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The crystal structures of two trisiodide octacoordinated uranium(lll) complexes of tris[(2-pyrazinyl)methyllamine
(tpza), which differ only by the ligand occupying the eighth coordination site (thf or MeCN), and of their lanthanum-
(1) analogues have been determined. In the acetonitrile adducts the M—Nyazine distances are very similar for U(I1I)
and La(lll), while the U—Nacetonisiie distance is 0.05 A shorter than the La—Nacetonisiie distance. In the [M(tpza)ls(thf)]
complexes in which the monodentate acetonitrile ligand, a weak sr-acceptor ligand, is replaced by a thf molecule,
a o-donor only, the mean value of the distance U—Npyrazine is 0.05 A shorter than the mean value of the La—Noyrazine
distance. Since we are comparing isostructural compounds of ions with very similar ionic radii, these differences
indicate the presence of a stronger M—N interaction in the U(Ill) complexes and therefore suggest the presence of
a covalent contribution to the U-N bonding. The selectivity of the tpza ligand toward U(Ill) complexation (with
respect to that of La(lll)) in the presence of o-donor-only ligands has been quantified by the value of Kypza/Kiagpza)
measured to be 3.3 + 0.5. The analysis of the metal-N-donor ligand bonding was carried out by a quasi-relativistic
density functional theory study on small model compounds, of formula IsM-L (M = La, Nd, U; L = acetonitrile,
pyrazine) and IsM—(pyrazine); (M = La, U). The structural data obtained from geometry optimizations on these
systems reproduce experimental trends, i.e., a decrease in the M—N distance from La to U, combined with an
increase of the C—N distance in the acetonitrile derivatives. A detailed orbital analysis carried out on the resulting
optimized complexes did not reveal any orbital interaction between the trivalent lanthanide cations (Ln®*) and the
N-donor ligands. In contrast, a back-donation electron transfer from 5f U%* orbitals to the s* virtual orbital of the
ligand was observed for both acetonitrile and pyrazine. Evaluation of the total bonding energy between the Ml; and
L fragments shows that this orbital interaction leads to a stabilization of the uranium(lll) system compared to the
lanthanide species.

Introduction been a subject of debate in the padtThe presence of strong

While bonding in f elements is traditionally described as Metat-ligand back-donation could explain the recently

essentially electrostatic, the issue of f covalency has oftendescribed formation of bisarene lanthanide(0) complexes and
of uranium(lll) carbonyl complexes which appear to violate
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this predominantly electrostatic description of bonding. Chart 1
The analysis of structural data for a large number of Ha

complexe® has been used to evaluate the degree of O/\N/@ N)\/\N%
covalency of metatligand bonding in organoactinides. N = H)'\;N NN
Structural evidence for U(lll) to phosphorasback-bonding N : ) NS

Hg l
has been reported by Brennan and co-work&sectroscopic (on
evidence for covalency has also been described in a few

cases® 12 A large number of computational studies of the a tpza
electronic structure of organometallic complexes of low- _ . N
valent actinides have been reporté# A wide variety of interaction from U(5%) to the N zz* virtual orbital >” Ligands

computational methods have been applied to investigate theCOntaining aromatic nitrogens as donor atoms have been
nature of metatligand bonding in these compounds. In reported to complex actinides(lll) more strongly than lan-
particular, Bursten and co-worké?st’” have shown by X- thanides(lll), owing to a greater covalent contribution to the
SW calculations that (Cg))—L compounds (Cp= cyclo- metal-nitrogen bonding®2° In particular we have shown
pentadienyl), where L is a-acidic ligand such as CO or that tripodal oligoamines such as tris[(2-pyridyl)methyl]-

NO, present back-donation from U@bivalence orbitals to ~ @mine (tpa) and tris[(2-pyrazinyl)methyllamine (tpza) (Chart
the virtual 7+ orbital of the z-acceptor ligand. 1) extract actinides selectively in preference to lanthanides

from nitric acid solutions into an organic phase, with the
ligand tpza displaying a higher selectivity than tpa. This
behavior could be explained by the softer character of tpza,
which is expected to give rise to a stronger interaction with
the actinides. However, there is no experimental or compu-
tational evidence of the covalent character of the Anlll)
aromatic nitrogen bonding, despite the potential application
of heterocyclic imines in actinide(lll)/lanthanide(lll) sep-
aration3%-34 a difficult problem in nuclear waste dispogals®
To assess possible differences in An(lll) vs Ln(lll) bonding
to aromatic nitrogen donors, we are investigating the
complexation of actinides(lll) and lanthanides(lll) with
tripodal aromatic amines.

To relate possible structural differences between La(lll)

Much fewer computational or structural studies have been
done on nonorganometallic complexes of trivalent actinides.
Indeed the coordination chemistry of trivalent actinides is
poorly developed®2® A few complexes of U(lll) with
tripodal anionic N-donor ligands have been crystallographi-
cally characterized in the pa®t.2®6 Among these, a complex
containing a tripodal amido ligand reacts with molecular
nitrogen to form a dinitrogen compléXWhile the structural
data do not show a lengthening of theiddnd, investigation
of the electronic structure of the dinitrogen complex
[{ (NH2)3(NH3)U} 2(u?-1%172-N5] by density functional theory
(DFT) calculations has shown evidence for a back-donation
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iodide counterion. In a previous study small differences in Table 1. *H NMR Chemical Shifts for tpza Complexes in Various
the metatnitrogen distances were found in the isostructural Deuterated Solvents

complexes of tpa [M(tpaj(py)] (M = La, U)*° Here we solvent compound H H® H3 CH;
report the synthesis, the solution-state structure, and the pyridine  tpza
crystallographic characterization of the iodide complexes of bat(tpza)h zg-gj 1%-51%5 1%?%‘; 7243;22
La(lll) and U(III) with the softer Iiggnd tpza, which is thi tp(zgza)h 8.53 848 8.87 202
expected to give more covalent bonding than tpa. La(tpza)k 9.56 8.61 8.64 4.65
Moreover, to gain detailed information about the bonding U(tpza)t 2612 1001 1001  —2.60
. . CDsCN tpza 8.53 8.47 8.78 4.00
between the La_(II_I) or U(llN) cations and N-donor ligands La(tpza)k 931 8.64 8.70 455
such as acetonitrile or pyrazine, we have also performed U(tpza)k 19.79 9.08 955 —1.27

electronic structure calculations on model systems usingthe o _ _

Kohn—Sham formalism of DFT. The potential of modern obtained by slow diffusion afi-hexane into a solution of M(thf),
DFT methods, including gradient generalized approximation and tpza (ina 1:1 ratlo)_ln al3 thf/gcetonltrlle mlxtur_e. The value
(GGA) or hybrid DFT/Hartree Fock (HF) functionals, has of the.KU(tpza{KLa(tpza) ratio was obtained from seven independent
recently been established, both for complexes of d nfétéls experiments.

. Synthesis of [M(tpza)k(thf)] .thf (M = La, 3; M = U, 4). A
46
and for complexes of f elemenfts.*® Moreover, the analysis solution of tpza (20 mg, 0.068 mmol) in thf (2 mL) was added to

of the electron density gives a straightforward “chemical” , soution of MB(thf)s (0.068 mmol) in thf (2 mL). After the
description of the bonding, due to the monodeterminantal so|ution was left at-20 °C overnight, white (La) or dark blue (U)
nature of this methodology. The significant differences that microcrystalline solids were obtained (680% yeld). Anal. Calcd
we observe between EdN and U-N distances are discussed for [U(tpza)k(thf)], UC1gH2:0N7l3: C, 23.16; H, 2.33; N, 9.95.
in light of such computational studies, carried out on the Found: C, 23.18; H, 2.51; N, 9.76. Anal. Calcd for [La(tpza)!

model systems [MLd] for M = La, Nd, and U and L= (thf)], LaCigH230NAls: C, 25.75; H, 2.59; N, 11.07. Found: C,

pyrazine and acetonitrile and [M(pyrazige) for M = La 25.85; H, 2.64; N, 10.89.

and U. IH NMR chemical shifts of the tpza complexes are given in Table
1.

Experimental Section Computational Details. All computations have been carried out

in the Kohn-Sham (KS) formalism of DFT. Relativistic effects

General Details.'H NMR spectra were recorded on Bruker AM-  \yere taken into account through the scalar quasi-relativistic
400, Bruker AC-200, and Varian U-400 spectrometers using methodology developed in the Amsterdam density functional
deuterated €DsN, dg-THF, and CRCN solvents with €HsN, THF, package (ADF 1999) Frozen core densities were computed by
and CHCN as internal standards. All manipulations were carried relativistic Dirac-Slater calculations for all atoms, and then the
out under an inert argon atmosphere using Schlenk techniques andajence electron density was computed by a quasi-first-order
a Braun glovebox equipped with a purifier unit. The water and perturbative treatment of the main relativistic terms (i.e., mass
oxygen levels were always maintained at less than 1 ppm. All yelocity and Darwin) developed upon nonrelativistic Slater-type
solvents including deuterated solvents were purchased from Aldrich grpitals (STOs). The valence space was the following: La #] 5s
in their anhydrous form, conditioned under argon, and vacuum 5pf 6 50, U [] 62 6pF 752 5f 3 6d, | [ 552 509, C [] 2% 2%, and
distilled from K (pyridine, tetrahydrofuran, hexane) or GaH o [] 2s? 2p3 The basis sets used Slater trifiiéunctions for the f
(acetonitrile). Depleted uranium turnings were purchased from the glements, and triplé-functions plus one polarization d function
“Societelndustrielle du Combustible Nucleaire”. Solid or solution  for the other atoms. Auxiliary sets of STOs were used to fit the
samples of the uranium complexes were stored in the glovebox in glectron density, and to generate the Coulomb potefitial.
glass vessels sealed with silicon-greased stoppers. Elemental The exchange and correlation potentials were included self-
analyses were performed under argon by SCA/CNRS, Vernaison, consistently, through the GGA scheme, with a local part using the
France. Starting materials were purchased from Aldrich, Fluka, and parametrization of Vosko, Wilk, and Nusair for the correlatfon
Alfa and used without further purification unless otherwise stated. gnd the uniform electron gas for exchange, and with the gradient
Lal; anhydrous beads were purchased from Aldrich. The ligand correction of Beck® for exchange and of Perd&or correlation.
tpza was prepared as previously descritfdls(thf), was prepared The spin polarization for Nd(lll) and U(lll) complexes was
as described by Clark and co-workétgLals(thf),] was prepared  determined on the basis of the weak field approach, which is valid
by stirring anhydrous beads of laaih thf overnight. The white  for f elements. The application of Hund’s rules on tReliectron
powder obtained after filtration was purified by extraction in hot configuration of the free Nt and U+ cations thus leads to a

thf. . ) quartet ground state. A spin polarization of 3 was therefore used
X-ray-quality white crystals of [La(tpzal(MeCN)]-MeCN, 1, for Nd(Ill) and U(Ill) species, within an unrestricted formalism.
and dark green crystals of [U(tpzg)MeCN)]-MeCN, 2, were The generalized transition-state procedure of Ziegler é2 ak,
. . implemented in ADF, was used, taking advantage of the fragment-

(40) I\D’\gﬁéznk?r’r;n-?s "Zﬂggéfﬂ‘lt'é;v'-i Latour, J.-M.; PecautJJChem. Soc,,  hased construction of the molecule. The various energetic terms
(41) Chermette, HCoord. Chem. Re 1998 178179180, 699. contributing to the total bonding energli+e) are, first, the steric
(42) Bauschlicher, C. W.; Ricca, A.; Partridge, H.; Langhoff,R&cent

Advances in Density Functional ThegrWorld Scientific Publish- (47) Yang, L.-W.; Liu, S.; Rettig, S. J.; Orvig, org. Chem1995 34,

ing: Singapore, 1997. 4921.
(43) Adamo, C.; Maldivi, PJ. Phys. Chem. A998 102, 6812. (48) te Velde, G.; Baerends, E.J.Comput. Cheml992 99, 84.
(44) Ziegler, T.; Tschinke, V.; Baerends, E. J.; Snijders, J. G.; Ravenek, (49) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

W. J. Phys. Chem1989 93, 3050. (50) Becke, A. D.Phys. Re. A 1988 38, 3098.
(45) Hay, P. J.; Martin, R. LJ. Chem. Phys1998 109, 3875. (51) Perdew, J. PPhys. Re. B 1986 33, 8822.
(46) Joubert, L.; Maldivi, PJ. Chem. Phys. 2001, 105 9068. (52) Ziegler, T.; Rauk, ATheor. Chim. Actdl977, 46, 1.
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Table 2. Crystallographic Data for the Four Structures

1 2 3 4
empirical formula GoH21NglsLa CigH21Nol3U Ca3H31l3N7OsLa CosH3zalsN702U
fw 895.06 994.18 957.16 1056.28
cryst syst triclinic triclinic monoclinic monoclinic
space group P1 P1 P2(1)fc P2(1)lc
a A 9.8436(6) 9.950(2) 13.7258(7) 13.6903(12)
b, A 12.2206(8) 12.190(2) 10.1425(5) 10.0753(9)
c, A 14.3700(10) 14.440(3) 22.7976(12) 22.586(2)
a, A 111.7590(10) 111.41(3) 90 90
B A 92.4440(10) 92.07(3) 105.9150(10) 105.855(2)
v, A 108.9560(10) 109.17(3) 90 90
v, A3z 1492.01(17)/2 1515.7(5)/2 3052.1(3)/4 2996.9(5)/4
Dealca g CNT3 1.992 2.178 2.083 2.341
u(Mo Ka)), mm2 4.557 8.431 4.466 8.539
temp, K 193(2) 143(2) 193(2) 143(2)
no. of params refined 289 289 463 325
no. of refins collected/obsd ¢ 20(1)) 9731/5957 9538/5294 19059/6677 19101/6065
R1, wR2 0.0518, 0.1400 0.0572,0.1469 0.0239, 0.0597 0.0602, 0.1526

aThe structure was refined dRy? using all data: wR2= [S[W(Fo?2 — FA)J/SW(Fo2) Y2 wherew ! = [o(F?) + (aP)2 + bP] and P) + 2F2)/3.

term Estey, Which is the sum of the electrostatic interaction and of syntheses. All non-hydrogen atoms were anisotropically refined on
the Pauli repulsion between the electron densities of the startingF2. Hydrogen atoms were included in calculated positions and
fragments when they are put together in the molecular geometry. refined isotropically.
The second term, describing the orbital interaction, arises from the
energy gain when electronic convergence is achieved to self- Results
consistency, and thus contains both intramolecular (i.e., polarization) ~ Solution Structure of tpza Complexes The proton NMR
and intermolecular (i.e., electron transfer) fragment orbital interac- spectra of 1:1 acetonitrile or tetrahydrofuran solutions of-MI
tions. To summarizeZ the total bonding energy may be written as (thf), (M = La, U) and tpza show the presence (Table 1) of
Eree - Ester + Eorty W't_h Ester = Eetect + Epaui. _ one set of signals with three signals for the nine pyrazine

Orbital representations have been drawn using the Mollde.n protons and one signal for the six methylene protons,
program’*and we used the ADFrom code, developed by F. Mariotti ., ;- 24in 4 3-fold symmetry in which all chelating arms of
and A. Bencini at the University of Florence (see the Web site . .

the tpza ligand are equivalent. It follows that the solvent

http://www-chem.unifr.ch/ac/phd/fmariotti/ ADFrom.html) to read I . .
the binary output files of ADF. molecule (thf or acetonitrile) coordinated to the metal is

X-ray Crystallography. All diffraction data were taken using EXCha”Q'”Q rapidly with the bulk spl\{ent. The presence of
a Bruker SMART CCD area detector three-circle diffractometer ONly one signal for the methylene is in agreement with the
(Mo Ko radiation, graphite monochromatdr= 0.71073 A). To presence in solution of &3 symmetric species. The
prevent oxidation and solvent loss, the crystals were mounted in aattribution of the signals was confirmed by two-dimensional
capillary tube in the glovebox and quickly transferred to a stream COSY spectroscopy.
of cold nitrogen on the diffractometer. At L:M ratios larger than 2 the NMR spectra in acetonitrile
The cell parameters were obtained with intensities detected onor thf show the peaks of the 1:1 complex and of the free
3 batches of 15 frames with a 10 s exposure time for each. Theigand. This shows that, while for tpa the formation of
crystal-detector distance was 5 cm. For three setting® @ind bisligand complexes [M(tpa)s (M = La(lll), U(Il)) has
260, 1200 narrow data frames were collected forGri&rements in been observed in acetonitrile and in pyridi“ﬁetpza only
e it o ch Comes. v forms 111 complexes. The NMR specta of 1:1 pyridine
' solutions 1072 M) of Ml 5(thf), (M = La, U) and tpza show

establish that crystal decay had not taken place during the collection. h f fsi Is which ibuted
Unique intensities with > 100(l) detected on all frames using the the presence of two sets of signals which were attributed to

Bruker SMART prograrf were used to refine the values of the the 1:1 complex and to the free ligand. In a previous study
cell parameters. The substantial redundancy in data allows empiricalWe had observed that the complexes [M(tpa)@EyM =
absorption corrections to be applied using multiple measurementsLa(lll) and U(l1l)) do not undergo dissociation of the tripodal
of equivalent reflections with the SADABS Bruker prograhspace ligand tpa in pyridine solution~1072 M).*° The lower
groups were determined from systematic absences, and they weratability of the [M(tpza)j] complexes toward ligand dis-
confirmed by the successful solution of the structure (see Table gocjation in pyridine with respect to the analogous tpa
2). Complete information on crystal data and data collection complexes and the lack of formation of bisligand complexes
parameters is given in the Supporting Information. for tpza indicate that tpza binds ¥aand " less strongly
The structures were solved by direct methods using the SHELX- than tpa in agreement with its lowerdonor ability?® The
TL 5.03 packagé? and all atoms were found by difference Fourier /) o5 of the formation constants for the tpza complexes of
(53) Schaftenaar, G.; Noordik, J. H. Comput.-Aided Mol. De200Q L.a btk pyriding, (.)btain.ed. from th? integration of NM.R
14 123. ’ signals, are very similar within experimental uncertainties

(54) SMART Software package for use with the SMART diffractometer (K; = 1754 20 mol™* L for U and 1884 20 mol™?* L for
Bruker: Madison, WI, 1995. 1. ;
(55) Sheldrick, G. M. INSHELXTL-Plus5th ed.; Sheldrick, G. M., Ed..  L@)- The NMR spectra of 1:1:1 thf solutions of Lghf)s/

University of Gdtingen: Gitingen, Germany, 1994. Uls(thf)4/tpza show the presence of two sets of signals which
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Table 3. Selected Bond Distances (A) and Angles (degliand 2

2 1 Ala-U
M—N(1) 2.726(8) 2.723(5) —0.003
M—N(2) 2.685(8) 2.692(6) 0.007
M—N(3) 2.672(8) 2.691(5) 0.019
M—N(4) 2.721(8) 2.715(4) ~0.006
M—N(11) 2.610(10) 2.662(6) 0.052
M—I(3) 3.1632(10)  3.1465(5) -0.017
M—I(1) 3.2383(14)  3.2342(5) —0.0041
M—I(2) 3.2637(10)  3.2472(5) ~0.0165
N(11)-C(21) 1.193(14) 1.130(9) —0.063
N(11)-M—N(3) 81.03) 81.57(19)
N(11)-M—N(2) 131.2(3) 131.50(19)
N(3)~M—N(2) 118.9(3) 117.90(16)
N(11)-M—N(4) 143.2(3) 142.96(18)
N(3)—M—N(4) 64.1(2) 63.49(15)
N(2)~M—N(4) 64.4(2) 63.72(15)
N(11)~-M—N(1) 144.1(3) 144.65(17)
N(3)~M—N(1) 104.9(2) 103.63(15)
N(2)—M—N(1) 77.5(3) 77.46(17)
N(4)~M—N(1) 62.3(2) 61.76(14)
N(11)-M—I(3) 81.6(2) 82.15(15)
N(3)-M—I(3) 160.23(18)  161.24(12)
N(2)—M—I(3) 79.96(18) 80.13(11)
N(4)-M—I(3) 134.60(17)  134.21(10)
N(1)-M—I(3) 84.00(17) 84.59(10)
N(11)-M—I(1) 76.8(2) 76.22(14)
N(3)~M—I(1) 77.09(19) 77.18(11)
N(2)-M—I(1) 147.18(19)  147.82(13)
N(4)-M—I(1) 104.81(17)  105.62(10)
N(1)~M—I(1) 70.39(18) 71.14(10)
1(3)~M—I(1) 89.82(4) 89.944(14)
N(11)-M—1(2) 72.7(2) 72.66(14)
N(3)-M—I(2) 75.27(18) 75.82(11)
N(2)-M—I(2) 71.01(19) 70.67(13)
N(4)-M—I(2) 86.63(17) 86.51(10)
N(1)-M—1(2) 143.15(17)  142.68(10)
1(3)~M—I(2) 108.28(3) 107.952(15)
I(1)-M—1(2) 141.44(3) 141.170(17)
C(21)-N(11)-M 169.9(9) 166.9(6)
N(11)-C(21)-C(22)  176.5(13) 179,1(8)

Figure 1. (a, top) Side view of the crystal structure of the complex
[U(tpza)k(MeCN)], 2, and (b, bottom) top view of the crystal structure of ~ values are in the range of the &l (2.79-2.60 Ap¢-58 and

the complex [La(tpza)(MeCN)], 1, with thermal ellipsoids at 30%  —N (2.98-2.63p*5distances reported in the literature. The
probability. I .
tetradentate tpza adopts a helicoidal pseGgaymmetric
were assigned to the U(lll) and La(lll) complexes of tpza. arrangement. In both complexes one-Mpyazine (M—N1)
The integration of the signals corresponding to the U(tpza) gjstance is longer than the other two and is also longer than
and La(tpza) complexes allows the determination of the ratio the M—Napical tertiary amine (M—N4) distance. The average
of the formation constants of the two 1:1 complexes. The M —Npza distance is the same for the two metals, while the
value of the ratidypzafKiagpza) measured to be 3.8 0.5  M—N=CCH; distance is significantly shorter in the uranium
shows that, while in pyridine tpza does not display any complex (2.610(10) A for U and 2.662(4) A for La). Similar
selectivity toward the complexation of U(lll), in thf toza  metal-nitrogen distances have been reported for the ura-
binds the U(lll) ion more strongly than the La(lll) ion. nium(l11) nitrile complex [U(Cp)(NC™Pr)] (2.61(1) A¥® and
Crystal and Molecular Structure of tpza Complexes for the La(lll) complex [La(CpYXNCE)] (2.657(5) A)%° The

The crystal structures of the isostructural complekesd values of the M-N=C and N=C—C angles are in the range
2 are shown in Figure 1. Selected interatomic distances andof those found for organonitriles coordinated in end-on
angles are given in Table 3. The metal is eight-coordinated f3shions:

by four nitrogens of the tpza ligand, three iodides, and one A sjgnificant lengthening of the ®C bond of the
acetonitrile molecule. The metal environment can be de- gcetonitrile molecule is observed in the U complex
scribed as a distorted square antiprism, with N1, N4, N3,
and 11 forming one square plane (mean deviation 0.08 A (56) Wietzke, R.; Mazzanti, M.; Latour, J.-M.; Pecaut]JChem. Soc.,
for U and 0.06 A for La) and N2, N11, 12, and I3 occupying Dalton Trans.1998 4087.

(57) Frehette, M.; Bensimon, dnorg. Chem.1995 34, 3520.
the second plane (0.40 A for U and 0.41 A for La). The (58) Frehette, M. Butler, I. R.: Hynes, R.; Detellier, Borg. Chem1992

i 31, 1650.
angle between the two square planes is Tat the U(III) (59) Adam, R.; Villiers, C.; Ephritikine, M.; Lance, M.; Nierlich, M.;
complex and 6.9 for the La(lll) complex. The LaN Vigner, J.J. Organomet. Chermi993 445, 99.

distances range from 2.662(6) to 2.723(5) A, and the\U (60) gﬁirlet,AMt. FiésFe?e?ie,Z;aniJl'; Apostolidis, C.; Kanellakopuloslrrg.
. . Im. AcCta. f .

d|stance§ range from .2'610(10) to 2'_72.6(8) A’ with the (61) Endres, H.Comphrehense Coordination Chemistry Pergamon

shorter distance belonging to the acetonitrile molecule. These  Press: Oxford, 1987; Vol. 2, Ligands.
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Table 4. Selected Bond Distances (A) and Angles (degBiand4

4 3 AlLa—U
M—N(1) 2.669(8) 2.716(2) 0.047
M—N(2) 2.756(7) 2.798(2) 0.042
M—N(3) 2.657(7) 2.705(2) 0.048
M—N(4) 2.685(6) 2.732(2) 0.047
M—0(1) 2.542(7) 2.5668(19) 0.025
M—I(3) 3.1439(6) 3.1771(3) 0.0332
M—I(1) 3.1914(6) 3.2241(3) 0.0337
M—I1(2) 3.2087(7) 3.2411(3) 0.0324
O(1)-M—N(3) 71.8(2) 73.03(7)
O(1)-M—N(1) 147.2(2) 147.47(7)
N(3)-M—N(1) 91.7(2) 90.47(7)
O(1)-M—N(4) 125.3(2) 125.59(6)
N(3)—M—N(4) 62.0(2) 61.30(6)
N(1)-M—N(4) 64.0(2) 63.45(7)
O(1)-M—N(2) 149.8(2) 150.17(7)
N(3)-M—N(2) 125.9(2) 124.33(6)
N(1)-M—N(2) 62.4(2) 61.90(7)
N(4)—M—N(2) 63.99(19) 63.12(6)
O(1)-M-I(3) 86.08(13) 86.64(5)
N(3)—-M—I(3) 157.10(16) 158.76(5)
N(1)—-M—I(3) 104.52(16) 104.16(5)
N(4)—M—I1(3) 139.90(14) 139.20(4)
N(2)—M—I1(3) 76.55(14) 76.65(5)
O(1)-M—I(1) 75.86(15) 75.83(5)
N(3)—-M—I(1) 82.93(15) 82.74(5)
N(1)—M—I(1) 74.07(16) 74.38(5)
N(4)—M—I(1) 122.58(13) 122.38(4)
N(2)—M—I(1) 126.30(16) 126.55(5)
1(3)—M—I(1) 86.029(15) 86.436(6)
Oo(1)-M-I1(2) 74.83(15) 74.93(5)
N@B)-M—I(2) 89.51(15) 89.60(5)
N(1)-M—I(2) 134.71(16) 134.12(5)
N(4)—M—I1(2) 77.04(14) 76.73(5)
N(2)—-M—I1(2) 80.71(16) 80.75(5)
Figure 2. (a, top) Side view of the crystal structure of the complex [La- :%—m _:gg ?(5)032385 ) féooggf(%)

(tpza)k(thf)], 3, and (b, bottom) top view of the crystal structure of the
complex [U(tpza)(thf)], 4, with thermal ellipsoids at 30% probability. ) )
of the tripodal ligand has already been observed for the

(1.193(14) A) with respect to the La complex (1.130(9) A). complex [Nd(tpa)G(MeOH)] with respect to the complexes
The N=C bond length usually shortens on coordination, with [Ln(tpa)Ck] (Ln = Eu, Tb, Lu)? In the Nd complex the
values ranging from 1.11 to 1.15 A in coordinated nitriles distance of the chloride ligand CI(3) from the plane defined
compared to 1.16 A in free MeCN A value of 1.137(6) A by the atoms N(1), N(2), and N(3) is 0.62 A.
was found for the K=C bond length in the complex [U(Cp) The M—N distances range from 2.705(2) to 2.798(2) A
(NC"PD)]. for La and from 2.657(7) to 2.756(7) A for U, with the
X-ray-quality white crystals of [La(tpzathf)]-thf, 3, and longest distance belonging to one of the pyrazine nitrogens.
dark blue crystals of [U(tpza)thf)]-thf, 4, were obtained ~ While in the acetonitrile adducts of the tpza complexes
by slow diffusion of a 103 M tetrahydrofuran solution of (1 and2) the average M Nya distances are essentially the
tpza in a 103 M tetrahydrofuran solution of M(thf), (M same for U and La, in the thf adducts the averageN:a
= U, La). The crystal structures of the isostructural com- distances are significantly shorter (0.046 A) for the U(tpza)
plexes3 and4 are shown in Figure 2. Selected interatomic complex than for the La(tpza) complex. This result suggests
distances and angles are given in Table 4. The coordinationthe presence of a stronger metgpza interaction for the U
geometry around the U(lIl) and La(lll) ions can be seen as ion with respect to the La ion in the tpza complexes
a dodecahedron formed by the tetradentate ligand tpza, thregontaining the ligand thf, which can only act ag-alonor.
iodides, and a thf molecule. The pseu@gsymmetry of tpza  The fact that in the acetonitrile adducts the-iza distances
is disrupted in these complexes by the inversion of the are the same for U and La while the-NNacetwonitriedistances
orientation of the pyrazinyl arm containing N2 (relative to are shorter for U than for La indicates that the acetonitrile
that of the complexeg and?2). This inversion arises from  ligand, which can act as a-acceptor, competes with tpza
the presence of the thf (bulkier than MeCN), which results for the electron back-donation from the U ion.
in a closer proximity of 1(2) to the plane defined by the atoms  Density Functional Calculations of Model Complexes
N(1), N(2), and N(3) in the thf adducts (0.58 A for U and [M(pyrazine)l ] and [M(MeCN)I 5] for M = La, Nd, and
0.63 A for La) with respect to the acetonitrile adducts (0.88 U. The stability and molecular structures of the complexes
A for U and 0.92 A for La). In both types of adducts the 1—4 result from the mutual influence of several metigand
distances of I(3) and 1(4) from the N(1)N(2)N(3) plane are interactions. To develop a theoretical description of an
much longer (2.163.68 A). A similar inversion of one arm  *“intrinsic” metal—ligand bond, independently of the rest of
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Table 5. Calculated MetatLigand Bond Lengths (A) and €N ionic radii®? These observations are consistent with a mainly
gsg&giz s(A) for Mi-L (M = La, Nd, U; L = acetonitrile, pyrazine) ionic interaction between the lanthanide cation and the ligand.

Altough the value of the ionic radius of U(lll) is very

L _ complex M=N CN similar to that of La(lll), the uranium complexes exhibit
acetonitrile Lt L 2,50 (2.66) ﬁg (L.13) shorter M—N distances for the acetonitrile (2.26 A) and
Ndiy L 250 116 pyrazine (2.35_A) species. These values are much shorter
. Uls-L 2.26 (2.61) 1.18 (1.19) than the experimental data, but it must be emphasized that
pyrazine ,\'l-glé—'-l_ ggg (2.74) 113:”;’ (1.34) in these model compounds the coordination number is also
UI:L 2.32 (2.59) 1.37 (1.34) much lower than in the crystallized complexes. Nevertheless,

the significant result is not the values of the distances in
themselves, but the observation of a decrease in thé\M
distances from La to U, for both ligands, which reproduces

a Experimental values are given in parentheses.

the coordination sphere, we have chosen to study simple h ¢ i th I
model systems. They consist of a trivalent metal catiot,M  the trend found in the crystal structures.

interacting with the N-donor ligand (acetonitrile or pyrazine), ~ Moreover, this finding should be considered with the
plus three iodide counterions, as in the experimental struc-OPServation of a lengthening of the-® bond in the uranium

tures. In the case of the acetonitrile ligand, we have only Model species, 1.19 A, as was observed in the crystal-
explored they* coordination mode through the N atom of ographic structure (1.19 A_), compared to the K distance
the nitrile to reproduce the bonding geometry observed in calculated in both lanthanide homologues, 1.16 A (crystal-

the experimental structures. We have chosen to investigatd®9raphic structure, 1.13 A). No lengthening of the @
these model systems with M La(lll) and U(lIl) because bond could be detected in the pyrazine species, but the strain

of their very similar ionic radii (which differ by 0.007 &) c_lue '.[0 the aromatic ring precludes any significant modifica-
and because of the availability of the experimental structural ti0n in the bond lengths. _ o

data, and also with Nd(1ll) (4, the lanthanide isoelectronic ~The trends in the MN and C-N interatomic distances,

to U(lll (53). either calcu_JIated or exper_|mental, st_rongly suggest that some

Geometry optimizations of these model compounds have back-bonding may occur in the uranium complexes. We have
been carried out in internal coordinates with all parameters therefore performed a detailed analysis of the orbital interac-
free except for the flatness of the pyrazine ring. A bonding tlons tg gain a better understanding of the bondlng_. At this
analysis was then carried out, both by the examination of POINt, it should be stressed that although KS orbitals are
the resulting Kohr-Sham orbitals and by an energetic pnmgnly mathematical |ntermed|ates_ to express the eleptr_on
decomposition of electrostatic and polarization/charge- density, it has been shown that they give a reliable description
transfer terms, as implemented in ADF through the general- Of the MOs of a chemical system (for a recent discussion
ized transition-state method of Ziegler efl. see ref 63 and references therein).

The metat-ligand distances and the-\ distance of both The description of the KS orbitals has been performed on
free ligands resulting from geometry optimizations are & Per-fragment basis, as implemented in ADF, to get a
collected in Table 5. In parentheses are given the values ofstraightforward chemical analysis, starting from the metal
these distances obtained from the crystallographic structurecation M, the iodide anions, and the nitrogen ligand. In’
determinations described above. The-My,azinedistance is Table 6 are reported the KS eigenvalues as well as the main
compared with the average-Mpyaznedistance in the tpza fragment orbital contributions to the molecular orbitals, for

complex. the Ml;_acetonitrile species (M= La, Nd, U). In the case
The overall computed geometries of all acetonitrile- Of unrestricted calculations, only thepart is shown.

containing species are similar, belonging to @eymmetry For La and Nd, no significant orbital interaction between

group, with the 3-fold axis passing through the-MCC the Ml species and the acetonitrile ligand is observed. Some

direction. The ADF program does not handle this symmetry Weak o- and zz-donation of the iodide ions to the 5d, 6p,
group, and consequently, all computations on these specieind 4f orbitals of the L# fragment occurs, as can be seen
were carried out without symmetry simplifications. The from the detailed analysis of the group of MOs between ca.
computed geometries of the pyrazine derivatives do not —7 and—6 eV, which are mainly based on 5p (I) orbitals.

exhibit any symmetry, owing to the dihedral angle between The expected decrease in the energy of the 4f orbitals is
the Ml; fragment and the pyrazine ring. observed, from La (ca-2.8 eV) to Nd (ca—5.2 eV).

As shown in Table 5, several differences appear in the The uranium derivative has an electronic structure similar
structural parameters of Ln and U species. For a given to those of the lanthanides, with a block of orbitals, mainly
lanthanide, the M-N distances are very similar for aceto- 5p (I), showing some donation to the uranium (6d, 7p, 7s,
nitrile (La—N = 2.59 A, No—N = 2.52 A) or pyrazine  5f) valence orbitals. The block of 5f-type orbitals lie above
(La—N = 2.63 A, No—N = 2.52 A). The decrease in the (between—4.25 and—3.9 eV) the 5p (1) orbitals, and the
value of the M-N distances (0.07 A for MeCN and 0.08 A #* CN virtual orbital is found at higher energy. Two of the
for pyrazine) from La to Nd is in agreement with the three unpaired electrons in the uranium derivative occupy
expected contraction (0.066 A) calculated from Shannon 5f-type orbitals, combined with 13%* CN from the

(62) Shannon, R. DActa Crystallogr.1976 A32 751. (63) Stowasser, R.; Hoffman, R. Am. Chem. S0d.999 121, 3414.
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Table 6. KS Orbital Energy Levels (eV) and Main Orbital Contributions (%) fg¥l-Acetonitrile Species (M= La, Nd, U@

other orbital contributions

E (eV) occupation main orbital type M L
Lalz-L —7.19t0—6.10 9x 2 I (5p): 85-98% 10% 5s, 514% 5d, 5-3% 6p
—3.18;—-3,19 0 L gz* CN): 100%
—2.78t0—2. 59 0 La (4f)
Ndls-L —6.93t0—6.23 9% 2 | (5p): 88-98% 11% 6s, 48% 5d, 2-5% 6p, 10% 4f
—5.28;—-5.25;-5.23 3x 1 (a electrons) Nd (4f): 100%
—5.19to—5.07 4x 0 Nd (4f): 100%
—3.01;—2.99 2x 0 L (z* CN): 100%
Uls-L —10.0 to—6.45 9x 2 I(5p): 85-100% 13% 7s, 814% 5d, 3-5% 7p, 5% 5f
—4.25 1x 1 (o electron) U (5): 90% 9% 7s
—4.11;—4.108 2x 1 (o electrons) U (5f): 85% 13%* CN
—3.99t0—3.93 4x 0 U (5f): 100%
—3.096;—3.086 2x 0 L (z* CN): 80% 12% 5f

a2The occupation gives the number of molecular orbital levels times the number of electrons in these orbitals.

Table 7. Mulliken and Hirschfeld Charges for #, I, and L Initial

Fragment3
Mulliken Hirschfeld

M3+ L 1= M3+ L 1=
L = Acetonitrile
Lals-L 1.12 0.12 -0.42 234 0.03 —-0.79
Ndlz-L 1.14 0.10 -0.41 2.28 0.03 -0.77
Uls-L 1.17 -0.27 -0.30 253 -0.22 -0.77
L = Pyrazine
Lals-L 1.14 0.15 -0.43 234 0.06 —0.80
Ndls-L 1.12 0.14 -0.42 2.29 0.05 -0.78
Uls-L 1.08 -0.24 -0.28 256 -0.25 -0.77

) ) ) ) al = acetonitrile, pyrazine; M= La, Nd, U.
Figure 3. (a, top) Two highest occupied molecular orbitals of ldiceto-

nitrile, showing the 5f7* CN interaction. (b, bottom) Molecular orbital . . .. .
of Uls_pyrazine showing the 5fz* CN interaction. Figure 3b for a representation of this interaction. The electron

transfer amounts to 0.33 e as given by the Mulliken

acetonitrile fragment, while the third electron is found in a population analysis, and it is thus higher than with the
pure 5f orbital. This orbital interaction is represented in acetonitrile ligand.
Figure 3a, where both highest KS orbitals are shown, each The examination of atomic and molecular charges cor-
with one component of the* CN orbital overlapping with roborates the difference evidenced here between the Ln(lll)
the symmetry-related 5f orbital. This result points to a and U(lll) complexes. The Mulliken gross charges are
m-back-donation from the 5f electrons to th& CN virtual summarized in Table 7 together with the charges derived
orbital of the acetonitrile. from the Hirschfeld analysis, i.e., the integral for each

It is worth noting that the presence of this orbital fragment ofp(SCF)(frag)/o(sum of fragments). The charge
interaction is not merely an effect of the-MN distance. To of the metal cation is similar for both lanthanides, meanwhile
show this, we have performed a computation of the electronicthe charge on the ligand, very slightly positive for the
structure of the Ndl acetonitrile derivative using the same lanthanide complexes (cat-0.01 to +0.04 e), becomes
distance (i.e., N&N = 2.26 A) as in the uranium analogue. negative (ca—0.25 e) for the uranium complexes. These
The electronic structure obtained is the same as the one intrends are similar for both charge analyses. In view of this
the equilibrium geometry, and no-4&cetonitrile interaction  difference in interaction between lanthanides and uranium,
could be observed. Along the same line, we have also studiedt becomes interesting to compare the amount of energetic
the Uk_acetonitrile species using a longer-M distance, stabilization gained when the ligand is bonded toslamd
corresponding to that in the neodymium derivative (2.52 A). to Ul; species. We have used the per-fragment energetic
The resulting electronic structure is very similar to the one analysis of ADF, starting from §f, 1, and L fragments,
described above for the fully optimized structure, the only for the calculation of the energy terms (see the Computational
difference being a weaker amount of mixing of theCN Details).
orbital with the 5f orbital, ca. 8%, which is consistent with One drawback of this procedure is that all starting
the longer U-Nacetonitile bONd. fragments must be closed-shell. In our case, it was thus

Similar behavior is observed for the pyrazine complexes: necessary to carry out two calculations: the first one was
the general trends are essentially the same as for thecarried out for M4 L, starting from M*, |-, and L
acetonitrile derivatives. No orbital interaction between the fragments, and the second one forsNtarting from M+
lanthanide cation and the pyrazine ligand was observed,and I, with the optimized geometry obtained for ML.
whereas in the uranium derivative, a nonnegligible mixing, = The values obtained for all complexes are shown in Table
i.e., 33%, occurs between one of the occupied symmetry-8. The basis set superposition errors (BSSES), estimated by
adapted 5f orbitals and thef MO of the pyrazine ring: see  the counterpoise method, are all smaller than 0.8 kcal/mol
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Table 8. Energy Analysis (kcal/mol) of the MLL Interaction: Total
Bonding Energy Erge) and Steric (Pauli+ Electrostatic) and Orbital

Table 9. Electron Structure Analysis (SFOs and Atomic or Molecular

Charges) and Energetic Decomposition (kcal/mol) fog(lgfrazine}

Components Species
Erse Epauii Eelec Ester Eorb M =La M=U
L = Acetonitrile Mulliken Charges
Lals-L —24.6 321 549 228 -1.8 M 131 1.42
Ndls—L —24.8 330 557 —227 -2.0 pyrazine 0.09 —0.02
Uls-L -37.5 102.2 —88.5 13.7 —51.2 | —0.53 —0.45
L = Pyrazine Hirschfeld Charges
Lals-L —25.8 328 —523 —-195 -11.3 M 2.38 2.53
Ndlz-L —26.4 444 -586 —142 —123 pyrazine 0.04 —0.04
Uls-L —39.0 1143 —95.6 187 —57.8 | —0.83 —0.80
o Bonding Energy
aBoth fragments, MJ and L, are taken at the molecular optimized Etge -57.3 —63.7
geometry. Eorb —26.8 —61.1
Eelect —141.9 —180.4
Chart 2 Ester —-30.5 —-26

and the M-I bonds equal to 115 The metatNpyrazine
equilibrium distances thus obtained are 2.60 A for U and
2.72 A for the La analogue, with a decrease of the- M
bond length from La to U of 0.12 A. This value is closer to
. . ) the experimental one than the one found in the simpler
in absolute value, and zero-point energy (ZPE) corrections o qels, This corroborates our assumption that the strong
are close to-1 keal/mol for all complexes. _ contraction in the metaiNpyrzine(ca. 0.28 A) distance, from
Both uranium species have a higher total bonding energy | , ¢ U, that was obtained with the small mode¥—L is
(ca. —38 kcal/mol) than the lanthanide homologues, which mostly due to the low CN. Note that the CN in theM
all give similar values (ca—25 kcal/mol). For lanthanide (pyrazine) model (CN = 6) is still lower than in the
complexes, the steric term |s n_egative Whe_zreas_ the Orbitalcrystallographic structures (CN: 8). This difference in
term is almost zero. The equilibrium lanthaniehd distance .45 rgination number and the additional sterical contraints
is merely the result of the balance between the repulsive Pau“imposed by the tripodal structure in the experimental system
interaction and the attractive electrostatic interaction. The ;.4 probably the cause of the remaining differences between
conclusion which can be drawn is that the stabilization of yhe cajculated and experimental distances. We also performed
Lnis-L species is essentially electrostatic. In contrast, in jn this more complex model an electron structure analysis
uranium derivatives the steric contribution is positive, ;, tarms of fragment charges and composition of main KS
because of the shorttN distance. Nevertheless, despite qpiiais An energetic decomposition of the total bonding
this positive steric energy, the uranium complexes are gnqrgies hased on Mand three pyrazine starting fragments
stabilized, and this energy gain comes from the orbital term, was also carried out. In Table 9 are reported the charge

which is highly negative, compared to that of the Ln species. analyses and the energetic decomposition, fo=Ma and
We can therefore conclude that the electron transfer observe

in the case of the trivalent uranium species with N-donor
ligands results in an overall stabilization effect compared to
the lanthanide homologues.

These simple model compounds allow a precise determi-
nation of the structural and electronic features of the metal
ligand interaction. Moreover, they are appropriate for
applying more accurate methodologies such as CAS or four-
component calculations, which we are currently investigating.
However, the low coordination number of the metal (EN
4) in these simple model systems overemphasizes the
difference between UN and L—N distances. To get a better The crystal structures of two trisiodide octacoordinated
agreement with the experimental data, we have studied theuranium(lll) complexes of tpza which differ only by the
more complete model systemy§i(pyrazine}] (Chart 2) in ligand occupying the eighth coordination site (thf or MeCN)
which the metal center has a higher coordination number and of their lanthanum(lll) analogues have been determined.
(CN = 6). In the acetonitrile adducts the MNpyrazineand M-I distances

To simplify the calculations, &, symmetry was imposed  are very similar for U(lll) and La(lll), with the largest
to the structure and a partial optimization of the-M bond ALa—U values equal to 0.019 for g)azineand 0.017 for |
length was carried out, keeping the other interatomic (Table 3). These values confirm that the radii of U(lll) and
distances constant at the averaged experimental valags, i La(lll) are very similar in molecules with the same coordina-
M—1 = 3.2 A, with the angle between ti&; axis and the  tion number. The Y-Nacetoninile distance is 0.05 A shorter
M—N bond equal to 63and the angle between ti@ axis than the La-NacewonirieOne. A lengthening of the #C bond

"

A close examination of our results leads to the same
conclusions drawn for the small model compounds. It shows
a back-donation from the uranium 5f orbitals to the virtual
* orbital of the pyrazine rings, with a 0.12 e transfer to
each ligand, as given by the Mulliken population analysis.
The energetic analysis also reflects the stabilization due to
this orbital interaction in the case of the uranium ion.

Discussion
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in the coordinated acetonitrile molecule is also observed in density of the metal, a stronger MNy.a interaction is

the U complex with respect to the La one. This suggests theobserved for U(lll) with respect to La(lll) in solution and in
presence of a U(lIF-acetonitrilerz-back-bonding interaction.  the solid state.

The presence of a back-donation from the metal to aceto- The DFT calculations presented here do support the
nitrile has been described before for transition-metal nitrile presence of a covalent U(I)N-donor ligand bonding due
complexes. A decrease of thecoordinated nitrile stretching  to some back-donation from U 5f orbitals to* C—N
frequency with respect to the free ligand value had been orbitals. They are able to reproduce the experimental
reported for pentaamminerutheniumthitrile complexe$* structural trends concerning the shortening of the metal
and attributed to unusually strong metaketonitrilesr-back- distances from Ln to U combined with the lengthening of
bonding interactions. The crystal structure of the penta- the CN bond in the uraniumacetonitrile compound. Such
ammineruthenium(lfybenzonitrile complex shows a small  pack-bonding interactions are probably due to the low
lengthening of the K-C bond in the coordinated benzonitrile  valence state of uranium, which results in high-energy 5f
(1.16(8) A) with respect to that of the pentaammineruthe- valence orbitals, and are not expected to occur with higher
nium(lll) —benzonitrile complex (1.130(6) A). A larger oxidation states *IV). Heavier actinides, where the 5f

lengthening of the RC bond is observed in Mo and W orbitals lie lower in energy, may not exhibit this kind of
complexes containing bent organonitriles coordinated in a jnteraction.

side-on fashion, and computatiqnal §tudies .have shownthe 14 symmarize, the computational results highlight the

presence of a strong back-bonding interaction between thep;iance between two competing effects in the metgand

n*-coordinated nitrile and the met&. _ equilibrium distance: the steric repulsion and the electrostatic/
In the [M(tpza)b(thf)] complexes in which the mono- o gient attractive interaction. This phenomenon is quantified

dentate ligand acetonitrile, a weakacceptor ligand, IS py the energy decomposition analysis. The additional back-
replaced by a thf molecule,@donor only, the mean value  yonation interaction in the case of uranium leads to an

of the distance &Npyrazineis 0.05 A shorter than the mean  jncrease of the total bonding energy compared to the
value of the La-Npyrazine distance. Since we are comparing  |anthanide homologues. This occurs despite an increased

isostructural compounds of ions with very similar ionic radii, Pauli repulsive part due to the very short-N distance.
these differences indicate the presence of a strongeNM

interaction in the U(Ill) complexes and therefore suggest the

presence of a covalent contribution to the-N bonding. ~ Conclusion
The differences observed are rather small but significant since
they are larger than the difference found for-i@ (0.025 Two principal results have been described and discussed

A) and M—1 (0.033 A) (Table 4) and they are also larger here. A significant shortening of the #Nacetonitie @nd
than the largestLa—U difference observed for Bajne =~ M~Npyrazinedistances has been found for U(I1l) with respect
(0.019 A) in the [M(tpza)}(MeCN)] complexes. Moreover, O La(lll) in the complexes described, while the ionic radii
these small differences are consistent with the weaic- ~ Of La(lll) and U(lll) are similar. This is the first report of
ceptor character of pyrazine. Structural evidence of the ability Significant structural differences in analogous U(lll) and
of U(I11) to act as ar-donor with strongz-accepting ligands ~ Ln(Ill) complexes containing neutral N-donor ligands, and
such as phosphine, phosphite, or isocyanide has beerfuggests the presence of a covalent contribution to this U
previously reported by Brennan and co-workeFor these ~ bond.
ligands differences of~0.1 A were observed between The structural differences observed in the crystal structures
U(lll) —L (L = PMe; or CNEt) and Ln(lll)-L distances. of the tpza complexes presented here are larger than the
The structural differences that we expect with aromatic differences observed in the complexes of tpa previously
heterocyclic N-donors are therefore smaller in view of their described, indicating the presence of a stronger UflII)
weakerz-accepting abilities. Moreover, the results presented NheterocycicT-Dack-bonding interaction for tpza. Moreover, we
here show that the interaction+Nza is modulated by the  have shown that the U(IH) Nheterocycicinteraction is stronger
other ligands present in the coordination sphere of the metal,in the presence af-donor-only ligands than in the presence
which is consistent with the presence of a covalent contribu- of weak z-acceptors. Structural studies on U(lll) and
tion to the U-N bond. In the presence of weakhyacid Ln(lll) complexes of aromatic heterocyclic N donors with
ligands such as acetonitrile or pyridine, we do not observe similar or increasedrz-acid character in the presence of
significant differences in the Mtpza interaction between ligands acting only as strong donors will allow the presence
U(iy and La(lll), with similar M—Nyy,2bond distances being ~ of a covalent contribution to the tNheterocycic bonding to
found for the acetonitrile-containing M(tpzajdomplexesl be further substantiated.
and2 and with similar formation constants being measured  The second point is the ability of the theoretical density
for U(tpza)k and La(tpza) in pyridine. On the other hand,  functional study to reproduce experimental trends on one
in the presence of the ligand thf, which can only act as a hand, and to give a description of the bonding in either
o-donor and then cannot compete with tpza for the electron Ln(l1l) or U(Ill), consistent with all experimental data, on
(64) Clarke, R. E.. Ford, P. Gnorg. Chem197a 9, 227 the other hand. Further theoretical studies are now under way
(65) Waderﬂhoi, H Arnéld,lu.; Prifzkow, H Calh’orda,' M. J.; Veiros, L. ON the more complete models to check the ability of other
J. Organomet. Chen1999 587, 233. approximate relativistic methods to reproduce experimental
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trends and the nature of the metéiband interaction in f Supporting Information Available: Complete tables of crystal
element complexes. data and structure refinement, atomic coordinates, bond lengths and
angles, anisotropic displacement parameters, and hydrogen coor-
dinates for compounds—4. This material is available free of charge
via the Internet at http:/pubs.acs.org.
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