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ABSTRACT

The synthesis of yttrium phenalenide complexes 129-132 was achieved by salt
metathesis reactions between ligand anions and YCls. Ytterbium phenalenide
complexes 133-137 were synthesized by protonolysis reactions between neutral
ligands and Yb[N(SiMes)>]o(THF),. The solid state structure of (Pn‘B")ng(THF ) 136
reveals a unique 1° bonding pattern, however the electrons of the phenalenide ligand
remain delocalized even when bonded to the metal center.

Mono-alkyl complexes (PCpR)gY(CHgSiMe3)(THF) 147-149 (R = Me, Ph, H)
and bis-alkyl complexes (PCp*)Y(CH>SiMes)»(THF) 150 and
(sCp)Y(CH:SiMes)»(THF) 152 were synthesized by direct protonolysis reactions
between Y(CH.SiMes)3(THF), and neutral ligands. When treated with phenylsilane,

complex 148 generated the crowded hydride dimer [(PCpph)gY(u-H)]g 161.



Complexes 150 and 152 undergo acid-base, metallation, insertion reactions and
polymerization of small substrates. A variable temperature '"H NMR study of 150
and 152 at low temperature reveals an equilibrium between 150/152-THF and
150/152. The THF-free complexes, 150/152-THF, appear to undergo inversion of a
pyramidal ground state structure to generate a Cyy symmetric intermediate. The
X-ray structures of 136, 147, 150, 152, (sCp)Y(CH:SiMes) (bipy) 154, 161,
[PCp*Y(CCSiMe;)(THF)]g(uZ-CCSiMe;)g] 167, acetylide cluster 169 and
bis-(Me;Si),Cp yttrium chloride dimer 176 were determined and structural feanjres

discussed.
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Chapter One. Introduction

1.1 Historical Development

The discovery of ferrocene in 1951 is considered to be the start of
organometallic chemistry.l’2 The use of cyclopentadienyl (Cp) as a ligand was
expanded rapidly to other transition metals. Tris(cyclopentadienyl) lanthanide
complexes, the first Cp lanthanide complexes. were reported in 1956 by Birmingham
and Wilkinson.” In the next twenty years, lanthanide chemistry mainly focused on salt
metathesis reactions (Scheme 1.1) by starting with a lanthanide halide and an alkali
salt of the ligand, and modification of the complexes with various groups.4 Due to the
small size of the Cp ligand, the preparation of Cp lanthanide complexes can easily
afford “ate” complexes (negatively charged species formed by addition rather than
salt elimination, eg. Na'[YbCps]'), especially for early lanthanide metals with larger
ionic radii. To resolve the problem of “ate” complexes, two strategies were applied to
lanthanide chemistry: increase the ligand bulk and develop acid-base reactions by

starting with neutral protic ligands (Scheme 1.1).

3L'M- +  LnX; > LnL, +  3MX

3LH  + LnR, - LnL, + 3RH
L =ligand; Ln=Sc, Y, La-Lu; R =alkyl, amide; M = alkali metal; X = halides
Scheme 1.1. Protonolysis and salt metathesis reactions
As a result of the ionic bonding in lanthanide complexes,® the structural

configuration adopted is mainly controlled by steric effects, so increasing the ligand



bulk should bring dramatic structural changes and therefore affect chemical reactivity.
Pentamethylcyclopentadienyl (Cp*), linked Cp and indenyl were investigated under
this assumption and did show some interesting changes as expected.”” To avoid
solvation and “ate” complexes completely, lanthanide tris(alkyl) precursors such as
Ln[CH(SiMe3)»]3 and Ln(CH>SiMes)3(THF), were developed to react with neutral Cp
ligands (CpH) to give halide-free complexes.®® Although the development of
lanthanide chemistry prior to 1980 was very fundamental, the basic foundation was
firmly built during this period. _

After 1980, lanthanide Cp chemistry expanded rapidly and developed in two
distinctive but correlated directions: (i) synthesis and characterization of novel
complexes possessing interesting ligands or properties; and (ii) the development of
lanthanide complexes focusing on specific catalytic reactivity. Protonolysis of
lanthanide alkyl or amide precursors were developed into an important route for the
preparation of lanthanide complexes, while salt metathesis reactions remained viable
for some preparative routes. Although bulky amide or diamide lanthanide complexes

have attracted growing interest in the last decade, Cp chemistry shows more diversity

and remains central to organolanthanide synthesis and reactivity.

1.2 Lanthanide Complexes Bearing Cp Units
The Cp ligand represents the earliest stage of organolanthanide chemistry with
numerous papers published based on the parent Cp ligand or simple modifications.

Cp* (CsMes) 1, Cp with bulky substituents 2, aromatic-fused Cp ligands 3, Cp with



constrained geometry 4 and linked ansa-Cp 5 and have all been well studied over the
last two decades in lanthanide chemistry (Fig 1.1). Many complexes possessing
unique structures and properties were developed. Although the Cp ligand itself may
show a great deal of diversity by different substituents on the Cp ring, lanthanide
chemistry with different Cp ligands remains relatively similar to Cp*, so a more

detailed discussion of the Cp* ligand system is given in the next section.

2 3

o O 0

4 5

Figure 1.1. Interesting ligands bearing the Cp unit.

1.2.1 Cp* Lanthanide Chemistry
Divalent metallocenes of Sm, Eu and Yb based on the Cp* ligand form a very
exciting class of low oxidation state lanthanide complexes (E’ox (vs. SCE): Sm, 1.55V;
Yb, 1.15V; Eu, 0.43V).* A number of papers report the synthesis of divalent
metallocenes by reacting different lanthanide halides with an alkali metal salt of
Cp*.'"™" In addition, reductive routes including metal vapor reactions are unique.
Europium, with the most stable divalent oxidation state, forms a divalent metallocene

directly in the reaction of EuCl; with three equivalents of NaCp*." In this case, Cp*



acts as the reducing agent for Eu(IlI) and is oxidized to Cp* radical. The metal vapor
routes use the lanthanide metals alone as a reducing agent for Cp*H with generation
of hydrogen gas and metallocene formation.'? The coordinating solvent in solvated
Cp*:LnLy complexes could sometimes be removed by heating to form Cp*,LnL or
sublimation to form solvent-free Cp*,Ln."*'” Stronger electron donors could also

replace Et:O or THF by ligand exchange (Scheme 12)Me

L Heat
LnX, +2MCp*  ———»  LnCp*,L, > LnCp*,L
/
L' Vacuum | Heat™
Ln + 2Cp*H
L
EuCl, + 3Cp*Na LnCp*,L, LnCp*,

Ln=Sm, Yb, Eu; X=Cl, Br,I; M=Li,Na,K; L=Et,O, THF; L=Py

Scheme 1.2. Reaction routes for divalent lanthanide metallocenes

X-ray structural studies on YbCp*»(THF) 6 showed a monomeric structure,'’
unlike Yb(MeCp)-(THF) 7,'"® which was determined by X-ray to exist as a chain
polymer structure. The average Yb-C and Yb-O bonding distances in 6 are both
shorter than those in 7. Thus, the great impact imposed by the bulky Cp* ligand can
be seen clearly. Also, X-ray structural studies showed that unsolvated LnCp*, (Ln =
Sm, 8; Yb, 9) adopt bent structures, possibly due to weak van der Waals attractive
forces between the ligand Cp* rings.‘ggo

Cp*>Sm(THF), 10 and unsolvated SmCp*, 8 showed extremely high reactivity
towards substrates containing multiple bonds, including N, various alkenes and large

aromatic hydrocarbons. The first lanthanide dinitrogen complexes 11 was obtained by



slow evaporation of SmCp*, solution under N> and showed unusual dinitrogen side-
on coordination to two SmCp*; units.”’ The reaction with styrene yields a binuclear
Sm(IIT) complex 12 bonded to a reduced hydrocarbon through 'qz:'q4 bonding (Scheme
1.3).” The presence of a Sm(III) metal center can be seen by the significantly shorter
Sm-Cp* (2.4-2.5A) distances compared with those in Sm(I)-Cp* (2.8A)."
Remarkaialy, this reaction with styrene can be reversed to starting materials with
simple addition of THF.> Similarly, the reaction with diphenylacetylene generates a

Sm(I1I) metal center and (PhCCPh)> with an n*:n’ bonding mode.

N - TSE¢ SmCp*,
Cp*ZSm<N//>Sme"2 20 \
11 \ ‘ALEI3
Nz A@’ne S C *
SmCp*, ' mLpss 12

N SmCp*,
O O acridine 8 &thricene SmCp*
/ lAlMC; '
so N es
AT N

| Al I
Me Me
~ *
SmCp*, Cp*,Sm\ \,Sme*, SmCp%
- Me /Me -
14 ~ 13
Al 19
Me Me

Scheme 1.3. Reactions of SmCp*; with various substrates

The reactivity of SmCp*, 8 with polycyclic aromatic hydrocarbons was also
studied in detail. SmCp*, reacted with anthracene or acridine to afford trivalent
complexes 13 or 14 in which the Sm(III) metal centers were bonded with the aromatic

hydrocarbons through an 'r|3 -allyl or azaallyl unit. Interestingly, reductive dimerization



was observed in the acridine case (Scheme 1.3).24 The dimerization product, with the
n’:n° bonding mode, was also found for the reaction between 1,3-butadiene and
SmCp*, 8. The reaction with bispyridylethene (pyCH=CHpy) gave two products
which could undergo interconversion to each other. Sm(II) reduces pyCH=CHpy to
form the radical, which could then either react with another SmCp*, to generate
(Sme*z)z(u-n2:nz—pyCHCpr) 15 or dimerize to form (Sme*g)g[p.-n3:n3 -py4(CH)s]
16.>°

These interesting reactions are all due to the high reducing power of Sm(II) for
the Sm(II)/Sm(IIT) couple. Compared with the divalent samarium metallocenes, the
chemistry of YbCp*, 9 with n-ligand is not well developed, and no simple alkene
adducts were made successfully, except for one stable m-adduct of divalent ytterbium
with an electron rich ethylene coordinated to a platinum center.””?* In case of alkynes,
YbCp*g(nz—MeCCMe) showed weak coordination of the alkyne with the Yb center
remaining in the divalent oxidation state.”’ The coordination of various heterocyclic
nitrogen bases to 9 was also studied and showed various features depending on
coordination ability of the bases.”> Similarly to the Sm analogue,” YbCp*y(bipy) 17
is paramagnetic and contains a bipyridyl radical anion.”’

Given their high oxidation potentials, divalent Sm and Yb complexes can be
oxidized to trivalent complexes by a variety of oxidizing reagents. LnCp*,(THF) can
be oxidized by traces of oxygen, pyridine-N-oxide or N>O to form (p-O)(LnCp*,),
18.3* Reductive cleavage of E-E bonds (ie, PhyE>) is an elegant route to prepare

trivalent Ln-E (Ln= Yb, Sm; E= S, Se, Te) (ie, LnCp*,EPh) complexes.”>** Cp



lanthanide fluoride can be prepared by oxidation of divalent complex by
perﬂuoroalkenes.z'7 Remarkably, 8 can reduce trimethylaluminium to Al metal and
form the trivalent cyclic dimer 19 (Scheme 1.3, p5).38 Similarly, reaction with
triethylaluminium gave a monomer Cp*,Sm(p-Et)>,AlEt; 20 (Scheme 1.3).%° Similar
reaction with Cp*,Yb(THF) yields an Yb(II) adduct Cp*,Yb(p-Et)AlIEty(THF) 21
with an interesting p-Et coordination mode.*

Unlike divalent chemistry which is essentially restricted to Sm, Yb and Eu,
trivalent chemistry involves all lanthanide metals and has mainly focused on_the
preparation and reactivity of lanthanide alkyls and hydrides. Cp*,LnR itself is
catalytically active and behaves as a precursor for a potentially more active lanthanide
hydride. A typical procedure for the preparation of lanthanide hydrocarbyls and
hydrides starts with bis-Cp* lanthanide halides and the alkali salt of the hydrocarbyl
ligand. Once isolated, the lanthanide hydrocarbyl may be reacted with hydrogen gas
to generate a lanthanide hydride.

The THF adducts LnCp*>;Me(THF) (Ln =Sc, Y, Sm, Yb, Lu) are all thermally
stable, and can form “ate” complexes [LnCp*,(u-Me):JLi" in presence of excess
organolithium reagents.4l A monomeric scandium methyl complex can be prepared
from ScCp*,Cl and MeLi.** The larger lanthanides yield dimeric [Cp*,Ln(p-Me)]
(Ln=7, 22; Lu, 23) in a similar reaction.”* Oxidation of divalent metal centers (Yb
or Sm) can be used to prepare lanthanide hydrocarbyls, such as [Cp*,Yb(u-Me)]» 24
and Cp*,SmPh(THF), 25 by oxidation of the appropriate LnCp*, with methylcopper

or HgPhs, respectively.3 8,45



The lanthanide methyl complexes mentioned above can afford the
corresponding hydrides by hydrogenolysis and they are highly reactive in C-H
activation of bezene, pyridine, or SiMes by methane elimination (Scheme 1.4).%*
More remarkably, C-H bonds in BCH, can be activated by methyl lanthanides
possibly through a fulvene lanthanide complex as intermediate. Fulvene complexes
have also been shown to form in the thermal decomposition of LnCp*;Me(THF).***®

CO and CO; can readily insert into the Ln-C bond to afford the corresponding acyls

and carboxylates, respectively.“

-

R
Cp*,LaiN—= Cp*,LnCH,SiMe,
R
. N
Cp*ZLn__\\— </—\ CP*ZLHMC Pyn_dmi CP*ZLII — I »
Ln=Luy, Sc,Y
Cp*,Ln"*CH; Cp*,Ln @

Scheme 1.4. Reactions of Cp*;LnMe with various small substrates

Lanthanide bis(trimethylsilyl)methyl, CH(SiMes),, complexes are very
important among the hydrocarbyls, because they form solvate free complexes due to
the steric effects of the two ftrimethylsilyl groups. The X-ray structure of
Cp*2YCH(TMS), 26 shows a-C-H--Y and y-H-C--Y agostic interactions.*’ Similarly,
Cp*,LnCH(TMS); (Ln = Nd, 27; Ce, 28) exhibit a-C-H--Ln and B-Me-Si--Ln agostic

interactions. The presence of agostic interactions is due to the electronic and



coordinative unsaturation of the metal center, which can be seen clearly from the
relatively short Ln--H and Ln--C distances.””""'

The reactivity of Cp*>LnCH(TMS), is quite similar to, but the rate of reaction is
somewhat slower than the lanthanide methyl complexes in insertion reactions with
nitriles, CO,, and in the activation of C-H bonds of pyridine or alkynes.”>>
Lanthanide alkyls show varying reactivity with different ketones. When treated with
acetone, the alkyl is able to form aldolates, but enolates form when the alkyl is treated
with diethyl ketone. Also, lanthanide alkyls fail to react with di-t-butyl ketone_for
steric reasons (Scheme 1.5).>* The thermal decomposition of Cp*;LnCH(TMS),

proceeds via a fulvene intermediate, Cp*Ln(CsMesCH>), and forms a complex with

metal centers bridged by a CH,CsMesCH, unit.”

Et Cp*,LnCCSiMe,

)\Et O\

0 s i
cpraLn_ ) ), CCH(SiMe;),

y Et
Cp*,Ln_ )\ HCCSiMe; o
0 = o Et /
\ co,

Et Cp*,LnCH(SiMe;),

‘/O J Heat CO Cp*an _ﬁCH(SMC4)2

(0]

LnCp* H.C

\ 2
LnCp*,~_ CH,
i
: } HZC\LnCp"‘

Scheme 1.5. Reactions of Cp*,LnCH(TMS); with various substrates
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The dimeric hydrides [Cp*;Ln(p-H)], 29 are prepared from corresponding
hydrocarbyl by hydrogenation. = """ Similar to lanthanide hydrocarbyls,
thermal decomposition of hydrides lead to formation of fulvene complexes.&'63
Lanthanide hydrides can activate small molecules such as CO, ethylene, benzene,

43444864 1 Allyl complexes can be prepared from

pyridine, furan and even SiMes.
insertion of allene, or reaction with alkenes, which involves insertion of hydride to
alkenes followed by hydrogen abstraction.*®

Mono-Cp* lanthanide chemistry is not developed as well as bis-Cp* lanthanide
complexes, because mono-ring species can normally undergo redistribution (ligand
exchange) to form more sterically or electronically saturated complexes. Although
characterized by NMR and X-ray crystallography, Cp*La[CH(SiMes),]»(THF) 30
decomposed in two hours to Cp*;LaCH(SiMes), 31, CH»(SiMes), and other
products.56 Surprisingly, THF-free 31 shows higher stability than its THF adduct.
Both complexes show two methyne resonances at -90°C, indicating restricted rotation
of the trimethylsilyl groups at low temperature.” Prepared from Cp*Y(OAr), and
LiCH(SiMe3),, Cp*Y(OAr)CH(SiMes), 32 (Ar = 0-2,6-di-t-butylC¢Hs) showed high
stability and formed the hydride dimer [Cp*Y(OAr)pu-H], 33 by hydrogenolysis,
which afforded only the single insertion product with terminal alkenes.”’
Cp*Lu(CH2SiMes)>(THF) 34 was prepared from direct protonolysis of
Lu(CH,SiMes;)3(THF)> by Cp*H and remained relatively stable, presumably due to

smaller radii of Lu(Ill) compared with other Ln(III).® DME and 2,2’-bipyridyl can

replace THF easily to form corresponding complexes. Cp*Lu(CH,SiMes)(bipy) 35



reacts with one or two equivalent of HoNAr (Ar = 2,6-diisopropylphenyl) to afford the
corresponding amide products. Reaction with phenylacetylene can afford a bridged
acetylide, in which the bridge can be broken to generate terminal acetylide by simple
addition of THF.”® The outstanding stability of these complexes is due to coordination
of the bipy ligand that helps to saturate the metal center. A neutron diffraction study
carried out on Cp*,LaCH(SiMes)> 31 and Cp*Y(OAr)CH(SiMes), 32 revealed that B-
Si-C-Y agostic interactions predominate, instead of a-C-H or y-C-H interactions
observed in other systems. This conclusion is based on no enlongation of ‘the

corresponding C-H bonds, but significant enlongation of the C-Si bond.’ 2

1.2.2 Cp or Cp* Complexes Modified with Bulky Substituents
By adding bulky groups like t-butyl or trimethylsilyl to the Cp or Cp* core,
complexes can be prepared in more desirable ways and many possess some

”

particularly unique properties; for example, an ability to avoid “ate” complex
formation or to form stable mono-Cp complexes. The majority of this chemistry
follows Cp* chemistry, including the preparation and modification of the complexes;
however, several distinctive cases below are sufficient to show the important impact
imposed by the bulky groups.

Compared with Cp*;Yb 9 and [(1,3-MesSi)2(CsMes)].Yb 36, [(1,3-
tBu)»2(CsMes)]>Yb 37 is the simplest ytterbocene from a structural perspective. This

complex is monomeric in the solid state with no intermolecular interactions between

units. However, intramolecular interactions are evident from two short Yb--C



distances of 3.09(1) A and 3.20(2)A with methyl carbons on two different t-butyl
groups of the same Cp ring. For 9 and 36, the intermolecular interaction is obvious
from the short Yb—Me contact distance between a methyl group on a Cp* or SiMes
group and the metal center in another unit. Although both t-butyl and trimethylsilyl
groups provide extra bulk for the Cp* ring, the significant distance difference between
the C-C bond (1.53A) in a t-butyl group and the Si-C bond (1.88A) in a SiMe;
fragment results in different interactions for these two compounds. Compared with a
C-C bond, the long Si-C bond lengths makes the distance between the metal center
and the methyl group relatively longer and this leads to no intramolecular
interaction.”

[RMe>Si(CsMey)]Y(CH2SiMes)>(THF) 38 (R= Me, Ph), prepared successfully
by the protonolysis reaction between Y(CH,SiMes)3(THF), and the neutral protic
ligand. failed to form any characterizable insertion products or polymerize hexene and
styrene. Hydrogenation failed to afford the desirable dihydride complexes, possibly
due to scrambling problems.66 (2-FurylMe>SiCsMe4)Y(CH,SiMes)>(THF) 39 reacts
with BPhj to afford a stable mono-alkyl cationic species. Surprisingly, replacement of
2-furyl with 5-methylfuryl has a huge impact on the chemistry as the bis-alkyl yttrium
complex obtained in this case undergoes the furyl-ring-opening and dimerizes by
losing one THF molecule.®’

Compared with lanthanide mono hydride complexes, lanthanide dihydrides are
very rare. Early attempts to prepare these complexes through hydrogenolysis with

[RMe>Si(CsMes)Y(CHaSiMes)o(THF) 38, Cp*Lu(CH>SiMes),(THF) 34 and



Cp*Lu[CH(SiMe3):]o(THF) 40 all failed.***® A series of lanthanide polyhydride
clusters have attracted much interest for their uniqueness. When
[MesSi(CsMey)|Lu(CH2SiMes)»(THF) 41 is treated with one equivalent of PhSiH3, a
hydride dimer {[MesSi(CsMe4)]Lu(CH>SiMes3)(THF)(p-H)}» 42 was formed as a
stable intermediate. Treating the intermediate with a further equivalent of PhSiH3 in
hexanes afforded the polyhydride cluster {[Me3Si(CsMe4)]LUH2}4.69 The polyhydride

cluster can react with benzonitrile or styrene to afford polynuclear complexes.m’7l

1.2.3 Aromatic-fused Cp Lanthanide Chemistry

Cp ligands fused to an aromatic system offer potentially more diverse bonding
patterns than simple 1" bonding between the lanthanide metal centers and a Cp unit,
since the fused aromatic group may also interact directly with the metal center. In
addition, they can provide extra bulk to help avoid “ate” complex formation so
frequently observed in single Cp systems. Numerous papers have been published on
the basic chemistry of lanthanide indenyl (Ind) 43 and fluorenyl (Flu) 44 complexes,
including the preparation of Ind;Ln, IndsLn, Ind>LnX, Flu,Ln, FluLnX (X =
halides).” "

The first indenyl yttrium hydride dimer (2,4,7-MesIndYH), 45 was prepared by
hydrogenolysis of the corresponding Ind>Y CH(SiMes), 46. The hydride can behave as
a catalyst for dimerization for various a-olefins and can tolerate substituents
containing sulfur and oxygen.79 FluuYb(THF), 47 can be prepared by reacting

(CioHg).Yb(THF)2 (CioHg = naphthalene) with the neutral ligand (Flu)H or by a
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regular salt metathesis reaction. Flu,Yb(THF), 47 reacts with diazadiene (DAD)
tBuN=CH-CH=NtBu to form trivalent ytterbium complexes.*’ Interestingly, the
ytterbium metal center remains divalent after Flu,Yb(THF), reacts with ArN=CH-
CH=NAr and ArN=CMe-CMe=NAr. Moreover, the reaction undergoes more than
simple coordination to form unexpected products. In the ArN=CH-CH=NATr case, the
product 48 not only shows an unprecedented coupling between fluorenyl and
diazadiene, but also migration of two protons forms an NH-CH, unit, and the
fluorenyl bonding mode changes from 1’ to n3 (Scheme 1.6). In the ArN=CIl/Ie—
CMe=NAr case, the fluorenyl anion deprotonates one of the methyl groups of the
diazadiene to give (Flu)H and the product possessing 1': n' bonding between the

deprotonated diazadiene and the metal center in 498

47

Ar= Ar—N

Scheme 1.6. Reactions of Flu, Yb(THF), with diazadiene

When treated with AlMes or AlEt;, (MesSiFlu),Sm(THF), 50 undergoes a
haptotropic rearrangement to form an né-bonded complex 51 in which the Sm center

is bonded to the six-membered ring; the reaction can be reversed by addition of THF.
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Treatment of (Me;SiFlu),Yb(THF), 52 with AlMe; leads to formation of a complex

53 with both 7° and n bonding, while addition of THF forms

(Me;SiFlu)Yb(THF):AIMe,4 54 (Scheme 1.7).

Me Me
A]/Me e Al SiMe;
AlMe/ Y Sm
SiMe
Ln<
AlMe, Al/ THF,  THF
Me S Me Yb SlMe3 TH—F\>b//THF
SiMe, Oo % AlMe,
Ln=Sm, 50 @ :
Ln=Yb, 52 . SiMey

Scheme 1.7. Reactions of (SiMe3;Flu),Ln(THF), with AIR;

1.2.4 Mono-Cp or Cp* Ligands with Constrained Geometry

Compared with regular bis-Cp, Cp* and indenyl complexes, donor-linked half
metallocenes normally possess sterically and electronically less saturated metal
centers and are expected to show more unique reactivity. Although there is only one
alkyl or amido group available for functionalization, linked half metallocenes can
potentially avoid the scrambling problems by incorporating amido or phosphido
bonds. Also, protonolysis reactions are the dominant preparative route for alkyl
complexes with these ligands, rather than salt metathesis.

Hydrogenolysis of [(Me3;CN)Me,Si(CsMes)]Y(CH2SiMes)(THF) 55 afforded the
dimeric hydride complex 56.% At 50°C, the '"H NMR spectrum only shows one triplet

for the hydride resonances, indicating fast interconversion between two asymmetrical



isomers. However, at -40°C, two triplets for the hydride resonances are visible with
4:1 ratio as a result of slow interconversion (Scheme 1.8).°° The ytterbium and
lutetium hydride dimers were prepared in the same way.*” The dimeric yttrium
hydride complex 56 can not polymerize styrene, but did form a single insertion

product 57 and 58 with1-hexene and styrene, respectively (Scheme 1.8).

S o=t z
>Si y—CH,SiMe, - I\N"“Y\ H: N,
N\ | “B—Y, Si
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/ '\N,Y Y/N\ 5 W - H\‘ N /
/} jSl N \“H—Y s
>( /X N >< THF % i
X=0,59 56
X=8,60
5 hexene 1 styrene
Si — N
/ \N/Y\ _,C}.,I?Y/ \S'/ \Sl
CHZ i— A Y
f/ 1NN
>< THF
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Scheme 1.8. Reactions of lanthanoid half metallocenes

It was first believed that the dimeric insertion product, 57, initiated the
polymerization of styrene due to loss of coordinated THF during the insertion

process.83 However, a more detailed study showed that a THF-solvated monomer,



formed from 57, initiates the polymerization based on the lability of THF. Neither
dimer 57, nor the styrene insertion product 58 initiates the polymerization, because of
the low electrophilicity and fluxionality of the 0 unit blocking the insertion. The
lability of THF is crucial for initiating polymerization because this provides an open
coordination site for incoming substrate.* The yttrium alkyl complex 55 also reacts
with furan and thiophene to afford 2-furyl 59 and 2-thienyl 60 complexes by SiMey
elimination.®*

[Me>NCH,CH,NSiMe,(CsMey)]Y(CH>SiMes) 61 (Fig 1.2), synthesized by a salt
metathesis reaction, reacts with dihydrogen gas to cleanly give a hydride dimer. This
hydride dimer also forms a single insertion product with styrene, but fails to
polymerize this substrate.®” [(MesCN)Me>SiCH,(CsMes)]Y(CH.SiMes)(THF) 62 and

[(Me3C)NSiMe,(CsH3)CH>CH>NMe,|Sc(CH»>SiMes) 63 have also been prepared

(Figure 1.2) %%

—_ =81
2 == 7 N _ Sc
Si y—CH,SiMe, y — CH,SiMe, Si Sc—NMe, N7 ~cH

— ] / \ / 2
4 N SSi—N  THF N \ . )
k/NMCZ \ I CHZSIM63
tBu tBu

61 62 63 66

Figure 1.2. Linked amido half metallocenes

The complex [ArN(Me;Si)CH2(CsMey)]Ln(CH,SiMes)(THF) (Ln = Yb, Ar =
phenyl, 64; Lu, Ar = 2.4,6-trimethylphenyl, 65) react with phenylacetylene to give

very stable dimeric acetylide complexes, and the bridges remain intact even in the



presence of THF at high temperature.90 Given their excellent stability, these dimeric
alkynide complexes can serve as a unique type of catalyst for dimerization of terminal
alkynes. The reaction of the ytterbium complex 64 with PhSiH; affords the hydride
dimer, but the ligand spans over both metal centers. Surprisingly, the reaction of the
lutetium complex with PhSiH3 formed a metallation product 66 (Fig 1.2, p17) with
the ortho-methyl group via o-bond metathesis with the Lu-H bond. *°
Phosphido-linked half metallocenes also show some unique features. Compared
with amido complexes, phosphido alkyls [(u-PPh)Me;Si(CsMe4)Ln(CH>SiMes)]» ‘(Ln
=Y, 67; Yb, 68; Lu, 69) and [(p-PR)Me,Si(CsMe4)Ln(CH,SiMe3)]> (R = cyclohexyl,
Ln=Y, 70; Yb, 71) were formed as dimers by protonolysis reactions from lanthanide
tri-alkyl precursors and neutral ligands (Fig 1.3).°" Salt metathesis reactions, known to
break the Si-P bond, are not suitable for the preparation of phosphido alkyls.
Complexes 67, 68 and 69 react with PhSiH; to give a hydride dimer with two metal
centers bonded with two hydride ions and one phosphorus. A tetranuclear hydride
complex was obtained when treating complex 70 with PhSiHs. Formed as a bisalkyl
complex, [(ArPH)Me;Si(CsM4)]Y(CH,SiMes)>(THF) 72 (Ar = 2.4,6-tBusCgH,) still
possesses one active PH proton due to the extremely crowded Ar group. However,
generation of a hydride by reaction with PhSiH; enables the active P-H bond to react

with one alky] group resulting in a hydride dimer.”"
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Figure 1.3. Structures of phosphido-linked half metallocenes

{[(2,6-tBusFlu)SiMe;N(CMes) Y (pu-H)}> 73, prepared by treatment of the
corresponding hydrocarbyl with PhSiH3, undergoes 1.4-insertion with pyridine, rather
than ordinary metallation, to afford (1°m'-2,6-tBu,FluSiMesNCMes)Y(NCsHe)py, 74
(Fig 1.4). It is surprising to find that the insertion product shows an n° bonding mode
between the fluorenyl ligand and metal center in 74, compared with the n° bonding in
the hydrocarbyl complex. Because pyridine is a stronger base, reduced hapaticity was

expected for the insertion product 74 with two pyridine molecules coordinated to the

92,93

metal center.

74

Figure 1.4. Structures of fluorenyl half-metallocenes
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1.2.5 Ansa-metallocenes
The early motivation to prepare linked Cp lanthanide complexes was to avoid
serious bridging problems encountered with simple Cp as ligand. It was also found
that the ansa-bridge makes the metal coordination sphere more open and accessible
for substrates to attack, thus increasing the catalytic activity. The linked ligand can be
prepared from Cp, Cp*, indenyl or fluorenyl ligands. Subtle changes such as varying
the length of the linker or the functional groups on the Cp ring can result in dramatic
changes in the chemistry of the derived lanthanide complexes. Among the numerous
ligands reported, linked ligands with silicon chains are the dominant ones and most
easily accessible for preparation of lanthanide alkyls or hydrides.
[MesSi(CsMeg)oLnH], (Ln = Nd, 75; Sm, 76; Lu, 77), prepared by
hydrogenolysis of the corresponding hydrocarbyls, can polymerize ethylene, and
oligomerize propene or 1-hexene.” Compared with regular Cp* lanthanide complexes,
the more open metal sphere can be seen by the smaller Cp*-Ln-Cp* angle, indicating
a larger wedge angle between the two Cp* ligands in these ansa-metallocenes. The
reactivity for polymerization of alkenes was measured to be 10 times that of
[Cp*:Ln(p-H)]», which is obvious proof for the profound effect of the bridged ligand.
Lanthanide hydrocarbyls Me>Si(CsHs)(CsMes)LuCH(SiMes), 78 were prepared
by salt metathesis reactions. These alkyls can initiate ethylene polymerization and
afford dihydride complexes [Me>Si(CsHy)(CsMes)Lu(p-H)]» 79 by hydrogenolysis.
The lutetium hydride reacts slowly and reversibly with ethylene to form a single

insertion product [Me;Si(CsHs)(CsMeg)Lu]o(p-H)(n-CH,CHs)] 80, which is inactive



for alkene polymerization. (Scheme 1.9) The reversibility can be seen from the
broadening, coalescence and sharpening of the diasterotopic methylene resonanaces

by VT NMR as the temperature is raised from -45°C to 75°C.%
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Scheme 1.9. Equilibrium of ethylene insertion

A homochiral hydride dimer [rac-Me,Si(2-SiMes-4-tBu-CsH,)>YH]> 81 with D,
symmetry was synthesized from the corresponding hydrocarbyl, and showed a
remarkably high degree of isotacticity for polymer formed from 1-butene, 1-pentene
or 1-hexene.” As an extension of this work, a more complicated ligand system was
developed to synthesize an enantiopure yttrocene. It was found that the lanthanide
hydride complexes dimerize immediately after hydrogenolysis of enantiopure
lanthanide hydrocarbyl leading to formation of a 1:1 ratio of two isomers: heterochiral
isomer (R,S)-(BnBp)Y(p-H)>-(S.R)-(BnBp) 83 and homochiral isomer (R,S)-
(BnBp)Y(n-H)>-(R,S)-(BnBp) 84 [BnBp = (OC;oHsCoHsO)Si(2-Me;Si-4-MesC-
CsH»):], of which the heterochiral one is thermodynamically disfavored due to the
repulsion between the bulky tBu groups (Scheme 1.10). The heterochiral isomer 83
can undergo rearrangement to the thermodynamically favored homochiral 84. Hydride

dimer 81 was also found to be formed in the same way from meso-isomer 82. The
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transformation process was monitored by the changes with two hydride triplet
resonances of the two isomers.”” The insertion of alkene into the Y-H bond of 81
favors the transition state with minimum steric interaction between the ligand
(especially bulky groups) and substrate; despite this, the product shows low levels of

: . 98
enantiomeric preference.

MGSS% SiMB:‘ ME.S% Me
S >( O .0 (‘?

/S Y\ :‘L% H/Y Si. O
Me, Sl SiMe, Me, Sl SiMe;
Favored Homochiral Rac isomer 81 Favored Homochiral Hydride dimer R, S-Y-—R.S-Y 84 ~
' 120min 120min

Mc.S% ?‘x&ws o Me;S%

H
/H\ §iC Q- O}Si Y<H =Y Sl\
Me, Sl SiMe, Me.Si

Disfavored Homochiral Meso Isomer 82 Disfavored Heterochiral Hydride dimer R,S-Y----S, R-Y 83

Scheme 1.10. Transformation of hydride dimer isomers

In contrast to the normal preparation of ansa-metallocenes by salt metathesis
reactions, aromatic fused ansa-metallocene 85 rac-[ {Me,Si(2-Me-
CisHj0)2} Ln{N(SiHMe>)>}] and 86 rac-[{Me>Si(2-Me-CoHs)>}Ln{N(SiHMe>)>}]
were prepared by protonolysis reactions starting with neutral protic ligands and
Ln[N(SiHMe>),]3(THF),. This method takes advantage of the ability of the less bulky
N(SiHMe;), to react more quickly and completely with some neutral ligands
compared with the more bulky N(SiMes)> group. The new ansa-metallocenes possess

a strong Si-H-Ln interaction which remains intact in the temperature range of -90°C to



130°C. (Fig 1.5) The strong bond can be observed clearly in the crystal structure by an
elongated Si-H bond.” Unlike regular hydrogenolysis of lanthanide hydrocarbyls to
afford lanthanide hydrides, the lanthanide hydride rac-[{Me>Si(2-Me-CoHs)>}Ln(p-
H)]> 87 could also be prepared by treatment of lanthanide silylamide precursor 86
with DIBAL at ambient temperature.100 The mechanism involves the coordination of
DIBAL to the metal center, followed by elimination of tBu,Al N(SiHMe»), to form

the hydride dimer.

H
H T O
. - 5 SiMe,
Nl i g I —N
/l . \ / .“ \
H—SiMe, H—SiMe,
85 86

Figure 1.5. Strong Si-H-Ln bonds in ansa-metallocenes

The fluorenyl group can also be applied in ansa-metallocene chemistry.
Lanthanide silylamides complexes with fluorenyl-linked ligands 88 and 89 were

synthesized by salt metathesis reactions and show reactivity for methyl methacrylate

101,102

(MMA) polymerization. By applying different bulky groups on the Cp ring,

ansa-metallocenes 90-95 with various linked ligands could be generated that show

103-109

some interesting features (Fig 1.6). Particularly, lanthanide complexes binding a

chiral ligand 96, containing a (+)-neomenthyl group on the Cp ring, show relatively

high stereoselectivity for hydrogenation and hydrosilylation reactions."'*'"?
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Figure 1.6. Various types of ansa-metallocenes

1.3 Homogeneous Catalysis

With a d” electron configuration, lanthanide metal centers are highly
electrophilic and exhibit with a more ionic rather than covalent nature; consequently,
the structural configuration mainly depends on the steric effects of the ligand, which
contributes to the unique reactivity of lanthanide complexes. The key step for
homogenous catalysis is the insertion of multiple bonds into lanthanide alkyl, amide
or hydride bonds. Mostly, the insertion step is extremely exothermic and irreversible.
For some substrates, the insertion product can also undergo further insertion to

polymerize the substrates, or undergo self-insertion to produce cyclic products.

1.3.1 Polymerization
Polymerization of olefins, such as ethylene and styrene, is the general method
to test the catalytic activity of the lanthanide hydrocarbyl or hydride complexes. The

olefin polymer propagation proceeds via continuous addition of olefins and
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termination by B-hydride or B-alkyl elimination. Polar substrates such as MMA can
also be easily polymerized by lanthanide complexes, such as [Cp*>Sm(p-H)]> 29 and
even divalent complexes Cp*>Sm(THF), 10 and Cp*,Yb(THF), 6.'" The catalytic
activity was found to decrease with the increasing bulk for divalent yttrium complexes
(Cp > MeCp > Cp*).“4 Ring opening polymerization of lactones is of great interest
for generating biodegradable polyesters and can be achieved even with lanthanide
halides.'”” The cation alkyl species generated from bis-alkyl complex and
[Ph3C] [B(CsFs)4] can also show reactivity towards olefin polymerization.”(’
Trivalent lanthanide complexes normally cannot act as homogenous catalysts to
initiate the polymerization of 1,3-butadiene because they can form a stable 'q3 allyl
complex with this substrate. However, it was found that lanthanide metallocenes
Cp*;Ln[(p-Me)AIMex(p-Me)].Cp*sLn 97 with [PhsC][B(CsFs)a]” or co-catalyst
AIRj3 can initiate the polymerization of 1,3-butadiene to give polymer with 1,4-trans
or cis microstructure depending on the R group.”7 For the ring opening
polymerization of lactones, it was found that Cp*,LnMe(THF) (Ln = Yb, Sm)
initiates the living polymerization of lactones such as e-caprolactone and 8-
valerolactone to give polymer with high molecular weight and narrow polydispersity
(Eq 1.1). But Cp*;LnMe(THF) can form a stable six-membered ring complex with B-
propiolactone (Eq 1.2), and as a result, it cannot initiate the ring-opening
polymerization of this substrate. In contrast to lanthanide alkyls, Cp* lanthanide

alkoxides show good catalytic activity for polymerization of all three lactones.'"® Co-
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polymerization of 1-olefins with polar monomers such as e-caprolactone and MMA

was also carried out with linked lanthanide hydrides as catalyst.' 19

(0]

Cp*,LnMe 0 *
Eq 11 0 2 - */P \W
0 0
Cp*,LnMe e
Eq1.2 O|j il - Cptln

1.3.2 Hydrogenation

The hydrogenation process involves o-bond metathesis to generate lanthanide
hydrides. Olefin insertion into the Ln-H bond is exothermic and normally
irreversible.”>'?* The last step is o-bond metathesis with hydrogen gas to regenerate
lanthanide hydride and to release the final hydrogenation product. The reaction rate is
proportional to the concentration of lanthanide catalyst and pressure of hydrogen gas,
indicating a rapid Ln-H/olefin insertion and rate limiting o-bond metathesis between

lanthanide hydrocarbyl and hydrogen gas in the last step (Scheme 6§ ) e

Cp*,LnR’

H, or R;SiH
H W\’ -R'H or R;SiR’

K’Si\)\R Cp*,LnH

R
H q N—
H\/I\R Cp*an\/k
2 > R
H\H'
H, or R;SiH

H

Cp* an\/k
R

Scheme 1.11. Catalytic cycle for hydrogenation and hydrosilylation reactions
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Cp*>YMe(THF) shows similar reactivity towards the hydrogenation of mono-
substituted alkenes, 1,2-disubstituted or 1,1-disubstituted alkenes and also shows
impressive selectivity for the double bonds of dienes containing oxygen, possibly
because a stable chelate can be formed with coordination of oxygen that inhibits the
catalytic process (Eq 1.3)."* The catalysts Cp*,LnCH(SiMes)> show high
regioselectivity in avoiding bulky groups and the size effects decrease dramatically

with longer distance between the double bond and the bulky substituents.'?

T
o X 5%Cp*,YMe(THF) o -

X > A
latm H,

Eq 1.3

1.3.3 Hydrosilylation

Hydrosilylation provides a very easy and economical way to prepare
hydrosilanes, which can be transformed into the corresponding alcohols by oxidation
reactions.'”®'?” Similarly to hydrogenation reactions, hydrosilylation processes
involve generation of a lanthanide hydride, insertion of alkene or alkyne, followed by
slow rate-determinating c-bond metathesis to afford the hydrosilylation product and
regenerate the catalyst (Scheme 1.11). pES

Compared with hydrogenation, hydrosilylation of alkenes required prolonged
reaction time at temperatures of about 80 °C."**'*° The use of linked ligands such as
Me>SiCp*, and larger lanthanide metal centers results in the formation of more
branched organosilanes for 1-decene, compared with Cp*,LnCH(SiMes), (Ln = Yb,

Lu) complexes that afford almost 100% of terminal organosilanes.'**"*' Among

various lanthanide hydrocarbyls, Cp*>YCH(SiMes), shows relatively high efficiency



and selectivity for the synthesis of hydrosilanes, as well as the tolerance for halide,
ether and acetal functional groups.'>> Despite being less effective for hindered alkenes,
hydrosilylation with Cp*,YCH(SiMes), shows high selectivity toward dienes with
different subsititution patterns, such as selective and complete hydrosilylation of

132 By simply using

terminal alkenes over untouched disubstituted alkenes (Eq 1.4).
Sm, which has a larger ionic radius, Cp*,SmCH(SiMe3)> can catalyze hydrosilylation

of highly substituted alkenes.'”
3% Cp*YCH(SiMe,), .
Eq 14 (/V(/\ PhSiH, SIELPh
\ 2

Although terminal alkynes were able to form metallation products with

lanthanide hydrocarbyls or hydrides via an acid-base reaction, internal alkynes can
undergo hydrosilylation to give corresponding organosilanes. For linear alkynes, two
hydrosilylation products can be obtained with relatively low regioselectivity. For
unsymmetrical alkynes with bulky groups at one side, lanthanide hydrocarbyls show

high regioselectivity.'33

1.3.4 Hydroamination
Since new carbon-nitrogen bonds can be generated by insertion of alkenes or
alkynes into lanthanide amide complexes,'** hydroamination of aminoalkenes can
provide a very powerful way to generate nitrogen containing heterocycles. A

lanthanide amide complex is generated by protonolysis of a lanthanide hydrocarbyl
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with an amine, and the resulting amide then undergoes intramolecular insertion of the
alkene function into the Ln-N bond to form the heterocycle after protonolysis by an

incoming amine (Scheme 1.12).

p*,LnR'

W

NH, I_
[=

/LnCp

Q(\anp*z
N
H

Scheme 1.12. Catalytic cycle for hydroamination reactions

Transformation of aminoalkenes to five, six and seven-membered ring
heterocycles by Cp*;LaCH(SiMes), gives impressively high yields (Eq 1.5 A
more powerful catalyst [(Mes;SiCp).Ln(u-Me)]> enhances the reactivity to a higher
level by hydroamination of various 1,1-disubstituted alkenes, such as formation of
monocyclic amines, fused bicyclic systems and bridged bicyclic systems.'*® This type
of catalyst also shows high reactivity for double hydroamination to form fused
heterocycles.

Similar to hydroamination of alkenes, hydroamination of aminoalkynes by
Cp*2SmCH(SiMes), is capable of forming five, six, or seven-membered heterocycles,
despite the greater acidity of the terminal alkyne protons relative to the primary

amine(Eq 1.6). This is because coordination of the amine to the lanthanide metal
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facilitates the deprotonation of the amine group by lowering the amine N-H pKa."”’?

Sequential bicyclization of polyunsaturated molecules can also be achieved by
hydroamination and cyclization for some suitable substrates. This process provides a
valuable strategy to afford bi-he’terocycles.'3 ¥ Besides alkenes and alkynes, allenes
can also undergo intramolecular hydroamination to form heterocycles and prefer to

139

form six-membered rings over seven- and five-membered rings. > Intermolecular

hydroamination can also proceed, but the rate is much slower than intramolecular

hydroamination.]40 -

pAas)

0.4% Cp*,LaCH(SiMe;),

EqLs 2NN N >~

2% Cp*,SmCH(SiMe;), N

Eq 1.6 4/\/\ NH, =~ Q/

1.3.5 Cyclization

Based on the polymerization of olefins by lanthanide complexes, polyunsaturated
systems are expected to undergo cyclization to form cyclic molecules. The most
important requirement for cyclization is that the rate of cyclization should be more
rapid than termination; in other words, intramolecular insertion should be faster than
B-hydride elimination or o-bond metathesis in the last step. Otherwise, the insertion
product would be transformed into hydrogenation or hydrosilylation products.

The cyclization can be terminated by B-hydride elimination, hydrogen gas or

organosilanes. Termination by organosilanes was studied in great detail because of the
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ease of transforming silanes into other functional groups. Intermolecular insertion

between lanthanide complexes and substrate diene shows selectivity for less

141

substituted multiple bonds over more hindered ones (Eq 1.7). " For hydrogenation

termination, direct hydrogenation of double bonds is very common, especially for
rigid carbon chains, which makes it difficult to form the transition state for

142

intramolecular insertion. ™~ In contrast, substrates without a rigid structure can

undergo cyclization quantitatively. e

Ph
_ 5% Cp*,YMeTHF ;
Eq 1.7 /W - Q/\SiHZPh
PhSiH,
Ph
1.4 Scope of Our Work

The evolution of Cp, Cp* and ansa-metallocene complexes clearly shows that
progress in lanthanide chemistry has been greatly stimulated by problems encountered
in ligand design. Because of the small size of the simple Cp ligand, lanthanide
complexes based on simple Cp can form “ate” complexes readily that have very low
solubility in hydrocarbons and are difficult to purify. The use of Cp* as ligand clearly
enhances the solubility of lanthanide complexes and avoids the formation of “ate”
complexes to some extent. Therefore, Cp* lanthanide chemistry expanded rapidly and
showed good reactivity towards small substrates. However, bis-Cp* lanthanide
complexes possess a larger Cp*-Ln-Cp* angle compared with bis-Cp complexes,
indicating a smaller wedge angle for complexes bearing the Cp* ligand. This means

the metal centers are less open for small substrate attack, due to the bulk of the methyl
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group and the smaller wedge angle between the two Cp* ligands. Ansa-Cp ligand
systems in lanthanide chemistry can open up the metal center by use of a short chain
to link the two Cp ligands, and this results in increased reactivity towards
polymerization of alkenes. A more open metal center can also be achieved by the use
of Cp or Cp* ligands with constrained geometry (Fig 1.7). With only one Cp or Cp*
ligand bonded to the metal center, half metallocene complexes possess a much more
open metal center than other ligands in this general family. The chain with electron
donor chelate and bulky groups such as t-butyl and SiMe; can help saturate the metal

centers sterically and electronically.

N N/ 98 &Ln
o Ln
@ =Y N /S]\N

A

p* Cp-Me,Si-Cp Cp* with constrained geometry

Figure 1.7. Bend angles of various ligands

One major problem encountered in lanthanide chemistry is the tendency to form
bridging interactions, especially for lanthanide hydrides; this makes the reactivity
decrease dramatically and can possibly lead to redistribution of the ligand. The bulk
size of Cp* ligand was proven to be insufficient in prohibiting bridging interactions in
many cases. With more open metal centers, ansa-metallocenes still allow the
formation of bridging interactions, even with extra bulky groups such as t-butyl or
SiMes. This bridging tendency is so great that the ligand itself often spans two

lanthanide metal centers. In this case, the Cp-Me,Si-Cp unit was bent nearly flat to
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adjust the hydride bridges between two metal centers in 87 and 98, indicating that
regular Cp-Me;Si-Cp is not rigid enough to hold the wedge structure (Fig 1.8). This is
also true for half metallocenes with constrained geometry as they have even more

open metal centers.

\/
Si Me,Si .@/ \@
C § @> SiMe,
H \
Ln<H>Ln ‘ / .SiMe,
@Q\é& w MeSSi—@\ /@
Si
/ \
87 98

Figure 1.8. Structure of hydride dimers for ansa-metallocenes

Although numerous interesting complexes were obtained from ligands with
bulky groups such as t-butyl, SiMe; and 'Pr, these groups failed to block the bridging
interaction. Moreover, these groups can rotate freely and reach into the wedge area
between the two Cp units. Consequently, the free space inside the wedge is partially
occupied by these bulky groups and access for small substrate entry is blocked
significantly, thus limiting the reactivity of the lanthanide complexes. This is clearly
demonstrated by the space-filling model of the structure of Sm(CsiPrd{)z 99,'* in
which four iPr groups occupy the space of the wedge and block access to the metal
center (Fig 1.9). In contrast, Sm(Flu), 100 possesses an open wedge and access to the
metal center is much better than in Sm(CsiPmH)g 99.'" The open metal center of

Sm(Flu), 100 clearly benefited from the rigidity of the fluorenyl (2-D) planar skeleton,

compared with the (3-D) bulk of Cs'PrsH. Inspired by this sharp contrast, we aim to
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synthesize complexes with substantially larger rigid ligands possessing (2-D) bulk at

the ligand periphery in order to block bridging interactions (Fig 1.9).

2-D bulk Sm(Flu), 100 3-D bulk Sm(Cs'PryH) 99 Desired model
Figure 1.9. Complexes with 2-D and 3-D bulk and desired model

-

Indenyl and fluorenyl lanthanide chemistry have been well investigated and still
allow the formation of bridging interactions. However, polycyclic aromatic systems
with larger rigid skeletons have not been studied yet in organolanthanide chemistry
and can possibly solve the problems met by other ligand systems. The combination of
bulk and rigidity from the aromatic decks should limit the formation of bridging
interactions. Unlike (3-D) substituents such as t-butyl, SiMes and 'Pr, the aromatic
decks do not project into the metallocene wedge area. Thus, the metal center remains
open for attack by small substrates. Considering the above criteria, the initial
candidates for our research are phenalenes 101-104, phenanthrenyl-fused (PCp®)H
105-107, (PCp*)H 108, (PCp’)H 109 and tetrabenzofluorene (sCp)H 110 (Fig 1.10).

46 and shows

Phenalenyl has been studied in transition metal chemistry,
interesting bonding patterns and dynamic processes in solution. Although it is not a

Cp ligand, the phenalenyl anion meets all the criteria of the fused aromatic Cp system

and is an interesting target to explore. Also it would be interesting to understand the



bonding pattern between lanthanide ions and the phenalenyl anion. The PCpR 105-107,
PCp* 108, PCp’ 109 and sCp 110 ligands possess a large aromatic polycycle that can
provide the bulk and rigidity required to block the possible bridging interactions,
although there is a possibility that twisting of the ligands in bis-ligand complexes may
avoid steric hindrance between the two ligands and partially reduce their bulk. Due to
their large size, these polycyclic aromatic systems should also form mono-ligand
lanthanide complexes that possess electronically and sterically unsaturated metal

centers, leading to greater and unique reactivity.

&

&

PnH 101 (PnMe)H 102 (PnMe)H 103 (Pn'®)H 104
Ph

(PCp)H 105 (PCpM9)H 106 (PCp™)H 107

(PCp*)H 108 (PCp"HH 109 (sCp)H 110

(I
9

Figure 1.10. Ligand candidates for our research
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One major concern regarding these ligands is the degree of electronic
delocalization and consequent reduction of charge in the five-membered Cp ring core.
Since the bonding in lanthanides is viewed as being almost er;tirely ionic, lower
charge density on the five Cp carbons would be expected to lead to less coulombic
attraction to the metal center, weaker binding and the potential for easy ligand loss.
However, the five-membered rings of indenyl and fluorenyl ligands also possess
lower electron density than simple Cp due to partial delocalization of the electrons
into the fused aromatic rings, and yet these ligands still bind very effectively to
lanthanide ions. For the ligands which possess additional fused aromatic rings,
substantially lower electron density in the Cp ring than in indenyl and fluorenyl is a
concern. However, simple extended Hiickel calculations show that the electron
density on the carbons of the five-membered rings in these ligands is not significantly
lower than in indenyl and fluorenyl. With two remotely fused aromatic rings, PCpR
105-107, PCp* 108 and PCp’ 109 anion possess 93% of the electron density of
indenyl. Similarly, the four more remotely fused aromatic rings in sCp 110 only result
in a 5% reduction in the electron density on the carbons of the five-membered ring
compared to fluorenyl (Fig 1.11). These results, also replicated at higher level of
theory, indicate that the electron density of the Cp ring is only significantly reduced
by direct aromatic ring fusion, and addition of further aromatic rings more remote

from the Cp ring has little effect.
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-1.00 -0.84 43 -0.59 44
-0.78 105-109 -0.56 110
(93% indenide) (95% fluorenide)

Figure 1.11. Electron density of five-membered rings for various ligands

-

This thesis discusses the synthesis, characterization and reactivity of Pn 101
and its derivatives 102-104 (Chapter 2) and PCpR 105-107, PCp* 108, PCp’ 109 and
sCp 110 (Chapter 3) complexes of the lanthanides (yttrium and ytterbium). The
broad range of ligands investigated was designed to allow some comparison in their
ability to form stable complexes, to prevent bridges and to allow unique reactivity.
The reactions investigated with each ligand system were similar to allow comparison,
but the reactivity studies are not exhaustive at this point. Nevertheless, this work

points out interesting and promising ligand systems for further studies.
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Chapter Two.

Organolanthanide Complexes with Phenalenide as Ligand

2.1 Introduction

Phenalenyl possesses a nonbonding molecular orbital as an odd alternant
hydrocarbon.]“m’149 Since the non-bonding molecular orbital can be doubly occupied,
singly occupied or vacant, the corresponding three-oxidation states of phenalenyl,
anion, radical and cation are all stable. The pKa of phenalene (PnH) 101 was reported
as 19.45 in DMSO, and is about 3 units more acidic than fluorene and one unit less
acidic than indene,15 % which indicates that the phenalenide anion could act as potential
ligand in lanthanide chemistry, like Cp, Cp* and fluorenide. Charge density in the
phenalenide anion is equally distributed over the six a-carbon positions consistent

with the symmetrical nature of the HOMO (Fig 2.1).

PnH 101 Homo of Pnr

Figure 2.1. Structure of phenalene and the HOMO of its anion

Prior to our work, only a few phenalenyl metal complexes were reported,

including complexes of the phenalenyl cation, radical, the phenalenide anion and

151-155

neutral phenalene. Among those complexes, the phenalenide anion type is of

interest to us for their similarity to complexes of the Cp* anion. The first X-ray



structure of a phenalenide complex was reported in 1978 and showed a n° bonding
pattern between platinum and the phenalenide ligand."*® However, there was no
evidence for any dynamic process. Eight years later, Ichiro Murata isolated a
phenalenide palladium complex and observed threefold fluxionality in solution (Fig
2.2)."" In this complex, the palladium moiety is bonded to a phenalenyl unit through
an a n3 bonding pattern but migration of the metal around the phenalenide skeleton

takes place on the NMR time scale at elevated temperature.

/ \ ML, = Pd(tmeda)” PF

- &

Figure 2.2. Haptotropic rearrangement of a phenalenide palladium complex

Lanthanide-ligand bonds possess more ionic than covalent character, because 4f
electrons are extensively shielded by the filled 5s and Sp orbitals due to the greatly
contracted 4f orbitals."*® The ionic nature of lanthanide metal centers theoretically
enable them to bond with the phenalenide anion in several different ways including n°
bonding to the six a-carbons bearing the most electron density (see the HOMO of Pn”
shown in Fig 2.1), or n° bonding to the allylic part of one six-membered ring.
Regarding the n° bonding, the metal can either bond tightly without any motion in

solution or migrate rapidly along the face of the phenalenide skeleton. Given the
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unusual bonding possibilities, we felt it would be very interesting to understand the
bonding mode between a lanthanide metal center and a phenalenide anion.

The rigidity of the phenalenide ring can also help us understand if the outer
sphere is large enough to block bridging interactions. Both an n° or n° bonding pattern
enable bis-ligand complexes to form a clear metallocene-like wedge. Other
phenalenide derivatives based on 2-methylphenalene (PnM*H) 102, 23.5-
trimethylphenalene (Pn>™*H) 103 and 2,3,5-tri-t-butylphenalene (Pn®"H) 104 are also
interesting targets (Fig 2.3). Despite the additional alkyl substituents, the added bulk
is on the outer edge of the phenalenide skeleton and projection into the wedge should
be very minimal. Moreover, the alkyl substituents can help block the bridging
interaction and help us understand the effect of different substituents on the properties
of the complexes. Both acid-base and salt metathesis reactions will be attempted to
prepare these complexes. Additionally, the properties and reactivity of the resulting
complexes can help determine if the phenalenide ligand is a suitable substitute for the

Cp* ligand in organolanthanide chemistry.

s s

(PnMe)H 102 (PnMe)H 103 (Pn*)H 104

Figure 2.3. Phenalene derivatives used in this work
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2.2 Synthesis and Characterization of Lanthanide Complexes
2.2.1 Synthesis of the Ligands

Among PnH 101, (Pn™)H 102 and (Pn®")H 104, (Pn™")H 104 was the most
difficult one to prepare and the overall yield was only about 3%. All the ligands were
synthesized with some modification of the original literature. For the synthesis of
PnH 101 and (PnMe)H 102 (Scheme 2.1),'57 after the decarboxylation of the diacid
113 at 180°C, the propanoic acid 114 was treated in a one pot procedure with SOCl,
in CH2Cl, to form the acid chloride followed by a Friedel-Crafts reaction using AICls
to generate the phenalanone 115. Reduction of 115 followed by dehydration afforded

101 or 102. The overall yield for these two ligands was about 15%.

R R
COOH
COOEt
CH,Cl COOEt COOH
NaCR(COOEL), NaOH H
—>_ — e —
MeOH/H,0
111 70% 112 90% , 113
180°C + -CO,
R R R
OH o)
‘ COOH
DIBAL Alct,  SOCL
95% 116 30% 115 100% 114
PTSA R
‘ R=H, 101
OO R = Me, 102

90%

Scheme 2.1. Synthesis of PnH and (Pn'“")H



Another good way to synthesize PnH 101 was to reduce phenalenone by
diisobutylaluminium hydride in one step.158 At room temperature, (Pn™)H 102
showed more stability than PnH, which decomposed slowly even in the glovebox over
a long period of time.

For the synthesis of (Pn®")H 104 (Scheme 2.2),"*’ the phenalanone 123 was
directly synthesized by addition of four equivalents of BCIl; to methyl ester
solution;'® this step greatly simplified the preparation reported in the original

literature that included transformation of the ester to a carboxylic acid, then a

carboxylic halide and finally to the ketone.

—_ —_—
AICI,

40% 96%

~ :‘.O
\]O

n-BuLi/THF l DMF

HO
COOMe COOMe
CF,COOH
tBuCHBrCOOMe
B —
OO EgSiH OO Zn/Benzene
R R
80% 122 95% 12 85%
excess BCl,
R
OH
DIBAL ‘ PTSA
~ R R
15% 123 95% 124 90% 104

Scheme 2.2. Synthesis of (Pn'")H 104 (R = t-butyl)
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3Me

Attempts to prepare (Pn”")H 103 were not successful because of difficulties

with two steps (Scheme 2.3). Chloromethylation gave a much lower yield (15%) than

'l and reductive debromination, though reported in the

the literature claimed (75%),
literature, failed to proceed in our hands. With development of the research,
complexes made from PnH, (Pn™)H and (Pn™“)H ligands provided enough

information to understand the reactivity and the bonding mode, so the synthesis of

(Pn”*)H was not further pursued.

Cl
I — 90
(CH,O)n
Br 125 Br 126
HOOC HOOC
Raney Ni
Br 127 128

Scheme 2.3. The problematic steps in the synthesis of Pn’™)H

2.2.2 Yttrium Complexes by Salt Metathesis
Salt metathesis starting with anhydrous lanthanide chlorides is the well-
established route to lanthanide complexes by reacting the metal halide with an alkali
metal salt of a ligand. In this project, the phenalenide Pn 101 and Pn™* anion 102 were
made by deprotonating the neutral ligand with an excess of n-BuLi in hexanes. The
advantage of generating the anion in hexanes over THF or ether was that it afforded

greater purity since the ligand anion precipitates out and any unreacted neutral ligand
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or extra n-BuLi can be washed away easily by hexanes. Among several metal halides
(YCls, YbCl; and ZrCly) tried with the ligand anion, yttrium chloride proved to be the
only metal to afford clean product in relatively high yield. Also, diethyl ether proved
to be a better solvent than THF for salt metathesis, because the reaction in diethyl
ether gave a cleaner and more crystalline product than in THF.

After 2:1 stoichiometry of Pn anion and YCl3 was stirred overnight in ether, the
reaction mixture was filtered and concentrated to a smaller volume by vacuum, then
cooled at —10 “C overnight in the fridge. A dark brown solid of crude [Y(Pn)y(p-
CI);Li(Et;0)3] (129) was isolated. The solid was redissolved in toluene, filtered to
remove some insoluble solid and the solvent was removed to yield a dark brown
powder of [Y(Pn)>(p-Cl)]» (130) (Eq 2.1).

Salt metathesis reactions are known to form [LnLa(p-Cl)hLi(THF),] ‘ate’

162,163 1) the absence of a crystal structure, the formula of complex

complexes easily.
129 was established by comparing the integration of the aromatic protons with that of
coordinated diethyl ether. The presence of three ether molecules in 129 (Fig 2.4)
suggests that 129 is an ‘ate’ complex because it is very unlikely the yttrium center
could accommodate three EtO molecules in a simple species such as
Y(Pn),CI(OEt,)."* After dissolving in toluene, 129 transforms into 130 by losing
Et,0 and LiCl, as shown by disappearance of the Et;O resonances in the '"H NMR
spectrum. It is also reasonable to assume that the structure of 130 is dimeric. not

monomeric; otherwise, there would be a vacant coordination site, which has not yet

been seen for other Cp or Cp* lanthanide halide complexes. Also, 130 can dissolve in



THEF, but not in Et>O, indicating that chloride bridges in 130 can only be cleaved by
the strong donor THF. This process is consistent with the cleavage of chloride bridge
of dimer 130 by THF to form a monomer as observed in other cases.'®1% The 'H
NMR spectrum of 130 clearly shows two resonances in the aromatic region at 5.58
and 6.28ppm with a 7.5Hz coupling constant, indicating C>y symmetry in solution
given the ligand rotates freely at room temperature. The '"H NMR spectrum of 129 in
CsDg shows aromatic resonances with the same chemical shift and coupling constants
as 130, further suggesting that 129 transforms into 130 spontaneously when dissolved
in toluene or benzene by loss of diethyl ether and LiCl salt. The resonances of 129 in
the '"H NMR spectrum (Fig 2.4) are the simple combination of 130 and three

equivalents of free diethyl ether molecules (assigned by their chemical shift).

OEt,

Et,0 &

SRR o N S == e = 2
2PnLi + YCI, ——— Y07 NoRy,

S

Eq2.1 @
0 Q)
f@ 4
Clossiss o toluene
Y et C] /
130
PnH Et,O Et,O

I L) T Y T v T E T J T v T ¥ ’ T : [ ¥ T \ T Y T y T y T

22} 60 56 52 48 44 40 36 32 28 24 20 16 12 o8

Figure 2.4. "H NMR spectrum (300 MHz, C¢Ds) of 129
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When (Pn™*)Li was reacted with YCl; in Et,0, instead of forming the lithium
chloride adduct analogous to 129, the dimer [Y(PnMe)z(p-Cl)]g (131) was obtained
directly from crystallization of the reaction mixture at -10°C (Eq 2.2). A dimeric
structure for 131 is suggested by the absence of resonances for Et;O and its high
solubility in toluene. The 'H NMR spectrum of 131 shows four sharp resonances in
the aromatic region (Fig 2.5), indicating 131 also possesses high symmetry in solution.
Me

Direct formation of 131 is attributed to the steric effect of the methyl group on Pn

that helps block formation of an “ate” complex.

............ L s
Eq22 2PoMeLi + YCl, ———= "
Et,0 <
:) (

31 *
Me

PnMH ‘
PPM S.IO SIB ' 5.’2 4.’3 ) 4,[4 ' 4?0 ' 3,[8 ' 32 28 zI4 i ?:ID ' 1 _IB

Figure 2.5. '"H NMR spectrum (500 MHz, C;Ds*) of 131

(* = NMR solvent residue. This applies to the other spectra as well)

The Pn™" anion is obtained as a deep red-orange precipitate from n-BuLi and
the neutral ligand (Pn®")H 104 in hexanes. The Pn'® anion is not soluble in hexanes
which enables us to separate clean product; however, (Pn®Y)Li is very sensitive to

moisture and can decompose even in THF freshly distilled from Na/benzophenone.
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As a result, the reaction of (Pn‘Bu)Li with metal salts can only be carried out in toluene.
When (Pn™")Li and three equivalents of YCl; were mixed and the resulting
suspension stirred for three days in toluene, [Y(Pn'B“)(p-Cl)Cl]g (132) was obtained.
All attempts to convert 132 to the bis-(Pn") yttrium complex by treatment with one
more equivalent of (Pn")Li failed (Eq 2.3). During the three-day reaction period, the
reaction mixture changed from deep red-orange to dark brown. The chemical shift of
the aromatic protons in 132 is 6.02 ppm compared to 5.65 ppm for (Pn"")Li, so the
reaction process can be monitored easily by NMR spectroscopy (Fig 2.6), conﬁmling
that three days or more are required for the reaction to reach completion. In the
absence of comparative integration standards, there is the possibility of 132 being a
bis-Pn* complex. However, given the slowness of this reaction, stepwise formation
of the bis-Pn'™®" complex from an intermediate mono-Pn" complex seems likely.
Three resonances for (Pn®*)Li, mono-Pn™" and bis-Pn®" complex are therefore
expected; however, only two resonances were observed during the three day reaction
period. Thus, a bis-Pn"™" structure can be ruled out.

Normally, mono-Cp lanthanide complexes show a strong tendency to increase
the coordination number of the metal atom by coordination of solvent molecules
and/or incorporation of alkali metal halide. %68 Considering that no coordinating
solvent is available in this reaction, a mono-Pn'®* yttrium complex is expected to be
unstable due to its coordination vacancy; consequently, 132 is generated most likely
as a dimer. Further binding of more units to form larger clusters is probably not

feasible because of the presence of the three bulky t-butyl groups on the Pn skeleton.



48

toluene @‘ Y,\/ (iI\Y QO

Eq23 Pn®Lli* + YCl, —
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Figure 2.6. 'H NMR spectrum (500 MHz, C;Ds) of 132

(i = impurity; this applies to other spectra as well)

Complexes 130, 131 and 132 were expected to be important precursors to
(Pn)>YR or (Pn‘B")YRg (R= amide, alkyl, H) type complexes that should be accessible
by salt metathesis. Reaction of 130 with LiCH(SiMes), , NaN(SiMes),, NaH, NaOAr
and MeLi were investigated to generate (Pn),YR type complexes. However, these
reactions either resulted in Pn ligand loss, or failed to give any tractable solids or
useful NMR information (Eq 2.4). Similarly, complex 132 failed to afford any
products by salt metathesis with LiR. Ligand loss can be easily distinguished by
precipitation of the toluene-insoluble Pn salt. After being hydrolyzed, the '"H NMR
spectrum of the Pn salt hydrolyzate only shows resonances due to the neutral ligand

PnH, indicating that only the Pn salt precipitates.

LiCH,SiMe, —>&= (Pn),YCH,SiMe,
Eq2.4 2 +
NaN(SiMe;), —<&—> (Pn),YN(SiMe,),
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2.2.3 Ytterbium Complexes by Protonolysis

Since salt metathesis reactions did not afford any alkyl, amide or hydride
complexes from the halide precursor, the focus was shifted to direct acid-base
reactions between the neutral PnH ligands and easily prepared lanthanide alkyl or
amide  complexes:  Y[N(SiMes):]s, less bulky  Y[N(HSiMe2):]3(THF)-,
Y(CH,SiMes)s(THF),,  Y[CH(SiMes):]s and  Yb[N(SiMes)s]o(THF),.5%16%170
Protonolysis reactions of Y[N(SiMes):]s and Y[N(HSiMe,),]3(THF), with neutral
PnH ligands did not proceed at all, even when the reaction mixture was heated.
Y(CH,SiMes)3(THF), and Y[CH(SiMes)>]s appeared to react with the neutral ligands
very slowly; however this reaction was not practical, because both tris(alkyl)
precursors are thermally sensitive and can decompose easily over time at room
temperature.17I Yb[N(SiMes),]o(THF), turned out to be the only lanthanide precursor
capable of reacting with neutral PnH ligands cleanly.

Although salt metathesis reaction involving YbCl; and Ybl: did not work, the
protonolysis reaction between PnH and Yb[N(SiMes),]»(THF), to generate ytterbium
complexes worked very well. A 2:1 stoichiometry of PnH 101 or (Pn™)H 102 with
Yb[N(SiMes)2]>(THF), in hexane afforded a red-brown toluene-soluble precipitate of
(Pn),Yb(THF), (133) or (PnM")ng(THF)g (134) in about 60% yield (Eq 2.5, P51).
Both 133 and 134 are quite soluble in toluene and benzene, but not soluble in hexanes.
Both complexes are stable at room temperature in the solid state or in solution, but
decompose easily when heated. Unfortunately, X-ray quality crystals were not

obtained to characterize solid-state structures. As a better electron donor, pyridine can
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replace THF to afford (Pn)Yb(py). (135) as a dark brown powder; however,
crystallization of complex 135 also failed to give X-ray quality crystals.

The aromatic protons of 133 show two broad resonances at 6.32 and 5.61 ppm
(Fig 2.7). Complex 134 shows broad resonances at similar chemical shifts. Despite
some broadening, the resonances still clearly show a coupling constant of 6.7Hz
between the a and P protons for 133. The broad resonances for 133 and 134 are
somewhat surprising, because sharp resonances are expected for diamagnetic, divalent
ytterbium. One possible explanation for the 'H spectra of 133 and 134 is that tllese
complexes undergo a fluxional process and are near the coalescence temperature.
However, variable temperature spectra carried out at higher and lower temperature
failed to show any sharpening of these resonances. Although this does not necessarily
rule out a dynamic process, the system cannot simply be close to coalescene at room
temperature. Contamination of the sample by a trace amount of paramagnetic
ytterbium (III) complexes is not convincing either, because both complex 133 and 134
are quite stable at room temperature and don’t show any decomposition. In addition,
solvent resonances are sharp ruling out a significant paramagnetic impurity. The

reasons for broadening of the spectra for 133 and 134 remain unknown.

N N

PnH
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T 1 T T T T T T T ™ T T N N T I T T ) ! 1
PPM 6.0 58 52 48 44 40 38 32 28 24 20 16 12 08

Figure 2.7. "H NMR spectrum (500 MHz, C¢Dg) of 133
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Yb[N(SiMe,),],(THF), Q
2PnH 101 or PnMeH 102 = R\ THF
R

Hexanes

Eq2.5

)
), pyridine_~ I
zr .

=H, 133;: R= Me, 134

ot

Compared with the smaller PnH ligands, Pn®"H reacted much more slowly with
YDb[N(SiMes):]o(THF),. After heating at 80 °C in hexanes for 8 days followed by
cooling in the fridge, the reaction mixture afforded a dark red solid (Pn"),Yb(THF)
(136) (Eq 2.6, P53). (Pn‘B“)sz(EtZO) was produced in some batches due to the use of
Yb[N(SiMes),]2(Et,0), as starting material. Complex 136 is soluble in hexanes and
very soluble in toluene and benzene. The aromatic protons only show one sharp
resonance at 5.63 ppm (Fig 2.8). Complex 136 is quite stable in either the solid state
or solution, as indicated by the robust method needed to prepare it. Crystallization of
136 from hexanes afforded dark red plate crystals suitable for X-ray crystallography
and the structure shows two coordinated THF molecules. However, a 'H NMR
spectrum of 136 shows only one THF molecule, indicating 136 loses one THF when

exposed to vacuum for a long time.
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Figure 2.8. 'H NMR spectrum (500 MHz, C7Dg) of 136

When monitoring the slow reaction to give 136 by 'H NMR, one resonance with
almost identical chemical shift to 136 was always observed in the reaction mixture.
This most likely indicates the presence of the mono-Pn®" ytterbium complex,
especially considering the extremely long reaction period for the formation of 136. A
1:1 stoichiometry reaction between Pn""H with Yb[N(SiMes),]o(THF), was
attempted to prepare the mono-ligand complex. "H NMR shows complete conversion
of neutral ligand to complex (Pn‘B")Yb[N(Sil\/Ieg,)g](THF)z (137) as an oily, dark-red
solid after overnight heating at 70°C (Eq 2.6, Fig 2.9). Compared to complex 136,
137 is more interesting from a chemical point of view because this complex includes a
readily replaceable N(SiMes), group and thus can serve as an excellent precursor to
other complexes. Also, 137 shows great stability both in the solid state and solution,

and does not show any sign of redistribution or decomposition over a long period of

time.
CMC3
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Figure 2.9. "H NMR spectrum (300 MHz, C¢Dg) of 137
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Since ytterbium has two stable oxidation states, (II) and (III), and the oxidation
potential of Yb(II) to Yb(III) is +1.15 V,' it was of some interest to generate Yb(III)
complexes from Yb(II) precursors by oxidation. Oxidation of divalent ytterbium
complexes to the trivalent state by alkyl halides, p-tolyldisulfide and HgCl, were
attempted. However, all of these oxidation reactions resulted in formation of
intractable products or decomposition of the ytterbium complex and formation of
neutral PnH ligand derivatives as indicated by discharge of the deep solution color.
For example, oxidation of 133 by t-butylCl was expected to give Pn,YbCl; instead, 'H
NMR shows the formation of neutral ligand PnH. Although reaction of 133 with
HgCl, and p-tolyldisulfide did show signs of oxidation, no useful NMR information
could be obtained to characterize the products. Given the difficulty of preparation and
separation of complex 136, oxidation reactions were not carried out on this complex
in light of the failure of complex 133 to oxidize cleanly. Also, loss of ligand during

oxidation of 136 is expected to be easier because the difficulty in preparing 136 with



54

the bigger Yb(II) center suggests that bis-(Pn'B“) Yb(III) with the smaller radius of
Yb(III) than Yb(II) will be even less stable.

Unlike simple oxidation of the complexes 133, 134 and 136, complex 137
possesses a replaceable amide group for further modification. Attempts to carry out
further acid-base reactions on 137 with 2,6-di-t-butylphenol, phenylacetylene and
hydrogen gas afforded neutral Pn®"H ligand, instead of the desired product. Treating
137 with AlMe; in hexanes afforded a brown toluene-soluble precipitate. The 'H
NMR spectrum shows a huge broad resonance near 0 ppm, a possible indicatiorl of
extensive AlMes; adducts. Crystallization and further characterization of this product
also failed due to its easy decomposition in solution even at very low temperature.

That Yb[N(SiMes)2]o(THF); reacts more readily with phenalene ligand than the
tris-alkyl yttrium complexes, i.e. Y(CH,SiMes);(THF),, is surprising because
CHa2(SiMes)> and CH3(SiMes) have much higher pKa ‘s (~45) than HN(SiMes),
(~30)."” Since the acid-base reaction between ligand and tris-alkyl yttrium complex
must be thermodynamically favorable, the kinetics of this reaction are apparently too
slow. During the process of protonolysis, the ligand and lanthanide precursor have to
form a four-center transition state (Fig 2.10), the stability of which depends on the
size of metal, the steric effects of the neutral ligand and those of other ligands in the
lanthanide precursor. The ionic radii of Y(III) and Yb(II) are about 0.90 A and 1.02
A% respectively, so Yb(II) provides less crowded transition state for protonolysis. In
addition, Yb[N(SiMe3):]o(THF), has only two silyl amide ligands while the yttrium

precursors possess three bulky CH,;SiMe; or CH(SiMe;)> groups. The extra steric
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effects of the alkyl substituents in Pn™H and Pn"H make them even more difficult
to react with these relatively unreactive precursors compared to the simple PnH ligand.
This explanation is strongly supported by the fact that the reaction process to form
136 was very slow. As a result, large amounts of Yb(Pn‘B“)[N(SiMe3)3](THF)3 137
formed as a stable intermediate. In contrast, the reaction between PnH or Pn™°H with
Yb[N(SiMe3)-]o(THF) produced only 133 and 134 at room temperature with no sign
of formation of the intermediate (Pn)Yb[N(SiMes)>](THF), complexes.
Me,SiCH,

\ _THF
Me,SiCH
P Ty CH,SiMe,

Sl

THF

ool

Figure 2.10. Transition state for the protonolysis reaction

Ansa-phenalenide complexes are of interest because they should possess a more
open metal coordination sphere. Dimethylsilyl linked Me,Si(Pn™*H), 138 was
prepared from PnLi and dimethyldichlorosilane in THF (Eq 2.7). However, the
reaction progress for both protonolysis and salt metathesis were very slow and we
were unable to separate clean product. Given the difficulties in modifying 129-137,

further investigation of this ligand was not pursued.

Eq2.7 2(PoM9)Li + Me,SiCl, — ” ) “
E5R



2.2.4 Bonding Pattern of Phenalenide Anions

The 'H NMR spectra of complexes 129-132 and 136-137 show simple, sharp
resonances, ruling out the possibility of tight n° bonding between the metal center and
phenalenide anion. A static structure with the metal sitting over the center of the
phenalenide ring and equally bonded to the six a-carbons could explain the high
symmetry observed in solution. Alternatively, a dynamic process in which the metal
center is bonded to one six-membered ring by n3-allyl bonding and migrates rapidly
from one ring to another on the NMR time scale at room temperature could glso
explain the observed spectra. In a covalent bonding model, the symmetrical static
structure is not possible because the d (or f) orbitals of most metals are not
sufficiently large to span the whole ring system. However, in an ionic bonding picture,
placing the metal symmetrically over the center of the ring is not prohibited. On the
other hand, a simple calculation of the coulombic attraction in an 1° versus 1°-
bonding model suggests that the latter is more favorable, mainly because the Yb-C
bond distances are calculated to be much longer in the n°-bonding (Fig 2.11). If this is
correct, the simple 'H NMR spectra suggest that rapid migration of the metal around

the phenalenide n-system is occurring.

3:5 2.8

Figure 2.11. Possible bonding patterns between Yb and phenalenides (A)
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Generally, aromatic rings n-bonded to metals rotate very rapidly and it is not
possible to distinguish individual protons by NMR. For example, in Cp compounds,
all five Cp protons are normally equivalent. However, the energy barrier for migration
of metal fragments between rings should be large enough for low temperature NMR
detection. This is exactly the case for [Pd(n’-Phenalenyl)tmeda] PFs that possesses
an energy barrier of about 22 kcal mol” for migration (Fig 2.2)."*” Considering the
different bonding model for late transition metals (covalent) and lanthanides (ionic), a
lower coalescence temperature might be expected for our system since there are no
orbital considerations in an ionic system. Various sets of low temperature VT NMR
spectra on different complexes were therefore obtained to investigate this possibility.
Although several of the compounds precipitate out of solution at lower temperature,
the spectra did show broadening of the phenalenide resonances, indicating a rapid
migration. Fortunately, due to extremely high solubility of (Pn®"),Yb(THF) 136 in

toluene, decoalescene of 136 appears to start at about 190K, just before the complex

precipitates from solution (Fig 2.12).

'[ Pn®H

JL 240K
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Figure 2.12. VT "H NMR spectra (500 MHz, C;Ds) of 136 at low temperature



Unfortunately, the low temperature limiting spectrum still could not be reached
due to insolubility below about 180K. Although VT NMR did not show conclusive
evidence for a migration process, it does strongly suggest that the ground state
structure is lower symmetry and rapid migration of the metal center along the
phenalenide skeleton occurs at very low temperature.

The average chemical shifts of the phenalenide protons observed in the 'H
NMR spectra of 129-137 are remarkably far upfield and very similar to the a-allylic
protons (5.45-6.04 ppm) observed in the slow exchange spectra of known group. 10
n3-phenalenyl complexes.”é The chemical shifts of naphthalene (7.4-8.0 ppm)
protons differ from allylic protons by at least 1.9 ppm. Moreover, the average a-
proton was obsel;ved at 7.32 ppm in [Pd(rf—phenalenyI)(’[meda)]J”PFe.‘.147 Thus, the
chemical shifts of electron localized naphthalene unit in previously reported transition
metal complexes are unable to provide a reasonable reference for calculation of
energy barrier for rapid migration in 136 because the chemical shifts for delocalized
naphthalene unit of 136 can not be estimated accurately (the details will be discussed
in Section 2.3).

An intermolecular dynamic process can be ruled out because no changes in
coalescence temperature or line widths were observed when the solvent was changed
from dg-toluene to dg-THF or when the concentration of the complex was varied by a
factor of three. This supports an intramolecular fluxional process because such a
process should show no dependence on complex concentration or solvent donor

ability. Additionally, mixing 133 and 134 or 130 and 131 together in Dg-toluene
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produced no change in the 'H NMR spectra of either complex, strongly suggesting

that intermolecular ligand exchange does not take place on the NMR timescale.

2.3 Solid State Structure

After many attempts, crystals of complex 136 were obtained from hexanes
solution and crystallographically characterized; significant bond distances and angles
are given in Table 2.1 and an Ortep3 drawing is shown in Fig 2.13. As the Ortep3
drawing clearly shows, the bonding pattern is not 1°, but more like . The b‘ond
distances of Yb(II)-C for regular bis-Cp ytterbium complexes range from 2.60 to 2.85
A."*17® The Yb-C bond distances in complex 136 range from 2.789 to 2.886 A which
puts them at the long end of the Yb(II)-C bond distance range. Also, the Yb-C
distances in 136 are at the long end of the range found in symmetrically bonded, 8-
coordinate lanthanoid allyls (2.682—2.839 A).'” In a strict formal sense, 136 is a 6-
coordinate complex but using this definition, then the Yb-C bond distances observed
in 136 fall well past the normal range. Even regarding 136 as an 8-coordinate
complex, the ytterbium metal center is clearly more sterically crowded than most
lanthanoid allyls as a result of the ‘fused’ naphthalene group. This crowding is
obvious from the long Yb—O distances (2.435(2) and 2.436(2) A) compared to 8-

178

coordinate, ytterbium indenyl complexes (2.348-2.431 A)'’® and the observation that

136 readily loses one THF molecule on exposure to vacuum.
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Figure 2.13. Ortep?’179 diagram (thermal ellipsoid 50% probability) of 136
Carbons on THF and hydrogen atoms omitted for clarity

Table 2.1. Selected bond lengths (A) and angles (deg) for 136

C(1)-Yb(1) 2.817(3) C(2)-Yb(1) 2.838(3) C(3)-Yb(1) 2.808(3) C(4)-Yb(1) 2.996(3)
C(5)-Yb(1) 3.049(3) C(6)-Yb(1) 2.955(3) C(26)-Yb(1)2.789(3) C(27)-Yb(1)2.869(3)
C(28)-Yb(1) 2.864(3) C(29)-Yb(1)3.022(3) C(30)-Yb(1)3.013(3) C(31)-Yb(1)2.886(3)
C(1)-C(2) 1.390(4) C(2)-C(3) 1.399(4) C(3)-C(4) 1.435@4) C(1)-C(6) 1.436(4)
C(26)-C(27) 1.396(4) C(27)-C(28) 1.393(4) C(28)-C(29) 1.437(4) C(26)-C(31) 1.437(4)
O@) - Yb(1)  2436(2) O(1)- Yb(l) 24352) torsion angle 96.4

O(1)-Yb(1)-O(2) 94.73(8) Pn(A)-Yb(1)-Pn(B) 144.6

Torsion angle is defined as the angle between C(2)-Cp(cent) and C(2)’-Cp(cent)’ in bis-indenyl
complexes where Cp(cent) and Cp(cent)’ are the centroid of the five-membered rings. In this case, the
torsion angel is for C(2)-Pn(A)-Pn(B)-C(27). Pn(A)= centroid C(1)-C(6), Pn(B)= centroid C(26)-C(31).
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As is apparent from the structure, the bonding modes of the two ligands are
somewhat different. One of them bonds to metal center via n° bonding while the other
is more like n' bonding. The different bonding modes show the possible
inequivalence of the two ligands and asymmetry of this complex. However, the C-C
bonding patterns of both ligands are very similar (Fig 2.14), indicating that the
different bonding modes between ytterbium and the two ligands have no substantial
effect on the ligands themselves. Considering the presence of six bulky t-butyl groups,
it is most likely that the difference is due to the slight shift of the metal center callsed
by steric effects of the t-butyl groups. This can be seen clearly from crowding of the
two allylic units where the t-butyl groups on the two allylic units approach very close
to one another; while the repulsion between them can be observed from the 96.4°
torsion angle and large Pn(A)-Yb(1)-Pn(B) angle (144.6°) between the two
phenalenide ligands. Thus, combining the highly symmetrical NMR spectrum in
solution, the equivalence of the two phenalenide ligands can be established despite

their apparently different bonding modes in the solid state.

C6 c4 C31 C29
Cl C3 C26 C28
S \ /e \
1.390(4) 1.399(4) 1.396(4) 1.393(4)

Figure 2.14. Bond distances within the Pn"" ligands from the structure of 136
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The fold angles between the allyl and six-membered ring in previously reported
Yb(IT) indenyl complexes range from 1.4° to 6.8°, 18018 significantly smaller than that
in m° transition metal complexes (20-40°).2187191 A a result, there is no substantial
difference among Yb-C bond distances (0.019-0.140 A) between the five-membered
ring and the metal center. However, the difference between metal-carbon bond
distances in 1’ transition metal indenyl complexes is more substantial and typically
ranges from 0.5 to 0.9 A longer between the metal and the allyl versus ring fusion
carbons. This suggests that the electrons on the five-membered ring are ftill
delocalized for the Yb(II) indenyl complexes, but much more localized over allylic
unit in 1’ transition metal indenyl complexes. These facts clearly demonstrate the
bonding pattern between indenyl and Yb(II) as ns :

The fold angles in 136 (12.0, 12.6") are slightly bigger than those (1.4-6.8°) in
Yb(II) indenyl complexes, resulting in a larger difference between the Yb(II)-C
distances to the allylic unit and adjacent non-bonded Yb(II)-C distances of 0.14A.
However, the C-C bond distances within the bonded ring only show a difference of
0.04A between tl'le C-C bonds of the allylic (C1-C2, C2-C3) unit and other C-C bonds
in this bonded six-membered ring (C1-C6, C4-C3) (Fig 2.14). Also, the naphthalene
subunit of the phenalenide does not show a similar bond alternation pattern to that
found in naphthalene or its derivatives in electron localized system (Fig 2.15),"*'%
indicating that electrons of the naphthalene subunit in the phenalenide ligand are still

delocalized over the whole phenalenide skeleton. In sharp contrast to 136, the fold

angle is significantly bigger in [(1/’-(4—6)-1-ethoxyphenalenyl)Pt(PPhs),] BF4



(30.1°)." This leads to localization of electrons in the naphthalene unit as indicated
by the long C-C bond distances (1.484, 1.517 A) connecting the allyl and naphthalene
units, and a large difference (0.8 A) between Pt-C bond distances to the allylic unit

and non-bonded Pt-C distances to ring fusion carbons.

1.416 1.409
g Lk L g 1380 1376
L L 1.396 1.401
L~ longer bond S~shorter bond C-C bonding distances of the ligand

Figure 2.15. Naphthalene units in electron localized and delocalized systems

The similarity in Yb-C and C-C bond distances and fold angles between 136
and Yb(II) indenyl complexes does not necessarily mean their bonding is similar; in
other words, the clear n5 bonding pattern for Yb(II) indenyl complexes cannot help
determine the bonding pattern of 136, although they are helpful to understand electron
delocalization over the phenalenide ligand when bonded to the metal. This is because
charge density in phenalenide is equally distributed over the six o-carbons with little
on other carbons. Electron delocalization keeps the phenalenide skeleton nearly planar
and brings the metal close to non-bonded carbons, resulting in only minor differences
between between the Yb(II)-C distances to the allylic unit and adjacent non-bonded
carbons.

In summary, the bonding patterns in the ytterbium phenalenide system

possesses several distinctive features compared to yttrium indenyl complexes and



typical n3-bonding complexes: i) very small fold angles similar to Yb(II) indenyl
complexes that possess an n5 bonding pattern; ii) insignificantly longer distances
between the metal center and non-bonded carbons and significant electron
delocalization of the whole aromatic system even when bonded; iii) weaker bonding
as indicated by longer Yb-C bond distances compared to that in Yb(II) indenyl
complexes. Although there is no conclusive evidence to rule out the possibility that
the longer Yb-C bond distances in 136 are only a function of crowding from the t-
butyl groups, the similarity in dynamic behaviour and chemical shifts between ‘136
and 133 or 134 with much less bulky Pn ligands makes this assumption unlikely.
These features show the uniqueness of the phenalenide system when bonded to
lanthanides and also helps to explain the easy loss of the ligand during reactions
because the electron density within the allylic bonding unit is relatively low due to
electron delocalization over the rest of the phenalenide skeleton. Consequently, the
lanthanide metal can migrate freely with a low energy barrier over the entire
phenalenide skeleton.

We attribute this unique behavior to the ionic nature of lanthanide metals,
because these metals are not restricted to the 18 electron rule and can accept more
ligands if sterically allowed. The short non-bonded distances between the metal center
and ring fusion carbons of the Pn ligand show that additional interactions between the
metal center and the non-bonded part of phenalenide are possible. Also the similar
chemical shifts of 129-137 indicate that similar bonding patterns are very likely to

occur in other phenalenide complexes.
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Chapter Three.
Synthesis and Properties of Organolanthanide Complexes

with Aromatic-Fused Cyclopentadienyls as Ligands

3.1 Introduction

The lanthanide phenalenide complexes discussed in Chapter two possess
interesting dynamic behaviour due to delocalization of electron density over the entire
phenalenide skeleton; this delocalization is possibly responsible for the easy losE of
the phenalenide ligand. Compared to the electron delocalized phenalenide anion, the
electron densities in aromatic-fused cyclopentadienyl ligands are calculated to be
similar to the parent indenide and fluorenide anions, indicating that further
delocalization of electrons by fusion of more aromatic rings does not occur. Thus,
ligand loss is not expected to be a major concern for these ligands.

Although indenyl and fluorenyl lanthanide complexes have been studied
extensively, larger systems have not been investigated yet. The fusion of additional
aromatic rings not only allows more possible bonding patterns, it can also provide the
bulk and rigidity to block bridging interactions. Moreover, these ligands should form
mono-Cp bis-alkyl complexes possessing two alkyl groups for modification. Despite
lacking electron donors to stabilize the metal center, bis-alkyl complexes with our
ligands should be very stable by taking advantage of the large and rigid ancillary

ligands.
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Various levels of aromatic fusion on the Cp ring can provide access to either
mono or bis-alkyl complexes (Fig 3.1). The synthesis and characterization of
lanthanide complexes with these large ligands can help understand the effect of
aromatic fusion on the reactivity of these complexes. The fundamental reactivity
patterns of alkyl complexes, such as insertion, polymerization and acid-base reactions
will be explored; moreover, the uniqueness of the reactivity and solid state structure

of these complexes will be discussed.
Ph
(PCp)H 105 (PCpM9)H 106 (PCp®™H 107

OO0

9
9

£

L0
40

(PCp*)H 108 (PCp)H 109 (sCp)H 110

Figure 3.1. Targeted ligands for investigation

3.2 Synthesis and Characterization of Lanthanide Complexes
3.2.1 Synthesis of the Ligands
The ligands (PCpMe)H 106 and (PCpPh)H 107 can be synthesized from
commercially available 9,10-phenanthroquinone 139 and ethyl acetoacetate with

modifications of a literature procedure involving treatment of the condensation
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product 140 from the first step with Zn/acetic acid,"™'” followed by addition of
MeMgBr or PhMgBr and dehydration of the alcohol with p-toluenesulfonic acid
(PTSA) to afford clean (PCp™)H 106 or (PCpP "™H 107 (Scheme 3.1). Compared to
the original literature, Zn/acetic acid gave a much cleaner product than aqueous HI.
However, for the synthesis of (PCp)H 105, dehydration attempts by various methods

failed to afford (PCp)H readily. A modification made by Bertil Eliasson resolved this

problem by using the Shapiro reaction (Scheme 3.1).197’198
O
CO,C -
% 2 CH,COCH,CO,C,H, o Q Sl
Drops of piperidine .
Ethanol O O
140
Zn acetic acid
O

i)RMgBr i) H,0

iii) PTS CO
141

R =Me, 106
R = Ph, 107 NN,
acetic acid

1 dioxane/ethanol

NNHTs

) nBli '

142

Scheme 3.1. Synthesis of mono-substituted PCp ligands
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The ligands (PCp*)H 108 and (PCp’)H 109 were prepared by the base-catalyzed
condensation of phenanthroquinone 139 with 3-pentanone followed by reduction of
the condensation product 143 with zinc and acetic acid, treatment with MeMgBr (for
(PCp*)H 108) or LiAIH4 ((PCp’)H 109), respectively, and dehydration with pyridine
and trichlorophosphine oxide (Scheme 3.2).'" The ligand (sCp)H was synthesized
starting from 9-bromophenanthrene 145 via a Grignard reaction with methyl formate,

followed by dehydration and cyclization of 146 with trifluoroacetic acid (Scheme

k % )
o O
CH,CH,COCH,CH,
®
aV,
139 143

Zn l acetic acid

0]

i) MeMgBr ii) H,0 .
iii) Pyridine/ O=PCI, OCO

144

Scheme 3.2. Synthesis of (PCp*)H

O O OH O

MeBr methyl formate TFA
O - o —— > (sCp)H
O H,0 O O 110

146
145

Scheme 3.3. Synthesis of (sCp)H
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3.2.2 Yttrium Mono and Bis-alkyl Complexes by Protonolysis

Reaction of the ligand (PCpMe)H 106 or (PCpPh)H 107 with half an equivalent
of the yttrium tris(alkyl) precursor, Y(CH,SiMes;)s;(THF),, in toluene, followed by
extraction  with  hexanes, afforded the yttrium alkyl complexes
(PCp™®),Y(CH,SiMe;)(THF) (147) or (PCpPh)gY(CHgSiMe3)(THF) (148) as pale
yellow powders in 88% and 90% yield, respectively (Eq 3.1).
(PCp)2Y(CH>SiMe3)(THF) (149) was synthesized by a similar route to 147 and 148 in
85% yield, but 149 shows relatively low solubility in hexanes, so extraction of ‘149
with hexanes is not a feasible way to remove unreacted ligand. Substitution at the 2-
position of PCp seems to have little effect on formation of bis versus mono-Cp
complex, since incorporation of phenyl and methyl substituents gave analogous
complexes. Attempts to synthesize a mono—PCpMe complex by using 1:1

stoichiometry of (PCpMe)H and yttrium tris(alkyl) also afforded the bis-PCpMe

complex 147, suggesting that the mono-PCpMe is unstable to redistribution in solution.

‘ Y(CH,SiMe,)(THF),

Toluene

O‘O 2SiMe, -THF

R=Me, 106; Ph, 107; H, 105

R= Me, 147; Ph, 148; H, 149

The 'H and °C NMR spectra of complex 147 show the CH>SiMe; resonance at
-0.62 ppm (*Jyy=3.7Hz) and 31.0 ppm (‘Jyc= 45 Hz), respectively, in the normal

range for Y-CH>SiMe; groups compared to previously reported examples.”'* The
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THF resonances can be observed at 1.95 ppm (a-protons) and 0.57 ppm (B-protons)
(Fig 3_.2). Also, the protons and carbons in the 7 and /’ positions on the PCpMe ring
show different resonances in the °C and 'H NMR spectra, while the °C DEPT
spectrum shows ten resonances for the aromatic carbons including the two of the Cp
ring. These results indicate the two ligands remain chemically equivalent, but all
carbons and protons on each ligand are themselves inequivalent consistent with Cs
symmetry in solution. The two chemically inequivalent protons show long range
coupling with a coupling constant of 2 Hz providing more proof for a Cs symmetry
complex. Complex 148 and 149 show similar NMR spectra to 147, indicating that

they have similar symmetry in solution.

SiMe3
% Me
i
r r THF
\ i i |THF| CH,
ol h o .
T LYy L% vy LY e LY T v Y Lo vy e ©p 2y Ty .
PPM 75 72 68 64 6.0 56 52 438 44 40 36 32 23 24 20 16 12 08 04 -00 -04 08

Figure 3.2. "H NMR spectrum (500 MHz, C¢Dg) of 147

A 2:1 stoichiometry reaction between (PCp*)H 108 and the yttrium tris(alkyl)
precursor was tried on both preparative and NMR tube scale. In all cases, a significant
amount of ligand remained in solution, even after extended periods of time. Attempts
to force the reaction by heating were not feasible because of the thermal instability of

Y (CH,SiMes);(THF),. From this we conclude that the mono-ligand complex is stable
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and that formation of a bis-ligand complex is kinetically slow, probably for steric
reasons. Reaction of yttrium tris(alkyl) with one equivalent of (PCp*)H 108 in toluene
overnight, followed by extraction with hexanes and crystallization, afforded very pale
yellow plate crystals of (PCp*)Y(CH,SiMes)o(THF) (150) in 25% yield (Scheme
3.4). The low yield is due to difficulty in separating unreacted 108 from 150 and the
high solubility of 150 in hexanes. Based on the substitution pattern for the PCp type
ligands, it seems that substitution at the / and 3-positions plays a more important role
in formation of mono-PCp yttrium complexes than does substitution at the 2—positi9n.
The resonances of coordinated THF in 150 are at 2.52 ppm (a-protons) and 0.60
ppm (B-protons). The alkyl group resonances are observed at 0.26 ppm for SiMes and
-0.60 ppm for CH> (Jyu=3.2Hz, YCH>), respectively (Fig 3.3). These proton
resonances are similar to the complexes reported previously and bis-PCp® complexes
147-149. The equivalence of the two a-protons on each alkyl, as indicated by the
simple doublet for YCH>SiMes, indicates that rapid dissociation of THF from
(PCp*)Y(CHa2SiMes),(THF) 150 and inversion at the metal center of
(PCp*)Y(CH,SiMes), is possibly occurring in solution at room temperature (see

Section 3.5 for details).

_Nl M |,A.| W

x 4.000
T T ’ T T ¥ T 1
8.4 82 80 78 76 74 72 SiMe;
Me
. Me
* % l * CH,
Pl At A J A_J " l
T y T I 3 T ¥ T T T
PPM 8.0 70 6.0 50 40 30 20 10 00 1.0

Figure 3.3. '"H NMR spectrum (500 MHz, C;Ds) of 150
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Scheme 3.4. Synthesis of mono-PCp* complex 150 and its bipy adduct 1517

Complex 150 reacts with one equivalent of 2,2°-bipyridine (bipy) to give
(PCp*)Y(CHa2SiMes)»(bipy) (151) cleanly in NMR tube scale reactions (Scheme 3.4).
Replacement of THF by bipy not only results in dramatic chemical shift changes for
the aromatic protons of the PCp* ligand, but also results in two separate doublet of
doublets for the a-protons at -0.23 and -0.44 ppm (*Jyu=3.0Hz, *Juy=11.4Hz). This
clearly shows that bipy is more strongly coordinated to the yttrium metal center and
does not undergo a rapid dissociation process like THF in 150. The equivalence of
both halves of the bipy ligand is consistent with a Cs symmetry, pseudo-square
pyramidal structure.

Both 2:1 and 1:1 stoichiometry reactions between (PCp’)H 109 and yttrium
tris(alkyl) were attempted. Surprisingly, information based on NMR spectroscopy is
not conclusive for formation of either a bis or mono-PCp’ complex. The 'H NMR

spectra showed dramatic changes with several resonances visible in the reaction
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mixture in C¢Dg overnight, possibly indicating ongoing redistribution processes. This
observation seems to contradict the trend of analogous ligands because the two methyl
groups on the five-membered ring fail to show a substantial effect on the formation of
mono or bis-Cp complexes. On the other hand, (PCp’)H 109 is less bulky than
(PCp*)H 108, but more bulky than (PCpMe)H 106; thus, redistribution between bis
and mono-PCp’ complexes might be expected given its intermediate bulk.

Reaction of Y(CH2SiMes3)3;(THF), with one equivalent of (sCp)H 110 proceeded
smoothly in toluene overnight. Removal of toluene followed by extraction of‘the
crude product with hexanes yielded (sCp)Y(CH2SiMes),(THF) (152) as a pale yellow
powder in 60% yield (Eq 3.2). Similarly to 150, the 'H and °C NMR spectra of 152
show resonances for the YCH->SiMes group at -0.98 ppm (“Jyy = 3.1Hz) and 37.92
ppm (‘Jyc = 45 Hz), respectively (Fig 3.4), indicating rapid dissociation of THF and
inversion at the metal center at room temperature. The resonances of coordinated THF

were observed at 2.54 ppm (a-protons) and 0.59 ppm (B-protons).

o S

Y(CH,SiMe,)(THF), (D

-THF,-SiMe,

(sCp)H 153
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Figure 3.4. "H NMR spectrum (500 MHz, C,Dj) of 152

-

The "*C NMR DEPT spectrum shows nine different resonances for the aromatic
carbons. Considering that there are seventeen C-H groups on the aromatic ligand,
including one on the five-membered ring, this indicates that the sCp ligand has mirror
plane symmetry in solution even though the ligand itself is known to be helically
distorted in the solid state.*** This indicates that rapid racemization of the sCp ligand
occurs in solution at room temperature as shown schematically by the cartoon in Eq
3.3. X-ray suitable crystals were obtained from hexanes solution under -40°C and
confirmed the non-flat and rigid structure of this ligand (see Fig 3.17). Complex 152
shows good solubility in toluene and mediocre solubility in hexanes. It is quite stable
in solution or the solid state but decomposes to a red solution with precipitate

formation at 60°C without any sign of a metallation product.
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Eq3.3 /Y"\'“--cﬂzsn\,xe3 7N\ e,
THF CH,SiMe, THF CH,SiMe;

The isomer of the (sCp)H ligand, (sCp)'H 153 (see Eq 3.2), formed as a
byproduct in the reaction between (sCp)H 110 and Y(CH,SiMes)s(THF),, could be
separated from 152 and unreacted tris(alkyl) easily due to its low solubility in hexanes.
(st)iH 153, intentionally prepared from (sCp’)Li" and water, does not show any ;ign
of reaction with yttrium tris(alkyl) over two days. This is consistent with the
observation from the original reaction where yttrium tris(alkyl) and (st)iH 153 co-
exist after long periods of time. A simple extended Hiickel calculation reveals that
the heat of formation (AHy) of (sCp)'H 153 is about 10 kJ mol” lower than (sCp)H
110, indicating that (st)iH 153 is the thermodynamically more stable isomer. Since
it is highly unlikely that (st)iH 153 possesses a pKa larger than 45 (pKa of SiMey),
the failure of (sCp)'H 153 to react with the tris(alkyl) must be due to slow kinetics of
the o-bond metathesis process.

Similarly to complex 151, the bipy adduct (sCp)Y(CH,SiMe;)a(bipy) (154) was
formed by addition of bipy to a CsDs solution of 152. Complex 154 shows relatively
poor solubility in CsDg and X-ray suitable crystals of 154 were obtained directly from

the reaction mixture. The replacement of THF in 152 by bipy in 154 shows the same

effect as in the related 151/150 pairing: dramatic chemical shift changes in the



76

aromatic region and two doublets of doublet resonances for the Y-CH> groups due to
Cs symmetry in 154. DME adduct (sCp)Y(CH>SiMes)>,(DME) (155) was prepared in
similar fashion (Scheme 3.5). Surprisingly, the CH>SiMes resonances do not show
any significant chemical changes from replacement of THF by DME and remain a
simple doublet indicating that rapid dissociation of DME molecule occurs at room

temperature.
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Scheme 3.5. Synthesis of bipy adduct 154 and DME adduct 155

3.2.3 Yttrium Complexes by Salt Metathesis
Although protonolysis reactions between neutral ligands and yttrium tris(alkyl)
were quite successful, salt metathesis reactions were attempted as an alternate way to
synthesize the alkyl complexes. Also, Y-Cl bonds can provide more potential for
future functionalization. Salt metathesis reactions are the most common and important

routes to synthesize lanthanide halide precursors. However, the disadvantage of this
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route is the formation of alkali salt adducts in presence of coordinating solvent
(anionic ‘ate’ complexes), and the adducts complicate product characterization and
are very difficult to remove once formed.

Reaction of (PCpMe)'Li+, generated as an insoluble precipitate by reacting
neutral ligand (PCpMe)H 106 and n-BuLi in toluene, with YCIl; in THF overnight
afforded (PCpMe)gYCI(THF) (156) in 63% yield. Although the 'H NMR spectrum of
156 was broad and not completely clean, the most distinctive feature of this complex,
similar to 147 with Cs symmetry, was the observation of two separate resonances‘for
the 7 and 7’ protons on the five-membered ring at 6.64 and 6.48 ppm. Treatment of
156 with excess MeLi in THF afforded (PCpMe)zY(IJ:-Me)gLi(THF)Z (157) in 43%
yield (Scheme 3.6). The '"H NMR spectrum of 157 shows only one resonance for the
1 and [/’ protons on the five-membered ring with a simple BC resonance for the
corresponding carbons consistent with an overall Co,y symmetry. Despite the fact that
the 2Jyy coupling is missing from the broad resonances at -2.25 ppm for the Y-Me
groups, a 'Jyc coupling constant of 50 Hz confirms the structure of 157. Although 156

and 157 were prepared successfully by salt methathesis, the difficulty of purification

limited further investigation of their reactivity.
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Scheme 3.6. Preparation of 156 and 157 by salt metathesis reactions

-

(sCp)Li" was prepared by treating (sCp)H 110 in THF with one equivalent of
n-BuLi, followed by removal of the solvent. Surprisingly, the salt metathesis reaction
between YCls and (sCp)Li" afforded neutral product (sCp")H 153 with either THF or
toluene as solvent. Similarly, reaction of (sCp)Li~ with Ybl, afforded (st)iH 153
and several more attempts gave the same results. The reason for the generation of
neutral ligand in the salt metathesis reactions remains unknown, but this meant that

the salt metathesis route could not be investigated further.

3.2.4 Ytterbium Complexes by Protonolysis
When (PCpMe)H ligand and Yb[N(SiMes),]o(THF), were stirred overnight in 2:1
ratio, they afford (PCpMe)ng(THF)g (158) as a red powder in 74% yield. Complex
158 is very soluble in toluene or benzene, but insoluble in hexanes. The bis-PCp™®

structure of 158 can be confirmed by the absence of N(SiMe;), resonances, a single
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resonance of CpCH at 6.32 ppm and the resonances of aromatic protons at 7.15-8.26
ppm.

Since Yb(II) is a good reducing agent, it was of some interest to see if 158
could reduce a suitable substrate. Aryldisulphides have been reduced in the past by
Cp*,Yb(OEt) to afford lanthanide thiolates, Cp*,Yb(SAr)(OEt,), that can serve as
suitable precursors to lanthanide alkyls.3 > Two oxidation experiments were attempted
between 158 and p-tolyldisulfide or bromobutane. Oxidation of 158 by p-
tolyldisulfide in C¢Dg gave a deep purple solution of (PCpMe)ng(S-tolyl)(THF) (159)
(Scheme 3.7). The dramatic change in color and the paramagnetic 'H NMR
resonances at 90 to -100 ppm are consistent with formation of an ytterbium thiolates
similar to those made before.”>?"*?% Oxidation of 158 with bromobutane afforded

neutral ligand and failed to give the expected Yb(III) complex.

Yb[N(SiMe,),],(THF),

-2HN(SiMe,),

106 p-tolylsulfide
‘7 ﬁ L THF /

Yb‘s

Scheme 3.7. Synthesis of ytterbium complexes 158 and 159
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Reaction of Yb[N(SiMes),]>(THF), with two equivalents of (sCp)H in toluene
overnight afforded a red-brown powder (sCp),Yb(THF) (160) (Eq 3.4). The 'H NMR
of the crude product clearly shows the formation of neutral ligand isomer (sCp)'H.
Similar to 158, the resonances of N(SiMes), were not observed from the 'H NMR
spectrum, indicating that 160 is a bis-sCp complex. Recrystallization of the crude
product gave red crystals of 160 in 46% yield. By comparison of the integrations for
the THF and aromatic sCp ligand, only one THF molecule is coordinated to the metal
center in 160, clearly due to steric effects of the sCp ligands. The resonances of the
THF molecule (1.47 ppm for a-THF CH,) are very far upfield compared to 158,
indicating that an increased shielding from having two large aromatic systems takes
place. The '"H NMR spectrum of 160 also shows only nine resonances for the protons
in the sCp 110 ligand (Fig 3.5), indicating that rapid racemization of the sCp 110
ligands take place in solution. This also means that the two chemically equivalent sCp
110 ligands do not interfere with each other sterically and formation of a bis-sCp

complex does not have any substantial effect on ligand racemization.

YB[N(SiMe,),(THF), (&2

-2HN(SiMe,), -THF

QO
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Figure 3.5. "H NMR spectrum (500 MHz, C¢Ds) of 160

Because both 160 and (st)iH 153 are very soluble in toluene, it is quite
difficult to separate clean 160 from this byproduct. Thus, the chemistry of this
complex was not investigated in detail, except for the simple oxidation reaction with
p-tolyldisulfide. The bright red color of 160 fades immediately after addition of p-
tolyldisulfide. However, the "H NMR spectrum was not clean enough to characterize
the product. Also, tiny bright yellow crystals that grew on the wall of the NMR tube
were found to be an organic compound because no heavy metal atom was detected by
X-ray crystallography. This indicates that loss of ligand from the extremely crowded
Yb(III) metal center, formed after oxidation of Yb(II), takes place. We suspect that
this organic compound is tetrabenzofluorenone because fluorenone was known to be
bright yellow crystalline powder. Attempts to generate a mono-sCp complex using a
1:1 stoichiometry between Yb[N(SiMes)»]>(THF), and (sCp)H 110 also produced bis-
sCp complex 160 and (st)iH 153. This observation indicates that the mono-sCp
intermediate (sCp)YbN(SiMe;)»(THF) during formation of 160 is unstable and can

readily react with a further equivalent of (sCp)H to generate 160, consistent with the



larger ionic radii of the Yb(II) metal center in 160. This can provide larger space for

the second sCp ligand to bind compared with the smaller Y (III) metal center in 152.

3.3 Reactivity Studies
3.3.1 Hydride Chemistry
Addition of phenylsilane to a hexane solution of 148 afforded a light orange-
brown precipitate overnight. Although the 'H NMR spectrum of the product was

relatively messy, the triplet at 3.50 ppm (89Y 100% natural abundance, 1= Y%; 'J

i

34.5 Hz) indicated formation of a dimeric yttrium hydride [(PCp™"),Y(p-H)]> (161)
(Eq 3.5). Although X-ray quality crystals were obtained by crystallization of 161
from a toluene/hexane solution, the large scale preparation of clean 161 proved to be
very difficult; making a detailed investigation of the chemistry of 161 impractical.
However, 161 generated in situ, failed to show any catalytic activity towards the
polymerization of ethylene. Reaction of 147 and 149 with dihydrogen gas or
phenylsilane in hexanes and toluene afforded toluene or THF insoluble products,
which could be hydride cluster complexes, since the 'H NMR of the toluene-soluble

residue did not show any signs of free ligand.

o - \\\\\Ht.
Eq3.5 Ph Y PhSiH; oy Eh
R — Ty
4
148 Q Q 161
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Reaction of 150 with phenylsilane in hexanes afforded a toluene-soluble red-
brown powder; however, the 'H NMR spectra was unable to provide any useful
information to characterize this product. Moreover, crystallization of this product
from toluene failed. In comparison, reaction of 150 with dihydrogen gas afforded only
neutral ligand. Similar reactions were also attempted for 152 with both phenylsilane
and dihydrogen gas. Both reactions afforded toluene and THF-insoluble but
bromobenzene-soluble red-brown powders. Unfortunately, this product was unable to
be characterized by the 'H NMR spectrum and crystallization. Hydrolysis of these
red-brown powders by a drop of water did afford neutral ligand and SiMe, and this
process also generated a gas, assumed to be H,. This suggests the presence of sCp,
hydride and CH,SiMe; ligand in what is possibly an oligomeric or polymeric product.
Attempts to polymerize ethylene with these products failed but this is not surprising if

the complexes contain extensive and strong hydride or alkyl bridges.

3.3.2 Insertion Chemistry
Complex 150 reacts with CO, gas overnight in hexanes to give a hexane-
insoluble white precipitate of (PCp*)Y(O.CCH:SiMes)> (162) (Eq 3.6). The 'H and
'3C NMR spectra show disappearance of the CH, resonance at -0.60 ppm and
appearance of a new CH, singlet at 1.10 ppm which shows no coupling to *Y (Fig
3.6). The >C NMR spectrum also shows a distinctive carboxylate carbon resonance at
185.4 ppm. A singlet resonance for CH>SiMes clearly shows the equivalence of the

two a-protons and overall Coy symmetry for 162. This indicates that two equivalents
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of CO, have inserted into the Y-CH, bonds. Moreover, this also indicates formation
of either a four carboxylate-bridging dimer or a monomeric form of 162 because both
of these two structures possess equivalent a-protons. No resonances for coordinated
THF are visible in the spectrum consistent with a monomeric pseudo square
pyramidal structure. Crystals obtained from toluene solution lose solvent rapidly and
proved unsuitable for X-ray crystallography. Complex 152 also reacts with CO, but in
this case a toluene and THF-insoluble product is formed which may be an oligomer

containing bridging oxygen atoms of the carboxylate groups.
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Figure 3.6. "H NMR spectrum (500 MHz, C¢Dg) of 162

Complex 150 also reacts with excess trimethylsilylisocyanate (Me;SiNCO) to
give an off-white powder of (PCp*)Y[KZ-(N,O)-(Me3SiNCO)CH2$iMe3]3 (163).
Similar to complex 162, complex 163 shows significant shifting for the CH>SiMes

protons from -0.60 to 1.65 ppm with disappearance of Y-H and Y-C coupling.



Complex 163 only shows a single resonance for each trimethylsilyl group consistent
with either a cis (Cs) or trans (C,) arrangement of the iminoacyl groups in a pseudo
square pyramidal geometry. The a-protons of C-bonded CH>SiMejs are expected to be
inequivalent for both isomers. However, since a singlet resonance for these CH>SiMe3
protons is observed, this indicates that a rapid fluxional process occurs to make them
equivalent. This could include dissociation of an Y-O bond followed by rotation
around the C(acyl)-CH, bond and Y-N bond and reformation of the Kz-(N,O)-

iminoacyl (Scheme 3.8).
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Scheme 3.8. Synthesis of 163 and its dynamic behaviour

Trimethylsilyl isocyanate also reacts with 152 in toluene overnight to afford an
oily yellow-brown residue of (st)Y[KZ-(N,O)-(MegsiNCO)CHzSiMe3]3(THF) (164)
in quantitative yield. Similar to 163, formation of clean 164 can be seen by

disappearance of Y-CH, coupling and a dramatic shift of the CH>SiMes resonance
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from -0.98 ppm to 1.50 ppm. The resonances of THF are observed clearly at 2.99 ppm
(a-THF CH,) and it is very likely that 164 adopts pseudo-octahedral geometry with
THF trans to the sCp ligand to minimize the steric effects. Thus, the coordination of
THF has no substantial effect on the symmetry of 164 compared to 163. The singlet
for the CH>SiMe; and NSiMe; resonances indicates that rapid Y-O bond dissociation
and rotation is occurring at room temperature in order to generate the high symmetry

environment observed (Scheme 3.9).
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Scheme 3.9. Synthesis of 164 and its dynamic behaviour

The insertion of diisopropylcarbodiimide into 150 results in similar shift from -
0.60 ppm to 1.83 ppm for the CH>SiMes; resonance in (PCp*)Y[k’-(N,N)-
iPrN(CH.SiMe3;)CN(i-Pr)]> (165) (Eq 3.7). However, the insertion reaction of this
diimide with 152 affords a much more complicated spectrum with two inequivalent

isopropyl and trimethylsilyl groups, indicating a low symmetry insertion product.
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More surprisingly, this product possesses one equivalent of sCp ligand to four
equivalents of diisopropylcarbodiiminate from the relative integration of the sCp and
i-Pr protons. Unfortunately, attempts to crystallize this product all failed and the exact

structure of this product has not been ascertained at this point.
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Insertion reaction between 150 or 152 and other small substrates, such as t-
butylisocyanide (t-butyINC), t-butylnitrile (t-butylCN) and carbon monoxide (CO),
were also attempted: however, these reactions failed to afford clean materials. This is
not surprising since these initial insertion products are all bonded as monodentate
ligands and the metal center is sterically unsaturated, possibly leading to complicated
bridging interactions. Moreover, further insertion is possible which complicates the
analysis of the reaction mixture. In contrast, complexes 162-165 all involve bidentate
insertion products which help stabilize the metal center sterically and electronically,

and further insertion of 162-165 was not observed.

3.3.3 Acid-Base Reactions
When complex 150 is treated with an excess amount of phenylacetylene
(PhCCH), generation of a deep red-brown solution and disappearance of the

CHaSiMe; resonances is observed indicating complete protonation of the alkyl groups
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to form a di-acetylide complex. However, the 'H NMR spectrum was not very clean
for this product, even with addition of Dg-THF to break any possible bridging
interactions. Fortunately, complex 150 also reacts with two equivalents of the more
bulky trimethylsilylacetylene (Me;SiCCH) in toluene/THF mixtures to generate a
toluene-soluble complex, (PCp*)Y(CCSiMes)»(THF) (166) (Scheme 3.10). The 'H
and °C NMR spectra of 166 show only one resonance for the trimethylsilyl group,
suggesting a structure with terminal acetylides in solution (Fig 3.7). Since lanthanide

acetylide complexes were known to form dimers through the a-C,2*7*"

it is q‘uite
straightforward to distinguish the dimeric and monomeric forms of the complex by
chemical shifts and coupling constants for the Y-a-C bond. The presence of terminal
acetylide is confirmed by the C NMR spectrum in C¢Ds solution that shows only
one simple doublet at 171.2 ppm (‘Jyc= 55.5 Hz) for the yttrium-alkynide carbon at
room temperature. In the solid state, 166 exists as an acetylide-bridged dimer
[PCp*Y(CCSiMes)(THF)]2(p-CCSiMes)> (167) (Scheme 3.10) as shown by X-ray
crystallography. Thus, an equilibrium between monomeric 166 and dimeric 167
occurs for this complex and the dimeric form 167 is preferred in the solid state. This
observation is somewhat surprising because previously reported amido a.cetylide
complexes possess very stable alkynide bridging interactions in solution and distinct,
non-exchanging resonances for both terminal and bridging acetylides were

209
observed.
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Figure 3.7. "H NMR spectrum (500 MHz, C¢Dg) of 166

Trimethylsilylacetylene also reacts with 152 in hexanes overnight to give a pale
yellow toluene-insoluble powder. Addition of several drops of THF to the suspension
of precipitate in toluene helps dissolve the product. The 'H and *C NMR spectra
confirm the formation of the acetylide complex (sCp)Y(CCSiMe;),(THF) (168) (Eq
3.8). In the >C NMR spectrum, this complex shows a doublet at 172.46 ppm (yc=
47.8Hz) and a doublet at 111.95 ppm (szc= 8.8Hz, B-C) (Fig 3.8), as well as only one

resonance for the SiMe; groups, supporting a monomeric complex in solution. This
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reaction was also carried out in toluene to understand the effect of different solvents,
but the same result was obtained. The white-grey precipitate formed in first stage was
possibly an oligmer bonded through the a-carbon of the acetylides; after addition of
strongly coordinating THF, the bridging acetylide bonds presumably break to
generate the monomeric form of 168, similar to the acetylide chemistry of previously

reported Cp*Lu(CHZSiMe3)g(TI-[F).58
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Figure 3.8. *C NMR spectrum (125 MHz, Ds-THF/C¢Dg) of 168
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Crystallization of 168 from toluene afforded a very small amount of acetylide
cluster 169 with three yttrium metal centers (see Fig 3.19, P116), consistent with the

observation in 167 that the acetylide bridging interactions are preferred in the solid
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state. Surprisingly, the structure was determined to contain one sCpY(CCSiMes), unit
and two Y(CCSiMe;); units in a tri-nuclear cluster. Since the protonolysis reaction of
sCpH ligand with yttrium tris(alkyl) is not 100% complete, the unreacted yttrium
tris(alkyl) left in solution may react with excess amount of HCCSiMes to generate a
Y(CCSiMes)s species. Considering the formation of 167 at -40 °C, the cluster 169 is
also favored at low temperature.

Reactions were also attempted with various other substrates such as
phenylphosphine, diphenylphosphine and t-butylphosphine. Unfortunately, these
reactions failed to give clean products for characterization, even though in all cases

the substrate indeed reacted with the bis-alkyl complexes.

3.3.4 Metallation Reactions

Pyridine and pyridine N-oxide react with both 150 and 152 as indicated by the
disappearance of CH»>SiMej; resonances and dramatic color change, although none of
these reactions gave clean characterizable products. In view of this, 2.4,6-
trimethylpyridine (collidine), a much bulkier pyridine derivative, was reacted with
152 and afforded a red-orange powder, shown to be (SCp)Y[KZ-(N,C)'CHQ'(CjHZN-
4,6-Mey)]>(collidine)s (170) (Eq 3.9) in 50% yield. The 'H NMR spectrum of 170
clearly shows two types of collidine groups coordinated to the metal center. A single
resonance is observed at 6.43 ppm for aromatic CH protons on N-coordinated
collidines while two resonances are observed at 5.77 ppm and 5.33 ppm for the two

inequivalent aromatic CH protons on the metallated collidines (Fig 3.9). Although the
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distinct doublet carbon and doublet of proton resonances for the Y-CH, groups were
not observed, possibly due to a rapid dynamic process of 170 in solution, a broad
singlet resonance at 1.62 ppm in the 'H NMR showed a C-H correlation with a weak
resonance at 50.13 ppm in the 13C NMR spectrum. The chemical shift of these proton
and carbon resonances are consistent with previously reported metallation products
and clearly shows the presence of Y-CH> groups in 170.2'° Relative integration shows
the presence of two metallated and three coordinated collidines in this complex.
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Figure 3.9. "H NMR spectrum (500 MHz, C¢Ds) of 170

The bonding pattern in 170 is somewhat surprising because the coordination

sphere appears to be very crowded with five bulky collidines, especially given the fact
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that the two metallated collidines can also possibly possess extra N-coordination.
Moreover, the equivalence of all three N-coordinated collidines in 170 indicates an
ongoing rapid exchange of coordinated collidine, because the observed symmetry is
far higher than any possible static structure of 170. Although pyridine is known to be
a stronger Lewis base than THF and does not usually undergo any dissociation
process as observed in complexes 151 and 154, the extremely crowded metal center in
170 and the bulkier nature of collidine clearly overcomes the strong Y-N coordination
bond leading to rapid exchange. Moreover, a possible hapacity shift for sCp from n
to n3 may help to stabilize the crowded metal center, although this is a speculation in

the absence of a solid state structure.

3.3.5 Reactions with Tri-alkyl Aluminum Reagents

Reaction of complex 150 with a large excess of AlMes in toluene or hexane
overnight gave a hexane-soluble product that failed to provide clean NMR
information for characterization. In contrast, 152 reacted with AIMe; under the same
condition to give a toluene-insoluble white grey precipitate. Addition of drops of THF
to the suspension of this precipitate in toluene, followed by removal of the solvent and
washing with hexanes, gave a pale yellow powder of (sCp),YMe(THF) (171) in 15%
yield (Scheme 3.11). The 'H NMR spectrum of 171 shows a Y-CHj doublet
resonance at -2.80 ppm (d, Tyu=2 Hz) with the correct integration relative to the

aromatic ligand resonances (Fig 3.10). The BC DEPT spectrum shows seventeen
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resonances for the carbons of the sCp ligand. This provides proof of an asymmetric
structure for the two halves of the sCp ligand and formation of a bis-ligand complex.
In the first stage, the precipitate in C¢Dg/Ds-THF shows the same resonances as
the final product 171, as well as an additional resonance at -0.45 ppm [(THF)(AlMe3)],
which can be washed away by hexanes (Fig 3.10). This indicates that there is only a
single type of methyl group associated with aluminum. As a strong Lewis base, THF
breaks any bridging methyl bonds between the AlMe; unit and the metal center to
form a (AlMes)(THF) which is readily washed away by hexanes. Thus, the spectrum
of the original precipitate is actually complex 171 with the presence of (THF)(AIMe;)
adduct. However, there is still the question of the step at which redistribution
involving the sCp ligand occurs: i) redistribution takes place in the original reaction
mixture after formation of (sCp)Ln[(u-Me)AlMe>]» 172 as an initial product
(Scheme 3.11); ii) redistribution occurs after breaking of the bridge bonding between
Al-Me-Y by THF to form a (THF)(AIMes) adduct, and (sCp)YMex(THF) that
redistributes to 171. Two AlMe; units are expected for the second route; however
only one AlMes unit is observed in the precipitate as indicated by a 3:1 NMR
integration of (THF)(AlMe;) relative to Y-Me (Fig 3.10), indicating that
redistribution takes places by the first route. Compared to the stable, previously
reported Cp*Ln[(p-Me):AlMez]» 173,>"! the redistribution process to form 171 is
somewhat surprising because sCp is a bulkier ligand than Cp* and the intermediate

(sCp)Ln[(p-Me),AlMes]» 172 in this reaction is expected to be more stable.
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Figure 3.10. '"H NMR spectrum (300 MHz, C¢Ds) of 171 formed from 172 by
treatment with Dg-THF: before (bottom) and after (top) washing with hexanes.

As mentioned above, 171 possesses two asymmetric halves for the sCp ligand.
There are two possible ways to generate asymmetry for the sCp ligand: i) the small

ionic radius of yttrium results in close interaction between the two large sCp ligands,
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leading to slow racemization of the sCp ligand thus generating a chiral metal center or
ii) simple asymmetric bonding caused by THF and Me groups, as in complexes 147-
149 in which the metal centers bind CH,SiMes; and THF. A combination of these two
factors is also possible (Fig 3.11). In the case of (ii), this implies that THF
dissociation or inversion at yttrium is slow on the NMR time scale. Depending on the
bending direction of the sCp ligand, two meso-isomers still possess Cs symmetry
leading to equivalence of the two sCp ligands with two asymmetric halves, which is
the combination of the chirality of the sCp ligands and the asymmetric bonding of Me
and THF. The racemic mixture of two enantiomers does not possess any symmetry,
leading to 33 (2*16+1) resonances in the 3C DEPT NMR spectrum, inconsistent with
the 17 (16+1) resonances observed. Therefore, a single meso isomer is the only
structure that matches the observations for a slow racemization process. However,
such a static structure is very unlikely because the meso isomers are clearly more
crowded than the enantiomeric pair and it also seems unlikely that only the meso
isomer would form in the reaction. Therefore, we favor slow exchange of THF and

rapidly racemizing sCp ligands as the explanation for the observed solution behaviour.

fﬁﬁzﬂ ﬂzﬁ%:s

THF——Y——Me /Y\THF THF-——Y——Me : Y‘THF
meso meso racemic racemic

Figure 3.11. Isomers for sCp ligand in a slow racemization process in 171
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Given the low yield (15%) of 171, the remaining toluene-soluble residue from
the reaction mixture was also investigated. However, the NMR information is much
more complicated than that of 171, so we were unable to fully characterize this
residue. Addition of THF, followed by washing with hexanes, afforded a product with
a simpler, but similar, spectrum to 171. Presumably this indicates a similar structure
to 171 after any bridging bonds are broken by coordinating THF. Crystallization of

171 and this residue failed to give X-ray quality crystals.

3.3.6 Mixed Ligand Complexes

Synthesis of mixed Cp ligand complexes is often a challenge because the
complexes normally undergo redistribution to form more stable homoleptic Cp
complexes. Interestingly, reaction of (PCpMe)H ligand with 152 in toluene cleanly
afforded the mixed Cp complex (PCpMe)(st)Y(CHgsiMe3)(THF) (174) as a yellow-
brown solid in quantitative yield (Eq 3.10). The complex is chiral at the metal
because of the four different ligating groups. The slow dissociation of THF can be
seen from the upfield resonances at 1.35 ppm (a-THF CH>) for the THF molecule.
The two a-protons of the Y-CH>SiMes group each show a doublet of doublet
resonance with 2Jy = 10 Hz and *Jyy = 3.7 Hz. The protons of THF also show an
asymmetric pattern with four different resonances, an indication of two chemically
inequivalent protons on the o and B carbons respectively. Although the two Cp
ligands are very bulky and rigid, THF still can rotate freely to simplify the pattern of

resonances. This is clear because rotation about the Y-O bond results in exchange of
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H; with Hs and H, with H3 on the NMR timescale (Eq 3.11). Only one carbon
resonance for the a and B carbons further proves that the rotation about Y-O bond is
rapid but on/off dissociation/reassociation by THF is slow on the NMR timescale at

room temperature.
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Preparation of the mixed ligand complexes from 152 was also attempted with
CpH, Cp*H, (MesSi)CpH and (MesSi)>.CpH; however, only (MesSi),CpH gave a
clean product, [(Mes3Si)Cp](sCp)YCHa.SiMe3(THF) (175) (Eq 3.12). All other
reactions either afforded a product with a very complicated spectrum or appeared to
decompose in solution over time, both phenomena possibly indicating ongoing ligand
redistribution. Similar to 174, the '"H NMR of 175 shows two doublet of doublet
resonances for the CH>SiMes protons and separate triplets for the a-protons of THF,
indicating the formation of a mixed ligand complex. The inequivalent halves for

(MesSi),Cp can be observed clearly from three C-H resonances at 6.19, 5.66 and 4.61



99

ppm. Although two inequivalent MesSi groups of (Me;Si),Cp should also be observed,
five carbon resonances of MesSi possibly indicate slow rotation of the Me;Si-C bond
in 175, clearly due to steric effects of two bulky ligands. This complex is quite stable
in both solution and the solid state, as indicated by observation of a clean NMR

spectrum over a period of a month with no sign of redistribution or decomposition.
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Recrystallization of 175 afforded very small amount of colourless plates
suitable for X-ray crystallography; surprisingly, the structure of the crystals was
determined to be {[(MesSi)>CplY(u-Cl)}> (176)., which has been previously
synthesized by the salt metathesis reaction between (Me3Si),Cp™ anion and metal
halide. Exess neutral (Me3Si),CpH would react with yttrium tris(alkyl) (left over from
reaction of yttrium tri(alkyl) with sCpH to give 175 to give the expected alkyl
complex, but this does not explain the presence of chloride. The formation of chloride
dimer can be explained by: i) the sCp ligands in 175 redistribute and bind free YCl;
being present in the yttrium tris(alkyl) or ii) a small portion of Y(CH,SiM3),CI(THF),
crystallized with the yttrium tris(alkyl) and then reacted with (Me;Si),CpH to form
the dimeric yttrium chloride 176. Considering the excellent stability of 175 in solution
or the solid state, route ii) seems more likely despite the absence of conclusive

evidence.
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3.3.7 Polymerization Chemistry

Although a bis-PCp yttrium cation is not expected to be active for olefin
polymerization due to a lack of an yttrium alkyl unit, structures of this type are still
very interesting because of their rareness. Addition of one equivalent of
[PhsC] [B(CesFs)a]” or B(CsFs); was used to generate the cation from complex 147 by
alkyl abstraction in toluene. Reaction of B(CsFs); with 147 afforded an oily residue
that was sparingly soluble in THF or bromobenzene. The disappearance of the
CH,SiMe; resonances and the formation of an oil are consistent with other lanthagide
cations that have been prepared with [Ph;C][B(CsFs)s]” or B(CgFs)s, although
crystalline cationic species were obtained by other regeants and methods.*'***

Bis-alkyl complexes 150 and 152 can be converted to the cationic mono-alkyl
derivatives by reaction with one equivalent of [Ph;C] [B(CsFs)4] in toluene. The slow
addition of [Ph3C]'[B(CeFs)s] to 150 or 152 is essential, because excess
[PhsC] [B(CeFs)4]” can potentially form the dicationic species that is inactive for
polymerization. Although the cation of 150 generated on either preparative or NMR
scale did not afford any clean NMR spectra in either C¢Dg or CsDsBr, this cation
[(PCp*)YCH,SiMes(THF)] [B(CsFs)s] (177) (Eq 3.13) does show moderate ethylene
polymerization activity on the order of 21 kg mol'bar'h! at room temperature with
an induction time of 90 minutes. Complete generation of cation 177 from 150 can be

easily distinguished by a color change of the reaction mixture from bright red to very

pale yellow. A relatively long induction period is necessary because the reaction
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mixture did not show any catalytic activity after 30 minutes reaction under the same
conditions.

In contrast to [Ph3;C] [B(C¢Fs)4]’, the reaction mixture generated from B(CsFs);
and 150 did not show any catalytic activity for the polymerization of ethylene even
after two hours. This is not surprising because the cation generated from B(CsF5s); and
150 may form bridging interactions between the partially abstracted CH>SiMes group
of [B(CeFs)3(CH,SiMes3)|” and the metal center leading to incomplete generation of a
true yttrium alkyl cation center. This results in low electrophilicity of the metal center
and the absence of a coordination site for olefins, consequently leading to lack of

catalytic activity.
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In toluene, the reaction mixture of 152 and [Ph3C] [B(C¢Fs)s]” changed from
orange-red to pale yellow in 30 minutes, indicating a complete reaction to generate
[(sCp)YCH,SiMes(THF)] [B(CsFs)s]” (178) (Eq 3.14). The 'H NMR spectrum in
CsDs shows significant changes in chemical shifts for all protons, but especially for
the CH>SiMe; group (-0.98 ppm to -0.82 ppm) and the proton on the five-membered
ring (8.0 ppm to 7.61 ppm). The freshly generated cation shows moderate ethylene
polymerization catalytic activity of 36 kg mol™" bar'h™. Surprisingly, this cation fails

to catalyze the polymerization of e-caprolactone, but does show low activity towards
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the polymerization of styrene. Similar to 150, the cation generated from B(C¢Fs)3 did
not show any catalytic activity for ethylene polymerization, although the formation of

an oil suggests that partial alkyl abstraction by boron has occurred.
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Interestingly, yellow plate crystals, obtained after placing the sealed NMR tube
containing 178 outside of the glovebox for two weeks, turned out to be sCp ligand
dimer 179 (Fig 3.12). This may be due to the presence of trace oxygen leaking into
the NMR tube and oxidizing the sCp anion to the radical which dimerizes to form the

ligand dimer.

Figure 3.12. Ortep3 drawing (thermal ellipsoid 50% probability) of 179
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3.4 Solid State Structures
3.4.1 X-ray Structures of PCpR Complexes 147 and 161

Complex 147 was characterized by single crystal X-ray diffraction and its
structure is shown in Figure 3.13. Only one of two molecules in the asymmetric unit
is shown in this figure. Complex 147 adopts a pseudo-tetrahedral geometry with THF
positioned in the twisted wedge formed by the two PCp™ ligands and the CH,SiMes
group projecting outside the wedge to avoid steric interactions with the fused
phenanthrene skeleton. The PCpMe(cent)-Y-PCpMe(cent) angle of 147 (133.67) is

2 2 . . .
324 including those in

similar to the Cp*-Y-Cp* angles reported previously,
Cp*,YCI(THF) and Ind*,YCI(THF) (Table 3.1).>"*?'° The Y-CH,SiMe; (Y-C(41))
bond distance of 147 (2.398 (6) A) is also similar to those previously reported in
yttrium Cp* alkyl complexes. The C-C bond lengths within the central six-membered
ring are significantly longer than in the other two rings, i.e., C(12)-C(13) (1.454(9) A)
compared to C(11)-C(12) (1.415(9) A). These data are consistent with localized 6x
electron rings and localization of electron density on the five-membered ring as
calculated in Chapter One. The torsion angle between the two ligands is 117.0°. This
indicates a significant twist between the two ligands, essentially due to the steric
effects of phenanthrene fusion. Most of the yttrium indenyl complexes are ansa-
metallocene complexes where there is linkage between ligands so they are not
comparable to complex 147. An yttrium chloride complex with heptamethylindenyls

as ligands (Ind*) shows a similar Ind*-Y-Ind* angle, but a much smaller torsion angle

of 40°?"> The huge difference in torsion angle between our complexes and previous
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ones shows that the size and shape of the ligand have a substantial effect on the

structure of the complex.

Figure 3.13. Ortep3 diagram (thermal ellipsoid 50% probability) of 147

Table 3.1. Selected bond lengths (A) and angles (deg) for 147

CQ)-Y(1) 2.661(6)
C(5)-Y(1) 2.670(6)
C@1)-Y(1) 2.706(6)
C(24)-Y(1) 2.649(6)

PCp™(A)-Y(1)  2.383
PCp™ (A)-Y(1)-C(41) 104.8°

PCp™® (B)-Y(1)-O(1) 101.8°

CR3)-Y(1) 2.680(6)
C(6)-Y(1) 2.666(6)
C(22)-Y(1) 2.725(5)
0(1)-Y(1) 2.360(4)

PCp™(B)-Y(1) 2.407

C4)-Y(1)

C(20)-Y(1)
C(23)-Y(1)
C(41)-Y(1)

C(12)-C(13)

2.676(5)
2.669(6)
2.708(5)
2.398(6)

1.454(9)

PCp™ (B)-Y(1)-C(41) 108.7° PCp™ (A)-Y(1)-O0(1) 107.7°

PCp“(A)-Y(1)-PCp™(B) 133.6°

torsion angle

117.0°

A = centroid C(2)-C(6), B = centroid C(20)-C(24)
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X-ray quality crystals of 161 were obtained by crystallization from mixed
toluene hexanes solvent, and several toluene molecules appear in the unit cell of this
structure. As indicated by the triplet for the hydride resonances in the 'H NMR, this
complex is dimeric in the solid state (Fig 3.14). The PCpPh(cent)-Y-PCpph(cent) angle
in 161 (131.4%) is similar to 147 (133.6%) and to that in an indenyl yttrium hydride
dimer [(Ind*),Y(p-H)]> 45 (132.0“).79 However, the torsion angle between the two
PCpph ligands on each metal center of 161 (164.0%) shows a 50° difference from that
in 147, but is similar to the torsion angle in [(Ind*),Y(u-H)], 45.” The Y-H bond
lengths of Y(1)-H(1Y), 2.10(2) A and Y(1)-H(2Y). 2.14(3) A are equal within
experimental error and are consistent with the previously reported [(Ind*),Y(p-H)]»

45.

Figure 3.14. Ortep3 diagram (thermal ellipsoid 50% probability) of 161



Table 3.2. Selected bond lengths (A) and angles (deg) for 161
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C(7)-Y(1) 2.650(2)
C(8)-Y(1) 2.633(2)
CO)-Y(1) 2.715(2)
C(10)-Y(1) 2.712(2)
C(11)-Y(1) 2.664(2)

Y(1)-H(1Y) 2.10Q2)

C(30)-Y(1) 2.620(2)
C(31)-Y(1) 2.599(2)
C(32)-Y(1) 2.686(2)
C(33)-Y(1) 2.711(2)
C(34)-Y(1) 2.660(2)

Y(1)-H2Y) 2.14(3)

C(53)-Y(2) 2.657(2)
C(54)-Y(2) 2.641(2)
C(55)-Y(2) 2.704(2)
C(56)-Y(2) 2.691(2)
C(57)-Y(2) 2.658(2)

Y(2)-H(2Y) 2.10(3)

C(76)-Y(2) 2.636(2)
C(77)-Y(2) 2.589(2)
C(78)-Y(2) 2.667(2)
C(79)-Y(2) 2.697(2)
C(80)-Y(2) 2.665(2)

Y(2)-H(1Y) 2.16(2)

H-Y-H 67.59) Y-H-Y 113.1(9) torsion angle 164.0°

The Y-C bond lengths between the carbons at the /, 2 and 3 positions of the
five-membered rings and the metal center are in the range 2.589(2)-2.664(2) A (Table
3.2). In comparison, the bond lengths between the 4 and 5 carbons and yttrium are in
the range of 2.667(2)-2.715(2) A. Thus, 161 shows a clear distortion toward n3
bonding between the five-membered ring and the metal center compared to 147;
however, the five-membered rings of 161 do not show the substantial bending
associated with more 113 bonding character. The four PCpP "(cent)-Y distances are in
the range of 2.361(2)-2.385(2) A and do not show a significant difference between
yttrium hydride 161 and alkyl complex 147. The H-Y-H angle (67.5(9)") and Y-H-Y
angle (113.1(9)°) are consistent with previously reported hydride dimers. In one of the
central rings (C(9)-C(12)-C(17)-C(18)-C(23)-C(10)), bond lengths C(9)-C(12), C(17)-
C(18) and C(23)-C(10) fall in the range of 1.447(3)-1.473(3) A; in contrast, bond
lengths for C(12)-C(17), C(18)-C(23) and C(10)-C(9) are in the range of 1.410(3)-

1.419(3) A. The significant difference between these two types of C-C bond lengths
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in the central six-membered ring indicates some electron localization in the three 6m
electron systems, and the central ring possesses much less aromaticity than other true
6 electron m systems. Similar to 147, this also strongly supports the calculation made
in Chapter One that remote fusion does not show a substantial effect on electron
density in the Cp ring.

The solid state structure of 161 shows that yttrium complexes even with large
rigid ligands still allow hydride bridging interactions. The clear wedge usually formed
by regular bis-Cp* complexes can not exist in this case, simply due to the ngph
ligands rotation to avoid steric repulsion with each other. More significantly, the
tendency to form a hydride dimer is so strong that the ligands can adopt a torsion

angle close to 180° to avoid unfavourable steric interactions.

3.4.2 X-ray Structures of PCp* Complexes 150 and 167

The structure of 150 also adop;s a pseudo-tetrahedral geometry, with a THF
molecule positioned underneath the phenanthrene skeleton and the two alkyl groups
projecting away from the phenanthrene unit (Fig 3.15). Similar to 147 and 161, the
PCp* ligand consists of three isolated 6 electron 7 systems, this is evident from the
shorter C-C bond lengths for the outer three rings compared with the central six-
numbered ring (Appendix Table A.8). Interestingly, the X-ray structure shows
shorter bond lengths for C(4)-Y(1) (2.631 (2) A) and C(5)-Y(1) (2.630(2) A) than for
C(1)-Y(1) (2.675(2) A), C(2)-Y(1) (2.695 (2) A) or C(2)-Y(1)(2.679(2) A) (Table

3.3). This is a very strange case because regular indenyl systems normally show a
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bonding pattern with yttrium closer to the outer three (allylic type) carbons of the
five-membered ring with longer bond distances to the two carbons fused to the
aromatic ring. The 20° difference between the angles O(1)-Y(1)-C(26) (112.10(5)")
and O(1)-Y(1)-C(22) (93.30(5)") is quite significant compared to other bis-alkyl Cp
complex in which these two angles are very similar.”® This clearly indicates the steric
effect imposed by the phenanthrene fusion in 150. Compared to an a-agostic
interaction with a distance of 2.53 A between Y and the a-proton observed in
Cp"‘gYCH(SiMe3)3,49 no agostic interactions are evident from the relevant distances in

150 (2.819 A) (Table 3.3).

Figure 3.15. Ortep3 diagram (thermal ellipsoid 50% probability) of 150
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Table 3.3. Selected bond lengths (A) and angles (deg) for 150

C(1)-Y(1) 26752)  CQ)-Y(1) 26952) CR)-Y(1) 2.679(2)
C(4)-Y(1) 26312)  C(5)-Y(1) 26302)  C(26)-Y(1) 2.383(2)
C(22)-Y(1) 2390Q2)  PCp*(cent)-Y(I) 2.370 0(1)-Y(1) 2.324(2)
Y-a-C-H 2.819-2.834  Si(1)-C(22)-Y(1) 123.76(9)  Si(2)-C(26)-Y(1) 125.92(9)

O(1)-Y(1)-C(26) 112.10(5)  O(1)-Y(1)-C(22) 93.30(5)  C(26)-Y(1)-C(22) 107.75(6)

PCp*(cent)-Y-O(1) 115.1 PCp*(cent)-Y-C(26) 138.6  PCp*(cent)-Y-C(22) 116.0

X-ray quality crystals were also obtained from a toluene solution of 166.
Surprisingly, the X-ray crystallography structure reveals the centro-symmetric
dimeric form of 167 (Fig 3.16). The structure also reveals the asymmetry of the
bridging acetylide groups as noted from the 45° difference in angle between C(27)-
C(26)-Y(1) (105.8(2)7) and C(27)-C(26)-Y(2) (151.2(2)°), even though the difference
in bond length between Y(1)-C(26) (2.507 (3) A) and Y(2)-C(26) (2.517(3) A) is
insignificant. There is a significant Y-C bond distance difference between the terminal
Y(1)-C(21) (2.412(3) A) and bridging Y(1)-C(26) (2.507(3) A), Y(1)-C(60) (2.521(3)
A) acetylides; but no significant difference between the C-C triple bond distances for
the terminal and bridging acetylides. The values for these parameters fall in the ranges

20729 The distances between the

for structurally characterized lanthanide dimers.
metal centers and B-carbons C(27) and C(61) are about 3.0 A and beyond the range

for a possible n-bond.
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Figure 3.16. Ortep3 diagram (thermal ellipsoid 50% probability) of 167

Table 3.4. Selected bond lengths (A) and angles (deg) for 167

C(1)-Y(1) 26703)  CQ)}Y(1)  2.713(3) CR3)-Y(1) 2.693(3)
C(4)-Y(1) 2.637(3) C(17)-Y(1)  2.657(3) C(35)-Y(2)  2.698(3)
C(36)-Y(2)  2.718(3) C(37)-YQ2) 2.672(3) C(38)-Y(2)  2.663(3)
C(51)-Y(2)  2.634(3) CQRI-Y(1)  2412(3) C(26)-Y(1)  2.507(3)
C(26)-Y(2)  2517(3) C(55)-Y(2)  2397(3) C(60)-Y(2)  2.499(3)
C(60)-Y(1)  2.521(3) C(61)-Y(2)  3.007 C@Q7)-Y(1)  3.073

PCp*(cent)-Y(2) 2.388 PCp*(cent)-Y(2) 2.384 Y(1)-(01) 2361(2)

Y(2)-(02) 2.380(2) C(27)-C(26)-Y(1) 105.8(2)  C(27)-C(26)-Y(2) 151.2(2)
C(61)-C(60)-Y(1) 154.92)  C(61)-C(60)-Y(2) 1022(2) C(60)-Y(2)-C(26) 79.17(10)

C(26)-Y(1)-C(60) 78.94(10)  Y(1)-C(60)-Y(2) 100.98(11) Y(1)-C(26)-Y(2) 100.85(10)
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Since the dimer 167 has a coordination number of 7, additional steric repulsion
between the MesSi groups and the PCp* ligand should be greater resulting in longer
PCp*(cent)-Y distances than observed in formally 6-coordinate 150. Surprisingly,
compared to 150, no change of bonding mode or longer PCp*(cent)-Y bond distances
were observed in 167 after dimerization (Table 3.4), possibly due to minimization of
the steric repulsion by the closely parallel position of the YCCSi groups relative to the

PCp* ligands.

3.4.3 X-ray Structures of sCp Complexes 152 and 154

The X-ray quality crystals of 152 were obtained from hexanes solution. The
sCp ligand twists dramatically by 48 due to strong H---H repulsions between the
back aromatic rings resulting in a chiral complex in the solid state (Fig 3.17).
However, the protons on C(16) and C(28) can pass by one another in solution easily
so the sCp skeleton can racemize rapidly to give symmetrical NMR spectra. The bond
distances between yttrium and carbons in the five-membered ring are similar to those
in 147, 150, 161 and 167, except for the significantly longer distance for C(4)-Y(1)
(2.765(3) A), possibly due to the distortion of the whole sCp skeleton (Table 3.5).
Similarly to 147 and 150, the electrons of 152 are localized on the five-membered
ring and outer six-membered rings, as indicated by the longer C-C bond distances for
the two central six-membered rings compared to the other terminal rings. The O(1)-
Y(1) (2.307(2) A) in 152 and (2.324(2) A) in 150 are shorter than the Y-O (2.360(4)

A) distance in 147 due to the lower coordination number in 150 and 152 (6) compared



to 147 (8). Thus, there is no strong correlation between the dynamics of THF in
solution and the solid state structure. Moreover, there is no significant difference
between the two O-Y-C, angles in 152 (7°) compared to 150 (20°). Similar to 150, the
long distances (2.762-2.778 A) between the metal center and a-CH, protons of the

alkyls rule out the possibility of an a-agostic interaction.

Figure 3.17. Ortep3 diagram (thermal ellipsoid 50% probability) of 152



Table 3.5. Selected bond lengths (A) and angles (deg) for 152

c(1)-Y(1) 26413) C(2)-Y(1) 2.645(3) C@3)-Y(1) 2.667(3)
C@)-Y(1) 2.7653) C(5)-Y(1) 2.699(3) sCp(eent)-Y(1)  2.396
C(30) - Y(1) 2.360(3) C(34)-Y(1) 2.3533) O(1)- Y(1) 2.307(2)

O(1)-Y(1)-C(34) 95.28(10) O(1)-Y(1)-C(30) 102.76(9) C(34)-Y(1)-C(30) 103.93(11)
sCp(cent)-Y(1)-O(1) 113.9  sCp(cent)-Y(1)-C(30) 119.5  sCp(cent)-Y(1)-C(34) 117.9

Y(1)-C(34)- Si(2) 1293(2) Y(1)-C(30)-Si(1) 1354(2) Y(1)-o-C-H  2.762-2.778

The X-ray quality crystals of 154 were obtained directly from the reaction
mixture of 152 and bipy in toluene. 154 adopts a pseudo-square pyrimidal geometry
with the bipy unit and one alkyl group positioned under the sCp ligand, with the other
alkyl group projecting outside of the sCp skeleton (Fig 3.18). Similar to 152, the N-Y-
C, angles of 154 are very symmetrical. The twist angle between two back terminal
rings is 40°. The long distance between the metal center and a-CH, protons of the
alkyls (2.732-2.894 A) again rules out the presence of any agostic interactions. This is
not surprising given that the metal center is even more saturated with bidentate bipy
coordination as further shown by the significant differences between Y-C bond
distances: C(1)-Y(1) (2.640(2) A), C(2)-Y(1) (2.689(2) A), C(29)-Y(1) (2.721(2) A),
C(15)-Y(1) (2.804(2) A), C(16)-Y(1) (2.780(2) A) (Table 3.6). The significantly
longer Y-C bond distances for C(16) and C(15) show a favorable 1’ bonding pattern
between the metal center and the sCp ligand in 154, compared to the 1’ bonding mode
in 152. A longer sCp(cent)-Y(1) distance (2.443 A) in 154 compared to 152 (2.396 A)

shows the significant effect caused by a change in coordination number.
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Figure 3.18. Ortep3 diagram (thermal ellipsoid 50% probability) of 154

Table 3.6. Selected bond lengths (A) and angles (deg) for 154

C(1)-Y(1) 2.640(2)
C(16)-Y(1) 2.780(2)
C(46)-Y(1) 2.423(2)
N(30)-Y(1) 2.519(2)

C(42)-Y(1)-N(30) 136.11(7)
C(42)-Y(1)-C(46)  92.24(8)

sCp(cent)-Y(1)-C(41) 107.5

C2)-Y(1) 2.689(2)

C(29)-Y(1) 2.721(2)
C(42)-Y(1) 2.396(2)
C(42)-Y(1)-N(41) 87.48(7)
C(46)-Y(1)-N(30) 85.69(7)
sCp(cent)-Y(1)-C(42) 117.3

sCp(cent)-Y(1)-C(46) 103.6

C(15)-Y(1) 2.804(2)
sCp(cent)-Y(1) 2.443
N(@41)-Y(1) 2.469(2)

C(46)-Y(1)-N(41) 134.28(7)
N(@1)-Y(1)-N(30) 64.49(6)

sCp(cent)-Y(1)-C(46) 113.0
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3.4.4 X-ray Structures of Acetylide Cluster 169

Crystallization of the acetylide cluster 169 from toluene afforded a few pale
yellow crystals suitable for single crystal X-ray crystallography. The geometry about
Y(1) is pseudo-octahedral with the centroid of the sCp five-membered ring, the three
pz- and one p’-bridged acetylide groups and one THF molecule forming the
coordination sphere (Fig 3.19). Besides the significant twist between the two back
rings, the two front rings of the sCp ligand also show a twist angle by 27.3° compared
to 6.5° in 152, presumably due to the steric repulsion from the Me;Si groups caused
by the octahedral geometry of 169. Moreover, the bonding mode between Y(1) and
the sCp ligand slips to a unique side n3-bonding mode as a result of increasing the
coordination number to 7 in presence of bulky MesSi groups.

The main framework of this cluster is a triangle formed by the three yttrium
metal centers with very different bonding modes. In constrast to Y(1), Y(2) is bound
to one p’-acetylide, two p’-acetylides (one each with Y(1) and Y(3)), and two
terminal acetylides. Similarly, Y(3) is also bonded to five acetylides with the same
bonding modes but with an additional coordinated THF molecule. Overall, the cluster
consists of three terminal acetylide groups (C(49), C(54), and C(69)), four p.z-bridged
acetylide groups (C(59), C(30), C(35), C(44)) and one p’-bridged acetylide group
(C(64)). Interestingly, the uz—bridged acetylide groups (C(44)-C(45), C(35)-C(36))
also show some m-bonding character between the C-C triple bonds and the metal
centers (Y(3), Y(2)), this is evident from the relative short bond distances between the

metal center and B-carbons in acetylides (C(36)-Y(2) 2.85(2) A, C(45)-Y(3) 2.87 (2)
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A) (Table 3.7). Compared to the p-bridged acetylide groups (C(64)-Y(2) 2.66(2) A),
the pz-bridged (C(30)) shows a strong interaction towards Y(2) as indicated by a bond
distance of C(30)-Y(2) (2.79(2) A).

As the very minor product, NMR characterization of this cluster was not carried
out. Despite the unique structure of this cluster, the bond distances and angles are not
very reliable due to the significant deviation of the data and poor quality of the
crystals. Thus a more detailed discussion on specific crystallographic data will not be
carried out; however, this solid state structure represents the first p3 -bridged acetylide

lanthanide complex.
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Figure 3.19. Ortep3 diagram (thermal ellipsoid 50% probability) of 169

Carbons on MesSi groups and THF omitted for clarity



Table 3.7. Selected bond lengths (A) and angles (deg) for 169
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C(1)-Y(1) 2.657(11)
C(29)-Y(1) 2.610(11)
C(30)-Y(2) 2.789(12)
C(44)-Y(3) 2.515(12)
C(59)-Y(3) 2.400(13)
C(64)-Y(2) 2.656(12)

0(2)-Y(3) 2.285(7)

C(2)-Y(1) 2.791(11)
sCp(cent)-Y(1) 2.426
C(35)-Y(1) 2.463(13)
C(44)-Y(1) 2.530(14)
C(59)-Y(2) 2.517(13)
C(69)-Y(3) 2.364(14)

Y(1)-Y(3) 3.570(2)

C(15)-Y(1) 2.773(11)
C(30)-Y(1) 2.500(13)
C(35)-Y(2) 2.552(12)
C(45)-Y(3) 2.873(12)
C(64)-Y(3) 2.504(12)
Y(2)-C(54) 2.394(13)

Y(1)-Y(2) 3.730(2)

C(16)-Y(1) 2.721(11)
C(30)-Y(3) 2.668(12)
C(36)-Y(2) 2.849(12)
C(49)-Y(2) 2.340(14)
C(64)-Y(1) 2.563(13)
0(1)-Y(1) 2.350(8)

Y(2)-Y(3) 3.637(2)

Y(3)-Y(1)-Y(2) 59.71(3) Y(1)-Y(3)-Y(2) 62.33(3) Y(3)-Y(2)-Y(1) 57.95(3)

3.4.5 Bis-(Me3Si),Cp Complex 176
X-ray quality crystals of {[(Mes;Si),Cpl.Y(pn-Cl)}>» 176 were obtained from the

solution of 175 in toluene (Figure 3.20). The most significant feature of 176 is a
torsion angle of 177.6° which minimizes steric repulsion from the Me;Si groups. The
angle Cp(cent)-Y(1)-Cp(cent) in 176 (130.2°) is similar to 147 (133.67), 161 (131.4")
and Cp*-Y-Cp* angles reported previously (Table 3.8). Several lanthanide complexes
with similar structure have been reported,zn‘2I9 so the details of 176 will not be

discussed further.
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Si3

Si2A

Figure 3.20. Ortep3 diagram (thermal ellipsoid 50% probability) of 176

Table 3.8. Selected bond lengths (A) and angles (deg) for 176

C(1)-Y(1) 2.6402) C(Q)-Y(1) 2.689(2) CQ3)-Y(1) 2.666(2)
C(4)-Y(1) 2616(2) C(5)-Y(1) 2.613(2) Cp(C.scent)-Y(1) 2.349
C(12)-Y(1) 26512) C(13)-Y(1) 2.644(2) C(14)-Y(1) 2.657(2)
C(15)-Y(1) 2.636(2) C(16)-Y(1) 2.637(2) Cp(Ciaiecent) 2353
Y(1)-CI(1)-Y(1A) 100.4 torsion angle 177.6  CI(1)-Y(1)-CI(1A) 79.6

Cp(cent)-Y(1)-Cp(cent) 130.2 Cp(cent)-Y(1)-CI(DA 107.2
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3.5 Dynamic Behaviour of Yttrium Alkyl Complexes in Solution
3.5.1 Dynamic Behaviour of (PCpM°)zY(CH28iMe3)(THF) 147

Non-THF alkyl complexes are expected to be much more reactive, because the
metal center is more open for substrate attack. A large excess of Et;O at 40 C was
therefore used to establish an equilibrium between Et;O and THF coordination to the
metal in complex 147 with the goal of replacing THF by Et,O after several cycles.
However, this method failed to remove THF and eventually led to decomposition of
the complex. This result may not be surprising, since the chemical shift of the THF
resonances are far upfield (1.95 ppm for the a-protons, 0.57 ppm for the B-protons)
compared with previously reported alkyl complexes (a-proton > 2.8ppm), fasliz
suggesting that THF is tightly bound at room temperature. To test this further, five
equivalents of free THF were added to 147 in C¢Ds solution at room temperature and
separate resonances for the free and coordinated THF were observed which clearly
proves that THF exchange is slow for 147 at room temperature. The VT 'H NMR
spectra of 147 from 25 to 75°C were taken in order to study the dynamic behaviour of
THF exchange. At room temperature, two separate resonances for the protons on the
Cp ring indicate two inequivalent protons in the / and /' positions due to the Cs
symmetry of 147. These resonances start to broaden at elevated temperature and
eventually coalesce at 65 “C; a new broad resonance appears at 6.4 ppm at 75°C (Fig

3.21). This indicates that fast exchange of THF occurs at this temperature and the

complex adopts averaged C,yv symmetry without the coordinated THF molecules (Eq



3.14). Note, the two a-protons in CH>SiMe; group remain equivalent regardless of

whether a slow or fast exchange process is operational (Fig 3.22).
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Figure 3.21. VT '"H NMR spectra (360 MHz, C;Ds) of 147

Complex 147 adopts a pseudo-tetrahedral geometry with coordinated THF and
only possesses Cs symmetry with freely rotating PCpMe at room temperature (Fig
3.22). Since it is very likely that the PCp™ ring rotates rapidly at 65 “C, the higher
symmetry of 147-THF in the fast exchange spectra involves two possible
mechanisms: i) if a pyramidal or pseudo-pyramidal geometry is maintained as the
minimum energy state after dissociation of THF (Fig 3.22 i), rapid inversion at the
yttrium metal center must occur; or ii) if a trigonal planar geometry is the minimum
energy state (Fig 3.22 ii), then rapid relaxation of the alkyl group from a pyramidal to
a trigonal planar geometry occurs after THF dissociation. A pyramidal geometry
might be favoured if an agostic interaction takes place for 147-THF. However, the -
CHa coupling constant at high temperature is not observed due to the decomposition
of 147. Similar to mono-alkyl complexes reported previously,m’222 the 102 Hz

coupling constant observed at room temperature for 147 is not convincing evidence
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for an a-agostic interaction compared with the 84 Hz observed in agostic
Cp*gYCH(SiMe3)g.49 The small reduction (16 Hz) in 'Jcy compared to the regular sp°
C-H coupling constant (118 Hz) is most likely caused by the electronic effect of the
yttrium metal center. Moreover, X-ray crystallographic data do not support any
agostic interaction in the solid state. Thus, the absence of an agostic interaction
suggests that a pyramidal geometry is unlikely to be maintained after THF

dissociation, leading to a less crowded trigonal planar geometry as the ground state

structure.
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Figure 3.22. Symmetry of 147 and 147-THF

From the coalescence temperature shown in Figure 3.21, the activation energy
for THF dissociation is calculated to be 63.7 kJ mol” from the two-site, equal

population equation AG" = (1.912*107)(Tc)[9.972+ log(Tc/dv)], where &v is the
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separation of the resonances for the protons in the / and /' positions in Hz and Tc is
the coalescence temperature (3281().224 However, the ground state energy difference,
AG’, for the dissociation process can not be obtained from the chemical shifts of the
THF resonances. At room temperature where slow exchange of THF occurs, the
equilibrium between 147 and 147-THF favors 147, and the equilibrium does not shift
significantly with elevated temperature in the slow exchange range, since no free THF
was observed. At high temperature, the equilibrium constant at fast exchange also can
not be obtained from the continuously shifting THF resonances, because 147
decomposes easily at higher temperature and the spectra above the coalescence
temperature do not provide enough data for calculation of binding entropy and

enthalpy.

3.5.2 Dynamic Behavior of Mono-ligand Bis-alkyl Complexes 150 and 152

Both complex 150 and 152 possess Cs symmetry and adopt a pseudo-tetrahedral
geometry in the solid state; this indicates the absence of symmetry between the two a-
protons of the CH,SiMe; groups (illustrated for 150 in Fig 3.24). However, the 'H
NMR shows a single a-proton resonance as indicated by a simple doublet due to Y-H
coupling for both 150 and 152 (Fig 3.24). This clearly indicates ongoing dynamic
behaviour for both complexes in solution at room temperature, leading to higher
symmetry. This dynamic behaviour is believed to be due to rapid exchange of THF at
room temperature which is evident from a single set of resonances for THF when

excess THF is added.
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Figure 3.23. Symmetry of 150 and 150-THF

Three important changes for the resonances of 150 at lower temperature were
observed (Fig 3.24): i) the resonances of the aromatic protons shift dramaticall;/ at
lower temperature, ii) the resonances of THF remain as a broad singlet and shift
upfield continuously with declining temperature (Graph 3.1), iii) the resonance of
CH-SiMe; shifts downfield from -0.66 ppm at 300K and splits into two doublet of

doublets at -0.46 and -0.38 ppm at 190K with a coupling constant of “Jy = 9.3 Hz.
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Figure 3.24. VT '"H NMR spectra (500 MHz, C;Ds) of 150
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Graph 3.1. Chemical shifts of the resonances of THF in 150

A continuous upfield shift of the THF resonances indicates an ongoing rapid
dynamic equilibrium between 150 and 150-THF, assuming that the temperature has
no significant effect on the chemical shift of one specific type of resonance. If slow
exchange of THF was observed, we would expect two different resonances for the a-
THF protons, representing the free and coordinated THF. However, these distinctive
features for a slow exchange process were not observed, so we conclude a fast
exchange occurs at all temperatures in the range 300K to 180K. Moreover, the
chemical shift of the a-protons for free THF molecule is 3.57 ppm in CgDs, so
considering the continuous upfield shifting, the chemical shift of THF can act as an
indicator for the mole fraction of coordinated THF in the fast exchange process. The
greater the mole fraction of coordinated THF, the more upfield the resonances shift.
Continuous upfield shifting clearly indicates that the equilibrium is shifting from 150-

THF to 150 with decreasing temperature.



The observation that the CH, a-protons become inequivalent at low temperature
but the two SiMe; groups do not indicates that the molecular symmetry has been
lowered from average Csy to Cs. Assuming 150-THF adopts a trigonal planar ground
state (Fig 3.23 i), this can be explained by restricted rotation about the PCp*-Y bond
where the preferred rotamer has Cs symmetry. In fact, at high temperature, the
rotation of PCp* ligand is very rapid to generate the equivalence between the two a-
protons. At low temperature, the least crowded rotamer which places neither
CH,SiMe; group under the fused phenanthrene portion of the PCp* ligand dominates
and leads to inequivalence between the two a-protons. However, to the best of our
knowledge, slow rotation of Cp* or other aromatic-fused Cp ring has not been
observed in organolanthanide chemistry, suggesting the low possibility of slow
rotation of the PCp* ligand in a trigonal planar geometry of 150-THF.

An alternative explanation could be that the ground state structure of 150-THF is
actually pyramidal or pseudo-pyramidal (Fig 3.23 ii), not trigonal planar, and the low
temperature dynamic process represents inversion at the metal center. At high
temperature, the inversion is fast enough to generate average C,y symmetry (Scheme
3.12). In contrast, the inversion slows down to disrupt the equivalence of the two a-
protons at low temperature and 150-THF maintains pyramidal geometry. For the
inversion mechanism, an agostic interaction between the alkyl and the metal center
would be the most logical reason why 150-THF might maintain the pyramidal
geometry in the ground state. Similar to 147, the a-C-H coupling constant of 102 Hz

does not provide convincingly proof that an a-agostic interaction exists in solution for
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this complex. The absence of any agostic interaction (a, B or y) is also confirmed by
the solid state structure of 150. However, this does not rule out the possibility of an
agostic interaction for pure 150-THF because the previously reported bis-alkyl
complex Cp*La(CHSiMes), possesses a strong B-Si-C-Y agostic interaction.*” The
inversion mechanism was also suggested for a previously reported yttrium alkyl-
alkene complex without concrete evidence for an agostic interaction.”” In our opinion,
the inversion at the metal center is more likely and explains the whole dynamic

behaviour of 150 and 152 more reasonably.
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o w SF

Y. .
/Y """ CH,SiMe, fast exchange \:( \ CH,SiMe;

fast inversion slow inversion
at high temperature at low temperature
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TGy fast exchange ‘@
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.
Me,SiCH,™"" \THF Me,SiCH," / \:]

Me,SiCH! Me,SiCH

Scheme 3.12. Inversion of the metal center in 150

The activation energy for this process was calculated by the equal population,
two-site exchange equation to be 42 kJ mol'. The binding energy of THF to the metal
center can be estimated from the equilibrium between 150-THF and 150. The
chemical shift of free a-THF protons is 3.57 ppm in C¢Ds; however, the chemical

shift for the static, coordinated THF is unknown, since we were unable to reach the
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100% coordination before the precipitation of 150 at low temperature. An
approximate estimation for this shift of 1.7 ppm can be made from complexes 147-
149 which possesses 100% coordinated THF with chemical shifts ranging from 1.75-
1.99 ppm and the observation of a large 0.11 ppm upfield shift from 190K (2.05 ppm)
to 180K (1.94 ppm).

0 = 357x +1.7(1x) x=(08-1.7)/(3.57-1.7)

0 - chemical shifts observed, x - mole fraction of free THF
chemical shift of a-protons in free THF = 3.57 ppm
chemical shift of a-protons in coordinated THF = 1.7 ppm

From the above equation, the equilibrium constants at different temperatures can
be estimated, and AH® and AS® can be obtained from a Van’t Hoff plot as 19 kJ mol”
and 45 J mol” K™' (Graph 3.2). The positive entropy and enthalpy are consistent with
the THF dissociation process, similar to previously reported alkyl complexes
RMe,Si(CsMe4)Y(CH>SiMes)>(THF) 180 and [(Cp)Me>C(Flu)]Y(CH,SiMes)(THF)

181 66,220

-5.50

-6.00 y =-2347 3x + 5.5674

LnK

-6.50 -

-7.00
0.0048 0.0050 0.0052

UT (1/K)

Graph 3.2. Van’t Hoff plot for the equilibrium of THF dissociation in 150



Interestingly, addition of four equivalents of THF to a Dg-toluene solution
results in quite different dynamic behaviour for 150. The resonances of the a-protons
in the CH>SiMes groups remain as a broad singlet from 240K to 190K and slow
exchange between free and coordinated THF is clearly observed at 195K with the
resonances for the a-protons of the coordinated THF at 3.18 ppm compared to 2.09
ppm in 150 (Fig 3.25). This is clearly inconsistent with the formation of 150 but
indicates formation of a bis-THF complex 150+THF possessing Coy symmetry in the
slow exchange limit (Eq 3.15). The relative integration ratio of 2:1 for ‘the
coordinated THF o-protons versus the CH, singlet supports a bis-THF species.
Surpringly, 150 was not observed during this process indicating that in presence of
excess THF complete generation of 150+THF must occur at higher temperature
where the dynamic process is still very fast; consequently, 150 was not observed
during the whole process. Moreover, if slow rotation about PCp*-Y bond does take
place in 150-THF, the PCp* ligand should also rotate slowly on the NMR timescale
in 150+THF to generate the Cs symmetry and the inequivalence of the two a-protons.

However, this is clearly inconsistent with the observation in Fig 3.25.

@) Excess THF @3

————————
Yo, = Y CH, SiMe
Eq3.15 '\ CH,SiMe, o e/ \ CRSMe;
CH,SiMe, Mesicn!  THF

150 150+THF
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Figure 3.25. VT "H NMR spectra (500 MHz, C;Ds) of 150 with excess THF

Similar to the VT NMR spectra of 150, complex 152 in the temperature range
220K-300K shows similar chemical shifts for the protons of the THF and CH>SiMes
groups, with two distinctive doublet of doublet resonances at 230K (Fig 3.26). This
indicates a similar dynamic process for complex 150 and 152. The equilibrium
constants at different temperature can also be calculated from the chemical shifts of
the a-protons in THF and AH™ and AS® for the dissociation of THF molecule can be
also obtained from a Van’t Hoff plot as 14 kJ mol” and 9 J mol”" K! (Graph 3.3),
respectively. Addition of five equivalents of THF also generated the bis-THF species
152+THF at 210K, as indicated by the separate resonance at 3.04 ppm for the a-

protons of the coordinated THF molecule (Fig 3.27, top spectrum).
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Figure 3.26. VT '"H NMR spectra (500 MHz, C;Dg) of 152
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Graph 3.3. Van’t Hoff plot for the equilibrium of THF dissociation in 152

Surprisingly, at lower temperature, the resonances of the a-protons in the
CH,SiMe; groups show a more complicated pattern. New resonances at 3.00 ppm and
-1.12 ppm appear simultaneously (Fig 3.27, bottom spectrum) and show great
similarity to 152+THF generated with excess THF, suggesting the formation of some
152+THF even without the addition of excess THF. A repeat experiment with a more
pure sample of 152 still gave these two resonances (Fig 3.26), although less was

present as indicated by the relative integration. Although this result was originally



very distracting, it provides convincing evidence for a slow THF
association/dissociation process for the 152/152+THF pair at 210K. This also
explains the downfield chemical shift for the a-protons of THF at 2.84 ppm at room
temperature (2.54 ppm for very clean samples) and the larger amount of 152+THF in
the first VT NMR experiment (Fig 3.27, bottom spectrum) because THF molecules
associated with the impurities participate in the fast THF exchange process at room

temperature and provide the required THF to generate more 152+THF than a cleaner

sample (Figure 3.26).
Free a-THF Free B-THF
¥ %
210K
J J t{L
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Figure 3.27. Comparison between clean 152+THF generated with excesss THF
(top ) and the smaller amount of 152+THF generated from impurities in the

attempt without excess THF (bottom).

The complexity of the dynamic processes for 152 can also be seen from the
three a-CH>SiMes proton resonances and the two sets of aromatic resonances at 190K
(Fig 3.25). However, this is not seen for 150 at 190K and the possibility of this being

due to a 152+THF species can be ruled out. One possible explanation is slow



racemization of the sCp ligand. Since the racemization of the sCp ligand is not
essentially related to the dynamics of THF exchange, the amount of THF should not
have a significant effect on the racemization rate. Thus, if slow racemization does
occur, the symmetry of 152+THF should be lowered and a complicated pattern for
the a-protons of CH»SiMe; and aromatic protons should be observed even in the
presence of excess THF. However, this is clearly not the case because the spectrum of
152 with excess THF at 190K does not show substantial difference to the spectrum at
210K (Fig 3.27 top spectrum). _

Another possible explanation, which seems more likely, is that dimerization of
152-THF occurs at low temperature. The two sCp ligands are chemically equivalent
but each half of a given sCp ligand and two SiMes groups are inequivalent due to the
asymmetric bonding pattern, consistent with the observation of two sets of resonances
for sCp ligands and SiMes groups. Dimerization can also lead to inequivalence of the
a-protons in CH>SiMe; and the three resonances can be explained by accidental
overlap between two of the a-protons. This is not observed in the presence of a large
excess of THF because the large amount of THF disrupts the dynamics of
dimerization.

More surprisingly, when the VT NMR of 152 was carried out in a 1:1 mixture of
Ds-toluene and Dg-THF, a new dynamic process was discovered which clearly
involves slow generation of a new species from 152+THF on the NMR timescale.

This can be observed from the new resonances for aromatic protons and CH,SiMes

groups (Fig 3.28, circled). The simple resonance for the a-protons in CH,SiMes



indicates C,y symmetry for the new species and this dynamic process certainly
depends on the amount of THF in solution because this was not observed when only
five equivalents of THF were added (Fig 3.27, top spectrum). Thus, the most likely
explanation is the generation of a 152+2THF species possessing a pseudo-octahedral
geometry (Eq 3.16), since racemization and dimerization certainly do not match the

observation.
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Figure 3.28. VT "H NMR spectra (500 MHz, 1:1 Dg-THF/C;Dg) of 152+THF
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The equilibrium can be established between 152+THF and 152+2THF

according to the relative integration between these two species. Moreover, the THF



association entropy AS® and enthalpy AH® can be obtained from Van’t Hoff plot as -
236 J mol” K" and -52 kJ mol” (Graph 3.4). Compared to the entropy of THF
dissociation for 150 and 152, the entropy of a third THF binding is substantially larger
possibly due to the highly organized octahedral geometry. However, the significantly
larger value of AH" is unreasonable compared with 150, 152 and previously reported
examples, because the bond between the metal center and the third coordination THF
is expected to be very weak due to the crowding of the metal center. A convincing

answer to this dynamic behaviour is still unkown.
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Graph 3.4. Van’t Hoff plot for the equilibrium between 152+THF and 152+2THF



Chapter Four

Conclusion and Future Directions

4.1 Phenalenide Chemistry

Lanthanide phenalenide complexes were synthesized successfully by both salt
metathesis and protonolysis reactions and demonstrated a more rapid dynamic process
than group 10 metal complexes. The solid state structure of 8 revealed that the
phenalenide ligand is bonded to the lanthanide metal by a unique 113 -bonding mode.
The further modifications of these complexes mostly failed due to the weak bonding
between the phenalenide and the metal center. We attribute the easy ligand loss of
phenalenide complexes to the strong electron delocalization even after the
phenalenide is bonded to the metal. If the aromaticity is disrupted it might be possible
to generate an 113 complex with relatively strong bonds between the metal center and
the ligand.

Mesobenzanthrene (mBzH) 182 possesses a similar structure to phenalene, and the
fusion of another six-membered ring disturbs the aromaticity of the phenalenyl ring
after deprotonation. Therefore, mBzH 182 is a quite good candidate for further
research on phenalenyl derivatives. Preliminary experiments were attempted to
understand its reactivity. Surprisingly, mBzH 182 can only react with one equivalent
of Yb[N(SiMes),](THF): to generate (mBz)YbN(SiMes)>(THF), 183 (Eq 4.1), even
after long periods of heating, despite the fact that this ligand is not that large. The VT

NMR at low temperature did not show a significant change, ruling out the possibility
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of a migration process but indicating that the metal center is indeed strongly bonded
to a single ring. There are several possible bonding patterns between the ligand and
ytterbium metal center (Fig 4.1). Bonding patterns (iii) and (iv) are the most likely
ones because they possess three aromatic six-membered rings. However, a
combination of various NMR experiments was not sufficient to determine the exact
structure of this complex. Future work will focus on characterization of this type of
complex by incorporation of different substituents so that a full study of their
reactivity can take place. The easy loss of the mesobenzanthrenyl ligand should‘ be
very unlikely as indicated by the great stability of this mono-ligand complex at high
temperature. Given the stability of ytterbium amide complexes, yttrium alkyl

complexes should also be very stable and easily accessible.

%

-
OO Yb[N(SiMe;),],(THF),
Eq 4.1 lllll > Yb=.,
-HN(SiMe,), / \ THF
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Figure 4.1. Four possible bonding modes between a metal center and mBz



4.2 Phenanthrene-Fused Cyclopentadienyl Chemistry

Both bis and mono-alkyl complexes were synthesized by direct protonolysis
between neutral ligands and yttrium tris(alkyl) precursors. The bis-alkyl complexes
show diverse reactivity, including insertions, acid-base reactions, metallations and
polymerization of some small substrates. Moreover, dynamic studies on bis-alkyl
complexes 150 and 152 reveal that several equilibra take place between 152/152-THF,
150/152 and 150/152+THF and that inversion of the metal center may play a role in
the fast THF exchange process. In contrast, the study of mono-alkyl 147 shows‘the
dependence of THF dissociation on temperature. The solid state structures of 147 and
161 also show that large rigid ligands are unable to form the clear *V’-shaped wedge
to block bridging interactions due to the steric repulsion by the fused aromatic groups.
Although compared to previously reported mono-alkyl complexes, the chemistry of
bis-alkyl complexes 150 and 152 do not show a fundamental difference, our work did
provide very valuable information on the reactivities of bis-alkyl Cp complexes, such
as the importance of bulky substrates for the acid-base reaction, the use of bidentate
substrates for insertion reaction, conditions which can lead to redistribution of the
ligands and complicated dynamic behaviours with or without excess THF.

This work shows that rigid steric bulk itself is insufficient to block potential
bridging interactions without control of ring orientation. The use of regular silicon-
linked ansa-metallocenes also fails to block the bridging interactions because the
silicon link is not strong enough to hold the wedge when lanthanide hydrides dimerize

and the wedge is also twisted when the ansa link is made of the synthetically more



accessible /-position of the five membered rings (Fig 4.2 i). Thus, ordinary silicon
linked PCp ligands show no substantial advantage over PCp ligands. An alternate
silicon link at the 2-position as shown in Fig 4.2 ii should provide a clear wedge, and
the usage of a phenyl ring (Fig 4.2 iii) might provide the rigidity for ansa-
metallocenes which is lacking for a silicon link. Additionally, ligands ii and iii
possess a higher symmetry leading to easier characterization of the complexes.
However, the synthesis of these ligands will be a challenge.

The chirality of 152 observed in the solid state is not maintained in solution.
However, additional substituents on the carbon skeleton of the sCp ring (Fig 4.2 iv)
will lock the racemization in solution and generate chiral metal complexes which can
be applied in chiral catalysis. Some progress toward synthesis of this ligand has been
made, but no suitable synthetic scheme to iv exits at this stage. This is certainly an

area for future effort.

Figure 4.2. Potential ligands for future study
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This thesis has broadened the range of aromatic anions used in Group 3 and
lanthanide organometallic chemistry and established the basis for a more detailed
study. Future work to prepare derivatives with greater control over the orientation of
the fused aromatic bulk and to explore the reactivity of these metal complexes in

detail can now move forward.



140

Chapter Five. Experimental

5.1 General Procedures and Instrumentation

All the manipulations of metal complexes were carried out under an argon or
nitrogen atmosphere using standard glovebox (Braun, MB150-GH) or Schlenk
techniques, with rigorous exclusion of oxygen and water. THF, diethyl ether, hexane
and toluene were obtained directly from the solvent purification system or dried by
distillation from Na/benzophenone under argon prior to use. Lanthanide precursors
Yb[N(SiMes)2]>(THF)> and Y(CH>SiMes);(THF), were prepared as reported in the
literature.”'® Ybl, was prepared from ytterbium metal chips and NH4l in liquid
ammonia. The ligands PnH 101, (Pn™)H 102."%7 (Pn®*)H 104,"° (PCp)H 105,'"’
(PCp™)H 106, (PCp™H 107, (PCp*)H 108, (PCp’)H 109,'*’ (sCp)H 110 **
were synthesized by following the literatures with minor modifications. All other
chemicals were purchased from Aldrich and directly used in reactions.

The 'H NMR spectra for detailed characterization and dynamic study were
mainly recorded on a Bruker AVANCE 500 spectrometer at 500.13 MHz, using the
residual solvent resonance for calibration. The "H NMR spectra for routine study were
recorded on a Bruker AMX 360 at 360.13 MHz or a Bruker AC 300 at 300.13 MHz.
The *C NMR spectra were recorded at 125.77 or 75.47 MHz, using the solvent
resonance for calibration. The spectra of ligand anions and metal complexes were
recorded at room temperature, unless otherwise specified, in either C¢Dg, Dg-toluene

or C¢DsBr dried over activated 4 A molecular sieves, or in Dg-THF dried over
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Na/benzophenone under argon. Melting points were determined on a Reichert 7905
melting point apparatus and are uncorrected. X-ray crystallographic details for all the
metal complexes are given in the Appendix. Elemental analyses were performed by
Canadian Microanalytical Services Ltd., Vancouver, B.C. Attempts to obtain Masspec
all failed due to rapid decomposition of complexes in the regular procedure. Attempts
to obtain very clean crystalline samples for elemental analysis mostly failed, except

specified in experimental procedure.

5.2 NMR Data of Ligands and Minor Modification of Procedure
PnH (101) ‘
'"HNMR (250 MHz, CDCls): § 7.50-6.92 (6H, m, PnH), 6.56 (dd, OO
1H, alkenylH), 6.00 (s, 1H, alkenylH), 3.95 (s, 2H, PnCH>).

, alkenylH) (s alkenylH) (s nCH>) p——
(Pn*™)H (102)
'"H NMR (250 MHz, CDCls): & 7.46-6.82 (6H, m, PnH), 6.28 (s, 6’0
1H, alkenylH), 3.82 (s, 2H, PnCH>), 1.84 (s, 3H, CHs).

(PnMe)H 102

(Pn"™®")H (104)
'H NMR (270 MHz, CDCls): & 7.40 (d, 1H, PnH), 7.33 (d,
1H, PnH), 7.24 (d, 1H, PnH), 6.96 (d, 1H, PnH), 6.40 (t, 1H. 6’0
alkenylH), 3.96 (br, 2H, PnCH,), 1.31 (s, 9H, CMe3), 1.30 (s,

tBu
9H, CMe;3), 1.15 (s, 9H, CMes). (Pn®®v)H 104
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tri-fert-butylphenalanone (123)

(0]
Four equivalents of BCl; (2.32 g, 20 mmol) were added to ‘
the propanate 122 (1.85 g, 5 mmol) in 30 mL OO
123

dichloromethane while stirring at 0°C. 10 mL distilled water

was added to the mixture after stirring overnight. The organic layer was separated,
dried by MgSO4 and evaporated to give brown residue. After the separation by
column chromatography, clean 123 was obtained as an off-white powder of 0.27 g in

15% yield.

(PCp)H (105)

(IO

'H NMR (250 MHz, CDCl;): & 8.80-8.70 (m, 2H, arylH), Q

(PCp)H 105

8.30-8.00 (m, 2H, arylH), 7.80-7.50 (m, 5H. ary/H and

alkenylH), 6.80-6.70 (m, 1H, alkenylH), 3.86 (t, 3H, CpCH>).

(PCp"')H (106)
'H NMR (250 MHz, CDCls): & 8.75-8.68 (m, 2 H. arylH),

8.13-8.10 (m, 1 H, arylH), 7.96-7.93 (m, 1 H, arylH), 7.65-

CJ
(0
(]

7.53 (m, 4 H, arylH), 7.07 (s, 1 H, alkenylH), 3.74 (s, 2 H,
(PCpMe)H 106

CpCHb), 2.31 (s, 3 H, Me).



(PCp™H (107)
'"H NMR (600 MHz, CDCls): & 8.72 (d, 1H, arylH), 8.68 (d,

1H, arylH), 8.20 (d, 1H, arylH), 8.02 (d, 1H, arylH), 7.79 (s,

1H, alkenylH), 7.75 (d, 2H, PhH), 7.66-7.56 (m, 4H, arylH),

(PCpPMH 107

7.42 (t, 2H, PhH), 7.29 (t, 1H, PhH), 4.20 (s, 2H, CpCH>).

(PCp*)H (108) ‘
'H NMR (90 MHz, CDCl): & 8.90-7.30 (m, 8H, arylH), 3.7 OCO

(m, 1H, MeCH), 2.50 (s, 3H, Me), 2.05 (s, 3H, Me), 1.37 (d,

(PCp’)H (109)

'H NMR (90 MHz, CDCls): 8 8.85-7.30 (m, 8H, arylH), 6.34 CO

(PCp)H 109

(m, 1H, alkenylH), 3.77 (m, 1H, CH3CH), 2.65 (t, 3H, Me),

1.42 (d, 3H, Me)

(sCp)H (110)

£

arylH), 8.28-7.08 (m, 15H, arylH), 5.39 (s, 1H, CpC Q i
ry ry pCH)

(sCp)H 110

;
()

'H NMR (250 MHz, CDCls): & 8.81-8.76 (2H, m,
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5.3 Synthesis and Characterization of New Complexes
Y (Pn)(p-Cl):Li(Et;0)3 (129) and [(Pn):Y(u-CD)]: (130)

A solution of n-BuLi (1.6 M, 1.9 mL, 3.0

mmol) in hexane was added dropwise to a 0 /

....... Cle. L= OEL)
solution of phenalene (0.50 g, 3.0 mmol) in 20 Cl OEt,
mL diethyl ether at 0°C. The mixture turned @@ 129
deep red immediately. After stirring for 30

=
- @z =
min at 0°C and 2 hours at room temperature, the g
" Cl ------- -
---------- Y
deep red solution was transferred by cannula to Y\CI/
a stirring suspension of YCl; (0.30 g, 1.5 mmol) & @)
130

in 10 mL diethyl ether. After overnight stirring,

the mixture turned dark brown-red and was filtered through Celite. The mixture was
concentrated by vacuum to 10 mL and stored in the fridge (-10°C) overnight. The
mother solution was transferred by cannula to leave a dark brown-red solid. The solid
129 was evaporated under vacuum and taken into the glovebox. '"H NMR (300 MHz,
CsDs): 8 6.26 (t, 6H, *Juy = 7.8Hz, B-PnH), 5.58 (d, 12H, *Jyy=7.5Hz, a-PnH), 3.35
(q, 12H, OCH,CHs), 1.04 (t, 16H, OCH>CHj3). The solid product was washed twice
with 5 mL hexane and dissolved in toluene; the solution was filtered through Celite,
and evaporated to dryness to afford 0.46 g of 130 as a dark brown powder. Yield:
68%. Mp 223°C (decompose). 'H NMR (500 MHz, CsDg): & 6.28 (t, 12H, M =
7.8Hz, B-PnH), 5.58 (d, 24H, *Jyn= 7.5Hz, a-PnH); °C NMR (125.7MHz, C¢Ds): &

139.72 (quaternary PnC), 132.93 (B-PnC), 109.61 (a-PnC).



[Y(Pn™)(n-CD)]2 (131)

A solution of n-BuLi (1.6 M, 0.69 mL,
1.1 mmol) in hexane was added dropwise to
a solution of (Pn™®)H (0.20 g, 1.1 mmol) in
15 mL diethyl ether at 0°C. The mixture 131
turned deep red immediately. After stirring
one half hour at 0°C and 2 hours at room temperature, the deep red solution was
transferred by cannula to a stirring suspension of YCl; (0.11 g, 0.56 mmol) in 10 mL
diethyl ether. After overnight stirring, the mixture turned dark brown-red and was
filtered through Celite. The mixture was evaporated under vacuum to a dark brown
solid and this was taken into the glovebox. The solid product was washed twice with
5 mL hexane and then dissolved in toluene. The resulting solution was filtered
through Celite, and evaporated to afford 0.12 g of 131 as a dark brown powder. Yield:
46%. Mp 190°C (decompose). 'H NMR (500 MHz, C¢Ds): & 6.14 (t, 4H, *Juy = 7.7Hz,
B-PnH), 8 5.61 (s, 4H, a-Pn™H), 5.54 (d, 4H, *Jyn = 7.7Hz, a-PnH), 5.39 (d, 4H, *Jiy

= 7.7Hz, a-PnH); °C NMR (125.7 MHz, C¢Dg): & 141.48, 140.00 (quaternary PnC),

132.91 (B-PnC), 111.98, 107.96, 107.13 (a-PnC), 21.69 (Me).

| el i
A solution of n-BuLi (1.6 M, 1.0 mL, 1.6 mmol) in hexane was added to a solution
of (Pn'B“)H (0.40 g, 1.2 mmol) in 10 mL hexane. The mixture turned red immediately.

After overnight reaction, a red suspension was formed. In the glovebox, the red
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suspension was filtered on a sintered glass frit and washed with 5 mL hexane,
followed by drying under vacuum to afford 0.26 g of the lithium salt as a toluene-
soluble red powder. Yield: 65%. 'H NMR (250 MHz, CsDg): & 5.69 (s, 6H, a-PnH),
1.19 (s, 27H, CMes); °C NMR (62.9 MHz, C¢Ds): & 153.03 (quaternary PnC), 141.89

(B-PnC), 101.51 (a-PnC), 34.45 (CMe3), 30.63 (CMes).

[Y(Pn"™)(u-CD)CI]; (132)
A solution of Pn™"Li" (20 mg, //Cl\ a

@‘ Sa @ -

0.059 mmol) in 2 mL toluene was added 3

to a suspension of YCl; (23 mg, 0.12 132

mmol) in 5 mL toluene. After stirring

over three days, the mixture changed from red to dark red and was filtered through

Celite, followed by removal of solvent under vacuum to afford 24 mg of 132 as a dark

red powder. Yield: 81%. Mp 232°C (decompose). 'H NMR (300 MHz, CsDg): 86.02

(s, 12H, a-PnH), 1.09 (s, 54H, CMes); °C NMR (75.0MHz, CsDe): & 154.56

(quaternary PnC), 138.60 (B-PnC), 109.22 (a-PnC), 34.66 (CMe;), 30.19 (CMe;).

(Pn),Yb(THF), (133)
PnH (100 mg, 0.60 mmol) was dissolved in 15 mL (f

““““

hexane in a 50 mL Erlenmeyer flask, and
Yb[N(SiMes)2]o(THF)> (195 mg, 0.30 mmol) in 10 mL ﬁ

hexane was added. The color of reaction mixture changed ®©
133
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rapidly from light red to dark red. The mixture was stirred rapidly overnight to afford
a brown-red precipitate. The precipitate was filtered on a sintered glass frit and
washed twice with a total volume of 10 mL hexane, followed by drying under vacuum
to give 125 mg of 133 as a brown-red powder. Yield: 63%. Mp 86°C (decompose). 'H
NMR (300 MHz, CsDs): & 6.32 (br, 6H, B-PnH), 5.61 (br, 12H, a-PnH), 3.26 (br, 8H,
o-THF CH,), 1.31 (br, 8H, B-THF CH>). °C (125.7MHz, C¢D¢): & 142.47 (B-PnC),
106.42 (a-PnC), 70.49, 26.03 (THF). A satisfactory elemental analysis could not be

obtained despite repeated attempts.

(Pn™),Yb(THF), (134)
(7;
(PnMe)H (30 mg, 0.17 mmol) was dissolved in 10 mL “THF
b
hexane in a 50 mL Erlenmeyer flask and \THI-'

Yb[N(SiMe3):]>(THF), (53 mg, 0.085 mmol) in 5 mL hexane 8@

was added. The color of the reaction mixture changed rapidly 134

from light red to dark red. The mixture was stirred rapidly

overnight to afford a brown-red precipitate. The precipitate was filtered and washed
twice with a total volume of 5 mL hexane and dried under vacuum to give 40 mg of
134 as a brown-red powder. Yield: 71%. Mp 81°C (decompose). 'H NMR (300 MHz,
C¢Dg): 8 6.33 (br, 4H, B-PnH), 5.59-5.52 (br, 12H, a-PnH), 3.28 (br, 8H, a-THF CH,),
1.86 (s, 6H, CHs), 1.33 (br, 8H, B-THF CH>); °C NMR (125.7MHz, C¢Ds): & 142.50
(B-PnC), 109.21, 106.18, 104.53 (a-PnC), 70.11, 26.04 (THF), 22.22 (PnMe); Anal.

Calcd. for C35H33YbO5: C 63.99; H 5.67; found C 62.60, H, 5.27.



(Pn)Yb(py): (135)

1 mL of dry pyridine was added to 20 mg of 133 in 10 mL

toluene solution resulting in a color change from deep red to Yb—
dark brown immediately. After stirring 30 minutes, the solvent
was removed by vacuum to give a dark brown solid
quantitatively. "H NMR (250 MHz, Cg¢D¢): & 7.97 (br, s, 4H,
py), 6.90 (br, s, 2H, py), 6.52 (br, s, 4H, py), 6.23 (t, 3JHH= 7.3Hz, 6H, B-PnH), 5.33 (d,

3= 7.3Hz, 12H, a-PnH). A satisfactory elemental analysis could not be obtained.

(Pn"™"),Yb(THF) (136)
i P
Yb[N(SiMes):]»(Et20): (89 mg, 0.14 mmol) and (Pn®“)H Lo/

(90 mg, 0.27 mmol) were dissolved in 10 mL hexane and

o

heated for 8 days at 70 °C. The solvent was removed under
vacuum in the glovebox and the resulting dark red solid was re-
dissolved in 3 mL hexane and cooled in the fridge at -50 “C. After two weeks, 32 mg
of 136 as dark red crystals was obtained from the solution. Yield: 26%. Mp 182°C
(decompose). 'H NMR (300 MHz, CgDg): 65.63 (s, 12H, a-PnH), 3.90 (s, 4H, a-THF
CHs), 1.25 (s, 6H, B-THF CH>), 1.11 (s, 54H, CMe3); *C NMR (75.5MHz CgDe): &
152.94 (quaternary PnC), 141.56 (B-PnC), 104.52 (a-PnC), 34.4 (CMes), 31.39 (CMes3)
(Resonances of THF were not observed). Anal. Calcd. for CsgHgO-Yb: C 70.77, H

8.39; found: C 71.31, H 9.22.
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(Pn'™®")Yb[N(SiMe3)](THF), (137)

Pn®)H (110 mg, 033 mmol) and %@

Yb[N(SiMes)2]»(THF), (220 mg, 0.33 mmol) were vp -~ THF
dissolved in 10 mL hexanes and heated overnight at 70 THF/ N(SiMe,),
137

°C. The solvent was removed under vacuum in the

glovebox to give 270 mg of 9 as a dark red oily solid. Yield: 90%. 'H NMR (250MHz
Ce¢Dg): 85.73 (s, 6H, Pn ring CH), 3.44 (s, 4H, a-THF CH>), 1.26 (s, 4H, B-THF CH>),
1.22 (s, 27H, CMes), 0.28 (s, 18H, SiMes); °C NMR (63MHz, C¢Dy): 8153.54
(quaternary PnC), 141.56 (B-PnC), 103.59 (a-PnC), 68.34 (a-THF CH,) 34.37 (CMe3),

31.04 (CMes), 25.55 (B-THF CHb), 4.39 (SiMes).

(PCp™");Y(CH,SiMe3)(THF) (147)
To a solution of (PCp™)H (156 mg, 0.68 i
mmol) in 5 mL toluene was added a solution of THF
Y (CH,SiMes);(THF), (170 mg, 0.34 mmol) in 5 mL

toluene. The reaction mixture was allowed to stir

overnight at 0 °C, and after this time, the solvent
was removed under vacuum. The Schlenk flask was
transferred to the glovebox for workup. After addition of 20 mL hexane, the solution
was filtered through Celite. The solvent was removed by vacuum to give 190 mg of
147 as a pale yellow powder. Crystallization of this pale yellow powder from hexane

produced pale yellow crystals. Yield: 88%. Mp 136 °C (decompose). 'H NMR (500
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MHz, C¢De): & 8.27 (d, *Jun = 8.0Hz, 4H, 5,5 -arylH), 8.00 (dd, *Ju = 7.9Hz, *Jyy =
1.2Hz, 2H, 2" -arylH), 7.56 (dd, *Juu= 7.7Hz, *Jun = 1.3Hz, 2H, 2-arylH), 7.36-7.24
(m, 8H, 3,4,3°4" -arylH), 6.72 (d, *Juy = 2.0Hz, 2H, 1 -PCpCH), 6.15 (d, *Juy =
2.0Hz, 2H, I-PCpCH), 1.95 (t, *Jun = 6.5Hz, 4H, o-THF CH>), 1.94 (s, 6H, CHs),
0.57 (s, 9H, SiMes), 0.50 (m, 4H, B-THF CH,), -0.62 (d, Jyn = 3.7Hz, 2H,
CH>SiMe3); °C NMR (125.7 MHz, CsDs) §130.53, 130.20, 127.69, 127.52, 127.21,
125.15, 125.01, 12437, 124.26, 124.06, 124.03, 121.75, 120.91 (aryIC), 104.97,
103.89 (PCpCH), 72.11, 24.90 (THF), 31.07 (d, Jyc = 45 Hz, CHy), 15.56 (PCpCH),

5.75 (SiMes). Anal. Calcd. for C44HysSiOY: C 74.77, H 6.42; found: C 74.93; H 6.23.

(PCp"™):Y(CH,SiMe;)(THF) (148)
To a solution of (PCpPh)H (48 mg, 0.20 mmol) i
in 5 mL toluene was added a solution of ‘/7%
Y(CH:SiMes)3(THF)> (49 mg, 0.10 mmol) in 5 mL
toluene. The reaction mixture was allowed to stir

overnight at 0 °C. After this time, the Schlenk flask

was transferred to the glovebox for workup and the

solvent was removed under vacuum. Hexane (10 mL) was added to the residue to
extract the product. After filtration through Celite, the solvent was removed to give 69
mg of 148 as a pale yellow powder. Yield: 90%. Mp 102 °C (decompose). 'H NMR
(300MHz, C¢Ds): 88.21 (m, 4H, 5,5 -arylH), 7.82 (dd, *Jyy = 8.1Hz, *Jyn = 1.5Hz, 2H,

2"-arylH), 7.63 (dd, *Juy = 7.4Hz, *lyn = 1.2Hz, 4H, arylH), 7.36-7.20 (m, 18H,
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arylH), 6.84 (d, *Jun = 2.4Hz, 2H, 1-PCpCH), 1.99 (t, *Jun = 6.6Hz, 4H, o-THF CH)>),
0.51 (t, *Jun = 6.6Hz, 4H, B-THF CH.), 0.14 (s, 9H, CH.SiMes), -1.47 (d, *Jyy =
3.0Hz, 2H, CH>SiMes); *C NMR (75.5MHz, CsDg): §136.68, 130.42, 130.09, 129.68,
129.25, 127.65, 127.59, 126.93, 126.31, 125.55, 125.46, 124.59, 124.19 124.08,
123.87, 123.53, 122.44 (arylC), 101.54, 100.20 (CpCH), 71.84, 24.95 (THF), 32.40 (d,
Jyc = 46.0Hz, CH2SiMes), 5.05 (SiMes). Anal. Calcd. for CssHsoSiOY: C 78.05, H

5.94; found: C 73.86, H 5.46.

(PCp).Y(CH,SiMe3)(THF) (149)
To a solution of (PCp)H (86 mg, 0.40 mmol) in 5
mL  toluene was added a solution of

Y(CH,SiMes);(THF)> (99 mg, 0.20 mmol) in 5 mL

toluene. The reaction mixture was allowed to stir
overnight at 0°C. After this time, the Schlenk flask was transferred to the glovebox for
workup and the solvent was removed under vacuum. After washing with 10 mL
hexane, the residue was dried under vacuum to give 72 mg of 149 as a pale yellow
powder. Yield: 88%. Mp 156 °C (decompose). 'H NMR (250 MHz, C¢Ds): 88.21 (d,
3lyn= 7.2Hz, 4H, 5,5 -arylH), 7.95 (dd, *Jun= 7.9Hz, *Juy = 1.2Hz, 2H, 2 -arylH),
7.56 (m, 2H, 2-arylH), 7.28-7.20 (m, 8H, 3,4,3"4 -arylH), 7.00 (t, Juu= 2.5Hz, 2H,
1'-CpCH), 6.42 (t, *Juy= 2.5Hz, 2H, I-CpCH), 6.35 (t, *Juy = 2.5Hz, 2H, 6-CpCH),
1.75 (t, *Jun=6.1Hz, 4H, a-THF CH>), 0.59 (s, 9H, CH,SiMes), 0.36 (m, 4H, B-THF

CH>), -0.62 (d, *Jy;; =3.8Hz, 2H, CH>SiMes); °C NMR (75.5 MHz Cg¢Ds) 5129.96,
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128.70 , 128.38, 128.06, 127.82, 127.60, 125.51, 125.24, 124.07, 123.89, (arylC),
114.88, (CpCH), 104.81, 102.42 (1,1°-CpCH), 71.32, 24.636 (THF), 31.50 (d, 'Tyc=

40.4Hz, CH>SiMes), 5.42 (SiMes):

(PCp*)Y(CH;SiMe;),(THF) (150)

The ligand (PCp*)H (129 mg, 0.5 mmol) and 4 ©‘@
Y(CH»SiMes)3(THF), (250 mg, 0.5 mmol) were /Y ----- CHSiMe,
mixed in 5 mL toluene and stirred overnight.
Removal of toluene gave a yellow residue which
was re-dissolved in hexanes and filtered through Celite to give a clear yellow solution.
Removal of hexanes afforded a yellow powder. Crystallization of this yellow powder
afforded 80 mg 150 as pale yellow plates. Yield: 20%. Mp 110°C (decompose). 'H
NMR (500 MHz C¢Ds): & 8.47 (dd, *Jun= 8.2Hz, *Jun = 0.8Hz, 2H, I-arylH), 8.25 (dd,
*Jun = 8.4Hz, *Juy = 1.0Hz, 2H, 4-arylH), 7.34 (m, 2H, 2-arylH), 7.20 (m, 2H, 3-
arylH), 2.78 (s, 6H, CpMe), 2.52 (t, 4H, a-THF CH>), 2.32 (s, 3H, CpMe), 0.60 (m,
4H, B-THF CH5), 0.26 (s, 18H, SiMes), -0.60 (d, *Jyy= 3.2Hz, 4H, YCH,); °C NMR
(125.8 MHz, C¢Dg): 8131.73, 129.00, 128.58, 127.70, 124.72, 124.43, 123.94, 118.26,
113.70 (arylC), 70.21 24.69 (THF), 37.40 (d, 'Jyc= 45 Hz, Y-CHa), 16.30 (CpMe),
11.75 (CpMe), 4.76 (SiMes);; Anal. Calcd. for C3oHy70SiY: C 64.84, H 7.99; found:

C 64.98, H 8.07.



(PCp*)Y(CHaSiMes)(bipy) (151) 5
1

3 @
Addition of 11 mg 2.2°-bipyridine (0.07 mmol) 41 TCQ>»
(@3
in 1 mL toluene to 42 mg 150 (0.07mmol) in 5 mL \Num)Y ...... CH.SiMe.
&% e \ = P
toluene afforded a deep red solution. After gentle 3 /6 CH,SiMe,
4 5 151

stirring for 5 minutes, the solvent was removed by

vacuum to give a red solid in quantitative yield. 'H NMR (300 MHz, CsDs): & 8.26 (d,
3Jun = 5.2Hz, 2H, 6-bipy), 7.94 (dd, *Jun = 7THz, *Jun = 2.2Hz, 2H, I-arylH), 7.73 (dd,
3Jun = 7Hz, *Jun = 2.6Hz, 2H, 4-arylH), 7.03-6.91 (m, 4H, 2,3-arylH), 6.64 (dt, 2H,
3Jun = THz, 4-bipy), 6.35 (d, 2H, Juy = 8Hz, 3-bipy), 6.28 (dd, *Juy = 6.6Hz, *Jyy =
2.2Hz, 2H, 5-bipy), 2.76 (s, 6H, CpMe), 2.58 (s, 3H, CpMe), 0.29 (s, 18H, SiMes), -
0.22 (dd, *Jyy = 3.0Hz, *Jun = 11Hz, 2H, YCH5>), -0.45 (dd, *Jyy =3.0Hz, *Jyn = 11Hz,
2H, YCH,), free THF resonances were observed at 3.57 and 1.45 ppm; 3C NMR
(75.5 MHz, CsDs) 8151.70, 138.64, 128.40, 128.08, 126.80, 124.35, 123.92, 123.35,
122.78, 120.47, 113.30 (aryIC), 32.98 (d, Jyc = 38.6Hz, Y-CH,), 16.44 (CpMe), 12.47

(CpMe), 5.27 (SiMes).

(sCp)Y(CH,SiMe3),(THF) (152)
To a solution of (sCp)H (156 mg, 0.68 mmol) in
5 mL toluene was added a solution of

Y(CH:SiMes);(THF); (170 mg, 0.34 mmol) in 5 mL

toluene. The reaction mixture was allowed to stir

THF :
152 CH,SiMe,

overnight at 0 °C and after this time, the solvent was
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removed under vacuum. The Schlenk flask was transferred to the glovebox for
workup. After addition of 40 mL hexanes, the solution was filtered through Celite and
the solvent was removed by vacuum to give 190 mg of 152 as a pale yellow powder.
Yield: 88%. Recrystallization of the pale yellow powder from hexane produced pale
yellow crystals at -50 °C. Mp 134°C (decompose). 'H NMR (500 MHz CgDg): 6 9.03
(dd, *Jun = 8.0Hz, *Juy = 1.2Hz, 2H, 8-arylH), 8.40 (dd, *Juy = 8.0Hz, *Jus = 1.2Hz,
2H, I-arylH), 8.37 (m, 4H, 4,5-arylH), 8.00 (s, 1H, CpH), 7.48 (m, 2H, 2-arylH),
7.38-7.34 (m, 4H, 3, 6-arylH), 7.30 (m, 2H, 7-arylH), 2.54 (br, 4H, o-THF CH,), 0.59
(br, 4H, B-THF CH,), 0.02 (s, 18H, SiMes), -0.98 (d, *Jyy = 3.1Hz, 4H, Y-CH); "*C
NMR (125MHz, Cg¢Dg): 6131.11, 130.69, 130.06, 129.16, 128.11, 127.26, 126.88,
126.52, 125.90, 125.64, 125.11, 125.07, 124.21, 115.53 (aryIC), 92.41 (CpCH), 70.40,
24.66 (THF), 37.92 (d, 'Jyc = 45Hz, Y-CH,), 4.34 (SiMes). Anal. Calcd. for

C41H47S1,0Y: C 70.26, H 6.76; found: C 70.31, H 6.67.

(sCp)Y(CH,SiMe;)y(bipy) (154) T
8
(@37
Addition of 3 mg 2.2’-bipyridine (0.02 mmol) (7 4
.@.@ ;
to 14 mg 152 (0.02 mmol) in 0.5 mL C¢Ds afforded a 1 2

=NWY e, X
. ] J P 4 \ CH,SiMe,
deep red solution. The 'H NMR spectrum was =N

30 A6 CH,SiMe,

obtained immediately. 'H NMR (300 MHz, CeDg): 5 4 ° 154
8.60 (d, *Jun = 8.0Hz, 2H, 8-arylH), 8.28 (d, *Jun = 8.0Hz, 2H, I-arylH), 8.28 (s, 1H,
sCpCpH), 8.18 (d, *Juu = 8.4Hz , 4H, 4,5-arylH), 7.63 (d, *Juu = 5.2Hz, 2H, 6-bipy),

7.55 (t, *Juu = 7.4Hz, 2H, 7-arylH), 7.37 (m, 2H, 2-arylH), 7.09 (t,*Jun = 7.8Hz, 2H,



6-arylH), 6.89 (t,*Jun = 7.5Hz, 2H, 3-arylH), 6.57 (dt, *Juy = 7.8Hz, *Juy = 1.5Hz, 2H,
4-bipy), 6.36 (d, 2H, *Jyn = 7.8Hz, 3-bipy), 6.11 (t, 2H, *Jux= 6.3Hz, 5-bipy). 0.06 (s,
18H, SiMes), -0.82 (dd, *Jyn = 3.0Hz, “Ju= 11.5Hz, 2H, YCH>), -0.88 (dd, 2Jyy =
3.0Hz, 2JHH = 11.0Hz, 2H, YCH.), free THF resonances were observed at 3.57 and
1.45 ppm. The carbon NMR spectrum was not obtained cleanly due to the low

solubility of 154.

(sCp)Y(CH;SiMe3),(DME) (155)
A large excess of DME (0.5 mL) was added to
152 (70 mg, 0.1 mmol) in 5 mL toluene. After

stirring overnight, the color of the mixture changed

from pale yellow to brown-yellow. After the solvent
was removed by vacuum, the residue was washed by 10 mL hexanes and dried under
vacuum to give 56 mg of 17 as a light brown product. Yield: 80%. Mp. (decompose
slowly on heating). "H NMR (300 MHz CgDs): & 8.99 (dd, *Juy = 8.8Hz, ‘I = 2.1Hz,
2H, 8-arylH), 8.36-8.46 (m, 6H, 1,4,5-arylH), 7.99 (s, 1H, sCpCpCH), 7.50 (t, 2H, 2-
arylH), 7.39-7.30 (m, 6H, 3,6, 7-arylH), 2.22 (s, 6H, CH30), 1.83 (s, 4H, OCH>,CH>0),
0.11 (s, 18H, SiMes), -1.26 (d, ZJyn = 3.0 Hz, CH>SiMes); °C NMR (75.5MHz, CsDg):
8131.40, 1, 130.52, 130.14, 128.08, 127.93, 127.39, 126.35, 126.23, 125.65, 125.34,
125.04, 124.92, 123.96, 115.37 (aryIC), 93.08 (CpCH), 69.85, 62.43 (DME), 35.05 (d,

'Iyc = 41.4Hz, CH,SiMes), 4.96 (SiMes).
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(PCp™),YCI(THF) (156)
PCp™Li” (129 mg, 0.55 mmol) (precipitate from

the reaction between neutral ligand and n-butyllithium in

o

~
to an YCl; (53 mg, 0.28 mmol) suspension in 10 mL Q\%

toluene) in 10 mL THF was transferred through a cannula G
156

THF while stirring. The mixture was allowed to stir %

overnight, and the color of solution changed from deep

brown to deep red. After the removal of THF, the Schlenk flask was taken into‘the
glovebox for workup. The residue was washed with 10 mL hexane and re-dissolved in
10 mL toluene. After filtration through Celite to give a clear yellow-brown solution,
the solvent was evaporated under vacuum to give 110 mg of 156 as a yellow powder.
'H NMR (250 MHz, CsDs) & 8.18 (br, 4H, 5,5 -arylH), 7.92 (br, 2H, 2 - arylH), 7.30
(br, 2H, 2-arylH), 7.15 (br, 8H, 3,3 "4,4 -arylH), 6.64 (br, 2H, 1’-CpCH), 6.48 (br, 2H,
’]-CpCH), 2.33 (br, 6H, CpCHs;), 1.93 (br, 4H, o-THF CH), 0.41 (br, 4H. B-THF
CH.). A clean °C NMR spectrum could not be obtained due to the presence of

significant amount of impurities in this sample.



(PCp" )Y (p-Me), Li(THF); (157)
Methyllithium (0.21 mL of a 1.5 M

solution in diethyl ether, 0.32 mmol) was added

by syringe to 156 (60 mg, 0.094 mmol) in 10

mL THF while stirring. The mixture was

allowed to stir overnight. The Schlenk flask
was taken into the glovebox for workup after
removal of solvent. Toluene (10 mL) was added to the solid residue and the resulling
solution was filtered through Celite and evaporated under vacuum to give 25 mg of
157 as a brown-yellow product. Yield: 42%. '"H NMR (500 MHz, C4¢Ds): & 8.37 (d,
*Juy = 7.0Hz, 4H, 5-arylH), 7.81 (br, 4H, 2-arylH), 7.32-7.22 (m, 8H, 3,4-arylH),
6.41 (s, 4H, 1-CpCH), 2.72 (br, 8H, o-THF CH>), 2.22 (s, 6H, CpCHs), 0.35 (br, 8H,
B-THF CH>), -2.25 (br, 6H, YMe); °C NMR (125.7MHz, CsDg) 8131.10, 129.72,
128.67, 127.91, 127.50, 127.22, 123.17, 120.40 (arylIC), 103.24 (CpCH), 68.41, 30.62

(THF), 32.68 (d, 'Jyc = 50 Hz, CH3).

(PCp™),Yb(THF), (158)

To a solution of Yb[N(SiMes):]o(THF), (85 mg,
0.13 mmol) in 5 mL toluene was added a solution of
(PCpMe)H (60 mg, 0.26 mmol) in 5 mL toluene in the

glovebox. On addition of ligand, the mixture changed

color from bright red to dark red. The mixture was
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allowed to stir overnight, and then was filtered through Celite. The solvent was
removed by vacuum to give 75 mg of 158 as a red powder. Yield: 74%. 'H NMR (300
MHz, CeDs): & 8.26 (d, *Jun = 7.9Hz, 4H, 5-arylH), 7.82 (d, *Jun = 7.9Hz, 4H, 2-
arylH), 7.26 (t, *Juy =7.3Hz, 4H, 3 or 4-arylH), 7.15 (t, *Jau = 7.5Hz, 4H, 3 or 4-
arylH), 6.32 (s, 4H, I-CpCH), 2.36 (s, 6H, CpCHs), 2.16 (br, 8H, a-THF CH>), 0.71
(br, 8H, B-THF CH.); °C NMR (75.5 MHz, C¢Ds) & 130.31, 127.77, 126.89, 124.56,
124.09, 123.14, 122.98, 120.41 (arylH), 100.99 (CpCH), 69.81, 25.25 (THF), 16.20

(CHz).

(PCp™),Yb(S-p-tolyl)(THF) (159)

To a solution of 158 (39 mg, 0.05 mmol) in 5 ﬂé

mL toluene was added a solution of p-

K O
tolyldisulphide (6 mg, 0.025 mmol) in 1 mL \Q
159

toluene. The solution changed to deep purple

immediately and was allowed to stir for another 10 minutes. After removing the
solvent by vacuum, the residue was washed by hexane and then dried by vacuum to
give 40 mg of 159 as a deep purple powder. Yield: (88%), 'H NMR (300 MHz, C¢Ds,

300K) 6 90.05, 38.77,29.19, 21.78, 17.78, 16.62, 15.22, -2.44, -28.12, -36.72, -97.66.
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(sCp)2Yb(THF) (160)

To a solution of (sCp)H (68 mg, 0.2 mmol) in 10 g@
mL toluene was added dropwise a solution of @’@
Yb[N(SiMes)s]o(THF), (130 mg, 0.2 mmol) in 5 mL Ybo——ryF
toluene. The reaction mixture was allowed to stir Q‘Q\)\Q
overnight, and after this time, the solvent was removed 160 t‘)

under vacuum to give a red-peach powder.

Recrystallization of this powder from toluene produced 45 mg of 160 as red crys‘tals
at room temperature. Yield: 46%. Mp 134-136°C. '"H NMR (500 MHz C¢Dg): & 8.55
(d, *Jun = 7.8Hz, 4H, arylH), 8.34 (d, *Jun = 8.1Hz, 4H, arylH), 8.23 (d, 4H, arlyH),
8.19 (br, 4H, arylH), 7.77 (s, 2H, CpH), 7.57 (t, *Jun = 7.3Hz, 4H, arylH), 7.45 (t,
*Jum = 7.5Hz, 4H, arylH), 7.13-7.00 (m, 8H, arylH), 1.47 (br, 4H, a-THF CH.), 0.47
(br, 4H, B-THF CH>): >C NMR (125.7 MHz, C¢D): 8131.89, 130.83, 129.58, 129.01,
127.87, 126.88, 125.26, 124.97, 124.93, 124.80, 124.74, 123.85, 123.36, 114.40
(arylC), 92.4 (CpCH), 69.33, 24.94 (THF). Anal. Calcd. for C4;H4,OYb: C 76.30, H

4.34; found: C 70.25, H 4.41.

[(PCP™):Y(n-H)]: (161) 7% Q\
Phenylsilane (30 mg, 0.28 mmol) was ﬂ % WH Ph % Q
_ Ph Y\H _y Ph
added to 148 (135 mg, 0.16 mmol) in 5 mL Q\%\ gﬂ
'

hexanes solution. The mixture changed %

from pale yellow to light yellow-brown 161
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immediately. After one hour, a pale yellow precipitate formed in solution. The
mixture was allowed to stir overnight. The color of precipitate changed to light orange
yellow. Removal of the hexanes layer and drying of the precipitate gave 80 mg of 161
as a light orange-yellow product. '"H NMR (300 MHz, CsDs): 5 8.90 (d, 2Jun = 7.5Hz,
arylH), 8.67 (d, *Juu = 8.1Hz, arylH), 8.33 (d, *Jun = 8.1Hz, arylH), 7.68 (t, Jun =
7.5Hz, arylH), 7.59 (t, Juu = 7.2Hz, arylH), 8.90 (d, *Juu = 7.5Hz, arylH), 7.42-7.00
(m, arylH), 6.72 (d, *Jun = 6.6Hz, arylH), 6.62 (d, *Juy = 2.4Hz, arylH), 6.23 (t, *Jun
= 7.5Hz, arylH), 5.30 (d, *Juy = 8.1Hz, arylH), 3.50 (t, 'Jyy = 34.5Hz). The
resonances could not be assigned completely due to the presence of considerable

impurities and failing to obtain resonanable integrations.

(PCp*)Y(0,CCH,SiMes), (162)

Into an evacuated Schlenk flask, CO-, (2>

g LIS
dried over sieves, was introduced into the flask 3, )
O/ T
: ; ~o \o)
along with 150 (50 mg, 0.082 mmol) in 5 mL Me,SiCH; CH.SiMe,
162

hexanes. A  white precipitate formed

immediately. The mixture was allowed to stir overnight and then taken into the
glovebox for workup. Decanting the hexanes layer from the white precipitate and
drying the precipitate gave 30 mg of 162 as a white powder. Yield: 60%. 'H NMR
(CeDs, 500 MHz): & 8.55 (d, *Juw = 8.1Hz, 2H, I-arylH), 8.43 (d, *Juy = 7.6Hz, 2H, 4-
arylH), 7.42 (m, 2H, 2-arylH), 7.28 (m, 2H, 3-arylH), 2.72 (s, 6H, CpMe), 2.30 (s, 3H,

CpMe), 1.10 (s, 4H, CO,CH>), 0.00 (s, 18H, SiMes); °C NMR (125.7 MHz, C¢Ds):
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8185.42 (CO>), 132.57, 128.68, 128.39, 128.07, 127.05, 125.38, 124.22, 118.80,
114.46 (arylC), 29.63 (CO,CH,), 15.26 (CpMe), 11.53 (CpMe), -0.62 (SiMes). mp
234°C (decompose); Anal. Calcd. for C30H3904Si>Y: C 59.20, H 6.46; found: C 60.18,

H, 6.29.

(PCp*)Y[K*~(N,0)-Me;SiN(CH,SiMe3)COJ; (163)

MesSiINCO (6 mg, 0.05 mmol) was 2
3
added to 6 mg 150 (0.01 mmol) in 1 mL 4 L 1>
=N -
’ . WY e
toluene solution and allowed to stir for 5 0"/ N 9
N Nk )
hours. Removal of solvent under vacuum S SiMe CH,SiMe;
: Me,sSiCH{  SiMe, 3
163

afforded an off-white powder quantitatively.

'H NMR (C¢Ds, 300 MHz): & 8.58 (d, *Juy= 8.0Hz, 2H, I-aryl H), 8.42 (d, *Juu =
8.0Hz, 2H, 4-aryl H), 7.45 (t, *Juy = 7.3Hz, 2H, 2-aryl H), 7.32 (t, *Juy = 7.4Hz, 2H,
3-aryl H), 2.79 (s, 6H, CpMe), 2.31 (s, 3H, CpMe), 1.65 (s, 4H, CH,SiMe3), 0.06 (s,
18H, CHaSiMes3), -0.05 (s, 18H, NSiMe;); °C NMR (75.5 MHz, Cg¢De): & 188.54
(NCO), 129.68, 128.72, 128.40, 127.25, 125.18, 124.33 (aryIC), 31.40 (CH,), 15.28

(CpMe), 11.92 (CpMe), 1.67 (CH,SiMes), -0.28 (NSiMes).
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(SCp)Y[Kz-(N,O)- Me;SiN(CH,SiMe3)CO](THF) (164)
Me;SiNCO (6 mg, 0.05 mmol) g 7

was added to 7 mg of 152 (0.01

mmol) in 1 mL toluene solution and 2 “O-] ,,,,,, 2, )
Me,SiCH;—<( /T\ ) CH,SiMe
; ; ) ) N
allowed to stir overnight. Removal T THF |
SiMe, SiMe,
of solvent under vacuum afforded 164

an oily solid quantitatively. "H(CgDs,

300MHz): & 9.22 (d, *Jun = 7.9Hz, 2H, 8-arylH), 8.42-8.47 (m, 6H, 1,4,5,-arylH),
7.90 (s, 1H, sCpCpCH), 7.52-7.35 (m, 8H, 2,3,4,5-arylH), 2.99 (br, 4H, a-THF CH,),
1.37 (s, 4H, CH>SiMes), 1.01 (br, 4H, B-THF CHs), 0.02 (s, 18H, CH,SiMes), -0.22 (s,
18H, NSiMes); >°C NMR (75MHz, C¢Dg): 5188.78 (NCO), 130.09, 128.70, 128.38,
127.57, 127.24, 126.11, 125.28, 125.07, 124.58, 124.25, 115.60 (arylC), 94.89

(CpCH), 69.53, 25.51 (THF), 30.89 (CH>SiMe3), 1.53 (CHaSiMes), -0.22 (NSiMes).

(PCp*)Y[k*~(N,N)-iPrN(CH,SiMe3) CN(i-Pr)], (165)
Diisopropylcarbodiimide (6 mg, 0.05 mmol) Me;CHNCNCHMe> was added to 6

mg 150 (0.01 mmol) in 1 mL toluene solution

“>
and allowed to stir overnight. Removal of 4 Ay
1 =
) 2\, Y N
solvent under vacuum afforded an off-white i\

powder quantitatively. 'H NMR (CgDs, Me,SiCH;
300MHz): & 8.71 (d, *Juu = 8.6 Hz, 2H, I-

aryl H), 8.55 (d, *Jun = 9.3Hz, 2H, 4-aryl H), 7.53 (t, >Juu = 7.8 Hz, 2H, 2-arylH),



7.37 (m, Ty = 7.6 Hz, 2H, 3-aryl H), 3.26 (m, 4H, CHMe,), 2.87 (s, 6H, CpMe),
2.41 (s, 3H, CpMe), 1.83 (s, 4H, CH,SiMes), 0.94 (d, 24H, *Jyy = 7.6 Hz, CHMe>)
0.06 (s, 18H, SiMes): '>C NMR (75.5 MHz, C¢De): 8 177.40 (NCN), 127.06, 125.88,
124.35, 124.31 (aryC), 48.15 (CHMey), 25.91 (CHMey), 18.96 (CH,SiMes), 17.22

(CpMe), 13.20 (CpMe), 0.42 (SiMes).

(PCp*)Y(CCSiMes)y(THF) (166), [PCp*Y(CCSiMes)(THF)]>(n*-CCSiMe3),] (167)
Trimethylsilylacetylene (20 mg, 0.2 mmol) was added to 150 (32 mg, 0.05
mmol) in a mixture of 0.5 mL THF and 3 mL toluene while stirring. The solution was

allowed to stir overnight. Removal of solvent

. L IO>»
gave 30 mg of 166 (characterized by NMR) as a4 (T
3, 1y

pale yellow residue. The residue was dissolved in / \C C SCCH_,_SiMe3

THF Q\\ )
hexanes and cooled at -40°C to give 167 166 CCH,SiMe,
(characterized by X-ray, Fig 3.16) as pale yellow
crystals. Yield: 91%. Mp 102°C (decompose). :

L I>
'H NMR (C¢Ds, 500 MHz): & 8.78 (d, *Juy = &3

THF —/Y—C =CCH,SiMe,
3 —
8.0Hz, 2H, I-arylH), 839 (4 T = 780z, o oy o=c’ ez ——

/
2H, 4-arylH), 7.50 (m, 2H, 2-arylH), 7.32 (m, MesicH,c=c— Y HF
2H, 3-arylH), 3.26 (t, 4H, a-THF CH>), 2.98 @)‘@
: [
(s, 6H, CpMe), 2.36 (s, 3H, CpMe), 0.60 (brs, 167
4H, B-THF CH>), 0.28 (s, 18H, SiMes); °C

NMR (125.7 MHz, C¢Ds): 8171.23 (d, 'Jyc = 53.6Hz, a-YC), 132.37, 129.84, 129.47,
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127.34, 126.35, 124.68, 123.85, 120.27, 117.23 (arylC), 71.95, 25.45 (THF), 16.53

(CpMe), 13.80 (CpMe), 1.09 (SiMe;), B-carbon was not observed.

(sCp)Y(CCSiMes3)2(THF) (168) and (sCp)Y3(CCSiMes)s(THF); (169)
(Trimethysilyl)acetylene (30 mg, 0.25 mmol) was added to 152 (43 mg, 0.06
mmol) in 5 mL hexanes solution and the mixture became cloudy immediately.
Overnight reaction and removal of solvent under
vacuum gave a pale yellow residue. The residue
was washed with 1 mL hexanes and dried to give
30 mg of a toluene-insoluble pale yellow powder.

The reaction attempted in toluene also afforded a

toluene-insoluble pale yellow powder. In an NMR

tube, several drops of Dg-THF were added to the mixture of pale yellow powder and
CgDg. After one half hour, the mixture changed from cloudy suspension to a clear red-
orange solution. Removal of the solvent gave 168 as a toluene-soluble light red-
orange residue (characterized by NMR). Recrystallzation of 168 from toluene
afforded very small amount of 169 as pale yellow crystals (characterized by X-ray,
Fig 3.19). Yield: 70%. 'H NMR (500 MHz, CsDs): & 9.86 (d, *Jun = 8.3Hz, 2H, 8-
arylH), 8.72 (dd, *Jun= 7.9Hz, 2H, I-arylH), 8.59 (s, 1H, CpCH), 8.46 (d, 2H, *Juy=
7.6Hz, 5-arylH), 8.41 (d, *Jun= 8.0Hz, 2H, 4-arylH), 7.58 (m, 2H, 7-arylH), 7.45(m,
2H, 2-arylH), 7.40 (m, 2H, 6-arylH), 7.33 (m, 2H, 3-arylH), 3.55 (br, 4H, a-THF

CHS>), 1.46 (br, 4H, B-THF CH,), 0.21 (s, 18H, SiMes); °C NMR (125.8 MHz, C¢Dy):



0 172.46 (d, Jyc = 47.8Hz, Y-CCSiMes), 132.92, 131.16, 130.62, 129.88, 129.09,
127.03, 125.93, 125.86, 125.75, 125.54, 124.76, 123.71, 123.53, 116.87 (arylC),
111.95 (d, “Jyc= 8.8Hz, Y-CCSiMes), 98.99 (CpCH), 1.69 (SiMes), THF resonances

in this complex overlap with peaks of Dg-THF at 68 and 25 ppm.

(sCp) Y[K*~(N,C)-CH,-(CsH,N-4,6-Me;)]»(collidine); (170)

Collidine (dried over 4A molecular 7

sieves for two days) 20 mg (0.17 mmol)

overnight and the color changed from pale

yellow to orange. After removal of solvent

by vacuum, the red-orange residue was washed with hexanes to give 15 mg of 170 as
an orange powder. Yield: 50%. 'H NMR (500 MHz, CgDs): 8 9.16 (d, 3JHH= 7.5Hz,
2H, 8-arylH), 8.43 (d, *Jyu= 7.2Hz, 2H, 4 or 5-arylH), 8.38 (d, *Jux= 8.1Hz, 2H, 4 or
5-arylH), 8.22 (d, *Juu= 6.8 Hz, 2H, I-arylH), 7.81 (s, 1H, CpCH), 7.45-7.32 (m, 8H,
2,3,6,7-arylH), 6.43(s, 6H, I1-colH), 5.77(s, 2H, 15-colH), 5.33 (s, 2H, 18-colH),
2.45 (s, 18H, 9-colCH3) 1.87 (s, 9H, 13-colCH3s) 1.62 (bs, 4H, 21-colCH>), 1.55 (s, 6H,
17-colCHs) 1.32 (s, 6H, 20-colCHs); ">C NMR (125.7 MHz, CsDe): & 164.97 (14-
colC), 158.15 (10-colC), 154.93 (19-colC), 147.84 (16-colC), 146.97 (12-colC),
131.01, 130.69, 130.30, 129.62, 127.87, 127.57, 127.52, 126.61, 126.38, 126.31,

125.47, 124.88, 124.69, 124.23 (arylC), 121.30 (I1-colCH), 117.40 (I15-colCH),
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115.93 (aryIC), 111.94 (18-colCH), 92.78 (CpCH), 50.13 (br, 21-colCH>), 24.78 (9-

colCH3), 23.06 (20-colCH3), 21.38 (17-colCHj3), 20.85 (13-colCH3).

(sCp).YMe(THF) (171)
AlMes; 2 mL (2 M in hexanes, 4mmol) was added to @
152 (80 mg, 0.11 mmol) in 2 mL toluene solution. After the @’@7

mixture was stirred two days, a white-gray precipitate

formed in solution. After separating this solid from the

mother solution, it was washed with hexanes and dried
under vacuum to give 15 mg of a toluene-insoluble product.
After several drops of THF were added to the suspension of this precipitate in toluene,
a clear solution formed immediately. Evaporation of all the solvent under vacuum,
followed by washing of the residue with hexanes and drying under vacuum gave 10
mg of 171 as a white toluene-soluble powder. Yield: 20%. 'H NMR (500 MHz,
CsDs/Ds-THF): & 8.64 (d, 2H arylH), 8.55 (m, 6H, arylH), 8.49 (m, 2H, arylH), 8.19
(d, 2H, arylH), 7.67 (m, 4H, arylH), 7.60 (m, 2H, arylH), 7.55 (m, 4H, arylH), 7.38
(m, 2H, arylH), 7.30 (m, 4H, arylH), 7.24-7.07 (m, 6H, arylH and CpCH), -0.95 (s,
9H, (Ds-THF)(AlMes), washed away), -2.80 (d, “Jyy = 2Hz , 3H, Y-CHs); >C NMR
(125.7 MHz, Ds-THF/CsDs): 6131.73, 131.27, 130.89, 130.74, 130.41, 130.16, 130.11,
129.76, 129.72, 128.95, 128.85, 128.08, 127.46, 126.63, 126.60, 126.35, 126.14,
126.09, 125.77, 125.58, 125.47, 125.32, 125.00, 124.96, 124.78, 124.69, 124.44,

124.30 (arylC), 94.54 (CpCH), 24.01 (d, Jyc = 56.3Hz, Y-CHs).
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(PCp™®)(sCp)Y (CH,SiMes)(THF) (174)
(PCp™)H (12mg, 0.05 mmol) was added
to 152 (35mg, 0.05 mmol) in 2 mL toluene and

the mixture was stirred overnight. Removal of

the solvent by vacuum afforded 174 as a pale

yellow powder in quantitative yield. 'H NMR (500MHz C¢Ds): & 8.90 (d, 1H, arylH),
8.44-8.54 (m, 4H, arylH), 8.31 (dd, 1H, arylH), 8.13 (d, 2H, arylH), 8.03-7.99 (m, 2H,
arylH), 7.94 (d, 1H, arylH), 7.89 (s, 1H, (sCp)CpH), 7.54-6.96 (m, 14H, arylH,
(PCp)CpH), 5.24(d, *Jun = 2 Hz, 1H, (PCp)CpH), 1.54 (s, 3H, PCpMe), 1.35 (m, 2H,
a-THF CH>), 1.22 (m, 2H, a-THF CH>), 0.48 (s, 9H, SiMes), 0.16 (m, 2H, B-THF
CH), 0.09 (m, 2H, B-THF CH>), -0.66 (dd, *Jyy= 3.7Hz, *Juu= 10Hz, 1H, YCH>), -
1.00 (dd, “Jyy = 3.8Hz, °Juny = 10Hz, 1H, YCH>): *C NMR (125.8 MHz, C¢Ds):
8138.23, 131.87, 131.04, 130.52, 130.20, 130.09, 130.01, 129.99, 129.92, 129.86,
129.74, 129.66, 128.04, 127.85, 127.75, 127.72, 127.25, 126.67, 126.57, 126.54,
126.45, 126.24, 126.05, 126.03, 126.00, 125.91, 125.80, 125.52, 125.39, 125.21,
125.14, 125.10, 124.93, 124.82, 124.49, 124.29, 123.70, 123.51, 122.43, 121.06,

115.76, 114.94 (arylC), 105.91, 104.79 [(PCp)CpCH)], 95.64 [(sCp)CpCH)]. 70.91

(a-THF C), 32.37 (d, 'Jyc= 46.1Hz, Y-CHa), 24.63 (B-THF C), 14.66 (PCpMe), 5.68

(SiMe3).
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[(Me3Si),Cp](sCp)Y CH,SiMe3(THF) (175) and {[(Me3Si)Cp].Y(p-Ch)}2 (176)

[(MesSi),Cp]H (12 mg, 0.05 mmol) was

. D
added to 152 (35 mg, 0.05 mmol) in 2 mL ©. 9
P
toluene and the mixture was stirred overnight.
Me,Si Y i CH, SiMe;
Removal of the solvent by vacuum followed
THF
. iM
by washing with hexane and drying under e
175

vacuum, afforded 30 mg of 175 (characterized

by NMR) as a pale yellow powder.

SiMe; Me,Si
Yield: 68%. Recrystallization of )
Me Si— 2N \Clos,, . SiMe,
175 in toluene afforded very small . ; E iY\Cl/ j SiMe,
3
Me.Si

amount of colorless X-ray quality SiMe 3
crystals of 176 (characterized by X-
ray, Fig 3.20). 'H NMR (500 MHz,
CeDg): 8 9.18 (dd, 1H, arylH), 9.13 (dd, 1H, arylH), 8.41(m, 2H, arylH), 8.34 (d, 2H,
arylH), 8.32 (dd, 1H, arylH), 8.22 (dd, 1H, arylH), 7.77 (d, 1H, (sCp)CpH), 7.51 (m,
1H, arylH), 7.43 (m, 2H, arylH), 7.30-7.40 (m, 5H, arylH), 6.19 (t, 1H, (Me3Si),CpH),
5.66 (t, 1H, (Me3Si),CpH), 4.61 (t, 1H, (Me3Si),CpH), 2.25 (m, 2H, a-THF CH,),
2.16 (m, 2H, a-THF CHa), 0.50 (m, 4H, B-THF CH), 0.41 (s, 6H, CpSiMes), 0.34 (s,
3H, CpSiMes), 0.31 (s, 3H, CpSiMes), 0.07 (s, 9H, CH,SiMes), 0.00 (s, 3H, CpSiMes),
-0.03 (s, 3H, CpSiMes), -1.82 (dd, *Jyy= 3.7Hz, “Jux= 10Hz, 1H, YCH>), -2.16 (dd,
Jyy= 3.8Hz, Jyy= 10Hz, 1H, YCH>); °C NMR (125.8 MHz, C¢Ds) & 131. 87,

131.73, 130.50, 130.39, 130.08, 129.99, 129.90, 129.80, 129.66, 128.89, 127.86,
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127.76, 127.70, 126.62, 126.55, 126.35, 126.28, 126.22, 125.57, 125.52, 125.28,
125.14, 124.94, 124.75, 124.56, 124.14, 121.89, 121.87, 121.70, 121.40, 121.06,
116.43, 114.57 (arylC, CpC), 91.65 [(sCp)CpCH)], 70.97 (a-THF C), 25.82 (d, 'Tyc=
40.1Hz, Y-CHy), 24.48 (B-THF C), 2.48, 1.58, 0.81, 0.36, -0.30 (CpSiMes), 1.29 (s,

9H, CstiMe3).

[(PCp*)YCH,SiMe3(THF)]"[B(CsFs)4] (177) and its ethylene polymerization
[PhsC] [B(CeFs)4]” (15 mg, 0.016mmol) in 1 < _
mL toluene was added to complex 150 (10 mg, >

: o Y [BECF))
0.016 mmol) in 3 mL toluene solution with rapid THF

CH,SiMe,
stirring. The color of solution changed from pale 177
yellow to red immediately and faded away after
two hours, indicating complete generation of 177. The reaction mixture was exposed
to vacuum for 20 seconds to remove the nitrogen gas in the reaction Schlenk.
Ethylene gas, dried over sieves, was introduced into the flask at 1 bar pressure. After
one half hour, the mixture changed to a yellow color with formation of a precipitate.
Addition of methanol terminated the polymerization and the color of solution and
precipitate changed to white immediately. Removal of solvent, followed by washing
with HCI solution and methanol, afforded 170 mg polyethylene. The catalytic activity
for polymerization of ethylene using cation 177 was calculated to be 21 kg mol” h’'

bar .
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[(sCp)YCH:SiMe3(THF)]"[B(CcFs)] (178)
o 52
Similar reaction under the same conditions was @’@ (@)
carried out to generate cation 178, except shorter /Y+ [B(C,F.),T
THF
reaction time as half hour. The catalytic activity for CH,SiMe,
178

polymerization of ethylene for cation 178 was

calculated to be 36 kg mol'h™'bar™.
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Appendix: Crystallographic Data

Figure A.1. Complete Ortep3 diagram of 136
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Table A.1. Crystal data and structure refinement for 136.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Crystal color and habit
Diffractometer

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.25°
Absorption correction

Max. and min. transmission
Solution method

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

C58 H82 02 Yb

984.28

235(2)K

0.71073 A

Monoclinic

C2/c

a=41.067(2) A a=90°.
b=12.0077(7) A B=104.579(1)°.
c=21.7474(12) A ¥=90°.
10378.7(10) A3

8

1.260 Mg/m3

1.841 mm-!

4128 -
0.47 x 0.39 x 0.28 mm?

red plate

Bruker/Siemens SMART APEX

1.77 to 25.25°.

-49<=h<=49, -14<=k<=14, -26<=1<=26
78029

9400 [R(int) = 0.0317]

100.0 %

Semi-empirical from equivalents

0.595 and 0.454

XS, Bruker SHELXTL v. 6.12
Full-matrix least-squares on F2

9400 /18 /571

1.016

R1=0.0283, wR2 =0.0692
R1=0.0344, wR2 =0.0726

0.938 and -0.386 e.A-3




Table A.2. Bond lengths [A] and angles [deg] for 136
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C(1)-C(2)
C(1)-C(6)
C(1)-Yb(1)
C(2)-C(3)
C(2)-C(22)
C(2)-Yb(1)
C(3)-C(4)
C@3)-Yb(1)
C(4)-C(13)
C(4)-C(5)
C(4)-Yb(1)
C(5)-C(6)
C(5)-C(10)
C(5)-Yb(1)
C(6)-C(7)
C(6)-Yb(1)
C(7)-C(8)
C(8)-C(9)
C(8)-C(14)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(12)-C(18)
C(14)-C(16)
C(14)-C(17)
C(14)-C(15)
C(18)-C(20B)
C(18)-C(21A)
C(18)-C(21B)
C(18)-C(19A)
C(18)-C(19B)
C(18)-C(20A)
C(22)-C(25)
C(22)-C(23)
C(22)-C(24)
C(26)-C(27)
C(26)-C(31)
C(26)-Yb(1)
C(27)-C(28)
C(27)-C(47)
C(27)-Yb(1)

1.390(4)
1.436(4)
2.817(3)
1.399(4)
1.538(4)
2.838(3)
1.435(4)
2.808(3)
1.402(4)
1.431(4)
2.996(3)
1.426(4)
1.428(4)
3.049(3)
1.401(4)
2.955(3)
1.396(4)
1.380(4)
1.544(4)
1.416(4)
1.409(4)
1.376(4)
1.401(4)
1.532(4)
1.488(6)
1.503(5)
1.545(6)
1.502(8)
1.491(5)
1.538(8)
1.535(6)
1.542(8)
1.543(6)
1.527(5)
1.526(5)
1.530(6)
1.396(4)
1.437(4)
2.789(3)
1.393(4)
1.547(4)
2.869(3)

C(28)-C(29)
C(28)-Yb(1)
C(29)-C(38)
C(29)-C(30)
C(29)-Yb(1)
C(30)-C(31)
C(30)-C(35)
C(30)-Yb(1)
C(31)-C(32)
C(31)-Yb(1)
C(32)-C(33)
C(33)-C(34)
C(33)-C(43)
C(34)-C(35)
C(35)-C(36)
C(36)-C(37)
C(37)-C(38)
C(37)-C(39)
C(39)-C(40)
C(39)-C(42)
C(39)-C(41)
C(43)-C(46)
C(43)-C(45)
C(43)-C(44)
C(47)-C(48)
C(47)-C(49)
C(47)-C(50)
O(1A)-Yb(1)
O(2)-Yb(1)
C(2)-C(1)-C(6)
C(1)-C(2)-C(3)
C(1)-C(2)-C(22)
C(3)-C(2)-C(22)
C(2)-C(3)-C(4)
C(13)-C(4)-C(5)
C(13)-C(4)-C(3)
C(5)-C(4)-C(3)
C(6)-C(5)-C(10)
C(6)-C(5)-C(4)
C(10)-C(5)-C(4)
C(7)-C(6)-C(5)
C(7)-C(6)-C(1)

1.437(4)
2.864(3)
1.393(4)
1.434(4)
3.0223)
1.426(4)
1.426(4)
3.013(3)
1.406(4)
2.886(3)
1.402(4)
1.381(4)
1.532(4)
1.414(4) -
1.411(4)
1.375(4)
1.409(4)
1.531(4)
1.531(5)
1.538(5)
1.539(4)
1.505(5)

2.435(2)

2.436(2)
122.0(3)
119.2(3)
119.3(3)
121.2(3)
121.13)
118.5(3)
123.1(3)
118.3(3)
119.8(3)
120.7(3)
119.4(3)
118.8(3)
123.2(3)



C(5)-C(6)-C(1)
C(8)-C(7)-C(6)
C(9)-C(8)-C(7)
C(9)-C(8)-C(14)
C(7)-C(8)-C(14)
C(8)-C(9)-C(10)
C(11)-C(10)-C(9)
C(11)-C(10)-C(5)
C(9)-C(10)-C(5)
C(12)-C(11)-C(10)
C(11)-C(12)-C(13)
C(11)-C(12)-C(18)
C(13)-C(12)-C(18)
C(12)-C(13)-C(4)
C(16)-C(14)-C(17)
C(16)-C(14)-C(15)
C(17)-C(14)-C(15)
C(16)-C(14)-C(8)
C(17)-C(14)-C(8)
C(15)-C(14)-C(8)
C(27)-C(26)-C(31)
C(28)-C(27)-C(26)
C(28)-C(27)-C(47)
C(26)-C(27)-C(47)
C(27)-C(28)-C(29)

117.93)
122.1(3)
118.7(3)
121.2(3)
120.1(3)
122.4(3)
123.03)
118.8(3)
118.1(3)
122.3(3)
118.7(3)
121.23)
120.1(3)
122.2(3)
110.6(4)
107.5(4)
105.7(4)
113.73)
110.3(3)
108.7(3)
121.4(3)
119.5(3)
121.0(3)
119.3(3)
121.4(3)

C(38)-C(29)-C(30)
C(38)-C(29)-C(28)
C(30)-C(29)-C(28)
C(31)-C(30)-C(35)
C(31)-C(30)-C(29)
C(35)-C(30)-C(29)
C(32)-C(31)-C(30)
C(32)-C(31)-C(26)
C(30)-C(31)-C(26)
C(33)-C(32)-C(31)
C(34)-C(33)-C(32)
C(34)-C(33)-C(43)
C(32)-C(33)-C(43)
C(33)-C(34)-C(35)
C(36)-C(35)-C(34)
C(36)-C(35)-C(30)
C(34)-C(35)-C(30)
C(37)-C(36)-C(35)
C(36)-C(37)-C(38)
C(36)-C(37)-C(39)
C(38)-C(37)-C(39)
C(29)-C(38)-C(37)
C(40)-C(39)-C(37)
O(1A)-Yb(1)-0(2)
O(1A)-Yb(1)-C(3)

118.8(3)
123.3(3)
117.8(3)
120.0(3)
120.9(3)
119.1(3)
118.8(3)
123.0(3)
118.1(3)
121.8(3)
118.5(3)
119.7(3)
121.8(3)
122.9(3)
123.0(3)
119.1(3)
117.9(3)
122.3(3)
118.3(3)
122.4(3)
119.3(3)
122.5(3)
112.5(3)
94.73(8)
112.39(8)
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Figure A.2. Complete Ortep3 diagram of 147
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Table A.3. Crystal data and structure refinement for 147.
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Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Crystal color and habit
Diffractometer

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.25°
Absorption correction

Max. and min. transmission
Solution method

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

C44H450SiY

706.80

85(2) K

0.71073 A

Orthorhombic

Pca2(1)

a=23301(5)A a=90°.
b=12.701(3) A B=90°.
c=23.859(5) A ¥ =90°.
7061(3) A3

8

1.330 Mg/m3

1.720 mm-!

2960

0.24 x 0.14 x 0.08 mm?

colorless fragment

Bruker/Siemens SMART APEX

0.85 to0 25.25°.

-27<=h<=27, -15<=k<=135, -28<=I<=28
94324

12768 [R(int) = 0.1240]

99.9 %

Semi-empirical from equivalents
0.8747 and 0.6830

XS, Bruker SHELXTL v. 6.12
Full-matrix least-squares on F>

12768 / 7/ 861

1.014

R1=10.0510, wR2 =0.1097
R1=0.0793, wR2 =0.1220

2.208 and -0.396 e.A-3




Table A.4. Bond lengths [A] and angles [deg] for 147.
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C(1)-C(6)
C(2)-C(6)
C(2)-C(3)
C2)-Y(1)
C(3)-C(4)
C(3)-C(7)
C(3)-Y(1)
C(4)-C(5)
C(4)-C(18)
C(4)-Y(1)
C(5)-C(6)
C(5)-Y(1)
C(6)-Y(1)
C(7)-C(8)
C(7)-C(12)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(13)-C(18)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(19)-C(20)
C(20)-C(24)
C(20)-C(21)
C(20)-Y(1)
C(21)-C(22)
C(21)-Y(1)
C(22)-C(23)
C(22)-C(25)
C(22)-Y(1)
C(23)-C(24)
C(23)-C(36)
C(23)-Y(1)
C(24)-Y(1)
C(25)-C(30)
C(25)-C(26)
C(26)-C(27)

1.509(8)
1.411(8)
1.425(8)
2.661(6)
1.435(8)
1.455(8)
2.680(6)
1.416(8)
1.452(8)
2.676(5)
1.400(8)
2.670(6)
2.666(6)
1.402(8)
1.417(9)
1.367(8)
1.382(9)
1.372(10)
1.415(9)
1.454(9)
1.423(9)
1.425(8)
1.360(10)
1.415(9)
1.358(9)
1.414(8)
1.505(8)
1.398(8)
1.401(8)
2.669(6)
1.423(8)
2.706(6)
1.432(8)
1.449(7)
2.725(5)
1.427(8)
1.436(8)
2.708(5)
2.649(6)
1.407(8)
1.408(8)
1.368(8)

C(27)-C(28)
C(28)-C(29)
C(29)-C(30)
C(30)-C(31)
C(31)-C(32)
C(31)-C(36)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(37)-0(1)

C(37)-C(38)
C(38)-C(39)
C(39)-C(40)
C(40)-0(1)

C(41)-Si(1)

C(41)-Y(1)

C(42)-Si(1)

C(43)-Si(1)

C(44)-Si(1)

C(45)-C(46)
C(46)-C(50)
C(46)-C(47)
C(46)-Y(2)

C(47)-C(48)
C(47)-Y(2)

C(48)-C(49)
C(48)-C(51)
C(48)-Y(2)

C(49)-C(50)
C(49)-C(62)
C(49)-Y(2)

C(50)-Y(2)

C(51)-C(52)
C(51)-C(56)
C(52)-C(53)
C(53)-C(54)
C(54)-C(55)
C(55)-C(56)
C(56)-C(57)
C(57)-C(62)
C(57)-C(58)

1.390(9)
1.361(8)
1.408(8)
1.473(8)
1.405(8)
1.413(8)
1.390(9)
1.379(9)
1.373(8)
1.400(8)
1.467(7)
1.530(8)
1.522(8)
1.515(8)
1.468(7)
1.843(6)
2.398(6)
1.881(6)
1.863(6)
1.871(6)
1.492(8)
1.417(8)
1.439(8)
2.697(6)
1.408(8)
2.664(6)
1.433(8)
1.435(8)
2.679(6)
1.420(8)
1.444(8)
2.684(6)
2.671(6)
1.373(8)
1.427(8)
1.374(9)
1.404(9)
1.370(9)
1.407(8)
1.464(9)
1.424(9)
1.433(8)

-



C(58)-C(59)
C(59)-C(60)
C(60)-C(61)
C(61)-C(62)
C(63)-C(64)
C(64)-C(65)
C(64)-C(68)
C(64)-Y(2)
C(65)-C(66)
C(65)-Y(2)
C(66)-C(67)
C(66)-C(69)
C(66)-Y(2)
C(67)-C(68)
C(67)-C(80)
C(67)-Y(2)
C(68)-Y(2)
C(69)-C(74)
C(69)-C(70)
C(70)-C(71)
C(71)-C(72)
C(72)-C(73)
C(73)-C(74)
C(74)-C(75)
C(75)-C(80)
C(75)-C(76)
C(76)-C(77)
C(77)-C(78)
C(78)-C(79)
C(79)-C(80)
C(85)-Y(2)
o(1)-Y(1)
0(2)-Y(2)
C(6)-C(2)-C(3)
C(2)-C(3)-C(4)
C(2)-C(3)-C(7)
C(4)-C(3)-C(7)
C(5)-C(4)-C(3)
C(5)-C(4)-C(18)
C(3)-C(4)-C(18)
C(6)-C(5)-C(4)
C(5)-C(6)-C(2)
C(5)-C(6)-C(1)
C(2)-C(6)-C(1)

1.348(9)
1.425(9)
1.380(8)
1.389(9)
1.497(8)
1.411(8)
1.418(8)
2.669(6)
1.402(8)
2.644(5)
1.421(8)
1.462(8)
2.711(6)
1.420(8)
1.434(8)
2.712(5)
2.681(6)
1.400(8)
1.417(8)
1.375(8)
1.387(9)
1.355(9)
1.413(8)
1.495(8)
1.409(8)
1.417(8)
1.379(8)
1.391(8)
1.369(8)
1.410(8)
2.380(5)
2.360(4)
2.353(4)
107.8(5)
107.0(5)
132.2(5)
120.5(5)
108.1(5)
131.9(5)
119.9(5)
107.9(5)
109.2(5)
125.8(6)
124.8(6)

C(8)-C(7)-C(12)
C(8)-C(7)-C(3)
C(12)-C(7)-C(3)
C(9)-C(8)-C(7)
C(8)-C(9)-C(10)
C(11)-C(10)-C(9)
C(10)-C(11)-C(12)
C(11)-C(12)-C(7)
C(11)-C(12)-C(13)
C(7)-C(12)-C(13)
C(14)-C(13)-C(18)
C(14)-C(13)-C(12)
C(18)-C(13)-C(12)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
C(17)-C(16)-C(15)
C(16)-C(17)-C(18)
C(17)-C(18)-C(13)
C(17)-C(18)-C(4)
C(13)-C(18)-C(4)
C(24)-C(20)-C(21)
C(24)-C(20)-C(19)
C(21)-C(20)-C(19)
C(20)-C(21)-C(22)
C(21)-C(22)-C(23)
C(21)-C(22)-C(25)
C(23)-C(22)-C(25)
C(24)-C(23)-C(22)
C(24)-C(23)-C(36)
C(22)-C(23)-C(36)
C(20)-C(24)-C(23)
C(30)-C(25)-C(26)
C(30)-C(25)-C(22)
C(26)-C(25)-C(22)
C(27)-C(26)-C(25)
C(26)-C(27)-C(28)
C(29)-C(28)-C(27)
C(28)-C(29)-C(30)
C(25)-C(30)-C(29)
C(25)-C(30)-C(31)
C(29)-C(30)-C(31)
C(32)-C(31)-C(36)
C(32)-C(31)-C(30)
C(36)-C(31)-C(30)

119.8(6)
121.2(6)
118.9(6)
121.1(6)
120.0(6)
120.2(6)
121.7(7)
117.1(7)
122.5(7)
120.4(6)
117.5(6)
121.6(6)
120.8(6)
121.1(6)
121.3(7)
118.8(6)
121.8(6)
119.3(6)
121.8(6)
118.8(6)
108.7(5)
126.3(5)
125.0(5)
108.2(5)
107.8(5)
131.8(5)
120.3(5)
106.6(5)
131.7(5)
121.1(5)
108.8(5)
119.5(5)
118.7(5)
121.7(5)
121.0(6)
120.0(6)
119.7(6)
122.4(6)
117.4(6)
120.3(5)
122.3(6)
118.2(6)
121.1(6)
120.8(5)

190



C(33)-C(32)-C(31)
C(34)-C(33)-C(32)
C(35)-C(34)-C(33)
C(34)-C(35)-C(36)
C(35)-C(36)-C(31)
C(35)-C(36)-C(23)
C(31)-C(36)-C(23)
0(1)-C(37)-C(38)

C(39)-C(38)-C(37)
C(40)-C(39)-C(38)
0(1)-C(40)-C(39)

C(50)-C(46)-C(47)
C(50)-C(46)-C(45)
C(47)-C(46)-C(45)
C(48)-C(47)-C(46)
C(47)-C(48)-C(49)
C(47)-C(48)-C(51)
C(49)-C(48)-C(51)
C(50)-C(49)-C(48)
C(50)-C(49)-C(62)
C(48)-C(49)-C(62)
C(46)-C(50)-C(49)
C(52)-C(51)-C(56)
C(52)-C(51)-C(48)
C(56)-C(51)-C(48)
C(51)-C(52)-C(53)
C(52)-C(53)-C(54)
C(55)-C(54)-C(53)
C(54)-C(55)-C(56)
C(55)-C(56)-C(51)
C(55)-C(56)-C(57)
C(51)-C(56)-C(57)
C(62)-C(57)-C(58)
C(62)-C(57)-C(56)
C(58)-C(57)-C(56)
C(59)-C(58)-C(57)
C(58)-C(59)-C(60)

120.8(6)
120.2(6)
120.4(6)
120.6(6)
119.8(5)
121.7(5)
118.4(5)
105.4(5)
103.0(5)
101.7(5)
105.2(5)
107.0(5)
126.0(5)
127.0(5)
108.7(5)
107.7(5)
130.8(6)
121.5(5)
107.8(5)
130.9(6)
120.6(5)
108.7(5)
119.1(6)
122.7(6)
118.2(5)
122.4(6)
118.7(6)
120.6(6)
120.8(6)
118.2(6)
121.9(6)
119.9(5)
116.2(6)
121.5(5)
122.3(6)
122.4(6)
120.7(6)

C(61)-C(60)-C(59)
C(60)-C(61)-C(62)
C(61)-C(62)-C(57)
C(61)-C(62)-C(49)
C(57)-C(62)-C(49)
C(65)-C(64)-C(68)
C(65)-C(64)-C(63)
C(68)-C(64)-C(63)
C(66)-C(65)-C(64)
C(65)-C(66)-C(67)
C(65)-C(66)-C(69)
C(67)-C(66)-C(69)
C(68)-C(67)-C(66)
C(68)-C(67)-C(80)
C(66)-C(67)-C(80)
C(64)-C(68)-C(67)
C(74)-C(69)-C(70)
C(74)-C(69)-C(66)
C(70)-C(69)-C(66)
C(71)-C(70)-C(69)
C(70)-C(71)-C(72)
C(73)-C(72)-C(71)
C(72)-C(73)-C(74)
C(69)-C(74)-C(73)
C(69)-C(74)-C(75)
C(73)-C(74)-C(75)
C(80)-C(75)-C(76)
C(80)-C(75)-C(74)
C(76)-C(75)-C(74)
C(77)-C(76)-C(75)
C(76)-C(77)-C(78)
C(79)-C(78)-C(77)
C(78)-C(79)-C(80)
Si(2)-C(85)-Y(2)

O(1)-Y(1)-C(41)

0(2)-Y(2)-C(85)

118.1(6)
121.9(6)
120.6(6)
121.7(6)
117.6(6)
107.9(5)
126.7(5)
125.4(5)
108.2(5)
108.6(5)
132.6(5)
118.5(5)
107.1(5)
130.6(5)
122.3(5)
108.1(5)
119.2(5)
120.1(5)
120.6(5)
120.6(6)
119.7(6)
120.8(6)
121.4(6)
118.3(6)
120.2(5)
121.5(5)
119.7(5)
119.3(5)
121.0(6)
120.3(6)
120.2(6)
120.0(6)
121.9(6)
137.4(3)
92.99(17)
93.36(17)

191
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Figure A.3. Complete Ortep3 diagram of 150

Cc27 c28
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Table A.5. Crystal data and structure refinement for 150.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Crystal color and habit
Diffractometer

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =27.50°
Absorption correction

Max. and min. transmission
Solution method

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

C32H4708Si2Y

592.79

86(2) K

0.71073 A

Triclinic

P-1

a=11.1359(3) A o=76.0030(10)°.
b= 12.7246(6) A B=74.1890(10)°.
c=12.9267(6) A y = 64.5570(10)°.
1574.97(13) A3

2

1.250 Mg/m?

1.949 mm-!

628 =
0.32x 0.28 x 0.21 mm?

pale yellow parallelepiped

Bruker/Siemens SMART APEX

1.79 to 27.50°.

-14<=h<=14, -16<=k<=16, -16<=I<=16

24128

7233 [R(int) = 0.0275]

99.8 %

Semi-empirical from equivalents

0.664 and 0.557

XS, Bruker SHELXTL v. 6.12

Full-matrix least-squares on F>

7233/0/334

1.049

R1=0.0305, wR2 =0.0750

R1=0.0350, wR2 =0.0770

0.549 and -0.273 e.A3




Table A.6. Bond lengths [A] and angles [deg] for 150.
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C(1)-C(2)
C()-C(5)
C(1)-C(30)
Cc(1)-Y(1)
C(2)-C(3)
C(2)-C(31)
C(2)-Y(1)
C(3)-C(4)
C(3)-C(32)
C(3)-Y(1)
C(4)-C(5)
C(4)-C(17)
C(4)-Y(1)
C(5)-C(6)
C(5)-Y(1)
C(6)-C(7)
C(6)-C(11)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(12)-C(17)

1.418(2)
1.427(2)
1.509(2)
2.6747(17)
1.420(2)
1.509(2)
2.6952(17)
1.426(2)

1.505(2)

2.6786(17)
1.434(2)
1.452(2)
2.6313(16)
1.452(2)
2.6297(16)
1.408(2)
1.421(2)
1.380(3)
1.392(3)
1.376(3)
1.409(3)
1.473(3)
1.411(2)
1.417(3)

C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(18)-0(1)
C(18)-C(19)
C(19)-C(20)
C(20)-C(21)
C(21)-0(1)
C(22)-Si(1)
C(22)-Y(1)
C(23)-Si(1)
C(24)-Si(1)
C(25)-Si(1)
C(26)-Si(2)
C(26)-Y(1)
C(27)-Si(2)
C(28)-Si(2)
C(29)-Si(2)
0(1)-Y(1)
O(1)-Y(1)-C(26)
0(1)-Y(1)-C(22)
C(26)-Y(1)-C(22)

1.378(3)
0.9500
1.386(3)
1.376(3)
1.416(3)
1.470(2)
1.505(3)
1.514(3)
1.506(3)
1.477(2)
1.8409(18)
2.3904(17)
1.886(2)
1.877(2) =
1.872(2)
1.8327(18)
2.3832(17)
1.879(2)
1.882(2)
1.882(2)
2.3239(12)

112.10(5)
93.30(5)
107.75(6)




Figure A.4. Complete Ortep3 diagram of 152
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TableA.7. Crystal data and structure refinement for 152.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Crystal color and habit
Diffractometer

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =27.61°
Absorption correction

Max. and min. transmission
Solution method

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

C41 H4708i2Y

700.88

86(2) K

0.71073 A

Monoclinic

P2(1)/n

a=13.797(3) A o= 90°.
b=14.840(3) A B=100.77(3)°.
c=18.047(4) A ¥=90°.
3630.0(13) A3

4

1.282 Mg/m?

1.703 mm-!

1472 -
0.42x0.17 x 0.07 mm?

colorless plate

Bruker/Siemens SMART APEX

1.71 to 27.61°.

-17<=h<=17, -19<=k<=19, -23<=[<=23
47751

8414 [R(int) = 0.1002]

99.8 %

Semi-empirical from equivalents
0.8901 and 0.5349

XS, Bruker SHELXTL v. 6.12
Full-matrix least-squares on F2
8414/0/412

1.011

R1=0.0458, wR2 =0.0924
R1=0.0819, wR2 =0.1045

0.760 and -0.468 e.A-3




Table A.8. Bond lengths [A] and angles [deg] for 152.
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C(1)-C(2)
C(1)-C(5)
C(1)-Y(1)
C(2)-C(3)
C(2)-C(18)
C(2)-Y(1)
C(3)-C(4)
C(3)-C(29)
C(3)-Y(1)
C(4)-C(5)
C(4)-C(17)
C(4)-Y(1)
C(5)-C(6)
C(5)-Y(1)
C(6)-C(7)
C(6)-C(11)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(12)-C(17)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(18)-C(19)
C(18)-C(23)
C(19)-C(20)

1.411(4)
1.413(4)
2.641(3)
1.426(4)
1.449(4)
2.645(3)
1.432(4)
1.457(4)
2.667(3)
1.421(4)
1.450(4)
2.765(3)
1.450(4)
2.699(3)
1.402(4)
1.412(4)
1.372(4)
1.386(4)
1.376(4)
1.404(4)
1.468(4)
1.404(4)
1.421(4)
1.379(4)
1.383(4)
1.379(4)
1.401(4)
1.407(4)
1.408(4)
1.372(4)

C(20)-C(21) 1.396(4)
C(21)-C(22) 1.372(4)
C(22)-C(23) 1.404(4)
C(23)-C(24) 1.470(4)
C(24)-C(25) 1.409(4)
C(24)-C(29) 1.419(4)
C(25)-C(26) 1.370(4)
C(26)-C(27) 1.388(4)
C(27)-C(28) 1.377(4)
C(28)-C(29) 1.401(4)
C(30)-Si(1) 1.838(3)
C(30)-Y(1) 2.360(3)
C(31)-Si(1) 1.865(3)
C(32)-Si(1) 1.880(3)
C(33)-Si(1) 1.871(3)
C(34)-Si(2) 1.838(3)
C(34)-Y(1) 2.353(3)
C(35)-Si(2) 1.868(3)
C(36)-Si(2) 1.874(3)
C(37)-Si(2) 1.870(3)
C(38)-0(1) 1.466(3)
C(38)-C(39) 1.510(4)
C(39)-C(40) 1.519(4)
C(40)-C(41) 1.501(4)
C(41)-0(1) 1.472(3)
O(1)-Y(1) 2.307(2)
O(1)-Y(1)-C(34) 95.28(10)
O(1)-Y(1)-C(30) 102.76(9)

C(34)-Y(1)-C(30) 103.93(11)
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Figure A.5. Complete Ortep3 diagram of 154

Cc7
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Table A.9. Crystal data and structure refinement for 154.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Crystal color and habit
Diffractometer

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.25°
Absorption correction

Max. and min. transmission
Solution method

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

C47H47N2Si2Y

784.96

185(2) K

0.71073 A

Monoclinic

P2(1)n

a=11.187(2) A a=90°.

b=21.1953) A B=107.676(15)°.

c=173183)A y=90°.
3912.6(11) A3

4

1.333 Mg/m?

1.588 mm!

1640

0.34x 0.26 x 0.17 mm?

orange block

Bruker/Siemens SMART APEX

1.56 to 25.25°.

-13<=h<=13, -25<=k<=25, -20<=I<=20
58200

7080 [R(int) = 0.0365]

100.0 %

Semi-empirical from equivalents
0.766 and 0.608

Bruker, 2003; XS, SHELXTL v. 6.14
Full-matrix least-squares on F?
7080/0 /475

1.032

R1=0.0317. wR2 =0.0780
R1=10.0402, wR2 = 0.0821

0.477 and -0.215 e.A3




Table A.10. Bond lengths [A] and angles [deg] for 154.

C(1)-C(29)
C(1)-C(2)
C(1)-Y(1)
C(2)-C(15)
C(2)-C(3)
C(2)-Y(1)
C(3)-C(4)
C(3)-C(8)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(9)-C(14)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(15)-Y(1)
C(16)-C(29)
C(16)-C(17)
C(16)-Y(1)
C(17)-C(18)
C(17)-C(22)
C(18)-C(19)
C(19)-C(20)
C(20)-C(21)
C(21)-C(22)
C(22)-C(23)
C(23)-C(28)
C(23)-C(24)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)

1.409(3)
1.416(3)
2.640(2)
1.430(3)
1.451(3)
2.689(2)
1.397(3)
1.414(3)
1.374(3)
1.388(4)
1.370(3)
1.404(3)
1.467(3)
1.406(3)
1.424(3)
1.369(3)
1.381(3)
1.375(3)
1.41003)
1.463(3)
1.445(3)
2.804(2)
1.429(3)
1.469(3)
2.780(2)
1.403(3)
1.425(3)
1.3773)
1.382(4)
1.376(4)
1.410(3)
1.462(3)
1.41003)
1.41003)
1.370(4)
1.382(4)
1.370(3)

C(27)-C(28)
C(28)-C(29)
C(29)-Y(1)
C(31)-N(30)
C(31)-C(32)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(35)-N(30)
C(35)-C(36)
C(36)-N(41)
C(36)-C(37)
C(37)-C(38)
C(38)-C(39)
C(39)-C(40)
C(40)-N(41)
C(42)-Si(1)
C(42)-Y(1)
C(43)-Si(1)
C(44)-Si(1)
C(45)-Si(1)
C(46)-Si(2)
C(46)-Y(1)
C(47)-Si(2)
C(48)-Si(2)
C(49)-Si(2)
N(30)-Y(1)
N(@41)-Y(1)
C(42)-Y(1)-C(46)
C(42)-Y(1)-N(41)
C(46)-Y(1)-N(41)
C(42)-Y(1)-N(30)
C(46)-Y(1)-N(30)
N(41)-Y(1)-N(30)
Si(2)-C(46)-Y(1)
Si(1)-C(42)-Y(1)

1.401(3)
1.455(3)
2.721(2)
1.346(3)
1.378(3)
1.372(4)
1.380(3)
1.391(3)
1.353(3)
1.476(3)
1.354(3)
1.389(3)
1.380(3)
1.374(3) -
1.377(3)
1.339(3)
1.829(2)
2.396(2)
1.877(3)
1.875(3)
1.894(2)
1.836(2)
2.423(2)
1.875(2)
1.880(2)
1.883(3)
2.5192(18)
2.4691(17)
92.24(8)
87.48(7)
134.28(7)
136.11(7)
85.69(7)
64.49(6)
115.24(10)
150.50(12)
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Figure A.6. Complete Ortep3 diagram of 161.




Table A.11. Crystal data and structure refinement for 161.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal color and habit
Diffractometer

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.50°
Absorption correction

Max. and min. transmission
Solution method

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole1.485 and -0.885 e.A-3

bt685
C109.50 H82 Y2
1575.57

86(2) K

0.71073 A
Monoclinic
P2(1)/c
a=23.4906(14) A
b=19.2945(11) A
c=18.5459(11) A

o= 90°.
B= 112.7740(10)°.
¥ =90°.

7750.4(8) A3

4

1.350 Mg/m?

1.544 mm! -
3268

0.39x 0.37 x 0.27 mm?
colorless needle

Bruker/Siemens SMART APEX
1.41 to 27.50°.

-30<=h<=30), -25<=k<=25, -24<=|<=24
117274

17801 [R(int) = 0.0524]

100.0 %

Semi-empirical from equivalents
0.660 and 0.566

XS, Bruker SHELXTL v. 6.12
Full-matrix least-squares on F2
17801 /0/905

1.029

R1=0.0442, wR2 =0.1058
R1=0.0616, wR2 =0.1146
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Table A.12. Bond lengths [A] and angles [deg] for 161.

C(1)-C(2) 1.390(4) C(30)-Y(1) 2.620(2)
C(1)-C(6) 1.397(4) C(31)-C(32) 1.4223)
C(2)-C(3) 1.382(4) C(31)-Y(1) 2.599(2)
C(3)-C(4) 1.387(4) C(32)-C(33) 1.421(3)
C(4)-C(5) 1.387(4) C(32)-C(35) 1.453(3)
C(5)-C(6) 1.395(4) C(32)-Y(1) 2.686(2)
C(6)-C(7) 1.474(3) C(33)-C(34) 1.420(3)
C(7)-C(11) 1.417(3) C(33)-C(46) 1.449(3)
C(7)-C(8) 1.420(3) C(33)-Y(1) 2.711(2)
C(7)-Y(1) 2.650(2) C(34)-Y(1) 2.660(2)
C(8)-C(9) 1.421(3) C(35)-C(36) 1.404(3)
C(8)-Y(1) 2.633(2) C(35)-C(40) 1.418(3)
C(9)-C(10) 1.414(3) C(36)-C(37) 1.377(4)
C(9)-C(12) 1.454(3) C(37)-C(38) 1.394(4) =
C(9)-Y(1) 2.715(2) C(38)-C(39) 1.375(4)
C(10)-C(11) 1.422(3) C(39)-C(40) 1.412(3)
C(10)-C(23) 1.447(3) C(40)-C(41) 1.474(3)
C(10)-Y(1) 2.712(2) C(41)-C(46) 1.410(3)
C(11)-Y(1) 2.664(2) C(41)-C(42) 1.411(4)
C(12)-C(13) 1.399(3) C(42)-C(43) 1.377(4)
C(12)-C(17) 1.419(3) C(43)-C(44) 1.398(4)
C(13)-C(14) 1.380(4) C(44)-C(45) 1.377(4)
C(14)-C(15) 1.393(4) C(45)-C(46) 1.405(3)
C(15)-C(16) 1.375(4) C(47)-C(48) 1.389(4)
C(16)-C(17) 1.405(3) C(47)-C(52) 1.399(4)
C(17)-C(18) 1473(3) C(48)-C(49) 1.389(4)
C(18)-C(19) 1.411(4) C(49)-C(50) 1.383(4)
C(18)-C(23) 1.414(3) C(50)-C(51) 1.387(4)
C(19)-C(20) 1.370(4) C(51)-C(52) 1.397(4)
C(20)-C(21) 1.401(4) C(52)-C(53) 1.476(3)
C(21)-C(22) 1.371(4) C(53)-C(54) 1.419(3)
C(22)-C(23) 1.410(4) C(53)-C(57) 1.42003)
C(24)-C(25) 1.387(4) C(53)-Y(2) 2.657(2)
C(24)-C(29) 1.400(4) C(54)-C(55) 1.420(3)
C(25)-C(26) 1.388(4) C(54)-Y(2) 2.641(2)
C(25)-H(25) 0.9500 C(55)-C(56) 1.420(3)
C(26)-C(27) 1.378(4) C(55)-C(69) 1.450(3)
C(27)-C(28) 1.388(4) C(55)-Y(2) 2.704(2)
C(28)-C(29) 1.398(3) C(56)-C(57) 1.422(3)
C(29)-C(30) 1.473(3) C(56)-C(58) 1.449(3)
C(30)-C(34) 1.414(3) C(56)-Y(2) 2.691(2)

C(30)-C(31) 1.419(3) C(57)-Y(2) 2.658(2)



C(58)-C(59)
C(58)-C(63)
C(59)-C(60)
C(60)-C(61)
C(61)-C(62)
C(62)-C(63)
C(63)-C(64)
C(64)-C(65)
C(64)-C(69)
C(65)-C(66)
C(66)-C(67)
C(67)-C(68)
C(68)-C(69)
C(70)-C(71)
C(70)-C(75)
C(71)-C(72)
C(72)-C(73)
C(73)-C(74)
C(74)-C(75)
C(75)-C(76)
C(76)-C(77)
C(76)-C(80)
C(76)-Y(2)

C(77)-C(78)
C(77)-Y(2)

C(78)-C(79)
C(78)-C(92)
C(78)-Y(2)

1.403(3)
1.4173)
1.373(4)
1.390(4)
1.369(4)
1.405(4)
1.474(4)
1.407(4)
1.413(4)
1.375(4)
1.397(4)
1.371(4)
1.409(3)
1.387(4)
1.400(4)
1.380(4)
1.384(4)
1.391(4)
1.397(4)
1.475(4)
1.415(3)
1.418(4)
2.636(2)
1.425(4)
2.589(2)
1.419(3)
1.452(3)
2.667(2)

C(79)-C(80)
C(79)-C(81)
C(79)-Y(2)
C(80)-Y(2)
C(81)-C(82)
C(81)-C(86)
C(82)-C(83)
C(83)-C(84)
C(84)-C(85)
C(85)-C(86)
C(86)-C(87)
C(87)-C(88)
C(87)-C(92)
C(88)-C(89)
C(89)-C(90)
C(90)-C(91)
C(91)-C(92)
Y(1)-H(1Y)
Y(1)-H2Y)
Y(1)-H(1Y)
Y(1)-H2Y)
Y(2)-H(2Y)
Y(2)-H(1Y)
Y(2)-H(1Y)
Y(2)-H2Y)
H(1Y)-Y(1)-H2Y)
HRY)-Y(2)-H(1Y)
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1.423(3)
1.448(4)
2.697(2)
2.665(2)
1.410(4)
1.414(4)
1.378(4)
1.392(4)
1.374(4)
1.410(4)
1.471(4)
1.407(4)
1.416(4)
1.372(4)
1.393(4)
1.377(4) -
1.408(4)
2.102)
2.14(3)
2.102)
2.14(3)
2.103)
2.16(2)
2.16(2)
2.10(3)

67.5(9)
67.1(10)
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Figure A.7. Complete Ortep3 diagram of 167




Table A.13. Crystal data and structure refinement for 167.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Crystal color and habit
Diffractometer

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.25°
Absorption correction

Max. and min. transmission
Solution method

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

C75 H94 02 Si4 Y2

1317.68

89(2) K

0.71073 A

Monoclinic

P2(1)/c

a=10.5591(12) A a=90°.

b=24.499(3) A B=100.724(10)°.

c=27.461(3) A y=90°.
6979.7(13) A3

4

1.254 Mg/m?

1.767 mm’!

2776

0.21 x 0.13 x 0.07 mm?
colorless plate

Bruker/Siemens SMART APEX
1.51 to 25.25°.

-12<=h<=12, -29<=k<=29, -32<=]<=32
104015

12642 [R(int) = 0.0808]

100.0 %

Semi-empirical from equivalents
0.8863 and 0.7080

XS, Bruker SHELXTL v. 6.10
Full-matrix least-squares on F?
12642/ 15/ 764

1.030

R1 =0.0425, wR2 = 0.0849
R1=10.0662, wR2 = 0.0926
0.573 and -0.438 e. A
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Table A.14. Bond lengths [A] and angles [deg] for 167.

C(1)-C(2) 1.424(4) C(31)-0(1) 1.472(3)
C(1)-C(17) 1.426(4) C(31)-C(32) 1.511(4)
C(1)-C(18) 1.509(4) C(32)-C(33) 1.508(4)
C(1)-Y(1) 2.670(3) C(33)-C(34) 1.510(4)
C(2)-C(3) 1.418(4) C(34)-0(1) 1.473(3)
C(2)-C(19) 1.505(4) C(35)-C(36) 1.414(4)
C(2)-Y(1) 2.713(3) C(35)-C(51) 1.427(4)
C(3)-C(4) 1.424(4) C(35)-C(52) 1.505(4)
C(3)-C(20) 1.500(4) C(35)-Y(2) 2.698(3)
C(3)-Y(1) 2.693(3) C(36)-C(37) 1.414(4)
C(4)-C(17) 1.428(4) C(36)-C(53) 1.507(4)
C(4)-C(5) 1.465(4) C(36)-Y(2) 2.718(3)
C(4)-Y(1) 2.637(3) C(37)-C(38) 1.427(4)
C(5)-C(6) 1.404(4) C(37)-C(54) 1.512(4) -
C(5)-C(10) 1.419(4) C(37)-Y(2) 2.672(3)
C(6)-C(7) 1.377(4) C(38)-C(51) 1.438(4)
C(7)-C(8) 1.381(4) C(38)-C(39) 1.456(4)
C(8)-C(9) 1.373(4) C(38)-Y(2) 2.663(3)
C(9)-C(10) 1.414(4) C(39)-C(40) 1.404(4)
C(10)-C(11) 1.466(4) C(39)-C(44) 1.415(4)
C(11)-C(12) 1.408(4) C(40)-C(41) 1.378(4)
C(11)-C(16) 1.421(4) C(41)-C(42) 1.380(4)
C(12)-C(13) 1.370(4) C(42)-C(43) 1.367(5)
C(13)-C(14) 1.392(4) C(43)-C(44) 1.410(4)
C(14)-C(15) 1.377(4) C(44)-C(45) 1.473(4)
C(14)-H(14) 0.9500 C(45)-C(46) 1.408(4)
C(15)-C(16) 1.403(4) C(45)-C(50) 1.415(4)
C(16)-C(17) 1.460(4) C(46)-C(47) 1.371(5)
Cc(17)-Y(1) 2.657(3) C(47)-C(48) 1.388(5)
C(21)-C(22) 1.219(4) C(48)-C(49) 1.378(4)
C1)-Y(1) 2.412(3) C(49)-C(50) 1.404(4)
C(22)-Si(1) 1.831(3) C(50)-C(51) 1.463(4)
C(23)-Si(1) 1.864(3) C(51)»-Y(2) 2.634(3)
C(24)-Si(1) 1.871(3) C(55)-C(56) 1.217(4)
C(25)-Si(1) 1.863(4) C(55)»-Y(2) 2.397(3)
C(26)-C(27) 1.221(4) C(56)-Si(3) 1.826(3)
C(26)-Y(1) 2.507(3) C(57)-Si(3) 1.866(4)
C(26)-Y(2) 2.517(3) C(58)-Si(3) 1.861(4)
C(27)-Si(2) 1.862(3) C(59)-Si(3) 1.865(4)
C(28)-Si(2) 1.855(3) C(57B)-Si(3) 1.866(4)
C(29)-Si(2) 1.860(3) C(58B)-Si(3) 1.869(4)

C(30)-Si(2) 1.858(3) C(59B)-Si(3) 1.870(4)



C(60)-C(61)
C(60)-Y(2)
C(60)-Y(1)
C(61)-Si(4)
C(62)-Si(4)
C(63)-Si(4)
C(64)-Si(4)
C(65)-0(2)
C(65)-C(66)
C(66)-C(67)
C(67)-C(68)
C(68)-0(2)
o(1)-Y(1)
02)-Y(2)
C(69)-C(70)
C(70)-C(75)
C(70)-C(71)
C(71)-C(72)
C(72)-C(73)

1.226(4)
2.499(3)
2.521(3)
1.865(3)
1.860(3)
1.855(3)
1.862(3)
1.472(4)
1.493(5)
1.513(5)
1.514(4)
1.468(4)
2.3609(19)
2.380(2)
1.493(5)
1.366(5)
1.406(5)
1.380(5)
1.372(5)

C(73)-C(74)
C(74)-C(75)
C(27)-C(26)-Y(1)
C(27)-C(26)-Y(2)
Y(1)-C(26)-Y(2)
C(61)-C(60)-Y(2)
C(61)-C(60)-Y(1)
Y(2)-C(60)-Y(1)
O(1)-Y(1)-C(21)
0(1)-Y(1)-C(26)
C(21)-Y(1)-C(26)
O(1)-Y(1)-C(60)
C(21)-Y(1)-C(60)
C(26)-Y(1)-C(60)
0(2)-Y(2)-C(55)
0(2)-Y(2)-C(60)
0(2)-Y(2)-C(26)
C(55)-Y(2)-C(26)
C(60)-Y(2)-C(26)
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1.383(5)
1.360(5)
105.8(2)
151.2(2)
100.85(10)
102.2(2)
154.9(2)
100.98(11)
83.78(8)
136.37(8)
93.12(10)
78.57(8)
143.83(10)
78.94(10)
80.97(9)
136.06(9)
79.83(8)
142.03(10)
79.17(10)




Figure A.8. Complete Ortep3 diagram of 169.
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Table A.15. Crystal data and structure refinement for 169.
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Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Crystal color and habit
Diffractometer

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 22.50°
Absorption correction

Max. and min. transmission
Solution method

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

C79.50 H110 02 Si8.50 Y3
1603.17

872)K

0.71073 A

Monoclinic

P(2)1/c

a=16.685(2) A o= 90°.

b=144172(17) A B=98.696(2)°.

c=38.023(5) A ¥ =90°.

9041.3(19) A3

4

1.178 Mg/m?

2.061 mm!

3356

0.29 x 0.08 x 0.04 mm?
colorless needle
Bruker/Siemens SMART APEX
1.51 to 22.50°.

-17<=h<=17, -15<=k<=135, -40<=I<=40

75831
11808 [R(int) = 0.2455]
99.9 %

Semi-empirical from equivalents

0.9221 and 0.5863
SHELXS-97 (Sheldrick, 1990)
Full-matrix least-squares on F2
11808 /72 /861

1.085

R1=0.0933, wR2=0.2100
R1=0.1624, wR2=0.2418
0.0052(3)

1.677 and -0.975 e.A3




Table A.15. Bond lengths [A] and angles [deg] for 169.
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C(1)-C(29)
C(1)-C(2)
c(1)-Y(1)
C(2)-C(15)
C(2)-C(3)
C(2)-Y(1)
C(3)-C(4)
C(3)-C(8)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(9)-C(14)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(15)-Y(1)
C(16)-C(29)
C(16)-C(17)
C(16)-Y(1)
C(17)-C(18)
C(17)-C(22)
C(18)-C(19)
C(20)-C(21)
C(21)-C(22)
C(22)-C(23)
C(23)-C(24)
C(23)-C(28)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)
C(27)-C(28)
C(28)-C(29)
C(29)-Y(1)
C(30)-C(31)
C(30)-Y(1)
C(30)-Y(3)

1.402(17)
1.422(16)
2.657(11)
1.408(17)
1.448(17)
2.791(11)
1.393(18)
1.430(18)
1.501(18)
1.272(19)
1.38(2)

1.410(18)
1.429(18)
1.388(17)
1.447(17)
1.334(18)
1.399(18)
1.372(17)
1.391(17)
1.465(16)
1.460(16)
2.773(11)
1.422(17)
1.483(17)
2.721(11)
1.388(18)
1.425(17)
1.342(18)
1.356(19)
1.424(18)
1.468(18)
1.404(17)
1.408(18)
1.385(19)
1.395(19)
1.355(17)
1.400(17)
1.463(17)
2.610(11)
1.202(17)
2.500(13)
2.668(12)

C(30)-Y(2)
C(35)-C(36)
C(35)-Y(1)
C(35)-Y(2)
C(36)-Y(2)
C(44)-C(45)
C(44)-Y(3)
C(44)-Y(1)
C(45)»-Y(3)
C(49)-C(50)
C(49)-Y(2)
C(59)-C(60)
C(59)-Y(3)
C(59)-Y(2)
C(64)-C(65)
C(64)-Y(3)
C(64)-Y(1)
C(64)-Y(2)
C(69)-C(70)
C(69)-Y(3)
C(74)-0(2)
o(1)-Y(1)
0(2)-Y(3)
Y(1)-Y(3)
Y(1)-Y(2)
Y(2)-C(54)
Y(2)-Y(3)
C(54)-C(55)
C(80)-C(81)
Y(1)-C(30)-Y(3)
Y(1)-C(30)-Y(2)
Y(3)-C(30)-Y(2)
Y(1)-C(35)-Y(2)
Y(3)-C(44)-Y(1)
Y(3)-C(39)-Y(2)
Y(3)-C(64)-Y(1)
Y(3)-C(64)-Y(2)
Y(1)-C(64)-Y(2)
Y(1)-Y(3)-Y(2)
Y(3)-Y(1)-Y(2)
Y(3)-Y(2)-Y(1)

57.95(3)

2.789(12)
1.242(17)
2.463(13)
2.552(12)
2.849(12)
1.241(17)
2.515(12)
2.530(14)
2.873(12)
1.254(18)
2.340(14)
1.255(17)
2.400(13)
2.517(13)
1.235(17)
2.504(12)
2.563(13)
2.656(12)
1.242(17)
2.364(14)
1.409(14)
2.350(8)
2.285(7)
3.5698(16)
3.7301(17)
2.394(13)
3.6367(17)
1.229(16)
1.226(18)
87.3(4)
89.5(4)
83.6(3)
96.1(4)
90.1(4)
95.4(4)
89.6(4)
89.6(4)
91.2(4)
62.33(3)
59.71(3)




Figure A.9. Complete Ortep3 diagram of 176.
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Table A.17. Crystal data and structure refinement for 176.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Crystal color and habit
Diffractometer

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.25°
Absorption correction

Max. and min. transmission
Solution method

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(1)]
R indices (all data)

Largest diff. peak and hole

C44 H84 CI2 Si8 Y2

1086.55

89(2) K

0.71073 A

Triclinic

P-1

a=10.5621(17) A a=72.286(3)°.
b=11.6017(19) A B=84.922(3)°.
c=13.022(2) A y = 74.842(3)°.
1467.1(4) A3

1

1.230 Mg/m3

2.249 mm-!

572 -
0.36 x 0.25 x 0.07 mm3

colorless plate

Bruker/Siemens SMART APEX

1.90 to 25.25°.

-12<=h<=12, -13<=k<=13, -15<=I<=15
21697

5306 [R(int) = 0.0288]

100.0 %

Semi-empirical from equivalents

0.8585 and 0.4982

XS, Bruker SHELXTL v. 6.12

Full-matrix least-squares on F2

5306/0/265

1.056

R1=0.0276, wR2 = 0.0667

R1=0.0317, wR2 = 0.0685

0.424 and -0.258 e.A-3
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Table A.18. Bond lengths [A] and angles [deg] for 176.

C(1)-C(5) 1.422(3)
C(1)-C(2) 1.425(3)
C(1)-Si(1) 1.879(2)
C(1)-Y(1) 2.657(2)
C(2)-C(3) 1.429(3)
C(2)-Y(1) 2.656(2)
C(3)-C(4) 1.425(3)
C(3)-Si(2) 1.872(2)
C(3)-Y(1) 2.666(2)
C4)-C(5) 1.406(3)
C(4)-Y(1) 2.616(2)
C(5)-Y(1) 2.613(2)
C(12)-C(13) 1.421(3)
C(12)-C(16) 1.432(3) N
C(12)-Si(3) 1.865(2)
C(12)-Y(1) 2.651(2)
C(13)-C(14) 1.419(3)
C(13)-Y(1) 2.644(2)
C(14)-C(15) 1.430(3)
C(14)-Si(4) 1.863(2)
C(14)-Y(1) 2.657(2)
C(15)-C(16) 1.400(3)
C(15)-Y(1) 2.636(2)
C(16)-Y(1) 2.637(2)
CI(1)-Y(DA 2.6909(6)
CI(1)-Y(1) 2.6987(6)
Y(1)-CI(1)A 2.6909(6)

CI(1)A-Y(1)-CI(1) 79.60(2)
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