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ABSTRACT: [Y(N(SiMe3)2)3] reacts with (Ad,MeArOH)3mes
to form the Y3+ complex [((Ad,MeArO)3mes)Y], 1-Y. This
complex reacts with potassium metal in the presence of 2.2.2-
cryptand to give a cocrystallized mixture of [K(2.2.2-cryptand)]-
[((Ad,MeArO)3mes)Y], 2-Y , and [K(2.2.2-cryptand)]-
[((Ad,MeArO)3mes)YH], 3-Y. The electron paramagnetic reso-
nance spectrum of this crystalline mixture exhibits an isotropic
signal at 77 K (giso = 2.000, Wiso = 1.8 mT), suggesting that 2-Y
is best described as a Y3+ complex of the tris(aryloxide)-
mesitylene radical ((Ad,MeArO)3mes)4−. Evidence of the hydride
ligand in 3-Y was obtained by 89Y−1H heteronuclear multiple
quantum coherence NMR spectroscopy, and a coupling constant
of JYH = 93 Hz was observed. A single crystal of 3-Y was also obtained in pure form and structurally characterized for
comparison with the crystal data on the mixed component 2-Ln/3-Ln crystals. The origin of the hydride in 3-Ln is unknown,
but further studies of the reduction of 1-La, previously found to form 2-La, revealed a possible source. Ligand-based C−H bond
activation and loss of hydrogen can occur under reducing conditions to form a tetraanionic ligand derived from
((Ad,MeArO)3mes)3−, as observed in [K(2.2.2-cryptand)][((Ad,MeArO)3(C6Me3(CH2)2CH)La], 4-La.

■ INTRODUCTION

Recent studies of reductive f-element chemistry have involved
comparisons of the tris(cyclopentadienyl) ligand sets (Cp′3)3−
and (Cp″3)3− (Cp′ = C5H4SiMe3; Cp″ = C5H3(SiMe3)2)

1−10

w i t h t h e t r i s ( a r y l o x i d e ) m e s i t y l e n e l i g a n d
((Ad ,MeArO)3mes)3− . 11−14 Reduction of the tr is-
(cyclopentadienyl) complexes Cp′3M and Cp″3M has allowed
the isolation of M2+ complexes for Y, all the lanthanides
(except Pm), Th, U, Pu, and Np as shown in eq 1.1−10 New
Ln2+ ions are also known with two C5H3(CMe3)2

15 (Cptt) and
C5H2(CMe3)3

16,17 (Cpttt) ligands.
Reduction of the tris(aryloxide)mesitylene complexes,

[((Ad,MeArO)3mes)U], 1-U, and [((Ad,MeArO)3mes)Ln], 1-Ln,
has been used to generate M2+ complexes of U, Nd, Sm, and
Yb, eq 2.13,14

However, reduction of the 1-Ln complexes of Gd, Dy, and
Er was more complicated.13 In each case, a mixture of a Ln2+

complex, [K(2.2.2-cryptand)][((Ad,MeArO)3mes)Ln], 2-Ln,
and a Ln3+ hydride product, [K(2.2.2-cryptand)]-

[((Ad,MeArO)3mes)LnH], 3-Ln, was obtained as a cocrystal-
lized material, eq 3. The source of the hydride is unknown.
Reduction of 1-Ln with Ln = La, Ce, or Pr gave yet another

result: the products are best described as Ln3+ complexes of a
reduced ((Ad,MeArO)3mes)4− ligand radical, eq 4.14

To obtain more information on the reductive chemistry of
this flexible tris(aryloxide)mesitylene ligand system, studies
have now been extended to yttrium, since the 89Y isotope
(100% natural abundance) has an I = 1/2 nuclear spin that can
provide additional information via NMR and electron
paramagnetic resonance (EPR) spectroscopy for Y3+ and Y2+

complexes, respectively. Historically, Y3+ has been shown to
display chemistry similar to the late lanthanides of similar size,
for example, Ho3+ and Er3+.18,19 This has been very helpful in
elucidating the chemistry of these highly paramagnetic ions
that are difficult to study by NMR spectroscopy. We also
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explored further the reduction of the diamagnetic La3+

complex [((Ad,MeArO)3mes)La], 1-La,14 since it is a congener

of yttrium, and have found a new product in addition to 2-La
in eq 4 that could explain the source of the hydride ligands in
eq 3.

■ RESULTS
Protonolysis of the tris(amide) compound [Y(N(SiMe3)2)3]

20

with the tris(phenol) (Ad,MeArOH)3mes12 gave colorless solids
whose composition was determined to be [((Ad,MeArO)3mes)-
Y], 1-Y, by X-ray crystallography, Figure 1. The structure
features metrical parameters that are intermediate between
those of 1-Dy and 1-Er,13 Table 1. This is consistent with the
similar ionic radii of these three metals.

Treatment of a colorless tetrahydrofuran (THF) solution of
1-Y with potassium metal in the presence of 2.2.2-cryptand
generated a dark red solution reminiscent of the color of the 1-
Ln reductions in eqs 2−4. Diffusion of Et2O into the dark red
THF solution at −35 °C similarly gave crystals, which were
identified as the cocrystallized mixture, [K(2.2.2-cryptand)]-
[((Ad,MeArO)3mes)Y]/[K(2.2.2-cryptand)][((Ad,MeArO)3mes)-
YH], 2-Y/3-Y, Figure 2, in a reaction analogous to that of eq 3.
2-Y/3-Y crystallizes in the space group P213 and is
isomorphous with the previously reported 2-Ln/3-Ln
analogues of Gd, Dy, and Er that also cocrystallize as mixtures.
The data were best refined as a 47:53 mixture of 2-Y/3-Y. For

Figure 1. Molecular structure of [((Ad,MeArO)3mes)Y], 1-Y, with
thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms
are omitted.
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comparison, the distributions for Gd, Er, and Dy were 65:35,
55:45, and 63:37, respectively.13

In one reduction reaction, crystals of pure 3-Y were obtained
(see Figure S3 in the Supporting Information). This is the first
pure tris(aryloxide)mesitylene rare-earth metal hydride com-
plex isolated. Attempts to make this complex independently
were not successful, but the crystals of 3-Y show the variation

in metrical parameters that can occur between crystal data of
the pure hydride, 3-Y, and the 3-Y component in the 2-Y/3-Y
crystal. For example, the Y−OAr and Y−(arene ring centroid)
distances in pure 3-Y were measured to be 2.135(3) and 2.775
Å, but in the 2-Y/3-Y mixture, the model showed these
distances to be 2.095(2) and 2.822 Å. For this reason, the data
on the cocrystallized mixtures were not used to rationalize
bonding. The bond distances and angles of 3-Ln in the 2-Ln/
3-Ln structures (Table S2) and the differences between 2-Y
and 1-Y (Table S3) are given in the Supporting Information
along with all the other lanthanide examples.
Although the 1H NMR spectrum generated from the crystals

of 2-Y/3-Y in deuterated tetrahydrofuran (THF-d8) is
complicated, the resonance of the hydride ligand could be
identified as a doublet centered at 7.81 ppm. The JYH = 93 Hz
coupling constant is larger than, but consistent with, the JYH =
74.8, 81.7, and 82.0 Hz coupling constants reported for the
terminal hydride complexes [(C5Me4SiMe3)2YH(THF)],22

[(C5Me5)2YH(THF)],
23 and [(C9Me7)2YH(THF)],

24 respec-
tively. In contrast, for μ2-hydride complexes, JYH coupling
constants have been reported in the range of 21.3−35 Hz.25−42
The JYH coupling constants for μ3-hydrides are 16.3−18
Hz,43−45 and they are 12.5 and 15.3 Hz for μ4-hydrides.

25,46 A
89Y−1H heteronuclear multiple quantum coherence (HMQC)
experiment showed a correlation between the hydride
resonance at 7.81 ppm with a 89Y resonance at −138.0 ppm
in the 89Y NMR spectrum of 2-Y/3-Y. When CCl4 is added to

Table 1. Selected Bond Lengths (Å) and Angles (deg) of 1-Y and 1-Ln (Ln = Dy, Er)13 Complexes Listed in Order of
Decreasing Ionic Radius

metal ionic radius for coordination number 6a M−O range M−O avg M−C6 (ring centroid) M out of planeb C6 torsion anglec

Dy13 0.912 2.093(3)-2.095(3) 2.094(1) 2.368 0.443 8.1
Y 0.90 2.085(2)-2.088(2) 2.087(1) 2.368 0.445 9.6
Er13 0.89 2.078(2)-2.081(2) 2.079(1) 2.336 0.477 7.9

aAccording to the values by Shannon.21 bDistance of M from the plane defined by the three O atoms of the ((Ad,MeArO)3mes)3− ligand. cThe
largest dihedral angle between adjacent three carbon plane in the mesitylene ring.

Figure 2. Molecular structure of [K(2.2.2-cryptand)]-
[((Ad,MeArO)3mes)Y]/[K(2.2.2-cryptand)][((Ad,MeArO)3mes)YH], 2-
Y/3-Y, with thermal ellipsoids drawn at the 50% probability level.
Hydrogen atoms except H1 attached to Y2 in 3-Y are omitted.

Figure 3. (left) Experimental X-band EPR spectrum (black trace) of a frozen solution of single crystals of 2-Y/3-Y dissolved in THF (1 mM) at 10
K (mode: perpendicular; ν = 9.643 GHz; P = 6.408 mW; modulation amplitude = 10.02 G). The best fit (red trace) was obtained for an axial
symmetric spectrum with gpar = 2.036, gper = 2.003, Wpar = 1.2 mT, andWper = 1.3 mT. (right) Experimental X-band EPR spectrum (black trace) of
a frozen solution of single crystals of 2-Y/3-Y dissolved in THF (1 mM) at 77 K (mode: perpendicular; ν = 9.627 GHz; P = 6.408 mW; modulation
amplitude = 10.02 G). The best fit (red trace) was obtained for an isotropic spectrum with giso = 2.000, Wiso = 1.7 mT. The 77 K spectrum was
corrected for the background signal generated from the cavity (see Figure S6 in the Supporting Information).
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the NMR sample, the 7.81 ppm resonance disappears, and
chloroform at 7.89 ppm grows in, which is consistent with the
presence of a hydride ligand.47 These spectra can be found in
the Supporting Information (Figure S7).
The EPR spectrum at 10 K of a frozen THF solution

prepared by dissolving crystals of the 2-Y/3-Y mixture showed
an axial symmetric signal with g values at gpar = 2.036 and gper =
2.003, Figure 3. A similar spectrum was observed for the
previously reported 2-La14 at 10 K (see Figure S5 in the
Supporting Information). At 77 K, the frozen solution gives an
apparent isotropic singlet centered at giso = 2.000.
This is consistent with an organic radical rather than a Y2+

compound. Complexes of 4d1 Y2+ typically display two line
patterns in their EPR spectra with g = 1.976−1.986 and
hyperfine coupling constants A = 34.6−46.9 G in tris-
(cyclopentadienyl) compounds48−50 and A = 110 G in
reduction reactions of the tris(amide) yttrium complex,
[Y(N(SiMe3)2)3].

51 Hence, the 2-Y component in the 2-Y/
3-Y crystal appears to contain Y3+ with an ((Ad,MeArO)3mes)4−

radical ligand. In this regard, 2-Y is like congeneric 2-La, along
with 2-Ce and 2-Pr, which were also characterized as Ln3+

complexes with [(Ad,MeArO)3mes]4− radical ligands.14 The EPR
spectrum of 2-La under analogous conditions (Figure S5 in the
Supporting Information) appears nearly identical to those of
the 2-Y/3-Y crystals.
Computat ional s tudies on the anion in 2-Y ,

[((Ad,MeArO)3mes)Y]1−, using the Tao-Perdew-Staroverov-
Scuseria (TPSS)52 density functional approximation, support
the assignment made from the EPR data. The highest occupied
molecular orbital (HOMO) is predominantly localized on the
mesitylene ring, Figure 4. The Mulliken population analysis
using spin density difference shows that ∼0.8 excess negative
charge is located on the ligand, which indicates mesitylene-ring
reduction.
Given the useful results obtained by examining diamagnetic

1-Y, further studies of the reduction of diamagnetic 1-La were
conducted. In addition to the red 2-La product isolated in eq
4,14 a low-yield coproduct was isolated as a bright orange solid

that precipitated out of solution during the crystallization of
2-La. The material could be recrystallized to give red
microcrystals identified by X-ray crystallography as a complex
that has lost hydrogen from a methylene group on the
mesitylene component of the ligand: [K(2.2.2-cryptand)]-
[((Ad,MeArO)3(C6Me3(CH2)2CH)La], 4-La, Figure 5. Previ-

ously, a U4+ hydride complex of this ((Ad,MeArO)3(C6Me3-
(CH2) 2CH)) 4− l i g and , n ame l y , [ ( (A d ,M eArO)3 -
(C6Me3(CH2)2CH))U(μ-H)K(Et2O)], 5-U, had been
isolated from the reaction of 1-U with KC8 or Na in
benzene.12 The two complexes share many similarities, and
their structural parameters are compared in Table 2.
Both 4-La and 5-U have three rather different M−OOAr

distances that deviate by up to 0.1 Å. The distances in 4-La
differ from those in 5-U, because the Shannon ionic radius of
seven-coordinate La3+ is 0.15 Å larger than that of U4+,21 but
the differences for all three distances are close to this 0.15 Å
value. The distance of the metal out of the plane of the three
aryloxide oxygen atoms is similar in the two complexes as is the
largest torsional angle of the arene ring, which is a measure of
its nonplanarity. In both complexes, the aryloxide arms of the
ligand have undergone a T-shaped distortion that gives three
different OAr−La−OAr angles that are similar in 4-La and 5-U.
Both complexes have one short Carene−Cbenzylic bond distance
consistent with a CC double bond. The complexes differ in
that 4-La has one short La−C bond, 2.668(6) Å, while all the
others are over 2.816(6) Å. In contrast, 5-U has all the U−C
bonds in the narrow range of 2.729(3)−2.766(3) Å.
TPSS-D3 calculations on 4-La confirm the presence of the

((Ad,MeArO)3(C6Me3(CH2)2CH))
4− ligand and show that the

highest occupied molecular orbital (HOMO) is delocalized
over the mesitylene and O2 aryloxide arm; see Figure 6.
Further, the computed Carene−Cbenzylic interatomic distances
match the experimentally observed values within 0.01 Å; see
Table S5 in the Supporting Information. This agreement
confirms that the loss of a hydrogen atom occurs at the
benzylic position of one of the aryloxide arms of the
((Ad,MeArO)3mes)3− ligand.

Figure 4. Isosurfaces for the highest singly occupied orbital of 2-Y
corresponding to a contour value of 0.05. Hydrogen atoms are
omitted.

Figure 5. Molecular structure of the anion of [K(2.2.2-cryptand)]-
[((Ad,MeArO)3(C6Me3(CH2)2CH))La(THF)], 4-La, with thermal
ellipsoids drawn at the 50% probability level. The methine atoms
are labeled as C33 and H33. All other hydrogen atoms and a
[K(2.2.2-cryptand)]+ cation are omitted.
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■ DISCUSSION

The extension of the ((Ad,MeArO)3mes)3− ligand system to
yttrium allowed the isolation and structural characterization of
[(Ad,MeArO)3mes)Y], 1-Y, and its cocrystallized reduction
products 2-Y and 3-Y, which are structurally analogous to
those isolated for the late lanthanide series Gd, Dy, and Er.
The diamagnetism of Y3+ and the I = 1/2 nuclear spin of its
most abundant isotope has allowed the definitive identification
of the hydride ligand by NMR spectroscopy. Evidence for the
hydride ligand was also supported in the reactivity of the 2-Y/
3-Y crystal with CCl4, which showed the disappearance of the
hydride resonance and the appearance of the resonance for
CHCl3. The 2-Y component of the 2-Y/3-Y crystal is
structurally similar to the 2-Ln component of the previously
reported 2-Ln/3-Ln complexes of Ln = Gd, Dy, and Er,13 in
that the M−(arene ring centroid) distance decreases upon
reduction of 1-Ln and the M−OAr distances increase slightly.
However, EPR spectroscopy and density functional theory
(DFT) calculations suggest that 2-Y is closer to its congener 2-
La and best described as a combination of Y3+ and a
((Ad,MeArO)3mes)4− radical ligand.

Table 2. Selected Bond Lengths (Å) and Angles (deg) of [K(2.2.2-cryptand)][((Ad,MeArO)3(C6Me3(CH2)2CH)La], 4-La, and
[((Ad,MeArO)3(C6Me3(CH2)2CH))U(μ-H)K(Et2O)],12 5-U

M−O M−C M out of O3 plane
a Carene−Cbenzylic O−M−O largest C6 torsion angleb

4-La 2.349(4) 2.668(6) 0.18 1.410(9) 90.56(15) 18.4
2.288(4) 2.816(6) 1.524(9) 103.64(15)
2.392(4) 2.841(6) 1.530(9) 162.75(14)

2.852(6)
2.914(6)
2.984(6)

5-U12 2.144(4) 2.729(3) 0.20 1.425(7) 83.20(13) 23.3
2.181(3) 2.732(3) 1.508(7) 107.57(13)
2.232(3) 2.736(3) 1.523(8) 164.28(13)

2.754(3)
2.766(3)
2.774(3)

aDistance of M from the plane defined by the three O atoms of the ((Ad,MeArO)3mes)3− ligand. bThe largest dihedral angle between adjacent three
carbon planes in the mesitylene ring.

Figure 6. Isosurfaces for the HOMO of [K(2.2.2-cryptand)]-
[((Ad,MeArO)3(C6Me3(CH2)2CH))La(THF)], 4-La, corresponding
to a contour value of 0.05. The methine carbon is labeled as C33.
Hydrogen atoms are omitted.

Scheme 1. Reaction Schemea

aDepicting a possible route to the Ln3+ hydride complex [K(2.2.2-cryptand)[((Ad,MeArO)3mes)LnH], 3-Ln, and [K(2.2.2-cryptand)]-
[((Ad,MeArO)3(C6Me3(CH2)2CH))Ln], 4-Ln, by further reduction of 2-Ln by potassium.
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T h e i s o l a t i o n o f [ K ( 2 . 2 . 2 - c r y p t a n d ) ] -
[((Ad,MeArO)3(C6Me3(CH2)2CH))La], 4-La, further demon-
strates the flexibility of the ((Ad,MeArOH)3mes)3− ligand and
provides the second example of reactivity at the benzylic C−H
position. Previously, the U4+ hydride complex [((Ad,MeArO)3-
(C6Me3(CH2)2CH))U(μ-H)K(Et2O)], 5-U, was isolated from
reduction reactions involving 1-U due to C−H bond activation
at this position.12 In 5-U, one of the benzylic hydrogens is lost
as a hydride ligand and binds to U4+. Since lanthanum does not
have access to a +4 oxidation state, a lanthanum product
analogous to the 5-U is not possible. Instead, 4-La contains
La3+ with a THF ligand in the newly opened coordination site
analogous to the position of the hydride in 5-U. Scheme 1
shows a possible route by which further reduction of 2-Ln with
potassium forms 4-Ln and a hydride that can react with 1-Ln
to form the observed 3-Ln products.

■ CONCLUSION
Reduction of the diamagnetic Y3+ complex [((Ad,MeArO)3mes)-
Y], 1-Y, with potassium generates crystals consisting of two
coc ry s t a l l i z ed compounds [K(2 .2 . 2 - c ryp t and)] -
[((Ad,MeArO)3mes)Y]/[K(2.2.2-cryptand)][((Ad,MeArO)3mes)-
YH], 2-Y/3-Y. EPR spectroscopy on complex 2-Y provides
evidence that the ((Ad,MeArO)3mes)3− ligand is reduced to
((Ad,MeArO)3mes)4− in this yttrium complex. The hydride
ligand in the 3-Y component of 2-Y/3-Y was definitively
identified by NMR spectroscopy. The isolation of a pure
crystal of 3-Y shows that the metrical parameters of the
cocrystalline mixtures of the 2-Ln/3-Ln products should be
evaluated with caution. The isolation of [K(2.2.2-cryptand)]-
[((Ad,MeArO)3(C6Me3(CH2)2CH))La], 4-La, demonstrates
that the ((Ad,MeArO)3mes)3− ligand can exhibit C−H bond
activation reactivity with rare-earth metals. Therefore, the
((Ad,MeArO)3mes)3− ligand could be the source of the hydride
in the 3-Ln complexes formed in these reduction reactions.
This study establishes the broad flexibility of the
((Ad,MeArO)3mes)3− ligand: it can support unusual oxidation
states, it can be redox-active, and it can provide reactive
hydrogen via C−H bond activation.

■ EXPERIMENTAL DETAILS
The syntheses and manipulations described below were conducted
under an argon atmosphere with rigorous exclusion of air and water
using glovebox, vacuum line, and Schlenk techniques. Solvents were
sparged with ultrahigh purity (UHP) grade argon (Airgas) and passed
through columns containing Q-5 and molecular sieves before use.
NMR solvents (Cambridge Isotope Laboratories) were dried over
NaK/benzophenone, degassed by three freeze−pump−thaw cycles,
and vacuum-transferred before use. [Y(N(SiMe3)2)3],

20

(Ad,MeArOH)3mes,11 and [((Ad,MeArO)3mes)La]13 were prepared
according to their literature procedures. Potassium metal (Aldrich)
was washed with hexane and scraped to provide fresh surfaces before
u s e . 2 . 2 . 2 -C r yp t a nd , 4 , 7 , 1 3 , 1 6 , 2 1 , 2 4 - h e x a o x a - 1 , 1 0 -
diazabicyclo[8.8.8]hexacosane (Acros Organics), was placed under
vacuum (1 × 10−3 Torr) for 12 h before use. 1H (500 MHz), 13C
(125 MHz, 1H broadband decoupled), and 89Y NMR (25 MHz, 1H
broadband decoupled) spectra were obtained on a Bruker GN500 or
CRYO500 MHz spectrometer at 298 K. 89Y NMR spectra were
referenced using the method described,53 which is equivalent to
referencing Y(NO3)3 in D2O. IR samples were prepared as KBr
pellets, and the spectra were obtained on either a Varian 1000 or Jasco
4700 FT-IR spectrometer. Elemental analyses were performed on a
PerkinElmer 2400 series II CHNS elemental analyzer. EPR spectra
were collected using X-band frequency (9.3−9.8 GHz) on a Bruker
EMX spectrometer equipped with an ER041XG microwave bridge,

and the magnetic field was calibrated with 2,2-diphenyl-1-picrylhy-
drazyl (DPPH; g = 2.0036). Spectra were simulated with the program
W95EPR.54

[((Ad,MeArO)3mes)Y], 1-Y. In an argon-filled glovebox, a sealable
100 mL side-arm Schlenk flask equipped with a greaseless stopcock
was charged with a solution of (Ad,MeArOH)3mes (181 mg, 0.205
mmol) in benzene (40 mL) and a magnetic stir bar. A solution of
[Y(N(SiMe3)2)3] (123 mg, 0.216 mmol) in benzene (40 mL) was
slowly added to the stirred solution. The flask was attached to a
Schlenk line, and the mixture was stirred and heated to reflux
overnight. The solvent was then removed, and the flask containing the
solid mixture was brought back into the glovebox. The resultant
colorless solids were washed twice with 10 mL of cold hexane (−35
°C), then dissolved in benzene, and filtered. Toluene (2 mL) was
added to the colorless filtrate, and the solvent was removed under
vacuum. The colorless gel that resulted was triturated once with
hexane to afford 1-Y as a colorless solid (155 mg, 78%). Colorless
single crystals of 1-Y, suitable for X-ray diffraction, were grown by
cooling a concentrated hexane solution to −35 °C. 1H NMR (C6D6):
δ 7.10 (d, JHH = 2.0 Hz, ArH, 3H), 6.77 (d, JHH = 2.0 Hz, ArH, 3H),
3.73 (s, benzylic CH2, 6H), 2.41 (s, Me, 9H), 2.34 (br s, Ad CH2,
18H), 2.17 (br s, Me, 9H), 1.91 (s, Ad CH, 9H), 1.85 (br m, Ad CH2,
18H). 13C NMR (C6D6): δ 158.2, 141.7, 137.7, 136.9, 129.4, 128.6,
126.6, 126.2, 125.8, 41.4, 37.9, 36.6, 29.6, 21.3, 18.9. IR: 3075w,
3033w, 2901s, 2845s, 2727w, 2673w, 2653w, 1604w, 1570w, 1449s,
1413m, 1377m, 1365w, 1355w, 1342m, 1317m, 1305m, 1286m,
1249s, 1208m, 1183m, 1162m, 1148w, 115w, 1101m, 1066w, 1036w,
1016m, 1003w, 980m, 961w, 938w, 923m, 916m, 881m, 858m, 837s,
821s, 810s, 765m, 748m, 741w, 727m, 715m, 702w, 694m, 688w,
677s, 666w, 659w, 653m, 649w, 644w, 640w, 635w, 632w, 627w,
623w, 618w, 614w, 607w, 601w cm−1. Anal. Calcd for C63H75YO3: C,
78.07; H, 7.80. Found: C, 68.41; H, 7.49%. Incomplete combustion
resulting in low carbon values was consistently observed in multiple
attempts at elemental analysis.

[K(2.2.2-cryptand)][((Ad,MeArO)3mes)Y]/[K(2.2.2-cryptand)]-
[((Ad,MeArO)3mes)YH], 2-Y/3-Y. In an argon-filled glovebox, a
scintillation vial was charged with a THF solution (2 mL) of
[(Ad,MeArO)3mes)Y], 1-Y (24 mg, 25 μmol), and 2.2.2-cryptand (9
mg, 25 μmol) and the mixture was prechilled in the glovebox freezer
(−35 °C). Potassium (excess) was added, and the mixture was stored
overnight in the glovebox freezer. The resultant dark red solution was
filtered through a prechilled pipet packed with glass wool into a vial
containing prechilled Et2O (8 mL), so that, upon exiting the pipet, the
dark red solution was under a layer of Et2O. The mixture was then
stored in the glovebox freezer, and after 48 h, diffusion of Et2O into
the dark red solution yielded dark red single crystals of 2-Y/3-Y
suitable for X-ray diffraction (12 mg). Crystallographic modeling was
consistent with a 47:53 ratio of 2-Y/3-Y. 1H NMR (THF-d8): δ 7.81
(d, JYH = 93 Hz, Y−H, 1H). The low solubility of the 2-Y/3-Y crystals
and the complicated and low-intensity 1H NMR spectrum made it
difficult to identify the other resonances. 89Y NMR (THF-d8):
−138.0. IR: 3070w, 2966s, 2899s, 2846s, 2812s, 2760m, 2726m,
2677m, 2653m, 1600w, 1566m, 1477m, 1444s, 1432s, 1418m,
1380m, 1361s, 1354s, 1341m, 1314m, 1307m, 1296s, 1284s, 1277s,
1256s, 1251s, 1210m, 1184m, 1164m, 1134s, 1106s, 1083s, 1071m,
1060m, 1047w, 1033w, 1022w, 1012w, 980m, 949s, 935m, 913m,
904m, 896w, 889w, 878m, 856m, 834m, 817m, 807m, 799m, 785w,
765m, 752m, 749m, 736w, 725w, 719w, 715w, 704w, 699w, 693w,
686w, 676w, 666w, 660w, 653w, 647w, 642w, 629w, 626w, 622w,
615w, 611w, 607w, 603w cm−1. Anal. Calcd for C81H111.55KN2O9Y: C,
70.23; H, 8.12; N, 2.02. Found: C, 68.33; H, 8.60; N, 1.65 and C,
67.39; H, 8.63; N, 1.68 and C, 67.95; H, 8.24; N, 1.47%. Multiple
attempts failed to give satisfactory analysis.

[K(2.2.2-cryptand)][((Ad,MeArO)3(C6Me3(CH2)2CH)La], 4-La. In
an argon-filled glovebox, a scintillation vial was charged with 1-La (48
mg, 47 μmol), 2.2.2-cryptand (18 mg, 47 μmol), and THF (4 mL).
To the colorless solution was added excess potassium metal, and the
color slowly turned orange. After 16 h at −35 °C, the orange/red
mixture was filtered, layered with Et2O (15 mL), and stored at −35
°C for 48 h, which yielded a mixture of crystals (previously
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characterized as 2-La13) and a bright orange powder. The powder was
washed several times with Et2O (3 × 10 mL). The residue was
dissolved in THF (4 mL), filtered, and layered with hexane (15 mL).
Storage at −35 °C for 48 h gave red/orange microcrystalline solids
c h a r a c t e r i z e d a s [ K ( 2 . 2 . 2 - c r y p t a n d ) ] -
[((Ad,MeArO)3(C6Me3(CH2)2CH)La(THF)], 4-La, by X-ray crystal-
lography (15 mg, 21%) (see Supporting Information for crystallo-
graphic details). 1H NMR (THF-d8): 6.60, 6.59, 6.56, 6.54, 6.51, 6.48,
3.96, 3.94, 3.79, 3.70, 3.50, 3.45, 3.18, 3.15, 2.47, 2.24, 2.21, 2.19,
2.17, 2.13 2.12, 2.10, 2.08, 2.03, 2.02, 1.93, 1.59, 1.57, 1.54. IR: 2898s,
2843s, 2725m, 2675m, 2652m, 1600w, 1551m, 1476m, 1444s,
1430m, 1369w, 1360s, 1353s, 1340m, 1314m, 1282s, 1257s, 1238s,
1209w, 1181w, 1173w, 1162w, 1133m, 1105s, 1077m, 1058m,
1027m, 989m, 949, 931m, 913w, 849m, 831m, 818m, 803m, 788w,
769w, 763w, 752m, 739w, 716w, 691w, 682w, 667w, 650w cm−1.
Anal. Calcd for C85H118KLaN2O10: C, 67.80; H, 7.90; N, 1.86. Found:
C, 66.60; H, 7.73; N, 1.75%. As in the cases above, incomplete
combustion perturbed the elemental analysis.
X-ray Data Collection, Structure Determination, and

Refinement. Crystallographic details on complexes 1-Y, 2-Y/3-Y,
3-Y, and 4-La are summarized in the Supporting Information.
Computational Details. The initial structures for 2-Y and 4-La,

obtained from X-ray crystallography, were optimized using the TPSS
meta-generalized gradient approximation functional.52 For all
calculations, dispersion corrections were included using the D3
method,55 and solvation effects were included using the COSMO
continuum solvation model.56 A dielectric constant of 7.52,
corresponding to tetrahydrofuran solvent, was used throughout.
Numerical integrations were performed using grids of size m557 or
larger. Basis sets of def2-TZVPP quality were used on the Ln and O,
whereas def2-SVP basis sets were used for the remaining atoms.58

Quasi-relativistic effective potentials were used to model the core
electrons of the La atom.59 For geometry optimizations, an energy
convergence criterion of 1 × 10−7 au and a gradient convergence of 1
× 10−3 au were used. Vibrational analyses were performed to confirm
that the optimized structure is a minimum on the potential energy
surface. The analyses showed no imaginary modes for 2-Y and one
imaginary mode for 4-La (47 cm−1) corresponding to the rotations of
the methyl group, which are not important to the analysis here. All
DFT calculations were performed using the TURBOMOLE 7.2
quantum chemistry package.60
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