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Basicity of Uranyl Oxo Ligands upon Coordination of Alkoxides
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Uranium(VI) alkoxide complexes are prepared via metathesis reactions ofClk(OHF),], with potassium
alkoxides in nonaqueous media. The dark red compound URCQEH:)s]e, 1, results from redistributive exchange

of oxo and neopentoxide ligands between more than one uranium species. Single-crystal X-ray diffraction analysis
of 1 reveals a monomer in which the uranium is coordinated in a pseudooctahedral fashion by six neopentoxide
ligands. Imposition of steric congestion at the metal center preventsalkoxide ligand exchange in the reactions

using more sterically demanding alkoxides. Simple metathesis between uranyl chloride and alkoxide ligands occurs
in the synthesis of golden yellow-orange YOCHPR),(THF),, 2, and yellow UQ[OCH(BU)PhL(THF),, 3.
Single-crystal X-ray diffraction analysis & reveals a monomer in which the uranium is coordinated in a
pseudooctahedral fashion by two apical oxo ligands, two diphenylmethoxide ligands occupying trans positions,
and two tetrahydrofuran ligands. Coordination of diisopropylmethoxide allows for synthesis of a more complex
binary alkoxide system. Single-crystal X-ray diffraction analysis of watermelon reg(fUCH(Pr),)2]4, 4, reveals

a tetramer in which each uranium is coordinated in a pseudooctahedral fashion by two apical oxo ligands, one
terminal alkoxide, two bridging alkoxide ligands, and one bridging oxo ligand from a neighboring uranyl group.
These compounds are characterized by elemental analyisiéMR, infrared spectroscopy, and, iy 2, and4,
single-crystal X-ray diffraction analysis. Luminescence spectroscopy is employed to evaluate the extent of
aggregation of compounds-4 in various solvents. Vibrational spectroscopic measuremeri2zs-4fimply that,

in contrast to the case of uranyl complexes prepared in agueous environments, coordination of relatively strongly
donating alkoxide ligands allows for enhancement of electron density on the uranyl groups such that the uranyl

U=0 bonds are weakened. Crystal data are as folldwsnonoclinic space groug2/m, a = 10.6192(8) Ab
=18.36(1) A,c = 10.6151(8) A = 109.637(19, V = 1949.1(3) R, Z = 2, dearc = 1.297 g cm3. Refinement
of 2065 reflections gave RE 0.045.2: monoclinic space group2i/c, a = 6.1796(4) Ab = 15.669(1) Ac =
16.169(1) A, = 95.380(1), V = 1558.7(2) R, Z = 2, dcarc = 1.664 g cmi®. Refinement of 3048 reflections
gave R1= 0.036.4: tetragonal space groug, a = 17.8570(6) A = 17.8570(6) Ac = 11.4489(6) AV =
3650.7(3) R Z=2, deac= 1.821 g cm®. Refinement of 1981 reflections gave R10.020.

Introduction In addition, the strongly covalent bonding between the oxygen
atoms and the uranium generally precludes another bonding
interaction of the oxo ligands with a Lewis acid. Only limited
examples, prepared either under elevated temperature/pressure
or under nonaqueous reaction conditions, have been reported
that exhibit coordination between a uranyl oxo ligand and
another uraniuri.More recently, terminal-oxo complexes of

The chemistry of transition metal oxo species is often marked
by the Lewis basic properties of the oxo ligand. It has been
shown that a terminal oxo ligand can behave as an electron
donor by bridging to either a homonuclear or heteronuclear
Lewis acid! while in the presence of a proton source, other
metal oxo ligands may abstract a proton to form a hydro%ide.
The reactivity of this functional group has been exploited to
effect a variety of stoichiometric and catalytic transformations,

(1) (a) Norquist, A. J.; Stern, C. L.; Poeppelmeier, K.IRorg. Chem.
1999 38, 3448. (b) Hotzelmann, R.; Wieghardt, K.; Ensling, J.;
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uranium have been generated which contain strongdwnor In one extreme, complete ox@lkoxide ligand exchange to form
ligands!® Vibrational spectroscopy demonstrates a reduced hexakis(alkoxide) complexes is observed, while, in other cases,
metal-oxygen bond order in these species. It has also beenpartial redistribution gives rise to polymetallic aggregdfes.
determined that uranyl oxo ligands can display Brgnsted basic Control of redistributive exchange among uranyl alkoxide
character in alkaline environmerisThese observations col- complexes may be exercised by the imposition of steric
lectively suggest that appropriate coordination environments congestion at the alkoxide ligand. In the case of the diisopro-
enhance the basicity of actinide oxo ligands. Further evidence pylmethoxide (OCHPr),) ligand, it is possible to isolate a base-
for this phenomenon may be found in a structural report on free binary alkoxide, which exists in the solid state as a tetra-
[UO2(O'BuU),][UO(OBU)4» (eq 1)12 meric aggregate with both bridging oxo and alkoxide ligands.
In addition, vibrational spectroscopy is useful in determining

THF the perturbation of 8-O bonding induced by oxo bridging in

5U0,Cl; + 10 KO'Bu (1) the tetramer. Furthermore, it is possible to characterize aggrega-
OR 0 R OR tion _of granyl cor_npounds in a variety of solvents through
RO | o [l—O- ] -OR application of luminescence spectroscdpy.
U U + 2"U0,"
RO” (I)R\g/ g\o/ (l)R'\OR Experimental Section

General Information. Standard inert-atmosphere techniques were
used for the manipulation of all reactiotsH NMR spectra (300 MHz)
were recorded on a Varian UNITYplus-300 spectrometer. The chemical
For instance, it has been reported that a binary uranyl alkoxide shifts are reported relative to the protio impurity of the deuterated
complex exchanges a bridging oxo ligand with alkoxide ligands solvent (GDs, 6 = 7.15; THFds, 5 = 3.58). All spectra were recorded
of another uranyl complex, yielding a redistributed uranium at 298 K unless indicated otherwise. The samples were dissolved in a
oxo—alkoxide species and insoluble uranium oxide material. deuterated lock solvent and subsequently contained in sealed Teflon

R='Bu

To analyze the relative influence of electronic and steric liners, which were then placed in 5 mm tubes. Infrared spectra were

effects supporting oxo-bridged species, we have prepared an
characterized several new binary uranyl alkoxide and aryloxide
complexes? of which the alkoxide series will be discussed here.
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ecorded on a Magna-IR system 750 spectrometer from Nujol mulls.

lemental analyses were performed in our laboratories on a Perkin-
Elmer 2400 CHN analyzer. The samples were prepared and sealed in
tin capsules in an inert-atmosphere box prior to combustion.

Continuous-wave (CW) luminescence data were obtained on a SPEX
Industries Fluorolog 2 system consisting of a model 1680 two-stage
0.22 m emission monochromator. Samples were contained in sealed
glass capillary tubes that were loaded under an inert atmosphere. All
gratings were set to 1200 grooves/mm. The emitted light was detected
by using a thermoelectrically cooled Hamamatsu model R928 photo-
multiplier tube with photon-counting electronics. The CW spectra were
collected using the output from a 450 W Xe arc lamp. Luminescence
data were obtained at approximately liquid-dmperature using a
simple insertion dewar and front-face collection optics. Integration times
were 1-4 s/wavelength increment, and two to four spectra were
typically averaged to derive each final spectrum. The emission data
reported here have not been corrected for monochromator or detector
response.

To extract vibrational data from the vibronically resolved emission
spectra, the spectra were first transformed to the energy*jatomain.
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The data were fit to Gaussian model equations based upon empiricalwas stirred for~4 h and then filtered through Celite. The orange filtrate
observations of the peaks. Gaussian fits were determined using awas concentrated to5 mL and layered with a few drops of HOCH-
standard nonlinear least-squares curve-fitting routine available on (‘Bu)Ph and<1 mL of hexane, after which the mixture was cooled to
IGOR!S software running on a Macintosh platform. —30 °C, yielding yellow needles (0.20 g, 0.27 mmol, 25%).NMR
The Raman spectroscopy was carried out using a microscope systen{CsDg): ¢ = 7.82 (2H, br m,—CeHs), 7.10 (4H, m,—CgHs, —OCH
or a macroscopic FT-Raman system. The microscope system consist®verlapping), 3.60 (4H, br my-THF), 1.36 (9H, s,—'Bu), 1.22 (4H,
of a Zeiss Axiovert 135TV inverted microscope equipped with & 20 br m, 8-THF). IR (Nujol): 2028w, 1958w, 1890w, 1598w, 1349s,
objective (numerical apertures 0.40). Raman scattered light was  1309br, 1277w, 1198w, 1184w, 1170w, 1154w, 1144w, 1083s, 1052s,
collected through a Kaiser Optical Systems Holospec holographic 1021sh, 1017s, 959w, 935w, 922w, 915w, 897w, 871s, 865sh, 834w,
spectrometer equipped with a 752 nm holographic grating and imaged 788w, 767w, 743s, 706m, 666m cin Anal. Calcd for GoHcOsU:
on a liquid-nitrogen-cooled Photometrics CH210 CCD with a 514 C, 48.65; H, 6.26. Found: C, 48.18; H, 6.57.
514 pixel chip. The spectrometer/CCD system was cah_brated using [UOOCH(Pr2)za (4). KOCH(Pr), (0.67 g, 4.3 mmol) was
the Raman spectrum of toluene. Se_xmples were contained in sealed glasaissolved in THF (20 mL), and this solution was added to a solution
caplll'ary tu_bes loaded under an inert atmosphere. All spectra were of [UO,Clo(THF),]» (1.03 g, 1.06 mmol) in tetrahydrofuran (40 mL).
acquired with~15 mw power (meas_ured at_ the_ sample) at 752 nm. The mixture was stirred fol h and then filtered through Celite. The
Zﬁgr;\?;?; Zegsggsp;ﬁf;aam?nsgots |ntegrat|_o? tlr?eslll/\_/er? f0|legte|d9 60red filtrate was concentrated to2 mL and layered with a drop of
ged. ystem consists of a INicolet mode HOCH(OPr), and ~5 mL of hexane, after which the mixture was
FT-Raman spectrometer attached to a Nicolet model 560 Magna-IR led to—30°C. vielding watermelon red blocks. A second crop was
instrument with an extended XT-KBr beam splitter and °188mpling coole Y 9 : : b
obtained by removing the solvents under vacuum, adding hexahe (

geometry. The excitation source is the 1064 nm light from a CW Nd: S . . :
VO, laser. A 0.4 neutral density filter was used to decrease the Iaser?al‘l)éﬁ%;?c%ﬁ/ta;lllﬁ 'r’\]ﬁv‘?:_(sé)Dc)'_ -I(;hi %og;bgeHd r{:i‘ljd WESGOH?’ZS 9
power at the sample t&100 mW. The interferograms were detected —bCH) 6 5;2 (1:_"' M3 = 66 HSZ. —OCH.) 577 ’(1I—’| ;’?SJ _ 6
with an InGaAs detector operated at room temperature. An average of iy P 31 = o HH3
256 scans at 8 cm resolution were taken to give each spectrum. EZ’ —OCCH), 2.63 (1H, m"]“Hs_ 6t|z, —OCCH), 2.40 (2H, m?Juu
Materials. Anhydrous uranyl chloride bis(tetrahydrofuran) (O 6 Hz, _.OCCBH)' 1;54 (6H, diJun = 6 Hz, ~CHy), 1'336_1'_20 (OH,
Cly(THF),],) was prepared by literature methétfsom uranium oxide, overlapping d Juy = 61HZ’ —CHy), 0'9%0'83 (OH, I = 6 Hz,
purchased from Cerac. Potassium hydride, HOQ(E@Hs)s, HOCHPh, overlapping d,—CHs). *H NMR (THF-dg): 0 = 5.37 (1H, br m,
HOCH(Bu)Ph, and HOCHPr), were purchased from Aldrich. The ~_OCH): 2.06 (2H, br m-OCCH), 1.22 (12H, di-CHy). IR (Nujol):
alcohols were purified by either sublimation or distillation. The reagents 1958w, 1902w, 1647w, 1622w, 1353m, 1341m, 1317w, 1305w, 1294w,
KOCH,C(CHs)s, KOCHPh, KOCH(Bu)Ph, and KOCHPr), were 1271w, 1263sh, 1181w, 1170w, 1158w, 1134m, 1101s, 1068w, 1013s,
prepared from the appropriate dry alcohol and KH in tetrahydrofuran 991M, 985s, 958s, 946s, 923m, 907m, 861s, 837sh, 826w, 803w, 771w,
at room temperature and were dried under vacuum. Solvents were/42S: 676s, 652m cm. Anal. Caled for GdHizdOisUs: C, 33.61; H,

rigorously dried by standard methotfs. 6.04. Found: C, 33.32; H, 6.21.

Synthesis and Characterization. UJOCHC(CH3)s]s (1). KOCH.C- Crystallographic Measurements and Structure SolutionsCrystals
(CHa)3 (0.55 g, 4.4 mmol) was dissolved in THF (20 mL), and this 0f 1, 2, and4 were obtained as described above. In each case, a single
solution was added to a solution of [UCI(THF),]> (1.00 g, 1.03 crystal was mounted on a glass fiber using silicone grease and placed

mmol) in THF (30 mL). The mixture was stirred forl h and then under the—70 °C liquid N, vapor cold stream on a Siemens P4/CCD/
dried under vacuum. The solids were extracted with hexane (20 mL), PC diffractometer with a sealed MookX-ray source. A hemisphere
and the extract was filtered through Celite. The dark red filtrate was of data was collected using a combinationgodndw scans, with 30
concentrated to<10 mL and layered with a few drops of HOGQEH s exposures and 0.&ame widths. Data collection, indexing, and initial
(CHs)3, after which the mixture was cooled 630 °C, yielding dark cell refinement were handled using SMART softwér&ame integra-
red blocks. A second crop was obtained by further reducing the volume tion and final cell refinement were carried out using SAINT softwére,
of the solution to<5 mL and cooling. (Combined yield: 0.10 g, 0.13 and the SADABS software package was used to perform the absorption
mmol, 7%.)*H NMR (CsDe): 6 = 7.52 (2H, s,—CH,—), 1.12 (9H, s, corrections® The structures were solved using Patterson and difference
—CHs). IR (Nujol): 1730m, 1391m, 1349m, 1302sh, 1286w, 1261w, Fourier techniques.
1218w, 1168sh, 1149sh, 1137sh, 1116sh, 1052s, 1018s, 968w, 934W, The neopentoxide ligands of compouhdere severely disordered.
918w, 902w, 892sh, 876sh, 846w, 801m, 769w, 746m, 735st.cm  The neopentyl groups of the ligands were subsequently refined in two
Anal. Caled for GoHssOsU: C, 47.36; H, 8.74. Found: C, 47.28, H,  paif-occupancy positions. Because of the disorder, the neopentyl carbon
8.95. . atoms were refined with isotropic temperature factors and hydrogen
UO2(OCHPh;)(THF) (2). A solution of KOCHPh (0.92 g, 4.1 atoms were not considered in the model. The hydrogen atoms of
mmol) dissolved in THF (20 mL) was added to a solution of O compoundg and4 were fixed in idealized positions, and the hydrogen
Cl(THF),]> (1.00 g, 1.03 mmol) in THF (30 mL). The mixture was  55ms were refined using a riding model, with isotropic temperature

stirred for~2 h and then filtered through Celite. The orange filtrate ¢, tors fixed to 1.2 times the isotropidsq values of the carbon atoms
was concentrated to5 mL and layered with a few dropso of HOCHPh 4 \yhich they were bonded. The final refinements of compouds
and <1 mL of hexane, and the mixture was COOIGC:@O C, yielding and 4 included anisotropic temperature factors for all non-hydrogen
golden yellow-orange bars (0.89 g, 1.1 mmal, SS@NMR (CeDe): atoms. Refinements were carried out using SHELXTL 5.1 soft#are.
0 =7.69-6.88 (11H, br m;~CeHs, —OCH overlapping), 3.58 (4H,br  pognement by full-matrix least-squares techniques basedFén

m, a-THF), 1.39 (4H, br m,-THF). IR (Nujol): 1963w, 1942w, . _
converged with R 0.045 and wR2= 0.118 (1), R1 = 0.036 and
1899w, 1888w, 1828w, 1675w, 1594m, 1581w, 1489s, 1341s, 1302m, WR2 = 0.106 @), and R1= 0.020 and wR2= 0.042 ). Additional

1282m, 1254m, 1222w, 1190w, 1181s, 1164m, 1156sh, 1148sh, 1117w . ! . . .
' ’ . ' ! ! ! ' 'data collection and structure refinement details are given in Table 1,
38235’8170855488'37110 52h25851(§)r?11rgsgrigvge?)?\%gssyo 49537521;})2226?43%5?’6‘”(1 pertinent bond distances and angles are summarized in Tables 2

Anal. Calcd for GiHzOsU: C, 52.31; H, 4.91. Found: C,52.43; H, 243
5.18.

UO,[OCH('Bu)Ph]x(THF)2 (3). A solution of KOCH{Bu)Ph (0.45 (18) SMART Version 4.210; Bruker Analytical X-ray Systems: Madison,
g, 2.2 mmol) dissolved in THF (20 mL) was added to a solution of WI, 1996. _ _
[UO,Clo(THF),]» (0.54 g, 0.55 mmol) in THF (20 mL). The mixture (29) \?ﬁll\i‘gg\éersmn 4.05; Bruker Analytical X-ray Systems: Madison,

(20) Shyeldrick., GSADABSUniversity of Gdtingen: Gdtingen, Germany,

(16) IGOR Pro 3.12 WaveMetrics, Inc.: Lake Oswego, OR. 1996.
(17) Wilkerson, M. P.; Burns, C. J.; Paine, R. T.; Scott, Blrlarg. Chem. (21) SHELXTL Version 5.1; Bruker Analytical X-ray Systems: Madison,

1999 38, 4156. WI, 1997.
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Table 1. Crystal and Structure Refinement Data for U[OLKICHs)z]s (1), UO;(OCHPh),(THF), (2), and [UG(OCH(Pr))J]4 (4)

1 2 4
empirical formula GoHeeOeU C34H3805U C56H12c015U4
fw 760.8 780.7 2001.6
temp,°C —-70 —-70 —-70
wavelength, A 0.710 73 0.710 73 0.71073
crystal system monoclinic monoclinic _tetragonal
space group C2/m P2,/c 14
a, 10.6192(8) 6.1796(4) 17.8570(6)
b, A 18.36(1) 15.669(1) 17.8570(6)
c, A 10.6151(8) 16.169(1) 11.4489(6)
B, deg 109.637(1) 95.380(1)
volume, &8 1949.1(3) 1558.7(2) 3650.7(3)
4 2 2 2
dear, g CNT3 1.297 1.664 1.821
abs coeff, mm?* 4.191 5.249 8.899
F(000) 640 764 1904
crystal size, mm 0.1% 0.17x 0.20 0.17x 0.07 x 0.09 0.10x 0.07 x 0.08
6 range, deg 2.0426.39 1.8126.39 1.6126.42
limiting indices —13<h=<12 —7<h=s7 —-15<h=<15
O0=<k=22 O0<k=9 O0=<k=22
0=<1=<13 0<1=20 0<1=<14
no. of reflns collected 2065 3048 1981
no. of data/restraints/params 2065/0/82 3048/0/187 1981/0/173
goodness-of-fit o 2 0.985 0.881 0.940
final R indices | > 20(1)]: R1, wR2 0.045, 0.118 0.036, 0.106 0.020, 0.042
X 0.1 0.1 0.0303
Reindices (all data): R1, wR2 0.045, 0.119 0.064, 0.125 0.023, 0.044

largest diff peak and hole, e A

1.323 and-0.620

0.677 ane-0.791

0.387 ane-0584

aR1 = Y||Fo| — |Fell/3|Fol; WR2 = [SW(Fo? — FAIIW(FAFY2, andw = 1/[04(F?) + (XP)?.

Table 2. Selected Bond Lengths (A) and Angles (deg) for
U[OCH,C(CH)ses (1)

containing products. There is no evidence of reduction of the
uranium on the basis of optical and vibrational spectroscopy.

u-0(1) 2.002(10) U-0(2) 2.001(8) The IH NMR spectrum ofl displays one set of resonances
e B for all neopentoxide ligands. There are no resonances in the
88;,37889) 188:2(7) 8%;8788@; 182:8(11) spectrum that can be attributed to free or coordinated tetrahy-
O(1)-U—0(2A) 89.4(7) 0(23-U-0(2C) 89.0(11) drofuran. Indeed, there have been earlier examples of uranium-
0O(1)-U—0(2B) 89.4(7) U-0O(1)-C(1) 147(3) (VI) hexakis(alkoxides) reported in the literature, although these

O(1)-U—-0(2C) 90.6(7)  U-O(2)-C(6) 145(2) examples were isolated in higher yields via oxidation of

U(OCHg)¢?~ or metathesis of U§22 As has been observed for
other homoleptic U(VI) alkoxide complexes, the infrared
The recently reported complex [UOIx(THF),]» has proven spectrum ofl is relatively simple, the most notable feature being
to be a valuable reagent for probing the alkoxide chemistry of thev(O—C) bands at 1052 and 1018 chkt2the former of which
the uranyl ion in nonaqueous medfaThe complex is readily  is identical to thev(O—C) stretching frequency, 1051.5 cfp
soluble in THF and reacts with a variety of alkoxide salts to observed for the methoxide analogue, U(OM&j The ad-
generate products of metathesis. As has been previously Hoted, ditional band at 1018 cnt observed fod but not for U(OMe}
reactions of uranyl chloride with less bulky alkoxide ligands could be due to relaxation of the point grouplasr to U(OMe)
can give rise to products arising from oxalkoxide ligand having a low-intensity fundamental vibration not obser¢¥ed.
redistributive exchanges. In the present study, the reaction of As expected, there is no evidence of urany+O stretching
[UO,CI,(THF);], with potassium neopentoxide also gives, as modes.
the sole isolable species, a uranyl complex generated by The molecular structure of is shown in Figure 1. The
replacement of each oxo ligand by two alkoxide groups: uran- uranium is coordinated in a pseudooctahedral fashion by six
ium(VI1) hexakis(neopentoxide)l, (eq 2). The high solubility alkoxide oxygen atoms. The-D distances are 2.001(8) and
2.002(10) A. These values are slightly shorter than the average

Results and Discussion

3/,JUO,CL(THF),], + BKOCH,C(CHy); —

U[OCH,C(CH,) s + 6KCI + 2°U0;" (2)
1

(22) (a) Coroiu, I.; Demco, D. E.; Bogdan, M.; Darabont,Ram. J. Phys.
1997, 42, 665. (b) Bursten, B. E.; Casarin, M.; Ellis, D. E.; Fragala
I.; Marks, T. JInorg. Chem1986 25, 1257. (c) Cuellar, E. A.; Miller,
S. S.; Marks, T. J.; Weitz, El. Am. Chem. S0d.983 105, 4580. (d)
Marks, T. J.; Cuellar, E. A.; Miller, S. S.; Weitz, E. U.S. Patent 4,-
364,870, 1982. (e) Jacob, Engew. Chem., Int. Ed. Engl982 21,
142. (f) Cuellar, E. A.; Marks, T. Jnorg. Chem1981, 20, 2129. (g)
Miller, S. S.; DeFord, D. D.; Marks, T. J.; Weitz, H. Am. Chem.
Soc.1979 101, 1036. (h) Jones, R. G.; Bindschadler, E.; Blume, D.;

of 1 and the byproducts from the reaction account for the low
total yield of 1 (7% based on'/, [UO.Clx(THF),]2). (The
maximum theoretical yield of, based on the stoichiometry in
eq 1, is 33%.) The byproducts of this reaction are potassium { ) S, R d lur
chloride and an insoluble orange precipitate that is found to be Eat]mi%eéh’\gﬁ:“gbiééé J7r8 gggtcl)e, J.R.; Yeoman, F. A.; Gilman,
amorphous by powder X-ray diffraction. Elemental analysis (23) Nakamoto, KInfrared and Raman Spectra of Inorganic and Coor-
confirms that the precipitate is not strictly JOThe carbon 24) ‘i@@iﬁﬂ ;&2%@?&?&?{; ﬂc;ggg{\ilzia/ fo?nopr;;( {\(lJeDw \;?glaulczie.
and hydrogen contents (as high as 14.81 % C, and 2.80 % H) ol ¢ 4h :
demonstrate the presence of some residual hydrocarbon, pre- a splitting of the normal modexg o Az * Eu: Cotton, F. AChemical

- ) ' o0 ' Applications of Group Theorylohn Wiley & Sons: New York, 1990;
sumably owing to inclusion of limited amounts of neopentoxide- Appendix 11B.
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Table 3. Selected Bond Lengths (A) and Angles (deg) for AXMCHPH),(THF), (2) and [UG(OCH(Pr))2]4 (4)
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2 4
U=0 U=0(1) 1.779(5) U(1F0(1) 1.846(4)
U(1)=0(2) 1.783(4)
u-o0 U-0(2) 2.168(4) U(1¥-0(3) 2.065(5)
U—0(3) 2.416(5) U(1)-0(4) 2.289(4)
U(1)-0(1A) 2.435(4)
U(1)-0(4A) 2.427(4)
0=U=0 O(1=U=0(1A) 180.0 O(13FU(1)=0(2) 172.6(2)
U-0-C U(1)-0(2)-C(1) 130.3(4) U(1}-0(3)-C(3) 175.8(5)
U(1)-0(4)-C(8) 125.1(4)
U(1B)—0O(4)-C(8) 133.2(4)
0-U-0 O(3)-U—0(3A) 180.0 O(1)U(1)—0(3) 93.1(2)
O(1)-U—-0(2) 88.8(2) O(1)}U(1)-0(4) 76.0(2)
O(1)-U—0(3) 89.9(2) O(1U(1)-O(1A) 86.4(2)
0(2)-U—0(3) 88.0(2) O(1)}U(1)-0(4A) 87.8(2)
0(2)-U(1)-0(3) 92.3(2)
0(2)-U(1)-0(4) 97.9(2)
0(2)-U(1)-0(1A) 89.0(2)
0(2)-U(1)-0(4A) 95.5(2)
0(3)-U(1)-0(4) 103.7(2)
0(3)-U(1)-0(1A) 170.5(2)
0(3)-U(1)-0(4A) 106.7(2)
0(4)-U(1)-0(1A) 85.39(14)
O(4)y-U(1)—O(4A) 146.1(2)
O(1A)-U(1)-O(4A) 63.81(14)
U-0-U U(1)-O(1)-U(1B) 116.7(2)
U(1)—O0(4)-U(1B) 101.7(2)

or fluoroalkoxides:326 Presumably, the somewhat more elec-
tronegative substituents on these ligands (relative to aliphatic
ligands) do not increase the electron density on the metal as
much, resulting in tighter bonding between the uranium and
oxo ligands.

Another means of preventing oxalkoxide ligand exchange
is imposition of steric congestion at the metal cedteFhis
result has been demonstrated in the isolation of monomeric
uranium alkoxides containing strongly coordinating bases (eq
3).28t is also conceivable that redistribution would be inhibited

UO,CL(OPPh), + 2KO'Bu
UO,(O'Bu),(OPPh), + 2KCI (3)

by inclusion of sterically encumbered alkoxide ligands. To test
this possibility, metathesis reactions of the uranyl ion with a
series of bulky alkoxide ligands were examined. The reaction
of [UO,CIx(THF),]» with potassium diphenylmethoxide permits
isolation of the simple metathesis product YOCHPR),-
(THF)2, 2 (eq 4). The product may exist as either tis- or

1,JUO,CL,(THF),], + 2KOCHPh -~

UO,(OCHPh),(THF), + 2KCI (4)
2

Figure 1. Atom-labeling scheme for U[OCIC(CHs)3]s.

U—0 bond length in U(OCHs (2.10 A)22b The U-O—C bond
angles ofl are slightly more bent at 147(3) and 145(2)hen
compared with the average+O—C bond angle of 15377for _ _
U(OCHg)s. trans-bis(alkoxide) complex; théH NMR data do not allow
Compoundi results from ligand exchange between uranyl an unambiguous assignment of the geometry of the alkoxide
oxo ligands and neopentoxide ligands. While there are other Product in solution. Therefore, a single-crystal X-ray diffraction
rare examples of products resulting from redistributive ex- analysis of2 was undertaken. _
changes of uranyl oxo ligands and alkoxides reported in the AS expected, compourilexists as a uranyl monomer (Figure
literature!225the majority of the solid state structures of uranyl 2)- The uranium atom is coordinated in a pseudooctahedral
compounds exhibit arrangements in which there is no direct fashl_on, with 0xo ligands in trans-axial positions. Because the
bonding interaction between uranyl moieties. Two classes of Uranium atom lies on a crystallographic center of symmetry,
alkoxides have been identified that effectively prevent redis- the O-U—O angle is rigorously linear. The uranyl-D(1)

tribution. The first contains less basic ligands, such as aryloxidesbond length is 1.779(5) A. This distance is similar to the values
reported for six-coordinate U{ID'Bu),(OPPh), (1.789(5) and

(25) Bradley, D. C.; Chatterjee, A. K.; Chatterjee, A. K.Inorg. Nucl.
Chem.1959 12, 71.

(26) Andersen, R. Alnorg. Chem 1979 18, 209.
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Figure 2. Thermal ellipsoid drawing of UOCHPh)(THF), showing

Wilkerson et al.

the atom-labeling scheme used in the tables (50% probability ellipsoids). Figure 3. Thermal ellipsoid drawing of [UG§OCH(Pr),),]4 showing

1.795(6) A)28 The two alkoxide ligands are arranged trans to
one another. The YO(alkoxide) bond distance, 2.168(4) A, is
similar to the U-Of(terminal alkoxide) lengths for U©
(O'Bu,)(OPPh), (2.143(6) and 2.162(6) A). These bond
distances are slightly longer than the-O(terminal alkoxide)
bond lengths of [UQOBU,),][UO(O'BU)4]., Which span the
range 2.015(6Y2.055(6) A2 This apparent lengthening may

the atom-labeling scheme used in the tables (50% probability ellip-
soids).

connectivities within the molecule to be determined. There was
additional electron density that could not be accounted for,
which precluded satisfactory convergence of the model. The
data did unambiguously confirm the trans arrangemeif

butylphenylmethoxide ligands in the equatorial plane of the

be due to interligand crowding generated by the larger alkoxide molecule, identical to the molecular structure obtained for the

ligands. The angle about the alkoxide oxygen atoms (e.g.,

U—0(2)—C(1) = 130.3(4)) are smaller than those found for
UO,(O'Buy)2(OPPh), (148.3(6) and 140.6(8) and [UG-
(OBuy)2][UO(OBU)4]2 (151.6(7)-163.1(8)). The U-O(tet-
rahydrofuran) bond distances :(2.416(5) A) are within the
range of values reported for other uranygtrahydrofuran
distances reported in the literature (2.32(2)49(4) A)2°

It must be noted that the diphenylmethoxide ligand is likely
to be less donating than saturated alkoxide lig@fAdsd there

compound UQ(OCHPR),(THF),, 2.

When saturated alkoxide ligands of even greater steric bulk
are employed! the extent of redistributive exchange and
aggregation appears to be a more complex function of ligand
solubility, as well as steric size. In most systems, discrete
products of partial redistribution are recrystalliZ8dyhile, in
other systems, products simply consisting of binary uranyl
alkoxides are isolated. In both cases, there is evidence of some
ligand exchange, indicated by the presence of insoluble amor-

may be an electronic argument for the lack of observed ligand phous byproducts as described above. However, unlike com-
exchange (as has been observed in uranyl fluoroalkoxide pounds2 and3, these species are not monomeric; the size and/

chemistry)?® It is observed, however, that replacement of one
phenyl substituent by dert-butyl group does not promote
redistributive exchange either. The reaction of pAQ(THF),]2
with potassiumtert-butylphenylmethoxide in THF similarly
results in the formation of the monomer LOCH('Bu)Ph}-
(THF)2, 3 (eq 5). An attempt was made to determine the

1, JUO,CL(THF),], + 2KOCH(Bu)Ph—

UO,[OCH(Bu)PhL(THF), + 2KCI (5)
3

structure of3 by single-crystal X-ray diffraction. The X-ray data
collected for3 were of poor quality and allowed only the atom

(27) Leciejewicz, J.; Alcock, N. W.; Kemp, T. $truct. BondingBerlin)
1995 82, 43.

(28) Burns, C. J.; Smith, D. C.; Sattelberger, A. P.; Gray, Hlridrg.
Chem.1992 31, 3724.

(29) Charpin, P.; Lance, M.; Nierlich, M.; Vigner, D.; Baudin, Bcta
Crystallogr. 1987, C43 1832.

(30) K, values of the related alcohols: HO@EH,CHs, 16.1; HOCH-
Ph, 15.4. See: Serjeant, E. P.; DempseyloBisation Constants of
Organic Acids in Aqueous SolutipRergamon Press: New York, 1979.

or basicity of the ligand promote the formation of aggregates
containing bridging oxo and alkoxide ligands. An example of
this may be seen in the reaction of [WCL(THF),], with

potassium diisopropylmethoxide (eq 6). The only product

Y, JUO,CL(THF),], + 2KOCH(Pr), -~
[UO,(OCH(Pr),),], + 2KCI (6)
4

crystallized from this reaction is the binary complex [lOCH-
(Prk)za, 4.

Compound4 exists as a tetrameric aggregate in the solid state
(Figure 3). The tetramer consists of four uranyl groups related
by an$, axis; the uranium atoms (U(1), U(1A), U(1B), U(1C))
are arranged in a nearly planar, square configuration (maximum
deviation from the plane= 0.192 A). The coordination geometry

(31) Within the alkoxide series, the relative sizes of the ligands were
determined by measuring the largest “cone angle” occupied by the
alkoxide ligands (including the van der Waals radii of the hydrogen
atoms) coordinated to uranyl groups, yielding the order @TMie;
< OC(Mes)3 < OCH(Pr).
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around each uranium atom can be regarded as a distorted

octahedron with trans uranyl oxo ligands in the apical positions. 2 RO—U—OR

The uranyl groups are now quite asymmetric, however. The c"> o

terminal U(1}-O(2) bond length is 1.783(4) A, which is within

the estimated standard deviation of the bond length determined

for the U=0 bond length oR, while the bridging U(1)-O(1)

bond distance is 1.846(4) A, which compares well with other

U=0(bridging) distance%The oxo bridge is also quite asym- ﬁ’ OR
U

OR
l|J /O\ﬁ,on
2107 |
orR R O

metric. The U—0 bond distance is significantly longer at 2.435- -Uo, o=‘|J/°\E

(4) A. There is no direct BU contact (U(1)+U(1A) = RO/ \"OR &’%‘fg’u

3.6570(3) A). In the limited number of solid-state structures in RTO

which uranyl oxo ligands serve as equatorial ligands to

neighboring uranium atoms, the dative-@ distances range

from 2.30(2) to 2.54(3) R.These lengths are similar to the RO—Y—OR

distance found between a uranium(VI) atom and a coordinating o

THF molecule. The uranyl 8U=0 angle remains nearly linear

(172.6(2)). roggOForR — . oo f
The equatorial plane of each uranyl group is completed by R0'1I'\o/|| Rd|”%»:b“’h’

one terminal alkoxide and two bridging alkoxide ligands. The oR R O OR R RO

terminal alkoxide oxygenuranium distance is 2.065(5) A,

which is somewhat shorter than the-Q(alkoxide) bond length o

of 2. The bridging alkoxide U(1)O(4) bond length of 2.289- s, - U0,

(4) A is longer than the terminal YO alkoxide distances, as RO/ \ "OR

would be expected. The angle about each terminal alkoxide

oxygen atom (e.g., HO(3)—C(3) = 175.8(5)) is nearly linear. OR

It is much larger than the HO—C alkoxide bond angle fo2, RO/,__‘_.\\\‘OR”':.R /°"~,,,T\.0R o TRor
likely as a consequence of steric interactions between the alkyl Ro’?\o/‘lf\on/lr‘OR R();1ili0R
group with the bridging diisopropylmethoxide ligands. Close OR o OR OR

nonbonded contacts observed in the structure include G(1B) Figure 4. Proposed mechanisms for the redistribution of uranyl bis-
C(9A) (3.855 A), C(1B)-C(10C) (3.698 A), C(3B)C(9A) (alkoxides).
(3.687 A), and C(5B)}C(7) (3.880 A); these are all significantly

shorter than the distance expected for the sum of the van der@ny uranyl complex. Presumably, the large reduction of the
Waals radii of two methyl groups (4.0 &3. uranyl symmetric stretch of is more greatly influenced by

It is significant to note that, although the product is isolated c00rdination to a neighboring Lewis acid than by coordination
in the presence of excess tetrahydrofuran, the uranyl oxo ligands®f Strongly donating ligands. While the symmetric stretches of
are apparently sufficiently basic that they compete favorably the monomeric compoundg and 3 (804 and 796 cn,
with the THF for coordination to the Lewis acidic metal centers. €SPeCtively) also lie at lower energy than the avenagéhey
As discussed above, the uranyl oxo ligand is only rarely reported &€ not shifted to the red as effectivelyasfor compound4.
to act as a Lewis base toward a neighboring metal center, and 'nterestingly, differentH NMR spectra were observed in
in most cases, these compounds are prepared under higwoncoordlnatlng versus coordinating solvents. The spectrum of

temperature/pressure or in nonaqueous sol§tlemthermore, 4 0Ptained in benzends at room temperature was complex but
the bonding mode of tetramerié provides evidence for showed the presence of two alkoxide environments, consistent
proposed redistribution intermediates of uranyl alkoxide ag- With coordination of a terminal and a bridging alkoxide in a
gregated2 For example, it has been suggested that the reaction 11 ratio. Varlable-te:nperatui*ei NMR spectra (cyclohexane-
pathways for the synthesis of redistribution products involve 14 from —100 to+70°C) did not reveal any chemical exchange
formation and dimerization of UQOR)(THF), through bridg- between terminal and bridging alkoxide ligands and exhibited
ing oxo ligands, followed by decomposition to UO(QRnd only sharpening of resonances as the high-temperature limit was
insoluble UQ. |}1 the case where R 'Bu. the intermediate  @PProached. However, further analysis of the room-temperature
UO(OR), reacts with UQ(OR), to form [UO,(O'Bu)][UO- IH NMR spectrum o# in tetrahydrofurardg yielded a different
(O'Bu)s]>. When R= CH,C(CHs)s, UO(OR); dimerizes with signature, revealing only one diisopropylmethoxide environment.
UO,(ORY), through bridging oxo Iiéands and the complex then Therefore, an investigation into the properties of this molecular
redistributes to U[OCLC(CHs)s]s and an additional equivalent aggregate in both noncoordinating and coordinating solvents
of UOs (Figure 4). was undf_ertaken._ _ o

The basicity of these oxo ligands presumably results either A particularly informative tool for characterization of the
from charge repulsion between the oxo ligands and the more €nvironment of uranyl ions both in the solid state and in solution
basic uranium or from competition between the oxo ligands and IS OPtical spectroscopy. A distinguishing feature of the optical

the equatorial alkoxides for-symmetry U 6d and 5f orbitals, ~ SPectra of uranyl compounds is the presence of a weak low-
resulting in a weakening of the uranyH® bond. A sensitive ~ EN€rgy peak (526~ 370 nm) ascribable to a symmetry-for-
indicator of this bond strength lies in the Raman stretchsf O Pidden HOMG-LUMO electronic transition from a,-HOMO

U=0. The symmetric stretch for compourdis observed at 0 @ 0wLUMO.®2 It is often observed (at least at low tem-

713 cn, a dramatic change from the averagdor the uranyl perature) that this absorption may be resolved into a series of

group (~860 cnT1)23 and a value lower tham; reported for vibronic bands, with an energy spacing corr.esponding.lfo
(O=U=0) of the electronically excited uranyl ion. In addition,

(32) Pauling, L.The Nature of the Chemical Bon@rd ed.; Cornell this excited state is often relatively long-livetg/{ = 100 ms);®
University Press: Ithaca, NY, 1960. permitting the observation of emission back to the ground &tate.
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Figure 5. Electronic emission spectra of U@CHPHK)(THF). (2)

for a neat sample (A) and for a 0.0040 M tetrahydrofuran solution (B).
Both spectra were obtained at liquid-nitrogen temperature.
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Figure 6. Electronic emission spectra of [J@CH(Pr)).]4 (4) for a
neat sample (A) and for a 0.0040 M benzene solution (B). Both spectra
were obtained at liquid-nitrogen temperature.

for spectra A and B are consistent with a single, dominant uranyl

Emission spectroscopy has been employed to provide keyspecies, the monomeér The vibronic spacing 0f780 cntt is

information regarding the electronic environment of the uranyl
ion in solution, including the extent of aggregation. Frequently,

comparable to the Raman measurement;dbr both the neat
solid and the tetrahydrofuran solution (804 ¢ In compari-

one or more vibronic bands are superimposed on the electronicson, the emission spectra 8f(not shown) have an apparent
emission envelope, the most prominent being due to the totally Eo_o at~19 190 cnr in the solid state and ay_q at ~19 140

symmetricv; mode of the @U=0 moiety. Meinrath reported

cm! in tetrahydrofuran (0.004 M). The apparent vibronic

that hydrolytic uranyl species exhibit a red shift in the absorption spacing of 800 cmt in both the neat solid state and tetrahy-

maximum with an increase in oligomerizatisliMorris,*¢and

drofuran solution is in excellent agreement with the Raman

Moulin#2@also observed this feature in the emission spectra measurement of; (796 cnm).

of more hydrolyzed and presumably more oligomeric species.

While the hydrolysis chemistry of the uranyl ion is not

The liquid-nitrogen-temperature luminescence spectra of the
neat solid and the benzene solutioMd.0040 M) are shown

structurally analogous to the chemistry of these nonaqueousin Figure 6, A and B, respectively. Spectrum A hasEano at
systems, we attempted to determine if the spectroscopic trends_16 610 et and a single resolved progression with a vibronic

observed in our nonaqueous systems are comparable.

spacing of~710 cnt?, in excellent agreement with; (713

As a benchmark for the spectroscopic manifestations of ¢m-1) determined by Raman spectroscopy. Spectrum B has an

oligomerization, the monomeric speci@gnd3, were examined
first. The luminescence spectra @at liquid-nitrogen temper-

Eo—o at 16 870 cm and a vibronic progression of710 cnr?.
As mentioned above, the 260 chshift in Eg—o for spectrum

ature are shown in Figure 5. For clarity, these spectra were B relative to spectrum A is most likely attributable to solvation
normalized with respect to the emission intensity. Spectrum A effects. However, the approximalg_o of 4 (~16 610 cnr?)
shows the emission of the neat monomeric solid at 77 K. This relative to that of monome® (~19 480 cn?) represents a

spectrum has a well-resolved vibronic structure with the dramatic red shift 0f~2870 cnt™. The direction of the shift is

calculatedEy— at ~19 470 cn1! and vibronic progressions in
two modes: one at780 cnt?l, which we attribute to the;
mode, and a second at200 cnt?!, which we assign to the
bendingv, mode3* Spectrum B was obtained for a solution of

the same as that observed with an increasing degree of
aggregation in aqueous uranyl solutions, and indeed, the shift
is even greater.

Because of the variation iftH NMR spectra of4 in

2in tetrahydrofuran (0.004 M). This spectrum has an apparent noncoordinating versus coordinating solvents, the luminescence

Eo—o at 19 290 cm! and a single resolved progression with a
vibronic spacing of~780 cnt!. The modest 180 cm shift in
Eo—o for spectrum B relative to spectrum A is probably a

of 4 in tetrahydrofuran was examined. Should tetrahydrofuran
solvation of4 induce deaggregation of the tetramer, the new
species would be predicted to emit at energies betweeéh470

consequence of solvation effects. The intensity of the solution and 16 610 cmt. The 77 K luminescence spectra from a dilution
spectrum is also substantially diminished, suggesting enhancedseries of4 are shown in Figure 7. It is readily apparent that
nonradiative decay processes in solution. However, the similarity there are at least two species in solution, one for which the

of the spectral envelopes and the vibronic spacing 80 cnr?!

(33) Baird, C. P.; Kemp, T. Prog. React. Kinet1997 22, 87.

(34) The exact location of the electronic origiy(o) is frequently difficult
to discern in UG*" spectra, at the level of resolution obtained here.
In particular, for systems with rigorous inversion symmetry (€J.,
the 0-0 transition is forbidden and the initial (high-energy) intensity
frequently arises in a vibronic transiti§one quantum lower in energy
thanEy—o. Here we report apparef o values based on the location
of the first vibronic band. The exact position of the electronic origin
could lie at higher energy.

spectrum has a vibronic structure with an apparenty at

~17 160 cm! and a vibronic spacing o£780 cnt! and a
second whose spectrum occurs at a higher energy with an
apparenty—p at~19 010 cnt! and a vibronic spacing of850
cm™L. In addition, the higher energy spectrum is blue-shifted
by 2400 cm? relative to that of the tetrameric molecule. Since
the energy of the latter emission spectral component is close to
that of monomeric compoung (Eg—o = 19 470 cnt?), it is
postulated that this spectral component is attributable to a
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T T T T T T T ion such that the oxo ligands exhibit properties consistent with
increased basicity. This effect increases the propensity of the
uranyl oxo ligands to bridge between metal centers and, in the
extreme, results in ligand redistribution between uranium
intermediates. Such oxo exchange allows for the formation of
unusual coordination environments not obtained for uranyl
compounds in aqueous media. In the presence of a primary
alkoxide, complete oxealkoxide exchange to yield the U(VI)
hexakis(alkoxide) compound is facile. Control over redistributive
behavior may be influenced by the introduction of steric bulk
and ligand solubility. The coordination of a very bulky alkoxide
prevents redistribution completely, yielding complexes of the
formula UG(OR)L, (L = solvent). Use of a highly soluble
and sterically large saturated alkoxide creates the serendipi-
tous situation where redistribution is inhibited but the metal
center remains sufficiently coordinatively unsaturated to per-
mit aggregation by means of bridging oxo and alkoxide lig-
ands. This results in the isolation of the novel tetrameric
compound4.

Raman and emission spectroscopies have elucidated several
features of the tetramed, The uranyl =0 bond strength of
4 is weakened presumably owing to a combination of ligand
20000 18000 16000 14000 basicity and intermolecular oxo bridging. The level of aggrega-
tion of these uranyl alkoxides may be elucidated by compar-
i ) e ison of the relative shifts of thByg transitions. The emission
Figure 7. Electronic emission spectra of [(@CH(Pr))z]4 (4) for profiles of4 in the solid state and in a noncoordinating solvent

tetrahydrofuran solutions: A, 0.0200 M; B, 0.0120 M; C, 0.0080 M; | . B
D, 0.0040 M: E, 0.0010 M; F, 0.0004 M. Spectra were obtained at 9/2SS are comparable, while the emissiod of tetrahydrofuran

liquid-nitrogen temperature. Spectra-& were manipulated so that 1S considerably blue-shifted owing to deaggregation of the
the low-energy spectral edges coincided to facilitate comparison of the molecule. It is readily apparent that there exists an equilibrium
two principal components. The intensity of spectrum F was multiplied involving an as yet unidentified uranyl diisopropylmethoxide
by 500 to illustrate relative peak positions. species in tetrahydrofuran solution as a function of uranyl
concentration. It may be possible to observe the effects of the
monomer. While the spectral component witho at 17160  enhanced Lewis basicity of the oxo ligands in the reactivity of
cm™* is only 550 cm! higher in energy than that of the this molecule. We have seen indications that the chemical
tetrameric species, the difference in vibronic spacing (780 vs properties of these uranyl species may be comparable to the
710 cm) rules out the possibility that this spectrum arises from reactivities of transition metal oxo species. We are currently

the tetramer. It is probable that the species responsible for thispyrsying investigations of the chemical behavior of these
lower energy spectrum is intermediate in nuclearity (i.e., dimeric gpecies.

or trimeric), although it is not possible to clarify the nature of

the bridging interation (oxo versus alkoxide) from these data. ~ Acknowledgment. This research at Los Alamos National
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It has been shown that coordination of more basic ligands
allows for the enhancement of electron density on the uranyl 1C000142U



