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Summary

A [5:5] ligand based on the bicyclic guanidine 1,4,6-triazabicyclo[3.3.0]oct-4-ene [Htbo] has
been synthesised. Two of these tho units have been linked via a carbon bridgehead to form a
novel bidentate ligand. Based on the knowledge that the electronic properties and specific
steric interactions at a metal can lead to new insights into the relationship between crystal
structure and ligand activity, the synthesised compounds have been investigated as
polydentate ligands on the assumption that that they could be used to precisely control
coordination environment. The corresponding [6:6] system which is based on the bicyclic
guanidine 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidine) [hppH] has also been
synthesised and its coordination to silyl groups investigated.

1,4,6-triazabicyclo[3.3.0]oct-4-ene (Htbo) has been deprotonated to form the [tho]  anion,
which has been assessed as a ligand at Li, Al and Zn centres, allowing direct structural
comparison to be made with the [hpp] analogues. The coordination chemistry of Htbo and its
derivatives has been explored through formation of a variety of transition metal complexes.
Additionally, crystal structures showed that Htbo coordinates to the metal through the N-
imine atom as a monodentate ligand to form trigonal planar, tetrahedral, square planar and

octahedral complexes.

The bis (tbo) methane H,C{tbo}, ligand was found to support a range of coordination
geometries and upon coordination, ionic structures such as [Pd(H,C{tbo}.),][Cl]. were
formed. The synthesis of the monosubstituted compound hppSiCl; afforded a series of (hpp)
silanes which were isolated and reacted with LiOAr (Ar= 2,6-'Bu,CsHs), providing a proof of
N-Si bond stabilisation using a metal. Five examples of pentacoordinated silicon species have

been synthesised via the reaction of [hpp]™ and R,SiCl, (R=Ph, Me).



Compound numbering

Cation 3
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(hpp)SiPh; (10)
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Chapter 1: Overview of guanidines and bicyclic- guanidine
1.1. Introduction.

The general formula of the unsubstituted amidine, is HC(=NH)(NH;), which may be
considered as derived from the acid-amide by replacement of oxygen by the divalent imino

(=NH) group. They may be prepared by a number of different routes:
I.  the action of ammonia or amines on imide chlorides, or on thiamides,
ii.  the action of ammonium chloride or hydrochlorides of amines on nitrites,
iii. by condensing amines and amides in presence of phosphorus trichloride,

iv. by the action of hydrochloric acid on acid-amides and by the action of ammonia or

amines.

Tri-substituted amidines are the most commonly found and will be the focus of this report.
Amidine functionalities may exist as neutral species, amidine anions (amidinates) or
amidinium cations depending on the number of protons attached to nitrogen as shown in

Figure 1.%°

RI\ 3' Rl
|
N N N—H
R— rR—(O rR—(@
.’N_H II\I ,I\I_H
R R' RI
Amidine Amidinate anion Amidinium cation

Figure 1: The chemical structures of the neutral amidine, the anionic amidinate

and cationic amidinium.
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The guanidine functionality is closely related to the amidine and consists of a central (sp?)-
hybridized carbon atom bound to one iminic and two aminic nitrogen atoms.* Interest in the
guanidine and the amidine comes from their abilities to act as ligands, as well as the
formation of anion,® Guanidines are a class of compounds of great biological and chemical
importance. Due to their hydrophilic nature, they also play an important role in the
stabilisation of protein conformations through hydrogen bonding and in the mediation of
solubility of natural products. In some cases, due to their strong basic character, guanidines
can be considered super bases, which readily undergo protonation to generate resonance-
stabilised guanidinium cations.* Guanidines are encountered in coordination chemistry as
guanidinium counter cations, as chelate guanidinate and as neutral guanidine ligands with
different metals, partly due to their interesting electronic properties and capacity for simple
modification. Zinc complexes, lithium complexes and aluminum complexes containing
coordinated guanidinates are of recent origin and, to date, are restricted to a relatively small

number of examples.”

3 Rs R
NH - N-H 7)) Ne
-H 7
Ry;N—=<X RZN—<*"9 R.N—X o
nH N UN-H
R R R
+
H
IRI
® (N
R,N=C{ 2
N
Rl

Scheme 1: The resonance of guanidinate.
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A zwitterion is a chemical compound that is Electrically netural, but has formal positive and
negative charges on different atoms (Scheme 1). Zwitterion are polar and usually have a high
solubility in water and a poor solubility in most organic solvent. An example of a natural
product containing guanidine moieties is shown in (Figure 2).° The guanidine class of
compounds has extremely high basicity and many guanidine derivatives have been
synthesized with a view to investigating and utilizing this property. These compounds are
used routinely in organic chemistry as bases and anion binders in a variety of

transformations.’

(CH)gCH3

PMB = P-methoxybenzoyl

Figure 2: The chemical structure of Batzelladine.

Previous work in the Coles group has concentrated on the bicyclic guanidine 1,3,4,6,7,8-
hexahydro-2H-pyrimido pyrimidine, hppH (C;H13N3), shown in Figure 3a. The compound
1,4,6-triazabicyclo[3.3.0]-oct-4-ene Htbo (CsHgN3) Figure 3b, has been recently reported,’
and is structurally similar to hppH. The purpose of dealing with Htbo in the current work is to
compare reactions with different metal substrates and to see the difference between the two

ligands.
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N
;

a b
Figure 3: The chemical structures of two ligands (a) Hhpp (b) Htbo.

1.1.1. Basicity.

There is a shortage of work on the guanidine compounds and their use as strong bases in
organic synthesis albeit, they have been known for some time.® Recently, it has been noted
that chiral bicyclic guanidines have received attention as promoters of enantioselectivity.'°
Results from recent studies showed that tetramethylguanidine (TMG) catalyzed addition of
initial nitroalkanes and dialkyl phosphites to a diversity of unsaturated systems constitutes a
useful means to achieve the nitroaldol reaction (Henry reaction) and to achieve phosphonate
synthons.**2

hppH and its methyl derivative hppMe have been proven to be approximately 100 times more
basic than TMG®® as they were broadly used as potent organic bases for tautomerizing
pyrrocorphins.”*** Recent work studied their behavior as strong, nonionic, basic catalysts for

the purpose of synthesis. In these studies, it has been found that hppH and hppMe catalyze

the addition of different nucleophiles to a diversity of unsaturated systems Figure 4.
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HN
) he

Me,N NMe;

hppH hppMe TMG

Figure 4: Different type of guanidine to measure the bascity.

1.1.2. Localized and delocalized form of guanidines.

Three main areas can be summarized from the influence that the bicyclic framework applies
to the steric and electronic features of the guanidines. The ability to efficiently distribute
charge throughout the molecule is one of the important characteristics of guanidines, this
distribution is either negative for guanidinate anions or positive for guanidinium cations
(Scheme 2). The extent of overlapping between the nitrogen lone-pairs and the p-orbital of
the sp-carbon within the CNj unit, determines a simple orbital description. A favourable
alignment for the lone-pair of the non-amidine nitrogen N(3) atom is generated by
constraining the substituents of this atom into the ring system to be included in the
delocalization scheme. Acyclic guanidines where steric interactions play a dominant role
contrasts this favourable alignment, often favouring an orthogonal displacement of the N(3)

substituents with respect to the CN, amidine unit.
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N > — L
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R R H R H
Guanidinium Cation

Scheme 2: Localized and delocalized forms of the guanidinate anion and guanidinium

cation for bicyclic systems

1.1.3. Protonation and deprotonation of guanidines: resonance
stabilization.

Guanidine possesses three nitrogen atoms, susceptible to protonation. The N-m conjugation
possible between the amino and imino nitrogens increases the basicity of the N-imino and
decreases the basicity of the N-amino atom.'® As a consequence of this conjugation effect, the
N-imino atom is protonated first. The basicity of the N-amino atom is relatively weak.
Several quantum chemical calculations showed that in guanidine itself, the N-amino is less
basic than the N-imino atom by ca 30 Kcal mol *, a similar behaviour was observed in
amidines.'” In the parent amidine molecule, the N-imino atom is much more susceptible to

proton attachment than the N-amino atom as shown in Scheme 3.
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N-imino
HZN‘
\
H.N” + NH,
NH +H T\
HN” “NH, — +
-H
g
H,oN gHg
_N-amino ]
Neutral monocation

+
+ +H +H +
A NH; . NHs __, NHg
-— )\ -H + _H+ +)\+
K" HoN"G NH; HN* “NH, ™ HsN NH3

dication trication tetracation

Scheme 3: Protonated forms of guanidine.

In neutral guanidine, two types of acidic sites can be distinguished, the amino and imino

groups. Bordwell and Ji showed that in dimethyl sulfoxide (DMSO) solution the acidity of

guanidine (pKua = 28.5) is close to that of 2-aminopyridine (pKna = 27.7).*® Comparision of

pKya Vvalues of various imines and amidines led to the conclusion that the amino (NHy) is

more acidic than the imino (NH) group in the amino-imino conjugated systems, and that the

NHy; is preferentially deprotonated, as shown in Scheme 4.

Scheme 4: The deprotonation reaction in guanidine.
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Guanidine anion exhibits unusual thermodynamic stability and energetic barriers to rotation
due to delocalization of six n-electrons across the CNj3 core of the ligand. More than 60 years
ago the enhanced stability of the neutral and of the ionic forms was considered in terms of
resonance theory.™® According to this theory, the free base may be written using three non-
equivalent resonance structures, in two of which the charges are separated, as shown in the

Scheme 5.

NH NH NH
/§+ R e -~
H,N  NH, H,N NH, HoN NH

Scheme 5: The resonance stabilization of guanidine.

1.2. Features of bicyclic guanidines.

The class of bicyclic guanidine compounds have several general structural properties. The
localized ‘N(2)-C=N(1)’ fragment is a constituent of neutral guanidines at which most
chemistry displayed by these molecules occurs, although N(3) the tertiary nitrogen, plays an
important role in defining the electronic and physical attributes of the guanidines. Our
interpretation is restricted to molecules in which constituent atoms of each ring are sp*-

carbon atoms, distinguishing these compounds from related nitrogen ligand systems.?
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1.2.1. Synthesis of different type of non-substituted bicyclic guanidines.

The different bicyclic compounds and their abbreviations are shown in Figure 5.

5R GO G

Htbo Htbn Htbu Htbd
a b [ d

Figure 5: Different type of bicyclic guanidine.

The syntheses of non-functionalized bicyclic guanidines was described in the initial studies of
guanidines, and involved either multi-step procedures,? or the use of expensive starting
reagents. In the patent literature a simple one-pot method to the {6,6}- and {5,5}-guanidines,
hppH and Htbo in 1990 was published (Scheme 6),% this procedure leads to the commercial
availability of the former, driven by an interest in the application of these compounds in
organocatalysis.?* The reaction of CS, with N-(2-aminoethyl)-1,3-propanediamine allowed
extension of this synthetic method to the non-symmetric {6,5}-bicyclic model, Htbn, as

shown in Scheme 6.%°

21



H CS S W@
NI NS, 2 L N e e,
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n=1,2 ©

N/\/NHZ

N -H,S
L b
H

Scheme 6: Synthesis of Htbo and Htbn

The {5, 7} Htbd and {7, 6} Htbu compound were prepared using carbon disulfide and 1,4-
diaminobutane in ethanol. An intermediate compound (A) was formed and adding
ethanolamine to the intermediate leads to Htbd formation while by adding of 3-amino-1-

propanol to the intermediate leads to formation of Htbu ligand as shown in Scheme 7.%
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NH NH

HZN/(/\’n\/OH

NH
(o (0, o
n ,
N/ N N N/H\/BI’ PBr3 )\ A __OH

n=1,2

Scheme 7: Syntheses of Htbd and Htbu

Using these different ligands to react with molybdenum led to the formation of new
dimolybdenum complexes Moy(tho)s, Mo,(tho)4Cl, Mo,(tbn)4Cl,, Mo,(tbd),Cl,

Mo,(tbu),Cl.?’

1.2.2. Structure of non-substituted bicyclic guanidines.

A comparison of structural features of the complete series of {5,5}, {6,5}, {6,6}, {7,5}
and{7,6} bicyclic guanidines can be achieved using X-ray diffraction data. The parameters
are defined in Figure 6.2 In the “N,-C=N;” amidine component, observation of a similar
distribution of carbon—nitrogen bond distances for each molecule, with clearly defined
C=N(1) and C—N(2) bonds was observed. However, for N(3) a significant range of values for

the degree of pyramidalization (DP%) which are ultimately effecting the value of Acn.
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Nitrogen N(3) is prevented from attaining a planar configuration (higher DP% values) due to
the presence of the five-membered ring in H-tbo, H-tbn and H-tbd (n = 5) and this is
consistent with retention of electron density at this position. This decreases any delocalization
of these neutral compounds throughout the CN3 core with larger values of Acn. The synthetic
routes to these derivatives have only recently been published,?® and the consequences of these
differences in delocalization have yet to be explored. It will, however, clearly impact not only
the neutral forms of these compounds but also their positive and negative ions which is

predicted to result in differences in chemical behaviour.

Htbo Htbn hppH Htbd Htbu
C-N1 1.346(2) 1.290(3) 1.328(2) 1.233(2) 1.293(2)
C-N2 1.297(2) 1.347(3) 1.367(2) 1.354(2) 1.356(2)
C-N3 1.391(2) 1.383(3) 1.331(2) 1.355(2) 1.394(2)
DP% 26.58 18.19 0.11 20.74 4.20
AcN 0.048 0.057 0.039 0.062 0.090
Acn' 0.070 0.065 0.038 0.069 0.034
o
7 ACN / A = Yy—X
() g
I AcnlA = z—[{x+y}/2]
C
TR DP % = -
N N, 6 = [360 - (o + B +7)] /0.9

Figure 6: Definition of parameters used in the comparison of structural data taken

from bicyclic guanidines.
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1.3. Neutral bicyclic guanidines.

Many complexes have been reported which contain a neutral guanidine ligand and these can
be classified into two main groups: (1) substituted guanidines with no additional donor atoms
and (2) substituted guanidines that contain additional donor atoms. In the coordination
chemistry, the major difference of these classifications is the action of the guanidines such
that when no additional donor atoms are present, it acts exclusively as a monodentate ligand
binding through the lone pair located on the imine nitrogen, whereas in cases where
additional donor atoms are present, there is a tendency for the molecules to behave as
bidentate ligands. To emphasise the coordination of the guanidine moiety, these two classes

will be reviewed separately.

1.3.1 Guanidines with no additional donor atoms

The earlier researches have reported complexes of a guanidine coordinating to a metal
focused on the formation of adducts with 1,1,2,tetramethylguanidine [HNC{N(CHj3).}.] and
complexes containing a neutral guanidine contain this ligand. In 1965,% Drago and co-
workers published for the first time the complexes containing this ligand. Complexes of
Co(Il), Cu(Il), Zn(11), Pd(I1), Ni(Il) and Cr(I1I) were prepared with the tetracoordinate cobalt,
copper, and zinc perchlorate complexes which are characterised by X-ray powder diffraction,
magnetic measurements and spectroscopy. Additionally, elemental analyses verified that
these complexes had the composition [M(TMG),](ClO,),. Moreover, the IR spectrum
displayed a shift towards lower wavenumbers for the v(C=N) which ultimately confirmed the

coordination through the imine nitrogen. Depending on spectral and magnetic measurements,

25



cobalt complex was suggested to have a tetrahedral geometry although this could not be
confirmed from X-ray powder diffraction data. The copper and zinc complexes were also
observed to have tetrahedral geometries and their X-ray powder patterns were consistent and

suggested that they showed little distortion from true tetrahedral symmetry.

1.3.2. Guanidines with additional donor atoms

There is large scope for different substituents (that contains additional donor atoms) onto a
guanidine moiety and their stepwise synthesis allows the incorporation and variation of
substituent groups. Cyanoguanidine is the most generally encountered example which
contains an additional donor atom. However, the cyanoguanidine is invariably found to act as
a bidentate, bridging ligand coordinated to two separate metal centres via the nitrile nitrogen
and the imine nitrogen to which the nitrile is bonded. The main differences between these
complexes arise from the interaction of metal-guanidine units with each other to form either
dimers or oligomeric structures. This is due to the steric effects imposed on the complexes by

the coordination geometry at the metal centre.

From the reaction of ethylenediamine hydrochloride, cyanoguanidine and copper(Il) sulphate,
the first structurally characterised cyanoguanidine complex was obtained.*® In the IR
spectrum, the isolated crystals analysed as the anticipated product

ethylenebisbiguanidecopper(ll) sulphate except for the presence of a C=N stretch.
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1.3.3. Coordination chemistry of hppH.

Coles et al, has prepared many complexes containing guanidines in particular hppH as
monodenate ligands. For example the complex produced by the reaction of 1:1 mixed

PPha/hppH copper (1) in THF, [CuX(hppH)(PPhs)],, shown in (Scheme 8).%

N

s + PPhy
N” N
H

CuX [CuX(hppH)(PPh3)],
THF, 1t, 24 h

Scheme 8: Synthesis of [CuX(hppH)(PPhs)], X=CI, n=1, X=Br, n= 2.

1.3.4. Coordination chemistry of Htbo.

The coordination chemistry of neutral Htbo has so far not been reported. However, in 2006,
Cotton et al, reported the preparation of Htbo, which can act as a neutral monodenate or
bidentate ligand.”” Most of this work focused on the application of these ligands in the
synthesis of new paddle-wheel complexes, and reflected on the stability of multiply bonded
metal complexes bearing [tho]". Preferential bidentate ligation is determined by the ability of

the ligand to bridge two non-bonded metal centres.
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1.4. Anionic guanidines (guanidinate salts).

Conversion of neutral tetra-substituted guanidines to the corresponding anionic guanidinate
can be achieved using organolithium reagents. This conversion occurs via loss of the NH
proton.®* Although it is possible to isolate examples of lithium guanidinate salts, the anions
are normally generated in situ for further reactivity, with the most broadly studied reaction
being salt metathesis with additional metal-halide substrate. The coordination chemistry of

bicyclic guanidinate anions has been classified into three sub-categories Scheme 9.

N/
M M
@
Li(solvent), _
CO——1 0 0
X -RH I L
H
MM
)
NAN
Mo M

Scheme 9: Different sub-categories of complex

1.4.1. Coordination chemistry of [hpp].

Guanidinates have demonstrated a variety of coordination modes to transition and main group
metals as both chelating and bridging ligands.®® The coordination mode adopted by acyclic
guanidinates may to some extent be influenced by steric interactions of the substituents on
nitrogen. Amidinates show preference for either chelation or bridge formation depending on

the size of the R groups on nitrogen and carbon with a similar effect postulated for
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guanidinates.?? Bulky R’ groups on the backbone nitrogen of the guanidinate increase the
C-N-R angle [B], favouring a chelating bonding mode Figure 7a, while smaller R’
substituents allow a more parallel configuration of the c-donor orbitals favouring a bridging

mode Figure 7c

R R
\

. BN . BN
S-S ey
e / N
R N R |'\|o LNQ

R R

a= large b=small c=parallel

Figure 7: The influence of sterics over the projection of the bonding orbitals in guanidinates

Their behaviour as bidentate ligand is further demonstrated by their ability to bridge to non-
bonded metal centers, further coordination modes have been identified for [hpp] involving

different metal centres Figure 8.

Figure 8: Different coordination motifs for the [hpp] anion.
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1.4.2. Coordination chemistry of [tbo] .

A further geometric constraint on the molecule is imposed by defining the size of the rings.
This constraint dictates the projection of the frontier orbitals of the amidine nitrogen atoms.
Reducing the ring-size from 6 to 5 (ie. From “hpp” to “tbo”) gives a wide projection band on
purely geometric argument. Figure 9 views the differences among the molecular structures of

unsubstituted bicyclic guanidines: guanidine, {6,6},- and {5,5}-bicyclic derivatives.

R, R

4

R'\Ng\in\rR' qicwj fﬁ\&}
® 9 p o L

Figure. 9: Projection of frontier orbitals for acyclic guanidines compared with the {6,6}- and
{5,5}-bicyclic derivatives.

1.5. Cationic guanidinium ions.

The basicity of hppH is also evidenced by the formation of the cation [Hhpp]™ The high
basicity of the [hpp] anion is one of its attractive features, the hppH molecule itself also has
high basicity. This follows from the fact that it is a derivative of the extremely basic
prototype guanidine, (H2N),C=NH. hppH is therefore easily protonated to form the [Hzhpp]”,
and this happens whenever it is used in an acid medium.** For example [hppH2] [O.NCHPh]
. [hppH2]*[0.,CCH3]*, [hppH2]'[0.CCF3]*® and [{hppH2}1s[{TaCls} 1o[CI], are known.
Some of these are of interest for the study of reactions involving hppH as a catalyst, such as

the Michael addition of nitroalkanes, or as models for hydrogen bonding in nature.
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1.6. Summary.

Guanidine and amidinine units are widely used in chemistry, for their ability to form cationic,
anionic and neutral species. Guanidine basicity is due to the high ability of delocalisation of
electron density throughout the Y shape CN3 and the ability to coordinate to a large number
of metal atoms has also been demonstrated. Part of the attractiveness of the use of
guanidinate ligands is the ease with which the electron donating ability can be modified in
noncyclic anions. The coordination chemistry of the neutral guanidines is known, but until
now synthetic chemistry has exclusively used the commercially available bicyclic guanidine
hppH, a compound with two-fused six-membered rings. Recently this has been expanded to
the derivative with two fused five-membered rings, Htbo. Guanidines are also encountered in

coordination chemistry as guanidinium counter cations.

The research outlined in the following pages demonstrates the exploration of the coordination
chemistry of new ligand classes. Specifically, the coordination chemistry of hppH as a neutral
ligand has been extended to other transition-metal halides, and further studies of the
fluxionality that renders the two ring systems within hppH symmetrical at room temperature
have been completed. Comparisons between the two guanidine systems have been made by
determination of the extent of overlap between the nitrogen lone-pairs and the empty p-
orbital on the sp?-carbon within the CN3 unit. The effect of the widened angle between the
donor orbitals of the {5,5}-bicyclic anion compared with the {6,6}-analogue has been

investigated.
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Chapter 2: Hydrogen bonding in a cationic [H,tbo]" salt.
2.1 Previous work with [hppH,]”

From experimental results, the pK, values of the conjugate acid [hppH>]" in acetonitrile is
26.03' and the neutral guanidines are therefore often referred to as ‘superbases’. The
formation of the [hppH_]" cation, its structure and how it interacts with different anions, have
been comprehensively studied using a combination of spectroscopy (NMR, UV-vis and
vibrational analysis), calorimetry and conductivity.>® Recently, these studies have been
complemented by computational work.* Many examples have also been structurally
characterized showing extensive variety in both short and long range order in the solid-state.
Pertinent examples include metal-oxide > and metal-halide ® species, oxoanions based on

nitrogen,® sulfur, ®° functionalities, and several aryloxide derivatives (Figure 1).

A study of the crystal structure of the {5,5}-hydrochloride salt, [H,tbo][CI], will form the
main part of this chapter, confirming an increased angle between the projection of the

hydrogen bonds, which leads to the formation of extended structures in the solid state.
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Figure 1: Structurally characterized examples of guanidinium salts involving the cation

[hppH2]*
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2.2 Cationic [H,tbo]" salts

Reducing the size of the heterocyclic rings from {6,6}- to {5,5}- in the [Hatbo]" salt is
predicted to promote the formation of extended structures due to a wider angle between the

projected hydrogen-bonds (Figure 2).

Figure 2: Hydrogen-bonds direction for [hppH.]" and [Htbo]*

To establish proof-of-concept, the work has been restricted to hydrochloride salts.
Additionally this enables us to make a direct comparisons between the {6,6}- and {5,5}-

systems, as the [hppH.][X] salts (X= Br, Cl) are known.®

2.2.1 Synthesis of [H,tbo][CI] (1)

Due to the high basicity the formation of the [Hatbo]” cation can occur immediately through
the protonation of 1,4,6-triazabicyclo[3.3.0]Joct-4-ene [Htbo]. The protonation process
occurred using [HNEt3][CI] and the result was [H,tbo][CI], analogous to the formation of
[hppH2][CI] (Scheme 1). A solution of Htbo in dichloromethane was added drop wise to a
solution of [HNEt3][CI] at room temperature and the resulting solid was isolated and washed
with hexane, to give [H,tbo][Cl] in 91% vyield.
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Scheme 1: The formation of [H,tbo][CI] (1)

2.3 Spectroscopic Properties of [H,tbo][CI] (1)

'H NMR spectroscopic data showed two resonances for the annular methylene protons, and a
single resonance for NH at 3.95 ppm. The *C NMR spectrum showed a shift of the central

CNj3 carbon from 165.4 in Htbo to 166.8 ppm. In (1).

IR spectroscopy is also a useful analytical tool for the investigation of these systems. The
spectrum of Htbo (KBr) reported a series of peaks for the NH stretch (3310-3048 cm™).%?
Upon protonation, the salt [H,tbo][CI] displayed multiple broad absorptions in the v(NH)
region and a strong absorbtion 1682 cm™ that is likely due to v(C=N). This latter absorbtion

is shifted from 1750 cm™ in Htbo, reflecting delocalization and decrease in the bond order.

2.3.1 Crystallographic details and crystal structure of [H,tbo][CI] (1)

The solid-state structure of (1) was solved by X-ray diffraction analysis for crystals grown by

slow cooling of a saturated MeCN solution. As seen in Figure 3, the unit cell consists of four
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independent cations which bridge via hydrogen bonds to chloride anions. A summary of bond

lengths (A) and angles (°) of (1) is shown in Table 1.

Cation 1

Cation 3

Cation 2

c8
NG

C9
C10

Figure 3: Ellipsoids (30%) of [H,tbo]Cl (1), showing the four independent cations in the unit
cell.

Table 1. Bond length (A) and angles (°) for [H,tbo]CI (1)

N(1)-C(1) 1.300(4) | N(7)-C(11) 1.306(4)
N(2)-C(1) 1.318(4) | N(8)-C(11) 1.312(4)
N(3)-C(1) 1.343(3) | N(9)-C(11) 1.329(3)
N(4)-C(6) 1.309(4) | N(10)-C(16) 1.316(4)
N(5)-C(6) 1.314(4) | N(11)-C(16) 1.305(4)
N(6)-C(6) 1.346(3) | N(12)-C(16) 1.323(3)
N(1)-C(1)-N(2) 134.5(3) N(4)-C(6)-N(5) 134.6(3)

N(1)-C(1)-N(3) 113.6(3) N(4)-C(6)-N(6) 113.1(3)
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N(2)-C(1)-N(3) 111.9(2) N(5)-C(6)-N(6) 112.1(2)
N(7)-C(11)-N(8) 134.8(3) N(11)-C(16)-N(10) 135.3(3)
N(7)-C(11)-N(9) 112.5(2) N(11)-C(16)-N(12) 112.3(2)
N(8)-C(11)-N(9) 112.7(2) N(10)-C(16)-N(12) 112.3(2)
C(16)-N(11)-C(20) 109.5(2) C(1)-N(3)-C(4) 108.1(2)
C(16)-N(12)-C(19) 111.7(2) C(1)-N(3)-C(3) 107.7(3)
C(16)-N(12)-C(18) 111.0(2) C(4)-N(3)-C(3) 130.5(3)
C(16)-N(10)-C(17) 109.6(2) C(6)-N(4)-C(7) 108.4(2)

In the solid-state, formation of a salt containing bridging guanidinium cations was confirmed,
two hydrogen bonds are formed to different halide anions affording extended structures. It
could not have been predicted, however, that polymeric chains from cations 1 and 2 and
tetrameric units from cations 3 and 4 would form within the same crystal structure.

In the hydrogen-bonded polymers formed by cations 1 and 2 two-dimensional chains linked
by two-chloride bridges are present (Figure 5). The hydrogen-bonding within the chain unit is

similar to that in the tetramer, with both planar and non-planar portions.
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Figure 4: The tetrameric unit of cations 3 and 4 in the crystal structure of [H,tbo]CI (1).

The tetrameric units are composed of pairs of cations and anions related by a centre of
inversion (Figure 4). Chloride CI3 is involved with hydrogen bonding to three NH atoms in a
distorted planar arrangement. Chloride CI3 is located 0.14 A out of the plane defined by the
CN3 atoms of the two cation 3 units, giving a roughly planar central core, whereas cation 4 is

twisted such that the CI4 anions lie 1.57 A out of this approximate plane.
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Figure 5: The chains unit of cations 1 and 2 in the crystal structure of [H,tbo]Cl (1).

The polymeric chains of cations and anions in the crystal structure of [H,tbo][CI] show
formation of an “upper deck “ and a “lower deck” (Figure 6). The upper deck is formed of
([H2tbo]---Cl---[H,thbo])" units and is generated by CI1 being coplanar with the CN3 cores of
the two cations to which it is bonded (deviation= 0.03 A). Chloride CI2 is located 1.44 A
away from this plane, relating to another similar unit that forms the lower deck (distance of

1.46 A).
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Figure 6: The polymeric chains of cations and anions in the crystal structure of [H,tbo][Cl]

(1).

2.4 Discussion: Solution-State structure

In solution, the *H and **C NMR spectra of the neutral guanidine Htbo are consistent with C,-
symmetry; half the number of resonances are displayed as predicted for a structure in which
the two rings are inequivalent, which would be the case with isolated single and double bonds
to nitrogen. These data suggest a rapid proton exchange between the two nitrogen atoms of
the amidine component or an intermolecular process in which hydrogen transfer is occurring
between more than one guanidine.

The NMR spectra of the protonated guanidinium salts [Hotbo]™ also indicate a symmetric
structure for the bicyclic ring units of the cation, consistent with a fully delocalized structure

(Figure 7a), or a rapid equilibration between the tautomeric structures (Figure 7b, 7c and 7d).
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Figure 7: Resonance structure contributing to the bonding in the guanidinium cation [H,tbo]"

2.4.1 Discussion: Solid-State structure

The salt [hppH2][CI] consists of a monomeric guanidinium cation in which the protonated
imine nitrogen and the secondary amino nitrogen form two NH---X hydrogen-bonds to the
halide counter-ion. A association of the ion-pairs into dimers is observed in which the halide

anions are located above the C1-N3 portion of the [hppH,]" cation (Figure 8).

Figure 8: Association of ion pairs into dimeric units in which the halide anion are located
above C-N
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Examination of the solid-state structures of a range of cationic [hppH,]" salts showed that the
distances of all three C(sp®)-N bonds are in the range 1.323 to 1.344 A, which are
intermediate between those of C(sp?)-N single [1.38 A] and double [1.28 A], bonds.™* In
contrast the hydrochloride salt of [H,tbo][CI] consists of chains of [H,tho]™ and [CI] ions
with longer Cx-N3 bonds and delocalization limited to the amidine component of the

cation.(Figure 9).

@
OB Oy -,
N/ X\N N§C>(\N N/CXQN
| | / \ / \
H H H H H H
[hppH,]* [H,tbo]®

Figure 9: The minor variation for [hppH.]" and [Htbo]"

The molecular structure of [hppH,]* and [Hatbo]" (Figure 9) showed that the carbon-nitrogen
Cx-N3 bond length in the first compound is shorter’? than that in [H.tbo]* (Table 1)
reflecting a large resonance contribution from d (Figure 10) which locates significant positive

charge in this region of the cation.
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Figure 10: The resonance structures for the guanidinium cation, [hppH,] *

2.5 Summary

The crystal structure of the cationic {5,5} bicyclic guanidine system was unusual in that it
contained both polymeric and tetrameric sequences. Data analysis showed that two
components play important roles in determining the long range order. These components are:
the angle between the two hydrogen bonds and the deviation of the anion from the planar
CNj3- portion of the cation. Reducing of the size of the fused rings in bicyclic guanidines
promotes formation of extended hydrogen bonded chains in the solid-state upon conversion
to the corresponding hydrochloride salts. During this study, a detailed analysis of the bond
parameters within the cations has indicated that m-bonding is more effectively distributed
throughout the CNs-core of the [hppH.]" cation, whilst the retention of electron density is

indicated at the tertiary nitrogen atom of the [Htbo]™ cation.
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Chapter 3: Evaluation of the coordination chemistry of the bicyclic

guanidinate derived from 1,4,6-triazabicyclo[3.3.0]oct-4-ene.

3.1 Introduction

Bicyclic guanidines that contain fused {5:5}-, {5:6}-* and {7:5}-, {7:6}-% ring systems have
recently been reported by Cotton and co-workers, and the family of {6:6}-, bicyclic
guanidines has been expanded by the introduction of alkyl substituents to the carbon
skeleton.® So far, efforts have focused on application of these ligand precursors in the
synthesis of new paddle-wheel complexes, although a recent study has been presented in
which the anion derived from 1,4,6-triazabicyclo[3.3.0]oct-4-ene (Htbo) was employed as a
ligand in gold (1) chemistry.” In general our group is interested in the application of these
compounds as ligands in coordination chemistry.” In this chapter the [tbo]” anion (Figure 1) is
assessed as a ligand at Li, Al and Zn centres allowing direct structural comparison to be made

with their [hpp] analogues.

N
Ay

[tbo]

Figure 1: Anion derived from 1,4,6-triazabicyclo[3.3.0]oct-4-ene (Htbo)
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The Htbo ligand was prepared according to published procedures from the reaction of

diethylenetriamine with carbon disulfide, in refluxing p-xylene solvent (Scheme 1).°

N cs, S E®
2
HNT T N, ——— TN NH,
J H H
©
H,S
N/\/NHz

N -H,S
Cry e G,
H

(A-H)

Scheme 1: Synthesis of Htbo highlighting the intermediate 1-(2-aminoethyl)-2-
imidazolidinethione (A-H)

3.2 Reaction of Htbo with "BuLi

The most common procedure for attaching a guanidinate anion to a metal is via salt
metathesis between a metal halide and the corresponding lithium (guanidinate). Typically,
this method does not involve isolation of the lithium species, which is produced and reacted
in situ by adding an alkyl lithium reagent to a neutral guanidine in a donor solvent. However,
examining the bonding of the [tbo]  anion using X-ray crystallography is one of main

interests in this chapter, and so attempts were made to isolate Li(tbo) species.
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3.2.1 General procedure

A general procedure for the reaction of Htbo with "BuLi has been used based on the
published procedure of the generation of “Li(hpp)”.”® A sample of the neutral guanidine,
Htbo, was dissolved in Et,0 or THF and cooled to =78 °C. "BuLi (1.0 equivalent) was added
via syringe and the reaction warmed up to room temperature. The solution was filtered to

remove any particulate material and crystal growth was attempted under various conditions.

3.2.2 Isolation of [Liy(tbo)(A)(Htbo)] (2)

The first attempted synthesis of Li(tbo) involved the lithiation of Htbo in THF at —78 °C,
warming to room temperature and after filtering, a small quantity of crystals (2) suitable for
X-ray analysis were isolated. Due to the low yield no further analysis was obtained on this
product. However, the structure is worth describing as it highlights several key features of the

chemistry of Htbo.

The molecular structure of (2) (Figure 2) corresponds to the formula [Li,(tbo)(A)(Htbo)],
indicating that the batch of Htbo used in this reaction was contaminated with the intermediate
monocyclo compound 1-(2-aminoethyl)-2-imidazolidinethione (A-H) Scheme 1, which

apparently co-sublimes with the guanidine.
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Figure 2: Molecular structure of [Lix(tbo)(A)(Htbo)]2([2]2), with thermal ellipsoids drawn at
the 30% level. Hydrogen atoms, except NH of Htbo and NH, of [A] , are omitted

As expected, 1-(2-aminoethyl)-2-imidazolidinethione) also reacted with "BuLi to produce the

corresponding imidazolinethionate anion, and the product was shown to contain a 1:1 ratio of

both the [tbo] and [A] ~anions with one equivalent of neutral Htbo.
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Table 1 Selected bond lengths (A) and bond Angles (°) for Lix(tbo)(A)(Htbo)

Li(1)-N(4)
Li(1)-N(1)
Li(1)-NQ)’
Li(1)-N(7)
Li(2)-N(©9)”
Li(2)-N(1)
Li(2)-N(2)

N(9)-Li(2)”

Bond Angles (°) for Li,(tbo)(A)(Htbo)

C(6)-N(4)-Li(1)
C(7)-N(4)-Li(1)
C(6)-N(5)-C(10)
C(6)-N(6)-C(9)
C(6)-N(6)-C(8)
C(9)-N(6)-C(8)
C(13)-N(7)-C(11)
C(13)-N(7)-Li(1)
C(11)-N(7)-Li(1)
C(13)-N(7)-Li(2)
C(11)-N(7)-Li(2)
Li(1)-N(7)-Li(2)

"-xX+1, -y+l, -z+1

2.040(3)
2.050(3)
2.054(3)
2.101(3)
2.068(4)
2.099(4)
2.103(4)

2.068(4)

119.81(16)
130.57(16)
108.21(18)
107.99(17)
104.90(16)
128.51(18)
106.97(15)
132.76(15)
102.66(14)
105.25(14)
125.82(15)

85.19(13)

Li(2)-N(7)
S-C(13)
N(1)-C(1)
N(1)-C(2)
N(1)-Li(2)
N(2)-C(1)
N(2)-C(5)

N(2)-Li(1)’

N(4)-Li(1)-N(1)
N(4)-Li(1)-N(2)’
N(1)-Li(1)-N(2)’
N(4)-Li(1)-N(7)
N(1)-Li(1)-N(7)

N(2)-Li(1)-N(7)

N(9)™-Li(2)-N(1Y’

N(9)"-Li(2)-N(2)
N(1)-Li(2)-N(2)
N(9)"-Li(2)-N(7)
N(1)-Li(2)-N(7)
N(2)-Li(2)-N(7)

"-x+1, -y, -z+1

2.121(3)
1.7217(18)
1.323(2)
1.483(2)
2.099(4)
1.330(2)
1.485(2)

2.054(3)

113.33(16)
117.95(15)
102.07(14)
103.34(14)
116.98(15)
103.39(14)
106.54(16)
114.31(16)

98.83(14)
105.91(15)
103.50(14)

125.43(16)
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The molecular structure of 2 is composed of [Liy(tbo)(A)(Htbo)], dimers that are formed
through the generation of two Li,N, units that form a pseudo-cubic central core (Figure 2).
The [tbo] anion bonds to four lithium atoms in a similar facz-capping coordination ( x**N-
K>*N’) to that observed in [hpp]~ supported cubic-based frameworks of lithium atoms.”®
Anion (A) bonds to two lithium atoms through the deprotonated N-atom of the
imidazolidinethione ring (N7), and the neutral Htbo bonds to a single lithium through the
imine group (N4). Additional interactions in the dimeric structure of 2 include [NH5x--S]
hydrogen bonds to sulphur that distort the tetrahedral geometry of (Lil) (e.g. N4-Li-
N7=103.34(14)°). Finally [2], units are bonded into a one dimensional chain via macrocyclic
[(C3N2S)CH,CH,NH,Li, structures, with the  Li2—N9* bonds of 2.068(4) A suggesting

strong links (Figure 3).

Figure 3: Chain structure of the [Li,(tbo)(A)(Htbo)]s. ([2]4) with thermal ellipsoids drawn at
the 30% level.
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The carbon-nitrogen bonds within the amidine component of the neutral Htbo are more
localized than in the anion, that is clearly shown by the greater value for Acy (Htbo, 0.058 A;
[tbo]”, 0.007 A). In contrast to the m-delocalization typically observed throughout the CN3
core of the [hpp] anion (Figure 6 Chapter 1), examination of carbon-nitrogen distances
shows that the distance from the central carbon to the non-bonding nitrogen in [tbo] is
relatively long [C1-N3 = 1.407(2) A], resulting in a large A'cy value of 0.081 A. This is
consistent with preservation of electron-density at N3, and is supported by the high degree of
pyramidalization (DP= 29.1%) at this atom. To put these values into context, the
corresponding results for fourteen independent examples of the [hpp] anion with the same
k" 2N->**N‘-bonding mode in lithium clusters gave a range of A’cy from 0.008 A to 0.065 A,

and a maximum DP value of 1.7%."8

3.2.3 Synthesis of Lig(tbo)es(Htbo); (3)

In order to remove the A-H contaminant from the Htbo, a new batch of ligand was made and
the sublimation was performed twice on the product. Using the pure sample of Htbo with (1.0
equivalent) "BuLi and allowing the reaction to stir for 15 h at room temperature, colourless
crystals (3) appropriate for analysis by X-ray diffraction were isolated. Elemental analysis of
the crystalline solid indicated a Li: tbo: tboH ratio of 2:2:1. Spectroscopic analysis of 3 was
not possible due to the low solubility of the product. The structure was shown by X-ray
diffraction to be Lig(tho)s(Htbo)s which shows that the deprotonation is incomplete, affording

mixed guanidinate-guanidine salt (Figure 4).
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Figure 4: Molecular structure of Lig(tbo)s(Htbo)s with thermal ellipsoids drawn at the 30%

level, hydrogen atoms, except NH of Htbo, and ether solvate are omitted (3)

Figure 4 shows the molecular structure of compound 3; Table 2 contains selected bond
lengths and angles. Figure 5 is an additional representation showing that Lil-Li4 are
incorporated in a LisNg-cluster with two «**N—«**N‘-linking guanidinates producing a
common basic structural unit to that in 2. Lithium Li5-Li6 atoms are held in position by
bridging «*N—«N‘-bound [tbo]™ anions at distances of 3.19 A and 3.06 A, resulting a Lil—
Li2-Li5-Li6 plane. The final [tbo] anion terminates this folded ladder arrangement of
lithium atoms being «*N—«’N‘-bound to Li5 and Li6. The three neutral Htbo ligands are

located at Li3 and Li4 with each metal bound by a terminal guanidine and a «**N-bridge.
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These neutral ligands are further secured by hydrogen bonds between the NH and either a
nitrogen from the amidinate component of a bridging [tbo] anion (N7 and N16) or to the

non-bonding nitrogen of a capping ligand (N3).

Table 2 Selected bond lengths (A) and Bond Angles (°) for Lig(tbo)s(Htbo)s,

Li(1)-N(7) 2.010(3) N(4)-C(7) 1.486(2)
Li(1)-N(10) 2.063(4) N(5)-C(6) 1.327(2)
Li(1)-N(1) 2.100(3) N(5)-C(10) 1.479(2)
Li(1)-N(5) 2.122(3) N(6)-C(6) 1.405(2)
Li(1)-C(16) 2.717(4) N(6)-C(9) 1.453(3)
Li(2)-N(10) 2.035(3) N(6)-C(8) 1.455(3)
Li(2)-N(16) 2.036(3) N(7)-C(11) 1.330(2)
Li(2)-N(2) 2.108(3) N(7)-C(12) 1.481(3)
Li(2)-N(4) 2.114(3) N(8)-C(11) 1.312(2)
Li(3)-N(25) 2.020(3) N(8)-C(15) 1.474(3)
Li(3)-N(4) 2.043(3) N(9)-C(11) 1.409(2)
Li(3)-N(19) 2.118(3) N(9)-C(14) 1.445(3)
Li(3)-N(2) 2.183(3) N(9)-C(13) 1.449(3)
Li(3)-C(1) 2.778(3) N(10)-C(16) 1.321(2)
Li(4)-N(22) 2.023(3) N(10)-C(17) 1.479(2)
Li(4)-N(5) 2.042(3) N(11)-C(16) 1.316(2)
Li(4)-N(19) 2.056(3) N(11)-C(20) 1.482(2)
Li(4)-N(1) 2.179(3) N(12)-C(19) 1.379(3)
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Li(5)-N(13)
Li(5)-N(8)
Li(5)-N(11)
Li(5)-C(20)
Li(6)-N(14)
Li(6)-N(17)
Li(6)-N(11)
Li(6)-N(2)
N(1)-C(1)
N(3)-C(1)

N(3)-C(3)

Bond Angles (°) for Lig(tbo)s(Htbo)s.

N(22)-Li(4)-N(19)
N(5)-Li(4)-N(19)
N(22)-Li(4)-N(1)
N(5)-Li(4)-N(1)
N(19)-Li(4)-N(1)
N(13)-Li(5)-N(8)
N(13)-Li(5)-N(11)
N(8)-Li(5)-N(11)
N(13)-Li(5)-C(20)

N(8)-Li(5)-C(20)

1.994(4)
2.002(4)
2.049(4)
2.768(4)
1.971(4)
1.987(4)
2.032(4)
2.624(4)
1.324(2)
1.4102)

1.467(2)

111.17(15)
108.87(14)
121.42(15)
101.77(14)
106.52(14)
119.16(18)
106.48(16)
115.44(17)

89.71(13)

103.69(15)

N(12)-C(18)
N(12)-C(16)
N(13)-C(21)
N(13)-C(22)
C(39)-N(24)
C(39)-C(40)
N(1)-C(2)
N(2)-C(1)
N(2)-C(5)
N(3)-C(4)

N(4)-C(6)

N(7)-Li(1)-N(10)
N(7)-Li(1)-N(1)
N(10)-Li(1)-N(1)
N(7)-Li(1)-N(5)
N(10)-Li(1)-N(5)
N(1)-Li(1)-N(5)
N(7)-Li(1)-C(16)
N(10)-Li(1)-C(16)
N(1)-Li(1)-C(16)

N(5)-Li(1)-C(16)

1.383(3)
1.400(2)
1.321(2)
1.467(2)
1.467(5)
1.513(4)
1.489(2)
1.329(2)
1.492(2)
1.465(2)

1.325(2)

111.21(15)
111.47(15)
115.11(15)
112.55(16)
104.17(14)
101.77(14)
94.09(13)
28.07(7)
104.21(13)

132.19(14)




N(L1)-Li(5)-C(20) 31.57(8) Li(4)-Li(1)-C(16) 149.54(15)

N(14)-Li(6)-N(17) 114.40(18) N(10)-Li(2)-N(16) 113.58(16)

The overall arrangement of lithium atoms in Lig(tbo)s(Htbo); is therefore best described as
two intersecting Lis-planes with a fold angle of 68.81° at Lil and Li2 (Figure 5). This is
somewhat unusual given the propensity for lithium guanidinate species to aggregate into
three dimensional structures,”® although in the majority of these cases an interstitial ion is
present, the structural importance of which is unknown. The guanidinate centred at C1
effectively blocks the lithium atoms wrapping around to form a more compact cluster and,
although long to be considered a ‘true bond’ (N1-Li5 and N2-Li6 distances = 2.76 A and 2.62

A, respectively) there is likely to be an electrostatic interaction between these atoms.

N19

N17
C26 c16

Figure 5: Lig-core arrangement in Lig(tbo)s(Htbo)s
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Result of examining the bonding parameters for the guanidinate component of (3) as shown
in [Table 3] once again note relatively large A'cy values (range 0.079-0.096 A) with
predominantly pyramidal non-bonding nitrogen atoms. The relatively low DP value of 8.3%
for N12 is due to the ligand being effectively sandwiched between two additional
guanidinates, forcing the substituents into the plane of the nitrogen atom. This sterically
induced configuration does not, however, appear to promote delocalization of the lone-pair
into the CN3 core to any great extent, as the A'cy value is unexceptional for this class of

anion.

Table 3 Summary of bonding parameters within the [tbo] and Htbo ligands of
Lie(tbO)e(th0)3

Atoms Bonding type AadA  Ao/A DP

C1N1-3 KA N— 3N~ 0.005 0.084 N3:26.8% [tbo]
C6 N4-6 KGN 3N 0002 0079  N6:25.7% [tho]
C11 N7-9 K'N—®N'- 0.018 0.088 N9: 29.6% [tbo]
C16 N10-12 KGN 3N 0.005 0082  NI12:8.3% [tho]”
C21 N13-15 iK' N—*N-* 0 0.094 N15: 29.3% [tbo]
C26 N16-18 AN= N 0017 0096  N18:30.8% [tho]”
C31 N19-21 k"*N- 0.062 — N20: 20.6% Htbo
C36 N22-24 K'N- 0.066 — — Htbo
C41 N25-27 K'N- 0.049 — N27:24.9% Htbo
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3.3 Synthesis of [Al(tbo)Me,] (4)

The reaction between Htbo and AlMes; was carried out using a similar procedure to that
outlined in section 3.2.3 for the reaction with "BuLi. AlMes; was added dropwise to Htbo in
Et,0 at —78 °C. After warming to room temperature, the solution was stirred for 15 h, filtered
and maintained at room temperature yielding colourless crystals (4) suitable for X-ray
analysis. The crystals analyzed by elemental analysis as the mono-guanidinate complex,
Al(tho)Me, (4). *H and *C NMR spectroscopy showed two resonances for the annular
methylene groups of the guanidinate ligand and a single high field singlet for the AlMe;
groups, [ -0.26 ppm] consistent with a symmetric species in solution. The highest mass peak
in the El-mass spectrum (319 amu), however, corresponded to [Aly(tbo),Me],", formed by

loss of a methyl group from the dimer, [4]..

3.3.2 Crystallographic details and crystal structure of [Al(tbo)Me,], [4]»

X-ray crystallographic analysis confirms that [Al(tbo)Me;], is dimeric in the solid-state

(Figure 6).

59



C13

Figure 6: Molecular structure of [Al(tbo)Me;], [4]. with thermal ellipsoids drawn at the 30%

level.

Table 4 Selected bond lengths (A) and angles (°) for [Al(tbo)Me.]: [4]2

Al(1)-N(1) 1.9026(14) Al(1)-N(4) 1.9143(15)
Al(1)-C(11) 1.9605(17) Al(2)-C(13) 1.9644(17)
Al(1)-C(12) 1.9790(18) Al(2)-C(14) 1.9747(17)
N(1)-C(1) 1.329(2) N(4)-C(6) 1.326(2)
N(2)-C(1) 1.3244(19) N(5)-C(6) 1.326(2)
N(3)-C(1) 1.3837(19) C(6)-N(6) 1.403(2)
AI(2)-N(2) 1.9084(13) Al(2)-N(5) 1.9166(13)
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N(1)-Al(1)-N(4)
N(1)-Al(1)-C(11)
N(4)-Al(1)-C(11)
N(1)-Al(1)-C(12)
N(4)-Al(1)-C(12)
C(11)-Al(1)-C(12)
C(1)-N(1)-C(2)
C(1)-N(1)-Al(1)
C(2)-N(1)-Al(1)
C(1)-N(2)-C(5)
C(1)-N@)-Al(2)
C(5)-N)-Al(2)
C(1)-N(3)-C(4)
C(1)-N(3)-C(3)
C(4)-N(3)-C(3)
N(2)-C(1)-N(1)
N(2)-C(1)-N(3)

N(1)-C(1)-N(3)

108.04(6)
112.88(7)
110.85(7)
104.76(8)
104.92(8)
114.82(9)
105.45(13)
137.08(10)
117.40(10)
105.47(12)
138.42(10)
115.80(10)
106.64(12)
106.34(13)
124.81(13)
132.68(13)
113.70(13)

113.61(13)

N(2)-Al(2)-N(5)
N(2)-Al(2)-C(13)
N(5)-Al(2)-C(13)
N(2)-Al(2)-C(14)
N(5)-Al(2)-C(14)
C(13)-Al(2)-C(14)
C(6)-N(4)-C(7)
C(6)-N(4)-Al(1)
C(7)-N(4)-Al(1)
C(6)-N(5)-C(10)
C(6)-N(5)-Al(2)
C(10)-N(5)-Al(2)
C(6)-N(6)-C(9)
C(6)-N(6)-C(8)
C(9)-N(6)-C(8)
N(5)-C(6)-N(4)
N(5)-C(6)-N(6)

N(4)-C(6)-N(6)

109.86(6)
110.83(7)
113.62(7)
105.10(7)
103.40(7)
113.48(8)
105.44(14)
134.98(11)
117.77(12)
105.27(13)
138.61(11)
116.03(11)
108.09(15)
104.9(2)
128.65(19)
132.83(14)
112.26(15)

114.91(15)
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The guanidinate ligand in [4], bridges two aluminium centers in an analogous k'N—x*N'-
mode to that of the guanidinate in the [hpp]~ compound,’® to generate an eight-membered
metallacycle. In contrast, however, a ‘boat-like’ form is adopted in [4], rather than the less

sterically congested ‘chair’ in [Al(hpp)Me.]. (Figure 7).

Me,Al AlMe, Me Al N
I\l/\l\’f"\y‘N> \\\N ’\{
) N<=N
N~=N LN
N 3
Q/N\/ AlMe,

Figure 7: Boat and chair conformation for [Al(tbo)Me;], [4], and [Al(hpp)Me:],

The boat conformation can not be present as a rigid structure in solution, as only a single
environment is noted for the AlMe, group in *H and **C NMR spectra. The different methyl
environments in the solid-state do not resolve in the *H NMR spectrum upon cooling a
sample (toluene) to —40 °C. Although rupture and reformation of the metallacycle cannot be
ruled out, this fluxional behavior is most likely explained by a rapid chair-to-boat

conformational change (Scheme 2).

62



Me,
| (a) N
Al Al | 3
Me NN'T—
®) N Me(b) Me(b) Al M Q/IN\)
N—" ‘N \\/\N/> _ e(a)\ y \
Na==N NN Al Al
N NI
N
Al/Me(a) Me(b) Me(b)
|
Me(b)
(boat) (chair) (boat)

Scheme 2: A rapid chair and boat conformation exchanging Me(a) and Me(b) positions.

The boat conformation of [4], is similar to that in [AI(N{2-CsHsN}Ph)Me,],*® while
[Al(hpp)Me;]2'° and [Al(MeC{NMe},)Me;],** have a chair conformation. The geometry of
the aluminium atoms is close to tetrahedral with interligand angles in the range 103.40(7) A.-
114.82(9) A. In particular, the C(11)~Al(1)-C(12) angle [114.82(9)°] is significantly larger
than the corresponding angles in [Al(hpp)Me;],, [111.01(1)°] and [Al(MeC{NMe},)Me;],,
[112.5(1)°]. The AI-N distances in [4], (1.9055 A average) are very similar to those in
[Al(hpp)Mez],, [1.916(2) A], [Al(MeC{NMe})Mez], [1.925(2) A] and [AI(N{2-

CsHaN}Ph)Me,], [1.94745(18) A].

As expected, the Acn values for the [tbo] anions are negligible, consistent with
delocalization across the amidinate part. A much greater pyramidalization (DP = 24.7 % for
both N3 and NG6) is noted than for the corresponding non-bonding nitrogen in the [hpp]
analogue (DP = 0 %). The increased electron density at the bonding nitrogen atoms in [hpp]

would be expected to give shorter AI-N distances.”> However this electronic effect is
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compensated for by a reduced steric bulk of the [tbo] ligand, resulting trivial differences in

the average Al-N distances.

3.4 Synthesis of Zns(tbo);Me, (5)

The syntheses of Zns(tbo);Me; (5) was a accomplished via the addition of a solution of
ZnMe; dropwise to Htbo in toluene at —78 °C (1:1) equivalent. After warming to room
temperature, the mixture was stirred at ambient conditions for 18 h, affording a cloudy
solution. Heating to 80 °C and filtering gave a clear solution that was allowed to cool slowly
to room temperature, affording colourless crystals (5) appropriate for analysis by X-ray
diffraction. Elemental analysis revealed a ratio of Zn, tbo and Me, 3:4:2, consistent with
Zn3(tho)sMe; (5). The NMR spectra showed two distinct environments for the guanidinate
ligand most evident from the *C NMR spectrum. Two resonances at & 182.2 and 178.5 were
observed for the CN3 atom, with CH; groups resonating at 6 55.8, 55.7, 50.8 and 48.8. These
data are consistent with two types of symmetrically bound [tho] ligand (a & b, Figure 8)

rather than a single non- symmetrically bound [tbo]" (c, Figure 8).
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N—-B N—A N—B
CN3: 1 CN3: 1 CN3: 1
CHy=2 CH,=2 CH,=4

a b c

Sumofa+b
CN3: 2
CH,=4

Figure 8: Type and number of carbon environments for bridging [tbo]™ ligands

3.4.1 Crystallographic details and crystal structure of Zns(tbo),;Me, (5)

Formation of trimetallic complex, Zns(tbo)sMe; (5) was confirmed by X-ray diffraction
analysis, and shows that the molecular structure of Zns(tbo)sMe; is analogous to that formed
from the reaction between hppH and ZnMe,.** The molecular structure contains a distorted
trigonal planar group of three zinc atoms with two types of symmetrically bridging [tbo]

ligand in agreement with spectroscopic data (Figure 9).
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C10
()

Co

,h
\" c18

Figure 9: Molecular structure of Znz(tbo)sMe, (5) with thermal ellipsoids drawn at the 30%

level. Hydrogen atoms and toluene solvate molecules are omitted

Table 5 Selected bond lengths (A) and angles (°) for Zns(tbo)sMe; (5)

Zn(1)-N(4)
Zn(1)-N(1)
Zn(1)-N(7)
Zn(1)-N(10)
Zn(2)-C(21)

Zn(2)-N(2)

1.956(6)
1.963(6)
2.027(6)
2.056(7)
1.972(8)

2.006(6)

N(1)-C(1)
N(2)-C(1)
N(3)-C(1)
N(4)-C(6)
N(5)-C(6)

N(6)-C(6)

1.336(10)
1.314(10)
1.406(10)
1.324(11)
1.310(12)

1.390(11)
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Zn(2)-N(11)
Zn(2)-N(7)
Zn(3)-C(22)
Zn(3)-N(8)
Zn(3)-N(5)

Zn(3)-N(10)

N(4)-Zn(1)-N(1)
N(4)-Zn(1)-N(7)
N(1)-Zn(1)-N(7)
N(4)-Zn(1)-N(10)
N(1)-Zn(1)-N(10)
N(7)-Zn(1)-N(10)
C(21)-Zn(2)-N(2)
C(21)-Zn(2)-N(11)
N(2)-Zn(2)-N(11)
C(21)-Zn(2)-N(7)
N(2)-Zn(2)-N(7)
N(11)-Zn(2)-N(7)
C(22)-Zn(3)-N(8)
C(22)-Zn(3)-N(5)
N(8)-Zn(3)-N(5)
C(22)-2n(3)-N(10)
N(8)-Zn(3)-N(10)

N(5)-Zn(3)-N(10)

2.019(6)
2.204(6)
1.969(10)
2.009(7)
2.025(8)

2.193(6)

117.6(3)
116.5(3)
102.2(3)
101.6(3)
117.0(3)
101.3(2)
116.4(4)
120.0(4)
103.4(3)
116.9(3)

95.7(2)
100.7(2)
122.2(4)
114.4(4)
104.6(3)
114.7(4)
101.7(2)

95.2(3)

N(7)-C(11)
N(8)-C(11)

N(9)-C(11)

C(1)-N(1)-Zn(1)
C(2)-N(1)-Zn(1)
C(1)-N(2)-Zn(2)
C(5)-N(2)-Zn(2)
C(6)-N(4)-Zn(1)
C(7)-N(4)-Zn(1)
C(6)-N(5)-Zn(3)
C(10)-N(5)-Zn(3)
C(11)-N(7)-C(12)
C(11)-N(7)-Zn(1)
C(12)-N(7)-Zn(1)
C(11)-N(7)-Zn(2)
C(12)-N(7)-Zn(2)
Zn(1)-N(7)-Zn(2)
C(11)-N(8)-Zn(3)
C(15)-N(8)-Zn(3)
C(16)-N(10)-Zn(1)

C(17)-N(10)-Zn(1)

1.381(9)
1.297(10)

1.373(9)

121.9(5)
131.7(5)
129.7(5)
125.6(5)
123.2(6)
129.3(6)
130.3(5)
124.4(7)
104.4(6)
118.7(5)
118.0(5)
107.3(5)
107.1(4)
100.5(2)
125.8(5)
123.8(5)
117.3(5)

118.5(5)
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N(2)-C(L1)-N(1) 132.4(7) C(16)-N(10)-Zn(3) 109.6(5)

N(5)-C(6)-N(4) 131.4(7) C(16)-N(11)-Zn(2) 127.2(5)
N(11)-C(16)-N(10) 129.6(7) C(20)-N(11)-Zn(2) 121.0(5)
Zn(1)-N(10)-Zn(3) 100.3(3)

Each of the zinc centres has a tetrahedral geometry; two of the centres (Zn2 and Zn3)
retain a methyl substituent with the third (Zn1) bound only by nitrogen. The guanidinates
centred about C1 and C6 bridge zinc atom in a "N,k N‘-coordination, the remaining two
anions centered at C11 and C16 are present in a k“N,k *N’-coordination to all three metal
atoms.

From (Figure 10) we can see the inter-metal distance of [hpp] anion is smaller than
the [tbo] analogue. We can explain this difference in simple geometric terms by the fact that
the angle between the outward projecting orbitals is greater for two fused pentagons versus
two hexagons. This is analogous to the wide projection of NH---Cl hydrogen bonds for

[H.tbo]™ noted in the previous chapter.

Iy (1)
| l

N~—~"N
/ \
n------- Zn Zn---Zn
a b
3.254 A 2.888 A
3.264 A 2.893 A

Figure 10: Crystallographically determined zinc---zinc distances for Znz(L);Me; (a) L =

[tbo] , (b) L =[hpp]
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Significant differences are noted in the structural patterns between (5) and the products

obtained with acyclic guanidines (Scheme 3).%°

ZnL2

(Megsi)ch\iN v ZnMe,
|

iPr

i|Pr
N—H
Me—

AN + ZnMe,

|

iPr

[Zn(L)Me],

Scheme 3: Synthesis of zinc guanidinate complexes

According to these previous observations the 1:1 reaction between Htbo and ZnMe; should
yield [Zn(tbo),] or [Zn(tbo)Me],. Compound 5 may be considered as combination of their
two predicted structures consisting of Zn(L),+ 2 Zn(L)Me (= Zns(L)4Mey).

Although the mechanism of the formation of 5 has not been studied in detail, it represent a
stable core structure, and has also observed for the product of the reaction between ZnMe,

and (p-tol)NH(2-C¢HsN).*
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3.6 Conclusions

Deprotation of Htbo with "BuLi generated the guanidinate anion, [tbo]” which is an effective
ligand at lithium, aluminium and zinc centres, with bridging between metals a preferred
coordination mode in each case. Using the same conditions used for hppH, which affords
[Li(hpp)] the corresponding reaction with Htbo does not appear to go to completion under
mild reaction conditions, and formation of the mixed guanidinate:guanidine complex (3)
Lig(tbo)s(Htbo)s resulted. Examination of the structural parameters of the [tbo] guanidinate
in the metal complexes reported in this study clearly demonstrates retention of electron
density at the non-bonding nitrogen atom, as shown by the large degree of pyramidalization
at the non-bonded nitrogen. Other structural differences are also noted between the
compounds formed with [tbo] and their [hpp] analogues. The metallacycle in the dimeric
aluminium compound [Al(tbo)Me,], [4],, forms a “boat” in the solid-state meaning there are
differences in energy arising from crystal packing forces, as spectroscopic measurements
indicate that this spatial arrangement is not maintained in solution. With the trimetallic zinc
complex Zns(tbo)sMe,, (5) the significant increase in the inter-metallic Zn---Zn distance
compared with Znz(hpp)sMe; is attributed to a wider projection of donor orbitals. This will be
very important in the further development of coordination compounds incorporating to [tbo]

anion.
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Chapter 4: Linked bis(guanidine) compounds and their application as

bidentate ligands
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4.1 Synthesis of H,C{tbo}, (6)

In an analogous procedure to that used for the synthesis of H,C{hpp}," deprotonation of Htbo
with one equivalent of NaH in the presence of 0.5 equivalent of CH,CI; gives the methylene

linked bis compound H,C{tbo}, 6 (Scheme 1).

(0>

N NaH, 0.5 CH2C|2 N N
Q” H,C!
NT N THF, RT, 24 h N
: Cn
N
Htbo H,C{tho},

Scheme 1: Synthesis of methylene linked bis guanidine H,C{tbo}, (6)

'H NMR spectroscopy data showed four resonances for the annular methylene protons, and a
single resonance for H,C{tbo}, at 4.76 ppm (Figure 1). These data indicate that the
methylene groups within “tbo” are inequivalent, consistent with a static structure in solution.
Furthermore mass spectrometry [EI]* analysis showed a fragment at 234 [m/z] for H,C{tbo},.
Elemental analysis revealed a ratio of N, H and C consistent with H,C{tbo},. Crystals

suitable for an X-ray study were isolated by crystallization from Et,O at —30 °C. (Figure 2).
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Figure 1: *H NMR spectrum of H,C{tbo}, (6) (400 MHz, ds-benzene, 303K)

4.1.1 Crystallographic details and crystal structure of H,C{tbo}, (6)

Single crystal X-ray diffraction has been used to determine the molecular structure of
H,C{tbo}, allowing comparison with the H,C{hpp}, analogue.! The H,C{hpp}, molecule lies

on a crystallographic 2-fold rotation axis through the bridging methylene.

Crystallographically, the two guanidyl fragments in 6 are however distinct, with carbon-
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nitrogen bond lengths consistent with isolated C—N single and C=N double bonds (Acn range:
0.07 A-0.10 A).! The distance from the central carbon to the non-bonding nitrogen is
relatively long [1.3881(19) A] and [1.387(2) A], resulting in large A'cy values of 0.0815 A
and 0.022 A. This observation is consistent with retention of electron-density at the non-

bonding nitrogen atoms.

Figure 2: ORTEP representation of the structure of H,C{tbo}, with thermal ellipsoids drawn
at the 30% level.
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Figure 3: Conformation of H,C {tbo}, to prevent steric interference of the N imine IONe pairs

In order to act as a chelating ligand both nitrogen lone pairs must point in the same direction
(Figure 3a) In the absence of the metal, however, the guanidine groups point in opposing
directions about the CH, bridgehead (Figure 3b). This is also noted in H,C{hpp}. to

minimize the interaction between the lone-pairs in the N jmine atoms.

4.2 Generation of H,C{tbo},-H,O (6)

On one occasion, crystallization of 6 gave needle-like crystals in contrast to the usual prisms.
X-ray molecular structure of the needles showed that the linked guanidine was bonded to one
molecule of H,O from N5 giving H,C{tbo},-H,O (6°) (Figure 4). Analysis of the bond
lengths and angles show that these have been not affected compared with 6 (Table 1). In 6,
the H,C{tbo}, molecules are linked into chains by the hydrogen-bonded water molecules

with typical N---H distances 2.94 A and 2.91 A. (Figure 5).
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Figure 4: ORTEP representation of the structure of H,C{tbo},-H,O (6") with thermal
ellipsoids drawn at the 30% level.

Figure 5: Hydrogen bonded chains of H,C{tbo},-H,0 (6°)
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In contrast to the hpp derivative, H,C{tbo}, was stable towards water demonstrated by the
structural characterization of the mono-hydrate H,C{tbo},H,O containing the intact

H,C{tbo}, unit.
Table 1 Selected bond lengths (A) and angles (°) for H,C{tbo}, (6)

Table 1 Selected bond lengths (A) and angles (°) for H,C{tbo}, (6) and H,C{tbo},-H,0 (6")

H,C{tbo} (6) H,C{tbo},-H,0 (6")
C1-N1 1.3676(19) 1.362(3)
C1-N2 1.2861(19) 1.287(2)
C1-N3 1.3881(19) 1.389(3)
C7-N4 1.3604(18) 1.380(3)
C7-N5 1.290(2) 1.284(2)
C7-N6 1.387(2) 1.378(3)
C6-N1 1.4343(19) 1.448(3)
C6-N4 1.4499(19) 1.446(3)
N1-C1-N2 131.79(14) 132.45(19)
N1-C1-N3 109.39(13) 109.13(16)
N2-C1-N3 118.62(13) 118.30(18)
C1-N3-C3 107.42(12) 107.09(15)
C1-N3-C4 103.32(11) 103.53(15)
C3-N3-C4 125.03(13 124.38(17)
N4-C7-N5 131.72(14) 131.62(19)
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N4-C7-N6 109.35(13) 109.94(16)
N5-C7-N6 118.83(13) 118.33(18)
C7-N6-C9 107.92(12) 108.13(15)
C7-N6-C10 103.67(13) 105.08(16)
C9-N6-C10 127.28(13) 127.01(17)

4.3 Synthesis of [Pd (H,C{tbo},).] [CI], (7)

Palladium metal and the H,C{tbo}, ligand were chosen because the structure of the
corresponding H,C{hpp}, complex is known, allowing comparisons of the chemistry to be
drawn.? The reaction of H,C{tbo}, with PdCI,(COD) in DCM was therefore performed

(Scheme 2).

2+
10 NSy |
H/,/C/N N Pd(COD)Cl, H,‘C/N N_ d/N/l\!\I/H oc
v v P -
H \N?N DCM, EL,0, rt H \N?N/ S o

Scheme 2: Synthesis of [Pd (H,C{tbo},).] [Cl] 7
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An orange powder formed on mixing the two reagents that was purified through layering a
saturated dichloromethane solution with Et,O at room temperature. The result was formation
of red prismatic crystals. In contrast to the analogous H,C{hpp}- reaction, which afforded the
mono-ligand compound PdCl,(H.C{hpp}.),? elemental analysis of these crystals was
consistent with the bis-ligand complex. The reaction was therefore repeated with 2
equivalents of H,C{tho},, forming the same product in greater yield. The low solubility of
the isolated product, initially hampered acquision of NMR data. Finally, NMR data were
obtained in D,0, showing the protons of the bridging CH; split as an AB pattern at [0 7.06

and 4.73 ppm; 2Jun = 16.0 Hz], indicative of ligand coordination.

4.3.1 Crystallographic details and crystal structure of [Pd

(H2C{tbo},).][Cl]. (7)

X-ray diffraction studies showed that the molecular structure of 7 consists of the ionized
product [Pd(H,C{tbo}.).][Cl]. (Figure 6) with 6 molecules of dichloromethane solvent

included in the lattice.
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CH

Figure 6 : ORTEP representation of the structure of [Pd (H,C{tbo},).][CI], 7 with thermal
ellipsoids drawn at the 30% level.(' -x+1/2,-y+1/2,-z+1 " -x+1,y,-2+3/2)

In the structure of 7, the doubly charged palladium centre is chelated to each of the bis-
guanidyl ligands, with the chloride counter ions hydrogen bonded to dichloromethane solvate
molecules (Figure 7a & b). The resulting metal geometry is square planar, in which palladium
sits at an inversion centre with a range of bond angles 87.55(14)° - 92.45(14)°, and the two
metallacycles project above and below the plane of PdN, (Figure 7a). The Pd—N distances in
either neutral or cationic palladium complexes of H,C{hpp}, are shorter than those in 7
[2.011(3) A and 2.014(3) A] (Table 2)*, despite the formally doubly charged metal centre.
Within the guanidyl groups, bond lengths and angles are consistent with retention of electron

density at the tertiary amino nitrogens. This is supported by the DP% values [N3 = 23.9%;
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N6 = 23.4%], which are much greater than those of the remaining nitrogen atoms [less than

2.5%)].

Table 2 Selected bond lengths (A) and angles (°) for [Pd (H.C{tbo},),][CI]. (7)

Pd(1)-N(1) 2.011(3) C(1)-N@) 1.363(10)
Pd(1)-N(5) 2.014(3) N(5)-C(6) 1.294(5)
N(1)-C(1) 1.302(5) N(6)-C(6) 1.371(5)
N(2)-C(1) 1.336(6) N(4)-C(6) 1.340(5)
N(1)-Pd(1)-N(1)" 180.000(1) N(1)-Pd(1)-N(5) 92.45(14)
N(1)-Pd(1)-N(5)’ 87.55(14) N(1)-Pd(1)-N(5) 87.55(14)
N(1)-Pd(1)-N(5) 92.45(14) N(5)-Pd(1)-N(5) 180.00(9)
C(1)-N(1)-Pd(1) 130.3(3) N(5)-C(6)-N(4) 133.1(4)
C(2)-N(1)-Pd(1) 123.6(3) N(5)-C(6)-N(6) 115.5(4)
C(6)-N(5)-Pd(1) 130.3(3) N(2)-C(11)-N(4) 114.8(4)
C(7)-N(5)-Pd(1) 123.9(3) N(1)-C(1)-N(2) 133.5(4)

82



Figure 7a: Thermal ellipsoid plot (30%) of [Pd (H.C{tho}.).] [Cl]. 7 Hydrogens except

those of the bridging methylene group and dichloromethane solvates omitted.

Figure 7b: Thermal ellipsoid plot (30%) of a portion of the crystal structure of 7, showing
hydrogen bonding of dichloromethane solvate molecules.
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4.4 Synthesis of (MesSi)HC{hpp}. (8)

The modification of H,C{hpp}. by substitution on the central carbon atom was investigated.
The H,C{hpp}, was reacted with "BuLi, at -78 °C, with a colour change from yellow to dark
red observed immediately on addition of the "BuLi. All attempts to isolate the presumed
carbanionic intermediate failed, so the reaction was quenched at -78°C using Me;SiCl

(Scheme 3).

(\)N\\/j (\)N\\/Nj Me\Si/Me(l\l\N\/,\lj

H N N t-BuLi Li\C/N

- H \N N ] y NN
&N &?\I/J N

Scheme 3: Proposed synthesis of (Me3;Si)HC{hpp}-

Clear, colourless crystals of 8 were obtained in a good yield from toluene at -30 °C. *H NMR
spectroscopy showed six resonances for the annular methylene groups of the guanidine
component and a single high field singlet for the SiMes groups, [6 0.25 ppm] consistent with

a symmetric species in solution. The highest mass peak in the EI-mass spectrum is 362 amu.
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4.5.2 Crystallographic details and crystal structure of (Me;Si)HC{hpp}. (8)

The solid-state structure was solved by X-ray diffraction analysis for (8) of crystals grown
from toluene -30 °C. A summary of bond lengths (A) and angles (°) is shown in Table 4. The
gross structural features of the compound consist of distorted tetrahedral Si atom bound by
three methyl groups and the bridgehead carbon atom, with angles in the range of 98.39(6)°-

120.39(6)° (Figure 8).

Figure 8: ORTEP representation of the structure of (Me3;Si)HC{hpp}. (8) with thermal

ellipsoids drawn at the 30% level
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Table 3:- Bond length (A) and angles (°) for (MesSi)HC{hpp}. (8)

Si-C(17)
Si-C(16)
Si-C(18)
Si-C(8)
N(2)-C(1)
N(3)-C(1)
N(3)-C(4)
N(3)-C(5)

N(5)-C(9)

C(17)-Si-C(16)
C(17)-Si-C(18)
C(16)-Si-C(18)
C(17)-Si-C(8)
C(16)-Si-C(8)
C(18)-Si-C(8)
C(1)-N(2)-C(7)
C(1)-N(2)-C(8)
C(7)-N(2)-C(8)

C(1)-N(3)-C(4)

1.8695(13)
1.8744(14)
1.9021(15)
1.9076(11)
1.3922(14)
1.3814(15)
1.435(12)

1.4491(19)

1.3797(15)

114.75(7)
102.89(7)
101.56(8)
114.39(6)
120.39(6)

98.32(6)
121.05(9)
119.31(9)
117.24(9)

117.8(4)

N(5)-C(15)
N(6)-C(9)
C(1)-N(1)
N(1)-C(2)
N(2)-C(7)
N(2)-C(8)
N(4)-C(9)
N(4)-C(10)

N(5)-C(8)

N(1)-C(1)-N(2)
N(3)-C(1)-N(2)
N(3)-C(5)-C(6)
N(5)-C(8)-N(2)
N(5)-C(8)-Si

N(2)-C(8)-Si

N(4)-C(9)-N(6)
N(4)-C(9)-N(5)
N(6)-C(9)-N(5)

C(1)-N(1)-C(2)

1.474(5)
1.3762(16)
1.305(7)
1.472(6)
1.4553(15)
1.4745(13)
1.2892(16)
1.4608(16)

1.4603(14)

117.3(3)
115.56(11)
111.98(11)
112.23(9)
119.23(7)
109.56(7)
125.82(11)
116.96(11)
117.09(10)

116.8(5)
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C(1)-N(3)-C(5) 124.58(11) C(8)-N(5)-C(15) 113.04(17)

C(4)-N(3)-C(5) 115.5(4) C(9)-N(6)-C(12) 118.41(11)
C(9)-N(4)-C(10) 119.09(12) C(9)-N(6)-C(13) 121.1(2)
C(9)-N(5)-C(8) 119.57(9) C(12)-N(6)-C(13) 117.3(2)
C(9)-N(5)-C(15) 122.90(19) N(1)-C(1)-N(3) 126.7(3)

The hpp-groups of (MesSi)HC{hpp}. are oriented as noted previously in H,C{hpp}," (Figure
3a), to minimize the interaction between the lone-pairs in the Nimine atoms. The bridging
carbon is approximately tetrahedral with N5-C8-N2 angle of 112.23(9). The N1-C1 [1.305(7)
A] and N2-C1 [1.3922(14) A] bond lengths within the guanidine core are consistent with

localised C-N and C=N.

4.6 Summary

To allow comparison with the chemistry of H,C{hpp}., the {5,5}-derivative H,C{tbo}, was
synthesized. H,C{hpp}. decomposes in moist air in contrast to H,C{tbo} that crystallized as
mono-hydrate (6°). H,C{hpp}., bis-guanidine compound acts as an N,N’-chelating ligand at
square planar Pd(Il) centers, and forms the simple adduct PdCl,(H.C{hpp}.); the dication
[Pd(H.C{tbo},),][Cl]., was formed from the coordination of H,C{tbo},. It is not clear why
H,C{hpp}. generates the simple adduct with PdCl, whereas H,C{tbo}, forms the dication.
The differences in the reactivity of the two bicyclic guanidyl systems, however, encourage us
to continue exploring this area, in an attempt to gain better understanding of the factors

controlling the chemistry.
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Chapter 5: Synthesis of pentacoordinate hpp-silicon compounds.

88



5.1. Introduction of hpp-Si Chemistry.

In 1993, Kummer et al. reported the formation of hppSiMes via the reaction of "BuLi with
hppH, followed by the addition of CISiMe; (Scheme 1).! The yield of the reaction was 75%.
Previous work in the Coles group produced the same product with higher yield (90%) using

alternative conditions (THF solvent, 15h reflux).?

CN/j _"Buli N CISiMes (\N/j ,
)\\ Benzene, 2 h 1t )\ m )\\ + LiCl
| N N’c N reflux ’}l N
H ® SiMe;
[Li(solvent),]

Yield: 75%

Scheme 1: Synthesis of hppSiMe; via the route reported by Kummer et al.

In 2004 the synthesis of poly(hpp) alkyl or aryl-silanes was reported using a common
protocol to that reported for the synthesis of the monosubstituted compound hppSiMes;. A
series of bis- and tris-(hpp)silanes were isolated and coordinated to CuCl giving proof that the

N-Si bond was stable with a metal coordination (Scheme 2).2

(\N/j "BuLi N 14 Clg.nSIRp (\ Nﬁ
—_— . + LicCl
)\\ THF, 1 hrt )\\ THF, 15 h, )\\ iIC
N'e" N

NN 0°C -t 0°C -t

®[Li(THF)X] SiR,



Scheme 2: Synthesis of poly(hpp)alkyl-or aryl-silanes

In 2006, Andell et al. synthesised and structurally characterized examples of 5-coordinate
hpp-silicon species (hpp)SiR2Cl (A) (R.Cl= Ph,Cl, [cyclo-(CH,).]Cl) (Scheme 3).*
In this chapter, we present five examples of pentacoordinated silicon species that have been

synthesised via the reaction of [hpp] and R,SiCl, (R=Ph, Me ) (Scheme 4).

QO

Ph28|CI2 AN

Benzyl / i &YJ

) 9
H @
K

—Si
Cl N
N N

(A

1,1 di chlorosilotane

Scheme 3: Synthesis of (hpp)SiPh,Cl, reported by Andell et al.
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Scheme 4: Synthesis of (hpp)SiCls(9), (hpp)SiPh,CI (A), (hpp)SiPhs (10), (hpp)SiMeCl,

(11), and (hpp)Si(OAr)Ph, (12)

5.2. Synthesis of (hpp)SiPh,Cls., (n=2, 3)

5.2.1. Synthesis of (hpp)SiCl; (9)

The compound (hpp)SiCls (9) was synthesised according to Scheme 4. The compound was
prepared in THF, and recrystallisaton from toluene at -30 °C to give colourless crystals in
91% vyield. The *H NMR spectroscopy showed three resonances for the annular methylene
protons which indicate a symmetrically bound guanidinate. *°Si NMR showed a singlet at
(CsDs, 0) —103.7 ppm, which is at higher field than the compound of Andell (A = § -77.3)

reflecting the presence of three chloride ligands. Elemental analysis showed a ratio of C, H
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and N consistent with (hpp)SiCls, and mass spectrometry [EI]" analysis showed a fragment at
272 [m/z] for [(hpp)SiCls]™.
5.2.2. Crystallographic details and crystal structure of (hpp)SiCl;(9)

A summary of bond length (A) and angles (°) of 9 is shown in Table 1.

Table 1:- Bond length (A) and angles (°) for (hpp)SiCls (9)

CI(1)-Si 2.1656(11) Si-N(2) 1.858(3)
CI(2)-Si 2.0753(12) N(3)-C(1) 1.301(4)
CI(3)-Si 2.0872(11) N(1)-C(1) 1.365(4)
Si-N(1) 1.779(3) N(2)-C(1) 1.331(4)
C(1)-N(2)-Si 90.59(19) N(1)-Si-N(2) 71.67(12)
C(7)-N(2)-Si 147.1(2) N(1)-Si-CI(2) 117.14(10)
N(3)-C(1)-N(2) 128.4(3) N(2)-Si-CI(2) 97.81(10)
N(3)-C(1)-N(1) 127.1(3) N(1)-Si-CI(3) 133.48(10)
N(2)-C(1)-N(1) 104.4(3) N(2)-Si-CI(3) 93.22(10)
CI(2)-Si-C(1) 113.54(8) CI(2)-Si-CI(3) 108.22(5)
CI(3)-Si-C(1) 115.13(9) N(1)-Si-CI(1) 91.45(9)
CI(1)-Si-C(1) 127.00(9) N(2)-Si-Cl(1) 161.62(10)
C(1)-N(1)-Si 92.92(19) CI(2)-Si-CI(1) 96.38(5)
CI(3)-Si-CI(1) 93.39(5)
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Figure 1: ORTEP representation of the structure of (hpp)SiCls (9) with thermal ellipsoids
drawn at the 30% level.

The geometry about the silicon atom in compound 9 is trigonal bipyramidal (Figure 1). The
axial positions are occupied by the nitrogen (N2) and the chloride (CI1) atoms, with the N2-
Si-CI1 angle 161.62(10)°. The remaining two chlorides CI2 and CI3 and N1 form the
equatorial plane of the trigonal bipyramid silicon. Distortion from trigonal bipyrimidal
geometry can be described as the distance of the central atom from the plane of the equatorial
substituents. In 9 this distance is 0.12 A towards the side of N2. The Si-N(2) bond [1.858(3)

A] is significantly larger than Si-N(1) [1.779(3) A] reflecting the axial vs. equatorial
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positions about the central silicon. Within the guanidine this is seen as a shorter C(1)-N(2)
and C(1)-N(1) 1.331(4) A and 1.365(4) A respectively, previously assigned in amidinate
chemistry to larger contributions from resonance B (Figure 2). In the case of [hpp]™ however,
the remaining C-N bond is also short (C1-N3= 1.301(4) A) indicating resonance form C also

plays an important part in hpp-Si bonding in (9).

_ N,
e scl
C
Cl Cl Cl ¢
A B C

Figure 2: The bonding resonance structure for (hpp)SiCls

The axial Si—Cl and the Si—N bonds (2.1656(11) A and 1.858(3) A) in the crystal structure of
(hpp)SiCls (9) are shorter than the corresponding axial Si-Cl (2.240(2) A and Si-N bonds
1.978(4) A) in (hpp)SiPh,Cl (A) as well as C1-N3 bonds for (A) and (9) in the short range
(1.312 and 1.301(4) A) respectively which corresponds approximately to the result of the

difference among the substituted groups (Figure 3).*
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(hpp)SiPh,Cl(A) (hpp)SiCl; (9)

Figure 3: Selected bond lengths (A) of (hpp)SiCls; (9) and pentacoordinated silicon

(hpp)SiPh.CI (A)

The first attempt at derivitizing (9) was the substitution of a chloride using (LIOAr) where Ar
= 2,6-'Bu,CgHs. Unfortunately this attempt did not lead to the expected result; no pure

compound was isolated.

5.3. Synthesis of (hpp)SiPhs (10) and (hpp)SiMeCl, (11)

We have prepared (hpp)SiPhsz (10) and (hpp)SiMeCl, (11) using the same protocol as that
used for the preparation of (9) (see section 5.2.1). During the reactions the colour changed
from colourless to light yellow. The LiCl side product was filtered off and washed with Et,0.
The solvent was removed and dried under vacuum to afford a white solid (Scheme 4).
Analytically pure samples of (hpp)SiPh; and (hpp)SiMeCl, were isolated as white powders

from toluene at -30°C and were sensitive towards H,0. A singlet was observed by **Si NMR
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for (hpp)SiPhz and (hpp)SiMeCl, at 6 -18.2 and -73.2, respectively, reflecting the reduced
number of chloride ligands. *H NMR spectroscopy showed three resonances for the annular
methylene protons which again indicate a symmetrically bound guanidinate. Elemental
analysis revealed a ratio of C, H and N consistent with both (10) and (11). Furthermore mass
spectrometry [EI]" analysis showed a fragment at 396 (m/z) and 251 (m/z) for (10) and (11)

respectively, corresponding to the molecular ion, [M]".

5.6. Synthesis of (hpp)Si(OAr)Ph, (Ar=2,6 ‘Bu,CgH3) (12)

Reaction between (hpp)SiPh,Cl (A) and LiOAr (Ar= 2,6-'Bu,CgsHs) afforded a white powder

upon work up (Scheme 5).

P
(\Nﬁ LiOAr Q ’
N*N THF-78°C s “Pht
\/ K,/

Si—=ph

<
~
~

Ph Cl

Scheme 5: The preparation of (hpp)Si(OAr)Ph, (12)
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The analytically pure product was obtained by recrystallisation from refluxing toluene and
gradually cooling to -78°C, giving white, needle-like crystals. '"H NMR spectroscopy data
showed three resonances for the annular methylene of hpp-ligand which reflect the symmetry
of the compound, the aromatic group in the range of 7-8 ppm. A singlet in the **Si NMR
spectrum was observed at 6 -72.7. The analytical data were in excellent agreement with the
calculated values for C, H and N consistent with (hpp)Si(OAr)Ph,. Furthermore mass

spectrometry [EI]" analysis showed a fragment at 602 [m/z] for [(hpp)Si(OAr)Ph,]".

5.6.1. Crystallographic details and crystal structure of (hpp)Si(OAr)Ph,

(12)

The crystal structure of the compound (hpp)Si(OAr)Ph; (12) is shown in Figure 4. Selected

bond lengths and angles are listed in Table 2.

Table 2:- Bond lengths [A] and angles [°] for (hpp)Si(OAr)Ph; (12)

Si-0 1.6919(16) | N(2)-C(1) 1.349(3)
Si-N(2) 1.8194(19) | N(3)-C(1) 1.336(3)
Si-C(22) 1.896(2) | N(1)-C(1) 1.318(3)
Si-C(28) 1.915(2) | 0-C(8) 1.378(3)
Si-N(1) 2.039(2)

N(2)-Si-C(28) 97.22(10) | O-Si-N(2) 125.69(9)
C(22)-Si-C(28) 97.25(10) | 0-Si-C(22) 120.23(9)
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0-Si-N(1) 90.40(8) | N(2)-Si-C(22) 110.33(10)
N(2)-Si-N(1) 67.90(9) | O-Si-C(28) 95.01(9)
C(22)-Si-N(1) 92.61(9) | C(28)-Si-C(1) 131.55(10)
C(28)-Si-N(1) 164.39(9) | C(8)-O-Si 133.68(14)
N(1)-C(1)-N(2) 108.3(2) C(1)-N(1)-Si 87.43(14)
C(7)-N(2)-Si 142.44(17) | C(2)-N(1)-Si 150.86(17)
C(1)-N(2)-Si 96.10(15)

As in (9) the geometry about silicon in (12) is trigonal bipyramidal, with nitrogen (N1) and
carbon (C28) atoms in axial positions, N1-Si-C28 angle is 164.4 (9)° and (C22) and oxygen
(O) and nitrogen (N2) atoms in the equatorial plane (Figure 4). The silicon atom is located
0.20 A outside of this plane displaced towards the side of C28. The length of N1-C1 bond is
1.318(3) A, N2-C1 is 1.349(3) A and N3-C1 is 1.336(3) A, indicating more symmetrical

delocalization of n-electron density.
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C32

Figure 4: ORTEP representation of the structure of (hpp)Si(OAr)Ph, (12) with thermal
ellipsoids drawn at the 30% level.

99



5.3. NMR Spectroscopic analysis of compounds 9-12.

The 'H and *C NMR data of compounds 9-12 showed that the [hpp]  units were always
symmetric, contrasting with the solid-state data for 9 and 12. There must therefore be a
fluxional process occurring in solution, likely involving exchange of the Nayia and Neguatorial
positions. Cooling a solution of 9 to -70 °C in toluene solvent showed only a broadening of
the hpp-resonances, indicating a rapid process on the NMR timescale. However,
(hpp)Si(OAr)Ph,, containing bulkier ligands, allowed the fluxionality to be probed in more
detail. As the solution cooled to -80 °C, a gradual de-coalescence of the three multiplets of
the hpp-group is observed (Figure 5) until at -60 °C two of the CH, groups have resolved (a
and c). Using equation 1 and data from NMR for the methylene group an approximate AG* of

44.2 kJ mol™ was calculated.

AG* = RT[22.96 + In(T¢/Av)] (equation 1)
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Figure 5: Variable temperature *H NMR spectra (hpp-region) of (hpp)Si(OAr)Ph; in toluene
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5.7. Summary.

Drawing on the data included in the previous pages, the following points should be
mentioned: The length of the Si-N bond is very sensitive to inductive effects, which was
noted for all the reactions reported. The Si-N bond has been observed to vary by 0.26 A
between (hpp)SiCl; and (hpp)Si(OAr)Ph,, where the bond shortens with an increasing
number of electron-withdrawing groups on silicon. Moreover, it has been found that the Si-N
bond length is longer when the electron-withdrawing group bonded to silicon occupies an
axial position than when it occupies an equatorial site. The same trends are observed for the
remaining studied compounds and are in accordance with experimental observations for
several pentacoordinated compounds. A second point is that the exchange of axial and
equatorial positions is rapid on the NMR timescale for compounds with a small substituent at
silicon. However, using a bulky ayloshide ligand enabled the process to be slowed

sufficiently so that it could be monitored by V. T NMR spectroscopy.
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Chapter 6: Experimental section
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6.1: General experimental procedures.

All the experiments were carried out under the atmosphere of dry nitrogen using standard
Schlenk and cannula techniques or in a conventional nitrogen-filled glovebox unless
otherwise stated. All reagents were obtained from the Aldrich, Lancaster, or Acros chemical
companies and used as received. All moisture sensitive reactions were carried out in dried
glassware under either a nitrogen or argon atmosphere. NMR spectra were recorded on either
a Bruker 300 DRX spectrometer or an AV400 spectrometer operating at 300 or 400 MHz,
respectively for *H and **C. IR spectra were recorded using a Bio-Rad FTS 165 spectrometer.
Elemental analyses to determine arsenic content were conducted by S.Boyer at the London
Metropolitan University. Low resolution [EI]" mass spectrometry was carried out on VG
Autospec Fisons instruments by Dr Ali Abdul-Sadu. Single crystal X-ray crystallography was
carried out by Dr Peter Hitchcock and Dr M. P. Coles on a Bruker-Nonius Kappa CCD
diffract meter and structures were refined using SHELXL-97. Safety spectacles, gloves and a
laboratory coat were worn at the times and all solvents were disposed of in the appropriate
metal or organic waste solvent receptacle.

Solvents were distilled under nitrogen from sodium (petroleum ether 40-60%, heptanes and
toluene), from potassium (THF), from sodium/potassium alloy (Et,O, pentane and hexane) or
calcium hydride (MeCN and DCM), degassed and stored over a potassium mirror or
molecular sieves prior to use NMR solvents were dried over potassium (ds-benzene and dg-
toluene) or calcium hydride (d;-chloroform, ds—acetonitrile) and stored in a nitrogen filled

glove box.
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6. 2: General reagents and starting materials.

In this section we prepared some previously reported reagents and starting materials. NMR

data were recorded to provide the purity of the compound.

6. 2. 1: [a] Htbo [CsHgNs;]

Under N, carbon disulfide (7.60 g, 100 mmol) was added to a solution of diethylenetriamine
(10.3 g, 100 mmol) in 160 cm® of p-xylene under N,. A white precipitate formed
immediately. The mixture was heated to boiling until the solid had dissolved. The solution
was refluxed until evolution of H,S ceased (ca. 10 days), and then the solvent was removed
under vacuum, leaving a yellow-white solid. This solid was purified by sublimation, above
158 °C resulting in colourless crystals. Yield 6.87 g (62%). *H NMR (CDCls): & 4.51 (s, 1H
(NH)), 3.68 (m, Jun = 8 Hz, 4H, CH,-tho), 2.95 (m, %J4n = 6 Hz, 4H, CH,-tho), El [M] *=

112, melting point (158-159 °C).

6. 2. 2: [b] hppH [C;H13N3] .

hppH was sublimed. NMR analysis in a variety of solvents was performed in order to provide

comparative data for the hpp-containing species formed during the course of the work.

'H NMR CgDs: & 1.57 (m, 4H, hpp-CHy), 2.61 (t, 4H, hpp-CH,), 3.21 (t, 4H, hpp-CH,), 7.61

(s, 1H, NH).

13C NMR: dy chloroform: § 23.8 (hpp-CHy), 42.1 (hpp-CHy), 48.2 (hpp-CH,), 151.6 (hpp-

CNy)

6. 2. 3:[c] PdCI,(COD).
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Orginal synthesis reported by Retting et al. PdCI, (2.06 g, 1.16 mmol) was dissolved in
concentrated HCI (5 mL) with warming to give a dark brown solution. Upon cooling, it was
diluted with absolute ethanol (50-80 mL) and filtered. 1.5 equivalents of COD (2.2ml, 1.74
mmol) were added to the stirred filtrate resulting in the formation of a thick yellow

precipitate. This was collected by filtration, washed with Et,O and dried in vacuo.

Yield 3.11 g

6. 3: Experimental data for Chapter 2.

6. 3. 1 Synthesis of [H,tbo][CI] (1)

[Hatho][CI] was made according to the procedure outlined for [hppH,][CI] , using 0.10 g
Htbo (0.90 mmol) and 0.12 g [HNEt3][Cl]. Removal of the volatiles afforded a white solid
that was washed with hexane, giving pure [H,tbo][CI]. Yield 0.12 g (91%). Crystals suitable
for analysis by X-ray were grown by the slow cooling of a MeCN solution. *H NMR (400
MHz, CDsCN): & 3.97 (m, 4H, tbo-CH,), 3.95 (s br, 2H, NH), 3.42 (m, 4H, tbo-CH,).
BC{"H} NMR (100 MHz, CDsCN): & 166.8 (CN3), 50.7, 47.6 (tho-CH,). IR (nujol mull):
3453 (m), 3392 (m), 3361 (m), 1682 (s, sh), 1584 (m), 1310 (w), 1276 (m), 1220 (w), 1111

(m), 1038 (m), 992 (m), 945 (m), 812 (), 667 (m).

6. 4 Experimental data for Chapter 3
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6. 4. 1 Isolation of Lithium Guanidinate Complex [Li,(tbo)(A)(Htbo)] (2)

A sample of the neutral contaminated guanidine, Htbo, was dissolved in THF and cooled to
—78 °C. "BuLi (1.0 equivalents of a 1.6 M solution in hexanes) was added via syringe and the
reaction allowed to warm to room temperature. The solution was filtered to remove

particulate material and heating (-70 °C) and filtering gave a clear solution that was allowed
to cool slowly to room temperature. Isolation of [Li,(tbo)(A)(Htbo)] (2). A small quantity of

crystals suitable for X-ray analysis were isolated from a reaction between "BuLi and Htbo
contaminated with the monocyclic compound, 1-(2-aminoethyl)-2-imidazolidinethione. No

further analysis was obtained on this product.

6.4.2 Synthesis of Lig(tbo)es(Htbo); (3)

A Schlenk was charged with 0.25 g Htbo (2.25 mmol) dissolved in Et,O and cooled to —78
°C. 1.4 mL "BuLi (1.6 M solution in hexanes, 2.25 mmol) was added by syringe and the
mixture was allowed to warm to room temperature and stirred for 15 h. The resultant cloudy
solution was filtered and stored at room temperature, affording colourless crystals suitable for
X-ray diffraction. Yield 0.12 g, 46% (based on Htbo). Anal. calc. for C4sHsLigN27 (1036): C
52.17, H 7.30, N 36.51%. Found: C 52.09, H 7.28, N 36.41%. 'H NMR (400 MHz, 303 K,
CeDs): & 4.31 (s, 1H, NH), 3.78 (pseudo t, 4H, CH,-tho), 3.06 (pseudo t, 4H, CH,-tho).**C
NMR (100 MHz, 303 K, C¢De): & 154.2 (CN3), 54.6 (CH.-tho), 50.4 (CH.-tho). Mass spec

(EI", m/z): [M] " = 111.

6.4.3 Synthesis of [Al(tbo)Me,] (4)
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1.12 mL of a hexane solution of AlMe; (2.0 M, 2.25 mmol) was added dropwise to a slurry of
Htbo (0.25 g, 2.25 mmol) in Et,0 at —78 °C. The mixture was allowed to warm to room
temperature and was stirred under ambient conditions for 15 h. The solution was filtered and
maintained at room temperature, affording small colourless crystals of 4. Yield 0.26 g, 68%.
Anal. calc. for C;H14AIN; (334.38): C 50.29, H 8.44, N 25.13%. Found: C 50.18, H 8.58, N
24.98%. 'H NMR (300 MHz, 303 K, C¢Ds): & 3.58 (pseudo t, 4H, tho-CH.), 2.28 (pseudo t,
4H, tho-CH,), —0.26 (s, 6H, AlMe,). *C NMR (100 MHz, 303 K, CgDg): & 176.1 (CNj3),

54.6, 47.8 (tbo-CH,), —8.1 (AlMe,). Mass Spec (EI*, m/z) 319 [(C7H14AIN3), — Me)]".

6.4.4 Synthesis of Zns(tbo);Me, (5)

1.80 mL of a toluene solution of ZnMe; (2.0 M, 3.60 mmol) was added dropwise to a
solution of Htbo (0.40 g, 3.60 mmol) in toluene at —78 °C. The mixture was allowed to warm
to room temperature and was stirred under ambient conditions for 18 h, affording a cloudy
solution. Heating (~80 °C) and filtering gave a clear solution that was allowed to cool slowly
to room temperature, affording colourless crystals suitable for X-ray analysis. Yield 0.39 g,
65% (based on Htbo). Anal. calc. for Cy;H3gNi2Zn3 (766.4): C 39.63, H 5.74, N 25.21%.
Found: C 39.72, H 5.79, N 25.19%. *H NMR (400 MHz, 303 K, C¢Ds): & 3.82 (m, 4H, tho-
CH,), 3.73 (m, 12H, tho-CH,), 2.71 (m, 16H, tho-CH,), —0.39 (s, 6H, ZnMe,). *C NMR (100
MHz, 303 K, C¢De): & 182.2 (br, CNs), 178.5 (CN3), 55.8, 55.7, 50.8, 48.8 (tbo-CH,), 1.5

(ZnMey).
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6.5: Experimental data for Chapter 4.

6.5.1: Synthesis of H,C{tbo}, (6)

A mixture of Htbo (1.00 g, 9.0 mmol), NaH (0.216 g, 9.0 mmol) and dichloromethane (0.28
mL, 4.5 mmol, 0.5 equiv) in THF (20 mL) was stirred at room temperature for 2 days with
venting to an external mercury trap for the first 3 h. A white precipitate formed and the
reaction was filtered and the volatiles were removed in vacuo to afford a white powder.
Washing with hexanes afforded analytically pure H,C{tbo},. Yield 0.75 g (71% based on
Htbo). Crystals suitable for an X-ray study were isolated by crystallization from Et,O at —30
°C. Analysis: Calc'd for C;11H1gNg (234.31): C 56.39, H 7.74, N 35.87%. Found C 56.43, H
7.81, N 35.73%. *H NMR (CgDg, 400 MHz, 303 K): & 4.76 (s, 2H, H,C{tbo},), 3.93, 3.52,
2.59, 2.38 (m, 4H, tho-CH,). *C NMR (C¢Ds, 100 MHz, 303 K): & 169.2 (CNs), 59.3

(HaC{tho},), 56.7, 51.6, 51.5, 46.4 (tbo-CHb,).

6.5.2: Generation of H,C{tbo},-H,0 (6°)
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A Schlenk was charged with 250 mg (2.25mmol) of Htbo with NaH which was dissolved in
toluene. 1.25 cm® of CH,Cl, was added to the solution and stirred overnight. Cloudy solution
was formed, heated and filtered. The solvent was removed and dissolved in Et,O for
recrystallization in warm water overnight. Colourless crystal formed which was sufficient for
X-ray diffraction, crystal system was Monoclinic, yield 75%. Mass spectrum (EI) show [MH]
*= 235 amu. *H NMR (CeDs): & 4.76 (s, 2H, H,C{tbo},), 3.93 (t, 3Jun = 8 Hz, 4H, CH,-tbo),
3.52 (t, 3Jun = 6 Hz, 4H, CH.-tbo), 2.59 (t, *Jun = 6 Hz, 4H, CH.-tbo), 2.38 (t, *Jun = 6 Hz,
4H, CHa-th0).2*C NMR (C¢Ds): & 169.2 (CN3), 59.3 (CH,-tho), 56.7 (H.C{tbo},), 51.6 (CH.-

tho), 51.5 (CH,-tho), 46.4 (CH,-tho) .

6.5.3: Synthesis of [Pd (H,C{tbo},),] [CI]. (7)

A solution of PdCI,(COD) in CH,CI; (0.10 g, 0.53 mmol) was added drop wise to a solution
of H,C{tbo}, in CH,CI, (0.25 g, 1.05 mmol). The mixture was stirred for 24 h at room
temperature, during which time the colour changed from red to brown. The reaction was
filtered and the volatiles removed in vacuo to afford a red powder. Crystals suitable for an X-
ray diffraction study were obtained by layering a dichloromethane solution with Et,O at room
temperature. Yield 0.16 g, 47%. Analysis: Calc'd for Co,HzsN12Cl,Pd (645.93): C 40.91, H
5.62, N 26.02%. Found C 40.81, H 5.56, N 25.93%. ‘H NMR (D0, 400 MHz, 303 K): &
7.06 (d, 2Jun = 16.0 Hz, 1H, H,C{tbo},), 4.73 (d, 2Jun = 16.0 Hz, 1H, H,C{tbo},), 4.17, 3.97,
3.63, 3.39 (m, 2H, tho-CH,-). °C NMR (D,O, 100 MHz, 303 K): & 168.3 (CNj), 57.3

(HaC{tho},), 54.1, 53.7, 48.5, 46.1 (tho-CH,).
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6.5.4: Synthesis of (Me;Si)HC{hpp}, (8)

A Schlenk was charged with (0.20 g 0.688 mmol) of H,C{hpp}. dissolved in THF. One
equivalent of 'BuLi in hexane (0.37 mL 0.688 mmol) was added drop wise at -78°C and the
mixture stirred 1 hour affording a red solution. One equivalent of SiMe3Cl (0.087 mL, 0.688
mmol) was added drop wise at -78°C during stirred, solution has changed to colourless the
mixture stirred overnight. Heating and filtering gave a clear solution that was allowed to cool
slowly to room temperature affording colourless crystals suitable for X-ray diffraction. Yield
0.142 g, 57%. Mass spectrum (El) Show [M]" = 362. *H NMR dg-benzene: 6= 5.63(s,1H, HC
{hpp}.), 3.61(t, hpp-CHy), 3.49(t, hpp-CHy), 2.71(t, hpp-CH,), 2.55(t, hpp-CH,), 1.63(quin,
hpp-CH,), 1.51(quin, hpp-CH,), 0.25(s,9H, CHs-Si). *C NMR (CgDs): & 152 (CNs), 63.8
(CHz-hpp), 49.4 H,C(hpp), 44.5 (CHz-hpp), 44.2 (CH2-hpp), 24.5 (CH2-hpp), 24.3 (CH,-

hpp), 5.0(CH3-Si).

6.6. Experimental data for Chapter 5.

6.6.1 Synthesis of (hpp)SiCl; (9)

A Schlenk was charged with (0.45 g, 3.2 mmol) of hppH dissolved in 50 mL of THF. One
equivalent of "BuLi 1.3 mL (3.2 mmol) was added drop wise at -78°C and the mixture stirred
1 hour. Affording a yellow solution. One equivalent of SiCl, 0.37 mL (3.2 mmol) was added
drop wise at —78°C during stirred time the colure has changed from yellow to colourless. The

mixture stirred overnight and it was slightly cloudy, and then filtered recrystalise using

111



toluene. Yield 0.805 g (91%). Anal. Calc. For C;H12N3SiCls (272.64): C, 30.75; H, 4.33; N,
15.48%; requires C, 30.84; H, 4.44; N, 15.41 %. Mass spectrum (EI) Show [M]* = 272.'H
NMR (CgDe): & 2.94 (m, 4H, CH,-hpp), 2.14 (m, 4H, CH.-hpp), 1.18 (m, 4H, CH-hpp). **C

NMR (CgDe): & 169.2 (hpp-CNs), 48.2 (CH,-hpp), 42.1 (CH,-hpp), 23.8 (CH,-hpp).

2%3i NMR (C¢Dg): 6 —103.74
6.6.2 Synthesis of (hpp)SiPh; (10)

A Schlenk was charged with (0.4 g, 2.9 mmol) of hppH dissolved in 50 mL of THF. One
equivalent of "BuLi 1.15 mL (2.9 mmol) was added drop wise at -78°C and the mixture
stirred 3 hour. Affording a yellow solution. One equivalent of Ph3SiCl (0.848 g 2.9 mmol) in
THF was added drop wise at -78°C and stirred for 24h the colure has changed from yellow to
colourless. The mixture stirred overnight and it was slightly cloudy, and then filtered
recrystalise using toluene. Yield 0.77 g (67%). Anal. Calc. For C5H27N3Si (398.49): C 75.61;
H 6.98; N 10.42% requires C 75.52; H 6.98; N 10.57%, Mass spectrum (EI) Show [M]" =
396. 'H NMR (CgDs): & 7.88 (Ar, 6H), 7.32 (Ar, 9H), 2.96 (m, 4H, CH,-hpp), 2.55 (m, 4H,
CHa-hpp), 1.30 (M, 4H, CH.-hpp). *C NMR (C;Hg): & 155.8(CN3), 141.2 (CH), 134.7(CH),

132.7 (CH), 129.7 (CH), 52.8 (CHy), 47.1 (CH,), 28.3 (CHy). *°Si NMR (C7Hs), 6 —18.2.

6.6.3 Synthesis of (hpp)SiMeCl, (11)

A Schlenk was charged with (0.4 g, 2.9 mmol) of hppH dissolved in THF. One equivalent of
"BuLi 1.15 mL (2.9 mmol) was added drop wise at -78°C and the mixture stirred 3 hour.
Affording a yellow solution. One equivalent of MeSiCl; (0.35 mL, 2.9 mmol) was added

drop wise at -78°C and stirred for 24h the colure has changed from yellow to light yellow.
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The mixture stirred overnight and it was slightly cloudy, and then filtered recrystalise using
toluene. Yield 0.44 g (60%). Anal. Calc. For CgH35N3SICl; (398.49): C 38.09; H 6.04; N
16.74% requires C 38.1; H 6.0; N 16.7%, Mass spectrum (EI) Show [M]" = 251.

'H NMR (CgDg): & 3.12 (m, 4H, CHa-hpp), 4.09 (m, 4H, CH,-hpp), 4.80 (m, 4H, CH,-hpp),
2.89 (5,CH3-Si). *C NMR (C¢Ds): & 155.44 (hpp-CNs), 45.02 (CH,-hpp), 38.43 (CH,-hpp),

23.64 (CH.-hpp), 12.86 (CH3). Si NMR (C;Hs), 6 —73.2.

6.6.3 Synthesis of (hpp)SiCIPh, (A)

(0.4 g, 2.9mmol) of hppH dissolved in THF. One equivalent of "BuLi 1.15 mL (2.9 mmol)
was added drop wise at -78°C and the mixture stirred 3h. affording a yellow solution. One
equivalent of Ph,SiCl, (0.6 mL, 2.9 mmol) was added drop wise at -78°C the mixture stirred
overnight and it was slightly cloudy, and then filtered add recrystallized using toluene. Yield
0.795g (77%). Anal. Calc. For C19H2,N3SiCl (356.49): C 64.32; H 6.19; N 11.52% requires C
64.11; H 6.23; N 11.81%, Mass spectrum (EI) Show [M]* = 354. *H NMR (C¢Ds): & 7.88 (dd,
4H, CH), 7.32 (d, 2H, CH), 7.24 (d, 4H, CH),1.38 (m, 4H, CH,-hpp), 2.55 (m, 4H, CH,-hpp),
2.96 (M, 4H, CHy-hpp). *C NMR (C¢Ds): & 154.8(CN3), 142.2 (Cq), 134.0(CH), 128.5 (CH),

127.5 (CH), 44.9 (CH2), 39.3 (CH2), 23.2 (CH2). #Si NMR (CgDs, 6): —71.2.

6.6.5 Synthesis of (hpp)Si(OAr)Ph, (Ar=2,6 ‘Bu,CgH;) (12)

A Schlenk was charged with (0.35 g, 0.70 mmol) of (hpp)SiCIPh, dissolved in THF. One
equivalent of LiOAr (0.15 g, 0.70 mmol) in THF mL was added drop wise at -78°C. The
mixture was allowed to warm to room temperature and was stirred under ambient conditions
for 24 h, affording a cloudy solution; LiCl was filtered off and washed with Et,O. Heating
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(~80 °C) and filtering gave a clear solution that was allowed to cool slowly to room
temperature, affording colourless crystals suitable for X-ray analysis. Yield 0.205 g, 56%.
Anal. calc. for C33H43N30Si (617.9): C 75.84, H 8.35, N 7.73%. requires: C 75.35, H 8.24, N
7.99%, Mass spectrum (EI) Show [M]" = 602 'H NMR (CgDs, 9): 7.86 (Ar, 5H), 7.26 (Ar,
8H, CH), 2.60 (m, 4H, CH,), 2.38 (m, 4H, CH,), 1.48 (s, 18H,C(CHs)s), 1.30 (quin, 4H, CH,-
hpp). NMR (C¢De): & 155.72 (hpp-CN3), 153.41 (C), 144.64 (CH), 141.66 (CH), 137.83
(CH), 128.11 (CH), 126.99 (CH), 126.46 (CH), 119.82 (C,), 45.88 ((CH3)s), 40.53 (CH,-
hpp), 36.28 (CH.-hpp), 33.3 (C- (based on Htbo). (CH3)s), 23.3 (CHa-hpp) *°Si NMR (CgDs,

0): —72.7.
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