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o-Hydrocarbyl complexes of the form [M(n>-PCsMeg),(p-ntn®-
CH,Ph),K(n%-arene)] (M = La, Ce, Pr, U, Np, Pu; arene = benzene
or toluene) were synthesised in one-pot reactions from [MIz(THF)4],
or [U(BH,)s(toluene)] (M = U). All complexes were examined by
multinuclear (*H, 3C{*H}, 3'P{!H}) NMR and UV-vis-NIR spectro-
scopy, as well as single-crystal X-ray diffraction from which mole-
cular metal—phosphorus bonds for Np and Pu, and a ¢-hydrocarbyl
metal—carbon bond for Pu, have been structurally authenticated.

o-Hydrocarbyl complexes are an important class of molecule
for their numerous roles in both catalysis and fundamental
bond formation reactions across the periodic table. While the
close energetic matching and spatial overlap of metal and
carbon orbitals affords facile redox chemistry in noble metal
catalytic processes, poor matching in rare-earth and actinide
hydrocarbyl complexes results in highly polar linkages amen-
able to protonolysis and bond-metathesis chemistry."
Protonolysis reactions using basic hydrocarbyl groups in U™
and Th" molecules have proven invaluable for the isolation of
diverse metal-element linkages such as imido-, phosphido-,
phosphinidene-, alkylidene-, hydrides, and others.” Thus, their
utility in facilitating the comparison of An" (An = Th, U)
covalency through the examination of metal-element multiple
bonds is patent. Hydrocarbyls also serve as precursors,
via hydrogenolysis with H,,> or with silanes,* to molecular
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metal-hydrides for which no transuranium examples have been
reported. Attempts to extend tetravalent metal-hydrocarbyl chem-
istry to the next actinide element, Np, have proven non-trivial, in
part because reduction of Np™ precursors to Np'™ is facile due to
the readily accessible Np™"™ redox couple (ca. +0.147 to +0.218 V
vs. NHE).” This complication is likely to extend to many of the
transuranium elements for which the trivalent oxidation state is
the most prevalent. Conversely, the increasing accessibility of
An" with higher Z elements can enable direct comparison to Ln™
bonding, and hence insight into the comparative role of 4f or 5f
electrons in bonding. Trivalent c-hydrocarbyl complexes, which
can be isolated using the small (milligram) reaction scales
commonly employed for transuranium research, can help in
providing access to new 4f vs. 5f bonding comparisons.

Here we show that a per-alkylated phospholide, TMP (TMP =
{PC,Me,}) allows the one-pot synthesis and isolation of triva-
lent dibenzyl-ate complexes of the form [M(TMP),{(u:n":n°
C,H,),K(n®%arene)}] (arene = toluene or benzene) of U, Np,
and Pu, along with isoradial lanthanide congeners La, Ce,
and Pr. The Np and Pu complexes herein represent unique
examples of M-P bonds for these elements, and complexation
with a carbocyclic ligand other than cyclopentadienide or
cyclooctatetraenide. The Pu complex is a rare example of a
structurally characterised Pu c-hydrocarbyl.

Previous reports have shown that salt occlusion and oligo-
merisation reactions plague trivalent rare earth and f-block
phospholide chemistry.® The facile isolation of [U™(TMP)(u-n’m’-
TMP)(BH,)], (TMP = {PC,Me,}) by reduction of [U"(TMP),(BH,),]
suggested that a suitable tetravalent precursor might allow,
through a subsequent reduction step, access to discrete hetero-
leptic Np™ molecules with which to synthesise o-hydrocarbyl
complexes.” As [U™(TMP);(Cl)] is known,® and [Np"'Cl,(DME),] is
a readily synthesised precursor,’ it seemed reasonable to target
[Np™(TMP);(Cl)] first to help identify differences in the chemistries
of Np/U using a model system. The reaction between
[Np"Cl,(DME),] and 3 equivalents of KTMP in Et,0 or THF led
to the isolation of several crystals of the Np™ bis-TMP complexes 1

This journal is © The Royal Society of Chemistry 2022
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Unknown redox byproducts,
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salt-elimination products omitted.

Scheme 1 Syntheses of complexes 1-3.

and 2 respectively (Scheme 1). On one occasion, the use of a
trivalent precursor, ‘Np™'Cl;(THF),’ prepared in situ,'® afforded
several crystals of dinuclear complex, 3. Complexes 1 and 3 could
not be separated from impurities such as [K(THF),(n*>-TMP)],, (4) -
see ESIi for structural details of 1-4, and UV-vis-NIR and multi-
nuclear NMR spectroscopy of 2.

Next, we turned to [MI;(THF),] (M = La, Ce, Pr, U, Np, Pu) as
well-defined trivalent precursors. The micromole-scale (35 mg)
reaction in THF between [UI;(THF),] (prepared in situ from
UIL;(OEt,),) and 2 equivalents of KTMP gave a dark green
reaction mixture, a small portion of which gave several crystals
of [U(TMP),(I)(THF)] (5). Addition of 2 equivalents of KBn
(Bn = benzyl) to the remaining THF solution followed by
workup (see ESI}) gave several crystals of [U(TMP),(u:n'n°®-
C,H,),K(n°®CeHe)] (7U).

Separate reactions using [MI;(THF),] with 2 equivalents of
KTMP and 2 equivalents of KBn in THF at —98 °C or room
temperature, followed by extraction and crystallisation from
boiling toluene gave the isomorphous series [M(TMP),(j:n":n°
C,H,),K(n°%C,Hy)] (6M, M = La, Ce, Pr, Np, Pu; Scheme 2) in low
to moderate yield (16%, Pu to 53%, Pr). These metals were
chosen based on the similarities of their ionic radii, e.g. U™ and
La™ (1.025 A vs. 1.032 A).** Complex 6U was synthesised on a
preparative scale (0.5 mmol) from [U(BH,);(toluene)]** in mod-
estyield (29%). Recrystallisation of several mg each of 6U, 6Np,
and 6Pu from boiling benzene gave [M(TMP),(j:n":n’
C,H,),K(n%CeHg)] (7M), which allowed us to examine the
influence of the arene on the structure.

All 6M complexes crystallised in the non-centrosymmetric
space group Pna2; with one molecule in the asymmetric unit,
whereas 7M crystallised in the centrosymmetric space group
Pnma with half a molecule in the asymmetric unit. The
structure of 7Pu is shown in Fig. 1 (see ESI} for others)
which features a bis-n’-TMP wedge-shaped arrangement

1) 2 KTMP
[MI3(THF),4] ] 2) 2 KBn s R
[U(BHy4)4] — [U(BHy)3(Tol)] ] THF =
A, Tol M = La, Ce, Pr
U, Np, Pu

Scheme 2 Synthesis of complexes 6M (R = Me; M = La, Ce, Pr, U, Np, Pu)
and 7M (R = H, M = U, Np, Pu).

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Molecular structure of [Pu(TMP),Bn,K(benzene)] 7Pu. Ellipsoids set
at 50% probability and H-atoms (except on C9 and C16) removed for
clarity.

(Pu1-P1 = 2.9533(13) A, Pul-- TMP., = 2.5931(15) A;
Pul-P2 = 2.9816(14) A, Pul-- TMPcen; = 2.5821(14) A;
TMPeep - -Pul- - TMPeepne = 127.56(5)°). In 7Pu both benzyl

groups are bound #' to the Pu-atom (Pul-C9 = 2.542(19) A;
Pu1l-C16 = 2.614(19) A; C9-Pu1-C16 = 107.1(4)°), these Pu-C
lengths are unremarkable when compared to known U™ mono-
and bis-benzyl complexes,'® and accounting for the difference
in their between 6-coordinate U™ (1.025 A) and Pu™ (1.00 A).**
The K-atom is bound n° to the Cg rings from both benzyl groups
(BNeene - -K1 = 2.875(11) and 2.948(10) A; Bngene - -K1- - -Bhgene =
113.8(3)°) along with an n°-benzene molecule, and a P-K contact
(3.3270(18) A) with one of the TMP rings. Bond lengths and
angles for 6M and 7M complexes are summarised in Table 1
(data for 6Pu is not of sufficient quality for discussion). A
homoleptic Pu hydrocarbyl complex has been synthesised
previously, [Pu{CH(SiMej;),};], though structural data is not
available for comparison.™

Table 1 shows the arene coordinating to K1 has a small
impact on the overall structure. The M-P, K-P, and M: - “TMPen¢
lengths all shorten somewhat upon switching from toluene to
benzene, and the M-Cg, bond lengths become less equivalent.
For example, the difference between the Np-Cg,, bonds in 6Np is
0.05(2) A which is statistically indistinguishable (3o criteria),
but it is 0.12(2) A for 7Np which shows the two bonds are
distinct. This is presumably due to packing differences of the
{(n®-Bn),K(arene)} unit in 6M and 7M. Metrical parameters for
the series change broadly as expected with the ionic radii of the
metals. Equivalent M-P and M-C bond lengths decrease on
average from La to Pr, and from U to Pu. However, within the
7M series, 7Np displays noticeably shorter M-P bonds and
M- - ‘TMP,.p, distances than 7Pu (though the M-Cg, distances
overlap slightly within the 3o criteria). This is not the first time
Np complexes have been shown to be outliers.’® As is commonly
seen, actinide 6M or 7M have bond lengths that are shorter than
corresponding lanthanide complexes by an amount larger than
the difference in their ionic radii. For example: the differences
between the two unique M-P bond lengths in 6La and 6U are
0.068(16) A (M-P1) and 0.064(2) A (M-P2), which is larger than
the difference in their radii (0.007 A). This discrepancy
decreases as the series is traversed.’®"

"H NMR spectroscopy of diamagnetic 6La in C4;DgO or C¢Dg
reveal spectra consistent with C, symmetry in solution. The
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Table 1 Summary of bond lengths and angles for 6M (M = La, Ce, Pr, U, Np) and 7M (M = U, Np, Pu)

M-P (A) M-Cg, (A) M- - TMPep (A) K-P (A) TMP_epne - ‘M- - TMPeep; (°)

6M

La 3.0112(12) 2.622(8) 2.650(4) 3.323(2) 127.63(12)
3.0407(15) 2.675(9) 2.635(4)

U 2.9432(11) 2.577(7) 2.580(3) 3.303(2) 128.33(11)
2.9766(14) 2.597(7) 2.564(3)

Ce 2.9863(14) 2.619(8) 2.623(3) 3.313(2) 127.59(11)
3.0197(16) 2.631(10) 2.609(4)

Np 2.940(2) 2.519(18) 2.577(9) 3.317(4) 127.8(3)
2.971(3) 2.573(15) 2.564(8)

Pr 2.9672(9) 2.592(6) 2.606(2) 3.3118(16) 128.07(8)
3.0034(11) 2.598(5) 2.593(2)

™

U 2.9576(11) 2.556(17) 2.5915(2) 3.3275(15) 127.624(9)
2.9857(11) 2.654(16) 2.5816(11)

Np 2.9147(11) 2.479(17) 2.5547(12) 3.2805(16) 127.12(4)
2.9403(12) 2.603(16) 2.5484(12)

Pu 2.9533(13) 2.542(19) 2.5931(15) 3.3270(18) 127.56(5)
2.9816(14) 2.614(19) 2.5821(14)

TMP 3,4-Me shows a singlet at 1.96 ppm, and the 2,5-Me peak 1,250 g3z MMM 500

at 2.8 ppm is split (*/yp = 9.6 Hz) due to coupling with *'P (100% :'zgg T

I=1/2). Resonances for the benzyl groups were well resolved as 1200] —6Np

. — 6P
triplets at 6.67 ppm (m) and 6.14 ppm (p), a doublet at 6.40 ppm 1 1,050 ¢
. . - 900

(0), and a singlet at 1.04 ppm for ]the benzylic protons. Benzyl TE 750

CH, protons were located in the "H NMR spectra of all para- = 600

magnetic 6M complexes (6Ce, 1.22 ppm; 6Pr, 7.48 ppm; 6U, ’ ‘3‘22

—55.31 ppm; 6Np, —60.30 ppm; 6Pu, —18.75 ppm). In all except 150

6Pu we c01-11d definitively a551gr113a111un1que CH groups for the Ly 12000 5500 20000

benzyl moiety (see ESIf). The “C{'H} NMR spectrum of 6La Elem™ -

revealed doublets at 15.32 and 16.34 ppm (}Jcp = 5.3 and
28.9 Hz) for the TMP methyl groups due to *C-*'P coupling;
and the corresponding ring carbons at 135.95 and 142.82 ppm
also presented as doublets (*Jcp = 2.0 and 41.2 Hz). "*C{'H}
NMR spectroscopy was uninformative for all other complexes.
The *'P{'"H} NMR spectrum of 6La showed a singlet at 98.28
ppm (¢f: KTMP 74.32 ppm in C,HgO/CeDg — see ESIZ), consis-
tent with C, symmetry in solution. Paramagnetic 6M complexes
displayed a broad range of *'P chemical shifts (6Ce, 175.3 ppm;
6Pr, 293.5 ppm; 6U, 738.8 ppm; 6Np, —497.9 ppm). We could
not unambiguously locate the TMP *'P peak for 6Pu (see ESIZ).

UV-vis-NIR spectra of 6M (M = La, Ce, Pr) show a broad
ligand-to-metal charge-transfer (LMCT) band that tails in from
the edge of the spectral range to ca. 22000 cm™'. This is
responsible for the red-orange colour of all of these complexes,
and is the only feature for 6La; whereas 6Ce shows a broad
feature at ca. 20800 cm ™' (¢ =317 M~ ' ecm ") for a symmetry
allowed 4f — 5d transition; and 6Pr shows numerous weak
4f — 4f peaks from 6000-20000 cm™ " (¢ = 10-52 M~ " em™ ),
while a shoulder at 21622 cm™ " (¢ = 145 M~ " cm ™) is plausibly
due to the 'S, excitation.'® The spectra of 6Np and 6Pu
feature multiple weak peaks between 6000-14000 cm '
(e = 16-100 M~ cm™ ') which are characteristic of 5f — 5f
transitions. For 6U, this region is broad, mostly featureless, and
with modest absorption (¢ = 200-550 M~ ¢cm™') - see Fig. 2.
Comparatively strong features which tail into the visible region
at ca. 12000 and 19000 cm ™" for 6U (¢ = 550 and 1100 M ' ¢cm "

13280 | Chem. Commun., 2022, 58, 13278-13281

Fig. 2 UV-vis-NIR spectra of [U(TMP),Bn,K(toluene)] (6U, black line) in
THF (0.97 mM), and [Np(TMP),Bn,K(toluene)] (6Np, red line) in toluene
(0.50 mM), and [Pu(TMP),Bn,K(toluene)] (6Pu, blue line) in toluene
(1.00 mM) between 7000-22 000 cm™* (1429-455 nm) at room temperature.

respectively); 16 400 cm " for 6Np (¢ = 300 M~ em ™ ); and ca.
17200 and 22000 cm™ ' for 6Pu (¢ = 108 and 614 M~ ' cm™*
respectively) are responsible for the dark green/brown (6U),
apple green (6Np), and golden-brown (6Pu) colours. These
excitations are likely too low in energy for 5f — 6d transitions,
though have absorptivities somewhat high for typical 5f — 5f
transitions. One possible cause for this is an intensity-stealing
mechanism by mixing of 5f states with a charge-transfer or
intra-ligand transition of different parity which has previously
been invoked to explain similar observations."” It is noteworthy
that the transitions between 14 000-22 000 cm ™" for 6Pu are ca.
5 to 10 times more intense than several other Pu™
with reported ¢ values.’®'®

The U™ assignment of 6U was confirmed by SQUID magne-
tometry (Fig. 3). A powdered sample exhibits slow reduction in
Uese (xT) across the entire temperature range from 2.75 ug
(0.95 cm® K mol ') at 300 K to a minimum of 1.71 ug
(0.36 cm® K mol ") at 1.8 K, which is consistent with gradual
thermal depopulation of excited crystal field states of the split
15, ground multiplet, and is typical for U™ complexes.'® The
magnetisation at 2 K saturates to a value of 0.89 uz mol " at7 T

complexes

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Variable-temperature effective magnetic moment (uee/us) versus
temperature for 6U at 0.5 T and variable-field molar magnetisation for 6U.

which is also in agreement with a U™ assignment for 6U. Variable
field and temperature magnetometry was also performed on 6Ce
and 6Pr which displayed pe values of 2.16 up and 3.24 g
respectively at 300 K, comparing well with free-ion values for *Fs,
and *H, ground states. Their low temperature u.g values and
saturation properties are unremarkable (see ESI}).*

We have prepared a range of f-block bis-per-alkylated phos-
pholide complexes from La-Pr, and U-Pu, and shown that this
framework is able to support the isolation and characterisation
of isomorphous bis-benzyl-potassiate salts. Despite these com-
pounds containing paramagnetic ions (except La), we were able
to observe *'P NMR chemical shifts from the phospholide
ligands with all metals except Pu. In future, this could be
leveraged for in situ monitoring of protonolysis reactions with
Np and Pu by NMR spectroscopy - elements for which macro-
scale chemistry is not routinely possible in most laboratories.
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