
Rational Design of a Tripodal Ligand for U(IV): Synthesis and
Characterization of a U−Cl Species and Insights into Its Reactivity
Kang Liu,⊥ Ji-Pan Yu,⊥ Qun-Yan Wu, Xue-Bing Tao, Xiang-He Kong, Lei Mei,* Kong-Qiu Hu,
Li-Yong Yuan, Zhi-Fang Chai, and Wei-Qun Shi*

Cite This: https://dx.doi.org/10.1021/acs.organomet.0c00638 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The rational design and synthesis of the Trapen ligand (1, tris(2-
aminobenzyl)amine) with a tripodal scaffold is reported. Treatment of Trapen with
n-BuLi and TMSCl results in the formation of the corresponding complex
[(TrapenTMS)(Li)3] (2). In particular, 2 reacts with UCl4 to give the important
synthon uranium(IV) complex [U(TrapenTMS)(Cl)] (3) with all of the nitrogen
atoms bound to the uranium(IV) center. Moreover, the pseudohalogen congener
[U(TrapenTMS)(OCP)] (4) or the azide analogue [U(TrapenTMS)(N3)] (5) could
be obtained when [U(TrapenTMS)(Cl)] (3) was treated with NaOCP(dioxane)2.5
or NaN3 by a salt metathesis approach. In addition, the reaction of KC8 with
[U(TrapenTMS)(Cl)] (3) did not afford the desired U(III) complex but produced
the unexpected bridging diuranium oxo complex [U(TrapenTMS)2(μ-O)] (6). All of
the compounds were isolated in the solid state and characterized by NMR, X-ray
crystal diffraction, and FT-IR, and UV−vis−NIR as well as elemental analyses and
SQUID magnetization measurements. The combined experimental analyses and
chemical calculations support all of the formal uranium(IV) species.

■ INTRODUCTION

Nonaqueous molecular actinide chemistry is a challenging yet
vital frontier realm that has flourished in recent years.1 As we
know, uranium is the fundamental resource of nuclear energy
and is readily available with a specific low activity, the in-depth
study of which has profoundly enhanced our understanding of
the roles of the valence orbitals in covalent interactions, since
the issue of covalency remains an important scientific subject
of debate to date. Therefore, to elucidate the principal
problems regarding trends of valence orbitals in chemical
bonding and reactivity toward uranium, a further accurate
investigation and exploration of landmark species is necessary,
thus providing reliable evidence.
Polydentate ligands, especially tetradentate ligands with a

tripodal topology as the linkages, have attracted a great deal of
attention due to their widespread utility in synthetic perform-
ance available toward actinide complexes.2−13 We considered
that three main features meet the demands of actinide
coordination chemistry: (a) tripodal ligands play a key role
in enforcing single-site reactivity to a metal center upon
coordination; (b) steric arguments account for the variability
of reaction, and specifically, substituent groups incorporated
into the side arm of the tripodal ligands help to adjust steric
resistance and endow the tailored tripodal ligands with striking
features for addressing the specific issues; (c) the ligand unit
provides a pocket scaffold for immobilizing the reactive
actinide precursor because of saturation of the coordination

sphere, while avoiding decomposition processes for the
formation of a supported structure. Thus, it is well-known
that a tripodal ligand systematically influences the stability,
compatibility, and reactivity of uranium complexes. Over the
past decade, Liddle,14−31 Arnold,6 and Meyer32−44 have
contributed much to the diversity and progress of the
organometallic chemistry of actinides by the family of tripodal
ligands, including actinide−metal bonds,10,45−48 actinide−
ligand multiple bonds,14,15,18,21,30,31 small-molecule activa-
tion,26,44,49−51 lower oxidation states of actinides,39,40 and so
on. More recently, Schelter et al.52 have demonstrated that a
tripodal nitroxide ligand framework could be used to
synthesize and characterize a series of Th(IV)−imido
complexes (Scheme 1). Actually, the reactivity is generally
ligand dependent, and no all-purpose ligand has yet been
manifested in dealing with all of the challenges in chemical
bonding transformations, because imperceptible adjustments
in the steric, geometrical, and/or electronic character of the
ligands can give rise to tremendous changes in bonding and
reactivity. It is worth noting that conformationally rigid and
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locally flexible frameworks could provide additional advantages
for fine-tuning the ligand rigidity and pliability.4 Therefore, we
have begun to design and synthesize novel ligands that would
provide a platform for evaluating uranium precursor reactivity
and further enhancing our understanding of the extent of
covalency in uranium−ligand bonding.
Here, previous work triggered our efforts to synthesize a new

tris(2-aminobenzyl)amine proligand, Trapen, via a multistep
synthesis strategy. The Trapen ligand is an excellent ligand
transfer reagent that can be conveniently converted to the
corresponding Trapen U(IV)−Cl complex, which is an
important uranium precursor. Furthermore, the Trapen
U(IV)−Cl complex has found utility as a precursor to
U(IV)−OCP, U(IV)−N3, and the unexpected uranium(IV)
bridging oxygen complex [{U(TrapenTMS)}2(μ-O)] by salt
elimination or treatment over KC8, respectively. The centrally
located amine serves as the anchor apex with axial electronic
stabilization, thus providing a platform for sterically encumber-
ing one side of the uranium site. The TMS groups of the
arylamine generally introduce pendent arms and generate a
well-defined pocket around the uranium to optimize the
reactivity. Complexes 3−6 have been comprehensively
characterized by crystallography, multinuclear NMR and FT-
IR, UV−vis−NIR, variable-temperature SQUID magneto-
metry, and elemental analyses.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Trapen Ligand 1.

The whole synthetic approach required a stepwise preparation
strategy (Scheme 2). The key intermediate, 2-((bis(2-
aminobenzyl)amino)methyl)aniline (1), was prepared in
three simple steps in 55% yield from the commercially
available starting material 1-(bromomethyl)-2-nitrobenzene.
The detailed process is as follows. Treatment of commercial 1-
(bromomethyl)-2-nitrobenzene (A) with excess ammonia
afforded the bis(2-nitrobenzyl)amine B as a yellow powder
in 71% isolated yield. Treatment of B with 1.2 equiv of 1-
(bromomethyl)-2-nitrobenzene, followed by the addition of 5
equiv of K2CO3 as a base with reflux for 24 h afforded tris(2-
nitrobenzyl)amine (C) as a pale yellow solid in 87% yield. The
synthesis of Trapen (1) was carried out by reduction of C
using hydrazine with a catalytic amount of Pd/C at 50 °C for
0.5 h. This protocol provides an efficient and practical method
for construction of the Trapen ligand, although a typical
procedure has been reported previously.53 The structures of all
the newly synthesized compounds were identified on the basis
of ESI-MS, 1H NMR, and 13C NMR spectral data. The simple
preparation and synthetic feasibility provide promising
potential exploitation.
Synthesis and Characterization of 3. Treatment of

Trapen with 3 equiv of n-BuLi followed by addition of 3 equiv

of TMSCl and once again with 3 equiv of n-BuLi resulted in
formation of the corresponding complex [(TrapenTMS)(Li)3]
(2) in good yield (71%). The complex U(TrapenTMS)Cl (3)
was synthesized in moderate (62%) yield by adding a THF
solution of the readily available (TrapenTMS)(Li)3 (2) to a −78
°C THF solution of UCl4 along with elimination of LiCl
(Scheme 2), analogously to Tren uranium(IV) chloride
complexes. Removal of the solvent and extraction by hot
toluene furnished a black solution, which was recrystallized to
provide 3 in 62% yield. The 1H nuclear magnetic resonance
(NMR) spectrum of 3 recorded in C6D6 at 25 °C spans the
range −6 to +20 ppm with seven resonances. The relatively
intense and sharp signal at −6.61 ppm is assigned to TMS
groups on the arylamine pendant arm. The 29Si NMR
spectrum of 3 exhibits a single peak at −148.69 ppm,
indicating only one silicon chemical environment on the
NMR time scale.54 The solid-state structure of 3 was illustrated
by an X-ray diffraction study (Figure 1a). For the five-
coordinate complex 3, the calculated τ5 value is 0.83,

55 which
indicates that the uranium center adopts a distorted-trigonal-
bipyramidal geometry where both nitrogen atoms are
coordinated to the uranium, forming three six-membered
rings. The U−Namido bond lengths, including U1−N1, U1−N2,
U1−N3 bonds, are 2.244(6), 2.244(6) and 2.225(6) Å,
respectively, which are unexceptional.56 The U−Namine bond
distance in 3 (U1−N4 = 2.631(6) Å) lies in the range of values
for previously reported and structurally ascertained U(IV)−
amine complexes5,57 and is moderately longer than the average
U−Namido bond distance in 3 (average U−N = 2.237(6) Å).
The U1−Cl1 bond length is 2.644(2) Å, which is within the
sum of the covalent radii of 2.69 Å, in accordance with
previous work on uranium(IV)−Cl bond lengths with other
ligands.5,6 A SQUID magnetic moment measurement was
conducted to study the temperature-dependent behavior of the
tetravalent uranium. The magnetic moment of 3 is 3.18 μB at
300 K and decreases more sharply below 50 K to 0.58 μB at 2
K and tends to zero. This experimental phenomenon reflects
that uranium(IV) is a magnetic singlet at low temperature with
a temperature-independent paramagnetism (TIP) character-
istic (Figure 2).58 The UV/vis/NIR spectrum of 3 is typical of
5f2 uranium(IV), with low-intensity peaks across the region

Scheme 1. Representative Examples of Actinide Complexes
with Tripodal Skeletons

Scheme 2. General Procedure for Synthesis of the Trapen
Ligand and Uranium(IV) Complex [U(TrapenTMS)(Cl)]
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500−2000 nm (ε = 5−30 M−1 cm−1) (Figure S2). With regard
to the electrochemical behavior of 3, an electrochemical
irreversible one-electron process at E1/2 = −2.3 V (vs Fc0/+) for
the [UIV]/[UIII] redox couple is observed by means of a cyclic
voltammetry experiment in THF (0.5 M [N(nBu)4][PF6]
supporting electrolyte) (Figure S3). In order to better define
the steric influence caused by [U(Trapen)(Cl)] and [U-
(Tren)(Cl)], a percent buried volume calculation was
performed using a web application.59−61 It appears that when
5 Å is selected as the value for the sphere radius, the final
calculation result for the order of steric hindrance is as follows:
[TrenTIPS]3− (buried volume: 76.2%) > [TrapenTMS]3− (buried
volume: 74.9%) > [TrenTMS]3− (buried volume: 60.6%)
(Figure S4). In comparison to TrenTMS-supported U(IV)−Cl
complexes, a notable feature of 3 is that there is no coordinated
THF located in the uranium center as well as no bridging
chloride center in TrapenTMS ligand, which is a sterically
demanding feature while affording a single coordination
architecture to increase the reactivity. Furthermore, it has
been indicated that U(TrapenTMS)Cl (3) as a potential
precursor may contribute greatly to challenging issues in
organoactinide chemistry.

Synthesis and Characterization of 4−6. To further
investigate the synthetic transformation of the excellent
synthon 3, a new class of uranium complexes supported by
the tripodal Trapen ligand with apical donors were observed
(Scheme 3). The salt metathesis reaction of the precursor 3

with 1.1 equiv of NaOCP(dioxane)2.5 or commercially
available NaN3 in THF afforded the solvent-free uranium
complexes 4 and 5. The crystal structure of 4 reveals that a
phosphaethynolate species is bonded to the uranium center in
a U−OCP fashion, ruling out the phosphorus-bonded mode
(Figure 1b). The ambiphilic 2-phosphaethynolate anion can
bind to the metal center via the phosphorus atom (−PCO
moiety) or via the oxygen atom (−O−CP moiety). The O−
C and C−P distances of 1.262(14) and 1.549(13) Å,
respectively, are in agreement with the reported distances
(O−C and C−P distances of 1.241(2) and 1.557(2) Å,
respectively, in [U(TrenTIPS)(OCP)] and O−C and C−P
distances of 1.219(6) and 1.576(5) Å, respectively, in
[U(OCP)(amid)3]),

17,34,62 suggesting that the latter resonance

Figure 1. Solid-state structures of 3 (a), 4 (b), 5 (c) and 6 (d) by X-ray crystallography with 50% probability ellipsoids. Hydrogen atoms are
omitted for clarity. Selected experimental bond distances (Å) and angles (deg): for 3, U1−Cl1 2.644(2), U1−N1 2.244(6), U1−N2 2.244(6), U1−
N3 2.225(6), U1−N4 2.631(6), N1−U1−Cl1 99.79(16), N2−U1−Cl1 106.07(16), N3−U1−Cl1 94.83(17), N4−U1−Cl1 172.87(15), N3−U1−
N1 122.8(2), N3−U1−N2 115.8(2), N2−U1−N1 112.5(2). τ5(U) = 0.83; for 4, U1−N1 2.230(5), U1−N4 2.660(12), U1−O1 2.257(10), O1−
C8 1.262(14), C8−P1 1.549(13), N4−U1−O1 180.0, O1−C8−P1 180.0; for 5, U1−N1 2.245(4), U1−N2 2.244(4). U1−N3 2.230(4), U1−N4
2.621(4), U1−N5 2.293 (4), N5−N6 1.178(6), N6−N7 1.124(7), N4−U1−N5 175.90(16), N5−N6−N7 176.4(8); for 6, U1A−N1A 2.280(4),
U1A−N4A 2.750(7), U1A−O1 2.132(3), N4A−U1A−O1 180.0, U1A−O1−U1B 180.0. Color code: uranium, bottle green; phosphorus, violet;
oxygen, red; nitrogen, blue; chloride, green; carbon, gray.

Figure 2. Variable-temperature SQUID magnetic moments μB for 3−
6 over the temperature range 2−300 K.

Scheme 3. Synthesis of Uranium Complexes 4−6a

aReaction conditions: (i) NaOCP(dioxane)2.5, THF, −78 °C to room
temperature, 12 h, −NaCl, −dioxane (2.5 equiv); (ii) NaN3, THF,
−78 °C to room temperature, 12 h, −NaCl; (iii) KC8, THF, −78 °C
to room temperature, 1 h, −KCl, −graphite.
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mode with a negatively charged oxygen atom is favored in
comparison to the former mode, as the oxygen atom prefers
coordinating to a uranium ion with hard electropositivity.
Meanwhile, the crystal structure of 4 reveals a U−O bond
length of 2.257(10) Å, which is well in line with the other
structurally characterized examples [U(TrenTIPS)(OCP)]
(2.2942(14) Å) and [U(OCP)(amid)3] (2.297(3) Å).17,62 In
comparison to the uranium−chloride bond distance of
2.644(2) Å in 3, the U−O bond length in 4 is 2.257(10) Å.
The U−Namine bond length of 2.660(12) Å in 4 is similar to the
corresponding bond length of 2.631(6) Å in 3. This reflects
that the uranium ion resides 0.4265(5) Å above the plane of
the three arylamine amide atoms in 4, while the corresponding
displacement of the uranium ion in 3 is 0.3908(4) Å. A
variable-temperature SQUID magnetic measurement on a
powdered sample of 4 (Figure 2) gives a magnetic moment of
3.26 μB at 300 K, which is close to the values for
[U(TrenTIPS)(OCP)] (3.04 μB) and U(OCP)(amid)3 (amid
= N,N′-bis(trimethylsilyl)benzamidinate) (3.23 μB).

17,62 How-
ever, its magnetic moment decreases to 1.88 μB at 2 K, which is
appreciably higher in comparison to the reported species.17,34

The 1H NMR chemical shifts of 4 range from −31 to +31
ppm, and the 31P NMR spectrum of 4 reveals a resonance at
−285 ppm, suggesting a typical 3-fold symmetrical Trapen−
uranium(IV) complex. The FT-IR spectrum of 4 has an
apparent and strong absorption peak at 1673 cm−1, which is
assigned to the C−O stretching vibration of the OCP− ligand.
However, the broad Trapen signal makes the C−P stretching
signal disappear in the region of 1200−1300 cm−1 (Figure S5).
The UV−vis−NIR electronic absorption spectrum of 4 shows
that a charge transfer absorption band is detected in the range
of the UV−vis regions, while there are low-intensity peaks in
the NIR region due to weak f−f absorptions, which is in
agreement with previously reported uranium−OCP complexes
(Figure S6).
The crystal structure of 5 reveals U1−N5, N5−N6, and

N6−N7 distances of 2.293(4), 1.178(6), and 1.124(7) Å, and
N4−U1−N5 and N5−N6−N7 angles of 175.90(16) and
176.4(8), respectively (Figure 1c). Furthermore, the solid-state
structure exhibits typical U−Namido and U−Namine distances of
2.240 (av) and 2.620(4) Å, respectively. The N5−N6 distance
of 1.178(6) Å is only marginally distinct from the N6−N7
distance of 1.124(7) Å, which is in agreement with the range of
reported bond lengths (1.187(5)−1.162(6) Å in U(TrenTIPS)-
(N3) and 1.189(3)−1.153(3) Å in U(TIG)3(N3) (TIG =
N,N,N′,N″-tetraisopropylguanidinate)).17,63 This phenomenon
suggests a slight preference of the NN+−N2− resonance
form for azide over the −NN+=N− form, which might be
induced by the coordination of the uranium ion, and also
implies weak azide activation. The U1−N5 bond length of
2.293(4) Å is typical of that seen in U(TrenTIPS)(N3)
(2.305(3) Å) and U(TIG)3(N3) (2.3260(18) Å). Additionally,
5 exhibits an effective magnetic moment of 3.29 μB at 300 K,
which decreases to 0.69 μB at 2 K (Figure 2). Although its
magnetic behavior is consistent with the U(IV) oxidation state
assignment, its magnetic moment at 300 K is appreciably
higher than the reported values in the literature.30,64 1H NMR
spectroscopy indicates that 5 exhibits C3 symmetry, and
resonance signals from −15 to +44 ppm assigned to 45 protons
integrate properly. Although the assignment remains equivocal,
a resonance at high field shifted to −9.77 ppm in comparison
to 3 (−6.61 ppm) can be readily assigned to the TMS groups.
The 29Si NMR spectrum of 5 with a single resonance singal at

−197.31 ppm exhibits a shift of nearly −49 ppm in comparison
to that of 3. An alternative explanation is that an azide is a
better electron donor in comparison with a chloride ion.
Similarly to compound 4, the FT-IR spectrum of 5 exhibits a
strong absorption at 2081 cm−1 that is in consistent with a
previously reported experimental value for a uranium(IV)−
azide species (Figure S7).30 The UV−vis−NIR spectrum of
uranium(IV) complex 5 reveals multiple low-intensity
adsorption bands and an optical adsorption spectrum with
small extinction coefficients (ε = 10−50 M−1 cm−1) between
500 and 2000 nm due to forbidden f−f transitions, with two
relatively strong adsorption signals at around 680 and 1130 nm
(Figure S8).
Having observed the ability for salt metathesis of a U(IV)−

Cl bond to induce OCP and N3, we were interested in its
reduction chemistry. As we know, KC8 is a classical reductant
and has been extensively exploited to the fundamental
reduction of uranium compounds.65 Surprisingly, treatment
of KC8 with a precooled mixture of 3 generated, after workup
and isolation, the oxo complex [{U(TrapenTMS)}2(μ-O)] (6)
as a dark yellow powder in 91% isolated yield. Attempts with
other reductants, such as Na/Hg and Cp2Co, to prepare the
expected (TrapenTMS)U(III) derivative were also unsuccessful.
According to the unexpected result mentioned above, it is
possible that the oxo group in 6 most possibly originates from
free THF solvent in the reaction system.66 The X-ray single-
crystal analysis of 6 reveals a μ-oxo-bridged and dinuclear
structure featuring linear U−O−U (180.0°), bridging two five-
coordinate uranium entities (Figure 1d). The U−O distance
for 6 is 2.132(3) Å, and so the U−O distance is slightly
shortened by almost 0.125 Å in comparison to that of
2.257(10) Å in 4. The average U−Namido distance in 6 is about
0.1 Å shorter than that in 3, reflecting that the partial charge of
the ligand migrates and accumulates at the uranium center.
The effective magnetic moment for 6 is 4.30 μB per molecule
(3.05 μB per uranium ion) at 300 K (Figure 2), as determined
by SQUID magnetometry, which is comparable to the 3.16 μB
reported for Meyer’s oxo complex34 but is well below the 3.54
μB expected for a free U(IV) ion.67 Meanwhile, its magnetic
moment is 1.38 μB per uranium ion at 2 K, fully consistent with
the U(IV) oxidation state assignment.51 The 1H NMR
spectrum of 6 in solution is consistent with a C3-symmetrical
ligand environment and shows seven singlet signals at 105.30,
104.87, 34.70, 21.80, 8.23, −11.21, and −31.84 ppm. Of these,
six peaks could be assigned to the aromatic skeleton and
methylene protons in the Trapen ligand. The resonance of 6 in
its 29Si NMR spectrum exhibits a considerable shift in
comparison to that of 3 at −250 ppm; this is shifted nearly
−101 ppm from that of 3. Other spectral and analytical data
are consistent with the proposed structure for 6 (see the
Supporting Information). The UV−vis−NIR spectrum of 6,
recorded in THF solution from 300 to 1600 nm, displays
relatively prominent electronic transitions, which occur at 1185
and 1245 nm with low-intensity absorptivity values (49 and 26
M−1 cm−1, respectively) for forbidden transitions. This is
clearly in accord with the electronic absorption spectra
observed for typical U(IV) complexes, further supporting a
5f2 electronic configuration with a formal 3H4 ground state
(Figure S10).68,69

To further understand the electronic structures of complexes
3−6, we carried out quantum chemical calculations on the
basis of their crystal structures. The detailed computation
method is presented in the Supporting Information. The
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optimized structures at the B3LYP/ECP/6-31G(d) level of
theory in the gas phase are in agreement with the crystal data
(Table S1), indicating that the level of theory used here is
reliable and can provide the qualitative trend for these
electronic structures. The natural spin density on the uranium
for the complexes 3−6 is about 2.08 (Table S2), which is
excellently consistent with a 5f2 configuration. The Wiberg
bond indices (WBIs) of U−Cl (3), U−O (4), and U−N (5)
bonds are 0.965, 0.540, and 0.713, respectively, as presented in
Table S3. In addition, the two U−O WBIs for complex 6 are
about 0.80, which indicates that the oxidation states of the two
uranium atoms are equivalent. In addition, the frontier
molecular orbitals of complex 6 have mainly 5f character and
their energies are almost the same (Figure 3), in agreement
with the U(IV) 5f2 character. Similar results were found for
complexes 3−5 (Figure S11).

■ CONCLUSION
In summary, we have designed and synthesized a novel tripodal
Trapen ligand, and the corresponding reactive uranium(IV)−
Cl complex anchored by the functionalized and sterically
encumbering ligand Trapen has been constructed and proven
to be sterically demanding and well suited for derivation. The
set of uranium complexes U(TrapenTMS)(OCP) (4), U-
(TrapenTMS)(N3) (5), and [{U(TrapenTMS)}2(μ-O] (6) with
a U−O−U fragment was formed by straightforward conversion
of the uranium(IV)−Cl precursor. The computational results
confirm that these Trapen-based U(IV) complexes have 5f2

character. The outcome implies that Trapen could serve as an
excellent and potential ligand worthy of further research and
utilization.

■ EXPERIMENTAL SECTION
Caution! The uranium-containing compounds are radioactive and
chemically toxic reactants. Precautions with suitable care and
protection for handling such substances should be followed in the
experiments.

General Methods. All air and moisture-sensitive experiments
were conducted under a dry argon atmosphere using standard Schlenk
techniques or a Vigor argon atmosphere glovebox (<1 ppm of O2; < 1
ppm of H2O). Commercial reagents and solvents were purchased
from J&K, Strem, Alfa Aesar, and others. Solvents were dried and
degassed using a two-column solid-state purification system and
stored in Young ampules over either a potassium mirror under argon
or activated 4 Å molecular sieves (THF). C6D6 was distilled from Na/
K, freeze−pump−thaw degassed, and stored under Ar. All NMR
spectra were recorded on Bruker AVACNEIII HD 500 spectrometers
at operating frequencies of 500 MHz for 1H, 125 MHz for 13C, 99
MHz for 29Si, and 202 MHz for 31P measurements. 1H and 13C
chemical shifts were referenced (δ 0) internally to the residual solvent
peaks of the deuterated solvent employed and are quoted relative to
tetramethylsilane (TMS) as the internal standard at room temper-
ature. The peak patterns are indicated as follows: s, singlet; d, doublet;
t, triplet; m, multiplet; q, quartet. The coupling constants, J, are
reported in hertz (Hz). Mass spectrometric measurements were
recorded in positive ion mode using an amazon SL ion trap mass
spectrometer (Bruker Daltonics, Bremen, Germany) and an electro-
spray interface as the ionization source. Magnetic susceptibility
measurements on crystalline samples were carried out on a SQUID
magnetometer at 0.1 T in the temperature range from 2 to 300 K.
Single-crystal X-ray diffraction data of all compounds were collected
on a Bruker D8 VENTURE X-ray CMOS diffractometer with a Mo
Kα X-ray source (λ = 0.71073 Å) or a Cu Kα X-ray source (λ =
1.54184 Å) at 170 or 200 K. All of the crystal structures were solved
by means of direct methods, refined with full-matrix least squares on
SHELXL-97,70 and refined with full-matrix least squares on SHELXL-
2014.71 All non-hydrogen atoms were refined with anisotropic
displacement parameters. Electronic absorption spectra were collected
with a UV−vis−NIR spectrophotometer (Agilent Cary-5000).
Infrared spectra of solid samples were recorded on a Bruker Tensor
27 instrument using KBr pellets, and infrared spectra of samples in
THF solution were recorded using a KBr cell. Elemental analyses (C,
H, N) were performed on a Vario EL III elemental analyzer at Peking
University.

Synthesis of Bis(2-nitrobenzyl)amine (B). In a 500 mL round-
bottom flask were placed 21.6 g (100 mmol) of 1-(bromomethyl)-2-
nitrobenzene (A), 200 mL of ethanol, and 50.0 mL of ammonia. The
mixture was stirred at room temperature for 2 days. During the course
of the reaction, abundant needle crystals precipitated. After the
reaction was complete, a light yellow solid was collected by filtration.
The solid was dried to give the product B (10 g, 71% yield). 1H NMR
(500 MHz, CDCl3): δ (ppm) 7.95 (d, J = 8.1 Hz, 2H), 7.57−7.63 (m,
4H), 7.42 (d, J = 7.5 Hz, 2H), 4.08 (s, 4H), 2.14 (s, 1H); 13C NMR
(125 Hz, CDCl3): δ (ppm) 149.2, 135.2, 133.2, 131.2, 128.1, 124.8,
50.3. ESI-MS (m/z): C14H14N3O4 ([M + H]+); found, m/z 288.2.

Synthesis of Tris(2-nitrobenzyl)amine (C). A 10.0 g portion
(34.8 mmol) of bis(2-nitrobenzyl)amine (B) was dissolved in 100 mL
of acetonitrile, to which was added 20.0 g of potassium carbonate. To
the mixture was additionally added 7.5 g (35.0 mol) of 1-
(bromomethyl)-2-nitrobenzene (A), and this mixture was heated to
reflux for 48 h. After it was cooled to room temperature, the mixture
was filtered and the filtrate was then evaporated to give the crude
product, which was purified by recrystallization in CH3CN to afford C
(12.8 g, 87% yield). 1H NMR (500 MHz, CDCl3): δ (ppm) 7.80 (d, J
= 8.1 Hz, 3H), 7.61 (d, J = 7.7 Hz, 3H), 7.54 (t, J = 7.5 Hz, 3H), 7.36
(t, J = 7.7 Hz, 3H), 3.94 (s, 6H). 13C NMR (125 MHz, CDCl3): δ
(ppm) 149.6, 133.1, 132.9, 131.0, 128.2, 124.5, 56.0. ESI-MS (m/z):
C21H19N4O6 ([M + H]+); found, m/z 423.3.

Synthesis of 2-((Bis(2-aminobenzyl)amino)methyl)aniline
(1). A 13.0 g portion (30.8 mmol) of tris(2-nitrobenzyl)amine (C)
and Pd/C (1.0 g) were place in a 250 mL round-bottom flask, and
EtOH (100 mL) and hydrazine hydrate (30 mL) were added. The
mixture was stirred at 50 °C for 0.5 h. The resulting mixture was
cooled to room temperature and filtered by diatomaceous earth. The
combined solvent was removed by a rotary evaporator, and the
residue was purified by recrystallization from EtOH to afford 1
(henceforth Trapen) (9.1 g, 89% yield). 1H NMR (500 MHz,

Figure 3. Frontier molecular orbitals of 6 and the corresponding
orbital energies (eV). Orbital plots are generated with a contour value
of 0.02 au.
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CDCl3): δ (ppm) 7.07 (m, 6H), 6.67 (t, J = 7.4 Hz, 3H), 6.56 (d, J =
8.2 Hz, 3H) 3.96 (s, 6H), 3.46 (s, 6H).13C NMR (125 MHz, CDCl3):
δ (ppm) 145.6, 132.0, 128.9, 121.9, 117.8, 115.5, 57.1. ESI-MS (m/
z): C21H25N4 ([M + H]+); found, m/z 333.2.
Synthesis of 2. n-BuLi (2.5 M, 4.0 mL, 10.0 mmol) was added

dropwise to a precooled (−78 °C) solution of 2-((bis(2-
aminobenzyl)amino)methyl)aniline (1; 1.1 g, 3.3 mmol) in THF
(30 mL). The light yellow slurry was warmed to room temperature
and stirred for a further 12 h. Then the solution was cooled to −78 °C
and TMSCl (1.08 g, 10.0 mmol) was added. The solution was
warmed to room temperature and stirred for 12 h. Volatiles were
removed in vacuo, and the residue was extracted into hexane. The
hexane solution was cooled to −78 °C again and n-BuLi (2.5 M, 4.0
mL, 10.0 mmol) was added. The solution was warmed to room
temperature and stirred for 12 h. The solvent was removed in vacuo
and the light yellow solid washed with hexanes (15 mL) to yield
(TrapenTMS)(Li)3 (2). Yield: 1.49 g, 80%. Crystalline material was
obtained by dissolution of a small portion in toluene (5 mL) and
storage at −30 °C. 1H NMR (500 MHz, C6D6): δ (ppm) 7.10−7.14
(m, 3H), 6.97 (d, J = 8.0 Hz, 3H), 6.90−6.92 (m, 3H), 6.66 (t, J = 7.3
Hz, 3H), 4.08 (d, J = 12.7 Hz, 3H), 2.39 (d, J = 12.5 Hz, 3H), 0.2 (s,
27H). 13C NMR (125 MHz, C6D6): δ (ppm) 154.8, 134.2, 130.3,
125.5, 1252, 117.2, 61.0, 1.9.
Synthesis of 3. A solution of UCl4 (760.0 mg, 2.0 mmol) in THF

(10 mL) was added to a precooled solution of (TrapenTMS)(Li)3
(1.13 g, 2.0 mmol) in THF (10 mL) at −78 °C. The mixture turned
black. The mixture was warmed to room temperature and stirred
overnight. After the solvent was removed in vacuo, the product was
extracted with toluene and filtered, yielding a black solution. The
filtrate was stored at −78 °C and yielded complex 3 as yellow crystals.
Yield: 1.01 g, 62%. 1H NMR (500 MHz, C6D6, 298 K): δ (ppm)
21.37 (s, 3H), 20.53 (s, 3H), 11.30 (d, J = 7.2 Hz, 3H), 7.52 (t, J =
6.7 Hz, 3H), 3.71 (s, 3H), −2.92 (d, J = 6.7 Hz, 3H), −6.82 (s, 27H).
29Si NMR (99 MHz, C6D6, 298 K): δ (ppm) −148.69. Anal. Calcd for
C30H45ClN4Si3U: C, 43.97; H, 5.55; N, 6.84. Found: C, 43.79; H,
5.68; N, 6.73. FT-IR ν/cm−1 (KBr): 3380(w), 2957(m), 1591(m),
1469(m), 1246(s), 1045(m), 840(vs), 751(m), 701(m), 683(m),
475(m).
Synthesis of 4. THF (10 mL) was added slowly to a stirred

mixture of [U(TrapenTMS)(Cl)] (819 mg, 1.0 mmol) and NaOCP-
(dioxane)2.5 (332.2 mg, 1.1 mmol) at −78 °C. The mixture was
warmed to room temperature with stirring over 12 h. Volatiles were
removed in vacuo, and the product was extracted into toluene (∼10
mL). The mixture was filtered to remove the NaCl precipitate and
remaining NaOCP(dioxane)2.5, concentrated, and stored at −30 °C to
yield yellow crystals of 4. Yield: 0.65 g, 77%. Anal. Calcd for
C31H45N4OPSi3U: C, 44.94; H, 5.67; N, 6.99. Found: C, 45.15; H,
5.58; N, 6.71. 1H NMR (500 MHz, C6D6, 298 K): δ (ppm) 30.54 (s,
3H), 29.88 (s, 3H), 13.81 (d, J = 8.0 Hz, 3H), 7.66 (t, J = 7.1 Hz,
3H), −7.83 (d, J = 7.1 Hz, 3H), −9.66 (s, 27H, TMS), −31.19 (s,
3H). 29Si NMR (C6D6, 298 K): not observed. 31P NMR (202 MHz,
C6D6, 298 K): δ (ppm) −285.55. FT-IR ν/cm−1 (KBr): 3060(w),
2952(m), 1673(m), 1592(m), 1475(m), 1443(m), 1368(s),
1243(m), 1117(m), 1040(m), 907(m), 839(s), 750(m), 478(m).
Synthesis of 5. THF (10 mL) was added slowly to a stirred

mixture of [U(TrapenTMS)(Cl)] (819 mg, 1.0 mmol) and NaN3 (71.5
mg, 1.1 mmol) at −78 °C. The mixture was warmed to room
temperature with stirring over 12 h. Volatiles were removedin vacuo,
and the product was extracted into toluene (∼15 mL). The mixture
was filtered to remove the NaCl precipitate and remaining NaN3,
concentrated, and stored at −30 °C to yield yellow crystals of 5. Yield:
0.57 g, 69%. Anal. Calcd for C30H45N7Si3U: C, 43.62; H, 5.50; N,
11.87. Found: C, 43.48; H, 5.39; N, 11.73. 1H NMR (500 MHz,
C6D6, 298 K): δ (ppm) 43.42 (s, 3H), 42.93 (s, 3H), 17.50 (d, J = 7.0
Hz, 3H), 7.92 (d, J = 5.6 Hz, 3H), −0.31 (s, 3H), −13.45 (s, 27H,
TMS), −14.93 (s, 3H). 29Si NMR (99 MHz, C6D6, 298 K): δ (ppm)
−197.31. FT-IR ν/cm−1: 3382(w), 2950(m), 2081(m), 1601(m),
1492(m), 1253(m), 906(m), 842(s), 751(m).
Synthesis of 6. In the drybox, crystals of 3 (819 mg, 1.0 mmol)

were weighed into a 20 mL glass scintillation vial. The vial was

charged with ∼5 mL of THF and a magnetic stir bar. The vial was
then placed in a cooled cold well at −78 °C, and a suspension of KC8
(46 mg, 0.4 mmol) in THF (1 mL) was added. The solution turned
rapidly from yellow to black. The solution was stirred for 1 h at room
temperature. Volatiles were removed in vacuo, and the product was
extracted into toluene (∼10 mL). The mixture was filtered to remove
the graphite and KCl precipitate, concentrated, and stored at −30 °C
to yield dark yellow crystals of 6. Yield: 0.72 g, 91%. Anal. Calcd for
C60H90ON8Si6U2: C, 45.51; H, 5.39; N, 6.65. Found: C, 45.70; H,
5.61; N, 6.79. 1H NMR (500 MHz, C6D6, 298 K): δ (ppm) 105.30 (s,
6H), 104.87 (s, 6H), 34.70 (s, 6H), 21.80 (s, 6H), 8.23 (s, 6H),
−11.21 (s, 6H), −31.84 (s, 54H). 29Si NMR (C6D6, 298 K): δ (ppm)
−250.06. FT-IR ν/cm−1: 3375(m), 2953(m), 1604(m), 1493(m),
1376(m), 1290(m), 1251(m), 905(m), 842(s), 751(m). 1251(m),
905(m), 842(s), 751(m).
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