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Chapter 1. Introduction

1. Introduction

1.1. Multinuclear Metal Center Complexes As Polymerization

Catalysts

Since the discovery of the catalytic olefin polymerization by Ziegler and Natta,
transition metal oxides have been one of the hot topics in various academic and

industrial fields.!"!

These oxides, which are commonly used as polyfunctional catalysts and
precursors for the preparation of bi- and trimetallic heterogeneous catalysts, also can
act as catalysts themselves and serve as models for the catalyst-substrate
interaction.””™ The widespread research interest in this field of organometallic oxides
is initiated by the remarkable properties of methylaluminoxane (MAO) as activator
for metallocene catalysts in olefin polymerization!®” and the valuable catalytic

properties of organorhenium oxides."™!

Investigations by Sinn and Kaminsky
Plindicated that soluble metallocene catalysts in combination with methylaluminoxane

achieve extremely high activities in the polymerization of olefins.

These investigations are accompanied by an increased understanding of the factors
that are important for stabilizing polymerization active metal centers and controlling
their activity and selectivity. The design and synthesis of new transition metal
precursors and main group organometallic cocatalysts became a very important
subject which could provide high catalytic activity with low cocatalyst to catalyst
precursor ratio. It also allows unprecedented control over the polymer microstructure
generating new polymers with improved properties. Well-defined single-site
metallocene catalysts are replacing the conventional heterogeneous Ziegler-Natta
catalysts gradually. It has been one of the most attractive subjects in organometallic

chemistry.! %
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Particularly, immense interest has been taken in the synthesis of multinuclear
complexes for olefin polymerization which exhibit cooperative effects between their
active metal centers. Marks er al.*® reported that the binuclear compounds exhibit

higher catalytic activity than the mononuclear complexes.

Another approach is using “tandem catalysis” for olefin polymerization.*”>* 1

n
this type of catalysis, two separate single site olefin polymerization catalysts of
zirconium and later transition metals were used in the same system to catalyze the
polymerization reaction. The first single site catalytic center produces oligomers,

which are subsequently incorporated into high molecular weight polymers by the

second metallic center.

Since this type of polymerization requires intermolecular processes, it was
speculated that the spatial proximity between two metallic centers might perform such
functions more efficiently.”® For single site olefin polymerization catalysts two
connectivity strategies have been pursued to achieve cooperative effects via
multinuclear complexes.” It was assumed that the dicationic bimetallic framework
might exhibit enhanced comonomer binding affinity. Therefore the attractive
possibility of bringing two catalytic centers in close constrained proximity offers the
potential for significantly enhanced catalytic efficiency. By changing the
environments on the ligands surrounding the metal centers (e.g. by introducing the
bulky substituents on the Cp ring or by an intramolecular bridge), stereoregularity and
molecular weight of the polymers can be controlled as the result of the different
specifications of the active species.*”) Some heterobimetallic complexes are known to
use as olefin polymerization catalysts in which transition metals are connected to
other metals via cyclopentadienyl, phosphido, nitrogen ligands, and some alkoxide

groups.[*!

1.2. Metal Hydroxides, Heterobi- and Heterotrimetallic Oxygen
Bridged Complexes

There is immense interest in the synthesis and characterization of novel main

2
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group metal and transition metal hydroxide complexes due to their potential
applications as precursor for the synthesis of heterobi- and heteropolymetallic

compounds which can find application as catalysts, cocatalysts and models for

[42]
fixation of the catalysts on oxide surfaces.

Recently, H. W. Roesky et al. have successfully reported the synthesis of several
unique molecular hydroxides bearing p-diketiminato ligands e.g. on aluminum
(LMeAl(OH), LAI(OH),, and [LAI(OH)1,0) ),*! gallium (LMeGa(OH), and
LGa(OH)z),[44] germanium (LGe(OH)),[45] magnesium (LMg(OH)) and calcium
(LCa(OH))*® ! and strontium (LSr(OH))."*”" Also two transition metal hydroxides

were reported bearing Cp* on zirconium (Cp »Zr(Me)OH).**! (Chart 1)

M = Al Ga M = Mg, Ca, Sr

M= Al Ga

Chart 1. Main group and transition metal hydroxides.

Using these unprecedented hydroxide precursors, H. W. Roesky et al. reported a

series of bimetallic complexes, some of which were tested as catalysts for the

[

polymerization reactions.'**" (Chart 2) These oxygen bridged bimetallic complexes

exhibit high activity in presence of a cocatalyst to give polymer with tunable
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microstructure.[*!

Ar Ar Ar
/ /
Me /CID \ /CID ) N\ Me thf
Se /Cp e .
AL —Cp Ge M Al -
N Me \ Me N\ thf
Ar Ar Ar
M =Ti, Zr, Hf M = Zr, Hf
Ar Ar Ar
\N /
Me =N Ph
N M W shepn Ar=
/ (o) \ y \ /S{l P
\ /N = N\ (@) Ph
Ar Ar Ar
M=Mg, Ca
. thf - Me Cp’ NMe
Cp\ /thf cp / p\ 2
7r ca Me—7r /Tl\cp* Me—Zr\ /M_NMEZ
Me// —O0— ~N(SiMe3), 7 —0 \ | o
cp’ Cp' Me Cp NMe
p th p 2
M = Ti, Hf

Chart 2. Heterobimetallic oxygen bridged complexes.

Moreover, increasing attention has been focused on the synthesis and
characterization of oxide-bridged trimetallic complexes. It was presumed that the
complexes might allow more pronounced chemical communication between the
metals. As a result, a great number of different metal centers of entirely different
chemical properties were assembled into single heterotrimetallic molecules which

were rationally prepared by using the metal-hydroxide precursors.”'*1 (Chart 3)
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cp*\ /NMe2 cp' Cp*\ /thf /Cp*
Me— zr—o0—Hf——0—2zr—Me Me—zr—0— MI™——0—2r—Me
NMe,

cp’ cp' ce’ cp’

Chart 3. Heterotrimetallic oxygen bridged complexes.

1.3. Oyxgen Bridged Rare Earth Complexes with Ln-O-M Moiety

Lanthanides offer a new frontier in organometallic chemistry. It is of wide
interest to develop the chemistry of lanthanides containing heterometal atoms.” One
aspect is the synthesis of mixed-metal solid-state materials with unusual physical

1] The other is the fact that lanthanide aluminum heterobimetallic

properties.
complexes are good catalysts for the polymerization of olefinic monomers, methyl
methacrylate (MMA), lactones, and cyclic carbonates.[? Tt is analogous to the
development of group 4 metal and aluminum bimetallic olefin polymerization
catalysts. ! A variety of structural types and compositions have been identified under
the work of Evans'®® % and Yasudal® % on the synthesis and catalytic properties of
the lanthanide aluminum heterometallic complexes. However, the majority of them
are aluminum alkyl adducts formed through OR or OAr bridges.** ¢!

H. W. Roesky et al. developed a synthetic strategy to incorporate rare-earth

5
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metals on Al-O systems to generate compounds containing the Ln-O-Al unit,'*®

where the oxygen atom is not bonded to alkyl or aryl groups (Chart 4).

M = Yb, Nd, Sm
Chart 4. Heterobimetallic oxygen bridged complexes containing the M-O-Ln unit

We were encouraged with the result that the Ln-O-Al unit provided a stable
framework to assemble new complexes of practical application such as catalysts. It is
believed that the study of heterobimetallic lanthanide is not only an attractive subject

of academic research but also relevant to the applied aspects of their chemistry.

It is of significant interest to introduce various metal hydroxides forming novel
M-O-Ln or M-O-Ln-O-M units and to modify the fundamental properties of the
individual metal atoms.

Another challenge is to prepare bimetallic complexes with Ln-O-Ln moieties.
Although a few structures containing Ln-O-Ln have been reported so far,”®”) most of

them were obtained under unforeseen conditions.

1.4. Scope and Aim of the Present Work

The above discussion shows that the heterometallic complexes have remarkable
properties and can exhibit functional catalysts for olefin polymerization, especially for
the heterobi- and trimetallic complexes with oxygen-bridged M-O-M’ motif.
Furthermore, well-defined oxygen-bridged rare earth complexes which are rationally

6
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prepared by using the metal-hydroxide precursors are exhibiting higher catalytic
activity and have been one of the most attractive subjects in organometallic chemistry.

Based on these premises, the objectives of the present work are:

1. To develop new synthetic strategies for the preparation of oxygen bridged heterobi-

and trimetallic complexes.

2. To find new effective ligands to modify the stability and reactivity of lanthanide

complexes.

3. To introduce different metal hydroxides to lanthanide complexes to form novel

M-0O-Ln or M-O-Ln-O-M moieties.

4. To prepare new molecules of lanthanides that can be used as catalysts with high

effciency.
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2. Results and Discussion

2.1. Synthesis and Structural Characterization of Monomeric

Heterobimetallic Oxides with an AI-O—M Skeleton

2.1.1. Synthesis, Structural Characterization, and Reactivity of the Ethyl

Substituted Aluminum Hydroxide and Catalytic Properties of Its Derivative

Well-defined heterobimetallic oxides have attracted extensive attention to acquire

50, 68

structurally unusual materials or potentially good catalysts.! I So far, various

approaches were proposed both in chemistry and material science,*”!

among which an
elaborate strategy via organometallic hydroxides distinguished itself to be a facile
route to form the M—-O-M' unit in compounds without bridging OR or OAr
arrangements. Especially in the course of design and synthesis of single-site
homogeneous catalysts containing AI-O-M'" (M’ = Zr, Ti, Ln) moiety, our laboratory
developed the unprecedented aluminum monohydroxide with a terminal OH group,
LAIMe(OH),"™! supported by the sterically hindered S-diketiminato ligand (L =
HC[C(Me)N(Ar)],, Ar = 2,6-iPr,C¢H3). LAIMe(OH) turned out to be a suitable
synthon to successfully prepare a series of new compounds LAIMe(u-O)ZrRCp, (R =
Me, Cl) and LAIMe(u-O)Ln(THF)Cp, (Ln = Yb, Er, Dy) with well-defined structures
and noticeable catalytic activity.[** ® Recent ab initio calculations showed that in the
M-0O-M' system the oxygen is responsible for the depletion of the electron density at

[48. 591 Fyrthermore, our interest was intrigued by varying the group R

the metal centers.
on the aluminum site to extend the perspective of LAIR(OH). In this regard, we report
on the preparation and structural characterization of ethyl substituted aluminum
hydroxide LAIEt(OH) (2). The reactivity of this OH group was examined by the
reactions with Cp,ZrMe, and CpsM (M = Yb, Er, Dy, Y) to form the desired oxo

bridged heterobimetallic oxides. The catalytic activity of the zirconium derivative
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LAIEt(1-O)ZrMeCp; (3) was preliminarily investigated in ethylene polymerization.

2.1.1.1. Synthesis of LAIEt(CI) (1) and LAIEt(OH) (2)

Compound 1 was obtained in high yield by the reaction of LLi-OEt, with 1 equiv.
of EtAICl; in toluene (Scheme 1). Subsequent hydrolysis of compound 1 was carried
out with 1 equiv. of H,O in the presence of
1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene (abbreviated as :C) as a HCI

]

acceptor’”) in toluene at 0 °C to afford compound 2 as a white solid. Compound

[H:C]'CI is nearly insoluble in toluene and can be removed by filtration.

N toluene, -78°C

\
C JLiOEt, + EAICI -
-LiCl

N
; g -OEt,

"

Y
A

Y
&

N\ toluene, 0°C N\ /Et
1+H0 + | P : > C AT
I4-CTH O ’
N)\ [H:C]*Cl N OH
2
Scheme 1.

The composition of both compounds was confirmed by analytical and
spectroscopic methods. The 'H NMR spectrum of 1 shows one quartet (5 -0.04 ppm)
and one triplet (6 0.80 ppm) corresponding to methylene and methyl proton
resonances of the ethyl group on aluminum, while in the *C NMR spectrum the
resonances of these groups are assigned to d -1.0 and 8.5 ppm. In contrast, in the 'H

NMR spectrum of 2 the methylene and methyl proton resonances of the ethyl group
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on aluminum show upfield shifts (6 -0.23 and 0.71 ppm) relative to those of 1,
whereas the corresponding >C NMR resonances are shifted apart (6 -2.4 and 9.2 ppm).
The singlet (6 0.63 ppm) in the 'H NMR spectrum of 2 is assigned to the OH proton
resonance, while for LAIMe(OH) this resonance was observed at § 0.53 ppm.[*) This
downfield shift is probably due to the electronic effect of the substituent changing
from methyl to ethyl on aluminum. In the IR spectrum of 2, the OH stretching
frequency is found at 3729 cm™. The mass spectrum of 2 indicates the monomeric

composition with m/z (%) 473 (24) [M"-OH] and 461 (100) [M"-Et].

2.1.1.2. Synthesis of LAIEt(u-0)ZrMeCp; (3)

Reaction of 2 with 1 equiv. of Cp,ZrMe; in toluene at 100 °C afforded the u-O
bridged LAIEt(u-O)ZrMeCp, (3) (Scheme 2) accompanied by methane evolution.

K e X =

(N\ I/Et Me—__|  toluene, 100°C C A /

A + Zr > Al A Me

, ~

N, Son Me -CHy N o 57
;2 S 3

Scheme 2.

The mass spectrum of 3 exhibits a peak at m/z (%) 709 (88) representing the
fragment [M"-Me]. In the *C NMR spectrum of 3 the characteristic Cp resonances
appear at & 109.9 ppm. The 'H NMR spectrum displays the Cp resonances as singlet
(0 5.30 ppm). At high field, one singlet (6 -0.32 ppm) is assigned to the Me protons of
ZrMe, while one quartet (6 -0.14 ppm) and one triplet (& 1.14 ppm) are attributed to
the methylene and methyl proton resonances of the AlEt group. No hydroxyl proton
resonance is observed in the expectable range, which is consistent with the absence of

any OH absorption in the range 3600-3800 cm™ in the IR spectrum.!*

10



Chapter 2. Results and Discussion

2.1.1.3. X-ray Structural Analysis of LAIEt(OH) (2)"") and LAIEt(u-0)ZrMeCp; (3)

Keeping the THF solution of 2 at 4 °C overnight resulted in colorless X-ray
quality crystals. The structure of 2 is depicted in Figure. 1. Compound 2 crystallizes
in the orthorhombic space group P2,2;2; and shows a mononuclear composition with
an aluminum center in a distorted tetrahedral geometry coordinated to the chelating
[S-diketiminato ligand, an ethyl, and an OH group. Selected bond lengths and angles
are listed in Table 1. On the one hand the N(1)-Al-N(2) angle (95.32(8)°) is even
smaller than that of LAIMe(OH) (96.3(1)°) **!, on the other the Al-O bond length
(1.7409(17)A) is slightly longer than those of LAIMe(OH) (1.731(3)A ) and
LAI(OH), (1.695(15), 1.711(16) A ), (4301 and comparable to the terminal ones of
[LAI(OH)]2(x-0) (1.738(3), 1.741(3) A ).1**!

H(1)
O
O(1)
Q-
¢

Figure. 1. Molecular structure of 2. Thermal ellipsoids are drawn at the 50% level,
and the hydrogen atoms of the ligand and the two THF molecules are omitted for

clarity.
Compound 3 crystallizes in the orthorhombic space group Pnma (Figure. 2). Table

11



Chapter 2. Results and Discussion

CD1 and table CD2 show the crystal data and structure refinement for compounds
2-(THF); and 3. The ethyl group on Al and the methyl group on Zr are located in the
same Al-O—Zr plane and stay away from each other in a frans conformation. The
Al-O bond length (1.7285(10)A) falls in between those of LAIMe(u-O)ZrMeCp;
(1.711(2) A) ™) and of 2 (1.7409(17)A), while the Al-C distance (1.9688(14)A ) is
comparable to that of 2 (1.965(3) A). The Zr—O bond separation (1.9424(10)A ) is
slightly longer than that of LAIMe(u-O)ZrMeCp, (1.929(2) A ) !, because of more
steric repulsion by the ethyl group compared to its methyl counterpart. The Al-O—Zr
angle (144.41(6)°) is obviously narrower than that of LAIMe(u-O)ZrMeCp;
(158.2(1)°) ™). Selected bond distances and bond lengths for compounds 2 and 3 are

shown in Table 1.
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\w 5 I @8 Q-Z—r% C(26)

C(n)

)

Figure. 2. Molecular structure of 3. Hydrogen atoms are omitted for clarity.
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Table 1. Selected bond distances (A ) and angles (°) for compounds 2 and 3

2 3

Al-O 1.7409(17) 1.7285(10)
AL-N(1) 1.9047(18) 1.9213(8)
AI-N(2) 1.9147(19) 1.9213(8)
Al-C 1.965(3) 1.9688(14)
C(m)-C(n)* 1.533(4) 1.528(2)
Zr-O 1.9424(10)
Zr-Xcp 2.267
O-AI-N(1) 109.42(8) 112.68(3)
O-Al-N(2) 105.80(9) 112.68(3)
N(1)-Al-N(2) 95.32(8) 96.59(5)
O-Al-C 115.70(11) 109.34(5)
N(1)-Al-C 113.60(10) 112.58(3)
N(Q2)-Al-C 114.95(10) 112.58(3)
C(m)-C(n)-Al* 115.04(19) 121.35(10)
Al-O-Zr 144.41(6)
Xepi—Zt—Xcp 127.73

* C(m) and C(n) stand for the methyl and methylene carbon of AIEt group.

In both cases, the Al and y-C atoms are arranged out of the NCCN plane to exhibit
a boat conformation as shown in the simplified side view of 2 and 3 (Figure. 3).
Interestingly, the direction of this arrangement turns upside down when a more bulky
substituent than a proton is attached to the oxygen atom, while the angles of
N(1)-AI-N(2) and N-AIl-C remain almost the same. This property of the ligand

ensures both stability and flexibility in such a system.

14
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H(1)
o(1)
v-C N(1)
Go—er A cm
N(2) Bl

Figure. 3. Side view of compounds 2 and 3. Only selected atoms are included for

clarity.

2.1.1.4. Ethylene Polymerization Studies.

Table 2 summarizes the polymerization results of catalyst 3. All polymeric
materials were isolated as white powders. Under comparable polymerization
conditions, the methylalumoxane (MAO)/3 catalyst system shows lower activity
compared to that of MAO/LAIMe(u-O)ZrMeCp,.1*! However, the MAO activated
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compound 3 still exhibits good catalytic activity for the polymerization of ethylene.

Figure. 4 visualizes the MAO/3 ratio dependence activity, which reveals a gradual

increase in the activity with the MAO/3 till to 400, followed by a slow decrease as the

MAO/3 ratio is raised further.

Table 2. Ethylene polymerization for compound 3 (12.4 Imol) in 100 mL of toluene

under 1 atm ethylene pressure at 25 °C

Activity
(105 g Tm(°C)
Catalyst MAO/3 t(min) PE(g)
PE/molcat.h)
3 200 30 0.31 0.50 123
3 300 30 0.75 1.20 127
3 400 30 1.21 1.95 121
3 600 30 1.01 1.61 119
=}
-'_-' 2-0- o)
©
2 \
Q o
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Figure. 4. Activity against MAO to catalyst ratio of 3.
2.1.1.5. Polymer Properties.

DSC measurements show that the melting points (Tm) of the polyethylene
produced by MAO activated 3 are in the range of 119-127 °C, somewhat lower than
the typical range for linear polyethylene. The *C NMR data exhibit a resonance (5

29.81 ppm) corresponding to the backbone carbon of the linear polyethylene.

2.1.1.6. Synthesis of LAIEt(u-O)M(THF)Cp; (M = Yb, 4; Er, 5; Dy, 6; Y, 7)

In contrast to the previous elimination of CHy, the reaction of compound 2 with 1
equiv. of CpsM in THF at room temperature resulted in an intermolecular elimination
of HCp to render the yttrium and rare earth metal derivatives LAIEt(¢-O)M(THF)Cp,
(M =Yb, 4; Er, 5; Dy, 6; Y, 7) (Scheme 3).

N Et N Et /
N THF, r.t. N
Al + CpsM > _

N
2 M=YDb, 8; Er, 9; Dy, 6;Y,7

Scheme 3.

The melting points of 4, 6, and 7 are in the range from 208 to 210 °C, and for 5 it
is 235 °C. In an average they are 40 °C lower compared to those of the corresponding
methyl analogues,[66] which could be attributed to the different alkyl group on
aluminum. IR spectra of 4, 5, 6, and 7 are free of any OH absorption in the expected
range. The mass spectra of 4, 5, and 6 exhibit the most intense peak [M -THF-Et]
with isotopic pattern, followed by [M'-THF-Et-Cp]. In the mass spectrum of 7, the
base peak is assigned to the fragment [M"-Et-Y(THF)Cp,].

Because of the paramagnetic properties of the three lanthanide elements, it is not
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meaningful to describe the detailed NMR spectra of 4, 5, and 6 in solution, whereas
the data of the yttrium analogue LAIEt(u-O)Y(THF)Cp, (7) could be helpful for
characterizing these systems. In the *C NMR spectrum of 7 the Cp resonances are
found at & 110.0 ppm. In the '"H NMR spectrum, the Cp resonances appear as singlet
(0 5.85 ppm), while one quartet (6 0.40 ppm) and one triplet (6 1.60 ppm) are
assigned to the methylene and methyl proton resonances of the AlEt group. Two
broad resonances (6 1.34 and 3.08 ppm) correspond to those of the protons of the
coordinated THF. The absence of a hydroxyl proton resonance additionally confirms
the formation of 7 by intermolecular elimination of HCp. It is worth mentioning that
all '"H and C resonances of the substituents on the metal centers of 7 exhibit a
downfield shift when compared with those of 3, which may be related to the change

of the chemical environment.

2.1.2. Synthesis and Characterization of LAIPh(u-O)M(THF)Cp, (M=Yb, Er)

Previously the successfully application of methyl-substituted aluminum hydroxide
LAIMe(OH) and  ethyl-substituted  aluminum  hydroxide @ LAIEt(OH)
( L=HC[C(Me)N(Ar)],, Ar=2,6-iPr,CsH; ) with CpsLn to prepare the wu-oxygen
bridged M-O-Ln unit ( Ln=lanthanide ) encouraged us to extend these investigations
with a variety of functionalized aluminum compounds. Further efforts were made to
use phenyl-substituted aluminum hydroxide LAIPh(OH)? to prepare the

corresponding derivatives.

The reaction of compound LAIPh(OH) with 1 equiv. of Cps;Ln in THF at room
temperature resulted in an intermolecular elimination of HCp to afford rare earth

metal derivatives LAIEt(¢-O)Ln(THF)Cp, (Ln =YD, 8; Er, 9).(Scheme 4)
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N Ph N Ph
C W4 CpsM LKA C W M——THF
. > -
N -CH, N/ \O/ Z

X I

M=Yb, 8; Er, 9

Scheme 4

The melting point measurements resulted in decomposition which might be
attributed to the bulky phenyl group on aluminum. In contrast to the increasing
melting point, 8 and 9 obtained a better solubility in organic solvents. IR spectra of 8
and 9 are free of OH absorption in the expected range. The mass spectra of 8 and 9
exhibit the basic unit as [M'-THF-Ph]. Due to the paramagnetic properties of the Yb

and Er elements, it is not meaningful to describe the detailed NMR spectra of 8 and 9.

2.1.3. Synthesis of LAIMe(u-0)Zr(nBuCsH,)»(10)

As we know, most of the efforts being made to produce the LAIR(u-O)-MR'Cp,
(M=Zr, Ln, R'= Me or THF) are focussed on varying the group R on the aluminum
site to improve the activity and thermal stability of catalysts containing the M-O-M'

moiety.

Herein, a flexible group was introduced to the Cp ligand on Zr with a further step
to prepare the oxo-bridged heterobimetallic systems intending to explore its

reactivity .

(nBuCsHy),ZrMe, was prepared according to the literature procedure!” from
MeLi and (nBuCsH4),ZrCl,. Because of its stickiness, it reacted with 1 equiv. of
LAIMe(OH) directly in situ to afford LAIMe(u-O)-ZrMe(nBuCsHy), as expected.
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C \AI/ N Me\Zr toluene, 100° C C AI W
7N Me” -CH, / \ —
N OH nBu N: \ nBu

10

Scheme 5

The IR spectra indicated that no hydroxyl absorption is observed in the expected
range, which is consistent with the absence of any OH band. Mass spectrum exhibits a
ion of m/z (%) 809(82) which represents the fragment [M"-Me]. The 'H NMR
spectrum of 10 shows four resonances at lower field (& 5.05, 5.11, 5.26, 5.57 ppm)
corresponding to nBuCsHy4 proton resonances. It is obvious from the singlet resonance

of LAIEt (4-O)ZrMeCp, that the Cp group is flexible on the nmr time scale.

20



Chapter 2. Results and Discussion

2.2. Synthesis and Structural Characterization of Monomeric

Heterobimetallic Oxides with a Ge(I)-O—M Skeleton (M=Yb, Y)

Well-defined heterobimetallic oxides not only involve synthetic challenges in
chemistry but also potentially provide prolific precursors for practical application.!'*!
In recent years, several organometallic hydroxides have been developed with the
purpose of preparing structurally characterized oxides containing the M-O-M'

]

moiety.”®” Starting from the monomeric aluminum hydroxide LAI(Me)OH

(L=HC[C(Me)N(Ar1)]2, Ar=2,6-iPr,C¢H3), compound LAI(Me)(u-O)Zr(Me)Cp, was

433y followed by a series

first obtained (with high activity for ethylene polymerization
of new compounds containing Al-O-M (M =Ln, 9 Mg,> Ti, Hf*) units.
Organometallic hydroxides of group 14 were also employed, among which the
silanols as alcohol analogues were used to prepare metallasiloxanes.”*! Subsequently,
the use of the germanium(IT) hydroxide LGeOH,**) which is considered as a congener
of a low-valent carbon analogue, gave oxo-bridged complexes LGe(u-O)M(Me)Cp,
(M=Zr, Hf).*Y However, until now there is still no reported Ge-O-lanthanide linkage
of a monomeric germanium(Il) compound. In view of the extensive interest in the

75, 60b, 60
[ I we

chemistry of lanthanide compounds containing heterometallic atoms,
describe herein the preparation and characterization of LGe(u-O)M(THF)Cp, (M =Yb,

11;Y, 12).

Organometallic hydroxides have proven to be facile precursors of M-O-M’
moieties by the intermolecular elimination of CH4,[43a’ 49, 53] HN(SiMe3)2,[59’ 4 and
HCp,!* respectively. In a previous report, LGeOH exhibited its affinity to the methyl
group,*” although Cp groups coexist at the same metal center. Accordingly, further
experimental evidence is required to explore its activity with respect to homoleptic

complexes where only Cp is available as leaving group.
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M=Yb, 11; Y, 12

Scheme 6.

The reaction of LGeOH with 1 equiv of Cp3;Yb was carried out smoothly in THF
at room temperature (Scheme 6). The color of the solution changed from dark green
to yellow, providing an indication of the reaction progress. After the removal of all the
volatiles under vacuum, the absence of the OH stretching frequency of
LGe(u-O)Yb(THF)Cp, (11) was confirmed by IR. In the mass spectrum of 11, the
most intense peak (m/z 491) is assigned to the fragment [M"-OYb(THF)Cp,] with an
isotopic pattern that is consistent with the presence of low-valent germanium
coordinated by the ligand. The '"H NMR spectrum of 11 comprises a series of broad
resonances due to the paramagnetism of ytterbium. These resonances still can be

tentatively attributed to the backbone of the ligand but without precise assignments.

To elucidate the structure of 11 in solution, diamagnetic LGe(u-O)Y(THF)Cp, (12)
was prepared by the same procedure (Scheme 6). Although there is no noticeable
change in the solution color, the elimination of HCp occurs readily in this reaction.
The IR spectrum of 12 provides direct evidence for the absence of the OH group. The
mass spectrum of 12 shows the base peak corresponding to the fragment
[M"-OY(THF)Cp,]. The '"H NMR spectrum of 12 can be fully interpreted. The
characteristic Cp resonance is present as a singlet (65.90 ppm), and two broad
resonances (6 1.41 and 3.31 ppm) are assigned to the protons of the coordinated THF.
Other resonances correspond to the backbone of the ligand assuming an
unsymmetrical environment. The composition of both compounds was further
confirmed by elemental analysis.
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From the concentrated THF extract at 4 °C, pale-yellow crystals of 11 and 12 of
X-ray quality are recovered in relatively low yield. They are stable in the solid state
under an inert atmosphere at room temperature. The decomposition of 11 and 12 is
observed when the solids are heated at moderately high temperature (218 °C for 11;
210 °C for 12). Crystallographic data for the structural analyses of 11 and 12 are
shown in Table CD3 and CD4. The compounds crystallize isotypically in the triclinic
space group P-1. In the asymmetric unit, two crystallographically independent
molecules are found with minor differences in their dimensions, as shown in Table 3

for selected bond parameters.

Table 3. Selected Bond Lengths (A) and Angles (°) of 11 and 12 ¢

11° 11° 12° 12°
M-O(1) 2.018(5) 2.048(5) 2.066(5) 2.059(5)
Ge-0O(1) 1.769(5) 1.762(5) 1.758(5) 1.763(4)
Ge-N(1) 2.057(5) 2.089(5) 2.056(5) 2.081(5)
Ge-N(2) 2.061(5) 2.063(5) 2.073(5) 2.059(5)
Xcpi-M 2.328 2.337 2.380 2.390
Xepr-M 2.358 2.365 2.382 2.417
O(1)-Ge-N(1) 102.2(2) 101.3(2) 100.5(2) 100.5(2)
O(1)-Ge-N(2) 101.4(2) 100.0(2) 101.3(2) 101.7(2)
N(1)-Ge-N(2)  87.02) 85.92) 86.5(2) 86.34(19)
Ge-O(1)-M 153.7(3) 151.3(4) 152.8(3) 152.0(3)
Xcpi-M-Xcp 127.44 127.08 126.79 127.42

“aand b are the two independent molecules.

The molecular structure of 11 is depicted in Figure 5. The germanium atom is
located in a distorted pyramidal geometry involving the chelating f-diketiminato
ligand and one bridging oxygen atom (and a stereochemically active lone pair of
electrons). Two Cp groups and two oxygen atoms comprise the pseudotetrahedral

coordination environment of the ytterbium atom. The deviation of germanium and y-C
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from the NCCN ligand plane gives a boat conformation with germanium and y-C
out-of-plane (Figure 7). This is consistent with previous observations."*”’ 1 also
features a bent Ge-O-Yb (153.7(3), 151.3(4)°) arrangement. The Ge-O bond length
(1.769(5), 1.762(5) A) is even shorter than those in Ge-O-Zr (1.797(2) A) and
Ge-O-Hf (1.799(3) A) species,!*” whereas the Yb-O (2.018(5), 2.048(5) A) separation
is comparable to that of LAIMe(u-O)Yb(THF)Cp, (2.020(1) A).) The Ge-N bond
lengths (2.057(5)-2.089(5) A) and the N-Ge-N bond angle (87.0(2), 85.9(2)°) are
close to those reported in literature.”™ The Yb-X¢, distances (2.328-2.365 A) are
comparable with those of Al-O-Yb compounds, with or without coordinated THF
(2.37 and 2.34 A, respectively), whereas the Xcp-Yb-Xcp2 angle (127.44, 127.08°) is
narrower when compared with those in Al-O-Yb compounds (129.1(3) and

129.6(3)°).1%%!
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Figure 5. Molecular structure of 11. Thermal ellipsoids are drawn at the 50% level,

and the hydrogen atoms are omitted for clarity.

The isotypic structure of 12 is shown in Figure 6; it involves an obtuse Ge-O-Y
(152.8(3), 152.0(3)°) angle and a shorter Ge-O (1.758(5), 1.763(4) A) and a longer
Y-O (2.066(5), 2.059(5) A) bond distance. Simplified side views of the molecular
structure of 11 and 12 are shown in Figure 7. The boat conformation of the C;N,Ge

six-membered ring and the bent Ge-O-M skeleton can be clearly recognized.

Figure 6. Molecular structure of 12. Thermal ellipsoids are drawn at the 50% level,

and the hydrogen atoms are omitted for clarity.
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It is worth mentioning that the Ge-O bond lengths in 11 and 12 (1.758-1.769 A)
are shorter than those reported in germanium(Il) aryloxides (1.8-1.9 A).””) This
structural feature is attributable to the formation of strong bonds between the high
Lewis acidic ytterbium and yttrium elements and the hard donor oxygen, which in
turn strengthens the interaction between the germanium atom and the oxygen donor.*”!

The same trend is also observed in the aluminum derivatives containing the AI-O-Ln

skeleton (Ln =lanthanide).[** 3 ¢!
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Figure 7. Side view of the molecular structures of 11 and 12. The Ar and methyl

groups of the ligand and all of the hydrogen atoms are omitted for clarity.
Special Features.
The structure of 11 was originally solved and refined with one independent

molecule in the monoclinic space group P2;/n, but the refinement displayed some
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unusual and unsatisfactory features; the R1 value was high (7%) and many
systematically absent reflections had significant intensity. Assuming the structure to
be pseudosymmetric, the symmetry was lowered to P2;, whereupon the R1 value was
lowered to 4%. However, an analysis of the geometry showed no significant
deviations from P2,/n, and the Flack twinning parameter refined to 0.5. Following a
suggestion from Dr. Regine Herbst-Irmer (University of Gottingen), an alternative
model was tested that involved a triclinic space group with o and y angles close to 90°,
plus pseudo-merohedral twinning by 180° rotation about the y axis. This model
refined satisfactorily. The structure of 12 showed an a angle differing significantly
from 90°. This necessarily led to lower data quality because the twinning components
were not completely overlapped but did at least provide further evidence for the

triclinic symmetry.

The exact nature of the pseudosymmetry/twinning cannot be determined with total
confidence, and molecular dimensions of both compounds should therefore be treated
with caution. The triclinic cells are presented in a nonstandard manner to emphasize

their pseudo-monoclinic nature.
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2.3. Synthesis and Structural Characterization of

[CH(C(Me)NH-2,6-iPr,CsH3):] "[(CsFs);B(#-OH)B(CFs)s] (13)

Tris(pentafluorophenyl)borane is currently extensively used as a strong Lewis
acid, particularly as an activator for metallocene polymerization catalysts.””) Water

coordinated to the strong Lewis acid B(Cg¢Fs); is known to behave as a strong

Brensted acid which is able to protonate alkyl groups bound to metal centers.™”

In our lab, (CgFs);B-OH; has been successfully used to prepare and stabilise an
Al=0 containing structure. B Byt the attempt to react (CeFs);B-OH;, with CpsLn

resulted in a failure. Cp ligand cannot be eliminated even under heating.

However, the purpose to obtain a B-(u-OH)-Al unit from (C¢F5);B-OH, and LAL:
(Scheme 7) led to an ionic compound of  composition

[CH(C(Me)NH-2,6-iPr,CsHs)2] T(CoFs)sB(1-OH)B(CgFs)s] (13).

F
F
\ ; FE F
N ol, r.t.
\ ©l N <: ;>
CN/AI: + (CeF5)3B-OH, —=<—> CN/N\ /B F
o
[ FF F
H F
FF

Scheme 7

T

(CeF5)3B-OH, was prepared from (CgFs);B with 1 equiv. of water at -20 °C in
pentane as a white power. Further reaction with 1 equiv. of LAl: (L =
CH(C(Me)N-2,6-iPr,C¢H3), ) in toluene at room temperature afforded a colorless
crystal of 13 which was determined by X-ray diffraction. The structure of 13 is

depicted in Figure 8.
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Figure 8. Molecular structure of 13. Thermal ellipsoids are drawn at the 50% level,

and the hydrogen atoms are omitted for clarity.

Compound 13 crystallized in the monoclinic space group P21/c (Table CD5) and
shows a composition with an anion as [(CeFs);B(u-OH)B(C¢Fs)s]” (Figure 9.) and a
cation as [CH(C(Me)NH-2,6-iPr,CsH3),]" (Figure 10.).

Selected bond lengths and angles are listed in Table 4.

According to Figure 10, the cation has an inversion of configuration comparing

with the L" ligand in LAIR(OH) and its derivates.

The bond lengths of C(14)-C(15) (1.391(3)A) and C(15)-C(16) (1.394(3)A) are
much shorter than those of C(13)-C(14) (1.498(3)A) and C(16)-C(17) (1.504(3)A), as
well as the N(1)-C(14) (1.331(3) & ) and N(2)-C(16) (1.329(3) A ) are much shorter
than N(1)-C(1) (1.446(3) A ) and N(2)-C(18) (1.441(3) A ).

The angle of B(1)-O(1)-B(2) exhibits as 141.28(16)°. Bond lengths of B-O
average as 1.561 A. It is shorter than the B-O bond length within

[(C¢Fs)sB-OH,]-(H,0), (1.5769(14) A).15%
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Figure 9. The anion structure of 13 [(CsFs)3:B-(1-OH)-B(CgFs)3] . Thermal ellipsoids

are drawn at the 50% level, and the hydrogen atoms are omitted for clarity.

Table 4. Selected Bond lengths [A] and angles [°] for 13.

B(1)-0(1)
B(2)-0(1)
N(1)-C(14)
N(1)-C(1)
N(2)-C(16)

O(1)-B(1)-C(48)
O(1)-B(1)-C(60)
C(48)-B(1)-C(60)

1.565(3)
1.557(2)
1.331(3)
1.446(3)
1.3293)

108.66(15)
109.49(16)
113.38(16)

N(2)-C(18)

C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)

C(30)-B(2)-C(36)
C(14)-N(1)-C(1)
C(16)-N(2)-C(18)

1.441(3)
1.498(3)
1.391(3)
1.394(3)
1.504(3)

104.71(16)
126.26(19)
124.17(18)
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O(1)-B(1)-C(54)  108.30(15) B(2)-O(1)-B(1) 141.28(16)
C(48)-B(1)-C(54)  114.59(17) C(6)-C(1)-C(2) 123.1(2)
C(60)-B(1)-C(54)  102.18(15) C(6)-C(1)-N(1) 118.26(18)
O(1)-B(2)-C(42)  106.40(15) C(2)-C(1)-N(1) 118.69(19)
O(1)-B(2)-C(30)  110.26(15) C(3)-C(2)-C(1) 117.0(2)
C(42)-B(2)-C(30)  115.82(16) C(3)-C(2)-C(7) 122.2(2)
O(1)-B(2)-C(36)  107.82(15) C(1)-C(2)-C(7) 120.8(2)
C(42)-B(2)-C(36)  111.64(16) C(4)-C(3)-C(2) 121.1(2)

R
g
A
=
N . é
o Y
y(] 4 == O
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\ Cc17
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& ® @

Figure 10. The cation structure of 13 [CH(C(Me)NH-2,6-iPr,CsH3),]". Thermal
ellipsoids are drawn at the 50% level, and the hydrogen atoms on 2,6-iPrAr are

omitted for clarity.

"H NMR spectrum displays the resonance of N-H proton (5 12.39 ppm) and O-H (5
7.59 ppm) as singlet. The resonance of '’F NMR spectrum of 13 appears in three
groups which are assigned to p -, m-, o-F elements separately on the aryl ring. A

singlet for ''B NMR appears at & -3.79 ppm. In the IR spectrum of 13, O-H stretching
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frequency is found at 3699 cm™, as well as the N-H stretching frequency at 3542 cm™.
The mass spectrum exhibits peaks at m/z (%) 512 (100), 403(88), 418(30),
representing the fragments of [(CFs);B "], [NacNac-Me], and [NacNac'] respectively.

Due to the low solubility in CDCl3, °C NMR has not been performed.

Further investigation indicates that this reaction proceeds according to the
procedure given in Scheme 8. The (C¢Fs);B-OH; transformed slowly into the adduct
of (C¢Fs);B-(OH,), owing to the water in the system, which reacted with LAl:
following an oxidation-reduction step. As a result, Al is oxidized to Al and H' is

reduced to H,.

E F
F
F
); 2 H FR F
N\ . \ Tol, r.t.
2 Ay 2 0—8 F———"3 LH + 13 + AlL,O3 + H, 4
N H /
of F
/ F
F
Scheme 8
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2.4. Synthesis and Characterization of (Cp*ZZrMeOLi)z(THF)z and

Cp 2PrN(SiMes),.

2.4.1. Synthesis and Characterization of (Cp*zZrMeOLi) 2(THF),(14)

Since the first LAIMe(u-O)LnCp, THF was prepared, a series of analogue
compounds and derivates were obtained.*” However, to react other

organometallic-hydroxides with rare earth compounds needs further efforts.

CpZr(Me)OH has been proved to be an active reagent to produce
heterobimetallic compounds with Ti, Hf, and other moieties. ! Nevertheless, no
reaction occurred when Cp*ZZr(Me)OH was treated with CpsLn. It acts not as active
as the LAIMeOH in this case. To build up a Zr-O-Ln structure, Cp*ZZr(Me)OLi (14)

was prepared to improve the reactivity.

Compound 14 was obtained by the reaction of Cp’»Zr(Me)OH with 1 equiv. of
LiN(SiMes); in THF. (Scheme 9) Suitable crystals were afforded for X-ray diffraction.
Unfortunately, the quality of the data for compound 14 was not good enough to be

published. The rough structure is shown in Figure 11.

|
o THF T.t \ /L'\ Mey
2 Cp*,Zr(Me)OH + 2 LiN(SiMe3), ———> Zr O O Zr

-HN(SiMe3), \ \ /

Me |_||

O
14
Scheme 9

34



Chapter 2. Results and Discussion

Figure.11. The rough structure of compound 14

'H NMR spectrum exhibits the singlet for Cp'(Me) (8 1.8 ppm) and a singlet of
Zr-Me (6 -0.22 ppm). No resonance for the OH proton was observed. Moreover in the

IR spectrum no -OH absorption in the OH region was observed. Mass spectrum

exhibits a fragment of m/z(%) 377(100) representing [1/2 M"-Me-OLi].
Reactions of complex 14 with LnCl; did not lead to an appropriate result.
2.4.2. Synthesis and Characterization of Cp*gPrN(SiMe3) 2(15)

The bulky pentamethylcyclopentadienyl ligand is particularly popular in the
organometallic chemistry of rare earth compounds.'’® **! Considerable success in the
synthesis of highly reactive organolanthanide species can be attributed to the
favorable chemical properties of complexes with a bis(pentamethylcyclopentadienyl)

ligand environment due to the size of the pentamethylcyclopentadienyl ligand.
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In order to activate the lanthanide compounds, the (MesSi);N- ligand has been
introduced to bis(pentamethylcyclopentadienyl)lanthanide derivatives. Supposedly it

is much easier to eliminated in the presence of the bulky Cp ligand.

The praseodymium was chosen as the target element due to the large size of this
metal. (CsMes),PrCI(LiCl)(THF), was prepared according to the literature.l** Due to
its high sensitivity it was not separated and directly reacted with 1 equiv. of
LiN(SiMes); in situ (Scheme 10). Suitable crystals of 15 were obtained for X-ray
diffraction measurements. Unfortunately, due to its very high sensitivity, compound
15 slowly decomposed even under an inert gas and low temperature, which resulted in
low quality of the crystallographic data. The rough structure of 15 is depicted in

Figure 12.

THF
/4

Li
|_, + LiN(SiMe;), —— >

oV d
VA

15

\/

Si

Scheme 10

Compound 15 quickly decomposed during the measurement of its melting point.
The same happened when the IR spectrum was done, with the result that very broad
bands appeared. From the mass spectrum, only the peaks of m/z (%) 136 (100) [Cp*']
and 160 (17) [(SiMes3),N "] can be assigned. Because of the paramagnetic properties of

Pr, the '"H NMR spectrum exhibits no meaningful results.
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Figure.12. The rough structure of compound 15

The failure of building up the target structure of Cp*ZZr(Me)-O-Lnsz might be
due to the crowded environment caused by the Cp or Cp  ligands. To successfully
obtain the Zr-O-Ln units, new effective ligands are required to modify the reactivity
of lanthanide complexes which should not only be bulky enough to stablize the

lanthanides but also have enough space to accomodate the bulky part of zirconium.
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2.5. Synthesis and Characterization of (9-Oxidophenalenone);Yb (16)

The p-diketiminato ligand (HC[C(Me)N(Ar)]z, Ar = 2,6-iPr,CeH3) (I, Scheme 11)
has proved to be prevalent in organometallic chemistry as well as in rare earth

chemistry. Recently, research activity has been focused on other ligands such as

[84] [85]

trimethylsilyamino)naphthalene, and
( ylsily p

9-hydroxyphenalenone
1,9-dialkyldiaminophenalene[ 8] which can form metal chelates (II, III, TV, Scheme
11). These ligands display unusual electron delocalization characters and are used as

spectator ligands.

R sdeees

Ar MesSi~ H H “SiMe,
II IH IV

Scheme 11

All ligands II, III and IV have an extended plane. Attempts to react with rare earth
compound in 1:1 ratio resulted in an asymmetric substitution, and finally turned into a

mixture of compounds. (Scheme 12, I1I as an example).

+ [(Me3Si)2N]3Ln

N(S|ME3)2

(Me3SI)2 /
O (@] /Ll’l
H” \ LnCl3 ITHF
-0
@ © ‘ ‘
O\LI '
Cl
Scheme 12
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Ligand III reacts with [(Mes;Si),N]sYb in 3:1 ratio to yield an insoluble yellow

powder 16 from the solution which has been proved to be pure.(Scheme 13)

I |
3 +  [(Me3Si),N]3Yb > O O
- 3 HN(SiMey), \
O _O ‘ / \ \
H _0 0

16

Scheme 13

IR spectrum of 16 indicates the absence of O-H absorption. The mass spectrum of

16 exhibits the ions of [9-oxo]" and [M]. 16 slowly decomposes under heating.

Ligand II reacts with [(MesSi),N]sYb in 3:1 ratio resulting in a soluble dark
powder which decomposed slowly in solution to eliminate ligand II. That might be

due to the bulky -SiMes; group on N-atom which provides a crowded environment.
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2.6. Synthesis and Characterization of Organo-lanthanide

Compounds with guanidinato ligand

2.6.1. Synthesis and Characterization of L'>SmBr«(BrLi)(THF), and
L';Sm(THF)(u-O)MeAIL (L'=(Me3Si),NC(NCy)>)

The organolanthanide chemistry has made considerable progress in the past two
decades’® *" % and has been generally dominated by the synthesis of
cyclopentadienyl sandwich and half-sandwich complexes.®” *! Recently, research
activity has been directed to the substitution of cyclopentadienyl ligands by other
coordinating systems in order to obtain complexes with modified structures and

reactivities.

Some achievements indicate that monoanionic guanidinates are highly versatile
ligands which are able to bind in a variety of coordination modes to alkali, transition,
lanthanide and main group metals.”" °) Another facet of their versatility is the
opportunity to vary substituent groups which will have an effect on the properties of

the complexes that are formed.
2.6.1.1. Synthesis of [(Me3Si),NC(NCy),].SmBr,Li(THF), (17)

Herein, we were attracted to N-substituted guanidinate anions,
[(MesSi1),NC(NCy),]-, as potential bulky supporting ligand for organolanthanide

complexes.

Compound 17 was obtained in high yield as large yellow crystals by the reaction
of SmBr; with 2 equiv. of [(MesSi),NC(NCy),]Li which was freshly prepared from
CyN=C=NCy and LiN(SiMej3); in 1:1 molar ratio. (Scheme 14)
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Scheme 14

Compound 17 quickly decomposed when heated to release a colorless liquid in the
tube. The mass spectrum indicated a number of fragments which were difficult to
assign. Only the peak of m/z (%) 160 (8) [(SiMe3):N"] could be recognized. Due to
the paramagnetic properties of Sm, the NMR spectrum was not meaningful. X-ray

diffraction and element analysis can prove the composition.

The crystals of 17 are fairly stable, even when exposed to air for a short time. That

can be attributed to the perfect coordination site of Sm.

The reduction of compound 17 by K or KCs resulted in a corlor change to dark red,

although only the starting material 17 could be isolated.
2.6.1.2. Synthesis of [(Me3Si)NC(NCy),[,Sm(THF)(u-O)MeAIL (18)

Further investigation with compound 17 was directed toward preparation of

heterobimetallic compound. (Scheme 15)
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Compound 17 was first modified by an alkyl group by reacting it with
LiCH,SiMes in 1:1 ratio. The intermediate was highly sensitive and was reacted with

LAIMe(OH) to result in the x-O bridged bimetallic complex 18 as tiny needles.

|/
Si— N Sli /
_Si\'\‘/ —si_ /
ti >\ N
\ .
N AN
N\ //BI’\ /THFLiCstiMeg Tol m_ N /S|Me3
/sm\ i o o
i/'\‘\ \N Br \THF -2 LiBr
/SI \5|i< —SI
17
S|/
-
S j NN
A N
N //THF Me—__ / B LAIMe(OH), Tol

'SiMe4

Scheme 15

Compound 18 decomposed quickly when heated under elimination of a colorless
liquid. The IR spectrum indicates that no O-H stretching frequency is observed. Mass
spectrum of 18 exhibits an ion of m/z (%) 418(70) representing the fragment
[NacNac'] of LAIMe(OH). Another peak at m/z (%) 160 (18) is assigned to
[(SiMe3),N"] which is assigned to the starting material 17. Due to the paramaganetic

character of Sm, the NMR spectrum is not meaningful.
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2.6.2. Synthesis and Structural Characterization of L'LnCIly(LiCl),(THF),,

78, 87
Since Wilkinson synthesized the first CpsLn complex in 1954,[ :

organolanthanide chemistry has attracted considerable attention due to its well known

potential in homogeneous catalysis particularly in polymerization reactions.

Early research in this field was mostly focused on sandwich- and
half-sandwich-type  structures with Cp or Cp-like ligands,®™  whereas
non-cyclopentadienyl ligands are known as tailor-made ligands."™ ! It is believed
that a rational design of the coordination sphere of Ln atoms might lead to the unique
control of flexibility and reactivity. Nitrogen-containing ligands are considered to be
of the most interesting ones, since their complexes should be fairly stable due to the
coordination capability of nitrogen atoms. Nevertheless, the synthesis of those
complexes is still affected by some difficulties, especially for (dichloro)Ln™
compounds. According to the simple rule of organolanthanide chemistry, “sterically
saturation” strongly affects the reactivity and stability.””) That usually leads to
compounds of composition [LLnCl,] (L = nitrogen-containing ligand), which form

adducts with LiCl, such as [(Me;Si),NLnCly(THF)(LiCl)(THF),],."" Hence,

complexes with the general formula LLnCl, remain relatively rare.

However, using the f-diketiminato ligand we were able to isolate salt-free LLnX,

[

(A) complexes.” This ligand provides a planar four-membered coordination

environment, which results in a perfect six-coordinate lanthanide atom (Scheme 16).

Recently, a new guanidinato ligand was synthesized, which seems to be a

B0-911" A" guanidinato ligand was

promising ligand system for lanthanide complexes.
employed to prepare L'LnCl,(LiCl),(THF),, (B) compounds with the expectation that
it cannot only deliver a sterically stable environment but also can modify the
reactivity of the complexes. However, comparison of the number of coordinating
nitrogen atoms of the guanidinato ligand with that of other nitrogen ligands results in

the arrangement shown in Scheme 16. The guanidinato ligand can be placed between

the f-diketiminato and the (MesSi),N ligand (C).
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Cy
N :
MesSi N /- N /C| > Me;Si N /C|
p ¢ Ln\ N—Ln
Me3Si "N/ Cl Me;Si Cl
Cy
B C

Scheme 16. Arrangement according to the numbers of coordinating nitrogen atoms.

We started our investigation in this area by reasoning that less bulky ligands
would produce a larger unshielded surface of the molecular sphere, which might

result in higher activities and new coordination sites.
2.6.2.1. Synthesis of [(Me3Si),NC(NCy),SmCL,]s(THF),(19)

The LLnClI,(LiCl),(THF),, (L = guanidinato ligand) complexes were synthesized
from anhydrous LnCl; and LiN(SiMe;); in tetrahydrofuran (Scheme 17).

" "
H 'N/ LnCl;, THF/tol
C +LiN(SiMes), E»(Megsi)zN< \Li > »  LLNCly(LiCl)y(THF),
| X
N N Ln=Sm,Yb

\
C|:y Cy

Scheme 17. General procedure for preparation of LLnCl,(LiCl),(THF),, complexes.

The preparation of [LSmCI;] from SmCl; and LLi in a 1:1 molar ratio led to
yellow crystals of [LSmCI,]s(THF), (19), which showed a salt-free cage structure
(Scheme 18).
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(Me3Si),N Cy Cy N(SiMe3),
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Scheme 18. Synthesis of [LSmCIl,]s(THF);.

Complex 19 crystallizes in the triclinic space group P-1 from toluene at 0 °C; 19
is stable in solvents such as tetrahydrofuran, toluene or without solvent under dry
nitrogen. From X-ray structure analysis one can see that the bulky guanidinato ligands
are arranged on a sphere consisting of samarium and chlorine atoms (Figure 13). Each
cluster unit is composed of five LSmCl, moieties and two THF molecules. The five

LSmCI; units are not equally arranged so that three different types can be observed.

Each guanidinato ligand coordinates to a samarium atom in a chelating fashion,

with acute N-Sm—-N angles [ranging from 55.95(12) to 56.51(11)°]. The N-Sm-N
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angle is much sharper than that of a diketiminato ligand, which arranges on average

around 76°.1%%%

The N-Sm bond lengths range from 2.356(3) to 2.384(3) A. This is longer than
the standard N—Sm bond length within the diketiminato ligand [from 2.276(3) to
2.334(3) A1,* which might be due to the repulsion of the crowded guanidinato

ligands (Table 6).

Figure 13. Molecular structure of 19; thermal ellipsoids are drawn at 50% probability

level; the Cy groups on nitrogen atoms are omitted for clarity.
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Table 6. Selected Bond Lengths [A] and Angles [°] of 19

Sm(1)-N(1)
Sm(1)-N(2)
Sm(1)-CI(8)
Sm(1)-CI(1)
Sm(1)-CI(10)
Sm(1)-C1(2)
Sm(1)-CI(6)
Sm(2)-N(4)
Sm(2)-N(5)
Sm(2)-CI(3)
Sm(2)-Cl(4)
Sm(2)-CI(1)
Sm(2)-CI(2)
Sm(3)-N(8)
Sm(3)-N(7)
Sm(3)-CI(5)

N(1)-Sm(1)-N(2)
N(4)-Sm(2)-N(5)

N(8)-Sm(3)-N(7)

N(11)-Sm(4)-N(10)
N(13)-Sm(5)-N(14)
Sm(2)-Cl(1)-Sm(1)
Sm(2)-C1(2)-Sm(1)

2.360(3)
2.384(3)
2.7160(11)
2.7584(10)
2.7592(11)
2.7992(9)
3.0876(10)
2.356(3)
2.370(3)
2.7223(10)
2.7293(11)
2.7364(10)
2.7532(9)
2.372(3)
2.373(3)
2.7171(10)

56.24(10)
56.51(11)
55.95(12)
56.44(10)
56.22(10)
96.83(3)

95.49(3)

Sm(3)-ClI(3)
Sm(3)-CI(9)
Sm(3)-Cl(4)
Sm(3)-CI(6)
Sm(4)-N(11)
Sm(4)-N(10)
Sm(4)-CI(7)
Sm(4)-CI(10)
Sm(4)-CI(5)
Sm(4)-CI(6)
Sm(5)-N(13)
Sm(5)-N(14)
Sm(5)-CI(7)
Sm(5)-CI(9)
Sm(5)-CI(8)
Sm(5)-CI(6)

Sm(2)-CI(3)-Sm(3)
Sm(2)-Cl(4)-Sm(3)
Sm(3)-CI(5)-Sm(4)
Sm(4)-CI(7)-Sm(5)
Sm(1)-CI(8)-Sm(5)
Sm(3)-CI(9)-Sm(5)
Sm(1)-C1(10)-Sm(4)

2.7458(10)
2.7764(10)
2.8182(10)
3.0749(10)
2.375(3)

2.375(3)

2.7199(10)
2.7755(11)
2.7935(10)
3.0349(10)
2.379(3)

2.383(3)

2.7282(10)
2.7928(10)
2.8062(11)
3.0743(10)

97.62(3)

95.75(3)

113.47(4)
111.03(4)
114.57(4)
118.06(4)
118.65(4)
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CI7

Cl9

Ci8

Cl4

Figure 14. The central structure of the [SmCl;]s cage of 19; thermal ellipsoids are

drawn at 50% probability level.

Figure 14 shows five Sm, ten Cl atoms and two oxygen atoms of the THF
molecules. The molecular sphere consists of nine u-chlorine atoms, each connecting

to two Sm atoms. This leads to a basket-like cage.
The bridging Sm-C1 bond lengths range from 2.7160 to 2.8182A.

Sm(1) and Sm(3) each coordinates five chlorine atoms, whereas Sm(5) and Sm(4)
coordinate four chlorine atoms and a THF molecule. An exception is Sm(2) that

coordinates four chlorine atoms.

Sm(2) exhibits Sm—Cl-Sm bond angles [from 95.49(3) to 97.62(3)°] much
sharper than those of the other Sm—Cl-Sm angles that range from 111.03(4) to
118.65(4)°.
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Within the basket structure of the five samarium atoms, the interatomic Sm--Sm

interactions are ranging from 4.110 to 4.775 A.

Without considering the difference of the Sm—Cl bond lengths the cage has two
mirror planes crossing the central CI(6) atom with the result that Sm(1) and Sm(3)
have similar surroundings, and also Sm(4) and Sm(5) are similar. However, due to the

bulky ligands and the crowded environment, the mirrors are only virtually there.

An exception to the bridging chlorine atoms is CI(6) that occupies the center of
the cage, and coordinates to four Sm atoms simultaneously (Figure 14). This is an

unprecedented result and has not been observed in organosamarium compounds.

When comparing the Sm—CI(6) bond lengths with those of the bridging u-Cl
atoms, it can be noted that the latter Sm—CI bonds are much shorter. As shown in
Table 6, the Sm—CI(6) bond lengths are ranging from 3.0349(10) to 3.0876(10) A,
where the average Sm—(u-Cl) bond length is 2.75 A. The distance between Sm(2) and
CI(6) is 3.618 A, which indicates that there is no bonding interaction between these

atoms.

Compared with some other lanthanide clusters, most of them adopt a Cp-like
ligand to obtain a better shielding environment, or stabilized by cations or

[

anions.”” ' The guanidinato ligand cluster provides a new idea to afford a less

shielding environment.

Efforts to obtain a NMR spectrum of 19 led to broad resonances due to its
paramagnetic character. Nevertheless, the proton resonances of the —SiMe; groups

result in separated sharp signals (6= 0.068, 0.108, 0.173 ppm).

2.6.2.2. Synthesis of [(Me3Si);NC(NCy),YbCl](LiCl),(THF) ,(20)

The reaction of YbCl; with LLi in a 1:1 molar ratio in tetrahydrofuran resulted in
red crystals of [LYbCI,]2(LiCl),(THF)4 (20) (Scheme 19). Crystals of 20 are stable in

tetrahydrofuran under an inert gas. When the solvent is removed, the crystals partially
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decompose to release THF and LiCl.

The X-ray crystal structure of 20 exhibits a stable six-coordinate lanthanide atom
with cocrystallized LiCl, 20 is a dimer and consequently shows a structure that is
much different from that of 19. It crystallizes in the triclinic P-1 space group with an s

center of symmetry.
Selected bond lengths and angles of 20 are listed in Table 7.

The N-Yb-N angles of the chelating guanidinato ligand average to 58.68(5)°,
which are less acute than those of the corresponding ones in compound 19. The N-Yb
bond lengths range from 2.22658(15) to 2.2705(14) A, and the Yb—Cl bond lengths
within the Yb—CIl-Yb bridge [from 2. 6727(7) to 2.6691(8) A] are longer than those in
the Yb— CI-Li bridge [from 2.5944(7) to 2.5978(6) A].

Due to its paramagnetic nature, the NMR spectrum of 20 cannot be defined in
detail. Only the proton resonance of the —SiMej; groups results in a single sharp signal

(6=0.062 ppm) (Figure 15)

)

N

\ THF/toluene

2 (MesSi,N— ! /Li + 2YbCl, -

N

\ THF _
Cy THF\ / N(SiMes),

/ \CI Cy—/N" -

N \\/ ~,
N /\\ // \a
N——Cy Cl\u/
[ e

THF

(Me3Si)2N
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Scheme 19. Synthesis of [LYbCl]o(LiCl)2(THF)s

C25A

Figure 15. Molecular structure of 20; thermal ellipsoids are drawn at 50% probability

level.

Table 7. Selected Bond Lengths [A] and Angles [°] for 20

Yb(1)-N(1) 2.2658(15)
Yb(1)-N(2) 2.2705(14)
Yb(1)-Cl(1) 2.6727(7)

N(D-Yb(1)-N(2)  58.68(5)
CI(1)-Yb(1)-CI(1A) 78.157(17)

Yb(1)-Cl(2)
Yb(1)-CI(3)
Yb(1)-CI(1A)

C1(2)-Yb(1)-CI(3)
Yb(1)-CI(1)-Yb(1A)

2.5944(7)
2.5978(6)
2.6691(8)

84.93(2)
101.844(17)
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The reason for the different structures of 19 and 20 might be the variation of the
ionic radii from Sm to Yb (Sm: 1.132 A; Yb: 1.042 A)."* Since the guanidinato
ligands adopt approximately a planar configuration, the shielding angle determined
along the longer edge (Figure 16) shown for 19 ranges from 129.7 to 132.8° (Table 8).

Obviously, this angle for 20 is larger when compared with that of 19.

In compound 20 the Yb atoms both have a coordination number of six, with the
consequence that the ytterbium atom is arranged closer to the guanidinato ligand
resulting in a better shielding, whereas in compound 19 four samarium atoms are
coordinated to seven donor atoms, and only one is coordinated to six donor atoms
resulting in the cage structure and a smaller shielding effect of the guanidinato ligands.
It is suggested that in both reactions the same types of products are formed, but the
difference in shielding effect leads to the situation that the samarium pentanuclear
cluster crystallizes easier than the dinuclear one, whereas in the case of ytterbium the

situation is reversed.

," Ln=Sm, Yb

Figure 16. Shielding angle included by the dotted lines.
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Table 8. Shielding Angles [°] for 19 and 20

C(5)...Sm(1)...C(11) 129.5
C(24)...Sm(2)...C(30) 132.8
C(44)...Sm(3)...C(50) 124.7
C(64)...Sm(4)...C(70) 125.1
C(84)...Sm(5)...C(90) 125.9
In average 127.6
C(11)...Yb(1)...C(17) 135.11(3)

2.6.3 Attempt of Synthesis of Heterotrimetallic Oxides

Further investigations with L'LnCl,(LiCl),(THF),, were carried out with the
purpose of preparing the heterotrimetallic oxides following the general procedure,

LSrOH as example, in Scheme 20.

L'LnCly(LiCl),(THF),, reacting with 2 equiv. LiCH,SiMe; at low temperature
affords a highly sensitive intermediate compound L'Ln(CH,SiMes),(THF),. Then the
intermediate compound reacts with 2 equiv. metal-hydroxide by eliminating SiMes.
However, according to the results we obtained so far, the heterotrimetallic oxides are
not stable. The reactions are always connected with rearrangements that result in

surprising products.

The X-ray diffraction analysis with the crystals from the reaction with LMgOH
and LSrOH showed that there might be different oxygen bridged metals, as shown in
Scheme 20. The Mg and Sr metals are not assemnled in these structures. Reactions
with LAIMe(OH) result in similar products, but the mass spectrometric analysis from
the reaction with Cp »ZrMeOH showed the fragment of Cp . This implies there might
be a Zr-O-Ln unit.

However, X-ray analysis has not defined all the details yet because of some
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unusual features met during the refinement. Further efforts are still in need to

establish the results.
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3. Summary and Outlook

3.1. Summary

Recently, preparations of oxygen-bridged heterobi- and heterotrimetallic
complexes have attracted much attention. It was found that these systems are high
efficient catalysts for olefin polymerization. Many new methods have been developed,

although it is still difficult to achieve, these goals with rare earth elements.

Ethyl substituted aluminum chloride (1) was prepared following a similar route as
that of LAIMe(OH) (L= HC[C(Me)N(Ar)],, Ar = 2,6-iPr,CsHs). Subsequent
hydrolysis of compound 1 was carried out with 1 equiv. of H,O in the presence of
1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene which resulted in the formation of
ethyl substituted aluminum hydroxide (2). X-ray structural data for (2) show that the

Al-O bond length is a little longer when compared with that of LAIMe(OH).

Structure of complex 2

Reaction of (2) with 1 equiv. of Cp,ZrMe; in toluene afforded the u-O bridged
LAIEt(1-0)ZrMeCp; (3). X-ray diffraction data indicated that the ethyl group on Al
and the Me group on Zr stay away from each other in a trans comformation. The Zr-O
bond length is also a little longer when compared with that in methyl substituted

derivative.
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. Structure of complex 3

A summary of the polymerization results shows that complex (3) has lower
activity than the methyl subsitituted one. However, it still exhibits good catalytic

activity for the polymerization of ethylene.

Compound (2) reacts with Cps;Ln to afford Al-O-Ln derivative (Ln = Yb, 4; Er, 5;
Dy, 6; Y, 7). The melting points of complexes ( 5-7 ) are a little lower when compared

with those of the methyl subsititued ones.

The phenyl subsitituted AI-O-Ln derivatives (Ln = Yb, 8; Er, 9) have also been

obtained.

In contrast to the variation of the substituents on Al, a flexible nBu group was also
introduced at the Cp to afford LAIMe(u-O)Zr(Me)(nBuCsHy), (10). The 'H NMR
shows that the H resonances of CsHy4 were separated into four groups. This is due to

the nBu group which changed the chemical environment.

The reaction of LGeOH with 1 equiv of Cp3;Yb was carried out smoothly in THF
at room temperature to afford the first Ge-(u-O)-Yb complex LGe(pu-O)Yb(THF)Cp,
(11).
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Structure of complex 11

X-ray diffraction data indicate that the Ge-O bond length is shorter than those in
Ge-O-Zr and Ge-O-HFf. Moreover the Xcp1-Yb-Xcpz angle is narrower when compared
with those in Al-O-Yb compounds.

Complex LGe(p-O)Y(THF)Cp, (12) was prepared following a similar procedure.
In complex 12, the Ge-O bond is shorter but the Y-O bond is longer.

Structure of complex 12

This structural feature is attributable to the formation of strong bonds between the
high Lewis acidic ytterbium and yttrium elements and the hard donor oxygen, which

in turn strengthens the interaction between the germanium atom and the oxygen

donor.
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Reaction of the strong Brensted acid (C¢Fs);B-OH, with 1 equiv. of LAI: resulted

in a organocation together with Ar;B-(u-OH)-BAr; anion giving complex (13)

Structure of anion and cation in complex 13

Complex 13 was characterized by X-ray structural analysis. The further
investigation indicated there was an oxidation-reduction reaction between Al"' and

H'!

In order to investigate the reaction between a lanthanide precursor and
Cp*,ZrMe(OH), Cp*zzr(Me)OLi (14) and Cp*zPrN(SiMeg)z (15) were prepared.
However, further reactions with 14 and 15 did not lead to satisfactory results due to

their high sensitivity towards heat and moisture.

9-Oxidophenalenone and (trimethylsilyamino)naphthalene were used as ligands to
modify the activity of the resulting complexes. (9-Oxidophenalenone);Yb (16) was

obtained as one of the products.

Guanidinato ligand was chosen to modify the structure and reactivity of
lanthanide complexes. SmBr; reacted with 2 equiv. of [(Me;Si);NC(NCy),]Li which
resulted in [(Me;Si),NC(NCy),].SmBr,Li(THF), (17). Complex 17 is a stable
compound of room temperature. However, when Br atom was substituted by a
—CH,SiMes group, the product became highly sensitive and reacted with LAIMe(OH)
to afford the Al-(u-O)-Sm skeleton (18).
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Efforts were also made to prepare L'LnCly(LiCl),(THF),, derivatives. (L’
=(MesSi);NC(NCy),, Ln= Sm, 19; Yb, 20).

X-ray diffraction analysis of complex 19 indicates that the bulky guanidinato
ligands within 19 are arranged on a sphere consisting of samarium and chlorine atoms,

which leads to a basket-like cage.

Ci4

Structure of complex 19 and the the center cage

Using a similar procedure, complex 20 was obtained. X-ray structure analysis
indicated that a dimer was formed that crystallizes in the triclinic P-1 space group

with a s center of symmetry.
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Structure of complex 20
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3.2 Outlook

The dissertation presented here has emphasized on the preparation of
heterobimetallic oxides with the M-(u-O)-M’" skeleton, especially concerned with rare
earth elements. Further efforts have been made to find new ligands to modify the
reactivity of lanthanide complexes effectively. New methods was also developed to

prepare heterotrimetallic oxides.

An extension of this work may be the preparation of new types of
organolanthanide molecules with special conformation which can be used as catalyst

with high efficiency.
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4. Experimental Section

4.1. General Procedures

All reactions and handling of reagents were performed under an atmosphere of
dry nitrogen or argon using Schlenk techniques or a glovebox where the O, and H,O
levels were usually kept below 1 ppm. All glassware was oven-dried at 140 °C for at
least 24 h, assembled hot and cooled under high vacuum prior to use. Toluene
(Na/benzophenone ketyl and diphenylether), benzene (K/benzophenone ketyl and
diphenylether), hexane (Na/K/benzophenone ketyl and diphenylether), pentane
(Na/K/benzophenone ketyl and diphenylether), tetrahydrofuran (K/benzophenone
ketyl), diethylether (Na/benzophenone ketyl), dichloromethane (CaH,) were dried and

distilled prior to use.

4.2. Physical Measurements

Melting points were measured in sealed glass tubes on a Biichi B-540 melting
point apparatus. NMR spectra were recorded on Bruker Avance 200, Bruker Avance
300, and Bruker Avance 500 NMR spectrometers. Chemical shifts are reported in
ppm with reference to SiMey (external) for IH, 11B, 13C, 19F, 27Al, nuclei. Downfield
shifts from the reference are quoted positive, upfield shifts are assigned negative
values. The NMR grade deuterated solvents were dried in following manners: C¢Dg
and toluene —overnight stirring with Na/K alloy followed by vacuum distillation,
CDCls — 3 min. stirring with P40, followed by filtration, THF — storing over freshly
activated molecular sieves for one week. Heteroatom NMR spectra were recorded 'H

decoupled.

IR spectra were recorded on a Bio-Rad Digilab FTS7 spectrometer. The samples

were prepared normally as Nujol mulls between KBr plates.

Mass spectra were obtained with a Finnigan MAT 8230 or a Varian MAT CHS5
instrument (70 eV) by EI-MS method.
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Elemental analyses were performed by the Analytisches Labor des Instituts fiir

Anorganische Chemie der Universitit Gottingen.

Crystal structure determination: Intensity data for compounds were collected on
a STOE-IPDS II image-plate diffractometer. The diffraction data for the compounds

were measured on a Bruker AXS instrument. %%

The data for all the compounds were collected at low temperature (the
temperatures for individual compounds are mentioned in the tables in Section 6 using
graphite monochromated MoK « radiation (A = 0.71073 A).'"®"! The data reduction
and space group determination were carried out using Siemens SHELXTL program.
The structures were solved using SHELXS-96/97 programs. The refinement of the
structures was carried out by fullmatrix least-squares method against F* using
SHELXL-97.1'%'%! The various advanced features (e. g. restraints and constraints) of
SHELXL programs were used to treat the disordered groups, lattice solvents such as
THF, and the hydrogen atoms. The non-hydrogen atoms were refined anisotropically.
A riding model was used for the hydrogen atoms. The crystal data for all compounds
along with the final residuals and other pertaining details are listed in Section 6 in

tabular form.

4.3 Starting Materials

Commercially available chemicals were purchased from Fluka or Aldrich and
used as received. The HC[(CMe)(NAr)], (Ar = 2,6-iPr,CeH3), {HC(CMeNAr),} Al ,
CpsLn (nBuCsHg),Me,, {HC(CMeNAr),} GeOH were synthesized using reported
procedures. LiN(SiMes), was prepared prior to use from freshly distilled HN(SiMejs),

and MelLi in pentane. Redistilled H,O was degassed prior to use.

4.4 Syntheses of Compounds 1-20
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4.4.1 Synthesis of LAIEt(CI) (1)

EtAICl, (11.2 mL, 1.8 M in n-hexane, 20 mmol) was added drop by drop at -78
°C to LLi-OEt; (9.97 g, 20 mmol) in toluene (100 mL). The mixture was allowed to
warm to room temperature and stirred for 12 h. After filtration the filtrate was
concentrated (20 mL) and kept at 4 °C to afford colorless crystals. X-ray quality

crystals were grown from toluene. Yield 8.05 g (79%).
M.p. 153-155 °C.

"H NMR (300.13 MHz, C¢Dg): 6 -0.04 (q, J = 8.0 Hz, 2H, AICH,CH;), 0.80 (t, J = 8.0
Hz, 3H, AICH,CH;), 1.00 (d, J = 6.8 Hz, 6H, CH(CHz),), 1.19 (d, J = 6.8 Hz, 6H,
CH(CHs),), 1.30 (d, J = 6.8 Hz, 6H, CH(CH),), 1.48 (d, J = 6.6 Hz, 6H, CH(CHs),),
1.55 (s, 6H, CMe), 3.21 (sept, J = 6.8 Hz, 2H, CH(CHs),), 3.76 (sept, J = 6.8 Hz, 2H,
CH(CHs),), 4.96 (s, 1H, y-CH), 7.04-7.15 (m, Ar) ppm.

13C NMR (75.5 MHz, C¢De): 6170.7 (CN), 146.0, 143.3, 139.7, 127.7, 125.4, 123.9
(i~ 0- m- p-Ar), 98.7 (»-CH), 29.2, 28.1 (CH(CHa),), 26.9, 24.9, 24.5, 23.8
(CH(CHs),), 23.2 (8-CHs), 8.5 (AICH,CHs), -1.0 (br, AICH,CH;) ppm.

IR (Nujol, mull, cm™): v™ = 3062 (s), 1587 (m), 1558 (s), 1534 (s), 1517 (s), 1442 (s),
1344 (s), 1319 (s), 1259 (s), 1177 (m), 1101 (m), 1021 (s), 938 (m), 878 (w), 834 (w),
801 (m), 777 (w), 759 (w), 718 (w), 648 (w), 618 (m), 533 (m).

EI-MS: m/z (%): 479 (100) [M"-Et].

Elemental analysis for Cs;;HscAICIN, (509.1): Caled. C, 73.13; H, 9.11; N, 5.50.
Found: C, 72.45; H, 8.86; N, 5.43.

4.4.2 Synthesis of LAIEt(OH) (2)

To a mixture of LAIEt(CI) (2.04 g, 4 mmol) and [CN(iPr)C,Me, .N(iPr)] (:C, 0.72
g, 4 mmol) in toluene (60 mL) at 0 °C, distilled H,O (18 pL, 4 mmol) was added. The

suspension was allowed to warm to room temperature and stirred for 12 h. The
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insoluble solid was removed by filtration and from the filtrate all volatiles were
removed in vacuo and the resulting residue was washed with n-pentane (5 mL) to
afford a white solid. X-ray quality crystals were grown from THF at 4 °C. Yield 1.43
g (73%).

M.p. 163 °C.

'"H NMR (500.13MHz, C¢De): 6 -0.23 (q, J = 8.2 Hz, 2H, AICH,CHs), 0.63 (s, 1H,
OH), 0.71 (t, J = 8.2 Hz, 3H, AICH,CH;), 1.06 (d, J = 6.8 Hz, 6H, CH(CHx),), 1.21 (d,
J=17.0 Hz, 6H, CH(CHs),), 1.32 (d, J = 7.0 Hz, 6H, CH(CH3),), 1.34 (d, J = 6.6 Hz,
6H, CH(CHs),), 1.58 (s, 6H, CMe), 3.22 (sept, J = 6.8 Hz, 2H, CH(CHs),), 3.68 (sept,
J= 6.8 Hz, 2H, CH(CHs),), 4.93 (s, 1H, y-CH), 7.07-7.15 (m, A7) ppm.

3C NMR (125.8 MHz, C¢De): 5169.3 (CN), 145.4, 143.4, 140.8, 127.3, 124.9, 123,9
(i-, 0- m- p-Ar), 97.3 (y-CH), 28.9, 27.8 (CH(CHs),), 26.1, 24.9, 24.4, 24.0
(CH(CH;),), 23.1 (8-CHs), 9.2 (AICH,CH3), -2.4 (br, AICH,CH;) ppm.

IR (Nujol, mull, cm™): v* = 3729 (m, OH), 1654 (w), 1552 (w), 1529 (w), 1319 (m),
1261 (w), 1179 (w), 1101 (w), 1059 (w), 1021 (w), 938 (w), 875 (W), 834 (W), 802
(w), 761 (w), 723 (W), 657 (W).

EL-MS: m/z (%): 473.3 (24) [M'-OH], 461.3 (100) [M"-Et].

Elemental analysis for C;;H47AIN,O (490.7): Caled. C, 75.88; H, 9.65; N, 5.71.
Found: C, 75.24; H, 9.44; N, 5.62.

4.4.3 Synthesis of LAIEt(4-0)ZrMeCp: (3)

Toluene (40 mL) was added to the mixture of LAIEt(OH) (0.49 g, 1 mmol) and
Cp2ZrMe, (0.26 g, 1 mmol). The resulting solution was stirred for 2 h at room
temperature, and then continuously for 24 h at 100 °C. After concentration and

keeping the solution at room temperature for 1 day, colorless crystals (0.51 g) were

isolated. Yield 0.48 g (66 %).
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M.p. 368-369 °C.

'H NMR (500.13 MHz, CDCls): § 0.32 (s, 3H, ZtMe), -0.14 (q, J = 7.9 Hz, 2H,
AICH,CHj3), 1.04 (d, J= 6.8 Hz, 6H, CH(CHs;),), 1.14 (t, J= 7.9 Hz, 3H, AICH,CH5),
1.25 (d, J= 6.8 Hz, 6H, CH(CHj3),), 1.37 (d, J = 6.8 Hz, 6H, CH(CH3),), 1.41 (d, J =
6.8 Hz, 6H, CH(CHs),), 1.77 (s, 6H, CMe), 3.15 (sept, J = 6.8 Hz, 2H, CH(CH3),),
3.29 (sept, J = 6.8 Hz, 2H, CH(CHs),), 5.02 (s, 1H, y-CH), 5.30 (s, 10H, CsH5),
7.24-7.27 (m, Ar) ppm.

BC NMR (125.8 MHz, CDCls): 6 170.5 (CN), 144.7, 143.9, 141.2, 127.0, 124.7,
124,2 (i-, o-, m-, p-Ar), 109.9 (CsHs), 97.3 (y-CH), 28.7, 27.1 (CH(CH3),), 25.3, 25.2,
24.6, 24.6 (CH(CHs),), 23.8 (- CHs), 17.6 (ZrMe), 9.4 (AICH,CH3), 3.4 (br,
AICH,CH3) ppm.

IR (Nujol, mull, cm™): v~ = 1734 (m), 1653 (w), 1624 (w), 1591 (w), 1530 (m), 1396
(s), 1317 (m), 1259 (m), 1177 (m), 1099 (m), 1059 (w), 1019 (m), 940 (w), 872 (w),
839 (m), 795 (s), 759 (w), 724 (w), 643 (W), 599 (w), 587 (W), 568 (w), 530 (w), 442
(w).

EI-MS: m/z (%): 709.3 (88) [M*-Me], 695.3 (100) [M"-2Me+1].

Elemental analysis for C4,Hs9AIN,OZr (726.1): Caled. C, 69.47; H, 8.19; N, 3.86.
Found: C, 69.40; H, 8.32; N, 3.52.

4.4.4 Synthesis of LAIEt(4-O)Yb(THF)Cp; (4)

THF (40 mL) was added to the mixture of LAIEt(OH) (0.84 g, 1.71 mmol) and
Cp3Yb (0.63 g, 1.71 mmol) at room temperature. The resulting solution was stirred
for 12 h until the color of the solution turned from dark green to brown. Finally all
volatiles were removed in vacuo, and then the residual was extracted with THF (30

mL). The resulting solution was kept at room temperature for 1 day to afford yellow

crystals. Yield 0.62 g (42%).

M.p. 208-210 °C.
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IR (Nujol, mull, cm™): v = 3063 (m), 1624 (w), 1586 (w), 1525 (m), 1504 (m), 1314
(m), 1259 (m), 1195 (w), 1176 (w), 1100 (m), 1057 (m), 1017 (m), 949 (w), 936 (W),
907 (m), 799 (m), 776 (m), 762 (m), 722 (W), 663 (W), 643 (W), 624 (W), 597 (w), 571
(W), 447 (w).

EI-MS: m/z (%): 764.4 (100) [M'-THF-Et], 698.3 (12) [M"-THF-Et-Cp].

Elemental analysis for C4sHgsAIN,O,YD (865.0): Caled. C, 62.48; H, 7.46; N, 3.24.
Found: C, 61.91; H, 7.30; N, 3.24.

4.4.5 Synthesis of LAIEt(1¢-O)Er(THF)Cp; (5)

THF (40 mL) was added to the mixture of LAIEt(OH) (0.49 g, 1 mmol) and CpsEr
(0.36 g, 1 mmol) at room temperature. The resulting solution was stirred for 12 h until
the color of the solution turned from pink to yellow. Finally all volatiles were
removed in vacuo, and then the residual was extracted with THF (30 mL). The
resulting solution was kept at room temperature for 1 day to afford yellow

crystals.Yield 0.18 g (21%)).
M.p. 235 °C.

IR (Nujol, mull, em™): v™ = 3063 (w), 1585 (w), 1525 (w), 1313 (w), 1254 (w), 1195
(w), 1175 (w), 1100 (w), 1057 (w), 1015 (w), 936 (w), 903 (m), 799 (w), 772 (m), 762
(m), 722 (w).

EI-MS: m/z (%): 758.3 (100) [M'-THF-Et], 693.3 (6) [M'- THF-Et-Cp].

Elemental analysis for C4sHgsAIErN,O, (859.2): Caled. C, 62.90; H, 7.51; N, 3.26.
Found: C, 61.40; H, 7.36; N, 3.08.

4.4.6 Synthesis of LAIEt(1-O)Dy(THF)Cp; (6)

THF (40 mL) was added to the mixture of LAIEt(OH) (0.49 g, 1 mmol) and
CpsDy (0.36 g, 1 mmol) at room temperature. The resulting solution was stirred for
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12 h until the color of the solution turned from yellow to light yellow. Finally all
volatiles were removed in vacuo, and then the residual was extracted with THF (30
mL). The resulting solution was kept at room temperature for 1 day to afford yellow

crystals. Yield 0.24 g (28%)).
M.p. 208-210 °C.

IR (Nujol, mull, cm™): v =1623 (w), 1585 (w), 1528 (w), 1314 (w), 1260 (w), 1175
(w), 1099 (w), 1058 (w), 1018 (w), 936 (w), 898 (W), 799 (w), 772 (w), 761 (W), 722
(W), 664 (W).

EI-MS: m/z (%): 754.3(100) [M"-THF-Et], 688.3 (20) [M"-THF-Et-Cp].

Elemental analysis for C4sHgsAIDyN,O; (854.5): Caled. C, 63.25; H, 7.55; N, 3.28.
Found: C, 62.71; H, 7.61; N, 3.26.

4.4.7 Synthesis of LAIEt(1¢-0)Y(THF)Cp; (7)

THF (40 mL) was added to the mixture of LAIEt(OH) (0.49 g, 1 mmol) and Cp;Y
(0.28 g, 1 mmol) at room temperature. The resulting solution was stirred for 12 h until
the color of the solution turned from yellow to light yellow. Finally all volatiles were
removed in vacuo, and then the residual was extracted with THF (30 mL). The

resulting solution was kept at room temperature for 1 day to afford yellow crystals.

Yield 0.34 g (44%).
M.p. 208-210 °C.

'"H NMR (500.13 MHz, C¢Ds): § 0.40 (q, J = 8.0 Hz, 2H, AICH,CHs), 1.15 (d, J = 6.8
Hz, 6H, CH(CHs),), 1.31 (d, J = 6.8 Hz, 6H, CH(CHs),), 1.34 (br, 4H, O-(CH,CHy)y),
1.50 (d, J = 6.8 Hz, 6H, CH(CHs),), 1.51 (d, J = 6.8 Hz, 6H, CH(CH),), 1.52 (s, 6H,
CMe), 1.60 (t, J = 8.0 Hz, 3H, AICH,CHs), 3.08 (br, 4H, O-(CH,CH,),), 3.45 (sept, J
= 6.8 Hz, 2H, CH(CHs),), 3.64 (sept, J = 6.8 Hz, 2H, CH(CH;),), 4.84 (s, 1H, y-CH),
5.85 (s, 10H, CsHs), 7.14-7.19 (m, Ar) ppm.
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13C NMR (125.8 MHz, C¢Dg): 6 170.6 (CN), 145.2, 144.0, 143.0, 126.9, 124.6, 124.5
(i-, 0-, m-, p-Ar), 110.0 (CsHs), 99.2 (y-CH), 71.0 (br, O-(CH,CH,),), 28.8, 27.6
(CH(CHs),), 26,6, 25.6 (O-(CH,CH,),), 25.4, 24.9, 24.8 (CH(CH3)2), 23.9 (8-CH3),
12.2 (AICH,CHs), 6.6 (br, AICH,CHs) ppm.

IR (Nujol, mull, cm™): v = 3060 (s), 2414 (w), 2069 (w), 1954 (w), 1930 (w), 1754
(w), 1626 (w), 1584 (w), 1524 (s), 1503 (m), 1313 (s), 1255 (s), 1194 (w), 1175 (m),
1100 (m), 1057 (m), 1015 (s), 948 (W), 936 (m), 901 (s), 799 (s), 772 (s), 761 (s), 722
(m), 642 (w), 622 (m), 597 (m), 569 (s).

EI-MS: m/z (%): 461.3 [M'— Et-Y(THF)Cp.] (100).

Elemental analysis for CssHgsAIN,O,Y (780.9): Caled. C, 69.21; H, 8.26; N, 3.59.
Found: C, 68.76; H, 7.48; N, 3.55.

4.4.8 Synthesis of LAIPh(u-O)Yb(THF)Cp; (8)

THF (40 mL) was added to the mixture of LAIPh(OH) (0.54 g, 1 mmol) and
CpsYb (0.37 g, 1 mmol) at room temperature. The resulting solution was stirred for
12 h until the color of the solution turned from dark green to brown. Finally all
volatiles were removed in vacuo, and then the residual was extracted with THF (30
mL). The resulting solution was kept at low temperature to afford very tiny yellow

crystals. Yield: 0.30 g (33 %).
M.p. 320°C (decomp.).

IR (Nujol, mull, cm™): v* =3055 (w), 1646 (w), 1573 (w), 1543 (w), 1322 (w), 1261
(w), 1210 (w), 1179 (w), 1124 (w), 1095 (w), 1046 (w), 1020 (w), 891 (w), 790 (W),
784 (), 762 (W), 721 (W), 699 (W), 663 (W).

EI-MS: m/z (%):764 (100) [M " -THF-Ph]
Elemental analysis for C49HgsAIN,O,Yb(913.07): Caled. C, 64.46; H, 7.07; N, 3.07.

Found: C, 63.92 ; H, 7.63; N, 3.14.
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4.4.9 Synthesis of LAIPh(4-O)Er(THF)Cp; (9)

THF (40 mL) was added to the mixture of LAIPh(OH) (0.54 g, 1 mmol) and
Cps;Er (0.36 g, 1 mmol) at room temperature. The resulting solution was stirred for 12
h until the color of the solution turned from pink to brown. Finally all volatiles were
removed in vacuo, and then the residual was extracted with THF (30 mL). The
resulting solution was kept at low temperature to afford very tiny pink crystals. Yield:

0.22 g (24%).

M.p. 320°C (decomp).

IR (Nujol, mull, cm™): v* =3050 (w), 1619 (w), 1575 (w), 1527 (w), 1319 (w), 1270
(W), 1214 (w), 1183 (w), 1099 (w), 1073 (w), 1046 (w), 1022 (w), 883 (W), 799 (w),
765 (w), 743 (w), 718 (w), 674 (W).

EI-MS: m/z (%):758 (100) [M"-THF-Ph]

Elemental analysis for C49HeAIN,O,Er (907.29): Caled. C, 64.87; H, 7.11; N, 3.09;
Found: C, 64.29 ; H, 7.04 ; N, 3.12.

4.4.10 Synthesis of LAIMe(u#-O)Zr(nBuCsHy); (10)

MeLi (2.5 M, 2.4 mL, 6 mmol) was added drop by drop to a solution of
(nBuCsHy),ZrCl, (1.2g, 3 mmol) in THF (60 mL) at 0 °C with stirring and then
warmed to room temperature overnight. The solvent was removed in vacuum and the
residual was extracted with toluene and filtered to remove the LiCl. After toluene was

removed, a red colored oil was obtained as (nBuCsHa),ZrMe,.

Newly prepared (nBuCsHy),ZrMe, was reacted with LAIMe(OH) (1.4g, 3mmol)
in situ in toluene (50 mL) for 2 hours at room temperature, and then continuously for

24 h at 100 °C. After concentration and keeping the solution at 4 °C, colorless crystals
were isolated. Yield: 0.56g (23%)
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M.p. 315°C (decomp).

'"H NMR (200.13 MHz, C¢Dq): 6 0.12 (s, 3H, ZrMe), -0.28 (s, 3H, AICH3), 0.88 (d, J
= 6.8 Hz, 6H, CH(CH),), 1.08 (d, J = 6.8 Hz, 6H, CH(CH),), 1.20 (d, J = 6.8 Hz, 6H,
CH(CH:),), 1.31 (d, J = 6.8 Hz, 6H, CH(CHz),), 1.54 (m, J = 6.8 Hz, 18H, Cp(n-Bu)),
3.32 (sept, J= 6.8 Hz, 4H, CH(CHs),), 2.27 (m, 6H, CMe), 4.80 (s, 1H, y-CH), 5.05
(b, 2H, CsHs), 5.11 (b, 2H, CsHs), 5.26 (b, 2H, CsHs), 5.57 (b, 2H, CsHs), 7.24-7.27

(m, 4r) ppm.

IR (Nujol, mull, em™): v* = 1735 (m), 1650 (w), 1619 (w), 1585 (w), 1528 (m), 1399
(s), 1315 (m), 1254 (m), 1171 (m), 1096 (m), 1050 (w), 1015 (m), 937 (w), 870 (w),
832 (m), 794 (s), 753 (W), 724 (w), 641 (w), 592 (W), 585 (W), 567 (w), 528 (W), 440
(W).

EI-MS: m/z (%): 809 (82) [M*-Me]

Elemental analysis for C4oH73AIN,OZr (824.32): Calcd. C, 71.39; H, 8.93; N, 3.40;
Found: C, 70.69 ; H, 9.14; N, 3.41.

4.4.11 Synthesis of LGe(¢-0)Yb(THF)Cp, (11)

THF (60 mL) was added to a mixture of LGeOH (0.86 g, 1.69 mmol) and Cp;Yb
(0.62 g, 1.69 mmol) at room temperature. The mixture was stirred overnight, and the
color of the solution turned yellow from dark green. After the removal of all volatiles
in vacuo, the residue was extracted with THF (40 mL). Partial removal of the solvent
and keeping the flask at 4 °C afforded pale-yellow crystals of X-ray quality. Yield:
0.34 g (25%);

M.p. 218 °C (decomp).

IR (Nujol mull, ecm™): v~ = 1697 (w), 1624 (w), 1553 (w), 1533 (w), 1261 (w), 1172
(w), 1101 (w), 1058 (w), 1017 (w), 936 (w), 890 (w), 834 (w), 796 (w), 771 (m), 755
(w), 723 (w).
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EI-MS: m/z (%) 491.25 (100) [M"-OYb(THF)Cps].

Elemental analysis for C43Hs9GeN,O,Yb (881.6): Calcd. C, 58.58; H, 6.75; N, 3.18.
Found C, 58.41; H, 6.78; N, 3.11.

4.4.12 Synthesis of LGe(4-0)Y(THF)Cp; (12)

THF (60 mL) was added to a mixture of LGeOH (0.51 g, 1.00 mmol) and Cp;Y
(0.28 g, 1.00 mmol) at room temperature. The mixture was stirred overnight, and the
color of the solution turned yellow from dark green. After the removal of all volatiles
in vacuo, the residue was extracted with THF (40 mL). Partial removal of the solvent
and keeping the flask at 4 °C afforded pale-yellow crystals of X-ray quality.Yield:
0.18 g (22%);

M.p. 210 °C (decomp).

'"H NMR (200.13 MHz, C¢Ds): 6 1.20 (d, J = 6.8 Hz, 6 H, CH(CHz),), 1.26 (d, J = 6.8
Hz, 6 H, CH(CHs),), 1.47 (d, J= 6.8 Hz, 6 H, CH(CHs),), 1.41 (b, 4H, O-(CH2CHa),),
1.53 (s, 6 H, CMe), 1.58 (d, J = 6.8 Hz, 6 H, CH(CH),), 3.31 (b, 4H, O-(CH,CHa),),
3.54 (sept, J = 6.8 Hz, 2 H, CH(CHs),), 3.80 (sept, J = 6.8 Hz, 2 H, CH(CHs),), 4.76
(s, 1 H, y-CH), 5.90 (s, 10 H, (CsHs)s), 7.10-7.20(m, Ar).

IR (Nujol, mull, cm™): v= 2416 (m), 1759 (w), 1624 (m), 1553 (s), 1514 (m), 1319
(s), 1260 (s), 1172 (m), 1100 (m), 1059 (m), 1012 (s), 932 (w), 888 (w), 861 (m), 838
(m), 795 (s), 772 (s), 756 (s), 724 (s), 664 (m).

EI-MS: m/z (%) 491.25 (100) [M"-OY(THF)Cp.].

Elemental analysis for C43HsoGeN,O,Y (797.5): Calcd. C, 64.76; H, 7.46; N, 3.51.
Found C, 64.53; H, 7.52; N, 3.43.

4.4.13 Synthesis of [CH(C(Me)NH-2,6-iPryCsHz)s] [(CoFs)sB(u-OH)B(CgFs)s]
(13)
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Freshly prepared (C¢Fs);B-OH; (0.53g, Immol) was added to a solution of LAI:
(0.44g, Immol) in toluene at -20 °C with stirring. Then the mixture was warmed to
room temperature. Color changed from red to colorless. The reaction was continued
for 12 hours and then the reaction mixture filtered. The filtrate was concentrated.

Colorless crystals suitable for X-ray structural analysis were obtained. Yield: 0.15g

(21%)
M.p.216-218°C.

'"H NMR (300.13 MHz, CDCLy): 6 12.39(s, 2H, NH) 7.59(s, 1H, OH), 7.02-7.05(br,
6H, Ar), 4.59(s, 1H, y-CH), 2.52(sept, J=6.8 Hz, 4H, CHMe,), 1.82 (m, 6H, CMe),
1.02 (d, J=6.8Hz, 12H, CHMe»), 0.85 (d, J=6.8Hz, 12H, CHMe>).

F NMR (188.28 MHz, CDCL): 6 27.18 (d, J=16.6Hz, o-F), 3.47 (br, m-F), -1.91(t,
J=17.5Hz, p-F).

"B NMR (300.13MHz): 6 -3.79 (s)

IR (Nujol, mull, cm™): v* =3699(s), 3542 (s), 3390(s), 3066(s), 1647(s), 1592(s),
1542(s), 1519(s), 1343(s), 1316(s), 1277(d), 1260(s), 1179(s), 1089(s), 1025(s),

981(s), 938(s), 908(s), 886(d), 855(s), 788(d), 763(s),731(s), 695(s), 669(s), 626(s),
602(s), 576(s), 533(s), 512(s), 485(s), 452(s).

EI-MS: m/z (%) 512 (100) [(CeFs);B ], 403(88)[NacNac-Me], 418(30)[NacNac 7.

Elemental analysis for Ce¢sHa4B2F30N20(1460.63): Calcd. C, 53.45; H, 3.04; N, 1.92;
Found: C, 53.33; H, 3.07; N, 2.01.

4.4.14 Synthesis of (Cp ,ZrMeOLi),(THF), (14)

To a solution of Cp*ZZrMe(OH) (0.79g, 2mmol) in THF (60mL) was added drop
by drop LiN(SiMes), (0.33g, 2mmol) at -20 °C with stirring. Then the mixture was
warmed to room temperature. After 2 hours, the volatiles were evaporated in vacuum.

The residue was extracted with hexane and filtered. The solution was concentrated
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under vacuum and stored at -20 °C to give colorless crystals. Yield: 0.29g (31%)
M.p. 198 °C (decomp).

'H NMR (300.13 MHz, C¢Ds): 6 -0.22 (s, 3H, ZrMe), 1.4(br, 4H, O-(CH,CH,),), 1.8
(s, 30H, Cp"), 3.2 (br, 4H, O-(CH>CHb,),)

IR (Nujol, mull, cm™): v =2963 (s), 2910(s), 1487(m),1436 (m), 1370(m), 1260(m),
1095(m), 1021(m), 940(m), 863(m), 801(m)

EI-MS: m/z (%): 377(100) [1/2 M"-Me-Li]

Elemental analysis for CsoHg,Li1,04Z1; (943.51): Calcd. C, 63.65; H, 8.76; Found: C,
63.26 ; H, 8.11,.

4.4.15 Synthesis of Cp*zPrN(SiMe3)z (15)

Cp'Li (0.57g, 4mmol) was added drop by drop to a slurry of PrCl; (0.5g, 2mmol)
in THF (60 mL) with stirring at 0 °C and then heated to reflux for 24 hours. The
solvent was removed under vacuum, and the residue was extracted with toluene. Then
the solution was filtered and cooled to 0 °C. LiN(SiMe;), (0.33g, 2mmol) was slowly
added to the solution in situ with stirring overnight. The volatiles were evaporated in
vacuum. The residual was extracted with toluene. After filtration, the solution was

concentrated and kept at -20 °C to result in dark crystals. Yield: 0.24g (21%).
M.p. 189 °C (decomp).
EI-MS: m/z (%) 136 (100) [Cp*'], 160 (17) [(SiMe3),N]

Elemental analysis for C,sH4sNPrSi, (571.74): Caled. C, 54.62; H, 8.46; N 2.45;
Found: C, 53.47; H, 9.13; N, 2.01

4.4.16 Synthesis of (9-Oxidophenalenone);Yb (16)
To a solution of Yb[N(SiMes)z]3 (0.65g, 1mmol) in toluene (30 mL) was slowly
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added 9-hydroxyphenalenone (9-opo) (0.59g, 3mmol). A yellow suspension appeared
immediately. After stirring for 3 hours, the volatiles were evaporated in vacuum. The

residual was washed with toluene (3x20 mL). Yield: 0.72g (95%).
M.p. 326°C (decomp.).

IR (Nujol, mull, ecm™): v* = 1625 (s), 1571 (m), 1507 (m), 1420 (m), 1381 (br), 1265
(s), 1247 (m), 1185 (m), 1138 (s), 984 (s), 963 (v), 902 (br), 840 (br), 754 (w), 710 (s),
680 (m), 637 (s), 570 (m), 528 (m), 475 (m), 439 (w).

EI-MS: m/z (%) 195 (100) [9-opo'], 758 (35) [M']

Elemental analysis for C3oH,106Yb (758.62): Calcd. C, 61.75; H, 2.79; Found: C,
61.23; H, 3.02.

4.4.17 Synthesis of [(Me3Si);NC(NCy),];SmBr,Li(THF), (17)

To a solution of Li[N(SiMe3)] (0.86 g, 97%, 5 mmol) in THF (60 mL) was slowly
added CyN=C=NCy (1.03 g, 5 mmol) at 20 °C, and after 45 min of stirring SmBr;
(0.98g, 2 mmol) was added. The reaction mixture was stirred overnight to obtain a
clear solution, and then the solvent was evaporated in vacuo. The remaining solid was
extracted with toluene (50 mL). After filtration, the solution was concentrated under
vacuum and stored at room temperature for 2 days to give large yellow crystals. Yield:

2.46g (82%)
M.p. 256 °C (decomp.).

IR (Nujol, mull, cm™): v> =1635 (m), 1370 (m), 1294 (m), 1251 (s), 1210 (m), 1103
(m), 1050 (s), 950 (s), 920 (s), 870 (m), 831(s).

EI-MS: m/z (%) 160 (8) [(SiMe3).N"].

Elemental analysis for C46HosBr,LiNgO,S14Sm (1194.74): Calced. C, 46.24; H, 8.10; N,
7.03; Found: C, 46.07; H, 8.12; N, 6.89.
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4.4.18 Synthesis of [(Me3Si),NC(NCy):],Sm(THF)(u-O)MeAIL (18)

To a solution of [(Me3;Si1),NC(NCy);],SmBr,Li(THF), (0.6g, 0.5mmol) in toluene
(60 mL) was slowly added LiCH,SiMes (0.5 mL, 1.0 M in hexane) with stirring at -20
°C. Then the solution was slowly warmed to 0 °C within 45 minutes. After that, the
solution was transferred to a solution of LAIMe(OH) (0.48g, 1 mmol) in toluene(10
mL) through a filter. Then the mixture was stirred over night at room temperature.
The solvent was then evaporated in vacuo. The remaining solid was extracted with
toluene (50 mL). After filtration, the solution was concentrated under vacuum and

stored at -30 °C. Tiny needles were obtained after several days. Yield: 0.13g (18%)
M.p. 247 °C (decomp).

IR (Nujol, mull, cm™): v* = 1635 (m), 1595 (w), 1560 (w), 1521 (m),1370 (m), 1295
(m), 1263 (m), 1201 (m), 1117 (m), 1044 (m), 950 (m), 928 (m), 875 (m), 831(w),
783(m)

EI-MS: m/z (%) 418(70) [NacNac '], 160 (18) [(SiMes3),N"].

Elemental analysis for C7,H;3,AINgO,S14Sm (1431.55): Caled. C, 60.45; H, 9.23; N,
7.83; Found: C, 61.12; H, 9.31; N, 7.46.

4.4.19 Synthesis of [(Me3Si),NC(NCy)SmCL|s(THF); (19)

To a solution of Li[N(SiMe3)] (0.86 g, 97%, 5 mmol) in THF (60 mL) was slowly
added CyN=C=NCy (1.03 g, 5 mmol) at 20 °C, and after 45 min of stirring SmCl;
(1.28 g, 5 mmol) was added. The reaction mixture was stirred overnight to obtain a
clear solution, and the solvent was then evaporated in vacuo. The remaining solid was
extracted with toluene (50 mL). After filtration, the solution was concentrated under

vacuum and stored at 0 °C in a freezer to give yellow crystals. Yield 1.33 g (43 %).
M.p. 184 °C (decomp.).

IR (Nujol, mull, cm™): v = 1633 (m), 1377 (s), 1305 (m), 1261 (m), 1154 (m), 1093
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(m), 1021 (m), 958 (m), 891 (m), 843 (m), 802 (m), 722 (m) cm .

Elemental analysis for Cjo3H216Cl10N1502S1;0Sms (3084.1): Caled. C 40.11, H 7.06, N
6.81; found C 39.29, H 7.18, N 6.50.

4.4.20 Synthesis of [(Me3Si);NC(NCy),YbCl,],(LiCl),(THF)4 (20)

To a solution of Li[N(SiMe3)] (0.86 g, 97%, 5 mmol) in THF (60 mL) was slowly
added CyN=C=NCy (1.03 g, 5 mmol) at 20 °C, and after 45 min of stirring YbCls (1.4
g, 5 mmol) was added. The reaction mixture was stirred overnight to obtain a clear
solution, and the solvent was evaporated in vacuo. The remaining solid was extracted
with toluene (50 mL). After filtration, the solution was concentrated under vacuum
and complex 20 was isolated as purple solid. Yield 1.97 g (50 %). Crystals suitable for

X-ray structural analysis were obtained after storing the solution at 0 °C in a freezer.
M.p. 147 °C (decomp.).

IR (Nujol, mull, cm™): v = 1629 (m), 1402 (s), 1385 (s), 1261 (s), 1095 (s), 1025 (s),
801 (s), 722 (m) cm .

Elemental analysis for CssH;1,ClgLi1:NgO4Si4Yb, (1594.53): Calcd. C 40.68, H 7.08,
N 5.27; found C 39.99, H 7.04, N 5.35.

4.5. Polymerization of Ethylene

On a vacuum line (10™ Torr), polymerizations were carried out in a 200 mL
autoclave (Biichi). In a typical experiment, 100 mL of dry toluene (from Na/K) were
vacuum transferred into the polymerization flask, pre-saturated with 1.0 atm of
rigorously purified ethylene. The catalyst (0.009 g in toluene; 10 mL, 12.4 umol) was
placed in a Schlenk flask and appropriate MAO (1.6 M in toluene) was added. The
mixture was stirred for 20 min to activate the catalyst. The catalyst solution was then

quickly injected into the rapidly stirred flask using a gas-tight syringe. After a

76



Chapter 4. Experimental Section

measured time interval, the polymerization was quenched by the addition of methanol
(5 mL) and then the reaction mixture was poured into methanol (800 mL). The
polymer was allowed to fully precipitate overnight and then collected by filtration,

washed with fresh methanol, and dried.

4.6. Polymer Characterization

BC  NMR assay of polymer microstructure was conducted in
1,1,2,2-tetrachloroethane-d, at 120 °C. Resonances were assigned according to the
literature for polyethylene. Differential Scanning Calorimetric measurements of the
polymer melting curves were performed on a TA instrument 2920 (Modulated
Differential Scanning Calorimeter), which was calibrated against indium metal.

Typically ca. 4 mg samples were used (10 °C /min).
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5. Handling and Disposal of Solvents and Residual Waste

1 The recovered solvents were distilled or condensed into cold-traps under vacuum,
collected in halogen-free or halogen-containing solvent containers, and stored for

disposal.

2 Used NMR solvents were classified into halogen-free or halogen-containing
solvents and were disposed as heavy metal-containing wastes and halogen-containing

wastes, respectively.

3 The heavy metal residues were dissolved in nitric acid and after neutralization

stored in the container for heavy metal wastes.

4 Drying agents such as KOH, CaCl,, MgCl,, MgSO,, and P40, were hydrolyzed

and disposed as acid or base wastes.

5  Wherever possible, sodium metal used for drying solvents was collected for
recycling. The non-reusable sodium metal was carefully treated with cold ethanol and

potassium in cold isopropanol and collected into the base-bath cleaning glassware.

6 Ethanol and acetone used for cooling baths were subsequently used for cleaning

glassware.

7 The acid bath for cleaning glassware was neutralized with Na,CO; and the

resulting NaCl solution was washed off in the water drainage system.

8 The residual of the base both for cleaning glassware was poured into the

container for base wastes.
9 Amount of various types of disposable wastes generated during the work:

Metal containing wastes 10 L
Halogen-containing wastes 7 L
Halogen-free solvent wastes 50 L
Acid wastes 20 L

Base wastes 18 L
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6. Crystal Data and Refinement Details

Table CD1. Crystal data and structure refinement for 2

Formula

fw

T (K)

Crystal system
Space group
A(A)

Unit cell dimensions

V(A%

VA

peac (g/em”)

g (mm™)

Crystal size (mm)

6 Range for data collection (°)

Index ranges

Reflections collected

Independent reflections [Riy]

Data/restr./param.

Goodness-of-fit on F>

Ry, wR; (I>20'(l))
Ry, wRy(all data)

Largest differences in peak/hole (e A™)

C39He3AIN,O3
634.89

133(2)
Orthorhombic
P2,2,2,
0.71073
a=9.4622(9) A
b=15.1590(15) A
c=26.479(3) A
3798.0(6)

4

1.110

0.090

0.40 x 0.30 x 0.25
1.54 t0 28.70
-12<h <12,
-20< k<20,
-35<1<35
44236

9787 [0.0414]
9787/137/421
1.059

0.0561, 0.1462
0.0817, 0.1656
0.569/ 0.450
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Table CD2. Crystal data and structure refinement for 3

Formula

fw

T (K)

Crystal system
Space group
A(A)

Unit cell dimensions

V(A%

VA

Peate (glem’)

p (mm™)

Crystal size (mm)

6 Range for data collection (°)

Index ranges

Reflections collected
Independent reflections [Riy]
Data/restr./param.
Goodness-of-fit on £~

Ry, wRy (I>20(1))

R, wRy(all data)

Largest differences in peak/hole (e A™)

C42HsoAIN,OZr
726.11

100(2)
Orthorhombic
Pnma

0.71073
a=18.8469(17) A
b=19.6279(17) A
c=10.2628(9) A
3796.5(6)

4

1.270

0.347

0.27 x 0.27 x 0.12
2.08 to 33.73
-29<h<29

-30< k<30,
-15<i<16

128071

7767 [0.0398]
7767/4/240

1.040

0.0286, 0.0734
0.0358, 0.0781
0.772/_0.461
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Table CD3.Crystal data and structure refinement for LGe(u#-O)Yb(THF)Cp,(11)

Formula

fw

T (K)

Crystal system
Space group
A(A)

Unit cell dimensions

V(A%

VA

peate (g/em’)

p (mm™)

F(000)

Crystal size (mm)

0 Range for data collection (°)

Index ranges

Reflections collected
Independent reflections [Rin]
data/restraints./params
Goodness-of-fit on F?

R1, wR, (I>20(1))

R1, wRy(all data)

C43Hs50GeN,O,Yb

881.55

133(2)

triclinic

P-1

0.71073

a=8.8701(6) A, 0=90.055(3) °
b =37.489(3) A, p=98.337(3) °
¢ =11.9890(8) A, y=89.994(3) °
3944.5(5)

4

1.484

3.155

1796

0.35x0.35 x0.20

0.54 to 28.70

-1 <h<l1l

-50<k<50

-l6</<16

69676

19957 [0.0319]
19957/1429/904

1.096

0.0385, 0.0682

0.0497, 0.0709
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Table CD4. Crystal data and structure refinement for LGe(x-O)Y(THF)Cp,(12)

Formula C43Hs50GeN,OL Y
fw 797.42

T (K) 100(2)

Crystal system triclinic

Space group P-1

A(A) 0.71073

Unit cell dimensions

a=8.8517(4) A, ¢ =90.190(3) °
b =37.4086(16) A, B = 98.071(3) °
¢ =12.0005(5) A, y =90.000(3) °

V(A% 3934.3(3)
Z 4

Peale (g/em’) 1.346

u (mm™) 2.269
F(000) 1672

Crystal size (mm)

0.23 x0.10 x 0.10

6 Range for data collection (°) 1.63 to 26.37

Index ranges -11<h<11
-46 <k <46
-14<i1<14

Reflections collected 84265

Independent reflections [Riy] 16033 [0.0543]

data/restraints./params 16033/1429/904
Goodness-of-fit on F? 1.198
R1, wR, (I>20(1)) 0.0556, 0.1048

Ry, wRx(all data) 0.0716, 0.1095
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Table CDs. Crystal

and structure refinement

[CH(C(Me)NH-2,6-iPr,CsH3)2] " [(CoFs)sB(u-OH)B(C4Fs)3] (13)

Formula

fw

T (K)

Crystal system
Space group
A(A)

Unit cell dimensions

A%

VA

peac (g/em’)

p (mm’)

F(000)

Crystal size (mm)

6 Range for data collection (°)

Index ranges

Reflections collected
Independent reflections [Rjn]
data/restraints./params
Goodness-of-fit on £~

Ry, wRy (I>20(1))

R, wRy(all data)

Largest differences in peak/hole (e A™)

CesHaaBoF30N20O
1460.64

133(2)

Monoclinic

P21/c

0.71073

a=11.9938(2) A, a =90°
b=17.0748(4) A, =90.165(2) °
¢ =29.9829(6) A, y =90°
6140.2(2)

4

1.580

0.157

2944

0.27 x0.19 x 0.17

1.36 to 25.88

-14 <h <14,

-20< k<20,
-36<1<36

36068

11821 [0.0411]
11821/0/1030

1.009

0.0421, 0.0860

0.0688, 0.0941
0.648/-0.356

for
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Table CDé6. Crystal

[(Me;3Si);NC(NCy),SmCl|s(THF); (19)

Formula

fw

T (K)

Crystal system
Space group
A(A)

Unit cell dimensions

A%

VA

peac (g/em’)

p (mm’)

F(000)

Crystal size (mm)

6 Range for data collection (°)

Index ranges

Reflections collected
Independent reflections [Rjn]
data/restraints./params
Goodness-of-fit on £~

Ry, wRy (I>20(1))

R, wRy(all data)

Largest differences in peak/hole (e A™)

data

and structure refinement

C103H216Cl10N1502S110Sms
3084.06

100(2)

Triclinic

P-1

0.71073

a=17.5764(19) A, a =74.5700(10) °
b=19361(2) A, §=70.6270(10) °
¢ =24.774(3) A, 7 =66.9270(10) °
7226.3(13)

2

1.417

2.313

3150

0.2 x0.1 x0.1

2.01 to 25.74

-19<h<21

-22<k<23

0</<30

144891

27482 [0.0948]

27482/76/1441

0.925

0.0328, 0.0728

0.0463, 0.0765

0.937/-1.034

for
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Table CD7. Crystal

data

and structure

[(Me3Si);NC(NCy),YbCly]5(LiCl),(THF), (20)

Formula

fw

T (K)

Crystal system
Space group
A(A)

Unit cell dimensions

A%

VA

peac (g/em’)

p (mm’)

F(000)

Crystal size (mm)

6 Range for data collection (°)

Index ranges

Reflections collected
Independent reflections [Rjn]
data/restraints./params
Goodness-of-fit on £~

Ry, wRy (I>20(1))

R, wRy(all data)

Largest differences in peak/hole (e A™)

Cs4H112ClLiN604S14Y b
1594.52

100(2)

Triclinic

P-1

0.71073

a=10.759(3) A, a =77.330(3) °
b=12.652(4) A, =71.772(3) °
c=14.657(4) A, y =78.326(3) °
1829.5(9)

1

1.447

2.867

814

0.2 x0.2x%0.1

1.67 to 27.10

-12<h<13

-15<k<16

0</<18

43553

8057 [0.0251]

8057/0/377

1.054

0.0161, 0.0415

0.0168, 0.0419

1.368/-0.658

refinement

for
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