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ABSTRACT: The new multidentate amidine−aminopyridine
proligand {NMe2NNMe2CMeNMe2}H (1) was used in σ-bond
metathesis reactions with the trialkyl precursors Y(CH2-
SiMe3)3(THF)2 and Y(CH2C6H4-o-NMe2)3. These reactions
generate the dialkyl complexes {NMe2NNMe2CMeNMe2}Y-
(CH2SiMe3)2(THF) (2a) and {NMe2NNMe2CMeNMe2}Y-
(CH2C6H4-o-NMe2)2 (2b), respectively, which were charac-
terized by NMR spectroscopy and microanalysis (for 2b).
Complex 2a is unstable at −30 °C in toluene and selectively
undergoes intramolecular C(sp3)−H activation to give
{NMe2NNMe2CMeNMe−CH2}Y(CH2SiMe3)(THF) (2a′), au-
thenticated by X-ray crystallography, NMR spectroscopy, and
elemental analysis. The reactivity of 2a′ toward a number of Lewis and Brønsted acids and bases as well as oxidants and
reductants was explored. In the course of these studies, the new complexes {NMe2NNMe2CMeNMeCH2B(C6F5)3}Y(CH2SiMe3)-
(THF) (3), [{NMe2NNMe2CMeNMeCH2}Y(CH2SiMe3)(THF)x]

+[BPh4]
− (4), {NMe2NNMe2CMeNMeCH2}Y(iPrNC(PPh2)NiPr)

(5), [{NMe2NNMe2CMeNMe2}Y{(μ2-BH3)(μ2-NH)}]2 (6), and [{NMe2NNMe2CMeNMeCH2(μ-O)}Y(CH2SiMe3)]2 (7) were
isolated and characterized by NMR spectroscopy and X-ray crystallography and microanalysis (for 6 and 7). Complex 6 was
found to be active in the ROP of rac-lactide, affording slightly heterotactic-enriched PLAs.

■ INTRODUCTION

Nitrogen-based donor ligands play a crucial role in modern
non-metallocene polymerization catalysis.1 Since the pioneering
implementation of late-transition-metal catalysts incorporating
α-diimine and bis(imino)pyridine ligand systems for the
polymerization of olefins,2 a stupendous amount of research
has been directed toward the design of new polydentate ligand
systems, and new efficient and stereoselective polymerization
catalysts have been eventually created and intensely studied.3

Several new classes of early-transition-metal polymerization
catalysts have recently flourished, which incorporate N-based
ligands with steric and electronic properties tunable almost at
will, such as β-diketiminate,4 tris(pyrazolyl)borate5 and related
ligands,6 amidinate/guanidinate7 and related aminopyridinates,8

pyridyl−amido,9 and some other scaffolds.10

Herein we report a new multidentate amidine−amidopyr-
idinate ligand system derived from the parent bis-
(phenylamino)pyridine platform.11 Due to the linear geometry
and intrinsic multidentate coordination character, both the
monoanionic and dianionic ligands, derived from the original
bis(phenylamino)pyridine platform, essentially lead to di- and
polymetallic bis(ligand) complexes. We anticipated that adding

an auxiliary pendant donating group to the bis(phenylamino)-
pyridine ligand skeleton should give rise to a new perfectly
chelating ligand system capable of stabilizing monometallic
monoligand species, which would feature valuable reactivity.
The coordination chemistry of the new amidine−amidopyr-
idinate ligand system with yttrium, starting from yttrium tris-
carbyl precursors, has been investigated. Special emphasis has
been placed on (i) elucidation of intramolecular C−H
activation reactions occurring in these yttrium alkyl complexes
and (ii) exploration of the reactivity of these C−H activation
products with different substrates. In addition, the efficacy of
some complexes obtained during this study in representative
polymerization reactions (vinyl polymerization of styrene and
isoprene; ROP of rac-lactide) has been preliminarily inves-
tigated.
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■ RESULTS AND DISCUSSION
Synthesis of Proligand {NMe2NNMe2CMeNMe2}H (1). The

amidine−aminopyridine proligand 1 was obtained straightfor-
wardly by the one-step condensation of 2,6-bis(2,6-
dimethylphenylamino)pyridine with N-(2,6-dimethylphenyl)-
acetimidoyl chloride (Scheme 1). The product was isolated as
an off-white solid in 72% yield and characterized by NMR
spectroscopy, elemental analysis, and X-ray crystallography.
Suitable crystals for X-ray diffraction studies of compound 1

were isolated by successive recrystallizations from diethyl ether.
Figure 1 shows the molecular structure of 1, along with selected

metrical data. In the solid state, 1 adopts a geometry in which
the amidine fragment deviates ca. 50° from the plane defined by
the pyridine ring and the two adjacent nitrogen atoms (the
dihedral angle between the plane of the Me−C(4)−N(3)−
N(4) fragment and that of the pyridine ring is 50.0°). The
C(2)−N(1), C(3)−N(3), and C(4)−N(3) bonds in 1
(1.373(3), 1.406(3), and 1.406(3) Å, respectively) are
noticeably shorter than regular single C−N bonds (1.47−1.49
Å) observed in various organic compounds.12 This is indicative
of substantial n−π delocalization within the N(1)C(2)N(2)-
C(3)N(3)C(4) fragment of 1. The C(4)−N(4) distance of
1.276(3) Å is in agreement with double-bond character.
Synthesis of Dialkylyttrium Complexes. Recent studies

of the chemistry of rare-earth metals have shown the alkane
elimination approach, using homoleptic MR3 precursors and
amidine-based or related protio ligands, to be a straightforward
route toward different classes of amidinate complexes.13,14 In an
attempt to obtain the corresponding bis(alkyl) complex
incorporating a monoanionic {NMe2NNMe2CMeNMe2}− ligand,

the 1:1 reaction of Y(CH2SiMe3)3(THF)2 and proligand 1 was
conducted in toluene (Scheme 2). Unexpectedly, the standard
workup led to the isolation in high yield of product 2a′, which
results from an intramolecular C−H activation of a methyl
group of the amidine phenyl fragment.15−17

In situ monitoring by 1H NMR spectroscopy showed that
Y(CH2SiMe3)3(THF)2 reacts very slowly with 1 equiv of
proligand 1 at −50 °C in toluene-d8. Raising the temperature of
the reaction to −30 °C led to its completion within several
minutes, giving quantitatively {NMe2NNMe2CMeNMe2}Y-
(CH2SiMe3)2(THF) (2a), with concomitant release of 1
equiv of SiMe4 (Scheme 3). Due to its high instability, complex
2a was rapidly characterized at this temperature by 1D and 2D
(COSY, HMQC, and HMBC) 1H NMR spectroscopic
techniques. The 1H NMR spectrum of 2a (Figure S3; see the
Supporting Information) contains two doublets of doublets (δ
−0.50 and −0.36 ppm; 2JH−H = 11.5 Hz, 2JY−H = 3.0 Hz) for the
diastereotopic CHHSiMe3 hydrogens and a series of singlet
resonances for each of the SiMe3 groups, the Me group of the
imino unit, and the methyl groups of three 2,6-dimethylanilinic
units, as well as two broadened signals for the α-CH2 and β-
CH2 THF hydrogens. The aromatic region of the spectrum
features characteristic doublets and one triplet (3JH−H = 8.0 Hz)
for the pyridine linker and multiplets for the aniline hydrogens.
This pattern indicates an apparent Cs-symmetric coordination
sphere around yttrium in 2a.
Complex 2a slowly undergoes intramolecular C−H

activation at −30 °C following zero-order kinetics (kapp =
(7.5 ± 0.4) × 10−3 M s−1). The resulting product 2a′ is
thermally quite robust and does not decompose even upon
prolonged heating at elevated temperatures (up to 60 °C, days,
benzene or toluene). Also, 2a′ is stable in pyridine-d5 at room
temperature; however, it rapidly reacts in this solvent at 70 °C
to give a mixture of unidentified products.
The 1H NMR spectrum of complex 2a′, recorded in toluene-

d8 at room temperature (Figure S6; see the Supporting
Information), is quite different from that of 2a. Key resonances
in the aliphatic region include (i) two doublets of doublets (δ
−1.18 and −1.02 ppm, 2JH−H = 11.3 Hz, 2JY−H = 3.0 Hz) for the
diastereotopic hydrogens of the CHHSiMe3 group and two
doublets (δ 1.67 and 1.97 ppm; 2JH−H = 6.0 Hz, 2JY−H = 2.0 Hz)
for those of the CHHC6H3(CH3)N group, (ii) one singlet for
the SiMe3 group, (iii) six singlets for methyl groups of the
imino, the two 2,6-dimethylaniline, and one 6-methylaniline
units, and (iv) two broad signals for the α-CH2 and β-CH2
THF hydrogens. In the 13C{1H} NMR spectrum, the
CH2SiMe3 and CH2C6H3(CH3)N groups appear as two
characteristic doublets (δ 23.1 ppm, 1JY−C = 38.9 Hz; δ 43.7
ppm, 1JY−C = 21.6 Hz, respectively).
On the other hand, the reaction of 1 with Y(CH2C6H4-o-

NMe2)3, carried out under conditions identical with those used
for the preparation of 2a′ (Scheme 3), resulted in the isolation
in 85% yield of {NMe2NNMe2CMeNMe2}Y(CH2C6H4-o-NMe2)2

Scheme 1. Synthesis of Proligand 1

Figure 1. Molecular structure of {NMe2NNMe2CMeNMe2}H (1). All
hydrogen atoms, except that of the N−H group, are omitted for
clarity; thermal ellipsoids are drawn at the 50% probability level.
Selected bond distances (Å) and angles (deg): C(2)−N(1), 1.373(3);
C(3)−N(3), 1.406(3); C(4)−N(3), 1.406(3); C(4)−N(4), 1.276(3);
N(3)−C(4)−N(4), 117.3(2); N(1)−C(2)−N(2), 113.4(2); N(2)−
C(3)−N(3), 114.6(2).
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(2b). Product 2b is a yellow solid which appeared quite stable
upon heating at elevated temperatures (up to 60 °C, days,
aromatic hydrocarbons), not undergoing either C−H activation
or other decomposition pathways. We assume that this stability
may arise from the lower basicity of the benzyl group as
compared to that of CH2SiMe3 and/or from the less sterically
crowded coordination sphere in 2b, notably due to the absence
of coordinated THF molecule(s). The 1H NMR spectrum of
2b, in C6D6 at room temperature, is consistent with a
dissymmetric structure on the NMR time scale (Figure S8;
see the Supporting Information). In the 13C{1H} NMR
spectrum (Figure S9; see the Supporting Information), two
doublets are observed (δ 42.4 ppm, 1JY−C = 32.0 Hz; δ 42.9
ppm, 1JY−C = 26.3 Hz), which were assigned to the
nonequivalent methylenic moieties. All attempts to obtain
crystals of 2b suitable for X-ray analysis failed.
Crystals of 2a′ suitable for X-ray diffraction studies were

grown at room temperature from a toluene solution. The unit
cell of 2a′ contains two crystallographically independent
monomeric molecules, but those feature very similar geometries
and overall organizations, and therefore the structural details of
only one of them will be discussed. The molecular structure of
complex 2a′ is shown in Figure 2. The coordination
environment of the yttrium center in 2a′ is completed by
three nitrogen atoms of the {NMe2NNMe2CMeNMe}2− ligand
fragment, one oxygen atom from a THF molecule, one sp3

carbon atom of the residual trimethylsilylmethyl group, and the
sp3 carbon atom of the “benzylic” group resulting from the C−
H activation process. In addition, two close contacts
(Y(1)···C(12), 2.845(5) Å; Y(1)···C(13), 2.907(5) Å) between
the metal center and the sp2 carbon atoms of the aromatic
system of this “benzylic” group were identified. This may

increase the formal coordination number of yttrium in 2a′ up
to 8 (vide infra). The amidopyridinato−amidinate ligand
system in 2a′ is not strictly planar. The dihedral angle formed
between the Y(1)N(1)N(2) plane and one of the pyridine rings
is 168.2(4)°, while the dihedral angle between the NCN planes
of the amidopyridinate and amidinate fragments is 161.9(4)°.
The Y−C(carbyl) bond length in 2a′ (2.418(4) Å) is
comparable with those reported for related yttrium systems
(2.410(8)−2.439(3) Å).18 These Y−C(alkyl) and the Y−
C(“benzyl”) distances (2.418(4) and 2.475(4) Å, respectively)

Scheme 2. Synthesis of Dialkylyttrium Complexes 2a′ and 2b

Scheme 3. Intramolecular C−H Activation of Complex 2a

Figure 2. Molecular structure of {NMe2NNMe2CMeNMeCH2}Y-
(CH2SiMe3)(THF) (2a′). All hydrogen atoms are omitted for clarity;
thermal ellipsoids are drawn at the 30% probability level. Selected
bond distances (Å) and angles (deg): Y(1)−N(1), 2.353(3); Y(1)−
N(2), 2.344(3); Y(1)−N(4), 2.417(3); Y(1)−O(1), 2.389(3); Y(1)−
C(11), 2.475(4); Y(1)−C(12), 2.845(5); Y(1)−C(13), 2.907(5);
Y(1)−C(1), 2.418(4); C(2)−N(1), 1.343(5); C(2)−N(2), 1.378(5);
C(3)−N(2), 1.338(5); C(3)−N(3), 1.434(5); C(4)−N(3), 1.388(6);
C(4)−N(4), 1.280(5); N(1)−Y(1)−C(1), 109.9(1); Y(1)−C(11)−
C(12), 89.4(3); N(3)−C(4)−N(4), 121.6(4).
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are quite comparable to those previously reported for an
yttrium alkyl−benzyl species (2.4139(17) and 2.4520(18) Å,
respectively) resulting from a related intramolecular C−H bond
activation reaction.17c Among the Y−N bonds in 2a′, that
involving the amidinate nitrogen N(4) is the longest (2.417(3)
Å). The bonding situation within the Y(1)N(1)N(2) fragment
in 2a′ is quite different from those previously described in
related yttrium amidopyridinate species, in which the two Y−N
bond lengths are significantly different (ca. 0.1 Å).17d,19 Here,
the Y(1)−N(1) and Y(1)−N(2) bonds exhibit very similar
lengths (2.353(3) and 2.344(3) Å, respectively).20 The
geometric parameters of the amidinate fragment in 2a′ prove
its neutral state.21 Also, the noticeable difference in the C(4)−
N(3) and C(4)−N(4) bond lengths (1.281(5) and 1.389(5) Å,
respectively) argues for the absence of charge delocalization
within the NCN fragment.
The electronic structure of 2a′ was examined in more detail

on the basis of DFT calculations. The overall geometry of this
complex and that of proligand 1 thus computed are quite

comparable with those observed in the solid state (see
Computational Details in the Supporting Information). A
natural population analysis (NPA) performed on the optimized
structure of 2a′ revealed that no significant changes of the
computed Wiberg bond indexes occurred for the C−N bonds
in the dianionic {NMe2NNMe2CMeNMeCH2}

2− ligand skeleton,
in comparison with those for the corresponding bonds and
charges in the neutral proligand 1 (Table S2; see the
Supporting Information). This result argues against distribution
of the two negative charges over the entire ligand skeleton and,
in particular, against considerable resonance of the nitrogen
lone pair located on the N(3) atom into the π system of the
ligand.22 Very weak interactions between the sp2 carbons C(12)
and C(13) and the metal center were attested by the
corresponding Wiberg bond indexes (0.06 and 0.05,
respectively). A second-order perturbation NBO analysis also
indicated weak interactions (highest stabilization energies of 2.5
and 3.9 kcal mol−1, respectively) between these carbons and
yttrium in 2a′.23 Thus, the coordination number at yttrium

Scheme 4. Formation of Complexes 3−7
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should be considered as more 6 than 8 (vide supra). Finally, the
HOMO in 2a′ is localized mostly at the Y(1)−C(11) bond
(Figure S21a; see the Supporting Information), while the
HOMO-1 is predominantly the σ bond Y(1)−C(1) (Figure
S21b; see the Supporting Information). On the basis of ground-
state orbital control arguments, an electrophile (or an oxidant)
would be predicted to attack initially at the HOMO: that is, via
cleavage of the Y(1)−C(“benzyl”) bond.
Reactivity Studies of Complex 2a′. Given the dissimilar

nature of the two alkyl groups in 2a′, they may reveal different
reactivity patterns toward appropriate substrates.24 Hence, we
set out to explore the reactivity of 2a′ with a variety of Lewis
and Brønsted acids and bases, as well as oxidants and
reductants (Scheme 4).
Instantaneous reaction of 2a′ with B(C6F5)3 in toluene-d8

solution was observed at −40 °C, as evidenced by 1H NMR
spectroscopy.25 Formation of the zwitterionic complex 3 took
place through chemoselective abstraction of the “benzylic”
group −CH2C6H3(Me)N−, while the CH2SiMe3 moiety
remained intact. This is evidenced by the presence in the 1H
NMR spectrum of 3 (Figure S10; see the Supporting
Information) of two doublets of doublets (δ −0.88 and
−0.70 ppm, 2JH−H = 11.3 Hz, 2JY−H = 3.3 Hz) for the
diastereotopic hydrogens of the CHHSiMe3 group and two
broad signals integrating each for one hydrogen for the
(C6F5)3BCHHC6H3(Me)N− moiety (δ 3.28 and 2.42 ppm; the
latter overlaps with a methyl resonance). In the 13C{1H} NMR
spectrum (Figure S13; see the Supporting Information), these
two methylene groups appeared as a characteristic doublet (δ
39.6 ppm, 1JY−C = 61.5 Hz) and a broadened signal (δ 23.5
ppm), respectively. The 19F{1H} NMR spectrum of 3 recorded
at −40 °C (Figure S12; see the Supporting Information)
contains a set of three broadened signals for the o-, p-, and m-F
groups, which suggests possible dynamic processes. No
evidence for nonvalent F···Y interactions was found.26 Complex
3 rapidly decomposes in toluene solution above 0 °C, affording
unidentified products.
Reaction of 2a′ with 1 equiv of [Et3NH]

+[BPh4]
− in THF-

d8 does not take place below −20 °C.25 Monitoring of the
reaction by 1H NMR spectroscopy at −10 °C showed that it
follows first-order kinetics (kapp = (1.1 ± 0.1) × 10−3 s−1) and
proceeds with concomitant evolution of Me4Si. The major
(>95%) product of this reaction, complex 4, was characterized
by a combination of NMR spectroscopic methods at 0 °C
(Figures S14 and S15; see the Experimental Section and the
Supporting Information) and appears overall as the proto-
nolysis product of the CH2SiMe3 group in 2a′.27 The
corresponding Y−CHH(“benzyl”) group appeared in the 1H
NMR spectrum as an AB system (δ 1.24 and 1.93 ppm, 2JH−H =
8.0 Hz) and as a doublet (δ 48.2 ppm, 1JY−C = 26.0 Hz) in the
13C{1H} NMR spectrum. Product 4 was found to be stable in
THF solution at room temperature. However, all attempts to
crystallize this compound have failed so far.
Reaction between 2a′ and 1 equiv of the phosphaguanidine

iPrNC(PPh2)NHiPr in C6D6 rapidly proceeded via selective
protonolysis of the Y−CH2SiMe3 bond.

27 The corresponding
product 5 formed quantitatively and was authenticated by 1H,
13C, and 31P NMR spectroscopic studies (Figures S16−S18; see
the Supporting Information). Complex 5 exists as a
dissymmetric species in C6D6 solution, as evidenced by the
presence in the 1H NMR spectrum of six resonances from
methyl groups of the {NMe2NNMe2CMeNMeCH2} ligand, two
multiplets for the methine hydrogens, and four doublets for the

methyl hydrogens of the nonequivalent iPr groups of the
phosphaguanidinate moiety. As in complex 4, the Y−CH2
group in 5 appears in the 1H NMR spectrum as two doublets
of doublets (δ 2.53 and 1.99 ppm, 2JHH = 5.9 Hz) and as a
doublet (δ 47.0 ppm, 1JY−C = 24.3 Hz) in the 13C{1H} NMR
spectrum.
With the aim of synthesizing hydrido species with a

monoanionic {NMe2NNMe2CMeNMe2}− ligand scaffold, efforts
were made to explore the reactivity of 2a′ toward reagents such
as H2, PhSiH3, and Ph3SiH.

24,28 The reaction of 2a′ with H2 (1
bar, 25 °C) in toluene-d8 or in C6D6 (monitored by 1H NMR
spectroscopy) proceeded slowly over 5 days and afforded
mixtures of unidentified products. Similarly, the reaction
between equimolar amounts of 2a′ and PhSiH3 in toluene-d8
at room temperature resulted in rapid consumption of the
initial reagents, however, giving rise to mixtures of unidentified
products; no hydride resonance could be unambiguously
identified. No reaction was observed between 2a′ and the
more bulky Ph3SiH in toluene-d8 at room temperature over 1
day.
Amine−boranes RNH2·BH3 (R = H, alkyl) have recently

emerged as nonconventional sources of hydrogen for the
synthesis of alkaline-earth-metal complexes having M−NH-
(R)·(μ-H)xB(H)3−x bridging moieties.29 In this study, the
reaction of 1 equiv of NH3·BH3

30 and 2a′ in toluene-d8 at room
temperature was monitored by 1H NMR spectroscopy.
Immediate release of Me4Si was observed, while the product
of this reaction, complex 6, precipitated as a pale yellow
crystalline solid. Compound 6 was resynthesized on a
preparative scale by following this procedure. The very poor
solubility of 6 in toluene and THF hampered its character-
ization by 13C and 11B NMR spectroscopy. Complex 6 was
identified by 1H NMR spectroscopy (Figure S19; see the
Supporting Information), elemental analysis, and an X-ray
crystallographic study.
Complex 6 crystallized as a toluene solvate (6·C7H8); its

molecular structure and selected geometric parameters are
given in Figure 3. The molecular structure of 6 consists of a
centrosymmetric dimer, in which two [(NMe2NNMe2CMeNMe2)-
Y] moieties are bound by two μ-bridging dianionic NH·BH3
fragments. The yttrium atoms are coordinated by three
nitrogen atoms of the monoanionic {NMe2NNMe2CMeNMe2}−

ligands and two nitrogens and two hydrogens of the NH·BH3
groups, thus resulting in a formal coordination number of 7. In
the BH3 groups, two hydrogen atoms bridge both yttrium and
boron atoms while the third remains terminal. The
amidopyridinate fragment in 6 coordinates nearly symmetri-
cally to the metal center, which is evidenced by the quite similar
Y(1)−N(1) and Y(1)−N(2) bond lengths (2.403(2) and
2.377(2) Å, respectively), those being in the range reported for
yttrium amidopyridinate complexes (2.289−2.554 Å).8 The
Y(1)−B(1) distance in 6 (2.767(3) Å) is longer than those
reported for the borohydride complexes of yttrium incorporat-
ing anionic BH4

− moieties (2.496−2.643 Å).31

Furthermore, 2a′ was found to be totally unreactive toward
ethylene, propylene, and diphenylacetylene even upon
prolonged heating at 60−80 °C in toluene-d8. On the other
hand, complex mixtures of products were obtained in the
reactions of equimolar amounts of 2a′ and carbodiimide
iPrNCNiPr or isocyanate 3,4,5-(CH3O)3C6H2NCO,
respectively, conducted in toluene at −50 °C.
During several independent attempts to recrystallize 2a′ from

benzene or toluene solutions, crystals of the dimeric complex
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[{NMe2NNMe2CMeNMeCH2(μ−O)}Y(CH2SiMe3)]2 (7) were
recurrently isolated in significant amounts. They were separated
and authenticated by X-ray diffraction analyses, NMR spec-
troscopy, and microanalysis. Complex 7 crystallized as solvates
containing either one molecule of toluene (7·C7H8) or two
molecules of benzene (7·2C6H6). The molecular structure of
7·C7H8 is depicted in Figure 4. Different space groups and cell
parameters were determined for these two adducts, but the
general atom connectivity and bonding features were similar. In
both cases, 7 adopts centrosymmetric dimeric structures
d i ff e r i n g i n t h e mu t u a l d i s p o s i t i o n o f t h e
[(NMe2NNMe2CMeNMeCH2O)Y(CH2SiMe3)] fragments. Inter-
estingly, in 7·2C6H6 the [(NMe2NNMe2CMeNMeCH2O)Y-
(CH2SiMe3)] moieties are located in trans positions relative
to the Y2O2 plane, while in 7·C7H8 they are oriented cis. Two
identical [{NMe2NNMe2CMeNMeCH2O}Y(CH2SiMe3)] frag-
ments are linked by two bridging OCH2 groups. In 7·2C6H6,
the Y2O2 core is nearly equilateral, with very similar Y−O
distances (2.282(2) and 2.287(2) Å; compare with the
corresponding distances in 7·C7H8, 2.236(2) and 2.263(2)
Å). The yttrium centers in both 7·C7H8 and 7·2C6H6 lie in a
distorted-octahedral environment, coordinated by three nitro-
gens of the {NMe2NNMe2CMeNMeCH2O} ligands, two oxygens
of the bridging OCH2 groups, and one carbon of the carbyl
group. The Y−C(carbyl) bond lengths in 7·C7H8 and 7·2C6H6

are only slightly different (2.396(3) and 2.362(4) Å,
respectively) and compare well with that observed in 2a′
(2.418(4) Å). Also, the Y(1)−N(1), Y(1)−N(2), and Y(1)−
N(4) bond distances in 7·2C6H6 (2.469(3), 2.414(3), and
2.509(3) Å, respectively) are noticeably longer than those
found in 7·C7H8 (2.397(2), 2.379(2), and 2.4493(2) Å,
respectively), but these distances remain comparable with the
corresponding distances in 2a′ and 6.
The exogenous source of oxygen that resulted in the

formation of 7 remained eventually unclear.32 All attempts to
generate in a controlled fashion a thio compound counterpart
of complex 7 by reaction of 2a′ with both stoichiometric and
substoichiometric amounts of S8 in toluene-d8 failed to afford
the target product and led to the formation of intractable
mixtures of unidentified materials.

Preliminary Polymerization Investigations. Due to the
ongoing success of group 3 metal complexes applied in various
catalytic polymerization processes,1a,33 we sought to assess the
abilities of some of the complexes obtained in this study in
representative reactions.
First, no activity in isoprene and styrene polymerizations

(bulk or toluene solutions, [monomer]/[Y] = 3000, Tpol = 25−
60 °C) was observed with dialkyl complex 2a′, employed as
such or upon activation to generate in situ cationic systems: i.e.,
2a′/B(C6F5)3/iBu3Al (1/1/200) and 2a′/[Ph3C][B(C6F5)4]/
iBu3Al (1/1/200). The inactivity of these systems may stem
from either (i) the presence of a coordinated THF molecule in
2a′ which may impede monomer coordination or (ii) high
instability of the cationic species under the given conditions.
We were also interested in assessing the performance of 6 as

initiator/precatalyst of the ROP of rac-lactide, considering that
this complex possesses original, potentially active nucleophilic
NHBH3 groups. Complex 6 actually proved to be moderately
active at room temperature, especially in toluene, possibly
reflecting solubility issues (Table 1, entry 1). Indeed, much
better activity was observed in THF (entry 2). However,
increasing the [rac-LA]/[Y] ratio appeared to be detrimental

Figure 3. (a) Molecular structure of [{NMe2NNMe2CMeNMe2}Y{(μ2-
BH3)(μ2-NH)}]2·C7H8 (6·C7H8). Only the asymmetric unit is given.
All hydrogen atoms and the solvent molecule are omitted for clarity;
thermal ellipsoids are drawn at the 50% probability level. (b) Central
bimetallic core of 6·C7H8. Selected bond distances (Å) and angles
(deg): Y(1)−N(1), 2.403(2); Y(1)−N(2), 2.377(2); Y(1)−N(4),
2.520(2); Y(1)−N(5), 2.243(2); Y(1)−B(1), 2.767(3); C(1)−N(1),
1.343(3); C(1)−N(2), 1.379(3); C(2)−N(2), 1.331(3); C(2)−N(3),
1.418(3); C(3)−N(3), 1.392(3); C(4)−N(4), 1.298(3); N(1)−
C(1)−N(2), 111.2(2); N(2)−Y(1)−N(5), 101.40(8); N(5)−Y(1)−
B(1), 82.78(9).

Figure 4. Molecular structure of [{NMe2NNMe2CMeNMeCH2(μ-O)}Y-
(CH2SiMe3)]2·C7H8 (7·C7H8). Only the asymmetric unit is given. All
hydrogen atoms and the toluene molecule are omitted for clarity;
thermal ellipsoids are drawn at the 50% probability level. Selected
bond distances (Å) and angles (deg): Y(1)−N(1), 2.397(2); Y(1)−
N(2), 2.379(2); Y(1)−N(4), 2.493(2); Y(1)−O(1), 2.236(19);
Y(1)−C(1), 2.396(3); C(5)−O(1), 1.406(3); C(2)−N(1),
1.342(3); C(2)−N(2), 1.379(3); C(3)−N(2), 1.342(3); C(3)−
N(3), 1.417(3); C(4)−N(3), 1.397(4); C(4)−N(4), 1.292(3); N(4)
−Y(1)−O(1), 76.93(7); N(1)−C(2)−N(2), 111.5(2).
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and resulted in a significantly less active system (entry 3). The
polymers formed had relatively narrow distributions and
experimental molecular weights in good agreement with
calculated values, assuming initiation of one polymer chain
per NHBH3 moiety (Table 1).34 This observation hints at
rather good initiation efficiency. The recovered PLAs were
essentially atactic with a slight bias toward heterotacticity (Pr =
0.56−0.58). Surprisingly, addition of 1 equiv of iPrOH, a
reagent often used as coinitiator to generate in situ alkoxide
species,35 did not improve the outcome of polymerization
(entry 4).

■ CONCLUSIONS
A new multidentate ligand system combining amidopyridinate
and amidine fragments into a chelating platform has been
prepared . The reac t ion between the pro l igand
{NMe2NNMe2CMeNMe2}H (1) and Y(CH2SiMe3)3(THF)2 pro-
ceeds through the formation of dialkyl complex 2a, which bears
a monoanionic {NMe2NNMe2CMeNMe2}− ligand. The latter
compound rapidly undergoes intramolecular C−H activation
at a methylphenyl group, yielding selectively the hetero dialkyl
s p e c i e s 2 a ′ , w h i c h b e a r s a d i a n i o n i c
{NMe2NNMe2CMeNMeCH2}

2− ligand. On the other hand, a
similar σ-bond metathesis reaction between 1 and Y(CH2C6H4-
o-NMe2)3 selectively afforded the stable dibenzyl species 2b.
The latter proved to be robust and does not undergo either
intramolecular C−H activation reactions or other decom-
position pathways.
Reactivity studies of hetero dialkyl 2a′ with various substrates

revealed different patterns. In particular, 2a′ was found to react
with Lewis and Brønsted acids as well as with (probably)
dioxygen preferentially at the Y−(“benzyl”) bond. Thus, new
complexes incorporating both monoanionic and dianionic
multidentate ligands (products 3 and 6 and 4, 5, and 7,
respectively) have been synthesized and authenticated. The
product of the reaction between 2a′ and NH3·BH3, complex 6,
represents the first structurally characterized amidoborate
derivative of group 3 metals. Complex 6 allowed the ring-
opening polymerization of rac-lactide under mild conditions.
Ongoing studies in this field are focused on modifications of

this amidine−amidopyridinate ligand system and elaboration of
new polymerization catalysts derived thereof.

■ EXPERIMENTAL SECTION
General Considerations. All manipulations were performed

under a purified argon atmosphere using standard Schlenk techniques
or in a glovebox. Solvents were distilled from Na/benzophenone
(THF, Et2O) and Na/K alloy (toluene, hexane, and pentane) under
nitrogen, degassed thoroughly, and stored under nitrogen prior to use.
Deuterated solvents (benzene-d6, toluene-d8, THF-d8; >99.5% D,
Deutero GmbH and Euroisotop) were vacuum-transferred from Na/K
alloy into storage tubes. CDCl3 and CD2Cl2 were kept over calcium

hydride and vacuum-transferred before use. The precursors N-(2,6-
d imethylphenyl)acet imidoyl chlor ide ,3 6 Me3S iCH2Li ,

3 7

((CH3)3SiCH2)3Y(THF)2,
38 and Y(CH2C6H4-o-NMe2)3

39 were pre-
pared according to literature protocols. Styrene (99%, Acros) and
isoprene (99%, Acros) were dried over CaH2 and distilled under
reduced pressure prior to experiments or stored at −30 °C under
argon in the glovebox. rac-Lactide (Aldrich) was recrystallized once
from iPrOH and twice from dry toluene and then dried under vacuum.
Other starting materials were purchased from Acros, Strem, and
Aldrich and used as received.

Instruments and Measurements. NMR spectra of complexes
were recorded on Bruker AM-400 and AM-500 spectrometers in
Teflon-valved NMR tubes at 25 °C, unless otherwise indicated. 1H and
13C chemical shifts are reported in ppm vs SiMe4 (δ 0.00), as
determined by reference to the residual solvent peaks. 19F and 31P
chemical shifts were determined by external reference to aqueous
solutions of NaBF4 and H3PO4, respectively.

11B NMR spectra were
referenced to external BF3·OEt2. Assignment of resonances was made
from 2D 1H−1H COSY, 1H−13C HMQC, and HMBC NMR
experiments. Coupling constants are given in hertz. Elemental analyses
(C, H, N) were performed using a Flash EA1112 CHNS Thermo
Electron apparatus and are the average of two independent
determinations. Size exclusion chromatography (SEC) of PLAs was
performed in THF (1 mL min−1) at 20 °C using a Polymer
Laboratories PL50 apparatus equipped with PLgel 5 μm MIXED-C
300 × 7.5 mm columns and combined RI and dual angle LS (PL-LS
45/90°) detectors. The number average molecular masses (Mn) and
polydispersity indexes (Mw/Mn) of the polymers were calculated with
reference to a universal calibration vs polystyrene standards. The Mn
values of PLAs were corrected with a factor of 0.58 to account for the
difference in hydrodynamic volumes between polystyrene and
polylactide. The microstructure of PLAs was determined by
homodecoupling 1H NMR spectroscopy at 25 °C in CDCl3 with a
Bruker AC-500 spectrometer operating at 500 MHz.

N,N′-Bis(2,6-dimethylphenyl)pyridine-2,6-diamine. This com-
pound was prepared according to a modified literature procedure.11b

2,6-Dibromopyridine (8.00 g, 33.8 mmol) and 2,6-dimethylaniline
hydrochloride (21.43 g, 136.0 mmol) were added in a 250 mL two-
neck flask equipped with a stirring bar and a condenser. The mixture
was heated to 220 °C. As the mixture melted, it turned dark orange.
After 4 h of stirring under argon at this temperature, the reaction
mixture was cooled. An aqueous solution of sodium carbonate (10%,
100 mL) was added to the mixture followed by extraction with Et2O
(100 mL). The organic phase was reduced to ca. 40 mL under reduced
pressure, and then pentane (50 mL) was added. The crude precipitate
was recrystallized from pentane to afford the analytically pure
compound as an off-white solid (6.40 g, 20.2 mmol, 60%). 1H NMR
(400 MHz, CDCl3, 298 K):40 δ 7.09 (m, 7H, p-Py and Ar), 6.19 (s,
2H, NH), 5.35 (d, 3JH−H = 7.9, 2H, m-Py), 2.26 (s, 12H,
(CH3)2C6H3N).

(NMe2NNMe2CMeNMe2)H (1). To a solution of N,N′-bis(2,6-
dimethylphenyl)pyridine-2,6-diamine (2.38 g, 7.50 mmol) in toluene
(30 mL) was added Et3N (1.04 mL, 7.50 mmol) and N-(2,6-
dimethylphenyl)acetimidoyl chloride (1.32 mL, 7.50 mmol) with
rigorous stirring. The reaction mixture was stirred at 80 °C for 3 days.
Then the solvent was removed in vacuo. The resulting solid residue
was dissolved in diethyl ether (100 mL) and washed with Na2CO3.

Table 1. Ring-Opening Polymerization of rac-Lactide Promoted by Complex 6

entry compd [LA]/[Ln]/[iPrOH] solvent time (min)b conversn (%)c Mn(calcd)
d (103 g mol−1) Mn(exptl)

e (103 g mol−1) Mw/Mn
e Pr

f

1 6 100/1/0 toluene 1140 71 10.2 10.9 1.3 0.58
2 6 100/1/0 THF 5 62 8.9 13.0 1.3 0.56
3 6 500/1/0 THF 120 6 4.3 nd nd nd
4 6 1000/1/1 THF 1020 0 nd nd nd nd

aGeneral conditions: [rac-LA] = 2.0 mol L−1, T = 25 °C. bReaction times were not optimized. cConversion of lactide as determined by 1H NMR of
the crude reaction mixture. dMn values calculated considering one polymer chain per metal center from the relation: Mn(calcd) = conversion ×
[LA]/[Ln] × 144. eExperimental Mn and Mw/Mn values determined by GPC in THF vs PS standards and corrected with a factor of 0.58.
fDetermined by 1H NMR; Pr is the probability of racemic linkage, as determined by 1H NMR homodecoupling experiments.

Organometallics Article

dx.doi.org/10.1021/om400027d | Organometallics 2013, 32, 1517−15271523



The organic layer was separated and dried with MgSO4, the solvent
was removed, and the solid residue was recrystallized from diethyl
ether. Compound 1 was isolated as a pale yellow powder (2.58 g, 5.40
mmol, 72%). 1H NMR (400 MHz, C6D6, 298 K): δ 7.03 (m, 5H,
(CH3)2C6H3N), 6.90 (m, 5H, p-Py and (CH3)2C6H3N), 6.27 (d,

3JH−H
= 7.7, 1H, m-Py), 5.57 (d, 3JH−H = 7.9, 1H, m-Py), 5.06 (s, 1H, NH),
2.26 (s, 6H, (CH3)2C6H3N), 2.08 (s, 6H, (CH3)2C6H3N), 2.01 (s, 6H,
(CH3)2C6H3N), 1.82 (s, 3H, NC(CH3)N).

13C{1H} NMR (100 MHz,
C6D6, 298 K): δ 156.4 (CN), 156.1, 155.1 (o-Py), 148.4, 142.5,
138.8, 137.4, 137.2, 136.5, 128.4, 128.2, 127.3, 127.0, 126.4, 122.0 (p-
Py), 104.4 (m-Py), 99.5 (m-Py), 18.6 (NC(CH3)N), 18.5
((CH3)2C6H3N), 18.2 ((CH3)2C6H3N), 18.0 ((CH3)2C6H3N). Anal.
Calcd for C31H34N4: C, 80.48; H, 7.41; N, 12.11. Found: C, 80.35; H,
7.53; N, 12.17.
Reaction of 1 with Y(CH2SiMe3)3(THF)2. NMR Scale Synthesis

of 2a. In the glovebox, a Teflon-valved NMR tube was charged with 1
(0.050 g, 0.11 mmol) and Y(CH2SiMe3)3(THF)2 (0.061 g, 0.11
mmol). To this mixture, toluene-d8 (0.6 mL) was vacuum-transferred
in and the tube was shaken for 15 min at −50 °C. Quantitative
formation of 2a was observed. 1H NMR (500 MHz, toluene-d8, 243
K): δ 7.11 (d, 3JH−H = 7.8, 3H, (CH3)2C6H3N), 6.98 (m, 2H,
(CH3)2C6H3N), 6.92 (d, 3JH−H = 7.5, 2H, (CH3)2C6H3N), 6.73 (d,
3JH−H = 7.7, 2H, (CH3)2C6H3N), 6.44 (t, 3JH−H = 8.0, 1H, p-Py), 5.39
(d, 3JH−H = 8.0, 1H, m-Py), 4.73 (d, 3JH−H = 8.0, 1H, m-Py), 3.59 (br. s,
12H, α-CH2,THF), 2.52 (s, 6H, (CH3)2C6H3N), 2.22 (s, 6H,
(CH3)2C6H3N), 1.84 (s, 6H, (CH3)2C6H3N), 1.39 (br s, 12H, β-
CH2, THF), 0.95 (s, 3H, NC(CH3)N), 0.21 (s, 18H, SiMe3), −0.34
(dd, 2JH−H = 11.4, 2JY−H = 3.0, 2H, CHHSiMe3), −0.50 (dd, 2JH−H =
11.4, 2JY−H = 3.0, 2H, CHHSiMe3).

13C{1H} NMR (125 MHz,
toluene-d8, 243 K): δ 167.5 (o-Py), 161.6 (NC(CH3)N), 145.6, 142.0
(p-Py) 141.5, 138.9, 135.7, 132.3, 131.4, 129.2, 128.4, 101.1 (m-Py),
93.4 (m-Py), 67.8 (α-CH2 THF), 36.9 (CH2SiMe3), 25.1 (β-CH2
THF), 19.5, 19.2 ((CH3)2C6H3N), 18.7 ((NC(CH3)N), 17.3
((CH3)2C6H3N), 3.6 (CH2SiMe3).
(NMe2NNMe2CMeNMe-CH2)Y(CH2SiMe3)(THF) (2a′). To a solution

of 1 (1.30 g, 2.80 mmol) in toluene (10 mL) was added a solution of
Y(CH2SiMe3)3(THF)2 (1.40 g, 2.80 mmol) in toluene (25 mL). The
reaction mixture was stirred at room temperature overnight. All
volatiles were evaporated in vacuo, and the crude product was
recrystallized from toluene to give yellow crystals of 2a′ (1.60 g, 2.20
mmol, 80%). 1H NMR (500 MHz, toluene-d8, 298 K): δ 7.07 (m, 2H,
(CH3)2C6H3N), 7.04 (d, 3JH−H = 7.4, 1H, (CH3)2C6H3N), 7.00 (s,
1H, CH2(CH3)C6H3N), 6.92 (m, 2H, CH2(CH3)C6H3N), 6.86 (d,
3JH−H = 7.5, 1H, (CH3)2C6H3N), 6.78 (d, 3JH−H = 7.4, 1H,
(CH3)2C6H3N), 6.73 (d, 3JH−H = 7.3, 1H, (CH3)2C6H3N), 6.63 (t,
3JH−H = 8.2, 1H, p-Py), 5.37 (d, 3JH−H = 8.2, 1H, m-Py), 4.84 (d, 3JH−H
= 8.2, 1H, m-Py), 3.56 (br s, 9H, α-CH2 THF), 2.46 (s, 3H,
(CH3)2C6H3N), 2.26 (s, 3H, (CH3)2C6H3N), 2.25 (s, 3H, CH2(CH3)-
C6H3N), 2.18 (s, 3H, (CH3)2C6H3N), 1.97 (dd, 2JH−H = 6.0, 2JY−H =
0.5, 1H, CHH(CH3)C6H3N), 1.86 (s, 3H, (CH3)2C6H3N), 1.67 (dd,
2JH−H = 6.0, 2JY−H = 2.0, 1H, CHH(CH3)C6H3N), 1.39 (s, 3H,
NC(CH3)N), 1.34 (br s, β-CH2 THF), 0.12 (s, 9H, SiMe3), −1.02
(dd, 2JH−H = 11.3, 2JY−H = 3.0, 1H, CHHSiMe3), −1.18 (dd, 2JH−H =
11.3, 2JY−H = 3.0, 1H, CHHSiMe3).

13C{1H} NMR (125 MHz,
toluene-d8, 298 K): δ 167.5 (o-Py), 158.4 (NC(CH3)N), 149.9
(NCN), 147.0 ((CH3)2C6H3N), 141.7 (p-Py), 140.8, 139.3, 137.1,
136.9, 136.8, 133.3, 132.8, 131.9, 130.6, 129.2, 128.8, 128.1, 123.1,
123.0, 119.3, 99.9 (m-Py), 93.6 (m-Py), 63.9 (α-CH2 THF), 43.7 (d,
1JY−C = 21.6, CH2(CH3)C6H3N), 25.1 (β-CH2 THF), 23.1 (1JY−C =
38.9, CH2SiMe3), 19.5, 19.2, 19.1(CH3)2C6H3N), 18.9 (NC(CH3)N),
17.4 ((CH3)2C6H3N), 17.0 (CH2(CH3)C6H3N), 4.7 (SiMe3). Anal.
Calcd for C78H102N8O2Si2Y2: C, 65.99; H, 7.38; N, 7.89. Found: C,
65.73; H, 7.50; N, 7.96.
(NMe2NNMe2CMeNMe2)Y(CH2C6H4-o-NMe2)2 (2b). To a solution of

1 (0.47 g, 0.99 mmol) in toluene (10 mL) was added a solution of
Y(CH2C6H4-o-NMe2)3 (0.50 g, 0.99 mmol) in toluene (10 mL). The
reaction mixture was stirred at room temperature overnight. All
volatiles were evaporated in vacuo, and the crude product was
recrystallized from toluene to afford pure 2b as a yellow solid (0.69 g,

0.84 mmol, 85%). 1H NMR (500 MHz, C6D6, 298 K): δ 7.09 (d,
3JH−H

= 7.5, 3H, (CH3)2C6H3N), 7.03 (m, 2H, C6H4-o-NMe2), 6.99−6.87
(m, 14H, (CH3)2C6H3N and C6H4-o-NMe2), 6.79 (t, 3JH−H = 8.0, 2H,
C6H4-o-NMe2), 6.72 (d,

3JH−H = 8.0, 1H, C6H4-o-NMe2), 6.61 (m, 2H,
C6H4-o-NMe2, p-Py), 6.45 (d, 3JH−H = 8.5, 1H, C6H4-o-NMe2), 5.34
(d, 3JH−H = 8.0, 1H, m-Py), 4.79 (d, 3JH−H = 8.0, 1H, m-Py), 2.44 (s,
9H, (CH3)2C6H3N), 2.33 (s, 3H, (CH3)2C6H3N), 2.28 (br s, 6H,
(CH3)2C6H3N), 2.24 (s, 3H, (CH3)2C6H3N), 2.23 (br m, 1H,
CHHC6H4-o-NMe2), 2.18 (s, 3H, C6H4-o-NMe2), 1.89 (s, 3H, C6H4-o-
NMe2),1.85 (br d, 2JH−H = 10.2, 1H, CHHC6H4-o-NMe2), 1.83 (br m,
1H, CHHC6H4-o-NMe2), 1.77 (s, 3H, C6H4-o-NMe2), 1.66 (s, 3H,
C6H4-o-NMe2), 1.35 (s, 3H, NC(CH3)N), 0.91 (d, 2JH−H = 10.2, 1H,
CHHC6H4-o-NMe2).

13C{1H} NMR (125 MHz, C6D6, 298 K): δ
167.9 (o-Py), 158.7 (NCN), 152.8, 149.8, 146.1, 144.8 (C4aro), 141.6
(p-Py), 139.2, 138.9, 137.2, 136.9, 136.8, 134.4, 132.7, 132.2, 132.1
(C4, (CH3)2C6H3N)), 131.1 ((CH3)2C6H3N), 130.7 (C4, C6H4-o-
NMe2), 129.2, 129.1, 129.1, 128.8 (C6H4-o-NMe2), 128.2, 126.4,
124.5, 123.4, 122.7 ((CH3)2C6H3N), 120.1, 119.0, 118,5, 118.2 (C6H4-
o-NMe2), 99.8 (m-Py), 93.2 (m-Py), 45.4 ((CH3)2C6H3N), 43.8
((CH3)2C6H3N), 42.9 (d, 1JY−C = 26.3, CH2C6H4-o-NMe2), 42.4
(1JY−C = 32.0, CH2C6H4-o-NMe2), 41.8 ((CH3)2C6H3N), 18.9
((CH3)2C6H3N), 18.8 (NC(CH3)N), 18.4 ((CH3)2C6H3N), 18.1,
17.4, 17.0, 16.9 (C6H4-o-NMe2). Anal. Calcd for C49H57N6Y: C, 71.87;
H, 7.02; N, 10.26; Y, 10.86. Found: C, 71.65; H, 7.15; N, 10.30; Y,
10.95.

Reaction of 2a′ with B(C6F5)3. NMR Scale Synthesis of 3. In the
glovebox, a Teflon-valved NMR tube was charged with 2a′ (0.040 g,
0.056 mmol) and B(C6F5)3 (0.032 g, 0.056 mmol). To this mixture,
toluene-d8 (0.6 mL) was vacuum-transferred in and the tube was
shaken for 15 min at −50 °C. The progress of the reaction was
monitored at −40 °C by NMR spectroscopy. 1H NMR indicated that
3 formed quantitatively after 1−2 min. 1H NMR (400 MHz, toluene-
d8, 233 K): δ 7.62 (d, 3JH−H = 8.0, 1H, (CH3)2C6H3N), 7.14 (s, 1H,
CH2(CH3)C6H3N), 7.06 (s, 1H, CH2(CH3)C6H3N), 6.99 (s, 1H,
CH2(CH3)C6H3N), 6.92 (t,

3JH−H = 7.6, 1H, (CH3)2C6H3N), 6.71 (m,
2H, (CH3)2C6H3N), 6.58 (t,

3JH−H = 8.4, 2H, (CH3)2C6H3N), 6.33 (t,
3JH−H = 8.2, 1H, p-Py), 5.29 (d, 3JH−H = 8.2, 1H, m-Py), 4.75 (d, 3JH−H
= 8.2, 1H, m-Py), 3.50 (br m, 2JH−H = 6.4, 2H, α-CH2 THF), 3.37 (br
m, 2JH−H = 6.4, 2H, α-CH2 THF), 3.28 (br s, 1H, CHHB(C6F5)), 2.42
(br s, 1H, CHHB(C6F5) and 3H, (CH3)2C6H3N), 2.36 (s, 3H,
CH2(CH3)C6H3N), 2.00 (s, 3H, (CH3)2C6H3N), 1.89 (s, 3H,
(CH3)2C6H3N), 1.74 (s, 3H, (CH3)2C6H3N), 1.25 (s, 3H, NC(CH3)-
N), 1.11 (br m, 2JH−H = 6.0, 4H, β-CH2 THF), 0.08 (s, 9H, SiMe3),
−0.70 (dd, 2JH−H = 11.3, 2JY−H = 3.3, 1H, CHHSiMe3), −0.88 (dd,
2JH−H = 10.6, 2JY−H = 2.2, 1H, CHHSiMe3).

13C{1H} NMR (100 MHz,
toluene-d8, 233 K) (signals from carbons of the C6F5 moieties in the
aromatic region were not identified): δ 168.5 (NCN), 159.6
((NC(CH3)N), 147.8 NCN, 144.7 (Caro), 144.6 (p-Py), 136.8,
135.5, 133.2, 132.1, 131.9, 131.3, 130.8, 130.5, 130.1, 130.0, 129.5
((CH3)2C6H3N), 129.3, 129.1, 128.4 (CH2(CH3)C6H3N), 126.5,
126.2, 125.2 ((CH3)2C6H3N), 102.7, 95.4 (m-Py), 71.9 (α-CH2,THF),
39.6 (d, 1JY−C = 61.5, CH2SiMe3), 25.7 (β-CH2,THF), 23.5 (br s,
CH2B(C6F5)), 21.8 ((CH3)2C6H3N), 21.5 (CH2(CH3)C6H3N), 20.2
(NC(CH3)N), 19.6 ((CH3)2C6H3N), 18.6 ((CH3)2C6H3N), 17.0
((CH3)2C6H3N), 5.00 (SiMe3).

11B NMR (128 MHz, toluene-d8, 233
K): δ −12.6. 19F{1H} NMR (376 MHz, toluene-d8, 233 K): δ −133.1
(br m, 6F, o-F), −160.1 (br m, 3F, p-F), −164.2 (br m, 6F, m-F).

Reaction of 2a′ with [HNEt3]
+[BPh4]

−. NMR Scale Synthesis of
4. In the glovebox, a Teflon-valved NMR tube was charged with 2a′
(0.040 g, 0.056 mmol) and [HNEt3]

+[BPh4]
− (0.024 g, 0.056 mmol).

To this mixture, THF-d8 (0.6 mL) was vacuum-transferred in and the
tube was shaken for 15 min at −70 °C. The progress of the reaction
was monitored at −50 °C by NMR spectroscopy. 1H NMR indicated
that 4 formed quantitatively after 2 min. 1H NMR (400 MHz, THF-d8,
273 K): δ 7.36 (m, 2H, (CH3)2C6H3N), 7.31 (br m, 8H, B(C6H5)),
7.11−7.04 (m, 4H, p-Py and (CH3)2C6H3N), 6.95−6.91 (m, 4H,
CH2(CH3)C6H3N and (CH3)2C6H3N), 6.88 (t, 3JH−H = 7.4, 8H,
B(C6H5)), 6.74 (t, 3JH−H = 7.1, 4H, B(C6H5)), 6.58 (d, 3JH−H = 7.0,
1H, CH2(CH3)C6H3N), 5.48 (d, 3JH−H = 8.6, m-Py), 5.10 (d, 3JH−H =
7.8, m-Py), 2.49 (q, 3JH−H = 7.1, 6H, CH2, Et3N), 2.37 (s, 3H,
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(CH3)2C6H3N), 2.23 (s, 3H, (CH3)2C6H3N), 2.20 (s, 3H, CH2(CH3)-
C6H3N), 2.17 (s, 3H, (CH3)2C6H3N), 2.05 (s, 3H, (CH3)2C6H3N),
1.93 (d, 2JH−H = 8.0, 1H, CH2(CH3)C6H3N), 1.87 (s, 3H,
NC(CH3)N), 1.24 (d, 2JH−H = 8.0, 1H, CH2(CH3)C6H3N), 1.02 (t,
3JH−H = 7.1, 9H, CH3, Et3N).

13C{1H} NMR (100 MHz, THF-d8, 273
K): δ 166.9 (o-Py), 164.2 (B(C6H5), 161.8 (NC(CH3)N), 147.2
((CH3)2C6H3N), 144.8 (CH2(CH3)C6H3N), 141.8 (p-Py), 138.8
((CH3)2C6H3N), 137.5 (CH2(CH3)C6H3N), 136.7, 135.8, 132.5,
129.7, 128.8, 128.2, 127.6, 124.5 ((CH3)2C6H3N), 122.6 (CH2(CH3)
C6H3N), 120.1 ((CH3)2C6H3N), 101.8 (o-Py), 93.4 (o-Py), 48.2 (d,
1JY−C = 26.0, CH2(CH3)C6H3N), 47.3 (CH2, Et3N), 20.6 (NC(CH3)-
N), 18.6 (CH2(CH3)C6H3N), 17.6 ((CH3)2C6H3N), 17.0
((CH3)2C6H3N), 11.5 (CH3, Et3N).

11B NMR (128 MHz, THF-d8,
273 K): δ −6.6.
Reaction of 2a′ with iPrNC(PPh2)N(H)iPr. NMR Scale

Synthesis of 5. In the glovebox, a Teflon-valved NMR tube was
charged with 2a′ (0.040 g, 0.057 mmol) and iPrNC(PPh2)-N(H)iPr
(0.017 g, 0.057 mmol). To this mixture, C6D6 (0.6 mL) was vacuum-
transferred in and the tube was shaken for 15 min at room
temperature. 1H NMR indicated that 5 formed quantitatively. 1H
NMR (500 MHz, C6D6, 298 K): δ 7.46 (m, 4H, P(C6H5)2), 7.29 (d,
3JH−H = 7.8, 1H, (CH3)2C6H3N), 7.24−7.18 (m, 4H, (CH3)2C6H3N
and P(C6H5)2), 7.13−7.07 ((CH3)2C6H3N and CH2(CH3)C6H3N),
7.03 (d, 3JH−H = 6.9, 2H, CH2(CH3)C6H3N), 7.00 (m, 2H,
(CH3)2C6H3N), 6.93 (t, 3JH−H = 7.5, 2H, (CH3)2C6H3N), 6.84 (d,
3JH−H = 7.7, 1H, (CH3)2C6H3N), 6.77 (d, 3JH−H = 7.4, 1H,
(CH3)2C6H3N), 7.73 (d, 3JH−H = 7.2, 1H, (CH3)2C6H3N), 6.63 (t,
3JH−H = 8.0, 1H, p-Py), 5.45 (d, 3JH−H = 8.0, 1H, m-Py), 4.81 (d, 3JH−H
= 8.0, 1H, m-Py), 4.24 (br sept, 3JH−H = 6.2, 1H, CH(CH3)2), 3.48 (br
sept, 3JH−H = 5.9, 1H, CH(CH3)2), 2.53 (d, 2JH−H = 5.7, 1H,
CHH(CH3)C6H3N), 2.43 (s, 3H, (CH3)2C6H3N), 2.41 (s, 3H,
(CH3)2C6H3N), 2.15 (s, 3H, CH2(CH3)C6H3N), 2.12 (s, 3H,
(CH3)2C6H3N), 1.99 (d, 2JH−H = 5.7, 1H, CHH(CH3)C6H3N), 1.81
(s, 3H, (CH3)2C6H3N), 1.40 (s, 3H, NC(CH3)N), 1.09 (d, 3JH−H =
6.2, 3H, CH(CH3)2), 0.95 (d, 3JH−H = 6.2, 3H, CH(CH3)2), 0.92 (d,
3JH−H = 5.9, 3H, CH(CH3)2), 0.24 (d, 3JH−H = 5.9, 3H, CH(CH3)2).
13C{1H} NMR (125 MHz, C6D6, 298 K): δ 171.1 (d, 1JP−C = 55.8,
NC(PPh2)N), 167.8 (o-Py), 159.7 (NC(CH3)N), 149.7 (o-Py), 146.5
((CH3)2C6H3N), 141.8, 141.5, 139.0, 137.1, 136.5, 135.3, 135.2, 134.5,
134.3, 134.1, 133.9 (d, 2JP−C = 19.5, PPh2), 133.1 (d, 2JP−C = 19.5,
PPh2), 132.2 (d, 2JP−C = 16.5, PPh2), 131.8 (d, 2JP−C = 16.5, PPh2),
133.4, 133.2, 133.1(CH3)2C6H3N, 131.3, 129.4, 129.1, 128.9, 128.4
(CH2(CH3)C6H3N), 126.6, 125.8, 123.1, 119.8 ((CH3)2C6H3N),
100.1 (m-Py), 93.0 (m-Py), 48.9, 48.7 (CH(CH3)2), 47.0 (d, 1JY−C =
24.3, CH2(CH3)C6H3N), 26.8, 25.7, 24.6, 24.5 (CH(CH3)2), 19.7
(NC(CH3)N), 19.4 (CH2(CH3)C6H3N), 19.2 ((CH3)2C6H3N), 19.0
((CH3)2C6H3N), 17.2 ((CH3)2C6H3N), 17.1 ((CH3)2C6H3N).
31P{1H} NMR (121 MHz, C6D6, 298 K): δ −19.5 (d, JY−P = 6.6, 1P).
[{NMe2NNMe2CMeNMe2}Y{(μ2-BH3)(μ2-NH)}]2 (6). Protocol A. In the

glovebox, a Teflon-valved NMR tube was charged with 2a′ (0.040 g,
0.056 mmol) and NH3BH3 (0.0017 g, 0.056 mmol). To this mixture,
toluene-d8 (0.6 mL) was vacuum-transferred in and the tube was
shaken for 15 min at room temperature. NMR indicated quantitative
conversion of the reagents to 6.
Protocol B. To a solution of 2a′ (0.200 g, 0.28 mmol) in toluene (3

mL) was added NH3·BH3 (0.0087 g, 0.28 mmol) in toluene (2 mL).
The crude product was precipitated from toluene to give pure 6 as
yellow crystals (0.69 g, 0.84 mmol, 85%). 1H NMR (500 MHz,
toluene-d8, 298 K): δ 7.09 (d, 3JH−H = 7.4, 2H, (CH3)2C6H3N), 6.90
(m, 3H, (CH3)2C6H3N), 6.77 (d, 3JH−H = 7.7, 3H, (CH3)2C6H3N),
6.58 (t, 3JH−H = 8.5, 1H, p-Py), 5.39 (d, 3JH−H = 8.2, 1H, m-Py), 4.71
(d, 3JH−H = 7.9, 1H, m-Py), 2.44 (s, 6H, (CH3)2C6H3N), 2.26 (s, 6H,
(CH3)2C6H3N), 1.92 (s, 6H, (CH3)2C6H3N), 1.08 (s, 3H, NC(CH3)-
N), 0.20 (br m, 2H, BH), 0.12 (br m, 2H, BH). Due to the very low
solubility of 6 in toluene-d8 and THF-d8, no informative 13C NMR
spectrum could be recorded. Anal. Calcd for C38H45N5BY: C, 67.97;
H, 6.75; N, 10.43; Y, 13.24. Found: C, 67.78; H, 6.86; N, 10.47; Y,
13.59.

Isolation of [{NMe2NNMe2CMeNMeCH2(μ-O)}Y(CH2SiMe3)]2 (7).
32

To a solution of 1 (0.43 g, 0.93 mmol) in toluene (25 mL) was added
a solution of Y(CH2SiMe3)3(THF)2 (0.46 g, 0.93 mmol) in hexane
(10 mL). The reaction mixture was stirred for 1 h at 0 °C. All volatiles
were evaporated in vacuo, and a mixture of toluene/hexane (3/1) was
vacuum-transferred onto the crude solid product. Yellow crystals of 7
rapidly grew from this solution at room temperature (0.55 g, 0.74
mmol, 80%). 1H NMR (500 MHz, toluene-d8, 333 K): δ 7.32 (d,
3JH−H = 7.3, 1H, (CH3)2C6H3N), 7.14 (d, 3JH−H = 7.6, 1H,
(CH3)2C6H3N), 7.11 (s, 2H, C6H5CH3), 7.06 (d, 3JH−H = 7.4, 1H,
CH2(CH3)C6H3N), 7.03 (s, 2H, CH2(CH3)C6H3N), 7.01 (s, 3H,
C6H5CH3), 6.96 (t, 3JH−H = 6.0, 2H, (CH3)2C6H3N), 6.92 (d,

3JH−H =
6.7, 2H, (CH3)2C6H3N), 6.79 (t, 3JH−H = 7.5, 1H, (CH3)2C6H3N),
6.65 (t, 3JH−H = 8.2, 1H, p-Py), 5.38 (d, 3JH−H = 8.2, 1H, m-Py), 4.8 (d,
3JH−H = 8.2, 1H, m-Py), 4.62 (d, 2JH−H = 12.1, 1H, OCH2), 4.28 (d,
2JH−H = 12.1, 1H, OCH2), 2.64 (s, 3H, (CH3)2C6H3N), 2.34 (s, 3H,
(CH3)2C6H3N), 2.31 (s, 3H, CH2(CH3)C6H3N), 2.19 (s, 6H,
(CH3)2C6H3N), 2.13 (m, 3H, C6H5CH3), 1.10 (s, 3H, NC(CH3)N),
0.28 (s, 9H, SiMe3), −0.39 (dd, 2JH−H = 11.7, 2JY−H = 3.1, 1H,
CHHSiMe3), −1.02 (dd, 2JH−H = 11.7, 2JY−H = 3.1, 1H, CHHSiMe3).
13C{1H} NMR (125 MHz, toluene-d8, 333 K): δ 167.8 (o-Py), 159.8
(NC(CH3)N), 147.7 ((CH3)2C6H3N), 145.1 (CH2(CH3)C6H3N),
141.0 (p-Py), 140.4 ((CH3)2C6H3N), 137.3 (CH2(CH3)C6H3N),
136.7 (C6H5CH3), 130.7 ((CH3)2C6H3N), 128.7 (C6H5CH3), 127.9
(CH2(CH3)C6H3N), 127.7 ((CH3)2C6H3N), 124.9 ((CH3)2C6H3N),
122.8 ((CH3)2C6H3N), 100.4 (m-Py), 92.9 (m-Py), 65.2 (OCH2), 29.4
(CH2SiMe3), 19.6 (NC(CH3)N), 19.4, 18.9 (CH3)2C6H3N), 18.2
(CH2(CH3)C6H3N), 18.1 (C6H5CH3), 17.6 ((CH3)2C6H3N), 4.6
(SiMe3). Anal. Calcd for C84H102N8O2Si2Y2: C, 67.63; H, 7.03; N,
7.51; Y, 11.92. Found: C, 67.45; H, 7.14; N, 7.57; Y, 11.95.

Crystal Structure Determination of 1, 2a′, 6, and 7.
Diffraction data were collected at 150(2) or 250(2) K using a Bruker
APEX CCD diffractometer with graphite-monochromated Mo Kα
radiation (λ = 0.71073 Å). The crystal structures were solved by direct
methods; the remaining atoms were located from difference Fourier
synthesis followed by full-matrix least-squares refinement based on F2

(programs SIR97 and SHELXL-97).41 Many hydrogen atoms could be
located from the Fourier difference analysis. Other hydrogen atoms
were placed at calculated positions and forced to ride on the attached
atom. The hydrogen atom positions were calculated but not refined.
All non-hydrogen atoms were refined with anisotropic displacement
parameters. Crystal data and details of data collection and structure
refinement for the different compounds are given in Table S1 (see the
Supporting Information). Detailed crystallographic data (excluding
structure factors) are available as Supporting Information, as CIF files.

Typical Procedure for Polymerization of rac-Lactide. In a
typical experiment (Table 1, entry 2), in the glovebox, a Schlenk flask
was charged with a solution of 6 (11.0 mg, 14.7 μmol) in toluene
(0.728 mL). rac-Lactide (0.21 g, 1.47 mmol, 100 equiv vs Y) was
added rapidly to this solution. The mixture was immediately stirred
with a magnetic stir bar at 20 °C for the appropriate time. The reaction
was quenched by adding ca. 1 mL of a 10% H2O solution in THF, and
the polymer was precipitated from CH2Cl2/pentane (ca. 2 mL/100
mL) five times. The polymer was then filtered and dried in vacuo to
constant weight.
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