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of the host-guest complex in CH2Cl2 solution occurs at 1645 cm-1, 
which is 25 cm"1 lower in energy than uncomplexed DMF in 
CH2Cl2. The host-guest complexes exhibit more complicated 1H 
NMR spectra with signals assigned to DMF at S = 7.81, 1.55, 
1.36, and 0.58 (CDCl3) and at S = 8.05, 0.41, 0.29, and 0.28 
(C6D6)." The relative intensities of these signals were variable, 
depending on sample history; however, treatment of host-guest 
complexes with pyridine or diisopropylamine results in quantitative 
liberation of 1 equiv of DMF with signals at 5 = 7.99, 2.93, and 
2.86 (CDCl3). In addition, we found one of the calix[4]arene 
methylene resonances to be sensitive to the guests and shift from 
S = 4.80 to 4.85 (CDCl3) with a DMF guest. The large upfield 
shift of the DMF protons is consistent with the shielding envi
ronment provided by the cavity. 

The most dramatic consequence of host-guest complexation 
is its effect upon the mesomorphic behavior of the complexes. 
While la exhibits a discotic mesophase from 135 to 330 0C, the 
DMF-Ia host-guest complex melts directly to an isotropic phase 
at 115 0C (AH = 12.3 kcal/mol). Likewise, the Ib-DMF 
host-guest complex melts to form an isotropic phase at 84 0C. 
Complexes with pyridine guests were found to exhibit isotropic 
transition at the same temperatures, indicating that a filled cavity 
is more important than the nature of the guest. With further 
heating (200-250 0C), the DMF slowly dissociates to form the 
discotic phase. 

The depression of the isotropic phase through host-guest 
complexation allows the formation of a texture for la consisting 
of well-defined cyclides with a tangential orientation of the optic 
axis characteristic of columnar phases.8 Observation of these 
textures with a X plate shows la to exhibit unusual temperature 
dependent changes in the optic sign. These results are similar 
to those observed by others for bowlic liquid crystals.3f The K 
phase is optically positive; however, in heating cycles at tem
peratures just above K-M transition (<20 0C), the optic sign 
becomes negative. At higher temperatures the M phase becomes 
optically positive again. This transition to an optically negative 
material is not observed on cooling and is most likely due to 
conformational preferences of the azophenyl groups. 

The deleterious effect of a DMF or pyridine guest on the 
mesophase stability indicates that occupation of the cavity is 
critical. This fact combined with the columnar structure of the 
mesophases suggests that the bowlic cores exhibit a head-to-tail 
arrangement whereby tungsten-oxo groups protrude into the cavity 
of the neighboring mesogen (Scheme III). The bowlic Dho phase 
of lb is important since triangular symmetry dictates that the polar 
head-to-tail organization in the column must result in ferroelectric 

(11) Further investigations of host-guest complexation in these complexes 
is ongoing in our laboratory. 

Isotropic Liquid Mesophase 

intercolumnar order or in a frustrated phase with random po
larization. Additionally, the depression of the isotropic point 
through host-guest complexation provides a route to a low-viscosity 
state at reduced temperatures. This feature will allow for poling 
of very high melting bowlic complexes to produce noncentro-
symmetric materials with high temporal stability. 
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The recent development of the chemistry of cationic dicyclo-
pentadienyl group 4 metal-alkyl complexes,1 [Cp2MR]+, func
tioning as single-component olefin polymerization catalysts has 
provided a key contribution to the understanding of the true active 
species involved in the metallocene-based Ziegler-Natta catalysts.2 

(1) (a) Jordan, R. F.; Bajgur, C. S.; Willett, R.; Scott, B. / . Am. Chem. 
Soc. 1986, 108, 7410-7411. (b) Bochmann, M.; Wilson, L. M. / . Chem. Soc., 
Chem. Commun. 1986, 1610-1611. (c) Taube, R.; Krukowka, L. J. Orga-
nomet. Chem. 1988, 347, C9-C11. (d) Hlatky, G. G.; Turner, H. W.; Eck-
man, R. R. J. Am. Chem. Soc. 1989, / / / , 2728-2729. (e) Bochmann, M.; 
Jaggar, A. J.; Nicholls, J. C. Angew. Chem., Im. Ed. Engl. 1990, 29, 780-782. 
(0 Yang, X.; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc. 1991, 113, 
3623-3625. (g) Ewen, J. A.; Elder, M. J.; Jones, R. L.; Haspeslagh, L.; 
Atwood, T. L.; Bott, S. G.; Robinson, K. Makromol. Chem., Macromol. 
Symp. 1991, 48/49, 253-295. (h) Chien, J. C. W.; Tsai, W. M.; Rausch, M. 
D. J. Am. Chem. Soc. 1991, 113, 8570-8571. (i) For a review, see: Jordan, 
R. F. Adv. Organomet. Chem. 1991, 32, 325-387. 
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Figure 1. Structure of [Zr(CH2Ph)3HB(CH2Ph)(C6F5),]- (1). Im
portant bond distances (A, average standard error 0.02 A) and bond 
angles (deg, average standard error 0.8°) are as follows: Zr-C(I), 2.23; 
Zr-C(8), 2.28; Zr-C(9), 2.57; Zr-C(IS), 2.27; Zr-C(23), 2.76; Zr-C-
(24), 2.67; Zr-C(25), 2.65; Zr-C(26), 2.65; Zr-C(27), 2.65; Zr-C(28), 
2.69; C(I)-Zr-C(15), 103.5; C(l)-Zr-C(8), 108.1; C(I)-Zr-CNT, 
105.1; C(8)-Zr-C(15), 123.0; C(8)-Zr-CNT, 104.4; C(15)-Zr-CNT, 
109.6; Zr-C(l)-C(2), 103.9; Zr-C(8)-C(9), 82.7; Zr-C(15)-C(16), 
121.1 (CNT = center of gravity of the C(23)-C(28) ring). 

Although less investigated, non-metallocene organometallic com
pounds, such as monocyclopentadienyl (Cp) derivatives or Cp-free 
hydrocarbyls, also play a role in some homogeneous Ziegler-Natta 
catalysts promoting polymerization of o-olefins,3 styrene,4 and 
conjugated diolefins.5 We have recently described6 olefin po
lymerization catalysts based on group 4 homoleptic hydrocarbyls 
or monocyclopentadienyl derivatives activated by in situ reaction 
with either [C6H5(CHj)2NH]+[B(C6Fs)4]- or B(C6Fj)3, and we 
suggested that the resulting active species are cationic complexes 
analogous to those involved in metallocene-based catalytic systems. 
In our continuing efforts to isolate and characterize such highly 
unsaturated species, we report here the synthesis, the crystal, and 
the solution structure of [Zr(CH2Ph)3I

+[B(CH2Ph)(C6Fs)3]-, the 
first non-metallocene ionic complex functioning as single-com
ponent olefin polymerization catalyst.7 

Reaction of Zr(CH2Ph)4 with 1 equiv of B(C6F5)3 in toluene 
at room temperature yields, after addition of heptane, a red-orange 
crystalline solid, identified by 1H and 13C NMR analysis8 as the 
ionic complex [Zr(CH2Ph)3I

+[B(CH2Ph)(C6Fj)3]- (1). Note
worthy in the 1H NMR spectrum (250 MHz, toluene-</8, 25 0C) 
are the high-field resonance for the ortho hydrogens of the Zr-
bound benzyl ligands (6 6.03), indicating some interaction of the 
phenyl ir-system with the metal,9 and a doublet-triplet-triplet 

(2) For recent reviews of metallocene-based olefin polymerization catalysts, 
see: (a) Kaminsky, W., Sinn, H., Eds. Transition Metals and Organometallics 
as Catalysts for Olefin Polymerization; Springer: New York, 1988. (b) 
Zambelli, A.; Pellecchia, C; Oliva, L. Makromol. Chem., Macromol. Symp. 
1991, 4S/49, 297-316. 

(3) (a) Giannini, U.; Zucchini, U.; Albizzati, E. J. Polym. Sci., Part B 
1970,8,405-410. (b) Ballard, D. G. H. Adv. Catal. 1973, 23, 263-325. (c) 
Giannetti, E.; Nicoletti, G. M.; Mazzocchi, R. J. Polym. Sci., Polym. Chem. 
Ed. 1985, 23, 2117-2133. (d) Oliva, L.; Longo, P.; Pellecchia, C. Makromol. 
Chem., Rapid Commun. 1988, 9, 51-55. 

(4) (a) Grassi, A.; Pellecchia, C; Longo, P.; Zambelli, A. Gazz. CMm. UaI. 
1987,117, 249-250. (b) Pellecchia, C; Longo, P.; Grassi, A.; Ammendola, 
P.; Zambelli, A. Makromol. Chem., Rapid Commun. 1987, S, 277-279. (c) 
lshihara, N.; Kuramoto, M.; Uoi, M. Macromolecules 1988, 21, 3356-3360. 

(5) (a) Zambelli, A.; Ammendola, P.; Proto, A. Macromolecules 1989, 22, 
2126-2128. (b) Oliva, L.; Longo, P.; Grassi, A.; Ammendola, P.; Pellecchia, 
C. Makromol. Chem., Rapid Commun. 1990, / / , 519-524. It is worth noting 
that metallocene-based catalysts are inactive in the polymerization of styrene 
and conjugated diolefins.:b 

(6) (a) Pellecchia, C; Proto, A.; Longo, P.; Zambelli, A. Makromol. 
Chem., Rapid Commun. 1991, 12, 663-667. (b) Pellecchia, C; Proto, A.; 
Longo, P.; Zambelli, A. Makromol. Chem., Rapid Commun. 1992, 13, 
277-281. 

(7) Some preliminary results have been presented at the A.O.D.C.P. In
ternational Symposium, Lyon, France, April 1992 (PII-10). 

(8) See the supplementary material for detailed NMR data. 
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pattern of resonances at 5 6.39,5.66, and 5.40 for the ortho, meta, 
and para hydrogens, respectively, of the B-bound benzyl group, 
suggesting the coordination of the phenyl ring to Zr.10 Similar 
NMR patterns were found at low temperature for [Zr-
(CH2Ph)3] [BPh4] (an ^-coordination of a B-bound phenyl group 
was suggested103) and for [Cp'2Zr(CH3)]

+[BPh4]- (Cp' = bridged 
7j5-cyclopentadienyl or indenyl) (an 7)3(m,p)- or a fluxional n2-
(m,p)-coordination was proposed1011). Variable-temperature 'H 
NMR experiments performed either in toluene-rf8 or in di-
chloromethane-rf2 show that the structure of 1 in aromatic solvent 
remains substantially unchanged between -60 and 100 0C, while 
some temperature-dependent fluxionality of the coordinated 
aromatic ring is observed in dichloromethane-rf2,

810 indicating a 
weaker metal-arene bonding, probably due to lower cation-anion 
electrostatic interactions in polar solvents with respect to toluene. 

The crystal structure of 1" (Figure 1) consists of [Zr-
(CH2Ph)3J

+ cations coordinated to [B(CH2Ph)(C6Fs)3]" anions 
through metal-arene t]6 bonding of the B-benzyl. Solvated toluene 
molecules (1 per Zr atom) are also present. Four ligands are 
tetrahedrally coordinated to Zr: two benzyl groups behave as V 
ligands, while the third one is bound in an ?j2 fashion with both 
the methylene and the ipso phenyl carbons;912 the unusual T?6-
phenyl coordination to Zr is unprecedented for structurally 
characterized Zr(IV) derivatives.13 The six Zr-C metal-arene 
distances are slightly different, with the w,p-carbons being found 
closest to Zr. 

Addition of THF to a toluene solution of 1 results in the im
mediate precipitation of a yellow oil, identified by NMR as the 
6-coordinate adduct [Zr(CH2Ph)3(THF)3I

+[B(CH2Ph)(C6Fs)3]-
(2).14 

1 promotes polymerization of ethylene and propene, performing 
similarly to the corresponding catalytic system prepared in situ.6b 

Typical activities are, respectively, ~2.5 X 104 g of polyethylene 
(mol of Zr)-' h"1 atm-' and ~ 1.5 X 103 g of polypropylene (mol 
of Zr)-' h"1 atm"1, in toluene solution at 50 0C and 5 atm of 
monomer pressure with catalyst concentrations of 0.5-1.0 mM 
and polymerization times of 0.25-1.0 h. Monitoring the polym
erization of ethylene by 1H NMR either in toluene-rf8 or in tet-
rachloroethane-rf2 at 25 0C shows a faster monomer consumption 
in the latter solvent, in which most of 1 appears to be catalytically 
active, consistent with the observed weaker coordination of the 
counterion to Zr in polar solvents with respect to toluene.15 

These results indicate that the role of cationic complexes in the 
catalytic polymerization of olefins is not limited to metallocene 
systems. We are currently studying the chemistry of 1 and of 

(9) Latesky, S. L.; McMullen, A. K.; Niccolai, G. P.; Rothwell, I. P. 
Organometallics 1985, 4, 902-908 and references therein, (b) Jordan, R. F.; 
LaPointe, R. E.; Bajgur, C. S.; Echols, S. F.; Willett, R. J. Am. Chem. Soc. 
1987, /09,4111-4113. 

(10) (a) Bochmann, M.; Karger, G.; Jaggar, A. J. J. Chem. Soc, Chem. 
Commun. 1990, 1038-1039. (b) Horton, A. D.; Frijns, J. H. G. Angew. 
Chem., Int. Ed. Engl. 1991, 30, 1152-1154. 

(11) The present structure analysis is based on a limited number of mea
surements (reflections having di. 1.3 A) taken from a rather large crystal 
(0.6 x 0.5 x 0.4 mm), since 1 is unstable under X-ray radiation. Crystallo
graphy data for 1-PhCH3 are as follows: a = 10.78 (1) A, b = 13.41 (1) A, 
c = 16.84 (1) A, a = 75.46 (3)°, 0 = 89.79 (5)°, y = 77.22 (6)°, V= 2293 
A3, Z = 2 for space group Fl. R = 0.11 for 3357 reflections collected (Mo 
Ka radiation) with F > 3tr(F). The structure was refined using isotropic 
thermal parameters for all atoms excepting Zr. Strong indications of an-
isotropy are evident (especially for B(C6F5)3), but trials using anisotropic 
parameters for light atoms failed. A new, more complete low-temperature 
X-ray analysis will be performed. 

(12) In spite of the limited accuracy of the present analysis, a significant 
lack of planarity for the »)2-bound benzyl group is observed: the root mean 
square deviation from the average plane for the C(9)-C(14) ring is 0.013 A, 
while C(8) is displaced 0.132 A away. 

(13) Diamond, G. M.; Green, L. H.; Walker, N. M. J. Organomet. Chem. 
1991, 413, C1-C4 and references therein. 

(14) 1H and 13C NMR resonances for coordinated THF and for the "free" 
anion are detected: see the supplementary material. 

(15) Temperature- and solvent-dependent cation-anion interactions have 
been suggested to play a role in both the activity and the stereospecificity of 
metallocene-based catalysts: (a) Reference Ig. (b) Eisch, J. J.; Caldwell, K. 
R.; Werner, S.; Kruger, C. Organometallics 1991, 10, 3417-3419. (c) Bo
chmann, M.; Jaggar, A. J. J. Organomet. Chem. 1992, 424, C5-C7. (d) 
Herfert, N.; Fink, G. Makromol. Chem. 1992, 193, 773-778. 
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related complexes, which could reveal novel, interesting features 
due to their increased electrophilicity and coordinative unsaturation 
with respect to the cationic metallocenes. 
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EUagitannin natural products comprise an extensive group of 
structurally characterized secondary plant metabolites whose 
myriad subclasses result from expression of almost all the possible 
modes of oxidative coupling of appropriately juxtaposed galloyl 
groups attached to a glucose core. Thus, the monomeric ellag-
itannin tellimagrandin II (I)2 contains a 4,6 coupled (S)-hexa-
hydroxydiphenyl (HHPD) unit, while the dimeric congener oe-
nothein B (2)3 not only has this same HHDP moiety but also 
displays a second C-O coupling within the valoneoyl ester linking 
bridge. In addition, other members of this class of natural products 
feature C-C coupling between galloyl groups at the 2,4,4 3,6,**~c-5 

and 1,6^ positions of the glucose ring, as well as C-O coupling 
(in dimeric ellagitannins) between 1,1', 1,2', 1,6', 2,4', 2,6', and 
3,4' galloyl residues.10 Schmidt1" and later Haslamlbd have 
postulated that the stereochemical and regiochemical outcome 
of the oxidative coupling processes of glucose-bound galloyl units 
is a direct and predictable consequence of the conformational 
preferences of the precursor molecules. In the results described 
below, we report the first examples of high-yielding, completely 
diastereoselective (atrop-selective) coupling of galloyl species at 
the 4 and 6 positions of a glucose derivative using Pb[OAc)4 as 
the oxidant? These experiments provide the first support for 
the Haslam I Schmidt hypothesis, as the conformational prefer
ences of the digallate substrate (vide infra) are translated faithfully 
to the naturally occurring ellagitannin stereochemistry upon ox
idation. 

(1) Leading references can be found in the following reviews: (a) Schmidt, 
O. T. Fortschr. Chem. Org. Naturst. 1956, 13, 70. (b) Haslam, E. Plant 
Polyphenols; Cambridge University Press: Cambridge, 1989. (c) Okuda, T.; 
Yoshida, T.; Hatano, T. Heterocycles 1990, 30, 1195. (d) Gupta, R. K.; 
Al-Shafi, S. M. K.; Layden, K.; Haslam, E. J. Chem. Soc, Perkin Trans. 1 
1982, 2525. 

(2) (a) Wilkins, C. K.; Bohm, B. A. Phyiochemistry 1976, IS, 211. (b) 
Okuda, T.; Hatano, T.; Yasui, T. Heterocycles 1981, 16, 1321. 

(3) Hatano, T.; Yasuhara, T.; Matsuda, M.; Yazaki, K.; Yoshida, T.; 
Okuda, T. Chem. Pharm. Bull. 1989, 37, 2269. 

(4) (a) Okuda, T.; Yoshida, T.; Hatano, T. J. Chem. Soc, Perkin Trans. 
1 1982, 9. (b) Haslam, E.; Gupta, R. K.; Al-Shafi, S. M. K.; Layden, K. / . 
Chem. Soc, Perkin Trans. 1 1982, 2525. (c) Okuda, T.; Yoshida, T.; Mori, 
K.; Hatano, T. Heterocycles 1981, IS, 1323. (d) Okuda, T.; Hatano, T.; Nitta, 
H.; Fujii, R. Tetrahedron Lett. 1980, 21, 4361. 

(5) (a) Schmidt, O. T.; Schmidt, D. M. Justus Liebigs Ann. Chem. 1953, 
S78, 31. (b) Okuda, T.; Yoshida, T.; Koga, T.; Toh, N. Chem. Pharm. Bull. 
1982, 30, 2655. 

(6) (a) Gamill, R. B. Tetrahedron Lett. 1985, 26, 1385. (b) Aylward, J. 
B. J. Chem. Soc. B 1967, 128. 

Historically, the defining attribute of gallotannins that has 
prompted much experimental inquiry is their ability to recognize 
and bind to almost all proteins examined.lb Manifestations of 
this phenomenon can be found, inter alia, in leather tanning, wine 
aging, and the salubrious properties of herbal teas. In addition 
to the generalized surface interactions between proteins and 
gallotannins which presumably underlie these applications,lb recent 
studies have documented that several of the more structurally 
complex ellagitannins engage in what is likely a very specific 
interaction with various disease-associated target enzymes, thus 
highlighting their therapeutic potential.7 Despite their appealing 
structural complexity and potential as tools to study protein/ligand 
interactions, no investigations into the synthesis of the ellagitannins 
have been reported. Furthermore, even simple galloyl esters (and 
gallic acid) have continually defied attempts at oxidative phenolic 
coupling, instead providing modest yields of ellagic acid in most 
cases.8 

We have initiated a program of synthesis whose goals include 
the development of diastereoselective oxidative phenolic coupling 
protocols to provide the various (S)- or (.R)-HHDP units men
tioned above. Toward this end, we have screened several di-, tetra-, 
and hexamethylated analogs of the digalloyl glucose-derived 
substrate 3 with a range of reagents reputed to be useful for 
oxidative phenolic coupling. One successful combination featured 

(7) (a) Nonaka, G.-I.; Nishioka, I.; Nishizawa, M.; Yamagishi, T.; 
Kashiwada, Y.; Dutschman, G. E.; Bodner, A. J.; Kilkuskie, R. E.; Cheng, 
Y.-C; Lee, K.-H. / . Nat. Prod. 1990, S3, 587. (b) Okuda, T.; Kimura, Y.; 
Yoshida, T.; Hatano, T.; Okuda, H.; Arichi, S. Chem. Pharm. Bull. 1983, 31, 
1625. (c) Hatano, T.; Yasuhara, T.; Yoshihara, R.; Agata, I.; Noro, T.; 
Okuda, T. Chem. Pharm. Bull. 1990, 38, 1224. (d) Kadota, S.; Takamori, 
Y.; Kikuchi, T.; Motegi, A.; Ekimoto, H. Tetrahedron Lett. 1990, 31, 393. 
(e) Kadota, S.; Takamori, Y.; Nyein, K. N.; Kikuchi, T.; Tanaka, K.; Ekimoto, 
H. Chem. Pharm. Bull. 1990, 38, 2687. (f) Berry, D. E.; Mackenzie, L.; 
Shultis, E. A.; Chan, J. A.; Hecht, S. M. J. Org. Chem. 1992, S7, 420. (g) 
Hatano, T.; Yasuhara, T.; Matsuda, M.; Yazaki, K.; Yoshida, T.; Okuda, T. 
Chem. Pharm. Bull. 1989, 37, 2269. (h) Miyamoto, K.; Koshiura, R.; Ikeya, 
Y.; Taguchi, H. Chem. Pharm. Bull. 1985, 33, 3977. (i) Miyamoto, K.; Kishi, 
N.: Koshiura, R.; Yoshida, T.; Hatano, T.; Okuda, T. Chem. Pharm. Bull. 
1987, 35, 814. 

(8) (a) Bleuler, H.; Perkin, A. G. J. Chem. Soc. 1916, 109, 529. (b) 
Mayer, W. Justus Liebigs Ann. Chem. 1952, 578, 34. (c) Reichel, L.; 
Haussler, R.; Pastuska, G.; Schulz, M. Naturwissenschaften 1957, 44, 89. (d) 
Pastuska, G. Naturwissenschaften 1961, 48, 457. (e) Critchlow, A.; Haslam, 
E.; Haworth, R. D.; Tinker, P. B.; Waldron, N. M. Tetrahedron 1967, 23, 
2829. (f) Mayer, W.; Hoffmann, E. H.; Losch, N.; Wolf, H.; Wolter, B.; 
Schilling, G. Liebigs Ann. Chem. 1984, 929. (g) Zeng, W.; Heur, Y.-H.; 
Kinstle, T. H.; Stoner, G. D. J. Labelled Compd. Radiopharm. 1991, 29, 657. 
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