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Abstract: Reduction of the bulky 8-annulene thorium complex{[COT(TBS}} ;] (COT(TBS) = 1-CgHg(tBuMe,-
Si)>-1,4) by potassium yields the anionic compoyich[COT(TBS)].} K+-(DME),, which was crystallographi-

cally characterized and is the first sandwich complex of Th(lll). EPR spectroscopy indicates that the molecule
possesses a bdround state. A structural comparison is made with the isostructural uranium(lll) complex and

the thorium(lV) parent compound.

Introduction

Although bis(8-annulene)uranium, [U(CQIICOT= 5-CgHg),
was first synthesized nearly 30 years agand despite the fact

that there are several trivalent early actinide complexes stabilized

by the cyclopentadienyl anion and its derivativethe first
structurally characterized trivalent early actinide 8-annulene
sandwich complex was reported only as recently as $991.

In contrast, trivalent lanthanide COT complexes such as
{Ce(COT}}~ are relatively common and anionic analogues
containing the later actinides such as Np and Pu are also khown.
In principle, there is no obvious reason for this discrepancy since
COT sandwich complexes are highly symmetric and provide
an ideal framework to attach sterically demanding functional
groups. These are usually required to kinetically stabilize such
large and generally highly reactive metal centers against the
decomposition pathways that tend to plague theHiNeverthe-

less, a comparison has been drawn between the existence o

the cerium(lll) compound Ce(COT})} ~ vs the nonexistence

of the thorium(lll) compound Th(COT)}~, where the dis-
crepancy was ascribed to the preference for thorium over cerium
and the lanthanides in general to exist inth&oxidation staté2
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A molecular orbital (MO) diagram for An(COZ)(An =
actinide) is shown in Figure ¥:1“The most conspicuous
covalent interactions which are primarily responsible for the
stability of these molecules involve the metaldéand ligand
group 3eq orbitals and the metal 6fand 3e, ligand group
orbitals® The antibonding counterpart of the latter consists
mostly of metal 58, so this orbital is destabilized with respect
to its parent atomic orbital (AO). Conversely, the interaction
of the 5% orbitals with the high-lying ligand s antibonding
orbitals stabilizes the former with respect to their parent AO’s.
The two remaining essentially nonbonding 5f orbitals, the f
and fz, lie between these two limits. Above the 5f series lies
the 6dr orbital, which is also essentially nonbonding due to
poor overlap with the low-lying ligand £ orbitals!® Placing
one electron in the lowest lying 5f-basegl, erbital yields a
qualitative diagram fof Th(COT)} ~. This hypothetical thori-

m(lll) compound has the same electronic configuration as the
nown compound, Pa(COZ and would be expected to generate
an EPR signal only at low temperature rather like its U(V) 5f
analogue{ U(CHT),} ~ (CHT = cycloheptatrienyl trianion)’ 19
The trivalent compound becomes thermodynamically more
stable than its tetravalent parent because the former can engage
in metal-to-ligand ¢-back-bonding to the empty ligandse
orbitals1320Substituents on the COT rings such as trialkylsilyl
groups would be expected to encourage this back-donation by
lowering the energy of thesgligand orbitals?! The dashed line
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Figure 1. MO diagram for An(COT). For{Th(COT)}~ a nonrela-
tivistic treatment leads to single occupancy of the 5f-basgdrbital
(f¢), wheras inclusion of differential relatavistic effects (dashed lines)
leads to single occupancy of the ¢6dz>-based) orbital.
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ideal precursor to a thorium(lll) sandwich complex. When a
slurry of 1 in dimethoxyethane (DME) is stirred over a
potassium mirror under arg&rat room temperature, a gradual
color change from yellow to deep green ensues with concomitant
dissolution of the starting material; after 24 h, a deep green
solution results and ultimately yields deep green prisms of
pyrophoric{ TA[COT(TBS})],} K+(DME); (2, see Scheme %¥.

The complex is virtually insoluble in aliphatic and aromatic

in the figure shows that by incorporating “differential relativistic hydrocarbons but extremely soluble in tetrahydrofuran (THF)
effects™? into the MO calculations, a stabilization of aZd and DME.
orbital occurs which leads to the placement of this orbital below  The formulation of2 as a 6d compound is supported by the
the 5f series. Now occupation of the lowest unoccupied measurement in solution at room temperature of a relatively
molecular orbital by one electron gives rise to & 6dmpound sharp and intense EPR signal wigh= 1.916: an electron in a
that is electronically distinct from Pa(CO)The compound 5f orbital would be expected to relax too quickly to be observed
[Th(Cp")3] (Cp" = 1-CsH3(SiMes),-1,3) is the only known at room temperatur¥:222’An EPR signal of a powdered sample
example of a molecule that possesses such a ground®4tate. of 2 at 298 K (Figure 2a) exhibits a signal typical for an axial
The possibility of such an electronic configuration for an or pseudoaxial system witfy, = 1.981 andg; = 1.887 with
organoactinide compound was first predicted by Snijders®tal. gay= 1.918. Superimposed on the latter feature at 110K (Figure
It is interesting to note that additional electrons can also be 2b) is some fine structure due to hyperfine interactions with
accommodated in this orbital and in the 5f manifold. The26d the COT(TBS) ring protons. They, value is close to 2 because
orbital is predicted to be virtually nonbonding with respect to an electron in the 2 orbital cannot orbit about theaxis and
the COT ligand group orbital® and so its half-occupation is  so the z component of the orbital angular momentum is
not expected to either greatly stabilize or destabilize the thorium- quenched, but spirorbit coupling can cause mixing with the
(1) complex with respect to the parent sandwich compound. dxzand d/zorbitals, lowering the value djn. Similar features
Either way, from the MO descriptions, there is nothing wrong are displayed by the 17-electron sandwich complexfLQT)-
on electronic grounds with the concept of a subvalent early (17-CsMes)], where the odd electron resides in az#drbital 28
actinide metal center stabilized by two COT rings. The magnetic moment (uncorrected)fmeasured as @-
tetrahydrofuran (thf) solution by the Evans method, is ug0

Results and Discussion

Use ofthe bulky, silylated 8-annulene liggr@OT(TBS)} 2~ 23
results in the isolation of [FCOT(TBS)} 2], 1,24 which is an

(24) See Experimental Section.

(25) Argon impurities rated te<0.5 ppm.

(26) The nature of the coordinated ether is important. When the reaction
is performed in THF or 18-crown-6 is added to the product from DME,
only green oils are isolated.

(27) A classical explanation for this, treating the electron as a standing
wave, is that f-orbitals have more angular nodes than d orbitals and hence
a shorter wavelength. By the deBroglie relationship; 1/1, hence f orbitals
Am. Chem. S0d.988 110, 986. Bursten, B. E.; Rhodes, L. F.; Stritmatter, have a greater orbital angular momentum than d orbitals, increasing the
R. J.J. Am. Chem. S0d.989 111, 2756. magnitude of the spinorbit coupling constant. This leads to faster electronic

(23) This ligand was prepared by a modification to the route for the relaxation by spir-orbit coupling mechanisms.
1,4-bis(trimethylsilyl)cycloocta-1,3,5-triene. See Experimental Section. (28) Gourier, D.; Samuel, E.; Teuben, J.Ihorg. Chem1989 28, 4663.

(21) Them-acceptor properties of silyl substituents on arene rings are
well documented, for example see: Jia, L.; Yang, X.; Stern, C. L.; Marks,
T. J. Organometallics1997, 16, 842 and references therein.

(22) Kot, W. K.; Shalimoff, G. V.; Edelstein, N. M.; Lappert, M. B.
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Figure 2. 2. (a) EPR spectrum of a powdered sample @it 298 K.

Figure 3. ORTEP?view of { Th[COT(TBS})]2} K+(DME), 2 (thermal
(b) EPR spectrum of a powdered sample2adt 110 K. g {Thl ( Mz Ko( )22

ellipsoids at 50%).

at 293 K, and is low when compared to the spin-only value for Table 1. Selected Bondlengths (&) and Angles (deg) Zoand 4

ohne un_pairedhelehc_trkc])ln (1.7;83_). The most (;b\ﬁous reason ;or_ M=Th M=U M=Th M=U
this, given the highly reactive nature of the compound, IS y=~1)" 2 796(6) 2.732(5) M(HC(21) 2.842(6) 2.783(5
contamination by OX|dat|9n prodycts such as {CTOT- Mglg—cgzg 2'780&3; 2'709§5; Mggcgzzg 2.803263 2'7758
(TBS)}2]. However, there is no evidence BiA NMR spec- M(1)—C(3) 2.746(6) 2.702(5) M(1)C(23) 2.797(6) 2.753(5)
troscopy of any such diamagnetic contamination. ResonancesM(1)—C(4) 2.773(6) 2.742(5) M(})C(24) 2.783(6) 2.761(5)
are seen, however, that are due to DME displaced from the m&g—g% g-;ggggg g;gg mggggg; g;gg% g;gig
potassium centers by the NMR.SO|V6KI§-(hf) and a broad M()—C(7) 2.781(6) 2.717(5) M(BC(R27) 2.771(6) 2.758(5)
paramagnetic signal due to t_he I|gam1|t-_butyl unlts._F\_’ather, M(1)—C(8) 2.747(6) 2.696(5) M(HC(28) 2.782(6) 2.742(5)
we think that the low magnetic moment is due to mixing of the \(1)—cen(1) 2.067  1.998 ~ M(BHCen(2) 2.094  2.042
ground-state magnetic component with low-lying excited states.
This is supported by remeasurement of the moment at 199 K, M =Th M=U
which yields a value of 1.4kg. UV—visible spectroscopy Cen(1)-C(1)-Si(1) 177.6 178.2
identifies two broad and intense bands at 705 and 826 nm,  Cen(1)-C(4)-Si(2) 175.0 177.2
presumably due to allowed (and hence intense) 6d to 5f  Cen(2-C(21)-Si(3) 177.3 178.1
Cen(2)-C(24)-Si(4) 174.2 175.1

electronic transitions that are responsible for the green color of
the compound. Of great interest would be the lowest energy
transition in this series: this is expected to come in the near- Table 2. Crystal Data and Structure Refinement and 4

infrared region of the electromagnetic spectrum, as it is predicted 2 4

to do so in [ThCf3].1® Unfortunately, a scan to 2500 nm proved Enraf Nonius fitted with EAST-TV area
inconclusive. The 5f based levels (Figure 1) will be further split detector processed by MADNESS software

diffractometer

by spin—orbit coupling, so that detailed assignment of the empirical formula GeHaKO4SisTh CugHooKO4SigU
observed transitions is not realistic; however, their intensity is formula weight 1116.72 1122.71
in accord with a 68ground state, i.e. single occupation of the temp'IKn h A 102%%)69 15(;(12369
d_o _Ievel (dotted line in Figure 1), fo2; in contrast, th_e Uv \évr?,\éteafssstém orthorhombic orthorhombic
visible spectrum of the analogous U(Ill) compléxdisplays space group Pbcn Pbcn
only a series of weak (forbiddeny-f transitions. unit cell dimensions

The structure o is presented in Figure 3, with selected bond & A 19.0274(14) 19.1026(5)
lengths and angles and data collection parameters detailed in A gg'géggz)lz) %g'égig))
Tables l and 2, r.espectlvelly. . vohjme, J) 12040(2) 11995(3)

The ring centroig-metal-ring centroid angle, ceaM —cen, Z 8 8
deviates from linearity by approximately;3his structural motif density(calcd), Mg/mA  1.232 1.243
has been observed in several COT complexes before, and hafr(gggz color ‘;?égn 4d6e3e2p orange
been postulated to arise from intramolecular forces such as van .
de_r Waals attractionsInterestingly, all thetert—lc_)utyl groups %ng;r:;%fg]rn&ata l%é%zg%gsx 0.145 gggngégf 0.18
point away from the metal, presumably to alleviate unfavorable  collection, deg
inter-ring steric interactions, although no restricted rotation about goodness-of-fit off?2 ~ 0.725 0.882
the ring carborrsilicon bond is evident on the NMR time scale fini[i|| Sigd(ilcﬁs R1W=Rg-03é%733 R1W=Rg-038%747
in solution for the uranium analogue (vide inféd)indicating L= o -2 Ve =~
that, barring a very high energy barrier to rotation, these groups Rindices (all data) RV%:R%S&E’SZ 4 le_R%iSS.?’l’zlz

do project across the inter-ring space in solution and provide
steric protection to the metal center. One of the coordinated range from 2.655(5) to 2.764(4) A, whereas the abnormal bond,
et_herunits exhibits an asymmetry in metakygen bond lengths K(1)—O(2), is 2.898(5) A). This suggests that one chelating

with one very long bond to K (the “normal” KO bond lengths  gther unit may be labile. In fact, samples crystallized from pure

DME tend to collapse to powders when the last traces of solvent
are removed in vacuo.

(29) A plot of 6 vs 1IT from —80 to +70 °C for thetBuSi and MeSi
groups is linear.
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Figure 4. ORTEP? view of {U[COT(TBS)];} K+(DME), 4 (thermal
ellipsoids at 50%).

Comparison with isostructur@J[COT(TBS)],} K-(DME),,
4, made similarly from U[COT(TBS]J; (3) and potassium (see
Scheme 1), affords the first opportunity to contrast the metrical
parameters of trivalent thorium, trivalent uranium, and tetrava-

Parry et al.

techniques. The synthesis and manipulation of compo@ndsd 4
required argon rated t60.5 ppm impurities. NMR solvents were dried
over molten K and vacuum distilled. Microanalyses were by Mik-
roanalytisches Labor Pascher, Remagen-Bandorf, Germany. Cyclooc-
tadiene andt-BuSiMe,SO;CF; were purchased from The Aldrich
Chemical Co., Ltd. ThGlwas synthesized by passing-bbntaining

CCl, vapor over ThQ@in a quartz boat at 758C inside a quartz tube,
causing the product to sublime out as white crystals W@k prepared

by the literature procedurd.

X-ray Crystallographic Study on 2. Crystals suitable for X-ray
diffraction were grown by diffusion of pentane into concentrated DME
solutions at room temperature and were coated in oil before mounting
on the diffractometer at 120 K.

5,8-Bis{BuSiMe;)cycloocta-1,3,6-triene1,5-Cyclooctadiene (16.9
mL, 0.138 mol) was treated with 3 equiv pBuLi (166 mL of a 2.5
M solution, 0.415 mol) and 3 equiv of tetramethylethylenediamine
(TMEDA) (62.5 mL, 0.415 mol), as in the synthesis of trimethylsilyl-
COT derivatives? The volatiles were removed in vacuo and the residue
extracted with dimethoxyethane (DME) (600 mL). This was filtered
through Celite on a glass sinter to remove LiH. The Celite was washed
with an additional aliquot of DME (200 mL) and the filtrates combined.
This deep red DME solution was then coole¢bQ °C) in a cold bath
leading to precipitation of a pale green solid. To this suspension was
added dropwise neaBuMe,SiSOCF; (63.2 mL, 72.7 g, 0.275 mol),
with stirring. An exothermic reaction ensued and the reaction mixture

lent thorium where each metal center possesses an identicalyas maintained at40°C with additional cooling. Close to the end of

ligand environment! The structure of is presented in Figure

the addition, the solid disappeared leaving a clear pale yellow solution.

4, with selected bond lengths and angles and data collectionThis was allowed to warm to room temperature and stirred for 3 h.

parameters detailed in Tables 1 and 2, respectively.

For both anionic complexes, the-MC distances for the ring
capped by K (M-C(ring 2)) are on average longer than those
for the uncapped ring (MC(ring 1)): U—C(ring 1) 2.720(5)
A, U—C(ring 2) 2.753(5) A; Th-C(ring 1) 2.771(6) A, and Th
C(ring 2), 2.789(6) A. This trend is also reflected in the metal
centroid (M—cen) distances: Ycen 1, 1.998 A, W-cen 2,
2.042 A: Th—cen 1, 2.066 A, Thcen 2, 2.090 A. This effect

The solvent was then removed in vacuo with the aid of a hot water
bath (70°C). The resulting mixture of oil and crystalline LiSig0R;

was extracted with petroleum ether (360100 mL) and filtered via
cannula. The solvent was removed from the filtrate in vacuo to leave
a yellow oil, 5,8-bis(BuSiMe)cycloocta-1,3,6-triene, that was greater
than 95% pure byH NMR spectroscopy. Yield 29.3 g, 0.088 mol,
64% based on CODH NMR (CDClz, 300 MHz,+20 °C): 6 —0.02

(s, 12H, SMey), 6 0.88 (s, 18H, SLMey), 6 2.93 (M, 2H,—CHy), o

5.47 (d,J = 1 Hz, 2H,—CH,), 6 5.54 (t,J = 9.5 Hz, 2H,—CH,),

has been noticed before and ascribed to the electrostatics 78 (m, 2H,—CH,). /e 334 (M").

influence of the alkali metal iohThe average Th(lI)-C(Ring)
distance is 2.780 A, and the corresponding Ug)(ring)
distance is 2.737(5) A. The average Th(®\(ring) and Th-
(IV)—cen distances in [Th(COT(TBg)] (see Supporting
Information) are 2.718 and 1.999(7) A, respectively, implying
that the metal radius in the Th(lll) compound is approximately
0.04 and 0.06 A larger than the radii in the U(Ill) and Th(IV)
compounds, respectively. As mentioned above, the-é&n
cen angles all deviate slightly from linearity (174.972.4,
172.3; Th(lll), U, Th(lV), respectively) and the silyl groups
bend in slightly toward the metal center, the e&{(ring)—TBS
angle ranging from approximately 174 to E7®r all three
compounds.

Conclusions

We have shown that silylated COT ligands can stabilize low
oxidation state early actinide metal centers in sandwich com-
plexes both thermodynamically (by virtue of metaing orbital
interactions) and kinetically (by virtue of bulky ligand substit-
uents).

Experimental Section
General Comments.All air-sensitive materials were manipulated

Li2[1,4-bis{BuSiMe;)COT]-THF. To a cooled solution of 5,8-bis-
(tBuSiMey)cycloocta-1,3,6-triene (22.6 g, 0.068 molf©) was added
slowly by syringe 2 equiv of 2.5MBuLi solution in hexanes (54.5
mL, 0.136 mol). The solution was allowed to warm to room temperature
and was then stirred for 1 h. The solvents were removed in vacuo and
the gummy solid placed in a hot water bath under dynamic vacuum
(30 min, 70°C). The resulting brittle solid was broken up into small
pieces with a spatula and washed with cold pentar&0(°C, 2 x 80
mL) and then returned to the water bath as before for an additional 1
h. This procedure afforded a gray solid[lli4-bis¢(BuSiMe&)COT]-

THF, that was consistently shown to contain one molecule of THF per
dianion by'H NMR spectroscopy. Yield 19.55 g, 0.047 mol, 69%).
H NMR (CgDg, 300 MHz,+20 °C): 6 0.74 (m, 4H, OEH,CH,), 6
0.87 (s, 12H, ey, 6 0.88 (s, 18H, SEMey), 6 2.47 (m, 4H,
O-CH,CHy), 6 6.19 (s, 2H~CH), 6 6.27 (s, 2H,—CH), 6 6.40 (s, 2H,
—CH).

[Th{COT(TBS)2}2] (1). To a suspension of sublimed Th(L.35
g, 3.61 mmol) in cold THF (20 mL;-70 °C) was added a solution of
Li5[1,4-bis¢BuSiMe,)COT]-THF (3.00 g, 7.22 mmol) in cold THF (30
mL, —70°C). The mixture was allowed to warm to room temperature
and stirred for 20 h, during which time it turned yellow. The solvent
was removed in vacuo and the product extracted with toluene (100
mL) and filtered. The solvent was removed and the solid washed with
pentane (2 20 mL) and dried in vacuo, yieldingas a yellow powder
(2.20 g, 2.46 mmol, 68%)H NMR (CsDs, 300 MHz, +20 °C): o

under dry nitrogen in a drybox or by standard high-vacuum and Schlenk 0.73 (s, 18H, SEMey), 6 0.77 (s, 6H, ey), 5 0.67 (s, 6H, ey),

(30) Hermann, J. A.; Suttle, J. F.; Hoekstra, H.IRorg. Synth.1974
15, 243.

0 6.77 (m, 2H, ringEH), 6 6.86 (m, 4H, ringcH). Anal. Calcd for
CuoH72SisTh: C, 53.54; H, 8.09. Found: C, 54.02; H, 8.44e 897

(31) The only other example where an analogous comparison is possible (M™*).

is between Th(Cp)s and U(Cp')s. Unfortunately, the crystal structure of
the latter has not been published. See: Lukens, W. W.; Blosch, L. L,;
Andersen, R. AJ. Am. Chem. S0d.996 118 901. Blake, P. C.; Lappert,
M. F.; Atwood, J. L.; Zhang, H. MJ. Chem. Soc., Chem. Comm@886
1148.

(32) Burton, N.; Cloke, F. G. N.; Joseph, S. C. P.; Karamallakis, H.;
Sameh, A. AJ. Organomet. Cherhi993 462, 39.

(33) Johnson, C. K. ORTEP I, Report ORNL-5738, Oak Ridge National
Laboratory, Tennessee, 1976.
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{Th[COT(TBS)]2}K+(DME) (2). A suspension ot (2.00 g, 2.23 0 -41.6 (s, 2H,—CH), 6 —48.2 (s, 2H,—CH). Avy; ranges between
mmol) in DME (50 mL) was addedta K mirror (0.40 g, 0.01 mol, 10 and 30 Hz. Anal. Calcd for&H7;SisU: C, 53.18; H, 8.03. Found:
4.5 equiv). The mixture immediately began to change color and within C, 53.57; H, 8.22m/e 903 (M*).

%, h was deep green. This was stirred for 48 h to give a clear deep {U[COT(TBS)2]2} K -(DME) (4). 4 was prepared analogously 20
green solution that was filtered from the excess K and concentrated tofrom 3 (1.86 g, 2.06 mmol) and K (0.40 g, 0.01 mol, 4.9 equiv) in
ca. 10 mL. Cooling £50°C, 5 days) afforded large green prismsof  pME, yielding small iridescent deep orange needles on trituration of
which were isolated by decantation and dried in vacuo. The supernatantjeep red DME solutions with pentane (1.61 g, 1.58 mmol, 7784).
was triturated with pentane (40 mL) causing the crystallization of NyR (C4DgO, 300 MHz, +22 °C): & +2.36, Aviz—zs 1z (18H); O
copious amounts df and decolorization of the solution. The solid was  _1651 Avypes 1, (6H); 0 —8.00, Avipeiss 1z (6H); 0 —24.1,
isolated by filtration and dried in vacuo to yield a second croj.of Aviz=azs vz (2H): 0 —30.4,Aviio-a10 1z (2H): 0 —37.6,Av1i2-a02 12 (2H).

The crops were combined and washed with toluene (® mL), dried Anal. Calcd for GsHeoKO,SiU: C, 51.35; H, 8.26. Found: C, 51.60:
in vacuo, and then redissolved in a minimum amount of DME (ca. 15 4 g3g. ' Y ' '

mL) with rapid stirring. The stirring was stopped and pentane slowly

added (ca. 20 mL) causing the crystallization2odis small iridescent
green prisms, which were isolated by filtration and dried in vacuo (1.60 Acknowledgment. We thank the EPSRC for a Postdoctoral

g, 1.56 mmol, 70%). Anal. Calcd forgHeK0,SisTh: C, 51.63; H, Fellowship (J.P.) and P. Roussel, A. Hughes, and P. Scott for
8.30. Found: C, 50.32; H, 8.27. The low C analysis is presumably due technical assistance and the near-IR data.
to thorium carbide formation.

[U{COT(TBS)2}] (3) was obtained from UGK1.02 g, 2.68 mmol) Supporting Information Available: Tables of X-ray data

and Lp(COT(TBS))-THF (2.20 g, 5.26 mmol) as a deep green powder for 1, 2, and4 (PDF). This material is available free of charge
(1.86 g, 2.06 mmol, 78%). Solutions &fare green/red dichroi¢H via the Internet at http://pubs.acs.org.

NMR (CsDsCDs, 300 MHz, +20 °C): 6 +6.7 (s, 18H, StMey), 6
—16.7 (s, 6H, ey), 0 —21.2 (s, 6H, SWle,), 6 —23.2 (s, 2H,—~CH), JA9903633



