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ABSTRACT: The effect of the neutral donor ligand, L, on the
Ln2N2 core in the (NN)2− complexes, [A2(L)Ln]2(μ-η

2:η2-
N2) (Ln = Sc, Y, lanthanide; A = monoanion; L = neutral
ligand), is unknown since all of the crystallographically
characterized examples were obtained with L = tetrahydrofur-
an (THF). To explore variation in L, displacement reactions
between {[(Me3Si)2N]2(THF)Y}2(μ-η

2:η2-N2), 1, and benzo-
nitrile, pyridine (py), 4-dimethylaminopyridine (DMAP), triphenylphosphine oxide, and trimethylamine N-oxide were
investigated. THF is displaced by all of these ligands to form {[(Me3Si)2N]2(L)Y}2(μ-η

2:η2-N2) complexes (L = PhCN, 2; py, 3;
DMAP, 4; Ph3PO, 5; Me3NO, 6) that were fully characterized by analytical, spectroscopic, density functional theory, and X-ray
crystallographic methods. The crystal structures of the Y2N2 cores in 2−5 are similar to that in 1 with N−N bond distances
between 1.255(3) Å and 1.274(3) Å, but X-ray analysis of the N−N distance in 6 shows it to be shorter: 1.198(3) Å.

■ INTRODUCTION
One of the common methods of making reduced dinitrogen
complexes of the rare earth metals involves the combination of
a trivalent complex, LnA3 (Ln = Sc, Y, lanthanide; A =
monoanion), with an alkali metal, M.1−10 This LnA3/M
reduction method generally works best in tetrahydrofuran
(THF), and hence the resulting (NN)2− complexes are
commonly isolated as THF solvates, [A2(THF)xLn]2(μ-η

2:η2-
N2), where x = 1 or 2. When the anion A is [N(SiMe3)2]

−, x =
1 for both large (Ln = Nd) and small (Ln = Lu) rare earth
complexes.11−14

Because of the prevalence of THF solvates, the effect of the
neutral donor ligand, L, on the structure and reactivity of
[A2(L)xLn]2(μ-η

2:η2-N2) complexes has never before been
examined. Variation in the coordinating ligand L is of interest
not only for the (NN)2− complexes, but also for the (N2)

3−

complexes {[A2(L)xLn]2(μ-η
2:η2-N2)}K formed from these

(NN)2− complexes.15 Since the (N2)
3− complexes of

paramagnetic rare earths can function as single molecule
magnets,16,17 it is of interest to vary the coordination
environment around the Ln2N2 core to determine the effects
on the magnetism. Since only THF adducts were previously
known, analysis of the effects of variation in L had not
previously been carried out.
Formation of [A2(L)xLn]2(μ-η

2:η2-N2) complexes with L ≠
THF was examined with the yttrium complex, {[(Me3Si)2N]2Y-
(THF)}2(μ-η

2:η2-N2), 1, since it is a well-studied, diamagnetic
example of an (NN)2− complex.15 Initial attempts at
substitution gave only crystals of the starting material, 1, but
conditions were subsequently found that allowed isolation and

structural characterization of five new {[(Me3Si)2N]2(L)Y}2(μ-
η2:η2-N2) complexes: L = PhCN, 2; py, 3; DMAP, 4; Ph3PO, 5;
Me3NO, 6.

■ EXPERIMENTAL SECTION
All syntheses and manipulations described below were conducted
under nitrogen with rigorous exclusion of air and water using glovebox,
Schlenk, and vacuum line techniques. Solvents used were dried over
columns containing Q-5 and molecular sieves. Benzene-d6 and THF-d8
were dried over sodium−potassium alloy, degassed using three freeze−
pump−thaw cycles, and vacuum transferred before use. Potassium and
sodium were washed with hexanes and scraped to provide fresh
surfaces before use. Ph3PO, Me3NO and 4-Me2NC5H4N (DMAP)
were sublimed prior to use. C5H5N (py) and PhCN were dried over
molecular sieves and degassed using three freeze−pump−thaw cycles
prior to use. {[(Me3Si)2N]2(THF)Y}2(μ-η

2:η2-N2), 1, was synthesized
according to literature methods.15 1H and 13C NMR spectra were
obtained on a Bruker CRYO500 MHz spectrometer at 25 °C. 31P
NMR spectra were obtained on a Bruker DRX400 MHz spectrometer
at 25 °C, and resonances were referenced with H3PO4 (δ = 0 ppm) as
an external standard. The 13C and 31P NMR spectra are reported as
proton decoupled unless otherwise specified. IR samples were
prepared as KBr pellets on a Varian 1000 FT-IR system. Elemental
analyses were performed on a PerkinElmer Series II 2400 CHNS
analyzer. Electronic absorption spectra were collected in Et2O at 25 °C
using a Varian Cary 50 Scan UV−vis spectrophotometer and in
toluene at 25 °C using an Ocean Optics USB Red Tide UV−vis
spectrophotometer.

{[(Me3Si)2N]2(PhCN)Y}2(μ-η
2:η2-N2), 2. In a nitrogen-filled glove-

box containing THF, PhCN (10 μL, 0.10 mmol) was added to a
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stirred pale blue solution of 1 (50 mg, 0.05 mmol) in toluene (4 mL)
causing an immediate color change to amber. After 10 min, solvent
was removed under vacuum to produce an orange powder that was
transferred to a nitrogen-filled glovebox free of THF. Recrystallization
of the powder in hexane at −30 °C overnight produced orange/brown
crystals of 2 (36 mg, 68%) suitable for X-ray diffraction. 1H NMR (500
MHz, benzene-d6): δ 0.48 (s, 36H, N(SiMe3)2), 6.64 (m, 2H, m-
NCPh), 6.81 (m, 1H, p-NCPh), 7.32 (m, 2H, o-NCPh). 13C NMR
(126 MHz, benzene-d6): δ 5.59 (s, N(SiMe3)2), 108.97 (s, i-PhCN),
110.66 (s, NCPh), 129.77 (s, m-NCPh), 133.05 (s, o-NCPh), 134.99
(s, p-NCPh). IR: 2946m, 2893m, 2254s, 1597w, 1449s, 1245s, 992s,
940w, 869s, 833s, 772m, 756s, 673m, 609m, 554w, 527s cm−1. Anal.
Calcd for C38H82N8Si8Y2, 2: C, 43.32; H, 7.84; N, 10.64. Found: C,
43.25; H, 8.26; N, 10.31. UV−vis λmax (nm), ε (M−1 cm−1): (Et2O)
220, 29000; (C7H8) 700, 50.
{[(Me3Si)2N]2(py)Y}2(μ-η

2:η2-N2), 3. Following the procedure for
2, addition of pyridine (8.1 μL, 0.10 mmol) to 1 (50 mg, 0.05 mmol)
in toluene (4 mL) gave an immediate color change to orange. After 5
min, solvent was removed under vacuum to produce an orange powder
that was recrystallized from toluene in a THF-free glovebox to form
orange crystals of 3 (43 mg, 85%) suitable for X-ray diffraction. 1H
NMR (500 MHz, benzene-d6): δ 0.33 (s, 36H, N(SiMe3)2), 6.76 (m,
2H, m-NC5H5), 6.90 (m, 1H, p-NC5H5), 9.63 (bs, 2H, o-NC5H5).

13C
NMR (126 MHz, benzene-d6): δ 5.76 (s, N(SiMe3)2), 125.27 (s, m-
NC5H5), 139.88 (s, p-NC5H5), 151.74 (s, o-NC5H5). IR: 2947m,
2894w, 1602m, 1489w, 1444s, 1243s, 1185w, 1153w, 1068w, 1040m,
987s, 866s, 828s, 773s, 752s, 700m, 668s, 607m, 518w cm−1. Anal.
Calcd for C34H82N8Si8Y2, 3: C, 40.61; H, 8.22; N, 11.14. Found: C,
41.00; H, 8.61; N, 11.02. UV−vis λmax (nm), ε (M−1 cm−1): (Et2O)
250, 22000; (C7H8) 710, 40.
{[(Me3Si)2N]2(DMAP)Y}2(μ-η

2:η2-N2), 4. In a nitrogen-filled glove-
box containing THF, addition of 4-dimethylaminopyridine (DMAP)
(12 mg, 0.10 mmol) to a stirred pale blue solution of 1 (50 mg, 0.05
mmol) in toluene (4 mL) caused an immediate color change to green.
After 5 min, solvent was removed under vacuum to yield a pale green
powder that was recrystallized in a THF-free glovebox from hot
toluene. The green solution was allowed to cool to room temperature
without agitation. After 24 h, green crystals of 4 suitable for X-ray
diffraction were obtained (55 mg, 100%). 1H NMR (500 MHz,
benzene-d6): δ 0.48 (s, 36H, N(SiMe3)2), 2.01 (bs, 6H, NC5H4NMe2),
6.16 (d, 2H, 3JHH = 5.9 Hz, m-NC5H4NMe2), 9.43 (bs, 2H, p-
NC5H4NMe2).

13C NMR (126 MHz, benzene-d6): δ 6.09 (s,
N(SiMe3)2), 38.46 (s, NC5H4NMe2), 106.79 (s, m-NC5H4NMe2),

110.68 (s, p-NC5H4NMe2), 151.34 (s, o-NC5H4NMe2). IR: 2944s,
2893m, 2832sh, 2571w, 2360w, 1769w, 1618s, 1537s, 1445m, 1392m,
1351w, 1244s, 1116w, 1065m, 1005s, 868s, 829s, 769m, 661m, 603m,
616s cm−1. Anal. Calcd for C38H92N10Si8Y2, 4: C, 41.81; H, 8.49; N,
12.83. Found: C, 41.53; H, 9.02; N, 12.50. UV−vis λmax (nm), ε
(M−1 cm−1): (Et2O) 260, 12000; (C7H8) 710, 50.

{[(Me3Si)2N]2(Ph3PO)Y}2(μ-η
2:η2-N2), 5. Following the procedure

for 4, addition of Ph3PO (28 mg, 0.10 mmol) to 1 (50 mg, 0.05 mmol)
in toluene (4 mL) gave an immediate color change to yellow. After 5
min, a pale yellow precipitate formed. Solvent was removed under
vacuum to yield a yellow powder that was recrystallized in a THF-free
glovebox from hot toluene (3 mL). The yellow solution was allowed to
cool to room temperature without agitation. After 24 h, yellow crystals
of 5 (62 mg, 77%), suitable for X-ray diffraction, were obtained. 1H
NMR (500 MHz, benzene-d6): δ 0.36 (s, 36H, N(SiMe3)2), 7.24 (m,
6H, m-Ph3PO), 7.76 (m, 3H, p-Ph3PO), 7.90 (m, 6H, o-Ph3PO).

13C
NMR (126 MHz, benzene-d6): δ 6.60 (s, N(SiMe3)2), 128.87 (d, 3JCP
= 11.5 Hz, m-Ph3PO), 131.85 (d, 1JCP = 2.8 Hz, Ph3PO), 132.78 (d,
4JCP = 9.5 Hz, p-Ph3PO), 133.84 (d, 2JCP = 11 Hz, Ph3PO).

31P NMR
(162 MHz, benzene-d6): δ 39.73 (d, 2JPY = 11.5 Hz, Ph3PO). IR:
4053w, 3058m, 3025m, 2944s, 2894m, 1972w, 1904s, 1851w, 1826w,
1686s, 1592m, 1495m, 1439s, 1391w, 1313w, 1246s, 1154s, 1124s,
1094s, 988s, 880s, 827s, 771sh, 747m, 727s, 693s, 665m, 606m, 539s,
5 1 3 m , 4 6 3 s , 4 1 2 w c m − 1 . A n a l . C a l c d f o r
C60H102N6O2P2Si8Y2·(C7H8)2, 5: C, 55.96; H, 7.49; N, 5.29. Found:
C, 55.97; H, 7.66; N, 5.12. UV−vis λmax (nm), ε (M

−1 cm−1): (Et2O)
260, 1800; (C7H8) 740, 20.

{[(Me3Si)2N]2(ONMe3)Y}2(μ-η
2:η2-N2), 6. In a nitrogen-filled

glovebox, a pale blue solution of 1 (103 mg, 0.10 mmol) in THF (3
mL) was added to a suspension of Me3NO (16 mg, 0.20 mmol) in
THF (2 mL), and the mixture was stirred at room temperature for 90
min. The solution was centrifuged and filtered, and the solvent was
removed under vacuum to yield 6 as a very pale blue powder (91 mg,
88%). Crystals suitable for X-ray diffraction were grown from a THF/
Et2O solution at −35 °C. 1H NMR (500 MHz, benzene-d6): δ 0.45 (s,
36H, N(SiMe3)2), 2.72 (s, 9H, ONMe3).

13C NMR (126 MHz,
benzene-d6): δ 6.7 (s, N(SiMe3)2), 60.7 (s, ONMe3). IR: 3009w,
2950s, 2398w, 2364w, 2334w, 1469m, 1385w, 1250s, 1133w, 1105w,
982s, 940m, 872m, 832s, 774w, 669w, 607w, 498m cm−1. Anal. Calcd
for C30H90N8O2Si8Y2, 6 minus (Et2O)2: C, 36.12; H, 9.09; N, 11.23.
Found: C, 35.95; H, 9.51; N, 10.82. UV−vis λmax (nm), ε (M

−1 cm−1):
(Et2O) 260, 5600; (C7H8) 780, 10.

Table 1. X-ray Data Collection Parameters for {[(Me3Si)2N]2(PhCN)Y}2(μ-η
2:η2-N2), 2, {[(Me3Si)2N]2(py)Y}2(μ-η

2:η2-N2), 3,
{[(Me3Si)2N]2(DMAP)Y}2(μ-η

2:η2-N2), 4, {[(Me3Si)2N]2(Ph3PO)Y}2(μ-η
2:η2-N2), 5, and {[(Me3Si)2N]2(Me3NO)Y}2(μ-η

2:η2-
N2), 6

C38H82N8Si8Y2 C34H82N8Si8Y2 C38H92N10Si8Y2 C60H102N6O2P2Si8Y2·(C7H8)2 C30H90N8O2Si8Y2·(C4H10O)2

2 3 4 5·(C7H8)2 6·(C4H10O)2

formula weight 1053.66 1005.62 1091.76 1588.22 1145.88
T(K) 88(2) 88(2) 88(2) 143(2) 88(2)
crystal system triclinic triclinic monoclinic triclinic triclinic
space group P1̅ P1̅ P21/c P1̅ P1 ̅
a (Å) 11.6982(5) 11.4313(19) 11.7078(4) 13.2550(8) 11.3035(12)
b (Å) 12.1360(5) 11.5217(19) 21.3898(8) 17.3303(11) 11.3174(12)
c (Å) 12.7580(9) 11.842(4) 11.8653(4) 20.6793(13) 13.1070(14)
α (deg) 105.9500(10) 97.537(3) 90 106.5289(7) 97.7530(12)
β (deg) 114.4570(10) 96.112(3) 95.1065(5) 91.0252(7) 101.8936(12)
γ (deg) 104.4850(10) 116.989(2) 90 108.2521(7) 94.6340(12)
volume (Å3) 1441.74(13) 1353.2(5) 2959.60(18) 4294.9(5) 1615.5(3)
Z 1 1 2 2 1
ρcalced (Mg/m3) 1.214 1.234 1.225 1.228 1.178
μ (mm−1) 2.200 2.341 2.147 1.537 1.973
R1a [I > 2.0σ(I)] 0.0240 0.0280 0.0225 0.0291 0.0328
wR2b(all data) 0.0565 0.0621 0.0546 0.0720 0.0868

aR1 = ∑||Fo| − |Fc||/∑|Fo||.
bwR2 = {∑[w(Fo

2 − Fc
2)2]/∑[w(Fo

2)2]}1/2.
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X-ray Data Collection, Structure Determination, and Refine-
ment. Crystallographic data for complexes 2−6 are summarized in
Tables 1 and 2 and in the Supporting Information.
Computational Details. Starting from the crystal data, the

structures of 1−4 and 6 were optimized by Kohn−Sham density
functional methods using the one-parameter hybrid meta-GGA
functional TPSSh18 and split valence basis sets with polarization
functions on non-hydrogen atoms (def2-SV(P))19 for all light atoms. 5
was not investigated because of its larger size. For the Y atoms,
relativistic small core pseudopotentials20 and larger triple-ζ valence
basis sets with two sets of polarization functions (def2-TZVP)21 were
used throughout. TPSSh was chosen because of its established
performance for transition metal22,23 and lanthanide compound
structures.24,15 A tighter optimization, which converges the Cartesian
gradient norm to less than 10−4 a.u., was performed for each structure.
Vibrational frequencies25 were computed for the final optimized
structures and confirmed to be minima by the absence of imaginary
vibrational modes. Fine quadrature grids (size m4)26 and Ci symmetry
were used throughout. All computational results were obtained using
the TURBOMOLE27 program package. Previous experience24,15 has
shown that optimization with TZVP basis sets for light atoms tends to
improve the agreement between theory and experiment, but by
typically less than the error made at the SV(P) level. This is why these
additional calculations were not carried out.
Time dependent density functional theory (TDDFT) excitation

energy calculations28 were also conducted on the optimized theoretical
structures. The PBE029 functional, a hybrid GGA, and SV(P) basis sets
for light atoms were used to compute the electronic absorption spectra
for 1−4 and 6. Before computing the excitation spectra, self-consistent
PBE0 orbitals were generated with tight convergence thresholds,
ensuring the change in energy and density matrix was less than 10−7

a.u. and 10−7, respectively. PBE0 was chosen because of its established
performance for a variety of excited state test sets.30 In Ci symmetry,
transitions which transform as ag are Laporte forbidden, so only the
lowest few of these excitations were computed since their contribution
to the high-energy portion of the UV/vis spectra is negligible. Identical
calculations using self-consistent BHLYP31 orbitals were also
performed to check the sensitivity of the computed excitations to
the included fraction (γ) of Hartree−Fock exchange. PBE0 is
constructed with γ = 1/4 while BHLYP has γ = 1/2.31 This additional
test is crucial for identifying charge transfer intruder states for which
TDDFT calculations tend to be dependent on the value of γ and
greatly underestimate the excitation energy.32,33 A summary of the
pertinent computational results can be found in Tables 3 and 4.

■ RESULTS

Synthesis. Addition of benzonitrile, pyridine, 4-dimethyl-
aminopyridine, and triphenylphosphine oxide to toluene
solutions of {[(Me3Si)2N]2(THF)Y}2(μ-η

2:η2-N2), 1, causes
color changes that could occur because of coordination of the

added L. Removal of solvent gave solids that were examined in
benzene-d6 by 1H NMR spectroscopy. Complex 1 was not
present and resonances were observed that are consistent with
formation of a single substitution product {[(Me3Si)2N]2(L)-
Y}2(μ-η

2:η2-N2) in quantitative yield. However, initial attempts
to obtain crystals from the benzonitrile reaction in a glovebox
containing THF gave only the THF solvate, 1. To ensure the
absence of THF, after the solvent was removed from the
{[(Me3Si)2N]2(THF)Y}2(μ-η

2:η2-N2)/L reactions, the solids
were transferred to a glovebox free of THF for crystallization.
This produced crystals of {[(Me3Si)2N]2(L)Y}2(μ-η

2:η2-N2)
for L = benzonitrile (2), pyridine (3), 4-dimethylaminopyridine
(4), and triphenylphosphine oxide (5) in yields of over 65% in

Table 2. Selected Bond Lengths (Å) and Angles (deg) in Complexes 1−6 where NB Refers to Bridging Nitrogen and Y−N*
Refers to the Yttrium−Nitrogen Distance for the [N(SiMe3)2]

− Ligands

compounds N−N Y−NB Y−L Y−N* NB−Y−NB′ Y−NB−Y′

{[Me3Si)2N]2(THF)Y}2(μ-η
2:η2-N2), 1 1.274(3) 2.297(2) 2.361(1) 2.248(1) 32.11(7) 147.89(7)

2.308(2) 2.263(1)
{[(Me3Si)2N]2(PhCN)Y}2(μ-η

2:η2-N2), 2 1.258(2) 2.285(1) 2.480(1) 2.240(1) 31.78(6) 148.22(6)
2.309(1) 2.250(1)

{[(Me3Si)2N]2(py)Y}2(μ-η
2:η2-N2), 3 1.255(3) 2.292(2) 2.519(2) 2.242(1) 31.65(7) 148.35(7)

2.311(2) 2.271(1)
{[(Me3Si)2N]2(DMAP)Y}2(μ-η

2:η2-N2), 4 1.259(2) 2.298(1) 2.459(1) 2.256(1) 31.69(5) 148.31(5)
2.313(1) 2.288(1)

{[(Me3Si)2N]2(Ph3PO)Y}2(μ-η
2:η2-N2), 5 1.262(2) 2.300(1) 2.254(1) 2.262(1) 31.82(5) 147.73(7)

2.302(1) 2.296(1)
{[(Me3Si)2N]2(Me3NO)Y}2(μ-η

2:η2-N2), 6 1.198(3) 2.292(2) 2.197(1) 2.282(1) 30.27(8) 149.73(8)
2.294(2) 2.290(1)

Table 3. Selected Computed Bond Lengths (Å) in
Complexes 1−4 and 6 where NB Refers to Bridging
Nitrogena

compounds N−N Y−NB Y−L

1 1.249 2.329 2.399
2.344

2 1.239 2.328 2.431
2.361

3 1.247 2.321 2.523
2.339

4 1.249 2.320 2.491
2.338

6 1.253 2.349 2.237
2.363

aSV(P) basis sets for light atoms and TZVP basis sets for Y were used
for each complex in conjunction with the TPSSh density functional.
The numbers reported here are from the second optimization with
tighter convergence criterion.

Table 4. Selected Excitations Computed with TDDFT Using
PBE0, SV(P) Basis Sets for Light Atoms, and TZVP Basis
Sets for Ya

compounds excitation energy (nm)

1 771
2 754
3 745
4 739
6 835

aThe lowest ag transition is reported for each compound and
corresponds to an N2 π* to π* transition. The predicted oscillator
strength is identically 0 since the transition is symmetry forbidden.
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each case, eq 1. The trimethylamine N-oxide complex,
{[(Me3Si)2N]2(Me3NO)Y}2(μ-η

2:η2-N2), 6, could be prepared

from 1 in 88% yield in THF and single crystals could be grown
from THF/Et2O solutions.
Exchange Reactions. The 1H NMR resonances of the

[(Me3Si)2N]
− ligands for 1−6 are 0.35, 0.50, 0.33, 0.48, 0.37,

and 0.45 ppm in benzene-d6, respectively. Addition of up to 40
equiv of THF to solutions of 3−6 in benzene-d6 causes only
minor shifts in the amide resonances, but addition of just 4
equiv of THF to 2 generates the shift of 1 and free benzonitrile
in the 1H NMR spectrum. This is consistent with the fact that
attempts to grow crystals of 2 in the presence of THF give 1.
The [(Me3Si)2N]

1− 1H NMR resonances for 1−6 in THF-d8
are 0.09, 0.09, 0.15, 0.04, 0.00, and 0.07 ppm, respectively.
Crystallographic Analysis. The structures of complexes

2−6 are shown in Figures 1−5. With all of the L ligands

investigated, the new complexes formed have just one L per
metal as with THF in 1 and have an overall structure similar to
that of 1 with the L ligands oriented in a trans fashion around
the Y2N2 core. Complexes 2, 3, 5, and 6 crystallize in the P1 ̅
space group like 1, whereas 4 crystallizes in P21/c. As shown in
Table 2, the Y−L bond distances vary considerably, that is,
2.361(1) Å for L = THF, 2.480(1) Å for L = PhCN, 2.519(2) Å
for L = py, 2.459(1) Å for L = DMAP, 2.254(1) Å for L =
Ph3PO, and 2.197(1) Å for L = Me3NO, but they are not
unusual in comparison to other Y−L adducts.34−41 Despite the

varying Y−L distances in 1−5, the structural features of the
Y2N2 core are not significantly different from complex to
complex with the N−N bond distances in the narrow range of
1.255(3) Å (4) to 1.274(3) Å (1). Similarly, the angles within
the Y2N2 core are essentially equivalent in structures 1−5 and
the Y−N[N(SiMe3)2] distances are similar. In contrast, analysis
of the crystal data on 6 yields a significantly shorter N−N bond
distance of 1.198(3) Å. The Y−O distance of 2.197(1) in 6 is
also the shortest Y−L donor atom length of the series.
Although trimethylamine N-oxide is most commonly used as a
decarbonylation/decomplexation agent in organometallic
chemistry or as an oxidant in organic synthesis,42 when it
acts only as a ligand, it is a strong donor. It has been shown to
be a better donor than pyridine N-oxide43,44 and displaces
triphenylphosphine oxide in some cases.45 The shorter Y−O

Figure 1. Thermal ellipsoid plot of {[(Me3Si)2N]2(PhCN)Y}2(μ-
η2:η2-N2), 2, drawn at the 50% probability level. Hydrogen atoms are
omitted for clarity.

Figure 2. Thermal ellipsoid plot of {[(Me3Si)2N]2(py)Y}2(μ-η
2:η2-

N2), 3, drawn at the 50% probability level. Hydrogen atoms are
omitted for clarity.

Figure 3. Thermal ellipsoid plot of {[(Me3Si)2N]2(DMAP)Y}2(μ-
η2:η2-N2), 4, drawn at the 50% probability level. Hydrogen atoms are
omitted for clarity.
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bond length in 6 could be explained by a greater anionic
contribution at oxygen due to the zwitterionic character of the
Me3NO ligand. However, the Y−O distance is still longer than
a typical anionic Y−O bond46 and the N−O distance of
1.382(2) Å in 6 is unchanged from that observed
experimentally for free trimethylamine N-oxide, 1.388(5)
Å.47,48 The IR spectrum of 6 has two absorptions in the
region expected for an N-oxide49 at 982 and 940 cm−1. The
absorption at 982 cm−1 is the stronger of the two and is
assigned as the νNO on the basis of the DFT analysis described
below.

UV−vis Spectroscopy. The UV−vis spectra of 1−6 are
shown in Figures 6 and 7. Each complex has a high energy
absorption at a wavelength ≤210 nm that is also observed in
the spectra of Y[N(SiMe3)2]3 and K[N(SiMe3)2]. Complexes
2−6 also each have an absorption in the 220−300 nm range
that matches an absorption in the free ligand L. The most
interesting feature of these spectra is that they display a low
energy, low intensity absorption around 700 nm. This
absorption is unique to the complexes and does not appear
in the lanthanide precursors or L. Density functional theory was
employed to understand this transition.

DFT Analysis. DFT analysis of 1−4 and 6 starting with the
crystal data gives optimized theoretical structures that match
the experimental data in geometry and in Y−L distances
typically within ∼0.05 Å at the SV(P) level. The computed
results indicate that 2, 3, 4, and 6 have very similar Y2N2
binding to that of 150 in which the dinitrogen−Y bonding
results from a strong interaction between an yttrium 4d orbital
and the antibonding π* orbital of N2 in the Y2N2 plane. The
qualitative molecular orbital (MO) diagram that describes the
interaction between the metal fragments and the dinitrogen
bridge is given in Figure 8. A more complete discussion of the
electronic structure and plots of the frontier molecular orbitals
are provided in the Supporting Information. Inspection of the
frontier molecular orbitals computed from DFT indicate that
the weak electronic transition in the visible region shown in
Figure 7 corresponds to an excitation between degenerate π*
orbitals arising from free N2 that are split in the (NN)2−

complexes because one becomes bonding and is occupied while
the other remains nonbonding and unoccupied (Figure 8).
Since both of these orbitals are of ag symmetry, the transition is
formally electric-dipole forbidden and therefore low in
intensity. This weak, long wavelength absorption can provide

Figure 4. Thermal ellipsoid plot of {[(Me3Si)2N]2(Ph3PO)Y}2(μ-
η2:η2-N2), 5, drawn at the 50% probability level. Hydrogen atoms and
cocrystallized toluene molecules are omitted for clarity.

Figure 5. Thermal ellipsoid plot of {[(Me3Si)2N]2(Me3NO)Y}2(μ-
η2:η2-N2), 6, drawn at the 50% probability level. Hydrogen atoms and
cocrystallized diethyl ether molecules are omitted for clarity.

Figure 6. UV spectra of {[(Me3Si)2N]2(THF)Y}2(μ-η
2:η2-N2), 1, {[(Me3Si)2N]2(PhCN)Y}2(μ-η

2:η2-N2), 2, {[(Me3Si)2N]2(py)Y}2(μ-η
2:η2-N2), 3,

{[(Me3Si)2N]2(DMAP)Y}2(μ-η
2:η2-N2), 4, {[(Me3Si)2N]2(Ph3PO)Y}2(μ-η

2:η2-N2), 5, and {[(Me3Si)2N]2(Me3NO)Y}2(μ-η
2:η2-N2), 6 in Et2O.
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a fingerprint of the electronic structure in the Y2N2 core, since
the splitting of the degenerate N2 π* orbitals is a direct result of
the interaction with the metal cores, which are themselves
slightly influenced by the different donors. All of the
computational methods tested here predict an absorption
with exactly zero spectral intensity (because it is formally
symmetry forbidden) between 730 and 840 nm for 1−4 and 6
(Table 4), regardless of the choice of density functional
(complex 5 was not examined). This is a clear indication that
this transition is not a false charge-transfer intruder state but
does indeed correspond to the transition observed exper-
imentally. The relative energetic ordering of the N2 π* to π*
transition for compounds 1−4 is incorrectly predicted by the
present approach, however both theory and experiment agree
that 6 has the lowest energy transition. Since the π* to π*
absorptions in 1−4 occur over a narrow frequency range (∼50
nm), incorporation of solvent effects may be required to
correctly predict the trend in this excitation for these
compounds. Excitations from the doubly occupied orbital in
Figure 8 to higher unoccupied 4d orbitals are found between
230 and 280 nm for 1−4 and 6, but the oscillator strengths are
much smaller than those of the intraligand transitions that
dominate in this frequency range. As a result, these higher

energy transitions cannot be easily detected experimentally and
used as a probe of the metal−ligand interaction strength.
DFT calculations at the SV(P) level on 6 did not match the

experimental as well as for 1−4. The optimized N−N bond
length in the bridge for 6 is predicted to be 1.252 Å, not the
1.198(3) Å observed, although the 2.237 Å calculated Y−O
distance is within 0.04 Å of that experimentally found. Further
structural optimization with TZVP basis sets for all atoms was
also done for 6, but the larger basis sets only improve the
agreement for the N−N bond length by 0.01 Å. If this
difference between experiment and theory is computational, it
may be due to the increased local ionic character in the real
system, which semilocal DFT does not completely capture
because of known problems such as self-interaction error. On
the other hand, if the difference arises from a problem in the
crystallography, it is not evident from the crystal data. The
computed structure for 6 yields an N−O distance of 1.376 Å
which is close to the free trimethylamine N-oxide value and that
measured experimentally in the complex. The computed N−O
vibrational frequency for 6 is a strong vibration at 994 cm−1.
Experimentally the IR spectrum of 6 has two absorptions in the
region expected for an N-oxide49 at 982 and 940 cm−1. The
absorption at 982 cm−1 is the stronger of the two and is
assigned as the νNO on the basis of the DFT analysis. This is a
significant shift from the 937 cm−1 absorption of free Me3NO

51

and is indicative of metal coordination. However, it has been
shown that the variation in νNO when coordinated to a
transition metal is not an accurate measure of the “activation”
of the ligand.39

■ DISCUSSION
The reactions of {[(Me3Si)2N]2Y(THF)}2(μ-η

2:η2-N2), 1, with
PhCN, py, DMAP, Ph3PO, and Me3NO demonstrate that the
THF ligands are not essential to the isolation of the (NN)2−

ligand in bis(trimethylsilyl)amide rare earth complexes. The
substitution reactions and the crystal structures of 2−6 suggest
that a wide range of adducts should be accessible. It is worth
noting that the (NN)2− ligand can be a potent reductant and
has been found to reductively homologate CO52 and dimerize
CO2

53 in cyclopentadienyl complexes. However, in this
bis(trimethylsilyl)amide system, 1 does not reduce any of the
added ligands, even in the case of trimethylamine N-oxide
which can be used as an oxygen delivery reagent.39,42 Although
there is variety in the nature of L in {[(Me3Si)2N]2(L)Y}2(μ-

Figure 7. Optical spectra of {[(Me3Si)2N]2(THF)Y}2(μ-η
2:η2-N2), 1, {[(Me3Si)2N]2(PhCN)Y}2(μ-η

2:η2-N2), 2, {[(Me3Si)2N]2(py)Y}2(μ-η
2:η2-

N2), 3, {[(Me3Si)2N]2(DMAP)Y}2(μ-η
2:η2-N2), 4, {[(Me3Si)2N]2(Ph3PO)Y}2(μ-η

2:η2-N2), 5, and {[(Me3Si)2N]2(Me3ON)Y}2(μ-η
2:η2-N2), 6 in

toluene.

Figure 8. Qualitative molecular orbital diagram which depicts the
interaction between degenerate π* orbitals for free N2 and the yttrium
4d orbitals to form (N2)

2− in the complex, where L is a neutral donor
and N* = [(Me3Si)2N]

−. The splitting, Δ, is directly impacted by the
electronic structure of the metal cores and gives rise to a very weak
electronic transition between calculated wavelengths of 730 and 840
nm. Transitions to the higher unoccupied nonbonding orbitals are
predicted to be between 230 and 280 nm, but have small oscillator
strengths in comparison to the intraligand excitations in that frequency
range.
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η2:η2-N2), the structures of the Y2N2 cores in 2−5 were
surprisingly similar. In view of the similarity of 2−5, the
variation in the N−N distance in the trimethylamine N-oxide
complex, 6, was unexpected, particularly since this was not
predicted by the DFT calculations. If the crystallographic data
are correct, the fact that Me3NO has the shortest Y−L distance
of 1−6 may be a factor in changing the N−N distance. In many
classes of transition metal complexes, addition of a stronger L
donor puts more electron density into the system54 which in
turn reduces further the other ligands in the complex. In these
reduced dinitrogen molecules, addition of strong donors could
reduce the N−N linkage further and make the bond longer.
However, from inspection of the experimental UV/vis spectra
(Figure 7) and comparison of the computed excitations (Table
4), it is clear that the π* to π* transition in 6 has shifted to the
longest wavelength of the compounds reported here. The red
shift compared to 1 indicates that the splitting between the
(N2)

2− π* orbitals has been decreased. This decrease implies
that the (NN)2− bridge interaction with the metal centers
has decreased, which in principle leads to a shorter N−N bond
length as observed in the crystallographic analysis. Even in light
of this argument, the shift in excitation energy is small, ∼0.12
eV, and cannot be taken as definitive proof alone. These results
suggest that in this case there is a competition between the L
donor and the (NN)2− bridge for interaction with the metal.
The stronger the donor, the less the interaction that occurs
with dinitrogen. This implies that weakly coordinating ligands
may be optimum for activating dinitrogen with complexes of
this type, a possibility that will require additional examples
before it can be considered reliable. One further point of
discussion involves the isolation of crystalline samples of the
THF solvate 1 from reaction solutions of {[(Me3Si)2N]2Y-
(PhCN)}2(μ-η

2:η2-N2), 2. This reinforces the fact that evidence
from single crystals in a reaction can be misleading.

■ CONCLUSION

The THF in {[(Me3Si)2N]2(THF)Y}2(μ-η
2:η2-N2), 1, can be

displaced with the neutral donors benzonitrile, pyridine, 4-
dimethylamino pyridine, and triphenylphosphine oxide to form
new {[(Me3Si)2N]2(L)Y}2(μ-η

2:η2-N2) complexes, but these
substitutions do not significantly affect the structural or
electronic properties of the Y2N2 core. In contrast, when
THF is replaced by Me3NO, the {[(Me3Si)2N]2(L)Y}2(μ-η

2:η2-
N2) product contains an (NN)2− ligand with an N−N
distance that is shorter on the basis of the crystallographic
model. This raises the possibility that ligands with zwitterionic
character and donor atoms with increased anionic character
may be useful in manipulating metrical parameters in bimetallic
rare earth reduced dinitrogen complexes.
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