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An isostructural series of four annulated actinocene complexes,
M(hdcCOT)2 (M = Th, U, Np, Pu), are reported. The syntheses
proceed through a trivalent starting material when M = U, Np,
Pu with subsequent oxidation or, in the case of M = Th, directly
from ThCls(DME)s.
actinocene has Cy; molecular point symmetry in the solid state,

X-ray crystallography shows that each

with the metal atoms symmetrically bonded to two 10m-aromatic
[8]annulene dianion rings. UV-Vis spectroscopy shows bands that
were assigned as ligand-to-metal charge transfer (LMCT) tran-
sitions with the aid of time-dependent density functional theory
(TDDFT) calculations. Compared to the M(COT)2 analogs, the
LMCT transitions for M(hdcCOT), are red-shifted by ~0.1 eV
for all four metals. These actinocenes may be readily synthesized
and crystallized even on the miligram scale (< 1 mg of metal ion
content), which will enable future studies of the organometallic
chemistry of transplutonium elements.

Uranocene, U(COT)» (COT = CgHg?~), was initially prepared
as an f-orbital analog to the ubiquitous cyclopentadienyl-based
sandwich complexes such as ferrocene.l-2 In ferrocene, there is
an important degree of covalency between e,-symmetry ligand-
based orbitals and the d,; and d,, metal orbitals. Similarly,
the analogous e,,-symmetry orbitals for the (COT)o*~ fragment
are of the appropriate symmetry to interact with with the f,
and f,(,2_y2) orbitals in the actinides.® While uranocene’s chem-
istry differs substantially from ferrocene, uranocene stands as a
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quintessential example of actinide-ligand covalency, with strong
theoretical and experimental evidence supporting the role of 5f-
and 6d-orbital participation in the U—C bonds.3-11

Since the synthesis of uranocene, a variety of complexes in-
volving a lanthanide or actinide element and one or more 107-
[8]annulene ligands have been reported. 1216 For tetravalent ac-
tinides, uranium-based complexes constitute the overwhelming
majority of characterized compounds. These uranocenes have
been stabilized by a wide range of alkylated, 1722 silylated, 23-2°
arylated,2® and annulated2’-30 COT derivatives. The synthe-
sis of thorium, protactinium, and transuranium complexes has
been more limited, comprising the unsubstituted COT 313> and a
small number substituted COT analogs, 18-36:37 with only a few of
the latter group characterized by single crystal X-ray diffraction
(excluding Th).3® We hypothesized that a symmetrically annu-
lated COT would improve the solubility and crystallinity of the
actinocene complexes (relative to the parent M(COT)3) and fa-
cilitate small scale syntheses with transuranium elements. Here
we report the use of the C;-symmetric annulated hexahydrodicy-
clopenta[8]annulene (hdcCOT) for the preparations of four new
actinocenes M(hdcCOT)2, (M = Th, U, Np, Pu). The resulting
complexes have the additional benefit of being more readily pu-
rified with high crystalline yields even at small scales (< 1 mg of
metal content).

The most common synthetic pathway for homoleptic and
tetravalent actinocenes is via transmetallation between the re-
spective metal tetrachloride and a stoichiometric quantity of an
alkali metal [8]annulene dianion in THF.32-3439:40 Many Pu**
(although not all3436) starting materials undergo reduction with
alkali metal [8]annulene salts, and alternative precursors must
be used for the synthesis of plutonocenes such as PuCls and
PuBr3 (DME),. 3538 For hdcCOT?", this problem is readily appar-
ent even with tetravalent uranium precursors (despite the reduc-
tive stability of U™ vs. Pu**) with a significant amount of the
trivalent [K][U(hdcCOT)2] being formed, based on the H nu-
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Fig. 1 Left: Synthetic strategy for preparing M(hdcCOT),. The shorthand (C3Hs - )2 refers to the coupled by-product, 1,5-hexadiene, from reduction
of allyl bromide. Right: X-ray crystal structure of Pu(hdcCOT), collected at 100 K with thermal ellipsoids plotted at 50% probability. Hydrogens
were removed for clarity. Z labels the centroid of the [8]annulene ring. Cc = {C1, C2, C5, C6}; Cy = {C3, C4, C7, C8}

clear magnetic resonance (NMR) spectrum from the reaction be-
tween UCl; and KohdecOT.4! The trivalent triiodies4? were se-
lected as alternative precursors for U, Np, and Pu to maintain
oxidation state control. The putative trivalent [K][M(hdcCOT)2]
intermediates® were oxidized in situ using excess allyl bro-
mide as a mild one-electron oxidant (Figure 1). All four of the
M(hdcCOT), complexes may be readily crystallized at —30°C in
high yield (> 75%, based on the original metal halide used, see
the SI for details).

Table 1 Comparison of the geometric data of M(hdcCOT), with
M(COT)z . Unless otherwise noted, data reported in this table are from
data collected at roughly 293 K (see the Sl for additional information).

Bond metrics*  Th U Np pu’
M- CC> 2.748(4) 2.701(4) 2.690(2) 2.682(3)
(M—Cpq) 2.706(5) 2.647(3) 2.640(4) 2.64(1)
(M—Ccn) 2.73(2) 2.67(3) 2.66(3) 2.66(3)
M- Zpgecor  2.006(1)  1.932(1)  1.9286(9) 1.912(2)
(M —Ccor) 2.701(4) 2.647(4) 2.630(3) 2.640(4)
M- Zeor 2.0036(5) 1.9264(5) 1.9088(3) 1.885(2)

# The notation (a) refers to an average. For (M —Cc) and (M —Cy) N = 4
while for (M —Cc ) and (M —Ccor) N =8.
§ The Pu(COT),, data reported here were collected at 150 K. 35

The M(hdcCOT), complexes are isostructural, crystallizing in
the monoclinic space group P2, /c. At low temperature (T < 150
K), in the solid state, the complexes adopt a rhombohedral Cy,
molecular point symmetry (Figure 1). The metal center sits on
an inversion center with the hdcCOT?~ ligands adopting a chair-
like conformation with one cyclopentane ring pointing away (exo)
and the other pointing towards (endo) the metal center. The
two apical methylenes have large anisotropic thermal parame-
ters at room temperature (~ 293 K), indicating significant tor-
sional motion (vide infra). Similar to other actinocenes, the aver-
age C=C distance for all four compounds within the [8]annulene
ring is 1.411(2)A. 2729 Additionally, the M- - - Z distances decrease
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monotonically across the series (Table 1). The M(hdcCOT)2
complexes have two chemically inequivalent carbons within the
[8]annulene ring (Figure 1): those attached to a single hydro-
gen (Cy) and those attached to no hydrogens (Cc). The av-
erage M — Cy distances in the M(hdcCOT), complexes are sta-
tistically equivalent to the M — Ccgr distances3%3>40 (at a 95%
confidence interval per a two sided, two sample Welch’s ¢ test %)
with Np(hdcCOT); being the only exception at 0.010(3) A longer.
By comparison, all of the M — C¢ distances are longer than their
M — Ccor counterparts by 0.047(4) A, 0.054(4), 0.060(3), and
0.042(3) A for Th, U, Np, and Pu, respectively, presumably due to
sterics.

While the M(hdcCOT)y complexes have Cy;, symmetry in the
solid state, NMR spectroscopy in solution shows chemical equiva-
lence on the NMR time scale, resulting in apparent D,;, symmetry
(ignoring various rotamers of the two hdcCOTs). 28 Hence, the
IH NMR spectra for these complexes show peaks in three distinct
regions (Figure 2): eight sp?>-a-CH; sixteen sp3-B-CH>; and eight
sp3-y-CH,.

Ha
: Hﬁ <p 4
H
Th — ~115°

'
Hy + HY.

|

rrrrr 1. rrrrr 1 TrroTr 1
6.8 6.6 64 62 40 38 36 34 24 22 20 1.8

8 (ppm)

Fig. 2 'H NMR spectrum of Th(hdcCOT), in pyridine-ds. See Figure
S5 for the full spectrum. The Newmann projection is drawn from a
perspective view behind the B-CHz—y-CHz bond. The dihedral angles
shown were calculated from the crystal structure collected at 293 K.
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Fig. 3 UV-Vis spectral comparison of the M(hdcCOT), complexes and their M(COT), counterparts (M = Th, U, Np, Pu). The data are presented
with the primary axis in units of energy (eV) to emphasize the similar energy shift for each set of compounds. The minor tick marks of the secondary
axis correspond to a 10 nm change in wavelength. For Th and U, all data were collected in THF for best comparison due to the limited solubility of
Th(COT)2. The Np(COT), data were digitized from the literature.3* The Pu(COT); data were provided by the authors .3> The data were collected
in PhMe while the Pu(hdcCOT), data were collected in n-hexane. Spectral intensities are arbitrary and scaled for visual clarity. See the S| for more

information (Figures S18-521)

Since the methylene protons are diastereotopic, they may be
further broken down into two distinct pairs of peaks, arising from
the inequivalence between the endo and exo protons. The f3-
CH> split as a prototypical AA'BB’ system while the y-CHy split
as a AA/ BZB/2 system. The endo and exo protons for both the -
and y- methylenes were assigned according to their 3J values for
Th(hdeCOT)2,4* and based on methodology reported previously
for M(hdeCOT)2 (M = U, Np, Pu).2® Table 2 summarizes the
'H NMR chemical shifts. For Th(hdcCOT)5, which is closed shell
and diamagnetic; %° the proton chemical shifts appear similarly to
those for KohdcCOT. Relative to Th(hdcCOT)2, U(hdcCOT)5 and
Np(hdcCOT)2 show an upfield shift to the o-CH, and downfield
and upfield shifts to the f-CH5 and y-CH3, respectively, due to the
contact component of the paramagnetic shift.%7-28 Previous mag-
netic studies suggested that the Pu** (5f*) ion in Pu(COT), has a
singlet ground-state (J, = 0).18:3% Accordingly, the 'H NMR chem-
ical shifts for Pu(hdcCOT); are found in similar regions as those
observed for Ky (hdeCOT) and Th(hdcCOT)s, with small shifts
likely caused by temperature-independent paramagnetism. The
13C NMR spectra for these complexes (except for Np(hdeCOT)2

Table 2 Chemical shifts for the H resonances of KohdcCOT and
M(hdcCOT); in py-ds.

Proton Type Chemical shift (ppm)

K# Th U Np$ Pu
a-CH 6.61 6.55 -394 —-362  9.99
B-CH> 3.87 272 374 3.92
B/-CH, 4.05 3.58 —8.38 ~5.06 1.28
y-CH, 2.26 —185 132 420
¥-CH, 219 2.07 347 186 247

¥ KohdcCOT does not exhibit clear distinction between the endo and exo
protons of the hdeCOT ring, so only three resonances are observed.

§ Assignment of the '"H NMR spectrum of Np(hdcCOT), is tentative due
to broadening, the lack of '3C resonances, and a solvent impurity. 4/

which had no observable resonances) show the expected four dis-
tinct types of carbons: the inequivalent [8]annulene carbons and
the inequivalent methylenes.

The electronic absorption spectra of the M(hdcCOT)s com-
plexes are similar to those previously reported for actinocene
complexes. For all M(hdcCOT), complexes, the bands assigned
as LMCT are red-shifted by approximately 0.1 eV and broader
relative to those for M(COT)3 (Figure 3). This red shift is compa-
rable to the red shift previously observed for similarly alkylated
actinocenes. 1848 TDDFT (PBEO functional) calculated electronic
excitation spectra of Th(COT)2 and Th(hdcCOT)2 reproduce the
observed red shift (Figure 4). According to natural transition or-
bital (NTO) analyses, the corresponding bands in the visible re-
gion (Figures S31-S34) are mainly assigned as transitions from
combinations of the highest occupied ligand frontier orbitals of
J symmetry (meaning the approximate symmetry with respect
to the axis defined by the metal and the ligand centroids) to

Wavelength (nm)

A (B) . -

600 470 340 8

bbbl LA AL B o Gmmma N s, -
= Th(hdcCOT) 2 ﬁ' ;
= Th(COT); )
2 x_x
o . .
= COT (5): -5.58eV  COT (8) : —5.58 eV
e , ¢ o :
L
3
o
g
1S}
O

1 L L L 11 L L L 11
2.0 3.0 4.0
Energy (eV) hdcCOT (8) : —=5.06 eV hdeCOT (8) : —5.21 eV

Fig. 4 (A) Solvent phase TDDFT/PBEO computed UV-Vis spectrum of
Th(COT), and Th(hdcCOT), with Gaussian broadening of 6 = 0.2 eV.
(B) Selected fragment orbitals and energies for the complexes.
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the empty actinide 64 & orbitals. Excitations in the UV region
are primarily attributed to transitions from antibonding combi-
nations of occupied ligand 7 frontier orbitals with Th 64 & AOs.
In either complex, the Th 5f AOs do not contribute much to the
analyzed transitions. The calculations suggest that the energies
of the metal AOs are very similar in the presence of both ligands.
On the other hand, the occupied ligand frontier fragment orbitals
(FOs) are more strongly stabilized for COT?~ than hdcCOT?",
resulting in the observed red shift (Figures S35-S36, Tables S21-
S$22). This is possibly due to stronger delocalization of the FOs
in the larger hdcCOT?" ligand (i.e., weaker electrostatic interac-
tions with the metal), differences in the aromatic stabilization of
the FOs between the the two ligands, or differences in the cova-
lent interactions with the metal center.

Four new isostructural annulated actinocenes have been syn-
thesized and characterized crystallographically and spectroscopi-
cally. These results demonstrate that the M(hdcCOT), complexes
are similar structurally to their M(COT)» counterparts, but that
there is a a measurable difference in the LMCT energies. The use
of the hdcCOT ligand enables the high-yield syntheses of neutral
actinocene complexes at small scales through its improved sol-
ubility compared to M(COT)2 and facile crystallization. Achiev-
ing high-yielding and high purity syntheses is particularly impor-
tant for extending this chemistry to the transplutonium elements,
due to radiological limitations. We envision that reactions with
the hdcCOT?~ ligand may be readily amenable to characterizing
tetravalent transplutonium actinocenes.
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