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A dinuclear trivalent uranium complex (1) and a mixed-valence U(III)/U(IV) complex (2)
have been prepared by using the [(-CH2-)5]4-calix[4]tetrapyrrole tetraanion. Both compounds
display unusually short U-U distances with two metals held together by the bridging
tetraanion, where each pyrrole ring adopts the η1:η5 bonding mode. Both magnetic
measurements at variable temperature and DFT calculations carried out on the trivalent 1
indicate the existence of antiferromagnetic coupling between the two metal centers as the
only significant U-U interaction.

Introduction

Tremendous reactivity featuring the most disparate
performances in terms of molecular activation is a
distinctive characteristic of the chemistry of low-valent
lanthanides and actinides.1 The strong reducing power
of these species enables a broad spectrum of reactivity
targeting solvents,2 nitrogen gas,3 and a large variety
of chemical functions.4 This high level of reactivity is
closely reminiscent of the behavior of low-valent early
transition metals.5 However, in the case of these species,
and particularly with second- and third-row derivatives,
the stabilization of the low state may be also achieved

via direct M-M interaction6 (either M-M bonds or
magnetic couplings) rather than via oxidative addition
to a substrate. This behavior is not observed in the
chemistry of lanthanides and actinides, presumably
because of the inefficient overlap of the f orbitals.
Accordingly, lanthanides and actinides only seldom
display short intermetallic distances7,8 while aggregated
in dinuclear or cluster structures.

Following our interest for the reactivity of f-block
metals with dinitrogen,3d-h we have recently embarked
on a study of the chemical reactivity of trivalent
uranium supported by polypyrrolide polyanions. In fact,
these particular ligands have allowed us to gain some
understanding of the behavior of divalent samarium
with dinitrogen3d,e,g and have shown the ability not only
to stabilize the low-valent state but also to significantly
enhance the reactivity of the metal center.
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Diaconescu, P. L.; Arnold, P. L.; Baker, T. A.; Mindiola, D. J.; Cummins,
C. C. J. Am. Chem. Soc. 2000, 122, 6108. (c) Dube, T.; Gambarotta, S.;
Yap, G. P. A. Angew. Chem., Int. Ed. 1999, 38, 1432. (d) Evans, W. J.;
Rabe, G. W.; Ziller, J. W. J. Organomet. Chem. 1994, 483, 21. (e) Evans,
W. J.; Keyer, R. A.; Ziller, J. W. Organometallics 1993, 12, 2618. (f)
Evans, W. J.; Keyer, R. A.; Ziller, J. W. Organomettalics 1990, 9, 2628.
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A. J. Chem. Soc., Dalton Trans. 1994, 2467. (e) Jubb, J.; Gambarotta,
S.; Duchateau, R.; Teuben, J. H. J. Chem. Soc., Chem. Commun. 1994,
2641.
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In this paper we describe the results of our attempts
to prepare a trivalent uranium complex of the
[(-CH2-)5]4-calix[4]tetrapyrrole ligand.9 Rather than
affording the expected dinitrogen fixation, the reaction
afforded an unusual dinuclear compound where the
ligand system holds together two trivalent uranium
centers at short proximity. Given the size of trivalent
uranium, these intermetallic contacts might be consid-
ered in the M-M bonding range. Herein we describe
our findings.

Experimental Section

All operations were performed under an inert atmosphere
by using standard Schlenk type techniques. UI3(THF)4,11

UCl4,12 and {[(-CH2-)5]4-calix[4]tetrapyrrole}[Li(THF)]4
1c,3d

were prepared according to published procedures. Infrared
spectra were recorded on a Mattson 9000 and Nicolet 750-
Magna FTIR instruments from Nujol mulls prepared in a
drybox.

Samples for magnetic susceptibility measurements were
preweighed inside a drybox equipped with an analytical
balance and flame-sealed into calibrated 5 mm o.d. quartz
tubes. Magnetic measurements were carried out using a
Quantum Design MPMS5S SQUID magnetometer at 1.0 T,
in the temperature range 2-300 K. The accurate sample mass
was determined by difference by breaking the tube after data

collection. Background data on the cleaned, empty tube were
obtained under identical experimental conditions. Standard
corrections for underlying diamagnetism were applied to the
data.13 Elemental analyses were carried out with a Perkin-
Elmer 2400 CHN analyzer. Data for X-ray crystal structure
determinations were obtained with a Bruker diffractometer
equipped with a Smart CCD area detector.

Electronic structure calculations employing density func-
tional theory (DFT) were performed on the model anionic U
dimer complex [(TP)U2I4]2- compound, in which the bridging
C(CH2)5 cyclohexyl substituents were replaced by CH2 units.
Relativistic effective core potentials (RECP) on the U atoms14,15

replaced the 78 inner core electrons, leaving the 6s, 6p, 6d, 5f,
and higher shells as valence electrons represented by a
[3s3p2d2f] basis. For 1 the RECP replaced all but the outer
5s and 5p electrons described by the LANL2DZ basis.16 A
6-31G basis was used on the remaining atoms. Hybrid DFT
calculations employing the B3LYP functional17,18 were carried
out using the Gaussian98 program.19

Preparation of [Li(THF)4]2{U2[(-CH2-)5]4-calix[4]tetra-
pyrrole}[µ-I]4 (1). A solution of UI3(THF)4 (5.6 g, 6.2 mmol)
in THF (70 mL) was reacted with [Li(THF)]4{[(-CH2-)5]4-
calix[4]tetrapyrrole} (1.9 g, 3.1 mmol). Upon mixing, the
solution immediately turned dark emerald green. Stirring was
continued for 10 h, after which a small mount of light-colored
material was removed by centrifugation. The solution was
concentrated to small volume (35 mL) and allowed to stand
overnight at -36 °C, upon which dark green crystals of 1
separated (4.4 g, 2.0 mmol, 66%). Anal. Calcd. (found) for
Li2U2C72H112N4O8I4: C, 40.05 (39.88); H, 5.23 (5.19); N, 2.59
(2.43). IR (Nujol mull, cm-1): ν 1286 (m), 1264 (w), 1233 (w),
1182 (w), 1134 (w), 1043 (s), 985 (w), 890 (s), 874 (m), 833 (w),
773 (s), 722 (w), 669 (w), 589 (w).

Preparation of [Li(THF)2](µ-Cl)2{U2[(-CH2-)5]4-calix-
[4]tetrapyrrole}Cl2‚THF (2). A solution of potassium naph-
thalenide was prepared by stirring metallic potassium (0.3 g,
7.1 mmol) in a solution of naphthalene (0.9 g, 7.1 mmol) in
THF (50 mL). The resulting dark green solution was combined
with a green solution of UCl4 (5.3 g, 14.0 mmol) in THF (50
mL). The resulting mixture immediately turned dark red upon
mixing while a dark precipitate separated. The suspension was
stirred for an additional 3 h and then treated with a solution
of [Li(THF)]4{[(-CH2-)5]4-calix[4]tetrapyrrole} (6.16 g, 7.0
mmol) also in THF (60 mL). The color of the reaction mixture
changed through dark rose to dark green, and stirring was
continued overnight. The resulting mixture was centrifuged
to eliminate some colorless material, and the resulting solution
was concentrated (40 mL) and allowed to stand in the freezer
(-37 °C) overnight, upon which dark green crystals of 2
separated (8.4 g, 5.9 mmol, 84%). Anal. Calcd (found) for
LiU2C52H72N4O3Cl4: C, 43.80 (43.54); H, 5.09 (5.00); N, 3.93

(7) Ln‚‚‚Ln < 3.6 Å; see for example: (a) Evans, W. J.; Drummond,
D. K.; Chamberlain, L. R.; Doedens, R. J.; Bott, S. G.; Zhang, H.;
Atwood, J. L. J. Am. Chem. Soc. 1988, 110, 4983. (b) Deacon, G. B.;
Forsyth, C. M.; Junk, P. C.; Skelton, B. W.; White, A. H. Eur. J. Chem.
1999, 5, 1452. (c) Karl, M.; Seybert, G.; Massa, W.; Harms, K.; Agarwal,
S.; Maleika, R.; Stelter, W.; Greiner, A.; Heitz, W.; Neumuller, B.;
Dehnicke, K. Z. Anorg. Allg. Chem. 1999, 625, 1301. (d) Westin, G.;
Kritikos, M.; Wijk, M. J. Solid State Chem. 1998, 141, 168. (e)
Protchenko, A. V.; Almazova, O. G.; Zakharov, L. N.; Fukin, G. K.;
Struchkov, Yu. T.; Bochkarev, M. N. J. Organomet. Chem. 1997, 536,
457. (f) Van den Hende, J. R.; Hitchcock, P. B.; Lappert, M. F. J. Chem.
Soc., Chem. Commun. 1994, 1413. (g) Van den Hende, J. R.; Hitchcock,
P. B.; Lappert, M. F. J. Chem. Soc., Dalton Trans. 1995, 2251. (h)
Anwander, R.; Munck, F. C.; Priermeier, T.; Scherer, W.; Runte, O.;
Herrmann, W. A. Inorg. Chem. 1997, 36, 3545. (i) Bradley, D. C.;
Chudzynska, H.; Frigo, D. M.; Hammond, M. E.; Hursthouse, M. B.;
Mazid, M. A. Polyhedron 1990, 9, 719. (j) Trifonov, A. A.; Bochkarev,
M. N.; Schumann, H.; Loebel, J. Angew. Chem., Int. Ed. Engl. 1991,
30, 1149. (k) Song, J.; Gambarotta, S. Angew. Chem., Int. Ed. Engl.
1995, 34, 2141. (l) Geissinger, M.; Magull, J. Z. Anorg. Allg. Chem.
1995, 621, 2043.

(8) Ac‚‚‚Ac < 3.8 Å: (a) Cotton, F. A.; Marler, D. O.; Schwotzer, W.
Inorg. Chem. 1984, 23, 4211. (b) Reynolds, J. G.; Zalkin, A.; Templeton,
D. H.; Edelstein, N. M. Inorg. Chem. 1977, 16, 1858. (c) Van den
Bossche, G.; Spirlet, M. R.; Rebizant, J.; Goffart, J. Acta Crystallogr.,
Sect. C 1987, 43, 837. (d) Brennan, J. G.; Andersen, R. A.; Zalkin, A.
J. Am. Chem. Soc. 1988, 110, 4554. (e) Burns, C. J.; Sattelberger, A.
P. Inorg. Chem. 1988, 27, 3692. (f) Lukens, W. W., Jr.; Allen, P. G.;
Bucher, J. J.; Edelstein, N. M.; Hudson, E. A.; Shuh, D. K.; Reich, T.;
Andersen, R. A. Organometallics 1999, 18, 1253. (g) Reynolds, J. G.;
Zalkin, A.; Templeton, D. H.; Edelstein, N. M. Inorg. Chem. 1977, 16,
1090. (h) Leverd, P. C.; Arliguie, T.; Lance, M.; Nierlich, M.; Vigner,
J.; Ephritikhine, M. J. Chem. Soc., Dalton Trans. 1994, 501. (i)
Brianese, N.; Casellato, U.; Ossola, F.; Porchia, M.; Rossetto, G.;
Zanella, P.; Graziani, R. J. Organomet. Chem. 1989, 365, 223. (j) Rose,
D.; Chang, Y.-D., Zubieta, J. Inorg. Chem. 1994, 33, 5167. (k) Barnhart,
D. M.; Butcher, R. J.; Clark, D. L.; Gordon, J. C.; Watkin, J. G.; Zwick,
B. D. New J. Chem. 1995, 19, 503. (l) Stewart, J. L.; Andersen, R. A.
New J. Chem. 1995, 19, 587. (m) Clark, D. L.; Grumbine, S. K.; Scott,
B. L.; Watkin, J. G.; Organometallics 1996, 15, 949. (n) Cramer, R. E.;
Ariyaratne, K. A. N. S.; Gilje, J. W. Z. Anorg. Allg. Chem. 1995, 621,
1856. (o) Turpeinen, U.; Hamalainen, R.; Mutikainen, I.; Orama, O.
Acta Crystallogr., Sect. C 1996, 52, 1169.

(9) (a) Depraetere, S.; Smet, M.; Dehaen, W. Angew. Chem., Int. Ed.
1999, 38, 3359 and references therein. (b) Gale, P. A.; Sessler, J. L. J.
Chem. Soc., Chem. Commun. 1998, 1 and references therein.

(10) Avens, L. R.; Bott, S. G.; Clark, D. L.; Sattelberger, A. P.;
Watkin, J. G.; Zwick, B. D. Inorg. Chem. 1994, 33, 2248.

(11) Moeller, T. Inorganic Syntheses; Maple Press: York, PA, 1957;
Vol. 5.

(12) Mabbs, M. B.; Machin, D. Magnetism and Transition Metal
Complexes; Chapman and Hall: London; 1973.

(13) Foese, G.; Gorter, C. J.; Smits, L. J. Constantes Selectionnes,
Diamagnetisme, Paramagnetisme, Relaxation Paramagnetique; Mas-
son: Paris, 1957.

(14) Hay, P. J.; Martin, R. L. J. Chem. Phys. 1998, 109, 3875.
(15) Wadt, W. R.; Hay, P. J. J. Chem. Phys. 1985, 82, 284.
(16) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.
(17) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.
(18) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.

J. Phys. Chem. 1994, 98, 11623.
(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;

Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98, revision A.9; Gaussian, Inc.: Pittsburgh, PA,
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(3.87). IR (Nujol mull, cm-1): ν 1343 (m), 1294 (m), 1248 (m),
1178 (m), 1038 (s), 1000 (s), 95 (w), 917 (s), 887 (s), 837 (s),
782 (w), 721 (m), 675 (s).

X-ray Crystallography. Suitable crystals were selected,
mounted on thin glass fibers using paraffin oil, and cooled to
the data collection temperature. Data were collected on a
Bruker AX SMART 1k CCD diffractometer using 0.3° ω-scans
at 0, 90, and 180° in φ. Unit-cell parameters were determined
from 60 data frames collected at different sections of the Ewald
sphere. Semiempirical absorption corrections based on equiva-
lent reflections were applied.20 Systematic absences in the
diffraction data and unit-cell parameters were uniquely con-
sistent with the reported space groups. The structures were
solved by direct methods, completed with difference Fourier
syntheses, and refined with full-matrix least-squares proce-
dures based on F2. All non-hydrogen atoms were refined with
anisotropic displacement parameters. All scattering factors
and anomalous dispersion factors are contained in the SHELX-
TL 5.10 program library.21 It is worth mentioning that, in the
structure of 1, the anion is located on a crystallographic site
of 4h symmetry while the two uranium atoms are on the 2-fold
axis. This provides a rare case of the S4 point group. The space
group No. 142 is also rare. Crystal data and relevant bond
distances and angles are given in Tables 1 and 2, respectively.

Results and Discussion

Synthesis and Structures. The reaction of UI3-
(THF)4 with [Li(THF)]4{[(-CH2-)5]4-calix[4]tetrapyrrole}
afforded air-sensitive, dark green crystals of the di-
nuclear [Li(THF)4]2[U2I4{[(-CH2-)5]4-calix[4]tetrapyr-
role}] (1) in 66% yield. While the NMR spectra were
uninformative, combustion analysis data in agreement
with the proposed formulation were obtained.

The molecular structure of 1, as determined by X-ray
diffraction, consists of two trivalent uranium atoms held
together by the [(-CH2-)5]4-calix[4]tetrapyrrole ligand
and is similar to those of the divalent, trivalent, and
mixed-valence Sm analogues (Figure 1).22 The ligand
is centered on the U-U vector (U1-U1A ) 3.4515(5)
Å) and adopts a conformation in which each pair of
pyrrole rings at opposite positions of the macrocycle

coordinates one of the two U atoms in a η5 mode (U1-
N1A ) 2.735(7) Å, U1-C1A ) 2.873(8) Å, U1-C2A )
2.953(8) Å, U1-C3A ) 2.937 Å(8) Å, U1-C4A )
2.834(8) Å). Thus, each uranium atom displays a bent,
metallocene-like coordination geometry (centroid-U-
centroid ) 99.1(1)°). The two N atoms of each pair of
pyrrole rings π-bonded to one uranium are also σ-bonded
to the second one (U1-N1 ) 2.695(7) Å). Thus, by
adopting a η1:η5 bonding mode, each uranium is overall
connected to the four pyrrole rings. Two iodine atoms
are terminally bonded to each uranium atom, pointing
away from the molecular core (U1-I1 ) 3.199(1) Å). The
coordination geometry around the two identical ura-
nium atoms may be viewed as tetragonally distorted
octahedral with the two σ-bonded nitrogen atoms (N1-
U1-N1C ) 102.0(3)°) and the bridging iodines defining
the equatorial plane (I1-U1-I1C ) 86.6(2)°, I1-U1-

(20) Blessing, R. Acta Crystallogr. 1995, A51, 33.
(21) Sheldrick, G. M. Bruker AXS: Madison, WI, 1997.
(22) Dube, T.; Gambarotta, S.; Yap, G. P. A. Organometallics 2000,

19, 817.

Table 1. Summary of Crystallographic Data for
Compounds 1 and 2

1 2

formula Li2U2I4C72H112N4O8 LiU2Cl4C52H72N4O3
fw 2159.3 1425.9
cryst syst tetragonal monoclinic
space group I41/acd P21/n
a, Å 18.344(2) 12.115(1)
b, Å 18.344(2) 16.211(1)
c, Å 47.367(7) 27.406(2)
R, deg 90 90
â, deg 90 99.415(2)
γ, deg 90 90
Z 16 4
V, Å3 15 938(3) 5309.6(8)
density (calcd),

Mg/m3
1.800 1.784

abs coeff, mm-1 5.660 6.338
F(000) 8304 2764
no. of rflns collected 126 426 40 895
no. of indep rflns 3405 12 527
GOF 1.001 1.043
R1 0.0414 0.0473
wR2 0.0986 0.1147

Table 2. Selected Bond Distances (Å) and Angles
(deg) for Compounds 1 and 2

Compound 1
U1-U1A 3.4560(8) U1-C1A 2.872(8)
U1-I1 3.1988(8) U1-C3A 2.937(9)
U1-N1 2.695(7) U1-C2A1 2.953(8)
U1-N1A 2.735(7) Li-O2 1.896(15)
U1-C4A 2.834(8) Li-O1 1.907(15)

N1B-U1-N1 102.0(3) I1-U1-U1A 136.72(10)
N1A-U1-N1A 66.11(10) I1-U1-N1A 172.18(19)
N1A-U1-N1C 100.0(3) O2-Li-O2A 109.8(13)
U1-N1-U1A 79.05(19) O2-Li-O1 110.5(4)
I1-U1-I1C 86.56(10)

Compound 2
U1-U2 3.365(6) U2-Cl3 2.701(2)
U1-N1 2.626(7) U2-Cl4 2.710(2)
U1-N3 2.610(5) U2-N3 2.662(5)
U1-Cl1 2.640(2) U2-C21 2.829(7)
U1-Cl2 2.655(2) U2-C22 2.931(7)
U1-N2 2.684(5) U2-C23 2.932(7)
U1-C11 2.854(8) U2-C24 2.799(7)
U1-C12 2.868(8) U2-N1 2.680(6)
U1-C13 2.861(7) U2-C1 2.841(7)
U1-C14 2.779(7) U2-C2 2.931(7)
U1-N4 2.682(5) U2-C3 2.911(8)
U1-C31 2.825(8) U2-C4 2.797(7)
U1-C32 2.877(8) Li-O2 1.80(3)
U1-C33 2.853(7) Li-O1 2.11(3)
U1-C34 2.792(7) Li-Cl4 2.43(4)
U2-N4 2.674(6) Li-Cl3 2.57(5)
U2-N2 2.684(6)

N3-U1-N1 102.37(17) N1-U2-Cl3 119.82(16)
N3-U1-Cl1 170.93(13) N2-U2-Cl3 170.58(13)
N1-U1-Cl1 86.70(14) N3-U2-Cl4 119.52(12)
N3-U1-Cl2 84.01(13) N4-U2-Cl4 170.04(13)
N1-U1-Cl2 173.57(14) N1-U2-Cl4 117.81(15)
Cl1-U1-Cl2 86.92(8) N2-U2-Cl4 87.53(14)
N3-U1-N4 67.09(16) Cl3-U2-Cl4 83.08(9)
N1-U1-N4 67.3(2) O2-Li-O1 114.1(15)
Cl1-U1-N4 117.47(12) O2-Li-Cl4 110.8(17)
Cl2-U1-N4 116.66(14) O1-Li-Cl4 121.6(19)
N3-U1-N2 66.67(17) O2-Li-Cl3 118(2)
N1-U1-N2 66.22(19) O1-Li-Cl3 97.9(15)
Cl1-U1-N2 117.96(13) Cl4-Li-Cl3 91.9(10)
Cl2-U1-N2 116.42(15) O2-Li-C45 25.8(6)
N4-U1-N2 102.16(18) O1-Li-C45 133.7(14)
N3-U2-N4 66.47(16) Cl4-Li-C45 85.0(11)
N3-U2-N1 99.56(18) Cl3-Li-C45 120.0(15)
N4-U2-N1 66.61(18) O2-Li-U2 120.5(14)
N3-U2-N2 65.96(18) O1-Li-U2 124.1(11)
N4-U2-N2 102.39(17) Cl4-Li-U2 46.3(5)
N1-U2-N2 65.49(19) Cl3-Li-U2 46.2(5)
N3-U2-Cl3 118.46(13) Li-Cl3-U2 90.5(9)
N4-U2-Cl3 87.02(13) Li-Cl4-U2 93.4(9)
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N1C ) 172.2(2)°), while the two centroids of the two
η5-bonded rings occupy the axial positions. Two lithium
cations, each solvated by four molecules of THF and
unconnected to the diuranium dianion, complete the
structure.

The nearly isostructural U(IV)/U(III) mixed-valence
[Li(THF)2](µ-Cl)2{U2[(-CH2-)5]4-calix[4]tetrapyrrole]}-
Cl2‚THF (2) was readily prepared by partial in situ
reduction of UCl4 and subsequent addition of the
appropriate amount of ligand.

The X-ray crystal structure of the compound shows
an arrangement very similar to that observed in 1
(Figure 2). Even in this case the ligand adopts the η1:η5

bonding mode by bridging the two uranium atoms. The
coordination geometry around each uranium atom is
pseudo-octahedral and is defined by two centroids of two
π-bonded pyrrolyl rings (U1-centroid ) 2.552(7), 2.547(7)
Å, centroid-U1-centroid ) 153.9(2)°; U2-centroid )
2.576(7), 2.574(7) Å, centroid-U2-centroid ) 152.3(2)°)
and two N atoms of the other two σ-bonded rings (U1-
N1 ) 2.626(7) Å, U1-N3 ) 2.610(7) Å, N1-U1-N3 )
102.4(2)°, centroid-U1-N1 ) 80.4(2)°; U2-N2 ) 2.684(7)
Å, U2-N4 ) 2.674(7) Å, N2-U2-N4 ) 102.4(2)°,
centroid-U2-N2 ) 81.6(2)°). Two chlorine atoms (U1-

Cl1 ) 2.640(5) Å, U1-Cl2 ) 2.655(5) Å, U2-Cl3 )
2.701(5) Å, U2-Cl4 ) 2.710(5) Å) in cis positions (Cl1-
U1-Cl2 ) 86.9(2)°, Cl3-U2-Cl4 ) 83.1(2)°) complete
the coordination octahedron around each uranium. The
two uranium atoms are held at short proximity (U1-
U2 ) 3.365(3) Å) and are nonequivalent in the sense
that the two chlorine atoms attached to one of the two
metals also bridge a Li(THF)2 unit (Cl3-Li ) 2.57(5)
Å, Cl4-Li ) 2.43(4) Å, Cl3-Li-Cl4 ) 91.9(2)°, U-Cl3-
Li ) 93.4(2)°).

To the best of our knowledge complex 2 is the first
example of a mixed-valence U(III)/U(IV) compound.
From the bonding parameters, it seems that the U1-N
distances are consistently slightly shorter than those
for U2, suggesting that the two uranium atoms are
respectively U(IV) and U(III). According to this hypoth-
esis complex 2 would be a class 2 mixed-valence species.
Also, the presence of Li near U2 might actually be taken
as another indication for U2 being trivalent, as one
would expect on electrostatic grounds.

Magnetism. The short intermetallic distances in
complexes 1 and 2 are intriguing. They appear to be
among the shortest in uranium chemistry, and that
observed in 1 is the shortest ever reported among
trivalent uranium atoms.8 Given the low oxidation state
and the large dimensions of the U3+ atom, it is reason-
able to expect a substantial overlap of electronic charge
with consequent magnetic coupling. Accordingly, the
magnetic moment of complex 1 at room temperature is
quite low (Figure 3), decreasing from 1.99 µB (per U) at
300 K to 0.55 µB at 2 K. A theoretical exchange model
properly fitting the experimental data could not be
elaborated because of the inherent difficulties of dealing
with the magnetic properties of actinide systems (large
spin-orbit effects, etc.). By assuming that no direct
metal-metal bonding interactions are present in 1, the
drop in moment on lowering the temperature can be
interpreted to indicate the presence of intramolecular
antiferromagnetic coupling. Low-temperature moments
for mononuclear U(III) systems would be expected to
be somewhat higher (e.g. U(Cp)3THF ∼1.3 µB at 5 K).23

The magnetic behavior of the mixed-valence 2, which
possesses one electron less than 1 and has an even
shorter U‚‚‚U distance, is interesting. The room-tem-
perature magnetic moment at 300 K (3.04 µB (per mole))
was found to be higher than 1 and drops to 1.03 µB (per
mole) at 2 K, which again does point to possible
antiferromagnetic coupling (Figure 4). Monomeric U(IV)
compounds typically display room-temperature mag-
netic moments in the range 2.5-3 µB but have moments
approaching a temperature-independent value at low
temperatures due to coupling between a nonmagnetic
ground state and low-lying excited states through a
Zeeman perturbation.24,25 The magnetic moment shown
by the few known monomeric trivalent uranium com-
pounds is usually larger than 3.4 µB and is also expected
to drop to around 1.7 µB at 2 K.23,24 Combining all this
in the context of possible M-M bonding or antiferro-
magnetic exchange, the actual value obtained is very

(23) Karraker, D. G.; Stone, J. A. Inorg. Chem. 1972, 11, 1742.
(24) Boudreaux, E. A.; Mulay, L. N. Theory and Applications of

Molecular Paramagnetism; Wiley-Interscience: New York, 1976; pp
317-348.

(25) Mörtl, K. P.; Sutter, J.-P.; Golhen, S.; Ouahab, L.; Kahn, O.
Inorg. Chem. 2000, 39, 1626.

Figure 1. ORTEP drawing of 1. Thermal ellipsoids are
drawn at the 50% probability level.

Figure 2. ORTEP drawing of 2. Thermal ellipsoids are
drawn at the 50% probability level.
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close to what one would calculate for a noncoupled
combination of the two ions (e.g. ∼1.2 µB at 2 K and
∼3.1 at 300 K). This might indicate that not much
exchange occurs between the two ions and is in agree-
ment with a suggestion provided by the crystallographic
data of complex 2 as a type 2 mixed-valence compound.

Electronic Structure. Electronic structure calcula-
tions employing density functional theory (DFT) were
performed on the model anionic U dimer complex
[(TP)U2I4]2-, in which the bridging C(CH2)5 cyclohexyl
substituents were replaced by CH2 units. Relativistic
effective core potentials (RECP) were employed on the
U atoms,s14 in which the 78 inner core electrons were
replaced, leaving the 6s, 6p, 6d, 5f, and higher shells
as valence electrons in a [3s3p2d2f] basis. For the I
atoms the RECP replaced all but the outer 5s and 5p
electrons described by the LANL2DZ basis.15 A 6-31G
basis was used on the remaining atoms. Hybrid DFT
calculations employing the B3LYP functional16-18 were
carried out using the Gaussian98 program.19

Spin-unrestricted (or “spin-polarized”) calculations
were performed for the “high-spin” state (S ) 3) corre-
sponding to two U(III) f 3 ions, each with S ) 3/2. There
was very little spin contamination in the spin-unre-
stricted calculations, as 〈S2〉 ) 12.02 (compared to 〈S2〉
) 12.00 for S ) 3) and the net electron spin on each U
was +3.02 e.

For the “low-spin” state, “broken-symmetry” spin-
unrestricted calculations were performed corresponding
to SA ) 3/2 and MSA ) +3/2 on the first uranium atom
(UA) and SB ) 3/2 and MSB ) -3/2 on the second (UB).
For this antiferromagnetic case the overall spin is not
well defined but the total MS ) 0. From the population
analysis the net electron spin on UA and UB was +3.04
and -3.04 e, respectively. The SCF energy of the low-
spin state was found to be 0.000 45 au, or 99 cm-1, lower
than the spin-unrestricted high-spin result.

The above high-spin results were also compared with
the spin-restricted calculations where the open-shell
electrons are more clearly identified. The spin-unre-
stricted SCF result was 0.012 68 au lower than the spin-
restricted case.

The above results thus predict the ground state of the
dimer complex to be low spin by a small amount (99
cm-1). For both high- and low-spin cases the orbitals
describing the three unpaired electrons on each U(III)
are similar in the DFT results. If one chooses the z axis
to lie along the line between the U atoms, the three 5f
orbitals correspond to 5fσ (z3), 5fδ (z(x2 - y2)), and 5fφ
(3x2y - x3) on each U atom. Despite the relatively short
U-U distance there is little indication of any net
bonding between the centers, as evident from the small
energy difference between high- and low-spin states.
The unpaired electrons are nearly pure 5f in character,
with little admixture of ligand character. In the high-
spin state the 5fσ orbitals, for example, form bonding

Figure 3. Plots of 1/ø and of µeff vs T for 1.

Figure 4. Plots of 1/ø and of µeff vs T for 2.
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and antibonding combinations, both of which are singly
occupied and are similar for the remaining unpaired
electrons.

For 5f 5 states of U(III) one would expect substantial
mixing arising from configuration interaction with other
5f5 configurations. In addition, spin-orbit coupling
effects will be very important for describing the low-
lying excited states. Therefore, the above “single con-
figuration” DFT results can provide only some guidance
to interpret experimental results and give some support
to the possibility suggested by the magnetic measure-
ment of an antiferromagnetically coupled uranium
dimer. Simply, the complexity of both the magnetic and
theoretical treatment of such a unique atom does not
allow, at this time, a detailed interpretation.

Conclusion

In conclusion, two new low-valent uranium complexes
have been synthesized. For the U(III)/U(III) dimer the

magnetic properties and electronic structure results
consistently suggest a weakly coupled antiferromagnetic
interaction between the metal centers. The magnetic
behavior of the mixed-valence 2 suggests a complete
absence of magnetic exchange between the two metals
and is in agreement with the suggestion that this
species might be a type 2 mixed-valence compound.
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