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Abstract: Treatment of [Ce(Cp*)2I] or
[U(Cp*)2I(py)] with 1 mol equivalent
of bipy (Cp*=C5Me5; bipy=2,2’-bipyr-
idine) in THF gave the adducts [M-
(Cp*)2I(bipy)] (M=Ce (1a), M=U
(1b)), which were transformed into [M-
(Cp*)2(bipy)] (M=Ce (2a), M=U
(2b)) by Na(Hg) reduction. The crystal
structures of 1a and 1b show, by com-
paring the U�N and Ce�N distances
and the variations in the C�C and C�N
bond lengths within the bidentate
ligand, that the extent of donation of
electron density into the LUMO of
bipy is more important in the actinide
than in the lanthanide compound. Re-
action of [Ce(Cp*)2I] or [U(Cp*)2I(py)]
with 1 mol equivalent of terpy (terpy=
2,2’:6’,2’’-terpyridine) in THF afforded
the adducts [M(Cp*)2(terpy)]I (M=Ce
(3a), M=U (3b)), which were reduced
to the neutral complexes [M(Cp*)2-
(terpy)] (M=Ce (4a), M=U (4b)) by
sodium amalgam. The complexes [M-
(Cp*)2(terpy)][M(Cp*)2I2] (M=Ce
(5a), M=U (5b)) were prepared from
a 2:1 mixture of [M(Cp*)2I] and terpy.
The rapid and reversible electron-
transfer reactions between 3 and 4 in
solution were revealed by 1H NMR

spectroscopy. The spectrum of 5b is
identical to that of the 1:1 mixture of
[U(Cp*)2I(py)] and 3b, or [U(Cp*)2I2]
and 4b. The magnetic data for 3 and 4
are consistent with trivalent cerium
and uranium species, with the formula-
tion [MIII(Cp*)2(terpyC�)] for 4a and
4b, in which spins on the individual
units are uncoupled at 300 K and anti-
ferromagnetically coupled at low tem-
perature. Comparison of the crystal
structures of 3b, 4b, and 5b with those
of 3a and the previously reported yt-
terbium complex [Yb(Cp*)2(terpy)]
shows that the U�N distances are
much shorter, by 0.2 5, than those ex-
pected from a purely ionic bonding
model. This difference should reflect
the presence of stronger electron trans-
fer between the metal and the terpy
ligand in the actinide compounds. This
feature is also supported by the small
but systematic structural variations
within the terdentate ligands, which
strongly suggest that the LUMO of

terpy is more filled in the actinide than
in the lanthanide complexes and that
the canonical forms [UIV(Cp*)2-
(terpyC�)]I and [UIV(Cp*)2(terpy2�)]
contribute significantly to the true
structures of 3b and 4b, respectively.
This assumption was confirmed by the
reactions of complexes 3 and 4 with
the HC and H+ donor reagents Ph3SnH
and NEt3HBPh4, which led to clear dif-
ferentiation of the cerium and uranium
complexes. No reaction was observed
between 3a and Ph3SnH, while the ura-
nium counterpart 3b was transformed
in pyridine into the uranium(iv) com-
pound [U(Cp*)2{NC5H4(py)2}]I (6),
where NC5H4(py)2 is the 2,6-dipyridyl-
(hydro-4-pyridyl) ligand. Complex 6
was further hydrogenated to [U(Cp*)2-
{NC5H8(py)2}]I (7) by an excess of
Ph3SnH in refluxing pyridine. Treat-
ment of 4a with NEt3HBPh4 led to oxi-
dation of the terpyC� ligand and forma-
tion of [Ce(Cp*)2(terpy)]BPh4, whereas
similar reaction with 4b afforded [U-
(Cp*)2{NC5H4(py)2}]BPh4 (6’). The
crystal structures of 6, 6’ and 7 were
determined.
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Introduction

Discrimination between trivalent lanthanide (Ln) and acti-
nide (An) compounds with polydentate N-heterocyclic bases
is an important problem for both its fundamental aspects,
that is, precise knowledge of the metal–ligand bonds and the
respective roles of the 4f and 5f electrons,[1] and its applica-
tions, particularly in the management of nuclear wastes.[2]

Lanthanide complexes with polydentate nitrogen ligands
have already been reported,[1c,3–8] in particular the 2,2’-bipyr-
idine (bipy) and 1,10-phenanthroline (phen) and 2,2’:6’,2’’-
terpyridine (terpy) adducts of bis(pentamethylcyclopenta-
dienyl)lanthanides [Ln(Cp*)2(bipy)] and [Ln(Cp*)2(phen)]
(Cp*=C5Me5; Ln=Sm or Yb)[9–11] and [Yb(Cp*)2(terpy)].[12]

These compounds have the formal appearance of divalent
lanthanide compounds but are in fact LnIII complexes with a
ligand radical anion. In addition to their structural and phys-
icochemical properties, such species are attractive for their
reactivity, since they are considered to be synthetic equiva-
lents of low-valent species.[13] Such 5f element complexes
with azine ligands seem to have been neglected since the re-
ports of the uranium bipyridine compounds [U(bipy)4]

[14]

and [U(COT)(Cp*)(Me2bipy)] (COT=h-C8H8, Me2bipy=
4,4’-dimethyl-2,2’-bipyridine),[15] in which the metal oxida-
tion state is questionable. Following our studies on the dif-
ferentiation of trivalent lanthanide and uranium ions, espe-
cially those concerning the coordination of azine molecules
to tris(cyclopentadienyl) complexes of cerium and urani-
um[16,17] and the selective complexation of uranium(iii) over
lanthanide(iii) triflates or iodides by bipy,[3] phen[18] and
terpy,[4–6] we speculated that the distinct electronic behavior
of the 4f and 5f ions, in particular the easier oxidation and
better p-donating ability of the actinide, should emerge and
lead to significant differences in the structures and reactions
of the electron-rich complexes [Ce(Cp*)2(L)]n+ and [U-
(Cp*)2(L)]n+ (L=bipy, phen, terpy; n=1, 0). Here we
report on the synthesis and structural and chemical charac-
terization of the bipyridine compounds [M(Cp*)2I(bipy)]
and [M(Cp*)2(bipy)] (M=Ce, U) and the terpyridine com-
plexes [M(Cp*)2(terpy)]n+ (M=Ce, U; n=1, 0). The urani-
um complexes [U(Cp*)2(bipy)] and [U(Cp*)2(terpy)] per-
mitted a new approach to comparing the properties of low-
valent lanthanide (Ln) and actinide (An) complexes.

Results and Discussion

Synthesis, crystal structures and reduction of [M(Cp*)2I-
(bipy)] (M=Ce, U): Reaction of [Ce(Cp*)2I] or [U-
(Cp*)2I(py)] with 1 mol equivalent of bipy in THF readily
gave the adducts [M(Cp*)2I(bipy)] [M=Ce (1a), M=U
(1b); Eq. (1)]; after evaporation of the solvent and washing
with diethyl ether, 1a and 1b were isolated as analytically
pure orange and black powders in 81 and 72 % yield, respec-
tively. Crystals of 1a and 1b were obtained by slow diffusion
of pentane or diethyl ether, respectively, into a THF solu-
tion.

½MðCp*Þ2I� þ bipy!½MðCp*Þ2IðbipyÞ�
M ¼ Ce ð1 aÞ
M ¼ U ð1 bÞ

ð1Þ

The crystal structures of 1a and 1b are very similar; a
view of the cerium complex 1a is shown in Figure 1. The
complex adopts the relatively common bent-sandwich

M(Cp*)2X2Y configuration with the bipy and iodide ligands
in the equatorial girdle.[19] The average Ce�N and U�N dis-
tances of 2.71(7) and 2.60(4) 5 can be compared with those
of 2.67(3) and 2.65(4) 5 in [MI3(bipy)2(py)] (M=Ce, U),
the only other pair of analogous LnIII and UIII complexes
with bipy ligands to have been crystallographically charac-
terized;[3] the difference of 0.11 5 between the mean Ce�N
and U�N bond lengths in 1a and 1b is much larger than
that of 0.02 5 in [MI3(bipy)2(py)] (M=Ce, U) and [M-
(C5H4R)3(L)] (M=Ce, U; R=Me3Si, tBu; L=azine).[16] The
shortening of the U�N distances with respect to the Ce�N
distances in analogous cerium(iii) and uranium(iii) com-
plexes with aromatic nitrogen bases, although the ionic
radius of the UIII ion is 0.01 5 larger than that of CeIII,[20]

was related to the greater strength of the U�N bonds and
the greater stability of the uranium complexes, and was ac-
counted for by electron transfer between the uranium atom
and the terpy ligand, which is less likely in the lanthanide
counterpart.

The extent of donation of electron density into the
LUMO of the bipyridine ligand in various complexes, in
particular [Yb(Cp*)2(bipy)]+ and [Yb(Cp*)2(bipy)], was as-
sessed from the systematic changes in the bond lengths in
the bidentate molecule.[10,21, 22] The C�C and C�N bond
lengths of the bipy ligands in 1a and 1b are listed in
Table 1; these values can be compared with those of free

Figure 1. Crystal structure of [Ce(Cp*)2I(bipy)] (1a) with thermal ellip-
soids drawn at the 20% probability level. H atoms have been omitted.
Selected bond lengths [5] and angles [8]; the corresponding values in the
uranium analogue 1b are given in brackets: hCe�Ci 2.83(3) [2.82(3)],
Ce�I 3.2048(7) [3.2135(4)], Ce�N1 2.633(6) [2.635(5)], Ce�N2 2.782(6)
[2.561(4)]; N1-Ce-N2 60.07(19) [62.39(15)].

Chem. Eur. J. 2005, 11, 6994 – 7006 J 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 6995

FULL PAPER

www.chemeurj.org


transoid bipy,[22] chelating bipy in [Yb(Cp*)2(bipy)]+ [10] and
the radical anion bipyC� in [Ln(Cp*)2(bipy)] (Ln=Sm,[9] or
Yb[10]). The distances A–G in 1a correspond effectively to a
neutral bipy ligand, but comparison of these distances with
those in 1b seems to reveal that bonds A and E are short-
ened, while bonds B, D, F and G are lengthened in the ura-
nium complex, albeit with little statistical significance; this
trend is precisely that expected from the acceptance of elec-
tron density into the LUMO of bipy.[10,21,22]

Reduction of 1a and 1b with sodium amalgam in THF
led to formation of the compounds [M(Cp*)2(bipy)] [M=Ce
(2a), M=U (2b); Eq. (2)]. After evaporation of the solvent
and extraction with toluene, uranium complex 2b was isolat-
ed as a dark green powder in 80 % yield; the cerium ana-
logue 2a was characterized only by its 1H NMR spectrum.

½MðCp*Þ2IðbipyÞ� þNaðHgÞ !½MðCp*Þ2ðbipyÞ� þNaI

M ¼ Ce ð2 aÞ
M ¼ U ð2 bÞ

ð2Þ

By analogy with the [Ln(Cp*)2(bipy)] congeners (Ln=
Sm, Yb), these compounds should be formulated as [MIII-

(Cp*)2(bipyC�)]; the presence of
the radical anion bipyC� is more-
over confirmed by the large
chemical shifts of the 1H NMR
signals, which for 2a range
from d=�26.91 to �253.11,
while those of 1a range from
d=8.94 to �32.5.

Synthesis and crystal structures
of [M(Cp*)2(terpy)]I and [M-
(Cp*)2(terpy)] (M=Ce, U):
Treatment of [Ce(Cp*)2I] with
1 mol equivalent of terpy in
THF led to formation of the
cationic complex [Ce(Cp*)2-

(terpy)]I [3a ; Eq. (3)]; orange crystals of the solvate
3a·THF deposited on cooling the solution and were isolated
in 72 % yield. Similar reaction of [U(Cp*)2I(py)] with terpy
afforded, after evaporation of the solvent, a black powder of
the uranium analogue [U(Cp*)2(terpy)]I (3b) in 90 % yield;
black crystals of 3b·THF were formed upon slow diffusion
of diethyl ether into THF.

½MðCp*Þ2I� þ terpy!½MðCp*Þ2ðterpyÞ�I
M ¼ Ce ð3 aÞ
M ¼ U ð3 bÞ

ð3Þ

The crystals of 3a·THF and 3b·THF are composed of dis-
crete cation–anion pairs and THF molecules. The cations
adopt the same bent sandwich configuration as 1a and 1b
with the terdentate ligand in the equatorial girdle. A view of
the cerium cation is shown in Figure 2, and selected bond
lengths and angles are listed in Tables 2 and 3; the cation of
3b has a crystallographically imposed twofold axis of sym-
metry. Whereas the gross solid-state structural features of
3a and 3b are similar, there are marked differences in the
coordination parameters of the metal ions. Since the ionic
radius of UIII is 0.01 5 larger than that of CeIII,[20] it is note-
worthy that the average U�C distance is 0.04 5 shorter than
the average Ce�C distance and, more significantly, the aver-
age U�N distance is 0.18 5 shorter than the average Ce�N
distance. Concomitantly, the N2-U-N2’ angle of 131.59(18)8
is larger than the N2-Ce-N3 angle of 125.1(3)8. The differ-
ence of about 0.2 5 between the Ce�N and U�N distances
in 3a and 3b is the greatest so far observed in analogous
cerium(iii) and uranium(iii) complexes with aromatic nitro-
gen bases,[4–6] together with that of 0.1 5 found in [M-
(Cp*)2I(bipy)] complexes [M=Ce (1a), U (1b)] and the
Rbtp compounds [M(Rbtp)3]

3+ [M=Ce, U; Rbtp=2,6-
bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridine].[5] The U�N dis-
tances in 3b are in fact intermediate between amido UIV�
NR2 bond lengths, which are typically 2.15–2.30 5,[23–25] and
U�N(terpy) bond lengths, which average 2.62 and 2.58 5 in
uranium(iii)[4–6] and uranium(iv) compounds,[6] respectively.
The shortening of the U�N distances in 3b strongly suggests

Table 1. Comparison of averaged C�C and C�N bond lengths [5] in the bidentate ligands.

Bond bipy[22] [Yb(Cp*)2(bipy)]+ [10] [Ln(Cp*)2(bipy)]
(Ln=Yb;[10] Sm[9])

[Ce(Cp*)2(bipy)]I
(1a)[a]

[U(Cp*)2(bipy)]I
(1b)[a]

A 1.490(3) 1.492 1.434; 1.43 1.494 1.474
B 1.394(2) 1.385 1.419; 1.42 1.383(1) 1.389(6)
C 1.385(2) 1.380 1.387; 1.34 1.379(8) 1.376(6)
D 1.383(2) 1.370 1.420; 1.41 1.374(1) 1.384(11)
E 1.384(2) 1.370 1.398; 1.37 1.381(3) 1.369(2)
F 1.341(2) 1.339 1.358; 1.35 1.340(2) 1.356(1)
G 1.346(2) 1.343 1.383; 1.38 1.357(2) 1.364(1)

[a] Standard deviations of averaged values are given in parenthesis.

Figure 2. Crystal structure of the cation in [Ce(Cp*)2(terpy)]I (3a) with
thermal ellipsoids drawn at the 10% probability level. H atoms have
been omitted.
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partial reduction of the terpy ligand to the radical anion
terpyC� .

Reduction of 3a and 3b with 2 % sodium amalgam in
THF gave the neutral complexes [M(Cp*)2(terpy)] [M=Ce
(4a) or U (4b); Eq. (4)]. After evaporation of the solvent
and extraction into toluene, green powders of 4a and 4b
were recovered in 92 and 90 % yield, respectively; crystals
of 4b were obtained on cooling a diethyl ether solution.
Complexes 4a and 4b were transformed back into 3a and
3b by oxidation with AgI in THF (NMR experiments).
Complexes 4, in which the terpy ligand is reduced to its rad-
ical anion form, are trivalent compounds like [Yb(Cp*)2(L)]
(L=bipy, phen, terpy), as revealed by magnetic studies
(vide infra).

½MðCp*Þ2ðterpyÞ�IþNaðHgÞ !½MðCp*Þ2ðterpyÞ� þNaI

M ¼ Ce ð4 aÞ
M ¼ U ð4 bÞ

ð4Þ

The crystal structure of 4b is very similar to that of the
cation of 3b, with almost identical average U�C and U�N
distances (Table 2). Crystals of the cerium analogue 4a were
not obtained, and the geometrical parameters of 4b can
only be compared with those of the previously reported yt-
terbium congener.[12] The U�N distances in 4b are practical-

ly equal to the Yb�N distances,
although the ionic radius of UIII

is 0.15 5 larger than that of
YbIII.[20] Although the Yb�N
distances would be abnormally
large due to steric effects,[12] the
U�N distances appear signifi-
cantly shorter than those pre-
dicted from a purely ionic bond-
ing model. The greatest devia-
tions of the U�N distances in
1b, 3b, and 4b from an electro-

static bonding model, by comparison with those noted in the
other analogous lanthanide(iii) and uranium(iii) complexes
with polydentate nitrogen ligands,[3–6] can be explained by
the greater electron richness and p-donating capacity of the
U(Cp*)2 moiety, and electron transfer from the metal to a
single instead of several p-acceptor ligands.

Extensive electron transfer in the uranium complexes 3b
and 4b would lead to filling of the LUMO of neutral terpy
and, eventually, to metal oxidation.[17] While the electronic
structure of the cationic cerium complex 3a can be well de-
picted by canonical form I in Scheme 1, that is, [CeIII(Cp*)2-
(terpy0)]+ , resonance hybrids such as II–IV with the metal
centre in the formal oxidation state +4 and a radical anion
ligand, that is, [UIV(Cp*)2(terpyC�)]+ , should make signifi-
cant contributions to the true structure of the uranium ana-
logue 3b. That would explain why the U�N bond lengths in
3b are shorter than the corresponding Ce�N distances in
3a. Similarly, in the neutral cerium compound 4a, as in the
aforementioned adducts of Ln(Cp*)2 (Ln=Sm, Yb) with p-
accepting nitrogen Lewis bases,[8,9,11] the metal centre is in
the formal oxidation state +3 and the terpy ligand in its
radical anion form, that is, [CeIII(Cp*)2(terpyC�)], whereas
the structure of the uranium counterpart 4b could also be
described by hybrids resulting from electron transfer from
the metal to the ligand, that is, [UIV(Cp*)2(terpy2�)]. Only
the canonical forms V and VI of the neutral complexes, in

Table 2. M�N and <M�C> distances [5] in the complexes.

M�N1 M�N2 M�N3 hM�Ci
[Ce(Cp*)2(terpy)]I (3a) 2.640(8) 2.565(8) 2.586(7) 2.82(2)
[U(Cp*)2(terpy)]I (3b) 2.419(5) 2.428(4) 2.78(3)
[U(Cp*)2(terpy)] (4b) 2.381(4) 2.434(5) 2.448(4) 2.80(3)
[U(Cp*)2(terpy)][U(Cp*)2I2] (5b) 2.441(9) 2.448(9) 2.449(8) 2.77(2) (hU1�Ci)

2.78(2) (hU2�Ci)
[U(Cp*)2{NC5H4(py)2}]I (6) 2.313(6) 2.470(7) 2.480(7) 2.763(11)
[U(Cp*)2{NC5H4(py)2}][BPh4] (6’) 2.351(6) 2.471(7) 2.484(7) 2.75(4)
[U(Cp*)2{NC5H8(py)2}]I (7) 2.247(7) 2.490(7) 2.515(7) 2.77(4)

Table 3. Comparison of averaged C�C and C�N bond lengths [5] and dihedral angles [8] in the terdentate ligands.[a]

Compound A B C D E F G H I J q[b]

terpy[26] 1.378(3) 1.397(2) 1.490(3) 1.37(3) 1.386(1) 1.36(1) 1.37(2) 1.342(4) 1.33(2) 1.350(3)
[SnPh3Cl(H2O)]·terpy[27] 1.367(6) 1.393(2) 1.487(8) 1.397(6) 1.374(2) 1.37(1) 1.383(2) 1.338(5) 1.342(5) 1.344(7)
[UO2(OTf)2(terpy)][28] 1.376(2) 1.398(8) 1.472(1) 1.389(9) 1.38(1) 1.38(1) 1.382(4) 1.347(1) 1.360(4) 1.352(8)
[Ce(Cp*)2(terpy)]I (3a) 1.370(1) 1.384(7) 1.491(13) 1.389(2) 1.385(7) 1.385(15) 1.386(11) 1.326(2) 1.354(8) 1.345(2) 4.5(7); 0.5(7)
[U(Cp*)2(terpy)]I (3b) 1.373(6) 1.393(7) 1.449(7) 1.396(7) 1.364(8) 1.391(8) 1.362(7) 1.348(6) 1.372(6) 1.390(5) 0.8(3)
[U(Cp*)2(terpy)][U(Cp*)2I2](5b) 1.39(2) 1.366(3) 1.446(6) 1.410(5) 1.366(12) 1.360(6) 1.38(2) 1.358(8) 1.385(4) 1.385(16) 5.5(9); 0.2(9)
[Yb(Cp*)2(terpy)][12] 1.39(2) 1.40(1) 1.46(2) 1.40(1) 1.38(2) 1.38(2) 1.37(1) 1.34(1) 1.40(1) 1.37(1) 6.3; 6.3
[U(Cp*)2(terpy)] (4b) 1.393(4) 1.384(2) 1.426(15) 1.411(1) 1.371(1) 1.409(2) 1.367(8) 1.363(6) 1.384(6) 1.416(3) 3.9(2); 6.7(2)
[U(Cp*)2{NC5H4(py)2}]I (6) 1.47(3) 1.342(11) 1.467(7) 1.409(6) 1.374(4) 1.375(6) 1.379(6) 1.351(12) 1.357(3) 1.426(1) 4.1(7); 3.4(6)
[U(Cp*)2{NC5H4(py)2}]BPh4 (6’) 1.489(1) 1.350(5) 1.468(15) 1.396(1) 1.374(10) 1.393(1) 1.361(2) 1.361(4) 1.357(9) 1.403(3) 17.8(5); 16.1(5)
[U(Cp*)2{NC5H8(py)2}]I (7) 1.524(4) 1.483(6) 1.500(7) 1.394(2) 1.377(6) 1.368(15) 1.372(11) 1.361(3) 1.334(7) 1.467(8) 30.2(4); 24.4(5)

[a] Standard deviations of averaged values are given in parentheses. [b] Dihedral angles between the central and lateral rings of the terdentate ligand.
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which the radical or the negative charge on the ligand are
located at the 4’-position, are represented in Scheme 2.

Successive filling of the LUMO of neutral terpy can be
tentatively perceived through the small but systematic varia-
tions in the interatomic distances of the terdentate ligand, in
a manner similar to that applied to the bipy ligand.[10,21, 22] In
Table 3, the C�C and C�N bond lengths in 3a, 3b and 4b
are listed. These distances can be compared with those of
free anti,anti-terpy0,[26] hydrogen-bonded syn,syn-terpy0 in
[SnPh3Cl(H2O)]·terpy,[27] h3-coordinated terpy0 in [UO2-
(OSO3CF3)2(terpy)][28] and terpyC� in [Yb(Cp*)2(terpy)].[12]

While a number of d transition metal complexes with
terpy2� ligands have been synthesized and studied by elec-
trochemistry, to the best of our knowledge,[29] none of these
has been characterized by X-ray diffraction analysis. On the
basis of the lengths of bonds A–J, the terpy ligand in the cat-
ionic cerium complex 3a appears to be neutral, in agree-
ment with resonance form I. How-
ever, in the uranium analogue 3b,
the C�N bonds H, I, and J are
longer, by 0.02–0.04 5, and the C�
C bond C is shorter, by 0.04 5,
than the corresponding bonds in
3a. It is noteworthy that the differences between the bond
lengths of the terpy ligands of 3a and 3b are close to those
found between 3a and [Yb(Cp*)2(terpy)]. These deviations
could reflect the contribution, in the true structure of 3b, of
hybrids like II–IV with terpyC� ligands. As expected for the
further filling of the LUMO of terpy, the C�C bond C in 4b
is shorter than in 3b, by about 0.02 5, while the C�N bonds
H, I and J seem to be longer, by 0.01–0.03 5. The deviations
of the bond lengths in the terpy ligand of 4b from the corre-
sponding ones in [Yb(Cp*)2(terpy)], in particular the short-

ening of bond C and lengthening of bonds H and J, suggest
that hybrids with a terpy2� ligand would contribute to the
true structure of 4b.

The 1H NMR signals corresponding to the terpy ligands
are much more shifted for complexes 4 than for 3, in agree-
ment with the transformation of terpy0 into terpyC� ; thus, the
chemical shifts of the protons of 3a range from d=5.98 to
�16.28, whereas those of 4a range from d=6.04 to �310.6.

Electron-transfer reactions of the [M(Cp*)2(terpy)]
n+ com-

plexes (M=Ce, U; n=1, 0); synthesis and crystal structure
of [U(Cp*)2(terpy)][U(Cp*)2I2]: The 1H NMR spectra of
mixtures of 3a and 4a, or 3b and 4b, in pyridine exhibit
single averaged resonances corresponding to the Cp* and
terpy ligands of each individual compound, that is, rapid and
reversible electron-transfer reactions occur [Eq. (5)].

½MðCp*Þ2ðterpyÞ�þ
þe

�e
�! �½MðCp*Þ2ðterpyÞ�

3 4
ð5Þ

Similar electron transfer was found to occur in pyridine
between the cerium and uranium complexes. Starting from
3a and 4b, or 3b and 4a, in a 1:1 molar ratio gave the same
equilibrating mixture [Eq. (6)]; the NMR spectra again
show single averaged resonances for the Cp* and terpy li-
gands of the cerium and uranium species, and their chemical
shifts, by comparison with those of each individual [M-
(Cp*)2(terpy)]I and [M(Cp*)2(terpy)] complex, indicate that
3a and 4b are preponderant, with relative proportions [3a]/
[4a]= [4b]/[3b]=87/13.

½CeðCp*Þ2ðterpyÞ�þ þ ½UðCp*Þ2ðterpyÞ�(�+½CeðCp*Þ2ðterpyÞ� þ ½UðCp*Þ2ðterpyÞ�þ

3 a 4 b 4 a 3 b
ð6Þ

While uranium(iii) compounds are generally more effi-
cient reducing reagents than their cerium counterparts,
these results clearly demonstrate that 3b is more easily re-
duced than 3a ; this difference is in agreement with the oc-
currence of electron transfer in the actinide complex and
the contribution of canonical forms with the metal in the
formal +4 oxidation state.

Similarly to the synthesis of [Yb(Cp*)2(bipy)]-
[Yb(Cp*)2Cl2] from a 2:1 mixture of [Yb(Cp*)2Cl(thf)] and
bipy,[10] the reaction of [Ce(Cp*)2I] or [U(Cp*)2I(py)] with

Scheme 1. Canonical forms of complexes 3 ; I for M=Ce, I–IV for M=U.

Scheme 2. Canonical forms of complexes 4 ; V for M=Ce, V and VI for
M=U.
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0.5 mol equivalent of terpy in THF led to formation of the
complexes [M(Cp*)2(terpy)][M(Cp*)2I2] [M=Ce (5a), M=

U (5b); Eq. (7)]. The uranium complex 5b was isolated as a
dark green powder in 93 % yield; the cerium analogue 5a
was characterized only by its 1H NMR spectrum.

2 ½MðCp*Þ2I� þ terpy!½MðCp*Þ2ðterpyÞ�½MðCp*Þ2I2�
M ¼ Ce ð5 aÞ
M ¼ U ð5 bÞ

ð7Þ

The 1H NMR spectrum of uranium complex 5b in THF,
which exhibits two distinct signals corresponding to the Cp*
ligands, is identical to that obtained by mixing 4b and [U-
(Cp*)2I2] or 3b and [U(Cp*)2I(py)] in the molar ratio of 1:1,
as depicted by Equations (8) and (9) in Scheme 3; the chem-

ical shifts of the Cp* and terpy signals are between those of
3b and 4b and those of [U(Cp*)2I2]

� and [U(Cp*)2I2]. The
latter iodo complexes of uranium(iii) and uranium(iv) were
readily obtained by treating [U(Cp*)2I(py)] with NEt4I and
AgI, respectively. These results revealed that the electron-
transfer reaction depicted by Equation (10) in Scheme 3
occurs in THF solution; from the chemical shifts of the aver-
aged Cp* resonances, the relative proportions of 3b and 4b,
and of [U(Cp*)2I2]

� and [U(Cp*)2I2], are about 35:65. For-
mation of complexes 5 was not observed in pyridine, and
the NMR spectrum of 5b in this solvent exhibits the signals
corresponding to the individual complexes 3b and [U-
(Cp*)2I(py)].

Crystals of 5b·toluene suitable for X-ray diffraction analy-
sis were obtained by slow diffusion of pentane into a tolu-
ene solution; a view of 5b is shown in Figure 3. The 1:1 stoi-
chiometry of the two components of 5b suggests the pres-
ence of cation–anion pairs. The U1�N distances, as well as
the C�C and C�N distances within the terpy ligand are ex-
pectedly very similar to those found in 3b and 4b (Tables 2
and 3). However, the three U1�N distances are quite identi-
cal, as found in 3b. The U2�I1 and U2�I2 distances, with a
mean value of 3.1038(14) 5, are at the lower limit of the
range of uranium(iii)–iodide distances, which range from
3.103(2) 5 in [UI3(thf)4]

[30] to 3.273(1) 5 in [UI2-
(terpy)2(py)]I·2 py.[4] However, these distances are larger

than the uranium(iv)–iodide distances, which are typically
3.0 5.[31]

Magnetic properties of [M(Cp*)2(terpy)]
n+ (M=Ce, U; n=

1, 0): The magnetic behavior of 3a and 4a is shown in
Figure 4. For 3a, in which the terpy ligand is diamagnetic,

the c3aT value represents the contribution of the sole Ce3+

ion in its crystal field;[32] it decreases with decreasing T, due
to depopulation of the Stark sublevels, and reaches
0.3 cm3 K mol�1 at 2 K. The temperature dependence of c4aT
for 4a is the result of the superimposition of both the varia-
tion of the intrinsic susceptibility of the Ce3+ ion and the
CeIII–terpyC� interaction; at 300 K, the value of
0.8 cm3 K mol�1 is close to that expected for the two uncorre-
lated spin carriers. Since the structures of 4a and the cation
of 3a are likely to be quite identical, and therefore crystal
fields around the Ce atoms are very similar in the two com-
plexes, it is possible to apply the empirical method devised
by Kahn et al.[33] and Costes et al.[34] to determine the nature
of the exchange interaction. The sign, but not the value of
the coupling constant, of the CeIII–terpyC� interaction in 4a

Scheme 3. Electron-transfer reactions between 3b, 4b, [U(Cp*)2I2] and
[U(Cp*)2I2]

� .

Figure 3. Crystal structure of [U(Cp*)2(terpy)][U(Cp*)2I2] (5b) with ther-
mal ellipsoids drawn at the 10 % probability level. H atoms have been
omitted.

Figure 4. Thermal dependence of c3aT (~), c4aT (*) and the difference
DcT=c4aT�c3aT (&).
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can be obtained by subtracting from c4aT the contribution
arising from thermal depopulation of the Stark sublevels of
CeIII, that is, c3aT. In the absence of a general theoretical
model to describe the magnetic susceptibility of a metal ion
with a first-order orbital momentum, this strategy of dia-
magnetic substitution permits the problem of the spin–orbit
coupling of this ion to be overcome. The profile of the curve
of the difference DcT=c4aT�c3aT versus T (Figure 4) clear-
ly shows that the ground state of 4a is antiferromagnetically
coupled. It is noteworthy that the Ce–spin carrier interac-
tion has been found to be antiferromagnetic for all com-
pounds investigated so far, irrespective of the structural de-
tails.[32–35] Comparison of the magnetic properties of [Yb-
(Cp*)2(L)]I and [Yb(Cp*)2(L)] (L=bipy or phen) also re-
vealed antiferromagnetic coupling between the Yb3+ ion
and the ligand radical in the neutral complexes.[10]

The magnetic behavior of 3b is characteristic of an
uranium(iii) complex, as shown by the c3bT versus T plot in
Figure 5, which is similar to that previously reported for a

variety of trivalent organometallic and inorganic uranium
complexes;[36] c3bT decreases from 0.7 cm3 K mol�1 at 300 K
to 0.2 cm3 K mol�1 at 2 K. For 4b, as for its cerium counter-
part 4a, the value of c4bT=1.1 cm3 K mol�1 at 300 K corre-
sponds to that expected for two noninteracting spin carriers;
c4bT decreases as T is lowered and reaches 0.2 cm3 K mol�1

at 2 K. The difference DcT=c4bT�c3bT, which decreases
with decreasing temperature, reveals that the UIII–terpyC� in-
teraction is antiferromagnetic. To the best of our knowledge,
the magnetic exchange in 4b is the first interaction between
uranium(iii) and a spin carrier to have been characterized in
a molecular compound.

Reactions of [M(Cp*)2(terpy)]
n+ (M=Ce, U; n=1, 0) with

Ph3SnH and NEt3HBPh4; synthesis and characterization of
[U(Cp*)2{NC5Hn(py)2}]X (n=4, 8; X= I, BPh4): The reac-
tions of 3 and 4 with the HC and H+ donor reagents Ph3SnH

and NEt3HBPh4 led to a clear differentiation of the cerium
and uranium complexes. No reaction was observed between
these reagents and 3a, as expected for a neutral terpy ligand
coordinated to CeIII (resonance form I in Scheme 1). In con-
trast, treatment of the uranium counterpart 3b with Ph3SnH
in pyridine readily afforded the uranium(iv) compound [U-
(Cp*)2{NC5H4(py)2}]I (6), where NC5H4(py)2 is the 2,6-dipyr-
idyl(hydro-4-pyridyl) ligand (Scheme 4). Dark brown crys-

tals of 6·py suitable for X-ray diffraction analysis were ob-
tained by slow diffusion of pentane into a pyridine solution.
To the best of our knowledge, 6 is the first complex with a
monohydroterpyridyl ligand. However, nucleophilic attack
on both the 2- and 4-positions of pyridine is well document-
ed.[37] Various yttrium complexes of the type [Y]-(h1-NC5H6)
were synthesized by reaction of pyridine and yttrium hy-
drides;[38] in the case of [Y(C5H5)2(NC5H6)],[38a] it was dem-
onstrated that the 1,4-addition product was obtained after
slow isomerization of the initially formed 1,2-addition prod-
uct. No indication for a 1,2-addition product was found in
the reaction of 3b and Ph3SnH, and the formation of 6 can
obviously be accounted for by the direct addition of HC onto
the 4’-position of the terpy ligand in canonical form II
(Scheme 1), which confirms the contribution of this hybrid
to the true structure of 3b.

Complex 6 was further hydrogenated to [U(Cp*)2-
{NC5H8(py)2}]I (7) by using an excess of Ph3SnH in refluxing
pyridine (Scheme 4); after evaporation of the solvent and
washing with THF, the orange powder of 7 was isolated in
68 % yield, and crystals suitable for X-ray diffraction analy-
sis were deposited from a THF solution.

Figure 5. Thermal dependence of c3bT (~), c4bT (*) and the difference
DcT=c4bT�c3bT (&).

Scheme 4. Distinct reactions of the cerium and uranium complexes.
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Treatment of the cerium complex 4a with NEt3HBPh4 led
to oxidation of the terpyC� ligand and formation of [Ce-
(Cp*)2(terpy)]BPh4. Similar reaction with 4b followed a dis-
tinct course and afforded the uranium(iv) complex [U-
(Cp*)2{NC5H4(py)2}]BPh4 (6’), which was isolated as a dark
brown powder in 81 % yield; crystals of 6’ were obtained by
crystallization from THF. The synthesis of 6’, which clearly
results from the addition of H+ to the terpy ligand, strongly
supports the contribution of hybrid VI (Scheme 2) to the
true structure of 4b.

Reduction of 6 and 6’ with sodium amalgam in THF gave
4b ; this reaction may involve the neutral uranium(iii) inter-
mediate [U(Cp*)2{NC5H4(py)2}], which would be unstable
towards aromatization of the terdentate ligand and loss of
dihydrogen.

Compounds 4 appeared to be inert in the presence of
Ph3SnH. It is possible that the expected cerium product [Ce-
(Cp*)2{NC5H4(py)2}], like its uranium analogue, is unstable
towards aromatization of the terdentate ligand, giving back
4a in a degenerate process; however, dihydrogen was not
detected in the reaction mixture.

Complex 5b reacted in THF with either Ph3SnH or
NEt3HBPh4 to give the cation [U(Cp*)2{NC5H4(py)2}]

+ , a
result which is in agreement with the fact that 5b is actually
an equilibrating mixture of 3b and 4b in THF solution
([Eq. (10)] in Scheme 3).

Complexes 6, 6’ and 7 are composed of discrete cation–
anion pairs; a view of the cation of 6, which is very similar
to that of 6’, and a view of the cation of 7 are shown in Fig-
ures 6 and 7, respectively, while selected bond lengths and

angles are listed in Tables 2 and 3. The structures are of
good quality and the sp3 nature of C3 in 6 and 6’, and of C2,
C3, and C4 in 7 is clear-cut. While the uranium environment
in these cations is similar to that in 3–5, significant structural
differences are easily discernible. The U�N1 distances be-

tween the uranium atom and the central nitrogen atom of
the monohydroterpyridyl ligand of 2.313(6) and 2.351(6) 5
in 6 and 6’, respectively, are shorter, by 0.03–0.13 5, than
those in the other uranium complexes, while the U�N2 and
U�N3 distances are longer, by 0.03–0.04 5. The lengths of
the C�C bonds A and B and C�N bond J in the terdentate
ligands of 6 and 6’ clearly correspond to the respective
single, double and single character of these bonds. The U�
N1 distance is even shorter in 7, with a value of 2.247(7) 5,
which is typical of an amide ligand terminally coordinated
to uranium(iv),[23–25] while the U�N2 and U�N3 distances
are even larger (2.490(7) and 2.515(7) 5, respectively). The
lengthening of the U�N1 distances in 6 and 6’ with respect
to 7 could reflect some charge delocalization and the contri-
bution to the true structure of resonance forms such as VII
in Scheme 5. In agreement with this assumption, C�N bond

J in 7 appears to be longer than in 6 and 6’, by about 0.05 5,
while B is clearly a single C�C bond. The C�C bonds C in
6, 6’ and 7 are 0.02–0.05 5 longer than in the other uranium
complexes 3b, 4b and 5b. In 7, bond C is identical to that in
free terpy, and the terdentate ligand is not planar, with dihe-
dral angles between the mean planes of the central and lat-
eral rings of 30.2(4) and 24.4(5)8. The central ring of the
NC5H8(py)2 ligand in 7 adopts a chair conformation which
brings the C2, C3 and C4 atoms out of the mean plane de-
fined by the other atoms of the terdentate ligand (rms devi-

Figure 6. Crystal structure of the cation in [U(Cp*)2{NC5H4(py)2}]I (6)
with thermal ellipsoids drawn at the 10% probability level. H atoms
have been omitted except those at the 3-, 4- and 5-positions of the central
ring.

Figure 7. Crystal structure of the cation in [U(Cp*)2{NC5H8(py)2}]I (7)
with thermal ellipsoids drawn at the 10% probability level. H atoms
have been omitted.

Scheme 5. Canonical forms of complexes 6.
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ation 0.058 5), which lies in the equatorial girdle of the U-
(Cp*)2 moiety; the dihedral angle between this plane and
the C2-C3-C4 plane is 3.1(8)8. The solid-state structure of 7
is preserved in solution, as shown by the 1H NMR spectrum,
which exhibits two distinct signals of equal intensity (15 H)
corresponding to the Cp* ligands, and two distinct signals of
equal intensities (1H) attributed to the protons on C3
carbon.

The magnetic behavior of 6’ (Figure 8) is characteristic of
a tetravalent uranium compound;[39] c6’T decreases from
0.8 cm3 K mol�1 at 300 K to 0 cm3 K mol�1 at 2 K, since the
local ground state of the uranium(iv) site is nonmagnetic.

Conclusion

Comparison of the crystal structures of [M(Cp*)2I(bipy)]
[M=Ce (1a), M=U (1b)] indicated that the extent of don-
ation of electron density into the LUMO of the bidentate
ligand is more important in the actinide than in the lantha-
nide compound. The synthesis of the terpyridine complexes
[M(Cp*)2(terpy)] [M=Ce (4a), M=U (4b)] by reduction of
the cationic precursors [M(Cp*)2(terpy)]I [M=Ce (3a), M=

U (3b)] permitted for the first time the structural and physi-
cochemical properties of such low-valent compounds of 4f
and 5f elements to be compared. Rapid electron-transfer re-
actions between complexes 3 and 4 in solution were re-
vealed by NMR spectroscopy. Magnetic studies indicated
that the uranium atoms in 3b and 4b are in the +3 oxida-
tion state. Compound 4b, like its cerium counterpart, should
be formulated as [MIII(Cp*)2(terpyC�)], in which spins on the
individual units are antiferromagnetically coupled at low
temperature; the exchange interaction in 4b is the first
uranium(iii)–spin carrier interaction to have been character-
ized in a molecular complex. However, comparison of the
crystal structures and reactions of these analogous cerium-
(iii) and uranium(iii) complexes revealed significant differen-
ces which reflect the presence of stronger electron transfer
between the electron-rich metal and the terdentate N ligand

in the actinide compounds. The shortening of the U�N dis-
tances with respect to the Ce�N distances is the most pro-
nounced so far observed in such pairs of trivalent lanthanide
and actinide complexes; the small but systematic variations
in the C�C and C�N bond lengths of the terdentate ligands
also indicate more extensive filling of the LUMO of terpy in
the uranium than in the cerium compounds. The contribu-
tion of the canonical forms [UIV(Cp*)2(terpyC�)]I and [UIV-
(Cp*)2(terpy2�)] to the true structures of 3b and 4b was
strongly evidenced by the reactions of these complexes with
Ph3SnH and NEt3HBPh4, respectively, which afforded the
cation [U(Cp*)2{NC5H4(py)2}]

+ , the first metal complex with
a monohydroterpyridyl ligand. These results, together with
those concerning the selective complexation of uranium(iii)
over lanthanide(iii) ions by aromatic nitrogen bases,[4,5,16, 17]

clearly demonstrate that the presence of electron transfer in
the 5f element complexes is of the greatest importance for
favoring clear-cut LnIII/AnIII differentiation.

Experimental Section

General: All reactions were carried out under argon (<5 ppm oxygen or
water) using standard Schlenk vessel and vacuum-line techniques or in a
glove box. Solvents were dried by standard methods and distilled imme-
diately before use. The deuteriated solvents (Eurisotop) were dried over
Na/K alloy ([D8]toluene and [D8]THF) or NaH ([D5]py).

The 1H NMR spectra were recorded on a Bruker DPX 200 instrument
and referenced internally by using the residual proton solvent resonances
relative to tetramethylsilane (d=0). Magnetic susceptibility data were
collected on a powdered sample of the compound with a SQUID-based
sample magnetometer Quantum design MPMS5. Elemental analyses
were performed by Analytische Laboratorien at Lindlar (Germany).

CeI3, terpy, NEt4I, AgI (Aldrich), and Ph3SnH (Janssen) were used with-
out purification. NEt3HBPh4 was prepared by mixing NEt3HCl and
NaBPh4 in water; the precipitate was filtered off, washed with ethanol
and diethyl ether and dried under vacuum. The green powder of [U-
(Cp*)2I(py)] was obtained by evaporation of a pyridine solution of [U-
(Cp*)2I(thf)], which was prepared as previously reported;[40] in contrast
to the cerium analogue, the pyridine ligand in [U(Cp*)2I(py)] is not
labile and did not dissociate on heating under vacuum. 1H NMR
([D6]benzene, 23 8C): d=5.02 (s, 1 H; py), �1.64 (s, 30H; Cp*), �10.50 (s,
2H; py), �70.50 ppm (s, 2H; py).

Synthesis of [Ce(Cp*)2I]: A flask was charged with CeI3 (1070 mg,
2.05 mmol) and KCp* (718 mg, 4.12 mmol), and THF (20 mL) was con-
densed into it. The yellow reaction mixture was stirred at 20 8C for 24 h.
The solvent was evaporated, and the pink residue extracted with a mix-
ture of THF (0.5 mL) and toluene (20 mL). The solution was evaporated
to dryness, leaving the product as a bright pink powder (970 mg, 88%).
1H NMR ([D8]THF, 23 8C): d=5.35 ppm (Cp*); elemental analysis calcd
(%) for C20H30ICe (537): C 44.69, H 5.63; found: C 44.47, H 5.53.

Synthesis of [Ce(Cp*)2I(bipy)] (1a): A flask was charged with [Ce-
(Cp*)2I] (20 mg, 0.036 mmol) and bipy (6.0 mg, 0.038 mmol) in THF
(0.4 mL). After 1 h at 20 8C, the solvent was evaporated, leaving an
orange powder of 1a, which was washed with Et2O (0.3 mL) and dried
under vacuum (20.2 mg, 81%). 1H NMR ([D8]THF, 23 8C): d=10.75 (s,
30H; Cp*), 8.94 (s, 1H; bipy), 7.10 (s, 1 H; bipy), 6.59 (s, 1H; bipy), 6.05
(s, 1H; bipy), 4.27 (s, 1 H; bipy), 0.90 (s, 1 H; bipy), �32.5 ppm (s, 2 H;
bipy); elemental analysis calcd (%) for C30H38IN2Ce (693.7): C 51.95, H
5.52, N 4.04; found: C 52.04, H 5.37, N 4.22.

Synthesis of [U(Cp*)2I(bipy)] (1b): By using the same procedure as for
1a, reaction of [U(Cp*)2I(py)] (204 mg, 0.286 mmol) and bipy (47 mg,
0.30 mmol) in THF (10 mL) gave a black powder of 1b (163 mg, 72%).

Figure 8. Thermal dependence of c6’T.
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1H NMR ([D8]THF, 23 8C): d=4.56 (s, 30H; Cp*), 27.52 (s, 1H; bipy),
15.07 (s, 1H; bipy), �0.19 (s, 1 H; bipy), �0.46 (s, 1 H; bipy), �2.05 (s,
1H; bipy), �4.78 (s, 1H; bipy), �37.91 (s, 1 H; bipy), �40.92 ppm (s, 1 H;
bipy); elemental analysis calcd (%) for C30H38IN2U (791.6): C 45.52, H
4.84, N 3.54, I 16.03; found: C 45.35, H 4.74, N 3.68, I 15.96.

Reaction of [Ce(Cp*)2I] with bipy: An NMR tube was charged with 1a
(7.2 mg, 0.013 mmol) and 2 % Na(Hg) (17.2 mg, 0.015 mmol of Na) in
[D8]THF (0.4 mL). The mixture was heated for 12 h in a sand bath at
110 8C, and the spectrum of the brown solution showed that 2a was
formed in almost quantitative yield. 1H NMR ([D8]THF, 23 8C): d=4.17
(s, 30H; Cp*), �26.91 (s, 2H; bipy), �40.46 (s, 2H; bipy), �159.23 (s,
2H; bipy), �253.11 ppm(s, 2 H; bipy).

Synthesis of [U(Cp*)2(bipy)] (2b): A flask was charged with 1b (150 mg,
0.189 mmol) and 2 % Na(Hg) (280 mg, 0.243 mmol of Na), and THF
(10 mL) was condensed into it. The mixture was stirred at 20 8C for 12 h,
the solvent was evaporated , and the residue extracted with toluene
(15 mL). The solution was evaporated to dryness and the green powder
of 2b was dried under vacuum (75.5 mg, 80%). 1H NMR ([D8]toluene,
23 8C): d=0.25 (s, 30H; Cp*), �19.8 (d, J=6 Hz, 2 H; bipy), �41.58 (t,
J=6 Hz, 2H; bipy), �81.40 (t, J=6 Hz, 2H; bipy), �93.91 ppm (t, J=
6 Hz, 2 H; bipy); elemental analysis calcd (%) for C30H38N2U (664.7): C
54.21, H 5.76, N 4.21; found: C 54.16, H 5.84, N 4.31.
1H NMR characterization of [U(Cp*)2I2] and [NEt4][U(Cp*)2I2]: a) An
NMR tube was charged with [U(Cp*)2I(py)] (10.1 mg, 0.014 mmol) and
AgI (3.3 mg, 0.014 mmol) in [D8]THF (0.4 mL). The reaction mixture
was stirred at 60 8C for 12 h; the color of the solution turned from green
to orange, and black metallic silver was deposited. The spectrum showed
the presence of [U(Cp*)2I2] as the sole product with signals of free pyri-
dine. 1H NMR ([D8]THF, 23 8C): d=18.43 (Cp*). b) An NMR tube was
charged with [U(Cp*)2I(py)] (12.9 mg, 0.018 mmol) and NEt4I (4.6 mg,
0.018 mmol) in [D8]THF (0.4 mL). The tube was immersed in an ultra-
sound bath (80 W, 40 kHz) for 1 h. The spectrum of the dark orange solu-
tion showed the presence of [NEt4][U(Cp*)2I2] as the sole product.
1H NMR ([D8]THF, 23 8C): d=�2.69 (s, 30 H; Cp*), �6.11 (br, 12H;
CH2Me), �6.83 ppm (br, 8 H; CH2Me).

Synthesis of [Ce(Cp*)2(terpy)]I (3a): An NMR tube was charged with
[Ce(Cp*)2I] (11 mg, 0.02 mmol) and terpy (4.8 mg, 0.02 mmol) in
[D8]THF (0.4 mL). The tube was immersed in an ultrasound bath (80 W,
40 kHz) for 15 min. Orange crystals were deposited from the solution at
6 8C; these were collected and dried under vacuum (12 mg, 72%).
1H NMR ([D5]py, 23 8C): d=5.98 (t, J=8 Hz, 1H; terpy), 5.88 (t, J=
7 Hz, 2 H; terpy), 4.33 (s, 30H; Cp*), 4.16 (d, J=9 Hz, 2 H; terpy), 4.12
(d, J=7 Hz, 2H; terpy), 2.93 (d, J=7 Hz, 2H; terpy), �16.28 ppm (s,
2H; terpy); elemental analysis calcd (%) for C35H41IN3Ce (770.7): C
54.54, H 5.36, N 5.45; found: C 54.64, H 5.52, N 5.56.

Synthesis of [U(Cp*)2(terpy)]I (3b): A flask was charged with [U-
(Cp*)2I(py)] (145 mg, 0.203 mmol) and terpy (52 mg, 0.223 mmol), and
THF (12 mL) was condensed into it. The reaction mixture was stirred at
20 8C for 4 h and the solvent was evaporated. The black powder of 3b
was washed with THF (10 mL) and dried under vacuum (172 mg, 90%).
1H NMR ([D5]py, 23 8C): d=8.53 (s, 30 H; Cp*), the terpy signals were
very broad and not assigned; 1H NMR ([D5]py, 70 8C): d=13.66 (s, 2 H;
terpy), 7.82 (s, 30 H; Cp*), 4.26 (s, 2H; terpy), 2.90 (s, 2 H; terpy), �3.16
(s, 2H; terpy), �57.00 ppm (s, 2 H; terpy); the signal of relative intensity
1H of the terpy ligand was not detected; elemental analysis calcd (%)
for C35H41IN3U (868.7): C 48.39, H 4.76, N 4.84; found: C 48.25, H 4.81,
N 4.97.

Synthesis of [Ce(Cp*)2(terpy)] (4a): A flask was charged with 3a
(100 mg, 0.130 mmol) and 2 % Na(Hg) (540 mg, 0.47 mmol), and THF
(12 mL) was condensed into it. The reaction mixture was stirred at 20 8C
for 12 h. The green solution was evaporated to dryness and the residue
extracted with toluene (15 mL). After evaporation of the solvent, 4a was
recovered as a green powder (86 mg, 92 %). 1H NMR ([D8]THF, 23 8C):
d=6.04 (s, 2 H; terpy), 3.94 (s, 30H; Cp*), �10.86 (s, 2 H; terpy), �13.97
(s, 2 H; terpy), �68.93 (s, 2H; terpy), �115.42 (s, 2H; terpy), �310.6 ppm
(s, 1 H; terpy); elemental analysis calcd (%) for C35H41N3Ce (643.8): C
65.29, H 6.42, N 6.53; found: C 65.15, H 6.59, N 6.70.

Synthesis of [U(Cp*)2(terpy)] (4b): A flask was charged with 3b
(150 mg, 0.173 mmol) and 2 % Na(Hg) (800 mg, 0.70 mmol), and THF
(12 mL) was condensed into it. The reaction mixture was stirred at 20 8C
for 12 h. The green solution was evaporated to dryness, and the residue
extracted with toluene (15 mL). After evaporation of the solvent, 4b was
recovered as a dark green powder (116 mg, 90 %). 1H NMR ([D8]THF,
23 8C): d=15.35 (s, 30H; Cp*), �8.35 (s, 2H; terpy), �20.70 (s, 2H;
terpy), �28.79 (d, J=8 Hz, 2H; terpy), �41.26 (s, 2H; terpy), �48.43 (s,
1H; terpy), �126.40 ppm (s, 2 H; terpy); elemental analysis calcd (%) for
C35H41N3U (741.8): C 56.67, H 5.57, N 5.66; found: C 56.48, H 5.47, N
5.52.

Reactions of complexes 4 with AgI: a) An NMR tube was charged with
4a (12.2 mg, 0.019 mmol) and AgI (4.4 mg, 0.019 mmol) in THF
(0.4 mL). After 30 min in the ultrasound bath, the solution was colorless
and orange crystals had deposited; THF was replaced with [D5]py, and
the spectrum showed the formation of 3a as the sole product. b) By
using the same procedure, reaction of 4b (10.9 mg, 0.014 mmol) and AgI
(3.4 mg, 0.014 mmol) in THF gave a black powder, and the NMR spec-
trum in [D5]py showed the formation of 3b.

Electron transfer reactions between 3a and 4a, or 3b and 4b : a) An
NMR tube was charged with 3a (11.8 mg, 0.015 mmol) and 4a (9.6 mg,
0.015 mmol) in [D8]THF (0.4 mL). The tube was immersed in the ultra-
sound bath for 5 min. The spectrum showed the single averaged resonan-
ces corresponding to the Cp* and terpy ligands of 3a and 4a. 1H NMR
([D8]THF, 23 8C): d=4.27 (s, 30H; Cp*), 1.77 (d, J=10 Hz, 2 H; terpy),
�4.35 (s, 2 H; terpy), �13.49 (s, 2H; terpy), �28.67 (s, 2H; terpy), �52.28
(s, 2H; terpy), �138.9 ppm (s, 1H; terpy). b) Similarly, the spectrum of a
mixture of 3b (12.0 mg, 0.014 mmol) and 4b (10.2 mg, 0.014 mmol) in
[D8]THF (0.4 mL) exhibited the single averaged resonances correspond-
ing to the Cp* and terpy ligands of 3b and 4b. 1H NMR ([D8]THF,
23 8C): d=12.10 (s, 30 H; Cp*), 2.40 (s, 2H; terpy), �9.77 (s, 2 H; terpy),
�11.71 (s, 2 H; terpy), �19.41 (s, 2H; terpy), �96.56 ppm (s, 2 H; terpy);
the signal of relative intensity 1 H of the terpy ligand was not detected.

Electron transfer reactions between 3a and 4b, or 3b and 4a : An NMR
tube was charged with 3a (9.4 mg, 0.012 mmol) and 4b (9.1 mg,
0.012 mmol), or 3b (12.0 mg, 0.014 mmol) and 4a (9.1 mg, 0.014 mmol) in
[D8]THF (0.4 mL). The tube was immersed in the ultrasound bath for
1 h. The spectra showed the averaged resonances corresponding to the
equilibrating mixtures of 3a, 4a, 3b and 4b with [3a]/[4a]= [4b]/[3b]=87/
13.

Reaction of [Ce(Cp*)2I] with 0.5 mol equivalent of terpy : An NMR tube
was charged with [Ce(Cp*)2I] (11.0 mg, 0.02 mmol) and terpy (2.4 mg,
0.01 mol) in [D8]THF (0.4 mL). The tube was immersed in the ultrasound
bath for 15 min. The spectrum of the orange solution showed the quanti-
tative formation of [Ce(Cp*)2(terpy)][Ce(Cp*)2I2] (5a). 1H NMR
([D8]THF, 23 8C): d=7.08 (s, 1H; terpy), 5.10 (s, 30H; Cp*), 4.34 (s, 2 H;
terpy), 3.95 (s, 30H; Cp*), 2.24 (s, 2H; terpy), 1.65 (s, 2H; terpy), 1.00 (s,
2H; terpy), �16.54 ppm (s, 2H; terpy).

Synthesis of [U(Cp*)2(terpy)][U(Cp*)2I2] (5b): A flask was charged with
[U(Cp*)2I(py)] (123 mg, 0.172 mmol) and terpy (20.0 mg, 0.086 mmol),
and toluene (15 mL) was condensed into it. After 1 h at 20 8C, the
volume of the solution was reduced to 5 mL and addition of pentane
(13 mL) induced precipitation of a dark green powder of 5b, which was
filtered off and dried under vacuum (70 mg, 93 %). The 1H NMR spec-
trum of 5b in [D8]THF is identical to that of a 1:1 mixture of 3b and [U-
(Cp*)2I(py)], or 4b and [U(Cp*)2I2]. 1H NMR ([D8]THF, 23 8C): d=

12.71 (s, 30 H; Cp*), 11.20 (s, 30H; Cp*), 2.76 (t, J=9 Hz, 2H; terpy),
�14.28 (s, 2H; terpy), �17.99 (s, 2H; terpy), �26.99 (s, 2 H; terpy),
�106.2 ppm (s, 2H; terpy); the signal of relative intensity 1H of the
terpy ligand was not detected; elemental analysis calcd (%) for
C55H71I2N3U2 (1504): C 43.92, H 4.76, N 2.79; found: C 43.65, H 4.72, N
3.01.

Reaction of 3b with Ph3SnH: An NMR tube was charged with 3b
(6.6 mg, 0.0076 mmol) and Ph3SnH (10.0 mg, 0.028 mmol) in [D5]py
(0.4 mL). The tube was immersed in the ultrasound bath for 1 h. The
spectrum of the dark brown solution showed almost quantitative forma-
tion of [U(Cp*)2{NC5H4(py)2}]I (6). 1H NMR ([D5]py, 23 8C): d=59.57 (s,
2H; N ligand), 16.23 (s, 30 H; Cp*), 0.02 (t, J=10 Hz, 2H; N ligand),

Chem. Eur. J. 2005, 11, 6994 – 7006 J 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 7003

FULL PAPER[M(C5Me5)2(L)]0,+ (M=Ce, U; L=2,2’-Bipyridine, 2,2’:6’,2’’-Terpyridine) Complexes

www.chemeurj.org


�10.99 (d, J=10 Hz, 2H; N ligand), �19.01 (s, 2 H; N ligand), �19.39 (s,
2H; N ligand), �113.78 ppm (s, 2 H; N ligand).

Reaction of 4a with NEt3HBPh4 : An NMR tube was charged with 4a
(9.5 mg, 0.015 mmol) and NEt3HBPh4 (6.3 mg, 0.015 mmol) in [D5]py.
The tube was immersed in the ultrasound bath for 2 h; bubbles of gas,
presumably dihydrogen, were observed in the early stages of the reaction.
The spectrum of the green solution showed almost quantitative formation
of [Ce(Cp*)2(terpy)]BPh4.

1H NMR ([D5]py, 23 8C): d=7.84 (s, 10H;
BPh4), 7.13 (s, 10H; BPh4), 5.74 (t, J=7 Hz, 1H; terpy), 5.70 (t, J=7 Hz,
2H; terpy), 4.37 (s, 30 H; Cp*), 3.79 (s, 2 H; terpy), 3.73 (s, 2 H; terpy),
2.78 (d, J=7 Hz, 2H; terpy), �16.50 ppm (s, 2 H; terpy).

Synthesis of [U(Cp*)2{NC5H4(py)2}][BPh4] (6’): A flask was charged with
4b (133 mg, 0.153 mmol) and NEt3HBPh4 (64 mg, 0.153 mmol), and THF
(12 mL) was condensed into it. The reaction mixture was stirred at 20 8C
for 12 h. The solvent was evaporated off, and the dark brown powder of
6’ was washed with toluene (15 mL) and dried under vacuum (131 mg,
81%). 1H NMR ([D5]py, 23 8C): d=60.26 (s, 2H; N ligand), 16.19 (s,
30H; Cp*), 7.31 (s, 10H; Ph), 6.75 (s, 10 H; Ph), �0.10 (d, J=10 Hz, 2 H;
N ligand), �11.05 (d, J=10 Hz, 2H; N ligand), �19.29 (s, 2 H; N ligand),
�19.43 (s, 2H; N ligand), �114.27 ppm (s, 2H; N ligand); elemental anal-
ysis calcd (%) for C59H62BN3U (1062): C 66.73, H 5.88, N 3.96; found: C
66.51, H 5.72, N 4.10.

Table 4. Crystal data and structure refinement details.

1a 1b 3a·THF 3b·THF 4b

empirical formula C30H38CeIN2 C30H38IN2U C39H49CeIN3O C39H49IN3OU C35H41N3U
M [gmol�1] 693.64 791.55 842.83 940.74 741.74
crystal system monoclinic monoclinic monoclinic trigonal monoclinic
space group P21/c P21/n C2/c R3̄c P21/n
a [5] 10.5719(12) 11.7734(4) 21.3196(9) 20.4936(8) 10.5915(5)
b [5] 14.5662(16) 15.5242(5) 19.1336(10) 20.4936(8) 16.2320(11)
c [5] 18.2757(15) 15.0045(5) 19.1138(8) 44.5824(12) 16.9469(11)
a [8] 90 90 90 90 90
b [8] 90.333(7) 94.699(2) 102.269(3) 90 91.731(4)
g [8] 90 90 90 120 90
V [53] 2814.3(5) 2733.19(16) 7618.8(6) 16 215.5(10) 2912.2(3)
Z 4 4 8 18 4
1calcd [gcm�3] 1.637 1.924 1.470 1.734 1.692
m(MoKa) [mm�1] 2.734 7.089 2.037 5.395 5.602
F(000) 1372 1508 3384 8226 1456
data collected 18659 18544 25 039 35 292 19885
unique data 5302 5150 7003 3420 5252
observed data [I>2s(I)] 3828 4339 5084 2930 4120
Rint 0.112 0.066 0.104 0.086 0.070
parameters 317 317 416 234 352
R1 0.053 0.033 0.073 0.029 0.033
wR2 0.107 0.072 0.171 0.058 0.071
S 1.057 1.047 1.012 1.072 1.037
D1min [e 5�3] �1.48 �0.72 �1.74 �0.67 �0.66
D1max [e5�3] 0.71 0.71 1.34 0.64 0.55

5b·toluene 6·py 6’ 7

empirical formula C62H79I2N3U2 C40H47IN4U C59H64BN3U C35H46IN3U
M [gmol�1] 1596.14 948.75 1061.96 873.68
crystal system monoclinic trigonal monoclinic orthorhombic
space group Cc R3̄ P21/n Pbca
a [5] 26.2124(8) 27.3459(6) 10.2979(11) 15.844(2)
b [5] 16.7828(7) 27.3459(6) 32.855(3) 22.054(3)
c [5] 16.2870(7) 26.0915(10) 14.0282(13) 18.2807(12)
a [8] 90 90 90 90
b [8] 125.122(2) 90 92.230(7) 90
g [8] 90 120 90 90
V [53] 5860.4(4) 16897.2(8) 4742.7(8) 6387.7(13)
Z 4 18 4 8
1calcd [gcm�3] 1.809 1.678 1.487 1.817
m(MoKa) [mm�1] 6.613 5.177 3.465 6.077
F(000) 3048 8280 2136 3376
data collected 19 621 38548 25 853 50728
unique data 10 490 7047 8644 6006
observed data [I>2s(I)] 9763 5525 6119 4061
Rint 0.055 0.101 0.091 0.074
parameters 632 428 587 381
R1 0.043 0.052 0.058 0.052
wR2 0.099 0.105 0.137 0.097
S 1.036 1.065 1.052 1.051
D1min [e 5�3] �1.46 �1.18 �1.19 �1.35
D1max [e5�3] 1.04 1.64 1.77 0.75
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Reaction of 5b with Ph3SnH : An NMR tube was charged with 5b
(24.8 mg, 0.016 mmol) and Ph3SnH (15.0 mg, 0.042 mmol) in THF
(0.4 mL). The tube was stirred for 18 h at 20 8C; the solvent was evapo-
rated off and replaced with [D5]py. The spectrum of the dark green solu-
tion showed the formation of [U(Cp*)2I(py)] (50 %), 6 (20 %), 7 (18 %)
and an unidentified product (12 %) with a Cp* signal at d=16.16 ppm.

Reaction of 5b with NEt3HBPh4: An NMR tube was charged with 5b
(18.9 mg, 0.011 mmol) and NEt3HBPh4 (4.8 mg, 0.011 mmol) in [D8]THF.
The tube was immersed in the ultrasound bath for 15 min. The color of
the solution turned from green to orange, and the spectrum showed the
formation of an equimolar mixture of 6’ and [U(Cp*)2I2].

Reaction of 6’ with Na(Hg): An NMR tube was charged with 6 (18.4 mg,
0.017 mmol) and 2% Na(Hg) (60 mg, 0.052 mmol of Na) in [D8]THF
(0.4 mL). The tube was immersed in the ultrasound bath for 2 h. The
color of the solution turned from orange to green, and the spectrum
showed almost quantitative formation of 4b.

Synthesis of [U(Cp*)2{NC5H8(py)2}]I (7): A flask was charged with 3b
(160 mg, 0.184 mmol) and Ph3SnH (342 mg, 0.975 mmol), and pyridine
(12 mL) was condensed into it. The reaction mixture was heated at
120 8C for 8 h. The solvent was evaporated off and the orange powder of
7 was washed with THF (15 mL) and dried under vacuum (96.4 mg,
68%). 1H NMR ([D5]py, 23 8C): d=78.06 (d, J=12 Hz, 2 H; N ligand),
12.60 (br, 1H; N ligand), 11.81 (s, 15 H; Cp*), 11.56 (br, 1H; N ligand),
10.30 (s, 15 H; Cp*), 4.28 (dd, J=12 Hz, 2 H; N ligand), 3.74 (t, J=10 Hz,
2H; N ligand), 1.79 (d, J=10 Hz, 2H; N ligand), 0.45 (d, J=10 Hz, 2 H;
N ligand), �18.58 (br s, 2 H; N ligand), �95.69 ppm (br s, 2H; N ligand);
elemental analyses calcd (%) for C35H46IN3U (873.7): C 48.12, H 5.31, N
4.81; found: C 48.05, H 5.40, N 4.80.

Crystal structure determinations : Data were collected at 100(2) K on a
Nonius Kappa-CCD area detector diffractometer[41] using graphite-mono-
chromated MoKa radiation (l=0.71073 5). The crystals were introduced
into glass capillaries with a protecting Paratone-N oil (Hampton Re-
search) coating. The unit-cell parameters were determined from ten
frames, then refined on all data. The data (F scans) were processed with
DENZO-SMN.[42] The structures were solved by Patterson map interpre-
tation (6’) or by direct methods (all other compounds) with SHELXS-97
and subsequent Fourier-difference synthesis and refined by full-matrix
least-squares techniques on F2 with SHELXL-97.[43] Absorption effects
were corrected empirically with the program DELABS from
PLATON.[44] In all compounds, all non-hydrogen atoms were refined
with anisotropic displacement parameters. In compounds 3a·THF,
3b·THF, 5b·toluene, 6·py and 6’, some restraints on bond displacements
had to be applied for some badly behaving atoms, particularly in some
Cp* moieties, the solvent molecules and one aromatic ring of the BPh4

group in 6’, possibly indicating the presence of unresolved disorder in
some cases. Restraints on bond lengths were also applied for the tetrahy-
drofuran molecule in 3b·THF, which is disordered over two positions
with 0.5 occupancy factor, and the aromatic ring of the toluene molecule
in 5b·toluene was refined as an idealized hexagon. Some voids in the
structure of 6·py, as well as the highest residual electron density peak lo-
cated on the threefold axis, likely indicate the presence of another, unre-
solved solvent molecule. The iodine atom in 7 is disordered over two po-
sitions with refined occupancy parameters of 0.87(2) and 0.13(2); the
latter position, which was somewhat unstable, was refined with restraints
on displacement parameters. The hydrogen atoms were introduced at cal-
culated positions in all compounds (except for the disordered tetrahydro-
furan molecule in 3b·THF) and were treated as riding atoms with a dis-
placement parameter equal to 1.2 (CH, CH2) or 1.5 (CH3) times that of
the parent atom. The absolute structure in 5b·toluene was determined
from the value of the Flack parameter (0.004(6).[45] Crystal data and
structure refinement details are given in Table 4. The molecular plots
were drawn with SHELXTL.[46]

CCDC-270339–CCDC-270347 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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