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Synthesis of the sterically crowded Tris(pentamethylcyclopentadi-
enyl) lanthanide complexes, (C5Me5)3Ln, has demonstrated that
organometallic complexes with unconventionally long metal li-
gand bond lengths can be isolated that provide options to develop
new types of ligand reactivity based on steric crowding. Previously,
the (C5Me5)3M complexes were known only with the larger lan-
thanides, La–Sm. The synthesis of even more crowded complexes
of the smaller metals Gd and Y is reported here. These com-
plexes allow an evaluation of the size�reactivity correlations pre-
viously limited to the larger metals and demonstrate a previously
undescribed type of C5Me5-based reaction, namely C–H bond
activation. (C5Me5)3Gd, was prepared from GdCl3 through
(C5Me5)2GdCl2K(THF)2, (C5Me5)2Gd(C3H5), and [(C5Me5)2Gd][BPh4]
and structurally characterized by x-ray crystallography. Although
Gd3� is redox-inactive, (C5Me5)3Gd functions as a reducing agent in
reactions with 1,3,5,7-cyclooctatetraene (COT) and triphenylphos-
phine selenide to make (C5Me5)Gd(C8H8), [(C5Me5)2Gd]2Se2, and
[(C5Me5)2Gd]2Se depending on the stoichiometry used. When the
analogous synthetic method was attempted with yttrium in arene
solvents, the previously characterized (C5Me5)2YR complexes
(R�C6H5, CH2C6H5) were isolated instead, i.e., C–H bond activation
of solvent occurred. To avoid this problem, (C5Me5)3Y was synthe-
sized in high yield from [(C5Me5)2YH]2 and tetramethylfulvene in
aliphatic solvents. Isolated (C5Me5)3Y was found to metalate ben-
zene and toluene with concomitant formation of C5Me5H, a reac-
tion contrary to the normal pKa values of these hydrocarbons. In
this case, the normally inert (C5Me5)1� ligand engages in C–H bond
activation due to the extreme steric crowding.

sterically induced reduction � lanthanide � pentamethylcyclopentadienyl �
arene activation � long-bond organometallics

The pentamethylcyclopentadienyl ligand, (C5Me5)1�, has been
an important component of numerous classes of organometallic

complexes providing stability, solubility, and crystallinity to more
reactive metal ligand moieties. (C5Me5)1� functions predominately
as an ancillary spectator ligand that does not become involved in
organometallic reaction pathways. One or two of these ligands are
typically found in organometallic complexes, but not three because
the cone angle of a (C5Me5)1� ligand was estimated to be as large
as 142° (1), and, as a consequence, the formation of (C5Me5)3M
complexes was presumed to be impossible.

Recent developments in the organometallic chemistry of the f
elements have shown that it is possible to isolate an entire series of
(C5Me5)3M complexes in which the M–C bond distances are longer
than conventional bond lengths (2). The ligands in these so-called
long-bond organometallic complexes display different patterns of
reactivity because they are not in a bonding arrangement that gives
them their usual amount of stabilization.

This phenomenon was first demonstrated with the Tris(penta-
methylcyclopentadienyl) samarium complex, (C5Me5)3Sm (3), pre-
pared according to Scheme 1. The structure of (C5Me5)3Sm was
surprising in that it had a 120° rather than 142° cone angle. In
(C5Me5)3Sm, the (C5Me5)1� ligands can adopt a 120° cone angle
because these ligands are further away from the metal center than

in normal trivalent samarium pentamethylcyclopentadienyl com-
plexes (4).

Consistent with the unusual structural features in (C5Me5)3Sm,
this complex displayed chemistry that was abnormal for trivalent
(C5Me5)1� lanthanide complexes (2, 5–8). In particular, the
(C5Me5)1� ligand became activated and was no longer an inert
ancillary ligand. Two main types of reactivity were initially identi-
fied (Scheme 2): (i) alkyl-like reactivity in which one of the
(C5Me5)1� rings functioned as if it were �1-bonded in a
(C5Me5)2Sm(�1-C5Me5) complex and (ii) formal one-electron re-
duction chemistry in which one of the (C5Me5)1� ligands functioned
as a reductant to give chemistry like that of divalent (C5Me5)2Sm
(9–12). Both modes of reactivity apparently derived from the steric
crowding in the molecule, and the reductive chemistry was accord-
ingly called sterically induced reduction (SIR) (2, 10). These
reactions demonstrated that the reactivity of a normally inert
ancillary ligand, in this case (C5Me5)1�, can be substantially mod-
ified by creating a coordination environment in which the ligands
have unusually long bonds.

The opportunity to accomplish one-electron reduction chemistry
like that of divalent (C5Me5)2Sm with a trivalent lanthanide com-
plex suggested that size optimization of Sm(II)-like reductive
chemistry would be possible if (C5Me5)3Ln complexes could be
made across the series (2, 10–14). Size optimization of reactivity is
a hallmark of the trivalent lanthanides: The metal with the ideal
radial size for a particular reaction can be selected from 15 options
(excluding radioactive Pm but including the chemically similar Y)
that can vary from Lu (1.03-Å nine-coordinate radius) to La (1.21
Å) in �0.015 Å per metal increments (15). This goal is not possible
with the known molecular divalent lanthanides, because the six
examples known, although different in radial size, also differ
significantly in reduction potential and reactivity (12, 16). Although
Sm(II) has effectively provided new reductive reaction chemistry to
the lanthanides with many types of substrates (11, 12, 16), there are
also many reactions that did not give isolable products, perhaps
because the size of the metal was not optimum.
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To test these ideas, the synthesis of other (C5Me5)3Ln complexes
was necessary. Such syntheses required developing reactions that
did not depend on the Sm(II) reactivity shown in Scheme 1.
Successful syntheses of (C5Me5)3Ln complexes of the larger metals,
La (1.216 Å) (17), Ce (1.196 Å) (8), Pr (1.179 Å) (8), and Nd(1.163
Å) (18) [compare Sm(1.132 Å)] were developed and provided
(C5Me5)3Ln complexes slightly less sterically crowded than
(C5Me5)3Sm. Consistent with their reduced steric crowding, they
are less reactive than (C5Me5)3Sm, although they still are sterically
crowded enough to participate in (C5Me5)2Ln(�1-C5Me5) and SIR
chemistry (8).

A more difficult synthetic challenge was to make (C5Me5)3Ln
complexes of the metals smaller than Sm. These complexes would
be more sterically crowded and presumably more reactive. Because
the synthesis of some of the less crowded complexes had proven
difficult, e.g., (C5Me5)3La, (C5Me5)3Ce, and (C5Me5)3Pr required
the use of silylated glassware for isolation (8, 17), it was uncertain
whether more crowded, presumably more reactive (C5Me5)3Ln
complexes could be made. The next smaller metal, Eu, was not an
alternative because Eu(III) is reported to be reduced by (C5Me5)1�

and would not be expected to be stable (19). The next available
lanthanide, Gd (1.107 Å), has a magnetic moment of 7.9 �B, which
meant that all of the synthetic chemistry had to be done without any
NMR spectroscopic analysis. Despite these difficulties, we report
here the synthesis of (C5Me5)3Gd. Among the next smallest mem-
bers of the lanthanide-like metals, the most desirable was yttrium
because it is diamagnetic. Although not formally a lanthanide, the
d0f0 Y3� ion behaves like the late lanthanides of similar size,
holmium and erbium. Despite the small size of Y (1.075 Å), a
(C5Me5)3Y complex can be isolated, and in so doing, a previously
undescribed mode of (C5Me5)1� reactivity was identified.

Results
Synthesis of (C5Me5)3Gd. The synthesis of (C5Me5)3Gd was at-
tempted in analogous fashion to the successful syntheses of
(C5Me5)3Ln [where Ln is La (18), Ce (8), Pr (8), Nd (18), or Sm (3)].

Fortunately, the same synthetic steps generated
(C5Me5)2Gd(C3H5), 1, and [(C5Me5)2Gd][BPh4], 2, which were
characterized by IR spectroscopy, elemental analysis, and their
reaction chemistry (Scheme 3). Reaction of 2 with KC5Me5 formed
(C5Me5)3Gd, 3 (Fig. 1), an example of a (C5Me5)3M complex where
M is smaller than Sm. To achieve good yields, however, it was
essential to recrystallize 2 immediately before use and to use
silylated glassware. The identity of (C5Me5)3Gd was established by
x-ray crystallography (see Tables 1–3 and also Tables 4–6, which are
published as supporting information on the PNAS web site).

Attempted Synthesis of (C5Me5)3Y via [(C5Me5)2Y][(�-Ph)2BPh2]. Fol-
lowing the synthetic steps used in the synthesis of (C5Me5)3Gd,
[(C5Me5)2Y][(�-Ph)2BPh2], 4, was synthesized in good yield and
characterized by IR and NMR spectroscopy and x-ray crystallog-
raphy (Fig. 2).

The yttrium metal center is formally eight coordinate, and the
complex is isomorphous with [(C5Me5)2Sm][(�-Ph)2BPh2]. As
shown in Table 2, the complex has similar metrical parameters
taking into account the 0.06-Å difference in ionic radii (15).

When [(C5Me5)2Y][(�-Ph)2BPh2] was reacted with KC5Me5 in
benzene, an orange slurry formed. After the insoluble products
were separated by centrifugation and the solvent was removed
under vacuum, the 1H NMR spectrum in C6D12 was consistent with
that reported for (C5Me5)2Y(C6H5) (20) along with C5Me5H.
When 4 was treated with KC5Me5 in toluene, a spectrum consistent
with that reported for (C5Me5)2Y(CH2C6H5) (20) and C5Me5H was
observed (Fig. 3). Attempts to crystallize either of these products
only afforded small amounts of crystals, some of which were
identified as [(C5Me5)2Y]2(�-O) by x-ray diffraction analysis (21).

Synthesis of (C5Me5)3Y. The previous results showed that
[(C5Me5)2Y][(�-Ph)2BPh2] was consumed in the reaction with
KC5Me5, but the product apparently metalated the arene used as
solvent. These results suggested that the synthesis of (C5Me5)3Y
required aliphatic solvents. Given the low solubility of KC5Me5 and
[(C5Me5)2Y][(�-Ph)2BPh2] in aliphatic solvents, an alternative

Scheme 3. The synthesis of (C5Me5)3Gd.

Table 1. Selected bond distances (Å) and angles (°)

Parameter (C5Me5)3Gd, 3 (C5Me5)3Y, 5

Ln(1)–Cnt 2.535 2.505
Ln(1)–C(1) 2.897 (4) 2.884 (3)
Ln(1)–C(2) 2.797 (2) 2.776 (2)
Ln(1)–C(3) 2.766 (2) 2.725 (2)
Cnt(1)–Ln(1)–Cnt(2) 120.0 120.0

Scheme 2. Two general modes of reactivity for (C5Me5)3Sm.

Fig. 1. Thermal ellipsoid plot of (C5Me5)3Gd, 3, with ellipsoids drawn at the
50% probability level.
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route to (C5Me5)3Y was chosen: the synthesis previously developed
for (C5Me5)3Sm (6) and (C5Me5)3U (6) using the reaction of a
metal hydride with tetramethylfulvene (TMF) to form one of the
(C5Me5)1� ligands in the (C5Me5)3M product.

Following this method, [(C5Me5)2YH]2 (22) was treated with two
equiv of TMF in cyclohexane to form (C5Me5)3Y, 5, the most
crowded (C5Me5)3M complex isolated to date (Scheme 4). Because
(C5Me5)3Y has a single 1H NMR resonance at 1.97 ppm in C6D12
very similar to the 2.01 ppm resonance of [(C5Me5)2Y]2(�-O) (23),
the identity of 5 was confirmed by x-ray diffraction. It is isomor-
phous with 3 (Fig. 1).

Characterization of (C5Me5)3M (Where M is Gd, 3; Y, 5). Both 3 and 5
were characterized by elemental analysis, IR spectroscopy, and
x-ray crystallography. Selected bond distances and angles are
summarized in Table 1 and a comparison of the parameters for all
known (C5Me5)3Ln complexes is given in Table 7, which is pub-
lished as supporting information on the PNAS web site. Diamag-
netic 5 was examined further by low-temperature NMR spectros-
copy. The simple room temperature (RT) resonance did not shift
or split down to 188 K. Hence, evidence for the existence of a
(C5Me5)2Y(�1-C5Me5) complex that could be an intermediate in
arene metalation was not observed at low temperature.
Reactivity of (C5Me5)3Gd. To determine whether the trivalent gad-
olinium complex, (C5Me5)3Gd, would engage in SIR chemistry
analogous to that of (C5Me5)3Sm (8, 9, 24), reactions of 3 with
C8H8 and Ph3P�Se were examined. (C5Me5)3Sm reacts with
excess C8H8 to form (C8H8)2� with concomitant formation of
(C5Me5)2 (7), but (C5Me5)3Ln complexes of the larger lan-
thanides (Ln � La, Nd) did not display this reductive reactivity
(8). Like (C5Me5)3Sm, (C5Me5)3Gd reduces C8H8 to form
(C5Me5)Gd(C8H8), 6 (Scheme 5).

Complex 6 was identified by x-ray crystallography (Fig. 4) and is
isomorphous with the reported complexes (C5Me5)Ln(C8H8)
[where Ln is Sm (25), Dy (25), Er (25), Yb (25), and Lu (26)].

The reaction of 3 with Ph3P�Se was examined to compare it with
the reactions of (C5Me5)3Nd and (C5Me5)3Sm (7, 8, 24). The less
crowded (C5Me5)3Nd was observed to reduce Ph3P�Se in a 1:1
stoichiometry to a (Se2)2� product, [(C5Me5)2Nd]2(�-�2:�2-Se2)
(Scheme 6; ref. 24). No further reduction was observed in the
presence of excess (C5Me5)3Nd. The more reactive (C5Me5)3Sm
was observed to form both (Se2)2� and Se2� products,
[(C5Me5)2Sm]2(�-�2:�2-Se2) and [(C5Me5)2Sm]2(�-Se), depending
on the stoichiometry (24). Reactions of (C5Me5)3Sm with a 1:1 ratio
of reagents formed the (Se2)2� product (Scheme 6); 2:1 reactions
formed the Se2� product (Scheme 7).

Like (C5Me5)3Sm, (C5Me5)3Gd can form both (Se2)2� and Se2�

products, depending on the stoichiometry. The reaction of
Ph3P�Se and (C5Me5)3Gd in a 1:1 ratio yielded a red precipitate
that crystallized from hot toluene to provide the (Se2)2� complex,
[(C5Me5)2Gd]2(�-�2:�2-Se2), 7, in good yield (Scheme 6). The
complex is isomorphous with its La, Nd, and Sm analogs (24, 27).
The reaction of Ph3P�Se and (C5Me5)3Gd in a 1:2 ratio formed a
yellow soluble product that crystallized from hexane at �35°C to
provide [(C5Me5)2Gd]2(�-Se), 8 (Scheme 8), in good yield. In this
case with the smaller metal, a THF-free complex could be isolated
and fully characterized by x-ray crystallography (Fig. 5). Complex
8 is isomorphous with the reported Yb and Sm analogs (7, 28).
Reactivity of (C5Me5)3Y. As noted above, the attempted synthesis of
(C5Me5)3Y from [(C5Me5)2Y][(�-Ph)2BPh2] and KC5Me5 pro-
duced (C5Me5)2Y(C6H5) in benzene and (C5Me5)2Y(CH2C6H5) in
toluene. These results suggested that if (C5Me5)3Y had formed in
these reactions, it subsequently metalated the solvent. To indepen-
dently test this idea, isolated (C5Me5)3Y was reacted with excess
toluene in C6D12. The 1H NMR spectrum was consistent with the
formation of (C5Me5)2Y(CH2C6H5) (20) and C5Me5H (Scheme 9).

In a similar fashion, (C5Me5)3Y was reacted with excess benzene
in C6D12, and the 1H NMR spectrum was consistent with the
benzene metalation product, (C5Me5)2Y(C6H5) (ref. 20; see
Scheme 10). Such an example of the (C5Me5)1� ligand activating
C–H bonds has not been described previously.

Discussion
Synthesis. As anticipated from the difficulty observed in synthesiz-
ing (C5Me5)3Ln complexes of lanthanides larger than Sm (8, 17),
i.e., complexes less reactive than (C5Me5)3Sm, synthesis of more
sterically crowded complexes of the smaller metals was also chal-
lenging. For (C5Me5)3Gd, the synthesis that has been found to be
optimum for Ln � La-Sm is successful (Scheme 3), if silylated
glassware is used and if every intermediate is carefully recrystallized
to ensure purity.

For the significantly smaller yttrium system, this synthesis fails
because the more reactive (C5Me5)3Y metalates both benzene and
toluene. Hence, (C5Me5)3Y must be synthesized in aliphatic sol-
vents. This synthesis can be accomplished with the hydride
[(C5Me5)2YH]2 and TMF as shown in Scheme 4.

Fig. 2. Thermal ellipsoid plot of [(C5Me5)2Y][(�-Ph)2BPh2], 4, with ellipsoids
drawn at the 50% probability level.

Scheme 4.

Table 2. Selected bond distances (Å) and angles (°)

Parameter [(C5Me5)2Y][BPh4], 4 [(C5Me5)2Sm][BPh4]

M(1)–C(C5Me5) avg 2.658 (7) 2.70 (2)
M(1)–C(22) 2.819 (3) 2.825 (3)
M(1)–C(23) 3.152 (3) 3.059 (3)
M(1)–C(28) 2.813 (3) 2.917 (3)
M(1)–C(29) 3.118 (3) 3.175 (3)
Cnt(1)–M(1)–Cnt(2) 134.3 134.4

Table 3. Selected bond distances (Å) and angles (°)

Parameter (C5Me5)Gd(C8H8), 6

Gd(1)–Cnt(C5Me5) 2.344
Gd(1)–Cnt(C8H8) 1.775
Gd(1)–C(C5Me5) avg 2.636 (2)
Gd(1)–C(C8H8) avg 2.579 (9)
Cnt1–Gd(1)–Cnt2 168.1
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Structure. The structures of (C5Me5)3Gd and (C5Me5)3Y suggest
that the limit of steric crowding in (C5Me5)3Ln complexes has not
been reached. As the most crowded of the (C5Me5)3Ln series, the
yttrium complex displays the most extreme structural parameters.
The 4.34-Å ring centroid���ring centroid distance is the smallest of
the series (Table 7) and shows that these three rings can be located
closer together than was observed in (C5Me5)3Sm and (C5Me5)3Gd.
(C5Me5)3Y also has the largest M–C bond distances in this series
when differences in ionic radii are taken into account.

Recently, an analysis of the bending of the methyl groups out of
the plane of the cyclopentadienyl ring in sterically crowded
(C5Me5)3M complexes was published (29). This analysis shows that,
although there is a large range in the out-of-plane displacement
distances for the methyl groups in any specific complex, the most
extreme value, the largest out-of-plane displacement, is the most
diagnostic for unusual (C5Me5)1� reactivity. The (C5Me5)3M com-
plexes that display unusual (C5Me5)1� reactivity have maximum
out-of-plane displacements of 0.48 Å or greater. The out of plane
methyl displacements in 3 (0.18, 0.36, and 0.55 Å) and in 5
(0.19, 0.39, 0.55 Å) fit this pattern. The 0.55-Å maximum displace-
ments for 3 and 5 are consistent with the high reactivity of their
(C5Me5)1� rings. Because 3 and 5 have the same maximum methyl
displacements within experimental error, this metrical parameter
does not distinguish the relative steric crowding in each.

Reactivity. The reactivity of (C5Me5)3Gd vis-à-vis (C5Me5)3Sm was
of interest to determine whether the sterically more crowded
complex of the smaller metal would have higher reactivity. Previ-
ously, it had been observed that the larger metals, La–Nd, which
generate the less sterically crowded complexes, are less reactive than
Sm (8). However, because Sm often has special reactivity because
of the presence of its divalent state, Sm2� (2, 11, 12), it was
important to examine the metal size�reactivity relationship with
both larger and smaller metals.

The reactivity of (C5Me5)3Gd with C8H8 and Ph3P�Se is similar
to that of (C5Me5)3Sm. One difference in the Gd chemistry is that
2 equiv of (C5Me5)3Gd readily react with 1 equiv of Ph3P�Se to
give the unsolvated [(C5Me5)2Gd]2(�-Se). With the larger metal,
Sm, the unsolvated Se2� complex did not readily crystallize; i.e.,
the product was only isolated as the THF adduct,
[(C5Me5)2Sm(THF)]2Se. Overall, with the substrates examined,
(C5Me5)3Gd has reactivity equal to that of Sm, and the correlation
of size with reactivity is supported for metals both larger and
smaller than Sm.

The chemistry of (C5Me5)3Y has an added dimension of being a
powerful metalation reagent. (C5Me5)3Y is sufficiently reactive that
it can metalate arene rings in a reaction that is contrary to the pKa
values of the participants (30). This high metalation reactivity for a
normally inert (C5Me5)1� ligand is likely a consequence of the high
steric crowding in (C5Me5)3Y. Examination of the thermodynamics
of this process compared with the data known on organolan-
thanides (31) suggests that the bond strength of one (C5Me5)1�

ligand in a (C5Me5)3Ln complex is not much different from that of
an aryl or benzyl ligand. This bond strength is much less than
normally expected for a penta-hapto anion.

Conclusion
(C5Me5)3Ln complexes can now be made with lanthanide metals
ranging in size from La to Y. All of these complexes have Ln-
C(C5Me5) distances that are longer than conventional Ln-C5Me5
complexes and display (C5Me5)1� reactivity not observed in con-
ventional pentamethylcyclopentadienyl lanthanide complexes.
Hence, reactivity is observed that is consistent with access to
intermediates like (C5Me5)2Ln(�1-C5Me5) and SIR with
(C5Me5)1� functioning as a reductant. The reactivity is variable
depending on the degree of steric crowding across the range of
metals, La–Y. This work shows that there is yet another type of
reactivity available to (C5Me5)3Ln when steric crowding is severe
enough, namely C–H activation. This type of reaction has not been
described previously for the (C5Me5)1� ligand and shows how much
the chemistry of a ligand can be changed by steric manipulation.

The fact that SIR chemistry can now be done with metals from
La to Y means that size optimization of this reductive chemistry is
possible. Variation in metal size should allow optimization of

Fig. 3. Attempted synthesis of (C5Me5)3Y via [(C5Me5)2Y][(�-Ph)2BPh2].

Fig. 4. Thermal ellipsoid plot of (C5Me5)Gd(C8H8), 6, with ellipsoids drawn at
the 50% probability level.Scheme 5.
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reaction rates, crystallinity of products, and selection of metal
physical properties in a way that was not possible with the Sm2�

reductive chemistry of (C5Me5)2Sm. Of particular interest is the fact
that (C5Me5)3Ln complexes of both large and small diamagnetic
compounds can be obtained, and the reaction chemistry of this class
of long-bond organometallics can be studied in detail by NMR
spectroscopy.

Materials and Methods
The syntheses and manipulations of these extremely air- and
moisture-sensitive compounds were conducted under nitrogen or
argon with rigorous exclusion of air and water by Schlenk, vacuum
line, and glovebox techniques. Glassware was treated with Siliclad
(Gelest, Morrisville, PA) to avoid formation of oxide decomposi-
tion products. Because the (C5Me5)3Ln complexes can react with
ethers (7), all manipulations involving these complexes were done
under ether-free conditions. THF, diethyl ether, toluene, hexanes,
and benzene were saturated with ultra-high purity-grade argon
(Airgas, Radnor, PA) and dried by passage through drying columns
(GlassContour, Irvine, CA). All deutero-solvents (Cambridge
Isotope Laboratories, Andover, MA) and dioxane were dried
over NaK alloy and vacuum transferred before use.
(C5Me5)2LnCl2K(THF)2 (where Ln is Gd, Y) were synthesized in
a manner similar to that of (C5Me5)2LnCl2K(THF)2 (Ln is Ce, Nd,
Sm) as described (32). TMF was synthesized by literature methods
(33). Allylmagnesium chloride (2.0 M in THF; Aldrich, St. Louis,
MO) was used as received. [Et3NH][BPh4] was prepared as de-
scribed (34). 1H and 13C NMR spectra were obtained on 400- and
500-MHz spectrometers (Bruker, Billerica, MA) at 25°C. IR anal-
yses were acquired as thin films by using a ReactIR 1000 (Applied
Systems, Inc., Millersville, MD) (35). Elemental analyses were
performed by Analytische Laboratorien (Lindlar, Germany). X-ray
crystallographic files are available in Data Set 1, which is published
as supporting information on the PNAS web site.

(C5Me5)2Gd(C3H5), 1. (CH2CHCH2)MgCl (1.35 ml of a 2.0 M solution
in THF, 2.97 mmol) was added to a stirred white slurry of
(C5Me5)2GdCl2K(THF)2 (1.71 g, 2.48 mmol) in 50 ml of toluene.
The mixture immediately changed color to form a yellow solution.
After 1 h, the solvent was removed by rotary evaporation to yield
a bright yellow solid. This material was triturated with hot hexanes
(50 ml) and then 2% dioxanes in hexanes (50 ml) and filtered
through a coarse frit to yield an orange solution. After removal of
the solvent, the yellow solid was dried under high vacuum (1 � 10�7

torr) for 24 h to remove coordinated THF. The resulting material
was extracted with hexanes and filtered to yield 1 (1.12 g, 94%) as
a bright orange solid upon solvent removal. IR (thin film) 2907s,
2860s, 1540s, 1440s, 1378s, 1243s, 1023s, 722s cm�1. Anal. Calcd. for
C23H35Gd: C, 58.93; H, 7.54; Gd, 33.54. Found: C, 59.59; H, 7.45;
Gd, 33.44

[(C5Me5)2Gd][BPh4], 2. Bright orange 1 (0.714 g, 1.52 mmol) and
[Et3NH][BPh4] (0.770 g, 1.82 mmol) were stirred in 40 ml of
benzene for 4 h, and the mixture became an intense yellow slurry.
The slurry was filtered, and 2 was washed through a frit by using
warm benzene because it has low solubility in arenes. Crystalliza-
tion from hot toluene, followed by washing with fresh toluene (2 �
10 ml) and hexanes (2 � 10 ml), yielded 2 as yellow needles (1.01
g, 88%). Anal. Calcd. for C44H50Gd: C, 71.79; H, 6.84; Gd, 21.36.
Found: C, 71.08; H, 6.83; Gd, 21.90.

(C5Me5)3Gd, 3. KC5Me5 (0.084 g, 0.485 mmol) was added to 2 (0.329
g, 0.441mmol) in 15 ml of benzene, and the mixture was stirred for
24 h. Insoluble materials were removed by centrifugation, and the
solvent was removed from the resulting red solution by rotary
evaporation to yield 3 (0.141 g, 57%) as a dark red solid. IR (thin
film) 2961s, 2907s, 2856s, 1440s, 1378s, 1258s, 1023s, 803m, 730m
cm�1. Anal. Calcd. for C30H45Gd: C, 64.00; H, 8.07; Gd, 27.93.
Found: C, 64.13; H, 7.96; Gd, 28.10. Single crystals suitable for x-ray
diffraction were obtained by cooling a hot toluene solution to RT.

[(C5Me5)2Y][(�-Ph)2BPh2], 4. [Et3NH][BPh4] (0.193 g, 0.454 mmol)
was added to a stirred solution of (C5Me5)2Y(C3H5) (ref. 36; 0.145
g, 0.303 mmol) in 10 ml of toluene. The intense yellow slurry quickly
changed color to form a white slurry. After 4 h, centrifugation of the
mixture left white insolubles. The insoluble material was extracted
with 15 ml of benzene, and the mixture was filtered, leaving a clear
and colorless solution. Removal of benzene in vacuo yielded 4 as a
white solid (0.212 g, 92%). 1H NMR (C6D6): � 7.80 (b s, m-C6H5,
8H), 7.23 (t, JHH � 7.2 Hz, o-C6H5, 8H), 7.10 (t, JHH � 7.2 Hz,
p-C6H5, 4H), 1.62 (s, C5Me5, 30H). 13C NMR 139.0 (B(C6H5)4),
131.4 (B(C6H5)4), 128.4 (B(C6H5)4), 127.6 (B(C6H5)4), 122.5
(C5Me5), 11.4 (C5Me5). IR (thin film) 3057s, 2991m, 2968m, 2910s,
1590s, 1475s, 1432s, 1382m, 1332m, 1262s, 1243m, 1185m, 1154m,
1092m, 1061m, 1031m, 845s, 810s cm�1. Anal. Calcd for C44H50YB:
C, 77.87; H, 7.44; B, 1.59; Y, 13.10. Found: C, 76.76; H, 7.29; B, 1.50;
Y, 13.22.

(C5Me5)2Y(CH2C6H5) from 4. 4 (0.058 g, 0.075 mmol) and KC5Me5
(0.017 g, 0.097 mmol) were mixed together in 10 ml of toluene.
After a few hours, the slurry became orange. After 12 h of stirring,
a deep orange solution was separated from the insoluble material
by centrifugation. Removal of the solvent yielded the orange solid

Fig. 5. Thermal ellipsoid plot of [(C5Me5)2Gd]2(�-Se), 8, with ellipsoids drawn
at the 50% probability level.

Scheme 6.

Scheme 7.

Scheme 8.
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(C5Me5)2Y(CH2C6H5) (0.029 g, 86%) identified by 1H NMR
spectroscopy in C6D12 (20). To further confirm the presence of
(C5Me5)2Y(CH2C6H5), this product was placed under an atmo-
sphere of H2. The resulting spectrum matched that reported for
[(C5Me5)2YH]2 (22).

(C5Me5)3Y, 5. [(C5Me5)2YH]2 (0.349 g, 0.484 mmol) was combined
with yellow TMF (0.130 g, 0.968 mmol) in 10 ml of cyclohexane. An
orange solution immediately resulted. Within 5 min, a precipitate
formed. After 30 min of stirring, the volatiles were removed in vacuo
to yield 5 (0.388, 81%) as an orange powder. 1H NMR (C6D12) �
1.97. 13C NMR (C6D12) � 122.1 (C5Me5), 13.29 (C5Me5). IR (thin
film) 2960 s, 2910s, 2855s, 1478s, 1440s, 1380s, 1250s, 1154s, 1032s,
946m, 925m, 715s, 674m cm�1. Anal. Calcd for YC30H45: Y, 17.97;
C, 72.85; H, 9.17. Found: Y, 18.08; C, 72.67; H, 9.08. Single crystals
suitable for x-ray diffraction formed in an NMR tube scale reaction
with C6D12 as the solvent. Low-temperature 1H NMR spectroscopy
on (C5Me5)3Y using C7D14 showed no change down to 188 K.

(C5Me5)2Y(C6H5) from 5. (C5Me5)3Y (3 mg, 0.006 mmol) and C6H6 (5
mg, 0.061 mmol) were combined in C6D12. Initially, the 1H NMR
spectrum indicated no reaction (1.97 and 7.21 ppm). However, after
1 day, the 1.97 ppm resonance began to diminish, and a new set of
resonances began to appear, corresponding to (C5Me5)2Y(C6H5)
(20). After 5 days at RT, 85% conversion was achieved.

(C5Me5)2Y(CH2C6H5) from 5. (C5Me5)3Y (6 mg, 0.012 mmol) and C7H8
(8 mg, 0.087 mmol) were combined in C6D12. After 1 h, the
1.97-ppm resonance was absent, and a new set of resonances was
observed corresponding to (C5Me5)2Y(CH2C6H5) (20). After 1 day
at RT, 90% conversion was achieved.

(C5Me5)Gd(C8H8), 6. C8H8 (0.026 g, 0.251 mmol) and 3 (0.141 g, 0.251
mmol) were stirred at RT for 24 h in 10 ml of toluene. Even though
no color change was observed, cooling the red solution to �30°C
resulted in the formation of yellow crystals identified by x-ray
diffraction as (C5Me5)Gd(C8H8). The complex was isomorphous
with the five other known analogs (25, 26).

[(C5Me5)2Gd]2(�-�2:�2-Se2), 7. Within 5 min of addition of Ph3P�Se
(0.121 g, 0.355 mmol) to 3 (0.200 g, 0.355 mmol) in 10 ml of toluene,
the slurry changed from dark red to a bright orange and then back
to a dark red. After 24 h, a yellow slurry was present and was
centrifuged. The resulting red solids were washed with fresh toluene
to yield 5 (0.073 g, 41%) identified by x-ray crystallography. The
complex is isomorphous with the La, Nd, and Sm analogs (24, 27).

[(C5Me5)2Gd]2(�-Se), 8. Within 5 min of addition of Ph3P�Se (0.067
g, 0.197 mmol) to 3 (0.222 g, 0.394 mmol) in 10 ml of toluene, the
slurry changed from dark red to bright orange and then to a
luminescent yellow. After 24 h, the yellow slurry was centrifuged,
and the yellow solution was evacuated to dryness. The product was
extracted with hexane, and 6 was crystallized from cold hexanes as
irregular yellow crystals (0.090 g, 49%) identified by x-ray crystal-
lography. The complex is isomorphous with the Yb and Sm analogs
(7, 28). IR (thin film) 2922s, 2856s, 1602m, 1451m, 1262s, 1092s,
1019s, 803s, 695s cm�1.

X-Ray Data Collection, Structure Determination, and Refinement. For
details on x-ray data collection, stucture determination, and refine-
ment for compounds 3–8, see Supporting Materials and Methods,
which is published as supporting information on the PNAS web site.
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