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Abstract

Boron-bridged constrained geometry complexes

and related compounds

Group 3 and 4 complexes bearing linked cyclopentadienyl amido ligands, often
referred to as constrained geometry complexes (CGCs), have experienced considerable
interest due to their superior ability to copolymerise ethylene and higher a~olefins when

activated with suitable co-catalyst.

The work presented in this thesis aimed to replace the most commonly applied
bridge in CGCs, which is silicon based, by one containing boron. The potential of the
bridging element to have Lewis acidic character was expected to positively alter the

catalytic activity of the activated species and possibly allowing for self-activation.

Synthetic approaches to ligand precursors based on aminoboranes,
diaminodiboranes(4) and ferrocenylboranes are described. Starting from the dihalo
derivatives of these boranes, sequential substitution of the halides by one equivalent
each of a cyclopentadienide derivative and an amide allowed the synthesis and isolation

of a broad range of new CGC ligand precursors.

Complexation of these ligand precursors to Group 4 metals was studied by
utilising various protocols. The reaction with Group 4 tetraamides via amine
elimination was the most successful yielding numerous new boron-bridged CGCs and

related complexes in which the boron-bridged ligand binds in a non-chelating fashion.

The newly synthesised compounds were fully characterised by multinuclear

NMR spectroscopy, supplemented by X-ray diffraction studies where applicable.

Studies on the reactivity of boron-bridged CGCs in the presence of alkylating
agents indicated susceptibility of the boron atom to nucleophilic attack resulting in a

decomposition of the linking moiety between the cyclopentadienyl and amido



fragments. This is as well reflected in the data gathered from polymerisation
experiments, in which methylaluminoxane activated boron-bridged CGCs displayed a
low activity towards ethylene polymerisation, but a high activity towards styrene
polymerisation. Such characteristics are comparable to unbridged compounds, e.g. [(77-
CsHs)TiCls], rather than silicon-bridged CGCs, thus suggesting degradation of the

boron-bridged CGCs to unbridged complexes under polymerisation conditions.
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Chapter 1. Introduction

The amount of the classic polyolefins {polyethylene (PE), polypropylene (PP)
and polystyrene (PS)} currently produced world wide is well above 130 x 10° tons per
year, thus making up some 60% of the entire production of plastics.' Polyolefins
(besides low-density polyethylene from the ICI high pressure radical process) are
afforded by transition metal catalysts that are going back to the discovery of Ziegler* >

and Natta* > ©

that ethylene and propylene polymerise in the presence of TiCly and
Et,AICI even at low pressure or the discovery of the catalytic activity for olefin
polymerisation of chromium oxides (Phillips-type catalysts) by Hogan and Banks.” * A
major shortcoming of these early systems was the heterogeneous nature of the catalysts,
which prevented a thorough characterisation of the active sites and left many questions

. . . . 9.10
open concerning the mechanisms involved in polymer growth. ™

Stimulated by related developments in other fields of catalysis, homogeneous
organometallic compounds were introduced as suitable model systems for a deeper
investigation of the polymerisation process at transition metal centres. Metallocenes
were particularly attractive for mechanistic studies, since they exhibit simple
coordination geometries, only one type of active site and easily polymerise ethylene
when activated by alkylaluminiums.” ' "> 1*- - 15 With the discovery by Kaminsky et

al. of methylaluminoxane (MAO) as a highly effective activator,'® !’

polymerisation
rates and yields have been increased to an industrially useful level. These developments
combined with the attractive product properties, e.g. well defined structure, little
branching and very narrow molar mass distribution, initiated extensive efforts in
industry and academia to expand further the capabilities of the system. Besides
attempts to alter polymerisation characteristics and product properties by simple
variation of the substituents on the cyclopentadienyl ring, more sophisticated alterations
were introduced.'® Since the 1980’s, work by Ewen, Brintzinger et al. in particular
showed how the controlled, stereoselective polymerisation of propylene and other o-

olefins may be achieved by employing catalysts of suitable symmetry and geometry.” '*-

20, 21, 22

More recently, a new family of active polymerisation catalysts was developed by
formally exchanging one cyclopentadienyl ring by an amido moiety; these are often

referred to as constrained geometry complexes (CGCs), given the chelate bite angle
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imposed by the cyclopentadienyl and amido donors. Dianionic, bifunctional chelating
ligands of this type have been first employed by Bercaw et al. for the preparation of
Sc(II) complexes such as 1 (Figure 1).%* ** Only a short time later, reports appeared on
the preparation of related Group 4 complexes such as 2 (Figure 1)* and their

exceptional characteristics in ethylene polymerisation and co-polymerisation of ethylene

26, 27

and higher o-olefins.

]
S

", v o
o, ! Sc c S
S
N4 \H/ l \N P
T PMe; |
tBu tBu

1 2

Figure 1. First reported scandium and titanium CGCs.

The superiority of the CGCs for co-polymerisation of ethylene and o-olefins
when compared to metallocenes and metallocenophanes is generally ascribed to (i) a
less crowded coordination sphere, (ii) a smaller Cpcenrois—M—N bite angle (by 25-30°
compared to ZCpeentroid—M—CpPeentroid in metallocenes and metallocenophanes) and (iii) a
decreased tendency of the bulk polymer chain to undergo chain transfer reactions. The
latter, as well as the high activity of such CGCs, most probably result from a more
Lewis-acidic transition metal centre (according to the “neutral ligand formalism”, an
amido moiety can donate, at most, three electrons to the transition metal and thereby
two electrons less than a cyclopentadienyl group).” ** *® Another advantage is the
higher thermal stability of alkyl and dialkyl CGCs when compared to related

29, 30

metallocenes that allows higher polymerisation temperatures.

Since the early 1990’s, the chemistry of CGCs experienced a rapid advancement,
particularly because catalytic systems based on such compounds gave access to a wide
array of copolymers with unique material properties and considerable commercial
value.®' Certain aspects of this development were covered by several reviews, however,
the most general surveys are dating back to the late 1990°s.** #3- 3% 3% Therefore, the
following sections aim to give a broad survey about the development in the field since
its early beginnings. Synthetic methods for the preparation of CGCs as well as the

numerous alterations of the ligand framework will be summarised. Characteristics of
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CGC catalysed polymerisation reactions will be thoroughly discussed, since they
provide a good insight into the versatility and special qualities of this class of
compounds that make it so unique. Furthermore, the application of CGCs in the
catalysis of transformations other than polymerisations will be examined. The
discussion of the catalytic potential of CGCs will highlight the sensitivity of the system
to changes in the ligand framework; alterations in the ligand framework also mandate

changes in the transition metal or co-catalyst.

1.1. Definition of Constrained Geometry Complex

The term constrained geometry complex (CGC) was originally coined by
Stevens et al. for complexes in which a z-bonded moiety (e.g. cyclopentadienyl or a
derivative) is linked to one of the other ligands on the same metal centre in such a way
that the angle at this metal between the centroid of the z-system and the additional
ligand is smaller than in comparable unbridged complexes. Stevens et al. claimed in
their patent, that such a strain inducing link would improve catalyst performance. Their
thesis was supported by a comparison of the polymerisation performance of a series of

silanediyl- and disilanediyl-bridged cyclopentadienyl amido complexes.

Obviously, the scope of the definition by Stevens et al. goes far beyond ansa-
bridged cyclopentadienyl amido complexes and was accordingly used in connection
with other more or less related ligand systems, including (i) other ansa-complexes with
:n" coordination, where at least one of the coordinating fragments of bridged
cyclopentadienyl-amido complexes is replaced by an isolobal fragment, (ii) other ansa-
complexes with 77°:77' coordination, where at least one of the coordinating fragments is
not isolobal to the formally replaced fragments of bridged cyclopentadienyl-amido
complexes and (iii) other ansa-complexes with a coordination mode different from

1 . .
77:n' coordination.

Furthermore, the term is frequently used in connection with cyclopentadienyl
amido complexes with long ansa-bridges such as -(CH,),— (n > 2). However, due to
the length and flexibility of the bridge in such compounds there is virtually no strain

. 36
induced.

The work presented here spotlights certain aspects of bridged cyclopentadienyl

amido complexes. Hence, this introduction will aim to give a thorough overview about
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this specific class of CGCs. A few very closely related ligand systems (very similar
coordination modes and charge distributions) will be briefly mentioned, but chemically
less related systems, e.g. bridged cyclopentadienyl amino ligands will not be

considered.

1.2. Synthesis of CGCs

Over the years, various routes for the synthesis of CGCs have been developed.
In the following paragraphs, synthetic methods that were reported in the literature for
the synthesis of Group 4 CGCs will be described. However, many of these methods
have been applied as well to the synthesis of CGCs of other transition metals. Two
general approaches can be distinguished: (i) the synthesis of the ansa-ligand precursor
and subsequent complexation to a transition metal and (ii) the introduction of the ansa-

bridge by reaction in the ligand sphere of a transition metal complex.

1.2.1. Synthesis of CGCs by complexation of the pre-assembled ansa-ligand

precursor

The former approach is by far more extensively studied and a number of variants
has been developed. The most successful routes comprise the dimetalation of the ligand
precursor (ligand precursor will usually refer to the protonated, neutral species
throughout the text) followed by a salt elimination reaction and the direct reaction of the
ligand precursor with transition metal amides under amine elimination (i.e. o-bond
metathesis), respectively. In addition, there are several other routes including toluene

elimination, amine assisted HCI elimination and trimethylsilylchloride elimination.

1.2.1.1. Dimetalation/salt elimination sequence

Dimetalation of the ligand precursor can be usually achieved using two
equivalents of alkyl lithium reagents such as nBuLi, fBulLi and MeLi. Other lithium

1,37 have also

reagents, e.g. LINR; (R = iPr, SiMe;), and Grignard reagents, e.g. iPrMgC
been successfully applied for the deprotonation of the ligand precursors. The
dimetalated species can then be reacted with suitable Group 4 metal chlorides, e.g.
[TiCly(thf),], ZrCl,*® [ZrCly(thf),],*® [ZrCL(NEt)y(thf),]* or HfCly, via salt

elimination to give the corresponding CGCs (Egs. 1 —3).

-32 -



tBu

1) 2 nBuLi
\)Si\/// \/\\tBu 2) [TiCl,(thf),] - (Eq. 1)
.o \
B\ \) -2 nBUH, - 2 LiCl, - 2 thf - \N/ “

L [T 1) nBuLi
Q 2) MCl, (M = Zr, Hf)

""""""

/Si\ - nBuH
N—H -2 Licl

/

tBu

1) LINR, (R = iPr, SiMe,)

E>=< 2) [ZIClL(NEL,) (th),]
-2 HNR,

N——SiMe,
- 2 LiCl
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While this route is quite effective for synthesis of the zirconium and hafnium
species, the synthesis of the titanium congeners is often hampered by reduction of the
titanium(IV) precursor in the course of the reaction. This obstacle can often be
overcome by using [TiCls(thf);] as the metal source and subsequent oxidation of the

resultant titanium(IIT) complexes with PbCl, (Eq. 4).4

1) 2 nBulLi
O 2) [TiCly(thf),] g R

3) 0.5 PbCl, d
) RN Ll (Eq. 4)
-2 nBuH P LG
i R . \ / cl
/ - 2 LiCl N
N _2tht t|Bu
BTN -05Pb

R =H, SiMe,

More recently, it was also reported that reaction of the dilithiated ligand
precursor with MCly (M = Ti, Zr) in the presence of 2 equivalents of MeLi leads to the
corresponding dimethylated CGCs in high yields, i.e. without competitive reduction

reactions (Eq. 5).4
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In a variation of the reaction sequence, the dilithiated ligand precursor
[Li,{(CsH4)(CH;);NMe} | reacts with [Cp,ZrCl;] under elimination of one equivalent of
both lithium chloride and lithium cyclopentadienide to give [{7:7-
(CsH4)(CH,)sNMe} Zr(C)Cp].*

The reaction sequence of dimetalation and salt elimination is widely applicable
to a range of differently substituted ligand precursors and different lengths of the ansa-
bridge. However, substitution of all four chlorides on the metal precursor to give the

bis-ligand metallocene (3) is frequently observed (Figure 2).

7 |
<

Figure 2. Metallocene complex with two CGC ligands.

Examples have been described for [TiCls(thf),], ZrCl4,44 [ZrCl4(thf)2]40’ 45, 46, 47,
* and [HfCly(thf),] as Group 4 metal precursors. In most of these cases, the
metallocene complexes are formed independent of the molar ratio of the starting
materials. There is some evidence that the nature of the amido moiety as well as the

solvent have some influence on the preference for CGC vs. metallocene formation.

1.2.1.2. Amine elimination

Reaction of CGC ligand precursors with Group 4 metal amides [M(NR;)4] (M =
Ti, Zr, Hf; R = Me, Et) under amine elimination developed into another versatile route
to Group 4 CGCs. The first examples were reported for cyclopentadienyl ligands with
long C3He ansa-bridges (Eq. 6) and shortly thereafter for cyclopentadienyl and indenyl
ligands with short SiMe; ansa-bridges (Eq. 7).*
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/ N IR,
R/N\ -2 HNRY, T
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+ isomers R =tBu, Ph

Examples for substituted tetramethylcyclopentadienyl ligands appeared a few
years later, while examples for substituted fluorenyl ligands seem to be still absent from
the literature. In this context, Alt et al. reported the reaction of ligand precursor
(Ci3Ho)(SiMex)N(H)rBu  with  [Zr(NEty)s] to give the unbridged complex
[(C13Ho)(SiMe,)N(/Bu)Zr(NEt,);]. This observation was attributed to the comparably
low acidity of the proton on the fluorenyl five-membered ring and the steric demand of
the fluorenyl moiety. [ZrCly(NMe,),(thf),] may as well serve as a suitable precursor for

such amine elimination reactions as was demonstrated for a few CGC ligand precursors

(Eq. 8).”"

N [ZrCl,(NMe,),(thf),]
iPr—"
-2 HNMe,

N
- 2 thf |
+ isomer iPr

The amine elimination route usually proceeds very cleanly and gives the desired
products in high yields. In contrast to the dimetalation/salt elimination sequence,
formation of metallocene type complexes (3) is not observed as a side reaction if the
starting materials are applied in an equimolar ratio. However, such metallocenes may
be obtained if the ligand precursors and the Group 4 metal per-amides are combined in

a 2:1 molar ratio.”!

1.2.1.3. Toluene elimination

Similar to the amine elimination route, Group 4 tetrabenzyl compounds may be

used as precursors for the synthesis of CGCs. This has the added advantage that the
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acidity of toluene is much lower than of any amine and therefore o-bond metathesis
should be more thermodynamically favoured. While the reaction of
(CsMe4H)(SiMe,)N(H)7Bu with [TiBzs] was reported to give the desired CGC in high
yields, the reaction with the zirconium analogue resulted in low conversions and

significant amounts of side products (Eq. 9).*

N

- MBz,] M =Ti, Zr
/Si [MBz,] ( )
N - 2 H,CPh
tBu= |
H
tBu
+ isomers

1.2.1.4. Amine assisted HCI elimination

Direct reaction of the neutral ligand precursors with TiCly in the presence of
triethylamine gave the corresponding dichloro CGCs in moderate yields (Eq. 10).
However, published examples for this HCI elimination reaction include only ligand
systems with relatively long C,H4 and C3Hg ansa-bridges and consequently little strain

in the ansa-ligand.

H TiCl,, 2 NEt,
AN
N
/ - 2 Et,;NHCI
R

+ isomers

R = Me, iPr, tBu

1.2.1.5. MesSiCl elimination

Alternatively, ligand precursors may be utilised where the acidic protons are
replaced by trimethylsilyl moieties. Such ligand precursors may react with suitable
Group 4 metal halides under Me;SiCl elimination conditions to give the corresponding
CGCs (Eq. 11). Reported examples are limited to the reaction of
(CsHsSiMes)(CH;)3N(SiMes), with TiCly, ZrCly and [ZrCly(SMe;),], i.e. unstrained

4
systems. "
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+ isomers

1.2.1.6. Combined LiCl and Me;SiCl elimination

One example has been described that combines the previously described
approaches of salt elimination and Me;SiCl elimination (Eq. 12). The yield of this
synthesis, however, is relatively low. It gives rise to a relatively long CsHg ansa-bridge,

i.e. a ligand system without strain.>

©

Ticl
N 4
Me,Si—

- Me,SiCl

Lit - LiCl

1.2.2. Synthesis of CGCs by reaction in the ligand sphere of a transition metal
The approach of introducing an ansa-bridge by a reaction in the ligand sphere of
a suitable half-sandwich complex to create CGCs is much less developed and gives
access only to limited wvariety in terms of ligand design. When [{(77-
CsH4)(SiMe,Cl)} TiCls] is treated with either NH,R and NEt; in a 1:1:2 ratio,”® with 1
equivalent of LiiNHR] in the presence of 1 equivalent of NEt; (Eq. 13)°*"7 or with
excess Li[NHR]™® the corresponding CGCs [{775:771—(C5H4)(SiMeg)NR}TiClz] (R =
alkyl) are isolated.  Similarly, reaction of [{(77’-CsHs)(SiMe,Cl)}M(7-1,3-
BuCsH;)Cl,] (M = Ti, Zr, Hf) with 2 equivalents of Li[NH/Bu] yields the
corresponding CGCs [ {77 771—(C5H4)(SiMez)NtBu}M( 775—1,3—tBuC5H3)C1].59 Neither the
synthesis of indenyl nor fluorenyl analogues has been reported using this route,

probably due to difficulties in the preparation of suitable precursors.”*!
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Only recently, the synthesis of tetramethylcyclopentadienyl analogues by
reaction of [{(77°-CsMe4)(SiMeCIX)}TiCls] (X = H, Cl) with 2 equivalents of LiNH/Bu
has appeared. It was demonstrated that this reaction proceeds via intermediate
formation of [{(77°-CsMe4)(SiMeX)N(H)/Bu!}Ti(Cl),N(H)Bu] and subsequent ring
closure under amine elimination.®® While this route is of interest for facile variation of
the amido fragment in silicon-bridged CGCs, expansion of this approach to CGCs with

other ansa-bridges is restricted by the availability of suitable precursors.

Another very specific route is the reaction of fulvene complexes such as
[{(CsH4)=C(H)/Bu} Ti(Cp")CI] with nitriles or iso-nitriles. However, these reactions
give only access to certain C,-bridged CGCs and are therefore of limited practical

value.®!

1.3. Derivatisation of Group 4 CGCs

Most of the previously described synthetic routes yield the desired CGCs as the
dichloro or diamido derivatives. Both may be activated by methylaluminoxane (MAO)
to polymerise olefins. However, further derivatisation of these complexes is often
required to obtain CGCs with a certain chemical reactivity, e.g. the dialkyl derivatives
that may be activated by B(C4Fs)3; or [PhsC"][B(C¢Fs)4 ] to give olefin polymerisation
catalysts (vide infra). Most of these derivatisation reactions seem to be of quite general
applicability. The dichloro derivatives can be easily converted to the corresponding
diamido derivatives by reaction with 2 equivalents of LiINMe,.®> On the other hand, the
diamido derivatives can be converted to the corresponding dichloro complexes using
Me;SiCl,* ¢ PCls, HCI or Me,NH-HC1.?* *° In some cases, the dichloro complexes are
obtained in the form of their Me,NH adducts.*®3°

The dichloro complexes and their Me,NH adducts can be easily converted to the
corresponding dialkyl complexes by reaction with 2 equivalents of lithium alkyls,*®
potassium alkyls or Grignard reagents.’® ** © Selective mono-alkylation of the dichloro

complexes could as well be achieved by means of one equivalent of nBu,Mg® or
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AlMe;. Similarly, reaction of the dichloro complexes with one equivalent of NaCp®® or

lithium aryls®’- -

resulted in selective substitution of one chloride per metal centre. It
is noteworthy that CGCs with such substitution patterns are chiral at the metal centre,

although resolution of any such system has yet to be accomplished.

The dichloro derivatives can be converted to the corresponding butadiene
complexes by reaction with 2 equivalents of nBuLi in the presence of butadienes,” with
magnesium butadiene [Mg(C4He)]"® or with 1,4-diphenylbutadiene magnesium
[Mg(C4H4Phy)(thf)s],.”" Structural and spectroscopic studies of the resultant complexes
revealed that the bonding mode of the butadiene ligand in CGCs is sensitive to the
ligand framework and the nature of the transition metal. While the zirconium
compounds displayed exclusively a metallacyclic o?, 7 coordination of the butadiene

707 the titanium

ligand (corresponding to zirconium in the oxidation state +IV),
analogues showed both metallacyclic ¢®, 7 (oxidation state +IV) and conventional 7
(oxidation state +II) coordination modes dependent on the specific nature of the co-
ligands.69’ " In a similar reaction, [{775:771—(C5Me4)(SiMez)NtBu}TiClz] was found to
undergo reaction with disubstituted 1,3-butadiynes in the presence of magnesium to

give the corresponding five-membered titanacyclocumulenes.’

1.4. Modification of the ligand system with constrained geometry

To date, a multitude of Group 4 CGCs and closely related compounds have been
prepared by the synthetic methods described above. Obviously, the nature of the ligand
system may be adjusted either by variation of the cyclopentadienyl moiety, the amido

group, the ansa-bridge or a combination thereof (Figure 3).

Figure 3. Sites of modification in ligands with constrained geometry.
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The following sections aim to give a broad overview of the variations as they are
found in the open literature, giving representative examples for each category.
Influences of the structure of the CGCs on their polymerisation characteristics will be
discussed in an individual section together with other aspects of CGC catalysed

polymerisation reactions.

1.4.1. Variation of the cyclopentadienyl fragment

Modification of the #’-coordinated cyclopentadienyl moiety may have
significant impact on the chemistry of CGCs through steric and electronic effects.
Besides the ubiquitous CsHy (cyclopentadienyl), CsMey (tetramethylcyclopentadienyl),
CyHg (indenyl) and C,3Hg (fluorenyl) fragments, a variety of other moieties have been
studied (Figure 4). It should be noted that non-symmetric substitution patterns of the

cyclopentadienyl system result in chiral CGCs.

r —n
= \
\ Me cl h””"“*si Eridi\Me
~ /Ti'{u - \T/ Ve
| tBu
tBu
6 7
B(CeFs), ""’x. /.©| ~ f
=—Si 1 S ]

N/_%r\N/

tBu NMe, tBu

8 9 10

Figure 4. Variation of the cyclopentadienyl moiety of the CGC ligand.

Several studies were investigating alkyl and aryl substituted cyclopentadienyl
moieties such as CsH3R (R = H, Me, /Bu, Bz)"*, CsH(2-Me)(4-Ph)”* and CpMe;sR (R =
H, Me, nBu, 1-methylallyl, 1-methylprop-1-en-1-yl, Ph, 4-fluorophenyl, CMe,Ph)”>" "*
77 Similarly, alkyl, aryl (R = Me, /Bu, Ph or a combination thereof, in various positions
of the ring system) and heteroatom (3-OMe, 2-OEt, 2-NMe,, 3-N-pyrrolidino)”®
substituted indenyl derivatives (4) and alkyl substituted fluorenyl (3,6-di-/Bu-
fluorenyl)” derivatives were studied. Isodicyclopentadienyl based CGCs (5) were as

well reported.* Beside indenyl and fluorenyl, other fused ring systems have been
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incorporated as the 77°-coordinated moiety in CGCs, such as benz[e]indenyl (6)** &'+ **:

%3 and heterocycle fused indenyl derivatives (7).*

Furthermore, a series of CGCs with @-alkenyl substituted cyclopentadienyl and
indenyl moieties (8) have been prepared and their self-immobilisation during
polymerisation by incorporation of the pendent olefinic group into the polymer chain
has been explored.® ¥ Specifically an allyl substituted cyclopentadienyl moiety was

further modified by hydroboration to give a derivative with a pendent B(CgFs), moiety

(9).

The 7 -coordinated moiety has also been substituted with additional
(SiMe;)N/Bu amido functionalities (10), resulting in a tridentate ligand and

consequently a substantial change of the coordination characteristics.®”" ** - %

Bimetallic systems are more than just a curiosity. Here, the CGC fragment is
connected via a carbon linker that is attached at its 77°-coordinated moiety to an ansa-

metallocene’’ (11) or a second CGC** %> ** % moiety (12) (Figure 5).

N
I | I

tBu tBu tBu

11 12

Figure 5. Bimetallic CGCs with a carbon linker attached to the indenyl moiety.

Besides cyclopentadienyl derivatives of all sorts, a few examples of CGCs
incorporating other monoanionic 6-electron donor fragments have appeared in the
literature (Figure 6). These examples comprise phospholyl- (13),”° boratabenzene
(14),” and cyclohexadienyl (15)°® analogues of ansa-cyclopentadienyl amido

complexes.
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Figure 6. CGCs containing 6-electron donor fragments other than cyclopentadienyl derivatives.

1.4.2. Variation of the amido fragment

Variation of the amido fragment in CGC ligands may have a marked effect on
both the steric and particularly the electronic environment of the ligated transition
metal. Simple alkyl and aryl amido fragments in the CGC ligand framework are
omnipresent in the literature. Chiral varieties (16) of these have been introduced early
on, particularly as they allow facile preparation of enantiomerically pure CGCs if

suitable enantiomerically pure amines are used in the preparation (Figure 7).>" %763 %

16 17 18

Figure 7. Variation of the amido moiety of the CGC ligand.

CGCs containing potentially tridentate ligands with additional neutral donor
sites attached to the amido moiety NR (17) have been reported as well (Figure 7).
Substituents with relatively hard donors (R = CH,OMe, CH,NMe,, CH,CH,NHMe,
CH,CH,NMe,, CHzCHZOMe)46’ 58,65, 67,100, 101, 102, 103, 104 5 \ve]] as softer donor groups
(R = 0-PhPPh;, CHZCstMe)105 have been described. Chiral versions of such tridentate
CGC ligands have also been published.'®® Furthermore, bimetallic CGCs with carbon
spacers between the amido groups of the two CGC moieties (18) have been reported
(Figure 7). A number of CGCs have been reported in the literature, in which the alkyl or
aryl amido fragment of ansa-cyclopentadienyl amido complexes was formally replaced

by a different monoanionic 7'-coordinating moiety.
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Besides alkyl and aryl amido moieties, three other nitrogen based groups, i.e.
sulfonamido, hydrazido and imino groups, have been introduced in such compounds
(Figure 8). Due to the electron-withdrawing characteristics of the sulfonamido moiety,
CGCs incorporating this group (19) display a significantly elongated Ti—N bond
distance when compared to their alkyl or aryl amido counterparts. The monoanionic
hydrazido moiety may adopt a 7' (20) or 7 (21) coordination mode, depending on the

107. 108 Bridged cyclopentadienyl imino complex 22

co-ligands at the metal centre.
resembles to some extent the bridged cyclopentadienyl amido complexes. However, the
electronic situation in the former is quite different, as the formally sp*-hybridised
nitrogen atom acts as a pure o-donor to the metal since the remaining p-orbital on

nitrogen participates in the double bond to the adjacent carbon atom.

1o v wneCl
BT Ti:
/ AN / Cl
N

_ S0, R=Me, Ph
R

19 20 21 22

Figure 8. CGCs containing nitrogen based anionic fragments other than alkyl or aryl amido moieties.

Examples of complexes in which the amido moiety is replaced by a carbanionic

fragment appear in 23,'” 24" and 25" (Figure 9) amongst others.''® ''3- 114. 113, 116.

H7- 118 While the carbanion equivalent is formally isoelectronic to the amido moiety, the
former is a pure o-donor as no suitable lone pair for z-donation to the metal centre is

available.

23 24 25

Figure 9. CGCs in which the amido moiety is formally replaced by carbon based anionic fragments.

By formal substitution of the nitrogen atom in ansa-cyclopentadienyl amido

ligands with its higher homologue phosphorus, linked cyclopentadienyl phosphido
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complexes such as 26,'""> 1?° 272! and 28'* have been synthesised (Figure 10).'? 2

125. 126 Degpite some synthetic difficulties, this group of CGCs was studied intensively
and a close resemblance to their amido analogues could be demonstrated, e.g. in their

(co)polymerisation characteristics.

\

y, y
. Sm(thf),

oH,tBU,-2,4,6

27 28

Figure 10. CGCs in which the amido moiety is formally replaced by phosphido fragments.

Formal replacement of the R,N™ fragment by isoelectronic RO™ or RS™ fragments
is of course also conceivable. Indeed a number of such ansa-cyclopentadienyl oxy-

complexes, e.g. 29,'”” 30 and 31'*® have been reported (Figure 11). Of this class of

compounds,'?’ particularly bridged cyclopentadienyl phenoxy complexes'2® 120+ 131 132.

133, 134, 135 51, 136, 137, 138, 139, 140, 141,

142 . .
amongst others have received a considerable

amount of attention due to their structural features that are very similar to their amido

counterparts and reasonable catalytic performance. To date, there has been only one
143

report on related sulfur based ansa-complexes 32 (Figure 11).

29 30 31 32

Figure 11. CGCs in which the amido moiety is formally replaced by Group 16 based anionic fragments.

1.4.3. Variation of the ansa-bridge

In the original patent by the Dow Chemical Company describing the use of
Group 4 CGCs in the polymerisation of olefins, their exceptional characteristics in this
reaction was attributed to the strain induced by an ansa-bridge between a z-bonded
moiety and a second ligand of the same transition metal centre. In the closely related

field of metallocene chemistry, the marked effect of an ansa-bridge between two
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cyclopentadienyl moieties on stability and reactivity of these complexes is well
documented.'** ' Owing to the similarity between ansa-metallocenes and CGCs,
reasonable effort was undertaken to tune the latter by modification of the ansa-bridge.
However, it should be noted that a recent report critically discussed whether the ansa-
bridge in CGCs is a true prerequisite for their unique polymerisation characteristics.'*
Notwithstanding the former consideration, the modifications in the ansa-bridge as they

are found in the literature will be summarised.

The first CGC (1) introduced by Bercaw et al. contained a ligand with a SiMe,
moiety between a CsMe, and an amido fragment (Figure 1). This bridging moiety was
previously successfully applied in ansa-metallocene chemistry, particularly for Group 4
metallocenes. To date, it is still the most commonly applied bridging moiety in CGC
chemistry, probably due to the facile synthetic accessibility and high thermal and

chemical stability.

The commonly used SiMe, ansa-bridge has been further modified by
replacement of one of the methyl substituents, resulting in a chiral silicon atom (Figure
12).  Replacement by alkyl, alkenyl or phenyl substituents combined with
asymmetrically substituted cyclopentadienyl derivatives gives rise to diastereomeric
complexes (33). Substitution of one methyl group for hydrogen (34) or chlorine (35)
introduced a reactive site in the ansa-bridge that may be used for linking the CGCs to

60- 147 I addition, suitable linkers attached to a mono-silicon

heterogeneous supports.
bridge have been used to connect CGC fragments to ansa-metallocene fragments in

bimetallic complexes (36).”"
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36

Figure 12. CGCs with mono-silicon bridges other than SiMe,.

Besides silicon, only a few other elements have been reportedly used to connect

the respective ligand fragments in ansa-cyclopentadienyl amido complexes by a short,

148

single atom bridge (Figure 13). These comprise boron (iPr;,NB) (37), ™ carbon in both

the sp> (H,C=C) (38)" '* or sp’ (RHC, R = alkyl, aryl) (39)""* "** hybridised forms

and phosphorous (/BuP) (40).""
tBu

\ 1
/\T NMe, b NEG )
iPr,N=—=B ! r
2 NS e, N, P /TI\CI
N N \N

Ph SiMe, tBu

37 38 39 40

Figure 13. CGCs with mono-element bridges other than silicon based.

Longer bridges containing 2 or 3 atoms in the backbone were also described
(Figure 14). Thus, (SiMe,),-bridged CGCs (41) were used in the patent by the Dow
Chemical Company as examples for ansa-bridged cyclopentadienyl amido complexes
without substantial strain in the ligand framework and subsequently lower
polymerisation activity. On the other hand, the CH,SiMe, bridging moiety, first
devised by Dias et al. (42), was found to be superior over the short SiMe, bridge in

152

Group 3 CGC catalysed hydrosilylation (vide infra). °° Furthermore, numerous CGCs

bearing (CHa), (n = 2,7 1%+ 15* 3% 13%) pridges (43, 44) have been reported.
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Figure 14. CGCs with bridges longer than one atom.

1.4.4. Variation of the metal centre

Linked cyclopentadienyl amido ligands have first been utilised by Bercaw et al.
for the synthesis of Sc(IIl) complexes. Shortly thereafter, Okuda reported the first
titanium compounds with such ligands and the Dow Chemical Company and Exxon
Chemical Company issued fundamental patents that claimed unique polymerisation
characteristics of the Group 4 congeners. Since then, the vast majority of the open
literature focused on the tuning and understanding of properties of Group 4 CGCs.
However, linked cyclopentadienyl amido ligands have been extensively applied to
Group 3 transition metals and also to the lanthanides and actinides. Furthermore, the
same ligand design has been successfully used in the coordination chemistry of other
transition metals and even main group elements. The following sections intend to
demonstrate the versatility of linked cyclopentadienyl amido ligands (without additional

pendent donor functionalities) outside Group 4 chemistry.

Besides the first Group 3 CGCs published by Bercaw et al.,” ** '*° various
monomeric amido CGCs of Y(III) (45),"’ as well as monomeric alky]'®* 1°%- 159 160- 161
and dimeric hydrido"® ** ' CGCs of Y(III), Lu(III), Yb(III), Er(III) and Tb(III) have
been reported. Also described are a number of Y(III), La(IIl) and Nd(III) complexes
that bear one or two [(3,6-1BuyCi3Hg)(SiMe,)N/Bul™ ligands and which display
interesting bonding modes (77°-, symmetric or non-symmetric 77°-coordination of the
substituted fluorenyl moiety depending on the nature of the metal and the co-
ligands).'®* Moreover, monomeric and dimeric CGCs of Yb(II) (46) and Sm(I)'® as
well as monomeric, dimeric and tetrameric CGCs of thorium Th(IV)'®* ' and U(IV)

such as 47 have been reported (Figure 15).
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Figure 15. Group 3 CGCs.

Beyond Groups 3 and 4 of the periodic table, numerous examples have been
reported for CGCs of other elements, particularly of the earlier groups. For example,
vanadium complexes bearing bridged cyclopentadienyl amido ligands were synthesised

incorporating vanadium in the oxidation states +1II (48), '°® +III (49),'®* +1V (50, 51),'°*

17 +V (52).'%" For the higher Group 5 homologues niobium and tantalum CGCs are

only known for the oxidation state +V (53) (Figure 16). 169,170, 171, 172

| ipr  R=Cl, Me Ph  M=Nb, Ta

51 52 53
Figure 16. Group 5 CGCs.

CGCs are also known for all the Group 6 metals containing chromium(III)
(54),'” molybdenum(IV) (55),'"* molybdenum(V) (56),* ** molybdenum(VI) and
tungsten(VI) (57), respectively, reflecting the preferred oxidation states for the elements
in this group (Figure 17).

- 48 -



‘ 0 / é\‘ NM
” Ve e
\ M 2

Cl, 1 Cl
N o, 1
, E: R ;SI / 0\ / MO\
2 f— NMe 1
N
| Ph SiMe, L =thf, PMe,

tBu R =Ph, CH,SiMe,
54 55 56 57

Figure 17. Group 6 CGCs.

The only reported Group 7 complexes bearing a linked cyclopentadienyl amido
ligand contain rhenium in the oxidation state +III (58).'”>" '7® For Group 8, only the
Fe(IT) complex 59, albeit only with rudimentary spectroscopic characterisation, has been

described (Figure 18).

Figure 18. Group 7 and 8 CGCs.

Cowley et al. reported a number of Group 13 (Al, Ga, In)'"" '"®

and Group 15
(P, As, Sb)'” complexes utilising CGC ligands. However, the coordination modes in
these compounds are completely different from those found in the previously discussed
transition metal complexes, as the main group elements lack suitable orbitals for 7’-

coordination of the Cp fragment.

1.5. Polymerisation with constrained geometry complexes

The first claims of exceptional catalytic activity of Group 4 CGCs for ethylene
homopolymerisation, copolymerisation of ethylene with a-olefins such as 4-methyl-1-
pentene, 1-hexene, 1-octene and 4-vinylcyclohexene (as an example of a hindered
vinylic monomer) and copolymerisation of ethylene and styrene can be found in the
patent literature.”® %’ Such performance triggered intensive research activity to (i)
understand, (ii) further improve and (iii) exploit the full catalytic potential of these
compounds. Since then, ongoing industrial research into the field is documented in

180

numerous patents.  However, the following summary focuses on aspects of CGC

catalysed polymerisations as they appear in the open literature.

-49 -



1.5.1. Mechanism of the polymerisation reaction

It is generally agreed that the CGC catalysed polymerisation of a-olefins

- . 181, 182
proceeds according to the Cossee-Arlman mechanism. ~

This mechanism (Scheme
1) assumes that the catalytically active centre incorporates both an alkyl group and a
vacant coordination site that allows 7z-coordination of the incoming monomer. In a
concerted rearrangement via a four-centred transition state, a new bond between the
alkyl group and the « olefinic carbon atom is established, while at the same time a new
bond between the S olefinic carbon atom and the transition metal centre is formed. In

this way, both a new alkyl group and a vacant site are generated, providing the

conditions for the next propagation step.

R ¥
AN

R
a
( / . / R
M* + || _— M —_— M | — M
\ Y
\D \/ 4

Scheme 1. Cossee-Arlman mechanism for olefin polymerisation on transition metal centres; ancillary
ligands and counter-ion omitted for clarity.

Various computational studies specifically on CGC catalysed olefin

. . . 183, 184, 185, 186, 187, 188, 189, 190, 191, 192
polymerisation support these assumptions.

Experimental studies showed a strong influence of the solvent on polymerisation rate.'”
Related computational studies rationalised this observation by demonstrating

competition of the counter-ion, monomer and solvent molecules for the vacant

187, 188

coordination sites at the cationic active centre and the influence of the solvent on

187, 190, 191, 192 . .. .
87, 190, 9L 192 gagides the characteristics of the solvent, the steric

ion-pair separation.
demand and ability of the ancillary ligands to stabilise the positive charge on the active
centre were found to affect the equilibrium between the contact-ion pair and the

solvated, fully separated ion-pair.'**

Early in the development of CGCs, the occurrence of long-chain branches in
CGC derived polyolefins was observed. It was reasoned that these long-chain branches
may stem from incorporation of vinyl-terminated macromonomers formed in the course
of the reaction.'”

[{77: n'-(CsMe4)(SiMe;)NBu} TiCl,)/MAO  systems.'”® An alternative long chain

Indeed, exclusively vinyl terminated polyethylene was obtained with

branching mechanism via o-bond metathesis involving transfer of a proton in the
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growing polymer chain to the a~carbon of the transition metal alkyl cation was excluded

: 1
based on results from computations.'”’

Computational and experimental studies on the potential mechanisms for
generation of vinyl-terminated macromonomers established that fhydrogen transfer to
the monomer was the energetically most favourable (Scheme 2). Other conceivable
mechanisms such as fhydride elimination (f-hydrogen transfer to the metal) and o~
bond metathesis involving one equivalent of monomer were found to be highly

184, 197. 198 By perimental data also suggest that the probability

disfavoured energetically.
of incorporation of the vinyl terminated macromonomers is enhanced by a low diffusion

rate, probably due to entanglement effects.'”

k3
— \ //\ %
‘\ /, “\ /l “ H
i H Ti" 'l—l

sti\N/T'\/kH st\\N/ s\\\/,(H HS‘\ / N / \
!' P | 3 P | /\

o
Scheme 2. Chain termination with generation of vinyl terminated macromonomer by S-hydrogen transfer
to the monomer.

1.5.2.  Activation of CGC for the polymerisation of a-olefins

Common, neutral Group 4 CGCs have to be converted to the cationic species
that are active olefin polymerisation catalysts by reaction with suitable co-catalysts.
The formation of these active species usually involves abstraction of a hydrocarbyl
group (e.g. methyl or benzyl) from the metal centre. A suitable co-catalyst should
combine both advantageous features in the activation process itself (abstraction) and in
the coordination characteristics of the generated anion, which acts as a counter-ion to
the cationic active centre. A vast number of different co-catalysts have been reported in

the literature.’®

Methylaluminoxane (MAO), which can be prepared by controlled hydrolysis of
AlMes, and related activators are currently the commercially most successful co-
catalysts, though they exhibit some quite disadvantageous features. Firstly, to obtain
optimal polymerisation activities and an acceptable kinetic stability of the
polymerisation reactions, high MAO:catalyst precursor ratios of about 10-10*1 are
necessary, making MAO the major cost factor in the process. Secondly, despite

prolonged and extensive research in the area, the exact composition and structure of
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MAO remains unclear,?" 2%

mainly due to multiple equilibria between different MAO
oligomers and residual trimethylaluminium. Both the use of MAO in
superstoichiometric quantities and its structural fluxionality and instability prevent a full

3 and

characterisation of the active species in the polymerisation reaction,
consequently make further improvement of the process highly dependent of empirical
studies. It should be noted that MAO facilitates the use of dichloro or diamido CGCs as
catalyst precursors since MAO (or the AlMe; residue therein) is a strong methylating
agent capable of converting these species to their dimethyl derivatives that are in turn

activated by methyl abstraction.”"*

Another class of compounds that was successfully applied as co-catalysts in the
CGC catalysed olefin polymerisation are highly Lewis-acidic perfluoroarylboranes,
particularly B(C4Fs); and a number of other perfluoroarylboranes.”” Despite lower
polymerisation activities of the resulting catalyst systems, they have the great advantage
of allowing isolation and thorough characterisation of the ion pairs comprising the
catalytically active cationic complexes and their respective counter anions.”’® 27 A
major drawback of the perfluoroarylboranes in their application as co-catalysts is the
considerable interaction of the abstracted methyl group (that is incorporated in the
generated MeBR3;™ counter-ion) with the cationic centre. A way to circumvent this
problem is the use of the triphenylcarbenium (trityl) salts of the corresponding
perfluorotetraarylborates, e.g. [PhsC ][B(CsFs)4 ], as co-catalysts. In these systems, the
trityl cation reacts as a strong methyl abstractor generating a neutral hydrocarbon, while
the perfluorotetraarylborate moiety acts as a largely non-coordinating anion.’”> 2
Surprisingly, a beneficial effect of superstoichiometric amounts of [Ph3C ][B(C¢Fs)4 ]
was observed in CGC catalysed olefin polymerisation. For example, the [{’:n'-
(CsMey)(SiMe,)NtBu} TiCl,)/AliBus/[PhsC][B(C¢Fs)s ] system showed a tenfold
increased productivity in propylene polymerisation when pre-catalyst/alkylating

agent/co-catalyst were employed in a 1:10:10 ratio compared to a 1:10:1 ratio.*”’

Naturally, every co-catalyst displays its specific characteristics in hydrocarbyl

210 Therefore, it is not

abstraction reactivity and interaction of the resulting ion pairs.
surprising that a strong effect of the combination of catalyst precursor and co-catalyst
on polymerisation characteristics is observed. The following sections give an overview

about reports that specifically address such dependencies.
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The influence of the chosen co-catalyst with respect to the tacticity of the
obtained polymer was observed in the polymerisation of propylene with [{7’:7'-
(Ci3Hg)(SiMey)N/Bu}ZrCl;]. The MAO activated system resulted in mainly
syndiotactic polymer, whereas the [PhsC ][B(CsFs) J/AliBus activated system yielded
mainly isotactic polymer. A change from solvent-separated ion pair in the former to
contact ion pair in the latter was suggested as a plausible explanation for this
observation.”'' In a consecutive study, [{7’:7'-(Ci3Hg)(SiMes)NBu}ZrX,] (X = Cl,
NMe;) was demonstrated to act as single site catalyst when activated with MAO, while
generating a number of catalytically active species in the presence of [PhsC"][B(CsFs)s
J/AIR3. At the same time, it was shown that the catalytic performance of such systems
is independent of the substituent X; X = Cl or NMe, gave identical results. In addition,
use of the dimethylated derivative [{7:7'-(Ci3Hg)(SiMes)N/Bu}TiMe,] had a
tremendous effect on the observed polymerisation characteristics when the co-catalyst
was varied. Systems involving B(CgFs); as a co-catalyst were capable of polymerising
propylene and 1-hexene, respectively, at low temperatures (—50 °C) in a living manner
to give syndiotactic-rich homopolymer, but were quickly deactivated at 0 °C.*'> MAO
activated systems, in which the added MAO had been freed of all traces of AlMes;,
formed polypropylene with high activities and displayed all the characteristics of a
living polymerisation system even at 0 °C.?" Similar catalytic behaviour, albeit
producing atactic polypropylene, was demonstrated for the related pre-catalyst [{7:7'-
(CsMes)(SiMey)N/Bu} TiMe,]. 2!+ 212 Living copolymerisation of ethylene and

norbornene was also reported for CGCs activated with dried MAO.*'®

Excess Al(C¢Fs)s, in contrast to its boron analogue B(C¢Fs)s;, was found to
facilitate abstraction of both titanium-bonded methyl groups from [{7:7'-
(CsMey)(SiMe,)N/Bu} TiMe; ] under formation of the corresponding dicationic complex.
This complex produced a copolymer from ethylene and 1-octene with higher efficiency

and higher molecular weight than the corresponding cationic catalyst.?"”

A marked temperature dependency was observed for the catalyst system [{7°: 77'-
(CsMey)(SiMey)NtBu} ZrMe,/[Ph3C ][(C12Fo);AIF ] (C12F9 = 2-nonafluorobiphenyl).
This system was found to be inactive towards the polymerisation of ethylene at 25 °C,

but at higher temperatures (60 °C, 110 °C) a significant polymerisation activity was
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observed. This change in reactivity may be ascribed to an alteration of the nature of the

ion pairing at different temperatures.”'®

1.5.3.  Zwitterionic CGCs as single component olefin polymerisation catalysts

Devore, Marks et al. reported the activation of titanium(Il) CGC diene
complexes with common activators such as MAO and B(C¢Fs); for the
copolymerisation of ethylene and 1-octene. Later, the products of the 1:1 reaction of
related diene complexes with B(CgFs); were found to be well defined, zwitterionic
complexes (Eq. 14). In these complexes, the charge of the cationic transition metal
centre is matched by the anionic borate moiety on the original diene ligand.*'"- 22+ 2!
Since the zwitterionic complexes contain a cationic transition metal centre with only
weak stabilisation by the counter-ion, they can act as single component olefin

polymerisation catalysts and no additional co-catalyst is required.**?

(Eq. 14)

tBu tBu  B(CgFs)s

Piers et al. attempted the incorporation of the co-catalyst into the ligand
framework of CGCs by hydroboration of a pendent allyl group on the cyclopentadienyl
ring with [HB(C¢Fs)2]n. The resulting pendent borane moiety was conceived to be
sufficiently Lewis acidic to yield a zwitterionic single component catalyst. However,
synthetic difficulties prevented a successful realisation of this idea. On one hand, the
dichloro derivative with a pendent B(CgFs), group could be easily prepared, but
alkylation failed under various conditions (Eq. 15). On the other hand, starting from the
dimethyl, dibenzyl or bis(trimethylsilylmethyl) derivatives with a pendent allyl group,
reaction with the hydroboration reagent was usually not selective and always resulted in

undesired products (Eq. 16).%*

B(CG F5)2

alkylating agent (Eq. 15)
complex product mixture
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[HB(C4F),], (Eq. 16)

complex product mixture

1.5.4. Structure-activity relationship for constrained geometry complexes

Since the first publication of CGCs, a wide range of modified and related
compounds has been published. Nonetheless, one of the most systematic investigations
into the CGC structure-activity relationship for olefin polymerisation is Stevens’ report
dating back to 19917 that essentially summed up the claims in the initial patent of the
Dow Chemical Company.*® Stevens demonstrated that high catalyst efficiencies and
comonomer incorporation are correlated with increased electron density at the metal
centre for a series of catalyst precursors. An electron increase at the metal centre can be
both induced by variation of the substituted cyclopentadienyl moiety (indenyl < CsHy <
CsMe,) or the substituent on the nitrogen of the chelating ligand (4-F-Ph < Ph < ¢Bu).
Furthermore, it was shown that the nature of the bridge has a strong effect on both
catalyst efficiency and comonomer incorporation, with more acute Cpcentroic—M—N
angles giving the better results.””* Comparison of SiMey-and (CH,),-bridged
complexes, which both exhibit Cpeentroic—M—N angles of about 108°, revealed some
electronic influence of the bridge on the polymerisation results: for the dimethyl silyl
bridge, comonomer intake is lower, but catalyst activity is higher. A strong influence of
the Group 4 metal was also demonstrated, with titanium compounds being generally
more efficient and giving polymers with distinctly higher comonomer incorporation
than their zirconium analogues. This is in stark contrast to related bis(cyclopentadienyl)
Group 4 complexes, where the zirconium derivatives are usually far more active than

their titanium counterparts.225

Compared to metallocenes and ansa-metallocenes, CGCs incorporate longer o-
olefins to a much higher extent in copolymerisation experiments and without sacrifice
of the high molecular mass of the produced polymer.?*® The mechanical properties of
such long-chain branched polyolefins resemble in some instances those of crosslinked
polymers.*?” A further improvement of comonomer incorporation for a variety of o-
olefins was observed for catalyst systems derived from complexes in that two CGC type

_ . . 92,228
moieties are connected via a short linker.””
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Improved catalyst performance in terms of higher activity, stability, 1-octene
incorporation and polymer molecular weight was obtained by replacing the commonly
applied CsMe; fragment by either a particular benzannelated cyclopentadienyl
derivative, namely a 2-methylbenz[e]indenyl moiety, or a specific amino functionalised
indenyl derivative, namely the 3-pyrrolidino-indenyl group. Copolymerisation of
ethylene and 1-octene resulted in poly {ethylene-co-(1-octene)} with a high content of 1-
octene and oligoethylene side-chains. Virtually ideal copolymerisation of ethylene and
propylene was observed with [ {°:5'-(CsMe4)(SiMe,)N#Bu} TiCL,]/MAO as a catalyst, a

characteristic that could not yet be achieved with any metallocene system.

Homopolymerisation of propylene with CGC based systems usually results in

37. 42 . . . . .. .
" However, introduction of suitable amido moieties into the ansa-

atactic products.
SiMe,-bridged ligand, such as N(CHRR’) (R = alkyl, R’ = aryl), resulted in formation
of isotactically enriched polypropylene. Furthermore, it was shown that fluorenyl based
CGCs can produce polypropylenes with a high content of syndiotactic or isotactic

211, 213 230, 231
> > If

sequences, depending on the utilised co-catalysts and solvents.

heterocycle-fused titanium indenyl silylamido complexes are employed as pre-catalysts,

predominantly syndiotactic polypropylene is accessible.** **2

Due to its semicrystalline
nature, this new type of polypropylene showed unique mechanical properties combining
some characteristics of both crystalline syndiotactic PP and amorphous atactic PP,

making it an interesting thermoplastic elastomeric material. >

A strong influence of the nature of the amido group on the molecular weight of
obtained PP was reported. While for [{7:n'-(CsMes)(SiMe;)NR}TiCLLJ/MAO,
polymer molecular weights increased with increasing bulk of the substituent R, a
reversed tendency was observed for [{7’:7'-(CsH4)(CH,),NR}TiCL,)/MAO and
[{77: n'-(CsH4)(CH,),NR} TiBz,]/B(C¢Fs)s. Differences in cation-anion interactions in
the respective catalyst systems were suggested to be a probable explanation for these

trends.>**

For ethylene-bridged ligand systems, a pronounced effect of the nature of the
amido moiety (NR) on the activity towards propylene polymerisation was reported.
Only for R = Me was the catalytic formation of PP observed, while for R = iPr and /Bu
the systems were rendered inactive for the polymerisation of propylene. These

observations are rather surprising considering that the (CH,),-bridged system showed
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higher activities for the polymerisation of ethylene than the analogous SiMe,-bridged

systems, while the latter readily polymerises propylene even for R = /Bu.

A number of CGCs have also been tested as catalysts for the
homopolymerisation of 4-methyl-1-pentene and copolymerisation of this monomer with
ethylene. A certain degree of isotacticity (up to 39%) and some irregularities derived
from 2,1-insertion were observed in the homopolymerisation experiments, both
parameters being distinctly sensitive to variations in the ligand framework. The trends
observed in the copolymerisation of 4-methyl-1-pentene with ethylene were similar to
those observed in comparable copolymerisation experiments of ethylene with other -

olefins.?*

CGCs with electron-withdrawing groups on the ansa-bridged amido moiety (19)
were studied as catalysts in the homopolymerisation of propylene and styrene and the
copolymerisation of ethylene and styrene. Activity for homopolymerisation of
propylene and ethylene/styrene copolymerisation was diminished by the electron-
withdrawing groups compared to the previously described alkyl amido substituted
catalysts. On the other hand, productivity in styrene homopolymerisation was
increased, resulting in mainly syndiotactic polystyrene. Overall, the CGCs carrying
electron-withdrawing groups on the amido moiety showed a behaviour more similar to
non-bridged complexes such as Cp TiCls than to alkyl amido substituted CGCs. This
observation was attributed to a cleavage of the titanium amido linkage under
polymerisation conditions in the former systems. Hence, it was concluded, that high
ethylene polymerisation activity of most CGCs is not solely a result of the constraints
induced by a short bridge, but as well a consequence of the donor characteristics of

alkyl amido ligands.*®

1.5.5. Further aspects of (co)polymerisation of ethylene and a-olefins

5,7-Dimethylocta-1,6-diene and 3,7-dimethylocta-1,6-diene, readily available
non-conjugated linear dienes from terpene feedstocks (Eq. 17), are incorporated
exclusively via their less hindered double bond into polyethylene copolymers using the

[{77:7'<(CsMe4)(SiMe;)N/Bu} TiCL,/MAO system. > 238
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H, - . -
A \ \ (Eq. 17)

90% 10%

The capability of CGC based system to incorporate long-chain vinylic
monomers has been utilised in the copolymerisation of ethylene and a decenyl-

functionalised silsesquioxane 60 (Figure 19).

Figure 19. Decenyl-functionalised silsesquioxane.

The incorporation of silicon-oxygen cages into the polymer resulted in improved
thermal stability of the material and may have further influence on the material
properties.”® The capability to incorporate long-chain vinylic monomers was further
established by the homopolymerisation of @w-undecenyl PS macromonomers, giving
access to unique polyethylene-grafi-(nonyl-block-polystyrene).*

[{7:17'-(CsMes)(SiMe,)N/Bu} TiCLL/MAO has also been used for the
copolymerisation of ethylene and 3-(penten-1-yl)thiophene. The presence of the soft
Lewis-base had no detrimental effect on the copolymerisation performance. Subsequent
grafting with conjugated poly(3-hexylthiophene) by FeCls-mediated copolymerisation
of the copolymer with 3-hexylthiophene yielded a new material with interesting

physical properties, e.g. fluorescence (Scheme 3).2"!
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[{(CsMe,)(SiMe,)NtBU}TICL,] / MAO
s N
@/\/v/ excess ethylene

excess 3-hexylthiophene

Hex

Hex

Scheme 3. Synthesis of a novel ethylene-thiophene copolymer involving CGC catalysis.
1.5.6. Polymerisation of monomers other than a-olefins

15.6.1.  Styrene and derivatives

CGCs were found to be superior catalysts for the production of ethylene/styrene
copolymers. On the one hand, commonly used catalysts for the homopolymerisation of
styrene such as [CpTiCls] and related half-sandwich complexes produce predominantly
syndiotactic polystyrene in styrene/ethylene mixtures besides traces of copolymer.***
On the other hand, highly active catalyst systems for the homopolymerisation of
ethylene such as ansa-zirconocene dichlorides and related compounds fail to
incorporate larger quantities of styrene comonomer due to their crowded coordination
sphere.”® CGCs are bridging this gap by allowing high styrene content in the
copolymer, high activity and virtually no contamination by polystyrene. Ethylene and
styrene were copolymerised in the presence of [{7:7'-
(CsMey)(SiMe,)N/Bu} TiCl,]/MAO. A linear relationship between concentration and

styrene incorporation was found only for low styrene concentrations.***

Miilhaupt et al. demonstrated that CGC derived systems incorporate styrene

units in the copolymer either in an isolated fashion or with tail-to-tail coupling (Figure
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20). The strict absence of head-to-tail coupling in the polymerisation process limits the

maximum number of neighbouring styrene units to two and results in a pseudo-random
245

| ,

tail-to-tail head-to-tail head-to-head
coupling coupling coupling

poly(ethylene-co-styrene).

Figure 20. Possible coupling modes of neighbouring styrene units in styrene polymers.

Comparison ~ of  poly-(ethylene-co-styrene)  derived  from  [{r:7'-
(CsMey)(SiMe,)NR} TiCl,]/MAO (R = 1Bu, Cy) provided evidence for a significant
influence of the amido ligand. While the Bu substituted system displayed some tail-to-
tail coupling, the products of the Cy substituted system showed only isolated styrene
units despite a higher styrene incorporation.”*® Selectivity of styrene incorporation is as
well highly sensitive to variations in the cyclopentadienyl derivative, as was
demonstrated by a comparative study on [{775:771—(C5Me3R)(SiMez)NtBu}TiClz]/MAO
(R = H, Me, Bu, Ph, 4-F-Ph, but-2-en-2-yl).247 Xu applied a tailored catalyst system,
[{7:n'-(C13Hs)(SiMe,)NBu} TiMe |[B(CeFs)s ], to obtain perfectly alternating

poly(ethylene-co-styrene) with isotactic arrangement of the styrene units.***

The preference for isolated incorporation of styrene units in the polymer chain
usually limits the styrene content to 50 mol-%. However, Marks et al. could obtain up
to 92 mol-% styrene incorporation utilising a bimetallic CGC, [{7:7'-
(CoHs)(SiMe,)NsBu} TiCl, }2(1-CoHy)], with close proximity of the two active sites.
This system apparently facilitates to some extent head-to-tail coupling and tail-to-tail-
coupling of styrene units.>* If the linker between the two CGC units is elongated (6, 9,
or 12 carbon atoms), the bimetallic systems behave rather like singular CGCs and

styrene incorporation into the copolymer is below 50 mol-%.>" >

A study on ethylene/(methyl)styrene copolymerisation using the [{7’:7'-
(CsMey)(SiMe;)NBu} TiCl;]/MAO catalytic system showed an increase in comonomer

intake in the order m-methylstyrene < o-methylstyrene < styrene < p-methylstyrene that
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was attributed both to steric and electronic effects. The good copolymerisation
characteristic of p-methylstyrene was particularly promising, as the reactivity of the
benzylic protons of the methylstyrene moieties allow further functionalisation of the
obtained polymers.”> Contrary to the occurrence of tail-to-tail coupling in
ethylene/styrene copolymers derived from CGC catalysis, only isolated p-methylstyrene

units were observed in the obtained poly(ethylene-co-p-methylstyrene).**

[{7:17'-(CsMes)(SiMe,)N/Bu} TiCL/MAO was also found to facilitate the
terpolymerisation of ethylene and styrene or p-methylstyrene, respectively, with a
variety of termonomers such as propylene, 1-octene, norbornene and 1,5-hexadiene with
high efficiency.”* #*° 1,5-hexadiene cyclopolymerised under the applied conditions
resulting in terpolymers incorporating randomly distributed 1,3-cis- and 1,3-trans-

cyclopentane rings (Figure 21).2% 2

~ ’ ~ -
~ e ~ -,
§
S

cis trans

Figure 21. Possible microstructures of 1,3-cyclopentane units.

Waymouth et al. found that CGCs bearing electron-withdrawing amido
functions behaved in a distinctively different manner compared to that of the previously
described systems and closely resembled the characteristics of non-bridged systems
such as Cp TiCls, producing predominantly syndiotactic styrene homopolymer even in

the presence of ethylene (vide supra).

1.5.6.2.  Cyclic monomers

Ethylene-norbornene copolymers are thermoplastic materials with interesting
properties, e.g. they are amorphous, highly transparent and chemically resistant.”’
Ethylene-norbornene copolymerisation using metallocenes and CGCs has been

extensively studied by Ruchatz and Fink.?* 2%~ 260 26!

In most aspects, CGCs were
found to behave similarly to the ansa-metallocenes investigated in the same studies. All
catalytic systems under investigation incorporated norbornene solely in cis-2,3-exo
fashion (Figure 22) and titanium CGCs were found to incorporate virtually exclusively

. .. 259,262, 263
isolated norbornene units.”>” >
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cis-2,3-exo

Figure 22. Preferred microstructure of norbornene units in CGC derived norbornene polymers.

On the other hand, the investigated zirconium CGC allowed even
homopolymerisation of norbornene. In the case of a bulky amido moiety in the ansa-
bridged ligand, homopolymerisation can be surpressed and almost perfectly alternating
ethylene-norbornene copolymers can be obtained.”** In these alternating copolymers,
subsequent norbornene units arrange largely in an atactic fashion.”®> Copolymerisation
activities of CGC based systems were moderate, but frequently lower than those of
ansa-metallocenes. While ansa-metallocenes yielded increased polymer molecular
weights with increasing norbornene concentration, [{7:n'-
(CsMey)(SiMe,)N/Bu} TiCl,] gave lower polymer molecular weights with increasing
comonomer concentration. At the same time, higher comonomer concentrations
correlated with lower numbers of long chain branches along the polymer chain.?*

These experimental results could be largely rationalised through computational

. 2
studies.?®’

In terpolymerisation experiments, ethylene and norbornene were terpolymerised
with 5-vinyl-2-norbornene, demonstrating the exclusive incorporation of 5-vinyl-2-
norbornene by reaction of its cyclic double bond. The presence of 5-vinyl-2-norbornene
increased the polymer molecular mass of the produced polymers for CGC catalysts,

whereas the opposite effect was observed for ansa-metallocenes.**®

Sundararajan et al. claimed that [{7:77'-(CsMe4)(SiMe,)N/Bu} TiCL]/MAO can
be converted by reaction with phenylacetylene to give a catalytic system that facilitates
ring-opening metathesis polymerisation (ROMP) of cyclic olefins such as

269, 270
norbornene. > %’

In the copolymerisation of ethylene and cyclopentene, alternating
copolymers with 1,2-enchainment of the resulting cyclopentane units were obtained.
While catalyst systems based on achiral CGCs [{7": n'-(CsMe4)(SiMe;)N/Bu} TiR,] (R
= Cl, Me) produced alternating atactic poly-(ethylene-co-cyclopentene), chiral versions

of the pre-catalyst incorporating substituted indenyl-moieties produced alternating
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isotactic copolymer (Figure 23).* ?' Analogous observations were reported for

copolymerisation of ethylene with cycloheptene and cyclooctene, respectively.™

Figure 23. Section of isotactic poly(cis-1,2-cyclopentene-alt-ethylene).

In the copolymerisation of ethylene with 7-methylenebicyclo[4.1.0]heptane,
[{7:7'-(CsMes)(SiMe)NBu}MMe |[B(C¢Fs)s ] (M = Ti, Zr) catalysed the
incorporation of the cyclic monomer via a ring-opening Ziegler polymerisation (ROZP)
mechanism (Eq. 18), involving sequential double-bond insertion and f-alkyl shift ring-
opening. The copolymers obtained are of particular interest as they carry exo-

methylene functionalities that facilitate further derivatisation.*’*

{(CsMe,)(SiMe,)NBUIMMe*][B(CoFs),1 (M = Ti, Zr)

(Eq. 18)

excess ethylene

1.5.6.3. Conjugated dienes

It was demonstrated that CGCs, such as [{77:7'-(CsMe4)(SiMe,)N7Bu! TiCly],

activated with MAO catalyse polymerisation of 1,3-butadiene®” **

and 1,3-pentadiene
with similar activity and produce polymers with comparable microstructure as it is
observed for non-bridged systems, i.e. Cp*Tng/MAO. Poly-(ethylene-co-1,3-

butadiene) could be as well produced with these systems.*"

While activities of Group 4
CGC catalysts were found to be rather poor for the polymerisation of 1,3-pentadiene
due to the steric hindrance imposed by the methyl group, the vanadium CGC based
system  [{77:77'-(CsMe4)(SiMe,)N/Bu} VCL/MAO  showed four times higher

productivity than its Group 4 analogues under standardised conditions.

1.5.6.4. Polar monomers

The copolymerisation of polar monomers with olefins using transition-metal

complexes is still a great challenge. Correspondingly functionalised copolymers are
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expected to exhibit desirable material properties of potentially great commercial

value.”’® CGCs provided some advancement in this field.

[{7:7'-(CsMes)(SiMe,)N7Bu} TiCl,] was found to facilitate copolymerisation of
ethylene and AlMes protected polar vinyl comonomers, e.g. AlMes protected 5-hexen-
1-ol and 10-undecen-1-ol, albeit with low activity. Attempts to incorporate AlMe;

protected vinylic carboxy comonomers, e.g. 10-undecen-1-oic acid, failed.?”’

The cationic zirconium enolate complex [{7:7'-
(CsMey)(SiMe,)NtBu} Zr {OC(OR)=CMe,}(L)]" is capable of producing highly isotactic
poly(methyl methacrylate) (PMMA) (Eq. 19),”® while its titanium analogue was
reported to produced predominantly syndiotactic PMMA.?” Isoelectronic [{7:7'-
(CsMey)(SiMe>)N#Bul Y (thf)(1-H)]» and [{n:n'-
(CsMey)(SiMe;)NBu} Y (CH,SiMes)(thf)] were shown to catalyse the polymerisation of
tert-butyl acrylate in a predominantly atactic fashion without addition of a co-catalyst.
[{7: 771—(C5Me4)(SiMez)NtBu}Y(thf)(,u—H)] » also showed activity towards

polymerisation of acrylonitrile. A group-transfer mechanism was suggested for these

reactions.
%
" \ oS
e, ! Zi
Q cat. /S'\N/ " ~oc(otBu=CMe,
I
tBu
OMe

R, = Me
R, = C(=0)OMe

[{7:1'-(CsMe4)(SiMe,)N/Bu} TiMe,] was found to be active for methyl
methacrylate and n-butyl methacrylate homo- and copolymerisation when activated by

B(C6F5)3 or AI(C6F5)3'66, 279

Al(CeFs)s activated [{77°: 7'-(CsMe4)(SiMe,)NBu} Ti(Cp)Me] was demonstrated
to be an efficient catalyst for the production of PMMA. The lack of a similar reactivity
in the analogous borane activated system gave rise to the assumption that the reaction

involves enolaluminates as key-intermediates.

Stepwise copolymerisation of propylene and methyl methacrylate with B(CgFs);
activated [{7:n'-(CsMe4)(SiMe,)N/Bu} TiMe,] afforded unique block-(atactic-PP)-
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block-(syndiotactic-PMMA) beside some homopolymeric material. The diblock
structure of the obtained polymers indicates the capability of the catalytic system for
mechanism-crossover, specifically the transition from a coordination insertion type
polymerisation of propylene to group-transfer type polymerisation of methyl

methacrylate.”®

1.6. Other transformations catalysed by CGCs

Beyond their application in polymerisation reactions, CGCs experience
increasing relevance in the catalysis of various other transformations. This section

gives an overview about this development.

In a comparative study, Teuben ef al. demonstrated the catalytic activity of some
Group 4 CGCs, namely [{7’:n'-(CsH4)(CH:)sNMe}MR,] {MR, = TiMe,, Zr(BH,),,
ZrBz,}, for the hydroboration of 1-hexene with catecholborane (Eq. 20). These CGCs
showed a much lower catalytic activity than the benchmark catalyst

[Cp*zLaCH(SiMe3)2], but a better stability under the reaction conditions applied.281

3.3 mol-%

o
— AN
o + 2 @i /BH
o)

Okuda et al. showed that [{7: n'-(CsMe4)(SiMe;)NR }TiCL] (R* = optically
pure chiral alkyl group) can efficiently catalyse the hydrogenation of imines, e.g.
acetophenone N-benzylimine, upon activation with 2 equivalents of nBuLi (Eq. 21).
While conversions were generally high, enantioselectivity was low with a maximum of
24% enantiomeric excess observed in the hydrogenation product.’” *° Related
complexes bearing an additional donor site in the amido moiety {R = -Cy(OCH,Ph)-2}
were also tested under the same conditions, but activities were lower while

enantioselectivity was not improved.
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(Eq. 21)

" VGl
. o i /0.2 mol-% nBuLi
0.1 mol-% Si - o
N a
N

Bz ){ Bz

> / Cy ./
N + NH
Ph

Ph

24% ee

Waymouth et al. applied catalytic amounts of titanium CGC [{7’:7'-
(C5Me4)(SiMez)NtBu}TiMez]/[Ph3C+][B(C6F5)47] in the presence of AlMe; and AlEts,
respectively, for the carboalumination of a variety of a-olefins. Strong evidence that
supports a mechanism involving olefin insertion into a Ti—-C bond followed by
transmetalation was given in the report. Catalytic amounts of titanium CGCs [{7:7'-
(CsMe4)(SiMe,)N/Bul TiCL] and [{7°:57'-(CoHg)(SiMe;)N(CH{Me}Ph)} TiCl,] were
also reacted with a-olefins in the presence of AlEt;. Analysis of the carboalumination
products after work-up strongly suggested a mechanism via a metallacyclic intermediate
for this combination of catalyst and alkyl reagent. Enantioselectivity of the chiral
catalyst [{775:771—(C9H6)(SiMez)N(CH{Me}Ph)}TiClz] was moderate with a maximum

28% enantiomeric excess for a specific substrate (allylbenzene) (Eq. 22).

| (Eq. 22)

" \ e
o, TiZ
1) 5 mol-% Si
PN / ~c
N

)\Ph

2) excess O,

OH
3) excess HCI N
+  2AIE
OH

28% ee

The same titanium dichloride CGCs were also utilised in ring-opening reactions
of 4,5-bis(methoxymethyl)-7-oxabicyclo-2-heptene in the presence of AlEt;. This type
of ring-opening of oxabicyclic alkene compounds is of great interest in synthetic
organic chemistry. Depending on the amount of AlEt;, either ethyl (2 equivalents of
AlEts3) or hydride (5 equivalents of AlEt;) were transferred to the cyclic substrate upon
ring opening. The chiral CGC [{7:57'-(CoHg)(SiMey)N(CH{Me}Ph)} TiCl,] catalysed
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the reaction with up to 34% (ethyl transfer) (Eq. 23) and 17% (hydride transfer)

enantiomeric excess, respectively.”*

e (Eq. 23)

T

}Si\ J/ e

N -
)\ =N OMe
O *
Ph

OMe 2) excess HCI | |

/ + 2 Al

OMe

1) 5 mol-%

34% ee

Polymerisation of the abundant polar monomer vinyl chloride with activated
CGCs has not yet been achieved. Instead, only 1.0 equivalent of vinyl chloride
undergoes insertion into the M—Me" bond of the catalyst, followed by rapid S-chloride

elimination.

Marks et al. reported a detailed study on the reaction of o-
chloronorbornene, a vinyl chloride analogue that is conformationally locked and
prevents rapid B-chloride elimination, with M—Me" in aromatic solvents (Eq. 24).
Rather surprisingly, it was found that M—Me" (e.g. activated CGCs) catalyse formation
of exo-1-chloro-2-arylnorbornanes. The catalytic reaction proceeds via a sequence of
olefin addition to the cationic metal moiety, skeletal rearrangement of the bicyclic
norbornene system and subsequent electrophilic attack on an aromatic solvent

284
molecule.

(Eq. 24)
10 mol-%|

\
o, ! Ti
~ SI\ / V\%‘Me
N
|

tBu

excess toluene
\Me

cl
cl H

"B(CeFs)s

CGCs of the Group 3 transition metals have also been successfully applied to a
number of catalytic organic transformations. Okuda er al applied [{7:7'-
(CsMe4)(CH,SiMe))NBul Y (thf)(1-H)], and  [{77°: 7'-(CsMe4)(SiMe)NBu} Y (thf)(u-
H)], in the hydrosilylation of olefins with good results. Thus, the former catalyst
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quantitatively converted 1-decene in the presence of PhSiHj to the anti-Markovnikov
product n-C;oH,;SiH,Ph (Eq. 25). Related dimeric CGCs bearing linked
cyclopentadienyl phosphido ligands were also found to be highly active and selective

catalysts for the hydrosilylation of a range of substrates.

o |

(Eq. 25)

\
Y
2.5 mol-% MeZSi\N/ =_=\H/
thf 0
|

SiH,Ph
tBu

/ + PhSiH,

nCgH,; nCgH,,

Marks et al.  reported the  high efficiency of  [{7:7'-
(CsMe4)(SiMe,)N/Bu} MN(SiMe;), (M = Sm, Nd), [{7:n'-
(CsMe4)(SiMe,)N/BulMCH(SiMes3),] (M = Yb, Lw?®®> 2 and [{5:7'-
(CsMey)(SiMey)N/Bu}M(NRR),] (M = Th, U; R, R” = Me, Et) for the intramolecular
hydroamination/cyclisation reaction of various substrates (Eq. 26).  Turnover
frequencies were similar or exceeded those of related lanthanocene systems. This
reactivity was as well exploited in a key step of the natural product synthesis of (+)-
xenovenine, i.e. a catalytic stereoselective tandem bicyclisation of an intermediate (Eq.
27). In comparison, conventional hydroamination/cyclisation catalysts yield only a

monocyclic product for this substrate.?*> 2%

(Eq. 26)

t,,, P
0.3-2mol-% "gj
— \N /

Sm—N(SiMe;),
tBu
HzN\)</\
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\
Sm—N(SiMe;),

5mokte
H / \N /

tBu
/ NH, \

Furthermore, [{77°: '-(CsMe4)(SiMe)NR}M(CH,SiMes)(thf),] (M =Y, Yb, Lu;

nCsHu‘—\%“/'

NnCsHy;

R = 1Bu, Ph, CcH,Mes-2,4,6; n = 1, 2) were found to catalyse dimerisation of various
terminal alkynes with high activity; almost exclusively head-to-head-(Z)-dimerisation
products were formed, exhibiting a high degree of regio- and stereoselectivity (Eq. 28).
In fact, this reaction presents the first example of such selectivity for aromatic

287

alkynes.”" The reaction proceeds cleanly even in the presence of carbon-halide bonds

that are known to be highly susceptible to reductive cleavage by transition metals.

\ wCH,SiMe,

2 mol-% ", ! ‘Lu
mo /S'\N Ny __ (Eq.28)
|

Mes Ph

Ph

1.7. Boron-bridged metallocenophanes and related compounds

As previously mentioned, the presence of the bridging moiety in ansa-
metallocenes and related ansa-cyclopentadienyl amido complexes, i.e. CGCs, may
significantly alter their reactivity when compared to their non-bridged congeners.
Variation of the nature of the bridging group may allow for the fine tuning of this

reactivity.

In the extensively studied field of metallocene chemistry, introduction of a boron
bridge between the respective cyclopentadienyl type fragments®®® was associated with
several beneficial characteristics: (i) the small size of the boron atom and the resulting
short ansa-bridge should reduce the flexibility of the two 7’-coordinated ligand

fragments, thus enhancing, in principle, the stereospecifity of the catalyst, especially if
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289
d,

higher polymerisation temperatures are require (i1) the Lewis acidic character of a

three coordinate boron moiety in the vicinity of the transition metal centre may

positively affect the catalytic activity of the latter®*" **!

and (iii) the Lewis acidic
character of a three coordinate boron moiety may allow the activation of the transition

metal centre in a way comparable to commonly used external Lewis acid co-catalysts.

The first structurally authentic [1]borametallocenophanes 60%°* > and 617,
however, incorporated phenylboranediyl bridges with additional donor ligands, i.e. tetra
coordinate boron centres with no significant Lewis acidity (Figure 24). The isolation of
a base free analogue was subsequently reported,””” although this report was called in
question as only rudimentary spectroscopic evidence was provided and the results could
not be reproduced independently. In 1999, Braunschweig et al. reported on the titanium
complex 62 as the first base-free [l]borametallocenophane incorporating a three
coordinate boron atom that is stabilised by z-donation from the attached amino moiety
(Figure 24).*° In due course, reports on the synthesis of a number of related Group 4
[1]borametallocenophanes appeared in the literature 2** #°7- 2% 299 300. 301 g djeg on the
ethylene polymerisation of [1]borametallocenophanes activated with MAO
demonstrated activities and product characteristics comparable of those observed for
289, 300

analogous silicon-bridged systems.

[{(77°-C13Hs)(77-CsH4)BNiPr,} ZrCl,]/MAO  exhibited high activity and modest

In propylene polymerisation experiments,

stereoselectivity with syndiotactic preference. More recently, the syntheses of
[2]borametallocenophanes 63 (Figure 24) were published and their application in

ethylene polymerisation to produce very high molecular weight PE demonstrated.*”

’ Me,N / [
\ Me,Si \ BN |
VoGl L~ VeCl \ \

\ B
L ‘ wnCl \nCl
5 » 5 - N — -
Ph” Y~ "~ 7 " | "¢
K N Me,Si K B K
\ Q \ Me,N
L = SMe,, PMe, ‘ M = Zr, Hf
L = OEt,, thf, PMe,
60 61 62 63

Figure 24. [n]Borametallocenophanes (n =1, 2).

In principle, similar advantages of a short, Lewis acidic boron bridge as
anticipated for metallocenophanes can be expected for corresponding CGCs.

Particularly the high rigidity of the ligand backbone may be beneficial for the selectivity
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of transformations catalysed by derived CGCs. Consequently, Braunschweig et al.
extended their approach to the synthesis of CGC ligand precursors and related
complexes. The ligand precursors are usually prepared from aminodichloroboranes
R,oNBCIl, by stepwise substitution of the two chlorides using a cyclopentadienide and a
primary amide derivative (Scheme 4). Reported examples of boron-bridged CGC
ligand precursors comprise (77'-CsHs)B(NiPr,)N(H)R {R = /Bu (64),°” *** Ph (65)***
3051 (1-CoH7)B(NiPr,)N(H)Ph (66),** *** (3-CoH;)B(NiPr,)N(H)Ph (67)** *** and (#'-
CsMesH)B{N(SiMes), ! N(H)R {R = /Bu (68), Ph (69)}.7%>**

R Cl R CH,
\ / M[CXHy] (M = Na, Li) Li[NHR] \ /
N=—B /N:B
/ \ - MCl - LiCl )
R cl R N—H
/
R

64 R=iPr, R'=tBu, C;H, = CsHs
65 R =iPr, R'= Ph, C,H, = CgHs
66 R =iPr, R'=Ph, C,H, = CoH,
68 R =Me;,Si, R =tBu, C;H, = CgH,;
69 R =Me,Si, R' = Ph, C,H, = CgH,,

Scheme 4. Synthesis of boron-bridged CGC ligand precursors.

Reaction of 65 with [Ti(NMe,)4] yielded the corresponding CGC [Ti{775:771—
(CsH4)B(NiPr)NPh}(NMe;),] (37) that could be further converted by reaction with
excess MesSiCl to its dichloro analogue [Ti{775:771—(C5H4)B(NiPr2)NPh}Clz] (70)
(Scheme 5). Upon activation with MAO, an active catalyst for the polymerisation of
ethylene was obtained. The syntheses of analogues complexes [Ti{7:n'-
(CsH4)B(NiPr;)N7Bu}R;,] {R = NMe; (71), Cl (72)} following the same route were

briefly reported; however, the preliminary spectroscopic data remained inconclusive.***

[Ti(NMe,),] é é
. . \ . \
LN toluene, -78 to 40°C 1P"| ' .wNMe, excess Me,sicl IPT| v Cl
. i

Ti
N==B —————= N==B ~ ———— >  N==B ~
/ A _ / N NMe, _ i / N Cl
oy \N_H 2 HNMe, ior \N/ 2 Me;SiNMe, \ N/
Ph Ph Ph
+ isomer
65 37 70

Scheme 5. Synthesis of the first boron-bridged CGCs.
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Double deprotonation of 66 with nBuLi and subsequent treatment with ZrCly
yielded inevitably the metallocene [Zr{7’:17'-(CoHg)B(NiPr2)NPh},] (73), regardless of
the applied ratio of dilithiated ligand to metal halide (Eq. 29).*%***

i NG iPr
Pro 4 nBuLi zrcl, iPr \ \B;,\( (Eq. 29)

2 N=—=B N=—=B .
7 AN - 4 nBuH -4 Licl 4 N /\ iPr

66 73

When 64 was treated with K[N(SiMes),] and YbCls in the presence of thf, the
unbridged metallocene [Yb{7’:n'-(CsHs)B(NiPr))N(H)/Bu},{N(SiMes),}] (74) was

obtained following a somewhat unclear reaction pathway (Eq. 30).*"**%
, NiPr,
/
tBU(H)N==B
Eq.
3 KIN(SiMes),], (Eq. 30)
LN YbCl,, thf \
2 N==B Yb——N(SiMe,),
N\
iPr N—n -3KCl ;
| - 2 HN(SiMey),
tBu
+ isomer B
: Praat
PN N8y
64 24

1.8. Aims of this research

The prospective benefits of a short, latently Lewis-acidic boron bridge in CGCs
have been previously described. The number of CGCs bearing the structural motif of a

boron bridge as well as data on their catalytic activity were, however, very limited.

The research project presented here aims to generate a more general
understanding of the chemistry of boron-bridged CGCs. To achieve this challenging
target, the previously employed approach for the synthesis of boron-bridged CGC
ligand precursors is exploited and extended to new bridging moieties, i.e.
ferrocenylboranediyl and diaminodiborane(4)diyl (Chapter 2.1). Although the newly
synthesised ligand precursors may serve as ligands to a wide variety of transition

metals, their ligation to Group 4 metals, especially titanium, is particularly interesting
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due to the very advantageous chemical characteristics of related silicon-bridged
congeners. Consequently, various synthetic strategies to prepare corresponding CGCs
of Group 4 metals are assessed (Chapter 2.2). The catalytic potential of selected boron-
bridged CGCs is then studied in ethylene and styrene polymerisation experiments,

representing the commercially most important reactions involving CGCs (Chapter 2.3).
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Chapter 2. Results and Discussion

2.1. Ligand precursors

One of the aims of this research project was the further development of the
previously described procedure for the synthesis of boron-bridged CGC ligand
precursors.”™ **®* 3% Variations in the ligand precursor may be introduced in three

positions (Figure 25).

Figure 25. Sites for modification of boron-bridged CGC ligand precursors.

Modification of the dialkylamino substituent on the borane precursor should
allow the 7~donation of the amino function towards the boron atom to be tuned, thereby
influencing the Lewis acidity of the latter. By extending the synthetic procedure to
borane precursors other than aminodihaloboranes, e.g. diaminodichlorodiborane(4) or
ferrocenyldibromoborane, [FcBBr;], novel boron-bridged CGC ligand precursors with
altered electronic and steric features should be available.  Applying various
cyclopentadienyl derivatives, such as indenyl and fluorenyl, should give rise to ligands
with different steric demand and electronic characteristics, hence modifying two of the
crucial factors influencing the catalytic activity and copolymerisation characteristics in
derived CGCs. Finally, changes in the alkyl- or arylamino fragment, which is to be
deprotonated to afford an amido donor function, should influence both the electron

density at the neighbouring boron centre and the transition metal centre.

When synthesising and characterising the ligand precursors, it should be borne
in mind that 7n'-coordinated main group element cyclopentadienyl compounds show

dynamic behaviour in solution. This arises from two different rearrangements: a
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degenerate 1,2-sigmatropic shift of the ERy group and a non-degenerate 1,2-sigmatropic

shift of a proton, resulting in three different regioisomers (Scheme 6).*"’

' _— - \

R,E

X
non-degenerate H degenerate
H-shift ER element shift
R,E

/

ER,

H

Scheme 6. Sigmatropic processes in (77'-CsHs)ER, compounds.

These isomers can be distinguished by the position of the ERy group with respect
to the double bonds as allyl/allyl (aa), vinyl/allyl (va) and vinyl/homoallyl (vh) isomers.
Thorough investigations into the properties of cyclopentadienyl diorganyl boranes (7'-
CsHs)BR; revealed that under normal conditions only those isomers where the BR;
group is bonded to an unsaturated carbon atom are observed, i.e. the va and vh isomers,
making interaction of the conjugated z-system of the cyclopentadienyl ring with the
empty p-orbital of the boron centre possible.**®: 3% 310- 311 312313 Geperally the aa
isomers are only spectroscopically detectable below —15 °C and irreversibly rearrange
into the thermodynamically more stable va and vh isomers at higher temperatures. Due
to these characteristics, the synthesised cyclopentadienyl diamino boranes are usually
obtained as mixtures of va and vh isomers, resulting in two sets of signals in the NMR

spectra and, frequently, poor crystallisation behaviour.

Likewise, for (tetramethylcyclopentadienyl)boranes (7'-CsMesH)BR, mixtures
of isomers have to be expected. Again, the position of the BR, moiety relative to the
double bonds in the ring system may be denoted aa, va and vh. It is known that

activation energies for carbon migration on the cyclopentadienyl system are high.
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Hence, no additional isomers derived from migration of the methyl groups should be
anticipated. As for the cyclopentadienyl derivatives, the va and vh isomers are
expected to be more stable due to z~donation from the vinylic double bonds of the
respective ring systems into the empty p-orbital at boron. Indeed, the vh isomer of (7'-
CsMesH)B{N(SiMes),} Cl was obtained as the single product from the salt elimination
reaction of (Me;Si),NBCl, with Li[CsMesH]. However, reaction of this intermediate
with Li[NHR] (R = #Bu, Ph) resulted in a product mixture of at least three isomers. The
unexpectedly large number of signals was subsequently attributed to the presence of
several rotamers resulting from hindered rotation about the B—-C and B—N bonds in the
exclusively formed vh isomer (Scheme 7). Such a high number of species may result in
poor crystallisation behaviour and very complex 'H and C NMR spectra. Therefore,
"B NMR spectroscopy and MS characterisation are the only practical analytical
techniques for such (tetramethylcyclopentadienyl)borane based CGC ligand precursors.
However, subsequent deprotonation of these compounds should reduce the number of

isomers and simplify the "H and '>C NMR spectra significantly.

Me e
Me e
Me e
ess! Me,Si
Me \
A\ r-interaction B < N / \
Megsi N—H slow Me3Si N—R
i H
limited interaction H « Me interaction R < Me
fast slow
Me e
Me Me e -
" H
ess! Me;Si
- Me -
N B‘\ n-interaction B & N N== B'\\
Me;Si N—H slow Me,Si R
/ /
i H

Scheme 7. Rotational isomers of (77'-CsMesH)B{N(SiMes),}N(H)R (R = (Bu, Ph).

For indenyl boranes (7'-CoH;)BR,, similar rearrangements have to be

considered. Starting from lithium indenide and boron halides, the boron can, in
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principle, become attached to either the 1- (allyl), 2- (vinyl) or 3-position (vinyl) of the
indenyl system (Figure 26). In most cases, only 1-indenyl and 3-indenyl products are

314
observed,

with the former being the kinetically favoured and the latter the
thermodynamically favoured product.*® 277 310- 311 313. 313, 316. 317 15 merisation of the
kinetic product by prototropic rearrangement (1,3-shift) can generally be achieved at
elevated temperatures or in the presence of bases. The allyl (a) and vinyl (V) isomers of
the indenyl boranes can be easily distinguished by '"H NMR spectroscopy due to the
characteristic integration and chemical shift of the protons attached to the sp’-hybridised

carbon atoms.

ER,
Ol’ “C Q ER, C Q
ER,
1-isomer (allyl) 2-isomer (vinyl) 3-isomer (vinyl)

Figure 26. Constitutional isomers of (771—C9H7)BR2

2.1.1.  Amino monoborane based ligand precursors

2.1.1.1.  Cyclopentadienyl substituted ligand precursors

The synthesis of new boron-bridged ligand precursors (7'
CsHs)B(NiPry)N(H)iPr (77), (7'-CsHs)B(NiPr)N(H)Cy (78), (n'-
CsHs)B(NiPry)N(H)(p-F-Ph) (79) and (7'-CsHs)B{N(SiMe3),}N(H)Ph (80) has been
accomplished by an adaptation of the previously reported procedure for the preparation

of cyclopentadienyl(diamino)boranes (Scheme 8).

R Cl ; ;
\N=B/ Na[Cs 5] R L'['\‘i» N: B

- NaCl - LiCl
R cl
/ /
R' R'
va vh
va vh
75 R=iPr 77 R=iPr;R' =iPr
76 R = SiMe, 78 R=iPr;R' =Cy

79 R=iPr; R = p-F-Ph
80 R =SiMe,; R =Ph

Scheme 8. Preparation of cyclopentadienyl(diamino)boranes.

-77 -



The syntheses can be performed as two-step, one-pot reactions from the
dichloroborane by subsequent addition of NaCp and the appropriate lithium amide.
However, the intermediates (77'-CsHs)B(NiPr,)Cl (75) and (7'-CsHs)B{N(SiMes),}Cl

(76) were isolated for full characterisation.

Although formation of two distinct isomers, arising from the relative position of
the boron atom on the cyclopentadienyl ring (va and vh, vide supra), can be anticipated,
only one isomer was formed in the preparation of the diisopropyl substituted
amino(cyclopentadienyl)borane (75). The trimethylsilyl substituted analogue 76
exhibits an approximate 7:1 predominance of one isomer, as was demonstrated by 'H
and °C NMR spectra. This distribution stands in contrast to the syntheses of a series of
aminobis(cyclopentadienyl)boranes and amino(cyclopentadienyl)(indenyl)boranes,
where the respective isomers were observed as approximate 1:1 mixtures. Due to the
structural similarity of the two isomers, assignment of the predominant configuration as
va or vh was not feasible. 75 and 76 gave signals at = 33.9 and 43.5, respectively, in
the ''B NMR spectrum, values that are significantly down-field shifted compared to the

corresponding dichloroboranes.

The diisopropylamino substituted ligand precursors 77 — 79 were obtained as
mixtures of va and vh isomers after work-up and careful sublimation in vacuo. 'H
NMR spectra of 77 — 79 display all the expected signals except for, in the case of 77 and
78, the signals corresponding to the NH resonances. The absence of the NH resonances
in these spectra can be attributed to extensive line broadening due to proton exchange
and/or the neighbouring quadrupolar '*N nucleus, both well established phenomena.*'®
In the *C NMR spectra, all expected signals except for carbon atoms attached to boron

are observed. This can likewise be ascribed to coupling of the “C nucleus to

quadrupolar '°B or ''B nucleii and resulting line broadening.’"”

'H and ">C NMR spectroscopic data of 77 — 79 show coalescence of the two
diastereotopic isopropyl groups in the respective compounds already at ambient
temperature, indicating fast rotation about the B-NiPr, bond on the NMR time scale.
This observation suggests a delocalisation of 7-electron density over the whole N-B—N
fragment. ''B NMR spectroscopic signals at 5= 29.6, 29.3 and 29.9 respectively are in
the expected range for (alkyldiamino)boranes320 and shifted to high-field by

approximately 4 ppm in comparison to the chlorinated intermediate 75.
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IR spectra were recorded for 77, 78 and previously published (7'-
CsHs)B(NiPr;)N(H)/Bu (64). Characteristic NH stretching bands were observed at
3439, 3435 and 3454 cm’', respectively.

Compound 80 was obtained as an approximate 3:1 mixture of va and vh
isomers. Although 'H and >C NMR spectroscopy indicated that the isolated material
was pure, its yellow colour indicated the presence of some trace impurities. Attempts to
purify the compound by recrystallisation failed and distillation in vacuo at temperatures
of up to 105 °C only resulted in decomposition, as was evidenced by darkening of the
substance. The 'H NMR spectrum showed all expected signals apart from the NH
resonance, while the ?C NMR spectrum showed all anticipated signals except for the
BC resonance. The ''B NMR spectroscopic signal for 80 at 5= 34.3 is only moderately
down-field shifted when compared to the analogous (diisopropylamino)borane 65, due
to the deshielding effect of the trimethylsilyl substituents. This effect, however, is
somewhat cancelled out by the presence of the second amino group at the boron atom
{cf. AXT75, 76) = 9; AX65, 80) = 4}. Such indication of electron distributions through
"B NMR spectroscopy is of interest because it can give an indirect measure of the

Lewis-acidity of the boron centre.

2.1.1.2. Indenyl substituted ligand precursors

The synthetic method employed above has been further extended to the synthesis
of diamino(indenyl)boranes incorporating an NHR group where R is alkyl instead of the
previously reported phenyl. Sequential reaction of the aminodichloroboranes with
Lilnd and the respective lithium amide yielded (1-CoH7)B(NiPr,)N(H)iPr (83), (1-
CoH7)B(NiPr)N(H)Cy (84) and (1-CoH7)B{N(SiMes),} N(H)Cy (85) exclusively as the

allylic isomers (Scheme 9).

R cl ‘D R ‘O
\/ L[CH] R LINHCY]  \
N=—= B\ —_— \ —_—

N=—=B

- LiCl N=—B - LiCl / \
R cl / \ R N-H
R cl /
R
81 R=iPr 83 R=iPr,R =iPr
82 R =SiMe, 84 R=iPr,R'=Cy

85 R =SiMe;, R'=Cy

Scheme 9. Preparation of indenyl(diamino)boranes.

-79 -



Compounds 83 and 84 were purified by recrystallisation affording colourless
crystals. In the case of 83, the crystals were analysed by means of X-ray diffraction
(vide infra). Attempts to free 85 from trace impurities by recrystallisation or
sublimation in vacuo have failed so far. The indenyl(diamino)boranes as well as the
intermediate 82 were characterised by multinuclear NMR spectroscopy. Spectroscopic
data of intermediate 81 have been previously reported. The "H NMR spectra of all four
compounds displayed broad signals characteristic of a BCH moiety, thus establishing
the attachment of boron in the allylic position. No CH, resonances indicating formation

of the 3-indenyl isomer were observed.

Ambient temperature 'H and >C NMR spectra of 83 showed very broad signals
for the methyl groups of the isopropyl moieties. Another set of spectra was recorded at
low temperature. At —50 °C, the "H and >C NMR spectra display all the expected
signals and the signals of the methyl groups are well resolved. Apparently, rotation
about the iPr,N-B bond in 83 at —50 °C is slow on the NMR time scale, giving rise to
distinct signals for all six chemically inequivalent methyl groups in the 'H and "C

NMR spectra.

The 'H and °C NMR spectra of 84 that were recorded at ambient temperature
show all anticipated signals except for the NH and BC resonances. Two sets of signals
for the methyl groups of the isopropyl moieties are observed in both spectra, indicating

fast rotation about the iPr,N—B bond on the NMR time scale.

Ambient temperature 'H and °C NMR spectra of intermediate 82 show all
expected signals. Only one signal for the SiMe; moieties is observed in both spectra,
indicating fast rotation about the (Me;Si1),N—B bond on the NMR time scale. This is in
contrast to the spectral features of 85, for which resonances of two chemically
inequivalent SiMe; groups are observed in both the 'H and >C NMR spectra at ambient
temperature. This finding is somewhat unexpected since the presence of two amino
groups on boron in 85, compared to one amino group in 82, would be expected to lower
the 7-contribution to the B-N bond and hence the rotational barrier. Hindered rotation
about the (Me3Si),N-B bond in 85, therefore, probably results from a steric interaction
with the other quite bulky substituents on boron. In addition, 'H and >C NMR spectra
of 85 exhibit all the expected signals apart from the NH and BC resonances.
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The ''B NMR chemical shifts of 83 and 84 are 6= 30.0 and 29.2, respectively,
and thus, in close proximity to the corresponding signal for the related compound (1-
CyoH7)B(NiPr,)N(H)Ph (66). For 85 the corresponding chemical shift is 6 = 32.9, which
is slightly down-field shifted due to the deshielding effect of the pendent
bis(trimethylsilyl)amino moiety. This effect is only very moderate in comparison to

that in 82 (6= 47.2) and for the related compound (1-C9H7),B{N(SiMes),} (6= 57.6).

2.1.1.3. Fluorenyl substituted ligand precursors

Applying the previously described procedure, the first boron-bridged CGC
ligand precursors incorporating a fluorenyl moiety, (9-C;3Hg)B(NiPr)N(H)7Bu (87) and
(9-C13H9)B(NiPr,)N(H)Ph (88) have been prepared in a two step procedure avoiding

isolation of the intermediate 86 (Scheme 10).

\ cl . Li[NHR]
/N=B e \ - IPI’\

/ Li[Cy5Ho] iPr
iPr cl -/ \ 4 A\
iPr cl iPr N—H
/
R
86 87 R=1tBu
88 R =Ph

Scheme 10. Preparation of fluorenyl(diamino)boranes.

From 'H and ''B NMR spectra it is apparent that the reaction sequence yields
significant amounts of by-products beside the target compounds 87 and 88. GC-MS of
the crude product of the reaction of 86 with LiiNH/Bu] revealed formation of the target
compound 87 (m/z = 348) in only ca. 20% yield. Identified additional products
comprise (iProN)B(NH/Bu), (m/z = 255), (iPr.N)B(Ci3Hg) (m/z = 275) and fluorene
(m/z = 166). Similarly, GC-MS analysis of the product mixture of the reaction of 86
with LifNHPh] showed formation of 88 (m/z = 368), (iPr,N)B(NHPh), (m/z = 295),
B(NHPh); (m/z = 287) and fluorene. However, in this case, the ratio of target product to
additional products was more favourable. The nature of the additional products
indicates the susceptibility of particularly the B—C bond, but as well the B-N bond, in
86 (and/or intermediates formed in the course of the reaction) to cleavage in the
presence of strong nucleophiles such as LiiNHR] (R = tBu, Ph) under the applied

conditions. Despite the complexity of the product mixture, 87 and 88 could be obtained
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as pure materials after recrystallisation and were subsequently analysed by means of X-

ray diffraction (vide infra).

Compounds 87 and 88 have been further characterised by multinuclear NMR
spectroscopy. 'H and *C NMR spectra showed all the expected signals except for the
respective BC resonances. The number of observed signals in the 'H and >C NMR
spectra is consistent with approximate Cs symmetry of 87 and 88 in solution. The 'H
NMR signals for the isopropyl groups were too broad at ambient temperature to
determine their multiplicity, which may be attributed to rotation about the iPr,N—B bond
on the NMR time scale. This rotation can be sufficiently slowed down at low
temperature as was demonstrated by the '"H NMR spectrum of 87 at —30 °C. This
clearly showed the expected multiplicity (two sets of doublets and heptets) of the
signals for the isopropyl groups. The chemical shifts of the ''B NMR spectroscopic
signals with 6 = 30.2 and 6 = 30.8 for 87 and 88 are in the expected range for

(alkyldiamino)boranes.

2.1.1.4.  Tetramethylcyclopentadienyl substituted ligand precursors

Following the same synthetic approach as previously described, (7'-
CsMesH)B(NiPr;)Cl (89) and the new CGC ligand  precursor (771—
CsMesH)B(NiPr))N(H)Ph (90)  have  been  synthesised  (Scheme  11).
Tetramethylcyclopentadienyl substituted CGCs are of particular interest as their specific
combination of steric and electron features gives rise to some of the most active CGC

type polymerisation catalysts.

iPr Cl . .
\ / Li[CsMe,H] iPr Li[NHPhH] iPr
N=—B —> \ —>
ip / \ - LiCl N=—=B - LiCl \N=B
1Pr Cl / / R\
iPr Cl iPr * N—H

/

Ph
+ isomers + isomers
89 90

Scheme 11. Preparation of (tetramethylcyclopentadienyl)(diamino)borane 90.

-82 -



The formation of 89 from iPr,NBCI, and Li[CsMesH] was monitored by g
NMR spectroscopy. The substitution reaction was found to be quite slow and needed 7
d to go to completion. The crude reaction product was subsequently analysed by
multinuclear NMR spectroscopy. Although the ''B NMR spectrum showed a single
signal at & = 37.6, the 'H and '*C NMR spectra were found to be complex and thus
suggested formation of a mixture of the va and vh isomers. This is in contrast to the
corresponding synthesis of (7'-CsMesH)B{N(SiMe;),}Cl where the vh isomer is
formed exclusively. Unfortunately, the complete assignment of all signals to the
respective isomers of 89 through 'H,'H-COSY and "“C,'H-HMQC-COSY NMR
spectroscopy could not be accomplished. GC-MS analysis performed on the mixture
could not separate the isomers, but demonstrated the high purity of the mixture by
showing only one main peak (peak area > 99%). The MS analysis of this peak was

consistent with the formulation of 89 (m/z = 267).

Substitution of the chlorine in 89 by reaction with LiiNHPh] was found to
proceed to completion within 16 h. The ''B NMR spectrum of the crude product
displayed a single signal at 6 = 30.4 that is in the expected range for the target
compound 90. Again, the 'H and >C NMR spectra were found to be very complex and
full assignment of the signals to the proposed product could not be achieved. This may
be attributed to the presence of a large number of isomers of 90 that may result from the
variation in the relative position of the boryl group and the double bonds in the ring
system and rotation of the substituents on boron (vide supra). Furthermore, GC-MS
analysis supports the formulation of 90 as the predominant product of the reaction. MS
analysis of the main peak in the chromatograph (peak area ca. 85%) displayed a
molecular peak at m/z = 324 and a fragmentation pattern that are consistent with the
proposed compound. MS analysis of the second largest peak in the chromatograph
(peak area ca. 15%) suggests (7'-CsMesH)B{N(H)Ph}, to be the main impurity. This
compound may be formed by reaction of the target product with superstoichiometric

amounts of Li[NHPh].

2.1.15.  X-ray crystallographic analysis of amino mono borane based ligand
precursors 83, 87 and 88

The structures of the indenyl substituted ligand precursor 83 (Figure 27) and the
fluorenyl substituted ligand precursors 87 and 88 (Figures 28 and 29, respectively) in
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the solid state largely resemble that of the related indenyl compound (1-
CoH7)B(NiPr;)N(H)Ph (66).

Figure 27. ORTEP representation of (1-CoH;)B(NiPry)N(H)iPr (83) in the solid state; thermal ellipsoids
are drawn at the 50% probability level; hydrogen atoms are omitted for clarity.

Compound 83 crystallises in the monoclinic space group P2;/n and adopts C;
symmetry in the crystal. The crystal structure confirms the assumed constitution with
the boron atom attached to the sp’-hybridised carbon atom of the indenyl system. Both
the boron and N(2) centres adopt trigonal planar geometries with the central atoms lying
only 0.015 A [B] and 0.025 A [N(2)] out of the planes defined by their respective
substituents. These two trigonal planes are virtually coplanar with the torsional twist
about the B-N(2) bond being less than 2°. The B—N(1) and B-N(2) bond lengths of
1.4153(19) and 1.4187(18) A are almost identical, indicating equal contributions to 7-
bonding from both amino groups. The N(2)-bound isopropyl group syn to the indenyl
moiety is oriented such that the methine proton is directed towards the middle of the Cs
ring (a conformation also seen in the corresponding compound 66) with H--- 7 distances
to the centres of the C(12)—C(13) olefinic and C(14)—C(19) aromatic bonds of 2.446 and
2.509 A, respectively. There are no noteworthy intermolecular interactions in the

crystals of 83.

-84 -



Figure 28. ORTEP representation of (9-C,3Ho)B(NiPr,)N(H)Ph (88) in the solid state; thermal ellipsoids
are drawn at the 30% probability level; hydrogen atoms are omitted for clarity.

Compound 88 crystallises in the triclinic space group P1 and adopts C;
symmetry in the crystal. Both the boron and N(2) centres adopt trigonal planar
geometries with the central atoms lying only 0.019 A [B] and 0.012 A [N(2)] out of the
planes defined by their respective substituents. These two trigonal planes are virtually
coplanar, the torsional twist about the B-N(2) bond being less than 2°. The B-N(1) and
B-N(2) bond lengths of 1.431(4) and 1.407(4) A, respectively, indicate a degree of
delocalisation of m-electron density across the N(1)-B-(N2) linkages with a significantly
higher z-contribution from the dialkylamino group compared to the anilido moiety. The
N(2)-bound isopropyl group syn to the fluorenyl moiety is oriented such that the
methine proton is directed towards the middle of the Cs ring, as previously described for
the indenyl substituted ligand precursor 83 (vide supra), such that the H--- 7 distances to
the centres of the C(2)—C(7) and C(8)—C(13) aromatic bonds are 2.502 and 2.567 A,

respectively. There are no intermolecular packing interactions of note.
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Figure 29. ORTEP representation of (9-Cy3Hy)B(NiPr,)N(H)/Bu (87) in the solid state; thermal ellipsoids
are drawn at the 50% probability level; hydrogen atoms are omitted for clarity.

Compound 87 crystallises in the monoclinic space group P2;/n and adopts
approximate Cs symmetry in the crystal. Again, both the boron and N(2) centres adopt
trigonal planar geometries with the central atoms lying only 0.002 A [B] and 0.001 A
[N(2)] out of the planes defined by their respective substituents. These two trigonal
planes are almost coplanar, the torsional twist about the B-N(2) bond being ca. 5°. The
B-N(1) and B-N(2) bond lengths of 1.419(2) and 1.414(2) A are equivalent to within
experimental error, indicating equal amounts of 7z-contribution from both amino groups.
The N(2)-bound isopropyl group syn to the fluorenyl moiety is again oriented such that
the methine proton is directed towards the middle of the Cs ring with H--- 7 distances to
the centres of the C(2)~C(7) and C(8)~C(13) aromatic bonds of 2.561 and 2.558A,

respectively. No short intermolecular contacts were detected.

2.1.2. Diborane(4) based ligand precursors

Only very recently have the syntheses of [2]borametallocenophanes [{7:77 -
(CsH4)2(BNMe,), }MClL;] (M = Zr, Hf) been reported. Preliminary polymerisation
experiments demonstrated a high catalytic activity of these compounds in the presence
of MAO towards polymerisation of ethylene. The resulting polymers were found to be

of much higher molecular weight than polyethylenes obtained with
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[1]borametallocenophane catalysts. Corresponding CGC ligand precursors and CGCs
bearing a [2]bora-ansa-bridge have not yet been described in the literature, despite the
knowledge that the catalytic properties of CGCs are sensitive to changes in the ansa-
bridge (see section 1.4.3). Consequently, the extension of the previously applied
synthetic procedure to the selective substitution of diaminodiborane(4) compounds was
attempted with the aim of synthesising the first CGC ligand precursors featuring
[2]bora-ansa-bridges as well as corresponding complexes (vide infra). Subsequent
substitution of the two chlorine atoms in By(NMe,),Cl, with suitable reagents should in
principle lead to the desired CGC ligand precursors. The critical issue in this approach

is to find reaction conditions that facilitate sequential chlorine atom substitution.

2.1.2.1.  Cyclopentadienyl substituted ligand precursors

Noth et al. described their attempts to react Bo(NMe;),Cl, with TICp or NaCp in
toluene or thf with the aim of synthesising Bo(NMe;),(77'-CsHs),. Their target product
was not obtained and the other products formed in the course of the reaction were
scarcely characterised. The reaction of By(NMe,),Cl, with NaCp was therefore
reassessed (Scheme 12). The 1:1.1 reaction of the reactants in toluene was monitored
by "B NMR spectroscopy. Reaction progress could be easily followed by the slow
disappearance of the signal at 6 = 38.4 corresponding to B,(NMe,),Cl, and
simultaneous growth of a new signal at 6~ 42. After the complete disappearance of the
signal corresponding to the starting material, the reaction was worked up by removal of
the precipitated NaCl and excess NaCp by centrifugation before evaporation of the

solvent in vacuo.

\B/ B B . B B

| Na[CsHs] | . | Li[NHPh] | . |

B - NacCl B B - Licl B B

7 4% 4% 4 4

Me,N  Cl Me,N  Cl Me,N  Cl Me,N  N—H Me,N  N—H
Ph Ph
va vh va vh
91 92

Scheme 12. Preparation of a cyclopentadienyl substituted diborane(4) based CGC ligand precursor.

The crude product obtained was analysed by multinuclear 1D and 2D NMR
spectroscopy and MS. The obtained spectra were found to be consistent with the

formulation of the target product (77'-CsHs)(BNMe,),Cl (91) and demonstrated the

-87 -



absence of any significant amounts of by-products. The 'H and C NMR spectra both
display two sets of signals in an approximate ratio of 5:2, corresponding to the va and
vh isomers of 91. The four chemically non-equivalent methyl groups of each isomer
give rise to four distinct signals in both the 'H and *C NMR spectra, indicative of
hindered rotation about the Me,N-B bonds. All other expected resonances, except for
the BC resonance, are observed in these spectra. The resonances for the two distinct
boron atoms in the molecule are not resolved in the ''B NMR spectrum, but produce a

very broad signal (@, =245 Hz) at 6=41.5.

Compound 91 was further reacted with one equivalent of LiiNHPh] (Scheme
12). The crude product that was obtained after removal of the precipitate and solvents
could be further purified by distillation over a short path. The product was analysed by
multinuclear 1D and 2D NMR spectroscopy, MS and IR spectroscopy. 'H and "°C
NMR spectra showed two sets of signals in integration ratios of approximately 3:1 that
are consistent with the formulation of the target compound 92 as a mixture of va and vh
isomers. All expected resonances for the proposed structures were observed apart from
the BC resonances. The four methyl groups of each isomer gave rise to four distinct
signals in both spectra, indicating hindered rotation about the Me,N-B bonds. In the
"B NMR spectrum, two signals are present at & = 34.0 and 46.0, reflecting the two
distinctly different environments of the boron atoms in 92. The signal at higher field
corresponds to diamino-substituted boron atoms, whereas the resonance at lower field
corresponds to boron atoms carrying one amino and one cyclopentadienyl substituent.
The molecular peak at m/z = 266 and the fragmentation pattern that were observed in
the mass spectrum support as well the formulation of the product. In the IR spectrum, a

weak stretching band at 3399 cm™' for the NH group in 92 was detected.

2.1.2.2. Indenyl substituted ligand precursors

Selective substitution of one chlorine atom in B;(NMe;),Cl, by an indenyl
moiety using Lilnd was previously described in the literature. (1-CoH7)(BNMe;),Cl is
formed as the kinetically favoured product in the reaction and can be converted to the
thermodynamically favoured isomer (3-CoH7)(BNMe;),Cl by heating. Both these
indenyl substituted diborane(4) derivatives may be suitable intermediates for the

synthesis of CGC ligand precursors.
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In initial experiments, (1-CoH7)(BNMe,),Cl was reacted with Li[NHPh].
Reaction progress was then monitored by ''B  NMR spectroscopy. The signals
corresponding to the starting material at 6= 39.9 and 43.4 were found to shift gradually
apart to 0 = 33.0 and 46.9 during the course of the reaction. The resulting chemical
shifts are consistent with the distinctly different environments of the boron atoms in the
desired CGC precursor, (CoH7)(BNMe,),{N(H)Ph}. However, the 'H and C NMR
spectra were found to be complex, suggesting formation of a mixture of 1-indenyl and
3-indenyl isomers. Full assignment of all signals could not be achieved. The
isomerisation reaction that leads to the 3-indenyl derivative may be promoted by the
formed CGC ligand precursor, that is presumably a more basic amine derivative than
the starting material (1-CoH7)(BNMe,),Cl. It is well established that the rearrangement
of (1-indenyl)boranes to the thermodynamically more stable (3-indenyl)boranes can be
promoted not only by heat, but as well by bases such as NEt;.** 2°7- 310-316:317 1qeed,
reassessment of the conversion of (1-CoH7)(BNMe;),Cl to (3-CoH7)(BNMe;),Cl (93)

showed that the former may be distilled in vacuo without isomerisation, but can be

converted to the latter by addition of catalytic amounts of NEt; (Scheme 13).

MezN\B MezN\B
| cat. NEt; |
—_—
B B,
7 7
Me,N ClI Me,N  Cl

93

Scheme 13. Isomerisation of (1-CyoH;)(BNMe,),Cl to (3-CoH,)(BNMe,),Cl (93).

Since reaction of (1-CoH7)(BNMe,),Cl with Li[NHPh] resulted in an isomeric
mixture, it appeared promising to use the thermodynamically more stable derivative (3-
CyoH7)(BNMe;),Cl (93) for the substitution reaction. Only one well defined product
would be anticipated from this reaction as the rearrangement of (1-indenyl)boranes to
the corresponding (3-indenyl)boranes is usually irreversible. Consequently, 93 was
reacted with Li[NHPh] (Scheme 14). The crude product was obtained as a brown oil
after removal of precipitated LiCl and solvents. The product could be purified further

by precipitation from a concentrated toluene solution by addition of hexane.
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Scheme 14. Preparation of an indenyl substituted diborane(4) based CGC ligand precursor.

The purified product was analysed by means of multinuclear 1D and 2D NMR
spectroscopy, MS and IR spectroscopy. The 'H and C NMR spectra showed all the
expected signals for the target compound (3-CoH7)(BNMe,), {N(H)Ph} (94) apart from
the BC resonance. The four methyl groups in the product give rise to four distinct
signals in both spectra at &' H)/&'°C) = 2.31 / 35.6, 2.70 / 41.7, 2.73 / 42.4 and 2.87 /
44.4. The two signals at 5= 2.31 and 2.73 in the "H NMR spectrum are significantly
broader than the two other methyl resonances. These, presumably, correspond to the
NMe, group in the Me,NB{N(H)Ph} fragment as the additional amino group should
lower the z-contribution in the Me,N—B linkage and thus facilitate rotation about this
bond. To further assess the barrier to rotation about the Me,N-B bonds in 94, high
temperature 'H NMR studies were performed (vide infra). Compound 94 gives rise to
two resonances in the ''B NMR spectrum at & = 34.3 and 48.0 that reflect the
distinctively different environments of the two boron atoms in the molecule. By
comparison to the related cyclopentadienyl derivative 92, the signal at lower field is
likely to correspond to the carbon substituted boron atom, whereas the signal at higher
field may be attributed to the diamino substituted boron atom. The mass spectrum
obtained for the product displays a molecular peak at m/z = 317 and a fragmentation
pattern that support the proposed formulation. In the IR spectrum, a weak stretching

band for the NH moiety of 94 at 3398 cm ™' was observed.

(3-CoH7)(BNMe,)»{N(H)Ph} (94) was chosen as a model compound to study the
energy barriers for rotation about the Me;N-B bonds in CGC ligand precursors bearing
a (Me;NB), bridging moiety. Compound 94 appeared to be a suitable candidate for
such a study, as it can be obtained as a single isomer, in contrast to the related
cyclopentadienyl derivative 92, and because the signals for the four methyl groups are

well separated at ambient temperature. A good understanding of the rotational barriers
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for the different Me,N moieties in such molecules is of interest, because it will aid
interpretation of the NMR spectra of such compounds and corresponding CGCs. Figure
30 shows the crucial section of the 'H NMR spectra of 94 recorded at various

temperatures.

106°C

62°C

a a 23°C

I o e e T L B o e o e S e e o B LA B e e e T T
295 2.90 285 240 275 270 265 260 255 250 245 240 235 230 225
fpm)

Figure 30. Section showing the NMe, resonances (a, b) in the '"H NMR spectra of (3-
CoH7)(BNMe,), {N(H)Ph} (94) at various temperatures; * denotes a resonance corresponding to an
unidentified impurity.

The two signals that are already somewhat broadened at ambient temperature
further widen on increasing temperature and eventually coalesce in the temperature
interval between 57°C and 62°C. The observed coalescence temperature corresponds to
a free activation enthalpy AG* of ca. 67 kJ/mol**' for the rotation of one of the Me,N
groups. For the other two signals, only negligible line broadening is observed up to
111°C, the maximum temperature as was defined by the boiling point of the solvent
(toluene). This indicates the free activation enthalpy AG* for the rotation of the other
Me;N moiety to be distinctly higher than 81 kJ/mol. Assignment of the lower rotational
barrier to the Me,N-B{N(H)Ph} bond seems reasonable as the second amino group in
this fragment should donate 7-electron density towards the boron atom and therefore
lower the z-contribution in the Me,N-B linkage. To the contrary, in the (Me;N)B(3-

indenyl) fragment, the electron deficiency of the boron atom should be mainly
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compensated by z-donation from the Me;N group, resulting in a stronger z-character of
the respective Me,N-B bond and consequently a higher rotational barrier. The
determined AG* values for the barrier to rotation about the N-B bonds in 94 are well

within the range of previously reported values for such bonds.**

2.1.3. Ferrocenyl borane based ligand precursors

One of the long-term aims of this research is the synthesis of CGCs bearing a
Lewis acidic boron linker that, at best, allows for self-activation (vide supra). The
Lewis acidity of the boron atom in the previously described CGC ligand precursors is,
however, cancelled by the attached dialkyl (or bistrimethylsilyl) amino groups.
Obviously, in all CGC ligand precursors discussed here, a second amino group NHR (R
= alkyl, aryl) is present that can donate z~electron density to the neighbouring boron
atom and reduce its Lewis acidic character. In the corresponding CGCs derived from
these precursors, however, this effect may be moderated by competition for z-electron

density by the ligated transition metal centre.

Ferrocenyldibromoborane, [FcBBr,], appeared to be a suitable starting material
for the synthesis of boron-bridged CGC ligand precursors without stabilising, Lewis
basic, dialkyl (or bistrimethylsilyl) amino groups on the boron centre. [FcBBr;] can be
casily synthesised and purified by recrystallisation.’® It is a solid a room temperature
and is therefore easy to handle compared to many aminodihaloboranes that are corrosive
liquids. Furthermore, redox chemistry involving the pendent ferrocenyl moiety in
derived CGCs might allow for completely new ways of tuning the catalytic activity of

5325, and tris(1-

such complexes.*** Metallocenophane ligand precursors, e.g. 9
pyrazolyl)borate complexes, e.g. 96°2°, derived from [FcBBr,] have been previously

reported (Figure 31).
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Figure 31. Examples of previously reported ferrocenyl borane based ligand precursors and complexes.

2.1.3.1.  Attempted synthesis of [FcB(R)Br] (R = 7*-CsHs, 1-CoH7, 3-CoH-)

In analogy to the synthetic route previously employed for the synthesis of
aminoborane based CGC ligand precursors (vide supra), sequential reaction of [FcBBr;]
with a salt of cyclopentadiene or a derivative and a suitable lithium amide was
envisioned to lead to the corresponding ferrocenyl borane based CGC ligand precursors.
Consequently, [FcBBr,] was reacted with a substoichiometric amount of NaCp at 0 °C
(Scheme 15). After slow warming to ambient temperature and subsequent stirring for
several hours, the mixture was worked-up to yield a red oil. Multinuclear NMR spectra
indicated the formation of [F cB(771—C5H5)2] (95) and the presence of unreacted
[EcBBr,]. In the ?C NMR spectrum, an additional set of signals could be identified that
may be attributed to one (presumably the vh) isomer of the target compound [FcB(7'-
CsHs)Br] (97). However, the intensities of these resonances are low compared to those
corresponding to 95, indicating only a low concentration of 97 in the product mixture.
Formation of 95 as the predominant product in the reaction suggests that substitution of

bromide in [FeB(7'-CsHs)Br] (97) proceeds significantly faster than in [FcBBr,].

@ $
D

1 Br NaCp
+ isomers

! - NaBr

Y
0§
o

97 95

Scheme 15. Reaction of [FcBBr,] with NaCp.

-03 -



Under similar conditions, the synthesis of [FcB(1-CoH7)Br] from [FcBBr;] and
Lilnd was attempted. An ''B NMR spectrum recorded after a reaction time of 45 min at
—80 °C showed a signal at o = 60.7 that could indicate formation of the target product
(high field relative to the chemical shift for [FcB(1-CoH7),] (6 = 68.4) and low field
compared to the chemical shift for [FcBBr,]) and a signal at 6 = 45.2 corresponding to
the starting material [FcBBr,]. After prolonged reaction times, an additional signal in
the ''B NMR spectrum at § = 38.3 revealed formation of another boron containing

product that could not be identified.

Apparently, the selective 1:1 reaction of [FcBBry] with salts of
cyclopentadienide or derivatives is hampered by the reactivity of the target product and
further unidentified reaction pathways under the applied conditions. Therefore,
alternative approaches for the synthesis of FcB(R)Br (R = 7'-CsHs, 1-CoH, 3-CoHy)
were sought after. The reaction of trialkylboranes BR; with two equivalents of BCl; in
the presence of catalytic amounts of boron hydrides is known to yield the corresponding
redistribution products RBCl, (Scheme 16).%*7 *** 3%? Hence, the possibility for similar
substituent redistribution was envisioned for the reaction of [FcBBr;] and [FcBR;] (R =
771-C5H5, 1-CoH7, 3-C9H7) in the presence of boron hydrides, although the presence of
three different substituents (Br, Fc, R) in the mixture might impair selectivity

dramatically.

cat. BH,R’,
BR; + 2 BCl, ————— 3RBCl,

Scheme 16. Boron hydride catalysed substituent redistribution between BR; and BCl;.

In an initial control experiment, the reactivity of [FcBBr,] with the selected
boron hydride reagent, [BH3;-SMe;], was assessed (Scheme 17). Immediately after
mixing of the two reagents, the 'H and ''B NMR spectra displayed signals
corresponding to the bromide-hydride exchange products [BBrH,-SMe,] and
[BBr,H-SMe;]. Furthermore, an additional boron containing species giving rise to a
signal at 5= 42.3 (singlet) in the ''B NMR spectrum was observed. Additional signals
in the '"H NMR spectrum that might correspond to the same species did not allow the
constitution of that compound to be clarified. No signals corresponding to the starting

material [FcBBry] were detected in the spectrum. After 16 h, the 'H and ''B NMR
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spectra were re-recorded. Signals corresponding to diborane(6), [BBrH, SMe;],
[BBr,H-SMe;] and surprisingly [FcBBr;] could be unambiguously assigned. The latter
must re-form during the complex reaction, since it is absent in the reaction mixture after
a short reaction time (vide supra). Furthermore, in the 'H NMR spectrum another set of
signals showing the characteristic multiplicities and integral ratios for substituted
ferrocenyl boranes (one singlet for the unsubstituted cyclopentadienyl moiety, two
pseudo-triplets for the boron substituted cyclopentadienyl moiety; integral ratios 5:2:2)
was detected as well as a corresponding signal at o = 54.5 (singlet) in the boron
spectrum. As the components of the reaction mixture could not be separated,

unambiguous determination of the structure of this compound was not feasible.

: Br [BH;-SMe,) complicated
Fe _— product
I mixture

Scheme 17. Reaction of [FcBBr,] with [BH;-SMe;].

Given the already complex reaction pathways involved in the reaction of
[FcBBr;] with [BH3-SMe;], a selective substituent redistribution between [FcBBr;] and
[FcBR;] in the presence of [BH3;'SMe,]| as envisaged seemed to be highly unlikely.
Nonetheless, such substituent redistribution reactions were attempted by combining
solutions of [FcBBr;] and [FcBR;] (R = 771-C5H5, 1-CoH7, 3-C9H7) and subsequently
adding small quantities of [BH3;-SMe;] (Scheme 18). In all cases, 'H and "B NMR
spectra indicated complex reaction pathways resulting in a large number of products.
Since the resulting product mixtures could not be separated, identification of all the

products was not possible.
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1 Br : R 20 mol-% [BH;-SMe,] complicated
fe * Fe product

| , mixture

R = 77-CsHs, 1-CgH;, 3-CoH;
Scheme 18. Reaction of [FcBBr;] and [FcBR,] (R = 771—C5H5, 1-CyH7, 3-CoH5) in the presence of
[BH}'SMCz].

2.1.3.2.  Synthesis of [FcB(Br)N(H)R] (R = #Bu, Ph)

In the previous section, unsuccessful attempts to first introduce the
cyclopentadienyl fragment into ferrocenyl borane based CGC ligand precursors were
described. The obvious alternative approach is to first introduce the amino moiety,

NHR, and then the cyclopentadienyl fragment into the ligand precursors.

[FcBBr,] was reacted with LiiNHR] (R = /Bu, Ph) to give [FcB(Br)N(H)R] {R =
/Bu (98), Ph (99)} via salt elimination (Scheme 19). The ''B NMR spectra of 98 and 99
displayed singular resonances at = 35.3 and 36.7 respectively that are in the expected
range for boron atoms with such substitution pattern and significantly high-field shifted
relative to [FcBBr,]. The 'H and C NMR spectra of 98 at ambient temperature
showed two sets of signals in an integral ratio of ca. 10:1, corresponding to two
rotamers. Resonances of 99 in the 'H and *C NMR spectra at ambient temperature
were very broad. However, at low temperature (-30 °C) resonances were well resolved.
Again, two sets of signals were observed in an integral ratio of ca. 5:2, indicating the

presence of two rotamers.

R H

\ \
/ /
B\ B\ B\
1 Br Li[NHR] | B 1 B

(E isomer) (Z isomer)

—R

r r

98 R=1tBu
99 R=Ph

Scheme 19. Synthesis of [FcB(Br)N(H)R] {R = tBu (98), Ph (99)}.
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The observation of two isomers of 98 and 99 is most certainly the result of 7
donation from the nitrogen lone pair into the empty p-orbital on boron and, hence,
strong double bond character in the B-N bond. Given four different substituents on the
B=N linkage and hindered rotation about this bond, both £ and Z isomers would be
expected. Whether the E or Z isomers predominate in solution could not be determined.
The Z isomers (where the Fc and R groups are positioned in trans position relative to
each other), however, are less sterically congested, thus would be expected to be lower
in energy. The lower barrier for rotation about the B-N bond in 99 compared to 98, as
indicated by the resolution of the signals for the two isomers in the former only at low
temperature, can be explained by the modest electron withdrawing effect of the phenyl

group moderating the 7~donation from nitrogen to boron.

2.1.3.3.  Synthesis of [FcB(R)N(H)Ph] (R = #'-CsHs, 1-CoH7, 3-CoHy7)

The compound [FcB(Br)N(H)Ph] (99) was sequentially reacted with NaCp and
Lilnd respectively to generate the desired CGC ligand precursors. The reaction of 99
with NaCp (Scheme 20) was performed either heterogeneously in toluene or
homogeneously in a toluene/thf mixture. In both cases, an orange coloured oil was
obtained after work-up. The products from both reactions were analysed by 'H and ''B
NMR spectroscopy and showed virtually identical spectroscopic features. The ''B
NMR spectra displayed single resonances at o = 40, slightly low-field shifted compared
to 99 {&''B) = 36.7} as would be expected from the substitution of a B-Br for a B-C
moiety. However, 'H NMR spectra were very poorly resolved, probably due to the
presence of several isomers of the target compound [FCB(UI—CsHS)N(H)Ph] (100) (va
and vh isomers with respect to the position of boron relative to the double bonds in the
1'-CsHs moiety and E and Z isomers arising from hindered rotation about the B-N
bond), that may be partially interconverting (resulting in line broadening/coalescence of
signals for corresponding £ and Z isomers due to rotation about the B-N bond). An

unambiguous characterisation of the obtained product was therefore not feasible.
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Ph Ph
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N—H N—H
/ /
> =
: Br NaCp :
Fe Fe
: - NaBr :
+ isomer + isomers
99 100

Scheme 20. Reaction of [FcB(Br)N(H)Ph] with NaCp.

Similarly, the reaction of 99 with Lilnd (Scheme 21) afforded a red oil after
work-up that solidified on standing at ambient temperature. Recrystallisation from
toluene at —30 °C yielded the pure target compound [FcB(1-CoH7)N(H)Ph] (101).
Although the crystalline solid was identified as the Z isomer (where the Fc and Ph
groups are positioned in cis position relative to each other) by X-ray diffraction methods
(vide infra), 'H and >C NMR spectra displayed two sets of signals in an integral ratio of
ca. 5:2, indicating the presence of two isomers in solution. As in 99, this observation
may be likewise attributed to the presence of £ and Z isomers with respect to the
substituents on the B-N linkage in 101. The ''B NMR spectrum of 101 displayed a

single resonance at 6 = 42.9 that falls in the expected range for the substitution pattern

at boron.
Ph - H\N’_Ph Ph\N—/H
/ / /
B\ | B B

: 2 OO OO

+ isomer (E isomer) (Z isomer)
99 101

Scheme 21. Synthesis of [FcB(1-CoH7)N(H)Ph] (101).

Rearrangement of (1-indenyl)borane derivatives to their thermodynamically
more stable 3-indenyl congeners in the presence of heat or Lewis bases is well
established in the literature.*® 27 310- 311, 313. 315 316. 317 gy oy jsomerisation of 101 to the

more stable isomer [FcB(3-CoH7)N(H)Ph] (102) was achieved in the presence of NEt;
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(Scheme 22). Rather surprisingly, 'H and >C NMR spectra of 102 displayed only one
set of signals. Presumably, 7z-donation from the indenyl fragment to the boron atom
results in a reduced double character of the B-N linkage and in turn facilitates fast
interconversion of the £ and Z isomers on the NMR timescale. The ''B NMR
resonance observed for the 3-indenyl isomer 102 at 6= 41.5 is slightly high-field shifted
compared to the corresponding resonance in the 1-indenyl isomer 101 at 6 = 42.9, in
agreement with the relative chemical shifts for other pairs of closely related (1-indenyl)-

and (3-indenyl)borane derivatives.””3"?

! O cat. NEt,

+ isomer
101 102

Scheme 22. Synthesis of [FcB(3-CoH7)N(H)Ph] (102).

2.1.3.4. Synthesis of [FCB{N(H)R}:] (R = #Bu, Ph)

To obtain a broader understanding of the reactivity of [FcBBr;] in salt
elimination reactions, substitution of both bromine atoms with amine functionalities was
attempted. The products so obtained may enable the synthesis of new transition metal
complexes with a pendent redox-active ferrocenyl moiety. Related ligand precursors of

the general formula PhB{N(H)R}, {R = Me, tBu, Si(Me),/Bu} have been previously

330, 331, 332, 333 334
4,30 B 3235 5 and 6

employed for the synthesis of Group and transition metal

complexes.

[FcBBr,] was reacted with two equivalents of LiiNHR] (R = /Bu, Ph) to give the
symmetrically substituted diamino compounds [FcB{N(H)R},] {R = /Bu (103), Ph
(104)} (Scheme 23). Ambient temperature 'H and >C NMR spectra of 103 and 104
exhibit only one set of signals corresponding to the respective target compounds,
consistent with facile rotation about the B-N bonds for which bond orders are expected
to be 1.5 at most. The ''B NMR chemical shift of = 29.3 and 31.5 for 103 and 104,
respectively, are, as expected, high-field shifted by ca. 6 ppm compared to the chemical
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shifts of 6= 35.3 and 36.7 for the corresponding monoamino ferrocenyl boranes 98 and

99. They are also consistent with the assumed substitution pattern at the boron centres.

| Br 2 Li[NHR] , N—R
Fe Fe
. -2 LiBr !
)
103 R =tBu
104 R=Ph

Scheme 23. Synthesis of [FeB {N(H)R},] {R = /Bu (103), Ph (104)}.

The 'H and *C NMR spectra revealed contamination of 103 by a second product
in significant amounts (ca. 25%). Chemical shifts and integral ratios of the
corresponding signals in the 'H NMR spectrum are consistent with the tentative
formulation of this product as [{—(Fc)B—N(/Bu)-}3;]. It can be envisaged that such a
compound may be formed via base induced HBr abstraction from the intermediate
[FcB(Br)N(H)zBu] (98). Similar cyclic compounds of the general formula [{—(Fc)B—
N(R)-}3] (R = H, p-MeO-Ph) have been previously described in the literature.**> In the
"B NMR spectrum a corresponding resonance at &= 42.6 was detected that would also

be consistent with the proposed substitution pattern.

2.1.3.5.  X-ray crystallographic analysis of ferrocenyl borane based ligand
precursor 101

Single crystals of 101 suitable for X-ray crystallographic analysis were grown
from a concentrated toluene solution at —30 °C. Compound 101 crystallises in the

triclinic space group P1 and adopts C; symmetry in the crystal (Figure 32).
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Cu3

Figure 32. Two perspective views of the ORTEP representation of FeB(1-CoH;)N(H)Ph (101) in the
solid state; thermal ellipsoids are drawn at the 50(1);/:1 t[;r.obability level; hydrogen atoms are omitted for

The crystal structure confirms the assumed constitution with boron being
attached to the sp’-hybridised carbon atom of the indenyl system, i.e. the 1-indenyl
position. The cyclopentadienyl rings of the ferrocenyl unit are oriented in an eclipsed
fashion with a minor tilt of 1.1° between the two virtually planar ring systems (r.m.s.
deviation of 0.0030 A for CsH, and 0.0004 A for CsHs, respectively). The boron centre
is situated in an trigonal planar environment (sum of angles between respective
substituents is 360.0°). The B-N distance of 1.406(3) A is in the expected range of B-N
double bonds and the phenyl and indenyl moiety are trans disposed. The B-C(21) and
B-C(31) bond lengths of 1.609(3) and 1.549(3) A differ significantly and reflect the
difference in hybridisation of the two carbon atoms. The short B-C(31) distance,
together with the almost coplanar arrangement of the [Cs]-B—N—C11 linkage {reflected
by the torsion angles C(35)-C(31)-B—N and C(31)-B-N—C(11) of —0.8(4) and 0.9(4)°,
respectively}, may indicate some z-delocalisation via the B-C(31) bond. The most
interesting feature of the X-ray structure is the positioning of the boryl moiety relative to
the ferrocenyl fragment. The boryl substituent is moderately bent out of the
cyclopentadienyl plane towards the iron centre, a disposition that is frequently observed
in ferrocenylboranes with Lewis-acidic boron centres. As the boron atom is
significantly displaced from the mirror plane dissecting the ferrocenyl unit in C(31)
{indicated by angles C(32)-C(31)-B and C(35)-C(31)-B of 123.32(19) and
130.76(19)° respectively}, the usually applied method for the calculation of the dip
angle a (a* = 180°-a, with a being the angle Cpcentroid-Cipso-B) as a measure for the

bending is invalid. Therefore, the angle between the r.m.s. plane of the substituted
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cyclopentadienyl ring and the r.m.s. plane calculated for boron and its three substituents
is determined to be 9.8°. This value is slightly smaller than ¢ found in FcB(OH)Me
(10.3°, 10.8° and 12.9°, respectively, for three crystallographically independent
molecules), which represents another example for a ferrocenylborane in which the
Lewis-acidity of the boron centre is partially cancelled by a neighbouring 7z-donor.**°
The bending of the boryl group towards the iron centre in such compound was initially

337, 338 .
7 Recent studies, however, excluded such a

attributed to direct B-Fe interactions.
direct interaction between the two atoms and proposed instead a strongly delocalised,

multicentred bonding model involving Fe, Cips and B to explain the observed bending.
2.2. Complex synthesis

2.2.1.  Amino monoborane based complexes

The synthesis of titanium CGCs [Ti{775:771—(C5H4)B(NiPr2)NtBu}(NMeg)z] (71)
and [Ti{775:771—(C5H4)B(NiPr2)NPh}(NMez)g] (37) by reaction of the respective ligand
precursors with [Ti(NMe,)s] has been previously reported. Conversion of these
diamino titanium complexes to their dichloro derivatives was allegedly achieved by
reaction with excess Me;SiCL!'*® 3% A re-assessment of these reactions as part of the
work presented here, however, concluded that only the preparation of [Ti{7:7'-
(CsHg)B(NiPr)NPh}R,] (R = NMe,, Cl) was reproducible. (n'-
CsHs)B(NiPr,)N(H)zBu, on the other hand, was found to react with [Ti(NMe,)4] under
elimination of only one equivalent of HNMe, to give the non-chelating complex

[Ti{(77°-CsH4)B(NiPr))N(H)/Bu}(NMe,)s] (vide infia).

Starting from these preliminary results, a number of non-chelating as well as
bridged titanium complexes have been synthesised and characterised as described in the
following sections. Consequently, alternatives to the amine elimination reaction for the
synthesis of amino monoborane based titanium CGCs have been investigated.
Moreover, extension of the successful amine elimination approach for the synthesis of
amino monoborane based titanium CGCs to the synthesis of corresponding CGCs of the

higher Group 4 homologues zirconium and hafnium have been examined.

2.2.1.1.  Non-chelating titanium complexes
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The reaction of the ligand precursors (7'-CsHs)B(NiPr))N(H)R {R = iPr (77),
Cy (78), tBu (64)} with [Ti(NMe,)4] in refluxing toluene yielded after 3 h the
corresponding non-chelating, half-sandwich complexes [Ti{(77-
CsH4)B(NiPr)N(H)R}(NMe»);] {R = iPr (105), Cy (106), /Bu (107)} (Scheme 24).
The related ligand precursor (7'-CsHs)B(NiPr))N(H)Ph is known to react with
[Ti(NMe;)4] at lower temperatures and in short time to give the corresponding CGC
under elimination of two equivalents of HNMe,. Evidently, the pendent NHR groups
with R = alkyl are significantly less acidic than their NHPh counterpart and thus, the
second amine elimination step is impaired. Steric effects might contribute as well to the
outcome of the reaction, however probably only to a minor extent given the huge
difference in reaction rates between the two sterically relatively non-demanding

substituents iPr and Ph.

/iPr
iPr—N\
[Ti(NMe,),] LT
|Pr\ toluene, reflux, 3 h q '
/N=B\ R Ti
) N - HNMe H NM
iPr “N—H 2 MeZN/ \ €,
| NMe,
R
+ isomer
77 R=iPr 105 R=iPr
78 R=Cy 106 R=Cy
64 R=tBu 107 R =1tBu

Scheme 24. Synthesis of non-chelating, half-sandwich complexes [Ti{(7-
CsH,)B(NiPry)N(H)R } (NMe,);] {R = iPr (105), Cy (106), /Bu (107)}.

The complexes 105 — 107 were characterised by multinuclear 1D and 2D NMR,
IR spectroscopy and MS. 'H NMR spectra of all three compounds display the
characteristic pair of pseudo-triplets corresponding to the titanium coordinated mono-
substituted cyclopentadienyl moiety as well as typical resonances for the NiPr, moiety.
Furthermore, resonances corresponding to the alkyl part of the NHR fragment were
observed, but the NH resonances were not visible in the spectra, probably due to
quadrupolar coupling to the neighbouring '*N nuclei. However, the integration of the
sharp resonances corresponding to the NMe, groups at the respective titanium centres in
relation to that of the other signals strongly support the non-chelating formulation of the
compounds. Further evidence is provided by the IR spectra of 105 — 107 that show
characteristic NH stretching bands at 3441, 3441 and 3456 cm™, respectively. The ''B
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NMR spectra of 105 — 107 are unremarkable and the observed chemical shifts closely
resemble those determined for the respective ligand precursors 77, 78 and 64. In
addition, the >C NMR spectra of 105 — 107 are also unremarkable showing all the
expected signals apart from the BC resonances. MS data for 105 — 107 are not very
informative as mass spectra of these compounds frequently lack the molecular ion peak
and are dominated by low molecular weight fragments resulting from the ligand

framework.

Substitution of the NMe, groups on titanium in 105 and 107 was attempted by
reaction with excess Mes;SiCl with the aim of preparing the corresponding half-
sandwich complexes [Ti{(7’-CsHs)B(NiPro))N(H)R}Cls] (R = iPr, Bu). These
compounds appeared to be interesting synthetic targets as they may further react to the
corresponding CGCs under elimination of HCl. However, Me;SiCl, even in large
excess, was found to substitute only two of the three NMe, groups in the respective
starting materials 105 and 107, affording [Ti{(7’-CsH4)B(NiPry)N(H)R}Cl,(NMe;)] {R
= {Pr (110), /Bu (111)} (Scheme 25). In the case of the reaction of 105 with excess
Me;SiCl,  the  almost  pure  mono-chlorinated  intermediate [Ti{(77-
CsH4)B(NiPr)N(H)iPr} Cl,(NMe,)] (108) could be isolated and characterised after 16 h,
while conversion to the dichlorinated species 110 needed a significantly longer reaction
time (64 h). Apparently, the substitution of one NMe, group by a chloride significantly
reduces the reaction rate of further substitution. Subsequent disubstitution then reduces

the reaction rate further, so that the third substitution step is practically not observed.

iPr iPr JiPr
iPr—N\ iPr—N\ |Pr—N\
B> = p—L=>>
7 ] 7 ] / 1
o/ i excess Me,SiCl 7/ ! excess Me,SiCl 7/ 1
R/N\ 1 —_— R/N\ _i_ —_— R/N\ '
u o Tmanme, - MeSiNMe, H o TKmunMe, - Me;SiNMe, H A TCmaNMe,
Me,N cl a” \
NMe, NMe, cl
105 R=iPr 108 R=iPr 110 R=iPr
107 R=tBu 109 R=1tBu 111 R=tBu

Scheme 25. Stepwise substitution of NMe, by Cl in [Ti{(7’-CsH;)B(NiPr))N(H)R}(NMe,);] {R = iPr
(110), /Bu (111)}.
Compounds 108, 110 and 111 were analysed by multinuclear 1D and 2D NMR
spectroscopy and the latter two additionally by IR spectroscopy. Furthermore, an X-ray
structure determination of 111 was obtained confirming the assumed constitution (vide

infra). 'H, ''B, ’C NMR and IR spectra were unremarkable and closely resembled the
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spectra of the respective starting materials 105 and 107. The NMe, groups in 108, 110
and 111 give rise to only one signal in the respective 'H and C NMR spectra at

ambient temperature.

2.2.1.2.  X-ray crystallographic analysis of [Ti{(7-
CsH4)B(NiPr;)N(H)Bu}Cl,(NMey)] (111)
Compound 111 crystallises in the monoclinic space group C2/c and adopts C;

symmetry in the crystal (Figure 33).

Figure 33. ORTEP representation of [Ti{(77’-CsH4)B(NiPr,)N(H)/Bu}Cl,(NMe,)] (111) in the solid state;
thermal ellipsoids are drawn at the 50% probability level; hydrogen atoms are omitted for clarity.

As expected for a compound of the general formula [(77°-CsH4R)TiCL,X], the
titanium centre is placed in a pseudo-tetrahedral environment that is defined by the
CPeentroid> tWo chloride ions and the N-donor of the dimethylamido ligand. Overall, the
structure very much resembles those of previously reported related compounds [(77'-
CsR4R*)TICL(NH/Bu)] (R, R’ = H, Me),>*”" *** [(17°-CsR5)TiCL(NiPr,)] (R = H, Me),**!
and [(177°-CsHs)TiCl, {N(SiMes),}1.**

The refinement was complicated by the presence of positional disorder in the
N(2)-bound tert-butyl group. The boryl substituent is bent out of the Cs ring plane
away from the titanium centre as indicated by a dip angle a (a* = 180° — a, with «
being the angle Cpeentroic—Cipso—B) of 10.5°. Both the B and N(1) atoms adopt trigonal
planar geometries and the B-N(1) and B-N(2) bond lengths of 1.432(3) and 1.427(3) A,
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respectively, indicate some degree of 7z~delocalisation along these linkages. The C-C
bond lengths in the Cs ring range from 1.395 to 1.433 A. This asymmetry is as well
reflected in the disposition of the titanium centre such that the distance to the boryl
substituted carbon atom C(1) of 2.400(2) A is distinctly longer than the distances to
C(2) — C(5) which range from 2.339 —2.362 A. The Ti—Cpeentroid distance of 2.033 A is
comparable to the corresponding distances in boron-bridged constrained geometry
titanium dichloride complexes 70 (1.989 and 1.995 A, respectively, for two
crystallographically independent molecules) and 116 (1.992 A) (vide infra) and in the
half-sandwich  complexes [(7°-CsHs)TiCLL(NH/Bu)] (2.032 A) and [(7-
CsH;s)TiCly(NiPry)] (2.035 A). The relative disposition of the bulky boryl substituent on
the Cs ring to the NMe, group, the sterically most demanding #'-substituent on
titanium, can be described by the N(3)—Ti—Cpeentroia—B torsion angle of 38.0°. This most
likely results from crystal packing forces. The trigonal planar geometry of the N(3)
atom on titanium (sum of angles = 359.9°) and the short N(3)-Ti distance of 1.867(2) A
indicate a significant z-interaction despite the observation of only one resonance in the
'H NMR spectrum at ambient temperature for the NMe, group (vide supra). However,
variable temperature NMR investigations on the related complexes [(77-
CsH;)TiClL,(NMe;,)] and [(77°-CsHs)TiCl,(NH/Bu)] indicated virtually free rotation
about the Ti—N vector that is facilitated by two orthogonal sets of z-acceptor orbitals on
titanium. The NMe, moiety adopts a virtually orthogonal position with respect to the Cs
ring plane (torsion angle between respective planes: 86.8°) and is bent away from the Cs
ring as is illustrated by the angles Ti—N(3)—C(17) and Ti-N(3)-C(16) of 140.64(18)°
and 108.66(19)°, respectively. A similar arrangement was observed in [(77-
CsHs)TiCly(NiPry)] where it was accompanied by a f-agostic interaction involving the
methine C—H bond of an isopropyl group and the metal centre with a Ti---H distance of
ca. 2.25 A. However, in the present case, the minimum Ti--H distance is ca. 2.55 A, so
that the somewhat peculiar geometry of the NMe, substituent appears to be an outcome

of steric repulsion rather than of agostic interaction.
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2.2.1.3.  Hydrolysis of [Ti{(7°-CsHs)B(NiPry)N(H)R}Cl,(NMey)] {R = iPr (110),
Bu (111)}

Solutions of [Ti{(7’-CsHs)B(NiPr;)N(H)R}CL(NMe,)] {R = iPr (110), Bu
(111)} in dichloromethane were left open to the atmosphere. In both cases, small
yellow crystals formed within weeks and were subsequently identified by X-ray
diffraction methods as [{TiCly(x-{OB(NHMe,)-77"-CsHa})}2-1-0] (112) (vide infia).
Presumably, this product is formed by partial hydrolysis of the respective starting

materials (Scheme 26).

P HNMe,
iPr—N\
B—<L > o—B—<L>>
1 1 1
\ 3 H,0 \ .
2 . N 3 2 Cl.. / 5 1 _=Cl
H o o T, ‘NMe, - 2 HNiPr, c=— 1 \ '----...,,,,CI
cl -2H,NR !
IB_O
Me,NH
110 R=iPr 112
111 R=tBu

Scheme 26. Formation of [ {TiCly(u-{OB(NHMe,)-7"-CsHy})},-1-0] (112).

The course of the hydrolysis reaction, however, remains unclear. Noteworthy
are the stability of the Ti—Cl bonds under the applied conditions and the formal
migration of the protonated NMe, fragments from the titanium centres to boron, while
two other B-N bonds per boron centre are cleaved in the course of the reaction.
Characterisation of 112 by means of solution NMR spectroscopy failed due to its poor
solubility in common NMR solvents. This may be ascribed to the zwitterionic nature of
the compound (formally, each boron centre carries a negative charge and each nitrogen

centres carries a positive charge).

2.2.1.4.  X-ray crystallographic analysis of [{TiCl,(x-{OB(NHMey)-7°-CsHs})}--
#0] (112)

Single crystals of 112 were obtained by precipitation from the reaction mixture

in dichloromethane at ambient temperature. Compound 112 crystallises in the

monoclinic space group C2/c and adopts C, symmetry in the crystal with the C, axis

piercing O(1) (Figure 34).
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Figure 34. ORTEP representation of [ {TiCly(u- {OB(NHMe,)-77°-CsH,})},-4-0] (112) in the solid state;
thermal ellipsoids are drawn at the 50% probability level; hydrogen atoms are omitted for clarity.
The coordination around each independent titanium centre is that of a pseudo-
three-legged piano-stool as is commonly found in titanium half-sandwich complexes of
the type [CpTiCLLX]. Two of these half-sandwich titanium fragments are bridged by —
B—O- units in such a way that the cyclopentadienyl ring of one fragment is substituted
by a boron atom that is connected via an oxygen atom to the other titanium centre. The
respective boron atoms of the two linkages are in turn connected via another oxygen
bridge. The boron centres are both tetra-coordinated, carrying NMe,H groups as the
fourth substituent. The molecule is overall neutral, with the boron centres being

formally negatively charged, while the nitrogen atoms carry positive charges.

The molecular structure of 112 in some way resembles that of the dimeric
silicon-oxo-bridged complex [TiClL(u-OSiMe,-77°-CsHy)lo,*** *** however, the latter
exhibits C; symmetry due to a different relative disposition of the silyl moieties
compared to the borate groups. This difference is the outcome of a higher degree of
freedom in the silicon-oxo-bridged compound, resulting from the absence of an endo-
cyclic bridge, where the silyl groups are positioned to ensures minimum interaction, i.e.
with the methyl substituents exo to the cyclic core (—Cp—Si—O-Ti-Cp’-Si’—O’-Ti’-) of
the molecule. To the contrary, in the boron-oxo-bridged complex, one of the
substituents on boron, i.e. O(2) of the central B(1)-O(2)-B(1’) linkage, is positioned
endo to the cyclic core (—Cp—B-O(1)-Ti—Cp’-B’—O(1’)-Ti’-), thus constraining the

molecule to the observed conformation.

The Ti—Cpeentroia distance of 2.009 A is comparable to the corresponding
distances in boron-bridged titanium dichloride CGCs 70 (1.989 and 1.995 A for two
crystallographically independent molecules, respectively) and 116 (1.992 A), the
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unbridged half-sandwich complex 111 (2.033 A) and the aforementioned related
complex [TiCly(x-OSiMes-77-CsHy)]» (2.026 A). The titanium centres are slightly
displaced from a position directly beneath the respective Cs ring centroids such that the
Ti—Cs ring centroid vectors subtend angles of 1.9° to the normals to the ring planes.
The boron atoms are at 6.1° slightly bent out of the Cs ring plane towards the titanium
centre. The Ciys0-B distance of 1.618(3) A are longer than those in boron-bridged CGCs
70 (1.602(6) and 1.605(6) A for two crystallographically independent molecules,
respectively) and 116 (1.595(5) A) and the unbridged boryl substituted half-sandwich
complex 111 (1.605(3) A) and reflect the different degree of hybridisation of the boron
centres involved. The B(1)-O(2)-B(1’) linkage is at 116.76(19)° substantially more
bent than the B(1)-O(1)-Ti(1) moiety {145.22(11)°}, indicating some degree of -
interaction between O(1) and Ti(l) (maximum 7-interaction in a Ti—O bond
corresponds to angles of 180° with regard to the two substituents on oxygen). This
assumption is further supported by the relative short Ti(1)—O(1) distance of 1.7472(12)
A and an elongation of the B—O bond length in the B-O-Ti unit relative to the B-O-B’
unit {1.487(2) A and 1.427(2) A, respectively}. Both the Ti(1)-O(1) distance and
B(1)-O(1)-Ti(1) angle very much resemble the corresponding values found in the Cs-
bridged cyclopentadienyl alkoxy complex [Ti{7: n'-(CsMes)(CH2);0}CL,].**

2.2.1.5.  Constrained geometry complexes of titanium

The reaction of the ligand precursors (771—C5H5)B(NiPrz)N(H)(p—F—Ph) (79) and
(17'-CsHs)B {N(SiMe;),}N(H)Ph (80) with [Ti(NMe,)4] in refluxing toluene resulted in
the formation of the corresponding CGCs [Ti{7’:5'-(CsHs)B(NiPr,)N(p-F-
Ph)}(NMe,),] (113) and [Ti{7":n'<(CsHs)B(N{SiMe3}2)NPh}(NMe,),]  (114).
Subsequent reaction with excess Me;SiCl gave the corresponding dichloro-complexes
[Ti{7’:n'-(CsHs)B(NiPr,)N(p-F-Ph)} Cl,] (115) and [Ti{r’:n'-
(CsH4g)B(N{SiMes},)NPh}Cl,] (116) in virtually quantitative yields (Scheme 27).
Compounds 113, 115 and 116 were obtained as orange or red crystals, whereas 114 was
obtained in the form of a red oil. The compounds proved to be air- and moisture-
sensitive, very soluble in dichloromethane and moderately soluble in toluene and

hexane.

- 109 -



[Ti(NMe,),]
\ \
R\ toluene, reflux, 1 h R\ v eeNMe, excess Me;SiCl R\ v weCl

Ti

N=—B —= N=—B ~ N=—B ~
/ D B / D NMe, _ i / Q Cl
R \T—H 2 HNMe, . \ T/ 2Me,SiNMe, N T/
R R R
+ isomer
79 R=iPr,R'=p-F-Ph 113 R=iPr, R = p-F-Ph 115 R=iPr, R = p-F-Ph
80 R=SiMe,, R =Ph 114 R=SiMe,, R =Ph 116 R=SiMe,, R'=Ph

Scheme 27. Synthesis of [Ti{7":5'-(CsHy)B(NRy)NR’}R**,] (R = iPr, SiMey; R> = p-F-Ph, Ph; R** =
NMe,, CI) (113 - 116).

Cyclopentadienyl complexes 113 — 116 were characterised by multinuclear 1D
and 2D NMR spectroscopy. In the case of compound 116, the solid-state structure was
determined by X-ray diffraction. 'H and C NMR spectra of 113 — 116 exhibit all of
the signals expected for the proposed constitutions apart from the BC resonances in the
latter. 'H and ">C NMR spectra of 113 — 115 each display two signals corresponding to
the methine groups of the cyclopentadienyl moiety, indicating approximate Ci
symmetry in solution. In contrast, the 'H and °C NMR spectra of 116 show four sets of
signals corresponding to the cyclopentadienyl methine groups and the *’Si NMR
spectrum displays two resonances indicating C; symmetry. Such a structure would
appear to arise from a torsion of the (MesSi),N fragment and hindered rotation about the
(MesSi),N-B bond, as observed in the solid state (vide infra). Also noteworthy are the
line shapes of the '"H NMR resonances corresponding to the iPr moieties in 113 and
115. The "H NMR spectrum of 113 displays two broad resonances at 5= 0.91 and 1.56
corresponding to the Me;p; groups and two equally broad signals at 6 = 3.20 and 3.54
corresponding to the CH,p, groups, indicating a rate of rotation about the iPr,N-B
linkage that is approaching the NMR time scale. The 'H NMR spectrum of 115,
however, exhibits two well resolved doublets at 6= 0.91 and 1.54 and two well resolved
septets at 0 = 3.14 and 3.42 corresponding to the iPr groups, consistent with a rigid
conformation of the iPr,N-B fragment on the NMR time scale. Similar NMR
characteristics were observed for the Ph substituted analogues 37 and 70. Apparently,
the substituents on the titanium centre significantly alter the electron density in the N—
B-N-Ti linkages and consequently the barrier for rotation about the iPr,N-B bond.
Thus, the relatively poor 7~donor substituent Cl in 115 and 70 (compared to the good 7~
donor substituent NMe, in 113 and 37) may result in increased z-character in the Ti—N

bond, weaker 7-donation from the titanium bonded nitrogen atom towards the boron
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centre and consequently a stronger z-interaction across the iPr,N-B bond. The latter
would explain the higher rotational barrier observed for the dichloro derivatives.
Further evidence for such an electron density distribution can be obtained by
comparison of bond lengths in 37 and 70 as determined by X-ray diffraction

experiments (vide infra).

The "B NMR chemical shifts of § = 28.0 and 28.1 for the iPr,N substituted
complexes 113 and 115, and 6= 33.0 and 33.1 for the (MesSi),N substituted complexes
114 and 116, closely resemble those of the respective ligand precursors. As in the
ligand precursors, the relative down field shift of the ''B NMR resonances of the
(MesSi),N substituted compounds 114 and 116, with respect to their iPr,N substituted
analogues 37 and 70 (o= 27.8 and 28.4), can be attributed to the comparatively poor 7-

346, 347

donor characteristics of the (MesSi);N substituent resulting in a deshielding

effect.

The same synthetic route as outlined above was extended to the preparation of
the indenyl substituted CGCs [Ti{7’:5'-(CoHs)B(NiPr;)NPh}R,] {R = NMe, (117), CI
(118)} (Scheme 28). In the first reaction step, extended reaction times had to be applied
to obtain full conversion. After two subsequent recrystallisation steps, the analytically
pure target compound 117 could be obtained in the form of orange crystals.
Deamination-chlorination of 117 with Me;SiCl gave the corresponding dichloro-

complex 118 in high yield as a red microcrystalline material.

) [Ti(NMe,),] ) .
LN toluene, reflux, 4h 1P v _.eNMe, excessMe,sicl PT v wwCl
N==B _— N=—=B /TI'\ N=—B /TI'\
/ Q _ / N NMe. _ i / N Cl
r \N_H 2 HNMe, pr \N 2 2Me;SiNMe, \N
Ph Ph Ph
66 117 118

Scheme 28. Synthesis of [Ti{7: 7'-(CoH¢)B(NiPr,)NPh}R;] {R = NMe, (117), CI (118)}

Compounds 117 and 118 were characterised by multinuclear 1D and 2D NMR
spectroscopy, the former was structurally characterised by X-ray diffraction methods
(vide infra). The 'H and >C NMR spectra of 117 and 118 are unremarkable and show
all of the expected signals except for the BC resonance in the latter. As observed for the

corresponding cyclopentadienyl derivatives 37 and 70, the 'H NMR resonances
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corresponding to the iPr moieties in the NMe, derivative 117 were significantly
broadened, suggesting a lower barrier to rotation about the iPr,N—B bond as compared
to the dichloro derivative 118. The ''B NMR chemical shifts of 117 and 118 at 5=27.7

and 28.0, again, resemble the value observed for the ligand precursor.

Starting from the open half-sandwich complex 105, the corresponding CGC
[Ti{775:771—(C5H4)B(NiPr2)NiPr)}(NMez)g] (119) could be prepared after prolonged
heating (68 h reflux in toluene) (Scheme 29). Exposing the analogous /Bu substituted
non-chelating complex 107 to the same conditions did not result in the formation of the
corresponding CGC, but in uncontrolled decomposition of the starting material.
Compound 119 is the first boron-bridged CGC incorporating an alkylamido moiety in
the chelating ligand. Such substitution is of particular interest since for the analogous
silicon-bridged systems better catalytic performance in olefin polymerisation was

reported for alkylamido derivatives when compared to their arylamido congeners.

105 119

Scheme 29. Synthesis of [Ti{7’: n'-(CsH,)B(NiPr,)NiPr)} (NMe,),] (119).

Compound 119 was characterised by multinuclear 1D and 2D NMR
spectroscopy. The 'H and ?C NMR spectra display all of the expected signals with the
exception of the BC resonance in the latter. The proposed formulation of 119 is
supported by the integral ratio of the NMe, resonance to the other signals in the 'H
NMR spectrum that indicates the presence of two NMe, groups per boron-bridged CGC
type ligand in the molecule. The ''B NMR chemical shift of §= 29.1, again, resembles
the values observed for the corresponding ligand precursor 77, as well as for the starting

material 105.
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2.2.1.6.  X-ray crystallographic analysis of amino monoborane based titanium
CGCs

As part of this study, previously reported 70 as well as the new boron-bridged
titanium CGCs 116 and 117 have been structurally characterised. The molecular
structures of 70, 116 and 117 as determined by single crystal X-ray analysis are depicted
in Figures 35 — 37, respectively. Complex 70 crystallised with two independent
molecules (A and B) per asymmetric unit, each having essentially identical geometries
— the r.m.s. deviation of the best fit between the two molecules being only 0.058 A.
The gross structures of complexes 70, 116 and 117 are very similar to that of the
previously structurally characterised species 37, each exhibiting a characteristic angling

of the B—C(1) bond to the [Cs] ring plane (Table 1). There are, however, a few notable

differences between the four structures.

@Cls

Cle
CS

C6

C8
C/

Figure 35. ORTEP representation of [Ti{7": n'-(CsH4)B(NiPry)NPh}Cl,] (70) in the solid state; thermal
ellipsoids are drawn at the 50% probability level; hydrogen atoms are omitted for clarity.
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C18
C15

Clu

Figure 36. ORTEP representation of [Ti{7:7'-(CsH4)B(N{SiMe;},)NPh}Cl,] (116) in the solid state;
thermal ellipsoids are drawn at the 30% probability level; hydrogen atoms are omitted for clarity.

C17 C7 C8

Figure 37. ORTEP representation of [Ti{7:'-(CoHg)B(NiPr,)NPh} (NMe,),] (117) in the solid state;
thermal ellipsoids are drawn at the 50% probability level; hydrogen atoms are omitted for clarity.
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Table 1. Comparative selected geometric parameters for complexes 37, 70, 116 and 117.

37 70 (mol A) 70 (mol B) 116 117

[R1=C(12), [R1=C(12), [R1=C(12), [R1=Si(12), [R1=C(19),
R2=C(15)] R2=C(15)] R2=C(15)] R2=Si(16)] R2=C(16)]

Ti-Cs (A) [a] 2.027 1.989 1.995 1.992 2.054
6 (°) [b] 44 3.1 3.5 3.5 49
S(A) [c] 0.16 0.11 0.12 0.12 0.18
Ti-N(1) (A) 2.020(2) 1.937(3) 1.930(4) 1.941(3) 2.020(2)
B-N(1) (A) 1.428(3) 1.464(6) 1.448(6) 1.436(5) 1.428(4)
B-N(2) (A) 1.409(3) 1.382(6) 1.386(6) 1.419(5) 1.414(4)
B-C(1) (A) 1.603(3) 1.602(6) 1.605(6) 1.595(5) 1.610(4)
N(1)-Ti—Cs (°) [a] 99.2 99.7 99.7 99.73 99.86
N(1)-B-N(2) (°) 131.0(2) 132.9(4) 131.4(4) 130.0(3) 130.6(3)
N(1)-B-C(1) (°) 103.57(18) 99.4(3) 100.1(3) 101.8(3) 104.02)
N(@2)-B-C(1) (°) 125.5(2) 127.6(4) 128.5(4) 127.5(3) 125.43)
X [X-B-Y] (°) [d] 360.0 359.9 360.0 359.3 360.0
4B (A) [e] 0.006 0.016 0.021 0.064 0.004
B-N(2)-RI (°) 123.2(2) 122.8(4) 123.1(4) 122.7(2) 122.1(2)
B-N(2)-R2 (°) 122.0(2) 121.8(3) 121.6(4) 115.5(2) 123.5(2)
RI-N(2)-R2 (°) 114.8(2) 115.3(3) 115.2(3) 121.6(2) 114.42)
Z[X-N@2)-Y] (°) [d] 360.0 359.9 359.9 359.8 360.0
ANQ) (A) [e] 0.009 0.001 0.020 0.043 0.012
AB-N2)] (°) [f] 2.1 1.7 1.9 38.0 1.3
Ti-N(1)-B (°) 102.4(2) 105.8(3) 105.8(3) 102.5(2) 102.22)
Ti-N(1)-Ph (°) 124.2(2) 119.5(2) 119.3(2) 127.7(2) 124.72)
B-N(1)-Ph (°) 131.7(2) 133.4(3) 133.6(3) 129.8(3) 131.82)
Z[X-N(1)-Y] (°) [d] 358.3 358.7 358.7 360.0 358.7
AN(1) (A) [e] 0.115 0.102 0.103 0.015 0.103
B-C(1)~[Cs] (°) [g] 31.9 322 324 352 33.0
AB[Cs] (A) [h] 0.848 0.853 0.860 0.919 0.878

[a] “Cs” refers to the centroid of the five-membered aromatic ring. [b] ¢ is the angle between the normal
to the [Cs] ring plane and the Ti--Cs ring centroid vector. [c] ¢ is the offset of the Ti centre away from a
position perpendicularly beneath the Cs ring centroid. [d] Sum of the angles around the central atom. [e]
AX is the deviation of atom X from the plane of its substituents. [f] Torsion angle about linkage. [g]
Angle of B-C(1) bond to [Cs] ring plane. [h] Deviation of B from [Cs] plane.

In all four complexes, the geometry at titanium centre is pseudo-tetrahedral, with
angles in the range 99.2(1) to 123.82(11)°, the most acute angle in each case being
associated with the bite of the chelating ligand. In each structure the metal centre is
slightly displaced (o) from a position directly beneath the Cs ring centroid such that the
Ti—Cs ring centroid vector subtends an angle (@) of ca. 3 — 5° to the normal to the ring

plane. The Ti—Cs ring centroid and Ti—N(1) bond lengths in 37 and 117 are
significantly longer than those observed in 70 and 116, reflecting the change in
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electronic environment upon formal replacement of NMe, for Cl. In all four structures
both the B and N(2) centres have trigonal planar geometries, but whereas in 37, 70 and
117 these two trigonal planes are nearly coplanar, in 116 the steric bulk of the SiMes
substituents forces a configuration in which the planes are mutually twisted by ca. 38°.
This twist, however, is not accompanied by any significant lengthening of the B-N(2)
bond, although there is a relatively large bend of the B—C(1) vector out of the [Cs] ring
plane and a noticeably flatter geometry around N(1).

Figure 38. Part of one of the extended C—H--- 7 linked chains of alternating A and B type molecules
present in the crystals of 70.

In the structure of 70 adjacent independent molecules are linked by C-H-7
interactions to form an extended chain that propagates along the crystallographic b axis;
the hydrogen bonding geometries [H- 7] (A) and [C-H-- 7] (°) are (a) 2.81, 155 and (b)
2.84, 158 (Figure 38). No significant packing interactions are observed between
adjacent molecules in the crystals of 116, the closest intermolecular contact being the
approach of the C(4)-H proton in one molecule to the CI(1) centre in another [C---Cl
3.74 A, H--Cl 2.84 A, C-H--Cl 158°]. There are no noteworthy intermolecular

interactions in the crystals of 117.
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2.2.1.7.  Reaction of [Ti{r’:7-(CsHs)B(NiPr,)NPh}Cl,] (70) with methylating
agents

Dialkylated CGCs are the genuine pre-catalysts in the CGC catalysed
polymerisation of olefins (see section 1.5.2). Potentially, these may be prepared from
the dichloro substituted CGCs in a controlled reaction using various alkylating agents,
e.g. MeLi or AlMe;3, and isolated prior to activation. Activation can then be achieved
using a number of reagents that facilitate hydrocarbyl abstraction such as MAO,
B(C¢Fs); or [PhsC'][B(CeFs)s ]. Commercial MAO contains substantial amounts of
residual AlMe;>*® and thus combines the methylating and methide abstraction agents in

one mixture.

[Ti{r’:n'-(CsH4)B(NiPr,)NPh}Cl,] (70) was chosen as an example to study the
conversion of boron-bridged dichloro CGCs to their dimethylated derivatives and the
stability of the boron bridge in the presence of methylating agents. The synthesis and
isolation of the dimethyl derivatives of boron-bridged CGCs would permit the use of
boranes and borates as activators in subsequent polymerisation reactions. The findings
of this investigation were also expected to provide a better understanding of the
catalytic performance of MAO activated boron-bridged CGCs olefin polymerisation

experiments (vide infra).

2.2.1.7.1.  Reaction of [Ti{7:7-(CsH4)B(NiPr)NPh}Cl,] (70) with MeLi
Reaction of 70 with MeLi in a toluene/Et,O 4:1 v/v mixture at 0 °C resulted in
the formation of a complicated product mixture as evidenced by 'H and ''B NMR
spectroscopy. The components of the mixture could not be separated or unambiguously
characterised. The resonances observed in the ''B NMR spectrum at 5= 39.5, 28.0 and
—20.5, however, indicate that the boron bridge in 70 is susceptible to reaction with MeLi
under the applied conditions. Presumably, the signal at 6= 28.0, that displays a similar
chemical shift as the boron atom in the starting material 70, corresponds to a species
incorporating the original chelating ligand [77°: 77'-(CsH4)B(NiPr,)NPh]*". The signal at
0 = 39.5 is characteristic of a C,BN fragment. Such a species may arise from
substitution of the amino or amido group by a methyl group. The signal at 6= -20.5 is
indicative of a fourfold substituted boron centre that could be formed by nucleophilic

attack at a threefold coordinated boron atom.
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The reaction was repeated at —80 °C to enhance selectivity of the methylating
agent. '"H NMR spectroscopy again indicated formation of a complicated mixture, but
the "B NMR spectrum displayed only a single new signal at & = 28.5 that was
indicative of an intact boron bridge. The dimethylated target compound could not be

isolated from the mixture.

2.2.1.7.2. Reaction of [Ti{7°: 7™-(CsH4)B(NiPr)NPh}Cl,] (70) with AlMe;

Complex 70 was reacted with AIMes under various conditions and the reaction
progress monitored by means of ''B NMR spectroscopy. When equimolar amounts of
70 and AlMe; (note that AlMes; may provide up to three methyl equivalents) were
combined at ambient temperature, an immediately recorded ''B  NMR spectrum
displayed a single signal at & = 28.2 that resembles the chemical shift of the starting
material {&''B) =28.8}. The analysis was repeated after 1 h and again the signal at 5=
28.2 was the only resonance observed. The resemblance of the signals in the starting
material and the product mixture indicate comparable substitution patterns at the boron
atoms, i.e. CBN,, and thus reveal stability of the boron bridge under the applied

conditions.

To assess the stability of the boron bridge at higher temperatures that more
closely resemble the conditions applied in the polymerisation experiments, half of the
reaction mixture was heated to 60 °C for 30 min and the analysis subsequently repeated.
In the "B NMR spectrum, a predominant signal at 5= 86.1 was observed besides minor
signals at o = 39.9 and 28.0. The chemical shift of 6 = 86.1 is consistent with the

formulation of a trialkylborane, i.e. BMe3,320

that may be formed by substitution of all
substituents at boron in the chelating ligand [77°:7'-(CsH4)B(NiPr,)NPh]*™ by methyl
groups, i.e. full degradation of the boron bridge. The resonance at 6 = 39.9 may
likewise arise from the substitution of either the amino or amido group in the ligand by

methyl, while the signal at 6 = 28.0 may correspond to residual material with an intact

[77°:17'-(CsH4)B(NiPr,)NPh]* ligand.

In MAO activated CGC catalysed olefin polymerisation, the co-catalyst is
usually applied in large excess, i.e. with aluminium to transition metal ratios of greater
than 500:1. Therefore, it is fair to assume that the residual AlMe; contained in

commercially available MAO is present in superstoichiometric amounts relative to the
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pre-catalyst. Accordingly, the other half of the initially described reaction mixture was
treated with two more equivalents of AlMes; (overall AL:Ti ratio 3:1) at ambient
temperature. An ''B NMR spectrum recorded directly after addition of the aluminium
reagent showed a minor signal at o = 86.2 besides a major signal at 6= 28.2. After 24
h, a repeat of the analysis revealed complete consumption of the material that gave rise
to the resonance at 6 = 28.2, affording only a single signal at 6= 86.2. As previously
stated, a resonance at & = 86.2 in the ''B NMR spectrum indicates formation of a
trialkylborane and hence destruction of the boron bridge in the chelating ligand [7:77'-

(CsH,)B(NiPr,)NPh]*".

In summary, the boron bridge in 70 is stable in the presence of equimolar
amounts of AlMe; at ambient temperatures. Excess AlMe; or elevated temperatures
result in substitution reactions at the boron centre and in all probability destruction of

the ansa-bridge in the chelating ligand.

2.2.1.8.  Zirconium and hafnium constrained geometry complexes

The only reported zirconium complex incorporating a boron-bridged CGC type
ligand is [Zr{775:771—(C9H6)B(NiPr2)NPh}2] (73), which was formed by reaction of the
dilithiated ligand precursor with ZrCly. Formation of such metallocenes by salt
elimination reactions between dilithiated CGC ligand precursors and metal halides is
well documented.*® ** 4> 4%47 Now, for the first time, extension of the amine elimination
route developed for boron-bridged titanium CGCs has afforded analogous complexes of

zirconium and hafnium.

Reaction of (771—C5H5)B(NiPr2)N(H)Ph (65) with [M(NMe,)4] (M = Zr, Hf) in
refluxing toluene and subsequent recrystallisation yielded the corresponding CGCs
[M{7:'-(CsH)B(NiPr,)NPh}(NMe,),] {M = Zr (120), Hf (121)} as crystalline

materials (Scheme 30).
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[M(NMe,),] (M = Zr, Hf)
) _ \
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Ph Ph
+ isomer 120 M=2zr
65 121 M=Hf

Scheme 30. Synthesis of [M{7: 7'-(CsHs)B(NiPr)NPh} (NMe),] {M = Zr (120), Hf (121)}.

The indenyl derivative [Zr{r’:5'-(CoHs)B(NiPr;)NPh}(NMe,),] (122) was
obtained in the form of colourless crystals, after work-up, by reaction of (1-
CoH7)B(NiPr;)N(H)Ph (66) with [Zr(NMe;)s] in refluxing toluene (Scheme 31).
Interestingly, the new indenyl complex 122 contains the same boron-bridged ligand as

the previously described metallocene 73.

_ [Zr(NMe,),] _
Pre toluene, reflux, 2h  Pry
/N :B\ )
N -
or N 2 HNMe, o
Ph
66 122

Scheme 31. Synthesis of [Zr{7’: 7'-(CoHg)B(NiPry)NPh} (NMe,),] (122).

Complexes 120 — 122 were characterised by multinuclear 1D and 2D NMR
spectroscopy and X-ray diffraction methods. The ''B NMR chemical shifts for 120 —
122 very much resemble those of the respective ligand precursors. The 'H and "°C
NMR spectra of 120 — 122 are unremarkable and closely resemble the spectra of the
respective titanium congeners 37 and 117. As observed for the related diamino titanium
complexes 37, 113 and 117, the resonances corresponding to the iPr,N moieties of 120
— 122 in the ambient temperature 'H and ?C NMR spectra are significantly broadened.
Such line broadening may be ascribed to a rate of rotation about the iPr,N-B linkage
that is comparable to the NMR time scale (vide supra). However, in the 'H and °C
NMR spectra of 120 — 122 recorded at —20 °C the signals corresponding to the /Pr,N
groups are sharp and the multiplicity of the signals in the '"H NMR spectra are clearly
resolved. These observations are consistent with inhibition of the rotation about the

iPr,N—B bonds in 120 — 122 on the NMR time scale at low temperatures.
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Transformation of 120 — 122 into their respective dichloro derivatives was
attempted by reaction with excess Me;SiCl. In all instances, the reactions yielded
colourless solids that were very poorly soluble in hexane, toluene and even
dichloromethane. Consequently, samples in dichloromethane-D, that were sufficiently
concentrated for NMR experiments could only be prepared after prolonged treatment in
an ultrasonic bath. The "H NMR spectra displayed resonances at the chemical shifts
and in roughly the integral ratios expected for the desired dichloro complexes (as judged
by comparison with the 'H NMR spectra of the titanium analogues 70 and 118), but
signals were unusually broad. The ''B NMR resonances were weak due to the low
concentration of the samples, but the chemical shifts {&''B) = 28, 30.3 and 28.1,
respectively} resembled those observed for the respective starting materials. The poor
solubility of the products in dichloromethane stands in contrast to the good solubility of
the related dichloro titanium complexes 70, 115, 116 and 118 in the same solvent. This
in combination with the broad signals in the '"H NMR spectrum may suggest formation

of oligomeric or polymeric structures in the products.

2.2.1.9.  X-ray crystallographic analysis of amino monoborane based zirconium
and hafnium CGCs (120 - 122)

The solid-state structures of boron-bridged CGCs 120 — 122 (Figures 39 — 41)
were determined by X-ray diffraction experiments. All three compounds crystallised in
the triclinic space group P1. Table 2 compares selected structural parameters of 120 —
122 with those of their respective titanium congeners 37 and 117 and the related

complex [Zr{ 775: ﬂl-(CQHﬁ)B(NiPrz)NPh}Z] (73).

The gross structures of the new complexes 120 — 122 are very similar to the
structures of their respective titanium analogues 37 and 117. All these complexes
display a distorted pseudo-tetrahedral geometry at the transition metal centre. The main
differences between the structures arise from the different radii of the coordinated
transition metals. The larger zirconium and hafnium centres (when compared to the
titanium centres) result in a lengthening of all bonds involving the metal centre.
Concurrently, the N(1)-M—Cpcentroia angles become more acute by ca. 5°, while the
N(1)-B—C(1) angles become more obtuse by ca. 1.5°. In all these structures, both the B

and N(2) centres have trigonal planar geometries and these trigonal planes are almost
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coplanar. There are no noteworthy intermolecular interactions in the crystals of 120 —

122.

Figure 39. ORTEP representation of [Zr{7:77'-(CsH)B(NiPr,)NPh} (NMe,),] (120) in the solid state;
thermal ellipsoids are drawn at the 50% probability level; hydrogen atoms are omitted for clarity.

Ce0

Figure 40. ORTEP representation of [Hf{7’:77'-(CsH4)B(NiPr,)NPh} (NMe,),] (121) in the solid state;
thermal ellipsoids are drawn at the 50% probability level; hydrogen atoms are omitted for clarity.
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Figure 41. ORTEP representation of [Zr{7’: n'-(CoHg)B(NiPr,)NPh} (NMe,),] (122) in the solid state;
thermal ellipsoids are drawn at the 50% probability level; hydrogen atoms are omitted for clarity.

Comparison of the structures of 122 and 73 discloses only minor differences in
the coordination of the respective linked indenyl-amido ligands to the zirconium
centres. Most prominently, the Zr—Cpeentroig distance in 73 is significantly longer and
presumably results from higher electron density at the zirconium centre. The slight
elongation of the Zr-N(1) distance in 73 may be similarly rationalised. These
differences in bond lengths are accompanied by small changes in the other structural
parameters relating to the chelating ligand, the most significant being the larger twist of

the trigonal planes incorporating B and N(2) in 73 (5.1°) when compared with 122
(1.1°).
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Table 2. Comparative selected geometric parameters for complexes 37, 73, 117, 120, 121 and 122.

37 120 121 117 122 73

[M=Ti M = Zr, [M = Hf, [M = Ti, M = Zr, M = Zr,
RI=C(12), RI1=C(12), RI1=C(12), R1=C(19), RI1=C(19), RI=C(16),
R2=C(15)] R2=C(15)] R2=C(15)] R2=C(16)] R2=C(16)] R2=C(19)]

M-=Cs (&) [a] 2.027 2.182 2.162 2.054 2.196 2.228
#(°) [b] 4.4 42 38 4.9 43 5.9
5A) [c] 0.16 0.16 0.14 0.18 0.16 0.23
M-N(1) (A) 2.0202)  2.1530(17)  2.1233(18)  2.0202)  2.1363(14)  2.1570(18)
M-N(G3) (A) 1.9045(19)  2.0570(19)  2.0225(19)  1.915(2)  2.0469(15) -
M-N(4) (A) 1.913(2)  2.0314(19)  2.0415(19)  1.918(3)  2.0356(15) -
B-N(1) (A) 1.428(3) 1.438(3) 1.444(3) 1.428(4) 1.446(2)  1.4467(30)
B-N(2) (A) 1.409(3) 1.408(3) 1.414(3) 1.414(4) 1.406(2)  1.4081(31)
B-C(1) (A) 1.603(3) 1.614(3) 1.608(3) 1.610(4) 1.607(2)  1.6043(32)
N(1)-M-Cs (°) [a] 99.2 94.1 94.9 99.9 94.9 92.7
N(1)-B-N(2) (°) 131.0(2) 130.8(2) 130.7(2) 130.6(3)  129.50(15)  130.49(21)
N(1)-B-C(1) (°) 103.57(18)  105.08(18)  105.18(18)  104.02)  105.45(13)  104.02(18)
N@Q)-B-C(1) (°) 125.52)  124.14(19)  124.2(2) 125.43)  125.04(15)  125.44(20)
Z[X-B-Y] (°) [d] 360.0 360.0 360.0 360.0 360.0 360.0
4B (A) [e] 0.006 0.007 0.006 0.004 0.006 0.018
B-N(2)-R1 (°) 123.2(2)  122.89(18)  123.14(18)  122.12)  122.52(14)  122.38(19)
B-N(2)-R2 (°) 122.02)  122.72(18)  122.37(19)  123.52)  123.14(14)  123.23(20)
RI-N(2)-R2 (°) 114.82)  114.38(17)  114.45(17)  114.42)  114.30(13)  114.39(20)
ZIX-N(Q2)-Y] () [d] 360.0 360.0 360.0 360.0 360.0 360.0
ANQ) (A) [e] 0.009 0.009 0.016 0.012 0.017 0.001
AB-N(2)] (°) [f] 2.1 2.2 2.1 13 1.1 5.1
M-N(1)-B (°) 102.42)  103.37(13)  103.14(14)  102.2(2)  103.06(10)  102.60(14)
M-N(1)-Ph (°) 1242(2)  123.15(13)  123.88(14)  124.72)  124.70(10)  126.55(14)
B-N(1)-Ph (°) 131.72)  131.99(18)  131.59(19)  131.8(2)  131.53(13)  130.55(19)
ZIX-N(1)-Y] (°) [d] 3583 358.5 358.6 358.7 359.3 359.7
AN(1) (A) [e] 0.115 0.110 0.106 0.103 0.076 0.050
B-C(1)[Cs] (°) [g] 31.9 29.4 30.4 33.0 30.5 28.4
AB[Cs] (A) [h] 0.848 0.792 0.814 0.878 0.816 0.764

[a] “Cs” refers to the centroid of the five-membered aromatic ring. [b] ¢ is the angle between the normal
to the [Cs] ring plane and the M---Cs ring centroid vector. [c] ¢ is the offset of the M centre away from a
position perpendicularly beneath the Cs ring centroid. [d] Sum of the angles around the central atom. [e]
AX is the deviation of atom X from the plane of its substituents. [f] Torsion angle about linkage. [g]
Angle of B-C(1) bond to [Cs] ring plane. [h] Deviation of B from [Cs] plane.

2.2.1.10. Attempted syntheses of other amino monoborane-bridged CGCs

Limitations of the previously described amine elimination reaction for the
synthesis of amino monoborane-bridged CGCs were not only encountered for the
reaction of (7'-CsHs)B(NiPr)N(H)R (R = alkyl) with [Ti(NMe,)s]. Thus, (1-
CoH7)B(NiPr)N(H)iPr ~ (83),  (9-C;3Ho)B(NiPr,))N(H)Ph  (88) and  (7'-
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CsMesH)B(NiPr)N(H)Ph (90) showed no reaction with [Ti(NMe,)4] in refluxing
toluene. The inertness of 83 under the applied conditions is rather surprising given that
the related ligand precursors (77'-CsHs)B(NiPr)N(H)iPr (77) and (I-
CoH7)B(NiPr;)N(H)Ph (66) readily react with [Ti(NMe,)s]. The lack of reactivity of
compounds 88 and 90 may be attributed to the lower acidity of the fluorenyl and
tetramethylcyclopentadienyl moieties when compared to similarly substituted
cyclopentadienyl or indenyl fragments. These limitations of the synthetic protocol

prompted the search for an alternative approach.

('-CsHs)B(NiPr,)N(H)/Bu (64) was chosen as the preferred ligand precursor to
probe alternative synthetic methods, because its '"H NMR spectrum is uncomplicated
and that of any complexes so formed are likely to be equally simple. Coordination of
the cyclopentadienyl moiety to a transition metal is expected to give rise to two
characteristic pseudo-triplets corresponding to the CH groups in 2- and 3-positions
relative to the boryl substituent. Such CH resonances are known to be sensitive to
changes in the electronic environment at the transition metal centre. Therefore, even for
closely related complexes, distinct chemical shifts for such pseudo-triplets can be
expected. The resonances corresponding to the iPr,N (one or two doublets and one or
two heptets depending on the rotational barrier about the iPr;,N-B bond) and /Bu (one
singlet) groups are also easily identified in the 'H NMR spectra, however, their

diagnostic value is limited.

Following procedures previously reported in the literature (see section 1.2.1),
several synthetic approaches were assessed: (i) dimetalation/salt elimination, (ii) amine
elimination using [TiCl,(NMey),] as a reagent, (iii) toluene elimination and (iv) amine

assisted HCI elimination.

2.2.1.10.1.  Attempted syntheses of amino monoborane-bridged CGCs via
dimetalation/salt elimination

The dimetalation of (7'-CsHs)B(NiPr))N(H)/Bu (64) was attempted utilising

various lithium alkyls (nBuLi, rBuLi or MeLi) in various solvents (toluene, Et;O or

mixtures thereof). The obtained product mixtures that presumably contained the

dilithiated ligand precursors were then reacted with a suitable titanium source (TiCly,

[TiCl(NMe,),] or [TiCl;(thf);] followed by oxidation with 0.5 equivalents PbCl,). The

reaction involving MeLi was performed using four equivalents of the base, following a
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protocol reported by Resconi et al. that claims to suppress undesired reduction of the
titanium reagent in the course of the reaction. In all cases, mixtures of two or more
products containing (77°-CsH4R)Ti moieties were obtained as indicated by the number of
pseudo-triplets observed in the respective 'H NMR spectra. Separation of the
complicated mixtures was not feasible, thus preventing full characterisation of their
components. However, besides the formation of the respective target compounds
[Ti{7’:n'-(CsHy)B(NiPr,)N/Bu}R,] (R = Cl, NMe,, Me), various side products
resulting from reaction of the mono-deprotonated ligand precursor and/or reactions with
stoichiometries other than 1:1 between the deprotonated ligand precursor and titanium
reagent are easily conceivable. To identify at least some of the possible side products,
i.e. those resulting from 2:1 reaction of the mono-deprotonated ligand precursor with
the titanium sources, the systematic synthesis of [Ti{(775-C5H4)B(NiPr2)N(H)tBu}sz]
(R = NMe,, Cl) by reaction of two equivalents of (771—C5H5)B(NiPr2)N(H)tBu (64) with
[Ti(NMe,)4] followed by reaction with excess Mes;SiCl was attempted. However, the
only product of the first reaction step was the known half-sandwich complex [Ti{(7’-
CsHg)B(NiPr)N(H)fBu}(NMe,);] (107) despite the excess of ligand precursor

available.

The dimetalation/salt elimination route was also examined utilising the ligand
precursors (9-C;3Ho)B(NiPr))N(H)Ph (88) and (#'-CsMesH)B(NiPr,)N(H)Ph (90).
Compound 88 was reacted with two equivalents of lithium alkyls in various solvents
(nBuLi in toluene/Et,O 1:1 v/v, MeLi in Et,O, fBulLi in toluene) and subsequently with
ZrCly. After work-up, samples of the resulting product mixtures showed, amongst
others, resonances corresponding to the unreacted ligand precursor (characteristic NH
and BCH resonances) indicating incomplete deprotonation of 88 under the applied

conditions. The desired CGC could not be obtained.

The conversion of 90 to corresponding CGCs was attempted using various
versions of the dimetalation/salt elimination route (2 equivalents of 7BuLi in
toluene/Et,O 1:1 v/v, [TiCls(thf);], 0.5 equivalents of PbCly; 2 equivalents of /Buli in
toluene/Et,O 1:1 v/v, [TiCl,(NMe,),]; 4 equivalents of MeLi, Et,O, TiCly). The signal
patterns observed in the 'H NMR spectra of the crude products obtained from these
reactions were promising and vaguely agreed with the signal patterns expected for the

respective target products [Ti{7’:7n'-(CsMes)B(NiPr,)NPh}R,] (R = Cl, NMe,, Me).
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However, the products could not be unambiguously characterised since sufficient

purification by means of recrystallisation could not be achieved.

2.2.1.10.2.  Attempted synthesis of an amino monoborane-bridged CGC via
amine elimination using [TiCl,(NMe;y).]

[ZrClo(NMey)o(thf),] was reportedly used as a transition metal precursor for the
synthesis of CGCs via amine elimination. Consequently, the reaction of the boron-
bridged CGC ligand precursor 64 with the related titanium complex [TiCl,(NMe,),] was
attempted. The assumed higher Lewis acidity of [TiCl(NMe;),] when compared to
[Ti(NMe,)4] was expected to assist complexation of the ligand precursor prior to amine
elimination. However, after refluxing the reaction mixture for 3 h in toluene, the 'H
NMR spectrum of an aliquot dried in vacuo showed only signals corresponding to the
unreacted ligand precursor and unidentified decomposition products. No pseudo-
triplets characteristic of complexation of the ligand precursor to the titanium centre were

observed.

2.2.1.10.3.  Attempted synthesis of an amino monoborane-bridged CGC via

toluene elimination

Synthesis of the corresponding CGC was attempted by reaction of (7'-
CsHs)B(NiPr,)N(H)7Bu (64) with [TiBz4] in toluene. However, no reaction between the
two reactants could be observed after 16 h at ambient temperature. Refluxing the
reaction mixture only resulted in decomposition of the titanium reagent while the ligand

precursor remained unchanged as evidenced by 'H NMR spectroscopy.

2.2.1.10.4.  Attempted syntheses of amino monoborane-bridged CGCs via amine

assisted HCI elimination

Reaction of certain CGC ligand precursors with TiCl, in the presence of amines
reportedly resulted in the formation of the corresponding CGCs. Similarly, ring closure
of half-sandwich complexes such as [Ti{(7°-CsH4)B(NiPr)N(H)/Bu} (Cl);..(NMe,)] (x
= 0, 1) under elimination of HCI is also conceivable. Consequently, the viability of

these routes for the synthesis of amino monoborane-bridged CGCs was investigated.

A solution of (7'-CsHs)B(NiPr,)N(H)7Bu (64) in toluene was treated with TiCly
at ambient temperature. After 16 h, an aliquot that was dried in vacuo showed only

signals correpsonding to the unreacted ligand precursor. Upon addition of 10
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equivalents of NEt; to the mixture, formation of a small quantity of a black precipitate
of unidentified constitution was observed. Subsequent analysis by means of '"H NMR
spectroscopy of another aliquot again showed only signals corresponding to the starting
material 64. The reaction mixture was then heated for several hours and the analysis
repeated. This displayed two weak signals at 5= 5.84 and 6.18 corresponding to a (77’
CsH4R)Ti moiety besides predominant signals corresponding to the unreacted ligand
precursor. Apparently, reaction of 64 with TiCls is very slow under the applied
conditions and whether the desired compound is formed appears questionable.
Accordingly, the reaction procedure was modified by using 1,8-
diazabicyclo[5.4.0Jundecene-7 (DBU) instead of NEt;. DBU is widely applied as a

4 1 2 .
349, 350, 351,352 and therefore seemed suitable

very strong, largely non-nucleophilic base
as a replacement for NEt; to accelerate the HCI elimination from 64 and TiCl,.
However, addition of DBU to a solution of 64 and TiCly resulted in immediate
formation of a ruby-red precipitate that was found to be virtually insoluble in aliphatic
and aromatic hydrocarbons as well as dichloromethane. The supernatant solution was
analysed by 'H and ''B NMR spectroscopy but the signals were too weak to be assigned
to any distinctive species. In a control experiment, DBU was reacted with an equimolar
amount of TiCly, instantly affording a ruby-red precipitate of similar solubility to the
aforementioned solid. This apparently fast reaction between DBU and TiCly, resulting

in a practically insoluble material, may dominate even in the presence of the ligand

precursor 64 and consequently prevent formation of the corresponding CGC.

Following similar protocols, [Ti{(77’-CsH4)B(NiPry)N(H)/Bul(Cl)2(NMe,)]
(111) was treated with NEt; and DBU respectively to initiate ring closure under
elimination of HCl. Thus, 5 equivalents of NEt; were added to a solution of 111 in
toluene. After heating the mixture to 90 °C for 16 h, an aliquot was removed, dried in
vacuo and analysed by 'H NMR spectroscopy. The 'H NMR spectrum revealed
consumption of ca. 50% of the starting material 111 and formation of at least three new
compounds incorporating (77°-CsH4R)Ti fragments, as evidenced by the number of
pseudo-triplets observed. Obviously, the conversion proceeds rather unselective and is
therefore without practical use. The reaction was repeated utilising one equivalent of
DBU as a base. After 6 h at ambient temperature, no reaction had occurred as was
apparent from the "H NMR spectroscopic analysis of an aliquot that displayed only

signals corresponding to the starting materials. The mixture was then heated to 80 °C
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for 16 h and the analysis was repeated. The 'H NMR spectrum indicated formation of a
complicated product mixture. Separation and characterisation of the components of the

mixture was not feasible.

[Ti{(7-CsH4)B(NiPry)N(H)7Bu}Cls] would also appear as a suitable precursor
for the formation of a CGC under HCI elimination. Consequently, synthesis of this
compound was attempted via mono-deprotonation of the corresponding ligand precursor
64 and subsequent reaction with TiCls. The difference in acidity of the CsHs and
NH/Bu moieties in 64 as demonstrated in the reaction of 64 with [Ti(NMe;)4] should
permit selective deprotonation of the CsHs group under suitable conditions. When the
reaction was conducted with #nBulLi as a base and hexane as a solvent, beside the
presence of significant amounts of the unreacted ligand precursor, one product was
observed in the 'H NMR spectrum that incorporates a (77°-CsH4R)Ti fragment.
Apparently, these conditions do not facilitate complete deprotonation of 64. Therefore,
the reaction was repeated utilising nBulLi as a base and a toluene/Et,O 1:1 v/v mixture
as solvent. 'H NMR spectroscopy of the crude product of this reaction indicated
formation of a compound bearing a (77°-CsH4R)Ti moiety. However, different chemical
shifts corroborate a different constitution to the product obtained from the reaction
performed in hexane. Repeating the reaction using fBuLi as a base and toluene as a
solvent resulted in a mixture of the two previously observed products. Sufficient
purification of the obtained products for unambiguous characterisation could not be
accomplished. It may be assumed that one of the observed products is indeed the target
compound [Ti{(7’-CsHs)B(NiPr,)N(H)/Bu}Cl;], while the other may be [Ti{(7-
CsH4)B(NiPr;)N(H)zBu},Cl,] resulting from a 2:1 reaction of the deprotonated ligand
precursor with TiCls. The reaction was also repeated utilising K[N(SiMe3),], as this had
been reported to mono-deprotonate 64, however, a complicated product mixture was

obtained.

2.2.2. Attempted syntheses of diborane(4)-bridged CGCs

[2]Borametallocenophanes of zirconium and hafnium were recently reported to
produce high molecular weight polyethylene with high activity. Thus, the synthesis of
related CGCs incorporating a [2]bora ansa-bridge appeared to be a promising target. To

this aim, the complexation of the diborane(4) based ligand precursor (7'-
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CsHs)(BNMe;), {N(H)Ph} (92) to a titanium centre was attempted utilising the (i) amine

elimination, (ii) toluene elimination and (iii) dimetalation/salt elimination approaches.

2.2.2.1.  Attempted syntheses of a diborane(4)-bridged CGC via amine

elimination

Considering the successful application of the amine elimination approach to the
synthesis of amino monoborane-bridged CGCs, it appeared as the obvious method for

the attempted preparation of diborane(4)-bridged CGCs.

Utilising the reaction conditions established for the synthesis of amino
monoborane-bridged CGCs, (77'-CsHs)(BNMe,),{N(H)Ph} (92) was reacted with
[Ti(NMe;)4] in refluxing toluene. The initially yellow mixture turned black over the
course of 3 h. An aliquot was then removed, dried in vacuo and analysed by
multinuclear NMR spectroscopy. The predominant signal at & = 31 in the ''B NMR
spectrum was high-field shifted with respect to those of the ligand precursor at 5= 34.0
and 46.0. Such a shift indicates significant changes in the immediate environment, i.e.
substitution pattern, of the boron centres that result from undesired reactivity other than
deprotonation of the ligand precursor. The 'H NMR spectrum showed a large number
of resonances that could not be assigned to distinct compounds, but that also evidenced

the formation of a complicate product mixture.

The reaction procedure was consequently modified and less harsh conditions
were applied. The reactants were combined in hexane at —20 °C, slowly warmed to
ambient temperature and then stirred for 16 h. The colour of the mixture changed
gradually from bright yellow to yellow-orange. The mixture was then carefully heated
to 50 °C for 2 h and an additional 4 h at reflux. The colour changed further during this
process to become bright red. An aliquot was removed, dried in vacuo and analysed by
multinuclear 1D and 2D NMR spectroscopy. In addition to resonances indication
formation of small quantities of side-products, the spectra were found to be consistent
with the formation of the unbridged complex [Ti{(7-
CsHyg)(BNMe,)o(N{H} Ph)} (NMe»)s] (123) via elimination of one equivalent of HNMe,
(Scheme 32). Four resonances corresponding to the methyl groups of the (BNMe),
fragment in both the 'H and >C NMR spectra, as well as four resonances corresponding
to the methine groups of the cyclopentadienyl fragment in the C NMR spectrum

(accompanied by multiplets in the '"H NMR spectrum integrating to four protons)
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indicate that 123 adopts C; symmetry in solution. The formulation of 123 as the
unbridged complex is further supported by the integration ratio of the protons of the
Ti(NMe,); fragment in relation to the other signals and the observation of a broad signal
at § = 4.95 corresponding to the NH moiety. The ''B NMR spectrum displays two
resonances at 6 = 34.9 and 43.4, which have similar chemical shifts to those for the
ligand precursor 92. The difference in chemical shift between the two resonances of 8.5

ppm, however, is significantly smaller (compared to 12.0 ppm in the ligand precursor).

Me,N
MezN\ /D [Ti(NMe,),] \\B

B hexane, reflux, 4 h / .
| _B -
B - HNMe e e
73 2 Me,N S J/ ""NMe
’/ -'—:\ 2 NI MezN \ 2
Me,N  N—H Ny NMe,
Ph
Ph
+ isomer
92 123

Scheme 32. Synthesis of [Ti{(77-CsH4)(BNMe,),(N {H}Ph)}(NMe,);] (123).

The reaction mixture was subsequently refluxed for a further 20 h and the
analysis repeated. In the "H NMR spectrum, besides some weak signals corresponding
to 123 a number of more intense resonances were observed, indicating the formation of
several unidentified reaction products. The ''B NMR spectrum displayed two broad
signals at 6 = 36 and 46, resulting presumably from the superposition of resonances of
various boron containing products. Evidently, prolonged heating of 123 does not
facilitate selective elimination of a further equivalent of HNMe, to give the

corresponding CGC.

2.2.2.2.  Attempted synthesis of a diborane(4)-bridged CGC via toluene
elimination

As an alternative to the amine elimination route, the synthesis of a diborane(4)-
bridged CGC via toluene elimination utilising [TiBz4] was attempted. Solutions of the
ligand precursor 92 and [TiBz4] in benzene-D¢ were combined at ambient temperature
and the reaction progress was monitored by 'H and ''B NMR spectroscopy. After 16 h,
the '"H NMR spectrum displayed essentially the signals corresponding to the starting
materials. However, these were accompanied by a weak signal at 6 = 2.11,

corresponding to the methyl group of toluene that is derived from protolytic cleavage of

-131-



a benzyl fragment from the titanium precursor. The reaction mixture was subsequently
warmed to 60 °C for 22 h and the monitoring resumed. In the '"H NMR spectra, the
signal at o= 2.11 was found to increase steadily in intensity, while the signal at 6= 2.80
corresponding to the methylene moiety of the titanium precursor gradually decreased
and eventually vanished. In the earlier stages of the monitoring process, at least seven
pseudo-triplets of various intensities were observed in the region between 5.5 — 6.5
ppm. Such pseudo-triplets are characteristic of mono-substituted cyclopentadienyl
titanium complexes, i.e. (77-CsH4sR)Ti fragments, and their multitude indicates the
formation of several intermediate products. Throughout the course of the reaction, a
number of signals were observed in the region typical for NMe, moieties on boron (2.0
— 3.0 ppm), but could not be assigned to distinct products. At the end of the 22 h
period, only two pseudo-triplets of equal intensity at 6= 5.72 and 6.40 remained in the
'H NMR spectrum, indicating the presence of only one final species incorporating a (77°-
CsH4R)Ti fragment. Moreover, four signals corresponding to the NMe, groups could
be tentatively identified at 6 = 2.26, 2.54, 2.57 and 2.62, however, certain assignment
was hampered by trace impurities that give rise to resonances in the same region of the
spectrum. Furthermore, integration of the signal corresponding to the methyl group of
toluene with respect to the combined integrals of both pseudo-triplets afforded a ratio of
12:4, thus revealing formation of four equivalents of toluene per equivalent of (77°-
CsH4R)Ti. Inthe ''B NMR spectrum, a merging of the two initial signals was observed
during the course of the reaction, resulting in a signal at o = 42.8 for the final mixture.
Further characterisation of the products obtained was not possible and hence the

outcome of the reaction remains unclear at this stage.

2.2.2.3. Attempted synthesis of a diborane(4)-bridged CGC via

dimetalation/salt elimination

As a further potential route for the preparation of diborane(4)-bridged CGCs a
dimetalation/salt elimination sequence was assessed. The ligand precursor 92 was
sequentially reacted with two equivalents of 7Buli and one equivalent of
[TiCl,(NMe,),] at —78 °C, slowly warmed to ambient temperature and then stirred for
16 h. An aliquot was dried in vacuo and analysed by 'H and ''B NMR spectroscopy.
The 'H NMR spectrum indicated the formation of a complicated product mixture. The

"B NMR spectrum displayed a single broad resonance at § = 37. Presumably, this
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signal corresponds to a boron containing species other than the target product, since the
latter would be expected to give rise to two resonances corresponding to two boron

atoms with quite different substitution patterns.

2.3. Olefin polymerisation

The polymerisation of ethylene and copolymerisation of ethylene with various
a-olefins or styrene are the commercially most important reactions associated with
CGCs. Significant catalytic activity in the polymerisation of ethylene and styrene was

also described for unbridged cyclopentadienyl amido complexes of titanium.*>** *>*: 3%

%6 Titanium CGCs are known to generally perform better in (co)polymerisation
reactions than their zirconium and hafnium congeners. Preliminary reports on the
catalytic performance of MAO activated boron-bridged CGCs stated a considerable
activity of this system towards the polymerisation of ethylene and styrene.'** %
Consequently, a number of the previously described boron-bridged titanium CGCs (37,
70, 115, 118) and one unbridged complex (111) were studied with regard to their
catalytic activity in ethylene polymerisation (Figure 42). Based on the results obtained
and the observations made in reactions of boron-bridged CGCs with AlMe; (vide
supra), several of the boron-bridged CGCs (37, 70, 118) and the unbridged complex

(111) were further investigated in styrene homopolymerisation experiments.
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Figure 42. Complexes tested as pre-catalysts for ethylene and styrene polymerisation.
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2.3.1. Ethylene polymerisation

Ethylene polymerisation experiments were performed at 30 — 80 °C using 10 —
20 pmol pre-catalyst, Al:Ti ratios of 2250:1 to 4500:1 and an ethylene pressure of 2 bar.
Reaction times were in the range of 15 — 120 min. Details of the polymerisation

reactions are given in the experimental section (see section 4.3.1 and Table 6).

In this study, all of the ethylene polymerisation experiments using boron-bridged
CGCs afforded only small amounts of product. All products contained substantial
amounts of ashes (Al,O3) as indicated by the poor solubility of the products and
consequently weak detector responses in GPC experiments.”>’ The amount of polymeric
product may then be estimated from the detector responses in the respective GPC
experiments relative to the expected detector response for fully soluble samples.®
Using such an estimation, the highest polymer yield (0.72 g) and polymerisation activity
{17 kg PE / (mol Ti x bar ethylene x h)} is determined for reaction PE29-1 utilising
pre-catalyst 115 (60 °C, 20 pmol pre-catalyst, aluminium to titanium ratio 2250:1, 60
min). According to a rating scheme proposed by Gibson ef al. such an activity may be
regarded as low to moderate. A comparison with activity data reported in the literature
is difficult as not only variations of temperature or reactant concentrations, but even
modifications in stirring rate and reactor design significantly affect the polymer yields

33. 3% The classification of the boron-bridged CGCs, however, as

and constitution.
catalysts with low activity seems appropriate considering the ethylene polymerisation
results obtained with a range of zirconocenes using the same reactor system and very
similar reaction conditions {e.g. 60 °C, 10 umol pre-catalyst, Al:Zr ratio 4500:1, 2 bar
ethylene, 60 min; activity for [Cp,ZrCl;]: 700 kg PE / (mol Zr x bar ethylene x h);
activity for [{(77°-CsH4),BNiPr,}ZrCly]: 700 kg PE / (mol Zr x bar ethylene x h)} as
well as reported results obtained with CGCs under comparable conditions {e.g. 50 °C,

15 umol pre-catalyst, AL:Ti ratio 500:1, 2 bar ethylene, 30 min; activity for [{7’:7'-
(CsMey4)(CH,):N7Bu} TiCl,]: 4200 kg PE / (mol Ti x bar ethylene x h)}.

The low activities of the boron-bridged CGCs in the above described ethylene
polymerisation experiments prevented a characterisation of the kinetic profile of the

reaction by means of a yield vs. reaction time correlation.
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GPC results for distinct PE samples obtained from the aforementioned
experiments appear to be well reproducible despite the low concentrations applied.®”
The reproducibility of determined polymer weights between two polymerisation runs
under identical conditions, however, is rather poor (compare PE29-1 vs. PE29-2; PE29-
3 vs. PE29-4; PE29-5 vs. PE29-6; PE30-1 vs. PE30-2; PE30-3 vs. PE30-4; PE30-5 vs.
PE30-6). This lack of reproducibility renders comparison between the catalytic systems
employed in this study rather difficult. Systems based on pre-catalyst 70 (PE26-x, x =1
— 6) appear to produce a polymer with higher molecular mass than the systems
involving pre-catalysts 115 and 118 (PE29-x and PE30-x, x = 1 — 6). Neither a valid
correlation between aluminium to titanium ratio and molecular mass, nor titanium

concentration and molecular mass could be determined due to the poor reproducibility

and resulting broad scattering of determined molecular weights.

The My, / M, ratio for all analysed PE samples exceeds 2.0, the value expected
for coordination polymerisation on a true single site catalyst.*®® M,, / M, ratios reach
values of up to 15, indicating the presence of several constitutionally differing

catalytically active species.

The unbridged complex 111 was also examined as a ethylene polymerisation
pre-catalyst. Reaction conditions were comparable to those applied in the
polymerisation experiments involving boron-bridged CGCs. Neither polymeric nor
oligomeric products were detectable by means of GPC and GC-MS, respectively.
Evidently, complex 111 is not a suitable catalyst precursor for ethylene oligomerisation

or polymerisation.

The low catalytic activity of boron-bridged CGCs in ethylene polymerisation
experiments may be explained in conjunction with the results obtained from the reaction
of boron-bridged CGCs with AlMe;. The latter experiments demonstrated instability of
the boron bridge in the presence of equimolar amounts of AlMes; at elevated
temperature or in the presence of superstoichiometric amounts of AlMe; at ambient
temperature. Considering this instability, a fast destruction of the boron bridge under
the applied reaction conditions must be assumed. A half-sandwich complex appears a
reasonable product of this decomposition pathway. An analogous structural motif is
found in the unbridged, boryl substituted complex 111 and this was proven to be

virtually inactive towards the polymerisation of ethylene in the presence of MAO
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(PE23-x, x = 1 — 6). This lack of reactivity is as well consistent with the observation
that half-sandwich complexes such as [CpTiCl;], [IndTiCls] and [Cp*TiC13] are

generally poor ethylene polymerisation catalysts.

Presumably, the small amounts of PE obtained from MAO activated boron-
bridged CGCs are formed by catalytically active species in the early stages of the
reaction, i.e. active species with an intact boron bridge. Reaction of the boron bridge
with AlMes then rapidly produces half-sandwich complexes that have a very low or no

activity at all.

2.3.2.  Styrene polymerisation

The previous section described the ethylene polymerisation activity of catalytic
systems based on boron-bridged CGCs activated with MAO. The observed low activity
was attributed to the formation of unbridged half-sandwich complexes that are formed
by reaction of AlMes with the boron bridge. As MAO activated titanium half-sandwich
complexes are known to be excellent styrene polymerisation catalysts,*®" 6% 3% g
number of the aforementioned complexes were studied in styrene polymerisation

experiments (see section 4.3.2 and Table 7).

Styrene polymerisation experiments were performed in Schlenk tubes at 50 —
80 °C using 10 wmol pre-catalyst, Al:Ti ratios of 500:1 to 2000:1, a styrene
concentration of 1.74 mol/l and a reaction time of 60 min, following a modified
literature procedure.364 For comparison, several styrene polymerisation experiments
were performed using [CpTiCls;] as a pre-catalyst. Details of the polymerisation

reactions are given in the experimental section.

All products obtained in this study contained substantial amounts of low
molecular weight material as indicated by the respective GPC traces. As a
consequence, precipitation of the polymer in methanol gave only very low yields, i.e.
only the high molecular weight component was precipitated. Utilising an alternative
work-up procedure involving evaporation of the solvent in vacuo allowed the recovery
of both the high and low molecular weight fractions. However, this procedure resulted

in larger ash (Al,O3) contents in the product as was evidenced by its partial insolubility.

Under identical conditions, the highest styrene polymerisation activity is

observed for the catalytic system based on the unbridged complex 111 (PS5-1), while
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the boron-bridged indenyl complex 118 (PS6-1) gives rise to a catalytic system with
similar activity to the benchmark [CpTiCls] (PS4-x, x = 1, 3). Using pre-catalysts 37
(PS1-x, x = 6, 7) and 70 (PS-2-x, x = 1 — 5) very low product yields were achieved,
probably due to the attempted precipitation of the polymer (vide supra). A higher Al:Ti
ratio seems to moderately affect the activity (compare PS5-x, x =1 —4 and PS6-x, x = 1
— 4), though the distribution of yields obtained prevents a final conclusion from being

drawn.

An interpretation of the molecular weights of the polymers obtained, as
determined by GPC, is difficult since all polymers (particularly PS6-x, x = 1 — 5)
contain significant amounts of low molecular weight material that is not included in the
calculation of My, and M,. Naturally, the M,, values are affected more by changes in the
low molecular weight fraction, while M,, is affected more by changes in the high
molecular weight component. Consequently, the calculated M, values in this study can
be expected to be significantly higher than the real M, values. Overestimation of the
M, values then also results in underestimation of the polydispersity of the polymer

samples, as expressed by the M, / M, ratios.

Evidently, the catalytic system based on the unbridged complex 111 (PS5-x, x =
1 — 3) gives the highest molecular weight in the present study. The molecular weight
distribution for PS obtained with this system appears to be narrow with My, / M,, values
close to 2. This suggests the predominance of a single catalytically active species. The
catalytic system based on the bridged indenyl complex 118 (PS6-x, x = 1 — 5) produces
the PS with the lowest molecular weight. Considering the high content of low
molecular weight material in these samples, M,, / M, values presumably exceed 2
significantly, indicating the presence of several catalytically active species in this

system.

The good activity of the catalytic system based on the boron-bridged complex
118 for the homopolymerisation of styrene further supports the previously stated
assumption that the boron-bridged CGCs react with AlMe; to give half-sandwich
complexes that resemble species known to be good styrene polymerisation catalysts but

poor ethylene polymerisation catalysts.
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Chapter 3. Summary and outlook

Numerous new boron-bridged CGC ligand precursors have been prepared by
sequential substitution of suitable dihaloborane precursors with one equivalent of a
cyclopentadienide derivative and one equivalent of an amide. This route proved to be
highly flexible in the choice of cyclopentadienide and amide, allowing facile variation
of the substituents. The newly synthesised compounds include aminoborane based
ligand precursors 77 — 80, 83 — 85, 87, 88 and 90, diaminodiborane(4) based ligand
precursors 92 and 94 as well as ferrocenylborane based ligand precursors 101 and 102

(Figure 43).
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Figure 43. Newly synthesised boron-bridged ligand precursors.

Complexation of Group 4 metals with aminoborane based ligand precursors
combining cyclopentadienyl and indenyl substituents, respectively, with anilido or 4-
fluoroanilido moieties was achieved via reaction of the ligand precursors with the
respective Group 4 metal tetraamides yielding the new boron-bridged CGCs 113, 114,
117 and 120 — 122 (Figure 44). However, aminoborane based NHR (R = alkyl)
substituted ligand precursors reacted with [Ti(NMe,)s] only under elimination of one
equivalent of amine, resulting in the corresponding half-sandwich complexes 105 — 107
(Figure 45); that is the amine donor did not undergo metathesis with the amide group

bound to the transition metal. This observation was attributed to the significantly lower
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acidity of the NHR group where R is alkyl than where R is phenyl or 4-fluorophenyl.
The half-sandwich complex 105 may be converted to the corresponding CGC 119
(Figure 44) by prolonged heating, while the related half-sandwich complex 107

decomposed under the same conditions.

NS e \
M Ti
N=—B N N==B ~ N
/ Q NMe, / D Cl /
R \‘N/ R \N/ iPr N
R Ph

113 R=iPr,R' =p-F-Ph, M = Ti 115 R=iPr,R'=p-F-Ph 117 M=Ti 118
114 R =SiMes, R'=Ph,M=Ti 116 R =SiMe; R'=Ph 122 M=2Zr

119 R=iPr,R'=iPr,M=Ti
120 R=iPr,R'=Ph,M=12Zr
121 R=iPr,R'=Ph, M = Hf

Figure 44. Newly synthesised boron-bridged CGCs.

The diamido titanium CGCs 113, 114 and 117 were readily converted to their
dichloro congeners 115, 116 and 118 (Figure 44) by reaction with excess Me;SiCl,
while the diamido zirconium and hafnium CGCs 120 — 122 yielded poorly soluble and
hence, inadequately characterised products under comparable conditions. The half-
sandwich complexes 105 and 107 reacted with excess MesSiCl to give the dichloro
derivatives 110 and 111 (Figure 45); the corresponding trichloro derivatives were not
formed even after prolonged reaction times. Metalation procedures other than amine
elimination, e.g. dilithiation/salt elimination sequences and amine assisted HCI
elimination, were assessed for a variety of aminoborane based ligand precursors, but
conditions could not be optimised to yield the desired pure boron-bridged CGCs by

these means.

/iPr /iPr Me,N
iPr-N iPr-N
A A pB—<L >
p—<L > B—<L o> / ;
/ 1 Y/ 1
l\,l/ 1 ,\] 1 P B| _i_
~ ! - ! v & [tvonny
R M R M Me,N H J NMe
H /TI "mNMe, H /TI “mNMe, 2 N' Me,N \ 2
Me,N \ Cl \ T NMe,
NMe, Cl Ph
105 R=iPr 110 R=iPr 123
106 R=Cy 111 R=tBu
107 R=tBu

Figure 45. Newly synthesised boryl substituted half-sandwich complexes.
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Interestingly, both half-sandwich complexes 110 and 111 partially hydrolysed to
give the same product, 112, that exhibits a unique B,OsTi, core (Figure 46).
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Figure 46. Product derived from partial hydrolysis of 110 and 111, respectively.

The complexation of Group 4 metals with the diaminodiborane(4) based ligand
precursor 92 proved problematic. Amine elimination utilising [Ti(NMe,)4] yielded only
the half-sandwich complex 123 (Figure 45). Heating of 123 resulted in decomposition
rather than controlled elimination of a further equivalent of amine. Dilithiation/salt
elimination sequences involving 92 yielded mixtures of several products that could not

be separated.

Assessment of the reactivity of the boron-bridged CGC 70 with LiMe and
AlMej revealed that the boron bridge is susceptible to nucleophilic attack from such
alkylating agents. The reaction of 70 with LiMe at —80 °C resulted in a mixture of
products with an intact boron bridge, however, the dimethyl derivative of 70 could not
be isolated. At 0 °C, complex 70 reacted with LiMe under nucleophilic attack of the
bridging boron atom. While the boron bridge in 70 appeared to be stable in the
presence of stoichiometric amounts of AlMes at ambient temperature for at least 1 h,
elevated temperatures or superstoichiometric amounts of AlMe; resulted in a fast

degradation of the bridging moiety.

These findings are rather disappointing in the light that the most commonly
applied co-catalyst in CGC catalysed polymerisation reactions, MAQO, contains
significant amounts of AlMes. Therefore, destruction of the boron bridge in boron-
bridged CGCs under polymerisation conditions that usually involve a large excess of
MAO (and consequently a large excess of AlMes) and high temperature has to be
assumed. Indeed, the boron-bridged CGCs 37, 70, 115 and 118 were found to be poor
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ethylene polymerisation catalysts, but good styrene polymerisation catalysts when
activated with MAO. Such polymerisation characteristics would appear to arise from
degradation of the linking moiety between the cyclopentadienyl and amido fragments,
as CGCs are known to be highly active in ethylene homopolymerisation but have a low
activity towards homopolymerisation of styrene, whereas half-sandwich complexes
such as [CpTiCls] are poor ethylene homopolymerisation catalysts while being superior
styrene polymerisation catalysts. The boryl substituted half-sandwich complex 111 was
as well tested as a polymerisation catalyst and found virtually inactive towards the
polymerisation of ethylene, but displayed a higher activity than [CpTiCls] towards the

polymerisation of styrene.

Based on the aforementioned results, four important fields for further research
on boron-bridged CGCs can be identified: (i) additional studies on the complexation of
boron-bridged CGC ligand precursors to Group 4 metals to prepare boron-bridged
CGCs with substitution pattern that are yet inaccessible (this particularly includes CGCs
with diaminodiborane(4) and ferrocenylborane based ligands); (ii) the selective
synthesis of dialkyl derivatives of boron-bridged CGCs that would allow the use of
B(C¢Fs); and [PhsC'] [B(C¢Fs)s ] instead of MAO as co-catalysts in olefin
polymerisation reactions, thus preventing degradation of the bridging moiety under
polymerisation conditions; (iii) extension of the synthetic methods to the preparation of
boron-bridged CGCs of Group 3 metals and the lanthanides; and (iv) the application of
boron-bridged Group 3 and 4 CGCs for the catalysis of organic transformations other
than polymerisation reactions, particularly those that do not require the use of alkylating

agents.
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Chapter 4. Experimental

4.1. General considerations

All manipulations were carried out under an atmosphere of dry nitrogen or argon
using standard Schlenk line and dry-box techniques. Solvents were dried by standard

365 g L- . .
procedures,” distilled under nitrogen and stored over molecular sieves.

4.1.1. Instrumentation

NMR experiments were performed on either a Bruker Avance 500 spectrometer,
a Bruker AMS500 spectrometer, a Bruker DPX-400 spectrometer, a Bruker DRX 300
spectrometer, a JEOL-EX270, with Delta upgrade, spectrometer or a Bruker Avance
200 spectrometer. All NMR experiments were performed at ambient temperature unless
otherwise stated. All NMR chemical shifts are reported in ppm. Chemical shifts for 'H
and “C-{'H} NMR spectra were referenced to internal solvent resonances and are
reported relative to SiMe,. Assignments were made from the analysis of °C-APT, °C-
DEPT, 'H,'H-COSY and 'H,"?C-HMQC-COSY NMR experiments and by comparison
with previously published compounds. Chemical shifts for ''B-{'H}, ""F-{'H} and
¥Si-{'"H} NMR spectra were referenced to BF3-OEt,, CCI;F and SiMes, respectively, as
external standards. Mass spectra were recorded either on a Finnigan MAT 95, a
Thermo Finnigan Trio 1000, or a Micromass Platform II spectrometer. GC-MS was
performed on a Hewlett Packard G 1800A GCD instrument equipped with an HP 5
capillary column, 50 m, and mass selective detector. IR spectroscopy was recorded as
dichloromethane solutions and performed on a Bruker Vector 22 FT-IR spectrometer

and IR spectroscopic bands are reported in cm .

4.1.2. Starting materials

NaCp,*®® Li[CsMesH], iProNBCL,*” (MesSi),NBCL,**® FcBBr,, FcB(7'-
CsHs),, FeB(1-CoH7)s, FeB(3-CoH7)a, (MesN),B,CL,*® (7'-CsHs)B(NiPry)CL, (77'-
CsHs)B(NiPr))N(H)Bu,  (7'-CsHs)B(NiPry))N(H)Ph,  (1-CoH7)B(NiPry)Cl,  (1-
CoH7)B(NiPr)N(H)Ph,  (1-CoH;)(BNMe,),Cl,  [Ti(NMey)s],>”®  [Zr(NMey)4],
[Hf(NMe;)4], [TiCL(NMe,),],>"" [TiCls(thf)s],*”* [TiBzs],>” [CpTiCL],*™ [Ti{r’:7n'-
(CsH4)B(NiPr;)NPh}(NMe,),], and  [Ti{7:n'-(CsHs)B(NiPry))NPh}Cl,]  were
synthesised according to published procedures. Lithium indenide and lithium

fluorenide were prepared by lithiation of indene and fluorene, respectively, with one
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equivalent of nBuLi (as a solution in hexane) and subsequently isolated by filtration.
Lithiation of primary amines {iPrNH,, CyNH,, ‘BuNH,, PhNH,, (p-F-Ph)NH,} was
performed by addition of one equivalent of nBuLi (as a solution in hexane) to a solution
of the amine in toluene and stirring at ambient temperature for 6 to 16 h. For
polymerisation experiments ethylene 8.2 was purchased from Messer Griesheim and
used as supplied. Styrene for polymerisation experiments was distilled twice from
CaH,, then stored at —30 °C. MAO for the activation of pre-catalysts in polymerisation
experiments was supplied by Crompton, Bergkamen, Germany, as a 10 weight-%
solution in toluene and was used as supplied. All other reagents were purchased from

commercial sources and used as supplied.
4.2. Synthesis of compounds

4.2.1. Ligand precursors

4.2.11. Amino monoborane based cyclopentadienyl substituted ligand

precursors

42.1.1.1. Synthesis of (77'-CsHs)B(NiPr,)Cl (75)

iPr,NBCl, (3.09 g, 17.0 mmol) in hexane (15 mL) was added dropwise to a
suspension of NaCp (1.59 g, 17.9 mmol) in hexane (35 mL) at 0 °C. The mixture was
then stirred at ambient temperature for 2.5 h, the precipitate was removed by filtration
and washed with hexane. All volatiles were then removed in vacuo from the combined

filtrate and washings to yield pure 75 (3.55 g, 16.8 mmol, 99%) as a single isomer.

'H NMR (270 MHz, toluene-Ds): 6= 0.90 (d, *Ji.y = 6.7 Hz, 3H, Me), & = 0.91 (d,
Jin = 6.7 Hz, 3H, Me), 1.39 (d, *Ju. = 6.9 Hz, 6H, Me), 3.16 (m, 2H, CH,
cp)s 3.27 (m, 1H, CHpy), 4.12 (m, 1H, CHp,), 6.47 (pd, 2H, CHcp), 6.84 (pt,
1H, CHcy).

BC NMR (126 MHz, toluene-Ds): 8= 21.9 (Me), 23.4 (Me), 46.6 (CHp,), 46.8 (CH,
cp)» 51.1 (CHppy), 132.9 (CHgy), 137.7 (CHcy), 140.8 (CHcy), BC resonance

not observed.

B NMR (87 MHz, toluene-Ds): 5= 33.9.
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MS (EI") m/z (%): 211 (34) [M], 196 (100) [M" — Me], 154 (14) [M" —Me — iPr], 118
(15) [M" —Me — iPr, — HCI].

4.2.1.1.2. Synthesis of (77'-CsHs)B{N(SiMes),}Cl (76)

Following the same procedure as for 75, (Mes;Si),NBCl, (1.76 g, 7.27 mmol)
was reacted with NaCp (0.68 g, 7.64 mmol) to yield pure 76 quantitatively (1.57 g, 7.25
mmol) as a mixture of va and vh isomers (isomer ratio approximately 7:1, assignment
of constitutional isomers to the two sets of NMR spectroscopic data not possible) in the

form of a pale yellow oil.

'H NMR (250 MHz, chloroform-D): [major isomer]: 6 = 0.22 (s, 18H, SiMes), 3.22
(m, 2H, CH,), 6.59 — 6.63 (m, 1H, CHcy), 6.76 — 6.80 (m, 1H, CHcy), 7.13 —
7.16 (m, 1H, CHcyp);

[minor isomer]: 6= 0.24 (s, 18H, SiMes), 3.09 (m, 2H, CH;), 6.41 — 6.47 (m,
1H, CHcy), 6.69 — 6.75 (m, 1H, CHcyp), 6.89 — 6.92 (m, 1H, CHcy).

BC NMR (101 MHz, chloroform-D): [isomer mixture]: 6 = 3.2 (SiMe3), 3.7 (SiMes),
41.6 (CH»), 45.6 (CHy), 132.2 (CHcp), 132.8 (CHcp), 133.2 (CHcyp), 133.3
(CHcp), 141.2 (CHcyp), 146.4 (CHcp), BC resonance not observed.

B NMR (128 MHz, chloroform-D): [isomer mixture]: 5= 43.5.

MS (CI") m/z (%): 272 (80) [M" + H], 236 (32) [M" — Cl], 162 (57) [M" — HCI —
SiMe3].

4.2.1.1.3. Synthesis of (77'-CsHs)B(NiPrz)N(H)iPr (77)

A freshly prepared solution of lithium isopropyl amide (1.10 g, 17.0 mmol) in
toluene (30 mL) was added dropwise to a solution of (7'-CsHs)B(NiPr,)Cl (75) (3.09 g,
17.0 mmol) in hexane (40 mL) at 0 °C. The reaction mixture was allowed to warm to
ambient temperature and was subsequently stirred for 16 h. LiCl that was precipitated
was filtered off, solvents were removed in vacuo at ambient temperature and the residue
was distilled in vacuo over a short path at elevated temperature. Pure 77 (1.56 g, 6.7
mmol, 39%) as a mixture of va and vh isomers (ratio 5:4, assignment of constitutional
isomers to the two sets of NMR spectroscopic data not possible) was obtained in the

form of a white crystalline solid (melting point 35 °C).
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'H NMR (200 MHz, benzene-Dg): [major isomer]: & = 0.98 (d, *Ji.y = 6.4 Hz, 6H,
Mengir), 1.09 (d, *Ji = 6.9 Hz, 12H, Mey, ), 3.09 (m, 2H, CHy), 3.11 (m,
IH, CHwuwrr), 334 (m, 2H, CHy,, ), 6.50-6.70 (m, 3H, CHc,), NH
resonance not observed;
[minor isomer]: 5= 1.03 (d, *Ji.y = 6.4 Hz, 6H, Mexuipy), 1.14 (d, *Jun = 6.9
Hz, 12H, Mey,, ), 2.91 (m, 2H, CHy), 3.31 (m, 1H, CHyipr), 3.44 (m, 2H,
CHyp, ), 6.40 — 6.50 (m, 2H, CHgy), 6.76 — 6.89 (m, 1H, CHc,), NH
resonance not observed.

“C NMR (101 MHz, benzene-De): [major isomer]: 6= 23.3 (Mey, ), 27.5 (Mexirr),
44.7 (CHyy, ), 46.3 (br, CHnmier), 46.5 (CH ¢p), 133.6 (CHcy), 133.8

(CHcp), 134.9 (CHcp), BC resonance not observed;
[minor isomer]: & = 23.4 (Mey,, ), 27.5 (Mexurr), 43.2 (CHz ¢p), 44.6

(CHyp,, ), 46.3 (br, CHnuer), 132.3 (CHcy), 135.5 (CHgy), 137.4 (CHg), BC

resonance not observed.
B NMR (64 MHz, benzene-Dg): 5= 29.6.

MS (EIY) miz (%): 234 (20) [M'], 219 (100) [M" — Me], 134 (20) [M" — NiPr,], 86 (88)
[CeHi4].

IR 3439 w W(NH).

4.2.1.1.4. Synthesis of (77'-CsHs)B(NiPr;)N(H)Cy (78)

A pale yellow solution of (7'-CsHs)B(NiPr,)Cl (75) (3.75 g, 20.6 mmol) in
hexane (30 mL) was added dropwise to a colourless suspension of lithium cyclohexyl
amide (2.16 g, 20.6 mmol) in toluene (20 mL) at 0 °C. The mixture was stirred at
ambient temperature over night, the precipitated LiCl was removed by centrifugation
and the solvent was evaporated in vacuo. The residual oily, amber coloured crude
product was distilled in vacuo at 105 °C (oil bath temperature) to yield 78 as a mixture
of va and vh isomers (isomer ratio approximately 1:1, assignment of constitutional
isomers to the two sets of NMR spectroscopic data not possible) in the form of a

colourless oil (3.38 g, 12.3 mmol, 60%) that crystallised at —30 °C.
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'H NMR (270 MHz, benzene-Dg): [isomer mixture]: 5= 1.11 (d, *Jiy = 6.9 Hz, 12H,
Me), 1.16 (d, *Jiu = 6.9 Hz, 12H, Me), 0.90 — 1.25 (br m, 6H, CH, ¢), 1.30
—1.45 (br m, 2H, CH, ¢y), 1.50 — 1.65 (br m, 4H, CH, ), 1.75 — 1.93 (br m,
4H, CH; ¢y), 2.55 — 2.80 (br m, 4H, CH, ¢,), 2.85 — 3.00 (br m, 2H, NCH),
2.90 (m, 2H, CH; ¢p), 3.09 (m, 2H, CH, ¢p), 3.33 (m, 2H, CHjp,), 3.46 (m,
2H, CHjpr), 6.4 — 6.9 (m, 6H, CHc,), NH resonance not observed.

BC NMR (68 MHz, benzene-Dg): [isomer mixture]: &= 23.0 (Me), 23.1 (Me), 25.4
(CH; ¢y), 25.4 (CH; ¢y), 25.8 (CH; ¢y), 25.9 (CH; ¢y), 38.1 (CH; ¢y), 43.0
(CH; ¢p), 46.0 (CHyp,), 46.1 (CHypy), 46.3 (CH; ), 51.4 (NCH), 51.5 (NCH),
132.0 (CHcy), 133.3 (CHgp), 133.6 (CHgp), 134.7 (CHgp), 135.3 (CHey),
137.2 (CHcp), BC resonance not observed.

B NMR (87 MHz, benzene-Dg): [isomer mixture]: 5= 29.3.

MS (EI") m/z (%): 274 (19) [M'], 259 (100) [M" — Me], 231 (6) [M" — iPr], 174 (8)
[M" — iPr,N].

IR 3435 w W(NH).

4.2.1.1.5. Synthesis of (77'-CsHs)B(NiPr,)N(H)(p-F-Ph) (79)
('-CsHs)B(NiPr,)Cl (75) (3.11 g, 17.1 mmol) was dissolved in hexane (30 mL)

and freshly prepared lithium para-fluoro-anilide (2.00 g, 17.1 mmol) as a suspension in
toluene (30 mL) was added dropwise at 0 °C. The mixture was allowed to warm to
ambient temperature and was subsequently stirred over night. The pale brown
precipitate was removed by centrifugation. All solvents were then removed in vacuo at
ambient temperature. The resulting yellow oil was distilled over a short path in vacuo
at 120 °C to give 79 (3.47 g, 12.1 mmol, 71%) as a colourless oil that solidified over
night at ambient temperature. The product consisted of a mixture of va and vh isomers
(isomer ratio approximately 2:1, assignment of constitutional isomers to the two sets of

NMR spectroscopic data not possible).

'H NMR (500 MHz, benzene-D): [major isomer]: 6 = 1.06 (d, 12H, Me), 2.83 (m,
2H, CHs ¢p), 3.44 (br m, 2H, CHp,), 4.89 (br s, 1 H, NH), 6.44 — 6.73 (m,
TH, CHcp/p--ph);

- 146 -



[minor isomer]: = 1.09 (d, 12H, Me), 2.77 (m, 2H, CH; ¢), 3.44 (br m, 2H,
CHipr), 4.93 (brs, 1 H, NH), 6.32 — 6.73 (m, 7H, CHcpjp-r-pn).

C NMR (126 MHz, benzene-D): [major isomer]: 5= 23.4 (Me), 45.6 (CH, ¢;), 46.4
(br, CHp), 115.4 (d, *Jer = 22.2 Hz, m-CH, z.pr), 121.4 (d, *Jc.r = 8.3 Hz, o-
CH,.pn), 133.4 (CHgp), 135.7 (CHcy), 138.3 (CHcp), 141.9 (d, *Jor = 2.8
Hz, ipso-CH,r.pn), 157.8 (d, er = 237 Hz, CF), BC resonance not

observed;

[minor isomer]: 5= 23.8 (Me), 43.3 (CH; ¢p), 46.4 (br, CHpp,), 115.1 (d, *Jeor
=22.1 Hz, m-CH,r.py), 122.5 (d, *Jer = 8.3 Hz, 0-CH,.5.p1), 132.9 (CHcp),
136.9 (CHcp), 138.4 (CHcp), 141.8 (d, “Jor = 2.8 Hz, ipso-CH,,r.pn), 157.9
(d, 1JC_F =238 Hz, CF), BC resonance not observed.

YF NMR (376 MHz, benzene-Dg): [major isomer]: 6 =—124.4;
[minor isomer]: 6=-124.4.
1B NMR (64 MHz, benzene-Dy): [isomer mixture]: 5= 29.9.

MS (EI") m/z (%): 286 (8) [M], 271 (26) [M" — Me], 173 (24) [M" — p-F-Ph-NH,],
111 (100) [p-F-Ph-NH, ], 44 (99) [C3Hg'].

42.1.1.6. Synthesis of (77'-CsHs)B{N(SiMes),}N(H)Ph (80)

A suspension of lithium anilide (0.76 g, 7.64 mmol, 1.05 equivalents) in toluene
(30 mL) was added dropwise to a solution of (7'-CsHs)B{N(SiMe;),}Cl (76) (1.57 g,
7.25 mmol) in hexane (25 mL) at 0 °C. After allowing the mixture to warm to ambient
temperature, the reaction mixture was stirred for 16 h. The precipitated LiCl was
removed by filtration and the solvent was evaporated in vacuo to yield 80 as a mixture
of va and vh isomers (isomer ratio approximately 3:1, assignment of constitutional
isomers to the two sets of NMR spectroscopic data not possible) in the form of a yellow
oil (1.58 g, 4.81 mmol, 66%). An attempt to further purify the product by distillation at
105 °C (oil bath temperature) in vacuo resulted only in decomposition as evidenced by

darkening of the oil.

'H NMR (250 MHz, chloroform-D): [major isomer]: &= 0.10 (s, 18H, SiMes), 3.00
(m, 2H, CHa), 5.69 (br s, 1H, NH), 6.64 — 7.26 (m, 8H, CHcppn);
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[minor isomer]: 0= 0.14 (s, 18H, SiMe;), 3.07 (m, 2H, CHy), 5.69 (br s, 1H,
NH), 6.64 —7.26 (m, 8H, CHcp/pn).

BC NMR (63 MHz, chloroform-D): [isomer mixture]: &= 2.9 (SiMe3), 3.2 (SiMe;),
43.1 (CH,), 44.1 (CHy), 120.6 (CHcppn), 122.3 (CHcppn), 122.3 (CHcp/pn),
122.4 (CHcppn), 128.7 (CHcepen), 129.0 (CHeppn), 133.1 (CHcpen), 138.0
(CHcpren), 139.7 (CHcpren), 143.8 (CHcp/pn), 144.0 (CHcp/pn), 144.8 (CHcp/pn),

BC resonance not observed.

B NMR (128 MHz, chloroform-D): [isomer mixture]: 5= 34.3.

MS (CI) m/z (%): 329 (100) [M" + H], 253 (49) [M" — SiMes — 2H], 236 (26) [M" —
HNPh].

4.2.1.2.  Amino monoborane based indenyl subsituted ligand precursors

4.21.2.1. Synthesis of (1-CoH7)B{N(SiMes),}ClI (82)

Following essentially the same procedure as outlined for 75, reaction of
(MesSi),NBCI; (3.16 g, 13.1 mmol) and lithium indenide (1.60 g, 13.1 mmol) yielded
82 (4.15 g, 12.9 mmol) almost quantitatively as a pale yellow oil.

'HNMR (270 MHz, toluene-Ds): 5= 0.26 (s, 18H, SiMes), 3.75 (br s, |H, BCH), 6.40
—7.45 (m, 6H, CHy).

BC NMR (101 MHz, toluene-Ds): & = 4.7 (SiMes), 53.7 (br, BCH), 122.4 (CHja),
124.2 (CHpg), 125.3 (CHing), 127.2 (CHing), 133.6 (CHing), 137.1 (CHing),
145.9 (quaternary Cq), 146.8 (quaternary Ciyg).

B NMR (87 MHz, toluene-Dyg): 5= 47.2.
MS (EI") m/z (%): 321 (1) [M], 306 (8) [M™ — Me], 286 (2) [M" — Cl], 206 (27) [M" —
CoH5], 115 (27) [CoH; '], 98 (100) [M" — CoH7 — SiMes].
4.2.1.2.2. Synthesis of (1-CgH7)B(NiPr;)N(H)iPr (83)
A suspension of lithium isopropyl amide (0.77 g, 11.9 mmol) in hexane (30 mL)
was added dropwise to a solution of (1-CoH7)B(NiPr,)Cl (81) (3.12 g, 11.9 mmol) in

toluene (30 mL) at 0 °C. After warming to ambient temperature, the mixture was stirred

for 16 h. Precipitated LiCl was removed by centrifugation and all volatiles were
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removed in vacuo. Recrystallisation from hexane at —30 °C afforded 83 (1.18 g, 4.2

mmol, 35%) in the form of colourless crystals.

'H NMR (300 MHz, dichloromethane-D,, —50 °C): & = 0.08 (d, 3H, *Ji.y = 6.5 Hz,
CHs), 0.60 (d, 3H, *Ji.y = 6.5 Hz, CH3), 1.16 (d, 6H, *Jiy = 6.7 Hz, CH3),
1.18 (d, 3H, *Juu = 6.2 Hz, CH3), 1.23 (d, 3H, *Jiu = 6.3 Hz, CH3), 1.50
(m, 1H, CHzpy), 2.68 (d, 1H, *Jiy = 9.3 Hz, BCH), 2.93 (m, 1H, CHzpy), 3.49
(br s, 1H, NH), 3.72 (m, 1H, CHyp,), 6.7 — 7.0 (m, 2H, CHing.5.5ing), 7.1 — 7.5
(m, 4H, CHina.6-ring)-

BC NMR (75 MHz, dichloromethane-D,, —50 °C): 6 = 20.9 (Me), 22.7 (Me), 24.1
(Me), 24.4 (Me), 28.0 (Me), 28.3 (Me), 43.5 (CH;p), 44.7 (CH;py), 47.3
(CHipr), 99.5 (br, BCH), 121.6 (CHing-6-ring), 124.0 (CHind-6-ring)> 124.5 (CHing-
6ring)s 1254 (CHing-6ring), 129.9 (CHind-5oring)s 141.5 (CHing-sring), 145.5
(quaternary Cyyg), 150.0 (quaternary Cryg).

B NMR (64 MHz, benzene-Dg): 6= 30.0.

MS (EI") m/z (%): 283 (18) [M"™ — H], 268 (10) [M" — Me — H], 169 (100) [M" —
CoHy], 43 (73) [CsH7 .

42123 Synthesis of (1-CyH7)B(NiPr,)N(H)Cy (84)

A solution of (1-CoH7)B(NiPr;)Cl (81) (2.75 g, 10.5 mmol) in toluene (25 mL)
was added dropwise to a white suspension of lithium cyclohexyl amide (15.0 mmol, 1.4
equivalents) in toluene/diethyl ether (3:1 v/v, 30 mL) at 0 °C. Stirring at ambient
temperature for 16 h afforded a yellow suspension. After removal of the precipitated
LiCl by centrifugation and the solvent in vacuo, the crude product was obtained as a
dark yellow oil. Colourless crystals formed at —30 °C and pure 84 (3.06 g, 9.45 mmol,

90%) was obtained after washing with cold hexane and drying the solid in vacuo.

'H NMR (270 MHz, toluene-Dyg): 5= 0.70 — 2.05 (m, 10H, CH,), 1.18 (d, *Ji = 6.9
Hz, 6H, Me), 1.28 (d, *Jiu = 6.7 Hz, 6H, Me), 2.78 (m, 1H, CH,p;), 2.93 (m,
1H, CHcy), 3.41 (m, 1H, CHp,), 3.61 (m, 1H, BCH), 6.30 — 7.95 (m, 6H,

CHina), NH resonance not observed.

BC NMR (68 MHz, toluene-Dg): 6 = 23.2 (Me), 24.1 (Me), 25.4 (CH,), 25.8 (CH,),
25.9 (CH), 38.1 (CH»), 38.2 (CH,), 45.1 (CH;p;), 50.7 (CH;p), 51.3 (CHcy),
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120.9 (CHjpng), 123.1 (CHyng), 124.0 (CHpng), 124.9 (CHppng), 129.4 (CHyyg),
139.7 (CHya), 145.0 (quarternary Crg), 149.3 (quarternary Cyg), BC

resonance not observed.
B NMR (87 MHz, toluene-Dg): 5= 29.2.

MS (EI") m/z (%): 324 (40) [M'], 309 (100) [M" — Me], 209 (99) [M" — Ind], 115 (23)
[Ind"].

4.2.1.2.4. Synthesis of (1-CgH;)B{N(SiMe3),}N(H)Cy (85)
A pale yellow solution of (1-CoH7)B{N(SiMes),}CI (82) (1.29 g, 4.00 mmol) in

hexane (15 mL) was added to an off-white suspension of lithium cyclohexyl amide
(0.53 g, 5.00 mmol, 1.25 equivalents) in toluene/diethyl ether (3:1 v/v, 20 mL) at 0 °C.
Upon addition of the chloroborane the colour of the suspension changed almost
immediately to bright yellow. The mixture was stirred for 16 h at ambient temperature.
The LiCl formed was then removed by centrifugation and the solvent was evaporated in

vacuo to yield the crude product 85 as a dark yellow oil (1.32 g, 3.44 mmol, 86%).

'HNMR (270 MHz, toluene-Ds): 5= 0.24 (s, 9H, SiMe3), 0.26 (s, 9H, SiMe;), 0.80 —
2.05 (m, 10H, CH,), 3.17 (m, 1H, BCH), 3.50 (m, 1H, NCH), 6.60 — 7.80

(m, 6H, CHyq), NH resonance not observed.

BC NMR (68 MHz, toluene-Ds): 5= 3.2 (SiMes), 3.7 (SiMe3), 25.0 (CH,), 25.5 (CH,),
25.6 (CHy), 36.5 (CH,), 39.6 (CH,), 49.9 (CHcy), 116.6 (CHyg), 121.5
(CHing), 124.0 (CHpng), 124.2 (CHpna), 126.1 (CHpna), 144.7 (CHpa), 145.2

(quaternary Cry), 147.8 (quaternary Crng), BC resonance not observed.

B NMR (87 MHz, toluene-Dg): 5= 32.9.

MS (EI") m/z (%): 384 (19) [M'], 369 (40) [M" — Me], 287 (100) [M™ — NCy], 269
(40) [M" —1Ind], 171 (28) [M" —HNCy — Ind], 98 (32) [HNCy].

4.2.1.3.  Amino monoborane based fluorenyl substituted ligand precursors

4.2.1.3.1. Synthesis of (9-C13Hg)B(NiPr;)N(H)zBu (87)

A suspension of lithium fluorenide (4.30 g, 25.0 mmol) in hexane (50 mL) was
treated with a solution of iPr,NBCIl, (4.55 g, 25.0 mmol) in hexane (20 mL) at 0 °C.

The suspension was allowed to warm to ambient temperature and then stirred for 16 h.
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Precipitated LiCl was removed by centrifugation. Subsequently, lithium fert-butyl
amide (1.98 g, 25.0 mmol) in a hexane/toluene (1:2 v/v, 30 mL) was added dropwise to
the supernatant at 0 °C. The mixture was again warmed to ambient temperature and
stirred for 16 h. Precipitated LiCl was removed by centrifugation and all volatiles were
removed in vacuo to give a colourless solid. According to ''B NMR spectroscopy and
GC-MS of this solid, the target compound was formed in ca. 25% yield in addition to a
number of side products. Two subsequent recrystallisation steps from hexane and then

toluene at ambient temperature yielded the pure product 87 (1.18 g, 13.6 %).

'H NMR (300 MHz, dichloromethane-D,, —30 °C): & = 0.05 (d, *Ju.u = 6.7 Hz, 6H,
Mepy), 1.20 (d, *Jun = 7.1 Hz, 6H, Mewp,), 1.44 (m, *Juy = 6.7 Hz, 1H,
CH,pr), 1.46 (s, 9H, Mesy), 2.87 (m, *Jiy = 7.1 Hz, 1H, CHypy), 3.36 (s, 1H,
BCH), 4.21 (s, 1H, NH), 7.2 — 7.9 (m, 8H, CHp,).

3c NMR (75 MHz, dichloromethane-D,, =30 °C): 6= 20.9 (Me;p,), 24.3 (Me;p), 34.7
(Memsy), 43.2 (CHjpy), 47.6 (CHipy), 49.4 (quaternary Cpy), 120.7 (CHgy),
125.0 (CHgy), 125.9 (CHpy), 127.1 (CHgy), 141.7 (quaternary Cpy), 150.1

(quaternary Cgy,), BC resonance not observed.
B NMR (64 MHz, benzene-Dg): 5= 30.2.

MS (EI") m/z (%): 347 (3) [M" —H], 333 (10) [M" —Me], 183 (100) [M" — C;3Ho], 165
(19) [C13Ho'], 127 (33) [M" — C3Hg — C4Ho].

4.2.1.3.2. Synthesis of (9-C13Hg)B(NiPr;)N(H)Ph (88)
A solution of iPr,NBCI, (3.27 g, 18.0 mmol) in hexane (20 mL) was added

dropwise to a yellow suspension of lithium fluorenide (3.10 g, 18.0 mmol) in hexane
(30 mL) at 0 °C. The mixture was stirred at 0 °C for 30 min, then allowed to warm to
ambient temperature and stirred for a further 16 h. The LiCl formed was removed by
centrifugation. The remaining yellow solution was concentrated and added dropwise to
a suspension of lithium anilide (1.98 g, 20.0 mmol, 1.11 equivalents) in hexane (30 mL)
at 0 °C. After stirring for another 16 h the white precipitate was removed by
centrifugation and the yellow supernatant was concentrated in vacuo. Cooling to 4 °C

afforded pure 88 (2.05 g, 5.58 mmol, 31%) as a colourless crystalline solid.
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'HNMR (270 MHz, chloroform-D): 6= 0.28 (br s, 6H, Me), 1.26 (br s, 6H, Me), 3.00
(m, 1H, CH;p,), 3.60 (m, 1H, CH;p,), 4.29 (s, 1H, BCH), 5.37 (br s, 1H, NH),
6.8-7.9 (m, 13H, CHFlu/Ph)-

BC NMR (68 MHz, toluene-Dg): 6 = 23.5 (Me), 45.3 (CH;p;), 118.8 (CHpypn), 120.1
(CHpipn), 123.8 (CHgwpn), 124.0 (CHpwpen), 125.4 (CHpen), 126.4
(CHgrypn), 128.8 (CHpwypn), 141.4 (quaternary Cey), 148.9 (quaternary Cey),

BC resonance not observed.
B NMR (87 MHz, chloroform-D): 5= 30.8.

MS (EI*) m/z (%): 368 (49) [M'], 353 (29) [M" — Me], 202 (100) [M" — Cy3Hjo], 165
(60) [Ci13Ho'].

4.2.14. Amino monoborane based tetramethylcyclopentadienyl substituted
ligand precursors

4.2.1.4.1.  Synthesis of ('-CsMesH)B(NiPr;)Cl (89)

A solution of iPr,NBCl, (1.33 g, 7.3 mmol) in hexane (10 mL) was added
dropwise to a suspension of Li[CsMesH] (1.04 g, 7.3 mmol) in hexane (50 mL) at 0 °C.
The reaction mixture was allowed to warm to room temperature and was subsequently
stirred. Reaction progress was monitored by ''B NMR spectroscopy. After 7 d, the
signal corresponding to the dichloroborane precursor at 6 = 30.2 had completely
disappeared and only the resonances of the target product at 6= 37.6 and of a minor by-
product at 6 = 24.1 were observed. Precipitated LiCl was removed by centrifugation
and all volatiles were removed in vacuo to yield crude 89 (1.89 g, 7.08 mmol, 97%) in
the form of a yellow oil. 'H and >C NMR spectra were complex and full interpretation
was not possible, however, they suggested the formation of a mixture of va and vh
isomers. By GC-MS, only trace impurities of unknown constitution were detected,

isomers of 89 were not resolved.

B NMR (64 MHz, benzene-Dg): [mixture of isomers] 5= 37.6.

MS (EI") m/z (%): 267 (30) [M'], 167 (21) [M™ = NiPr,], 146 (100) [M" — CsMe4H].
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42.1.4.2.  Synthesis of (7'-CsMesH)B(NiPr;)N(H)Ph (90)

A solution of (7'-CsMe;sH)B(NiPr,)CI (89) (1.89 g, 7.08 mmol) in hexane (20
mL) was added to a freshly prepared suspension of lithium anilide in toluene (40 mL) at
0 °C. The mixture was subsequently stirred for 16 h at ambient temperature to give a
yellow, slightly cloudy solution. All volatiles were removed in vacuo to yield a brown
oil.  The residue was extracted with hexane, the residual solid removed by
centrifugation and the solvent again removed in vacuo to yield crude 90 (2.01 g, 6.23
mmol, 88 %) as a brown oil. 'H and *C NMR spectra were complex due to a large
number of isomers and could not be interpreted. However, the ''B NMR spectrum
showed only a single signal at & = 30.4 consistent with the target compound and GC-

MS indicated that 15% (771—C5Me4H)B {N(H)Ph}, was the only notable impurity.

B NMR (64 MHz, benzene-D): [mixture of isomers] 5= 30.4.

MS (EI") m/z (%): 324 (19) [M"], 280 (7) [M" —H —iPr], 203 (100) [M" — CsMe,H].
4.2.1.5. Diborane(4) based ligand precursors

42.151.  Synthesis of (7-CsHs)(BNMey),Cl (91)

A solution of (Me;N),B,Cl, (2.45 g, 16.1 mmol) was dissolved in hexane (10
mL) and added to a suspension of NaCp (1.50 g, 16.9 mmol) in toluene (40 mL) at 0 °C.
The reaction mixture was stirred for 2 h at 0 °C, then for a further 21 h at ambient
temperature. The reaction progress was monitored by ''B NMR spectroscopy. The
signal corresponding to the starting material at & = 38.4 gradually diappeared while a
new signal corresponding to the product appeared at o ~ 42. After complete
disappearance of the signal corresponding to the starting material the reaction mixture
was worked-up. Precipitated NaCl and excess NaCp were removed by centrifugation
and all volatiles were evaporated in vacuo to give the target compound 91 as a mixture
of va and vh isomers (isomer ratio approximately 5:2, assignment of constitutional
isomers to the two sets of NMR spectroscopic data not possible) in the form of a pale

yellow oil (2.31 g, 11.0 mmol, 68.3%) that crystallised at —30 °C.

'H NMR (200 MHz, benzene-Dg): [major isomer]: 6= 2.49 (s, 3H, Me), 2.64 (s, 3H,
Me), 2.71 (s, 3H, Me), 2.72 (s, 3H, Me), 3.12 (m, 2H, CH,), 6.57 — 6.59 (m,
1H, CHcp), 6.65 — 6.68 (m, 1H, CHcy), 6.91 — 6.93 (m, 1H, CHcy);
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[minor isomer]: 0 = 2.51 (s, 3H, Me), 2.67 (s, 3H, Me), 2.70 (s, 3H, Me),
2.77 (s, 3H, Me), 2.88 (m, 2H, CH,), 6.42 — 6.45 (m, 1H, CHcy), 6.63 — 6.64
(m, 1H, CHcp), 6.88 — 6.91 (m, 1H, CHcy).

BC NMR (75 MHz, benzene-Dg): [major isomer]: & = 37.5 (Me), 40.3 (Me), 41.9
(Me), 45.1 (Me), 46.7 (CHy), 133.6 (CHcyp), 137.3 (CHcyp), 142.5 (CHcp), BC

resonance not observed;

[minor isomer]: = 37.5 (Me), 40.4 (Me), 41.9 (Me), 43.4 (CH,), 44.6 (Me),
132.5 (CHcp), 136.9 (CHcp), 139.8 (CHcp), BC resonance not observed.

B NMR (64 MHz, benzene-Dg): [isomer mixture]: 5= 41.5 (@, = 245 Hz).

MS (EI") m/z (%): 210 (77) [M'], 195 (14) [M" — Me], 165 (17) [M" — HNMe,], 145
(16) [M" — CsHs], 119 (75) [M" — CIBNMe; — H], 99 (100) [B(NMe>),'], 90
(61) [M" — (CsHs)BNMe,].

4.2.1.5.2. Synthesis of (77'-CsHs)(BNMe2){N(H)Ph} (92)

(7]1-C5H5)(BNM62)2C1 (91) (1.37 g, 6.52 mmol) was dissolved in hexane (30
mL) and added dropwise to a suspension of Li[NHPh] (6.52 mmol) in toluene (30 mL)
at 0 °C. The reaction mixture was stirred for 1 h at 0 °C and subsequently for 16 h at
ambient temperature. Precipitated LiCl was removed by centrifugation and all volatiles
were evaporated in vacuo to yield the crude product as a pale yellow oil. This oil was
distilled over a short path in vacuo at 80-100 °C to yield 92 as a mixture of va and vh
isomers (isomer ratio approximately 3:1, assignment of constitutional isomers to the
two sets of NMR spectroscopic data not possible) in the form of a colourless oil (0.87 g,

3.26 mmol, 50.0%).

'H NMR (300 MHz, benzene-Dg): [major isomer]: 6= 2.36 (s, 3H, Me), 2.63 (s, 3H,
Me), 2.80 (s, 3H, Me), 2.81 (s, 3H, Me), 3.10 (m, 2H, CH,), 4.90 (br s, 1H,
NH), 6.50 — 6.55 (m, 1H, CHcp), 6.60 — 6.65 (m, 1H, CHcp), 6.90 (m, 1H,
CHcp), 6.75 — 7.20 (m, 5H, CHpy);

[minor isomer]: 6 = 2.69 (s, 3H, Me), 2.76 (s, 3H, Me), 2.79 (s, 3H, Me),
2.81 (s, 3H, Me), 2.82 (m, 2H, CH,), 4.90 (br s, 1H, NH), 6.35 — 6.40 (m,
1H, CHcp), 6.50 (m, 1H, CHcp), 6.85 (m, 1H, CHcp), 6.75 — 7.20 (m, 5H,
CHpy).
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BC NMR (75 MHz, benzene-Dg): [major isomer]: & = 35.5 (Me), 40.4 (Me), 42.1
(Me), 44.9 (Me), 46.8 (CH,), 118.2 (0-CHpp), 119.9 (p-CHpy), 129.3 (m-
CHpp), 133.6 (CHcp), 136.7 (CHcy), 140.9 (CHcy), 147.6 (ipso-CHpy), BC

resonance not observed;

[minor isomer]: 6= 40.5 (Me), 42.2 (Me), 42.6 (Me), 43.3 (CH>), 44.5 (Me),
118.2 (0-CHpn), 119.9 (p-CHpn), 129.4 (m-CHpy), 132.2 (CHcp), 137.4
(CHcp), 139.3 (CHcyp), 147.6 (ipso-CHpy), BC resonance not observed.

B NMR (64 MHz, benzene-Dg): [isomer mixture]: 5= 34.0 (BN,), 46.0 (CBN).

MS (EI") m/z (%): 266 (100) [M" — H], 221 (25) [M" — HNMe, — H], 147 (88) [M" —
(C5H5)BNM€2].

IR 3399 w W(NH).

42153 Synthesis of (3-CyH7)(BNMe,),ClI (93)

(1-CoH7)(BNMe;),Cl (1.48 g, 5.68 mmol) was dissolved in toluene (20 mL) and
NEt; (0.06 g, 0.6 mmol) was added. After stirring the solution for 2 d at ambient
temperature, the solvent and amine were removed in vacuo to yield 93 in quantitative

yield.
Analytical data for (3-CoH7)(BNMe,),Cl have been previously reported.

4.2.1.54. Synthesis of (3-CgH7)(BNMez){N(H)Ph} (94)

(3-C9H7)(BNMe;),Cl (93) (1.48 g, 5.68 mmol) was dissolved in toluene (20
mL) and added dropwise to a suspension of Li[NHPh] (5.68 mmol) in toluene (40 mL)
at 0 °C. The suspension was stirred for 1 h at 0 °C and for additional 16 h at ambient
temperature. Precipitated LiCl was removed by centrifugation and all volatiles were
removed in vacuo to yield the crude product as a brown oil. The brown oil was diluted
with toluene (4 mL) and hexane (2 mL) were added to precipitate 94 as a white solid.

The precipitate was separated from the supernatant by centrifugation and dried in vacuo

to yield pure 94 (1.42 g, 4.55 mmol, 80%).

'H NMR (300 MHz, benzene-Dg): 6=2.31 (s, 3H, Me), 2.70 (s, 3H, Me), 2.73 (s, 3H,
Me), 2.87 (s, 3H, Me), 3.11 (d, *Juu = 1.9 Hz, 2H, CH,), 4.87 (br s, 1H,
NH), 6.35 (t, *Juu = 1.9 Hz, 1H, CHind-5-ring), 6.80 — 6.90 (m, 1H, p-CHpy),
6.98 — 7.07 (m, 2H, 0-CHpy), 7.10 — 7.15 (m, 1H, CHing-6-ring), 7.18 — 7.25
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(m, 2H, m-CHpy), 7.26 — 7.40 (m, 2H, CHipg.6ring), 7.50 — 7.58 (m, 1H,
CHInd-6-ring) .

BC NMR (75 MHz, benzene-Dg): 6 = 35.6 (Me), 40.6 (CH,), 41.7 (Me), 42.4 (Me),
44.4 (Me), 118.5 (p-CHpn), 120.2 (0-CHpy), 122.8 (CHing-6-ring), 124.0 (CHing-
6-ring)> 124.2 (CHind-6-ring), 126.3 (CHind-6-ring), 129.4 (m-CHpp,), 138.5 (CHing.s-
ring), 145.0 (ipso-Cpn), 147.5 (quaternary Cing), 148.7 (quaternary Cing), BC

resonance not observed.
1B NMR (64 MHz, benzene-Dg): 5= 34.3 (BN,), 48.0 (BCN).

MS (EI") m/z (%): 317 (50) [M'], 302 (19) [M" — Me], 272 (31) [M" — HNMe,], 147
(100) [(Me;N)BN(H)Ph'], 132 (81) [(Me,N)BN(H)Ph™ — Me].

IR 3398 w UNH).
4.2.1.6. Ferrocenyl borane based ligand precursors and related reactions

4.2.1.6.1. Reaction of [FcBBr,] with NaCp

A solution of [FcBBr;] (1.14 g, 3.2 mmol) in pentane (20 mL) was added
dropwise to a suspension of NaCp (0.26 g, 2.9 mmol) in pentane (20 mL) at 0 °C. The
resulting red-brown suspension was allowed to warm to ambient temperature and was
subsequently stirred for 16 h. Precipitated NaBr was removed by centrifugation and all
volatiles were removed in vacuo to yield a red oil. 'H, ''B and *C NMR spectra
showed signals corresponding to [FcB(7'-CsHs),] as the predominant product and
unreacted [FcBBr,]. Furthermore, in the °C NMR spectrum a set of signals of low
intensity was detected that may correspond to [FcB(7'-CsHs)Br] (&'°C) = 46.6 (CH,),
70.4 (CH yp)> 714 (CHe ), 764 (CHe ), 1342 (CHe ), 143.2 (CHeyy5)s

152.4 (CHc 4,5 ), CB resonance not observed).

42.16.2. Reaction of [FcBBr;] with Lilnd

[FcBBr;] (0.44 g, 1.2 mmol) was dissolved in toluene (3 mL), cooled to —80 °C
and added to a suspension of Lilnd (0.15 g, 1.2 mmol) in toluene (10 mL) that was also
cooled to —80 °C. After 45 min, an aliquot was removed, diluted with benzene-Dg and a
"B NMR spectrum was recorded. The spectrum displayed a signal at 5= 45.2 that was

attributed to [FcBBr;] and a broad signal at 6 = 60.7 that may indicate formation of
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[FcB(1-CoH7)Br]. The reaction mixture was allowed to warm to ambient temperature
and the monitoring process repeated. The latter ''B NMR spectrum revealed formation
of an additional product in high yield giving rise to a signal at 6 = 38.3. Separation of

the components of the reaction mixture was not possible.

4.2.1.6.3. Reaction of [FcBBr;] with [BH3:SMe;]

[FcBBr;] (99 mg, 0.28 mmol) was dissolved in benzene-Dg (0.5 mL). One drop
of [BH3'SMe,] (2 M solution in toluene) was added and 'H and ''B NMR (proton
coupled) spectra were recorded immediately. In both spectra, signals corresponding to
[BBrH,'SMe;] {&''B) = —11.3, triplet; &'H) = 1.32, singlet, SMe,} and [BBr,H-SMe;]
{{''B) = -8.1, doublet; §'H) = 1.34, singlet, SMe,} were detected besides other
signals for unidentified compounds {(X''B) = 42.3, singlet; &'H) = 3.95, singlet; 4.01,
singlet; 4.37, singlet; integral ratios ca. 5:1:4}. After 16 h, a repeat analysis indicated
the presence of diborane(6) {&''B) = 16.9; triplet of triplets, 'J BeHyggny 48 Hz,

IJB_HMMZ 134 Hz}, [BBrHy'SMe;], [BBr,H-SMe,] [FcBBry] and an unidentified

product {&''B) = 54.5, broad singlet; & H) = 4.00, singlet; 4.45, pseudo-triplet; 4.71,
pseudo-triplet; integral ratio ca. 5:2:2}.

4.2.1.6.4. Reaction of [FcBBr] with [FcBR2] (R = #'-CsHs, 1-CoHy, 3-CgHy) in
the presence of [BH3-SMe,]

Equal molar quantities of [FcBBr;] and [FcBR,] (R = 771-C5H5, 1-CoH7, 3-CoH7)
were separately dissolved and the solutions combined (for quantities and solvents see
Table 3). 'H and ''B NMR spectra were recorded on the mixture and showed only
signals corresponding to the two respective starting materials. Ca. 20 mol-%
[BH3-SMe;] (as a 2 M solution in toluene) were then added and reaction progress was
monitored by 'H and "B NMR spectroscopy. In all cases, reaction pathways were
complex and resulted in a large number of products as evidenced by complicated NMR
spectra and the components of the product mixtures could neither be separated nor

identified.
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Table 3. Reaction conditions for the conversion of [FcBBr,] with [FcBR;] in the presence of 20 mol-%
[BH3'SM62].

R in [FcBR;] Quantity [FcBR;]/ [FcBBry]  Solvent Volume of solvent
771-C5H5 0.43 mmol benzene-Dg 1 mL

1-CoH5 0.56 mmol toluene 10 mL

3-CoH~ 0.59 mmol toluene 10 mL

4.2.1.6.5. Synthesis of [(7°-CsHs)Fe{r’-CsH4B(Br)N(H)7Bu}] (98)

[FcBBr] (1.44 g, 4.05 mmol) was dissolved in toluene (30 mL), cooled to —80
°C and a suspension of Li{NH7Bu] (0.32 g, 4.05 mmol) in toluene (30 mL) was added
dropwise over a 45 min period. After stirring the mixture for 1 h at —80 °C, it was
allowed to warm to ambient temperature and stirred for a further 1 h. The pale yellow
precipitate was removed by centrifugation. All volatiles were then removed in vacuo to
yield 98 (1.32 g, 3.79 mmol, 94%) as an isomeric mixture (presumably £ and Z isomers
with respect to the substituents of the B=N fragment; isomer ratio ca. 10:1; assignment
of E and Z conformation to the two sets of NMR spectroscopic data not possible) in the

form of a red oil that crystallised on standing at ambient temperature.

'H NMR (400 MHz, benzene-Dg): [major isomer]: & = 1.29 (s, 9H, Megy), 4.06 (s,
5H, CHcy, ), 4.23 (pt, 2H, CH y 5), 4.32 (pt, 2H, CHy 5), 4.54 (brs, 1H,
NH);
[minor isomer]: 6= 1.27 (s, 9H, Meg,), 4.06 (s, SH, CHCSHS), 4.22 (pt, 2H,
CHe ), 431 (pt, 2H, CH( y 5), 4.59 (br s, 1H, NH).

3C NMR (101 MHz, benzene-Dg): [major isomer]: &= 32.0 (Mey), 51.4 (quaternary
Cmu), 69.5 (CHey, ), 72.6 (CHy ), 73.6 (CHy 5), BC resonance not

observed;
[minor isomer]: 6 = 31.9 (Mewmu), 50.8 (quaternary Cpu), 69.4 (CHc ),

72.5 (CHc g ), 73.2 (CH 5 ), BC resonance not observed.

B NMR (64 MHz, benzene-Dg): [mixture of isomers]: 5= 35.3.
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4.2.1.6.6. Synthesis of [(#7°-CsHs)Fe{r’-CsH4B(Br)N(H)Ph}] (99)

Following essentially the same procedure as for 98, [FcBBr:] (2.19 g, 6.16
mmol) was reacted with LiiNHPh] (0.61 g, 6.16 mmol) in toluene (80 mL). After
work-up, 99 (2.02 g, 5.49 mmol, 89%) was obtained in the form of a red oil. The 'H
and °C NMR spectra at ambient temperature showed very broad signals, probably due
to interconversion of two isomers. At low temperatures, two sets of signals were
resolved in the "H and >C NMR spectra, corresponding to two isomers (presumably E
and Z isomers with respect to the substituents of the B=N fragment) in approximately a
5:2 ratio (assignment of £ and Z conformation to the two sets of NMR spectroscopic

data not possible).

'H NMR (300 MHz, dichloromethane-D,, —30 °C): [major isomer]: &= 4.24 (s, 5H,
CH_y, ), 4.53 —4.58 (m, 4H, CH_ 3), 6.59 (br s, 1H, NH), 7.16 — 7.40 (m,
5H, CHpp).

[minor isomer]: 6= 4.11 (pt, 2H, CH y 5), 4.14 (s, 5H, CHy ), 4.42 (pt,

2H, CH ), 6.50 (br's, 1H, NH), 7.16 — 7.40 (m, 5H, CHpy).

BC NMR (75 MHz, dichloromethane-D,, —30 °C): [major isomer]: 6= 69.2 (CHy ),
73.2 (CHc ), 73.5 (CHe yy 3), 123.7 (0-CHpn), 125.0 (p-CHpn), 128.7 (m-
CHpy), 141.4 (ipso-Cpy), CB resonance not observed.
[minor isomer]: 6= 69.5 (CHcy ), 73.0 (CHy5), 76.1 (CHy5), 124.1

(0-CHpp), 125.0 (p-CHpy), 128.9 (m-CHpy), 141.5 (ipso-Cpy), BC resonance

not observed.

1B NMR (64 MHz, dichloromethane-D;): [mixture of isomers]: = 36.7.

4.2.1.6.7.  Synthesis of [(7°-CsHs)Fe{n>-CsH4B(s"-CsHs)N(H)Ph}] (100)
Procedure A: A suspension of NaCp (0.10 g, 1.14 mmol, 2 equivalents) in
toluene (15 mL) was cooled to —80 °C and a solution of [(7°-CsHs)Fe{r -
CsH4B(Br)N(H)Ph}] (99) (0.21 g, 0.57 mmol) in toluene (5 mL) was added dropwise
over a period of 5 min. The reaction mixture was allowed to warm to ambient

temperature and was subsequently stirred for 16 h. All solids (NaBr and excess NaCp)
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were removed by centrifugation and all volatiles were removed in vacuo to yield an

orange coloured oil (0.18 g).

Procedure B: [(77°-CsHs)Fe{ 7 -CsHsB(Br)N(H)Ph}] (99) (0.31 g, 0.84 mmol)
was dissolved in toluene (20 mL) and cooled to —80 °C. A solution of NaCp (0.075g,
0.84 mmol) in toluene/thf (1:1 v/v, 20 mL) was added dropwise over a period of 15 min.
The colour of the reaction mixture changed from red to yellow-orange during the
addition. After 2 h at —80 °C, the reaction mixture was warmed to ambient temperature
and all volatiles were removed in vacuo to yield an orange oil. The oil was dissolved in
toluene (30 mL), insoluble NaBr was removed by centrifugation and the solvent was

removed again in vacuo to yield an orange oil.

The products obtained by the two procedures showed virtually identical 'H and
"B NMR spectra. The signals in the "H NMR spectra were very poorly resolved and
signals could not be assigned. The ''B NMR signal at § = 40 may be attributed to the
formation of the target product 100.

4.2.1.6.8. Synthesis of [(#°-CsHs)Fe{n°-CsH4B(1-CsH7)N(H)Ph}] (101)

A solution of [(77°-CsHs)Fe{7’-CsHsB(Br)N(H)Ph}] (99) (0.78 g, 2.11 mmol) in
toluene (40 mL) was cooled to —70 °C and added to solid Lilnd (0.26 g, 2.11 mmol).
The mixture was allowed to warm to ambient temperature and subsequently stirred for
16 h. Precipitated LiBr was removed by centrifugation and all volatiles were removed
in vacuo to yield a red oil that solidified at ambient temperature. Pure 101 (0.68 g, 1.68
mmol, 80%) was obtained as orange coloured crystals suitable for X-ray structure
determination by recrystallisation from toluene at —30 °C. At ambient temperature,
solution 'H and °C NMR spectra showed two sets of signals corresponding to two
isomers of 101 (presumably £ and Z isomers with respect to the substituents of the B=N
fragment) in approximately a 5:2 ratio (assignment of £ and Z conformation to the two

sets of NMR spectroscopic data not possible).

'H NMR (500 MHz, benzene-De): [major isomer]: 6 = 4.02 (s, 5H, CH¢y ), 4.11
(BCH), 4.15 (s, 1H, CH y; 5), 4.18 (s, 1H, CHc 4 ), 4.19 (s, 2H, CH 4 5),

5.41 (s, 1H, NH), 6.6 — 7.7 (m, 11H, CHpp1na);
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[minor isomer]: 6= 3.67 (s, 1H, CHcy ), 3.84 (s, 1H, CHc ), 3.93 (s,
5H, CHy, ), 4.03 (s, 2H, CH 4 5 ), 4.26 (BCH), 6.27 (s, 1H, NH), 6.9 - 7.5
(m, 11H, CHph/ind)-

BC NMR (126 MHz, benzene-Dg): [major isomer]: 6 = 49.7 (BCH), 69.0 (CHy ),
72.7 (CHeyp)s 72.8 (CHe ), 75.5 (CHeyp), 75.9 (CHeyp), 121.9

(CHphmg), 124.0 (CHpwing), 124.7 (CHppig), 124.9 (CHppmg), 126.0
(CHppmda), 126.3 (CHppma), 128.7 (CHpwma), 130.4 (CHpping), 138.9
(CHpnimg), 143.5 (quaternary Cg), 145.6 (quaternary Crg), 148.1 (ipso-

Cen), BC 5 resonance not observed;

[minor isomer]: & = 46.2 (BCH), 69.0 (CH, ), 71.8 (CHgy4), 71.9
(CHeyp)s 724 (CHeyy), 731 (CHeyp), 1213 (CHpuia), 124.3

(CHpwmda), 124.4 (CHpwma), 124.5 (CHpwma), 124.8 (CHpwing), 125.9
(CHppmd), 128.6 (CHpwma), 129.4 (CHpwing), 130.8 (CHpwima), 143.3

(quaternary Cina), 146.0 (quaternary Cing), 148.7 (ipso-Cpn), BCcy s

resonance not observed.

B NMR (64 MHz, benzene-Dg): [mixture of isomers]: 5= 42.9.

4.2.1.6.9. Synthesis of [(#°-CsHs)Fe{n°-CsH4B(3-CsH7)N(H)Ph}] (102)

[(77°-CsHs)Fe {n-CsH4B(1-CoH,)N(H)Ph}] (101) (0.15 g, 0.37 mmol) was
dissolved in toluene (20 mL), neat NEt; (0.05 mL, 0.37 mmol) added and the reaction
mixture stirred for 16 h at ambient temperature. All volatiles were removed in vacuo to

yield 102 (0.15 g, 0.37 mmol, 100%) in the form of a red oil.

'HNMR (500 MHz, benzene-Dg): 0 = 3.31 (m, 2H, CH; 11q), 4.05 (s, 5H, CHCSHS ),
4.29 (m, 2H, CHCSH4B ), 431 (m, 2H, CHC5H4B ), 6.33 — 7.40 (m, 10H,
CHph/ing), NH resonance not observed.

B¥C NMR (126 MHz, benzene-Dg): 6= 41.0 (CH; 1nq), 68.9 (CHCSHS ), 72.8 (CHC5H4B ),

74.0 (CHcy 5), 121.7 (CHpnina), 122.9 (CHppina), 123.2 (CHpwing), 123.9

(CHphing), 124.6 (CHppma), 1264 (CHpwmg), 129.1 (CHpwma), 140.2
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(CHpnimg), 144.1 (quaternary Cig), 144.4 (quaternary Cryg), 147.9 (ipso-

Cpn), BC resonances not observed.

B NMR (64 MHz, benzene-Dg): 5=41.5.

4.2.1.6.10.  Synthesis of [(77°-CsHs)Fe{n’-CsH4B(N{H}#Bu),}] (103)

A solution of Li[NH7Bu] (0.24 g, 3.04 mmol, 2.0 equivalents) in toluene (20
mL) was added to a solution of [FcBBr;] (0.54 g, 1.52 mmol) in toluene (35 mL) at —70
°C. Within 30 min at —70 °C, the mixture formed a bright yellow-orange coloured
suspension. The mixture was then stirred for an additional 30 min at —70 °C and
subsequently for 16 h at ambient temperature. Precipitated LiBr was removed by
centrifugation and all volatiles were removed in vacuo to yield 103 (0.44 g) as an
orange coloured oil. 'H and C NMR spectra showed the presence of significant
amounts (ca. 25%) of an additional product for which the formulation [{—(Fc)B—

N(#Bu)—}3] is consistent with the data.

'H NMR (200 MHz, benzene-Dg): [major product]: = 1.22 (s, 18H, Mesy), 3.37 (br
s, 2H, NH), 4.07 (s, SH, CHy_ ), 4.13 (pt, 2H, CHy5), 4.29 (pt, 2H,

CHC5H4B );

[minor product]: 6= 1.23 (s, 9H, Megy), 4.04 (s, SH, CHy, ), 4.22 (pt, 2H,
CH i 5), 426 (pt, 2H, CHc ).

BC NMR (101 MHz, benzene-Dg): [major product]: 6= 33.3 (Meg.), 48.7 (quaternary
Cipu), 68.9 (CHy ), 69.3 (CHcy ), 74.1 (CHcy 5), BC resonance not

observed;

[minor product]: 6 = 33.1 (Megu), 50.0 (quaternary Cupy), 68.8 (CHc ),
71.4 (CH ), 72.4 (CH 5 ), BC resonance not observed.

B NMR (64 MHz, benzene-Dg): [major product]: 5= 29.3;
[minor product]: o= 42.6.

4.2.1.6.11.  Synthesis of [(77°-CsHs)Fe{#>-CsH4B(N{H}Ph),}] (104)

[FcBBr;] (0.62 g, 1.74 mmol) was dissolved in toluene (40 mL) and cooled to —
80 °C. A suspension of Li[NHPh] (0.34 g, 3.48 mmol, 2.0 equivalents) in toluene (40
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mL) was then added dropwise and the reaction mixture stirred for 2 h at —80 °C before
warming to ambient temperature and stirring for a further 16 h. Precipitated LiBr was
removed by centrifugation and all volatiles were removed in vacuo to yield 104 (0.60 g,

1.57 mmol, 91%) as a red oil.

'H NMR (500 MHz, benzene-Dg): &= 3.98 (s, 5H, CHcy,), 4.14 (pt, 2H, CH 4 5),

4.18 (pt, 2H, CH,, ), 542 (br s, 2H, NH), 6.30 — 7.10 (m, 10H, CHpy).

“CNMR (126 MHz, benzene-Dg): & = 69.1 (CHc, ), 71.1 (CHc,,), 74.1
(CHe ), 115.1 (p-CHpn), 121.9 (0-CHpn), 129.3 (m-CHpy), 144.3 (ipso-
Cpn), BC resonance not observed.

B NMR (64 MHz, benzene-Dg): 5=31.5.
4.2.2. Complex synthesis
4.2.2.1.  Amino monoborane based non-chelating titanium complexes

42211 Synthesis of [Ti{(7°-CsH4)B(NiPr2)N(H)iPr}(NMe,)s] (105)

The ligand precursor (7'-CsHs)B(NiPr,)N(H)iPr (77) (1.56 g, 6.67 mmol) was
dissolved in toluene (30 mL) and neat [Ti(NMe,)4] (1.50 g, 6.67 mmol) was added by
syringe at 0 °C. The resulting yellow solution was allowed to warm to ambient
temperature and no colour change was observed. The reaction mixture was then heated
to 70 °C during which the colour changed slowly to light orange. Upon subsequent
reflux for 3 h the mixture further darkened in colour. After cooling to ambient
temperature, all volatiles were removed in vacuo to yield 105 (2.50 g, 6.06 mmol, 91%)

in the form of a dark red oil.

'H NMR (200 MHz, benzene-Dg): 6= 1.10 (d, *Jiu = 6.3 Hz, 6H, Mesp), 1.16 (d, *Jir.
n = 6.8 Hz, 12H, Mep,), 3.18 (s, 18H, NMe,), 3.53 — 3.75 (m, 3H, CHjp,),
5.96 (pt, 2H, CHcy), 6.42 (pt, 2H, CHc,), NH resonance not observed.

BC NMR (101 MHz, benzene-Dg): & = 23.8 (Mesr), 28.0 (Mepy), 44.2 (CHppy), 46.4
(br, CHjpr), 50.4 (NMey), 111.2 (CHcp), 120.0 (CHgp), BC resonance not

observed.

B NMR (64 MHz, benzene-Dg): 5= 28.8.

- 163 -



MS (EI") m/z (%): 369 (7) [M" — NMe,], 323 (6) [M" — 2 HNMe,], 234 (13)
[(CsHs)B(NiPr)N(H)iPr'], 219 (55) [(CsHs)B(NiPr,)N(H)iPr" — Me], 86
(100) [iPr,"].

IR 3441 w W(NH).

4.2.2.1.2. Synthesis of [Ti{(77°-CsH.)B(NiPr2)N(H)Cy}(NMe)s] (106)

Following essentially the same procedure as described for 105, (7'-
CsHs)B(NiPr)N(H)Cy (78) (0.75 g, 2.73 mmol) was reacted with [Ti(NMe,)4] (0.61 g,
2.73 mmol) in toluene (20 mL). The reaction mixture was refluxed for 3 h during
which the colour changed from yellow to dark red. The solvent was removed in vacuo

to give 106 as a dark red oil (1.23 g, 2.70 mmol, 99%).

'H NMR (270 MHz, toluene-Dg): 6= 1.19 (d, *Ji. = 6.7 Hz, 12H, Mejp;), 0.90 — 2.00
(m, 10H, CH,), 3.18 (s, 18H, NMe,), 3.55 — 3.75 (m, 2H, CH;p,), 5.93 (pt,
2H, CHcp), 6.36 (pt, 2H, CHcp), NH resonance not observed.

BC NMR (68 MHz, toluene-Ds): 5= 23.7 (Mes), 25.8 (CHs), 26.3 (CH,), 38.7 (CHa),
46.5 (CHgy), 50.3 (NMe,), 51.2 (CHyp), 111.3 (CHgy), 119.7 (CHgp), BC

resonance not observed.
B NMR (87 MHz, toluene-Dyg): 5= 28.3.

MS (CI") m/z (%): 454 (5) [M™ + H], 409 (71) [M" — HNMe,], 275 (20)
[(CsHs)B(NiPr,)N(H)Cy + H'].

IR 3441 w WNH).

42213.  Synthesis of [Ti{(7>-CsHa)B(NiPr2)N(H)Bu}(NMe,)s] (107)

Following the same procedure as for the synthesis of 105, (7'-

CsHs)B(NiPr,)N(H)zBu (64) (0.64 g, 2.58 mmol) was reacted with [Ti(NMe;)4] (0.58 g,
2.58 mmol) in toluene (20 mL). The mixture was refluxed for 2 h, then all volatiles
were removed in vacuo to yield pure 107 (1.10 g, 2.55 mmol, 99%) in the form of a red

oil.

'HNMR (200 MHz, benzene-Dg): 8= 1.16 (d, 12H, Mexn,), 1.19 (s, 9H, Mepy), 3.18
(s, 18H, NMey), 3.51 (m, 2H, CHypy), 5.91 (pt, 2H, CHcp), 6.46 (pt, 2H,

CHcp), NH resonance not observed.
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BC NMR (75 MHz, benzene-Dg): 5= 24.0 (Megmy), 34.1 (Mep,), 46.4 (br, CHpy), 49.7
(quaternary Cgpy), 50.5 (NMey), 111.0 (CHcp), 120.9 (CHcp), BC resonance

not observed.

B NMR (64 MHz, benzene-Dg): 5= 29.1.

MS (CI") m/z (%): 383 (100) [M" — NMe,], 339 (80) [M' — 2 NMe,], 183 (47) [M" —
Ti(NMez)3 — C5H4].

IR 3456 w W(NH).

4.2.2.1.4. Synthesis of [Ti{(77°-CsH.)B(NiPr2)N(H)iPr}CI(NMey),] (108)

[Ti{(7-CsH4)B(NiPro)N(H)iPr} (NMes);] (105) (0.27 g, 0.65 mmol) was
dissolved in hexane (10 mL) and neat MesSiCl (0.72 g, 6.5 mmol, 10 equivalents) was
added. The red mixture was stirred for 16 h at ambient temperature. 'H NMR
spectroscopy on a dried sample revealed almost full conversion to the mono-chlorinated
product. All volatiles were consequently removed in vacuo to give 108 (0.26 g, 0.64
mmol, 98%) in virtually quantitative yield as a red oil that was slightly contaminated by

the corresponding dichloro complex 110.

'HNMR (400 MHz, benzene-Dg): 6= 1.07 (d, *Jiu = 6.3 Hz, 6H, Mexmp), 1.15 (d,
i = 6.8 Hz, 12H, Mey,, ), 3.16 (s, 12H, NMe,), 3.58 (m, 3H, CHip),
5.95 (pt, 2H, CHcyp), 6.47 (pt, 2H, CHcp), NH resonance not observed.

“C NMR (101 MHz, benzene-D): 6= 23.6 (Meyy, ), 27.7 (Mextier), 44.5 (CHyier),
46.6 (br, CHy,, ), 48.9 (NMe»), 113.9 (CHcp), 121.8 (CHcyp), BC resonance

not observed.

B NMR (64 MHz, benzene-Dg): 5= 28.9.

4.22.15. Synthesis of [Ti{(7°-CsH4)B(NiPr2)N(H)iPr}Cl,(NMey)] (110)

[Ti{(77’-CsH4)B(NiPr;)N(H)iPr} CI(NMe,),] (108) (0.20 g, 0.49 mmol) was
dissolved in hexane (10 mL) and neat Me;SiCl (0.72 g, 6.5 mmol, 13 equivalents) was
added. The resulting red solution was stirred for 48 h at ambient temperature. 'H NMR
spectroscopy on a dried sample indicated full conversion to the dichlorinated product.

Consequently, all volatiles were removed in vacuo to yield 110 (0.18 g, 0.46 mmol,

93%) in the form of a red oil.
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'H NMR (400 MHz, benzene-Dg): 6= 1.08 (d, *Ju.u = 6.3 Hz, 6H, Menuer), 1.16 (d,
Jin = 6.8, 12H, Mey, ), 3.41 (m, *Jien = 6.3 Hz, 1H, CHypier), 345 (m,
Jin = 6.8 Hz, 2H, CHyp,, )» 3.63 (s, 6H, NMey), 6.47 (pt, 2H, CHcy), 6.64
(pt, 2H, CHcp), NH resonance not observed.

BC NMR (101 MHz, benzene-De): 6= 23.3 (Mey,, ), 27.4 (Menmrr), 44.5 (CHnmier),
46.7 (br, CHyp, ), 52.6 (NMe»), 120.6 (CHcp), 124.9 (CHcyp), BC resonance

not observed.
B NMR (64 MHz, benzene-Dg): 5=27.8.

IR 3438 w W(NH).

42216.  Synthesis of [Ti{(7°-CsHa)B(NiPr2)N(H)Bu}Cl,(NMe)] (111)

[Ti{(7’-CsH4)B(NiPro)N(H)Bu}(NMe,)s] (107) (0.83 g, 1.95 mmol) was
dissolved in hexane (20 mL) to give a bright orange solution. Neat Me;SiCl (2.11 g,
19.5 mmol, 10 equivalents) was added and the resulting mixture was stirred at ambient
temperature for 6 h. "H NMR spectroscopy on a small aliquot dried in vacuo indicated
almost full conversion to the dichloro complex. All volatiles were subsequently
removed in vacuo to afford a red oil. Recrystallisation from hexane at 4 °C afforded

bright red crystals of pure 111 in almost quantitative yield (0.74 g, 1.80 mmol, 92%)).

'H NMR (200 MHz, benzene-Dg): 6= 1.01 (s, 9H, Megy), 1.07 (d, *Ju.u = 6.8 Hz,
12H, Mepy), 3.06 (br s, 1H, NH), 3.29 (m, *Ju.u = 6.8 Hz, 2H, CHjpy), 3.49
(s, 6H, NMe), 6.30 (pt, 2H, CHcp), 6.59 (pt, 2H, CHcp).

BC NMR (101 MHz, benzene-Dg): 6= 23.4 (Mep;), 34.0 (Mem,), 47.2 (br, CHpr), 49.7
(quaternary Cgp,), 52.8 (NMey), 120.3 (CHcp), 125.5 (CHcp), BC resonance

not observed.
B NMR (64 MHz, benzene-Dg): 5= 28.2.

IR 3450 w W(NH).
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4.221.7. Formation of [{TiCly(u-{OB(NHMey)-7>-CsHaP)}-1-0] (112) by
partial hydrolysis of [Ti{(7°-CsH4)B(NiPr2)N(H)R}CI:(NMey)] {R =
iPr (110), Bu (111)}

An unsealed GC-MS vial containing a solution of [Ti{(7’-
CsH4)B(NiPr)N(H)iPr} Cl,(NMe3)] (110) in dichloromethane was allowed to stand for
4 weeks at ambient temperature. During this period, yellow crystals formed which were
identified as [{TiCly(x-{OB(NHMe,)-7"-CsHs})}2-1-0] (112) by X-ray diffraction
experiments. This product presumably arises from partial hydrolysis of the starting
material. Characterisation by multinuclear NMR spectroscopy was not possible due to

poor solubility in common NMR solvents.

Under the same conditions 111 hydrolyses to form the same complex 112, as

determined by X-ray diffraction methods.
4.2.2.2.  Amino monoborane based constrained geometry complexes of titanium

4.2.22.1. Synthesis of [Ti{7’: 77-(CsH4)B(NiPr2)N(p-F-Ph)}(NMe,),] (113)

('-CsHs)B(NiPr,)N(H)(p-F-Ph) (79) (0.68 g, 2.38 mmol) was dissolved in
toluene (30 mL) and neat [Ti(NMe3)4] (0.53 g, 2.38 mmol) was added by syringe at
ambient temperature. The resulting solution changed colour from yellow to orange
within minutes and darkened to become dark red-brown after 15 min at reflux
temperature. The reaction mixture was stirred for a further 1 h under reflux. All
volatiles were removed in vacuo to yield the pure product 113 (0.97 g, 2.31 mmol, 97%)

as an orange coloured solid.

'HNMR (200 MHz, benzene-Dg): 5= 0.91 (br m, 6H, Mex,), 1.56 (br m, 6H, Mep,),
2.89 (s, 12H, NMe.), 3.20 (br m, 1H, CHyp,), 3.54 (br m, 1H, CHzp,), 5.94 (pt,
2H, CHgy), 6.22 (pt, 2H, CHp), 6.65 — 6.92 (m, 4H, CH,r.pp).

BC NMR (101 MHz, benzene-Dg): 5= 21.7 (br s, Mejp,), 27.4 (br s, Mesp,), 44.6 (br s,
CHip,), 46.5 (br s, CHpy), 47.9 (s, NMey), 114.9 (d, “Jer = 22 Hz, m-CH,,.5.
pn), 116.0 (s, CHep), 120.0 (s, CHcp), 124.8 (d, *Jer = 7.2 Hz, 0-CH,p.py),
151.6 (d, “Jor = 2.4 Hz, ipso-Cpppn), 158.7 (d, 'Jer = 238 Hz, CF), BC

resonance not observed.

B NMR (64 MHz, benzene-Dg): 5= 28.0.
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YENMR (376 MHz, benzene-Dg): 5= —123.3.

42222.  Synthesis of [Ti{n’:77-(CsH4)B(N{SiMes}2)NPh}(NMe,),] (114)

Following essentially the same procedure as for the preparation of 113, (7'-
CsHs)B{N(SiMes),}N(H)Ph (1.51 g, 4.60 mmol) was reacted with [Ti(NMe,)4] (1.03 g,
4.60 mmol). After removing all volatiles in vacuo, 114 (2.10 g, 4.55 mmol, 99%) was

obtained in the form of a dark red oil.

'H NMR (400 MHz, toluene-Dg): 0= 0.40 (s, 18H, SiMes), 3.09 (s, 12H, NMe,), 6.04
(pt, 2H, CHcp), 6.29 (pt, 2H, CHcp), 7.0 — 7.4 (m, SH, CHpp).

C NMR (101 MHz, toluene-Dy): 5= 3.9 (SiMe3), 47.4 (NMe,), 115.6 (CHcy), 120.1
(CHcy), 121.7 (CHpp), 124.0 (CHpy), 128.7 (CHpy), 153.2 (ipso-Cpy), BC

resonance not observed.
B NMR (87 MHz, toluene-Ds): 5= 33.0.
2Si NMR (99 MHz, toluene-Ds): 6= 0.27.

MS (CI") m/z (%): 329 (8) [(CsHs)B{N(SiMes),}N(H)Ph + H'] and ligand fragments.

4.2.2.2.3. Synthesis of [Ti{7’: 77-(CsH4)B(NiPrz)NPh}Cl,] (70)

Following the literature  procedure, a solution of [Ti{7:7'-
(CsH4)B(NiPr)NPh} (NMe;),] (37) (0.17 g, 0.42 mmol) in hexane (10 mL) was reacted
with neat MesSiCl (0.50 g, 4.60 mmol, 11 equivalents) at 0 °C. The mixture was
allowed to warm to ambient temperature and stirred for 16 h. The yellow-orange
precipitate was collected by filtration, washed with hexane and dried in vacuo.
Recrystallisation from CH,Cl, at 4 °C yielded 70 (0.16 g, 0.42 mmol, 98%) as orange

crystals suitable for X-ray diffraction experiments.
Analytical data for 70 have been previously reported.

4.2.2.2.4. Synthesis of [Ti{7’: 77-(CsH4)B(NiPr2)N(p-F-Ph)}Cl,] (115)

[Ti{775:771—(C5H4)B(NiPr2)N(p—F—Ph)}(NMez)g] (113) (0.41 g, 0.98 mmol) was
dissolved in hexane (20 mL) and neat Me;SiCl (1.06 g, 9.8 mmol, 10 equivalents) were
added by syringe at 0 °C. After a few minutes, the colour changed from red-brown to

bright orange and after 2 h a yellow precipitate had formed. The reaction mixture was
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stored for 1 year at ambient temperature before work-up. All volatiles were removed in
vacuo. The red residue was re-dissolved in dichloromethane, concentrated and stored at
—30 °C for recrystallisation. Pure 115 (0.23 g, 0.57 mmol, 58%) was obtained in the

form of bright red microcrystals.

'H NMR (500 MHz, dichloromethane-D5): & = 0.91 (d, *Jin = 6.7 Hz, 6H, Mep,),
1.54 (d, *Jin = 6.9 Hz, 6H, Megpy), 3.14 (m, *Jiu = 6.7 Hz, 1H, CHzpy), 3.42
(m, *Jun = 6.9 Hz, 1H, CHyp), 6.44 (pt, 2H, CHc,), 7.08 (pt, 2H, CHcp),
6.84 — 7.10 (m, 4H, CH,.p.pp).

3c NMR (126 MHz, dichloromethane-D;): 6= 21.3 (s, Mep;), 27.6 (s, Mep;), 45.2 (s,
CHpy), 47.2 (s, CHipy), 116.3 (d, Jer = 23 Hz, m-CH,..pp), 124.1 (d, *Jor =
8.3 Hz, 0-CH,.rpn), 124.3 (s, CHcp), 127.3 (s, CHcp), 148.4 (d, Jor =37
Hz, ipso-C,.r-pn), 160.7 (d, ]JC_F = 245 Hz, CF), BC resonance not observed.

B NMR (64 MHz, dichloromethane-D,): 5= 28.1.

YFNMR (376 MHz, dichloromethane-D5): 5=-119.1.

42225.  Synthesis of [Ti{rn’:77-(CsH4)B(N{SiMes},)NPh}Cl,] (116)

Following the same procedure as for the synthesis of 70, [Ti{7n:7'-
(CsHg)B(N{SiMes},)NPh}(NMe,),] (114) (1.19 g, 2.57 mmol) was reacted with excess
Me;SiCl (2.79 g, 25.5 mmol, 10 equivalents) in hexane (30 mL). After removal of all
volatiles in vacuo, recrystallisation from hexane at ambient temperature yielded pure

116 as orange prismatic and needle shaped crystals (0.78 g, 1.75 mmol, 68%).

'H NMR (270 MHz, benzene-Dg): 6= 0.10 (s, 9H, SiMes), 0.20 (s, 9H, SiMes), 5.96
(pt, 1H, CHgy), 6.07 (pt, 1H, CHgp), 6.31 (pt, 1H, CHg,), 6.61 (pt, 1H,
CHcp), 6.75 — 7.45 (m, SH, CHpp).

BC NMR (68 MHz, benzene-Dg): 5= 3.7 (SiMe3), 3.9 (SiMes), 119.0 (CHcpen), 121.2
(CHcpren), 122.7 (CHepren), 123.1 (CHepren), 123.3 (CHeprpn), 126.2 (CHcp/pn),
126.5 (CHcppn), 152.7 (ipso-Cpr), BC resonance not observed.

B NMR (87 MHz, benzene-Dg): 5= 33.1.

2°Si NMR (54 MHz, benzene-Dg): 0= 1.7 (s, SiMe3), 5.6 (s, SiMe3).
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MS (CI) m/z (%): 445 (54) [M'], 329 (29) [(CsHs)B{N(SiMe;),}N(H)Ph + H'], 236
(20) [(Me3Si),NBCpH'], 162 (60) [(Me3Si),NH;].

4.22.26.  Synthesis of [Ti{n’:7-(CsHg)B(NiPr2)NPh}(NMe,),] (117)

Employing essentially the same procedure described for the preparation of 113,
a solution of (1-CoH7)B(NiPr,)N(H)Ph (66) (0.87 g, 2.73 mmol) in toluene was treated
with neat Ti(NMe;)4 (0.61 g, 2.73 mmol) and refluxed for 4 h. After all volatiles were

removed in vacuo, recrystallisation twice from hexane first at —30 °C and subsequently

at 4 °C afforded 117 (1.00 g, 2.21 mmol, 81%) as orange crystals.

'H NMR (270 MHz, benzene-Dg): = 0.91 (br d, 3H, Me;p,), 1.03 (br d, 3H, Megp,),
1.64 (br d, 6H, Mep,), 2.29 (s, 6H, NMe,), 3.08 (s, 6H, NMe,), 3.28 (m, 1H,
CHp,), 3.73 (m, 1H, CHp,), 6.2 — 7.8 (m, 11H, CHpngpn).

3c NMR (68 MHz, benzene-Dg): 0 = 22.8 (Mejp;), 22.0 (Megpr), 27.0 (Megp;), 27.7
(Megwp;), 44.5 (CHip), 46.4 (NMey), 47.0 (CHppr), 49.5 (NMey), 107.4
(CHmapn), 120.4 (CHpgpn), 121.4 (CHpgpn), 123.2 (CHpgpn), 123.4
(CHmapn), 123.6 (CHpngpn), 124.4 (CHpgpn), 125.0 (CHpgpen), 126.8
(CHingpn), 128.8 (quarternary Cig), 132.0 (quarternary Crng), 155.4 (ipso-

Cpn), BC resonance not observed.
B NMR (87 MHz, benzene-Dg): 5=27.7.

MS (CI") m/z (%): 319 (40) [(CoH7)B(NiPr,)N(H)Ph + H'] and ligand fragments.

4.22217. Synthesis of [Ti{7’: 7-(CsHg)B(NiPrz)NPh}CI,] (118)

Utilising the same procedure as for the synthesis of 70, [Ti{7n:7'-
(CoHg)B(NiPr)NPh}(NMes),] (12) (0.20 g, 0.44 mmol) was reacted with excess
Me;SiCl (0.48 g, 4.4 mmol, 10 equivalents). After work-up, recrystallisation from
toluene at —30 °C yielded pure 118 as red microcrystals (0.17 g, 0.39 mmol, 87%).

'H NMR (270 MHz, benzene-Dg): 5= 0.74 (d, *Ju.u = 6.7 Hz, 3H, Me), 0.79 (d, *Jiu
= 6.7, 3H, Me), 1.40 (d, *Jiu = 6.9, 3H, Me), 1.44 (d, *Juu = 6.9, 3H, Me),
3.13 (m, *Jin = 6.9, 1H, CHypy), 3.39 (m, *Jiy = 6.7, 1H, CHypy), 6.3 — 7.7
(m, 11H, CHpa/pn).
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BC NMR (101 MHz, chloroform-D): 8= 21.4 (Me), 21.7 (Me), 27.2 (Me), 27.7 (Me),
44.6 (CHypy), 47.0 (CHjpy), 116.4 (CHinapn), 121.8 (CHpa/pn), 125.1 (CHpna/pn),
126.2 (CHmapn), 127.5 (CHpmgpn), 128.0 (CHpmapn), 128.5 (CHingpn), 129.2
(CHingren), 129.4 (CHyngen), 133.5 (quaternary Cryg), 134.8 (quaternary Cryg),

151.8 (ipso-Cpp), BC resonance not observed.
B NMR (87 MHz, benzene-Dg): 5= 28.0.

MS (EI") m/z (%): 314 (100) [M" - TiCl, — 2 H].

42228.  Synthesis of [Ti{n’:77-(CsH4)B(NiPr;)NiPr}(NMey),] (119)

Procedure A: Neat [Ti{7-(CsH4)B(NiPry)N(H)iPr}(NMe,)s;] (105) (1.15 g,
2.78 mmol) was heated to 135-150 °C (oil bath temperature). Samples of the dark red
reaction mixture were taken frequently and subjected to 'H NMR spectroscopy. After
2 h, signal integral ratios indicated ca. 25% conversion to the bridged target product 119
and the reaction mixture appeared to be virtually free of by-products. After 9 h,
conversion was determined to be ca. 45%, still with only minor traces of by-products.
After 33 h, however, although conversion had risen to ca. 75% the reaction mixture
became almost black in colour and significant amounts of by-products were detected.
Separation of the reaction components by recrystallisation from toluene and hexane at

various temperatures was unsuccessful.

Procedure B: [Ti{7": n'-(CsH4)B(NiPry)N(H)iPr}(NMe,)s] (105) (0.25 g, 0.60
mmol) was dissolved in toluene (20 mL). The resulting red solution was refluxed and
reaction progress was monitored by 'H NMR spectroscopy. After 20 h, conversion was
ca. 35% according to intregral ratios. After 68 h, the conversion was virtually complete
and only negligible traces of by-products were detected. All volatiles were removed in
vacuo to yield 119 (0.18 g, 0.49 mmol, 82%) as a red oil. Separation of the reaction
components by recrystallisation from different solvents at various temperatures was

unsuccessful.

'H NMR (200 MHz, benzene-Dg): 6= 1.31 (d, *Jiy = 6.3 Hz, 6H, Meriney), 1.36 (d,
i = 6.8 Hz, 12H, Mey,, ), 2.99 (s, 12H, NMey), 3.59 (m, *Jin = 6.8 Hz,
ZH, CHNiPrZ ), 4.07 (m, 3JH-H =63 HZ, 2H, CHTiNiPr), 5.78 (pt, 2H, CHCp),

6.17 (pt, 2H, CHcyp).
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“C NMR (75 MHz, benzene-Dg): 6= 25.1 (Mey, ), 27.4 (Merinier), 46.5 (CHyp, ),

48.8 (NMey), 53.3 (CHrinipr), 114.9 (CHcyp), 119.6 (CHcp), BC resonance not

observed.

B NMR (64 MHz, benzene-Dg): 5= 29.1.

4.223. Amino monoborane based constrained geometry complexes of

zirconium and hafnium

4223.1.  Synthesis of [Zr{n’: n*-(CsH4)B(NiPr2)NPh}(NMey),] (120)

Solutions of the ligand precursor (7'-CsHs)B(NiPr,)N(H)Ph (65) (0.64 g, 2.39
mmol) and [Zr(NMe;)4] (0.64 g, 2.39 mmol), both in toluene (20 mL), were combined
at ambient temperature. During reflux for 4 h, the initially almost colourless solution
became bright yellow in colour. All volatiles were removed in vacuo, the dark yellow
residue was re-dissolved in hexane, concentrated and stored for recrystallisation at
ambient temperature. Large colourless crystals of 120 (0.74 g, 1.67 mmol, 70%) were

obtained after several hours.

'H NMR (300 MHz, dichloromethane-D,, —20 °C ): 5= 0.86 (d, *Ji.u = 6.7 Hz, 6H,
Meipr), 1.40 (d, *Jin = 6.9 Hz, 6H, Mejpy), 2.75 (s, 12H, NMey), 3.19 (m, *Jy.
u = 6.9 Hz, 1H, CH,p,), 3.38 (m, *Jiy = 6.7 Hz, 1H, CHzp), 6.04 (pt, 2H,
CHgp), 6.50 (pt, 2H, CHcy), 6.64 — 6.71 (m, 2H, 0-CHpp), 6.77 — 6.85 (m,
1H, p-CHpy), 7.07 — 7.16 (m, 2H, m-CHpy,).

3c NMR (75 MHz, dichloromethane-D,, —20 °C): 6= 21.2 (Me;p;), 26.8 (Me;p,), 43.1
(NMe,), 43.9 (CHipy), 46.0 (CHjpy), 98.6 (BC), 113.6 (CHcyp), 118.5 (CHcy),
120.3 (p-CHpyp), 123.9 (0-CHpn), 128.2 (m-CHpy), 153.5 (ipso-Copn).

B NMR (64 MHz, benzene-Dg): 5=27.8.

MS (EI") m/z (%): 444 (35) [M'], 401 (63) [M" — C3H;], 356 (100) [M" — 2 NMe,],
313 (15) [M" — 2 NMe; — C3H7], 299 (20) [M" — 2 NMe, — NiPr], 270 (22)
[M" =2 NMe, — 2 C3H7], 256 (31) [M" — 2 NMe, — NiPr,], 44 (64) [NMe,].

4.2.2.3.2. Synthesis of [Hf{7°: 77"-(CsH4)B(NiPr)NPh}(NMe,),] (121)

A solution of the ligand precursor (771—C5H5)B(NiPr2)N(H)Ph (65) (0.86 g, 3.21
mmol) in toluene (20 mL) was combined with a solution of [Hf(NMe,)4] (1.14 g, 3.21
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mmol) in toluene (20 mL) to give a pale yellow mixture. This was refluxed for 4 h,
changing colour to bright yellow. All volatiles were removed in vacuo, the residue was
re-dissolved in toluene and stored at —30 °C for recrystallisation. Pure 121 (1.06 g, 1.99
mmol, 62%) was obtained in the form of colourless crystals that were suitable for an X-

ray structure determination.

'H NMR (300 MHz, dichloromethane-D,, —20 °C): & = 0.85 (d, *Ji.y = 6.7 Hz, 6H,
Mejpy), 1.40 (d, *Jin = 6.9 Hz, 6H, Mep,), 2.77 (s, 12H, NMe,), 3.20 (m, *Jy.
u = 6.9 Hz, 1H, CHyp,), 3.36 (m, *Jiy = 6.7 Hz, 1H, CHzr), 6.02 (pt, 2H,
CHcyp), 6.49 (pt, 2H, CHcp), 6.65 — 6.72 (m, 2H, 0-CHpy), 6.78 — 6.85 (m,
1H, p-CHpy), 7.08 — 7.16 (m, 2H, m-CHpy,).

BC NMR (75 MHz, dichloromethane-D,, —20 °C): 6= 21.1 (Mesp), 26.7 (Meznr), 43.0
(NMey), 43.9 (CHppy), 46.1 (CHpy), 98.6 (BC), 113.2 (CHcy), 118.0 (CHcy),
120.6 (p-CHpp), 124.2 (0-CHpy), 128.1 (m-CHpy), 153.2 (ipso-Cpy).

B NMR (64 MHz, benzene-Dg): 5=27.2.

4.2.2.33. Synthesis of [Zr{7’: 77"-(CoHs)B(NiPr)NPh}(NMe,),] (122)

A solution of [Zr(NMe;)4] (0.51 g, 1.92 mmol) in toluene (10 mL) was added to
a solution of (1-CyH7)B(NiPr,)N(H)Ph (66) (0.61 g, 1.92 mmol) in toluene (20 mL).
The reaction mixture was refluxed for 2 h, over which time the colour changed from
colourless to bright orange. Subsequently, all volatiles were removed in vacuo, the
residue was dissolved in hexane and stored at —80 °C. Pure 122 (0.53 g, 1.08 mmol,
56%) was obtained in the form of a colourless microcrystalline material.
Recrystallisation from hexane at 4 °C yielded crystals of 122 suitable for X-ray

diffraction experiments.

'H NMR (300 MHz, dichloromethane-Ds, —20 °C): & = 0.94 (d, *Ji.u = 6.7 Hz, 3H,
Meipr), 0.99 (d, *Jun = 6.7 Hz, 3H, Men,), 1.47 (d, *Jun = 6.8 Hz, 3H,
Menr), 1.48 (d, *Jin = 6.8 Hz, 3H, Mep,), 1.96 (s, 6H, NMe,), 2.89 (s, 6H,
NMe,), 3.32 (m, *Jiy = 6.8 Hz, 1H, CHpy), 3.51 (m, *Jiy = 6.7 Hz, 1H,
CHipr), 6.35 —7.78 (m, 11H, CHpapn).

3c NMR (75 MHz, dichloromethane-D,, =20 °C): 6= 21.2 (Me;p;), 21.5 (Me;p,), 26.5
(Mepy), 27.0 (Mep;), 40.7 (NMey), 43.9 (CHypy), 44.3 (NMey), 46.5 (CHjpy),
102.2 (CHing-s-ring), 120.2 (p-CHpy), 122,8 (CHing-6-ring), 123.1 (0-CHpn),
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123.3 (CHInd—S—ring): 123.8 (CHInd—é—ring)a 124.1 (CHInd—é—ring)a 124.8 (CHInd—6—ring)9
127.7 (quaternary Cpg), 128.2 (m-CHpy), 131.0 (quaternary Cyyg), 153.2

(ipso-Cppn), BC resonance not observed.

B NMR (64 MHz, benzene-Dg): 5= 28.5.

4.2.2.3.4. Reaction of [Zr{n’:n"-(CsH4)B(NiPr)NPh}(NMey),] (120) with
Me;SiCl

[Zr{1: n'-(CsHs)B(NiPr))NPh} (NMes),] (120) (0.20 mg, 0.45 mmol) was
dissolved in hexane (20 mL) and a large excess of Me;SiCl (0.43 mL, 3.96 mmol, 9
equivalents) was added. Within hours, a precipitate had formed. The reaction mixture
was subsequently stirred at ambient temperature for 4 d. All volatiles were removed in
vacuo to yield an off-white powder (0.18 g). Solubility of the powder in
dichloromethane was very poor and only prolonged treatment (30 min) of a sample in
dichloromethane-D, in an ultrasonic bath provided a solution that was sufficiently
concentrated for NMR spectroscopy. Resonances at chemical shifts expected for the
desired dichlorocomplex were detected in roughly the right integral ratios, but were

unusually broad.

'H NMR (200 MHz, dichloromethane-D»): 6= 0.6 — 1.0 (br s, 6 H, Me), 1.2 — 1.6 (br
s, 6 H, Me), 3.1 —3.4 (brs, 2 H, CHpy), 6.2 — 7.4 (m, 9 H, CHcp/pn).

B NMR (64 MHz, dichloromethane-D,): 5= 28.

4.2.2.35. Reaction of [Hf{7’:n"-(CsH4)B(NiPr))NPh}(NMey),] (121) with
Me;SiCl

[Hf{7: n'-(CsHs)B(NiPry))NPh} (NMes),] (121) (0.50 g, 0.94 mmol) was
dissolved in hexane (20 mL) and a large excess of neat Me;SiCl (1.08 g, 10.0 mmol, 11
equivalents) was added at ambient temperature. A white precipitate formed in the
initially clear solution within hours. The reaction mixture was stirred for 4 d at ambient
temperature. All volatiles were subsequently removed in vacuo to yield a white powder
(0.46 g), that was soluble in dichloromethane only after prolonged treatment in an
ultrasonic bath. In toluene, significant solubility was only observed at high
temperatures. An attempt to recrystallise the material from refluxing toluene by slow
cooling in an oil bath failed. Only with prolonged treatment in an ultrasonic bath, a

sample in dichloromethane-D, that was sufficiently concentrated for NMR experiments
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could be obtained. Signal integral ratios and chemical shifts in the '"H NMR spectrum
were as expected for the dichlorinated target compound, but all signals were unusually

broad.

'H NMR (200 MHz, dichloromethane-D,): §= 0.6 — 1.0 (br s, 6 H, Me), 1.2 — 1.6 (br
s, 6 H, Me), 3.1 - 3.4 (brs, 2 H, CH;p), 6.1 — 7.4 (m, 9 H, CHcp/pn).

B NMR (64 MHz, dichloromethane-D,): 5= 28.1.

4.2.2.36. Reaction of [Zr{n’:n*-(CsHe)B(NiPr))NPh}(NMey),] (122) with
Me;SiCl

[Zr{1: n'-(CoHe)B(NiPr))NPh}(NMes),] (122) (0.20 g, 0.40 mmol) was
dissolved in hexane (10 mL) and neat Me;SiCl (0.43 mL, 3.96 mmol, 10 equivalents)
was added at ambient temperature. Within hours, formation of a white precipitate was
observed. After stirring the reaction mixture for further 4 d at ambient temperature, all
volatiles were removed in vacuo to yield an off-white powder (0.16 g). Solubility of
this residue was poor even in dichloromethane and only by prolonged treatment in an
ultrasonic bath a solution sufficiently concentrated for NMR spectroscopy could be
obtained. Chemical shifts and integral ratios in the 'H NMR spectrum were as expected
for the dichlorinated target compound, however, all signals were unusually broad even

at low temperatures (—20 °C).

'H NMR (200 MHz, dichloromethane-D,, —20 °C): 6=0.5-0.9 (br s, 6 H, Me), 1.1 —
1.6 (brs, 6 H, Me), 2.8 — 3.5 (brs, 2 H, CH;p;), 6.0 — 8.0 (m, 11 H, CHyg/pp).

B NMR (64 MHz, dichloromethane-D,): 6= 30.3.
4.2.2.4.  Transformations of [Ti{7’:-(CsH4)B(NiPr)NPh}Cly] (70)

4.2.2.4.1. Reaction of [Ti{7°:7™-(CsH4)B(NiPrz)NPh}Cl,] (70) with MeLi

Reaction A: [Ti{775:771—(C5H4)B(NiPr2)NPh}Clg] (70) (0.14 g, 0.36 mmol) was
dissolved in toluene/Et,O (4:1 v/v, 25 mL) to give a dark orange solution. The mixture
was cooled to 0 °C and MeLi (0.45 mL of a 1.6 M solution in Et,O, 0.72 mmol) added
by syringe. Within minutes, the mixture darkened and became brown although no
precipitate was observed. After 2 h at 0 °C, an aliquot was taken, all volatiles were

removed in vacuo and the residue was re-dissolved in benzene-Dg. 'H and ''B NMR
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spectroscopy on the sample both showed signals corresponding to a mixture of
compounds, with those in the ''B NMR spectrum at & = 39.5, 28.0 and —20.5 being

indicative of reaction with the boron bridge.

Reaction B: [Ti{7’:n'-(CsH4)B(NiPr)NPh}CL] (70) (67.4 mg, 0.175 mmol)
was dissolved in toluene (10 mL) to give a bright yellow solution. The mixture was
cooled to —80 °C, partially precipitating the orange starting material. MeLi (2.2 mL of a
0.16 M solution in toluene/Et,O, 0.35 mmol) were added over a period of 10 min. The
mixture was allowed to warm to ambient temperature and was subsequently stirred over
night. This resulted in a slow colour change from yellow to orange and the formation of
a small quantity of colourless precipitate. All volatiles were removed in vacuo, the
residue was re-dissolved in hexane and the precipitate was removed by centrifugation.
Recrystallisation by concentrating the supernatant and storing it at —30 °C was
unsuccessful. A sample dried in vacuo displayed a large number of peaks in the 'H
NMR spectrum indicative of a mixture of compounds, but a single signal in the ''B

NMR spectrum at 6= 28.5 that is indicative of an intact boron bridge.

4.224.2. Reaction of [Ti{7°:7"-(CsH4)B(NiPr)NPh}Cl,] (70) with AlMe;

Reaction A: Benzene-Dg (0.5 mL) was added to [Ti{r:7'-
(CsH4)B(NiPr)NPh}Cl,] (70) (7.7 mg, 20 umol) affording a cloudy orange coloured
solution. ''B NMR spectroscopy on the sample showed a single signal at & = 28.8.
AlMes (1.4 mg, 20 umol, as a solution in 0.5 mL toluene) was added at ambient
temperature, resulting in immediate dissolution of the orange residue and a colour
change to pale yellow-green. The ''B NMR spectrum of the sample, recorded directly
after addition of the AlMes, displayed a single signal at 6= 28.2. The same signal was

observed after 1 h at ambient temperature.

Reaction B: Half of the mixture of reaction A was heated to 60 °C for 30 min,
resulting in a colour change to yellow-brown. A ''B NMR spectrum recorded
subsequently exhibited a strong signal at & = 86.1 besides minor signals at 6 = 28 and

39.9.

Reaction C: Half of the mixture of reaction A was treated with AlMe; (1.4 mg,
20 umol, as a solution in 0.5 mL toluene) at ambient temperature. In an ''B NMR

spectrum recorded immediately after addition of the AlMes, an additional signal at 0 =
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86.2 was apparent besides the signal at 6 = 28.2 for the starting material. After 24 h at

ambient temperature, the ''B NMR spectrum showed only a single signal at 5= 86.2.
4.2.2.5. Further reactions with amino monoborane based ligand precursors

4.2.25.1. Attempted synthesis of [Ti{(r]5-C5H4)B(NiPr2)N(H)tBu}Clg]

('-CsHs)B(NiPr,)N(H)/Bu (64) (0.31 g, 1.25 mmol) was dissolved in hexane
(40 mL) and 1 equivalent of nBuLi (0.50 mL of a 2.5 M solution in hexane, 1.25 mmol)
was added at 0 °C. The reaction mixture was slowly warmed to ambient temperature
and subsequently stirred for 4 h. The resulting mixture was then added over a period of
30 min to a solution of TiCls (0.24 g, 1.25 mmol) in hexane (100 mL) at —70 °C. After
attaining ambient temperature, the reaction mixture was stirred for 16 h. All volatiles
were removed in vacuo, the residue was extracted with hexane and any insoluble
material was removed by centrifugation. The solvent was again removed in vacuo and
the resulting residue was analysed by 'H NMR spectroscopy. The 'H NMR spectrum
displayed pseudo-triplets at & = 6.36 and 6.86, presumably corresponding to the target
compound [LTiCls]. However, this compound is the minor component in a mixture

with the unreacted ligand precursor.

Using essentially the same procedure, the reaction was repeated with
modification of the solvents and/or the deprotonation agent. In all of these reaction, the
products could not be sufficiently purified to allow for full characterisation. Reaction

conditions and observations are summarised in Table 4.

Table 4. Attempted syntheses of [Ti{(7°-CsH;)B(NiPr,)N(H)/Bu} Cl;].

Deprotonation agent Solvent Observations

nBulLi hexane one product (pt @ 6.36, 6.86 ppm)
beside unreacted ligand precursor

nBulLi toluene/Et,0, 1:1 v/v one predominant product (pt @ 6.24,
6.85 ppm) beside unidentified material

BuLi toluene two products (pt @ 6.36, 6.86 and 6.24,
6.85 ppm, respectively)

K[N(SiMes),] toluene complicated product mixture
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42252.  Attempted double deprotonation of (7'-CsHs)B(NiPr;)N(H)7Bu (64)

and subsequent reactions with titanium compounds

('-CsHs)B(NiPr,)N(H)/Bu (64) (0.47 g, 1.89 mmol) was dissolved in toluene
(40 mL), cooled to 0 °C and 2 equivalents /BuLi (2.22 mL of a 1.7 M solution in
pentane, 3.78 mmol) were added slowly. The reaction mixture was allowed to attain
ambient temperature and was then stirred for 16 h. TiCly (0.36 g, 1.89 mmol) was
dissolved in toluene (40 mL), the solution was cooled to —80 °C and the mixture
containing the deprotonated ligand precursor was added over a period of 30 min. The
reaction mixture was allowed to warm slowly to ambient temperature and was then
stirred for 2 h. All volatiles were removed in vacuo, the residue was extracted with
toluene and any insoluble material was removed by centrifugation. The volume of the
solution was reduced to dryness in vacuo and the resulting residue was analysed by 'H
NMR spectroscopy. The 'H NMR spectrum showed pseudo-triplets for two compounds
with (7°-CsH4R)Ti moieties at & = 5.79, 6.56 and 6.04, 6.32, respectively. The

separation of these compounds was not feasible.

The same procedure was followed whilst varying the solvents, deprotonation
agents and/or titanium sources. In some cases, the titanium(IIl) compound [TiCl;(thf);]
was utilised, followed by oxidation with 0.5 equivalents PbCl, to oxidise the resulting
compounds to titanium(IV) species. In none of these reactions could the product
mixtures be separated to allow full characterisation of the components. Table 5

summarises reaction conditions and observations.
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Table 5. Attempted syntheses of [Ti{7:7'-(CsH4)B(NiPr,)N7Bu}R,] (R = Cl, NMe,).

Deprotonation  Solvent Titanium Observations
agent source
BuLi toluene TiCly two products (pt @ 5.79,
6.56 and 6.04, 6.32 ppm,
respectively)
MelLi (4 Et,O TiCly large number of products
equivalents)
nBulLi toluene/Et,O, 1:1 v/v  [TiCly(NMe,),] five products
BulLi toluene [TiCl,(NMe,),] five products
BuLi toluene/Et,0, 1:1 v/v  [TiCly(NMe,),] two products (pt @ 5.90,
6.53 and 6.30, 6.59 ppm,
respectively)
nBulLi toluene/Et,O, 1:1 v/v 1) [TiCls(thf);] large number of products
2) 0.5 PbCl,
BuLi toluene 1) [TiCls(thf);] large number of products
2) 0.5 PbCl,

4.2.2.5.3. Attempted complex formation from (77'-CsHs)B(NiPr2)N(H)7Bu (64)

using additional bases

(1'-CsHs)B(NiPr,)N(H)/Bu (64) (0.46 g, 1.85 mmol) was dissolved in toluene
(10 mL) and neat TiCly; was added at ambient temperature. The reaction mixture was
stirred for 16 h at ambient temperature. An aliquot was taken, all volatiles were
removed in vacuo and a "H NMR spectrum was recorded. This only exhibited signals
corresponding to the unreacted ligand precursor. NEt; (1.87 g, 18.5 mmol, 10
equivalents) were added, immediately resulting in the formation of a black precipitate.
The resulting mixture was stirred for 24 h at ambient temperature, another sample was
prepared as above and analysed by "H NMR spectroscopy. This displayed again only
signals corresponding to the ligand precursor. The reaction mixture was then heated to

100 °C (oil bath temperature) for 4 h and the analysis repeated. The '"H NMR spectrum
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showed some weak pseudo-triplets at 6 = 5.84 and 6.18 besides dominant signals

corresponding to the ligand precursor.

The reaction was repeated utilising 1,8-diazabicyclo[5.4.0Jundecene-7 (DBU).
However, addition of 2 equivalents DBU to a solution containing the ligand precursor
and TiCly resulted in immediate formation of a ruby-red precipitate. The precipitate
was found to be virtually insoluble in dichloromethane. 'H and ''B NMR spectroscopy
on the supernatant solution displayed only very weak signals that could not be assigned.
In a control experiment, reaction of TiCly with an equimolar amount of DBU also

afforded a ruby-red precipitate that exhibited similar solubility characteristics.

42254, Attempted 2:1 reaction of (7'-CsHs)B(NiPr))N(H)Bu (64) with
[Ti(NMez),]

[Ti(NMe,)4] (0.16 g, 0.70 mmol) and 2 equivalents (7'-CsHs)B(NiPr,)N(H)/Bu
(64) (0.35 g, 1.41 mmol, 2 equivalents) were co-dissolved in toluene (20 mL) and
refluxed for 9 h. All volatiles were subsequently removed in vacuo. The 'H NMR
spectrum of the residue showed only signals corresponding to [Ti{(7'-
CsHg)B(NiPr)N(H)?Bu}(NMe,);] (107) and the unreacted ligand precursor, but no
signals consistent with the formation of the desired product [Ti{(7-

CsH4)B(NiPr)N(H)tBu},(NMe;),].

4.2.255. Attempted reaction of (7]1-C5H5)B(NiPr2)N(H)tBu (64) with
[TIClz(NMez)z]

(771—C5H5)B(NiPr2)N(H)tBu (64) (0.27 g, 1.09 mmol) and [TiCl,(NMe;),] (0.23
g, 1.09 mmol) were separately dissolved in toluene (10 mL), the solutions were
combined and the resulting mixture was refluxed for 3 h. All volatiles were removed in
vacuo and a sample was analysed by '"H NMR spectroscopy. The 'H NMR spectrum
displayed mainly signals corresponding to the unreacted ligand precursor beside signals
of some unidentified decomposition products. No pseudo-triplets characteristic for

complexation of the Cs ring were observed.

4.2.2.5.6. Attempted reaction of (nl-C5H5)B(NiPr2)N(H)tBu (64) with [TiBz4]

Separate solutions of the ligand precursor (7'-CsHs)B(NiPr,)N(H)/Bu (64) (0.22
g, 0.89 mmol) and [TiBz4] (0.37 g, 0.89 mmol) in toluene (40 mL) were combined at —
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80 °C. After attaining ambient temperature, a sample was taken and subjected to 'H
NMR spectroscopy. The spectrum showed only signals corresponding to the unreacted
starting material. After 16 h at ambient temperature, the '"H NMR spectrum of another
sample was essentially unchanged. Therefore, the reaction mixture was refluxed for 2.5
h. The "H NMR spectrum of another sample indicated complete decomposition of the

titanium compound while the ligand precursor remained unchanged.

4.2.25.7. Attempted reaction of (1-CoH7)B(NiPry)N(H)iPr (83) with
[Ti(NMe)4]

(1-CoH7)B(NiPr2)N(H)iPr (83) (1.13 g, 3.98 mmol) and [Ti(NMe,)4] (0.89 g,
3.98 mmol) were co-dissolved in toluene (30 mL). The reaction mixture was refluxed
for 2 h, changing colour slowly from bright yellow to orange. All volatiles were
removed in vacuo. The '"H NMR spectrum displayed only the signals corresponding to

the unreacted ligand precursor.

4.2.258. Attempted reaction of (#7'-Ci3Hg)B(NiPry)N(H)Ph (88) with
[Ti(NMey)4]

(9-C3Ho)B(NiPr,)N(H)Ph (88) (0.58 g, 1.57 mmol) was dissolved in toluene (40
mL), neat [Ti(NMe,)4] (0.35 g, 1.57 mmol) was added and the reaction mixture was
refluxed for 3 h. All volatiles were removed in vacuo and a sample of the residue was
analysed by '"H NMR spectroscopy. The 'H NMR spectrum showed only signals

corresponding to the unreacted ligand precursor and some traces of [Ti(NMe,)4].

4.2.2.5.9. Attempted dilithiation of (9-C13Hg)B(NiPr2)N(H)Ph (88) with RLi
(9-C13Ho)B(NiPr,)N(H)Ph (88) (0.12 g, 0.33 mmol) was dissolved in

toluene/Et,O (10:1 v/v, 50 mL) to give a pale yellow solution. The solution was cooled
to 0 °C and 2 equivalents of nBuLi (0.41 mL of a 1.6 M solution in hexane, 0.66 mmol)
were added dropwise. After addition of a few drops, the colour of the solution changed
to bright orange. The mixture was stirred at ambient temperature for 16 h, then it was
cooled to —78 °C and ZrCly (0.08 g, 0.33 mmol) added. The reaction mixture was
allowed to warm to ambient temperature and subsequently stirred for 24 h. All volatiles
were removed in vacuo, the residue was re-dissolved in chloroform, insoluble material
was removed by centrifugation and the solvent was again removed in vacuo. 'H NMR

spectroscopy on a sample showed the unreacted ligand precursor to be the main
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component of the product mixture as indicated by its characteristic BCH (&'H) = 4.29)
and NH (6('"H) = 5.37) resonances.

The reaction procedure was repeated twice, once using MeLi as a base and neat
Et,0O as a solvent and once utilising /BuLi as a base and hexane as a solvent. In both
cases, 'H NMR spectra after work-up showed resonances corresponding to the BCH and
NH protons of the unreacted ligand precursor, indicating that this compound was one of

the main components of the product mixture.

4225.10. Attempted reaction of (77-CsMesH)B(NiPr)N(H)Ph (90) with
[Ti(NMey)4]

(1'-CsMe4H)B(NiPro)N(H)Ph (90) (0.57 g, 1.76 mmol) was dissolved in toluene
(40 mL) and neat [Ti(NMe;)s] (0.39 g, 1.76 mmol) was added. The mixture was
refluxed for 3 h. All volatiles were removed in vacuo and a "H NMR spectrum was
recorded. The 'H NMR spectrum showed only signals corresponding to the ligand

precursor and residual [Ti(NMe,)4].

4.2.2511. Attempted double deprotonation of (7'-CsMesH)B(NiPrz)N(H)Ph

(90) and subsequent reactions with titanium compounds

Reaction A: (7'-CsMesH)B(NiPr))N(H)Ph (90) (0.35 g, 1.07 mmol) was
dissolved in toluene/Et,O (1:1 v/v, 40 mL), cooled to —80 °C and 2 equivalents of /BuLi
(1.26 mL of a 1.7 M solution in pentane, 2.14 mmol) diluted with toluene (10 mL) were
added dropwise. The mixture was allowed to warm to ambient temperature and stirred
for 16 h. The resulting mixture was then added dropwise to a solution of
[TiCl,(NMe»)2] (0.22 g, 1.07 mmol) in toluene (30 mL) at —80 °C. After warming to
ambient temperature the mixture was stirred for a further 16 h. Subsequently, all solids
were removed by centrifugation and all volatiles in vacuo. The crude product was
analysed by 'H and ''B NMR spectroscopy. The 'H NMR spectrum displayed a signal
pattern  that may correspond to the target compound [Ti{7’:7'-
(CsMe4)B(NiPr;)NPh}(NMe;),] and the only resonance observed in the ''B NMR
spectrum at o = 27.7 is consistent with this formulation. However, attempts to further
purify the crude product by means of recrystallisation were unsuccessful and hence,

unambiguous characterisation was not possible.
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'H NMR (200 MHz, benzene-Dg): 8= 0.95 (d, *Jiu = 6.7 Hz, 6H, Mesp), 1.54 (d, *Ji.
1= 6.8 Hz, 6H, Mes), 1.93 (s, 6H,Me . ), 2.11 (s, 6H, Me ., ), 2.95 (5,

12H, NMey), 3.57 (m, 1H, CHp,), 3.73 (m, 1H, CHp,), 6.8 — 7.4 (m, 5H,
CHpp).

B NMR (64 MHz, benzene-Dg): 5=27.7.

Reaction B: (7'-CsMesH)B(NiPr,)N(H)Ph (90) (0.33 g, 1.02 mmol) was
dissolved in toluene/Et,O (1:1 v/v, 40 mL), cooled to —80 °C and 2 equivalents of /BuLi
(1.20 mL of a 1.7 M solution in pentane, 2.04 mmol) diluted with toluene (10 mL) were
added dropwise. The mixture was warmed to ambient temperature and stirred for 16 h.
The resulting mixture was cooled to —80 °C and solid [TiCls(thf);] (0.38 g, 1.02 mmol)
was added at once. The reaction mixture was then warmed to ambient temperature and
stirred for 2 h. Subsequently, solid PbCl, (0.14 g, 0.51 mmol) was added and the
mixture stirred for a further 16 h. All solids were removed by centrifugation and all
volatiles in vacuo to yield the crude product. Recrystallisation from toluene yielded a
pale yellow solid. Analysis of the product by means of '"H NMR spectroscopy was
inconclusive, while the ''B NMR spectrum displayed a single signal at 5= 29.0.

Reaction C: (7'-CsMesH)B(NiPr))N(H)Ph (90) (0.36 g, 1.12 mmol) was
dissolved in Et,O (30 mL), cooled to —80 °C and 2 equivalents of MeLi (1.40 mL of a
1.6 M solution in Et,0, 2.24 mmol) in Et;0 (10 mL) were added dropwise. The
mixture was allowed to warm to ambient temperature. The mixture was again cooled to
—80 °C and 2 further equivalents of MeLi (1.40 mL of a 1.6 M solution in Et,0, 2.24
mmol) in Et;0 (10 mL) were added followed by dropwise addition of TiCls (0.21 g,
1.12 mmol) in toluene (10 mL). The reaction mixture was warmed to ambient
temperature and stirred for 16 h.  Subsequently, all solids were removed by
centrifugation and all volatiles in vacuo. Attempts to further purify the crude product
by means of recrystallisation were unsuccessful. 'H NMR spectroscopy of the crude
product was inconclusive, while the ''B NMR spectrum displayed a single resonance at

0=1273.

- 183 -



4.2.2.6. Further reactions of amino monoborane based non-chelating titanium

complexes

4.2.2.6.1. Attempted amine elimination from [Ti{(7-
CsH4)B(NiPr)N(H)Bu}(NMey)s] (107)

Neat [Ti{(7-CsHs)B(NiPr))N(H)Bu}(NMe,);] (107) (50 mg, 0.12 mmol) was
heated to 135 °C for 16 h. The dark brown residue was dissolved in benzene-Dg and
analysed by '"H NMR spectroscopy. The 'H NMR spectrum indicated complete

decomposition of the starting material.

4.2.26.2. Attempted HCI elimination from [Ti{(7-
CsH4)B(NiPry)N(H)iPr}Cl,(NMey)] (110) by addition of bases

[Ti{(77’-CsH4)B(NiPr,)N(H)iPr} Cl,(NMe)] (110) (0.53 g, 1.33 mmol) was
dissolved in toluene (10 mL) and excess NEt; (0.67 g, 6.65 mmol) added. The reaction
mixture was heated to 90 °C for 16 h. A sample was taken, all volatiles were removed
in vacuo, the residue was dissolved in benzene-Ds and analysed by 'H NMR
spectroscopy. The 'H NMR spectrum showed ca. 50% consumption of the starting
material and formation of at least three new compounds bearing (77°-CsH4R)Ti moieties

as judged by the characteristic pseudo-triplets.

Virtually  the same procedure was followed using  [Ti{(7’-
CsH4)B(NiPr;)N(H)iPr} Cl;(NMe3)] (110) (0.24 g, 0.60 mmol) and 1 equivalent DBU
(0.09 g, 0.60 mmol) in toluene in toluene (10 mL). The reaction mixture was stirred for
6 h at ambient temperature. 'H NMR spectroscopy on an aliquot dried in vacuo showed
only signals corresponding to the starting materials. The mixture was subsequently
heated to 80 °C for 16 h. Another aliquot was taken, all volatiles were removed in
vacuo and a "H NMR spectrum was recorded. This indicated formation of a complex

product mixture.
4.2.2.7. Diborane(4) based complexes and related reactions

4.2.2.7.1. Reaction of (77'-CsHs)(BNMey){N(H)Ph} (92) with [Ti(NMey)4]

Reaction A: (7'-CsHs)(BNMey),{N(H)Ph} (92) (0.22 g, 0.82 mmol) was
dissolved in toluene (20 mL) and an equal amount of neat [Ti(NMe,)4] (0.18 g, 0.82

mmol) was added at ambient temperature. The resulting bright yellow solution was
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refluxed for 3 h to give an almost black mixture. A sample was taken, dried in vacuo
and analysed by 'H and ''B NMR spectroscopy. The 'H NMR spectrum showed a large
number of signals that could not be assigned, whereas the ''B NMR spectrum displayed
a prominent signal at 5= 31 that indicated decomposition of the ligand precursor (X''B)

=34.0, 46.0).

Reaction B: [Ti(NMe;)4] (0.41 g, 1.84 mmol) was dissolved in hexane (150 mL)
and cooled to ca. —20 °C. The ligand precursor 92 (0.49 g, 1.84 mmol) as a solution in
hexane (20 mL) was added dropwise during the course of 1 h. No immediate colour
change was observed after addition. The mixture was allowed to warm slowly to
ambient temperature and was subsequently stirred for 16 h, gradually changing colour
from bright yellow to yellow-orange. The mixture was then heated for 2 h to ca. 50 °C
and for a further 4 h at reflux, changing colour to bright red. An aliquot was removed,
dried in vacuo and analysed by multinuclear NMR spectroscopy. 'H, ''B and *C NMR
spectra  were consistent ~ with the unbridged complex [Ti{(r-

CsHyg)(BNMe,)o(N{H}Ph)}(NMe;);] (123) and showed only traces of impurities.

'HNMR (200 MHz, benzene-Dg): 0 = 2.44 (br s, 3H, Mensnme), 2.69 (br s, 3H,
Mensnme), 2.89 (s, 3H, Mecanme), 2.98 (s, 3H, Mecsnme), 3.11 (s, 18H,
Merinme), 4.95 (br s, 1H, NH), 5.89 — 5.94 (m, 1H, CHcy), 6.02 — 6.07 (m,
1H, CHcyp), 6.32 — 6.40 (m, 2H, CHcy), 6.75 — 7.13 (m, SH, CHpy).

3c NMR (75 MHz, benzene-Dg): 6 = 36.0 (Mensnme), 40.7 (Mecpnme), 42.3
(MeNBNMe), 454 (MeCBNMe), 502 (MeTiNMe), 1115 (CHCp), 1128 (CHCp),
118.4 (CHcp), 118.6 (CH,opy), 119.7 (CH,py), 121.8 (CHcy), 129.3 (CH,vpn),

147.4 (ipso-Cpp), BC resonance not observed.
B NMR (64 MHz, benzene-Dg): 5=34.9 (NBN), 43.4 (CBN).

Reaction C: The solution of crude 123 in hexane (obtained from
aforementioned reaction B) was refluxed for another 20 h. The "H NMR spectrum of a
sample displayed weak signals for the unbridged complex 123 as well as a number of
more intense signals arising from unidentified reaction products. The ''B NMR
spectrum showed one very broad signal at o= 36 and a weaker, equally broad resonance

at 0= 46.
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4.2.27.2.  Reaction of (77-CsHs)(BNMeo){N(H)Ph} (92) with [TiBz]

A solution of [TiBz4] (0.15 g, 0.37 mmol) in benzene-Dg (0.5 mL) was added to
a solution of (7'-CsHs)(BNMe,),{N(H)Ph} (92) (0.10 g, 0.37 mmol) in the same
solvent (0.5 mL). After 16 h at ambient temperature, a 'H NMR spectrum was
recorded, indicating the formation of small quantities of toluene. The mixture was
subsequently heated to 60 °C and the reaction progress was monitored by 'H and ''B
NMR spectroscopy during a period of 22 h. The signal at § = 2.11 in the '"H NMR
spectrum corresponding to the Me resonance of toluene increased steadily in intensity,
while the signal at & = 2.80 corresponding to the methylene group of the starting
material [TiBz4] gradually decreased and eventually vanished. In the region between
5.5 — 6.5 ppm of the "H NMR spectra recorded in the earlier stages of the monitoring
period, at least seven pseudo-triplets of various intensities could be observed. In the
mixture that was obtained after 22 h at 60 °C, only two pseudo-triplets were observed at
8= 5.72 and 6.40. In the region of the '"H NMR spectrum that is typical for NMe,
groups on boron (2.0 — 3.0 ppm) a number of signals was observed at all stages of the
monitoring process that could not be assigned to distinct compounds. Integrals of the
signal corresponding to the Me group on toluene and the two combined pseudo-triplets
were in the ratio of 12:4. In the ''B NMR spectrum, a merging of the two initial signals
corresponding to the ligand precursor {&''B) = 34.0, 46.0} was observed in the course

of the reaction, resulting in a signal at 6= 42.8 for the final mixture.

4.2.2.7.3. Reaction of (7'-CsHs)(BNMey){N(H)Ph} (92) with BuLi and
[Ti(NMGz)zC'z]

Ligand precursor (77'-CsHs)(BNMe,), {N(H)Ph} (92) (0.45 g, 1.69 mmol) was
dissolved in hexane (50 mL), cooled to —78 °C and 2 equivalents of /BuLi (2.0 mL of a
1.7 M solution in pentane, 3.4 mmol) were added by syringe. The reaction mixture was
allowed to warm to ambient temperature and subsequently stirred for 16 h. The
resulting mixture was then cooled to —78 °C and [Ti(NMe;),Cl,] (0.35 g, 1.69 mmol) as
a solution in toluene (20 mL) added dropwise. The resulting brown mixture was slowly
warmed to ambient temperature and then stirred over night. A sample was taken, dried
in vacuo and subjected to 'H and ''B NMR spectroscopy. The 'H NMR spectrum
indicated formation of a complex product mixture and no signals could be assigned.

The ''B NMR spectrum showed only one signal at 5= 37.
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4.3. Polymerisation reactions

4.3.1. Ethylene polymerisation

Ethylene polymerisation reactions were performed in a 500 mL double-walled
glass autoclave fitted with external heating, a dropping funnel and magnetic stirrer bar.
The dry autoclave was flushed with argon for 5 min prior to use. Toluene (200 mL) and
a specific amount of MAO solution (15 — 30 mL) were added to the autoclave, while a
toluene solution containing a specific amount of the respective catalyst precursor (10 —
20 pumol) was added to the dropping funnel. The toluene/MAO mixture was heated to
the desired reaction temperature (30 — 80 °C). At the same time, ethylene at a pressure
of 2 bar was introduced to the reaction vessel until the toluene/MAO solution was
saturated as evidenced by zero-flow of ethylene. The polymerisation reaction was
initialised by adding the catalyst precursor solution to the toluene/MAO mixture via the
dropping funnel. Ethylene pressure was held constant at 2 bar throughout the
polymerisation process. After a specific time (15 min — 2 h), the polymerisation
reaction was stopped by addition of acidified methanol (50 mL, 10 vol-% hydrochloric
acid). The mixture was cooled down to ambient temperature, then added to methanol
(800 mL) to precipitate the polymer. To complete the precipitation, the mixture was
stirred for 1 h before filtering. The obtained precipitate was washed with toluene and
methanol, then dried at elevated temperature. Reaction conditions and analytical results

are summarised in Table 6.

4.3.2. Styrene polymerisation

Styrene polymerisation experiments were performed in 100 mL Schlenk bottles
following a modified literature procedure. Specific amounts of toluene, catalyst
precursor and MAO (total volume 40 mL, amount of catalyst precursor 10 gmol,
amount of MAO solution 3.3 — 13.2 mL) were added to a Schlenk bottle. The reaction
vessel was placed in an oil bath that was heated to a specific temperature (30 — 70 °C).
After a 15 min introductory period, styrene (10.0 mL, giving a 1.74 M styrene solution
in toluene) were added by syringe to start the polymerisation reaction. The reaction
mixture was stirred at the specified temperature for 1 h. The polymerisation reaction
was stopped by addition of acidified methanol (50 mL, 10 vol-% hydrochloric acid).
Further work-up followed either of two procedures as indicated. (1) The reaction

mixture was added to methanol (300 mL) to precipitate the produced polymer. The
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precipitate was filtered off, washed with methanol and subsequently dried at elevated
temperature. (2) All volatiles were removed in vacuo and the residue was dried to

completion at elevated temperature.

In a few experiments, the order of addition of the reactants was changed. Where
indicated, a mixture of toluene, styrene and MAQO was heated to the desired temperature
and after 15 min, a solution containing a specific amount of the respective catalyst

precursor was added to start the polymerisation reaction.
Reaction conditions and analytical results are summarised in Table 7.
4.3.3. Polymer analysis

4.3.3.1. Gel permeation chromatography

Polymer analyses for selected polyethylene and polystyrene samples by gel
permeation chromatography (GPC) were performed by Steve Holding of RAPRA
Technology, Shropshire, UK following a standardised protocol. GPC experiments were
performed on a Polymer Laboratories PL220 instrument employing PLgel guard plus 2
x mixed bed-B, 30 cm, 10 microns, columns and both a refractive index and a Viscotek

differential pressure detector.

For polyethylene samples, 1,2,4-trichlorobenzene with anti-oxidant at 160 °C
was used as a solvent at a nominal flow-rate of 1.0 mL/min. For polystyrene samples,
tetrahydrofuran with anti-oxidant at 30 °C was used as a solvent at a nominal flow-rate

of 1.0 mL/min.

GPC samples of polyethylene were prepared by adding 15 mL of solvent to 15
mg of a polymer sample and heating for 40 min at 190 °C, with shaking. The sample
solutions were filtered through a glass filter pad into autosampler vials, which were
placed in a heated sample compartment on the instrument. After an initial delay of 30
min to allow the first solution to equilibrate thermally, injection of part of the contents

of each vial was carried out automatically.

GPC samples of polystyrene were prepared by adding 10 mL of solvent to 20
mg of a polymer sample. The solutions were left for at least 4 h to dissolve. After

thorough mixing the solutions were filtered through a 0.2 micron polyamide membrane,
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with glass-fibre pre-filter and transferred into sample vials, that were then placed in an

autosampler.

The GPC system used was calibrated with polystyrene. For polyethylene
samples, a mathematical procedure involving the use of literature viscosity constants
has been applied to the calibration to allow for the difference in chemical type between
the sample and the calibrants. The following Mark-Houwink parameters have been
applied: polystyrene, a = 0.707, log K = -3.917; polyethylene, a = 0.725, log K = —
3.391.

4.3.3.2.  GC-MS of polymerisation mixtures

GC-MS experiments were performed on selected ethylene polymerisation
mixtures to establish the content of ethylene oligomers. Samples were prepared by
diluting the reaction mixture with dichloromethane (low temperature cut-off) or
tridecane (high temperature cut-off). No low molecular ethylene oligomers were

detected in any of the performed experiments.

4.3.3.3.  Thermogravimetry and differential scanning calorimetry

Analyses by means of thermogravimetry (TGA) and differential scanning
calorimetry (DSC) were performed on a DuPont 9000 thermoanalyser equipped with a
TGA 951 or DSC 910 kit, respectively. TGA and DSC diagrams for the obtained
precipitate from polymerisation experiment PE23-4 (as an example of a low yield
ethylene polymerisation experiment) and MAO hydrolysis experiments were obtained.

These diagrams were virtually identical.
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Table 6. Reaction conditions and analytical results of ethylene polymerisation experiments.

O |3 | =
SIEE| =
o ~
— ~ E Lo} <
8 2 § g |7 =~ | 5 % = 8
E s |3 lg|9 s % z |2
=) s Q i ol = « ~
PE23-1 111 60 [60 |10 |45 [3.05 |- - - -
PE23-2 111 60 (60 |10 |45 [3.74 |- - - -
PE23-3 111 120 |60 [10 |45 |[3.34 |- - - -
PE23-4%¢ |111 15 |60 |10 |45 |330 |ndr. |ndr.  |n.d.r.|0
PE23-5° |111 15 {30 |10 |45 |335 |ndr. |ndr.  |n.d.r.|0
PE23-6° |111 15 |80 [10 |45 [3.11 |ndr. |ndr. |n.d.r|0
PE25-1 37 60 |60 |10 |45 [4.07 |ndr! |ndr® |n.d.r |0
PE25-2 37 60 |60 |10 |45 |4.74 (4,800 |1,780 |27 |1
4,630 1,890 |25 |1
PE25-3 37 60 [60 |10 (45 [1.59 |- - - -
PE25-4 37 60 [80 |10 |45 |0.56 |- - - -
PE25-5 37 120 |60 [10 |45 [1.38 |- - - -
PE26-1 70 60 [60 |10 |45 [3.16 |372,000 109,000 |3.4 |1
245,000 | 54,500 |45 |1
PE26-2 70 60 |60 |10 [22.5[135 |n.d.r. |n.dr. |ndr|0
PE26-3 70 60 [60 |20 |45 |3.65 |274,000 87,500 |3.1 1.7
281,000 | 104,000 [2.7 |19
PE26-4 70 60 [80 |20 |45 |3.15 |141,000 23,500 |6.0 |2.1
77,500 |21,000 |3.7 |1.1
PE26-5 70 120 |80 [20 |45 [3.38 [130,000 | 14,500 |89 |1
130,000 | 14,500 (9.0 |1
PE26-6 70 60 [60 |10 |45 [3.06 |n.dr. [n.dr |ndr[0
PE29-1 115 60 [60 |20 |45 [3.39 (39,500 [9,670 |41 |9
39,100 {9,900 (4.0 |10
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Table 6 (continued). Reaction conditions and analytical results of ethylene polymerisation experiments.

° |3 |

g |2|E |5 3 :

5 . £12 |9 |2 |3 & . |3

g £ < |8 |2 |9 |2 & > 8

I s o | & |8 | K o= o ~ Az
PE29-2 |15 60 |60 |20 |45 |227 [27,200 [6,090 |4.5

27,300 |6,070 4.5 4

PE29-3 115 60 |60 |20 |22.5]0.88 51,600 |5,510 9.4 1

51,900 5,340 (97 |1

PE29-4 | 115 60 |60 |20 |22.5]129 |- - - -

PE30-1 118 60 |60 |20 |45 |3.06 75,200 |7,860 9.6 1

76,500 |8,530 9.0 1

PE30-2  |118 60 |60 [20 |45 |3.30 [40200 [5770 |70 |1

39,100 5,610 [7.0 |1

PE30-3 118 60 |60 |20 |22.5]1.13 52,500 |7,040 7.5 2

53,300 |7,100 7.5 2

PE30-4  |118 60 |60 [20 |22.5|124 [72,600 [5170 |14 |1

73200 4,970 |15 |1

PE30-5 118 60 |60 10 |45 |2.65 82,900 |6,440 13 1

83,100 |6,200 13 1

PE30-6  |118 60 |60 [10 |45 |3.08 [59,500 [6220 9.6 |1

59300 6,280 |95 |1

n.d.r. = no RI detector response; a) results of two GPC runs; b) reaction mixture analysed by GC-MS; c)
obtained precipitate analysed by TGA and DSC; d) samples contained traces of high molecular weight
material as evidenced by differential pressure chromatography.
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Table 7. Reaction conditions and analytical results of styrene polymerisation experiments.

g
3 O |3 | —
3t 2 g = 0
o — ~ -y <
ST £ 12 |3 |2 |B 8 = |8
= RS S5 |22 |2 &la - = | &
8 S % g g % 3 § g “3 KS: \B ':43
= z | S £ |8 |8 |2 |& & |5 > = | &
PS1-6 |1 37 60 50 |10 |10.0(0.53 — — — —
PS1-7° |1 37 60 50 10 (5.0 |0.09 — — — —
PS2-1 |1 70 60 50 10 (5.0 [0.08 - - - -
PS2-2 |1 70 60 50 |10 (10.0(0.53 21,900 {10,800 (2.0 |9
21,800 {10,500 |2.1 |10
PS2-34 |1 70 60 50 10 (20.0|1.75 21,100 [ 11,300 |1.9 [1.2
19,600 {10,100 |19 |1.1
PS2-4 |1 70 60 &80 [10 [20.0]1.61 16,700 {8,740 |19 |12
16,900 (8,940 |19 |12
PS2-5° |1 70 60 50 10 (20.0|1.44 13,900 {6,070 |2.3 |13
13,700 [ 6,060 |2.3 |14
PS4-1 |2 [CpTiCl5] |60 50 |10 |5.0 |2.16 7,470 (2,960 |25 |15
7,440 (3,010 |25 |15
PS4-2 |1 [CpTiCl5] |60 50 10 10.0 |0.15 — — — —
PS4-3 |2 [CpTiCl;] |60 80 10 (5.0 |2.03 17,500 (9,140 |19 |21
17,400 {9,020 |19 |22
PS4-4° |2 [CpTiCl;] |60 50 |10 |10.0{1.89 - — — —
PS5-1 |2 111 60 50 |10 |5.0 |2.63 35,000 {17,200 |2.0 |5
34,400 (16,400 |2.1 |5
PS5-2 |2 111 60 50 |10 |10.0(4.43 28,500 | 15,100 [1.9 |3
29,100 | 15,000 |1.9 |3
PS5-3 |2 111 60 50 10 [20.0|4.57 24,100 [ 13,400 | 1.8 |2
24,100 [ 13,600 | 1.8 |2
PS54 |2 111 60 &80 [10 [20.0(3.76 21,000 {9,560 (2.2 |9
21,100 {9,510 |2.2 |10
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Table 7 (continued). Reaction conditions and analytical results of styrene polymerisation experiments.

5
3 e
8 ~ | § : £
(oF = E ~ - o _3 =
5 2 | o %= = |~ = = 8
£ |I|2 ElE|E|g |8 2. s |8
= =] = o < ©  oF < = ~ A4
5 S g g g = g S 3 z = E s
= 2 | O E |8 |2 |& |¢ B |5 P S |
PS5-5° |2 111 60 |50 |10 |20.0(5.23 16,500 {6,530 |2.5 |3
16,400 {6,780 |24 |3
PS6-1 |2 118 60 (50 |10 |50 [1.93 6,190 (3,300 |19 |5
6,280 (3,290 |19 |5
PS6-2 |2 118 60 (50 |10 |10.0(2.19 5,740 (1,370 |42 |4
4950 |1,320 |3.7 |4
PS6-3 |2 118 60 (50 |10 |20.0(3.53 5,720 (3,430 |1.7 |1
5,680 (3,370 |1.7 |2
PS6-4 |2 118 60 (80 |10 |20.0(4.43 12,600 {4,790 |2.6 |7
12,600 {4,760 |2.6 |8
PS6-5° |2 118 60 (50 |10 |20.0(3.52 4870 (2910 |1.7 |1
4,660 [2,870 |[1.6 |1

a) results of two GPC runs; b) all samples contained traces of high molecular weight material as
evidenced by differential pressure chromatography, however, these traces were not included in the
computation of molecular weight data; c) a mixture of toluene, styrene and MAO was heated to the
desired temperature and after 15 min, a solution containing a specified amount of the respective catalyst
precursor was added to start the polymerisation reaction; d) GPC performed on 1,2,4-trichlorobenzene
solutions at 160 °C.
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Appendix: X-ray structure determination

Table 8. Crystal data and structure refinement for 70.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Absorption correction

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

CCDC reference number

Ci7H»;BCLN,Ti
384.98

183(2) K

0.71073 A
Monoclinic
P2(1)/c
a=12.5752) A
b=18.8522(15) A
c=16.8556(13) A
a=90°
£=109.247(11)°
y=90°

3772.5(8) A3

8

1.356 Mg/m?3

0.736 mm-1
1600

0.50 x 0.40 x 0.13 mm3
2.03 to 25.00°

0<=h<=14, 0<=k<=22, -20<=1<=18

6944
6624 [R(int) = 0.0346]
None

Full-matrix least-squares on F2

5767/0/391

0.998
R1=0.0502, wR2 =0.0967
R1=0.1072, wR2 =0.1203

0.307 and -0.267 ¢.A-3
225922
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Table 9. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (A* x 10?) for 70.
U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

X y z U(eq)
Ti 4087(1) 6157(1) 6581(1) 20(1)
CI(1) 5152(1) 6943(1) 6163(1) 35(1)
CIl(2) 2801(1) 6850(1) 6888(1) 35(1)
N(1) 5028(3) 5694(2) 7595(2) 21(1)
N(Q2) 5369(3) 4339(2) 7888(2) 23(1)
B 4933(4) 4933(3) 7411(3) 22(1)
C(1) 4102(4) 4958(2) 6458(3) 23(1)
C(2) 4457(4) 5245(2) 5805(3) 27(1)
C(3) 3553(5) 5625(3) 5237(3) 35(1)
C4) 2624(4) 5572(2) 5522(3) 35(1)
C(5) 2952(4) 5158(2) 6259(3) 29(1)
C(6) 5385(2) 6500(2) 8795(2) 33(1)
C(7) 6117(3) 6928(2) 9404(2) 44(1)
C(8) 7247(3) 6967(2) 9469(2) 48(2)
C) 7644(2) 6577(2) 8926(2) 42(1)
C(10) 6912(2) 6148(2) 8317(2) 32(1)
C(11) 5782(2) 6109(1) 8251(2) 24(1)
C(12) 6090(4) 4380(2) 8781(3) 28(1)
C(13) 5570(5) 3999(3) 9360(3) 39(1)
C(14) 7284(4) 4095(3) 8894(3) 37(1)
C(15) 5137(4) 3607(2) 7533(3) 28(1)
C(16) 5572(5) 3488(2) 6809(3) 36(1)
C(17) 3888(4) 3414(3) 7303(3) 37(1)
Ti' 10969(1) 4383(1) 3454(1) 19(1)
CI(1") 9913(1) 5166(1) 3885(1) 30(1)
C1(2" 12279(1) 5064(1) 3157(1) 32(1)
N(1" 9995(3) 3981(2) 2415(2) 24(1)
N2 9603(3) 2666(2) 1987(2) 25(1)
B' 10066(4) 3220(3) 2534(3) 22(1)
C(1" 10902(4) 3180(2) 3486(3) 21(1)
C(2" 10546(4) 3434(2) 4154(3) 26(1)
C@3" 11454(4) 3771(2) 4757(3) 30(1)
C4") 12390(4) 3733(3) 4483(3) 31(1)
C(5" 12063(4) 3364(2) 3710(3) 28(1)
C(6") 9622(2) 4846(2) 1265(2) 35(1)
C(7) 8887(3) 5309(2) 706(2) 52(2)
C(8") 7776(3) 5362(2) 686(2) 56(2)
C" 7400(2) 4951(2) 1225(2) 46(1)
C(10" 8135(2) 4488(2) 1784(2) 33(1)
C(11" 9246(2) 4435(1) 1804(2) 25(1)
C(12" 8849(4) 2777(2) 1110(3) 27(1)
C(13" 9306(5) 2430(3) 469(3) 43(1)
C(14" 7644(4) 2534(3) 982(3) 40(1)
C(15" 9795(4) 1909(2) 2260(3) 30(1)
C(16" 9346(5) 1744(2) 2975(3) 39(1)
c(17 11029(5) 1699(3) 2465(4) 45(1)
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Table 10. Anisotropic displacement parameters (A* x 10%) for 70. The anisotropic displacement factor
exponent takes the form: -277[ h?a? U;;+..+2hka b U ].

Uy Uy, Uss Uas Uis U,
Ti 20(1) 19(1) 19(1) 10) (1) 2()
CI(1) 34(1) 32(1) 43(1) 5(1) 16(1) 2(1)
CI2) 31(1) 34(1) 40(1) 3(1) 14(1) 10(1)
N(1) 23(2) 20(2) 172) ol) 2(1) 1(1)
NQ) 25(2) 19(2) 22(2) 2(1) 3(1) 0(1)
B 17(2) 25(2) 22(2) 4(2) 42) 102)
c() 27(2) 17(2) 23(2) 502) 42) 12)
Q) 33(2) 27(2) 24(2) -502) 112) 32)
c3) 48(3) 3203) 17(2) 402) 102) 32)
C(4) 3003) 28(2) 3202) 1202) 9(2) 42)
c(5) 23(2) 28(2) 3202) -102) 32) 302)
C(6) 44(3) 28(2) 25(2) 12) 102) 6(2)
c(7) 76(4) 24(2) 25(2) L4(2) 3(3) 112)
() 64(4) 26(2) 3303) 102) -13(3) -132)
C(9) 3903) 38(3) 40(3) 202) 32) -14(2)
c(0) 292 3302) 31(2) 02) 6(2) -402)
can - 320) 172) 172) 02) 202) 12)
c12)  320) 22(2) 24(2) 402) 22) 02)
Ca3)  453) 44(3) 27(2) 8(2) 92) 72)
ca4)  26(2) 46(3) 34(2) 202) 22) 12)
cas)  342) 17(2) 28(2) 102) 32) 102)
c6)  413) 24(2) 43(3) 8(2) 14(2) 102)
can  3703) 26(2) 43(3) 102) 8(2) -102)
Ti 21(1) 17(1) 17(1) -1(1) 5(1) 2(1)
ciay 3001 29(1) 31(1) 4(1) 11(1) 5(1)
cy 331 33(1) 31(1) -1(1) 13(1) -11(1)
N(I') 29(2) 21(2) 21(2) 2(1) 402) -12)
N(2) 27(2) 22(2) 28(2) -4(02) 112) 20)
B’ 19(2) 2(2) 23(2) 102) 42) 202)
c) 23(2) 17(2) 22(2) 22) 5(2) 1)
@) 28(2) 22(2) 27(2) 92) 7(2) 302)
c@3) 40(3) 26(2) 20(2) 52) 6(2) 202)
C@) 26(2) 28(2) 3102) 12) 20) 42)
c(s) 26(2) 24(2) 3002) 02) 62) 02)
(6" 47(3) 28(2) 25(2) 202) 42) 1102)
c(7) 79(5) 3103) 3103) 92) 303) -1303)
() 66(4) 34(3) £03) 42) -15(3) 8(3)
C(9) 44(3) 40(3) 3903) :502) 902) 14(2)
cao)  373) 3102) 27(2) 102) 42) 22)
cary  352) 18(2) 16(2) -12) 12) 12)
ca2)  3002) 25(2) 23(2) -6(2) 42) 102)
ca3)  473) 5103) 34(3) 172) 19(2) -14(3)
ca4)  292) 48(3) 3803) 112) 52) 202)
cas)  292) 21(2) 36(2) 8(2) 5(2) 02)
C(16)  46(3) 19(2) 5303) 72) 18(2) 202)
ca7)y  373) 34(3) 5703) -14(2) 6(2) 72)
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Table 11. Bond lengths [A] for 70.

Ti-N(1) 1.937(3) Ti-N(1") 1.930(4)
Ti-CI(1) 2.260(2) Ti-CI(1") 2.2588(14)
Ti-CI(2) 2.2677(15) Ti-CI(2") 2.2707(15)
Ti-C(1) 2.271(4) Ti-C(1") 2.271(4)
Ti-C(2) 2.298(4) Ti-C(2") 2.300(4)
Ti-C(5) 2.317(5) Ti-C(5") 2.319(5)
Ti-C(3) 2.364(4) Ti-C(3") 2.376(4)
Ti-C(4) 2.371(4) Ti-C(4) 2.379(4)
Ti-B 2.727(5) Ti-B' 2.710(5)
N(1)-C(11) 1.430(4) N(1)-C(11") 1.428(4)
N(1)-B 1.464(6) N(1)-B' 1.448(6)
N(2)-B 1.382(6) N(2)-B' 1.386(6)
N(2)-C(12) 1.480(5) N(2)-C(12") 1.485(5)
N(2)-C(15) 1.495(5) N(2)-C(15") 1.496(6)
B-C(1) 1.602(6) B-C(1') 1.605(6)
C(1)-C(5) 1.423(6) C(1)-C(2) 1.425(7)
C(1)-C(2) 1.424(7) C(1)-C(3" 1.425(6)
C(2)-C(3) 1.415(7) C(2)-C(3") 1.405(6)
C(3)-C(4) 1.405(8) C(3)-C(4") 1.401(7)
C(4)-C(5) 1.410(7) C(4)-C(5" 1.414(7)
C(6)-C(7) 1.39 C(6)-C(7") 1.39
C(6)-C(11) 1.39 C(6)-C(11") 1.39
C(7)-C(8) 1.39 C(7)-C(8) 1.39
C(8)-C(9) 1.39 C(8)-C(9") 1.39
C(9)-C(10) 1.39 C(9)-C(10") 1.39
C(10)-C(11) 1.39 C(10")-C(11') 1.39
C(12)-C(13) 1.522(7) C(12)-C(14") 1.528(7)
C(12)-C(14) 1.545(7) C(12)-C(13" 1.529(7)
C(15)-C(16) 1.509(7) C(15)-C(16") 1.522(7)
C(15)-C(17) 1.533(7) C(15)-C(17") 1.526(7)
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Table 12. Bond angles [°] for 70.

N(1)-Ti-CI(1) 108.56(12) C(5)-Ti-B 62.5(2)
N(1)-Ti-C1(2) 109.44(12) C(3)-Ti-B 94.1(2)
CI(1)-Ti-CI(2) 103.52(6) C(4)-Ti-B 93.9(2)
N(1)-Ti-C(1) 67.06(15) C(11)-N(1)-B 133.4(3)
CI(1)-Ti-C(1) 126.93(13) C(11)-N(1)-Ti 119.5(2)
CI(2)-Ti-C(1) 128.49(13) B-N(1)-Ti 105.8(3)
N(1)-Ti-C(2) 89.12) B-N(2)-C(12) 122.8(4)
CI(1)-Ti-C(2) 93.52(13) B-N(2)-C(15) 121.8(3)
CI(2)-Ti-C(2) 148.67(13) C(12)-N(2)-C(15) 115.3(3)
C(1)-Ti-C(2) 36.3(2) N(2)-B-N(1) 132.9(4)
N(1)-Ti-C(5) 89.4(2) N(2)-B-C(1) 127.6(4)
CI(1)-Ti-C(5) 147.40(13) N(1)-B-C(1) 99.4(3)
CI(2)-Ti-C(5) 95.26(13) N(2)-B-Ti 175.6(3)
C(1)-Ti-C(5) 36.1(2) N(1)-B-Ti 43.1Q2)
C(2)-Ti-C(5) 58.9(2) C(1)-B-Ti 56.3(2)
N(1)-Ti-C(3) 123.5(2) C(5)-C(1)-C(2) 105.6(4)
CI(1)-Ti-C(3) 89.43(14) C(5)-C(1)-B 121.4(4)
CI(2)-Ti-C(3) 117.71(14) C(2)-C(1)-B 121.2(4)
C(1)-Ti-C(3) 59.9(2) C(5)-C(1)-Ti 73.7(2)
C(2)-Ti-C(3) 35.3(2) C(2)-C(1)-Ti 72.9(2)
C(5)-Ti-C(3) 58.1(2) B-C(1)-Ti 87.7(3)
N(1)-Ti-C(4) 123.5(2) C(3)-C(2)-C(1) 109.2(4)
CI(1)-Ti-C(4) 117.5(2) C(3)-C(2)-Ti 74.9(3)
CI(2)-Ti-C(4) 90.31(13) C(1)-C(2)-Ti 70.8(2)
C(1)-Ti-C(4) 59.7(2) C(4)-C(3)-C(2) 107.8(4)
C(2)-Ti-C(4) 58.4(2) C(4)-C(3)-Ti 73.0(3)
C(5)-Ti-C(4) 35.02) C(2)-C(3)-Ti 69.8(2)
C(3)-Ti-C(4) 34.5(2) C(3)-C(4)-C(5) 107.8(4)
N(1)-Ti-B 31.12(14) C(3)-C(4)-Ti 72.5(3)
CI(1)-Ti-B 122.94(12) C(5)-C(4)-Ti 70.4(3)
CI(2)-Ti-B 123.90(12) C(4)-C(5)-C(1) 109.5(4)
C(1)-Ti-B 35.95(14) C(4)-C(5)-Ti 74.6(3)
C(2)-Ti-B 62.7(2) C(1)-C(5)-Ti 70.2(2)
C(7)-C(6)-C(11) 120.0 CI(2)-Ti-C(3") 119.63(13)
C(6)-C(7)-C(8) 120.0 C(1)-Ti'-C(3") 59.5(2)
C(7)-C(8)-C(9) 120.0 C(2)-Ti-C(3") 34.9(2)
C(10)-C(9)-C(8) 120.0 C(5)-Ti'-C(3") 58.0(2)
C(9)-C(10)-C(11) 120.0 N(1')-Ti-C(4") 123.9(2)
C(10)-C(11)-C(6) 120.0 CI(1')-Ti-C(4") 118.79(13)
C(10)-C(11)-N(1) 119.3(2) CI(2)-Ti'-C(4") 91.50(13)
C(6)-C(11)-N(1) 120.6(2) C(1)-Ti'-C(4") 59.5(2)
N(2)-C(12)-C(13) 112.2(4) C(2)-Ti'-C(4") 58.0(2)
N(2)-C(12)-C(14) 110.7(4) C(5)-Ti'-C(4") 35.0(2)
C(13)-C(12)-C(14) 111.2(4) C(3)-Ti'-C(4") 34.3(2)
N(2)-C(15)-C(16) 112.7(4) N(1")-Ti"-B' 30.93(14)
N(2)-C(15)-C(17) 111.6(4) CI(1')-Ti"-B' 122.21(12)
C(16)-C(15)-C(17) 112.0(4) CI(2)-Ti'-B' 121.92(12)
N(1)-Ti-CI(1") 106.53(13) C(1)-Ti"-B' 36.25(14)
N(1)-Ti-C1(2") 108.12(13) C(2)-Ti"-B' 62.6(2)
CI(1)-Ti-C1(2") 104.35(5) C(5)-Ti"-B' 63.07(15)
N(1")-Ti-C(1") 67.2(2) C(3)-Ti"-B' 93.9(2)
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Table 12 (continued)

. Bond angles [°] for 70.

CI(1')-Ti-C(1")
CI(2))-Ti-C(1")
N(1')-Ti-C(2')
CI(1")-Ti-C(2")
CI(2")-Ti-C(2")
C(1)-Ti'-C(2")
N(1)-Ti-C(5")
CI(1')-Ti-C(5")
CI(2))-Ti-C(5")
C(1)-Ti"-C(5")
C(2)-Ti-C(5")
N(1)-Ti-C(3")
CI(1')-Ti-C(3")
C(2)-C(1')-C(5")
C(2)-C(1')-B'
C(5)-C(1')-B'
C(2)-C(1')-Ti'
C(5)-C(1')-Ti'
B-C(1')-Ti'
C(3")-C(2)-C(1")
C(3")-C(2)-Ti'
C(1)-C(2)-Ti'
C(4)-C(3)-C(2")
C(4)-C(3)-Ti'
C(2)-C(3)-Ti'
C(3)-C(4)-C(5")
C(3)-C(4)-Ti'
C(5)-C(4)-Ti'
C(4)-C(5')-C(1")

127.91(13)
127.22(13)
88.6(2)
94.76(13)
149.31(12)
36.3(2)
90.2(2)
148.94(13)
94.58(13)
36.2(2)
58.9(2)
122.7(2)
91.09(13)
105.7(4)
120.1(4)
122.0(4)
72.9(2)
73.7(2)
86.9(2)
109.3(4)
75.5(3)
70.7(2)
108.1(4)
73.03)
69.6(2)
107.9(4)
72.7(2)
70.2(3)
109.0(4)

C(4)-Ti-B'
C(11')-N(1")-B'
C(11)-N(1)-Ti'
B-N(1")-Ti'
B'-N(2")-C(12")
B-N(2)-C(15')
C(12)-N(2)-C(15")
N(2)-B'-N(1")
N(2)-B'-C(1")
N(1)-B'-C(1")
N(2)-B-Ti'
N(1)-B'-Ti'
C(1)-B"-Ti
C(4)-C(5')-Ti'
C(1)-C(5')-Ti'
C(7)-C(6')-C(11')
C(8)-C(7')-C(6")
C(9)-C(8')-C(7")
C(8)-C(9')-C(10)
C(9)-C(10')-C(11')
C(10")-C(11%-C(6")
C(10")-C(11")-N(1")
C(6)-C(11')-N(1")
N(2)-C(12)-C(14")
N(2)-C(12)-C(13")
C(14')-C(12')-C(13")
N(2')-C(15)-C(16")
N(2')-C(15)-C(17")
C(16)-C(15")-C(17")

94.2(2)
133.6(3)
119.3(2)
105.8(3)
123.1(4)
121.6(4)
115.2(3)
131.4(4)
128.5(4)
100.1(3)
173.8(4)
43.3(2)
56.8(2)
74.8(3)
70.1(2)
120.0
120.0
120.0
120.0
120.0
120.0
118.6(3)
121.3(3)
112.2(4)
112.2(4)
111.0(4)
111.9(4)
111.5(4)
112.5(4)
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Table 13. Crystal data and structure refinement for 83.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.15°
Absorption correction

Max. and min. transmission
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

CisH2oBN,

284.24

173(2) K

0.71073 A
Monoclinic
P2(1)/n
a=8.1029(8) A
b=14.0352(14) A
c=15.6679(15) A
a=90°
£=100.503(2)°
y=90°

1752.0(3) A3

4

1.073 Mg/m3

0.062 mm-1
620

0.25 x 0.20 x 0.09 mm3
1.96 to 26.15°

-10<=h<=10, -17<=k<=17, -19<=I<=19

14804

3484 [R(int) = 0.0315]
99.8 %

Empirical

1. and 0.883715

Full-matrix least-squares on F2

3484/0/190

1.020
R1=0.0460, wR2 =0.1100
R1=0.0607, wR2 =0.1189

0.225 and -0.205 e.A-3
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Table 14. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (A” x 10%) for 83.
U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

X y z U(eq)
N(1) 676(1) 1213(1) 1022(1) 34(1)
N(2) 2566(1) 593(1) 2323(1) 30(1)
C(19) -960(2) 1080(1) 3021(1) 30(1)
C(31) 4140(2) 841(1) 2019(1) 35(1)
C(11) -742(2) 510(1) 2234(1) 29(1)
C(@21) -871(2) 1378(1) 397(1) 33(1)
C41) 2839(2) 184(1) 3203(1) 34(1)
C(12) -1020(2) -488(1) 2524(1) 36(1)
C(14) -1320(2) 461(1) 3666(1) 35(1)
C(18) -847(2) 2054(1) 3173(1) 40(1)
B(1) 932(2) 771(1) 1847(1) 28(1)
C(13) -1361(2) -504(1) 3326(1) 39(1)
C(17) -1097(2) 2398(1) 3969(1) 51(1)
C(32) 4392(2) 1918(1) 1972(1) 48(1)
C(22) -1756(2) 2283(1) 595(1) 43(1)
C(43) 3713(2) 876(1) 3888(1) 48(1)
C(33) 4334(2) 324(1) 1187(1) 53(1)
C(15) -1542(2) 817(1) 4468(1) 47(1)
C(23) -470(2) 1414(1) -516(1) 44(1)
C42) 3729(2) -775(1) 3254(1) 51(1)
C(16) -1431(2) 1787(2) 4607(1) 55(1)
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Table 15. Anisotropic displacement parameters (A* x 10%) for 83. The anisotropic displacement factor

exponent takes the form: -277[ h?a? U;;+..+2hka b U ].

Uy Uy, Uss Uas Uis U,
N(D) 25(1) 0(1) 35(1) 6(1) 70 (1)
NQ2) 25(1) 32(1) 32(1) 3(1) 7(1) -1(1)
ca9)  19(1) 39(1) 33(1) 1(1) 3(1) 3(1)
cal)  23(1) (1) 40(1) 2(1) 5(1) 2(1)
1) 24(1) 33(1) 30(1) 2(1) 3(1) -1(1)
cel  3201) 36(1) 29(1) 2(1) 3(1) -4(1)
@l 26(1) 39(1) 36(1) 8(1) 3(1) o(1)
ca2) 3001 35(1) 43(1) -1(1) 7(1) -5(1)
ca4)  21(1) 49(1) 35(1) 6(1) 6(1) 3(1)
cas)  33(1) 39(1) 46(1) -1(1) 5(1) 3(1)
B(1) 27(1) 26(1) 30(1) 23(1) 6(1) 101
ca3) 3001 41(1) 47(1) 11(1) 9(1) -5(1)
can  43(1) 50(1) 59(1) 17(1) 6(1) 8(1)
c32) 381 49(1) 56(1) 10(1) 10(1) -12(1)
c22) 381 50(1) 40(1) 4(1) 5(1) 8(1)
c@3)  45(1) 59(1) 37(1) 2(1) 2(1) -5(1)
c33) 321 75(1) 56(1) “12(1) 17(1) 2(1)
cas)  34(1) 73(1) 36(1) 5(1) 11(1) 6(1)
c23) 5701 45(1) 31(1) 1(1) 8(1) 1(1)
C42)  41(1) 42(1) 63(1) 18(1) 7(1) 7(1)
cae)  45(1) 81(1) 41(1) -18(1) 10(1) 11(1)
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Table 16. Bond lengths [A] for 83.

N(1)-B(1) 1.4153(19) C(11)-B(1) 1.626(2)
N(1)-C(21) 1.4629(17) C(21)-C(22) 1.518(2)
N(2)-B(1) 1.4187(18) C(21)-C(23) 1.524(2)
N(2)-C(41) 1.4732(17) C(41)-C(42) 1.522(2)
N(2)-C(31) 1.4822(17) C(41)-C(43) 1.523(2)
C(19)-C(18) 1.388(2) C(12)-C(13) 1.337(2)
C(19)-C(14) 1.404(2) C(14)-C(15) 1.394(2)
C(19)-C(11) 1.5066(19) C(14)-C(13) 1.453(2)
C(31)-C(33) 1.525(2) C(18)-C(17) 1.387(2)
C(31)-C(32) 1.529(2) C(17)-C(16) 1.381(3)
C(11)-C(12) 1.5023(19) C(15)-C(16) 1.380(3)
Table 17. Bond angles [°] for 83.

B(1)-N(1)-C(21) 130.32(12) N(2)-C(41)-C(42) 112.50(13)
B(1)-N(2)-C(41) 121.82(11) N(2)-C(41)-C(43) 112.49(12)
B(1)-N(2)-C(31) 124.46(11) C(42)-C(41)-C(43) 111.79(13)
C(41)-N(2)-C(31) 113.64(10) C(16)-C(15)-C(14) 118.79(16)
C(18)-C(19)-C(14) 120.13(13) C(13)-C(12)-C(11) 111.58(13)
C(18)-C(19)-C(11) 130.47(13) C(15)-C(14)-C(19) 120.34(15)
C(14)-C(19)-C(11) 109.40(12) C(15)-C(14)-C(13) 131.81(14)
N(2)-C(31)-C(33) 113.09(12) C(19)-C(14)-C(13) 107.84(13)
N(2)-C(31)-C(32) 112.17(12) C(17)-C(18)-C(19) 118.82(15)
C(33)-C(31)-C(32) 113.20(14) N(1)-B(1)-N(2) 121.67(12)
C(12)-C(11)-C(19) 101.62(11) N(1)-B(1)-C(11) 116.50(11)
C(12)-C(11)-B(1) 120.29(11) N(2)-B(1)-C(11) 121.81(12)
C(19)-C(11)-B(1) 114.58(11) C(12)-C(13)-C(14) 109.56(13)
N(1)-C(21)-C(22) 112.04(12) C(16)-C(17)-C(18) 120.96(16)
N(1)-C(21)-C(23) 109.28(12) C(15)-C(16)-C(17) 120.94(16)
C(22)-C(21)-C(23) 110.70(12)
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Table 18. Crystal data and structure refinement for 87.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 23.45°
Absorption correction

Max. and min. transmission
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

Cy3H33BN,

232.22

1732) K

0.71073 A

Monoclinic

P2(1)/n

a=9.296(6) A
b=16.074(9) A
c=14.548(8) A

a=90°

B=96.940(13)°

y=90°

2158(2) A3

6

1.072 Mg/m3

0.061 mm-!

760

235 x.125 x .100 mm?
1.90 to 23.45°.
-10<=h<=10, -17<=k<=18, -16<=I<=16
35199

3145 [R(int) = 0.0951]

98.9 %

Empirical

1. and 0.780629
Full-matrix least-squares on F2
3145/0/243

1.056

R1=0.0452, wR2 =0.0971
R1=10.0725, wR2 =0.1067
0.137 and -0.131 e.A"3

- 226 -



Table 19. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (A” x 10%) for 87.
U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

X y z U(eq)
B -808(2) 3076(1) 6175(2) 32(1)
C() -1419(2) 2550(1) 5268(1) 32(1)
N(1) -1555(2) 3816(1) 6369(1) 36(1)
N(Q) 441(2) 2819(1) 6768(1) 33(1)
CQ2) -397(2) 2385(1) 4555(1) 33(1)
C(3) 497(2) 2936(1) 4164(1) 42(1)
C4) 1311(2) 2653(1) 3496(1) 48(1)
C(5) 1234(2) 1829(1) 3214(1) 46(1)
C(6) 356(2) 1269(1) 3602(1) 41(1)
C(7N -465(2) 1550(1) 4284(1) 34(1)
C(8) -1464(2) 1114(1) 4819(1) 35(1)
C) -1915(2) 285(1) 4812(1) 41(1)
C(10) -2946(2) 49(1) 5369(2) 47(1)
C(11) -3508(2) 621(1) 5939(2) 48(1)
C(12) -3050(2) 1443(1) 5964(1) 42(1)
C(13) -2029(2) 1692(1) 5403(1) 34(1)
C(20) -2721(2) 4312(1) 5844(1) 39(1)
C(@21) -4152(2) 3832(1) 5683(2) 50(1)
C(23) -2262(2) 4614(1) 4929(1) 49(1)
C(22) -2947(2) 5075(1) 6445(1) 54(1)
C(30) 1130(2) 3305(1) 7570(1) 36(1)
Cc@31 1727(2) 4138(1) 7282(2) 50(1)
C(32) 193(2) 3388(1) 8355(1) 46(1)
C(40) 1163(2) 2017(1) 6634(1) 41(1)
C@41) 2712(2) 2119(2) 6417(2) 62(1)
C(42) 1081(3) 1426(1) 7446(2) 61(1)
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Table 20. Anisotropic displacement parameters (A* x 10%) for 87. The anisotropic displacement factor

exponent takes the form: -277[ h?a? U;;+..+2hka b U ].

Uy Uy, Uss Uas Uis U,
B 33(1) 37(1) 28(1) 5(1) 8(1) 3()
c() 30(1) 35(1) 31(1) -1(1) o(1) A1)
N(1) 40(1) 38(1) 29(1) 3(1) -4(1) 7(1)
NQ) 34(1) 33(1) 30(1) -4(1) 2(1) 2(1)
c) 32(1) 39(1) 27(1) -1(1) -1(1) 2(1)
C(3) 48(1) 40(1) 37(1) 4(1) 7(1) 2(1)
C4) 48(1) 56(2) 42(1) 2(1) 11(1) -4(1)
c5) 42(1) 61(2) 35(1) 8(1) 7(1) 4(1)
C(6) 38(1) 44(1) 37(1) 8(1) 2(1) 6(1)
c(7) 30(1) 40(1) 29(1) 23(1) 4(1) A1)
C(8) 31(1) 38(1) 33(1) -1(1) -6(1) 1(1)
) 42(1) 39(1) 40(1) 3(1) -6(1) 3(1)
c0)  46(1) 42(1) 50(1) 8(1) -5(1) -5(1)
cl) 441 55(2) 43(1) 10(1) 1(1) -8(1)
ca2) 391 53(2) 34(1) 2(1) o(1) 2(1)
ca3)  31() 42(1) 28(1) 1(1) -4(1) 1(1)
C0)  40(1) 41(1) 34(1) 3(1) A1) 10(1)
cely 4ol 63(2) 48(1) 9(1) 5(1) 13(1)
c23) 521 51(1) 43(1) 10(1) 7(1) 13(1)
C22)  66(2) 49(1 47(1 -1(1) 6(1) 21(1)
CG0)  36(1) 39(1) 33(1) 1(1) 23(1) o(1)
cal 53(1) 52(1) 45(1) 2(1) 23(1) -14(1)
Cc(32)  48(1) 5702) 31(1) 2(1) 4(1) 2(1)
C40)  40(1) 41(1) 40(1) -4(1) -6(1) 8(1)
c@l) 461 73(2) 65(2) -12(1) -1(1) 17(1)
C42) 780 43(1) 59(2) 5(1) (1) 13(1)
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Table 21. Bond lengths [A] for 87.

B-N(2) 1.421(3) C(6)-C(7) 1.398(3)
B-N(1) 1.422(3) C(7)-C(8) 1.461(3)
B-C(1) 1.612(3) C(8)-C(9) 1.397(3)
C(1)-C(2) 1.511(3) C(8)-C(13) 1.403(3)
C(1)-C(13) 1.513(3) C(9)-C(10) 1.381(3)
C(1)-H(1) 0.968(17) C(10)-C(11) 1.382(3)
N(1)-C(20) 1.482(2) C(11)-C(12) 1.387(3)
N(1)-H(IN) 0.91(2) C(12)-C(13) 1.383(3)
N(2)-C(40) 1.477(2) C(20)-C(23) 1.525(3)
N(2)-C(30) 1.483(2) C(20)-C(21) 1.531(3)
C(2)-C(3) 1.383(3) C(20)-C(22) 1.534(3)
C(2)-C(7) 1.398(3) C(30)-C(32) 1.524(3)
C(3)-C(4) 1.378(3) C(30)-C(31) 1.527(3)
C(4)-C(5) 1.387(3) C(40)-C(41) 1.520(3)
C(5)-C(6) 1.380(3) C(40)-C(42) 1.525(3)
Table 22. Bond angles [°] for 87.

N(2)-B-N(1) 120.32(18) N(2)-C(30)-C(31) 112.54(15)
N(2)-B-C(1) 121.72(18) C(32)-C(30)-C(31) 112.88(17)
N(1)-B-C(1) 117.95(18) C(6)-C(7)-C(8) 131.26(19)
C(2)-C(1)-C(13) 101.90(16) C(2)-C(7)-C(8) 108.62(17)
C(2)-C(1)-B 117.68(16) C(9)-C(8)-C(13) 120.07(19)
C(13)-C(1)-B 118.16(16) C(9)-C(8)-C(7) 131.59(19)
C(2)-C(1)-H(1) 107.4(10) C(13)-C(8)-C(7) 108.32(17)
C(13)-C(1)-H(1) 105.0(10) C(10)-C(9)-C(8) 119.20(19)
B-C(1)-H(1) 105.7(10) C(9)-C(10)-C(11) 120.5(2)
B-N(1)-C(20) 133.82(17) C(10)-C(11)-C(12) 120.8(2)
B-N(1)-H(IN) 115.8(12) C(13)-C(12)-C(11) 119.3(2)
C(20)-N(1)-H(IN) 109.6(12) C(12)-C(13)-C(8) 120.02(19)
B-N(2)-C(40) 121.61(16) C(12)-C(13)-C(1) 129.40(18)
B-N(2)-C(30) 124.59(16) C(8)-C(13)-C(1) 110.52(17)
C(40)-N(2)-C(30) 113.79(15) N(1)-C(20)-C(23) 110.87(16)
C(3)-C(2)-C(7) 120.41(18) N(1)-C(20)-C(21) 112.04(17)
C(3)-C(2)-C(1) 129.01(18) C(23)-C(20)-C(21) 110.86(17)
C(7)-C(2)-C(1) 110.57(17) N(1)-C(20)-C(22) 106.20(16)
C(4)-C(3)-C(2) 119.2(2) C(23)-C(20)-C(22) 108.39(17)
C(3)-C(4)-C(5) 120.7(2) C(21)-C(20)-C(22) 108.27(17)
C(6)-C(5)-C(4) 120.9(2) N(2)-C(40)-C(41) 113.01(17)
C(5)-C(6)-C(7) 118.7(2) N(2)-C(40)-C(42) 112.01(17)
C(6)-C(7)-C(2) 120.11(18) C(41)-C(40)-C(42) 111.44(18)
N(2)-C(30)-C(32) 113.77(16)

-229 -



Table 23. Crystal data and structure refinement for 88.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

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

R indices [for 2192 reflections with [>2sigma(I)]
R indices (for all 3284 data)

Largest diff. peak and hole

CCDC reference number

CysH9BN,

368.31

2932) K

0.71073 A

Triclinic

P-1

a=8.186(7) A
b=11.796(7) A
c=11.860(10) A

o =94.26(6)°
L=104.17(6)°
y=92.55(6)°

1105.0(15) A3

2

1.107 Mg/m3

0.064 mm-!

396

0.63 x 0.50 x 0.40 mm
1.78 to 25.00°

0<=h<=9, -13<=k<=13, -14<=I<=13
4128

3835 [R;,, = 0.0490]

None

Full-matrix least-squares on F2
3284/1/245

S =1.046

R, =0.0604, wR, =0.1517
R,=0.1178, wR, =0.2103
0.198 and -0.225 eA-3
215175
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Table 24. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (A” x 10%) for 88.
U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

X y z U(eq)
B 5393(4) 2632(3) 6011(3) 52(1)
N(1) 5029(3) 2415(3) 4769(2) 69(1)
N@2) 7051(3) 2637(2) 6711(2) 51(1)
C(1) 3783(3) 2816(3) 6561(2) 54(1)
C(2) 3483(3) 1973(3) 7398(3) 57(1)
C(3) 3455(5) 790(3) 7283(4) 79(1)
C4) 3194(6) 194(4) 8203(5) 102(1)
C(5) 2962(6) 754(4) 9193(5) 102(1)
C(6) 2965(4) 1933(4) 9322(3) 80(1)
C(7 3217(3) 2538(3) 8413(3) 58(1)
C(®) 3333(3) 3768(3) 8303(2) 53(1)
C) 3173(4) 4691(3) 9066(3) 65(1)
C(10) 3414(4) 5777(3) 8752(3) 74(1)
C(11) 3836(5) 5953(3) 7718(3) 73(1)
C(12) 3966(4) 5037(3) 6950(3) 63(1)
C(13) 3700(3) 3939(3) 7230(2) 51(1)
C(14) 2445(2) 3305(2) 3839(2) 63(1)
C(15) 946(2) 3278(2) 2975(2) 70(1)
C(16) 481(2) 2343(2) 2153(2) 79(1)
C(17) 1514(3) 1436(2) 2195(2) 99(2)
C(18) 3013(3) 1462(2) 3059(2) 82(1)
C(19) 3478(2) 2397(2) 3881(2) 54(1)
C(20) 8570(3) 2494(3) 6256(3) 59(1)
C(1n 8890(4) 3465(4) 5545(3) 83(1)
C(22) 8614(5) 1328(4) 5629(4) 93(1)
C(23) 7427(3) 2822(3) 8000(2) 56(1)
C(24) 8101(5) 1763(3) 8586(3) 81(1)
C(25) 8579(4) 3886(3) 8492(3) 73(1)
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Table 25. Anisotropic displacement parameters (A* x 10%) for 88. The anisotropic displacement factor

exponent takes the form: -277[ h?a? U;;+..+2hka b U ].

Uy Uy, Uss Uas Uis U,
B 202) 62(2) 5002) 3 (1) 10(1)
N(1) 40(1) 116(2) 48(1) -1(1) 7(1) 19(1)
N(Q2) 37(1) 68(2) 47(1) 4(1) 7(1) 12(1)
(1) 35(1) 7702) 45(1) 3(1) 2(1) 5(1)
cQ) 35(1) 7002) 62(2) 6(1) 5(1) 2(1)
c@3) 65(2) 76(3) 94(3) 12) 19(2) 30)
C4) 90(3) 76(3) 145(4) 24(3) 3803) -502)
c5) 97(3) 101(4) 121(4) 49(3) 40(3) 7(3)
C(6) 63(2) 106(3) 76(2) 27(2) 24(2) 72)
c(7) 34(1) 82(2) 56(2) 102) 7(1) 2(1)
C(8) 30(1) 7902) 47(2) 4(1) 5(1) 8(1)
C(9) 46(2) 94(3) 52(2) 22) 7(1) 152)
Cc0)  63Q2) 81(3) 70(2) -8(2) 52) 26(2)
can  7502) 69(2) 75(2) 10Q2) 132) 192)
c12) 572 75(2) 59(2) 14(2) 13(1) 14(2)
ca3)  33(1) 69(2) 47(1) 7(1) 2(1) 12(1)
c(14)  56(2) 72(2) 55(2) -4(1) 3(1) 7(1)
cas) 592 80(2) 63(2) 14(2) 102) 112)
ca6)  702) 99(3) 55(2) 52) 122) 12(2)
can  1013) 97(3) 74(2) 22(2) 21(2) 16(2)
ca8) 812 85(3) 63(2) 8(2) 202) 25(2)
C(19)  44(1) 7702) 41(1) 6(1) 7(1) 6(1)
co)  37(1) 83(2) 56(2) o(1) 6(1) 17(1)
cel  5702) 116(3) 85(2) 21(2) 31(2) 132)
c22)  700) 104(3) 102(3) -15(2) 15Q2) 33(2)
c3) 4001 76(2) 48(2) 3(1) 3(1) 8(1)
cd) 832 94(3) 61(2) 152) 02) 18(2)
C2s) 5502 94(3) 64(2) -132) 11(1) 52)
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Table 26. Bond lengths [A] for 88.

B-N(2) 1.407(4) C(8)-C(13) 1.404(4)
B-N(1) 1.431(4) C(9)-C(10) 1.379(5)
B-C(1) 1.624(4) C(10)-C(11) 1.380(5)
N(1)-C(19) 1.436(3) C(11)-C(12) 1.385(5)
N(2)-C(23) 1.481(4) C(12)-C(13) 1.382(5)
N(2)-C(20) 1.483(4) C(14)-C(15) 1.39
C(1)-C(13) 1.505(4) C(14)-C(19) 1.39
C(1)-C(2) 1.509(4) C(15)-C(16) 1.39
C(2)-C(3) 1.391(5) C(16)-C(17) 1.39
C(2)-C(7) 1.401(4) C(17)-C(18) 1.39
C(3)-C(4) 1.395(6) C(18)-C(19) 1.39
C(4)-C(5) 1.363(7) C(20)-C(22) 1.520(5)
C(5)-C(6) 1.388(6) C(20)-C(21) 1.523(5)
C(6)-C(7) 1.387(5) C(23)-C(25) 1.523(5)
C(7)-C(8) 1.467(5) C(23)-C(24) 1.534(5)
C(8)-C(9) 1.395(5)

Table 27. Bond angles [°] for 88.

N(2)-B-N(1) 121.4(3) C(13)-C(8)-C(7) 108.3(3)
N(2)-B-C(1) 122.3(3) C(10)-C(9)-C(8) 118.5(3)
N(1)-B-C(1) 116.3(2) C(9)-C(10)-C(11) 121.1(3)
B-N(1)-C(19) 131.5(2) C(10)-C(11)-C(12) 120.5(4)
B-N(2)-C(23) 121.6(2) C(13)-C(12)-C(11) 119.3(3)
B-N(2)-C(20) 124.6(2) C(12)-C(13)-C(8) 119.3(3)
C(23)-N(2)-C(20) 113.3(2) C(12)-C(13)-C(1) 130.0(3)
C(13)-C(1)-C(2) 102.1(2) C(8)-C(13)-C(1) 110.6(3)
C(13)-C(1)-B 118.4(2) C(15)-C(14)-C(19) 120.0
C(2)-C(1)-B 116.4(2) C(16)-C(15)-C(14) 120.0
C(3)-C(2)-C(7) 119.9(3) C(15)-C(16)-C(17) 120.0
C(3)-C(2)-C(1) 129.4(3) C(16)-C(17)-C(18) 120.0
C(7)-C(2)-C(1) 110.7(3) C(19)-C(18)-C(17) 120.0
C(2)-C(3)-C(4) 118.6(4) C(18)-C(19)-C(14) 120.0
C(5)-C(4)-C(3) 120.9(4) C(18)-C(19)-N(1) 119.5(2)
C(4)-C(5)-C(6) 121.5(4) C(14)-C(19)-N(1) 120.5(2)
C(7)-C(6)-C(5) 118.3(4) N(2)-C(20)-C(22) 114.1(3)
C(6)-C(7)-C(2) 120.8(3) N(2)-C(20)-C(21) 112.2(3)
C(6)-C(7)-C(8) 130.9(3) C(22)-C(20)-C(21) 112.7(3)
C(2)-C(7)-C(8) 108.2(3) N(2)-C(23)-C(25) 113.0(3)
C(9)-C(8)-C(13) 120.8(3) N(2)-C(23)-C(24) 111.8(3)
C(9)-C(8)-C(7) 131.0(3) C(25)-C(23)-C(24) 111.9(3)
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Table 28. Crystal data and structure refinement for 101.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.13°
Absorption correction

Max. and min. transmission
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

C,sH,,BFeN

403.10

173(2) K

0.71073 A

Triclinic

P-1

a=7.4676(17) A
b=11.346(3) A
c=12.5383) A
a=177333(4)°
B=82.899(5)°

¥ =75.143(4)°

999.2(4) A3

2

1.340 Mg/m3

0.764 mm-!

420

0.31 x 0.22 x 0.05 mm?
1.67 to 26.13°.

-9<=h<=9, -13<=k<=14, -15<=I<=15
15166

3952 [R(int) = 0.0482]

99.4 %

Empirical

0.96 and 0.722

Full-matrix least-squares on F2
3952/0/253

1.068

R1=0.0371, wR2 =0.0994
R1=0.0419, wR2 =0.1023
0.473 and -0.190 e.A-3
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Table 29. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A x 10%) for

101. U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

X y z U(eq)
Fe(1) 10207(1) 6003(1) 7674(1) 36(1)
N(1) 7250(3) 9223(2) 8294(2) 54(1)
B(1) 8941(3) 8837(2) 7696(2) 42(1)
C(11) 6507(3) 8653(2) 9328(2) 50(1)
C(12) 5079(4) 8081(3) 9361(2) 66(1)
C(13) 4310(5) 7546(3) 10352(3) 87(1)
C(14) 4958(5) 7573(3) 11303(3) 93(1)
C(15) 6363(5) 8127(3) 11298(2) 85(1)
C(16) 7175(4) 8690(3) 10300(2) 68(1)
C(21 9339(3) 9719(2) 6544(2) 45(1)
C(22) 10790(3) 10373(2) 6687(2) 57(1)
C(23) 10132(3) 11612(2) 6483(2) 58(1)
C(24) 7048(3) 13054(2) 5788(2) 55(1)
C(25) 5369(4) 13060(2) 5450(2) 63(1)
C(26) 4884(4) 11962(3) 5456(2) 66(1)
C@27 6090(3) 10821(2) 5812(2) 56(1)
C(28) 7795(3) 10799(2) 6137(2) 43(1)
C(29) 8278(3) 11916(2) 6130(2) 45(1)
C@31 10431(3) 7624(2) 8051(2) 42(1)
C(32) 11993(3) 7150(2) 7333(2) 47(1)
C(33) 12926(3) 5945(2) 7841(2) 53(1)
C(34) 12000(3) 5645(2) 8882(2) 51(1)
C(@35) 10479(3) 6660(2) 9018(2) 45(1)
C41) 7717(3) 6337(2) 7007(2) 52(1)
C(42) 9210(3) 5981(2) 6241(2) 55(1)
C(43) 10243(3) 4794(2) 6690(2) 58(1)
C(44) 9396(3) 4405(2) 7742(2) 56(1)
C(45) 7837(3) 5360(2) 7934(2) 52(1)
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Table 30. Anisotropic displacement parameters (A” x 10°) for 101. The anisotropic displacement factor

exponent takes the form: -277[ h?a? U;; +..+2hka b U, ].

Uy Uy, Uss Uas Uis U,
Fe(l) 331 35(1) 39(1) 0 30) (1)
N(1) 55(1) 41(1) 51(1) -1(1) 6(1) 2(1)
B(1) 47(1) 37(1) 44(1) -11(1) -1(1) -12(1)
can  s53(1) 40(1) 42(1) 7(1) 6(1) 7(1)
c12)  700) 62(2) 61(2) 11(1) 6(1) -14(1)
c(13)  902) 75(2) 87(2) 8(2) 28(2) 226(2)
ca4)  1053) 7102) 65(2) 32) 3202) 14(2)
cas)  96(2) 86(2) 45(1) -18(1) 2701 3302)
C(16)  64(2) 69(2) 63(2) 224(1) -6(1) o(1)
cel 4701 40(1) 46(1) 2701 3(1) 111
c22) 4501 54(1) 69(2) 2(1) 23(1) -14(1)
c23) 601 45(1) 71(2) 3(1) 7(1) 21(1)
C24)  64(2) 42(1) 51(1) 2(1) 7(1) 7(1)
ces)  5701) 59(2) 53(1) 6(1) A1) 2(1)
ce6) 531 82(2) 54(1) 6(1) -10(1) -14(1)
cen 60(1) 64(2) 43(1) 2(1) (1) 24(1)
ce8) 4701 42(1) 36(1) 3(1) 2(1) -11(1)
C29)  49(1) 43(1) 41(1) (1) 6(1) 11(1)
a3l 42(1) 40(1) 47(1 -121) 4(1) 11(1)
c32)  39(1) 46(1) 58(1) 11(1) 2(1) -16(1)
c33) 321 51(1) 76(2) 1731) 9(1) -5(1)
G4 51(1) 45(1) 57(1) -8(1) -22(1) 4(1)
c3s)  51(1) 43(1) 42(1) 29(1) 11(1) 8(1)
c@l)  41(1) 62(1) 55(1) -9(1) -16(1) -10(1)
c42)  63(1) 72(2) 38(1) -10(1) 8(1) -26(1)
c@3)  58(1) 63(2) 66(2) 37(1) 3(1) -18(1)
C4d) 641 42(1) 67(2) -10(1) -13(1) -20(1)
c@s)  43(1) 69(2) 51(1) -10(1) 2(1) 225(1)
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Table 31. Bond lengths [A] for 101.

Fe(1)-C(43)
Fe(1)-C(42)
Fe(1)-C(44)
Fe(1)-C(35)
Fe(1)-C(32)
Fe(1)-C(41)
Fe(1)-C(45)
Fe(1)-C(31)
Fe(1)-C(33)
Fe(1)-C(34)
N(1)-B(1)
N(1)-C(11)
B(1)-C(31)
B(1)-C(21)
C(11)-C(12)
C(11)-C(16)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)

2.029(2)
2.035(2)
2.035(2)
2.037(2)
2.040(2)
2.045(2)
2.046(2)
2.048(2)
2.050(2)
2.051(2)
1.406(3)
1.430(3)
1.549(3)
1.609(3)
1.375(4)
1.386(3)
1.383(4)
1.349(5)
1.354(5)
1.415(4)

C(21)-C(28)
C(21)-C(22)
C(22)-C(23)
C(23)-C(29)
C(24)-C(25)
C(24)-C(29)
C(25)-C(26)
C(26)-C(27)
C(27)-C(28)
C(28)-C(29)
C31)-C(35)
C31)-C(32)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(41)-C(45)
C(41)-C(42)
C(42)-C(43)
C(43)-C(44)
C(44)-C(45)

1.496(3)
1.508(3)
1.342(3)
1.439(3)
1.370(4)
1.393(3)
1.381(4)
1.391(4)
1.378(3)
1.402(3)
1.440(3)
1.446(3)
1.414(3)
1.414(3)
1.419(3)
1.413(3)
1.415(3)
1.403(4)
1.420(3)
1.408(3)
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Table 32. Bond angles [°] for 101.

C(43)-Fe(1)-C(42)
C(43)-Fe(1)-C(44)
C(42)-Fe(1)-C(44)
C(43)-Fe(1)-C(35)
C(42)-Fe(1)-C(35)
C(44)-Fe(1)-C(35)
C(43)-Fe(1)-C(32)
C(42)-Fe(1)-C(32)
C(44)-Fe(1)-C(32)
C(35)-Fe(1)-C(32)
C(43)-Fe(1)-C(41)
C(42)-Fe(1)-C(41)
C(44)-Fe(1)-C(41)
C(35)-Fe(1)-C(41)
C(32)-Fe(1)-C(41)
C(43)-Fe(1)-C(45)
C(42)-Fe(1)-C(45)
C(44)-Fe(1)-C(45)
C(35)-Fe(1)-C(45)
C(32)-Fe(1)-C(45)
C(41)-Fe(1)-C(45)
C(43)-Fe(1)-C(31)
C(42)-Fe(1)-C(31)
C(44)-Fe(1)-C(31)
C(35)-Fe(1)-C(31)
C(32)-Fe(1)-C(31)
C(41)-Fe(1)-C(31)
C(45)-Fe(1)-C(31)
C(43)-Fe(1)-C(33)
C(42)-Fe(1)-C(33)
C(44)-Fe(1)-C(33)
C(25)-C(24)-C(29)
C(24)-C(25)-C(26)
C(25)-C(26)-C(27)
C(28)-C(27)-C(26)
C(27)-C(28)-C(29)
C(27)-C(28)-C(21)
C(29)-C(28)-C(21)
C(24)-C(29)-C(28)
C(24)-C(29)-C(23)
C(28)-C(29)-C(23)
C(35)-C(31)-C(32)
C(35)-C(31)-B(1)

C(32)-C(31)-B(1)

C(35)-C(31)-Fe(1)
C(32)-C(31)-Fe(1)
B(1)-C(31)-Fe(1)

C(33)-C(32)-C(31)
C(33)-C(32)-Fe(1)
C(31)-C(32)-Fe(1)
C(34)-C(33)-C(32)
C(34)-C(33)-Fe(1)
C(32)-C(33)-Fe(1)

40.38(10)
40.91(10)
68.31(10)
160.44(10)
157.99(10)
124.00(10)
120.65(10)
107.99(9)
155.75(10)
68.52(9)
68.12(10)
40.60(10)
68.06(10)
122.59(9)
125.71(10)
68.26(10)
68.18(9)
40.38(10)
108.26(9)
162.55(10)

40.42(9)

156.53(10)

121.56(10)

161.18(10)

41.29(8)
41.44(8)
108.01(9)
124.80(9)

106.52(10)

124.01(10)

120.29(10)

118.8(2)

121.1Q2)

120.7(2)

119.02)

120.0(2)

130.0(2)

109.93(18)

120.4(2)

131.7(2)

107.80(19)

105.30(18)

130.76(19)

123.32(19)
68.94(11)
68.98(11)

119.37(14)

109.3(2)
70.16(12)
69.58(11)

107.9(2)
69.86(12)
69.38(12)

C(35)-Fe(1)-C(33)
C(32)-Fe(1)-C(33)
C(41)-Fe(1)-C(33)
C(45)-Fe(1)-C(33)
C(31)-Fe(1)-C(33)
C(43)-Fe(1)-C(34)
C(42)-Fe(1)-C(34)
C(44)-Fe(1)-C(34)
C(35)-Fe(1)-C(34)
C(32)-Fe(1)-C(34)
C(41)-Fe(1)-C(34)
C(45)-Fe(1)-C(34)
C(31)-Fe(1)-C(34)
C(33)-Fe(1)-C(34)
B(1)-N(1)-C(11)
N(1)-B(1)-C(31)
N(1)-B(1)-C(21)
C(31)-B(1)-C(21)
C(12)-C(11)-C(16)
C(12)-C(11)-N(1)
C(16)-C(11)-N(1)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
C(13)-C(14)-C(15)
C(14)-C(15)-C(16)
C(11)-C(16)-C(15)
C(28)-C(21)-C(22)
C(28)-C(21)-B(1)
C(22)-C(21)-B(1)
C(23)-C(22)-C(21)
C(22)-C(23)-C(29)
C(33)-C(34)-C(35)
C(33)-C(34)-Fe(1)
C(35)-C(34)-Fe(1)
C(34)-C(35)-C(31)
C(34)-C(35)-Fe(1)
C(31)-C(35)-Fe(1)
C(45)-C(41)-C(42)
C(45)-C(41)-Fe(1)
C(42)-C(41)-Fe(1)
C(43)-C(42)-C(41)
C(43)-C(42)-Fe(1)
C(41)-C(42)-Fe(1)
C(42)-C(43)-C(44)
C(42)-C(43)-Fe(1)
C(44)-C(43)-Fe(1)
C(45)-C(44)-C(43)
C(45)-C(44)-Fe(1)
C(43)-C(44)-Fe(1)
C(44)-C(45)-C(41)
C(44)-C(45)-Fe(1)
C(41)-C(45)-Fe(1)

68.35(9)
40.46(9)
161.51(10)
155.91(10)
69.44(9)
123.44(10)
160.09(10)
106.88(10)
40.61(9)
67.99(9)
157.38(10)
121.51(10)
69.26(9)
40.34(10)
130.34(19)
125.14(19)
117.16(19)
117.70(18)
119.4(2)
119.6(2)
121.02)
120.7(3)
120.4(3)
120.4(3)
120.8(3)
118.4(3)
101.21(17)
117.32(17)
108.21(18)
111.2(2)
109.7(2)
108.3(2)
69.81(13)
69.16(12)
109.1(2)
70.23(12)
69.77(11)
107.92)
69.82(12)
69.31(12)
108.1(2)
69.58(13)
70.09(12)
108.1(2)
70.03(13)
69.78(13)
107.92)
70.23(13)
69.31(12)
108.0(2)
69.40(12)
69.76(12)
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Table 33. Crystal data and structure refinement for 111.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.38°
Absorption correction

Max. and min. transmission
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

CCDC reference number

Cy7H34BCLN;Ti

410.08

193(2) K

0.71073 A

Monoclinic

C2/c

a=124325(5) A
b=17.761(4) A

¢ =12.096(2) A

a=90°

B=11927(3)°

7=90°

4558.7(16) A3

8

1.195 Mg/m3

0.614 mm-!

1744

4x.3x.3mm?

2.29 to 27.38°.
-31<=h<=31, -22<=k<=22, -15<=I<=14
25618

4912 [R(int) = 0.0526]

94.7 %

Analytical

.8664 and .7984
Full-matrix least-squares on F2
4912 /30/ 244

1.023

R1=0.0339, wR2 =0.0838
R1=0.0432, wR2 =0.0881
0.259 and -0.390 e.A-3
279470
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Table 34. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A x 10%) for

111. U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

X y z U(eq)
Ti(1) 8581(1) 9246(1) 8924(1) 32(1)
CI(1) 8747(1) 10523(1) 8935(1) 51(1)
Cl(2) 7581(1) 9210(1) 8678(1) 47(1)
B(1) 9071(1) 7263(1) 9210(3) 34(1)
N(1) 8470(1) 6911(1) 8474(2) 37(1)
N(Q) 9627(1) 6865(1) 9447(3) 51(1)
NQ@3) 8524(1) 8959(1) 7386(2) 41(1)
C(1) 9140(1) 8092(1) 9794(2) 32(1)
C(2) 9574(1) 8674(1) 9920(2) 39(1)
C(3) 9580(1) 9230(1) 10745(3) 44(1)
C4 9142(1) 9028(1) 11122(2) 44(1)
C(5) 8874(1) 8334(1) 10538(2) 35(1)
C(6) 10312(1) 6899(2) 10344(3) 63(1)
C(7 10614(2) 7361(3) 9653(6) 83(2)
C(8) 10570(2) 6115(2) 10499(7) 97(3)
C) 10485(2) 7278(3) 11573(5) 75(2)
C(6A) 10312(1) 6899(2) 10344(3) 63(1)
C(7A) 10579(18) 7453(16) 11440(30) 93(5)
C(8A) 10754(10) 6725(13) 9860(20) 93(5)
C(9A) 10377(12) 6104(10) 11140(20) 93(5)
C(10) 7865(1) 7310(1) 8000(2) 39(1)
C(11) 7470(1) 7033(2) 8573(3) 56(1)
C(12) 7473(1) 7326(2) 6558(3) 64(1)
C(13) 8375(1) 6098(1) 8125(3) 55(1)
C(14) 8603(2) 5859(2) 7214(5) 86(1)
C(15) 8615(2) 5598(2) 9284(4) 81(1)
C(16) 7992(2) 9372(2) 6347(3) 54(1)
C(17) 8847(1) 8500(2) 6891(3) 53(1)
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Table 35. Anisotropic displacement parameters (A” x 10°) for 111. The anisotropic displacement factor

exponent takes the form: -277[ h?a? U;; +..+2hka b U, ].

Uy Uy, Uss Uas Uis U,
Ti(1) 34(1) 30(1) 29(1) 101) 12() (1)
Ci(1) 63(1) 31(1) 54(1) 1(1) 25(1) 1(1)
CI(2) 36(1) 49(1) 54(1) 3(1) 20(1) 11(1)
B(1) 31(1) 3(1) 40(2) 1(1) 16(1) o(1)
N(1) 29(1) 30(1) 49(1) -4(1) 17(1) 2(1)
NQ) 29(1) 39(1) 75(2) -19(1) 18(1) -1(1)
NG) 48(1) 40(1) 33(1) 101) 17(1) -4(1)
c() 27(1) 33(1) 32(1) 21) 11(1) 21)
Q) 20(1) 36(1) 42(1) 1(1) 10(1) 0(1)
c(3) 40(1) 38(1) 37(1) -5(1) 6(1) 23(1)
C4) 52(1) 45(1) 26(1) -4(1) 11(1) o(1)
C(s) 34(1) 38(1) 29(1) 4(1) 13(1) 6(1)
C(6) 27(1) 61(2) 85(2) 2102) 14(1) 6(1)
c(7) 47(2) 82(3) 132(5) -6(3) 5203) 102)
() 45(2) 61(2) 153(6) -803) 24(3) 23(2)
C(9) 47(3) 85(4) 573) 103) 202) 24(2)
c6A) 2701 61(2) 85(2) 2102) 14(1) 6(1)
cao)  28(1) 39(1) 43(1) “4(1) 12(1) 201)
can 421 63(2) 66(2) -13(1) 30(1) 9(1)
C(12)  44(2) 82(2) 46(2) 6(1) 5(1) -5(1)
ca3)  39(1) 38(1) 84(2) -18(1) 27(1) -9(1)
c4)  602) 7702) 122(4) 61(2) 47(2) 21(2)
cs)  642) 39(1) 128(4) 15(2) 3902) 21
c6)  63(2) 56(2) 34(1) 1(1) 16(1) 2(1)
c(17)  66(2) 58(2) 46(2) “4(1) 37(1) 4(1)
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Table 36. Bond lengths [A] for 111.

Ti(1)-N(3) 1.867(2) N(3)-C(17) 1.450(4)
Ti(1)-CI(1) 2.3015(8) N(3)-C(16) 1.482(3)
Ti(1)-C1(2) 2.3034(9) C(1)-C(5) 1.409(3)
Ti(1)-C(2) 2.339(2) C(1)-C(2) 1.433(3)
Ti(1)-C(3) 2.350(3) C(2)-C(3) 1.399(4)
Ti(1)-C(4) 2.352(3) C(3)-C(4) 1.395(4)
Ti(1)-C(5) 2.363(2) C(4)-C(5) 1.412(3)
Ti(1)-C(1) 2.400(2) C(6)-C(9) 1.494(6)
B(1)-N(2) 1.427(3) C(6)-C(8) 1.500(4)
B(1)-N(1) 1.432(3) C(6)-C(7) 1.584(6)
B(1)-C(1) 1.605(3) C(10)-C(11) 1.516(4)
N(1)-C(10) 1.474(3) C(10)-C(12) 1.524(4)
N(1)-C(13) 1.490(3) C(13)-C(15) 1.514(5)
N(2)-C(6) 1.480(3) C(13)-C(14) 1.515(5)
Table 37. Bond angles [°] for 111.

N(3)-Ti(1)-ClI(1) 101.66(6) B(1)-N(1)-C(10) 123.53(16)
N(3)-Ti(1)-Cl1(2) 107.67(8) B(1)-N(1)-C(13) 124.73(18)
CI(1)-Ti(1)-Cl1(2) 101.45(3) C(10)-N(1)-C(13) 111.71(17)
N(@3)-Ti(1)-C(2) 87.15(10) B(1)-N(2)-C(6) 138.2(2)
CI(1)-Ti(1)-C(2) 106.93(6) C(17)-N(3)-C(16) 110.6(2)
CI(2)-Ti(1)-C(2) 144.53(7) C(17)-N(3)-Ti(1) 140.64(18)
N(3)-Ti(1)-C(3) 118.07(11) C(16)-N(3)-Ti(1) 108.66(19)
CI(1)-Ti(1)-C(3) 84.79(6) C(5)-C(1)-C(2) 104.9(2)
CI(2)-Ti(1)-C(3) 131.57(8) C(5)-C(1)-B(1) 125.5(2)
C(2)-Ti(1)-C(3) 34.72(9) C(2)-C(1)-B(1) 128.4(2)
N(3)-Ti(1)-C(4) 143.25(9) C(5)-C(1)-Ti(1) 71.37(12)
CI(1)-Ti(1)-C(4) 98.77(7) C(2)-C(1)-Ti(1) 70.10(12)
CI1(2)-Ti(1)-C(4) 97.68(8) B(1)-C(1)-Ti(1) 132.47(15)
C(2)-Ti(1)-C4) 57.64(10) C(3)-C(2)-C(1) 109.5(2)
C(3)-Ti(1)-C4) 34.53(11) C(3)-C(2)-Ti(1) 73.06(14)
N(@3)-Ti(1)-C(5) 118.84(8) C(1)-C(2)-Ti(1) 74.71(12)
CI(1)-Ti(1)-C(5) 133.58(6) C(4)-C(3)-C(2) 108.0(2)
CI(2)-Ti(1)-C(5) 87.71(6) C(4)-C(3)-Ti(1) 72.83(14)
C(2)-Ti(1)-C(5) 57.27(9) C(2)-C(3)-Ti(1) 72.22(13)
C(3)-Ti(1)-C(5) 57.42(9) C(3)-C(4)-C(5) 107.5(2)
C(4)-Ti(1)-C(5) 34.84(8) C(3)-C(4)-Ti(1) 72.64(15)
N(3)-Ti(1)-C(1) 87.41(9) C(5)-C(4)-Ti(1) 72.99(14)
CI(1)-Ti(1)-C(1) 141.20(6) C(1)-C(5)-C(4) 110.0(2)
CI(2)-Ti(1)-C(1) 111.64(6) C(1)-C(5)-Ti(1) 74.23(13)
C(2)-Ti(1)-C(1) 35.18(7) C(4)-C(5)-Ti(1) 72.17(14)
C(3)-Ti(1)-C(1) 58.28(8) N(2)-C(6)-C(9) 114.5(3)
C(4)-Ti(1)-C(1) 58.18(8) N(2)-C(6)-C(8) 107.8(3)
C(5)-Ti(1)-C(1) 34.40(8) C(9)-C(6)-C(8) 113.4(4)
N(2)-B(1)-N(1) 119.18(19) N(2)-C(6)-C(7) 106.3(3)
N(2)-B(1)-C(1) 118.80(19) C(9)-C(6)-C(7) 108.3(4)
N(1)-B(1)-C(1) 122.02(19) C(8)-C(6)-C(7) 105.9(4)
N(1)-C(10)-C(11) 113.6(2) N(1)-C(13)-C(15) 111.7(3)
N(1)-C(10)-C(12) 113.6(2) N(1)-C(13)-C(14) 114.6(3)
C(11)-C(10)-C(12) 110.3(2) C(15)-C(13)-C(14) 113.4(3)
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Table 38. Crystal data and structure refinement for 112.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.08°
Refinement method

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

R indices [for 2014 reflections with [>2sigma(I)]
R indices (for all 2083 data)
Largest diff. peak and hole

CCDC reference number

C14H20B,CL4N,O;Ti,
523.54

1932) K

0.71073 A
Monoclinic

C2/c
a=17.3047(13) A
b=28.9757(7) A
c=14.7696(11) A
a=90°
p=112.59(10)°
y=90°

2118.0(3) A3

4

1.642 Mg/m3

1.276 mm-!

1056

0.42 x 0.10 x 0.09 mm?
2.55 10 26.08°
-21<=h<=21, -11<=k<=11, -18<=I<=18
14573

2083 [R, = 0.0209]

99.8 %

Full-matrix least-squares on F?
2083/0/125

S=1.137

R, =0.0290, wR, = 0.0792

R, = 0.0302, wR, = 0.0802
0.707 and -0.232 eA-3

279469
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Table 39. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A x 10%) for

112. U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

X y z U(eq)
Ti(1) 1227(1) 6201(1) 2207(1) 23(1)
CI(1) 2012(1) 5792(1) 1282(1) 33(1)
CIl(2) 832(1) 8626(1) 1867(1) 38(1)
O(1) 0 3285(2) 2500 26(1)
0(2) 312(1) 5217(2) 1546(1) 24(1)
B(1) -309(1) 4120(2) 1609(2) 25(1)
C(®) 1882(1) 4464(2) 3415(2) 29(1)
C(5) 1175(1) 4997(2) 3584(1) 25(1)
C(6) 2128(1) 6916(3) 3810(2) 37(1)
C4) 1332(1) 6529(2) 3812(1) 30(1)
C(7 2466(1) 5646(3) 3569(2) 36(1)
N(1) -428(1) 2925(2) 742(1) 29(1)
C(10) 392(1) 2354(3) 776(2) 37(1)
C) -982(2) 1660(3) 747(2) 38(1)

Table 40. Anisotropic displacement parameters (A” x 10°) for 112. The anisotropic displacement factor

exponent takes the form: -2722[ h?a? U, +..+2hka b Up, ].

Uy U, Us; Us;s Uis U,
Ti(1) 22(1) 24(1) 23(1) 2(1) 8(1) 2(1)
CI(1) 31(1) 39(1) 34(1) 3(1) 17(1) 2(1)
Cl(2) 42(1) 26(1) 44(1) 5(1) 15(1) 2(1)
o(1) 27(1) 24(1) 25(1) 0 8(1) 0
0Q) 24(1) 27(1) 21(1) 1(1) (1) 1(1)
B(1) 23(1) 25(1) 25(1) (1) 9(1) -1(1)
C(8) 24(1) 34(1) 28(1) 8(1) (1) 5(1)
C(5) 24(1) 29(1) 18(1) 3(1) 4(1) 1(1)
C(6) 35(1) 44(1) 25(1) 2(1) 4(1) -16(1)
C(4) 33(1) 32(1) 22(1) -3(1) 10(1) -5(1)
() 20(1) 52(1) 30(1) 10(1) 4(1) -1(1)
N(1) 29(1) 27(1) 31(1) -4(1) 11(1) 1(1)
C(10) 37(1) 35(1) 42(1) -8(1) 18(1) 5(1)
C(9) 41(1) 32(1) 41(1) -12(1) 16(1) -10(1)
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Table 41. Bond lengths [A] for 112.

Ti(1)-0(2) 1.7473(13) B(1)-C(5)#1 1.618(3)
Ti(1)-CI(2) 2.2791(6) B(1)-N(1) 1.621(3)
Ti(1)-Cl(1) 2.2969(6) C(8)-C(7) 1.421(3)
Ti(1)-C(8) 2.312(2) C(8)-C(5) 1.422(3)
Ti(1)-C(4) 2.325(2) C(5)-C4) 1.417(3)
Ti(1)-C(5) 2.3337(19) C(5)-B(1)#1 1.618(3)
Ti(1)-C(7) 2.362(2) C(6)-C(7) 1.388(4)
Ti(1)-C(6) 2.369(2) C(6)-C(4) 1.422(3)
O(1)-B(1)#1 1.428(2) N(1)-C(9) 1.488(3)
O(1)-B(1) 1.428(2) N(1)-C(10) 1.491(3)
0(2)-B(1) 1.486(3)

Table 42. Bond angles [°] for 112.

O(2)-Ti(1)-CI(2) 103.24(5) B(1)-O(2)-Ti(1) 145.24(12)
O(2)-Ti(1)-CI(1) 101.70(5) O(1)-B(1)-0(2) 112.44(15)
CI(2)-Ti(1)-CI(1) 102.54(2) O(1)-B(1)-C(5)#1 114.25(16)
O(2)-Ti(1)-C(8) 99.28(7) 0O(2)-B(1)-C(5)#1 108.02(16)
CI(2)-Ti(1)-C(8) 146.18(6) O(1)-B(1)-N(1) 105.63(16)
CI(1)-Ti(1)-C(8) 97.16(6) O(2)-B(1)-N(1) 105.38(16)
0O(2)-Ti(1)-C(4) 109.44(7) C(5)#1-B(1)-N(1) 110.77(15)
Cl(2)-Ti(1)-C(4) 90.18(6) C(7)-C(8)-C(5) 109.1(2)
CI(1)-Ti(1)-C(4) 142.61(6) C(7)-C(8)-Ti(1) 74.21(12)
C(8)-Ti(1)-C(4) 58.38(8) C(5)-C(8)-Ti(1) 73.02(11)
O(2)-Ti(1)-C(5) 85.59(6) C(4)-C(5)-C(8) 105.65(18)
CI(2)-Ti(1)-C(5) 121.72(5) C(4)-C(5)-B(1)#1 126.39(18)
CI(1)-Ti(1)-C(5) 132.35(5) C(8)-C(5)-B(1)#1 127.34(18)
C(8)-Ti(1)-C(5) 35.64(7) C(4)-C(5)-Ti(1) 71.98(11)
C(4)-Ti(1)-C(5) 35.41(7) C(8)-C(5)-Ti(1) 71.34(11)
0O(2)-Ti(1)-C(7) 134.49(7) B(1)#1-C(5)-Ti(1) 114.52(12)
CI(2)-Ti(1)-C(7) 119.09(7) C(7)-C(6)-C(4) 107.6(2)
CI(1)-Ti(1)-C(7) 85.55(6) C(7)-C(6)-Ti(1) 72.65(12)
C(8)-Ti(1)-C(7) 35.39(8) C(4)-C(6)-Ti(1) 70.71(11)
C(4)-Ti(1)-C(7) 57.89(8) C(5)-C(4)-C(6) 109.5(2)
C(5)-Ti(1)-C(7) 59.10(7) C(5)-C(4)-Ti(1) 72.61(11)
O(2)-Ti(1)-C(6) 143.41(7) C(6)-C(4)-Ti(1) 74.03(12)
CI(2)-Ti(1)-C(6) 89.30(6) C(6)-C(7)-C(8) 108.1(2)
CI(1)-Ti(1)-C(6) 108.98(6) C(6)-C(7)-Ti(1) 73.22(12)
C(8)-Ti(1)-C(6) 58.15(8) C(8)-C(7)-Ti(1) 70.40(11)
C(4)-Ti(1)-C(6) 35.26(8) C(9)-N(1)-C(10) 110.12(17)
C(5)-Ti(1)-C(6) 59.07(7) C(9)-N(1)-B(1) 112.83(16)
C(7)-Ti(1)-C(6) 34.13(9) C(10)-N(1)-B(1) 111.70(15)
B(1)#1-O(1)-B(1) 116.7(2)
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Table 43. Crystal data and structure refinement for 116.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

CCDC reference number

C7H2;BCLN,Si, Ti
445.20

2032) K

1.54178 A
Monoclinic
P2(1)/c
a=7.1231(11) A
b=19.0371(10) A
c=17.219Q2) A
a=90°
$=97.423(14)°
y=90°

2315.4(5) A3

4

1.277 Mg/m3

6.263 mm’!

928

0.50x 0.37 x 0.33 mm?
3.48 to 59.99°.

0<=h<=7, 0<=k<=21, -19<=I<=19

3732

3423 [R(int) = 0.0966]
Ellipsoidal

0.1765 and 0.0329
Full-matrix least-squares on F2
3248 /12/215

1.050

R1=0.0493, wR2 =0.1255
R1=0.0631, wR2 = 0.1454
0.0014(3)

0.713 and -0.256 e.A3
225923
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Table 44. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A x 10%) for

116. U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

X y z U(eq)
Ti 1307(1) 4727(1) 8637(1) 53(1)
CI(1) 2699(2) 5708(1) 9147(1) 75(1)
Cl(2) -1817(1) 4968(1) 8415(1) 72(1)
N(1) 2190(4) 4623(2) 7623(2) 52(1)
N(Q) 2341(4) 3440(2) 6892(2) 52(1)
B 2412(5) 3876(2) 7564(2) 51(1)
C(1) 2447(5) 3634(2) 8452(2) 58(1)
C(2) 3661(6) 3958(2) 9077(2) 65(1)
C(3) 2651(7) 4055(3) 9721(2) 73(1)
C4) 819(7) 3800(3) 9509(3) 73(1)
C(5) 691(6) 3525(2) 8747(2) 65(1)
C(6) 1383(3) 5739(1) 6955(1) 61(1)
C(7 1831(4) 6266(1) 6451(2) 72(1)
C(8) 3460(4) 6213(1) 6089(2) 75(1)
C) 4642(3) 5633(1) 6231(2) 72(1)
C(10) 4194(3) 5107(1) 6736(2) 61(1)
C(11) 2565(3) 5160(1) 7098(1) 51(1)
Si(12) 800(2) 3604(1) 6024(1) 57(1)
C(13) -1165(7) 4184(2) 6223(3) 76(1)
C(14) 2040(9) 4002(4) 5235(3) 98(2)
C(15) -319(7) 2756(2) 5662(3) 80(1)
Si(16) 3748(2) 2681(1) 7005(1) 74(1)
C(17) 5935(7) 2885(3) 7680(4) 86(1)
C(18) 4543(8) 2444(4) 6040(5) 112(2)
C(19) 2452(9) 1952(3) 7417(5) 117(2)
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Table 45. Anisotropic displacement parameters (A” x 10°) for 116. The anisotropic displacement factor

exponent takes the form: -277[ h?a? U;; +..+2hka b U, ].

Uy Uy, Uss Uas Uis U,
Ti 61(1) 52(1) 45(1) 2(1) 5(1) 3()
CI(1) 91(1) 67(1) 68(1) -12(1) 10(1) 17(1)
CI2) 63(1) 79(1) 74(1) 4(1) 10(1) 5(1)
N(1) 64(2) 47(2) 43(1) 3(1) 4(1) o(1)
NQ) 54(2) 44(1) 60(2) 1(1) 6(1) 3(1)
B 48(2) 49(2) 56(2) 6(2) 32) 102)
c() 65(2) 47(2) 59(2) 72) 202) 22)
Q) 65(2) 69(2) 5702) 12(2) 402) 102)
) 91(3) 7703) 48(2) 132) 302) 32)
C4) 83(3) 76(3) 61(2) 23(2) 16(2) 12)
c(5) 66(2) 59(2) 67(2) 16(2) 32) -9(2)
C(6) 78(2) 49(2) 54(2) -102) 52) 12)
() 100(3) 49(2) 62(2) 8(2) -502) 02)
() 106(3) 63(2) 54(2) 92) 6(2) 2202)
C(9) 85(3) 74(3) 59(2) 42) 172) -132)
caoy 712 53(2) 59(2) 2(2) 11(2) 202)
can  66(2) 44(2) 40(2) 1(1) 101) (1)
Si(12)  65(1) 53(1) 52(1) -4(1) 6(1) 3(1)
ca3)  763) 65(2) 80(3) -902) -14(2) 122)
ca4)  113(4) 122(5) 60(2) 2(3) 14(2) -39(3)
cas)y  793) 63(2) 95(3) -202) 02) -40)
Si(16)  58(1) 42(1) 17(1) -5(1) o(1) 4(1)
C(7)  642) 61(2) 128(4) 8(3) 302) 92)
ca8)  753) 107(4) 153(5) -61(4) 13(3) 16(3)
C(19)  95(4) 60(3) 186(7) 34(4) -16(4) -16(3)
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Table 46. Bond lengths [A] for 116.

Ti-N(1) 1.941(3) C(1)-C(2) 1.430(6)
Ti-CI(1) 2.2385(12) C(2)-C(3) 1.410(6)
Ti-CI1(2) 2.2553(13) C(3)-C(4) 1.395(7)
Ti-C(1) 2.271(4) C(4)-C(5) 1.404(7)
Ti-C(2) 2.281(4) C(6)-C(7) 1.39
Ti-C(5) 2.343(4) C(6)-C(11) 1.39
Ti-C(3) 2.362(4) C(7)-C(8) 1.39
Ti-C(4) 2.372(4) C(8)-C(9) 1.39
Ti-B 2.654(4) C(9)-C(10) 1.39
N(1)-C(11) 1.413(3) C(10)-C(11) 1.39
N(1)-B 1.436(5) Si(12)-C(13) 1.849(5)
N(2)-B 1.419(5) Si(12)-C(15) 1.871(5)
N(2)-Si(16) 1.755(3) Si(12)-C(14) 1.873(5)
N(2)-Si(12) 1.764(3) Si(16)-C(19) 1.858(6)
B-C(1) 1.595(5) Si(16)-C(17) 1.860(5)
C(1)-C(5) 1.425(6) Si(16)-C(18) 1.879(7)
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Table 47. Bond angles [°] for 116.

N(1)-Ti-CI(1)
N(1)-Ti-C1(2)
CI(1)-Ti-C1(2)
N(1)-Ti-C(1)
CI(1)-Ti-C(1)
CI(2)-Ti-C(1)
N(1)-Ti-C(2)
CI(1)-Ti-C(2)
CI(2)-Ti-C(2)
C(1)-Ti-C(2)
N(1)-Ti-C(5)
CI(1)-Ti-C(5)
CI(2)-Ti-C(5)
C(1)-Ti-C(5)
C(2)-Ti-C(5)
N(1)-Ti-C(3)
CI(1)-Ti-C(3)
CI(2)-Ti-C(3)
C(1)-Ti-C(3)
C(2)-Ti-C(3)
C(5)-Ti-C(3)
N(1)-Ti-C(4)
CI(1)-Ti-C(4)
CI(2)-Ti-C(4)
C(1)-Ti-C(4)
C(2)-Ti-C(4)
C(5)-Ti-C(4)
C(3)-Ti-C(4)
N(1)-Ti-B
CI(1)-Ti-B
CI(2)-Ti-B
C(5)-C(4)-Ti
C(4)-C(5)-C(1)
C(4)-C(5)-Ti
C(1)-C(5)-Ti
C(7)-C(6)-C(11)
C(6)-C(7)-C(8)
C(7)-C(8)-C(9)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
C(10)-C(11)-C(6)
C(10)-C(11)-N(1)
C(6)-C(11)-N(1)

105.04(10)
107.19(10)
105.95(5)
67.47(13)
132.11(11)
121.65(11)
85.59(14)
97.81(12)
148.57(12)
36.60(15)
93.37(14)
149.40(11)
91.19(11)
35.93(14)
58.9(2)
120.66(15)
91.63(13)
122.29(13)
59.9(2)
35.3(2)
57.8(2)
125.8(2)
117.77(13)
92.07(12)
59.4(2)
58.2(2)
34.6(2)
34.3(2)
31.90(12)
128.77(9)
112.38(9)
71.6(2)
108.9(4)
73.8(2)
69.3(2)
120.0
120.0
120.0
120.0
120.0
120.0
118.2(2)
121.8(2)

C(1)-Ti-B
C(2)-Ti-B
C(5)-Ti-B
C(3)-Ti-B
C(4)-Ti-B
C(11)-N(1)-B
C(11)-N(1)-Ti
B-N(1)-Ti
B-N(2)-Si(16)
B-N(2)-Si(12)
Si(16)-N(2)-Si(12)
N(2)-B-N(1)
N(2)-B-C(1)
N(1)-B-C(1)
N(2)-B-Ti
N(1)-B-Ti
C(1)-B-Ti
C(5)-C(1)-C(2)
C(5)-C(1)-B
C(2)-C(1)-B
C(5)-C(1)-Ti
C(2)-C(1)-Ti
B-C(1)-Ti
C(3)-C(2)-C(1)
C(3)-C(2)-Ti
C(1)-C(2)-Ti
C(4)-C(3)-C(2)
C(4)-C(3)-Ti
C(2)-C(3)-Ti
C(3)-C(4)-C(5)
C(3)-C(4)-Ti
N(2)-Si(12)-C(13)
N(2)-Si(12)-C(15)
C(13)-Si(12)-C(15)
N(2)-Si(12)-C(14)
C(13)-Si(12)-C(14)
C(15)-Si(12)-C(14)
N(2)-Si(16)-C(19)
N(2)-Si(16)-C(17)
C(19)-Si(16)-C(17)
N(2)-Si(16)-C(18)
C(19)-Si(16)-C(18)
C(17)-Si(16)-C(18)

36.77(12)
64.36(13)
62.30(13)
95.32(15)
93.85(15)
129.8(3)
127.7(2)
102.5(2)
115.5(2)
122.7(2)
121.6(2)
130.0(3)
127.5(3)
101.8(3)
160.4(3)
45.6(2)
58.4(2)
105.6(4)
118.6(3)
122.1(3)
74.8(2)
72.1(2)
84.8(2)
109.1(4)
75.5(3)
71.3(2)
107.7(4)
73.2(2)
69.2(2)
108.6(4)
72.5(2)
110.6(2)
108.7(2)
106.1(2)
112.7(2)
109.4(3)
109.1(3)
110.7(2)
108.6(2)
109.5(3)
109.4(3)
112.3(4)
106.2(3)
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Table 48. Crystal data and structure refinement for 117.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Absorption correction
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

CCDC reference number

CysH37BN4Ti
452.30

2032) K

0.71073 A
Triclinic

P-1
a=9.6645(10) A
b =9.8449(13) A
¢ =13.8532(14) A
a=88.386(10)°
= 80.406(8)°
y=75.145(9)°
1256.1(2) A3

2

1.196 Mg/m3
0.359 mm-!

484

0.77 x 0.50 x 0.47 mm?
2.14 to 25.00°.

0<=h<=11, -11<=k<=11, -16<=I<=16

4715

4427 [R(int) = 0.0419]

None

Full-matrix least-squares on F2
4145/0/272

1.016

R1=0.0522, wR2 =0.1318
R1=0.0743, wR2 = 0.1484
0.539 and -0.387 e.A3

225924
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Table 49. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A x 10%) for

117. U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

X y z U(eq)
Ti 6971(1) 5770(1) 6925(1) 25(1)
B 8543(3) 3602(3) 7849(2) 28(1)
N(1) 7507(3) 3695(2) 7210(2) 30(1)
N(2) 9409(3) 2419(2) 8259(2) 30(1)
NQ@3) 7582(3) 6047(2) 5563(2) 33(1)
N(4) 4899(3) 6294(2) 7024(2) 33(1)
C(1) 8526(3) 5213(3) 8036(2) 30(1)
C(2) 9164(3) 6031(3) 7316(2) 32(1)
C(3) 8284(4) 7414(3) 7319(2) 36(1)
C4) 7102(3) 7546(3) 8113(2) 34(1)
C(5) 7258(3) 6197(3) 8567(2) 30(1)
C(6) 6229(4) 6024(3) 9388(2) 38(1)
C(7 5125(4) 7167(4) 9743(3) 49(1)
C(8) 4973(4) 8497(4) 9298(3) 52(1)
C) 5926(4) 8697(3) 8499(3) 45(1)
C(10) 8118(2) 1893(2) 5922(1) 41(1)
C(11) 7775(2) 841(2) 5433(1) 51(1)
C(12) 6441(3) 533(2) 5714(2) 51(1)
C(13) 5450(2) 1276(2) 6483(2) 56(1)
C(14) 5794(2) 2328(2) 6972(1) 41(1)
C(15) 7128(2) 2637(2) 6691(1) 30(1)
C(16) 10400(3) 2520(3) 8947(2) 37(1)
C(17) 9581(4) 3260(4) 9908(2) 46(1)
C(18) 11623(4) 3189(4) 8495(3) 55(1)
C(19) 9363(4) 964(3) 8048(2) 36(1)
C(20) 8759(5) 274(4) 8957(3) 57(1)
C(21) 10821(5) 71(4) 7553(4) 69(1)
C(22) 8602(4) 6728(3) 4981(2) 43(1)
C(23) 6962(4) 5297(4) 4919(2) 44(1)
C(24) 4173(4) 7428(4) 6439(3) 50(1)
C(25) 3853(4) 5916(4) 7800(3) 49(1)

-252 -



Table 50. Anisotropic displacement parameters (A” x 10°) for 117. The anisotropic displacement factor

exponent takes the form: -277[ h?a? U;; +..+2hka b U, ].

Uy Uy, Uss Uas Uis U,
Ti 24(1) 24(1) 27(1) 131 o) 70
B 25(2) 29(1) 29(1) -5(1) 2(1) -9(1)
N(1) 32(1) 24(1) 35(1) -1(1) -6(1) -9(1)
NQ) 30(1) 28(1) 32(1) 23(1) -6(1) -5(1)
NG) 32(1) 34(1) 31(1) -1(1) -1(1) -10(1)
N@4) 25(1) 34(1) 38(1) 2(1) o(1) (1)
c(l) 3002) 31(1) 32(1) 4(1) -6(1) -121)
Q) 29(2) 37(1) 33(1) -6(1) 1(1) -14(1)
) 43(2) 31(1) 36(1) 1(1) 101) -19(1)
C(4) 35(2) 31(1) 36(1) 27(1) 2(1) -12(1)
c(5) 3302) 31(1) 28(1) -4(1) 4(1) -13(1)
C(6) 45(2) 402) 31(1) -5(1) 1(1) -18(1)
c(7) 50(2) 53(2) 41(2) -13(1) 11Q2) -19(2)
C(®) 49(2) 39(2) 59(2) 2202) 3(2) -6(2)
C(9) 5202) 29(1) 52(2) (1) 12) -10(1)
c(10)  49(2) 43(2) 37(2) -1(1) -6(1) 2002)
can  7503) 202) 3702) 8(1) -12(2) -17(2)
Cc12)  683) 3202) 64(2) (1) 136(2) -16(2)
C13)  44(2) 40(2) 91(3) 32) -26(2) -19(2)
C4)  342) 32(1) 60(2) 101) 9(1) 11(1)
cas)  3502) 22(1) 35(1) 6(1) -13(1) -9(1)
a6 33Q) 37(1) 43(2) 1) -13(1) 8(1)
can  620Q) 44(2) 3702) 23(1) -16(2) -16(2)
ca8) 382 65(2) 69(2) 62) 17(2) 21(2)
19 3702) 28(1) 41(2) 27(1) -13(1) 2(1)
C0) 7403 44(2) 63(2) 42) 1702) 3002)
cen 56(3) 53(2) 84(3) 229(2) 02) 52)
c22)  51Q) 42(2) 35(2) 1(1) 7(1) -18(2)
C23)  46(2) 54(2) 33(2) -4(1) -5(1) 17(2)
c24) 372 41(2) 66(2) 12) -102) o(l)
25y 36(2) 56(2) 54(2) 1) 42) 172)
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Table 51. Bond lengths [A] for 117.

Ti-NQ) 1.915(2) C(1)-C(5) 1.454(4)
Ti-N(4) 1.918(3) C(2)-C(3) 1.408(4)
Ti-N(1) 2.020(2) C(3)-C(4) 1.430(4)
Ti-C(1) 2.286(3) C(4)-C(9) 1.425(4)
Ti-C(2) 2.350(3) C(4)-C(5) 1.436(4)
Ti-C(5) 2.397(3) C(5)-C(6) 1.418(4)
Ti-C(3) 2.422(3) C(6)-C(7) 1.374(5)
Ti-C(4) 2.475(3) C(7)-C(8) 1.415(5)
Ti-B 2.708(3) C(8)-C(9) 1.362(5)
B-N(2) 1.414(4) C(10)-C(11) 1.39
B-N(1) 1.428(4) C(10)-C(15) 1.39
B-C(1) 1.610(4) C(11)-C(12) 1.39
N(1)-C(15) 1.436(3) C(12)-C(13) 1.39
N(2)-C(16) 1.482(4) C(13)-C(14) 1.39
N(2)-C(19) 1.483(4) C(14)-C(15) 1.39
N(3)-C(22) 1.454(4) C(16)-C(17) 1.529(4)
N(3)-C(23) 1.464(4) C(16)-C(18) 1.534(5)
N(4)-C(25) 1.457(4) C(19)-C(20) 1.515(5)
N(4)-C(24) 1.460(4) C(19)-C(21) 1.518(5)
C(1)-C(2) 1.424(4)
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Table 52. Bond angles [°] for 117.

N(3)-Ti-N(4)
N(3)-Ti-N(1)
N(4)-Ti-N(1)
N(3)-Ti-C(1)
N(4)-Ti-C(1)
N(1)-Ti-C(1)
N(3)-Ti-C(2)
N(4)-Ti-C(2)
N(1)-Ti-C(2)
C(1)-Ti-C(2)
N(3)-Ti-C(5)
N(4)-Ti-C(5)
N(1)-Ti-C(5)
C(1)-Ti-C(5)
C(2)-Ti-C(5)
N(3)-Ti-C(3)
N(4)-Ti-C(3)
N(1)-Ti-C(3)
C(1)-Ti-C(3)
C(2)-Ti-C(3)
C(5)-Ti-C(3)
N(3)-Ti-C(4)
N(4)-Ti-C(4)
N(1)-Ti-C(4)
C(1)-Ti-C(4)
C(2)-Ti-C(4)
C(5)-Ti-C(4)
C(3)-Ti-C(4)
N(3)-Ti-B
N(4)-Ti-B
N(1)-Ti-B
C(1)-C(2)-Ti
C(2)-C(3)-C(4)
C(2)-C(3)-Ti
C(4)-C(3)-Ti
C(9)-C(4)-C(3)
C(9)-C(4)-C(5)
C(3)-C(4)-C(5)
C(9)-C(4)-Ti
C(3)-C(4)-Ti
C(5)-C(4)-Ti
C(6)-C(5)-C(4)
C(6)-C(5)-C(1)
C(4)-C(5)-C(1)
C(6)-C(5)-Ti
C(4)-C(5)-Ti
C(1)-C(5)-Ti
C(7)-C(6)-C(5)

101.72(11)
109.35(10)
105.61(10)
123.58(11)
134.29(10)
67.28(10)
91.70(11)
152.96(10)
91.58(10)
35.74(10)
145.79(11)
101.62(10)
87.87(9)
36.07(10)
57.52(10)
89.15(10)
121.63(11)
124.45(11)
59.27(10)
34.29(11)
57.22(10)
118.17(10)
96.34(11)
121.56(10)
59.01(10)
56.64(10)
34.23(10)
33.94(10)
119.39(10)
126.02(10)
31.02(10)
69.7(2)
107.7(3)
70.0(2)
75.1(2)
133.0(3)
119.7(3)
107.3(3)
125.02)
71.0Q2)
69.91(15)
119.5(3)
131.6(3)
108.9(2)
121.92)
75.9(2)
67.80(15)
118.8(3)

C(1)-Ti-B
C(2)-Ti-B
C(5)-Ti-B
C(3)-Ti-B
C(4)-Ti-B
N(2)-B-N(1)
N(2)-B-C(1)
N(1)-B-C(1)
N(2)-B-Ti
N(1)-B-Ti
C(1)-B-Ti
B-N(1)-C(15)
B-N(1)-Ti
C(15)-N(1)-Ti
B-N(2)-C(16)
B-N(2)-C(19)
C(16)-N(2)-C(19)
C(22)-N(3)-C(23)
C(22)-N(3)-Ti
C(23)-N(3)-Ti
C(25)-N(4)-C(24)
C(25)-N(4)-Ti
C(24)-N(4)-Ti
C(2)-C(1)-C(5)
C(2)-C(1)-B
C(5)-C(1)-B
C(2)-C(1)-Ti
C(5)-C(1)-Ti
B-C(1)-Ti
C(3)-C(2)-C(1)
C(3)-C(2)-Ti
C(6)-C(7)-C(8)
C(9)-C(8)-C(7)
C(8)-C(9)-C(4)
C(11)-C(10)-C(15)
C(10)-C(11)-C(12)
C(13)-C(12)-C(11)
C(12)-C(13)-C(14)
C(15)-C(14)-C(13)
C(14)-C(15)-C(10)
C(14)-C(15)-N(1)
C(10)-C(15)-N(1)
N(2)-C(16)-C(17)
N(2)-C(16)-C(18)
C(17)-C(16)-C(18)
N(2)-C(19)-C(20)
N(2)-C(19)-C(21)
C(20)-C(19)-C(21)

36.37(9)
63.18(10)
62.89(9)
94.00(10)
93.54(10)
130.6(3)
125.43)
104.0(2)
175.5(2)
46.80(13)
57.40(14)
131.8(2)
102.2(2)
124.7(2)
123.5(2)
122.1(2)
114.4(2)
109.8(2)
136.7(2)
113.3(2)
110.5(3)
126.7(2)
121.2(2)
105.1(2)
123.0(2)
121.7(2)
74.6(2)
76.1(2)
86.2(2)
110.8(3)
75.7(2)
121.7(3)
121.1(3)
119.2(3)
120.0
120.0
120.0
120.0
120.0
120.0
120.3(2)
119.6(2)
112.1(3)
113.3(3)
111.1(3)
111.6(3)
112.5(3)
111.93)
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Table 53. Crystal data and structure refinement for 120.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient
F(000)

Crystal size

q range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to q =26.18°
Absorption correction
Refinement method

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

R indices [for 4427 reflections with I>2s(I)]
R indices (for all 4659 data)

Largest diff. peak and hole

CCDC reference number

C,1H35BN4Zr

445.56

173(2) K

0.71073 A

Triclinic

P-1

a=9.4986(8) A
b=9.7515(8) A
c=13.8010(11) A
a=101.5630(10)°
£=103.7000(10)°
y=102.6290(10)°
1168.23(17) A3

2

1.267 Mg/m3

0.482 mm-!

468

0.24 x 0.24 x 0.16 mm?
1.58t026.18°
-11<=h<=11, -12<=k<=12, -17<=I<=17
24671

4659 [R, . =0.0271]

99.8 %

Semi-empirical from equivalents
Full-matrix least-squares on F2
4659 /0 /244

S =1.086

R, =0.0315, wR, =0.0916
R, =0.0328, wR, = 0.0927
0.655 and -0.513 eA-3
278300
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Table 54. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A x 10%) for

120. U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

X y z U(eq)
Zr(1) -195(1) 3048(1) 7005(1) 24(1)
N(1) 2221(2) 3917(2) 7441(1) 27(1)
B(1) 2486(3) 5364(3) 8077(2) 26(1)
N(Q2) 3831(2) 6500(2) 8555(1) 28(1)
NQ@3) -756(2) 1019(2) 7261(2) 34(1)
N(4) -1114(2) 2818(2) 5475(1) 33(1)
C(1) 852(2) 5469(2) 8175(2) 29(1)
C(2) 73(3) 4596(3) 8705(2) 34(1)
C(3) -1498(3) 4206(3) 8212(2) 39(1)
C4) -1722(3) 4842(3) 7385(2) 37(1)
C(5) -297(2) 5636(2) 7370(2) 32(1)
C(11) 3152(2) 3242(2) 6968(2) 27(1)
C(10) 3544(3) 3619(3) 6128(2) 37(1)
C) 4415(3) 2916(3) 5642(2) 45(1)
C(8) 4912(3) 1829(3) 5983(2) 48(1)
C(7 4525(3) 1435(3) 6810(3) 51(1)
C(6) 3642(3) 2124(3) 7297(2) 39(1)
C(15) 3866(3) 7954(2) 9158(2) 32(1)
C(17) 3374(3) 7885(3) 10128(2) 45(1)
C(16) 2990(3) 8746(3) 8503(2) 45(1)
C(12) 5318(2) 6355(2) 8478(2) 31(1)
C(13) 6452(3) 6593(3) 9532(2) 45(1)
C(14) 5963(3) 7337(3) 7868(2) 43(1)
C(18) -276(4) 758(3) 8277(3) 58(1)
C(19) -1913(3) -246(3) 6545(2) 43(1)
C(20) -2035(3) 3425(4) 4784(2) 52(1)
C(21) -480(3) 1802(3) 4911(2) 44(1)
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Table 55. Anisotropic displacement parameters (A” x 10°) for 120. The anisotropic displacement factor

exponent takes the form: -277[ h?a? U;; +..+2hka b U, ].

Uy Uy, Uss Uas Uis U,
Zr(1) 2(1) 22(1) 27(1) 40 7(0) 40
N(1) 22(1) 23(1) 34(1) A1) 9(1) 5(1)
B(1) 26(1) 25(1) 28(1) 6(1) 8(1) 7(1)
NQ) 25(1) 23(1) 32(1) A1) o(1) A1)
NG) 29(1) 27(1) 45(1) 12(1) 10(1) 6(1)
N@4) 33(1) 40(1) 29(1) 10(1) 11(1) 16(1)
c() 28(1) 23(1) 32(1) -1(1) 12(1) 4(1)
Q) 34(1) 38(1) 28(1) 3(1) 13(1) 8(1)
) 3(1) 40(1) 42(1) 1(1) 21(1) 3(1)
C4) 26(1) 37(1) 44(1 (1) 10(1) 11(1)
c(5) 32(1) 27(1) 39(1) 6(1) 14(1) 11(1)
can  21(1) 23(1) 29(1) -1(1) 4(1) 3(1)
c(10)  34(1) 42(1) 38(1) 1(1) 1(1) 15(1)
C(9) 33(1) 62(2) 36(1) 3(1) 14(1) 11(1)
C(8) 30(1) 44(1) 59(2) -13(1) 13(1) 10(1)
c(7) #3(2) 34(1) 80(2) 11(1) 20(1) 21(1)
C(6) 39(1) 3(1) 52(1) 13(1) 17(1) 14(1)
cas)y 3001 23(1) 38(1) o(1) 10(1) 3(1)
can 4702 40(1 40(1) -5(1) 18(1) 1(1)
c6)  472) 25(1) 58(2) 6(1) 10(1) 10(1)
ca2) 2501 24(1) 38(1) 21 7(1) 4(1)
ca3) 341 44(1) 48(2) 6(1) 1(1) 11(1)
ca4)  38(1) 41(1) 55(2) 121) 23(1) 7(1)
cas)  60(2) 49(2) 62(2) 27(1) 32) 11(1)
c(19)  43(1) 29(1) 55(2) 6(1) 20(1) 3(1)
Cc0)  520) 83(2) 41(1) 30(1) 21(1) 38(2)
el 48(2) 48(2) 35(1) 4(1) 13(1) 21(1)
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Table 56. Bond lengths [A] for 120.

Zr(1)-N(4) 2.0314(19) N(4)-C(20) 1.444(3)
Zr(1)-N(3) 2.0570(19) N(4)-C(21) 1.457(3)
Zr(1)-N(1) 2.1531(17) C(1)-C(5) 1.424(3)
Zr(1)-C(1) 2.420(2) C(1)-C(2) 1.427(3)
Zr(1)-C(2) 2.444(2) C(2)-C(3) 1.414(3)
Zr(1)-C(5) 2.501(2) C(3)-C(4) 1.401(4)
Zr(1)-C(3) 2.533(2) C(4)-C(5) 1.412(3)
Zr(1)-C(4) 2.559(2) C(11)-C(6) 1.390(3)
Zr(1)-C(21) 2.825(3) C(11)-C(10) 1.390(3)
Zr(1)-B(1) 2.852(2) C(10)-C(9) 1.389(4)
N(1)-C(11) 1.414(3) C(9)-C(8) 1.372(4)
N(1)-B(1) 1.438(3) C(8)-C(7) 1.377(4)
B(1)-N(2) 1.408(3) C(7)-C(6) 1.393(4)
B(1)-C(1) 1.614(3) C(15)-C(16) 1.521(3)
N(2)-C(12) 1.476(3) C(15)-C(17) 1.527(3)
N(2)-C(15) 1.482(3) C(12)-C(14) 1.521(3)
N(3)-C(19) 1.452(3) C(12)-C(13) 1.530(3)
N(3)-C(18) 1.458(4)
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Table 57. Bond angles [°] for 120.

N(4)-Zr(1)-N(3)
N(4)-Zr(1)-N(1)
N(3)-Zr(1)-N(1)
N(4)-Zr(1)-C(1)
N(3)-Zr(1)-C(1)
N(1)-Zr(1)-C(1)
N(4)-Zr(1)-C(2)
N(3)-Zr(1)-C(2)
N(1)-Zr(1)-C(2)
C(1)-Zx(1)-C(2)
N(4)-Zr(1)-C(5)
N(3)-Zr(1)-C(5)
N(1)-Zr(1)-C(5)
C(1)-Zx(1)-C(5)
C(2)-Z1(1)-C(5)
N(4)-Zr(1)-C(3)
N(3)-Zr(1)-C(3)
N(1)-Zr(1)-C(3)
C(1)-Zx(1)-C(3)
C(2)-Zx(1)-C(3)
C(5)-Zx(1)-C(3)
N(4)-Zr(1)-C(4)
N(3)-Zr(1)-C(4)
N(1)-Zr(1)-C(4)
C(1)-Zr(1)-C(4)
C(2)-Z1(1)-C(4)
C(5)-Z1(1)-C(4)
C(3)-Z1(1)-C(4)
N(4)-Zr(1)-C(21)
N(3)-Zr(1)-C(21)
N(1)-Zr(1)-C(21)
C(1)-Zr(1)-C(21)
C(2)-Zr(1)-C(21)
C(5)-Zr(1)-C(21)
C(3)-Zr(1)-C(21)
C(4)-Zr(1)-C(21)
N(4)-Zr(1)-B(1)
N(3)-Zr(1)-B(1)
N(1)-Zr(1)-B(1)
C(1)-Zx(1)-B(1)
C(2)-Zx(1)-B(1)
C(5)-Zr(1)-B(1)
C(3)-Zr(1)-B(1)
C(4)-Zx(1)-B(1)
C(21)-Zxr(1)-B(1)
C(11)-N(1)-B(1)
C(11)-N(1)-Zx(1)
B(1)-N(1)-Zr(1)

107.51(8)
110.48(7)
110.27(7)
119.29(8)
132.02(8)

63.73(7)
140.96(8)
100.43(8)

83.71(7)

34.11(8)

89.11(8)
149.19(8)

86.57(7)

33.58(8)

54.55(8)
116.03(8)

95.45(8)
115.72(7)

55.78(7)

32.95(8)

53.74(8)

88.03(8)
120.31(8)
117.20(7)

55.33(7)

53.98(8)

32.38(7)

31.93(9)

29.55(7)

91.34(8)

94.55(7)
135.25(8)
167.99(8)
113.54(8)
144.06(8)
117.58(8)
117.71(8)
127.11(7)

29.38(7)

34.42(7)

59.42(7)

59.72(7)

88.54(7)

88.34(7)
114.88(8)

131.99(18)

123.15(13)

103.37(13)

N(2)-B(1)-N(1)
N(2)-B(1)-C(1)
N(1)-B(1)-C(1)
N(2)-B(1)-Zx(1)
N(1)-B(1)-Zr(1)
C(1)-B(1)-Zx(1)
B(1)-N(2)-C(12)
B(1)-N(2)-C(15)
C(12)-N(2)-C(15)
C(19)-N(3)-C(18)
C(19)-N(3)-Zx(1)
C(18)-N(3)-Zx(1)
C(20)-N(4)-C(21)
C(20)-N(4)-Zx(1)
C(21)-N(4)-Zr(1)
C(5)-C(1)-C(2)
C(5)-C(1)-B(1)
C(2)-C(1)-B(1)
C(5)-C(1)-Zx(1)
C(2)-C(1)-Zx(1)
B(1)-C(1)-Zx(1)
C(3)-C(2)-C(1)
C(3)-C(2)-Zx(1)
C(1)-C(2)-Zx(1)
C(4)-C(3)-C(2)
C(4)-C(3)-Zr(1)
C(2)-C(3)-Zr(1)
C(3)-C(4)-C(5)
C(3)-C(4)-Zx(1)
C(5)-C(4)-Zx(1)
C(4)-C(5)-C(1)
C(4)-C(5)-Zx(1)
C(1)-C(5)-Zx(1)
C(6)-C(11)-C(10)
C(6)-C(11)-N(1)
C(10)-C(11)-N(1)
C(9)-C(10)-C(11)
C(8)-C(9)-C(10)
C(9)-C(8)-C(7)
C(8)-C(7)-C(6)
C(11)-C(6)-C(7)
N(2)-C(15)-C(16)
N(2)-C(15)-C(17)

C(16)-C(15)-C(17)

N(2)-C(12)-C(14)
N(2)-C(12)-C(13)

C(14)-C(12)-C(13)

N(4)-C(21)-Zr(1)

130.8(2)
124.14(19)
105.08(18)
176.86(16)
47.25(10)
57.96(10)
122.88(18)
122.73(18)
114.38(17)
110.6(2)
125.13(17)
123.02(17)
111.3Q2)
141.28(17)
107.02(15)
105.4(2)
124.00(19)
121.1(2)
76.35(12)
73.89(12)
87.63(12)
109.4(2)
76.98(13)
72.01(12)
107.7(2)
75.04(13)
70.07(13)
108.0(2)
73.03(13)
71.58(12)
109.4(2)
76.04(13)
70.07(12)
117.9(2)
120.7(2)
121.3(2)
121.1(2)
120.6(3)
119.1(2)
120.9(3)
120.5(2)
112.59(19)
112.37(19)
111.8(2)
111.84(18)
113.0(2)
111.02)
43.44(10)
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Table 58. Crystal data and structure refinement for 121.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

q range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to q = 26.06°

Absorption correction

Max. and min. transmission

Refinement method

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

R indices [for 4491 reflections with I>2s(I)]
R indices (for all 4628 data)

Largest diff. peak and hole

CCDC reference number

C, H3sBHIN,

532.83

1732) K

0.71073 A

Triclinic

P-1

a=9.4684(11) A
b=19.8068(13) A
c=13.8449(19) A
a=101.509(2)°
fB=103.455(2)°
y=102.932(3)°

1174.93) A3

2

1.506 Mg/m3

4.451 mm™!

532

0.34x0.24x 0.21 mm
1.57 to 26.06°
-11<=h<=11, -12<=k<=12, -17<=I<=17
13292

4628 [R, = 0.0200]

99.6 %

Semi-empirical from equivalents
0.39 and 0.2651
Full-matrix least-squares on F?
4628 /0/252

S =1.065

R, =0.0153, wR, = 0.0390
R, =0.0159, wR, = 0.0393
0.653 and -0.361 €A
278304
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Table 59. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A x 10%) for

121. U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

X y z U(eq)
Hf(1) 5210(1) 6905(1) 7990(1) 25(1)
N(1) 2816(2) 6071(2) 7567(2) 28(1)
N(2) 1173(2) 3499(2) 6447(1) 28(1)
N4) 5746(2) 8924(2) 7755(2) 35(1)
NQ@3) 6090(2) 7179(2) 9517(2) 33(1)
C(15) 1133(3) 2045(2) 5841(2) 33(1)
C(1) 4166(3) 4513(2) 6822(2) 30(1)
C(2) 5306(3) 4341(2) 7625(2) 33(1)
C(11) 1876(2) 6739(2) 8033(2) 28(1)
C(5) 4959(3) 5399(3) 6304(2) 36(1)
C(3) 6743(3) 5152(3) 7618(2) 38(1)
C4) 6528(3) 5797(3) 6800(2) 40(1)
C(6) 1486(3) 6374(3) 8879(2) 39(1)
B(1) 2536(3) 4627(3) 6924(2) 28(1)
C(18) 5475(3) 8191(3) 10102(2) 46(1)
C(10) 1376(3) 7841(3) 7697(2) 40(1)
C(20) 6917(3) 10185(3) 8461(2) 46(1)
C(16) 2000(3) 1248(3) 6489(2) 48(1)
C(12) -314(3) 3640(2) 6536(2) 32(1)
C(7 615(3) 7075(3) 9362(2) 47(1)
C(14) -967(3) 2653(3) 7142(2) 46(1)
C(13) -1450(3) 3411(3) 5485(2) 47(1)
C(8) 108(3) 8148(3) 9010(2) 49(1)
C(19) 7020(4) 6568(4) 10200(2) 54(1)
C(17) 1622(3) 2120(3) 4872(2) 47(1)
C) 498(3) 8530(3) 8180(3) 53(1)
C(21) 5219(4) 9207(4) 6759(3) 62(1)
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Table 60. Anisotropic displacement parameters (A” x 10°) for 121. The anisotropic displacement factor

exponent takes the form: -277[ h?a? U;; +..+2hka b U, ].

Uy Uy, Uss Uas Uis U,
H()  22(1) 23(1) 28(1) 401) 7(1) 5(1)
N(1) 24(1) 24(1) 34(1) 4(1) 9(1) 6(1)
NQ2) 26(1) 23(1) 34(1) 3(1) 9(1) 6(1)
N@4) 31(1) 29(1) 44(1) 14(1) 9(1) 6(1)
NG) 33(1) 41(1) 28(1) 10(1) 9(1) 16(1)
cas)y 301 23(1) 38(1) J1(1) o(1) 3(1)
c() 28(1) 24(1) 33(1) (1) 10(1) 5(1)
Q) 3(1) 28(1) 42(1) 5(1) 15(1) 13(1)
can  21(1) 23(1) 33(1) 0(1) 4(1) 3(1)
c(5) 36(1) 39(1) 30(1) 2(1) 13(1) 7(1)
c@3) 25(1) 40(1) 45(1) -101) 9(1) 13(1)
C4) 33(1) 41(1) 44(1) 1(1) 23(1) 4(1)
C(6) 35(1) 46(1) 39(1) 13(1) 10(1) 15(1)
B(1) 27(1) 27(1) 29(1) 6(1) 8(1) 7(1)
cas) 512 52(2) 39(1) 6(1) 14(1) 23(1)
caoy 391 36(1) 5102) 14(1) 17(1) 16(1)
C0)  452) 31(1) 5702) 7(1) 18(1) 1(1)
C(16)  49(2) 27(1) 60(2) 5(1) 8(1) 11(1)
c12)  25(1) 28(1) 39(1) 21 9(1) 5(1)
() 34(1) 64(2) 37(1) 1(1) 13(1) 10(1)
ca4)  39(1) 44(2) 58(2) 12(1) 24(1) 7(1)
caz) 351 49(2) 49(2) 5(1) o(l) 13(1)
C(8) 30(1) 47(2) 60(2) -13(1) 14(1) 12(1)
c(19)  53(2) 86(2) 42(2) 31(2) 21(1) 39(2)
c17)  4702) 41(1) 40(2) (1) 17(1) 2(1)
C9) 45(2) 39(2) 78(2) 10(1) 18(2) 22(1)
cel  59Q) 56(2) 64(2) 3002) 02) 11(2)
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Table 61. Bond lengths [A] for 121.

Hf(1)-NQ3) 2.0225(19) N(3)-C(18) 1.462(3)
Hf(1)-N(4) 2.0415(19) C(15)-C(16) 1.522(4)
Hf(1)-N(1) 2.1236(18) C(15)-C(17) 1.527(4)
Hf(1)-C(1) 2.408(2) C(1)-C(2) 1.424(3)
Hf(1)-C(5) 2.429(2) C(1)-C(5) 1.428(3)
Hf(1)-C(2) 2.490(2) C(1)-B(1) 1.608(3)
Hf(1)-C(4) 2.510(2) C(2)-C(3) 1.417(3)
Hf(1)-C(3) 2.537(2) C(11)-C(10) 1.391(3)
Hf(1)-B(1) 2.826(3) C(11)-C(6) 1.395(3)
N(1)-C(11) 1.414(3) C(5)-C(4) 1.410(4)
N(1)-B(1) 1.444(3) C(3)-C(4) 1.400(4)
N(2)-B(1) 1.414(3) C(6)-C(7) 1.389(4)
N(2)-C(12) 1.475(3) C(10)-C(9) 1.387(4)
N(2)-C(15) 1.491(3) C(12)-C(14) 1.523(4)
N(4)-C(20) 1.454(3) C(12)-C(13) 1.535(3)
N(4)-C(21) 1.457(4) C(7)-C(8) 1.377(4)
N(3)-C(19) 1.450(3) C(8)-C(9) 1.381(5)
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Table 62. Bond angles [°] for 121.

N(3)-Hf(1)-N(4)
N(3)-Hf(1)-N(1)
N(4)-Hf(1)-N(1)
N(3)-Hf(1)-C(1)
N(4)-Hf(1)-C(1)
N(1)-Hf(1)-C(1)
N(3)-Hf(1)-C(5)
N(4)-Hf(1)-C(5)
N(1)-Hf(1)-C(5)
C(1)-Hf(1)-C(5)
N@3)-Hf(1)-C(2)
N(4)-Hf(1)-C(2)
N(1)-Hf(1)-C(2)
C(1)-Hf(1)-C(2)
C(5)-Hf(1)-C(2)
N(3)-Hf(1)-C(4)
N(4)-Hf(1)-C(4)
N(1)-Hf(1)-C(4)
C(1)-Hf(1)-C(4)
C(5)-Hf(1)-C(4)
C(2)-Hf(1)-C(4)
N@)-Hf(1)-C(3)
N(4)-Hf(1)-C(3)
N(1)-Hf(1)-C(3)
C(1)-Hf(1)-C(3)
C(5)-Hf(1)-C(3)
C(2)-Hf(1)-C(3)
C(4)-Hf(1)-C(3)
N(3)-Hf(1)-B(1)
N(4)-Hf(1)-B(1)
N(1)-Hf(1)-B(1)
C(1)-Hf(1)-B(1)
C(5)-Hf(1)-B(1)
C(2)-Hf(1)-B(1)
C(4)-Hf(1)-B(1)
C(3)-Hf(1)-B(1)
C(11)-N(1)-B(1)
C(11)-N(1)-Hf(1)
B(1)-N(1)-Hf(1)
B(1)-N(2)-C(12)
B(1)-N(2)-C(15)
C(12)-N(2)-C(15)
C(20)-N(4)-C(21)

105.96(8)
109.79(8)
108.92(7)
120.91(8)
132.37(8)

64.40(7)
143.02(9)
100.80(9)

84.40(8)

34.35(8)

90.73(8)
150.38(8)

87.22(7)

33.75(8)

54.99(9)
117.64(8)

96.07(9)
116.66(8)

56.20(8)

33.13(8)

54.31(8)

89.66(8)
121.22(8)
118.21(8)

55.69(8)

54.33(9)

32.72(8)

32.21(9)
118.28(8)
126.49(8)

29.84(7)

34.63(7)

59.77(8)

60.00(7)

89.11(8)

88.91(8)

131.59(19)

123.89(14)

103.13(14)

123.16(18)

122.35(19)

114.45(17)

110.2(2)

C(20)-N(4)-Hf(1)
C(21)-N(4)-Hf(1)
C(19)-N(3)-C(18)
C(19)-N(3)-Hf(1)
C(18)-N(3)-Hf(1)
N(2)-C(15)-C(16)
N(2)-C(15)-C(17)
C(16)-C(15)-C(17)
C(2)-C(1)-C(5)
C(2)-C(1)-B(1)
C(5)-C(1)-B(1)
C(2)-C(1)-Hf(1)
C(5)-C(1)-Hf(1)
B(1)-C(1)-Hf(1)
C(3)-C(2)-C(1)
C(3)-C(2)-Hf(1)
C(1)-C(2)-Hf(1)
C(10)-C(11)-C(6)
C(10)-C(11)-N(1)
C(6)-C(11)-N(1)
C(4)-C(5)-C(1)
C(4)-C(5)-Hf(1)
C(1)-C(5)-Hf(1)
C(4)-C(3)-C(2)
C(4)-C(3)-Hf(1)
C(2)-C(3)-Hf(1)
C(3)-C(4)-C(5)
C(3)-C(4)-Hf(1)
C(5)-C(4)-Hf(1)
C(7)-C(6)-C(11)
N(2)-B(1)-N(1)
N(2)-B(1)-C(1)
N(1)-B(1)-C(1)
N(2)-B(1)-Hf(1)
N(1)-B(1)-Hf(1)
C(1)-B(1)-Hf(1)
C(9)-C(10)-C(11)
N(2)-C(12)-C(14)
N(2)-C(12)-C(13)
C(14)-C(12)-C(13)
C(8)-C(7)-C(6)
C(7)-C(8)-C(9)
C(8)-C(9)-C(10)

125.53(17)
123.06(18)
110.6(2)
139.06(18)
109.97(16)
112.8(2)
112.2(2)
112.2(2)
105.6(2)
123.6(2)
120.7(2)
76.30(13)
73.63(13)
87.08(13)
109.0(2)
75.48(14)
69.95(12)
117.7(2)
120.9(2)
121.22)
109.5(2)
76.61(14)
72.01(13)
108.2(2)
72.82(14)
71.80(13)
107.7(2)
74.97(14)
70.26(13)
121.1(2)
130.6(2)
124.2(2)
105.19(18)
176.53(17)
47.03(10)
58.29(11)
120.8(3)
112.16(19)
112.5(2)
111.2(2)
120.5(3)
119.0(2)
120.9(3)
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Table 63. Crystal data and structure refinement for 122.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

q range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to q =27.53°
Absorption correction

Max. and min. transmission
Refinement method

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

R indices [for 5477 reflections with I>2s(I)]
R indices (for all 5821 data)

Largest diff. peak and hole

CCDC reference number

CysH37BN4Zr

495.62

1932) K

0.71073 A

Triclinic

P-1

a=9.7352) A
b=9.947(2) A
c=13.8093) A
a=88.482(4)°
S=80.798(5)°
y="75.240(4)°

1276.3(5) A3

2

1.290 Mg/m3

0.449 mm-!

520

0.25x0.25x0.15 mm
2.12 to 27.53°
-12<=h<=12, -12<=k<=12, -17<=1<=17
12377

5821 [R;,,=0.0182]

98.9 %

Semi-empirical from equivalents
0.94 and 0.758

Full-matrix least-squares on F?
5821/0/287

S =1.045

R, =0.0281, wR, = 0.0728
R, =0.0301, wR, = 0.0741
0.497 and -0.263 eA-3
278301
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Table 64. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A x 10%) for

122. U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

X y z U(eq)
Zr 6880(1) 5802(1) 6889(1) 29(1)
B 8545(2) 3582(2) 7869(1) 31(1)
N(4) 7607(2) 6135(2) 5460(1) 37(1)
N@3) 4684(2) 6386(2) 7028(1) 38(1)
N(1) 7518(2) 3640(1) 7210(1) 33(1)
N(Q2) 9388(1) 2422(1) 8289(1) 33(1)
C(1) 8537(2) 5172(2) 8057(1) 32(1)
C(2) 9198(2) 5986(2) 7358(1) 36(1)
C(3) 8370(2) 7371(2) 7382(1) 39(1)
C) 6043(2) 8648(2) 8542(2) 47(1)
C(8) 5069(2) 8438(2) 9316(2) 55(1)
C(7 5173(2) 7118(2) 9738(2) 51(1)
C(6) 6245(2) 5982(2) 9381(1) 41(1)
C(5) 7304(2) 6154(2) 8588(1) 33(1)
C4 7194(2) 7506(2) 8162(1) 37(1)
C(25) 7003(2) 5357(2) 4837(2) 53(1)
C(24) 8640(2) 6785(2) 4885(2) 53(1)
C(22) 3628(2) 6066(3) 7809(2) 57(1)
C(23) 3997(2) 7486(2) 6417(2) 53(1)
C(15) 7141(2) 2579(2) 6733(1) 33(1)
C(14) 8065(2) 1819(2) 5950(1) 47(1)
C(13) 7709(3) 761(2) 5492(2) 55(1)
C(12) 6417(3) 459(2) 5787(2) 59(1)
C(11) 5467(3) 1229(2) 6535(2) 62(1)
C(10) 5816(2) 2281(2) 7013(2) 47(1)
C(16) 9328(2) 990(2) 8103(1) 40(1)
C(17) 10780(3) 69(3) 7645(2) 72(1)
C(18) 8688(3) 352(2) 9012(2) 62(1)
C(19) 10368(2) 2537(2) 8987(1) 40(1)
C(20) 11590(2) 3165(3) 8526(2) 55(1)
C(21 9570(2) 3277(2) 9938(1) 49(1)
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Table 65. Anisotropic displacement parameters (A” x 10°) for 122. The anisotropic displacement factor

exponent takes the form: -277[ h?a? U;; +..+2hka b U, ].

Uy Uy, Uss Uas Uis U,

Zr 29(1) 26(1) 31(1) 201 3(1) -3(1)
B 30(1) 30(1) 32(1) 4(1) 2(1) -9(1)

N(4) 40(1) 35(1) 36(1) (1) o(l) -11(1)
NG) 31(1) 37(1) 44(1) -4(1) 3(1) -8(1)

N(1) 35(1) 27(1) 38(1) 2(1) -10(1) -10(1)
NQ) 34(1) 29(1) 35(1) -5(1) -10(1) -4(1)

c(l) 33(1) 32(1) 34(1) 4(1) 8(1) 11(1)
Q) 33(1) 38(1) 39(1) -5(1) 4(1) -14(1)
c3) 45(1) 34(1) 42(1 2(1) 4(1) -19(1)
C(9) 52(1) 29(1) 59(1) -11(1) 23(1) -12(1)
o) 51(1) 40(1 67(1) 225(1) 7(1) -10(1)
c(7) 54(1) 52(1) 46(1) 17(1) 11(1) -20(1)
C(6) 49(1) 41(1) 35(1) 27(1) o(l) -19(1)
c(5) 39(1) 30(1) 33(1) -6(1) -6(1) -12(1)
C4) 44(1) 30(1) 40(1) (1) -6(1) -14(1)
ces) 591 62(1) (1) (1) 4(1) 224(1)
Cc4)  64(1) 49(1) 43(1) (1) 12(1) 24(1)
C22)  41(1) 71(1) 58(1) 1(1) 3(1) -20(1)
c23) 421 44(1) 63(1) A1) 9(1) 2(1)
cas)  4o(l) 27(1 36(1) 5(1) -16(1) 11(1)
ca4) 591 43(1) 41(1) -5(1) 4(1) -22(1)
c3)  852) 43(1) 43(1) -6(1) -16(1) 21(1)
c12) 83 37(1) 72(1) 2(1) -43(1) 225(1)
can  s53(1) 45(1) 100(2) 6(1) -30(1) -26(1)
c(10)  40(1) 38(1) 68(1) o(1) -12(1) -13(1)
cae) 421 27(1) 50(1) -6(1) -18(1) -1(1)
ca7n 6ol 51(1) 93(2) -30(1) 27(1) 8(1)

cas)  722) 48(1) 75(2) 8(1) -19(1) -30(1)
c(19)  4o(l) 37(1) 45(1) o(1) -17(1) 2(1)
C0)  41(1) 66(1) 64(1) A1) -16(1) 21(1)
ceny 65l 46(1) 41(1) -4(1) 17(1) 17(1)
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Table 66. Bond lengths [A] for 122.

Zr-N(4) 2.0356(15) C(1)-C(2) 1.424(2)
Zr-N(3) 2.0469(15) C(1)-C(5) 1.446(2)
Zr-N(1) 2.1361(14) C(2)-C(3) 1.406(2)
Zr-C(1) 2.4201(16) C(3)-C(4) 1.423(2)
Zr-C(5) 2.4945(17) C(9)-C(8) 1.360(3)
Zr-C(2) 2.4953(17) C(9)-C(4) 1.420(3)
Zr-C(3) 2.5547(17) C(8)-C(7) 1.409(3)
Zr-C(4) 2.5791(17) C(7)-C(6) 1.368(3)
Zr-B 2.8374(19) C(6)-C(5) 1.418(2)
Zr-C(25) 2.858(2) C(5)-C(4) 1.438(2)
B-N(2) 1.406(2) C(15)-C(10) 1.389(2)
B-N(1) 1.446(2) C(15)-C(14) 1.391(3)
B-C(1) 1.608(2) C(14)-C(13) 1.386(3)
N(4)-C(24) 1.452(2) C(13)-C(12) 1.364(3)
N(4)-C(25) 1.453(2) C(12)-C(11) 1.372(4)
N(3)-C(22) 1.454(2) C(11)-C(10) 1.391(3)
N(3)-C(23) 1.455(2) C(16)-C(18) 1.509(3)
N(1)-C(15) 1.412(2) C(16)-C(17) 1.524(3)
N(2)-C(16) 1.472(2) C(19)-C(21) 1.518(3)
N(2)-C(19) 1.485(2) C(19)-C(20) 1.525(3)
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Table 67. Bond angles [°] for 122.

N(4)-Zr-N(3)
N(4)-Zr-N(1)
N(3)-Zr-N(1)
N(4)-Zr-C(1)
N(3)-Zr-C(1)
N(1)-Zr-C(1)
N(4)-Zr-C(5)
NQ3)-Zr-C(5)
N(1)-Zr-C(5)
C(1)-Zr-C(5)
N(4)-Zr-C(2)
N(@3)-Zr-C(2)
N(1)-Zr-C(2)
C(1)-Zr-C(2)
C(5)-Zr-C(2)
N(4)-Zr-C(3)
N@3)-Zr-C(3)
N(1)-Zr-C(3)
C(1)-Zr-C(3)
C(5)-Zr-C(3)
C(2)-Zr-C(3)
N(4)-Zr-C(4)
N(3)-Zr-C(4)
N(1)-Zr-C(4)
C(1)-Zr-C(4)
C(5)-Zr-C(4)
C(2)-Zr-C(4)
C(3)-Zr-C(4)
N(4)-Zr-B
NQ3)-Zr-B
N(1)-Zr-B
C(1)-Zr-B
C(5)-Zr-B
C(2)-Zr-B
C(3)-Zr-B
C(4)-Zr-B
N(4)-Zr-C(25)
N(3)-Zr-C(25)
N(1)-Zr-C(25)
C(1)-Zr-C(25)
C(5)-Zr-C(25)
C(2)-Zr-C(25)
C(3)-Zr-C(25)
C(4)-Zr-C(25)
B-Zr-C(25)
N(2)-B-N(1)
N(2)-B-C(1)
N(1)-B-C(1)
N(2)-B-Zr
N(1)-B-Zr
C(1)-B-Zr
C(24)-N(4)-C(25)
C(24)-N4)-Zr

105.42(6)
110.36(6)
108.17(6)
120.59(6)
133.37(6)
64.15(5)
141.72(6)
102.54(6)
84.59(5)
34.17(5)
90.46(6)
151.78(6)
87.05(5)
33.63(5)
54.19(6)
88.37(6)
123.27(6)
117.91(6)
55.85(6)
54.21(5)
32.31(6)
116.37(6)
98.33(6)
116.52(6)
56.00(6)
32.88(5)
53.47(6)
32.18(6)
118.41(6)
126.42(6)
29.75(5)
34.46(5)
59.87(5)
59.83(5)
88.76(6)
88.92(6)
28.75(6)
88.75(6)
94.53(6)
135.97(6)
168.39(6)
114.22(6)
117.12(6)
143.56(6)
115.35(6)
129.53(15)
125.03(15)
105.44(13)
175.70(12)
47.16(7)
58.41(8)
111.28(15)

139.45(13)

C(25)-N(4)-Zr
C(22)-N(3)-C(23)
C(22)-N(3)-Zr
C(23)-N(3)-Zr
C(15)-N(1)-B
C(15)-N(1)-Zr
B-N(1)-Zr
B-N(2)-C(16)
B-N(2)-C(19)
C(16)-N(2)-C(19)
C(2)-C(1)-C(5)
C(2)-C(1)-B
C(5)-C(1)-B
C(2)-C(1)-Zr
C(5)-C(1)-Zr
B-C(1)-Zr
C(3)-C(2)-C(1)
C(3)-C(2)-Zr
C(1)-C(2)-Zr
C(2)-C(3)-C(4)
C(2)-C(3)-Zr
C(4)-C(3)-Zr
C(8)-C(9)-C(4)
C(9)-C(8)-C(7)
C(6)-C(7)-C(8)
C(7)-C(6)-C(5)
C(6)-C(5)-C(4)
C(6)-C(5)-C(1)
C(4)-C(5)-C(1)
C(6)-C(5)-Zr
C(4)-C(5)-Zr
C(1)-C(5)-Zr
C(9)-C(4)-C(3)
C(9)-C(4)-C(5)
C(3)-C(4)-C(5)
C(9)-C(4)-Zr
C(3)-C(4)-Zr
C(5)-C(4)-Zr
C(10)-C(15)-C(14)
C(10)-C(15)-N(1)
C(14)-C(15)-N(1)
C(13)-C(14)-C(15)
C(12)-C(13)-C(14)
C(13)-C(12)-C(11)
C(12)-C(11)-C(10)
C(15)-C(10)-C(11)
N(2)-C(16)-C(18)
N(2)-C(16)-C(17)
C(18)-C(16)-C(17)
N(2)-C(19)-C(21)
N(2)-C(19)-C(20)
C(21)-C(19)-C(20)

108.88(12)
110.53(16)
128.63(13)
119.52(12)
131.51(13)
124.69(10)
103.08(10)
122.50(14)
123.15(14)
114.30(13)
104.76(14)
123.86(14)
122.45(14)
76.09(9)
75.73(9)
87.13(9)
111.02(15)
76.17(10)
70.28(9)
107.66(15)
71.52(9)
74.86(9)
118.74(18)
121.52(18)
121.68(18)
118.90(18)
119.10(16)
131.63(16)
109.23(14)
117.95(12)
76.80(9)
70.09(9)
132.90(17)
120.02(17)
107.08(15)
121.18(13)
72.97(9)
70.32(9)
117.61(16)
121.10(16)
121.28(15)
121.38(19)
120.4(2)
119.13(18)
121.22)
120.2(2)
111.78(16)
112.65(17)
111.69(19)
112.67(15)
112.85(16)
111.87(17)
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