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ABSTRACT: Laboratory studies of the interaction of carbon monoxide with
organoactinides result in the formation of isolable complexes such as Cp;UCO
derivatives (Cp = cyclopentadienyl) as well as coupling reactions to give derivatives of
the oligomeric anions C,0,>” (n = 2, 3, 4). To gain some insight into actinide carbonyl
chemistry, binuclear cyclopentadienylthorium carbonyls Cp,Th,(CO), (n =2 to S) as
model compounds have been investigated using density functional theory. The most
favorable such structures in terms of energy and thermochemistry are the tricarbonyl
Cp,Th,(17*-u-CO), having three four-electron donor bridging carbonyl groups and the
tetracarbonyl Cp,Th,(17*-u-C,0,)(*u-CO), having not only two four-electron donor
bridging carbonyl groups but also a bridging ethynediolate ligand formed by coupling
two CO groups through C—C bond formation. The bridging infrared v(CO)
frequencies ranging from 1140 to 1560 cm™' in these Cp,Th,(CO), (n = 3, 4)
derivatives indicate extremely strong Th—CO back bonding in these structures,
corresponding to formally dianionic CO*~ and C,0,”" ligands and the favorable +4
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(CsHs)2Thy(CO)y (CsHs)sThy{CO),

thorium oxidation state. A characteristic of the Cp,Th,(7*-#-CO); and Cp,Th,(17*-u-C,0,)(7*-u-CO), structures is their ability
to add terminal CO groups, preferably to the thorium atom bonded to the fewest oxygen atoms. These terminal CO groups
exhibit 2(CO) frequencies in a similar range as terminal CO groups in d-block metal carbonyls. However, these terminal CO
groups are relatively weakly bonded to the thorium atoms as indicated by predicted CO dissociation energies of 14 kcal/mol for
Cp,Th,(CO),. Two low energy structures for the dicarbonyl Cp,Th,(CO), are found with two separate four-electron donor
bridging CO groups and relatively short Th—Th distances of 3.3 to 3.4 A suggesting formal single bonds and +3 thorium formal
oxidation states. However, a QTAIM analysis of this formal Th—Th bond does not reveal a bond critical point thus suggesting a

multicenter bonding model involving the bridging CO groups.

1. INTRODUCTION

Metal carbonyl chemistry dates back to the 19th century with
the synthesis of [Pt(CO)Cl,], in 1868." The first binary metal
carbonyl to be synthesized was Ni(CO),, reported in 1890.”
During the next half century a number of other stable binary
metal carbonyls were discovered including Fe(CO);, Fe,(CO),,
Fe,(CO),,, Co,(CO)g and M(CO)4 (M = Cr, Mo, and W).?

These are all commercially available and have become key atom.

o forward bonding
e.g., metal d: < o(CO)

n back bonding
e.g., metal d,, — "(CQO)

Figure 1. Forward and back bonding of the CO ligand to a metal

intermediates for the synthesis of a variety of organometallic

compounds. They are also important catalyst precursors as well
as agents for metal deposition.

All of these stable homoleptic metal carbonyls involve d-
block transition metals. They owe their stability to dz—pa*
back bonding from filled metal d orbitals into empty z*
antibonding orbitals of the CO ligands (Figure 1).* The nature
of this back-bonding has been studied in detail by Frenking and
collaborators™® on the simple octahedral homoleptic hexacar-
bonyls of the third row transition metals using density
functional theory. Such back bonding concurrently removes
metal electron density from the metal atom and decreases the
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effective C—O bond order of the CO group. The effects of such
back-bonding in terms of the formal metal—carbon and
carbon—oxygen bond orders can simply be represented in a
series of resonance structures (Figure 2). The typically intense
v(CO) frequencies reflecting such changes in the effective C—
O bond order are very sensitive to the extent of such back
bonding. For terminal CO groups in stable neutral carbonyls of
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Figure 2. Resonance structures illustrating the effect of back bonding
on removing negative charge from the metal atom. The designation
[M] refers to the metal atom with all associated ligands other than the
CO group in question.

the d-block metals, the 2(CO) frequencies are lower than those
in free CO but only by 100 to 200 cm™. For bridging CO
groups in such metal carbonyls, where increased back-bonding
is expected from interaction of the CO group with two metals
rather than a single metal, the (CO) frequencies are ~100
cm™" below those for the terminal CO groups but still less than
the v(CO) frequencies for the simple C=O double bonded
CO groups in aldehydes and ketones. Thus a simplified but
useful model of the M-CO bonding in such metal carbonyls is a
resonance hybrid between structures I and II (Figure 2).

The removal of electron density from the metal atom by back
bonding to CO groups has the effect of stabilizing low formal
metal oxidation states. The most dramatic example of this
behavior lies in the formally zerovalent chromium derivative
Cr(CO)s, which is even stable to steam-distillation in air,
contrasting with the air-sensitivity of Cr(Il) derivatives of more
normal ligands such as chromium(II) acetate, Cr,(O,CCHs,),.

The assignment of the zerovalent formal oxidation state to
the homoleptic metal carbonyls M(CO), assumes that the CO
moieties are neutral ligands. However, the dz—pz* back
bonding of a metal to a CO ligand can also be considered as a
redox process in which the metal is oxidized by an
indeterminate amount and the CO ligand is correspondingly
reduced by an indeterminate amount. In addition to the
availability of metal orbitals the reducing power of the metal
atom can determine the extent of back bonding. For the d-
block transition metals this effect is manifested in the
decreasing ©(CO) frequencies in the isoelectronic series of
the octahedral first row transition metal carbonyls Fe(CO)¢**
— Mn(CO)s" = Cr(CO)s = V(CO)s~ — Ti(CO)g> as the
reducing power of the metal atom is increased by lowering the
formal oxidation state.” A similar effect has been studied in
more detail for the analogous octahedral third row transition
metal hexacarbonyls.>®

The dearth of metal carbonyl derivatives of the f-block
metals, particularly the actinides, contrasts with the abundance
of stable metal carbonyls of the d-block metals. In the early days
of metal carbonyl chemistry, before the special position of the
actinides in the Periodic Table was recognized, uranium was
placed in the same group as chromium, molybdenum, and
tungsten. This stimulated efforts to synthesize a stable U(CO);
analogous to the very stable metal carbonyls M(CO)4 (M = Cr,
Mo, W) using analogous synthetic methods. Such efforts always
failed and, as is typical with such experimental failures, are only
reported in obscure journals.®

‘We now recognize that uranium does not lie under tungsten
in the Periodic Table and thus are not surprised that the early
efforts to synthesize U(CO)g led to failure. However, the f-
block metals, including particularly the actinides, have suitable d
and f orbitals in terms of symmetry to participate in metal dz—
pr* and fr—pn* back bonding. Therefore, the dearth of stable
carbonyls of the f-block metals must arise from features of their
chemistry other than the lack of suitable metal orbitals for back
bonding.
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In more recent years a few carbonyl derivatives of f-block
metals, particularly uranium, have been discovered. The first
such species to be isolated and structurally characterized was
the uranium derivative (Me,CsH),U(CO).>'® The 1v(CO)
frequency of 1880 cm™ found for this species as well as the
geometry of the CO ligand are similar to those in cyclo-
pentadienylmetal carbonyls of the d-block metals.

Binary carbonyl derivatives of the f-block metals appear to
exist mainly in the gas phase or in low temperature matrices.
Thus enhanced abundance in the mass spectra was found for
U(CO);" as well as for the uranyl carbonyl UO,(CO);* in a
very recent study.11 The thorium carbonyls Th(CO), (n =1 to
6)'*"® and uranium carbonyls U(CO), (n = 1, 2, 6)'* have
been obtained by reactions of laser-ablated metal atoms with
CO and characterized by their v(CO) frequencies in low-
temperature matrixes. The v(CO) frequencies of lantha-
nide'>'® and actinide'”'® carbonyl compounds have attracted
much attention in recent years. Sheline and Slater'® have
systematically reviewed the infrared v(CO) frequencies of
lanthanide and actinide carbonyl compounds.

Even though stable actinide carbonyl derivatives are rare,
carbon monoxide undergoes a variety of interestin% reductive
coupling reactions with organoactinide systems.””*' Such
reactions have proven useful for the synthesis of oxocarbon
anions. For example the reaction of CO with uranium(III)
sandwich compounds of the type (17°-MesCs)U(n®-
CgH{SiR;},) leads to reductive coupling to give ethynediolate
(C,0,77), deltate (C;04*7), and squarate (C,0,>") derivatives
of uranium(IV).>*"2" Mechanistic and theoretical®® studies of
these uranium-based CO reductive coupling systems have been
reported. A driving force behind these reactions appears to be
the oxidation of uranium(IIl) in the initial organometallic to
uranium(IV) in the CO reductive coupling product. Such a
uranium oxidation from the +3 oxidation state to the +4
oxidation state can be considered to be an extreme example of
back bonding of a metal atom to a CO ligand. This metal
oxidation reduces the CO ligand to an anionic species readily
susceptible to coupling reactions giving ethynediolate, deltate,
squarate, and so forth. Because of the accessibility of the U(III)
oxidation state relative to the Th(III) oxidation state, all of the
reported actinide CO coupling chemistry involves uranium
rather than the other generally available actinide thorium.

Experimental work during the past half century suggests that
binary actinide carbonyls such as An(CO), are not likely to
exist as stable molecules under normal laboratory conditions.
However, the stability of selected Cp;UCO (Cp = cyclo-
pentadienyl ligand) derivatives”'® suggests the possibility of
significant cyclopentadienylactinide carbonyl chemistry. To
explore the possibilities in this area we have used density
functional theory to investigate the structures and thermo-
chemistry of Cp,Th,(CO), (n =5, 4, 3, 2) derivatives. Thorium
was chosen rather than uranium for this initial study because of
the simpler chemistry of thorium involving almost entirely the
+4 formal oxidation state and species with singlet spin states.
Using the thorium derivatives for this initial theoretical study
also provides a comparison with the previously studied”
titanium analogues Cp,Ti,(CO),. Both the d-block metal
titanium and the f-block metal thorium are located four
elements in the Periodic Table after a noble gas, namely, argon
and radon, respectively. Thus this study provides an
opportunity to compare the potentially experimentally
accessible chemistry of otherwise similar d-block and f-block
metals, namely, titanium and thorium, respectively.

dx.doi.org/10.1021/ic400797b | Inorg. Chem. 2013, 52, 6893—-6904



Inorganic Chemistry

25-1 (Cy)
(0.0,0.0)

25-2 (C,)
(2.0,3.2)

Figure 3. Two optimized Cp,Th,(CO), structures. Figures 3 to 6 show the optimized distances in A by the BP86 method. The numbers in
parentheses are the relative energies (AE in kcal/mol) predicted by BP86 and M06-L methods.

To maximize the results relative to the computational
resources we have used the unsubstituted cyclopentadienyl
ligand 7°-CHy for these studies. However, we realize that to
achieve experimentally any of the structures predicted from this
research, suitably substituted cyclopentadienyl ligands will
probably be necessary. This has already been demonstrated in
the published work”'® leading to the synthesis of stable
Cp;UCO derivatives. The reductive carbonylation of suitably
chosen cyclopentadienylthorium halides using strong reducing
agents such as alkali metals provide possible synthetic routes to
the compounds discussed in this paper.

2. THEORETICAL METHODS

Electron correlation effects have been included to some degree using
density functional theory (DFT) methods, which have evolved as a
practical and effective computational tool for organometallic
compounds®* ¢ including actinide derivatives.””>° Two differently
constructed DFT functionals, namely the BP86 and the MO06-L
functionals, were used in the present study. The BP86 method
combines Becke’s 1988 exchange functional (B) with Perdew’s 1986
gradient-corrected correlation functional method (P86).***' This
method has been shown to be effective for the study of transition
metal and actinide complexes.*”** The second functional used in this
work is a hybrid meta-GGA DFT method, M06-L, developed by
Truhlar’s group.**** The studies in Truhlar’s group suggest that M06-
L is one of the best functionals for the study of organometallic and
inorganic thermochemistry, and perhaps the best current functional for
transition metal energetics. When these two conceptually different
DFT methods agree, confident predictions can be made.

Scalar relativistic effects were incorporated by using an
(14s13p10d8f6g/10s9pSd4f3g) effective core potential (ECP) basis
set with 60 core electrons for the thorium atoms.*® The Ahlrichs
TZVP valence triple-{ basis sets with polarization functions were used
for all of the other atoms.*”*®

The geometries of all structures were fully optimized using both
functionals with the grid (120, 974) for evaluating integrals
numerically in the Gaussian09 program.*” In all of the computations
no constraints were imposed on the starting geometry. Harmonic
vibrational frequencies and infrared intensities were determined at the
same levels. The tight designation is the default for the energy
convergence. In the search for minima, low-magnitude imaginary
vibrational frequencies may be suspect, because the numerical
integration procedures used in existing DFT methods have significant
limitations.”® All of the final optimized structures reported in this
paper have only real vibrational frequencies unless otherwise indicated.

3. RESULTS

Extensive searches for the global and local minimum
Cp,Th,(CO), structures (n = 2 to S) were made using the
BP86 and M06-L methods. A variety of different geometries
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with different numbers of terminal CO groups attached on each
Th atom were used as starting structures for the optimization.
However, most of the low energy optimized structures have
two, three, or four bridging CO groups. To reduce the length of
this report some of the high-energy structures of questionable
chemical significance, especially many triplet structures, are
excluded. Therefore, only the lowest energy chemically
important structures are discussed in the present paper.

3.1. Cp,Th,(CO), Structures. Two low-lying singlet
Cp,Th,(CO), structures were found (Figure 3 and Supporting
Information, Table S$35). Triplet Cp,Th,(CO), structures were
found to be significantly higher in energy (>17 kcal/mol) than
the singlet structures and thus are not discussed in this paper.
For the lowest energy structure 2S-1, the BP86 method
predicts C; symmetry, whereas the M06-L method predicts C,
symmetry. In 2S-1 the thorium atoms are bridged by a pair of
four-electron donor 7%-u-CO carbonyl groups oriented in the
same direction with one thorium atom bonded to both carbon
atoms and the other thorium atom bonded to both oxygen
atoms. The predicted Th—Th distance for 28-1 of is 3.288 A
(BP86) or 3.289 A (M06-L).

The other predicted Cp,Th,(CO), structure is the singlet C,
structure 2S-2, lying 2.0 kcal/mol (BP86) or 3.2 kcal/mol
(M06-L) above 28-1 (Figure 3 and Supporting Information,
Table S35). Structure 2S-2 differs from 2S-1 in having the two
bridging #*-4-CO groups oriented in opposite directions. The
predicted Th—Th distance is 3.408 A (BP86) or 3.350 A (M06-
L) in 28-2. These short Th—Th distances in both
Cp,Th,(CO), structures 28-1 and 2S-2 suggest a strong direct
Th—Th bond. If the bridging CO ligands are formally dianions,
then the formal thorium oxidation state in 2S-1 and 2S-2 is +3,
suggesting the possibility of a Th—Th single bond in these
structures.

3.2. Cp,Th,(CO); Structures. Two low-lying structures are
predicted for Cp,Th,(CO)s, namely 3S-1 and 3S-2 (Support-
ing Information, Table $32 and Figure 4). The global minimum
structure 3S-1 is predicted by the much finer grid (400, 974) to
be a C, (BP86) or C,; (MO06-L) singlet structure with three
bridging four-electron donor 7%-u-CO groups. Two of these
bridging CO groups are oriented in one direction and the third
such CO group in the other direction. Thus one thorium atom
in 38-1 is bonded to the carbon atoms of two of the CO groups
and the oxygen atom of the third CO group. The second
thorium atom in 3$-1 is bonded to the oxygen atoms of two of
the CO groups and the carbon atom of the third CO group.
The two four-electron donor bridging CO groups oriented in
the same direction can be characterized by bonding Th—O
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381 (C,)
(0.0, 0.0)

3S-2 (Cy)
(5.0, 7.0)

Figure 4. Two optimized Cp,Th,(CO); structures.

distances of 2.395 A (BP86) and 2.407 A (M06-L). The third
four-electron donor bridging CO group is likewise indicated by
a slightly longer, but still bonding Th—O distance of 2.480 A
(BP86) or 2.498 A (MO06-L). The Th---Th distance is 3.699 A
(BP86) or 3.681 A (M06-L) in 3S-1.

The second Cp,Th,(CO); structure 3S-2 is similar to 38-1
in having the Th, unit bridged by three four-electron donor 7*-
u-CO groups (Figure 4 and Supporting Information, Table
S32). However, in 3S-2 all three bridging CO groups are
oriented in the same direction so that all three carbon atoms
are bonded to one of the thorium atoms and all three oxygen
atoms are bonded to the other thorium atom. Structure 3S-2 is
predicted to be less favorable than 3S-1, lying 5.0 kcal/mol
(BP86) or 7.0 kcal/mol (MO06-L) in energy above 3S-1. The
Th—Th distance of 3.922 A (BP86) or 3.879 A (M06-L) in 3S-
2 is ~0.2 A longer than that in 3S-1.

3.3. Cp,Th,(CO), Structures. Four low-lying structures are
predicted for Cp,Th,(CO), (Figure S and Supporting
Information, Table S33). In the three lowest energy of these
Cp,Th,(CO), structures one thorium atom is linked to all of
the carbon atoms and the other thorium atom is linked to all of
the oxygen atoms. The lowest energy Cp,Th,(CO), structure
is the C, singlet 4S-1 with four bridging carbonyls. In 4S-1, two
of the four bridging carbonyl groups are coupled to form a
C,0, unit with a C—C bond of length 1.480 A (BP86) or 1.484
A (M06-L). Such a 5*-u-C,0, ligand may be regarded as a six-
electron donor to the pair of thorium atoms. The other two
carbonyl groups remain as discrete uncoupled CO ligands
corresponding to four-electron donor bridging #7°-u-CO groups.
The long Th--Th distance of 4.061 A (BP86) or 3.926 A
(MO06-L) in 4S-1 suggests a lack of conventional metal—metal
bonding.

The second Cp,Th,(CO), structure is the C, singlet 4S-2
lying 2.4 kcal/mol (BP86) or 3.5 kcal/mol (M06-L) above the
global minimum structure 4S-1 (Figure S and Supporting
Information, Table S33). The coordination mode of the
carbonyl groups in 4S-2 is very similar to that in the global
minimum structure 4S-1 except for the presence of two pairs of
coupled carbonyl groups so that structure 4S-2 can be
considered as Cp,Th,(*-u-C,0,),. However, the C—C
distances of 1.630 A (BP86) or 1.670 A (MO06-L) joining
these pairs of coupled carbonyl groups are significantly longer
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45-2 (Cy)
(2.4,3.5)

45-1(Cy)
(0.0, 0.0)

4T-3 (Cy)
(3.0,2.7)

4S-4 (C4)
(5.0, 6.9)

Figure S. Four optimized Cp,Th,(CO), structures.

than the 1480 A distance in 4S-1. Two small imaginary
vibrational frequencies of 60i and 8i cm™" are predicted by the
MO06-L method for 4S-2. However, the BP86 method predicts
all real vibrational frequencies. Following the normal mode of
the largest imaginary frequency in 4S-2 leads to 4S-1. The long
Th--Th distance of 4.030 A (BP86) or 3.977 A (M06-L) in 4S-
2 is similar to that predicted for the global minimum structure
4S-1 and likewise suggests the lack of a formal thorium—
thorium bond.

The third Cp,Th,(CO), structure predicted is the C, triplet
4T-3, lying 3.0 kcal/mol (BP86) or 2.7 kcal/mol(M06-L) in
energy above the lowest energy structure 4S-1 (Figure S and
Supporting Information, Table $33). All four carbonyl groups
in 4T-3 are discrete four-electron donor 7>--CO ligands, as
suggested by the short Th—O distances of 2.434 A and 2.434 A
(BP86) or 2.447 A and 2.451 A (M06-L). The Th—Th distance
of 3.759 A (BP86) or 3.706 A (M06-L) is ~0.3 A shorter than
that in 4S-1 and 4S-2.

The fourth predicted Cp,Th,(CO), structure is the singlet
4S-4 lying 5.0 kcal/mol (BP86) or 6.9 kcal/mol (MO06-L) in
energy above the lowest energy structure 4S-1 (Figure S and
Supporting Information, Table $33). Structure 4S-4 has a
central Th(#7*-u-CO);Th unit similar to the lowest energy
Cp,Th,(CO), structure 3S-1 with a terminal carbonyl group
bonded to the thorium atom attached to only a single oxygen
atom. The predicted Th—Th distance of 3.724 A (BP86) or
3.689 A (MO06-L) is similar to that in 3S-1.

3.4. Cp,Th,(CO);5 Structures. Seven structures were found
for Cp,Th,(CO); (Figure 6 and Supporting Information, Table
S34). All of these structures have at least one terminal CO
group since five CO groups are at least one too many to bridge
a pair of thorium atoms. The lowest energy Cp,Th,(CO);s

dx.doi.org/10.1021/ic400797b | Inorg. Chem. 2013, 52, 6893—6904
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58-1 (Cy)
(0.0, 0.0)

58-3 (C4)
(6.1, 4.4)

5T-5 (Cy)
(8.4, 6.4)

Figure 6. Seven optimized Cp,Th,(CO); structures.

55-6 (C,)
(10.8, 7.0)

55-2 (Cy)

5S-4 (C4)
(8.0, 4.4)

5S-7 (C4)
(12.7,9.8)

structure is the C, singlet §S-1. Structure $S-1 can be derived
from the tetracarbonyl 4S-1 by addition of a terminal carbonyl
group to the thorium atom not bonded to the four CO oxygen
atoms (the “top” thorium atom in Figure S). The predicted
Th---Th distance in 5S-1 of 4.243 A (BP86) or 4.191 A (M06-
L) is ~0.2 A longer than that in 4S-1 and clearly indicates the
lack of a thorium—thorium bond. The second Cp,Th,(CO);
structure is the C; singlet 5S-2, lying 2.4 kcal/mol (BP86) or
1.9 kcal/mol (MO06-L) above 5S-1. Structure 5S8-2 can be
derived from the tetracarbonyl structure 4S-2 by adding a
terminal carbonyl group to the thorium atom bonded to all four
carbonyl carbons. The predicted Th--Th distance of 4.260 A
(BP86) or 4.250 A (M06-L) in 5S-2 is similar to that in 4S-2.

The four Cp,Th,(CO); structures 58-3, 5§-4, 5S-6, and 58-7
are all derived from the global minimum Cp,Th,(CO),
structure 3S-1 by adding two terminal carbonyl groups (Figure
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6 and Supporting Information, Table S34). The predicted
energies above 5S-1 for these four structures are 6.1 kcal/mol
(BP86) or 4.4 kcal/mol (MO06-L) for 5S-3, 8.0 kcal/mol
(BP86) or 4.4 kcal/mol (MO06-L) for 5S-4, 10.8 kcal/mol
(BP86) or 7.0 kcal/mol (M06-L) for §S-6, and 12.7 kcal/mol
(BP86) or 9.8 kcal/mol (M06-L) for 5S8-7. In 58-3, 58-4, and
58-7 each thorium atom bears a single terminal carbonyl group.
However, in 5S-6, the two added terminal carbonyl groups are
attached to the same thorium atom. The Th—Th distances of
3.885 A (BP86) or 3.734 for 5S-3, 3.828 A (BP86) or 3.790 A
(MO06-L) in 58-4, 3.871 A (BP86) or 3.831 A (M06-L) for 5S-
6, and 3.777 A (BP86) or 3.714 A (M06-L) in 58-7 are 0.1 to
0.2 A longer than that in 3S-1.

The only low-lying triplet Cp,Th,(CO)j structure is the C,
structure ST-S, lying 8.4 kcal/mol (BP86) or 6.4 kcal/mol
(MO06-L) in energy above 5S-1 (Figure 6 and Supporting

dx.doi.org/10.1021/ic400797b | Inorg. Chem. 2013, 52, 6893—6904



Inorganic Chemistry

Information, Table S34). Structure ST-5 can be derived from
the triplet structure 4T-3 by adding a terminal carbonyl group
to the thorium atom bonded only to carbon atoms (the “top”
thorium atom in Figure 5). The predicted Th—Th distance in
5T-5 of 3.806 A (BP86) or 3.727 A (MO06-L) is similar to that
in 4T-3.

3.5. Dissociation and Disproportionation Reactions.
Table 1 reports the energies of the following single carbonyl

Table 1. Dissociation Energies and Disproportionation
Energies (kcal/mol) Based on the Lowest Energy
Cp,Th,(CO), Structures (n = 3 to 5)

BP86 MO06-L
Cp,Thy(CO); (58-1) — Cp,Th,(CO), (48-1) + CO 13.6 146
Cp,Thy(CO), (48-1) — Cp,Th, (CO); (35-1) + CO 217 236
Cp,Thy(CO); (38-1) — Cp,Th,(CO), (28-1) + CO 437 413
2 Cp,Thy(CO), (4S-1) — Cp,Th,(CO); (58-1) + 8.1 9.0
Cp,Thy(CO); (35-1)
2 Cp,Th,(CO); (38-1) — Cp,Th,(CO), (4S-1) + 220 177

Cp,Thy(CO), (28-1)

dissociation reactions for the energy Cp,Th,(CO), structures
(n =S to 3), based on the lowest energy structures.

Cp,Th,(CO), — Cp,Th,(CO),_, + CO

The CO bond dissociation energy of 14.6 kcal/mol (M06-L)
for a single carbonyl loss from Cp,Th,(CO); to give
Cp,Th,(CO), is significantly lower than the experimental
values of 27 kcal/mol, 41 kcal/mol, and 37 kcal/mol for the
simple carbonyls Ni(CO),, Fe(CO);, and Cr(CO)g, respec-
tively, of the d-block metals.>" This suggests that terminal CO
groups are significantly more weakly bonded to f-block
transition metals such as thorium than to the usual d-block
metals. This is consistent with the experimentally observed
facile loss of the coordinated CO ligand in Cp;UCO
derivatives.”'® However, the CO dissociation energies are
significantly larger for the Cp,Th,(CO), (n = 4, 3) derivatives
which no longer have terminal CO groups. Thus the CO
dissociation energy of Cp,Th,(CO), to give Cp,Th,(CO)j; is
predicted to be ~23 kcal/mol. The predicted energy required
to break up the central Th(n*-u-CO),Th unit in the
Cp,Th,(CO); structure 3S-1 is even greater as indicated by
its large CO dissociation energy of ~43 kcal/mol to give the
Cp,Th,(CO), structure 2S-1.

Table 1 also shows the energies for the following
disproportionation reactions:

2Cp,Th,(CO), — Cp,Th,(CO),; + Cp,Th,(CO),_;.

In this connection the disproportionation of Cp,Th,(CO); into
Cp,Th,(CO), + Cp,Th,(CO), is seen to be significantly
endothermic at ~20 kcal/mol, suggesting that Cp,Th,(CO)j is
a viable species. In addition the analogous disproportionation of
Cp,Th,(CO), into Cp,Th,(CO); + Cp,Th,(CO); is also
endothermic at ~9 kcal/mol suggesting the possible viability of
Cp,Thy(CO),.

The dissociation of the binuclear derivatives Cp,Th,(CO),
into mononuclear CpTh(CO),, derivatives was also inves-
tigated (Table 2). To obtain such data the geometries of all of
the mononuclear CpTh(CO),, derivatives (m = S, 4, 3, 2, 1)
were optimized using the same theoretical methods as for the
binuclear derivatives (Figure 7 and Supporting Information). In
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Table 2. Energies (kcal/mol) for the Dissociation of
Cp,Th,(CO), (n = S to 3) into Mononuclear Fragments
CpTh(CO),, (m =1 to 5)

BP86  MOGL
Cp,Th,(CO); (5S-1) — CpTh(CO), + CpTh(CO), 99.5 1116
Cp,Thy(CO); (58-1) — CpTh(CO), + CpTh(CO) 1031 1163
Cp,Th,(CO),(48-1) — 2 CpTh(CO), 1156 1284
Cp,Th,(CO), (48-1) — CpTh(CO), + CpTh(CO) 1195 1326
Cp,Thy(CO); (38-1) — CpTh(CO), + CpTh(CO) 1286 1399

this connection the dissociation energies for all the
Cp,Th,(CO), structures into mononuclear CpTh(CO),,
derivatives are predicted to be very large, in excess of 99
kcal/mol. The high energies for the dissociation of
Cp,Th,(CO), into mononuclear CpTh(CO),, fragments
appear to relate to the stability of the central Th(n*u-
CO);Th and Th(n*u-C,0,)(n*u-CO), units in the
Cp,Th,(CO), derivatives. Furthermore, the dissociation
energies for Cp,Th,(CO), into mononuclear fragments
increase monotonically with decreasing numbers of carbonyl
groups. Such dissociation energies change only slightly when
comparing the symmetrical dissociation and the unsymmetrical
dissociation. We therefore conclude that the mononuclear
CpTh(CO),, fragments are not likely to play an important role
in the chemistry of the binuclear Cp,Th,(CO), derivatives.

3.6. Natural Bond Orbital Analysis of the Cp,Th,(CO),
Derivatives. To obtain more insight into the chemical
bonding in the Cp,Th,(CO), derivatives, the Th—Th natural
charges and the Wiberg bond indices (WBIs) for the Th—Th
interactions were determined from Weinhold Natural Bond
Orbital (NBO) analyses52 using the BP86 method (Table 3).
For the Cp,Th,(CO); and Cp,Th,(CO), structures without
terminal CO groups, the natural charges on the thorium atoms
are positive, in the range +1.1 to +1.5. Within this range the
thorium atoms bonded to the oxygen atoms of the bridging CO
groups have more positive natural charges than the thorium
atoms bonded only to the carbon atoms of the bridging CO
groups. Addition of terminal CO groups to a thorium atom in
the carbonyl-rich Cp,Th,(CO)s structures increases the
negative charge on the thorium atom bearing the terminal
CO groups and increases the positive charge on the thorium
atom without terminal carbonyls.

The Wiberg Bond Indices (WBIs) of the Cp,Th,(CO),
derivatives are also listed in Table 3. Because of the lack of
experimental examples of compounds having Th—Th bonds of
any type, there is little guidance as to what WBIs to expect for a
given formal metal—metal bond order involving f-block metals.
The WBIs found for the Cp,Th,(CO), derivatives fall into
three broad categories. Those for the structures having central
Th(i7*-u-CO);Th units with three bridging CO groups and
Th—Th distances ranging from 3.7 to 3.9 A have WBIs ranging
from 0.42 to 0.52. The WBIs found for the structures having
central Th(n*u-CO),(n*u-C,0,)Th units with four bridging
CO groups (two as a C,0, ligand) and Th—Th distances
ranging from 4.0 to 4.4 A range from 0.17 to 0.27. The two
Cp,Th,(CO), structures 2S-1 and 2S-2 with significantly
shorter Th—Th distances ranging from 3.3 to 3.4 A have much
higher WBIs ranging from 0.81 to 0.87. These predicted Th—
Th distances of 3.3 to 3.4 A for the Cp,Th,(CO), structures
2S-1 and 28-2 are close to the standard Th—Th single bond
distance of 3.50 A estimated from the calculated Th double
bond covalent radius.>> We suspect that these may be the only
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CpTh(CO)(Cs)

CpTh(CO)4(Cs)

9
CpTh(CO);Cs)

CpTh(CO)(Cs)

Figure 7. Optimized structures of the mononuclear fragments CpTh(CO), (n = 5, 4, 3, 2, 1).

Table 3. Atomic Charges and Wiberg Bond Indices,
Compared with the Th—Th Bond Distances (in A) for the
Cp,Th,(CO), Singlet Structures by the BP86 Method

Wiberg  Th—Th  number of
natural charges bond distance 7*-u-CO
on Th1/Th2 index (A) groups

(C4H;),Th,(CO); +0.66/+1.60 0.21 4.243 4
(58-1)

(CéSSI—SIS%Z)ThZ(CO)S +0.99/+1.61 0.17 4360 4

(C4H;),Thy(CO)s +0.72/+0.73 042 3.885 3
(58-3)

(C4H;),Th,(CO)s +0.58/+0.68 047 3.828 3
(55-4)

(C4H,),Thy(CO)s +0.26/+1.18 043 3.806 4
5T-5)

(CH,),Th,(CO), +1.17/+0.00 0.46 3.871 3
(58-6)

(C4H;),Th,(CO)s +0.66/+0.75 0.52 3777 3
(58-7)

(C.H,),Th,(CO), +1.14/+1.46 027 4062 4
(48-1)

(C.H,),Th,(CO), +1.33/+1.47 025 4.030 4
(48-2)

(C.H;),Th,(CO), +0.83/+1.15 0.4 3759 4
(4T-3)

(C.H;),Th,(CO), +0.65/+1.33 0.51 3724 3
(45-4)

(C4H;),Th,(CO),4 +1.12/+1.29 0.49 3.699 3
(3s-1)

(C4H;),Th,(CO)4 +1.11/+1.50 0.42 3.922 3
(35-2)

(C4H;),Th,(CO), +1.10/+1.14 0.81 3337 2
(28-1)

(c(521+SIS%Z)ThZ(co)2 +1.28/+1.28 0.87 3.408 2

Cp,Th,(CO),, derivatives reported in this paper with a direct
Th—Th bond. However, an AIM analysis**** of the two lowest
energy ngThz(CO)z structures 28-1 and 28-2 using multiwfn
software®® indicates the lack of a bond critical point between
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the thorium atoms (Figure 8). This suggests that there is no
actual two-center two-electron Th—Th bond in each

25-1 28-2

Figure 8. QTAIM analysis of the two Cp,Th,(CO), structures.

Cp,Th,(CO), structure. Instead the formal Th—Th “single
bond” in Cp,Th,(CO), is actually a multicenter bond involving
the bridging CO groups. This is confirmed by both Kohn—
Sham and natural bond orbitals (NBOs) of the two
Cp,Th,(CO), structures (Figure 9). The situation in
Cp,Th,(CO), thus may be similar to that in the triply bridged
Fe,(CO), structure where the Fe—Fe distance and electron
counting suggest a formal single bond but AIM and related
methods of analysis suggest the absence of a direct iron—iron
bond.>”*®

Note that if the carbonyl ligands in the Cp,Th,(CO),
structures are CO?~ dianions, then the formal oxidation state
of each thorium atom is only +3 rather than the favored +4. A
formal Th—Th bond is much more likely between thorium
atoms in the +3 formal oxidation state than in the common +4
oxidation state. This interpretation suggests the WBIs in the
Cp,Th,(CO), derivatives to approach the actual formal bond
orders. If this is the case, then the actinides differ significantly
from the d-block metals for which the WBI values are typically
only 20 to 30% of the actual formal metal-metal bond
orders.”® However, neither Kohn—Sham and natural bond
orbitals (NBOs) support a pure localized Th—Th single bond
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in these Cp,Th,(CO), structures. Instead the interaction
between the thorium atoms involves multicenter bonding
including orbitals from the bridging CO groups.

3.7. Molecular Orbital Analysis. To gain more insight
into the bonding in the central Th(x-CO),Th (n = 3, 4) units
in the Cp,Th,(CO), structures discussed in this paper, their
frontier molecular orbitals (MOs) were examined (Figures 9,
10, and 11). For the Cp,Th,(CO); structures 3S-1 and 3S-2,

A

1 1 28,
al afl
'» -4
&
@ @ < 45-1(HOMO)
'- &
4T-3(SOMOs) “
Triplet ‘ot
N, 2.2,
ok,
45-2(HOMO)
singlet

Figure 11. Highest-lying filled MOs (SOMOs and HOMOs) of the
Cp,Th,(CO), structures 4S-1, 4S-2, and 4S-3.

the three highest bonding MOs (highest occupied MO
(HOMO) down to HOMO-2 in Figure 10) involve
interactions between the two thorium atoms and the three
bridging CO groups, without the Cp rings playing a significant
role. These frontier bonding MOs thus appear to correspond to
the strong Th—CO back-bonding present in these systems as,
for example, reflected by their very low v(CO) frequencies. The
bonding MOs immediately below HOMO-2 (e.g, HOMO-3
and lower) appear to involve mainly interactions between the
thorium atoms and the Cp rings.

The frontier molecular orbitals for the Cp,Th,(CO),
structures 4S-1, 4S-2, and 4T-3 suggest a novel type of
Jahn—Teller distortion involving these three structures (Figure
11). The central Th(s*u-CO),Th unit in the triplet structure
4T-3 has 4-fold symmetry with equivalent nonbonding
distances between the carbon atoms of the bridging CO
groups. The two singly occupied MOs (SOMOs) in 4T-3 (2’
and a") are very similar to the b;, and a,, MOs in the recent?r
reported triplet ground state of the neutral oxocarbon C,0,.
In ideal C, symmetry of the central Th(;*-u-CO),Th unit of
4T-3 these two orbitals would be degenerate. The symmetry
breaking in 4T-3 from the Cp rings is small enough to make the
energy separation between these SOMOs less than the electron
pairing energy, so that they remain effectively degenerate.
Pairing of these electrons in the singlet structures 4S-1 and 4S-
2 leads to splitting of these nearly degenerate orbitals and the
symmetry breaking associated with the Jahn—Teller effect. This
symmetry breaking brings the carbon atoms of two of the CO
groups close enough together to form a C—C bond, leading to
the bridging 7*--C,0, ligand in structures 4S-1 and 4S-2.

3.8. Carbonyl Vibrational Frequencies. The infrared
v(CO) frequencies of metal carbonyl derivatives correlate with
the effective C—O bond orders and thus can assess the relative
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contribution of canonical structures I, II, and III (Figure 2) in
the interaction of a CO group with a metal atom. The v(CO)
frequencies are thus a good way to estimate the amount of back
bonding in a metal carbonyl derivative. In this connection the

CO groups in the Cp,Th,(CO), derivatives (Table 4) fall into

Table 4. Harmonic »(CO) Vibrational Frequencies (in
cm™') and Infrared Intensities (in Parentheses, in km/mol)
for the Cp,Th,(CO), Derivatives

28-1 1223(419), 1301(220)

282 1245(520), 1315(85)

38-1 1350(460),1396(740), 1513(70)

382 1281(249), 1327(561), 1401(35)

48-1 1211(43), 1241(256), 1471(374), 1547(276)

4S-2 1275(348), 1316(110), 1359(224), 1392(161)

4T-3 1442(6), 1444(628), 1444(622), 1550(83)

58-1 1167(52), 1231(331), 1469(303), 1544(503), 1981(1112)
58-2 1227(227), 1285(92), 1316(172), 1365(240), 1993(596)

two categories: (1) The v(CO) frequencies of the bridging CO
groups in the central Th(s>-u-CO);Th and Th(#*-C,0,) (1*-u-
CO),Th units; (2) The v(CO) frequencies of the terminal CO
groups in the carbonyl-rich Cp,Th,(CO); structures.

The v(CO) frequency of the single terminal CO group in the
lowest energy Cp,Th,(CO); structure 5S-1 (Figure 5) of 1988
cm™ is similar to the terminal v(CO) frequencies of
cyclopentadienylmetal carbonyls of the d-block transition
metals. For such terminal CO groups the metal-CO bonding
can be represented as a resonance hybrid of valence structure I
with a formal C=O triple and II with a formal C=0 double
bond (Figure 2).

The situation is very different for the (CO) frequencies for
the bridging carbonyls in the central Th(i*-u-CO);Th and
Th(*-C,0,)(17*-u-CO),Th units in the Cp,Th,(CO), struc-
tures. For such bridging CO groups (and bridging C,0,
groups) the v(CO) frequencies range from 1281 to 1513
ecm™ in structures with central Th(s*u-CO);Th units and
even lower from 1167 to 1547 cm™' in structures with central
Th(*-C,0,) (17*-u-CO),Th units. No compounds are known
experimentally for the d-block transition metals with com-
parable M(n*1-CO);M and M(#*-C,0,)(n*-4-CO),M units.
However, the v(CO) frequencies for a titanium structure
CpTi(*-u-CO);TiCp analogous to 3S-1 are predicted to be
1501, 1540, and 1603 cm™" using the same BP86 functional.”
Thus the predicted 2(CO) frequencies for 3S-1 are 90 to 150
cm™" lower than those in the analogous titanium compound,
indicating extreme back bonding from the thorium atom to
these bridging CO groups in 3S-1. This suggests that a major
contribution to the thorium-CO bond in 3S-1 is the canonical
structure III with a formal C—O single bond (Figure 2). Thus
the bridging CO groups in 3S-1 and other structures with the
same central Th(#7*-#-CO);Th unit may be regarded formally
as dianions derived from the double deprotonation of the
hydroxycarbene ligand:C(H)(OH), which has a C—O single
bond. The back-donation of electrons from the thorium atoms
to the bridging CO groups in the central Th(17*u-CO);Th unit
is so extreme that all three CO groups are effectively reduced to
CO’" dianions. Since the Cp rings are monoanions, the formal
oxidation states of the thorium atoms in Cp,Th,(17*-u-CO),
and its carbonylation products is the highly favored thorium +4
oxidation state. In Cp,Th,(5*u-C,0,)(7*u-CO), and its
carbonylation products the thorium atoms are also in the
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favored +4 oxidation state, since the bridging C,0, ligand
appears to be the ethynediolate dianion. However, in the
Cp,Th,(CO), structures 2S-1 and 2S-2 (Figure 3 and
Supporting Information, Table S35) the thorium atoms are
only in the +3 formal oxidation state. Although the ~3.3 to
~3.4 A Th—Th distances and ~0.8 WBIs (Table 3) in the
Cp,Th,(CO), structures might suggest a formal single bond,
the interactions between the two thorium atoms appear to
occur through multicenter bonding involving the bridging CO
ligands. The Th—Th interactions in these Cp,Th,(CO),
structures thus appears somewhat analogous to the Fe—Fe
interaction in the well-known Fe,(CQ),.*%*’

4. DISCUSSION

The most favorable Cp,Th,(CO), structures in terms of the
thermochemistry appear to be Cp,Th,(*u-CO); (3S-1) and
Cp,Th,(7*-C,0,) (17*-u-CO) (4S-1). These structures are very
different than any of the structures of known binuclear
cyclopentadienylmetal carbonyls of the d-block transition
metals. However, a theoretical study on the titanium derivatives
Cp,Ti,(CO), predicts an analogous Cp,Ti,(n>u-CO); struc-
ture to be one of the most favorable structures.”” The back
bonding of the central thorium atoms to the bridging CO
groups in the Cp,Th,(CO), structures appears to be very
strong. This leads to 2(CO) frequencies lower than those found
or predicted theoretically for the d-block transition metals and
in a reasonable range for C—O single bonds. In fact, the
thorium back bonding to these bridging CO ligands is so strong
that these ligands can be regarded formally as CO*" dianions,
derived from the deprotonation of hydroxycarbene, :C(H)-
(OH). For Cp,Th,(n*-u-CO); (3S-1) this leads to the
favorable formal oxidation state of +4 for the central thorium
atoms.

Another feature of the relatively favorable Cp,Th,(1*-u-
C,0,)(17*-u-CO), structure 4S-1 is the coupling of two CO
ligands to form a bridging C,0, ligand. Such coupling of CO
ligands is not known in the carbonyl chemistry of the d-block
transition metals. However, related couplings of CF ligands to
form C,F, ligzznds,61'62 BF ligands to form B,F, ligands,63 and
BO ligands to form B,0, ligands64 in derivatives of the d-block
metals are all predicted from recent theoretical studies. The
C,0, ligand in the Cp,Th,(17*u-C,0,)(7*-u-CO), structure
4S-1 may be regarded as the dianion of ethynediol, HOC=
COH. Coordination of the C=C triple bond of HOC=COH
to one of the thorium atoms combined with strong Th—C,0,
back bonding reduces the effective carbon—carbon bond order
in the ethynediolate ligand to approximately one, as indicated
by the predicted C—C single bond distance of ~1.48 A. The
reduction and coupling of two CO ligands to a coordinated
C,0,”" ligand is again a manifestation of the extremely strong
back bonding of actinides to CO groups. Such a process
appears to be related to the experimentally observed reductive
coupling of CO with organoactinide complexes to give
ethynediolate, deltate, and squarate complexes.””*' The
thorium atoms in Cp,Th,(17*u-C,0,)(1%-u-CO), are in the
favored +4 formal oxidation state if the separate CO groups are
considered as hydroxycarbene dianions and the coupled C,0,
ligand is considered as the ethynediolate dianion.

Stable actinide derivatives containing metal—metal bonds
between two actinide atoms are essentially unknown although
such bonding in the simple dimers An, (An = Ac, Th, Pa, and
U) has been the subject of theoretical studies.*>*® The
favorable +4 thorium formal oxidation states in the
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Cp,Th,(CO), derivatives arising from the extreme back
bonding of the thorium to the bridging ligands to give the
CO* and C,0,”” dianions make a true direct thorium—
thorium bond unlikely in these species. The Wiberg Bond
Indices (WBIs) for the Th—Th interactions in the
Cp,Th,(CO), (n = 3 to S) derivatives are significantly less
than unity. Their relatively small values can thus reflect indirect
weaker Th—Th interactions through the (CO), bridging
system rather than direct Th—Th bonds. Thus the WBIs for
the structures having central Th(#7*-4-CO);Th units and Th—
Th distances from 3.7 to 3.9 A range from 0.42 to 0.51. The
WBIs for the structures having central Th(i*-u-CO),(17*u-
C,0,)Th units and Th—Th distances ranging from 4.0 to 4.6 A
have WBIs in the range 0.17 to 0.27. However, the dicarbonyl
structures 2S-1 and 2S-2 with significantly shorter Th—Th
distances of 3.3 to 3.4 A have WBIs of ~0.8 much closer to
unity. Neither the AIM analysis nor the frontier molecular
orbital analysis supports a formal two-center two-electron Th—
Th single bond in these Cp,Th,(CO), structures. Instead, the
Th—Th interactions in these structures appear to involve
multicenter bonding including orbitals from the bridging
carbonyl ligands. In the two dicarbonyl structures 2S-1 and
28-2 the thorium atoms exhibit the +3 formal oxidation state
rather than the favorable +4 oxidation state suggested for the
carbonyl richer Cp,Th,(CO), (n = 3, 4, ) structures.

Most of the triplet Cp,Th,(CO), structures were found to
have energies too high to be of chemical significance and
therefore are not discussed in this paper. The exceptions are the
Cp,Th,(CO), structure 4T-3 and its carbonylation product
ST-S. Structure 4T-3, lying within 3 kcal/mol of the lowest
energy Cp,Th,(CO), structure 4S-1, has four 7*u-CO groups,
which, unlike those in the isomeric singlet structure 4S-1, are
not coupled. The spin density in 4T-3 is largely delocalized in
the four CO bridges (Figure 12). If two of the bridging CO

Figure 12. Spin density in the triplet Cp,Th,(CO), structure 4T-3.

groups in 4T-3 are CO?~ dianions and the other two are CO*~
radical anions, then the thorium atoms have the favored +4
oxidation state. The unpaired electrons in the CO®” radical
anions can then be delocalized among all four CO groups in
accord with the spin density.

5. SUMMARY

The most favorable Cp,Th,(CO), structures in terms of energy
and thermochemistry are the tricarbonyl Cp,Th,(17*u-CO),
(38-1) having three four-electron donor bridging 1*-u-CO
groups and the tetracarbonyl Cp,Th,(17*-u-C,0,)(n*u-CO),
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(48-1) having two four-electron donor bridging #*-u-CO
groups and a bridging #*u-C,0, group. Considering the
bridging CO and C,0, groups in these structures as dianions
derived from the double deprotonations of hydroxycarbene
(:C(H)(OH)) and ethynediol (HOC=COH), respectively,
leads to the favorable +4 formal oxidation state for the thorium
atoms. The reduction of CO to the dianionic CO*~ and C,0,*~
ligands in these systems appears to be the result of extreme
Th—CO back bonding as indicated by extremely low v(CO)
frequencies of 1167 to 1550 cm™ of the central Th(n’u-
CO);Th and Th(n*u-C,0,)(1*-u-CO),Th units of these
structures. Furthermore, the reductive coupling of two CO
ligands to form the ethynediolate ligand in Cp,Th,(n*u-
C,0,)(n*p-CO), appears to be related to the experimentally
observed®”*" coupling of CO ligands by actinides, particularly
uranium(III) complexes, to give not only ethynediolate
complexes but also deltate (C;0;*”) and squarate (C,0,*")
uranium(IV) complexes.

A characteristic of the Cp,Th,(5*u-CO); and Cp,Th,(n*u-
C,0,)(1*-u-CO), structures is the ability to add terminal CO
groups, preferably to the thorium atom bonded to the fewest
oxygen atoms. These terminal CO groups exhibit terminal
v(CO) frequencies in the typical range for terminal CO groups
in d-block metal carbonyls. However, these terminal CO groups
are only weakly bonded to the thorium atoms as indicated by a
predicted CO dissociation energy of ~14 kcal/mol for
Cp,Thy(CO)s.
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