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1,4-Dicyanobenzene as a Scaffold for the Preparation of Bimetallic Actinide
Complexes Exhibiting Metal–Metal Communication
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Introduction

The rich magnetic and electrochemical properties of the 5f
elements make actinide-based functional materials an intri-
guing prospect.[1] However, exploiting these properties re-
quires a fundamental understanding of how to promote and
control short-range electronic delocalization and magnetic
exchange interactions between actinide metal centers; mas-
tery that has been attained for transition metals, but not for
the actinides.[1e, f, 2] To date, much attention has been paid to
the synthesis of high nuclearity polyoxo clusters; however,

the actinide–actinide interactions in these systems have
been too weak for any clear detection.[3] In contrast to tran-
sition metals, self-assembled actinide frameworks that are
held together by noncovalent bonds also exhibit little to no
metal–metal interaction.[4]

Although a few examples of magnetic exchange between
5f and 3d metals have been reported,[5] the only approach
that has been successful in promoting interactions between
actinide ions in molecular complexes has been through the
use of covalently linked bridging ligands. For example,
imido linkages were employed in the single example of un-
ambiguous 5f1–5f1 antiferromagnetic coupling in [{(Me-
C5H4)3U

V}2(m-1,4-N2C6H4)] (1).[6] Furthermore, use of ket-
ACHTUNGTRENNUNGimide ligand linkages allowed clear actinide-mediated elec-
tronic delocalization in [(C5Me5)2U

IV
ACHTUNGTRENNUNG(-N=C(Bz) ACHTUNGTRENNUNG{tpy-UIII-

ACHTUNGTRENNUNG(C5Me4Et)2})2] (2).
[7] Although appreciable 5f3-5f2-5f3 mag-

netic interactions were also anticipated for 2—derived from
direct exchange by overlap with local SOMOs on the inter-
vening reduced terpyridyl groups—the ligand field signa-
tures of the uranium ions in the cT product for this complex
masked any signatures for magnetic interactions.
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Abstract: Reaction of two equivalents
of [(C5Me4Et)2U ACHTUNGTRENNUNG(CH3)(Cl)] (6) or
[(C5Me5)2ThACHTUNGTRENNUNG(CH3)(Br)] (7) with 1,4-di-
cyanobenzene leads to the formation
of the novel 1,4-phenylenediketimide-
bridged bimetallic organoactinide com-
plexes [{(C5Me4Et)2(Cl)U}2(m-ACHTUNGTRENNUNG{N=C-
ACHTUNGTRENNUNG(CH3)-C6H4-(CH3)C=N})] (8) and
[{(C5Me5)2(Br)Th}2(m-ACHTUNGTRENNUNG{N=C ACHTUNGTRENNUNG(CH3)-C6H4-
ACHTUNGTRENNUNG(CH3)C=N})] (9), respectively. These
complexes were structurally character-
ized by single-crystal X-ray diffraction
and NMR spectroscopy. Metal–metal
interactions in these isovalent bimetal-
lic systems were assessed by means of
cyclic voltammetry, UV-visible/NIR ab-

sorption spectroscopy, and variable-
temperature magnetic susceptibility.
Although evidence for magnetic cou-
pling between metal centers in the bi-
metallic UIV/UIV (5f2–5f2) complex is
ambiguous, the complex displays ap-
preciable electronic communication be-
tween the metal centers through the p

system of the dianionic diketimide
bridging ligand, as judged by voltam-

metry. The transition intensities of the
f–f bands for the bimetallic UIV/UIV

system decrease substantially compared
to the related monometallic ketimide
chloride complex, [(C5Me5)2U(Cl) ACHTUNGTRENNUNG{-N=

C ACHTUNGTRENNUNG(CH3)-(3,4,5-F3-C6H2)}] (11). Also re-
ported herein are new synthetic routes
to the actinide starting materials
[(C5Me4Et)2UACHTUNGTRENNUNG(CH3)(Cl)] (6) and
[(C5Me5)2ThACHTUNGTRENNUNG(CH3)(Br)] (7) in addition
to the syntheses and structures of the
monometallic uranium complexes
[(C5Me4Et)2UCl2] (3), [(C5Me4Et)2U-
ACHTUNGTRENNUNG(CH3)2] (4), [(C5Me4Et)2U ACHTUNGTRENNUNG{-N=C ACHTUNGTRENNUNG(CH3)-
C6H4-C=N}2] (10), and 11.
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The nitrile insertion chemistry that has been successfully
applied by our group in the synthesis of monometallic urani-
um and thorium ketimide complexes, as well as 2, represents
a rational synthetic strategy for crafting well-defined bimet-
allic actinide complexes.[8] The use of an aromatic spacer
equipped with two ketimide functional groups as the cova-
lent anchors for the actinide–actinide framework should
allow manipulation of the metal combinations and the prop-
erties (substitution pattern, type of p network) of the bridg-
ing ligands to tune the electronic and magnetic interactions
between the metal centers. Within such a covalent diket-
ACHTUNGTRENNUNGimide ligand framework, the study of a superexchange
mechanism between the two uranium ions could be facilitat-
ed, which was previously effective for observation of mag-
netic exchange in 1.
Herein, we report that nitrile insertion chemistry with 1,4-

dicyanobenzene can be used to prepare 1,4-phenylenediket-
ACHTUNGTRENNUNGimide-bridged bimetallic thorium (5f0–5f0) and uranium
(5f2–5f2) complexes, and that the uranium system displays
clear signatures of electronic communication between the
two metal centers through the p system of the novel dia-
nionic bridging ligand. In the course of these studies we de-
veloped synthetic routes to (C5Me4Et)MgCl·THF and sever-
al monometallic thorium and uranium complexes, which we
also describe.

Results and Discussion

Synthesis of bimetallic actinide complexes 8 and 9 : Entry
into this new class of bimetallic organoactinide compounds
is illustrated in Scheme 1. The uranium system required the
synthesis of [(C5Me4Et)2UCl2] (3) and [(C5Me4Et)2UACHTUNGTRENNUNG(CH3)2]
(4), which were prepared in an analogous fashion to the
known C5Me5 derivatives.[9] Namely, reaction of
(C5Me4Et)MgCl·THF (2.2 equiv) with UCl4 in toluene gave

[(C5Me4Et)2UCl2] (3) as a dark red crystalline solid in 97%
isolated yield. Subsequent treatment of 3 with excess
MeMgBr in Et2O/dioxane gave dark red 4 in 72% yield fol-
lowing workup. Complexes 3 and 4 have been structurally
characterized. As shown in Figure 1, the molecular struc-
tures of 3 and 4 reveal a bent metallocene framework with a
pseudotetrahedral coordination environment about the ura-
nium metal centers and the two chloride (U(1)�Cl(1)=

2.591(4) N, U(1)�Cl(2)=2.598(4) N) or methyl (U(1)�
C(23)=2.429(4) N, U(1)�C(24)=2.415(4) N) ligands, re-
spectively, residing within the metallocene wedge. The met-
rical parameters in these complexes are as expected and
compare well to other structurally characterized urani-
um(IV) chloride[10] and methyl[8a] complexes.

Scheme 1. Synthetic outline for the preparation of complexes 6–10.

Figure 1. Molecular structures of complexes 3 (left) and 4 (right) with
thermal ellipsoids at the 50% probability level. Hydrogen atoms are
omitted for clarity. Selected bond lengths [N] and angles [8] for 3 : U(1)�
Cl(1) 2.591(4), U(1)�Cl(2) 2.598(4), Cl(1)�U(1)�Cl(2) 97.19(13), U(1)�
C5Me4Et(cent) 2.44(1), C5Me4Et(cent)�U(1)�C5Me4Et(cent) 137.4(3). Selected
bond lengths [N] and angles [8] for 4 : U(1)�C(23) 2.429(4), U(1)�C(24)
2.415(4), C(23)�U(1)�C(24) 95.22(15), U(1)�C5Me4Et(cent) 2.454(4),
2.459(4), C5Me4Et(cent)�U(1)�C5Me4Et(cent) 141.0(1).
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The mixed methyl chloride complex [(C5Me4Et)2U-
ACHTUNGTRENNUNG(CH3)(Cl)] (6) was nearly quantitatively prepared in situ by
treating a solution of 4 in toluene with the methide-abstract-
ing agent, Ph3CCl.

[11] Although 6 was not isolated, it was
characterized by 1H NMR spectroscopy. Subsequent addi-
tion of 1,4-dicyanobenzene (0.5 equiv) to 6 yielded brown
crystalline [{(C5Me4Et)2(Cl)U}2(m-ACHTUNGTRENNUNG{N=C ACHTUNGTRENNUNG(CH3)-C6H4-
(CH3)C=N})] (8) in 43% isolated yield. The moderate yield
reflects the high solubility of complex 8. The bimetallic tho-
rium analogue [{(C5Me5)2(Br)Th}2(m-ACHTUNGTRENNUNG{N=C ACHTUNGTRENNUNG(CH3)-C6H4-
(CH3)C=N})] (9) was made in a similar fashion and obtained
as an orange crystalline solid in 14% yield from 1,4-dicyano-
benzene (0.5 equiv) and [(C5Me5)2ThACHTUNGTRENNUNG(CH3)(Br)] (7), which
was generated from [(C5Me5)2Th ACHTUNGTRENNUNG(CH3)2] (5) and Ph3CBr.
The C5Me4Et ligand framework was chosen for crystallini-

ty reasons and to distinguish between thorium and uranium
in efforts to make a mixed actinide (UIV/ThIV) bimetallic
system. However, all attempts to prepare such a UIV/ThIV

complex through the reaction between mixtures of 6 and 7
and 1,4-dicyanobenzene yielded only the homo-bimetallic
products 8 and 9, as determined by NMR spectroscopy. The
inability of this chemistry to produce the UIV/ThIV bimetallic
system is not currently understood. In fact, similar efforts to
prepare the monometallic complement of 8,
[(C5Me4Et)2U(Cl) ACHTUNGTRENNUNG{-N=C ACHTUNGTRENNUNG(CH3)-C6H4-C�N}], also yielded
only the homo-bimetallic product 8.
The molecular structures of 8 and 9 confirm that two

[(C5Me4Et)2U(Cl)] or [(C5Me5)2Th(Br)] units are bridged by
the 1,4-phenylenediketimide ligand to form a conjugated
complex with an anti configuration, as shown in Figure 2.
Both molecules reside on an inversion center, with U···U
and Th···Th through-space distances of 10.956 N and
11.049 N, respectively. For the bimetallic complexes, each
eight-coordinate metal center adopts a bent-metallocene ge-
ometry and contains a bridging ketimide and either a chlo-
ride (for 8) or bromide (for 9) ligand within the metallocene
wedge. The actinide–halide bond lengths are consistent with
reported values for other U�Cl (for 8)[10] and Th�Br (for
9)[12] complexes. Although the U(1)�N(1) bond length of
2.250(2) N in 8 is slightly larger than the range (2.04(2)–
2.225(5) N) observed for previously reported UIV ketimide
complexes, the N(1)�C(21) bond length of 1.260(3) N com-
pares well to those reported for other UIV ketimide struc-
ACHTUNGTRENNUNGtures.[8a,e,h] Similarly, for complex 9, the Th(1)�N(1) bond
length of 2.213(4) N falls slightly short of the range
(2.25(2)–2.286(5) N) seen in other structurally characterized
ThIV ketimide complexes, but the N(1)�C(22) bond length
of 1.266(6) N is similar to that presented by the uranium
system 8 and is in agreement with those reported for other
ThIV ketimide structures.[8a,e,f,g] Importantly, the p system
providing the communication pathway between the two UIV

metal centers in 8 remains intact, as evidenced by the small
torsion angles defined by N(1)�C(21)�C(23)�C(25) (7.38)
and C(22)�C(21)�C(23)�C(24) (8.38). Similar metrical pa-
rameters are observed for the ThIV/ThIV bimetallic frame-
work with N(1)�C(22)�C(24)�C(25)=11.88 and C(23)�
C(23)�C(24)-C(26)=10.78.

Synthesis of monometallic ketimide complexes 10 and 11:
Given the inability of this chemistry to produce a suitable
mixed-actinide (UIV/ThIV) bimetallic system, the monometal-
lic complexes [(C5Me4Et)2UACHTUNGTRENNUNG{-N=C ACHTUNGTRENNUNG(CH3)-C6H4-C=N}2] (10)
and [(C5Me5)2U(Cl) ACHTUNGTRENNUNG{-N=C ACHTUNGTRENNUNG(CH3)-(3,4,5-F3-C6H2)}] (11) were
prepared to aid in the interpretation of the data obtained
from the spectroscopic and magnetic studies on the UIV/UIV

bimetallic complex (8). As shown in Scheme 1, the bis-
ACHTUNGTRENNUNG(ketimide) 10 was prepared by reaction of 4 with 1,4-dicya-
nobenzene (2 equiv). Following workup, complex 10 was iso-
lated as a dark green solid in 45% isolated yield. Similarly,
reaction of [(C5Me5)2UACHTUNGTRENNUNG(CH3)(Cl)] with 3,4,5-trifluorobenzo-
nitrile (one equiv) affords the brick-red monometallic keti-
mide chloride derivative 11 in 18% yield [Eq. (1)]. Despite
their low-to-moderate yields, both complexes were fully
characterized, and their molecular structures are presented
in Figure 3.
As with the bimetallic UIV/UIV complex 8, both monome-

tallic structures 10 and 11 feature an eight-coordinate UIV

metal center that adopts a bent-metallocene geometry and
contains either two ketimide ligands (for 10) or a ketimide
and a chloride ligand (for 11) within the metallocene wedge.
The U�Nketimide (2.171(8), 2.187(8) N for 10 ; 2.155(5) N for

Figure 2. Molecular structures of 8 (top) and 9 (bottom) with thermal el-
lipsoids at the 50% probability level. Hydrogen atoms are omitted for
clarity. The molecules reside on a crystallographic inversion center. Se-
lected bond lengths [N] and angles [8] for 8 : U(1)�N(1) 2.250(2), U(1)�
Cl(1) 2.7106(13), N(1)�C(21) 1.260(3), N(1)�U(1)�Cl(1) 108.67(11),
U(1)�N(1)�C(21) 175.29(19), U(1)�C5Me4Et(cent) 2.471(6), 2.493(6),
C5Me4Et(cent)�U(1)�C5Me4Et(cent) 140.2(2). Selected bond lengths [N] and
angles [8] for 9 : Th(1)�N(1) 2.213(4), Th(1)�Br(1) 2.8508(5), N(1)�C(22)
1.266(6), N(1)�Th(1)�Br(1) 100.69(10), Th(1)�N(1)�C(22) 176.2(3),
Th(1)�C5Me5(cent) 2.512(5), 2.525(5), C5Me5(cent)�Th(1)�C5Me5(cent)
139.9(2).
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11) and N=C (1.304(12), 1.253(12) N for 10 ; 1.263(7) N for
11) bond lengths observed for the ketimide ligands in 10
and 11 are statistically consistent with reported values for
other uranium ketimide complexes.[8a,e,h] The nitrile bond
lengths (1.166(12), 1.163(13) N) in complex 10 are as expect-
ed for uncoordinated nitrile groups.[13] The interplanar
angles (f) between the planes formed by ketimide atoms
N=C ACHTUNGTRENNUNG(CMe) ACHTUNGTRENNUNG(Cipso) and the ketimide aryl groups are 19.6 and
21.78. These values compare well with those observed (f=

5–358) for other bis ACHTUNGTRENNUNG(ketimide)–Th/U complexes that do not
possess ortho substituents on the ketimide aryl group.[8g,h]

Finally, it is noteworthy that the U�Nketimide and U�Cl
bond lengths are substantially longer in the bimetallic UIV/
UIV ketimide chloride complex 8 (U�N=2.250(2) N, U�
Cl=2.7106(13) N) compared with the structurally related
monometallic UIV ketimide chloride complex 11 (U�N=

2.155(5) N, U�Cl=2.6649(13) N).

Electrochemistry of 8 and 9 : Metal–metal communication
between the two 5f2 UIV metals in 8 was assessed by using a
combination of voltammetry, UV-visible/NIR absorption
spectroscopy, and magnetic susceptibility. The electrochemi-
cal data provide the clearest manifestation of an interaction
between the metal centers, as illustrated in Figure 4. Data
for monometallic UIV and ThIV bis ACHTUNGTRENNUNG(ketimide) complexes all
show the same general behavior illustrated for the known
bis ACHTUNGTRENNUNG(ketimide) complexes, [(C5Me5)2AnACHTUNGTRENNUNG{-N=CPh2}2] (An=U
(12), Th (13)).[8a, 14] The oxidation wave (I) is attributed to a
UV/UIV process, and the reduction wave (II) to a UIV/UIII

process. The more negative reduction wave (III) is attribut-
ed to a ketimide ligand-based process because it occurs at
the same potential in both 12 and 13, and no metal-based
redox activity is expected for complexes of ThIV under these
experimental conditions.[15] The structurally related bimetal-
lic thorium complex 9 exhibited two quasi-reversible reduc-
tion waves that also must be attributed to sequential one-
electron reductions of the bridging ketimide ligand. Notably,
the potentials of these waves are more positive than the re-

Figure 3. Molecular structures of 10 (top) and 11 (bottom) with thermal
ellipsoids at the 50% probability level. Hydrogen atoms are omitted for
clarity. Selected bond lengths [N] and angles [8] for 10 : U(1)�N(1)
2.171(8), U(1)�N(2) 2.187(8), N(1)�C(23) 1.304(12), N(2)�C(32)
1.253(12), N(3)�C(31) 1.166(12), N(4)�C(40) 1.163(13), N(1)�U(1)�N(2)
106.0(3), U(1)�N(1)�C(23) 172.0(7), U(1)�N(2)�C(32) 174.0(8), U(1)�
C5Me4Et(cent) 2.460(9), 2.459(9), C5Me4Et(cent)�U(1)�C5Me4Et(cent) 141.8(3).
Selected bond lengths [N] and angles [8] for 11: U(1)�N(1) 2.155(5),
U(1)�Cl(1) 2.6649(13), N(1)�C(21) 1.263(7), N(1)�U(1)�Cl(1) 98.79(14),
U(1)�N(1)�C(21) 176.9(4), U(1)�C5Me5(cent) 2.447(6), 2.450(6),
C5Me5(cent)�U(1)�C5Me5(cent) 140.5(2).

Figure 4. Voltammetric data in �0.1m [Bu4N][B(fluoroaryl)4]/THF.
A) Square-wave data for 8 with 10 mV pulse height at 60 Hz. B) Cyclic
data for 8, 9, 12,[14] and 13[8a] at 200 mVs�1. Rest potentials are indicated
by vertical arrows.
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duction wave of the terminal ketimide ligand in 12 and 13,
consistent with a more spatially delocalized redox orbital in
the bridging ketimide.
The cyclic voltammogram for the bimetallic UIV/UIV

system 8 is quite rich, and the inventory of redox processes
is much more clearly discerned in the square-wave traces
shown in Figure 4A. This complex clearly possesses four re-
duction waves clustered around �2 V and two poorly re-
solved oxidation waves centered at approximately 0 V (all
potentials are versus [(C5H5)2Fe]

+ /0 in approximately 0.1m

[Bu4N][B(fluoroaryl)4]/THF, in which fluoroaryl=C6F5 or
3,5-(CF3)2-C6H3). The variations in the square-wave voltam-
metric peak heights in Figure 4A are not associated with dif-
ferences in the number of electrons involved in the redox
process, but rather reflect variations in the heterogeneous
electron-transfer rate constants for the processes as de-
scribed previously.[16] Based on the comparative behaviors il-
lustrated in Figure 4, generic wave assignments follow in a
straightforward manner. For the reduction waves, two must
be attributable to bridging ligand-based processes, as seen
for 9, and the other two are ascribed to the one-electron re-
duction of each of the two UIV centers. Similarly, the two ox-
idation waves at approximately 0 V are attributed to the
one-electron oxidation of each of the two UIV centers. The
additional wave at around 0.4 V is ascribed to oxidation of
the chloride ligand(s) and leads to some degradation of the
reduction processes, as seen in the green trace (Figure 4B).
Specific assignments for each of the four reduction waves

for 8 cannot be made solely on the basis of existing data.
Based on the current amplitudes in the square-wave data,
the processes at �1.84 and �2.22 V are comparable and ex-
hibit less reversible behavior than the processes at �2.09
and �2.33 V. Inasmuch as the observed ligand-based reduc-
tions for 9 are also quasi-reversible in nature, it is plausible
to suggest that these lower amplitude waves for 8 in the
square-wave data are also ligand-based reductions. This
would leave the waves at �2.09 and �2.33 V attributable to
the UIV/UIII processes. Clearly, however, these assignments
remain equivocal.
For two equivalent but non-interacting redox centers, the

theoretical separation between voltammetric waves associat-
ed with the same transformation (e.g., reduction or oxida-
tion in the present case) is 36 mV. The observed separation
of the two UIV-based oxidation waves for 8 is 120 mV. If the
reduction waves for 8 are assigned as suggested above, the
two reduction waves corresponding to UIV-based processes
have a separation of 240 mV. The apparent difference in the
separations for oxidation (120 mv) versus reduction
(240 mV) waves must reflect, at least in part, the fact that
the two reduction steps have an intervening ligand-based re-
duction process that would likely alter the redox potential
of the second metal-based step. Regardless of the actual as-
signments of the reduction waves, the separations among
these waves significantly exceed that for non-interacting
centers. Thus, the electrochemical data illustrate a significant
metal–metal interaction in 8. For comparison, in bimetallic
MoV/MoV systems containing an unsaturated bridging ligand

and comparable metal–metal spacings, the separation be-
tween metal-based oxidation waves is 765 mV for
[{Tp*(NO)(Cl)Mo}2{m-(4,4’-bipyridine)}] ,

[17] which contains a
dipyridyl bridge and 340 mV for [{Tp*(O)(Cl)Mo}2{m-(O-
C6H4-CH=CH-C6H4-O)}] (Tp*= tris(3,5-dimethylpyrazol-1-
yl)hydroborate),[18] which possesses a 1,4-diphenolate bridg-
ing ligand.

Electronic absorption spectroscopy of 8 and 11: The elec-
tronic absorption spectral data, even for isovalent bimetallic
complexes such as 8 can, in principle, provide information
about the extent of metal–metal interaction if suitable base-
line data for monometallic species are available. We were
unsuccessful in isolating the most appropriate monometallic
analogue of 8 (e.g., [(C5Me4Et)2U(Cl) ACHTUNGTRENNUNG{-N=C ACHTUNGTRENNUNG(CH3)-C6H4-C�
N}]), but data are available for the monometallic chloroketi-
mide with an electron-withdrawing phenyl group,
[(C5Me5)2U(Cl) ACHTUNGTRENNUNG{-N=C ACHTUNGTRENNUNG(CH3)-(3,4,5-F3-C6H2)}] (11). Compa-
rative UV-visible/NIR spectral data for 8 and 11 are pre-
sented in Figure 5. We focus on the f–f spectral region in the
NIR where transitions derive from the 5f2 manifold of UIV.
The data for 11 are comparable to those previously reported
by us for a wide range of UIV bis ACHTUNGTRENNUNG(ketimide) complexes.[8] In
particular, although these f–f transitions are parity-forbidden
to a first approximation, we have attributed the substantial
observed transition intensities to an intensity-stealing mech-
anism derived from energetically nearby, visible charge-
transfer transitions involving the 5f orbitals.
The fidelity in the spectral band positions and relative in-

tensities between 8 and 11 are quite remarkable, but there is
a very surprising change in the spectral intensities. One
might expect that the transition intensities for the bimetallic
system would be approximately twice those for the structur-

Figure 5. UV-visible (a) and NIR (c, 10Q the actual intensities) ab-
sorption spectral data for 8 (blue) and 11 (red) in toluene. Molar absorp-
tivity values for 8 are per mole of complex.
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ally analogous monometallic systems, since the absorption
cross-section for the system with two chromophore metals
should increase concomitantly. Here we see the rather sur-
prising result that the transition intensities for these f–f
bands actually decrease substantially for the bimetallic com-
plex. The origin of this behavior is at present unclear.

Magnetic susceptibility of 8 and 10 : Magnetic susceptibility
and cT data for complexes 8 and 10 are shown in Figure 6.
The high-temperature cT values for 8 (1.00 emuKmol�1 per
UIV ion) and 10 (0.81 emuKmol�1) are consistent with re-
ported values for UIV ions in low-symmetry ligand fields.[2a,19]

As expected for UIV complexes, the primary temperature-
dependent signature for these complexes is the ligand-field
perturbation of the nominal 3H4 ground state from the 5f2

configuration.[2a] This signature is clearly observed in the cT
versus T data, which decreases over the whole temperature
range and reaches around 0 emuKmol�1 at low temperature.
This is also reflected by the c versus T data that becomes
temperature-independent at around 50 K for the complexes.
Such behavior indicates orbital quenching of the 3H4 term
by the ligand field by removing the degeneracy of the nine
ligand-field states to achieve an orbital singlet (nonmag-
netic) ground state. Very small paramagnetic impurities, evi-
dent by the slight upturn (Curie tail) in the c versus T data,
are also exhibited by 8 and 10 at around 10 K (Figure 6).
In addition to the ligand-field effects for these ions, com-

plex 8 has the potential to undergo additional perturbation
of its magnetic susceptibility by magnetic coupling interac-
tions between the ions. We have also shown that ketimide
bridging ligands have the ability to promote magnetic com-
munication between ions by means of other structural mo-
tifs,[8e] presumably as a result of the UIV–N p-bonding inter-
action that involves the nitrogen lone pair. Previous studies

have attempted to ascertain the presence of magnetic cou-
pling in such systems through the use of structurally and
magnetically similar complexes to reproduce and subtract
ligand-field effects from the susceptibilities of multimetallic
complexes. To perform a subtraction analysis to unambigu-
ously detect magnetic coupling in complex 8, a mixed-metal
UIV/ThIV complex, which has not been synthetically forth-
coming, is required to precisely reproduce the ligand-field
effects in 8. Another possible approach for the analysis of 8
could be to use twice the susceptibility of 10 in this fashion;
however, the ligand-field energies of UIV ketimide com-
plexes have been shown to be very sensitive to substitution
of the ketimide groups.[8h] As such, the results of such analy-
sis for 8 using 10 are unreliable in this case.

Conclusion

Nitrile insertion chemistry with 1,4-dicyanobenzene was
used to prepare simple dinuclear ThIV/ThIV and UIV/UIV

complexes, thus enabling the study of the manifestations of
electronic delocalization and magnetic interactions between
actinide ions. Although the 1,4-phenylenediketimide bridg-
ing ligand possesses a significant covalent component to its
bonding with uranium, evidence for magnetic superexchange
is not evident by simple susceptibility measurements. How-
ever, the complex does display electronic communication
between the metal centers through the p system of the di-
ACHTUNGTRENNUNGanionic bridging ligand, as judged by the substantial wave
separation for the sequential reduction and oxidation pro-
cesses of the two uranium metals. These results clearly show
that these new bimetallic structures are useful platforms for
studying metal–metal interactions and, with the prospect of
preparing both mixed-valent and higher-nuclearity systems,
offer new opportunities for exploring the electronic struc-
ture and valence delocalization in actinides.

Experimental Section

General synthetic procedures : Reactions and manipulations were per-
formed in a recirculating Vacuum Atmospheres (Model HE-553-2 with a
MO-40-2 Dri-Train or NEXUS with a 40CFM Dual Purifier NI-Train)
dry box (N2), or using standard Schlenk line techniques. Glassware was
dried overnight at 150 8C before use. All NMR spectra were recorded in
[D8]toluene, [D6]benzene, or [D8]THF with a Bruker Avance 300 MHz
spectrometer. Chemical shifts for 1H and 13C{1H} NMR spectra were ref-
erenced to solvent impurities and 19F NMR resonances were referenced
to CFCl3 at d=0.00 ppm. Mass spectrometric (MS) analyses were ob-
tained at the University of California, Berkeley Mass Spectrometry Fa-
cility with a VG ProSpec (EI) mass spectrometers. Elemental analyses
were performed at the University of California, Berkeley Microanalytical
Facility, on a Perkin–Elmer Series II 2400 CHNS analyzer.

Materials : Unless otherwise noted, reagents were purchased from com-
mercial suppliers and used without further purification. Celite (Aldrich),
alumina (Brockman I, Aldrich), and 4 N molecular sieves (Aldrich) were
dried under dynamic vacuum at 250 8C for 48 h prior to use. Anhydrous
toluene (Aldrich), diethyl ether (Aldrich), tetrahydrofuran (Aldrich), di-
oxane (Aldrich), hexane (Aldrich), and pentane (Aldrich) were dried
over KH for 24 h, passed through a column of activated alumina under

Figure 6. Magnetic data for 8 (blue) and 10 (red) from 2–350 K.
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nitrogen and stored over activated 4 N molecular sieves prior to use.
[D6]benzene (Aldrich, anhydrous), [D8]THF (Cambridge Isotope Labora-
tories) and [D8]toluene (Aldrich, anhydrous) were purified by storage
over activated 4 N molecular sieves under N2 prior to use. [(C5Me5)2Th-
ACHTUNGTRENNUNG(CH3)2],

[9] [(C5Me5)2U ACHTUNGTRENNUNG(CH3)(Cl)],
[9] UCl4,

[20] [Bu4N][B ACHTUNGTRENNUNG(C6F5)4],
[21] and

[Bu4N][B ACHTUNGTRENNUNG(3,5- ACHTUNGTRENNUNG(CF3)2-C6H3)4]
[21] were prepared according to literature pro-

cedures.

Caution! Depleted uranium (primarily isotope 238U) and natural thorium
(232Th) are weak a emitters with a half-life of 4.47#109 years and 1.41#
1010 years, respectively; manipulations and reactions should be carried out
in monitored fume hoods or in an inert atmosphere dry box in a radiation
laboratory equipped with a- and b-counting equipment.

Synthesis of (C5Me4Et)MgCl·THF : In a dry box, a 1 L Schlenk flask
equipped with a magnetic stirrer bar was charged with iPrMgCl (3.0m/
Et2O, 112 mL, 224 mmol). The diethyl ether was removed from the solu-
tion under a dynamic vacuum to give a grey gelatinous mass that was sus-
pended in toluene (250 mL). Ethyltetramethylcyclopentadiene (40.4 g,
269 mmol) was added to the suspension and the reaction vessel was
sealed and removed from the dry box to a Schlenk line where it was
placed under an argon atmosphere. The reaction mixture was heated to
105 8C for 12 h, then cooled to room temperature and returned to the dry
box. The reaction was concentrated under reduced pressure and THF
(100 mL) was added. Solvents were further removed to yield a thick
white paste to which pentane (250 mL) was added. The resulting suspen-
sion was stirred at ambient temperature overnight. (C5Me4Et)MgCl·THF
was collected as a white powder (58.4 g, 208 mmol, 93%) by filtration
over a medium-porosity fritted filter and was dried under a vacuum.
1H NMR (300 MHz, [D6]benzene, 25 8C): d=3.56 (br s, 4H; a/b-C4H8O),
2.56 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 2H; C5Me4CH2CH3), 2.16 (s, 6H; C5Me4Et),
2.12 (s, 6H; C5Me4Et), 1.30 (br s, 4H; a/b-C4H8O), 1.23 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=

7.5 Hz, 3H; C5Me4CH2CH3).

Synthesis of 3 : In the dry box, a 250 mL Schlenk flask equipped with a
stirrer bar was charged with UCl4 (11.3 g, 29.7 mmol),
(C5Me4Et)MgCl·THF (18.4 g, 65.3 mmol), and toluene (150 mL). On a
Schlenk line, the reaction vessel was placed under nitrogen and heated at
105 8C for 24 h, after which the resulting maroon solution was filtered
while hot over a Celite-padded coarse frit. The frit was washed with hot
toluene until the washings were colorless. Solvents were removed under
reduced pressure to give 3 as a dark red solid (17.5 g, 28.8 mmol, 97%).
Analytically pure samples of 3 were obtained by slow evaporation of a
concentrated solution of 3 in toluene at room temperature. 1H NMR
(300 MHz, [D6]benzene, 25 8C): d=22.99 (s, 6H; C5Me4CH2CH3), 13.80
(s, 24H; C5Me4Et), �2.84 ppm (s, 4H; C5Me4CH2CH3); MS (70 eV): m/z :
606 [M]+ , 571 [M�Cl]+ , 457 [M�C5Me4Et]

+ ; elemental analysis calcd
(%) for C22H34Cl2U: C 43.50, H 5.64; found: C 43.18, H 5.51.

Synthesis of 4 : [(C5Me4Et)2UCl2] (3, 8.0 g, 13 mmol), Et2O (150 mL), and
dioxane (10 mL) were added to a 250 mL Schlenk flask charged with a
stirrer bar. Dropwise addition of MeMgBr (3.0m/Et2O, 13.2 mL,
4.40 mmol) resulted in the immediate formation of a white precipitate.
The mixture was stirred at room temperature for 16 h. The solvent was
removed under reduced pressure to give a red solid, which was redis-
solved in hexane (30 mL) and filtered through a Celite-padded coarse
frit. The frit was washed with hexane until the filtrate was colorless. The
red-orange filtrate was concentrated (20 mL) and cooled at �35 8C to
form dark red crystalline 4 (5.3 g, 9.4 mmol, 72%). 1H NMR (300 MHz,
[D8]THF, 25 8C): d =14.5 (s, 6H; C5Me4CH2CH3), 5.6 (s, 12H; C5Me4Et),
5.1 (s, 12H; C5Me4Et), �4.3 (s, 4H; C5Me4CH2CH3), �137.2 ppm (s, 6H;
U-CH3); MS (70 eV): m/z : 566 [M]+ , 551 [M�CH3]

+ , 536 [M�2CH3]
+ ;

elemental analysis calcd (%) for C31H48U: C 56.52, H 7.34; found: C
56.79, H 7.89.

Synthesis of 6 : Complex 6 was prepared in situ as needed for the synthe-
sis of 8 using the following procedure: A solution of Ph3CCl (0.52 g,
1.9 mmol) in THF (15 mL) was added to a 125 mL side-arm flask charged
with 4 (1.1 g, 1.9 mmol) and THF (10 mL). The mixture was stirred at
room temperature for 16 h to give 6 as a red solution. 1H NMR
(300 MHz, [D6]benzene, 22 8C): d =9.37 (s, 24H; C5Me4Et), 6.04 (s, 6H;
C5Me4CH2CH3), 4.53 (s, 4H; C5Me4CH2CH3), �166.78 ppm (s, 3H; U-
CH3).

Synthesis of 7: Complex 7 was prepared in situ as needed for the synthe-
sis of 9 according to the following procedure: A 125 mL side-arm flask
was charged with 5 (0.45 g, 0.84 mmol) and toluene (20 mL). A solution
of Ph3CBr (0.28 g, 0.86 mmol) in toluene (10 mL) was added to this clear,
pale off-white solution of 5 resulting in an immediate color change to
yellow. The mixture was stirred at room temperature for 16 h to give 7 as
a yellow solution. The 1H NMR spectrum of 7 is identical to that report-
ed for [(C5Me5)2Th ACHTUNGTRENNUNG(CH3)(Cl)].

[9] 1H NMR (300 MHz, [D6]benzene,
25 8C): d =1.97 (s, 30H; C5Me5), 0.30 ppm (s, 3H; Th-CH3).

Synthesis of 8 : A solution of Ph3CCl (0.52 g, 1.9 mmol) in THF (15 mL)
was added to a 125 mL side-arm flask charged with 4 (1.1 g, 1.9 mmol)
and THF (10 mL). The mixture was stirred at ambient temperature for
16 h to give 6 as a red solution. Next, a solution of 1,4-dicyanobenzene
(0.12 g, 0.94 mmol) in THF (15 mL) was added to the solution of 6, re-
sulting in a dark brown solution, which was stirred at room temperature
for 16 h. The volatile compounds were removed under reduced pressure
to afford a brown powder, which was redissolved in pentane (�25 mL)
and filtered through a Celite-padded coarse porosity frit. The frit was
washed with pentane until the washings were colorless. The brown filtrate
was concentrated (20 mL) and cooled to �35 8C to afford dark brown
crystalline 8 (0.54 g, 0.41 mmol, 43%). 1H NMR (300 MHz, [D6]benzene,
25 8C): d=4.3 (s, 12H; C5Me4Et), 2.7 (s, 12H; C5Me4Et), 2.3 (s, 12H;
C5Me4Et), 2.0 (s, 20H; C5Me4Et (12H) and C5Me4Et (8H)), 1.7 (s, 12H;
C5Me4Et), �0.55 (s, 4H; Ar-H), �0.90 (s, 3H; N=C(Me)), �39.5 ppm (s,
3H; N=C(Me)); elemental analysis calcd (%) for C54H78Cl2N2U2: C
49.81, H 6.04, N 2.15; found: C 49.68, H 6.10, N 2.17.

Synthesis of 9 : A 125 mL side-arm flask was charged with 5 (0.45 g,
0.84 mmol) and toluene (10 mL). A solution of Ph3CBr (0.28 g,
0.86 mmol) in toluene (10 mL) was added dropwise to the clear, pale off-
white thorium solution of 5, resulting in an immediate color change to
yellow. The mixture was stirred at room temperature for 16 h to give 7 as
a yellow solution. Next, a solution of 1,4-dicyanobenzene (0.054 g,
0.42 mmol) in toluene (10 mL) was added dropwise with stirring to the
solution of 7, resulting in a bright orange solution, which was stirred at
room temperature for 4 h, filtered through a Celite-padded coarse porosi-
ty frit, and the volatile compounds removed under reduced pressure. Two
successive recrystallizations from a solution of THF (5 drops) and diethyl
ether (5 mL) at �30 8C produced orange crystalline 9 (0.078 g,
0.059 mmol, 14%). 1H NMR (300 MHz, [D6]benzene, 25 8C): d=8.10 (s,
4H; Ar-H), 2.22 (s, 6H; N=C(Me)), 2.04 (s, 60H; C5Me5); elemental
analysis calcd (%) for C50H70Br2N2Th2: C 45.39, H 5.33, N 2.12; found: C
45.39, H 5.26, N 2.25.

Synthesis of 10 : A solution of 4 (1.0 g, 1.8 mmol) in THF (20 mL) was
added dropwise to a 125 mL side-arm flask charged with 1,4-dicyanoben-
zene (0.47 g, 3.7 mmol) and THF (20 mL), resulting in a dark green solu-
tion that was stirred at room temperature for 1 h. The volatile com-
pounds were removed under reduced pressure to give a green powder,
which was redissolved in toluene (20 mL) and filtered through a Celite-
padded coarse frit. The frit was washed with toluene until the washings
were colorless. The green filtrate was concentrated (�10 mL), layered
with hexane (�10 mL), and cooled to �35 8C to give dark green crystal-
line, analytically pure 10 (0.37 g, 0.45 mmol, 25%). 1H NMR (300 MHz,
[D8]toluene, 65 8C): d=20.5 (s, 4H; Ar-H), 2.3 (s, 4H; C5Me4Et), �1.0 (s,
12H; C5Me4Et), �1.7 (s, 12H; C5Me4Et), �4.6 (s, 6H; C5Me4Et),
�10.6 ppm (s, 6H; N=C(Me)); elemental analysis calcd (%) for
C40H48N4U: C 58.38, H 5.88, N 6.81; found: C 58.09, H 5.98, N 6.61.

Synthesis of 11: A solution of 3,4,5-trifluorobenzonitrile (0.31 g,
1.92 mmol, 2.3 equiv) in 1:1 (v/v) pentane/toluene (20 mL) was added
dropwise to a 250 mL side-arm flask charged with [(C5Me5)2U ACHTUNGTRENNUNG(CH3)(Cl)]
(0.47 g, 0.84 mmol) and pentane (100 mL), during which time the solution
changed color from orange-red to dark orange-brown. The reaction mix-
ture was stirred at room temperature for 14 h. The volatile compounds
were removed under reduced pressure to give a brown solid, which was
extracted with pentane (10 mL). The resulting suspension was filtered
through a Celite-padded coarse frit. The filtered solid was washed with
warm pentane (3Q5 mL). The combined filtrates were cooled to �30 8C
to give brick-red crystalline, analytically pure 11 (0.11 g, 0.15 mmol,
18%). X-ray quality crystals of 11 were obtained by slow evaporation of
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a concentrated solution of 11 in hexane at room temperature. (300 MHz,
[D6]benzene, 25 8C): d=7.84 (s, 3H; CH3), 3.89 (s, 30H; C5Me5),
�2.81 ppm (s, 2H; ortho-C6H2F3);

19F NMR (300 MHz, [D6]benzene,
25 8C, CFCl3): d=�64.85 (s, 1 F; para-C6H2F3), �129.15 ppm (s, 2 F;
meta-C6H2F3); MS (70 eV): m/z : 715.4 [M]+ ; elemental analysis calcd
(%) for C36H40N2F6U: C 46.97, H 4.93, N 1.96; found: C 47.06, H 5.10, N
1.78.

Electronic absorption spectroscopy: Electronic absorption spectral data
were obtained for solutions of complexes 8 and 11 in toluene over the
wavelength range 280–2500 nm on a Perkin–Elmer Model Lambda 950
UV-visible/NIR spectrophotometer. Data were collected in 1 mm or 1 cm
path-length cuvettes loaded in the Vacuum Atmospheres dry box systems
described above. Samples were typically run at multiple dilutions to opti-
mize absorbance in the UV-visible and NIR, respectively. Spectral resolu-
tion was typically 2 nm in the visible region and 4–6 nm in the NIR.

Electrochemistry : Cyclic wave voltammetric data were obtained in the
Vacuum Atmospheres dry box systems described above. All data were
collected with a Perkin–Elmer Princeton Applied Research Corporation
(PARC) Model 263 potentiostat under computer control with PARC
Model 270 software. All sample solutions contained about 2–3 mm com-
plex with 0.1m [Bu4N][B ACHTUNGTRENNUNG(C6F5)4] or [Bu4N][B ACHTUNGTRENNUNG(3,5- ACHTUNGTRENNUNG(CF3)2-C6H3)4] support-
ing electrolyte in THF. All data were collected with the positive-feedback
IR compensation feature of the software/potentiostat activated to ensure
minimal contribution to the voltammetric waves from uncompensated so-
lution resistance (typically �1 kW under the conditions employed). Solu-
tions were contained in PARC Model K0264 microcells consisting of a
�3 mm diameter Pt disk working electrode, a Pt wire counter electrode,
and an Ag wire quasi-reference electrode. Scanning rates from 20 to
5000 mVs�1 were employed in the cyclic voltammetry scans to assess the
chemical and electrochemical reversibility of the observed redox transfor-
mations. Half-wave potentials were determined from the peak values in
the square-wave voltammograms or from the average of the cathodic and
anodic peak potentials in the reversible cyclic voltammograms. Potential
calibrations were performed at the end of each data collection cycle
using the ferrocenium/ferrocene couple as an internal standard. Electron-
ic absorption and cyclic voltammetric data were analyzed with Wavemet-
rics IGOR Pro (Version 4.0) software on a Macintosh platform.

Magnetic susceptibility : Magnetic susceptibility data were collected with
a Quantum Design Superconducting Quantum Interference Device
(SQUID) magnetometer at 5 T from 2 to 350 K. The samples were pulv-
erized and sealed in a 5 mm Wilmad 505-PS NMR tube along with a
small amount of quartz wool that held the sample near the center of the
tube. Contributions to the magnetization from the quartz wool and the
NMR tube were measured independently and subtracted from the total

measured signal. Diamagnetic corrections were made with the use of Pas-
calSs constants.

Crystallographic experimental details : Crystals were mounted in a nylon
cryoloop using Paratone-N oil under an argon gas flow. The data were
collected on a Bruker D8 APEX II charge-coupled-device (CCD) diffrac-
tometer, with a KRYO-FLEX liquid nitrogen vapor-cooling device. The
instrument was equipped with a graphite-monochromatized MoKa X-ray
source (l=0.71073 N), with MonoCap X-ray source optics. Hemispheres
of data were collected with w scans. Data collection and initial indexing
and cell refinement were handled with APEX II software.[22] Frame inte-
gration, including Lorentz-polarization corrections, and final cell parame-
ter calculations were carried out with SAINT+ software.[23] The data
were corrected for absorption with the SADABS program.[24] Decay of
reflection intensity was monitored by analysis of redundant frames. The
structure was solved with direct methods and difference Fourier tech-
niques. Unless otherwise noted, non-hydrogen atoms were refined aniso-
tropically and hydrogen atoms were treated as idealized contributions.
Residual electron density originating from solvent contributions was re-
moved with SQUEEZE/PLATON.[25] Structure solution, refinement,
graphics, and creation of publication materials were performed with
SHELXTL.[26] Additional details of data collection and structure refine-
ment are listed in Table 1. CCDC-681147 (3), 681148 (4), 681149
(8·2THF), 681150 (9·2THF), 681151 (10·0.5C7H8), and 681152 (11) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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