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analogues. The molecular structures of rac-Et[Ind]2HfCl2 and 
r«c-Et[IndH4]2HfCl2 are displayed in Figure 1. The Hf-ring 
centroid distance in /-ac-Et[Ind]2HfCl2 is 0.02 A longer, and its 
unit cell is 81.6 A3 smaller than for rac-Et[IndH4]2HfCl2. The 
presence of the c-glide plane in the monoclinic C2/c space group 
means that there are two sets of molecules with opposite chirality.15 

The ligand-metal distances for rac-Et [ItIdH4J2MCl2 increase 
in the order M = Zr > Hf » Ti. The Hf-ring centroid distance 
and Hf-Cl length are 0.02 and 0.04 A shorter, respectively, than 
the corresponding distances in rac-Et[IndH4]2ZrCl2. The smaller 
Hf ionic radius is due to the 4f14 lanthanide contraction resulting 
from imperfect shielding of one electron by another in the same 
4f subshell.16 The filled 4f orbital has been speculated to result 
in lower Lewis acidities for hafnocenes relative to zirconocene 
analogues.16a'17 

Polymerization Results. The yields and characterizations of 
the polypropylene samples are listed in Table I. The indenyl 
derivatives have higher activities, produce higher molecular weight 
polymers, and are less stereospecific than the tetrahydroindenyl 
complexes at equivalent polymerization conditions.1"3,11 This 
ligand effect is particularly pronounced for the smaller Ti com
plexes.1,2 

rac-Et[Ind]2TiCl2 is the only member of this series with a high 
activity at subambient conditions.1 The higher fundamental 
activity for Ti is consistent with both the order of M-C cr-bond 
strengths (Ti < Zr < Hf)16a and the increased stability of Ti(IV) 
at low temperatures.1 On the other hand, the zirconium oligom-
erization and hafnium polymerization catalysts both have high 
activities at 30-80 °C because of their relatively more stable 
M(IV) oxidation states. 

Catalyst Stereospecificities. The polymer DSC melting points 
indicate that Hf produced polymers are slightly more stereoregular 
than those obtained with Zr (Table I). 13C NMR analyses of the 
polymers show that the racemic stereoisomers of Zr are 95-99% 
stereoselective (mole % of units with the same relative configu
ration = % NA) at 80-20 0C.3,19 The soluble catalysts are 
therefore similar to heterogeneous 5-TiCl3 systems in this respect.20 

However, rac-Et[IndH4]2ZrCl2 and rac-Et[Ind]2ZrCl2 isomeri-
zation and/or decomposition products produce 6-15 wt % of 
perfectly atactic polymer at 20-80 0C, and their "as-polymerized" 
samples contain about 5% regioirregularities which are mostly 
stereoregular (meso).3 

Polymer Molecular Weights. The chiral "zirconocenes" produce 
brittle polypropylene waxes at conditions where appreciable yields 
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can be obtained. The soluble chiral hafnium catalysts produce 
plastics with high molecular weights (Table I). The differences 
in the degrees of polymerization obtained with these two transition 
metals is remarkable because hafnium and zirconium typically 
produce similar chemistry.16 These are the first examples of filled 
4f orbitals providing a useful advantage in a catalytic reaction. 

Supplementary Material Available: Listings of crystal data, 
atomic coordinates, generated atomic coordinates for hydrogen 
atoms, bond distances and angles, geometry for the hafnium atoms, 
best planes, drawings of the unit cells, and temperature factors 
for the molecular structures as well as synthetic and polymerization 
procedures (11 pages); listing of observed and calculated structure 
factors (7 pages). Ordering information is given on any current 
masthead page. 
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The most primitive oxygen-producing phototrophic microor
ganisms, the cyanobacteria,2 as well as the red algae (Rhodo-
phyceae) and cryptomonads utilize highly specialized light-har
vesting chromoproteins—the so-called phycobiliproteins—as 
photosensitizers of chlorophyll a in the primary process of pho
tosynthesis.3 The chromophores of the phycobiliproteins (phy-
cocyanins, phycoerythrins, and phycourobilins) belong to the class 
of bile pigments. However, two characteristic spectroscopic 
properties, namely intense fluorescence4 and a higher extinction 
of the visible absorption band with respect to the band in the 
near-UV range, differentiate native (i.e., not denatured) phyco
biliproteins from free bile pigment chromophores. Both theoretical 
calculations5,6 and comparison with the UV-vis spectrum of 
isophorcabilin (an almost rigid bile pigment chromophore isolated 
from the butterfly Papilio phorcas1) suggest that the enhanced 
absorption of phycobiliproteins in the visible range depends on 
the occurrence of "stretched" conformations of the chromophore 
molecules.8 Thus, in solution, the ratio of absorption of biliverdins 
and their 3,4-dihydro derivatives in the visible and UV range is 
higher in HMPTA than in CCl4,

9 probably because of the increase 
of "stretched" conformations in the former solvent at the expense 
of the energetically more favorable helical-shaped conformation 
of bile pigment molecules.10 However, the proof of a relationship 
between conformation of bile pigment molecules and their spec
troscopic properties may be only furnished by a model which 
mimics the features of the phycobiliproteins without changing the 
structure of the chromophore. Such a prerequisite is fulfilled by 
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Scheme I" 
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HO^^O O^^OH 

"(a) 33% HBr in AcOH (99%). (b) Reaction with 2 and DBU in 
DMFA (1(T3 M) (35%). (c) NaBH4 in THF-MeOH. (d) DDQ in 
CH2Cl2-DMSO. (e) 3% TsOH on SiO2 (29%) or, alternatively, o-
NO2C6H4SeCN, Bu3P in THF, and then H2O2 (35%). (f) hv (high-
pressure Hg lamp) in C6H6. For the sake of clarity, in 3 only the part 
of the molecule which is modified during the reaction is represented in 
the partial structure; the remainder of the molecule is shown in 4. 

[5](2,18)-l,19-{21^,23ff,24^jbilindiono[5]paracyclo[0](4,40-
stilbeno[0]paracyclophane (5)," whose synthesis from 1,2-bis-
(4'-(ethoxymethyl)biphenyl-4-yl)decan-l-one (I)12 is given in 
Scheme I. The octyl group of 1 serves exclusively to increase 
the solubility of the intermediates in the synthesis. 

The biliverdin chromophores of the (£)-bilindionostilbeno-
paracyclophane 5 and its Z isomer 4 are held in a "stretched" and 
a helical-shaped conformation, respectively, by the rigid p,p'-
diphenylstilbene moiety. On irradiation of benzene solutions of 
4 or 5 with light of Xmax corresponding to the absorption range 
of the p,p '-diphenylstilbene chromophore, a mixture of the two 
compounds in photostationary equilibrium is obtained, from which 
both isomers can be separated by chromatography.13 On the 
contrary, neither 4 nor 5 is photoisomerized by red light (\max 

> 525 nm). Thus, the conformational changes of the bile pigment 
chromophore brought about by isomerization of the stilbene double 
bond correspond presumably to the changes which are observed 
on denaturation and renaturation of the phycobiliproteins.14 As 
a matter of fact, the light absorption of the blue biliverdin de
rivative 4 and its magenta isomer 5 strikingly differs as in the 
natural pigments (see Figure 1). In order to emphasize the change 
of UV-vis absorption induced by "stretching" of the bile pigment 
molecules, the difference spectra which are obtained by subtraction 
of the absorption due to the (Z)- and (£)-p,p'-bis(4-(ethoxy-
methyl)phenyl)-a-octylstilbene chromophores (both synthesized 
from 1) from the absorption curves of 4 and 5, respectively, are 
represented in Figure Ic. In agreement with theoretical calcu
lations, the absorption of the "stretched" bile pigment chromophore 
of 5 in the UV range is extremely weak. Interestingly, 5 absorbs 
in the visible range at the same frequency as phycoerythrin, whose 
chromophore is three C = C bonds shorter. Apparently, twisting 

Figure 1. UV-vis spectra in CH2Cl2: (a) 4 (—) and (Z)-/>,p'-bis(4-
(ethoxymethyl)phenyl)-a-octylstilbene (•••); (b) 5 (—) and (E)-p,p'-
bis(4-(ethoxymethyl)phenyl)-a-octylstilbene (•••); (c) difference spectra 
after subtraction of the p,p'-diarylstilbene chromophore. 

of the chromophore equals a shortening of the conjugated system. 
The structures of both bilindionostilbenoparacyclophanes 4 and 

5 have been confirmed additionally by their NMR and FAB mass 
spectra.15 However, a well-resolved 1H NMR spectrum of 5 could 
be obtained only at 100 0C in dimethyl-rf6 sulfoxide. In CD2Cl2 

at +25 to -45 0C, only broad signals are observed. On the 
contrary, the 1H NMR spectrum of the Z isomer 4 in CDCl3 

shows well-resolved peaks at room temperature. Accordingly, the 
UV-vis spectrum of 5 in CH2Cl2 at -45 0C indicates the presence 
of several conformers, whereas in the case of 4 no appreciable 
dependence of the light absorption on the temperature was de
tected.16 
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(15) Particularly, the frequencies of vinylic protons are markedly different 
in both stereoisomers. 1H NMR (360 MHz): 4 (CDCl3 at 293 K and 
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