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ABSTRACT: The synthesis and structural determination
of the first thorium phosphinidene complex are reported.
The reaction of 2 equiv of (CiMe;),Th(CH;), with
H,P(2,4,6-'Pr;C4H,) at 95 °C produces
[(CsMes),Th],(u,-P[(2,6-CH,CHCHj;),-4-PrCH,] as
well as 4 equiv of methane, 2 equiv from deprotonation
of the phosphine and 2 equiv from C—H bond activation
of one methyl group of each of the isopropyl groups at the
2- and 6-positions. Transition state calculations indicate
that the steps in the mechanism are P—H, C—H, C—H,
and then P—H bond activation to form the phosphinidene.

espite the fact that it is isoelectronic with the imido

functional group, [=NR]*", there is a paucity of
complexes bearing the phosphinidene moiety, [=PR]*".'™*
This is especially true in the case of f elements.”® The isolation
of metal phosphinidene complexes is attractive, as they have
been invoked in catalytic reactions' and can be used to examine
the molecular and electronic structure of metal—ligand multiple
bonding” as well as to advance the fundamental chemistry of
actinides coupled with the understudied area of actinide—
phosphorus bonds.

Our group has been interested in examining the structure,
bonding, and reactivity of actinides with soft donor ligands such
as sulfur and selenium.” We produced a series of eight-
coordinate homoleptic complexes that showed little reaction
chemistry. For the pnictogen group, there are no homoleptic
complexes bearing phosphorus, and thus, we turned to the
ubiquitous metallocene ligand platform [(C;Mes),Th]**. There
are approximately 17 structures with actinide—phosphorus
bonds containing an anionic phosphorus ligand.””*'°~"” Only
four of these contain the phosphinidene (PR®*7) moiety.
Because of the highly debated covalent nature of actinide—
ligand bonding and the rarity of these complexes with actinides,
our objective was to investigate actinide—phosphorus com-
pounds.

The reaction of H,P(2,4,6-Pr;CiH,) with (C;Me;),Th-
(CH,), in 1:1 and 2:1 stoichiometric ratios led to the formation
of (CsMe;),Th[PH(2,4,6-Pr;C¢H,)], (1) (eq 1). Complex 1
has a *'P{"H} resonance at 1.66 ppm. This is in contrast to the
3P{'H} resonances for (C;Mes),Th(PR,),, which appear at
144, 136, and 205 ppm for R = Ph, Et, and Cy, respectively.
Hence, the substituents on phosphorus make a significant
difference in the shift of the *'P NMR resonance. In the P:Th =
1:1 reaction, compound 1 is formed along with a
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dehydrocoupled phosphine product as the byproduct, but this
is not (2,4,6-Pr;CsH,),(PH), on the basis of P NMR
spectroscopy.'® The dehydrocoupled product is unknown. In
both cases, heating to at least 65 °C is required for reaction
shown in eq 1 to occur. Complex 1, which has a vibrant orange
color, is a rare example of a primary phosphido complex with
any actinide and the first with thorium. Its structure is shown in
Figure 1.

However, when 2 equiv of (CsMe;),Th(CH,), was reacted
with 1 equiv of H,P(2,4,6-Pr;C¢H,) at 95 °C for 12 h in
toluene (eq 2), a red-orange product with an 'H NMR
spectrum exhibiting two distinct CsMe;~ resonances was

%/CHS

Figure 1. Thermal ellipsoid plot of 1 shown at the 50% probability
level. Hydrogen atoms have been omitted for clarity. Selected bond
distances (A) and angles (deg): Thl1—-Pl, 2.8754(6); Thl-P2,
2.8830(6); P1—-Cl1, 1.842(2); P2—C16, 1.843(2); P1-Thl1-P2,
92.180(18); Th1—-P1-Cl, 121.26(7); Th1-P2—C16, 121.91(7).
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obtained, and only one phosphorus product was observed in
the 3'P{'"H} NMR spectrum. Interestingly, this *'P signal was
located far downfield at 161.9 ppm. Only a singlet was observed
in the proton-coupled experiment, and no P—H stretching
frequency was seen in the IR spectrum; hence, this resonance
corresponded to a phosphorus atom without a coordinated
proton. This is the region of the *'P NMR resonance for a
bridging phosphinidene lutetium complex.® The structure was
determined by X-ray crystallography to be [(CsMes),Th],(i,-
P[(2,6-CH,CHCH;),-4-PrCsH,] (2) (Figure 2). Complex 2 is
the first structurally determined phosphinidene complex with
thorium that has been reported and only the fifth with an
actinide overall.
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Figure 2. Thermal ellipsoid plot of 2 shown at the 50% probability
level. Hydrogen atoms have been omitted for clarity. Selected bond
distances (A) and angles (deg): Thl1—P1, 2.8083(9); Th1-C48,
2.482(3); Th2—P1, 2.8186(9); Th2—C51, 2.472(3); Th1—P1-Th2,
173.99(3); P1-Th2—CS1, 95.19(8).

Complex 2 is the result of two P—H bond activations as well
as two C—H bond activations to give each thorium center two
CsMe;~ ligands, one Th—C bond, and one Th—P bond. The
presence of two CsMe,~ resonances in the "H NMR spectrum
is presumably due to the steric congestion about the thorium
center, which restricts the rotation of the CsMe;~ ligands. The
Th—C bond distances of 2.482(3) and 2.472(3) A are shorter
than the distances of 2.551(7) and 2.552(7) A observed in
(C¢Me;),Th(CH,Ph),."” Since the phosphinidene is bridging,
the Th—P bond lengths are only slightly shorter than in 1: the
Th—P bond lengths in 1 are 2.8755(6) and 2.8829(7) A, while
Th—P bond lengths of 2.8083(9) and 2.8186(9) A are observed
in 2. One interesting feature of 2 is the nearly linear Th—P—Th
bond angle of 173.99(3)°, which is much larger than the angle
of 157.7(2)° seen in Marks’ [(CsMes),(OCH,;)U],(u,-PH)
complex.” This is due to the Th—CH, linkages which enforce
the linearity of the Th—P—Th bond angle as well as a planar

phosphorus geometry with a Th1—-P1-C41 (ipso carbon)
bond angle of 93.81(10)°.*°

The bonding in 2 was interrogated using density functional
theory (DFT) calculations. Natural bond orbital (NBO)
analysis showed that there is no Th—P multiple-bonding
character, and two polar covalent bonds with 80% P and 20%
Th character are observed Figure 3.

Figure 3. Plot of the HOMO-1 displaying the interaction between P
and the two Th centers.

A proposed mechanism for the formation of 2 was also
studied theoretically using DFT calculations (Figure 4). The
first transition state, TS1, corresponds to P—H activation of the
phosphine. The proton is transferred from phosphorus to a
methyl ligand of the thorium complex to give Intl with the
concomitant release of a methane molecule. The optimized
three-dimensional (3D) structures of TS1 and Intl are
reported in Figure S6. The substrate does not bind between
the two methyl groups in order to avoid steric repulsions
between its 'Pr groups and the methyl substituents of the
cyclopentadienyl ligands on thorium. TS1, like the other
transition states found (TS2, TS3, and TS4), is a classic four-
center o-bond metathesis transition state, with P, H, and C
almost aligned (172.5°). The activation barrier was calculated
to be +23.4 kcal/mol, so the reaction is kinetically accessible.
This can be explained by the favorable charge alternation
(calculated with the natural population analysis (NPA)
technique) at the transition state level: +2.20 for Th, —0.24
for P, +0.03 for H, and —0.49 for CH;. Moreover, there is a
stabilizing a-agostic interaction between a C—H bond of CH;
and Th. Once the methane molecule is released, the complex
relaxes to give Intl, whose formation is thermodynamically
favored (—11.3 kcal/mol). The Th—P bond is formed (2.90 A)
while the Th—P—H angle is quite tight (105.8°), but these
compare well with the Th—P bond distance of 2.8829(7) A and
Th1-P1—HI angle of 106.5° in 1.

The second transition state, TS2, corresponds to the
subsequent C—H activation of one of the sp® carbons of the
"Pr group at the ortho position of the phenyl substituent. The
proton is transferred to the remaining methyl ligand of the
thorium complex, leading to the formation of Int2 and the
release of another methane molecule. The optimized 3D
structures of TS2 and Int2 are presented in Figure S7. The
relative activation barrier was calculated to be +30.8 kcal/mol.
Thus, this reaction is kinetically accessible but definitely slower
than the first step. The explanation for that higher barrier is that
the proton of the sp* carbon of 'Pr is less acidic than the proton
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Figure 4. Calculated energy profile of the reaction of (CsMe;),Th(CH,), with H,P(2,4,6-PryC¢H,). For clarity, [Th] represents (CsMes),Th.

of the phosphine group. This reaction step is almost athermic
(+1.4 kcal/mol with respect to Int2).

The formation of a terminal phosphinidene was also
calculated (Figure S8). In order to transfer a proton to the
remaining methyl ligand, the hydrogen has to be oriented
toward the alkyl prior to the transition state level. Thus, a
rotation of the [PH('Pr;C4H,)]™ ligand must be performed
after the first step of the reaction. This process is sterically
demanding since it involves strong repulsion between the Pr
groups and the Cp* ligands. The subsequent proton transfer is
kinetically facile but thermodynamically not favorable. Thus,
the (CMe;),Th=P('Pr,C4H,) product is less stable than the
previous intermediate and should not be observed. The only
possible reaction after the first P—H activation is thus the C—H
activation of the ‘Pr group.

The third transition state, TS3, corresponds to the C—H
activation of one of the sp* carbons of the other ‘Pr group at the
ortho position of the phenyl substituent by another thorium
complex. Even though the P—H bond is more acidic than this
C—H bond, the P—H activation cannot be carried out yet
because of strong steric hindrance. Once again, the ‘Pr group
does not come between the two methyl groups in order to
avoid steric repulsions between the phenyl substituent and the
methyl substituents of the Cp group. The proton is transferred
to a methyl group to form Int3 with concomitant release of a
methane molecule. The optimized 3D structures of TS3 and
Int3 are presented in Figure S9. The relative activation barrier
was calculated to be +31.3 kcal/mol. The charge alternation of
the transition state is still very good (+2.32 for Th, —0.41 for
CH,, +0.21 for H, and —0.41 for CH,), but the poor acidity of
the methyl group of ‘Pr leads to a quite high activation barrier.
This reaction step is almost athermic (+1.6 kcal/mol with
respect to Int2). In Int2, the phosphorus atom interacts with
both Th centers (3.05 and 3.36 A). As a consequence, the
CH;—Th—CH, angle of the new thorium complex is very large
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(134.9°), and the methyl ligand is in ideal position for the next
step of the reaction, namely, the P—H activation.

The fourth transition state, TS4, corresponds to the P—H
activation leading to the formation of the final product of the
reaction and another methane molecule. The proton is
transferred to the last methyl group of the second thorium
complex. The optimized 3D structures of TS4 and Prod are
presented in Figure S10. The P—H bond and methyl groups are
both perfectly oriented in Int3 to form TS4, with P, H, and
CH; slightly less aligned than for the previous transition states
(160.6°) because of the lack of flexibility of the bimetallic
complex. The relative activation barrier was calculated to be
+15.9 kecal/mol, indicating that this step is kinetically very
accessible. This is due to both the high acidity of the P—H
group and the convenient orientation of the reacting groups in
Int3. The charge alternation at the transition state level is also
very good: +2.20 for Th, —0.25 for P, +0.10 for H, and —0.46
for CH;. Moreover, this last step is thermodynamically very
favorable (—20.6 kcal/mol with respect to Int3). The
comparison between the optimized and experimental geo-
metrical parameters of Prod is reported in Table S2. There is
very good agreement between the computed and observed
structures. The calculated Th—P distances are slightly longer
because of the use of the S5f-in-core pseudopotential for
thorium. However, it is now well-documented that the use of
Sf-in-core pseudopotentials for actinides leads to slightly
overestimated activation barriers, so the reaction should be
kinetically accessible experimentally.”"** Globally, the reaction
is thermodynamically very favorable (—28.9 kcal/mol) but
somewhat difficult kinetically because of the C—H activations
of the sp® carbons of the 'Pr groups (~30 kcal/mol), in very
good agreement with the experimental conditions.

The reactivity of 2 was probed with elemental sulfur and CS,
for possible insertion into the Th—C bond as well as HO(2,6-
Me,C¢H;) and HPPh, to add via protonation of the Th—C
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bonds. Efforts were further made to oxidize the P(III) to P(V)
using N-morpholine oxide. None of the insertion or oxidation
reactions were successful. Protonation using HO(2,6-
Me,C¢H;) produced (CiMe;),Th[O(2,6-Me,C¢H;)], (3)
(Figure SS), H,P(2,4,6-Pr;C¢H,), unreacted 2, and an
unidentified phosphorus product. The reaction of 1 with 2
equiv of HO(2,6-Me,C¢H;) also produces 3 and H,P-
(2,4,6-Pr;C¢H,). No reaction between 2 and HPPh, was
observed, even upon heating to 95 °C for 12 h. Even a reagent
such as benzophenone, which might have been expected to
exhibit Wittig-type reactivity, failed to produce any reaction.
The inertness of 2 is presumably due to its six-membered
metallocycle. Furthermore, the weak nature of the Th—P bond
leads to ligand redistribution and uncontrollable protonation.
The inability of the phosphorus to undergo oxidation may be
the result of an inductive effect from the two thorium cations or
steric encumbrance provided by the pentamethylcyclopenta-
dienyl ligands.

In summary, a thorium phosphinidene complex obtained
from the reaction of 2 equiv of (C;Me;),Th(CH;), with
H,P(2,4,6-Pr;C¢H,) has been reported. This reaction produces
a bridging phosphinidene with two concomitant C—H bond
activations. This represents the first structural characterization
of a thorium phosphinidene and a rare example of such a
complex with an actinide. Additionally, a rare bis(phosphido)
and first primary phosphido complex with thorium has been
isolated. This demonstrates the ability of thorium to act as a
strong Lewis acid and the novel chemistry that can exist with
actinide—pnictogen bonds.
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