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ABSTRACT: The La2+ complex [K(18-crown-6)(OEt2)]-
[Cp003La] (1) [Cp00 = C5H3(SiMe3)2-1,3], can be synthe-
sized under N2, but in the presence of KC5Me5, 1 reduces
N2 to the (NdN)2� product [(C5Me5)2(THF)La]2(μ-η

2:-
η2-N2). This suggests a dichotomy in terms of ligands that
optimize isolation of reduced dinitrogen complexes versus
isolation of divalent complexes of the rare earths. To determine
whether the first crystalline molecular Y2+ complex could be
isolated using this logic, Cp03Y (2) (Cp0 = C5H4SiMe3) was
synthesized from YCl3 and KCp0 and reduced with KC8 in
the presence of 18-crown-6 in Et2O at�45 �C under argon.
EPR evidence was consistent with Y2+ and crystallization
provided the first structurally characterizable molecular Y2+

complex, dark-maroon-purple [(18-crown-6)K][Cp03Y] (3).

Since the characterization of the first rare-earth dinitrogen
complex, [(C5Me5)2Sm]2(μ-η

2:η2-N2),
1 prepared from the

Sm2+ metallocene (C5Me5)2Sm,2 numerous complexes having
the general formula [A2(THF)xLn]2(μ-η

2:η2-N2) (A = anion;
Ln = rare earth; x = 0�2) have been isolated with cyclopenta-
dienyl,1,3�10 amide,11�14 aryloxide,11,15,16 porphyrinogen,17�19

and tris(pyrazolyl)borate14 ligands. The early examples of re-
duced dinitrogen complexes were accessed through the reductive
nature of divalent rare earth ions (Scheme 1).1,3,4,11 However, the
LnA3/M/N2 (M = alkali metal) reduction system (Scheme 2)
has allowed such dinitrogen complexes to be formed from trivalent
precursors as well.5,6,9,10,12,13,20�22 This method provides “Ln2+-
like” reactivity to rare earth metals for which molecular Ln2+ ions
have never been identified.

To date, isolable Ln2+ complexes have been shown to reduce
dinitrogen only with Sm,1,23,24 Tm,4,14 Dy,4 and Nd.10 However,
the LnA3/M/N2 reduction system produces reduced dinitrogen
complexes for not only these metals but also La, Ce, Pr, Gd, Tb,
Y, Ho, Er, Lu, and Sc. In all of the LnA3/M/N2 reactions with this
second list of metals, only with yttrium has evidence been found
to support the existence of short-lived divalent intermediates.
Specifically, electron paramagnetic resonance (EPR) evidence
for Y2+ in solutions of Y[N(SiMe3)2]3/KC8 at low temperature
has been obtained, and these yttrium solutions have been found
to reduce dinitrogen.25 In this report, we describe efforts to obtain
the first isolable Y2+ complex.

Insight into a successful approach to this target was provided
by examining the dinitrogen reduction reactivity of Lappert’s
isolable La2+ complex [K(18-crown-6)(OEt2)][Cp003La] (1)
[Cp00 = C5H3(SiMe3)2-1,3], which was prepared according to

eq 1.26 Although this is a fully characterized divalent rare-earth
complex, its reactivity with dinitrogen had not been previously
reported. Examination of the reactivity of 1 with N2 suggested
how to optimize the isolation of divalent rare earths and their
dinitrogen reduction products.

No color changes were initially observed when dark-purple
tetrahydrofuran (THF) or Et2O solutions of 1 were exposed to
dinitrogen. Over 1 day (THF) or 3 days (Et2O), the solutions
became colorless, and multiple resonances were observed by
1H NMR spectroscopy. However, elemental analysis of these pro-
ducts showed no detectable nitrogen. Moreover, control experi-
ments under argon showed the same rate of color loss and gave
solutions with similar 1H NMR spectra. In addition, we found
that 1 can be synthesized from Cp003La, K, and 18-crown-6 under
a dinitrogen atmosphere! These results were surprising since (a)
La2+ should bemore reducing than Tm2+, Dy2+, andNd2+, which
reduce dinitrogen; (b) two crystallographically characterizable
(N2)

2� complexes of lanthanum are known, [(C5Me5)2(THF)-
La]2(μ-η

2:η2-N2) and [(C5Me4H)2(THF)La]2(μ-η
2:η2-N2);

5

and (c) (N2)
2� complexes containing (Cp00)1� ancillary ligands

(albeit with smaller metals) are known, namely, [Cp002Tm]2(μ-
η2:η2-N2)

3 and [Cp002Dy]2(μ-η
2:η2-N2),

4 which were formed
from Tm2+ and Dy2+ precursors, respectively.

To determine whether a larger, more electron-donating27 cyclo-
pentadienyl ligand is required in order to isolate a reduced dinitro-
gen complex from La2+, the reaction of 1with N2 was carried out in
the presence of excess KC5Me5. The dark-purple solution of 1 in
THF under these conditions changed to orange within 2 h, and
[(C5Me5)2(THF)La]2(μ-η

2:η2-N2)
5 and K(18-crown-6)(Cp00)28

Scheme 1. Reduction of N2 by Divalent Rare Earths
(Ln = Sm, Tm, Dy, Nd)
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were identified by 1HNMR spectroscopy (eq 2). The isolation of
a La3+ complex of (NdN)2� from a La2+ precursor indicates that
La2+ can reduce dinitrogen to make isolable products when the
proper ligands are present.

These results suggested that for lanthanum, the ideal ligands
for isolating a divalent species are not optimum for isolating a
dinitrogen reduction product. This is not true for all rare-earth
metals, since both divalent and reduced dinitrogen complexes
can be isolated with the same ligands for Nd, Sm, Dy, and Tm.
However, the properties of the ancillary ligands required for
stabilizing these complexes would be expected to vary depending
on metal size and the stability of the divalent state. In view of the
recent EPR evidence for Y2+ in solution25 and the success of the
silylcyclopentadienyl ligand class in the isolation of molecular La2+,
these ligands were explored with yttrium.

Since 3 equiv of KCp00 react with YCl3 to form [Cp002Y
(μ-Cl)]2

29,30 rather than Cp003Y and the ionic radius of nine-
coordinate Y3+ (1.075 Å) is smaller than that of La3+ (1.216 Å),31

the smaller (Cp0)1� ligand (Cp0 = C5H4SiMe3) was examined
with yttrium. The reaction of 3 equiv of KCp0 with YCl3 formed
pale-yellow Cp03Y (2) in 90% yield (eq 3). The identity and
molecular structure of 2 were determined by X-ray crystal-
lography (Figure S2 in the Supporting Information).

The reaction of 2 with KC8 in the presence of 18-crown-6 in
Et2O under argon produced a dark-maroon-purple solution that
faded to orange within 30 min at room temperature. At�45 �C,
however, the solution was stable enough that dark-purple crystal-
line solids could be isolated after filtering the solution at�45 �C,
concentrating the filtrate, and layering with pentane using Schlenk
techniques at �78 �C. The EPR spectrum of these solids
dissolved in Et2O (Figure 1) exhibits a sharp doublet at giso =
1.991 with a hyperfine coupling constant of 36.6 G. These
parameters, which are similar to those for the EPR spectra of
the dark-blue species generated by reducing Y[N(SiMe3)2]3
with KC8 (110 G doublet at giso = 1.976)25 and the Y2@C79N
fullerene (81.2 G triplet at giso = 1.974),32 are consistent with a

4d1 ion. In contrast, all other previously reported yttrium-contain-
ing radical complexes in which the unpaired electron is ligand-
based have 89Y coupling constants no greater than 6.3 G with
g values closer to that of the free electron (2.0023).15,16,33�37

Single-crystal X-ray diffraction studies of the dark-purple solids
were consistent with a molecular Y2+ complex, [(18-crown-6)K]-
[Cp03Y] (3), formed via eq 4. Analytically pure 3 was isolated in
77% yield using low-temperature Schlenk filtration and solvent
manipulation.38

The molecular structure of 3 (Figure 2) contains a [Cp03Y]
1�

moiety reminiscent of the [Cp003La]
1� anion in 1. The potassium

ion in 1 is outer-sphere, whereas in 3 the potassium is oriented
toward two carbon atoms of one Cp0 ring (C18 and C19) with
K�C distances of 3.079(2) and 3.055(2) Å, respectively. These
are significantly shorter than the K�C(η2-toluene) distances of
3.357�3.399 Å in [K(18-crown-6)(toluene)2]

1+ complexes39

but slightly longer than the K�C distances in KCp0 [2.99(1)�
3.04(1) Å].40 This backside coordination of potassium does not
affect the ringC�Cdistances in 3within the error limits (Table S1),
and the Y�C18 and Y�C19 distances [2.720(2) and 2.674(2) Å,
respectively] are not unusually long in comparison with the range
of all the other Y�C(Cp0) distances in the molecule [2.667(2)�
2.746(2) Å]. The Y�(Cp0 ring centroid) distance of the ring
containing C18 (2.419 Å) is similar to those of the other rings
(2.427 and 2.433 Å).

Metal�ligand bond distances in Eu2+, Yb2+, Sm2+, Tm2+, Dy2+,
and Nd2+ complexes are typically ∼0.05 to 0.2 Å larger than
those in trivalent analogues.10,31,41,42 In contrast, the 2.667(2)�
2.746(2) Å range of Y�C(Cp0) distances and the 2.419�
2.433 Å Y�(Cp0 ring centroid) distances in Y2+ complex 3 are
only slightly larger than those in the Y3+ complex 2 [2.6605(14)�
2.7174(13) and 2.403�2.409 Å, respectively]. The difference
between the La�C distances in divalent 1 and those in trivalent
Cp003La is similarly smaller than typically seen for complexes of
di- and trivalent 4f elements.26 Since bond distances are much
less sensitive to the metal oxidation state for transitionmetals than

Figure 1. Room-temperature X-band EPR spectrum of 3 in Et2O
under argon.

Scheme 2. LnA3/M/N2 Reduction System with Possible Ln2+

Intermediate
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for the lanthanides, it is possible that the smaller difference in the
lanthanum and yttrium Ln2+ versus Ln3+ cases may occur because
these Ln2+ ions are d1 and not fn species: La2+ was found to have a
5d1 electron configuration,26,43�45 and Y2+ is necessarily a 4d1 ion.

Complex 3 is easily oxidized byAgBPh4 at�35 �C to reproduce
the trivalent precursor 2 along with white and black precipitates
presumed to be K(18-crown-6)BPh4 and Ag

0, respectively. Before
the reactivity of 3 with N2 was compared with that of 1, an
authentic reduced dinitrogen complex of yttrium with Cp0 ligands
was synthesized by the LnA2A0/M/N2 method (Scheme 3). In
this synthesis, [Cp02Y(THF)2][BPh4] (4) obtained from 2 and
HNEt3BPh4was treatedwithKC8underN2 to form[Cp02(THF)Y]2-
(μ-η2:η2-N2) (5), which was isolated in 29% yield47 as blue-
green crystals and identified by X-ray diffraction (Figure S4 and
Table S2). This yield is lower than those observed in reactions
with (C5Me5)

1� and (C5Me4H)
1� ligands5,6,8,20 but comparable

to those of the Ln[N(SiMe3)2]3/KC8/N2 reactions.
12

Solutions of 3 changed color when exposed to N2 at �45 �C,
forming yellow-orange solutions within 30 min that yielded a
tacky orange residue upon solvent removal. This material had a

small yet significant nitrogen content as determined by elemental
analysis (0.3%; cf. 3.1% in 5), but no evidence of 5 was observed.
These reactions were complicated by the fact that 5 was isolated
as a THF adduct and 3 is not stable in the presence of THF.
Neither [(C5Me5)2Y]2(μ-η

2:η2-N2)
8 nor [(C5Me4H)2(THF)Y]2-

(μ-η2:η2-N2)
7 were observed when KC5Me5 and KC5Me4H,

respectively, were added to 3 under N2 in analogy to eq 2. It is
possible that the ligand substitution reaction that is successful
with lanthanum is not so facile with the smaller, more Lewis
acidic yttrium.

To summarize, examination of the ligand dependence of iso-
lating reduced dinitrogen complexes versus divalent complexes of
the rare earths has led to the first crystallographically characteriz-
ablemolecular complex of Y2+. The existence ofmolecular Y2+ and
La2+ complexes gives support to the possibility that the LnA3/M/
N2 reduction system proceeds through divalent intermediates
(Scheme 2). The ligand dependence for isolation of reduced
dinitrogen versus Ln2+ complexes found in this study suggests that
different protocols will be needed to isolate the two types of
complexes. The formation of 3 means that now 10 out of the 17
rare earth elements are known to form isolable molecular Ln2+

compounds. In contrast, for 90 years it was thought that only Eu2+,
Yb2+, and Sm2+ were stable enough to form divalent molecular
species in solution. Clearly, there is still room for expansion in
fundamental areas of rare earth chemistry such as the availability of
the oxidation states of the metals.
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