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Reaction of a Tantalum Alkylidene Complex 
with Dinuclear Metal Carbonyls: 

Formation of C, Ligands 

Grant Proulx and Robert G. Bergman* 
The mechanisms of reactions that deoxygenate carbon monoxide (CO) and convert it into 
longer chain hydrocarbons are not well understood. A series of reactions between "early" 
and "late" transition metal complexes that result in CO coupling reactions in a homoge- 
neous solution are reported. In one example, the Schrock tantalum-methylene complex 
(q5-C,H,),Ta(CH,)(CH,) reacts with the dinuclear metal carbonyls Co,(CO), and 
Fe,(CO), in a novel fashion to yield a C,H,O, ligand bridging three metal centers. Reaction 
of the tantalum-methylene complex w~th Re,(CO),, leads to an even more substantial 
change in which extensive rearrangement along with three-carbon coupling occurs. An 
oxygen atom is removed from one CO group, leading to the novel oxotantalum compound 
(q5-C5H5),(CH3)Ta=0. Simultaneously, the carbon atom from the transformed CO couples 
with two CH, groups initially bound to tantalum and the CH, hydrogens are rearranged to 
produce a CH3-CC ligand. Low-temperature nuclear magnetic resonance and isotope 
tracer experiments have provided preliminary information about the mechanisms of these 
unusual carbon-carbon bond-forming reactions. 

Carbon monoxide (CO) is an important 
potential building block in chemical syn- 
thesis (1). "Synthesis gas," a mixture of CO 
and Hz, is used in metal surface-catalyzed 
chemical transformations, such as the 
Fischer-Tropsch process, that lead to longer 
chain organic molecules. These reactions 
have been studied by ultrahigh vacuum 
(UHV) techniques, and surface-bound car- 
bide, CH, and CH, fragments have been 
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implicated as intermediates (1, 2). Howev- 
er, their mechanisms are still not well 
understood. A few analogous homogeneous 
solution reactions are known in which CO 
molecules are coupled ( 3 6 )  or cleaved (7, 
8), but more extensive homogeneous C-C 
bond-forming processes with this ligand are 
still rare. Examples of CO oligomerization 
processes that occur in a homogeneous so- 
lution would provide an opportunity for 
detailed study of this fundamental transfor- 
mation. 

We report the reaction between the first 
"early" (left side of the periodic table) 

transition metal (alkyl) (methylene) com- 
plex, prepared by Schrock in 1975 (9), and 
three "late" (right side) dinuclear metal 
carbonyls: Co2 (CO),, Fez (CO),, and 
Re2(CO) ,,. In spite of the superficial simi- 
larity of the carbonyls, the reaction pro- 
ceeds similarly in two of these cases but 
takes a dramatically different course in the 
third. With Co and Fe, two CO ligands and 
a CH, fragment directly couple with one 
another. In the Re system, a number of 
substantial changes take place: hydrogens 
are rearranged in two CH2 groups to give a 
carbon atom and a methyl group; an oxygen 
atom is removed from a CO ligand and 
transferred to a second tantalum moiety 
[generating the novel complex Cp2(CH3) 
Ta=O (Cp = q5-C5H,)]; and the resulting 
carbon fragments are coupled to give a 
coordinated C, (methylacetylide) ligand. 

Treatment of 1 eq (equivalent) of 
Cp2Ta(CH2)(CH3) (1) with 1 eq of 
Co,(CO), or Fe,(CO), above -30°C for 3 
hours resulted in >90% ['H nuclear magnetic 
resonance (NMR)] yields of dark brown and 
dark red compounds, respectively, with the 
stoichiometries Cp,Ta(CH,) (C3H202)Co2- 
(CO), (2) and Cp2Ta(CH3) (C3H202)Fe2- 
(CO) , (3). Compound 2 was isolated in 49% 
yield and compound 3 in 47% yield by ben- 
zene-pentane recrystallization. The 'H NMR 
spectra (10, 11) of 2 and 3 are similar, with 
two doublets attributable to two coupled in- 
equivalent CH, protons. The 13C NMR spec- 
tra (1 0, 1 1) of 2 and 3 are also quite similar 
with resonances attributable to an allylic CH, 
and a Ta-CH, ligand. The spectroscopic data 
eliminate structures for these compounds that 
retain the CH, ligand on the Ta center and 
suggest attack of this group on a CO ligand. 

To confirm this inference, the x-ray 
structures of 2 and 3 were determined. The 
molecular geometries are shown in Fig. 1, 
A and B. These show heterotrinuclear 
structures in which a (C,H,O,) unit, 
formed from the direct coupling of two CO 
ligands and the carbene C atom, bridges the 
three metal centers and is bound to the Ta 
through two 0 atoms. One late metal 
center is associated in an allylic fashion 
with all three carbons of the ligand, and the 
second late metal center is bound to only a 
single C atom of this ligand (1 2, 13). 

In contrast to the above results, treat- 
ment of 2 eq of 1 with 1 eq of the larger 5d 
metal carbonyl Re,(CO) ,, for 1 hour above 
5°C resulted in the formation of a deep red 
compound in 62% isolated yield [based on 
Re,(CO) ,,I with the stoichiometry 
Cp2Ta(C3H3) Re2 (CO)9 (4). Overall, for- 
mation of 4 requires a net loss of H 2 0  from 
1 and the metal carbonyl. However, free 
H,O was not produced in this reaction; 
instead, Cp2Ta(0) (CH,) (5) (1 4, 15) and 
CH, were formed. Control experiments 
demonstrated that treatment of 1 with 

SCIENCE VOL. 259 29 JANUARY 1993 



C 0 2 4  : 1.90 

Fig. 1. Line drawing, ORTEP diagram, and selected bond distances for Cp2Ta(CH3)(C3H202)Fe2(CO), (3); and (C) Cp2Ta(C3H3)Re2(CO), (4). 
the molecular structure of (A) Cp2Ta(CH3)(C3H202)Co2(CO)6 (2); (6) 

4 

Flg. 2. Suggested mechanism for the formation of Cp2Ta(C3H,)Re2(CO), (4). The asterisk indicates 
the fate of one I3C atom initially bound to Re2(13CO)l,. 

- 
2 

Fig. 3. Suggested mechanism for the formation of Cp2Ta(CH3)(C3H202)Co,(CO)6 (2). Note that in 
several of the structures, dative (donor-acceptor) metal-metal bonds are required to establish 
closed shell (18-electron) configurations at the metal centers. 

varying amounts of H,O does not form 5. 
The 13C NMR spectrum (16) of 4 shows 
resonances attributable to three different 
types of C atoms, other than those associ- 
ated with CO and Cp ligands. In the 13C 
spectrum an unusually downfield resonance 
was observed [tetrahydrofuran (THF)-dB] at 
6 266.53 attributable to a CO ligand. Sim- 
ilarly, the infrared spectrum of 4 exhibits a 
stretch due to v(C0) at 1713 cm-'. Once 
again, x-ray diffraction was required to con- 
clusively establish the structure of the prod- 
uct. The molecular geometry (Fig. 1C) 
reveals a trinuclear structure in which two 
metal centers are bridged by both a CO 
molecule and a three-carbon methyl- 
acetylide ligand. Interestingly, this struc- 
ture verifies a rare example of a bridging CO 
attached to Ta. 

We have camed out initial mechanistic 
studies on the Re reaction because it ap- 
pears to be the most unusual of the three 
processes reported here. In one experiment, 
the progress of the reaction of 1 with 
Re,(CO) ,, was monitored by variable-tem- 
perature NMR. The reactants were mixed 
at -50°C. Slow warming of the reaction 
solution showed by 'H NMR the formation 
of a new material, different from reactants 
or products, whose spectral characteristics 
were consistent with its assignment as oxa- 
metallacycle 6 (Fig. 2). O n  reaching YC, 
this compound reacts with a second mole- 
cule of 1, with loss of 1 eq of CH, and 1 eq 
of 5, to give 4. Carrying out the reaction of 
1 with 13CO-enriched Re,(CO) lo estab- 
lished that the Re-bound C atom of the C3 
ligand in 4 was formed from a CO ligand 
initially incorporated in Re, (CO) ,,. 

On the basis of these preliminary results, 
we propose the pathways summarized in Figs. 
2 and 3 as working hypotheses for the mech- 
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anisms of the reaction of 1 with Co,(CO),, 
Fe,(CO),, and Re2(CO)lo. We believe both 
reactions are initiated by an overall cycload- 
dition between the Ta=CH, group of 1 and a 
CO ligand of the dinuclear metal carbonyl 
complex. After this step, the pathways appar- 
ently diverge, as suggested in Figs. 2 and 3. 
The Re reaction appears to be a Wittig-type 
interaction between a CO ligand and a 
M=CH, group in which the carbon and oxy- 
gen atoms are simply interchanged to form a 
vinylidene ligand. 

Our experiments record new examples of 
reactions in homogeneous solution between 
early and late transition metal complexes. 
These processes result in overall transforma- 
tions in which CO molecules are coupled to 
one another and to CH, ligands, in one case 
with cleavage of the CO bond and accompa- 
nying rearrangement of hydrogen on the CH, 
groups. The rapid occurrence of these reac- 
tions appears to be a direct result of the 
interaction of two metal com~lexes in which 
the metal centers have very different electron- 
ic properties. It is not yet known whether 
transformations exhibiting related types of 
cleavage and rearrangement on surfaces (such 
as the Fischer-Tropsch process which forms 
alcohols, ketones, or aldehydes from CO and 
H,) proceed by mechanisms similar to those 
involved in the reactions described here.. 
However, the potential analogies are interest- 
ing. We hope that our results stimulate fur- 
ther studies of chemical interactions between 
earlv and late transition metal carbon-con- 
taining species in both homogeneous and 
heteroeeneous media so that the surularities " 
and differences between processes occurring 
under these two conditions may be better 
understood. 
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Shock Amorphization of Cristobalite 

A. J. Gratz, L. D. DeLoach, T. M. Clough, W. J. Nellis 
Shock amorphization of cristobalite is reported and related to shock metamorphism of 
quartz, both being silicon dioxide polymorphs. Whereas amorphization of quartz takes 
place over a broad pressure range and is complete only at 35 to 40 gigapascals (350 to 
400 kilobars), amorphization of cristobalite was complete (greater than 99.9 percent) by 
28 gigapascals with a relatively sharp phase transformation; lower shock pressures up to 
23 gigapascals resulted in no significant amorphization. Also, unlike quartz, there was no 
sign of lamellar amorphization, which is common in shock compression. Cristobalite 
amorphization should prove a useful indicator of shock pressure and is the first case of 
pressure amorphization of isochemical polymorphs. The diaplectic glass that is produced 
has a refractive index and density essentially identical to those of the diaplectic glass made 
from quartz, which suggests that both polymorphs collapse during shock to similar dis- 
ordered phases. 

Phase and microstructural changes induced - 
by shock compression are of interest both in 
high-pressure physics and in studies of me- 
teorite impacts. Materials undergoing such 
changes provide information about the na- 
ture of high-pressure ~ h a s e  transformations 
and about possible deformation mecha- 
nisms in minerals. For example, shock 
transformation and deformation of SiO, 
quartz have been studied extensively (1-5). 
When shocked to pressures of 15 to 40 
GPa, the mixed-phase region ( 6 ) ,  quartz 
transforms continuously to a disordered 
phase without evidence of melting (a dia- 
plectic glass), such as flow features and loss 
of original grain structure. Diaplectic glass 
in shocked quartz is formed in the solid 
state in lamellar regions, usually along crys- 
tallographic directions (7, 8). Completion 
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of the process at high shock pressures causes 
the formation of an amorphous material. A 
similar process occurs in the static compres- 
sion of quartz in a diamond-anvil cell (9, 
10). 

Shock effects observed in various initial 
forms of SiO, in the laboratory might serve 
as useful indicators of shock-induced effects 
and pressures in nature. Notably, shock- 
induced microstructures in quartz can be 
observed with an optical microscope as 
planar deformation features (PDFs) and are 
used extensively to identify shock metamor- 
phism. At the Cretaceous-Tertiary bound- 
ary, for example, quartz grains were shown 
to contain PDFs attributed to shock loading 
caused by meteorite impact (I I). In addi- 
tion, the extent of SiO, amorphization is 
used to estimate shock pressures, with total 
amorphization assumed to occur between 
35 and 40 GPa. based on the auartz results. 
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more National Laboratory, University of California, 
Livermore. CA 94550. has now been observed in a variety of 
L. D. ~ e ~ o a c h ,  Y Division, Lawrence Livermore Na- crystals (12-14), shock experiments have 
tional Laboratory, University of California, Livermore, not been done on polymorphs of the same 
CA 94550. 
T. M. Clough, Department of Chemistry, Arizona State Si02, for it is 
University, Tempe, AZ 85287. tant to know to what extent observed phase 
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