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Actinide Organometallic Chemistry

Tobin J. Marks

Summary. The stoichiometric and catalytic chemistry of metal-organic compounds having actinide-to-carbon bonds is in a stage
of rapid growth. Chemical, structural, and bonding characteristics have been identified which differ in interesting and informative

ways from those of d-block transition element compounds.

The past three decades have witnessed the rapid develop-
ment of a new transition element chemistry involving metal-
carbon bonds (/). Beginning with the excitement generated by
such highly nonclassical =-*‘sandwich’’ complexes as ferro-
cene (1) and dibenzenechromium (2), this new field at the

0

(<)

crossroads of inorganic and organic chemistry has stimulated
a vigorous interaction between synthetic, mechanistic, struc-
tural, and quantum chemical researchers. With the evolution
of d-block transition element organometallic chemistry has
come a plethora of interesting new molecules, molecular
structures, chemical transformations, and modes of bonding.
To cite just a few examples, unusual complexes displaying
carbene (3) (1, 3), carbyne (4) (I, 4), cyclobutadiene (5) (I, 5),
peralkyl (6) (/, 6), and hydride (7) (Z, 7) ligation as well as
metal atom clusters (8) (I, 8 and multiple bonds between
metal atoms (9) (I, 9) have been prepared and studied. The
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importance of metal-organic compounds transcends novelty in
structure and bonding, however. The chemistry of metal-
carbon bonds js inextricably connected with the homogeneous
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and heterogeneous catalytic processes by which the chemical
industry transforms feedstocks into carbon-containing fuels,
solvents, polymers, and other products on a massive scale
(10). 1t is generally thought that a deeper understanding of the
properties of organometallic compounds offers the realistic
possibility of major advances in this technology.

Until recently, this great flowering of organometallic chem-
istry involving d-block elements largely bypassed the actinide
elements. The actinides are the elements occupying the final
row of the periodic table—the row in which the 5f'shell is filled
with electrons (Fig. 1) (11). Although actinides play a major
role in nuclear technology and have been used as catalysts or
cocatalysts  (/2, 13) (largely for empirical reasons), their
organometallic chemistry has been largely unexplored. His-
torically, organoactinide chemistry dates back to the Manhat-
tan Project and unsuccessful attempts to synthesize volatile
compounds such as tetraethyl uranium, U(C,Hjs),, for isotopic
enrichment by gaseous diffusion (/4, 15). Pioneering efforts by
the groups of G. Wilkinson and E. O. Fischer later produced
the first cyclopentadienyl complexes (/6); however, genuine
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Fig. 1. Partial periodic table showing the location of transition
elements, lanthanide (4f) elements, and actinide (5f) elements.
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Table 1. Some representative actinide cyclopentadienyl complexes

7).
Melting SUb.h'
Compound Color point* mation
¢0) tempfra-
ture (°C)t
Th(CsH3s), Green
Th(CsHjs),Cl Colorless
Th(CsHs)4 Colorless 170d 250-290
Pa(CsHs), Orange-yellow 220d 220d
U(CsHs)s Brown > 200
U(CsH5);Cl Red-brown 260 260
U(CsHs),4 Red 250d 200-220d
Np(C;sH5s),Cl Brown
Np(CsHs)4 Red-brown 220d 200-220d
Pu(CsHs), Green 180d 140-165
Am(CsHs), Flesh 330d 160-200
Cm(CsHs)s Colorless 180
Bk(CsHs)s Amber 135-165
Cf(CsHs), Red 135-320

*d indicates decomposition. At a pressure of 1073 to 10™* torr.

excitement in this area did not really begin until the synthe-
sis of the unique sandwich compound uranocene by A.
Streitwieser in 1968.

Much of the current research activity in actinide organome-
tallic chemistry reflects the conviction that the unique proper-
ties of actinide ions will give rise to a chemistry which is
different from d-element chemistry, but which, by providing
models beyond the frontiers of transition metals, will teach us
new things about transition metals as well as actinides. The
large size of the actinide ions permits coordination numbers
and polyhedra that are unknown or highly unusual for d-
element ions. This implies that a greater number of potentially
reactive species can be coordinated and maintained in spatial-
ly unusual orientations; for the same ligand array, an f-
element ion should be far less coordinatively saturated (that
is, should have more vacant coordination sites for ligand or
substrate binding or activation) than a d-element ion. The
availability of 5f valence orbitals is also a distinctive feature of
actinide ions, and it implies a greater range of metal-ligand
bonding possibilities than for d-block elements, since the f
orbitals have different symmetry properties than d orbitals,
smaller ligand field stabilization energy barriers to exchange
of ligands within the coordination sphere, and an ionic charac-
ter in the bonding which may lead to more electrophilic metal
centers and more nucleophilic ligand centers. It will be seen
that the unusual oxygen affinity of actinide ions also intro-
duces new possibilities.

In this article I survey some of the recent highlights in the
rapidly developing field of organoactinide chemistry. The
article is organized by ligand type. For further details on many
of the topics as well as surveys of new results in organolantha-
nide (4f) chemistry, the reader is referred to recent review
articles (17) and a monograph (/8).

w-Bonded Ligands

The first organoactinide to be isolated was the complex of
the cyclopertadienyl ligand U(CsHs);Cl (10, X = Cl) (16).
The synthetic approach is a general one for this type of
complex: displacement of halide ligands from the actinide ion

UX4 + BMCgHg5 —> U(CgHg)agX + 3MX

M=Li,Na,T! (1)
X =Cl,Br,} 10
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(Eq. 1). The approximately tetrahedral geometry about urani-
um (10) with a formal coordination number of 10 illustrates the
propensity for high coordination numbers (17, 19). By modify-
ing the methodology of Eq. 1, it is even possible to introduce a
fourth cyclopentadienyl ligand (11) and to achieve -a formal

10 11

coordination number of 12. By using an approach analogous to
Eq. 1, cyclopentadienyl complexes have now been prepared
for eight actinide elements (Table 1). In general, the stoichi-
ometries obtained reflect the stabilities of the various metal
oxidation states. Thus, the dominance of the +3 oxidation
state for the heavier actinides (//) manifests itself in the
isolation of tris(cyclopentadienyl) actinide(III) complexes.
Because organoactinides are generally exceedingly sensitive
to oxygen and moisture, all manipulations of these materials
must be conducted in vacuum lines and glove boxes. Howev-
er, the preparation of transuranium organometallics intro-
duces even further challenges due to the high radioactivity; for
example, Am(CsHs); glows in the dark.

The tetravalent tris(cyclopentadienyl) complexes, as exem-
plified by U(CsHs);X, undergo reactions such as X~ displace-
ment (I7) and Lewis base (B) adduct formation (20) (for
instance, Eqs. 2 and 3). The trivalent tris(cyclopentadienyl)’s
undergo Lewis base adduct formation and ring cleavage (21)

(Egs. 4 and 5).
7
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Organoactinides with two or even one cyclopentadienyl
ligand can be synthesized by the routes exemplified in Eqgs. 6
and 7 (22, 23). Peralkylcyclopentadienyl derivatives such as
pentamethylcyclopentadienyl can also be prepared (Eqgs. 8
and 9) (24, 25). The methyl groups impart enhanced solubility,
promote coordinative unsaturation (by preventing the binding
of other sterically demanding ligands), and stabilize the com-
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plexes with respect to various destructive C-H abstraction
pathways. As a consequence, 18 and 19 are precursors for
some of the chemically most reactive and versatile organoac-
tinides prepared to date.

U(NR,) 4 + 2C5Hg ——> u + 2HNR, (6)
/ \NRQ
)
16
Cl\ /CI
S
UCl4 + TICsHs — U + TiCI (7)
s/ |\o|
s

S=basic solvent such as tetrahydrofuran

cl
2[(CH3)5C5IMgClI & V4
M (8)
s
s \CI
18
MCly
cl *I. cl
[(CH3)5C5IMgCI NI ©
M 9
s 4 l\
) o]
M=Th,U s
S = tetrahydrofuran 19

The cyclopentadienyl organoactinides have been studied by
a battery of physicochemical techniques, including x-ray
diffraction (17, 19), photoelectron spectroscopy (26), magnetic
susceptibility (27), nuclear magnetic resonance (NMR) spec-
troscopy (27), Mossbauer spectroscopy (28), and optical spec-
troscopy (29), to elucidate the nature of the metal-ligand
bonding. Of central importance have been the questions
concerning the extent of metal-ligand orbital overlap (covalen-
cy as opposed to ionicity), how it varies as a function of
actinide ion and ligand identity, how it compares to that in d-
element systems, and the role it plays in molecular structure
and chemical transformations. Although there is still contro-
versy about the interpretation of some of the results and the
degree to which covalency and ionicity can be quantified, it
appears that there is substantially more ionic character in the
bonding than is found in most d-block complexes. However,
there is also evidence for some actinide-ligand bond covalency
(both 6d and 5f metal orbitals may be involved), especially for
the lighter actinides (Th, Pa, U, and Np), and for surprising
similarities to metal-ligand bonding involving early (light)
transition metals (30). For the heavier actinides, the 5f orbitals
are far more contracted and the bonding is distinctly lantha-

nide-like (ionic).

!
&
21

20
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Fig. 2. Cognate metal-ligand
orbital interactions in (A)
uranocene (metal 5f orbital)
and (B) ferrocene (metal 3d
orbital). [From (37)]

Sandwich complexes of the cyclooctatetraene ligand (20,
21) have also been intensively investigated ({7, I8, 37). Not
only does the large size of the actinide ion facilitate high
formal coordination numbers, but a unique interaction can
occur between the highest occupied CgHg "2 molecular orbital
(e2,) and the actinide f,, and f,2 — ,2 orbitals. An interesting
bonding analogy to ferrocene, but involving f orbitals, is
illustrated in Fig. 2. The synthetic approach to these ‘‘actino-
cene’’ sandwich complexes is shown in Eq. 10. In addition, an

MCl4lor MClg™2) + 2KaCgHg =~ — M(CgHg)p + 4KCI  (10)

M=Th,Pa,Np,U,Pu

extensive series of ring-functionalized complexes can be pre-
pared by this pathway, starting with substituted cyclooctate-
traenes (37). Trivalent complexes of heavier actinides are also
accessible (Eq. 11) (I7), as are ‘‘hailf-sandwich’’ complexes

MXg +2K3CgHg —_— K*M(CgHg)g™ + 3KX (11)

M =Np,Pu,Am X=Cl,Br,l

(Eq. 12) (31, 32). These molecules have a ‘‘piano stool’’
structure (22) and are expected to have a rich chemistry,
based on the high reactivity of actinide-halogen bonds.

ad

S
MCl4 + KoCgHg — M + 2KCI (12)

C{// S

w
o/

S = tetrahydrofuran 22

Perhaps no class of organoactinides has been subjected to
scrutiny by a greater battery of physical techniques than the
bis(cyclooctatetraene) series. The principal goal, as for the
cyclopentadienyls, has been to understand the nature of the
actinide-ligand bonding interactions. Again, the picture that is
emerging is one of a large ionic contribution to the bonding,
but also a significant contribution due to the overlap of metal
5f and 6d orbitals with ligand orbitals. Interactions as in Fig. 2
appear to be important (26, 3/, 33). In comparison to the
actinide-cyclopentadienyl complexes, the metal-CgHg 2
bonding may involve slightly greater orbital overlap. Howev-
er, such descriptions of the bonding are difficult to quantify
and the data for precise conclusions are not at hand. It would
also be desirable at this stage to have comparative (actinide
versus actinide, actinide versus transition metal) information
on chemical reactivity which would probe relative metal-
ligand bond polarity.

Actinide-Carbon Sigma Bonds; Synthesis

The two-electron sigma bond between a metal ion and the
carbon atom of an organic fragment is one of the cornerstones
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of stoichiometric and catalytic organo—d-element chemistry
(1, 10). Despite the potential importance of such functional-
ities for actinide chemistry, the early observations on the
thermal instability of simple uranium tetraalkyls discouraged
research in this area. Thus, it was three decades after the
Manhattan Project studies before the first thermally stable
actinide alkyls, aryls, alkenyls, and alkynyls (collectively
called hydrocarbyls) were synthesized (Eq. 13) (17, 34, 35). In

7%

M(CsHs)3X + RLi(or RMgX) —— G———M—R+Lix(or MgXy)
M=Th,Pa,U,Np

Q (13)
X =Cl1,Br,l

R=alkyl,aryl,alkenyl,alkynyl 23

striking contrast to the tetraalkyls, the tris(cyclopentadienyl)
actinide hydrocarbyls have a thermal stability that is rather
high for any type of metal hydrocarbyl. The explanation
appears to reside in the high coordinative saturation and
congestion brought about by the three bulky, m-bonded cyclo-
pentadienyl ligands (34). Evidence for this comes from the
short intraligand nonbonded contacts found in x-ray diffrac-
tion studies and hindered rotation about the M-R bonds
observed in spectroscopic work (34). In terms of chemical
reaction mechanism, the unfavorability of further expanding
the coordination sphere appears to impede what is frequently
the lowest energy thermal decomposition pathway for transi-
tion metal hydrocarbyls, B-hydrogen atom abstraction (Eq.
14) (1, 10). Instead, cyclopentadienyl hydrogen atom abstrac-
tion by the sigma-bonded ligand occurs for these actinide
hydrocarbyls (Eq. 15) (34). Interestingly, however, B-hydro-

H
CHy  (14)
Mo+l
CHy
CH3CHj3 + (15)
organometallic
products

(16)

gen abstraction can be readily induced for the compounds in
which M = Th and U by photochemical excitation (Eq. 16)
(36). A further perspective on the requirements for 5/ hydro-
carbyl thermal stability is provided by experiments on the
compounds that have traditionally been formulated as UR,
(14, 17, 18). Here the coordinative unsaturation is anticipated
to be greater, and B-hydrogen abstraction products are ob-
served (37).

5{
1 AL “n
M[(CH3)505]20|2
2 RLl C{

M (18)

LN

'&
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Although the properties of the tris(cyclopentadienyl) hydro-
carbyls are informative, the high degree of saturation and
congestion has largely thwarted attempts to probe and to
exploit the nature of the actinide-to-carbon sigma bond. A
favorable compromise between the extremes of saturation
[M(CsHs);R vis-a-vis MRy] has recently been achieved in the
bis(pentamethylcyclopentadienyl) series. Thus, a new class of
thermally stable mono- (24) and bishydrocarbyls (25) can be
straightforwardly synthesized as shown in Eqs. 17 and 18 (38).
These compounds are highly reactive with respect to a wide
range of reagents and provide the first detailed insight into the
characteristics of actinide-to-carbon sigma bonds. Further-
more, because the ligand array is identical to that of an
extensively studied series of transition metal complexes
(M = Ti, Zr) (39), it should be possible, for the first time, to
develop meaningful chemical and physical comparisons be-
tween analogous d- and f-element molecules.

The logical progression in the trend of decreasing saturation
would be to attempt to delete a pentamethylcyclopentadienyl
ligand. It has recently proved possible to synthesize the first
single-ring actinide trishydrocarbyls (Egs. 19 and 20) (40),

RLi

CI7M\R

cl (19)
ML(CH3)5C5]Cl3 + 28 26

.

R7M\R.
R (20)
27

although the chemistry is not yet extensively developed. In
comparison to the M[(CH3)sCs,R, derivatives, the thermal
stability of the M[(CH3)sCs]R; compounds is more sensitive to
the nature of R. Bulky groups and those having no B-hydrogen
atoms are the most stable.

Efforts have also been made to stabilize actinide tetraalkyls
by further saturating the metal coordination sphere. Thus,
anionic complexes such as those formulated in 28 and 29 (4/)
and phosphine complexes (30) (42) have been prepared and
-2

R R -3 R
R\\,U//“ \LI;"
n’/ \\R _?” l o

R R R

28 29
P CHg
r //CHB
/ ~
AN
HgC P
30

show enhanced resistance to thermolysis. The phosphine
result is also of interest because, in contrast to the rich
chemistry of transition metals and phosphines, little is known
at present about organoactinide-phosphine complexes (43).

Chemical Characteristics of Actinide-Carbon Sigma Bonds

The reactivity of the metal-carbon bonds in the
M[(CH3)sCs],(CH3), series, with M = Th and U, has been
probed with reagents sensitive to bond polarity (Egs. 21 to 23)
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(38, 44). The reaction rates are all too great at —78°C to be
measured by NMR techniques; competition experiments indi-
cate that the thorium complexes are generally more reactive
than those of uranium. These results suggest considerable

i
M-CHg + c —> M-OC(CH3)s

ci CHa (21)
M-CHg + (GHg)3COH — M-OC(CHg)s + CHy (22)

o

~\
M-CHz + CO, = M_ ! C-CHg

\ -/ (23)

0

polarity in the metal-carbon bonds, with the thorium-to-
methyl bond being more polar. This latter observation can be
rationalized in terms of the higher energies of the metal 5fand
6d orbitals in the lighter metal (37, 33). In competition studies,
the M(CsH5);CH; complexes were found to be less reactive by
a factor of ~ 10%, reasonably evidencing the diminished steric
accessibility of the M—CHj; bond (44). Available data for Zr-
(CsHs);R, compounds (45) suggest diminished reactivity for
the transition metal systems as well.

Studies of the M[(CH;)sCsl,R, series also reveal pro-
nounced activity for C-H bond cleavage. For two different
hydrocarbyl functionalities [R = C¢Hs, CH,C(CHs),], intra-
molecular hydrogen abstraction produces a high-energy inter-
mediate, which then reacts with an aromatic C~H bond (Egs.
24 and 26). In the case of the diphenyl uranium complex, the

\ @ -CgHg \ U @
s

U
/ D
31 CeDs j@ (24)
AN
N
U CeDs
\ CeHsC=CCeHs (25)
U _~—CeHs
CgHs
32
CH2C(CH3)3
N_/ -C(CHg),
Th
7\
CH2C(CH3)a
Ha
c CHg CeDs
N €N CeDs N\
Th C Th (26)
SN N /
c CHg CeDs
Ha
33

intermediate benzyne (31) can be characterized by kinetic and
trapping (Eq. 25) experiments (38). The thorium system of Eq.
26 (46) is instructive because the methyl C-H activation and
metallacycle (33) formation appear not to require a higher
metal oxidation state [Th(IV) has none], which is commonly
believed necessary in analogous transition metal-centered
reactions (47). Intermediate 33 can be isolated and character-
ized by x-ray diffraction. The net consequence of Egs. 24 and
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26 is a hydrocarbon metathesis process. Under the same
conditions, the transformation depicted in Eq. 24 is about 100
times faster than for Zr(CsHs),(CsHs), (48).

Actinide-Carbon Bond Hydrogenolysis; Hydride Formation

The bis(pentamethylcyclopentadienyl) thorium and urani-
um dialkyls react rapidly with hydrogen to yield the first
organoactinide hydrides (Eq. 27) (38). Considering the difficult

[+]
2M[(CHg)sCsloR + 4Hy >, {M[(CH3)sCs]oHo}p + 4RH  (27)

M=Th, U 34 M=Th

R=CHg, CH2Si(CHa)a 35 M=U

accessibility of higher actinide oxidation states here (especial-
ly for Th), four-center ‘‘heterolytic’” H, activation (38, 49) (36)
rather than an oxidative addition pathway (more common for
d-elements) (37) appears likely. The molecular structure of 34

85— 5+ H
M——H

Moo R R

36 37

has been determined by single-crystal neutron diffraction (50)
and the result is presented in Fig. 3. Both terminal (two-
center, two-electron) and bridging (three-center, two-elec-
tron) metal-hydrogen interactions take place. The hydride
organometallic chemistry is a case where thorium and urani-
um reactivities diverge markedly. The accessibility of the
trivalent uranium oxidation state (I7) is evident in the revers-
ible hydrogen loss reaction of Eq. 28 to yield a multimetallic
trivalent hydride (38) (38). The monomeric trivalent fragment
can be ‘‘trapped’’ if reaction 27 is conducted in the presence
of a chelating diphosphine [(CH,),PCH,CH,P(CH3),;]. The
result is an unusual uranium phosphine hydride (39), which

{Ul(CHa)sCslaH2}ls ==== 2/x{UL(CH3)sCslaM}x + Hz (28)
38
H
B
S
39

has recently been characterized by x-ray diffraction and other
techniques (5/). This labile molecule even reacts with Nj.
The oxidation state stability of 34 renders it an ideal vehicle
for exploring actinide hydride reaction patterns. For example,
it is found by 'H NMR spectroscopy that this molecule
reversibly activates H, (Eq. 29) with a surprisingly large
bimolecular rate constant of ~ 10° liters per mole per second
at —30°C (38). Compound 34 also reacts rapidly with olefins in
the reverse of a B-hydrogen abstraction process (Eq. 30).
Since it has already been established that actinide-to-carbon
bonds suffer facile hydrogenolysis (Eq. 27), the question

*Hz

{Th(CH3)5CslaH2}2 T_‘-—_—" {Th[(CHg)5C51p o} 2 (29)
2
H\ /H CoHsg
{Th(CH3)5Cs1oH2}2 + 4 c=cC — 2[(CH3)5Cs]oTh (30)
VAN
H H CoHs
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arises as to whether Eqs. 27 and 30 might be coupled to
constitute a cycle for catalytic homogeneous olefin hydroge-
nation. The simplest possible cycle is illustrated in Scheme 1.

M"'\__

Scheme 1

That organoactinide hydrides can indeed effect this reaction
sequence has been confirmed at room temperature for 1-
hexene (pressure, 0.9 atmosphere of H,) with 34 and 35 as
catalysts; turnover frequencies (catalytic events per metal
atom) of 0.5 and 70 hour™!, respectively, are measured (38).
Furthermore, when U[(CH,)sCs],(CHj3), is supported on de-
hydroxylated y-alumina and then activated with hydrogen, the
turnover frequency for propylene hydrogenation at —46°C in a
flow reactor (0.6 sec™!) is comparable to that for supported
platinum under the same conditions (52).

Carbon Monoxide Activation

There is great current interest in understanding and elabo-
rating the processes by which carbon monoxide (likely to be
derived from coal in the future) can be catalytically trans-
formed into useful organic chemicals (10, 53). Although much
of the chemistry of homogeneous catalysis with late transition
metals can be understood in terms of well-studied processes
such as a migratory insertion reaction to produce a metal acyl
(40, Eq. 31), there is a great gap in our knowledge as far as the

. o\ o\ /CH3
c G....

L e -
M-CHy === M

(31)

o
I
w
T—0

M~CHz +CO ===
40

more drastic transformations occurring on metal and metal

oxide surfaces are concerned. It would be desirable to attempt

to model some of the unusual aspects of these environments in

structure of the organoactinide hydride

Molecular
{Th[(CH3)sCs),H,}, determined by neutron diffraction. For clarity, the
hydrogen atoms on the four (CH;)sCs ligands have been deleted.
[From (50)]

Fig. 3.

994

homogeneous solution. The bis(pentamethylcyclopenta-
dienyl) actinide complexes have three unique characteristics
that portend distinctly nonclassical CO activation: high coor-
dinative unsaturation, high kinetic lability, and high oxygen
affinity (for example, a thorium-oxygen bond is stronger than
that involving any d-block metal) (54). Recent studies of early
transition metal CO chemistry also support this idea (39, 54,
55).

The actinide dimethyl complexes react rapidly with carbon
monoxide at —78°C (Eq. 32) to yield, quantitatively, cis-
butenediolate complexes (54, 56). In effect, four CO molecules

Y Yo

[ OND
7/ N A
M[(CHg3)5C5]2(CHg)2 + 4CO —» M M ’

41 M=Th 42 M=U

are coupled to produce four new Th-O bonds and two carbon-
carbon double bonds, exclusively in the cis configuration.
With bulkier hydrocarbyl functionalities, the carbon-carbon
fusion is found to be intramolecular (43). How do such
unusual species arise? A clue is found when a single equiva-
lent of CO is added to a thorium chloroalkyl (Eq. 33) (54, 57).

R
/o‘c/
(4
3 \o/ N\,

43

M=Th,U

R=CH QC(CH 3)3, CH QSi(CHs)g

Th[(CHg)5Cs]2(CNCH2C(CH3)3 + 1CO  ———>

Th{CH3)sC5]2(CN[COCH C(CH3)3]
44

(33)

An acyl complex (44) is formed; however, spectroscopic data
(the frequency of the C~O stretching vibration and the acyl
3C resonance frequency) and structural data (Fig. 4) show it
to be a highly unusual acyl: there is a metal-oxygen interaction
of unprecedented magnitude for a molecular compound. The
bonding in organoactinide acyls involves a major contribution

structure of the
Th[(CH3)sCs],[COCH,C(CH»):]C1 (44) determined by x-ray diffrac-
tion. This is the first mononuclear metal acyl complex where the M-
O(acyl) distance is shorter than the M~C(acyl) distance (by 0.07 A)
(54). [From (56)] :

Fig. 4. Molecular organoactinide acyl
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from a carbene-like resonance hybrid (46); this is a pivotal
concept in understanding the reactivity (54).

10t o
Y N\

C——R -4 M-——:C—R

M

45 46

The chemistry of 44 provides an indication of the chemical
consequences of activating carbon monoxide in a highly
cooidinatively unsaturated, oxophilic solution environment
(Scheme 2).

) CH2C(CHz)3
NS

~. 7 N _/ :;“\ :
= = SN S
N, <N\
] Th—
g
N/
a (CHg)3CCH2 o
A b 47
O cOo
Th—<—— C—CH,C(CH3)3
Th—H c
Th—H
(o]
~_/ \C_ /
'—Th CHgCHgC(CHs)s ';Th / =
49 H C(CHg)a
Schenie 2

Unlike classical metal acyl chemistry, the behavior of 44 is
carbene-like. Reaction a is an intramolecular 1,2 hydrogen
migration—a common rearrangemerit process for carbenes.
Reaction b is a uriique CO homologation process in 'which the
actinide acyl suffers further insertion to yield, ultimately, a
dionediolate complex (47) (Fig. 5) (56); Eq. 34 shows a
tentative mechanism which is supported by model studies
with alkyl isocyanides. When compound 44 comes in contact
with a trace of thorium hydride, 34, a catalytic rearrangement

[e] [¢] R
/S N/
M<—:C——R —» M<«——: C—R M\ /C
c\ 0=c¢C
N
\O
SN
e M/ c — 47 (34)
N/
o—C
AN
Th-H ~
:ThQC—Cch(CHa)g ———> —Th /c—‘
~
H Qh H C(CH3)3
48
(o]
) ~_ 7 N _ 7/
——— C—==
/ AN
H C(CHa)3 (35)
49
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Fig. 5. Molecular structure by x-ray diffraction of the reaction product
of the compound in Fig. 4 with an additional equivalent of CO:
{Th[(CH;)sCs]:[CO(CH,C(CH3)3)COl}; (47, 54). [From (56)]

occurs (reaction ¢) (57). This transformation proceeds through
“insertion’” of the acyl carbon unit into the Th-H bond,
followed by B-hydrogen abstraction (Eq. 35). Furthermore,
intermediate 48 can be intercepted by hydrogenolysis of the
actinide-to-carbon sigma bond. The result is catalytic hydro-
genation of the inserted CO (reaction d) to yield an alkoxide
(49). The net reaction is thus the formation within the actinide
coordination environment of a formaldehyde (CH,0) equiva-
lent from CO and H,.

Organoactinides also provide a useful perspective on the
general nature of the CO migratory insertion reaction (Eq. 36)

—d
——

M——X + CO MCOX (36)
and how it can be modified by environment. Considetation of
available bond energy data indicates that the M-X bond
energy will be the dominant factor controlling whether CO
insertion is thermodynamically favorable (54). Thus, metal-
carbon bonds are relatively weak and insertion to forni acyl
complexes is usually exothermic (Eq. 31). On the other hand,
metal-hydrogen bonds are thought fo be appreciably stronger,
and in Homogeneous solution there has been little unambigu-
ous evidence for an insertion reaction when X = H, that is,
metal formyl production (58). Since formyl complexes have
been extensively discussed as key intermiediates in the catalyt-
ic hydrogenation of CO (53, 58), the question arises as to
whether a formyl might be stabilized by a metallic center with
sufficient unsaturation and oxygen affinity (50). Recent results

.0
N\

M C—H <*—» M C——H

50

with organothorium hydrides provide both thermodynamic
and kinetic information related to this question (59). At low
temperatures, alkoxyhydrides 51 and 52 undergo reversible
migratory CO insertion to yield formyls 51a and 52a, respec-
tively (Eq. 37). These reactions are found to be exothermic by
about 5 kilocalories per mole. Moreover, at millimelar con-
centrations, the CO insertion or extrusion process is fast on
the '"H NMR time scale by —40°C. At room temperature, 51
undergoes coupling to produce an enediolate (53, Eq. 38),
while the steric bulk about 52 precludes this process. Thus,
the proper environment can bring about rapid, exothermic
insertion of CO into a metal-hydrogen bond. Taking the
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H
C\)\ / toluene
2 { Th + 200 ———
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K Vor
H H
N
C=C
~ / N
O /O O\
\Th /Th (38)
Q \OR RO Y
53

present results along with the established tendency of some
metal oxides to cleave H, ‘‘heterolytically’’ (53, 60) and
known reactions of metal alkoxides (61), it is possible to
advance a plausible mechanistic cycle for the catalytic, het-
erogeneous hydrogenation of CO to methyl alcohol (53). This
is presented in Scheme 3.

CHgOH \(Hz
\o H H H
1| |
M O -M O—
H %

]

o—

Scheme 3

Conclusions

Organoactinide chemistry is entering a period of rapid
development. It is apparent that a rich and diverse chemistry
is emerging, and that ‘‘tuning’’ of the ligation sphere and f-
electron configuration can exert significant control over the
rate and course of many unusual chemical transformations. To
place this chemistry in perspective, it appears that there are
distinct similarities to main grotip and transition metal chemis-
try, but there are also pronounced differences. It is the
exploitation of these latter characteristics that offers the
greatest challenge and promise.
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