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situations in Th(IV) and U(IV)–Al(III)
pnictogen complexes

Pritam Mahawar,a Ganping Wang,b Robert J. Ward,a Steven P. Kelley, a

Laurent Maron *b and Justin R. Walensky *a

To enhance our understanding of the electronic structure of early actinides, a synthetic methodology of

using an Al(I) precursor, [(C5Me5)Al]4, was applied to both thorium and uranium dipnictido complexes.

The cleavage of the E–E bond in dipnictido actinide complexes, [(C5Me5)2An(h
2-E2R2)], An = Th, U; E

= N, P, As; R = Ph or 2,4,6-Me3C6H2 (Mes), with 0.25 equivalents of [Al(C5Me5)]4, yields the

heterobimetallic complexes, [(C5Me5)2An(m2-ER)2Al(C5Me5)]. In the case of An = U, E = N, the U(VI)

bis(imido) complex, [(C5Me5)2U(=NPh)2], is reduced by [(C5Me5)Al]. Based on the solid-state structures

and DFT calculations, including Nucleus Independent Chemical Shift (NICS), all six complexes show

aromaticity within the An–E–Al–E moiety. For Th, only s-aromaticity is observed, but both s + p

aromaticity is observed in the U complexes.
Introduction

The coordination chemistry of the actinides seeks to further our
understanding of their metal–ligand bonding and electronic
structure.1–6 Comparisons in structure and bonding help to
provide insight into the energy-driven covalency concept in which
the 5f orbitals of the actinides become energetically degenerate
with the np ligand-based orbitals going down a group. However,
a direct comparison of the bonding in structurally similar acti-
nide complexes with nitrogen, phosphorus, and arsenic is rare.7

Low-valent group 13 chemistry continues to be an extensive
area of exploration for the synthesis of unusual moieties and
reactivity.8–12 Among these, aluminum(I) species, especially
[Al(C5Me5)]4, have been used as strong Lewis bases to coordi-
nate to transition metal and f elements, as well as activate
bonds and small molecules.13–19 In the f elements, [Al(C5Me5)]4
has been primarily used to formmetal–metal bonds,20–24 but our
group has shown the reduction of U(VI) using Al(C5Me5) to
produce a heterobimetallic, U(IV)/Al(III), complex, [(C5Me5)2U{m2-
N(4-iPrOC6H4)}2Al(C5Me5)], and we sought to continue to
investigate the reaction chemistry of actinide complexes with
Al(C5Me5).25 To build upon this work, herein, we explore di-
pnictido complexes as we hypothesized that Al(C5Me5) would be
a powerful enough reducing agent to break E–E bonds, E=N, P,
As, in [(C5Me5)2An(h

2-E2R2)], An = Th, U; R = Ph, Mes (2,4,6-
Me3C6H2).26a While the diphosphido and diarsenido complexes
obtained via protonation of [(C5Me5)2An(Me2)], for both
ouri, Columbia, MO, 65211, USA. E-mail:

NRS, LPCNO, 31077, Toulouse, France.

7

thorium and uranium, have been previously reported, the cor-
responding diamido (or hydrazinato) complexes have not been
reported, and those reactions are included here for complete-
ness. The combination of the solid-state structures and DFT
calculations for each complex shows that s aromaticity plays
a role in the Th complex, while s + p aromaticity is observed in
the U case with two electrons coming from U(IV), a 5f2 electron
conguration.
Results and discussion

Treatment of [(C5Me5)2An(h
2-E2R2)]26a with 0.25 equivalents of

[Al(C5Me5)]4 at 65 °C breaks the E–E bond to form the corre-
sponding imide, phosphinidiide or arsinidiide complexes,
[(C5Me5)2An(m2-ER)2Al(C5Me5)], An = Th, E = P, R = Mes, 1; An
= Th, E= As, R=Mes, 2; An= U, E= P, R=Mes, 3; An= U, E=

As, R = Mes, 4, An = Th, E = N, R = Ph, 5, Scheme 1, Mes =

2,4,6-Me3C6H2. This redox reaction is summarized in Scheme 1,
in which Al(I) is oxidized to Al(III), while each (E2Mes2)

2− reduces
to two [E(Mes)]2−. In each case, the actinide remains in the
tetravalent oxidation state. The 1H NMR spectra of compounds
1 and 2 show resonances within the typical diamagnetic region,
with the (C5Me5)

1− methyl signals appearing at 2.32 and
2.14 ppm. These values are slightly downeld compared to their
respective analogous diphosphido and diarsenido complexes
[(C5Me5)2An(h

2-E2Mes2)], where E = P or As, both located at
1.90 ppm. This observed downeld shi is likely attributed to
the incorporation of the Lewis acidic Al(III) center within the
heterobimetallic structure, which decreases the overall electron
density at the thorium center relative to that in the parent
diphosphido/diarsenido complexes. Further evidence for the
change in electronic environment about the actinide metal
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of [(C5Me5)2An(m2-ER)2Al(C5Me5)], An= Th, E= P, R=Mes, 1; An= Th, E= As, R=Mes, 2; An=U, E= P, R=Mes, 3; An= U,
E = As, R = Mes, 4, An = Th, E = N, R = Ph, 5.
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center when Al(III) is present was observed when a ∼1.0 V
difference was observed in comparing the U(IV/III) redox couple
in the U(VI) compound, [(C5Me5)2U{]N(4-iPrOC6H4)}2], −2.30 V
(vs. [(C5H5)2Fe

+/0]) versus the U(IV)/Al(III), [(C5Me5)2U{m2-
N(4-iPrOC6H4)}2Al(C5Me5)], −1.28 V (vs. [(C5H5)2Fe

+/0]).25 A
similar downeld shi in the resonance of the Cp‡ (Cp‡ = 1,4-
di-tert-butylcyclopentadienyl) was seen in [Cp‡2ThCl(m-H)3-
AlC(SiMe3)3] upon incorporation of the Al(III) center.27 The
appearance of the singlet corresponding to 15 protons of
(C5Me5)

1− associated with the Al(III) center at 1.87 (for 1) and
1.77 (for 2) ppm conrms the presence of the AlCp* moiety in
the heterobimetallic framework. The 31P NMR spectrum of 1
exhibits a single resonance at −6.83 ppm, upeld from that of
the diphosphido complex (58.92 ppm).26a In contrast to the
diamagnetic complexes 1 and 2, the 1H NMR spectra of 3 and 4
showed paramagnetic behavior with (C5Me5)

1− resonances at
7.74 and 9.43 ppm, respectively, for uraniummetallocene, while
the (C5Me5)

1− resonances associated with the aluminum center
Fig. 1 (a) Molecular structure of compound 1. All the hydrogen atoms
probability; selected interatomic distances [Å] and angles [°]: Th1–P1 2.8
Al1 3.7140(9); P1–Th1–P2 77.67(4), Th1–P1–Al1 90.40(4), Th1–P2–Al1 93
the hydrogen atoms are omitted for clarity. Displacement parameters are
[°]: Th1–As1 2.9815(10), Th1–As2 2.8462(11), As1–Al1 2.463(3), As2–Al1 2.
Th1–As2–Al1 93.67(4), As1–Al1–As2 98.03(10). (c) Molecular structure
Displacement parameters are shown at 50% probability; selected interato
Al1 2.3290(13), P2–Al1 2.3124(13), U1–Al1 3.632(9); P1–U1–P2 78.37(3), U

© 2026 The Author(s). Published by the Royal Society of Chemistry
appear at−7.25 and−6.71 ppm. The silent nature of compound
3 towards the 31P NMR indicates the direct connection of
phosphorus to the paramagnetic U(IV) metal center. Owing to
the signicant paramagnetic broadening and extensive chem-
ical shi dispersion caused by the unpaired electrons in these
complexes, unambiguous observation and assignment of the
signals to specic phosphorus and carbon atoms, respectively,
proved challenging.

Compounds 1–4 are soluble in THF, diethyl ether, and
toluene, and can be stored for prolonged periods at −20 °C
under an inert nitrogen atmosphere. Notably, the
phosphinidiide-bridged complexes 1 and 3 exhibit greater
thermal stability compared to their arsinidiide analogs 2 and 4.
This enhanced stability can be attributed to the comparatively
harder nature of phosphorus relative to arsenic, which enables
stronger interactions with the hard actinide centers, thereby
affording more robust phosphinidiide-bridged complexes. The
solid-state structures of complexes 1–3 were determined via
are omitted for clarity. Displacement parameters are shown at 50%
419(11), Th1–P2 2.7737(12), P1–Al1 2.3716(15), P2–Al1 2.3244(15), Th1–
.10(4), P1–Al1–P2 97.17(5). (b) Molecular structure of compound 2. All
shown at 50% probability; selected interatomic distances [Å] and angles
376(3), Th1–Al1 3.822(9); As1–Th1–As2 77.61(3), Th1–As1–Al1 88.65(7),
of compound 3. All the hydrogen atoms are omitted for clarity.

mic distances [Å] and angles [°]: U1–P1 2.7327(9), U1–P2 2.6952(9), P1–
1–P1–Al1 91.33(4), U1–P2–Al1 92.65(4), P1–Al1–P2 95.27(5).
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Table 1 Selected bond lengths (Å) and angles (deg) of the An–E2–Al systems in 1, 2, and 3

An1–E1 E1–Al1 An1–E2 E2–Al1 S(bond angle)(E1) S(bondangle)(E2)

1 2.8419(11) 2.3716(15) 2.7737(12) 2.3244(15) 320.45(18)° 359.7(3)°
2 2.9815(10) 2.463(3) 2.8462(11) 2.376(3) 314.8(4)° 360.0(4)°
3 2.7327(9) 2.3290(13) 2.6952(9) 2.3124(13) 357.69(16)° 343.51(17)°
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single-crystal X-ray diffraction analysis (Fig. 1). All three
complexes crystallize in the triclinic space group P�1, with one
molecule per asymmetric unit. In each case, the An(IV) metal
center adopts a pseudo-tetrahedral geometry, coordinated by
two Cp* ligands and two bridging phosphinidiide or arsinidiide
ligands. The Al(III) center is arranged in a trigonal planar
fashion, and is bound to two bridging pnictinidiide ligands and
one Cp* ligand coordinated in h5 fashion. In compound 3,
signicant shortening of the U–P bonds (∼0.071(12) Å) (U1–P1:
2.7327(9) Å; U1–P2: 2.6953(9) Å) is observed compared to the
diphosphido precursor [(C5Me5)2U(h

2-P2Mes2)], which shows
U–P bond lengths of 2.7799(10) and 2.7903(10) Å (Table 1).26a

This contraction suggests a reduced electron density at the
uranium center due to interaction with the Lewis acidic
aluminum. In contrast, for the Th/Al systems in compounds 1
and 2, only one of the Th–E (E = P, As) bonds is shorter than
those in the corresponding dipnictido precursors, while the
other remains comparable. This indicates an uneven distribu-
tion of electron density across the Th–E–Al bridging units. In
both complexes, one pnictogen center (P or As) exhibits a pyra-
midal geometry at the Th1–E1–Al1 linkage, with the total bond
angles around P1 (320.45(18)°) and As1 (314.8(4)°) being close
to 320° (Table 1). In contrast, the second pnictogen atom (E2)
adopts an almost trigonal planar arrangement at the Th1–E2–
Al1 unit, where the sum of bond angles around P2 and As2 is
effectively 360°, indicating signicant p-electron delocalization
within the Th1–E2–Al1 fragment. This delocalization is sup-
ported by the shorter E2–Al1 and Th1–E2 bond lengths (P:
2.3244(15) and 2.7737(12) Å; As: 2.376(3) and 2.8462(11) Å)
around the trigonal planar centre relative to those for the
pyramidal centers (P: 2.3716(15) and 2.8419(11) Å; As: 2.463(3)
and 2.9815(10) Å) (Table 1). In contrast, compound 3, featuring
a U(IV) center, shows no evidence of such asymmetry. Both the
phosphorus atoms P1 and P2 are symmetrically coordinated to
U1, with U1–P1 and U1–P2 bond distances of 2.7327(9) and
2.6952(9) Å, respectively, leading to a balanced electron distri-
bution around the U–P–Al–Pmoiety. Moreover, the sum of bond
angles around the P1 and P2 centers also deviates slightly from
the trigonal planarity, with 357.69(16)° and 343.51(17)°,
respectively (Table 1).

In compound 1, the Th1–P1 (2.8419(11) Å) bond length
aligns well with Th–P single bonds observed in the Th(IV) di-
phosphido precursor [(C5Me5)2Th(h

2-P2Mes2)] (2.8463(7) and
2.8322(6) Å).26a In contrast, the noticeably shorter Th1–P2 bond
(2.7737(12) Å) falls between the sums of covalent radii of a Th–P
single bond (2.86 Å) and a double bond (2.45 Å), indicating
signicant delocalization of p electrons, contributing partial
double bond character.28 This bond is comparable to that in the
charge-separated Thorium(IV) complex [Th(TrenTIPS)(PH)]
9160 | Chem. Sci., 2026, 17, 9158–9167
[Na(12C4)2] (2.7584(18) Å), with Th]P double bond reported by
Liddle and co-workers.29 A similar bond length disparity is seen
in the P–Al distances: the P1–Al1 bond (2.3716(15) Å) is slightly
longer than the P2–Al1 bond (2.3244(15) Å). These values are
consistent with known P–Al single bonds in compounds such as
[Trip2AlP(Ad)SiPh3] (2.342(2) Å),30 Trip = 2,4,6-iPr3C6H2, Ad =

adamantyl, and [MesTerP(3tCpAl)2] (2.3249(13) and 2.3304(14)
Å), MesTer = 2,6-Mes2C6H3.31,32 In contrast, the uranium analog
3 shows symmetric P–Al bond lengths (P1–Al1: 2.3290(13) Å; P2–
Al1: 2.3124(13) Å), reecting a uniform electronic environment
across the U–P2–Al core. In compound 2, the delocalization of p-
electrons across one Th–As–Al bridge is even more pronounced.
The Th1–As1 bond length (2.9815(10) Å) falls within the typical
range for Th–As single bonds, as reported in several complexes
including [{Th(h5-1,3-tBu2C5H3)}2(m-h

3:h3-As6)] (2.913(2)–
3.044(2) Å), [Th(h5-C5Me5)2(AsH-2,4,6-iPr3C6H2)2] (3.0028(6) Å),33

[Th(TrenTIPS)(AsH2)] (3.065(3) Å),34 and [{Th(TrenTIPS)}2(m-AsH)]
(2.9619(6)/3.0286(6) Å).35 The As1–Al1 bond length of 2.463(3) Å
closely matches those reported for Al–As single bonds, such as
in (Mes*Al–AsPh)3 (2.430 Å),36 Mes* = 2,4,6-tBu3C6H2, and
[Et2AlAs(SiMe3)2]2 (2.539(2) Å).37

Interestingly, in the second Th1–As2–Al1 fragment of
compound 2, where the arsenic atom adopts a trigonal planar
geometry (with a sum of bond angles around E2 = 360.0(4)°),
both Th1–As2 and As2–Al1 bond lengths are signicantly
shorter, 2.8462(11) Å and 2.376(3) Å, respectively (Table 1).
These shorter distances imply substantial p-electron delocal-
ization within this unit. The Th1–As2 bond lies between the
covalent single bond sum for Th–As (2.96 Å) and the estimated
double bond value (2.57 Å), and is marginally longer than the
polarized Th]As double bond distance (2.8063(14) Å) observed
in the dithorium arsenide complex [{Th(TrenTIPS)}2(m-As)]
[K(15C5)2].35 Simultaneously, the As2–Al1 bond (2.376(3) Å)
approaches the sum of covalent double bond radii for As]Al
(2.27 Å),38 and is comparable to the experimentally observed
Al]As bond in the arsaalumene [DippTerAs]AlCp*] (2.3084(4)
Å), DippTer = 2,6-(2,6-iPr2C6H3)C6H3. Moreover on comparison
with the As–Al single bond length observed for the cyclic di-
arsadialanes [Cp*Al(m-AsAr)]2 (Ar = Dipp (2.4106(8) and
2.4462(16) Å); Trip (2.4160(5) and 2.4445(5)Å)) by Hering-
Junghans and workers the bond length is shorter, supporting
the presence of partial multiple bond character.32,37

DFT calculations (B3PW91 functional including dispersion
corrections) were undertaken on complexes 1–4 to analyze the
bonding situation in those four complexes. Each complex was
optimized, and the global minimum was conrmed by
frequency calculations. The optimized geometries of complexes
1–3, for which a solid-state structure was obtained, compare
well with the experimental ones (see Tables S3, S10, and S17 in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Wiberg bond index (WBI) fromNBO analysis, electron density, r(r), and Laplacian of the electron density,V2$r(r), fromQTAIM analysis for
complexes 1 and 2

1, An = Th,
E = P WBI

1, An = Th,
E = P r(r)

1, An = Th,
E= P V2$r(r)

2, An = Th,
E = As WBI

2, An = Th,
E = As r(r)

2, An = Th,
E= As V2$r(r)

An–
E1

1.26 0.101 0.211 1.29 0.054 0.052

An–
E2

1.07 0.101 0.212 1.08 0.053 0.019

Al–E1 0.69 0.079 0.531 0.75 0.056 0.108
Al–E2 0.63 0.079 0.530 0.67 0.053 0.067

Table 3 Wiberg bond index (WBI) fromNBO analysis, electron density, r(r), and Laplacian of the electron density,V2$r(r), fromQTAIM analysis for
complexes 3 and 4

3, An = U,
E = P WBI

3, An = U,
E = P r(r)

3, An = U,
E = P, V2$r(r)

4, An = U,
E = As WBI

4, An = U,
E = As r(r)

4, An = U,
E = As V2$r(r)

An–E1 1.26 0.067 0.068 1.26 0.060 0.065
An–E2 1.04 0.060 0.046 0.82 0.049 0.022
Al–E1 0.71 0.056 0.140 0.79 0.055 0.100
Al–E2 0.71 0.059 0.120 0.75 0.053 0.069
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the SI). In particular, the An–E distances with An = Th, U, and E
= P, As, are well reproduced, as well as the unsymmetrical Th–E
or symmetrical U–P coordination. The bonding in the four
complexes was analyzed using Natural Bonding Orbitals (NBO)
and Quantum Theory of Atoms in Molecule (QTAIM) methods,
Tables 2 and 3. For the phosphorus-based complexes 1 and 3,
NBO analysis indicates a difference in the bonding situation.
Indeed, for the unsymmetrical coordination of Th, one Th]P
double bond and one Th–P single bond with a lone pair (HOMO
of the system) are found (see Table S8 in the SI), while two U]P
double bonds, fully delocalized, are found in the symmetrical
coordination case (see Table S22 in the SI). In both cases (Th
and U), the bonds are strongly polarized toward P (76–84%) and
implies df orbitals on either Th or U that participate in bonding
(Fig. 2).

Interestingly, the QTAIM analysis indicates in both cases two
An–P Bond Critical Points (BCP), with similar electron density
properties (see Tables S9 and S26 in SI) so that the bonding
Fig. 2 Molecular orbitals (HOMO − 1) of compounds 2 (Th–As–Al) and

© 2026 The Author(s). Published by the Royal Society of Chemistry
would be similar between the metal center and the two phos-
phorus. This can be explained by the presence of the Ring
Critical Point (RCP) in the An–P–Al–P plane that indicates
electron delocalization within the four-member ring. In both
complexes, the P–Al bond is described as a single bond strongly
polarized toward P (80%), which explains the Al–P WBI of 0.7. It
is interesting to note that at the second-order donor–acceptor
level, delocalization from the Al–P bond onto the empty df
orbital is observed in the case of Th but not in the case of U, in
line with the difference in bonding situation in complexes 1 and
3. The bonding situation appears to be similar in complexes 2
and 4 (see SI).

The Wiberg Bond Index (WBI) of 1.26/1.07 in 1 for the Th–P
bonds is similar to 1.30 found for the bridging phosphinidiide
complex, [(C5Me5)2Th{P(H)Tipp}(PTipp)K].39 Terminal thorium
phosphinidene complexes have been shown to haveWBI∼1.67.29
Bridging arsinidene (arsinidiide) complexes of thorium haveWBI
of 1.30 in [(C5Me5)2Th{As(H)Tipp}(AsTipp)K] and 1.09 in
4 (U–As–Al).

Chem. Sci., 2026, 17, 9158–9167 | 9161
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Scheme 2 Synthesis of 5a and 5b.
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[Th(TrenTIPS)(m-AsH)K(15C5)], TrenTIPS = N(CH2CH2NSi
iPr3)3,35

which compares well to the 1.29/1.08 observed in 2. In contrast,
the WBI for the Al–P and Al–As bonds in 1 and 2 are signicantly
less than the 1.47 and 1.46 in (C5Me5)Al = E(TerDipp), E = P, As,
respectively, TerDipp= 2,6-(2,4,6-iPr3C6H2)C6H3.31,40 In the QTAIM
calculations, the electron density at the BCP, r(r), along with its
Laplacian,V2$r(r), is a measure of the degree of covalent bonding
and hence a larger BCP indicates increase in covalent bonding
character.41 These BCPs are used to characterize the nature of the
chemical interaction between atoms and can be interpreted in
the following way: When r(r) > 0.2 a.u. with V2$r(r) < 0 is indic-
ative of a covalent interaction, while r(r) < 0.1 a.u. with V2$r(r) >
0 represents an ionic or electrostatic interaction. The ellipticity
parameter, 3(r), presents a spherical spread of electron density
and therefore a 3(r) ∼0 indicates s-bonding while 3(r) > 0 shows
p-bonding with asymmetric electron density distribution.
Examining the data in Table 2, the Th–P shows r(r) of 0.101 with
a higher Laplacian of 0.211, thus this can be interpreted as
a highly polarized bond with multiple bonding character. Shown
in Table S9, the 3(r) for complex 1 are 0.223/0.222 for Th–P and
0.097/0.095 for Al–P, which can be compared to 0.40 in
[Th(TrenTIPS)(m-PH)]1−.29 while complex 2 has 3(r) values of 0.451/
0.158 for Th–As and 0.133/0.101 for Al–As.

The WBI for the U–P, 3, and U–As, 4, bonds, Table 3, of 1.26/
1.04 and 1.26/0.82 is less than that observed in terminal U]P
and U]As bonds at 1.92 (or 1.61 for bridging phosphinidiide)
and 1.62, respectively.42,43 However, 3 and 4 both have higher
WBI than anticipated for U–E single bonds which are observed
∼0.84 and 0.69 for P and As, respectively. Similar to the Th
compounds, the ellipticity parameter is greater than zero,
indicating that there is multiple bonding character in both 3
and 4 as well.

Following the successful isolation of the previously unknown
bridging phosphinidiide/arsinidiide heterobimetallic
complexes 1–3, we sought to extend this synthetic methodology
to access the analogous imido-bridged complexes of uranium/
thorium and aluminum. Akin to the preparation of di-
phosphido complexes [(C5Me5)2An(h

2-P2Mes2)] through the
protonolysis of [(C5Me5)2AnMe2] using dimesityldiphosphane26a

the reactivity of [(C5Me5)2ThMe2] with diphenylhydrazine was
investigated. Treatment of [(C5Me5)2ThMe2] with an equimolar
amount of diphenylhydrazine in toluene at room temperature
afforded the monoamido complex [(C5Me5)2Th(CH3)(h

2-
PhNN(H)Ph)], 5a, in 78% yield via selective protonolysis of
a single methyl group, Scheme 2. Subsequent heating of 5a in
9162 | Chem. Sci., 2026, 17, 9158–9167
toluene at 70 °C for 3 hours induced a second deprotonation,
yielding the diamido complex [(C5Me5)2Th(h

2-PhNNPh)(thf)],
5b, in 80% yield, with methane as a byproduct, Scheme 2. While
the reaction is done in toluene, THF is added during crystalli-
zation as the unsolvated complex will not yield crystals suitable
for single-crystal X-ray crystallographic analysis. Alternatively,
compound 5b could be obtained directly by heating an equi-
molar mixture of [(C5Me5)2ThMe2] and diphenylhydrazine in
toluene under the same thermal conditions. Such diamido
complexes for group IV elements (Ti and Zr) are reported, but to
the best of our knowledge, complex 5b represents the rst re-
ported example of a Th(IV) diamido species.44–46 Complex 5b
reacts rapidly with water, yielding the previously reported
thorium m-oxo dimer, [{(C5Me5)2Th(h

2-PhN(H)NPh)}2(m-O)],
which resists further deprotonation.47 Solution-state character-
ization of compounds 5a and 5b was performed using multi-
nuclear NMR spectroscopy. In the case of 5a, themethyl protons
of the Cp* ligands appear as two distinct singlets at 1.86 and
1.99 ppm, reecting the asymmetric coordination environment
around the thorium center. Conversely, the diamido complex 5b
displays a single singlet at 1.77 ppm for the Cp*methyl protons,
indicating a more symmetric ligand environment. The methyl
and NH protons in 5a appear as a singlet and a broad singlet at
−0.08 and 4.86 ppm, respectively. The asymmetry in 5a is
further supported by the presence of ve distinct aromatic
signals from the diphenyl groups, in contrast to three signals
observed for the symmetrically coordinated 5b.

The solid-state characterization of compounds 5a and 5bwas
performed using single-crystal X-ray diffraction (Fig. 3) and IR
spectroscopy. Both compounds crystallize in the triclinic space
group P�1, with 5a containing one molecule and 5b containing
two molecules per asymmetric unit, Fig. 3. In 5a, the thorium
center is ve-coordinate, bound to two nitrogen atoms from
a diphenylhydrazide ligand, a methyl group, and two Cp*
ligands. The diphenylhydrazide adopts an h2-binding mode
through both nitrogen atoms, although the coordination is
notably asymmetric. The deprotonated nitrogen features
a nearly linear C–N–Th bond angle of 156.7(2)° and a relatively
short Th–N bond length of 2.348(3) Å. Conversely, the proton-
ated nitrogen atom displays a more typical trigonal planar
geometry with a C–N–Th angle of 123.5(2)° and a longer Th–N
bond of 2.594(3) Å, illustrating the structural impact of
protonation. The N–H stretching band observed at 3320 cm−1

further conrms the existence of an N–H bond in compound 5a.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Molecular structure of compound 5a. All the hydrogen atoms except for NH and methyl protons are omitted for clarity. Displacement
parameters are shown at 50% probability; selected interatomic distances [Å] and angles [°]: Th1–C33: 2.491(3), Th1–N1: 2.348(3), Th11–N2:
2.594(3), N2–N1: 1.430(4); N1–Th1–N2: 33.16(8), N1–Th1–C33: 106.91(11), N2–Th1–C33: 78.18(11). (b) Molecular structure of compound 5b. All
the hydrogen atoms are omitted for clarity. Displacement parameters are shown at 50% probability; selected interatomic distances [Å] and angles
[°]: Th1–O1: 2.543(3), Th1–N1: 2.338(3), Th1–N2: 2.272(3), N2–N1: 1.469(4); N1–Th1–N2: 37.12(11), N1–Th1–O1: 86.48(10), N2–Th1–O1:
120.81(11). (c) Molecular structure of compound 5. All the hydrogen atoms are omitted for clarity. Displacement parameters are shown at 50%
probability; selected interatomic distances [Å] and angles [°]: Th1–N1: 2.281(2), Th1–N2: 2.302(2), N1–Al1: 1.821(2), N2–Al1: 1.816(2); N1–Th1–
N2: 69.72(8), Th1–N1–Al1: 88.65(7), Th1–N2–Al1: 98.45(9), N1–Al1–N2: 92.14(10).
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In compound 5b, the thorium center adopts a distorted
tetrahedral geometry, coordinated by a hydrazide dianion and
two Cp* ligands. The hydrazide binds in an h2-mode with
unequal Th–N distances of 2.258(3) and 2.342(3) Å. Despite this
asymmetry in the solid state, the NMR spectrum shows a single
resonance at 1.77 ppm for the 30 protons of two Cp* ligands
and three signals corresponding to the phenyl groups, indi-
cating a symmetrical species in solution. The asymmetry
observed in the crystal structure may be attributed to the
coordination of a THF molecule. The N–N bond length in 5b is
1.468(5) Å, consistent with a single bond but longer than those
reported for related titanium and zirconium hydrazide
complexes, [Cp2M(N2Ph2)], where the N–N distances are 1.334 Å
(Ti) and 1.434(4) Å (Zr).44–46 This elongation suggests a more
polarized N–N bond, likely due to the strong electron-
withdrawing effect of the highly Lewis acidic thorium center.
We note that the original preparation of the bis(imido) complex,
[(C5Me5)2U(]NPh)2], through reaction of [(C5Me5)2UMeCl] with
[LiNPhN(H)Ph], was proposed to go through a hydrazide inter-
mediate,48 but was not isolated. However, the formation of 5b
shows that this is a potential intermediate, but due to the
limited oxidation states of thorium, the N–N bond cannot be
cleaved. In contrast, oxidation with U(IV) to U(VI) is possible,
allowing the bis(imido) to form.

Aer isolating the hitherto unknown thorium(IV) diamido
complex 5b containing an N–N bond, its reactivity with Al(I)Cp*
in toluene was explored, leading to the formation of the
heterobimetallic bridging imido complex [(C5Me5)2Th(m2-
NPh)2Al(C5Me5)] (5) in 85% yield, Scheme 1. Compound 5 is
soluble in THF, toluene, and diethyl ether, and remains stable
at room temperature under an inert atmosphere. The 1H NMR
spectrum at room temperature indicates a diamagnetic species,
showing Cp* resonances at 1.95 and 1.92 ppm corresponding to
the thorium and aluminum centers, respectively. The molecular
structure of 5 was elucidated via single-crystal X-ray diffraction,
revealing that the complex crystallizes in the monoclinic space
© 2026 The Author(s). Published by the Royal Society of Chemistry
group P21/n with one molecule per asymmetric unit, Fig. 3.
Structurally, the complex features two bridging imido ligands
connecting the Th(IV) and Al(III) centers. The thorium center
adopts a distorted tetrahedral geometry coordinated by two Cp*
ligands and two nitrogen atoms from the bridging imidos, while
the aluminum center is trigonal planar, coordinated by one Cp*
ligand and the same two imido bridges. Interestingly, unlike the
heavier bridging pnictogen analogs 1 and 2, compound 5,
featuring a bridging imido ligand, exhibits greater electron
delocalization across the Th–N1–Al1–N2 metallocycle. The Th–
N bond lengths of 2.281(2) and 2.302(2) Å are comparable to
those in the precursor complex 5b. Similarly, the Al1–N1
(1.821(2) Å) and Al1–N2 (1.816(2) Å) distances are consistent
with those observed in the previously reported uranium analog
[(C5Me5)2U[m2-N(4-

iPrOC6H4)]Al(C5Me5)] (1.838(4) and 1.827(4)
Å).25 Consistent with the XRD ndings, NBO and QTAIM anal-
yses further support symmetrical coordination in imido-
bridged complex 5, featuring a nearly planar four-membered
An–N–Al–N ring with symmetrical bonding features (see SI).
Building on this observation, we next turned our attention to
synthesizing the analogous uranium(IV)/aluminum(III) bridging
imido complex.

In contrast to the reaction of [(C5Me5)ThMe2] with di-
phenylhydrazine, which affords the monoamido complex [(C5-
Me5)2Th(CH3)(h

2-PhNN(H)Ph)], the analogous uranium
complex [(C5Me5)2UMe2] reacts with an equimolar amount of
diphenyl- or mesitylhydrazine to yield the uranium(VI) bi-
s(imido) species [(C5Me5)2U(]NR)2] (R = Ph, Mes). To this end,
a stoichiometric reaction was carried out between the ura-
nium(VI) bis(imido) complex [(C5Me5)2U(]NMes)2], bearing
mesityl substituents on the nitrogen atoms and 0.25 equivalents
of [Al(C5Me5)]4 in toluene at 70 °C for 15 minutes, aiming for
a two-electron reduction of the U(VI) center. However, this
attempt to generate the desired product was unsuccessful, and
the preliminary XRD studies show evidence for the formation of
a C–H activated product A (see SI for the XRD data). This
Chem. Sci., 2026, 17, 9158–9167 | 9163
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Scheme 3 Synthesis of complex 6 from U(VI) precursors.
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transformation probably proceeds with the elimination of an
equimolar amount of Cp*H and a 1,3-hydrogen shi from
a mesityl methyl group to the adjacent imido nitrogen. This
outcome is likely due to the spatial proximity between the bulky
mesityl substituent and the AlCp* reagent within the U(VI) bi-
s(imido) framework. C–H bond activation of a tert-butyl-
substituted imido complex has been previously reported.49

Attempts to suppress this C–H activation by conducting the
reaction at room temperature resulted in no observable reac-
tion, presumably because the temperature above 70 °C is
necessary to promote the dissociation of the (AlCp*)4 tetramer.
Thus, we explored the use of a less bulky phenyl group in place
of the mesityl substituent and did not fully characterize the
complex. In this case, the reaction of the U(VI) bis(imido)
complex [(C5Me5)2U(]NPh)2]48,50 with Al(I)Cp* under identical
conditions (in toluene at 70 °C) led to the successful formation
of the bridging imido U(IV)/Al(III) heterobimetallic complex,
[(C5Me5)2U(m2-NPh)2Al(C5Me5)], 6, through a two-electron redox
reaction involving U and Al centers, Scheme 3.
Fig. 4 Molecular structure of compound 6. All the hydrogen atoms
are omitted for clarity. Displacement parameters are shown at 50%
probability; selected interatomic distances [Å] and angles [°]: U1–N1
2.244(3), U1–N2 2.225(2), N1–Al1 1.836(3), N2–Al1 1.833(3), N1–Al1
3.632(9); N1–U1–N2 71.75(9), U1–N1–Al1 97.80(11), U1–N2–Al1
98.57(11), N1–Al1–N2 91.07(12).

9164 | Chem. Sci., 2026, 17, 9158–9167
Compound 6 is soluble in common organic solvents such as
toluene, THF, and diethyl ether, and remains stable at room
temperature when stored under an inert dinitrogen atmo-
sphere. In solution, 6 was characterized by multinuclear NMR
spectroscopy, while solid-state characterization was carried out
using single-crystal X-ray diffraction and infrared spectroscopy.
The paramagnetic nature of compound 6 is evident in its 1H
NMR spectrum, where the aromatic protons of the phenyl
groups appear as three distinct singlets in the paramagnetic
region (−2.25, −3.77, and −25.34 ppm). The methyl resonances
corresponding to the U-Cp* and the Al-Cp* ligand appear as two
singlets at 3.42 and 0.79 ppm, respectively. Single-crystal XRD
analysis revealed that compound 6 crystallizes in the mono-
clinic space group P21/nwith onemolecule per asymmetric unit.
Structurally, the complex comprises edge-sharing pseudo-
tetrahedral U(IV) and trigonal planar Al(III) centers, bridged by
two imido ligands, Fig. 4. The overall molecule exhibits non-
crystallographic Cs symmetry, with a mirror plane passing
through both metal centers and the Cp* ligands, symmetrically
relating the two (NPh)2− bridges. The U–N bond lengths
(2.244(3) Å and 2.225(2) Å) are signicantly longer than the
U]N double bonds in the U(VI) bis(imido) precursor.48 Still,
they are consistent with reported U(IV) with terminal amido
ligands49 and other U(IV) bridging imido complexes.50,51 The Al–
N bond length of 1.836(3) and 1.833(3) Å are comparable to
other bridging aluminum(III) imido and amido complexes. For
example, the Al–N bond lengths in [(C5Me5)Al(NSi

tBu3)]2 are
1.836(2) and 1.840(2) Å,13,52 while those in [(C5H2

tBu3)Al(m
2-

NPh)]2 are 1.809(2) and 1.827(2) Å.53 These ndings highlight
that the less bulky phenyl substituents on the imido ligands
afford sufficient spatial accommodation to enable the forma-
tion of the bridging imido heterobimetallic complex directly
from U(VI) bis(imido) precursors.

To better understand the origin of the difference in bonding
between Th and U, calculations were carried out on the nitrogen
analogs that were experimentally obtained with a phenyl
substituent. In these two complexes, 5 (Th) and 6 (U), the
coordination is symmetrical for both Th and U (see SI) with
a planar four-member An–N–Al–N ring, and the NBO and
QTAIM indicate symmetrical bonding features, Table 4. There-
fore, the optimization of putative Th and U complexes with
a mesityl substituent on the nitrogen was undertaken. In both
cases, the An–N–Al–N ring is no longer planar, indicating that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Wiberg bond index (WBI) from NBO analysis and electron density, r(r), from QTAIM analysis for complexes 5 and 6

5, An = Th, WBI 5, r(r) 5, V2$r(r) 6, An = U, WBI 6, r(r) 6, V2$r(r)

An–N1 0.77 0.101 0.212 0.94 0.111 0.262
An–N2 0.77 0.101 0.211 0.94 0.111 0.262
Al–N1 0.35 0.079 0.530 0.35 0.079 0.522
Al–N2 0.35 0.079 0.531 0.35 0.079 0.522
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the four-member ring is too sterically constrained with the
smaller nitrogen atoms to allow planarity, while it is possible
with the phenyl. Thus, this provides a reasonable explanation
for the unsuccessful formation of the mesityl derivative, where
C–H bond activation is observed. In complexes 1–4, the larger P
and As can accommodate the sterically bulkier mesityl groups.
However, we note that the two bonds in the calculated mesityl-
substituted bridging imido complexes are symmetric, indi-
cating that the bonding situation is like that of the phenyl-
substituted complexes that were isolated (5 and 6). This also
indicates that the steric properties of the mesityl versus phenyl
are responsible for the trigonal planar versus pyramidal geom-
etry about phosphorus and arsenic in complexes 1 and 2.

To further study the electron delocalization in the An–X–Al–X
moiety, Nucleus Independent Chemical Shi (NICS) calcula-
tions were carried out.54 The NICS(0), that accounts for s + p

aromaticity, are found to be small in the three thorium
complexes with values of −3.7 ppm in As, −4.1 ppm in P, and
−4.5 ppm in N, in line with small aromaticity (mainly s).
However, the values for the uranium complexes are much larger
with values of −8.0 ppm in As, −18.7 ppm in P, and −25.6 ppm
in N, in line with both s + p aromaticity.55 These values can be
compared to organic molecules such as benzene which has
NISC(0) value of −24.5 ppm or pyridine of −25.0 ppm.56 This
aromaticity arises due to the presence of six electrons in the An–
X–Al–X moiety. In the case of Th, the pnictogen must donate all
six electrons, hence the multiple bonding character observed as
described earlier, however U(IV) is a 5f2 ground state electron
conguration and hence these two electrons contribute to the
p-system and thus the electron density is delocalized over U–X–
Al–X. The NICS(0) values decrease from nitrogen to arsenic,
indicating a decrease of the p delocalization for the heaviest
pnictogen elements which is presumably a result of the bond
distances in the An–X–Al–X moiety. Aromaticity in f element
complexes is rare,57–61 and controversial,61–63 but has been
previously observed in a similar manner where U(IV) contributes
its 5f electrons to the overall aromatic bonding character.64 We
must acknowledge that these computational results may simply
be due to dispersion effects. Indeed, without dispersion
correction, the asymmetry observed in the crystal structure is
not observed. However, even without dispersion effects, the
structure is more symmetrical, indicating that the aromaticity
does hold in these cases.
Conclusion

To summarize, the reactivity of dipnictido actinide complexes,
[(C5Me5)2An(h

2-E2R2)] (An = Th, U; E = P, As; R = 2,4,6-
© 2026 The Author(s). Published by the Royal Society of Chemistry
Me3C6H2); E = N, R = Ph, with 0.25 equiv. of [Al(C5Me5)]4
demonstrates selective E–E bond cleavage to afford the hetero-
bimetallic complexes [(C5Me5)2An(m2-ER)2Al(C5Me5)]. Solid-
state structural analyses, complemented by DFT calculations,
provide key insights into the bonding characteristics of these
heterobimetallic systems. DFT calculations indicate that
aromatic bonding is observed in both thorium and uranium
complexes in all six compounds isolated. These results high-
light the contrasting electronic and bonding features of
thorium and uranium in cooperative E–E bond activation and
underscore the potential of actinide–main group combinations
for mediating complex bond cleavage and transformation
processes, as well as the bonding situations in heavier main
group elements are not the same as their rst-row counterparts.
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