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Abstract: The sterically crowded (CsMes)sU complex reacts with KCg or K/(18-crown-6) in benzene to form
[(CsMes) Ula(u-n%:178-CeHs), 1, and KCsMes. These reactions suggested that (CsMes)sU could be susceptible
to (CsMes)!~ substitution by benzene anions via ionic salt metathesis. To test this idea in the synthesis of
a more conventional product, (CsMes)sU was treated with KN(SiMes), to form (CsMes),U[N(SiMe3),] and
KCsMes. 1 has long U—C(CsMes) bond distances comparable to (CsMes)sU, and it too is susceptible to
(CsMes)t substitution via ionic metathesis: 1 reacts with KN(SiMes), to make its amide-substituted analogue
{[(Me3Si).N](CsMes)U} o(u-15:15-CeHs), 2. Complexes 1 and 2 have nonplanar CgHs-derived ligands
sandwiched between the two uranium ions. 1 and 2 were examined by reactivity studies, electronic
absorption spectroscopy, and density functional theory calculations. [(CsMes),U](u-7%:178-CeHs) functions
as a six-electron reductant in its reaction with 3 equiv of cyclooctatetraene to form [(CsMes)(CsHg)U]2(u-
7%173-CgHg), (CsMes),, and benzene. This multielectron transformation can be formally attributed to three
different sources: two electrons from two U(ll) centers, two electrons from sterically induced reduction by
two (CsMes)!~ ligands, and two electrons from a bridging (CsHg)?~ moiety.

Introduction Since this reductive reactivity is not observed inN@s)'~

The synthesis of the sterically crowded tris(pentamethylcy- complexes with conventional bond lengfhishas been termed
clopentadienyl) metal complexes,s{@es)sM (M = lanthanide sterically induced reduction (SIR)This SIR provides a means
and uranium};2 not only demonstrated that new classes of to accomplish reductions with metal complexes containing redox
organometallic molecules could be isolated in which every inactive metal$:* SIR can also enhance the redox chemistry of
metal-ligand bond was longer than normal, but it also revealed redox active metal complexes by combining with conventional
that steric crowding can be accompanied by the transformationredox couples to generate multielectron reduction systéfhs.
of normally inert ancillary ligands into reactive action ligarids. The only other type of reaction observed forss)sM
Hence, in these (§Mes)sM “long bond organometallics,” the ~ complexes has been simple adduct formation which generates
(CsMes)~ ligands are no longer spectator ligands, a result which (CsMes)sUL species! This in itself is unusual: because the
is presumably due to the steric crowdih§or example, with (CsMes)sM complexes are already crowded, formation of more
some substrates, the {@es)!~ groups can function as bulky  highly ligated products was not expected. These reactions were
alkyl groups that participate in CO insertion chemi&frand further surprising in that they could be accomplished with L

olefin polymerization chemistryWith other substrates, &@les)t~ COPf and N,*! substrates that are not conventional ligands for
redox chemistry is activated via a @es)'~/CsMes redox the f element metal ions which prefer ligation by hardonors.
couple? In this report, we describe a new type of reaction fog-(C
Mes)sM complexes, a (EMes)!~ substitution reaction. Although
! University of California. removal of (GMes)~ is very reasonable due to the steric
* University College London. di in th | bond i d the | f
(1) Evans, W. J.; Gonzales, S. L.; Ziller, J. \M.Am. Chem. S0d.991, 113 crowaing In t ese long bond organometallics and the loss o
7423, . (CsMes)t~ anions from (GMes)sM complexes byy! alkyl or
(2) Evans, W. J.; Davis, B. LChem. Re. 2002 102 2119. . A 1— o
(3) Evans, W. J.: Forrestal, K. J.; Ziller, . W. Am. Chem. S0d.998 120 SIR pathways is well knownthe removal of (gMes)*~ rings
9273.
(4) Evans, W. J.; Nyce, G. W.; Clark, R. D.; Doedens, R. J.; Ziller, J. W. (8) Evans, W. J.; Cano, D. A.; Greci, M. A,; Ziller, J. \rganometallics
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S0c.2003 125 13831. S0c.200Q 122, 12019.
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from f element complexes by ionic metathesis is not a common
reaction. Overall, there are few examples ofNI8s)!~ displace-
ment reaction3?-16 Generally, other more reactive ligands are
displaced in preference to the normally inert, polydentate,
(CsMes)!~ anions.

This (GMes)sM reaction was discovered in efforts to
understand the formation of the bimetallic arene derivative;-[(C
Mes) U] 2(u-18:178-CsHe), 1, which is readily generated from £C
Mes)sU and potassium reagents in benzene. Comfiléx of
interest because it shows structural features similar 4i1€g)sU
indicative of steric crowding, and it functions as a six-electron
reductant by formally combining three types of redox processes.
The reductive chemistry ol also represents the first well-
defined example of SIR in a bis(pentamethylcyclopentadienyl)
(CsMes)oML complex rather than a tris(pentamethylcyclopen-
tadienyl) (GMes)3sM species.

In addition to 1, the synthesis and isolation of the amide
analogue,{[(Me3Si)2N](CsMes)U} o(u-178:78-CsHe), 2, is de-

adding a solution of KN(SiMg (2.302 g, 0.0115 mol) in toluene (ca.
20 mL) to a solution of @MesH (1.309 g, 0.0096 mol) in toluene (ca.
20 mL). After 12 h, the insoluble K&Mes was isolated by centrifugation
and repeatedly washed with toluene. The white€; (1.379 g, 82%)
was dried in vacuo. [HNE}BPhy],?* (CsMes)sU,?? and (GMes),U-
[(u-Ph)BPhp]?2 were prepared as previously described. NMR experi-
ments were conducted with a Bruker 400 MHz spectrometer or a Bruker
500 MHz spectrometer. IR samples were analyzed as thin films using
an ASI ReactIR1000. Electronic absorption measurements were con-
ducted in hexane (U¥vis) or in benzene (near-IR) solutions, on a
Perkin-Elmer Lambda 900 UV/VIS/NIR spectrophotometer using
Teflon sealable 1 cm quartz cells. Room-temperature magnetic data
were obtained by Evans Methé#* GC-MS data were obtained on a
Waters (Micromass) Autospec and a Therus (Finnigan) Trace MS. The
fused silica GC columns used were a 30x70.32 mm i.d. DB-5 for
CsMesH and related products and a 60xn0.25 mm i.d. RTX-VMS
for Cs separations. Elemental analyses were provided by Analytische
Laboratorien, Lindlar Germany.

(CsMes)2UIN(SiMes);] from (C sMes)sU. A solution of (GMes)sU
(16 mg, 0.025 mmol) in §Ds was added to an NMR tube containing

scribed here. These molecules add to the unusual class ofa sealed capillary tube filled with (M8i),0, and theéH NMR spectrum

uranium arene sandwich complexes originally exemplified by
the crystallographically characterized [(AdABN) 2(«-CsHsMe),

3% and [K(ArBUCNXU]2(CioHg), 4,18 complexes (Ad=
adamantyl; Ar= C¢HsMe»-3,5). Compound4—4 are unusual

in that assignment of formal charge to the metals and ligands
involves either unconventional charged forms of the bridging

arenes or unconventional uranium oxidation states. Possible

formal valence assignments include U(ll) complexes of neutral
arenes, U(Ill) complexes of arene dianions, and U(IV) com-

was obtained. The NMR tube was taken into a glovebox, and tke (C
Mes)sU/CsDs solution was added to a vial containing KN(Sijfe(5
mg, 0.025 mmol). A white precipitate immediately formed and was
removed by centrifugation. The solution was transferred back to the
NMR tube containing the (MSi),0 standard. Analysis bH NMR
showed complete consumption ofs\es)sU and formation of (G
Mes),U[N(SiMe3);]?2?526as the only product in 95% yieldH NMR
(CsDg, 298 K): 6 —5.7 (s, 30H, GMes, 1Jc 125 Hz,Avy2 10 Hz),0
—25.7 (s, 18H, e; Avy, = 680 Hz).

(CsMes)-U[N(SiMes)] from [(C sMes) U] [(#-Phy)BPhy]. A solution

plexes of arene tetraanions. The structural and spectroscopicyf KN(SiMes), (8 mg, 0.040 mmol) in gHsMe was added to a stirred

properties ofl and 2 are presented along with substitution,
hydrolytic, and arene exchange reactivity as well as a density
functional theory evaluation of their electronic structure.

Experimental Section

The complexes described here are extremely air and moisture
sensitive. Except where noted, the synthesis and manipulations of thes
compounds were conducted in an argon-filled glovebox that was free
of coordinating solvents with rigorous exclusion of air and water. THF,
toluene, benzene, amthexane were saturated with Ar and passed
through a GlassContour columhBenzeneds and para-xylene were

distilled over NaK alloy and benzophenone and degassed by three

freeze-pump-thaw cycles. KN(SiMg),, CgHs, and 18-crown-6 were
purchased from Aldrich. KN(SiMg, was recrystallized from toluene
before use. gHg was distilled, dried over Type 4 activated molecular
sieves, and degassed by three fregmemp—-thaw cycles. 18-crown-6
was dried by exposure to vacuum (20 orr) for 12 h. KG was freshly

made in a glovebox before each experiment by heating a 1.1:1 mixture

of K and graphite (g Aldrich, 235 mesh, 99.999) in a vial on a hot
plate similarly to published synthes®sCsMesH was obtained from

Strem, dried over Type 4 activated molecular sieves, and degassed by

three freeze pump—-thaw cycles. KgMes was synthesized by slowly

(12) Gun’ko, Y. K.; Hitchcock, P. B.; Lappert, M. Ehem. Commuril998
1843.

(13) Evans, W. J.; Forrestal, K. J.; Ansari, M. A.; Ziller, 3. W.Am. Chem.
S0c.1998 120, 2180.

(14) Johnson, J. S.; Bergman, R. &.Am. Chem. So@001, 123 2923.

(15) Evans, W. J.; Perotti, J. M.; Doedens, R. J.; Ziller, JGNem. Commun.
2001, 2326.

(16) Cassani, M. C.; Gun’ko, Y. K.; Hitchcock, P. B.; Hulkes, A. G.; Khvostov,
A. V. Lappert, M. F.; Protchenko, A. \d. Organomet. Chen2002 647,
71.

(17) Diaconescu, P. L.; Arnold, P. L.; Baker, T. A.; Mindiola, D. J.; Cummins,
C. C.J. Am. Chem. So200Q 122, 6108.

(18) Diaconescu, P. L.; Cummins, C. @.Am. Chem. So@002 124, 7660.

(19) For more information on the drying system, see www.glasscontour.com.

(20) Bergbreiter, D. E.; Killough, J. Ml. Am. Chem. S0d.978 100, 2126.
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solution of (GMes),U[(u-Ph)BPh] (33 mg, 0.040 mmol) in gHsMe.
After 12 h, a white precipitate was removed by centrifugation. Removal
of solvent by rotary evaporation affordeds{\@es),U[N(SiMes),] 222526
(26 mg, 97%) as a brown powder (see above).

[(CsMes) U] (u-n%:7°%-CeHe), 1, from (CsMes)sU. A solution of (G-
Mes)sU (123 mg, 0.191 mmol) in gHs was added dropwise to a stirred

esuspension of K&(29 mg, 0.215 mmol) in gHe. After 3 h, black and

white solids were separated from the solution by centrifugation. The

solvent was removed by rotary evaporation, affordingslM€s).U].-

(u-n%n8-CsHs) (94 mg, 90%) as a brown solidH NMR (CeDs, 298

K): 0 3.06 (s, 60H, GMes, 3o 124 Hz,Avyp 15 Hz),—99.4 (s, 6H,

CsHs, Aviz 30 Hz). (GDs, 6 2.09, 298 K): 6 2.97 (s, 60H, EMes,

e n 125 Hz,Avyp, 5 HZ),—98.9 (s, 6H, GHg, Av12 28 Hz).13C NMR

(CeDs, 298 K): & —25.7 (s-sp’ C—CsMes), 281.7 (sp C—CsMes),

455 (s, C-CgHg), assignments confirmed by HMQC. FT-IR: 2961(s),

2910(s), 2856(s), 2725(w), 1494(m), 1440(s), 1378(s), 1324(m), 1262-

(s), 1089(b), 1069(s), 1023(s), 949(w), 911(w), 802(s), 663(s), 586-

(w). Magnetic susceptibility, 298 Kym = 186.2x 1075 uer = 2.1 ug.

Anal. Calcd for UCseHse: U, 43.49. Found: U, 43.75. The hydrolysis

and deuteriolysis of the black and white arene insoluble solids formed

CsMesH and GMesD, which were identified by GC-MS.
[(C5Me5)2U]2([[-1]6:1]6-C5H5), 1, from [(C5M85)2U][(,u-Ph2)Bth].

A solution of 18-crown-6 (18 mg, 0.068 mmol) irslds was added to

a vial charged with freshly scraped potassium (3 mg, 0.077 mmol).

The mixture was stirred for 30 min, and the color changed to dark

green. A solution of [(€Mes),U][(«-Php)BPhy] (59 mg, 0.071 mmol)

(21) Evans, W. J.; Johnston, M. A.; Greci, M. A.; Gummersheimer, T. S.; Ziller,
J. W. Polyhedron2003 22, 119.

(22) Evans, W. J.; Nyce, G. W.; Forrestal, K. J.; Ziller, J. @tganometallics
2002 21, 1050.

(23) Evans, D. FJ. Chem. Socl959 2003.

(24) Becconsall, J. KMol. Phys.1968 15, 129.

(25) Manriquez, J. M.; Fagan, P. J.; Marks, T. J.; Vollmer, S. H.; Day, C. S;

Day, V. W.J. Am. Chem. Sod.979 101, 5075.

(26) Fagan, P. J.; Manriquez, J. M.; Marks, T. J.; Day, C. S.; Vollmer, S. H,;

Day, V. W. Organometallics1982 1, 170.
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in CsHs was added dropwise. The mixture was stirred for an additional [7('able 1 | X] r&y Dat6a Collictlon Poelarameters for

CsMes)-U] 77 °%-CeHs), 1, an
3 h, and white precipitates were removed by centnfugatlon The solvent {[(MesSToNI(CaMen)U (it om-CoHe), 2
was removed by rotary evaporation, and sj{&s),U](u-75:75-CeHe)
was isolated (32 mg, 82%) (see above). 1 2

{[(Me3Si}N][CsMes]U} o(u-n°:15-CeHe), 2. A solution of freshly empirical formula GeHosU2 /2(CeH1s)  CagH7aNoSigUz CoHig
recrystallized KN(SiMg), (92 mg, 0.463 mmol) in gHs was added formula weight 1138.13 1231.57
dropwise over a period of 20 min to a solution of §{@es),U]2(u-75: crystal system sz;)HOC“nIC Pit”C“n'C
6. ; ; e . space group 1/n

n (;(?Hte)l (2f60 mg,Af(t).ZBti mmol)t. in e At_wh:;ef prelgprl]taiﬁ im . a(A) 17.3074(16) 8.6030(16)
mediately forms. After the reaction was stirred for , the white ) (z) 10.7815(10) 11.624(2)
precipitate was separated from the brown solution by centrifugation. ¢ (&) 23.129(2) 13.269(3)
Upon removal of the solvent by rotary evaporatiff{MesSi)sN](Cs- o (deg) 920 107.460(3)
Mes)U} 2(u-1%15-CeHe) (235 mg, 89%; based on KN(SiMe) was B (deg) 94.617(2) 99.515(3)
isolated as a brown solidH NMR (CsDs, 298 K): 6 0.56 (s, 30H, v (deg) 90 90.328(3)
CsMes, N 125 Hz, Avy 6 Hz), —7.9 (s, 36H, Siles, Avy, 24 Hz), ;‘““me (") 3301-9(7) 11246-2(4)
—84 (s, 6H, GHs Av2 36 H2).*C NMR (CeDs, 298 K): 0 —25.5 (s, TR 0.71073 071073
sp3 C—C5Me5), —-3.11 (S, C—SIMQ;), 212.9 (S, SbC—C5M65), 422.3 pca|c(Mg/m3) 1.732 1.641
(s, C—CsHg) assignments confirmed by HMQC. FT-IR (thin film from absorption coeff 7.551 6.615
CsHes, cmY): 3655(s), 2961(s), 2922(s), 2856(s), 2725(w), 1444(w), GOF onF? 1.088 1.174
1378(w), 1262(s), 1092(s), 1019(s), 864(m), 799(s), 656(m). Magnetic [l > 20(]: Ry~ 0.0646 0.0168

R’ (all data): wR2 ~ 0.1910 0.0520

susceptibility, 298 K:ym = 131.0 x 1076 uer = 1.8 ug. Anal. Calcd
for CggH72SiiNLU,: C, 39.86; H, 6.29; Si, 9.81; N, 2.45; U, 41.58.
Found: C, 40.75; H, 6.06; Si, 9.65; N, 2.56; U, 40.50.

[(CsMes)U]o(u-7%:7%-CeDg), 1-ds, from 1. A solution of [(G-
Mes) U] 2(u-1:178-CeHe) (10 g, 0.009 mmol) in €Dg in an NMR tube
sealed under vacuum was heated af65and monitored daily byH
NMR spectroscopy. After 7 days, quantitative conversion frbio
1-ds had occurred*H NMR (C¢Ds, 298 K): 6 3.02 (s, H-CsMes, YJc 1
125, Aviyz 6 Hz).2H NMR (CgHsMe, 2.09):—98.3 (s, D-CsDg, Avi2
29 Hz).

[(CsMGs)zU]z(ﬂ-I]GIﬂe-C(;De), 1-d5, from (C5M€5)3U in CGDG. A
solution of (GMes)sU (43 mg, 0.067 mmol) in ¢Ds was added
dropwise to a stirring suspension of K@0 mg, 0.074 mmol) in §De.
The mixture was stirred for 3 h, at which point white and black solids
were removed by centrifugation. THeél and 2H NMR spectra are
consistent with clean formation dfds (see above).

[(CsMes) U] (u-35:75-CgDs), 1-ds, from (CsMes)sU in para-Xylene.

A solution of (GMes)sU (29 mg, 0.045 mmol) irpara-xylene was
added dropwise to a suspension of g6 mg, 0.045 mmol) irpara-
xylene (10 mL). After 3 h, both black and white solids were separated
from the solution by centrifugation. The solvent was removed by rotary
evaporation, affording a brown solid consistent withsj{f&s),U](1,4-
CsMezHy) (22 mg, 87%) by*H NMR spectroscopy*H NMR (CgDs,

298 K): 6 —5.6 (s, 6H, 1,4-eMeH,), —7.9 (s, 60H, GMes).
Immediately upon isolation, the brown solid was dissolved §D{C

and transferred to an NMR tube. The tube was sealed under vacuum

and heated to 65C. The reaction was monitored biH NMR
spectroscopy, and quantitative conversioriids occurred within 12
h (see above).

[(CsMes) U][#-PhBPhy], from 1. A solution of [(GMes) U]a(u-
n%3%-CeHe) (8 mg, 0.007) in €Ds was added to an NMR tube charged
with [HNEt;][BPhs] (6 mg, 0.014). Gas evolution was immediately
observed. The reaction was analyzedbyNMR spectroscopy, and
resonances consistent with N&nd [(GMes),U][(u-PhyBPh]?? were

observed. The volatile contents of the NMR tube were transferred under

vacuum to a round-bottom flask and were analyzed by GC-MS'dnd
NMR spectroscopy. No evidence for the formation of cyclohexadienes
or cylcohexene was found. To confirm the identity of the evolved gas,
the reaction was repeated by adding, via syringesNI&).U]»(u-7®:
n%-CsHg) in CeHs to a 5 mL flask equipped with a septum that had
been charged with [HNE]{BPh,]. El analysis of the gas in the flask
showed an ion at/z = 2, consistent with the formation of H
[(CsMes)(CgHg)U] (-3 7%-CgHsg) from 1. (MesSi)O (5 ul) was

added as an internal standard to an NMR tube that contained a solution

of [(CsMes) U]a(u-1%15-CeHe) (9.5 mg, 0.0087 mmol) in £D1,. The
IH NMR spectrum was obtained, and the tube was brought into a
nitrogen-filled glovebox that contained coordinating solvents. A

microliter syringe was used to addH; (2.9 uL, 0.026 mmol) to the
tube, and the reaction was monitored'syNMR spectroscopy. After
12 h, NMR analysis showed quantitative formation of the previously
characterized [(§Mes)(CgHg)U](u-1%73-CgHg) compleX accompanied

by the formation of 1 equiv of g€ and (GMes),. *H NMR (CgD12,

298 K): [(O5M€5)(C8H3)U]2(#-?73:773-C3H3): 04.9 (S, 30H, @Vle5 l\](;YH

125 Hz, Avy, 6 Hz), —38.7 (s, 8H, GHs, Avy, 21 Hz), —41.7 (s,
16H, GHs, Avip 13 Hz). (GMes),: 6 1.61 [s, 24H, (GMes),], 1.05

[s, 6H, (GMes),]. CeHe: 0 7.21 (s, 6H, GHe).

X-ray Data Collection, Structure Determination, and Refinement
for [(CsMes)U](u-n%n8-CeDs), 1. A dark purple crystal of ap-
proximate dimensions 0.04 0.14 x 0.30 mm was mounted on a glass
fiber and transferred to a Bruker CCD platform diffractometer. The
SMART?” program package was used to determine the unit-cell
parameters and for data collection (25 s/frame scan time for a sphere
of diffraction data). The raw frame data were processed using SBRINT
and SADABS® to yield the reflection data file. Subsequent calculations
were carried out using the SHELX?L program. The diffraction
symmetry was 2h, and the systematic absences were consistent with
the centrosymmetric monoclinic space grdepy/n, which was later
determined to be correct.

The structure was solved by direct methods and refineé%by
full-matrix least-squares techniques. The analytical scattering fattors
for neutral atoms were used throughout the analysis. Hydrogen atoms
were included using a riding model. There was one-half molecule of
hexane solvent (located about an inversion center) present per formula
unit. During refinement, several carbon atoms became nonpositive-
definite. Only the uranium atoms were refined with anisotropic thermal
parameters. The final least-squares analysis yieldedwR2.910 and
GOF = 1.088 for 216 variables refined against 7328 data (0.85 A
resolution). As a comparison for refinement BhR1 = 0.0646 for
those 5483 data with > 2.00(l). Details are given in Table 1.

X-ray Data Collection, Structure Determination, and Refinement
for [[(Me 3Si)N](CsMes)U} o(u-n%:7n°8-CeHs), 2. A purple crystal of
approximate dimensions 0.12 0.33 x 0.33 mm was handled as
described for 1. There were no systematic absences or any diffraction

(27) SMART Software Users Guide, Version ;5Bruker Analytical X-ray
Systems, Inc.; Madison, WI, 1999.

(28) SAINT Software Users Guide, Version ;6Bruker Analytical X-ray
Systems, Inc.; Madison, WI, 1999.

(29) Sheldrick, G. MSADABS, Version 2.0Bruker Analytical X-ray Systems,
Inc.; Madison, WI, 2000.

(30) Sheldrick, G. MSHELXTL, Version 5.1®ruker Analytical X-ray Systems,
Inc.; Mad|son WI, 1999.

(31) International Tables for X- ray Crystallographb(luwer Academic Publish-
ers: Dordrecht, 1992; Vol. C
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Figure 1. Thermal ellipsoid plot of [(@Mes) U]2(u-1%:175-CsHe), 1, drawn
at the 50% probability level. All carbon atoms were refined isotropically.

symmetry other than the Friedel condition. The centrosymmetric triclinic
space groupPl was assigned and later determined to be correct.

Hydrogen atoms were located from a difference Fourier map and refined

(x,y,z andUiso). The molecule was located about an inversion center.

KN(SiMe3);, and a new type of reaction for {Mes)sM
complexes was identified.

Addition of KN(SiMes), to a brown solution of (gMes)3U
in CgDg resulted in the rapid formation of a white precipitate.
NMR spectroscopy identified the product in solution as the
previously reported (§Mes)U[N(SiMes);].222526 The white
precipitate was identified as K®les because hydrolysis and
deuteriolysis formed gesH and GMesD, respectively. The
overall reaction is shown in eq 1. 2 NMR spectroscopic

) \
+ KN(SiMe;), — U—N

-+
*@} Rt

study with (MgSi),O as an internal standard indicated tha-(C

. SiMe;
Ginie," KCsMes (1)

There was one molecule of hexane present per formula unit, which Mes)2U[N(SiMes),] formed in 95% yield within 15 min.

was also located on an inversion center. At convergence,“wB2520
and GOF= 1.174 for 407 variables refined against 5736 data. As a
comparison for refinement oR, R1 = 0.0168 for those 5511 data
with | > 2.00(l). Details are given in Table 1.

Computational Details. All calculations were performed with the
Amsterdam Density Functional (ADF) program suite, version
2003.013273%6 Scalar relativistic correctiods were included via the
ZORA to the Dirac equatiof?*°The uranium basis set was taken from

the ADF ZORA/TZ2P directory and may be characterized as containing

uncontracted, Slater-type functions of primarily trigleruality. For C
and H, the basis sets were taken from the ADF ZORA/DZP directory,
doublet plus polarization. The frozen core approximation was used
for C (1s) and U (5d). The local density parametrization of Vosko,
Wilk, and Nusaif® was employed in conjunction with the PBE

gradient corrections. Mulliken population analyses were performed.

Molecular orbital plots were generated using the program MOLDEN,
written by G. Schaftenaar of the CAOS/CAMM Centre, Nijmegen, The
Netherlandg?

Results

(CsMes)'~ Ligand Displacement from (CsMes)3U. The title
complex, [(GMes):U]2(u-n%38-CeHg), 1, Figure 1, whose

synthesis, structure, and properties are described below, was

originally isolated in an attempt to identify a byproduct in the
synthesis of (€Mes)sU?2 prepared in benzene from [{&es),U]-
[(u-Ph)BPh]?2 and a sample of KéMes made from KH and
CsMesH. This synthesis is generally a reliable route ta-(C
Mes)3U, but, in this case]l was isolated instead. The examina-
tion of various routes td (see below) raised the possibility
that (GMes)sU could participate in ionic metathesis reactions

with alkali metal anions. To test this concept in the synthesis

of a more conventional product, {kles)sU was treated with

(32) ADF2003 Department of Theoretical Chemistry, Vrije Universiteit, Am-
sterdam.

(33) Baerends, E. J.; Ellis, D. E.; Ros, Ghem. Phys1973 2, 41.

(34) Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322.

(35) te Velde, G.; Baerends, E.J.Comput. Phys1992 99, 84.

(36) Guerra, C. F.; Snijders, J. G.; te Velde, G.; Baerends, Ehdor. Chem.
Acc. 1998 99, 391.

(37) Kaltsoyannis, NJ. Chem. Soc., Dalton Tran$997, 1.

(38) van Lenthe, E.; van Leeuwen, R.; Baerends, E. J.; Snijders, lit.G.
Quantum Cheml1996 57, 281.

(39) van Lenthe, E.; Snijders, J. G.; Baerends, B. Lhem. Phys1996 105,
6505

(40) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(41) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77, 3865.

(42) For details of MOLDEN, the reader is directed to http://www.caos.kun.nl/
~schaft/molden/molden.html.
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(CsMes)U[N(SiMes),] has been previously synthesized by
addition of M[N(SiMey);] (M = Na, K) to [(CsMes),UCl] 53,2526
or (CsMes),UMe;K.22 It can also be obtained from KN(SiMe
and [(GMes)U][(u-Phy)BPh], a complex which is an excellent
reagent for ionic metathesis reactions because it contains the
[(CsMes) U] cation loosely ligated by bridging?-arenes of
the (BPh)!~ anion?243

The ionic metathesis reaction betweenN@s)sU and KN-
(SiMe3); to form (GMes)oU[N(SiMes)o] represents a rare
example of a complex undergoing@es)!~ substitutiont?—16
In general, displacement of the anionic polydentateM&s)'~
is not favored as compared to removal of other less tightly bound
ligands. The (6Mes)1™ reactivity is quite reasonable for the
sterically crowded (6Mes)sU, because a less crowded uranium
metallocene is generated.

Synthesis of [(GMes)U]x(u-n%7%-CeHg), 1. An ionic
metathesis reaction similar to that in eq 1 appears to be an
effective synthetic route t& using the anions generated from
benzene solutions containing potassium and crown etfiets.
Hence, the addition of (§Mes)sU to a benzene solution
containing potassium and 18-crown-6 or K@rovides1 in
guantitative yield after 3 h, eq 2. Compléwas characterized

e O 7 .
RS LR

by spectroscopic and chemical means and was identified by
X-ray crystallography as described below.

Complex1 can also be made from [§®les),U][(«-Ph)BPhy],
the precursor to (§Mes)3U. The synthesis from a K/18-crown-
6/benzene combination is shown in eq 3.

e o X
<@

U:

2 NN U
Y I 24
+2(18-Crown-6/KBPh,)

2KCy
—

CsHg

2(18-Crown-6) + 2K

—_—
Qo

G)
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Table 2. Selected Bond Distances (A) and Angles (deg) for [(CsMes)oU](u-78:178-CeHe), 1, and {[(Me3Si)oN](CsMes)U} 2(u-175:175-CeHe), 2

complex 1 complex 2

U(1)---U(2) 4.396 U(1--U(2) 4.291

U(1)—Cnt(Cpl) 2.567 U(2)yCnt(Cp3) 2.566 U(L)yCnt(Cp) 2.506

U(1)-Cnt(Cp2) 2.583 U(2)Cnt(Cp4) 2.564 U(LrN(1) 2.306(2)
U(1)—-C(1) 2.812(14) U(2yC(31) 2.856(14) U(LrC(1) 2.788(3)
U(1)-Cc(2) 2.795(14) U(2»C(32) 2.812(15) U(Bc() 2.783(3)
U(1)—C(3) 2.866(14) U(2yC(33) 2.811(15) U(LyC(3) 2.773(3)
U(1)—-C4) 2.823(14) U(2yC(34) 2.852(14) U(LyC(4) 2.766(3)
U(1)—C(5) 2.878(14) U(2)C(35) 2.826(14) U(LyC(5) 2.795(3)
U(1)—Cnt(Bz) 2.194 U(2y-Cnt(Bz) 2.203 U(1)yCnt(Bz) 2.146

U(1)—C(45) 2.509(14) U(2yC(42) 2.730(13) U(LyC(11) 2.564(3)
U(1)—-C(42) 2.547(13) U(2yC(45) 2.723(14) U(LyC(114) 2.612(3)
U(1)—C(46) 2.730(13) U(2)C(46) 2.506(13) U(1C(12) 2.631(3)
U(1)—C(43) 2.733(14) U(2yC(43) 2.538(14) U(LyC(12#) 2.559(3)
U(1)—-C(44) 2.617(14) U(2yC(44) 2.614(14) U(1yC(13) 2.569(3)
U(1)—-C(41) 2.591(13) U(2yC(41) 2.658(13) U(LyC(13#) 2.603(3)
Cnt(Cp)-U(1)—Cnt(Cp) 121.1 C(41C(42) 1.441(19) C(1HC(12) 1.449(4)
Cnt(Cp)-U(1)—Cnt(Bz) 118.9 C(41yC(46) 1.448(19) C(12C(13) 1.458(4)
Cnt(Cp)-U(2)—Cnt(Bz) 119.2 C(42yC(43) 1.447(18) C(13)C(11A) 1.453(4)
Cnt(Cp)-U(2)—Cnt(Cp) 121.7 C(43)C(44) 1.42(2) C(11yC(13A) 1.453(4)

C(44)-C(45) 1.44(2)
C(45)-C(46) 1.462(18)

In the absence of benzene s{s)3U in methylcyclohexane
is stable to suspensions of KOr K/(18-crown-6) for at least
24 h. In addition] is not detected in the reaction of {{@es),U]-
[(u-Ph)BPhy] with KCsMes, when the latter reagent is prepared
from KN(SiMes), and GMesH. The reaction of [(GMes), U]-
[(u-Ph)BPh] with KH in benzene also does not forrh.
However,1 can be identified in théH NMR spectrum of the
products of the reaction betweens\@es);U and excess KH in

U—centroid distances). In fact, the+C(CsMes) lengths inl

are indistinguishable from those in sterically crowded-(C
Mes)sU7 [2.813(3)-2.920(4) A; average 2.84(4) A] and {C
Mes)sUCII0 [2.780(6)-2.899(9) A; average 2.83(9) A]. Few
nine-coordinate trivalent uranium metallocenes are available for
comparison, but in the structures that are known, theJ(Cs-

Mes) average bond distances are typically in the 2282 A
range. U-C(GsMes) averages for specific examples follow: s€C

benzene, which demonstrates that multiple combinations of Mes),UH(DMPE) [2.79(5) A]%° (CsMe;H)3U [2.82(5) A% (Cs-

potassium reagents, benzene, angMé&)sU can be used to
generatel by displacement of (EMes)'.

Structure of [(CsMes),U]2(u-58:n5-CeHe), 1. As shown in
Figure 1, compleA crystallizes as a bimetallic species in which
an arene ring is sandwiched between twa;MEs),U] moieties.

In this regardy is similar to the uranium amide toluene complex
[(RArN),U]2(CeHsMe), 317 (R = adamantyl; Ar= CgHsMe,-
3,5), with which it will be compared later. The U¢1)U(2)
distance inl is 4.396 A, and the (§/es)!~ rings in1 have a
tetrahedral arrangement around the CkHes—U core, Table 2.
The (GMes ring centroid-U—(CsMes ring centroid) angles
within each metallocene unit are 121.and 121.7. These
angles are more similar to the I2@ngles in the sterically
crowded (GMes)sU7 than to the angles in typical uranium
metallocenes which are generally 22742 22:234849The (G-
Mes ring centroid)-U—(CgHe ring centroid) angles are similarly
small and range from 11890 119.8.

In addition to the small (§Mes ring centroid)-U—(CsMes
ring centroid) angles, another similarity betweerand (G-
Mes)sU is that the U-C(CsMes) bond lengths are unusually

long. They range from 2.794(16) to 2.89(1) A and average 2.84-

(3) A for Ul and 2.83(2) A for U(2) (2.5642.583 A

(43) Evans, W. J.; Seibel, C. A,; Ziller, J. W. Am. Chem. So0d 998 120,
6745

(44) Hitchcock, P. B.; Lappert, M. F.; Protchenko, A. ¥. Am. Chem. Soc.
2001, 123 189.

(45) Sekiguchi, A.; Ebata, K.; Kabuto, C.; Sakurai, HAm. Chem. Sod991
113 7081.

(46) Marasas, R. A.; lyoda, T.; Miller, J. R. Phys. Chem. 2003 107, 2033.

(47) Stevenson, C. D.; Morgan, G. Org. Chem1998 63, 7694.

(48) Berthet, J. C.; Ephritikhine, MCoord. Chem. Re 1998 178-180, 83.

(49) Arney, D. S.; Burns, C. J.; Smith, D. @. Am. Chem. Sod 992 114
10068.

Mes)(CgHg)U([NCsHsMe]2) [2.75(2) A2 and [(GMes)zU-
(NMe2)(NCCMes),][BPhy] [2.77(2) A].53

Within the bridging GHe unit, the 1.42(2)1.462(18) A G-C
bond distances and 117.5(12)121.4(12j C—C—C angles are
unfortunately indistinguishable within the error limits from those
in free benzene, 1.39 A and 128 However, the bridging ligand
is not planar. As shown in Figure 2, C(42), C(43), C(45), and
C(46) all deviate from the average plane of the ring by 6.10
0.14 A to give the ligand a shallow boat conformation. The
dihedral angles between the average plane of C(41), C(45),
C(42), and C(44) and the plane defined by either C(45), C(46),
and C(41), or C(42), C(44), and C(43), are®lanhd 12.5,
respectively. Consistent with this nonplanarity, C(45) and C(42)
have the shortest U(3)C(Cs¢Hg) distances, 2.51(1) and 2.55(1)
A, and the longest U()C(CsHe) distances, 2.72(1) and 2.73-
(1) A. Conversely, C(46) and C(43) have the longest B(1)
C(GsHe) distances, 2.73(1) A, and the shortest ) CsHe)
distances, 2.51(1) and 2.54(1) A. The-G(44) and U-C(41)
distances are not so disparate: 2.59(1)66(1) A.

Nonplanar ligands derived from arenes have been observed
in complexes such as (18-crown-6)KkG)Ln[CsH3(SiMes);] 2,256

(50) Duttera, M. R.; Fagan, P. J.; Marks, T.JJ.Am. Chem. S0d.982 104,
865

(51) Conejo, M. D.; Parry, J. S.; Carmona, E.; Schultz, M.; Brennan, J. G.;
Beshouri, S. M.; Andersen, R. A.; Rogers, R. D.; Coles, S.; Hursthouse,
M. Chem.-Eur. J1999 5, 3000.

(52) Schake, A. R.; Avens, L. R.; Burns, C. J.; Clark, D. L.; Sattelberger, A.
P.; Smith, W. H.Organometallics1993 12, 1497.

(53) Boison, C.; Berthet, J. C.; Lance, M.; Nierlich, M.; Ephritikhine, 3.
Organomet. Cheml997, 548 9.

(54) Jeffrey, G. A.; Ruble, J. R.; McMullan, R. K.; Pople, J.Proc. R. Soc.
London, Ser. AL987 414, 47.

(55) Cassani, M. C.; Gun’ko, Y. K.; Hitchcock, P. B.; Lappert, M.Ghem.
Commun.1996 1987.
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Figure 3. Thermal ellipsoid plot of{[(Me3Si)N](CsMes)U} o(u-178:75-
CsHe), 2, drawn at the 50% probability level.

Cli#
c12#
#
replaced by a bis(trimethylsilyl)amide ligand. This substitution
C13# changes several structural features in comparisol &nd
appears to relieve the steric crowding. The ©(CsMes) bond
Figure 2. Thermal eII|p50|d plot of the & CeHe—U core of [(GMes):U]- distances are shorter than thosé inith a narrow range, 2.766-
(u%7°-CaHe), 1, above, and [(MesSi)N](CsMes)U}a(u-%7°CeHe), 2, (3)—2.795(3) A, and an average of 2.78(1) A (2.506 Arting
below, drawn at the 50% probability level as well as depiction of the dihedral centroid distance). These distances are more normal for trivalent
angles of the (€He)*" ligands. uranium metallocenes (see examples abét#)26.4853.59 An-
other feature which suggests less steric crowding is that the
[Li(DME) 2]2[CeH2(SiMes)s-1,2,4,5]%° {Na(diglyme} "{Na- 130.9 (CsMes ring centroid}-U—(CgHs ring centroid) angle
(diglyme)} *(1,2,3-triphenylbenzent)],5” Hfl 4(PMePh)y(u- in 2 is 1C° larger than the corresponding anglesljriTable 2.
arene) (arene= CgHg or CsHsMe) 58 and [(RArN)U]»(CsHsMe), In 2, the two (GMes)!™ ring centroids and the two nitrogen
3.7 The nonplanar toluene bridge in compl@xan be viewed donor atoms describe a square plane rather than the sterically
as a shallow asymmetric boat with the ipso carbon, C(6), and more compact tetrahedral arrangement of the fouMg)1~
para carbon, C(3), above the plane of the other four carbons.rings in 1.
The dihedral angle between the average plane generated from The crystallographic data of provided a more detailed
C(1), C(2), C(4), and C(5) and each of the planes defined by description of the metrical parameters of the arene ligand derived
C(5), C(6), and C(1) and by C(2), C(3), and C(4) are’ 2ad from benzene. The three independentCdistances, 1.449(4)
13.#, respectively. A and two values of 1.453(4) A, are clearly longer than those
(CsMes)'™ Ligand Displacement from [(CsMes) U] a(u- 7°: in free GHg and do not exhibit the alternating long (1.558(10)
75-CeHg), 1. Because the structure direvealed steric crowding A)—short (1.392(11) A) behavior found in [Li(DME[CeHo-
equivalent to that in (§Mes)sU, this provided a good test case  (SiMe,),-1,2,4,5]%° The X-ray data were also refined to show
for the (GMes)'~ displacement reaction for long bond orga- one hydrogen atom on each of the carbon atoms, which is

nometallics. Indeed, the bimetallic [{es)oU]x(u-17°7°CeHe) consistent with the peak areas in t& NMR spectrum. Like
complex immediately reacts with 2 equiv of KN(Sipjgto lose  complex1, the GHg unit is slightly nonplanar, Figure 2, but in
two (CsMes)'~ ligands and form{[(MesSi).N](CsMes)U} o(u- this case the arene adopts a chair conformation that puts the

n%n%-CeHe), 2, eq 4. Complex2 was identified by crystal-  c(11) and C(11#) atoms 0.092 A above and below the average
plane defined by C(13), C(12), C(13#), and C(12#). The dihedral
angle between the average plane of C(13), C(12), C(13#), and

5//N C(12#) and the plane defined by C(13), C(11), and C(13#) is
@ +2 KN(SiMe;), —~ @ W\ +2KCMes 6] 7.2°. The three uniqgue €C—C angles are 119.0(2)120.1-
VA (2)°, and 120.3(2)

The U—(C¢Hg) distances ir2 vary due to the nonplanarity
of the ring, but the range is smaller than thatlif~or each of
lographic and spectroscopic methods, and the byprodugt KC the three crystallographically unique carbons in the arene ring,
Mes was identified by analyzing the hydrolysis and deuteriolysis the two U-C distances are 2.564(3) and 2.612(3) A for
products of the insoluble white powder that formed. U—C(11) and U-C(11#), 2.631(3) and 2.559(3) A fortC(12)
Structure of {[(Me3Si);N](CsMes)U} 2(u-n8: 35-CeHo), 2. and U-C(12#), and 2.569(3) and 2.603(3) A fo€(13) and
As shown in Figure 3, compleXhas a structure similar to that U—C(13#), respectively.
of 1 except that one (§es)'~ ring on each uranium has been The 2.306(2) A U-N(N(SiMes),) distance is in the range of
- : - ~analogous WN distances observed in trivalent uranium
0 S N o068 16, S Cnoock: P B Lappert, M. B Lasehi, - amides: 2.352(2) A in (@Mes),U[N(SiMes);], 22 2.358(19) and

(57) Bock, H.; Havlas, Z.; Gharagozloo-Hubmann, K.; Holl, S.; Sievert, M.  2.23(3) A in (GMes)U[N(SiMes),]280 and 2.330(4) A
Angew. Chem., Int. EQ003 42, 4385. ’
(58) Cotton, F. A,; Kibala, P. A.; Wojtczak, W. Al. Am. Chem. Sod.991,
113 1462. (59) Cloke, F. G. N.; Hitchcock, P. Bl. Am. Chem. So2002 124, 9352.
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Table 3. A Comparison of U—C(arene) Average Bond Distances

Q)

U-C(arene)
compound average ref
{ [(ME3Si)2N](C5Mes)U} 2(/4-776:776-C5H6), 2 259(3) this work
[(AdArN) U] 2(CsHsMe), 3 2.593(9) 17
[(CsMes)zu]z(ﬂ-nsine-CQHe), 1 2.62(9) this work
[K(ArBUCN);U](C1oHs), 4 2.65(6) 18
(CeHe)U(AICI 1) 291(1) 61
{[U(CeMeg)Cla]o(u-Cl)3} [AICI 4] 2.92(4) 62
U(CsMEﬁ)C|z(,u-C|)3UC|2(u-C|)3UC|2(CeMee) 2.94(3) 63
[U3(/43-C|)2(/42-C|)3(/4-772-A|C| 4)(7]6-C6M96) 292(4) 64
(CsMes)U(AICI) 4 2.94(1) 65
[U(O-2,6-PiCeH3)3]» 2.92(2) 66
(CeMes)U(BHa)s 2.93(2) 67
(CeHsMe)U(AICL,)s 2.94(5) 68

U[N(SiMe3)2]3.5 In comparison, tetravalent HU[N(SiMg]s has
a 2.237(9) A U-N distance??

Structural Comparisons. The two structurally characterized
uranium complexes in the literature which are most closely
related to1l and 2 are [(AdArN)U]z(CeHsMe), 3,17 and
[K(ArBuCN)XU]2(CioHg), 48 (Ad = adamantyl; Ar= CgH;-
Me,-3,5). Complexesl—4 all have nonplanar arene-derived
ligands sandwiched between two uranium ions, each of which
is bound to additional ligands which have an overall formal
charge of-2, that is, two (GMes)'™ ligands, a (GMes)!~ and
a (NR)™ ligand, two (NR)'~ ligands, or three (FC=N)~
ligands and K*, respectively. Table 3 compares the structural
data of these complexes. The 2.504(8)660(8) A U-C(CsHs-

Me) bond lengths 18 are quite similar to those & which are
shorter than those of sterically crowdedrhe 2.565(11)2.749-
(10) A U—C(CyoHg) distances i span a wider range more
similar to those inl. The 2.334(6) A U-N(NAdAr) distance
in 3 is very similar to the U-N[N(SiMejz),] distance in2.

The U-C(arene) distances -4 are all substantially shorter
(by ca. 0.4 A) than those in previously reported trivalent and

chemistry. For example, the typical 2.5 A—-D(THF)
distancé® 75 of a neutral THF coordinated to trivalent uranium
is about 0.4 A longer than the typical 2.1 AHD(OR) distances
of anionic alkoxide ligands in comparable compouffls.””

If the arene ligands irl and 2 are reduced, the uranium
centers could be formally assigned either as U(lIl) or as U(IV).
The U-C(GsMes) bond distances id are ambiguous on this
point because they are unusually long and comparable to
sterically crowded distances in U(lll), U(IV), and Th(IV)
complexes, that is, @Mes)sU,” (CsMes)sUL (L = COS N1,
(C5M65)3UX (X = C|, F),lo and (C‘5Me5)3ThH.78 The U—C(O;,-
Mes) and the U-N[N(SiMejs);] bond distances i2, however,
are clearly in the U(lll) range. The nonplanarity of theHg
units as well as the longer-&C distances within the bridging
CsHe unit of 2 are also consistent with the bridging ligand being
anionic.

Magnetic and Optical Properties of 1 and 2.The structural
features ofl and 2 as well as formation of. via (CsMes)*~
displacement from trivalent @Mes)sU and [BPh]1~ displace-
ment from trivalent [(GMes) U][(«-Ph)BPhy] are consistent
with formulation of1 as a sterically crowded U(lll) complex
containing a (GHg)?>~ moiety. However, magnetic data are
ambiguous on this point. The room-temperature magnetic
moments ofl, uer = 2.2 ug, and2, uer = 1.8 up, are in the
range for U(Ill) complexes. However, these values are also
similar to magnetic moments found for U(I\%)° as well as
5f* compounds which would be isoelectronic with U@P8!
Similarly, the'H NMR spectra ofl and 2 contain (GMes)~
resonances with 14.6 and 6.1 Hz half-height line widths,
respectively. Resonances withv/, in this range are similar to
those of previously reported U(lll) and U(IV) compourfd.

The electronic absorption spectralodnd2 are compared to
that of (GMes)sU in Figure 4. The spectrum of ¢®les)sU
contains transitions between 600 and 1600 nm (16 700 to 6300
cm™Y) in the near-IR that are characteristic of Laporte-forbidden

tetravalent uranium complexes of neutral arenes as shown inf — f transitions of the U(Ill) ion. It is has been shown that
Table 353-72 These neutral arene complexes include species these transitions can serve as an “electronic” fingerprint for

such as (@46)U(A|C|4)3,63 { [(CGMGB)UC|2]2(‘M-C|)3} [AICI 4],64
(CeMee)U(BH4)3,69 and [U(O-2,6,pC6H3)3]2,68 which involves
intramolecular arene interactions. The shorter@(CsHe)
distances irl and2 are consistent with reduction of the arenes,

trivalent uraniun®® The spectrum of (éMes)3U is similar to
those of other trivalent complexes, that isglg)sU(THF) 8485
{[K(THF)2]JJU(NH-2,6-i-PrCgH3)s]} - THF 88 [Zr(O'Pr)gUl o
(THF) 87 and Uk(THF)4.88 The near-IR region of the absorption

which would increase the electrostatic interactions between theSpectrum ofl does not provide definitive evidence on oxidation
anionic arene ligand and the cationic metal center leading to State because the absorptions in this region are not well resolved.

shorter bond lengths. This is a common feature in f element

(60) Avens, L. R.; Burns, C. J.; Butcher, R. J.; Clark, D. L.; Gordon, J. C.;
Schake, A. R.; Scott, B. L.; Watkin, J. G.; Zwick, B. Drganometallics
200Q 19, 451.

(61) Stewart, J. L.; Andersen, R. Rolyhedron1998 17, 953.

(62) Andersen, R. A.; Zalkin, A.; Templeton, D. thorg. Chem.1981, 20,
622.

(63) Cesari, M.; Pedretti, U.; Zazzetta, A.; Lugli, G.; Marconi, Mbrg. Chim.
Acta 1971, 5, 439.

(64) Cotton, F. A.; Schwotzer, WOrganometallics1985 4, 942.

(65) Campbell, G. C.; Cotton, F. A.; Haw, J. F.; Schwotzer,Qkganometallics
1986 5, 274.

(66) Cotton, F. A.; Schwotzer, W.; Simpson, C.Ahgew. Chem., Int. Ed. Engl.
1986 25, 637.

(67) Cotton, F. A.; Schwotzer, WOrganometallics1987, 6, 1275.

(68) Van der Sluys, W. G.; Burns, C. J.; Huffman, J. C.; Sattelberger, A. P.
Am. Chem. Sod 988 110, 5924.

(69) Baudry, D.; Bulot, E.; Charpin, P.; Ephritikhine, M.; Lance, M.; Nierlich,
M.; Vigner, J.J. Organomet. Cheni989 371, 155.

(70) Garbar, A. V.; Leonov, M. R.; Zakharov, L. N.; Struchkov, Y.Russ.
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Figure 4. Electronic absorbance spectrum of a 2.8 mM solution @M&)sU, 1.4 mM solution of [(GMes)2U]2(u-18: 18-CsHe), 1, and a 1.9 mM solution
of {[(Me3si)2N](C5Me5)U} 2(1,{-7]6: WG-CGHG), 2, in CgHe.

However, the spectrum df, which has one less (®Bles)~ mixture of GHg and GDe at 65°C for 7 d results in a 1:1
ligand per metal center, is more informative. Although the near- mixture of1:1-ds. GC-MS analysis of the volatile organics from
IR absorptions of are not as sharp as those of&s)sU, the this reaction showed no evidence afHg—xDy;%2 only CsHg and
similarities between the spectra are consistent with the presenceCsDs were observed. The gradual conversiorilad 1-ds can

of U(Ill) in 2. The ultraviolet spectra of @Mes)3U, 1, and2 be analyzed byH and?H NMR spectroscopy. Figure 5 shows
are all similar and contain a maximum at 212 nm (47 200%9m that this reversible reaction can be monitored by following the
that is distinct from both benzene and the benzene radical subtle changes that occur for the methyl resonances of the

anion89-91
CsHe/CsRs Exchange ReactionsTo obtain further informa-
tion on the nature of bonding iy exchange reactions with other

arenes were examined. Compléxs stable to arene exchange

at room temperature. In fact, crystallizes from saturated

solutions of toluenel is also stable at room temperature in

CsDsg, but after 7 days at 65C, a new complex formulated as
[(CsMes) U] 2(u-n8:178-CoDs), 1-ds, is obtained. The deuterated
complex, 1-ds, can be independently synthesized froms-(C
Mes)sU, KCg, and GDs. The GHg/CsDg reaction is reversible:

1-ds in CgHe forms 1 after 7 days at 65C, eq 5.

U CeDg— U

65° C; 7d \%

No evidence of GHs—xDx was observed by NMR analysis
during the reaction. Furthermore, NMR analysislah a 1:1

+ C¢Hg

(5

©)

(87) Evans, W. J.; Nyce, G. W.; Greci, M. A; Ziller, J. Whorg. Chem2001,
40, 6725.

(88) Avens, L. R.; Bott, S. G.; Clark, D. L.; Sattelberger, A. P.; Watkin, J. G;

Zwick, B. D. Inorg. Chem.1994 33, 2248.

(89) Moore, J. C.; Thornton, C.; Collier, W. B.; Devlin, P.Phys. Chenil 981
85, 350.

(90) Gardiner, C. LJ. Chem. Phys1966 45, 350.

(91) Shida, T.; Iwata, SJ. Am. Chem. S0d.973 95, 3473.
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(CsMes)t~ ligands.

Complex1-ds can also be made by adding@ to product
5, which formed from the reaction betweens{i@s);U, KCs,
andpara-xylene, eq 6. The formation df-ds from 5 and GDsg

; 2KC TN
e U CeMe,Hy~U +2KCsMe; (6)
pa ra-xylene\% AN

occurs much faster than the analogous reaction betdeem
CsDs: quantitative formation ofl-ds from the 5 and GDg is
complete n 1 d at 65°C versis 7 d at 65°C for the 1/CgDg
reaction. In contrast to thECg¢Dg reaction, thes/CgDg reaction
is not reversible, eq 7, and neithenor 1-ds reacts withpara-
xylene to form>.

CeDs

% Eb\& 65°C \
U-CgMe,H,—U = U-CDs-U ; . 0
\% %ﬂwezqm 80“(?\% )

5 1-dg

(92) Branch, C. S.; Barron, A. Rl. Am. Chem. So@002 124, 14156.
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[(CsMes),UL(CsHe)
3.06 ppm
[(CsMes),U]2(CDs)
3.02 ppm
)
314 3:2 3:0 2:8 |ppm

H-(CsMes)

Figure 5.
Top spectrum, puré; bottom spectrum, puré-ds obtained afte7 d at 65°C.

In a competition experiment for comparison with neutral f
element arene reactions in the literature (see be¥dv(s-
Mes)3U was treated with Kgin a 1:1 mixture of GHg and
para-xylene. [(GMes),U]x(u-n%15-CsHe) and [(GMes),U],-
(CeHsMe,-1,4) were observed biH NMR spectroscopy in a
3:1 mixture. The synthesis of ag¢kles analogue was not
achieved via the routes that were successfullfand5.

Attempts to replace the arene ligand iInwith THF were
unsuccessful. Compled is stable in neat THF at room
temperature.

Reactivity of 1 with Protic Reagents. Hydrolysis and
deuteriolysis ofl were conducted to further probe the nature

1H NMR spectra of the methyl Mes)'~ region depicting conversion of [¢®les),U]2(u-78:1%-CeHe), 1, to [(CsMes)oU]2(u-178:175-CeDe), 1-ds.

the previously characterized [{fes)(CsHg)U]2(u-17%:173-CgHg)®
along with GHg and (GMes),, eq 9.

\%@ © _,%@ %QM% +Catt, 9)

In the conversion of three €5 substrates to threegbs?~
ligands, 1 functions as a six-electron reductant. Two of the
electrons can come from two sterically induced reductions

of the metal and arene ligand. The mass spectral data on thesénvolving the (GMes)1"/CsMes redox couple, and the pJ
reactions were complicated, and more products were observedC¢Hg)]*+ moiety would provide the remaining four electrons

than would be expected from simple protonation or reduction
reactiong*

The reactivity ofl with stoichiometric amounts of [HNE]t
[BPhy] was also examined. Reduction rather than protonation
is observed with the formation of the trivalent precursod.to
[(CsMes) U][(u-Phy)BPhy], along with NEg, CeHe, and hydro-
gen, eq 8. No cyclohexadienes were detected.

e P
\%Q g \Q +2NEt;

Multielectron Reductive Reactivity of 1. Since the structure
of [(CsMes)U]2(u-n%15-CeHe) reveals steric crowding equiva-
lent to that in (GMes)3U, complex1 has the potential to react
via sterically induced reduction like the {es)sM complexes:
Examination of the reaction betweérand 1,3,5,7-gHg shows
that it reacts with 3 equiv of substrate to quantitatively generate

@ ; 2 [HNE;| [BPhy]

(93) Biagini, P.; Lugli, G.; Millini, R.Gazz. Chim. 1tal1994 124, 217.

through formation of neutral benzene and the twb' ibns.
Hence, sterically induced reduction is coupled with other
reductive processes to generate a multielectron reduction system.
Density Functional Theory Calculations. Molecular Ge-
ometry of 1. The geometry ofl was fully optimized subject to
the constraint oC,, symmetry. This process was by no means
straightforward, however. It is often the case that the presence
of unpaired 5f electrons makes even self-consistent field (SCF)
convergence problematic, and this was certainly found to be so
in the present calculations. The procedure adopted was as

(94) Hydrolysis of 1 gave a mixture of products including benzene, 1,3-
cyclohexadiene, 1,4-cyclohexadiene, cyclohexenge (sMesH, and (G-
Mes),. The presence of hydrogen is consistent with reduction of water by
low valent uranium (Il or lll) or by an arene anion (with formation of
benzene). The presence of the reduced arenes is consistent with protonation
of arene anions. Deuteriolysis @&fgave a more complicated mixture of
products, which included benzene, cyclohexadiehesyclohexened,, Hy,

HD, D,, and GMesD. The presence of {and HD is difficult to rationalize

by primary processes. In the converse reaction, hydrolysisdsf products
included GMesH,approximately equal amounts ofgls, CsDsH, 1,3-
cyclohexadienels, 1,4-cyclohexadiends, and cyclohexenes, as well as

H, and DH. DH is an unusual product in this case because the only source
of deuterium is the €D ligand. Interestingly, €DsH is also a reaction
product. Deuteriolysis products df-ds included GDs—xHx, CsDg—xHx,
CeD1o-xHx, H2, HD, D,, and GMesD. Hence, all of the combinations &f

or 1-ds with H,O or D,O resulted in complicated product mixtures.
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Table 4. Calculated Bond Lengths (A) for [(CsMes),U]x(u-18:178-CeHe), 1, and {[(Me3Si),N](CsMes)2U} 2(u-178:78-CeHg), 2

quintet, unrestricted singlet, unrestricted
CompoundL
U1—C(CsHe) 2.719x% 2,2.591x 4 2.723x 2,2.607x 4
average= 2.634 averages 2.646
U2—C(CsHe) 2.532x 2,2.674x 4 2.553x% 2, 2.683x 4
average= 2.627 averages 2.640
U1—-C(CsMes) 2.841x 2,2.849x 2, 2.906 2.83% 2, 2.845x 2,2.907
average= 2.857 averages 2.855
U2—C(CsMes) 2.817x 2,2.847x 2,2.872 2.81% 2, 2.839x 2,2.877
average= 2.840 averages 2.839
ul-u2 4.406 4.438
C—C(CsHe) 1.444x 2,1.442x 2 1.440x 6
average= 1.443
Compound?
U—C(CsHe) 2.585, 2.622, 2.586, 2.632, 2.585, 2.639
average= 2.608
U—C(CsMes) 2.727,2.722,2.726, 2.731, 2.754
average= 2.732
U—N 2.321
N—Si 1.740,1.748
ul-u2 4.339
C—C(CeHe) 1.453x 3,1.445x 2,1.446

average= 1.449

follows. Initially, the atoms were placed at a plausible geometry be 0.5. This constraint had very little effect on the molecular
on the basis of the crystallographic data, and the symmetry wasgeometry, and the resulting structure was found to be 111 kJ
idealized toC,,. A singlet, spin-restricted calculation (i.e., one mol~! more stable than the spin-restricted singlet discussed
in which there is no excess over 3 spin density and thet above.
spin electron in a given MO is constrained to have the same The Cy,-optimized, spin-unrestricted quintet geometrylof
spatial wave function as it spin counterpart) was then compares extremely favorably with the experimental structure;
performed using a very large (0.5 hartree) value of the ADF key bond lengths are given in Table 4. As with experiment, the
“smear” parameter to aid SCF convergence by spreading thecalculation shows that the-C(CsMes) bond distances are long,
least stable electrons over a wide range of MOs, that is, allowing the average being 2.86 A for one U and 2.84 A for the other
nonintegral MO occupancy. The extensively nonintegral MO (there are no symmetry operations which interchange the U
occupations thus obtained have questionable physical signifi-atoms in C,,-optimized 1, and hence the two U atoms are
cance, but without the electron smearing approach the SCFsymmetry-unique), in comparison with 2.84(3) and 2.83(2) A
oscillated wildly and convergence proved impossible. Once a from experiment. The range is also comparable. Furthermore,
converged, nonintegral but aufbau electronic structure was the experimental BU distance is reproduced computationally
obtained, the calculation was restarted using that electronicto within 0.01 A.
structure as an initial guess but with a smaller value of the  Similarly good agreement is found in the <C(CsHe)
smearing parameter. This process was repeated with progresdistances. As with experiment, calculation finds that the bridging
sively smaller values of the smearing parameter (finishing at ligand is significantly nonplanar, with @0.1 A range of
0.001 hartree) until a converged, aufbau electronic structure wasU—C(CsHg) distances. The average computee @ distance
obtained with only the highest few MOs having nonintegral within the GHg ring is exactly the same as found experimentally
occupation. These MOs were found to be almost entirely U 5f (1.44 A). Whereas the experimental errors are such that it is
in character and were very close to one another energetically.not possible to say if this represents a lengthening with respect
At this point, a geometry optimization was performed, taking to free benzene, we can be more confident in drawing this
the converged singlet electronic structure as an initial guess andconclusion on the basis of the computational data. A calculation
retaining the small smear parameter. The calculation proceededn GsHg, using the same method as employedXpyielded a
smoothly to a converged geometry. C—C distance of 1.394 A, and thus we find a 0.05 A lengthening
Analysis of the electronic structure at this optimized geometry on going from free to complexed benzene. The importance of
suggested the presence of four U 5f-localized electrons in thethis will be discussed later.
bimetallic molecule. It was therefore decided to run another  Electronic Structure of 1. The energies, compositions, and
geometry optimization with a more realistic arrangement of the characters of the highest occupied MOsdlafre given in Table
electrons, that is, a quintet system at the spin-unrestricted level5, and atomic population data for U are collected in Table 6.
with an excess of four up-spin over down-spin electrons in the As noted above, the population of each of the four highest
molecule as a whole. This calculation also proceeded smoothlyoccupied MOs (36ba, 36k a, 44a a, and 43a o, the most
to an optimized geometry, with the four least stable electrons stable of the four) has been constrained to 0.5. Below these
all being U 5f-localized and oé spin. The two least stable  MOs are two further orbitals (35l and 35k o) which contain
electrons were distributed nonintegrally in four MOs of very one electron each and which have essentially the same character
similar energy. As the population of each of the MOs was close as the 36ba through 43aq; that is, they are almost entirely
to 0.5, a further geometry optimization was performed con- U-localized. The calculation therefore suggests that the four least
straining the occupation of the four highest occupied MOs to stable electrons ofl occupy 6 U-based one-electron spin
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Table 5. Calculated Energy and Composition Data for the Highest Occupied Molecular Orbitals of Quintet [(CsMes)2U]2(u-1%:78-CsHg), 1

MO (irrep and spin) energy (eV) occupation composition (%) character

36b, o (HOMO) —2.576 0.5 93.5U2f,1.82U1f U f nonbonding

36k a —2.598 0.5 89.2U1f,39U2f U f nonbonding

445 a —2.663 0.5 89.3U1f, 6.1U2f U f nonbonding

43a o —2.702 0.5 87.8U2f,5.1ULf U f nonbonding

35k a —2.707 1.0 82.2U1f,6.9Ul1d,14U2f U f/d nonbonding

35 a —2.763 1.0 786 U2f,6.5U2d,45U1f U f/d nonbonding

27a —3.389 1.0 19.9U1f 4.2U1d,129U2f 2.6 U2d, 45.9 €6 p U f/d — CgHe €24 0 back-bonding
42a p —3.496 1.0 13.0U2f,9.7U2d,7.1U1f,7.1U1d,41.36Hg) p U f/d — CgHe €2y 6 back-bonding
423 o —3.637 1.0 19.5U2f,8.6U2d, 10.5U1f, 2.0U1d, 35.1 ¢He) p U f/d — CgHg 24 0 back-bonding
273 a —3.717 1.0 89U1f,1.9U1d,19.4U2f,2.1U2d, 34.7 e p U f/d — CgHe €24 0 back-bonding
34y 5 —4.535 1.0 8.9U1f,1.9U1d, 66.7 C{des, bonded to U1) p mainly §es e;

Table 6. Calculated U Atomic Population Data for
[(C5M65)2U]2(/4—176: 7%-CeHs), 1, and
{[(Megsl)zN](C5M85)2U} 2(#-1’]62 HG-CGHG), 2

charge spin s (6s +7s) p (6p +7p) 6d 5f

1
Ul +2.730 a 1.013 2.578 0.641 2.499
p 1.003 2.560 0.503 0.473
u2 +2.793 a 1.009 2.554 0.646 2471
B 1.001 2.537 0.516 0.474

2
U +2.553 a 1.036 2.595 0.690 2.467
p 1.022 2.577 0.565 0.494

orbitals of the same spin. Interestingly, each of these MOs is
localized on only one of the U atoms, and it may therefore be
appropriate to describe the U atoms as each possessing two 5f
electrons, which are ferromagnetically coupled to two similar
electrons on the other U.

The next four electrons occupy the 273 42a 3, 42a «,
and 27a o. one-electron MOs and are more than 0.5 eV more
stable than the U-localized electrons discussed above. These
four el?Ctrqns are in _orbl_tals that are not metal-localized, but Figure 6. Three-dimensional representation of the2Yarbital calculated
have significant contributions from both metals and the carbon ¢, ((comes),Ul(CeHe), 1.
atoms of the bridging ligand. These orbitals areack-bonding

between the U and theeHs ring. As an example, a three-  cloudy, especially given the sensitivity of Mulliken charges to
dimensional representation of the 2Zaelectron is shown in  the choice of basis set. Nevertheless, the calculated U charges
Figure 6. The MOs of free benzene that participate in the 27a can be nicely related to the chemistrylofs is discussed below.

p LhtrolUQh.tﬁ?t\?va MOt.s ?f ! aare t?ﬁ t@“ levels (thos_e d”.ng » ral That the four least stable electrons bfll have the same
orbitals wi 0 vertical nodes) that are unoccupied in neutra spin and are localized on either one U or the other suggests

benzene. The partial population of these level,ias a result . . i . .
I . . . that an alternative antiferromagnetic coupling may be possible.
of thed back-bonding, is consistent with the 0.05 A lengthening Using the ADF keyword “modifystartpotential” and following

of the C-C distances in the complexed ring, as thelevels . R
oo . . . . the same computational procedure as before, it did indeed prove
have significant €C antibonding character. Consistent with ; : -
possible to obtain an optimized geometry and converged

the transfer of electron density from Y- arene are the ; . .
. electronic structure of in which the two U 5f-based electrons
calculated charges on the ring C and H atoms, averagihg3 .
. . on one U atom are af spin and the two on the other are ®f
and-+0.07, respectively (an overall arene ring charge-8f21). . . . o .
The U atomic population data (Table 6) suggest that this transfer>P"- Interestingly, this low-spin singlet arrangement is calcu-
bop 99 lated to be 9.6 kJ mol more stable than the high-spin quintet

involves mainly the two 7s electrons and a single 6p electron discussed above. The aeometries of the two Svstems are ver
of the free atom. Hence, the U atoms in the complex are ~ " ) g Y y
similar to one another, as are the non-U 5f-based MOs.

calculated to have an approximately@d' configuration, that
is, retaining the free atom f and d values. The 6p “hole” in U A more complete approach would of course be to include
complexes (i.e., the partial involvement of the semi-core U 6p SPin—orbit coupling. Single-point spinorbit coupled calcula-
electrons in bonding and the concomitant atomic population tions were attempted using the geometries and electronic
reduction from 6.0) is well knowP? structures of singlet and quintéfs input, but SCF convergence

The depletion of electrons from the U atoms leaves them with proved impossible in both cases. From the scalar calculations,
a computed charge of betweer2.7 and+2.8. The relation ~ We can conclude that at least two arrangements of the f-based

between such calculated charges and formal oxidation states i€lectrons lie very close in energy, but we cannot definitely say
which is the ground state as the singlguintet energy
(95) Kaltsoyannis, NChem. Soc. Re 2003 32, 9. difference is so small. Both the high-spin and the low-spin
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Table 7. Calculated Energy and Composition Data for the Highest Occupied Molecular Orbitals of Quintet

{[(Me3Si)2N](CsMes)2U} 2(u-178:18-CeHe), 2

MO (irrep and spin) energy (eV) occupation composition (%) character

71a o (HOMO) -2.821 1.0 90.4Uf,1.7Ud U f nonbonding

70 o —2.864 1.0 87.0Uf,1.6Ud U f nonbonding

70a, o —2.875 1.0 88.4Uf,1.8Ud U f nonbonding

69g a —2.935 1.0 86.0Uf,28Ud U f nonbonding

69a, —3.751 1.0 26.3Uf,14.7Ud, 49.4 C{Bs) p U f/d — CgHe €24 0 back-bonding
68a, 3 —3.833 1.0 24.8Uf, 14.1 U d, 50.4 C{Bs) p U fid — CgHs €24 0 back-bonding
69a, a —3.934 1.0 35.6 Uf,14.4Ud, 41.1 C{Bs) p U fid — CgHs €24 0 back-bonding
68a, a —4.062 1.0 36.6 Uf,12.6 Ud, 42.4 C{Bs) p U fid — CgHs €2y 0 back-bonding
67a —5.020 1.0 46Uf,3.3Ud, 10.3Np, 59.2 G{@es) p mainly GMes e;

arrangements, however, yield essentially the same picture of

the valence electronic structure and bondindLof

Molecular Geometry and Electronic Structure of 2. A
process similar to that followed fdrwas adopted fo2. A series

Despite extensive attempts using several weeks of CPU time,
it proved impossible to converge the geometry of an unrestricted
singlet form of 2 (i.e., the antiferromagnetically coupled
arrangement of the four 5f-based electrons). This may well be

of single-point calculations at a guess geometry based on thedue to running with no symmetry constraints, as it is necessary
crystal structure were performed with increasingly small values to remove all symmetry operations connecting the metal atoms

of the smear parameter. Given the resultslfat was assumed
from the start tha would have four unpaired electrons, and
the spin-unrestricted approach was adopted. Uriljkae final
result of the single-point calculations was an aufbau and fully
integral electronic structure. The four least stable electro@s in

when doing such a “broken symmetry” calculation.
Discussion

(CsMes)t™ Substitution Reactions in Long Bond Organo-
metallics. The rapid reaction of (§Mes)sU with KN(SiMes),

all have the same spin and occupy four U 5f-based orbitals, in to form (GMes)U[N(SiMe3),] in high yield indicates that

contrast tol in which the foura spin U 5f-based electrons are

(CsMes)t~ displacement is highly favored for this sterically

spread over six one-electron MOs (an unavoidable consequencerowded complex. In comparison, nos{@es)!~ substitution is

of the very small energy gaps between the f orbitals). This
electronic structure foR was then used as a starting guess for
a full geometry optimization subject to the constraint @f
symmetry.

Key bond lengths from the calculated geometrg afe given
in Table 4. As withl, there is generally excellent agreement
between the calculated and experimental geometri@s the
U—C(CGsMes) bond distance reduction found experimentally on
going from1 to 2 is reproduced computationally; indeed, it is
overestimated by ca. 0.05 A in the calculation. The reduction
in the U—-U distance froml to 2 is also found computationally,
and the U-N and N-Si distances are reproduced very
satisfactorily. As was found experimentally, the range ef@
distances to the bridging ligand is smallerdrthan in1. The
average U-C(CsHe) distance is calculated to be 2.61 A, in
excellent agreement with the 2.59(3) A value found experi-
mentally. The significant lengthening of the free arene
distances found il is also present i, with experiment and

observed in reactions of KN(SiMp with conventional trivalent
U(lll) (CsMes)~ complexes, that is, [(§es),UCI]3,2526 (Cs-
Mes).UMezK, 22 or [(CsMes) U][ u-PhBPhy], which have normal
metal ligand bond distances. The only product isolated from
these reactions is the bis(pentamethylcyclopentadienyl) complex,
(CsMes),U[N(SiMes),], which retains the two (§Mes)!™ ligands

of the starting material.

The reaction ofl, another complex with unusually long
U—C(CsMes) bond lengths, with KN(SiMg), to form 2 suggests
that (GMes)!~ displacement by ionic metathesis may be a
general reaction for long bond organometallic complexes. The
fact that an additional equivalent of KN(Si)e does not
displace additional (€Mes)*~ ligands from2 or from (G-
Mes),U[N(SiMe3);], compounds which have normal bond
distances, is consistent with the generalization that thjsl€g)*~
displacement reaction is more favorable with sterically crowded
complexes.

Although the formation of (€Mes),U[N(SiMes);] from (Cs-

calculation once again being in excellent agreement [1.45(2) Mes)3U by the (GMes)!~ ionic metathesis route is not syntheti-

(av., expt) vs 1.449 A].

cally useful, because {®les),U[N(SiMes),] can be made in

The energies, compositions, and characters of the highestfewer steps by other routes, the reaction does offer synthetic

occupied MOs of2 are given in Table 7, and the U atomic

utility in other cases. For example, it is not so clear how to

populations are given in Table 6. Comparison of Tables 5 and form 2 by other routes. CompleR is a rare example of an f

7 suggests that the valence electronic structuresasfd2 are
similar. The four least stable electronsZimre U 5f-based (now
with equal contributions from the two U atoms due to the

element complex that has three different ligands per metal
center. In general, it is difficult to synthesize heteroleptic
complexes containing more than one type of ancillary ligand.

inversion symmetry imposed on the calculation), and there arelt is also more difficult to synthesize mono- versus bis-

then four electrons in the 69#, 68a, 3, 69a a, and 68a a
MOs which are U— arened back-bonding. The transfer of
electrons from U to arene seen1ns once again found i2,
with a charge oft-2.55 on the U and an overa#2.39 charge
on the GHe ring. Once again, itis the 7s and 6p atomic orbitals
of U that have significantly smaller populations than in the free
atom.
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cyclopentadienyl complexé8:26.97 Indeed, the predominance
of the (GMes)!~ ligand with early transition metals, lanthanides,
and actinides is generally associated with the bis(pentacyclo-
pentadienyl) (GMes),M metallocene unit. Hence, ®les)t™

(96) Heeres, H. J.; Teuben, J. Recl. Tra.. Chim. Pays-Ba499Q 109, 226.
(97) Kiplinger, J. L.; Morris, D. E.; Scott, B. L.; Burns, C. @rganometallics
2002 21, 5978.
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displacement reactions may provide a convenient route to form of the moment expected of a*3f)(Il) species on the basis of
heteroleptic mono-(§Mes)’~ complexes that currently are data on isoelectronic $6ystemg8-81 Hydrolytic and deuteri-

synthetically inaccessible. Extension of theNi@s)1~ displace- olytic reactions are also ambiguous, because mixtures of many
ment reaction to less crowded species may also be possible iftypes of products are obtain&Since anionic arene ligands
the appropriate conditions can be identified. either could be protonated by water to cyclohexadiene or

Synthesis of 1.Sincel can be formed in the presence of cyclohexene or could reduce water to hydrogen leaving the
benzene from several combinations of trivalent uranium com- neutral arene as a byproduct, these data are not definitive. The
plexes and potassium reductants, for examplgM)sU or often definitive optical absorptions characteristic of U(Ill) are
[(CsMes)U][(u-Phy)BPHy] with K/18-crown-6 or K/G and (G- not evident in the NIR spectrum df but the NIR spectrum of
Mes)sU/KH, there may be several synthetic pathways available 2 is similar to that of (§Mes)sU and appears to contain- f
to this complex. The [(EMes).U][(u-Phy)BPh] reaction, eq 3, transitions typical of trivalent uranium.
is the most conventlorjal in terms of ionic metathe5|s because Density functional theory calculations dnand 2 suggest
the [(u-Ph)BPh]!~ anion, attached to uranium only by two
n?-arene interactions, is easily displacéd3However, the (G
Mes)sU reactions show that the &¥les)!~ ligands in these
sterically crowded complexes can be just as easily displaced a
the weakly held [¢-Ph)BPh]~ anion.

The formation ofl as one of the products from reactions of

. . is at most U(IV).
(CsMes)sU and KH in benzene is less clear unless the KH had The localizati . fh (f lect inth
residual K that generated the necessary arene anions for a € localization properties of the nextfour electrons in these

displacement reaction. The original synthesid éfom a KGs- molecules are crucial to the assignment of oxidation state. These

Mes sample prepared from KH andsKlesH most likely was electrons are in U~ arened back-bonding molecular orbitals.
contaminated with either KH or K. These results suggest that If these electrons are arene-localizé@nd2 are best formulated

caution must be exercised when using potassium reagents irffS containing U(IV) and (§Hs).* If the electrons are uranium-
arene solvents. Unexpected formation of arene anions couldP@séd, U(l) and a neutral arene would be appropriate. The
interfere with yields of the desired product particularly in COMPoOsition analysis of the MOs (274, 42a f3, 42a o, and
reactions involving sterically crowded complexes. To better 27&ainland 693, 68a f3, 69a o, and 68ac in 2) occupied
control synthetic conditions, we have employed KN(SiMe b){ these electrons suggests that the electrons are very m_uch _of
in place of KH in the synthesis of KfMes and other insoluble mixed U/arene character, and hence the best description is
KZ salts. This KN(SiMe)-based synthesis of K@les is intermediate between U(IV) and U(ll). This fits nicely with the
additionally preferred because it can be done in toluene in the COMputed charges on the B2.7 to+2.8 in1and+2.6 in2)
absence of coordinating solvents and provides THF-free- KC and the arene<2.2 in1 and—2.4in2), but it should be noted

Mes in one step. This synthetic procedure bypasses additionalthat computed charges can be quite unreliable because they are

that both molecules have similar valence electronic structures,
which lie intermediate between the U(ll) and U(IV) extremes.
Both molecules possess two U 5f nonbonding electrons per U,
Swhich occupy the highest occupied molecular orbitals in each
case. This indicates that the oxidation state of the uranium atoms

desolvation steps that must be taken in the synthesis gi¢€ often very sensitive to the computational method. In summary,
from KH and GMesH, which is typically done in coordinating  the calculations reveal the presence of orbitals of suitable energy
solvents. and symmetry for significant uranium arene covalent inter-

Structure and Chemical Reactivity of 1 and 2.Complexes actions, and the formal oxidation state of the metal depends on
1 and2 could be formulated in several ways depending on how the amount of back-bonding in the system. This is a common
the oxidation state of the metal and the charge on the bridging Situation in many transition metal complexes of unsaturated
arene-derived ligands are formally assigned. None of the integralhydrocarbon ligands. Of the three possibilities (i.e., UIl)
assignments involve conventional oxidation levels for both the U(IV)), there is little doubt that the calculations suggest that
metal and the arene. The most common oxidation states forU(lll) is the most appropriate description of bathand 2.
uranium in organometallic complexes are U(lll) and U(IV). If  Interestingly, the calculations oh and 2 give an orbital
1and2involved U(IV), this would imply the presence of highly  picture very similar to that found previously f8rand4.17:18 |t
reduced bridging ligands, ¢Bl¢)*" tetraanions. U(lll) complexes  would therefore appear that the nature of the anionic ligands
would require only (GHg)? dianions. Crystallographically  on the outside of the [B(CsHsR)—U]*t unit (R=H, Me) does
characterized examples of arene dianions exist in some alkalinot affect the orbital picture within the molecular core to any
metal complexes, but being anti-aromatic, they are not common. significant extent.
If the bridging ligand is a neutral arene, a type of ligand that
has previously been shown to complex U(IV) and U(lll) in
complexes such as §8e)U(AICI 4)3,83 (CeMeg)U(AICI 4)3,57 and
those in Table 3, this would require an unconventional U(Il)
oxidation state for the metal id and 2.8 Consideration of
oxidation states lower than 2 for uranium would require cationic
arene bridges, and this seems unlikely in view of the relative
electronegativities of the elements involved.

Several of the conventional methods used to assign oxidation
states are not definitive fdr and2. The magnetic moments of
U(IV) and U(lll) are similar to and within the experimental error

Several other lines of evidence suggest that the model which
contributes most to the structure of compleXeand?2 is the
one involving U(Ill) complexes of benzene dianions. Synthetic,
structural, and reactivity support for this model is described in
the following paragraphs.

The formation ofl from (CGsMes)sU and [(GMes)U][(u-
Phy)BPhy] can be readily explained by ionic metathesis reactions
with trivalent precursors in which no change in oxidation state
is necessary. There would be no basis to expect oxidation of
the metal to U(IV) in these reactions. A U(IV) product would
require that the U(lll) centers formally reduced gk{g)%~
(98) Clark, D. L.; Hobart, D. E.; Neu, M. -Chem. Re. 1995 95, 25. dianions to (GHe)*~ tetraanions. This seems unlikely.
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Both experiment and theory find thatand2 have nonplanar 5 because a (§g)2~ dianion in1 should not be able to reduce
CsHg ligands, a structural feature that would be unlikely for a paraxylene to (1,4-@Me;Hz)%~. The fact that a gMes analogue
neutral GHg ligand in a U(ll) complex. Since the well-defined of 1 has not been prepared would be consistent with the
C—C bond distances i@ are longer than those in benzene, this difficulty of reducing this more electron-rich arene, but other
also seems inconsistent with the presence of a neutral arenefactors, such as steric crowding, might also account for this
This is reinforced by the calculations, which find a calculated observation. In contrast, in the neutral arene complexes of f

0.05 A C-C lengthening from free to complexed arene in both
1 and 2. This is consistent with the partial population of the
free benzene @ C—C 7* MOs due to transfer of electron
density from U to arene.

In many cases, HC(GMes) distances are indicative of the
metal oxidation state. However, the discovery of the long bond
organometallics such as trivalents{@es)sU” and tetravalent
(CsMes)3UCI,1° complexes of different oxidation states that have
similarly long U-C(CsMes) lengths, complicates this analy$fs.
The bond distances are more straightforward. The+C(Cs-
Mes) lengths in2 are not unusually long and are similar to less

sterically crowded trivalent uranium complexes. This suggests

that2 is not a U(ll) complex. Similarly, the BN[N(SiMe3),]

distance in2 matches U(lll)-N distances in the litera-
ture.17'22’60'61

Further evidence for a U(Il1)/(§Hg)2~ dianion description

element tetrahaloaluminates and tetrahydroboratgdeggen-
erally provides the most stable comple%é83106

Further support for the presence of alffg)?~ bridge inlis
that THF does not displace this ligand. Neutral arene f element
complexes readily decompose in coordinating solvents such as
THF and pyridin€®3-70.93.106They are said to be obtainable only
in the absence of a coordinating solvent.

Multielectron Reduction Chemistry of 1. Regardless of the
formal oxidation state inl, its reaction with 3 equiv of
cyclooctatetraene demonstrates that it can function as a six-
electron reductant. The half reaction is shown in eq 10.

[(CsMes)zu]z(ﬂ"]GWG'CeHe) -
6e + 2[(CMey)U]*" + (CMey), + CcH, (10)

of 1 and 2 comes from the arene exchange chemistry. If the TO the extent that the six electrons arise from twegMes)' "/
arene bridge is neutral, one would expect that arene exchange=sMes processes, two U(II)/U(IV) reactions, and ast)* /

would be facile and that the more substituted arenes would CeHs process, the overall reaction involves three different
displace the less substituted species, according to the basicitysources of electrons: SIR ligand processes, conventional metal-
of the arene. This is the type of chemistry that is observed in Pased redox chemistry, and arene anion reduction, respectively.

neutral arene uranium and lanthanide coordination complexes The reductions of cyclooctatetraene Hycould also be

already in the literature. Hence, in the presence of toluene,

hexamethylbenzene displaces the mesitylene pMégHz)U-
(BH4)3 to make (GMeg)U(BH,)3.59106Tetramethylbenzene will

explained via U(I-U(IV) processes instead of U(lll) and
(CeHg)?™ reactions, but we are reluctant to claim the formation
of a U(Il) complex in the absence of more definitive data.

also preferentially replace toluene and benzene in complexescgonclusion

such as ﬁﬁ-CeRe)Ln(AICI4)3.93

The chemistry ofl is the opposite of that of established
coordinated arene complexes. For examblerystallizes from
toluene without displacement of thelds ligand. ComplextL is
also formed preferentially over the more highly substitygech-
xylene analogue in a competitive reaction involving a 1:1
solution of benzene amghra-xylene. Thepara-xylene analogue,
5, made by the reaction of {®les)sU with KCg in para-xylene,
reacts with GDg to make [(GMes)U]2(u-17%:%-CeDeg), 1-Us.
This is consistent with the presence of a (14MEHz)?~
dianion in5, which would have the capacity to reduce benzene
to form 1. Complex1 does not react witpara-xylene to make

(99) Since the U-C(CsMes) lengths inl are long, they could arise because it
is a long bond organometallic U(ll1) or U(IV) complex. Singehas the
reactivity of a long bond organometallic, that is, SIR andMEs)'~
displacement, and a very small {{@es ring centroid}-U—(CsMes ring
centroid) angle characteristic of long bond organometalligM&)*~
complexes, this is reasonable. However, a U(Il) complex could also have
U—C(GsMes) distances longer than conventional U(Ill) complexes. Divalent
lanthanide complexes typically have-\C distances 0.1 A longer than
trivalent analogue¥®-193 However, in the zerovalent arene complexes of
Cloke, the M-C distances are much shorter than those expected by
extrapolating from Ln(lll) and Ln(l1):04.105
(100) Bochkarev, M. N.; Fedushkin, I. L.; Fagin, A. A.; Petrovskaya, T. V.;
Ziller, J. W.; Broomhall-Dillard, R. N. R.; Evans, W. Angew. Chem.,
Int. Ed. Engl.1997, 36, 133.

(101) Evans, W. JCoord. Chem. Rew200Q 206—207, 263.

(102) Evans, W. J.; Allen, N. T.; Ziller, J. WI. Am. Chem. SoQ00Q 122,
11749.

(103) Bochkarev, M. N.; Fedushkin, I. L.; Dechert, S.; Fagin, A. A.; Schumann,
H. Angew. Chem., Int. E®001, 40, 3176.

(104) Cloke, F. G. NChem. Soc. Re 1993 17.

(105) Arnold, P. L.; Cloke, F. G. N.; Hitchcock, P. Bhem. CommuriL997,
481.

(106) Baudry, D.; Bulot, E.; Ephritikhine, Ml. Chem. Soc., Chem. Commun.
1988 1369.
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These results show that a fourth type of reaction is available
to sterically crowded (§Mes)sM complexes, displacement of
a (GMes)! ligand by ionic metathesis. Successful execution
of this reaction with sterically crowded [(®les),U] 2(u-175:°-
CsHe), 1, to form {[(Me3Si).N](CsMes)U} 2(u-1%:175-CeHe), 2,
suggests that this reaction may be available to other organo-
metallic complexes with unusually long bonds. As demonstrated
in the transformation ofl to 2, these (GMes)!~ ligand
displacement reactions provide new options for the synthesis
of the relatively rare classes of complexes with two different
types of ancillary ligands.

The synthesis ofl demonstrates that anion displacement
reactions involving arene anions are powerful routes to unusual
f element sandwich complexes involving arene-derived bridging
ligands. The facility by whici is formed via different pathways
suggests that this type of reaction may be more accessible than
previously expected.

Chemical, structural, and density functional theory analysis
of 1 and 2 suggests that the best integral valence model for
describing these complexes is one containing U(lll) metal
centers complexed to arene dianions. Of the six valence electrons
of elemental uranium, two are given up to the twgN@s)~
ligands on each metal, two remain as essentially U 5f nonbond-
ing electrons, and the final two are employed in a-tJarene
0 back-bond. This picture of the electronic structure arises from
DFT calculations with both high-spin and low-spin models.

The six-electron reduction reactivity of [{@les),U]2(u-,C:
n%-CeHg) shows another way in which sterically induced
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reduction can be combined with traditional redox couples to 01 (to N.K.), and Dr. John Greaves for assistance with the mass
make multielectron reductants. The SIR reactivity of sj{C  spectrometry.

Mes)2U]2(u-1°7°%-CeHe) also shows that this type of reduction  Supporting Information Available: X-ray diffraction data,

can be done with complexes beyond theN€s)sM class. atomic coordinates, thermal parameters, and complete bond
distances and angles; a listing of the observed and calculated
structure factor amplitudes for compountisind 2 (PDF and

d CIF). This material is available free of charge via the Internet

at http://pubs.acs.org.
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