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ABSTRACT: To determine if a C5Me5 complex of Y(II) could be
isolated and to examine the synthetic accessibility of heteroleptic
Y(II) complexes, the reduction of (C5Me5)2Y

III(NR2) (R = SiMe3)
with potassium graphite in THF in the presence of 2.2.2-cryptand
(crypt) was examined. An intensely dark colored solution is formed
that has EPR spectra indicative of a 4d1 Y(II) complex with giso =
1.975 and A(89Y) = 74.5 G. X-ray diffraction revealed that single
crystals of the product contained a 65−75% mixture of an Y(II)
complex [K(crypt)][(C5Me5)2Y

II(NR2)] and 25−35% of an Y(III)
cyclometalated derivative, [K(crypt)][(C5Me5)2Y

III{N(SiMe3)-
(SiMe2CH2)-κC,κN}], arising from C−H bond activation of a methyl
group of the SiMe3 substituent on the amide ligand. An analogous
reduction of the tetramethyl complex, (C5Me4H)2Y

III(NR2),
generated a dark solution with giso = 1.975 and A(89Y) = 71.2 G.
Crystallization of that product also revealed a mixture of Y(II) and Y(III) complexes comprised of 10%/90% [K(crypt)]-
[(C5Me4H)2Y

II(NR2)]/cyclometalated [K(crypt)][(C5Me4H)2Y
III{N(SiMe3)(SiMe2CH2)-κC,κN}], which co-crystallized with

[K(crypt)][C5Me4H]. Density functional theory (DFT) studies indicate that the HOMOs of both [(C5Me5)2Y
II(NR2)]

1− and
[(C5Me4H)2Y

II(NR2)]
1− are primarily 4dz2 in character with some electron density on the SiMe3 methyl groups that may enhance

the C−H bond activation reactivity.

■ INTRODUCTION

The first examples of crystallographically characterizable
molecular complexes of the +2 oxidation state for the rare-
earth ions beyond Eu, Yb, Sm, Tm, Dy, and Nd were initially
accomplished via reduction of the homoleptic tris-
(cyclopentadienyl) complexes Cp″3LnIII and Cp′3LnIII (Cp″
= C5H3(SiMe3)2; Cp′ = C5H4SiMe3), which formed
(Cp″3LnII)1− and (Cp′3LnII)1−, respectively, eq 1.1−5

Homoleptic complexes of the general formula (LnIIA3)
1− for

the rare-earth metals beyond Eu, Yb, Sm, Tm, Dy, and Nd
have subsequently been characterized by X-ray crystallography
for A = Cp′, Cp″, C5Me4H (Cptet), C5H4Me(CpMe),
C5H4CMe3(Cp

t), NR2 (R = SiMe3), 2,6-Ad2-4-t-Bu-C6H2O
(OArAd,Ad,t‑Bu), and A3 = [(Ad,MeArO)3mes].1−15 One notable

exception to the ligand list above is A = C5Me5 because the
homoleptic precursor complexes, (C5Me5)3Ln

III, are highly
reactive, sterically crowded species that react with THF, which
is the common solvent used in LnIIIA3 reductions.

16,17 This is
unfortunate, since C5Me5 is an excellent ligand for the
isolation, stabilization, and generation of crystalline bis-
(cyclopentadienyl) rare-earth metal complexes.18 This study
was initiated to see if an Y(II) complex containing C5Me5
could be isolated from a heteroleptic precursor, namely,
(C5Me5)2Y

III(NR2).
Complexes of the new Ln(II) ions with formulas other than

the initially discovered homoleptic complexes, (LnIIA3)
1−,

described above have subsequently been crystallographically
characterized, but few contain Y(II).13,14,19−23 Although many
Y(II) complexes have been identified by EPR spectroscopy
using coupling to the 100% abundant 89Y (I = 1/2) nucleus as
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a diagnostic tool, isolation of these yttrium complexes has been
much more challenging compared to their lanthanide
analogues.7,9,10,24,25 The only crystallographically character-
izable Y(II) species are [K(18-crown-6)][(μ-Cp′)YIICp′2],2
[K(crypt)][Cp′3YII],2 [K(crypt)][YII(OArAd,Ad,t‑Bu)3],

10 [K(18-
crown-6)2][Y

II(NR2)3],
11 and the mixed ligand complex

[K(crypt)][Cp″2YIICp]25 (crypt = 2.2.2-cryptand; Cp =
C5H5). Reductions of Cp3Y

III,25 Cp″3YIII,25 Cptet3Y
III,7

Cpt3Y
III,9 CpMe

3Y
III,25 and YIII(OArt‑Bu,t‑Bu,Me)3

10 as well as
the 3:1 Cp″2YIIICpMe:Cp″YIIICpMe

2 mixture25 gave EPR signals
characteristic of Y(II), but none of these reduction reactions
provided structural data.
Reported here is the synthesis and X-ray crystal structure of

the first Y(II) complex containing C5Me5 as a ligand along with
a C−H bond activated derivative. C−H bond activation has
been observed in several Ln(II) systems including (a) the
[((Ad ,MeArO)3mes)LnI I]1− complexes which form
[((Ad,MeArO)3mes)LnIIIH]1− compounds, which co-crystallize
with the Ln(II) compounds,13−15 (b) the [(C5H2

tBu3)2Nd
II(μ-

I)K(18-crown-6)] complex, which forms [(C5H2
tBu3)(η

5-
C3H2

tBu2CMe2CH2-κC)Nd
III(μ-I)K(18-crown-6)],19 (c) the

tris(indenyl) complex, (C9H7)2Dy
III, that upon reduction

forms the metalated [K(crypt)][(C9H7)2Dy
III(μ-η5:η1-

C9H6)]2 complex,25 and (d) Cp″3YIII which upon reduction
led to the isolation of (Cp″2YIIIH)2.

26 C−H bond activation
has also been observed in uranium chemistry in reactions
attempting to make U(II) complexes by reductions of U(III)
species.27−34 This was observed with the [(Ad,MeArO)3mes]3−

ligand system described above35 and more recently with the
(C5Me5)2U

III(NR2) analogue of the complexes examined in
this study.36

The generality of the (C5Me5)2Y
III(NR2) reduction reaction

was also investigated with the tetramethylcyclopentadienyl
analogue, (C5Me4H)2Y

III(NR2).
37 With this precursor, both

types of ligand are known to form homoleptic Ln(II)
comp le xe s : c r y s t a l l og r aph i c a l l y cha r a c t e r i z ab l e
[(C5Me4H)3Ln

II]1− complexes are known for Ln = La, Ce,
Pr, Nd, Sm, Gd, Tb, and Dy (but not Y),7 and [LnII(NR2)3]

1−

complexes are known for Ln = Sc, Nd, Gd, Tb, Dy, Ho, Er, and
Y (but Y is the least stable).8,11,12 Given the utility of C5Me4H
and NR2 ligands for making homoleptic Ln(II) complexes, it
was of interest to determine if heteroleptic Ln(II) complexes
could by synthesized and crystallographically characterized.

■ RESULTS
Reduction of (C5Me5)2Y

III(NR2) and (C5Me4H)2Y
III(NR2)

(R = SiMe3). Treatment of colorless (C5Me5)2Y
III(NR2), 1, in

THF at −35 °C in the presence of 2.2.2-cryptand (crypt) with
KC8 generated a dark blue/purple solution, 2, which had EPR
and UV−visible spectra consistent with Y(II). Similarly, a
solution of (C5Me4H)2Y

III(NR2), 3, in THF in the presence of
crypt reacted with KC8 and generated a dark blue/purple
solution, 4, with EPR and UV−visible spectra similar to the
spectra reported for 2. The 298 K EPR spectra of 2 and 4 in
Figures 1 and 2 both contain isotropic signals with two-line
hyperfine patterns, as expected for 89Y (I = 1/2). Simulations
of the data gave giso = 1.975 for both complexes with hyperfine
constants of Aiso = 74.5 G for 2 and 71.2 G for 4. These data
are listed with EPR parameters of other Y(II) species in Table
1.
At 77 K, the spectrum of 2, Figure 1, features a rhombic

signal that was best simulated with gx = 1.999, gy = 1.985, and
gz = 1.942 and hyperfine coupling constants Ax = 74.3 G, Ay =

Figure 1. X-Band EPR experimental (solid line) and simulated (dotted line) spectra of 2 obtained by reduction of (C5Me5)2Y
III(NR2) collected at

298 K (left; mode: perpendicular; giso = 1.975; Aiso = 74.5 G; ν = 9.824 GHz; P = 0.2152 mW; modulation amplitude = 4.0 G) and 77 K (right;
mode: perpendicular; gx = 1.999, gy = 1.985, gz = 1.942; Ax = 74.3 G, Ay = 78.2 G, Az = 77.2 G; ν = 9.431 GHz; P = 0.006812 mW; modulation
amplitude = 4.0 G).

Figure 2. X-Band EPR experimental (solid line) and simulated (dotted line) spectra of 4 obtained by reduction of (C5Me4H)2Y
III(NR2) collected

at 298 K (left; mode: perpendicular; giso = 1.975; Aiso = 71.2 G; ν = 9.827 GHz; P = 0.2154 mW; modulation amplitude = 4.0 G) and 77 K (right;
mode: perpendicular; gx = 1.998, gy = 1.985, gz = 1.941; Ax = 66.0 G, Ay = 66.9 G, Az = 65.4 G; ν = 9.436 GHz; P = 0.2155 mW; modulation
amplitude = 4.0 G).
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78.2 G, and Az = 77.2 G. Similarly, the 77 K spectrum of 4,
Figure 2, was best simulated with gx = 1.998, gy = 1.985, and gz
= 1.941 and hyperfine coupling constants of Ax = 66.0 G, Ay =
66.9 G, and Az = 65.4 G. The anisotropy in the 77 K EPR
spectra of 2 and 4 are unusual; typically axial signals are
observed. However, this is consistent with a change in
symmetry between homoleptic and heteroleptic complexes of
Y(II). Upon brief thawing of the dark colored solutions to
room temperature and recooling, the EPR spectra of the
solutions did not change noticeably.
UV−Visible Spectroscopy. The UV−visible spectra of the

dark solutions of 2 and 4 are shown in Figure 3 along with the

spectra of the crystallographically characterized homoleptic
complexes, [K(crypt)][(C5H4SiMe3)3Y

II] and [K(18-crown-
6)2][Y

II(NR2)3].
2,11 Extinction coefficients were calculated

using estimated Y(II) concentrations that assumed complete
reduction of the Y(III) precursors. Hence, the extinction
coefficients are underestimates if complete reduction does not
occur. The spectra of both 2 and 4 have the large extinction
coefficients characteristic of Y(II) and differ from the colorless
Y(III) starting materials (Figures S1 and S2 in the Supporting
Information).

Thermal Stability. Unfortunately, the solutions of 2 and 4
are not stable at room temperature and decompose to colorless
products within a few hours. The decomposition of 2 and 4
was examined following protocols similar to those used for
[K(crypt)][Cp′3LnII] and [K(crypt)][Cp″3LnII].4,5 The ab-
sorption spectra of freshly reduced solutions of
(C5Me5)2Y

III(NR2) and (C5Me4H)2Y
III(NR2) as a function

of time are shown in Figure 4. Isosbestic points were observed
in both series of spectra.
The concentrations of Y(II) in 2 and 4 were tracked at λmax

= 515 nm for each solution. The decompositions were best
modeled with first-order kinetics, as shown in the plots of
l n [Y( I I ) ] ve r su s t ime in F i gu r e 5 . A l though
[(C5H4SiMe3)3Ln

II]1− and [(C5H3(SiMe3)2)3Ln
II]1− were

found to decompose through second-order kinetics,5 [K-
(crypt)][(C5H4SiMe3)3Lu

II], the most reactive (Cp′3LnII)1−
complex, proceeded through a first-order pathway, with a
decomposition rate constant of 5.99(7) × 10−4 s−1.4 The
solution of 2 was determined to have a decomposition rate
constant of 2.92(1) × 10−5 s−1 compared to 2.09(3) × 10−4 s−1

for 4. These rate constants result in calculated t1/2 values of
1.16 × 103 s for [K(crypt)][(C5H4SiMe3)3Lu

II], 2.38 × 104 s
for 2, and 3.32 × 103 s for 4. This contrasts with [YII(NR2)3]

1−

which decomposes within 10 s and was not measurable at
room temperature.11

Structural Analysis. The (C5Me5)2Y
III(NR2) Reduction

Product. Diffusion of n-pentane into the blue THF solution of
2 at −35 °C produced single crystals that were identified by X-
ray crystallography to be a mixture of an Y(II) complex,
[K(crypt)][(C5Me5)2Y

II(NR2)], 5, and an Y(III) derivative,
[K(crypt)][(C5Me5)2Y

III{N(SiMe3)(SiMe2CH2)-κC,κN}], 6,
formally derived from C−H bond activation of one of the
methyl groups of the trimethylsilyl substituents on the amide
ligand in 5.
Two different batches of single crystals containing this

Y(II)/Y(III) mixture of 5 and 6 were isolated. In one crystal,
the data were best modeled with a 75:25 mixture of complexes

Table 1. EPR Parameters of Y(II) Products of Reduction of
YIIIA3 Complexes (A = Anionic Ligand) at 298 K

Y(III) precursor to the Y(II) compound giso Aiso (G) Aiso (MHz)

[C5H3(SiMe3)2]2Y(C5H5)
25 1.990 34.6 96.4

[C5H3(SiMe3)2]3Y
25 1.991 36.1 100.6

(C5H4SiMe3)3Y
2 1.991 36.6 102.0

(C5H5)3Y(THF)
25 1.991 42.8 119.3

(C5H4Me)3Y(THF)
25 1.990 46.9 130.6

(C5Me4H)3Y
7 1.986 64.8 180.1

(C5Me4H)2Y[N(SiMe3)2], 3 1.975 71.2 196.8
(C5Me5)2Y[N(SiMe3)2], 1 1.975 74.5 206.0
Y[N(SiMe3)2]3

24 1.976 110 304.2
Y(OArAd,Ad,t‑Bu)3

10 1.980 153.3 424.8

Figure 3. UV−visible spectra of 2 and 4 plotted for comparison with
the spectra of crystallographically characterized [(C5H4SiMe3)3Y

II]1−

and [YII(NR2)3]
1−.

Figure 4. (left) Overlay of UV−visible spectra of 2 during decomposition. The absorbance remains constant at λ = 315 nm. (right) Overlay of
UV−visible spectra of 4 during decomposition. The absorbance remains constant at λ = 310 nm.
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5:6, while a 70:30 model best fit the data for the other crystal.
Both mixtures crystallized in the triclinic P1 space group, with
disordering of one Me group from a SiMe3 unit on the
N(SiMe3)2 ligand.
As shown in Figure 6, the structures are similar except for

C21 and C21B. The 3.523(2) Å Y···C21 distance is associated

with the Y(II) complex, 5, while the 2.638(7) Å Y−C21B
distance is associated with the Y(III) complex, 6. For
comparison, the YIII−C(alkyl) bond distance in the previously
reported heteroleptic complex, (C5Me5)2Y

III[CH(SiMe3)2], is
2.468(7) Å and the closest Y···C(SiMe3) distances are
2.878(7) and 4.446(7) Å.38 Also consistent with these
assignments are the N1−Si1−C21 and N1−Si1−C21B angles.
The 115.51(8)° N1−Si1−C21 angle is in the range observed
in normal Ln−NR2 bonds. The 88.7(2)° N1−Si1−C21B angle
is in the range of cyclometalated complexes derived from NR2
ligands.39−43 The Y−(C5Me5 ring centroid) and Y−N
distances are the same for 5 and 6. Structural data on 5 and
6 from the crystal with a 75:25 ratio are compared to
(C5Me5)2Y

III(NR2) and (C5Me5)2Y
III[CH(SiMe3)2] in Table

2.
Bond distances are commonly used to compare rare-earth

Ln(II) and Ln(III) complexes.44 Comparison of the structural
data on [K(crypt)][(C5Me5)2Y

II(NR2)], 5, with the Y(III)
precursor, (C5Me5)2Y

III(NR2), is complicated by the fact that
the latter complex has two molecules in the unit cell with
somewhat different features.38 Both molecules of
(C5Me5)2Y

III(NR2) have similar Y−N distances of 2.253(5)
and 2.274(5) Å and a narrow range of Y−(C5Me5 ring
centroid) distances of 2.378−2.404 Å. However, one molecule
has an Y···C(SiMe3) distance of 2.970(6) Å and an Y−Si−C
angle of 107.1(3)° which is associated with an agostic
interaction of a methyl group with the metal center, whereas
the other molecule has less acute angles of 114.0(3) and
120.2(3)° and Y···C(SiMe3) distances that are 3.181(8) and
3.421(8) Å. Upon reduction of 1 to 5, the Y−N distance
lengthens by 0.072 Å and the average Y−(C5Me5 ring
centroid) distance increases by 0.048 Å. This is consistent

Figure 5. (left) Absorption of 2 collected at 9.0 mM concentration in THF at room temperature. Absorptions were measured at λmax = 515 nm
every 15 min. (right) Absorption of 4 collected at 9.0 mM concentration in THF at room temperature. Absorptions were measured at λmax = 515
nm every 15 min.

Figure 6. Displacement ellipsoid plot of the 75:25 disordered
structure of [K(crypt)][(C5Me5)2Y

IIN(SiMe3)2], 5, and [K(crypt)]-
[(C5Me5)2Y

III{N(SiMe3)(SiMe2CH2)-κC,κN}], 6, with ellipsoids
drawn at the 50% probability level. Hydrogen atoms and the
[K(crypt)]1+ countercation were omitted for clarity.

Table 2. Selected Bond Lengths and Angles of a 75:25 Mixture of [K(crypt)][(C5Me5)2Y
II{N(SiMe3)2}] (5) and

[K(crypt)][(C5Me5)2Y
III{N(SiMe3)(SiMe2CH2)-κC,κN}] (6) and Structurally Related (C5Me5)2Y

III[N(SiMe3)2] and
(C5Me5)2Y

III[CH(SiMe3)2]
38

Y−(C5Me5 ring centroid)
distances (Å)

Y−N, Y−C distances
(Å)

YC(SiMe3) distances
(Å)

Y−N−Si, Y−C−Si angles
(deg)

[(C5Me5)2Y
II{N(SiMe3)2}]

1−, 5 2.441 2.336(1) 3.523(2) 114.31(7), 124.05 (8)
[(C5Me5)2Y

III{N(SiMe3)(SiMe2CH2)-
κC,κN}]1−, 6

2.441 2.336(1) 2.638(7), 3.762(2) 114.31(7), 124.05 (8)

(C5Me5)2Y
III[N(SiMe3)2]

a 38 2.378, 2.404 2.253(5) 3.181(8), 3.421(8) 114.0(3), 120.2(3)
2.391, 2.400 2.274(5) 2.970(6), 3.800(7) 107.1(3), 129.7(3)

(C5Me5)2Y
III[CH(SiMe3)2]

38 2.381, 2.382 2.468(7) 2.878(7), 4.446(7) 97.1(3), 138.6(4)

aThis complex crystallized with two asymmetric molecules in the unit cell.
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with reduction of the metal center. However, the distances are
on the long end of the range of bond distance changes
previously found when comparing 4d0 Y(III) complexes to
their 4d1 Y(II) analogues, 0.020−0.032 Å.44,45 On the other
hand, the 0.048−0.072 Å increase in lengths observed in 5
compared to 1 is less than the 0.12−0.15 Å increases seen in
the structure of the traditional 4f6 Sm(II) analogue, [K-
(crypt)][(C5Me5)2Sm

II(NR2)], that was crystallographically
characterized for comparison (see the Supporting Informa-
tion).
The Y−N−Si angles in 5 are similar to those in the molecule

of 1 which does not have an agostic interaction. The 3.523(2)
Å YII···C21(SiMe3) distance in 5 is long for an agostic
interaction. This is consistent with the expectation that an
Y(II) ion, with the lower formal charge, would be less likely to
participate in an agostic interaction than an Y(III) ion.
The (C5Me4H)2Y

III(NR2) Reduction Product. Attempts to
crystallize the dark solution of 4 obtained by reduction
of(C5Me4H)2Y

III(NR2) through both layering and vapor
diffusion methods yielded crystals with three components.
[K(crypt)][C5Me4H] co-crystallized with a disordered metal-
locene that was modeled as a 10:90 mixture of the Y(II)
product, [K(crypt)][(C5Me4H)2Y

II(NR2)], 7, and the Y(III)
cyclometalated product, [K(crypt)][(C5Me4H)2Y

III{N-
(SiMe3)(SiMe2CH2)-κC,κN}], 8, Figure 7. Unfortunately, the
data on this structure were not of sufficient quality to discuss
bond lengths.

Theoretical Analysis. Electronic structure calculations on
[(C5Me5)2Y

II(NR2)]
1− and [(C5Me4H)YII(NR2)2]

1− were
carried out at the density functional level of theory using the
TPSSh46 functional with Grimme’s D3 dispersion correc-
tion.47,48 All structures were initially optimized starting from
the crystal structures without symmetry constraints. All
calculations were carried out with the TURBOMOLE program
suite, version V-7.4.1.49,50

[(C5Me5)2Y
II(NR2)]

1−. The solvent optimized structure of
[(C5Me5)2Y

II(NR2)]
1− resulted in a C2-symmetric structure

that exhibited a distortion into a C1-symmetric minimum. The
energy change associated with this distortion is approximately
10 kcal/mol, and hence, the electron configuration can be
understood qualitatively using C2 symmetry. The optimized
structure closely approximates the X-ray data with the

optimized Y−N distance ∼0.04 Å longer than the exper-
imentally observed distance. The average closest Y···C(SiMe3)
distance in the optimized structure is 3.720 Å, approximately 1
Å outside the expected distance to form a bond. Molecular
orbital plots and population analysis revealed a highest
occupied molecular orbital with 4dz2-like character, Figure 8.
The HOMO has electron density on two methyl carbon atoms
of the (NR2)

1− ligand with a Mulliken population of 0.001
(0.888 for 4dz2).

Calculations to determine vertical excitation energies and
oscillator strengths of the solvent optimized structure of
[(C5Me5)2Y

II(NR2)]
1− were carried within the time-dependent

density functional theory (TDDFT) framework. A comparison
with the observed spectrum for 2 is shown in Figure 9. The

experimentally observed broad absorption at 815 nm, which is
found at 927 nm in the calculations, is mostly due to an 4dz2 →
5pz excitation. The lowest unoccupied virtual orbitals involved
in these transitions are shown in the Supporting Information
(Figure S10). Modeling such Rydberg transitions is difficult for
TDDFT, and hence, the fit is not as good as for other types of
transitions. However, the fit is reasonable considering the
method. In comparison, the UV−visible spectrum of [K-
(crypt)][(C5H4SiMe3)3Y

II]2 has primarily d → d and d → π*
transitions in which the d → d transitions have significant

Figure 7. Displacement ellipsoid plot of a single crystal comprised of
[K(crypt)][C5Me4H] and a 10:90 disordered mixture of [K(crypt)]-
[(C5Me4H)2Y

II(NR2)]/[(C5Me4H)2Y
III{N(SiMe3)(SiMe2CH2)-

κC,κN}], 7/8, with ellipsoids drawn at the 50% probability level.
Hydrogen atoms were omitted for clarity.

Figure 8. Calculated dz2-like HOMO of [(C5Me5)2Y
II(NR2)]

1−,
plotted with a contour value of 0.05 with hydrogen atoms excluded
for clarity.

Figure 9. Theoretical UV−visible spectrum of [(C5Me5)2Y
II(NR2)]

1−

in green with computed TDDFT oscillator strengths shown as vertical
lines. A Gaussian line broadening of 0.20 eV was applied. The
computed intensities were scaled by a factor of 0.3 to ease comparison
with the experimental spectrum of 2 in black.
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ligand character. The spectra of the [K(18-crown-6)2]-
[LnII(NR2)3] complexes had more 5d → 6p character.11

[(C5Me4H)2Y
II(NR2)]

1−. Structure optimization of
[(C5Me4H)2Y

II(NR2)]
1− resulted in a Cs-symmetric minimum

that exhibited a large distortion (around 5 kcal/mol) into a C1-
symmetric minimum. The molecular orbital plots and
population analysis revealed a highest occupied molecular
orbital with 4dz2-like character, Figure 10. The Y−N distance

from the optimized structure is 2.374 Å, which is similar to the
Y−N distance, 2.336(1) Å, in [(C5Me5)2Y

II{N(SiMe3)2}]
1−, 5.

The average distance of Y to the closest C in the amide methyl
groups is 3.526 Å, approximately 1 Å larger than would be
expected to form a bond. Again, there are small amounts of
HOMO electron density on two of the (NR2)

1− methyl groups
with a Mulliken population of 0.001 (0.856 for 4dz2).
TDDFT calculations on [(C5Me4H)2Y

II(NR2)]
1− are

compared with the observed spectrum for 4 in Figure 11.

The significant broadening in the experimentally observed
spectrum of 4 may be caused by vibrational effects not
captured in the present theoretical approach. The predicted
spectrum of 4 is similar to that of 2 and again has a low energy
4dz2 → 5pz excitation. The lowest unoccupied virtual orbitals
involved in these transitions are shown in the Supporting

Information (Figure S13). As discussed above, these Rydberg
transitions are difficult to model by TDDFT.

■ DISCUSSION
R e d u c t i o n s o f ( C 5M e 5 ) 2 Y

I I I ( N R 2 ) , 1 , a n d
(C5Me4H)2Y

III(NR2), 3, form dark blue solutions, 2 and 4,
respectively, that have UV−visible and EPR spectra consistent
with the presence of Y(II). Their 74.5 and 71.2 G hyperfine
coupling constants, Aiso, for 2 and 4, respectively, fit well with
previous correlations that Y(II) complexes of more electron
donating ligands have higher Aiso values, Table 1. The 71.2 G
Aiso value of 4 is in between those of its homoleptic analogues,
64.8 G for the reduction product of (C5Me4H)3Y

III 7 and 110
G for [YII(NR2)3]

1−.24 The fact that the value for 4 is closer to
the value of the (C5Me4H)3Y

III reduction product is consistent
with the fact that there are two C5Me4H ligands and only one
NR2 ligand. This contrasts with the previously reported A value
of 34.6 G found for the product of reducing the heteroleptic
Cp″2YIIICp complex.25 This heteroleptic A value was less than
either of the homoleptic values, 36.1 G for the Cp″3YIII

reduction product and 42.8 G for the Cp3Y
III reduction

product. Hence, it appears that the A values are not necessarily
proportional to the composition of the ligands, although only a
few data on heteroleptic systems are currently available for
evaluation.
Both heteroleptic reduction products, 2 and 4, decompose

readily at room temperature, and attempts to crystallize the
Y(II) products at low temperature formed crystals that
contained [N(SiMe3)(SiMe2CH2)]

2− ligands apparently aris-
ing from C−H bond activation of a trimethylsilyl group.
Cyclometalation of the [N(SiMe3)2]

1− ligand is a common
reaction,39−43 and as described in the Introduction, C−H bond
activation has been observed in other Ln(II) and U(II)
systems.13−15,19,25−34,36 The fact that the precursor
(C5Me5)2Y

III(NR2), 1, had an agostic interaction of a methyl
C−H with the yttrium metal center in one complex of the two
present in the unit cell suggests that this reaction could occur
with little structural change. The DFT calculations on both
[(C5Me5)2Y

II(NR2)]
1− and [(C5Me4H)2Y

II(NR2)]
1− show

HOMOs with electron density on the C−H bond, which is
consistent with the reactivity observed.
The product crystallized from the reduction of

(C5Me5)2Y
III(NR2), 1, contained a mixture of the Y(II)

complex, [K(crypt)][(C5Me5)2Y
II(NR2)], 5, and the Y(III)

cyclometalate, [(C5Me5)2Y
III{N(SiMe3)(SiMe2CH2)-κC,κN}],

6 . In the reduction of the tetramethyl analogue
(C5Me4H)2Y

III(NR2), 3, only a 10% mixture of the Y(II)
complex, [K(crypt)][(C5Me4H)2Y

II(NR2)], 7, and 90% of the
cyclometalated complex, [K(crypt)][(C5Me4H)2Y

III{N-
(SiMe3)(SiMe2CH2)-κC,κN}], 8, was isolated. This difference
in Y(II)/Y(III) ratio in the crystals is consistent with the first-
order decomposition kinetics observed with half-lives of 6.6 h
and 55 min for the solutions of 2 (C5Me5) and 4 (C5Me4H),
respectively. Interestingly, both heteroleptic systems, 5 and 7,
are more thermally stable than the homoleptic yttrium
analogues, [(C5Me4H)3Y

II]1− 7 and [YII(NR2)3]
1−.11 The

solutions produced from reducing (C5Me4H)3Y
III and

YIII(NR2)3 decompose too fast to give good kinetic data at
room temperature.
The origins of the difference in stability of 2 and 4 are not

clear. Since the more electron donating C5Me5 is slightly more
stable according to the decomposition data, the difference in
the donor strength of the ligand is apparently not a main

Figure 10. Calculated dz2-like HOMO of [(C5Me4H)2Y
II(NR2)]

1−,
plotted with a contour value of 0.05 with hydrogens excluded for
clarity.

F i g u r e 1 1 . Theo r e t i c a l UV− v i s i b l e s p e c t r um o f
[(C5Me4H)2Y

II(NR2)]
1− in C1 symmetry, shown in green with

computed TDDFT oscillator strengths shown as vertical lines. A
Gaussian line broadening of 0.20 eV was applied. The computed
intensities were scaled by a factor of 0.3 to ease comparison with the
experimental spectrum of 4 in black.
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factor. Since the Guzei steric saturation values51 for [K-
(crypt)][(C5Me5)2Y

III{N(SiMe3)(SiMe2CH2)-κC,κN}], 6, and
[K(crypt)][(C5Me4H)2Y

III{N(SiMe3)(SiMe2CH2)-κC,κN}],
8, are similar at 81 and 83%, it is difficult to make a steric
argument based on the ligands. The Guzei value for
[K(crypt)][(C5Me5)2Y

II(NR2)], 5, is 77%, so its decom-
position does proceed to a more sterically saturated product.
However, crystallizable YIII(NR2)3 has a Guzei value of 76%, so
this metric alone is insufficient to rationalize the stabilities of 5
and 7.

■ CONCLUSION

Reduction of the bis(pentamethylcyclopentadienyl) yttrium
amide complex, [(C5Me5)2Y

III(NR2)], 1, has generated the
first C5Me5 complex of Y(II), [K(crypt)][(C5Me5)2Y

II(NR2)],
5. This complex is highly reactive and decomposes to the C−H
bond activation product, [K(crypt)][(C5Me5)2Y

III{N(SiMe3)-
(SiMe2CH2)-κC,κN}], 6, overnight. This reactivity is con-
sistent with DFT studies that show delocalization of the
HOMO of the Y(II) complex onto a C−H bond of a
trimethylsilyl group of the amide ligand. A similar reduction
occurs with (C5Me4H)2Y

III(NR2), 3, but the Y(II) reaction
product, [K(crypt)][(C5Me4H)2Y

II(NR2)], 7, is less stable
than 5 and [K(crypt)][(C5Me4H)2Y

III{N(SiMe3)(SiMe2CH2)-
κC,κN}], 8, an Y(III) cyclometalation product, was predom-
inantly isolated.

■ EXPERIMENTAL DETAILS
All manipulations and syntheses described below were conducted
with the rigorous exclusion of air and water using standard Schlenk
line and glovebox techniques under an argon or dinitrogen
atmosphere. Solvents were sparged with UHP argon and dried by
passage through columns containing Q-5 and molecular sieves prior
to use. Deuterated NMR solvents were dried over NaK alloy,
degassed by three freeze−pump−thaw cycles, and vacuum transferred
before use. KC8, (C5Me5)2Y(NR2), and (C5Me4H)2Y(NR2) were
prepared as previously described.37,38,52 1H NMR spectra were
recorded on Bruker GN500 or CRYO500 MHz spectrometers (13C
NMR spectra on the 500 MHz spectrometers operating at 125 MHz)
at 298 K unless otherwise stated and referenced internally to residual
protio-solvent resonances. UV−visible spectroscopy was performed
using an Agilent Cary 60 Scan UV−visible spectrophotometer in a 1
mm quartz cuvette. Infrared spectra were collected as compressed
solids on an Agilent Cary 630 ATR-FTIR instrument. Elemental
analyses were conducted on a PerkinElmer 2400 Series II CHNS
elemental analyzer. 2.2.2-Cryptand (crypt) (Aldrich) was dried under
10−5 Torr for 12 h before use.
[K(crypt)][(C5Me5)2Y

I I (NR2)]/[(C5Me5)2Y
I I I {N(SiMe3)-

(SiMe2CH2)-κC,κN}], 5/6. (C5Me5)2Y
III(NR2) (90 mg, 0.173 mmol)

and 2.2.2-cryptand (76 mg, 0.202 mmol) were charged into a vial and
stirred in 5 mL of THF for 20 min. A vial was charged with KC8 (40
mg, 0.298 mmol), and both vials were place in the freezer at −35 °C
for 2 h. The cold yellow THF solution was added to the KC8 and
stirred for 5 min. While stirring, the solution turned dark blue/purple,
2, and a UV−visible spectrum was collected. UV−vis (THF) λmax nm
(ε, M−1 cm−1): 815 (3000), 583 (2500), 405 (1500). This solution
was filtered and layered using chilled pentane. After 24 h in the freezer
at −35 °C, dark black/purple crystals containing 5/6 were isolated
(104 mg, 61%). 1H NMR (500 MHz, d8-THF): δ 4.55 (s, H2,
presumed byproduct from decomposition of 5 to 6), 3.50 (m, 12 H,
crypt), 3.45 (t, 12 H, crypt), 2.55 (t, 12 H, crypt), 1.95 (m, 30 H,
C5Me5), −0.1 (s, 9 H, SiMe3), −0.3 (s, 6 H, SiMe2), −1.0 (s, 2 H, Y−
CH2).

13C NMR (125 MHz, d8-THF): δ 114 (C5Me5), 105 (C5Me5),
72 (crypt), 69 (crypt), 55 (crypt), 23 (d, JYC = 34 Hz), 14 (C5Me5),
9.5 (SiMe3), 9.0 (SiMe2). IR (cm−1): 2877s, 2810s, 1476vw, 1455vw,
1442w, 1353s, 1293w, 1258w, 1237w, 1173vw, 1130s, 1101vs,

1079vs, 948vs, 930vs, 875s, 831s, 819vs, 772w, 750w. Anal. Calcd
for 5, C44H84KN3O6Si2Y: C, 56.50; H, 9.05; N, 4.49. Found: C, 56.97;
H, 9.50; N, 4.38. Note that the molecular weights of 5 and 6 differ
only by 1 mass unit out of 935, which does not affect the elemental
percentages within the error limits.

[K(crypt)]2[(C5Me4H)2Y
II(NR2)]/[(C5Me4H)2Y

III{N(SiMe3)-
(SiMe2CH2)-κC,κN}][C5Me4H]. (C5Me4H)2Y

III(NR2) (55 mg, 0.11
mmol) was charged into a vial with 2.2.2-cryptand (43 mg, 0.11
mmol) and 5 mL of THF. The pale-yellow solution was stirred for 20
min, and another vial was charged with KC8 (30 mg, 0.22 mmol). The
vials were placed in the freezer at −35 °C for 2 h, followed by
addition of the THF solution to the KC8 vial. The solution was stirred
for 5 min and changed color to dark blue/purple, 4, and a UV−visible
spectrum was collected. UV−vis (THF) λmax nm (ε, M−1 cm−1): 791
(1600), 670 (1500), 403 (1100). The solution was filtered, layered
using chilled pentane, and placed in the freezer at −35 °C. After 12 h,
dark purple crystals containing 7/8 and [K(crypt)][(C5Me4H] were
isolated (64 mg, 49%). IR (cm−1): 2877s, 2807s, 1628vw, 1476w,
1455vw, 1442w, 1353s, 1293w, 1258w, 1237vw, 1173vw, 1130s,
1101vs, 1079vs, 946vs, 930vs, 831s, 819w, 750s, 704w. Anal. Calcd for
C69H129K2N5O12Si2Y: C, 57.39; H, 9.00; N, 4.85. Found: C, 56.02; H,
8.81; N, 2.93. Incomplete combustion was found in this sample as is
often the case with these types of compounds,10,53−57 but the C/H
ratio matches the following: Calcd, C69H129; Found, C69H132. Note
that the molecular weights of 7 and 8 differ only by 1 mass unit out of
1444, which does not affect the elemental percentages within the error
limits.

X-ray Crystallographic Data. Crystallographic information for
complexes 5/6, 7/8, and [K(crypt)][(C5Me4H)2Sm(NR2)] are
summarized in the Supporting Information.

Computational Details. All calculations were completed with the
TURBOMOLE V7.4.1 package. Complete details and XYZ files of the
optimized structures of 5 and 7 can be found in the Supporting
Information.
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