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Abstract - Blchromophorlc (4315Z)-blllrubln-IXa, the yelloworange cy to toxic 
pigment of jaundice, adopts l lthtr of two intramolecularly hydrogen-bonded enan- 
tlomerlc conformations that are la dynamic equlllbrlum in solution. The tddltlon 
of S_(+)-2-aminobutane lndut$s, the+L;lr;Et,9e lutlons to exhibit intense bltlg- 
nate circular dlchroltm [AE - -26.0 (benzene)] 
of the blllrubln Long wavey&gth &-:lslbye? absorption band & 

J.B9the region 
- 60,900 

(benzene)]. At teen with terum albumin and other proteins, the opt??iLly tctlvt 
base acts as a chlral complexatlon agent to induct an l tymmetrlc trtnsformatlon 
of blllrubln, whose induced blslgnatt circular dlchrolsm Cotton effect is char- 
acteristic of txclton splitting of the component pyrromethenone chromophorts. 

INTRODUCTION 

(4L,lSZ)-Blllrubln-IXa (BR-IX, Flg. L), the yellow-orange hydrophobic and cytotoxlc pigment of 

jaundice, is a dlcarboxyllc acid produced abundantly in mammals by catabolism of heme.’ The pigment 

forms t tightly-bound attoclatlon complex with term albumin, 2-4 
which transports it to the Liver 

for glucuronldatlon and txcrttlon,5 Although the conttltutlonal structure of BR-IX vtt establlthed 

long ago,6 its conformational structure has been revealed only recently through X-ray crystallogra- 

phlc’l and NUR8 techniques. Perhaps the most important aspect of the 3-dlmenslonal structure of 

BR-IX it its ability and marked tendency to form l xtentlve intramolecular hydrogen bonds, which Link 

the polar carboxyllc acid and LacUm functlontlltlet. Thls governs the thtpt of the molecule by 

folding it into either of hro enantlomerlc conformations (A and& Pig. 1) that lnterconvtrt by - 

breaking and remaking all 6 H-bonds with an activation barrier of 17-18 kcal/mole. Bb,9 
It alto 

governs the polarity of the molecule and thus hat very important lmpLlcttlons for biological 

function. 
5 

As a consequence of intramolecular H-bonding, BR-IX is considerably less polar and more 

hydrophobic than other bile pigments which do not have proplonlc acid groups emanating from carbons 

8 and 12,L’5 e.g. the 8, Y and 6 lsomars of BR-IX. 
LO 

entntlomarlc, lntramolaculerLy hy- 
drogen-bonded conformart of BR-IX. 

(A) (B1 
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Bilirubia ovee itr well-defined chiral tertiary structure (Fig. 1) in the crystal and non-polar 

rolvents to (i)zpariplanar conformations of the two pyrromathenone chromophorea, each poraeaa- 

ing Z-configuration carbon-carbon double bonds at C4 and Cls, - (ii) two propionic acid groups at C8 

and Cl2 each capable of forming intramolecular hydrogen bond6 with the opposing pyrromathenone lac- 

tam C-O/NH and pyrrole NH groups, and (iii) an ap3 carbon at Cl0 which keeps the two pyrromethenonea 

98-104’ apart. 
1.11 

Not rurpriaingly, rubina which differ only in their lactam ring aubatituentr, 

e.g. merobilirubin-XIIIa (HBR-XIII, Fig. 2) express the rame conformational tendencier. Even when 

BR-IX is deprotonated at the propionic acid groupr, as in ralta with aminer 
12 

or terra-alkyla~onium 

hydroxider, 13 
the pigment retains a marked preference for the folded intramolecularly H-bonded 

atructurea of the acid form. And in solvents like dimethylrulfoxide, the pigment still retains the 

folded structure with the propionic acid CO2H residues tied to their nearest pyrrole NH and lactam 

groupr via bound solvent molecular. 
0C 

Its dimethyl eater (BR-IX DHE, Pig. 2) also exhibits a 

preference for the folded conformation, 11 
albeit without the benefit of intramolecular H-bonding 

stabilization.” It tends instead to hydrogen bond intermolecularly in non-polar l olventd via a 

pyrromethenone- to-pyrromethenone dimeric arrangement akin to that observed with monochromophore 

pigments such aa xanthobilirubic acid (XBR, Fig. 2).14’15 In keeping with these observatiooa, wheo 

the propionic acid groups are relocated away from C-8 and C-12, e.g. in masobilirubio-IVa (PIER-IV, 

Fig. 21, the pigment is incapable of expreasiog intramolecular hydrogen boodiog of the type ahowo io 

Fig. 1. IBR-IV ia therefore conriderably more polar than BR-IX and exhibits markedly different 

cooformationa1,16 aolubilityl’ aod excretability properties. 

BR-IX LIME XBR 

PICORE 2. Lioear representationa of merobilirubin-XIIIa 
:I) maaobilirubio-IYh (Ml&IV), bilirubin-IXa df- 

methyleater (BR-IX DNE) and xaothobilirubic acid (XBR). - 

FIGURE 3. Cooformational structure 
of the bin-iaopropytiilIm sa\$ of 

BR-IX, as determined by X-ray. 

The tendency of BR-IX and HBR-XIII to adopt the folded, intramolecularly H-bonded conformation 

appear* to persirt, aurpriringly perhaps, eveo when the carboxyl groupe are deprotonated, 
13 

or the 

carboxyl hydrogeos become coordioated in intermolecular H-bonding, e.g. the bis-isopropylammonium 

salt of BR-IX. In the latter structure, determined by X-ray crystallography, 
12 

the amine nitrogen 

participates io H-booding to the carboxyl hydrogen, and ao amine hydrogen H-bonds to the lactam 

oxygeo of the pigment (Fig. 3) to form a stable salt linkage. This seminal observation, coupled 

with the fact that the salt is chiral--with two coofomational enantiomers, suggests how BR-IX might 

bind to proteins and l nzymer. It also suggests ao l xperimeot in which replacing the isopropylamine 

uoit in the enantiomeric salt complex by ao optically active amine would create diarteraomeric salt 

c0ap1exe.5, with the potaotial for conventional separation or spectroscopic investigation by chir- 

optical methods. IO the present work, we show that BR-IX and NBR-XIII exhibit intense optical 

activity in the preaeoce of S-(+)-2-amioobutane and other optically active amines; whereas, MBR-IV, - 

BR-IX DIM and XBR exhibit weak or 00 optical activity. These studies provide insight ioto poeeible 

mechaoiama for tha origio of the intense optical activity of BR-IX bound non-covalently to human 

serum albumin (HSA)‘8s’9 and other proteina.19’20 
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EXPERIHBNTAL 

Bilirubin-IXa (BR-IX) contained leer then 5% of the IIIa l n$lXIIIa iaomerr, as obtiined from 
Sigma and determined by high performance liquid chromatography. Bilirubin-Ixa dime thy1 aa tf& 
(BR-IX DI(E) “aa isolated following reaction of BR-IX with diazoaathane, .a described previously. 

d XIIIa (IBR-IV and HBR-XIII) and xanthobilirubic acid (XBR) were prepared by 
The optically active amiaaa ware obtained from Norre Laboratorier: s-(+)-z- 

aminobutane [a] +7.4’ (neat), S-(-)-a-phenethylamine [a], 
9 

-79’ (neat); Fluke: S-(+)-(l-cyc&exyl)- 
e thylamine [a f3.0. (nea ty; and 
S-(-)-1-(l-napht~yl)ethylamine [ a] 

Aldrich: S-(+)-B-phanylisopropylamin< [a] +36’ (neat), 
-61’ (c 9.5,tiaOH). The organic solvents use g 

Ti;ade. 
were spectral 

Solutions were prepared byDdiasolving the pigment in a frerhly prepared amine solution, and 
the spectral data ware accumulated within 30 minutes and after 24 hours of preparation. Some of the 
pigments are auffic_fcntly insoluble in the solvents such that the presence of amine is required to 
prepare the 4.5~10 II rolutione used in this study: benzene, chloroform @R-IV and XBR), acetone, 
ace toni trile and mzhanol. All circular dichroiam rpectra were recorded on a JASCO J-40 
apectropolarimeter equipped with a photoelastic modulator , and all W-visible spectra were run on a 
Cary 219 spectrophotometer. 

RESULTS AND DISCUSSION 

Complexation Equilibria, Bilirubin Conformation and Induced Optical Activity. In chloroform ao- 

lu tion, BR-IX exhibits no optical activity aa detected by circular dichroiam (CD) spectroscopy. 

Upon the addition of S-(+)-2-aminobutane, - the pigment shows CD Cotton effects (CEO) in the vicinity 

of the long wavelength W-visible absorption near 460 nm (Fig 4). The CE magnitudes increase with 

increasing amine:pigment ratios, leveling off -r 15,OOO:l (Table 1). The origin of the optical 

activity may be understood aa coming from non-equimolar concentra tiona of the dias tereomeric se1 ta 

-‘ 

I e 
-.I-- 

-2 

-1 

FIGURE 4. Induced circular dichroiam (ICD) 
(--,a# W-virible (- - - -) spectra of 
4.6 x lo- U BR-IX in benzene solution con- 
taiaing 0.6FH S-(+)-2-•minobumne. DatA 
were recorded-at 20’C on a JASCO 540 l pee- 
tropolarimetar and a Cary 219 apectro- 
photometer. 

-c 
> 

(Upper) Interconverting dia8teraomeric FIGURE 5. 
hetaroaaaociation complexes of BR-IX with optic- 
ally active a-substituted l thylamine~, e.g. S- 
(+)-2-aminobutane. (Lower) The relative orianc- 
tionr of the elactric dipola transition momenta 
(viewed at C-10) of the pyrromathanona chroao- 
phorea. The S’A diaatereooeric complex ha left- 
handed (-jchirality of the dipolea. the 8-B corn-- 
plex ha right-handed (+) chirality. 
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TABLE 1. Circular Dichroire (CD) and Ultraviolet-Viaiblc (IJV) Spectral Data for 4.6 x LO-’ 
g Bilirubin-IXa with Varying Concentrations of z-(+)-2-Aminobutane in CHCl~~ at 20’C. 

Amine;Pigment 
Molar Ratio 

1x1 

Time (he 

0.5 
24 

CD w 

A%( Xl) i2 at AZ-O %ax~~X3) E max x(n=) 

+l.l (420) <<O.l 54,600 453 
+l.l (420) <<O.l 

1O:l 0.5 +2.0 (415) 440 -0.6 (470) 52,400 453 
24 +2.0 (415) 440 -0.6 (470) 

100: 1 0.5 +3.2 (416) 440 -2.0 (471) 53,100 455 
24 +3.2 (416) 440 -2.0 (471) 

1,000: 1 0.5 i6.5 (420) 440 -7.8 (474) 57,600 455 
24 +6.1 (420) 440 -18.0 (472) 

5,000: 1 0.5 +11.2 (420) 440 -14.0 (474) 61,500 458 
24 +9.B (420) 439 -14.0 (472) 

15,000: 1 0.5 +14.6 (42) 440 -19.4 (474) 62,400 459 
24 +13.a (419) 440 -19.4 (472) 

5 Ethanol-free, atabilired with 1% a-hexane. b Spectra run 0.5 hours and 24 hours after preparing 
solutions. 

(S-A and S-B) formed in the acid-base compleution equilibria, eqa. (1) and (2), between the 

optically active amine (S*), e.g. (+)-2-aminobutane, and the BR-IX conformational enantiomers A and 

B of Fig. 1. 

K1 

-!z S* + A _ S-A (1) 

K2 

S’ + B $ S.B (2) 

The valuea of K1 and k2 l 
eq eq 

will be governed by the proclivity of S to form the salt complex and i La 

selectivity for l ither A or B. Although the concentrationa of enantiomers A and B are expected to 

be equal (same AC;), barring anirotropic salvation effecta, the concentrations of diastereomers S-A 

and S-B will not be equal (different Act). Therefore solutions containing the diastsreomeric salts 

are expected to rhow a net optical activity of the pigment, and as the equilibria of eqa (1) and (2) 

are driven toward ralt (complex) formation by a large excear of amine. the magnitude of the ICD can 

be expected to increase. Thir is reflected in the data of Table 1. In aum, the reaction of 2 

bilirubin (A and B, Fig. 1) with a chiral amine can be viewed aa a prime example of a firrt-order 

asymoe tric tranrforma tion 
23 

where one diastercomeric complex is greatly favored over the other in an 

equilibrium (Fig. 5) such aa: 

d-BR-IX’ S-amine s I-Br-IX- S-amine (3) 

but where the BR-IX component of the complex la labile and mutarotatea. (Attempta to liberate 

optically active BR-IX from its salt have eo far proved unsuccasaful, however.) 

Optically active amines that bind tightly to and are highly enantio-selective in forming the 

salt complexes are expected to generate the largea t CD CEs. This is true for any chiral complexing 

agent and har been noted for tightly-bound (association constant of 107-10 ) 
B 2.3 

BR-IX heteroaaao- 
407 460 

ciation complexes with serum albumins, e.g. with HSA Asmax -26, Asmax +*9. 18 
With other albumina, 

AE magnitudes as high as 250 l~ole-l~cm-~ have been recorded.22on the other hand, chiral cmplexing 

agenta that either do not have a high affinity for BR-IX or exhibit little enantioselectivity for A 

or B can be expected to induce only veak optical activity, e.g. As408 
459 

mar +2* l’ AEmax 
-3.0 for BR-IX 

ui th a-cyclodextrin, a torus-rhaped cycloamylosa. The equilibria depicted by equations (1) - (3) 

Can also be influenced by the choice of solvent. Non-polar solventa, e.g. benzene, rhould favor the 
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tightly bound ion-pair salt structures and drive the equilibria of equation8 (1) and (2) to the 

right. Polar, hydrogen-bonding solvents rhould interfere with H-bonding and facilitate diasocia- 

tion. These predictions are borne out by the date of Table 2, where the Ac valuer are lergert in 

solvents like benzene and chloroform, and smallart in dimethylaulfoxide. La the latter, the 

vanishingly small AC values can be attributed to significently reduced concentretione of the 

diastereoocric salt, either S’A or 8-B. 

TABLE 2. Circular Dichroism (CD) and Ultraviolet-Visible (W) Spectral Data for 4.6x10 -5 

of Bilirubin-IXa and 0.65 l4 S-(+)-2-aminobutanz at 20.C. 
1 Solutions 

-- 

Amine Solven& Time (h)c 
CD W 

Ae( X, ) X, at AE-0 Ae(X,) E___ X(nn) 

g-(+)-2-Aminobutane C6H6 0.5 +19.5 (423) 445 -26.0 (479) 60,000 469 
24 +19.5 (423) 446 -26.2 (479) 60,700 469 

CH ;3 Cnc13 24 0.5 +14.6 +13.8 (420) 
(419) 

440 439 -19.4 -19.4 (474) 62,400 
(472) 61,700 

459 459 

CH3CH2-:-NH2 UE2CD 0.5 +15.1 (415) 438 -18.4 (468) 68,400 457 
H 24 +9.26 (415) 438 -11.1 (470) 65,400 457 

UeCN 0.5 +7.08 (416) 439 -8.17 (466) 68,100 449 
24 +7.30 (414) 439 -8.06 (471) 67,600 449 

UeOH 0.5 +l.l (420) <co.1 57,800 451 
24 +1.5 (420) <<O.l 48,200 452 

Me2S0 0.5 <co. 1 cxo.1 70,800 460 
24 <<O.l <<o. 1 70.800 460 

d 1: 15,000 pigment:amine concentration ratio LCH 
d,.~~~l~~Pf~,“:;ec”~l~ 

: chloroform, He CO: acetone, 
U&N: acctonitrile, UeOH: methanol, He2SO: pectra run 0.5 h&r, and 24 
hours after preparing solutions 

Molecular Structure and Induced Circular Dichroism. Previous workers have also noted that BR-IX 

will exhibit CD in the presence of optically active aminer, but the datn were not interpreted in 

terms of pigment molecular structure. 24 The only publiahed induced CD (ICD) spectra of BR-IX with 

chlral amines show Acaax 407 +6.0, A?; -7.8 for a 1OO:l molar ratio of acetyl-L-lyaine-N’-methylamide: 

BR-IX in dichloromethene solvent and AE 
420 

“Y!i 
+5.8, AbE: -9.9, A&O; +7.1 for a 1:l molar ratio of 

poly-L-lysine: BR-IX in water at pH 11.4. The phenomenon of ICD with optically active amine6 is 

a general one, as ia illustrated in Table 3 for substituted ethyl aminea of the S-configuration. - 

The ICDs are all bisignate with e long wavelength (-) CE followed by a short wavelength (+) CE, 

except for the naphthyl amine in benzene solvent. The origin of the sign reverral here ia unclear; 

a chenge in solvent for this amine appears to reverse the order of stability of S*A and S-6. Except 

with the naphthyl amine, the aralkyl amines generally give larger AE values than the alkyl amines, 

with the largest ICD coming from the B-phenylisopropylaaine. In fact, its AE values ere remarkably 

high and exceed those recorded 
18 

for BR-IX HSA solutions near physiologic pH (6ee above). They 

suggest a high degree of enantio-selectivity of the amine for one of the BR-IX conformational 

enantiomers and strong coordination to it-- the same characteristics normally accorded to proteia and 

enzyme binding. The strong preferential binding exhibited by the phcnyl amines probably involves 

“mu1 tiple point” binding 
26.27 

from van der Uaals attractiow betweea the amine’s n-electron-rich 

aromatic ring and the pigment’s pyrromethenone moieties in addition to H-bonding in the salt binding 

site (Fig. 3). This sort of pi-system stacking has been shown to occur uith purines and 

pyrimidines 
28 

and was shown to be important in complexes of B-arylcthylemines with acridinca. 27 

The heteroassoclation complexation of eqs. (1) and (2) epparently requires acid functional 

groups in the pigment and is thus expected to apply to HBR-IV and XBR, aa well aa to BR-IX, all of 

which contain propionic acid groupa and should therefore be capable of meking diastereomeric salt 

complexes. With XBR. which baa only one pyrromethenone chromophore, only a weak monosignete ICD CE 

can be de tee ted (Table 4). It is clear, however. that some sort of compleution interaction must 
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TABLE 3. Circular Dichroiam (CD) and Ultraviolet-Visible (UV) Spectral Data for 4.6 - 4.9x10-' !I 
Solutions of Bilirubin-IXa and 0.6 - 0.7 n Optically Active Primary Amines at 25'C. - 

Amine Time (hjb 
CD w 

Solvent Ac(Xl) X2 at APO AD EmaX ,I(=) 

z-(+)-a-Cyclo- 
hexyl ethylamine 

0 

y3 
z 

-C-NH2 
A 
H 

S-(+)-B-Phenyl- 
Tsopropylamine 

F3 

0 
CH2-;-NH2 

" A 
H 

S-(-)a-Phencthyl- 
amine 

S-(-)-a-(L-naph- 
?hyl)-ethylamine 

/\ CH 

8 

I3 

,-, C-NH2 
A 
Ii 

C6H6 

UeCN 

He2S0 

C6"6 

UeCN 

ne2so 

C6H6 

MeCN 

He2S0 

C6H6 

UeCN 

ne2so 

0.5 +15.0 (427) 
24 +14.1 (427) 

0.5 +14.5 (413) 
24 +14.3 (413) 

0.5 <<O.l 
24 <<O.l 

0.5 +49.8 (424) 
24 +42.9 (424) 

0.5 +24.6 (413) 
24 +25.7 (414) 

0.5 +1.37 (413) 
24 +O.91 (413) 

0.5 +28.6 (420) 
24 i24.5 (422) 

0.5 +38.1 (415) 
24 +30.2 (414) 

0.5 <<O.l 
24 <<O.l 

0.5 -7.1 (435) 
24 -5.6 (424) 

0.5 
24 

0.5 
24 

+4.0 (413) 
+3.9 (413) 

<<O.l 
<<O.l 

446 
445 

435 
435 

-21.6 (480) 57,600 
-21.9 (480) 54,400 

-20.5 (467) 58,000 
-20.5 (467) 58,000 

<x0.1 70,100 
<<O.l 70,100 

445 -69.4 (480) 61,200 
445 -60.6 (479) 57,100 

435 -35.1 (468) 66,400 
436 -36.3 (468) 66,400 

435 -3.08 (470) 70,800 
435 -3.42 (467) 69,600 

441 
443 

436 
436 

-40.6 (476) 54,200 
-37.0 (476) 53,300 

-43.3 (468) 67,100 
-40.8 (469) 66,100 

<<O.l 70,200 
<<O.l 70,100 

470 
470 

433 
433 

+12.9 (490) 48,600 
+7.8 (490) 47,700 

-6.7 (465) 50,000 
-6.6 (465) 50,100 

<<O.l 69,100 
<<O.l 69,000 

470 
470 

453 
453 

460 
460 

466 
466 

452 
452 

460 
460 

470 
468 

451 
451 

460 
460 

465 
461 

449 
449 

458 
458 

fi 1:15,000 pigment:amine concentration ratio b Spectra run 0.5 hours and 24 hours after preparing 
solutions 

TABLE 4. Circular Dichroiam and Ultraviolet-Visible Spectral pta for 4.6~10-~ li Rubinoid Pigments 
in the Presence of z-(+)-2-Aminobutane in Chloroform- at 2O'C. (Pigmeot:Amine Ratio is 
1:15,000.) 

Pigment Time (hlb AEm.91Pl) 

CD UV 

‘2 at AE-o AEmax(X3) Emax 'lnm) 

BR-IX 0.5 +14.6 (420) 440 -19.4 (474) 62,400 459 
24 +13.8 (419) 439 -19.4 (472) 61,700 459 

IBR-XIII 0.5 +15.1 (396) 414 -21.2 (445) 56.600 434 
24 +15.3 (396) 415 -20.3 (444) 55,100 434 

HBR-IV 0.5 +1.64 (383) 407 -0.82 (450) 48,800 386 
24 +1.84 (383) 407 -0.41 (445) 46,500 387 

BR-IX DHE 0.5 <<o. 1 <<O.l 59,300 410 
24 <co.1 <<o. 1 57,100 410 

XBR 0.5 +1.09 (400) 423 21,000 410 
24 (<O.l (400) 17,300 410 

SEthanoI-free , stabilized with 1% n-hexane. %pectra run 0.5 hours and 24 houra after preparing 

solutions. 
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take place between the .mine and XBR bec.u.e XBR is extremely iaroluble .nd will not dirrolve in 

chloroform rolvent at the indicated concantr.tion without the Amine being pre.ent. sioi l.rly nBR- 

IV, which like XBR is insoluble in chloroform .nd like BR-IX i. . bichromophoric molecule, c.nuot 

.dopt the H-bonded chiral conform.tioar of Fig. 1 nnd therefore give. only we.k ICD CR.. Bll-IX DME. 

which is not known to form amine sslt coaplaxc. or .dopt the H-bonded chir.1 conformation. of Fig. 

1, 
11 

shows no ICD. However, in m.rked contrast, .trong well-defined bi.1gn.t. CE. .re .een only for 

BR-IX and HBR-XIII, both of which .re capable of adopting and prefer to . ..um. the eruntiooaric con- 

form. tions of Fig. 1. The evidence therefore supports the import.nce of much conformation. in the 

diasteraomeric salt complexes, e.g. Fig. 5, formed by equilibri. expr.s.ed in equation. (1) .nd (2). 

In summary, the hetero.ssoci.tiou complexstion (aqs. 1 snd 2) .pp.rently require. acid function- 

al group. and is not due uniquely to other force., e.g. micellar, electrost.tic or pi-interactioa., 

becaure the dimethyl ester of BR-IX give. only vanirhingly am.11 CD CF... It also require. pigment 

that c.n adopt l n.ntiomeric conformations (A and B) bec.use HBR-IV, which is . dircid incapable of - 

adopting the intramolecularly H-bonded conformations of Fig. 1, shows only weak CD CE.. Although 

MBR-IV is capable of forming amine ralts, ruch diastereweric complexes .re free to assume other 

conformation., with no .pp.rant strong preference for either of the unique, chiral conform.tionr 

expressed by BR-IX and HBR-XIII. The ICD of f4BR-IV may have it. origin in general asymmetric sol- 

vation effect. involving the amine, possibly . . . chirsl tenpl.te, possibly of . n.tura rimi1.r to 

that which produce. bisigrute CD CE. for BR-IX DME in ethyl (S)-(-)-lactate (AEON - 

405 -0.4, A?; +0.B).29 

410 -3, A94iZ +2.5), 

and in (R R)-(-)-2,3-butPnedio1 (Acrrmx _‘_ 

Biaign.tc Cotton Effect. and Exciton Coupling, Birignate CEs l re cheracteriotic of the ICD l pectr. 

of the v.rious bichromophoric pigments (BR-IX. HBR-XIII .nd HBR-IV) etudied here. The bisignate 

nature of the induced CD, with two oppositely-signed CEs .tr.ddling the W-vi. tranrition(r), 1. 

typic.1 of excited at..te interaction in we.kly coupled electronic ry.temr (molecular exciton 
30) 31 

. 

Here, two pyrromethcnone chromophores with strongly allowed long wavelength electronic tr.nsitions 

( %.X 
-3O,OOO), have only a small interchromophoric electron overlap but interact through their 

(locally) excited state. by resonsnce rplitting (electrort.tic interaction of the local transition 

moment dipole.). The exeiton rplitting give. tire to the long wavelength W-via transitions, one 

higher in energy and one lover in energy, with the .ep.r.tion dependent on the strength and relative 

orientation of the pyrromethenone electric dipole transition moment. (Fig. 5).31 As seen in their 

UV-vi. spectra, the two l lectrouic tr.nsitionr overlap to give the ch.r.cteri. tically bro.dened 

absorption b.ndr of bilirubinoid.. 
32 

A. seen in their CD rpectr.. however, the two exciton 

transition. .re always oppositely signed, II. predicted by theory, 
31 

and thus give rise to bisignate 

CEO. In contrast to UV-vie absorption bands, which may ahow only slight broadening when the exciton 

splitting energy is small, when two oppositely-rigned curve. overlap in the CD, there is 

considerable cancellation in the region between the bend ceaters with the net result that the 

observed bisignetc CE maxima ere di.pl.ced from the actu.1 location. of the (uacombined) CD 

transitions 33 end typicslly are seen to fl.nk the correrpoadiag W-vi. hnd(s). This is .mply 

illuetrated with LCD and UV-vi. spectr. of BR-IX in the presence of S-(+)-2-aminobut.na (Fig. 4). 

Bisignate CD. might also arise in bichromophoric bilirubin. if each pyrromethenoue acted 

independently to produce CE. of opposite signs. The optical activity might arise from asymmetric 

perturbation or induced dissymmetry of the chromophore-- through the action of chiral rolvation 

ligating agents. However, we tend to believe thet this mechanism is unimportint for explaining the 

large ICD CE. of BR-IX and tiBR-XIII for the following re..on.. (1) The moaochroaophore molecular 

an. log, XBR, shows no LCD with added *mine. (2) Bichromophoric HBR-IV and BR-IX DME give either . 

very weak or no ICD, although they c.n sdopt the chir.1 conformations of Fig. l--albeit without the 

benefit of intramolecular H-bond. to hold the pyrromethenone moieties in place. (3) The CD couplets 

for the bichromophoric molecule8 ere always of opposite sign, . . required by the exciton model. If 

the chromophores were acting independently, one should expect to find both monosign.ta .nd bisignetc 

ICD. for. e.g. BR-IX. But this has not beau observed. 
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Absolute Configuration. Exci ton coupling theory provider a uaY to araign the 

configuration, either S-A or S-B (Pig. 5) of the predominant salt complex. The handcdneaa 

absolute 

or acre” 

aenae that the electronic transition momenta of the coupled pyrromethanone chromophorea make with 

each other (Fig. 5) correlates with signed order of the biaignate CD CEs. 31 
A right-handed acrew 

aenae (positive chirality) of the transition moment leada to a (+) longer vavelength CE followed by 

a (-) shorter wavelength CE. For a left-handed acrew senaa (negative chirality), the CE signs are 

inverted: (-) at the longer wavelength and (+) at the shorter wavelength component of the biaignate 

CE. Since the direction of the electric dipole transition moment in the pyrromethenone chromophore 

has been calculated in theoretical studier 
34 

to lie along the longitudinal axis of the planar 

conjugated n-ryatem, the exciton model can predict the CE signs of the structurally well-defined 

diaatsreomera, SoA and S-B, and the enantiomera A and B. In these intramolecularly hydrogen bonded 

conformationa, the relative orientations of the tvo pyrrome thenone electric dipole momenta 

conati tute a left-handed chirality for S-A and A and a right-handed chirality for S-B and 1). Thus, 

theory predicts a predominance of the left-handed diaatereomeric complex S’A for solutions of BR-IX 

in the presence of the (S)-configuration aminca of Tables 2 and 3 (except the naphthylamiae in - 

benzene) since the induced biaigaate to CDs ahou a (-) CE near 480 nm followed by a (+) CE near 420 

nm. By analogy, formation of the right-handed diaatereomeric complex S-B ia favored for BR-IX in 

the presence of (z)-(-)-a-(l-naphthyl)ethylamine in benzene or human serum albumin at pH 7.3. 18 

Just aa the absolute configuration can be assigned by l xciton coupling theory, ao can it be used 

to calculate the magnitudes of the CEa for l nantiomera A and B and, by rough analogy, the CEa of the 

diastereomeric complexes S-A and S-B. Following the example of Harada and Nakaniahi, 31 
WC computed 

the As values for the tuo transitions of A to be 
max 

-260 and +190, aa observed in the calculated CD 

for the long and short wavelength exciton components, respectively. 
35 

Using these calculated v~luea 

aa references for 100% diaatereomerically pure complexes, the maximum experimental AE values (-26 at 

479 am) for BR-IX +z-(+)-2-aminobutane and (-69 at 480 nm) for BR-IX +z-(+)-f3-phenyliaopropylamine 

in benzene (Tables 2 and 3) correspond, reapactively, to 10% and 26X, diaatereomeric exceaa of the 

complex corresponding to S-A. 

CONCLUDING REnARKS 

BR-IX and related rubins with propionic acid or propionate groups located at C-B and C-12 tend 

to adopt either of two intramolecularly H-bonded enantiomaric conformations (Fig. 1) and aa such may 

be viewed aa racemic mixtures of interconverting mirror image structures. Chiral aminer bind to 

produce diaatereomeric complexes in which one diastereomer is favored over the other. Ae a 

consequence, BR-IX solution8 become optically active and exhibit biaignate CD CEs, the intensity of 

uhich depends on the binding cona taut and enantioaelectivity. The very large biaignate CEs 

previously characteristic only of albumin and other protein complexes with BR-IX can be detected for 

certain aminea, which must also bind to BR-IX with a high degree of l nantioaelectivity. 

Conformations such aa A and B and S*A and S*B (Figs. 1 and 5) appear to be essential in 

understanding the origin of the intense biaignate ICD CEa. For those bichromophoric pigments 

(?4BR-IV, BR-IX DFIE) that cannot or do not adopt them give only weak or vaniahingly small LCD CEa in 

the presence of chiral aminar. Consequently, although we view all the bichromophoric pigments of 

this study as potential molecular l xcitona, only BR-IX and HBR-XIII show bisignate ICD data 

characteristic of exciton systems wherein the tmo chromophores are held in the well defined geometry 

necesrary for near optimal orientation (akew angle of -100’) of their relevant electric dipole 

transition momenta. 
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