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Supervisor’s Foreword

It gives me great pleasure to introduce the thesis of my former Ph.D. student,
Dr. Jamie Hicks, which has been selected for publication in this prestigious Springer
Thesis series. Jamie’s thesis presents an outstanding piece of research, which
describes the synthesis, characterisation and reactivity of a series of unprecedented
metal-metal bonded complexes stabilised by extremely bulky amide ligands.

Compounds bearing homonuclear metal-metal bonds have been intensively
studies for over 50 years, not only due to their fundamental appeal, but also because
of their wide range of applications, including sensing, small molecule activation,
catalysis and enzyme mimicry. In comparison, compounds that contain mixed
metal-metal bonds, especially in low-coordinate states, are relatively unexplored,
likely due to their difficult synthesis and unstable nature.

Jamie commenced his Ph.D. studies in 2012, when he started investigating the
synthesis and reactivity of complexes containing homonuclear metal-metal bonds.
However, during this time, Jamie developed a novel and elegant route towards
compounds bearing mixed metal-metal bonds, utilizing “inorganic Grignard
reagents”. This led to the synthesis and isolation of a number of unprecedented
compounds, featuring thefirst examples ofmanganese–magnesium, zinc–magnesium
and zinc–cadmium bonds in molecular compounds. The reactivity of these new
compounds towards a variety of gases and small organic molecules was extensively
studied, leading to a number of remarkable results.

Jamie’s thesis is exceptional on every level, developed at the frontier of our
current knowledge and understanding of inorganic and organometallic chemistry. It
is both beautifully written and well presented, making it an enjoyable and effortless
read. I am confident that Jamie will continue to produce work of an outstanding
standard in his future career, and I wish him all the very best.

Clayton, Australia Prof. Cameron Jones
June 2016
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Abstract

Chapter 1 gives a general introduction into d-block elements, including some of the
fundamental concepts, such as the 18 electron rule and metal-metal bonding. It also
includes an overview of low oxidation state metal complexes, in addition to some
of the ligands that have been used to stabilize such complexes. Finally, dimeric
magnesium(I) complexes are introduced showing their use as effective reducing
agents in organic and inorganic synthesis.

Chapter 2 focuses on the preparation of extremely bulky amido d-block metal(II)
halide complexes, including those of chromium, manganese, iron, cobalt, zinc,
cadmium and mercury. The synthesis, structure and magnetic properties of these
complexes were explored and compared to related terphenyl d-block metal(II)
halide complexes. These amido d-block metal(II) halide complexes could poten-
tially serve as precursors for low-coordinate, low-oxidation state d-block chemistry.

Low-coordinate, low-oxidation state manganese complexes are discussed in
Chap. 3. These include the characterisation of the first two-coordinate manganese(I)
dimer [{(Ar*(SiMe3)NMn}2] (Ar* = 2,6-{Ph2CH}2-4-Me-C6H2) synthesised by
the reduction of [Ar*(SiMe3)NMn(THF)(µ-Br)}2] with the magnesium(I) reducing
agent [{(MesNacnac)Mg}2] (MesNacnac = [(MesNCMe)2CH]

−, Mes = mesityl).
The reduction of the bulkier precursor complex [Ar†(SiiPr3)NMn(THF)(µ-Br)}2]
(Ar† = 2,6-{Ph2CH}2-4-

iPr-C6H2) with the same magnesium(I) reducing agent
yielded the unprecedented Mn(0)Mg(II) heterobimetallic complex [Ar†(SiiPr3)
NMnMg(MesNacnac)] possessing an unsupported Mn–Mg bond. The complex
was utilized as an “inorganic Grignard reagent”, in the preparation of the
asymmetric manganese(I) dimer [Ar†(SiiPr3)NMnMn(SiMe3)Ar*] and the
related mixed valence, bis(amido)-heterobimetallic complex [CrMn{Ar†(SiiPr3)N}
{Ar*(SiMe3)N}]. It is also shown to act as a two-electron reducing agent in
reactions with unsaturated substrates.

Chapter 4 concentrates on low oxidation state group 12 complexes with
metal-metal bonds. This includes the synthesis and characterisation of a homolo-
gous series of two-coordinate amido group 12 metal(I) dimers [{(Ar†(SiMe3)NM}2]
(M = Zn, Cd, Hg). The reduction of the extremely bulky amido zinc(II) bromide
complex [Ar*(SiiPr3)NZnBr] with [{(

MesNacnac)Mg}2] gave the novel Zn(0)Mg(II)
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heterobimetallic complex [Ar*(SiiPr3)NZnMg(MesNacnac)], which bears the first
example of a Zn–Mg bond in a molecular complex. The complex was utilized as a
transfer reagent in the preparation of the unprecedented trimetallic zinc complex
[{Ar*(SiiPr3)NZn}2Zn], which bears a string of two-coordinate zinc atoms. The
related group 12 trimetallic complexes [{Ar*(SiiPr3)NZn}2M] (M = Cd, Hg) were
also isolated.

Chapter 5 investigates the synthesis, structure and reactivity of low-coordinate,
low-oxidation state cobalt complexes. A series of low coordinate, high-spin cobalt(I)
complexes bearing the extremely bulky amide ligand Ar*(SiPh3)N

− are described.
These include the benzene capped cobalt(I) complex [Ar*(SiPh3)NCo(η

6-benzene)],
which readily looses its benzene ligand upon dissolution in THF or fluorobenzene,
to give the dimeric cobalt(I) complex [{Ar*(SiPh3)NCo}2]. The first neutral
two-coordinate cobalt(I) complex [Ar*(SiPh3)NCo(IPriMe)] (IPriMe = :C{N(iPr)
C(Me)}2) was also isolated by exchange of the benzene ligand with the
N-heterocyclic carbene IPriMe.

Finally, Chap. 6 discusses transition metal tetrelyne complexes, which are
heavier group 14 analogues of transition metal carbyne complexes. The synthesis
and structure of the two singly bonded Mo–Ge complexes [Cp(CO)3Mo–GeN(Ph)
Ar*] (Cp = η5-C5H5) and [Cp(CO)3Mo–GeN(SiMe3)Ar*] is discussed. The latter
readily eliminates a molecule of CO when heated or irradiated with UV light to give
the unprecedented amino-germylyne complex [Cp(CO)3Mo�GeN(SiMe3)Ar*].
The spectroscopic and structural data for this complex, in combination with the
results of computational studies, show that this compound is best viewed as having
a bent Mo–Ge “triple” bond, with little multiple bond character to its Ge–N
interaction.
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Abbreviations

Ad 1-adamantyl
Ar A general aryl substituent
Ar* 2,6-{Ph2CH}2-4-Me-C6H2

Ar† 2,6-{Ph2CH}2-4-
iPr-C6H2

ArDipp 2,6-Dipp2-C6H3

ArF 3,5-(F3C)2C6H3

ArMes 2,6-Mes2-C6H3

ArTripp 2,6-Tripp2-C6H3

bipy 2,2′-bipyridine
br. Broad
tBu Tertiary butyl
nBu Primary butyl
ca. circa
CAAC Cyclic alkyl amino carbene
cm−1 Unit of wavenumber
Cp Cyclopentadienyl, C5H5

Cp* Pentamethyl cyclopentadienyl, C5Me5
crypt-222 Cryptand [2.2.2]
Cy Cyclohexyl
IMes :C{N(Mes)CH}2
IPr :C{N(Dipp)CH}2
IPriMe :C{N(iPr)C(Me)}2
iPr Isopropyl
IR Infrared
Jxy Coupling constant between nuclei X and Y in Hz
K Kelvin
kJ Kilojoule
k Wavelength
L A general ligand
LUMO Lowest occupied molecular orbital
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lB Bohr magneton (J T−1)
leff Effective magnetic moment in Bohr magnetons
lso Spin only magnetic moment
l Bridging
m meta-substituent
m Multiplet (NMR) or medium (IR)
M A general metal or molar (mol dm−3)
M+ A molecular ion
Py Pyridine
q Quartet
R, R′, R″ General organic substituent
s Singlet (NMR) or strong (IR)
S Spin state
sept Septet
t Triplet
tBuNacnac [(DippNCtBu)2CH]

−

Tf Triflate
d Chemical shift in NMR spectroscopy (ppm)
d Doublet
DMAP 4-dimethylaminopyridine
dec. Decomposition
DFT Density functional theory
Dipp 2,6-diisopropylphenyl
DippDAB {(DippNC(CH3)}2
DippNacnac [(DippNCMe)2CH]

–

DME 1,2-dimethoxyethane
DMF Dimethylformamide
dmpe (Me2PCH2)2
dppe (Ph2PCH2)2
EPR Electron paramagnetic resonance
Et Ethyl
Et2-CAAC :C(CEt2)(CH2)(CMe2)NDipp
Giso [(DippN)2CN

iPr2]
−

HOMO Highest occupied molecular orbital
Hz Hertz, s−1

IR Infrared spectroscopy
Me Methyl
Me2-CAAC :C(CH2)(CMe2)2N-Dipp
Mes Mesityl (2,4,6-trimethylphenyl)
MesNacnac [(MesNCMe)2CH]

–

mol Mole
Mp Melting point
MS/CI Chemical ionisation mass spectrometry
MS/EI Electron ionisation mass spectrometry
m/z Mass/charge ratio
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m Wavenumber
N2P2

tBuN(−)SiMe2N-(CH2CH2P
iPr2)2

NHC N-heterocyclic carbene
o ortho-substituent
p para-substituent
Ph Phenyl
Pipiso (DippN)2C(cis-2,6-Me2NC5H8)

−

Piso (DippN)2CH)
−

Priso (DippN)2C(N
iPr2)

−

ppm Parts per million
THF Tetrahydrofuran
TMC Tetramethyl carbene, :C{N(Me)C(Me)}2
TMS Trimethylsilyl or tetramethylsilane
Tripp 2,4,6-triisopropylphenyl
UV Ultraviolet
WBI Wiberg bond index
X A general halide
Xyl 2,6-dimethylphenyl
XylNacnac [(XylNCMe)2CH]

−
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Chapter 1
General Introduction

1.1 Transition Metals

The term “transition”, in regards to the elements, was first used by English chemist
Charles Bury in 1921, who referred to a transition series of elements during the
change of an inner layer of electrons, taking the number of elements in a row from 8
to 18 [1]. This series is now known as the d-block. To date, the definition of a
transition metal, or transition element can vary between authors and publications,
however most chemists now agree with the IUPAC definition, as “an element
whose atom has a partially filled d sub-shell, or which can give rise to cations with
an incomplete d sub-shell” [2]. This definition includes all elements in groups 3
through to 11 in the periodic table. The elements of group 12 (zinc, cadmium and
mercury) have been disputed over for many years, as to whether they should be
classed as transition metals or not; as they contain the maximum number of 10 d
electrons in both their elemental state, as well as in their most of their compounds.
This debate was reignited in 2007, when the first experimental evidence for HgF4, a
d8 square planar mercury(IV) complex was reported [3]. However, in this thesis, the
term “transition metal” or “transition element” will only be referring to elements in
groups 3-11 of the periodic table, while the elements of group 12 are classed as
“post-transition metals”.

In 1921, Irving Langmuir proposed a rule for predicting the stability of a tran-
sition metal complex, known as the 18 Electron Rule [4]. The rule is based on the
valence shells of transition metals, which consist of nine valence orbitals (1s, 5d
and 3p) that can each accommodate two electrons. Once all of these orbitals have
been filled, i.e. have 18 electrons, the transition metal complex is said to have
achieved the same electronic configuration as the noble gas in its period, and as a
consequence is likely stable. However, 18 electron complexes can be notoriously
unreactive, for example ferrocene and molybdenum hexacarbonyl are two examples
of 18 electron complexes. The useful and interesting transition metal complexes
will usually violate this rule, and hence their reactivity, for example Grubb’s

© Springer Nature Singapore Pte Ltd. 2017
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Metal Complexes Stabilised by Extremely Bulky Amide Ligands, Springer Theses,
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Catalyst and cis-platin do not have 18 valence electrons. In low coordinate, low
oxidation state transition metal chemistry, complexes with significantly less than 18
electrons are targeted, and hence are often extremely reactive.

1.2 Low Oxidation State Transition Metal Complexes

Oxidation state is a fundamental concept in chemistry, and is particularly important
in transition metal chemistry, as d-block elements often have a wide range of stable
oxidation states. According to IUPAC, the oxidation state of an element is defined
as “a measure of the degree of oxidation of an atom in a substance” [2]. The highest
oxidation state of an element can be determined by the number of valence electrons,
this can be achieved for many of the early transition metals, for example Sc3+, Ti4+,
however this is not the case for many of the later transition metals.

Transition metal complexes in oxidation states below +2, with the exception of
group 11, are almost always stabilised by p-acid ligands, such as CO, NO or PR3.
Complexes with transition metals in oxidation states below +2, without coordinated
p-acid ligands are quite rare, and this type of complex is the primary focus for this
work.

These low oxidation state metal centres are usually highly reactive, often difficult
to handle and readily oxidise in the presence of an oxidising agent such as O2.
However, in recent years considerable progress has been made in this field. The use
of bulky ligands has proven successful in kinetically stabilising a number of
unprecedented low oxidation state transition metal complexes. Several of these
have shown novel bonding modes [5], previously unseen reactivity [6], interesting
magnetic properties [7] and even catalytic abilities [8].

1.2.1 Bulky Ligands Used into Stabilise Low Oxidation
State Complexes

A number of different classes of sterically demanding ligands have been used to
stabilise low oxidation state transition metal complexes, ranging from multidentate
pincer ligands to neutral N-heterocyclic carbenes (NHC’s). Arguably, the most
widely used of these are the b-diketiminate, amidinate, guanidinate and terphenyl
ligand classes, which are all monoanionic ligands (Fig. 1.1).

Amidinates, guanidinates and b-diketiminates are all types of chelating N-donor
ligands, and possess a number of desirable properties for low oxidation state
transition metal chemistry. Firstly, they have sufficient bulk to sterically protect a
highly reactive, low oxidation state metal centre. They are also relatively easy to
synthesise and modify, to fine-tune the sterics and electronics of the ligand as
desired. Finally, they mostly coordinate as bidentate ligands (with a few exceptions
reported), and therefore provide extra stabilising properties from the chelate effect.
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Terphenyl ligands on the other hand, are monodentate aryl donor ligands. This
class of ligand is highly interesting for this type of chemistry, as they can stabilise
metals with low coordination numbers as well as low oxidation states. As a result,
terphenyl stabilised metal complexes are often more difficult to synthesise, but can
show increased reactivity.

1.2.2 Preparation of Low Oxidation State Transition Metal
Complexes

Low oxidation state transition metal complexes have been prepared via a number of
different routes, the most common being from the reduction of a ligand metal halide
precursor complex “LnMXm” (L = a ligand, M = a transition metal, X = a halide)
with a reducing agent such as an alkali metal, potassium graphite (KC8), sodium
mercury amalgam (Na/Hg), activated magnesium or sodium naphthalide. Following
this route, a variety of different compound types have been isolated, ranging from
metal–metal bonded dimers, aryl capped/bridged complexes, dinitrogen
coordination/activation compounds, as well as three or even two coordinate
monomeric species (when using monodentate ligands). An example of each of these
binding modes containing a first row transition metal stabilised by a sterically
hindering b-diketiminate ligand is shown in Fig. 1.2 [9].

All of the complexes in Fig. 1.2 were prepared by reduction of their corre-
sponding b-diketiminate stabilised metal(II) halide precursors, with either KC8,
magnesium metal or a sodium/potassium alloy. The different compound types arise
due to different reaction conditions; for example, solvent, atmosphere, steric and
electronic properties of the ligand, as well as the transition metal used all play a part
in the final structure.
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Fig. 1.1 General structure of the amidinate, guanidinate, b-diketiminate and terphenyl ligand
classes. R, R′ and R″ = alkyl or aryl group
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Low coordinate, low oxidation state transition metal chemistry gives an elegant
route into highly reactive complexes. The main focus of this work will be on syn-
thesising low oxidation state transition metal complexes with metal–metal bonds,
however some emphasis will be on isolating low oxidation state monometallic
transition metal species with extremely low coordination numbers.

1.3 Metal–Metal Bonding in Transition Metal Complexes

1.3.1 History

Today, the existence of metal–metal bonds in stable, isolable compounds is well
known, and routinely covered in textbooks [10]. However, for more than half of the
20th century, metal-to-metal bonds were unknown to chemists, and even the idea of
a bond order higher than three was absent from chemical theory. The coordination
chemistry involving transition metals was based almost entirely on Alfred Werner’s
ideas of “one-centre coordination chemistry”, where metal complexes are described
as a single metal ion surrounded by a set of ligands. Complexes involving more than
one metal centre were simply described as an arrangement of individual metal ions,
each with their own metal-ligand bonds, and no metal–metal bonds or interactions.

In the early 1960s, this idea was about to change; with the development of
analytical techniques such as X-ray crystallography, which were becoming more
accessible. In 1963, the groups of Cotton (MIT, USA) and Penfold (University of
Canterbury, NZ) almost simultaneously, independently published the results of
X-ray crystallographic studies on the previously reported “CsReCl4” complex
[11, 12]. Both groups correctly assigned the molecular formula as Cs3Re3Cl12, and
found the structure contains a triangular [Re3Cl12]

3− anion, with a mean Re–Re
distance of 2.47 Å. Cotton went on and discussed the electronic confirmation of the
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Fig. 1.2 Examples of low oxidation state first row transition metal complexes stabilised by
b-diketiminates ligands
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anion further, and concluded that “…the dxy, dxz and dyz orbitals of each rhenium
atom combine to give bonding and antibonding 3-center MO’s. There are just six
bonding orbitals, which are filled by the twelve electrons…”, thus proposing double
bonds between the metal atoms [12]. In the following year, the group published a
second paper with the analysis leading to this conclusion [13].

The discovery of Re=Re double bonds was a landmark in chemistry, however it
was rather overshadowed by events to come. Later that year, a group from the USSR
reported the synthesis and structure of another rhenium chloride complex, containing
a new Re2Cl8 anion, which due to crystal twinning had assigned with a 4− charge
[14]. Cotton and co-workers were working on similar chemistry at the time and felt
that the Soviet group had incorrectly assigned the charge of the complex. This turned
out to be the case, and in the last few months of 1964, Cotton reported the new
rhenium chloride salt K2[Re2Cl8]⋅2H2O that contained the same Re2Cl8 anion,
where he correctly concluded that the anion contains a 2− charge [15] (Fig. 1.3).

The structure of the [Re2Cl8]
2− anion presented Cotton with a tantalising theo-

retical challenge, as there were two major structural artefacts that could not be
explained by conventional chemistry. The first was the unprecedented short bond
distance between the metal centres (Re1–Re2 = 2.24 Å), which was even shorter
than in rhenium metal. The second was that the four chlorine atoms on each Re
centre were in an unexpected eclipsed confirmation, rather than the apparently
lower energy staggered confirmation. Soon after, Cotton proposed a radical
explanation that explained both the extremely short metal–metal bond and the
eclipse confirmation; a metal–metal quadruple bond [16]. He went on to explain
that the four-fold bond was made up of a single r bond, two p bonds, and a new
type of bond, a d bond, formed by the side on overlap of the two dxy orbitals.

Today, there are over a thousand metal–metal quadruple bonded complexes that
have been structurally characterised, comprising of a number of metals, including
vanadium, niobium, chromium,molybdenum, tungsten, rhenium and ruthenium [10].

1.3.2 Quintuple Bonds

Shortly after the discovery of the quadruple bond, chemists started to ask if we have
now reached the highest bond order, or are higher bond orders possible? During the
next half a century, groups started to investigate transition metal diatomics (of the

Re Re

Cl Cl

Cl Cl
Cl

Cl

Cl

Cl

2-Fig. 1.3 Representation of
the structure of the
[Re2Cl8]

2− ion
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form M2), by trapping the M2 units in atom-argon matrix cocondensation experi-
ments [17]. Experimental and theoretical studies on a number of these molecules
suggested that fivefold, and in the case of Cr2 and Mo2, sixfold bonding is possible.
Unfortunately, these diatomics cannot be isolated and structurally characterised. To
accomplish the goal of identifying complexes with metal–metal bond orders greater
than four, chemists turned their attention to quintuple bonded complexes. A number
of theoretical papers were published on the problem, for example in 1979,
Hoffmann and co-workers suggested that M2L6 with D3h symmetry could possibly
contain a metal–metal quintuple bond [18]. Furthermore, in 2001, Weinhold and
Landis introduced natural bond orbital theory (NBO) [19], and in 2005, extended
this work to transition metals by drawing Lewis-like structures and bonding con-
cepts. Based on their theory, they suggested that the most probable geometry of a
complex containing a metal–metal quintuple bond is one with trans-bent geometry
and C2h symmetry [20].

All of this was good evidence that bond orders higher than four are possible,
however no one had yet synthesised an isolable complex with a bond of order
greater than four. The major synthetic problem was that if ligands were used to
stabilise multiple bonded centres, their binding reduces the number of valence
orbitals available to form metal–metal bonds, therefore the number of ligands must
be minimised. However, minimising the number of ligands can leave the reactive
dimetallic core open to intermolecular reactions, which can yield polymers or
clusters with lower bond orders.

In 2005, Power’s group came up with a solution. By using sterically demanding
monodentate terphenyl ligands, the low coordinate chromium(I) dimer [(ArDippCr)2]
1-01 (ArDipp = 2,6-Dipp2-C6H3, Dipp = 2,6-diisopropylphenyl) was isolated, and it
contains a chromium-chromium quintuple bond (Fig. 1.4) [5]. Use of bulky ter-
phenyl ligands reduces the coordination number of the chromium centres, which

Fig. 1.4 Representations of the structures of the first isolated chromium(I) dimer 1-01 with
fivefold bonding, the chromium dimer with shortest metal–metal bond 1-02 and the first complex
with a molybdenum–molybdenum quintuple bond 1-03. R = H or Ph

6 1 General Introduction



maximises the number of valence orbitals available to form metal–metal bonds,
whilst providing sufficient steric protection to prevent intermolecular reactions.

Since then, the groups of Kempe and Tsai have stabilised a number of other
chromium(I) dimers containing quintuple bonds, using bridging amidinate and
guanidinate ligands; [21] the latest of which [Cr2(µ-N,N′-Pipiso)2] 1-02
(Pipiso = (DippN)2C(cis-2,6-Me2NC5H8)

−) by Kempe, contains the shortest repor-
ted metal–metal bond of any coordination complex (Fig. 1.4) [22]. In 2009, Tsai also
reported the first non-chromium quintuple bonded complex, a molybdenum-
molybdenum quintuple bond in [Mo2(µ-N,N′-Piso)2] 1-03 (Piso = (DippN)2
CH−) [23].

1.4 Magnesium(I) Complexes

The chemistry of the group 2 metals, including magnesium is dominated by the +2
oxidation state. Less than a decade ago, in every thermally stable reported com-
pound involving magnesium, the metal was found in the +2 oxidation state. Due to
the recent developments in low oxidation state zinc chemistry, with Carmona
isolating the first zinc(I) dimer [24], groups started to question whether a magne-
sium(I) complex was also isolable, as zinc and magnesium have similar electronic
properties.

The breakthrough came in 2007, by Jones and Stasch, with the isolation of the
first two thermally stable magnesium(I) dimers [{(DippNacnac)Mg}2] 1-04
(DippNacnac = [(DippNCMe)2CH]

−) and [{(Priso)Mg}2] 1-05 (Priso = (DippN)2C
(NiPr2)

−) [25]. The dimers 1-04 and 1-05 were synthesised by the reduction of their
magnesium iodide etherate precursors [(DippNacnac)MgI(OEt2)] 1-06 and [{(Priso)
Mg(µ-I)}2OEt2] 1-07 respectively, with an excess of potassium metal (Scheme 1.1).

Scheme 1.1 Preparation of the magnesium(I) dimers [{(DippNacnac)Mg}2] 1-04 and [{(Priso)
Mg}2] 1-05
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The two dimers contain a Mg2
2+ core, which in 1-04 is stabilised by two ster-

ically demanding b-diketiminate ligands and in 1-05, two sterically demanding
guanidinate ligands.

Since the isolation of 1-04 and 1-05, the Jones and Stasch groups have continued
research on low oxidation state magnesium chemistry, investigating the reactivity
of magnesium(I) dimers [26], whilst isolating a number of new magnesium(I)
complexes, including the less bulky b-diketiminate stabilised magnesium(I) dimer,
[{(MesNacnac)Mg}2] 1-08 (MesNacnac = [(MesNCMe)2CH]

−; Mes = mesityl) [27].
This complex shows increased in reactivity (as will be discussed) compared with
1-04, due to the decrease in bulk of its stabilising ligands.

1.4.1 Reactivity of b-Diketiminate Stabilised Magnesium(I)
Complexes

b-Diketiminate stabilised magnesium(I) dimers have proved to be versatile reduc-
ing agents in both organic and inorganic synthesis [26]. The {Mg2}

2+ core acts as
two-centre, two-electron reductant towards a number of small molecules and
organic substrates, some of which are highlighted in Scheme 1.2.
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When 1-04 is exposed to one of the simplest oxidizing agents N2O, it is oxidized
to give the bridging magnesium(II) oxide [{(DippNacnac)Mg}2(µ-O)] 1-09 [28].
This oxo-bridged complex is unprecedented in magnesium chemistry, and is highly
reactive. Further chemistry has been performed on 1-09, including reactions with
CS2 and dicyclohexyl carbodiimide to give [{(DippNacnac)Mg}(µ-CS2O){Mg
(DippNacnac)(OEt2)}] 1-10 and [{(DippNacnac)Mg}2{µ-(NCy)2O}] 1-11 respec-
tively. It is of note that the synthesis of 1-09 was attempted using O2 in place of
N2O, however no evidence for the formation of 1-09 was seen. Complex 1-04 also
reacts with two equivalents of carbon dioxide to give good yields of the magnesium
carbonate complex [(DippNacnac)Mg}2(µ-CO3)] 1-12 [28]. The reaction was shown
to proceed through the initial reduction of CO2 to the bridging magnesium oxide
1-09 and CO, as determined by 13C labelling studies. Complex 1-09 then reacts
with a further equivalent of CO2 to afford 1-12.

In reactions of magnesium(I) dimers with unsaturated organic substrates such as
a carbodiimides, reductive insertion into the metal–metal bond is common. For
example, the reaction of 1-04 with dicyclohexyl carbodiimide gives the insertion
product [{(DippNacnac)Mg}2{µ-C(NCy)2}] 1-13 [27]. Interestingly, 1-04 can also
reduce cyclooctatetraene (COT), albeit under fairly forcing conditions (refluxing
toluene) to give [{(DippNacnac)(THF)Mg}2(µ-COT)] 1-14 after the addition of THF
to aid crystallisation [29]. This is the first crystallographically characterised
example of a magnesium complex of dianionic cyclooctatetraenide, although other
examples have been characterised by other spectroscopic techniques [30].

The difference in reactivity between the highly sterically hindered 1-04 and the
lesser sterically hindered 1-08 is highlighted in their reactivity towards anthracene.
Complex 1-04 shows no reactivity towards anthracene in solution at ambient
temperature, while heating to 100 °C gives an intractable mixture of products. In
contrast, 1-08 reacts with one equivalent of anthracene quickly at room temperature,
to cleanly yield [{(MesNacnac)Mg}2(µ-C14H10)] 1-15 [31].

Finally, magnesium(I) dimers have also shown to reductively couple unsaturated
substrates, such as azides, forming new N–N bonds [27]. The reaction of 1-04 or
1-08 with two equivalents of adamantyl azide gives the azide coupled products
[{(DippNacnac)Mg}2(µ-Ad2N6)] 1-16 and [{(MesNacnac)Mg}2(µ-Ad2N6)] 1-17
respectively, containing a bridging hexazene moiety.

1.4.2 Using b-Diketiminate Stabilised Magnesium(I)
Complexes as Reducing Agents in Inorganic Synthesis

Since the discovery of magnesium(I) dimers, arguably the most useful reactivity has
been found as novel reducing agents for inorganic synthesis. The chemistry of low
oxidation state transition metal and main group complexes has always been heavily
reliant on the reducing agents available. The typical reducing agents used in this
type of chemistry are; the s-block metals in their elemental form, such as lithium,
sodium, potassium or magnesium; potassium graphite (KC8) or alkali metal
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naphthalenide solutions [32]. Although these traditional reducing agents have been
effective in the past, their use in reducing metal precursor complexes to lower
oxidation state species, is often problematic. Using magnesium(I) complexes as
reducing agents for this type of chemistry has some key advantages over the tra-
ditional reductants. One of these is that they have high solubility in hydrocarbon
solvents such as toluene or diethyl ether, which allows more controlled and
selective reaction conditions, than with insoluble alkali metals for instance.
Furthermore, where accurately measuring a stoichiometric amount of an alkali
metal is difficult, magnesium(I) complexes are “easy to handle” crystalline solids
that can be used in stoichiometric amounts. This can prevent “over-reduction” of a
metal precursor complex to elemental metal, which is often seen when using an
excess of an alkali metal. Finally, the alkali metals, KC8 etc. are known for their
potential fire risk on use, whereas magnesium(I) complexes are air and moisture
sensitive, but not pyrophoric, making them a much safer alternative.

To date, there are numerous reports of magnesium(I) dimers being used as
reducing agents for inorganic synthesis, many of which were employed because
traditional reducing agents had failed [33]. One example of this was their use in low
oxidation state main group chemistry, with the isolation of the first germanium(0)
dimer [{(IPr)Ge}2] (IPr = :C{N(Dipp)CH}2) 1-18, stabilised by bulky NHC’s [34].
The complex was originally targeted from the reduction of the germanium(II)
chloride precursor complex [(IPr)GeCl2] 1-19 with a stoichiometric amount of KC8,
or a sodium mirror. In both cases, there was no evidence for the formation of 1-18,
and the only isolable product was free IPr (Scheme 1.3). However, when the
reduction of 1-19 was carried out using either 1-04 or 1-08 as the reducing agent,
the reaction solution instantly turned dark red on addition, producing a white
precipitate of the magnesium(II) chloride by-product, [{(DippNacnac)Mg(µ-Cl)}2]
1-20-Cl when using 1-04, or [{(MesNacnac)Mg(µ-Cl)}2] 1-21-Cl when using 1-08.
After workup, 1-18 could be isolated as dark red crystals in low yields (20 % using
1-08, <5 % when using 1-04) (Scheme 1.3).

The use of magnesium(I) complexes as reducing agents in low oxidation state
d-block chemistry is limited, however there is some precedence. In 2012, the Jones
group published the synthesis of the iron(I) metal–metal bonded dimer [Fe2

I (µ-N,N′-
Pipiso)2] 1-22, stabilised by two bridging guanidinate ligands, and the related
manganese(I) complex [{(Piso)MnI}2] 1-23 (Piso = [(DippN)2C

tBu]) [35]. Both
complexes were synthesised by reduction of their corresponding guanidinato and
amindinato metal(II) bromide precursor complexes [{(Pipiso)FeII(µ-Br)}2] 1-24 and
[{(Piso)MnII(µ-Br)}3(THF)2] 1-25 with stoichiometric amounts of 1-08.
Compounds 1-22 and 1-23 were structurally characterised by X-ray crystallogra-
phy, and both were found to posses metal–metal bonds. In 1-22, the iron-iron bond
was found to be extremely short, just 2.198 Å, which is the shortest Fe–Fe inter-
action to date [36] (Scheme 1.4).

As shown in the synthesis of 1-18, 1-22 and 1-23, the magnesium(I) compounds
can act as reducing agents by the extraction of halogens from the precursor com-
plex. However, in the case of aluminium hydrides, it has been shown that mag-
nesium(I) complexes can also act as reducing agents via hydrogenation of their
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magnesium centres [37]. When the NHC stabilised aluminium(III) hydride complex
[(IPr)AlH3] 1-26 is treated with half an equivalent of 1-08, a redox reaction occurs
with the transfer of a hydrogen from the aluminium centre to the magnesium,
resulting in the formation of the magnesium(II) hydride complex [{(MesNacnac)Mg
(µ-H)}2] 1-27 and the NHC stabilised aluminium(II) hydride complex [{(IPr)
AlH2}2] 1-28 (Scheme 1.5).

Complex 1-28 is a NHC stabilised adduct of the elusive parent dialane(4)
(Al2H4), which has only been observed in solid H2 matrices at temperatures of c.a.
5 K [38].

Similar reactivity of the magnesium(I) dimers was found when 1-08 was reacted
with other aluminium hydride compounds, for example amindinate and guanidinate
stabilised aluminium dihydrides [37].

References

1. C.R. Bury, J. Am. Chem. Soc. 43, 1602 (1921)
2. A.D. McNaught, A. Wilkinson, Compendium of Chemical Terminology, 2nd edn. (Blackwell,

Science, UK, 1997)
3. X. Wang, L. Andrews, S. Riedel, M. Kaupp, Angew. Chem. Int. Ed. 46, 8371 (2007)
4. (a) I. Langmuir, Science 54, 1386 (1921); (b) W.B. Jenson, J. Chem. Educ. 82, 28 (2005)
5. T. Nguyen, A.D. Sutton, M. Brynda, J.C. Fettinger, G.J. Long, P.P. Power, Science 310, 844

(2005)
6. M.M. Rodriguez, E. Bill, W.W. Brennessel, P.L. Holland, Science 334, 780 (2011)
7. J.M. Zadrozny, D.J. Xiao, M. Atanasov, G.J. Long, F. Grandjean, F. Neese, J.R. Long, Nat.

Chem. 5, 577 (2013)
8. K. Weber, E.-M. Schnöckelborg, R. Wolf, Chem. Cat. Chem. 3, 1572 (2011)
9. (a) J. Chai, H. Zhu, A.C. Stückl, H.W. Roesky, J. Magull, A. Bencini, A. Caneschi,

D. Gatteschi, J. Am. Chem. Soc. 127, 9201 (2005); (b) K. Ding, A. W. Pierpont,
W.W. Brennessel, G. Lukat-Rodgers, K.R. Rodgers, T.R. Cundari, E. Bill, P.L. Holland,
J. Am. Chem. Soc. 131, 9471 (2009); (c) W.H. Monillas, G.P.A. Yap, L.A. MacAdams,
K.H. Theopold, J. Am. Chem. Soc. 129, 8090 (2007); (d) J.M. Smith, A.R. Sadique,
T.R. Cundari, K.R. Rodgers, G. Lukat-Rodgers, R.J. Lachicotte, C.J. Flaschenriem, J. Vela,

Scheme 1.5 Synthesis of the NHC stabilised aluminium(II) hydride 1-28 via hydrogenation of
the magnesium(I) dimer 1-08

12 1 General Introduction



P.L. Holland, J. Am. Chem. Soc. 128, 756 (2006); (e) W.H. Monillas, G.P.A. Yap,
K.H. Theopold, Angew. Chem. Int. Ed. 46, 6692 (2007); (f) T.R. Dugan, X. Sun,
E.V. Rybak-Akimova, O. Olatunji-Ojo, T.R. Cundari, P.L. Holland, J. Am. Chem. Soc. 133,
12418 (2011)

10. F.A. Cotton, C.A. Murillo, R.A. Walton, Multiple Bonds Between Metal Atoms, 3rd edn.
(Springer Science and Business Media, New York, 2005) and references therein

11. W.T. Robinson, J.E Fergusson, B.R. Penfold, Proc. Chem. Soc. 101 (1963)
12. J.A. Bertrand, F.A. Cotton, W.A. Dollase, J. Am. Chem. Soc. 85, 1349 (1963)
13. F.A. Cotton, T.E. Haas, Inorg. Chem. 3, 10 (1964)
14. V.G. Kuznetzov, P.A. Koz’min, J. Struct. Chem. 4, 49 (1963)
15. F.A. Cotton, C.B. Harris, Inorg. Chem. 4, 330 (1965)
16. (a) F.A. Cotton, N.F. Curtis, C.B. Harris, B.F.G. Harris, S.J. Lippard, J.T.Mague,

E.R. Robinson, J.S. Wood, Science 145, 1305 (1964); (b) F.A. Cotton, Inorg. Chem. 4,
334 (1965)

17. (a) M.D. Morse, Chem. Rev. 86, 1049 (1986); (b) M.H. Chisholm, A.M. Macintosh, Chem.
Rev. 105, 2949 (2005) and references therein

18. A. Dedieu, T.A. Albright, R. Hoffmann, J. Am. Chem. Soc. 101, 3141 (1979)
19. F. Weinhold, C.R. Landis, Chem. Educ. Res. Pract. 2, 9 (2001)
20. F. Weinhold, C.R. Landis, Valency and Bonding: A Natural Bond Orbital Donor-Acceptor

Perspective (Cambridge University Press, Cambridge, 2005)
21. N.V.S. Harisomayajula, A.K. Nair, Y.-C. Tsai, Chem. Commun. 50, 3391 (2014) and

references therein
22. A. Noor, T. Bauer, T.K. Todorova, B. Weber, L. Gagliardi, R. Kempe, Chem. Eur. J. 30, 9825

(2013)
23. Y.-C. Tsai, H.-Z. Chen, C.-C. Chang, J.-S.K. Yu, G.-H. Lee, Y. Wang, T.-S. Kuo, J. Am.

Chem. Soc. 131, 12534 (2009)
24. I. Resa, E. Carmona, E. Gutierrez-Puebla, A. Monge, Science 305, 1136 (2004)
25. S.P. Green, C. Jones, A. Stasch, Science 318, 1754 (2007)
26. A. Stasch, C. Jones, Dalton Trans. 40, 5659 (2011)
27. S.J. Bonyhady, C. Jones, S. Nembenna, A. Stasch, A. Edwards, G.J. McIntyre, Chem.

Eur. J. 16, 938 (2010)
28. R. Lalrempuia, A. Stasch, C. Jones, Chem. Sci. 4, 4383 (2013)
29. S.J. Bonyhady, S.P. Green, C. Jones, S. Nembenna, A. Stasch, Angew. Chem. Int. Ed. 48,

2973 (2009)
30. T. Alonso, S. Harvey, P.C. Junk, C.L. Raston, B. Skelton, A.H. White, Organometallics 6,

2110 (1987)
31. C. Jones, L. McDyre, D.M. Murphy, A. Stasch, Chem. Commun. 46, 1511 (2010)
32. N.G. Connelly, W.E. Geiger, Chem. Rev. 96, 877 (1996) and references therein
33. C. Jones, A. Stasch, Top. Organomet. Chem. 45, 73 (2013) and references therein
34. A. Sidiropoulos, C. Jones, A. Stasch, S. Klein, G. Frenking, Angew. Chem. Int. Ed. 48, 9701

(2009)
35. L. Fohlmeister, S. Liu, C. Schulten, B. Moubaraki, A. Stasch, J.D. Cashion, K.S. Murray,

L. Gagliardi, C. Jones, Angew. Chem. Int. Ed. 51, 8294 (2012)
36. As determined by a survey of the Cambridge Crystallographic Database, Feb (2015)
37. S.J. Bonyhady, D. Collis, G. Frenking, N. Holzmann, C. Jones, A. Stasch, Nat. Chem. 2, 865

(2010)
38. X. Weng, L. Andrews, S. Tam, M.E. DeRose, M.E. Fajardo, J. Am. Chem. Soc. 125, 9218

(2003)

References 13



Chapter 2
Extremely Bulky Amido d-Block Metal(II)
Halide Complexes

2.1 Introduction

It is perhaps surprising that bulky monodentate amide ligands (–NR2, R = an alkyl
or aryl group), which have been utilized for decades to stabilize low coordinate
d-block metal complexes [1], e.g. two-coordinate [M(NR2)2] complexes [2], have
not been successfully employed in the preparation of related metal(I) dimers. This
may result from the fact that reports of the amido d-block metal(II) halide precursor
complexes are sparse, despite the many hundreds of structurally characterized
amido d-block metal complexes that populate the literature [1].

Though monodentate amido d-block metal(II) halide complexes are limited in
number, they are not unknown. However, this complex type usually requires
either sterically demanding ligands, or strongly coordinating p-acid ligands such as
phosphines or carbon monoxide to be isolated. Examples of amido d-block metal(II)
halides with coordinating p-acid ligands include [{(dtma)Cu(PPh3)(µ-Cl)}2] [3]
(dtma = di-p-tolylmethylamido) and [Ni(PMe3)2(pyr)Cl] [4] (pyr = pyrrolyl).
However, in low-coordinate, low oxidation state chemistry, precursor complexes
that do not possess strongly coordinating p-acid ligands are desired, as these ligands
will likely be present in the final product, increasing the coordination number of the
metal centre, thereby lowering its reactivity.

Attempting to prepare a monodentate amido metal(II) halide complex without
the use of sterically demanding or p-acid ligands will almost always lead to the
formation of the homoleptic species [M(NR2)2] and the metal(II) halide, via
redistribution. However, utilizing steric bulk on its own, without p-acid ligands, has
led to a handful of monodentate amido d-block metal(II) halide complexes.

© Springer Nature Singapore Pte Ltd. 2017
J. Hicks, Preparation, Characterisation and Reactivity of Low Oxidation State d-Block
Metal Complexes Stabilised by Extremely Bulky Amide Ligands, Springer Theses,
DOI 10.1007/978-981-10-2905-9_2
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2.1.1 Previously Reported Bulky Amido Transition Metal(II)
Halide Complexes

In 1996, the group of Cummins reported the synthesis and isolation of the low
valent amido iron(II) chloride complex [FeCl{N(R)(Ar#)}(tmeda)] [5] 2-01 (R = C
(CD3)2CH3, Ar

# = 2,5-FMeC6H3). The complex is stabilized by a bulky amide
ligand, along with a molecule of chelating tetramethylethylenediamine (tmeda)
coordinating to the iron centre. Complex 2-01 was prepared by a salt metathesis
reaction between iron(II) bromide and the lithium amide salt [Ar#(R)NLi], in the
presence of tmeda (Scheme 2.1).

The four-coordinate iron(II) complex was found to be monomeric, with the
iron(II) centre having a distorted tetrahedral geometry. The four coordination sites
of the metal are occupied by the bulky amide ligand, the chloride, and a chelating
molecule of tmeda. Complex 2-01 has an effective magnetic moment in solution of
5.29 µB at room temperature, determined by the Evans method, which is slightly
above the spin only value for a d6 high spin Fe2+ centre (4.90 µB). As far as we are
aware, no attempts to reduce 2-01, in order to synthesise a low oxidation state
amido iron complex have been reported.

Following this, in 2007, Lee and co-workers reported the synthesis and structure
of the similar tmeda stabilised amido iron(II) chloride complex [FeCl{N(SiMe3)
(Xyl)}(tmeda)] 2-02 (Xyl = 2,6-xylyl) and the isostructual cobalt(II) complex
[CoCl{N(SiMe3)(Xyl)}(tmeda)] 2-03 [6]. Similar to the synthesis of 2-01, com-
pounds 2-02 and 2-03 were prepared by reactions of the lithium amide salt [Xyl
(SiMe3)NLi(tmeda)] and the corresponding metal(II) chloride (Scheme 2.2).
However, in the synthesis of 2-02 and 2-03, no tmeda was added to the reaction
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mixture as it was in the synthesis of 2-01, but was introduced through coordination
to the lithium amide reactant.

The structures of 2-02 and 2-03 were determined by X-ray crystallography, and
were found to be essentially isostructual to the previously reported amido iron(II)
chloride 2-01. Magnetic measurements were also performed on of 2-02 and 2-03,
yielding effective magnetic moments of 4.79 µB and 3.77 µB respectively, which in
both cases are only slightly less than the spin only value for the high spin M2+

centre (4.90 µB for high spin Fe2+ and 3.87 µB for high spin Co2+ with Td
geometry). Complexes 2-02 and 2-03 were further reacted with methyl lithium,
resulting in moderate yields of the corresponding methylated complexes [Fe(Me){N
(SiMe3)(Xyl)}(tmeda)] 2-04 and [Co(Me){N(SiMe3)(Xyl)}(tmeda)] 2-05 [6].
However, once again, no attempts were made to reduce the complexes, in order to
isolate a low oxidation state amido iron or cobalt complex.

In 2011, Duchateau and co-workers reported the bulky amido chromium(II)
chloride complex [{Cr(NC4H2

t Bu2-2,5)(THF)(µ-Cl)}2] 2-06 [7]. Complex 2-06 was
synthesized in a rather unusual way, firstly via the alkylation of the chromium(III)
dichloride complex [{η5-(tBu)2C4H2N}CrCl2(THF)] 2-07 with triethyl aluminium,
to give the alkylated product [{η5-(tBu)2C4H2N}CrEt(µ-Cl)]2 2-08, which was
followed by the reduction of the complex with a further equivalent of AlEt3
(Scheme 2.3). THF was added to aid crystallisation, and 2-06 was isolated in
moderate yields.

X-ray crystallography was once again used to determine the structure of 2-06,
which was found to be dimeric in the solid state, with approximately symmetrically
bridging chlorides. The metal centres were found to be four-coordinate, and in a
distorted square planar geometry. The coordination sites of the chromium centres
are occupied by the two bridging chlorides, the bulky amide ligand, and a THF
molecule. The square planar geometry of the metal centres in 2-06 differs from that
for the three previously reported amido metal(II) chloride complexes 2-01–2-03, as
in all those cases, the metal possessed a distorted tetrahedral environment.
However, the coordination geometry of the metal in 2-06 was not unexpected, as
numerous four-coordinate square planar chromium(II) complexes have been char-
acterised [8].

Complex 2-06 exhibits an effective magnetic moment in the solid state of 4.95 µB
at 298 K, which is almost 2.0 lB less than the spin only value for two non-interacting
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Cr2+ high spin centres (6.93 lB), showing relatively strong antiferromagnetic cou-
pling within the Cr2Cl2 core. However, the value of 4.95 µB is indicative of two high
spin Cr2+ centres, as low spin d4 square planar complexes are expected to be
diamagnetic.

Complex 2-06 was tested for catalytic activity in the polymerisation of ethylene,
but was found to be inactive. No attempts to reduce 2-06 to a low oxidation state
amido chromium complex have been reported.

2.1.2 Previously Reported Bulky Amido Group 12 Metal(II)
Halide Complexes

To the best of our knowledge, apart from in publications arising from this work,
there are no terminal amido zinc(II) halide or amido cadmium(II) halide complexes
that have been structurally authenticated. There are however a number of low
coordinate zinc metal halide complexes stabilised by bulky N,N′ bidentate ligands,
e.g. [(MesNacnac)ZnI(THF)] [9] (MesNacnac = [(MesNCMe)2CH]

–) and [(Giso)
ZnI] (Giso = [(DippN)2CNCy2]

–) [10]. There are also multiple zinc and cadmium
halide complexes stabilised by amide substituents on tridentate or higher dentate
ligands [11]. However, as this chapter is focused primarily on bulky monodentate
ligands, these complexes will not be further discussed.

A good number of amido mercury(II) halide complexes are known, the simplest
of which is the mercuric amidochloride, [Hg(NH2)Cl] [12]. However, single crystal
X-ray crystallographic analysis of the compound reveals that its solid state structure
is actually a salt, consisting of a zig-zag 1-dimensional polymer (HgNH2)n with
chloride counterions, and not a sigma bonded complex [13].

Rather surprisingly, the first crystallographically characterised terminal
amido mercury(II) halide complex, employed a N-aminoporphyrin compound as
a ligand [14]. Porphyrin rings usually act as rigid, dianionic, tetradentate ligands
to most metals, forming some extremely stable complexes [15]. However, when
the N-aminooctaethyl-porphyrin 2-09 (NAOEP-H2) [16] is reacted with
mercury(II) chloride, two metal centres bond to one aminoporphyrin unit, to give
the bis-chloromercury(II)-N-aminoporphyrin complex [NAOEP(HgCl)2] 2-10
(Scheme 2.4). The first mercury centre sits above the plane of the ring, bonded
to one of the porphyrin pyrrole nitrogen atoms, and loosely coordinated by the two
neighbouring pyrrole units. The second metal sits below the ring, and is bonded
to the nitrogen atom of the amino group, resulting in a two-coordinate amido
mercury(II) chloride moiety.

In 2010, Niemeyer and co-workers reported on a series of mercury(II) halide
complexes stabilised by bulky diaryl-substituted triazenide ligands [17]. Triazenide
ligands are related to amidinate and guanidinate ligand classes, in that they are
N-donor bidentate ligands, which chelate to a metal centre forming a four mem-
bered ring. However, triazenide ligands contain a N3 motif as their backbone, in
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comparison to the amidinates and guanidinates NCN backbone. This subtle change
in the ligand’s backbone can lead to large electronic differences in a complex.

The complexes were synthesised by a simple deprotonation of the bulky tri-
azenide ArMes(Ar)N3H (ArMes = 2,6-Mes2-C6H3, Ar = Mph or Tph, Mph =
2-MesC6H4, Tph = 2-Tripp2C6H4) with n-butyl lithium, followed by a salt
metathesis reaction with the corresponding mercury(II) halide, to give the com-
plexes [ArMes(Mph)N3HgX] (X = Cl 2-11-Cl, Br 2-11-Br or I 2-11-I) and ArMes

(Tph)N3HgX (X = Cl 2-12-Cl or I 2-12-I) in moderate to good yields
(Scheme 2.5).

All of the triazenide mercury halide complexes (apart from 2-11-I) were char-
acterised by X-ray crystallography, which revealed that the triazenide is coordi-
nating to the mercury in an η1-bonding mode, rather than the more common N,N′-
chelating arrangement. This unusual bonding mode makes the mercury
two-coordinate, albeit with a weak aryl interaction from one of the flanking phenyl
groups.

Further reactivity of the triazenide mercury halide complexes towards a number
of alkaline earth metals and lanthanide metals was investigated. When 2-12-I was
reacted with magnesium metal in THF, a redox-transmetallation reaction occurred,
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leading to the formation and isolation of [ArMes(Tph)N3MgI(THF)] 2-13 in good
yields (Scheme 2.6). A similar reaction between 2-12-Cl and ytterbium chips in
THF, led to the isolation of the corresponding triazenide ytterbium(II) chloride
complex [{ArMes(Tph)N3Yb(THF)(µ-Cl)}2] 2-14, also in high yields.

Apart from the reaction of 2-12-I with magnesium, which may have initially
been an attempt to reduce the triazenide mercury(II) halide to a low oxidation state
mercury complex, no other attempts to reduce of the triazenide mercury halide
complexes have been reported.

2.1.3 Terphenyl Stabilised D-Block Metal Halide Complexes

The only monodentate ligands that have been successfully applied to the prepara-
tion of two-coordinate transition metal(I) dimers, apart from the work presented in
this thesis, are the bulky terphenyls, which were introduced in Sect. 1.2.1. This is
partly because the precursors to these complexes, terphenyl transition metal(II)
halide complexes, e.g. [{ArDippCr(µ-Cl)}2] 2-15 (ArDipp = 2,6-Dipp2-C6H3), the
precursor complex to the Cr–Cr quintuple bonded complex [(ArDippCr)2] 1-01, are
readily available and are stable to redistribution reactions [18].

2.1.3.1 Terphenyl Transition Metal(II) Halide Complexes

Power and co-workers have published a range of terphenyl stabilised transition
metal(II) halide complexes, including the metals chromium, manganese, iron, and
cobalt (Fig. 2.1) [19]. The majority of these complexes were synthesised via salt
metathesis reactions between the terphenyl lithium salt and the corresponding
metal(II) halide, however a small number have been synthesised by different routes,
such as oxidative addition of halogens to metal(I) dimers, and decomposition of
terphenyl metal(II) halides during their attempted reductions. X-ray crystallographic
studies of the reported terphenyl transition metal(II) halide complexes revealed
them all to exist as dimers, with bridging halides in the solid state, in essentially one
of four common structural motifs (Fig. 2.1).
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To date, six terphenyl chromium(II) halide complexes have been crystallo-
graphically characterised. These are [{4-R-ArDippCr(µ-Cl)}2] (R = H 2-15, OMe
2-16, SiMe3 2-17), [{ArDippCr(µ-I)}2] 2-18, [{4-F-ArDippCr(THF)(µ-Cl)}2] 2-19
and [{4-CF3-Ar

DippCr(THF)(µ-F)}2] 2-20 [19–21]. Complexes 2-15–2-17 are
essentially isostructual, differing only by the substituent in the para position of the
central ring. The chromium centres in these three complexes exist in distorted
square planar geometries, similar to that observed for the amido chromium(II)
chloride 2-06. However, 2-06 contains a molecule of THF coordinating to the Cr
centre, whereas in complexes 2-15–2-17, the four coordination sites occupied by
one terphenyl ligand, two bridging chlorides and a relatively strong interaction with
the ipso-carbon of one of the terphenyl’s flanking rings, instead of a coordinating
solvent molecule. Complex 2-18 is similar to 2-15–2-17, but has a slightly different
structure in the solid state, in that the bridging halides are iodides rather than
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Fig. 2.1 Diagrammatic representations of the structurally characterised terphenyl transition
metal(II) halide complexes 2-15–2-20, 2-22, 2-23 and 2-25–2-27
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chlorides. Due to the large ionic radius of iodine, the chromium halide bonds in
2-18 are considerably longer than in any of the chromium chloride complexes. As a
result, one of the iodides has a weak interaction with one of the ligand’s flanking
aryl rings.

Depending on the steric and/or electronic properties of the metal centre, the
coordination of a solvent molecule in the above complexes can be favoured over a
ligand interaction. For instance, in 2-19 and 2-20, a molecule of THF is coordinated
to the metal centre, yielding a square planar geometry, similar to 2-06. This
structural change has come about as a result of a fluorine atom in the para position
of the terphenyl ligand central ring in 2-19, or the bridging fluorides in 2-20. In both
cases, the highly electronegative fluorine atoms withdraw electron density from the
metal centre, which favours the coordination of a donor molecule, such as THF,
rather than an aryl interaction.

Complexes 2-15–2-17 and 2-19 were synthesised via salt metathesis reactions
between the appropriate terphenyl lithium salt, such as [ArDippLi] for 2-15, and
chromium(II) chloride THF adduct [CrCl2(THF)2] in diethyl ether at 0 °C [20, 21].
Complex 2-21 was not synthesised by salt metathesis, but via oxidative addition of
iodine to the quintuple bonded chromium(I) dimer 1-01.19 The synthesis of 2-20
was rather unusual, as it was the decomposition product in the attempted reduction
of another terphenyl chromium(II) chloride complex [{(4-CF3-Ar

DippCr(µ-Cl)}2]
2-21 with KC8 (Scheme 2.7) (N.B. No structural analysis of 2-21 has been
reported) [20]. Unlike the terphenyl chromium(II) chloride complexes 2-15–2-17,
2-19 and 2-21, which are all blue compounds, 2-20 is a pale purple colour.

In contrast to the range of terphenyl chromium(II) halide complexes reported,
there is only one terphenyl manganese(II) halide and one terphenyl iron(II) halide
complex reported, which are the isostructual complexes [{3,5-iPr2-Ar

TrippM
(µ-X)}2] (M = Mn, X = I, 2-22; M = Fe, X = Br, 2-23; ArTripp = 2,6-Tripp2-
C6H3) [22]. Similar to the complexes 2-15–2-17, 2-19 and 2-21, complexes 2-22
and 2-23 were synthesised via salt metathesis reactions between the terphenyl
lithium salt [3,5-iPr2-Ar

TrippLi] and either MnI2 (for 2-22) or FeBr2 (for 2-23), in
diethyl ether. The metal centres in both complexes were found to possess distorted
trigonal geometries; the coordination sites being occupied by the terphenyl ligand

CrDipp

Dipp

THF
Cr Dipp

Dipp

THF

F3C

CF3

F

F

2-20

[{4-CF3-ArDippCr(μ-Cl)}2]

2-21

2 KC8, THF
0 °C to 25 °C, 16 hrs

–  2 KCl

Scheme 2.7 Synthesis of 2-20
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and the two bridging halides, with no strong interactions with the flanking aryl
rings. The low coordination number of the metal centres in these compounds is a
direct effect of the significant bulk of the [3,5-iPr2-Ar

Tripp] ligands. The related
iron(II) chloride complex [{3,5-iPr2-Ar

TrippFe(µ-Cl)}2] was also targeted by salt
metathesis, i.e. the reaction between [3,5-iPr2-Ar

TrippLi] and FeCl2. However, due
to small amounts of the impurity LiI in the terphenyl lithium salt, the complex
[{3,5-iPr2-Ar

TrippFe(µ-Cl)}2] could never be isolated in a pure form, as halogen
exchange occurred between LiI and the product. Consequently the crystallised
product always contained a percentage of the iron(II) iodide complex [{3,5-iPr2-
ArTrippFe(µ-I)}2] [19].

One reason for the lack of terphenyl manganese(II), and iron(II) halide com-
plexes, is that reactions of the smaller terphenyl lithium salts, with manganese(II) or
iron(II) halides, often favours the formation of ‘-ate’ complexes, over the elimi-
nation of the lithium halide salt. For example, the reaction between [ArDippLi] and
manganese(II) iodide in THF, leads to high yields of the manganese iodide lithiate
complex [ArDippMn(THF)(µ-I)2Li(THF)2] 2-24 (Scheme 2.8) [16]. The extreme
bulk of the 3,5-iPr2-Ar

Tripp ligands in 2-22 and 2-23 proved to be sufficient to drive
the elimination of LiI, and therefore makes their isolation possible [22].

Finally, three terphenyl cobalt(II) halide complexes have been structurally
characterised. These are [{ArDippCo(µ-I)}2] 2-25, [{ArTrippCo(µ-I)}2] 2-26, and
[{ArMesCo(THF)(µ-Br)}2] 2-27 [23], with a fourth reported [{3,5-iPr2-Ar

TrippCo
(µ-Cl)}2] 2-28, but not structurally characterised [24]. Initially, the terphenyl cobalt
(II) chloride complexes were targeted by reactions of the terphenyl lithium salts,
[ArDippLi] and [ArTrippLi], with CoCl2. However, as was found with iron, small
amounts of the corresponding terphenyl cobalt(II) iodide complexes were found in
the product, formed by halogen exchange with a LiI impurity. However, when the
reactions were repeated, adding an excess of LiI to the reaction mixture, the
chloride was fully exchanged with iodide, and 2-25 and 2-26 could be isolated
cleanly and in good yields (Scheme 2.9) [19].

Complexes 2-25 and 2-26 are essentially isostructual with the previously dis-
cussed terphenyl manganese(II) iodide 2-22 and terphenyl iron(II) bromide 2-23, in
that they have three-coordinate metal centres with distorted trigonal geometries.

Along with the two terphenyl cobalt(II) iodide complexes, one terphenyl cobalt
(II) bromide complex has also been reported and structurally characterised, viz.
[{(ArMesCo(µ-Br)}2] 2-27 [23]. The complex was not synthesised from the ter-
phenyl lithium salt, but via a terphenyl Grignard reagent. The terphenyl iodide

MnDipp

Dipp

THF
Li

THF

THF

I

I

2-24

ArDippLi  +  MnI2(THF)2

THF
0 °C to 25 °C

Scheme 2.8 Preparation of 2-24
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ArMesI was reacted with activated magnesium (a mixture of magnesium metal and
MgBr2) and the mixture subsequently treated with CoCl2 in THF (Scheme 2.10).
Once again halogen exchange occurs, this time involving MgBr2, and the bromide
bridged complex 2-27 is isolated instead of the chloride.

The smaller ArMes ligands on 2-27, compared with ArDipp and ArTripp on 2-25
and 2-26 respectively, favour the coordination of a molecule of THF to the metal
centre, thus increasing the coordination from three in 2-25 and 2-26, to four in 2-27.
Complex 2-27 bears some resemblance to the chromium(II) halide complexes 2-19
and 2-20, in that it possesses four coordinate metal centres, with the coordination
sites occupied by a terphenyl ligand, two bridging halides and a molecule of THF.
However, as the chromium centres in 2-22 and 2-23 were found to be in a distorted
square planar geometry, the cobalt centres in 2-27 were found to possess distorted
tetrahedral geometries.

2.1.3.2 Terphenyl Group 12 Metal(II) Halide Complexes

In addition to terphenyl transition metal(II) halide complexes, Power, Robinson and
co-workers have also isolated and structurally characterised a handful of terphenyl
group 12 metal(II) halide complexes, including those of zinc, cadmium and mercury.
These are [{ArDippZn(µ-I)}2] 2-29, [{ArTrippZn(µ-I)}2] 2-30, [{ArDippCd(µ-I)}2]
2-31 and [ArDippHgI] 2-32 (Fig. 2.2) [25, 26].

All four compounds 2-29–2-32 were initially synthesised via salt metathesis
reactions between terphenyl lithium salts and the appropriate group 12 metal(II)

Ar

Ar

Co

I

I

Co

Ar

Ar

+  CoCl2

excess LiI, THF
0 °C to 25 °C

Ar = Dipp, 2-25
Ar = Tripp, 2-26

– LiCl
0.5

ArDippLi
or

ArTrippLi

Scheme 2.9 Preparation of 2-25 and 2-26
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Br

Br

2-27

1) Mg/MgBr2, THF, 25 °C, 16 hrs
2) CoCl2, THF, 25 °C, 16 hrs

Mes Mes

I

0.5
– 0.5 MgCl2, – MgI2

Scheme 2.10 Preparation of 2-27
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iodide, which gave moderate yields of all four complexes. However, it was later
found that 2-32 could be synthesised in considerably higher yields (92 % compared
with 60 %) when the terphenyl Grignard reagent was used in place of the lithium
salt [25].

Complexes 2-29–2-31 are essentially isostructual, existing as dimers in the solid
state with bridging iodine atoms. The metal centres are three coordinate, in distorted
trigonal geometries, with the coordination sites occupied by the two bridging iodine
atoms and the terphenyl ligand. The metal centres in all three compounds do not
exhibit any close interactions with flanking aryl groups.

The terphenyl mercury(II) iodide complex 2-32 is the only d-block terphenyl
metal(II) halide complex reported to date, and is monomeric, two-coordinate in the
solid state. However, this was not unexpected, as there are numerous monomeric
two-coordinate mercury(II) halide complexes that have been structurally charac-
terised [8]. The majority of these complexes bear much less sterically hindering
ligands than terphenyls, e.g. the two-coordinate complex, phenyl mercury(II)
iodide, the structure of which was first reported by Pachomov in 1963 [27].

2.1.4 Extremely Bulky Monodentate Amido Ligands

Over the past four years, the Jones group has developed a range of extremely bulky
monodentate amide ligands, with the general structure of the secondary amine
(or protonated ligand) shown in Fig. 2.3 [28–31].

A large proportion of the bulk, and consequent kinetic protection supplied by these
ligands comes from the common pentaaryl substituent [2,6-{Ph2C(H)}2-4-R′-C6H2]
bound to the nitrogen atom. The other nitrogen substituent is an R group. This R group
is typically either a trisubstituted silyl group or aryl ring, however ligands with alkyl
and disubstituted phosphorus substituents have also been synthesised [32]. The
overall steric bulk of the ligand can easily be tuned, by changing the size of this

Ar

Ar

M

I

I

M

Ar

Ar

M = Zn, Ar = Dipp, 2-29
M = Zn, Ar = Tripp, 2-30
M = Cd, Ar = Dipp, 2-31

Dipp

Dipp

Hg I

2-32

Fig. 2.2 Diagrammatic representations of the structurally characterised terphenyl group 12
metal(II) halide complexes 2-29–2-32
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R group, from something relatively small, e.g. a phenyl ring, to an extremely bulky
group, such as tri(tertbutoxy)silyl. The R′ group in the para position of the central ring
is generally either methyl or isopropyl. Changing this R′ group from methyl to iso-
propyl, has little effect on the overall bulk of the ligand, and consequently little effect
on the stability of ametal complex bearing it. However, it does influence the solubility
and crystallising properties of the ligand itself, as well as derived coordination
complexes.

The extremely bulky secondary amines are easily synthesised, in two steps for
the bis(aryl) amines, and three steps for the silyl containing ligands (Scheme 2.11).
The first step is common to both ligand types, i.e. the synthesis of the bulky aniline,
either Ar*NH2 2-33 (Ar* = 2,6-(Ph2CH)2-4-Me-C6H2) or Ar

†NH2 2-34 (Ar
† = 2,6-

(Ph2CH)2-4-
iPr-C6H2). These are prepared via a solvent free Friedel-Crafts alky-

lation reaction between diphenylmethanol and a para-substituted aniline, to give
good yields of the corresponding bulky aniline.

The silyl amine pro-ligands are synthesised by deprotonation of the bulky aniline
2-33 or 2-34 with n-butyl lithium in THF, followed by the addition of the corre-
sponding silyl chloride, to give the bulky secondary amines in moderate to good
yields. The diaryl pro-ligands on the other hand, are synthesised by palladium-
catalysed cross-coupling reactions between the bulky aniline, 2-33 or 2-34, and the
corresponding aryl bromide.

These extremely bulky amide ligands have been used to stabilise a number of
p-block element(I) dimers, such as the first amido digermyne [{Ar*(SiMe3)NGe}2]
2-35 [33], the first amido distannyne [{Ar†(SiiPr3)NSn}2] 2-36 [34] and a range of
dipnictenes [{Ar*(SiPh3)NE}2] (E = As 2-37, Sb 2-38 and Bi 2-39) [35]. All of
these unprecedented p-block compounds were synthesised by reductions of the
amido metal halide (or dihalide) precursor complexes with the magnesium(I)
reducing agent [{(MesNacnac)Mg}2] 1-08 (Scheme 2.12). The only other mon-
odentate ligand class used to successfully stabilise this range of low oxidation state
p-block compounds are the terphenyls.

Ph Ph
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Si(OtBu)3
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R =

R' = Me
iPr

Fig. 2.3 A range of extremely bulky secondary amines
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2.2 Research Outline

With the recent success that the extremely bulky amide ligands, developed in the
Jones group, have had in low oxidation state p-block chemistry, it seemed rea-
sonable that they could also be used to stabilise low coordinate, low oxidation state
d-block metal complexes. With this in mind, a range of first row transition metal(II)

Ph Ph
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NH2

OH
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Ph

2

ZnCl2, HCl,
160 °C, 2 hrs

1) n-BuLi, THF, 
–80 °C to 25 °C, 1 hr
2) R3SiCl, 25 or 60 °C
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Ph Ph
Ph Ph
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NH
R3Si

ArBr, t-BuOK
2.5 mol% [(IPr)Pd(Im)]
toluene, 110 °C, 2 hrs

Ph Ph
Ph Ph

R'
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Ar

Im = 1-methylimidazole

R = Me, 2-33
R = iPr, 2-34

+

– n-BuH, – LiCl
– 2 H2O

– t-BuOH, – KBr

Scheme 2.11 Preparation of a series of bulky secondary amines

Scheme 2.12 Preparation of 2-35–2-39
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halide and group 12 metal(II) halide complexes, stabilised by the bulky amido
ligands were targeted. The bulk and the electronic properties of the ligand were
proposed to be modified, to investigate how these change the structure of the amido
metal(II) halide complex. These complexes would hopefully serve as precursors to
novel amide stabilised low oxidation state d-block metal complexes in later studies.

2.3 Results and Discussion

Bulky amido metal(II) halide complexes were initially targeted via salt metathesis
reactions between metal(II) halides and bulky lithium amide salts, generated in situ
by deprotonation of the bulky secondary amine pro-ligands with n-butyl lithium in
THF. However, these reactions, e.g. involving [Ar*(SiMe3)NLi(THF)] and [Ar*
(SiPh3)NLi], typically led to complex mixtures of unidentifiable products. That
said, one reaction between [Ar*(SiMe3)NLi(THF)] and MnBr2 in THF, followed by
crystallisation from a diethyl ether solution, afforded a very low yield (<5 %) of the
“-ate” complex, [Ar*(SiMe3)NMn(THF)(l-Br)2Li(OEt2)2] 2-40. The complex is
reminiscent of 2-24, the terphenyl manganese(II) bromide lithiate complex, isolated
from the reaction of [ArDippLi] and MnI2. In an attempt to prevent the formation of
these “-ate” complexes, potassium amide salts were chosen as an alternative to
lithium amide salts, in the preparation of the amido d-block metal(II) halide com-
plexes, as discussed below.

2.3.1 Preparation of Bulky Potassium Amide Salts

The potassium amide salt [Ar*(SiMe3)NK(η
6-toluene)] was reported prior to this

work, prepared by the deprotonation of the bulky secondary amine Ar*(SiMe3)NH
with 1.1 equivalents of [KN(SiMe3)2] (KN′′) in THF [36]. After purification by
crystallisation from toluene, a modest yield (71 %) of the complex was isolated.
However, scaling this reaction up from the reported 2 to 10 g (or above) proved
problematic. This was partly due to the reaction not going fully to completion,
because it is essentially an equilibrium between the potassium salt of bulky amine
and the potassium salt of N′′. Therefore the product was repeatedly contaminated
with small amounts of the starting Ar*(SiMe3)NH (�10 %), even after crystalli-
sation. The equilibrium point of the reaction can be shifted to favour the formation
of [Ar*(SiMe3)NK(η

6-toluene)], by adding a large excess of KN′′, however then the
product was found to be contaminated with KN′′. The deprotonation was also
attempted with KH, however this does not react with bulky amine Ar*(SiMe3)NH,
even in THF at reflux over the course of several days.

A new and improved synthesis for [Ar*(SiMe3)NK] was developed, replacing
the use of stoichiometric amounts of KN′′ with a cleaner and more atom efficient
route. By using a slight excess of KH (1.1–1.3 equiv.) with a catalytic amount of
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(Me3Si)2NH (5–10 mol%) in THF, KN′′ is generated in situ, by deprotonation of
(Me3Si)2NH with KH. This then deprotonates the bulky secondary amine Ar*
(SiMe3)NH, to give [Ar*(SiMe3)NK(THF)], whilst regenerating the catalyst. With
the release of H2, the reaction is driven to competition over the course 12 h, with no
Ar*(SiMe3)NH observed in the product by 1H NMR spectroscopy. Furthermore,
workup and purification of the potassium amide is achieved by simply filtering
away the remaining KH, removing the solvent in vacuo, and finally washing the
residue with warm hexane to remove excess KN′′. This gives [Ar*(SiMe3)NK
(THF)] in significantly higher yields (95 %) (Scheme 2.13).

The coordinated THF in [Ar*(SiMe3)NK(THF)] is relatively labile, and can be
exchanged for other weakly coordinating or aromatic solvent molecules, such as
diethyl ether or toluene, by simply dissolving (or suspending in the case of Et2O)
the potassium amide in the appropriate solvent.

The improved synthetic route to [Ar*(SiMe3)NK(THF)] was found to be
effective for the synthesis of many other bulky potassium amides, such as [Ar*
(SiPh3)NK] and [Ar†(SiMe3)NK(THF)]. However, for the deprotonation of extre-
mely sterically hindered secondary amines, such as Ar†(SiiPr3)NH or Ar*(SiiPr3)
NH, the reaction mixtures required heating to 60 °C for 12 h to proceed. This new
route is how all of the potassium amides presented in this work were prepared.

2.3.2 Bulky Amido First Row Transition Metal(II)
Halide Complexes

A range of bulky amido transition metal(II) halide complexes were synthesised by
the addition of THF solutions of the potassium amides [Ar*(SiMe3)NK(η

6-
toluene)], [Ar*(SiPh3)NK] or [Ar

†(SiiPr3)NK] to a solution (or suspensions) of one
equivalent of either CrCl2, MnBr2, FeBr2, or CoCl2, in THF and −80 °C. The
reaction mixtures were slowly warmed to room temperature, where they were
stirred for between 5 min and 12 h. Work-up, followed by recrystallization of the
crude reaction mixture gave moderate to good yields (43–81 %) of the amido metal
halide complexes 2-41–2-49 (Scheme 2.14).

Reactions of the three potassium amides with NiBr2 and CuCl2 were also
attempted. However, in every case these led to intractable mixtures of products,
with no amido metal halide complex isolated. Furthermore, reactions of the three
potassium amides with CoBr2 were also targeted, however in every case these led to
the recovery of the potassium amide and the reproducible generation of the new

KH, 7 mol% HMDS(H),
THF, 25 °C, 12 hrs

– H2

NH

Ar*

Me3Si

NK(THF)

Ar*

Me3Si

Scheme 2.13 Improved
synthesis of [Ar*(SiMe3)NK
(THF)]
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cobalt bromide contact ion-pair complex, [(THF)4Co(µ-Br)2CoBr2] 2-50. It seems
that dissolution of CoBr2 in THF yields 2-50, which has a low reactivity towards
the potassium amide starting materials. In addition, no identifiable product could be
isolated from the reaction of [[Ar*(SiMe3)NK(η

6-toluene)] with CoCl2. However,
depending on the solvent of crystallization, two amido cobalt(II) chloride com-
plexes 2-48 and 2-49 bearing the same Ar*(SiPh3)N

− ligand could be isolated (see
structural discussions below for further details).

Unfortunately, in the repeated reactions between the most bulky of the three
potassium amides [Ar†(SiiPr3)NK], and the metal(II) halides CrCl2, FeBr2 or CoCl2,
no amido metal halide complex was isolated. The only isolated product from
all three reactions was the protonated bulky secondary amine Ar†(SiiPr3)NH. The
only reaction to yield an amido transition metal(II) halide bearing the bulky
Ar†(SiiPr3)N

– ligand was between [Ar†(SiiPr3)NK] and MnBr2, which gave good
yields of the amido manganese(II) bromide 2-45.

All of the complexes 2-41–2-49 were characterised by X-ray crystallography
(Figs. 2.4, 2.5 and 2.6), which revealed them to possess varying coordination
geometries, depending on the ligand and metal involved. However, they were all
found to be dimeric in the solid state, with bridging halides.

The two amido chromium(II) chloride complexes 2-41 and 2-42 differ to the
other amido metal(II) halides, in that they both posses distorted square planar metal
geometries, whereas complexes 2-43–2-49 all contain metals in distorted tetrahedral
environments. The metal coordination sites in 2-41 and 2-42, are occupied by the
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amide, two approximately symmetrically bridging chlorides and either a molecule
of THF in 2-41, or an η2-phenyl interaction to one of the phenyl rings of the
triphenyl silyl group in 2-42. The difference in the chromium coordination sites
suggests that there is competition between THF and ligand arene interactions in
these complexes, as both complexes were synthesized in THF. The resulting
structures can be explained by the bulk of the ligand; the smaller Ar*(SiMe3)N

–

ligand in 2-41 favours the coordination of a molecule of THF, whereas the more
sterically demanding Ar*(SiPh3)N

– ligand in 2-42 favours an η2-phenyl interaction.
The SiPh3 groups on the Ar*(SiPh3)N

– ligands of 2-42 provide the possibility of an

Fig. 2.4 Thermal ellipsoid plots (25 % probability surface) of the molecular structures of 2-41
(top) and 2-42 (bottom). Hydrogen atoms have been omitted for clarity. Selected interatomic
distances (Å) and angles (°) for complexes 2-41 and 2-42 can be found in Table 2.1
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η2-phenyl interaction, which is not available in 2-41. However, as chromium(II) is
generally considered a hard acid, the coordination to THF would be favoured over
the softer η2-phenyl interaction, therefore the steric bulk of the ligand is the main
driving force for this change in coordination.

Complex 2-41 closely resembles the previously reported amido chromium(II)
complex 2-06, as well as the two terphenyl chromium(II) halide complexes 2-19
and 2-20. That is, all four complexes are dimeric, square planar chromium(II) halide

2-442-43

2-462-45

2-482-47

Fig. 2.5 Thermal ellipsoid plots (25 % probability surface) of the molecular structures of 2-43–
2-48. Hydrogen atoms have been omitted for clarity Selected interatomic distances (Å) and angles
(°) for complexes 2-43–2-48 can be found in Table 2.1
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complexes in the solid state, with bridging halides and a molecule of THF occu-
pying coordination sites. Complex 2-42 is more closely associated with the ter-
phenyl chromium(II) chloride complexes 2-15–2-18, which are also dimeric, square
planar complexes, but do not possess a coordinating solvent. Instead, the fourth
coordination site is occupied by a strong interaction with the ipso-carbon of one of
the terphenyl flanking aryl groups.

The Cr-N distances in 2-41 and 2-42 are in the normal range for chromium(II)
amides [8], but are slightly less than the sum of the covalent radii for Cr and N (2.10
Å) [37]. Although the Cr���η2–C–Cmid point distances in 2-42 (2.423(2) Å) are
longer than normal Cr–C covalent bonds, e.g. 2.020(7) Å in [Cr(η6-benzene)2] [38]
and 2.041(3) Å in 2-15 [21], they clearly signify relatively strong Cr���phenyl
interactions.

The three amido manganese(II) bromide complexes 2-43, 2-44 and 2-45; the two
amido iron(II) bromide complexes 2-46 and 2-47, along with the amido cobalt(II)
chloride complex 2-48, are essentially isostructual in the solid state. All of the
metals in complexes 2-43–2-48 possess distorted tetrahedral coordination geome-
tries, with their sites occupied in a similar fashion to 2-41, i.e. with the terminal
amide, two bridging halides and a molecule of THF coordinated to the metal.
Rather surprisingly, the amido manganese bromide 2-45, which bears the most
sterically demanding ligand [Ar†(SiiPr3)N

–, still possesses this geometry, even

Fig. 2.6 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 2-49.
Hydrogen atoms have been omitted for clarity. Selected interatomic distances (Å) and angles (°)
for complex 2-49 can be found in Table 2.1
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though the extra bulk would be thought to favour a η2-phenyl interaction, and not a
coordinating THF molecule.

There are no other reported terminal amido manganese(II) halide complexes to
compare complexes 2-43–2-45 with, however the manganese complexes reported
here contrast to the previously reported monomeric amido iron(II) chloride com-
plexes 2-01 and 2-02, and the amido cobalt(II) chloride 2-03. Complexes 2-01–2-03
all contain a bidentate coordinating tmeda molecule, which occupies two of the four
coordination sites; this disfavours dimerisation, therefore 2-01–2-03 are all
monomeric in the solid state. There are no equivalent structural types for terphenyl
manganese or iron halide complexes either, as the only reported terphenyl man-
ganese(II) halide 2-22 and terphenyl iron(II) halide 2-23 possess one of the most
sterically demanding terphenyl ligands 3,5-iPr2-Ar

Tripp. These extremely bulky
terphenyl ligands force the metal to occupy a three-coordinate trigonal geometry,
with no space for the coordination of a solvent molecule. Comparisons can, how-
ever, be made between the cobalt complex 2-49, and the terphenyl cobalt bromide
complex 2-27, both of which are dimeric, have similar distorted tetrahedral cobalt
geometries, with a coordinating molecule of THF.

Within the series of essentially isostructual complexes 2-43–2-48, there is a
general decrease in the M–N and/or M–O distances with increasing relative atomic
mass of the metal. This is consistent with the decreasing high spin covalent radii
reported for the metal sequence Mn (1.61 Å) > Fe (1.52 Å) > Co (1.50 Å) [37].
Although the N-centers in all of the complexes 2-43–2-48 have planar geometries,
none of their M-N distances are especially short, and therefore they do not indicate
significant degrees of N ! M p-bonding. In addition, their metal-metal separations
are not indicative of any substantial metal-metal bonding.

As previously mentioned in the discussion of the amido chromium halide
complexes 2-41 and 2-42, there is a competition in these complexes for the metal’s
coordination to THF, or the formation of a ligand arene interaction. In the amido
cobalt(II) chloride complexes 2-48 and 2-49, this is apparently a relatively finely
balanced competition, as both the THF coordinated complex 2-48 and the THF free,
arene interacting complex 2-49 can be isolated with the same Ar*(SiPh3)N

– ligand.
Complex 2-48 is obtained when the vacuum dried crude reaction product is
recrystallized from a toluene/hexane solution. However, if that solution is kept at
room temperature for several days before crystallization occurs, only 2-49 is
obtained. Moreover, solid samples of 2-48 appear to slowly lose their coordinated
THF at ambient temperature, while dissolution of 2-49 in THF leads to the
immediate and quantitative regeneration of compound 2-48.

The solid state structure of 2-49 resembles those of 2-43–2-48, in that it has a
distorted tetrahedral cobalt geometry, though the fourth coordination site of the
metal is instead taken up by an η2-phenyl interaction rather than a coordinating
molecule of THF. At first glance, this appears similar to the situation in 2-42.
However, in 2-42 the interaction derives from a phenyl group of the SiPh3 frag-
ment, whereas in 2-49, it comes from a phenyl substituent of the Ar* ligand. This
difference presumably results from the contrasting metal geometries in the two
complexes.
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All of the amido transition metal(II) halide compounds reported (except 2-48)
are very thermally stable solids, and are indefinitely stable in solution at ambient
temperature. Little information can be gained from their NMR spectroscopic data,
due to the paramagnetic nature of the compounds. This gives rise to broad signals in
the 1H NMR spectra, which are typically observed over wide chemical shift ranges,
e.g. −53 to 123 ppm for 2-49.

Solution state effective magnetic moments of the amido transition metal(II)
complexes were determined using the Evans method [39]. Unfortunately, the very
low solubility of the chromium chloride complex 2-42 in non-coordinating
deuterated solvents prevented an accurate magnetic moment determination. The
magnetic moment obtained for the amido chromium chloride 2-41 (µeff = 5.81 µB
per dimer) is less than the spin-only value for two non-interacting high-spin Cr2+

centers (µso = 6.93 µB). However, it lies in the range previously reported for related
square-planar halide bridged chromium(II) dimers, e.g. the terphenyl chromium
fluoride complex 2-20 (µeff = 6.94 µB per dimer) [20] and the previously reported
amido chromium(II) chloride complex 2-06 (µeff = 4.95 µB per dimer) [7]. This
suggests the compound is high-spin and exhibits a degree of antiferromagnetic
coupling over the Cr2Cl2 core. Similarly, the magnetic moments obtained for all the
tetrahedral dimers, 2-43–2-49, indicate that they are high-spin complexes, the metal
centers of which are antiferromagnetically coupled to varying extents. Specifically,
the effective magnetic moments for the manganese complexes, 2-43 (5.90 µB per
dimer), 2-44 (6.85 µB per dimer), and 2-45 (6.90 µB per dimer) are markedly less
than the spin-only value (µso = 8.36 µB). It is difficult to draw comparisons here as
we are not aware of any other structurally authenticated tetrahedral, halide bridged
manganese(II) dimers that have been the subjects of magnetochemical studies. The
only exceptions are several dimeric, tetrahedral manganese dihalide adducts, e.g.
[{Mn(NEt3)I(µ-I)}2] (µeff = 6.8 µB), for which significant antiferromagnetic cou-
pling between the Mn centers was proposed [40]. The magnetic moments obtained
for the iron(II) and cobalt(II) dimers, 2-46 (5.38 µB per dimer), 2-47 (6.61 µB per
dimer), 2-48 (4.86 µB per dimer) and 2-49 (5.20 µB per dimer), are also somewhat
less than the spin-only values (Fe: 6.93 µB, Co: 5.40 µB,). The observed magnetic
moments are, however, comparable to those for related four-coordinate complexes,
e.g. the b-diketiminato iron fluoride complex [{(DippNacnac)Fe(µ-F)}2] (6.2 µB per
dimer) [41] and the terphenyl cobalt bromide complex 2-27 (4.7 µB per dimer) [23].

2.3.3 Bulky Amido Group 12 Metal(II) Halide Complexes

Bulky amido group 12 halide complexes were prepared here, using similar methods
to those for the synthesis of the amido transition metal(II) halide complexes, i.e. via
reactions of the bulky potassium amides with metal(II) halides. However, for the
group 12 complexes, two additional bulky potassium amides were employed, these
are [Ar†(SiMe3)NK(OEt2)] and [Ar*(SiiPr3)NK].
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The bulky amido group 12 metal(II) halide complexes were synthesised by the
addition of either THF, toluene or diethyl ether solutions of the potassium amides
[Ar*(SiMe3)NK(η

6-toluene)], [Ar*(SiPh3)NK], [Ar†(SiiPr3)NK], [Ar†(SiMe3)NK
(OEt2)] and [Ar*(SiiPr3)NK] to suspensions of one equivalent of either ZnBr2, CdI2
or HgI2 in the same solvent and −80 °C. The reactions were slowly warmed to
room temperature, where they were stirred for between 30 min and 4 h. Work-up,
followed by recrystallization of the crude reaction mixture gave moderate to
excellent yields (53–90 %) of the amido metal halide complexes 2-51–2-62
(Scheme 2.15).

Amido zinc and mercury halide complexes bearing all five ligands have been
isolated and characterised. However, reactions between the potassium amides [Ar*
(SiMe3)NK(η

6-toluene)], [Ar*(SiiPr3)NK] or [Ar
†(SiiPr3)NK], and one equivalent

of CdI2, in THF, toluene or diethyl ether repeatedly lead to the formation of
cadmium metal and the corresponding protonated amine.

All of the complexes 2-51–2-62 were crystallographically characterised
(Figs. 2.7, 2.8 and 2.9), which once again revealed them to possess varying
coordination geometries, depending on the ligand and metal involved. These
complexes differ to the equivalent transition metal complexes, in that, with the
exception of 2-56, they are all monomeric in the solid state.

The two amido zinc bromide complex 2-51 and 2-52 are essentially isostructual,
and differ from the other amido group 12 metal halide complexes in that they are the
only two to possess a coordinating solvent molecule, likely due to the fact that they
possess the two least sterically demanding amido ligands. The coordination of THF

2-56

MX2

[Ar*(SiMe3)NK(η6-toluene)], 
[Ar†(SiMe3)NK(OEt2)],

[Ar*(SiPh3)NK], [Ar*(SiiPr3)NK] 
or [Ar*(SiiPr3)NK]
 –80 °C to 25 °C

– KX

N Zn
Br

THFAr

Me3Si

N M
Ar

R3Si
X

N Cd
I

I
Cd N

Ar†

SiMe3Ar†

Me3Si

Ar = Ar*, 2-51
Ar = Ar†, 2-52

Ar = Ar*, R = Ph, M = Zn, X = Br, 2-53
Ar = Ar*, R = iPr, M = Zn, X = Br, 2-54
Ar = Ar†, R = iPr, M = Zn, X = Br, 2-55
Ar = Ar*, R = Ph, M = Cd, X = I, 2-57
Ar = Ar*, R = Me, M = Hg, X = I, 2-58
Ar = Ar†, R = Me, M = Hg, X = I, 2-59
Ar = Ar*, R = Ph, M = Hg, X = I, 2-60
Ar = Ar*, R = iPr, M = Hg, X = I, 2-61
Ar = Ar†, R = iPr, M = Hg, X = I, 2-62

Scheme 2.15 Preparation of 2-51–2-62
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to the zinc centre in 2-51 and 2-52, results in a three-coordinate zinc centre, in a
distorted trigonal geometry. Although in both structures two phenyl rings from the
pentaaryl substituent lie above and below the zinc coordination plane, the closest
Zn���Cphenyl distance (3.048 Å in 2-51, and 3.109 Å in 2-52) in both cases is too

2-51 2-52 

2-542-53

2-55

Fig. 2.7 Thermal ellipsoid plots (25 % probability surface) of the molecular structures of 2-51–
2-55. Hydrogen atoms have been omitted for clarity. Selected interatomic distances (Å) and angles
(°) for complexes 2-51–2-55 can be found in Table 2.2
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Fig. 2.8 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 2-56.
Hydrogen atoms have been omitted for clarity. Selected interatomic distances (Å) and angles (°)
for complex 2-56 can be found in Table 2.2

Fig. 2.9 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 2-57.
Hydrogen atoms have been omitted for clarity. Selected interatomic distances (Å) and angles (°)
for complex 2-57 can be found in Table 2.2
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long to imply any significant interaction. It is worth noting that the synthesis of
amido zinc bromide complexes bearing [Ar*(SiMe3)N]

– and [Ar†(SiMe3)N]
–

without a coordinating molecule of THF was attempted, by carrying out reactions
of the potassium amides [Ar*(SiMe3)NK(η

6-toluene)] and [Ar†(SiMe3)NK(OEt2)]
with ZnBr2 in toluene, benzene and diethyl ether. However, in every case
decomposition occurred, yielding the protonated amine and zinc metal. Therefore
it is thought that the steric protection provided by the Ar*(SiMe3)N

– and
Ar†(SiMe3)N

– ligands is not sufficient to stabilise two-coordinate zinc halide
complexes.

In contrast to 2-51 and 2-52, there is no solvent coordinated to the three amido
zinc bromide complexes 2-53, 2-54 and 2-55, likely due to the increase in ligand
bulk. As a result, complexes 2-53–2-55 possess two-coordinate zinc centres. All
three structures have slightly bent N-Zn-Br angles (160.41° in 2-53, 159.37° in 2-54
and 158.63° in 2-55) which may be due to an interaction between the Zn center and
one of the flanking phenyl rings, but as the closest Zn���Cphenyl distance is long in all
cases (2.824 Å in 2-53, 2.854 Å in 2-54 and 2.812 Å in 2-55), these interactions
must be considered weak at best. Compounds 2-53–2-55 represent the first struc-
turally characterised examples of amido zinc halide complexes, and differ from the
corresponding terphenyl zinc halide complexes 2-29 and 2-30, which have
three-coordinate zinc centres and are dimeric in the solid state [25, 26].

Two amido cadmium iodide complexes, 2-56 and 2-57, were also isolated and
structurally characterised (Figs. 2.9 and 2.10). Compound 2-56 differs from all of
the other amido group 12 metal halide complexes reported here, in that it is the only
one to exist as a dimer in the solid state, even though the complex bears the same
ligand, and was prepared in the same solvent as the monomeric zinc bromide
complex 2-52. The two cadmium centres are three-coordinate, and have distorted
trigonal geometries. Flanking phenyl rings from the Ar† substituent lie above and
below the cadmium coordination plane, but as the closest Cd���Cphenyl distance is
2.952 Å, these distances are considered too long to imply any significant interac-
tion. Complex 2-56 is similar to the corresponding terphenyl cadmium iodide
complex 2-31, which also possesses three-coordinate metal centres, and also exists
as a dimer with bridging iodides in the solid state.

In contrast to 2-56, the amido cadmium iodide complex 2-57 is monomeric in
the solid state, due to an increase in ligand bulk, and is also solvent free, resulting in
a two-coordinate cadmium centre. The structure of 2-57 is essentially isostructual
with the related zinc complex 2-53, with a slightly bent N–Cd–I fragment (164.8°),
which is possibly due to an interaction between the Cd centre and one of the
flanking phenyl rings of the Ar† substituent. However, as the closest Cd���Cphenyl

distance is quite long (2.903 Å), this interaction must once again be considered
weak. Compounds 2-56 and 2-57 represent the first examples of amido cadmium
halide complexes.

Finally, five amido mercury iodide complexes, 2-58–2-62, have been synthe-
sised and crystallographically characterised (Fig. 2.10). All complexes were found
to be essentially isostructual, monomeric and solvent free in the solid state, resulting
in two-coordinate mercury centres. As with the two-coordinate zinc and cadmium
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structures, 2-53–2-55 and 2-57, the N-Hg-I angles in the complexes are slightly
bent (171.0° (avg) in 2-58, 174.3° (avg.) in 2-59, 170.3° in 2-60, 173.4° in 2-61,
174.4° in 2-62) but to a lesser extent than in the related zinc and cadmium com-
plexes. In addition, there are no strong Hg���C interactions with the phenyl groups

2-58 2-59 

2-60 2-61 

2-62

Fig. 2.10 Thermal ellipsoid plots (25 % probability surface) of the molecular structures of 2-58–
2-62. Hydrogen atoms have been omitted for clarity. Selected interatomic distances (Å) and angles
(°) for complexes 2-58–2-62 can be found in Table 2.2
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of the ligand (closest Hg���Cphenyl = 3.240 Å 2-58, 3.265 Å 2-59, 3.166 Å 2-60,
3.203 Å 2-61 and 3.376 Å 2-62). The complexes mirror the previously reported
amido mercury halide complexes, 2-10–2-12, as well as the corresponding ter-
phenyl mercury iodide compound 2-32, with no large structural diversity over the
series.

2.4 Conclusion

In summary, five extremely bulky amide ligands have been utilized in the prepa-
ration of rare examples of monodentate amido first row transition metal(II) halide
and group 12 metal halide complexes in moderate to high yields on multigram
scales. All prepared complexes have been spectroscopically characterized and their
X-ray crystal structures determined. The Cr, Mn, Fe and Co complexes are all
high-spin, antiferromagnetically coupled halide bridged dimers, which possess
square-planar (Cr) or tetrahedral (Mn, Fe and Co) metal coordination geometries.

The amido group 12 metal halides are almost exclusively monomeric, with the
exception of the iodide bridge cadmium complex 2-56. The amido zinc and cad-
mium halide complexes were found to display either planar three-coordinate, or
distorted linear metal geometries, depending on the steric bulk of the ligand. All of
the amido mercury iodide complexes, independent of the ligand size, were found to
possess two coordinate metal centres.

2.5 Experimental

General methods. All manipulations were carried out using standard Schlenk and
glove box techniques under an atmosphere of high purity dinitrogen. THF, hexane,
cyclohexane and toluene were distilled over molten potassium, while diethyl ether
and pentane were distilled over sodium/potassium alloy (1:1). 1H, 13C{1H}, 29Si
{1H} 113Cd{1H} and 199Hg{1H} NMR spectra were recorded on either Bruker
DPX300, Bruker AvanceIII 400 or Varian Inova 500 spectrometers and were ref-
erenced to the resonances of the solvent used, external SiMe4, Cd(ClO4)2 or
Me2Hg. Mass spectra were recorded on an Agilent Techonlogies 5975D inert MSD
with a solid-state probe or obtained from the EPSRC National Mass Spectrometric
Service at Swansea University. IR spectra were recorded using a Perkin-Elmer RX1
FT-IR spectrometer as Nujol mulls between NaCl plates or recorded as solid
samples using an Agilent Cary 630 attenuated total reflectance (ATR) spectrometer.
Microanalyses were carried out by the Science Centre, London Metropolitan
University. A reproducible microanalysis for 2-44 could not be obtained because of
its highly air sensitive nature, and because total removal of the hexane and THF of
crystallization proved difficult by vacuum drying the compound at elevated tem-
perature. A reproducible microanalysis for 2-48 could also not be obtained as it
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slowly loses its THF of coordination in the solid state, yielding 2-49. Melting points
were determined in sealed glass capillaries under dinitrogen and are uncorrected.
Solution state effective magnetic moments were determined by the Evans method
[39]. The potassium amides [Ar*(SiMe3)NK(η

6-toluene)], [Ar*(SiPh3)NK], and
[Ar†(SiiPr3)NK] were prepared as discussed in Sect. 2.3.1. All other reagents were
used as received.

Preparation of [Ar*(SiiPr3)NH]. To a suspension of Ar*NH2 (10.0 g,
22.7 mmol) in THF (100 mL) was added nBuLi (14.9 mL of a 1.6 M solution in
hexanes) at −80 °C over 10 min. The reaction mixture was warmed to room
temperature and stirred for a further 2 h, producing a white precipitate.
Subsequently, neat triisopropylsilyl chloride (4.82 g, 25.0 mmol) was added, and
the reaction mixture was warmed to 60 °C and stirred for 12 h, whereupon volatiles
were removed in vacuo. The residue was extracted with toluene (100 mL), the
extract filtered and volatiles removed in vacuo to give an off white solid, which was
washed with hexane (3 � 25 mL) to give [Ar*(SiiPr3)NH] as an off white powder
(9.80 g, 73 %). Mp: 224–226 °C; 1H NMR (499 MHz, C6D6, 298 K): d = 1.05 (d,
3JHH = 7.5 Hz, 18H, CH(CH3)2), 1.31 (sept, 3JHH = 7.5 Hz, 3H, CH(CH3)2), 1.83
(s, 3H, ArCH3), 6.28 (s, 2H, Ph2CH), 6.89 (s, 2H, o-ArH), 7.01–7.21 (m, 20H,
ArH); 13C{1H} NMR (75 MHz, C6D6): d = 14.9 (Si{CH(CH3)2}3), 19.1 (Si{CH
(CH3)2}3), 21.2 (ArCH3), 52.5 (CHPh2), 126.6, 128.6, 130.1, 130.3, 132.5, 141.0,
141.1, 144.9 (Ar-C); 29Si{1H} NMR (80 MHz, C6D6): d = 3.3(s); IR t/cm−1

(Nujol): 1598(m), 1493(m), 1443(s), 1354(m), 1255(m), 1128(m), 1076(m), 1030
(m), 914(m), 879(s), 762(m), 721(s), 698(s), 661(s); MS/EI m/z (%): 595.5 (M+,
41), 552.4 (M+

–
iPr, 100), 167.1 (Ph2CH

+, 84); acc. mass MS/ESI calc. for
C42H50NSi (Ar*N(H)Si

iPr3 +H
+): 596.3713, found: 596.3701.

Preparation of [Ar†(SiMe3)NK(OEt2)]. To a suspension of KH (0.557 g,
13.9 mmol) in THF (40 mL) was added a solution of Ar†(SiMe3)NH (5.00 g,
9.26 mmol) in THF (40 mL) at room temperature. To the reaction mixture was
added 7 mol% of hexamethyldisilazane (0.10 ml, 0.62 mmol), and the mixture
warmed to 60 °C, where the evolution of hydrogen gas was observed. The reaction
was stirred for a further 12 h at 60 °C, whereupon it was cooled to room tem-
perature, filtered and volatiles removed in vacuo. The brown red residue was
washed with hot hexane (2 � 30 mL) and diethyl ether (2 � 30 mL) to give
[Ar†(SiMe3)NK(OEt2)] as an off white powder (5.10 g, 84 %). Mp: 241–244 °C;
1H NMR (499 MHz, C6D6, 298 K): d = 0.41 (s, 9H, Si(CH3)3), 1.12 (d,
3JHH = 6.9 Hz, 6H, CH(CH3)2), 2.67 (sept, 3JHH = 6.9 Hz, 1H, CH(CH3)2), 6.51–
7.39 (m, 24H, Ph2CH and ArH); 13C{1H} NMR (101 MHz, C6D6): d = 5.5 (Si
(CH3)3), 25.0 (ArCH(CH3)2), 33.9 (ArCH(CH3)2), 53.6 (CHPh2), 124.6, 125.8,
125.9, 126.6, 127.5, 128.6, 130.1, 130.3, 130.6, 131.2, 139.2, 144.9, 146.6, 151.3,
155.4 (Ar-C); 29Si{1H} NMR (80 MHz, C6D6): d = −32.8(s); IR t/cm−1 (Nujol):
1596(m), 1491(m), 1428(s), 1328(s), 1230(m), 1103(m), 1070(m), 1028(m), 979(s),
955(s), 860(m), 827(s), 811(s), 761(s), 704(s); MS/EI m/z (%): 577.5 (Ar†N(K)
SiMe3

+, 9), 539.5 (Ar†N(H)SiMe3
+, 100), 466.4 (Ar†NH+, 22), 167.2 (Ph2CH

+, 41),
73.2 (Me3Si

+, 53); anal. calc. for C42H50KNOSi: C 77.37 %, H 7.73 %, N 2.15 %,
found: C 77.28 %, H 7.78 %, N 2.24 %.
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Preparation of [Ar*(SiiPr3)NK(OEt2)]. To a suspension of KH (0.505 g,
12.6 mmol) in THF (40 mL) was added a solution of Ar*(SiiPr3)NH (5.00 g,
8.40 mmol) in THF (40 mL) and hexamethyldisilazane (0.10 mL, 0.62 mmol,
7 mol%) at ambient temperature. The reaction mixture was warmed to 60 °C,
whereupon the evolution of hydrogen gas was observed. The mixture was stirred
for a further 12 h. It then was allowed to cool to ambient temperature before it was
filtered, and volatiles removed from the filtrate in vacuo. The red brown residue was
washed with hot hexane (2 � 30 mL) and ice cold diethyl ether (2 � 20 mL) to
give [Ar*(SiiPr3)NK(OEt2)] as an off white powder (5.30 g, 89 %). Mp: >260 °C;
N.B. diethyl ether resonances appear at the same chemical shifts as for uncoordi-
nated Et2O in C6D6;

1H NMR (499 MHz, C6D6, 298 K): d = 1.34 (d,
3JHH = 7.4 Hz, 18H, CH(CH3)2), 1.52 (sept, 3JHH = 7.4 Hz, 3H, CH(CH3)2), 2.10
(s, 3H, ArCH3), 6.60–7.41 (m, 24H, Ph2CH and ArH); 13C{1H} NMR (101 MHz,
C6D6): d = 17.7 (CH(CH3)2), 21.1 (CH(CH3)2), 21.4 (ArCH3), 52.7 (Ph2CH),
119.8, 125.4, 125.9, 127.5, 128.5, 129.0, 130.5, 130.9, 139.2, 147.0, 150.9, 156.9
(Ar-C); 29Si{1H} NMR (80 MHz, C6D6): d = −23.4 (s); IR t/cm−1 (Nujol): 1599
(m), 1492(m), 1421(s), 1308(s), 1075(m), 1030(m), 997(m), 946(m), 910(m), 880
(m), 764(m), 700(s), 674(m); MS/EI m/z (%): 633.5 (Ar*N(K)SiiPr3

+, 5), 595.5
(Ar*N(H)SiiPr3

+, 33), 552.4 (Ar*N(H)SiiPr2
+, 64), 167.1 (Ph2CH

+, 100); anal. calc.
for C46H58KNOSi: C 78.02 %, H 8.26 %, N 1.98 %, found: C 77.91 %, H 8.26 %,
N 2.01 %.

Preparation of [{Ar*(SiMe3)NCr(THF)(l-Cl)}2], 2-41. To a solution of CrCl2
(0.096 g, 0.779 mmol) in THF (30 mL) was added a solution of [Ar*(SiMe3)NK
(η6-toluene)] (0.500 g, 0.779 mmol) in THF (10 mL) at −80 °C over 5 min. The
reaction mixture was warmed to room temperature and stirred for a further 2 h,
whereupon volatiles were removed in vacuo. The residue was extracted with warm
toluene (40 mL), the extract filtered and volatiles removed from the filtrate in vacuo
to give 2-41 as a turquoise solid (0.38 g, 73 %). N.B. X-ray quality crystals of 2-41
were obtained by recrystallizing this solid from warm THF. Mp: 305–308 °C (248–
250° C decomp.); 1H NMR (499 MHz, C6D6, 298 K): d = −11.71, −4.42(br.),
6.72, 10.15(br.), 10.94(br.), 16.61(br.), 36.09(br.); IR t/cm−1 (Nujol): 1597(m),
1491(s), 1346(m), 1254(s), 1207(m), 1067(s), 1030(m), 1015(m), 917(s), 857(s),
829(s), 748(m), 716(m), 702(s), 603(m), 559(m); MS/EI m/z (%): 511.3 (Ar*N(H)
SiMe3

+, 87), 439.2 (Ar*NH2
+, 79), 167.0 (Ph2CH

+, 33), 73.0 (Me3Si
+, 20); leff

(Evans, C6D6, 298 K): 5.81 lB; anal. calc. for C80H88Cl2Cr2N2O2Si2: C 71.67 %,
H 6.62 %, N 2.09 %, found: C 71.82 %, H 6.51 %, N 2.13 %.

Preparation of [{Ar*(SiPh3)NCr(l-Cl)}2], 2-42. To a solution of CrCl2
(0.092 g, 0.747 mmol) in THF (30 mL) was added a solution of [Ar*(SiPh3)NK]
(0.500 g, 0.679 mmol) in THF (10 mL) at −80 °C over 5 min. The reaction
mixture was warmed to room temperature and stirred for a further 2 h, whereupon
volatiles were removed in vacuo. The residue was extracted with toluene (40 mL),
the extract filtered and volatiles removed from the filtrate in vacuo to give 2-42 as a
green solid (0.41 g, 81 %). N.B. X-ray quality crystals of 2-42 were obtained by
recrystallizing this solid from toluene. Mp: 156–159 °C; 1H NMR (499 MHz, d8-
toluene, 298 K): d = −12.88, 0.89, 1.23, 1.83, 3.02(br.), 6.00, 6.75, 7.51, 10.05
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(br.), 14.97(br.); IR t/cm−1 (Nujol): 1597(m), 1491(s), 1283(m), 1263(s), 1138(m),
1103(s), 1087(m), 1076(m), 1029(m), 944(m), 790(m), 720(s), 700(s), 604(m), 560
(m), 539(m), 507(m); MS/EI m/z (%): 697.4 (Ar*N(H)SiPh3

+, 81), 439.2 (Ar*NH2
+,

83), 259.1 (Ph3Si
+, 100) 167.0 (Ph2CH

+, 17); anal. calc. for C102H84Cl2Cr2N2Si2: C
78.09 %, H 5.40 %, N 1.79 %, found: C 77.99 %, H 5.49 %, N 1.83 %.

Preparation of [{Ar*(SiMe3)NMn(THF)(l-Br)}2], 2-43. To a suspension of
MnBr2 (0.184 g, 0.857 mmol) in THF (30 mL) was added a solution of [Ar*
(SiMe3)NK(η

6-toluene)] (0.500 g, 0.779 mmol) in THF (10 mL) at −80 °C over
5 min. The reaction mixture was warmed to room temperature and stirred for a
further 2 h, whereupon volatiles were removed in vacuo. The residue was extracted
with warm toluene (40 mL), the extract filtered and slowly cooled to 5 °C overnight
to give 2-43 as pink crystals (0.42 g, 75 %). Mp: 222–224 °C; 1H NMR
(499 MHz, C6D6, 298 K): d = 0.92(br.), 1.36(br.), 7.54(br.), 34.45(br.), 41.06(br.);
IR m/cm−1 (Nujol): 1598(m), 1493(m), 1260(s), 1241(s), 1208(m), 1130(m), 1076
(m), 1030(m), 1013(m), 916(s), 906(s), 856(s), 832(s), 727(s), 700(s), 674(m), 622
(m), 606(m), 554(m), 531(m); MS/EI m/z (%): 511.2 (Ar*N(H)SiMe3

+, 100), 438.2
(Ar*NH+, 23), 167.0 (Ph2CH

+, 25); leff (Evan’s, C6D6, 298 K): 5.90 lB; anal. calc.
for C80H88Br2Mn2N2O2Si2: C 66.94 %, H 6.18 %, N 1.95 %, found: C 66.84 %, H
6.26 %, N 1.98 %.

Preparation of [{Ar*(SiPh3)NMn(THF)(l-Br)}2], 2-44. To a suspension of
MnBr2 (0.143 g, 0.747 mmol) in THF (30 mL) was added a solution of [Ar*
(SiPh3)NK] (0.500 g, 0.679 mmol) in THF (10 mL) at −80 °C over 5 min. The
reaction mixture was warmed to room temperature and stirred for a further 2 h,
whereupon volatiles were removed in vacuo. The residue was extracted with
toluene (40 mL), the extract filtered and volatiles removed from the filtrate in vacuo
to give 2-44 as a pale pink solid (0.38 g, 62 %). N.B. X-ray quality crystals were
obtained from crystallizing this solid from a mixture of toluene and hexane. Mp:
296–299 °C (decomp. on melting); 1H NMR (499 MHz, C6D6, 298 K):
d = −34.71(br) 0.87, 0.93, 1.37, 33.04(br), 40.81(br); IR t/cm−1 (Nujol): 1597(m),
1492(s), 1425(s), 1260(m), 1229(m), 1207(m), 1128(m), 1101(s), 1029(m), 903(s),
798(m), 736(m), 729(s), 702(s), 605(m), 577(m), 556(m), 540(m), 504(m); MS/EI
m/z (%): 697.3 (Ar*N(H)SiPh3

+, 54), 439.2 (Ar*NH2
+, 18), 259.0 (Ph3Si

+, 100),
167.0 (Ph2CH

+, 11); leff (Evans, C6D6, 298 K): 6.85 lB.
Preparation of [{Ar†(SiiPr3)NMn(THF)(l-Br)}2], 2-45. To a suspension of

MnBr2 (0.160 g, 0.747 mmol) in THF (30 mL) was added a solution of [Ar†(SiiPr3)
NK(OEt2)] (0.500 g, 0.679 mmol) in THF (10 mL) at −80 °C over 5 min. The
reaction mixture was warmed to room temperature and stirred for a further 12 h,
whereupon volatiles were removed in vacuo. The residue was extracted with warm
benzene (40 mL), the extract filtered and slowly cooled to 6 °C overnight to give
2-45 as pink crystals (0.365 g, 65 %). Mp: 191–194 °C; 1H NMR (499 MHz,
C6D6, 298 K): d = 2.47 (br.), 15.51 (br.); IR m/cm−1 (Nujol): 1595(m), 1491(s),
1227(s), 1205(m), 1166(m), 1120(m), 1070(m), 1032(m), 1013(m), 891(s), 863(m),
850(m), 798(m), 764(m), 726(s), 702(s), 679(s), 658(m), 604(m), 594(m); MS/EI
m/z (%): 715.2 (Ar†(SiiPr2)NMnBr+, 1), 623.4 (Ar†N(H)SiiPr3

+, 46), 580.4 (Ar†N
(H)SiiPr2

+, 100), 467.3 (Ar†NH2
+, 80), 167.0 (Ph2CH

+, 48); leff (Evan’s, C6D6,
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298 K): 6.9 lB; anal. calc. for C96H120Br2Mn2N2O2Si2: C 69.47 %, H 7.29 %, N
1.69 %, found: C 69.53 %, H 7.33 %, N 1.73 %.

Preparation of [{Ar*(SiMe3)NFe(THF)(l-Br)}2], 2-46. To a suspension of
FeBr2 (0.185 g, 0.857 mmol) in THF (30 mL) was added a solution of [Ar*(SiMe3)
NK(η6-toluene)] (0.500 g, 0.779 mmol) in THF (10 mL) at −80 °C over 5 min.
The reaction mixture was warmed to room temperature and stirred for a further 2 h,
whereupon volatiles were removed from the filtrate in vacuo. The residue was
extracted with toluene (40 mL), the extract filtered and volatiles removed from the
filtrate in vacuo to give 2-46 as a yellow solid (0.32 g, 57 %). N.B. X-ray quality
crystals of 2-46 were obtained by crystallizing this solid from a mixture of THF and
hexane. Mp: 210-212 °C (88-92 °C decomp.); 1H NMR (400 MHz, C6D6, 298 K):
d = −21.01(br.), −4.07, 3.99, 13.36, 15.19, 21.35, 28.35(br.), 71.19(br.); IR t/cm−1

(Nujol): 1598(m), 1493(s), 1260(s), 1242(s), 1208(m), 1129(m), 1077(m), 1030(m),
1015(m), 917(m), 902(s), 860(s), 836(s), 766(m), 749(m), 730(s), 703(s), 605(m),
555(m), 535(m); MS/CI m/z (%): 647.0 ({M/2 –THF}+, 100), 435.1 (Ar*NH2

+,
17); leff (Evans, C6D6, 298 K): 5.38 lB; anal. calc. for C80H88Br2Fe2N2O2Si2:
C 66.85 %, H 6.17 %, N 1.95 %, found: C 66.92 %, H 6.25 %, N 2.06 %.

Preparation of [{Ar*(SiPh3)NFe(THF)(l-Br)}2], 2-47. To a suspension of
FeBr2 (0.161 g, 0.747 mmol) in THF (30 mL) was added a solution of [Ar*(SiPh3)
NK] (0.500 g, 0.679 mmol) in THF (10 mL) at −80 °C over 5 min. The reaction
mixture was warmed to room temperature and stirred for a further 2 h, whereupon
volatiles were removed in vacuo. The residue was extracted with toluene (40 mL),
the extract filtered and volatiles removed from the filtrate in vacuo to give 2-47 as a
yellow solid (0.43 g, 70 %). N.B. X-ray quality crystals of 2-47 were obtained from
crystallizing this solid from a mixture of toluene and hexane. Mp: 276–279 °C; 1H
NMR (400 MHz, C6D6, 298 K): d = −41.70(br.), 3.50(br.), 5.57(br.), 12.64(br.),
64.17(br.), 73.59(br.); IR t/cm−1 (Nujol): 1596(m), 1492(m), 1237(m), 1209(m),
1130(m), 1105(s), 1030(m), 918(m), 903(s), 884(m), 852(m), 791(m), 743(m), 725
(s), 696(s), 604(m), 579(m), 558(m), 548(m), 506(m); MS/EI m/z (%): 833.3 (Ar*
(SiPh3)NFeBr

+, <1), 697.3 (Ar*N(H)SiPh3
+, 82), 439.2 (Ar*NH2

+, 20), 259.0
(Ph3Si

+, 100), 167.0 (Ph2CH
+, 10); leff (Evans, C6D6, 298 K): 6.61 lB; anal. calc.

for C110H100Br2Fe2N2O2Si2: C 73.01 %, H 5.57 %, N 1.55 %, found: C 72.96 %,
H 5.41 %, N 1.57 %.

Preparation of [{Ar*(SiPh3)NCo(THF)(l-Cl)}2], 2-48. Compound 2-49
(0.100 g, 0.063 mmol) was dissolved in THF (5 mL) and stirred for 5 min at
room temperature to give a blue/green solution. Volatiles were removed in vacuo to
yield 2-48 as a green solid (0.107 g, 99 %). N.B. X-ray quality crystals of 2-48
were obtained by recrystallizing this solid from a mixture of toluene and hexane.
Mp: 239–243 °C (118–121 °C turns orange/brown); 1H NMR (499 MHz, C6D6/d8-
THF, 298 K): d = −22.13, −14.11, −0.99, 5.10, 10.22, 11.88, 18.07, 49.56, 54.56;
IR t/cm−1 (Nujol): 1597(m), 1492(m), 1260(s), 1100(s), 1076(s), 1018(s), 896(m),
880(m), 799(s), 738(m), 697(s), 604(m), 542(m), 504(m); leff (Evans, C6D6/d8-
THF, 298 K): 5.20 lB.
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Preparation of [{Ar*(SiPh3)NCo(l-Cl)}2], 2-49. To a suspension of CoCl2
(0.088 g, 0.679 mmol) in THF (30 mL) was added a solution of [Ar*(SiPh3)NK]
(0.500 g, 0.679 mmol) in THF (10 mL) at −80 °C over 5 min. The reaction mixture
was warmed to room temperature and stirred for a further 2 h, whereupon volatiles
were removed in vacuo. The residue was extracted with toluene (40 mL), the extract
filtered and volatiles removed in vacuo and washed with hexane (20 mL) to give
2-49 as an orange solid (0.23 g, 43 %). N.B. X-ray quality crystals of 2-49 were
obtained from crystallizing this solid from a mixture of toluene and hexane. Mp:
241–244 °C; 1H NMR (499 MHz, C6D6/d8-THF, 298 K): d = −52.82, −49.44,
−40.48, 1.37, 7.01, 7.58, 12.11, 14.29, 16.29, 25.62, 59.17, 75.70, 123.04(br); IR
t/cm−1 (Nujol): 1598(m), 1425(s), 1257(m), 1216(m), 1130(m), 1100(s), 1029(m),
895(s), 797(m), 722(s), 708(s), 697(s), 624(m), 574(m), 557(m), 540(m), 502(m);
MS/EI m/z (%): 790.3 (Ar*(SiPh3)NCoCl

+, 1), 755.3 (Ar*(SiPh3)NCo
+, 5), 697.4

(Ar*N(H)SiPh3
+, 76), 438.2 (Ar*NH+, 10), 259.1 (Ph3Si

+, 100), 167.0 (Ph2CH
+, 13);

leff (Evans, C6D6, 298 K): 4.86 lB; anal. calc. for C102H84Cl2Co2N2Si2: C 77.40 %,
H 5.35 %, N 1.77 %, found: C 77.31 %, H 5.37 %, N 1.80 %.

Preparation of [Ar*(SiMe3)NZnBr(THF)], 2-51. To a suspension of ZnBr2
(0.192 g, 0.857 mmol) in THF (30 mL) was added a solution of [Ar*(SiMe3)NK
(η6-toluene)] (0.500 g, 0.779 mmol) in THF (10 mL) at −80 °C over 5 min. The
reaction mixture was warmed to room temperature and stirred for a further 2 h,
whereupon volatiles were removed in vacuo. The residue was extracted with
toluene (40 mL), the extract filtered and volatiles removed from the filtrate in vacuo
to give 2-51 as an off white solid (0.43 g, 76 %). N.B. X-ray quality crystals of
2-51 were obtained by recrystallizing this solid from a mixture of THF and hexane.
Mp: 176–180 °C; 1H NMR (400 MHz, C6D6, 298 K): d = 0.52 (s, 9H, Si(CH3)3),
0.83 (m, 4H, CH2), 1.98 (s, 3H, ArCH3), 2.66 (m, 4H, CH2O), 6.54 (s, 2H, Ph2CH),
6.91 (t, J = 7.6 Hz, 2H, ArH), 7.02–7.18 (m, 12H, ArH), 7.35 (d, J = 8.0 Hz, 4H,
ArH), 7.50 (d, J = 6.8 Hz, 4H, ArH); 13C{1H} NMR (101 MHz, C6D6): d = 4.0
(Si(CH3)3), 21.3 (ArCH3), 24.6 (CH2), 52.0 (Ph2CH), 70.1 (CH2O), 126.4, 126.8,
128.5, 129.4, 129.7, 129.8, 130.2, 130.4, 141.7, 144.7, 145.4, 150.2 (Ar-C); 29Si
{1H} NMR (80 MHz, C6D6): d = 1.0 (s); IR t/cm−1 (Nujol): 1597(m), 1492(s),
1262(s), 1244(s), 1207(m), 1125(m), 1075(m), 1032(m), 1014(m), 931(s), 860(s),
849(s), 829(s), 767(m), 733(s), 709(s), 697(s), 604(m), 554(m); MS/CI m/z (%):
656.1 (M+

–THF, 2), 512.3 (Ar*N(H)SiMe3 +H
+, 100), 440.2 (Ar*NH2 +H

+, 35),
167.0 (Ph2CH

+, 19); anal. calc. for C40H44BrNOSiZn: C 65.98 %, H 6.09 %,
N 1.92 %, found: C 66.07 %, H 6.13 %, N 2.06 %.

Preparation of [Ar†(SiMe3)NZnBr(THF)], 2-52. To a suspension of ZnBr2
(0.190 g, 0.844 mmol) in THF (30 mL) was added a solution of [Ar†(SiMe3)NK
(OEt2)] (0.500 g, 0.767 mmol) in THF (10 mL) at −80 °C over 5 min. The reaction
mixture was warmed to room temperature and stirred for a further 2 h, whereupon
volatiles were removed in vacuo. The residue was extracted with toluene (40 mL),
the extract filtered and concentrated in vacuo (to ca. 10 ml). Hexane (50 mL) was
added, and stirred for a further 10 min producing a white precipitate, which was
filtered and dried to give 2-52 as a white powder (0.370 g, 64 %). X-ray quality
crystals of 2-52 were obtained by recrystallizing this solid from hot toluene. Mp:
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176–178 °C; 1H NMR (499 MHz, C6D6, 298 K): d = 0.50 (s, 9H, Si(CH3)3), 0.80
(br., 4H, CH2), 0.98 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2), 2.51 (br., 4H, CH2O), 2.54
(sept., 3JHH = 6.9 Hz, 1H, CH(CH3)2), 6.55 (s, 2H, Ph2CH), 6.92–7.54 (m, 22H,
ArH); 13C{1H} NMR (75 MHz, C6D6): d = 4.0 (Si(CH3)3), 24.4 (CH(CH3)2), 24.6
(CH2), 33.8 (CH(CH3)2), 52.1 (Ph2CH), 70.3 (CH2O), 126.4, 126.7, 126.8, 128.4,
129.7, 129.9, 130.2, 141.5, 141.6, 145.0, 145.5, 150.6 (Ar-C); 29Si{1H} NMR
(80 MHz, C6D6): d = 1.2 (s); IR t/cm−1 (Nujol): 1599(m), 1493(m), 1446(s), 1247
(s), 1223(m), 1031(m), 1016(m), 923(s), 849(s), 831(s), 767(m), 731(s), 699(s);
MS/CI m/z (%): 683.3 (M+

–THF, <1), 539.5 (Ar†N(H)SiMe3
+, 69), 467.4 (Ar†NH2

+,
100), 167.0 (Ph2CH

+, 31), 73.1 (THF +H+, 11); anal. calc. for C42H48BrNOSiZn: C
66.71 %, H 6.40 %, N 1.85 %, found: C 66.61 %, H 6.48 %, N 1.91 %.

Preparation of [Ar*(SiPh3)NZnBr], 2-53. To a suspension of ZnBr2 (0.168 g,
0.747 mmol) in THF (30 mL) was added a solution of [Ar*(SiPh3)NK] (0.500 g,
0.679 mmol) in THF (10 mL) at −80 °C over 5 min. The reaction mixture was
warmed to room temperature and stirred for a further 2 h, whereupon volatiles were
removed in vacuo. The residue was extracted with toluene (40 mL), the extract
filtered and volatiles removed from the filtrate in vacuo to give 2-53 as an off white
solid (0.45 g, 79 %). N.B. X-ray quality crystals of 2-53 were obtained by
recrystallizing this solid from a mixture of toluene and hexane. Mp: 248–250 °C;
1H NMR (400 MHz, C6D6, 298 K): d = 1.89 (s, 3H, ArCH3), 6.14 (s, 2H, Ph2CH),
6.45 (d, 3JHH = 7.0 Hz, 4H, ArH), 6.73 (s, 2H, ArH), 6.81 (d, J = 7.0 Hz, 2H,
ArH), 6.94–7.27 (m, 23H, ArH), 7.66 (d, 3JHH = 8.0 Hz, 6H, ArH); 13C{1H} NMR
(101 MHz, C6D6): d = 21.3 (ArCH3), 53.0 (Ph2CH), 126.5, 128.4, 128.5, 128.6,
129.1, 129.8, 130.2, 130.4, 130.5, 131.3, 132.5, 136.8, 142.3, 144.6, 144.7 (Ar-C);
29Si{1H} NMR (80 MHz, C6D6): d = −18.9 (s); IR t/cm−1 (Nujol): 1597(m), 1586
(m), 1489(m), 1237(s), 1216(s), 1136(m), 1105(s), 1076(m), 1031(m), 924(s), 909
(s), 879(m), 849(s), 763(m), 756(m), 737(s), 700(s), 602(s), 575(m), 555(s), 506(s);
MS/EI m/z (%): 841.2 (M+, 7), 697.4 (Ar*N(H)SiPh3

+, 100), 439.2 (Ar*NH2
+, 81),

259.1 (Ph3Si
+, 71), 167.0 (Ph2CH

+, 16); anal. calc. for C51H42BrNSiZn: C
72.73 %, H 5.03 %, N 1.66 %, found: C 72.84 %, H 5.13 %, N 1.56 %.

Preparation of [Ar*(SiiPr3)NZnBr], 2-54. To a suspension of ZnBr2 (0.350 g,
1.55 mmol) in diethyl ether (25 mL) was added a fine suspension of [Ar*(SiiPr3)
NK(OEt2)] (1.00 g, 1.41 mmol) in diethyl ether (25 mL) at −80 °C over 5 min.
The reaction mixture was warmed to room temperature and stirred for a further
12 h, whereupon volatiles were removed in vacuo. The residue was extracted with
pentane (40 mL), the extract filtered, concentrated (to ca. 10 mL) and slowly
cooled to −30 °C overnight to give 2-54 as colourless crystals (0.690 g, 66 %).
Mp: 107–110 °C; 1H NMR (499 MHz, C6D6, 298 K): d = 1.25 (d, 3JHH = 7.5 Hz,
18H, Si{CH(CH3)2}3), 1.53 (sept, 3JHH = 7.5 Hz, 3H, Si{CH(CH3)2}3), 1.87 (s,
3H, ArCH3), 6.43 (s, 2H, Ph2CH), 6.81–7.22 (m, 22H, ArH); 13C{1H} NMR
(75 MHz, C6D6): d = 15.6 (Si{CH(CH3)2}3), 19.1 (Si{CH(CH3)2}3), 21.2
(ArCH3), 52.8 (CHPh2), 126.8, 128.4, 128.9, 129.4, 129.5, 130.5, 131.5, 131.8,
142.5, 144.5, 144.7 (Ar-C); 29Si{1H} NMR (80 MHz, C6D6): d = 2.5 (s); IR
t/cm−1 (Nujol): 1598(m), 1493(m), 1439(s), 1233(s), 1212(m), 1133(m), 1075(m),
914(m), 899(s), 879(s), 842(s), 762(m), 746(s), 699(s), 657(s); MS/EI m/z (%):
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595.5 (Ar*N(H)SiiPr3
+, 36), 552.5 (Ar*N(H)SiiPr2

+, 100), 439.3 (Ar*NH2
+, 39),

167.1 (Ph2CH
+, 88); anal. calc. for C42H48BrNSiZn: C 68.15 %, H 6.54 %, N

1.89 %, found: C 68.08 %, H 6.63 %, N 1.87 %.
Preparation of [Ar†(SiiPr3)NZnBr], 2-55. To a suspension of ZnBr2 (0.336 g,

1.49 mmol) in diethyl ether (20 mL) was added a fine suspension of [Ar†(SiiPr3)
NK(OEt2)] (1.00 g, 1.36 mmol) in diethyl ether (20 mL) at −80 °C over 5 min.
The reaction mixture was warmed to room temperature and stirred for a further
12 h, whereupon volatiles were removed in vacuo. The residue was extracted with
pentane (40 mL), the extract filtered, concentrated (to ca. 10 mL) and slowly
cooled to −30 °C overnight to give 2-55 as pale orange crystals (0.81 g, 78 %).
Mp: 178–181 °C; 1H NMR (499 MHz, C6D6, 298 K): d = 0.93 (d, 3JHH = 7.0 Hz,
6H, ArCH(CH3)2), 1.24 (d, 3JHH = 7.5 Hz, 18H, Si{CH(CH3)2}3), 1.53 (sept,
3JHH = 7.5 Hz, 3H, Si{CH(CH3)2}3), (sept, 3JHH = 7.0 Hz, 1H, ArCH(CH3)2),
6.44 (s, 2H, Ph2CH), 6.85–7.23 (m, 22H, ArH); 13C{1H} NMR (75 MHz, C6D6):
d = 15.6 (Si{CH(CH3)2}3), 19.8 (Si{CH(CH3)2}3), 24.2 (ArCH(CH3)2), 33.8
(ArCH(CH3)2), 53.0 (CHPh2), 126.6, 126.7, 126.8, 128.4, 128.6, 128.9, 129.4,
130.1, 130.3, 131.5, 142.4, 142.9, 144.6, 144.8, 145.0, 146.6 (Ar-C); 29Si{1H}
NMR (80 MHz, C6D6): d = 2.53 (s); IR t/cm−1 (Nujol): 1599(m), 1492(m), 1437
(s), 1382(m), 1259(m), 1234(m), 1158(m), 1125(m), 1074(m), 1031(m), 897(s),
883(s), 867(s), 839(s), 750(s), 699(s), MS/EI m/z (%): 767.2 (M+, 2), 724.2 (M+

–
iPr, 10), 623.5 (Ar†N(H)SiiPr3

+, 39), 580.4 (Ar†N(H)SiiPr2
+, 100), 467.3 (Ar†NH2

+,
14), 167.0 (Ph2CH

+, 35); anal. calc. for C44H52BrNSiZn: C 68.79 %, H 6.82 %,
N 1.82 %, found: C 68.66 %, H 6.90 %, N 1.78 %.

Preparation of [{Ar†(SiMe3)NCd(µ-I)}2], 2-56. To a solution of CdI2 (0.62 g,
1.69 mmol) in THF (30 mL) was added a solution of [Ar†(SiMe3)NK(OEt2)]
(1.00 g, 1.53 mmol) in THF (10 mL) at −80 °C over 5 min. The reaction mixture
was slowly warmed to room temperature and stirred for a further 30 min, where-
upon volatiles were removed in vacuo. The residue was extracted with toluene
(40 mL), the extract filtered and concentrated (to ca. 10 mL). Hexane (50 mL) was
added to the stirring solution producing a white precipitate, which was filtered and
dried in vacuo to give 2-56 as a white powder (0.79 g, 66 %). N.B. X-ray quality
crystals of 2-56 were grown by crystallizing this powder from hot cyclohexane.
Mp: 205–208 °C (180–190 °C decomp.); 1H NMR (499 MHz, C6D6, 298 K):
d = 0.37 (s, 18H, Si(CH3)3), 0.94 (d, 3JHH = 6.9 Hz, 12H, ArCH(CH3)2), 2.49
(sept, 3JHH = 6.9 Hz, 2H, ArCH(CH3)2), 6.34 (s, 4H, Ph2CH), 6.89−7.21 (m, 44H,
ArH); 13C{1H} NMR (101 MHz, C6D6): d = 4.0 (Si(CH3)3), 24.2 (ArCH(CH3)2),
33.8 (ArCH(CH3)2), 53.2 (CHPh2), 126.6, 126.7, 127.0, 128.7, 128.8, 129.3, 130.1,
130.3, 131.2, 141.7, 141.8, 144.5, 144.9 (Ar-C); 29Si{1H} NMR (80 MHz, C6D6):
d = −1.3(s); 113Cd{1H} NMR (89 MHz, C6D6): d = 110.2(s); IR t/cm−1 (Nujol):
1597(m), 1493(m), 1437(s), 1256(s), 1238(s), 1162(m), 1126(m), 1075(m), 1031
(m), 927(s), 894(m), 831(s), 751(s), 720(m), 697(s), 676(s); MS/EI m/z (%): 539.5
(Ar†N(H)SiMe3

+, 75), 467.4 (Ar†NH2
+, 100), 452.4 (Ar†NH2

+
–CH3, 74), 167.0

(Ph2CH
+, 37); anal. calc. for C76H80Cd2I2N2Si2: C 58.65 %, H 5.18 %, N 1.80 %,

found: C 58.72 %, H 5.27 %, N 1.74 %.

50 2 Extremely Bulky Amido d-Block Metal(II) Halide Complexes



Preparation of [Ar*(SiPh3)NCdI], 2-57. To a suspension of CdI2 (0.274 g,
0.747 mmol) in THF (30 mL) was added a solution of [Ar*(SiPh3)NK] (0.500 g,
0.679 mmol) in THF (10 mL) at −80 °C over 5 min. The reaction mixture was
warmed to room atmospheric temerature and stirred for a further 2 h, whereupon
volatiles were removed in vacuo. The residue was extracted with benzene (40 mL),
the extract filtered and volatiles removed from the filtrate in vacuo to give 2-57 as a
pale yellow solid (0.420 g, 72 %). N.B. X-ray quality crystals of 2-57 were
obtained by recrystallizing this solid from diethyl ether. Mp: 255–258 °C
(decomp. 203–205 °C); 1H NMR (400 MHz, C6D6, 298 K): d = 1.92 (s, 3H,
ArCH3), 6.20 (s, 2H, Ph2CH), 6.44−7.69 (m, 37H, ArH); 13C{1H} NMR (75 MHz,
C6D6): d = 21.4 (ArCH3), 52.9 (Ph2CH), 128.4, 128.5, 128.7, 129.7, 130.2, 130.4,
130.6, 131.2, 131.9, 136.7, 142.2, 144.4, 144.7, 146.3 (Ar-C); 29Si{1H} NMR
(80 MHz, C6D6): d = −20.1 (s); 113Cd{1H} NMR (C6D6, 89 MHz): d = 104.8; IR
t/cm−1 (Nujol): 1597(m), 1490(m), 1447(m), 1426(s), 1257(m), 1232(m), 1103(s),
1030(m), 926(s), 910(m), 835(m), 799(m), 765(m), 745(s), 733(s), 697(s); MS/CI
m/z (%): 937.4 (M+, 2), 697.6 (Ar*N(H)SiPh3

+, 10), 438.3 (Ar*NH+, 3), 259.1
(SiPh3

+, 100), 167.1 (Ph2CH
+, 17); anal. calc. for C51H42CdINSi: C 65.42 %, H

4.52 %, N 1.50 %, found: C 65.36 %, H 4.57 %, N 1.53 %.
Preparation of [Ar*(SiMe3)NHgI], 2-58. To a suspension of HgI2 (0.389 g,

0.857 mmol) in THF (30 mL) was added a solution of [Ar*(SiMe3)NK(η
6-

toluene)] (0.500 g, 0.779 mmol) in THF (10 mL) at −80 °C over 5 min. The
reaction mixture was warmed to room temperature and stirred for a further 2 h,
whereupon volatiles were removed in vacuo. The residue was extracted with
toluene (20 mL), the extract filtered and volatiles removed from the filtrate in vacuo
to give 2-58 as an orange solid (0.308 g, 79 %). N.B. X-ray quality crystals of 2-58
were obtained by recrystallizing this solid from hot toluene. Mp: 181–182 °C; 1H
NMR (400 MHz, C6D6, 298 K): d = 0.32 (s, 9H, Si(CH3)3), 1.87 (s, 3H, ArCH3),
6.31 (s, 2H, Ph2CH), 6.82–7.18 (m, 22H, ArH); 13C{1H} NMR (75 MHz, C6D6):
d = 3.4 (Si(CH3)3), 21.2 (ArCH3), 52.8 (Ph2CH), 126.7, 128.7, 128.9, 129.5, 129.8,
130.0, 130.2, 130.3, 133.4, 143.0, 143.3, 143.4, 145.1 (Ar-C); 29Si{1H} NMR
(80 MHz, C6D6): d = 2.9 (s); 199Hg{1H} NMR (C6D6, 107.4 MHz): d = −2001.6
(br.); IR t/cm−1 (Nujol): 1598(m), 1492(s), 1442(s), 1247(s), 1215(m), 1075(m),
1030(m), 932(s), 846(s), 829(s), 754(s), 697(s); MS/EI m/z (%): 511.4 (Ar*N(H)
SiMe3

+, 100), 438.3 (Ar*NH+, 47), 167.0 (Ph2CH
+, 53), 73.1 (Me3Si

+, 42); anal.
calc. for C36H36HgINSi: C 51.58 %, H 4.33 %, N 1.67 %, found: C 51.62 %, H
4.32 %, N 1.76 %

Preparation of [Ar†(SiMe3)NHgI], 2-59. To a solution of HgI2 (0.77 g,
1.69 mmol) in THF (30 mL) was added a solution of [Ar†(SiMe3)NK(OEt2)]
(1.00 g, 1.53 mmol) in THF (10 mL) at −80 °C over 5 min. The reaction mixture
was slowly warmed to room temperature and stirred for a further 2 h, whereupon
volatiles were removed in vacuo. The residue was extracted with toluene (40 mL),
the extract filtered and concentrated (to ca. 10 mL). Hexane (50 mL) was added to
the stirring solution producing a white precipitate, which was filtered and dried in
vacuo to give 2-59 as a white powder (0.71 g, 53 %). N.B. X-ray quality crystals of
2-59 were obtained by recrystallizing this powder from a concentrated solution of
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hot benzene. Mp: 202–204 °C; 1H NMR (300 MHz, C6D6, 298 K): d = 0.31
(s, 9H, Si(CH3)3), 0.90 (d, 3JHH = 6.9 Hz, 6H, ArCH(CH3)2), 2.45 (sept,
3JHH = 6.9 Hz, 1H, ArCH(CH3)2), 6.33 (s, 2H, Ph2CH), 6.90–7.22 (m, 22H, ArH);
13C{1H} NMR (75 MHz, C6D6): d = 3.5 (Si(CH3)3), 24.2 (ArCH(CH3)2), 33.8
(ArCH(CH3)2), 53.0 (Ph2CH), 126.6, 126.7, 128.9, 127.1, 127.3, 128.6, 128.7,
128.8, 128.9, 129.4, 130.0, 130.2, 130.3, 140.8, 141.7, 143.1, 143.2, 143.4, 143.7,
144.3, 144.9, 145.2 (Ar-C); 29Si{1H} NMR (80 MHz, C6D6): d = 3.2 (s); 199Hg
{1H} NMR (72 MHz, C6D6): d = −2002.9; IR t/cm−1 (Nujol): 1599(m), 1492(s),
1438(s), 1246(s), 1161(m), 1126(m), 1075(m), 1030(m), 927(s), 857(m), 830(s),
756(s), 734(m), 697(s); MS/EI m/z (%): 852.5 (M+

–Me, <1), 539.5 (Ar†N(H)
SiMe3

+, 100), 167.2 (Ph2CH
+, 48), 73.2 (SiMe3

+, 72); anal. calc. for C38H40HgINSi:
C 52.68 %, H 4.65 %, N 1.62 %, found: C 52.71 %, H 4.71 %, N 1.64 %.

Preparation of [Ar*(SiPh3)NHgI], 2-60. To a suspension of HgI2 (0.340 g,
0.747 mmol) in toluene (30 mL) was added a solution of [Ar*(SiPh3)NK] (0.500 g,
0.679 mmol) in toluene (10 mL) at −80 °C over 5 min. The reaction mixture was
warmed to room temperature and stirred for a further 4 h, whereupon volatiles were
removed in vacuo. The residue was extracted with benzene (40 mL), the extract
filtered and volatiles removed from the filtrate in vacuo to give 2-60 as an orange
solid (0.440 g, 63 %). N.B. X-ray quality crystals of 2-60 were obtained by
recrystallizing this solid from hexane and benzene layer. Mp: 210–213 °C; 1H
NMR (400 MHz, C6D6, 298 K): d = 1.89 (s, 3H, ArCH3), 6.40 (s, 2H, Ph2CH),
6.44–7.71 (m, 37H, ArH); 13C{1H} NMR (75 MHz, C6D6): d = 21.3 (ArCH3),
52.3 (Ph2CH), 126.4, 128.6, 128.9, 129.3, 130.2, 130.4, 130.5, 136.8, 143.6, 143.8,
144.3, 145.1 (Ar-C); 29Si{1H} NMR (80 MHz, C6D6): d = −16.6 (s); 199Hg{1H}
NMR (C6D6, 107.4 MHz): d = −2092.7 (br.); IR t/cm−1 (Nujol): 1597(m), 1491
(s), 1438(s) 1426(s), 1259(m), 1238(m), 1212(m), 1107(s) 1030(m), 928(s), 912(s)
881(m), 837(m) 737(s), 697(s) 676(s); MS/EI m/z (%): 697.5 (Ar*N(H)SiPh3

+, 20),
439.2 (Ar*NH2

+, 10), 259.1 (SiPh3
+, 100), 167.0 (Ph2CH

+, 45); anal. calc. for
C51H42HgINSi: C 59.79 %, H 4.13 %, N 1.37 %, found: C 59.89 %, H 4.17 %, N
1.33 %.

Preparation of [Ar*(SiiPr3)NHgI], 2-61. To a suspension of HgI2 (0.706 g,
1.55 mmol) in toluene (30 mL) was added a solution of [Ar*(SiiPr3)NK(OEt2)]
(1.00 g, 1.41 mmol) in toluene (10 mL) at −80 °C over 5 min. The reaction
mixture was warmed to room temperature and stirred for a further 2 h, whereupon
volatiles were removed in vacuo. The residue was extracted with hexane (40 mL),
the extract filtered and volatiles removed from the filtrate in vacuo to give 2-61 as a
pale orange solid (0.75 g, 58 %). N.B. X-ray quality crystals of 2-61 were obtained
by recrystallizing this solid from pentane. Mp: 235–238 °C; 1H NMR (400 MHz,
C6D6, 298 K): d = 1.24 (d, 3JHH = 7.5 Hz, 18H, CH(CH3)2), 1.54 (sept,
3JHH = 7.5 Hz, 3H, CH(CH3)2), 1.88 (s, 3H, ArCH3), 6.58 (s, 2H, Ph2CH), 6.88–
7.28 (m, 22H, ArH); 13C{1H} NMR (75 MHz, C6D6): d = 15.2 (CH(CH3)2), 19.6
(CH(CH3)2), 21.2 (ArCH3), 51.9 (Ph2CH), 126.7, 128.6, 128.9, 129.1, 129.5,
130.2, 130.4, 143.6, 143.7, 145.3 146.2 (Ar-C); 29Si{1H} NMR (80 MHz, C6D6):
d = 5.6 (s); 199Hg{1H} NMR (C6D6, 107.4 MHz): d = −1943.8; IR t/cm−1

(Nujol): 1597(m), 1490(m), 1435(s), 1231(m), 1126(m), 1074(m), 1029(m), 883(s),
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830(m), 809(m), 733(s), 698(s); MS/EI m/z (%): 880.5 (M+
–
iPr, 2) 595.5

(Ar*NSiiPr3
+, 42), 552.5 (Ar*N(H)SiiPr2

+, 79), 167.0 (Ph2CH
+, 100); anal. calc. for

C42H48HgINSi: C 54.69 %, H 5.25 %, N 1.52 %, found: C 54.80 %, H 5.30 %, N
1.58 %.

Preparation of [Ar†(SiiPr3)NHgI], 2-62. To a suspension of HgI2 (0.679 g,
1.49 mmol) in toluene (30 mL) was added a solution of [Ar†(SiiPr3)NK(OEt2)]
(1.00 g, 1.36 mmol) in toluene (10 mL) at −80 °C over 5 min. The reaction mixture
was warmed to room temperature and stirred for a further 2 h, whereupon volatiles
were removed in vacuo. The residue was extracted with hexane (40 mL), the extract
filtered and volatiles removed from the filtrate in vacuo to give 2-62 as a pale orange
solid (1.29 g, 90 %). N.B. X-ray quality crystals of 2-62 were obtained by recrys-
tallizing this solid from hot hexane. Mp: 188–192 °C; 1H NMR (400 MHz, C6D6,
298 K): d = 0.92 (d, 3JHH = 6.9 Hz, 6H, ArCH(CH3)2), 1.22 (d, 3JHH = 7.5 Hz,
18H, Si{CH(CH3)2}3), 1.54 (sept, 3JHH = 7.5 Hz, 3H, Si{CH(CH3)2}3), 2.49 (sept,
3JHH = 6.9 Hz, 1H, ArCH(CH3)2), 6.59 (s, 2H, Ph2CH), 6.93–7.29 (m, 22H, ArH);
13C{1H} NMR (75 MHz, C6D6): d = 15.2 (Si{CH(CH3)2}3), 19.6 (Si{CH
(CH3)2}3), 24.2 (ArCH(CH3)2), 33.8 (ArCH(CH3)2), 52.0 (Ph2CH), 126.7, 127.0,
128.6, 128.8, 129.1, 129.5, 130.1, 130.3, 143.6, 143.7, 145.4 (Ar-C); 29Si{1H}
NMR (80 MHz, C6D6): d = 5.6 (s); 199Hg{1H} NMR (C6D6, 107.4 MHz):
d = −2017.1; IR t/cm−1 (Nujol): 1598(m), 1491(s), 1448(s) 1426(s), 1379(m), 1233
(s), 1098(m), 1075(m), 1031(m), 910(s), 835(m), 757(m), 736(s), 697(s); MS/EI m/z
(%): 951.4 (M+, < 1) 908.5 (M+

–
iPr, 3) 622.5 (Ar†NSiiPr3

+, 86), 580.5 (Ar†N(H)
SiiPr2

+, 24), 167.0 (Ph2CH
+, 100); anal. calc. for C44H52HgINSi: C 55.60 %, H

5.51 %, N 1.47 %, found: C 55.80 %, H 5.40 %, N 1.52 %.
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Chapter 3
Preparation of Low Oxidation State
Manganese Complexes Stabilised
by Bulky Amide Ligands

3.1 Introduction

As discussed in Chap. 1, metal–metal bonded compounds have been intensively
studied for many decades, not only due to their fundamental appeal, but also
because of their many applications, such as small molecule activations, catalysis,
enzyme mimicry etc. [1]. With respect to transition metals, the vast majority of
efforts in this field have lain with the second and third row elements [2]. Recently,
the kinetic stabilisation of carbonyl free, first row metal–metal bonded dimers has
become a hot topic, as they are often open shell and consequently highly reactive.
Therefore it is not surprizing that they are also finding applications in a variety of
areas, such as catalysis and small molecule activation [1].

3.1.1 Low Oxidation State Manganese Complexes

Manganese has one of the widest ranges of stable oxidation states of any element,
ranging in isolable complexes at least from −1 to +7. Compounds with manganese
in oxidation state of +1 or lower have been found to be highly effective in pho-
tochemical processes, and therefore are a popular class of compound to study [3].
That said, it is no surprise that numerous manganese(I) complexes populate
the literature [4], some of which are commercially available, such as methylcy-
clopentadienyl manganese tricarbonyl (MMT) [(MeCp)Mn(CO)3] (MeCp =
methylcyclopentadienyl), which is used globally as a petrol additive [5]. However,
the vast majority of these low oxidation state manganese compounds are stabilised
by carbonyl ligands, e.g. MMT. Carbonyl free manganese(I) complexes are rare,
particularly examples that possess Mn–Mn bonds. This class of compound is the
primary focus of this chapter.
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3.1.1.1 Metal–Metal Bonded Manganese(I) Dimers

The first carbonyl-free manganese(I) dimer that contained an unsupported Mn–Mn
bond was the b-diketiminate stabilised complex [{(DippNacnac)Mn}2] 3-01,
reported by Roesky and co-workers in 2005 [6]. The complex was synthesised by
reduction of the manganese(II) iodide precursor complex [{(DippNacnac)Mn(µ-I)}2]
3-02 with a sodium potassium alloy, in toluene over 4 days (Scheme 3.1). After
workup and crystallisation, a small amount of the highly air sensitive red crystalline
solid 3-01 was isolated (15 % yield).

The red crystals were analysed by X-ray crystallography, which showed the
complex to be a manganese(I) metal–metal bonded dimer with a central Mn2

2+ core.
The two Mn centres are three-coordinate, possessing distorted trigonal geometries,
with no strong interactions from the flanking aryl groups of the ligand. The Mn–Mn
bond length in 3-01was found to be 2.721(1)Å, which is considerably shorter than the
unsupported Mn–Mn bond in the Mn(0) compound [Mn2(CO)10] [7] (2.90 Å), but
comparable to bridged manganese(I) dimers such as [Mn2(CO)7(µ-S2)] (2.67 Å) [8].

Variable-temperature magnetic susceptibility measurements were performed on
a polycrystalline sample of 3-01. The measurement was conducted using a SQUID
magnetometer in the temperature range 2–300 K and in an applied field of 1 Torr,
which gave an effective magnetic moment for the dimer of 3.93 µB at 298 K [6].
This value indicates that the two metal centres are high-spin, although it is sig-
nificantly less than the expected spin only value for two non-interacting high-spin
Mn(I) centres (9.8 µB for 4s13d5 or 6.9 µB for 3d6). Backed up with computational
calculations on a model of the complex, the authors concluded that strong anti-
ferromagnetic coupling is occurring between the two metal centres. This result was
later supported by variable-temperature W-band EPR studies [9].

The reactivity of 3-01 towards the oxidizing agents O2 and KMnO4 was also
investigated. When a toluene solution of 3-01 was treated with one equivalent of
KMnO4 or an excess of dry O2, the dioxo-bridged manganese(III) complex
[{(DippNacnac)Mn(µ-O)}2] 3-03 was formed in good yields (Scheme 3.2) [6].

In 2011, Tsai and co-workers reported the results of theory driven experiments,
which included isolation of three low oxidation state metal–metal bonded man-
ganese complexes, supported by dianionic, diamido ligands [10]. The paper was a
follow up to their previous reported work, where they reported the synthesis of the

Scheme 3.1 Preparation of 3-01
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related dianionic metal–metal bonded zinc(I) complex K2[{Me2Si(DippN)2Zn}2]
(see Sect. 4.1.3 for further discussion) [11].

The three low oxidation state manganese complexes were prepared from the
dinuclear manganese(II) precursor [{j2-Me2Si(DippN)2Mn}2] 3-04, which was
itself prepared from the reaction between [Me2Si(DippNLi)2] and manganese(II)
chloride in THF. Stepwise reductions of compound 3-04 were performed, using
one and two equivalents of KC8, which led to the isolation of the monoanionic
complex [{µ-j2-Me2Si(DippN)2Mn}2]

− 3-05 and dianionic complex [j2-Me2Si
(DippN)2Mn}2]

2− 3-06 respectively (Scheme 3.3). As expected, complex 3-05 can
be reacted with a further equivalent of KC8 to yield 3-06, showing that it is in fact
an intermediate in formation of 3-06. As mentioned, complexes 3-05 and 3-06 are
anionic and dianaionic complexes respectively, which are isolated as potassium
salts, with either 18-crown-6 or cryptand [2.2.2] (crypt-222) coordinated to the
cation (N.B. the donors were added to the reaction prior to reduction). A variation
of 3-06 can also be isolated if no 18-crown-6 or crypt-222 is added, where the
potassium cations sit in-between the two adjacent flanking phenyl rings of each
ligand, in a sandwich like motif 3-06a (Scheme 3.3).

All four compounds were crystallographically characterised, and it was found that
both 3-05 and 3-06 are examples of low coordinate manganese dimers, containing
metal–metal bonds, albeit in different coordination modes [11]. Complex 3-05 is a
rare example of a dinuclear mixed valence manganese(I/II) complex, where the two
diamido ligands bridge the two metal centres. Although the complex is mixed-valent,
the two metal centres are essentially indistinguishable, as 3-05 has Ci symmetry.

Complex 3-06 is a three-coordinate manganese(I) dimer, with a unsupported
Mn–Mn bond. The ligands in 3-06 are terminal and chelating, forming
four-membered rings with the manganese centres. The one electron reduction of
3-05 to yield 3-06, has resulted in a dramatic change of the ligand’s coordination
mode, from bridging in 3-05 to terminal chelating in 3-06.

Interestingly, the Mn–Mn bond length in 3-05 [2.6848(8) Å] was found to be
considerably shorter than that in 3-06 [2.7871(8) Å], even though the formal bond
order of the metal–metal bond is 0.5 less (0.5 in 3-05 compared with 1.0 in 3-06)
[11]. This difference was calculated to be due to the difference in coordination
modes of the ligands, where the bridging motif in 3-05 forces the metal atoms
closer together.

Scheme 3.2 Preparation of 3-03
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Variable-temperature magnetic susceptibility measurements were performed on
polycrystalline samples of 3-05 and 3-06a, using a SQUID magnetometer in the
temperature range 2–300 K. The measurements found the two complexes to have
room temperature effective magnetic moments of 6.10 µB and 4.84 µB respectively,
both indicative of high spin manganese centres [11]. However, both magnetic
moment values are significantly lower than the spin only values for two
non-interacting Mn(I) or Mn(II) centres, indicating a high degree of antiferro-
magnetic coupling between the two metal centres. Further reactivity studies of the
metal–metal bonded dimers are yet to be reported.

The most recently reported carbonyl free metal–metal manganese(I) dimer, which
is stabilised by bulky amidinate ligands, was reported by the Jones group in 2012
[12]. The dimer was synthesised by the reduction of the trinuclear manganese(II)
bromide complex [{(Piso)Mn(µ-Br)}3(THF)2] (Piso = (DippN)2CH) 3-07 with
1.5 equivalents of the magnesium(I) reducing agent [{(MesNacnac)Mg}2] 1-08
(Scheme 3.4). After workup and subsequent crystallisation, a moderate yield of the
manganese(I) dimer [{(Piso)Mn}2] 3-08 was isolated as dark red-green crystals.

The dark red-green crystals of complex 3-08 were analysed by X-ray crystal-
lography. The Mn–Mn bond length in the complex of 2.7170(9) Å [12], was found
to be significantly shorter than in the dianionic manganese(I) compound 3-06
[2.7871(8) Å] [10], but almost identical to that in 3-01 [2.721(1) Å] [6].
Interestingly, the two amidinate ligands that are stabilising the Mn2

2+ core, adopt an
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unusual geometry. Amidinate ligands are usually considered as monoanionic N,N′-
chelating ligands, forming four-membered rings with a coordinated metal, as is the
case in the precursor complex 3-07. However, in 3-08, the ligands are coordinating
to the metal through one nitrogen atom, and an η3-arene interaction of the opposing
flanking aryl group. The complex is the first example of this unusual N,η3-
arene-chelating bonding mode with a first-row transition metal element. However it
has been observed for much larger metals, such as indium [13], thallium [14],
ytterbium [15] and samarium [16].

Variable-temperature magnetic susceptibility measurements were performed on
a polycrystalline sample of 3-08. The measurement was conducted using a SQUID
magnetometer in the temperature range 2–300 K and in an applied field of 1 Torr,
which revealed the dimer to have an effective magnetic moment of 4.39 µB at
298 K [12]. This is once again characteristic of a high spin manganese(I) dimer, and
significantly lower than the expected value for two non-interacting high-spin
manganese(I) centres, thus indicating strong antiferromagnetic coupling between
the two metal centres. The effective magnetic moment value of 4.39 µB lies in the
range of the other two manganese(I) dimers that have been magnetically studied
(3.93 µB for 3-01 and 4.84 µB for 3-06a) [6, 10].

The reactivity of 3-08 towards the gases O2, N2O and CO was investigated
(Scheme 3.5) [17]. When a toluene solution of 3-08 was exposed to one atmosphere
of O2 or N2O, an immediate colour change from dark red to brown was observed.
After workup and subsequent crystallisation, the bridging manganese(III) oxide
[{(Piso)Mn(µ-O)}2] 3-09 was isolated in moderate yields. The structure of 3-09
resembles that of the b-diketiminate stabilised manganese(III) oxide 3-03, however

Scheme 3.4 Preparation of 3-08

Scheme 3.5 Preparation of 3-09 and 3-10
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in that complex, the four-coordinate metal centres possessed distorted tetrahedral
geometries, whereas in 3-09 they possess square planar geometries. The difference
in metal geometry is likely due to the different steric demands of the two ligands.

A toluene solution of 3-08 was also exposed to an excess of carbon monoxide
gas, which resulted in a colour change from dark red to orange-brown. After
workup and crystallisation, the monomeric tetracarbonyl manganese(I) complex
[(Piso)Mn(CO)4] 3-10 was isolated [17]. The addition of CO resulted in breaking
the metal–metal bond, and the coordination of four molecules of CO per metal
centre, yielding the octahedral manganese(I) complex 3-10.

3.1.1.2 Carbonyl-free Manganese(I) Complexes Without Metal–Metal
Bonds

As discussed in Chap. 1, low oxidation state complexes can be isolated as different
compound types, and not just those possessing metal–metal bonds. Depending on a
combination of the ligand’s steric and electronic properties, as well as the metal,
reducing agent, atmosphere and solvent used, different types of complex can be
isolated.

In 2008, Power and co-workers reported the reduction of the extremely bulky
terphenyl manganese(II) iodide complex [{3,5-iPr-ArTrippMn(µ-I)}2] 2-22
(ArTripp = 2,6-Tripp2-C6H3), the only reported terphenyl manganese(II) halide
complex (previously discussed in Chap. 2) [18]. The reduction of 2-22 was carried
out using a stoichiometric amount of KC8 in THF. After workup and crystallisation
from toluene, a modest yield (29 %) of the dimeric manganese(I) complex
[(3,5-iPr-ArTrippMn)2(µ-η

6:η6-C7H8)] 3-11 was isolated as red-brown crystals
(Scheme 3.6).

Complex 3-11 was crystallographically characterised, and was found to be an
inverted sandwich complex, with a molecule of toluene inserted between the two
metal centres [18]. The two metal centres coordinate to either side of the toluene in
an η6 fashion, in addition to coordination to the terphenyl ligand. The molecular
structure of 3-11 also shows that the central toluene molecule maintains its planar
geometry. Moreover, the C–C bond lengths are comparable to those in free toluene,
indicating that toluene is simply coordinating and not activated. This inverted
sandwich structure, with an aromatic molecule inserted between two metal centres
is unique to manganese, but has been seen in other first row transition metal
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complexes, for example, scandium [19], titanium [20], vanadium [21], chromium
[22] and nickel [23]. The inverted sandwich structure was proposed to have formed
because of the extreme bulk of the ligands, disfavouring the formation of a metal–
metal bond. In addition, the Mn���Mn separation in 3-11 was found to be 3.561 Å
[18], which is well outside the sum of the covalent radii of two high spin man-
ganese centres (3.22 Å) [24], and therefore too long for any significant interaction.

Variable-temperature magnetic susceptibility measurements were performed on a
polycrystalline sample of 3-11. The measurement was conducted using a SQUID
magnetometer in the temperature range 2–320 K and in an applied field of 0.01 Torr,
which revealed the complex to have an effective magnetic moment of 5.17 µB per
manganese(I) centre at room temperature [18]. This value is slightly above the
expected µeff of a non-interacting high-spin manganese(I) centre (4.90 µB),
and significantly above the µeff value of the metal–metal bonded manganese dimer
3-01 (3.93 µB), clearly supporting the lack of a metal–metal bond.

In the following year, Chomitz and Arnold published the reduction of the
monomeric manganese(II) chloride complex [(N2P2)MnCl] 3-12 (N2P2 =
tBuN(−)SiMe2N-(CH2CH2P

iPr2)2) stabilised by a multidentate amido diphosphine
ligand [25]. The tetrahedral precursor complex 3-12 was reduced using a THF
solution of sodium naphthalide, under a nitrogen atmosphere. After workup and
subsequent crystallisation, dark red crystalline blocks of [{(N2P2)Mn}2(µ-N2)] 3-13
were isolated (Scheme 3.7) [26]. These dark red crystals of 3-13 were subsequently
analysed by X-ray crystallography.

Complex 3-13 was found to be a manganese(I) dimer, but instead of a metal–
metal bond, a molecule of dinitrogen inserted between two metal centres in an
end-on fashion. The two metal centres possess tetrahedral geometries, with three
coordination sites occupied by the ligand and the fourth by the bridging dinitrogen.
The coordination of the dinitrogen molecule between the metal centres yields a
similar structure to that of 3-11, where a toluene molecule bridges the two metal
centres. Complex 3-13 is only the second reported compound to contain a N2 bridge
between two manganese centres, the first being the carbonyl stabilised complex
[{(MeCp)Mn(CO)2}2(µ-N2)] 3-14 reported in 1979 by Ziegler and co-workers [27].

The N–N bond length in 3-13 shows a modest elongation compared with free N2

(1.208 Å in 3-13 compared with 1.098 Å in free N2), indicating a small degree of
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activation, due to p back-bonding into the p* orbitals of the N2 ligand [26]. This
elongation is significantly enhanced compared to 3-14 (1.118 Å) [27], as the lower
coordination number, in addition to the lack of p-accepting ligands such as CO,
increases the electron density available for back-bonding into the N2 p* orbitals.
Further reactivity of 3-13 has yet to be reported.

3.2 Research Outline

As discussed in Chap. 2, the three bulky amido manganese(II) bromide complexes
[{Ar*(SiMe3)NMn(l-Br)(THF)}2] 2-43, [{Ar*(SiPh3)NMn(l-Br)(THF)}2] 2-44
and [{Ar†(SiiPr3)NMn(l-Br)(THF)}2] 2-45 have been prepared as potential pre-
cursors for low coordinate, low oxidation state manganese complexes. As only a
handful of low oxidation state metal–metal bonded manganese dimers have been
isolated, none of which are stabilised by a monodentate ligand, the goal of this
chapter was to attempt to reduce these complexes to hopefully isolate the first
two-coordinate manganese(I) dimer. The reductions of the three amido manganese
(II) bromide complex were to be carried out using a variety of experimental con-
ditions and reducing agents, including the magnesium(I) dimer 1-08.

If successful in the isolation of low oxidation state manganese complexes, their
reactivity towards a number of small gaseous molecules, as well as some organic
unsaturated substrates was to be explored.

3.3 Results and Discussion

3.3.1 Preparation and Characterisation
of a Two-Coordinate Manganese(I) Dimer
with an Unsupported Metal–Metal Bond

At the outset of this study, the reduction of the amido manganese(II) bromide
complex [{Ar*(SiMe3)NMn(l-Br)(THF)}2] 2-43, bearing the least sterically
demanding amide ligand Ar*(SiMe3)N

−, was attempted using excess magnesium
metal in THF. However, after stirring for one week at room temperature, almost
complete recovery of the starting material 2-43 resulted. The reduction of 2-43 was
also attempted over sodium and potassium mirrors in cyclohexane, toluene and
diethyl ether independently, which in all cases led to the isolation of decomposition
products, such as elemental manganese and the secondary amine Ar*(SiMe3)NH.
However, when the reduction was attempted using a stoichiometric amount of KC8 in
cyclohexane, the reaction mixture slowly turned deep red over the course of several
days. After workup and crystallization, a low yield of the amido manganese(I)
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dimer [{Ar*(SiMe3)NMn}2] 3-15 was isolated as extremely air and moisture
sensitive dark red crystalline blocks. It was later found that the yield of 3-15 can be
significantly enhanced (70 % compared with 10 %) by using the magnesium(I)
reducing agent [{(MesNacnac)Mg}2] 1-08 rather than KC8 (Scheme 3.8).

Compound 3-15 was analysed by X-ray crystallography, and its molecular
structure depicted in Fig. 3.1. The complex is a two-coordinate, amido stabilised
manganese(I) dimer, with an unsupported Mn–Mn bond. The complex has a mildly
trans-bent structure, with N–Mn–Mn angles of 148.39(5)°, and a Mn–Mn bond
length of 2.7224(6) Å, which is in good agreement with the singly bonded
b-diketiminate stabilized manganese(I) dimer 3-01 [2.721(1) Å] [6] and the amidi-
nate stabilised dimer 3-08 [2.7170(9) Å] [12]. The Mn centres do not exhibit any
close interactions with the flanking phenyl rings [closest Mn���Cphenyl = 3.043(3)Å].

Compound 3-15 is paramagnetic in solution, and exhibits a room temperature
solution-state magnetic moment of 3.4 µB, determined by the Evans Method [28].
This value is indicative of two high-spin manganese centres that are

Scheme 3.8 Improved synthesis of 3-15

Fig. 3.1 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 3-15.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Mn(1)-
Mn(1′) 2.7224(6), N(1)-Mn(1) 1.9904(15), N(1)-Si(1) 1.7254(16), N(1)-Mn(1)-Mn(1′) 148.39(5)
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anti-ferromagnetically coupled together, as the expected magnetic moment for
two non-interacting high-spin manganese(I) centres is much higher (9.8 µB for
4s13d5 or 6.9 µB for 3d6). To further investigate the magnetic properties of 3-15,
variable-temperature magnetic susceptibility measurements were performed on a
polycrystalline sample of 3-15. The measurement was conducted using a SQUID
magnetometer in the temperature range 2–300 K and in an applied field of 1 Torr,
the results of which are highlighted in Fig. 3.2.

Compound 3-15 exhibits an vMT value (vM = molar magnetic susceptibility) of
1.28 cm3 mol−1 K per manganese centre at 300 K, corresponding to a µeff value of
3.20 µB per manganese centre at this temperature (the Curie temperature however is
significantly higher than 300 K). The vMT value decreases almost linearly from
300 K down to approximately 50 K, reaching 0.1 cm3 mol−1 K, before plateauing
at close to 0 cm3 mol−1 K below that. The corresponding vM versus T plot is typical
of an antiferromagnetic coupled system, the data for which were fitted to an S = 5/2
(per manganese centre) dimer model (−2JS1�S2) using g = 2.18, J = −47.5 cm−1.
The two plots in Fig. 3.2 strongly resemble those for the higher coordinate man-
ganese(I) dimers 3-01 and 3-08, which were both shown to have Mn–Mn single
bonds, with strong antiferromagnetic coupling between the two metal centres.

To further investigate the metal–metal bonding in 3-15, calculations (in collab-
oration with Prof. L. Gagliardi, University of Minnesota) using the theory methods
CASSCF (complete active space self-consistent field) and CASPT2 (complete active
space perturbation theory), were carried out on a full model of the dimer, in order to

Fig. 3.2 Plots of vM (per
Mn) versus T (top) and vMT
(per Mn) versus T (bottom)
for 3-15. Solid lines are the
best fits to an S = 5/2 dimer
model using the parameters
given with 0.49 %
paramagnetic impurity
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determine its ground-state electronic structure. For the low-energy states, the wave
function was highly multiconfigurational, with no configuration exceeding a weight
of 10 %. At CASSCF and CASPT2 levels of theory, the singlet spin state was
calculated to be the ground state, but the triplet and quintet states lie only approx-
imately 1 and 2 kcal/mol above respectively. In the ground state, 3-15 was calcu-
lated to have a single Mn–Mn bond, with a calculated effective bond order (EBO) of
0.90. The molecular orbitals and corresponding occupation numbers for the singlet
ground state are shown in Fig. 3.3. A singlet ground state is in good agreement with
the magnetic measurements above.

The results of the computational studies performed on 3-15 are comparable to
those for the higher coordinate manganese(I) dimer 3-08. That is, the low-energy
states are highly multiconfigurational, with a dominant singlet ground state. The
two complexes were also calculated to possess a manganese-manganese single
bond, with each high-spin metal centre encompassing five singly occupied 3d
orbitals that are essentially non-bonding.

Combining the results of X-ray crystallography, magnetic studies and compu-
tational calculations, it can be concluded that 3-15 is a high-spin, two coordinate
amido manganese(I) dimer with a unsupported metal–metal bond. The complex
represents the first example of a two-coordinate manganese(I) dimer, and is the first
open shell, two-coordinate d-block metal(I) dimer.

Fig. 3.3 Active orbitals and corresponding occupation numbers for the singlet ground state of
3-15. The manganese atoms are purple. Iso-surface value 0.03 a.u.
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3.3.2 Preparation and Characterisation
of a Two-Coordinate Manganese(0) Heterobimetallic
Complex with an Unsupported Mn–Mg Bond

With the successful reduction of the amido manganese bromide 2-43, the reductions
of the two bulkier amido manganese bromide complexes [{Ar*(SiPh3)NMn(l-Br)
(THF)}2] 2-44 and [{Ar†(SiiPr3)NMn(l-Br)(THF)}2] 2-45 were also attempted.
Using the same magnesium(I) reducing agent 1-08, the initial expectation was that
similar, bulkier versions of the manganese(I) dimer 3-15 would be formed. With
that in mind, 2-44 and 2-45 were each reacted with one equivalent of the magne-
sium(I) reducing agent 1-08. However, in both cases, the reaction mixture turned an
intense royal blue colour on addition of the reducing agent, in contrast to the deep
red colour of the manganese(I) dimer 3-15. Approximately half of the amido
manganese bromide starting materials were recovered from both reactions. Due to
the extremely high solubility of the blue product in the reaction between 2-44 and
1-08, no X-ray quality crystals of it were isolated. However, blue X-ray quality
crystals were isolated from the reaction between 2-45 and 1-08, by extraction of the
reaction mixture into pentane, with subsequent cooling of the extract to −30 °C
overnight. These crystals were crystallographically characterized, revealing the
structure [Ar†(SiiPr3)NMnMg(MesNacnac)] 3-16 (Fig. 3.4). Repeating the reaction,
using two equivalents of the magnesium(I) reducing agent 1-08, resulted in full
consumption of the starting material 2-45, and gave a good yield (71 %) of 3-16
(Scheme 3.9).

As expected, the blue product was not a manganese(I) dimer, but the
manganese-magnesium heterobimetallic complex 3-16. The complex is monomeric,
with an unsupported Mn–Mg bond [2.8244(13) Å], and a two-coordinate non-linear
manganese centre (N–Mn–Mg = 160.9°) in the solid state. It is worth noting that
there are no strong interactions between the manganese and the flanking phenyl
rings of the Ar† substituent [closest Mn���Cphenyl is between Mn1 and C17,
Mn1–C17 = 3.033(3) Å].

Compound 3-16 is of considerable fundamental interest for a number of reasons.
Firstly, while a handful of d-block metal-magnesium bonded complexes have been
reported [29], none include manganese, therefore the complex possesses the first
crystallographically characterised example of a Mn–Mg bond. Furthermore, all of
the reported d-block metal-magnesium complexes are higher coordinate, closed
shell systems, where 3-16 is open shell (as discussed below). In addition, formal
oxidation states can be assigned to the metal centres in the complex, as Mn(0) and
Mg(II), due to the difference in electronegativity of the two elements (1.31 for Mg
and 1.55 for Mn on the Pauling scale) [30]. Consequently, compound 3-16 is the
first example of a two-coordinate manganese(0) complex.

Compound 3-16 is paramagnetic, and exhibits a solution state magnetic moment
of 5.3 µB at 298 K, as determined by the Evans method. This is slightly lower than
the spin only value for a non interacting high-spin Mn(0) centre (4s23d5 = 5.9 µB),
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but clearly indicates the presence of a high-spin manganese centre.
Variable-temperature magnetic susceptibility measurements were performed on a
polycrystalline sample of 3-16, in the temperature range 2–320 K and in an applied
field of 0.01 Torr; the results of which are highlighted in Fig. 3.5. The vMT value
for the complex at 300 K, is 4.14 cm3 mol−1 K, corresponding to an effective
magnetic moment of 5.76 µB. The vMT value decreases gradually, in a Curie-Weiss
fashion, to *3.9 cm3 mol−1 K at 6 K, then more rapidly due to zero-field splitting,

Fig. 3.4 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 3-16.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Mn(1)-
Mg(1) 2.8244(13), Mn(1)-N(1) 2.024(3), Mg(1)-N(2) 2.044(3), Mg(1)-N(3) 2.057(3), N(1)-Mn
(1)-Mg(1) 160.85(9), N(2)-Mg(1)-N(3) 91.47(13)

Scheme 3.9 Preparation of 3-16
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reaching 3.0 cm3 mol−1 K at 2 K. The data are suggestive of an isolated S = 5/2
ground state, supporting the proposal of a high-spin 4s2 3d5 manganese centre.

To further investigate the spin state of complex 3-16, low-temperature (10 K),
low and high field EPR spectroscopic studies (X band—9 GHz, Q band—35 GHz)
were performed on frozen toluene solutions of 3-16. The results, along with the
associated simulations of the complex, are shown in Fig. 3.6. The complexity of

Fig. 3.5 Plot of vMT versus
T for 3-16. The solid line is a
guide to the eye

Fig. 3.6 Experimental (black
line) and simulated (red line)
EPR spectra for complex
3-16, recorded at 10 K.
a = X-band and b = Q band
frequency
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both spectra arises from zero field splitting, which dominates the spectra at 10 K.
The EPR simulations are based on the spin Hamiltonian parameters of g = 2.004,
S = 5/2, D = 0.1 cm−1 (2850 MHz) and E = 0.04 cm−1 (1250 Mz) and, as can be
seen in Fig. 3.6, are a close fit to the experimental data for both X and Q band
(D = axial zero field splitting parameter, E = rhombic zero field splitting parame-
ter). However, the 55Mn hyperfine could not be detected, and the g anisotropy
remained unresolved, at these two frequencies, owing to the zero field splitting
contributions from D and E. That said, the best fits for the band data are certainly
based on an isolated S = 5/2 spin state, which is consistent with the magnetic
measurements.

In order to further investigate the metal–metal bonding in 3-16, calculations
using the theory methods CASSCF and CASPT2, were carried out on a model of
the complex, where the isopropyl groups are replaced with methyl groups (viz.
3-16Me). Consistent with the magnetic studies and EPR results, both levels of
theory predict a sextet ground state for 3-16Me, with the dominant configuration of
1r2(3dMn

a )1(3dMn
b )1(3dMn

c )1(3dMn
d )1(3dMn

e )1, with a weight of 98 % (Fig. 3.7). This
configuration arises from a single r bond between the two metal centres, and five
singly occupied non-bonding 3d orbitals. The Mn–Mg single bond was calculated
to have an EBO of 0.97, which largely originates from the 4s and 3s orbitals on the
Mn and Mg respectively.

As previously mentioned, the two metal centres have different electronegativities
(1.31 for Mg and 1.55 for Mn on the Pauling scale) [30], resulting in a formal
Mn(0)Mg(II) complex. However, this difference in electronegativities is not great,
and therefore the Mn–Mg bond should not be heavily polarised, and therefore
should possess significant covalent character. Indeed this is the case, and an only

Fig. 3.7 Active orbitals and corresponding occupation numbers for the sextet ground state of
compound 3-16Me. The green atom (left) is Mg, and the purple atom (right) is Mn. Iso-surface
value 0.03 a.u
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slightly polarised covalent bond is calculated between the two metal centres
(Fig. 3.7). To add further support, the LoProp atom charges were calculated for the
two metal centres in 3-16Me (Mn +0.69 and Mg +0.83), which are similar and
positive for both metals.

Combining the results of X-ray crystallography, magnetic measurements, EPR
spectroscopy and computational calculations, it can be concluded that 3-16 is a
singly bonded manganese-magnesium heterobimetallic complex with a
two-coordinate manganese centre. The Mn centre is formally in the zero oxidation
state and is high-spin. The spin state of the complex is 5/2, supported by magnetic
measurements, low and high field EPR spectroscopy as well as computation
calculations.

3.3.3 Reactivity of a Two-Coordinate Manganese(0)
Heterobimetallic Complex

3.3.3.1 Reactivity of an Mn–Mg Bonded Complex Towards
Inorganic Complexes

The isolation of the manganese-magnesium heterobimetallic complex 3-16 was at
first rather surprizing, as we were initially targeting the manganese(I) dimer
[{(Ar†(SiiPr3)NMn}2]. It is therefore likely that the mechanism of this reaction
involves the generation of the transient manganese(I) fragment “Ar†(SiiPr3)NMn”,
but with the increase in ligand bulk (compared with the reduction of 2-43) the
dimerization of this fragment has become less favourable. A similar mechanism can
be proposed for the isolation of the inverted sandwich manganese(I) complex 3-11,
which bears extremely bulky 3,5-iPr2-Ar

Tripp ligands. However, in the case of 3-11,
a molecule of toluene inserts between the metal centres, increasing the distance
between the two 3,5-iPr2-Ar

TrippMn fragments, whereas in the 3-16, the transient
fragment is further reduced by the magnesium(I) reducing agent 1-08, yielding
3-16.

It was therefore proposed that the formation of the initially targeted manganese(I)
complex [{(Ar†(SiiPr3)NMn}2] could still be possible, and 3-16 is simply an
intermediate in the reduction process. To test this hypothesis, a further equivalent of
the amido manganese bromide 2-45 was added to a solution of 3-16, and the mixture
stirred at room temperature for a week, which resulted in almost complete recovery
of the starting materials. The reaction was repeated, heating the reaction mixture to
60 °C. However, after a couple of hours at this temperature, complete decomposition
of 3-16 was observed by 1H NMR spectroscopy. It was therefore concluded that the
formation of [{(Ar†(SiiPr3)NMn}2] is simply unfavourable, due to large steric
demands of the two Ar*(SiiPr3)N

− ligands.
It was later proposed, that even though the formation of [{(Ar†(SiiPr3)NMn}2] is

unfavourable, 3-16 could possibly be utilized as a reagent in the synthesis of a less
bulky asymmetrical manganese(I) dimer. If 3-16 acts as a reducing agent towards a
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less sterically demanding amido manganese bromide complex, the isolation of an
unprecedented asymmetrical manganese(I) dimer could be possible. With this in
mind, 3-16 was reacted with half an equivalent of 2-43, the less bulky amido
manganese(II) bromide complex, in toluene at room temperature (Scheme 3.10).
Over 24 h, the intense blue colour of 3-16 slowly disappeared and the mixture
turned dark red. After workup and subsequent crystallisation, deep red crystals of
the proposed asymmetrical amido manganese(I) dimer [Ar†(SiiPr3)NMnMnN
(SiMe3)Ar*] 3-17 were isolated. These crystals were analysed by X-ray crystal-
lography and the structure of the complex determined (Fig. 3.8).

Compound 3-17 is a two-coordinate, asymmetrical amido manganese(I)
bimetallic complex with an unsupported metal–metal bond. The complex is
unprecedented, as it is the only carbonyl free asymmetrical transition metal(I) dimer

Scheme 3.10 Preparation of 3-17

Fig. 3.8 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 3-17.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Mn(1)-N
(1) 2.027(3), Mn(1)-Mn(2) 2.7431(7), Mn(2)-N(2), 2.010(3), N(1)-Mn(1)-Mn(2) 154.08(7), N(2)-
Mn(2)-Mn(1) 152.01(9)
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reported to date. The complex resembles that of the previously discussed amido
manganese(I) dimer 3-15, but with a few minor differences. Complex 3-17 has a
slightly longer Mn–Mn bond than 3-15 [2.7431(7) Å compared with 2.7224(6) Å],
and a twisted central N–Mn–Mn–N unit [torsion angle = 138.34(13)°] compared
with the planar N–Mn–Mn–N unit in 3-15. These differences are likely due to the
larger steric demands of the Ar*(SiiPr3)N

− ligand in 3-17, causing extra strain on
the complex to accommodate it. The two metal centres are non-linear and
two-coordinate, with no strong interactions to the ligand’s flanking phenyl rings
[closest Mn���CPhenyl = 3.043(3) Å].

Compound 3-17 is paramagnetic in solution, and has an effective magnetic
moment (µeff = 3.4 µB) in solution at room temperature, identical to that of the
symmetrical complex 3-15, as determined by the Evans method [28]. This is once
again indicative of two high-spin manganese(I) centres that are strongly antifer-
romagnetically coupled. It was therefore concluded that 3-17 is similar structurally,
and electronically to the previously discussed 3-15.

The reaction between the Mn–Mg bonded complex 3-16, and the amido man-
ganese(II) bromide system 2-43, to yield the asymmetrical manganese(I) dimer 3-17
is rather interesting, as 3-16 is acting as an “inorganic Grignard reagent”, in the
transfer of the “Ar†(SiiPr3)NMn” group onto a second metal centre, thus creating a
new metal–metal bond. We wanted to further explore the reactivity of complex 3-16
as an “inorganic Grignard reagent”, to potentially synthesise a number of low
coordinate heterobimetallic complexes with unsupported metal–metal bonds.
Accordingly, complex 3-16 was reacted in turn, with the amido chromium chloride
2-41, the amido iron bromide 2-46 and the amido zinc bromide 2-51, in the hope
that heterobimetallic complexes, essentially isostructual to the asymmetrical man-
ganese(I) dimer 3-17 would be isolated (Scheme 3.11).

Unfortunately, even after multiple attempts, including changing the reaction
conditions, none of these reactions led to the isolation of a heterobimetallic complex
with an unsupported metal–metal bond. The reactions between 3-16 and both 2-46
and 2-51, led to intractable mixtures of products on multiple occasions, with signs
of decomposition seen by the precipitation of elemental metal in every case.
However, crystals of a heterobimetallic complex were isolated from the reaction
between 3-16 and the amido chromium chloride complex 2-41, when the reaction

Scheme 3.11 Unsuccessful reactions of 3-16 carried out in order to isolate heterobimetallic
complexes with unsupported metal–metal bonds
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was performed in methylcyclohexane (Scheme 3.12). These dark yellow/gold
crystals were analysed by X-ray crystallography, and the structure of the new
heterobimetallic complex 3-18 was determined (Fig. 3.9).

Complex 3-18 is a chromium-manganese heterobimetallic complex, bearing one
Ar†(SiiPr3)N

− and one Ar*(SiMe3)N
− ligand, i.e. one from each reactant. The

product shows that once again, 3-16 has been successfully utilized as an “inorganic
Grignard reagent” in the transfer of the “Ar†(SiiPr3)NMn” fragment onto another

Scheme 3.12 Preparation of 3-18

Fig. 3.9 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 3-18.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Cr(1)���
Mn(1) 3.0443(6), Mn(1)-N(1) 1.952(2), Mn(1)-N(2) 1.998(2), N(1)-Mn(1)-N(2) 140.00(9), Ct(1)-
Cr(1)-Ct(2) 164.42(6)
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metal fragment, but this time yielding a complex in a different arrangement. It is
likely that the reaction mechanism proceeds via the initially targeted Cr–Mn bonded
intermediate, which subsequently undergoes an internal redox process to give 3-18,
however no evidence for this has been obtained.

Complex 3-18 is mixed valance, with a two-coordinate Mn(II) bis-amido frag-
ment [N–Mn–N = 140.00(9)°]. The Cr(0) centre is η6 coordinated to the central
ring of the Ar*(SiMe3)N

− ligand, and a flanking phenyl ring of the Ar*(SiiPr3)N
−

ligand, in a sandwich type motif. The separation between the two metal centres is
3.0443(6) Å, which is only slightly greater than the sum of the covalent radii of Cr
and high-spin Mn (3.00 Å) [24]. This implies that there could be an interaction, or
even a weak bond between the two metal centres. To further investigate the pos-
sibility that the two metal centres are interacting, magnetic studies were performed
on the complex.

The solution-state effective magnetic moment of complex 3-18, determined by
the Evans method, was found to be 5.5 µB, which is only slightly less than the spin
only value for a non-interacting high-spin manganese(II) centre (5.9 µB). The
chromium(0) centre is expected to have negligible input to the overall paramag-
netism of the complex, as coordination of two η6 rings result in a saturated dia-
magnetic 18 electron centre, as previously seen in complexes such as bis-(η6-
benzene)chromium [31]. Therefore, the value of 5.5 µB signifies a high-spin Mn(II)
centre, with little, if any coupling to the Cr centre.

Variable-temperature magnetic susceptibility measurements were also performed
on a polycrystalline sample of 3-18. The measurement was conducted using a
SQUID magnetometer in the temperature range 2–320 K and in an applied field of
0.01 Torr, the results of which are highlighted in Fig. 3.10. The data are similar to
those obtained for the Mn–Mg complex 3-16, in that they are indicative of a S = 5/2
ground state, with the vMT value decreasing gradually as a function of temperature
in a Curie-Weiss fashion to *3 K, and then more rapidly due to Zeeman

Fig. 3.10 Plot of vMT versus
T for 3-18. The solid line is a
guide to the eye
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depopulation. The results are reminiscent of a non-interacting high-spin Mn(II)
centre, and show no indication of coupling to another metal centre.

Calculations using the theory methods CASSCF and CASPT2, were also per-
formed on complex 3-18, to further support the lack of a metal–metal interaction.
The ground state of the complex was calculated to be a sextet, with the dominant
configuration being (1ML)2(3dCr)

2(2ML)2(3dMn
a )1(3dMn

b )1(3dMn
c )1(3dMn

d )1(3dMn
e )1

(Fig. 3.11). The calculations indicate the presence of five singly occupied,
non-bonding 3d orbitals on the manganese centre, similar to the results for 3-16Me,
in addition to three doubly occupied bonding orbitals on the chromium centre. The
results are in agreement with the magnetic measurements and indicate effectively no
bonding between the two metal centres.

By analysing the results from X-ray crystallography, magnetic measurements
and calculations, in can be concluded that complex 3-18 is a mixed valence
manganese(II)-chromium(0) heterobimetallic complex with effectively no metal–
metal interaction, even though the solid state structure reveals the two metals to be
in close proximity to one another. The complex was synthesised by the transfer of a
“Ar†(SiiPr3)NMn” group by the “inorganic Grignard reagent” 3-16, onto a chro-
mium centre derived from the complex 2-41. The reaction is proposed to proceed
through the initially targeted metal–metal bonded complex as a reaction interme-
diate, which undergoes an internal redox process to give 3-18.

Fig. 3.11 Active orbitals and corresponding occupation numbers of the sextet ground state of
3-18. The grey-blue atom (left) is Cr and the purple atom (right) is Mn. Iso-surface value 0.03 a.u
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3.3.3.2 Reactivity of an Mn–Mg Bonded Complex Towards Small
Organic Molecules and Gases

The reactivity of the manganese-magnesium heterobimetallic complex 3-16 towards
a number of small organic molecules, as well as a range of different gases was also
investigated. The results of these reactivity studies are outlined in Scheme 3.13.

In addition to the reactants shown in Scheme 3.13, toluene solutions of 3-16
were also reacted with the gases CO and O2, under one atmosphere, at −80 °C.
Both reactions resulted in colour changes, (from royal blue to red/brown on addi-
tion of CO, and to pale yellow on addition of O2), but unfortunately, no product was
isolated from either reaction.

When complex 3-16 was either dissolved in THF, or THF added to a solution of
3-16, in a non-coordinating solvent such as toluene, a subtle but immediate colour
change was observed, from royal blue to blue/purple. Crystals of this blue/purple
product were grown from pentane, and characterised by X-ray crystallography
(Fig. 3.12).

A crystal structure determination revealed the complex to be a THF adduct of the
Mn–Mg complex 3-16 (viz. [Ar†(SiiPr3)NMnMg(THF)(MesNacnac)], 3-19), where
a molecule of THF is coordinating to the magnesium centre. The addition of THF
increases the coordination number of the magnesium, from three in 3-16 to four in
3-19, resulting in a change of the metal geometry from trigonal to distorted tetra-
hedral. The coordination of THF [along with other donor molecules such as

Scheme 3.13 Reactions of 3-16 with a selection of gases and organic substrates
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4-dimethylaminopyridine (DMAP)] to the three-coordinate (MesNacnac) Mg unit,
has previously been reported, for example with the coordination of THF to the
magnesium(I) complex 1-08, to give the tetrahedral magnesium complex
[{(MesNacnac)Mg(THF)}2] [32].

The coordination of THF to the magnesium centre in 3-19 has also resulted in an
elongation of the Mn–Mg bond by 0.1 Å [from 2.8244(13) Å in 3-16 to 2.921(2) Å
in 3-19], due to the increase in the coordination number of the magnesium. Rather
surprisingly, even when 3-16 is dissolved in THF, the manganese centre remains
two-coordinate, and THF free. This is likely due to the large steric demands of the
Ar*(SiiPr3)N

− and MesNacnac ligands, disfavouring the coordination of a second
molecule of THF. Complex 3-19 exhibits a solution state magnetic moment of 5.3
µB, which is the same as the THF free complex 3-16, indicating little, if any, change
to the Mn centre’s electronics due to the coordination of THF.

The reactivity of complex 3-16 towards the oxidizing agent N2O was also tested.
When a toluene solution of 3-16 was exposed to one atmosphere of N2O at −80 °C,
an immediate colour change was observed from royal blue to pale yellow. After
workup, including the addition of THF to aid crystallisation, colourless crystals of
[Ar†(SiiPr3)NMnOMg(THF)(MesNacnac)] 3-20 were isolated in good yield
(Fig. 3.13).

The reaction between complex 3-16 and N2O has resulted in oxidation of the
Mn(0) centre in the starting material, toMn(II) in the oxo-bridged complex 3-20, with
a molecule of THF coordinated to the magnesium centre. Multiple attempts to isolate
X-ray quality crystals of the THF free form of complex 3-20 were carried out,
but unfortunately were unsuccessful. Complex 3-20 possesses a two-coordinate,
non-linear manganese(II) centre [N–Mn–O = 163.85(8)°], with no strong

Fig. 3.12 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 3-19.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Mn(1)-
Mg(1) 2.921(2), Mn(1)-N(1) 2.041(5), Mg(1)-O(1) 2.10(2), Mg(1)-N(2) 2.071(5), Mg(1)-N(3)
2.082(2), N(1)-Mn(1)-Mg(1) 157.94(14) Mn(1)-Mg(1)-O(1) 111.6(5)

3.3 Results and Discussion 77



interactions between the flanking phenyl groups of the ligand [closest Mn���Cphenyl =
3.047(2)°]. The two-coordinate manganese oxide complex 3-20 is unprecedented.
Reactions between low oxidation state manganese complexes and oxidizing agents
such as N2O, usually give dioxo-bridged structures, such as the dioxo-bridged
[{(DippNacnac)Mn(µ-O)}2] 3-03 and [{(Piso)Mn(µ-O)}2] 3-09 [6, 12].

It is worth noting that from the reaction between 3-16 and N2O, a crystal of
[{Ar†(SiiPr3)NMn}2(µ-O)], a second two-coordinate oxo-bridged Mn(II) complex,
was isolated on multiple occasions, suggesting that it is a by-product of the reaction.
However, due to the very low yield of this complex (<2 %), no further analysis has
been performed on it (see Sect. 7.2 for the molecular structure).

A toluene solution of 3-16was also exposed to one atmosphere of CO2 at −80 °C,
which, similar to the addition of N2O, resulted in an immediate colour change from
royal blue to pale yellow. After workup, including the addition of THF to aid
crystallisation, a small number of colourless crystals of [{Ar†(SiiPr3)NMn(THF)
(µ-CO3)Mg(MesNacnac)}2] 3-21 were isolated (Fig. 3.14).

Complex 3-21 is an example of a manganese-magnesium carbonate compound,
where the CO3

2− units are bridging the metal centres. The complex is dimeric in the
solid state, dimerising through the Mg-O units to give a central Mg2O2 four
membered ring. The dimerization results in the magnesium centres possessing
tetrahedral geometries, and therefore no Mg coordinated THF is present, even
though THF was added to the reaction mixture. In contrast, the two manganese

Fig. 3.13 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 3-20.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Mn(1)-O
(1) 1.7986(16), Mg(1)-O(1) 1.8490(18), Mn(1)-N(1) 2.0009(18), Mg(1)-O(2) 2.0755(19), Mg(1)-
N(2) 2.048(2), Mg(1)-N(3) 2.055(2), N(1)-Mn(1)-O(1) 163.85(8), Mn(1)-O(1)-Mg(1) 172.80(11)
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centres do possess a coordinating THF molecule, resulting in four coordinate
manganese centres, also with distorted tetrahedral geometries.

The reaction of complex 3-16 with CO2 has resulted in an oxidation of the Mn(0)
centre to Mn(II), and consequently a reduction of CO2. The mechanism of the
reaction is likely similar to the reaction between CO2 and the magnesium(I) dimer
1-04, which yielded the related magnesium carbonate complex [(DippNacnac)
Mg}2(µ-CO3)] 1-12 (as discussed in Sect. 1.4) [33]. That is, one equivalent of CO2

initially reacts with the 3-16, resulting in a two electron reduction of the gas,
releasing a molecule of CO and forming the oxo-bridged structure [{Ar†(SiiPr3)
NMnOMg(MesNacnac)}2] 3-20a (3-20a is essentially the same as the isolated
structure 3-20, but without a coordinating THF). The oxo-bridged complex 3-20
then reacts with a second equivalent of CO2 to give the carbonate, presumably
followed by dimerization (Scheme 3.14).

Unfortunately, due to the very low yields of complex 3-21 (<5 %), as well as
difficulties isolating the complex cleanly, no further analysis of the compound has
been performed.

Finally, to probe the reactivity of 3-16 towards small unsaturated organic
molecules, one equivalent of N,N′-diisopropylcarbodiimide was added to a toluene
solution of 3-16 at −80 °C. On warming to ambient temperature a colour change
from royal blue to yellow was observed. After workup and subsequent crystalli-
sation from pentane, large yellow crystals of [{Ar†(SiiPr3)NMn{µ-C(NiPr)2}Mg
(MesNacnac)}2] 3-22 were isolated in good yield (Fig. 3.15).

The reaction of complex 3-16 and N,N′-diisopropylcarbodiimide, resulted in a
two-electron reduction of the substrate, and its insertion into the metal–metal bond.

Fig. 3.14 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 3-21.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Mn(1)-N
(1) 1.997(4), Mn(1)-O(1) 2.165(3), Mn(1)-O(2) 2.140(3), Mn(1)-O(4) 2.127(3), Mg(1)-N(2) 2.027
(4), Mg(1)-N(3) 2.020(3), Mg(1)-O(3) 1.988(3), Mg(1)-O(3’) 2.018(3), Mg(1)-Mg(1′) 3.124(3),
O(1)-C(45) 1.300(5), O(2)-C(45) 1.252(5), C(45)-O(3) 1.293(5), O(1)-Mn(I)-O(2) 61.74(12),
O(3)-Mg(1)-O(3’) 77.53(13), Mg(1)-O(3)-Mg(1′) 102.47(13)
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The two nitrogen atoms of the NCN unit are coordinated to the magnesium centre,
resulting in a four-coordinate tetrahedral magnesium atom. The central carbon of
the NCN unit is bonded to the manganese centre, resulting in an oxidation of the
metal from 0 to +2. The manganese centre exhibits a fairly strong interaction with
one of the flanking phenyl rings of the Ar† substituent [closest interaction Mn–
C25 = 2.617(3) Å], which is highlighted in Fig. 3.15. Therefore the manganese(II)
centre is pseudo two-coordinate with a bent N–Mn–C angle of 155.30(9)°.

The two electron reduction and insertion of a carbodiimide into a metal–metal
bond is once again analogous to the reactivity of the magnesium(I) dimer 1-04,
where addition of N,N′-dicyclohexylcarbodiimide to a solution of the dimer resulted
in the reductive insertion product [{(DippNacnac)Mg}2{µ-C(NCy)2}] 1-13 [34].
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Fig. 3.15 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 3-22.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Mn(1)-N
(1) 1.981(2), Mn(1)-C(68) 2.131(3), Mn(1)-C(24) 2.851(3), Mn(1)-C(25) 2.617(3), Mg(1)-N(5)
2.038(2), Mg(1)-N(3) 2.050(2), Mg(1)-N(2) 2.057(2), Mg(1)-N(4) 2.060(2), N(4)-C(68) 1.348(3),
N(5)-C(68) 1.348(3), N(1)-Mn(1)-C(68) 155.30(9), N(3)-Mg(1)-N(2) 91.83(9), N(5)-Mg(1)-N(4)
66.56(9), N(5)-C(68)-N(4) 113.1(2)
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As magnesium(I) dimers are becoming increasingly popular in the reduction of
organic and inorganic substrates, the similar reactivity of complex 3-16 makes it a
possible alternative.

3.4 Conclusion

In conclusion, a range of unprecedented low oxidation state manganese complexes
have been isolated by utilizing the kinetic stabilising properties of two extremely
bulky amido ligands. These include the first example of a two-coordinate man-
ganese(I) dimer 3-15, as well as the manganese-magnesium heterobimetallic
complex 3-16, which possesses a two coordinate manganese(0) centre. All com-
plexes were characterised using a range of analytical techniques, including X-ray
crystallography, SQUID and EPR spectroscopy, as well as ab initio calculations.
The reactivity of complex 3-16 as an “inorganic Grignard reagent” was investi-
gated, in the preparation of the asymmetrical manganese(I) dimer 3-17, and the
mixed valance chromium(0)-manganese(II) heterobimetallic complex 3-18. Further
reactivity of complex 3-16 towards a range of gases and small organic molecules
was investigated, with mixed success.

3.5 Experimental

General methods. All manipulations were carried out using standard Schlenk and
glove box techniques under an atmosphere of high purity dinitrogen. THF, hexane,
cyclohexane, methylcyclohexane and toluene were distilled over molten potassium,
while diethyl ether and pentane were distilled over sodium/potassium alloy (1:1).
1H NMR spectra were recorded on either Bruker AvanceIII 400 or Varian Inova
500 spectrometers and were referenced to the resonances of the solvent used, or
external SiMe4. Mass spectra were recorded on an Agilent Techonlogies 5975D
inert MSD with a solid state probe or obtained from the EPSRC National Mass
Spectrometric Service at Swansea University. IR spectra were recorded using a
Perkin-Elmer RX1 FT-IR spectrometer as Nujol mulls between NaCl plates or
recorded as solid samples using an Agilent Cary 630 attenuated total reflectance
(ATR) spectrometer. Microanalyses were carried out by the Science Centre,
London Metropolitan University. A reproducible microanalysis could not be
obtained for 3-17, as the compound contained hexane of crystallization which could
not be completely removed by placing the sample under reduced pressure for
several hours. Moreover, recrystallized samples of the compound were consistently
contaminated by small amounts (<5 % as determined by 1H NMR spectroscopy) of
free amine, Ar*(SiiPr3)NH. The complexes [{Ar*(SiMe3)NCr(l-Cl)(THF)}2] 2-41,
[{Ar*(SiMe3)NMn(l-Br)(THF)}2] 2-43 and [{Ar†(SiiPr3)NMn(l-Br)(THF)}2]
2-45 were prepared as discussed in Chap. 2 and [{(MesNacnac)Mg}2] 1-08
according to the literature method [32]. All other reagents were used as received.
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Preparation 1 of [{Ar*(SiMe3)NMn}2], 3-15. To a suspension of [{Ar*(SiMe3)
NMn(l-Br)(THF)}2] 2-43 (0.200 g, 0.139 mmol) in cyclohexane (10 mL), was
added a suspension of [{(MesNacnac)Mg}2] 1-08 (0.110 g, 0.153 mmol) in cyclo-
hexane (10 mL) at 10 °C over 5 min. The reaction mixture turned from pale yellow
to dark red after approximately 2 min. The reaction was slowly warmed to room
temperature and stirred for a further 12 h, whereupon volatiles were removed in
vacuo. The residue was extracted toluene (20 mL), and the extract concentrated (ca.
5 mL) and slowly cooled to −30 °C overnight to give 3-15 as dark red crystals
(0.110 g, 70 %).

Preparation 2 of [{Ar*(SiMe3)NMn}2], 3-15. To a suspension of [{Ar*(SiMe3)
NMn(l-Br)(THF)}2] 2-43 (0.200 g, 0.139 mmol) in cyclohexane (10 mL), was
added a suspension of KC8 (0.041 g, 0.306 mmol) in cyclohexane (10 mL) at room
temperature. The reaction mixture was stirred for 4 days, whereupon volatiles were
removed in vacuo. The residue was extracted toluene (20 mL), and the extract
concentrated (ca. 5 mL) and slowly cooled to −30 °C overnight to give 3-15 as dark
red crystals (0.015 g, 10 %). Mp: 230–232 °C; 1H NMR (499 MHz, C6D6, 298 K):
d = 1.49 (br.), 2.06 (br.), 2.35 (br.), 11.01 (br.), 13.07 (br.); IR t/cm−1 (Nujol):
1596(m), 1492(m), 1237(s), 1207(m), 1132(m), 1074(m), 1031(m), 911(m), 899(s),
879(m), 847(s), 828(s), 752(m), 721(m), 699(s), 603(m), 558(m); UV-Vis (toluene)
[kmax, nm (e, M−1 cm−1)]: 493 (1223); MS/EI m/z (%): 1128.5 ([M − 2H]+, <1),
511.3 (Ar*N(H)SiMe3

+, 100), 439.2 (Ar*NH2
+, 28), 167.0 (Ph2CH

+, 19); leff (Evans,
C6D6, 298 K): 3.4 lB; anal. calc. for C72H72Mn2N2O2Si2: C 76.43 %, H 6.41 %,
N 2.48 %, found: C 76.33 %, H 6.35 %, N 2.53 %.

Preparation of [Ar†(SiiPr3)NMnMg(MesNacnac)], 3-16. To a suspension of
[{Ar†(SiiPr3)NMn(THF)(l-Br)}2] 3-45 (0.442 g, 0.266 mmol) in cyclohexane
(30 mL), was added a suspension of [{MesNacnac)Mg}2] 1-08 (0.400 g,
0.559 mmol) in cyclohexane (15 mL) at room temperature. The reaction mixture
turned an intense blue colour approximately 2 min after addition. The reaction was
stirred for a further 2 h, whereupon volatiles were removed from the filtrate in
vacuo. The residue was extracted with pentane (15 mL), the extract filtered and
volatiles removed in vacuo to give 3-16 as a blue solid (0.390 g, 71 %). N.B. X-ray
quality crystals of 3-16 were obtained by crystallizing this solid from hexane. Mp:
79–81 °C; 1H NMR (499 MHz, C6D6, 298 K): d = −1.16 (br.), 2.63 (br.), 4.36
(br.), 7.30 (br.); IR t/cm−1 (Nujol): 1524(m), 1398(s), 1260(s), 1231(m), 1197(m),
1146(m), 1091(s), 1018(s), 856(m), 799(s), 721(m), 700(s), 604(m); UV-Vis
(toluene) [kmax, nm (e, M−1 cm−1)]: 556 (1023), 588 (1101); MS/CI m/z (%): 624.4
(Ar†N(H)SiiPr3 + H+, 100), 580.3 (Ar†N(H)SiiPr3

+ − iPr, 16), 335.2
(MesNacnacH + H+, 26), 167.0 (Ph2CH

+, 7); leff (Evans, C6D6, 298 K): 5.3 lB;
anal. calc. for C67H81MgMnN3Si: C 77.70 %, H 7.88 %, N 4.06 %, found:
C 77.81 %, H 7.90 %, N 3.98 %.

Preparation of [Ar†(SiiPr3)NMnMnN(SiMe3)Ar*], 3-17. To a solution of
[{Ar†(SiiPr3)N}MnMg(MesNacnac)] 3-16 (0.200 g, 0.193 mmol) in toluene
(15 mL), was added a solution of [{Ar*(SiMe3)NMn(THF)(l-Br)}2] 2-43 (0.152 g,
0.106 mmol) in toluene (15 mL) at room temperature. The reaction was stirred for a
further 24 h at room temperature, whereupon volatiles were removed in vacuo. The
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residue was extracted with warm hexane (15 mL), the extract filtered and con-
centrated (ca. 5 mL) then slowly cooled to 5 °C overnight to give 3-17 as
red/purple crystals (0.118 g, 49 %). Mp: 195–198 °C; 1H NMR (499 MHz, C6D6,
298 K): d = 4.03 (br.), 7.03 (br.), 12.57 (br.), 14.04 (br.); IR t/cm−1 (Nujol): 1598
(m), 1492(s), 1260(s), 1230(s), 1074(s), 1031(s), 919(m), 901(m), 860(m), 832(m),
810(m), 760(m), 744(m), 738(m), 717(m), 699(s), 652(m), 629(m), 603(m);
UV-Vis (toluene) [kmax, nm (e, M−1 cm−1)]: 494 (1947); MS/EI m/z (%): 623.4
(Ar†N(H)SiiPr3

+, 49), 580.4 (Ar†N(H)SiiPr3
+ − iPr, 100), 511.3 (Ar*N(H)SiMe3

+, 51),
467.3 (Ar†NH2

+, 8), 439.2 (Ar*NH2
+, 95), 167.0 (Ph2CH

+, 87); leff (Evans, C6D6,
298 K): 3.4 lB.

Preparation of [CrMn{N(SiiPr3)Ar
†}{N(SiMe3)Ar*}], 3-18. To a suspension

of [{Ar*(SiMe3)NCr(THF)(l-Cl)}2] 2-41 (0.155 g, 0.116 mmol) in methylcyclo-
hexane (20 mL), was added a solution of [{Ar†(SiiPr3)N}MnMg(MesNacnac)] 3-16
(0.200 g, 0.193 mmol) in methylcyclohexane (10 mL) at −80 °C over 5 min. The
reaction mixture was warmed to room temperature, where it was stirred for a further
16 h, to give a dark yellow solution. Volatiles were removed in vacuo, the residue
was extracted with pentane (15 mL), the extract filtered, and left to stand at room
temperature overnight to give 3-18 as a small dark yellow crystals (0.048 g, 20 %).
N.B. X-ray quality crystals were obtained by recrystallizing these small crystals
from hexane. Mp: 230–232 °C; 1H NMR (400 MHz, C6D6, 298 K): d = 2.49 (br.),
3.64 (br.), 5.46 (br.), 8.77 (br.), 10,04 (br.), 13.30 (br.); IR m/cm−1 (Nujol):
1598(m), 1492(m), 1446(s), 1383(s), 1255(m), 1233(s), 1195(m), 1121(m),
1077(m), 1031(m), 997(m), 981(m), 924(m), 909(s), 892(s), 856(m), 829(s),
786(m), 762(m), 747(m), 718(s), 697(s); UV-Vis (toluene) [kmax, nm
(e, M−1 cm−1)]: 375 (6677); MS/EI m/z (%): 623.4 (Ar†(SiiPr3)NH

+, 4), 580.3
(Ar†(SiiPr3)NH

+ − iPr, 7), 511.3 (Ar*N(H)SiMe3
+, 100), 467.3 (Ar†NH2

+, 17),
439.2 (Ar*NH2

+, 46), 167.0 (Ph2CH
+, 48), 73.0 (Me3Si

+, 18); leff (Evan’s, C6D6,
298 K): 5.5 lB; anal. calc. for C80H88CrMnN2Si2: C 77.45 %, H 7.15 %,
N 2.26 %, found: C 77.46 %, H 7.53 %, N 2.27 %.

Preparation of [Ar†(SiiPr3)NMnMg(THF)(MesNacnac)], 3-19. Blue crystals
of [Ar†(SiiPr3)NMnMg(MesNacnac)] 3-16 (0.200 g, 0.193 mmol) were dissolved in
THF (25 mL) and stirred for 5 min. Volatiles were removed in vacuo, the residue
was dissolved in the minimum volume of pentane (ca. 15 mL) and slowly cooled to
−30 °C overnight, to yield 3-19 as green/blue crystals (0. 185 g, 87 %). Mp: 147–
151 °C; 1H NMR (499 MHz, C6D6, 298 K): −0.87 (br.), 2.22 (br.), 4.62 (br.) 7.15
(br.); IR t/cm−1 (Nujol): 1599(m), 1515(m), 1492(m), 1446(s), 1429(s), 1389(s),
1257(m), 1229(m), 1195(m), 1145(m), 1125(m), 1073(m), 1030(m), 1015(m), 918
(m), 856(m), 831(m), 811(m), 758(m), 743(m), 717(m), 698(s); leff (Evans, C6D6,
298 K): 5.3 lB; anal. calc. for C74H95MgMnN5Si: C 76.98 %, H 8.10 %, N
3.79 %, found: C 76.69 %, H 78.87 %, N 3.69 %.

Preparation of [Ar†(SiiPr3)NMnOMg(THF)(MesNacnac)], 3-20. To the
headspace of a Schlenk flask, containing a solution of [Ar†(SiiPr3)NMnMg
(MesNacnac)] 3-16 (0.200 g, 0.193 mmol) in a mixture of toluene (15 mL) and THF
(1 mL) cooled to −80 °C, was added N2O (5.11 mL, 0.212 mmol) via a gas tight
syringe. The reaction mixture was allowed to warm to room temperature, then
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stirred for a further 60 min, whereupon volatiles were removed in vacuo. The
residue was dissolved in pentane (10 mL), and the extract left overnight at room
temperature to give 3-20 as large colourless crystals (0.155 g, 71 %). Mp: 155–
158 °C; 1H NMR (499 MHz, C6D6, 298 K): 2.00 (br.), 4.92 (br.), 7.23 (br.), 17.80
(br.); IR t/cm−1 (Nujol): 1549(m), 1518(m), 1492(m), 1449(s), 1430(s), 1396(s),
1258(m), 1229(m), 1196(m), 1146(m), 1030(m), 900(m), 881(m), 857(s), 815(s),
759(m), 738(m), 723(m), 698(s); MS/EI m/z (%): 623.4 (Ar†N(H)SiiPr3

+, 52), 580.4
(Ar†N(H)SiiPr3

+ − iPr, 100), 467.2 (Ar†NH2
+, 6), 334.2 (MesNacnacH+, 12), 167.0

(Ph2CH
+, 53); leff (Evans, C6D6, 298 K): 5.9 lB; anal. calc. for C74H95MgMnN5Si:

C 75.88 %, H 7.98 %, N 3.74 %, found: C 75.67 %, H 8.17 %, N 3.76 %.
Preparation of [Ar†(SiiPr3)NMn(µ-CO3)Mg(MesNacnac)], 3-21. To the

headspace of a Schlenk flask containing a solution of [Ar†(SiiPr3)NMnMg
(MesNacnac)] 3-16 (0.200 g, 0.193 mmol), in toluene (15 mL), was added one
atmosphere of CO2 at −80 °C. The reaction mixture was allowed to warm to room
temperature, then stirred for a further 2 h, whereupon volatiles were removed in
vacuo. The residue was dissolved in the minimum volume of pentane (ca. 5 mL),
spiked with 2 drops of THF, and left overnight at ambient temperature, to give 3-22
as small colourless crystals (<2 %).

Preparation of [Ar†(SiiPr3)NMn{µ-C(NiPr)2}Mg(MesNacnac)], 3-22. To a
solution of [Ar†(SiiPr3)NMnMg(MesNacnac)] 3-16 (0.200 g, 0.193 mmol) in
toluene (15 mL), was added N,N′-diisopropylcarbodiimide (0.027 g, 0.213 mmol)
slowly at −80 °C. The reaction mixture was allowed to warm to room temperature,
then stirred for a further 2 h, whereupon volatiles were removed in vacuo. The
residue was dissolved in the minimum volume of pentane (ca. 5 mL), and left
overnight at ambient temperature, to give 3-22 as large yellow crystals. (0.190 g,
85 %). Mp: 155–158 °C; 1H NMR (499 MHz, C6D6, 298 K): 1.36 (br.), 2.22 (br.),
7.04 (br.); IR t/cm−1 (Nujol): 1599(m), 1546(m), 1524(s), 1492(m), 1314(s),
1260(s), 1224(m), 1214(m), 1196(s), 1030(m), 1014(m), 891(m), 856(s), 848(s),
799(s), 757(m), 725(m), 700(s), 664(m); MS/EI m/z (%): 623.4 (Ar†N(H)SiiPr3

+,
42), 580.4 (Ar†N(H)SiiPr3

+ − iPr, 100), 334.2 (MesNacnacH+, 17), 167.0 (Ph2CH
+,

40); leff (Evans, C6D6, 298 K): 5.1 lB; anal. calc. for C74H95MgMnN5Si:
C 76.49 %, H 8.24 %, N 6.03 %, found: C 76.32 %, H 8.30 %, N 6.12 %.

References

1. Selected recent reviews: (a) J.P. Krogman, C.M. Thomas, Chem. Commun. 50, 5115 (2014);
(b) B.G. Cooper, J.W. Napoline, C.M. Thomas, Catal. Rev.: Sci. Eng. 54, 1 (2012);
(c) F.A. Cotton, C.A. Murillo, R.A. Walton, Multiple Bonds Between Metal Atoms, 3rd edn.
(Springer Science and Business Media, New York, 2005); (d) J.P. Collman, R. Boulatov,
Angew. Chem. Int. Ed. 41, 3948 (2002); (e) L.H. Gade, Angew. Chem. Int. Ed. 39, 2658 (2000)

2. N.V.S. Harisomayajula, A.K. Nair, Y.-C. Tsai, Chem Commun. 50, 3391 (2014) and
references therein

3. D.M. Roundhill, Photochemistry and Photophysics of Metal Complexes (Plenum Press,
New York, 1994)

84 3 Preparation of Low Oxidation State Manganese Complexes …



4. As determined from a survey of the Cambridge Crystallographic Database, March (2015)
5. D.R. Lynam, J.W. Roos, G.D. Pfeifer, B.F. Fort, T.G. Pullin, Neurotoxicology 20, 145 (1999)
6. J. Chai, H. Zhu, A.C. Stuckl, H.W. Roesky, J. Magull, A. Bencini, A. Caneschi, D. Gatteschi,

J. Am. Chem. Soc. 127, 9201 (2005)
7. R. Bianchi, G. Gervasio, D. Marabello, Inorg. Chem. 39, 2360 (2000) and references therein
8. (a) R.D. Adams, O.-S. Kwon, M.D. Smith, Inorg. Chem. 40, 5322 (2001); (b) R.D. Adams,

O.-S. Kwon, M.D. Smith, Inorg. Chem. 41, 5525 (2002)
9. L. Sorace, C. Golze, D. Gatteschi, A. Bencini, H.W. Roesky, J. Chai, A.C. Stuckl, Inorg.

Chem. 45, 395 (2006)
10. D.-Y. Lu, J.-S.K. Yu, T.-S. Kuo, G.-H. Lee, Y.-C. Tsai, Angew. Chem. Int. Ed. 50, 7611

(2011)
11. Y.-C. Tsai, J.-K. Hwang, Y.-M. Lin, D.-Y. Lu, J.-S.K. Yu, Chem. Commun. 4125 (2007)
12. L. Fohlmeister, S. Liu, C. Schulten, B. Moubaraki, A. Stasch, J.D. Cashion, K.S. Murray,

L. Gagliardi, C. Jones, Angew. Chem. Int. Ed. 51, 8294 (2012)
13. (a) C. Jones, P.C. Junk, J.A. Platts, D. Rathmann, A. Stasch, Dalton Trans. 2497 (2005);

(b) G. Jin, C. Jones, P.C. Junk, A. Stasch, W.D. Woodul, New J. Chem. 32, 835 (2008)
14. C. Jones, P.C. Junk, J.A. Platts, A. Stasch, J. Am. Chem. Soc. 128, 2206 (2006)
15. (a) D. Heitmann, C. Jones, P.C. Junk, K.-A. Lippert, A. Stasch, Dalton Trans. 187 (2007);

(b) I.V. Basalov, D.M. Lyubov, G.K. Fukin, A.V. Cherkasov, A.A. Trifonov,
Organometallics 32, 1507 (2013)

16. D. Heitmann, C. Jones, D.P. Mills, A. Stasch, Dalton Trans. 2010, 39 (1877)
17. L. Fohlmeister, Ph.D. Thesis, Monash University, (2013)
18. C. Ni, B.D. Ellis, J.C. Fettinger, G.J. Long, P.P. Power, Chem. Commun. 1014 (2008)
19. W. Huang, F. Dulong, T. Wu, S.I. Khan, J.T. Miller, T. Cantat, P.L. Diaconescu, Nat.

Commun. 4, 1448 (2013)
20. G.B. Nikiforov, P. Credson, S. Gambarotta, I. Korobkov, P.H.M. Budzelaar, Organometallics

26, 48 (2007)
21. (a) A.W. Duff, K. Jonas, R. Goddard, H.-J. Kraus, C. Kruger, J. Am. Chem. Soc. 105, 5479

(1983); (b) K. Angermund, K.H. Claus, R. Goddard, C. Kruger, Angew. Chem. Int. Ed. 24,
237 (1985); (c) Y.-C. Tsai, P.-Y. Wang, K.-M. Lin, S.-A. Chen, J.-M. Chen, Chem. Commun.
205 (2008)

22. (a) W.M. Lamanna, W.B. Gleason, D. Britton, Organometallics 6, 1583 (1987);
(b) Y.-C. Tsai, P.-Y. Wang, S.-A. Chen, J.-M. Chen, J. Am. Chem. Soc. 129, 8066
(2007); (c) W.H. Monillas, G.P.A. Yap, K.H. Theopold, Angew. Chem. Int. Ed. 46, 6692
(2007)

23. J.L. Priego, L.H. Doerrer, L.H. Rees, M.L.H. Green, Chem. Commun. 779 (2000)
24. B. Cordero, V. Gómez, A.E. Platero-Prats, M. Revés, J. Echeverría, E. Cremades,

F. Barragán, S. Alvarez, Dalton Trans. 2832 (2008)
25. W.A. Chomitz, S.F. Mickenberg, J. Arnold, Inorg. Chem. 47, 373 (2008)
26. W.A. Chomitz, J. Arnold, Dalton Trans. 1714 (2009)
27. K. Weidenhammer, W.A. Herrmann, M.L. Ziegler, Z. Anorg, Allg. Chem. 457, 183 (1979)
28. (a) D.F. Evans, J. Chem. Soc. 2003 (1959); b) E.M. Schbert, J. Chem. Educ. 69, 62 (1992)
29. M.P. Blake, N. Kaltsoyannis, P. Mountford, Chem. Commun. 49, 3315 (2013). and references

therein
30. L. Pauling, Nature of the Chemical Bond. (Cornell University Press, 1960)
31. D. Seyferth, Organometallics 21, 2800 (2002) and references therein
32. S.J. Bonyhady, C. Jones, S. Nembenna, A. Stasch, A. Edwards, G.J. McIntyre, Chem.

Eur. J. 16, 938 (2010)
33. R. Lalrempuia, A. Stasch, C. Jones, Chem. Sci. 4, 4383 (2013)
34. S.J. Bonyhady, C. Jones, S. Nembenna, A. Stasch, A. Edwards, G.J. McIntyre, Chem.

Eur. J. 16, 938 (2010)

References 85



Chapter 4
Preparation of Low Oxidation State
Group 12 Metal Complexes Stabilised
by Bulky Amide Ligands

4.1 Introduction

The synthesis and isolation of stable molecular compounds bearing metal–metal
bonds involving group 12 metals (Zn, Cd, Hg) has proven a significant synthetic
challenge. For many years, the only bonding interactions between two group 12
metals existed in mercury salt-like compounds, which possess a [Hg2]

2+ ion [1]. In
the 1960s, a number of groups reported evidence for the related [Zn2]

2+ and [Cd2]
2+

ions in Zn/ZnCl2 glasses and aluminium chloride melts [2]. However, it wasn’t until
1986 that one of these ions was isolated in a stable compound (viz. [Cd2][AlCl4]2)
[3]. It therefore appeared that group 12 metal–metal bonds could only be isolated as
ionic salts, and neutral molecular compounds were thought only to be transient
species, existing for fractions of a second [1, 4].

Over the past couple of decades, this proposal has been disproven. By using
bulky ligands, kinetic stabilisation of group 12 metal(I) dimers possessing metal–
metal r bonds has been made possible. This type of compound is the primary focus
for this chapter.

4.1.1 The First Molecular Compounds Possessing Group 12
Metal–Metal Bonds

The first stable molecular compound containing a cadmium–cadmium bond was
[{(TpMe)Cd}2] 4-01 (TpMe = hydrotris(3,5-dimethylpyrazolyl)borate), reported by
Reger and Mason in 1993 [5]. The complex was stabilised by bulky tridentate tris
(pyrazolyl)-borate ligands, which when possessing a B-H backbone, are monoan-
ionic. The complex was synthesised by treatment of CdCl2 with two equivalents of
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lithium triethylborohydride in diethyl ether, followed by the addition of Tl[TpMe]
(Scheme 4.1). Workup of the reaction mixture led to the isolation of 4-01 as a white
solid in moderate yields (44 %).

Unfortunately, X-ray quality crystals of 4-01 could not be obtained, therefore a
crystallographic analysis was not be performed on the complex. Despite this, the
complex was analysed by a number of other spectroscopic techniques, which
supported the presence of the Cd–Cd bonded structure. The most characteristic of
these is the 113Cd NMR spectrum of the complex, which shows one sharp singlet at
298.6 ppm with two small satellites. Cadmium has two naturally occurring isotopes
that are NMR active, 111Cd and 113Cd, both of which have a spin of ½, and both
have similar natural abundances, between 12 and 13 %. The satellites in the 113Cd
NMR spectrum of 4-01 are observed due to 113Cd–111Cd coupling, which because
of the extremely large coupling constant (20,600 Hz), suggests the presence of a
strong Cd–Cd bond. The 1H NMR spectrum is also consistent with the proposed
complex, and no unassigned resonances were observed, discounting the possibility
of a cadmium hydride. Furthermore, accurate mass spectroscopy performed on the
compound revealed a mass ion peak consistent with the proposed structure.

In 1999, Apeloig and co-workers reported the metal–metal bonded mercury(I)
dimer [{(Me3SiMe2Si)3SiHg}2] 4-02, which was the first example of a molecular
complex bearing a mercury–mercury r bond [6]. At the time, over 50 other com-
pounds containing mercury–mercury bonds had been crystallographically charac-
terised, but the majority of these had ionic and/or oligomeric structures. For
example, Hg2Cl2 in its crystalline state, each mercury atom coordinates to six
chlorine atoms, two close and four more distant [4b]. The closest example of a
molecular complex containing a mercury–mercury r bond before then was the
tetranuclear complex [{(np3)CoHg}2] (np3 = N(CH2CH2PPh2)3), which the authors
described as a [Hg2]

2+ bridge between two cobalt centres [7].
Complex 4-02 was synthesised by heating a mixture of (Me3SiMe2Si)3SiH 4-03

and [tBu2Hg] 4-04, in a 2:1 ratio at 120 °C for 4 h (Scheme 4.2). Workup and
subsequent crystallisation of the reaction mixture from pentane afforded good yields
of 4-02 as red crystals. The mercury(I) complex was found to be remarkably stable

Scheme 4.1 Preparation of 4-01, the first stable molecular compound to contain a Cd–Cd bond.
One pyrazolyl ring from each ligand have been omitted for clarity
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in the solid state, even when exposed to air. However, solutions of 4-02 in diethyl
ether or hydrocarbon solvents were found to be particularly light sensitive.

Complex 4-02 was crystallographically characterised, showing it to be a linear
mercury(I) dimer (Si–Hg-Hg = 180.0°), with a Hg–Hg bond length of 2.6569(8) Å.
The bond is considerably longer than the Hg–Hg distance in ionic complexes
bearing a [Hg2]

2+ ion, such as [(C6Me6)2Hg][AlCl4]2 (2.515(1) Å) [8], and also
longer than oligomeric compounds such as Hg2F2, Hg2Cl2 and Hg2Br2 (2.508(1) Å,
2.526(6) Å and 2.490(10) Å respectively) [9]. However, it is comparable to that in
the tetranuclear complex [{(np3)CoHg}2] (2.6569(1) Å) [7].

Irradiation of a hexane solution of 4-02 with UV light led selectively to the
formation of the Si–Si coupled product [{(Me3SiMe2Si)Si}2]. A later publication
from the group also found the compound to react with lithium metal in THF, to give
elemental mercury and the first polysilyllithium compound [{(Me3SiMe2Si)SiLi
(THF)3] [10].

4.1.2 Isolation of the First Zinc(I) Dimer

The isolation of the cadmium(I) dimer 4-01 and the molecular r bonded mercury(I)
dimer 4-02 were remarkable synthetic achievements, however they were rather
overshadowed in 2004, with the landmark discovery of a zinc(I) dimer by Carmona
and co-workers [11]. Decamethyldizincocene [Cp*ZnZnCp*] 4-05 (Cp* =
η5-C5Me5) was the first example of a stable complex to contain both a zinc–zinc
bond, and zinc in the formal oxidation state of +1. Complex 4-05 was synthesised
by the addition of diethyl zinc to a solution of [Cp*Zn(η1-C5Me5)] 4-06 in diethyl
ethyl at −10 °C, resulting in a colour change from colourless to yellow
(Scheme 4.3). After stirring for a further 2 h at −10 °C, workup followed by
crystallisation of the reaction mixture gave 4-05 as a white crystalline solid. In
comparison, the analogous reaction between the less sterically demanding zin-
cocene [CpZn(η1-C5H5)] (Cp = η5-C5H5) with diethyl zinc at 60 °C gives the
half-sandwich complex [CpZnEt] in essentially quantitative yields [12]. In the
reaction yielding 4-05, the analogous half-sandwich complex [Cp*ZnEt] 4-07 is
always present as a by-product. However, the reaction conditions stated above have
been optimised to keep this by-product at a minimum.

Scheme 4.2 Preparation of 4-02, the first compound to possess a Hg–Hg r-bond.
R = Me3SiMe2Si
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Compound 4-05 was found to be exceedingly reactive towards oxygen and
moisture, both in solution and in the solid state. As a crystalline solid, 4-05 was
found to spontaneously combust when exposed to air, but when kept under an
argon atmosphere, it appeared to be indefinitely stable. 1H NMR and 13C NMR
spectra for the compound both show one sharp methyl resonance, indicative of a
symmetric structure in solution on the NMR timescale. Furthermore, the 1H NMR
spectrum shows no unassignable resonances, which could relate to a zinc hydride.

Complex 4-05 was crystallographically characterised. The molecular structure of
4-05 shows two “Cp*Zn” units, which are connected by a metal–metal bond. The
complex was found to have a near linear structure (Cp*centr–Zn–Zn = 177.1°) with
a Zn–Zn bond length of 2.305(±3) Å. This Zn–Zn distance is considerably shorter
than twice Pauling’s single-bond metallic radius of the metal (2.50 Å) [13], which
therefore strongly indicates a Zn–Zn bonding interaction.

Preliminary reactivity studies of compound 4-05 were reported in the original
publication, i.e. reacting the compound with the isocyanide CNXyl (Xyl =
2,6-dimethylphenyl) and tert-butanol (Scheme 4.4). The reaction between 4-05 and
CNXyl led to the formation of the half-sandwich iminoacyl species [Cp*ZnC(η1-
C5Me5)NXyl] 4-08 and the precipitation of zinc metal, whereas the reaction with
tert-butanol led to the formation of a zinc butoxy polymer, zinc metal and proto-
nated Cp*H.

Since then, numerous groups from around the world have extensively studied the
reactivity of 4-05 [14]. By compiling the results from these studies, it becomes clear

Scheme 4.3 Preparation of 4-05, the first zinc(I) dimer

Scheme 4.4 Preliminary reactivity studies performed on 4-05
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that 4-05 generally reacts in one of two ways, by cleavage of the Zn–Zn bond,
forming Zn(II) molecular complexes or polymers, or by ligand exchange, keeping
the [Zn2]

2+ motif intact. Coordination of strong donor ligands, such as DMAP
(DMAP = dimethylaminopyridine) to the Zn2 core has also been seen. A brief
overview into some of this work by the groups of Schulz [15], Fischer [16] and
Carmona [17] is outlined in Scheme 4.5. In recent years, the catalytic properties of
4-05 have also been investigated, where it has been shown to catalyse the
hydroamination of alkynes [18].

4.1.3 Other Metal–Metal Bonded Zinc(I) Compounds

Since the pioneering work of Carmona and co-workers in 2004, there are now more
than 30 other molecular complexes possessing Zn–Zn bonds that have been
structurally characterised [14]. A good proportion of these were synthesised by
ligand exchange reactions of 4-05, however a fair number have been synthesised by
the reductions of zinc(II) precursor complexes.

Scheme 4.5 A brief overview into the reactivity of 4-05. ArMes = 2,6-Mes2-C6H3;
ArDipp = 2,6-Dipp2-C6H3
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The b-diketiminato zinc(I) dimer [{(DippNacnac)Zn}2] 4-09 was reported by
Robinson and co-workers a year after decamethyldizincocene, which was the second
molecular complex to possess a zinc–zinc bond [19]. The complex was synthesised
by the reduction of the b-diketiminato zinc(II) diiodide lithiate complex
[{(DippNacnac)Zn(µ-I)2Li(OEt2)2] 4-10 with potassium metal in toluene over two
days. Workup and subsequent crystallisation of the reaction mixture gave 4-09 as
colourless crystals. It is worth noting that the related, less bulky [{(MesNacnac)Zn}2]
complex cannot be accessed by this route, but was later found accessible by ligand
substitution of 4-05 [15c] (Scheme 4.6).

Complex 4-09 is a metal–metal bonded zinc(I) dimer, which is kinetically sta-
bilised by two bulky chelating b-diketiminate ligands. The complex was found to be
highly air and moisture sensitive, but unlike 4-05 does not spontaneously combust
when exposed to air. Compound 4-09 was crystallographically characterised. The
molecular structure of 4-09 shows two Zn–Zn bonded “(DippNacnac)Zn” motifs,
with the zinc centre sitting slightly out of the plane of the ligand. The complex is
essentially isostructural to the previously reported Mn(I) dimer [{(DippNacnac)Mn}2]
3-01 [20], in that the two ligands are arranged in a nearly orthogonal orientation,
minimising the steric clashes between the flanking aryl groups. The two Zn centres
in complex 4-09 are three-coordinate, which occupy distorted trigonal geometries.
The Zn–Zn bond length is 2.3586(7) Å, which is 0.05 Å longer than that in 4-05,
possibly due to the greater steric demands of the DippNacnac ligands, causing extra
strain within the complex.

DFT calculations (B3LYP/DZP++ and BP86/DZP++) were performed on a
sterically reduced model of 4-09 (viz. [(C3H5N2Zn)2] 4-09a) to further probe the
nature of the Zn–Zn bond [19]. The calculated frontier molecular orbitals of 4-09a
show a HOMO consistent with a zinc–zinc r bond, formed from the overlap of the
4 s orbitals, whereas the LUMO is purely ligand based. The natural bond orbital
(NBO) analysis shows that the natural charge of the zinc atoms are +0.85, con-
sistent with the formal oxidation state of +1. The Zn–Zn bond was also calculated to
have a dissociation energy of 65.2 kcal/mol, which is in good agreement with that
calculated for 4-05 (67.7 kcal/mol) [21].

In 2007, Fedushkin and co-workers prepared the Zn–Zn bonded complex
[{(Dippbian)Zn}2] 4-11, (

Dippbian = 1,2-bis-[(Dipp)imino]acenaphthene), supported
by two bulky radical anionic ligands [22]. The complex was found to be isolable by

Scheme 4.6 Preparation of 4-09
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two different synthetic routes; by either the reduction of the dimeric zinc(II) iodide
complex [{(Dippbian)Zn(µ-I)}2] 4-12 with K in THF, or by the direct reaction
between ZnCl2 and Na2[

Dippbian], which was prepared in situ by the reduction of
Dippbian with sodium in diethyl ether (Scheme 4.7). Workup, followed by crys-
tallisation of the reaction mixture from either route gives 4-11 in good yields. In
contrast to the zinc(I) dimers 4-05 and 4-09, which are both colourless complexes,
4-11 is intense gold-red in solution and crystallises from diethyl ether as very dark
red, almost black crystals, due to the radical nature of the ligands.

Compound 4-11 was crystallographically characterised, revealing a zinc(I) dimer
possessing a metal–metal bond. The complex is similar to the b-diketiminato zinc(I)
dimer 4-09, in that the two zinc atoms occupy distorted trigonal geometries, from
the coordination of a bidentate N,N′ donor ligand and a metal–metal bond. However
in 4-09, the ligands are orthogonal to each other, whereas in 4-11 the ligands are
closer to planar (the dihedral angle between two planes C2N2Zn is ca. 42°). This
twist was proposed to be the effect of steric repulsion between the flanking aryl
groups on the opposing ligands. The Zn–Zn bond length is 2.3321(2) Å, which is
slightly longer than that in Carmona’s zinc(I) dimer 4-05 but slightly shorter than
that in 4-09.

To probe whether 4-11 remains dimeric in solution, EPR (electron paramagnetic
resonance) spectroscopy was performed on a solution of the complex in toluene. As
expected, the biradical complex showed a broad unresolved EPR signal at room
temperature. However, when the solution was cooled to 130 K, the compound
exhibited a half-field signal (Dms = 2) characteristic of a biradical species in toluene.
The zero-field splitting parameters of the signal (D = 6.39 mT, E = 1.01 mT)
allowed the unpaired electron separation to be calculated (7.57 Å), which is in

Scheme 4.7 Preparation of 4-11 by two different synthetic pathways
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perfect agreement with the solid state structure, therefore supporting that the com-
plex is dimeric in solution.

Later in 2007, Tsai and co-workers reported a further example of a zinc–zinc
bond in the dianionic complex [{µ-η2-Me2Si(DippN)2Zn}2]

2– 4-13, which is sta-
bilised by bidentate amido ligands [23]. The compound was synthesised by the
reduction of the dinuclear zinc(II) precursor complex [{j2-Me2Si(DippN)2Zn}2]
4-14, in which the ligands bridge the two-coordinate metal centres, with KC8 in
toluene (Scheme 4.8). Workup and subsequent crystallisation of the reaction
mixture gave 4-13 as colourless blocks.

Crystallographic analysis of 4-13 revealed a dramatic change in the ligand’s
coordination mode, from bridging in 4-14, to chelating in 4-13, forming two
four-membered Zn–N–Si–N rings, which are connected by an unsupported zinc–
zinc bond. The dizinc unit has undergone a two-electron reduction in the reaction,
which results in a dianionic complex. Two potassium counterions balance the
charge of the complex, which coordinate to two flanking aryl rings, one from each
ligand in an η6 fashion, to give a sandwich type motif. These interactions keep the
complex rigid, and consequently the two Zn–N–Si–N rings are almost coplanar
(torsion angle = 10.8°). The Zn–Zn bond length in 4-13 is 2.3695(17) Å, which is
0.07 Å longer than in decamethyldizincocene 4-05, but similar to that in 4-09
(2.3586(7) Å) [19], therefore implying a substantial zinc–zinc bonding interaction.

In a second reduction of 4-14, performed with KC8 in THF, but in the presence
of cryptand [2.2.2] (crypt-222), a variation of the zinc(I) complex was isolated (viz.
[{µ-η2-Me2Si(DippN)2Zn}2][K-crypt-222]2 4-13a). In 4-13a, the potassium cations

Scheme 4.8 Preparation of 4-13 and 4-13a. crypt-222 = cryptand [2.2.2]
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are encaged within the cryptand [2.2.2] ligands, resulting in a charge-separated
structure. The absence of sandwiched potassium ions in the dianionic complex has
dramatically increased the torsion angle between the two Zn–N–Si–N planes (tor-
sion angle = 50.6°), to minimise steric buttressing between the flanking aryl
groups. Surprisingly, this structural change has had little effect on the Zn–Zn bond
length (2.3634(11) Å), which is only marginally shorter than that in 4-13. The
similar Zn–Zn bond lengths in the two complexes, independent of the rotation of
the metal–metal axis, signifies that the Zn–Zn bond is essentially a r bond.

Calculations performed on the dianion of 4-13a, found that the HOMO is
localised mainly on the r bonding region between the two metal centres. Further
detailed NBO analysis of this bond indicates that it has very high s character
(94.75 %), with slight p (2.59 %) and d character (2.66 %). This is consistent with
calculations performed on decamethylzincocene 4-05 and the b-diketiminato zinc
(I) dimer 4-09, which also calculated the Zn–Zn bond to be high in s character.

The handfull of zinc(I) complexes discussed above are just a select few of the
zinc–zinc bonded complexes that have been reported to date. Many others have since
been published, including Zn2

2+ units stabilised by TpMe [24], aryloxy [17, 25]
diiminophosphinate [26], a-diimine [27], N-heterocyclic carbenes [28], bis(iminodi
(phenyl)phosphorano)methane [29] and aminotroponiminate [30] ligands, as well as
some Zn2

2+ units coordinated to transition metals [31]. However, in all of these
complexes, at least one of the zinc centres is stabilised by either a bidentate (or
higher dentate) ligand, or multiple monodentate ligands. This results in zinc(I)
centres that are three-coordinate or higher. So far, only one two-coordinate zinc(I)
dimer has been reported, this is the terphenyl stabilised complex [ArDippZnZnArDipp]
4-15, which is discussed below [32].

4.1.3.1 A Homologous Series of Two-Coordinate Group 12 Metal–
Metal Bonded Dimers

Between the years of 2006 and 2007, Power and co-workers reported a series of
publications on the synthesis and structure of a homologous series of metal–metal
bonded metal(I) dimers (viz. [ArDippMMArDipp], M = Zn 4-15 [32], Cd 4-16 [33],
Hg, 4-17 [34]), all of which bear the same monodentate terphenyl ligand.
Complexes 4-15 and 4-16 remain the only reported examples of neural
two-coordinate zinc(I) and cadmium(I) dimers respectively, although one dianionic
complex bearing a two-coordinate Cd–Cd motif has since been reported [35].

The three metal(I) dimers were synthesised via the reduction of their the
appropriate terphenyl metal(II) iodide precursor complex, [{ArDippZn(µ-I)}2] 2-29,
[{ArDippCd(µ-I)}2] 2-31 and [Ar

DippHgI] 2-32, using a number of different reducing
agents and reaction conditions. The reduction of the zinc iodide complex 2-29 was
performed using one equivalent of sodium metal in diethyl ether (Scheme 4.9).
Workup and crystallisation of the reaction mixture gave 4-15 as large colourless
blocks in low yields. In contrast, the reduction of cadmium derivative 2-31 was
performed using two equivalents of sodium hydride in THF, which after workup

4.1 Introduction 95



and crystallisation of the reaction mixture gave 4-16 as colourless crystals in low
yields. The reduction of the mercury iodide 2-32 was performed using a stoichio-
metric amount of KC8 in diethyl ether, which after workup and crystallisation gave
4-17 also as colourless crystals in low yields (Scheme 4.9).

All three metal(I) dimers were crystallographically characterised, and were
found to be essentially isostructual in the solid state. All three complexes possess
two-coordinate metal centres, with an almost linear arrangement observed for the
C-M-M-C unit, with little or no bending in the C-M-M angles (177.5° avg. for 4-15;
177.5° for 4-16; 180.0° for 4-17). In all three complexes, the two bulky terphenyl
ligands are essentially orthogonal to each other, minimising the steric repulsion
between the flanking aryl groups. The Zn–Zn bond in 4-15 (2.3591(9) Å) is
approximately 0.05 Å longer than that in Carmona’s zinc(I) dimer 4-05, but
identical to that in the b-dikeminato complex 4-09. The cadmium(I) dimer 4-16
was the first crystallographically characterised example of a neutral cadmium
bonded structure, with a Cd–Cd bond (2.6257(5) Å) slightly longer than that in the
ionic compound [Cd2][AlCl4]2 (2.576(1) Å) [3]. The Hg–Hg bond in 4-17 (2.5738
(3) Å) is approximately 0.08 Å shorter than in the silylated derivative 4-02, but is in
the range of previously reported ionic complexes bearing mercury-mercury bonds
(ca. 2.49–2.59 Å).

Scheme 4.9 Preparation of 4-15–4-17, a series of homologous group 12 metal(I) dimers
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The most striking observation of the three metal–metal bond lengths comes
when comparing them to each other (Zn–Zn 2.3591(9) Å; Cd–Cd 2.6257(5) Å; Hg–
Hg 2.5738(3) Å), that is, the Hg–Hg bond in 4-17 is 0.05 Å shorter than the Cd–Cd
bond in 4-16. This observation is consistent with previous calculations reported for
the [Cd2]

2+ and [Hg2]
2+ dications, using the relativistic Hartree-Fock-Slater

one-electron equation, which showed an approximate 0.1 Å contraction in the
M-M bond distance between [Cd2]

2+ and [Hg2]
2+ [36]. A similar contraction trend

is also present in neighbouring group 11 compounds, which is confirmed by both
theoretical calculations and structural data [37].

The contraction of the Hg–Hg bond in 4-17 compared with Cd–Cd bond in 4-16,
was explained to be due to a number of different reasons. First of all, since the
1970s, the covalent radius of mercury has consistently been calculated to be smaller
than that of cadmium, which is also experimentally observed by a shorter Hg–C
bond length in 4-17 (2.098(3) Å) than the related Cd–C bond length in 4-16 (2.138
(3) Å) [38]. This is due to relativistic and correlation effects, as well as lanthanide
contraction. In addition, DFT calculations performed on the three metal(I) dimers
4-15–4-17, using the B3LYP/ECP/6-31 g* level of theory, show a stronger Hg–Hg
bonding energy in 4-17 (51.0 kcal/mol) than the Cd–Cd bonding energy in 4-16
(48.8 kcal/mol). One might expect the Hg–Hg bonding energy to be the lowest of
the three because of the increase in the total Pauli repulsion, which is induced by the
higher quantum number of the Hg electrons. However, an energy decomposition
analysis of 4-17 clearly shows that the presence of relativistic effects stabilizes the
electrostatic and orbital terms, DEel and DEo which overcomes the increase in the
total Pauli repulsion term, DEp resulting in a higher metal–metal bonding energy for
the Hg–Hg bond compared with that of the Cd–Cd bond. A similar bonding energy
trend has also been seen for the metal(I) salts M2X2 (M = group 12 metal,
X = halogen) [39].

Further frontier orbital calculation on the zinc(I) dimer 4-15 found that the
HOMO is mainly localised in the Zn–Zn r bonding region, with some additional
Zn–C r bonding character [32]. The LUMO and LUMO+1 consist of two almost
degenerate orbitals of p symmetry, which are localized mostly on the central Zn2
unit. The calculations show that the Zn–Zn bond is formed from the overlap of
mainly 4pz orbitals in the HOMO, thus leaving two empty orthogonal px and py
orbitals to form the p symmetric LUMOs. The 4s orbitals of the zinc centres are
mainly involved in bonding to the coordinating carbon atoms of the ligands. This is
in contrast to decamethyldizincoene 4-05 and the b-diketiminato zinc(I) dimer
4-09, in which the Zn–Zn r bonds are formed by the overlap of the 4s orbitals [19,
21]. Similar bonding models were calculated for the homologous cadmium and
mercury complexes 4-16 and 4-17, but with decreasing p and increasing s character
to the metal–metal r bond upon descending the group [33, 34].
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4.1.3.2 Other Recently Reported Low Oxidation State Group 12 Metal
Complexes

Over the past year, a number of unprecedented complexes bearing group 12 metal–
metal bonds have been reported. One of these is the r-aromatic zinc cluster
[Zn3Cp*3]

+ 4-18 reported by Frenking, Fischer and co-workers earlier this year
[40]. The cationic cluster was synthesised by the reaction between decamethylz-
incocene 4-05 and [ZnCp*][BArF4] (ArF = 3,5-(F3C)2–C6H3), which was subse-
quently generated in situ by the reaction between ZnCp*2 and [H(Et2O)2][BArF4]
(Scheme 4.10).

Complex 4-18 was found to be highly air and moisture sensitive, both in solution
and in the solid state. Moreover, solutions of 4-05 decompose fairly rapidly at room
temperature, and once crystalline the compound cannot be redissolved without
approximately 60 % decomposition. 1H NMR spectroscopy performed on the
decomposition solutions are consistent with the formation of decamethyldizin-
cocene 4-05, [Cp*2Zn] 4-06 and BArF3, the latter suggesting the migration of an ArF

group from the [BArF4]
– ion may be involved in the decomposition pathway.

Complex 4-18 is formally a mixed valence zinc cluster, bearing one zinc(II) and
two zinc(I) centres arranged in a triangle. Although, due to delocalisation of
electrons around the Zn3 core, the three zinc centres are essentially equivalent. The
complex is formed by the donation of electrons from the Zn–Zn sigma bond in
decamethyldizincocene 4-05, into the formally empty 4s orbital of the [Cp*Zn]+

cation, resulting in a three-centred two-electron (3c2e) bond. This bonding model
can be compared to the side-on coordination of H2 to an unsaturated transitional
metal complex, which also results in a 3c2e bond. Remarkably, the complex was
calculated to possess r-aromaticity around the three zinc atoms, resulting in a
considerable stabilisation energy contribution to the complex.

Complex 4-18 was crystallographically characterised, revealing the three zinc
centres to be arranged in a near perfect equilateral triangle (Zn–Zn–Zn angles =
61.1°, 59.2 and 59.7°). The slight distortion was found to be due to weak inter-
molecular interactions. The Zn–Zn bond distances are almost identical (2.430 Å

Scheme 4.10 Preparation of the trinuclear cationic zinc complex 4-18
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avg.), and are slightly longer than the two-centred, two electron r bonds in typical
zinc(I) dimers, due to an average decrease in electron density per Zn–Zn bond.

The Zn–Hg–Zn bonded complex [{(DippNacnac)Zn}2Hg] 4-19 was another
unprecedented group 12 complex reported earlier this year, by Mountford and
co-workers [41]. The complex possesses the same b-diketiminate ligands that were
used in the isolation of the zinc(I) dimer [{(DippNacnac)Zn}2] 4-09 [19]. However,
whereas complex 4-09 was prepared by a potassium reduction of the b-diketimi-
nato zinc(II) diiodide lithiate complex [{(DippNacnac)Zn(µ-I)2Li(OEt2)2] 4-10,
complex 4-19 was synthesised by the reduction of b-diketiminato zinc(II) iodide
complex [(DippNacnac)ZnI] 4-20 with potassium mercury amalgam (Scheme 4.11).
Workup and subsequent crystallisation of the reaction mixture gave 4-19 as orange
crystals in good yield.

Complex 4-19 bears a novel Zn–Hg–Zn bonding motif, and furthermore, rep-
resents the first molecular complex to possess a bond between two different group
12 metals. The formation of complex 4-19 was proposed to proceed via a transient
“(DippNacnac)Zn” radical intermediate, which is intercepted by the large excess of
Hg in the reaction mixture before it can dimerise. Other mercury bridged species
have been isolated from the reductions of transition metal complexes with alkali
metal mercury amalgams, e.g. [{Cp*Mo(η2-C2H2)(N

tBu)}2Hg], in which a similar
mechanism was proposed [42].

A crystallographic analysis of complex 4-19 revealed a two-coordinate linear
mercury centre (Zn–Hg–Zn = 180.0°), which is coordinated to two “(DippNacnac)
Zn” units. The “(DippNacnac)Zn” moieties are significantly distorted, with the two
N–Zn–Hg angles differing by more than 40° (153.4° and 111.9°) and Zn–N dis-
tances differing by >0.03 Å (1.9643(19) and 2.002(2) Å). The Zn–Hg bond lengths
within the complex are 2.4846(3) Å, but as 4-19 is the first crystallographically
characterised complex to possess a Zn–Hg bond, there is no direct structural
precedent for this to be compared with. It is however within the sum of the covalent
radii of the two elements (2.54 Å) [43], and close to the value estimated (2.466 Å)
by additive extrapolation from Robinson’s [{(DippNacnac)Zn}2] 4-09 (three-
coordinate Zn–Zn = 2.3586(7) Å) [19] and Power’s [{(ArDipp)Hg}2] 4-17 (two-
coordinate Hg–Hg = 2.5738(3) Å) [34].

Scheme 4.11 Preparation of 4-19
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To further investigate the bonding and oxidation states of the metals in complex
4-19, extensive DFT calculations, in conjunction with Quantum Theory of Atoms
in Molecules (QTAIM) analysis were carried out on the complex, along with a
number of related model compounds. Two metal-based MO’s were calculated for
complex 4-19, the HOMO and HOMO-7. The HOMO has mainly Zn character
(56 % 4s, 24 % 4p) and just 7 % Hg (6s) character, whereas the HOMO-7, has
mainly Hg character (69 %) and only 12 % Zn character. Neither of these MOs are
suggestive of strong bonds between the metal atoms. However, further QTAIM
analysis supports the existence of Zn–Hg bonds in finding bond paths, with values
that are characteristic of homo- and hetero-nuclear metal–metal bonded compounds
in general. Moreover, data from these experiments are indicative of Zn–Hg formal
single bonds.

As complex 4-19 possesses three metal centres and only two anionic ligands, as
well as the fact Zn and Hg having similar electronegativities (Zn 1.65 and Hg 2.00
by the Pauling scale) [13], there are two possible ways to view the complex in terms
of oxidation states, Zn(I)–Hg(0)–Zn(I) or Zn(0)–Hg(II)–Zn(0). To decipher which
was more correct, QTAIM atomic charges of the Zn and Hg atoms (Q(Zn) and Q
(Hg)) were calculated within the complex, and compared to those for [(DippNacnac)
ZnI] 4-20 and the radical intermediate [(DippNacnac)Zn]. The Q(Zn) for the radical
intermediate [(DippNacnac)Zn] was calculated to be +0.585, which increases to
+0.934 upon formal oxidation to 4-20, with 0.428 electrons being transferred to the
iodine (Q(I) = −0.428). In contrast, the Q(Zn) increases by only 0.08 from the Zn(I)
radical intermediate to the Zn–Hg–Zn complex 4-19, showing that less than 0.07
electrons are transferred per “(DippNacnac)Zn” fragment upon coordination to Hg
(Q(Hg) = −0.139). Therefore complex 4-19 is best described as a Zn(I)–Hg(0)–Zn
(I) system with only a small degree of charge transfer from Zn(I) to Hg(0) upon
Zn–Hg bond formation. This is also in good agreement with the calculated MOs.

Preliminary reactivity studies indicate that complex 4-18 does indeed react as if
it were a source of Zn(I) (Scheme 4.12). The reaction between 4-18 and one
equivalent of iodine gives [(DippNacnac)ZnI] 4-20 and mercury metal in quantitative
yields. The reaction between the compound and one equivalent of FpI (Fp = CpFe
(CO)2) leads to a 1:1 mixture of 4-20 and [(DippNacnac)ZnFp] 4-21, once again
eliminating mercury metal, whereas the same reaction using two equivalents of FpI
gives 4-20 and HgFp2 in a 2:1 ratio. In addition, the reaction between one equiv-
alent of Fp2 and complex 4-19 leads to the formation of elemental mercury and
compound 4-21 in quantitate yields.

One last zinc(I) complex that was reported earlier this year, was by Cui, Hu and
co-workers, which challenged our understanding of low oxidation state group 12
chemistry [44]. This was the formally Zn(I) anionic cubic cluster K1.4Na10.6[Zn8
(HTz)4(Tz)8] 4-22 (Tz = tetrazole dianion, CN4

2−). The complex was synthesized
by the reaction between Zn(ClO4)2.6H2O, K[C(CN)3], NaN3 and NH4F in DMF,
which were heated in a sealed Teflon-lined stainless steel autoclave vessel at
155 °C for 4 days. Slow cooling of the reaction mixture led to the isolation of 4-22
as colourless crystals (26 % yield).
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A crystallographic analysis of 4-22 revealed a Zn8 cube, surrounded by 12
tetrazole ligands, one bridging each edge of the cube (Fig. 4.1). Four of these
ligands are monoanionic, identifiable by a H on the carbon atom, whereas the other
eight are dianionic. This, combined with the 1.4 K+ and 10.6 Na+ cations sur-
rounding the cube indicate that the central Zn8 unit possesses an 8+ charge, and

Scheme 4.12 Preliminary reactivity studies performed on 4-19

Fig. 4.1 The molecular
structure of the
[Zn8(HTz)4(Tz)8]

12− ion of
4-22

4.1 Introduction 101



therefore the complex is formally a zinc(I) complex. Each zinc(I) centre is
six-coordinate, coordinating to three other zinc atoms in addition to three ligands
(two dianionic and one monoanionic). The complex possesses two different Zn–Zn
bond lengths, those that are bridged by a monoanionic ligand (2.292(2) Å) and
those bridged by a dianionic ligand (2.4810(8) Å). These two bond lengths rep-
resent the shortest and longest formal Zn–Zn bonds reported to date [45].

Low oxidation state zinc complexes are in general highly air and moisture
sensitive compounds, as significant energy gains usually result from the oxidation
of the zinc centres to the more thermodynamically favourable Zn(II). Remarkably,
compound 4-22 does not appear to be air or moisture sensitive, as samples that were
left exposed to air for more than half a year did not show signs of decomposition.
Moreover, the compound was prepared in air, using wet solvents and hydrated
starting materials. The compound also shows remarkable thermal stability, unex-
pected for a complex which nitrogen contributes >35 % of the overall mass.
Although it does undergo explosive combustion at temperatures above 300 °C.

The unprecedented stability of compound 4-22 was calculated to be due to a
number of factors, including mixing of the Zn 4p and 3d orbitals, as well as
exceptionally strong ligand to metal interactions. The Zn–Zn bonding in the central
Zn8 cube is also a considerable factor, as it was found to possess cubic aromaticity.
The eight Zn(I) centres each possess one 4s electron, which are delocalized around
the Zn8 cube in one of four bonding orbitals, leaving four antibonding orbitals
empty. This leads to a considerable stabilization effect of the overall complex.

4.2 Research Outline

As discussed in Chap. 2, eleven bulky amido group 12 metal(II) halide complexes
of the general structure [{Ar(SiR3)NMX(THF)n}m] (M = Zn, Cd or Hg; X = Br or
I; Ar = Ar* or Ar†; R = Me, Ph or iPr; n = 0–1; m = 1–2) have been prepared as
potential precursors for low coordinate, low oxidation state group 12 chemistry. As
terphenyls are the only monodentate ligand class so far to stabilise neural
two-coordinate zinc(I) and cadmium(I) metal–metal bonded dimers, the initial aim
was to reduce these complexes in an attempt to isolate two-coordinate amido
derivatives.

Secondly, as discussed in Chap. 3, the extremely bulky Ar†(SiiPr3)N
− ligands

were found to be sufficiently bulky to prevent the dimerization of two “Ar†(SiiPr3)
NMn” fragments. Consequently, these fragments were further reduced by the
magnesium(I) reducing agent [{(MesNacnac)Mg}2] 1-08 to give the Mn–Mg bon-
ded complex [Ar†(SiiPr3)NMn-Mg(MesNacnac)] 3-16. As a number of amido
group 12 metal(II) halide complexes, bearing the same extremely bulky Ar†(SiiPr3)
N− ligand have been synthesized, similar complexes possessing group 12 metal-
magnesium bonds (i.e. [Ar†(SiiPr3)NM–Mg(MesNacnac)] M = a group 12 metal)
were also targeted, with the goal of studying their structure and reactivity.
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4.3 Results and Discussion

4.3.1 Preparation and Characterisation of a Homologous
Series of Group 12 Metal(I) Dimers

Initially, the reduction of the least bulky amido zinc(II) bromide complex [Ar*
(SiMe3)NZnBr(THF)] 2-51 was attempted using sodium, potassium and KC8 in
both toluene and diethyl ether. However, in every case, decomposition of the
starting material was observed by the precipitation of zinc metal, and the 1H NMR
spectrum of the reaction mixture showed the free amine Ar*(SiMe3)NH as the only
identifiable product. When the magnesium(I) reducing agent [{(MesNacnac)Mg}2]
1-08 was added to a toluene solution of 2-51 at −80 °C, the reaction mixture turned
bright orange. However, whilst slowly warming the reaction mixture to room
temperature, the orange colour disappeared at ca. −40 °C, followed by precipitation
of metallic zinc. 1H NMR spectroscopy performed on the reaction mixture at room
temperature, showed the formation of the free amine Ar*(SiMe3)NH and
[{(MesNacnac)Mg(µ-Br)}2] 1-21-Br as the only two identifiable products. Multiple
attempts to isolate the orange product were made, including layering the reaction
mixture with pentane at −80 °C, and concentrating the reaction mixture at −50 °C
in an attempt to grow crystals. Unfortunately all attempts were unsuccessful.

The reaction between the related amido zinc bromide complex [Ar†(SiMe3)
NZnBr(THF)] 2-52 (which varies from 2-51 by just the substituent in the para
position of the central ligand ring) and stoichiometric amounts of the magnesium(I)
reducing agent 1-08 was initially expected to give a similar result. However, upon
warming the reaction mixture to room temperature, no precipitation of metallic zinc
was seen, even after stirring the reaction mixture for several hours. Workup and
subsequent crystallization of the reaction mixture gave the amido zinc(I) dimer
complex [{Ar†(SiMe3)NZn}2] 4-23 as colourless crystals in good yield
(Scheme 4.13). The reason why this small change in the para substituent of the
ligand has such a large effect on the overall stabilization properties of that ligand is
currently unknown, although similar effects have been observed in terphenyl sta-
bilized complexes [46].

Scheme 4.13 Reactions between the related amido zinc(II) bromide complexes 2-51 and 2-52
with the magnesium(I) reducing agent 1-08
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As the Ar†(SiMe3)N
− ligand was shown to be capable of stabilising a metal–

metal bonded zinc(I) dimer, the reduction of the two heavier amido metal(II) halide
precursor complexes [{Ar†(SiMe3)NCd(µ-I)}2] 2-56 and [Ar†(SiMe3)NHgI] 2-59,
which both bear the same Ar†(SiMe3)N

− ligand, were also carried out.
Stoichiometric amounts of the magnesium(I) reducing agent 1-08 were added to
toluene solutions of 2-56 and 2-59 at −80 °C (Scheme 4.14). Both reaction mix-
tures were allowed to warm to room temperature and stir for a further two hours, in
which time no precipitation of elemental metal was observed. Workup and sub-
sequent crystallisation of both reaction mixtures led to the isolation of the two
amido metal(I) dimers [{Ar†(SiMe3)NCd}2] 4-24 and [{Ar†(SiMe3)NHg}2] 4-25 as
colourless crystals in good yields.

The three metal–metal bonded dimers 4-23–4-25 are the first examples of neutral
group 12 metal(I) dimers stabilised by monodentate amido ligands, although one
dianionic cadmium complex has previously been reported [35]. Complexes 4-23
and 4-24 are also only the second examples of two-coordinate Zn(I) and Cd(I)
metal–metal bonded dimers, the first being the terphenyl complexes 4-15 and 4-16.
Complexes 4-23 and 4-24 are highly air and moisture sensitive, quickly decom-
posing when exposed to air in solution and in the solid state. In contrast, the
mercury(I) dimer 4-25 is stable in air for several days in the solid state, but slowly
decomposes when a solution of it is exposed to air.

The 1H, 13C and 29Si NMR spectra for the dimers 4-23–4-25 are all consistent
with their proposed structures, although they are not overly informative, as they
display spectral patterns similar to those of the amido metal(II) halide precursors.
More information can be gained from the 113Cd and 199Hg NMR spectra of 4-24
and 4-25 respectively (Fig. 4.2). The 113Cd NMR spectrum of 4-24 exhibits a single
resonance at 270.6 ppm, which is flanked by 111Cd satellites, due to 113Cd-111Cd
coupling. The observation of these satellites is consistent with other Cd–Cd bonded
complexes, such as [{(TpMe)Cd}2] 4-01 and the terphenyl cadmium dimer 4-16.

Scheme 4.14 Preparation of 4-23–4-25, a homologous series of amido group 12 metal(I) dimers
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The 113Cd-111Cd coupling constant was calculated to be 18,900 Hz, which is more
than double that in the terphenyl complex 4-16 (8,650 Hz) [33], but slightly less
than that in 4-01 (20,646 Hz) [5]. This high coupling constant suggests a stronger
and/or higher s-character Cd–Cd bond in 4-24 than in the related terphenyl com-
plex. The 199Hg NMR spectrum for 4-25 shows a broad but single resonance at
−726.3 ppm, which is considerably upfield relative to that for the terphenyl com-
plex 4-17 (150.5 ppm) [34].

To gain further structural information on the three amido metal(I) dimers 4-23–
4-25, the three complexes were crystallographically characterised, and their
molecular structures depicted in Fig. 4.3. The three dimers were found to be iso-
morphous, all crystallising in the same space group with very similar unit cell
parameters. Compounds 4-23–4-25 represent only the second crystallographically
characterised series of homologous group 12 metal(I) dimers. The three complexes
were found to have two-coordinate metal centres with near linear geometries
(N–M–M: 174.26(5)° 4-23, 172.77(5)° 4-24, 176.44(8)° 4-25). The metal–metal
distances in the three complexes (4-23 2.3520(6) Å, 4-24 2.5785(6) Å, 4-25 2.5394
(5) Å) are all slightly shorter than in the related terphenyl dimer, but as was the case
in that series, the Hg–Hg bond in 4-25 is shorter than the Cd–Cd bond in 4-24.
Interestingly though, in the terphenyl series a shorter C-Hg bond was observed in

Fig. 4.2 113Cd NMR spectrum of 4-24 (top) and 199Hg NMR spectrum of 4-25 (bottom)
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4-17 than the associated C–Cd bond in 4-16, suggestive of a smaller atomic radii for
mercury than for cadmium. This was not observed in the amido series, as the N–Cd
and N–Hg bond lengths in 4-24 and 4-25 are identical (N–M = 2.0988(16) Å, 4-24;
2.099(3) Å, 4-25) within experimental error.

4-23

4-24

4-25

Fig. 4.3 Thermal ellipsoid plots (25 % probability surface) of the molecular structures of 4-23
(top), 4-24 (middle) and 4-25 (bottom). Hydrogen atoms have been omitted for clarity. Selected
interatomic distances (Å) and angles (°) for complexes 4-23–4-25 is found in Table 4.1
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To investigate the electronic structure of the three metal(I) dimers 4-23–4-25,
DFT calculations using B3LYP and B3PW91 levels of theory were carried out on
the complexes in the gas phase. The geometries of all three complexes optimized to
be close to those in the solid-state structures, with good agreement between the
calculated and experimentally obtained metal–metal bond lengths (calculated M-M
bond lengths = 2.312 Å for 2-23, 2.582 Å for 2-24, 2.555 Å for 2-25). It is worth
noting that the calculated bond lengths also follow the same trend as experimentally
observed, i.e. a longer Cd–Cd bond in 4-24 than the Hg–Hg bond in 4-25.

The HOMO of 4-23 was calculated to consist of a metal–metal r bond, along
with some ligand bonding interactions, whereas the LUMO was found to possess
significant r-antibonding character (Fig. 4.4). A Wiberg bond index (WBI) of 0.87
was calculated for the zinc–zinc bond, indicative of a single bond. This bond was
found to high in s character (89.81 %), with small contributions from p (8.79 %)
and d (1.41 %) orbitals. This is in good agreement with other zinc–zinc r bonded
complexes, such as decamethyldizincocene 4-05 and the b-diketminato zinc(I)
dimer 4-09, whose zinc–zinc r bonds were also found to be high in s character [19,
21]. However, this is contrast to the two-coordinate terphenyl zinc(I) dimer 4-16,
which was calculated to have high p character to its Zn–Zn bond [32].

The calculated HOMO and LUMO of 4-24 and 4-25, were found to be almost
identical to that in 4-23, that is the HOMO is shows a metal–metal r bond, and the
LUMO consistent with a metal–metal antibonding interaction (see Appendix 7.2 for
diagrams). Complexes 4-24 and 4-25 were both calculated to possess metal–metal

Table 4.1 Selected
interatomic distances (Å) and
angles (°) for 4-23–4-25

4–23 (Zn) 4–24 (Cd) 4–25 (Hg)

M–M 2.3520(6) 2.5785(6) 2.5394(5)

N–M 1.8976(16) 2.0988(16) 2.099(3)

Closest Cphenyl���M 3.077(3) 3.088(3) 3.155(5)

N–M–M 174.26(5) 172.77(5) 176.44(8)

HOMO LUMO 

Fig. 4.4 Selected calculated frontier orbitals for 4-23. HOMO (left) and LUMO (right).
Iso-surface value 0.03 a.u
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single bonds, with calculated WBI values of 0.90 and 0.72 respectfully. The Cd–Cd
bond was found to be high in s character (86.54 %), but with slightly higher p
(11.93 %) and d (1.54 %) orbital contributions compared with the Zn–Zn bond.
The Hg–Hg bond in 4-25 also possesses high s character (89.40 %), low p
(2.86 %), but significantly higher d orbital contribution (7.73 %) compared to the
lighter group 12 metals. Therefore the Zn–Zn, Cd–Cd and Hg–Hg bonds in com-
pounds 4-23–4-25 are all single r bonds, formed mainly from the overlap of the
metal’s s orbitals.

4.3.2 Preparation and Characterisation
of a Two-Coordinate Zinc(0) Heterobimetallic
Complex with an Unsupported Zn–Mg Bond

As discussed in Chapter 3, the reaction between [{Ar†(SiiPr3)NMn(l-Br)(THF)}2]
2-45 and two equivalents of the magnesium(I) reducing agent 1-08 gave the
unprecedented Mn–Mg bonded complex [{Ar†(SiiPr3)NMnMg(MesNacnac)] 3-16.
The reaction was proposed to proceed via a transient “Ar†(SiiPr3)NMn” fragment,
which due to extreme bulk of the ligand, is incapable of dimerising. As zinc and
manganese have similar atomic radii, and the amido zinc(II) bromide complex
[Ar†(SiiPr3)NZnBr] 2-55 bears the same extremely bulky Ar†(SiiPr3)N

− ligand as
2-45, a similar reaction was proposed to give the analogous heterobimetallic
Zn–Mg bonded complex. With that in mind, a toluene of solution of 2-55 was
slowly added to an excess of the magnesium(I) reducing agent 1-08 (1.1 equiva-
lents, 1:2.2 ratio between Zn and Mg) at −80 °C (Scheme 4.15). The reaction
mixture was slowly warmed to room temperature where it was stirred for a further
12 h. Workup and subsequent crystallization of the reaction mixture from pentane

Scheme 4.15 Preparation of the two Zn–Mg bonded complexes 4-26a and 4-26b
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gave the proposed Zn–Mg bonded heterobimetallic complex [{Ar†(SiiPr3)NZnMg
(MesNacnac)] 4-26a as colourless crystals. However, these crystals were repeatedly
found to be contaminated with Ar†(SiiPr3)NH (*20–30 %), therefore multiple
recrystallizations were required to obtain a product of acceptable purity. A similar
reaction between [Ar*(SiiPr3)NZnBr] 2-54 and 1-08 gave the analogous Zn–Mg
bonded complex [{Ar*(SiiPr3)NZnMg(MesNacnac)] 4-26b (Scheme 4.15), which
after a single crystallization from pentane gave the product in good yields and high
purity (>98 %). Therefore all further reactivity studies were performed on 4-26b
because of the simpler purification step.

The two reactions to give the Zn–Mg bonded complexes 4-26a and 4-26b were
repeated using half an equivalent of the magnesium(I) reducing agent 1-08 (1:1
ratio of Zn and Mg), which is correct ratio to form a zinc(I) dimer. However, neither
reaction led to the formation of a zinc(I) dimer, just the isolation of the appropriate
Zn–Mg bonded complex and unreacted amido zinc bromide in an approximate 1:1
ratio. This suggests that the formation of the two Zn–Mg bonded complexes pro-
ceeds via a similar mechanism proposed for the related Mn–Mg bonded complex
3-16. That is, initially forming a transient “Ar(SiiPr3)NZn” fragment (Ar = Ar* or
Ar†), which due to its size is incapable of dimerising at room temperature.
Therefore, the transient species is further reduced by the magnesium(I) reducing
agent to give the Zn–Mg bonded complexes 4-26a and 4-26.

The two zinc-magnesium heterobimetallic complexes 4-26a and 4-26b are
highly air and moisture sensitive compounds, both in solution and in the solid state.
However, both compounds are surprisingly thermally stable, decomposing at
temperatures >190 °C in the solid state. In addition, toluene solutions of the two
complexes can be heated to reflux for several hours without decomposition.

To investigate the solid-state structures of 4-26a and 4-26b, both complexes were
crystallographically characterised, and their molecular structures are depicted in
Fig. 4.5. Compounds 4-26a and 4-26b are essentially isostructual, varying only by
the alkyl group on the backbone of the ligand. The two compounds are unprece-
dented examples of zinc–magnesium heterobimetallic complexes with unsupported
Zn–Mg bonds, and furthermore are the first molecular complexes to contain zinc–
magnesium bonds. The zinc centre in both compounds is two-coordinate, with a near
linear geometry (N–Zn–Mg = 171.2° 4-26a; 168.9° 4-26b), and does not exhibit
any close contacts with the flanking phenyl rings (closest Cphenyl���Zn = 3.249 Å
4-26a; 3.280 Å 4-26b). The magnesium centre on the other hand is three-coordinate,
occupying a distorted trigonal planar geometry. The Zn–Mg bond lengths (2.6082
(14) Å 4-26a; 2.5775(9) Å 4-26b) lie almost exactly in between the metal–metal
bond lengths of the amido zinc(I) dimer 4-23 (Zn–Zn = 2.3520(6) Å) and of the
magnesium(I) dimer 1-08 (Mg–Mg = 2.808(1) Å) [47], and are also within the sum
of the covalent radii of the two elements (2.63 Å) [43]. Due to the difference in
electronegativities of the two metals, zinc being the most electronegative of the two
(Zn 1.65, Mg 1.31 by the Pauling scale) [13], formal oxidation states of zinc(0)-
magnesium(II) can be assigned to the two complexes.

To investigate the electronic structure of the Zn–Mg bonded complexes, DFT
calculations using B3LYP and B3PW91 levels of theory were carried out on
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complex 4-26b in the gas phase. The geometries of the calculated complex opti-
mized to be close to those in the solid-state structure, with good agreement between
the metal–metal bond lengths (calculated Zn–Mg = 2.582 Å). Analysis of the
calculated MOs of 4-26b found the HOMO to possess significant Zn–Mg r bond
character, whereas the LUMO is reminiscent of a p* antibonding orbital, which is
purely ligand based (Fig. 4.6). The Zn–Mg r bond was calculated to be high in s
character (Zn 91.1 % and Mg 81.6 % s contribution), which largely originates from

4-26a 4-26b

Fig. 4.5 Thermal ellipsoid plots (25 % probability surface) of the molecular structures of 4-26a
(left) and 4-26b (right). Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å)
and angles (°): 4-26a; Zn(1)–Mg(1) 2.6082(14), Zn(1)–N(1) 1.941(3), Mg(1)–N(2) 2.054(3), Mg
(1)–N(3) 2.046(3), N(1)–Zn(1)–Mg(1) 171.20(9), N(2)–Mg(1)–N(3) 92.50(13): 4-26b; Zn(1)–Mg
(1) 2.5775(9), Zn(1)–N(1) 1.9342(19), Mg(1)–N(2) 2.045(2), Mg(1)–N(3) 2.034(2), N(1)–Zn(1)–
Mg(1) 168.88(6), N(2)–Mg(1)–N(3) 93.89(9)

HOMO LUMO 

Fig. 4.6 Selected calculated frontier orbitals for 4-26b. HOMO (left) and LUMO (right).
Iso-surface value 0.03 a.u
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the 4s and 3s orbitals on the Zn and Mg respectively. Lower energy MOs were
consistent with the zinc centre possessing five fully occupied essentially
non-bonding 3d orbitals.

As previously mentioned, Zn and Mg have different electronegativities (Zn 1.65
and Mg 1.31 by the Pauling scale) [13], resulting in 4-26b being a formal Zn(0)Mg
(II) complex. However, as the difference in these electronegativities is not great, the
Zn–Mg bond should not be heavily polarised and consequently should possess
significant covalent character. Indeed this is the case, and an only slightly polarised
covalent bond is calculated between the two metal centres. In addition, the Zn–Mg
bond was calculated to have a Wiberg Bond Index (WBI) value of 0.78, which is
slightly lower than expected for a fully covalent bond (likely due to a small elec-
trostatic contribution) but is still indicative of a Zn–Mg bond that is high in covalent
character. To add further support, atomic natural charges were also calculated for
the N–Zn–Mg unit (N −1.47, Zn +0.36, Mg +1.07), which found the Zn and Mg
both to be positive. These charges are also in agreement with the complex’s Zn(0)
Mg(II) formal oxidation state, as the magnesium was calculated to be more posi-
tively charged than the zinc metal centre.

4.3.3 Attempts to Synthesise Two-Coordinate Cadmium(0)
or Mercury(0) Heterobimetallic Complexes
with Unsupported M–Mg Bonds

As previously discussed in Sect. 4.3.1, the three group 12 metal(I) dimers 4-23–4-25
are prepared by the reduction of their corresponding amido group 12 metal(II) halide
complexes with the magnesium(I) reducing agent 1-08. It is therefore possible that
these reactions could proceed via a group 12 metal–magnesium bonded intermediate
(Scheme 4.16), similar to complexes 4-26a and 4-26b. These intermediates could

Scheme 4.16 Proposed synthetic pathway to the metal(I) dimers 4-23–4-25
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then react with a further equivalent of the amido group 12 metal(II) halide to give the
appropriate group 12 metal(I) dimer.

In an attempt to trap the proposed M–Mg bonded intermediates, toluene solu-
tions of the appropriate amido metal(II) halides were added to an excess of the
magnesium(I) dimer 1-08 (1:2.5 group 12 metal to Mg ratio) at −80 °C. The idea
behind this was that the excess magnesium(I) dimer would react with all of the
amido metal(II) halide, therefore trapping the M–Mg bonded intermediate.
Unfortunately this was not the case, and 1H NMR spectroscopy performed on all
three reaction mixtures revealed that the amido metal(I) dimer 4-23–4-25 were the
only products synthesised in every case, along with approximately 1.5 equivalents
of unreacted 1-08. A similar result was observed when the reactions were repeated
using a larger excess of the reducing agent (i.e. 20 equivalents). These observations
suggests that either the proposed M–Mg bonded intermediates are not being formed
in these reactions, (i.e. the magnesium(I) dimer reduces the amido metal(II) halides
to form transient radical intermediates “Ar†(SiMe3)NM” that quickly dimerise), or
the M–Mg bonded intermediates reacts with the amido metal(II) halide complexes
much faster than the magnesium(I) reducing agent. Either way, isolation of a
M–Mg bonded complex is unlikely from any of these reactions.

The two Zn–Mg bonded complexes 4-26a and 4-26b, along with the related
Mn–Mg bonded complex 3-16, were all isolated because of the extreme steric bulk
of the amide ligand, preventing two transient “Ar(SiiPr3)NM” fragments from
dimerising. As attempts to trap a M–Mg bonded complex bearing a smaller amide
ligand have proven unsuccessful, it is thought that these extremely bulky ligands
are needed for their isolation. As the amido mercury iodide complex [Ar*(SiiPr3)
NHgI] 2-61 bears the same amido ligand used to isolate the Zn–Mg complex 4-26b,
it seemed reasonable that this complex could be a precursor to a Hg–Mg bonded
complex. Accordingly, a toluene solution of the amido mercury(II) iodide complex
2-61 was added to a solution of 1.1 equivalents of the magnesium(I) reducing agent
1-08 (1:2.2 ratio between Hg and Mg) at −80 °C. The reaction mixture was slowly
warmed to room temperature where it was stirred for a further 30 min. Workup and
subsequent crystallisation of the reaction mixture gave the amido mercury(I) dimer
[{Ar*(SiiPr3)NHg}2] 4-27 as pale yellow crystals (Scheme 4.17). Repeating the
reaction using a large excess of the magnesium(I) reducing agent (i.e. 20 equiva-
lents) also led to isolation of the mercury(I) dimer 4-27 as the only product.

Scheme 4.17 Preparation of 4-27
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The isolation of the mercury(I) dimer 4-27 from the reduction of 2-61 with 1-08,
suggests that the extremely bulky Ar*(SiiPr3)N

− ligands that were used to prevent
the dimerization of two transient “Ar*(SiiPr3)NZn” fragments, are not bulky
enough to prevent the dimerization of two “Ar*(SiiPr3)NHg” fragments. This is
likely due to the larger atomic radii of mercury compared with zinc, resulting in a
longer metal–metal bond. It is therefore apparent that a larger ligand would need to
be developed in order to possibly isolate a Hg–Mg bonded complex. Unfortunately,
as explained in Chap. 2, an amido cadmium(II) halide precursor complex bearing
the extremely bulky Ar*(SiiPr3)N

− ligand could not be isolated, to investigate
whether it would prevent the dimerization of two “Ar*(SiiPr3)NCd” fragments.
However, as Cd–Cd bonds have been shown to be longer than the Hg–Hg bonds (as
seen in the two homologous series of group 12 metal(I) dimers), it seems unlikely
that two “Ar*(SiiPr3)NCd” fragments would not also dimerise.

The amido mercury(I) dimer 4-27 was crystallographically characterised, and its
molecular structure depicted in Fig. 4.7. The complex is essentially isostructural to
the previously discussed amido mercury(I) dimer 4-25, with two-coordinate linear
mercury centres (N–Hg–Hg = 176.7°) but with a slightly longer Hg–Hg bond
(2.5811(10) Å compared with 2.5394(5) Å in 4-25). The longer metal–metal bond
in 4-27 is likely due to the increase in ligand size.

In a final attempt to synthesise a Cd–Mg or Hg–Mg bonded complex, reductions
of the related amido cadmium and mercury iodide complexes [Ar*(SiPh3)NMI]
(M = Cd 2-57 or Hg 2-60), both bearing the extremely bulky Ar*(SiPh3)N

− ligand
were carried out. However, when either complex was reacted with 0.5, 1.0 or 20
equivalents of the magnesium(I) reducing agent 1-08, decomposition of the starting
material was observed, by the almost instantaneous formation of cadmium or
mercury metal. 1H NMR spectroscopy performed on all reaction solutions showed

Fig. 4.7 Thermal ellipsoid plot (25 % probability surface) of the molecular structures of 4-27.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Hg(1)–Hg
(1′) 2.5811(10), N(1)–Hg(1) 2.068, N(1)–Hg(1)–Hg(1′) 176.67(9), Si(1)–N(1)–Hg(1) 125.03(17)
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that the bulky amide Ar*(SiPh3)NH was the only identifiable product in every case.
It is therefore apparent that the extremely bulky amide ligand Ar*(SiPh3)N

− does
not provide the kinetic stabilisation required to isolate a low oxidation state cad-
mium or mercury compound.

4.3.4 Reactivity of a Two-Coordinate Zinc(0)
Heterobimetallic Complex with an Unsupported
Zn–Mg Bond

As previously discussed in Chap. 3, the reactivity of the Mn–Mg bonded complex
3-16 towards other metal halides was investigated. The complex was found to act as
“inorganic Grignard reagent”, by transfer of the “Ar†(SiiPr3)NMn” fragment onto
other metal centres, creating new metal–metal bonds. As 4-26b is essentially
isostructual to 3-16, it was proposed that it could also act as an “inorganic Grignard
reagent”, but by the transfer of an “Ar*(SiiPr3)NZn” fragment onto different metal
centres, possibly creating new metal–metal bonds.

With that in mind, a 1:1 mixture of 4-26b and the amido zinc(II) bromide
precursor complex [Ar*(SiiPr3)NZnBr] 2-45 was dissolved in cyclohexane and
stirred for one week at room temperature. This resulted in no reaction, and complete
recovery of the starting materials was obtained. This was not unexpected, as the
reaction between 2-54 and half an equivalent of the magnesium(I) reducing agent
1-08 gave 4-26b and unreacted 2-54 in an approximate 1:1 ratio. However, when
the reaction was repeated, and the reaction mixture heated to 70 °C for 12 h,
complete consumption of the starting materials was observed by 1H NMR spec-
troscopy, and the precipitation of [{(MesNacnac)Mg(µ-Br)}2] 1-21-Br was seen.
Workup, followed by crystallisation of the reaction mixture gave the zinc(I)
dimer [{Ar*(SiiPr3)NZn}2] 2-28 as small colourless crystals in good yields
(Scheme 4.18). It is worth noting that this is in contrast with manganese chemistry,
where heating a similar mixture of the Mn–Mg bonded complex 3-16 and [{Ar
(SiiPr3)NMn(THF)(µ-Br)}2] 2-45 led to complete decomposition of the starting
materials. It was later found that 2-28 can also be isolated by heating a 2:1 mixture
of 2-45 and 1-08 in cyclohexane for 12 h, generating the Zn–Mg bonded complex
4-26b in situ.

Scheme 4.18 Preparation of 4-28
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Complex 4-28 was crystallographically characterised, and its molecular structure
depicted in Fig. 4.8. Complex 4-28 is a two-coordinate amido zinc(I) dimer,
bearing two extremely bulky Ar*(SiiPr3)N

− ligands. The solid state structure
resembles that of the related zinc(I) dimer [{Ar†(SiMe3)NZn}2] 4-23, but due to the
increase in steric bulk of the amido ligands in 4-28, the complex is considerably
more strained. As a result, the Zn–Zn bond length has increased by 0.07 Å, from
2.3520(6) Å in 4-23 to 2.4291(12) Å in 4-28. In addition, complex 4-23 possesses
two equivalent zinc centres with near linear geometries (N–Zn–Zn 174.3°), whereas
4-28 does not possess any symmetry in the solid state, and the two N–Zn–Zn angles
are considerably different (N–Zn–Zn = 174.4° and 164.1°). The strain within the
complex provides a good explanation as to why the dimerization of two “Ar*
(SiiPr3)NZn” fragments does not occur at room temperature.

In the reaction between the Zn–Mg bonded complex 4-26b and the amido
zinc(II) bromide 2-54, compound 4-26b transfers a “Ar*(SiiPr3)NZn” unit onto the
second zinc centre, creating a new zinc–zinc bond. Therefore, the Zn–Mg bonded
complex 4-26b is acting as an “inorganic Grignard reagent”, showing similar
reactivity to the Mn–Mg bonded complex 3-16. As with 3-16, we wanted to further
explore the reactivity of 4-26b towards other metal halides, to target a number of
low coordinate heterobimetallic complexes with unsupported zinc-metal bonds.
Accordingly, complex 4-26b was reacted with numerous amido transition metal(II)
halide complexes, including [Ar*(SiMe3)NM(THF)(µ-X)] (M = Cr, Mn or Fe;
X = Cl or Br) 2-41, 2-43 and 2-46. Unfortunately, even after multiple attempts,
whilst changing the reaction conditions and solvents used, no heterobimetallic

Fig. 4.8 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 4-28.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Zn(1)–Zn
(2) 2.4291(12), Zn(1)–N(1) 1.915(4), Zn(2)–N(2) 1.945(4), N(1)–Zn(1)–Zn(2) 174.40(13), Zn(1)–
Zn(2)–N(2) 164.07(15)
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compound was isolated from any reaction. Instead, these reactions typically led to
decomposition of the starting materials, or intractable mixtures of products. Two
amido group 14 metal chlorides (viz. [Ar*(SiMe3)NMCl] M = Ge or Sn) were also
reacted with the Zn–Mg bonded complex 4-26b, however these too typically led to
complex mixtures of products (observed by 1H NMR spectroscopy). Although, one
reaction between 4-26b and [Ar*(SiMe3)NGeCl], performed in toluene at room
temperature, did lead to the isolation of the desired Zn–Ge bonded complex [Ar*
(SiiPr3)NZnGeN(SiMe3)Ar*] as blue crystals. These crystals were crystallograph-
ically characterised (see Sect. 7.2 for X-ray analysis), but due to the extremely low
yield (<5 %), and problems resynthesizing the product, no further characterisation
has been performed on the compound.

4.3.4.1 Preparation and Characterisation of a Homologous Series
of Mixed-Valence Group 12 Metal Trimetallic Complexes

With the relatively unsuccessful preparation of Zn–M heterobimetallic compounds,
our attention returned to group 12. As we have already shown (in the reaction
between 4-26b and the amido zinc(II) bromide 2-54), transfer of a single “Ar*
(SiiPr3)NZn” unit onto a second zinc centre, creating a new Zn–Zn bond is possible.
Therefore we wondered if it were possible to react two equivalents of the Zn–Mg
bonded complex 4-26b with a zinc dihalide, to consequently transfer two “Ar*
(SiiPr3)NZn” units onto the same metal centre? To investigate this proposal, two
equivalents of 4-26b were added to a suspension of ZnBr2 in benzene at room
temperature. The reaction mixture was stirred for 12 h at room temperature,
resulting in a considerable amount of zinc metal precipitation. 1H NMR spectro-
scopic analysis of the reaction solution revealed that the major reaction product
(>80 %) was the amido zinc(II) bromide complex [Ar*(SiiPr3)NZnBr] 2-54, sug-
gesting that the Zn–Mg bonded complex had simply reduced the ZnBr2 to Zn(0)
metal. However, closer examination of the 1H NMR spectrum revealed that a new
product had been synthesised, albeit in low yields (>20 %). Remarkably, fractional
crystallisation of this reaction mixture from pentane led to the isolation of proposed
trimetallic zinc complex [{Ar*(SiiPr3)NZn}2Zn] 4-29 as colourless crystals.
Furthermore, reacting two equivalents of the Zn–Mg bonded complex 4-26b with
CdI2 and HgCl2 in similar reactions, gave the analogous trimetallic complexes
[{Ar*(SiiPr3)NZn}2M] (M = Cd 4-30; Hg 4-31) also as colourless crystals in low
yields (Scheme 4.19). It is worthy of mention that the reaction between two
equivalents of 4-26b and Hg2Cl2 was also carried out, with aim of isolating the
tetrametallic complex [{Ar*(SiiPr3)NZnHg}2]. However, this led to a complex
mixture of products, with the trimetallic complex 4-31, the mercury(I) dimer 4-27,
[Ar*(SiiPr3)NZnCl] and Ar*(SiiPr3)NH being the only identifiable products.

Optimisation of the reaction conditions found that all three trimetallic complexes
4-29–4-31 were synthesised in their highest yields when the starting materials were
reacted in an exact 2:1 ratio, and the solubility of the group 12 metal dihalide was
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kept to a minimum (as group 12 metal dihalides were found to react with the
products). Therefore 4-29 and 4-30 are synthesised in their highest yields (44 and
60 % respectively) by reacting exactly two equivalents of 4-26b with one equiv-
alent of either ZnBr2 or CdI2, in a mixture of cyclohexane and diethyl ether (40:1) at
room temperature. As HgCl2 has a much higher solubility in organic solvents than
ZnBr2 or CdI2, compound 4-31 is synthesised in its highest yields (34 %) by adding
two equivalents of 4-26b as a hexane solution to a suspension of HgCl2 at −80 °C,
followed by slow warming of the reaction mixture to room temperature overnight.

The three trimetallic complexes 4-29–4-31 are highly air and moisture sensitive.
Furthermore, complexes 4-29–4-31 slowly decompose both in solution and in the
solid state at room temperature to deposit Zn, Cd or Hg metal respectively. The 1H,
13C and 29Si NMR spectra for trimetallic compounds, although consistent with their
proposed structures, are not overly informative, as they all display similar spectral
patterns. The 113Cd NMR spectrum for complex 4-30 shows one sharp singlet at d
688.6 ppm, consistent with the one Cd environment within the complex.
Unfortunately, the 199Hg NMR spectrum for 4-31 did not reveal an observable
resonance, even after multiple 12 h scans over a large ppm range (d −2000 to
+1500 ppm). This is in agreement with the related b-diketiminate stabilised
ZnHgZn bonded species 4-19, which the authors reported it to be 199Hg NMR silent
also [41].

The three trimetallic complexes were crystallographically characterised, and
their molecular structures are depicted in Fig. 4.9. Similar to the metal(I) dimers,
the trimetallic species, 4-29–4-31 are isomorphous, all crystallising with similar
unit cell parameters, but with a single molecule of pentane in the asymmetric unit
(ASU). The three complexes all contain near linear chains (N–M–M: 170.8° 4-29,
172.0° 4-30, 171.3° 4-31; M–M–M 180.0° 4-29–4-31) of three two-coordinate
metal centres. As far as we are aware, such a bonding arrangement in molecular
compounds is unknown for any metal in the periodic table. Moreover, 4-30
incorporates the first structurally characterised examples of Zn–Cd bonds. The
length of the Zn–Zn bonds in 4-29 (3.3840(12) Å) are in between those in the two
amido zinc(I) dimers 4-23 and 4-28 (2.3520(6) Å and 2.4291(12) Å respectively).
The Zn–M bond lengths in the heterotrimetallic compounds (2.487(2) Å 4-30;
2.476(5) Å 4-31) are the same, within experimental error, and are comparable to the

Scheme 4.19 Preparation of complexes 4-29–4-31, a series of group 12 metal trimetallic
complexes
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4-29

4-30

4-31

Fig. 4.9 Thermal ellipsoid plots (25 % probability surface) of the molecular structures of 4-29
(top), 4-30 (middle) and 4-31 (bottom). Hydrogen atoms have been omitted for clarity. Selected
interatomic distances (Å) and angles (°) for complexes 4-29–4-31 is found in Table 4.2
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Zn–Hg bonds in the related b-diketiminate stabilised ZnHgZn bonded species 4-19
(2.4846(3) Å) [41]. It is evident from the structures of 4-29–4-31 that they are
kinetically stabilised by the extreme bulk of the amide ligands, as four phenyl
groups from which, enshroud the M3 chains, without coordinating to them (all
M���CPh distances >3.05 Å).

Complex 4-29 is an unprecedented example of a mixed valence tri-zinc cluster
bearing a linear chain of two-coordinate zinc centres. Formal oxidation states can be
assigned to the complex as Zn(I)–Zn(0)–Zn(I), due to the coordination of the two
monoanionic amide ligands, one to each of the outer zinc centres. The central zinc
atom is two-coordinate, and is coordinated to the two outer Zn atoms by two Zn–Zn
bonds. The compound can be loosely be compared with the r-aromatic trimetallic
zinc complex [(Cp*Zn)3][BArF4] 4-18, but that complex is cationic, with the three
Zn atoms forming a three-membered ring, surrounded by three anionic ligands [40].
The Zn–Cd–Zn bonded complex 4-30 is also unprecedented, as it is the first
molecular complex to contain Zn–Cd bonds. As cadmium has a slightly higher
electronegativity than zinc (Zn 1.65 and Cd 1.69 by the Pauling scale) [13], similar
formal oxidation states can be assigned to that complex, i.e. Zn(I)–Cd(0)–Zn(I).
The Zn–Hg–Zn bonded complex 4-31 is however, comparable to the b-diketimi-
nate stabilised ZnHgZn bonded species 4-19, reported by Mountford and
co-workers earlier this year. The two complexes possess a similar Zn–Hg–Zn unit,
with a central two-coordinate mercury centre coordinated to two zinc centres.
However, as complex 4-19 is stabilised by chelating b-diketiminate ligands, the
two zinc centres are three-coordinate, whereas in 4-31 all three metal centres are
two-coordinate. Similar to 4-19, formal oxidation states can be assigned to complex
4-31 as Zn(I)–Hg(0)–Zn(I), due to the higher electronegativity of mercury com-
pared to zinc (Zn 1.65 and Hg 2.00 by the Pauling scale) [13].

To further investigate the electronic structure of the Zn3 complex 4-29, DFT
calculations using B3LYP and B3PW91 levels of theory were carried out on the
complex in the gas phase. The geometries of the calculated complex optimized to
be close to those in the solid-state structure, but with a slight underestimation of the
Zn–Zn bond length (calculated Zn–Zn = 2.361 Å). It is worth noting that in 2007,
Fernández, Frenking and co-workers also performed calculations on model com-
plexes containing two-coordinate zinc atom strings capped by Cp* ligands (viz.
[Cp*ZnnCp*] n = 2–5) [48]. The trizinc model complex [Cp*ZnZnZnCp*] was
calculated to have Zn–Zn bond lengths (2.340 Å) similar to those experimentally

Table 4.2 Selected
interatomic distances (Å) and
angles (°) for 4-29–4-31

4–29 (Zn) 4–30 (Cd) 4–31 (Hg)

Zn–M 2.3840(12) 2.487(2) 2.476(5)

N–Zn 1.901(5) 1.884(14) 1.90(3)

Closest Cphenyl���M 3.073(13) 3.098(9) 3.055(16)

N–Zn–M 170.81(15) 172.0(4) 171.3(9)

Zn–M–Zn 180.00(5) 180.00(9) 180.000(1)
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obtained for 4-29. However, they concluded that these model complexes with Zn
chains of 3 or more would likely not be stable, as a considerable energy gain for the
ejection of a Zn(0) atom was calculated. In comparison, calculations performed on
4-29 found a small energy requirement for the ejection of Zn(0) of +21.5 kcal/mol
(Scheme 4.20). However, this value is for the ejection of a Zn atom in the gas
phase. When the energy of vaporization of zinc metal is taken into account
(31.2 kcal/mol), the disproportionation of 4-29 to Zn(s) and LZnZnL (L = Ar*
(SiiPr3)N

−) will clearly be exergonic. The compound is likely kinetically stabilized
towards disproportionation by its bulky amide groups.

Analysis of the calculated MOs of 4-29 found the HOMO to have significant
Zn–Zn r bonding character, with r bonding interactions either side of the central
Zn atom (Fig. 4.10). The LUMO on the other hand is mostly based on the central
Zn, and is representative of an empty p orbital.

Further examination of the two Zn–Zn r bonds found them to possess consid-
erable p character. This is because the central Zn is essentially sp hybridised
(49.90 % s and 49.92 % p character). The two outer Zn centres are electronically
similar to those calculated for the amido zinc(I) dimer 4-23, that is high in s
character (93.21 %) with a small contribution from the p and d orbitals (5.57 % p
and 1.23 % d character). A Wiberg bond index of 0.68 was calculated for the two
Zn–Zn bonds. This value is slightly low for a fully covalent bond (likely due to
electrostatic contributions), but is still indicative of a Zn–Zn single bond that is high
in covalent character. Finally natural charges for the Zn3 core were calculated to be
Zn(+0.50)–Zn(+0.18)–Zn(+0.50). These clearly show a significant decrease of

Scheme 4.20 Ejection of a Zn atom from 4-29 in the gas phase

HOMO LUMO 

Fig. 4.10 Selected calculated frontier orbitals for 4-26b. HOMO (left) and LUMO (right).
Iso-surface value 0.03 a.u
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positive charge for the central zinc atom in comparison to the outer two, which is in
good agreement with the formal oxidation states Zn(I)–Zn(0)–Zn(I).

The three trimetallic species were synthesised by reactions of the appropriate
metal(II) dihalide with two equivalents of the Zn–Mg bonded complex 4-26b. In all
three reactions, the Zn–Mg bonded complex 4-26b is acting as an “inorganic
Grignard reagent” in the transfer of two “Ar*(SiiPr3)NZn” units onto a central metal
centre. As it is unlikely that the transfer of the two “Ar*(SiiPr3)NZn” units happens
simultaneously, it was proposed that the reactions proceed via a mono substituted
intermediate, i.e. [Ar*(SiiPr3)NZnMX] (M = Zn, Cd, Hg; X = Cl, Br, I), which
then reacts with a further equivalent of 4-26b to give the trimetallic species 4-29–
4-31. In an attempt to isolate these mono substituted intermediates, 1:1 reactions
between 4-26b and the metal(II) dihalides ZnBr2, CdI2 and HgCl2 were carried out.
Unfortunately, “over-reduction” of the metal(II) dihalide was observed in every
case, to give quantitative yields of the appropriate amido zinc(II) halide [Ar*(SiiPr3)
NZnX] and the formation of the appropriate group 12 metal. This suggests that
these mono substituted intermediates are not stable, and therefore are only transient
species in the reaction mixture, which react with a further equivalent of 4-26b to
give the trimetallic complexes before decomposing. This could also explain why
the formation of metal is seen in the preparation of all three trimetallic complexes,
which increases towards the end of the reaction. As the reaction proceeds, the
relative concentration of the starting material 4-26b decreases, and therefore the
mono substituted intermediates have a greater chance to decompose.

In a final attempt to isolate a mono substituted product, the related base stabilised
zinc(II) dibromide complex [ZnBr2(tmeda)] (tmeda = tetramethylethylenediamine)
was reacted with 4-26b in a 1:1 ratio, in the hope that the coordinated tmeda would
stabilize the mono substituted product. Indeed this turned out to be the case, and the
tmeda stabilized mono substituted product [Ar*(SiiPr3)NZnZnBr(tmeda)] 4-32 was
isolated as large colourless crystals in good yields (Scheme 4.21).

Complex 4-32 is an asymmetrical metal–metal bonded zinc(I) dimer, bearing a
single bulky monoanionic amide ligand coordinated to one Zn centre, and a bro-
mide to the other. Furthermore, compound 4-32 is the first example of zinc(I) halide
complex. The complex is highly air and moisture sensitive, but surprisingly ther-
mally stable, only decomposing at temperatures >200 °C in the solid state.

Compound 4-32 was crystallographically characterised, and its molecular
structure is depicted in Fig. 4.11. The molecular structure clearly shows two
inequivalent zinc centres in two different geometries. One zinc centre (Zn1) is
two-coordinate and near linear (N–Zn–Zn = 172.7°), coordinated to the bulky

Scheme 4.21 Preparation of 4-32
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amide ligand and the other zinc centre. The second zinc centre (Zn2) is
four-coordinate, possessing a distorted tetrahedral geometry. A bromide, a chelating
molecule of tmeda and the other zinc centre occupy its four coordination sites. The
Zn–Zn bond distance in 4-32 (2.3751(6) Å) is within the expected range of a zinc(I)
dimer, and furthermore is comparable to the Zn–Zn distances in the Zn3 complex
4-29 (2.3840(12) Å).

The reduction of 4-32 was attempted using stoichiometric amounts of the
magnesium(I) dimer 1-08 in toluene at −80 °C, in efforts to isolate a complex
containing a chain of four metal–metal bonded zinc atoms, i.e. [{Ar*(SiiPr3)NZnZn
(tmeda)}2]. However almost instantly after the addition of 1-08, metal precipitation
was observed, and Ar*(SiiPr3)NH, [{(

MesNacnac)Mg(µ-Br)}2] 1-21-Br and tmeda
were the only identifiable products as determined by an 1H NMR spectroscopic
analysis of the reaction solution.

The zinc(I) bromide complex 4-32 could be a useful starting material for the
synthesis of other metal–metal bonded zinc(I) complexes. Having a bromide
coordinated to a Zn2

2+ unit allows simple ligand substitution via salt metathesis
reactions, or even the coordination of other metal complex fragments.

4.4 Conclusion

A number of bulky amido group 12 metal(II) halide complexes have been reduced
with the magnesium(I) reducing agent 1-08 with varying outcomes. The three
related group 12 complexes 2-52, 2-56 and 2-59, which all bear the same

Fig. 4.11 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 4-32.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Zn(1)–Zn
(2) 2.3751(6), Zn(2)–Br(1) 2.4322(5), N(1)–Zn(1) 1.929(3), Zn(2)–N(2) 2.171(3), Zn(2)–N(3)
2.205(3), N(1)–Zn(1)–Zn(2) 172.73(8), Zn(1)–Zn(2)–Br(1) 124.74(2), N(2)–Zn(2)–N(3) 83.48(11)
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Ar†(SiMe3)N
− ligand, were reduced to give a homologous series of two-coordinate

group 12 metal(I) dimers (viz. [{Ar†(SiMe3)NM}2] M = Zn, Cd or Hg, 4-23–4-25).
Moreover, the bulkier amido zinc(II) bromide complexes 2-54 and 2-55 were
reduced to give the unprecedented heterobimetallic two-coordinate Zn(0)Mg(II)
complexes 4-26a and 4-26b respectively, due to the increase in ligand bulk. The
reduction of the analogous mercury(II) iodide complex 2-61 under the same reac-
tion conditions did not give a Hg–Mg bonded complex, but instead the mercury(I)
dimer 4-27, due to the larger atomic radii of mercury compared with zinc.

The Zn–Mg bonded complex 4-26b was found to act as an “inorganic Grignard
reagent”, by transfer of an “Ar*(SiiPr3)NZn” fragment onto other metal centres
creating new metal–metal bonds. This previously unseen reactivity led to the iso-
lation of the 3 unprecedented group 12 metal trimetallic complexes 4-29–4-31,
which possess strings of two-coordinate metal atoms. All complexes were analysed
by X-ray crystallography, multinuclear NMR spectroscopy as well as other tech-
niques, including DFT calculations.

4.5 Experimental

General methods. All manipulations were carried out using standard Schlenk and
glove box techniques under an atmosphere of high purity dinitrogen. THF, hexane,
cyclohexane and toluene were distilled over molten potassium, while diethyl ether
and pentane were distilled over sodium/potassium alloy (1:1). 1H NMR spectra were
recorded on either Bruker AvanceIII 400 or Varian Inova 500 spectrometers and
were referenced to the resonances of the solvent used, or external SiMe4. Mass
spectra were recorded on an Agilent Techonlogies 5975D inert MSD with a solid
state probe or obtained from the EPSRC National Mass Spectrometric Service at
Swansea University. IR spectra were recorded using a Perkin-Elmer RX1 FT-IR
spectrometer as Nujol mulls between NaCl plates or recorded as solid samples using
an Agilent Cary 630 attenuated total reflectance (ATR) spectrometer. Microanalyses
were carried out by the Science Centre, London Metropolitan University.
A reproducible microanalysis for 4-31 could not be obtained, as the complex con-
stantly crystallizes with small amounts (�5 %) of the impurity [Ar*(SiiPr3)NZnCl].
The amido metal(II) halide complexes 2-52, 2-54, 2-55, 2-56, 2-59 and 2-61 were
prepared as discussed in Chap. 2, whereas [{(MesNacnac)Mg}2] 1-08 and
[ZnBr2(tmeda)] were prepared according to the literature method [47, 49] All other
reagents were used as received.

Preparation of [{Ar†(SiMe3)NZn}2], 4-23. To a solution of [{Ar†(SiMe3)
NZnBr(THF)] 2-52 (0.200 g, 0.264 mmol) in toluene (10 mL) was added a solution
of [{(MesNacnac)Mg}2] 1-08 (0.104 g, 0.145 mmol) in toluene (10 mL) at −80 °C
over 5 min. The reaction was slowly warmed to room temperature and stirred for a
further 4 h, whereupon volatiles were removed in vacuo. The residue was extracted
with toluene (25 mL), concentrated (ca. 5 mL) and slowly cooled to 5 °C overnight
to give 4-23 as colourless crystals (0.120 g, 75 %). Mp.: 240–242 °C (decomp. on
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melting); 1H NMR (499 MHz, C6D6, 298 K): d = 0.27 (s, 18H, Si(CH3)3), 1.02 (d,
3JHH = 6.9 Hz, 12H, CH(CH3)2), 2.55 (sept., 3JHH = 6.9 Hz, 2H, CH(CH3)2), 6.30
(s, 4H, Ph2CH), 6.95–7.29 (m, 44H, ArH); 13C{1H} NMR (75 MHz, C6D6):
d = 4.2 (Si(CH3)3), 24.3 (CH(CH3)2), 33.8 (CH(CH3)2), 52.7 (Ph2CH), 126.5, 127.2
127.4, 128.6, 128.6, 129.6, 130.0, 130.2, 130.4, 141.3, 141.4, 145.6, 145.8, 146.1
(Ar–C); 29Si{1H} NMR (80 MHz, C6D6): d = −2.96 (s); IR t/cm−1 (Nujol): 1599
(m), 1492(m), 1436(m), 1258(m), 1243(s), 1229(s), 1159(m), 1124(m), 1074(m),
1031(m), 922(s), 908(s), 865(s), 841(s), 823(s), 746(s), 699(s), 670(s); MS/EI m/
z (%): 602.4 (Ar†(SiMe3)NZn

+, 59), 539.4 (Ar†N(H)SiMe3
+, 100), 466.4 (Ar†NH+,

12), 167.1 (Ph2CH
+, 41); anal. calc. for C76H80N2Si2Zn2: C 75.54 %, H 6.67 %, N

2.32 %, found: C 75.41 %, H 6.52 %, N 2.33 %.
Preparation of [{Ar†(SiMe3)NCd}2], 4-24. To a solution of [{Ar†(SiMe3)NCd

(µ-I)}2] 2-56 (0.300 g, 0.193 mmol) in benzene (20 mL) was quickly added a
solution of [{(MesNacnac)Mg}2] 1-08 (0.166 g, 0.231 mmol) in benzene (10 mL) at
room temperature. The reaction was stirred for a further 2 h, whereupon volatiles
were removed in vacuo. The off white residual was washed with pentane
(2 � 10 mL), then extracted with toluene (25 mL), the extract concentrated (ca.
5 mL) and slowly cooled to 5 °C overnight to give 4-24 as colourless crystals
(0.195 g, 78 %). Mp: 247–250 °C; 1H NMR (499 MHz, C6D6, 298 K): d = 0.37
(s, 18H, Si(CH3)3), 0.99 (d, 3JHH = 6.9 Hz, 12H, CH(CH3)2), 2.53 (sept.,
3JHH = 6.9 Hz, 2H, CH(CH3)2), 6.41 (s, 4H, Ph2CH), 6.94–7.30 (m, 44H, ArH);
13C{1H} NMR (75 MHz, C6D6): d = 4.6 (Si(CH3)3), 24.4 (CH(CH3)2), 33.8 (CH
(CH3)2), 52.7 (Ph2CH), 126.5, 126.9, 127.1, 128.6, 129.9, 130.0, 130.4, 140.7,
140.8, 145.4, 145.9, 148.8 (Ar–C); 29Si{1H} NMR (80 MHz, C6D6): d = −5.1 (s);
113Cd{1H} NMR (89 MHz, C6D6): d = 270.6 (1JCdCd = 18,900 Hz); IR t/cm−1

(Nujol): 1596(m), 1490(m), 1465(m), 1435(m), 1256(m), 1240(m), 1127(m), 1073
(m), 1030(m), 933(s), 911(m), 862(m), 821(s), 746(m), 735(m), 698(s), 667(s);
MS/EI m/z (%): 652.4 (Ar†(SiMe3)NCd

+, 1), 539.5 (Ar†N(H)SiMe3
+, 100), 466.4

(Ar†NH+, 39), 167.2 (Ph2CH
+, 71), 73.2 (Me3Si

+, 72); anal. calc. for
C76H80Cd2N2Si2: C 70.08 %, H 6.19 %, N 2.15 %, found: C 69.88 %, H 6.23 %,
N 2.31 %.

Preparation of [{Ar†(SiMe3)NHg}2], 4-25. To a solution of [Ar†(SiMe3)NHgI]
2-59 (0.300 g, 0.346 mmol) in benzene (20 mL) was slowly added a solution of
[{(MesNacnac)Mg}2] (0.136 g, 0.190 mmol) in benzene (10 mL) over 10 min at
room temperature. The reaction was stirred for a further 2 h at room temperature,
whereupon volatiles were removed in vacuo. The off white residual was washed
with pentane (2 � 10 mL), then extracted with toluene (25 mL), the extract con-
centrated (ca. 5 mL) and slowly cooled to 5 °C overnight to give 4-25 as colourless
crystals (0.180 g, 70 %). Mp: 259–261 °C; 1H NMR (499 MHz, C6D6, 298 K):
d = 0.35 (s, 18H, Si(CH3)3), 1.01 (d, 3JHH = 6.9 Hz, 12H, CH(CH3)2), 2.56 (sept.,
3JHH = 6.9 Hz, 2H, CH(CH3)2), 6.48 (s, 4H, Ph2CH), 6.95–7.31 (m, 44H, ArH);
13C{1H} NMR (75 MHz, C6D6): d = 4.2 (Si(CH3)3), 24.4 (CH(CH3)2), 33.8 (CH
(CH3)2), 52.4 (Ph2CH), 126.5, 127.1, 128.6, 129.5, 130.3, 141.7, 142.4, 145.1,
145.9, 146.9 (Ar–C); 29Si{1H} NMR (80 MHz, C6D6): d = −1.8 (s); 199Hg{1H}
NMR (72 MHz, C6D6): d = −726.3 (br. s); IR t/cm−1 (Nujol): 1598(m), 1520(m),
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1492(m), 1435(s), 1243(s), 1198(m), 1127(m), 1030(m), 926(s), 855(m), 828(s),
747(s), 698(s), 671(s); MS/EI m/z (%): 740.4 (Ar†(SiMe3)NHg

+, <1), 539.4 (Ar†N
(H)SiMe3

+, 30), (Ar†N(H)SiMe2
+, 96), 167.1 (Ph2CH

+, 100), 73.1 (Me3Si
+, 27); anal.

calc. for C76H80Hg2N2Si2: C 61.73 %, H 5.45 %, N 1.89 %, found: C 61.65 %, H
5.39 %, N 1.83 %.

Preparation of [Ar†(SiiPr3)NZnMg(MesNacnac)], 4-26a. To a suspension of
[{(MesNacnac)Mg}2] 1-08 (0.168 g, 0.234 mmol) in toluene (15 mL) was added a
solution of [Ar†(SiiPr3)NZnBr] 2-55 (0.200 g, 0.260 mmol) in toluene (15 mL) at
−80 °C over 5 min. The reaction mixture was slowly warmed to room temperature,
where it stirred for a further 12 h. Volatiles were removed in vacuo, the residue
extracted with toluene (20 mL), the extract filtered and volatiles removed from the
filtrate in vacuo to give an off white solid. The solid was washed twice with ice cold
pentane (2 � 10 mL) to give 4-26a as a white powder (0.180 g, 74 %). N.B. X-ray
quality crystals of 4-26a were obtained by crystallizing this solid from warm
pentane. Mp: 199–202 °C; 1H NMR (499 MHz, C6D6, 298 K): d = 0.96 (d,
3JHH = 6.5 Hz, 6H, ArCH(CH3)2), 1.17 (br. d, 18H, Si{CH(CH3)2}3), 1.36 (br.
sept., 3H, Si{CH(CH3)2}3), 1.50 (s, 6H, NCCH3), 2.07 (s, 12H, o-CH3), 2.20 (s,
6H, p-CH3), 2.50 (sept, 3JHH = 6.5 Hz, 1H, ArCH(CH3)2), 4.86 (s, 1H, NCCH),
6.56 (s, 2H, Ph2CH), 6.80–7.38 (m, 26H, ArH); 13C{1H} NMR (75 MHz, C6D6):
d = 15.4 (Si{CH(CH3)2}3), 19.4 (o-CH3), 20.1 (Si{CH(CH3)2}3), 21.0 (p-CH3),
23.4 (NCCH3), 24.2 (ArCH(CH3)2), 33.6 (ArCH(CH3)2), 51.8 (CHPh2), 96.3
(NCCH), 125.6, 126.1, 127.6, 128.3, 128.6, 129.0, 129.8, 130.1, 130.5, 130.8,
131.4, 134.0, 139.3, 140.6, 145.1, 146.2, 148.3, 148.6, 168.7 (Ar–C), 168.7
(NCCH3);

29Si{1H} NMR (80 MHz, C6D6): d = −0.6 (s); IR t/cm−1 (Nujol): 1599
(m), 1522(m), 1493(m), 1447(s), 1431(s), 1380(s), 1253(m), 1229(m), 1199(m),
1146(m), 1121(m), 1076(m), 1030(m), 1018(m), 915(m), 901(m), 860(m), 761(m),
748(m), 701(s), 687(s); MS/EI m/z (%): 623.4 (Ar†N(H)SiiPr3

+, 54), 580.3 (Ar†N
(H)SiiPr3

+
–
iPr, 100), 467.3 (Ar†NH2

+, 7), 334.2 (MesNacnacH+, 38), 167.0
(Ph2CH

+, 31); anal. calc. for C67H81MgN3SiZn: C 76.92 %, H 7.80 %, N 4.02 %,
found: C 76.64 %, H 7.88 %, N 3.91 %.

Preparation of [Ar*(SiiPr3)NZnMg(MesNacnac)], 4-26b. To a suspension of
[{(MesNacnac)Mg}2] 1-08 (0.213 g, 0.297 mmol) in cyclohexane (15 mL) was
added a solution of [Ar*(SiiPr3)NZnBr] 2-54 (0.200 g, 0.270 mmol) in cyclohex-
ane (15 mL) at room temperature over 5 min. The reaction mixture was stirred for a
further 16 h, whereupon volatiles were removed in vacuo. The residue was
extracted with pentane (20 mL), the extract filtered and volatiles removed from the
filrate in vacuo to give 4-26b as an off white solid (0.205 g, 75 %). N.B. X-ray
quality crystals of 4-26b were obtained by crystallizing this solid from a concen-
trated solution of warm pentane. Mp: 193–196 °C; 1H NMR (499 MHz, C6D6,
298 K): d = 1.16 (br. d, 18H, CH(CH3)2), 1.25 (br. sept., 3H, CH(CH3)2), 1.52 (s,
6H, NCCH3), 1.86 (s, 3H, Ar*-CH3), 2.08 (s, 12H, o-CH3), 2.20 (s, 6H, p-CH3),
4.86 (s, 1H, NCCH), 6.59 (s, 2H, Ph2CH), 6.79–7.39 (m, 26H, ArH); 13C{1H}
NMR (75 MHz, C6D6): d = 15.4 (Si{CH(CH3)2}3), 19.6 (o-CH3), 20.1 (Si{CH
(CH3)2}3), 21.0 (p-CH3), 21.1 (ArCH3), 23.5 (NCCH3), 51.2 (CHPh2), 95.8
(NCCH3), 125.5, 126.1, 128.2, 128.7, 129.8, 130.6, 130.8, 131.0, 131.5, 133.7,
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140.4, 145.5, 146.2, 148.4, 148.7 (Ar–C), 168.4 (NCCH3);
29Si{1H} NMR

(80 MHz, C6D6): d = −0.42 (s); IR t/cm−1 (Nujol): 1597(m), 1517(m), 1493(m),
1253(s), 1233(s), 1198(s), 1146(m), 1126(m), 1075(m), 1019(m), 914(m), 897(s),
879(s), 858(s), 831(m), 814(m), 758(s), 723(s), 701(s); MS/EI m/z (%): 595.5
(Ar*N(H)SiiPr3

+, 35), 552.5 (Ar*N(H)SiiPr2
+, 100), 334.3 (MesNacnacH+, 9), 167.1

(Ph2CH
+, 93); anal. calc. for C65H77MgN3SiZn: C 76.68 %, H 7.62 %, N 4.13 %,

found: C 76.49 %, H 7.49 %, N 4.18 %.
Preparation of [{Ar*(SiiPr3)NHg}2], 4-27. To a solution of [Ar*(SiiPr3)NHgI]

2-61 (0.200 g, 0.217 mmol) in toluene (20 mL) was slowly added a solution of
[{(MesNacnac)Mg}2] 1-08 (0.085 g, 0.119 mmol) in toluene (10 mL) at −80 °C
over 5 min. The reaction mixture was slowly warmed to room temperature and
stirred for a further 2 h, whereupon volatiles were removed in vacuo. The off white
residue was extracted with pentane (25 mL), the extract concentrated (ca. 5 mL)
and slowly cooled to 5 °C overnight to give 4-27 as colourless crystals (0.085 g,
49 %). 1H NMR (499 MHz, C6D6, 298 K): d = 1.22 (d, 3JHH = 7.5 Hz, 36H, CH
(CH3)2), 1.31 (sept., 3JHH = 7.5 Hz, 6H, CH(CH3)2), 1.94 (s, 6H, ArCH3), 6.71 (s,
4H, Ph2CH), 7.02–7.37 (m, 44H, ArH); 13C{1H} NMR (75 MHz, C6D6): d = 15.3
(CH(CH3)2), 19.9 (CH(CH3)2), 21.0 (ArCH3), 50.9 (Ph2CH), 126.5, 127.1, 128.6,
129.2, 130.1, 130.4, 130.6, 131.3, 141.9, 145.7, 146.2, 147.4 (Ar–C); 29Si{1H}
NMR (80 MHz, C6D6): d = 4.4 (s); 199Hg{1H} NMR (72 MHz, C6D6):
d = −773.3 (br. s). MS/EI m/z (%): 595.5 (Ar*N(H)SiiPr3

+, 32), 552.5 (Ar*N(H)
SiiPr2

+, 76), 167.2 (Ph2CH
+, 100).

Preparation A of [{Ar*(SiiPr3)NZn}2], 4-28. To a suspension of [{(MesNacnac)
Mg}2] 1-08 (0.145 g, 0.203 mmol) in cyclohexane (20 mL) was added a solution
of [Ar*(SiiPr3)NZnBr] 2-54 (0.300 g, 0.405 mmol) in cyclohexane (20 mL) over
5 min. The reaction mixture was stirred at ambient temperature for 2 h, before
being heated to 70 °C. The reaction mixture was stirred for a further 12 h at 70 °C,
whereupon volatiles were removed in vacuo. The residue was extracted with
pentane (20 mL), the extract filtered, the filtrate concentrated in vacuo (ca. 3 mL)
and slowly cooled to 5 °C overnight to give 4-28 as small colourless crystals
(0.155 g, 58 %).

Preparation B of [{Ar*(SiiPr3)NZn}2], 4-28. To a solution of [Ar*(SiiPr3)
NZn–Mg(MesNacnac)] 4-26b (0.200 g, 0.196 mmol) in cyclohexane (15 mL) was
added a solution of [Ar*(SiiPr3)NZnBr] 2-54 (0.160 g, 0.216 mmol) in cyclohex-
ane (15 mL) at ambient temperature, before being heated to 70 °C. The reaction
mixture was stirred for a further 12 h at 70 °C, whereupon volatiles were removed
in vacuo. The residue was extracted with pentane (20 mL), the extract filtered, the
filtrate concentrated in vacuo (ca. 3 mL) and slowly cooled to 5 °C overnight to
give 4-28 as small colourless crystals (0.180 g, 70 %). Mp: 240–243 °C (200–
210 °C decomp.); 1H NMR (499 MHz, C6D6, 298 K): d = 1.34 (d, 3JHH = 7.4 Hz,
36H, CH(CH3)2), 1.55 (sept.,

3JHH = 7.4 Hz, 6H, CH(CH3)2), 1.93 (s, 6H, ArCH3),
6.41 (s, 4H, Ph2CH), 6.85–7.35 (m, 44H, ArH); 13C{1H} NMR (75 MHz, C6D6):
d = 15.6 (Si{CH(CH3)2}3), 20.2 (Si{CH(CH3)2}3), 21.2 (ArCH3), 52.4 (CHPh2),
126.6, 127.1, 128.8, 129.5, 129.6, 130.1, 130.5, 130.8, 141.9, 145.7, 146.6, 148.2
(Ar–C); 29Si{1H} NMR (80 MHz, C6D6): d = −0.1 (s); IR t/cm−1 (Nujol): 1596
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(m), 1491(m), 1430(s), 1230(s), 1208(m), 1129(m), 1072(m), 1030(m), 913(m),
896(m), 877(s), 835(m), 760(m), 740(s), 698(s); MS/EI m/z (%): 658.5 (Ar*(SiiPr3)
NZn+, 2), 595.5 (Ar*N(H)SiiPr3

+, 36), 552.5 (Ar*N(H)SiiPr2
+, 80), 167.2 (Ph2CH

+,
100); anal. calc. for C84H96N2Si2Zn2: C 76.40 %, H 7.33 %, N 2.12 %, found: C
76.29 %, H 7.40 %, N 2.15 %.

Preparation of [{Ar*(SiiPr3)NZn}2Zn], 4-29. To a suspension of ZnBr2
(0.022 g, 0.098 mmol) in cyclohexane (10 mL) was added a solution of [Ar*(SiiPr3)
NZnMg(MesNacnac)] 4-26b (0.200 g, 0.196 mmol) in a mixture of cyclohexane
(10 mL) and diethyl ether (0.5 mL) at atmospheric temperature. The reaction mix-
ture was stirred for a further 12 h at room temperature, whereupon volatiles were
removed in vacuo. The residue was extracted with pentane (20 mL), the extract
filtered, the filtrate concentrated in vacuo (ca. 5 mL) and left to stand for 1 h at room
temperature to give 4-29 as small colourless crystals (0.060 g, 44 %). NB. If the
extracted solution is left to crystallise for much longer than 1 h, small amounts of the
impurity [Ar*(SiiPr3)NZnBr] 2-54 crystallise with the product. Mp: 238–242 °C
(decomp. 51–59 °C); 1H NMR (499 MHz, C6D6, 298 K): d = 1.34 (d,
3JHH = 7.4 Hz, 36H, CH(CH3)2), 1.55 (sept., 3JHH = 7.4 Hz, 6H, CH(CH3)2), 1.93
(s, 6H, ArCH3), 6.41 (s, 4H, Ph2CH), 6.85–7.35 (m, 44H, ArH); 13C{1H} NMR
(75 MHz, C6D6): d = 15.6 (Si{CH(CH3)2}3), 20.2 (Si{CH(CH3)2}3), 21.2
(ArCH3), 52.4 (CHPh2), 126.6, 127.1, 128.6, 128.8, 129.5, 129.6, 130.1, 130.5,
130.8, 141.9, 145.7, 146.6, 148.2 (Ar–C); 29Si{1H} NMR (80 MHz, C6D6):
d = −0.1 (s); IR t/cm−1 (Nujol): 1597(m), 1492(m), 1434(s), 1233(s), 1209(m),
1129(m), 1073(m), 1031(m), 996(m), 913(m), 897(s), 878(s), 834(s), 818(m), 757
(m), 736(s), 697(s); MS/EI m/z (%): 595.6 (Ar*N(H)SiiPr3

+, 30), 552.5 (Ar*N(H)
SiiPr2

+, 91), 439.4 (Ar*NH2, 13); 167.2 (Ph2CH
+, 100); anal. calc. for

C84H96N2Si2Zn3: C 72.79 %, H 6.98 %, N 2.02 %, found: C 72.67 %, H 6.67 %, N
2.05 %.

Preparation of [{Ar*(SiiPr3)NZn}2Cd], 4-30. To a suspension of CdI2
(0.036 g, 0.098 mmol) in cyclohexane (10 mL) was added a solution of [Ar*
(SiiPr3)NZnMg(MesNacnac)] 4-26b (0.200 g, 0.196 mmol) in a mixture of cyclo-
hexane (10 mL) and diethyl ether (0.5 mL) at room temperature. The reaction
mixture was stirred for a further 12 h at room temperature, whereupon volatiles
were removed in vacuo. The residue was extracted with pentane (20 mL), the
extract filtered, the filtrate concentrated in vacuo (ca. 5 mL) and left to stand for 1 h
at room temperature to give 4-30 as small colourless crystals (0.085 g, 60 %). NB.
If the extracted solution is left to crystallise for much longer than 1 h, small
amounts of the impurity [Ar*(SiiPr3)NZnI] crystallise with the product. Mp: >260 °
C (decomp. 61–76 °C); 1H NMR (499 MHz, C6D6, 298 K): d = 1.35 (d,
3JHH = 7.3 Hz, 36H, CH(CH3)2), 1.56 (sept., 3JHH = 7.4 Hz, 6H, CH(CH3)2), 1.94
(s, 6H, ArCH3), 6.46 (s, 4H, Ph2CH), 6.86–7.35 (m, 44H, ArH); 13C{1H} NMR
(75 MHz, C6D6): d = 15.5 (Si{CH(CH3)2}3), 20.3 (Si{CH(CH3)2}3), 21.2
(ArCH3), 52.4 (CHPh2), 126.5, 127.0, 128.6, 128.8, 128.9, 129.6, 130.4, 130.5,
130.8, 131.7, 141.9, 145.7, 146.8, 148.0 (Ar–C); 29Si{1H} NMR (80 MHz, C6D6):
d = −0.2 (s); 113Cd{1H} NMR (89 MHz, C6D6): d = 688.6 (s); IR t/cm−1 (Nujol):
1597(m), 1492(m), 1433(m), 1234(s), 1209(m), 1130(m), 1073(m), 1031(m),
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997(m), 913(m), 896(s), 878(s), 834(s), 818(m), 758(m), 736(s), 698(s); MS/EI m/z
(%): 595.6 (Ar*N(H)SiiPr3

+, 35), 552.5 (Ar*N(H)SiiPr2
+, 93), 439.3 (Ar*NH2, 53);

167.2 (Ph2CH
+, 100); anal. calc. for C84H96CdN2Si2Zn2: C 70.40 %, H 6.75 %, N

1.95 %, found: C 70.32 %, H 6.77 %, N 2.01 %.
Preparation of [{Ar*(SiiPr3)NZn}2Hg], 4-31. To a suspension of HgCl2

(0.027 g, 0.099 mmol) in hexane (10 mL) was added a solution of [Ar*(SiiPr3)
NZnMg(MesNacnac)] 4-26b (0.200 g, 0.196 mmol) in hexane (10 mL) at −80 °C
over 5 min. The reaction mixture was slowly warmed to room temperature, where it
was stirred for a further 12 h, producing a white precipitate. This white solid was
isolated via filtration, extracted with toluene, the extract filtered and volatiles
removed from the filtrate in vacuo to give 4-31 as an off white powder (0.050 g,
34 %). NB. X-ray quality crystals were grown from slow diffusion of pentane into a
concentrated toluene solution of [{Ar*(SiiPr3)NZn}2Hg]. Mp: >260 °C (94–98 °C
decomp.); 1H NMR (499 MHz, C6D6, 298 K): d = 1.34 (d, 3JHH = 7.4 Hz, 36H,
CH(CH3)2), 1.55 (sept., 3JHH = 7.4 Hz, 6H, CH(CH3)2), 1.95 (s, 6H, ArCH3), 6.50
(s, 4H, Ph2CH), 6.81–7.34 (m, 44H, ArH); 13C{1H} NMR (75 MHz, C6D6):
d = 15.6 (Si{CH(CH3)2}3), 20.4 (Si{CH(CH3)2}3), 21.2 (ArCH3), 52.4 (CHPh2),
126.6, 128.6, 128.8, 128.9, 129.6, 130.1, 130.4, 130.6, 142.1, 144.9, 145.7, 146.5
(Ar–C); 29Si{1H} NMR (80 MHz, C6D6): d = -0.3 (s); IR t/cm−1 (Nujol): 1598
(m), 1544(m), 1523(m), 1492(m), 1444(s), 1398(s), 1233(m), 1201(m), 1129(m),
1075(m), 1030(m), 1013(m), 914(m), 879(s), 854(m), 833(m), 811(m), 760(m), 743
(m), 698(s), 650(s); MS/EI m/z (%): 595.5 (Ar*N(H)SiiPr3

+, 36), 552.5 (Ar*N(H)
SiiPr2

+, 100), 439.3 (Ar*NH2
+, 27); 167.2 (Ph2CH

+, 95).
Preparation of [{Ar*(SiiPr3)NZnZnBr(tmeda)], 4-32. To a solution of

[ZnBr2(tmeda)] (0.060 g, 0.177 mmol) in toluene (15 mL) was added a solution of
[Ar*(SiiPr3)NZnMg(MesNacnac)] 4-26b (0.200 g, 0.196 mmol) in toluene (15 mL)
at −80 °C over 5 min. The reaction mixture was slowly warmed to room temper-
ature and stirred for a further 12 h, whereupon volatiles were removed from the
filtrate in vacuo. The residue was extracted with pentane (20 mL), the extract fil-
tered, the filtrate concentrated in vacuo (ca. 10 mL) and slowly cooled to 5 °C
overnight to give 4-32 as large colourless crystals (0.140 g, 86 %). Mp: 208–210 °C
(decomp. on melting); 1H NMR (499 MHz, C6D6, 298 K): d = 1.34 (d,
3JHH = 7.4 Hz, 18H, CH(CH3)2), 1.65 (sept., 3JHH = 7.4 Hz, 3H, CH(CH3)2), 1.66
(br., 12H, TMEDA), 1.92 (s, 3H, ArCH3), 2.05 (br., 6H, TMEDA), 6.64 (s, 2H,
Ph2CH), 6.92–7.40 (m, 22H, ArH); 13C{1H} NMR (75 MHz, C6D6): d = 15.6 (Si
{CH(CH3)2}3), 20.1 (Si{CH(CH3)2}3), 21.2 (ArCH3), 47.9 (TMEDA), 51.8
(CHPh2), 56.5 (TMEDA), 126.2, 128.6, 129.6, 130.0, 130.1, 130.3, 130.7, 141.2,
146.3, 147.1, 148.2 (Ar–C); 29Si{1H} NMR (80 MHz, C6D6): d = 0.2 (s); IR t/
cm−1 (Nujol): 1596(m), 1523(m), 1493(m), 1448(s), 1256(m), 1236(s), 1204(m),
1125(m), 1027(m), 1006(m), 950(m), 914(m), 899(m), 881(s), 856(m), 834(m), 811
(m), 792(s), 753(s), 728(s), 701(s); MS/EI m/z (%): 739.5 (Ar*(SiiPr3)NZnBr

+, 5),
696.4 (Ar*(SiiPr2)NZnBr

+, 50), 595.6 (Ar*N(H)SiiPr3
+, 14), 552.5 (Ar*N(H)

SiiPr2
+, 42), 167.2 (Ph2CH

+, 100); anal. calc. for C48H64BrN3SiZn2: C 62.54 %,
H 7.00 %, N 4.56 %, found: C 62.49 %, H 7.11 %, N 4.64 %.
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Chapter 5
Preparation of Low Oxidation State
Cobalt Complexes Stabilised by a Bulky
Amide Ligand

5.1 Introduction

Due to their highly reactive nature, low oxidation state carbonyl-free cobalt com-
plexes have previously been found effective in many areas of chemistry, from the
catalytic hydrogenation of CO2 [1], to C–C bond activations of small molecules [2].
While most low oxidation state carbonyl free cobalt complexes are stabilised by
multidentate anionic ligands, more coordinatively unsaturated complexes incorpo-
rating bulky lower-dentate ligands have proved more reactive in their further
chemistry [3]. This type of complex is the primary focus of this chapter.

5.1.1 Low Oxidation State Cobalt Complexes Stabilised
by Bulky Bidentate Monoanionic Ligands

One of the first quasi-low coordinate cobalt(I) species, was the toluene
capped b-diketiminate complex [(XylNacnac)Co(η6-toluene)] 5-01 (XylNacnac =
[(XylNCMe)2CH]

–, Xyl = 2,6-Me2-C6H3) reported by Warren and co-workers in
2004 [4]. The complex was synthesised by reduction of the four-coordinate cobalt(II)
iodide complex [(XylNacnac)CoI(lut)] 5-02 (lut = 2,4-lutidine) with magnesium
powder in toluene (Scheme 5.1). After workup and subsequent crystallisation,
complex 5-01 was isolated as air sensitive red crystals in good yields.

Compound 5-01 was crystallography characterised, which showed the Co
centre to have an η6 coordination to a molecule of toluene (Co–C = 2.207(6) Å to
2.288(5) Å), which results in an 18 electron cobalt complex. This is in contrast to
the related rhodium(I) compounds [(XylNacnac)Rh(η4-benzene)] and [{(XylNacnac)
Rh}2(η

4-toluene)], which both favour η4 coordination to the solvent molecule [5].
As both of these rhodium complexes are low spin, the η4 coordination of toluene
and benzene is favoured due to the stability of 16 electron Rh complexes.
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Compound 5-01 is paramagnetic in solution, exhibiting an effective magnetic
moment of 2.7 µB, just slightly less than expected spin only value for a d8 high-spin
centre (µso = 2.83 µB), but indicative of a high-spin Co(I) complex.

The reactivity of compound 5-01 towards O2, two organic azides and a substituted
nitrosobenzene was investigated, the results of which are outlined in Scheme 5.2.
When a diethyl ether solution of 5-01 was treated with 1.5 equivalents of O2 at room
temperature, an immediate colour change from red to violet was observed, signalling
the formation of the dioxo-bridged cobalt(III) complex [{(XylNacnac)Co(µ-O)}2]
5-03. Compound 5-03 was crystallographically characterised, revealing positional
disorder of the bridging oxygen atoms. The dominant orientation of 86 % occupancy,
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consisted of the oxygen atoms laying near planar with the two “(XylNacnac)Co”
central rings (22.2° and 23.0° twist angles between the N–Co–N and O–Co–O’
planes), resulting in the cobalt centres occupying distorted square planar geometries.
The minor orientation consisted of the oxygen atoms laying essentially perpendicular
to the two Co-Nacnac planes, resulting in the metal centres occupying distorted
tetrahedral geometries. Isolating both Co geometries in the same crystal suggests that
there is very little energy difference between the two structures, with the square
planar orientation slightly favoured. The Co–O bond lengths in the square planar
orientation (1.784(3) and 1.793(4) Å) are comparable to those in related “diamond
core” structures M2(µ-O)2 (M = Fe–Cu) [6], however the Co–O bond lengths of the
tetrahedral orientation are considerably longer.

Diethyl ether solutions of complex 5-01 were also treated with the two organic
azides, 1-azidoadamantane and 3,5-dimethylphenylazide at room temperature. No
obvious colour change was observed in either reaction, although effervescence of
N2 was observed. After workup and subsequent crystallisation, moderate yields of
the cobalt(III) imido complexes [{(XylNacnac)Co(µ-NAr)}2] 5-04 (Ar = 3,5–Me2–
C6H3) and [(XylNacnac)CoNAd] 5-05 (Ad = 1-adamantyl) were isolated as red
crystalline solids. Similar to the reaction with O2, the two reactions have resulted in
oxidation of the Co centre to Co(III), and consequently a two electron reduction of
the azide. The two products have differing structures in the solid state, as deter-
mined by X-ray crystallography. Complex 5-04 is dimeric, with two cobalt centres
bridged by two approximately equivalent imido ligands (Co–N = 1.983(3) Å and
1.988(3) Å). The bridging N atoms are essentially orthogonal to the (XylNacnac)Co
plane, resulting in the two Co centres possessing tetrahedral geometries. In contrast,
complex 5-05 is monomeric in the solid state, with a three-coordinate cobalt(III)
core, which occupies a distorted trigonal geometry. The Co–NAd bond is extremely
short (1.624(4) Å), shorter than any other first row transition metal terminal imide
reported at the time. Moreover, the complex is diamagnetic in solution at room
temperature, suggestive of a low-spin cobalt(III) centre. DFT calculations were
performed on the complex, supporting the presence of low-spin d6 Co(III) centre,
which is stabilised by 1r2p-donation from the imido ligand, leading to the Co–N
bond possessing considerable multiple bonding character.

Finally, a diethyl ether solution of 5-01 was reacted with 3,5-
dimethylnitrosobenzene. After workup and crystallisation, a low yield of the red
crystalline product [{(XylNacnac)Co}2(µ-NAr)(µ-O)] 5-06 was isolated. The addi-
tion of the nitrosobenzene to 5-01 resulted in the four electron reductive cleavage of
the O=N bond of the substrate. Consequently, the two cobalt centres have been
oxidised from Co(I) to Co(III). Complex 5-06 was crystallographically charac-
terised, showing the cobalt centres to occupy geometries in between square planar
and tetrahedral, with the opposing (XylNacnac)Co fragments nearly orthogonal to
each other (89.2° twist angle). The complex was found to be paramagnetic in
solution, with an effective magnetic moment of 4.9 µB at room temperature,
indicative of a high spin cobalt complex.

In 2009, Holland and co-workers expanded the work on low oxidation state
cobalt complexes, stabilised by b-diketiminate ligands, by reductions of the bulkier
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b-diketiminato cobalt(II) chloride precursor complex [(tBuNacnac)CoCl] 5-07
(tBuNacnac = [(DippNCtBu)2CH]

–) with KC8 [7]. Depending on the stoichiome-
try of KC8 used in the reaction, two different products could be isolated. When the
reduction of 5-07 was performed in pentane, using one equivalent of KC8 under a
N2 atmosphere, [(tBuNacnac)Co}2(µ-N2)] 5-08 was isolated in moderate yields as
dark brown crystals (Scheme 5.3). However, when the reduction of 5-07 was
performed in diethyl ether, using two equivalents of KC8 under a N2 atmosphere,
[(tBuNacnac)Co(µ-K)}2(µ-N2)] 5-09 was isolated in moderate yields as a dark
purple solid (Scheme 5.3).

Both products were crystallographically characterised. Complex 5-08 is a
three-coordinate cobalt(I) dimer, with a molecule of dinitrogen bridging in an
end-on fashion between the two metal centres. From the molecular structure of
5-08, a small elongation of the N–N triple bond was observed (N–N = 1.1390(15)
Å compared with 1.098 Å in free N2), which was further supported by Raman
spectroscopy. This lengthening of the N–N triple bond is greater than in the
analogous nickel(I) compound [(tBuNacnac)Ni}2(µ-N2)] (1.120(4) Å) [7], but not as
great as in the analogous iron(I) compound [(tBuNacnac)Fe}2(µ-N2)] (1.189(4) Å)
[8]. This is due to a greater donation of electron density into the N–N p* anti-
bonding orbitals in the iron complex compared with the other two.
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The formally cobalt(0) complex 5-09 has a similar structure to 5-08, in that it is a
cobalt dimer with a bridging molecule of dinitrogen. However, complex 5-09 has
the addition of two potassium cations, each coordinating to one flanking phenyl
ring of each ligand, and also to the dinitrogen bridge. This cobalt(0) complex shows
a significant increase in the activation of the dinitrogen bridge (N–N = 1.220(2) Å)
compared with 5-08, which was also supported by Raman spectroscopy, i.e. a shift
of the N–N absorbance of >730 cm−1 to lower wavenumbers compared with N2

gas. DFT calculations were performed on a simplified model of 5-09, which suggest
that the significant increase in the N–N bond length is due to both the lower
oxidation state of the metal and the coordination of the K+ cations. The lower
oxidation state of the metal means that more electrons are available for backing into
the N–N p* orbitals, whilst coordination of the K+ cation increases the overall
electron transfer to the N2 unit. The resulting activation of the N–N bond in
complex 5-09 is comparable to that of the analogous iron(0) compound
[(tBuNacnac)Fe(µ-K)}2(µ-N2)] (1.241(7) Å) [8].

In 2011, the same group reported on the reduction of the same b-diketiminato
cobalt(II) chloride precursor complex 5-07, once again with KC8, but this time in
THF under an argon atmosphere [9]. The reaction led to the isolation of the
mononuclear cobalt(I) complex [(tBuNacnac)Co(THF)] 5-10, which possesses a
molecule of THF coordinating to the metal centre. Crystallographic analysis of 5-10
showed the metal to occupy a three-coordinate trigonal geometry, with no strong
interactions from the ligand’s flanking phenyl rings.

Dissolution of compound 5-10, in non-polar solvents such as toluene, under an
argon atmosphere, favours the dissociation of THF to give the monomeric cobalt(I)
complex [(tBuNacnac)Co] 5-11, with no additional donor molecules coordinating to
the metal centre (Scheme 5.4). The reaction was found to be reversible, and dis-
solution of compound 5-11 in THF, leads to essentially quantitative yields of 5-10.
Analysis of 5-11 by X-ray crystallography showed the b-diketiminate ligand to be
stabilising the metal centre in an unusual N,η6-arene bonding motif, rather than the
typical N,N′ coordination, presumably to increase the number of valence electrons
on the metal (12e– vs. 16e–). This unusual ligand coordination results in the cobalt
centre occupying a bent one-legged piano stool geometry (N–Co-centroid = 148°),
in what the authors call a “masked two-coordinate complex”. Both complexes 5-10
and 5-11 are paramagnetic in solution, and exhibit solution state effective magnetic
moments of 3.23 and 3.07 µB respectively, indicating that both are high-spin cobalt
(I) complexes.

The reactivity of complex 5-11 towards neutral donor molecules was explored.
Solutions of complex 5-11 were independently treated with pyridine (Py), triph-
enylphosphine and one atmosphere of CO gas, which resulted in all three reactions
yielding their respective adducts (Scheme 5.5). The introduction of pyridine or
PPh3 to 5-11 resulted in a single donor molecule coordinated to the metal centre
(viz. [(tBuNacnac)Co(Py)] 5-12 and [(tBuNacnac)Co(PPh3)] 5-13). In contrast, the
reaction between 5-11 and one atmosphere of CO favoured the coordination of two
CO molecules to give [(tBuNacnac)Co(CO)2] 5-14. All three reactions result in a
change of the ligand’s coordination mode, from N,η6-arene to N,N′ chelating,
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described in the publication as “slipping”, yielding three-coordinate metal centres in
5-12 and 5-13, and a four-coordinate metal centre in 5-14. It is also worth noting
that exposure of a toluene solution of 5-11, to an atmosphere of N2 gas, leads to
almost quantitate yields of the nitrogen bridged complex 5-08.

The reactivity of compound 5-11 was also tested towards fluorobenzene. Five
equivalents of fluorobenzene were added to a solution of 5-11 in deuterated
cyclohexane and the mixture heated to 60 °C for 18 h (Scheme 5.6). This led
to complete consumption of the starting material and the formation of two
new products. The products were identified as [(tBuNacnac)CoPh] 5-15 and
[{(tBuNacnac)Co(µ-F)}2] 5-16, by a combination of 1H NMR spectroscopy and
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X-ray crystallography. Each compound accounted for approximately 50 % of the
cobalt in the reaction, showing that 5-11 is capable of C–F bond activation.

In 2009, the Jones group investigated the stabilising properties of bulky amid-
inate and guanidinate ligands towards low oxidation state cobalt complexes, pre-
pared via the reductions of the cobalt(II) chloride complexes [{(Piso)Co(µ-Cl)}2]
5-17a, [{(Giso)Co(µ-Cl)}2] 5-17b and [{(Priso)Co(µ-Cl)}2] 5-17c (Piso, Giso and
Priso = [(DippN)2CR]

–, R = tBu, Piso; NCy2, Giso; NiPr2, Priso) [10]. The
reductions of all three amidinato- or guanidinato cobalt(II) chloride complexes were
attempted using a number of different reducing agents and solvents. The reductions
of complexes 5-17a–5-17c were initially carried out by stirring toluene solutions of
the complexes over a potassium mirror at room temperature, which in every case
produced a colour change from green to red. After workup and crystallisation, the
three analogous toluene capped cobalt(I) complexes [(Piso)Co(η6-toluene)] 5-18a,
[(Giso)Co(η6-toluene)] 5-18b and [(Priso)Co(η6-toluene)] 5-18c were isolated in
good yields (Scheme 5.7).

The reductions of complexes 5-17a–5-17c were also attempted in cyclohexane,
once again over a potassium mirror, which for complexes 5-17a and 5-17b pro-
duced a colour change from green to red. After workup and crystallisation, red
crystals of the dimeric cobalt(I) complexes [{Co(µ-Piso)}2] 5-19a and [{Co(µ-
Giso)}2] 5-19b were isolated in moderate yields (Scheme 5.7). No product was
isolated from the reduction of 5-17c under these conditions. It is worth mentioning
that all reactions were carried out under an atmosphere of dinitrogen, however a
dinitrogen coordinated product was not obtained from any reaction, showing
contrasting reactivity to the b-diketiminate cobalt(I) complexes.

All five cobalt(I) complexes 5-18a–5-18c and 5-19a–5-19b were crystallo-
graphically characterised. The molecular structures of 5-18a–5-18c showed them to
be essentially isostructual, with the amidinate or guanidinate ligand coordinating to
the metal centre in the expected N,N′ chelating bonding mode, with a further η6

coordination to a molecule of toluene. These three complexes are comparable to
b-diketiminate cobalt(I) complex 5-01, which shows similar metal coordination.
Similar to 5-01, all three complexes 5-18a–5-18c are paramagnetic in solution
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(µeff = 3.09–3.22 µB), indicative of a S = 1 spin state in each case. Therefore
complexes 5-18a–5-18c all possess high-spin cobalt(I) centres.

The solid-state structures of 5-19a and 5-19b show the two complexes to be
amidinate and guanidinate bridged dimers, with essentially planar L2Co2 cores. No
analogous b-diketiminate complexes have been reported to date, but the structures
of the two compounds are comparable to the chromium and molybdenum quintuple
bonded complexes [Cr2(µ-Pipiso)2] 1-02 and [Mo2(µ-Piso)2] 1-03 (previously
discussed in Sect. 1.3). The two cobalt centres in both 5-19a and 5-19b are
three-coordinate, with T-shaped coordination geometries, but with a number of
close contacts to the isopropyl hydrogen atoms on the flanking aryl rings (closest
C–H���Co = 2.62 Å in 5-19a and 2.30 Å in 5-19b). The Co–Co interactions in
complexes 5-19a and 5-19b are exceptionally short (2.1404(10) Å in 5-19a and
2.1345(7) Å in 5-19b), implying a degree of multiple bonding between the metal
centres. Calculations were carried out on the two dimers, in an attempt to further
understand the bonding between the two cobalt centres. However, due to the
wave-functions of both model complexes possessing highly multiconfigurational
character, accurate bond orders could not be assigned.

Complexes 5-19a and 5-19b were found to be paramagnetic in solution,
exhibiting effective magnetic moments of 5.25 and 5.10 µB respectively, charac-
teristic of high-spin cobalt(I) centres. Interestingly, the data obtained from a
solid-state variable-temperature magnetic susceptibility measurement on 5-19a,
could either indicate a single S = 2 ground state for the dimer, or two-non high-spin
d8 centres, each with spin of S = 1. Attempts to distinguish which spin state the
complex possesses unfortunately proved unsuccessful.

The reactivity of the amidinate and guanidinate cobalt(I) complexes towards O2,
CO and 1-azoadamantane was investigated. When a toluene solution of 5-18c was
exposed to a small volume of air, the dioxobridged cobalt(III) compound [{(Priso)
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Co(µ-O)}2] 5-20 was isolated as purple-red crystals, although in very low yields
(Scheme 5.8). Compound 5-20 is a square-planar cobalt(III) dimer, with bridging
oxides. The structure resembles that of the related b-diketiminate cobalt(III) com-
plex 5-03, isolated from the reaction of toluene capped cobalt(I) complex 5-01 with
O2 [4].

The reaction of 5-18b with 1-azoadamantane in hexane, gave the three-
coordinate cobalt(III) complex [(Giso)CoNAd] 5-21 (Scheme 5.8). The Co–NAd
bond is exceptionally short (1.621(3) Å) [4], due to considerable multiple bond
character. The complex resembles the b-diketiminate complex 5-05, which is also a
three-coordinate cobalt(III) complex with an extremely short Co–N bond.

The reactivity of 5-19a towards CO was also investigated. Exposure of a toluene
solution of 5-19a to one atmosphere of CO, gives the CO insertion product
[(PisoCO)Co(CO)3] 5-22 (Scheme 5.8), where three molecules of CO have coor-
dinated to the metal centre, and a fourth has inserted into one of the N–Co bonds.
This reactivity is in contrast to the b-diketiminate cobalt(I) complex 5-01, which
when reacted with CO, only simple coordination to the metal centre was observed
[4]. This difference in reactivity is likely due to the relative ring strain between the
two complexes, which in complex 5-22, results in a more stable five membered ring.
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5.1.2 Low Oxidation State Cobalt Complexes Stabilised
by Bulky Monodentate Monoanionic Ligands

In 2008, Power and co-workers published the synthesis and structure of two
first-row transition metal(I) dimers, bearing the ArDipp (ArDipp = 2,6-Dipp2-C6H3)
terphenyl ligand, for comparisons with the related Cr–Cr quintuple bonded complex
[(ArDippCr)2] 1-01 [11]. One of these complexes was the terphenyl cobalt(I)
dimer [(ArDippCo)2] 5-23, prepared in low yields by the reduction of [{Li
(OEt2)2Ar

DippCoI2}2] [12] with KC8 in THF (Scheme 5.9).
Complex 5-23 was crystallographically characterised, revealing a number of

structural differences between it and the related chromium(I) dimer 1-01. Firstly, the
two metal centres in 5-23 are nearly 1.0 Å further apart than in the chromium
analogue (2.8033(5) Å in 5-23; 1.8351(4) Å in 1-01) [13], indicating a much
weaker metal–metal interaction. In addition, strong η6-arene interactions between
the Co centres and one of the neighbouring ligand’s flanking aryl groups have
replaced the weaker η1 interactions between the chromium and the neighbouring
ligand’s ipso-carbon.

Unexpectedly for a low coordinate cobalt(I) dimer, compound 5-23 shows very
little paramagnetic behaviour, with all resonances from 1H NMR spectroscopy
appearing in the region between d 0 and 10 ppm. This suggests either strong
antiferromagnetic coupling between the two high-spin metal centres, or that the
complex is low-spin. For there to be strong antiferromagnetic coupling between the
two d8 cobalt centres, pairing of two electrons from each cobalt centre is required,
essentially creating a double bond between the metal centres. However, the long
Co–Co separation in the complex, does not support the existence of a double bond,
therefore it is likely that the complex is low-spin.

The authors turned to calculations on the model complex [MeCo(η6-C6H6)] [14]
in an attempt to explain the low-spin nature of 5-23. The calculations predicted a
high-spin S = 1 configuration for the model complex with a linear Me–Co-centroid
motif. However, when the Me–Co-centroid angle is bent to 135°, a bending of 45°
from linearity, electron pairing is induced and the configuration becomes low-spin.
The C–Co-centroid angle in 5-23 is 143.7°, a bending of 36.3° from linearity,
which could be enough to induce the low-spin configuration.
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Towards the end of 2008, the group authored a second report on the reduction of
the bulkier terphenyl cobalt(II) chloride precursor complex [{3,5-iPr2-Ar

TrippCo(µ-
Cl)}2] 2-28 (ArTripp = 2,6-Tripp2-C6H3) with KC8 in toluene [15]. After workup
and subsequent crystallisation, the mononuclear cobalt(I) complex [3,5-iPr2-
ArTrippCo(η6-toluene)] 5-24 was isolated in good yields as bright green crystals
(Scheme 5.10).

Crystallographic analysis of 5-24 found the cobalt(I) complex to be monomeric
in the solid state, with η6 coordination of a molecule of toluene to the metal centre.
This structure is in contrast to the previously discussed terphenyl cobalt(I) complex
5-23, likely due to a combination of ligand bulk and the reaction solvent. The
structure is also in contrast to the related manganese(I) compound [{3,5-iPr2-
ArTrippMn}2(µ-η

6:η6-toluene)] 3-11, which is dimeric in the solid state, with a
“3,5-iPr2-Ar

TrippMn” unit coordinating to each side of a bridging toluene molecule
[16].

Unlike complex 5-23, complex 5-24 is paramagnetic, exhibiting a solid-state
effective magnetic moment of 3.37 µB at 298 K, indicating a high-spin Co(I) centre
with a spin state of S = 1. This is in good agreement with calculations performed on
the model complex [MeCo(η6-C6H6)], as the central C–Co-centroid unit is only
slightly bent at 167.6(2)°, not great enough to induce electron pairing [14].

The reactivity of compound 5-24 towards CO and NO was investigated. When a
diethyl ether solution of 5-24 was exposed to an excess of dry CO gas at atmo-
spheric pressure, a colour change from green to red was observed after stirring for
approximately 10 min at room temperature. Workup and subsequent crystallisation
gave a low yield of the CO inserted product [[3,5-iPr2-Ar

TrippC(O)Co(CO)] 5-25 as
red crystals. Crystallographic analysis of the complex showed the coordination of
one molecule of CO to the metal centre, while a second CO has inserted into the
C–Co bond (Scheme 5.11). The metal centre is further stabilised by an η6 coor-
dination to one of the ligand’s flanking aryl groups. The reaction between complex
5-24 and CO is similar to that of the amidinato cobalt(I) dimer 5-19a, in which a
molecule of CO inserted into the Co–N bond of the ligand [10].

Exposure of a diethyl ether solution of 5-24 to one atmosphere of NO at room
temperature afforded low yields of the double insertion product [[3,5-iPr2-Ar

TrippN
(O)NOCo(NO)2] 5-26 as reddish-brown crystals. The reaction resulted in two
molecules of NO inserting into the C–Co bond and coupling together, forming a
new N–N bond. Two further molecules of NO have terminally coordinated to the
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metal centre, resulting in a tetrahedral cobalt geometry. Insertion of two molecules
of NO into early transition metal–carbon bonds is known, for complexes such as
[(η5-C5H5)2Zr(CH2Ph)2] [17] and WMe6 [18]. However double insertion into late
transition metal–carbon bonds is rare.

In a follow up paper published in 2012, the same group reported the synthesis
and characterisation of the two related cobalt(I) complexes, [3,5-iPr2-Ar

TrippCo(η6-
C6H6)] 5-27 and [3,5-iPr2-Ar

TrippCo(η6-C6H5F)] 5-28, with η6 coordination of the
cobalt centre to a molecule of benzene and fluorobenzene respectively [19]. The
two complexes were synthesised by reduction of the terphenyl cobalt(II) chloride
2-28 with KC8 in THF, in the presence of the appropriate arene (Scheme 5.12). The
reduction of 2-28 was also performed in the presence of bulkier arenes, such as
mesitylene, hexamethylbenzene, tertbutylbenzene and 1,3,5-triisopropylbenzene,
but no product was isolated for any reaction. This was proposed to be because of
the instability of the products, due to steric repulsion between the substituents on
the arene and the isopropyl groups on the flanking aryl rings of the terphenyl ligand.

The η6 coordination of fluorobenzene to the Co(I) centre in 5-28, is in contrast to
the b-diketiminate cobalt(I) complex 5-11, which does not coordinate to
fluorobenzene, but instead activates the C–F bond within the molecule [9].
Although, the C–F activated product K[3,5-iPr2-Ar

TrippCo(F)(C6F5)] 5-29 can be
obtained by the reduction of 2-28 with KC8 in THF, in the presence of C6F6
(Scheme 5.12). The mechanism for the reaction is currently unknown, and therefore
it is not clear whether the KC8 or cobalt centre initially activates the C–F bond.
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The latest cobalt(I) complex to be stabilised by bulky monodentate ligands is the
dimeric alkyl cobalt complex [{(Me2PhSi)3CCo}2] 5-30 reported in 2014, once
again by Power and co-workers [20]. Unusually, the low oxidation state complex
was synthesised by reacting the lithium salt of the ligand [{(Me2PhSi)3C}(THF)]Li
with CoCl2 in a 2:1 ratio (Scheme 5.13), in which the [{(Me2PhSi)3C}(THF)]Li is
acting as both a pre-ligand and a reducing agent. After workup and subsequent
crystallisation, 5-30 was isolated as a green crystalline solid in low yields.

Crystallographic analysis of 5-30 revealed the complex to dimeric in the solid
state. Each cobalt(I) centre coordinated to the alkyl carbon of one ligand, and
further coordinated in a η6 fashion to a flanking phenyl ring of the neighbouring
“(Me2PhSi)3CCo” unit. The Co���Co distance in 5-30 (4.3480(7) Å) is much longer
than a normal Co–Co single bond (2.46 Å) [21] and more than twice the van der
Waals radius for cobalt metal (4.00 Å) [22], thus suggesting little, if any interaction
is present between the two metal centres.

Solid-state variable temperature magnetic susceptibility measurements were
performed on complex 5-30, which gave an effective magnetic moment of 2.63 µB
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per cobalt centre at room temperature, indicative of high-spin cobalt centres. The
complex that is in good agreement with the theoretical calculations performed the
model complex [MeCo(η6-C6H6)] [14], as it is high-spin, with near linear geometry
of the C–Co-centroid units (173.7° avg.).

5.1.3 Other Relevant Low Coordinate, Low Oxidation State
Cobalt Complexes

Along with the bulky mono- and bidentate anionic ligands, a number of other
ligand types have also been successfully used for the stabilisation of low coordi-
nate, low oxidation state cobalt complexes, including NHCs (N-heterocyclic car-
benes), CAACs (cyclic alkyl amino carbenes) and radical anionic a-diimine ligands.

In 2013, Yang and co-workers performed reductions of the previously reported
[(DippDAB)CoCl2] [23] 5-31 (DippDAB = {(DippNC(CH3)}2) under a variety of
different conditions, to isolate a range of different products [24]. When a diethyl
ether solution of complex 5-31 was reacted with exactly one equivalent of potas-
sium metal at room temperature over 3 days, the cobalt(II) dimer [{(DippDAB)Co
(µ-Cl)}2] 5-32 was isolated in moderate yields (Scheme 5.14). Interestingly, the
one electron reduction of the complex has resulted in a reduction of the DippDAB
ligand, and not of the cobalt centre, therefore complex 5-32 is a cobalt(II) complex
bearing two radical mono-anionic a-diimine ligands.
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The reduction of complex 5-31 in toluene, using two equivalents of potassium
metal, yields the toluene capped cobalt(I) complex [(DippDAB)Co(η6-toluene)] 5-33
in moderate yields. Using two equivalents of potassium metal has resulted in a one
electron reduction of both the ligand and the metal centre, yielding the cobalt(I)
complex 5-33, stabilised by a radical mono-anionic a-diimine ligand. In addition,
the reduction of 5-31 with two equivalents of sodium metal in diethyl ether, yields a
third reduction product, the cobalt(I) dimer [{(DippDAB)Co}2] 5-34. Similar to
5-33, complex 5-34 has undergone two single electron reductions (per cobalt
centre), one of the ligand and one of the metal centre, yielding a dimeric cobalt(I)
complex, stabilised by radical mono-anionic a-diimine ligands.

All three reduction products were crystallographically characterised, which
revealed the reduction of the ligand in all three compounds, as made clear by a
considerable shortening of the C–C bond length in the backbone of the ligand (from
1.497(9) Å in 5-31 [23], to 1.413(4)–1.435(6) Å in 5-32–5-34) [24]. The structure
of the toluene capped cobalt(I) complex 5-33 closely resembles that of the afore-
mentioned b-diketiminato cobalt(I) complex 5-01 and the amidinato- and guanid-
inato cobalt(I) complexes 5-18a-c. That is, all five complexes possess a N,N′
chelating anionic bidentate ligand, with a further η6 coordination to a molecule of
toluene.

Complex 5-34 is a cobalt(I) dimer, with η6 coordination to one of the flanking
aryl groups of the neighbouring (DippDAB)Co fragment. The Co���Co separation in
the complex is 4.062(1) Å, too long to imply any significant Co–Co bonding
interaction as it is more than double the van der Waals radius for cobalt (4.00 Å)
[22]. No equivalent structure has yet been reported with the related amidinate,
guanidinate or b-diketiminate ligand classes, but the structure can be compared to
those of the terphenyl stabilised cobalt(I) dimer 5-23 and the alkyl cobalt(I) dimer
5-30. Complexes 5-23, 5-30 and 5-34 all possess similar structures, in that they are
all dimeric cobalt(I) complexes, with η6 coordination of the metal centre to a
flanking aryl group of the adjacent cobalt(I) unit. However, the structure of complex
5-34 more strongly resembles that of 5-30, as the metal centres are a similar
distance apart (2.8033(5) Å in 5-23, 4.3480(7) Å in 5-30 and 4.062(1) Å in 5-34)
[11, 20].

Both 5-33 and 5-34 are paramagnetic compounds, which exhibit effective
magnetic moments of 3.31 µB and 3.25 µB (per monomer) respectively in the solid
state at 298 K. As expected, both of these values are above the spin only value for a
high-spin cobalt(I) centre, due to the paramagnetic nature of the radical ligand,
nevertheless both values are indicative of high-spin Co complexes.

In 2012, Deng and co-workers reported the synthesis and isolation of the three-
coordinate cobalt(I) complex [(IMes)2CoCl] 5-35 (IMes = 1,3-dimesitylimidazol-
2-ylidene), synthesised from the reaction between [(PPh3)3CoCl] 5-36 and two
equivalents of IMes (Scheme 5.15) [25]. The three-coordinate complex 5-35 was
further reacted with the halide extracting reagent NaBPh4, to yield the first
two-coordinate cobalt(I) compound [(IMes)2CoCl][BPh4] 5-37 as a cationic com-
plex (Scheme 5.15).
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Complexes 5-35 and 5-37 were crystallographically characterised. Analysis of
the molecular structure of complex 5-35 found the cobalt centre to occupy a dis-
torted tetrahedral geometry, with C–Co–C and C–Co–Cl angles of 129.6° and
115.2° (avg.) respectively. The cationic complex 5-37 was found to have an
essentially linear two-coordinate cobalt centre (C–Co–C = 178.57(7)°), with no
close interactions between the metal centre and the flanking aryl groups.

Both cobalt(I) complexes 5-35 and 5-37 were found to be paramagnetic,
exhibiting effective magnetic moments of 4.4 µB and 4.1 µB respectively in solution
at room temperature. These values are much higher than the spin only value for a
high-spin d8 centre (2.83 µB), which the authors explained was due to orbital
angular momentum contributions in the complexes [25].

The reaction of complex 5-35 towards a sodium mercury amalgam was also
reported, initially targeting the first two-coordinate cobalt(0) complex [(IMes)2Co].
Unfortunately, the target complex was not isolated, as a doubly ligand C–H acti-
vated cobalt(II) complex was instead synthesised, likely because of the highly
reactive nature of a two-coordinate cobalt(0) centre [25].

The first two two-coordinate cobalt(0) complexes were actually reported almost
simultaneously, both using similar CAAC ligands by the groups of Bertrand and H.
Roesky in 2014 [26, 27]. Bertrand’s route to the two-coordinate cobalt(0) complex
involved halide extraction of the three-coordinate cobalt(I) complex [(Et2-
CAAC)2CoCl] 5-38 (Et2-CAAC = :C(CEt2)(CH2)(CMe2)NDipp) with Na BArF4
(ArF = 3,5-(F3C)2C6H3), to give the two-coordinate cobalt(I) cationic complex
[(Et2-CAAC)2Co][BArF4] 5-39. Complex 5-39 was then reduced using a sodium
mercury amalgam in diethyl ether to give [(Et2-CAAC)2Co] 5-40 as dark green
crystals (Scheme 5.16). Roesky’s route on the other hand, involved the direct
reduction of the three-coordinate cobalt(I) precursor complex [(Me2-CAAC)2CoCl]
5-41 (Me2-CAAC = :C(CH2)(CMe2)2N-Dipp) with KC8 in THF, to give the
two-coordinate cobalt(0) complex [(Me2-CAAC)2Co] 5-42 in high yields
(Scheme 5.17).

All five compounds 5-38–5-42 were crystallographically characterised. The
structure of the two neural cobalt(I) complexes 5-38 and 5-41 closely resemble that
of the related NHC analogous complex 3-35, in that all three complexes possess a
three-coordinate cobalt(I) centre, occupying a distorted trigonal geometry. The
cationic cobalt(I) complex 5-39 also closely resembles the analogous NHC complex
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5-37, in that both structures bear two-coordinate cationic cobalt(I) centres in
essentially linear geometries (C–Co–C = 168.35(9)° in 5-39). All three cobalt(I)
complexes are paramagnetic in solution, indicative of high spin cobalt(I) com-
plexes. Solution state effective magnetic moments of 2.9 µB and 3.2 µB were
calculated for complexes 5-38 and 5-39 respectively, however no effective mag-
netic moment was reported for 5-41.

The two cobalt(0) complexes 5-40 and 5-42 were revealed to have very similar
structures. Both cobalt centres were found to be two-coordinate with slightly bent
geometries (C–Co–C = 169.52(5) in 5-40 and 170.12(8)° in 5-42), with no strong
interactions between the metal centre and the ligand in either structure.

Complexes 5-40 and 5-42 were analysed by EPR spectroscopy, both giving
broad unresolved resonances in the X-band experiments, due to their near linear
geometry. However both spectra were well fitted to a S = ½ spin state, expected for
a d9 cobalt(0) complex. Further reactivity of the two two-coordinate cobalt(0)
complexes has yet to be reported.
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5.2 Research Outline

As discussed in Chap. 2, the two bulky amido cobalt(II) chloride complexes [{Ar*
(SiPh3)NCo(l-Cl)(THF)}2] 2-48 and [{Ar*(SiPh3)NCo(l-Cl)}2] 2-49 have been
prepared as potential precursors for low coordinate, low oxidation state cobalt
complexes. As there are currently no low coordinate, low oxidation state cobalt
complexes stabilized by monodentate amide ligands, the initial goal of this chapter
was to reduce these two precursor complexes in the hope to obtain examples of
such compounds. In addition, even though a number of other bulky monodentate
ligands have proven successful in the isolation of low coordinate cobalt(I) species, a
neutral two-coordinate cobalt(I) complex has yet to be reported. Therefore, the
second objective of this chapter was to target a two-coordinate cobalt(I) complex,
by utilizing the stabilizing properties of the extremely bulky amide ligand.

5.3 Results and Discussion

5.3.1 Preparation and Characterisation of Two Low
Coordinate Amido Cobalt(I) Complexes

At the outset of this study, the reduction of the amido cobalt(II) chloride precursor
complex [{Ar*(SiPh3)NCo(l-Cl)(THF)}2] 2-48 was attempted using activated
magnesium metal in both THF and diethyl ether. After stirring for five days at room
temperature, almost complete recovery of the starting material 2-48 was obtained.
Heating the THF reaction mixture to 60 °C overnight, led to slow decomposition of
the starting material. In addition, the reduction of 2-48 was also attempted by
stirring toluene and THF solutions of the complex over both sodium and potassium
mirrors. In all cases, “over-reduction” of the precursor complex was observed,
resulting in the formation cobalt metal and the protonated amine Ar*(SiPh3)NH as
the only isolable products. In contrast, when the reduction of 2-48 was performed
using 2.2 equivalents of KC8 in benzene, the reaction solution changed from
yellow/brown to intense green over several days. Filtration, followed by concen-
tration of the filtrate, gave the benzene capped amido cobalt(I) complex [{Ar*
(SiPh3)NCo(η

6-benzene)] 5-43 as bright green crystals in good yields
(Scheme 5.18). It was later realized that 5-43 can also be synthesized by replacing
KC8 with the magnesium(I) reducing agent [{(MesNacnac)Mg}2] 1-08. However, on
multiple occasions, the product was found to be contaminated with small amounts
the by-product [{(MesNacnac)Co(µ-Cl)}2], presumably formed by a
trans-metallation side reaction. The reaction between the THF free precursor
complex [{Ar*(SiPh3)NCo(l-Cl)}2] 2-49 and 2.2 equivalents of KC8 in benzene
also gives 5-43, but in slightly lower yields.

When the reduction of 2-48 was repeated in THF, a colour change from dull
green to bright green was observed after stirring for several hours at room
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temperature. Workup, followed by crystallization of the crude reaction solution
from diethyl ether, gave the cobalt(I) dimer [{Ar*(SiPh3)NCo}2] 5-44 as small
green needle crystals in moderate yields (Scheme 5.18).

Complex 5-43 is an amido cobalt(I) compound, with an η6 coordination of the
cobalt centre to a molecule of benzene. The complex is similar to that of the
b-diketiminato cobalt(I) complex 5-01 [4], the three amidinato- and guanidinato
cobalt(I) complexes 5-18a–c [10], and the two mononuclear terphenyl cobalt(I)
complexes 5-24 and 5-27 [15, 19], as all possess an η6 coordination of the cobalt
centre to either a molecule of benzene or toluene. The complex can also be com-
pared to Holland’s “masked two-coordinate” complex 5-11, as both complexes
contain a N–Co-η6-arene bonding motif [9].

Complex 5-44 is a cobalt(I) dimer, with η6 coordination of the metal centres to a
flanking phenyl group from a second “Ar*(SiPh3)NCo” unit. The complex can be
compared to the previously reported terphenyl cobalt(I) dimer 5-23 [11], the alkyl
cobalt(I) dimer 5-30 [20], and the cobalt(I) dimer stabilised by mono-anionic
a-diimine ligands 5-34 [23], as all four complexes are cobalt(I) dimers with similar
bonding motifs.

Interestingly, in the formation of the cobalt(I) dimer 5-44, the η6 coordination of
a flanking phenyl group from a second “Ar*(SiPh3)NCo” motif is preferred over
coordination to THF. This is in contrast with the reduction of the b-diketiminate
cobalt(II) chloride complex 5-07, which gave the mononuclear THF coordinated
cobalt(I) complex 5-10 using similar reaction conditions [9]. However, the isolation
of the terphenyl cobalt(I) dimer 5-23 was also achieved by reduction of a cobalt(II)
precursor in THF [11]. Also worth noting is that both reductions were carried out
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under an atmosphere of high purity dinitrogen, and no dinitrogen coordinated
product was obtained from either reaction. This is once again in contrast with the
reductions of the b-diketiminate cobalt(II) chloride complex 5-07, but similar to the
reductions of the amidinate and guanidinate cobalt(II) precursor complexes 5-17a–c
[10].

It was later found that the benzene capped complex 5-43 can be converted to
dimer 5-44, by dissolution of 5-43 in THF at 60 °C (Scheme 5.19). The reaction
proceeds with a colour change from bright green to deep orange at 60 °C. Upon on
cooling the reaction mixture to room temperature, it returns to a bright green
solution. This reaction is reversible, and dissolution of 5-44 in benzene at room
temperature, leads to the rapid regeneration of 5-43 (Scheme 5.19).

To compare the solid state structures of 5-43 and 5-44 with the previously
reported cobalt(I) complexes, both complexes were crystallographically charac-
terised (Figs. 5.1 and 5.2). The molecular structure of 5-43 shows the cobalt centre to
a possess a one legged piano stool geometry, similar to that in the benzene capped
terphenyl cobalt(I) complex 5-27 [19]. The N–Co distance (1.9166(19) Å) is similar
to that in the precursor complex 2-48 (1.932(6) Å) [28], and the N centre is planar,
with the sum of its angles equalling 359.9°. The Co-centroid distance in 5-43 (1.647
(3)Å) is similar to that in the related terphenyl complex 5-27 (1.634(2)Å), but with a
N–Co-centroid angle of 166.3°, compared with the linear C–Co-centroid angle in
complex 5-27 [19].

The molecular structure of 5-44 show it to be dimeric in the solid state, with each
Co centre coordinated in an η6 fashion to one of the phenyl rings of the SiPh3 group
on the opposing “Ar*(SiPh3)NCo” motif. The two N–Co bond lengths within the
complex are identical (1.913(3) Å), and are the same as in 5-43 (1.9166(19) Å)
within error. The Co���Co separation in complex 5-44 (3.6331(7)Å) is in the range of
the two dimeric cobalt(I) complexes 5-23 (2.8033(5) Å) [11] and 5-30 (4.3480(7) Å)
[20]. However, as it is well outside the covalent radii of two high-spin cobalt
centres (3.00 Å) [29], it is clearly too large to imply any significant interaction
between the two metal centres. Interestingly, the N–Co-centroid angles (159.2°
mean) are almost exactly between the equivalent C–Co-centroid angles in the related
low-spin complex 5-23 (143.7°) [11] and high-spin complex 5-30 (173.7°) [20].
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Scheme 5.19 The reversible conversion between complexes 5-43 and 5-44
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Theoretical calculations suggest that the low-spin configuration of 5-23 is due to a
bending of the C–Co-centroid unit, which induces electron pairing [14]. Therefore,
are the N–Co-centroid angles of 159.2° in 5-44 enough to induce electron pairing?
To investigate the spin states of 5-43 and 5-44, solution state magnetic studies were
undertaken on the two complexes via the Evans method [30].

Compounds 5-43 and 5-44 were both found to be paramagnetic in solution,
exhibiting solution state effective magnetic moments of 2.8 µB and 3.9 µB (2.8 µB
per Co centre) respectively at room temperature. Both values are indicative of
high-spin d8 cobalt(I) centres, and are consistent with the spin only value for a
non-interacting high-spin d8 complex (µso = 2.83 µB). Furthermore, the measured
magnetic moment of 5-44 remains essentially constant over the temperature range
of 65–55 °C, suggesting that there is minimal magnetic communication between
the two metal centres. The magnetic moment of 5-43 falls in the range of the
previously reported mononuclear arene capped cobalt(I) complexes 5-18a–c, 5-24,
5-27 and 5-28 (2.35 to 3.37 µB) [15, 19], whereas that for 5-44 is comparable to the
high-spin alkyl dimer 2-30 (2.63 µB) [20]. Therefore the N–Co-centroid angles of
159.2° in 5-44 are apparently not acute enough to induce a low spin complex.

Fig. 5.1 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 5-43.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Co(1)–N
(1) 1.9166(19), Co(1)–Ct(01) 1.647(3), N(1)–Si(1) 1.711(2), N(1)–C(1) 1.433(3), N(1)–Co(1)–Ct
(01) 166.31(11)
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5.3.2 Reactivity of the Two Amido Cobalt(I) Complexes

Both Holland, with the “masked two-coordinate” cobalt(I) complex 5-11, and
Power, with the KC8 reduction of the terphenyl cobalt chloride complex 2-28 have
shown that activation of C–F bonds is possible with low coordinate cobalt com-
plexes [9, 19]. As the amido benzene capped cobalt(I) complex 5-43 is comparable
to 5-11, it seemed reasonable that it could also activate C–F bonds. With that in
mind, crystals of 5-43 were suspended in dry fluorobenzene and stirred overnight at
room temperature. Due to the extremely low solubility of 5-43 in that solvent at
room temperature, almost complete recovery of the starting material was obtained.
However, when the reaction was repeated and heated to 60 °C, complete dissolu-
tion of 5-43 was observed, resulting in a dark orange solution. On cooling to room
temperature, bright green crystals of the cobalt(I) dimer 5-44 were grown from the
reaction mixture in good yields (Scheme 5.20). A similar reaction was observed
when 5-43 was dissolved in dry hexafluorobenzene at 60 °C. Also worth noting is
that heating a solution of 5-44 in hexafluorobenzene to 60 °C for 3 days, resulted in
almost complete recovery of the starting material.

The dissolution of 5-43 in either fluorobenzene or hexafluorobenzene favours the
loss of benzene and dimerization of two “Ar*(SiPh3)NCo” fragments to yield 5-44.
This lack of reactivity towards fluorobenzene is in contrast to both the b-diketiminate

Fig. 5.2 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 5-44.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Co(1)–N(1)
1.913(3), Co(2)–N(2) 1.913(3), Co(1)–Ct(1) 1.635(4), Co(2)–Ct(2) 1.634(4), Co(1)���Co(2) 3.6331(7),
N(1)–Co(1)–Ct(1) 159.23(14), N(2)–Co(2)–Ct(2) 159.14(14)
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and terphenyl cobalt(I) complexes 5-11 and 5-24 respectively, the first of which
activates the C–F bond whereas the second coordinates in an η6 fashion to a
fluorobenzene molecule [9, 19].

As previously discussed, Power isolated the hexafluorobenzene C–F activated
product 5-29, by reduction of the terphenyl cobalt(II) chloride complex 2-28 with
KC8 in THF, in the presence of C6F6 [19]. With that in mind, KC8 (2.2 equiv.) was
added to a THF solution of the amido cobalt(II) chloride precursor complex 2-48
containing hexafluorobenzene (50 equiv.) at –80 °C. After warming the reaction
mixture to room temperature and stirring overnight, the cobalt(I) dimer 5-44 was
once again the only product isolated.

With the lack of reactivity towards C–F bonded molecules, reactivity studies of
5-43 moved on to two-electron donor molecules, in an attempt to exchange the η6

coordination of benzene for a monodentate donor ligand, thus yielding a neutral
two-coordinate cobalt(I) complex. A number of strong r-donor ligands were tested,
including phosphines, pyridines and NHC’s.

The addition of triphenylphosphine to a benzene solution of 5-43 led to no
reaction, even after heating to 60 °C overnight. It was proposed that the large size
of PPh3 made the coordination of it to the metal centre unfavorable. In contrast, the
addition of the smaller trimethylphophine to a benzene solution of 5-43, produced
an immediate colour change from green to brown, and the formation of a brown
insoluble sticky product. Due to the product’s extremely poor solubility in solvents
such as hexane, benzene and THF, no further data on this compound were obtained.
The addition of pyridine to a benzene solution of 5-43 also led to no reaction, even
after heating to 60 °C overnight, whereas the addition of DMAP (DMAP =
4-dimethylaminopyridine) to a benzene solution of 5-43 gave an intractable mixture
of products.

Various NHC’s were also investigated in attempts to substitute the benzene
ligand, including IMes, IPr (IPr = :C{N(Dipp)CH}2), TMC (TMC = :C{N(Me)C
(Me)}2) and IPriMe (IPriMe = :C{N(iPr)C(Me)}2). The two most stericly hindering
NHC’s, IPr and IMes did not react with 5-43 even after prolonged heating to 60 °C,
likely due to their large bulk disfavoring coordination to the metal centre. In contrast,
TMC reacted immediately on addition, to give a dark orange/yellow solution.
However seconds later, signs of decomposition were observed by elemental metal
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precipitating from the reaction mixture, suggesting that the product is not stable at
least at room temperature.

When 1.1 equivalents of the slightly bulkier IPriMe was added to a benzene
solution of 5-43, an instant colour change from green to orange/yellow was
observed, which persisted at room temperature for several days. Workup, followed
by crystallization of the reaction mixture from diethyl ether led to the isolation of
the two-coordinate cobalt(I) complex [Ar*(SiPh3)NCo(IPriMe)] 5-45a as yellow
crystals (Scheme 5.21). Interestingly, when the reaction mixture is crystallised from
pentane, red crystals of a higher coordinate isomer of 5-45 were isolated (viz.
5-45b), which possessed an intermolecular cobalt-arene interaction.

Both isomers of 5-45 were crystallographically characterised (Fig. 5.3). It is
worthy of mention that a small number of crystals of the charge separated species
[Ar*(SiPh3)N]

–[Co(IPriMe)3]
+ were isolated from one reaction, presumably formed

by excess IPriMe reacting with 5-45 (see Appendix 7.2 for the molecular structure).
The molecular structure of 5-45a, the isomer crystallised from diethyl ether, shows
a two-coordinate cobalt centre with a near linear N–Co–C fragment (173.2°). The
N–Co bond length (1.889(2) Å) is not surprisingly shorter than in the higher
coordinate isomer 5-45b (1.979(3) Å) and also shorter than in the two η6 coordi-
nated cobalt(I) complexes 5-43 and 5-44. The Co-C distance in 5-45a (1.962(3) Å)
is similar to those in other IPriMe complexes of cobalt, such as in [CoPh2(IPriMe)2]
(1.962 Å avg.) [31], but expectedly shorter than the equivalent bond in the higher
coordinate isomer 5-45b (2.009(4) Å).

The N–Co–C unit in the higher coordinate isomer 5-45b is considerably bent
(140.2°), due to a close interaction between the cobalt centre and an ipso-carbon of
one flanking phenyl from the amide ligand (C���Cipso = 2.103(3) Å). It is apparent
that such an interaction is avoided in the two-coordinate isomer 5-45a, as the
compound packs in the crystal lattice with relatively close intermolecular contacts
between the p-methyl group on the amide ligand of one molecule and the Co centre
of another (closest methyl proton���Co distance: 3.27 Å). In addition, the structure
of 5-45a incorporates a diethyl ether molecule of crystallisation in the lattice, while
the structure of 5-45b incorporates a pentane molecule. This difference could also
affect the crystal packing of the two isomeric forms of 5-45.
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Dissolving crystals of both isotopes of 5-45 in C6D6 results in similar dark
orange/yellow solutions. 1H NMR spectroscopy studies of the two solutions gave
identical spectra, with 10 clear hydrogen resonances over a wide ppm range (d
−100 to +83 ppm, 12 different hydrogen environments are expected for 5-45, but
likely due to overlapping of broad peaks in the 1H NMR, only 10 are seen). The
observation of such a low number of resonances suggests that the complex exists in
solution as its symmetrical two-coordinate form, as many more are expected for the
higher coordinate 5-45b. Compound 5-45 is therefore the first example of neural
two-coordinate cobalt(I) complex.

Compound 5-45 was found to possess a solution state magnetic moment of
2.6 µB (determined by the Evans method) at room temperature [30], which is
indicative of a high-spin cobalt(I) centre. The value is considerably lower than the
two-coordinate cationic complexes 5-37 and 5-39 (3.2–4.1 µB) [25, 26], as the
cationic complexes were proposed to have enhanced effective magnetic moments
due to spin-orbit coupling contributions.

5.4 Conclusion

In summary, a series of low coordinate cobalt(I) complexes, bearing an extremely
bulky amido ligand have been synthesised. These include the benzene capped
complex 5-43, which readily loses its benzene ligand in solution to give the dimeric

Fig. 5.3 Thermal ellipsoid plots (25 % probability surface) of the molecular structures of 5-45a
(left) and 5-45b (right). Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å)
and angles (°) for 5-45a: Co(1)–N(1) 1.889(2), Co(1)–C(52) 1.962(3), C(52)–N(2) 1.363(3),
C(52)–N(3) 1.359(4), N(1)–Co(1)-C(52) 173.18(10). Selected bond lengths (Å) and angles (°) for
5-45b: Co(1)–N(1) 1.979(3), Co(1)–C(52) 2.009(4), Co(1)–C(22) 2.103(3), Co(1)–C(22) 2.13(4),
C(52)–N(2) 1.357(5), C(52)–N(3) 1.360(5), N(1)–Co(1)-C(52) 140.16(13)
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cobalt(I) complex 5-44. The benzene ligand of 5-43 can also be displaced by the
NHC IPriMe, to yield the first neural two-coordinate cobalt(I) complex 5-45.
Complex 5-45 can be crystallised as two distinct structural isomers, 5-45a, which
possesses a two-coordinate near linear cobalt centre and 5-45b, which possesses a
higher coordinate cobalt centre due to an intramolecular arene interaction. All
synthesised complexes were found to possess high-spin cobalt(I) centres in solu-
tion, with the dimeric complex 5-44 appearing to have no detectable magnetic
communication between the two metal centres.

5.5 Experimental

General methods. All manipulations were carried out using standard Schlenk and
glove box techniques under an atmosphere of high purity dinitrogen. THF, benzene
and toluene were distilled over molten potassium, while diethyl ether and pentane
were distilled over sodium/potassium alloy (1:1). Fluorobenzene was distilled over
CaH2.

1H NMR spectra were recorded on a Varian Inova 500 spectrometer and
were referenced to the resonances of the solvent used, or external SiMe4. Mass
spectra were recorded on an Agilent Techonlogies 5975D inert MSD with a solid
state probe or obtained from the EPSRC National Mass Spectrometric Service at
Swansea University. IR spectra were recorded as solid samples using an Agilent
Cary 630 attenuated total reflectance (ATR) spectrometer. Microanalyses were
carried out by the Science Centre, London Metropolitan University. A reproducible
microanalysis for 5-45 could not be obtained as the compound contained variable
amounts of either diethyl ether or pentane of crystallization, which could not be
completely removed from the sample by vacuum drying the compound at room
temperature for several hours. The starting materials [{Ar*(SiPh3)NCo(l-Cl)
(THF)}2] 2-48 and [{Ar*(SiPh3)NCo(l-Cl)}2] 2-49 were prepared as discussed in
Chap. 2. The starting materials [{(MesNacnac)Mg}2] [32] 1-08 and IPriMe [33]
were prepared according to the literature method.

Preparation 1 of [Ar*(SiPh3)NCo(η
6-benzene)], 5-43. To a suspension of KC8

(0.086 g, 0.637 mmol) in benzene (25 mL) was added a solution of [{Ar*(SiPh3)
NCo(l-Cl)(THF)}2] 2-48 (0.500 g, 0.290 mmol) in benzene (25 mL) at ambient
temperature. The reaction mixture was stirred for 72 h, producing a colour change
from yellow/brown to intense green. The reaction mixture was filtered, concentrated
(ca. 10 mL) and slowly cooled to 5 °C overnight to give 5-43 as green crystals
(0.365 g, 75 %).

Preparation 2 of [Ar*(SiPh3)NCo(η
6-benzene)], 5-43. To a solution of [{Ar*

(SiPh3)NCo(l-Cl)(THF)}2] 2-48 (0.500 g, 0.290 mmol) in toluene (25 mL) was
added a solution of [{(MesNacnac)Mg}2] 1-08 (0.228 g, 0.318 mmol) in toluene
(25 mL) at –80 °C over 5 min. The reaction was slowly warmed to ambient tem-
perature, producing a colour change from yellow/brown to intense green. The
reaction mixture was stirred for a further 2 h at ambient temperature, whereupon
volatiles were removed from the filtrate in vacuo. The residue was extracted with
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ice cold toluene (25 mL), filtered and volatiles once again removed from the filtrate
in vacuo to give a green solid. This solid was then dissolved in the minimum
volume of hot benzene (ca. 10 mL) and slowly cooled to 5 °C overnight to give
5-43 as green crystals (0.320 g, 66 %). Mp: 117–119 °C (decomp. on melting); 1H
NMR (499 MHz, C6D6, 298 K): d = 3.40 (br.), 5.07, 6.40, 6.66, 7.11, 8.54, 11.59,
13.22, 19.63 (br.), 21.37, 23.55; IR t/cm−1 (Nujol): 1597(m), 1492(m), 1437(m),
1426(s), 1257(m), 1231(s), 1210(m), 1130(m), 1100(s), 1076(m), 1030(m), 922(m),
904(m), 832(m), 804(m), 761(s), 739(m), 697(s), 675(s); UV-Vis (benzene) [kmax,
nm (e, m−1 cm−1)]: 612 (304); MS/EI m/z (%): 697.3 (Ar*N(H)SiPh3

+, 97), 439.2
(Ar*NH2

+, 36), 259.0 (Ph3Si
+, 100), 167.0 (Ph2CH

+, 10); leff (Evan’s, C6D6,
298 K): 2.8 lB; anal. calc. for C57H48CoNSi: C 82.09 %, H 5.80 %, N 1.68 %,
found: C 81.91 %, H 5.92 %, N 1.71 %.

Preparation 1 of [{Ar*(SiPh3)NCo}2], 5-44. To a suspension of KC8 (0.086 g,
0.637 mmol) in THF (25 mL) was added a solution of [{Ar*(SiPh3)NCo(THF)(l-
Cl)}2] 2-48 (0.500 g, 0.290 mmol) in THF (25 mL) at –80 °C. The reaction
mixture was allowed to slowly warm to ambient temperature where it was stirred
for a further 24 h. Volatiles were removed in vacuo, the residue extracted with
diethyl ether (25 mL), filtered, concentrated (ca. 10 mL) and slowly cooled to 5 °C
overnight to give 5-44 as small green crystals (0.280 g, 64 %).

Preparation 2 of [{Ar*(SiPh3)NCo}2], 5-44. [Ar*(SiPh3)NCo(η
6-benzene)]

5-43 (0.200 g, 0.240 mmol) was suspended in fluorobenzene (10 mL) and heated at
60 °C for 5 min whereupon it dissolved to give a dark orange solution. The reaction
mixture was slowly cooled to 5 °C overnight to give 5-44 as small green crystals
(0.135 g, 74 %). Mp: 215–218 °C (decomp. on melting); 1H NMR (499 MHz,
d8-THF, 298 K): d = –31.33 (br.), –16.61 (br.), –10.53 (br.), –4.44 (br.), 7.24 (br.),
9.71 (br.), 11.68 (br.), 12.91 (br.), 14.14 (br.), 19.05 (br.), 19.85 (br.), 22.56 (br.),
29.14 (br.), 44.01 (br.), 45.46 (br.), 46.65 (br.), 48.37 (br.), 56.49 (br.), 88.11 (br.),
109.72 (br.); IR t/cm−1 (Nujol): 1595(m), 1492(s), 1437(s), 1426(s), 1255(m), 1228
(s), 1213(s), 1154(m), 1132(m), 1101(s), 1089(s), 1029(m), 924(m), 915(m), 853
(m) 831(m), 803(s), 742(s), 696(s), 673(s), 663(m); UV-Vis (THF) [kmax, nm
(e, m−1 cm−1)]: 355 (3046); MS/EI m/z (%): 755.3 (Ar*(SiPh3)NCo

+, 99), 697.3
(Ar*N(H)SiPh3

+, 100), 439.2 (Ar*NH2
+, 9), 259.0 (Ph3Si

+, 64), 167.0 (Ph2CH
+, 4);

leff (Evan’s, d
8-THF, 298 K): 3.9 lB (per dimer); anal. calc. for C57H48CoNSi: C

81.03 %, H 5.60 %, N 1.85 %, found: C 80.93 %, H 5.71 %, N 1.92 %.
Preparation of [{Ar*(SiPh3)NCo(IPriMe)], 5-45. To a solution of [{Ar*

(SiPh3)NCo(η
6-benzene)] 5-43 (0.200 g, 0.240 mmol) in benzene (15 mL) was

added a solution of IPriMe (0.048 g, 0.264 mmol) in benzene (15 mL) at ambient
temperature over 5 min, resulting in an immediate colour change from green to dark
orange. The reaction mixture was stirred for a further 20 min, whereupon volatiles
were removed in vacuo. The residue was extracted with diethyl ether (25 mL), the
extract filtered, concentrated (ca. 10 mL) and slowly cooled to 5 °C overnight to
give 5-45a as yellow crystals (0.050 g, 22 %). The residue was also be extracted
with pentane (25 mL), the extract filtered, concentrated (ca. 10 mL) and slowly
cooled to 5 °C overnight to give 5-45b as orange-red crystals (0.045 g, 20 %).
Mp: 119–122 °C (decomp. on melting); 1H NMR (499 MHz, C6D6, 298 K):
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d = –99.47 (br.), –46.10 (br.), –18.64 (br.), 12.79 (br.), 13.81 (br.), 15.55 (br.),
19.92 (br.), 26.04 (br.), 34.40 (br.), 82.75 (br.); IR t/cm−1 (Nujol): 1598(m), 1492
(m), 1444(m), 1426(m), 1364(m), 1259(s), 1097(s), 1015(s), 921(m), 880(m), 855
(m), 797(s), 741(m), 697(s); MS/EI m/z (%): 697.6 (Ar*N(H)SiPh3

+, 64), 619.5
(Ar*N(H)SiPh2

+, 28), 438.3 (Ar*NH+, 22), 259.0 (Ph3Si
+, 100), 181.1 (NHC

+H+, 26), 167.
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Chapter 6
Preparation of Molybdenum
Aminogermylene and Aminogermylyne
Complexes

6.1 Introduction

Transition metal carbyne complexes are organometallic compounds that contain a
transition-metal carbon triple bond. Since their discovery in 1973 [1], this funda-
mental compound class has been extensively studied, due to their numerous syn-
thetic, catalytic and analytical applications [2]. In recent years, considerable efforts
have been made to extend this work to the preparation of heavier group 14 ana-
logues, i.e. transition metal tetrelynes LnM�ER (E = Si, Ge, Sn or Pb; M = a
transition metal; L = a ligand, R = an organic group) to investigate their further
chemistry. However, unlike their lighter carbon analogues, bulky substituents are
required to kinetically stabilise the reactive M�E core. The synthesis and reactivity
of these transition metal tetrelyne complexes is the primary focus for this chapter.

6.1.1 Previously Reported Transition Metal Tetrelyne
Complexes

The first report of a transition metal tetrelyne complex was by Tilley and
co-workers in 1992, with the isolation of the base stabilised silylyne complex
[(Me3P)2(Cp*)RuSi{S(4-Me-C6H4)}(bipy)][OTf]2 6-01 (Cp* = C5Me5; bipy =
2,2′-bipyridine; Tf = triflate) [3]. However, as the silicon centre in this complex is
four-coordinate, occupying a distorted tetrahedral geometry, it cannot be considered
as a “true” silylyne complex.

© Springer Nature Singapore Pte Ltd. 2017
J. Hicks, Preparation, Characterisation and Reactivity of Low Oxidation State d-Block
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6.1.1.1 Transition Metal Germylyne Complexes

The first “true” transition metal tetrelyne complex was reported by Simons and
Power almost two decades ago, that is the molybdenum-germanium triply bonded
complex [(CO)2(Cp)Mo�GeArMes] 6-02 [4]. The complex was synthesised by a
salt metathesis reaction between the terphenyl germanium(II) chloride complex
[ArMesGeCl] 6-03 and the molybdenum salt Na[CpMo(CO)3] 6-04 in THF at 50 °C
(Scheme 6.1). During the reaction, a single molecule of CO is lost from the
molybdenum centre allowing for the formation of the MoGe triple bond. After
workup and crystallisation, complex 6-02 was isolated as air sensitive red crystals
in low yields.

Complex 6-02 was crystallographically characterised, revealing a two coordinate
germanium centre with near linear Mo–Ge–C geometry (172.2°). The Mo-Ge bond
length was found to be remarkably short (2.271(1) Å), considerably shorter than
previously reported MoGe singly bonded complexes, e.g. [{EtO(Ph)C}
(CO)2CpMo-GePh3] (2.658(2) Å) [5] and [(η

3-C6H11)(NO)CpMo-GePh3] (2.604(2)
Å) [6]. The short MoGe bond length, in addition to the near linear geometry of the
germanium atom, is in good agreement with the proposed MoGe triple bonded
model.

In 2000, the same group published a follow up paper, proposing that the for-
mation of germylyne complex 6-02 goes through a singly bonded intermediate, i.e.
[Cp(CO)3Mo–GeArMes], before eliminating CO to form the MoGe triple bond [7].
In an attempt to isolate this intermediate, the bulkier terphenyl germanium chloride
complex [ArTrippGeCl] 6-05 was reacted with the molybdenum salt complex
6-04.2DME (DME = 1,2-dimethoxyethane), in the hope that the extra steric bulk
from the ligand would stabilise the singly bonded intermediate. This was not the
case, and the triply bonded complex [Cp(CO)2Mo�GeArTripp] 6-06 was isolated,
even when the reaction mixture was maintained at 0 °C. Therefore, it appears that
the MoGe singly bonded complex spontaneously undergoes CO elimination at
temperatures � 0 °C. Complex 6-06 was crystallographically characterised, and it
was found to be essentially isostructural to the previously reported complex 6-02,
only differing by the size of the terphenyl ligand.

The bulky terphenyl germanium chloride complex 6-05 was reacted with the two
analogous group 6 metal salts Na[CpM(CO3)]�2DME (M = Cr or W) in toluene,

Mes

Mes

GeCl +  Na[CpMo(CO)3]
THF, 50 °C, 2 hrs

6-03

– CO, – NaCl
Mo Ge

Cp

OC
OC

Mes

Mes
6-04

6-02

Scheme 6.1 Preparation of 6-02, the first transition metal-tetrelyne complex
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maintaining the reaction temperature at, or below 25 °C. Contrastingly, workup of
the two green reaction mixtures, followed by crystallisation from hexane, gave the
singly bonded tricarbonyl complexes [Cp(CO)3M–GeArMes] (M = Cr, 6-07; W,
6-08) as green crystals in moderate yields (Scheme 6.2).

Both complexes 6-07 and 6-08 were crystallographically characterised, and they
were found to be essentially isostructual, both maintaining the three carbonyl
ligands from the starting materials. Both complexes were found to possess
two-coordinate germanium centres with bent geometries (Cr–Ge–C = 117.9° in
6-07 and W–Ge–C = 114.7° in 6-08), consistent with the presence of a stereo-
chemically active lone pair on the group 14 element. In addition, the
germanium-transition metal bond lengths in both complexes (Cr–Ge = 2.590(2) Å
and W–Ge = 2.681(3) Å) are comparable to the sum of the covalent radii of the two
elements (Cr and Ge = 2.50 Å; W and Ge = 2.61 Å) [8]. All of these structural
characteristics support the formulation of the two singly bonded transition
metal-germylene complexes.

The complexes 6-07 and 6-08 were found to eliminate CO to give the corre-
sponding germylynes, albeit under more forcing conditions than required for the
molybdenum analogue 6-06. Heating a toluene solution of 6-07 to reflux for 15 min
favours elimination of CO, and consequently the formation of the triply bonded [Cp
(CO)2Cr�GeArTripp] 6-09, indicated by a colour change from green to red
(Scheme 6.3). Irradiation of a hexane solution of 6-08 with UV light for 2 h favours

M Ge

Tripp

Tripp

GeCl +  Na[CpM(CO)3].2DME

toluene, 4 hrs
–78 °C to 25 °C

M = Cr, 6-07
M = W, 6-08

6-05

Tripp

Tripp

– NaCl

OC

OC

Cp

CO

Scheme 6.2 Preparation of 6-07 and 6-08, singly bonded transition metal-germylene compounds

M Ge

M = Cr, 6-07
M = W, 6-08

Tripp

TrippOC

OC

Cp

CO

reflux toluene,
or UV light

– CO
M Ge

Cp

OC
OC

Tripp

Tripp

M = Cr, 6-09
M = W, 6-10

Scheme 6.3 Preparation of 6-09 and 6-10

6.1 Introduction 163



the elimination of CO for that compound, and the subsequent formation of [Cp
(CO)2W�GeArTripp] 6-10 (Scheme 6.3). It is not yet fully understood why the
molybdenum analogue eliminates CO under much milder conditions than the other
group 6 metals, but it is in agreement with other studies, which found molybdenum
carbonyl complexes to be more reactive than analogous chromium or tungsten
complexes [9].

Complex 6-09 was crystallographically characterised, but unfortunately a sat-
isfactory X-ray diffraction data set could not be obtained for 6-10, likely due to
inclusion of disordered solvent molecules. However, a second tungsten-germylyne
complex was also prepared and successfully structurally characterised (viz. [Cp
(CO)2W�GeArMes] 6-11) for comparison with 6-08. As the two tungsten com-
plexes 6-10 and 6-11 vary only by the size of the terphenyl ligand, it was assumed
that this would have little influence on the overall structure of the complex.
Therefore the triply bonded complex 6-11 was directly compared with the singly
bonded complex 6-08.

As expected, the molecular structure of 6-09 showed a significant decrease in the
chromium-germanium bond length of >0.4 Å (Cr–Ge = 2.166(4) Å), compared
with the precursor complex 6-07, indicative of an increase in bond order. Also the
Cr–Ge–C angle significantly widened to almost linear in 6-09 (176.0°), from a
highly bent geometry in 6-07. Also worth noting is that a small shortening of the
Ge-C bond is observed from 6-07 to 6-09 (i.e. 0.047 Å), due to the change in the
hybridization of the Ge atom, owing to its change in geometry from bent to linear.

The molecular structure of the tungsten analogue 6-11 tells a similar story, with a
W-Ge bond length of 2.2767(14) Å, with a shortening of >0.4 Å compared to the
singly bonded precursor complex 6-08. Moreover, the W–Ge–C angle has widened
significantly from 6-08 to 6-11 (170.9°), and once again a small shortening of the
Ge–C was observed, due to a change in hybridisation of the Ge centre.

A number of other transition metal-germylynes containing different ligands and
transition metals have been reported by various groups [10]. However, with the
exception of two transition metal-germylyne complexes, which dimerise in the solid
state to give LnM�Ge–Ge�MLn compounds (M = Mo, W) [10e], all contain bulky
alkyl or aryl substituents on the germanium centre.

6.1.1.2 Transition Metal Stannylyne Complexes

In 2002, Power and co-workers published their findings on reactions between the
three group 6 metal salt complexes Na[CpM(CO3)] (M = Cr, Mo, W) and two
bulky terphenyl tin(II) chloride complexes [ArSnCl] (Ar = ArMes, ArTripp), i.e.
analogous reactions to those which gave the germylyne complexes 6-02 and 6-06
[11]. However, in contrast to germanium, the reactions between all three group 6
salt complexes and both terphenyl tin chloride precursors yielded the singly bonded
transition metal-stannylene complexes [Cp(CO)3M–SnAr]. Unfortunately, none of
the complexes were found to eliminate CO to give a transition metal-stannylyne
complex.
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The first transition metal-stannylyne complex was reported the following year by
Filippou and co-workers, with the oxidative addition reaction between the terphenyl
tin chloride [{ArMesSn(µ-Cl)}2] 6-12 and the neutral tungsten(0) complex cis-[W
(N2)2(PMe3)4] 6-13 in refluxing toluene (Scheme 6.4) [12]. The reaction mixture
rapidly changed colour upon heating, from yellow-orange to dark red-brown,
indicating the formation of the tungsten-stannylyne complex [Cl
(Me3P)4W�SnArMes] 6-14. No intermediates could be detected by IR spectroscopy
during the fast reaction, which was complete in just a few minutes.

Complex 6-14 was crystallographically characterised, revealing a
two-coordinate tin centre with an essentially linear geometry (W–Sn–C = 178.2°).
This is in contrast to the previously reported “distannyne” [ArDippSnSnArDipp],
which has a trans-bent structure, with Sn-Sn-C angles of 125.2° [13]. The tungsten
centre occupies a slightly distorted octahedral geometry, with the chloride ligand
trans to the stannylyne ligand. The tungsten-tin bond length (2.4901(7) Å) was
unsurprisingly found to be the shortest known at the time, shorter than a number of
previously reported W-Sn single and double bonds (2.71–2.81 Å) [14].

Later in 2003, the same group reported a second tungsten-stannylyne complex
(viz. trans-[Cl(dppe)2W�SnArMes] 6-15 (dppe = {Ph2PCH2}2), prepared by a
similar method used to access 6-14, differing only by the phosphine groups coor-
dinated to the tungsten [15]. Crystallographic analysis of 6-15 found it to possess a
very similar structure to 6-14, with an essentially linear tin centre (W–Sn–
C = 175.9°) and a similar W-Sn bond length (2.504(1) Å).

DFT calculations, using the B3LYP/6-311G* level of theory, were performed on
a simplified model of 6-15, trans-[Cl(PH3)4W�SnMe] 6-15a and the related car-
byne complex trans-[Cl(PH3)4W�CMe] 6-15b for comparison [15]. Both com-
pounds were found to possess a Cs-symmetric minimum structure with a linear
geometry at the Sn or C atom. The calculated MOs show that both W-Sn and W-C
bonds are made up of a single r bond, which is polarised towards the group 14
element, and two p bonds, which are polarised towards the tungsten. The polari-
sation of both the r and p bonds is greater in the model stannylyne complex 6-15a,
than in the model carbyne complex 6-15b, due to a larger difference in elec-
tronegativities of the two elements. Moreover, a comparison of the calculated
partial charges in both complexes showed that the tungsten atom in 6-15a is con-
siderably more negatively charged than that in 6-15b. In addition, the carbyne atom
in 6-15b was calculated to be essentially electro-neutral, whereas the Sn atom in
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– 2 N2
W Sn
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Me3P

Me3P

WMe3P N2
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Me3P
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Scheme 6.4 Preparation of the first transition metal-stannylyne complex 6-14
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6-15a has a considerable positive charge, again due to the difference in elec-
tronegativies of the two elements.

In the same publication, compound 6-15 was reacted with the halide extraction
reagent TI[PF6] in THF at room temperature (Scheme 6.5). Workup followed by
crystallisation of the reaction mixture gave the cationic stannylyne complex
[(dppe)2W�SnArMes][PF6] 6-16 as highly air sensitive green crystals in a 51 %
yield.

A crystallographic analysis of 6-16 found the cationic complex to be well
separated from the PF6 anion (closest W���F and Sn���F distances >6.8 Å). The
extraction of the chloride ligand has resulted in a decrease in coordination number
of the tungsten metal centre, from six in 6-15 to five in 6-16. The tungsten centre in
6-16 was found to possess a square pyramidal geometry, with the stannylyne ligand
as the best p-acceptor group occupying the apical position. The W-Sn bond length
in 6-16 (2.4641(7) Å) is slightly shorter than that in the neutral complex 6-15 (2.504
(1) Å), consistent with the lower coordination number of the tungsten atom.
Structurally, the tin centre remains essentially unchanged, maintaining its near
linear geometry (W–Sn–C = 178.8°).

Recently, Filippou and co-workers have reported a second cationic stannylyne
complex trans-[H(dmpe)2Mn�SnArMes]+ 6-17 (dmpe = {Ph2PCH2}2) [16], syn-
thesised by the reaction of the same terphenyl tin chloride 6-12 with trans-[H
(dmpe)2Mn(H2)], followed by halide extraction. Compound 6-17 is the first
example of manganese-tetrelyne complex.

6.1.1.3 Transition Metal Plumbylyne Complexes

In 2004, Filippou and co-workers were also the first to report a stable transition
metal-plumbylyne complex (viz. trans-[Br(Me3P)4Mo�PbArTripp] 6-18) [17]. The
complex was synthesised by the reaction between the bulky terphenyl lead(II)
bromide complex [{ArTrippPb(µ-Br)}2] 6-19 and cis-[Mo(N2)2(PMe3)4] 6-20 (the
molybdenum analogue of 6-13), in toluene at room temperature (Scheme 6.6).
Workup and subsequent fractional crystallisation of the reaction mixture gave the
plumbylyne complex 6-18 as red-brown crystals.

W Sn

Mes

Mes

6-15

Ph2P

PPh2

Cl
PPh2

Ph2P
W Sn

Mes

Mes

6-16

Ph2P

PPh2

PPh2

Ph2P

Tl[PF6], THF/toluene
20 °C, 16 hrs

– TlCl
[PF6]–

+

Scheme 6.5 Preparation of 6-16
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Due to the extremely large and diffuse orbitals of row 6 elements in general,
multiple bonding is rare; complex 6-18 was the first example of a complex con-
taining a row 6 main group element forming a triple bond. The complex was found
to be highly air sensitive, but surprisingly thermally stable, decomposing only at
temperatures above 194 °C in the solid state.

Complex 6-18 was crystallographically characterised, revealing a structure
similar to its lighter analogues. The lead centre is two-coordinate, possessing an
essentially linear geometry (177.8°), with a short Mo-Pb bond length of 2.5495(8)
Å. The Mo-Pb bond length in 6-18 is much shorter than in previously reported
single bonded complexes, e.g. [{(CO)3CpMo}2Pb] (Mo-Pb = 2.9845(7) Å) [18],
where the lead atom is also two-coordinate, but with a bent geometry. The structure
of 6-18 is in contrast with the previously reported “diplumbyne”
[ArTrippPbPbArTripp], which possesses a trans-bent structure (Pb–Pb-C = 94.3°),
and a Pb–Pb single bond (3.1881(1) Å) [19].

Calculations, using the BP86/LANL2DZ level of theory, were performed on a
simplified model of complex 6-18 (trans-[Br(H3P)4Mo�PbPh], 6-18a) and the
related carbyne complex (trans-[Br(H3P)4Mo�CPh], 6-18b), the results of which
mirrored those for the stannylyne complex 6-15a. That is, the structure of 6-18a is
best modelled as having a Mo-Pb triple bond with a C2v-symmetric minima,
resulting in a linear Pb geometry. The Mo-Pb bond in 6-18a is more polarised than
the Mo-C bond in 6-18b, due to the molybdenum centre being considerably more
negatively charged in 6-18a than in 6-18b.

Later in 2004, the group published a follow up paper on the synthesis and
characterisation of the tungsten-plumbylyne analogues (viz. trans-[X
(Me3P)4W�PbArTripp] (X = Br, 6-21-Br; I, 6-21-I) [20]. The complexes possess a
very similar structure to that of 6-18, with a Pb-W bond length of 2.5464(5) Å (for
6-21-Br) and an essentially linear lead centre (W–Pb–C = 177.5°). Complex
6-21-Br was further reacted with the halide extracting reagents M[BAr4] (M = Li
or Na, Ar = C6F5 or 3,5-(CF3)2-C6H3), in the presence of either phenylnitrile or
PMe3, to give the cationic tungsten-plumbylyne complexes, trans-[L
(Me3P)4W�PbArTripp][BAr4] (L = PhCN, Ar = 3,5-(CF3)2-C6H3, 6-22; L = PMe3,
Ar = C6F5, 6-23), in relatively good yields (Scheme 6.7).

The solid state structures of compounds 6-22 and 6-23 closely resemble those of
the cationic tungsten-stannylyne 6-15, but in that complex, the tungsten is five-
coordinate, occupying a square-pyramidal geometry. The geometry of the tungsten
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Scheme 6.6 Preparation of 6-18, the first transition metal plumbylyne complex
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atoms in 6-22 and 6-23 is octahedral, due to the coordination of either a phenyl-
nitrile or a PMe3 ligand trans to the plumbylyne ligand. As in 6-16, there are no
close contacts between the anion and the metal centres in either complex.
Compounds 6-22 and 6-23 possess two-coordinate, near linear lead centres (W–Pb–
C = 171.7° for 6-22 and 177.5° for 6-23), and W−Pb bond lengths (2.5520(6) Å for
6-22 and 2.5744(2) Å for 6-23) comparable with those of the neutral complexes
6-18 and 6-21.

In 2008, the same group reported their latest findings on a new method to
prepare plumbylyne complexes, which was via activation of a Pb−N bond [21]. The
reaction between the bulky terphenyl lead(II) amide [{ArTrippPb(µ-NMe2)}2] and
[(η2-CH2PMe2)(H)(PMe3)4W] in toluene at 80 °C resulted in the activation of the
Pb–N bond, and consequent formation of the tungsten-plumbylyne complex trans-
[H(Me3P)4W�PbArTripp] 6-24. Complex 6-24 is essentially isostructual with the
previously reported tungsten-plumbylyne 6-21, only with a hydride ligand trans to
the plumbylyne ligand instead of a bromide or iodide. The change was found to
have little effect on the overall structure of the complex, but could show differences
in further reactivity.

6.1.1.4 Transition Metal-Silylyne Complexes

The isolation of a transition metal-silylyne complex, the last in the series of
metallo-tetrelynes, eluded organometallic chemists for many years. As mentioned at
the start of this chapter, in 1992, Tilley and co-workers successfully isolated the
base stabilised silylyne complex [(Me3P)2(Cp*)RuSi{S(p-tol)}(bipy)][OTf]2 6-01
(p-tol = 4-Me-C6H4), but due to the silicon centre being four-coordinate (Fig. 6.1),
it cannot be considered as a “true” silylyne complex [3]. Tilley and co-workers
came close again in 2003, with what they described as “A Transition-Metal
Complex with Considerable Silylyne Character” [22]. The complex in question was
[Cp*(dmpe)(H)MoSiMes][B(C6F5)3] 6-25 (dmpe = 1,2-bis(dimethylphosphanyl)
ethane). However, as the hydride ligand could not be accurately located, likely
because it was bridging the two metal centres (Fig. 6.1), this cannot be considered
as a “true” silylyne complex either.
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Scheme 6.7 Preparation of 6-22 and 6-23
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It wasn’t until 2010, with the work of Filippou and co-workers, that a “true”
silylyne was isolated [23]. The complex was synthesised by firstly heating a toluene
solution of the NHC coordinated terphenyl silicon(II) chloride complex [ArTrippSiCl
(TMC)] 6-26 (TMC = :C{N(Me)C(Me)}2) with Li[CpMo(CO)3] 6-27 to 100 °C, to
give rapid generation of the silylene complex [Cp(CO)2Mo = Si(TMC)ArTripp]
6-28 in moderate yields (Scheme 6.8). The silylene complex was subsequently
treated with the carbene trapping reagent [B(4-Me-C6H4)3] and heated at reflux in
o-xylene for 10 min, which favored the removal of the NHC from the complex, and
consequent formation of the silylyne [Cp(CO)2Mo�SiArTripp] 6-29 (Scheme 6.8).

Both the silylene complex 6-28 and the silylyne complex 6-29 were crystallo-
graphically characterised. The molecular structure of 6-28 shows it to possess a
three-coordinate silicon centre, with a Mo-Si double bond (2.3476(6) Å) in the
range of previously reported molybdenum arylsilylene complexes (2.29–2.39 Å)
[22, 24]. The Si-CNHC bond length (1.943(2) Å) is comparable to that in other
Si-TMC complexes, but importantly slightly longer than that in 6-26 (1.937(2) Å).
The silicon centre has a trigonal pyramidal geometry (sum of the angles = 357.0°),
but due to the steric demands of the large ArTripp ligand, is severally distorted. The
Mo−Si−CAr angle is considerably widened to 145.3°, whereas the CAr–Si–CNHC

angle is lowered to 100.4°, both of which should favour the rehybridization of
silicon.
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Cp*

Me3P
Me3P
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Fig. 6.1 Diagrammatic representations of the two transition metal-silicon bonded complexes,
6-01 and 6-25, isolated by Tilley and co-workers that contain silylyne character.
p-tol = 4-Me-C6H4, Tf = triflate
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The molecular structure of the silylyne 6-29 shows it to be essentially
isostructual to the germanium analogue 6-06, with a two-coordinate silicon centre
occupying a near linear geometry (Mo–Si–C = 173.5°). The Mo−Si bond length is
very short (2.2241(7) Å), 0.12 Å shorter than the double bond in the starting
material 6-28, but surprisingly not quite as short as Tilley’s hydride bridged
complex 6-25 (2.219(2) Å) [22].

In 2011, the group released a second publication outlining the reactivity of the
silylyne complex 6-29 towards a range of nucleophiles and the reducing agent KC8

[25]. The nucleophiles reacted with 6-29 by attack at the silicon centre, whereas the
reaction of the complex with KC8 led to C–C bond activation of the ArTripp ligand
in a silicon redox reaction. The results of these reactivity studies are outlined in
Scheme 6.9.

In the group’s most recent paper on silylyne chemistry, the synthesis of a second
compound possessing a silylyne ligand in the chromium cationic complex Cp*
(CO)2Cr�Si(SIDipp)][BArF4] 6-30 (SIDipp = :C{DippNCH2}2) was reported [26].
The complex was synthesised by halide extraction from the chromium-silylene
complex [Cp*(CO)2Cr = SiBr(SIDipp)] 6-31 with Na[BArF4] at room temperature
(Scheme 6.10). Workup followed by crystallisation of the reaction mixture gave
6-30 in high yields as dark red crystals. In contrast to the previously reported silylyne
complex 6-29, complex 6-31 possesses a bulky neutral NHC substituent coordi-
nating to the metal centre, rather than an anionic terphenyl ligand.

Complex 6-30 was crystallographically characterised, and shown to possess a
similar structure to 6-29, in that it possesses a two-coordinate silicon centre with
near linear geometry (Cr–Si–C = 169.8°). The chromium centre occupies a
three-legged piano-stool geometry, similar to the molybdenum centre in 6-29.
The Cr–Si bond length was found to be very short (2.1220(9) Å) as prior
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Scheme 6.9 Overview of the reactivity of the silylyne complex 6-29 towards a range of
nucleophiles and KC8
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calculations had predicted, i.e. 0.05 Å shorter than the Cr–Si double bond in the
starting material 6-31.

The silylyne complex 6-30 was found to rapidly react with one atmosphere of
CO in fluorobenzene at room temperature, to give the singly bonded silylene salt
[Cp*(CO)3Cr–Si(SIDipp)][BArF4] 6-32 (Scheme 6.11). This reaction indicates that
the formation of silylynes by CO elimination may not be favourable, as was seen in
the case of germylynes and heavier analogues. This is one possible reason why a
silylyne complex had not been isolated earlier. Remarkably, complex 6-32 further
reacted with one equivalent of N2O, yielding the so-called silanone complex [Cp*
(CO)3Cr–Si(O)(SIDipp)][B(Ar

F)4] 6-33, containing a terminal Si=O double bond.
Complex 6-33 is unprecedented, and remains the only complex to possess a
three-coordinate silicon centre with a formal Si=O double bond.

6.2 Research Outline

With the exception of two dimeric metallo-germylynes, which both contain a
LnM�Ge–Ge�MLn (M = Mo, W) bonding structure [10e], all reported transition
metal tetrelyne complexes contain either a bulky alkyl, aryl or NHC substituent
coordinating to the group 14 element. This results in all complexes possessing a
similar LnM�E–C (M = a transition metal, E = Si, Ge, Sn, Pb) bonding motif.
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Scheme 6.10 Preparation of 6-30
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Scheme 6.11 Preparation of the first three-coordinate silanone complex 6-33, through the
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On the other hand, transition-metal carbyne complexes have been isolated with a
many substituents bonded to the two-coordinate carbon atom. One interesting class
of these are the transition-metal aminocarbynes, LnM�C–NR2, where the triply
bonded carbon atom possesses an NR2 substituent. In these complexes, the amino
substituents are often planar, as their bonding typically exhibits a significant con-
tribution from their 2-azavinylidene canonical form, i.e. Ln

–M=C=N+R2. This causes
transition-metal aminocarbyne complexes to show differing reactivity to those
containing organocarbyne ligands.

As there are currently no heavier analogues of transition-metal aminocarbynes
reported, i.e. transition-metal aminotetrelynes, and also because transition-metal
tetrelyne complexes are currently a topic of considerable interest, we sought to
prepare the first example of a transition-metal aminotetrelyne complex. As is the
case with the previously reported organotetrelynes, it was proposed that an amino
substituent of considerable steric bulk would be needed to stabilise such a complex.
As the bulky amido ligands have been shown in previous chapters to have similar
stabilising properties to terphenyls, it was proposed that these could stabilise a
transition-metal aminotetrelyne complex. With that in mind, a range of bulky amido
group 14 element chloride complexes, comprising of [Ar*(SiMe3)NSiCl3] 6-34
[27], [Ar*(SiMe3)NSnCl] 6-35, [{Ar*(SiMe3)NPb(µ-Cl)}2] 6-36, [Ar*(Mes)
NGeCl] 6-37, [Ar*(Ph)NGeCl] 6-38 and [Ar*(SiMe3)NGeCl] 6-39 were to be
reacted with the molybdenum salt complex Na[CpMo(CO)3] 6-04 in an attempt to
isolate a molybdenum aminotetrelyne complex. If successful, the aminotetrelyne
complex was to be investigated to see whether it possesses a significant contribution
from its 2-azavinylidene canonical form, i.e. Ln

–Mo=E=N+R2.

6.3 Results and Discussion

6.3.1 Preparation of Two Molybdenum Aminogermylene
Complexes

The 1:1 reactions of the six amido group 14 element chloride complexes 6-34–6-39,
with the molybdenum sodium salt complex Na[CpMo(CO)3] 6-04 led to varying
outcomes. The addition of 6-04 to a THF solution of the amido silicon trichloride
complex [Ar*(SiMe3)NSiCl3] 6-34 at room temperature, resulted in no reaction,
even after stirring for 24 h. Heating the reaction mixture at reflux resulted in slow
decomposition of the starting materials over the course of several days. In contrast,
the addition of a THF solution 6-04 to toluene solutions of [Ar*(SiMe3)NSnCl]
6-35 and [{Ar*(SiMe3)NPb(µ-Cl)}2] 6-36 at −80 °C, produced instant colour
changes from pale yellow to dark red-brown. Upon warming both reaction mixtures
to room temperature, decomposition of the starting materials was observed by the
precipitation of elemental metal (at approx. −40 °C for tin and −70 °C for lead). 1H
NMR spectroscopy performed on the crude reaction mixtures (after warming to
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room temperature) showed complete decomposition of the amido metal chloride
complexes had occurred, to give the free amine Ar*(SiMe3)NH. Also worth
mentioning, is that the addition of a THF solution of 6-04 to a toluene solution of
[Ar*(Mes)NGeCl] 6-37 at −80 °C also produced an instant colour change, from
pale yellow to orange. However this reaction led to an unidentifiable mixture of
products.

When a THF solution of 6-04 was slowly added to a solution of [Ar*(Ph)
NGeCl] 6-38 or [Ar*(SiMe3)NGeCl] 6-39 at −80 °C, an instant colour change from
pale yellow to orange was observed. Both reaction mixtures were slowly warmed to
room temperature and stirring for a further 4 h, whereupon workup and subsequent
crystallisation led to the isolation of the two molybdenum aminogermylene com-
plexes [Cp(CO)3Mo–GeN(R)Ar*] (R = Ph, 6-40; R = SiMe3, 6-41) as orange
crystals in moderate yields (Scheme 6.12).

Complexes 6-40 and 6-41 are both thermally stable in the solid state, both
decomposing at temperature >160 °C. It is worth noting that both complexes are
resistant to CO elimination under ambient conditions, as complete recovery of the
starting material can be obtained after a stirring solutions of either complex at room
temperature for several days. This is in contrast to the implied intermediate in the
synthesis of [Cp(CO)2Mo�GeArTripp] 6-06, i.e. [Cp(CO)3Mo–GeArTripp], which
could not be isolated, as it spontaneously eliminates CO at temperatures �0 °C [7].

IR spectroscopy was performed on the two complexes (as Nujol mulls), which
showed a series of strong CO stretching bands in the ranges 1972–1867 cm–1 for
6-40 and 1966–1830 cm–1 for 6-41. This is comparable to other
molybdenum-tetrelene complexes bearing the same “Cp(CO)3Mo” unit, e.g. [Cp
(CO)3Mo–SnArMes] (1960–1878 cm–1) [11], which have been calculated to exhibit
minimal donation from the filled transition metal based orbitals into the empty p
orbital at the group 14 centre [28]. In addition, 13C NMR spectroscopy performed
on solutions of both complexes in C6D6 shows a broad resonance for the three
carbonyls at 225.0 ppm for 6-40, and 226.1 ppm for 6-41. This is once again
comparable to [Cp(CO)3Mo–SnArMes], which showed a broad resonance at
226.6 ppm.

To investigate the solid-state structure of the molybdenum-germylenes, com-
plexes 6-40 and 6-41 were crystallographically characterised (Fig. 6.2). The two
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Scheme 6.12 Preparation of the molybdenum aminogermylene complexes 6-40 and 6-41
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complexes represent the first examples of two-coordinate molybdenum-germylene
complexes, although one three coordinate example has recently been reported [29].
Complexes 6-40 and 6-41 are essentially isostructural, with Mo−Ge bond lengths
(2.7100(4) Å for 6-40 and 2.7377(3) Å for 6-41) comparable to the sum of the
single bond covalent radii for the two elements (2.74 Å) [30]. The bond lengths are
also comparable to the W–Ge bond in the related tungsten-germylene singly bon-
ded complex [Cp(CO)3W–GeArTripp] 6-08 (W–Ge = 2.681(3) Å) [7]. These com-
parisons suggest that there is little multiple bonding character between the
germanium and molybdenum centres in the two complexes. It is also worth noting
that in both complexes the coordinating nitrogen atom is planar (sum of angles =
360° for both 6-40 and 6-41). However, as the N–Ge bond lengths (1.879(2) Å for
6-40 and 1.8871(18) Å for 6-41) are longer than for the precursor complex 6-39
(1.855(3) Å) [27], and also close to the sum of the covalent radii of the two
elements (1.91 Å) [30], it is unlikely that the bonds possess much, if any multiple
bond character. The germanium centre in both complexes is two-coordinate,
occupying a bent geometry (Mo–Ge–N = 115.9° for 6-40 and 118.8° for 6-41).
This strongly suggests the presence of a stereochemically active lone pair on the
germanium centre in both complexes, as was calculated for the model complex [Cp
(CO)3Mo–GeMe] [28]. In addition, there are no close interactions observed
between the germanium centre and the flanking phenyl rings in either complex
(closest Ge���CPhenyl = 3.34 Å for 6-40; 3.16 Å for 6-41).

Fig. 6.2 Thermal ellipsoid plots (25 % probability surface) of the molecular structures of 6-40
(left) and 6-41 (right). Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å)
and angles (°) for 6-40: Mo(1)-Ge(1) 2.7100(4), Ge(1)-N(1) 1.879(2), Mo(1)-Ct(1) 2.013(1), Mo
−Ge−N 115.90(7), C(34)-N(1)-C(1) 112.6(2). Selected bond lengths (Å) and angles (°) for 6-41:
Mo(1)-Ge(1) 2.7377(3), Ge(1)-N(1) 1.8871(18), Mo(1)-Ct(1) 2.023(1), Mo−Ge−N 118.80(5), Si
(1)-N(1)-C(1) 114.61(13)
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In an attempt to further understand the electronic structure of the two
molybdenum-germylene complexes, quantum chemical calculations (B3LYP/
6-311G(d)/LANL2DZ and BP86/6-311G(d)/LANL2DZ) were performed on 6-41
in the gas phase. As 6-40 is essentially isostructural to 6-41, we would expect the
results for that complex to be similar. The calculated geometry of 6-41 optimized to
be close to that in the solid-state structure, but with slight overestimations of the
Ge–Mo (+0.076 Å) and Ge–N (+0.012 Å) bond lengths (calculated distances from
the B3LYP calculations; Mo–Ge 2.814 Å, Ge–N 1.899 Å). Analysis of the frontier
orbitals of 6-41 found an electronic structure similar to those of related germylenes,
e.g. [Cp(CO)3Mo–GeMe] [28] and 6-39 [27]. That is, the HOMO has significant Ge
lone pair character, whereas the LUMO is consistent with an empty p orbital at the
germanium centre (Fig. 6.3). Also worth noting is that the p-orbital lone pair of the
N centre is associated with HOMO-6, which shows negligible interactions with the
empty p-orbital on the germanium centre (Fig. 6.3).

Fig. 6.3 Selected frontier orbitals calculated for 6-41. LUMO (top-left), HOMO (top-right) and
HOMO-6 (bottom). Iso-surface value 0.03 a.u.
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6.3.2 Preparation of a Molybdenum Aminogermylyne
Complex

Both aminogermylene compounds 6-40 and 6-41 were tested for CO elimination, in
an attempt to form Mo-Ge triply bonded complexes. Power and co-workers induced
CO elimination from their chromium- and tungsten germylene complexes 6-07 and
6-08, by either refluxing in toluene or irradiating with UV light [7]. Therefore these
two methods were tested here.

When a toluene solution of 6-40 was heated at reflux for 1 h, no obvious colour
change was observed. 1H NMR spectroscopy preformed on the reaction mixture
revealed that no new product had formed, except for the generation of a small
amount (�10 %) of the free amine Ar*(Ph)NH, formed from the decomposition of
the starting material. Refluxing the reaction mixture overnight led to almost com-
plete decomposition of the starting material. A similar result was observed when
irradiating a solution of the complex in C6D6 with UV light (k = 254 nm) from a
mercury vapour lamp. In contrast, refluxing a toluene solution of 6-41 for 1 h,
resulted in the elimination of one molecule of CO from the starting material to
cleanly form [Cp(CO)2Mo�GeN(SiMe3)Ar*] 6-42 in essentially quantitative yields
(Scheme 6.13). Irradiation of a solution of 6-41 in C6D6 with UV light for 20 min
also led to quantitative conversion to 6-42.

Compound 6-42 is a thermally stable complex, decomposing at temperatures
>220 °C in the solid state. IR spectroscopy performed on the complex (Nujol mull)
shows two distinct carbonyl stretches at 1926 and 1853 cm–1, in similar positions to
those in the related terphenyl complex [Cp(CO)2Mo�GeArMes] 6-02 (1930 and
1872 cm–1). It might be thought that, if there was a significant bonding contribution
from the heterovinylidene resonance form of 6-42, i.e. [Cp(CO)2

−Mo=Ge=N+(Ar*)
(SiMe3)], these bands might occur at lower wavenumbers. This is because the Mo
centre of the heterovinylidene form should have a higher density than that in the
germylyne form, i.e. [Cp(CO)2Mo�GeN(Ar*)(SiMe3)], thereby leading to a
weakening of its C–O bonds relative to those in the germylyne form. This may well
suggest that the germylyne resonance form of 6-42 predominates. Although gen-
erally higher frequency bands are seen for related complexes incorporating carbyne
and aza-vinylidene ligands, due to those ligands being more p-acidic than the
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Scheme 6.13 Preparation of the molybdenum aminogermylyne complex 6-42
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tetrelynes, the trend to lower frequency CO stretching bands for azavinylidene
complexes relative to carbyne complexes is well-established [31], e.g. [Cp
(CO)2Mo�CXyl] (m = 1992 and 1919 cm−1) [32]. and [Cp(CO)2

–Mo=C=N+Et2]
(m = 1952 and 1866 cm−1) [33]. In addition, 13C NMR spectroscopy performed on
the complex shows one broad resonance for the two carbonyls, at 231.3 ppm. This
is once again similar to the situation with the related terphenyl complex [Cp
(CO)2Mo�GeArTripp] 6-06 (231.4 ppm) [7].

To further investigate the bonding in complex 6-42, its X-ray crystal structure
was determined (Fig. 6.4). The molecular structure of 6-42 shows a Mo−Ge bond
length of 2.2811(4) Å, which is a shortening of 0.45 Å from the starting complex
6-41. The Mo−Ge bond length is only slightly longer than the Mo–Ge triple bonds
in two related terphenyl germylyne complexes (2.271(1) Å, 6-02; 2.272(8) Å,
6-06). In fact, it is shorter than the majority of known molybdenum germylyne
bonds, which range from 2.271 to 2.318 Å [4, 7, 10]. In addition, the Ge−Mo bond
length in 6-42 is also shorter than that calculated for the model complex [Cp
(CO)2Mo�GeMe] (2.309 Å) [28]. This is all in good agreement with the complex
existing predominantly in its triply bonded germylyne form. However, as the angle
of the two-coordinate germanium centre has significantly widened from the pre-
cursor complex (Mo–Ge–N = 118.8° in 6-41 to 155.8° in 6-42), it is still a long

Fig. 6.4 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of 6-42.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Mo(1)-Ge
(1) 2.2811(4), Ge(1)-N(1) 1.812(2), Mo(1)-Ct(1) 2.006(1), Mo(1)-Ge(1)-N(1) 155.81(8), Si(1)-N
(1)-C(1) 124.5(2)
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way from the linear geometry expected for these complexes. A bending of this
degree should not allow for optimal r and p-orbital overlap between the Mo and Ge
centres. This distortion from linear is likely due to steric interactions between the
bulky Ar* substituent and the CpMo(CO)2 moiety. If the Mo–Ge–N angle in 6-42
was near linear, this buttressing would be significantly increased.

The Ge–N bond length in the complex is slightly shorter than that of the pre-
cursor complex [1.812(2) Å for 6-42 compared with 1.8871(18) Å for 6-41], which
could signify some multiple bond character, and thus a contribution from the [Cp
(CO)2

−Mo=Ge=N+(Ar*)(SiMe3)] canonical form. However, once again for this to
be optimal, the germanium centre would need to possess a linear geometry. The
above discussion on the molecular structure of 6-42, along with IR spectroscopy,
suggests that the complex predominantly exists in its ‘triply’ bonded germylyne
form, at least in the solid state.

To assign the extent of the multiple bonding in 6-42, quantum chemical cal-
culations (B3LYP/6-311G(d)/LANL2DZ and BP86/6-311G(d)/LANL2DZ) were
carried out on the complex in the gas phase. The geometries of the model complex
optimized to be close that seen in the solid-state structure (Fig. 6.4), but with slight
over estimations of the Mo–Ge and Ge–N bond lengths (calculated distances from
the B3LYP calculations; Mo–Ge 2.317 Å, Ge–N 1.844 Å). Analysis of the frontier
orbitals of 6-42, revealed the HOMO and HOMO-2 have character strongly rem-
iniscent of orthogonal Mo–Ge p-bonds (Fig. 6.5), however the r component seems
to be distributed between several MO’s. The HOMO-1 is a largely metal based
orbital, whereas the LUMO is reminiscent of a Mo–Ge p*-antibonding orbital
(Fig. 6.5). Similar to 6-41, none of the MO’s of 6-42 suggest that any significant
Ge–N p-bonding is present. These MO calculations are in agreement with the
complex possessing a “triple” bond, with little Ge–N multiple bond character, even
though the germanium centre is significantly bent.

In an attempt to quantify the Mo–Ge and Ge–N bond orders in the complex,
Wiberg bond index (WBI) calculations (B3LYP/6-311G(d)/LANL2DZ) were car-
ried out on 6-42 (and the singly bonded precursor complex 6-41 for comparison).
The Mo–Ge WBI values calculated for complexes 6-41 and 6-42 are 0.50 and 1.50
respectively. Even though these values are half that expected for single and triply
bonded complexes, they are in an exact a 1:3 ratio. It is worth noting that the WBIs
are almost identical to those calculated for the model complexes [Cp(CO)3Mo–
GeMe] (0.50) and [Cp(CO)2Mo�GeMe] (1.46) using the same level of theory, the
latter of which has a near linear Ge centre and a formal Mo–Ge triple bond [28].
The Ge-N WBI calculated for complexes 6-41 and 6-42 are 0.48 and 0.59
respectively. The latter clearly shows a small increase compared with the singly
bonded precursor, which could signify a small amount of the [Cp
(CO)2

−Mo=Ge=N+(Ar*)(SiMe3)] canonical form. However, a small increase in the
equivalent Ge-C WBI was also calculated for the model complexes [Cp(CO)3Mo–
GeMe] and [Cp(CO)2Mo�GeMe], even though a similar canonical form cannot
exist in the latter complex.

As was proposed for the model complexes [Cp(CO)3Mo–GeMe] and [Cp
(CO)2Mo�GeMe], the low WBI values for the Mo–Ge and Ge–N bonds in 6-41
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and 6-42 are most likely due to large differences in electronegativities between the
elements within the MoGeN fragment. This results in substantial polarization of the
Mo–Ge and Ge–N bonds (calculated natural charges; Mo −1.49, Ge 1.27, N −1.43
for 6-41; Mo −1.53, Ge 1.51, N −1.35 for 6-42) and therefore reduces the covalent
character of the Mo–Ge and Ge–N bonds, at the expense of their electrostatic
component. Although the extent of this was not calculated for 6-41 or 6-42, an
energy decomposition analysis of the model complex [Cp(CO)2Mo�GeMe]
showed the covalent and electrostatic components of its Mo–Ge bond are almost
equivalent [28].

In addition, quantum chemical calculations (using the same levels of theory)
were also carried out on sterically reduced models of complexes 6-41 or 6-42 (viz.
[Cp(CO)3Mo–GeN(Ph)SiMe3] 6-41a and [Cp(CO)2Mo�GeN(Ph)SiMe3] 6-42a) in
an attempt to determine what influence the bulky Ar* substituent has on the
structure of the two isolated complexes. The geometries of 6-41a (Mo–Ge 2.77 Å,
Ge–N 1.88 Å, Mo–Ge–N 119.6°, B3LYP) optimized to be close to those in the
solid state structure of 6-41, indicating that the large steric demands of the Ar*

Fig. 6.5 Selected frontier orbitals calculated for 6-42. LUMO (top-left), HOMO (top-right) and
HOMO-2 (bottom). Iso-surface value 0.03 a.u.
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substituent have little effect on the overall structure of that complex. In contrast, the
geometries of 6-42a (Mo–Ge 2.31 Å, Ge–N 1.84 Å, Mo–Ge–N 170.4°, B3LYP)
were optimized to have a significantly wider Mo–Ge–N angle than seen in the
solid-state structure of 6-42. This is in agreement with the proposal that the large
Ar* substituent prevents the germanium centre in 6-42 from occupying a near linear
geometry. Interestingly though, the calculated bond distances for 6-42 and 6-42a
are nearly identical, indicating that the significant bending of the Mo–Ge–N frag-
ment does not greatly affect the strength of the Mo-Ge bond. This was further
supported by the WBI calculations performed on 6-42a, which calculated a WBI
value of 1.60, only slightly greater than that calculated for 6-42.

6.4 Conclusion

In summary, salt metathesis reactions between the molybdenum complex Na[CpMo
(CO)3] 6-04 and two bulky amido germanium chloride complexes, led to the iso-
lation of [Cp(CO)3Mo–GeN(R)Ar*] (R = Ph, 6-40; SiMe3, 6-41), the first exam-
ples of two-coordinate molybdenum amino-germylene complexes. Compound 6-41
was found to eliminate a molecule of CO when heated to reflux in toluene, or
irradiated with UV light, to give the molybdenum germylyne complex [Cp
(CO)3Mo�GeN(R)Ar*] 6-42, in essentially quantitative yields. Complex 6-42 is
the first example of a transition metal amino-tetrelyne complex.

Spectroscopic and crystallographic analysis of 6-42, including the results of
various calculations, show that the complex is best viewed as having a bent Mo–Ge
“triple” bond, with its Ge–N bond having little multiple bond character.
Calculations on a sterically reduced model of the complex showed that the bending
of the Mo–Ge–N unit was due to the large steric demands of the amino substituent.

6.5 Experimental

General methods. All manipulations were carried out using standard Schlenk and
glove box techniques under an atmosphere of high purity dinitrogen. THF, hexane
and toluene were distilled over molten potassium. 1H NMR spectra were recorded
on a Varian Inova 500 spectrometer, whereas 13C and 29Si were recorded on a
Bruker AvanceIII 400 spectrometer and were referenced to the resonances of the
solvent used. Mass spectra were obtained from the EPSRC National Mass
Spectrometric Service at Swansea University. FTIR spectra were recorded using a
Perkin-Elmer RX1 spectrometer as Nujol mulls between NaCl plates.
Microanalyses were carried out by the Science Centre, London Metropolitan
University. A reproducible microanalysis for 6-40 could not be obtained as the
recrystallization of compound consistently led to contamination with small amounts
of the free amine Ar*(Ph)NH. Melting points were determined in sealed glass
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capillaries under dinitrogen and are uncorrected. The starting materials Na[CpMo
(CO)3] [34] 6-04, [Ar*(Ph)NGeCl] [35] 2-38 and [Ar*(SiMe3)NGeCl] [27] 2-39
were prepared according to the literature method.

Preparation of [Cp(CO)3Mo–Ge(Ph)Ar*], 6-40. To a solution of [Ar*N(Ph)
GeCl] 6-38 (0.200 g, 0.321 mmol) in toluene (30 mL) was added a solution of Na
[CpMo(CO)3] 6-04 (0.103 g, 0.385 mmol) in THF (3 mL) at −80 °C over 5 min.
The reaction produced an immediate colour change from pale yellow to orange on
addition. The mixture was warmed to room temperature and stirred for a further
4 h, whereupon volatiles were removed in vacuo. The residue was extracted with
warm hexane (100 mL), the extract filtered and volatiles removed from the filtrate
in vacuo to give 6-40 as an orange solid (0.130 g, 48 %). N.B. X-ray quality
crystals of 6-40 were obtained by crystallizing this solid from warm hexane. Mp:
164–168 °C; 1H NMR (499 MHz, C6D6, 298 K): d = 1.90 (s, 3H, ArCH3), 4.52 (s,
5H, CpH), 6.24 (s, 2H, Ph2CH), 6.93–7.88 (m, 27H, ArH); 13C{1H} NMR
(126 MHz, C6D6) d = 21.4 (ArCH3), 51.9 (Ph2CH), 94.9 (Cp-C), 120.5, 123.5,
126.6, 126.8, 128.2, 128.4, 128.6, 129.2, 129.3, 130.1, 130.8, 131.4, 137.0, 143.5,
143.8, 145.3, 152.3 (Ar-C), 225.0 (CO, broad); IR t/cm−1 (Nujol): 1972(s, CO str.),
1941(s, CO str.), 1902(s, CO str.), 1867(s, CO str.), 1860(s, CO str.), 1597(m),
1493(m), 1306(m), 1259(s), 1095(s), 1077(s), 1014(s), 868(m), 798(s), 746(m), 699
(s), 605(m), 579(m); MS/ES m/z (%): 833.1 (M+, 2) 439.2 (Ar*NH2

+, 45), 167.1
(Ph2CH

+, 100);
Preparation of [Cp(CO)3Mo–GeN(SiMe3)Ar*], 6-41. To a solution of [Ar*

(SiMe3)NGeCl] 6-39 (0.200 g, 0.323 mmol) in toluene (30 mL) was added a
solution of Na[CpMo(CO)3] (0.104 g, 0.389 mmol) in THF (3 mL) at −80°C over
5 min. The reaction produced an immediate colour change from pale yellow to
orange on addition. The mixture was warmed to room temperature and stirred for a
further 4 h, whereupon volatiles were removed in vacuo. The residue was extracted
with toluene (20 mL), and the extract filtered and concentrated to ca. 5 mL. Hexane
(30 mL) was added to produce an orange precipitate of 6-41, which was isolated by
filtration (0.155 g, 58 %). N.B. X-ray quality crystals of 6-41 were obtained by
recrystallizing this solid from a mixture of THF and hexane. Mp: 236–239 °C; 1H
NMR (499 MHz, C6D6, 298 K): d = 0.79 (s, 9H, Si(CH3)3), 1.84 (s, 3H, ArCH3),
4.69 (s, 5H, CpH), 6.38 (s, 2H, Ph2CH), 6.89-7.31 (m, 22H, ArH); 13C{1H} NMR
(126 MHz, C6D6) d = 5.0 (Si(CH3)3), 21.1 (ArCH3), 52.4 (Ph2CH), 96.0 (Cp-C),
126.7, 126.9, 128.6, 128.7, 130.3, 130.9, 131.9, 134.3, 143.5, 143.7, 144.9, 145.3
(Ar-C), 226.1 (CO, br.); 29Si{1H} NMR (80 MHz, C6D6) d = 1.31 (s); IR t/cm−1

(Nujol): 1966(s, CO str.), 1891(s, CO str.), 1850(s, CO str.), 1842(s, CO str.), 1830
(s, CO str.), 1598(m), 1493(m), 1250(m), 1244(m), 1194(m), 1117(m), 1108(m),
1077(m), 1031(m), 876(s), 847(s), 807(s), 750(m), 701(s), 604(m), 587(m), 555(m),
516(m), 473(m); MS/EI m/z (%): 801.2 (M+

–CO, 4), 745.2 (M+
–3 CO, 7), 511.2

(Ar*N(H)SiMe3
+, 100), 439.2 (Ar*NH2

+, 33), 167.0 (Ph2CH
+, 86); anal. calc. for

C44H41GeMoNO3Si: C 63.79 %, H 4.99 %, N 1.69 %, found: C 63.81 %, H
5.02 %, N 1.73 %.

Preparation 1 of [Cp(CO)2Mo�GeN(SiMe3)Ar*], 6-42. Compound 6-41
(0.200 g, 0.241 mmol) was dissolved in toluene (20 mL) and heated at reflux for
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1 h. Volatiles were removed in vacuo to give 6-42 as an orange solid (0.189 g,
98 %). N.B. X-ray quality crystals of 6-42 were obtained from crystallizing this
solid from a mixture of THF and hexane.

Preparation 2 of [Cp(CO)2Mo�GeN(SiMe3)Ar*], 6-42. Compound 6-41
(0.025 g, 0.030 mmol) was dissolved in C6D6 and sealed in a J. Young’s NMR
tube. The tube was irradiated with UV light (k = 254 nm) from a mercury vapor
lamp for 20 min. A 1H NMR spectrum of the resultant solution showed that it had
converted to 6-42 (ca. 95 %). Mp: 230–234 °C; 1H NMR (499 MHz, C6D6,
298 K): d = 0.36 (s, 9H, Si(CH3)3), 1.83 (s, 3H, ArCH3), 4.88 (s, 5H, CpH), 6.30
(s, 2H, Ph2CH), 6.90-7.19 (m, 22H, ArH); 13C{1H} NMR (126 MHz, C6D6)
d = 2.8 (Si(CH3)3), 21.1 (ArCH3), 52.8 (Ph2CH), 86.8 (Cp-C), 126.9, 127.6, 128.4,
128.8, 129.5, 130.0, 130.4, 130.6, 131.1, 135.0, 138.2, 142.1, 144.0, 144.8 (Ar-C),
231.3 (CO); 29Si{1H} NMR (80 MHz, C6D6) d = 0.1 (s); IR t/cm−1 (Nujol): 1926
(s, CO str.), 1853(s, CO str.), 1598(m), 1493(m), 1257(s), 1205(m), 1129(m), 1075
(m), 1030(m), 872(m), 831(m), 788(m), 761(m), 746(m), 711(m), 700(s), 604(m),
555(m), 546(m); MS/EI m/z (%): 801.2 (M+, 45), 745.2 (M+

–2 CO, 88), 511.2
(Ar*N(H)SiMe3

+, 47), 439.2 (Ar*NH2
+, 33), 167.0 (Ph2CH

+, 56); anal. calc. for
C43H41GeMoNO2Si: C 64.52 %, H 5.16 %, N 1.75 %, found: C 64.41 %, H
5.20 %, N 1.79 %.
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Chapter 7
Appendix

7.1 General Procedures

7.1.1 X-Ray Crystallography

X-ray crystallographic measurements for all compounds reported in this thesis were
made using an Oxford Gemini Ultra diffractometer, a Bruker X8 CCD diffrac-
tometer or the MX1 beamline of the Australian Synchrotron (k = 0.7108 Å) [1].
The software package Blu-Ice [2] was used for synchrotron data acquisition, while
the program XDS [3] was employed for synchrotron data reduction. All structures
were solved by direct methods and refined on F2 by full matrix least squares
(SHELX97) [4] using all unique data. All non-hydrogen atoms are anisotropic with
hydrogen atoms included in calculated positions (riding model), the isotropic
thermal displacement and positional parameters of which were refined. Crystal data,
details of data collections and refinements for all structures can be found in
Tables 7.1, 7.2, 7.3, 7.4, 7.5, 7.6 and 7.7 or in their CIF files.

7.1.2 Magnetic Susceptibility Measurements

Variable-temperature solid-state magnetic susceptibility measurements for com-
pounds [{Ar*(SiMe3)NMn}2] 3-15, [Ar*(SiMe3)NMnMg(MesNacnac)] 3-16 and
[CrMn{N(SiiPr3)Ar

†}{N(SiMe3)Ar*}] 3-18 were recorded over the range 300–2 K
with a Quantum Design MPMS5 SQUID magnetometer. Corrections for diamag-
netism were made using Pascal’s constants. All solution-state effective magnetic
moment values were calculated by the Evans Method [5].
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7.1.3 EPR Spectroscopy Studies

The EPR spectroscopy studies in Chap. 3 were obtained in collaboration with Prof.
Damien Murphy, Cardiff University, Cardiff, UK. Continuous Wave (CW) EPR
spectra were measured at X- and Q-band frequencies. The spectra were recorded as
frozen solutions (in dried solvents) at 10 K. All manipulations were done in a
glovebox, including transferring the solutions to the EPR tubes. The X-/Q-band
CW measurements were performed on a Bruker ESP300E series spectrometer using
a standard Bruker ER4102ST X-band cavity or using a Bruker ER5106 QT-E
Q-band resonator incorporating an Oxford Helium cryostat. The EPR simulations
were performed using the Easyspin toolbox [6].

7.1.4 Computational Studies

All theoretical calculations in Chap. 3 were obtained in collaboration with
Prof. L. Gagliardi, University of Minnesota, Minneapolis, USA. The bimetallic

Table 7.7 Summary of crystallographic data for compounds 6-42 and 7-01–7-03

6-42 7-01 7-02 7-03 (toluene)1.5
Empirical formula C43H41GeMoNO2Si C88H104Mn2N2OSi2 C78H84GeN2Si2Zn C94.5H114CoN7Si

Formula weight 800.39 1371.79 1243.61 1434.95

Crystal system triclinic triclinic monoclinic triclinic

Space group P-1 P-1 P21/c P-1

a (Å) 10.4466(4) 11.8629(5) 15.100(3) 10.501(2)

b (Å) 10.7223(3) 12.6271(6) 19.540(4) 18.201(4)

c (Å) 18.7882(6) 13.6370(7) 23.140(5) 21.760(4)

a (deg.) 92.295(3) 88.3340(3) 90 96.68(3)

b (deg.) 103.169(3) 87.055(3) 106.57(3) 99.75(3)

c (deg.) 111.411(3) 67.856(3) 90 93.70(3)

vol (Å3) 1890.03(11) 1889.47(15) 6544(2) 4055.9(14)

Z 2 1 4 2

r (calcd) (g � cm−3) 1.406 1.206 1.262 1.175

l (mm−1) 1.195 0.413 0.908 0.277

F(000) 820 732 2624 1542

Reflections
collected

27,586 13,351 97,539 54,486

Unique reflections 7418 6763 12,163 14,896

Rint 0.0369 0.0445 0.1519 0.535

R1 indices
[I > 2r(I)]

0.0387 0.0499 0.0462 0.0639

wR2 indices
(all data)

0.1053 0.1096 0.1114 0.1708
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complexes [{Ar*(SiMe3)NMn}2] 3-15, [CrMn{N(SiiPr3)Ar
†}{N(SiMe3)Ar*}]

3-18, in addition to the sterically reduced model complex [Ar*(SiMe3)NMnMg
(MesNacnac)] 3-16Me were studied using density functional theory (DFT) and the
complete active space self-consistent field (CASSCF) method [7], followed by a
multi-configurational second-order perturbation theory (CASPT2) method [8].
Previous studies on similar systems have demonstrated that this approach is suc-
cessful in predicting accurate results for ground and electronically excited states of
bimetallic systems [9].

All theoretical calculations in Chap. 4 were obtained in collaboration with Prof.
Laurent Maron, Laboratoire de Physique et Chimie des Nano-objets, Toulouse,
France. The bi- and trimetallic complexes [{Ar†(SiMe3)NM}2] (M=Zn 4-23, Cd
4-24, Hg 4-25), [Ar*(SiiPr3)NZnMg(MesNacnac)] 4-26b and [{Ar*(SiiPr3)
NZn}2Zn] 4-29 were studied using B3LYP and B3PW91 levels of theory.

All theoretical calculations in Chap. 6 were obtained in collaboration with Dr.
Christian Schenk, Universität Heidelberg, Heidelberg, Germany. The bimetallic
complexes [Cp(CO)3Mo–GeN(SiMe3)Ar*] 6-41 and [Cp(CO)2Mo�GeN(SiMe3)
Ar*] 6-42 were studied using quantum chemical calculations (B3LYP/6-311G(d)/
LANL2DZ and BP86/6-311G(d)/LANL2DZ).

7.2 Miscellaneous Data

See Figs. 7.1, 7.2 and 7.3.

Fig. 7.1 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of
[(THF)4Co(µ-Br)2CoBr2] 2-50. Hydrogen atoms have been omitted for clarity. Selected bond
lengths (Å): Co(1)-Br(1) 2.6444(12), Co(1)-Br(2) 2.5783(12), Co(2)-Br(1) 2.4411(13), Co(2)-Br
(2) 2.4582(13), Co(2)-Br(3) 2.3761(13), Co(2)-Br(4) 2.3816(13), Co(1)-O(1) 2.085(5), Co(1)-O(2)
2.116(5), Co(1)-O(3) 2.114(5), Co(1)-O(4) 2.117(5)
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Fig. 7.2 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of
[{Ar†(SiiPr3)NMn}2(µ-O)] 7-01. Hydrogen atoms have been omitted for clarity. Selected bond
lengths (Å) and angles (°): Mn(1)-O(1) 1.8109(3), N(1)-Mn(1) 1.9890(15), N(1)-Mn(1)-O(1)
160.46(4), Mn(1)-O(1)-Mn(1′) 180.000(2)

Fig. 7.3 Thermal ellipsoid plot (25 % probability surface) of the molecular structure of [Ar*
(SiiPr3)NZnZnN(SiMe3)Ar*] 7-02. Hydrogen atoms have been omitted for clarity. Selected bond
lengths (Å) and angles (°): Zn(1)-Ge(1) 2.4947(9), N(1)-Zn(1) 1.902(2), Ge(1)-N(2) 1.859(2), N
(1)-Zn(1)-Ge(1) 156.23(7), Zn(1)-Ge(1)-N(2) 110.62(7)
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7.3 Summary of Crystallographic Data

See Figs. 7.4, 7.5 and 7.6.

Fig. 7.4 Thermal ellipsoid plots (25 % probability surface) of the cation (left) and the anion
(right) of [Co(IPriMe)3]

+[Ar*NSiPh3]
– 7-03. Hydrogen atoms have been omitted for clarity.

Selected bond lengths (Å) and angles (°): Co(1)-C(52) 1.973(3), Co(1)-C(63) 1.996(3), Co(1)-C
(74) 1.991(3), N(1)-C(1) 1.354(3) N(1)-Si(1) 1.634(2), C(52)-Co(1)-C(63) 111.37(11), C(63)-Co
(1)-C(74) 104.73(11), C(74)-Co(1)-C(52) 143.63(11), C(1)-N(1)-Si(1) 144.45(18)

Fig. 7.5 Selected calculated frontier orbitals for [{Ar†(SiMe3)NCd}2] 4-24. HOMO (left) and
LUMO (right)
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