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The monomeric and dimeric uranium azide complexes {[(CH3),NCH,-
CH,NP'Pr,],U(Ns),} (2) and {[(CH3),NCH,CH,NP'Pr,],U(N3)), (3) were
synthesized by treating complex 1 with NaNs at 60 and —20 °C,
respectively. A temperature-induced single-crystal to single-crystal
transformation of 3 to 2 was observed. The reduction of either 2 or
3 with KCg yields a uranium nitride complex {[(CH3),NCH,CH,-
NP'Pral,Ua(p-N),} (4).

Single-crystal to single-crystal (SCSC) transformation is accom-
panied by the breaking of old chemical bonds and the for-
mation of new bonds in the crystalline state, which can affect
the dimensionality of complexes." However, maintaining crys-
tallinity during SCSC transformations is often challenging,
which may contribute to their rarity and unpredictable
nature.”” Heating and light irradiation are two important
external stimuli used to mediate SCSC transformations.””
Whilst there are abundant examples of SCSC transformations
reported for main group elements,® transition metals,” and
rare-earth metals,® instances of such transformations for acti-
nide elements are few.” Based on our ongoing interest in
uranium chemistry supported by double layer N-P ligands,°
we hereby report the isolation of monomeric and dimeric
uranium azides 2 and 3 through salt metathesis between 1
and NaN; at different temperatures. A temperature-induced
irreversible SCSC transformation from 3 to 2 was observed. In
addition, the reactivity of 2 and 3 with KCg was investigated,
leading to the isolation of uranium nitride 4.

Treatment of complex 1 with two equivalents of NaN; in THF
at room temperature (RT) for 10 h afforded a mixture
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containing both yellow crystalline complex 2 and green crystal-
line complex 3 after recrystallization at RT (Scheme 1). Inter-
estingly, upon storing the filtrate of this reaction at 60 °C, we
observed that the color of the filtrate changed from green to
yellow, and the crystals of 2 were isolated with a 78% yield.
Conversely, when the filtrate of this reaction was stored at
—20 °C overnight, the crystals of 3 were formed with a 76%
isolated yield (Scheme 1).

The structures of complexes 2 and 3 have been confirmed by
single-crystal X-ray diffraction. Complex 2 is a monomer con-
taining a single U center, which is coordinated by two mono-
anionic N-P ligands and two N;~ units (Fig. 1). The bond
lengths of U1-N1/N1’ (2.6990(18) A) are longer than those of
U1-N2/N2’ (2.2665(18) A), reflecting the dative bond between
U1 and N1/N1'. The bond lengths of U1-N3, N3-N4, and N4-N5
are 2.340(2) A, 1.157(3) A, and 1.152(3) A, respectively. These
bond lengths are consistent with the structure of U-N=N"'=N"
for the terminal azide unit. The bond angles of U1-N3-N4 and
N3-N4-N5 are 159.0(2)° and 179.7(3)°, respectively.

Complex 3 is a dimer containing two U centers connected by
two N3~ units (Fig. 2). The bond angles of U1-N8-N9 (140.0(10)°)
and U1-N10-N11 (142.0(9)°) are smaller than the U1-N3-N4
angle (159.0(2)°) in complex 2. The bond lengths of U1-N8
(2.546(11) A) and U1-N10 (2.484(10) A) are longer than the bond
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Scheme 1 Synthesis of complexes 2—4.
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Fig. 1 Molecular structure of 2 with thermal ellipsoids at the 50% prob-
ability level. Hydrogen atoms are omitted for clarity. The 'Pr groups on
P atoms were simplified into lines.
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Fig. 2 Molecular structure of 3 with thermal ellipsoids at the 50% prob-
ability level. Hydrogen atoms are omitted for clarity. The 'Pr groups on
P atoms were simplified into lines.

length of U1-N5 (2.331(8) A) due to the bridging nature of N8 and
N10. Correspondingly, the bond lengths of N8-N9 (1.164(11) A)
and N10-N11 (1.180(10) A) in the bridged N;~ units are
longer than those in the terminal N5~ units, such as N6-N7
(1.151(14) A).

In solution, complexes 2 and 3 can be interconverted at
—20 °C and 60 °C. Consistently, the '"H NMR spectra of
complexes 2 or 3 recorded at RT demonstrated a 1:1 ratio
between the monomer and dimer forms (Fig. S5 and S6, ESIY).
Therefore, variable-temperature "H NMR spectra of complex 3
were measured in dg-THF from 213 K to 333 K (Fig. 3). At 213 K,
a range of signals between +82.1 and —76.3 ppm was attributed
to resonances for complex 3. As the temperature increased, the
signals for complex 3 gradually disappeared, and a set of broad
signals for complex 2 emerged, indicating the conversion from
3 to 2. From these variable-temperature 'H NMR spectral data,
we calculated AH to be 3.2 £ 0.4 kcal mol™" (Fig. S14, ESI¥),
which is in close proximity to the value obtained from DFT
calculations (5.0 kcal mol ", Fig. $18, ESI{). Upon lowering the
temperature from 333 K to 213 K, the signals for 2 disappeared
and those for complex 3 reappeared (Fig. S1, ESIt). These
results suggest that temperature-induced invertible transforma-
tion between complexes 2 and 3 is feasible in solution. The
Fourier-transform infrared (FT-IR) spectra of complexes 2 and 3
were measured in the solid state at room temperature (Fig. S10
and S11, ESIT). Complex 3 exhibits two strong azide stretching
vibrations at 2079 and 2134 cm ™%, characteristic of U-bound
terminal and bridged azide ligands, whereas complex 2 shows a
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Fig. 3 Variable-temperature *H NMR spectra (from 213 K to 333 K) of
complex 3 in dg-THF.

! indicative of U-bound

single strong vibration at 2075 cm™
terminal azide ligands.'*®"!

The UV-Vis-NIR electronic absorption spectra of complexes 2
and 3 were measured in THF at RT (Fig. S7, ESIt). Complexes 2
and 3 display an intense absorption peak at 227 nm and 238 nm,
respectively. In addition, a weak absorption peak at 452 nm for
complex 2 and at 456 nm for complex 3 is also observed in the
visible region. Furthermore, a series of low-intensity absorptions
are observed in the NIR region. For example, peaks at 821, 893,
1129, 1339, 1409, and 1510 nm were observed for complex 2, while
peaks at 819, 1129, 1335, 1427, and 1525 nm were observed for
complex 3. These low-intensity absorptions (¢ < 200 M~ " ecm™ ") in
the NIR region for complexes 2 and 3 are attributed to the 5f-5f
transitions, which are typical characteristics of U(wv) species.

Variable-temperature magnetic data for complexes 2 and 3
in the solid state were collected using a superconducting
quantum interference device (SQUID) magnetometer (Fig. 4).
The magnetic moment of complex 2 at 370 K is 3.10up, which
declines slowly to 2.49up at 50 K, and then drops sharply to
0.55up at 1.8 K with a trend toward zero. The effective moment
for complex 3 at 1.8 K is 0.87ug, which increases sharply to
3.02up at 50 K. With an increase in temperature from 50 K to
340 K, the magnetic moment of complex 3 reaches 3.31ug.
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Fig. 4 Variable-temperature effective magnetic moment data. Magnetic

moment per uranium ion for 2 and 3.
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When the temperature rises from 340 K to 370 K, the magnetic
moments of complex 3 drop noticeably from 3.31 to 3.16usg,
which is comparable to the moment of complex 2 at 370 K
(3.10ug). With a reduction in temperature from 370 K to 1.8 K,
the magnetic moment of complex 3 exhibits a similar trend and
values to those of complex 2. The magnitudes of p.g and the
temperature dependence for complexes 2 and 3 are comparable
to those observed for previously reported U(iv) complexes.'?
These results demonstrate that the dimeric complex 3 converts
to the monomeric complex 2 at around 350 K in the solid state,
suggesting a probable SCSC process.

To corroborate the process of SCSC transformation, two
approaches were employed. Initially, a crystal of complex 3
was placed on a diffractometer and X-ray diffraction data were
collected at different temperatures (313 K, 323 K, 333 K, 343 K,
and 353 K). Analysis of these data revealed that complex 3
underwent a transformation to complex 2 at 353 K (Table S2,
ESIYT), which is further corroborated by a color change of the
crystal from green to yellow at this temperature (Fig. S15, ESIT).
The second method involved heating a crystal of complex 3 at
incremental temperatures (40 °C, 50 °C, 60 °C, 70 °C, and 80 °C)
within a glovebox for 20 minutes, followed by X-ray diffraction
data collection at 193 K. The analysis of these data also
confirmed that complex 3 converted to complex 2 after heating
at 80 °C (Table S3, ESIt). Photographic evidence of the crystal
additionally supports this transformation (Fig. S16, ESIt). The
persistence of crystallinity during heating suggests an authen-
tic SCSC transformation process.

Calculations were performed on 2 and 3 at the DFT level
using the B3PW91 functional and including solvent effects (see
ESIT for details). The formation of complex 2 from precursor 1
is exothermic by 16.5 kcal mol . The dimerization of complex
2 to yield complex 3 is found to be exothermic by 5.0 kcal mol ™,
in line with the thermal equilibrium between complexes 2 and 3
reported experimentally. The optimized geometry is agreement
with the experimental one, particularly the unsymmetrical
coordination of the monoanionic N-P ligand (with U-N1 and
U-N2 distances of 2.27 A and 2.71 A, respectively). Similarly, the
azide coordination to the uranium is well reproduced, with the
U-N3 distance being 2.35 A. Natural Bonding Orbital (NBO)
analysis indicates the presence of a polarized U-N3 bond (90%
character on N) with a Wiberg Bond Index (WBI) of 0.78.
The N3-N4 and N4-N5 WBIs are 1.71 and 2.14, respectively,
consistent with the presence of two relatively covalent N—N
double bonds interacting with a U(wv) center.

Geometry optimization was also performed on complex 3,
and different spin states were considered, namely the quintet,
triplet, and open-shell singlet. The quintet and open-shell
singlet states were found to be degenerate, while the triplet
state is 10.5 kcal mol™" higher in energy. The unpaired spin
density plots (Fig. S20, ESIT) show that both uranium centers are
in a +IV oxidation state. The distinction between the quintet and
the open-shell singlet states lies in the spin coupling between
the two U(wv) centers—ferromagnetic for the quintet and anti-
ferromagnetic for the open-shell singlet—with the small energy
difference indicating that there is no strong coupling between
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them. The associated UV-visible spectrum (Fig. S22, ESIY),
computed in THF solution, displays intense absorption in the
UV region with an absorption feature in the visible region
(around 400 nm), corroborating the experimental observations.

Uranium azides are well-known precursors for the synthesis
of uranium nitride via photolysis or reduction. However, the
photolysis of complex 2 under a 40 W UV lamp for 10 hours
only generates intractable results (Fig. S9, ESIt). Fortunately,
treating complex 2 with two equivalents of KCg in THF affords a
brownish solid, complex 4, in a 67% yield after recrystallization
from Et,O at RT (Scheme 1). Complex 4 can also be synthesized
by reducing complex 3 with four equivalents of KCg under the
same conditions. The 'H NMR spectrum of 4 exhibits five
signals ranging from +7.6 to —30.1 ppm, with the signal of
the N-CH; group located at —30.1 ppm.

The solid-state structure of complex 4 was determined by
single-crystal X-ray diffraction (Fig. 5). The diamond-shaped
U,N, core is supported by four monoanionic N-P ligands. The
U1-N9 (2.090(9) A), U1-N10 (2.113(7) A), U2-N9 (2.087(7) A) and
U2-N10 (2.068(8) A) bond lengths are comparable to the U-N bond
lengths in [{K(DME)(calix[4]tetrapyrrole)U"},(u-NK),][K(DME),]
(2.076(6) and 2.099(5) A),** [KUY(u-N)(0Si(0'Bu);)s], (2.022(5)
and 2.101(6) A),** [Csz{UY(0OSi(0OBu););}(1-N),{U"(0Si(0'Bu),),-
(k-O)}][CsOSi(O'Bu),] (1.85(1), 2.09(1), 2.13(1) and 2.34(1) A),**
[(-N)(UY(N[‘Bu]Ar)s),][B(Ar")s] (Ar = 3,5-Me,CeHj, Ar" = 3,5-
(CF;),C6H3) (2.0470(3) and 2.0511(3) A),’® and in U(wv) nitride
containing U,N, core (2.153(2) A).'” However, these U-N bond
lengths are slightly longer than terminal uranium(v) nitrides
supported by Tren™ ligand (1.80-1.89 A).*®

The UV-visible-NIR electronic absorption spectrum of
complex 4 was measured in THF at room temperature (Fig. S12,
ESIY), displaying an intense absorption peak at 225 nm and a
series of low-intensity absorptions in the NIR region. These
broad features in the NIR region are comparable to those
reported for U(v) nitride."“'*"® The effective magnetic moment
at 300 K is 2.94up (Fig. S13, ESIf), which is close to the
theoretical value of 2.54uy for a U(v) ion.'%"'* With decreasing
temperature, the moment decreases to 0.83up at 1.8 K per
uranium. The variation in peg and the temperature dependence

Fig. 5 Molecular structure of 4 with thermal ellipsoids at the 50% prob-
ability level. Hydrogen atoms are omitted for clarity. The 'Pr groups on
P atoms were simplified into lines.

This journal is © The Royal Society of Chemistry 2024
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of complex 4 are comparable to those of reported U(v)
complexes.>’

Finally, calculations on complex 4 considered three different
spin states. The triplet and open-shell singlet were found to be
degenerate, whereas the closed-shell singlet is higher in energy
by 30.7 kcal mol™'. The weak coupling between the two U
centers is indicated by the small energy difference between the
ferro- and antiferromagnetic states. The U=N Wiberg Bond
Indices (WBIs) are 1.43 and 1.37, consistent with the presence
of delocalized U=N double bonds. The U-U WBI is 0.5, high-
lighting electron delocalization within the U,N, moiety.

In summary, monomeric and dimeric uranium azides, com-
plexes 2 and 3, were isolated by reacting complex 1 with NaN; at
different temperatures. A temperature-induced irreversible
SCSC transformation was observed from complex 3 to complex
2. The uranium nitride complex 4, featuring a U,N, core, was
isolated by reducing complexes 2 or 3 with KCg.
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