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Organouranium(V) amide compounds were studied by electron paramagnetic resonance in frozen solution. Their
g-tensors were quantitatively interpreted by assuming that dialkylamiglds, CsHs, CsMes, and THF ligands

interact only weakly with 5f orbitals of the central U(V) atom, so that the total angular momehten®/2

remains a good quantum number for the description of the electronic ground state of these complexes (weak-field
approximation). In the absence of THF ligands, the ground state is predominantly migofl/, states, with

a significant admixture ofM;| = %/, states independent of the symmetry of the complex. Thus 5f orbitals are
essentially nonbonding, and the metal ligand bonding should involve mainly uranium 6d orbitals. A THF ligand
induces a significant admixture gM, = 3/, states. Substitution of amide ligands by alkoxide ligands is
characterized by strong U(V)(5fOR interactions, which breaks the weak-field approximation. This sensitivity

to oxygen ligands indicates that 5f orbitals contribute to the B{d&ygen bonding.

Introduction phosphino amide compleX (R.PCHCH,).N}3UCI;] (R = Et,
i-Pr); the latter gave a very weak EPR signgl= 2.0039) at

77 K, but this free electron spin line could also be due to a
radical impurity. The EPR spectrum of the cationic bis-
(porphyrin)uranium(lV) complex [(TPRY][SbCl] (TPP =
tetraphenylporphyrif)is characterized by an axigitensor with
o= 3.175 andyp = 1.353. This spectrum was not interpreted,
but it was suggested that the metal center could be partially in
the V oxidation state.

The few known organouranium(V) compounds have been
reported since 1985. Oxidation of trivalent precursors by
pyridine oxide or organic azides afforded the oxo derivatives
[(7>-CsMes),U(OCeH3-i-Pr-2,6)(O)P and a few imido com-
plexes of the type [>-CsHsMe):U(NR)];10 the latter gave no
EPR signal at 4 K. We found that the dialkylamido ligand NR
was able to stabilize cationic and neutral uranium(V) complexes;
mono- and bis(pentamethylcyclopentadienyl), monocyclooc-
tatetraene, and mixed-ring derivatives have been synthesized
by electron transfer from their U(IV) parerits.

Here we present an EPR investigation of organouranium(V)
amide compounds in dilute frozen solution. These complexes

Uranium(V) compounds are rather uncommon, because of
their lack of stability due to disproportionation and reducfion.
Most of our knowledge of the magnetic behavior (magnetic
susceptibility and electron paramagnetic resonance (EPR)) of
uranium in this oxidation state was essentially limited to the
halides UX% (X = F, Cl) or MURs (M = Li, Na, Cs¥ and the
oxides U0Os, MU,06 (M = Mg, Ca, La), MUQ (M = Li, K),
and LUO,, for example? The EPR spectra of these com-
pounds are consistent with what is expected for an ion with a
5f! configuration which is perturbed by spiorbit coupling and
an octahedral (or cubic) crystal field. In this case gHfactors
of U(V) may theoretically vary between 2.00 arnd..43, with
experimental values mostly in the rang®.2 to—0.74

More recently, some pentavalent uranium complexes with
metal-nitrogen bonds have been synthesized: the complex
(MeCsH4C{NSiMes} 2),UCl3,% the two bis(trimethylsilyl)amide
complexes {(MesSi),N}3UX] (X = O or NR)® and the
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exhibit a more or less distorted tetrahedral or trigonal bipyra-
midal geometry, which is an interesting situation since very few
experimental data on U(V) (5€onfiguration) in nonoctahedral
symmetry have been reported so4am particular, it has been
demonstrated that octahedral coordination leads to ligand field
splittings of the same order of magnitude as the spirbit
interaction (intermediate-field approximatioi)vhich has been
verified by EPR on a series of octahedral U(V) complekes.
The situation of organouranium(V) amide compounds is par-
ticular since the variety of ligands and geometries of these

complexes can lead to different energy level schemes, and thus

to a variety of EPR spectra, according to the more or less
bonding/nonbonding/antibonding character of the-lifand
interactions. The intermediate-field approach may be used if
these interactions exhibit a significant covalent character. This
situation should in principle dominate since 5f orbitals are
subject to less shielding than 4f orbitals of lanthanides and,
therefore, overlap more strongly with ligand orbitals. The ligand
field acts on|(5f %),L,SM;,M{Ometallic states, where and S

are the orbital and spin momentum aidi and Mg their
corresponding-components. Interactions with ligands lead to
a partial or total removal of thel2+ 1 degeneracy of the ground

state. The corresponding EPR spectra are characterized by low

|gl values generally smaller than“1l.Alternatively, if the
interaction between 5f and ligand orbitals is weak, the situation
may be treated in the weak-field approximation (interactions
with ligand smaller than the spirorbit coupling) since the
ground state exhibits an almost purely metallic character. In
that case the ligand field acts ¢5fl),L,SJ,M;Cstates (in the
Russelt-Saunders approximation), whele= L + S L+ S—

1, ...,|L — § andM, are the total angular momentum and their
zcomponents. The small metdlgand interaction removes the
2J + 1 degeneracy into Kramers doublets. This situation is
very similar to that of the lanthanide4dnalogue (C#) where

the small radial distribution of the 4f orbitals prevents strong
overlap with ligand orbitals. The EPR spectra of organoura-
nium(V) compounds with nonbonding 5f orbitals should thus
be very similar to those of (e compounds. The EPR
investigation of a series of organouranium(V) amide complexes
offers the opportunity to study precisely the influence of the
coordination geometry and the nature of the ligands on the
electronic ground state of these compounds.

Experimental Section

Syntheses of the mono- and bis(pentamethylcyclopentadienyl)
complexes [§>-CsMes)U(NMez)s(THF)][BPhy] (I1) and [¢7>-CsMes),U-
(NEt),][BPhs (IV) are described in ref 11b; preparation of the
monocyclooctatetraene compoundg®{CsHs)U(NEt)(THF)][BPhy]

(1), [(75-CeHe) UINER)3] (11l ), [(7°-CeHe) (CsHs)UNER):] (V), and [g7°-
CgHg)U(O-i-Pr)] (VI) are reported in ref 11c. Attempts to prepare
the compounds [-CgHg)U(NEL)3—(O-i-Pr)] (x = 1, 2) by treatment

of lll with a stoichiometric quantity of 2-propanol were unsuccessful:
reaction oflll with 1 equiv of alcohol gave only a 2:1 mixture bf
andVI.

Frozen solution EPR spectra were recorded at 15 K with a Bruker
220D X-band spectrometer equipped with the standargd;ldavity;
ca. 1-5 mg of the complexes was dissolved in 0.4 mL of a 90:10
mixture of THF and methyl-THF. The temperature was controlled with
an Oxford Instrument ESR-9 continuous flow helium cryostat.

Results

Figures 5 show the experimental and simulated EPR
spectra of compounds-V. Their shapes are definitely different
from those usually encountered for U(V) complexes or U(V)
impurities in solidst With the exception of compount|
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Figure 1. EPR spectrum of |&-CsHg)U(NEt)(THF)][BPh] (1).

EPR intensity (a.u.)

10 810

N

.

/dexperimental

/
Me,N tnue-Uey NMe,

Me,N O

I T I
210 410 610
Bo(mT)
Figure 2. EPR spectrum of {f>-CsMes)U(NMey)s(THF)][BPhd] (II').
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(Figure 6), all of the spectra exhibit the same powder shape
with three turning points characteristic of a rhombitensor.
In addition to these features, one often observes a narrow line
atg = 2.002 (marked by an asterisk) due to a nonidentified
radical impurity (Figures 1, 2, and 5). The spectrum in Figure
6 also exhibits a broad line due to the EPR cavity. Spectra of
compounds—IV could be accurately simulated with a rhombic
g-tensor and Gaussian line shape functi&she simulation
parameters are given in Table 1. Despite the factithexhibits
only two turning points, the simulation unambiguously showed
that a third turning pointd,-component) exists at a fiel, >
810 mT, which gives an upper limig, < 0.80 for this
component.

The spectrum o¥ is not as well characterized as the others.
It is composed of four features in addition to the extra line,
which indicates that we are dealing with at least two different
paramagnetic species. Most probablywas partially decom-
posed, and the tentative simulation was made by considering
the two sharp featuregyandgy) similar to those found in other
spectra, associated with the broad lige¢omponent?) at high
field. Despite the fact that the g-values deduced from the
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Figure 4. EPR spectrum of [f>-CsMes),U(NEL),][BPh4] (V). Figure 6. EPR spectrum of [&-CgHg)U(O-i-Pr] (VI).

simulation seem acceptable, they should be considered as rough Electronic Ground State qf Organouranium(V) 'Com-
approximations pounds. For U(V) element in an octahedral environment,

) ) characterized by ligand field interactions of the same order of
Among all complexes under study, which constitute a homo- magnitude as the spirorbit interaction, the|gl-values are
geneous series, compouwtl provides a striking exception since  gyays smaller than 2. This situation has been extensively
its spectrum is only composed of a broad and poorly resolved g ,gied by EPR and theoretical calculatidrig® All of the
signal at high field. This latter can be simulated by an axial organouranium(V) amide compounds studied in this work are
g-tensor with|go| = 0.91 and|g = 0.74. Despite the fact  characterized bygl-values in the range 3:3.7. Compounds
that theg, turning point ofV1 is not completely seen, the general | 1 v, andV exhibit pseudotetrahedral geometries, whereas
aspect of the simulated spectrum is strongly affected by small || exhibits a trigonal bipyramidal arrangement. In this work
variations ofg,, so that the determination of this parameter is e show that U(5f-ligand interactions are much smaller
relatively precise. It should be noted thidlt and VI have than the spir-orbit splitting 74/2 = 7608 cn! between the
exactly the same tetrahedral arrangement, but with the NR 2r,, ground state and théF-,, excited staté? In this case
ligands inlll replaced by G-Pr ligands inVl. The fact that  the effect of the metailigand interactions is only to remove
their EPR spectra are dramatically different shows that the deter-the degeneracy of the atom#Fs, ground state, without
mining factor of the electronic ground state is indeed the nature sjgnificant mixing with the?F, excited state and with ligand
of the ligands. Although a certain similarity exists between the orbitals. As a consequence, we may consider that the total
spectrum o/l and the EPR spectra of U(V) species previously angular momenturd = %/, is a good quantum number and thus
described in the literature and interpreted with the intermediate- that the different states of the complexes can be accurately
field approximatiort, it appears that the spectra of compounds
|-V are without precedent to the best of our knowledge. (14) Kaufman, V.; Radziemski, L. J. Opt. Soc. Am1976 66, 599.
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Table 1. Simulation Parameters for CompounidsVI?

Gourier et al.

parameter | 1 1 \ \% Vi
[¢X 3.170+ 0.005 3.270G+ 0.005 2.31Gt 0.005 2.460t 0.005 2.160k 0.005 0.91Gt 0.005
[N 1.640+ 0.005 1.260Gt 0.005 1.82Gt 0.005 1.950t 0.005 1.460t 0.005 0.91G+ 0.005
10x] 0.960+ 0.005 <0.80 1.36+ 0.01 0.99+ 0.01 0.90+ 0.01 0.744+ 0.01
ABx 4 4 14 16 17 130
AB, 40 40 22 21 27 130
AB, 20 90 40 60 70
aLine widthsAB; (i = X, y, 2) are given in millitesla.
described by functions of the tygésfl),L,SJ,M;0= |(5f1),3, componentsy and gy given by®
14,,51,,M;0] hereafter notedJ,M;0= |%2,M;00r more simply
[M3]. With this scheme, U(V) (3] should be equivalent to its 1°/,,£1,0
4f! lanthanide partner (8. The second consequence of
dealing with weak U(V}-ligand interactions is that we may g, =g, =0.86
safely use the crystal field theory to describe these interactions,
where the different ligands are considered as point charges g, = 3g,=2.57
which influence the electronic structure of U(V) compounds o b
through their symmetry. The crystal field Hamiltonian is written
ags 1°,, 3,0 (5)
2 +k
H=Y Y Biof (1) %= 30 = 257
k=0 g=—k
9h=0
whereB; and O} are respectively the crystal field coefficients
and the equivalent operatdfs.The crystal field Hamiltonian 15,451,
(1) splits the?Fs; ground state into three Kramers doublets. If a2
the splitting is much larger thakT, so that only the lowest
doublet is thermally populated, the system may be treated as g, =59, =4.29
for an effective spinS = Y,. The two normalized wave
functions|a.CJand|S0of a Kramers doublet are written as linear 9,=0

combinations of states with differeM; values!®

laO= gaMJU,MJD
J

whereg; is the Lande factor:

JI+1)— L(L+1)+S(S+1)
2J(J+ 1)

9, =1+ (6)

|mhghwﬁmerD @)
3 Let us now consider the distorted tetrahedral geometry of
. U(V) amide compounds. We may analyze the hierarchy of the
with different terms of the crystal field Hamiltonian for a typical
) amide complex such a8 , for example. For an isolated U(¥)
g|aMJ| =1 3) (CgHg) fragment, the purely axial crystal field contains only
g terms withg = O:

where a;,,J is the complex conjugate adv, and the nonzero
values ofay, in the summation are determined by the symmetry
of the complex. The residual degeneracy of the Kramers
doublets is lifted by the external magnetic fiddg, with the
corresponding Zeeman Hamiltonian of this effective spir

Y, written as

H=p@BS +98,S +9BS) (4)

H, = BJOJ + BJOJ = BY[3J% — J(J + 1) + x(35J; —
300(J + 1) + 2502 — 6J(J + 1) + 334 + 1)9)] (7)

with x = BY/BY.

Since operatorsog and Og are only functions ofl,, they
have only diagonal terms for the six pairs of staf&s-M;[
Consequently this axial crystal field gives three Kramers
doublets|J,+=M,Owith their g-factors given by expression 5.
where the components, gy, and g; of the g-tensor are A thjs stage, it can be checked that the experimental values of
determined by the values of the coefficieatg, in expression G Gy, andg, for compounds—V are characterized hy, < 1.4
2. Aparticularly simple situation occurs when the crystal field 5.4 9o > 2, which indicates that the lowest Kramers doublet
symmetry is such that the threg Kramers doublets are charactery o 5 major contribution from the statéls,+Y/-Csince the other
ized by only one value oMj, i.e., when expressions 2 are g pairs of states are characterizedday= 0. This situation
reduced to is possible for a dominant positi\Bg or a dominant negative
BJ term in eq 7. The results of crystal field and molecular
orbital calculation¥” on uranocene support the second alterna-
tive.

For the low symmetries, or Cs) of complexed —V, due
to the contribution of ligands NfR#8-CgHsg, 15-CsHs, 1°-Cs-

5= 13,£M,0

Each doublet is characterized by an ax@factor with

(15) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
Transition Metal lonsClarendon Press: Oxford, 1971.
(16) McLaughlan, S. D.; Forrester, P. Rhys. Re. 1966 151, 311.

(17) Chang, A. H. H.; Pitzer, R. Ml. Am. Chem. So0d 989 111, 2500.
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Table 2. Coefficientsa, b, andc of the Ground State (Expression
9) and the CorrespondingtValues Calculated in the Weak-Field
Approximation

g-tensor
compd  exptl calcd a b c a+b+c?

g«=3.170 gy=3.170

| gy=1.640 g,=1.640 0.932 0.259 0.169 0.965
g.= 0.960 g, = 0.960
o«=3.270 g«=3.270

1 gy=1.260 gy=1.260 0.964 —0.154 0.215 1.000
0. <0.80 g,=0.779
O«=2.310 gy = 2.309

1 gy=1.820 g,=1.820 0.914 —0.390 0.055 0.990
g.=1.36 g,=1.360
Ox = 2.460 gx= 2.460

\Y gy=1.950 g,=1.950 0.936 —0.239 0.056 0.938
g.=0.99 g,=0.990
Ox = 2.160 gx= 2.158

\% gy=1.460 g,=1.462 0.858 —0.256 0.083 0.808
g.=0.90 g,=0.894
g«=0.910

Vvl g,=0.910 no solutions
g,= 0.74

aImposed in the calculation.

Mes, and THF, the crystal field Hamiltonian admixes terms
with g = 2:
H, = BX(O) + xO)) + B505 + BiO; (8)
OperatorsO3 and O3 mix states differing by 2, so that the
ground state Kramers doublet is written as
50= a2t > + 0%, £,04 oL, L0 (9)
Since the components of thefactor are very sensitive to
the value ofM; (see expression 5), the experimergalalues
should reflect the exadM;| composition of the ground state.
The principal values of theg-tensor for the ground state
eigenfunction (9) are given by the following expressiéhs:

g, = +%,(2 vBbc + 4 V2ac+ 3a%)

= +%.(2 V/Bbc — 4 v/2ac + 3a) (10)

g, = £%,(5b° + a® — 3c?)

The possible values of coefficierdsb, andc in the ground
state wavefunction are obtained by solving egs 10 with
experimental values of thg-tensors. For compounds Il ,

IV, andV, characterized by a well-defineg}-component, we
retained only the solutions which almost satisfy the normaliza-
tion conditiona? + b? + ¢ = 1. The situation is different for
compoundll, for which we derived only an upper limg, <

0.8. In that case we solved eqgs 10 tprand g, by imposing
the normalization condition. In addition to coefficierdsb,
andc, this procedure gave an accurate vafiie= 0.779 for
this compound. In all cases we chogg gy, 9. > 0, which
gave real values for coefficiengs b, andc. Negativeg-values
gave imaginary coefficients with the same modulus as for
positive g-values, and thus a change of the signgadid not
modify the [M;| composition of the ground state. The results

Inorganic Chemistry, Vol. 36, No. 25, 1995935

the weak-field approach is well-adapted to the description of
the contribution of 5f orbitals to the electronic structure of
U(V)—amide complexes. At first sight, this behavior could be
explained by the globally tetrahedral arrangement of these
complexes, which is supposed to minimize the interactions with
the ligandsi® However, this explanation cannot be retained
without some reserve because compoufidsand VI offer
exceptions to this simple rule. First of all the geometrylaf
bipyramidal, not tetrahedral. This has no evident consequence
on its electronic ground state, which is similar to that of
compoundd, Il , IV, andV. SecondVI is tetrahedral and
equivalent withlll , but with alkoxide instead of amide ligands.
The fact that the experimentgtvalues of the U(V) alkoxide
compound cannot give solutions for eqs 10 shows that the weak-
field approximation is not adapted to these ligands, despite the
global tetrahedral arrangement of this compound. Moreover
the g-tensor of VI, characterized by, 9y, g < 1, bears
similarities to those usually found for U(V) in octahedral
environments, always interpreted within the framework of the
intermediate-field approximatich.

Returning to U(V)}-amide compounds, it should be stressed
that the|M;| composition of the ground state also reflects the
nature of the ligands. All of these complexes exhibit the
common feature of having a ground state dominated by the
|1/,] states, which results from a major contribution of the axial
termsB) or B] to the crystal field Hamiltonian (8). Coefficient
ais always larger than 0.9, except for the poorly characterized
compoundll (a ~ 0.8), for which only approximatg-values
are available. This coefficient reaches the vaue 0.96 for
the strongly axial compountl possessing a “linear” moiety
CsMes—U—THF. The second important admixture to the
ground state is that of th§/,| states, which results frorB§
and B terms in Hamiltonian 8. The most characteristic
ligand-dependent contribution is that of th#| states. This
admixture remains very smallc (=~ 0.05-0.08) in amide
compounds containing no THF ligand#ll( IV, and V).
However, it becomes significant in compounidé = 0.169)
andll (c ~ 0.215) possessing a THF ligand.

At this stage, it seems possible to rationalize the results and
to derive a general trend for the role of ligands in determining
the electronic ground state of U(V) complexes, despite the small
number of compounds studied in this work.

(i) Ligands such ag®-CgHg, 7°-CsHs, 175-CsMes, and NR
exhibit only very weak interactions with 5f orbitals of the central
U(V) atom, so thafl = 5, remains a good quantum number for
the description of the electronic structure of the complexes.
These ligands favor the major contribution|bf;| = %, to the
ground state wave function, with an additional admixture of
[Mj;| = 5,. The contribution of theM;| = 3/, states is almost
negligible with these ligands. All of these features imply that
5f orbitals are nonbonding, so that the uranium 6d orbitals should
play the primary role in the covalent bonding between U(V)
and its ligands.

(ii) Oxygen ligands modify this scheme, with two different
effects, depending on the nature of the Uf\) bond. For an
oxygen-donor ligand (represented by THF), the U@ bond
involves a nonbonding oxygen orbital of this ligand. In this
case the interaction with the metal atom remains small compared
to the spinr-orbit interaction, so that the weatlield approxima-

are summarized in Table 2, which also shows the comparisontion is still relevant. The ground state is also of predominantly

of experimental and calculategvalues. It is important to note
that the U(V) alkoxide compoundl , which possesses no amide
ligand, gives no solutions fa, b, andc coefficients in egs 10.
The fact that these coefficients satisfy the normalization
condition for amide compounds provides a confirmation that

[My| = ¥/, character as for other amide compounds. However
the THF ligand induces a significant admixture |bf;] = 3/,
states. This sensitivity of the electronic ground state to the
presence of a THF ligand indicates that-9HF interactions
could exhibit a small covalent character. However, the fact that
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the weak-field approximation is still well adapted to the problem Conclusion

shows that the U(\) THF interactions are still dominated by ) ) )
uranium 6d orbitals. In this work we studied the electronic structure of organou-

(iii) Alkoxide ligands OR interact more strongly with uranium ~ ranium(V) amide compounds by EPR in diluted frozen solutions.
5f orbitals, even in tetrahedral geometry, so that the ligand field It was shown that the interactions of 5f orbitals witfCeHa,
is not small compared to the spirbit spliting between the ~ 7°-CsHs, 7°-CsMes, THF, and NR ligands are sufficiently small
2F5;, ground state and the excit@By, state of the free U(V) o conserve the ground state quantum numbert °/ of the
ion. The weak-field approximation is broken in this case, and free U(V) ion as a good quantum number for the complex, so
the 5(-OR interactions induce a mixing df= 5, andJ = 7/, that the contribution of 5f orbitals to the electronic structure of
states. This interpretation should be confirmed by the study of these compounds is essentially nonbonding. The experimental
other U(V)—alkoxide compounds prior to analyze more deeply g-tensors were quantitatively interpreted within the weak-field
the electronic ground state of this family of complexes. In this approximation, and the effect of the nature of ligands was
context, we tried to prepare a series of complexes of formula analyzed by their influence on thl;] composition of the
[(178-CgHg)U(NEty)3-x(O-i-Pr)] (x = 1, 2) in order to examine  €lectronic ground state.
the influence of each additional alkoxide ligand on the measured Compoundd —V are characterize by a predominanthp|

EPR spectrum. Unfortunately these mixed amid#oxide ground state with an admixture 5|, independent of whether
derivatives were found to be unstable toward disproportionation they adopt a pseudotetrahedral or trigonal bipyramidal geometry.
reactions and were readily transformed into mixturesloand The effect of the THF ligand ihandll is to induce a significant
VI. admixture of thg®,| states, revealing a stronger oxygen-2p

It should be noticed that ligands are only considered as point uranium 5f interaction. Replacement of alkylamide ligands by
charges in the weak-field approximation used to describe U(V) alkoxide ligands has a dramatic effect on the electronic ground
amide compounds, and covalent admixtures of ligand orbitals state of the complex. The 5OR interaction is strong, so that
to the ground state were not explicitly considered. This is J is no longer a good quantum number and the weak-field
justified by the poor resolution of EPR spectroscopy in frozen approximation is no longer valid.
solution, which is only sensitive to the strong sporbit effect In conclusion, it appears that bonding with ligands such as
of the central U(V) atom. A direct consequence of a small 118-CeHs, 115-CsHs, and NR should occur primarily via uranium

: . . juenes o
ligand admixture is to make the suet + b2 + c* slightly 6d orbitals, leaving the 5f orbitals nonbonding, while a covalent

small_e_r than 1: This is the reason Why_valueapb, a“?'C . character appears for the interaction of 5f orbitals with oxygen
coefficients which only approximately satisfy the normalization ligands. The latter remains small for O-donor ligands (THF)
condition are acceptable (Table 2). However, a direct study of but it is much stronger for alkoxide ligands ’

the (small) covalent contribution to-5figand interactions needs
the use of electron nuclear double resonance (ENDOR) spec-
troscopy. IC961496H



