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The electronic structures of early actinide (Th-Pu) com-
pounds present unique challenges to study because of their
very large spin—orbit coupling and appreciable 5f/6d metal-
ligand orbital overlap. In fact, it is the interplay of (non)-
participating 5f/6d orbitals in bonding that is the primary
factor responsible for the unusual properties of Pu metal,
which lies at the interface of localized and delocalized
(electronically itinerant) behavior in the actinides,” and for
the emergence of diverse magnetic and conducting phases in
early actinide intermetallics.”

Recent studies have shown that multimetallic molecular
systems may serve as models for understanding electronic
structures in complex actinide materials®! wherein 5f/6d
electrons can span the continuum from corelike and non-
bonding to delocalized with appreciable covalent character.
Although mixed valency and the corresponding electrochem-
ical, spectroscopic, and magnetic signatures for classical
Robin-Day delocalization are well established for multi-
metallic transition-metal complexes,!l they are essentially
unknown for the actinides.”!

We previously described the synthesis of [Cp*,An-
{(N=C(Bz)(tpy)}.] (An=Th (1a), U (1b); Bz=CH,Ph;
tpy =2,2":6'2"-terpyridine; Cp*=CsMe;).’") Reaction of
1ab with the Yb" precursor [Cp*,Yb(OEt,)] leads to the
formation of the mixed-metal complexes [Cp*,An-
{N=C(Bz)(tpy-YbCp*,)},] (An="Th (2a), U (2b)). As these
complexes showed the first distinctive signs of 5f—4f metal-
metal magnetic and electrochemical communication, we were
compelled to prepare the all-actinide analogues in this
structural motif. Herein, we report mixed-valent homo- and
hetero-trimetallic actinide complexes that show intriguing
signs of Robin-Day delocalization.

In the absence of a readily available divalent uranium
synthon, we discovered that addition of a slight excess of
potassium and two equivalents [Cp™,UI(thf)] (Cp™=
CMe,Et) to 1ab produced the actinide multimetallic
complexes 3a,b [Eq. (1)] in good yields.
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Figure 1 displays the X-ray crystal structure of 3b, which
reveals that the products are consistent with the formulation
[Cp*,An{N=C(Bz)(tpy-An'Cp*,)},] (An=Th", An'=U"
(3a); An=U", An'=U" (3b)).! Comparison of the bond
lengths in 3a and 3b shows that the structures are very similar.
The An—Nimi¢e Pond lengths in 3a (2.239(5) and 2.247(5) A)
and 3b (2.162(6) and 2.159(6) A) are consistent with reported
values for other Th/U ketimide complexes.’**” Differences
in these bond lengths between the Th™/U'™ congeners are
attributed to the approximately 0.05 A larger ionic radius for
the Th" ion.l The external U"-N,,, bond lengths in 3a,b are
identical and range from 2.442(5) to 2.486 A, while the
internal U"-N,,, bond lengths are 2.323(5) and 2.339(5) A in
3a and 2.351(5) and 2.352(5) A in 3b.

Figure 1. Molecular structure of 3b with ellipsoids shown at the 50%
probability level. A thermal ellipsoid plot of 3a is provided in the
Supporting Information.
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The complex [Cp*,U(tpy)] (4) was prepared in a manner
similar to that reported for [Cp*,U(tpy)] for use in elucida-
tion of electrochemical data for 3ab (see below).”! Both 4
and [Cp*,U(tpy)] consist of formal U™ ions coordinated by
tpy"~ ligands. The external U"™=N,,; bond lengths in 3a,b are
about 0.02 A longer than those in 4 and [Cp*,U(tpy)], while
the internal bond lengths are slightly shorter (0.03 A),
accounting for standard deviations.

Studies of the magnetic properties of 3a,b were under-
taken to detect the presence of a magnetically coupled ground
state in 3b. The structural data afford assignment of the
localized valence states, formally 52 U™ ions coordinated by
singly reduced terpyridyl-ketimide moieties that contain an
unpaired electron and are linked to the An'"Y metal center
through the ketimide group. Figure 2 shows magnetic data for
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Figure 2. Temperature-dependent yT products of 3a (bottom data set)
and 3b (top data set).

complexes 3ab. The high-temperature y7 product for 3a
attains a value of 2.34 emuKmol™ at 300 K. This result is
about twice the reported value for [Cp*,U(tpy)] of 1.1 emuK
mol~' assuming noninteracting U™ and tpy"~ spin centers at
this temperature.”! The y T product for 3b is 3.74 emu K mol !
at 300 K, a difference of 1.40 emuK mol™' from that of 3a, in
agreement with the presence of the additional 5f* U" spin
center. The value of 1.40 emuKmol ™! for the U" ion is close
to the reported value for 1b (1.25 emuKmol™)*" and to
values known for the U'" ion.P*'%

The xT products for both 3a and 3b decrease gradually
with temperature down to 50 K, where both decrease sharply.
These decreases in the yT vs. T plot are due to ligand field
effects of the ions, which lift the degeneracy of their nominal
*H, (for UY) and *Iy, (for U™) terms, quenching their orbital
angular momenta. As these ligand field effects comprise the
primary temperature dependences of the y 7 products of these
complexes, detection of perturbation of their susceptibilities
from magnetic coupling interactions is not possible. We and
others have employed subtraction techniques using diamag-
netic analogues to elucidate signatures of magnetic coupling
in f-element complexes.”™!'"l However, the number of spin
centers, complexity of the system, and a shortage of suitable
analogues to accurately reproduce the ligand field effects in
this case preclude reliable detection of magnetic coupling in
3b using this method.
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The clearest evidence for electronic interactions between
the metal centers in these complexes comes from the electro-
chemical data (Figure 3 and Table 1). For 4, wave I is ascribed

1
0 A -2 3
Potential / V/ vs.[(CHg),Fe] ™ —— =

Figure 3. Cyclic (200 mVs™'; red and blue traces) and square-wave
(pulse height 10 mV, frequency 60 Hz; green and light blue traces)
voltammograms in 0.1 m [Bu,N][B(C4Fs)4]/THF. Current is shown in
arbitrary units. Vertical arrows indicate rest potentials for each system.
Waves associated with impurities and/or decomposition products are
denoted with asterisks. Waves |-Ill are described in the text.

Table 1: Data from cyclic and square-wave voltammetry experiments.®!

Cmpd Ut tpy’/tpy” tpy” /tpy”

4 —0.98 —1.74 —2.75

3a —0.70, —0.86 —1.47, —1.61 —2.61, —2.78
3b —0.48, —0.79 —1.41, —-1.76 —2.58, —2.80
la n.a. —2.42, —2.63 n.o.

1b —2.42 —2.25, —2.53 n.o.

free tpy —2.66 n.o.

[a] Potentials are E;, values in V vs. [(CsHs),Fe] /° derived from peaks in
SWV scans. For quasi-reversible U"/U" couples, SWV peaks are only
approximate indicators of E;, values; see reference [12]. n.a.=not
applicable. n.o.=not observed under these experimental conditions.

to oxidation of tpy to the neutral ligand, wave Il to
reduction of tpy to the ligand dianion (tpy*~), and wave III
to oxidation of the metal center (U"/U™). These assignments
are based on comparison of data for the ytterbocene complex
[Cp*, Yb(tpy)] and free tpy ligand, and on the observed
electron-transfer kinetic behavior consistent with our obser-
vations for other f-element metallocenes that the rates for the
metal-based oxidation are generally slower than for the
ligand-based processes that exhibit nearly reversible electron-
transfer behavior."?! Square-wave voltammetry (SWV) data
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were collected to assist in resolving closely spaced waves, but
these data for 4 provide a vivid illustration that the SWV
peaks for quasi-reversible processes (e.g., the U"Y/U™ wave)
are diminished in peak current, broadened, and are less
symmetric relative to peaks for reversible processes (e.g., the
tpy-based waves) as noted previously.'”! The positive shift of
the tpy-based redox couples in the complex relative to that of
the free ligand (Table 1) is consistent with behavior observed
in other transition-metal and f-element complexes and results
from stabilization of the ligand nt* orbitals from chelation to
the metal center. Much more notable is the approximate 1—
1.5V positive shift of the UY/U™ couple relative to its
potential in tetravalent [Cp*,UL,] complexes (L =halide,
alkyl, ketimide)."! This remarkable stabilization of the
trivalent oxidation state in 4 can be attributed to U—tpy
1t backbonding as noted in other low-valent uranium com-
plexes."!

For 3a and 3b, each of the three redox processes
identified in Figure 3 for 4 splits into two discrete compo-
nents. For two equivalent but noninteracting redox centers,
the two voltammetric waves should be unresolvable
(ca. 36 mV theoretical separation!'”)) even by SWV. In 3ab
significant splittings between each pair of waves are seen
(Table 1), demonstrating electronic communication between
these centers. Notably, the splittings are larger in all cases for
the U" bridge than for the Th' bridge. This observation was
noted previously for precursors 1a,b (Table 1) and ascribed to
the enhanced ability of the U bridge with its occupied
valence orbitals to induce stronger coupling between the
peripheral tpy moieties. The interaction must occur through
the central metal bridge; otherwise the result would be the
same for both Th and U systems. Redox activity was also
anticipated for the U" center in 3b, comparable to that
reported previously for 1b.”°! No distinct waves attributable
to either oxidation or reduction of this center were identified.
We believe this is a result of substantial perturbations to the
redox energetics of the U" ketimide arising from the m*-
electron density on the tpy ligands.

UV/Vis/NIR absorption datal® for 3a,b and 4 provide no
additional insight into interactions among the metal centers in
these complexes because the spectra are dominated over the
entire energy range by intense, broad, vibronically structured
bands localized on the tpy radicals that have been assigned to
allowed m—m* and m*—m* transitions. In particular, no f-f
bands for either U™ or U" or potential intervalence charge-
transfer bands between these centers are resolved, presum-
ably because of the much lower oscillator strengths antici-
pated for such transitions.

We have developed a general procedure for the synthesis
of a set of mixed-valent An"VU™, complexes (An=Th, U)
and determined that their valences are best described as
“trapped”. Conclusions regarding the true magnetic ground
state of 3b remain elusive because of the usual obfuscation of
evidence for magnetic coupling in the susceptibility by ligand
field signatures of the uranium ions, but the possibility of a
magnetically coupled ground state in these complexes cannot
be discounted. Similarly, electronic absorption signatures of
delocalization (e.g., U™-U" intervalence transitions) are
obscured by intense m—nt* transitions localized on the reduced
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tpy groups. Magnetic circular dichroism experiments are
currently planned to elucidate the presence of such transitions
in 3b.

Experimental Section
All manipulations were performed in either a recirculating Vacuum
Atmospheres (Model HE-553-2 with a MO-40-2 Dri-Train or
NEXUS with a 40CFM Dual Purifier NI-Train) drybox (N,), or by
using standard Schlenk line techniques.

3a: Potassium mirror (0.034 g, 0.87 mmol, 2.1 equiv) was pre-
pared on the bottom of a 125-mL side-arm flask, and toluene (30 mL)
was added. With stirring, 1a (0.50 g, 0.42 mmol) and [Cp*,U(I)(thf)]
(0.64 g,0.87 mmol, 2.1 equiv) were added simultaneously, producing a
dark green solution that was stirred at room temperature for 48 h.
Over this time the reaction mixture became dark blue in color and a
solid precipitated from the solution. The solution was filtered through
a celite-padded coarse frit, and the filtrate was collected and
concentrated to 5 mL under reduced pressure. Solid 3a was precipi-
tated from the toluene solution with addition of (Me;Si),O (50 mL).
Crystalline, analytically pure 3a was obtained from saturated
solutions of (Me;Si),O/toluene (10:1 v/v) set at room temperature
for three days. Yield: 0.59g, 024mmol (62%). 'HNMR
([Dg]toluene, 100°C): 6 =17.88 (brs, 12H, CsMe,(CH,CHy)), 12.22
(brs, 24H, C5(CH;),(CH,),Et), 11.47 (brs, 24H, Cs(CH;),(CH;),Et),
4.54 (brs, 2H, p-H in Bz), 3.84 (brs, 4H, ArH), 2.93 (brs, 8H,
CsMe,(CH,CH,)), 0.64 (brs, 4H, CH,Ph), —0.23 (s, 30H, Cs(CHs)s),
—2.15 (brs,4H, ArH), —3.04 (brs,4H, ArH), —16.84 (brs, 4H, ArH),
—19.38 (brs, 8H, ArH), —24.05 ppm (brs, 4H, ArH). Elemental
analysis (%) calcd for C,;0H 5 NgU,Th-2 (C¢H,30Si,)
(2596.37 gmol'): C56.40, H 6.48, N 4.31; found: C56.67, H 6.55,
N 4.36.

3b: The synthesis of 3b is analogous to that of 3a. Yield: 0.638 g,
0.258 mmol (60%). '"HNMR ([Ds]toluene, 90°C): 0 =18.02 (brs,
12H, CMe,(CH,CH,)), 12.75 (brs, 24H, Cs(CH;),(CH;),Et), 11.97
(brs, 24H, C5(CHj;),(CH,),Et), 4.93 (brs, 2H, p-H in Bz), 4.13 (brs,
4H, ArH), 3.60 (brs, 8H, CsMe,(CH,CH,)), 1.20 (brs, 4H, CH,Ph),
—4.25 (s, 30H, C5(CHy)s), —23.75 (brs, 4H, ArH), —87.09 ppm (brs,
4H, ArH), additional tpy-H resonances were not observed. Elemen-
tal analysis (%) calcd for Cj0H;3NgU; (2279.36 gmol™'): C 57.96,
H 5.79, N 4.92; found: C 57.95, H 5.69, N 5.14.
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