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The syntheses, structural and spectroscopic characterization, fluoride abstraction reactions, and photochemical
reactivity of cationic uranyl(VI) phosphine oxide complexes are described. [UO,(OPPhs)y][X]; (1a, X = OTf; 1b, X
= BF,4) and [UO,(dppmo),(OPPhy)][X], (2a, X = OTf; 2b, X = BF,) are prepared from the corresponding uranyl-
(VI) chloride precursor and 2 equiv each of AgX and phosphine oxide. The BF,~ compounds 1b and 2b are prone
to fluoride abstraction reactions in methanol, leading to dinuclear fluoride-bridged uranyl(VI) complexes. Fluoride
abstraction of 2b in methanol generates two structural isomers of the fluoride-bridged uranyl(VI) dimer [(UO,-
(dppmo)y)a(ue-F)][BF4ls (4), both of which have been structurally characterized. In the major isomer 4¢, the four
dppmo ligands are all chelating, while in the minor isomer 48, two of the dppmo ligands bridge adjacent uranyl(VI)
centers. Photolysis of 2b in methanol proceeds through 4 to form the uranium(1V) fluoride complex [UO2F,(dppmo)s]-
[BF4]2 (5), involving another fluoride abstraction step. X-ray crystallography shows 5 to be a rare example of a
structurally characterized uranium(IV) complex possessing terminal U-F bonds. Complex 5 reverts to 4 in solution
upon exposure to air.

Introduction ligands. From these studies, we have observed that the
identity of the counteranion can dramatically influence the
photochemical pathway. In this paper, we report how the
photoreduction of [Udppmo}(OPPR)][BF4]. [2b; dppmo

= Ph,P(O)CHP(O)Ph] produces the cationic uranium(lV)
fluoride complex [UQF,(dppmo}][BF4]. (5), proceeding
throughtwo separate sequencesfluoride abstraction from

The uranyl(VI) ion possesses a long-lived and highly
oxidizing excited state as a resuftaU 5f — O 2p ligand-
to-metal charge-transfer transition within the robust linear
O=U=0 group! Among the vast number of organic
substrates that are oxidized by the *Oexcited staté,
primary alcohols reduce uranyl(VI) to uranium(lV) in high i X :
quantum yield under anaerobic conditidnsHowever, these ~ BF4 anions ly a U center. The first occurs prior to pho-
reactions have typically been conducted in various aqueoustochemical reduction o2b and forms the fluoride-bridged
(usually acidic) media with minimal attention directed toward dinuclear uranyl(Vl) complex [(Uetdppmo})z(u-F)I[BF4]s

the structural and electronic influences of the uranyl(vi) (4) followed by a second fluoride abstraction during

coordination sphere. photolysis to gives. We also note thab can be reversibly
We are currently exploring the photochemical reduction ©Xidized to4 by hydrolysis.

of well-defined cationic uranyl(VI) complexes coordinated Experimental Section

solely by bulky electron-withdrawing phosphine oxide General Considerations.Unless otherwise stated, all manipula-

*To whom correspondence should be addressed. E-mail: duvalP@ tiOns were conducted under an inert atmosphere of dry, oxygen-

missouri.edu. free dinitrogen in a MBraun Labmaster 130 glovebox equipped with
(1) Baird, C. P.; Kemp, T. JProg. React. Kinet1997 22, 87. a MB 20G purification system or in standard Schlenk-type
@ 6\3/\(/)%29 W. D.; Bakac, A.; Espenson, J. Horg. Chem.1995 34, glassware on a dual vacuum/dinitrogen line. Toluene, diethyl ether,
(3) Suib, S. L.; Kostapapas, A.; Psaras, JDAm. Chem. Sod.984 106, and hexanes (Fisher) were dried by passage through an MBraun

1614. ) ) solvent purification system (MB-SPS) consisting of one column
@ gﬁ(t)stgg;glr a, AYl'égAé’%oH'l;BEOtS“ya”ag'v T.. Ishigure, X Photochem. of activated alumina and one column of activated copper catalyst
(5) Nagaishi,"R.; Katsum’ura, Y Ishigure, K.; Aoyagi, H.; Yoshida, Z.; (toluene, hexanes) or two columns of alumina (diethyl ether).

Kimura, T.; Kato, Y.J. Photochem. Photobiol., 2002 146, 157. Tetrahydrofuran (THF) and dimethoxyethane (DME) were distilled
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Cationic Uranyl(VI) Phosphine Oxide Complexes

over sodium benzophenone ketyl. Acetonitrile and anhydrous was filtered, and all volatiles were removed in vacuo. The yellow

methanol were distilled over CaHPhotochemical reactions were

extract was dissolved in 5 mL of GBI, and filtered, and the filtrate

conducted with stirring in an Ace Glass reactor assembly operating was added slowly with stirring to 100 mL of ether. The pale-colored

with output from a 450-W mercury vapor lamp in a quartz
immersion well, in an enclosed cabindt. NMR spectra (referenced

product was filtered, washed with ether, and dried. Compd&and
was recrystallized from Cy€l,/diethyl ether. Yield: 1.0 g (81%).

to a nondeuterated impurity in the solvent) were recorded on a IH NMR (25 °C, CD;CN): 6 4.56 (t,2Jpy = 12 Hz, 4H, PEI,P),

Bruker AMX-250 or -300 spectrometef!P{1H} NMR spectra
(referenced to external 85%sPIO,;) were run at 101.25 MHz on
the AMX-300 instrument!®F NMR spectra (referenced to external
CFCk) were run at 235.36 MHz on the AMX-300 instrument.

Chemicals shifts are reported in ppm, and all coupling constants

7.27-7.93 (m, 42H, @Hs). 3%P{H} NMR (25 °C, CD:CN): 6
42.3 (d,2Jpp = 15 Hz, 2P, dppmo), 43.0 (&Jep = 15 Hz, 2P,
dppmo), 46.5 (s, 1P, OPRPh®F NMR (25°C, CD:CN): 6 —79.3
(s, CRSOy).

Synthesis of [UQ(dppmo),(OPPh)][BF 4]2:DME (2b-DME).

are reported in hertz unless otherwise noted. IR spectra wereThis compound was prepared similarly2a using UQCl,(i-PrC-

obtained as a mull in a mixture of type NVH and type B immersion

(O)N(i-Pr))2 (1.0 g, 1.46 mmol), solid dppmo (1.22 g, 2.93 mmol),

oil pressed between KBr plates on a Thermo Nicolet Nexus 670 OPPh (407 mg, 1.46 mmol), and AgBR572 mg, 2.93 mmol).
FT-IR spectrometer. UV/vis spectra were obtained as THF and The yellow solid was recrystallized from GEI,/DME. Yield: 2.0
acetonitrile solutions on a Hewlett-Packard 8452A diode-array g (88%).H NMR (25 °C, CD;CN): 6 4.49 (t,2Jpy = 12 Hz,
spectrophotometer. Elemental analyses were performed by DesertdH, PCH,P), 7.27-7.88 (m, 55H, GHs). 3'P{*H} NMR (25 °C,

Analytics. Triphenylphosphine oxide, bis(diphenylphospino)-

methane (dppm), silver triflate, and silver tetraphenylborate (Ald-

rich) were used as received. The uranyl complexes@KD, (L
= i-PrC(O)N{-Pr)),6 OPPh,” and OPMeP}) were prepared
according to literature procedures.

Synthesis of Bis(diphenylphosphino)methane dioxide
(dppmo). In a modification of an existing literature preparatfon,

to a solution of dppm (5.0 g, 13 mmol) in 25 mL of benzene was

added 2 mL of 50% kD,. The reaction mixture was stirred 2 h,

CDsCN): 6 42.9 (d,2Jpp= 15 Hz, 2P, dppmo), 43.6 (&Jpp= 15
Hz, 2P, dppmo), 47.1 (s, 1P, OPHSF NMR (25°C, CD;CN):
0 —151.9 (s, Bh).

Synthesis of [(UQ(OPMePhy)s)a(u-F)2][BF 4]2:2CH,Cl, (3-
2CH,ClI5). To a suspension of [UZI,(OPMePh),] (500 mg, 0.65
mmol) in CH,CI, were added OPMeRI{279 mg, 1.26 mmol) and
AgBF, (252 mg, 1.3 mmol), and the reaction mixture was stirred
for 5 h. The solution was filtered to remove AgCI and evaporated
to dryness in vacuo. Washing the residue with ether produced a

after which the solvent was removed under vacuum and the residuepasty solid. The addition of methanol (5 mL) with stirring deposited

dissolved in 5 mL of methanol. This was added slowly with stirring
to 100 mL of water, depositing a white solid that was filtered,

a pale-yellow powder that was filtered, washed with ether, and
dried. The yellow solid was recrystallized from gE,/DME.

washed with water, and dried. The white crystalline product was Yield: 600 mg (91%)H NMR (25 °C, CD,Cl,): o6 2.1 (br, 18H,

recrystallized from hot benzene. Yield: 5.0 g (92%).
Synthesis of [UQ(OPPhs)4[OTf] 2 (1a). Compoundla has been
previously reported;the modified preparation described below

contrasts with the published procedure in starting from air-stable

UO,CI,(OPPh),. Solid OPPh (620 mg, 2.23 mmol) and AgOTf
(571 mg, 2.23 mmol) were added to a suspension oLTIO
(OPPh), (1.0 g, 1.2 mmol) in CKCI, (25 mL), and the reaction

CHs), 7.37-7.73 (m, 60H, GHs). *1P{H} NMR (25°C, CD,Cl,):
0 49.9 (s).1%F NMR (25°C, CD,Cl,): ¢ —153.92 (s, BR), —15.1
(s, U-F-U).

Synthesis of [(UQ(dppmo),)2(u-F)][BF 4]3 (4). Compound2b
(500 mg) was dissolved in 25 mL of methanol, and the reaction
mixture was stirred for 12 h. The solvent was removed and the
residue extracted in 5 mL of Gi&l, and filtered. The addition of

mixture was stirred in the dark for 3 h, generating a yellow solution 2 mL of ether to this solution with stirring precipitated a white
that was filtered. The filtrate was evaporated to dryness, re-extractedsolid that was filtered, washed with ether, and dried. Recrystalli-
with CH.Cl, (5 mL), and filtered a second time to ensure the zation from CHCI,/diglyme yielded a mixture a8 as two separate
removal of AgCl, and this filtrate was added to ether (50 mL) with  structural isomers exhibiting distinct crystal habits: a major isomer
stirring, producing an off-white solid that was filtered, washed with (70%) as plates and a minor isomer (30%) as needles. Yield

ether, and dried in vacuo. Yield: 1.6 g (85%). TH¢ NMR
spectrum has been previously reportedP{*H} NMR (25 °C,
CDCl): 6 50.3 (s).

Synthesis of [UGQ(OPPhy)4)][BF 42 (1b). This compound was
prepared similarly tdausing UQCI,(OPPh), (1.0 g, 1.46 mmol),
solid dppmo (1.22 g, 2.93 mmol), OPP@07 mg, 1.46 mmol),
and AgBR (572 mg, 2.93 mmol). Yield: 2.0 g (88%)H NMR
(25 °C, CDsCN): 0 7.35-7.62 (m, 55H, GHs). 3P{*H} NMR
(25 °C, CD:CN): ¢ 42.9 (d,2Jpp = 15 Hz, 2P, dppmo), 43.6 (d,
2Jpp = 15 Hz, 2P, dppmo), 47.1 (s, 1P, ORRHSF NMR (25°C,
CDsCN): 0 —152.0 (s, Bh).

Synthesis of [UQ(dppmo)(OPPhy)][OTf], (2a). To a
CH.CIl; solution of UQCIy(i-PrC(O)N{-Pr),). (500 mg, 0.73 mmol)
were added solid dppmo (610 mg, 1.46 mmol), OP@i04 mg,
0.73 mmol), and AgOTf (377 mg, 1.46 mmol), and the reaction
mixture was kept in the dark and stirred for 5 h. The solid AgCI

(6) Kannan, S.; Barnes, C. L.; Duval, P. Bhem. Commur2005 5997.

(7) Arnaz, F. J.Inorg. Synth.2002 33, 203.

(8) Kannan, S.; Rajalakshmi, N.; Chetty, K. V.; Venugopal, V.; Drew,
M. B. G. Polyhedron2004 23, 1527.

(9) Berthet, J.-C.; Nierlich, M.; Ephritikhine, MDalton Trans2004 2814.

(combined): 350 mg (87%).

Major Isomer 4°). IH NMR (25 °C, CD:CN): 6 4.29 (t,2JpH
= 12 Hz, 8H, P®i,P), 7.0-8.0 (m, 80H, GHs). 3P{H} NMR
(25°C, CDsCN): 0 40.9 (s).1%F NMR (25°C, CD;CN): 6 —151.8
(s, BR), 32.5 (s, U-F—U). 1%F NMR (25°C, CD;CN): 6 —151.9
(s, BRy), 107.3 (s, U-F—U).

Minor Isomer @8). 'TH NMR (25 °C, CD;CN): 6 4.08 (t,%Jpy
= 12 Hz, 4H, PCG1,P), 4.26 (t,2Jpy = 12 Hz, 4H, PCEi,P), 6.7
7.5 (m, 80H, GHs). 31P{H} NMR (25 °C, CD;CN): 6 43.3 (s),
45.2 (s).2F NMR (25°C, CDsCN): ¢ —151.8 (s, Bh), 32.5 (s,
U—F-=U).

Synthesis of [UR(dppmo):][BF 4. (5). A pale-yellow solution
of 2b (450 mg, 0.33 mmol) in 25 mL of methanol was exposed to
UV light for 3 h, and the resulting blue solution was filtered to
remove some insoluble yellow material. The addition of ether to
the clear filtrate produced a light-blue powder that was filtered,
washed with ether, and dried. Recrystallization fromsCN/diethyl
ether yielded a blue-green crystalline solid. Yield: 212 mg (37%).
Compound5 can also be prepared with the same method starting
from 4 (either isomer)H NMR (25 °C, CD;CN): 6 —12.7 (br,
6H, PQH,P), 6.1 (br, 24H, €Hs), 6.7 (br t, 12H, GHs), 7.4 (br,
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Table 1. Summary of X-ray Crystallographic Data

Kannan et al.

compound
2b 3 £ 5
empirical formula G2HegB2FsOgPsU CsoHg2B2ClaF10010PsU2 C101H94B2F13014PsU> C75He6B2F1006PsU
fw 1644.77 2218.76 2535.01 1698.75
space group monoclini®2;/c monoclinic,P2;/n monoclinic,C2/c monoclinic,P2:/c
a A 15.0785(12) 13.5921(3) 27.3113(11) 28.0336(12)
b, A 22.4615(18) 23.7360(6) 17.3101(7) 15.4822(7)
c A 20.9624(16) 13.6304(3) 22.2874(9) 18.0718(8)
a, deg 90 90 90 90
B, deg 92.944(1) 93.850(1) 101.515(1) 107.830(1)
y, deg 90 90 90 90
v, A3 7090.3(10) 4387.52(18) 10359.7(7) 7466.8(6)
z 4 2
Ocalo @ €T3 1.541 1.679 1.625 1.511
T, K 173(2) 173(2) 173(2) 173(2)
u, mmt 2.479 3.993 3.330 2.378
6 range, deg 1.6327.15 1.72-27.12 1.46-27.11 1.52-27.14
total no. reflns 49 677 31089 36 656 52 387
no. of unique refins 15605 9626 11433 16 428
no. of param 884 517 663 901
R1, wR2 0.0323, 0.0767 0.0249, 0.0637 0.0397, 0.0974 0.0517,0.1079
max, min peaks, e 28 1.753,-2.141 0.824;-1.699 0.952;-2.141 0.889;-1.254
GOF 1.035 1.025 1.054 0.966
aThe value of R1 is based on selected data Witk 20(F); the value of wR2 is based on all data.
24H, GHs). 31P{1H} NMR (25 °C, CD,CN): & —81.5 (s).1F ~ Schemel \
NMR (25 °C, CDsCN): ¢ —152 (s, BR). Anal. Calcd for o *
CrsHeeB2F1006PsU: C, 53.03; H, 3.96. Found: C, 52.86; H, 4.26. 2L 2 Acx || ~OFFhe
. . . . 2Ag a
X-ray Crystallographic Data. Single crystals of suitable quality » [PhsPO——U—OPPhg| 3 x-
for X-ray analysis for2b, 3, 48, and 5 were obtained from the -2 AgCl PhaPO |
following: layered CHCI,/DME (2b and 3); layered methanol/ @ 0
diethyl ether 48); layered CHCN/diethyl ether%). Single crystals L= 0=PPh, 1
placed in degassed hydrocarbon oil were mounted on a glass fiber. a:X=0Tf
Intensity data were obtained atL00°C on a Bruker SMART CCD b: X = BF,
area detector system using the scan technique with Mo & o)
radiation from a graphite monochromator. Intensities were corrected ’ ’ & ~
izati i i /7N _— PhP” TPPh,
for Lorentz and polarization effects. Equivalent reflections were | U L o o = " Il
merged, and absorption corrections were made using the multiscan | | dppmo © ©°

method. Space group, lattice parameters, and other relevant ¢ o
information are given in Table 1. The structures were solved by

direct methods with full-matrix least-squares refinement, using the

SHELX package. All non-hydrogen atoms were refined with ®)
anisotropic thermal parameters. The hydrogen atoms were placed

at calculated positions and included in the refinement using a riding

L= g
Y e

2 dppmo, 2 AgX, OPPh;

2+
2X

(0]
OI’I, | “\\O w
U o

model, with fixed iso_tropicl_J. The final difference map contained 2AgCl2L o/| |\
no features of chemical significance. O OPPhg
2
Results and Discussion a: X = OTf
b: X =BF,

Syntheses, Structural Characterization, and Solution
Studies of Cationic Uranyl(VIl) Phosphine Oxide Com- UO,CLL, [L = (i-Pr)C(O)N{-Pr)]® and 1 equiv of OPPh
plexes.For our purposes of exploring the photochemistry .4 2 equiv each of dppmo and AgX (Schemé®1).
of cationic uranyI(VI_) com_plex_es supported exc_:lusively bY  The NMR spectroscopic data faa,b reveal a symmetric
hard neutral phosphine oxide ligands, we have improved the gquatorial coordination environment with a singlet in the
existing synthetic methodoloByto chelating phosphine  yespective?P{*H} NMR spectra, matching the structural
oxides such as dppmo by conducting the oxidation of the getermination previously obtained fba.l* Both derivatives
Following this, a simple metathesis procedure to the uranyl- giethy| ether and hydrocarbon solvents. THe{*H} NMR

(V1) derivatives [UQ(OPPh),][X] > (18 X = OTf; 1b, X = spectra of2ab in CDsCN are virtually identical, each
BF,) entails combining UGCI,(OPPHR), with 2 equiv each

of AgX and OPPRin CH,CI,, while the syntheses of [UD
(dppmo}(OPPh)][X] 2 (23, X = OTf;° 2b, X = BF,) follow
a similar method starting from the uranyl(VI) amide adduct

(10) sarsfield, M. J.; Sutton, A. D.; May, |.; John, G. H.; Sharrad, C. A;;
Helliwell, M. Chem. Commur004 2320.

(11) Berthet, J. C.; Nierlich, M.; Ephritikhine, MAingew. Chem., Int. Ed.
2003 42, 1952.
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hydrogen-bonding interactions. Similar observations have
been reported with other uranyl(VIl) complexes containing
BF,~ anions, where the occurrence of fluoride abstraction
is limited exclusively to protic solventd.For 1b, this process
forms the known fluoride-bridged species [(({OPPh)s).-
(u-F)2][BF4]2,*%2 and the same result occurs in our unsuc-
cessful attempts to isolate [U@PMePh)4][BF4]., which
instead vyields the corresponding derivat®€Scheme 2).

Single crystals suitable for X-ray crystallography were
obtained for3 (Figure 2). Similar to the related [(U©
(OPPh)3)2(u-F)][BF 4)2,%2 a dimeric structure is observed for
the cation in3, where each uranyl(VI) unit is coordinated
by three terminal phosphine oxide donors and two bridging
fluorides, all residing within approximately coplanar pen-
tagonal equatorial coordination geometries. Alignment of the
respective dioxo units perpendicular to a shared molecular
plane is a common motif in actinide chemistry as exemplified
Figure 1. Thermal ellipsoid drawing of the cation &b showing the atom- by a number of multinuclear actinyl carbonate compoufds.
labeling scht_e_me used in the tables. Displacement ellipsoids are shown atThe bridging interactions i are neany symmetric, with
50% probability. .

the U(1)-F(1A) bond of 2.3480(17) A only slightly longer

presenting a singlet near 47 ppm for the OPRjand and th.an the U(1>-F(1) bond distance of 2.3122(17) A. Together
a doublet of doublets at 43 and 44 ppm corresponding to With the F(1)-U(1)—F(1A) angle of 64.67(7) these bridg-
23pp coupling between magnetically inequivalent phosphine N9 parameters are comparable to those in [{({@PPh)s).-
oxide donors, one residing cis to the ORMgand and the ~ (“-F)[BF4]2 and related uranyl(Vl) complexésAll other
other trans, belonging to two chemically equivalent dppmo Structural features i are unremarkable. _
ligands. The correspondingd NMR spectra also indicate The ambient-temperature solution NMR spectroscopic data
equivalent phosphine oxides with one tripl&ls( = 12 Hz) obtained for3 do not reflect the solid-state structure. For
for the dppmo methylene backbone. These spectral data aréxample, while Figure 2 shows two different OPMePh
consistent with the symmetry of the monomeric structure chemical environments in a 2:1 ratio, a broad singlet is
depicted in Scheme 1. observed near 50 ppm in t#&P NMR spectrum while a
Single crystals suitable for X-ray crystallography were Single broad resonance is seen in theNMR spectrum at
obtained for2b. A thermal ellipsoid drawing is shown in  2:1 ppm. These data suggest fluxional phosphine oxide

Figure 1, and selected bond distances and bond angles arg00rdination. Cooling a solution & in CD,Cl, to =30 °C
listed in Table 2. resolves the broad resonance in #@ NMR spectrum into

In agreement with the solution NMR data, a seven- two sharp singlets in a 2:1 ratio at 50.1 and 49.8 ppm,
coordinate pentagonal-bipyramidal geometry, typical of respectively, consistent with the slow-exchange limit for this
uranyl(VI) complexes, is observed about the central U atom fluxional process. _
for the cation of2b in the solid state. O atoms from two Fluoride abstraction in methanol transfori@is into the
chelating dppmo ligands and one ORMigand occupy a  dinuclear complex4, which is isolated as a pale-yellow
relatively ordered equatorial plane (deviation from planarity crystalline solid consisting of two separate isomers that
within 3°) perpendicular to the dioxo group. The structural POssess distinct crystal habits: (1) a major isond€) @s
parameters of the linear<€U=0 unit are typical for uranyl-  Plates; (2) a minor isome#f) as needles (Scheme 3). In
(V1) complexes, while the respective values of-0 bond repeated experiments, these products were reproducibly
distances [2.342(2)2.455(2) A] and G-U—O chelating bite obtained in roughly the same 80:20 ratio. Unfortunately, both
angles [71.16(8)71.27(7)] are similar to those in other isomers share similar solubility properties, and thus isolation
structurally characterized uranyl(Vl) complexes possessingWas limited to manual separation by visual inspection.
dppmo ligands, including the other new compounds describegNevertheless, the separated materials show individual NMR
here812.13 spectral features that can be identified with, and assigned

Fluoride Abstraction of Cationic Uranyl(VI) Phosphine to, the respectiv_e solid-state structure of each isomer (see
Oxide Complexes Whereas the triflate derivativésaand ~ Pelow), and variable-temperature NMR spectroscopy con-
2a remain unaltered in methanol, methanolic solutions of ducted on a mixture of these isomers reveals no change in
1b and 2b undergo fluoride abstraction from BFanions the respective ratio as a function of the temperature. These

in reactions that are likely assisted by strong-I®-F NMR data thus show that the two isomers form separately
and do not exist in equilibrium with one another.
(12) John, G. H.; May, I.; Collison, D.; Helliwell, MPolyhedron2004 Single crystals suitable for X-ray crystallography were
23, 3097 obtained for both isomers, although the quality of the crystals

(13) Sutton, A. D.; John, G. H.; Sarsfield, M. J.; Renshaw, J. G.; May, |.;
Martin, L. R.; Selvage, A. J.; Collison, D.; Helliwell, Mnorg. Chem.
2004 43, 5480. (14) Clark, D. L.; Hobart, D. E.; Neu, M. RChem. Re. 1995 95, 25.
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Kannan et al.
Table 2. Bond Lengths (A) and Angles (deg) f@b, 3, 4%, and5

2b 3 Vs 5

U(1)-0(1) 2.455(2) U(1¥-0(1) 2.382(2)  U(L¥O(1) 2.361(4)  U(13O(1) 2.441(3)
U(1)-0(2) 2.342(2) U(1}-0(2) 2.368(2)  U(1)}O(2) 2.403(3)  U(1)}0(2) 2.386(4)
U(1)-0(3) 2.385(2) U(1¥-0(3) 2.368(2)  U(1}O(3) 2.369(3)  U(10(3) 2.465(3)
U(1)-0(4) 2.412(2) U(1¥-0(4) 1.776(2)  U(130(4) 2.363(3)  U(1}0(4) 2.407(3)
U(1)-0(5) 2.343(2) U(1)-0(5) 1.773(2)  U(1)}O(5) 1.774(3)  U(L}O(5) 2.379(3)
U(1)—0(6) 1.762(2) U(1)¥F(1) 2.3122(17) U(1)O(6) 1.775(3)  U(1)-0(6) 2.503(3)
U(1)—-0(7) 1.760(2) U(L)-F(1A) 2.3480(17) U(LFF(1) 2.3076(14) U(1YF(1) 2.123(3)
P=0 1.500(3)-1.511(2) G=U=0 178.69(10) FO 1.492(3)  U(LFF(2) 2.131(3)
0=U=0 179.35(10) UYFA)-U1A) 11533(7) G=U=0 177.94(18) B0 1.496(4)-1.516(4)
O(1)-U(1)-0(2) 71.16(8) F(AYUQ)-F1A) 64.67(7)  UIFF(1)-U(1A) 134.15(16) F(I}U(L)-F(2) 90.07(12)
0(3)-U(1)-0(4) 71.27(7) O(1FU(L)-0(Q) 72.76(12) O@BFUL)-0(2) 72.17(12)

O@3)-U(1)-0(4) 74.50(12)
O(5)-U(1)-0(6) 70.92(12)

Scheme 2 Scheme 3
\\CI o 2+
| | 41,4 AgBF, o, || &
L U- L u—o
7 2% ( o N
o |l 2L MeOH OPPhy | 5 5r,
2+
LO 0 2b
L = O=PMePh, ‘| LFry, || ‘\
V— BF(\ MeOH
AN
o o 2BFy 3+ S S 3+
3 0 O 90 o, 12 %] .o
W //{\?// SU—F—u"
. .. . .. | _ead VT B —J S
of 4° was insufficient to glean anything beyond connectivity. e\oc'u\\ TN j " /g\o 0/Ic!\o
Each isomer exhibits a dinuclear structure consisting of-UO °© °° > N
(dppmo} units bridged by a single fluoride ligand. Three 48 3BFg 4 3BFs
BF,~ counterions provide charge balance for two uranyl-
(VI) units in each dimeric unit. Thus, the lone compositional hv
change within each uranium coordination sphere faimno Bre \ o O2/HCICHICN
4 consists of replacing the monodentate OPIRfand with
a bridging fluoride. N 24
The structural differences between the two isordérand o,
48 can be traced to the different coordination modes adopted (°> <°)
/ 2BFy

5

by the dppmo ligands. Whereas each uranyl(VI) center in
4° is coordinated by two chelating dppmo ligands, thus
permitting a normal linear geometry for the &F—U
bridget® one dppmo ligand from each uranyl(VI) unit extends
a bridge across to the other metakfh (Figure 3). Bridging

is common for dppmo ligands because of the short ligand
backbone and has been noted previously for uranyl(VI)
derivatives® However, while a single bridging dppmo ligand
confers no steric pressure on either uranyl(VI) cehtiie
collective effect of two flanking dppmo bridges 4% draws

the two U centers in relatively short proximity to one another
(approximately 4.2 A) and squeezes the U{E}1)—U(1A)
bridge situated between the dppmo bridges into an unusual
bend of 134.15(16) This intriguing geometry is reminiscent
of A-frame structures adopted by dinuclear dppm-bridged
Pt and Pd complexé$. Presumably to avoid repulsive

T@FaA
O(14) P1A)
UA)

(15) Roussel, P.; Hitchcock, P. B.; Tinker, N.; Scott,Ghem. Commun.

Figure 2. Thermal ellipsoid drawing of the cation 8fshowing the atom- 1996 2053.
labeling scheme used in the tables. Displacement ellipsoids are shown at(16) Braun, T.; Steffen, A.; Schorlemer, V.; Neumann, B.; Stammler, H.-
50% probability. G. Dalton Trans.2005 3331.
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Figure 3. Thermal ellipsoid drawing of the cation 4% showing the atom-
labeling scheme used in the tables. Displacement ellipsoids are shown at
50% probability. For clarity, only thgpso-C atoms of the phenyl rings are
shown.

Figure 5. Thermal ellipsoid drawing of the cation Bfshowing the atom-

o) labeling scheme used in the tables. Displacement ellipsoids are shown at
\ /\/O 50% probability. For clarity, only thgpso-C atoms of the phenyl rings are
@ U/ shown.
N _ .
o 0 Photochemical Reduction of Uranyl(Vl) Complexes.
Uranyl(Vl) complexes have been well documented to
Cs undergo photochemical reduction to uranium(lV) with al-

Figure 4. Schematic representation of the staggered conformation of dioxo cohols, a_lthOUQh rarely have prOdu.CtS been StrUCtura”y
units in the solid-state structure 4%. The bridging fluoride F(1) occupies  characterized. Such was the case withand 3, where a

the shared vertexes of the two pentagonal uranyl(VI) equatorial coordination photochemical reduction in methanol produced insoluble
planes. bluish-green solids that were not characterized. However,
photolysis of2b in methanol generates a pale-blue solution
within 4 h, from which the uranium(lVV) compleX can be
jsolated in good yield as a green crystalline solid after workup
in acetonitrile. However, given the facile fluoride abstraction

into a staggered conformation (Figure 4). Therefore, the only '€action oi2bin methanol that produces the fluoride-bridged
symmetry element id® is a C, axis passing through F(1) dimer 4, we also tested the photochemical reactivitydof

that renders the two uranyl(Vl) coordination environments (P0th isomers together and separately), which again generated
equivalent. Despite the unusual geometry, the bridging 5in all instances. Therefore, as outlined in Scheme 2, these
U(1)—F(1) bond distance of 2.3076(14) A 4? is similar results suggest that the photochemical transformation from

to those of the bridging YF bonds in3. 2b to 5 proceeds through.

NMR spectroscopic data obtained # indicate that the Single crystals suitable for X-ray crystallography were

solid-state structure is maintained in solution. For example, ©Ptainéd for5 (Figure 5). Each uranium(lV) center is
theH and31P{*H} NMR spectra show separate resonances coordinated by three dppmo ligands and two terminal fluor-

for the chelating and bridging dppmo ligands, while two @de donors, thus giving an eight-coordinate 9‘?°metW that

singlets are observed atl52 and 32.5 ppm in théF NMR is best described as a distorted dodecahetiraith F(1),

spectrum corresponding to the Branions and the bridging ~ ©(2): O(3), and O(4) comprising a roughly coplanar trap-

fluoride, respectively. Chemical shifts for bridging fluorides ezoid perpendicular to anoth(_ar trapezoid con5|§t|ng of F(2),

show a fairly wide range in the compounds described here ©(1): O(5), and O(6). Allowing for conformational flex-

(—15.1 ppm for3, 32.5 ppm for48, and 107.3 ppm fo4C) ibility in the chelating dppmo ligands, the cationSrexhibits

with the latter tending toward values (12535 ppm) found ~ @PProximateCs point group symmetry, with the-FU—F unit

in uranyl(V1) species possessing terminal fluoride ligaids. d€fining a mirror plane. The eight-coordinate geometry and
The situation is slightly different fo4®, where a singlet threg chelating dppmo ligands B resemble the cationic

in the 3P NMR spectrum (a doublet of doublets similar to ;@:égm(l(g/))lgcomplex [U(ReGdppmo(OH)[Re Q=

that observed fo2 would be anticipated) suggests that a '

fluxional process analogous to that described Soris To the best of our knowledge, the only other structurally

operative. Cooling a sample @€ to —30 °C yields no characterized uranium(lV) complex possessing a terminal

change in these spectroscopic features.

electronic interactions between oxo groups that are tilted
toward one another as a result of the &-U bend, the dioxo
groups (and the associated equatorial coordination planes
are twisted approximately 47vith respect to one another

(18) Hoard, J. L.; Silverton, J. Mnorg. Chem.1963 2, 235.
(19) John, G. H.; May, I.; Sharrad, C. A.; Sutton, A. D.; Collison, D.;
(17) SzabpZ. Dalton Trans.2002 4242. Helliwell, M.; Sarsfield, M. J.Inorg. Chem.2005 44, 7606.
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U—F bond is CpUF.2° The U—F bond distance of 2.106- and dppmo ligands iB. On the basis of the stoichiometry
(12) A in CpUF is comparable to those obtained for of three dppmo and two fluoride ligands 1 a theoretical
[U1)—F(1) = 2.123(3) A; U(1}-F(2) = 2.131(3) A]. The yield of 67% (based on U) is set by the limited availability
fairly wide range in U-O bond distances ifis reflected in of two dppmo units from each U center in the precuréor
alternating short/long distances within individual dppmo Similarly, the single bridging fluoride in dinucledrwould
ligands. For example, i® the shortest and longest+D normally limit the theoretical yield further to 25% (to furnish
bond distances of 2.379(3) and 2.503(3) A, respectively, aretwo fluorides in5), so the actual isolated yield of 36%
both found with the same dppmo ligand. This feature has necessitates further abstraction of at least an additional 1
been observed in other metal complexes possessing thiequiv of BR~ during the photochemical reduction.

chelating phosphine oxide ligad#?! Other structural fea- Although green crystalline samples ®femain air-stable
tures, including the dppmo ©U—O bite angles [between indefinitely (i.e., months) in the solid state, an acetonitrile
70.92(12) and 74.50(12) are within the normal range. solution of5 turns yellow over the course of 1 day upon the

In contrast to the relatively soluble fluoride-bridged uranyl- addition of a few drops of water (with Oserving as the
(V1) species3 and4, compoundb is soluble only in aceto-  probable oxidant, although no reaction is observed when dry
nitrile with prolonged heating and/or stirring. TR#{*H} O, is added instead), eventually regenerating both isomers
NMR spectrum of5 in CD;CN shows a sharp singlet at  of the uranyl(VI) fluoride-bridged dimet in approximately
—81.5 ppm, while a paramagnetically shifted and broadenedthe same ratio as that obtained through fluoride abstraction
resonance at-12.7 ppm is observed for the methylene from 2b. This result illustrates an equal degree of lability
dppmo backbone in théH NMR spectrum, both indicating  associated with uranium(lV) oxidation as is found with
an averaged chemical environment for all three dppmo uranyl(VI) reduction, presumably because both proceed
ligands. Resonances are not seen for the terminal fluoridethrough the same reactive uranyl(V) intermediate. These
ligands in the correspondindc NMR spectrum, however,  observations also suggest considerable kinetic and/or ther-
presumably because they are directly bound to the paramagmodynamic stability of4, whereby two different reaction
netic uranium(lV) center. Spectra acquired at elevated pathways converge at the same product.
temperatures also presented no observable resonances. The
f2 center may also be responsible for the significant upfield Conclusions
shift of the3'P NMR resonance for the coordinated dppmo
ligands in5 relative to that of the free ligand near 22 ppm.
However, it should be noted that the chelating dppmo ligands
in the related uranium(lV) specie6 exhibit downfield
chemical shifts near 40 ppm in tB&# NMR spectruni? In
this context, we cannot rationalize the contrasting upfield
shift seen in5.

Uranyl(VI) reduction, proceeding either photochemically
or through the use of appropriate reducing agents, is typically
accompanied by significant changes in the uranium coordi-
nation spheré??In both instances, this arises from enhanced  Acknowledgment. The American Chemical Society
lability of the uranyl(V) intermediaté and accounts for the  petroleum Research Fund, the Missouri University Research
structural rearrangement observed here, whereby the dioxoreactor, and the University of Missouri Research Board are
group in the precursot is replaced by additional fluoride  acknowledged for partial financial support of this work.

The results described here illustrate how the identity of
the anion can have an important impact upon the photo-
chemistry of cationic uranyl(VI) complexes. For example,
in the photoreduction d2b with methanol, we have observed
two sequences of fluoride abstraction fromsBFone prior
to photochemical reduction and the other during. We are
continuing our investigation into the effects of the equatorial
coordination sphere, solvent, and counterions in the photo-
chemical reduction of uranyl(VI) species.

(20) ?g;in,gs.fzg;enneman, R. A.; Kanellapulos JBAm. Chem. Soc. Supporting Information Available: X-ray crystallographic files
(21) Berﬁ”lejc;, E.; Castineiras, R.; Dominguez,JRCoord. Chem1994 in CIF format for2b, 3, .4B’ and5 and1H and3.1P NMR.Sp.eCtra.for
33, 353. 1b, 2ab, 3, and4 (as evidence for purity). This material is available
(22) Greiwing, H.; Krebs, B.; Pinkerton, A. Anorg. Chim. Acta1995 free of charge via the Internet at http://pubs.acs.org.
234, 127.
(23) Selbin, J.; Ortego, J. BCChem. Re. 1969 69, 657. 1IC060742E
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