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A synthesized redox-active multidentate N—P ligand reacted with
UCl, in the presence of KHMDS or "BuLi, where two novel U(v)
complexes with or without P—P coupling were formed, respectively.
The reversible P—P coupling in these complexes was observed in
redox-induced reactions.

Redox-active ligands play important roles in organometallic chem-
istry and exhibit reaction pathways different from traditional
“innocent” ligands. Redox-active ligands are common in the
chemistry of transition metals," but their applications in actinide
organometallic chemistry are rare. In recent years, only a few redox-
active ligands, such as pyridine(diimine), bipyridines, o-diimine
and mesitylene, have been investigated in uranium chemistry.” Bart
and co-workers studied the redox chemistry of uranium and uranyl
complexes with different kinds of redox-active ligands.>** Arnold
and co-workers reported relatively rare inner- and outer-sphere
reduction reactions supported by a redox-active dipyrrin in uranyl
complexes.*

The coupling of the ligands in uranium chemistry is also an
interesting but less frequently observed process. For example,
Diaconescu and co-workers reported the C-C coupling of two
coordinated 1-methylimidazole or 1-methylbenzimidazole in
uranium systems.® A reversible C-C coupling in a uranium
complex with Schiff base ligands was reported by Mazzanti and
co-workers,® in which the C-C bond formation or cleavage
could be promoted by the reduction or oxidation of the Schiff
base ligands. Meyer and co-workers also found the C-C
coupling in terminal alkynes through a uranium(u)-mediated
process.” In addition, Zi and co-workers discovered the C-C
coupling of two molecules of Ph\CH=NPh during their study of
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the reactivity of a uranium metallacyclopropene.® Recently, the
Hayton group reported N-N and C-C coupling between the
redox-active calix{4]pyrrole ligand in uranyl systems.® However,
the redox-induced P-P coupling in uranium chemistry is less
common,'® although P-P coupling processes have been gener-
ally observed in the field of main-group elements or transition
metals,'" or even in rare-earth metals.'®> Herein, we report a
reversible P-P bond formation in a uranium-based redox-active
multidentate nitrogen-phosphorous (N-P) ligand.

The multidentate N-P ligand 1 was readily synthesized by the
reaction of bis(2-aminophenyl)amine with two equivalents of
'Pr,PCl in the presence of DBU (see the ESIt). The *'P{'H} NMR
spectrum of compound 1 in C¢Ds exhibits a resonance peak at
46.24 ppm, which is consistent with the signal for the multi-
dentate N-P ligands previously reported by our group." Treat-
ment of two molecules of 1 with six equivalents of KHMDS at
—30 °C in THF for 2 h (Scheme 1), followed by the addition of one
equivalent of UCl, and then stirring at RT for another 4 h, gave a
dark brown solution. An in situ "H NMR spectrum reveals that a
single uranium product was formed in this reaction (Fig. S4,
ESIt), but complex 2 was isolated only in 29% crystallized yield
after workup. The **P{"H} NMR spectrum of complex 2 shows a
singlet peak at —474.56 ppm. The "H NMR spectrum of complex 2
has six resonances in the range from +56.35 to —12.88 ppm,
which suggests a highly symmetrical structure in solution.

The solid-state molecular structure of complex 2 was eluci-
dated by single-crystal X-ray diffraction (Fig. 1). The uranium
center is supported by two multidentate N-P ligands, and there
is a weak interaction between two potassium ions and phenyl
groups on ligands. The U-N bond lengths are in the range of
2.321(5)-2.426(5) A, which are consistent with the U-Namido
bond lengths reported previously.'*"> The U-P distances are in
the range of 3.158(2)-3.450(2) A, which are longer than the sum
of the single bond covalent radii for U and P (2.81 A),'® but are
very close to the U-P distances reported in uranium complexes
supported by the similar N-P scaffold ligands."*"”

Under the same conditions, when "BuLi was used as the
deprotonation reagent in the reaction of compound 1 with UCl,
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Scheme 1 Synthesis of complexes 2 and 3.

Fig. 1 Molecular structure for the cation of complex 2 with 50% prob-
ability ellipsoids. Hydrogen atoms and isopropyl moieties in P'Pr, are
omitted for clarity.

(Scheme 1), the in situ "H NMR spectrum exhibits signals that
differ markedly from those of complex 2 (Fig. S5, ESIY).
Complex 3 was isolated in 29% yield as a brown crystalline
solid from this reaction. The "H NMR spectrum of pure
complex 3 reveals 20 paramagnetically shifted resonances ran-
ging from +66.18 to —59.41 ppm. The *'P{"H} NMR spectrum
displays two singlet peaks at +811.42 and —635.59 ppm, sug-
gesting the P atoms in two distinct chemical environments.
Note that there is no P-P coupling reaction when reacting
compound 1 with "BulLi in the absence of UCl, (Fig. S6, ESIT).
These results indicate that the different deprotonation reagents
result in different products in these reactions.

X-Ray quality crystals of complex 3 were grown in a saturated
toluene solution at —35 °C and the structural features of complex
3 were elucidated by X-ray crystallography (Fig. 2). The most
salient feature of complex 3 is a new P-P bond. The length of
this P2-P3 bond is 2.272(3) A, which is very close to the sum of the
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Fig. 2 Molecular structure for complex 3 with 50% probability ellipsoids.
Hydrogen atoms and isopropyl moieties in P'Pr, are omitted for clarity.

single bond covalent radii of two P atoms (2.22 f&) '® The bond
lengths of U1-N2 (2.497(7) A) and U1-N3 (2.494(7) A) are obviously
longer than the other U-N bond lengths, which range from
2.308(7) to 2.398(7) A, suggesting that U1-N2 and U1-N3 are
coordinate bonds. Meanwhile, the bond distances of P3-N3
(1.593(8) A) and P2-N2 (1.606(7) A) are obviously shorter
than the other P-N bonds whose lengths are in the range of
1.650(7)-1.666(7) A. The lengths of the P3-N3 and P2-N2 bonds
are shorter than the sum of the double-bond covalent radii for P
and N atoms (1.62 A),"® and consequently they exhibit some
double bond character and the formal oxidation states for P2
and P3 atoms have been increased from +III to +V. The dispro-
portionation of UCl, precursor seems possible in this process,
which was consistent with the low isolated yield for complex 3.'®

The most important structural difference between com-
plexes 2 and 3 is the formation of a P-P bond via the oxidation
of P atoms. Thus, when treating complex 2 with an oxidant,
Ph;CBr, in THF at RT for 3 h, complex 3 was formed cleanly
as shown in the in situ "H NMR spectrum (Fig. S11, ESI{).
A mechanism with the phosphide radical''“''* was proposed
for the formation of complex 3 from 2. Interestingly, complex 3
can be converted to 2 via P-P bond cleavage under reductive
conditions (Scheme 1). Upon treatment of complex 3 with
excess KCg in THF at RT for 4 h, the golden color of KCg faded
and complex 2 was formed, as confirmed by the in situ "H NMR
spectrum (Fig. S12, ESIt). However, no conversion of 2 to 3 or of
3 to 2 was obtained after heating or exposure to light. There-
fore, a redox-induced reversible P-P coupling was achieved in a
uranium system by employing a novel multidentate N-P ligand.

To investigate the oxidation state of the U center in com-
plexes 2 and 3, variable-temperature magnetic data were mea-
sured with a super-conducting quantum interference device
(SQUID) in the solid state. The RT magnetic moments of
complexes 2 and 3 are 3.75 and 3.77 ug, respectively, which
are close to the expected value (3.58 ug) for U(v) ions at RT.
With decreasing temperature, the magnetic moments of 2 and
3 steadily decrease to 0.70 and 0.78 ug at 1.8 K, respectively, and
tend toward zero in each case (Fig. 3). The magnitude and
temperature dependence of magnetic moments for complexes 2
and 3 are consistent with a 5f> U(iv) center with a °H,
configuration.'® This result clearly indicates that the N-P units
on the ligand are involved in the redox process during the
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Fig. 3 Variable-temperature magnetic moment data for 2 and 3.

conversion between 2 and 3, rather than a redox phenomenon
on the uranium center.

Complexes 2 and 3 exhibit similar UV-visible-NIR electronic
absorption spectra in THF solution. They have intense absorp-
tion peaks at 303 and 304 nm, respectively, which can be
assigned to charge-transfer bands. In the NIR region, both 2
and 3 display several dominant, but weak absorption peaks
(e < 60 M~ ecm™ %), attributed to f-f transitions which are
expected for U(wv) species. The absorption spectra of 2 and 3 are
consistent with the U(wv) formulations and further confirmed
that the redox process occurred on the N-P units rather than on
the uranium center (Fig. 4).

To gain further insight into the transformation of complex 2
to complex 3, density functional theory (DFT) calculations were
performed using the B3PW91 functional. The oxidation of the
anionic part of complex 2 onto 2% is computed to be favored by
17.8 keal mol ™" in the presence of Ph;CBr. Then the transfor-
mation of 2° onto 3 is found to be a reversible process (Fig. 5).
An intermediate Intl, which only the orientation of one
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Fig. 4 UV-visible-NIR absorption spectra of complexes 2 and 3 measured
in THF at RT. Inset: NIR absorption spectra.
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Fig. 5 Energy profile (kcal mol™ for the reversible P—P coupling between
2°% and 3.

phosphine was different with 2%, was located (2.2 kcal mol ™).
An accessible P-P coupling transition state (TS, 19.5 kecal mol %)
was located on the potential energy surface and is consistent with
a kinetically facile reaction. At TS1, the long (3.00 A) P-P bond
connects one phosphorus with a trigonal planar arrangement
with the second phosphorus that has a trigonal pyramidal geo-
metry. Therefore, the ¢ lone pair on the bent phosphorus in 2
undergoes a nucleophilic attack on the empty p orbital of the flat
phosphorus, and this explains the moderate height of the barrier.
Following the intrinsic reaction coordinate it yields complex 3 in
which the fully formed P-P bond is 2.30 A in length, in good
agreement with the experimentally observed 2.27 A, while the P-N
bond length was found to be 1.62 A. The natural bonding orbital
analysis on the bonding indicates the formation of a covalent P-P
single bond as well as the presence of two polarized P—=N double
bonds. The formation of complex 3 is only slightly exothermic
(3.0 keal mol ™).

In summary, two uranium(iv) complexes 2 and 3 were
isolated by the reactions of the multidentate N-P ligand 1 with
UCl, with different deprotonation reagents, KHMDS and "BulLi.
Reversible P-P bond formation and cleavage of these complexes
were observed in the presence of an oxidant (Ph;CBr) or a
reductant (KCg). DFT calculations indicate that this occurs by a
nucleophilic attack of one phosphorus to the other one. This
study not only highlights the different behaviors of KHMDS
and "BuLi in uranium chemistry but also provides a novel
redox-active N-P scaffold.
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