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Abstract: A family of ketene—alkylaluminum complexes of formula [(7*-CsH;),Zr(C,0-n>-OCCHR)],(u-AIR’,)(u-X) has
been prepared by treating the zirconocene ketene complexes [(1°-CsH;),Zr(C,0-2-OCCHR)], with alkylaluminum reagents
R’,AIX (II, III, R = CH,CMe;, R’ = Me, X = Meg; VIa, Vila, R = CH,CMe;, R’ = CH;, X = Cl; VIIb,R = H, R’ = CH,,
X = Cl; IX, X, R = CH,CMe,, R’ = Et, X = H). The crystal and molecular structure of four compounds of this series (III,
VIla, IX, and X) have been determined. Complex VIIa crystallizes in space group P2,/c (Z = 4) with cell constants a =
10.2193 (14) A, b =20.237 (3) A, ¢ = 18.458 (3) A, 8 = 94.303 (14)°, and V = 3802.8 (10) A’ (3567 reflections, R = 0.053).
Complex IX crystallizes in space group C2/c (Z = 8) with cell constants a = 11.777 (5) A, b = 19.998 (4) A, ¢ = 32.636
(1) A, B =96.83 (5)°, V =7631.8 (2) A? (4989 reflections, R = 0.067). Complex X crystallizes in space group C2/c (Z
= 4) with cell constants @ = 18.219 (2) A, b = 10.364 (1) A, ¢ = 20.273 (2) A, 8 = 94.565 (8)°, and V' = 3816 (1) A’ (2845
reflections, R = 0.049). Structural comparisons of these molecules reveal several common features. Two zirconocene ketene
monomers are spanned by symmetric dialkylaluminum and hydride, chloride, or methyl bridges to form slightly puckered
six-membered rings. A notable feature of these structures is the coordination of the bridging ligand X (H, Cl, or Me), which
is characterized by a large M—X-M angle and an unusual hybridization for the bridging methyl ligand. The coordination
of the bridging methyl group in III represents a new bonding geometry for carbon. This geometry models the structure of
intermediates in alkyl transmetallations that proceed with inversion. The reaction of III with acetylene produces a zirconocene
cyclic enolate IV. Complex 11 also reacts with carbon monoxide to produce a zirconocene acyl-enol complex V—an unprecedented
reaction for Group 4 ketene complexes that is relevant to the behavior of such species over early transition-metal Fischer~Tropsch
catalysts. The greater reactivity of III is discussed in terms of the greater lability of the methyl bridge compared to the chloride

or hydride bridge.

Transition-metal ketene complexes have been implicated as
intermediates in heterogeneous CO reduction' and have been
demonstrated to be involved in stoichiometric CO reduction
processes.>* Ketene complexes also show considerable promise
as intermediates in organic synthesis.> We have recently developed
an efficient and general route to early transition-metal ketene
complexes.® Deprotonation of Group 4 acyl halide metallocenes’
cleanly affords ketene complexes in high yield (eq 1).6
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| H B + MX + BH (1
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X

The monomeric bis(n*-pentamethylcyclopentadienyl)zirconocene
ketene complexes and oligomeric bis(n*-cyclopentadienyl)-
titanocene ketene complexes prepared by this route are reactive
toward olefins and other substrates under mild conditions.” We
envisioned that an olefin or acetylene insertion reaction might be

*In this paper, the periodic group notation is in accord with recent actions
by IUPAC and ACS nomenclature committees. A and B notation is elimi-
nated because of wide confusion. Groups IA and IIA become groups | and
2. Thed transition elements comprise groups 3 through 12, and the p block
elements comprise groups 13 through 18. (Note that the former Roman
numeral designation is preserved in the last digit of the new numbering, e.g.,
IITI - 3 and 13))
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synthetically useful if applied to the readily prepared bis(n’-
cyclopentadienyl)zirconocene ketene complexes (eq 2).” However,
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(1) (a) Blyholder, G.; Emmet, P. H. J. Phys. Chem. 1960, 64, 470. (b)
Ichikawa, M. B.; Sekizawa, K.; Shikakura, K.; Kawai, M. J. Mol. Catal. 1981,
11, 167. (c) Takeuchi, A.; Katzer, J. R. J. Phys. Chem. 1982, 86, 2438.

(2) (a) Barger, P. T.; Santarsiero, B. D.; Armantrout, J.; Bercaw, J. E. J.
Am. Chem. Soc. 1984, 106, 5178 and references therein. See also: (b)
Wolczanski, P. T.; Bercaw, J. E. Acc. Chem. Res. 1980, 13, 12]. (c) Morrison,
E. D.; Steinmetz, G. R.; Geoffroy, G. L.; Fultz, W. C.; Rheingold, A. L. J.
Am. Chem. Soc. 1984, 106, 4783 and references therein. (d) Miyashita, A.;
Grubbs, R. H. Tetrahedron Letr. 1981, 1255. Miyashita, A. Abstracts of
papers submitted to 3rd China~Japan—US Symposium on Organometallic
Chemistry and Catalysis, Santa Cruz, CA, August 5, 1984,

(3) (a) Dotz, K. H. Pure Appl. Chem. 1983, 55, 1689. (b) Semmelhack,
M. F,; Tamura, R.; Schnatter, W.; Springer, J. J. Am. Chem. Soc. 1984, 106,
5363.
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Figure 1. ORTEP diagram with selected bond lengths and angles for III. Cyclopentadienyl rings are represented by their centroids R(1-4).

these zirconocene ketene complexes are exceptionally inert, ap-
parently due to the formation of strongly bound dimers. These
complexes are inert even when generated in the presence of po-
tential substates.®®

To develop the chemistry of these complexes, we have inves-
tigated their reactivity toward aluminum reagents'® with two
objectives in mind: (1) activation® of Zr ketene complexes toward
insertion reactions of potential synthetic utility, and (2) study of
the role of ketene complexes'#d and Lewis acids'' in Fischer-
Tropsch model systems. In a preliminary communication,'? we
reported the crystal structure of the bridging methyl compound
III prepared by treating the ketene dimer Ia with Me;Al. A

(4) (a) Straus, D. A; Grubbs, R. H. J. Am. Chem. Soc. 1982, 104, 5499.
(b) Straus, D. A. Ph.D. Thesis, California Institute of Technology, Pasadena,
CA, 1982. (c) Ho, S. C. H,; Straus, D. A.; Armantrout, J.; Schaefer, W. P.;
Grubbs, R. H. J. Am. Chem. Soc. 1984, 106, 2210. (d) Moore, E. J; Straus,
D. A.; Armantrout, J.; Santarsiero, B. D.; Grubbs, R. H.; Bercaw, J. E. Ibid.
1983, 105, 2068.

(5) Deprotonation of alkyl-acyl metallocenes yields stable metallacnolate
anions. The metallaenolate (ketene) anions have been shown to be versatile
reagents for the synthesis of binuclear ketene complexes.*

(6) Deprotonation of later transition metal acyl complexes generally yields
stable enolate complexes: (a) Theopold, K. H.; Becker, P. N.; Bergman, R.
G.J. Am. Chem. Soc. 1982, 104, 5250. (b) Liebeskind, L. S.; Welker, M.
E.; Goedken, V.; Ibid. 1984, 106, 441. (c) Baird, G. J.; Davies, S. G.; Jones,
R. H. Prout, K.; Warner, P. J. Chem. Soc., Chem. Commun. 1984, 745. (a)
Doney, J. J.; Bergman, R. G.; Heathcock, C. H. J. Am. Chem. Soc. 1985, 107,
3724. (e) See also: Wulff, W. D.; Gilbertson, S. R. J. Am. Chem. Soc. 1985,
107, 503.

(7) A sequence involving hydrozirconation, carbonylation,* and deprona-
tion* affords zirconocene ketene complexes in yields of 60-70% with defined
stereochemistry.

(8) (a) Wailes, P. C.; Weigold, H. J. Organomet. Chem. 1970, 24, 405.
(b) Carr, D. B,; Schwartz, J. J. Am. Chem. Soc. 1979, 101, 3521. (c) Bertelo,
C. A.; Schwartz, J. Ibid. 1975, 97, 228.

(9) The use of Lewis acids as activating agents is well established in organic
and organometallic chemistry: (a) Richmond, T. G.; Shriver, D. F. Inorg.
Chem. 1982, 21, 1272. (b) Butts, S. B; Strauss, S. H,; Holt, E. M.; Stinson,
R. E.; Alcock, N. W,; Shriver, D. F. J. Am. Chem. Soc. 1980, 102, 5093. (c)
Negishi, E. “Organometallics in Organic Synthesis™, Wiley: New York, 1980;
Vol. 1, p 350.

(10) For the reaction of #n%(C,C) bound tungsten ketene complexes with
Lewis acids see: (a) Kreissl, F. R.; Sieber, W.; Wolfgraber, M. Angew. Chem.,
Int. Ed. Engl. 1983, 22, 493. (b) Churchill, M. R.; Wasserman, H. J;
Holmes, S. J.; Schrock, R. R. Organometallics 1982, 1, 766~768.

(11) Wang, H. K,; Chai, H. W.; Muetterties, E. L. Inorg. Chem. 1981,
20, 2661. Demitras, G. C.; Muetterties, E. L. J. Am. Chem. Soc. 1979, 99,
2796.

(12) Waymouth, R. M.; Santarsiero, B. D.; Grubbs, R. H. J. Am. Chem.
Soc. 1984, 106, 4050.

unique structural feature of this compound is a trigonal-bipy-
ramidal bridging methyl ligand. Herein we report details of the
synthesis, structure, and reactivity of this novel compound. In
addition, we report our studies on the analogous bridging chloride
(V1lIa) and bridging hydride (X) compounds prepared by treating
Ia with Me,AIC! and Et,AlH, respectively. The greater stability
of VIla and X has enabled us to characterize an intermediate in
the reaction sequence (Scheme I) and rationalize the reactivity
of these compounds in terms of the lability of the bridging ligands.

Results

Preparation of Ia,b.“>> Treatment of the acyl complex (Cp =
n°-cyclopentadienyl) Cp,Zr(Cl)C(O)CH,CH,C(CH,),*® with a
strong, bulky base such as NaN[Si(CH;),], affords the ketene
dimer Ia (eq 1, M = Zr, R” = CH,CMe;, R = H) in high yield
(quantitative by '"H NMR).# The deprotonation is highly ste-
reoselective. Monitoring the reaction by ‘H NMR at room tem-
perature reveals the following isomeric ratios for the dimer: 76%
(Z.Z)-1a, 22% (Z,E)-la, and 2% (E,E)-1a.!* These stereochemical
assignments were based on NMR data and on crystallographic
studies on complexes derived from stereochemically pure samples
of (Z,Z)-1a (vide infra).'* Compound (Z,Z)-Ia can be isolated
in 75% yield by this route.

The parent ketene complex Ib (eq I, M = Zr, R =H,R’ =
H) was prepared by treating the acyl complex Cp,Zr(Cl)COCH,'?
with NaN[Si(CH,);],. Complex Ib has not been completely
characterized due to its low solubility but is assumed to be oli-
gomeric. Spectral comparison (*H, '3C NMR, IR) with its ti-
tanium* and bis(n’-pentamethylcyclopentadienyl)zirconium*

(13) Priorities were assigned according to atomic weight: Zr > O > C >
H. See: Huggins, J. M.; Bergman, R. G. J. Am. Chem. Soc. 1981, 103, 3002.
IUPAC Commission on Nomenclature in Organic Chemistry Pure Appl.
Chem. 1976, 45, 11.

(14) (a) (Z.2)-VIla is obtained stereospecifically from the major isomer
of Ia. The chemical shifts for the vinyl protons [H(2)] (recorded by 'H NMR
during the reaction Ia — Ila — (Z,Z)-VlIla) fall in the range 5.6-6.2 ppm.
However, (E,Z)-Ia shows a characteristically upfield chemical shift of 4.63
ppm for one of the vinyl protons that we assign to the E isomer (Table V1).
Moreover, (E,Z)-Vlla prepared from this sample also shows an upfield vinyl
proton chemica] shift of 4.74 ppm. From these results we conclude that the
major isomer of la, from which (Z,Z)-Vlla is obtained, is the Z,Z isomer.
(b) (Z,Z)-1a was used in all further experiments and for the remainder of this
discussion will be referred to simply as la.

(15) Marsella, J. A.; Moloy, K. G.; Caulton, K. G. J. Organomet. Chem.
1980, 201, 389.
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Table I. Selected Bond Lengths (A) and Angles (deg)
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I[(u-CH,) ViIa(p-Cl) IX(u-H)
fragment A fragment B fragment A fragment B fragment A fragment B X(u-H)
Bond Lengths
Zr—Zr 4817 (1) 4.864 (1) 4.263 (1) 3.976 (1)
Zr-X 2.559 (7) 2.456 (7) 2.636 (2) 2.632 (2) 2.014 (34) 2.01 (4)
Al-X 3.739 (8) 3.986 (2) 1.703 (34) 3.94 (4)
Zr—C(1) 2.187 (6) 2.183 (6) 2.170 (6) 2.173 (6) 2.198 (6) 2.175 (5) 2.188 (4)
Zr(1)-0 2.179 (4) 2.172 (4) 2.160 (4) 2.193 (4) 2.195 (2)
Zr(2)-0 2.183 (4) 2.147 (4) 2.194 (4) 2.195 (2)
C(1)-O 1.398 (7) 1.413 (7) 1.390 (7) 1.393 (7) 1.406 (7) 1.372 (6) 1.392 (4)
Al-O 1.818 (4) 1.805 (4) 1.809 (4) 1.818 (4) 1.778 (4) 1.812 (3)
Al-C(8) 1.948 (8) 1.951 (8) 1.941 (8) 1.950 (8) 1.933 (9) 1.965 (9) 1.956 (5)
C(1)-C(2) 1.323 (9) 1.330 (9) 1.319 (9) 1.339 (9) 1.308 (8) 1.318 (8) 1.315 (5)
C(2)-C(3) 1.501 (10) 1.498 (10) 1.493 (9) 1.492 (10) 1.496 (8) 1.496 (8) 1.501 (6)
C(3)-C(4) 1.493 (11) 1.529 (10) 1.498 (11) 1.519 (10) 1.527 (9) 1.549 (10) 1.519 (6)
C-H(1) 0.94 (5)
C-H(2) 0.98 (5)
C-H(3) 0.86 (5)
Bond Angles
Zr-X~Zr 147.8 (3) 134.87 (7) 152.6 (1)° 163 (2)
0-A1-0 98.0 (2) 98.6 (2) 94.4 (1)
Zr-0-Al 152.6 (2) 159.6 (2) 151.0 (2) 159.4 (2) 153.5(2) 139.9 (1)
Cp-M-Cp 129.7 130.1 129.6 130.2 130.8 131.4 130.1
X-Zr—C(1) 113.2(2) 113.5(2) 117.7 (2) 118.4 (2) 122.8 (9) 1139 (11)
Zr-C(1)-C(2) 163.6 (5) 166.6 (5) 162.8 (5) 164.9 (5) 166.4 (5) 160.2 (5) 162.5 (3)
H(1)~C-H(2) 119 (4)
H(2)-C-H(3) 122 (4)
H(3)-C-H(1l) 117 (4)
Zr—C-H(1) 74 (3) 80 (3)
Zr-C-H(2) 99 (3) 111 (3)
Zr-C-H(3) 81 (3) 93 (3)
2X = O(B).

analogues along with characterization of its Me,AlCl derivative Scheme I

(vida infra) supports its assignment as the unsubstituted ketene R

complex of zirconocene. |

Preparation of Il and III. The ketene dimer Ia reacts instantly '

at 25 °C with | equiv of Me;Al in toluene to afford the adduct CpaZt—0, — +  RaAX -

II (Scheme I). Complex II could not be isolated but was observed Q-—2rCp2

spectroscopically. The NMR spectra of II (Table VI) exhibit | R’z Me, Et

inequivalent cyclopentadienyl, ketene, and methyl resonances. The Ia R X = Ci, H, Me

methyl resonances appear in the 'H NMR as slightly broad
singlets in a ratio of 2:1, indicating that these groups do not
exchange at 25 °C on the NMR time scale. The inequivalent
methyl groups also have different 'J.y coupling constants, 110.5
and 125.7 Hz (Table VI).

Complex II is unstable under vacuum; evacuating solutions of
II regenerates the ketene dimer Ta and Me,Al. Treatment of I1
with Lewis bases (Et,O, THF, pyridine) generates Ia and the
Me;Al-Lewis base adduct. In toluene at room temperature, II
slowly isomerizes to III in approximately 9 h at 25 °C (Scheme
I). If Il is formed in the presence of excess Me,Al, the isomer-
ization is faster, requiring approximately 1 h at 25 °C. Complex
III does not react cleanly with excess Me;Al, but does decompose
faster in the presence of that reagent.

Complex Hl is a colorless crystalline compound that is stable
at 25 °C in aromatic solvents but decomposes slowly (¢, = 2.5
h) at 60 °C to unidentified products.

The NMR spectra of I1I exhibit equivalent cyclopentadienyl
and ketene resonances along with inequivalent methyl resonances
in a ratio of 2:1. The appearance of a sharp singlet at ~9.24 ppm
in the '*C NMR spectrum implies that one of the methyl groups
is no longer bonded to aluminum.'¢ In addition, this methyl group
exhibits an anomalously high 'J¢y coupling constant of 136.2 Hz.
Typical 'Jey coupling constants for terminally bound alkyl groups
of zirconium fall in the range 116-120 Hz.

The details of the structure determination have been previously
reported.’> An ORTEP diagram of I1I with relevant bond angles
and lengths is given in Figure 1. Additional bond angles and

R = CHaC(CH3)3

R
R X R X
E Me Me I Me Me
Yo Me CI Yo Me <
Et H X Et H

lengths are given in Table I. The structure reveals two zirconocene
ketene monomers connected via nearly symmetric dialkylaluminum
and methyl bridges. The zirconium atoms in III adopt pseudo-
tetrahedral configurations if the Cp and ketene ligands are con-
sidered to occupy single coordination sites. The angles between
the equatorial ligands, calculated from the midpoint of the C-O
bond to the methyl C atom, average to 99.4°, similar to the angle
of 95.6° reported for dimethylzirconocene.!’

(16) Aluminum has a large quadrupole moment, which often broadens the
signal of bound nuclei in the NMR.

(17) Hunter, W. E; Hrncir, D. C.; Bynum, R. V,; Pentilla, R. A.; Atwood,
J. L. Organometallics 1983, 2, 750.
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The bond angles and lengths of the ketene ligand are typical
of those for structurally characterized zirconium ketene com-
plexes.#!®  As with other early transition-metal ketene com-
plexes,*1®1% large M—C-C angles [163.6 (5)°, 166.6 (5)°}, short
M-C distances [2.187 {6), 2.182 (6) A], and long C-O distances
[1.398 (7), 1.413 (7) A] point toward significant metallaoxirane
character in the #2-CO portion of the ketene ligand.? Due to
the limited number of structurally characterized zirconium ketene
complexes, it is difficult to assess the effect of the Lewis acid on
the bonding properties of the ketene ligand. However, the C-O
bond lengths of III are slightly longer than those of ketene com-
plexes without coordinated Lewis acids.?'

Coordination at aluminum is a distorted tetrahedron. The
C(8)-Al-O angles are closest to typical tetrahedral values at 109.6
(3)° and 109.0 (2)°, but the C(8)~Al-C(8) angle is larger at 120.5
(3)° and the O(1)-Al-O(2) angle smaller at 98.0 (2)°. This type
of coordination for aluminum has recently been observed by
Atwood for [AlMe,(OPh),].22 The Al-C distances of 1.948 (8)
and 1.951 (8) A are normal, but the Al-O distances of 1.818 (4)
and 1.805 (4) A fall on the short side of the range normally
observed for O-bonded alkylaluminum complexes.??

A remarkable feature of the structure is the Zr-CH;-Zr bridge.
The carbon atom adopts a distorted trigonal-bipyramidal con-
figuration between the two zirconium centers. The positions of
the hydrogen atoms (determined from a difference Fourier map
and refined),'? in conjunction with the high 'Joy coupling constant
observed in the *C{'H} NMR spectrum, suggest an sp>-hybridized
configuration for this methyl group. The H-C-H angles of 119
(4)°, 117 (4)°, and 122 (4)° are consistent with this formulation.
Another unusual feature of the alkyl bridge is the large Zr-C-
H;-Zr angle of 147.8 (3)°. Typical values for bridging alkyl
groups are less than 90°.2 The Zr-C bond lengths to the methyl
group are not unusually long?® but differ from one another by
approximately 0.1 A. This difference is reflected in the slight
displacement (0.08 A) of the carbon atom out of the hydrogen
atom plane. The origin of this dissymmetry is unclear but might
be attributed to crystal packing forces.

Reactivity of III. Treatment of Il with pyridine (eq 3) re-
generates the dimer la and the pyr-AlMe; adduct after 12 h at
25 °C.

II + pyr — la + pyr-AlMe, (3)

The stronger Lewis base 4-dimethylaminopyridine (DMAP)
reacts rapidly (eq 4) with III to give two products by '"H NMR.
One product was spectroscopically characterized as the ketene-
-:AlMe;:DMAP adduct XI by comparison with the analogous

(18) (a) Bristow, G. S.; Hitchcock, P. B,; Lappert, M. F. J. Chem. Soc.,
Chem. Commun. 1982, 462. (b) Choukroun, R.; Dahan, F.; Gervais, D. J.
Organomet. Chem. 1984, 266, C33. (c) Engelhardt, L. M,; Jacobsen, G. E.;
Raston, C. L.; White, A. H. J. Chem. Soc., Chem. Commun. 1984, 220. (d)
Young, S. J.; Hope, H.; Shore, N. E. Organometallics 1984, 3, 1585-1587.

(19) (a) Gambarotta, S.; Pasquali, M.; Floriani, C.; Chiesi-Villa, A.;
Guastini, C. Inorg. Chem. 1981, 20, 1173. (b) Fachinetti, G.; Biran, C.;
Floriani, C.; Chiesi-Villa, A.; Guastini, C. J. Am. Chem. Soc. 1978, 100, 1921.
Inorg. Chem. 1978, 17, 2995. (c) Meinhart, J. D.; Santarsiero, B. D.; Grubbs,
R. H. manuscript in preparation.

(20) (a) Erker, G. Acc. Chem. Res. 1984, 17, 103-109. (b) Erker, G.;
Kropp, K.; Kruger, C.; Chiang, A. Chem. Ber. 1982, 115, 2447, (c) Erker,
G.; Rosenfeldt, F. J. Organomet. Chem. 1982, 224, 29-42.

(21) CO bond lengths for representative complexes: Cp,*Zr(py)(C,O-
72-0OCCH,), 1.338 (2) A;¥ [Cp,Zr(CH;)(C,0-n2-OCCH,)]-Na*.2THF,
1.339 (9) A;* (Cp,ZrCly,(n-Ph,PCH=CO), 1.330 (16) A:'*¢1.319 (10) A;1®
(Cp,ZrCl)y(u-Me,PCH==CO), 1.35 (2) A;'*¢ Cpy*Zr(H)(C,0-n*-OC-
CHPMe;), 1.303 (3) A; Moore, E. J. Ph.D. Thesis, California Institute of
Technology, Pasadena, CA, 1984.

(22) Zaworotko, M. J.; Kerr, C. R.; Atwood, J. L. Organometallics 1984,
4,238. See also: Atwood, J. L.; Hrncir, D. C.; Priester, R. D.; Rogers, R.
D. Ibid. 1983, 2, 985. For a survey of bond distances of O-bonded aluminum
complexes see: Zaworotko, M. J.; Rogers, R. D.; Atwood, J. L. Ibid. 1982,
1, 1179, and ref 24.

(23) Holton, J.; Lappert, M. F.; Pearce, R.; Yarrow, P. I. W. Chem. Rev.
1983, 83, 135-201.

(24) Conway, A. J.; Gainsford, G. J.; Schrieke, R. R.; Smith, J. D. J.
Chem. Soc., Dalton Trans. 1975, 2499 and references therein.

(25) Bridging metal alkyl bonds are typically 0.1-0.2 A longer than the
corresponding terminal bonds. The longest reported terminal Zr—C bond is
2.431 (5) A: Bristow, G. S.; Hitchcock, P. B.; Lappert, M. F. J. Chem. Soc.,
Chem. Commun. 1982, 462, ref 10.
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Me,AlCl adduct VIII (vide infra). The other product formed was
assigned as the ketene-DMAP adduct XII.

C4Ds
111 + 2DMAP ———
25 °C

[Cp,Zr(OCCHCH,CMe;)-AlMe,DMAP] +
XI
[Cp,Zr(OCCHCH,CMe;)-DMAP] (4)
XII

Treatment of IIT with excess acetylene in toluene yields IV and
its adduct IV-AlMe; in nearly quantitative yield by 'TH NMR (eq
5). Performing the reaction in the presence of an equivalent of
THF affords IV exclusively (under these conditions IV-AlMe; is

By
CppZr—0
Dz/ CHz 'h
CH3 Al + HC=CH e
\ / “CH3
CpZZr——-O
| TI R=CHeCMe,
R
- AlMes
o] o]
szzi_>=\—}7 + Cpﬂ{h {5)
IZ AlMes =

THF

converted to IV). This reaction is best run in the presence of a
Lewis base to inhibit the polymerization of acetylene by AlMe;.%
The structure given for IV is supported by its spectral and ana-
lytical data. In particular, in the '"H NMR spectrum, the exocyclic
vinyl proton appears as a broad triplet of doublets with allylic
coupling to the $-vinyl proton of 1.4 Hz.

Although III reacts cleanly with acetylene, it does not react
with ethylene or substituted acetylenes under similar conditions.

Toluene solutions of I1I react after 3 h at 45 °C under 50 psi
of carbon monoxide to afford the acyl complex V (eq 6). The
structure of V was assigned on the basis of its 'H and '*C NMR,
and IR spectra. The solution IR spectrum (C,Dy) of V displays
an absorption at 1440 ¢cm™! that we assign as the acyl carbonyl

Rj\
CppZr—0
\ _CHs ,
CHy  AIZ + Co _50rsi
! Chs 45°C
CppZr—-0
R:I/_II_L R = CH,CMe,
HaC R
Cpalr ‘
\ CHs
0 AI,{ (6)
szzr—O CHs
R]/ X

stretching frequency. Such low carbonyl stretching frequencies
have been observed previously for transition-metal acyl complexes
coordinated to Lewis acids,® thus suggesting that the acyl oxygen
of V is coordinated to the other Lewis acidic zirconium center.
The 'Jcy coupling constant of 120 Hz for the zirconium methyl
group implies that it occupies a terminal position.

(26) Mole, T.; Jeffrey, E. A. “Organoaluminum Compounds”; Elsevier
Publishing: New York, 1972.
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Preparation and Reactivity of VIa and VIla,b. The stable
zirconocene ketene dimer Ia reacts instantly with 1 equiv of
Me,AlCl in toluene to yield the isolable adduct V1a (Scheme I).
Inequivalent cyclopentadienyl and ketene-ligand resonances in the
'H and '3C NMR spectra (Table VI) support its formulation as
the Me,AlICl-bridged adduct. This colorless crystalline compound
undergoes slow thermal rearrangement (18-20 h, 25 °C) to the
more symmetric complex VIIa. The rearrangement is catalyzed
by Lewis bases such as THF or pyridine (instantaneous, 1 equiv,
25 °C). Treatment of the dimer Ia with Me,AICITHF etherate
affords only VIla (3 days, 25 °C); Vla is not observed by 'H
NMR. The dimer Ia reacts only with 1 equiv of Me,AICI as
neither VIa nor VIla react further with that reagent.

The unsubstituted complex VIIb can also be prepared from the
oligomeric Ib (eq 7). Complex VIIb forms upon addition of
Me,AlCI to Ib (1 h, 25 °C). In this case, an intermediate adduct
analogous to VIa was not observed.

R

1 .
CppZF——0

———l

Me, AC|

n

Ib, R=H

AlZ, (7
/

VIIb, R=H

Complexes VIIa,b are colorless crystalline compounds that are
stable indefinitely in aromatic solvents at 25 °C under an inert
atmosphere. Complex V1la slowly decomposes at 110 °C (¢,
= 4.5 h) to unidentified products.

X-ray quality crystals of VIla were obtained by slowly cooling
a toluene-pentane solution of VIIa. A summary of crystal and
intensity data collection information is given in Table II, and
fractional coordinates of non-hydrogen atoms are given in Table
III. An ORTEP diagram of VIla is given in Figure 2; selected
bond angles and lengths are presented in Table I. The structure
of VIla is remarkably similar to that of III. The bond angles and
lengths of the ketene ligands are very similar to those of I1I, as
are the bond lengths and angles about the six-membered ring. The
coordination about the chlorine atom is slightly different from
that of the methyl group in III. The chlorine atom is bonded
symmetrically between the two zirconium centers. The Zr—Cl
bond distances are analogous to those of other bridging zirconium
chloride complexes,” but the Zr—CI1-Zr angle is large at 134.87
(7)° (see Discussion). The Zr—Zr distance of 4.864 (1) A is just
slightly longer than that of III and implies little direct M—M
interaction.

Complex Vla is stable in the presence of pyridine but reacts
with 2 equiv of the stronger Lewis base 4-dimethylaminopyridine
(DMAP) to afford the complex VIII (ca. 50% yield 'H NMR)
and another product which is apparently the ketene:DMAP adduct
X1I (eq 8). The structures of VIII and its AlMe; analogue XI

R

3.

CppZr—oO0
\ _sCHs
C\l 71/,/ + 2 DMAP —
“CH
CpZr—0 3
o | [szZr(OCCHCHzCMe3)-AIMezC('DMAP] YT
YIa RacCHCMe, + CpaZr(OCCHCHzCMes) DMAP XTI (8)

(27) Erker, G.; Kropp, K.; Atwood, J. L.; Hunter, W. E. Organometallics
1983, 2, 1555~156] and references therein.
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Table II. Summary of Crystal and Intensity Data Collection

Information for VIIa, IX, and X

compd Vila IX X
formula Ci3HsoZr,0,A1C1 CyHysZr,0,A1  CyHsiZr,0,Al
mol wt 759.57 753.27 753.27
space group P2/c C2/c C2/c
a, 10.2193 (14) 11,777 (5) 18.219 (2)
b A 20.237 (3) 19.998 (4) 10.3644 (9)
¢ A 18.458 (3) 32.636 (11) 20.273 (2)
8, deg 94.303 (14) 96.83 (5) 94.565 (8)
v, A3 3802.8 (10) 7632 (4) 3815.8 (7)
V4 4 8 4
M A 0.7107 0.7107 0.7107
Dcaled’ g cm" 1.33 1.31 1.21
cryst size, mm? 0.06 X 0.18 X 0.01 X 0.28 X 0.35 X 0.30 X

0.34 0.76 0.25
w, mm™! 0.660 0.587 0.544
scan mode 6-26 w w
scan range, deg 2.0 (in 26) 1.0 (in w) 1.0 (in w)
plus dispersion
reflectns +h, £k, !/ +h, £k, £/ +h, £k, £/
collect. 8116 22163 9443
av 3567 4989 2845
(33321 > 0) (43691 > 0) (28451 > 0)
(25961 > 3q0) (36511 > 3q;,) (18481 > 3¢)
Table TII. Atom Coordinates (X10°%) and Uy's (A2, X 104 in VIla
X y F4 Ueq
Zr(1) 13579 (6) 34989 (3) 13117 (3) 406 (1)
Zr(2) ~17356 (6) 16685 (3) 12796 (3) 444 (1)
Cl ~2579 (18) 26353 (8) 18 368 (8) 566 (4)
Al 7846 (21) 21271 (9) ~1288 (10) 498 (5)
O(A) 15219 (40) 27050 (18) 5299 (19) 456 (10)
O(B) ~5878 (42) 18595 (20) 3726 (20) 544 (11)
C(1A) 24012 (65) 32031 (28) 3807 (32) 479 (16)
C(2A) 32578 (71) 31750 (30) -—1196 (35) 597 (18)
C(3A) 42169 (73) 37100 (33) -2555(35) 664 (20)
C(4A) 42731 (97) 39406 (42) —10246 (44) 836 (25)
C(5A) 45807 (184) 34014 (71) -14940 (67) 2426 (65)
C(6A) 29886 (163) 42316 (83) -12693 (69) 2245 (67)
C(7A) 52776 (114) 44885 (54) -10651 (53) 1506 (41)
C(8A) 603 (86) 26044 (38) -980I (34) 845 (25)
C(1B) 14964 (60) 13686 (30) 1651 (34) 510 (18)
C(2B) -15864 (67) 10656 (33) -—4825(34) 584 (19)
C(3B) 25662 (70) 5364 (33) 6813 (37) 653 (20)
C(4B) -34583 (79) 6665 (36) —13627 (40) 724 (22)
C(5B) -26884 (95) 7217 (45) =-20237 (43) 1043 (30)
C(6B) —42687 (97) 12868 (47) -—12831 (49) 1123 (31)
C(7B) —43853 (98) 858 (49) -14779 (48) 1235 (33)
C(8B) 19824 (80) 13877 (35) -2322(40) 818 (22)
C(11A) 9792 (89) 46347 (39) 8241 (69) 951 (33)
C(12A) 2161 (105) 45934 (39) 14224 (51) 906 (31)
C(13A) -7433 (81) 41431(38) 12538 (47) 718 (24)
C(14A) -6330(83) 39047 (37) 5632 (49) 734 (23)
C(15A) 4285 (111) 42074 (50) 2881 (44) 917 (29)
C(21A) 22338 (91) 37969 (55) 25642 (44) 847 (28)
C(22A) 24375(89) 31309 (51) 25226 (44) 797 (27)
C(23A) 33241 (95) 30181 (43) 20045 (52) 820(27)
C(24A) 36965 (77) 36324 (60) 17521 (39) 789 (28)
C(25A) 30131 (112) 40841 (41) 21029 (55) 904 (29)
C(11B) -40870(85) 17007 (54) 15510 (69) 987 (33)
C(I2B) -41192(86) 16927 (60) 8269 (72) 1027 (37)
C(13B) -36293 (105) 22573 (72) 6027 (57) 1020 (35)
C(14B) -32524 (78) 26507 (37) 12046 (94) 1070 (47)
C(15B) -35498 (91) 22700 (63) 18162 (50) 927 (30)
C(21B) -17533 (206) 8962 (91) 23309 (98) 1478 (53)
C(22B) -5031 (213) 11519 (49) 23477 (74) 1266 (51)
C(23B) 558 (98 9183 (64) 17920 (95) 1059 (38)
C(24B) -7338(175) 5367 (48) 13920 (52) 992 (34)
C(25B) -18709 (141) 5126 (52) 16990 (96) 1120 (42)

(vide supra) were difficult to assign on the basis of spectral data.
Analytical data on VIII indicates one DMAP and one Me,AlCl
molecule per zirconium. A solution molecular weight determi-
nation indicated a monomeric species. The appearance of two
inequivalent methyl signals in a ratio of 6:3 in the 'H NMR and
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Figure 2. ORTEP diagram with selected bond lengths and angles for VIla. Cyclopentadienyl rings are represented by their centroids R(1-4).

a methyl signal at 15.1 ppm in the '3C NMR spectrum for the
AlMe; adduct X1 is consistent with the structure given below.
Attempts to obtain crystals of VIII or XI suitable for an X-ray
analysis are in progress.

O X = Ci, CHy

N
HsC” CHs

In contrast to the u-CHj; complex III, the u-Cl complex VIla
does not react with either acetylene or carbon monoxide. Solutions
of VIIa in toluene-d; in sealed NMR tubes remain unchanged
under several atmospheres of these reagents after weeks at 25 °C.

Preparation of IX and X. Complex Ia reacts instantly with
Et,AlH to afford the adduct IX (Scheme I). A broad resonance
at —1.59 ppm, inequivalent cyclopentadienyl and ketene ligand
resonances in the '"H NMR spectrum (Table VI), and a broad
absorption at 1800 cm™! in the IR spectrum support its formulation
as an adduct containing an Al-H-Zr bridge.?®

Complex IX is a colorless crystalline compound that shows no
tendency to isomerize in toluene at 25 °C. Crystals of IX were
obtained from the concentrated pentane washings of the crude
product IX. A summary of crystal and intensity data collection
information is given in Table II. Fractional coordinates of non-
hydrogen atoms are presented in Table IV. The bridging hy-
drogen atom was located from a difference map and refined.

The structure of IX (Figure 3) reveals a roughly planar six-
membered ring formed from one Et,AlH and two Zr ketene
molecules. The bond angles and lengths of the ketene ligands are
similar to those of the other three complexes. The Al-H and Zr-H
distances are not unusual, but the C(1A)~Zr~H angle is slightly

(28) (a) Toogood, G. E.; Wallbridge, M. G. H. Adv. Inorg. Chem. Ra-
diochem. 1982, 25, 267-34]. (b) Wailes, P. C.; Coutts, R. S. P.; Weigold,
H. “Organometallic Chemistry of Titanium, Zirconium, and Hafnium”; Ac-
ademic Press: New York, 1974.

Table IV. Atom Coordinates (X10°%) and U,’s (A% X 10% in IX

x y z Uy

Zr(l) 604 (5) 21049 (3) 37890 (2) 436 (2)

Zr(2) 35508 (5) 22597 (3) 35733 (2) 461 (2)

Al 19868 (17) 36560 (10) 38966 (6) 537 (5)

O(A) 8129 (32) 30907 (18) 38404 (11) 517 (11)
O(B) 18015 (30) 19335(17) 36367 (11) 408 (10)
C(1A) ~2936 (49) 31414 (29) 39584 (17) 434 (17)
C(2A) =7421 (50) 37010 (29) 40699 (18) 469 (17)
C(3A) -19206 (52) 37382(30) 41962 (18) 527 (18)
C(4A) 20623 (56) 41095(33) 45956 (19) 547 (19)
C(5A) ~16400 (70) 48172 (40) 45707 (23) 913 (26)
C(6A) -33071(64) 41250 (38) 46540 (23) 857 (24)
C(7A) -13910 (74) 37716 (46) 49537 (22) 1078 (35)
C(8A) 18615 (78) 43149 (37) 34600 (31) 1218 (38)
C(9A) 14796 (107) 50129 (55) 35579 (38) 1826 (51)
C(1B) 24070 (48) 14027 (29) 35080 (15) 376 (19)
C(2B) 20456 (51) 7834 (30) 34463 (17) 463 (17)
C(3B) 28243 (595) 2552 (30) 33137 (18) 570 (19)
C(4B) 23730 (73) -1739(35) 29380 (21) 735 (25)
C(5B) 20265 (82) 2482 (39) 25688 (23) 1099 (35)
C(6B) 13440 (94) 5721 (42) 30341 (26) 1252 (37)
C(7B) 33158 (88) —6536(41) 28553 (25) 1241 (39)
C(8B) 23951 (63) 38662 (44) 44838 (24) 1027 (29)
C(9B) 34551 (102) 43208 (47) 45467 (30) 1470 (41)
C(11A) 2462 (63) 18235(55) 30308 (21) 775 (29)
C(12A) 6204 (74) 24705 (42) 30598 (21) 701 (25)
C(13A) -—15863 (71) 24469 (45) 32635 (25) 780 (26)
C(14A) ~17587(63) 17955(55) 33583 (25) 833 (28)
C(15A) -9295(82) 14056 (38) 32189 (27) 810 (27)
C(21A)  -3829 (129) 20345(47) 45221 (27) 977 (34)
C(22A) 7468 (96) 19000 (54) 45291 (23) 883 (34)
C(23A) 8848 (90) 13102 (56) 43442 (28) 864 (29)
C(24A) -1614 (132) 10733 (43) 42069 (27) 1003 (35)
C(25A) 9474 (75) 15247 (76) 43172 (34) 1051 (36)
C(11B) 40703 (70) 19367 (88) 43108 (26) 979 (38)
C(12B) 46568 (123) 25132 (56) 42670 (37) 1074 (38)
C(13B) 54280 (82) 23798 (66) 40034 (38) 1020 (36)
C(14B) 53157 (86) 17258 (67) 38983 (28) 916 (32)
C(15B) 45029 (105) 14552 (43) 40852 (39) 954 (34)
C(21B) 31528 (124) 21130 (66) 28120 (23) 1031 (40)
C(22B) 28990 (77) 27577 (70) 28833 (26) 945 (31)
C(23B) 38741 (122) 30847 (43) 30228 (27) 933 (29)
C(24B) 47481 (83) 26368 (84) 30312 (29) 1109 (37)
C(25B) 42915 (144) 20215 (66) 29130 (35) 1176 (39)
He 3054 (29) 3168 (17) 3750 (1) 9 (10)

¢Hydrogen atom coordinates X 10% isotropic U X 103,
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Figure 3. ORTEP diagram with selected bond lengths and angles for IX.
Cyclopentadienyl rings are represented by their centroids R(1-4).

larger than the analogous angle for the other three complexes
(Table I). An interesting result of the structure determination
is the equivalence (within experimental error) of the two Zr-O
distances at 2.193 (4) and 2.194 (4) A. The M-M distances of
3.835 (2) [Al-Zr(1)], 3.573 (2) [Al-Zr(2)], and 4.263 (1) A
[Zr(1)-Zr(2)] imply little direct M~M interaction.

Heating toluene solutions of IX establishes an equilibrium
between IX and its symmetric isomer X. An equilibrium ratio

R(2}
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Table V. Atom Coordinates (X10°%) and Uy's (A% X 10%) in X

X y z Uy
Zr 6870 (2) 15034 (4) 17857 (2) 523 (1)
Al 0 45893 (I6) 25000 447 (4)
(o] 1700 (13) 34024 (23) 18745 (11) 462 (6)
C(1) 5955 (19) 34184 (41) 13336 (18) 470 (11)
C(2) 6470 (21) 43920 (41) 9236 (19) 530(12)
C(3) 10802 (24) 42999 (45) 3254 (20) 659 (13)
C(4) 16717 (25) 53033 (48) 2415 (21) 661 (13)

c(5) 21991 (35) 53853 (76)
C(6) 20374 (35) 50513 (66)
(7 13284 (38) 65893 (67)

8422 (34) 1595 (28)
-3818 (30) 1364 (23)
1762 (39) 1541 (27)

C(8) —8840 (26) 55803 (46) 22158 (24) 803 (15)
C(9A)Y —10786 (56) 67442 (103) 25787 (80) 814 (41)
C(SB)*  -8543 (57) 67659 (95) 18967 (79) 1086 (43)
C(11A) 15682 (25) 20262 (60) 27649 (24) 725 (15)
C(12A) 16267 (28) 7038 (64) 26597 (30) 889 (19)
C(13A) 19394 (33) 5337 (64) 20634 (38) 1017 (21)
C(14A) 20586 (26) 17158 (77) 17999 (26) 930 (20)
C(I5A) 18393 (25) 26410 (48) 22311 (29) 721 (15)
C(11B) 2134 (36) 10778 (49) 6086 (23) 790 (16)
C(12B)  7815(32) 2161(72) 7624 (31) 941 (19)
C(13B) 5548 (47) —6481 (56) 12216 (35) 1082 (24)
C(14B) —1508 (41) —3181 (62) 13688 (28) 969 (20)
C(15B) -3569(30) 7548 (55)  9905(28) 778 (16)
Ht 0 1203 (39) 25000 545 (141)

4 Methyl group C(9) disordered, population 0.45 for following atoms:
C(9A), H(81A), H(91A), H(92A), H(93A). ®Atom coordinates (X
104).

of 1:1.35 (IX:X) is obtained upon heating isolated samples of IX
or X at 100 °C overnight.

Compound X was isolated by washing IX away from a solid
mixture of IX and X. Compound X is a colorless crystalline
compound that exhibits equivalent cyclopentadieny! and ketene
resonances and a sharp hydride resonance at ~3.03 ppm in the
'H NMR (Table VI). This compound is stable indefinitely in
aromatic solvents at 25 °C; heating toluene solutions of X to 120
°C reestablishes the IX-X equilibrium but does not result in
significant decomposition after several weeks.

Recrystallization of X from Et,O~hexane affords X-ray-suitable
crystals. A summary of crystal and intensity data collection is
given in Table I and fractional coordinates of non-hydrogen atoms
in Table V. An ORTEP diagram of X is given in Figure 5;
selected bond lengths and angles are presented in Figure 4 and
Table I.

Complex X crystallizes in space group C2/c on a crystallo-
graphic C2 axis passing through the hydrogen and aluminum
atoms. The bridging hydrogen atom was located from a difference

r(2)

Figure 4. ORTEP diagram with selected bond lengths and angles for X. Cyclopentadienyl rings are represented by their centroids R(1,2). Like-numbered

atoms are related by a G, axis.
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chemical shift, multiplicity, coupling constant

assignment 'H 3C
(Z,2)-(Cp,Zr(OCCHCH,C(CH,)3)); (1a)
CsH; 5.88s 109.0
OCCHCH,C(CH,;), 187.8 dt Wy = 8.1
JJCH = 8.1
OCCHCH,C(CHj,), 5.68tJ =173 99.9d ey = 146
OCCHCH,C(CHj,), 213d =13 44,6 t Wy = 127
OCCHCH,C(CH;); 3145
OCCHCH,C(CH,), 1.17 s 30.0q WJey = 124
(Z,E)-(Cp,Zr(OCCHCH,C(CH;)3)); (la)
CsH; 5.89s 108.8
5.82s 109.3
OCCHCH,C(CH;); 187.0 dt 2oy = 8.1
JJCH = 8.1
185.2 dt ZJCH =11.0
ey =54
OCCH,C(CH,), 5.59tJ =173 101.0
455tJ=173 99.1
OCCHCHC(CH,), 216dJf=173 443
214dJ =173 443
OCCHCH,C(CHj;); 31.8
315
OCCHCH,C(CH,), s 29.9
s 29.8
(Cp2Zr(OCCH,)),, (Ib)
CsH, 584 s 109.4
0CCH2 [
OCCH, 5.25s 87.1
440 s
(Cp,Zr(OCCHCH,C(CHj3);)),(#-Al(CHy);) (I1)
CsHs 584s 108.8
548 s 107.9
OCCHCH,C(CH;); 187.3
180.6
OCCHCH,C(CH;); 6.22tJ=173 101.8 d Wey = 146
567tJ=173 99.5d 'Jey = 144
OCCHCH,C(CHj,), 220dJ =173 455t *Jcy = 120
207dJ =173 45.1 t Wey = 122
OCCHCH,C(CH,;); 32.2
32.1
OCCHCH,C(CHs5), 1.21s 30.7q ey = 123
1.19s 30.6
Al(CH3), -0.11s -6.9 q ey = 110.5
ZrCH,Al ~0.46 s -16.2 q ey = 1257
(Cp2Zr(OCCHCH,C(CH3)3))a(#-CH;)(1-Al(CHy),) (I1)
CsH; 5.64s 107.1 m Wey = 171.3
OCCHCH,C(CH,); 1783d Wy =73
OCCHCH,C(CH3), 6.05tJ =173 102.1d 'Jey = 147.9
OCCHCH,C(CH,;); 214d =173 449 t Vey = 123.7
OCCHCH,C(CH,;); 31.6
OCCHCH,C(CH,;); 1.14s 30.0 ¢ ey = 124.5
ZrCH Zr -0.19s —9.2q Ven = 136.2
Al(CH3), -0.46s ¢
Cp,ZrOC(CHCH,C(CH,);)CHCH (IV)
CsH, 588 s 110 m 'Jey = 170
OC(CHCH,C(CH,;);)CHCH 167
OC(CHCH,C(CH;);)CHCH 489td3J =83 103 d 'Jey = 147
OC(CHCH,C(CH,);)CHCH 221d3 =83 429 t ey = 125
OC(CHCH,C(CH;);)CHCH 3235
OC(CHCH,C(CH,);)CHCH 1.10 s 29.7q ey =123
OC(CHCH,C(CH,);)CHCH 7.05d3J =112
OC(CHCH,C(CH,);)CHCH 7.37dd3J = 11.2 187.9 d ey = 133
Cp,Zr(C*H;)C*OC(C*HCH,C(C8H;);) OAI(C"H ), (Cp,Zr(OCICIHC*H,CY(C™H;);)) (V)
CsH; 585s 108.4
5.46s 108.6
a 0.56 s 18.4 q 'Jey = 120.1
b 2975 s
& 157 s
d 6.13t 109
e 2.71d 40.7 t 'Jey = 123

31.5s
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Table VI (Continued)

chemical shift, multiplicity, coupling constant

assignment 'H 3¢
g 1.05s 299 q 'y = 124
h ~0.53 s ~7.6q ' Jeg =112
i 183.9
j 6.11t 99.8
k 2.29d 44.8
1 312 s
m 1.15s 29.7
(Z,2)-(Cp,Zr(OCCHCH,C(CHj);))(u-CIA(CHy),) (Via)
CsH; 585s 109.0
5.67s ¢
OCCHCH,C(CH,;); 188.8 dt /ey = 7.3
en=173
183.3 dt /ey = 8.8
ey =73
OCCHCH,C(CH;), 6.16tJ =173 103.4
d 99.6
OCCHCH,C(CHj;); 214dJ =173 45.0
207dJ =173 447
OCCHCH,C(CH,;); 319
¢
OCCHCH,C(CH,); 1.18s 303
1.16 s 30.0
Al(CH,),Cl1 ~0.08 s ~6.49
(Z,2)-(Cp,Zr(OCCHCH,(CH;)3)),(1-Cl) (1-Al(CH3),) (Vlla)
CsH; 577 s 109.1
OCCHCH,C(CH3); 179.5 dt 2oy = 8.8
ey =173
OCCHCH,C(CHj;); 6.15tJ =173 102.6
OCCHCH,C(CHj;); 209dJ =173 448
OCCHCH,C(CH,;); 31.6
OCCHCH,C(CH,;); 1.14s 29.9
Al(CHY), —0.25s ¢
(Z,E)-Vlla
CsH, 5.79 s 109.5
575 s 109.3
OCCHCH,C(CHj;); 178.8 dt 2Joy = 8.8
ew = 7.3
178.8 dt Z‘ICH = 8.8
en =59
OCCHCH,C(CHj;); 6.17tJ =173 103.4
474t J =178 103.3
OCCHCH,C(CH,;); 247dJ =178 45.4
209dJ =173 452
OCCHCH,C(CH;); 326
32.1
OCCHCH,C(CH5), 1.14s 30.5
1.14s 30.1
(Cp2Zr(OCCH,)),(u-Cl)(u-Al(CH3),) (VIIb)
CsHs 70's 109.5
OCCH, 187.5
OCCH, 5.78dJ = 1.5 90.0
457dJ =15
Al(CH;), -0.21s ¢
(Cp;Zr(OCCHCH,C(CH3)3))(C-H,N2)(AI(CH;),Cl) (VIII)
CsH, 595s 109.3
OCCHCH,C(CH;); 186.3
OCCHCH,C(CH,;), 6.151¢ 101.5
OCCHCH,(CH,), 2.26d 449
OCCHCH,C(CHj;); 31.7
OCCHCH,C(CH;); 1.20 s 30.1
Al(CH,;), 0.01 ~7.7
C;H,(N CH 8.13d 147.1
CH 5.71d 106.4
C 155.3
CH;, 1.92s 38.1
(Cp2Zr(OCCHCH,C(CH3)1))a(u-HAIL(CH,CHy),) (IX)
CsH; 5.76 s 108.5
5.60 s 105.5
OCCHCH,C(CHj;); 188.1

183.0
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Table VI (Continued)

Waymouth et al.

chemical shift, multiplicity, coupling constant

assignment 'H e
OCCHCH,C(CH3); 6.11tJ =173 103.2
d 100.7
OCCHCH,C(CHjy), 221dJ =173 45.6
220dJ =173 44.9
OCCHCH,C(CHj;); 322
32,0
OCCHCH,C(CH;); 1.23 s 30.7
1.20 s 30.6
HAI(CH,CH,;), ~1.59 s, br -2.7
HAI(CH,CHy5), 1.56tJ =178 10.8
(Cp,Zr(OCCHCH,C(CH,)3))o(u-H){(u-Al(CH,CHj3),) (X)
CsHs 8s 106.4
OCCHCH,C(CHj;); 175.7
OCCHCH,C(CHj;); 6.14tJ =173 103.4
OCCHCH,C(CHj;); 220dJ =173 44.9
OCCHCH,C(CH;); 31.7
OCCHCH,C(CH,;); 1.17 s 30.0
ZrHZr -303s
Al(CH,CHj;), 029qJ =178 ¢
Al(CH,CHy5), 1.55tJ =178 10.1
(Cp,Zr(OCCHCH,C(CHj3)3))(C;H oN2) (AI(CHy);) (XI)
CsH 5.79s 106.9
OCCHCH,C(CH,), 190.1
OCCHCH,C(CHj;); d 102.1
OCCHCH,C(CHj,), 234dJ =173 45.5
OCCHCH,C(CH;); 30.4
OCCHCH,C(CHj;); 1.18 s 30.2
ZrCH, 0.0s, br 15.1
Al(CH;), -0.13 s, br ~8.5 br
C;H (N, CH 824dJ =57 149.0
CH 595dJ =157 106.7
CH, 2.13 38.3
(Cp,Zr(OCCHCH,C(CH;);1)+«(C;HxN,) (XII)
CsHs 5.75s 106.5
OCCHCH,C(CHj;); 186.2
OCCHCH,C(CHj;); 488dJ =173 99.9
OCCHCH,C(CH;), 288tJ =173 44.6
OCCHCH,C(CH,); 31.7
OCCHCH,C(CH,;); 1.35s 30.1
C;H (N, CH 824dJ =57 150.9
CH 595dJ =57 106.6
CH;, 2.13s 383

¢'H (90 MHz) and '*C (22.5 or 100.5 MHz) NMR spectra taken in benzene-d; at ambient temperature unless otherwise noted. Chemical shifts
are reported in & relative to Me,Si or to residual protons/carbon in solvent. Coupling constants are reported in Hz. 2!*C NMR recorded in
toluene-dg at =10 °C. °Not resolved at 22.5 MHz. “Not observed at 90 MHz. ¢Not resolved at 100.5 MHz. /Obscured by benzene solvent

resonance.

Figure 5. ORTEP diagram of VIla and X.

map and refined (see Experimental Section).

The molecule adopts a puckered six-membered ring confor-
mation similar to that in III and VIla; however, the angles about
the ring differ substantially from those of IIl and VIIa. In
particular, the O~Al-O angle is approximately 4° smaller at 94.4
(1)° and the Zr-O-Al angle smaller by approximately 20° at
139.9 (1)°. The significance of these differences in ring con-
formation for X is considered in the Discussion.

The bond angles and lengths of the ketene ligands for X are
symmetry related and analogous to those of III, IX, and VIla.

The Zr-H bond lengths of 2.01 (4) A are normal for bridging
hydrides of zirconium,?®- but the Zr-H-Zr angle is unusually
large. Although typical M~H-M angles®' are less than 140°,
larger angles have recently been observed between Lewis acidic

(29) Wolczanski, P. T.; Threlkel, R. S.; Santarsiero, B. D. Acta Crystal-
logr. Sect. C, Cryst. Struct. Commun. 1983, C39, 1330.

(30) Jones, S. B.; Petersen, J. L. Inorg. Chem. 1981, 20, 2889-2894.

(31) (a) Teller, R. G.; Bau, R. Struct. Bonding (Berlin) 1981, 44, 1-82.
(b) Iliau, R.; Feller, R. G.; Kirtley, S. W ; Koetzle, T. F. Acc. Chem. Res. 1979,
12, 176.
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metal centers, particularly titanium,3? zirconium,3* and alumi-
num.3%®

The Zr-Zr distance of 3.975 (1) A is long for any significant
metal-metal interaction?’ but is substantially shorter than those
observed for III or VIIa (see Discussion).

Complexes IX and X are thermally robust and chemically inert.
They do not react under several atmospheres of CO or CO-H,
mixtures, even at elevated temperatures. They are both stable
in the presence of excess acetylene and do not react with excess
Et,AlH or with Lewis bases such as THF, pyridine, or di-
methylaminopyridine.

Discussion

Synthesis. The addition of alkylaluminum reagents to the ketene
dimer Ia (Scheme I) has led to a family of alkylaluminum-ketene
complexes with novel structural characteristics. This reaction
sequence is surprisingly general and involves the formation of an
adduct resulting from the addition of an Al-X bond into a Zr-O
dative bond of the dimer. The u-AlMe; adduct II is unstable under
vacuum and could not be isolated. The complexes VIa and IX
could be isolated and in the case of IX crystallographically
characterized. The crystal structure of IX provides some indication
why these intermediates do not react further with the aluminum
reagent. From Figure 3, it can be seen that the cyclopentadienyl
rings of Zr(1) and the hydrogen atom H(3) sterically inhibit attack
at the Zr(1)-O(B) bond.

Thermal rearrangement of complexes II, Vla, and IX proceeds
via transmetallation and migration of the X group (X = CHj,
Cl, H) to a symmetric, or nearly symmetric, position between the
two zirconium centers. The mechanism of this transformation
and the role of Lewis bases in the isomerization VIa — VlIIa are
still not well understood.

Structure. The structures of III, VIIa, and IX share several
common features. The dialkylaluminum center is chelated by the
oxygen atoms of two ketene ligands. The structural constraints
of this chelation have a dramatic effect on the coordination en-
vironment of the bridging ligand X (X = CHj, Cl, H). Two highly
Lewis acidic zirconium centers are structurally disposed such that
they are able to stabilize unusual coordination geometries for the
bridging ligands. Two features of this coordination are noteworthy:
the large M—X-M angles for these complexes and the hybrid-
ization of the methyl group in IIL

For the majority of transition-metal bridging chloride?’ and
alkyl complexes,?* M=X-M angles are less than 90°. For tran-
sition-metal bridging hydrides these angles can be larger’! (angles
up to 180° have been reported where one or both of the metals
is aluminum)*? but the vast majority prefer angles less than 140°.
This preference for sharp M—X-M angles appears to be due to
a tendency on the part of metal complexes to adopt a “closed”
bonding configuration (A), where there is significant M-M
overlap.® For the complexes reported here, large M—X-M angles

T4V
) — N
M M M\/@\/M

A B

(from 136° to 162°) and large Zr-Zr distances (from 3.6 to 4.8
A) suggest that the bonding description for these bridging ligands
is better described via an “open” bonding configuration (B).
As a consequence of the large M—X-M angle, the methyl group
of III is forced to adopt a trigonal-bipyramidal configuration
between the two zirconium centers. We previously offered'? a
qualitative orbital bonding description for the methyl group as
one involving a three-center two-electron bond utilizing a carbon
p orbital as in C, which contrasts with the more typical bonding

(32) Lobkovskii, E. B.; Soloveichik, G. L.; Sizov, A. I; Bulychev, B. M.
J. Organomet. Chem. 1988, 280, 53.

(33) (a) Kopf, J.; Vollmer, H.-J.; Kaminsky, W. Cryst. Struct. Commun.
1980, 9, 985. (b) Atwood, J. L.; Hrncir, D. C.; Rogers, R. D.; Howard, J.
A. K. J. Am. Chem. Soc. 1981, 103, 6787.
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description D offered for the majority of bridging hydrocarbyl
groups.

\H
H\CS/H
¢ / \)
\ T
WO S,
H
c D

A trigonal-bipyramidal geometry for carbon**¢ has recently
been discussed theoretically for CH;Li,**" In addition, several
examples have recently appeared in the literature,®® particularly
involving electrophilic metal centers, where large M~C-M angles
imply a similar type of coordination for the bridging carbon atoms.
A noteworthy example is the complex [Zr,Cps(u-CH,CH,)-
(CIALEt,),] prepared by Kaminsky et al.,*®* where an ethylene
group is coordinated between two zirconium centers.

The present work and the examples listed above suggest that
this type of coordination for carbon may be general for metal
centers where steric constraints disfavor a bonding mode as in D.
The effects of this coordination on the reactivity of the alkyl ligand
are unknown and warrant further investigation. The structure
of I1I should be helpful in the development of bimetallic systems
specifically designed to favor this type of coordination.

Model for Alkyl Transfer. Bridging ligands serve as structural
models for intermediates in ligand-transfer processes. The methyl
group of III represents an intermediate in an alkyl-transfer process
that proceeds with inversion. Many bimolecular electrophilic
substitution (Sg2) reactions proceed with retention of configuration
at carbon,® but selected examples proceed with inversion.*0 The
transfer of an alkyl group from an alkylcobalamine to a mercu-
ry(Il) center has been shown to proceed with inversion.*! This
alkyl transfer undoubtedly proceeds through an intermediate or
transition state of configuration similar to the methyl group of
ML

In a more closely related system, III serves as a direct model
for the proposed transition state that equilibrates the isomers of
the aldehyde complexes prepared by Schwartz,*? Erker,*® and
Floriani.** In this case, NMR studies on the chiral aldehyde
complex indicated that the isomerization proceeds with inversion
at the carbon center 4%

These results point out that alkyl transmetallations are likely
to proceed with inversion*’ between metal centers where steric

(34) In general, carbanions are belicved to be tetrahedral®® unless stabilized
by delocalization,

(35) Carey, F. A,; Sundberg, R. J. “Advanced Organic Chemistry”, Ist ed.;
Plenum Press: New York, 1977; Part A, p 304.

(36) Olmstead, M. M.; Power, P. P. J. Am. Chem. Soc. 1985, 107, 2174
and references therein.

(37) (a) Jemmis, E. D.; Chandrasekhar, J.; Schleyer, P.v. R. J. Am. Chem.
Soc. 1979, 101, 527. (b) Schleyer, P. v. R.; Tidor, B.; Jemmis, E. D,;
Chandrasekhar, J.; Wurthwein, E. U.; Kos, A. J.; Luke, B. T.; Pople, J. A.
Ibid. 1983, 105, 484.

(38) (a) Kaminsky, W.; Kopf, J.; Sinn, H.; Vollmer, H. J. Angew, Chem.,
Int. Ed. Engl. 1976, 15, 629. (b) Watson, P. L. J. Am. Chem. Soc. 1983, 105,
6491. (c) Engelhardt, L. M.; Leung, W.; Raston, C. L.; Twiss, P.; White, A.
H. J. Chem. Soc., Dalton Trans. 1984, 321. (d) Atwood, J. L.; Fieldberg,
T.; Lappert, M. F.; Luong-Thi, N. T,; Shakir, R.; Thorne, A. J. J. Chem. Soc.,
Chem. Commun, 1984, 1163. See also: (e) Forbus, T. R.; Martin, J. C. J.
Am. Chem. Soc. 1979, 101, 5057. (f) Rhine, W. E.; Stucky, G.; Petersen,
S. W. Ibid. 1975, 97, 6401.

(39) Lowry, T. H,; Richardson, K. S. “Mechanism and Theory in Organic
Chemistry”; Harper and Row: New York, 1981.

(40) (a) See ref 6 of ref 37a. (b) Stille, J. K.; Labadie, J. W. J. Am. Chem.
Soc. 1983, 105, 669.

(41) (a) Fritz, H. L.; Espensen, J. H.; Williams, D. A.; Molander, G. A.
J. Am. Chem. Soc. 1974, 96, 2378. (b) Dodd, D.; Johnson, M. D.; Lockman,
B. L. Ibid. 1977, 99, 3664,

(42) (a) Gell, K. L; Posin, B.; Schwartz, J.; Williams, G. M. J. Am. Chem.
Soc. 1982, 104, 1846. (b) Gell, K. I; Williams, G. M.; Schwartz, J. J. Chem.
Soc., Chem. Commun. 1980, 550.

(43) (a) Erker, G.; Kropp, K. Chem. Ber. 1982, 115, 2437. (b) Erker, G.;
Kropp, K.; Kruger, C.; Chiang, A.-P. Ibid. 1982, 115, 2447.

(44) (a) Gambarotta, S.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. J. Am.
Chem. Soc. 1983, 105, 1690. (b) Fachinetti, G.; Floriani, C.; Roselli, A.;
Pucci, S. J. Chem. Soc., Chem. Commun. 1978, 269.
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and electronic constraints disfavor a transition state analogous
to D.

r h
%/
R H =
CppZr —0 ZrCp, = Cpp2r——0~0 ZrCp,
Na D
Cl Cl cIq |
L J
R H
7,
%
_ Cpg2r 0 ZrCpyp
Cl Cl

Structural Comparisons. The Zr-Zr distances of III, VIla, and
X appear to be influenced by the size of the bridging ligand. The
chloride and methyl ligands are of similar size and the Zr-Zr
distances of the complexes containing these ligands are corre-
spondingly similar {4.864 (1) and 4.817 (1) A, respectively]. For
the hydride complex, where the bridging ligand is smaller, the
Zr-Zr distance is approximately 0.9 A shorter at 3.975 (1) A.
Larger M—X-M angles and smaller O-Al-O angles also appear
to correspond with smaller bridging ligands and shorter Zr-Zr
distances.

One feature of the hydride complex that may be a consequence
of the shorter Zr-Zr distance is the amount of puckering in the
six-membered ring (Figure 5). The degree of puckering is
measured by considering the angles between the planes defined
by the atoms of the ketene ligands [Zr, O, C(1), C(2), C(3)]. For
111 and VIla, these angles are 21 (6)° and 22 (6)°, respectively.
For X, this angle is much larger at 36 (5)°. We attribute the
increased puckering of the ring in the hydride complex X to an
increase in the nonbonded contacts between the Cp ligands on
adjacent zirconium centers as the Zr-Zr distance decreases. To
minimize nonbonded contacts between adjacent Cp ligands, the
zirconium centers must twist with respect to each other, causing
an increased distortion in the six-membered ring. As can be seen
from Figure 5, the Cp ligands of VIIa are almost eclipsed, while
those of X are staggered.

Reactivity. The complexes formed from the addition of alky-
laluminum reagents to the ketene dimer Ia exhibit different re-
activities depending on the bridging ligand X (X = CH,, Cl, H).
This difference in reactivity was first probed with Lewis bases.
Of the initial adducts II, Vla, and IX, the u-AlMe; complex II
reacts with the mild Lewis base Et,O to give Ia and Me;Al-Et,0.
Neither VIa nor IX react with Et,O, but the u-Cl VIa reacts
instantly with the stronger Lewis bases THF or pyridine to give
VIIa. The u-H IX does not react with THF or pyridine. The
symmetric complexes III, VIIa, and X are stable to Et,0, but the
u-CH; compound III reacts slowly with pyridine (12 h, 25 °C)
to yield the dimer Ia and pyridine-AlMe;. In contrast, the u-Cl
VIla and u-H X are stable to pyridine. The u-CH, III and u-Cl
VIla complexes both react with 4-dimethylaminopyridine; the u-H
complex X does not. In contrast to the other reactions with Lewis
bases, the product from the reactions of Il and VIla with DMAP
is not the dimer Ia but the Lewis base adducts XI and VIII,
respectively. Another product is apparently formed and, although
not isolated, is assigned as the ketene DMAP adduct Cp,Zr-
(OCCHCH,CMe;)-DMAP XII.

The reactivity of complexes III, VIla, and X toward unsaturated
substrates is also sensitive to the nature of the bridging ligand.
The u-CH,; compound III is the only one observed to react with
unsaturated substrates. Group 4 ketene complexes react with a
variety of unsaturated substrates including olefins, acetylenes,*

(45) We previously proposed a series of rapid transmetallations with in-
version to account for stereochemical scrambling of the a-carbon of a tita-
nacyclobutane upon treatment with Me,AICL: Ott, K. C.; Lee, J. B.; Grubbs,
R. H. J. Am. Chem. Soc. 1982, 104, 2942.
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aldehydes,* and organic ketenes.'” An open coordination site is
presumed to be a prerequisite for these insertion reactions. For
the complexes described, it is likely that dissociation of the ligand
bridge provides the necessary open coordination site. Dissociation
of the chloride or hydride bridge is expected to be less facile than
the methyl bridge,*” and thus the reactivity of these compounds
appears to reflect the lability of the bridging ligands with respect
to dissociation. The results from the reactions with Lewis bases
and unsaturated substrates allow the following order of reactivity
to be established: u-CH, (III) > u-Cl (VIIa) > u-H (X).

Treatment of the u-CH, III with acetylene generates two
products, the cyclic enolate IV and its Me;Al adduct [V-AlMe,.
The reaction probably proceeds by cleavage of the methyl bridge
followed by coordination and insertion of acetylene into one of
the ketene ligands (Scheme II). Migration of the methyl group
back to aluminum via an intermediate such as III’ results in a
second acetylene insertion to generate IV-AlMe;.

The formation of IV via III provides one route to the desired
activation of the ketene dimer Ia (eq 2). Although low yield of
IV (20% from Ia) limits the usefulness of this strategy, our results
further demonstrate the effectiveness of using alkylaluminum
reagents to coordinate and stabilize reactive organometallic
species.*3

Metal-bound ketene complexes have been proposed as inter-
mediates in CO reduction processes.? Several homogeneous
systems have been developed that model the production of met-
al-bound ketenes via the coupling of metal-methylenes and CO,%%0
However, the reactivity of metal ketene complexes under Fisch-
er-Tropsch conditions is less well investigated, particularly with
regard to further carbon-carbon bond formation.*>->!

TZ:AlMez
R ==

(46) Waymouth, R. M; Pierre, L.; Grubbs, R. H. unpublished results.

(47) Although comparisons are difficult, alkyl bridges are more labile than
chloride or hydride bridges in organoaluminum compounds. (a) Reference
26, p 32. (b) Eisch, J. J. in “Comprehensive Organometallic Chemistry”;
Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon Press: Oxford,
1982; Vol. 1.

(48) For example, coordinated Me,AlCl stabilizes the reactive Cp,Ti=
CHj species in the “Tebbe” reagent Cp,Ti==CHAlMe,Cl: (a) Tebbe, F. N.;
Parshall, G. W.; Reddy, G. S. J. Am. Chem. Soc. 1978, 100, 3611. (b)
Howard, T. R.; Lee, J. B.; Grubbs, R. H. /bid. 1980, 102, 6876.

(49) Hydrogenolysis of ketene complexes yields aldehydes,?** alcohols*®
or metal enolates,?® and hydrolysis{ alcoholysis yields the acetates,’ but in
only one case has further C—C coupling been observed for a ketene interme-
diate.

(50) Hermann, W. A,; Plank, J. Angew. Chem., Int. Ed. Engl. 1978, 17,
525,
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The carbonylation of 111 to IV models a key carbon-carbon
bond forming step of a CO reduction sequence involving metal
ketene intermediates. The insertion of CO into one of the ketene
ligands is an unprecedented transformation for a metal-bound
ketene complex’? and may be due to the effect of the aluminum
species in this system. Aluminum species have been used as
cocatalysts in homogeneous CO reduction systems,!' and alu-
minum oxides are widely used as catalyst supports in heterogeneous
systems. However, the role of these supports in CO reduction
is not well established.® Our results support the suggestion®®
that these supports play an active role in promoting CO reduction.

A related observation concerns the relevance of reaction 6 to
CO reduction over heterogeneous metal oxide catalysts.* Maruya
et al.>* have shown that metal oxides of Groups 3, 4, and 5 are
active Fischer~Tropsch catalysts. The Zr—O—Al-O-Zr structural
framework of complexes II1, VIIa, and X provides a homogeneous
model for such surfaces, and the carbonylation of III models the
insertion of CO into a metal oxide bound alkylidene.

Summary

We have demonstrated that the zirconocene ketene complex
Ia reacts with a variety of alkylaluminum reagents to afford
trinuclear bridging ketene complexes. Single-crystal X-ray dif-
fraction studies of all three members of this series have provided
useful structural comparisons of these molecules. The chelating
arrangement of the aluminum atom and the ketene ligands pro-
vides a unique coordination environment for the bridging chloride,
hydride, and methyl ligands. In particular, the methyl group of
I1I represents a new coordination mode for carbon between metal
centers. The trigonal-bipyramidal configuration of this methyl
group models the transition state of transmetallation reactions
that proceed with inversion. Despite the large number of
transmetallation reactions observed between early transition
metals, a clear picture of the stereochemistry of such reactions
has not yet emerged.®>#5 Our results imply that the stereochem-
istry of transmetallation reactions is highly dependent on the steric
and electronic properties of the metal centers, and trans-
metallations with inversion can be the dominant pathway, espe-
cially at highly oxidized metal centers.

The reactivity of these molecules appears to be dominated by
the availability of open coordination sites at the metal centers.
For III, where an open coordination site becomes available by
dissociating the methyl bridge, facile insertion reactions are ob-
served. The reaction of III with CO models a key chain-carrying
step in CO reduction processes over Lewis acidic and metal oxide
catalyst surfaces. We are continuing to explore the reactivity of
these complexes to determine the role of aluminum and early
transition-metal complexes in CO reduction.

Experimental Section

General Considerations. All manipulations were carried out under
argon with standard Schlenk techniques or in a nitrogen-filled glovebox
equipped with a —40 °C freezer. Argon was purified by passage through
columns of Chemalog R3-11 catalyst and Linde 4-A molecular sieves.
Toluene, benzene, diethyl ether, pentane, THF, and hexane, including
NMR solvents, were stirred over CaH, and transferred onto sodium
benzophenone ketyl. Solvents dried in this manner were vacuum trans-
ferred and stored under argon in flasks equipped with Teflon screw
valves. Me,AICI was purchased from Texas Alkyls and was used neat
or as prepared solutions in C¢Dg. Et,AlH was obtained from Texas
Alkyls as a 6% solution in heptane. Heptane was removed in vacuo to

(51) Fagan, P. J.; Manriquez, J. M.; Marks, T. J.; Day, V. W.; Vollmer,
S. H,; Day, C. S. J. Am. Chem. Soc. 1980, 102, 5393.

(52) Carbonylation of early transition-metal ketene complexes often leads
either to decomposition or displacement of the ketene ligand with concomitant
generation of the metallocene dicarbonyl: Meinhart, J. D.; Grubbs, R. H.
unpublished results.

(53) (a) Roper M. In “Catalysis in Cl Chemistry”; Keim, W., Ed.; D.
Reidel Publishing: Dordrecht, 1983; p 58. (b) Shriver, D. F. In “Catalytic
Activation of Carbon Monoxide”; Ford, P. C., Ed.; American Chemical So-
ciety: Washington, DC, 198]; ACS Symp. Ser. No. 152, pp 1-19.

(54) (a) Maruya, K.; Inaba, A.; Maghashi, T.; Domen, K.; Onishi, T. J.
Chem. Soc., Chem. Commun. 1985, 487. (b) Saussey, J.; Lavalley, J-C.;
Lamotte, J.; Rais, T. Ibid. 1982, 278. (c) Wang, G.; Hattori, H.; Itoh, H.;
Tanabe, K. Ibid. 1982, 1256.
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afford neat Et,AlH, which was used without further purification. 2,2-
Dimethyl-1-butene was obtained from Aldrich, distilled from CaH,, and
stored over molecular sieves. NaN[Si(CHj;);], was prepared by refluxing
freshly distilled HN[Si(CHj;);], (Analabs) with NaH in toluene under
argon for 24 h. Carbon monoxide (Matheson) and '3C-labeled CO (99%,
MRC-Mound) were used as received.

'H NMR spectra were recorded in C¢Dg, CDCly, or C,Dg by using
residual protiosolvent resonances as an internal reference on Varian
EM-390, JEOL FX-90Q, JEOL GX400, or Bruker WM-500 spectrom-
eters. '3C spectra were obtained on the JEOL instruments. IR spectra
were recorded as Nujol mulls or in solution in C4Dg on a Beckman
IR-4240 or Shimadzu IR-435 instrument. Elementary analyses were
performed at the California Institute of Technology Analytical Facility
or by Dornis and Kolbe Microanalytical Laboratory. All reactions were
carried out at room temperatures unless otherwise indicated.

Procedures. [Cp,Zr(C,0-n2-OCCHCH,CMe,)], (Ia). This complex
was prepared by the method of Straus.* A mixture of 3.727 g (10.0
mmol) of the acyl complex Cp,Zr(Cl)C(O)CH,CH,C(CH,),* and 1.880
g (10.0 mmol) of NaN[Si(CH;),], was dissolved in 75 mL of benzene.
A gelatinous yellow mixture formed and was stirred for 2.5 h. The
mixture was filtered through a pad of Celite on a coarse frit and washed
repeatedly with benzene. The clear yellow filtrate was stripped of solvent
and washed with two 15-mL portions of pentane to afford (Z,Z)-Ia as
a pale yellow powder (2.476 g, 7.42 mmol). The washings were stripped
of solvent to yield 0.425 g (0.60 mmol) of a yellow powder that was
identified as (Z,E)-Ia by 'H and '3C NMR (80% purity by 'H NMR):
(Z,Z)-1a IR (solution C4Dg) 2950 (s), 2900 (s), 2860 (s), 1690 (w), 1620
(ve=c, m), 1475 (m), 1460 (m), 1385 (m), 1360 (s), 1290 (w), 1250 (m),
1195 (w), 1085 (s), 1040 (vs), 1015 (vs), 990 (vs), 900 (m), 875 (m), 790
(s) ecm™!,

[Cp,Zr(C,0-9-0CCH,)], (Ib).** A mixture of 2.793 g (9.34 mmol)
of the acyl Cp,Zr(Cl)C(O)Me'* and 1.737 g (9.47 mmol) of NaN[Si-
(CHj;);], was suspended in 50 mL of toluene at —50 °C. A yellow
suspension formed, was allowed to warm to room temperature, and
stirred for 2 h. After the reaction mixture was allowed to settle overnight
at =20 °C, the orange supernantant was cannulated off and the resulting
off-white powder was washed with two 5-mL portions of toluene and one
5-mL portion of ether to yield 2.593 g of Ib as a 1:1 mixture with NaCl.
This material was used without further purification: IR (Nujol) 2900
(s), 2850 (s), 1595 (m), 1530 (m), 1460 (m), 1375 (w), 1350 (w), 1075
(m), 1050 (m), 940 (s), 810 (s), 790 (s), 765 (s) cm™".

[Cp,Zr(C,0-n-OCCHCH,CMe;)],(u-AlMe;) (IT). To an NMR tube
charged with Ia (21 mg, 0.031 mmol) at —40 °C was added 0.450 mL
of a 0.067 M solution of Me;Al in toluene-ds. At ~10 °C, the proton
NMR spectrum indicated the immediate formation of II. The '*C and
13C {'H} NMR spectra could be recorded before 11 began to isomerize
to III by maintaining the probe temperature at ~10 °C.

{Cp,Zr(C,0-n*-OCCHCH,CMe;)],(u-AlMe, )(u-Me) (IIT). The ket-
ene dimer Ia (0.818 g, 1.226 mmol) in 8 mL benzene was treated with
0.12 mL (1.25 mmol) of neat Me;Al via syringe. After the yellow
solution was stirred for 8 h at 25 °C, the solvent was removed in vacuo
to afford a waxy solid. This solid was washed with two 5-mL portions
of pentane to give III as a white powder (0.517 g, 0.699 mmol). Crystals
suitable for X-ray analysis'? were obtained by the addition of 6 mL of
pentane to 4 mL of a 0.17 M toluene solution of III. The resulting cloudy
solution was quickly filtered through a pad of Celite on a fine frit and
placed in a 10 °C refrigerator overnight to afford beautiful colorless
needles of III: IR (Nujol) 2910 (vs), 2850 (vs), 1625 (vcmc, M), 1460
(Vaups ), 1382 (m), 1375 (v, m), 1360 (s), 1325 (w), 1290 (w), 1260
(w), 1240 (w), 1195 (w), 1180 (m), 1165 (m), 1030 (m), 1010 (s), 970
(s), 900 (m), 870 (m), 800 (vs).

Anal. Calcd for Cy;Hs;0,A1Zry: C, 60.12; H, 7.23. Found: C, 59.99;
H, 7.19.

Reaction of IIT with Pyridine. A 27-mg (0.037 mmol) sample of III
was placed in a S-mm NMR tube, dissolved in benzene-dg, and capped
with a rubber septum. To this solution was added 9.0 uL (0.112 mmol)
of pyridine. After 12 h the NMR spectrum indicated complete formation
of Ia (Table VI) and Me;Al-pyr (~0.31 ppm, C¢Dy).

Reaction of III with 4-Dimethylaminopyridine. A 20-mg (0.027 mmol)
sample of 111 was combined with 7 mg (0.057 mmol) of 4-dimethyl-
aminopyridine and dissolved in C¢Dg. After 15 min the '"H NMR in-
dicated the formation of Cp,Zr(OCCHCH,CMe;)-AlMe;:DMAP XI
and another product assigned as Cp,Zr(OCCHCH,CMze;)-DMAP XII.

Cp,ZrOC(CHCH,CMe;)CHCH (1V). A 0.385-g (0.521 mmol) sam-
ple of III was weighted into a medium Schlenk tube and dissolved in 10
mL of benzene. To this yellow solution was added 0.05 mL (0.616 mmol)
of THF. Argon was evacuated from the Schlenk tube and replaced with
an atmosphere of acetylene that had been passed through a =78 °C trap
(CAUTION: Purified acetylene is highly shock sensitive and explo-
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sive).® The clear yellow solution turned metallic green and then dark
grey, suggesting the formation of polyacetylene. The reaction mixture
was stirred for 1.5 h at 25 °C and filtered through a fine frit to yield a
clear yellow solution. Removal of solvent in vacuo gave a waxy yellow
solid that was washed with 5 mL of Et,O and 5 mL of pentane to afford
IV as a white powder (0.150 g, 0.417 mmol): IR (Nujol) 2900 (s), 2850
(s), 1610 (vc—e, m), 1360 (m), 1285 (w), 1200 (w), 1190 (w), 1140 (w),
1040 (m), 1010 (m), 825 (m), 800 (s), 780 (m) cm™'.

Anal, Caled for C,sH,,0Zr: C, 63.46; H, 6.73. Found: C, 63.44;
H, 6.70.

Cp,Zr(CH;YCOC(CHCH,CMe;)0AIMe,[Cp,Zr(C,0-92-
OCCHCH,CMej)] (V). A 20-mL benzene solution of III (1.014 g, 1.37
mmol) was placed in a glass pressure bottle, warmed to 45 °C in an oil
bath, flushed twice with carbon monoxide, and pressurized to 50 psi with
carbon monoxide. After being stirred for 2 h at 45 °C, the dark orange
solution was transferred to a Schlenk tube. Solvent was removed in vacuo
to afford a waxy orange residue. This residue was washed with three
5-mL portions of hexane to yield V as a light yellow powder (0.657 g,
0.856 mmol): IR (solution C¢Dg) 2950 (s), 2930 (s), 2860 (s), 2820 (m),
1610 (vcmc, M), 1470 (m), 1440 (vc—o, 8), 1385 (w), 1360 (m), 1325
(w), 1285 (m), 1255 (w), 1240 (w), 1225 (w), 185 (s), 1150 (m), 1100
(w), 1090 (m), 1040 (s), 1015 (vs), 990 (vs), 900 (m), 800 (vs) cm™.

Anal. Calcd for Cy;gHs30:Zr,Al C, 59.49; H, 6.96. Found: C, 59.51;
H, 6.89.

[Cp,Zr(C,0-n>-0CCHCH,CMe;)],(u-AlMe,Cl) (VIa). Me,AlICI
(0.074 mL, 0.796 mmol) was added dropwise via syringe to an 8-mL
precooled (40 °C), stirred toluene solution of Ia (0.530 g, 0.794 mmol).
The yellow solution was allowed to warm to room temperature and was
stirred for 30 min. Toluene was removed in vacuo and the resultant
yellow waxy solid washed twice with 5 mL of hexane to give VIa (0.422
g, 0.555 mmol) as an off-white powder. Running the reaction (0.809
mmol of Ia) in 3.5 mL of toluene and slowly cooling to —50 °C afforded
colorless crystals of Vla suitable for analysis (0.448 mmol, 55%): IR
(solution C¢Dg) 2950 (s), 2900 (s), 2860 (s), 1710 (bw), 1620 (vc—c, m),
1475 (m), 1460 (m), 1390 (m), 1360 (s), 1290 (w), 1260 (m), 1190 (m),
1150 (w), 1085 (m), 1070 (m), 1035 (s), 1015 (s), 990 (s), 900 (m), 875
(m), 810 (s), 790 (s) cm™.

Anal. Caled for CigHsoO,ClZr,Al: C, 56.93; H, 6.63; Cl, 4.67.
Found: C, 56.97; H, 6.60; Cl, 4.65.

[Cp,Z1{C,0-n2-OCCHCH,CMe3) ], (u-AlMe,) (u-CI) (VIIa). A solu-
tion of Ta (0.818 g, 1.23 mmol) in 30 mL of toluene was treated with 0.11
mL (1.18 mmol) of neat Me,AlCl followed by 0.095 mL (1.18 mmol)
of pyridine via syringe. After the pale yellow solution was stirred for 1
h, solvent was removed in vacuo and the pale yellow residue washed with
two S-mL portions of pentane to yield VIla as a white powder (0.678 g,
0.893 mmol). Crystals suitable for X-ray diffraction were obtained by
layering pentane onto a concentrated (0.3 M) toluene solution of VIla
and cooling slowly to —=20 °C: IR (solution C¢Dg) 3100 (w), 2950 (s),
2900 (s), 2860 (s), 2820 (m), 1710 (w), 1670 (w), 1620 (vc—c, m), 1595
(w), 1475 (m), 1460 (m), 1435 (m), 1385 (m), 1360 (s), 1290 (w), 1260
(m), 1180 (s), 1110 (m-br), 1095 (m-br), 1080 (m-br), 1060, 1030 (s),
985 (m), 970 (s), 900 (m), 875 (m) cm™".

Anal. Caled for C3gHsg0,ClZr Al C, 56.93; H, 6.63; Cl, 4.67.
Found: C, 56.95; H, 6.67; Cl, 4.75.

X-ray Structure Determination of [Cp,Zr(C,0-92-
OCCHCH,CMe,)],(u-AMe,)(u-CI) (VIIa). A thin crystalline plate
(0.057 X 0.184 X 0.342 mm) of VIIa was mounted approximately along
cin a glass capillary under N,. A series of oscillation and Weissenberg
photographs indicated monoclinic symmetry and the space group P2,/c
(0kO absent for k odd, #0/ absent for I odd); data were collected on a
locally modified Syntex P2, diffractometer with a graphite monochro-
mator and Mo Ke radiation (A = 0.7107 A). The unit cell parameters
(Table II) were obtained by least-squares refinement of the average 28

values from 4 sets of 30 reflections: “+26” hk/ and “£20” hkl, 16 < 26
< 38°, The three check reflections indicated some decomposition; the
best least-squares fit was to a quadratic curve with a maximum decay
of 6.8%. The correction for absorption was negligible (¢ = 0.660 mm™!,
0.80 < u/ <0.92). The data were averaged over the Laue symmetry and
reduced to F,% the form factors for H are from Stewart et al. (1965) and
the “International Tables for X-ray Crystallography” (1974) for the other
atoms, and those for Zr, Cl, and Al were corrected for anomalous dis-
persion. The details of data collection are summarized in Table II.

The position of the two independent Zr atoms were derived from the
Patterson map, and the Fourier map phased on these two atoms revealed
the remainder of the structure. All H atoms were introduced into the
model with fixed coordinates at idealized positions and isotropic U =

(55) “Prudent Practices for Handling Hazardous Chemicals in
Laboratories”; National Academy Press: Washington, DC, 1981.

Waymouth et al.

0.0756 A2, Least-squares refinement of the non-hydrogen atoms with
anisotropic U,’s, minimizing - w[F_? ~ (F./k)?]?, using all the data (3567
reflections) led to § = 1.48, Rp = 0.053, and R’s = 0.073;% final
shift/errors <0.10. The maximum deviations found in the Ap map are
close to the fert-butyl group in fragment A and are less than 0.4 ¢ A~
All calculations were carried out on a Vax 11/780 computer with the
CRYRM system of programs.

[CP,Zr(C,0-7*-OCCH,)],(u-Cl){(u-AlMe,) (VIIb). A suspension of Ib
(0.358 g, 1.11 mmol of monomer) in 2 mL of toluene was treated with
neat Me,AICI (0.05 mL, 0.538 mmol) dropwise via syringe. The re-
sultant deep yellow solution was stirred 1 h, filtered through Celite on
a medium frit, and evacuated to dryness. The slightly orange residue was
washed with two S-mL portions of pentane to yield VIIb as an off-white
powder (0.130 g, 0.365 mmol). An analytical sample was prepared by
crystallization from toluene at —50 °C for 3 weeks: IR (Nujol) 2900 (vs),
2850 (vs), 1615 (vc—g, m, br), 1560 (m, br), 1180 (s), 1080 (s), 1010 (s),
905 (s), 800 (vs), 725 (s) cm™.

Anal. Calcd for CyH0,A1Zry: C, 50.43; H, 4.88; Cl, 5.72. Found:
C, 50.29; H, 4.79; Cl, 5.83.

[Cp,Zr(C,0-1*-0CCHCH,CMe;3) J(C;H (N} (AMe,CI) (VIL). A
0.769-g (1.153 mmol) sample of Ia in 5 mL of toluene was treated with
0.10 mL (1.153 mmol) of neat Me,AlICl via syringe. A solution of 0.422
g (3.460 mmol) of 4-dimethylaminopyridine in toluene was then added
via cannula. The solution was stirred for 30 min at 25 °C and then
evacuated to dryness. The resulting residue was redissolved in 25 mL
of toluene, layered with 10 mL of Et,0, and placed in the =50 °C freezer
to give colorless microcrystals of VIII after 8 h (0.246 g, 0.449 mmol):
IR (Nujol) 2500 (vs), 2850 (vs), 1630 (s), 1620 (s), 1550 (m), 1530 (w),
1500 (w), 1290 (w), 1260 (w), 1225 (m), 1180 (w), 1115 (vw), 1065 (m),
1030 (m), 1020 (s), 990 (m), 820 (m), 815 (s), 800 (6), 680 (s) cm™.

Anal. Calcd for C,sH330ON,C1ZrAl: C, 56.96; H, 6.99; N, 5.11.
Found: C, 56.99; H, 6.90; N, 4.97. Molecular weight (solution, C¢Hg)*".
Calced for C,sH330ON,C1ZrAl: 548.4. Found: 554.9.

[Cp,Zr(C,0-n*-OCCHCH,CMe;)],(u-HAIEt,) (IX). Complex Ia
(0.704 g, 1.055 mmol) was dissolved in 10 mL of toluene and treated with
neat Et;AlH (0.23 mL, 2.20 mmol) dropwise via syringe. The light
yellow solution was stirred for 2.5 h and evacuated to dryness. Washing
the residue with two 5-mL portions of pentane yielded IX as an off-white
powder (0.320 g, 0.425 mmol). Recrystallization from Et,O-hexane
afforded colorless crystals suitable for analysis: IR (Nujol) 2800 (vs),
2870 (vs), 1800 (vz,-p-a1, W-br), 1620 (m) (vc=c), 1360 (m), 1290 (w),
1230 (w), 1220 (w), 1195 (w), 1250 (w), 1040 (m), 1015 (m), 990 (m),
900 (m), 875 (m) cm™.

Anal. Calcd for C3H;s0,Zr,Al: C, 60.59; H, 7.36. Found: C, 60.55;
H, 7.28.

X-ray Structure Determination of [Cp,Zr(C,0-92-
OCCHCH,CMe;)];(u-HAIEL,) (IX). A crystal 0.01 X 0.28 X 0.76 mm
of IX was mounted in a glass capillary under N,. Oscillation and
Weissenberg photographs indicated monoclinic symmetry and the space
group C2/c (hk! absent for h + k odd, h0/ absent for / odd). Data were
collected on an Enraf~Nonius CAD4 diffractometer with a graphite
monochromator and Mo Ka radiation (A = 0.7107 A). The unit cell
parameters (Table II) were obtained by least-squares refinement of the
6 values for 25 reflections in the range 6.3 < 6 < 15.0. A complete sphere
of data was collected with 8§ < 45, yielding 22163 reflections. Three
check reflections, recollected after every 10000 s of exposure time,
showed no significant deviations in their intensities. The data were
averaged over the Laue symmetry and reduced to F,2. No decay or
absorption corrections were deemed necessary. Form factors for H were
taken from Stewart et al. (1975) and the “International Tables for X-ray
Crystallography” for the other atoms; those for Zr and Al were corrected
for anomolous dispersion.

The position of one of the independent Zr atoms was derived from the
Patterson map, and the Fourier map phased on this atom revealed the
other Zr atom, the Al atom, and several of the lighter atoms in the
coordination spheres of the two Zr atoms. Further structure factor
calculations and Fourier maps revealed the remainder of the structure,
including the bridging H atom. The remaining H atoms were introduced
into idealized positions after verifying their positions on a difference map.
The H atoms (except for the bridging hydride atom) were given fixed
isotropic {"s = 0.063 A2 Least-squares refinement of all non-hydrogen
parameters with anisotropic Us, the scale factor, and the coordinates and
isotropic U for the bridging hydride H atom led to S = 2.80, Ry = 0.067,
and Ry = 0.052;% final shift/errors <0.15. Two peaks of approximately

(56) Rp = T|Fo| = |F/ZIF ), § = [Z,8%/(n = 0)]'% R = [L,4Y/
SFAV2, w = [s + % + (0.025)2]k*/(L,)2 s = scan counts, r = scan-to-
background time ratio, b = total background counts, k = 1.5539 (12) (scale
factor on Fp), A = F 2 — (F./k)%, n = 3567, v = 379.

(57) Clark, E. P. Ind. Eng. Chem., Anal. Ed. 1941, 13, 820.
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0.8 ¢ A~ were found in the final difference Fourier map very near the
methyl carbons of the diethylaluminum moiety. All other peaks were less
than 0.6 ¢ A%, All calculations were carried out on a VAX 11/750
computer with the CRYRM system of programs.

[Cp,Zr(C,0-7*-0CCHCH,CMe;),(¢-H) (u-AlEty) (X). A toluene
solution of Ia (1.057 g, 1.58 mmol) was treated with several equivalents
(0.400 mL, 3.77 mmol) of neat Et,AlH. A deep yellow solution formed
and was stirred for 24 h at 80 °C. Removal of solvent in vacuo afforded
a dark brown waxy residue that was washed with four 15-mL portions
of cold (=30 °C) hexane to yield X as a white powder (0.444 g, 0.589
mmol). The dark brown washings were evacuated to dryness, redissolved
in toluene, and stirred at 80 °C for an additional 6 h. Workup in a
similar manner provided an additional 0.094 g (0.125 mmol) of X.
Recrystallization of 0.100 g of X from 5 mL of Et,O-hexane (3/2) at
—20 °C afforded crystals suitable for X-ray diffraction: IR (Nujol) 2800
(vs), 2750 (vs), 1630 (m) (vc=c), 1630 (s), 1310 (m), 1290 (m), 1255
(w), 1195 (w), 1180 (w), 1155 (w), 1020 (m), 1110 (m), 975 (m), 940
(m), 900 (m), 875 (m), 820 (s), 780 (s) cm™.

X-ray Structure Determination of [Cp,Zr(C,0-92-
OCCHCH,CMe;),(¢-H) (1-AlEt,) (X). A crystalline block (0.35 X 0.30
X 0.25 mm) of X was mounted approximately along a in a glass capillary
under N,. A series of oscillation and Weissenberg photographs indicated
monoclinic symmetry and the space group C2/c (hk! absent for h + k
odd, k0! absent for / odd); data were collected on a Enraf~Nonius CAD-4
diffractometer with a graphite monochromator and Mo Ka radiation (A
=0.7107 A). The unit cell parameters (Table IT) were calculated from
the setting angles of 25 reflections in the range 20 < 26 < 35°. A total
of 9443 reflections, comprising four symmetry-equivalent data sets, were
averaged to give a total of 2845 reflections. The three check reflections,
collected every 10000 s of exposure time, showed no significant deviations

in their intensities. The correction for absorption was negligible (u =
0.544 mm™). The form factors were taken from Table 2.2B, Vol. IV,
“International Tables for X-Ray Crystallography” (1974) for all atoms.

The position of the Zr atoms was derived from the Patterson map, and
the Fourier map phased on this atom revealed the remainder of the
structure. All H atoms were introduced into the model with fixed co-
ordinates at idealized positions and individual isotropic U’s equal in
magnitude to that of the adjacent heavy atom, plus 10-20%. Least-
squares refinement of all non-hydrogen atoms with anisotropic Uy/s, the
scale factor, and the two parameters of the hydride H atom (y coordinate
and U), minimizing 3_,[F,2 — (F./k)*]?, with all the data (2845 reflec-
tions) led to S = 1.76, Ry = 0.049, and R = 0.033;%¢ final shift/errors
<0.10. The maximum deviation found in the Ap map is less than 0.8 ¢
A-3. All calculations were carried out on a Vax 11/750 computer with
the CRYRM system of programs.
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Abstract: Phenyl anions are electrochemically generated upon direct reduction of bromobenzene at mercury and platinum
electrodes. Phenyl radicals are the result of the homogeneous reduction of bromobenzene using an electron-transfer mediator,
the m-tolunitrile radical anion, which is electrochemically generated. Homogeneous reduction of o-(3-butenyl)bromobenzene
(3) by the above mediator results in appreciable intramolecular cyclization of an intermediate to yield a product ratio of 8:1
for 1-methylindan (1)/3-butenylbenzene (2). Direct electrochemical reductions of 3 result in product ratios of 2:1 and 1:1
for 1/2 on platinum and mercury, respectively. In contrast, direct electrochemical reduction of 3 in the presence of D,0 or
2-propanol-d significantly decreases these product ratios to 0.2:1 and 0.05:1 on platinum and mercury, respectively. Furthermore,
the deuterium incorporation results are consistent with trapping of the o-(3-butenyl)phenyl anion prior to reaction to form
1. Product ratios for 1/2 are unaffected by the presence of D,O or 2-propanol-d when 3 is reduced by homogeneous electron
transfer from the m-tolunitrile radical anion. Cyclization of the o-(3-butenyl)phenyl radical can be affected by the addition
of the H atom donating species, sodium isopropylate. This allowed a minimum rate constant of 1 X 107 57! to be estimated
for cyclization of the o-(3-butenyl)phenyl radical. These data are consistent with intramolecular cyclization of both the
o-(3-butenyl)phenyl radical and the o-(3-butenyl)phenyl anion to produce 1.

Elucidation of an organic reaction mechanism often requires
the deployment of various trapping schemes in order to detect
reactive intermediates. Detection of aryl radicals as intermediates
in reductive aryl halide reactions'? has been accomplished by
trapping the radicals with various anionic nucleophiles.>* The

(1) For a review on reductive aryl halide reactions, see: Hawley, M. D.
“Encyclopedia of Electrochemistry of the Elements”; Bard, A, J., Lund, H.,
Eds.; Marcel Dekker: New York, 1980; Vol. XIV, Chapter 3. Chapter |
reviews reductive acyclic aliphatic halides reactions.

(2) Holy [Holy, N. L. Chem. Rev. 1974, 74, 243-277] reviews homoge-
neous electron-transfer reactions of aromatic halides.

(3) Bunnett, J. F. Acc. Chem. Res. 1978, 11, 413—420 and references cited
therein.

(4) Saveant, J. M. Acc. Chem. Res. 1980, 13, 323329 and references cited
therein.
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resultant radical anions can propagate the aryl halide reduction
via homogeneous electron transfer in a catalytic process by the
Sgn! mechanism,3-3

Unimolecular trapping processes involving intramolecular cy-
clizations between a free radical and double bond have been
demonstrated for 5-hexenyl radicals,®’ in particular for 1-

(5) Rossi, R. A.; de Rossi, R. H. “Aromatic Substitution by the Sgnl
Mechanism”; American Chemical Society: Washington, DC, 1983.

(6) (a) Lamb, R. C.; Ayers, P. W.; Toney, M. K. J. Am. Chem. Soc. 1963,
85, 3483-3486. (b) Walling, C.; Pearson, M. S. J. Am. Chem. Soc. 1964,
86, 2262~-2266. (c) Garst, J. F.; Ayers, P. W,; Lamb, R. C. J. Am. Chem.
Soc. 1966, 88, 4260-4261. (d) Garst, J. F. Acc. Chem. Res. 1971, 4, 400-406.
(e) Jenkins, C. L.; Kochi, J. K. J. Am. Chem. Soc. 1972, 94, 843-855 and
references cited therein. (f) Griller, D.; Ingold, K. U. Acc. Chem. Res. 1980,
13, 317-323 and references cited therein.
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