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photostationary equilibrium of meso-5 and meso-4. The [2 + 2]
cycloaddition product was crystallized from pentane and analyzed
by X-ray diffraction.

The X-ray crystal structure analysis of meso-5 revealed that
stereoselective head-to-head addition had occurred exclusively at
the bent metallocene unit giving only one of two possible Z-
substituted cyclobutane products, namely the one having the
cyclohexyl substituents at the four-membered ring and the iso-
propyl groups at the Cp rings in a syn arrangement. The newly
formed cyclobutane moiety is slightly puckered. The carbon-
carbon bond between the tetrasubstituted ring carbons C(6)—C(7)
is rather long at 1.624 (2) A; in contrast the C(8)—C(9) distance
is as expected for a “normal” C(sp®)—C(sp®) single bond at 1.524
(3) A7 The Cp(centroid)-Zr—-Cp(centroid) angle of the ansa-
metallocene meso-5 is 123.9°. The CI(1)-Zr—CI(2) angle is 97.2
(1)°. These values place complex meso-5 in a typical range of
characteristic structural features of C,-bridged group 4 ansa-
metallocenes.®

H2C Cy

ZrCl(THF),
3

meso-/rac-S

meso-/rac-4

The chiral bis(alkenyl-Cp)metal dihalide complex rac-4 pro-
duces a slightly different photostationary equilibrium at rac-5/
rac-4 = 75:25¢ when irradiated under analogous conditions (room
temperature, 90 min, toluene solution, Philips HPK-125 lamp,
Pyrex-filter). Extraction of the mixture with pentane gave pure
rac-5 (mp 180-182 °C, 60% isolated). The spectroscopic data
again revealed that stereoselective head-to-head [2 + 2] cyclo-
addition had taken place giving the Z-configurated cyclo-
butene-bridged ansa-metallocene. Thus, complex rac-5 exhibits
two sets of cyclopentadienyl NMR resonances (C, symmetry),
whereas the respective Cp signals of the meso-5 isomer (C;) are
symmetry equivalent.’®

In orientating experiments both 1,2-cyclohexylcyclobutene-
bridged ansa-metallocenes were used for generating homogeneous
propene polymerization catalysts. Activation of meso-§ with
methylalumoxane in toluene (Al/Zr ratio = 1600) gave a catalyst
system which produced atactic polypropylene (-8 °C, activity a
~ 2000 g polymer/g[Zr]-h). The rac-5/(MeAlO), catalyst
(Al/Zr = 400) gave partially isotactic polypropylene at =22 °C

(7) Allen, F. H,; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, G.;
Taylor, R. J. Chem, Soc., Perkin Trans. 2 1987, S1.

(8) Smith, J. A,; von Seyerl, J.; Huttner, G.; Brintzinger, H. H. J. Orga-
nomet. Chem. 1979, 173, 175. Wild, F. R. W. P.; Wasiucionek, M.; Huttner,
G.; Brintzinger, H. H. J. Organomet. Chem. 1988, 288, 63. Wochner, F.;
Zsolnai, L.; Huttner, G.; Brintzinger, H. H. J. Organomet. Chem. 1985, 288,
69. Schifer, A.; Karl, E.; Zsolnai, L.; Huttner, G.; Brintzinger, H. H. J.
Organomet. Chem. 1987, 328, 87. Collins, S.; Kuntz, B. A,; Taylor, N. J.;
Ward, D. G. J. Organomet. Chem. 1988, 342, 21. Gutmann, S.; Burger, P,;
Hund, H.-U.; Hofmann, J.; Brintzinger, H. H. J. Organomet. Chem. 1989,
369, 343. Herrmann, W. A.; Rohrmann, J.; Herdtweck, E.; Spaleck, W ;
Winter, A. Angew. Chem. 1989, 101, 1536. Angew. Chem., Int. Ed. Engl.
1989, 28, 1511. Goémez, R.; Cuenca, T.; Royo, P.; Herrmann, W. A;
Herdtweck, E. J. Organomet. Chem. 1990, 382, 103. Gdmez, R.; Cuenca,
T.; Royo, P.; Hovestreydt, E. Organometallics 1991, 10, 2516 and references
cited therein.

(9) meso-5: X-ray crystal structure analysis, space group P2,/n, a =
13779 () A, b = 13245 (1) A, ¢ = 16.423 (1) A, 8 = 95.55 (1), 11101
reflections measured, 7936 observed, ¥ = 2983.4 A3, d_,. = 1.32 % cm3, Z
= 4, 500 parameters refined, R = 0.035, R, = 0.039. Selected 'H/'’C NMR
data (benzene-d,) 6 6.12, 6.07, 5.87 (CH, Cp-hydrogens), 3.28 (2 H), 1.18
and 1.08 (6 H each, CH,, isopropyl)/é 148.7, 138.4, 115.7, 112.0, 104.9 (Cp
carbon atoms), 31.1, 23.4, 22.8 (isopropyl). rac-5: Anal. Caled for
C,H,Cl,Zr: C, 64.83; H, 7.82. Found: C, 64.17; H, 7.97. Selected 'H/'*C
NMR data (benzene-d;) 6 6.63, 6.15, 6.01, 5.89 (double intensity), 5.85 (6
H, Cp hydrogens), 3.40, 3.26 (2 H), 1.42, 1.21, 1.18, 1.08 (3 H each, CH;,,
isopropyl)/é 149.0 (double intensity), 141.4, 138.7, 115.0,112.9, 111.6, 108.7,
106.2, 104.7 (Cp carbon atoms), 33.7, 33.7, 23.6, 22.6, 22.1, 21.4 (isopropyl).

(M, = 3500, a = 126). Stereochemical analysis of this polymer
(**C NMR methyl pentades with statistical treatment as previously
described!®) revealed a typical situation of double stereodiffer-
entiation [formally 60% enantiomorphic site control (a = 0.73)
and 40% chain end control (¢ = 0.81)).1%1!

In contrast to the metallocenes of the late transition metals only
very few reactions at the Cp rings of the much more sensitive early
d- and f-element metallocenes have been found so far. Using
photochemical reactions such as the one described here provides
attractive alternatives for synthesizing useful metallocene deriv-
atives of these electropositive and very oxophilic elements.
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Multiple addition reactions, which are frequently reversible,
have emerged as a major feature of the chemistry of Cy,.! Often
the occurrence of these multiple additions has given rise to mixtures
of products that are difficult to separate and fully characterize.
The most thoroughly characterized multiple addition products
include the brominated derivatives (CgBr,,,> CgoBrg,> and CgoBr®)
and Organomemllic derivatives (CGOlPt(PEt:;)z}&4 Cwlpd(PEt3)2}6,5
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Figure 1. A perspective view of 1, C¢o{Ir(CO)C1(PMe,Ph),},»C¢H, with
50% thermal contours. Selected bond distances (A): Ir~C(1), 2.170 (7);
Ir-P, 2.331 (2); I=C(17), 1.828 (9); Ir=C}, 2.411 (3); C(1)~C(1a), 1.477
(15). Angles (deg): C(1)-Ir-C(la), 39.8 (4); P-Ir-P(a), 105.8 (1).

and Cg{0,0s0,(1-Bupy),},%). Previously we have shown that
Ir(CO)CI(PPh;), adds to Cg and C,,® and that the more reactive
Ir(CO)CI(PMe,Ph),’ forms a double addition product with C,,
Cyo{Ir(CO)CI(PMe,Ph),},.!° Here we report the first crystal-
lographic characterization of a double addition product of Cg, and
the unexpected occurrence of conformational isomers which
crystallize separately from the reaction mixture.

The reaction between solutions of Cg, and Ir(CO)CI(PMe,Ph),
in dioxygen-free benzene yields rapid precipitation of deep violet
material. Microscopic examination of material grown with Cg:Ir
ratios of 1:1, 1:2, and 1:3 shows the formation of similar material
consisting of well-formed purple-black obelisks, 1, small purple
plates, 2, clumps of needles, and an apparently amorphous ma-
terial. The mixture is highly air sensitive and has negligible
solubility in benzene and dichloromethane, which normally are
good solvents for complexes of this sort. Infrared spectra of
crystals that had been carefully separated manually under a
microcope (in Paratone oil) show similar values of »(CO) for 1
(2009 cm™) and 2 (2007 cm™), which suggests that they contain
related structures, while the clumps of needles have »(CO) at 2027
cm™'. Both the obelisks 1 and the plates 2 have been subjected
to X-ray diffraction study. The clumps of needles, which may
be the single addition product, are still under study.

The structure of the molecule in the obelisks 1, Co{Ir(CO)-
CI(PMe,Ph).},-CcH,,'! is shown in Figure 1. The complex has
crystallographic C,, symmetry. Two iridium atoms are bound
to 6:6 ring fusions at opposite ends of the Cq, moiety and are
11.366 (1) A apart. The coordination geometry at iridium is
similar to that seen in other iridium complexes of Cg, Cg, and
electron deficient olefins.”®'° The phenyl rings of the di-
methylphenylphosphine ligands lie over the C¢, moiety in a 7~
stacking arrangement.'%!2

The geometry of the molecule in the plates 2, Co{Ir(CO)Cl-
(PMe,Ph),},»2C,H,,"? is shown in Figure 2. The centrosymmetric
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=21.026 (4) A at 120 K with Z = 4, d(calcd) = 1.843 g/cm®. Refinement
of 1823 reflections with F > 6.0¢(F) and 128 parameters yielded R = 0.042,
R, = 0.045.
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(13) Purple plates of Ceoflr(CO)C1(PMe,Ph),},:2C H, form in the triclinic
space group PT with a = 9.935 (2) A b="13.158 ) A, c=14.864 (2) A,
a=71.65(1)°8=78.46 (1)°, v =85.04 (1)° at 123 K with Z = 1, d(calcd)
= 1.784 g/cm’. Refinement of 3379 reflections with F > 6.00(F) and 253
parameters yielded R = 0.036, R, = 0.034.

Figure 2. A perspective view of 2, CylIr(CO)CI1(PMe,Ph),},2C¢H,, with
50% thermal contours. Selected bond distances (A): Ir=C(1), 2.179 (7),
Ir-C(2), 2.155 (8); Ir-P(1), 2.336 (2); Ir-P(2), 2.340 (2); Ir-C(31),
1.843 (10); Ir-Cl, 2.405 (3); C(1)-C(2), 1.499 (12). Angles (deg):
C(1)-Ir=C(2), 40.5 (3); P(1)-Ir-P(2), 109.0 (1).

complex is a conformational isomer of the one seen in the obelisks
1. Again the two iridium atoms are bound to 6:6 ring fusions at
opposite ends of the Cq, portion. In this case, however, the
phosphine ligands are rotated about the Ir-P bonds so that the
phenyl groups do not interact with the surface of the Cg, portion.
Moreover, in this less compact form, there are no intermolecular
face-to-face contacts between Cg, and the phenyl rings. There
are, however, edge-to-surface interactions. The most prominent
of these involves the benzenes of solvation. As seen in Figure 2,
this ring is oriented so that H(49) lies 3.09 A from the 6:6 ring
fusion that involves C(16) and C(26). Edge-to-surface interactions
are well recognized as a major attractive contribution in the crystal
energetics of solid arenes.’* In 2, this edge-on orientation of the
benzene places the positively charged hydrogen substituent directly
above the electron rich C-C bond at a 6:6 ring junction.

1 and 2 form a novel pair of conformational isomers. Both,
however, have the same relative arrangement of the CeylIr, unit.
Electronic structure calculations on n?-Cg-Pt(PH,;), have shown
that the electronic structure of the hemisphere of the Cg, portion
that is furthest from the platinum is barely perturbed by binding
of that metal.’”> Thus binding of two metal complexes to opposite
portions of Cq, is favored on both electronic and steric grounds.
The lack of solubility of 1 and 2 also plays a key role in their
formation. The compact shape and high symmetry of these “para”
isomers may contribute to their low solubility. It is significant
to note that the related “para” isomer of Cg{O,0sO,(t-Bupy),},
also has very low solubility.® The ready formation of 1 and 2
suggests that it should be possible to form linear polymers of Cg,
in the solid state through the use of suitably designed organo-
metallic reagents.
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