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ABSTRACT: The syntheses of four nearly isostructural uranium(IV)
monoarene complexes, supported by the arene anchored tris-
(aryloxide) chelate, [(Ad,MeArO)3mes]3−, are reported. Oxidation of
the uranium(III) precursor [((Ad,MeArO)3mes)U], 1, in the presence of
tetrahydrofuran (THF) results in THF coordination and distortion of
the equatorial coordination sphere to afford the uranium(IV) η6-arene
complexes, [((Ad,MeArO)3mes)U(X)(THF)], 2−X−THF, (where X =
F, Cl, Br, or I) as their THF adducts. The solvate-free trigonally ligated
[((Ad,MeArO)3mes)U(F)], 2−F, was prepared and isolated in the
absence of coordinating solvents for comparison.

■ INTRODUCTION

Metal−arene complexes have played a key role in the
development of bonding theory and now find a role as
catalysts and reagents in organic synthesis for a variety of
transformations.1 Monoarene complexes of the lanthanides and
actinides, however, remain quite rare.2 While there has been
extensive recent work on the electronic structure and reactivity
of diuranium inverted arene complexes,1a,3 a motif much more
common for uranium than for the transition metals, relatively
few monoarene complexes of uranium have been reported.2a,4

In particular, and prior to our studies, examples of higher-
oxidation state (i.e., uranium(IV)) monoarene complexes were
limited to two related complexes [U(C6Me6)Cl2(μ-Cl)3-
UCl2(C6Me6)]AlCl4 and [U(C6Me6)Cl2(μ-Cl)3UCl2(μ-
Cl)3UCl2(C6Me6)].

4b,d Due to the lability of the coordinated
arene ligands in these complexes and their limited solubility in
non-coordinating solvents, characterization was only achieved
in the solid-state.
To fully evaluate the role of δ back-bonding in 5f metal arene

complexes in the full spectrum of available uranium oxidation
states, we have developed chelating tris(aryloxide) arene

anchored ligands of the type [(R,R′ArO)3mes]3− (where R and
R′ = tert-butyl or R = adamantyl and R′ = methyl).4i,k Due to
the enforcement of the uranium−arene interaction through
ligand constraints, the otherwise rather labile uranium−
monoarene interaction is maintained in solution in these
systems. Initial studies with the di-tert-butyl derivatized ligand
revealed the role of δ back-bonding in these systems.4i,j,5

However, in contrast to the parent [((tBu,tBuArO)3mes)U]
complex, the first electrochemical evidence for a highly reactive
formal, molecular uranium(II) complex was obtained with the
development of the more sterically hindered adamantyl
derivative [((Ad,MeArO)3mes)U], 1.4k,l In order to further
understand this remarkable redox behavior, the higher-valent
uranium arene complexes were sought for comparison of arene

bonding in uranium monoarene complexes and definition of
the redox chemistry. To this end, the nearly isostructural
uranium(IV) arene complexes bearing F−, Cl−, Br−, and I−

ligands have been prepared (Scheme 1).

■ RESULTS AND DISCUSSION
Synthesis and X-ray Crystallography. Oxidation of 1

affords the uranium(IV) halide complexes [((Ad,MeArO)3mes)-
U(X)], 2−X (where X = F−, Cl−, Br−, or I−), in good to
excellent yields (Scheme 1). Exposure of 1 to AgF in THF gives
2−F in 98% yield after pentane trituration (method A). The
chloride complex, 2−Cl, is prepared in 59% yield by the
addition of a THF solution of 1 to an excess of dichloro-
methane (DCM). Similarly, the bromide complex, 2−Br, is
obtained by addition of 1 to excess 1,2-dibromoethane (DBE)
in 93% yield. The iodide complex, 2−I, is prepared in 92% yield
via addition of 0.5 equiv of elemental iodine to 1. All initially
isolated complexes are obtained as powders as their desolvated,
THF-free forms (as determined by 1H NMR and EA).
However, the use of THF was necessary to obtain single-
crystals for XRD (X-ray diffraction) analysis. Consequently,
complexes 2−X−THF were obtained with coordinated THF in
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Scheme 1. Synthesis of Complexes 2−F (AgF, 3 d, 98%), 2−
Cl (Excess DCM, 59%), 2−Br (Excess 1,2-DBE, 93%), and
2−I (0.5 equiv I2, 92%), Starting from 1
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their solid-state molecular structures (the structure of 2−F−
THF was obtained via an NMR reaction with 2−Cl−THF and
Na[B(ArF24)4] as a cocrystal with 2−Cl−THF, vide inf ra).
Only the fluoride complex, 2−F, could be crystallized in the
absence of THF, by the evaporation of a C6D6 solution of 2−F
into polyisobutenes. This solid-state molecular structure was
obtained by an alternate synthetic method: specifically, the
oxidation of 1 to 2−F with AgF in benzene to obtain THF-free
2−F in 93% yield. The solid-state molecular structures of these
complexes were determined by single-crystal XRD studies
(Figure 1, Table 1). Complexes 2−F−THF, 2−Cl−THF, 2−
Br−THF, and 2−I−THF show very similar molecular
structures with a distorted equatorial coordination sphere,
including a bound THF to give four oxygen atom donors in the
equatorial plane (three aryloxide oxygens and a fourth oxygen
from a coordinated THF molecule). The apical positions are
occupied by the centroid of the mesityl ring and the
corresponding halide in axial position trans to the arene.
The halide complexes 2−F−THF, 2−Cl−THF, and 2−Br−

THF crystallize in the monoclinic space group C2/c and 2−I−
THF in P21/c. In line with our goals, the principal coordination
geometry of the ligand is essentially invariant on oxidation and
is not dependent on the identity of the halide. Two metrics vary

across the series: the U−X bond length increases down the
period from F through I (X = F, 2.073(11) Å; Cl, 2.617(1) Å;
Br, 2.8025(3) Å; I, 3.0830(7) Å). Similarly, the X−U−arenecentr
angle decreases down the period from F through I (X = F,
175.4°; Cl, 172.1°; Br, 170.8°; I, 168.5°). These trends are in
accord with increased covalent radii of the halides on
descending the period.
The metrics of the arene ligand anchor for 2−F−THF, 2−

Cl−THF, 2−Br−THF, and 2−I−THF are nearly identical.
The U−arenecentr distances span the narrow range from 2.65 to
2.67 Å, the U−CAr(ave) bond lengths vary from 2.99 to 3.01 Å,
and the CAr−CAr (av) distances are observed between 1.40 and
1.42 Å. Since the free ligand has a CAr−CAr (av) bond length of
1.42 Å, no reduction of the arene is indicated from the analysis
of the molecular structures in the solid-state.4k The uranium ion
in 2−F−THF, 2−Cl−THF, 2−Br−THF, and 2−I−THF lies
just below the plane defined by the oxygen atoms of the
aryloxides (between −0.01 and −0.05 Å), while the
coordinated THF is oriented above the plane (between +0.30
and +0.45 Å). The two previously reported uranium arene
complexes prepared by Cotton and co-workers present similar
metrics with U−CAr (av) of 2.92 Å, suggesting that the soluble

Figure 1. Molecular structures of 2−F−THF (top, left) in crystals of {0.625[((Ad,MeArO)3mes)U(F)(THF)]·0.375[((
Ad,MeArO)3mes)U(Cl)-

(THF)]}·3C5H12, obtained from a reaction of 2−Cl with Na[B(ArF6)4], (see Experimental Section), 2−F (top, middle) in crystals of
[((Ad,MeArO)3mes)U(F)], 2−Cl−THF (top, right) in crystals of [((Ad,MeArO)3mes)U(Cl)(THF)]·1.5C5H12, 2−Br−THF (bottom, left) in crystals
of [((Ad,MeArO)3mes)U(Br)(THF)]·3THF, and 2−I−THF (bottom, right) in crystals of [((Ad,MeArO)3mes)U(I)(THF)]·C5H12. Thermal ellipsoids
are at 50% probability and co-crystallized solvents were omitted for clarity.

Table 1. Selected Bond Lengths (Å) and Angles (deg) for Complexes 2−F−THF, 2−F, 2−Cl−THF, 2−Br−THF, and 2−I−
THF

structural params 2−F−THF 2−F 2−Cl−THF 2−Br−THF 2−I−THF

U−X 2.073(11) 2.076(2) 2.617(1) 2.8025(3) 3.0830(7)
U−arenecentr 2.666 2.559 2.657 2.645 2.664
UOOP −0.012(2) −0.088(2) −0.050(2) −0.023(2) −0.036(2)
U−OAr (av) 2.172 2.146 2.176 2.169 2.212
U−OTHF 2.601(4) 2.541(3) 2.591(3) 2.569(4)
U−CAr (av) 3.011 2.920 3.005 2.993 3.009
CAr−CAr (av) 1.404 1.407 1.405 1.406 1.416
X−U−arenecentr 175.4 179.2 172.1 170.8 168.5
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and stable complexes 2−X possess similar bonding character-
istics.4b,d

In contrast to complexes 2−X−THF, solvent-free 2−F
possesses a trigonal coordination sphere in the solid-state with
nearly equivalent U−CAr bonds at 2.92 Å, a U−arenecentr
distance of 2.56 Å, and CAr−CAr (av) bond length of 1.41 Å.
Like the other uranium(IV) arene complexes in this series, the
uranium ion lies only slightly below the plane defined by the
aryloxide oxygen atoms (0.088(2) Å). The smaller size of the
fluoride in 2−F compared to the amide in the previously
reported [((tBu,tBuArO)3mes)U(dbabh)] (Hdbabh = 2,3:5,6-
dibenzo-7-azabicyclo[2.2.1]hepta-2,5-diene)6 indicates that the
non-axial orientation of the amide in [((tBu,tBuArO)3mes)U-
(dbabh)] is likely due to steric, rather than electronic effects.4i

1H NMR Studies. As expected for the THF-free complexes
in approximate C3v symmetry (solvent-free materials were
obtained by rigorous trituration, see the Experimental Section),
all complexes present between 6 and 9 paramagnetically shifted
and broadened resonances in their 1H NMR spectra (recorded
in C6D6), ranging from approximately 25 to −37 ppm (Figure
2). The 1H NMR spectrum of 2−F was assigned by 1H, 13C

Dept135, 2D 1H,1H-COSY, and HMQC (see Supporting
Information Figures S9−S26 for details). As previously
reported for adamantyl aryloxide supported uranium com-
plexes,7 the variable number of observed resonances is due to
overlap and accidental degeneracy of the adamantyl methylene
protons. Accordingly, a VT NMR study of 2−F was performed
to assess whether the resonances coalesce at higher temperature
(Figure 3). In the observable temperature range (25−90 °C),
partial coalesence was indeed observed, suggesting a higher
barrier for the adamantyl rotation in the fluoride complex in
comparison to the heavier halides.8 However, the overall
rotation barrier results of two competing effects, namely the
competing trends of increasing ionic radii and bond distance in
the halide series.
A titration experiment of the solvate-free 2−F (prepared by

method B) with 0.1 to 200 equiv of THF in C6D6 was
performed, but revealed no distinct change in the solution
symmetry of the compound, according to the number of signals
and their relative integration (i.e., there are still just two peaks
corresponding to the methyl groups of the aryloxide arms and
mesityl backbone in a 1:1 ratio) in the spectra (see Supporting
Information Figure S6). From this titration experiment a

formation constant for the compound 2−F−THF of KUTHF =
9.67 was obtained for the fast exchange equilibrium with 2−F
(see Supporting Information for details).9 As Figure 2 reveals,
none of the compounds show signals corresponding to THF in
their 1H NMR spectra after trituration with pentane. In
contrast, the exemplary spectrum of crude 2−F (method A)
prior to the pentane titruation features slightly paramagnetically
shifted THF signals (Figure 4), and no reduction in symmetry

as expected from the THF titration results (Supporting
Information). Thus, we conclude both that all complexes 2−
X were obtained THF-free after trituration, and that the
presence of coordinating solvents like THF does not influence
the solution geometry of these compounds on the NMR time
scale.
The resonances attributable to 2−F are shifted slightly in the

presence of THF, as are the THF resonances, suggesting fast
exchange on the NMR time scale.8a,9 However, the apparent
C3v symmetry is retained through all concentrations of THF,
implying that the distortion of the equatorial coordination
sphere dominates in the solid-state only. These studies further
indicate the absence of THF in the isolated complexes 2−F, 2−
Cl, 2−Br, and 2−I, which were employed for all character-
ization methods other than XRD.4g

Chloride abstraction in 2−Cl was attempted with Na[B-
(ArF6)4] (sodium tetrakis[(3,5-trifluoromethyl)phenyl]borate).
Initial chloride abstraction and subsequent fluoride abstraction
from the [B(ArF6)4]

− anion yields 2−F in nearly quantitative

Figure 2. From bottom to top: 1H NMR spectra of 2−F (black), 2−
Cl (red), 2−Br (green), and 2−I (blue) in C6D6.

Figure 3. VT 1H NMR spectra of 2−F (after trituration) from 25 to
90 °C in toluene-d8.

Figure 4. 1H NMR spectrum of crude 2−F (method A) in C6D6,
before pentane trituration, see Experimental Section.
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conversion (as ascertained by NMR spectroscopy, see Figure
5). The reaction was followed by 1H and 19F NMR

spectroscopy. The stack-plot in Figure 5 shows the appearance
and growth of 3 signals around 12 ppm and a singlet at 25.41
ppm; both features are characteristic for the conversion of 2−
Cl with subsequent formation of 2−F. 19F NMR spectroscopy
of the reaction mixture showed low intensity signals of the
decomposition products of the [B(ArF6)4]

− anion between
−62 and −64 ppm and a high intensity NaBArF24 signal at
−63.51 ppm.10 The 19F NMR signal of the uranium fluoride
was observed at −465.31 ppm in the reaction mixture, in
agreement with that of the independently synthesized, pure
fluoride complex 2−F. This value is in good agreement with the
results of Kanellakopulos et al., who observed the 19F NMR
signal for their Cp3U−F at −420 ± 5 ppm.11 It should be
emphasized that these results indicate the applicability of the
reported uranium(IV) complexes, for the cleavage of sp3 C−F
bonds.12 The ability to generate a hydride complex would be
necessary to render such a process catalytic.13

Electronic Absorption Spectroscopy. Effects of the axial
ligand on the electronic structure were studied by vis−NIR
experiments (0.01 M in THF). The compounds 2−Cl, 2−Br,
and 2−I feature 8 absorption bands for the f−f transitions
(Figure 6 and Supporting Information Table S8) in the NIR
region, with the band at ∼1050 nm showing two shoulders,
which has previously been reported, but not assigned for U(IV)
halide complexes in the literature.11,14 Notably, the spectrum of
the fluoride complex 2−F presents with four more unique,
sharp features with an increased molar extinction coefficient
(up to 55 M−1 cm−1). The complex 2−F shows a strong
bathochromic shift compared to the other halide compounds
and also has a pronounced absorption band in the 2000 nm
region.15 Similar effects have been observed previously and,
among other reasons, are likely due to a mixing of charge-
transfer character into the f−f transitions.16 Spectroscopic
deviations from the other halides are very unlikely to be caused
by different geometries in solution, as NMR studies indicate a
consistent C3-symmetric structure (vide supra).
Featuring a comparable band pattern, the electronic spectra

of 2−Cl, 2−Br, and 2−I demonstrate two clear trends: The
first is the hypsochromic shift for the heavier homologues of the
halides, indicating a reasonable contribution of ligand field

splitting to the mostly spin−orbit coupling dominated
electronic structure of uranium complexes.17 This trend was
also found for uranium(V) imido halides, [Cp*2U(X)(NR)]
(where R = 2,4,6-tBu3-C6H2 or 2,6-iPr2C6H3).

16a It is
noteworthy that although the relative intensities vary, the
spectral region for the f−f transitions of 2−Cl, 2−Br, and 2−I
exhibits a pattern quite comparable to the uranium(IV)
compounds Cp3U−X (X = Cl, Br, I).11 The second trend
observed is the increase of the absorption intensities from 2−Cl
to 2−I, due to a relaxation of the selection rules for complexes
in a weaker crystal field.16a

SQUID Magnetometry. In temperature dependent SQUID
measurements, complexes 2−Cl, 2−Br, and 2−I behave almost
identically (Figure 7). At 2 K, magnetic moments, μeff, of 0.38,

0.45, and 0.42 μB for 2−Cl, 2−Br, and 2−I were observed,
which increase with increasing temperature to μeff = 2.31 μB
(2−Cl and 2−Br) and 2.40 μB (2−I) at 300 K. This behavior is
prototypical TIP (temperature independent paramagnetism)
for U(IV) complexes. For the fluoride complex 2−F, however,
a significantly higher μeff at 2 K is observed (0.87 μB), which

Figure 5. 1H NMR stack-plot of the conversion of 2−Cl to 2−F in
C6D6.

Figure 6. Comparative vis−NIR plot of the uranium halides 2−F
(black), 2−Cl (red), 2−Br (green), and 2−I (blue), 0.01 M in THF.

Figure 7. Temperature dependent SQUID measurements (at 5 T, but
are field independent) from powdered samples of 2−F (black), 2−Cl
(red), 2−Br (green), and 2−I (blue) between 2 and 300 K.
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increases rapidly to 1.82 μB at 20 K, and then undergoes a
saturated, nearly linear rise to 2.53 μB at 300 K.
Similar behavior is typically observed for other literature

reported uranium fluorides, which is rationalized in terms of the
shortest U−X bond distance and the strongest point charge in
the halide series that results in the strongest ligand field.
Therefore, the low-level excited states are thermally accessible
at low temperature (i.e., the initial rapid rise with increasing
temperature), and the higher excited states are, in turn, isolated,
which results in the slow rise in μeff above 20 K.11,16b,18

■ CONCLUSIONS

In summary, this article reports the synthesis, as well as solution
and solid-state characterization of the isostructural series of the
uranium(IV) halide complexes [((Ad,MeArO)3mes)U(X)] with
X = F, Cl, Br, and I. In the presence of THF, the C3 symmetric
complexes crystallize as [((Ad,MeArO)3mes)U(X)(THF)], with
a THF bound in the equatorial plane. Solution 1H NMR
studies indicate that the complexes lose coordinated THF
under vacuum and are present as C3v symmetric complexes in
solution. This chelate-supported stability of the uranium−arene
interaction is in contrast to the few known uranium(IV)
monoarene complexes and allows the direct comparison of
these canonical examples of uranium(IV) with the recently
reported uranium(III) and formal uranium(II) species. In this
respect, it is important to note that while the uranium arene
interaction is maintained, the valence electronic structure, as
indicated by electronic absorption spectra and SQUID
magnetometry, is not significantly perturbed in comparison to
the triazacyclononane supported uranium(IV) complexes. This
parallel sets the stage for a qualitatively calibrated X-ray
absorption study to examine the bonding of the arene across
uranium oxidation states. Additionally, the abstraction of the
axially bound supporting halide ligand results in the formation
of a highly reactive species, capable of C−F bond activation.

■ EXPERIMENTAL SECTION
General Considerations. All air- and moisture-sensitive experi-

ments were performed under dry nitrogen atmosphere using standard
Schlenk techniques or in MBraun inert-gas gloveboxes containing an
atmosphere of purified dinitrogen. The glovebox is equipped with a
−35 °C freezer. Solvents were purified using a two-column solid-state
purification system (Glass Contour System, Irvine, CA), transferred to
the glovebox without exposure to air, and stored over molecular sieves
and sodium (where appropriate). All glassware was dried by storage in
an oven overnight (>8 h) at a temperature >160 °C. Celite was dried
in an oven for a minimum of 3 d at a temperature >160 °C. NMR
solvents were obtained packaged under argon and stored over
activated molecular sieves and sodium (where appropriate) prior to
use. [((Ad,MeArO)3mes)U] was prepared according to literature
procedures.4k All other reagents were acquired from commercial
sources and used as received.

1H NMR spectra were recorded on a JEOL ECX 400 or JEOL ECX
270 instrument at a probe temperature of 23 °C. Chemical shifts, δ,
are reported relative to residual 1H resonances of the solvent in ppm.
19F NMR spectra were recorded on a JEOL ECX 400 instrument at a
probe temperature of 23 °C with external reference. VT NMR
experiments were carried out on a JEOL ECX 400 between 25 and 90
°C. To rule out temperature induced decomposition, a final spectrum
was recorded at room temperature. Electronic absorption spectra were
recorded from 250 to 2200 nm (Shimadzu, UV-3600) in the indicated
solvent at room temperature. Infrared (IR) spectra were recorded on a
Shimadzu Affinity-1 CE FTIR instrument from 400 to 4000 cm−1.
Solid samples of the compounds were homogenized with excess
amount of KBr, and a pressed pellet was measured at room

temperature. Elemental analyses were obtained using Euro EA 3000
(Euro Vector) and EA 1108 (Carlo-Erba) elemental analyzers in the
Chair of Inorganic Chemistry at the University Erlangen-Nuremberg
(Erlangen, Germany). Due to local ordinance, elemental analysis of
fluorine containing uranium complexes is prohibited. SQUID
magnetization data of powdered samples were recorded with a
SQUID magnetometer (Quantum Design) at 5 kOe between 2 and
300 K for all samples. Values of the magnetic susceptibility were
corrected for the underlying diamagnetic increment by using tabulated
Pascal constants and the effect of the blank sample holders (gelatin
capsule/straw).19 Diamagnetic corrections (χdia [10−6 cm3 mol−1])
used for the complexes are 2−F (−664.21), 2−Cl (−678.01), 2−Br
(−688.51), and 2−I (−702.51). Samples used for magnetization
measurement were checked for chemical composition and purity by
elemental analysis (C, H, and N) (except for 2−F, clean 1H NMR in
the diamagnetic region and only 1 signal in 19F NMR demonstrate
spectroscopic purity in this case, see Supporting Information Figures
S7 and S8) and 1H NMR spectroscopy. Data reproducibility was also
checked by obtaining data on two independently synthesized samples.

Synthesis of 2−F. [((Ad,MeArO)3mes)UF] (Method A). To a
solution of [((Ad,MeArO)3mes)U] (57.0 mg, 0.0509 mmol) in THF (10
mL) was added AgF (6.4 mg, 0.0509 mmol) in one portion. The
reaction mixture was stirred vigorously for 3 d and then filtered
through Celite. The volatiles were removed in vacuo to yield a green
powder. The residue was triturated with pentane (3 × 5 mL) to give
the desolvated title compound in 98% yield (57.0 mg, 0.0501 mmol).
1H NMR (400 MHz, C6D6, RT): −2.93 (br s, Ad-CH2, 18 H), −2.73
(s, Ar-CH3, 9 H), −1.84 (s, Ad-CH, 9 H), −1.46 (s, Ar-H, 3 H), 2.06
(s, Ar-CH, 3 H), 11.21 (s, Ar-CH2-Ar, 6 H), 12.32 (s, Ar-CH3, 9 H),
13.17 (d, J = 3 Hz, Ad-CH2, 9 H), 25.92 (br s, Ad-CH2, 9 H) ppm.

19F
NMR (400 MHz, C6D6, RT): −442.49 ppm, fwhm = 2.2 Hz. IR: 2900
(vs), 2846 (s), 1560 (w), 1446 (s), 1230 (vs), 1184 (w), 1161 (m),
1101 (w), 1086 (m), 1022 (w), 835 (m), 806 (s), 518 (s), 482 (m)
U−F stretch,20 412 (w).

Synthesis of 2−F. [((Ad,MeArO)3mes)UF] (Method B). To a
solution of [((Ad,MeArO)3mes)U] (28.5 mg, 0.0254 mmol) in benzene
(10 mL) was added solid AgF (3.2 mg, 0.0252 mmol). The reaction
mixture was stirred vigorously for 5 d and then filtered through Celite.
The volatiles were removed in vacuo to yield the title compound as a
green powder in 93% yield (27.0 mg, 0.0237 mmol). Slow evaporation
(into X-ray oil) of a C6D6 solution of 2−F at room temperature
afforded crystals for XRD studies. 1H NMR (270 MHz, C6D6, RT):
−2.97 (br s, Ad-CH2, 18 H), −2.82 (s, Ar-CH3, 9 H), −1.89 (s, Ad-
CH, 9 H), −1.47 (s, Ar-H, 3 H), 2.04 (s, Ar-CH, 3 H), 11.08 (s, Ar-
CH2-Ar, 6 H), 12.13 (s, Ar-CH3, 9 H), 12.96 (d, J = 10.79 Hz, Ad-CH2,
9 H), 25.62 (br s, Ad-CH2, 9 H) ppm. IR: 2900 (vs), 2846 (s), 1446
(s), 1230 (vs), 1184 (w), 1161 (m), 1101 (w), 1086 (m), 1022 (w),
835 (s), 806 (s), 522 (s), 480 (m) U−F stretch,20 408 (w).

Synthesis of 2−Cl. [((Ad,MeArO)3mes)UCl]. A solution of
[((Ad,MeArO)3mes)U] (60.0 mg, 0.0537 mmol) in THF (5 mL) was
added dropwise to a vial charged with DCM (5 mL, excess) while
stirring. The solvent was removed in vacuo, and the residue was
washed with pentane to precipitate a yellow powder. The powder was
filtered off and washed through the filter pipet with benzene. The
volatiles were removed in vacuo. The residue was crystallized overnight
from a saturated pentane solution with 2 drops of THF per 5 mL
pentane stored at −35 °C. Decantation of the crystals, followed by
removal the remaining volatiles, gave the desolvated title complex in
59% yield (36.6 mg, 0.0299 mmol). Recrystallization by the same
method gave crystals appropriate for XRD studies of 2−Cl−THF. 1H
NMR (270 MHz, C6D6, RT): −19.29 (br s, 2 H), −17.71 (br s, 8 H),
−3.03 (br s, 15 H), −0.99 (br s, 20 H), −0.18 (br s, 20 H), 10.17 (br s,
10 H) ppm. Anal. Calcd for C63H75ClO3U: C, 65.58, H, 6.55. Found:
C, 65.32; H, 6.91. IR: 2900 (vs), 2846 (s), 1442 (s), 1222 (s), 1205
(s), 1182 (m), 1157 (s), 1018 (w), 852 (w), 819 (m), 802 (s), 518 (s),
416 (m).

Reaction of 2−Cl with Na[B(ArF6)4]. Na[B(Ar
F
6)4] (11.5 mg,

0.0129 mmol) was added to a solution of [((Ad,MeArO)3mes)UCl]
(15.0 mg, 0.0130 mmol) in C6D6 (approximately 0.7 mL) inside a
Teflon capped NMR tube. 1H NMR spectra were recorded every 5
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days to monitor the formation of 2−F (see Figure 5). To grow single-
crystals from the reaction mixture, the solvent was removed in vacuo,
and a concentrated pentane solution of the reaction mixture with 2
drops of THF per 5 mL pentane was stored at −35 °C (the molecular
structure obtained for 2−F−THF with cocrystallized 2−Cl−THF is
presented in Figure 1 due to a higher quality of the data set compared
to the one obtained from pure 2−F−THF).
Synthesis of 2−Br. [((Ad,MeArO)3mes)UBr]. A solution

[((Ad,MeArO)3mes)U] (23.0 mg, 0.0206 mmol) in THF (5 mL) was
added dropwise to a vial charged with 1,2-dibromoethane (5 mL,
excess) while stirring. The volatiles were removed in vacuo to yield a
green solid. The crude product was triturated with pentane (2 × 5
mL), and the desolvated title compound was obtained as a green-
yellow powder in 93% yield (23.0 mg, 0.0192 mmol). Storing a
saturated pentane solution with 2 drops of THF per 5 mL pentane
overnight at −35 °C afforded XRD quality crystals of 2−Br−THF. 1H
NMR (270 MHz, C6D6, RT): −27.30 (br s, 7 H), −24.73 (br s, 8 H),
−10.72 (br s, 19 H), −2.36 (br s, 16 H), −0.63 (br s, 12 H), 10.06 (br
s, 13 H) ppm. Anal. Calcd for C63H75BrO3U: C, 63.15, H, 6.31.
Found: C, 62.61; H, 6.63 (consistently low carbon on multiple runs).
IR: 2900 (vs), 2846 (s), 1444 (s), 1222 (s), 1203 (s), 1180 (m), 1155
(s), 1068 (w), 1018 (w), 854 (w), 800 (s), 516 (s).
Synthesis of 2−I. [((Ad,MeArO)3mes)UI]. A solution of I2 (4.3 mg,

0.0335 mmol) in benzene (2 mL) was added dropwise to a solution of
[((Ad,MeArO)3mes)U] (37.5 mg, 0.0335 mmol) in benzene (10 mL).
The volatiles were removed in vacuo to yield a dingy, yellow solid. The
residue was extracted with pentane (2 × 5 mL), and after removal of
the volatiles in vacuo, the residue was recrystallized from a
concentrated pentane solution with 2 drops of THF per 5 mL
pentane at −35 °C. Decantation of the crystals, followed by removal
the remaining volatiles, gave the desolvated title complex in 92% yield
(38.4 mg, 0.0308 mmol). Recrystallization by the same method gave
crystals appropriate for XRD studies of 2−I−THF. Crystals obtained
by this method were employed for HN analysis. 1H NMR (270 MHz,
C6D6, RT): −16.05 (br s, 8 H), −12.00 (br s, 6 H), −3.82 (br s, 10
H), −1.88 (br s, 19 H), 10.71 (br s, 9 H), 14.41 (br s, 20 H), 23.99 (br
s, 3 H) ppm. Anal. Calcd for C63H75IO3U·THF: C, 61.09, H, 6.35.
Found: C, 61.33; H, 6.27. IR: 2900 (vs), 2846 (s), 1444 (s), 1220 (s),
1201 (s), 1180 (s), 1155 (s), 1101 (w), 1070 (w) 1016 (w), 852 (w),
817 (m), 798 (s), 516 (s), 410 (m).
Crystallographic Details. Suitable single-crystals of the inves-

tigated compounds were embedded in protective perfluoropolyalky-
lether oil and transferred to the cold nitrogen gas stream of the
diffractometer. Intensity data for 2−F−THF, 2−F, 2−Cl−THF, and
2−I−THF were collected using Mo Kα radiation (λ = 0.710 73 Å) on
a Bruker Kappa APEX 2 IμS Duo diffractometer equipped with
QUAZAR focusing Montel optics. Intensity data for 2−Br−THF were
collected on a Bruker Smart APEX 2 diffractometer using Mo Kα
radiation (λ = 0.710 73 Å, graphite monochromator). Data were
corrected for Lorentz and polarization effects, and semiempirical
absorption corrections were performed on the basis of multiple scans
using SADABS.21 The structures were solved by direct methods and
refined by full-matrix least-squares procedures on F2 using SHELXTL
NT 6.12.22 Refinement of 2−F was carried out using SHELXL-2013.23

All non-hydrogen atoms were refined with anisotropic displacement
parameters. All hydrogen atoms were placed in positions of optimized
geometry, and their isotropic displacement parameters were tied to
those of the corresponding carrier atoms by a factor of either 1.2 or
1.5. Crystallographic data, data collection, and structure refinement
details are given in Supporting Information Tables S1 and S2.
Molecular structures of the complexes (excluding hydrogen atoms,
disorder, and solvent molecules) are depicted in Supporting
Information Figures S1−S5. Bond distances and angles are listed in
Supporting Information Tables S3−S7.
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