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ABSTRACT: The combination of a bulky hypersilyl potassium [(Me3Si)3SiK]
reagent with Tp*2UI (Tp* = hydrotris(3,5-dimethylpyrazolyl)borate) in the
presence of ethereal Lewis donors resulted in the formation of base-activated
products Tp*2U[O(CH2)4Si(SiMe3)3] (1-THF) and Tp*2U[O(CH2)2OMe] (2-
DME). The reactivity with another Lewis base, pyridine, was explored by treating
Tp*2UI and hypersilyl potassium or benzyl potassium in the presence of pyridine,
which resulted in formation of Tp*2U[NC5H5-4-Si(SiMe3)3] (3-py-Si) and
Tp*2U(NC5H5-4-Bn) (4-py-Bn, Bn = benzyl), respectively. Multinuclear
paramagnetic NMR spectroscopy (1H, 11B{1H}, 29Si{1H}) supported the
formation of the Lewis base activated uranium compounds as corroborated by
electronic absorption spectroscopy and X-ray crystallography. To recognize the mechanistic possibilities, radical trap experiments
were performed and [K(18-crown-6)][4-benzylpyridinide] (4-K), Tp*U(IV)[(�NC(Me)C(H)C(Me)N)-B(H)(3,5-dimethylpyr-
azole)2] (6-Tp*UTp′), and [Tp*2U(NC5H5)]2 (5-py-py) were observed.

■ INTRODUCTION
To combat contamination in the environment from increasing
amounts of spent nuclear fuel storage, an interest in
fundamental actinide coordination chemistry has grown in
recent years.1−3 Given that uranium is the major component of
these mixtures, understanding small molecule reactivity with
this metal ion is essential.4 Equally paramount is understanding
how actinide compounds interact with polar Lewis bases, such
as organic solvents, for applications in separations of spent
nuclear waste.5,6

Lewis basic solvents play an essential role in the electronic
and steric saturation for low-valent actinide complexes.7,8 In
1983, Sattelberger et al. reported the stability of UI3 adducts
with a wide range of Lewis bases including tetrahydrofuran
(THF), 1,2-dimethoxyethane (DME), and pyridine;9 in some
cases of tetravalent uranium, however, THF was discovered to
undergo ring-opening.10−12 Gambarotta and co-workers have
shown that even stronger C−O bonds in ethereal solvents,
such as DME, can be broken in both one and two electron
pathways in the presence of electron rich Th centers.13

Other electron-rich actinide complexes have also been
shown to activate Lewis bases, including pyridine. The
Mazzanti and Mills groups found that introduction of pyridine
to “masked U(II)” and Th(III) complexes generates
[((Me3Si)2N)3U(III)}2{μ-(NC5H5)2}] and [{Th(IV)-
(Cp′′)3}2{μ-(NC5H5)2}] [Cp′′ = 1,3-di(trimethylsilyl)-
cyclopentadienyl] dimers, respectively.14,15 These dimers
have been proposed to form from a reduced metal-bound
pyridine radical. Activated pyridine complexes have also been
observed in transition metal systems and can activate reactive
species in solution.15−19

Our group has demonstrated that the bulky hydrotris(3,5-
dimethylpyrazolyl)borate (Tp*) ligand can stabilize a wide
variety of low-valent uranium complexes including alkyls,20

oxos,21 imides,22−24 and recently, bonds to heavier main group
elements.25 Previous work from our group has also shown the
activation of substituted triphenylphosphine oxides by a family
of uranium(III) alkyl complexes supported by the bis-Tp*
framework,26 demonstrating Lewis base activation by the
highly reducing alkyl substituent. Similarly, we recently
reported the ring-opening of THF by U−P bonds in the
Tp*2U−PHR (R = Ph, Mes, Mes*; Mes = 2,4,6-
trimethylphenyl; Mes* = 2,4,6-tri-tBu-phenyl) family.25

Missing in the repertoire of bis-Tp* uranium complexes is
the U−Si bond. Although U−Si bonds, including U(IV)−
Si(SiMe3)3, exist in the literature,27,28 only recently have silyl
bonds been observed for a uranium(III) center.29 In attempts
to expand the library of U(III)−Si bonds by treating Tp*2UI
with (Me3Si)3SiK,

30 it was discovered that the base-stabilized
U−Si bond was not observed using the Tp* scaffold, but
instead a variety of base-activated products are isolated. These
derivatives were fully characterized using multinuclear NMR,
electronic absorption, and IR spectroscopies, as well as X-ray
crystallography in cases where suitable single crystals were
obtainable. The reactivity and potential mechanistic pathways
for these base-activated complexes are discussed.
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■ RESULTS AND DISCUSSION
THF and DME as Lewis Bases. Dropwise addition of a

toluene solution of (Me3Si)3SiK·2THF into a solution of
Tp*2UI at −35 °C produced a brown, pentane-soluble powder
upon workup (Scheme 1). 1H NMR spectroscopy in C6D6

showed a singlet at 3.9 ppm, which was assigned as the nine
equivalent methyl groups of the hypersilyl moiety (27 H), as
well as broad resonances at 13.7, 22.6, 43.03, and 103.4 ppm,
which were hypothesized to originate from ring-opened THF.
To confirm this, the synthesis was repeated with (Me3Si)3SiK·
2THF-d8, which identified the ring-opened THF CH2/CD2
resonances to be those listed above by their absence in the 1H
NMR spectrum. In addition, the 11B{1H} NMR signal at −7.7
ppm indicates a U(III) ion due to similarity in the 11B{1H}
NMR chemical shift to other bis-Tp* U(III) compounds.23

The 11B{1H} NMR chemical shift for bis-Tp*2U(III)
complexes typically lies within the range of −20 to 10 ppm,
while bis-Tp*2U(IV) complexes typically resonate between
−60 to −80 ppm. The 29Si{1H} NMR spectrum shows two
clear resonances at −8.6 and −75.0 ppm, assigned as the
(Me3Si)3Si and the (Me3Si)3Si atoms, respectively, with the
latter much further shifted from a known uranium-bound
silicon atom (−137 ppm) and not representative of free ligand
[(Me3Si)3SiK = −4.55, −194.10 ppm].27 These multinuclear
NMR data suggested THF activation and formation of
Tp*2U[O(CH2)4Si(SiMe3)3] (1-THF) (Scheme 1).
To circumvent ring opening of THF, DME was used

instead. The addition of (Me3Si)3SiK·2DME to Tp*2UI
generated a brown solution that gave a 1H NMR spectrum
similar to that of 1-THF, but with slight shifts in the
paramagnetic region. The 1H NMR spectrum of the reaction
mixture revealed a large (Me3Si)3Si resonance at 0.27 ppm. In
addition, the elucidation of two signals at −13.0 and −88.4
ppm in the 29Si{1H} NMR spectrum indicated that
(Me3Si)3SiMe31 is the byproduct of the reaction, suggesting
the formation of isolable Tp*2U[O(CH)2OMe] (2-DME)
(Scheme 1) and demonstrating a rare silyl transfer to a methyl
group.

The B−H stretches in the infrared region for 1-THF and 2-
DME range from 2529 to 2562 cm−1 and are typical for bis-
Tp* uranium complexes.20,22,23 The large bands from 1200
and 1191 cm−1, respectively, are suggested to be the wagging
modes of the alkoxide chain.11

These compounds were analyzed by electronic absorption
spectroscopy from 200 to 1600 nm in THF at ambient
temperature. The brown color of 1-THF and 2-DME is likely
due to the intense absorption bands between 350 and 500 nm
in the UV−visible region (Figure S31). The NIR region for 1-
THF and 2-DME shows typical f−f transitions between 1150
to 1400 nm, consistent with a U(III) oxidation state (Figure
S31).22,23

Collection and refinement of single crystal X-ray diffraction
data from the two crystalline products confirmed the
generation of alkoxides 1-THF and 2-DME (Figure 1). Both

uranium ions in 1-THF and 2-DME are distorted capped
trigonal prisms. The U−Npyrazole distances in 1-THF and 2-
DME are roughly equivalent, ranging from 2.5509(11)−
2.7255(11) Å and 2.527(2)−2.7723(19) Å, respectively. The
U−O distance of 2.1497(10) Å in 1-THF and 2.144(7)−
2.29(2) Å in 2-DME are similar to that of a known bis-Tp*
U(III) aryloxide compound (2.159(10) Å).12,32 In contrast,
the U(IV)−O distances in bis-Tp U(IV) (Tp = hydrotris-
(pyrazolyl)borate) alkoxide compounds are much shorter
(2.012(14)−2.028(9) Å).12

Definitive structural analysis of 1-THF and 2-DME indicates
that uranium(III) in the presence of (Me3Si)3SiK with ethereal
donors induces C−O cleavage, forming stable U(III) aryloxide
compounds. To determine if the high oxophilicity of uranium
was the culprit of these transformations, pyridine was used as
the stabilizing solvent donor.

Pyridine as the Lewis Base. The addition of
(Me3Si)3SiK·pyridine to a toluene mixture of Tp*2UI at −35
°C resulted in a blue-green solution. The 1H NMR spectrum of
this compound in C6D6 showed full consumption of starting
materials as well as five new paramagnetic resonances. The
largest resonance at 5.1 ppm was assigned as the nine
symmetric methyl groups of the hypersilyl group for this new
product, which is similar in chemical shift to that of 1-THF.
The 1H NMR spectrum also revealed multiple small
resonances in a similar region to those found in 1-THF and
2-DME, suggesting activation of the solvent. The addition of
pyridine-d5 to a solution of (Me3Si)3SiK·2THF was used in a
parallel experiment to identify the activated pyridine in the 1H

Scheme 1

Figure 1. Molecular structures of 1-THF (left) and 2-DME (right)
displayed with 30% probability ellipsoids. Selected hydrogen atoms
and minor disordered moieties were omitted for clarity.
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NMR spectrum of this paramagnetic product (Figure S13).
Doing so revealed that resonances at 22.2, 32.7, and a broad
resonance at 44 ppm originated from the pyridine moiety. The
presence of three resonances instead of four indicated that the
silyl group is bound to the 4-position and suggested the
formation of Tp*2U[NC5H5-4-Si(SiMe3)3] (3-py-Si, Scheme
1).
To confirm the oxidation state, the 11B{1H} NMR spectrum

was collected and a broad signal corresponding to the B−H
proton on Tp* at −9.9 ppm suggested a U(III) ion within the
bis-Tp* manifold.22 A broad resonance at −2.4 ppm in the 1H
NMR spectrum also corroborated conservation of a Tp*
uranium species, despite the lack of 3,5-dimethylpyrazolyl
resonances.25

In 3-py-Si, the 29Si{1H} NMR spectrum contains a signal at
−6.8 ppm for the (Me3Si)3Si atom as well as a signal at −51.0
ppm for the (Me3Si)3Si atom. As a comparison from a direct
U(IV)−Si(SiMe3)3 interaction [(Me3Si)3Si: −9.83,
(Me3Si)3Si: −137.09 ppm], 1-THF and 3-py-Si are not as
influenced by paramagnetic spin−orbit coupling33,34 as
indicated by the shift differences of the (Me3Si)3Si atom. In
addition, 1-THF and 2-DME also resonate outside the
tabulated range of other silicon-containing U(III) compounds
(−116 to −247 ppm).35 The reasoning for both is likely due to
the five- to six-bond distance from the U(III) center to the
nearest silicon atom.
Repeating the synthesis of 3-py-Si with pyridine as a solvent

did not result in a clean product but rather a dark brown-green
solution. 1H NMR analysis made it possible to identify 3-py-Si,
but this was intractable from other impurities identified as
Tp*2U(dmpz) (dmpz = 3, 5-dimethylpyrazolate)32 and
organosilicon byproducts. In addition, a solution of
(Me3Si)3SiK dissolved in toluene with equimolar 1:1 THF/
pyridine or 1:1 DME/pyridine when added to Tp*2UI resulted
in formation of 3-py-Si as the product along with some
unidentified impurities. The result of this competition
experiment establishes pyridine’s strength as a Lewis base
when compared to both THF and DME, as previously
reported.36 Although uranium is known for its oxophilicity, it is
apparent here that pyridine is preferred in competition with
THF or DME due to not only pyridine’s Lewis basic strength,
but also its proclivity for reduction and ability to undergo
nucleophilic attack.
This phenomenon of pyridine activation was also encoun-

tered as previously unpublished results from our group with
Tp*2UBn

20,23 (Bn = benzyl). However, Tp*2UBn represents a
convenient system for studying pyridine activation within the
context of our ligand system in depth. Tp*2UBn is traditionally
synthesized by addition of KBn to Tp*2UI in THF without the
activation of the solvent demonstrating that this uranium
compound is not oxophilic enough to react with ethereal
solvents (Scheme 2).20 However, with the addition of pyridine
to Tp*2UBn, formation of a blue-green product was observed.
As studied through NMR spectroscopy, the same blue-green
product was observed through an alternate synthesis of
Tp*2UI and KBn in pyridine.
In both cases, the 1H NMR spectra showed seven

paramagnetically shifted resonances between 9.4 and 42.6
ppm. The symmetric solution structure suggests the activation
of pyridine exclusively in the 4-position, which is likely
sterically driven by the bulky Tp* ligand (as opposed to the
asymmetric 2-positional isomer). These 1H NMR spectro-
scopic data suggest formation of Tp*2U(NC5H5-4-Bn) (4-py-

Bn, Scheme 2) and demonstrate a noteworthy account of 1,4-
addition of pyridine to a U−C bond. However, we were
interested in further NMR characterization of this complex due
to the absence of 3,5-dimethylpyrazolyl resonances from Tp*
which is a phenomenon not commonly observed with other
U(III) bis-Tp* complexes. 2H and 1H−1H COSY NMR
techniques were employed to confirm the solution structure of
4-py-Bn.
The absence of the three resonances beyond 20 ppm in the

1H NMR spectrum and presence of the same three resonances
in the 2H NMR spectrum (δ in ppm (integration): A = 42.6
(2H), B = 27.9 (1H), and C = 22.8 (2H)) of an analogous
synthesis with pyridine-d5 (Figure 2) suggested the activation

of pyridine and generation of 4-py-Bn-d5. The four resonances
from 9 to 20 ppm (protons D, E, F, G) in the 1H NMR
spectrum of 4-py-Bn displayed clear splitting into doublets and
triplets. Such resolution in a paramagnetic NMR spectrum
suggested that these resonances were derived from the benzyl
group, which are further away from the paramagnetic uranium
center than the activated pyridine.
Blue-green 3-py-Si and 4-py-Bn both contain charge transfer

bands at 570 and 630 nm as assessed by electronic absorption
spectroscopy in THF solution. These bands are in contrast to
4-K, which is bright orange due its absorption band at 450 nm.

Scheme 2

Figure 2. Paramagnetic NMR spectra: (a) 2H NMR spectrum of 4-
py-Bn-d5 in C6H6. (b) 1H NMR spectrum of 4-py-Bn-d5 in C6D6. (c)
1H NMR spectrum of 4-py-Bn in C6D6. Their assignments to 4-py-Bn
are also depicted as supported by a 1H−1H COSY NMR spectrum
(Figure S21).
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The NIR region for 3-py-Si and 4-py-Bn shows typical f−f
transitions between 1150 to 1400 nm, also consistent with a
U(III) oxidation state (Figure S31).22,23 The infrared spectra
for 3-py-Si (2556, 2532 cm−1) and 4-py-Bn (2555, 2529
cm−1) are typical for Tp* B−H bands in bis-Tp* U
complexes.23

To establish if uranium is a necessity in the formation of the
benzylpyridyl moiety, a control experiment was performed:
addition of pyridine to a toluene solution of KBn resulted in an
immediate color change from bright orange to yellow,
generating [K][benzylpyridinide] in situ. [K(18-crown-6)][4-
benzylpyridinide] (4-K) can be independently prepared and
structurally characterized by sequestering the potassium cation
with 18-crown-6 from the [K][benzylpyridinide] solution,
revealing the 4-positional isomer of the benzylpyridinide anion
(Scheme 3).

The centers in compounds 3-py-Si and 4-py-Bn are
distorted pentagonal bipyramids (Figure 3). The U−Npyrazole
distances in 3-py-Si and 4-py-Bn are typical for bis-Tp* U(III)
complexes as they range from 2.550(3)−2.733(3) and 2.554
(4)−2.693(4) Å, respectively. The U−Npyridine distance in 3-
py-Si is 2.381(3) Å, while the U−Npyridine distance in 4-py-Bn
is between 2.371(11) and 2.38(2) Å (due to the disorder of
the pyridyl moiety), all of which can be regarded as typical
lengths for U(III)−N single bonds.23

In both 3-py-Si and 4-py-Bn (Figure 4, left), the N−C
(N1−C1, N1−C5) and C−C bonds (C2−C3, C3−C4)
lengthen while bonds C1−C2 and C4−C5 shorten. Both
structures are in agreement with the bond metrics from
Mazzanti’s [K(2.2.2)-cryptand]2 [{((Me3Si)2N)3U(III)}2{μ-
(NC5H5)2}] complex and suggest dearomatization of the
pyridine moiety.14 In contrast, 4-K shows a higher degree of
aromaticity when compared to 3-py-Si and 4-py-Bn due to
homogeneity of bond lengths, though can still be regarded as
dearomatized when compared to free pyridine (Free pyridine:
C−N = 1.336−1.347 Å, N−C−C−C = 1.381−1.393 Å, C−C−
C−C = 1.378−1.389 Å).37

The angles about the 1- and 4-positions (N1 and C3 atoms
bound non-H atoms) can be an indicator of hybridization at

these two points (Figure 4, right). The sum of the angles
surrounding N1 in 3-py-Si (360.0(5)°) and in 4-py-Bn
(359.4(5)°) indicate near-planarity around N1. This planarity
at the N-atom is structurally observed with other pyridyl-
activated metal complexes (Table S6).15−19,38−43 However, in
4-K the sum of the angles surrounding N1 is 356.51°, showing
that there is less planarity at this point which can be attributed
to less π interaction between the nitrogen and potassium when
compared to uranium. Likewise, the sums of the angles
surrounding C3 in 3-py-Si, 4-py-Bn, and 4-K (335.5(1)°,
330.6(1)°, and 330.98°, respectively) are also comparable to
those found in the structures of most other pyridyl-activated
metal complexes, which typically range from 331.0−
360°.15−19,38−43

The root-mean-square (RMS) deviation from the least-
squares planes can also be used as a planarity metric for the
entire pyridyl moiety as a whole (an RMS deviation value of 0
is perfectly planar). These were calculated from the crystal
structures for atoms N1, C1, C2, C3, C4, and C5 in both 3-py-
Si, 4-py-Bn, and 4-K (Figure 4, center). All pyridine moieties
are near-planar, particularly 4-py-Bn (0.0147), which is more
planar than 4-K (0.0218) likely due to partial conjugation
along the C3−C6 and C6−C7 bonds, which permit C3 to have
a slight sp2-hybridized character. We note that this electronic
effect is obscured by steric influence as seen with 3-py-Si
(0.0818) which does not allow for partial conjugation along
the C−Si single bond, but does regard a larger distortion due
to the larger substituent.
The geometry of the pyridyl ring can have a broad

implication of the role of the sterics and electronics of the
bound substrate in the 4-position. For example, the (Me3Si)3Si
ligand in 3-py-Si is both a strong σ donor and sterically bulky
which leads to a higher degree of planar distortion of the
bound pyridine when compared to the benzyl group in 4-py-
Bn. However, the structure of 4-K reveals that the identity of
the metal plays a larger role in the C−N and C−C bond
lengths of the pyridine ring, with stronger distortions caused by
the bound uranium center in 3-py-Si and 4-py-Bn.

Mechanistic Insight. Based on the observed reactivity, it is
hypothesized that addition of (Me3Si)3SiK to Tp*2UI forms
the product of salt metathesis, [Tp*2U(III)Si(SiMe3)3], as a
fleeting intermediate. The very reactive U−Si bond undergoes
scission, and the Lewis basic solvents that are present are
activated. The resulting products are those that satisfy the low-
valent uranium ion’s oxophilic tendencies, or need to have
small, anionic (hard) donors, such as amides.

Scheme 3

Figure 3. Molecular structures of 3-py-Si (left), 4-py-Bn (center), and 4-K (right) displayed with 30% probability ellipsoids. Selected hydrogen
atoms, solvent molecules, and minor disordered moieties were omitted for clarity.
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In order to support this hypothesis, a series of control
experiments were performed. Both (Me3Si)3SiK·2THF and
(Me3Si)3SiK·2DME were found to be stable in solution for
long periods of time; neither decomposes through a C−O
bond cleavage pathway on their own.30 This supports that the
uranium ion is necessary to facilitate the solvent activation.
When Tp*2UI is stirred in THF for long periods of time, in the
absence of the potassium silyl reagent, C−O bond scission is
also not observed, indicating that the silyl reagent is necessary
for the product formation. Tp*2UI is also stable in DME for
hours at ambient temperature, as judged by 1H NMR
spectroscopy. Thus, both uranium and the silyl reagent are
necessary for the observed C−O bond activation.
Following these control experiments, it was found that when

unsolvated (Me3Si)3SiK
44 is added to Tp*2UI in a non-Lewis

basic solvent, such as toluene or C6D6, an intractable mixture
of multiple paramagnetic products is observed through 1H
NMR spectroscopy, along with precipitation of KI. This
supports that the formation of the U−Si bond is likely
occurring, but is unstable and may easily decomposes under
the reaction conditions.
The observed uranium-alkoxide products, 2-THF and 2-

DME, were likely formed by σ bond metathesis at the U−Si
bond with the Lewis basic solvents, resulting from a
combination of both the greater oxophilicity of uranium vs
silicon, and the steric bulk of Tp* hindering a strong
interaction of the (Me3Si)3Si− fragment with the uranium(III)
ion. In the case of 2-DME, formation of (Me3Si)3SiMe is
confirmed from 1H and 29Si{1H} NMR spectroscopic analyses,
and supports σ bond metathesis with a C−O bond in DME,
resulting in transfer of (Me3Si)3Si to the methyl group.
I n t e r e s t i n g l y , n e i t h e r T p * 2 U O M e n o r
(Me3Si)3SiCH2CH2OMe are observed in the 1H or 29Si{1H}
NMR spectra. It is possible that the bulky (Me3Si)3Si− group
prevents the internal DME C−O σ bond metathesis from
occurring, thus leading to the formation of 2-DME and
(Me3Si)3SiMe. Although the (Me3Si)3Si· radical has been
observed and even employed as a reducing agent and a
functional group deprotector,45 studies suggest the chemistry

of (Me3Si)3SiK and related silylpotassium species is dominated
by two electron transformations.30

As observed with ethereal solvents, (Me3Si)3SiK is also
stable in pyridine with no reaction noted. When pyridine is
used as the solvent for the addition of (Me3Si)3SiK to Tp*2UI
instead of an ethereal solvent, activation is noted with
formation of 3-py-Si, where the silyl group is added to the
para position of the activated pyridine. In this case, however,
no C−N bond is broken, supporting a divergent mechanism is
occurring from that observed from ethereal solvents, likely a
radical based one.
In the absence of isolating the U-Si species, support for

pyridine activation by uranium(III) was gained by examining
the reactivity of Tp*2UBn, an established U(III) alkyl. Stirring
a solution of Tp*2UBn in pyridine for 1 h resulted in the
formation of 4-py-Bn, indicating the lack of stability of this
benzyl compound in pyridine at room temperature. This
supports pyridine activation at the para position, in analogy to
the unstable U−Si bond as seen in 3-py-Si. This result is
similar to that previously seen when Tp*2UBn is treated with
substituted triphenylphosphine oxides, ultimately generating
Tp*2U[OP(C6H5)2(C6H5CH2C6H5)], where the benzyl group
is now in the para position of one of the phenyl rings.26

Using an excess of the hydrogen atom donors 1,4-
cyclohexadiene (CHD) or 9,10-dihydroanthracene (DHA) in
the synthesis of Tp*2U[OP(C6H5)2(C6H5CH2C6H5)] pro-
duced no alteration in the 1H NMR spectrum, indicating no H
atom abstraction had occurred in either case. In this case, it
was hypothesized that benzyl radical coupling to the para-
position of triphenylphosphine oxide is faster than respective H
atom abstraction or homocoupling. In the case of formation of
4-py-Bn, the same observation was made. Treating a solution
of Tp*2UBn in C6D6 with CHD or DHA and one equivalent of
pyridine resulted in no disappearance of CHD or DHA with
conversion to 4-py-Bn noted in high yield. Thus, analogous
chemistry to Tp*2U[OP(C6H5)2(C6H5CH2C6H5)] is noted.
As in the case of triphenylphosphine oxide activation, it is

likely that radical chemistry is occurring during pyridine
activation. It is proposed that upon addition of pyridine to a

Figure 4. Bond distances (Å, top-down view, left), bond angles (degrees (deg), top-down view, right), and root-mean-square (RMS) deviation
from the least-squares plane (side view, center) for the pyridine moiety in 3-py-Si (blue values), 4-py-Bn (green values), and 4-K (brown values).
Atoms N1, C1, C2, C3, C4, and C5 are used as the basis covariance matrix for calculating the least-squares mean plane. Atom colors are pink (3-
py-Si: U1, 4-py-Bn: U1, 4-K: K1), blue (nitrogen), black (carbon), light yellow (3-py-Si: Si1, 4-py-Bn: C6, 4-K: C6), and white (hydrogen). The
data for 4-py-Bn are calculated using the major disordered moiety (67%). Selected hydrogen atoms and ligands are omitted for clarity.
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solution of Tp*2UBn, pyridine association with the uranium-
(III) center facilitates benzyl radical dissociation. In concert, a
putative [Tp*2U] fragment reduces pyridine by one electron,
which generates a radical in the para position by resonance.
This then reacts with the extruded benzyl radical to form 4-py-
Bn. If benzyl radical loss happened prior to pyridine
coordination, this would be evident from NMR experiments,
and this was not observed. Furthermore, there was no evidence
by 1H NMR spectroscopy for the formation of bibenzyl or
toluene during the course of the reaction, supporting that
benzyl radical is subject to the cage effect,46 where the it does
not leave the coordination sphere of the uranium.
The idea of a radical pathway was further supported through

KC8 reduction of Tp*2UI in the presence of pyridine,
presumably forming an equivalent of [Tp*2U], which
generates dimeric [Tp*2U(NC5H5)]2 (5-py-py, Scheme 4).

Preliminary single crystal diffraction data of 5-py-py suggests
C−C bond coupling between the pyridine moieties; however,
the data quality is not precise enough to discern pyridine
reduction through bond length analyses. Compound 5-py-py
appears structurally similar to other pyridine-coupled prod-
ucts.14,15,17,19 The 1H NMR spectrum shows broad resonances
at 32.5, 44.3, and 47.6 ppm which suggest a similar pyridine
activation to 3-py-Si and 4-py-Bn (Figure S23) and the
11B{1H} NMR correlates to U(III) (−7.3 ppm) (Figure
S24).23 The NIR region of the electronic absorption spectra
strongly suggests U(III) and is nearly identical with that of 4-
py-Bn (Figure S31). Thus, 5-py-py demonstrates that a
uranium-pyridyl radical is a possible intermediate that can
couple to the benzyl group.
A control experiment of the direct reduction of Tp*2UI with

KC8 in THF in the absence of pyridine resulted in formation of

Tp*UIV[(�NC(Me)C(H)−C(Me)N)B(H)(3,5-dimethylpyr-
azole)2] (6-Tp*UTp′, Scheme 4), which supports reductive
N−N bond cleavage in one pyrazole ring of Tp* and oxidation
of the uranium to U(IV). The 1H NMR spectrum of 6-
Tp*UTp′ has an asymmetric ligand set with distinct, sharp
peaks, ranging from −48.59 to 81.65 ppm. Due to the
complexity of this spectrum, the structural parameters were
investigated by X-ray crystallography.
Needle-shaped yellow single crystals suitable for X-ray

diffraction were grown from a concentrated solution of toluene
and pentane (3:1) at −35 °C. Refinement of the data revealed
a seven coordinate uranium ion in a pseudo trigonal prismatic
geometry, with a traditionally coordinated κ3-Tp* ligand as
well as a new ligand derived from activation of a pyrazole
group. While the bond distances are not reliable enough to be
able to provide a meaningful discussion of their distances, we
can see that one U−N bond is quite a bit shorter than the
other, indicating multiple bond character, supporting a
uranium(IV) ion by charge balance.

■ CONCLUSIONS
Attempting to synthesize uranium(III)-silyl bonds using the
bis(Tp*) framework ultimately generated the isolable products
of Lewis basic solvent activation. The wide range of NMR-
active nuclei in these compounds enabled characterization by
paramagnetic 1H, 2H, 11B, and 29Si NMR spectroscopy.
Infrared spectroscopy and electronic absorption spectroscopy
were used to identify and characterize these new uranium(III)
derivatives as well, with the latter helping to corroborate the
U(III) oxidation state of these derivatives. Structural data
obtained from X-ray crystallography were collected and
established activation of THF, DME, and pyridine. Mecha-
nistic experiments were performed to determine under what
conditions this activation chemistry occurs. The oxophilicity of
uranium likely drives the activation of THF and DME to form
strong U−O alkoxide bonds. A radical based mechanism is
indicated in pyridine activation, as the formation of para-
substituted pyridine is noted. In this case, the strong anionic
U−N bond that resulted likely played a role in the observed
activation chemistry. The instability of the proposed uranium−
silicon bond in this study is mainly explained by the mismatch
of hard uranium ions with softer main-group elements.
This study demonstrates that the electron rich uranium

complexes readily activate accessible Lewis bases, giving
trivalent products. This may have come from either a fleeting
U−Si intermediate or from a reduced intermediate. This type
of reactivity is important to establish for uranium, as trivalent
actinides are a component of spent nuclear fuels, and ligand
extraction represents an important separation technique.
Uranium(III) is prone to disproportionation, but is not
noted in this case, as no uranium(IV) products of Lewis
base activation are observed, nor is decomposition to potential
divalent uranium products. These studies represent unusual
activation chemistry, as Lewis bases are known to support low
valent uranium, rather than be activated by it. Further studies
that encompass additional bases and their mechanisms of
activation are ongoing.

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

ulations were performed using standard Schlenk techniques or using
an MBraun inert atmosphere drybox with an atmosphere of purified
nitrogen. The MBraun drybox was equipped with a cold well used for

Scheme 4
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freezing samples with liquid nitrogen, dry ice and acetone baths, as
well as two −35 °C freezers for cooling samples and crystallizing
compounds. Solvents for sensitive manipulations including THF,
toluene, and pentane were dried and deoxygenated using literature
procedures with a Seca solvent purification system.47 Pyridine was
purified by stirring over CaH2 for at least 2 days before distillation and
stored over molecular sieves. 1,2-Dimethoxyethane (DME) was
purified by stirring over CaH2 for at least 2 days before distillation and
stored over molecular sieves and sodium. THF-d8 was purchased from
Cambridge Isotope Laboratories (CIL) and stored over sodium in the
glovebox freezer. Pyridine-d5 was purchased from CIL, stirred over
CaH2, distilled, and stored over sieves. Benzene-d6 (C6D6) was
purchased from CIL, dried with molecular sieves and sodium, and
degassed with six freeze−pump−thaw cycles. (Me3Si)4Si was
purchased from TCI, and KOtBu and 18-crown-6 were purchased
from Sigma-Aldrich, and used without further purification. Tp*2UI,

48

(Me3S i)3S iK ·2THF,30 (Me3S i)3S iK ·2DME,30 base - f ree
(Me3Si)3SiK,

49 Tp*2UBn,
20 and KBn50 were synthesized using

literature procedures. KC8 was synthesized from a modified literature
procedure.51

Caution! U-238 is a weak α-emitter with a half-life of t1/2 = 4 × 109
years. All manipulations were performed in an inert-atmosphere glovebox
in a laboratory equipped with proper detection equipment.

1H NMR spectra were recorded on a Varian Inova 300
spectrometer operating at a frequency of 300 MHz or a Bruker
AV400 spectrometer operating at a frequency of 400 MHz. All
chemical shifts are reported relative to 1H residual chemical shifts of
benzene-d6 (C6D6, 7.16 ppm) or THF-d8 (1.72 ppm). For
paramagnetic molecules, the 1H NMR data are reported with the
chemical shift, followed by the peak-width-at-half-height in Hertz, the
integration value, and, where possible, the peak assignment.
Multiplicities are assigned as singlet (s), doublet (d), triplet (t), or
multiplet (m), and some moieties are abbreviated as trimethylsilyl
(Me3Si or SiMe3), pyridinyl, (py) and benzyl (Bn). 11B NMR spectra
were recorded on a Varian Inova 300 spectrometer operating at a
frequency of 96.24 MHz. 29Si NMR spectra were recorded on a
Bruker AV400 spectrometer operating at a frequency of 79.49 MHz
and sometimes with the 29Si INEPT pulse sequence.52 Both 11B and
29Si NMR spectra are referenced to the deuterium signal. Solid state
infrared spectra were recorded using a Thermo Nicolet 6700
spectrophotometer; samples were made by using KBr salt plates or
a KBr pellet. Electronic absorption spectroscopic measurements were
recorded at 294 K in sealed 1 cm quartz cuvettes with a Cary 6000i
UV−vis−NIR spectrophotometer.

Single crystals suitable for X-ray diffraction of 1-THF, 2-DME, 3-
py-Si, 4-py-Bn, 4-K, and 5-py-py were coated with poly(isobutylene)
oil in the glovebox and quickly transferred to the goniometer head of
a Bruker Quest diffractometer with a fixed chi angle, a sealed tube fine
focus X-ray tube, single crystal curved graphite incident beam
monochromator, a Photon II area detector and an Oxford
Cryosystems low temperature device. Examination and data collection
were performed with Mo Kα radiation (λ = 0.71073 Å) at 150 K.
Single crystals suitable for X-ray diffraction of 6-Tp*UTp′ were
coated with poly(isobutylene) oil in the glovebox and quickly
transferred to the goniometer head of a Rigaku Rapid II
diffractometer with a quarter chi circle and a 200 degree curved
image plate detector at a fixed distance of 127.4 mm. Data for 6-
Tp*UTp′ were collected using Cu Kα radiation (λ = 1.54184 Å) at
150 K.
Synthesis of (Me3Si)3SiK 2THF. (Me3Si)3SiK·2THF was synthe-

sized according to literature preparation.30 In a 20 mL scintillation
vial, (Me3Si)4Si (1.00 g, 3.12 mmol) and KOtBu (1.05 equiv, 0.400 g,
3.27 mmol) were dissolved in 15 mL of THF. The light yellow
solution darkened over the course of 16 h, which was then reduced in
volume in vacuo to 1 mL. Pentane (10 mL) was added to the dark
yellow solution and filtered into a clean vial to remove particulates.
Colorless crystals were grown in the freezer at −35 °C over the course
of a few hours in a 10:1 pentane/THF solution. The yellow mother
liquor was decanted and the solids were further dried under a vacuum

to yield (Me3Si)3SiK·2THF (1.094 g, 2.54 mmol, 90% yield). 1H and
29Si NMR data are concurrent with those found in the literature.30

Synthesis of (Me3Si)3SiK THF-d8. A modified preparation of
(Me3Si)3SiK·2THF was used to make the deuterated analog. In a 20
mL scintillation vial, (Me3Si)4Si (0.200 g, 0.623 mmol) was combined
with KOtBu (1.05 equiv, 0.080 g, 0.655 mmol). Then 0.5 mL of
THF-d8 was added to allow the solids to dissolve, turning the solution
light yellow. After stirring at room temperature for 2 h, the volatiles
were removed and the off-white solids were triturated with pentane.
Placing the powder under a vacuum for 30 min afforded a flaky off-
white powder that resembled (Me3Si)3SiK·2THF.

Synthesis of (Me3Si)3SiK 2DME. (Me3Si)3SiK·2DME was
prepared according to literature preparation.30 In a typical experiment,
(Me3Si)4Si (0.033g, 0.103 mmol) and KOtBu (0.013 g, 0.106 mmol)
were combined as solids and dissolved in DME (4 mL). After stirring
for 30 min, the volatiles were removed in vacuo, and replaced with
pentane until the product was dry. Integration of the 1H NMR
spectrum revealed two molecules of DME for every (Me3Si)3SiK
molecule. The product was then used immediately in the synthesis of
2-DME.

1H NMR (C6D6, 300 MHz, 25 °C) δ (ppm) = 0.64 (s, 27H,
(Me3Si)3Si), 2.95 and 2.97 (two singlets, 20H, DME CH3 and CH2).

Alternate Synthesis of (Me3Si)3SiK 2DME. (Me3Si)3SiK·2DME
can also be prepared by dissolving solid (Me3Si)3SiK·2THF in excess
DME. The solution was dried and triturated with pentane to afford an
off white powder which was used immediately in the synthesis of 2-
DME.

Synthesis of (Me3Si)3SiK pyridine. Colorless (Me3Si)3SiK·
2THF (0.100 g, 0.232 mmol) was dissolved in pyridine. The volatiles
were removed in vacuo and a second portion of pyridine was
introduced. Pyridine was again removed and triturated with pentane
affording an orange powder.

1H NMR (C6D6, 300 MHz, 25 °C) δ (ppm) = 0.52 (s, 27H,
(Me3Si)3Si), 6.76 (m, 2H, py 3,5-CH), 7.05 (m, 1H, py 4-CH), 8.37
(s, 2H, py 2,6-CH).

Synthesis of (Me3Si)3SiK pyridine-d5. Colorless (Me3Si)3SiK·
2THF (0.100 g, 0.233 mmol) was dissolved in minimal pyridine-d5
and allowed to stir at room temperature for 1 h. The volatiles were
removed in vacuo and a second minimal portion of pyridine-d5 was
introduced. Pyridine-d5 was again removed under a vacuum for 30
min affording a flaky orange powder.

Synthesis of [K(18-crown-6)][4-benzylpyridinide] (4-K). To a
THF (10 mL) solution of KBn (0.050 g, 0.384 mmol), pyridine
(0.050 g, 0.633 mmol) was added causing a color change from orange
to yellow. After stirring the yellow solution for 5 min, 18-crown-6
(0.101 g, 0.382 mmol) was added, the yellow solution took on a red
color as it stirred for 10 min. After volatiles were removed in vacuo the
powder was redissolved in THF (3 mL), and filtered into a clean vial
to remove particulates. The concentrated THF solution was layered
with pentane (6 mL) (1:2 THF/pentane) and left in the freezer. A
crop of X-ray diffraction quality crystals of 4-K were grown as large
off-white needles in 34% yield (0.062 g, 0.132 mmol).

1H NMR (C6D6, 300 MHz, 25 °C) δ (ppm) = 3.21 (s, 18-crown-
6), 4.48 (m, Bn CH2), 6.69 (m, py 3,5-CH), 6.65 (m, py 4-CH),
6.93−7.13 (m, Bn CH), 7.27 (m, Bn CH), 7.48 (m, Bn CH), 8.53 (m,
py CH). FTIR (KBr Pellet, cm−1) 3504, 3027, 2972, 2883, 2822,
2702, 2583, 2542, 1972, 1598, 1518, 1109, 962, 868, 704.

Synthesis of Tp*2U[O(CH2)4Si(SiMe3)3] (1-THF). A solution of
Tp*2UI (0.050 g, 0.052 mmol) dissolved in 4 mL THF was cooled to
−35 °C in the glovebox freezer. Then, (Me3Si)3SiK·2THF (0.022 g,
0.051 mmol) in 1 mL of THF was added slowly to the stirring
solution. The purple solution momentarily developed a blue hue that
quickly faded to a dark brown color. The stirring solution was allowed
to warm to room temperature for 1 h. Volatiles were removed in vacuo
and the green-brown solids were redissolved in pentane and filtered to
remove KI salts. Removing pentane under a vacuum afforded 1-THF
as a brown powder in high yield (0.055 g, 0.048 mmol, 91.6% yield).
Green-brown blocks of 1-THF suitable for X-ray diffraction were
grown from slow diffusion of pentane into a concentrated diethyl
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ether solution or precipitated from a concentrated pentane solution in
the glovebox freezer.

1H NMR (C6D6, 400 MHz, 25 °C) δ (ppm) = −11.14 (25, s, 9H,
Tp* CH3), −1.61 (5, s, 12H, Tp* CH3), 3.86 (5, s, 27H, (Me3Si)3Si),
6.94 (8, s, 4H, Tp* CH), 13.67 (9, broad m, 2H, CH2), 22.55 (13,
broad m, 2H, CH2), 43.03 (32, broad m, 2H, CH2), 103.40 (69,
broad m, 2H, CH2). 11B NMR (C6D6, 96.24 MHz, 25 °C) δ = −7.74
ppm (broad). 29Si NMR (C6D6, 79.49 MHz, 25 °C) δ (ppm) = −8.6
(s, (Me3Si)3Si), −75.1 (s, (Me3Si)3Si). FTIR (KBr Pellet, cm−1) νB−H
= 2561, 2562 cm−1.
Synthesis of Tp*2U[O(CH2)2OMe] (2-DME). In separate vials,

Tp*2UI (0.302 g, 0.314 mmol) and freshly synthesized (Me3Si)3SiK·
2DME from (Me3Si)3SiK·2THF (0.135 g, 0.315 mmol) and DME
(0.5 mL) were dissolved in toluene (4 mL in each vial) and cooled in
the glovebox freezer to −35 °C. The solution of (Me3Si)3SiK·2DME
was added slowly to the solution of Tp*2UI and allowed to stir for 30
min before removing volatiles in vacuo. The brown residue was
redissolved in minimal cold (−35 °C) pentane and filtered out as a
pentane-insoluble product. Subsequent pentane washings of the
brown precipitate at −35 °C gave 2-DME in 47% yield (0.135 g,
0.149 mmol), which can be redissolved at room temperature and
crystallized in minimal pentane or diethyl ether at −35 °C as
diffraction quality brown blocks.

1H NMR (C6D6, 400 MHz, 25 °C) δ (ppm) = −11.31 (46, s, 18H,
Tp* CH3), −1.8 (11, s, 18H, Tp* CH3), 6.9 (10, s, 6H, Tp* CH),
10.4 (10, s, 3H, OCH2CH2OCH3), 43.3 (25, broad t, 2H,
OCH2CH2OCH3), 100.6 (56, broad t, 2H, OCH2CH2OCH3). 11B
NMR (C6D6, 96.24 MHz, 25 °C) δ = −6.2 ppm (broad). FTIR (KBr
Pellet, cm−1) νB−H = 2550, 2527.
Synthesis of Tp*2U[NC5H5-4-Si(SiMe3)3] (3-py-Si). A solution

of Tp*2UI (0.053 g, 0.055 mmol) dissolved in 2 mL toluene was
cooled to −35 °C in the glovebox freezer. In a separate vial,
(Me3Si)3SiK·pyridine (0.022 g, 0.54 mmol) was dissolved in 1 mL of
toluene and cooled in the freezer. Then, the solution of (Me3Si)3SiK·
pyridine was added slowly to the stirring Tp*2UI solution. The purple
mixture developed a green color and was allowed to stir for 1 h while
warming to room temperature. Volatiles were removed in vacuo and
the blue-green solids were redissolved in pentane and filtered.
Removal of pentane from the blue-green solution under a vacuum
afforded 3-py-Si as a blue-green powder in moderate yield (0.044 g,
0.40 mmol, 69%). Green blocks of 3-py-Si suitable for X-ray
diffraction were grown from slow diffusion of pentane into a
concentrated diethyl ether solution or precipitated from a
concentrated pentane solution in the glovebox freezer.

1H NMR (C6D6, 300 MHz, 25 °C) δ (ppm) = −2.37 (4, broad s,
1H, BH), 0.28 (2, s, 20H, Tp* CH3), 5.11 (4, s, 27H, (Me3Si)3Si),
22.19 (12, s, 2H, 3-py CH), 32.73 (16, 1H, s, 4-py CH), 43.63 (21, s,
1H, 2-py CH). 11B NMR (C6D6, 300 MHz, 25 °C) δ = −9.85 ppm
(503, broad). 29Si NMR (C6D6, 79.49 MHz, 25 °C) δ (ppm) = −6.8
(s, (Me3Si)3Si), −51.0 (s, (Me3Si)3Si). FTIR (KBr Pellet) νB−H =
2556, 2532 cm−1.
General Experimental Procedure for Equimolar Lewis Base

Experiments with Tp*2UI and (Me3Si)3SiK. In a 20 mL
scintillation vial, a solution of Tp*2UI (0.020 g, 0.021 mmol)
dissolved in 0.5 mL C6D6 was frozen at −35 °C in the glovebox
freezer. In a separate vial, 2 equiv of pyridine (0.003 g, 0.037 mmol)
or 2 equiv of DME (0.004 g, 0.044 mmol) were added to a 0.5 mL
C6D6 solution of (Me3Si)3SiK·2THF (0.009 g, 0.021 mmol) and
frozen in the freezer. For the 1:1 DME:pyridine experiment, an
appropriate amount of (Me3Si)3SiK·pyridine was synthesized and two
equivalents of DME were added to this C6D6 solution. Then, the
solution of (Me3Si)3SiK was added slowly to the thawing Tp*2UI
solution. The solution was allowed to stir for 1 h while warming to
room temperature. The 1 mL C6D6 solutions were filtered through
Celite into a J-Young tube, spiked with approximately 2 μL of
mesitylene as an internal standard (to assess relative amounts of
product), sealed, and monitored through 1H NMR spectroscopy (300
MHz, 25 °C).

1:1 THF:DME. Major product is 2-DME. The 1H NMR spectra
for 1-THF and 2-DME are similar, but due to the absence of a large

peak at 3.9 ppm and the presence of a large peak at 0.2 ppm, this was
assigned to complete production of 2-DME. 1-THF was not
observed.

1:1 THF:pyridine. Major product is 3-py-Si along with other
unidentified impurities. 1-THF was not observed.

1:1 DME:pyridine. Major product is 3-py-Si along with other
unidentified impurities. 2-DME was not observed.

Synthesis of Tp*2U(NC5H5-4-Bn) (4-py-Bn). A 20 mL
scintillation vial was charged with Tp*2UI (0.036 g, 0.038 mmol), 2
mL of THF, and a stir bar. In a separate vial, pyridine (0.004 g, 0.052
mmol) was added to a solution of KBn (0.005 g, 0.054 mmol) in 1
mL of THF until the orange solution developed a yellow color. After
cooling the solutions of Tp*2UI and KBn in the glovebox freezer, the
yellow solution was slowly added to the purple Tp*2UI solution. The
reaction mixture was stirred for 1 h while warming to room
temperature, resulting in a green-blue solution. The volatiles were
removed in vacuo and washed with pentane to afford a green-blue
powder assigned as 4-py-Bn (0.026 g, 0.026 mmol, 69% yield).

Alternate Synthesis of Tp*2U(NC5H5-4-Bn) (4-py-Bn). A 20
mL scintillation vial was charged with Tp*2UBn (0.030 g, 0.032
mmol), approximately 1 mL of pyridine, and a stir bar. The reaction
mixture was stirred for 1 h at room temperature, resulting in a green-
blue solution. The volatiles were removed in vacuo and washed with
pentane 3 × 5 mL to afford a green-blue powder identified as 4-py-Bn
(0.027 g, 0.027 mmol, 82% yield). Single green crystals of 4-py-Bn
were grown from slow diffusion of pentane into a 1:1 THF/diethyl
ether solution at −35 °C.

1H NMR (C6D6, 300 MHz, 25 °C) δ (ppm) = 9.4 (4, t, 1H, J = 7
Hz, Bn p-CH), 10.2 (4, t, 2H, J = 7 Hz, Bn m-CH), 13.9 (5, d, 2H, J =
7 Hz, Bn o-CH), 15.4 (5, broad d, 2H, J = 4 Hz, CH2), 22.8 (10, s,
3.3H, py 4-CH), 27.9 (17, s, 2.5H, py m-CH2), 42.6 (96, s, 4H, py o-
CH). 11B NMR (C6D6, 96.24 MHz, 25 °C) δ = −10.0 ppm. FTIR
(salt plate) νB−H = 2555, 2529 cm−1.

Synthesis of [Tp*2U(NC5H5)]2 (5-py-py). A 20 mL scintillation
vial was charged with Tp*2UI (0.150 g, 0.156 mmol) and a stir bar
then dissolved in 6 mL of toluene and approximately 0.5 mL of
pyridine. After cooling the purple solution to −35 °C, KC8 (0.022 g,
0.163 mmol, 1.1 equiv) was added to the Tp*2UI solution as a solid
and the mixture was allowed to stir overnight at ambient temperature.
The dark blue mixture was then filtered through Celite in a medium
frit removing green byproduct. The solids were then washed with
pentane (3 × 5 mL) and 5-py-py was extracted with THF (20 mL).
Upon drying 5-py-py was isolated as a blue powder in 72% yield
(0.102 g, 0.056 mmol). Multiple crystallizations were attempted in
concentrated solutions of THF, or slow diffusion or layering of
pentane, diethyl ether, toluene, or C6D6 in a THF solution at −35 °C.
Only concentrated THF solutions gave single crystals, although they
did not give data suitable for bond analysis through X-ray diffraction.
5-py-py decomposes in THF overnight at room temperature and is
slightly soluble in aromatic solvents.

1H NMR (C6D6, 300 MHz, 25 °C) δ (ppm) = 32.5 (14, s, 4H, py
3-CH), 44.3 (12, s, 2H, py 4-CH), 47.6 (2, s, py- 2-CH). 11B NMR
(THF-d8, 96.24 MHz, 25 °C) δ = −7.3 ppm. FTIR (C6D6, salt plate)
νB−H = 2550, 2523 cm−1.

Synthesis of Tp*U(IV)[(�NC(Me)C(H)C(Me)N)B(H)(3,5-di-
methylpyrazole)2] (6-Tp*UTp′). A 20 mL scintillation vial was
charged with Tp*2UI (0.100g, 0.104 mmol), 3 mL of THF, and a stir
bar. The purple solution was cooled to −35 °C in the glovebox
freezer. Then, KC8 (0.014 g, 0.104 mmol) was added as a solid to the
stirring solution and the solution was allowed to stir for 1 h at ambient
temperature. Volatiles were removed and the solids were introduced
to pentane (4 × 5 mL) and filtered through a glass filter pipet. The
resulting extract was dried to afford a yellow-brown powder in 32%
yield (0.028 g, 0.034 mmol). Single crystals of 6-Tp*UTp′ were
grown in a concentrated solution of toluene and pentane (3:1) in the
glovebox freezer.

1H NMR (C6D6, 25 °C): −48.59 (22, 6H, Tp*-CH3), −41.07
(210, 1H, B−H), −20.49 (21, 3H, Tp*-CH3), −13.50 (13, 6H, Tp*-
CH3), −12.49 (13, 6H, Tp*-CH3), −11.63 (16, 2H, Tp*-CH), −4.32
(162, 1H, B−H), −1.15 (13, 2H, Tp*-CH), 17.63 (11, 6H, Tp*-
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CH3), 52.83 (14, 1H, Tp*-CH), 70.94 (21, 3H, Tp*-CH3−ring
opened), 79.34 (24, 1H, Tp*-CH−ring opened), 81.65 (26, 3H, Tp*-
CH3−ring opened). FTIR (KBr pellet) νB−H = 2550, 2523 cm: 2476,
2549 cm−1 (B−H).
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