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probably one of the alkene—chromium species described above.
This argument suggests an intermediate chromium-hydrogen
system possibly containing a w-allyl moiety. The activation of
the C—H bond is apparently related to the resonance stabilization
gained upon formation of the arene and the further stabilization
from the tendency of chromium to form strong = bonds with arene
ligands. This unusual nature of our chromium—cyclohexene re-
action system is further demonstrated by the absence of the ol-
igomerization products observed when 1-butene is cocondensed
with chromium atoms as reported by Skell;’ the addition of D,0
is necessary to generate oligomeric products in the case of I-
propene, but we observed oligomerization in the absence of a
proton source.

We are currently attempting to further elucidate the mechanistic
details of the process involved in this reaction, as well as optimizing
the process as a synthetic method for the convenient preparation
of mixed, r-complexed arene chromium compounds.
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Transition-metal carbene complexes are among the most im-
portant organometallic substrates involved in stoichiometric as
well as catalytic reaction sequences for the transformation of
organic compounds.! Surprisingly, most presently employed
synthetic routes for the conversion of a metal carbonyl to a
transition-metal carbene moiety are basically variations of E. O.
Fischer’s original method,? published back in 1964, which is
characterized by a nucleophile initially attacking the carbonyl
carbon atom. Limitations of this route® have been circumvented
by using carbene precursors other than coordinated carbon
monoxide.! However, a general mechanistic alternative to
Fischer’s procedure for the MC=0 — M=CR(OR’) conversion
seems still to be lacking.

We have recently observed two competing reactions taking place
upon exposure of the unique (s-cis-/s-trans-n*-conjugated
diene)metallocene system 1 = 3* to ketones and aldehydes.
Metallacyclic o2,7-type structured 3 reacts by a usual carbonyl
addition reaction.>® Under equilibrium conditions, the reactivity
of the s-trans isomer 1 is much higher, however. Its reactions with
ketones is believed to proceed through a coordinatively unsaturated
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Flgure 1. Perspective view of the molecular structure of 9a with atom
numbering scheme.
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(n*-diene)MCp, intermediate 2. It has been suggested that CC
coupling takes place during a (probably concerted) electrocyclic
ring-closure reaction of 5§ to produce a metallacyclic g-allyl
complex 6.7 Replacement of the organic carbonyl compound
4 in this reaction sequence (Scheme I) by its inorganic analogue,
a transition-metal carbonyl, should lead to a Fischer-type carbene
complex, formed from coordinated carbon monoxide by electro-
cyclic CC coupling.

In fact, the (s-cis-/s-trans-y*-butadiene)zirconocene equilibrium
mixture (1= 3)*slowly reacts at room temperature with Cr(CO);
(equimolar, 2% in benzene, 12 h) to yield the (zircono-
xycarbene)Cr(CO)s complex® 9a. (Yellow crystals from benzene,
51% isolated yield. Anal. Caled for C,0H;4OsCrZr: C, 48.47,
H, 3.25. Found: C, 48.59; H, 3.13. IR® (C¢Dy) vco = 2048 (m),
1994 (s), 1920 (vs) cm™,) The NMR spectra of 9a indicate the
presence of a syn-substituted w-allyl unit’>!® (C¢D¢ solution,

(7) See, for comparison: (a) Kropp, K.; Erker, G. Organometallics 1982,
1, 1246. Erker, G.; Rosenfeldt, F. J. Organomet. Chem. 1982, 224, 29. (b)
Erker, G.; Engel, K,; Dorf, U.; Atwood, J. L.; Hunter, W. E. Angew. Chem.
1982, 94, 915, 916. (¢) Stockis, A.; Hoffmann, R. J. Am. Chem. Soc. 1980,
102, 2952. Skibbe, V.; Erker, G. J. Organomet. Chem. 1983, 241, 15.

(8) For other examples of group 4 metaloxy carbene complexes, see:
Fischer, E. O.; Fontana, S. J. Organomet. Chem. 1972, 40, 159. Rauben-
heimer, H. G.; Fischer, E. O. Ibid. 1975, 91, C23. Petz, W. Ibid. 1974, 72,
369. Wolczanski, P. T.; Threlkel, R. S.; Bercaw, J. E. J. Am. Chem. Soc.
1979, 101, 218. Threlkel, R. S.; Bercaw, J. E. Ibid. 1981, 103, 2650. Barger,
P. T.; Bercaw, J. E. Organometallics 1984, 3, 278.

(9) See, for a comparison: Fischer, E. O.; Kreiter, C. G.; Kollmeier, H.
J.; Miller, J.; Fischer, R. D. J. Organomet. Chem. 1971, 28, 237. Fischer,
E. O; Kollmeier, H. J. Chem. Ber. 1971, 104, 1339.

(10) Hoffmann, E. G.; Kallweit, R.; Schroth, G.; Seevogel, K.; Stempfle,
W.; Wilke, G. J. Organomet. Chem. 1975, 97, 183. Erker, G.; Berg, K.;
Kriger, C.; Miiller, G.; Angermund, K.; Benn, R.; Schroth, G. Angew. Chem.
1984, 96, 445. Erker, G.; Berg, K.; Benn, R.; Schroth, G. Chem. Ber., in press.

0002-7863/84/1506-7649801.50/0 © 1984 American Chemical Society



7650 J. Am. Chem. Soc. 1984, 106, 7650-7652

ambient temperature).!’ (*H NMR & 1.49, 1.50 (H8s/a), 491
(H7), 4.53 (H6), 4.20, 2.66 (H5/5’); 2Juy (Hz) = 4.0 (H8s/a),
-17.4 (H5/5); 3Jyy (Hz) = 8.4 (H8s/7), 13.5 (H8a/7), 15.9
(H7/6), 4.7, 9.8 (H6/5,5); 3C NMR (Mcy, Hz) 8 44.4 (149)
C8,129.3 (146) C7, 112.3 (149) C6, 68.3 (129) C5.) This causes
the zirconocene Cp ligands to be diastereotopic (\H NMR 6 5.23,
5.26; 13C NMR 4 108.87, 109.02). A typical *C chemical shift
difference!? is found between CO ligands trans (5 225.0) and cis
(6 219.7) to the carbene unit. The observed *C absorption of
the carbene carbon atom itself (6 363.7) is close to the low-field
limit of the range characteristic of Fischer-type carbene com-
plexes.!2

The molecular structure of the metallacyclic zirconoxycarbene
complex 9a was determined by X-ray crystallography (Figure 1).13
The bent metallocene unit (Zr-C(Cp) = 2.486 (5) A, Cp(C)-
Zr-Cp/(C) = 129.2 (4)°) is connected to the chromium carbene
moiety by a rigid framework, incorporating a substituted »-allyl
unit!® and the “carbene oxygen™ O4. Structural features around
chromium are in the expected range for a Fischer-type carbene
complex! (Cr-C1 = 1.887(3), Cr-C2 = 1.882 (4), Cr—C3 = 1.879
(5), Cr—C4 = 2.063 (4) A; C3-Cr-C4 = 177.0 (2)°). Quite
remarkable is the short O4—C4 bond, with 1.254 (5) A clearly
among the shortest values so far observed for a Cr=C—OR
moiety.b!4 In connection with the observed rather long Zr—O4
bond® of 2.188 (3) A this is an indication for a pronounced metal
acyl character, emphasizing on the relative importance of reso-
nance form B for describing the metal carbene moiety in 9a.

N N 2
CpyZ r\o/C=Cr(C Olg~— szZr\o/C— Cr(CO)g

A e )

This might well be the primary reason that a substantially
decreased Zr-04-C4 angle (136.1 (3)°) and a w-allyl ligand is
favored around zirconium for 9a as opposed to 6.6

Reactions of butadiene zirconocene (1 = 3) with molybdenum
and tungsten hexacarbonyl proceed exactly analogously. We
obtained the bimetallic carbene complexes 9b (M = Mo) and 9¢
(W) in 61% and 72% isolated yield. Spectroscopic properties of
these compounds are almost identical with those observed for the
chromium complex 9a.!%

Unfortunately, the reaction of the M(CO)¢ complexes 7a—c with
the rapidly equilibrating (butadiene)ZrCp, isomer system is too
slow for an experimental observation of differences in reaction
rates between 1 and 3. The much higher isomerization activatiorn
barrier of the (s-trans-/s-cis-butadiene)hafnocene system
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2.42; Wyy (Hz) = 4.0 (H8s/a), -17.7 (H5/5"); *Jyu (Hz) = 8.0 (H8s/7),
14.0 (H8a/7), 16.0 (H7/6), 4.8,9.9 (H6/5,5); '*C NMR: 108.81, 108.93,
44.5,129.3,113.2,71.7, 342.2, 205.7, 200.7. 9a’ (Hf, Cr): IR 2052, 1981,
1929 ecm™'; 'TH NMR: 5.196, 5.198 (Cp), 1.27, 1.31, 4.92, 4.50, 4.18, 2.63
(H8-HS5); Wyuy (Hz) = 4.9 (H8s/a), -17.5 (H5/5); *Juy (Hz) = 7.7
(H8s/7), 14.1 (H8a/7), 16.1 (H7/6), 4.9, 9.6 (H6/5,5").

(AG*gpoc(1’ — 3") = 24.7 keal/mol; equilibrium at 60 °C, 17/3
< 1/99)* compared to the zirconium analogue (AG* o soc(1 —
3) = 22.7 keal/mol; equilibrium 25 °C, 1/3 = 45/55)* allows a
clear mechanistic differentiation,*™ however. Reaction of a 80/20
mixture of the hafnium complexes 1°/3" with 0.7 equiv of Cr(CO),
(7a) in benzene at room temperature results exclusively in the
consumption of the (s-trans-n*-butadiene) HfCp, isomer 1’ to yield
the Hf/Cr—carbene complex 9a’.!* Under these conditions (s-
cis-butadiene)hafnocene remains unaffected by the added metal
carbonyl. Treatment of a 1’/3’ mixture with W(CO); at ambient
temperature furnishes a similar result. This is a strong indication
that the reactions of the diene zirconocene and hafnocene systems
with coordinated carbon monoxide indeed represent examples of
a principally new synthetic entry to the class of Fischer-type
carbene complexes, which is characterized by an electrocyclic
ring-closure reaction of a (n*-olefin)(n*-carbonyl)metallocene-type
intermediate (8).57 There is a good chance that a rapid expansion
of the already extremely well-studied chemistry of Fischer-type
carbene complexes will result from the discovery of this new
reaction type.!
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The chemistry of formate ion is an active area of current interest
due to its importance in the catalysis of the water gas shift reaction!
(WGS) in eq 1. The hydrogen produced by WGS is typically

CO + H,0 — H, + CO, (1

used for catalytic methanol or Fischer-Tropsch synthesis in a
second process. We report here the first catalytic reaction of
formate ion to yield an organic product, methanol. This new
formate ion chemistry is generally applicable to a range of metal
oxide catalysts and allows the direct synthesis of methanol from
carbon monoxide and water in a single process.

Addition of metal oxide catalysts to the molten lithium/po-
tassium formate salts listed in Table I results in the smooth
evolution of gaseous products containing hydrogen, methanol, and
carbon monoxide as described by the limiting stoichiometries given
in eq 2 and 3, respectively.? Significantly, only the lead-based

ZHCOZ_ - Hz + CO + CO32- (2)
4HCO,” — CH;OH + CO + 2CO;> 3)
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