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Methods to separate the components of the equilibrium mixture oM¢g).UH], and [(GMes),-
UH.], have been developed that allow their reductive chemistry to be studied. These actinide hydrides
can act as four-, six-, and eight-electron reductants depending on the substrate astihid byproduct
of a H- — e + Y%, H, redox couple. This hydride reduction chemistry allows complexes of redox-
inactive TH" such as [(GMes),ThH,]» to be four- and six-electron reductants. {{&s),UH], and [(G-
Mes),UH;]. cleanly reduce 2 equiv of PhEEPh ¢S, Se) to form 2 equiv of (§Mes),U(SPh} and
(CsMes),U(SePh) in an overall four-electron reduction in each cases|€s),UH], and [(GMes),-
UH,], also effect a six-electron reduction of 3 equiv of 1,3,5,7-cyclooctatetraene fd ¢t CsHg) U] -
(CgHg) and an eight-electron reduction of 2 equiv of PANPh to form 2 equiv of the & imido complex
(CsMes),U(=NPh). In each reaction, is a byproduct. This hydride-based reduction is also successful
with the tetravalent thorium hydride [¢®les),ThH;],, which reduces 2 equiv of PhSSPh tosies).-
Th(SPh) and 3 equiv of GHg to [(CsMes)(CgHs) Th]x(CsHg) with concomitant formation of KH X-ray
crystallographic data are reported ond{{&s).UH],, [(CsMes).UH;],, and (GMes),U(SePh) as well as
the thorium reduction products §&es),Th(SPh) and [(GMes)(CgHg) Th]o(CeHs).

Introduction Scheme 1
Recent studies of the sterically crowded organoactinide
complex (GMes);U! have shown that it can function as a < N N/O
multielectron reductant by combining its traditional*Ueduc- U + PhN=NPh Uf

-'12(CsMes), NN
of ligand-based reduction is called sterically induced reduction \% Q
since it occurs only in complexes with unusually long metal
ligand bonds. For example, a four-electron reduction can be PhN=NPh + del* ——— 2(PhN)*
effected using 1 equiv of ¥ and a (GMes)/(CsMes) [(CsMes), U]t ———— [(CsMes),Ul** + 3e!-
transformatior?, Scheme 1. Sterically crowded [£Kes),U]2-
(CeHe)® reacts similarly?

As a control reaction for this sterically induced reduction
chemistry, [(GMes)U][(u-PhypBPh],° a complex that has
normal bond lengths, was treated with BaNPh for compari- % %
son® Surprisingly, the same four-electron reduction shown in \ g Q \ /N/O
Scheme 1 occurred as shown in Scheme 2. In this case®the U U{:x B + PhN=NPh _BPh, U\<N
reduction was combined with a (Bph-based reduction that \% g \Q ~1/,Ph, \%( @
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tive chemistry—* with (CsMes)-based reductiok® This type \%

(CsMes)” ———— 1/, (CsMeg), + leb

Scheme 2

T University of California Irvine. PhN=NPh + de" 2(PhNY>
* University of California, San Diego. [(CsMeg),Ul't ———— [(CsMeg),UI** + 3el°
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Table 1. X-ray Data Collection Parameters for [(GMes),UH],, 1, [(CsMes),UH;],, 2, (CMes),U(SePh), 5, (CsMes),Th(SPh), 8,

and [(CsMes)(CgHg)Th]2(CgHsg), 9

empirical formula QoHerz'(C7H8) CaoHeaU2 CaoHaeSeU C32H4052Th Cy4Hs4 Thz'(CsHe)
1-(C7Hsg) 2 5 8 9-(CsHe)

fw 1111.09 1020.99 820.59 720.80 1125.06

temperature (K) 163(2) 208(2) 100(2) 168(2) 163(2)

cryst syst monoclinic monoclinic hexagonal hexagonal monoclinic

space group P2:/n C2lc P6: P65 Cc2

a(hd) 16.032(2) 18.8970(1) 12.7763(6) 12.6647(6) 15.372(7)

b (A) 14.186(2) 12.8770(7) 12.7763(6) 12.6647(6) 9.907(4)

c(A) 38.211(6) 16.2190(9) 32.1519(19) 32.450(3) 13.781(6)

o (deg) 90 90 90 90 90

f (deg) 96.765(3) 104.8110(10) 90 90 103.242(7)

y (deg) 90 90 120 120 90

volume (&) 8630(2) 3815.5(4) 4545.1(4) 4507.5(5) 2042.9(15)

z 8 4 6 6

Pealcd (Mg/m?3) 1.710 1.774 1.799 1.593 1.829

u (mmY) 7.526 8.502 7.777 5.119 7.305

R1[l > 2.00(1)]2 0.0460 0.0477 0.0267 0.0235 0.0273

wR2 (all dataj 0.1054 0.1225 0.0467 0.0462 0.0716

a Definitions: WR2= [Y[W(Fo? — FAZ/T[W(Fe?)?F 1Y2, R1= 3 ||Fo| — |Fc||/3|Fql.

normal bond lengths, the reductive chemistry o[\€s),UH],

involved addition of external reductants such as alkali metal

1, was of interest. Hydrides are well-known reductants, but they naphthalided%2%-24 As described here, the tetravalent thorium

generally add to the substrate during the reductid®ince the
f element hydrides are primarily known for insertion andond
metathesis reactivitl?1* a reduction reaction of the type shown

hydride, [(GMes).ThH;],,1%253, is also an excellent reductant
and can achieve multielectron reduction reactivity analogous
to that of tetravalent and trivalent uranium hydrides.

in eq 1 analogous to the ligand-based reductions in Scheme 1

H™—,H,+ 1e” )

Experimental Section

The manipulations described below were performed under argon

and 2 would not be a traditional reaction for these complexes. With rigorous exclusion of air and water using Schlenk, vacuum

In addition, the use of [(Mes),UH]>, 1, was complicated by
the fact that this trivalent hydride typically exists as an
equilibrium mixture with the tetravalent hydride [{Kles)o-

UH3],, 2, eq 2%°
i \ «Me H2 latm i \U wH ill i \U_H (2)

2 < —_— ;H

~“Me -4CH, tH.
e eI,

2 1

Reported here are conditions in which trivalehttan be
isolated from tetravaleri such that the reduction chemistry of

each can be examined with several different classes of sub-

line, and glovebox techniques. Solvents were dried over Q-5 and
molecular sieves and saturated with argon using GlassCéftour
columns. Toluena&s and benzenes were dried over NaK alloy
and vacuum transferred before usegNI€s),ThCl,,'®> (CsMes),-
UMez,l5 [(C5M€5)2UH2]2,15 [(C5Me5)2ThH2]2,15and KSPR’ were
prepared as previously described. PhSSPh, PhSeSePh, ard PhN
NPh were purchased from Aldrich and sublimed before use. 1,3,5,7-
CgHg was distilled onto molecular sieves before use. NMR spectra
were recorded with a Bruker DRX 500 MHz system. Infrared
spectra were recorded as either thin films obtained fraids;©n
an ASI ReactIR 1000 instrumeftor as KBr pellets on a Perkin-
Elmer Spectrum One FT-IR spectrometer. Elemental analyses were
performed by Analytische Laboratorien, Lindlar, Germany. X-ray
data collection parameters are given in Table 1, and full crystal-
lographic information is in the Supporting Information.
Crystallization of [(C sMes),UH],, 1. A flask fitted with a high-

strates: PhEEPh (E S, Se), 1,3,5,7-cyclooctatetraene, and vacuum greaseless stopcock was charged with a solutionsef (C
PhN=NPh. Encouraged by the reduction chemistry observed Mes),UMe; (100 mg, 0.186 mmol) in benzene (15 mL). The flask
with these organometallic uranium hydrides, extension of this was attached to a high-vacuum line x110~° Torr) and degassed

ligand-based hydride chemistry to thorium was examined.

by three freeze pump-thaw cycles. H (1 atm) was introduced

Reduction chemistry with organometallic thorium complexes  into the flask at room temperature. The red solution slowly changed
has traditionally been challenging because only three organo-to brown-green as it was stirred for 12 h. The brown-green solid

metallic T+ compounds have been fully characterizéd,
[(RMe,Si),CsH3]sTh (R= Me, BBu)”-18and{ [(‘BuMe;Si),CsHe] -
Th} K(DME),.1° Reduction reactions with thorium have typically

(11) James, B. R. I€omprehensie Organometallic ChemistrVilkin-

(19) Parry, J. S.; Cloke, F. G. N; Coles, S. J.; Hursthouse, M. Bm.
Chem. Soc1999 121, 6867.

(20) Korobkov, |.; Gambarotta, S.; Yap, G. P. Angew. Chem., Int.
Ed. 2003 42, 814.

(21) Korobkov, |.; Gambarotta, S.; Yap, G. P. Angew. Chem., Int.

son, G., Gordon, F., Stone, A., Abel, E. W., Eds.; Peragon: Oxford, 1982; Ed. 2003 42, 4958.

Chapter 51.
(12) Marks, T. J.; Lin, ZJ. Am. Chem. Sod 987 109, 7979.
(13) Marks, T. J.; Lin, ZJ. Am. Chem. Sod99Q 112, 5515.
(14) Ephritikhine, M.Chem. Re. 1997, 97, 2193.

(22) Korobkov, I.; Arunachalampillai, A.; Gambarotta, Srganome-
tallics 2004 23, 6248.

(23) Korobkov, I.; Gambarotta, $organometallic2004 23, 5379.

(24) Arunachalampillai, A.; Gambarotta, S.; Korobkov,Qrganome-

(15) Marks, T. J.; Fagan, P. J.; Manriquez, J. M.; Maatta, E. A.; Seyam, tallics 2005 24, 1996.

A. M. J. Am. Chem. So0d 981, 103 6650.

(16) Arunachalampillai, A.; Crewdson, P.; Korobkov, I.; Gambarotta,
S. Organometallic2006 25, 3856.

(17) Blake, P. C.; Lappert, M. F.; Atwood, J. L.; Zhang, H.Chem.
Soc., Chem Commuh986 1148.

(18) Blake, P. C.; Edelstein, N. M.; Hitchcock, P. B.; Kot, W. K.; Lappert,
M. F.; Shalimoff, G. V.; Tian, SJ. Organomet. Chen2001, 636, 124.

(25) Broach, R. W.; Schultz, A. J.; Williams, J. M.; Brown, G. M,;
Manriquez, J. M.; Fagan, P. J.; Marks, T.Stiencel979 203 172.

(26) For more information on drying systems, see www.glasscontour.com

(27) Evans, W. J.; Miller, K. A,; Lee, D. S.; Ziller, J. Whorg. Chem
2005 44, 4326.

(28) Evans, W. J.; Johnston, M. A.; Ziller, J. \Morg. Chem200Q 39,
3421.
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was extracted with hexane in an argon-filled glovebox and reaction mixture was stirred for 12 h. White insoluble materials
centrifuged to remove brown solids. The hexane solution was stirred were removed by centrifugation, and solvent was removed under
for 3 h, the hexane was removed under vacuum, toluene was addedreduced pressure to yieldl as a white, crystalline powder (220
the solution was stirred for 1 h, and the toluene was removed undermg, 87%). Crystals 08 suitable for X-ray diffraction were grown
vacuum, yielding a brown-green powdéH NMR analysis was at —35 °C from a concentrated toluene solutidhl. NMR (CgDe):
consistent with the formation of previously reported f{{&s),- 0 2.02 (s, 30H, GMes, Avy;, = 1 Hz), 6.89 (tt, 2H3Jyy = 7 Hz,
UH],,!5 although a small amount of [é®les),UH,],'®> was also p-H), 7.04 (tt, 4H 23y = 8 Hz, m-H), 7.83 (dd, 4H3Jyy = 8 Hz,
present (15:1 byH NMR spectroscopy). Black polyhedral crystals  o-H). 13C NMR (CsDe): 6 12.1 (GMes), 128.5 CsMes), 134.0 6-
suitable for X-ray diffraction were grown at35 °C after 2 days phenyl), 129.2 fr-phenyl), 125.3 §-phenyl), 143.0ipso-phenyl).
from a saturated solution df in toluene. IR (thin film): 2961s, 2914s, 2856s, 2729w, 2291w, 1579m, 1476m,
Crystallization of [(C sMes),UH>],, 2. Addition of 4 mL of hot 1440m, 1378m, 1262s, 1085s, 1065s, 1023s, 803s, 737m, 695s,
hexane and 4 mL of hot toluene tos{@es),UMe, (668 mg, 1.25 664m cntl. Anal. Calcd for GoHaeS,Th: C, 53.32; H, 5.59; S,
mmol) produced a saturated red solution that was transferred to a8.90; Th, 32.19. Found: C, 53.22; H, 5.57; S, 8.79; Th, 32.05.
Fisher Porter high-pressure reaction vessel. This was degassed to (CsMes)2Th(SPh),, 8, from [(CsMes).ThH ]2, 3. PhASSPh (10
the vapor pressure of the solvent and pressurized to 80 psi withmg, 0.048 mmol) in €Dg was added to a J-Young tube containing
H,. After 2 days, large black crystalline rods formed. The pressure [(CsMes);ThH;]2, 3 (24 mg, 0.024 mmol), in §Ds. The J-Young
was reduced to 20 psi, the reaction vessel was brought into thetube was capped immediately, and a color change from pale yellow
argon glovebox, and the vessel was evacuated to the vapor pressurt® colorless was observed along with the formation of bubBlés.
of the solvent and backfilled with argon %3. The solvent was NMR spectroscopy showed quantitative conversion of starting
decanted to leave black crystals that analyzedHiMR and IR material to8 and H exhibiting a’H NMR resonance at 4.46 ppm.

spectroscopy to be [@Mes),UH;],.1% [(CsMes)(CgHg)Th] Z(Cg_H g), 9. 1,3,5,7-GHg (2:_3 uL, 0.203
(CsMex),U(SPh), 4. PhSSPh (12 mg, 0.055 mmol) inls was ~ mmol) was added dropwise to a pale yellow solution o£M&s)--
added to a J-Young tube containih@29 mg, 0.028 mmol) in D. ThH;]2, 3 (68 mg, 0.067 mmol), in toluene (10 mL). A dark orange

The J-Young tube was capped immediately, and a color changesolution immediately formed. After the mixture was stirred for 3

from brown to red was observed along with the formation of days, the dark orange solution was evaporated to dryness, yielding

bubblesH NMR spectroscopy showed quantitative conversion of an orange powder. The orange powder was washed with cold

starting material to the previously characterizd® and H hexane (1x 5 mL) and dried under reduced pressure to afford

exhibiting a'H NMR resonance at 4.46 ppm. (59 mg, 83%). Orange crystals &fsuitable for X-ray diffraction
(CsMes),U(SePh), 5.PhSeSePh (75 mg, 0.240 mmol) in toluene Were grown at 25C from a concentrated benzene solutiéid.

(3 mL) was added to a brown-green solutionlofl22 mg, 0.120 ~ NMR (CeDs, 25°C): 6 1.93 (s, 30H, GMes, Avy, = 1 Hz), 6.15

mmol) in toluene (10 mL). A dark red solution immediately formed (S: 8H, GHs, Avyz = 1 Hz). °C NMR (CeDs, 25 °C): ¢ 13.7

and bubbles were observed. After the mixture was stirred for 12 h, (CsMes), 125.9 CsMes), 99.21 (GHg). *H NMR (tolueneds, 80

the dark orange solution was evaporated to dryness, yielding a red’C): 0 1.92 (s, 30H, GMes, Avy, = 1 Hz), 6.06 (s, 8H, €Hs,

oil. The red oil was dissolved in hexane and cooled-@6 °C. Avip = 1 Hz). 'H NMR (tolueneds, —65 °C): 6 1.91 (s, 30H,

After 2 days5 was obtained as red crystals (132 mg, 67%). Crystals CsMes, Avyz = 1 Hz), 6.09 (s, 8H, gHs, Aviz = 1 Hz). IR (thin

of 5 suitable for X-ray diffraction were grown at35 °C from a film): 2961s, 2918s, 2856s, 1444m, 1378m, 1258vs, 1089vs,

concentrated hexane solutiotd NMR (CsDg): ¢ 14.0 (s, 30H 1085vs, 1015vs, 865s, 803vs, 703s énAnal. Calcd for GaHss

CsMes, Avy, = 18 Hz), 2.6 (t, 2H3Juy = 8 Hz, p-H), —31.0 (br Thy: C, 50.48; H, 5._20. Found: C, 51.20;_ H,_5.43. _

s, 4H, Avi, = 28 Hz,mH), 0.98 (d, 4H 334 = 8 Hz, 0-H). 13C X-ray Data Collection, Structure Determination, and Refine-

NMR (C¢Dg): 6 —25.6 (GMes), 126.0 CsMes), 104.5 p-phenyl), ment. [(CsMes),UH] 2, 1. A black crystal of approximate Qimen-

159.7 m-phenyl), 134.2 ¢-phenyl), 129.7 ipso-phenyl). IR (thin sions 0.15x 0.24 x 0.28 mm was mounted on a glass fiber and

film): 3053w, 2964m, 2907m, 2856m, 1575m, 1476m, 1436s, transferred to a Bruker CCD platform diffractometer. The SMART

1378m, 1325w, 1297w, 1262vs, 1089s, 1015vs, 865w, 799s, 773s,Program package was used to determine the unit-cell parameters

691s, 664s cmi. Anal. Calcd for GoHaSeU: C, 46.84; H, 4.91; and for data collection (25 s/frame scan time for a sphere of

Se, 19.24: U, 29.01. Found: C, 46.88: H, 5.05: Se, 19.41: U, 28.80. diffraction data). The raw frame data were processed using SAINT
[(CsMes)(CsHg)U]ACaHs), 6.1,3,5,7-GHg (9.84L, 0.087 mmol) and SADABS® to yield the reflection data file. Subsequent

in CgDs was added to a J-Young tube containing(@s),UH]., calculations were carried out using the SHELXTprogram. The

1 (30 mg, 0.029 mmol), in §Ds. The J-Young tube was capped diffraction symmetry was 4, and the systematic absences were

immediately, and a color change from brown-green to brown-black Consistent with the centrosymmetric monoclinic space gieip

was observedH NMR spectroscopy showed quantitative conver- which was later determined to be correct. The structure was

sion of starting material to the previously characterifed(Cs- solved by direct methods and refined Bh by full-matrix least-

Mes),, and H after 3 days. squares techniques. The analytical scattering fattéos neutral
(CsMes);U(=NPh),, 7. PhAN=NPh (9 mg, 0.049 mmol) in {Ds atoms were used throughout the analysis. Hydrogen atoms were

was added to a J-Young tube containin UHI, 1 (25 ma, included using a riding model. There was one molecule of toluene
0.025 mmol), in GD¢ Thge J-Young tube%?/[g[sésc);ppgé ingmedigtely solvent present per formula unit. The hydrides could not be located

and a color change from brown to brown-red was observed alon and were not included in the refinement. Al convergence, wR2
with the formation of bubblosiH NMR spectioseopy showed  0-1054 and Goof- 1.082 for 855 variables refined against 17 628

guantitative conversion of starting material to the previously data (0.80 A).Asacomparlson for refinementfarR1= 0.0460

characterized®3°and H exhibiting aH NMR resonance at 4.46  [of those 13 375 data with > 2.00().

ppm. (31) SMART Software Users Guid®ersion 5.1; Bruker Analytical
(CsMes),Th(SPh), 8. A pale yellow solution of (gMes),ThCl, X-Ray Systems, Inc.; Madison, WI, 1999.

(200 mg, 0.35 mmol) in toluene (10 mL) was added to a white (32) SAINT Software Users Guidéersion 6.0; Bruker Analytical X-Ray

; Systems, Inc.; Madison, WI, 1999.
slurry of KSPh (129 mg, 0.87 mmol) in toluene (2 mL), and the  =eay'ch 0| iy G MSADABSVersion 2.10; Bruker Analytical X-Ray

Systems, Inc.: Madison, WI, 2002.

(29) Lescop, C.; Arliguie, T.; Lance, M.; Nierlich, M.; Ephritikhine, M. (34) Sheldrick, G. MSHELXTLVersion 6.12; Bruker Analytical X-Ray
J. Organomet. Chen1999 580, 137. Systems, Inc.; Madison, WI, 2001.
(30) Arney, S. J.; Burns, C. J.; Smith, D. @. Am. Chem. Sod992 (35) International Tables for X-Ray Crystallographyluwer Academic

114, 10068. Publishers: Dordrecht, 1992; Vol. C.
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[(CsMes),UH],, 2. A black block 0.17x 0.10 x 0.10 mm in
size was mounted on a Cryoloop with Paratone oil. Data were
collected in a nitrogen gas stream at 208(2) K using phi and omega
scans. The crystal-to-detector distance was 60 mm and exposure
time was 5 s per frame using a scan width of 0.Bata collection
was 99.9% complete to 25.9( 6. A total of 13 055 reflections
were collected covering the indice25 < h < 13,-16 < k <
17, —-21 < | =< 19. A total of 4442 reflections were found to be
symmetry independent, with &R,; of 0.0305. Indexing and unit
cell refinement indicated a C-centered, monoclinic lattice. The space
group was found to b€2/c (No. 15). The data were integrated
using the Bruker SAINT software program and scaled using the
SADABS? software program. Solution by direct methods (SIR-
97) produced a complete heavy-atom phasing model consistent with
the proposed structure. All non-hydrogen atoms were refined Figure 1. Molecular structure of one of the crystallographically
anisotropically by full-matrix least-squares (SHELXL-97). All  independent molecules in the unit cell of {{@es).UH],, 1, with
hydrogen atoms, with the exception of the hydride hydrogen H1u, thermal ellipsoids drawn at the 50% level.
were placed using a riding model. Their positions were constrained
relative to their parent atom using the appropriate HFIX command
in SHELXL-97. The hydride hydrogen H1u was located from the
difference map, and its position was refined isotropically.
(CsMes),U(SePh}, 5. A red plate 0.10x 0.10 x 0.05 mm in
size was mounted on a Cryoloop with Paratone oil. Data were
collected in a nitrogen gas stream at 100(2) K using phi and omega
scans. A total of 19 076 reflections were collected covering the
indices—17 < h =< 17,-17 < k= 17,—42 < | < 42. Atotal of
6385 reflections were found to be symmetry independent, with an
Rnt of 0.0366. Indexing and unit cell refinement indicated a
hexagonal lattice. The space group was found tdP6€L) (No.

169). The data were handled as describedfdrhe crystal was a CeDs as a 15:1 mixture ofl:2 on the basis of (EMes)”
perfect merohedral twin, with a refined BASF parameter of 0.50147- resonances. X-r ay quality crystals were repeatedly grown from
(69) ’ saturated solutions of toluene &35 °C under argon, and a

: : tructure was obtained. In contrast to the IR spectrur,f
(CsMes),Th(SPh),, 8. A colorless crystal of approximate dimen- stre ) - . '
sions,50.1532< 0.12x 0.21 mm was handled as describedToirhe which displays absorptions at 1335 and 1180 éawssigned to

diffraction symmetry was &, and the systematic absences were & terminal U_H stretching mode and atH-U stre_tching
consistent with the hexagonal space gro@s and P6s. It was mode, respectively, these crystals displayed only a single broad

later determined that the correct space groupRésThe structure  Pand at 1163 cmi assignable to a bridging-tH—U stretching

2, is the dominant species undep.HHowever in the absence
of hydrogen,2 loses H to form trivalentl. To avoid using
mixtures ofl and 2, attempts were made to isolate each and
confirm their identity by X-ray crystallography.

[(CsMes)2UH] 2, 1. The conversion o2 to 1 is facilitated by
repeatedly dissolving under argon and removing solvent under
vacuum. Hence, removal of solvent from a toluene solution of
2 followed by dissolution in hexane, removal of solvent, and
finally dissolution in toluene and removal of solvent generates
a brown-green solid that analyzes ¥y NMR spectroscopy in

was solved by direct methods and refinedrtby full-matrix least- mode. _ )
squares techniques. At convergence, wRD.0462 and GOF= . An X-ra}y prystallographlc stgdy re_vealed a structure contain-
1.102 for 326 variables refined against 7192 data. As a comparisonind two similar crystallographically independent molecules in
for refinement onF, R1 = 0.0235 for those 6673 data with> the unit cell, each of which is comprised of two metallocene
2.00(1). The absolute structure was assigned by refinement of the UNits as shown in Figure 1.

Flack parametefs No hydride ligands were located, but the two metallocenes

[(CsMes)(CaHg) Th]2(CsHs), 9. An orange crystal of approximate ~ are presumably bridged by the hydride ligands, as was found
dimensions 0.13 0.17 x 0.28 mm was handled as described for in the neutron diffraction study of tetravalent @es),ThH-
1. The diffraction symmetry was &/ and the systematic absences (4-H)]2?°> The bimetallic structure is equivalent to that found
were consistent with the monoclinic space gr&$ Cm or C2/ for [(CsMes),SmH}, 10,3” another complex in which only the
m. It was later determined that the noncentrosymmetric space groupmetallocene components were identified by X-ray crystal-
C2 was correct. The structure was solved using the coordinates oflography. Complexi, which crystallized with toluene in the
the uranium analog@and refined orf2 by full-matrix least-squares ~lattice, is not isomorphous withO, which crystallized free of
techniques. The molecule was located about a 2-fold rotation axis. solvents.
There was one molecule of benzene solvent present per formula The spatial arrangement of the fours{@zs) ™~ ring centroids
unit. The solvent molecule was also located about a 2-fold axis. around the +U core can be described as a distorted tetrahe-
At convergence, WR2 0.0716 and Goof= 1.034 for 242 variables ~ dron. As shown in Figure 2, the U(2) ion is almost contained
refined against 4807 data (0.76 A). As a comparison for refinement within the plane defined by its two ring centroids and U(1).
on F, R1 = 0.0273 for those 4489 data with> 2.00(l). The The displacement of this atom is only 0.04 A out of this plane.
absolute structure was assigned by refinement of the Flack The analogous displacement for U(1) is larger at 0.14 A. A

parametef® similar tetrahedral arrangement was observedQnbut with
even less distortio®’ In 1, the 90(8} average (ring centroid)
Results U—U—(ring centroid) torsional angle is indistinguishable from
. o . the 90(4y analogous average in0.3” However, the eight
Sy_nthe5|s and S_tructural _Characterlzatlon of Uranium analogous (ring centroiedU—U—(ring centroid) angles fol
Hydrides. The uranium hydrides [(Mes).UH]>, 1, and [(G- span a wider range, 8F.10 104.7, vs 86.7 to 93.3 in 10.
Mes).UH2]2, 2, were originally synthesized by Marks and co-  Each crystallographically independent moleculd bfs one

workers from a reaction between ¢{es),UMe; and H that 128.5-128.9 (CsMes ring centroid)-U—(CsMes ring centroid)
generated a mixture dfand2, eq 21° The tetravalent hydride,

(37) Evans, W. J.; Bloom, |.; Hunter, W. E.; Atwood, J.1.Am. Chem.
(36) Flack, H. D.Acta Crystallogr., Sect. A1983 39, 876-881. Soc 1983 105 1401.
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Figure 2. Ball and stick representation of [{Mes),UH],, 1. . .
g P [(1es)2UH]2 Figure 3. Molecular structure of [(eMes),UH3]», 2, with thermal

Table 2. Selected Bond Distances (A) and Angles (deg) for  ellipsoids drawn at the 30% level.
[(C5Me5)2UH] 2 1

ng_gg; 22322%7()7) Bg;gg)l) 32'.351%%? amounts oP, it is possible that the crystal described above was
U(1)-C(2) 2.762(8) U@rc(22) 2.735(9) the tetravalent uranium hydrid2 and notl. To clarify this
U(1)—-C(3) 2.791(8) U(2)-C(23) 2.740(9) situation, attempts to get crystallographic dat2avere made.
U(1)-C(4) 2.759(8) U(2)-C(24) 2.751(9) When the precursor td and 2, (CsMes),UMe,, was placed
Bg;:gg)l) g-;ﬁg((?) Ld(é;gg% g-;i‘?‘% under 80 psi of H, large crystalline rods could be repeatedly
U(1)-C(12) 2:801(8) U(2)C(32) 2:739(8) obtained. ThéH NMR spectrum of these crystals matches that
U(1)-C(13) 2.803(7) U(2rC(33) 2.775(8) reported for [(GMes),UH,],, 2,°> but over time the spectra
U(1)—C(14) 2.768(7) U(2)rC(34) 2.811(8) showed conversion to [@Mes),UH],, 1.

U(1)-C(15) 2.759(8)  U(2yC(39) 2.769(8) Crystals grown by this procedure diffract X-rays and behave
ng:gﬂg g:ggi Bg;gmi g:igg much differently than the crystals df Repeated attempts to
U(3)-Cnt5 2.488 U(4y-Cnt7 2.495 obtain X-ray diffraction data in the typical low-temperature
U(3)—-Cnt6 2.497 U(4y-Cnt8 2.489 range around 165 K were unsuccessful since the crystals cracked
Cntl-U(1)-Cnt2 1285 Cnt3U(2)-Cnt4 1335 during the data collection. At room temperature, the crystals
Cnt5-U@3)—Cnte 1289 Cnt7U(4)-Cnt8 13338 showed no sign of cracking in the oil used to mount the crystals.

Data collection at 238 K avoided the decomposition, but gave
angle, with the other at 133:8.33.8. These are in the range  data with disorder in the (Mes)~ rings. Ultimately, data
typical for f element metallocenes, but the asymmetry is unusual. collected at 208 K on a modern instrument that had a shorter
As shown in Table 2, the C(CsMes) bond distances for the data collection time provided the structure shown in Figure 3.
two unique molecules in the unit cell have values between 2.718-  The complex obtained under hydrogen pressure crystallized
(8) and 2.813(8) A and average 2.76(2) A. This average is the i the space grou2/c, in contrast to thd2;/n structure ofl.

same as the 2.76(3) A analogue in MS)ZU(#'C')]S’%_E‘” Like the structure ofL, the data or2 show two metallocene
eight-coordinate & metallocene. The four Y(CsMes ring units. In this case, there is only one crystallographically
centroid) distances ihare all in the narrow range 2.482.497 independent molecule in the unit cell and the two metallocenes
A. are equivalent by symmetry.

The U--U distances for the two unique moleculeslirare The U--U distance refined to be 3.606(6) A, Table 3, a

3.8530(7) and 3'865’%\(7) A In comparison, the -S@m distance significantly shorter than the 3.8530(7) and 3.8651(7)
distance inl0is 3.904 A. Since the Shannon radius fot*Us A distances irl. This is reasonable considering that the Shannon
0.067 A larger than that of Sth, the U--U distance irlL would radius for U is 0.135 A shorter than that for3. The U--U
be expected to be longer. In another similar pair of bridged, gistance in2 is also shorter than the 3.632(2) A intermetallic
eight-coordinate uranium and samarium molecules, the-[(C jistance in the TH hydride [MeSi(CsMes),ThH;],.42 This
Mes):M(u-Cl)]s complexes, the U-U dlstangges averaged 5.669-  jifference is in the direction expected on the basis of the nine-
(2) A compared to 5.633(2) A for SmSm* This is in closer  cqordinate ionic radii of TH, 1.09 A, and U*, 1.05 A%3 All
agreement to the Shannon radii. The origin of the difference in ot these An--An distances are substantially shorter than the
M--+M is not clear, but this is not the first example of a uranium 4.007(8) A Th-+Th distance in [(@Mes);ThH(u-H)]2, structur-
bimetallic complex that differs structurally from & composi- 1y characterized by neutron diffracti@hbut this discrepancy
tionally analogous lanthanide 'complex. For example, the p4q previously been notédThe U—C(CsMes) distances ir2
structure of [(GMes)2U]z(u-O)* differs from th"it of the [(G- range from 2.729(6) to 2.888(6) A, a wide range that may reflect
Mes)zLno(u-O) series (Ln= La, Nd, Sm, Y}*in that the  yhe higher than usual data collection temperature. The average,
uranium complex contained a 171.5(6)—O—U linkage, while 2.79(5) A, is similar to that il within error limits, but the
the lanthanide complexes had linear, 186—O—Ln angles. ranges of U-C(CsMes) distances for 8" and Ut metallocenes
[(1CsMe5)zUH2]z, 2.Sincelis in equilibrium with2 and since  typically overlap* Despite the complication in the data col-
the *H NMR spectra of samples df in solution contain traceé  |ection and disorder in the (®es)~ ligands, bridging hydrides
were located in a difference map and their positions refined

19§3§8)13"f’;8%ez’ J. M. Fagan, P. J.; Marks, T.JJ.Am. Chem. Soc  jsotropically. No terminal hydrides were located.

(39) Evans, W. J.; Drummond, D. K.; Grate, J. W.; Zhang, H.; Atwood,

J. L.J. Am. Chem. Sod 987, 109 3928. (42) Fendrick, C. M.; Schertz, L. D.; Day, V. W.; Marks, T. J.
(40) Evans, W. J.; Kozimor, S. A.; Ziller, J. WPolyhedron2004 23, Organometallics1988 7, 1828.

2689. (43) Shannon, R. DActa Crystallogr, Sect A 1976 23, 751.
(41) Evans, W. J.; Davis, B. L.; Nyce, G. W.; Perotti, J. M.; Ziller, J. (44) Evans, W. J.; Miller, K. A;; Ziller, 3. W.; Greaves, J. Manuscript in

W. J. Organomet. Chen2003 677, 89. preparation.



Actinide Hydride Complexes as Multielectron Reductants

Table 3. Selected Bond Distances (A) and Angles (deg) for
[(CsMEs)zUHg]g, 2

U(L)-U(1A) 3.606(6)
u(1)—-cntl 2.499
U(1)-Cnt2 2.475
U(1)-C(11A) 2.867(6)
U(1)-C(12A) 2.809(7)
U(1)-C(13A) 2.794(7)
U(1)—C(14A) 2.843(7)
U(1)—C(15A) 2.888(6)
U(1)-C(11B) 2.755(6)
U(1)-C(12B) 2.754(7)
U(1)-C(13B) 2.738(7)
U(1)-C(14B) 2.729(6)
U(1)—C(15B) 2.739(7)
U(1)-H1U 1.94(9)
Cntl-U(1)-Cnt2 127.6
Cntl-U(1)—H1U 115.3
Cntl-U(1)—H1UA 92.6
Cnt2-U(1)—H1U 101.0
Cnt2-U(1)—H1UA 139.5
Scheme 3
; \U " +2PhSSPh X ; \U__‘\\s
-H, \S
% 2 %( @
1 4

2PhSSPh + 4e!~ —— 4(PhS)"
2[(CsMes),U]™ 2[(CsMes),UP** + 2el-
2H" H, + 2el

The structural data that are available as well as the NMR

Organometallics, Vol. 26, No. 14, 2803

Figure 4. Molecular structure of (§Mes),U(SePh), 5, with
thermal ellipsoids drawn at the 50% probability level.

/%CH—CU%
S

2[(CsMes), Ul —— 2[(CsMes),U]** + 2
20" H, + 2¢"
2(CsMeg)" —— (CsMes), +2e'

Scheme 4

Q)

-(CsMes),
H,

3(CgHg) + 6e!" —> 3(CgHg)*

fication of 5 was obtained by X-ray crystallography, Figure 4.

and IR data on the crystals discussed above suggest that thes@dain, this is a four-electron reduction, Scheme 3.

are appropriately assigned asand 2. It is possible that both
crystalline forms are two varieties of just one of these
compounds, and it is also possible that the crystals involve
mixtures of the two compound8.However, in terms of their

[(CsMes)(CgHg)U]2(CsHsg), 6. Complex 1 reduces 3 equiv
of 1,3,5,7-GHsg to quantitatively form the previously reported
brown crystalline complex [(§Mes)(CgHg)U]2(CgHs), 5.° The
byproducts observed bfH NMR spectroscopy were Hand

reaction chemistry described next, these crystalline materials(CsMes)z, Scheme 4. This transformation requires thats{(C

behave ad and2 as assigned.

Reductive Chemistry of [(CsMes),UH],, 1. (CsMes),U-
(SPh), 4. Addition of trivalent [(GMes)2UH]2, 1, to 2 equiv
of PhSSPh in @Ds in a J-Young NMR tube caused an
immediate brown to red color change and the evolution of gas.
IH NMR spectroscopy revealed quantitative formation of the
previously reported (§es),U(SPh), 4,22 which has a (gMes)~
1H NMR resonance at 13.2 ppm. NMR resonance at 4.46
ppm consistent with Hlwas also observed. Overall, this is a
four-electron reduction, with two electrons formally from the
U3* ions in 1 and two electrons from the two Hligands,
Scheme 3. PhSSPh has a reduction potentialf V vs Ag/
AgNOQ;.46

(CsMes),U(SePh), 5. Complex 1 reacts similarly with 2
equiv of PhSeSePh, which has a reduction potentiat@® V
vs Ag/AgNGs,*¢ to form (GMes)U(SePh), 5, and H, eq 3.
Red crystals ob were isolated in 67% yield and displayed a
(CsMes)~ H NMR resonance at 14.0 ppm. Definitive identi-

i \U_H +2PhSeSePh —— 2 j \U-"“Se
-H, \%\S
@
5

3)

R

1

Mes),UH], deliver six electrons. These can be accounted for
as shown in Scheme 4. Two electrons arise from tWo idns

and two electrons are generated from the two hydrides, as shown
in Scheme 3. However, in this reaction, two additional electrons
arise from two (GMes)~ ions, presumably from sterically
induced reduction involving a crowded intermediate. Sterically
induced reduction has been involved in each previous synthesis
of 6,58 egs 4 and 5. The first and second reduction potentials
of CgHg are —1.85 and—1.9 V vs SCEY

(CsMes)2U(=NPh),, 7. In an attempt to determine if the
reducing power of the hydride ligands Incould be combined
with a U to U" redox changel was added to 2 equiv of
PhN=NPh. After 12 h, quantitative formation of the previously
characterized & bis(imido) complex (GMes),U(=NPh),5-30
7, was observed along with JHScheme 5. In this case, the
overall reaction involved an eight-electron reduction. As shown
in Scheme 5, each hydride delivers one electron as edth U
provides three.

Reductive Chemistry of [(CsMes),UH;]2, 2. Examining the
reactivity of the hydride ligands in tetravale is more
complicated because in solution it converts to trivalersnd
hydrogen, eq 2. However, since the molecular weightsarid
2 differ by only 2 Da, it is possible to get the stoichiometry

(45) Parkin, GAcc. Chem. Red992 25, 455.

(46) Dessy, R. E.; Weissman, P. M.; Pohl, RILAm. Chem. So2966
88, 5117.

(47) de Boer, EAdv. Organomet. Chenl964 2, 115.
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D —

-2(CsMes),

U U + 3 © —_—
\ -CgHg
-(CsMes),

close to that needed for reduction by either uranium reagent.

Since the synthesis & from (CsMes),UMe; and H at 1 atm
typically provides2 as a 50% mixture withi, this is the material

Evans et al.

that all of these reductions occurred via trivaldntAs the
concentration ofl gets depleted, mor2could convert tdl via
eq 1.

Reductive Chemistry of [(CsMes),ThH2],, 3. To examine
reductive tetravalent actinide chemistry without the complication
of the equilibrium betweerd and 2, reduction reactions with
the tetravalent thorium hydrid#® were examined. In this case,
there is no evidence of a similar tetravalent to trivalent
conversiont® In contrast to organometallic uranium chemistry,
examples of Th™ complexes are very raté 1°

Initially, the reductive reactivity of [(Mes),ThH,]z, 3, was
examined with PhSSPh. Reaction3vith 2 equiv of PhSSPh
in a J-Young tube led to gas evolution and quantitative
conversion to a produc8, that displayed a single ®les)~
resonance in thtH NMR spectrum at 2.02 ppm as well as three
unigue phenyl resonances. A resonance at 4.46 ppm consistent
with H, was also observed in thtH NMR spectrum. The
identity of 8 was determined by independent synthesis from
(CsMes),ThCl, and KSPh, as shown in eq 7. This is analogous

; \Th‘\\s
@)
‘S@
8
to the synthesis of (§/es),U(SPh}.2° Definitive characteriza-
tion of 8 was accomplished by X-ray crystallography, Figure

.-\\Cl +
Th N~ 2KSPh 2KCl

that was used to evaluate tetravalent uranium hydride reduction.5, Hence,3 reacts with PhSSPh according to Scheme 6 in a

With PhSSPh, PhSeSePhgHs, and PhN=NPh, the same
products described in Schemes3and eq 3 above, namely,

Scheme 5

>y e

U—H + 2PhN—NPh

_H2
e

1 7

2PhN=NPh + 8e!" — 4(PhN)*
2[(CsMeg),UJ"" —— 2[(CsMes),UI** + Ge"
2H" H, + 2¢"

4—7, respectively, were observed in reactions with the mixture
of 1 and2. Equation 6 shows one example. Operationally, this

e are
UQ% ] U—H

—
+Hy -(CsMes),
2 2 H

/%CSHS—CU% ©)
S

means that either the tetravalent or trivalent uranium hydrides
can be used in these reductions. Mechanistically, it is possible

Figure 5. Molecular structure of (§ves),Th(SPh), 8, with thermal
ellipsoids drawn at the 50% probability level.

reaction analogous to Scheme 3. However, in this case the
reduction is due entirely to the hydride ligands, as shown in
Scheme 6.

Scheme 6

i \ WS

+ 2PhSSPh ——
SS 2H, Th‘
\% S@
8

2PhSSPh + 4e!* —— 4PhS!"
4H" 2H, + 4e"




Actinide Hydride Complexes as Multielectron Reductants

Figure 6. Molecular structure of [(gMes)(CgHg)Th]x(CsHs), 9,
with thermal ellipsoids drawn at the 50% probability level.

Scheme 7

Koo FED
\f/ v '((3_521;’1{:5)2 @T}h-csﬂs-ﬁ\ é _

3 9
3(CgHg) + 6e'” ——> 3(CgHg)”

40" 2H, + de"

2(CsMes)™ (CsMes), +2¢™

Table 4. Selected Bond Distance (A) and Angles (deg) for
(CsMes),U(SePh), 5, and (GMes),Th(SPh), 8

5 8
M=UE=Se M=Th;E=S

M(1)—E(1) 2.8011(7) 2.7488(11)
M(1)—E(2) 2.7997(7) 2.7451(10)
M(1)—Cntl 2.459 2.525
M(1)—Cnt2 2.463 2.525
E(1)-C(21) 1.926(6) 1.769(4)
E(2)-C(27) 1.911(6) 1.774(4)
Cntl-M(1)—E(1) 112.8 111.3
Cntl-M(1)—E(2) 955 95.0
Cnt2-M(1)—E(1) 94.3 95.8
cnt2-M(1)—E(2) 111.1 113.0
Cntl-M(1)—Cnt2 137.3 1355
CR1-E(1)-M(1) 112.74(17) 113.76(13)
C(27)-E(2)-M(1) 114.8(2) 114.74(14)
E(1)~M(1)—E(2) 101.77(2) 103.00(3)

[(CsMes)(CgHg)Th] 2(CgHg), 9. In an attempt to make an
analogue of6, complex3 was reacted with 3 equiv of ds.
Over a period of 3 days, light orange crystallineg{{es)(CgHg)-
Th]2(CgHs), 9, was formed in>80% yield. This product was
fully characterized by X-ray crystallography, Figure 6. The
NMR spectrum ofd showed only two resonances at 1.93 and
6.15 ppm compared to three resonances at544,7, and-42.2
ppm in paramagnetié. Only a single @Hg resonance was
observed for9 down to —65 °C. In this case, a six-electron
reduction was accomplished by combining hydride reduction
with (CsMes)~ reduction, presumably from a sterically crowded
intermediate, Scheme 7. This is supported by the fact that (C
Mes),, the signature byproduct of sterically induced reduction,
was observed in thiH NMR spectrum. This is the first evidence
of sterically induced reduction chemistry with thoridfn.

Structural Studies of Reduction Products. The X-ray
crystal structures of (§Mes),U(SePhy, 5, and (GMes),Th-

Organometallics, Vol. 26, No. 14, 2805

for eight-coordinate & and TH*.43 The difference in actinide
chalcogen bonds, AnE, also matches the differences in the
radii of the components. With the selenium distances expected
to be 0.14 A longer and uranium lengths 0.05 A shorter, the
U—Se distance should be 0.09 A longer than the-Shdistance

on the basis of Shannon radii. Comparison of the 2.801(1) and
2.780(1) A U-Se distances iB and the 2.749(1) and 2.745(1)

A Th—S distances i8 gives the expected trend, but the 0.05
A difference is not as large. If this represents any real difference
in An—E bonding interactions, it is not reflected in the An
E—C(ipso angles, which fall in the narrow range 112.742)
114.8(2y. In the (GMes),Sm(EPh)(THF) series, the SaE—
C(ipso angles are also similar: 120.82(3#pr E = S and
118.51(14) for E = Se?” The 0.1370.157 A difference in

the E-C(Ph) distances i5 and 8 also matches the 0.14 A
difference in sulfur and selenium size.

The structure of [(Mes)(CgHg)Th]2(CgHg), 9, is isomor-
phous with that of [(@Mes)(CsHg)U]2(CgHs), 6. As shown in
Table 5, the actinide carbon distances are larg8r &s expected
for the larger metal, thorium. The structureGivas unusual in
that it contains a nonplanar §8g)?~ dianion. This (GHg)?~
bridges the two uranium atoms with a pseudo-allyl orientation
to each. These two allyl units show a common atom, C(11).
Interestingly, this is not a unique structure for uranium, but it
is found also in the thorium structure. Although AG(12) is
longer for thorium than for uranium as expected, the-&{11)
and An—C(13) distances are shorter for thorium. The uranium
complex6 also has a broader range of AG(pseudo-allyl)
distances, 2.687(13.00(2) A, compared to thorium, 2.731-
(6)—2.933(6) A. The consequences of these structural features
on reactivity are under investigation.

Discussion

Trivalent Uranium Hydrides as Multielectron Reductants.
The reduction chemistry in Schemes3and eq 3 shows that
the hydride ligands in solutions containing a high proportion
of the sterically normal complex [@®es),UH],, 1, can function
as effective reducing agents and combine with tb effect
multielectron reduction reactions. Solutions of bimetdllitave
been shown to accomplish four-, six-, and eight-electron
reductions depending on the substrate. In each casés H
byproduct. Hence, the hydride ligand reacts cleanly to deliver
an electron according to eq 1 without complications of insertion
or o bond metathesis chemistry. With the PhSSPh and PhSeSePh
substrates, Scheme 3 and eq 3, the four-electron reductions
involve a simple combination of two HH and two UH/U4*
redox couples. In the case of the six-electron reduction of 3
equiv of GHs, Scheme 4, these hydride- and®'thased
reductions appear to combine with sterically induced reduction
involving two (GMes)~ ligands since (6Mes); is a byproduct.
The eight-electron reduction in Scheme 5 shows that the
hydride-based reduction can also combine with" o US"
redox processes.

Tetravalent Uranium Hydrides. The small amount of
tetravalent [(GMes).UH3]2, 2, contained in the solutions df
due to the equilibrium in eq 2 did not affect the success of the
reductions above. In fact, it appears tBas an equally effective
reductant. Hence, the 1:1 samplesloénd 2 also effect the
reductions described above. Although each of the reactions done
with these mixtures could proceed throughthe reductive
capacity of the tetravalent thorium analogue s@s),ThH;]2,

(SPh}, 8, display conventional metallocene bonding parameters 3 suggests that the hydride ligands 2ncould also be one-

for formally eight-coordinate tetravalent complexes of this type
as shown in Table 4. The F{(CsMes ring centroid) distances

are approximately 0.05 A longer than the uranium values,
consistent with the 0.05 A difference in the Shannon ionic radii

electron reductants. In this sense, the four hydride ligan@s in

(48) Evans, W. J.; Nyce, G. W.; Ziller, J. Mrganometallic2001, 20,
5489.
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Table 5. Selected Bond Distances (A) and Angles (deg) for [{@es)(CsHg)Th]2(CeHs), 9, and [(CsMes)(CsHg)U]o(CsHs), 6°

[(CsMes)(CgHg) Th]2(CsHs) [(CsMes)(CgHg)U]o(CeHs)
9 6

M(1)—C(11) 2.8495(11) 2.878(2)

M(1)—C(12) 2.731(6) 2.687(17)

M(1)—C(13) 2.933(6) 3.00(2)

M(1)—Cnt1(GMes) 2.575 2.552

M(1)—Cnt2(GHg) 2.058 1.984

(CsMes)Cnt1—M(1)—C(11) 98.6 99.7

(CsMes)Cnt1—M(1)—C(12) 90.3 92.4

(CsMes)Cnt1—M(1)—C(13) 102.9 104.6

(CgHg)Cnt2—M(1)—C(11) 123.6 119.8

(CgHg)Cnt2—M(1)—C(12) 137.6 133.1

(CgHg)Cnt2—M(1)—C(13) 119 116.5

(CsMes)Cnt1—M(1)—Cnt2(GHs) 132.1 1345

C(11-M(1)—C(13) 53.30(15) 53.3(6)

C(12)-M(1)—C(13) 28.63(16) 28.4(6)

C(12)-M(1)—C(11) 29.35(14) 29.2(6)

M(1)' —C(11)-M(1) 168.4(2) 172.1(12)

M—C(CsMes) range 2.813(6)2.864(6) 2.782(16}2.811(18)

M—C(CgHg) range 2.702(6)2.777(6) 2.62(2)2.723(19)
provide reduction capacity equivalent to the two hydrides and versions of organoactinide-based reduction reactions, it is easier
the two U*T ions in 1. to envisage cycles involving Hather than alkali metals as the

Tetravalent Thorium Hydrides. Schemes 6 and 7 show that  stoichiometric reductant.

[(CsMes),ThH],, 3, can function as a four- and six-electron In general, it appears that any time a synthetic route to a
reductant, respectively, and accomplish reduction analogous tonew actinide complex is needed, hydride complexes should be
that of trivalent [(GMes),UH]5, 1, and tetravalent [(§Mes)- considered as precursors. It is unlikely that the actinide hydrides

UH],, 2. The reduction of 2 equiv of PhSSPh to four (SPh)  will cleanly effect reduction and release of H every process,
ligands in Scheme 6 apparently is effected only by hydride but certainly the substrates used in this paper demonstrate that
ligands. In Scheme 7, these four hydrides appear to combinethis is possible. The facile reductions with actinide hydrides
their reduction chemistry with sterically induced reduction to observed here suggest that a broader investigation of electro-
allow 3 to deliver six electrons overall. It is possible that these positive metal hydride reductions is appropriate. For example,
reactions involve a TH intermediate formed by hydride the trivalent lanthanide hydrides such asg{@s),LnH], may
reduction of TH" in analogy with eq 2, but so far no evidence be equivalently useful as reducing agents.
of a TR intermediate has been observed. Indeed, the paucity
of Th3* complexe¥s19 is the reason that this hydride-based Conclusion
thorium chemistry is so important to this element. The extensive
reduction chemistry available through3t# has not been
accessible in thorium compounds. Only when external alkali
metal reductants have been added td"Tlprecursors has
reductive chemistry been possiBfe2®-24 In the case of [(&
Mes),ThH;]», 3, the reductants are an integral part of thé'Th
complex and the byproduct is an easily separated gas, H
The reactions 08 suggest that much of the reductive trivalent
chemistry of 3t can be extended to thorium for the first time.
For example, [(EMes)(CsHg)U]2(CgHs), 6, can be formed in
several ways from B starting materials, e.g., eqs 4 and 5, but
there were no analogous ¥hprecursors for [(gMes)(CgHg)-

Efficient ways to make solutions containing a high proportion
of [(CsMes)2,UH],, 1, have been developed that allow the
reductive chemistry of this trivalent hydride to be defined. This
complex can accomplish four-, six-, and eight-electron reduc-
tions depending on the substrate. The related tetravalent complex
[(CsMes)2UH2)2, 2, can effect analogous reductions in which
all of the reduction equivalents arise from the hydride ligands.
Extension of this chemistry to [@Mes).ThH;]», 3, provides a
method for thorium reduction chemistry to be effected without
requiring the synthesis of a ¥h precursor or addition of an
external reductant.

Th](CsHs), 9. Since the hydride ligands iB are effective Morg genera_lly, this _study shows that_ the ligand-based
reductants, complexes such @scan now be generated for reduction chemistry previously observed with f element com-
thorium. plexes of (GMes) ™~ ligands in sterically crowded environments

Synthetic Considerations Since both [(GMes),UH]>, 1, and and in (BPh)~ compounds can be extended to other ligands
[(CsMes),UH,], 2, are synthetically easier to access than the common in f element complexes. The hydride case reported
sterically crowded (6Mes)sU and [(GMes)2U]2(CeHe), com- here may just be one example of many to be discovered in the
plexesl and2 become the reagents of choice to make products future.
like those shown in Schemes-3 and eq 3. The synthesis of ) .
[(CsMes)(CsHs)U]2(CsHs), 6, in particular is now much easier. Acknowledgment. We thank the National Science Founda-
This should open up this complex and its thorium analogue for tion for support of this research.
comparative reactivity studies for the first time.

Another important difference betweé&rand2 and complexes
like (CsMes)3U and [(GMes),U]2(CeHe) is that the reduction
equivalents inl and?2 are derived from K according to eq 2.
The other compounds require alkali metal reduction in their
synthesis. In terms of developing catalytic or at least cyclic OM7003139

Supporting Information Available: X-ray diffraction details
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