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The synthesis of a rare trivalent Th3" complex, (CsMes),[PrNC(Me)N'Pr]Th, initiated a density functional theory
analysis on the electronic and molecular structures of trivalent actinide complexes of this type for An=Th, Pa, U, Np,
Pu, and Am. While the 6d orbital is found to accommodate the unpaired spin in the Th®* species, the next member of
the series, Pa, is characterized by an f ground state, and later actinides successively fill the 5f shell. In this report, we
principally examine the evolution of the bonding as one advances along the actinide row. We find that the early
actinides (Pa—Np) are characterized by localized f orbitals and essentially ionic bonding, whereas the f orbitals in the
later members of the series (Pu, Am) exhibit significant interaction and spin delocalization into the carbon- and
nitrogen-based ligand orbitals. This is perhaps counter-intuitive since the f orbital radius and hence metal—ligand
overlap decreases with increasing Z, but this trend is counter-acted by the fact that the actinide contraction also leads
to a stabilization of the f orbital manifold that leads to a near degeneracy between the An 5f and cyclopentadienyl
sr-orbitals for Pu and Am, causing a significant orbital interaction.

Introduction

A long-standing debate in actinide chemistry centers on the
role that 5f orbitals play in actinide-ligand bonding. The
generally accepted understanding is that early members of the
actinide series may exhibit significant metal—ligand mixing
(bonding), but that the interaction is largely mediated by the
actinide 6d orbitals with the actinide 5f manifold being
essentially uninvolved.! The reason for this behavior lies in
the small 5f orbital radius compared with that of the 6d,
which results in limited overlap between 5f and ligand
orbitals. This picture, taken to its extreme, suggests that the
actinide 5f manifold is largely a reservoir for the additional
charge as Z increases across the row.

This is not to say, however, that there is no involvement of
the 5f orbitals in organoactinide chemistry. Several examples
are in the literature where qualitative evidence suggests the f
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orbitals play a role in the associated chemistry.”> Moreover,
recent direct evidence for f orbital-ligand interactions in early
members of the actinide series has been observed by near-
edge ligand X-ray absorption spectroscopy of (CsMes)>»AnCl,,
An = Th, U.? Thus, while interactions with the 6d manifold
may be stronger, modulations in the extent of 5f orbital
involvement can affect the chemistry.

We report here that studies of the use of the metallocene
amidinate coordination environments for actinides* have led
to the synthesis of a rare example of a structurally character-
izable trivalent thorium complex, (CsMes),[PrNC(Me)-
N'Pr]Th. To date only three structurally characterized Th*"
structures are known.””’ Since there is limited information
on the electronic structure of this unusual oxidation state,
hybrid density functional theory (DFT) calculations were
carried out on this complex and its previously synthesized
uranium analogue.® These results suggested that the analysis
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should be extended to other trivalent actinides to gain a better
understanding of the lesser studied actinides (Pa, Np, Pu, Am).
Using the experimental anchor points with Th and U, we
hoped to provide insight into the properties of the heavier acti-
nides and stimulate synthetic interest in transuranic com-
plexes of this type.

These efforts also provide molecular examples to compare
with recent calculations on the tetravalent actinide series,
(CsHs),An (An = Th—Cm), ° and screened hybrid DFT cal-
culations on actinide dioxides that suggest that PuO, may
actually have more covalent character than UO,.'” This is
surprising, since the actinide contraction reflects a decrease in
radial extension of the 5f orbitals and hence less overlap
between metal and ligand orbitals. However, the orbital
mixing depends not only on the orbital overlap but also on
the orbital energy difference. In the case of the dioxides, the
actinide 5f orbital remains well separated and higher in energy
from ligand orbitals in the early members of the series, as
verified from photoelectron spectroscopy, for example. How-
ever, the 5f orbital is also energetically stabilized with increa-
sing Z and so at some point becomes nearly degenerate with
the O 2p orbitals. This finding in the solid actinide oxides
warranted an examination in a molecular system with different
types of ligands. The (CsMes),[ PrNC(Me)N 'PrJAn complexes
provided the opportunity, and the results are reported here.

Results

Synthesis of (CsMes),[ PrNC(Me)N'Pr]Th, 1. The reaction
of the catlomc complex, {(CsMes),[' PrNC(Me)NlPr]Th}
{BPh; Me} made in situ from BPh; and (CsMes),['Pr-
NC(Me)N'Pr]ThMe, with KCy in tetrahydrofuran (THF)
immediately produced a dark purple solution that persisted
overnight, eq 1. Crystals suitable for X-ray diffraction were

Y

Th 3/—— [MeBPhy] + KCq Th M
KBPhMe
-graphite

grown from a saturated Et,O solution at —35 °C that
identified the purple product as the trivalent Th complex,
(CsMes),[[PrNC(Me)N'Pr]Th, 1, Figure 1 and Table 1.
The isolation of 1 is remarkable because it was done in the
presence of N,, THF, and Et,O. Previous attempts to
make Th®" have led to reduced dinitrogen products

deoxygenated'*!'? and ring-opened organic solvents,
well as C—0O, C—N, and C— Hbond activation products
Since the prevrously reported U* analogue, (CsMes)»-
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Figure 1. Thermal ellipsoid plot of (CsMes),[[PrINC(Me)N'Pr|Th, 1,
shown at the 50% probability level. Hydrogen atoms have been omitted
for clarity.

Table 1. X-ray Data Collection Parameters for (C5Me5)z[iPrNC(Me)NiPr]Th, 1
C23H47N2Th 1

empirical formula

formula weight (g/mol) 643.72
temperature (K) 98(2)
crystal system monoclinic
space group P2,y/c

a(A) 12.5758(15)
b(A) 14.7777(18)
c(A) 15.0404(18)
o (deg) 90

p (deg) 92.304(2)

y (deg) 90

volume (A%) 2792.9(6)
zZ 4

Hcaled (Mg/mz) 1.531
(mm™") 5.355

RI1[I > 2.00(D]" 0.0271
wR2 (all data)* 0.07

“RI = S||Fo| = |Fll/SIFol; WR2 = [Sow(Fo® — FA/Sw(F )2

[[PrNC(Me)N'Pr]U, displayed reduced U*" reactivity,!”
it is possible that the metallocene amidinate coordination
environment is particularly effective in protecting An>* ions.

Spectroscopy. Because of the presence of one unpaired
electron, complex 1 exhibited an EPR resonance with a g
value of 1.871 and no hyperﬁne In comparison a g value
of 1.916 was observed for {[-CsHg('‘BuMe,Si),-1,4],-
Th}{K(DME),].® and a value of 1.910 was found for
both [C5MC3(SIM62IBU)2-1,3]3Th7 and [(C5M63(SiMC3)2-
1,31sTh.”'® The purple complex displayed electronic tran-
sitions at 575 and 725 nm with extinction coefficients of
about 2400. As described below, these were assigned to 6d
to 5f transitions from the calculations.

Structural Analysis. Selected bond lengths and angles
for 1 are compared with the three other examples in the
literature in Table 2. The Th-(ring centroid) distances in 1
are rather similar to those in the tris(cyclopentadienyl)
complexes [CsMes3(SiMes),]sTh and [CsMes(SiMe,-
Bu)2]3Th Surprisingly, the 2.541 and 2.545 A Th- (CsMes
ring centrord) lengths in 1 are shorter than the 2.584 and
2.598 A in the tetravalent (CsMes),[ PrNC(Me)N'Pr]-
ThMe,’ even though An*" ions usually have smaller radii

(18) Kot, W. K.; Shalimoff, G. V.; Edelstein, N. M.; Edelman, M. A.;
Lappert, M. F. J. Am. Chem. Soc. 1988, 110, 986.
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Table 2. Comparison of Th-(Ring Centroid) Bond Distances (A) and Angles (deg) in (C5M35)2[iPrNC(Me)NiPr]Th, 1, with Other Structurally Characterized Trivalent

Thorium Complexes

bond distance/angle 1 [CsMes(SiMes),)sTh [CsMes(SiMe,'Bu),]sTh [{COT(TBS),},Th]K(DME),
Th—(ring centroid) 2.541,2.545 2.519, 2.526 2.532,2.535 2.067,2.094
(ring centroid)—Th—(ring centroid) 137.7 118.9, 120.0, 121.1 119.7, 119.8, 120.6 174.5

Figure 2. Singly Occupied Molecular Orbital (SOMO) in (CsMes),['PrNC-
(Me)N'Pr]Th, 1.

than An>" ions. The 2.476(3) and 2.482(3) A Th—N bond
distances in 1 are also shorter than the 2.509(2) and
2.515(2) A analogues in (C5Me5)2[1PrNC(Me)N1Pr]ThMe
The shorter bond distances in 1 can be attributed to the
loss of the methyl group that allows the amidinate ligand
to be closer to the metal center.

Density Functional Theory Analysis. Using the Heyd—
Scuseria—Ernzerhof (HSE) functional,'” the ground state
of 11is calculated to be a doublet with one unpaired elec-
tron localized in a d. orbital on thorium, Figure 2. The 5f'
state is estimated to be higher in energy by 0.91 eV
according to time-dependent DFT (TD-DFT) results.
Atomic charges using Mulliken analysis are notoriously
difficult to interpret, but our experience is that orbital
populations for more compact orbitals such as the 5f are
less prone to these difficulties, nearly basis set indepen-
dent, and usually conform to formal valence expecta-
tions. Given this caveat, we find the unpaired spin density
(or spin polarization) on the Th site to be 0.94 electrons
and largely resident in the d manifold (Table 4), consistent
with a formal Th**, 6d' configuration. There is some
delocalization of spin onto the ligands, both to the amidi-
nate and to the Cp moiety. The structural predictions
(Table 3) are in reasonable agreement with experiment,
although the calculated Th-amidinate distances are ~0.04 A
longer than the experimental values.

Table 3 presents calculated results for the remainder of
the series. In all cases the high-spin f* (Hund’s first rule)
ground state was examined computationally. Beginning
with Pa, the metal f orbitals become energetically more
favorable and start to accommodate the unpaired spin.
In Pa, the ground state was found to lic lowest; an initial
guess of the form df collapsed to the f> configuration.
For U*", where experimental structural data are available

(19) Heyd, J.; Scuseria, G. E.; Emzerhof, M. J. Chem. Phys. 2003, 118,
8207.

(20) Graves, C. R.; Yang, P.; Kozimor, S. A.; Vaughn, A. E.; Clark, D. L.;
Conradson, S. D.; Schelter, E. J.; Scott, B. L.; Thompson, J. D.; Hay, P. J.;
Morris, D. E.; Kiplinger, J. L. J. Am. Chem. Soc. 2008, 130, 5272.

for comparison, the calculated U-amidinate bond distances
are again overestimated by some 0.05 A, typical of the
errors found in hybrid DFT predictions for actinide
complexes.**°

Discussion

The interplay between the actinide 6d and 5f orbitals is
nicely demonstrated by the calculations of thls series of
(C 5Mes)2['PrNC(Me)N‘Pr]An complexes. In Th*", the unpaired
spin is localized in the 6d orbital (Figure 2). The low-energy
region of the experimental absorption spectrum (Supporting
Information) shows two peaks at 725 nm and 575 nm. One
expects these to involve transitions to the empty f-orbital
manifold. The first seven excited states in our TD-DFT
calculations are doublets, and natural transition orbital
analysis®' (Figure 4) show them to correspond to the ex-
pected seven d to f transitions. These range in energy from
0.9eV (1300 nm) to 1.95eV (636 nm). The lowest excited state
at 0.9 eV carries little oscillator strength (0.0001). A pair of
states in the region of 850—900 nm and another pair in the
region of 635—690 nm carry most of the intensity and are
presumably associated with the two experimental peaks. This
would imply an error of some 0.3 eV in the computed exci-
tation energies, not unreasonable given the problems when
using TD-DFT with open-shell ground states.* In addition,
we have neglected spin—orbit interactions in the calculations,
which may introduce errors of this order of magnitude.

The next member of the series, Pa®", does not adopta d'f!
configuration, but rather contains two unpaired electrons in
5f orbitals. This f orbital filling continues as Z increases. To
illustrate the evolution of the 5f orbital energy across the
series, we have plotted the molecular orbital eigenvalue
spectrum for the series in Figure 3. For each eigenvalue, we
present the orbital occupations—the molecular analogue of
a partial density of states. As expected, there is systematic
downward shift of the metal based 5f orbitals (red) as Z inc-
reases. The HOMO is indicated with an asterisk. For future
reference, it is important to note that the metal 5f orbital
energy becomes nearly degenerate with the ring based orbi-
tals (black) in the vicinity of Np/Pu.

The associated spin densities are shown in Table 4. These
show an unpaired spin count on the metal that is close to that
expected from formal ionic charges. An important point to
notice, however, is that the metal spin densities do not get closer
to the formal predictions as Z increases, as one might expect if
the bonding were entirely ionic in character. Rather, more
unpaired spin densny is shared/delocahzed onto the ligands
as Z increases.” In fact, at Am>", the unpaired spin density is
6.24, as opposed to the formal value of 6.0 expected from an
f® jon. Since the remaining (minority) spin is found on the
carbon atoms in the cyclopentadienyl rlng, this implies that
the metal is obtaining its additional spin from the (CsMes)'"
ligands and not very much from the amidinate ligand.

(21) Martin, R. L. J. Chem. Phys. 2003, 118, 4775.
(22) Dreuw, A.; Head-Gordon, M. Chem. Rev. 2005, 105, 4009.
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Table 3. Calculated and Experimental Bond Distances and Angles
(CsMes),[[PrNC(Me)N'Pr]An
An = Th An = Pa An = U An = Np An = Pu An = Am
bond length (A) and angle (deg) calcd expt calcd calcd expt caled caled caled
An—N(1) 2.494 2.476(3) 2.511 2.464 2.435(3) 2.457 2.454 2.441
An—N(2) 2.525 2.482(3) 2.525 2.470 2.456(3) 2.466 2.459 2.441
An—C(21) 2.961 2.898(4) 2.958 2.905 2.869(4) 2.896 2.895 2.872
An—C(CsMes) average 2.82 2.86(1) 2.84 2.79 2.80(1) 2.79 2.78 2.77
N(1)—An—N(2) 52.94 54.15(11) 53.22 54.47 54.94(11) 54.65 54.78 55.21
Table 4. Mulliken Atomic Spin Densities for (CsMes),[[PrNC(Me)N'PrJAn Complexes
(CsMes),[PrNC(Me)N'Pr]An
An = Th An = Pa An = U An = Np An = Pu An = Am
An 0.942 2.038 3.079 4.149 5.168 6.241
N(1) —0.011 —0.010 —0.016 —0.020 —0.010 —0.018
N(?2) —0.014 —0.010 —0.019 —0.022 —0.012 —0.019
Amidinate C 0.004 0.004 0.004 0.003 —0.004 0.013
Cpring C —0.011 —0.043 —0.054 —0.099 —0.157 —0.223
= T T T | T T T I T T T 1 T T L} 1 1 L} L} l L} Ll 1 | 1 1 1 | T T T I T T T =
g — AnSf E
: A]\/\ — x| ; DA\MA/\;
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Figure 3. Density of States Plots for (CsMes),[[PPrNC(Me)N'Pr]An, An = Th—

Am. The percentage of atomic orbital character in each molecular orbital

is plotted versus its B3LYP eigenvalue. The results are broadened with a Gaussian of width ~0.2 eV. The Fermi energies are indicated by an asterisk. In the
Th complex the highest occupied molecular orbital (HOMO) is of 6d character; it quickly changes to f-like at Pa. Note that the states associated with the Cp
ring (black) remain at the same energy (—5 eV) as Z increases, while the occupied f-like (red) states fall to lower energy as you progress along the series.
Beginning with Np, there is some mixing evident between the two (as indicated by the small 5f component under the predominantly black C 2p peak). This is
even more pronounced in the Pu complex; in Am these f-levels have largely dropped through the ring levels.

This trend in the spin densities as Z increases initially seems
counter-intuitive since the 5f orbitals are expected to contract
with increasing Z leading to less covalency. However, the
calculations indicate significant orbital mixing and delocali-
zation between the actinide 5f orbital and the cyclopentadie-
nyl ring as Z increases. The ring appears to become a more
effective donor with increasing Z. Alternatively, the actinide
is becoming a better acceptor, even though the formal ionic
charge remains constant. The resulting spin polarization is
being mediated by the metal 5f orbital. In view of the argu-
ments of the introduction regarding orbital size variations
with Z, how can this happen?

The origin of this effect is well-known, but sometimes
forgotten in the context of actinide chemistry. Consideration
of orbital overlap alone Ieads one to look for significant f orbital
involvement in bonding in the early members of the series,
before the actinide contraction reduces the orbital radius

further. There is, however, another important contributor to
efficient orbital mixing, and that is the relative energy between
the 5f and appropriate ligand orbitals. In simple Hiickel
theory, if we denote these two orbitals as ¢¢ and ¢;, then to
the first order of perturbation theory, the resulting molecular
orbital is given by

Y = ¢+ [B/(er —eL)lpL (2)

where f3 is directly proportional to the orbital overlap, and ¢
denotes the orbital energy. The inadequate screening of the
nucleus as the f shell fills leads not only to smaller orbitals,
but also causes a dramatic reduction in the energy of the 5f
orbitals. This is apparent in Figure 3. Note that the energy of
the cyclopentadienyl 77 orbital (black) is essentially unchanged
with increasing Z, whereas the occupied actinide 5f orbitals
(red) falls relentlessly as the series is traversed and crosses into
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Figure 4. Natural Transition Orbitals for (CsMes),[PrNC(Me)N-
'Pr]Th, 1.

the region of the ligand 7z near Np/Pu. Our calculations suggest
that the decrease in the denominator of eq 2 is sufficient to
overcome to some degree the decrease in the numerator, with
the result that there is more significant ligand—metal inter-
action in the later members of this series.

This is reminiscent of the situation found in recent calcula-
tions on a series of crystalline actinide dioxides.'® Deviations
from formal ionic expectations were observed as Z increased,
reflecting increased covalency. While hybrid DFT yielded a
very ionic picture for UO,, significant An 5f /O 2p orbital
mixing was observed in PuO,, leading to substantial disper-
sion in the valence bands. In fact, the calculations found so
much O 2p to metal charge transfer in CmO,, that it is
probably best described as intermediate valence, in the sense
that the spin density reflects a metal valence between 3+
and 4+. Note that a formal metal valence of 3+ in an AnO,
compound implies oxygen valencies smaller than 2—. This is
not a sustainable situation. The valence requirements of O*~
and An*" can be met with the stoichiometry An,Os;. The

Inorganic Chemistry, Vol. 49, No. 21,2010 10011

sesquioxide does indeed become the more stable phase as Z
increases. In fact, only the sesquioxide has been synthesized
in the later members of the series.

The important role of the energy denominator is well-
known, but sometimes forgotten in these materials. Early
indications of significant interaction occurring in later mem-
bers of the series were seen in DVXa calculations on AnOg
clusters by Gubanov, Rosen, and Ellis,”® and in (CsHs),An
compounds by Kaltsoyannis and Bursten.** The general issue
of covalency in these materials was recognized early by
Pyykko.?® Here we simply wish to point out that the influence
of the orbital energy difference on bonding in the actinide
series is often overlooked, and may have surprising conse-
quences. We emphasize that our point is principally a quali-
tative one; our omission of spin—orbit coupling and errors in
our functionals may alter the details of the energy—Ievel
crossover, but will not change our major conclusion. An issue
still to be determined is whether this enhanced mixing implies
“covalency” in the sense of increased metal—Cp bond energies.
This issue is currently being investigated.

Conclusion

We have reported the rare synthesis and structural char-
acterization of a trivalent thorium complex and the first with
a non-hydrocarbon ligand. A DFT analysis of the structu-
rally characterized Th® " and U*" complexes was extended to
trivalent metallocene amidinate complexes of the actinides
from Th—Am. The calculations suggest increased orbital
mixing and spin delocalization as one progresses from the left
to the right across the actinide series.

Experimental Section

Caution! Thorium (primarily *>>Th) is a weak alpha-emitter
with a half-life of 1.41 x 10" years and should only be used with
the appropriate safety and equipment.

The syntheses and manipulations described below were
conducted with rigorous exclusion of air and water using
Schlenk, vacuum line, and glovebox techniques. Solvents were
sparged with UHP argon, dried by passage through columns
containing Q-5 and molecular sieves, and delivered directly
to the glovebox through stainless steel tubing. Benzene-d
(Cambridge Isotope Laboratories) was dried over NaK alloy
and benzophenone, degassed by three freeze—pump—thaw
cycles, and vacuum transferred before use. BPh; (Aldrich)
was sublimed prior to use. (CsMes) [ PrINC(Me)N'Pr]ThMe
was made according to the literature.* Infrared spectra were
recorded as K Br pellets on a Perkin-Elmer Spectrum One FT-
IR spectrometer. Elemental analyses were performed with
a Perkin-Elmer 2400 CHN elemental analyzer. UV /vis absor-
bance spectra (250—800 nm ™~ ') were recorded on a Perkin-Elmer
Lambda 800 double-beam spectrophotometer equipped with
a PMT detector. EPR spectra were recorded with a Bruker
EMX spectrometer equipped with a standard TE;p (ER
4102ST) resonator (Bruker).

(CsMes),[[PrNC(Me)N'Pr|Th, 1. In a nitrogen atmosphere
glovebox, freshly sublimed BPh; (163 mg, 0.673 mmol) was
added to a stirred solution of (CsMes),[PrNC(Me)N'Pr]ThMe
(440 mg, 0.668 mmol) in THF (10 mL). The color immediately
turned from colorless to bright yellow. After 5 min, KCg (40 mg,
1.0 mmol) was added, and the color immediately turned dark

(23) Gubanov, V. A.; Rosen, A.; Ellis, D. E. J. Phys. Chem. Solids 1979,
40, 17.

(24) Kaltsoyannis, N.; Bursten, B. E. J. Organomet. Chem. 1997, 528, 19.

(25) Pyykko, P.; Li, J.; Runeberg, N. J. Phys. Chem. 1994, 98, 480.
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purple. After 12 h, insoluble material was removed by centrifu-
gation, and the solvent removed under vacuum to yield 1 as a
dark purple powder (370 mg, 86%). Crystals suitable for X-ray
diffraction were grown from a saturated Et,O solution at —35 °C.
IR (KBr): 2970s, 2858 m, 1639 m, 1530 m, 1419s, 1377s, 1328s,
1301s, 1190s, 1183 m, 1038 m, 932s, 803s, 759s cm ™ '. Anal. Caled
for Co,4H47N,Th: C, 52.24; H, 7.36; N, 4.35. Found: C, 52.07; H,
7.49; N, 4.26.

Computational Details. Electronic structure calculations
were conducted using the hybrid HSEIPBE' functional in
the Gaussian09 code.® The Stuttgart 97 relativistic effective
core potential (RECP) and associated basis sets were used
for the metal atoms, except that the most diffuse s, p, d, and f
functions were removed leaving a 7s/6p/5d/3f set. The 6-31G*
basis set was used for C, H, and N atoms. These basis sets
have been used extensively for organometallic complexes and

(26) Frisch, M. J. etal. Gaussian 09, Revision A.02; Gaussian, Inc.: Wallingford,
CT, 2009.
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have been shown to give good agreement with experimental
data.**°
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