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We report herein the synthesis of the first structurally characterized
homoleptic actinide aryl complexes, [Li(DME)z],[Th(CgHs)s] (1) and
[Li(THF)(12-crown-4)],[Th(CgHs)el (2), which feature an anion possessing
a regular octahedral (1) or a severely distorted octahedral (2) geometry.
The solid-state structure of 2 suggests the presence of pseudo-agostic
ortho C—H-:--Th interactions, which arise from ¢(C—H) — Th(5f)
donation. The non-octahedral structure is also favoured in solution
at low temperatures.

High-valent homoleptic transition metal complexes of the type
[MRe]? (R = alkyl, aryl; ¢ = 0, —1, —2) have proven to be incredibly
useful for exploring the nature of the M-C bond.” In particular,
the observation of a trigonal prismatic structure for these com-
plexes, as opposed to the more common octahedral geometry, is
considered strong evidence for the involvement of the d orbitals in
the metal-carbon bonds.>* A number of trigonal prismatic [MRg]¢-
type complexes have been structurally characterized, including
[Li(TMEDA)],[Zr(CH;)6],° [M(CH3))! (M = W, Re, Nb, Ta;
g = 0,—1)," [Ta(C=CSitBu;)s]",” [M(C¢Hs)s]>~ (M = Zr, Nb),®
and [Ta(Ce¢Hs)s] .° Notably absent from this list, however, are
their heavier actinide analogues. This paucity is notable, as
structural characterization of [AnRe]? complexes would provide
a unique platform to study the involvement of the 6d and 5f
orbitals in An—C bonds. In this regard, we, and others, have
made several attempts to isolate homoleptic alkyl complexes of
thorium'®"" and uranium."** Despite considerable synthetic
efforts, previous attempts have resulted in the isolation and
structural characterization of only three homoleptic Th alkyl com-
plexes, namely, the 5-coordinate complex [Li(THF),][Th(CH,¢Bu)s],"°
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and two 7-coordinate complexes, [Li(TMEDA)];[Th(CH,),]"* and
[K(THF)],[Th(CH,Ph),],"® where the latter features an n* interaction
for one of its benzyl ligands. Similarly, only a few 6-coordinate
homoleptic U alkyl complexes are known, namely [Li(TMEDA),-
[U(CH;)], [K(THF)L[K(THF)J[U(CH,Ph)gl,, and [Li(THF),[U(CH,-
SiMej;)].">"* The latter was oxidized in situ to U(CH,SiMes)s, which
was characterized using ">C and "H NMR spectroscopies, accom-
panied by relativistic DFT calculations of NMR chemical shifts.'®
In each uranium example, an octahedral geometry was observed,
which is perhaps not surprising, as significant f-orbital participation
in bonding tends to favor an octahedral geometry."” In contrast, d
orbital involvement in Th-C bonding is expected to be more
significant than f orbital participation,'®'® and therefore the obser-
vation of a trigonal prismatic structure should be more likely for this
element relative to the other actinides.'® Given this consideration, we
endeavored to synthesize and structurally characterize the homo-
leptic actinide-aryl complex, [Th(C¢H;)s]* ", by reacting ThCl, with
an excess of phenyl lithium.

Addition of 8 equiv. of PhLi to a THF solution of ThCl,(DME),
results in the formation of a white solid and a dark amber solution.
Isolation of this amber material, followed by recrystallization from
concentrated DME, afforded [Li(DME);],[Th(C¢Hs)s] (1) as a pale
yellow crystalline material in 56% yield (Scheme 1). Complex 1 is
thermally unstable at room temperature (RT), both as a solid and in
solution, but is stable for up to 2 weeks as a solid at —25 °C. It is
insoluble in hexane, aromatic solvents, and diethyl ether, but very
soluble in THF and DME. Its "H NMR spectrum in THF-dg at RT
reveals resonances at 7.61 ppm, 7.00 ppm and 6.79 ppm in the ratio
of 2:2:1, corresponding to the ortho, meta, and para protons of the
phenyl ring, respectively. In addition, there is a single resonance in
its "Li{"H} NMR spectrum at 2.60 ppm. The “*C{*"H} NMR spectrum
in THF-dg exhibits a key fingerprint resonance at 220.5 ppm, which
corresponds to the ipso-carbon, as also confirmed by our relativistic
DFT calculations of the NMR chemical shifts (¢f Table S2 in the
ESIt). This resonance is shifted notably downfield from the corres-
ponding “C-ipso shifts in related Ti, Zr, and Hf aryl complexes
(which typically appear between 183 and 198 ppm),”® which can
be attributed to a substantial spin-orbit (SO)-induced deshielding
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[LI(DME)g], [LI(THF)(12-crown-4)l,
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Scheme 1 Reaction of ThCl, with an excess of phenyl lithium.

1) 8 PhLi, THF, -25 °C
2) recryst from DME
ThCl4(DME), —————————>

(6so > 30 ppm) of o-bonded carbon nuclei to f° actinide center.'®**

The other ’C aryl signals are observed at 136.9, 126.6 and
125.2 ppm, and are assignable to ortho, meta and para carbon
atoms of the phenyl ring, respectively.

Complex 1 crystallizes in the trigonal space group R3, and its
solid-state molecular structure is shown in Fig. 1 (top). The
thorium-containing anion resides on a special position such that
there is only one crystallographically unique phenyl group. As a
result, the geometry about the Th center is a near perfect
octahedron, with a Th1-C1 bond length of 2.589(3) A. This value

Fig. 1 ORTEP diagram of [Li(DME)z]>[Th(CeHs)el (1, top) and [Li(THF)(12-
crown-4)l,[Th(CgHs)gl (2, bottom); thermal ellipsoids set at 50% probability,
cations and hydrogen atoms are omitted for clarity. Asterisks denote symmetry
related atoms. Selected bond lengths [A] and angles [deg]: 1: Th1-C1 = 2.589(3),
C1-Thl-C1* = 180, Cl1-Thl-Cl* = 89.1(1), C1-Th1-C1* = 90.9(1). 2:
Thl-Cl = 2.620(3), Th1-C2 = 2553(3), Th1-C3 = 2636(3), Th1-C4 =
2.648(3), Th1-C5 = 2.557(3), Th1-C6 = 2.605(3), C1-Th1-C2 = 110.5(1), C1-
Th1-C3 = 78.1(1), C1-Th1-C4 = 159.0(1), C1-Th1-C5 = 93.2(1), C1-Th1-C6 =
79.1(1), Th1-C1-C11 = 108.7(2), Th1-C1-C7 = 137.2(3), Th1-C2-C12 = 108.8(2),
Th1-C2-C16 = 136.4(2), Th1-C3-C17 = 113.2(3), Th1-C3-C21 = 121.8(3), Th1-
C4-C22 = 117.0(3), Th1-C4-C26 = 129.8(3), Th1-C5-C31 = 109.7(2), Th1-C5—
C27 = 1354(3), Th1-C6-C32 = 104.4(2), Th1-C6-C36 = 141.3(2).
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is typical of Th-C bonds,"*""** and agrees well with those optimized
at the DFT level (Table 1). Additionally, there are two [Li(DME);]"
cations per [Th(C¢H;)e[>~ anion, and these feature no obvious
interaction with that moiety.

Interestingly, the addition of 1 equiv. of 12-crown-4 to a THF
solution of 1 results in a new material, [Li(THF)(12-crown-4)],-
[Th(CeHs)s] (2), which can be isolated as a light tan crystalline
solid in 44% yield (Scheme 1). Complex 2 is less thermally stable
than complex 1. It is stable as a solid for about a week at —25 °C
under an inert atmosphere, however, as a solution at —25 °C,
complex 2 exhibits partial decomposition after 10 min, as
evidenced by the formation of benzene. The 'H NMR spectrum
of 2 at RT features aryl resonances that are essentially identical to
those of 1. In addition, an intense singlet is observed at 3.38 ppm,
which is assignable to the 12-crown-4 moiety.

Complex 2 crystallizes in the monoclinic space group P2,/n, and
its solid-state molecular structure is shown in Fig. 1 (bottom). Unlike
1, complex 2 exhibits a severely distorted octahedral geometry,
although no close contact between the [Th(C¢Hs)e]>~ moiety
and the counterions are apparent. For example, the smallest
C-Th-C angle is C1-Th1-C3 = 78.1(1)°, while the largest C-Th-C
angle is C1-Th1-C4 = 159.0(1)°. The Th-C bond lengths range
from Th1-C2 = 2.553(3) A to Th1-C3 = 2.636(3) A, and are
comparable to those optimized for [Th(C¢H;s)e]*~ with C; and
C;' symmetry (Table 1). Perhaps more interestingly, several of the
Ph ligands in complex 2 feature relatively acute M~Cj,5,~Corino bond
angles (~104—110°) and short Th- - -H,,, contacts (~3.01—3.14 A;
estimated using C-H bond lengths of 0.99 A),® which are sugges-
tive of pseudo-agostic (anagostic) interactions.** For example, the
Th1-C6-C32 bond angle is 104.4(2)°, while the Th1-C6-C36 bond
angle is 141.3(2)°, a difference of 37°. Three other phenyl groups
(namely, C1, C2, and C5) in complex 2 also appear to feature
ortho C-H anagostic interactions, although not as strong as
those observed for the C6 phenyl ligand.

To better evaluate the geometry about the Th center in complex 2,
we determined its Continuous Shape Measure (CSM).>®> The CSM
analysis generates a pair of coordinates {S(TPM), S(Oy,)}, from which
a qualitative determination of the structure can be made. According
to the CSM, a value of {16.7, 0} is expected for a perfect octahedron
(as found, e.g: for 1), while a value of {0, 16.7} is expected for a perfect
trigonal prism. Complex 2 features CSM coordinates of {4.83, 6.17}.
These parameters suggest that the geometry of 2 lies at a point
intermediate between that of an ideal octahedron and an ideal
trigonal prism. However, they also indicate that 2 deviates somewhat
from the Bailar trigonal twist pathway commonly observed for
6-coordinate complexes.>” No doubt, the challenge of describing
the structure of 2 is the result of interactions between the metal
center and C-H bonds of the Ph ligands.

Clearly, the energy difference between the structures of 1 and 2
must be small, given that different crystal packing can result in one
structure being favored over the other. Nonetheless, the solution
spectroscopic properties of 1 were examined with greater scrutiny
(see Fig. S4 in the ESIT for variable temperature NMR spectra of 1 in
THF-dg) in an attempt to observe this structural perturbation in
solution. Interestingly, upon cooling to —90 °C, the phenyl reso-
nances decoalesce into five separate peaks, with 5(*H) at 7.84, 7.16,
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Table 1 Relative energies, selected structural parameters and analysis of the M—C bonds in [M"V(CgHs)el>™

different symmetry
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complexes (M = Zr, Hf, Th) with

NPA charges ~ NLMO (M-C)"

AE. «M-C-C)?  d(M- - -Hypeno)°
Complex” Symm. [k] mol™'] d(M—C) [A] [deg] [A] {S(TPM),S(0p)} gM) q(CF %M M(s) M(d) M(f)
[Zt(CeHs)e*™  Cs 0.0 2.373  2.371 117.2 3.242 {1.2,9.8} 212 —044 125 20 80 0
Xl 18.1 2.346  2.413 109.0 2.986 {5.1,4.5} 2.02  —0.42 132 20 80 0
Se 34.1 2.406  2.403 122.6 3.404 {16.7,0.0} 239 —051 111 30 70 0
[Hf(CeHs)e]*~  Cs 0.0 2.371  2.369 117.5 3.247 {1.8,8.3} 222 -046 11.8 24 76 0
Xl 12.1 2.365 2.408 114.6 3.159 {8.4,1.8} 229 —048 110 28 72 0
Se 9.4 2.397  2.397 122.8 3.392 {16.7,0.0} 245 052 10.8 34 66 0
[Th(CeHs)e*~  Cs 6.5 2.589 2.614 110.2 3.198 {2.5,8.8} 1.69 -039 148 15 70 15
oX 0.0 2.567 2.615 106.4 3.064 {5.1,5.4} 1.55 -037 152 14 71 15
Se 18.7 2.640  2.640 122.4 3.590 {16.7,0.0} 214 048 11.5 24 52 24

¢ PBE0-D3(BJ)/ECP/def2-TZVP results (see Computatlonal methods in the ESI). ?
The shortest d(M- - -Hyno) contact.
Computational methods in the ESI). ¢ NPA charges averaged over all Cy,, atoms.

4 The most acute M-Cipso=Coreno) angle. ©

bonding NLMOs.

7.01, 6.78, and 6.60 ppm, which we have tentatively assigned to the
five proton environments anticipated for a C; symmetric structure
with restricted Th-C bond rotation. Alternatively, the five proton
environments can be assigned to a phenyl group involved in a static
anagostic interaction. Either interpretation suggests that a non-
octahedral structure, similar to that observed for 2 in the solid-
state, is present in solution at very low temperatures. Further
support for this interpretation comes from the good agreement
between the experimental "H NMR spectrum and the calculated
'H NMR shifts for the C; and C;’ structures (Table S3, ESIT).
Finally, using the two-site exchange approximation,*® the activa-
tion barrier (AGE) for ortho CH exchange was calculated to be
40 kJ mol ™, however this value should be considered an upper
limit, as the broadness of the —90 °C spectrum prohibits an
accurate determination of Av.

To gain better insight into their structural preferences, we
performed quasi-relativistic DFT calculations on the naked [ThRg]*~
(R = CH3, C¢Hs) anions and the results were contrasted with those of
the isoelectronic Zr(v) and Hf{iv) congeners, as well as of the group 5
homologues (the salient structural parameters, along with relative
energies of individual geometries, are collected in Table 1 and Tables
S4 and S5 in the ESIY). In general, NPA charges and composition of
o(M-C) bonding NLMOs within the [M(C¢Hs)s"~ (M = Zr, Hf, Th)
series indicate strongly polar nature of the M-C bonds (with the
metal percentage contribution ranging from 10% (Hf) to 15% (Th)),
with somewhat less ionic character for Th, as well as increased
covalency upon changing an octahedral geometry to the energetically
more favorable (distorted) prismatic structure. While hexamethyl
[M(CH3)o]>~ complexes display only two distinct stationary points on
the potential energy hypersurface, corresponding to the octahedral
(Ss) and prismatic (Ds;,) geometries, we have found three for the
hexaaryl series (Ss, C; and C3'; see Fig. 2, top). The MCg unit in Cs
geometry of [M(C¢Hs)e*~ can be viewed as ideal or slightly distorted
trigonal prism, while C;’ structure is intermediate between
octahedral and trigonal prismatic geometries (but still maintaining
the Cj; axis; see also CSM coordinates in Table 1). In the latter, three
Ph rings of [M(C¢Hs)e]>~ moieties feature more acute M-Cips6~Cortho
bond angles (<110°) and shorter M- - -H,, contacts than found
for Cj structures (cf: Table 1), consistent with anagostic interactions

This journal is © The Royal Society of Chemistry 2016

Relative zero-point corrected electronic energies. © M—-Cj,s, bond lengths.
! CSM coordinates evaluated for the [MCg] core unit (see the text and
" The averaged metal and metal AO contributions (in %) to the o(M-C)

observed in the X-ray structure of 2.>” More importantly, while the
C5' structure is found as the global minimum for [Th(CeHs)e” ",
this severely distorted geometry is energetically disfavored over the
C; prismatic structure in transition-metal complexes (more so for
Zr than for Hf analogue).

According to natural bond orbital (NBO) second-order perturba-
tion energy analysis,*® stabilization of the C;’ geometry can be
ascribed to the donor-acceptor interaction between o(Cypno—H)
occupied MOs and the vacant, predominantly metal-centered
MOs with a significant 5f character (see Fig. 2 and Table S6 in
the ESI¥).>

This ortho C-H anagostic interaction is apparently absent in
transition-metal hexaaryl complexes, and it is notably weaker than
the agostic Th- - -H-C interaction in H,C—=ThH,>° (cf. Table $6 in
the ESIt). Nevertheless, it facilitates the stabilization of the
severely distorted C;’ structure and enlarges the gap between
non-octahedral minima and octahedral states by more than
9 kJ mol " as compared to [HfRs[>~ and [Th(CH;)e]>~ (cf. Table 1
and Tables $4 and S5 in the ESIt). In addition, removing f functions
in the basis set of Th (the 4f shell is included in the

AQPs L S0 ShPs

€3 AE, = 0.0 kd/mol

 Yadh

C3 AE, = 6.5 kJ/mol Sg AE, =18.7 kJ/mol

Q;Q

’\
Q
0!

Fig. 2 Top: Schematic structures of different geometries of [ThPhel>™.
Bottom: Isosurface plots (cutoff: +0.05 a.u.) for the (a) o(Copno—H) donor
and (b) acceptor NBOs associated with the anagostic Th- - -H—Cgo inter-

actions (indicated by red dashed-lines; H atoms are omitted for clarity).
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pseudopotential core) leads to a significant destabilization of
the octahedral structure of [Th(C¢H;)s]*>~ and also to energetic
preference of the C; geometry over C;’ (¢f. Table S5 in the ESIt),
demonstrating the important role of Th(5f) orbitals in structure
preferences despite their modest involvement in Th-C bonding
(¢f Table 1). Similar structural trends are also found in the
group 5 hexaaryl complexes, [M(C¢Hs)s] (M = Nb, Ta, Pa), where
the ortho C-H anagostic interactions stabilize the severely distorted
Cs' structure of the hypothetical [Pa(C¢Hs)s]  complex, while
[Pa(CH,)s] ™ is predicted to adopt a regular octahedral geometry
(¢f Tables S4 and S5 in the ESIt).

Despite the specific interactions discussed above, the difference
in energy between various geometries of Th, and in particular Hf,
hexaphenyl complexes is quite small (<20 k] mol '), as we
surmised above. We also note that the related [Hf(CoHs)o>~
anion also features different coordination geometries as a function
of the identity of its counterion.® For instance, [Li(THF)4],-
[Hf(C6Hs)s] exhibits an ideal octahedral geometry, while [Li(THF),]-
[Li(THF)|[Hf(C¢Hs)s] features an irregular structure, which is,
however, also not far away from octahedral (see Table S7 in the
ESIt for CSM analysis). Moreover, distortion of the latter is most
likely caused by close contact of [Li(THF)]" ion with three Ph
groups, which is not the case in complex 2.

In conclusion, [Th(C¢Hs)s]* is a rare example of an f orbital-
driven geometry. While a large ionic radius of Th** and the larger
Th-C bond covalency as compared to Zr/Hf homologues reduce the
repulsion between negatively charged ligands, and thus tend to
prefer a prismatic structure, involvement of 5f orbitals in Th-C
bonding acts oppositely, in favor of the octahedral coordination.
Concurrently, o(C-H) — Th(5f) donation comes into play and
determines the severely distorted octahedral structure as the global
minimum.
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09ER16067. P. H. acknowledges support from the Berlin DFG
excellence cluster on “Unifying Concepts in Catalysis” (UniCat).
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