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Grignard (0.98 equiv), leading to isolation of complex 7 as a 2:1
mixture of E and Z isomers (Scheme II).!” Consistent with
previous spectroscopic observations, the allyl ligand in this complex
is rapidly fluxional at ambient temperature, while the crotyl ligand
is n'-bonded exclusively at the primary carbon, but equilibrating
slowly at room temperature between E and Z isomers.'* The
rearrangement of complex 7 proceeds even at room temperature
and, as anticipated, occurs exclusively by migration of the crotyl
ligand. Isomeric zirconacyclobutane complexes 8° and 9° are
obtained in a ratio of 2:1; the major product 8 derives from crotyl
migration with allylic transposition. Analytically pure zirconacycle
8 is obtained by fractional crystallization from cold pentane;
solutions enriched in the minor isomer 9 have been characterized
spectroscopically.'

Allylic transposition, however, is not a requirement for facile
rearrangement. Allyl benzyl complex 10'7 (Scheme II), prepared
by the addition of benzyl Grignard to chloride complex 6, rear-
ranges under conditions similar to those for complex 7, affording
B-benzylzirconacyclobutane 11° in high yield. Some “activation”
of the migrating group is also necessary: (CsMe;),Zr(allyl)Me,
12,° prepared from complex 6 and MeMgl, fails to rearrange,
finally decomposing at 110 °C to yield a complex mixture of
products including methane and “tuck-in” allyl complex (n*-
C.Me;)(n%1'-CsMe,CH,) Zr(allyl), 13,° the latter confirmed by
independent synthesis.!* While this result suggests that radi-
cal-stabilizing substituents are required to observe facile migration,
neither the precise nature of this stabilization nor the involvement
of metal-carbon bond homolysis in the rearrangement mechanism
has as yet been unambiguously determined.

The zirconacyclobutane complexes are versatile templates for
conversion to organic ring systems. Oxidation of §-allyl-
zirconacycle 3 with AgOTf induces reductive elimination,® giving
allyleyclopropane 14 quantitatively (Scheme I), identified by
comparison to an authentic sample.?! Quantitative conversion
to the carbocyclic enediolate 15” is obtained on treatment with
CO, a well-precedented transformation for metallocene dialkyl
complexes.2? The carbonylation procedure thus completes a
zirconium-mediated net transformation of 2 equiv each of allyl
Grignard and CO to a highly functionalized cyclopentanoid ring
system, indicative of the potential utility of zirconacyclobutanes
in synthetic transformations.

In summary, the thermal rearrangement of zirconocene bis-
(allyl) and related complexes to zirconacyclobutanes has been
demonstrated, proceeding via an unprecedented reactivity pattern
involving hydrocarbyl ligand migration to the §-carbon of an
n*-allyl moiety.?> Although a concerted mechanism cannot be
excluded, the product distribution obtained from the rearrange-
ment of complex 7 is suggestive of a radical-mediated process.
The concerted pathway, best visualized as the insertion of a
tethered olefin into the zirconium—carbon bond of the migrating
ligand, demands that the migration proceeds exclusively to the

(17) lsomeric allyl crotyl complexes 7 and allyl benzyl complex 10 are too
reactive in solution to be obtained in analytical purity; these complexes have
been characterized spectroscopically.’

(18) This isomerization presumably occurs via intermediate *-crotyl and
“internal” n'-crotyl (3-butenyl) complexes, neither of which are detected
spectroscopically.'™

(19) Trace quantities of a third product are observed by '*C NMR spec-
troscopy of samples enriched in the minor isomer, consistent with a (Z)-bu-
tenyl-substituted zirconacyclobutane structure.

(20) Burk, M. J.; Tumas, W.; Ward, M. D.; Wheeler, D. R. J. Am. Chem.
Soc. 1990, /12, 6133 and references therein,

(21) Srinivasan, R. J. Am. Chem. Soc. 1961, 83, 4923. Farneth, W. E.;
Thomsen, M. W. J. Am. Chem. Soc. 1983, 105, 1843,

(22) Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; Bercaw, J. E. J.
Am. Chem. Soc. 1978, 100, 2716. Hofmann, P.; Frede, M.; Stauffert, P,
Lasser, W.; Thewalt, U. Angew. Chem., Int. Ed. Engl. 1985, 24, 712. Erker,
G.; Czisch, P.; Schlund, R.; Angermund, K.; Kriiger, C. Angew. Chem., Int.
Ed. Engl. 1986, 25, 364. Petersen, J. L.; Egan, J. W., Jr. Organometallics
1987, 6, 2007.

(23) This rearrangement process bears at least superficial similarity to the
proposed migration of a phenyl ligand to an n*-oxaallyl intermediate in the
formation of a 3-phenyloxametallacyclobutane complex from (Me;P),Ru-
(OCMe=CH.)(Ph); see: Hartwig, J. F.; Bergman, R. G.; Andersen, R. A.
Organometallics 1991, 10, 3326.

internal olefin carbon, leading to the observed Zr(IV) metallacycle,
rather than the geometrically more accessible terminal carbon,
leading to the formally Zr(II) olefin complex. It should be noted
that thermal migratory insertion of olefins into neutral zirconocene
alkyl complexes is unknown. Perhaps significantly, however, the
photochemical, free radical-mediated insertion of ethylene into
the metal-methyl bond of (CsH;),ZrMe, has been described.?*
Further definition of the scope and mechanistic details of this novel
isomerization process are under investigation.
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The hitherto reported examples of so-called absolute asymmetric
crystallization and synthesis'-2 have established a simple, inex-
pensive, and nonclassical approach to the preparation of optically
enriched compounds. In these cases, a molecularly achiral sub-
strate adopts a chiral orientation—in the absence of “external”
chiral inducing agents—during crystallization. The chirality of
the molecule in the crystal can then be trapped through a solid-
state (photo)reaction into product stereocenters.”® In a project
aimed at a novel synthetic concept for access to mixed linearly
and angularly fused polycyclic natural products, we came across
photochemical solid-state di-w-methane-type rearrangements’4

(1) For an early reference to spontaneous asymmetric crystallization, see
Havinga, E. Chem. Weekbl. 1941, 38, 642—-649; Biochim. Biophys. Acta 1954,
13, 171-174.

(2) For some leading references on absolute asymmetric synthesis, see (a)
Green, B. S.; Lahav, M.; Rabinovich, D. Acc. Chem. Res. 1979, 12, 191-197.
(b) Scheffer, J. R.; Garcia-Garibay, M. In Photochemistry on Solid Surfaces;
Anpo, M., Matsuura, T., Eds.; Elsevier: Amsterdam, 1989; pp 501-525. (c)
Sekine, A.; Hori, K.; Ohashi, Y.; Yagi, M.; Toda, F. J. Am. Chem. Soc. 1989,
111,697-699. (d) Vaida, M.; Popovitz-Biro, R.; Leiserowitz, L.; Lahav, M.
In Photochemistry in Organized and Constrained Media; Ramamurthy, V.,
Ed.; Verlag Chemie: Weinheim, 1990; pp 247-302. (e) Chung, C.-M,;
Hasegawa, M. J. Am. Chem. Soc. 1991, 113, 7311-7316. (f) Chen, J.;
Scheffer, J. R.; Trotter, J. Tetrahedron 1992, 48, 3251-3274.

(3) (a) Roughton, A. L., Ph.D. Thesis, Max-Planck-Institut fiir Strah-
lenchemie, University of Essen, 1992, A more detailed account of these
aspects is in preparation. (b) Solid-state irradiation afforded traces of in-
tramolecular [2 + 2] photoproduct (ca. 2-5% of the isolated solution-phase
products), which confirms some degree of ring rotation.
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Table I. Product Ratios and Enantiomeric Purities from the Di-x-methane-type Photorearrangements of 1 — 2 + 3 in Homogeneous Solution

and the Solid State

aliquot temp time conv’ ratio’ B
entry of 1 medium? hvt °C) (h) (%) 2:3 (+)-2 (+)-3
1 50 mg CH,CN ray 18 22 100 3.2:1 0 0
2 sct neat ray 18 3 9 1:1.9 34 96
3 sct neat HPK =21 2 16 I:1.3 44 87
4 scf neat HPK =21 4 28 I:1.1 36 78
B sc? neat HPK =21 6 36 1:1 34 71
6 sce neat HPK =21 8 51 1.2:1 22 55
7 7¢ H,0 ray 18 128 52 1:1.2 26¢ 86"
8 6g H,0 ray 18 90 49 I:1.3 26 84
9 10 g/ H,0 ray 18 63 32 1:1.5 25 88

aCH,CN: 0.1 M solution under Ar. Neat: solid in an NMR tube under argon. H,O: vigorously stirred suspension. ®Ray: Rayonet reactor
equipped with RPR-3500-A lamps. HPK: Philips 150-W medium-pressure Hg lamp. ‘Conversion and ratio values determined by GC.
4Enantiomeric excesses determined by chiral-phase GC of crude irradiation material (37 m PSO86 per-O-methyl-8-cyclodextrin; 100-200 °C with
1 deg/min increments; 1.1 bar; R, (-)-3 69.33 min, (+)-3 69.75 min, 1 73.55 min, (+)-2 93.38 min, (-)-2 93.88 min); value for 3 in entry 7 was
corroborated (£5%) by Eu(hfc); NMR experiments with the isolated product. ¢Single crystal, approximate dimensions 2.5 X 0.5 X 0.5 mm’.
/Derived from a chromatographic fraction of 1 during rotoevaporatory solvent removal (fast crystallization, see text). £[a]®; +16.5° (¢ 0.99,
CHCL). "[a]®, +137.5° (¢ 0.24, CHCl,). 'Derived from slow crystallization of a single unagitated and unseeded batch of 1. /Derived from six

independent unagitated and unseeded crystallization batches of 1.

Scheme 1. Proposed Pathways for the Rearrangement of 1 via a
Common Intermediate (4)
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of seemingly homochirally crystallized 1 to give preparative
quantities of 2 and 3 (Scheme I). The rearrangements proceed
so that the products are obtained in respective enantiomeric ex-
cesses of <44% and <£96%.

A considerable change in product selectivity was observed for
the rearrangement 1 — 2 + 3 for runs in homogeneous solution
vs the solid state.’ Whereas irradiation of 1in CH;CN gave a
3.2:1 ratio of 2:3 (Table 1, entry 1), a neat single crystal afforded
a ratio of 1:1.9 (entry 2). Over a series of timed irradiations on
morphologically similar crystals (entries 3-6, all runs under the
same reaction conditions), the reaction selectivity gradually favored

(4) The present case comprises a di-w-methane chromophore extended by
a carbonyl moiety. For the earliest such example, see Nann, B.; Gravel, D ;
Schorta, R.; Wehrli, H.; Schaffner, K.; Jeger, O. Helv. Chim. Acta 1963, 46,
2473-2482. For recent reviews on the general di-w-methane rearrangement,
see (a) Zimmerman, H. E. In Organic Photochemistry; Padwa, A., Ed.;
Marcel Dekker: New York, 1991; Vol. 11, pp 1-36. (b) De Lucchi, O.;
Adam, W. In Comprehensive Organic Synthesis: Selectivity, Strategy &
Efficiency in Modern Organic Chemistry; Paquette, L. A., Vol. Ed.; Perga-
mon: Oxford, 1991; Vol. 5, pp 193-214.

(5) Such phase-dependent selectivity changes in unimolecular photoreac-
tions are known (a) Consult refs 2b, 2f. (b) Zimmerman, H. E.; Zuraw, M.
J. J. Am. Chem. Soc. 1989, 111, 7974-7989. (c) Scheffer, J. R.; Pokkuluri,
P. R. In Photochemistry in Organized and Constrained Media; Ramamurthy,
V., Ed.; Verlag Chemie: Weinheim, 1990; pp 185-246. (d) Teng, M.; Lauher,
J. W.; Fowler, F. W. J. Org. Chem. 1991, 56, 6840—6845. (e) Garcia-Garibay,
M. A.; Scheffer, J. R.; Watson, D. G. J. Org. Chem. 1992, 57, 241-247. (f)
Pokkuluri, P. R.; Scheffer, J. R.; Trotter, J.; Yap, M. J. Org. Chem. 1992,
57, 1486-1494.

Figure 1. Short (3.26-3.90 A) intermolecular distances in the crystal of
17 (one of two cyclohexene conformational minima is shown).

2 over 3 with increasing conversion. While the major product
determining driving force in solution is likely the thermodynam-
ically favorable re-formation of the enone moiety (4 — § and 2,
Scheme I), the solid-state rearrangement possibly becomes dom-
inated by packing constraints to movement in the crystal.® This
is substantiated by the X-ray analysis” of 1 (Figure 1) which
reveals relatively short intermolecular distances, and hence more
rigid packing, of the cyclopentenone and malononitrile moieties
and relative mobility of the cyclohexene unit. Assuming similar
interactions for all biradical intermediates, § should revert more
easily to 4 in the solid state (disfavoring formation of 2) than in
solution because of the “frozen” geometry and spacial proximity
of the enone and C-6. As a consequence of the more mobile
cyclohexene moiety, an analogous argument does not apply to 6.
Finally, the decrease in reaction selectivity in the crystal as a
function of conversion is likely due to increasing disorder in the

(6) See reaction cavity model: Cohen, M. D. Angew. Chem. 1975, 87,
439-447; Angew. Chem., Int. Ed. Engl. 1975, 14, 386-394. For a new
perspective on topochemical processes, see Kaupp, G. Angew. Chem. 1992,
104, 606—609, 609-612; Angew. Chem., Int. Ed. Engl. 1992, 31, 592-595,
595-598.

(7) X-ray crystal structure of 1. A suitable crystal (0.09 X 0.39 X 0.49
mm’) was mounted under argon in a glass capillary. Data (£h+k+/) were
collected at room temperature on an Enraf-Nonius CAD4 diffractometer with
graphite monochromated Mo Ka radiation (A = 0.71069 A). Cell constants
and systematic absences correspond to the orthorhombic space group P2,2,2,
with cell dimensions a = 6.818(1) A, b= 11.747(1) &, c = 15.482() A, V
= 1240(1) A% Z = 4, calculated density = 1.21 g cm™?, F(000) = 480 ¢, and
u =0.73 cm™' (no absorption correction apxlied). A total of 3076 reflections
[w — 20 scan technique, (sind/\),,.. = 0.65 A"'] were collected, of which 1645
were unique (R, = 0.02). 1128 observed reflections [/ = 24([)] were used
for the structure solution (direct methods, SHELXS-86) and subsequent
full-matrix least-squares refinement. R = 0.054, R, = 0.058 [w = | /¢*(F,)],
atoms C(10) and C(11) disordered 60:40; GOF = 1.97, final residual electron
density = 0.20 ¢ A%,
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packing caused by (a) the presence of product and (b) local
melting of the crystal by excess radiation energy.

Interestingly, 1 adopts chiral packing (space group P2,2,2,)?
and a helical molecular conformation.” GC analyses of the crude
product mixtures from the irradiation of single crystals of 1 (entries
2-6) showed that 2 and 3 were obtainable in respective enan-
tiomeric excesses (ees) of <44% and <96% and that the ees
decreased proportionately with conversion. This constitutes a
second general case of asymmetric synthesis through a solid-state
di-w-methane rearrangement, preceded only by the substituted
dibenzobarrelene examples of Scheffer and co-workers, it is also
a variation on the dual pathway induction difference reported by
the same group.” Degeneration of the ground-state conformation
of 1 through selective rotation of either the five- or the six-
membered ring prior to the rearrangement could account for the
ee disparity between 2 and 3.> A measure of regio- and enan-
tioselectivities as a function of conversion, as shown in Table 1
and in additional measurements,® is unique to this work. Attempts
to unequivocally determine the absolute configurations of 1, 2,
and 3 by anomalous scattering have thus far been unsuccessful.

The ees obtained from the irradiation of a large batch of 1 as
a suspension in H,O (Table I, entry 7) bore witness to the high
optical purity within individual crystallization batches of the
dienone. While this material stemmed from rapid crystallization
of the solute in a chromatographic fraction during rotoevaporatory
solvent removal, the batch of entry 8 was collected from an un-
agitated'® and unseeded solution of 1. That largely one enan-
tiomorph of 1 has been forming in our laboratories is most
poignantly underscored by the example of entry 9, in which 1 was
collected from six independent crystallization batches. However,
the manifestation of essentially exclusive enantioselectivity of
crystallization affording dextrorotatory photoproducts only (see
Table) is seemingly due to the localized presence of a chiral
nucleating agent.!! This bias calls for caution in interpreting
examples of so-called absolute asymmetric crystallization and
synthesis.

In conclusion, it should also be noted that the synthetic potential
of 1 vis-a-vis polycyclic compounds, via vinylcyclopropane —
cyclopentene rearrangement followed by additional ring con-
structions, has already been demonstrated, as have facile optical
resolutions with 97-99% optical purity of the antipodes of 2 and
3 by selective crystallizations.*
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(8) Three of eight commonly adopted space groups for organic molecular
crystals are chiral, see ref 2a, Consult also Kitaigorodsky, A. 1. Molecular
Crystals and Molecules, Academic: New York, 1973.

(9) Brewster, J. H. Top. Stereochem. 1967, 2, 1-72.

(10) Stirring was claimed essential in other cases: (a) Kondepudi, D. K.;
Kaufman, R. J.; Singh, N. Science 1990, 250, 975-976. (b) McBride, J. M;
Carter, R. L. Angew. Chem. 1991, 103, 298-300; Angew. Chem., Int. Ed.
Engl. 1991, 30, 293-295.

(11) The number of times that material from individual, nonseeded crys-
tallization batches of 1 has thus far been irradiated in the laboratories of
Miilheim is in the order of 60. We are indebted to Professor J. Mattay and
Mr. T. Kirschberg, University of Miinster, for the independent preparation
and crystallization of 1 affording one batch each of dextro- and levorotatory
photoproducts with optical purities identical to ours.
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High-performance aromatic polymers, such as aromatic poly-
amides (aramids), polyimides, or liquid crystalline polyesters, have
high strength, stiffness, stability at high temperatures, and
chemical resistance for technologically demanding applications.'
Their limited solubility necessitates extreme synthesis and pro-
cessing conditions. For example, the polyamide poly(p-
phenyleneterephthalamide) (PPTA) forms high-strength and
high-modulus fibers (Kevlar?), but must be processed from con-
centrated sulfuric acid at elevated temperatures.’

Previous reports suggest complexation of rigid-rod polymers
as a method to increase solubility and mediate processing. Jenekhe
studied the solubilization, processing, and liquid crystalline
character of heterocyclic rigid-rod polymers by reversible com-
plexation of the heteroatoms by Lewis acids such as AICl,.* The
aromatic rings of high-performance polymers should provide a
platform for transition metal w-complexation since they bond
tenaciously to a wide variety of transition metal complexes.*¢
Synthesis of organosoluble chromium tricarbonyl w-complexes of
low molecular weight PPTA has been described.® We now show
that organometallic nS-coordination offers broad control of the
properties of high-performance aromatic polymers, as exemplified
by PPTA. w-Complexation solubilizes even high molecular weight
PPTA in organic solvents and, remarkably, still allows formation
of ordered liquid crystalline solutions.” These solutions can be
used to prepare high-quality films of the metallopolymers. The
extent of chromium tricarbonyl substitution on the aromatic
ligands dictates the orientation of PPTA films on a molecular level,
and the steric bulk of the n®-organometallic substituent, defined
by ligand substitution reactions, controls the liquid crystallinity
of the organoaramid solutions.

Polycondensation of (p-phenylenediamine)Cr(CO),® with
terephthaloyl chloride in N,/NV-dimethylacetamide (DMACc) gives

(1) (a) Yang, H. H. Aromatic High-Strength Fibers, John Wiley & Sons:
New York, 1989. (b) Jaffe, M.; Jones, R. S. High-Performance Aramid
Fibers. In Handbook of Fiber Science and Technology: High Technology
Fibers-II. Part A; Lewin, M., Preston, J., Eds.; Marcel Dekker, Inc.: New
York, 1985.

(2) Du Pont registered trademark.

(3) (a) Blair, T. I.; Morgan, P. W.; Killian, F. L. Macromolecules 1977,
10, 1396. (b) Kwolek, S. L.; Morgan, P. W.; Schaefgen, J. R. Encycl. Polym.
Sci. Eng. 1987, 9, 1. (c) Tanner, D.; Fitzgerald, J. A.; Phillips, B. R. Adv.
Mater. 1989, [0] (5), 665.

(4) Jenekhe, S. A.; Johnson, P. Q. Macromolecules 1990, 23, 4419.

(5) (a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Prin-
ciples and Applications of Organotransition Metal Chemistry; University
Science Books: Mill Valley, CA, 1987. (b) Silverthorn, W. E. In Advances
In Organometallic Chemistry; Stone, F. G. A., West, R., Eds.; Academic:
New York, 1975; Vol. 13, p 48.

(6) (a) Inorganic and Organometallic Polymers; Zeldin, M., Wynne, K.;
Allcock, H. R., Eds.; ACS Symposium Series 360; American Chemical So-
ciety: Washington, DC, 1988. (b) Metal-Containing Polymeric Systems;
Sheats, J. E., Carraher, C. E., Pittman, C. U,, Jr., Eds.; Plenum Press: New
York, 1985. (c) Wright, M. E. Macromolecules 1989, 22, 3256. (d) Jin,
J.-L.; Kim, R. Polym. J. 1987, 19 (8), 977. (e) Chaudret, B.; Chung, G.;
Huang, Y.-S. J. Chem. Soc., Chem. Commun. 1990, 749. (f) Segal, J. A. J.
Chem. Soc., Chem. Commun. 1985, 1338. (g) Allcock, H. R.; Dembek, A.
A.; Klingenberg, E. H. Macromolecules 1991, 24, 5208. (h) Andrews, M.
P.; Ozin, G. A. Chem. Mater. 1989, |, 174,

(7) Structural modifications of PPTA generally disrupt the rigid-rod
character. (a) Hatke, W.; Schmidt, H.-W.; Heitz, W. J. Polym. Sci., Part
A: Polym. Chem. 1991, 29, 1387. (b) Gaudiana, R. A.; Minns, R. A.; Rogers,
H. G.; Sinta, R.; Taylor, L. D.; Kalyanaraman, P.; McGowan, C. J. Polym.
Sci., Part A: Polym. Chem. 1987, 25, 1249. (c) Jadhav, J. Y.; Krigbaum,
W. R.; Preston, J. Macromolecules 1988, 21, 538. (d) Burch, R. R.; Manring,
L. E. Macromolecules 1991, 24, 1731.

(8) (a) Davis, R.; Kane-Maguire, L. A. P. In Comprehensive Organo-
metallic Chemistry, Wilkinson, G., Stone, F. G. A,, Abel, E., Eds.; Permagon:
Oxford, 1982; Vol. 3, Chapter 26.2 and references cited therein. (b) Sneeden,
R. P. A. Organochromium Compounds; Academic: New York, 1975.
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