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and the complex Fe2(p-t-BupP)2Clz(PMe3)2 (1) appears to 
our knowledge to be only the second d6 “tetrahedral dimer” 
of the iron triad to have been structurally characterized. 
(ii) The stabilization of a mixed-valence complex: here the 
cobalt compound C O ~ ( ~ - ~ - B U ~ P ) ~ C ~ ( P M ~ ~ ) ~  (2) has a rela- 
tively rare Co(I1)-Co(1) formal oxidation state due to the 
presence of one terminal chloride ligand on one cobalt. (iii) 
Coordinative unsaturation: all three complexes are coor- 
dmatively unsaturated and none obeys the 18-electron rule. 
The Ni(1) dimer [Ni(p-t-Bu2P)(PMe3)], (3) is a key mem- 
ber of a class of unsaturated dinuclear phosphido-bridged 
complexes of Ni(1). Stable complexes of Ni(1) are rare, and 
so far only one other member of this class has been 
structurally characterized. (iv) Last, a key structural 
feature in each case is the presence of the dinuclear M2- 
(p-t-BuzP), core in which the M2P2 unit is planar and the 
internuclear distances suggest the presence of metal-metal 
bonding. Since a number of bis(phosphid0)-bridged dimers 
have a ”butterfly” arrangement of the p-PR2- units and a 
”bent” metal-metal bond,” we have investigated the 
possibility that the planarity might be due mainly to 
electronic factors. However, preliminary results appear 
to discount this.’, Instead studies using space-filling CPK 
models suggest that the planarity is due to steric reasons. 
The two t-Bu groups on each phosphido phosphorus atom 
occupy considerable space and permit relatively small 
non-bonded H-H contacts between neighboring t-Bu 
methyl groups. Similar modeling studies of M2(p-Ph,P)2 
and M2(p-Me2P), cores clearly show that steric effects are 
relatively unimportant in determining their framework 
geometries. 

The use of excess Li-t-Bu,P in the synthesis of the iron 
complex F ~ , ( ~ - ~ - B u ~ P ) ~ C ~ ~ ( P M ~ ~ ) ,  (1) results in consid- 
erable decomposition, and we have been unable to isolate 
any pure products under these conditions. Also, 1 is 
unstable in hydrocarbon solutions, rapidly producing 
paramagnetic decomposition products, and it can be iso- 
lated in only very low yield. This has so far precluded its 
full spectroscopic characterization. 

The solid-state structure, however, is of considerable 
interest (Figure 1). The terminal PMe3 and C1 ligands give 
each d6 iron(I1) atom a roughly tetrahedral geometry 
(excluding the Fe-Fe bond, ca. 2.8 A, in the geometry of 
each Fe atom). Very few mononuclear Fe(I1) complexes 
such as FeC1,2- and FeL42+ (L = Ph3P0, (Me,N),PO) are 
known.1° Although the “tetrahedral” d6 dimer Ru2Cg2+ l3 
has been structurally characterized, this geometry is more 
common for d8 complexes such as [Ru(NO)(p-PPh,)- 
(PPh3)I2l4 and [Ir(CO)(p-PPh2)(PPh3)]2.15 The Fe-Fe 
distance (ca. 2.8 A) represents a weak interaction since it 
is significantly longer than the single bond lengths required 
by the Fez(C0)6(PR2)2 dimers to satisfy the 18-electron 
rule.16 

By virtue of its asymmetric structure in which there is 
one terminal chloride ligand, the cobalt(I1,I) complex 
C O ~ ( ~ - ~ - B U ~ P ) ~ C ~ ( P M ~ ~ ) ~  is a particularly interesting ex- 
ample of a dinuclear formally mixed-valence species con- 
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met. Chem. 1972, 46, C61. 
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taining a metal-metal interaction.” The geometry of the 
tetrahedral, formally Co(II), end is very similar to one end 
of the Fe(I1) dimer (1). The PMe3 group on the other 
cobalt(1) atom lies in the C O ~ ( ~ - ~ - B U , P ) ~  plane so that it 
is nearly colinear (co(2)-co(l)-P(3) = 168.3 ( 1 ) O )  with the 
metal-metal bond. As expected (2) is paramagnetic (peff 
= 1.70 p B  per dimer, by Evans’ method in solution), in- 
dicating one unpaired electron per molecule. However, we 
have not observed an EPR signal in benzene solution at  
room temperature or a t  -196 OC. 

As noted above [Ni(p-t-Bu2P)PMe312 (3) is a member 
of a relatively rare class of nickel(1) phosphido bridged 
compounds for which structural data is available on only 
one.18 For 3 31P{1H) NMR datal8 are in accord with the 
X-ray crystal structure in which all the phosphorus and 
nickel atoms are coplanar and the Me3P-Ni-Ni-PMe3 unit 
is linear, giving the molecule D2h symmetry. The Ni-Ni 
separation of 2.375 (3) A is in accord with a single met- 
al-metal bond, giving each nickel atom an unsaturated 
16-electron configuration. 

Further studies on the chemistry of these complexes and 
of bulky phosphido complexes in general are in progress. 
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Summary: The carbonylation of Th[(CH,),C,] ,(OR)H (R 
= CH[C(CH,),],) to yield an enediolate, {Th- 
[(CH,),C,] ,OR),[ cis-OC(H)=C(H)O-] , or, in the presence 
of H,, the methoxide Th[(CH3),C,]2(OR)(OCH3) is argued 
on the basis of chemical and kinetic evidence to involve 
rate-limiting attack of a carbene-like v2-formyl (Th(v2- 
OCH)) on a Th-H functionality to produce a ThOCH,Th 
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intermediate. The intermediate suffers subsequent car- 
bonylation and rearrangement to yield the enediolate or 
hydrogenolysis to yield the methoxide. 

We recently reported the rapid, reversible migratory 
insertion of CO into thorium-hydrogen bonds (A) to yield 

C 

mononuclear q2-formyls (B, eq l), followed by a slower (the 
rate a sensitive function of R) coupling reaction to yield 
cis-enediolates (C).l The unusual character of this effi- 
cient, regiospecific carbon-carbon double bond-forming 
process, apparent analogues of which also exist for other 
actinide2 as well as early transiti~n-metal~ and main-group* 
compounds, has prompted a mechanistic investigation. We 
communicate here evidence that for R = CH[C(CH,),], the 
rate-limiting step in this transformation involves metal 
hydride attack on the q2-formyl and that the course of the 
reaction can be easily diverted to effect clean CO hydro- 
genation to a methoxide. 

A priori, three mechanistic sequences seem most rea- 
sonable for enediolate formation (Scheme I) and can be 
tested against kineticlchemical information. A hydride 
insertion reaction (scenario 1) finds precedent in d- and 
f-element q2-acyl ~ h e m i s t r y ~ ~ i ~ ~ ~  and, with use of the pre- 
viously obtained kinetic and thermodynamic data for step 
a,lJ the sequence can be analyzed by standard, steady-state 
approximation  method^.^>^^ Thus, as written, scenario 1 
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No. 152, 53-78. (b) Manriquez, J. M.; Fagan, P. J.; Marks, T. J.; Day, 
C. S.; Day, V. W. J. Am. Chem. SOC. 1978,101, 7112-7114. 

(3) Wolczanski, P. J.; Bercaw, J. E. Acc. Chem. Res. 1980,13,121-127 
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Chem. 1933,500, 253-270. 

(5) (a) Gell, K. I.; Posin, B.: Schwartz, J.; Williams, G. M. J. Am. 
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Huffman, J. C.; Caulton, K. G. Zbid. 1981,103,55965598. (c) Therlkel, 
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C.; Roselli, A.; Pucci, S. J. Chem. SOC., Chem. Commun. 1978,269-270. 
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C.; Chiang, A.-P. Chem. Ber. 1982, 115, 2447-2460. 

(6) (a) Maatta, E. A.; Marks, T. J. J. Am. Chem. SOC. 1981, 103, 
35763578. (b) Maatta, E. A.; Moloy, K. G.; Marks, T. J., manuscript in 
preparation. 
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It will be seen that k2 = 0.3 M-I s-'. 

(8) (a) Moore, J. W.; Pearson, R. G. 'Kinetics and Mechanism", 3rd 
ed.; Wiley: New York, 1981; pp 313-317 and references therein. (b) Frei, 
K.; Ghthard ,  H. H. Helu. Chim. Acta 1967,50, 1294-1304. 

Scheme I 
1. Hydride Insertion 

k1 lo\ 
Th-H t CO ,; Th-:C-H 

k -  I 

ti 

D 

H H 

E 
0 

H 

2. Ketene Format ion  

k 1  .. /O\ 
Th-:C-H 

Th-H + c o  ' k - l  

Th-o \C/H ( f )  
?\ k 2  

Th-:C-H t CO - 
II 
C 

II 
0 

F 
Th-0  Th-0 

fas t  / I  
t Th-H c 

/ I  
Th-0  

0 
3. Formyl  Dimerization 

/\ 
Th-H t CO ,L Th-:C-H 

. k - I  

Th-0 /O-Th 
( i )  

k Z  

'H 
2Th-:C ?\ -H >c=c 

H 

predicts rate [Th]2[CO]. There is ample precedent in 
organoactinide chemistry for the postulated rapidity of 
step c relative to k2 (especially for bulky hydrocarbyl 
g r o ~ p s ) ~ ~ ~ J ~ J ~  and for the carbene-like hydrogen atom 

(9) The steady-state and equilibrium assumptions reduce t o  the same 
expressions. 

d[ThH] k,k2[ThHl2[COI k'kz 
== -- [ThHI2[CO] - = -  

dt k-1 + kZ[ThH] k-1 
(a) 

where kz[ThH]/k-' < 10" under the present conditions ([ThH] = 0.05 
M, Pco 5 760 torr).7 

d[ThH] klkz[ThH][C0]2 klkz 
dt k-1 + k2[CO] k-l -- [ThH] [C0l2 - = -  (b) 

where k2[CO] << k-' under the present c~nd i t ions .~J~  

IZ (c) 7 d[ThH] - k'rThH1[Col 1' e -k2[ L[ThH][CO] - -k2[ k-, + kz[ThCHO] k-1 

where k,[ThCHO] << k-' under the present  condition^.^ 
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migration in step d (e.g., eq 2 and 32aJ0a9cJ2). This mi- 
n 
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gration process is expected to be significantly accelerated 
by the y-oxygen atom of E (Scheme I).13 Furthermore, 
careful monitoring of 270-MHz 'H spectra over the course 
of the coupling reaction gives no evidence for intermediates 
such as D or E. Carbene-CO coupling to form a ketene 
(schematically depicted as F, scenario 2) finds apparent 
precedent in reactions of actinide q2-acyls with CO to yield 
dionediolates*12 (G) and with isocyanides to yield keten- 

G H 

imines12h14 (H). Similar reactions are also known for 
transition-metal carbene complexes.ls Judging from 
known thorium hydridele and organic ketene" chemistry, 
step g is likely to be fast compared to f; there is no spectral 
evidence for the presence of such a ketene intermediate 
during the course of the reaction. The kinetic treatment 
for scenario 2 predicts rate a [ThH] [C0]2.7p9bJ8 Direct, 
bimolecular formyl dimerization (scenario 3) finds pre- 
cedent in experimental and theoretical discussions of en- 
ediolate formation (e.g., I, J) during the carbonylation of 

(10) (a) Marks, T. J.; Manriquez, J. M.; Fagan, P. J.; Day, V. W.; Day, 
C. S.; Vollmer, S. H. ACS Symp. Ser. 1980, No. 131,l-29. (b) Fagan, P. 
J. Manriquez, J.M.; Moloy, K. G.; Marks, T. J.; Day, V. W.; Day, C. S. 
manuscript in preparation. (c) Sonnenberger, D. C.; Marks, T. J., man- 
uscript in preparation (studies of Th(CSH&R CO insertion rates as a 
function of R). 
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R. C. J. Organomet. Chem. 1979, 74, C35437. 
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The rate of A - C conversion was measured via 'H 
NMR for 0.06 M toluene-d8 solutions of A (R = CH[C- 
(CHJ3I2) in the dark at  30 f 0.4 "C. A specially designed 
reaction vessel (Figure 1) incorporating a 10-mm NMR 
tube, high vacuum connections, a 600-mL gas reservoir, 
and efficient stirring was employed to monitor the reaction 
rate as a function of [ThH] and CO pressure. Under these 
conditions, only A and C are detected and Pco changes 
negligibly during the course of a kinetic run.2o As can be 
seen in Figure 2A, the reaction at  constant CO pressures 
is second order in thorium hydride over 3-4 half-lives and 
a ca. 5-fold CO pressure (which, in turn, is proportional 
to [CO] making the reasonable assumption that Henry's 
law is obeyed18) range. Furthermore, Figure 2B shows that 
the observed second-order rate constants are linearly 
proportional to the CO pressure; i.e., the reaction is first 
order in CO. These resulta are incompatible with scenarios 
2 and 3 but are compatible with scenario 1. Linear re- 
gression analysis of these data yields k2 = 0.31 (2) M-' s-l. 

Additional support for scenario 1 and the intermediacy 
of a thoroxymethyl insertion intermediate (D) is provided 
by experiments designed to intercept such a species. When 
eq 1 is carried out under 6 atm of H2 and 0.1 atm of CO, 
the major product (90%) is methoxide K (eq 4))23 while 

K 

the yield of C is reduced to 10%. Under these conditions, 
neither hydrogenation of enediolate C nor uncatalyzed 

(19) (a) Fagan, P. J.; Manriquez, J. M.; Marks, T. J.; Vollmer, S. H.; 
Day, C. S.; Day, V. W. J. Am. Chem. SOC. 1981, 103, 2206-2220. (b) 
Hoffmann, R.; Wilker, C. N.; Eisenstein, 0. Ibid. 1982,104,632-634. (c) 
Hoffmann, R.; Tatsumi, K., private communication. 
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Figure 2. A. Kinetic plots for the reaction of Th[(CH3)&&- 
{OCH[C(CH3)3]zJH with CO at various constant CO preasures. B. 
Dependence of the observed rate constant on CO pressure. 

(20) In a Vacuum Atmoepheres glovebox equipped with a recirculating 
Dri-Train, 2.5-mL portions of a 0.060 M solution of recrystallized Th- 
[(CH,)5Cq]z(OCH[C(CHs)a]zJH*a in toluene-de (dried over Na/K) were 
syringed into the NMR tube portion of the reaction vessel (Figure 1) 
which had previously been flamed under high vacuum (lo4 torr). The 
apparatus was then removed to a vacuum line and the thorium hydride 
solution freeze-thaw degassed. Next, the system was charged with the 
desired ressure of CO (passed through MnO and 4A molecule sieve 
columnsR) by using a mercury U-tube manometer.= The vessel was next 
sealed and the solution-containing portion of the NMR tube placed in 
a 30 f 0.4 OC thermostated bath, shielded from light. Rapid stirring wm 
then initiated with a magnetic stirrer placed under the bath (control 
experiments established that under the present reaction conditions, 
variations in the stirring rate did not detectably affect the measured 
reaction rates). 

Kinetic measurements were performed by quickly removing the re- 
action vessel from the constant temperature bath, transferring the stirring 
bar to the holding cup with a magnet, and inserting the NMR tube into 
the probe (30 "C) of a JEOL FX-9OQ NMR spectrometer. The instru- 
ment had been previously tuned to maximize field homogeneity under 
nonspinning conditions. Proton spectra were recorded on disk under 
previously optimized conditions (nonspinning), the NMR tube removed 
from the probe, the stirring bar returned to the reaction solution, and the 
reaction veasel returned to the thermostated bath. Typically this oper- 
ation required 2.0-2.5 min, and the kinetic results were found to be 
insensitive to whether this time was or was not included in the total 
reaction time. The kinetic measurements were typically carried out for 
4 or more half-lives. Even for the lowest pressure CO run (155 torr), it 
was calculated that the CO pressure decreased by no more than 4% 
during the course of the run, ensuring that essentially constant concen- 
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hydrogenation6 of thorium v2-acyls occurs. Thus, eq 4 is 
readily understandable in terms of hydrogenolytic inter- 
ception of D (Th-C bond hydrogenolysis is generally fa- 
cile6J6) and is analogous to the final step in the thorium 
hydride catalyzed hydrogenation of actinide $-acyls (eq 
5 ) . 6  

P\ lo\ T h - H  

HZ 
M-:CR M CH2R (5) 

In summary, the present kinetic and chemical evidence 
strongly implicate organoactinide formyls as key branch 
points in carbonylation processes which lead either to 
enediolates (CO-CO coupling) or to the production of 
methoxide functionalities (CO hydrogenation). Further 
efforts to quantify and manipulate these processes are in 
progress. 
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trations of CO were maintained. The quantitative analysis consisted of 
integrating the Th-H resonance vs. the toluene-d, aromatic resonance as 
a function of time. Plots were fit by standard linear regression tech- 
niques, using a Hewlett-Packard HP1000-F data system and associated 
graphic peripherals. 
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Summary: The isolable intermediates from the Reppe- 
modified hydroformylation reaction, H-Fe(CO), and R-Fe- 
(CO),, are shown to react together to provide aldehyde 
product. This result suggests that a binuclear interme- 
diate may be responsible for aldehyde formation. 

Elucidation of the primary mechanistic cycles involved 
in homogeneous reactions catalyzed by organotransition- 
metal complexes has required that attention be focused 
on the chemical reactivity of the supposed intermediates 
in these processes. In the course of such investigations, 
a number of binuclear reactions have been identified which 
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