesobilirubin (8a) 

- in complete agreement with the predictions of the allosteric model and exciton coupling theory.” As 

shown for a wide range of solvents (Table 3), the S,S-enantiomer of /3,/3’-dimethylmesobilirubin-XI% (8a) 

and amides (la and 2a) with propionamide N-H groups show intense bisignate CDs that are characteristic 

of the M-helicity conformation. Data for the BR$‘R enantiomers (not shown) give an equally intense 

bisignate CDs characteristic of the P-helicity conformer. Interestingly, the CE intensities for la are very 

large, larger even than those of 2a or 8a, and the CD spectra are essentially invariant over a wide range 

of solvent polarity. Whether in a non-polar solvent or a polar, hydroxylic solvent, the CD intensity is 

either invariant (la) or only slightly decreased (2a and 8a), implying nearly the same enantioselectivity 

in both solvent types and very little loosening or disruption of the intramolecular hydrogen bonding 

network. The de values in non-polar solvents like CHC& are close to the theoretically predicted maximum 

values,25 and not very different from the AE averaged over a wide range of organic solvents, excluding 

(CH,),SO. One might expect the intramolecular hydrogen bonding, which is clearly so very important 

in stabilizing the M-chirality conformation of la, 2a and 8a (and the P-chirality conformation of lb, 2b 

and 8b) to be strongest in non-polar solvents such as chloroform or diethyl ether, and weaker in polar 

aprotic solvents such as acetonitrile or acetone. Yet, the CD intensities in those solvents are within 10% 

of the average AC values. Apparently, there is very little influence from the polar solvent in disrupting 

the intramolecular hydrogen bonding network. 

The CD behavior in (CH&SO solvent is unique (Fig. 6). The CEs for the parent acid (8a) are 

substantially reduced, and the signs are reversed - consistent with a picture, proposed by Navon et uZ.% 

where the propionic residues are dissociated from hydrogen bonding to the dipyninones yet still linked to 

them through solvent molecules.23 In contrast, the CD of primary amide la is the same as in all the 
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FIGURE 6. Circular dihoism spectra of 5 x10-‘M diamide la ( ---) and bis-N-methylamide 2a (- - -) 
of @&5’S)-dimethylm&obilirubin-XIIIU @a) (* * - ) in (Upper) CHCJ and (Lower) (CH&SO at 22°C. 
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TABLE 3. Circular Dichroism and Ultraviolet-Visible Spectral Data from 5 xlOJ M of Diamide la and 
Bis-N-methylamide 2a of (&QY.S)-Dimethylmesobilirubin-XIIIa (8a) at 22’C. 

la 
2a 
8r 

la 
2a 
8a 

la 
2a 
8a 

la 
2s 
8a 

la 

Carbon tetrachloride 

Dioxane 

Benzene 

Toluene 

IDiethvl Ether 

2.2 +178 (388) 
+161 (391) 
t179 (392) 

2.2 +214 (384) 
t172 (381) 
+I 84 (389) 

2.3 t215 (386) 
+186 (387) 
tl91 (390) 

2.4 t207 (387) 
t178 (387) 

I +196 (391) 

I 4.3 i t204 (3841 
2s 
8a 

la 
2a 
8a 

la 
2a 
8a 

la 
2a 
8a 

la 
2a 
8a 

la 
2a 
8a 

la 
2a 

Chloroform 

Tetrahydrofuran 

Dichloromethane 

1,2-Dichloroethane 

1 -Butanol 

Acetone 

t168 i38lj 
t183 (387) 

4.7 t216 (385) 
+I 87 (386) 
t186 (389) 

7.3 t217 (385) 
tl70 (382) 
tl88 (390) 

8.9 t216 (383) 
t182 (383) 
+I80 (392) 

10.4 t220 (384) 
t194 (383) 
t193 (389) 

17.1 t247 (390) 
t169 (387) 
+I81 (391) 

20.7 t215 (382) 
tJ72 (380) 

8a 

la 
2a 

Ethanol 

t182 (387) 

24.3 t236 (387) 
tJ64 (384) 

8a +I68 i389j 

la Methanol 32.6 t238 (385) 
2a t J 54 (382) 
8a tJ 77 (386) 

la Acetonitrile 36.2 t207 (379) 
2a t165 (378) 
8a tJ8J (384) 

la N,N-Dimethylformamide 36.7 t226 (383) 
2a t165 (382) 
8a t165 (386) 

la Dimethylsulfoxide 46.5 t234 (383) 
2a t 83 (379) 
8a -5.8 (369) 

From Gordon, A.J.; Ford, R.A. The Chemist’s Companion, Wil 

CD 

X, atAc 

400 
403 
406 
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398 
405 

401 
402 
406 

401 
402 
406 

396 
397 
402 

402 
403 
407 

399 
399 
406 

400 
400 
407 

400 
400 
407 

406 
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408 

397 
397 
404 

404 
400 
405 

402 
399 
405 

395 
395 
403 

399 
399 
404 

400 
394 
385 

iy. NY (1 

A--t&) 

-436 (430) 
-410 1432) 
-393 (434) 

-435 (426) 
-339 (426) 
-336 (433) 

-454 (428) 
-403 (430) 
-362 (434) 

-444 (428) 
-403 (430) 
-375 (434) 

-462 (424) 
-371 (424) 
-365 (429) 

-403 (429) 
-348 (431) 
-337 (434) 

-446 (427) 
-339 (427) 
-338 (433) 

-395 (426) 
-340 (427) 
-319 (433) 

-402 (426) 
-359 (427) 
-332 (433) 

-437 (434) 
-317 (431) 
-293 (435) 

-415 (424) 
-333 (424) 
-322 (430) 

-413 (431) 
-307 (428) 
-284 (434) 

_408 
-290 (426) 
-285 (431) 

-391 (421) 
-318 (421) 
-315 (429) 

-422 (427) 
-317 (427) 
-246 (429) 

-417 (427) 
-179 (421) 
+23.0 (425) 

!), pp 4-8. 

-&iiiz 
60,600 435 
57,600 435 
59,000 435 

62,200 426 
58.000 422 
56.600 431 

62,600 430 
58,000 430 
55,400 433 

59,100 430 
56,500 431 
55,800 433 

65,700 425 
59,200 424 
57,500 429 

59,900 429 
57,600 428 
55,500 431 

63,400 428 
57,200 423 
56,200 431 

60,600 428 
58.100 423 
54,800 431 

59,700 425 
57,000 423 
55,400 430 

61,600 432 
63,200 428 
55,800 427 

61,000 423 
59,700 420 
55,400 426 

61.800 431 
63,600 426 
55,900 426 

62,600 427 
64,800 424 
56,600 425 

59,900 419 
58,100 417 
55,000 423 

59,700 425 
58,400 421 
53,100 421 

59.700 426 
60,300 421 
55,900 425 

1 
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other solvents of Table 3, and the secondary amide 2a exhibits only moderately reduced AE values. These. 

data support the ‘H-NMR results and appear to confirm the importance of intramolecular hydrogen bonding 

and ridge-tile conformations (Pig. 5) in all solvents studied. Clearly, hydrogen bonding from the 

propionamide residues is not easily perturbed. 

CONCLUDING COMMENTS 

Intramoleculas hvdrogen bonding between propionic acid CO,H and dipyrrinone groups is known 

to be a dominant, cotWnmation stabilizing force in bilirubin and its analogs.‘* The current study shows 

that when the propionM acid residues are replaced by primary and secondary propionamide residues, in@a- 

molecular hydrogen bonding persists in all solvents. The amide hydrogen bonding is more stable than the 

acid hydrogen bondirll, and the effect of such hydrogen bonding is to stabilize the typical folded ridge-tile 

conformations (Figs. 4 and 5). The extraordinarily large bisignate CD Cotton effects observed for the 

amides la and 2a aI’&tVDl~ of excited state (electric dipole) interactions, or exciton coupling, between 

two proximal chromdnhores with little orbital overlap.24*26 The component dipyrrinone chromophores of 

the bichromophonc kttesobtlirubin have strongly allowed long-wavelength electronic transitions (e$J$j 

- 37,000) but only a~small interchromophoric orbital overlap in the folded conformation (where the dihe- 

dral angle = 1000). $#tey interact through resonance splitting, i.e., by electrostatic interaction of the local 

transition moment dimes, wnich are oriented along the long axis of each dipyrrinone.4*25*26 The dipyrri- 

none-dipyrrinone mtqqnolecular exciton splitting interaction produces two long wavelength transitions in 

the ordinary (UV-vi4lble) spectrum and two corresponding bands in the CD spectrum.4*25~26 One band is 

higher in energy am&one is lower in energy, with the separation dependent on the strength and relative 

orientation of the dip@-inone electric dipole transition moments. 27 #en observed by UV-visible spectros- 

copy, the two electrapc transitions overlap to give the broadened long wavelength absorption band charac- 

teristic of bilirubins. In the CD spectra, however, where the two exciton transitions are oppositely signed, 

bisignate CEs are typitally seen as predicted by theory, Thus, in contrast to UV-visible absorption bands, 

which may show onlM slight broadening when the exciton splitting energy is small,** when two oppositely- 

signed curves overlapbn the CD, there is considerable cancellation in the region between the band centers 

with the net result that the observed bisignate CE maxima are displaced from the actual locations of the 

(uncombined) CD trRnsttrons which typically flank the corresponding UV-visible band(s). 

EXPERIMENTAL 

GenemZ Procedures All ultraviolet-visible spectra were recorded on a Perkin Elmer Model 3840 diode 

array or Cary 219 sp&rophotometer, and all circular dichroism (CD) spectra were recorded on a JASCO 

J-600 instrument. Nne~ear magnetic resonance (NMR) spectra were determined on a GE QE-300 300-MHz 

spectrometer in CJKL solvent (unless otherwise specified) and reported in 6 ppm downfield from 

(CH,),Si. Rotationslaere determined in CHC13 on a Perkin-Elmer model 141 polarimeter. Melting point8 
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were determined on a Mel-Temp 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 IF&F plates (125 Jo layer). Preparative layer chromatography was carried out using 

1 .O mm thickness layers of Woelm silica gel F, thin layer chromatography grade. Radial chromatography 

was carried out on Merck Silica gel PF-254 with CaSO, preparative thin layer grade, using a Chromatotron 

(Harrison Research, Inc., Palo Alto, CA). HPLC analyses were carried out on a Perk&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-18 ODS column (25 x 0.46 cm) and a Beck- 

man ODS precolumn (4.5 x 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 @H 7.7, 31 “C). 

Spectral data were obtained in spectral grade solvents (Aldrich or Fisher). Dimethylformamide 

(DMF), chloroform, methanol, triethylamine @$I), diphenylphosphoryl axide (DPPA), tetrachloro-1,4- 

benxoquinone @-chloranil), acetic acid, tetrahydrofuran, 98% formic acid, dichloromethane, dimethylsulf- 

oxide and sodium borohydride, were from Aldrich. Ammonium chloride and methylamine hydrochloride 

were from Matbeson. Dimethylformamide was dried and distilled from barium oxide; triethylamine was 

dried and distilled from KOH, tetrahydrofuran was dried by distillation from lithium aluminum hydride; 

methanol was dried (Mg, reflux) and distilled. 

(~)-3-[2,7,9-TrhuethyI-3-ethyb(lOZ+dipyrrinon&y~]butanoic Acid [8-Methyluanthobi 

bit AcidJ (7). Racmic 8-methylxanthobilirubic acid (/3-methylXBR, 7) and both (-)-f&Y}-MethyLrunt~bili- 

rubic Acid (74 and (+)-(flR)-Methyt!xant~bilimbic Acid (7b) were prepared by saponification of the 

corresponding methyl esters described previously. t6 

(~)-3-[2,7,9-Trimethyl-3-ethyl-(lOJI)-dip~om-g-y~Jbutammide w-Methylxanthobibic 

Acid Amide] (5). A mixture of 633 mg (2 mmol) of racemic B-methyl-XBR (7), 20 mL of dry DMF, 139 

mg (2.6 mmol) of NH&I, 0.55 mL (2.6 mmol) of DPPA, 0.83 mL (6 mmol) of Et..,N was stirred under 

Ar for 24 h at room temperature. The mixture was poured into 400 mL of refluxing CHC13. After 

cooling it was washed with 100 mL of 1M NaOH and 4x100 mL of water, then dried (Na$O4), filtered 

and evaporated to dryness. The remaining solid was redissolved in CHCIs - CHsOH (1:l) and kept 4 

h at -2O”C, filtered, washed with cold CHCl-, to yield 390 mg (50%) of &methyl-XBR amide (5) m.p. 

275-6” (decomp. without melting). It had ‘H-NMR ((CD&SO) S: 1.07 (3H, t, J=7.6 Hz), 1.12 (3H, 

d, J=7.1 Hz), 1.76 (3H, s), 2.07 (3H, s), 2.21 (3H, s), 2.24 (lH, dd, J=7.3, 18.9 Hz), 2.31 (lH, dd, 

J=7.3, 18.9 Hz), 2.50 (2H, q, J=7.6 Hz, 3.13 (lH, sextet, J=7.3 Hz), 5.91 (IH, s), 6.65 (lH, brs), 

7.23 (1 H, brs), 9.76 (lH, brs), 10.17 (lH, brs) ppm and uC-NMR ((CD&SO) 8: 8.03 (q, C,]), 10.00 

(q, C,‘), 11.98 (q, Cg-CH,), 14.82 (q, C,*), 17.14 (t, @), 20.24 (q, ,+CH,), 27.04 (d, C,‘), 42.19 (t, 

CA, 97.53 (d, Cs), 121.51 (s, C,), 121.87(s, C,), 122.49 (s, Cd, 123.59 (s, C,), 127.18 (s, C$, 128.70 

(s, Cs), 147.16 (s, C,), 171.86 (s, Cl), 173.34 (s, Cs3) ppm. 

Anal. Calcd for ClsHuN30z (315.40): C, 68.54; H, 7.99; N, 13.32 

Found: C, 68.50; H, 7.84; N, 13.10. 

(+)-~%MetbylxantbobBirubic Acid Amide (Sa). From 949 mg (3 mmol) of CBS)-methylXBR 

@a), 100% e.e., were obtained 445 mg (48%) of @s)-amide (5a) using the procedure above. It had mp 

281-4°C (dcc. without melting). and the same Nh4R data as 5 and Sb, and [e]g” +35.9 (c 0.061, CHC13) 
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for 100% ee. 

(-)-c8R)-Methy4ranthobiibII Acid Amide (Sb). From 633 mg (2 mmol) of (@?)-methyl-XBR 

(8b), 82% e-e., were obtained 246 mg (39%) of (BR)-amide (5b) using the procedure above. It had the 

same NMR data as above and ‘H-NMR 6: 1.17 (3H, t, Je7.6 Hz), 1.33 (3H, d, J=7.1 Hz), 1.94 (3H, 

s), 2.18 (3H, s), 2.46’(3H, s), 2.55 (4H, q and dd, J,=7.6 Hz, Jd=7.4 Hz), 3.30 (lH, dd, J=7.1, 7.4 

Hz), 5.33 (lH, brs), 5.54 (lH, brs), 6.10 (lH, s), 10.17 (lH, brs), 11.05 (lH, brs) ppm. 

3,17-Dietbyl-2~7,13,l&tetramethyl-~21H,2-b~-l,lkdione-8,12-bSs-3-butanamide KM’- 
Diiethylmesobilive~XI& Diamide] (3). A mixture of 236 mg (0.75 mmol) of &methyl-JAR amide 

(5), I65 mL of CH,On,, 8 mL of HCOOH, and 462 mg (1.9 mmol) p-chloranil was heated at rcflux for 

24 h. About 75 mL of solvent were removed by distillation, and reflux was continued for an additional 

8 h. The mixture was kept 24 h at -2O”C, filtered and washed with cold CH&. The cold filtrate was 

neutralized by slow addition of saturated aq. NaHC$. The organic layer was washed with 4% NaOH 

(3x50 mL) water (4xXIO mL), then dried (Na$O.& After removing the solvent the complex mixture was 

separated by radial chromatography (2 mm plate, 150 mL of 7.5 46 CHsOH in CH& and 150 mL of 10% 

CHsOH in CH$l2) collecting a relatively polar pure blue band. After evaporation of the solvent and 

drying under vacuumi the yield was 100 mg (44%) of a mixture of QYBS, /3’s), @,fl’R) and @S, /I’R) 

isomers, m.p. 149-156°C (gas evolution). It had ‘H-NMR 6: 1.14 (6H, t, J=7.4 Hz), 1.41 (6H, d, 

J=7.0 Hz), 1.74 (6H, deformed s), 2.13 (6H, s), 2.48 (4H, q, J=7.3 Hz), 2.56 (2H, dd, J=6.0, 13.2 

Hz), 2.61 (2H, dd, J~10.4, 13.2 Hz), 3.52 (2H, sextet, J=7.5 Hz), 5.44 (l.ZH, brs, racemic CONCH), 

5.79(0.8H, brs,mesoCONHH),5.90(0.8H,s, mesoH(5.15)),5.93(1.2H, s, racemicH(5.15)),6.45 

(0.8 H, brs, meso CONI-W), 6.75 (1.2 H, brs, racemic CONCH), 7.01 (lH, s, H(lO)), 8.7-9.0 (2H, brs, 

H(21,24)) ppm and UC-NbIR 6: 8.29 (q, C,‘, Clsl), 10.34 (q, rat. CT’, Cr,l), 10.51 (q, meso C7r, 

C,,‘), 14.46 tq, CS*, C,:), 17.82 (t, C3 r Cl,‘), 20.45 (q, meso &I-CH3), 21.05 (q, rat. 8-CH3), 28.49 , 

(d, rat. Csl, C121), 28.76 (d, meso Cs , ’ C,*l), 43.25 (t, rat. C, * Cl,*), 43.46 (t, meso Cs2, Cl,*), 96.38 , 

(d, meso C,, Cl,), 96.77 (d, rat. Cs,Cl,), 115.86 (d, meso Cl,), 116.51 (d, rat. Cl& 126.98 (s, meso 

Cs, Cl& 127.17 (s, rat. C,, Cl& 128.22 (s, Cc, Cl& 139.84 (s, C,, Cm), 140.17 (s, rat. C7, Cl,), 

140.28 (s, meso C7, C13), 141.76 (s, C4, Cm), 146.85 (s, C,, Cll), 150.02 (s, C3, Cl,), 172.84 (s, Cl, 

Cl,), 174.57 (s, C,3, Cl?) ppm. 

Anal. Caicd for C3sH,,4Ns04 (612.78): C, 68.60; H, 7.24; N, 13.72. 

Calcd for C3SH,N,04 * CH,OH (644.82): C, 67.00; H, 7.50; N, 13.03. 

Found: C, 66.61; H, 7.24; N, 12.78. 

(+)-CBS,8’s)~e~ylob~verdin_Xma Diide (3a). Using the procedure above, 441 mg 

(1.4 mmol) of Q3s)-nxxhyl-XBR amide @a), 100% e.e., was converted into 207 mg (48%) of @S,@Q- 

verdin 3a, mp 226Bg”C. It had [o& +3210 (c 3.0 x10e3 CHC13) for 100% e.e.; ‘H-NMR S: 1.14 

(6H, t, J=7.5 Hz), Ml (6H, d, J=7.1 Hz), 1.69 (6H, s), 2.10 (6H, s), 2.47 (4I-L q, J=7.5 Hz), 2.56 

(2H, dd, J=5.9, 18fi Hz), 2.61 (2H, dd, J=lO.O, 18.0 Ha), 3.52 (2H, dq, J=2.2, 7.1 Hz), 5.10 (2H, 

brs, CONCH), 5.89 @H, s), 6.89 (2H, brs, CONHH), 7.02 (lH, s), 8.9-9.2 (2H, brs) ppm and ‘3C-NMR 

6: 8.27 (q, C,‘, Qd), 10.31 (q, C,‘, Cl,‘), 14.46 (q, C,*, C,=, 17.76 (t, C,‘, Cl,‘), 20.90 (9. 8’- 

CH3h 28.44 (d, C,,! Cl,‘), 43.20 0, C, * Cl,*), 96.97 (d, C,, Cl,), 116.59 (d, Cl,,), 127.17 (s, C,, , 

Cl& 128.10 (s, Csq Cl& 139.68 (s, C,, Cl& 140.04 (s, C7, Cl,), 141.78 (s, C,, Cl& 146.79 (s, C9, 
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C,,), 150.11 (s, Cs, C,,), 173.08 (s, CI, C,,), 174.63 (s, Cs3, C!tz3) ppm. 

(-)-@&3’~Dia&hylmesobiliverdl.n-XIILx Diamide (3b). Using the procedure above, 158 mg 

(0.5 mmol) of @IQ-methyl-XHR amide (Sh), 82% e.e., was converted into 84 mg (55%) of @&/3R)-verdin 

3b containing 16% meso@,B’S) diastereomer, mp 219-224°C. 

3,17-Dielhyl-2,7,W,l~tetramethyl-(10H,22H,23H,2QH)Bilin-1,1Pdion~8,12bis-3-butanamide 

[8,&Dimethyhwsobilirubbilinibin_Xma Diamide] (1). (&3’)-Dimethylmesobiliverdin-Xl& diamide (3) (30 

mg, 50 pmol) was dissolved in 12 mL of CH30H and 5 mL of dry tetrahydrofuran (both Ar saturated). 

The mixture was soticated 10 min while Ar was bubbled through it until a clear solution was obtained; 

then 190 mg (5 mmol) of NaBH4 were added in 4 portions over 10 min. at room temp. (- 15°C). After 

stirring 10 mm, the mixturn was quenched with 35 mL of cold water, and stirring was continued for 10 

min. The precipitated yellow product was filtered, washed with 4x10 mL of Ha0 and dried under vacuum. 

The mixture of diastereoisomers was separated by radial chromatography, eluting with 3% CH30H and 

3 I acetic acid in CH#Zla to sepamte hvo bands. Roth bands, after removing the solvent, were precipitated 

with CH30H to give 12 mg of “less polar” rubin-bis amide (39%) and 5 gm of “more polar” rubin-bis 

amide (16%). The “less polar” product had m.p. 344-352°C (decomp.); stable up to 325°C. HPLC 

showed the presence of racemic 1 and meso 1 in both samples (retention times: 7.86 and 6.17 minutes, 

respectively). 

(-)-(8s,B’s)-Dimetnyhnesobilirubin-XmorDiamide (la). Using the same procedure as above, 61 

mg (0.1 mmol) of @S,6’s)dimethylmesobiliverdin-XI& bis-amide (3a), (100% e.e. of starting 

dipyrrinone) gave, tier crystnllization from CH30H, 29 mg (47%) of rubln-b&amide (la). On HPLC 

it showed one peak at 7.86 min. It had m.p. 336-342’ (dccomp.) and [&* -5770 , [a]578 -6350 , [a]546 

-9120 (c 3.3 xW3, CHCla). 

(+ )-(8R,~4_Dhnethylmeso~~~m-~ Dllde (lb). Using the same procedure as above, 

84 mg (138 amol) GBR,B’~-dimethylmesobiliverdin-Xma his-amide (3b), (82% ee of starting dipyrrinone) 

gave, after crystallization from CHsOH, 43 mg (51%) of rubin-bis-amide (lb). It had m.p. 336-340” 

(decomp.), 98% ee (calculated); [c&~ +5480 , [al578 +6060 , [c&~ +8640 (c 3.5 x10S3, CHCI,); 

UV-visible ~7% 59,900 (CHC13), e~~62,600 (CH30H) , ~5% 59,700 ((CH3)aSO); tH-NMR in Table 1; 

13C-NMR 6: 8.02 (q, C,‘, C,,‘), 11.03 (q, C,‘, C,,‘), 14.90 (q, Cs2, ClT2j; 17.84 (t, t$, C,,‘), 21.30 

(q, &jY-CH,), 21.47 (t, Cl& 26.16(d, C,‘, C12’), 40.68(t, Cs*, Cl,*), 98.79 (d, C,, Q), 120.90(s, 

Cs, C,& 122.58 (s, Cs, Cl& 123.11 (s, C2, C,& 124.47 (s, C,, Ct3), 128.11 (s, C4, C,& 132.67 (s, 

C,, Cl,), 147.75 (s, C3, C,,), 174.35 (s, C,, C,s), 176.85 (s, Cs3, C123) ppm. 

Anal. Calcd for C,sH4,&04 (614.76): C, 68.32; H, 7.54; N, 13.67. 

Found: C, 67.92; H, 7.06; N, 13.55. 

(~)_~[2,7,~~~yl-~y~nimethyl-3ethyro-dipyrrin N-methyl-butanamide [BMetbybranthobil- 

irubic Acid N-Methylamide] (6). A mixture of 633 mg (2 mmol) of racemic &methyl-XRR (7), 677 mg 

(10 mmol) of methylamine hydrochloride (freshly sublimed), 1.65 g (1.27 II& 6 mmol) of DPPA, 1.7 mL 

of triethylamine in 17 mL of dry DMP was stirred under Ar for 24 hours. The mixture was poured with 

vigorous stirring into 250 mL of water and 250 mL of CHC13. The water layer was extracted with 5x30 

mL CHC13 and the combined organic extracts were washed with 3% NaOH (2x50 mL) and water (4x100 
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mL), then dried (Na$O4). The solvent was removed under vacuum. and the crude product was 

recrystallii from CHCls-CH,OH to give 544 mg (83%) of B-methyl XBR-N-methylamide (6) m.p. 263- 

265°C. It had ‘H-NMR 6: 1.17 (3H, t, J=7.6), 1.31 (3H, d, J=7.2 Hz), 1.94 (3H, s), 2.18 (3H, s), 

2.46 (3H, s), 2.4712.48 (2H, dd, J22.9, 16), 2.55 (2H, q, Je7.6 Hz), 2.7U2.73 (3H, s), 3.31 (lH, 

sextet, J=7.3 Hz), 5.2615.27 (lH, s), 6.13 (lH, s), 10.27 (lH, brs), 11.23 (lH, brs) ppm; ‘H-NMR 

((CD&SO) 6: 1.04 (3H, t, J=7.6 Hz), 1.07 (3H, d, J==7.3 Hz), 1.73 (3H, s), 2.03 (3H, s), 2.17 (3H, 

s), 2.21 (lH, dd, J=8.4, 13.8 Hz), 2.30 (lH, dd, J=6.9, 13.8 Hz), 2.47 (2H, q, J=7.6 Hz), 2.47/2.49 

(3H, s), 3.11 (lH, sextet, J=7.3 Hz), 5.88 (lH, s), 7.66/7.67 (lH, s), 9.74 (lH, s), 10.14 (lH, s) ppm; 

13C-NMR 6: 8.04 (q, C&, 10.00 (q, C,‘), 11.98 (q, Cg-CH$, 14.84 (q, C,*), 17.14 (t, Csi), 20.16 (q, 

&CH,), 25.36 (q, NCH,), 27.14 (d, C,‘), 42.44 (t, C,*), 97.53 (d, C,), 121.52 (s, Cs), 121.82 (s, C,), 

122.52 (s, Cd, 123.56 (s, C,), 127.20 (s, C$, 128.66 (s, C,), 147.18 (s, C,). 171.59 (s, Cs3), 171.87 

(s, Ci) ppm. 

(+)-(BS)-Methylxantbobilhubicacid N-methylamide @a). As described above, 948 mg (3 mmol) 

of (&+)-methyl XBR (8a), 100% e.e., gave 856 mg (87%) of N-methylamide 6a. It had m.p. 249-250°C 

and the same NMR as 6 and [(u]g’ +62.8” (c 0.078, CHCl,) for 100% e.e. 

And. Calcd for C19H27N30z (329.43): C, 69.27; H, 8.26; N, 12.76. 

Found: C, 69.65; H, 8.01; N, 12.67. 

3,17-Diethyl~2,7,13,18-tetramethyl-(2lH,24~~~l,l~~o~S,12-b~-~~-m~y~bu~i~ 

~,8’-Dimethylmesabir~-Xmar BiiN-methyhunide] (4). A mixture of 329 mg (1 mmol) of racemic 

&methyl-XBR N-methylamide (6) (616 mg, 2.5 mmol), p-chloranil, 220 mL of CH2C1,, and 10 mL 97% 

HCOOH was heated at reflux for 24 hours. One hundred and ten millilters were removed by distillation 

and reflux was continued for 4 hours more. The mixture was kept 20 h at -20°C and filtered. The filtrate 

was neutralized cold with saturated aq. NaHCQs. The organic layer was washed with 4% NaOH (3x30 

mL), water (5x100 mL), dried with Na2S0, and evaporated to dryness. The crude product was purified 

by radial chromatography (2 mm plate, 6% CH30H-CH,Cld to give 202 mg (63%) of pure verdin, m.p. 

246-8°C (decomp.). It had ‘H-NMR 6: 1.21 (6H, t, J=7.6 Hz), 1.47 (6H, d, J=7.2 Hz), 1.82 (6H, s), 

2.16 (6H, s), 2.49 (4H, dd), 2.52 (4H, q, J=7.6 Hz), 2.70 (6H, d, J=4.7 Hz), 3.54 (2H, sextet, J=7.3 

Hz), 5.96 (2H, s), 6.37 (2H, brq, J=4.7 Hz), 7.08 (lH, s), 8.37 (2H, brs) ppm; ‘3C-NMR 6: 8.30 (q, 

C21, Cl,‘), 10.46 (q, C7l, Cl,‘), 14.45 (q, C32, C17*), 17.86 (t, Cjl, Cl+, 20.17 (q, PCH,), 26.46 (q, 

NCH,), 29.09 (d, C,‘, C121), 44.59 (t, Cs’, Cl**), 96.34 (d, C,, Cl,), 115.78 (d, C,,,), 126.94 (s, C,, 

Cl;), 128.25 (s, Cs, C,$, 139.82 (s, C2, C,& 140.36 (s, C,, Cl,), 142.04 (s, C,, C,& 146.89 (s, C,, 

Cll), 150.11 (s, C3 C17), 172.51 (s, Cl, Cl,), 172.57 (s, Cs3, C123) ppm. 

Anal. Calcd for C37H4sN604 (640.80): C, 69.35; H, 7.55; N, 13.12. 

Found: C, 69.30; H, 7.18; N, 12.77. 

(+)-@S,/3Sj-Dhnethyhnesobiliverdin-XI& Bk-N-methylamide (4a). As described above, 659 

mg (2 mmol) of @S)-methyl-XBR N-methylamide (6a), 100% ee, was converted into 371 mg (58%) of 

verdin 4a, mp 264-268” (dec.). It had mp 264-266”C, the same NMR as 4, and [cr& +lOSO” (C 3.0 

x10m3, CHC13) for 100% e.e. 
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din-XI&c bis-N-methylamide (4) (143 mg, 0.22 mmol) was dissolved in 40 mL of dry, N@aturated 

tetrahydroti. Under N2, NaBH4 (836 mg, 22 mmol) was added followed by 20 mL of dry methanol 

over 15 min. The yellow solution was quenched with 200 mL of water and acidified at 0°C with 10% 

I-ICl. The product was extracted with CHCI, (5x40 mL), washed with water (3x100 mL), dried (Na#O4) 

and evaporated to dryness. On TLC (SQ, 5% CH,OH in CHCI,) two spots of the polar crude product 

were hardly separated. The crude solid was stirred with 5 mL of CHCl,, filtered and washed with CHCl, 

to yield 115 mg (80%) of rubins. Two peaks were detected by HPLC with retention times: 4.33 min 

(meso) and 4.55 min (racemic) in a ratio 30:70. The unseparated product had m.p. 294-8°C (dam.). 

(-)-(8s,8’s)-DimetnyImesobilirubin-Xma Bis-N-methylamide @aI. Using the same procedure 

above, 141 mg of /3S,B’S-dimethyl mesobiliverdii-XIIIu bis-N-methylamide (4a) (100% ee) gave 92 mg 

(65%) (from 2 mL of CH30H and 5 mL of CHCl,) of optically active rubin 2a with m.p. 298-302°C 

(decomp.). On HPLC it showed one peak at 4.55 min (coinjection of this sample of 2a with the sample 

from above showed again two peaks: retention time 4.33,4.55 min). It had [c&~ -5180 , [aIs,8 -5740 , 

[a]% -8220 (c 4.4 x10”, CHCl,); W-visible ~7% 57,600 (CH&), e’@ 64,800 (CH,OH), ~2s 60,300 

((CH,),SO); lH-NMR in Table 1, 13C-NMR6: 8.12 (q, C,‘, C,,‘), 11.14 (q, C,‘, C,,‘), 14.96 (q, Cs2, 

C,,*), 17.84 0, C,‘, C,+), 21.53 (t, C,& 21.88 (q, &3’-CH,), 25.80 (q, NCH$, 28.85 (d, C,‘, C,*l), 

37.60 (t, C,*, C,,‘), 98.80 (d, C,, C,3, 120.69 (s, C,, C,& 122.91 (s, C,, C,& 122.96 (s, q, C,& 

124.33 (s, C,, C,,), 127.92 (s, C,, C,& 132.84 (s, C,, C,,), 147.73 (s, C,, C,,), 174.45 (s, C,, C,,), 

176.59 (s, Cs3, Cl=) ppm. 

Anal. Calcd for C+@+J~04 (642.81): C, 69.13; H, 7.84; N, 13.07. 

Found: C, 68.63; H, 7.50; N, 12.37. 

Molecular Dynamics. Molecular mechanics calculations and molecular modelling was carried out 

on an Evans and Sutherland ESV-10 workstation using version 5.41 of SYBYL (Trip Assoc., St. Louis, 

MO). The dipyrrinone units of bilirubin, &&dimethylmesobilirubin-XIII and its bis-amides were rotated 

independently about the central -CH,- at Cl0 (torsion angles #1 and $2) through 10’ increments from 0” 

to 360”. (The &=O”, r&=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 lO”K, 100 fs at 5”K, 

200 fs at 2”K, 200 fs at 1 “K, 200 fs at 0.5”K, 300 fs at 0.1 “K. This was followed by molecular mechan- 

ics minimization, which gave the lowest energy conformations for each set of 4 values. The conformation- 

al energy maps were created using Wingz’” (Informix), and the ball and stick drawings were created from 

the atomic coordinates of the molecular dynamics structures using Mfiller and Falk’s “Ball and Stick” 

program (Cherwell Scientific, Oxford, U.K.) for the Macintosh. 
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