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Abstract 

Building on previous developments on cooperative heterobimetallic reagents, this thesis aims 

to advance the understanding of the preparation and synthetic exploitation of alkali metal 

ferrates of Fe(II). 

Using bis(amide) Fe{N(SiMe3)2}2 as a precursor, here we report the syntheses and structures 

of a variety of sodium ferrates that have been prepared via direct co-complexation, where the 

single metal components NaN(SiMe3)2 and Fe{N(SiMe3)2}2 self-assemble in the presence of a 

range of Lewis donors with different electronic properties and denticities.  Furthermore, in 

some cases the presence of these donors is not required and the isolation and structural 

elucidation of two novel unsolvated sodium ferrates has been accomplished which display 

unique polymeric arrangements in the solid state. 

The ability of sodium ferrates to functionalise NHC ligands has also been assessed, finding 

that when unsaturated NHC IPr (IPr = 1,3-bis(diisopropylphenyl)-imidazol-2-ylidene) is 

treated sequentially with NaCH2SiMe3 and Fe{N(SiMe3)2}2, sodium ferrate 

(THF)3·Na[:C{[N(2,6-
i
Pr2C6H3)]2CHCFe(HMDS)2}] (15) is formed, containing an anionic 

NHC which binds to Fe via its C4 position and to Na through its C2 site.  Interestingly, this 

complex was found to be an excellent precursor for Fe-abnormal NHC complexes and when 

treated with MeOTf afforded [CH3C{[N(2,6-
i
Pr2C6H3)]2CHCFe(HMDS)2}] (16). 

1,4-dioxane solvate [dioxane·NaFe(HMDS)3] (17a) has been found to be an efficient  

chemoselective base to promote the direct ferration at room temperature of a wide range of 

fluoroaromatic molecules.  Structural elucidation of key organometallic intermediates has 

revealed the synergic bonding of the metals with Fe occupying the position previously filled 

by an H atom forming a strong Fe-C sigma bond, whereas the Na atom forms a dative bond 

with the F atom.  These studies have revealed an important alkali metal effect, thus when the 

Na atom in 17a is replaced by Li or K, the ferration processes are inhibited.  Remarkably, by 

using two molar equivalents of 17a, it is possible to di-ferrate tri-and tetrafluoro-substituted 

aromatics.  These reactions take place at ambient temperature with excellent yields. 

Reaction of 1,3,5-trifluorobenzene with three molar equivalents of 17a, led to the isolation of 

[1,3-bis(FeHMDS)-2,4,6-tris(HMDS)-C6H] (38) resulting from the unprecedented two-fold 

C-H metallation/three-fold C-F activation of the substrate.  Mechanistic studies suggest the 
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reaction is partly driven by the formation of NaF.  Magnetic studies using have revealed that 

this new compound displays single-molecule magnet behaviour. 
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Nomenclature and Common Abbreviations 

° – Degrees 

η – Eta (denoting hapticity) 

∞ – Infinity (denoting a long polymeric chain) 

σ – Sigma (denoting a sigma bond) 

θ – Theta (denoting angle) 

1
H – Hydrogen-1 

12-crown-4 – 1,4,7,10-tetraoxacyclododecane 

13
C{

1
H} – Carbon-13 proton decoupled 

18-crown-6 – 1,4,7,10,13,16-hexaoxacyclooctadecane 

19
F{

1
H} – Fluorine-19 proton decoupled 

2,2,2-crypt – 4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane 

31
P{

1
H} – Phosphorous-31 proton decoupled 

Å – Ångstroms 

AC – Alternating Current 

acac – Acetylacetonate 

AlEt3 – Triethyl Aluminium 

AM – Alkali Metal 

AMMM – Alkali-Metal-Mediated Metallation 

aNHC – ‘Abnormal’ N-Heterocyclic Carbene 

Ap
TMS

 – 4-methyl-2-[(trimethylsilyl)amino]pyridyl 

Ar
pr4

i

 – C6H3-2,6(C6H3-2,6-
i
pr2)2 

Bu
ArOH – 2,6-(di-tert-butyl)-4-(methyl)-phenol 
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Me
ArOH – 2,4,6-(trimethyl)phenol 

ATP – Adenosine Triphosphate 

BC – Before Christ 

BEt3 – Triethylborane 

BTA – Benzotriazolyl 

n
Bu – normal-butyl 

n
BuLi – n-butyllithium 

s
BuLi – sec-butyllithium 

t
Bu – tert-butyl 

C6D6 – Deuterated Benzene 

C6H5F – Fluorobenzene 

ca. – Circa 

CaCl2 – Calcium Chloride 

CaH2 – Calcium Hydride 

CCDC – Cambridge Crystallographic Data Centre 

cf. – Compare with 

CFCs – Chlorofluorocarbons 

CIP – Contacted Ion-Pair 

COE – cis-cyclooctene 

COT – 1,3,5,7-cyclo-octatetraene 

Cp – Cyclopentadienyl 

Cp* - Pentamethylcyclopentadienyl 

D2O – Deuterated Water 

d5-pyr – Deuterated Pyridine 
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d8-tol – Deuterated Toluene 

d8-THF – Deuterated Tetrahydrofuran 

DA – Diisopropylamide 

DA(H) – Diisopropylamine 

DC – Direct Current 

DFT – Density Functional Theory 

DG – Directing Group 

Dipp – 2,6-diisopropylphenyl 

DoM – Directed ortho-Metallation 

DMEDA – N,N′-dimethylethylenediamine 

DPA – 2,2ʹ-dipyridylamide 

DPA(H) – 2,2ʹ-dipyridylamine 

DSIP – Donor-Separated Ion-Pair 

DTEDA – N,N′-di-tert-butylethylenediamine 

E – Energy 

EPR – Electron Paramagnetic Resonance Spectroscopy 

eq. – Equivalents 

ESI – Electrospray Ionisation 

ESR – Electron Spin Resonance Spectroscopy 

Et – Ethyl 

Et2O – Diethyl ether 

g – g factor, a dimensionless magnetic moment quantity characterising the magnetic moment 

and gyromagnetic ratio of a particle or nucleus 

GUI – Graphical User Interface 

https://en.wikipedia.org/wiki/Magnetic_moment
https://en.wikipedia.org/wiki/Gyromagnetic_ratio
https://en.wikipedia.org/wiki/Atomic_nucleus
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i- – Ipso 

Fe(acac)3 – Iron(III) Acetylacetonate 

FeBr2 – Iron(II) Bromide 

FeCl2 – Iron(II) Chloride 

FeCl3 – Iron(III) Chloride 

Fe(HMDS)2 – Iron bis[bis(trimethylsilyl)amide] 

FG – Functional Group 

GC-MS – Gas Chromatography-Mass Spectrometry 

H2 – Dihydrogen 

H2NDipp – 2,6-diisopropylaniline 

HCl·NEt3 – Triethylamine Hydrochloride 

HFCs – Hydrofluorocarbons 

H3PO4 – Phosphoric Acid 

HMDS – 1,1,1,3,3,3-hexamethyldisilazide/bis(trimethylsilyl)amide, N(SiMe3)2 

HMDS(H) – 1,1,1,3,3,3-hexamethyldisilazane/bis(trimethylsilyl)amine 

HR-MS – High Resolution-Mass Spectrometry 

ICE – Inverse Crown Ether 

IMes – 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene 

in situ – In the reaction mixture 

in vacuo – Under Vacuum 

IPr – 1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidene 

κ – Kappa (denoting denticity) 

K – Kelvin (or Potassium) 

KC8 – Potassium Graphite 
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KHMDS – Potassium Bis(trimethylsilyl)amide 

L – Orbital Angular Momentum 

LiBr – Lithium Bromide 

LiCl – Lithium Chloride 

LDA – Lithium Diisopropylamide 

LiHMDS – Lithium Bis(trimethylsilyl)amide 

LiTMP – Lithium 2,2,6,6-tetramethylpiperidide 

Me – Methyl 

Me6TREN – Tris[2-(dimethylamino)ethyl]amine 

MeLi – Methyllithium 

MeOTf – Methyl Triflate 

Mes – Mesityl, 1,3,5-trimethylbenzene 

m- – Meta 

N2 – Dinitrogen 

Na2S2O3 – Sodium Thiosulfate 

NaHMDS – Sodium Bis(trimethylsilyl)amide 

NOESY – Nuclear Overhauser Effect SpectroscopY 

NHC – N-Heterocyclic Carbene 

NMR – Nuclear Magnetic Resonance 

OTf – Triflate, Trifluoromethanesulfonate 

P2O5 – Phosphorus Pentoxide 

p- – Para 

PCy3 – Tricyclohexylphosphine 

Ph – Phenyl 
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PhB(MesIm)3 – Phenyltris(1-mesitylimidazol-2-ylidene)borate 

PhLi – Phenyllithium 

Ph2SiCl2 – Dichlorodiphenylsilane 

PMDETA – N,N,N′,N′,N′′-pentamethyldiethylenetriamine 

PMe3 – Trimethylphosphine 

PPh3 – Triphenylphosphine 

ppm – Parts Per Million 

PTFE – Polytetrafluoroethylene 

o- – Ortho 

ox – Oxalate 

r.d.s – Rate Determining Step 

RT (or rt/r.t.) – Room (ambient) Temperature, ca. 20°C 

S8 – Sulfur flowers, α-Sulfur, cyclo-S8 

S=PMe3 – Trimethylphosphine Sulfide 

S=PPh3 – Triphenylphosphine Sulfide 

SEAr – Electrophilic Aromatic Substitution 

SET – Single Electron Transfer 

SMM – Single-Molecule Magnet 

SQUID – Superconducting Quantum Interference Device 

SSIP – Solvent Separated Ion-Pair 

Σ – Sum of 

T – Tesla 

T – Temperature 

TEMPO – (2,2,6,6-tetramethylpiperidin-1-yl)oxyl 
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THF – Tetrahydrofuran 

THP – Tetrahydropyran 

thym – thyminate
2−

 

TIP – Temperature Independent Paramagnetism 

TMEDA – N,N,N′,N′-tetramethylethylenediamine 

TMP – 2,2,6,6-tetramethylpiperidide 

TMP(H) – 2,2,6,6-tetramethylpiperidine 

TMS – Trimethylsilyl 

tz – 1,2,3-triazolyl 

μ – Mu (denoting bridging ligand) 

μB – Bohr Magnetons 

μeff – Effective Magnetic Moment 

vide infra – See below 

vide supra – See above 

w/w – weight/weight, mass fraction 

χM – Magnetic Susceptibility 

XRD – Single-crystal X-ray Diffraction 

ZFS – Zero-Field Splitting 
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List of Numbered Compounds 

1 [{NaFe(HMDS)3}∞] 

2 [THF·NaFe(HMDS)3]  

3 [Et2O·NaFe(HMDS)3] 

4 [PPh3=S·NaFe(HMDS)3] 

5 [Na(TMEDA)2]
+
[Fe(HMDS)3]

−
 

6 [Na(DTEDA)2]
+
[Fe(HMDS)3]

−
 

7 [Na(PMDETA)2]
+
[Fe(HMDS)3]

−
 

8 [Me6TREN·Na]
+
[Fe(HMDS)3]

−
 

9 [{Fe(HMDS)(DPA)}2] 

10 [(THF)2·NaFe(DPA)(HMDS)2] 

11 [{THF·NaFe(DPA)3}∞] 

12 [{NaFe(HMDS)2(CH2SiMe3)}∞] 

13 [Na(IPr)2]
+
[Fe(HMDS)3]

−
 

14 [(THF)3·NaIPr]
+
[Fe(HMDS)2(CH2SiMe3)]

−
 

15 (THF)3·Na[:C{[N(2,6-
i
Pr2C6H3)]2CHCFe(HMDS)2}] 

16 [CH3C{[N(2,6-
i
Pr2C6H3)]2CHCFe(HMDS)2}] 

17 [dioxane·{NaFe(HMDS)3}2] 

17a            [dioxane·NaFe(HMDS)3] 

18 [{dioxane·NaFe(C6H4F)(HMDS)2}∞] 

19 [{dioxane·NaFe(1,3-C6H3F2)(HMDS)2}∞] 

20 [{(dioxane)2·Na2Fe(1,3-C6H3F2)(HMDS)2}
+
{Fe(HMDS)3}

−
]∞ 

21 [dioxane·{NaFe(1,4-C6H3F2)(HMDS)2}2]∞ 

22 [dioxane·{NaFe(1,2,4-C6H2F3)(HMDS)2}2]∞ 

23 [{dioxane·NaFe(HMDS)2}2(1,2,4,5-C6F4)]∞ 

24 [dioxane·{NaFe(C6F5)(HMDS)2}2]∞ 

25 [{dioxane·NaFe(1-C10H6F)(HMDS)2}∞] 

26 [dioxane·{dioxane·NaFe(1-Br-3,5-C6H2F2)(HMDS)2}2] 
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27 [{(dioxane)2·Na2Fe(3-C6H3FOMe)(HMDS)2}
+
{Fe(HMDS)3}

−
]∞ 

28 [dioxane·{Na(PhOMe)3}2]
2+

[{Fe(HMDS)3}2]
2−

 

29 [dioxane·{NaFe(3,5-C6H2F2OMe)(HMDS)2}2]∞ 

30 [Na2Fe2(HMDS)4(O)] 

31 [{dioxane·(NaHMDS)2}∞] 

32 [dioxane·LiFe(HMDS)3] 

33 [{dioxane·KFe(HMDS)3}∞] 

34 [{KFe(HMDS)3}∞] 

35 [dioxane·{NaFe(HMDS)2(CH2SiMe3)}2] 

36 [{(dioxane)1.5·NaFe(1,3,5-C6H2F3)(HMDS)2}2] 

37 [{dioxane·NaFe(HMDS)2}2(1,3,5-C6HF3)]∞ 

38 [1,3-bis(FeHMDS)-2,4,6-tris(HMDS)-C6H] 

39 [1,3-bis(FeHMDS)-2,4,6-tris(HMDS)-C6F] 

40 [1,3-bis(FeHMDS)-2,4,6-tris(HMDS)-C6Br] 

41 [1,3-diiodo-2,4,6-tris(HMDS)-C6H] 

42 [1,3,5-tris(HMDS)-C6H] 

43 [dioxane·LiFe(HMDS)2(1,3,5-C6H2F3)] 
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I –   Introduction 

I.I Cooperative Bimetallic Complexes 

Bimetallic compounds which combine two different metals of markedly different polarities 

are currently attracting widespread interest amongst the vast community of synthetic 

chemists.
1
  Switching on cooperative effects, these mixed-metal compounds have emerged as 

a new family of versatile and effective organometallic reagents which can participate in 

numerous key organic transformations such as deprotonative metallation, metal/halogen 

exchange or nucleophilic addition reactions to name a few.
2
  Generally known as ‘ate’ 

compounds, these systems combine a strongly polar metal (e.g. a Group 1 alkali metal) with a 

lower polarity metal (such as Mg, Zn, Al) in a discreet molecular framework supported by an 

array of anionic basic ligands and often neutral Lewis donors (Figure I-1). 

Outperforming traditional single-metal reagents, these bimetallic species exhibit unique 

synergic reactivity profiles, offering in many cases, enhanced selectivities and functional 

group tolerances.
3
  Thus, unlike traditional polar organometallic reagents such as 

organolithiums that usually require the use of extremely low temperature (−78°C), bimetallic 

reagents such as alkali metal magnesiates, zincates or aluminates can be efficiently used at 

ambient temperatures without observing undesired side reactions. 

 

Figure I-1 - Representative example of a mixed-metal ate complex. 

An important landmark in this evolving area of research is the development of “turbo-

Grignard” reagents (of the formula RMgCl·LiCl, R = alkyl group) by the Knochel research 
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group
4
, where the addition of stoichiometric amounts of LiCl to Grignard reagents can greatly 

enhance the nucleophilicity of the latter
5
, allowing access to highly functionalised 

organomagnesium reagents via direct Mg-halogen exchange (Scheme I-1).  Related systems 

where the alkyl group is replaced by the amido TMP (2,2,6,6-tetramethylpiperidide), also 

known as “turbo-Hauser” bases,
6
 have found widespread applications for the metallation (via 

metal-hydrogen exchange) of a variety of substituted aromatic and heteroaromatic molecules.
7
 

 

Scheme I-1 - Direct Mg-halogen exchange by the “turbo-Grignard” reagent 
i
PrMgCl·LiCl on a variety of 

substituted aryl substrates. 

Another milestone in the field is the use of heterobimetallic amide reagents, reported by 

Mulvey, for alkali metal-mediated metallation (AMMM)
1,8

 processes, facilitating in certain 

cases the regioselective deprotonation of organic substrates in remote positions, not available 

using conventional monometallic bases.  Thus for example, when N,N-dimethylaniline is 

reacted with mixed sodium-zinc complex [(TMEDA)NaZn(TMP)(
t
Bu)2] (TMEDA = 

N,N,N′,N′-tetramethylethylenediamine) it is possible to directly replace one of  its meta-

hydrogens with a zinc centre (Scheme I-2).
9,10

 



 I   –   Introduction 

 

3 | P a g e  

 

Scheme I-2 - Unusual meta-metallation of N,N-dimethylaniline with a sodium-zincate base and the crystal 

structure of the intermediate metallated complex.  Hydrogen atoms omitted for clarity. 

From an organic perspective, the regioselectivity of this reaction is truly surprising as 

conventional single-metal reagents deprotonate this molecule exclusively at the ortho position 

(which is activated by the presence of the NMe2 group).
11

  This synergic deprotonation 

constituted the first example of direct-meta-metallation where the cooperative effect of both 

metals, Na and Zn, overrides the activating and acidifying effect of the NMe2 group.
12

  By 

isolating and structurally defining the organometallic intermediate, the authors demonstrate 

that the reaction is in fact an example of direct zincation, where the Zn centre forms a strong 

sigma bond to the meta-carbon that has experienced the metallation whereas the alkali metal 

adopts a perpendicular disposition, π-engaging with the metallated ring (see Scheme I-2).  

Computational studies on this reaction using DFT calculations show that these unique and 

distinct bonding modes between the metals has a major role in the stabilisation of this 

intermediate. 

Another innovative in the field of heterobimetallic chemistry has been the development of the 

“LiC-KOR” superbases, pioneered by Schlosser and Lochmann.
13–15

  These superbasic 

reagents are formed in situ by the combination of an alkyl lithium reagent (LiC) with a 

potassium alkoxide (KOR) in solution and typically exhibit dramatically enhanced reactivity 

and selectivity for metal/hydrogen exchange when compared to their monometallic 

components;
15,16

 a benchmark of their strength being their ability to metallate benzene and 

toluene.
17

  Expansion to other alkali metal alkoxides has led to the establishment of many 
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useful superbase systems which have enjoyed widespread application within synthetic 

chemistry.
18–20

 

 

Countless key organic transformations for synthesis are carried out via metallation reactions.
8
  

By selectively replacing a non-polar C-H bond by a much more polar and therefore reactive 

M-C bond, deprotonative metallation of a target molecule opens the door to a world of 

synthetic possibilities (Scheme I-3).  Traditionally these types of reactions have been the 

domain of Group 1 polar organometallics such as organolithiums or lithium amide reagents; 

the main reason for this being the high reactivity of their Li-C or Li-N bonds, as well as their 

ready availability.
21

  Nevertheless, these hard, polar bases suffer from a number of drawbacks.  

Due to their hyper-reactivity, sub-ambient temperatures are routinely required (typically 

−78°C) to prevent unwanted side reactions, especially with substituents bearing sensitive 

functional groups (poor tolerance) and a lack of selectivity is also a common feature.
22

  Whilst 

the use of softer metals such as aluminium or magnesium presents an alternative option, they 

are generally found to be much less reactive being considered weak bases. 

 

Scheme I-3 - Generalised scheme of deprotonative metallation followed by quenching with an electrophile. 

Within the context of heterobimetallic reagents and their applications in deprotonative 

metallation chemistry, structural and theoretical studies have demonstrated that the lower 

polarity metal in these systems actually carries out the deprotonation, occupying the position 

vacated by the departing H.  As opposed to their homometallic relatives many of these 

specially designed multi-component bases do not require extreme temperatures, generally 

possess a higher thermodynamic stability and, remarkably, in many cases allow for the 
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trapping of metallated intermediate species, providing crucial insight into their reactivity and 

mechansims.
1,3,7,11

  

Reagents featuring magnesium, zinc or aluminium in combination with an alkali metal have 

been rapidly developed and thoroughly studied, attracting widespread interest over the last 

two decades.
1,12,24

  Additionally many more examples exist with metals such as cadmium
25

 

and gallium.
26

  In the closing remarks of a review in this evolving area of research, Mulvey 

details considerations for “special mixed-metal-induced regioselective magnesiations or 

zincations” based on the evidence seen up to that date.
27

  They included the following: 

i) Intimate contact of the alkali metal and secondary metal through an amido or alkyl 

bridge.  DFT calculations showed that on many occasions the generation of a 

mixed-metal structure is thermodynamically driven, energetically preferred over 

two homometallic components. 

ii) The aromatic substrate to be deprotonated enters the coordination sphere of the 

alkali metal (ergo AMMM) and is held by some type of π-interaction of the arene 

or a dative bond with one of the substituents on the ring. 

iii) Pre-binding of the substrate lowers the entropy, in turn raising the basicity of the 

secondary metal. 

 

Figure I-2 – Crystal structure of meta-meta’ deprotonated N,N-dimethylaniline within a Na/Mg inverse crown.  

Hydrogen atoms omitted for clarity. 

A recent report in Science has revealed supramolecular Na/Mg template bases, capable of 

unprecedented ortho-meta’ and meta-meta’ deprotonations of aryl substrates, where the ring 

structure of the mixed-metal base controls the regioselectivity of the deprotonation process.
28
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Thus, an in situ prepared disodium-monomagnesium alkyl-amide mixture can doubly-

deprotonate substrates such as N,N-dimethylaniline (Figure I-2) giving rise to an ‘inverse 

crown’ solid state architecture.  Along with the prevalent central core rhombic motif 

frameworks (e.g. {M
1
XM

2
X} where X = N or C, as exemplified in Figure I-1 and Scheme I-

2), ‘inverse crowns’ are another commonly displayed structural scaffold found for many 

bimetallic ate complexes.
1,8,27

  They are termed as such as there is a specific role reversal 

(compared to traditional crown ethers)
29

, whereby the surrounding rings are now Lewis 

acidic, due to metal atoms occupying sites where ether oxygen atoms would habitually sit, 

and the central “guest” positions which are now Lewis basic (Figure I-3).  Many are also 

formed from bimetallic amide complexes by the inadvertent or controlled exposure to air or 

water, consequently inserting an oxide anion into the centre of the molecule; this subset are 

referred to as ‘inverse crown ethers’ (ICE).
30

 

 

Figure I-3 - Structural representations of a traditional crown ether and an inverse crown ether complex. 

   

I.II Iron Chemistry 

Iron is the 26
th

 atomic element and by mass, the most common present on Earth, forming a 

substantial quantity of its inner and outer core.
31

  It is believed the first uses of iron may 

extend as far back to such historic civilizations as the ancient Egyptians (circa 3000 BC) and 

the Babylonians (circa 1900 BC).
32

  The pre-historic era featuring the prevailing use of iron, 

universally known as the ‘Iron Age’, when iron superseded bronze as the material of choice 

for primitive weapons and tools used by our ancestors, can be furthest traced back to around 

1200 BC, although starting dates and time periods varied geographically. 

In the present day iron has become one of the most important raw materials present on Earth.  

The iron mining industry’s global worth extends into the trillions of dollars and is arguably 
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the World’s most significant industry after the petroleum industry.  A phenomenal amount of 

iron ore is mined each year, worldwide production of iron ore in 2015 was an estimated 3.3 

billion metric tons.
33

  The majority of iron ore (up to 98%) is fed directly into the steel 

industry,
34

 which since the industrial revolution has helped accelerate the rapid growth of 

cities all over the world with steel providing essential construction materials for technical 

infrastructure, buildings, machinery, automobiles and tools. 

 

Biologically, iron is abundant and features among the twelve most important chemical 

elements essential for life for both animals and plants.  It is benign and essentially non-toxic 

therefore it comes as no surprise that iron is found in all living life-forms, with the human 

body containing around 4-5 g of iron.
35

  Iron is found at the active sites of a number 

biological catalysts, owing to its duality as an electron donor and acceptor, it is key for the 

transport and metabolism of small molecules.  Perhaps most identifiable in humans is iron as 

the metal ion cofactor of the metalloprotein haemoglobin (Figure I-4) which, water aside, is 

the majority constituent of red blood cells.
36

  Bound within a heterocyclic porphyrin ring, the 

iron(II) centre plays an essential role binding and releasing dioxygen (and carbon dioxide) 

and is the foremost oxygen transporter within the body.
37

 

 

Figure I-4 - Structure of Heme B with its iron(II) centre, a cofactor of haemoglobin. 

Also in the human body iron active sites are found in cytochromes which are  accountable for 

the synthesis of ATP and as part of iron-sulfur clusters which carry out mitochondrial electron 

transport via oxidation-reduction reactions.
38
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Elsewhere in nature, certain bacteria and microorganisms possess enzymes that can fix 

atmospheric N2, nitrogenases
39

, which all contain iron-sulfur clusters and iron is also present 

in the three classes of hydrogenase enzymes
40

 ([Fe], [FeFe] and [FeNi] hydrogenases), whose 

function is to reversibly oxidise H2. 

As with many instances in nature, there is a great desire within the scientific community to 

replicate and mimic such seamlessly efficient biocatalytic functions and to apply them to 

synthetically useful processes in areas of pharmaceuticals, fine chemicals, materials and more.  

Indeed the challenging area of biomimetic (or bio-inspired) chemistry has attracted the 

attention of many inorganic chemists who have managed to create a number of analogues.
41

  

These biological examples convey the prodigious importance of iron and also highlight some 

of its beneficial and unique capabilities in addition to its environmentally and biologically 

benign character. 

The revolutionary synthesis, discovery and structural elucidation of ferrocene (Fe{C5H5}2) in 

the 1950’s (along with its many analogues and derivatives)
42

 is often credited with the 

acceleration and growth of organometallic chemistry in the latter half of the 20
th

 century.  

Organoiron compounds have found significant application in organic synthesis such as iron 

pentacarbonyl (Fe(CO)5) for CO substitution and disodium tetracarbonylferrate for the 

synthesis of aldehydes.
43

   

Moreover, iron features as a popular choice of catalyst for what are arguably two of the most 

important synthetic chemical processes today; the Haber-Bosch Process
44

 for the conversion 

of atmospheric N2 and H2 to ammonia and the Fischer-Tropsch Process
45

 for the conversion 

of CO and H2 (syngas) into liquid hydrocarbons. 

Contrary to these successes, amongst many fields of synthetic chemistry, iron has been 

superseeded by noble metals.
46

  A clear example of this is in the catalysis of one of the most 

essential transformations in organic chemistry as a vehicle to generate new C-C bonds: cross-

coupling reactions.  This widely used synthetic methodology features heavily within 

pharmaceutical and medicinal chemistry and other areas of chemical industry.  Traditionally 

such reactions are carried out between an organic electrophile possessing a leaving group and 

an organometallic nucleophile in the presence of a transition metal catalyst (Scheme I-4). 
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Scheme I-4 - Typical aryl-aryl cross-coupling reaction. 

Copper, cobalt and iron have all been found to be effective catalysts but the two most superior 

metals for permitting these reactions are palladium
47

 and nickel.
48,49

  Both offer a number of 

distinct advantages including a high functional group tolerance and excellent performance 

with a wide scope of reagents.
50,51

  Contrariwise, Pd is extremely expensive (Pd £12210/kg 

15
th

 June 2016
52

 vs Iron Ore (fine) £0.04/kg 31
st
 March 2016)

53
 whilst many Ni compounds 

are highly toxic and both require costly and sensitive ligands present to be operational.
54–56

  

Extended reaction times at elevated temperatures are also a common feature when using these 

metal catalysts.  Thus, there is a requirement for the development of catalysts boasting 

superior economic and ecological features. 

 

Iron’s role as a catalyst for the construction of new carbon-carbon bonds has been somewhat 

neglected in the literature due, to a large extent, to the immense devotion of effort into the 

research of these precious transition metal catalysts.  Despite this, it is known that cheap and 

environmentally benign iron salts (e.g. FeCl2, FeCl3, Fe(acac)3, etc., acac = acetylacetonate) 

are capable of acting as catalysts (or pre-catalysts), not only for cross-coupling reactions but 

also for a host of other valuable organic reactions (such as polymerisations, oxidations, 

hydrogenations, cycloadditions, etc.), many of which are summarised in an excellent review 

article by Bolm and co-workers.
57

  Unfortunately only until quite recently, many of the known 

catalytic reactions have been limited in scope or do not allow for practical applications.
58

 

 

Scheme I-5 – A representative scheme for traditional Fe-Cat. cross-coupling between a Grignard and an 

organohalide. 
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Iron-catalysed cross-coupling reactions have routinely been between a Grignard reagent 

(RMgX) and an organohalide (R-X), catalysed by a small quantity of an iron salt (Scheme I-

5).  Contrasting with the well-established mechanistic proposals on Pd-catalysis,
59

 there is no 

general mechanism in Fe-catalysis.  The issue of catalytic mechanisms of iron-catalysed 

cross-couplings and the identity of the catalytically-active intermediate species have been 

contentious to say the least.  Iron catalysis is somewhat of a black box, which involves the 

formation of tremendously sensitive and short-lived catalytic species generated in situ, 

currently lacking in structural definition.  Moreover, speculation on the oxidation state of iron 

in the active species has varied through its numerous available valent forms,
60

 giving rise to 

proposals of multiple (sometimes interconnected) reaction pathways,
61

 including radical 

pathways
61

 or even the formation of Fe nanoparticles.
62

 

Interesting of late has been the hypotheses surrounding the involvement of bimetallic ferrate 

species as potential active species in Fe-catalysed cross-couplings.
63–67

  Encouragingly a 

number of low-valent ferrate species have been structurally characterised, featuring Fe in 

combination with either Mg
68–70

 or Li.
61

   

Fürstner has demonstrated a number of well-defined, structurally characterised, 

heterobimetallic ferrate complexes that are capable of acting as (pre-)catalysts in Fe-catalysed 

cross-coupling processes; a selection of which are presented in Figure I-5.
66

  The remarkable 

Fe
II
 “super-ate” complex [(Me4Fe)(MeLi)][{Li(Et2O)}2] (Figure I-5, top left), synthesised 

from excess MeLi and FeCl3 in diethyl ether, can replicate the reactivity of MeMgBr and 

catalytic quantities of Fe(acac)3 in THF towards a range of electrophiles.
61,71

  Fe
0
 complex 

[Li(TMEDA)]
+
[Fe(C2H4)2(Cp)]

−
 (Cp = cyclopentadienyl) (Figure I-5, top right) and 

[Li(TMEDA)2]
+
[Fe(C2H4)4]

−
 (Figure I-5, bottom),

72
 thoroughly unusual in that Fe resides in a 

formal –2 oxidation state, are able to catalyse cross-coupling reactions between alkyl halides 

and aryl Grignards.
61,73

 



 I   –   Introduction 

 

11 | P a g e  

 

Figure I-5 – A selection of structurally well-defined low-valent lithium ferrate pre-catalyst complexes.  Fe
II
 

“super-ate” complex [(Me4Fe)(MeLi)][{Li(Et2O)}2] (top left), Fe
0
 complex [Li(TMEDA)]

+
[Fe(C2H4)2(Cp)]

−
 (top 

right) and unusual Fe
−II

 complex [Li(TMEDA)2]
+
[Fe(C2H4)4]

−
 (bottom). 

Furthermore, a number of recently published articles have shown iron catalysts capable of 

direct C-H transformations
74

 on unactivated substrates; in some cases negating the use of an 

organohalide
75

 or remarkably without the use of a Grignard reagent when the Fe complex is 

present in a stoichiometric quantity.
76

 

A great contemporary example of this is work by Lei and co-workers demonstrating aryl-aryl 

coupling featuring the first examples of direct arylation of unactivated arenes catalysed by 

iron.
77

  Their best result was achieved with a combination of FeCl3 (15 mol%), the bidentate 

donor ligand DMEDA (N,N′-dimethylethylenediamine, 30 mol%) and LiHMDS in excess (2 

or 3 eq., HMDS = 1,1,1,3,3,3-hexamethyldisilazide), shown in Scheme I-6.  Although the 

authors do not propose a plausible mechanism for this transformation, initial studies suggest 

the involvement of radicals; however, the formation of a lithium ferrate species cannot be 

ruled out.  In this regard, unpublished work within our own group has shown that Fe(II) 

complex [Li(DMEDA)2]
+
[Fe(HMDS)3]

−
 can achieve comparable yields for the coupling of 

bromoanisole and benzene than when using FeCl3, DMEDA and LiHMDS.
78
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Scheme I-6 - Cross-coupling of 4-bromoanisole with unactivated benzene via Fe-catalysis. 

Independently, though within the same year, Charette and colleagues reported Fe-catalysed 

aryl-aryl coupling reactions via a direct C-H transformation.
79

  In this case, the authors found 

that with the addition of the free radical scavenger species TEMPO or Galvinoxyl,
80

 the 

reaction was shut down (Scheme I-7).  This spurred them to propose a plausible Single 

Electron Transfer (SET) mechanistic pathway, analogous to a metal-catalysed living radical 

polymerisation reaction. 

 

Scheme I-7 - Iron-catalysed cross-coupling inhibited in the presence of radical scavengers. 

 

I.III Ferrate Chemistry 

Assessing other instances of alkali metal ferrates in the literature there is a relative scarcity, 

particularly for structurally defined examples. 

Mongin has reported lithium ferrate complex [LiFe(TMP)3] can a facilitate the metallation of 

2-methoxypyridine (and a number of other aromatic/heteroaromatic substrates) at ambient 

temperature in THF, which can be subsequently quenched by a range of electrophiles such as 

I2, pivalaldehyde, benzoyl chloride and 3,4,5-trimethoxybenzaldehyde.
81

  Knochel has 

demonstrated the synthesis of the Fe(II) complex [(TMP)2Fe·(MgCl2)2·(LiCl)4] (i), capable of 

mediating cross-coupling of functionalised arenes with alkylhalides (Scheme I-8). 
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Scheme I-8 – Preparation of magnesium ferrate complex i and subsequent ferration and cross-coupling of 

functionalised arenes.  DG = directing group, FG = Functional Group. 

Two equivalents of turbo-Hauser reagent [TMPMgCl·LiCl] are combined with an equivalent 

of FeCl2·LiCl to generate mixed Mg/Fe amido complex i.  In turn, complex i is used to ferrate 

a broad range of functionalised arene substrates prior to undergoing cross-coupling with alkyl 

iodides or bromides.  Notwithstanding, amongst Mongin and Knochel’s elegant examples of 

ferrate complexes no structural or spectroscopic characterisation is provided, thus their 

ferrates are solely putative and their reports lack a characterised metallated intermediate to 

fully complete the picture. 

 

Figure I-6 – Crystal structure of [{LiFe(BTA)(HMDS)2}2].  Hydrogen atoms omitted for clarity. Thermal 

ellipsoids displayed at 50% probability level. 

Identifying [{Fe(HMDS)2}2] may allow for a route to Fe(II) cage complexes, in 2011 Layfield 

presented the synthesis and structural characterisation of dimeric lithium ferrate 

[{LiFe(BTA)(HMDS)2}2] (BTA = benzotriazolyl) (Figure I-6) along with a monometallic 
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trinuclear Fe cage complex.  In the conclusions he notes the mixed-metal complex contains 

two potential reactive HMDS ligands, which may allow for the synthesis of Fe cage 

complexes of higher nuclearity. 

 

Scheme I-9 – Synthesis of sodium ferrate complexes ii and iii. 

A relevant contribution concerning structurally defined ferrate complexes and their 

applications in metallation comes from Klett, Mulvey and co-workers.
82

  In their 2009 

publication they reveal the synthesis and solid-state structure of alkyl sodium ferrate 

[(TMEDA)NaFe(TMP)(CH2SiMe3)2] (ii) (Scheme I-9, left).  Addition of benzene to a 

solution of ii in hexane yielded no solid product, however, addition of NaTMP (4 eq.), 

TMP(H) (4 eq.) and benzene (1 eq.) to two equivalents of precursor 

[(TMEDA)Fe(CH2SiMe3)2] resulted in the extraordinary di-deprotonation of benzene 

(Scheme I-9, right).  [Na4Fe2(TMP)6(C6H4)] (iii) is an inverse crown structure comprising of a 

12-atom ring hosting a benzene ring deprotonated at the 1 and 4 positions, supported by Fe-C 

σ-bonds and Na---C electrostatic contacts to the π-system (Figure I-7); the isostructural Mg 

congener has also been reported.
83

  Undoubtedly this is a fascinating demonstration of the 

potential of alkali metal ferrate systems. 
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Figure I-7 – Crystal structure of [Na4Fe2(TMP)6(C4H4)] (iii).  Hydrogen atoms omitted for clarity. 

 

I.IV Gap in the Knowledge 

Building upon previous studies on alkali metal magnesiate and zincate chemistry, one of the 

interests of our group is to expand cooperative effects to transition metal systems.  Base metal 

iron is the ideal candidate; hugely abundant and thus a cheap raw material with the highly 

desirable benefits of being ecologically and biologically benign. 

Recent studies in Fe-catalysed C-C bond formation processes have postulated the possible 

involvement of active bimetallic species, which combine iron with a more polar metal such as 

lithium or magnesium, as key reactive intermediates in these important transformations,
64,84,85

 

however it should be noted that the number of alkali metal ferrates structurally defined is 

scarce and no systematic studies on their synthesis and isolation have been reported.  

Exploration in this area through a conscious effort to structurally define reactive species and 

intermediates could offer great insight into catalytic mechanisms and uncovering the ‘active 

catalytic species’ of iron and its oxidation states whose true identities still remain hidden.
84

  

The potential of novel alkali metal ferrate systems has been explored and demonstrated to a 

minor extent,
81,82,86

 but there remains a wealth of valuable mixed-metal species containing 

iron to be discovered, structurally characterised and undergo reactivity studies. 
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I.V Aims 

The overarching aim of this project is to rationally design novel alkali metal ferrates and to 

exploit their cooperative behaviour in synthesis, advancing the understanding of their 

reactivities. 

Fe(II) has been chosen for this study due to the structural similarities of some of 

organometallic compounds of this metal, in this oxidation state, with magnesium.  Key 

analytical methods for the characterisation of the new compounds have been single-crystal X-

ray crystallography and paramagnetic NMR spectroscopy as well as magnetometry studies 

primarily with SQUID measurements. 

Aiming to understand the effect of Lewis donors in the synthesis and structure of sodium 

ferrates, Chapter 1 presents a systematic study on co-complexation reactions of Na and Fe 

HMDS-based amides with commodity donors such as TMEDA, PMDETA and Et2O to name 

just a few. 

Chapter 2 assesses the ability of sodium ferrates to functionalise N-heterocyclic carbenes 

(NHCs) and their possible application for the synthesis of abnormal NHC-Fe complexes. 

Expanding the synthetic potential of these cooperative bimetallics, Chapter 3 presents our 

findings on sodium-mediated ferration reactions, which allow for direct Fe-H exchange with a 

wide range of F-substituted aromatics. 

The unprecedented ability of these compounds to facilitate C-F bond activation processes is 

the primary focus of Chapter 4. 
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Chapter 1 –  Structural Variations of Sodium 

Ferrates with Lewis Donors 

Given the relative paucity of structurally defined alkali metal ferrate species, this chapter 

systematically investigates the synthesis of mixed alkali metal/iron complexes by co-

complexation of single metal reagents in the presence of an assortment of Lewis donors with 

different denticities and donor abilities. 

Along with DA and TMP (diisopropylamide and 2,2,6,6-tetramethylpiperidide, respectively), 

HMDS (1,1,1,3,3,3-hexamethyldisilazide) is one of the most frequently utilised amide ligands 

in inorganic synthesis (Figure 1.1).
87

  Lacking β-hydrogens and having a considerable steric 

bulk, we chose this amido group for the synthesis of a family of homoleptic alkali metal 

ferrates. 

 

Figure 1.1 - Structures of three key utility amides in mixed-metal chemistry. 

Focussing primarily on mixed sodium-iron species, it should be noted that both homoleptic 

reagents, NaHMDS and Fe(HMDS)2, are known and their structures have been elucidated by 

X-ray crystallography.  The solid-state structure of NaHMDS has been reported as a linear 

polymeric chain
88

 and a polymorphic form adopting a cyclic trimeric structure; a structure 

retained in non-polar solvents (Figure 1.2, left).
89,90

  Contrastingly Fe(HMDS)2 displays a 

dimeric structure (Figure 1.2, right), though when dissolved in a non-polar solvent exists as a 

monomer at ambient temperatures.
91,92

  Fe(HMDS)2 is prepared via a salt-metathesis method 

combining FeBr2 with two equivalents of LiHMDS.
91

  LiBr is removed by filtration and the 

product is purified by an innovative distillation method (see Section III.I.V) to afford an 

extremely air-sensitive emerald green liquid which is subsequently stored at −35°C within a 

glove box for convenient handling as a solid.  Great care and caution must be taken when 

handling Fe(HMDS)2 in the absence of a solvent as it can rapidly decompose at ambient 

temperature, even under a moderate stream of ‘dry’ argon. 
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Figure 1.2 - Crystal structures of Na- and Fe-bis(trimethylsilyl)amides. Hydrogen atoms omitted for clarity. 

Some of the studies included in this chapter employ DPA (2,2ʹ-dipyridylamide) which offers a 

variety of coordination modes.  DPA can potentially ligate through three N sites; one central 

amido N and two neutral pyridyl N atoms at the 2 and 2ʹ ring positions (with respect to 

Namido).
93

  Rotation around the two Namido-C bonds allows for DPA adopt three different 

conformations; namely syn/syn, syn/anti and anti/anti (Figure 1.3).
94

 

 

Figure 1.3 - The three conformational arrangements of 2,2ʹ-dipyridylamide. 

Here we present our findings on the synthesis, structural elucidation and characterisation of a 

new family of sodium ferrate complexes which can be used as precursors to access novel 

sodium ferrates bearing DPA fragments. 
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1.1 Results and Discussion 

1.1.1 Assessing Co-complexation Reactions: Synthesis of Solvent-Free 

[{NaFe(HMDS)3}∞] 

We began our studies by mixing equimolar quantities of NaHMDS and Fe(HMDS)2 in non-

coordinating hexane solvent (Scheme 1.1). 

 

Scheme 1.1 - Synthesis of 1 via a mixed-metal amide co-complexation approach. 

The reaction mixture was allowed to stir for one hour and afforded a dark green solution after 

gentle heating.  Considering that NaHMDS is sparingly soluble in hexane, the formation of 

this solution suggested that the co-complexation reaction had taken place as it has been 

documented in the literature that mixed-metal (ate) reagents tend to be more soluble than their 

single-metal components.
95

  Upon concentration, this solution afforded green needle-like 

crystals of the homoleptic sodium ferrate [{NaFe(HMDS)3}∞] (1) in an 80% isolated yield.  

These were analysed by single-crystal X-ray crystallography to determine the structure of 1 

(Figure 1.4 and Figure 1.5). 
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Figure 1.4 – Section of polymeric chain in 1 showing propagation and selected atom labelling, Na1(1)---C18 

2.838(4) Å.  Hydrogen atoms omitted for clarity. Thermal ellipsoids displayed at 50% probability level. 

Sodium ferrate 1 exhibits a polymeric structure composed of {Na(μ-HMDS)2Fe(HMDS)} 

units (Figure 1.4).  In the asymmetric unit of 1 two of the amide groups act as bridges 

between Na and Fe to form a planar four-membered {NaNFeN} ring in a contacted ion-pair 

(CIP) motif.  The remaining HMDS group coordinates terminally to the iron centre but 

interacts via one of its methyl groups (C18) of the SiMe3 substituents with a Na (2.838(4) Å) 

from a neighbouring {Na(μ-HMDS)2Fe(HMDS)} unit, giving rise to a one-dimensional 

polymeric chain structure, allowing each Na to attain further coordinative stabilisation. 

 

Figure 1.5 – Asymmetric unit of [{NaFe(HMDS)3}∞] (1). Hydrogen atoms omitted for clarity. Thermal 

ellipsoids displayed at 50% probability level. Selected bond distances (Å) and angles (°): Fe1-N1 2.036(2), Fe1-

N2 2.032(2), Fe1-N3 1.964(2), Fe1---Na1 3.0131(13), Na1-N1 2.502(3), Na1-N2 2.492(3); N1-Fe1-N2 

110.48(10), N1-Fe1-N3 124.93(10), N2-Fe1-N3 124.56(10), Na1-N1-Fe1 82.51(8), Na1-N2-Fe1 82.86(8), Na1--

-Fe1-N3 176.00(9), N1-Na1-N2 84.03(9). 

The iron centre resides in a distorted trigonal planar geometry (sum of angles around Fe = 

359.97°, ranging from 110.48(10)° to 124.93(10)°).  The Fe-N distances of the bridging 

amido ligands are almost identical at 2.036(2) and 2.032(2) Å, only slightly shorter than those 

described for the dimeric precursor Fe(HMDS)2 (average Fe-Nbridging distance = 2.085 Å).
92
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Contrastingly the terminal Fe-N bond distance in 1 is significantly shorter (1.964(2) Å) which 

is consistent with the lower coordination number of the N atom.  Conversely, the Na atom 

binds to two amido groups forming Na-N bonds whose values (Na-N1 2.503(2) Å and Na-N2 

2.492(3) Å) are significantly elongated in comparison to those found in trimeric 

[{NaHMDS}3] (average Na-N distance = 2.381 Å).
89

 

 

The polymeric structure of 1 contrasts with that recently reported for the lithium analogue, 

[LiFe(HMDS)3], which exhibits a monomeric motif.
96

  Formally two-coordinate bonded to 

bridging amido N atoms at distances of 2.027(6) and 2.056(6) Å, Li attains further 

stabilisation via short contacts to HMDS methyl groups (at distances of 2.317(1) and 2.348(2) 

Å).  In comparison to sodium, the smaller lithium cation resides considerably closer to the Fe 

centre (Li---Fe 2.596(1) Å, cf. Na1---Fe1 3.0131(13) Å) and is thus ‘sunken’ further into the 

sphere of steric bulk of the bridging HMDS ligands, favouring intramolecular Li-Me 

interactions.  The Fe-N bond lengths are similar to those in 1 (Fe-Nbridging 2.038(3) and 

2.058(2) Å; Fe-Nterminal 1.940(3) Å), though the angles around Fe differ somewhat with a 

narrower internal N-Fe-N angle of 99.9(1)° (cf. N1-Fe1-N2 110.48(10)° for 1). 

The different bonding modes of Na and Fe in 1 represent an example of ancillary and 

anchoring bonding, prevalent throughout hetero-bimetallic chemistry.
83,97,98

  The foundations 

for this molecular architecture are provided by the stronger, more covalent Fe-N σ-bonds; 

these are termed anchoring bonds.
83

  In the case of 1 the three available HMDS groups will 

preferentially bind to more Lewis acidic Fe(II) to prioritise a (distorted) trigonal planar 

geometry.  The more ionic interactions of the alkali metal, seeking to achieve coordinative 

saturation by any available means, are designated ancillary bonds.
83

  In the instances of CIPs, 

the alkali metal inserts itself into the framework forming weaker M-N bonds with additional 

longer M---CH3 electrostatic interactions in order to contribute to the overall stability of the 

ate complex.  The concept of ancillary and anchoring bonding is demonstrated in the CIP 

structures detailed vide infra, in some cases with Lewis basic donor molecules providing 

ancillary bonding opportunities. 
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1.1.2 Introduction to NMR Spectroscopy of Paramagnetic Species 

The characterization of paramagnetic species, those containing nuclei that possess unpaired 

electrons, by NMR spectroscopy presents a host of problems which much be taken into 

account.
99

  Notwithstanding, by careful manipulation of the acquisition parameters and 

correct sample preparation, good quality and informative spectra can be obtained in many 

cases. 

Chemical shifts can vary wildly from those observed in diamagnetic molecules.  The large 

magnetic moment of the unpaired electrons is responsible for dramatic chemical shifts of 

resonating nuclei, this is thought to be the result of two interactions.  Firstly, a through-bond 

Fermi contact interaction, where the unpaired spin interacts with the nuclei via delocalisation.  

Secondly, a through-space dipolar interaction of the magnetic moments of the unpaired 

electron(s) and the nucleus when the metal centre displays substantial magnetic anisotropy.
99

  

Thus it is not uncommon to find extremely large upfield (shielded) or downfield (deshielded) 

resonances, in the case of 
1
H NMR spectroscopy sometimes >100 ppm or <−100 ppm, well 

outside of the typical 16 to −5 ppm range.  Multiple paramagnetic centres only complicate 

matters further.  Noteworthy also is that these chemical shifts are not dependant on the 

orientation of the molecules with respect to the magnetic field and so are termed 

“isotropically shifted” resonances.
100

 

In addition to extremely large chemical shifts the large magnetic moment of the unpaired 

electron can also drastically affect nuclear relaxation processes, typically causing fast 

relaxation.  Both the T1 (spin-lattice relaxation time) and T2 (spin-spin relaxation time) terms 

are affected manifesting itself in the loss of signal intensity and the significant broadening of 

resonances, respectively.
99,101

 

These effects have made the characterisation of high-spin Fe(II) compounds contained in this 

thesis particularly challenging.  Nevertheless, to counter these effects clean crystalline 

samples have been used where possible with large spectral windows, shorter radio frequency 

pulse times and a number of post-measurement corrections have been applied to generate 

informative NMR spectra. 
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Figure 1.6 – 
1
H NMR spectrum of [{Fe(HMDS)2}2] in C6D6. 

The 
1
H NMR spectrum of Fe(HMDS)2 in C6D6 displays a very broad singlet at 60.27 ppm 

(Figure 1.6).  This chemical shift is comparable to that described by Power et al. for the same 

species in the also arene solvent d8-toluene, ~63 ppm at 30°C.
92

  When a 
1
H NMR spectrum 

of polymeric 1 was recorded in C6D6, the signal for the HMDS groups is dramatically shifted 

upfield to −4.72 ppm (Figure 1.7).  For reference, the 
1
H NMR spectrum of NaHMDS in C6D6 

displays a sharp singlet at 0.11 ppm.  Remarkably, in the 
13

C{
1
H} NMR spectrum a weak and 

broad signal is observed in the far downfield region at 333.41 ppm for the HMDS methyl 

carbons.  The observed resonances for HMDS in the 
1
H and 

13
C{

1
H} NMR spectra for 1 are 

characteristic of many of the sodium ferrate complexes described vide infra, which show 

resonances at similar ppm ranges (approximate ranges of −1 to −6 ppm for 
1
H NMR 

spectroscopy and 320 to 360 ppm for 
13

C{
1
H} NMR spectroscopy). 
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Figure 1.7 – 
1
H NMR spectrum of [{NaFe(HMDS)3}∞] (1) in C6D6. 

The solution magnetic susceptibility of 1 was measured in d8-tol via the Evans method
102,103

 

affording a solution magnetic moment value of 4.72 μB, close to the spin-only value 4.90 μB 

expected for a high-spin Fe(II) complex (S = 2).
104

  The high-spin nature of the Fe(II) centre 

in 1 (and the majority of the subsequent compounds presented herein) can be rationalised by 

Fe being surrounded by weak field amido ligands (HMDS) and the possession of an alkali 

metal cation to stabilise the anionic charge.
105

 

 

Holland and co-workers have investigated in detail a number of planar three-coordinate high-

spin Fe(II) systems featuring the bidentate β-diketaminate ligand, with results allowing them 

to draw a number of conclusions about their electronic and spectroscopic properties.
106–110

  

From 
1
H NMR spectra obtained, in most cases all or nearly all H atoms can be accounted for.  

A logical trend is observed whereby H atoms in closer proximity to the paramagnetic metal 

centre show the most broadened and least resolved resonances, and often are furthest shifted 

up and downfield.  H atoms residing further away from the paramagnetic metal centre (both 

through-bond and through-space) show far sharper and well resolved signals. 

Holland’s isolated Fe(II)-β-diketaminate complexes possess a high-spin (S = 2) electronic 

configuration.  Using computational methods the authors propose an orbital splitting diagram 
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for their distorted trigonal planar structures (Figure 1.8); symmetry is lowered from D3h (for a 

perfectly trigonal planar structure) to C2v involving the removal of degeneracies.
106,107

 

 

Figure 1.8 – Trigonal planar geometry of a 3-coordiante Fe(II) centre with D3h symmetry (left) where θ = 120° 

and distorted trigonal geometry with C2v symmetry (right) with associated 3-d orbital levels.  [Figure adapted 

from papers by Holland et al.]
106,110

 

Similarly, Eichhöfer et al. used DFT calculations to calculate the electronic structures of three 

trigonal planar Fe(II) complexes (Figure 1.9).
111

  For homoleptic solvent separated ion-pair 

(SSIP) complex [Li(15-crown-5)]
+
[Fe(HMDS)3]

−
 (Figure 1.9, left) the Fe anion (which will 

be encountered in Section 1.1.3.2) is perfectly trigonal planar (D3h) thus the calculated 

electronic splitting pattern is identical to that shown on the left in Figure 1.8 with degenerate 

xz/yz and xy/x
2
-y

2
 orbitals.  In the heteroleptic systems degeneracy is removed; for 

[Fe(HMDS)2(THF)] the ordering is similar to the D3h case, however, replacing THF with 

PCy3 induces more separation between the orbitals (except for z
2
 and yz which become 

degenerate) and alters the ordering. 
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Figure 1.9 – Electronic structures for d-orbitals in three iron(II) complexes.
111

 

Considering both Holland’s and Eichhöfer’s investigations, the best approximation for the 

electronic structure of 1 (and other tris(HMDS)-Fe(II) complexes detailed vide infra) would 

be that calculated for an ideal trigonal planar geometry (D3h).  The geometry in 1 is pseudo-

trigonal planar around Fe, distorted to a degree (N-Fe-N angles = 110.48(10)°, 124.93(10)° 

and 124.56(10)°, Σangles = 359.97°) but not as much as Holland’s β-diketaminate complexes 

with a bite angle of around 95°.  It is likely the minor distortions in the angles will result in a 

small loss of degeneracy as we move closer to C2v symmetry (akin to Figure 1.8, right).  For 

heteroleptic {Fe(HMDS)2X} systems (where X = NHC or aryl group) that will be 

encountered in later chapters, the electronic structures are likely to be significantly altered 

dependant on the nature of the ligand and the type of bonding they establish (σ and π 

interactions). 
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1.1.3 Assessing Donor Effects in Sodium Ferrate Chemistry: 

[{NaFe(HMDS)3}∞] and Lewis Donors 

The degree of aggregation of polar organometallic reagents plays a pivotal role in controlling 

their reactivity.
87

  This is perhaps best illustrated by comparing the reactivity of 
n
BuLi 

towards benzene.  Using a non-polar solvent such as hexane, 
n
BuLi adopts a hexameric 

structure and is unable to deprotonate benzene, however on the addition of the bidentate 

Lewis base TMEDA, the aggregation of 
n
BuLi changes to a dimer,

112
 [{TMEDA·Li

n
Bu}2] 

and this smaller oligomer is now sufficiently reactive enough to deprotonate benzene to form 

[{PhLi(TMEDA)}2].
113

  Similar effects have been described in bimetallic chemistry.  Thus for 

example the lithium zincate [LiZn(TMP)(
t
Bu)2] fails to metallate N,N-diisopropylbenzamide, 

forming instead the coordination adduct [{(
i
Pr)2NC(Ph)(=O)}Li(TMP)(

t
Bu)Zn(

t
Bu)],

114
 

whereas when using the TMEDA complex, [(TMEDA)LiZn(TMP)(
t
Bu)2], efficient ortho-

deprotonation of this substrate takes place at ambient temperature.
115

 

In order to assess the role donor molecules may play in the constitution and reactivity of 

sodium ferrate [{NaFe(HMDS)3}∞], polymeric solvent-free 1 was reacted with a range of 

donors of different denticities and donor abilities.  This study includes monodentate THF, 

diethyl ether and triphenylphosphine sulfide (summarised in Scheme 1.2) and the following 

polydentate N-donors: bidentate TMEDA and DTEDA; tridentate PMDETA and tetradentate 

Me6-TREN. 
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1.1.3.1 Monodentate Lewis Donors: THF, Et2O and S=PPh3 

 

Scheme 1.2 - Overview of reactions of 1 with monodentate Lewis donors. 

Compound 1 was formed in situ as previously described.  One equivalent of the relevant 

monodentate ligand (THF, Et2O, S=PPh3) was introduced affording complexes 2, 3 and 4, 

respectively, with respective yields of 80, 78 and 72%.  The donors have effectively broken 

the polymeric structure of 1 to give monomeric structures where now the heteroatom (O or S) 

is bonded to sodium.  A comparison of the main geometrical parameters of these structures is 

shown in Table 1.1. 

Upon the addition of one equivalent of THF to an in situ solution of 1 in hexane, immediate 

precipitation occurred.  Dissolution was achieved by gentle heating and slow cooling to 

−30°C induced crystallisation, forming green plate-like crystals of [THF·NaFe(HMDS)3] (2) 

(Figure 1.10). 
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Figure 1.10 – Molecular structure of compound 2.  Hydrogen atoms, THF bipositional disorder and TMS 

rotational disorder (Si2 and Si3) omitted for clarity.  Thermal ellipsoids displayed at 50% probability level.  

Selected bond distances (Å) and angles (°): Fe1-N1 2.0372(16), Fe1-N2 2.0348(15), Fe1-N3 1.9621(16), Fe1---

Na1 3.0092(10), Na1-N1 2.485(2), Na1-N2 2.4916(19), Na1-O1B 2.243(10); N1-Fe1-N2 110.20(7), N1-Fe1-N3 

122.98(7), N2-Fe1-N3 126.76(7), Na1-N1-Fe 82.79(6), Na1-N2-Fe 82.67(6), Na1---Fe1-N3 175.75(5), N1-Na1-

N2 84.26(6), N1-Na1-O1B 136.9(5), N2-Na1-O1B 136.4(5). 

The structure of a polymorph of 2 has recently been reported by Lerner and co-workers.
116

  In 

this case [THF·NaFe(HMDS)3] is obtained by reduction of Fe(HMDS)3 by the sodium 

silanide [(THF)2·Na(Si
t
Bu3)] in a mixture of benzene and THF.  The crystals they obtain were 

solved in the orthorhombic C2221 space group and contain units of free benzene solvent, 

whereas crystals of 2 were solved in the triclinic P-1 space group, containing no free solvent 

molecules and possessing different unit cell dimensions.  The corresponding lithium adduct, 

[THF·LiFe(HMDS)3], has been reported recently by Layfield and is isostructural with 2, 

showing almost identical Fe-N bond lengths, thus further reinforcing the idea of the 

anchoring Fe-N bonds within the ferrate.
96

 

Drawing a parallel with Group 2 bimetallic compounds, the structure of 2 bears a strong 

resemblance with that described by Mulvey and Henderson in the potassium calciate 

[{THF·KCa(HMDS)3}∞] although in this case K attains higher coordination by forming long 

distance electrostatic interactions with methyl groups on the terminal HMDS group attached 

to Ca to display a polymeric structure (Figure 1.11).
117
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Figure 1.11 – Structural representation of [{THF·KCa(HMDS)3}∞]. 

Additionally monomeric complexes have been described featuring Li in combination with a 

variable secondary metal and an equivalent of THF to give the compounds 

[THF·LiMn(HMDS)3]
118

, [THF·LiCa(HMDS)3]
119

 and [THF·LiMg(HMDS)3].
120

 

 

Figure 1.12 – Molecular structure of complex 3.  Hydrogen atoms and co-crystallised hexane solvent omitted for 

clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-

N1 2.038(2), Fe1-N2 2.031(2), Fe1-N3 1.963(2), Fe1---Na1 3.0764(12), Na1-N1 2.570(2), Na1-N2 2.524(3), 

Na1-O1 2.312(3), Na1-C1 3.104(3); N1-Fe1-N2 110.67(9), N1-Fe1-N3 127.05(9), N2-Fe1-N3 122.28(9), Na1-

N1-Fe1 82.91(8), Na1-N2-Fe1 84.23(8), Na1---Fe1-N3 176.51(7), N1-Na1-N2 82.15(8), O1-Na1---Fe1 

168.85(10). 

The crystal of diethyl ether solvate [Et2O·NaFe(HMDS)3] (3) is shown in Figure 1.12.  

Complex 3 exhibits a similar contacted ion-pair structural motif described for 2 with Na now 

solvated by a molecule of Et2O. 

 

When S=PPh3 was added to a solution of 1 in hexane before cooling slowly to −30°C, a green 

solution deposited crystals of [Ph3P=S·NaFe(HMDS)3] (4) (Figure 1.13). 
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Figure 1.13 – Molecular structure of complex 4.  Hydrogen atoms omitted for clarity.  Thermal ellipsoids 

displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-N1 2.030(2), Fe1-N2 

2.023(3), Fe1-N3 1.968(2), Fe1---Na1 3.0662(14), Na1-N1 2.569(3), Na1-N2 2.533(3), Na1---C1 3.022(4), Na1-

S1 2.8302(16), S1-P1 1.9699(10); N1-Fe1-N2 111.35(10), N1-Fe1-N3 125.38(10), N2-Fe1-N3 123.26(10), Na1-

N1-Fe1 82.73(9), Na1-N2-Fe1 83.79(9), Na1---Fe1-N3 175.75(5), N1-Na1-N2 81.99(9), Na1-S1-P1 109.25(5). 

It should be noted that there are only few examples of complexes in the literature containing 

S=PPh3 as a donor ligand
†
 and as far as we can ascertain this is only the second example of a 

phosphine sulphide coordinated to Na to be structurally characterised after the sodium dimer 

[{(THF)2·Na{4,5-(P=SPh2)2tz)}}2] (tz = 1,2,3-triazolyl) shown in Figure 1.14, possessing a 

Na-S bond distance of 3.038(1), noticeably longer than the Na1-S1 bond distance (2.8302(16) 

Å) in 4.
121

 

 

Figure 1.14 – Structure of [{(THF)2·Na{4,5-(P=SPh2)2tz)}}2]. 

Holland has reported the synthesis of alkali metal iron(I) sulfide complexes (Na and K) which 

reveal S bridging between two Fe centres supported by β-diketaminate ligands (Figure 

                                                 

†
 A search of the Cambridge Crystallographic Data Centre (CCDC) found only 12 crystallographically 

characterised structures featuring S=PPh3 as a ligand to a metal, predominately transition metals plus one Al and 

one Sn example.  Cambridge Crystallographic Database search, “Ph3P=S - - - AM”; any metal, any bond”, 

March 2016. 
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1.15).
122

  Two alkali metal cations are sandwiched between the aryl groups of the β-

diketaminate ligand, residing directly above and below S to give an overall structural motif 

akin to an inverse crown. 

 

Figure 1.15 – Structure of Holland’s alkali metal iron(I) sulfide complex.
122

 

In the case of 4, reasoning neutral PPh3 could be suitably labile and be able to release S to 

facilitate the formation a sodium iron sulfide complex, 4 was refluxed in hexane for 12 hours.  

However, no products other than 4 were found, surmising that 4 is very thermally stable. 

 

A comparison of the main geometrical parameters of 1, [THF·NaFe(HMDS)3]
116

 (rather than 

2, as the authors report no structural disorder), 3 and 4 is shown in Table 1.1 below. 

Table 1.1 - Selected geometrical parameters of compounds 1, [THF·NaFe(HMDS)3], 3 and 4.  Bond distances 

are given in Ångstroms and bond angles given in degrees (°). 

Bond/Angle 1 [THF·NaFe(HMDS)3]
116

 3 4 

Fe-N1 2.036(2) 2.0427(11) 2.038(2) 2.030(2) 

Fe-N2 2.032(2) 2.0428(11) 2.031(2) 2.023(3) 

Fe-N3 1.964(2) 1.9599(14) 1.963(2) 1.968(2) 

Mean Fe-N 2.011 2.015 2.011 2.007 

     

Fe---Na 3.0131(13) 2.9630(9) 3.0764 3.0662(14) 

     

Na-N1 2.503(2) 2.4453(13) 2.570(2) 2.569(3) 

Na-N2 2.492(3) 2.4453(13) 2.524(3) 2.533(3) 

Mean Na-N 2.498 2.4453 2.547 2.551 
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N1-Fe-N2 110.48(10) 109.66(6) 110.67(9) 111.35(10) 

N1-Fe-N3 124.93(10) 125.17(3) 127.05(9) 125.38(10) 

N2-Fe-N3 124.56(10) 125.17(3) 122.28(9) 123.26(10) 

Σ(N-Fe-N) angles 359.97 360 360 359.99 

     

Fe deviation from 

N1-N2-N3 plane 
0.0186(1) 0 0.0022(1) 0.0125(1) 

     

N1-Na-N2 84.03(9) 86.133(35) 82.15(8) 81.99(9) 

 

Overall the CIP structures show a very marginal variation in the lengths of the anchoring Fe-

N bonds (both bridging and terminal) and the N-Fe-N bond angles, favouring a distorted 

trigonal planar geometry with the amido HMDS ligands.  In all cases, the terminal Fe-N3 

bonds are shorter compared to the bridging Fe-N1/N2 bonds and the sum of the N-Fe-N bond 

angles are (practically) equal to 360°.  With sodium achieving coordinative stabilisation 

through ancillary bonding in the molecular frameworks, the Na-N and Fe---Na distances and 

the N1-Na1-N2 angles vary to a larger degree, though not tremendously. 

In 4, Na completes its coordination sphere this time by bonding to the S atom of the 

phosphine sulphide (Na1-S1 2.8302(16) Å).  The S-P bond distance in 4 (1.9699(10) Å) is 

slightly elongated from that in free S=PPh3 (average 1.950 Å).
123

  The more electronegative S 

atom (compared to O) could be expected to be a stronger donor, able to pull Na away from 

the Fe centre and bridging N atoms to a larger degree.  Indeed compound 4 possesses the 

longest mean Na-N bond length (2.551 Å) and the most acute N1-Na-N2 angle (81.99(9)°), 

though it has the second largest Fe---Na separation (3.0662(14) Å) after compound 3.  It may 

be reasonable to assume large steric bulk of S=PPh3 (considerably more than that of either 

THF or Et2O) may have an influence on how well it can bond to Na in the HMDS sodium 

ferrate framework.  
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Table 1.2 – 
1
H and 

13
C{

1
H} NMR spectroscopic chemical shift values (in ppm) for the HMDS groups in 

[{Fe(HMDS)2}2] and complexes 1-4 in C6D6. 

Complex 
HMDS Resonance in C6D6 

1
H δ/ppm 

13
C{

1
H} δ/ppm 

[{Fe(HMDS)2}2] 60.27 - 

1 −4.72 333.41 

2 −4.74 330.32 

3 −4.81 327.22 

4 −4.70 327.62 

 

The 
1
H and 

13
C{

1
H} NMR spectra of 2, 3 and 4 all appear very similar to those for 1 

concerning the HMDS methyl groups.  Table 1.2 shows a comparison of the chemical shifts 

for the HMDS group H atoms and carbons for [{Fe(HMDS)2}2] and complexes 1-4.  For CIP 

complexes 1-4 a very broad upfield singlet, centred between −4.70 and −4.81 ppm, is 

apparent for the HMDS H atoms in the 
1
H NMR spectra.  In the 

13
C{

1
H} NMR spectra, a 

weak and broad resonance is seen circa 330 ppm for the HMDS carbon atoms. 

The 
1
H NMR spectrum of 2, shows signals for THF (10.86 and 6.35 ppm) which have shifted 

and broadened considerably (from free THF at 3.57 and 1.40 ppm),
124

 indicating that in C6D6 

solution, THF remains coordinated to Na.  Similarly for 3, signals for Et2O at 10.18 (CH2) and 

4.52 (CH3) ppm are shifted considerably from those of free Et2O in C6D6 (3.26 and 1.11 ppm, 

respectively)
124

, allowing for the same conclusion to be drawn. 

The 
1
H NMR spectrum of 4 shows two signals in the aromatic region at 7.90 and 7.45 ppm 

(meta and para H atoms, respectively) and a further broad signal at 10.22 ppm (ortho H 

atoms) accounting for the phenyl H atoms.  In the 
13

C{
1
H} NMR spectrum three weak 

resonances are seen in the aromatic region at 136.54, 133.32 and 130.62 ppm (ipso, para and 

ortho C atoms, respectively); it is likely the resonance for the meta carbons is obscured by the 

large solvent peaks.  Curiously and despite several attempts, no visible resonances could be 

found in the 
31

P{
1
H} NMR spectrum (spectral window 300 to −300 ppm), perhaps due to 

extreme shifting or broadening of the resonance due to the presence of paramagnetic Fe(II).  

Comparing with the NMR spectra of pure S=PPh3 (see Section III.I.V), it is likely 4 retains its 

structure in C6D6 at ambient temperature, as evidenced by the shifting and loss of resolution 

(multiplets to singlets for aromatic H’s) of signals and the lack of observed resonance in the 

31
P{

1
H} NMR spectrum of 4.   
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1.1.3.2 Bidentate Lewis Donors: TMEDA and DTEDA 

 

Scheme 1.3 - Synthesis of complexes 5 and 6. 

Moving to bidentate amino donors, the addition of either 2 equivalents of TMEDA 

(N,N,N′,N′-tetramethylethylenediamine) or 2 equivalents DTEDA (N,N’-di-tert-

butylethylenediamine) to 1 (Scheme 1.3) yielded solvent separated ion-pairs 

[Na(TMEDA)2]
+
[Fe(HMDS)3]

−
 (5) (Figure 1.16) and [Na(DTEDA)2]

+
[Fe(HMDS)3]

−
 (6) 

(Figure 1.17), in yields of 80 and 79%, respectively. 

 

Figure 1.16 – X-ray crystal structure of complex 5 (both TMEDA groups symmetrically equivalent).  Hydrogen 

atoms and second unit of [Na(TMEDA)2]
+
 in asymmetric unit featuring disorder in the TMEDA groups omitted 

for clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): 

Fe1-N1 1.9839(16), Fe1-N2 1.9899(15), Fe1-N3 1.9937(16), Na1-N4 2.4605(17), Na1-N5 2.5859(17); N1-Fe1-

N2 119.19(7), N1-Fe1-N3 121.18(6), N2-Fe1-N3 119.63(7), N4-Na1-N5 73.65(6), N4-Na1-N4(1) 180, N4-Na1-

N5(1) 106.35(6), N5-Na1-N4(1) 106.35(6), N5-Na1-N5(1) 180. 

Looking upon the structure of 5, sodium is centrally coordinated by four donating nitrogen 

atoms of two molecules of TMEDA in a distorted square planar geometry (sum of angles 

around Na = 360°).  The Na-N bond distances are slightly uneven with a Na-N4 distance of 
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2.4604(17) Å and Na-N5 distance of 2.5859(17) Å.  The structure of 5 displays a near 

perfectly trigonal planar Fe
II
 centre (sum of N-Fe-N angles 360°, ranging from 119.19(7)° to 

121.18(6)°) which is bound to three terminal HMDS ligands.  This is in part evidenced by the 

average Fe-N bond lengths; 1.993(3) Å for compound 5 versus 1.917(4) Å for Fe
III

(HMDS)3 

which is also trigonal planar in the solid state.
125

 

In the case of DTEDA, X-ray crystallographic analysis suggests that the formation of 

[Na(DTEDA)2]
+
[Fe(HMDS)3]

−
 (6) (Figure 1.17) has taken place.  However, this structural 

determination is severely affected by disorder (within the 
t
Bu and SiMe3 groups) which 

greatly compromises the accuracy of the structure. 

 

Figure 1.17 – Proposed structure of complex 6. 

Supporting the formation of 6, it should be mentioned that when the closely related reaction 

of LiHMDS and Fe(HMDS)2 was carried out in the presence of DTEDA, parent lithium 

analogue [Li(DTEDA)2]
+
[Fe(HMDS)3]

−
 was structurally defined.

78
  Furthermore, 

1
H and 

13
C{

1
H} NMR spectroscopic analysis of 6 in d8-THF supports the formation of the SSIP 

structure depicted in Figure 1.17.  Moreover, quantitative CHN elemental microanalysis data 

obtained for 6 (see Section III.II.I) closely matches calculated values for 

[Na(DTEDA)2]
+
[Fe(HMDS)3]

−
. 

Interestingly even when a molar equivalent of these bidentate donors is employed compounds 

5 and 6 are obtained, although in reduced yields (42 and 37%, respectively, with a maximum 

possible yield of 50%). 

In contrast to contacted ion-pair species 1-4, SSIP complexes 5 and 6 presented poor 

solubility in C6D6 and deuterated toluene arene solvents for NMR spectroscopic analysis, thus 

more polar d8-THF was used.  Resonances in the 
1
H NMR spectra corresponding to HMDS 

groups surrounding the Fe centre (−2.37 ppm for 5 and 6) are shifted minorly downfield as 

compared to those observed for contacted ion-pair complexes 1-4 (circa −4.7 ppm).  This 
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downfield shifting trend is also observed in the 
13

C{
1
H} spectra for the HMDS carbons to a 

somewhat larger degree (resonances at 347.81 ppm).  The chemical shifts for the Lewis 

donors however appear well resolved and differ only marginally than those of the free Lewis 

donors in d8-THF,
126,127

 which is consistent with TMEDA and DTEDA being displaced in 

solution by donor solvent d8-THF. 

 

Structurally related to both 5 and 6, an example of a SSIP sodium ferrate with the formula 

[Na(12-crown-4)2]
+
[Fe(HMDS)3]

−
 was reported by Dehnicke and co-workers in 1996 which 

features an Fe
II
(HMDS)3 anionic moeity.

128
  Upon reacting Fe

III
(HMDS)3 with NaHMDS and 

2 equivalents of 12-crown-4 the Fe
II
 sodium ferrate is obtained along with half an equivalent 

of the hydrazine adduct (Me3Si)2N-N(SiMe3)2 (Scheme 1.4).  The average Fe-N bond length 

of 1.981 Å and sum of N-Fe-N angles, 360°, compare favourably with 5 and 6. 

 

Scheme 1.4 - Synthesis of [Na(12-crown-4)2]
+
[Fe(HMDS)3]

−
.
 128
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1.1.3.3 Polydentate Lewis Donors: PMDETA and Me6TREN 

To further explore the structural variations of this family of sodium ferrates, we then studied 

the reaction of 1 with the polydentate N-ligands PMDETA and Me6TREN (Scheme 1.5). 

 

Scheme 1.5 – Reactions of 1 with polydentate donors PMDETA and Me6TREN. 

Sodium ferrate 1 was reacted with one equivalent of tridentate donor PMDETA, the formation 

of the SSIP [Na(PMDETA)2]
+
[Fe(HMDS)3]

−
 (9) (Figure 1.18) was observed in a 41% yield 

(note that under these conditions the maximum achievable yield is 50%), in a similar fashion 

to 5 and 6.  When the reaction was performed with a rational two molar equivalents of 

PMDETA, 7 was obtained in an increased 81% yield.  X-ray crystallographic studies revealed 

that 7 exhibits a SSIP ion-pair structure, with Fe bonded to the three terminal HMDS groups 

and Na chelated by two molecules of PMDETA.  Interestingly, it should be noted that for 

each of these tridentate ligands, Na forms shorter (stronger) bonds with two of the three 

available N atoms.  Equatorial nitrogens N2, N3, N5 and N6 adopt a pseudo square planar 

geometry around Na, akin to TMEDA in 5.  These shorter Na-N bond distances in 7 (average 

2.5468 Å) are comparable with those described for TMEDA-solvate 5 (average Na-N bond 

length 2.5232 Å).  Na exhibits longer distance contacts with axial N1 and N4 atoms (Na1-N1 

3.014(3) Å, Na1-N4 2.883(3) Å) which cap above and below the plane.  Thus overall, Na 

exhibits a distorted octahedral geometry with the PMDETA ligands acting almost as 

TMEDA-mimics (cf. complex 5). 
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Figure 1.18 –Molecular structure of compound 7.  Hydrogen atoms and second equivalent of 

[Na(PMDETA)2]
+
[Fe(HMDS)3]

−
 in the asymmetric unit, with disorder in the PMDETA groups, omitted for 

clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-

N16 1.984(2), Fe1-N17 1.985(2), Fe1-N18 1.979(2), Na1-N1 3.014(3), Na1-N2 2.516(2), Na1-N3 2.576(2), 

Na1-N4 2.883(3), Na1-N5 2.496(2), Na1-N6 2.599(3); N16-Fe1-N17 120.62(9), N16-Fe1-N18 119.25(9), N17-

Fe1-N18 120.12(9), N1-Na1-N2 66.89(8), N1-Na1-N3 99.87(8), N1-Na1-N4 150.55(8), N1-Na1-N5 94.09(8), 

N1-Na1-N6 99.87(8), N2-Na1-N3 74.18(8), N2-Na1-N4 97.27(8), N2-Na1-N5 115.30(8), N2-Na1-N6 

164.02(9), N3-Na1-N4 99.16(8), N3-Na1-N5 165.54(9), N3-Na1-N6 100.58(8), N4-Na1-N5 69.59(8), N4-Na1-

N6 98.48(8), N5-Na1-N6 73.11(8). 

The cation [Na(PMDETA)2]
+
 has also been found in the related sodium magnesiate 

[Na(PMDETA)2]
+
[Mg(TMP)3]

−
.
129

  The cationic unit for this SSIP ion-pair structure is 

essentially the same as that displayed in 7, with PMDETA using primarily two of its three 

available nitrogens to coordinate to Na.  The mean short and long Na-N bond distances (2.530 

Å and 2.933 Å, respectively) are almost equivalent with 7.  Regarding the anionic component 

of 7, the [Fe(HMDS)3]
−
 unit is analogous with the previously described SSIP ion-pair 5 and 

thus warrants no further discussion. 

 

On the other hand, when the denticity of the N-donor ligand was increased, using tetradentate 

Me6TREN (1 eq.) as a Lewis base, the reaction with 1 led to the isolation of 

[Me6TREN·Na]
+
[Fe(HMDS)3]

−
 (8) (Figure 1.19) in an 84% yield. 



 Chapter 1   –  Structural Variations of Sodium Ferrates with Lewis Donors 

 

40 | P a g e  

 

Figure 1.19 –X-ray crystal structure of complex 8.  Hydrogen atoms omitted for clarity.  Thermal ellipsoids 

displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-N5 1.9931(16), Fe1-N6 

1.9861(16), Fe1-N7 1.9927(15), Na1---C13 2.727(2), Na1-N1 2.4272(18), Na1-N2 2.4846(19), Na1-N3 

2.4954(19), Na1-N4 2.459(2); N5-Fe1-N6 119.25(6), N5-Fe1-N7 121.93(6), N6-Fe1-N7 118.83(7), N1-Na1-N2 

75.57(6), N1-Na1-N3 75.83(6), N1-Na1-N4 75.40(6), N1-Na1---C13 167.18(8), N2-Na1-N3 117.97(6), N2-

Na1-N4 108.59(7), N2-Na1---C13 92.13(7), N3-Na1-N4 115.47(7), N3-Na1---C13 107.73(7), N4-Na1---C13 

112.66(8), Na1---C13-Si1 173.36(13). 

Contrasting with the structures of 5, 6 and 7, which contain two equivalents of the relevant N-

donor ligand, in 8 Na binds to just one molecule of Me6TREN.  Exhibiting a κ
4
 coordination, 

this ligand caps the Na centre on the rear face (at an average Na-N bond distance of 2.4666 

Å), with Na positioned slightly above the N2-N3-N4 plane (0.6164(1) Å deviation) in a 

distorted trigonal bipyramidal geometry.  The exposed face of the sodium forms a long 

distance electrostatic contact with the C13 methyl carbon of an HMDS group attached to iron 

(Na---C13 2.727(2) Å).  The trigonal planar [Fe(HMDS)3]
−
 anion has bond lengths and angles 

comparable to the SSIP 5 and 7 (vide supra).  Compound 8 can be envisaged as an 

intermediate between a contacted ion-pair and a solvent separated structure.  The formation of 

this electrostatic Na---C contact does not affect the Fe-N bond distance of the relevant HMDS 

ligand (Fe-N5 1.9931(16) Å) which is of the same range as the remaining Fe-N bonds in 8 

(Fe-N6 1.9861(16) Å, Fe-N7 1.9927(15) Å). 

Tripodal tetraamino Me6TREN has been most frequently reported as a supporting ligand for 

d-block metals,
130

 less so for Group 1 metals.  There are only a handful of examples where 

this ligand is coordinated to Na.
131–136

  In most of these examples Na is also attached to an 

anionic ligand, with Me6TREN facilitating the formation of low aggregates.  Related to 8, 

O’Hara has recently reported the structures of [{Na5(μ-HMDS)5(μ5-X)}{Na(Me6TREN)}] 

(where X = Cl or Br) where Na binds to one molecule of Me6TREN as well as forming a long 

distance Na---C electrostatic interaction with a Me group of a SiMe3 fragment (Figure 
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1.20).
136

  Their Na---C distances are found to be longer at 2.955(3) and 2.955(4) Å (Cl and Br, 

respectively) than 2.727(2) Å for 8, though they exhibit shorter mean Na-N bond lengths with 

Me6TREN (2.4363 and 2.4365 Å, Cl and Br, respectively) than those in 8 (mean Na-N 

distance 2.4666 Å). 

 

Figure 1.20 – Crystal structure of [{Na5(μ-HMDS)5(μ5-Cl)}{Na(Me6TREN)}].  Hydrogen atoms omitted for 

clarity.  Thermal ellipsoids displayed at 50% probability level. 

As discussed for 5 and 6, SSIP species 7 and 8 showed poor solubility in C6D6.  
1
H and 

13
C{

1
H} NMR spectroscopic characterisation of these compounds in d8-THF reveal that under 

these conditions the N donors coordinated to Na are displaced by the deuterated solvent.  

Broad signals at −2.42 and −2.46 ppm were observed for 7 and 8, respectively that are 

assigned to the anionic [Fe(HMDS)3]
−
 fragment. 

 

1.1.4 Transamination Reactions with 2,2ʹ-Dipyridylamine 

After exploration of the structural variances of homoleptic sodium ferrate 1, we were curious 

to explore its reactivity towards amines (transamination reactions) as a vehicle to access novel 

sodium ferrates.  As an initial venture, heterocyclic 2,2ʹ-dipyridylamide (DPA) was chosen as 

a suitable candidate for a transamination with HMDS (Scheme 1.6).  Though less prevalent 

throughout organometallic chemistry than HMDS, DPA has been utilised in a number of 

varied branches of chemistry including materials science,
137

 catalysis,
138

 supramolecular 

chemistry
139

 and even in mixed-metal chemistry.
140
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Scheme 1.6 – Reactions carried out with DPA(H). 

We began by introducing one equivalent of DPA(H) (2,2ʹ-dipyridylamine) to a solution of our 

homometallic precursor Fe(HMDS)2 in hexane (Scheme 1.6, top) which turned the green 

solution brown with an off-white precipitate.  Addition of THF solubilised the precipitate and 

cooling to −30°C furnished a crop of orange plate-like crystals.  From X-ray diffraction 

studies the structure was determined to be heteroleptic bis(amide) [{Fe(HMDS)(DPA)}2] (9), 

isolated in a 38% yield (Figure 1.21). 

 

Figure 1.21 –X-ray crystal structure of complex 9.  Hydrogen atoms omitted for clarity.  Thermal ellipsoids 

displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-N1 1.9583(14), Fe1-N2 

2.1642(14), Fe1-N3 2.2112(15), Fe1-N(4)1 2.1044(14), Fe1---N2(1) 2.546(1)), Fe1---Fe1(1) 3.3609(1); N1-Fe1-

N2 134.76(6), N1-Fe1-N3 119.34(6), N1-Fe1-N4(1) 111.04(6), N2-Fe1-N3 61.70(5), N2-Fe1-N4(1) 113.54(5), 

N3-Fe1-N4(1) 97.63(5), N1-Fe1---Fe1(1) 134.078(1). 
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[{Fe(HMDS)(DPA)}2] (9) exhibits a dimeric arrangement with a novel eight-membered 

{FeNCNFeNCN} core.  Each Fe atom binds to a terminal HMDS group and to two bridging 

DPA ligands which provide supplementary coordination to the Fe centres through their 

neutral ring nitrogens with the pyridyl rings in a syn/syn conformation (a linear array of the N 

atoms), the pyridyl N atoms ‘pointing’ in the same direction as the amido N thus maximising 

interaction with the Fe centres.  Fe is formally five-coordinate considering the long contact to 

the opposing central amido nitrogen (Fe1---N2(1) 2.546(1)) though much shorter bond 

distances are observed to amido nitrogens N1 and N2 (1.9583(14) and 2.1642(14) Å, 

respectively) and to pyridyl nitrogens N3 and N4(1) (2.2112(15) and 2.1044(14) Å, 

respectively).  Discounting N2(1), a distorted tetrahedral geometry around Fe is present 

(average N-Fe-N angle = 106.36°, range 61.70(5) to 134.76(6)°, excluding N2(1)). 

The 
1
H NMR spectrum for 9 (recorded in C6D6) is nicely resolved with resonances that 

account for all H atoms present in 9.  The signal for the HMDS H atoms appears at 17.01 ppm 

as a broad singlet, though much less broad than for [{Fe(HMDS)2}2] (cf. 60.27 ppm).  Four 

more resonances are visible (each integrating correctly to 2 hydrogens) for the aryl ring H 

atoms between 47.15 and −14.31 ppm, though it would be ambiguous to attempt to further 

assign these due to the large isotropic shifts. 

 

Whilst there are structural examples of iron and DPA/DPA(H) together, DPA/DPA(H) 

coordinating to Fe solely via the pyridyl N atoms, only two examples exhibit an Fe-Namido 

bond.  [Fe4(O)(DPA)6] was reported in 2000 by Cotton et al., prepared from DPA(H), MeLi 

and FeCl2.
141

  Though all equivalents of DPA(H) have been deprotonated and (through loss of 

LiCl) exist in the DPA amido form, only the 3 equivalents on the ‘bottom face’ of the 

{Fe4(O)} core bond through their amido N atoms whilst the 3 equivalents on the ‘top face’ act 

only as bidentate ligands through their pyridyl N atoms (Figure 1.22). 
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Figure 1.22 – Central core of [Fe4(O)(DPA)6].
141

  Amido N’s labelled with solid line bonds and pyridyl N bonds 

shown dashed.  Hydrogen atoms omitted and outer ring carbons transparent for clarity. 

A very recent publication by McKenzie and co-workers explores the reaction between 

[{Fe(Mes)2}2] and DPA(H).
142

  The authors state that for divalent transition metals the 

common structural motifs are of the form [{M(DPA)2}2] or [M3(DPA)4X2] (all published 

examples with Fe supported solely by pyridyl N atoms and X, X = OTf or halogen), 

commonly known as ‘extended metal atom chains’.
143–146

  The result of their reaction 

however is [{Fe(Mes)(DPA)}2] (Figure 1.23), closely related to 9.   

 

Figure 1.23 – Crystal structure of [{Fe(Mes)(DPA)}2].  Hydrogen atoms omitted for clarity. 

From the same reaction they also obtain the product 

[Fe4(O)(DPA)6][Fe2Cl(DPA)3]·(toluene)3; tetranuclear and dinuclear structures that co-

crystallise together as a result of H2O/O2 and Cl contaminations, respectively.  The 

tetranuclear motif is identical to [Fe4(O)(DPA)6] that had earlier been crystallographically 

characterised by Cotton co-workers.
141
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Figure 1.24 - Central iron-nitrogen cores of 9, [{Fe(Mes)(DPA)}2] and [{Fe(HMDS)2}2]. 

A comparison of selected geometrical parameters between 9, [{Fe(Mes)(DPA)}2] and 

[{Fe(HMDS)2}2] is presented in Table 1.3 with core structures denoted in Figure 1.24. 

Table 1.3 - Selected geometrical parameters of compounds 9, [{Fe(Mes)(DPA)}2] and [{Fe(HMDS)2}2].  Bond 

distances are given in Ångstroms and bond angles given in degrees (°). 

Bond/Angle 9 [{Fe(Mes)(DPA)}2]
142

 [{Fe(HMDS)2}2]
92

 

Terminal Fe1-N1/C1 1.9583(14) 1.973(3) 1.927(2)
a 

Bridging 

Amido 

Fe1-N2 2.1642(14) 2.147(3) 2.086(2)
a
 

Fe1-N2(1) 2.546(1) 2.470(3) 2.086(2)
a
 

Pyridyl 
Fe1---N3 2.2112(15) 2.248(3) - 

Fe1---N4(1) 2.1044(14) 2.130(3) - 

Angles 

    

Fe1---Fe1(1)/Fe2 3.3609(1) 3.043(1) 2.663(2)
a
 

    

N1/C1-Fe1-N2 134.76(6) 116.85(11) 129.7(1)
a
 

N1/C1-Fe1-N2(1) 108.652(1) 110.73(8) 129.7(1)
a
 

N2-Fe1-N2(1) 89.320(1) 97.89(9) 100.5(1)
a
 

Σ(N-Fe-N) angles 332.732 325.47 359.9
a
 

    

N1/C1-Fe1---Fe(1) 134.078(1) 127.29(7) 180.00(1)
a
 

Fe1-N2-Fe1(1)/Fe2 90.680(1) 82.10(7) 79.4(1)
a
 

a
[{Fe(HMDS)2}2] does not contain a central inversion centre but instead a 2-fold axis along the Fe1---Fe2 vector 

thus there are some very marginal differences in Fe-N bond lengths and angles.  For simplicity the longest bond 

distances and most obtuse angles which occur around Fe1 are given in the table above.   



 Chapter 1   –  Structural Variations of Sodium Ferrates with Lewis Donors 

 

46 | P a g e  

Moving from [{Fe(HMDS)2}2] to 9, Fe increases its coordination number from three to five, 

consequently 9 displays a marginally lengthened Fe1-N1 bond (1.927(2) vs 1.9583(14) Å, 

respectively) and a considerably lengthened Fe---Fe separation (2.663(2) vs 3.3609(1) Å, 

respectively).  In comparison to the corresponding Fe-Namido bonds in [{Fe(Mes)(DPA)}2], 9 

exhibits longer bond distances as well as a larger separation between Fe centres (3.043(1) Å 

for [{Fe(Mes)(DPA)}2]).  Conversely, in comparison to [{Fe(Mes)(DPA)}2], 9 exhibits 

marginally shorter Fe-Npyridyl bond lengths (Fe1-N3 2.248(3) vs 2.2112(15) Å and Fe-N4(1) 

2.130(3) vs 2.1044(14) Å  for [{Fe(Mes)(DPA)}2] vs 9, respectively). 

 

We next investigated the incorporation of DPA groups in sodium ferrate complexes by 

treating 1 with variable quantities of DPA(H) (Scheme 1.6).  Addition of one molar 

equivalent of DPA(H) to a solution of 1 in hexane immediately afforded a brown suspension 

which could be solubilised with a small quantity of THF (Scheme 1.6, middle).  Orange 

crystals were obtained at −30°C of [(THF)2·NaFe(DPA)(HMDS)2] (10) (Figure 1.25) in a 

60% yield. 

 

Figure 1.25 – Molecular structure of complex 10.  Hydrogen atoms and disorder present in the two THF 

molecules and one SiMe3 unit omitted for clarity.  Thermal ellipsoids displayed at 50% probability level.  

Selected bond distances (Å) and angles (°): Fe1-N2 2.1723(13), Fe1-N3 2.1844(14), Fe1-N4 1.9769(14), Fe1-N5 

2.0171(14), Fe1---Na1 3.2253(7), Na1-N1 2.3822(17), Na1-N2 2.6710(15), Na1-N5 2.5464(15), Na1-O1 

2.3479(15), Na1-O2 2.3425(14); N2-Fe1-N3 61.71(5), N2-Fe1-N4 118.24(6), N2-Fe1-N5 105.93(5), N3-Fe1-N4 

103.30(6), N3-Fe1-N5 121.04(6), N4-Fe1-N5 128.42(6), Na1-N2-Fe1 82.82(5), Na1-N5-Fe1 89.16(5), Na1---

Fe1-N4 145.19(4), N1-Na1-N2 53.62(5), N1-Na1-N5 119.96(5), N1-Na1-O1 91.84(6), N1-Na1-O2 98.80(6), 

N2-Na1-N5 79.73(5), N2-Na1-O1 94.22(5), N2-Na1-O2 152.28(5), N5-Na1-O1 131.07(6), N5-Na1-O2 

118.20(5), O1-Na1-O2 88.84(5). 

X-ray crystallographic studies confirmed the incorporation of one DPA ligand in the ferrate 

structure which acts as a bridge between Na and Fe to generate a monomeric contacted ion-

pair structure.  DPA’s central amido nitrogen N2 bridges between Fe and Na at distances of 
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2.1723(13) and 2.6710(15) Å, respectively, whilst neutral pyridyl nitrogens N1 and N3 

provide additional coordination to Na and Fe, respectively.  Complex 10 is most comparable 

with homoleptic sodium ferrate 2, albeit with an extra molecule of coordinating solvent THF.  

The iron(II) centre resides in what is effectively a trigonal planar geometry (between amido 

nitrogens N2, N4 and N5) that is distorted to a  much larger degree than for the previously 

described sodium ferrate structures (sum of angles = 352.59°, range 105.93(5)° to 128.42(6)°, 

cf. 359.94° for 2).  Coordination by pyridyl nitrogen N3 to Fe (2.1844(14) Å) causes a 

pyramidalisation effect resulting in Fe lying above the N2-N4-N5 plane by 0.3204(1) Å (cf. 

0.0289(1) Å in 2).  Comparing respective Fe-Namido distances between 10 and homoleptic 

HMDS CIP complexes 1-4, terminal Fe1-N4 at 1.9769(14) Å is lengthened slightly when 

comparing to the average Fe-Nterminal distance of 1.963 Å though bridging Fe1-N5 (2.0171(14) 

Å) is shorter than the mean Fe-Nbridging distance of 2.0344 Å, conceivably because penta-

coordinate Na requires less electron donation for stabilisation than tri-coordinate Na in 

complexes 1-4.  It is clear to see that in 10 when considering the Fe-N bond lengths the 

stronger interactions (by way of shorter bond distances) are to the amido N atoms, even 

though they (N2 and N5) bridge to coordinate to Na and pyridyl N3 solely coordinates to Fe.  

Sodium’s coordination sphere is occupied by bridging amido nitrogens N2 and N5 at an 

average Na-Namido distance of 2.6087 Å, considerably longer for the respective average Na-

Namido distance of 2.4883 Å for 2.  This is rational, however, because Na is more closely 

bonded to pyridyl N1 (Na1-N1 2.3822(17) Å) and two equivalents of THF complete Na’s 

coordination sphere ensuring a monomeric product.  With increased ancillary bonding 

opportunities penta-coordinate Na resides 3.2253(7) Å from the Fe centre, an appreciably 

longer distance than three-coordinate Na in 2 (Na1---Fe1 3.0092(10) Å). 

The 
1
H NMR spectrum of 10 in C6D6 reveals one very broad signal at 6.39 ppm and two 

sharper (but still quite broadened) signals at 4.97 and 2.12 ppm.  Due to the extremely broad 

nature of signal at 6.39 ppm there is considerable overlapping with the residual solvent signal 

and the signal at 4.97 ppm, thus a meaningful integration and assignment for these resonances 

is not achievable for 10.  By comparing this spectrum with those collected for compounds 1-

9, it could be reasoned that the two sharper signals (at 4.97 and 2.12 ppm) are THF; these 

molecules reside far from the paramagnetic Fe centre in the solid state.  The extremely 

broadened signal at 6.39 ppm would then likely be a coalescence of HMDS and DPA 

resonances, plausible considering the delocalised ring systems. 
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Via a similar method to 10, three equivalents of DPA(H) were introduced to a solution of 1 

(Scheme 1.6, bottom).  Yellow crystals grown from a solution of toluene/THF at −30°C were 

of polymeric [{THF·NaFe(DPA)3}∞] (11) (Figure 1.26), recovered in a low 18% yield. 

 

Figure 1.26 – Monomeric unit of complex 11.  Hydrogen atoms and co-crystallised disordered toluene omitted 

for clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): 

Fe1-N2 2.286(4), Fe1-N3 2.177(4), Fe1-N5 2.159(3), Fe1-N6 2.262(4), Fe1-N7 2.127(3), Fe1-N9 2.101(3), Fe1-

--Na1 3.4879(17), Na1-N1 2.512(4), Na1-N2 2.571(4), Na1-N4 2.602(4), Na1-N5 2.512(4), Na1-O1 2.362(4), 

Na1-N8(1) 2.480(4); N2-Fe1-N3 60.34(13), N2-Fe1-N5 92.97(13), N2-Fe1-N6 112.41(13), N2-Fe1-N7 

152.05(14), N2-Fe1-N9 93.73(14), N3-Fe1-N5 103.05(14), N3-Fe1-N6 162.71(12), N3-Fe1-N7 92.74(14), N3-

Fe1-N9 102.07(14), N5-Fe1-N6 60.46(13), N5-Fe1-N7 101.03(14), N5-Fe1-N9 154.03(14), N6-Fe1-N7 

95.53(14), N6-Fe1-N9 93.87(13), N7-Fe1-N9 84.21(14), Na1-N2-Fe1 91.61(13), Na1-N5-Fe1 96.31(14), N1-

Na1-N2 53.13(12), N1-Na1-N4 147.38(13), N1-Na1-N5 110.86(13), N1-Na1-O1 87.01(14), N1-Na1-N8(1) 

103.22(13), N2-Na1-N4 94.31(12), N2-Na1-N5 78.73(12), N2-Na1-O1 94.62(13), N2-Na1-N8(1) 153.95(15), 

N4-Na1-N5 52.85(12), N4-Na1-O1 98.97(14), N4-Na1-N8(1) 108.15(14), N5-Na1-O1 149.71(14), N5-Na1-

N8(1) 104.14(13), O1-Na1-N8(1) 94.72(13). 

Complex 1 has undergone a three-fold transamination to release three equivalents of 

HMDS(H), incorporating three DPA ligands to furnish a new homoleptic sodium ferrate 

[{THF·NaFe(DPA)3}∞] (11).  The bridging DPA ligands effectively mirror one another by 

significant twisting of the pyridyl rings from the {Na1-N2-Fe1-N5} core plane in order to 

accommodate the steric bulk and simultaneously allow for Npyridyl coordination to the two 

metal centres (Figure 1.27). 

 

Figure 1.27 – Alternate view of the Na/Fe core and two bridging DPA ligands of 11.  Hydrogen atoms omitted 

for clarity.  Thermal ellipsoids displayed at 50% probability level. 
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Interestingly, Fe is hexacoordinated residing between three DPA moieties.  Fe bonds to amido 

nitrogens (N2 and N5) and pyridyl nitrogens (N3 and N6) of the bridging DPA groups, 

similar to 10.  Surprisingly however, the terminal DPA ligand adopts an anti/anti 

conformation, thus Fe is supported by the two pyridyl nitrogens (N7 and N9) whilst 

bridgehead N8 points away to sodium on a second monomer unit (at a distance of 2.480(4) Å) 

to give a 1D polymeric chain (Figure 1.28).  Incorporating two bridging DPA groups in 

syn/syn conformation it is understandable that 11 contains the largest Na---Fe separation of 

any of the previously described CIP sodium ferrates at 3.4879(17) Å.  Na is also hexa-

coordinated, featuring ancillary bonding to the two bridging amido nitrogens N2 and N5 (at 

distances of 2.571(4) and 2.512(4) Å, respectively), pyridyl nitrogens N1 and N4 (at distances 

of 2.512(4) and 2.602(4) Å, respectively), though is most closely bonded to amido N8(1) at 

2.480(4) Å, completing its coordination sphere with a molecule of THF. 

 

Figure 1.28 - Section of polymeric chain in 11 showing propagation and selected atom labelling, Na1-N8(1) 

2.480(4) Å.  Hydrogen atoms omitted for clarity.  Thermal ellipsoids displayed at 30% probability level. 

The 
1
H NMR spectrum of 11 in C6D6 showed number of poorly resolved broad and 

overlapping signals (between 0 and 30 ppm) which precluded the meaningful assignment of 

the resonances. 

 

Except for loosely related K/Co/Fe oxalate complex [K(18-crown-6)]
+
[Co(DPA)Fe(ox)3]

−
 (ox 

= oxalate),
147

 where there is no coordination between Fe and DPA, as far as can be 

ascertained, 10 and 11 represent the first examples of DPA ferrate complexes.  An interesting 

precedence of DPA in mixed-metal chemistry are the sodium zincates [(TMEDA)2Na2(μ-

DPA)2Zn(
t
Bu)2] and [Na(THF)6]

+
[Zn(

t
Bu)2(DPA)Zn(

t
Bu)2]

−
 described my Mulvey et al.

140
  In 
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the former structure one DPA bridges syn/syn between the two Na atoms and another anti/anti 

with Namido bridging the Na atoms and the pyridyl N atoms coordinating to Zn (Figure 1.29, 

left).  In the latter SSIP, a single unit of DPA is inserted between two Zn centres in an 

anti/anti conformation (Figure 1.29, right). 

 

Figure 1.29 – Structures of DPA sodium zincates.
140

 

 

1.1.4.1 Magnetometry Studies of Fe and Ferrate DPA Complexes 

The electronic structures of the Fe(II) centres in complexes 9 and 11 were studied through 

bulk magnetisation measurements (SQUID) and EPR spectroscopy (9 only).  Thus, molar 

paramagnetic susceptibility (M) data was collected on microcrystalline samples in the 

warming mode from 2 to 300 K, under a constant magnetic field of 0.5 T.  Additionally, this 

study was complemented with magnetisation measurements at 2 K under variable magnetic 

field (0 to 5 T).   Resulting MT vs T and M/NμB vs H curves and their best fits are represented 

in Figure 1.30 and Figure 1.32.  Variable temperature X-Band EPR spectra (9.418 GHz) of a 

powder sample of complex 9 were recorded in the temperature range between 4 K and 50 K 

and the obtained results are shown in Figure 1.31. 

 

A magnetic study of 9 reveals the existence of ferromagnetic interactions between two Fe(II) 

centres in the structure (Figure 1.30). 
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Figure 1.30 – MT vs T and M/NμB vs H (inset) curves of compound 9.  Measurement setup: warming mode 

(2→300 K), B = 0.5 T; Tmag  = 2 K.  Solid line represents the result of the best fit. 

At ambient temperature (300 K), the value of MT product of 6.79 cm
3
 K mol

–1 
is higher than 

expected for two non-interacting high-spin (S = 2) iron(II) centres (expected value is 6.00 cm
3
 

K mol
–1 

taking into account g = 2.0).  The estimated g factor for the ambient temperature data 

of 2.13 (Curie Law) reveals the existence of unquenched angular momentum coupled to the 

electronic spin.  Upon lowering the temperature from 300 K to 250 K, a steady increase of 

MT takes place (from 6.79 at 300 K to 7.12 cm
3
 K mol

–1
 at 250 K), which is attributed to a 

small decomposition of the sample upon warming.  Below 250 K, the MT product is slowly 

increasing until 50 K (slightly negative linear slope up to 7.55 cm
3
 K mol

–1
) followed by a 

sharp increase with a MT maximum at 9 K (9.37 cm
3
 K mol

–1
).  An abrupt decrease is 

observed in the lowest temperature range ending at MT value of 6.88 cm
3
 K mol

–1
 at 2 K.  

The latter can be attributed to the effects of the zero-field splitting (ZFS).  Moreover, the ZFS 

effects are clearly visible from the M/NμB vs H curve which fails to reach saturation even at 

the highest magnetic field (measured 6.02 μB at 5 T; expected 8 μB for g = 2.0 and S = 4 or 

two S = 2). 

Simultaneous fit of the experimental data (MT vs T and M/NμB vs H) was completed using the 

program PHI
148

 by matrix diagonalisation of the (perturbative) anisotropic spin Hamiltonian 

defined in Equation (1.1): 

 
�̂� = 𝐷 ∑ (�̂�𝑖𝑧

2
−  

1

3
�̂�𝑖

2
)

𝑖

+ 𝐸 ∑ (�̂�𝑖𝑥
2

−  �̂�𝑖𝑦
2

)

𝑖

+  𝑔𝜇𝐵𝐵 ∑ �̂�𝑖

𝑖

− 2𝐽(�̂�1�̂�2) 
(1.1) 
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where J is the exchange constant, �̂�𝑖 (i = 1, 2) is the total spin operator of the individual Fe(II) 

ions (�̂�𝑖𝑗 (j = x, y, z) are the operators of its components), B is the magnetic induction, 𝜇𝐵 is 

the Bohr magneton while D and E stand for axial and rhombic ZFS parameters, respectively.  

In order to avoid the overparameterisation of the spin Hamiltonian, the isotropic g factor was 

fixed at 2.14.  The best set of parameters for two high-spin (S = 2) Fe(II) ions includes the 

exchange constant J = 1.01 cm
-1

,  ZFS components D = 7.31 cm
-1

 and |E| = 1.36 cm
-1

 as well 

as the small intermolecular interaction zJ = 0.02 cm
-1

.  Taking into account the reported 

negative values of ZFS parameter D for other trigonal-pyramidal iron(II) molecular 

magnets,
149,150

 a second set of parameters was obtained with J = 0.93 cm
-1

 and ZFS 

components D = –5.59 cm
-1

 and |E| = 1.45 cm
-1

 which presented slightly higher deviations 

from the experimental data at low temperature.  In both cases, large values of the rhombic 

ZFS parameter E reflect directly significant distortions of the basal FeN3 plane from the ideal 

three-fold symmetry.  Furthermore, the possible change in sign of D can be rationalised with 

the position of apical –N donor atom.  In the structure of 9, the axial pyridine ligand 

completely breaks the symmetry of the coordination environment around Fe(II), differing 

significantly from the regular trigonal-pyramidal systems reported by Long et al. where all N–

Fe–N angles between the apical and equatorial bonds are almost identical.
149,150

 
 

Consequently, the asymmetric ligand field in 9 breaks the degeneracy of dxz and dyz levels and 

affects the orbital angular momentum of the system, hence its anisotropy. 

The short intramolecular Fe(II) distance (3.3611(6) Å) justifies the existence of the magnetic 

exchange between two spin carriers while the bridging geometry of two dipyridylamine 

ligands supports its ferromagnetic nature.  The most appropriate pathway for the exchange 

involves the spin polarization mechanism, by which the electronic cloud of species linking 

paramagnetic centres (N–C–N bridges of DPA ligands) is polarised by the spin of the latter 

(Fe(II) centres).  In addition, this conclusion is supported by the small value of J (1.01 cm
–1

).  

The unusual ligating motif from the structure of 9 was also reported for the compound 

[{Fe(Mes)(DPA)}2].
142

  Although no magnetic studies were undertaken, the DFT calculations 

confirmed the high-spin configurations and the local spin densities of 3.62 at the iron(II) 

centres (S = 4 ground state).
142

 

Variable temperature EPR spectra (Figure 1.31) mirror remarkably well the magnetic 

behaviour of 9 observed from SQUID measurements and confirms the oxidation state of +2 

for the iron centres.  The latter is obvious from the fact that the sample is EPR silent above 40 

K.  Upon further cooling down to 4 K, one resonance starts to appear in the low-field region 



 Chapter 1   –  Structural Variations of Sodium Ferrates with Lewis Donors 

 

53 | P a g e  

(g value of 12.93) with increasing intensity.  The observed spectral feature is related with S = 

4 state of the Fe(II) dimer where a forbidden transition occurs between levels Ms = 4 and Ms 

= –4 (ΔMs = 8) which are split in zero magnetic field by ~E
2
/D.

151
 

 

Figure 1.31 – Variable temperature (4-50 K) X-band EPR spectra (f = 9.418 GHz) of a powdered sample of 

complex 9. 

Compound 11 displays the typical magnetic behaviour expected for an isolated high-spin (S = 

2) iron(II) centre by following the Curie Law in the high temperature region and by exhibiting 

some anisotropy which governs the low temperature behaviour (Figure 1.32). 

 

Figure 1.32 – MT vs T and M/NμB vs H (inset) curves of compound 11.  Measurement setup: warming mode 

(2→300 K), B = 0.5 T; Tmag  = 2 K.  Solid line represents the result of the fit. 

At ambient temperature (300 K), the value of MT product is 3.417 cm
3
 K mol

–1 
which is 

higher than expected for an isolated high-spin (S = 2) iron(II) centre (expected value is 3.00 

cm
3
 K mol

–1 
taking into account g = 2.0).  The estimated g factor from the Curie Law is g = 

2.13 suggesting the presence of unquenched angular momentum coupled to the electronic 
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spin.  Upon lowering the temperature, the MT product is slowly decreasing between 300 K 

(3.417 cm
3
 K mol

–1
) and 45 K (3.251 cm

3
 K mol

–1
).  The positive slope of the curve is a 

manifestation of temperature independent paramagnetism (TIP) with an estimated value of 

250 x 10
−6

 cm
3
 mol

−1
.  Below 45 K, the MT product starts to decline abruptly ending at 1.825 

cm
3
 K mol

–1
 at 2 K.  The low-temperature behaviour displayed could be ascribed to the 

effects of the zero-field splitting, weak antiferromagnetic interactions between the molecules 

or combination of both.  However, the variable field magnetisation measurements at 2 K 

confirm undoubtedly the largest contribution of the ZFS effects since the M/NμB vs H curve 

stays far from saturation even at the highest magnetic field (measured 2.57 μB at 5 T; expected 

4 μB for g = 2 and S = 2).  The experimental data were fit using the program PHI
148

 by matrix 

diagonalisation of the (perturbative) anisotropic spin Hamiltonian defined in Equation (1.2): 

 
�̂� = 𝐷 (�̂�𝑧

2
−  

1

3
�̂�2) + 𝐸 (�̂�𝑥

2
−  �̂�𝑦

2
) + 𝜇𝐵�̂�𝑔𝐵    (1.2) 

In this equation, D and E stand for axial and rhombic ZFS parameters, respectively, 𝑆 ̂ is the 

total spin operator of the Fe(II) ion and 𝑆�̂� (i = x, y, z) are the operators of its components.  B is 

the magnetic induction and 𝜇𝐵 is the Bohr magneton.  The best fit of the experimental data 

was with a fixed isotropic g factor at 2.10 and with correction for TIP of 250 x 10
–6

 cm
3
 mol

-1
 

yielded the ZFS parameters D = –10.48 cm
–1

 and E = –0.79 cm
–1

 as well as weak 

intermolecular interaction zJ = 0.01 cm
–1

 (Figure 1.32).  A survey of fits employing positive 

D values could not reproduce the low-temperature behaviour well without forcing the 

excessively high E/D ratios (0.47-0.50). 

The obtained results demonstrate that the iron(II) centre stays trapped in the high-spin state 

and does not exhibit thermally induced spin-crossover behaviour, thus confirming the findings 

from the crystal structure (Fe–N bond lengths at 123 K >2.1 Å).  Although the –N6 

coordination environment around the metal centre is appropriate for appearance of switching 

phenomena, large distortions from ideal octahedral geometry, imposed by the restricted bite 

angles of chelating ligands, generate a high barrier for the possible transition to the singlet 

state.
152

  Evaluation of the local distortion around the octahedral Fe(II) ion in the structure of 

11 through the parameters Σ and Θ gave the respective values of 142.4(5)° and 503.7(10)° 

which fall into the reported ranges for predominately high-spin states.
153–156

  These findings 

are also consistent with the reported magnetic data for other compounds with identical 

coordination geometry.
157,158
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1.2 Conclusions 

An exploration into the structural variations of HMDS-based sodium ferrates has been 

undertaken uncovering a family of contacted ion-pair and solvent separated ion-pair structures 

utilising mono-, di- and polydentate Lewis basic donors.  Furthermore, heterocyclic amide 

2,2ʹ-dipyridylamine has successfully been introduced into monometallic (Fe) HMDS and 

sodium ferrate scaffolds.  In the majority of cases, Fe shows a preference to attain a trigonal 

planar geometry with the HMDS amido ligands; these strong Fe-N σ-sigma bonds anchoring 

the structure and showing little difference in bond lengths between structures.  Na achieves 

coordinative stabilisation via ancillary bonding.  With no donor or monodentate Lewis donors 

present, contacted ion-pair structures were obtained whilst when Lewis donor molecules of 

higher denticity were present, solvent separated ion-pair structures were found.  Within CIP 

structures 1-4, 10 and 11, Na engages with two amido groups, forming additional bonds with 

either monodentate Lewis donors, supplementary amino N atoms (e.g. pyridyl N’s), HMDS 

methyl groups, or a combination thereof.  In SSIP complexes 5-8, Na is abstracted from the 

Fe centre and coordinatively satisfied by the neutral N atoms. 

The combination of trigonal planar geometry and weak field amido ligands preserve the high 

spin (S = 2) state of Fe(II) from its [{Fe(HMDS)2}2] precursor.  Further characterisation by 

NMR spectroscopy has enabled the acquisition of good quality 
1
H (and in some cases 

13
C{

1
H}) NMR spectra), which are lacking in the current literature, concerning ferrate 

species.  This has allowed us to identify certain spectroscopic features exhibited by the 

described complexes upon where certain signals appear, beneficial for interpreting spectra of 

further (and more complicated) ferrate species. 

 

With good fundamental grounding on the constitution of these heterobimetallic sodium ferrate 

reagents, we look towards further exploring their reactivity through metallation chemistry and 

as candidates for selective bases like their successful Na/Mg and Na/Zn congeners before 

them.  Especially encouraging is that in currently unpublished research
78

 within the group it 

has been found that related and structurally characterised HMDS-based lithium ferrates can 

catalytically facilitate the cross coupling of unactivated arenes with aryl halides.
77

  Studies 

included in this chapter provide new insights into the possible identity of the active species 

involved in this type of iron-catalysed cross-coupling process. 



 

56 | P a g e  

Chapter 2 –   N-Heterocyclic Carbene Stabilised 

Sodium Ferrates: Structural, Synthetic and 

Magnetic Studies 

2.1 Introduction to N-Heterocyclic Carbenes: Normal, 

Abnormal and Anionic 

Since Arduengo’s seminal report on the isolation of the first stable N-heterocyclic carbene 

(NHC),
159

 an enormous amount of research activity has been devoted to advancing the 

chemistry of these seminal ligands, leading to important breakthroughs in synthesis and 

catalysis.  The remarkable stability of NHCs as well as the fine control of their steric and 

electronic properties, by modifying their substituents on the imidazole backbone and/or on the 

N atoms,
160

 have been key in many of these advances,
161,162

 focusing primarily on the 

synthesis of transition metal complexes and their applications as catalysts.
163–165

 

 

Figure 2.1 – Typical molecular framework of an unsaturated NHC. The above notation shall be used throughout 

this chapter where C2 constitutes the ‘normal’ position and C4 constitutes the ‘abnormal’ position (essentially 

interchangeable with C5). 

Typically, the carbenic functionality on an NHC is located at its C2 position (Figure 2.1), 

being stabilised by the combination of π-donation of the adjacent N lone pairs into the empty 

pπ orbital of the carbene, along with steric stabilisation from the commonly bulky substituents 

on the N atoms.
166

  Notwithstanding, in some special cases the carbenic carbon can be located 

at the abnormal C4 position (Figure 2.2, centre), being then only stabilised by only one N 

atom.  This special family of NHCs are termed ‘abnormal’ (aNHCs) or mesoionic NHCs.
167–

169
  Although these ligands are much more unstable than their ‘normal’ analogues, with the 

only examples of free aNHCs being isolated by blocking their C2 and C5 positions in the 

imidazole ring,
170

 several studies have shown these type of NHCs tend to bind more strongly 

to metallic fragments as evidenced by the shorter M-C bond distances.
171–174

  Although in 

some cases it can be difficult to distinguish between steric and electronic effects, this has been 
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attributed to a combination of the relief in the steric congestion around the metal centre as 

well as an increase in the σ-donor ability of the carbene ligand.
175,176

 

 

Figure 2.2 - Types of N-heterocyclic carbenes: normal, abnormal or mesoionic and anionic. 

Most of the synthetic protocols granting access to abnormal carbene complexes involve the 

use of chelating NHC ligands with their C2 position blocked by an aryl group.
177–179

  Recent 

studies on three-coordinate iron and cobalt NHC complexes have revealed that it is possible to 

thermally induce the rearrangement of the relevant normal NHC complexes into their 

abnormal isomers.
180,181

  These findings suggest that the abnormal bonding in these 

complexes may be thermodynamically controlled. 

Within main-group chemistry, Robinson has shown an elegant approach to access abnormal 

boron-NHC complexes, where firstly the unsaturated carbene IPr (1,3-bis-(2,6-

diisopropylphenyl)imidazol-2-ylidene) is deprotonated at its C4 position by 
n
BuLi, followed 

by addition of BEt3, forming an anionic NHC complex (Figure 2.2, right), where Li is 

attached to the normal C2 position of the carbene whereas B binds to the C4 position of the 

imidazole ring.
182

  Protonation of this compound using HCl·NEt3 led to formation of the 

relevant aNHC-BEt3 adduct, with subsequent elimination of LiCl.
183

  This synthetic route 

employing an anionic carbene as a precursor for an abnormal main-group-NHC complex has 

also been demonstrated for lithium zincate reagents.
184

  Related to these findings, our group 

has shown that using cooperative bimetallic systems,
1,8,27

 in particular sodium zincates, it is 

possible to prepare anionic NHC ligands via direct Zn-H exchange reactions (Scheme 2.1) 

which can subsequently undergo transmetallation to transition metal complexes such as 

[ClAu(PPh3)] disclosing a new route to prepare transition metal complexes containing these 

anionic ligands.
185
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Scheme 2.1 – Direct zincation of IPr by a bimetallic sodium zincate generating an anionic NHC.
185

 

 

2.2 Iron N-Heterocyclic Carbene Complexes 

Iron NHC complexes have garnered considerable interest lately with examples of tris-, bis- 

and mono-dentate complexes; some finding applications in homogeneous catalysis and bio-

mimetic chemistry.
186,187

  Monodentate three-coordinate Fe-NHCs are currently rare.  Deng et 

al. produced the first example in 2011, [(I
i
PrMe2)Fe(Mes)2],

188
 closely followed by the 

synthesis [(IPr)Fe(HMDS)2]
189

 from Layfield and co-workers.  Further to this, Layfield 

recently reported on the thermal isomerisation of this complex to the abnormal carbene 

isomer [(aIPr)Fe(HMDS)2] upon refluxing in toluene for 3 hours (Scheme 2.2).
180

  With this 

discovery of thermal isomerisation from the normal to abnormal NHC complex it is within 

the realm of possibility that Fe-NHC catalysts
186,187

 could isomerise, with the abnormal 

isomer as the active species in high temperature reactions, especially when one considers 

homogeneous catalytic reactions involving in situ carbene generation where structural 

evidence is not provided.
167
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Scheme 2.2 - Normal to abnormal Fe-NHC thermal isomerisation.
180

 

Goicoechea et al. have synthesised and characterised the potassium salt of an Fe(II) anionic 

carbene complex (where the Fe centre is bound to the abnormal C4 positions of IPr), 

[K]
+
[(IPr)2FeMes]

−
 (a); the product of a disproportionation reaction between [(IPr)Fe(Mes)2] 

and two equivalents of potassium graphite which also yields [K]
+
[Fe(Mes)3]

−
 and H2 (Scheme 

2.3, top).  Compound a undergoes further coordination with Lewis acidic AlEt3 at the NHCs’ 

C2 positions (b and c, Scheme 2.3, bottom).
190

  Currently, to the best of our knowledge, only 

two other publications detail structures of Fe-aNHCs.  Danopoulos et al. in 2004 used the 

pincer ligand 2,6-bis(imidazolylidene)pyridine to coordinate an Fe centre where they found 

one of the four chelating NHCs was bound abnormally from the C4 position.
191

  Grubbs et al. 

have disclosed the preparation of the diiron species [(aNHC)Fe2(COT)2] (aNHC = 1,3-

bis(2,6-diisopropylphenyl)-2,5-diphenyl-imidazol-4-ylidene, COT = 1,3,5,7-cyclo-

octatetraene).
192
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Scheme 2.3 -  Synthesis of anionic NHC-Fe complex a and subsequent additions of triethyl aluminium to yield 

products b and c. 

Inspired by these recent breakthroughs in iron NHC chemistry, which include novel 

coordination chemistry and catalytic applications,
186,187

 here we detail our findings on the 

synthesis of sodium ferrate complexes containing N-heterocyclic carbenes, using IPr as a case 

study, as well as assessing the potential of these complexes to act as precursors of aNHC-Fe 

complexes. 
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2.3 Results and Discussion
193

 

2.3.1 [{NaFe(HMDS)2(CH2SiMe3)}∞]: A Mixed Amido/Alkyl Sodium 

Ferrate 

 

Scheme 2.4 - Synthesis of donor-solvent-free sodium ferrates 1 and 12. 

Following the same strategy used for the synthesis of [{NaFe(HMDS)3}∞] (1), by assessing 

the co-complexation of sodium alkyl NaCH2SiMe3 and Fe(HMDS)2 in hexane at 0°C we 

attempted the synthesis of a heteroleptic sodium alkyl-bis(amido) ferrate (Scheme 2.4, right). 

 

Figure 2.3 - Asymmetric unit of [{NaFe(HMDS)2(CH2SiMe3)}∞] (12).  Hydrogen atoms omitted for clarity.  

Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-N1 

2.0308(17), Fe1-N2 2.0306(17), Fe1-C13 2.051(2), Fe1---Na1 3.0401(9), Na-N1 2.4804(19), Na-N2 2.4702(19), 

Na1-C6 2.7013(21), Na1-C8 2.7275(21); N1-Fe1-N2 107.96(7), N1-Fe1-C13 129.08(10), N2-Fe1-C13 

121.83(10), Na-N1-Fe1 84.11, Na1-N2-Fe1 84.38, Na1---Fe1-C13 165.55(7), N1-Na1-N2 83.14(6). 

Pleasingly [{NaFe(HMDS)2(CH2SiMe3)}∞] (12) was isolated as blue/green block-like crystals 

in a 73% yield and its structure established by X-ray crystallography (Figure 2.3).  Sharing 

some structural features with 1, complex 12 contains a planar four-membered {NaNFeN} 
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central core where both metals are connected by two HMDS bridges.  Coordinatively 

unsaturated within the asymmetric unit, solvent and donor-free Na attains a higher 

coordination number by forming intermolecular interactions with the HMDS groups of 

adjacent molecular units (via Na---Me long distance electrostatic contacts, Na1(1)---C2 

2.838(4) Å; Na1(1)---C12(2) 3.041(2) Å), which affords a 1D ‘zigzag’ polymeric chain 

structure (Figure 2.4); a head-to-head arrangement contrasting with 1’s head-to-tail polymeric 

arrangement.  Additionally, the sodium cation also exhibits electrostatic contacts to HMDS 

methyl groups within the monomeric unit (Na1-C6 2.7013(21) Å; Na1-C8 2.7275(21) Å).  

The alkyl groups reside in terminal positions, running along opposite edges of the polymeric 

chain in a staggered fashion, with a Fe1-C13 bond length of 2.051(2) Å.  The main 

geometrical parameters within the dinuclear {NaNFeN} ring show little variation to those 

discussed for 1, the internal N1-Fe1-N2 angle is slightly contracted to 107.96(10)° (cf. 

110.48(10)° for 1) and sum of angles around Fe are 358.87° (range 107.96(10)° to 

129.08(10)°). 

 

Figure 2.4 - Section of polymeric chain showing intermolecular and intramolecular Na---Me contacts: Na1(1)---

C2 2.838(4) Å, Na1(1)---C12(2) 3.041(2) Å. 

Illustrating the structural similarities of Mn(II) and Fe(II) in heterobimetallic chemistry, this 

motif is almost identical to that described by Mulvey and Klett for 

[{NaMn(HMDS)2(CH2SiMe3)}∞].
194

  The propagation mode in 12, exclusively involving Na--

-Me bonds, however contrasts with that found in the related magnesiate 

[{NaMg(HMDS)2(
n
Bu)}∞], which polymerises via the anionic C of the butyl group giving rise 

to a linear chain.
195
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Like 1, complex 12 displays good solubility in C6D6, suggesting that its polymeric structure 

observed in the solid state is not retained in solution.  The 
1
H NMR spectrum for 12 shows a 

very broad upfield resonance for the HMDS H atoms at −8.57 ppm (cf. −4.72 ppm for 1) 

whilst the broad resonance for monosilyl group methyl H atoms appears downfield at 13.51 

ppm.  No resonance is observed for the CH2 H atoms of the C directly attached to the 

paramagnetic Fe(II) centre, conceivably it may be hidden beneath one of the two signals or 

broadened to a degree that it is lost within the baseline. 

 

2.3.2 Reactivity Studies with IPr 

The reactivity of novel donor-free and solvent-free sodium ferrates 1 and 12 towards N-

heterocyclic carbene IPr was investigated.  The unsaturated N-heterocyclic carbene IPr was 

first synthesised by Arduengo and co-workers and has become ubiquitous in modern NHC 

chemistry thus it was chosen as a model substrate.
196

 

Treating hexane solutions of both bimetallic compounds with equimolar quantities of IPr led 

to significant colour changes (from green to light brown) and the formation of insoluble 

products.  Addition of fluorobenzene in the case of 1 and THF for 12 afforded crystals of the 

NHC-stabilised sodium ferrates [Na(IPr)2]
+
[Fe(HMDS)3]

−
 (13) and 

[(THF)3·NaIPr]
+
[Fe(HMDS)2(CH2SiMe3)]

−
 (14) in 35 and 70% yields, respectively (note that 

the yield of 13 can rise to 73% with two equivalents of IPr according to its rational 

stoichiometry) (Scheme 2.5). 

 

Scheme 2.5 - Synthesis of NHC-stabilised sodium ferrates 13 and 14. 
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X-ray crystallographic studies established the molecular structures of 13 and 14.  In both 

cases the infinite polymeric arrangements of sodium ferrates 1 or 12 have deaggregated to 

form discrete monomeric donor-separated ion-pair structures where the NHC ligands act as 

neutral lone-pair donors stabilising the alkali metal (Figure 2.5 and Figure 2.6).  The 

molecular structure of 13 comprises a cationic moiety where the Na centre is solvated by two 

neutral IPr ligands in a near-linear disposition (C1-Na1-C29 168.95(17)°) and the same 

anionic ferrate moiety, featuring a strictly planar tri-coordinate Fe(II) centre (sum of N-Fe-N 

angles = 360°), that was observed for complexes 5, 7 and 8.  Interestingly, the structure of 13 

bears a strong resemblance to the sodium magnesiate [Na(IPr)2]
+
[Mg(HMDS)3]

−
 reported by 

Hill,
197

 which contains the same cationic moiety, with the Na and Mg centres exhibiting 

almost identical coordination environments to those described above for Na and Fe, 

respectively in 13. 

 

Figure 2.5 - X-ray crystal structure of compound 13.  Hydrogen atoms and disorder components in isopropyl 

groups omitted for clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) 

and angles (°): Fe1-N5 1.996(3), Fe1-N6 1.993(3), Fe1-N7 1.990(3), Na1-C1 2.445(4), Na1-C29 2.460(4), C1-

N1 1.360(5), C1-N2 1.362(5), C29-N3 1.363(5), C29-N4 1.362(5); N5-Fe1-N6 121.15(13), N5-Fe1-N7 

119.66(13), N6-Fe1-N7 119.20(13), C1-Na1-C29 168.95(17), Na1-C1-N1 137.4(3), Na1-C1-N2 120.2(3), N1-

C1-N2 102.3(3), Na1-C29-N3 142.9(3), Na1-C29-N4 114.7(3), N3-C29-N4 102.3(3). 

Diverging from 13, the Na centre in 14 binds to only one IPr ligand but completes a distorted 

tetrahedral geometry by coordinating three molecules of the donor solvent THF (average 

angle around Na, 108.7°, values ranging from 89.5(6) to 126.5(6)°).  Although the structure of 

this cation is not known the coordination around Na is almost identical to that described in the 

sodium zincate [(THF)3Na[:C{[N(2,6-
i
Pr2C6H3)]2CHCZn(

t
Bu2)}], which contains an anionic 

version of the NHC ligand IPr
185

 coordinating to a {Na(THF)3} cation via its C2 position 
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forming a Na-C bond of 2.501(3) Å, of similar strength to that found in 14 (Na1-C2, 2.551(3) 

Å).  The structure of 14 is completed by the heteroleptic ferrate anion 

[Fe(HMDS)2(CH2SiMe3)]
−
, which as a consequence of its lack of interaction with the Na 

centre, exhibits a significantly wider N3-Fe1-N4 bond angle (123.40(10)°) and slightly 

shorter Fe-N bond distances (average 1.9855 Å) than those observed in the contacted ion-pair 

precursor 12 (107.96(7)° and 2.0307 Å). 

 

Figure 2.6 - Molecular structure of [THF3·NaIPr]
+
[Fe(HMDS)2(CH2SiMe3)]

−
 (14).  Hydrogen atoms and 

disorder components in isopropyl, THF and SiMe3 groups omitted for clarity.  Thermal ellipsoids displayed at 

50% probability level. Selected bond distances (Å) and angles (°): Fe1-N3 1.982(2), Fe1-N4 1.989(2), Fe1-C40 

2.065(3), C40-Si1 1.831(3), Na1-C2 2.551(3), Na1-O1 2.348(2), Na1-O2 2.32(3), Na1-O3 2.307(2), C2-N1 

1.365(3), C2-N2 1.363(3); N3-Fe1-N4 123.40(10), N3-Fe1-C40 119.56(11), N4-Fe1-C40 116.84(11), Na1-C2-

N1 121.30(16), Na1-C2-N2 121.30(16), N1-C2-N2 101.9(2), C2-Na1-O1 122.69(9), C2-Na1-O2 126.5(6), C2-

Na1-O3 110.69(9), O1-Na1-O2 89.5(6), O1-Na1-O3 101.60(9), O2-Na1-O3 101.3(5). 

The 
1
H NMR spectra of 13 and 14 in d8-THF show a well resolved set of resonances 

assignable to the IPr ligands, appearing at almost the same chemical shifts as those found for 

the free carbene, suggesting that in this ethereal solvent the sodium centre is solvated by d8-

THF molecules rather than by the neutral sterically imposing NHC.  In addition for 13, a 

broad low frequency resonance is observed at −2.39 ppm, which can be assigned to the 

HMDS groups bound to the paramagnetic Fe(II) centre.  In the case of 14 the SiMe3 

resonances appear at −3.77 and 7.80 ppm for the HMDS and monosilyl groups, respectively.  

The solution phase magnetic moments of 13 and 14 (4.90 and 4.40 µB, respectively), 

determined using the Evans method,
102,103

 are consistent with a high spin (S = 2) configuration 

for iron. 
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The formation of coordination products 13 and 14 in the reactions of sodium ferrates 1 and 12 

with IPr contrasts with our previous findings using a related family of amido-based bimetallic 

reagents, in particular sodium zincates, which can promote the deprotonation of several 

unsaturated NHCs at the ‘abnormal’ C4 position of the imidazole ring under mild reaction 

conditions via a direct zincation process.
185

  Even under harsher reaction conditions, by 

heating the reaction mixtures at 70
o
C for 12 hours, only adducts 13 and 14 were obtained. 

 

Since using a preformed sodium ferrate does not promote the metallation of IPr, we next 

attempted an indirect approach, by treating the previously reported three-coordinate NHC 

complex [(IPr)Fe(HMDS)2]
189

 with either sodium reagents NaHMDS or NaCH2SiMe3.  

Interestingly these reactions also yielded only complexes 13 and 14, respectively, revealing 

that under these conditions, not only do the polar sodium reagents fail to metallate IPr but also 

maintain the preference of the iron (II) bis(amido) fragment to coordinate to another anionic 

ligand (either HMDS or CH2SiMe3) rather than to the neutral NHC.  It should be noted that 

similar reactivity has been found for alkylzinc and alkylgallium NHC complexes that when 

treated with organolithium reagents form the relevant co-complexation lithium ate species, 

with the NHC ligand coordinated to Li (Figure 2.7).
185,198

 

 

Figure 2.7 – NHC-Li alkylzinc
185

 and alkylgallium
198

 products. 

On the other hand, contrasting with these studies, Robinson has demonstrated that when the 

free IPr is treated with 
n
BuLi the straightforward selective lithiation of the NHC occurs at the 

C4 position of the imidazole ring, affording a novel anionic carbene lithium complex.
182
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Inspired by these lithiation studies, we first treated IPr in hexane with an equimolar amount of 

the sodium alkyl NaCH2SiMe3, leading almost instantaneously to a white solid which was 

subsequently reacted with one equivalent of Fe(HMDS)2.  Introduction of THF afforded a 

green/brown solution which upon cooling to −30°C deposited green crystals of heteroleptic 

ferrate (THF)3·Na[:C{[N(2,6-
i
Pr2C6H3)]2CHCFe(HMDS)2}] (15) in a 60% yield (Scheme 

2.6). 

 

Scheme 2.6 - Synthesis of NHC-stabilised sodium ferrate 15 via an indirect ferration approach. 

X-ray crystallographic studies established the contacted ion-pair structure (shown in Figure 

2.8) where the carbene has now been incorporated into the ferrate scaffold acting as an 

anionic ligand, coordinating through its normal C2 position to Na (Na1-C2 2.510(4) Å), 

whilst Fe occupies the position previously filled by a H atom, bonding to the C4 position 

(Fe1-C4 2.085(4) Å).  Understandably this distance is shorter than that reported for the neutral 

abnormal complex [(aIPr)Fe(HMDS)2]
180

 which also displays a tri-coordinate Fe atom 

connected to HMDS groups at the C4 position of a neutral NHC ligand. 
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Figure 2.8 - Molecular structure of complex 15.  Hydrogen atoms (except H5) omitted for clarity.  Thermal 

ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-C4 2.085(4), Fe1-

N3 1.998(3), Fe1-N4 1.973(3), Na1-C2 2.510(4), Na1-O1 2.336(3), Na1-O2 2.313(3), Na1-O3 2.286(3), C2-N1 

1.357(4), C2-N2 1.371(4); C4-Fe1-N3 105.15(14), C4-Fe1-N4 131.45(14), N3-Fe1-N4 123.39(13), Fe1-C4-N2 

139.3(3), Na1-C2-N1 121.3(2), Na1-C2-N2 136.9(3), N1-C2-N2 101.7(3), C2-Na1-O1 122.76(12), C2-Na1-O2 

123.23(12), C2-Na1-O3 119.00(12), O1-Na1-O2 96.46(12), O1-Na1-O3 95.16(12), O2-Na1-O3 93.05(12). 

In agreement with its anionic ate constitution, its Fe-N distances (Fe1-N3 1.998(3) Å, Fe1-N4 

1.973(3) Å) are similar to those found for homoleptic 13 (average Fe-N bond length 1.993 Å) 

and slightly elongated compared to those reported for [(aIPr)Fe(HMDS)2]
180

 (average Fe-N 

bond length 1.962 Å).  Likening the molecular structures of 14 and 15, it could be tempting to 

describe 14 as a pre-metallation complex of 15, however it should be noted that 14 is a stable 

species that does not evolve to 15 even under forcing reaction conditions (70°C, 12 hours, 

Scheme 2.6) which makes this assumption very unlikely.  This highlights the importance of 

the synthetic methods employed and the remarkable differences that can be realised in 

bimetallic chemistry by having the two metals operate either in a stepwise or synchronous 

manner.
12,199

 

The 
1
H NMR spectrum of 15 in C6D6 exhibits a series of broad resonances in the range 10.59 

to −6.94 ppm, including a signal at −4.21 ppm, which integrating for 36 H can be assigned to 

the HMDS hydrogen atoms.  In addition, another broad low frequency resonance is observed 

at −26.37 ppm, which has been attributed to the CH fragment of the imidazolyl ring.  The 

complexity and broadness of this NMR spectrum contrast with the well resolved and relative 

simplicity of the spectra recorded for 13 and 14, where neutral IPr is not attached to a 

paramagnetic Fe(II) centre. 
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The formation of 15 can be rationalised in terms of a stepwise indirect ferration process.  

Initially IPr is deprotonated at its backbone C4 position by the polar organosodium reagent to 

form [Na]
+
[IPr]

−
, which in turn undergoes transmetallation with the more electronegative iron 

bis(amide) .  Although the white powder obtained by reacting IPr with NaCH2SiMe3 cannot 

be characterised spectroscopically due to its complete lack of solubility in organic solvents 

such as THF or toluene, the isolation of 15 provides compelling proof that the metallation of 

the NHC has occurred.  Indeed, the sodiation of IPr has been reported when reacted with the 

template base [Na2Mg2(TMP)6(
n
Bu)2]; NaTMP being identified as the likely culprit.

200
  On its 

own, Fe(HMDS)2 cannot metallate IPr but instead forms the adduct [(IPr)Fe(HMDS)2].
189

 

 

Scheme 2.7 – Stepwise mechanism for the indirect ferration of IPr; sodiation and subsequent transmetallation. 

C4-deprotonation of unsaturated NHCs constitutes one of the main synthetic routes to access 

anionic (or ditopic) NHCs.
172,201

  To date, only four efficient metallating reagents have proved 

capable of selectively abstracting a H from the imidazole ring of IPr; monometallic 

organolithium reagents 
n
BuLi

182,202
 and LiCH2SiMe3

198
, NaTMP

200
 and mixed-metal system 

[(TMEDA)NaZn(TMP)(
t
Bu)2].

185
  Additionally, Arnold et al. have described the isolation of 

a bimetallic potassium/yttrium anionic N-heterocyclic dicarbene complex resulting from the 

reduction of an yttrium NHC complex with potassium naphthalenide, which is formally a 

deprotonation product.
203

  Our studies show that sodium alkyl NaCH2SiMe3 can also promote 

the selective metallation (Na-H exchange) reaction of the imidazole ring at its C4 position. 
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Figure 2.9 - Structure of K[{:C[N(2,6-
i
Pr2C6H3)]2(CH)C}2Fe(Mes)].

190
  Hydrogen atoms omitted for clarity. 

Related to the synthesis of 15, it should be noted that Goicoechea has recently demonstrated 

the reduction of [(IPr)Fe(Mes)2] (Mes = mesityl) with potassium graphite which allows for 

the isolation of the iron complex K[{:C[N(2,6-
i
Pr2C6H3)]2(CH)C}2Fe(Mes)] (Figure 2.9).

190
  

Two anionic carbenes bind through their C4 positions to Fe at distances of 2.071(2) and 

2.064(2) Å (Fe1-C3 and Fe1-C29, respectively).  These bond lengths are noticeably shorter 

than the Fe1-C4 bond distance of 2.085(4) Å in 15; likely a result of sterics as the planar 

mesityl group is able to rotate perpendicular to the planes of the heterocyclic NHC rings 

whereas this cannot be achieved by the two bulky HMDS groups in complex 15. 

 

2.3.3 Anionic to Abnormal: An Abnormal NHC-Fe Complex via 

Electrophilic Interception 

Recent studies in main-group chemistry have shown that certain anionic NHC complexes (B 

and Zn based) when treated with a suitable electrophile such as HCl·NEt3 or MeOTf can be 

transformed into their neutral abnormal adducts, where the imidazole ring of the NHC binds 

to the metal/main-group atom through its backbone using its C4 position (Scheme 2.8).
183,184
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Scheme 2.8 – Electrophilic quenching of Li/B anionic NHC to furnish a boron abnormal NHC.
183

 

Although within transition metals, abnormal carbene complexes are more abundant than with 

s- and p-block elements,
167,169,175

 the number of Fe complexes containing these ligands is still 

limited to just a few recent examples.
111,180,191,192

  Some of these studies employ pincer 

ligands,
191

 whereas Grubbs has used Bertrand’s isolable abnormal carbene (aNHC = 1,3-

bis(2,6-diisopropylphenyl)-2,5-diphenyl-imidazol-4-ylidene)
170

 to trap and stabilise a unique 

intermediate di-iron COT complex (Scheme 2.9).
192

  More recently, Layfield has reported a 

thermally induced rearrangement of [(IPr)Fe(HMDS)2] which after 3 hours in refluxing 

toluene solution evolves to its abnormal isomer [(aIPr)Fe(HMDS)2] (Scheme 2.2, vide 

supra).
180

 

 

Scheme 2.9 – Synthesis of a di-iron COT aNHC complex.
192

 

Intrigued by these precedents, we next pondered whether electrophilic interception of anionic 

NHC complex 15 could also allow access to a neutral abnormal Fe complex.  Thus, 15 was 

treated with 0.9 equivalents of MeOTf at −78°C in toluene (Scheme 2.10). 
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Scheme 2.10 - Electrophilic interception of anionic NHC complex 15 with MeOTf. 

The reaction took place with the formation of a white precipitate (presumably NaOTf) 

affording neutral abnormal Fe NHC complex [CH3C{[N(2,6-
i
Pr2C6H3)]2CHCFe(HMDS)2}] 

(16) as a yellow crystalline solid in a 28% isolated yield.  Compound 16 is obtained as the 

result of the selective methylation of the C2 position of the anionic NHC ligand present in 15, 

leaving its Fe-C4 bond and more importantly the Fe-N bonds intact.  This is particularly 

noteworthy as recent studies have shown that the amido groups in the related complex 

[(IPr)Fe(HMDS)2] can display basic lability metallating substrates such as PhSeH with the 

subsequent formation of HMDS(H).
204

 

 

Figure 2.10 - Molecular structure of complex 16.  Hydrogen atoms (except H5 and C40 hydrogens) and disorder 

components in SiMe3 group omitted for clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected 

bond distances (Å) and angles (°): Fe1-C4 2.113(2), Fe1-N3 1.9732(19), Fe1-N4 1.9459(19), C2-N1 1.330(4), 

C2-N2 1.341(3), C2-C40 1.491(3); C4-Fe1-N3 104.02(8), C4-Fe1-N4 132.84(8), N3-Fe1-N4 123.14(8), Fe1-C4-

N2 140.30(16), C40-C2-N1 125.3(2), C40-C2-N2 126.9(2), N1-C2-N2 107.46(19). 

The molecular structure of 16 was established by X-ray crystallographic studies (Figure 2.10).  

The bond length of 1.491(3) Å for C2-C40 is consistent with a single bond while the Fe1-C4 
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bond length (2.113(2) Å) is only slightly elongated with respect to that in the anionic complex 

15 (2.085(4) Å) and almost identical to that reported for [(aIPr)Fe(HMDS)2] (2.117(2) Å).
180

  

Supporting previous studies that have described abnormal NHC ligands as stronger σ-donors 

than their normal isomers,
170

 the Fe1-C4 distance in 16 is shorter than in the related complex 

containing a normal NHC ligand [(IPr)Fe(HMDS)2] (2.182(2) Å) which also features a tri-

coordinate Fe centre.
189

 

The 
1
H NMR spectrum of paramagnetic 16 in d8-toluene features a series of broad resonances 

in the range of 29.37 to −33.29 ppm.  A distinctive very broad resonance for the hydrogen 

atom located at the C5 position on the imidazole ring can be seen at −33.29 ppm, which is just 

slightly upfield to that observed for the same H atom in ferrate 15 (at −26.37 ppm), whilst the 

resonances for the CH3 group attached to the C2 atoms of the carbene and the HMDS groups 

appear downfield at 29.36 and −5.05 ppm, respectively.  Resonances for the aromatic H atoms 

are observed at 10.78, 9.64 and 8.58 ppm whilst the lack of symmetry in the imidazole ring is 

evidenced by the presence of two distinct sets of signals for the isopropyl substitutes (δ = 1.32 

and 1.21 ppm for CH’s and δ = 4.53, 0.98, −3.40 and −6.96 ppm for the Me groups).  The 

solution effective magnetic moment was measured by the Evans method and found to be 4.78 

μB, consistent with an S = 2 ground state. 

 

2.3.4 Magnetometry Studies of Sodium Ferrate NHC Complexes 

The electronic structures of the Fe(II) centres in complexes 1 and 12-16 was studied through 

bulk magnetisation measurements (SQUID).  Molar paramagnetic susceptibility (χM) data was 

collected on microcrystalline samples in the 2 to 300 K temperature range, under a constant 

magnetic field of 0.5 T (0.1 T in the case of 13), in the warming mode.  The results are 

represented below in Figure 2.11 in the form of χMT vs T curves. 
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Figure 2.11 - χMT vs T curves of compounds 1 and 12-16 (measurement setup: 2→300 K).  Solid lines represent 

the results of the fits. 

In all cases, the χMT product at 300 K is slightly higher than the expected value (3.00 cm
3
 K 

mol
–1 

for g = 2.0) for one uncoupled high-spin (S = 2) iron(II) centre (3.67, 3.53, 3.62, 3.39, 

3.67 and 3.44 cm
3
 K mol

–1
 for 1 and 12-16, respectively) indicating that the ligand field is 

insufficient to force a violation of Hund’s rule.  The estimated g values using the Curie Law 

for the ambient temperature data are g = 2.21, 2.17, 2.20, 2.13, 2.21 and 2.14, respectively, 

which suggests the presence of unquenched angular momenta, which in turn is coupled to the 

electronic spin, thus leading to susceptibility values larger than the calculated for "spin-only" 

systems.  Inspection of the curves reveals that in lowering the temperature from 300 K, a 

slight increase of χMT takes place for all the compounds, which is attributed to a slight 

decomposition of the sample occurred upon warming (almost certainly involving the 

oxidation to Fe
III

). 

Upon analysing the χMT product below the almost imperceptible maximum (near 260 K) a 

very slightly positive slope is barely appreciable, most likely explained by the influence of a 

weak temperature-independent contribution to paramagnetism.  Sharp decreases are observed 

for all the products at the lowest temperatures, leading to χMT values of 1.35, 1.04, 1.30, 0.97, 

1.45 and 1.59 cm
3
 K mol

–1
 (for 1 and 12-16, respectively) at 2 K.  This very apparent decline 

is explained by the effect of zero-field splitting which is another consequence of the presence 

of spin-orbit coupling.  The latter is explained by the nature of the electronic states of Fe(II) in 

this coordination environment, which in their ground state are expected to lack any orbital 

angular momentum (L = 0), that is however altered by mixing of electronic excited states with 
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non-zero L.  The effects of this mixing can be modelled using the perturbation theory.  Thus, 

the experimental data were fit using the program PHI
148

 by matrix diagonalisation of the 

(perturbative) anisotropic spin Hamiltonian defined in Equation (2.1): 

 
�̂� = 𝐷 (�̂�𝑧

2
−  

1

3
�̂�2) + 𝐸 (�̂�𝑥

2
−  �̂�𝑦

2
) + 𝜇𝐵 ∙ (�̂�𝑥𝑔𝑥𝐵𝑥 + �̂�𝑦𝑔𝑦𝐵𝑦 + �̂�𝑧𝑔𝑧𝐵𝑧) (2.1) 

In this equation, D and E stand for axial and rhombic ZFS parameters, respectively, 𝑆 ̂ is the 

total spin operator and 𝑆�̂� (i = x, y, z) are the operators of its components.  Bi (i = x, y, z) are 

the components of the magnetic induction and μB is the Bohr magneton.  The anisotropy of 

the g factor was considered by setting gx = gy ≠ gz, which takes into account the trigonal 

planar coordination environment around Fe(II).  No intermolecular interactions were 

considered, given the large distance between paramagnetic centres. 

Table 2.1 – Fitting Parameters for compounds 1 and 12-16. 

Compound χMT
a
 at r.t. (g) μeff

b
 at r.t χMT

a
 at 2 K gx = gy gz D (cm

−1
) E (cm

−1
) 

1 3.67 (2.21) 5.42 1.35 2.30 2.12 7.5 0.0 

12 3.53 (2.17) 5.32 1.04 2.23 2.28 9.6 0.0 

13 3.62 (2.20) 5.38 1.30 2.30 1.97 8.3 0.0 

14 3.39 (2.13) 5.21 0.97 2.26 2.15 10.2 ±0.1 

15 3.67 (2.21) 5.42 1.45 2.17 2.35 -15.5 ±4.2 

16 3.44 (2.14) 5.25 1.59 2.21 2.12 -17.7 ±0.7 

a
In units of cm

3
 K mol

–1
 
b
In units of Bohr magnetons. 

 

The results from the fitting are presented above in Table 2.1.  For compounds 1 and 13, the 

best fits reveal the presence of axial zero-field splitting (D values of +7.5 and +8.3 cm
−1

, 

respectively, and E = 0) with anisotropic g values where gx = gy > gz.  These parameters are in 

accordance with the consistency criterion derived from perturbation theory defined as D = 0.5 

λ(gz − gx),
205

 taking a value of the spin-orbit coupling parameter λ for Fe(II) close to the that 

of the free ion (−102 cm
−1

).
206

  Quite similar values were previously reported for the related 

compound [Li(15-crown-5)]
+
[Fe(HMDS)3]

−
, which exhibits a higher degree of axiality.

111
  

Heteroleptic compounds 12 and 14 follow an almost identical pattern of behaviour as the 

above systems (D values of +9.6 and +10.2 cm
−1

, respectively, and E = 0).  These values of D 

suggest that replacing one [N(SiMe3)2]
−
 ligand with [CH2SiMe3]

−
 does not significantly 

modify the crystal field around the Fe(II) ion, as can be expected bearing in mind the 
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structural and electronic similarity of those ligands.  The slightly differing effect on the 

magnetic properties can however be interpreted in terms of the different donor character of 

the ligands. 

In contrast to this, the fits for compounds 15 and 16 led to negative D values (−15.5 and −17.7 

cm
−1

, respectively) with the appearance of a rhombic zero-field splitting parameter, E (±4.2 

and ±0.7 cm
−1

).  The latter is the natural consequence of the deviation from the idealised 

trigonal environment around the metal ion resulting from the presence of NHC ligands, which 

introduce a new interaction with the metal d orbitals due to π-donating character of the 

heterocycles.  In fact, this not only generates rhombicity but changes the sign of the 

anisotropy, turning to axial instead of easy plane.  A drastic change in anisotropy of 3d metals 

as a result of changes to the π–donor properties of ligands as observed here, has been 

previously predicted theoretically.
207

  The anisotropy to the g factor (Table 2.1) is featured in 

these fits by components not differing significantly but leading to two qualitatively distinct 

behaviours; for of 16, gx = gy > gz while for 15 gz > gx = gy.  This means that 16 does not 

comply with the above mentioned criteria, which could be explained by the presence of strong 

spin-orbit coupling interactions.  The latter weakens the accuracy of the perturbative model 

assumed with the spin Hamiltonian of Equation (2.1).   

In any case, the observations are perfectly in line with the behaviour revealed by other 

complexes of the type [Fe(HMDS)2L] (where L = neutral ligand such as PCy3, THF or IPr) 

previously reported, all exhibiting negative D parameters and moderate E values that can be 

fine-tuned by changing the substituents on the ligands employed (see Table 2.2).
96,111,189,208

  

On the other hand, the important effect to the anisotropy caused by the π bonding character of 

the NHC donors present in 15 and 16 is very significant and, to the best of our knowledge, it 

is revealed here for the first time.  The gradation of D is also reflected in the values of χMT at 

low temperatures, which follow the order {Fe(HMDS)2(CH2SiMe3)}
−
 ≈ 

[{NaFe(HMDS)2(CH2SiMe3)}∞] < {Fe(HMDS)3}
−
 ≈ [{NaFe(HMDS)3}∞] < 

(THF)3·Na[:C{[N(2,6-
i
Pr2C6H3)]2CHCFe(HMDS)2}] < [CH3C{[N(2,6-

i
Pr2C6H3)]2CHCFe(HMDS)2}].  The negative D parameter values for 15 and 16 are consistent 

with this (which imply population of states with higher angular momenta at lower 

temperatures).  For the other complexes, this is a consequence of the stronger σ-donor 

character of the carbanion over the amido ligand, which, for a positive D parameter, implies a 

larger population of the diamagnetic ground state at lower temperatures. 
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Table 2.2 - Fitting parameters for compounds 1 and 12-16 and related Fe(II) compounds in the literature. 

Compound χMT
a
 at r.t. (g) gx = gy gz D (cm

−1
) E (cm

−1
) 

1 3.67 (2.21) 2.30 2.12 7.5 0.0 

12 3.53 (2.17) 2.23 2.28 9.6 0.0 

13 3.62 (2.20) 2.30 1.97 8.3 0.0 

14 3.39 (2.13) 2.26 2.15 10.2 ±0.1 

15 3.67 (2.21) 2.17 2.35 −15.5 ±4.2 

16 3.44 (2.14) 2.21 2.12 −17.7 ±0.7 

[Fe{N(SiMe3)2}2(THF)]
111

 3.66 (2.21) 2.07 2.28 −20 ±4.0 

[Fe{N(SiMe3)2}2(PCy3)]
111,208

 4.07 (2.33) 2.14 2.61 −33 ±3.4 

[Li(15-crown-5)]
+
[Fe{N(SiMe3)2}3]

− 111
 3.50 (2.16) 2.18 1.91 9.9 ±0.0 

[LiFe{N(SiMe3)2}3]
96

 3.00 (2.00) - - - - 

[THF·LiFe{N(SiMe3)2}3]
96

 3.31 (2.10) - - - - 

[(IPr)Fe{N(SiMe3)2}2]
189

 3.85 (2.27) g = 2.27 −18.2  

[(IMes)Fe{N(SiMe3)2}2]
189

 3.75 (2.24) g = 2.24 −23.3  

[{Li(BTA)Fe{N(SiMe3)2}3}2]
85

 7.2 (2.19) g = 2.2 −10.5  

a
In units of cm

3
 K mol

–1
; IPr = 1,3-bis(diisopropylphenyl)-imidazol-2-ylidene; IMes = 1,3-bis(2,4,6-

trimethylphenyl)-imidazole-2-ylidene; BTA = benzotriazolyl. 
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2.4 Conclusions 

Building on the synthesis of homoleptic solvent-free sodium ferrate 1, heteroleptic 12 has 

been synthesized straightforwardly by co-complexation of Fe(HMDS)2 with the sodium alkyl 

reagent NaCH2SiMe3.  The complicated polymeric arrangements of 1 and 12 can be broken 

down by introducing unsaturated carbene IPr to form the discrete NHC-separated ion-pair 

ferrate 13 and partially NHC-separated (THF is also needed) ion-pair 14, respectively.  In 

these complexes the IPr neutral donor coordinates preferentially to the Na atom, while more 

Lewis acidic Fe is coordinated exclusively to anionic ligand sets.  Interestingly, 13 and 14 

were also obtained when the NHC complex [(IPr)Fe(HMDS)2] was treated with NaHMDS 

and NaCH2SiMe3, respectively.  Contrastingly, sequentially reacting IPr with NaCH2SiMe3 

then Fe(HMDS)2 allows for the isolation of heteroleptic ferrate 15 where both metals are 

connected by an anionic NHC.  Compound 15 can be envisaged as a product of an indirect 

ferration process, where IPr is first metallated (sodiated) by the polar sodium reagent which in 

turn undergoes fast transmetallation with Fe(HMDS)2.  Collectively these findings illustrate 

the significantly different outcomes that are possible in mixed-metal chemistry, when the 

synergy created by two metals operates simultaneously in the one molecule or in a stepwise 

manner in two molecules.  Unveiling a new approach in transition metal chemistry, treatment 

of 15 with 0.9 eq. of MeOTf led to the isolation of the tri-coordinate neutral iron abnormal 

NHC complex 16 together with NaOTf.  Studies probing the magnetic susceptibility 

properties of 1 and 12-16 have revealed an important change to their anisotropy by replacing 

a pure σ-donor from an idealised trigonal coordination environment (1 and 12-14) by an NHC 

that can offer π donating character (15 and 16). 
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Chapter 3 –   Direct Ferration of Fluoroaromatic 

Substrates 

3.1 C-H Activation of Fluorinated Aromatic Molecules 

The desire to perform C-H activation processes on unactivated and moderately activated small 

organic molecules efficiently, without the use of toxic heavy metals, is strong within the 

chemistry community.
209

  The exchange of a proton for a metal centre, replacing a non-polar 

C-H σ-bond to create a more polar (and thus more reactive) metal-carbon bond is especially 

useful for the purpose of functionalisation of small organic molecules, which can 

subsequently be employed for electrophilic quenching, cross-coupling processes, nucleophilic 

additions or other synthetic methods. 

Highly desirable for functionalisation are organofluorine molecules, a hugely important class 

of compound that continues to grow in significance in numerous fields of chemistry such as 

agrochemicals, biochemistry, materials science and most prominently, pharmaceuticals.
210–212

  

Veritably, despite being all but absent within natural products,
213

 fluorine is present in an 

estimated 20-25% of drug molecules.
212–215

  The inclusion of fluorine within drug molecules 

is multi-beneficial as fluorine’s size, electronegativity and propensity for electrostatic 

interactions allows for modulation of a molecule’s pKa, conformation, lipophilicity, 

pharmacokinetics and metabolic stability.
213,215

 

Fluoroaromatics are an especially important sub-class of compound, of which there are no 

known naturally occurring aryl fluorides,
212

 but importantly, 10% of new pharmaceuticals 

produced in industry contain a fluoroarene.
216

  Fluoroaryl moieties are present in some of the 

world’s leading pharmaceutical drugs (Figure 3.1) including former market-leading statin 

Lipitor, used for the prevention of cardiovascular disease.
214
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Figure 3.1 – Selection of important aryl fluoride containing drug molecules. 

Taking all these aspects into consideration, the C-H activation of fluorinated aromatic 

molecules is adventitious and necessary in order to access important and useful aryl fluoride-

containing molecular architectures.  Utilising inexpensive base metals such as iron over 

expensive noble metals (Rh, Ru, Pt, Pd, etc.) to promote such processes is exceedingly 

beneficial in not only reducing costs to access high-value fluoroaromatic complexes but when 

considering medicinal uses, traces of residual Fe from synthesis in such complexes is orders 

of magnitude safer than noble metals which exhibit a far greater toxicity.
217

 

 

3.1.1 Deprotonative Metallation of Fluoroaromatics 

Fluorine is the most electronegative element in the periodic table, scoring highest on the 

Pauling scale of electronegativity.
218

  Accordingly, F has a significant inductive effect on the 

aromatic ring (via the withdrawal of electron density),
19,219

 thus increasing the acidity of the 

surrounding hydrogen atoms,
220

 most pertinently at positions ortho to F.
221,222

   Hence, within 

the context of directed metallation, F is activating and ortho-directing.
219,223,224

  

Intramolecularly, F has been shown to have a stronger effect than the other halogens
223,225

 and 

the CF3 group,
223,224,226

 as exemplified in Scheme 3.1.  Intermolecularly, fluorobenzene was 

found to be eight times more reactive towards 
s
BuLi (THF, −100°C) and twenty times more 

reactive towards LiTMP (THF, −75°C) in comparison to chlorobenzene, demonstrating 

superior ortho-directing power through intermolecular kinetic competition experiments.
223
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Scheme 3.1 – Preferential directed metallation at the ortho-position with respect to fluorine.  Fluorine establishes 

a stronger inductive ortho-directing effect over Cl
225

 and CF3
224,226

 groups. 

For substituted fluoroarenes (other than those containing halogens and CF3 groups), it is of 

utmost importance to also consider coordinative effects, whereby substituents can offer 

stabilisation via lone pair donation to the deprotonating metal reagent thus directing 

metallation ortho to that group, a phenomenon competing with inductive effects.
221

  By way 

of example, the methoxy group (OCH3) holds weaker inductive effects than fluorine
19

 but 

offers superior coordinative ability.
219

  With judicious choice of base (and donor ligand), 

metallation can be achieved at positions ortho to F or ortho to the superior coordinative 

substituent, this is known as ‘optional site selectivity’.
221

  Theoretical and experimental 

observations dictate poorly solvated (thus highly aggregated) organolithium compounds (e.g. 

n
BuLi) seek to achieve coordinative stabilisation thus will deprotonate (almost) exclusively at 

the adjacent site to the substituent that can offer greatest coordination whilst fully complexed 

and more polar bases (e.g. 
n
BuLi/PMDETA, LiTMP, superbasic mixtures) favour attack at the 

most inductively activated aromatic position, i.e. ortho to the most electronegative atom 

(Scheme 3.2).
221,223

 

 

Scheme 3.2 – Optional site selectivity with 2-fluoroanisole.
227

  Reactions are 100% regioselective. 
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Seminal work undertaken by the groups of Wittig and Gilman in the 1940’s and 50’s reported 

the metallation of fluorobenzene with strong alkali metal bases and explanations of the 

complex chemistry that entailed.  Wittig first disclosed the metallation of C6H5F with 

phenyllithium (PhLi) at 0°C in THF in 1940.
228

  Unlike other haloarenes that preferentially 

undergo lithium-halogen exchange, the authors proposed that biphenyl obtained in a 75% 

yield was the result of an ortho-lithiation process.  Shortly after it was established that the 

reactive o-fluorophenyllithium intermediate is initially formed followed by rapid LiF salt 

elimination to generate benzyne to which PhLi can add to form o-lithiobiphenyl and thus 

biphenyl upon subsequent organic work-up (Scheme 3.3).
229

  Whilst Roberts provided the 

first experimental proof of benzyne formation with 
14

C-labelled chlorobenzene,
230

 Wittig used 

furan to trap benzyne by way of a [4+2] cycloaddition to yield the endo-oxide Diels-Alder 

product (1,4-dihydro-1,4-epoxynaphthalene).
231,232

 

 

Scheme 3.3 – Summary of Wittig’s o-lithiation of fluorobenzene, subsequent salt elimination with benzyne 

formation and addition of phenyllithium
228,229,232

 or trapping with furan.
231,232

 

Gilman et al. detailed their success in forming o-fluorophenyllithium (from a mixture of 2-

fluorobromobenzene and 
n
BuLi) at temperatures below −60°C, successfully inhibiting 

benzyne formation, allowing them to quench with CO2 and upon acidic work-up generating 

the corresponding o-fluorobenzoic acid (Scheme 3.4, top); they also detected the formation of 

benzyne derived products upon allowing o-fluorophenyllithium to warm to ambient 

temperature.
233

  Then in the following year, Gilman and Soddy reported the successful ortho-

lithiation and subsequent carbonation of fluorobenzene in THF at −50°C (Scheme 3.4, 

bottom).
234
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Scheme 3.4 – Gilman’s work avoiding benzyne formation to quench o-fluorophenyllithium
233

 and direct 

lithiation and quenching of fluorobenzene at −50°C.
234

 

Assessing the published literature to date, comparatively little can be found for structurally 

authenticated examples of direct ortho-metallations of fluorobenzene.  The few examples that 

have been reported have utilised precious transition metals rhodium
235,236

 (Scheme 3.5), 

platinum,
237

 tungsten,
238

 titanium
239

 and iridium.
240

  In all cases bar one (where deprotonation 

is accompanied by loss of H from the organometallic to form and release H2),
236

 metallation is 

achieved via oxidative addition of fluorobenzene. 

 

Scheme 3.5 – Reversible oxidative addition of fluorobenzene to a rhodium complex.
235

 

Within cooperative bimetallic chemistry, it has been established that fluorobenzene can be 

ortho-metallated by the LiC-KOR superbase at temperatures below −75°C.
226,241

 

 

Relatedly, within zincate chemistry Mulvey has reported on the ortho-zincation of 

chlorobenzene where the mixed Na/Zn base [(TMEDA)NaZn(TMP)(
t
Bu)2] led to the 

postulated formation of a benzyne (through NaCl salt elimination), a pathway rationalised by 
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the isolation of zwitterionic organozinc products (Scheme 3.6).
242

  Despite the lower polarity 

of Zn-C bonds (vs Li-C bonds), the Na---Cl interaction is strong enough that benzyne 

formation takes place. 

 

Scheme 3.6 –  Proposed mechanistic pathway of zincation of chlorobenzene followed by benzyne formation and 

isolation of α-zincated N ylides.
242

 

The reactivity of [(TMEDA)NaZn(TMP)(
t
Bu)2] with α,α,α-trifluorotoluene is also of note, 

where at 0°C SSIP complex [Na(TMEDA)2]
+
[Zn(C6H4CF3)(

t
Bu)2]

−
 (kinetic product, not 

pictured) is formed in a small quantity along with the major product, CIP complex 

[(TMEDA)NaZn(C6H4CF3)(TMP)(
t
Bu)], as ortho, meta and para regioisomers isolated in a 

20:11:1 ratio (Scheme 3.7, left).
243

  The ortho regioisomer (thermodynamic product) shows a 

clear electrostatic contact between Na and one F at a distance of 2.435 Å (Scheme 3.7, right).  

Contrasting with chlorobenzene, salt elimination is not observed with α,α,α-trifluorotoluene. 
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Scheme 3.7 –  Reaction of α,α,α-trifluorotoluene with sodium zincate [(TMEDA)NaZn(TMP)(
t
Bu)2] and 

structure of ortho regioisomer of [(TMEDA)NaZn(C6H4CF3)(TMP)(
t
Bu)].

243
  Hydrogen atoms are omitted for 

clarity.  Thermal ellipsoids displayed at 30% probability level. 

Structures of metallated intermediates of α,α,α-trifluorotoluene have also been disclosed with 

monometallic reagent 
n
BuNa supported by either TMEDA or PMDETA (Figure 3.2).

244
  

[{TMEDA·Na(C6H4CF3)}2] and [{PMDETA·Na(C6H4CF3)}2] each display a Na-F dative 

interaction at distances of 2.6415(7) and 2.6750(9) Å, respectively. 

 

Figure 3.2 – Dimeric structures of sodiated α,α,α-trifluorotoluene supported by TMEDA (left) and PMDETA 

(right).
244

 

Presented in this chapter are successes in direct C-H activation of fluorinated aromatic 

molecules with a Na/Fe cooperative bimetallic base.  Described herein are results with a range 

of fluoro-substituted aromatics that allowed for the development of a methodology for 

chemoselective direct ortho-ferration.  Isolation and structural elucidation of key ferrated 

intermediates is also included.   
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3.2 Results and Discussion 

3.2.1 Synthesis of an Efficient Sodium Ferrate Base for the Metallation of 

Fluorinated Aryl Substrates 

Parallel to the investigations of sodium ferrate complex 1 with neutral Lewis basic donors as 

detailed in Chapter 1, the reaction of 1 with 1,4-dioxane was explored.  Despite possessing 

two oxygen atoms, 1,4-dioxane is generally precluded from chelating to a single metal centre 

due to the positioning of the O atoms in the six-membered ring, though it well-known to 

facilitate aggregation of metal complexes by bridging between metal centres.
95,98,245,246

 

 

Scheme 3.8 – Reactions of 1 with 1,4-dioxane and products obtained from neat benzene (17) or fluorobenzene 

(18) solvents. 

Thus, the addition of molar equivalents of 1,4-dioxane to two separate solutions of 1 in 

hexane was carried out with the immediate precipitation of a white solid (Scheme 3.8).  

Volatiles were removed in vacuo and the green/white solid was solubilised by two separate 

solvents; one with the addition of 5 mL of benzene and the other by the addition of 5 mL of 

fluorobenzene. 

Gentle heating and slow cooling to ambient temperature of the green benzene solution yielded 

large green crystals of [dioxane·{NaFe(HMDS)3}2] (17) (Figure 3.3) in a 63% yield; whose 

solid-state structure was established by X-ray crystallography. 
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Figure 3.3 – Crystal structure of complex 17.  Hydrogen atoms and a molecule of co-crystallised benzene solvent 

omitted for clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and 

angles (°): Fe1-N1 2.0378(12), Fe1-N2 2.0625(11), Fe1-N3 1.9443(12), Fe1---Na1 2.9995(6), Na1-N1 

2.4395(13), Na1-N2 2.4894(13), Na1-O1 2.2828(12); N1-Fe1-N2 109.17(5), N1-Fe1-N3 125.93(5), N2-Fe1-N3 

124.91(5), Na1-N1-Fe1 83.61(4), Na1-N2-Fe1 81.86(4), Na1---Fe1-N3 179.22(4), N1-Na1-N2 85.36(4), O1-

Na1-N1 139.03(5), O1-Na1-N2 135.49(4). 

Complex 17 displays a dimeric structure where two symmetrically equivalent, monomeric 

{NaFe(HMDS)3} units are bridged by 1,4,-dioxane, Na1 bonding to O1 at a distance of 

2.2828(12) Å.  The primary bond lengths and angles around the metal centres are comparable 

with homoleptic CIP structures 1-4 (see Table 1.1, vide supra) with no value deviating 

significantly.  Fe retains its distorted trigonal planar geometry (sum of angles around Fe = 

360.01°, range 109.17(5) to 125.93(5)°), whilst Na remains contacted via bridging HMDS 

nitrogens (Na1-N1 2.4395(13) Å, Na1-N2 2.4894(13) Å). 

The 
1
H and 

13
C{

1
H} NMR spectra of 17 was recorded in d8-toluene.  The HMDS hydrogen 

and carbon signals are found at −4.72 and 338.57, respectively (in a similar range to those 

reported for CIP structures 1-4 recorded in C6D6, see Table 1.2, vide supra).  A broad signal is 

observed in the 
1
H NMR spectrum for the 1,4-dioxane H atoms at 6.17 ppm, whilst in the 

13
C{

1
H} NMR spectrum a resonance at 76.32 ppm corresponds to the CH2 groups. 

It must be noted that whilst the combination of equimolar equivalents of 1 and 1,4-dioxane 

crystallises as hemisolvate 17 (i.e. 0.5 equivalents of 1,4-dioxane per {NaFe(HMDS)3}, it is 

found that the full equivalent of 1,4-dioxane is retained in the green/white amorphous solid 

when the solution is subject to vacuum.  Thus herein, 17a shall refer to the stoichiometrically 

correct sodium ferrate base [dioxane·NaFe(HMDS)3] as depicted in Figure 3.4. 
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Figure 3.4 – ChemDraw depiction of [dioxane·NaFe(HMDS)3] (17a). 

 

3.2.2 Direct ortho-Ferration of Fluorobenzene 

Compound 17a was allowed to stir overnight dissolved in fluorobenzene (Scheme 3.8, 

bottom).  A distinct solution colour change from green to light brown was observed, before 

cooling to −30°C whereupon a small number of colourless crystals became apparent.  Upon 

X-ray crystallographic analysis of the crystals a different unit cell to that of 17 was found.  

Fascinatingly, the structure was revealed as [{dioxane·NaFe(C6H4F)(HMDS)2}∞] (18), where 

a molecule of fluorobenzene has been ortho-ferrated and replaced one of the HMDS groups 

initially present in 17 (Figure 3.5). 

 

Figure 3.5 – Molecular structure of complex 18 with extra equivalent of 1,4-dioxane shown in the asymmetric 

unit.  Hydrogen atoms, disordered co-crystallised fluorobenzene and disorder in two TMS groups omitted for 

clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-

C14 2.102(4), Fe1-N1 1.995(3), Fe1-N2 1.941(3), Fe1---Na1 3.2081(16), Na1-F1 2.206(3), Na1-N1 2.513(4), 

Na1-O1 2.333(4), Na1-O2 2.339(3); C14-Fe1-N1 117.52(16), C14-Fe1-N2 114.63(17), N1-Fe1-N2 127.82(15), 

Na1-N1-Fe1 89.98(13), Na1-Fe1-N2 149.35(11), Na1-F1-C13 119.2(3), N1-Na1-F1 95.54(13), N1-Na1-O1 

135.90(14), N1-Na1-O2 128.65(14), O1-Na1-F1 99.19(16), O1-Na1-O2 93.11(13), O2-Na1-F1 88.91(13). 
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With the concomitant loss of HMDS(H) a new Fe-C σ-bond (Fe1-C14 2.102(4) Å) has been 

formed closing a six-membered {NaNFeCCF} ring.  Fe retains its distorted trigonal planar 

geometry (sum of angles around Fe = 359.97°, range 114.63(17) to 127.82(15)°), along with 

the aryl ring aligning with the N1-Fe1-N2 plane (dihedral angles N1-Fe1-C14-C13 

0.038(525)° and N2-Fe1-C14-C13 178.308(431)°).  Interestingly, the sodium atom interacts 

with the metallated arene by forming a strong dative bond with its F atom (2.206(3) Å).  This 

interaction can be understood considering their opposite positioning either side of the periodic 

table, corresponding to a large difference in electronegativity between the two elements; C-F-

--M
+
 interactions are undeniably strongest with hard cations such as upper Group 1 alkali 

metals.
210

  As well as bonding to a bridging HMDS group, Na satisfies its coordination 

environment bonding to two bridging molecules of 1,4-dioxane that bind to neighbouring 

{NaFe(C6H4F)(HMDS)2} units, giving rise to a one-dimensional ‘zigzag’ polymeric chain 

structure (Figure 3.6). 

 

Figure 3.6 – Section of the 1-D polymeric chain of compound 18.  Hydrogen atoms omitted for clarity.  Thermal 

ellipsoids displayed at 50% probability level. 

The 
1
H NMR spectrum of complex 18 was recorded in C6D6 (Figure 3.7).  The characteristic 

very broad resonance for the HMDS H atoms is seen at −2.88 ppm, a small downfield shift 

from those observed for CIP complexes 1-4 and 17 (circa −4.7 ppm).  A broad signal 

integrated to eight H atoms at 3.35 ppm is assigned to 1,4-dioxane.  By means of widening the 

spectral window, all four signals for the aromatic ring H atoms can be viewed; strikingly, the 

most downfield resonance appears at 181.84 ppm whilst the furthest upfield resonance 
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appears at −56.11 ppm.  Due to these extremely large isotropic shifts, further assignment of 

the aryl hydrogen resonances (i.e. to which carbon atoms) is not possible in this instance. 

 

Figure 3.7 – Annotated 
1
H NMR spectrum of complex 18 in C6D6. 

It should be noted that under the conditions of stirring at ambient temperature overnight (with 

crystallisation at −30°C) the crystalline yield obtained was 47%.  When stirred at 50°C 

overnight (and conducted on a 10 mmol scale) an 82% yield was achieved.  Investigating 

whether it would be possible to metallate a stoichiometric quantity of fluorobenzene, a molar 

equivalent was added to a mixture of 1 and 1,4-dioxane (1 eq.) synthesised first in hexane 

before removal under vacuum and redissolving in benzene and stirring overnight at 50°C.  A 

number of crystals were analysed by X-ray crystallography but in all cases their unit cells 

matched that for 17.  A crude 
1
H NMR spectrum of the solid recovered from the reaction 

matched that of 17 also, showing the faintest small resonances (<1%) in the positions seen in 

the spectrum of 18. 



 Chapter 3   –   Direct Ferration of Fluoroaromatic Substrates 

 

91 | P a g e  

 

Scheme 3.9 – Direct ortho-ferration of fluorobenzene via mixed metal synergy: Monometallic components 

versus the mixed-metal complex. 

Demonstrating the synergic reactivity of 17a towards fluorobenzene, when its independent 

components NaHMDS and Fe(HMDS)2 were reacted separately with fluorobenzene (Scheme 

3.9), no reaction was observed, as demonstrated by X-ray crystallography and 
1
H, 

13
C{1H} 

and 
19

F{
1
H} NMR spectroscopy which showed only the recovery of starting material, 

demonstrating that the formation of 18 an example of cooperative metallation, which can be 

described as sodium-mediated ferration. 

 

Considering the isolation of reactive intermediate 18, this C-H activation, as far as we can 

ascertain, is unprecedented within iron chemistry.  Indeed, there are scarce structural 

examples of selective metallation of fluorobenzene in the scientific literature (as discussed in 

Section 3.1.1).  Fluorobenzene is a relatively inert arene compound (pKa = 36.8 at the ortho 

position; 42.3 and 43.7 for meta and para positions, respectively)
247

 and can be used as a 

solvent for highly polar species, which makes the result all the more surprising.
248,249

  

Furthermore, it should be pointed out that C6H5F was used as a neat solvent for the growth of 

crystals of SSIP complexes 5-8 and 13, none of which showed any evidence of metallation of 

the solvent.  Moreover, no reaction was overserved when more forcing conditions were 

employed.  When [Na(TMEDA)2]
+
[Fe(HMDS)3]

−
 (5) was dissolved and heated in neat 

fluorobenzene overnight at 50°C only crystals of 5 were recovered (Scheme 3.10), with no 

evidence of metallation of C6H5F was observed by 
1
H NMR spectroscopic analysis of the 
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solution.  Thus, these findings suggest that CIP sodium ferrate complexes may possess 

stronger ferrating abilities than their SSIP counterparts, necessitating a close proximity of the 

alkali and transition metal centres for reactivity. 

 

Scheme 3.10 – SSIP complex 5 is unreactive towards fluorobenzene. 

The synthesis of 18 can be compared and contrasted to the reactions of sodium zincate 

[(TMEDA)NaZn(TMP)(
t
Bu)2] with chlorobenzene and α,α,α-trifluorotoluene (see Section 

3.1.1).  Despite possessing a strong alkali metal−halogen interaction, reactive intermediate 18 

can be isolated and does not succumb to salt elimination/benzyne formation as chlorobenzene 

does.  The Na-F bond distance in 18 is noticeably shorter (2.206(3) Å) than for the ortho 

metallated α,α,α-trifluorotoluene complex [(TMEDA)NaZn(C6H4CF3)(TMP)(
t
Bu)] which is 

reported as 2.435 Å. 

Akin to postulated mechanisms for Directed ortho-Metallation (DoM), it can be hypothesised 

that fluorobenzene is brought into proximity of the sodium ferrate by the electrostatic 

attraction between electropositive Na and highly electronegative F, further increasing the 

acidity of the ortho hydrogens thus priming fluorobenzene for deprotonation by Fe and basic 

HMDS.  Contrasting with important early work from Witting and Gilman (see Section 3.1.1), 

metallated intermediate 18 is formed at ambient temperature or 50°C and is stable at ambient 

temperature, showing no evidence of salt elimination (NaF) or benzyne formation, though of 

course there is substantial difference in bond polarity when comparing and highly polarised 

Li-C bond to far less polarised Fe-C bond. 
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3.2.3 Exploration of Substrate Scope 

Encouraged by the synthesis and characterisation of 18, the direct ferration of 1,3-

difluorobenzene was attempted next.  Disappointingly, reactions of neat 1,3-difluorobenzene 

yielded crystals at −30°C that redissolved at ambient temperature.  The reaction was 

attempted using a stoichiometric quantity of 1,3,-difluorobenzene which is substantially more 

activated than fluorobenzene (in pKa terms = 28.7 vs 36.8, respectively).
247

  Thus, a 1:1 

mixture of base to substrate in benzene stirred at 50°C overnight (though the reaction also 

works at ambient temperature) gave large green crystals.  Uncovered by X-ray 

crystallography the crystals were found to be [{dioxane·NaFe(1,3-C6H3F2)(HMDS)2}∞] (19), 

synthesised in a 60% yield (Figure 3.8). 

 

Figure 3.8 – Molecular structure of complex 19 with extra equivalent of dioxane shown in the asymmetric unit.  

Hydrogen atoms are omitted for clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond 

distances (Å) and angles (°): Fe1-C14 2.1157(18), Fe1-N1 2.0018(14), Fe1-N2 1.9425(14), Fe1---Na1 3.0686(7), 

Na1-F1 2.3437(13), Na1-N1 2.4392(16), Na1-O1 2.3136(14), Na1-O2 2.2967(14); C14-Fe1-N1 113.45(6), C14-

Fe1-N2 116.05(6), N1-Fe1-N2 130.10(6), Na1-N1-Fe1 86.83(5), Na1---Fe1-N2 154.04(4), Na1---F1-C13 

97.51(9), N1-Na1-F1 114.85(5), N1-Na1-O1 131.29(6), N1-Na1-O2 121.99(5), O1-Na1-F1 98.31(5), O1-Na1-

O2 91.72(5), O2-Na1-F1 88.84(5). 

The structure of 19 is almost identical to that of 18, the clear formation of a new Fe-C σ-bond 

ortho to both F atoms and 1,4-dioxane bridging between monomeric units to form a 1-D 

‘zigzag’ polymer chain.  A large six-membered {NaNFeCCF} ring is present again, now that 

1,3-difluorobenzene bridges between Fe and Na.  In another example of ancillary vs 

anchoring bonding, the distance of the Na-F electrostatic contact in 19 is noticeably longer 

than the corresponding length in 18 (2.3437(13) vs 2.206(3) Å, respectively) whilst the Fe-C 

bond distances are very similar (2.1157(18) and 2.102(4) Å, respectively). 
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3.2.3.1 Methodology for Ferration and Electrophilic Iodination of 

Fluorinated Aryl Substrates 

The synthesis and characterisation of metallated intermediates 18 and 19 set the scene for the 

exploration of direct ferration of fluorinated aryl substrates.  The achievement of metallating 

mildly activated and comparatively unreactive fluorobenzene led us to postulate that we could 

similarly promote the direct ferration of other fluorobenzenes. 

 

Scheme 3.11 – Methodology for the direct ferration of fluorinated aryls with a sodium ferrate base and 

electrophilic interception with I2. 

Accordingly, an array of fluorinated aryl substrates (Ia-k) were subject to direct ferration and 

electrophilic interception (I2) via the following methodology: 

i. A solution of [{NaFe(HMDS)3}∞] (1) is prepared in hexane and stirred for one hour 

ii. One equivalent of 1,4-dioxane is added and stirring is continued for one hour 

iii. Hexane is removed under vacuum and the solid product, [dioxane·NaFe(HMDS)3] 

(17a), is dissolved in benzene (or the neat substrate for less activated fluoroaryls) 

iv. The substrate is added to the solution and reacted for the appropriate length of time 

and at the appropriate temperature 

v. At ambient temperature the electrophilic interception is carried out using five 

equivalents of I2 and left to stir for an hour 

vi. Quenching of the reaction is undertaken by addition of saturated Na2S2O3 solution 

before extracting the organic product with diethyl ether (3 x 50 mL), washing with 

brine, drying over magnesium sulfate and removing the solvents under vacuum 
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The results of the direct ferrations and subsequent iodinations are presented in Table 3.2 

below.  For a number of reactions starting material was recovered when conducted on a 1:1 

scale, thus these reactions were run with an extra equivalent of base present (see entries 2-4, 

9, 10).  Reactions that were run in neat substrate are indicated in the conditions column in 

Table 3.1. 

Table 3.1 – Direct ferration and iodination of a variety of fluorinated arenes. 

Entry Substrate 
Base 

Eq. 
Conditions Product 

Isolated Yield 

(%) 

1 

 

1 
Neat, 50°C 

16 hr 

 

74 

2 

 

2 
RT 

16 hr 

 

84 

3 

 

2 
RT 

16 hr 

 

80 

4 

 

3 
RT 

16 hr 

 

88 

5 

 

1 
RT 

16 hr 

 

91 

6 

 

1 

0°C, 1 hr 

then  

RT, 16 hr 

 

80 

7 

 

2 
RT 

16 hr 

 

85 
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8 

 

1 
50°C 

2 d 

 

40 

9 

 

2 
50°C 

16 hr 

 

78 

10 

 

2 
50°C 

5 d 

 

45
a 

11 

 

1 
Neat, 50°C 

16 hr 

 

24
b
 

a
NMR spectroscopy conversion with a 10% ferrocene internal standard.  

b
The isomers were obtained in a 5:1 

ratio (major:minor). 

 

The results highlight the excellent levels of regioselectivity of this metallation approach 

where in all cases the Fe-H exchange process occurs at the position ortho to a F atom.  For 

1,3-difluorobenzene and 1,2,4-trifluorobenzene (entries 2 and 3), ferration occurs exclusively 

at the doubly activated position (in 84% and 80% yields, respectively), ortho to two fluorine 

substituents, as opposed to any other available ortho position.  Employing three equivalents of 

the 17a, 1,2,4,5-difluorobenzene (entry 4), holding two doubly activated positions, can 

captivatingly be di-metallated in a high 88% yield.  With a single equivalent of base present 

deprotonation is exclusively regioselective ortho to both F atoms for 1-bromo-3,5-

difluorobenzene (entry 6) in an 80% yield, though this is to be expected considering the 

weaker inductive strength of Br versus that of F.  However, the positions between F and Br 

are sufficiently activated that di-deprotonation of 1,4-dibromo-2,5-difluorobenzene (entry 7) 

is achieved with a stoichiometric two equivalents of sodium ferrate (85% yield).  4-

fluorobenzonitrile (entry 8), possessing a strongly electron withdrawing nitrile group, is 

metallated exclusively ortho to fluorine although in this case the reaction takes place in a 

modest yield (40%).  Whilst 3-fluoroanisole (entry 9) is metallated at the C2 position (78%), 

4-fluoroanisole (entry 10) displays regioselective deprotonation ortho to strongly inducting F 

as opposed to the strongly coordinative methoxy group, though even after 5 days at 50°C the 

yield was a relatively low 45%.  3-fluorotoluene (entry 11) gave two products in an overall 
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low 24% yield, showing preferential deprotonation para to the CH3 group (and ortho to F), 

likely a result of steric effects. 

 

3.2.4 Synthesis, Isolation and Structural Characterisation of Ferrated 

Intermediates 

 

Scheme 3.12 – Generalised methodology for the synthesis of ferrated fluoroaromatic intermediates complexes. 

In order to gather a better understanding of the direct ortho-ferration reactions we 

endeavoured to isolate and structurally characterise a number of ferrated intermediates prior 

to electrophilic interception.  Satisfyingly, ferrated intermediate complexes were successfully 

isolated for a range of fluoroaromatic substrates and characterised by X-ray crystallography, 

1
H NMR spectroscopy and elemental analysis.  Complexes were synthesised via the 

generalised methodology outlined in Scheme 3.12, many in a stoichiometric 1:1 

(base:substrate) ratio.  The results of the reactions are summarised in Table 3.2 below. 

Table 3.2 – Direct ferration of a variety of fluorinated arenes. 

Entry Substrate Conditions
a
 Product

b
 Crystalline Yield (%) 

1 

 

Neat, 50°C, 16 hr 

 

82 

2 

 

50°C, 16 hr 

 

66 
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3
b
 

 

4 eq. 17a, 50°C, 16 hr 

 

36 

4 

 

Neat, 50°C, 20 min 

 

38 

5 

 

RT, 16 hr 

 

51 

6
d
 

 

2 eq. 17a, 80°C, 1 hr 

 

76 

7 

 

0°C to RT, 4 hr 

 

90 

8 

 

Neat, 50°C, 16 hr 

 

26 

9 

 

0°C to RT, 2 hr 

 

60
e 

10 

 

50°C, 16 hr 

 

20
 f
 

11 

 

RT, 16 hr 

 

51 

a
Standard conditions: [{NaFe(HMDS)3}∞] (1) prepared in hexane in situ to which 1 eq. of 1,4-dioxane was 

added.  Solvent removed in vacuo and solid (17a) redissolved in benzene after which 1 eq. substrate is added.  

Neat reactions carried out in the substrate as solvent.  
b
[Fe] = {(dioxane)n·NaFe(HMDS)2}; [Fe]’ = 

{(dioxane)n·Na2Fe(HMDS)2}
  c

4 eq. of 17a to 1 eq. of substrate.  
d
2 eq. of 17a to 1 eq. of substrate.  

e
Maximum 

possible yield of 66.67% due to 1.5 eq. of 1,4-dioxane required.  
f
Maximum possible yield of 50% due to 2 eq. 

of 17a required. 
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Summarising the results, using 10 different substrates, the synthesis, isolation and 

characterisation of 11 ferrated intermediate structures was achieved at generally moderate 

temperatures within 16 hours.  In all cases, a new (or multiple, see entry 6) Fe-C σ-bond ortho 

to a fluorine atom is formed with the same F atom engaging in an electrostatic interaction 

with Na and the formation of large six-membered {NaNFeCCF} ring apparent.  Ferration 

occurs at the most highly inductively activated position on the ring, ortho to two F atoms 

where possible. 

Compounds 18 and 19 covered earlier were isolated in good yields of 82% and 66%, 

respectively (entries 1 and 2).  Investigating whether further metallation of 1,3-

difluorobenzene was possible, utilising 4 eq. of 17a, SSIP complex 20 (containing two Na 

atoms within the cation, each interacting with a F atom) was obtained in a somewhat low 36% 

yield (entry 3).  Relatively unactivated 1,4-difluorobenzene was reacted neat with 17a 

furnishing crystals of 21 in a 38% yield (entry 4), whilst more activated 1,2,4-

trifluorobenzene gave ferrated product 22 in a higher 51% yield on a 1:1 scale (entry 5).  The 

di-metallated product 23 was recovered in a good yield (76%) from the reaction of 1,2,4,5-

tetrafluorobenzene and 2 eq. of 17a (entry 6).  Ferrated pentafluorobenzene product 24 was 

isolated in an excellent 90% yield (entry 7).  Polycyclic (though reasonably unactivated) 1-

fluoronaphthalene was ferrated in a low 26% yield, though the necessity to utilise the neat 

substrate with a high boiling point (215°C) hindered efforts to concentrate the solution to 

obtain more of product 25 (entry 8).  1-bromo-3,5-difluorobenzene was ferrated at the 4-

position between the F atoms and the product 26 was isolated in a very good 60% yield, 

where the maximum obtainable yield was 66.67% under the conditions (entry 9).  Reaction of 

17a with 3-fluoroanisole (entry 10) generated SSIP complex 27 in a 20% yield (maximum 

possible yield 50%).  Metallation at the 4-position (between the F atoms) was achieved with 

17a and 3,5-difluoroanisole, with complex 29 recovered in a 51% yield (entry 11). 

Further to X-ray crystallographic analysis of complexes 18-29, supplementary 

characterisation by 
1
H NMR spectroscopy and elemental analysis was successful.  Though 

significant efforts were made, unfortunately 
19

F{
1
H} NMR spectroscopy was found not to be 

a reliable diagnostic tool for these paramagnetic complexes (most probably because of rapid 

relaxation),
250

 as spectra either showed merely resonances corresponding to free substrate 

starting material or no signal at all.  Additionally complexes 17-19, 23 and 24 were subject to 

magnetometry studies.   
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3.2.4.1 Structural and Spectroscopic Studies on Metallated 

Intermediates of Direct Ferration Reactions: (a) Polyfluoroarenes 

Probing whether a second ferration on the aryl ring of 1,3-difluorobenzene would be possible, 

4 equivalents of base 17a were employed.  Di-ferration was not achieved but instead the 

separated ion-pair structure [{(dioxane)2·Na2Fe(1,3-C6H3F2)(HMDS)2}
+
{Fe(HMDS)3}

−
]∞ 

(20) was recovered in a 36% crystalline yield (Figure 3.9). 

 

Figure 3.9 – Asymmetric unit of complex 20.  Hydrogen atoms and solvent omitted for clarity.  Thermal 

ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-C13 2.1026(17), 

Fe1-N1 1.9865(14), Fe1-N2 1.9804(14), Fe1---Na1 3.5651(7), Fe1---Na2 3.2888(7), Fe2-N3 1.9853(14), Fe2-

N4 1.9867(14), Fe2-N5 1.9845(14), Na1-F1 2.3308(13), Na1-N1 2.5484(15), Na1-O2 2.3792(14), Na1---C32 

2.854(1), Na2-F2 2.3573(13), Na2-N2 2.5654(16), Na2-O3 2.3439(14), Na2-O1(1) 2.3312(14); C13-Fe1-N1 

110.60(6), C13-Fe1-N2 113.34(6), N1-Fe1-N2 136.06(6), N3-Fe2-N4 119.84(6), N3-Fe2-N5 118.87(6), N4-

Fe2-N5 121.25(6), Na1-N1-Fe1 102.95(6), Na1---Fe1-N2 149.35(4), Na1-F1-C18 117.73(9), N1-Na1-F1 

93.94(5), N1-Na1-O2 124.04(5), N1-Na1---C32 143.896(1), O2-Na1-F1 131.12(5), O2-Na1---C32 83.525(1), 

C32---Na1-F1 80.125(1), Na2-N2-Fe1 91.77(5), Na2---Fe1-N1 166.45(4), Na2-F2-C14 97.80(9), N2-Na2-F2 

99.66(5), N2-Na2-O3 131.27(5), N2-Na2-O1(1) 139.74(5), O3-Na2-F2 109.55(5), O3-Na2-O1(1) 81.35(5), 

O1(1)-Na2-F2 86.76(5). 

As previously discussed for 18 and 19, the 2-position has been deprotonated with Fe residing 

in the former proton’s place, though now the aryl moiety is supported by two sodium atoms, 

present in the cation, each forming a contact to an F atom.  Here two fused six-membered 

{NaNFeCCF} rings are present, joined by the central Fe1-C13 bond.  The counter anion is 

that of {Fe(HMDS)3}
−
, previously encountered in the homoleptic SSIP structures 5, 7, 8 and 

13 (vide supra).  Na1 achieves coordinative stabilisation by coordination to F1, HMDS 

nitrogen N1, 1,4-dioxane O2 and a long electrostatic to HMDS methyl C32 of the anion (Na1-

--C32 2.854(1) Å; c.f. Na1---C13 2.727(2) Å in 8).  Similarly Na2 ancillary bonds to F2, 
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HMDS nitrogen N2, 1,4-dioxane O3 and to a second equivalent of 1,4-dioxane to propagate a 

linear 1-D chain. 

The 
1
H NMR spectra of 19 and 20 were measured in C6D6.  With a 2:1 integration of the meta 

to the para H atoms, these signals can be assigned with confidence (19: 104.40 [meta, 2H], 

−66.65 [para, 1H] ppm; 20: 104.99 [meta, 2H], −66.37 [para, 1H] ppm).  Though 

overlapping due to their inherent broadness, two distinct signals are seen in the spectrum of 

20 for the two sets of inequivalent HMDS groups at −1.76 and −4.78 ppm. 

 

1,4-difluorobenzene was found to be suitably less activated than 1,3-difluorobenzene, failing 

to show evidence of metallation on a 1:1 scale.  Its pKa is in fact calculated higher than that of 

fluorobenzene (40.1 vs 36.8, respectively),
247

 presumably due to the symmetrically competing 

inductive effect at each end of the aryl ring.  Thus, the reaction was carried out in neat 1,4-

difluorobenzene to form [dioxane·{NaFe(1,4-C6H3F2)(HMDS)2}2]∞ (21) in a 38% yield. 

(Figure 3.10). 

 

Figure 3.10 – Structure of complex 21.  Hydrogen atoms and co-crystallised 1,4-difluorobenzene solvent are 

omitted for clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and 

angles (°): Fe1-C16 2.094(3), Fe1-N1 1.995(3), Fe1-N2 1.957(3), Fe1---Na1 3.2561(14), Na1-F1 2.256(2), Na1-

N1 2.524(3), Na1-O1 2.357(3), Na1---F2(2) 2.359(2); C16-Fe1-N1 115.92(12), C16-Fe1-N2 112.52(13), N1-

Fe1-N2 131.56(11), Na1-N1-Fe1 91.46(10), Na1---Fe1-N2 141.17(7), Na1---F1-C15 129.06(17), N1-Na1-F1 

107.47(9), O1-Na1-N1 140.17(10), O1-Na1-F1 104.88(9). 

Complex 21 is dimeric consisting with 1,4-dioxane bridging between two units of {NaFe(1,4-

C6H3F2)(HMDS)2}.  Interestingly, Na1 is able to accommodate two electrostatic Na-F 

contacts; an intramolecular contact to F1 (2.256(2) Å) and a longer intermolecular contact to 

para fluorine F2(2) (2.359(2) Å) from a second dimeric unit giving rise to 2-D fused ring 
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network of interconnected dimers, with each ring involving six Na atoms, 4 units of ferrated 

1,4-difluorobenzene and two 1,4-dioxane units (Figure 3.11). 

 

Figure 3.11 – Expanded structure of complex 21.  Hydrogen atoms, HMDS groups and co-crystallised 1,4-

difluorobenzene solvent are omitted for clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected 

bond distances (Å): Na1-F1 2.256(2), Na1---F2(2) 2.359(2). 

The 
1
H NMR spectrum of 21 in C6D6 features an extremely downfield shifted signal for one 

of the aryl H atoms at 213.44 ppm, with the remaining aryl hydrogen resonances appearing at 

141.36 and −56.51 ppm.  The broad HMDS resonance appears at −2.74 ppm. 

 

With an extra fluorine added to the ring, 1,2,4-trifluorobenzene has a doubly activated 

position the arene ring, with a lower calculated pKa (26.1) than that of 1,3-difluorobenzene 

(28.7).  Hence, the reaction with the sodium ferrate base could be carried out 

stoichiometrically and even without the application of heat as immediately a white precipitate 

was formed and the solution changed colour from green to orange.  Large yellow brick 

crystals recovered were analysed by X-ray crystallography revealed the structure 

[dioxane·{NaFe(1,2,4-C6H2F3)(HMDS)2}2]∞ (22) (Figure 3.12) in 51% yield. 
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Figure 3.12 – Monomeric unit of complex 22 with an extra half equivalent of 1,4-dioxane shown.  Hydrogen 

atoms, co-crystallised fluorobenzene solvent and disorder in one TMS group are omitted for clarity.  Thermal 

ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-C13 2.114(2), 

Fe1-N1 1.9490(18), Fe1-N2 2.0039(18), Fe1---Na1 3.3683(9), Na1-F1 2.2173(18), Na1-N2 2.523(2), Na1-O2(1) 

2.2984(16), Na1---F9(2) 2.4615(18); C13-Fe1-N1 111.52(8), C13-Fe1-N2 118.86(8), N1-Fe1-N2 129.38(8), 

Na1-N2-Fe1 95.46(7), Na1-Fe1-N1 145.71(6), Na1-F1-C14 131.64(14), N2-Na1-F1 104.71(6), N2-Na1-O2(1) 

140.17(10), N2-Na1-F9(2) 114.25(7), F1-Na1-O2(1) 108.13(7), F1-Na1- F9(2) 80.52(6), O2(1)-Na1--F9(2) 

79.21(6). 

The monomeric unit is of similar motif to the other ferrated fluorinated arenes but the 

expanded structure is somewhat more complex.  There exists three monomeric units within 

the asymmetric unit in addition to three equivalents of co-crystallised fluorobenzene, two of 

which coordinates through F to Na (Na1-F11(1) 2.749(2) Å, Na3-F10 2.903(4) Å).  Similar to 

complex 21, the metallated aryl moiety, with F atoms in para and meta positions, allows for 

enhanced coordination via secondary Na---F contacts.  Na1 holds a primary interaction with 

ipso F1 (2.2173(18) Å) within its monomer, a secondary contact with para F9(2) (2.4615(18) 

Å) of a second monomer and a long contact with co-crystallised fluorobenzene solvent F11(1) 

(2.749(2) Å) as well as a bond with O2(1) of 1,4-dioxane (2.2984(16) Å).  Na3 possess the 

same bonding modes as Na1, to ipso F7, para F6, fluorobenzene F10 (due to disorder only a 

65% occupancy) and O1.  Na2 differs slightly as it holds no interaction with any co-

crystallised fluorobenzene but resides closer to a second monomer unit allowing for 

interaction with meta F2 as well as para F3; these are in addition to its primary coordination 

to ipso F4 and 1,4-dioxane’s O3.  Thus, the outcome of these ancillary bonding interactions 

by Na is a 2-D sheet network of fused rings (Figure 3.13).  Each large ring is comprised of six 

Na atoms, four ferrated 1,2,4-trifluorobenzene units and two 1,4-dioxane rings; note that 

between the 2-D sheets, no observable bonding is present. 
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Figure 3.13 – The expanded 2-D sheet fused ring structure of complex 22.  Hydrogen atoms, HMDS groups and 

some co-crystallised fluorobenzene solvent groups are omitted for clarity.  Disordered fluorobenzene component 

(F10/F10(1)A) shown in both modelled positions, 65%/35% occupancy, respectively.  Thermal ellipsoids 

displayed at 25% probability level.  Selected bond distances (Å): Na1-F1 2.2173(18), Na1-F11 2.749(2), Na1-

O2(1) 2.2984(16), Na1-F9(2) 2.4615(18) (not pictured), Na2-F2 2.8763(17), Na2-F3 2.3556(18), Na2-F4 

2.2868(18), Na2-O3 2.3138(17), Na3-F6 2.4406(19), Na3-F10 2.903(4), Na3-O1 2.3124(17), Na3-F7 

2.2419(19) (not pictured). 

The aryl H atoms are observed in the 
1
H NMR spectrum of 22 in C6D6 at chemical shifts of 

119.63 and −58.60 ppm.  The broad resonance corresponding to HMDS is centred at −1.32 

ppm. 

 

1,2,4,5-tetrafluorobenzene presented an interesting case as it possesses two equally suitable 

positions on the ring for deprotonation each with a low calculated pKa value of 23.1.
247

  

Hence, we decided to investigate whether we could deprotonate both positions with the 

application of two equivalents of sodium ferrate base.  Refluxing the reaction for one hour 

and slow cooling yielded orange needle-like crystals of [{dioxane·NaFe(HMDS)2}2(1,2,4,5-

C6F4)]∞ (23) (Figure 3.14) in a 76% yield. 
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Figure 3.14 – Molecular structure of complex 23 with an extra equivalent of 1,4-dioxane shown.  Hydrogen 

atoms and disorder in one SiMe3 group are omitted for clarity.  Thermal ellipsoids displayed at 50% probability 

level.  Selected bond distances (Å) and angles (°): Fe1-C1 2.140(3), Fe1-N1 2.012(2), Fe1-N2 1.951(3), Fe1---

Na1 3.3435(13), Na1-N1 2.503(3), Na1-F1 2.334(2), Na1-O1 2.384(2), Na1-O3 2.352(3), Fe2-C4 2.128(3), Fe2-

N3 2.007(2), Fe2-N4 1.954(3), Fe2---Na2 3.3886(12), Na2-N3 2.525(3), Na2-F3 2.261(2), Na2-O4 2.315(2), 

Na2-O2(1) 2.364(2); C1-Fe1-N1 113.56(11), C1-Fe1-N2 115.31(11), N1-Fe1-N2 130.74(11), Na1-N1-Fe1 

94.94(10), Na1---Fe1-N2 166.21(8), Na1-F1-C2 100.69(16), N1-Na1-F1 99.18(8), N1-Na1-O1 124.34(9), N1-

Na1-O3 146.37(10), O1-Na1-O3 85.34(9), O1-Na1-F1 105.43(8), O3-Na1-F1 85.62(8), C4-Fe2-N3 110.92(11), 

C4-Fe2-N4 118.77(11), N3-Fe2-N4 130.31(11), Na2-N3-Fe2 96.11(10), Na2---Fe2-N4 142.99(8), Na2-F3-C5 

125.72(16), N3-Na2-F3 104.58(8), N3-Na2-O4 148.75(9), N3-Na2-O2(1) 125.96(9), O4-Na2-O2(1) 79.94(8), 

O4-Na2-F3 93.87(8), O2(1)-Na2-F3 85.04(8). 

Splendidly, di-ferration of 1,2,4,5-tetrafluorobenzene was achieved under these conditions.  

The structure of the monomeric unit reveals opposing Fe-C bonds at C1 and C4 positions on 

the aryl ring, similarly Na-F contacts are made at positions para to one another.  With the 

arene capped on both sides, opportunity for secondary Na---F interactions is unobtainable 

however 1,4-dioxane plays a role in the wider structure.  Expanded, 23 is a 2-D network 

structure with propagation along the x axis by 1,4-dioxane oxygen atoms O3(1) and O4(1) 

and propagation along the y axis through O2.  The net result is a honeycomb structure with 

two sizes of ring present. 

Accordingly, the 
1
H NMR spectrum of 23 displays no highly shifted signals for aryl H atoms, 

just a broad signal and very broad signal for 1,4-dioxane and HMDS H atoms, respectively 

around the expected chemical shifts (4.06 and −2.49 ppm, respectively). 

To put complex 23 into context, only two structurally characterised examples exist featuring a 

di-metallated 1,2,4,5-C6F4 ring (Figure 3.15, left).  The dinuclear nickel complex [1,4-
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{Ni(
i
Pr2Im)2(Cl)}2(C6F4)] was synthesised by a two-fold C-F activation (oxidative addition) 

process of hexafluorobenzene with [Ni2(
i
Pr2Im)4(COD)] and subsequent transhalogenation at 

Ni with Me3SiCl.
251

  Interestingly, the other example is a dinuclear iron(II) complex, [1,2,4,5-

C6F4(Fp
‡
)2] (where Fp

‡
 = (η

5
-C5H5)Fe(CO)2) (Figure 3.15, right),

252
 though this complex was 

synthesised via di-lithiation of 1,4-dibromotetrafluorobenzene and reaction with Fp
‡
I.

253
 

 

Figure 3.15 – Structurally characterised examples of di-metallated 1,2,4,5-C6F4 rings by Ni
251

 and Fe.
252

 

Due to time constraints mono-metallation of 1,2,4,5-tetrafluorobenzene was not attempted, 

though it would be reasonable to assume this could be achieved with a single equivalent of 

base at low temperature (0°C), certainly when one considers latter results detailed vide infra 

(see Section 4.2.1).  Direct mono-C-H activation has been achieved and structurally 

authenticated by Au,
254

 Ni,
255

 Pt,
256

 Re
257

 and Rh
258

 complexes. 

 

Pentafluorobenzene offers only one site for deprotonation, which was satisfyingly achieved 

by the sodium ferrate.  Large green crystals obtained from the reaction were analysed by X-

ray crystallography to reveal [dioxane·{NaFe(C6F5)(HMDS)2}2]∞ (24) in a 90% yield (Figure 

3.16). 
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Figure 3.16 – Molecular structure of complex 24.  Hydrogen atoms and a molecule of co-crystallised benzene 

solvent omitted for clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) 

and angles (°): Fe1-C13 2.117(3), Fe1-N1 1.995(2), Fe1-N2 1.941(2), Fe1---Na1 3.3427(11), Na1-F1 2.261(2), 

Na1-N1 2.491(2), Na1-O1 2.268(2), Na1---C2 3.078(4), Na1---F4(2) 2.463(2); C13-Fe1-N1 115.83(10), C13-

Fe1-N2 112.70(10), N1-Fe1-N2 131.08(10), Na1-N1-Fe1 95.69(9), Na1---Fe1-N2 137.27(7), Na1-F1-C14 

135.03(16), N1-Na1-F1 102.94(8), O1-Na1-F1 98.28(8), O1-Na1-N1 143.03(9). 

The structure of compound 24 is almost identical to that of complex 21.  The symmetrically 

equivalent dimer unit is centrally bridged by 1,4-dioxane with the metallated rings anti-

periplanar to one another.  Na1 holds a secondary electrostatic contact to F4(2) on a separate 

perpendicular dimer unit (2.463(2) Å), the result of this is that like complex 21, complex 24 

exists as a 2-D fused ring network of interconnected dimers (Figure 3.18). 

 

Figure 3.17 – Expanded polymeric structure of complex 24.  Hydrogen atoms, HMDS groups and co-crystallised 

benzene solvent omitted for clarity.  Thermal ellipsoids displayed at 25% probability level.  Selected bond 

distances: Na1-F1 2.261(2), Na1---F4(2) 2.463(2). 

With no remaining aryl H atoms the 
1
H NMR spectrum of 24 simply displays resonances for 

1,4,-dioxane and HMDS H atoms at 3.60 and −1.91 ppm, respectively.   
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3.2.4.2 Structural and Spectroscopic Studies on Metallated 

Intermediates of Direct Ferration Reactions: (b) Other Substituted 

Fluoroarenes 

Moving away from increasing fluorine atoms on the aromatic ring, we were curious to see 

whether polycyclic 1-fluoronaphthalene could be ferrated.  Possessing just one hydrogen 

ortho to a single F atom (thus rendering the position fairly unactivated), it was decided to run 

the reaction in neat 1-fluoronaphthalene, heating overnight at 50°C.  Green rod crystals 

obtained were subjected to X–ray crystallography uncovering the structure [{dioxane·NaFe(1-

C10H6F)(HMDS)2}∞] (25) (Figure 3.18), synthesised in a low 26% yield (due in part to the 

high boiling point 1-fluoronaphthalene, which did not allow for adequate concentration of the 

solution). 

 

Figure 3.18 – Molecular structure of complex 25 with extra equivalent of 1,4-dioxane shown in the asymmetric 

unit.  Hydrogen atoms omitted for clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond 

distances (Å) and angles (°): Fe1-C14 2.0029(16), Fe1-N1 2.0029(16), Fe1-N2 1.9552(16), Fe1---Na1 3.3122(8), 

Na1-F1 2.2277(14), Na1-N1 2.4805(17), Na1-O1 2.3404(16), Na1-O2 2.3203(16); C14-Fe1-N1 116.47(7), C14-

Fe1-N2 117.86(8), N1-Fe1-N2 125.55(7), Na1-N1-Fe1 94.66(6), Na1---Fe1-N2 149.78(5), Na1-F1-C13 

119.80(11), N1-Na1-F1 90.44(5), O1-Na1-O2 84.11(6). 

As observed in Figure 3.18 direct ferration occurs at the C2 position, whilst the Na atom 

engages with the F atom.  The extended structure of 25, a 1D ‘zigzag’ polymeric chain, is 

essentially isostructural with complexes 18 and 19, made up by Na-O dative bonding 

involving the dioxane ligands and neighbouring {NaFe(1-C10H6F)(HMDS)2} units. 

Resonances for the five of the six aromatic H atoms were found in the 
1
H NMR spectrum of 

25 in C6D6, ranging from 70.63 to −20.12 ppm.  Broad resonances for 1,4-dioxane and HMDS 
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H atoms appear at 4.13 and −2.98 ppm, respectively; it is certainly conceivable the sixth ring 

H atom signal may be completely hidden underneath the very broad HMDS signal. 

 

In order to assess the influence of heteroatoms present on the aryl ring and explore a little 

further the sodium ferrate system’s affinity for fluorine and C-H activation ortho to F a 

number of fluorobenzenes with heteroatoms present were explored as substrates. 

1-bromo-3,5-difluorobenzene has three possible reaction sites for metallation on the ring; two 

of its H atoms are between Br and F and the third H is between two F atoms.  The latter site is 

likely to the most activated considering F atoms higher electronegativity and thus stronger 

inductive effect, indeed this position is favoured by LiTMP which upon carboxylation yields a 

single product in an 84% yield.
225

  One equivalent of 1-bromo-3,5-difluorobenzene was 

reacted with sodium ferrate 17a in benzene at 0°C and stirred for two hours with the 

metallation occurring regioselectivity at the H that is located between the two F atoms.  

Stirring was stopped and the solution was left to reach ambient temperature overnight upon 

which green block crystals were formed.  X-ray crystallography revealed the structure 

[dioxane·{dioxane·NaFe(1-Br-3,5-C6H2F2)(HMDS)2}2] (26) (Figure 3.19), recovered in a 

60% yield (maximum possible yield 66.67% due to 1.5 eq. of 1,4-dioxane required). 

 

Figure 3.19 – Asymmetric unit of complex 26 with and extra half equivalent of 1,4-dioxane shown.  Hydrogen 

atoms and disorder in one 1,4-dioxane group and one TMS group are omitted for clarity.  Thermal ellipsoids 

displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-C13 2.093(2), Fe1-N1 

1.9902(17), Fe1-N2 1.9429(17), Fe1---Na1 3.3158(9), Na1-F1 2.3170(16), Na1-N1 2.507(2), Na1-O1 

2.3010(19), Na1-O3 2.3407(18); C13-Fe1-N1 119.46(8), C13-Fe1-N2 112.67(8), N1-Fe1-N2 127.48(7), Na1-

N1-Fe1 94.30(7), Na1---Fe1-N2 137.56(5), Na1---F1-C18 134.13(13), N1-Na1---F1 104.09(6), O1---Na1-N1 

134.34(7), O1-Na1-F1 100.68(7), O1-Na1-O3 89.62(7), O3-Na1-N1 126.02(7), O3-Na1-F1 93.29(7). 
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The structure is a discreet dimer, bridging through 1,4-dioxane molecule.  Na completes its 

coordination sphere by engaging with a second molecule of 1,4-dioxane, which is terminal 

and does not bridge. 

A heated 3:1 (17a:substrate) reaction with 1-bromo-3,5-difluorobenzene is discussed in 

Section 4.2.6. 

 

In order to explore and assess the coordinative and inductive effects of the methoxy group in 

comparison to fluorine substituents on the aryl ring, anisole and fluoroderivatives 3-

fluoroanisole and 3,5-difluoroanisole were chosen as substrates. 

Incorporating oxygen into the substrate, 3-fluoroanisole has a doubly activated hydrogen 

position between the methoxy and fluorine groups, providing an interesting scenario as to 

whether Na will coordinate preferentially to O or F.  A 1:1 reaction at 50°C overnight 

provided large green crystals which were found to be [{(dioxane)2·Na2Fe(3-

C6H3FOMe)(HMDS)2}
+
{Fe(HMDS)3}

−
]∞ (27) (Figure 3.20). 

 

Figure 3.20 – Asymmetric unit of complex 27.  Hydrogen atoms and solvent omitted for clarity.  Thermal 

ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-C2 2.106(3), Fe1-

N1 1.986(2), Fe1-N2 1.998(2), Fe1---Na1 3.5063(12), Fe1-Na2 3.2664(12), Fe2-N3 1.995(2), Fe2-N4 1.989(2), 

Fe2-N5 1.991(2), Na1-F1 2.309(2), Na1-N2 2.549(3), Na1-O2 2.376(2), Na1---C42 2.9272(1), Na2-O1 

2.403(2), Na2-N1 2.599(3), Na2-O4 2.365(2), Na2-O3(1) 2.387(2); C2-Fe1-N1 114.80(10), C2-Fe1-N2 

110.72(10), N1-Fe1-N2 134.44(10), N3-Fe2-N4 120.39(10), N3-Fe2-N5 118.76(10), N4-Fe2-N5 120.81(10), 

Na1-N2-Fe1 100.22(9), Na1---Fe1-N1 149.83(7), Na1-F1-C3 110.57(15), N2-Na1-F1 96.24(8), N2-Na1-O2 

124.44(9), N2-Na1---C42 143.567(2), O2-Na1-F1 124.66(8), O2-Na1---C42 82.334(2), C42---Na1-F1 

84.219(2), Na2-N1-Fe1 89.83(9), Na2---Fe1-N2 164.58(7), Na2-O1-C1 97.96(16), N1-Na2-O1 100.56(8), N1-

Na2-O4 128.12(9), N1-Na2-O3(1) 135.60(9), O4-Na2-O1 110.56(9), O4-Na2-O3(1) 80.28(8), O3(1)-Na2-O1 

98.22(8). 
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Interestingly, we see sodium accomplishing coordination with both substituents by means of a 

disodium ferrate cation, {(dioxane)2·Na2Fe(3-C6H3FOMe)(HMDS)2}
+
, (balanced by a 

{Fe(HMDS)3}
−
 anion) in this SSIP structure.  The structure of 27 is very similar to that of 

complex 20; here we see Na1 bonding with F, 1,4-dioxane (O2) and HMDS (N2), alike with 

the other ferrated fluoroarene structures, but it completes its coordination sphere via a long 

electrostatic contact to a methyl group of the {Fe(HMDS)3}
−
 anion (Na1---C42 2.9272(1) Å), 

an appreciably longer Na---C distance than observed in either 20 or 8 (2.854(1) and 2.727(2) 

Å, respectively).  The second sodium atom, Na2, is coordinated by the methoxy group oxygen 

(Na2-O1 2.403(2) Å) in addition to the other HMDS group bridging to Fe1, a terminal 1,4-

dioxane group (O4) and a bridging 1,4-dioxane group (O3) of a second monomeric unit, 

resulting in 1-D linear chain for the cationic units. 

The methoxy group hydrogens resonance is visible in the 
1
H NMR spectrum of 27, upfield at 

a chemical shift of −14.75 ppm whilst aryl H atom resonances are visible at 105.39, 99.84 and 

−69.48 ppm.  Two very broad resonances for the inequivalent HMDS groups overlap, peaking 

at −2.56 and −4.76 ppm whilst the signal for 1,4-dioxane appears at 8.22 ppm. 

 

Acknowledging that in complex 27, sodium forms an electrostatic contact to the methoxy 

group for the ferration of 3-fluoroanisole, we questioned whether the fluorine group is 

necessary for metallation of the aryl ring and whether the OMe would be sufficiently 

activating enough to facilitate direct ortho-ferration. 

Anisole’s ortho hydrogens have an estimated pKa of 39.0,
259–261

 thus it was hypothesised that 

with a single OMe group present, ortho H atoms may not be sufficiently acidified (alike with 

fluorobenzene) and so ferration was attempted in neat anisole.  When anisole was reacted 

with sodium ferrate 17a no metallation was observed.  Cooling down of the solution in neat 

anisole led to the isolation of coordination complex 

[dioxane·{Na(PhOMe)3}2]
2+

[{Fe(HMDS)3}2]
2−

 (28) (Figure 3.21) in a 20% yield (maximum 

possible yield 50% due to 2:1 base to substrate required). 
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Figure 3.21 – Structure of complex 28.  Hydrogen atoms and solvent omitted for clarity.  Thermal ellipsoids 

displayed at 30% probability level.  Selected bond distances (Å) and angles (°): Fe1-N1 1.9781(17), Fe1-N2 

1.9924(16), Fe1-N3 1.9798(18), Na1-O1 2.3824(18), Na1-O2 2.3852(17), Na1-O3 2.3780(18), Na1-O4 

2.3419(16), Na1---C33 2.8978(1); N1-Fe1-N2 119.50(7), N1-Fe1-N3 120.93(7), N2-Fe1-N3 119.55(7), O1-Na1-

O2 89.18(6), O1-Na1-O3 171.71(7), O1-Na1-O4 95.70(6), O1-Na1---C33 85.111(2), O2-Na1-O3 85.93(6), O2-

Na1-O4 151.53(7), O2-Na1---C33 129.210(2), O3-Na1-O4 85.53(6), O3-Na1---C33 103.165(2), O4-Na1---C33 

79.221(2). 

Exhibiting a SSIP structure, 28, contains a Na centre solvated by three molecules of anisole 

and a molecule of 1,4-dioxane (half equivalent).  In addition Na forms a long distance 

electrostatic contact (Na1---C33 2.8978(1) Å) with a Me group on the {Fe(HMDS)3}
−
 anionic 

unit.  Here Na resides in a pseudo square-based pyramidal geometry with the O atoms 

providing the base of the pyramid and Me as the peak (sum of O angles around Na = 356.34°, 

range 85.53 to 89.18°).  1,4-dioxane bridges between symmetrically equivalent Na atoms 

resulting in an overall dimeric structure. 

In order to counter the strong coordinating effect of the anisole that results in the abstraction 

of the Na atom away from Fe, an equimolar reaction in benzene was attempted, heating 

overnight at 50°C.  Like fluorobenzene however (when metallation was attempted on an 

equimolar scale), the only crystals recovered were that of 17 and no evidence of metallation 

was observed by 
1
H NMR spectroscopy of the solid. 

 

To assess the optional site selectivity of the sodium ferrate base, the ferration of 3,5,-

difluoroanisole was attempted.  When considering the reactions with anisole and 3-

fluoroanisole, would ferration occur preferentially at either of the two positions flanked by the 
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superior coordinating OMe group and F or at the single site between the two more inductive F 

atoms. 

Stirring for an hour before leaving sedentary overnight resulted in a change of solution colour 

from green to tan/brown from which crystals of [dioxane·{NaFe(3,5-

C6H2F2OMe)(HMDS)2}2]∞ (29) (Figure 3.22) were recovered at 5°C in a 51% yield. 

 

Figure 3.22 – Dimeric unit of complex 29.  Hydrogen atoms and solvent omitted and 1,4-dioxane transparent for 

clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-

C13 2.1078(17), Fe1-N1 2.0077(14), Fe1-N2 1.9395(14), Fe1---Na1 3.5442(7), Na1-F1 2.2450(12), Na1-N1 

2.5257(15), Na1-O2 2.3397(14), Na1-C2 2.7535(1), Na1-O1(1) 2.3745(14); C13-Fe1-N1 117.57(6), C13-Fe1-

N2 115.02(6), N1-Fe1-N2 127.41(6), Na1-N1-Fe1 102.25(6), Na1---Fe1-N2 149.63(4), Na1---F1-C18 

139.46(9), N1-Na1-F1 96.18(5), N1-Na1-O2 132.11(6), N1-Na1-O1(1) 133.81(5), O2-Na1-F1 78.55(5), O2-

Na1-O1(1) 91.28(5), O1(1)-Na1-F1 109.40(5). 

Clear preference is established for metallation at the 4-position between the two F atoms with 

construction of a single new Fe-C bond (2.1078(17) Å).  Interestingly however, the methoxy 

group is still able to achieve coordination, O1 bonding to Na1(1) of a second ferrated unit at a 

distance of 2.3745(14) Å creating a dimeric structure with a 12-membered {NaFCCCO}2 

ring.  The expanded structure is a linear 1-D network of cyclodimers where propagation is 

facilitated by 1,4-dioxane (through O2(2) and O2(3)) bridging between sodium atoms. 

Considering these three results in addition to that of 4-fluoroanisole (Table 3.1, entry 10), it 

can be concluded sodium ferrate base [dioxane·NaFe(HMDS)3] (17a) follows with the trend 

of fully complexed bases (e.g. 
n
BuLi/PMDETA and superbasic mixtures) in favouring attack 

at the most inductively activated position, ortho to F.  Indeed when we consider substrates 

which failed to show evidence of ferration (vide infra, Section 3.2.7) we postulate that 

fluorine and the establishment of a strong Na-F interaction plays a major role in facilitating 

ferration.   
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3.2.5 Structural Summary 

Table 3.3 below summarises the Fe-C σ-bond distances and the bond lengths of the primary 

and secondary Na---F electrostatic interactions for the structurally characterised ferrated 

intermediate complexes. 

Table 3.3 – Fe-C and Na-F Bond lengths (Å) for isolated ferrated fluoroarenes. 

Compound
a
 

Bond Length 

Fe-C Na-F
b
 

 

2.102(4) 2.206(3) 

 

2.1157(18) 2.3437(13) 

 

2.1026(17) 
2.3308(13) (Na1-F1) 

2.3573(13) (Na2-F2) 

 

2.094(3) 
2.256(2) (Na1-F1) 

2.359(2) (Na1---F2(2)) 

 

2.114(2) 
2.2173(18) (Na1-F1) 

2.4615(18) (Na1---F9(2)) 

 

2.140(3) (Fe1-C1) 

2.128(3) (Fe2-C4) 

2.334(2) (Na1-F1) 

2.261(2) (Na2-F3) 

 

2.117(3) 
2.261(2) (Na1-F1) 

2.463(2) (Na1---F4(2)) 

 

2.0029(16) 2.2277(14) 
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2.093(2) 2.3170(16) 

 

2.106(3) 2.309(2) 

 

2.1078(17) 2.2450(12) 

Longest 2.140(3) (23) 
2.3437(13) (19) 

2.463(2) (Na1---F4(1)) (24) 

Shortest 2.0029(16) (25) 2.206(3) (18) 

Mean 2.1019 
2.2820

c
 

2.3093
d
 

a
[Fe] = {(dioxane)n·NaFe(HMDS)2}; [Fe]’ = {(dioxane)n·Na2Fe(HMDS)2}

  b
Na---F denotes a secondary polymer 

propagating interaction; 
c
Average of primary Na-F bonds; 

d
Average of primary Na-F and secondary Na---F 

bonds. 

 

Di-ferrated 1,2,4,5-tetrafluorobenzene (23) contains the longest Fe-C bond lengths of any of 

the ferrated fluorobenzene complexes at lengths of 2.140(3) and 2.128(3) Å.  Ferrated 1-

fluoronapthalene (25) displays the shortest Fe-C bond distance of 2.0029(16) Å, a difference 

of 0.1371 Å from the longest Fe-C bond length.  The mean Fe-C bond length is 2.1019 Å. 

On average these Fe-C distances are longer than those observed in other structurally 

characterised examples of Fe(II) bonded to a fluoroarene.  For example [Fe{C6F4C(O)Me-

2}(η
5
-C5H5)(PMe3)] contains an Fe-C bond of distance 1.929(3) Å (Figure 3.23, top left)

262
 

and a reported Fe-fluorophenylarylimine complex
263

 (Figure 3.23, top right) possesses an Fe-

C bond length of 1.991 Å whilst conversely, complex [{(Ph2CN)2C2H4}Fe(CH2SiMe3)C6F5] 

has a noticeably longer bond length of 2.132(7) Å (Figure 3.23, bottom).
264
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Figure 3.23 –  A selection of complexes where an Fe(II) centre is bonded to a fluoroaryl moiety. 

If one discounts the secondary intermolecular (polymer propagating) Na---F interactions, the 

difference between the longest and shortest primary Na-F electrostatic interaction bond 

lengths is 0.1377 Å, very similar to the difference between the longest and shortest Fe-C bond 

lengths.  The shortest Na-F distance is displayed in ferrated fluorobenzene complex 18 at 

2.206(3) Å, whilst the longest is shown by ferrated 1,3-difluorobenzene complex 19 

(2.3437(13) Å).  All the Na-F dative interactions are well within the sum of the van der Waals 

radii for Na and F (2.27 + 1.47 = 3.74 Å, respectively).
265

  For reference, the Na-F bond 

distance in pure NaF is 1.9260 Å (determined by microwave spectroscopy).
266

 

According to the CCDC, 127 crystallographically characterised compounds to date containing 

a Na-F bond (Na---F, any bond) have been reported; the longest bond length stands at 3.039 

Å, observed in [{Na(3-(thiophen-2ʹ-yl)-phen)BF4}∞]
267

 and the shortest is recorded at 1.991 Å 

in [(Cp*Rh)4(μ-thym)4Na]
+
[PF6]

−
 (Cp* = pentamethylcyclopentadienyl, thym = 

thyminate
2−

).
268

  The mean Na-F bond distance between all 127 compounds is 2.4128 Å; 

clearly the Na-F electrostatic interactions in the ferrated structures are towards the shorter end 

of the scale with a mean distance of 2.3093 Å.  The Na-F distance reported for the zincated
243

 

α,α,α-trifluorotoluene structure noticeably longer at 2.435 Å, as are the distances  of the 

sodiated
244

 α,α,α-trifluorotoluene structures (see Section 3.1.1) at 2.6415(7) and 2.6750 Å 

(TMEDA and PMEDTA complexes, respectively). 

Of the 11 ferrated intermediate structures, only complex 26 exists as a discrete dimer whilst 

the others exhibit structural diversity through a variety of supramolecular motifs facilitated by 
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intermolecular interactions of Na with either O or F.  Compounds 18, 19, 20, 25 and 27 exist 

as infinite 1D polymer chains propagating via Na-1,4-dioxane interactions.  21, 22 and 24 are 

all very similar, displaying 2-D supramolecular motifs of dimers arranged in fused rings of 

equal size, whereas complex 23 exhibits two rings of unequal size in a 2-D arrangement.  

Complex 29 exists as 1-D polymer chain of repeating cyclodimeric units. 

 

3.2.6 Magnetometry Studies of Ferrated Fluoroaromatic Complexes 

The electronic structures of the Fe(II) centres in complexes 17-19 and 24 were studied 

through bulk magnetisation measurements.  Molar paramagnetic susceptibility (M) data was 

collected on microcrystalline samples in the warming mode from 2 to 300 K under a constant 

magnetic field of 0.5 T (0.3 T in the case of 24).  Additionally, this study was complemented 

with magnetisation measurements at 2 K under variable magnetic field (0 to 5 T).  Resulting 

MT vs T and M/NμB vs H curves together with their best fits are shown in Figure 3.24. 

 

Figure 3.24 – MT vs T and M/NμB vs H (inset) curves of compounds 17-19 and 24.  Measurement setup: 

warming mode (2→300 K), B = 0.5 T (0.3 T for 24); Tmag  = 2 K.  Solid black lines represent the result of the 

fits. 
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In all cases, the displayed magnetic behaviour is as expected for compounds containing 

isolated high-spin iron(II) centres.  At 300 K, the MT product for compounds 18 and 19 is 

slightly higher than the expected value (3.00 cm
3 

K mol
–1 

for g = 2.0) for one uncoupled high-

spin (S = 2) iron(II) centre (measured 3.93 and 3.90 cm
3 

K mol
–1

, respectively).  Similarly, 

compounds 17 and 24 with two isolated iron(II) centres in their magnetic unit exhibit higher 

values of MT product (7.19 and 7.61 cm
3 

K mol
–1

, respectively) from the expected value of 

6.00 cm
3 

K mol
–1 

(g = 2.0).  The estimated g values using the Curie Law for the ambient 

temperature data are g = 2.25 (17), 2.29 (18), 2.28 (19) and 2.19 (24), suggesting the presence 

of unquenched angular momentum coupled to the electronic spin.  Second-order spin orbit 

coupling is often observed for the trigonal-planar compounds of iron(II), where the ground 

state, lacking any orbital angular momentum (L = 0), is allowed to mix with low-lying excited 

electronic states with non-zero L.
106

 

Upon lowering the temperature, the MT product remains practically constant down to 40 K.  

Sharp decreases are observed for all the products at the lowest temperatures, leading to MT 

values of 3.11, 2.02, 2.09 and 4.88 cm
3 

K mol
–1

 (for 17, 18, 19, and 24, respectively) at 2 K.  

The displayed behaviour can be explained as a manifestation of the zero-field splitting effects 

which additionally are obvious from the variable field magnetisation measurements at 2 K.  

For all compounds, M/NμB vs H curves stay far from saturation even at the highest magnetic 

fields (expected 4 µB for one and 8 µB for two S = 2 centres and g = 2).  The measured 

magnetisation at 5 T for dinuclear compounds 17 and 24 are 5.26 and 4.96 µB, whereas for 

mononuclear compounds 18 and 19 the highest values of magnetisation were 2.62 and 2.56 

µB, respectively. 

In order to quantify the ZFS effects, the experimental data (MT vs T and M/NμB vs H) were fit 

simultaneously using the program PHI
148

 by matrix diagonalisation of the (perturbative) 

anisotropic spin Hamiltonian defined in Equation (3.1): 

 
�̂� = 𝐷 (�̂�𝑧

2
−  

1

3
�̂�2) + 𝐸 (�̂�𝑥

2
−  �̂�𝑦

2
) + 𝜇𝐵�̂�𝑔𝐵  (3.1) 

In this equation, D and E stand for axial and rhombic ZFS parameters, respectively, 𝑆 ̂ is the 

total spin operator of the individual Fe(II) ion and 𝑆�̂� (i = x,y,z) are the operators of its 

components.  B is the magnetic induction and 𝜇𝐵 is the Bohr magneton.  Although the 

anisotropic g factor defined as gx = gy ≠ gz was considered, only the isotropic g value was used 
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in order to avoid the overparameterisation of spin Hamiltonian.  Contribution of intra- and 

intermolecular interactions (zJ) was also considered taking into account the connectivity 

between the spin carriers as well as the long-range ordering in the crystal structure.  The 

results obtained from the fitting are presented in Table 3.4. 

Table 3.4 – Fitting Parameters for compounds 17-19 and 24. 

Compound χMT
a
 at r.t. (g) μeff

b
 at r.t χMT

a
 at 2 K g D (cm

−1
) |E| (cm

−1
) |E|/D zJ (cm

−1
) 

17 7.61 (2.25) 11.02 3.11 2.25 9.3 1.7 0.18 0.05 

18 3.93 (2.29) 5.61 2.02 2.27 −12.0 3.3 0.27 0.07 

19 3.90 (2.28) 5.58 2.09 2.22 −9.1 2.9 0.32 0.07 

24 7.19 (2.19) 10.73 4.88 2.18 −9.6 2.9 0.30 0.04 

a
In units of cm

3
 K mol

–1
 
b
In units of Bohr magnetons.  

 

For compound 17, the best fits reveal the presence of zero-field splitting with a positive value 

for the axial parameter D (9.3 cm
‒1

) and with a significant contribution from rhombic 

parameter |E| = 1.7 cm
−1

 (|E|/D = 0.18).  On the other hand, fits of the magnetic data for 

compounds with heteroleptic {Fe(HMDS)2(Ar)} cores (Ar = aryl) led to the negative D values 

(−9.1 to −12.0 cm
‒1

) with larger rhombicity (0.27 ≤ |E|/D ≤ 0.32).  The latter can be correlated 

with the structural data since the larger deviations of the iron(II) coordination environment 

from ideal three-fold symmetry are witnessed in the heteroleptic compounds containing 

fluorine substituted aryl ligands.  Interestingly, the observed change from positive anisotropy 

in homoleptic compound 17 to negative anisotropy in heteroleptic {Fe(HMDS)2(Ar)} 

complexes 18, 19 and 24 confirms our previous findings
193

 and agrees with reported data for 

similar compounds.
85,111,189,208,269

 

 

Di-ferrated 1,2,4,5-tetrafluorobenzene complex 23 was also subject to bulk magnetic 

measurements under the same conditions.  Resulting MT vs T and M/NμB vs H curves are 

shown in Figure 3.25. 
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Figure 3.25 – MT vs T and M/NμB vs H (inset) curves of compound 23.  Measurement setup: warming mode 

(2→300 K), B = 0.5 T; Tmag  = 2 K. 

At 300 K, the MT product is higher than the expected spin-only value (6.00 cm
3 

K mol
–1 

for g 

= 2.0) for two uncoupled high-spin (S = 2) iron(II) centres (measured 7.72 cm
3 

K mol
–1

).  In 

the high temperature region from 150 K to 300 K, the MT product linearly decreases upon 

cooling.  Below 150 K (6.59 cm
3 

K mol
–1

), a more pronounced decline is present, resulting in 

an abrupt fall below 60 K (5.06 cm
3 

K mol
–1

).  The final value of the MT at 2 K is 0.36 cm
3 

K 

mol
–1

.  The behaviour displayed here indicates the existence of antiferromagnetic exchange 

interactions between two spin carriers in the molecule, possibly assisted by zero-field splitting 

effects.  Variable field magnetisation measurements at 2 K show that the M/NμB vs H curve 

stays far from expected 8 µB for two uncoupled S = 2 centres (g = 2).  Measured 

magnetisation at 5 T of only 0.78 µB additionally confirms the presence of antiferromagnetic 

interactions.  In order to quantify the magnitude of observed coupling, experimental data was 

fit using the program PHI
148

 by matrix diagonalisation of the spin Hamiltonian defined in 

Equation (3.2): 

 
�̂� = −2𝐽(�̂�1�̂�2) + 𝜇𝐵𝐵 ∑ 𝑔𝑖�̂�𝑖

𝑖

 �̂� + 𝐷 ∑ (�̂�𝑖𝑧
2

−  
1

3
�̂�𝑖

2
)

𝑖

 (3.2) 

where J is the exchange constant, �̂�𝑖 (i = 1, 2) is the total spin operator of the individual Fe(II) 

ions (�̂�𝑖𝑧 is the operator of its z-component), B is the magnetic induction, 𝜇𝐵 is the Bohr 

magneton, g is the isotropic g factor and D stands for the axial ZFS parameter.  Unfortunately, 

a reasonable fit could not be obtained for the entire temperature range.  The high temperature 

region (150-300 K) proved problematic and could only be modelled by using unreasonable 

temperature-independent paramagnetism contributions (TIP >0.001 cm
3
 mol

–1
).  The presence 
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of a small amount of antiferromagnetically coupled impurity in the measured sample could be 

the source of this problem.  Nevertheless, fits of the experimental data below 150 K were 

successful (Figure 3.26) and yielded a set of reasonable parameters: fixed g factor at 2.25, 

exchange constant J = −3.34 cm
−1

 and D = −3.58 cm
−1

. 

 

Figure 3.26 – MT vs T and (2-150 K) curve of compound 23 with best fit (solid line).  Measurement setup: 

warming mode (2→300 K), B = 0.5 T. 

The obtained exchange constant is slightly larger than the one reported for the compound 

[Na4Fe2(TMP)6(C6H4)] (J = −2.28 cm
−1

, g = 2.15).
82

  The source of this difference could be 

the application of different g values, since a higher g will produce the higher exchange 

constant J.  Secondly, it is possible that the close contacts between the sodium cations and 

iron coordinated carbon atoms from the phenyl bridge in [Na4Fe2(TMP)6(C6H4)] slightly 

weaken the coupling between two iron sites.  The DFT calculations reported for this 

compound indicate that the exchange coupling involves the interaction between the σ-orbitals 

of benzene and d orbitals of the iron(II) centres.  Moreover, in the case of 23, any additional 

contribution through the π-spin polarisation will increase the strength of antiferromagnetic 

interactions.  Similarly, antiferromagnetic coupling through spin polarisation has been 

reported for pyrazine linked metal centres.
270,271 

 

3.2.7 Negative Results 

A number of other substrates were reacted with sodium ferrate 17a in attempts to achieve 

direct ferration, the results of which were either inconclusive or showed no (or little) evidence 

of metallation. 
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Stimulated by the reported successful zincation
243

 and sodiation
244

 of α,α,α-trifluorotoluene 

(see Section 3.1.1), 1:1 and neat reactions of the substrate and 17a were conducted but only 

starting material was recovered.  Although the CF3 group is strongly electron withdrawing, its 

inductive effect is less than that of F directly attached to the benzene ring,
272

 demonstrated in 

one sense by the ortho position of α,α,α-trifluorotoluene which has a pKa of 39.7 versus that 

of fluorobenzene where it is 36.8.
247

  Additionally, with the involvement of an extra atom (C) 

between F and the ring it is also possible that even if an F engages with Na, sterically, the 

substrate may not be primed for ortho-ferration (i.e. the ortho C may be located too far from 

the Fe centre), though it must be said this was no barrier in the case of the sodium zincate 

where [(TMEDA)NaZn(C6H4CF3)(TMP)(
t
Bu)] displays a 7-membered {NaFCCCZnN} 

ring.
243

 

The tertiary amide group, C(O)N(
i
Pr)2, is regarded as one of the strongest directing groups for 

directed ortho-lithiation
273

 but reaction of N,N-diisopropylbenzamide with sodium ferrate 17a 

(1:1, 50°C, 16 hr) produced no metallated product.  Though mildly activating through 

inductive electron withdrawal, the coordinative effects of the tertiary amide group are chiefly 

responsible for its strong directing effect. 

Reactions of 17a with chloro and bromo substrates were not positive in promoting direct 

ferration.  Reaction of 17a in neat chlorobenzene (50°C, 16 hr) furnished no ferration product, 

nor did 1,3,5-trichlorobenzene or 3-bromobenzonitrile on at 1:1 stoichiometries under the 

same conditions. 

Reaction of 17a with 3-fluoropyridine on a 1:1 scale at 50°C for 3 hours and quenching with 

I2 did show new products; iodination at the 2- and 4-poisitons in conversions of 14% and 8%, 

respectively.  Noting the immediate colour change, reaction at ambient temperature for 5 

minutes showed solely to the 4-position product in a marginally improved albeit low yield of 

17%.  Though an immediate change of colour for the solution from green to yellow was 

observed with 4-methoxypyridine (1:1, 50°C, 16 hr) no conversion to shown to any other 

iodinated product upon quenching.  1:1 reactions with pyrazine, 3-fluoronitrobenzene and 

benzothiazole showed solution colour changes  but likely degradation of the sodium ferrate in 

the case of the former two (black solutions) and no ferrated products were obtained.  With 

sensitive functional groups and moieties present such as nitriles, pyridines, etc. it is possible 

that these may coordinatively interact with either (or both) of the metal centres in such a way 
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that hinders or precludes direct ferration, possibly favouring the formation of less reactive 

SSIP intermediates. 

 

Considering these observations coupled with the direct ferration results obtained with 

fluorobenzenes, a number of conclusions can be drawn about the reactivity of sodium ferrate 

base 17a.  Ferration has not been achieved with any non-fluorinated, yet moderately activated, 

aryl substrates, nor with any other halogen (Cl, Br) containing aryl substrates.  Thus it appears 

that an activated ring proton with a suitable pKa is not the sole requirement but the presence of 

an F atom is crucial for direct ferration.  Fluorine’s presence on the ring delivers a strong 

inductive effect, most strongly activating the ortho proton(s) towards deprotonative 

metallation.  Secondly, when using base 17a, fluorine’s high electronegativity is highly 

attractive to electropositive, relatively hard cation Na
+
, as in all the structurally characterised 

ferrated intermediates a strong Na-F dative interaction is observed.  This key interaction is the 

likely initiator for direct ferration in solution, bringing the substrate into close proximity to 

the Fe centre (pre-coordination) for deprotonative metallation (via the loss of HMDS(H)) and 

stabilising the newly ferrated aryl ring via the construction of a large 6-membered 

{NaNFeCCF} ring. 

 

3.2.8 Other Structures Obtained from C-H Activation Studies 

Throughout the course of investigations into direct ferration of fluorinated aryl substrates, a 

number of crystallographically characterised structures were obtained which do not display 

metallation of any fluorinated substrate but are nonetheless related. 

 

3.2.8.1 Importance of Air and Moisture in Ferration Processes 

Whilst the rigorous exclusion of molecular oxygen and atmospheric water is of highest 

priority to any chemist working with air-sensitive compounds it is a challenging task to 

control every aspect involved in synthesis to minimise the appearance of adventitious O2 and 

H2O to the last ppm.  Oxo-inverse crown ether [Na2Fe2(HMDS)4(O)] (30) (Figure 3.27) has 

appeared numerous times during the syntheses of HMDS-based sodium ferrate species from 

the synthesis of homoleptic and solvent-free 1 to the metallations of fluorinated aryls.  
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Attempts to rationally prepare 30 by exposing reaction mixtures to oxygen using a drying tube 

containing CaCl2 that precluded the presence of moisture were unsuccessful. Contrastingly, 

by adding H2O (1 eq.) to [{NaFe(HMDS)3}∞] (1) led to the isolation of 30 in an 81% yield. 

 

Figure 3.27 – Molecular structure of complex 30 which is centrosymmetric at O1.  Hydrogen atoms omitted for 

clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-

O1 1.8480(3), Fe1-N1 2.0016(16), Fe1-N2(1) 2.0000(16), Fe1---Na1 2.9462(9), Fe1---Na1(1) 3.0155(9), Na1-

O1 2.3391(8), Na1-N1 2.5142(18), Na1-N2 2.5623(18); Fe1-O1-Fe1(1) 180.000(1), Na1-O1-Na1(1) 180, N1-

Fe1-N2(1) 143.19(7), N1-Fe1-O1 109.30(5), Fe1-N1-Na1 80.58(6), Fe1-O1-Na1 88.63(2), N1-Na1-N2 

155.33(6), N1-Na1-O1 80.57(4), Na1-N2-Fe1(1) 81.74(6), N2-Na1-O1 78.46(4), Na1-O1-Fe1(1) 91.37(2). 

30 displays a cationic eight-membered {NaNFeNNaNFeN} ring which hosts at its core an 

oxo anion.  O
2-

 resides as the “guest” in this inverse crown ether, situated centrally between 

the metal atoms, showing no deviation from the {Na1Fe1Na1(1)Fe1(1)} plane.  Fe resides 

closer to O at distance of 1.8480(3) Å whilst the Na1-O1 bond length is considerably longer 

at 2.3391(8) Å.  The HMDS ligands reside at the four corner positions bridging between the 

iron and sodium atoms.  Nitrogens N1 and N2 deviate 0.2826(1) and 0.2859(1) Å, 

respectively, below the {Na1Fe1Na1(1)Fe1(1)} plane on one side of the square whilst the 

symmetrically equivalent nitrogens deviate the same distances above the plane on the 

opposing side of the square.  Within the asymmetric unit, Na1 is positioned slightly closer to 

N1 (2.5142(18) Å) than to N2 (2.5623(18) Å), leading to two unequal angles of Na1-O1-Fe1 

at 88.63(2)° and Na1-O1-Fe1(1) 91.37(2)°, which sum together to give a perfectly linear Fe1-

O1-Fe1(1) angle of 180.000(1)° and by extension the same angle of  180.000(1)° for Na1-O1-

Na1(1). 
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Figure 3.28 – Structural representations of a traditional crown ether and an inverse crown ether complex. 

Recalling the introduction of inverse crown ether (ICE) complexes in Section I.I, these 

complexes are termed as such due to the role reversal present from conventional crown ether 

complexes (Figure 3.28).  The encompassing ring of an ICE is Lewis acidic consisting of 

metal atoms and (generally amido) supporting ligands whereas the central “guest atom” is a 

Lewis basic oxygen species.
29,30

  As far as we can ascertain, 30 represents the first example of 

an inverse crown ether complex containing iron.  Examples of Na-HMDS ICEs have been 

formerly reported with Mg
274

, Mn
194

 and Zn
275

.  All three examples are isostructural to 30 

with the sodium atoms deviating from linearity (N-Na-N) whilst the lower polarity metal 

atoms are drawn into the square and the superoxo core remains perfectly central between the 

metal centres.  On comparison of the bond lengths (Table 3.5), structure 30 possesses the 

longest Na-O distance of any of the Na-HMDS ICEs in addition to the shortest mean Na-N 

and M
2
-O bond lengths (where M

2
 is the secondary metal). 

Table 3.5 - Comparison of bond lengths (given in Ångstroms) between Na-HMDS inverse crown ether 

complexes. M
2
 = Fe, Mg, Mn or Zn. 

Bond Na/Fe (30) Na/Mg
274

 Na/Mn
194

 Na/Zn
275

 

Na-O 2.3391(8) 2.3278(7) 2.3262(6) 2.265(2) 

M
2
-O 1.8480(3) 1.8575(4) 1.9272(2) 1.873(1) 

     

Na-N1 2.5142(18) 2.549(1) 2.5269(13) 2.541(3) 

Na-N2 2.5623(18) 2.595(1) 2.5627(14) 2.597(3) 

Mean Na-N 2.5383 2.572 2.5448 2.569 

 

Na/Fe inverse crown ether 30 crystallises with extreme ease at ambient and sub-ambient 

temperatures and is frequently easily identifiable as very well-formed and often large, 

emerald green rhombuses, which appear to be stable in air for several minutes. 
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In order to uncover the source of oxygen in 30 a series of reactions were run with hexane 

solutions of 1 (Scheme 3.13). 

 

Scheme 3.13 – Reactions of 1 with “O2”, H2O or degassed “wet” hexane. 

To the first solution of 1 (Scheme 3.13, top), a CaCl2 filled drying tube was attached to the 

Schlenk and the argon flow was stopped whilst stirring was continued for three hours 

resulting in a noticeable darkening of the green solution.  Dark green, thin rod crystals 

obtained from this reaction were analysed by X-ray crystallography and 
1
H NMR 

spectroscopy confirming the synthesis of oxidation product Fe
III

(HMDS)3.
125,276,277

 

Evaluating water, addition of one equivalent of H2O to a solution of 1 lead to a slight 

darkening of the green solution for which stirring was continued for one hour.  Crystals 

formed from this reaction were found, after analysis by X-ray crystallography and 
1
H NMR 

spectroscopy, to be that of complex 30.  Corroborating this result, crystals of 30 were 

obtained from the attempted synthesis of 1 in “wet”, degassed hexane.  Hexane was taken 

straight from the bottle and was degassed by the freeze-pump-thaw method
278

 (three times in 

total) but not dried by any process.  20 mL of this hexane was added to Fe(HMDS)2 and 

NaHMDS to synthesise 1; Fe(HMDS)2 was immediately solubilised giving a dark 

green/brown solution to which NaHMDS entered after an hour of stirring.  After slow 

cooling, the solution furnished crystals of 30.  Collectively these results strongly suggest that 

the presence of moisture, and not O2, is the likely origin for the formation of oxo-ICE 30 in 

HMDS sodium ferrate reactions. 
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The 
1
H NMR spectrum of 30 in d8-tol shows a single broad resonance at −0.81 ppm.  Owing 

to the ease of formation of 30, a resonance at around this chemical shift can be seen in the 
1
H 

NMR spectra of a number of other sodium ferrate species, corresponding to minor 

degradation of the sample or the presence of a small quantity of atmospheric moisture during 

synthesis, though in some cases it may be overlapping with or completely masked by a broad 

HMDS signal below 0 ppm for the principal sodium ferrate species measured. 

 

Figure 3.29 – MT vs T and M/NμB vs H (inset) curves of compound 30.  Measurement setup: warming mode 

(2→300 K), B = 0.5 T; Tmag  = 2 K.  Solid line represents the result of the fit. 

Compound 30 was also characterised by SQUID magnetometry where molar paramagnetic 

susceptibility (M) data was collected on microcrystalline samples in the warming mode from 

2 to 300 K under a constant magnetic field of 0.5 T; resulting MT vs T and M/NμB vs H 

curves are displayed in Figure 3.31.  The results confirmed the presence of two paramagnetic 

Fe(II) centres within 30 which were found to display magnetic behaviour characteristic of a 

dinuclear complex with antiferromagnetic interactions between the spin carriers (i.e. the two 

Fe(II) centres). 

At 300 K the value of MT product of 3.87 cm
3
 K mol

–1
 is significantly lower than expected 

for two non-interacting high-spin (S = 2) Fe(II) centres (the expected value is 6.00 cm
3 

K 

mol
−1 

taking into account g = 2.0).  Additionally, a pronounced and almost linear decrease of 

the χMT product is observed upon cooling ending at the final value of 0.023 cm
3 

K mol
–1

 at 2 

K.  In order to quantify the magnitude of the observed coupling, experimental data were fit 

using the program PHI
148

 by matrix diagonalisation of the anisotropic spin Hamiltonian 

defined in Equation (3.3). 
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�̂� = −2𝐽(�̂�1�̂�2) + 𝑔𝜇𝐵𝐵�̂�𝑖 + 𝐷 (�̂�𝑖𝑧

2
−  

1

3
�̂�𝑖

2
) (3.3) 

where J is the exchange constant, 𝑆 ̂ is the total spin operator (�̂�𝑧 is the operator of its z-

component), �̂�1 =  �̂�2= 2 are the spin operators of the individual Fe(II) ions, B is the magnetic 

induction, 𝜇𝐵 is the Bohr magneton while D stands for the axial zero-field splitting parameter.  

In order to avoid the overparameterisation of the spin Hamiltonian, only isotropic g values 

were considered.  The best fit of the experimental data was with a fixed g factor at 2.08 and 

2% of paramagnetic impurity (S = 2) which yielded the exchange constant J = –24.05cm
-1

 and 

an axial ZFS component D = –18.10 cm
−1

 as the most reasonable parameters.  Obtained 

values of J and D indicate the moderate antiferromagnetic coupling of high-spin (S = 2) Fe(II) 

ions with considerable orbital angular momentum.  Due to the consequential mixing of S 

levels, attempts to model the magnetic data with a solely Heisenberg-Dirac-Van Vleck 

Hamiltonian, �̂� = −2𝐽(�̂�1�̂�2), failed to reproduce the low temperature behaviour well. 

The sign and absolute value of the obtained axial ZFS parameter are similar to those expected 

for compounds containing Fe(II) ions in distorted trigonal-planar environment where second 

order spin-orbit coupling occurs by mixing of ground state (L = 0) with an electronic excited 

states with a non-zero L.
106

  Similar values of D have been previously reported for other 

[Fe(HMDS)2L] (L = ligand) systems.
85,111,189,193,208,269

 

On the other hand,
 
the observed exchange coupling within the linear {Fe

II
2(μ2-O)} core is to 

the best of our knowledge first ever reported.  Very weak antiferromagnetic coupling was 

observed in compound [Fe3(Ap
TMS

)6Li2O]
4
 (Ap

TMS
 = 4-methyl-2-

[(trimethylsilyl)amino]pyridyl) where oxide anion bridges three trigonal-planar iron(II) 

centres and two Li cations (g = 2.48, J = −2.7 cm
-1

, temperature-independent paramagnetism 

= 200 x 10
−6

 cm
3
 mol

−1
 K, 5% of paramagnetic impurity S = 2).

158
  A similar J value was 

reported also in a complex with a linear {Fe
II

2(μ2-F)} core with trigonal bipyramidal iron(II) 

centres bound by poly(pyrazolyl)methane ligands (g = 2.11, J = −16.3 cm
−1

, D = −10.0 cm
−1

, 

0.04% of paramagnetic impurity S = 2).
279

  Furthermore, a diamagnetic ground state, as a 

consequence of antiferromagnetic coupling, was confirmed for the first oxo-diiron(II) 

complex reported by Holland and co-workers (via DFT calculations and Mössbauer 

spectroscopy).
280

  The same study revealed the existence of substantial unquenched orbital 

angular momenta for the ferrous ions. 
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In conclusion, the magnitude of coupling for the linear {Fe
II

2(μ2-O)} core in 30 is 

significantly smaller than |J| > 100 cm
−1

 found for numerous oxo-diiron(III) complexes.
281,282

  

Following the magneto-structural correlations of Lippard
281

 and Weihe and Güdel,
282

 this 

observation can be rationalised partially with longer Fe(II)–O bonds in 30 (1.848Å).  

Secondly, dinuclear iron(III) systems contain mostly unsupported μ2-oxo bridges while here 

the reported iron(II) dimer holds the μ4-oxo bridge where the coordination of two sodium ions 

reduces the capacity of oxide ligand to moderate the coupling.  Likewise, a decrease in J was 

reported for oxo-diferric compounds upon metalation, alkylation and protonation of the μ–O 

bridge.
281

 

 

3.2.8.2 A Polymeric NaHMDS 1,4-Dioxane Solvate 

 

Figure 3.30 – Crystal structure of complex 31 with an extra equivalent of 1,4-dioxane shown.  Hydrogen atoms, 

one equivalent of co-crystallised benzene solvent and disorder in one 1,4-dioxane group omitted for clarity.  

Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Na1-N1 

2.382(3), Na1-N1(1) 2.382(3), Na1-O2(1) 2.283(6), Na1---Na2 3.008(2), Na2-N1 2.394(3), Na2-N1(1) 2.394(3), 

Na2-O1 2.305(5); Na1-N1-Na2 54.88(4), N1-Na1-N1(1) 102.29(18), O2(1)-Na1-N1 129.611(3), O2(1)-Na1-

N1(1) 126.944(3), N1-Na2-N1(1) 101.58(18), O1-Na2-N1 129.1(2), O1-Na2-N1(1) 128.1(2), O1-Na2-Na1 

170.52(14), O2(1)-Na1-Na2 170.805(2). 

Crystals of [{dioxane·(NaHMDS)2}∞] (31) (Figure 3.30) have been found as the product of 

several reactions including the attempted metallations of 4-methoxypyridine and 4-

fluorobenzonitrile and also when attempting to form 17 directly from benzene.  It is possible 

addition of too much 1,4-dioxane to the reaction favours the formation of this complex or that 

with the highly coordinating functional groups present (pyridine, nitrile), interaction with the 

Fe centre could allow for and promote the formation of 31.  Via rational synthesis, addition of 

a half molar equivalent of 1,4-dioxane to a benzene solution of NaHMDS, complex 31 can be 

isolated in a 67% yield. 
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Figure 3.31 – Section of the polymeric chain in complex 31.  Hydrogen atoms, co-crystallised benzene solvent 

and disorder in 1,4-dioxane groups omitted for clarity.  Thermal ellipsoids displayed at 50% probability level. 

In 31, a cyclodimer of {(NaHMDS)2} can be seen, solvated by an equivalent of 1,4-dioxane 

attached to one of the Na atoms.  The remaining O of 1,4-dioxane binds to a neighbouring Na 

atom giving rise to a linear 1-D chain structure (Figure 3.31). 

Whilst unsolvated NaHMDS holds a cyclic trimeric structure
89,90

 (see Chapter 1), dimeric 

arrangements have been reported for THF mono-solvated
283

 and bi-solvated
284

 {(NaHMDS)2} 

cyclodimers (Figure 3.32) which are precluded from polymerisation.  The HMDS groups in 

31 are symmetrically equivalent though the Na atoms are not; this is reflected in the bond 

lengths where Na1 is more closely bonded to N1 and O2(1) (2.382(3) and 2.283(6) Å, 

respectively) than Na2 is to N1 and O1 (2.394(3) and 2.305(5) Å, respectively). 

 

Figure 3.32 – Structural representations of unsolvated [{NaHMDS}3]
89,90

 and THF mono-solvated
283

 and bi-

solvated
284

 {(NaHMDS)2} cyclodimers. 

The only structurally authenticated 1,4-dioxane adduct of NaHMDS to be reported is 

[(dioxane)2·NaHMDS]∞ (Figure 3.33) by Stalke and co-workers in 1992.
285

  Here a 
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monomeric unit of NaHMDS is solvated by four 1,4-dioxane groups, each of which bridge to 

other monomeric units of NaHMDS resulting in a 3-dimensional polymeric network. 

 

Figure 3.33 – Structure of [(dioxane)2·NaHMDS]∞.  Hydrogen atoms omitted for clarity.
285

 

 

3.2.8.3 Exploring the Alkali Metal Effect 

Preliminary investigations into the alkali metal effect, within the context of the ferration of 

fluorinated aryl substrates, were carried out by employing LiHMDS and KHMDS in place of 

NaHMDS as a partner for Fe(HMDS)2.  As such, the same methodologies were applied for 

the attempted metallations of fluorobenzene (Scheme 3.14) and 1,3-difluorobenzene. 

 

Scheme 3.14 – Synthesis of Li and K Fe-tris(HMDS)-dioxane congeners in neat fluorobenzene. 
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Crystals analysed from a 1:1:1 reaction of LiHMDS, Fe(HMDS)2 and 1,4-dioxane reaction in 

neat fluorobenzene solvent were found to be discrete monomer [dioxane·LiFe(HMDS)3] (32) 

(Figure 3.34), isolated in a 70% yield. 

 

Figure 3.34 – Asymmetric unit of complex 32.  Hydrogen atoms omitted for clarity.  Thermal ellipsoids 

displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-N1 2.0474(19), Fe1-N2 

2.0548(18), Fe1-N3 1.9604(19), Fe1---Li1 2.665(4), Li1-N1 2.133(5), Li1-N2 2.135(5), Li1-O2 1.991(5), Li1---

C5 2.7847(2), Li1---C16 2.8292(2); N1-Fe1-N2 103.41(8), N1-Fe1-N3 125.99(8), N2-Fe1-N3 130.39(8), Li1-

N1-Fe1 79.19(13), Li1-N2-Fe1 78.97(13), Li1---Fe1-N3 171.39(11), N1-Li1-N2 97.93(18), O2-Li1-Fe1 

174.6(2), O2-Li1-N1 132.4(2), O2-Li1-N2 129.7(2). 

NMR analysis of the filtrate confirmed that no metalation of fluorobenzene had occurred in 

this instance.  1,4-dioxane has coordinated to monomeric {LiFe(HMDS)3} and curiously does 

not bridge between lithium atoms as it does between sodium atoms in compound 17.  

Geometrical parameters of 32 compare well with those previously reported 

[THF·LiFe(HMDS)3].
96

  Should the ferration of fluorobenzene be dependent on a strong 

alkali metal−fluorine interaction it can be postulated that in 32, lithium may be less sterically 

accessible to facilitate a strong AM-F interaction than sodium is capable of in complex 

17/17a.  Comparatively, the smaller Li atom is ‘sunk’ further into the steric sphere of the 

{Fe(HMDS)3} moiety, in closer proximity to Fe at a distance of 2.665(4) Å (Na1---Fe1 

2.9995(6) Å in 17) and finds stabilisation by bonding closer to HMDS nitrogens (mean Li-N 

bond distance 2.134 Å) and 1,4-dioxane oxygen (Li1-O2 1.991(5) Å) than Na can 

respectively achieve in 17 (mean Na-N 2.4645 Å, Na1-O1 2.2828(12) Å).  Additionally, Li 

also forms long distance electrostatic contacts with two Me groups (C5 and C16 at distances 

of 2.7847(2) and 2.8292(2) Å, respectively) each of them belonging to the two bridging 

HMDS ligands, whilst the analogous Na---Me distances in 17 are all longer than 3 Å. 
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Even when more activated 1,3-difluorobenzene was employed no colour change in the 

reaction was observed and no evidence of metallation was forthcoming with only crystals of 

oxidation product Fe
III

(HMDS)3 grown from the reaction, verified by X-ray crystallography 

and 
1
H NMR spectroscopy analysis.

125,276,277
 

 

Moving to the heavier alkali metal potassium, under the same reaction conditions as those 

employed for the synthesis of 32, ferration of fluorobenzene was also not evident in this case.  

Crystals collected from the reaction were found to be that of [{dioxane·KFe(HMDS)3}∞] (33) 

(Figure 3.35) in a 64% yield.  Though the connectivity of the structure could be established by 

X-ray crystallographic analysis, the accuracy of the structure is compromised by significant 

disorder present in the 1,4-dioxane and HMDS groups.  The formation of 33 is however 

supported by 
1
H and 

13
C{

1
H} NMR spectroscopy (in d8-tol) and elemental analysis.  The 

1
H 

NMR spectrum displays a very broad resonance at −2.54 ppm assigned to the HMDS H atoms 

and a resonance at 3.15 ppm assigned to 1,4-dioxane H atoms.  The 
13

C{
1
H} NMR spectrum 

shows just two signals, one in the far downfield region at 344.71 ppm (HMDS) and one much 

further upfield at 67.11 ppm (1,4-dioxane). 

 

Figure 3.35 – ChemDraw Representation of [{dioxane·KFe(HMDS)3}∞] (33). 

Without the addition of 1,4-dioxane, solvent-free [{KFe(HMDS)3}∞] (34) (Figure 3.36) can 

be produced.  KHMDS and Fe(HMDS)2 were combined in toluene and stirred for two hours 

before crystallisation from fluorobenzene with a hexane layer to produce crystals in a low 

15% yield. 
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Figure 3.36 – Crystal structure of complex 34.  Hydrogen atoms and co-crystallised fluorobenzene solvent 

molecules omitted for clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond distances 

(Å) and angles (°): Fe1-N1 1.981(2), Fe1-N2 1.986(3), Fe1-N1(1) 1.981(2), Fe1---K1 5.4301(2), K1---C2 

3.313(3), K1---C5(1) 3.224(3), K1---C6(1) 3.315(3), K1---C2(3) 3.313(3), K1---C5(2) 3.224(3), K1---C6(2) 

3.315(3); N1-Fe1-N2 121.39(6), N1-Fe1-N1(1) 117.22(12), N2-Fe1-N1(1) 121.39(6), C2---K1---C5(1) 80.13(7), 

C2---K1---C6(1) 71.09(6), C2---K1---C2(3) 94.76(10), C2---K1---C5(2) 135.22(7), C2---K1---C6(2) 80.69(7), 

C5(1)---K1---C6(1) 55.41(6), C5(1)---K1---C2(3) 135.22(7), C5(1)---K1---C5(2) 133.14(10), C5(1)---K1---

C6(2) 148.55(7), C6(1)---K1---C2(3) 80.69(7), C6(1)---K1---C5(2) 148.55(7), C6(1)---K1---C6(2) 137.94(10), 

C2(3)---K1---C5(2) 80.13(7), C2(3)---K1---C6(2) 71.09(6), C5(2)---K1---C6(2) 55.41(6). 

Compound 34 is a 1-D polymeric chain (Figure 3.37) in the solid-state where distorted 

trigonal planar {Fe(HMDS)3}
−
 anionic units are interspersed by bridging K

+
 cations which 

achieve coordinative stabilisation through electrostatic contacts to six Me groups, three per 

anionic unit.  No evidence of metallation fluorobenzene was observed during the synthesis of 

34.  Highly disordered molecules of co-crystallised C6H5F were removed from the crystal 

structure applying the SQUEEZE routine within PLATON,
286

 with the F atom making a close 

approach to K, thus 34 cannot be considered a completely solvent-free ate complex. 

 

Figure 3.37 – Section of the polymeric chain in complex 34.  Hydrogen atoms and co-crystallised fluorobenzene 

solvent molecules omitted for clarity.  Thermal ellipsoids displayed at 50% probability level. 
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3.2.8.4 Synthesis of a Heteroleptic Sodium Ferrate Dioxane Base 

Initial studies were carried out to explore inclusion of the CH2SiMe3 monosilyl group into the 

sodium ferrate base system and assess its reactivity.  With complex 12 firmly in mind (see 

Section 2.3.1), we looked first to synthesise and characterise the related dioxane base.  

NaCH2SiMe3 was used in place of NaHMDS as a synthetic procedure analogous to that for 

the synthesis of 17 was carried out.  Crystals of isostructural (with respect to 17) 

[dioxane·{NaFe(HMDS)2(CH2SiMe3)}2] (35) (Figure 3.38) were obtained from benzene in a 

31% yield. 

 

Figure 3.38 – Dimeric unit of complex 35.  Hydrogen atoms omitted for clarity.  Thermal ellipsoids displayed at 

50% probability level.  Selected bond distances (Å) and angles (°): Fe1-N1 2.0264(14), Fe1-N2 2.0260(14), Fe1-

C13 2.0487(18), Fe1---Na1 2.9578(7), Na1-N1 2.4585(16), Na1-N2 2.4321(16), Na1-O1 2.2506(14), Na1---C5 

2.7255(1), Na1---C8 2.811(2); N1-Fe1-N2 109.15(6), N1-Fe1-C13 134.46(7), N2-Fe1-C13 116.00(7), Na1-N1-

Fe1 81.91(5), Na1-N2-Fe1 82.59(5), Na1---Fe1-C13 163.09(5), N1-Na1-N2 84.94(5), O1-Na1-N1 141.79(6), 

O1-Na1-N2 132.95(6). 

The ferration of 1,3-difluorobenzene was attempted applying the same methodology as before 

(see Section 3.2.3), but with NaCH2SiMe3 in place of NaHMDS.  Though a significant change 

in solution colour was apparent (green to dark red/brown) after stirring overnight at 50°C, no 

crystals or even dry solid product could be produced form the reaction, only oily products 

were forthcoming.  
1
H NMR spectra of these products were inconclusive. 
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3.3 Conclusions 

Demonstrated here are genuine examples of sodium-mediated ferration.  Aided by 1,4-

dioxane, the unique metallating power of the homoleptic HMDS sodium ferrate has been 

uncovered when reacted with fluoroaromatic substrates, indicating the stronger potential 

metallating abilities of CIP sodium ferrate complexes in comparison to their SSIP 

counterparts.  Encouraged by the unprecedented direct ortho-ferration of fluorobenzene and 

subsequently 1,3-difluorobenzene, a methodology was developed allowing for the direct 

ortho-ferration and electrophilic interception with I2 of an array of fluorobenzenes.  Whilst 

less activated substrates (e.g. fluorobenzene, 4-fluoroanisole) required neat conditions or 

extended reaction times, more activated substrates (e.g. pentafluorobenzene, 1-bromo-3,5-

difluorobenzene) could be metallated stoichiometrically.  Stoichiometric di-ferration was 

achieved for 1,2,4,5-tetrafluorobenzene and 1,4-dibromo-2,5-difluorobenzene which each 

hold two highly activated proton positions on the ring.  Generally, good yields were achieved 

with excellent regioselectivity, under mild reaction conditions.  Under these conditions no 

NaF elimination or benzyne formation is observed. 

Isolation and structural characterisation of ferrated intermediate species uncovered the 

molecular crystal structures of a number of complexes.  In all cases the loss of HMDS(H) 

enables the formation of a new Fe-C σ-bond ortho to F and the same F atom forms a dative 

bond with Na resulting in a six-membered {NaNFeCCF}.  With polyfluoroaromatic substrates 

containing an F atom para to that coordinated by Na secondary Na---F interactions are 

possible resulting in extended 1-D and 2-D polymeric structures.  Optional site selectivity of 

the sodium ferrate base was demonstrated with anisole and two anisole fluoro derivatives, 

showing clear preference for metallation ortho to inductively activating fluorine rather than 

the superiorly coordinating methoxy group.  Considering the accumulated results, including 

the substrates which failed to be ferrated, ferration can be achieved with 17a for fluorine 

containing aromatic substrates where fluorine plays a dual role in inductively activating the 

ortho proton position and forming a strong dative electrostatic interaction with Na that aides 

ferration and stabilises the product. 

Magnetometry studies revealed a change in anisotropy between homoleptic tris(HMDS) 

complex 17 (holding a positive D value) and complexes 18, 19 and 24 that contain 

heteroleptic {Fe(HMDS)2(Ar)} cores (which exhibit negative D values), results that echo 
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those observed for the NHC ferrate complexes in Chapter 2.  Dinuclear complex 23 was 

found to exhibit antiferromagnetic coupling between the high-spin Fe(II) centres. 

The requirement for vigilant exclusion of air and atmospheric water from sodium ferrate 

reactions has been highlighted by the synthesis and isolation oxo-inverse crown ether 30.  

Magnetic studies exposed novel antiferromagnetic coupling between two paramagnetic Fe(II) 

centres within the linear {Fe
II

2(μ2-O)} core of 30.  A new cyclodimeric polymer (31) has been 

synthesised from NaHMDS and 1,4-dioxane. 

Evidencing a dramatic alkali metal effect, attempts to effect the direct ortho-ferration of 

fluorobenzene and 1,3-difluorobenzene with Li and K ferrate congeners were unsuccessful, 

allowing for the isolation of [dioxane·(AMFe(HMDS)3] complexes. 

Finally, replacing an HMDS group with alkyl CH2SiMe3 led to the isolation of heteroleptic 

ferrate [dioxane·{NaFe(HMDS)2(CH2SiMe3)}2] (35).  Attempts to ferrate 1,3-

difluorobenzene with this new complex were inconclusive however. 

 



 

138 | P a g e  

Chapter 4 –  C-H and C-F Activation of 1,3,5-

Trifluorobenzenes 

4.1 Introduction to C-F Bond Activation 

Having already conferred the great importance of fluorinated aromatic molecules and their C-

H activation in Section 3.1, with the results to follow in this chapter it is judicious to now 

discuss the importance of C-F activation of these molecules. 

With the exception of the Si-F bond (bond dissociation energy = 576.4 kJ/mol), the C-F bond 

is empirically the strongest single bond in organic chemistry with a diatomic bond 

dissociation energy of 513.8 kJ/mol.
266

  In spite of the high polarity between δ
+
 C and δ

−
 F, 

the consequential strong electrostatic attraction between the atoms is what provides the C-F 

bond with its strength and stability.
210

  Exploitation of this high strength and general inertness 

is manifested in useful chemical products such as PTFE (polytetrafluoroethylene, commonly 

known as Teflon), whose omniphobic, heat resistance and dielectric properties lends itself to a 

host of beneficial applications including non-stick cookware coatings, wiring insulation and 

lubricants.
287

 

Yet despite this, the C-F bond can be broken (activated) and accordingly much research has 

been devoted to this challenging area of chemistry and the variety of approaches 

available.
211,288

  C-F activation has not only allowed for the construction of key 

organofluorine molecules using polyfluorinated precursors
212,289

 (Scheme 4.1) but methods 

have also been sought for the defluorination of environmentally harmful substances, 

specifically chlorofluorocarbons (CFCs) which have heavily contributed to atmospheric 

ozone depletion and for the synthesis of environmentally benign replacements, 

hydrofluorocarbons (HFCs).
290,291
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Scheme 4.1 – Polyfluoro building block construction via Pd-catalysed C-F activation and cross-coupling.
292

  The 

reaction proceeds via the common Pd-catalysis oxidative addition-reductive elimination pathway but is 

chemoselective for F over H. 

Numerous efforts in the field have centred on the activation of fluorinated aromatic molecules 

and the construction of new C-C bonds using low valent and electron rich transition metal 

centres.
211,288

  In a 2011 review article, Perutz and co-authors classed stoichiometric reactions 

of fluoroaromatics at transition metals that cleave C-F bonds into four distinct types, as shown 

in Scheme 4.2.
293

  In addition, they identified competing C-H activation processes to operate 

via either oxidative addition or base-assisted cleavage. 

 

Scheme 4.2 – C-F and C-H cleavage reactions of fluoroaromatics (Ar
F
) at transition metal centres.  [Scheme 

adapted from Perutz et al.].
293

 

C-F cleavage via oxidative addition (Scheme 4.3) has certainly been the most prominent 

pathway observed in the literature with transition metals such as Ni, Pt, Pd and Rh at the 

forefront of these processes, many operating catalytically (Scheme 4.4).
212,216,293
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Scheme 4.3 – C-F cleavage via oxidative addition of pentafluoropyridine with a palladium complex.
211

 

 

Scheme 4.4 – Nickel-catalysed cross-couplings of polyfluorobenzenes.  [Scheme adapted from Love and Sun].
216

 

This approach has primarily focused on the subsequent use of nucleophilic reagents (e.g. 

Grignard reagents) as cross-coupling partners for reductive elimination to create new C-C 

bonds (see Scheme 4.1).
212,216

  Methods for the construction of C-X (X = heteroatom) bonds 

from C-F bonds are scarcer however, principally restricted to nucelophilic aromatic 

substitution with high fluorinated or activated fluoroaromatics which are predisposed towards 

this pathway due to fluorine’s electronegativity and leaving group ability (Scheme 

4.5).
211,288,290
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Scheme 4.5 – Opposite reactivity trends with halogen substituents for nucleophilic aromatic substitution and SN2 

nucleophilic substitution (r.d.s = rate determining step).  [Scheme adapted from Amii and Uneyama].
211

 

The entirely opposite reactivity pattern is observed with aromatic halides for Nucleophilic 

Aromatic Substitution (SNAr) (where fluorine is the most favoured leaving group) compared 

to aliphatic halides in SN2 nucleophilic substitution (where F is the least favoured) (Scheme 

4.5).  Two representative examples of this SNAr reactivity are displayed in Scheme 4.6 where 

clear preference for attack at the fluorine position is established over the Cl and Br 

substituents.
294,295

 

 

Scheme 4.6 – Preferential nucleophilic aromatic substitution at the F position of 1-bromo-3-chloro-5-

fluorobenzene.
294,295

 

A number of examples of nucelophilic substitution of hexafluorobenzene have been shown 

with alkali metal reagents and organic nucleophiles to produce new C-X bonds (Scheme 

4.7).
285,291–294

  Perfluoroarenes are particularly susceptible to nucleophilic attack due to the 

strong electron-withdrawing effect of F which dramatically lowers the energy of the π* 

orbitals.
211
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Scheme 4.7 –  Reactions of hexafluorobenzene with a range of nucleophiles to create new C-X bonds.
287,290,296–

299
 

As seen in Scheme 4.7, aside from the strongly nucleophilic Grignard reagent (top right), the 

rather weak nucleophiles require forcing conditions (>100°C) to successfully attack a δ
+
 C on 

hexafluorobenzene and remove an F atom. 

 

In this final chapter we aim to explore the unprecedented C-F and C-H activations of 1,3,5-

trifluorobenzenes with sodium ferrate base 17a.  Uncovered are the dynamics of the reaction 

of 17a with 1,3,5-trifluorobenzene with variable stoichiometry and temperature.  Along with 

invaluable structural studies, aspects of the reaction and the development of a proposed 

mechanism are investigated via NMR spectroscopy and the use of halo-derivative substrates. 
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4.2 Results and Discussion 

Through the course of investigations into the C-H activations of fluorinated aryl substrates, 

1,3,5-trifluorobenzene presented a unique set of results.  The substrate has three symmetric, 

doubly activated (by two adjacent F atoms) ring H atoms with a calculated pKa of 31.5.
247

  We 

explored variation of reaction temperature and stoichiometry which led to three very different 

outcomes. 

 

4.2.1 Mono- and Di-Ferration 

In separate reactions of 1:1 and 2:1 stoichiometries (base:substrate), bimetallic base 17a was 

reacted with 1,3,5-trifluorobenzene at 0°C in benzene, stirring for one hour before leaving 

static overnight and allowing to reach ambient temperature (Scheme 4.8).  In both cases, clear 

solution colour changes were observed from green to yellow/brown and the formation of 

crystals was apparent. 

 

Scheme 4.8 – Low temperature reactions of sodium ferrate base 17a with 1,3,5-trifluorobenzene. 
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From the 1:1 reaction, colourless block crystals revealed the mono-metallated structure 

[{(dioxane)1.5·NaFe(1,3,5-C6H2F3)(HMDS)2}2] (36) (Figure 4.1) in a 34% yield (where the 

maximum attainable yield was 66.67% according to 1.5 equivalents of 1,4-dioxane in the 

structure). 

 

Figure 4.1 – Asymmetric unit of complex 36 featuring an extra half equivalent of 1,4-dioxane.  Hydrogen atoms 

are omitted for clarity.  Thermal ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and 

angles (°): Fe1-C13 2.092(2), Fe1-N1 1.9927(17), Fe1-N2 1.9435(16), Fe1---Na1 3.3876(8), Na1-F1 2.2523(15), 

Na1-N1 2.5256(17), Na1-O1 2.3192(17), Na1-O3 2.3354(16), Na1---C5 2.976(3); C13-Fe1-N1 115.73(7), C13-

Fe1-N2 116.06(7), N1-Fe1-N2 128.09(7), Na1-N1-Fe1 96.42(7), Na1---Fe1-N2 143.05(5), Na1-F1-C18 

130.09(11), N1-Na1-F1 103.98(6), N1-Na1-O1 145.67(7), N1-Na1-O3 127.44(7), O1-Na1-F1 86.61(6), O1-

Na1-O3 84.06(6), O3-Na1-F1 90.98(6). 

Interestingly, when the reaction was carried out using two molar equivalents of 17a, the 

brown solution obtained deposited yellow needle crystals of 

[{dioxane·NaFe(HMDS)2}2(1,3,5-C6HF3)] (37) (Figure 4.2) in a 40% crystalline yield, 

resulting from the unprecedented di-metallation of the substrate at the C2 and C6 positions. 
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Figure 4.2 – Molecular structure of complex 37 shown with an extra equivalent of 1,4-dioxane in the asymmetric 

unit.  Hydrogen atoms and a molecule of co-crystallised benzene solvent are omitted for clarity.  Thermal 

ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-C6 2.118(3), Fe1-

N1 2.007(2), Fe1-N2 1.946(3), Fe1---Na1 3.1764(13), Na1-N1 2.452(3), Na1-F3 2.328(2), Na1-O1 2.362(3), 

Na1-O3 2.362(3), Fe2-C2 2.103(3), Fe2-N3 1.945(3), Fe2-N4 2.017(3), Fe2---Na2 3.2322(13), Na2-N4 

2.463(3), Na2-F2 2.343(2), Na2-O4 2.324(3), Na2-O2(1) 2.376(2), Na2---C32(1) 3.053(3), F1-C1 1.388(3), F2-

C3 1.401(3), F3-C5 1.401(3); C6-Fe1-N1 113.42(11), C6-Fe1-N2 117.86(11), N1-Fe1-N2 127.60(11), Na1-N1-

Fe1 90.26(10), Na1---Fe1-N2 155.46(9), Na1-F3-C5 100.97(16), N1-Na1-F3 112.23(9), N1-Na1-O1 127.52(10), 

N1-Na1-O3 122.36(10), O1-Na1-O3 95.95(10), O1-Na1-F3 97.76(8), O3-Na1-F3 93.92(9), C2-Fe2-N3 

116.91(11), C2-Fe2-N4 114.53(11), N3-Fe2-N4 128.20(11), Na2-N4-Fe2 91.80(10), Na2---Fe2-N3 147.50(8), 

Na2-F2-C3 110.11(17), N4-Na2-F2 112.40(9), N4-Na2-O4 136.52(10), N4-Na2-O2(1) 125.27(10), O4-Na2-

O2(1) 87.53(9), O4-Na2-F3 85.88(9), O2(1)-Na2-F2 98.55(8). 

The molecular structures of complexes 36 and 37 were established by X-ray crystallography 

and demonstrate clear mono- and di-ferration of 1,3,5-trifluorobenzene correspondingly.  The 

primary bond lengths and angles present in structures 36 and 37 are presented in Table 4.1 

below. 

Table 4.1 - Selected geometrical parameters of compounds 36, and 37.  Bond distances are given in Ångstroms 

and bond angles given in degrees (°). 

Bond/Angle 36 

37 

Left Side (Fe1) Right Side (Fe2) 

Fe-C 2.092(2) 2.118(3) 2.103(3) 

Fe-Nbridging 1.9927(17) 2.007(2) 2.017(3) 

Fe-Nterminal 1.9435(16) 1.946(3) 1.945(3) 

    

Fe---Na 3.3876(8) 3.1764(13) 3.2322(13) 

    

Na-F 2.2523(15) 2.328(2) 2.343(2) 
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Na-Nbridging 2.5256(17) 2.452(3) 2.463(3) 

    

C-F(-Na) 1.397(2) 1.401(3) 1.401(3) 

    

Nbridging-Fe-Nterminal 128.09(7) 127.60(11) 128.20(11) 

Nbridging-Fe-C 115.73(7) 113.42(11) 114.53(11) 

Nterminal-Fe-C 116.06(7) 117.86(11) 116.91(11) 

Σ(N-Fe-N/C) angles 359.88 358.88 359.64 

    

Na-N-Fe 96.42(7) 90.26(10) 91.80(10) 

Na-F-C 130.09(11) 100.97(16) 110.11(17) 

 

In complexes 36 and 37 only very minor variation in bond length is observed between the Fe-

C σ-bonds whilst the Na-F dative bonds are clearly more diverse in length over the different 

Na centres.  The Fe-C bond distances in 36 and 37 (2.092(2); 2.118(3) and 2.103(3) Å, 

respectively) are close to the average Fe-C bond distance of 2.1019 Å observed for the 

ferrated fluoroaromatic complexes in Chapter 3.  The Na-F distance of 2.2523(15) Å in 36 is 

noticeably shorter than the Na-F lengths of 2.328(2) and 2.343(2) Å in 37 (Na1-F3 and Na2-

F2, respectively) which are very much towards the longer end of the scale for the lengths 

observed in complexes 18-27 and 29 (see Table 3.3).  The bond angles around the Fe centres 

in all cases sum very close to 360° with iron in a trigonal planar geometry.  The Na-N-Fe 

angles in 37 (90.26(10)° and 91.80(10)°) are noticeably more acute than the corresponding 

angle in 36 (96.42(7)°), though this is likely a result of steric crowding between the two 

terminal HMDS groups.  Once again the formation of six-membered {NaNFeCCF} rings is 

apparent, with two present in complex 37 fused to the central aryl ring, thus displaying strong 

engagement of the bimetallic system with the substrate.   
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Figure 4.3 – Dimeric structure of complex 36.  Hydrogen atoms are omitted for clarity.  Thermal ellipsoids 

displayed at 50% probability level. 

Supramolecularly, complex 36 exists as a discrete dimer with an equivalent of 1,4-dioxane 

bridging between Na atoms (O3/O3(1)) and no secondary Na---F interactions (Figure 4.3).  

Dinuclear 37 meanwhile, polymerises through three distinct 1,4-dioxane units attached to the 

two Na atoms (Figure 4.4).  The O1/O2 unit allows for dimerisation with a second dinuclear 

unit, the O3/O3(1) unit bridges between these dimers of dinuclear units along the x axis and 

the O4/O4(1) unit does the same along the y axis; thus the net result is a 2-D sheet of fused 

rings of two different sizes. 

 

Figure 4.4 – Supramolecular 2-D polymeric structure of complex 37.  Hydrogen atoms, HMDS groups and co-

crystallised benzene solvent are omitted for clarity.  Thermal ellipsoids displayed at 20% probability level. 

Complexes 36 and 37 represent the first recorded examples of ferration of 1,3,5-

fluorobenzene.  A search in the CCDC revealed that at present there are 23 
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crystallographically characterised examples 1,3,5-trifluorobenzene bonded by C to a metal, 

featuring metals Au, Pt, Pd, Hg, Rh and Ir.  Whilst the majority of the reported complexes are 

synthesised via either transmetallation or oxidative addition of 1,3,5-trifluorobenzene, an 

example with gold
300

 and two with rhodium
301,302

 are examples of direct metallation of the 

substrate.  There are no structurally recorded examples of di-metallated 1,3,5-

trifluorobenzene. 

36 and 37 were characterised by 
1
H NMR spectroscopy (in C6D6) and displayed very broad 

resonances at −2.26 and −3.14 ppm, respectively, for the HMDS H atoms and are within the 

range (0 to −5 ppm) observed for ferrated complexes detailed in Chapter 3.  Broad resonances 

at 4.85 and 2.49 ppm (36 and 37, respectively) are assigned to 1,4-dioxane.  The spectrum of 

36 showed a singlet peak at 101.64 ppm for the two equivalent ring H atoms whilst the 

spectrum of 37 displayed a singlet at 177.56 ppm corresponding to its sole remaining ring 

proton. 

 

4.2.2 Di-Ferration and Three-Fold C-F Activation 

With the ambition of metallating all three ring proton positions on 1,3,5-trifluorobenzene after 

successful mono- and di-metallations, a 3:1 stoichiometry reaction was carried out (Scheme 

4.9).  Refluxing for one hour produced a clear colour change in solution from green to 

yellow/brown and large flat yellow rod crystals were generated by slow cooling of the 

solution, along with a small quantity of brown precipitate. 

 

Scheme 4.9 – Synthesis of C-F activation product 38 with 3 eq. of sodium ferrate base 17a and 1,3,5-

trifluorobenzene. 

  



 Chapter 4   –  C-H and C-F Activation of 1,3,5-Trifluorobenzenes 

 

149 | P a g e  

The crystals were analysed by X-ray crystallography to reveal the structure of homometallic 

[1,3-bis(FeHMDS)-2,4,6-tris(HMDS)-C6H] (38) (Figure 4.5), recovered in an 87% yield.  

Astonishingly, 1,3,5-trifluorobenzene has undergone a two-fold C-H activation and a 

remarkable three-fold C-F activation to yield a 1,3-di-ferrated and penta-substituted aryl ring.  

Accompanying the loss of three fluorine atoms, three new C-N bonds have been formed by 

HMDS groups inserting into the former F positions on the ring. 

 

Figure 4.5 – Molecular structure of complex 38.  Hydrogen atoms (except H4) are omitted for clarity.  Thermal 

ellipsoids displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-C2 2.033(3), Fe1-

N1 1.916(3), Fe1---N2 2.360(2), Fe2-C6 2.016(3), Fe2-N4 1.922(3), Fe2---N5 2.418(3), N2-C3 1.483(4), N3-C5 

1.444(4), N5-C1 1.491(3); C2-Fe1-N1 159.43(12), N1-Fe1---N2 133.77(10), C2-Fe1---N2 66.59(10), C3-C2-

Fe1 97.1(2), N2-C3-C2 114.1(3), N2-C3-C4 122.1(3), C2-C3-C4 123.8(3), N3-C5-C4 118.9(3), N3-C5-C6 

120.7(3), C4-C5-C6 120.4(3), C6-Fe2-N4 161.06(12), N4-Fe2---N5 133.88(10), C6-Fe2---N5 64.96(10), C1-C6-

Fe2 100.5(2), N5-C1-C6 112.3(2), N5-C1-C2 122.7(3), C6-C1-C2 125.0(3). 

The two Fe atoms are formally two-coordinate, bridging between a ring carbon and a terminal 

HMDS group.  However, a long distance electrostatic interaction with the N atom of a 

neighbouring HMDS bonded to the aryl ring is observable for each Fe centre (Fe1---N2 

2.360(2) Å, Fe2---N5 2.418(3) Å), manifesting itself in a deviation from linearity between 

ring carbon C, Fe and HMDS N atoms (C2-Fe1-N1 159.43(12)°, C6-Fe2-N4 161.06(12)°).  

As seen in the space-filling model (Figure 4.6), 38 is a very densely crowded system with the 

steric bulk of HMDS groups providing protection for the low coordinate Fe(II) centres. 



 Chapter 4   –  C-H and C-F Activation of 1,3,5-Trifluorobenzenes 

 

150 | P a g e  

 

Figure 4.6 – Space-filling model of complex 38. 

The 
1
H NMR spectrum in C6D6 of complex 38 (Figure 4.7) reveals a remarkable downfield 

shifted resonance at 420.99 ppm for the sole remaining ring H atom.  A very broad and 

upfield shifted signal is visible at −95.05 ppm integrating to 18H, that is tentatively assigned 

to the HMDS attached to C1.  A further two very broad resonances of equal integration (36H) 

appear at 49.99 and −18.16 ppm, either of which may correspond to the HMDS groups at C3 

and C5 or the HMDS groups attached to Fe.  Despite efforts made to unambiguously assign 

resonances, including the use of truncated driven NOESY,
303

 it was not possible in this case. 

 

Figure 4.7 – 
1
H NMR spectrum of complex 38 in C6D6. 

Recall that the use of organolithium reagents with fluorobenzenes often led to unavoidable 

benzyne formation via ortho-metallation and consequential LiF salt elimination (see Section 
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3.1.1) at temperatures above −50°C.  Ortho-metallation and nucleophilic substitution with 

fluoroarenes can, under certain circumstances, be competing events as Gilman et al. showed 

that below −100°C strongly nucleophilic 
t
BuLi exclusively lithiates the ortho positions on the 

ring of 1,3,5-trifluorobenzene whilst at −75°C the fluorine positions are replaced by 
t
Bu 

groups (Scheme 4.10).
304,305

 

 

Scheme 4.10 – C-H vs C-F activation of 1,3,5-trifluorobenzene with 
t
BuLi.

304–306
 

The top pathway is thought not to proceed via tri-lithiation as first proposed
305

 but via a series 

of mono-metallated intermediates and the bottom pathway via a cascade of LiF eliminations 

and 
t
BuLi additions (di-lithiation/benzyne formation).

306
 

To compare and contrast the syntheses of 36, 37 and 38 with Gilman’s work and the reported 

reactivity of bimetallic base [(TMEDA)NaZn(TMP)(
t
Bu)2] with chlorobenzene (Scheme 4.11, 

also see Section 3.1.1),
242

 the reaction of sodium ferrate base 17a and 1,3,5-trifluorobenzene 

can furnish solely ferrated intermediate products 36, 37 and 38 at temperatures of 0°C and 

above which are stable enough to be isolated and characterised.  Furthermore, though there is 

the removal of halogens (F) in the case of 38, the reactions carried out provided no evidence 

of benzyne formation by the absence of any further reaction products (e.g. isomers, 1,2-

addition products) that would have arisen if that were the case. 
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Scheme 4.11 –  Proposed mechanistic pathway of zincation of chlorobenzene followed by benzyne formation 

and isolation of α-zincated N ylides.
242

 

C-F to C-N nucelophilic aromatic substitution has been previously observed with 1-fluoro-2-

nitrobenzene and hexamethylphosphoramide (HMPA), as shown in Scheme 4.12.
307

 

 

Scheme 4.12 – C-F to C-N transformation via nucleophilic aromatic substitution.
307

 

HMPA is reasoned to exhibit some ionic character at elevated temperatures, releasing a 

suitably labile –NMe2 unit which can add to the aromatic ring and release F
−
, not to mention 
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the substituted NO2 group is known to activate ortho-F positions towards nucleophilic 

aromatic substitution.
212,289,307

 

Very much related is the proposed intramolecular C-F to C-N nucelophilic aromatic 

substitution that has been reported with titanium complex [Ti(NMe2)4] (Scheme 4.13).
308

  

Reaction of pentafluorophenylcyclopentadiene and pentafluorophenylindene with the Ti 

complex affords the doubly aminated products where NMe2 has been substituted at the ortho 

positions on the 6-membered ring.  Three similar examples of proposed intramolecular 

fluorine/amine exchange have been reported at Mo,
309

 Zr
310

 and Hf
311

 early transition-metal 

centres. 

 

Scheme 4.13 – Intramolecular nucleophilic fluorine/amine exchange with a titanium complex.
308

  [Figure 

adapted from Braun et al.].
289

 

The reported involvement of iron in C-F activation reactions is currently extremely scarce; the 

only apparent reports before 1995 are concerned with heterogeneous or gas-phase C-F 

activations with Fe (a number of which are summarised in a review by Richmond et al.).
288

  

Muir has reported intramolecular C-F activation with perfluorovinyldiiron complexes 

involving fluoride migration and attack by primary and secondary amines
312

 and phosphine 

nucleophiles.
313

  Catalytic hydrodefluorination of a range of pefluorinated aromatics and 
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olefins has been reported by Holland with Fe(II) complex [LFeF] (L = β-diketaminate ligand) 

and Et3SiH (Scheme 4.14).
250

 

 

Scheme 4.14 – Fe-catalysed hydrodefluorination of fluorohydrocarbons.
250

 

Li and co-workers have reported two instances of C-F activation by Fe(PMe3)4 with a 

fluoroarylketone
314

 and fluoroarylimine
263,315

 substrates, generating new Fe(II) complexes 

(Scheme 4.15).  Identification of an equivalent quantity of F2PMe3 in the reaction via 
19

F{
1
H} 

and 
31

P{
1
H} NMR spectroscopy lead the authors to propose a Fe(0)/Fe(II) redox mechanism 

progressing through Fe(I) and Fe(III) transition states with oxidative addition and removal of 

F by the labile PMe3 ligands. 

 

Scheme 4.15 – Fe(0) to Fe(II) C-F activation with fluoroarylketone
314

 and fluoroarylimine
263

 substrates. 
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Complex 38 comprises of not one but two di-coordinate Fe centres.  Recently there has been a 

high degree of interest in stable two-coordinate, open-shell transition metal complexes, noted 

as some of the rarest and most unexplored compounds in coordination chemistry.
316

  

Exhibiting high degrees of coordinative unsaturation, complexes of this class habitually 

demonstrate unique physical properties and reactivities.
316

  Furthermore, linearly coordinated 

complexes command a great deal of attention because of their potential to exhibit interesting 

and unusual magnetic behaviour,
317–319

 particularly Fe(II) complexes which have been the 

most heavily researched.
316

  Two-coordinate transition metal complexes may display highly 

anisotropic internal magnetic fields, high orbital angular momenta and high zero-field 

splittings, all of which can lead to high barriers to spin flipping which are required for single-

molecule magnet (SMM) behaviour.
205,316

  One such complex that exhibits such 

characteristics is linear two-coordinate [Fe{C(SiMe3}2],
317

 which exists as a monomer
320,321

 in 

the solid-state unlike its HMDS congener at ambient temperature which has a dimeric 

structure (Figure 4.8).
92

 

 

Figure 4.8 – Solid-state structures of monomeric [Fe{C(SiMe3}2]
320,321

 (right) and dimeric [{Fe(HMDS)2}2]
92

 

(left). 

As an example of reactivity, two-coordinate Fe(II) diaryl complex Fe(Ar’)2 (Ar’ = C6H3-2,6-

(C6H3-2,6-
i
Pr2)2) can activate O2 to generate the bis(aryloxide) derivative, Fe(OAr’)2 (Scheme 

4.16), that is resistant to further oxidation with excess O2; this is in contrast to most Fe 

complexes that participate in non-heme O2 activation which generally undergo oxidation to 

yield Fe(III) complexes.
322
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Scheme 4.16 - Insertion of oxygen into two-coordinate Fe(II) diaryl complex to yield the bis(aryloxide) 

derivative.
322

 

As 38 possesses two linearly di-coordinated Fe metal centres in close proximity this should 

only seek to enhance the potential magnetic behaviour as coupling between the metal centres 

should be possible (see Section 4.2.5 for magnetometry studies).  The formal coordination 

number of the Fe centres in 38 are however up for debate when considering the secondary Fe-

--N interactions present, especially as the coordination number of other primarily two-

coordinate Fe complexes have been disagreed upon in the past.
323,324

  The secondary Fe---N 

electrostatic interactions are of lengths of 2.360(2) and 2.418(3) Å (for Fe1---N2 and Fe2---

N5, respectively) and induce roughly a 20° divergence from linearity for the Fe centres 

between the aryl C and HMDS N atoms (C2-Fe1-N1 159.43(12)°, C6-Fe2-N4 161.06(12)°).  

Whilst a number of Fe---Caryl weak secondary interactions have been reported for formally di-

coordinate Fe complexes possessing aryl ligand substituents (ranging from 3.068 Å
322

 to 

2.389(2) Å
325

), reports of Fe---N secondary interactions appear to be scarce, adding a unique 

property to 38.  The lengths of these secondary Fe---N interactions are however considerably 

longer that the bond distances observed between Fe and its terminal HMDS group and the 

aryl ring in 38; 1.916(3) and 1.922(3) Å for Fe1-N1 and Fe2-N4, respectively, and Fe-C bond 

lengths of 2.033(3) and 2.016(3) Å for Fe1-C2 and Fe2-C6, respectively.  For comparable 

reference, the average Fe-Nterminal bond length in [{Fe(HMDS)2}2] is 1.925 Å
92

 and the 

average Fe-Cterminal bond length in [{Fe(Mes)2}2] is 2.024 Å,
326

 though both these complexes 

are formally tri-coordinate. 
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Scheme 4.17 – Crystal structure of [K(18-crown-6)]
+
[Fe(HMDS)2]

−
 and 1e

−
 and 2e

−
 oxidations with I2.

327
  

Hydrogen atoms are omitted for clarity. 

Sabo-Etienne and co-workers have recently reported the synthesis of linear two-coordinate 

Fe(I) HMDS salts.
327

  Starting from [{Fe(HMDS)2}2] they can access potassium salt 

complexes via reduction with KC8 in the presence of either 18-crown-6 or 2,2,2-crypt, even 

from trigonal planar [Fe(HMDS)2(PCy3)], demonstrating two-coordinate geometry of the 

Fe(II) precursor is not compulsory to access a two-coordinate Fe(I) derivative.  The Fe(I) 

potassium salts display single-molecule magnet behaviour and 1e
−
 and 2e

−
 oxidations of 

[K(18-crown-6)]
+
[Fe(HMDS)2]

−
 were achieved by adding 0.5 eq. and 1 eq. of I2, respectively 

(Scheme 4.17). 

 

It has been logically concluded in the preceding literature that the notable hard acid/bard base 

interactions of the type M---F-C (where M = Na for ferrated complexes in Chapter 3 and 

complexes 36 and 37 in this chapter) may facilitate cleavage of the C-F bond.
210,288,328,329

  A 

demonstrable example of this is [Na(OCH(CF3)2] whose solid state structure displays 

considerable Na---F-C interactions; chemical vapour deposition of the complex onto silica at 

285°C deposits pure NaF.
330
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To assess if the formation of 38 occurs with the concomitant elimination of NaF, NMR 

spectroscopic analysis of the accompanying brown solid recovered from the synthesis of 38 

was successfully carried out.  The solid proved to be completely insoluble in deuterated 

organic solvents, however it dissolved well in D2O.  A comparison of the 
19

F{
1
H} NMR 

spectra of this brown solid with that of a standard of NaF strongly suggests that this solid is 

indeed NaF with the former exhibiting a single resonance at −122.30 ppm and the latter a 

single resonance at −122.57 ppm (Figure 4.9).  It is interesting to conclude that sodium, which 

is instrumental in stabilising all of the ferrated fluoroaryl complexes through dative Na-F 

interactions, appears to also be now a major player in the activation of these strong C-F 

bonds.  The formation of NaF is not entirely surprising though, given the highly energetically 

favourable lattice formation enthalpy of NaF (−930 kJ/mol).
266

 

 

Figure 4.9 – 
19

F{
1
H} NMR spectra comparison of pure NaF and isolated brown precipitate in D2O from the 

reaction of 17a (3 eq.) and 1,3,5-trifluorobenzene. 

 

4.2.3 Mechanistic Investigations 

In order to understand more about the complex C-F activation of 1,3,5-trifluorobenzene with 

sodium ferrate base 17a we sought a multi-platform approach to investigate the mechanism of 

this complex reaction. 
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4.2.3.1 Assessing the Reaction of 1,3,5-Trifluorobenzene with Single-

Metal Components of 17a 

Firstly, it was prudent to assess the reaction of NaHMDS and Fe(HMDS)2, single-metal 

components of 17a, with 1,3,5-trifluorobenzene which were investigated by X-ray 

crystallography and
 
NMR spectroscopy (Scheme 4.18).  Addition of 0.33 eq. of the substrate 

to a 1 mmol hexane solution Fe(HMDS)2 produced solely crystals of Fe(HMDS)2 (even after 

refluxing at 80°C) and showed no evidence of reaction by 
1
H NMR spectroscopy. 

 

Scheme 4.18 – Monometallic reagent effects with 1,3,5-trifluorobenzene. 

A 1:1 mixture of NaHMDS and 1,3,5-trifluorobenzene in C6D6 was monitored by 
1
H, 

13
C{

1
H}, 

19
F{

1
H} NMR spectroscopy over 4 days at ambient temperature.  In the 

1
H and 

13
C{

1
H} NMR spectra, the corresponding resonances for 1,3,5-trifluorobenzene and 

NaHMDS slowly diminished over this time period with a concomitant increasing signal for 

HMDS(H).  After this time period, in the 
1
H NMR spectra, there are multiple overlapping 

signals of very low intensity present in the baseline around the aromatic region and 

additionally the 
19

F{
1
H} NMR spectrum now shows multiple peaks.  Thus, it can be 

suggested that 1,3,5-trifluorobenzene is likely metallated by NaHMDS to some degree but 

extremely inefficiently, leading to many unidentifiable products; evidence of NaF formation 

or addition of HMDS to the ring was not forthcoming. 

Addition of 1 eq. of 1,3,5-trifluorobenzene to a benzene solution of Fe(HMDS)2 showed no 

reaction but upon addition of equimolar quantities of NaHMDS and 1,4-dioxane the 

emergence of mono-metallated product 36 became apparent in the 
1
H NMR spectrum along 

with traces of di-metallated 37 and C-F activation product 38 (Scheme 4.19). 
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Scheme 4.19 – Equimolar reaction of Fe(HMDS)2 and 1,3,5-trifluorobenzene with subsequent addition of 

NaHMDS and 1,4-dioxane leading to an in-situ formation of 17a which furnishes 36 predominately with traces 

of 37 and 38. 

 

4.2.3.2 Dynamic Nature of the Reaction 

During the course of investigations into the synthesis of complexes 36, 37 and 38 it became 

apparent that the pathways to each product were not static and that at points in time, mixtures 

of all three products could be found in the reaction mixture, regardless of stoichiometry.  
1
H 

NMR data allowed us to observe the presence of a three products in solution via their 

characteristic resonances, which are summarised in Table 4.2. 

Table 4.2 – 
1
H NMR spectroscopic chemical shift values (in ppm) of isolated complexes 36, 37 and 38 in C6D6. 

Complex 

1
H Chemical Shift (ppm) 

Aryl H HMDS 1,4-dioxane 

36 101.64 (2H) −2.26 4.85 

37 177.56 −3.14 2.49 

38 420.99 

49.99 

−18.16 

−95.05 

- 

 

Scheme 4.8 and Scheme 4.9 (see above) represent the ideal (and stoichiometrically correct) 

conditions to promote and favour the formation of each product, which are essence is purified 

by crystallisation allowing for each to be isolated in a pure form.  Heating solutions of 17a 

and 1,3,5-trifluorobenzene, regardless of stoichiometry, promoted the formation of C-F 

activation product 38.  At stoichiometries of 1:1 and 2:1, above 0°C, 38 could be recovered in 

yields of 54% and 21%, respectively (where maximum possible yields are 66.67% and 

33.33%, respectively) (Scheme 4.20).  Conducting the syntheses of 36 and 37 at 0°C was 
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necessary to suppress the formation of 38 (and to a degree, the formation of 37 in the case of 

36). 

 

Scheme 4.20 – Synthesis of 38 at different stoichiometries. 

Considering di-metallated product 37 and the elimination of NaF and formation of three new 

C-N bonds in 38, a possible explanation could be the tri-ferration of 1,3,5-trifluorobenzene, 

afording a highly reactive intermediate (I) with subsequent elimination of 3 eq. of NaF, which 

would favour the intramolecular nucleophilic attack of the aryl ring by three HMDS groups 

(attached Fe atoms) to give intermediate II.  Intermediate II could react with some of the free 

amine, HMDS(H), generated in the ferration step to give Fe(HMDS)2 and final product 38 

(Scheme 4.21). 
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Scheme 4.21 – Postulated tri-ferration mechanism for the formation of 38. 

 

4.2.3.3 Extension to 1,3,5-Trifluorobenzene Derivatives 

Precluding a tri-metallation mechanism however, are the products of reactions with respective 

fluoro- and bromo-derivatives 1,2,3,5-tetrafluorobenzene and 1-bromo-2,4,6-

trifluorobenzene, where one of the available ring hydrogen positions is now occupied by 

either F or Br (Scheme 4.22). 
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Scheme 4.22 – C-H and C-F activation of 1,3,5-trifluorobenzenes. 

1 mmol of 1,2,3,5-tetrafluorobenzene was added to a 3 mmol solution of 17a and refluxed for 

one hour.  Upon reaching reflux the solution changed colour from green to brown/dark red 

and flat yellow needle-like crystals were grown from it over several hours at ~5°C.  X-ray 

crystallography revealed the structure as [1,3-bis(FeHMDS)-2,4,6-tris(HMDS)-C6F] (39) 

(Figure 4.10), formed in a 32% yield. 
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Figure 4.10 – Molecular structure of complex 39.  Hydrogen atoms are omitted for clarity.  Thermal ellipsoids 

displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-C2 2.0344(13), Fe1-N1 

1.9139(12), Fe1---N2 2.4136(11), Fe2-C6 2.0259(13), Fe2-N4 1.9250(12), Fe2---N5 2.3999(11), N2-C3 

1.4770(16), N3-C5 1.4386(16), N5-C1 1.4935(15), F1-C4 1.3704(14); C2-Fe1-N1 159.73(5), N1-Fe1---N2 

133.68(5), C2-Fe1---N2 66.15(4), C3-C2-Fe1 97.27(8), N2-C3-C2 115.83(11), N2-C3-C4 123.02(11), C2-C3-

C4 121.14(11), N3-C5-C4 119.37(11), N3-C5-C6 122.50(11), C4-C5-C6 118.13(11), C6-Fe2-N4 159.48(5), N4-

Fe2---N5 135.15(4), C6-Fe2---N5 65.28(4), C1-C6-Fe2 99.87(8), N5-C1-C6 112.01(10), N5-C1-C2 122.71(10), 

C6-C1-C2 125.26(11). 

Similarly, to a 1 mmol solution of 17a, 0.33 mmol of 1-bromo-2,4,6-trifluorobenzene was 

added and the solution refluxed for one hour, exhibiting a colour change from green to brown 

and furnishing thin yellow rod crystals.  X-ray crystallographic analysis uncovered the 

structure as [1,3-bis(FeHMDS)-2,4,6-tris(HMDS)-C6Br] (40) (Figure 4.11), formed in a 37% 

yield. 

 

Figure 4.11 – Molecular structure of complex 40.  Hydrogen atoms are omitted for clarity.  Thermal ellipsoids 

displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-C2 2.040(2), Fe1-N1 

1.924(2), Fe1---N2 2.5351(22), Fe2-C6 2.028(2), Fe2-N4 1.930(2), Fe2---N5 2.4808(21), N2-C3 1.480(3), N3-

C5 1.448(3), N5-C1 1.501(3), Br1-C4 1.926(2); C2-Fe1-N1 161.26(10), N1-Fe1---N2 134.553(89), C2-Fe1---N2 

63.725(80), C3-C2-Fe1 101.12(16), N2-C3-C2 115.2(2), N2-C3-C4 124.1(2), C2-C3-C4 120.7(2), N3-C5-C4 

120.3(2), N3-C5-C6 120.9(2), C4-C5-C6 118.8(2) C6-Fe2-N4 161.39(10), N4-Fe2---N5 134.647(89), C6-Fe2---

N5 63.849(82), C1-C6-Fe2 102.37(16), N5-C1-C6 111.8(2), N5-C1-C2 123.1(2), C6-C1-C2 125.0(2). 
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As can clearly be seen, refluxed reactions of 3:1 stoichiometry with 1,2,3,5-

tetrafluorobenzene and 1-bromo-2,4,6-trifluorobenzene lead to C-F activation products 39 and 

40, respectively, both of which are isostructural with C-F activation product 38.  This 

structural similarity and the retention of F or Br at the position meta to both Fe atoms all but 

rules out a tri-metallation mechanism.  Furthermore, these dinuclear complexes appear to be 

the first structurally characterised examples of systems possessing two pseudo-linear Fe(II) 

centres. 

Table 4.3 - Selected geometrical parameters of compounds 38, 39 and 40.  Bond distances are given in 

Ångstroms and bond angles given in degrees (°). 

Bond/Angle 38 39 40 

Fe1-C2 2.033(3) 2.0344(13) 2.040(2) 

Fe2-C6 2.016(3) 2.0259(13) 2.028(2) 

Mean Fe-C 2.025 2.0302 2.034 

    

Fe1-N1 1.916(3) 1.9139(12) 1.924(2) 

Fe2-N4 1.922(3) 1.9250(12) 1.930(2) 

Mean Fe-N 1.919 1.9195 1.927 

    

Fe1---N2 2.360(2) 2.4136(11) 2.5351(22) 

Fe2---N5 2.418(3) 2.3999(11) 2.4808(21) 

Mean Fe---N 2.389 2.4068 2.5080 

    

N2-C3 1.483(4) 1.4770(16) 1.480(3) 

N3-C5 1.444(4) 1.4386(16) 1.448(3) 

N5-C1 1.491(3) 1.4935(15) 1.501(3) 

Mean N-C 1.473 1.4697 1.476 

    

C2-Fe1-N1 159.43(12) 159.73(5) 161.26(10) 

C6-Fe2-N4 161.06(12) 159.48(5) 161.39(10) 

    

C2-Fe1---N2 66.59(10) 66.15(4) 63.725(80) 

C6-Fe2---N5 64.96(10) 65.28(4) 63.849(82) 
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Comparing the geometries of complexes 38, 39 and 40 (Table 4.3), little difference is 

observed between the primary bond lengths and angles.  The substituent atom at C4 (H, F or 

Br) has essentially no effect on the structural geometry. 

 

4.2.3.4 Thermal Stabilities of Complexes 36 and 37 

Speculating whether mono- and di-ferrated complexes 36 and 37 could evolve to 38 under 

forcing reaction conditions, the thermal stabilities of these compounds were evaluated by 

refluxing benzene/C6D6 solutions of each, prepared from pure isolated crystalline material 

(Scheme 4.23).  The reactions were monitored by 
1
H NMR spectroscopy and X-ray 

crystallography.  Compound 36 demonstrated a great thermal stability and after 24 hours at 

80°C it does not convert into any other species. 

 

Scheme 4.23 – Thermal stability assessment of complexes 36 and 37. 

Contrastingly, it was found that refluxing a benzene solution of di-ferrated 37 for 1 hour or 

indeed by leaving a C6D6 solution of 37 for several days without the application of heat (ca. 5 

days for full consumption of 37) lead to the evolution of C-F activation product 38.  Crystals 

of 38 were obtained in a 58% isolated yield from a 1 mmol scale reaction.  Furthermore, 

addition of 1 or 2 eq. of 17a to the solution of robust mono-metallated complex 36 led to the 

same result with consumption of the 17a, visualised by the disappearance of the 17a’s HMDS 
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resonance at −4.72 ppm in the 
1
H NMR spectra.  The addition of 1 eq. of 17a to a solution of 

37 also showed consumption of 17a with the simultaneous formation of complex 38 along 

with Fe(HMDS)2.  Thus, whilst the isolated mono-ferrated product 36 is stable in benzene, it 

appears 37 is a meta-stable product which over time evolves to 38 in solution. 

 

4.2.3.5 From Di-metallation to C-F Activation 

Evaluating at this point, it appears sodium ferrate base 17a is required to perform the ferration 

and C-F of 1,3,5-trifluorobenzene and that under refluxing conditions, di-ferrated product 37 

is fully consumed furnishing the C-F activation product 38. 

Heating the solution of pure and prior isolated 37, the corresponding 
1
H NMR spectroscopy 

resonances for 37 completely disappear with formation of the three new HMDS signals for 38 

(Figure 4.12).  Stoichiometrically there is a mismatch, going from 4 HMDS groups (37) to 5 

HMDS groups (38), suggesting that 38 is formed as a consequence of a redistribution process, 

although other possible Fe-containing species could not be confidently characterised. 

 

Figure 4.12 – 
1
H NMR spectrum of 38 from the refluxed solution of 37.  The broad resonance at 8.49 ppm is 

proposed to correspond to an unknown organo-Fe complex. 

From the reactions with 37, apart from the three HMDS resonances attributed to 38, the only 

other significant signal in the 
1
H NMR spectra is an unknown broad resonance (Figure 4.12), 
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its peak centred anywhere from ~15 to ~5 ppm, which would belong to this unknown Fe 

complex. 

 

Illuminatingly, it was found that the addition of 1 eq. of NaHMDS to a C6D6 solution of di-

metallated complex 37 and refluxing quantitative showed conversion to complex 38 with the 

consumption of NaHMDS.  Stoichiometrically the reaction is balanced with three Na atoms to 

liberate the three ring F atoms and five units of HMDS present which are preserved in the 

structure of 38.  This result suggests that in the absence of any excess NaHMDS some of 37 

could undergo redistribution, eliminating some NaHMDS which in turn could react with some 

of 37 to give 38. 

 

Scheme 4.24 – Stoichiometrically correct reaction where two eq. of 17a and 1 eq. of NaHMDS are required to 

attain a near quantitative yield of compound 38. 

Finally, a benzene mixture of 2 eq. of 17a, 1 eq. of NaHMDS and 1 eq. of 1,3,5-

trifluorobenzene was refluxed for 1 hour, after which the mixture was filtered hot to remove 

NaF and the filtrate allowed to crystallise (Scheme 4.24).  All volatiles were removed under 

vacuum and the combination of crystalline and amorphous solid product was collected.  The 

sole product was confirmed by 
1
H NMR spectroscopy as complex 38 which was obtained in a 

97% yield, supporting that a 2:1:1 (base:NaHMDS:substrate) combination leads to the 

quantitative formation of the C-F activation product 38. 
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4.2.3.6 Mechanistic Proposal: Cascade Reaction 

Considering knowledge accrued from our investigations, the following mechanism can be 

proposed for the di-ferration and subsequent C-F activation of 1,3,5-trifluorobenzene with 

sodium ferrate base 17a (Scheme 4.25). 

 

Scheme 4.25 – Proposed mechanism for the di-ferration and C-F activation of 1,3,5-trifluorobenzenes. 

In order to access C-F activation product 38, 1,3,5-trifluorobenzene is required to be di-

metallated by two equivalents of sodium ferrate base 17a to synthesise meta-stable product 

37.  At this point it is proposed the thermally induced NaF elimination occurs as a 

consequence of HMDS intramolecular nucleophilic substitution to form putative intermediate 

A where Fe is coordinatively unsaturated.  An equivalent of NaHMDS could then undergo co-
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complexation with one of the Fe centres, to form intermediate B, where now Na can engage 

with the third ring F.  NaHMDS could come from either i) another di-metallated unit in 

solution (disproportionation), ii) another equivalent of base 17a present or iii) the presence of 

1 eq. of NaHMDS added to the reaction.  Resulting from this NaHMDS can facilitate the 

removal of the third F atom, again eliminating NaF, with concomitant insertion of HMDS at 

the vacant site. 

To compare with Gilman’s work with monometallic reagent 
t
BuLi and 1,3,5-trifluorobenzene 

(see Section 4.2.2, Scheme 4.10),
304,305

 with bimetallic base 17a, Fe and Na work in 

synchronised cooperation to achieve C-H activation(s) where Fe occupies the site vacated by 

the removed proton and Na stabilises the complex by an electrostatic interaction to F.  The 

two metals also work together to achieve the C-F activation of 1,3,5-trifluorobenzene where 

the di-metallation and stabilisation with Na/Fe provides the necessary activation to remove F 

and insert HMDS.  It is also interesting to note the C-F activation of 1,3,5-trifluorobenzene 

with 17a occurs at ambient temperature or above and not via a benzyne reaction pathway. 

A recent relevant example of C-F to C-N conversion has been demonstrated with aliphatic 

organofluorines and secondary amines mediated by La(HMDS)3.
331

  The authors propose a 

cyclic six-membered transition state where electron poor and fluorophilic lanthanum 

facilitates the abstraction of the F atom whilst HMDS acts as a base, deprotonating the 

secondary amine (Scheme 4.26). 

 

Scheme 4.26 – Proposed mechanistic transition state for the C-F to C-N bond conversion of aliphatic 

organofluorides with secondary amines mediated by La(HMDS)3.
331
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To compare and contrast this C-F to C-N conversion with the synthesis of 38, it is Na that 

engages with F in di-metallated, eventually removing F from the aromatic ring via salt 

elimination (NaF) whilst HMDS is directly installed in the vacant position.  Speculating on 

the role of Fe, from complex 37, Fe provides some necessary activation of the ring via di-

metallation and the framework required to install HMDS and indeed each Fe atom shows a 

clear attraction to an adjacent HMDS group on the ring. 

 

4.2.4 Electrophilic Quenching 

Electrophilic quenching of each of the three reaction pathways with 1,3,5-trifluorobenzene 

was undertaken with I2 and is summarised in Table 4.4. 

Table 4.4 – Reactions and electrophilic quenching (I2) of 17a and 1,3,5-trifluorobenzene at variable temperatures 

and stoichiometries. 

Entry 
Base 

Eq. 
Conditions Product 

Conversion 

(%)a 

Isolated Yield 

(%) 

1 1 
0°C 1 hr then 

RT 16 hr 

 

58 - 

2 2 
0°C 1 hr then 

RT 16 hr 

 

68 56 

3 3 
b
RT, 16 hr

 

 

80 73 

a
NMR spectroscopy conversion with a 10% ferrocene internal standard.  

b
The reaction was gently heated for 5 

minutes upon substrate addition. 

 

Utilising the optimised conditions for the synthesis of each metallated product, the 

corresponding iodinated products could be obtained in high yields after quenching, organic 

work-up and purification by column chromatography. 
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As the di-iodo product of the C-F activation (complex 41, Entry 3, Table 4.4) could be 

isolated as an off-white solid it was recrystallized and attempts were made to obtain a crystal 

structure.  Though data could be obtained with relative ease and was of high quality, it is not a 

completely reliable model due to the (perceived) high symmetry of the molecule and 

consequential positional disorder of the iodine atoms as a result of crystallographic packing 

being dictated by the bulky HMDS groups (i.e. I atoms apparent at three ring positions).  

Characterisation of 41 by 
1
H NMR spectroscopy in CDCl3 though was successful; the ring 

hydrogen resonance appearing in the aromatic region at 6.59 ppm along with signals for the 

HMDS groups at 0.27 ppm (18H) and 0.14 ppm (36H).  Further characterisation was provided 

by 
13

C{
1
H} NMR spectroscopy and High Resolution-Mass Spectrometry (HR-MS). 

Gratifyingly however, the hydrolysis product of 38 could be crystallographically 

characterised; [1,3,5-tris(HMDS)-C6H] (42) is shown in Figure 4.13 and was recovered in a 

71% yield. 

 

Figure 4.13 – Crystal structure of complex 42.  Hydrogen atoms are omitted for clarity.  Thermal ellipsoids 

displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Si1-N1 1.7431(6), N1-C1 

1.4419(18), C1-C2 1.3939(9). 

Complex 42 is a novel, tri-substituted, bulky benzene derivative and is highly symmetrical.  A 

1
H NMR spectrum of 42 in CDCl3 displays a singlet resonance at 6.21 ppm for the aromatic 

ring H atoms and a large singlet for the 54 equivalent HMDS H atoms at 0.06 ppm.  The 

13
C{

1
H} NMR spectrum shows three resonances at 148.30, 127.96 and 2.42 ppm for the C1 

carbons, C2 carbons and HMDS Me carbons, respectively. 
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4.2.5 Magnetometry Studies 

4.2.5.1 Static Magnetic Properties of Complexes 38 and 39 

The electronic structures of the Fe(II) centres in complexes 38 and 39 were studied through 

bulk magnetisation measurements where molar paramagnetic susceptibility (M) data was 

collected on microcrystalline samples in the warming mode from 2 to 300 K under a constant 

magnetic field of 0.5 T for 38 and 0.1 T in the case of 39.  Additionally, this study was 

complemented with magnetisation measurements at 2 K under variable magnetic field (0 to 5 

T).  Resulting MT vs T and M/NμB vs H curves are shown in Figure 4.14. 

 

Figure 4.14 – MT vs T and M/NμB vs H (inset) curves of compounds 38 and 39.  Measurement setup: warming 

mode (2→300 K), B = 0.5 T for 38 and 0.1 T for 39 (0.3 T ; Tmag  = 2 K. 

For both compounds, the displayed magnetic behaviour reveals the existence of ferromagnetic 

interactions between two highly anisotropic high-spin iron(II) centres.  At 300 K, the MT 

product for compounds 38 and 39 is significantly higher than the expected spin-only value 

(6.00 cm
3 

K mol
–1 

for g = 2.0) for two uncoupled high-spin (S = 2) iron(II) centres (measured 

at 9.70 and 10.14 cm
3 

K mol
–1

, for 38 and 39, respectively).  These findings suggest a 

significant contribution of orbital angular momentum (L) to the magnetic moment as well as 

the existence of the first-order spin-orbit coupling.  Thus, the most appropriate description for 

the electronic state of the Fe(II) centres in these two compounds would be a 
5
D4 free-ion term 

(S = 2, L = 2, J = 4).  Calculated g values employing the equation MT = g
2
·J·(J+1)/8 for the 

room temperature MT products are g = 1.39 for 38 and g = 1.42 for 39, indicating the 

presence of partially quenched orbital momentum.  Taking into account the quasi-linear (or 

highly distorted trigonal planar) coordination environment of iron(II) centres in these 

structures, this observation agrees with previously reported magnetic studies of similar 
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mononuclear iron(II) compounds.
208,332,333

  For instance, similar room temperature values of 

the MT product were reported by Murugesu et al. for distorted trigonal-planar iron(II) 

compound [Fe(HMDS)2(PCy3)] (5.16 cm
3 

K mol
–1

)
208

 and by Chilton et al. for the bent linear 

compound [Fe(Ar
pr4

i

)2] (Ar
pr4

i

 = C6H3-2,6(C6H3-2,6-
i
pr2)2) (C−Fe−C angle 159°; 4.5 cm

3 
K 

mol
–1

).
332

 

Upon lowering the temperature, the MT product in both cases steadily increases down to 70 

K, followed by the plateau spread between 25 K and 70 K.  Such a magnetic response is 

additional confirmation of significant orbital contribution to the magnetic moment.  Below 25 

K, the abrupt increment of the MT product is taking place defining the maximum values of 

12.94 cm
3 

K mol
–1

 at 5 K for 38 and 14.16 cm
3 

K mol
–1 

at 3.75 K for 39.  This sharp increase 

can be rationalised by the existence of weak ferromagnetic interactions between spin carriers 

which can be established via a spin-polarization mechanism through bridging m-phenyl 

ligands (i.e. an Fe2-N5-C1-C2-C3-N2-Fe1 pathway, see Figure 4.5).  In the lowest 

temperature range, sharp decreases are observed for both compounds leading to MT values of 

9.93 and 11.40 cm
3 

K mol
–1 

(for 38 and 39, respectively) at 2 K.  The displayed behaviour can 

be explained as a manifestation of the zero-field splitting effects and/or antiferromagnetic 

intermolecular interactions.  Significant anisotropy of these compounds is evidenced also 

from the variable field magnetisation measurements at 2 K, with M/NμB vs H curves 

remaining far from the saturation even at the highest magnetic fields (expected 12 µB for two 

iron(II) centres with J = 4; S = 2; L = 2 and g = 2).  The measured magnetisation values at 5 T 

for dinuclear compounds 38 and 39 are 7.35 and 7.25 µB, respectively. 

In order to quantify the crystal field effects, ferromagnetic interactions between spin carriers 

and spin-orbit coupling, numerous attempts of fitting the experimental data (MT vs T and 

M/NμB vs H) were carried out using the program PHI
148

 by matrix diagonalisation of the 

(perturbative) anisotropic spin Hamiltonian defined in Equation (4.1): 

 �̂� =  ∑ 𝜆𝑖(

𝑖

𝜎𝑖�̂�𝑖 ∙ �̂�𝑖) + ∑ 𝜎𝑖
2(

𝑖

𝐵2
0�̂�2

0 + 𝐵2
2�̂�2

2) + ∑ 𝜎𝑖
4(

𝑖

𝐵4
0�̂�4

0 + 𝐵4
4�̂�4

4)

− 2𝐽(�̂�1�̂�2) + 𝜇𝐵𝐵 ∑(𝑔𝑖�̂�𝑖

𝑖

+ 𝜎𝑖�̂�𝑖)  

(4.1) 

In this equation, the first component is the sum of the spin-orbit coupling, the second and 

third are the crystal field interactions and the fourth corresponds to the exchange coupling 
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while the last part of the sum defines the Zeeman effect.  The parameters λi and σi are the 

spin-orbit coupling constant (−100.0 cm
−1

) and the orbital reduction parameter, respectively, J 

is the exchange constant, �̂�𝑖 (S = 2) is the total spin operator of the individual Fe(II) ions, �̂�𝑖 

(L=2) is their orbital angular momentum, B is the magnetic induction, 𝜇𝐵 is the Bohr 

magneton while 𝐵𝑘
𝑞�̂�𝑘

𝑞
 are the Stevens operators defining the potential of C1 crystal field.  In 

order to avoid the overparameterisation of defined Hamiltonian the g factor was fixed at 2.0 

and the same set of the parameters was used for both iron(II) sites.  Unfortunately, due to the 

large number of variables as well as the high dimensionality of the system, it was not possible 

to find a unique model for the experimental data.  The quality and the outcome of the fits 

were strongly dependent on the input values of the parameters, especially Stevens operator 

𝐵2
0�̂�2

0.  As reported recently, the parameterisations where the largest contribution to the 

crystal field component comes from the negative 𝐵2
0�̂�2

0 define the well isolated ground orbital 

doublet which cannot be depopulated to the excited states with the thermal energy available at 

the room temperature.
332

  Therefore, the strong orbital splitting cannot be evaluated from the 

experimental data and subsequently neither is it possible to evaluate properly the ligand field 

parameters without the valid input from the theoretical calculations.  However, attempts to 

model the experimental data enabled us to estimate of exchange constant (J) range between 

0.3 and 0.45 cm
−1

. 

To the best of our knowledge, these compounds are the first characterised molecular systems 

possessing two quasi-linear iron(II) centres.  The observation of the ferromagnetic 

interactions between them indicates that the m-phenyl linkages can provide an effective 

pathway for the spin polarisation mechanism similar to those reported previously for 

pyrimidine and m-N,N’-phenylene based systems.
271,334–338

  Based on these findings, a 

synthetic strategy employing the 1,3-aromatic connectors between two highly anisotropic 

metal centres could be used to access more complex molecular systems with higher spin 

ground states. 

 

4.2.5.2 Dynamic Magnetic Properties of Complexes 38 and 39 

Encouraged by the results from the direct current (DC) studies, the possible SMM behaviour 

of these complexes was investigated.  Studies of the frequency (Figure 4.15 and Figure 4.16) 

and temperature dependence (Figure 4.17 and Figure 4.18) of the alternate current (AC) 
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magnetic susceptibility were completed in the temperature range from 1.8 (1.85 K for 39) to 

17 K and in the frequency range from 10 to 1488.1 Hz.  The first measurements performed 

under zero DC field and 4 Oe AC field, showed for both compounds, superimposed curves for 

the in-phase AC susceptibility ( χ
M
' ) and very small signal at 1.8 K for the out-of-phase AC 

susceptibility ( χ
M
'' ).  Application of the static field of 1000 Oe resulted in the appearance of a 

set of frequency dependent in- and out-of-phase AC susceptibility signals for both 

compounds. 

 

Figure 4.15 – Frequency dependence of the in- ( χ
M
' ) and out-of-phase ( χ

M
'' ) AC susceptibility for 38 under an 

applied DC field of 1000 Oe.  The solid lines are a guide for the eye. 

 

Figure 4.16 – Frequency dependence of the in- ( χ
M
' ) and out-of-phase ( χ

M
'' ) AC susceptibility for 39 under an 

applied DC field of 1000 Oe.  The solid lines are a guide for the eye. 

The described field-induced SMM behaviour for Fe(II) compounds is very common for non-

Kramers ions since their slow relaxation of the magnetisation is significantly influenced by 



 Chapter 4   –  C-H and C-F Activation of 1,3,5-Trifluorobenzenes 

 

177 | P a g e  

the quantum tunnelling of the magnetisation.
339,340

  One of the possible reasons for this effect 

can be found in the existence of the rhombic anisotropy (E) which provides the tunnelling 

pathway through the spin-reversal barrier generated by mixing of the ±MS energy levels (i.e. 

the electron tunnels through thermal barrier from + MS to − MS).  Application of the additional 

magnetic field removes the degeneracy of the ±MS energy levels by Zeeman splitting and 

directly diminishes the tunnelling effects in favour of thermal relaxation.  The applied 

magnetic field here was not optimised but instead was chosen as a reasonable assumption 

after analysis of AC magnetic studies of similar reported mononuclear Fe(II) 

SMMs.
111,149,150,208,333,341,342

 

 

Figure 4.17 – Temperature dependence of the in- ( χ
M
' ) and out-of-phase ( χ

M
'' ) AC susceptibility for 38 under an 

applied DC field of 1000 Oe.  The solid lines are a guide for the eye. 

 

Figure 4.18 – Temperature dependence of the in- ( χ
M
' ) and out-of-phase ( χ

M
'' ) AC susceptibility for 39 under an 

applied DC field of 1000 Oe.  The solid lines are a guide for the eye. 
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Frequency dependent sets of the out-of-phase AC susceptibility ( χ
M
'' ) show that the maxima 

of the χ
M
''  vs ν curves is shifted towards higher frequency value as the temperature is increased 

accompanied also by decaying intensity (Figure 4.15 and Figure 4.16).  Similarly, the 

intensity of the in-phase AC susceptibility ( χ
M
' ) systematically declines by increasing the 

frequency.  The latter is clearly visible from the temperature dependence of the AC 

susceptibility data (Figure 4.17 and Figure 4.18) which also clearly indicates that the 

maximum for the χ
M
''  at the lowest temperature appears between 85.3 Hz and 121.9 Hz for 39 

and very close to 30.4 Hz for 38.  Representation of the obtained results in the complex χ-

plane, simplified as Cole-Cole (Argand) plots (Figure 4.19 and Figure 4.20), reveals a set of 

semicircles which lose their completeness and intensity upon increasing the temperature.  

Furthermore, the unique semicircle structures indicate the dominance of the single relaxation 

process. 
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Figure 4.19 – Cole-Cole isotherms of the AC susceptibility for 38 under an applied DC field of 1000 

Oe. The solid lines are a guide for the eye. 

 

Figure 4.20 – Cole-Cole isotherms of the AC susceptibility for 39 under an applied DC field of 1000 

Oe.  The solid lines are a guide for the eye. 

In order to quantify the dynamics of the magnetisation (relaxation time and the width of its 

distribution), χ
M
'  and χ

M
''  data were fitted simultaneously to the generalised Debye model,

343
 

shown in Equation (4.2): 

 
χ

AC
(ω) =  χ

S
 + 

χ
T

− χ
S

1 + (iωτ)
(1−α)

 
(4.2) 

In this equation, α is the Cole-Cole parameter (0< α <1), τ is the Cole-Cole relaxation time, χ
T
 

and χ
S
 are the isothermal and the adiabatic susceptibilities, respectively, while ω is the 

angular frequency (ω = 2πν).  The relaxation time τ is defined by the angular frequency (ω) at 

which the Cole-Cole plot reaches the maximum (τ = ω
−1

).  Parameter α directly describes the 

width of the distribution of the relaxation time where 0 value corresponds to the relaxation 
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with one time constant while larger α values correspond to the flatter distribution of the time 

constants around τ.  The real component of this expression defines the in-phase AC 

susceptibility ( χ
M
' ) while the imaginary part defines the out-of-phase ac susceptibility ( χ

M
'' ).  

Parameters obtained by fitting the experimental data to described model are represented in 

Figure 4.21 and Figure 4.22 with the tabulated results shown in Table III-14 and Table III-15 

in Section III.V for compounds 38 and 39, respectively. 

 

Figure 4.21 – Cole-Cole isotherms of the AC susceptibility for 38 under an applied DC field of 1000 

Oe. Solid lines represent the results of the fits. 

 

Figure 4.22 – Cole-Cole isotherms of the AC susceptibility for 39 under an applied DC field of 1000 

Oe.  Solid lines represent the results of the fits. 

Analysing the fitted parameters of the slow relaxation of the 39 (Table III-15), it can be seen 

that the described model agrees very well with the experimental data and yields very low α 

values over the entire temperature range taking into consideration 0.017< α <0.030.  On the 

other hand, the parameters obtained for the 38 (Table III-14) show a broad range of slightly 
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higher α values (0.08-0.17).  The highest values are observed for the lowest temperatures 

(1.80-2.25 K) where 0.10< α <0.17 which could indicate that the quantum tunnelling of the 

magnetisation is not completely quenched (thus the applied magnetic field could be 

optimised).  At the higher temperatures, fitted α parameters are below 0.1 which confirms that 

the applied Debye model for the single relaxation process is valid for the AC data for complex 

38.  Also, it is important to point out that the crystal structure of the 38 contains three 

crystallographically inequivalent molecules which each possess different intrinsic anisotropy 

and thus can act as three slightly different single-molecule magnets.  Consequently, a larger 

distribution of the relaxation time can be easily produced.  Following this assumption, smaller 

values and narrower range of α observed for 39 nicely reflect the existence of the unique 

molecular structure.  Comparing the obtained relaxation times (τ) for both compounds, it can 

be seen that the faster relaxation at higher temperatures occurs for the compound 38. 

In order to determine the exact pathway of the relaxation process, the dependence of the 

relaxation times and temperature was analysed.  Evaluation of the effective barriers (Ueff) to 

magnetic relaxation and characteristic time (τ0) can be derived from the high temperature 

regime using the Arrhenius expression 𝜏 =  𝜏0𝑒(𝑈𝑒𝑓𝑓/𝑘𝐵𝑇) (Boltzmann constant kB = 1.38065 

x 10
−23

 J K
−1

).  Linearisation of this expression in the form of ln(τ) vs 1/T is shown in Figure 

4.23. 

 

Figure 4.23 – Magnetisation relaxation time (τ) in form of Arrhenius ln(τ) vs 1/T plots for the compounds 38 

(left) and 39 (right).  Solid red lines represent the fits of the linear part of the curve. 

Temperature dependence of the natural logarithm of τ for 39 (Figure 4.23, right) follows the 

linearity only at the highest temperature region (above 7 K) while the curvature upon cooling 

indicates the change of the relaxation pathway from thermally activated over barrier to 

through barrier relaxation (i.e. Raman, quantum tunnelling).  Least-square fit of the 

experimental data yielded the energy barrier Ueff = 23.4 K = 16.4 cm
−1

 and the attempt 
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relaxation time τ0 = 5.2 x 10
−6 

s.  The obtained value for the relaxation time is slightly larger 

than usually reported for the single-molecule magnets (10
−7

-10
−10 

s) suggesting that through 

barrier relaxation processes may still be slightly effective together with the thermally 

activated Orbach relaxation.
340,344

  The smaller Ueff values for 39 compared with other low 

coordinate Fe(II) SMMs can be related to the lower symmetry of this system and more 

importantly, the presence of magnetic coupling between two iron(II) centres within the 

molecule.
111,149,150,208,333,341,342,345,346

  Both effects can easily decrease the total anisotropy of 

the systems and therefore accelerate the relaxation. 

On the other hand, the of ln(τ) vs 1/T plot for 38 (Figure 4.23, left) shows linearity over 

almost the entire temperature range (small deviations are observed only at the lowest 

temperatures), thus indicating the Orbach process.  Least-square fit of this dependence gave 

the energy barrier Ueff  = 10.6 K = 7.4 cm
−1

 and the attempt relaxation time τ0 = 2.0 x 10
−5 

s.  

The latter value is certainly somewhat larger than normal SMM relaxation times and may 

indicate that phonon bottleneck effects lead to slow relaxation of the magnetisation.
347

  Such 

unusual dynamics of the magnetisation was first reported for the iron(III) dimer 

(Et4N)3(Fe2F9) with an S = 5 ground state, axial anisotropy and an energy barrier of 2.40 K.
347

  

As explained by authors, the poor thermal contact between sample and bath leads to a phonon 

bottleneck situation with appearance of the butterfly-shaped hysteresis loops below 5 K which 

can be reproduced using a microscopic model based on the interaction of the spins with 

resonant phonons.  Similarly, the same effect enables the observation of the resonant quantum 

tunnelling of the magnetisation at 1.8 K, far above the blocking temperature for spin-phonon 

relaxation.  AC magnetic susceptibility studies have shown that without an applied magnetic 

field no out-of-phase signal is detected (i.e. no SMM behaviour) while at 1000 Oe slow 

relaxation is easily observed.  The reported relaxation time is temperature dependent and 

follows the Arrhenius law, thus indicating the Orbach process (τ0 = 1.0 x 10
−5 

and Ueff = 12.6 

K).  The relaxation process occurs over the barrier of combined system formed by the ground 

S = 5 and the first excited S = 4 state, where much higher density of levels eases the ΔS = ±1 

transitions induced by thermal phonons.  In conclusion, similarity of the relaxation dynamics 

for 38 with the described system (along with the high spin ground state due to the weak 

ferromagnetic coupling) indicates that cooperativity between the ground and thermally 

available excited states generates the observed behaviour. 

Improvement of the SMM behaviour of these systems can be achieved by judicious design of 

the substituted m-phenyl bridge which will allow the strictly linear symmetry of the local 
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coordination environment around Fe(II).  An easier alternative for this challenging task would 

be the controlled reduction of the iron(II) precursors to their iron(I) equivalents.  This simple 

one-electron modification of the structure will change the spin nature of the metal ions from 

non-Kramers S = 2 to Kramers S = 3/2 which can significantly suppress the effect of the 

quantum tunnelling of the magnetisation.  Elegant realisation of this approach was first 

reported by Long et al. for the compound [Fe{C(SiMe3)2}2}] and its reduced complex iron(I) 

salt [K(crypt-222)]
+
[Fe{C(SiMe3)2}2}]

−
 where large increment of the energy barrier to 

magnetic relaxation was recorded passing from 146 cm
−1

 for the S = 2 system
333

 to record a 

barrier of 226 cm
−1

 for the S = 3/2 system.
348

 

 

4.2.5.3 Static Magnetic Properties of Complexes 36 and 37 

Complex 36 was subject to bulk magnetisation measurements under the same conditions as 

complexes 17-19 (Chapter 3, Section 3.2.6) where molar paramagnetic susceptibility (M) 

data was collected on a microcrystalline sample in the warming mode from 2 to 300 K under 

a constant magnetic field of 0.5 T with additional magnetisation measurements at 2 K under 

variable magnetic field (0 to 5 T).  Resulting MT vs T and M/NμB vs H curves together with 

their best fits are shown in Figure 4.24. 

 

Figure 4.24 – MT vs T and M/NμB vs H (inset) curves of compound 36.  Measurement setup: warming mode 

(2→300 K), B = 0.5 T; Tmag  = 2 K.  Solid black lines represent the result of the fits. 

Complex 36, possessing two isolated high-spin iron(II) centres in its magnetic unit, exhibits 

an MT product of 7.66 cm
3 

K mol
−1

, higher than the expected value of 6.00 cm
3 

K mol
−1

 (g = 

2.0) with an estimated g value (using the Curie Law for the room temperature data) of g = 
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2.26, suggesting the presence of unquenched angular momentum coupled to the electronic 

spin.  A slight increase of MT takes place upon cooling to 250 K (8.13 cm
3 

K mol
−1

), 

probably due to the decomposition of the sample arising from residual humidity of the gelatin 

capsule.  Alike with complexes 17-19 and 24, a sharp decrease of MT is observed at the 

lowest temperatures to give an MT value of 4.69 cm
3 

K mol
−1

; behaviour as a result of the 

manifestation of the zero-field splitting effects which is additionally obvious from the variable 

field magnetisation measurement at 2K.  The measured magnetisation at 5 T for dinuclear 36 

is 5.27 µB. 

To quantify the ZFS effects, the data for 36 was fit to the same equation at complexes 17-19 

and 24 (see Equation (3.1), Section 3.2.6) with the all the results shown together in Table 4.5. 

Table 4.5 – Fitting Parameters for compounds 17-19 and 24 and 36. 

Compound χMT
a
 at r.t. (g) μeff

b
 at r.t χMT

a
 at 2 K g D (cm

−1
) |E| (cm

−1
) |E|/D zJ (cm

−1
) 

17 7.61 (2.25) 11.02 3.11 2.25 9.3 1.7 0.18 0.05 

18 3.93 (2.29) 5.61 2.02 2.27 −12.0 3.3 0.27 0.07 

19 3.90 (2.28) 5.58 2.09 2.22 −9.1 2.9 0.32 0.07 

24 7.19 (2.19) 10.73 4.88 2.18 −9.6 2.9 0.30 0.04 

36 7.66 (2.26) 11.07 4.69 2.31 −10.5 3.2 0.30 0.04 

a
In units of cm

3
 K mol

–1
 
b
In units of Bohr magnetons.  

 

The results obtained for complex 36 are similar to complexes 18, 19 and 24 which all contain 

a heteroleptic {Fe(HMDS)2(Ar)} core.  Although no direct correlation between the ligand 

field strength (tuned by the number of the fluorine substituents) and the anisotropy could be 

found, a small correlation can be seen between the ZFS components and the local 

coordination geometry around the Fe(II) centre.  Compounds with the larger D and E values 

(18 and 36) have very similar ligand fields with slightly more acute N−Fe−N angles 

(127.83(1)° and 128.09(7)°, respectively) and slightly shorter Fe−C bond distances (2.103(4) 

Å and 2.091(2) Å, respectively) than compounds 19 and 24 which possess slightly more 

obtuse N−Fe−N angles and slightly longer Fe−C bond distances (130.10(6)° and 131.08(10)°; 

2.116(2) Å and 2.117(3) Å, respectively).  The zero-field splitting parameters of latter pair are 

also quite similar and reflect nicely the local coordination environment of the Fe(II) centre. 
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Di-ferrated 1,3,5-trifluorobenzene complex 37 was also subject to bulk magnetisation 

measurements where molar paramagnetic susceptibility (M) data was collected on a 

microcrystalline sample in the warming mode from 2 to 300 K under a constant magnetic 

field of 0.5 with additional magnetisation measurements at 2 K under variable magnetic field 

(0 to 5 T).  Resulting MT vs T and M/NμB vs H curves together with their best fits are shown 

in Figure 4.25. 

 

Figure 4.25 – MT vs T and M/NμB vs H (inset) curves of compound 37.  Measurement setup: warming mode 

(2→300 K), B = 0.5 T; Tmag  = 2 K.  Solid black line represents the result of the fit. 

At 300 K, the MT product of 6.75 cm
3 

K mol
−1

 is higher than the expected spin-only value 

(6.00 cm
3 

K mol
−1 

for g = 2.0) for two uncoupled high-spin (S = 2) iron(II) centres.  The 

estimated g value using the Curie Law for the room temperature data is g = 2.12 suggesting 

the presence of unquenched angular momentum coupled to the electronic spin (second-order 

spin-orbit coupling).
106

  Upon lowering the temperature, the MT product slightly increases 

down to 250 K (6.97 cm
3 

K mol
−1

), likely due to the decomposition of the sample.  Below that 

temperature, the MT product steadily decreases down to 60 K (6.26 cm
3 

K mol
−1

) followed 

by an abrupt decline ending at the value of 1.19 cm
3 

K mol
−1 

at 2 K.  The displayed behaviour 

can be assigned to the existence of antiferromagnetic exchange interactions between two spin 

carriers in the molecule, but it can also be a consequence of the zero-field splitting effects.  

Variable field magnetisation measurements at 2K show that the M/NμB vs H curve stays far 

from saturation even at the highest magnetic fields (expected 8 µB for two S = 2 centres and g 

= 2).  The measured magnetisation at 5 T for is 3.70 µB which additionally confirms the 

presence of antiferromagnetic interactions or strong ZFS effects.  In order to quantify the 

magnitude of observed coupling, experimental data were fit using the program PHI
148

 by 

matrix diagonalisation of the spin Hamiltonian as defined in Equation (4.3): 
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 �̂� = −2𝐽(�̂�1�̂�2) + 𝜇𝐵𝐵 ∑ 𝑔𝑖�̂�𝑖

𝑖

 (4.3) 

where J is the exchange constant, �̂�𝑖 (S = 2: i = 1, 2) is the total spin operator of the individual 

Fe(II) ions, B is the magnetic induction, 𝜇𝐵 is the Bohr magneton while g is the isotropic g 

factor.  The best fit (Figure 4.25) with a fixed g factor at 2.21 was optimised with the 

exchange constant J = −0.99 cm
−1

, intermolecular interaction zJ = −0.07 cm
−1

 and the small 

presence (3.3%) of mononuclear impurity (i.e complex 36, S = 2).  The obtained J value is 

reasonable taking into account the large intramolecular separation between the metals (Fe---

Fe = 5.8596(5) Å). 

 

Figure 4.26 – Aryl ligand influence on the magnetic coupling of the Fe(II) centres in complex 37, 38 and 39. 

Surprisingly, despite the similar Fe−C−C−C−Fe bridging fragment, the magnetic coupling 

between the two Fe(II) centres in the compound 37 is antiferromagnetic in contrast to 

complexes 38 and 39 which exhibit the ferromagnetic interactions (Figure 4.26).  Obviously, 

the spin polarisation mechanism cannot be effective here, but the coupling of the metal 

centres can be also achieved via σ-type exchange pathway.  The condition for establishing this 

kind of interaction between two metals is the dσ-pσ orbital overlap between the metal centres 

and coordinated donor atoms.  Studies on pyrimidine bridged dinuclear compounds have 

shown that both exchange pathways can be effective and that the dominant one depends 

strongly on the electronic structure of the metal and the local coordination geometry.
270

  The 

corresponding DFT calculations of the spin density distribution showed that in the case of 

antiferromagnetic coupling (σ-type exchange), metal ions and coordinated N-donor atoms 
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from the pyrimidine ring have spin densities with the same positive sign.  This was explained 

as a spin delocalisation effect with the resonance between M(↑↓)−N(↑) and M(↑)−N(↑↓).  On 

the other hand, DFT calculations for the ferromagnetic coupling via spin polarisation 

mechanism have shown the classical spin alternation where the N-donor atoms from the 

pyrimidine ring carry the negative spin density, as in organic radicals.
334

  Relating those 

findings to the ligand structures in complexes 37-39, it can be concluded that 

antiferromagnetic coupling observed for the 1,3-trifluorophenyl bridge (37) can be expected 

due to the fact that the fluorine substituents are strongly electron withdrawing, consequently 

decreasing the electron density of the aromatic ring and therefore it is easier to generate a 

positive spin density distribution.  On the other hand, the structures of 38 and 39 have HMDS 

substituents which act as electron donors, therefore increasing the electron density of the 

aromatic bridge and supressing the previously described effect.  Secondly, the mechanism of 

spin polarisation involves magnetic interaction through the π-pathway.  In the structures of 38 

and 39 local coordination geometry around Fe(II) centres belongs to the same plane as the 

aromatic connector.  Thus, Fe(II) d-orbitals perpendicular to the coordination plane are 

suitably positioned for π-overlap with the π-orbitals of the phenyl bridge.  In the structure of 

37 the coordination plane around Fe(II) is rotated around 60° outside the plane of the phenyl 

bridge and therefore no good π overlap can occur between the ligand and metal orbitals. 

In conclusion, the antiferromagnetic coupling observed for the 37 can be characterised by a 

dominating through-bond superexchange mechanism (σ-pathway Fe1-C2-C1-C6-Fe2) while 

the ferromagnetic coupling observed for the 38 and 39 comes from dominating π-spin 

polarisation mechanism. 

 

4.2.6 Other Associated Reactions 

Through the course of this research into C-H and C-F activation of 1,3,5-trifluorobenzene 

with sodium ferrates a number of related reactions were conducted, the results of which are 

detailed forthwith. 

 

Heteroleptic sodium ferrate 35 was reacted with 1,3,5-trifluorobenzene on a 1:1 scale in 

benzene solvent and stirred at 50°C overnight.  Like with 1,3-difluorobenzene however (see 

Section 3.2.8.4), only an oily product could be obtained. 
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Seeking to assess whether ferrated, highly fluorinated aryl complexes 23 and 24 (di-ferrated 

1,2,4,5-tetrafluorobenzene and mono-ferrated pentafluorobenzene) could be energetically 

coaxed into C-F activation, benzene solutions of each were refluxed for several hours and the 

products examined by X-ray crystallography and 
1
H NMR spectroscopy (Scheme 4.27).  

Neither compound gave any further product(s) from the reaction hence, it appears complexes 

23 and 24 are thermally robust and do not undergo C-F activation with 17a. 

 

Scheme 4.27 – Thermal stability assessment of complexes 23 and 24. 

Attempts were made to induce C-H activation of 1,3,5-trichlorobenzene but no reactivity with 

17a was observed (Figure 4.27).  No colour change was observed from a 1:1 reaction at 50°C 

stirred overnight and the only crystals to be grown from the reaction were that of O-ICE 30.  

Repeating the reaction and quenching with I2 yielded no product conversion. 
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Figure 4.27 – Reactivity of 1,3,5-trihalobenzene complexes with 17a. 

It was found that C-F activation product 38 could also be accessed from 1-bromo-3,5-

difluorobenzene (Figure 4.27).  Recall in Section 3.2.4.2, mono-ferration of 1-bromo-3,5-

difluorobenzene was accomplished on a 1:1 scale at 0°C to yield complex 26.  On a 3:1 scale 

with heating, complex 38 was synthesised in a 43% yield.  Conversely, the di-metallated 

product could not obtained even on a 2:1 scale and adding the substrate at 0°C before heating 

gently at 40°C for 3 hours, only crystals of 26 were found. 

 

After the exciting and unprecedented results with sodium ferrate 17a and 1,3,5-

trifluorobenzene, we sought to explore whether similar reactivity would be observed with a 

lithium system. 

 

Scheme 4.28 – Mono-ferration of 1,3,5-trifluorobenzene with lithium ferrate 32. 

Having already isolated [dioxane·LiFe(HMDS)3] (32) (see Section 3.2.8.3) from the 

unsuccessful attempt to ferrate fluorobenzene, a 1 mmol solution of 32 was prepared to which 
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an equivalent of 1,3,5-triflurobenzene was added (Scheme 4.28).  No immediate colour 

change or precipitation was apparent (even after heating) so the solution was stirred overnight 

after which a colour change from green to yellow was apparent.  Concentration of the solution 

produced large, flat yellow rod crystals which, subject to X-ray crystallographic analysis, 

revealed the structure [dioxane·LiFe(HMDS)2(1,3,5-C6H2F3)] (43) (Figure 4.28), recovered in 

a 77% yield. 

 

Figure 4.28 – Asymmetric unit of complex 43.  Hydrogen atoms omitted for clarity.  Thermal ellipsoids 

displayed at 50% probability level.  Selected bond distances (Å) and angles (°): Fe1-N1 2.007(3), Fe1-N2 

2.017(3), Fe1-C13 2.078(4), Fe1---Li1 2.661(7), Li1-N1 2.080(8), Li1-N2 2.135(8), Li1-O1 1.943(8), Li1---C11 

2.662(9); N1-Fe1-N2 102.72(13), N1-Fe1-C13 127.70(15), N2-Fe1-C13 129.57(14), Li1-N1-Fe1 81.2(2), Li1-

N2-Fe1 79.7(2), Li1---Fe1-C13 178.29(19), N1-Li1-N2 96.4(3), N1-Li1-O1 130.9(4), N2-Li1-O1 132.3(4), O1-

Li1---Fe1 175.3(4). 

Successful mono-ferration of 1,3,5-trifluorobenzene has taken place, strikingly however, the 

fluoroaryl ring resides at the terminal position attached to Fe whilst the two bridging HMDS 

groups remain in place.  Absolutely no Li-F contact of any form is present and 43 exists a 

discrete monomer in the solid state.  Structurally, 43 compares well with complex 32 for the 

equivalent bond lengths and angles.  Like in 32, Li is ‘sunk’ further into the steric sphere of 

the {Fe(HMDS)3} moiety than Na in similar complexes and forms an electrostatic contact 

with HMDS Me group C11 at a distance of 2.662(9) Å.  No further reaction was observed 

upon heating 43. 
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4.3 Conclusions 

Following on from successful direct ortho-ferrations of fluorinated aryl substrates by sodium 

ferrate base 17a in Chapter 3, unique reactivity was uncovered with 1,3,5-trifluorobenzene.  

By careful temperature and stoichiometric control, mono- and di-ferrated products 36 and 37 

can be obtained, respectively.  With 3 equivalents of 17a and the application of heat, the 

unprecedented two-fold C-H activation and three-fold C-F activation of the fluoroaromatic 

substrate takes place accompanied by the concomitant elimination of NaF.  Observed in 

complex 38 is the nucleophilic substitution of three HMDS groups to the aromatic ring at the 

sites previously occupied by F atoms.  The structure also displays 1,3-di-ferration of the 

aromatic ring through two pseudo-linearly di-coordinate Fe centres, each exhibiting a third 

significant interaction to the N atom of a neighbouring HMDS group.  Complex 38 represents 

an important contribution not only nucleophilic C-F activation but to the field of two-

coordinate transition metal complex chemistry which is of great evolving interest.
316

 

Investigations of the reactions of 17a with 1,3,5-triflurobenzene established the dynamics 

present, namely that regardless of stoichiometry, with the application of heat C-F activation 

becomes favourable.  Fluoro and bromo derivatives of 38 have been acquired in the form of 

complexes 39 and 40 with the substrates 1,2,3,5-tetrafluorobenzene and 1-bromo-2,4,6-

trifluorobenzene, respectively; results that preclude any tri-metallation mechanism.  These 

complexes appear to be the first characterised examples of systems possessing two pseudo-

linear Fe(II) centres.  Mono-metallated product 36 was found to be thermally robust whilst di-

metallated 37 was identified as a meta-stable product.  37 is fully consumed upon refluxing to 

furnish 38 and an unidentifiable Fe-containing species, indicating a possible 

disproportionation process.  The combination of two equivalents of 17a, one equivalent of 

NaHMDS and one equivalent of 1,3,5-trifluorobenzene led to near quantitative formation of 

C-F activation product 38.  Thus, based on our observations we propose a cascade reaction 

mechanism triggered by the formation of di-ferrated 37 where the elimination of NaF may be 

a significant driving force.  With a source of a unit of NaHMDS present (either another di-

ferrated unit in solution or equivalent of base or pure NaHMDS) NaF salt elimination/HMDS 

insertion brings us through to complex 38.  The same product could also be accessed via 1-

bromo-3,5-difluorobenzene. 
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Utilising the optimal conditions to form complexes 36, 37 and 38, electrophilic interception 

with I2 furnished iodinated products of each.  Hydrolysis of 38 yielded the novel and bulky 

tri-substituted benzene derivative [1,3,5-tris(HMDS)-C6H] (42). 

Magnetometry studies revealed that whilst fluoro-substituted 37 displayed antiferromagnetic 

coupling between its two Fe(II) centres, HMDS-substituted complexes 38 and 39 showed 

ferromagnetic interactions between its two highly anisotropic Fe(II) centres along with single-

molecule magnet behaviour.  The magnetic behaviour of 36 was found to be similar to that of 

ferrated intermediates 18, 19 and 24 and though no obvious correlation between the number 

of fluorine substituents and the anisotropy was found, a small relationship between the 

geometry around the Fe centres and ZFS components is apparent. 

Ferrated and highly fluorinated complexes 23 and 24 have shown themselves as thermally 

robust, giving no evidence of C-F activation. 

Exploring the alkali metal effect, results with potassium were inconclusive whilst mono-

ferration of 1,3,5-trifluorobenzene was found (but no C-F activation) when using 

[dioxane·LiFe(HMDS)3] (32) in place of 17a.  Occupying the terminal position on the Fe 

centre with no Li---F contact present, the Li congener base likely operates in a different 

manner to its sodium equivalent. 
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II –   Conclusions and Further Work 

II.I Conclusions 

An intensive and wide-ranging exploration into the synthesis, characterisation and reactivity 

of novel alkali metal ferrate complexes has been undertaken with many successes achieved 

and surprises found.  This original work and the results presented have explored an area of 

chemistry where previously only little attention has been paid and has uncovered unexpected 

reactivities and properties. 

The overall project sought to build upon the great successes in cooperative heterobimetallic 

chemistry observed with alkali metal/main-group complexes and firmly introduce transition 

metals to this cooperative chemistry.  Though synthetic chemists have been keen to move 

away from a number of transition metals, those of which that are scarce, expensive and often 

toxic, the use of iron is not only highly attractive because of its excellent economical, 

ecological and biological profiles but highly interesting given its preceding accomplishments 

in synthesis and open-shell character which brings a new dynamic to the field of cooperative 

bimetallic chemistry. 

New valuable insights have been gained on co-complexation reactions of sodium reagents and 

Fe(HMDS)2, which afforded a range of new sodium ferrates with notable structural diversity. 

Attempts to accessing anionic NHC complexes have revealed that while bimetallic systems 

fail to deprotonate unsaturated NHC IPr, sequential reactivity, where the carbene was first 

treated with a sodium alkyl, followed by the introduction of the Fe bis(amide) led to the 

isolation of a novel heteroleptic ferrate containing and anionic NHC ligand.  This compound 

reacts with MeOTf, eliminating NaOTf, undergoing selective methylation at the C2 position 

to form a novel abnormal NHC-Fe complex. 

In Chapter 3 the unprecedented metallating capability of a sodium ferrate base towards 

fluoroaromatic substrates was uncovered.  A wide range of fluorinated aryl substrates were 

subject to successful direct ortho-ferration and electrophilic interception with I2, achieving 

good yields with excellent regioselectivity under mild reaction conditions.  Furthermore, a 

number of key ferrated intermediate species were isolated and characterised by X-ray 

crystallography and 
1
H NMR spectroscopy.  The structures revealed in all cases the formation 

of a new Fe-C σ-bond ortho to F, which in turn establishes a strong electrostatic interaction 
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with Na, resulting in a six-membered {NaNFeCCF} ring.  These interactions appear to be 

significant in stabilising the organometallic intermediate. 

This bimetallic showed a great stoichiometric control for tri- and tetrafluoro-substituted 

aromatics, affording di-ferrated products when two equivalents of the base were employed. 

A dramatic alkali metal effect has been noted in these reactions; thus switching Na with either 

Li or K inhibited the Fe-H exchange processes. 

Interestingly, studies on the reaction of 1,3,5-trifluorobenzene with sodium ferrate 

[dioxane·NaFe(HMDS)3] (17a) have revealed a unique activation process where the organic 

substrate undergoes two-fold metallation and three-fold C-F activation, affording a novel di-

iron complex, which contains two low-coordinate Fe centres in a W conformation connected 

by an aryl fragment where each F atom has been replaced by a N(SiMe3)2 group.  The 

formation of this new complex appears to be the result of a cascade reaction, with the 

concomitant elimination of NaF.  Excitingly, two complexes have shown single-molecule 

magnet behaviour. 

Overall, significant progress has been made in the underdeveloped area alkali metal ferrate 

chemistry, with findings that have implications bridging a number of diverse fields of 

chemistry.  Following in the footsteps of highly successful alkali metal main-group 

cooperative heterobimetallic complexes, the uncovered alkali metal ferrates have 

demonstrated diverse structural variety, stimulating magnetic properties and exciting 

reactivity with N-heterocyclic carbenes and fluorinated aryl substrates. 

X-ray crystallography has been an essential tool to structurally characterise a large number of 

compounds allowing for insight into their structural diversity and in cases uncovering their 

unique reactivity.  Despite the presence of high-spin Fe(II) paramagnetic centres good quality 

NMR spectra have been obtained and informative in confirming the synthesis of pure 

products and monitoring certain reactions.  Collaborative efforts in undertaking SQUID 

magnetometry studies and EPR spectroscopy have provided excellent information on the 

magnetic properties that a number of these ferrates hold. 
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II.II Further work 

Reflecting on what we have come to learn about alkali metal ferrates thus far, there is a great 

deal of potentially interesting routes of further research. 

Though preliminary investigations into lithium and potassium ferrates have been explored and 

discussed here, it would be interesting to investigate these complexes further to compliment 

the more extensive work with sodium ferrates.  An exploration of structural diversity could be 

helpful in understanding the differences between the alkali metal ferrates and give indications 

of their reactivity; in Chapter 3 it is shown that lithium ferrate 32 is incapable of ferrating 

fluorobenzene and 1,3-difluorobenzene which we propose is due to smaller Li being ‘sunken’ 

further into the steric sphere of the CIP structure and unable to establish any interaction with 

F.  The known π–affinity
132

 of larger and softer K could prove interesting for potassium 

ferrates where flexible aryl arms could be introduced or in solution with aromatic substrates.  

Moving even further forward, the synthesis and characterisation of alkaline earth metal 

ferrates could be very fruitful, particularly magnesium ferrates with a view to uncovering 

potential bimetallic active catalytic species operating in Fe-catalysed cross-coupling reactions 

with Grignard reagents (see Section I.III). 

Assessing the results disclosed in Chapter 1, along with the difference in reactivity observed 

between CIP 17a and SSIP 5 towards fluorobenzene (see Section 3.2.2), it would be judicious 

to further observe the differences in reactivity between CIP and SSIP sodium ferrate 

complexes in instances of metallation and beyond which could perhaps highlight the 

importance of Na and Fe connected via bridging ligand.  Acknowledging the relative ease of 

in the introduction of DPA to the sodium ferrate system (see Section 1.1.4) there is certainly 

scope for the introduction of other ligand sets which could amplify magnetic properties, 

enhance reactivity and exhibit interesting and unusual structural motifs.  Previous reports of 

ferrates with the tetramethylpiperdine ligand have shown exciting reactivity for cross-

coupling
86

 and direct C-H metallation.
82

 

Continuing the successful introduction ferrates to N-heterocyclic carbene IPr, there are a 

wealth of other NHCs and carbenic substrates to explore in a similar fashion.  Regarding 

complex 15, as well as functionalisation at C2 with other electrophilic reagents (such as 

TMSCl, allyl bromide or SiPh2Cl2) which could be very interesting, the Fe-C4 bond could be 

exploited for backbone functionalisation.  The use of K and Fe could prove interesting with 
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IPr (or other aryl substituted NHCs) considering a recently reported K/Mg anionic NHC 

featuring significant K-aryl π-interactions in an unusual polymeric structure. 

The stimulating reactivity of sodium ferrate mediated C-H activation of fluorinated aromatic 

substrates reported in Chapter 3 opens the door to an array of possibilities for further research.  

Concerning the direct ortho-ferration of fluoroaromatics with dioxane sodium ferrate base 

17/17a, other structurally characterised CIP sodium ferrate complexes (i.e. those detailed in 

Chapter 1) should be assessed as to whether they display the same or similar reactivity 

towards fluoroaryls or whether 1,4,-dioxane is a vital component for C-H activation.  Though 

SSIP complex 5 was unreactive towards fluorobenzene, reacting SSIP sodium ferrates with 

more activated fluoroarene substrates may uncover different results and should be 

investigated.  Electrophilic quenching with I2 provided a good proof of concept and so now 

we should look further to identify whether a methodology for sodium ferrate mediated cross-

coupling reactions could be developed.  Further investigations into Li, K and heteroleptic 

ferrates could prove valuable as only a small number of reactions were carried out during this 

project concerning these complexes.  Looking beyond fluoroaromatics, other (non-

fluorinated) aryl substrates, possibly those bearing substituents with a significant inductive 

effect and affinity to sodium, may be amenable to direct ferration.  Hydrofluoroolefins, 

currently of high interest as “fourth generation refrigerants” with a far superior ecological 

profile to HFCs,
349,350

 could prove very interesting as substrates for direct ferration (or even 

C-F activation), and if successful, for further functionalisation. 

Complexes 38-40’s two-coordinate Fe centres are likely to be highly reactive thus 

investigations into reactions of these complexes with small molecules like O2 (akin to O 

insertion with Fe(Ar’)2, see Section 4.2.2) may lead to some interesting results, as would an 

assessment of the lability of the terminal HMDS groups attached to Fe (e.g. transamination).  

Of high interest, the addition of alkali metal reagents (such as 
n
BuLi, NaCH2SiMe3, etc.) to 

compounds 38-40 could result in a number of outcomes like instigating the formation of a 

heteroleptic ferrate system by interaction with an Fe centre, deprotonation of the remaining 

aryl proton in the case of 38, AM/halogen exchange or nucleophilic aromatic substitution with 

39 and 40 or even the deprotonation of a HMDS methyl unit could be possible.  Regarding di-

ferrated complex 37, given that one equivalent of NaHMDS is required to transform 37 into 

38 in a stoichiometrically manner, the addition of an alternative alkali metal reagent could 

facilitate the insertion of a different R group onto the ring at the 2-position between the Fe-

substituted C atoms.  Based on the observed magnetic data, tuning the framework of 
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complexes 38-40 could enhance or alter their magnetic behaviour, in addition to attempts to 

reduce the Fe(II) centres to Fe(I) centres to alter the spin state from S = 2 to S = 3/2 to supress 

quantum tunnelling effects.  Novel and bulky tri-substituted compound 42 could find use as a 

bulky ligand and may well be responsive to deprotonative metallation by simple alkali metal 

reagents at one of its three ring C-H sites.  Pursuing further studies of Li and K ferrates with 

1,3,5-trifluorobenzene would also be worthwhile.  As regards to the terminally bonded 1,3,5-

trifluorobenzene in 43, further equivalents of base could facilitate deprotonation of the 

remaining aryl H atoms. 
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III –   Experimental 

III.I General Experimental Techniques 

  Schlenk Techniques III.I.I

The majority of organometallic materials used within this project are sensitive to air and 

moisture sensitive including a number of reagents which are pyrophoric.  As such, Standard 

Schlenk techniques were utilised for the synthetic work under a dry, inert atmosphere of 

purified argon gas.  All glassware was oven-dried at 125°C prior to use. 

 

Figure III-1 – A Schlenk line with vacuum pump and solvent trap. 

The Schlenk line (Figure III-1) is a dual manifold piece of glass apparatus with one pathway 

connected to a vacuum pump with a solvent trap (cooled by liquid N2) to condense any 

volatile solvents removed from reaction flasks under vacuum and the other, to a supply of 

argon gas with paraffin oil-filled Drechsel bottles at the outlet to prevent overpressure.  Taps 

at the five separate connectors allow for the interchange between Ar and vacuum to any 

connected glass apparatus (e.g. Schlenk tubes, addition tubes, filter sticks).  All taps and joints 

were lubricated with high-vacuum Apiezon N Grease prior to use.  Before carrying out 

reactions vacuum was applied to remove air and atmospheric moisture from an oven-dried 

Schlenk tube for 5 minutes before refilling with argon gas.  This process was repeated three 

times in total to guarantee an oxygen and moisture-free environment to carry out reactions in. 
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  Glove Box III.I.II

For the storage and handling of solid materials including the weighing of reagents and 

isolated products, as well as the preparation of NMR spectroscopy elemental analysis 

samples, an MBraun MB10 compact glove box with an argon gas recirculation and 

purification system was used to provide an inert argon atmosphere (Figure III-2). 

 

Figure III-2 – MBraun MB10 compact glove box. 

A large chamber fitted with a plastic window and sealed rubber gloves is the working area 

where chemicals can and equipment can be stored and manipulated.  Conveniently, this model 

contains a freezer (on the left side) for storage of reagents or products which necessitate a 

cold climate for storage or are very volatile or reactive.  At the right side of the box is a 

separate sealed chamber with a door to the working area and a door to the outside.  Through 

this port chemicals and equipment can be introduced to or taken out of the glove box.  Before 

taking any apparatus inside the working area the chamber is evacuated of air by vacuum and 

refilled with argon gas.  Vacuum is applied for 10 minutes before refilling with Ar, as with 

glassware on the Schlenk line this process is repeated three times in total.  Manipulations 

inside the box were carried out with <0.5 ppm of O2 and H2O present. 
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 Solvent Drying and Purification III.I.III

It is important not only to ensure the atmosphere around solid reactants is free from air and 

moisture but also that the solvents used are dry and free from O2.   Accordingly, solvents used 

in synthesis were distilled under an inert nitrogen atmosphere over sodium wire and 

benzophenone to remove any traces of moisture and dissolved oxygen.  The Na-

benzophenone mixture produces a radical anion ketyl species which acts as an effective 

oxygen and water scavenger, turning the solution a blue, green or purple colour.
351

  

Distillation of the solvent after the point at which the mixture has turned coloured affords 

oxygen-free, pure and dry solvent.  The primary solvents dried by this method and used 

during this project were n-hexane, toluene, diethyl ether, tetrahydrofuran and benzene.  

Additionally, n-hexane and toluene were available to use dried and degassed by Grubbs 

column
352

 (PureSolv micro solvent purification system, Innovative Technologies); this source 

of dry n-hexane was preferable for the synthesis of alkali metal ferrates.  Fluorobenzene was 

dried over P2O5 for 3 days before fractionally distilling and storing over 4 Å molecular sieves.  

The following reagents were dried by distillation over CaH2 under a nitrogen or argon 

atmosphere and stored over 4 Å molecular sieves: 1,4-dioxane, TMEDA, DTEDA, PMDETA, 

Me6TREN, fluorobenzene, 1,3-difluorobenzene, 1,4-difluorobenzene, 1,2,4-trifluorobenzene, 

1,2,4,5-tetrafluorobenzene, pentafluorobenzene 1-fluoronaphthalene, 1-bromo-3,5,-

difluorobenzene, anisole, 3-fluoroanisole, 1,3,5-trifluorobenzene, 1,2,3,5-tetrafluorobenzene 

and 1-bromo-2,4,6-trifluorobenzene.  Deuterated solvents such as C6D6, d8-THF, d8-toluene 

and d5-pyridine for NMR spectroscopy were stored over 4 Å molecular sieves in the glove 

box prior to use. 

 

  Commercial Reagents III.I.IV

Commercially available reagents and solvents were purchased from the following suppliers: 

Sigma Aldrich, Alfa Aesar, Manchester Organics and Fluorochem. 

 

  Preparation of Starting Materials III.I.V

IPr,
196

 NaCH2SiMe3
353

 and [(IPr)Fe(HMDS)2]
189

 were prepared according to the reported 

methods. 
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Fe(HMDS)2 

Fe(HMDS)2 was prepared according to a modified literature procedure from Lappert et al.
91

  

FeBr2 (9.251 g, 43 mmol) was reacted directly with LiHMDS (14.390 g, 86 mmol) in Et2O 

solvent (80 mL) at 0°C as opposed to first synthesising the THF adduct, guaranteeing a THF-

free final product.  Diethyl ether was removed under vacuum and the mixture was redissolved 

in 50 mL of hexane to leave LiBr as a precipitate which was removed via filtration over 

Celite/glass wool into a three-neck round-bottomed flask with a single 20 mL wash-through 

of hexane.  Hexane was removed under vacuum to leave a dark green oil. The oil was distilled 

into a second three-neck round-bottom flask under dynamic vacuum at 120°C with the aid of 

a heat gun.  The product was a bright emerald green oil which slowly darkened and 

crystallised at ambient temperature (13.76 g, 87% yield).  The product was stored within a 

glove-box at −35°C for convenient use as a solid. 

1
H NMR (C6D6, 300 K) δ (ppm) = 60.27 [vbs, SiMe3] 

 

S=PPh3 

2.62 g (10 mmol) of PPh3 was added to an oven-dried Schlenk tube and dissolved in 20 mL of 

toluene.  0.32 g (10 mmol) of Sulfur flowers (S8) was added via solid addition tube and 

quickly entered solution after which a white precipitate began to form.  The mixture was left 

to stir overnight before removing toluene under vacuum to isolate 2.71 g (92% yield) of the 

white precipitate. 

1
H NMR (d8-THF, 300 K) δ (ppm) = 7.76-7.71 [m, ortho aryl CH’s, 6H], 7.53-7.49 [m, para 

aryl CH’s, 3H], 7.46-7.42 (6H) [m, meta aryl CH’s, 6H] 

13
C{

1
H} NMR (d8-THF, 300 K) δ (ppm) = 135.28-134.44 [d, ipso aryl C’s], 133.15-133.05 

[d, ortho aryl CH’s], 132.09-132.06 [d, para aryl CH’s], 129.19-129.07 [d, meta aryl CH’s] 

31
P{

1
H} NMR (d8-THF, 300 K) δ (ppm) = 44.17 [s, S=PPh3] 

 

  NMR Spectroscopy III.I.VI

All samples for NMR spectroscopy were prepared inside the inert argon atmosphere of the 

glove-box.  
1
H (400.13 MHz), 

2
H (61.41 MHz), 

7
Li (155.47 MHz), 

13
C{

1
H} (100.59 MHz) 

19
F{

1
H} (376.40 MHz) and 

31
P{

1
H} (161.93 MHz) NMR spectra were recorded on either a 
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Bruker AV400 or AV3 spectrometer using TopSpin software (v2.1, Bruker Biospin, 

Karlsruhe) at 300 K.  
1
H and 

13
C{

1
H} NMR spectra were referenced internally to the 

corresponding residual solvent peaks.  LiCl in D2O (δ = 0 ppm) was used as an external 

standard for 
7
Li NMR spectroscopy.  CFCl3 (δ = 0 ppm) was used an external reference for 

19
F{

1
H} NMR.  85% (w/w) H3PO4 in D2O was used as an external standard at 0 ppm for 

31
P{

1
H} NMR spectra.  The following deuterated solvents were used: C6D6, d8-THF, d8-

toluene, d5-pyridine, D2O and CDCl3.  All NMR spectroscopy samples for organometallic 

compounds were measured in tubes equipped with a James Young valve. 

 

 Magnetometry Studies III.I.VII

Magnetic studies were undertaken in collaboration with Dr Guillem Aromi and Ivana 

Borilovic at the Universitat de Barcelona.  Sections concerning magnetometry studies in this 

thesis have been adapted from reports authored by Ivana Borilovic.  Variable temperature 

magnetic susceptibility data were obtained on powdered polycrystalline samples with a 

Quantum Design MPMS5 SQUID magnetometer at the “Unitat de Mesures Magnètiques” at 

the Universitat de Barcelona.  Pascal’s constants were used to estimate diamagnetic 

corrections to the molar paramagnetic susceptibility and a correction was applied for the 

sample holder.  Taking into account extreme air and moisture sensitivity of the compounds, 

samples were prepared in a glovebox and transferred to a Schlenk before transporting them to 

the SQUID.  Samples were held within gelatin capsules during measurements.  Results of 

SQUID measurements (MT vs T curves) were fitted using the program PHI (v2.0).
148

  X-

Band (9.42 GHz) EPR spectra of powdered samples were determined on a Bruker ESP300E 

spectrometer, equipped with a liquid helium cryostat.  EPR samples were stored in a Wilmad 

quartz EPR sample tube (4 mm thin wall, 25 cm long) which was sealed in a glovebox with a 

tip-off manifold. 

Solution magnetic susceptibilities (where possible) were determined by the Evans method at 

300 K.
102,103

  Pascal’s constants were used to estimate diamagnetic corrections to the molar 

paramagnetic susceptibility. 

 

 Organic Work-Up III.I.VIII

The general procedure for organic work-up (see products IIa-l’ and compounds 41 and 42) 

was thus; addition of 5 equivalents of I2 (or H2O in the case of 42) in THF and stirring for one 
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hour before quenching with saturated sodium thiosulfate solution.  The organic compound 

was extracted with diethyl ether (3 x 50 mL) and the combined organic fractions were washed 

with brine, dried over magnesium sulfate and the solvents were removed under vacuum. 

 

  Gas Chromatography-Mass Spectrometry III.I.IX

Gas Chromatography-Mass Spectrometry (GC-MS) samples were measured on an Agilent 

Technologies 5975C GC/MS detector fitted with an RXi
®
-5Sil column.  High Resolution-

Mass Spectrometry (HR-MS, GC/EI-MS) for products 41, IIc, IIg and IIh was conducted on 

a Thermo Scientific LTQ Orbitrap XL mass spectrometer at the EPSRC National Mass 

Spectrometry Facility in Swansea. 

 

  Elemental Analysis III.I.X

Elemental analyses were performed on a Perkin Elmer 2400 Series II CHNS/O Analyser.  

Samples were prepared in the glove box sealing 3 x 1-3 mg of crystalline solid within tin 

capsules before transporting quickly to the instrument. 

 

III.II  Synthesis and Characterisation of Numbered Inorganic 

Compounds 

 

  Chapter 1 III.II.I

 

[{NaFe(HMDS)3}∞] (1) 

0.377 g (1 mmol) of Fe(HMDS)2 and 0.184 g NaHMDS were added to an oven-dried Schlenk 

tube.  20 mL of hexane was added resulting in near instant dissolution of the Fe(HMDS)2 and 

the suspension of the NaHMDS.  The suspension was gently heated and left to stir for one 

hour till complete dissolution of the NaHMDS was apparent and the solution had changed 

colour from light green to dark green.  Green needle-like crystals could be obtained by 

reducing the volume of the solution to half in vacuo and slowly cooling to -30°C (0.45 g, 80% 

yield). 
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1
H NMR (C6D6, 300 K) δ (ppm) = −4.72 [vbs, SiMe3] 

13
C{

1
H} NMR (C6D6, 300 K) δ (ppm) = 333.41 [SiMe3] 

Anal. Calcd for C18H54FeN3NaSi6: C 38.61, H 9.72, N 7.51  Found: C 38.64, H 9.99, N 8.04 

Solution Magnetic Moment (d8-tol, 300 K) = 4.72 μB 

 

[THF·NaFe(HMDS)3] (2) 

0.08 mL (1 mmol) of THF was added in situ to a freshly synthesised solution of 1 in hexane.  

This resulted in the immediate precipitation of a white solid.  Stirring was continued for one 

hour before slow cooling to −30°C to yield green plate-like crystals.  The combined yield of 

the precipitate and crystals was 83% (0.526 g). 

N.B. [THF·NaFe(HMDS)3] was originally found as a side-product during the synthesis of 1.  

The presence of the THF was unexpected and it is likely to have originated from Fe(HMDS)2, 

indeed Power et al. crystallographically characterised [THF·Fe(HMDS)2].
92

  The original 

batch used was synthesised according to Lappert’s method from 1988; principally by making 

FeBr2 more soluble by stirring in THF to generate FeBr2·(THF)2 followed by a metathesis 

reaction with two equivalents of LiHMDS in diethyl ether (Et2O) solvent.
91

  THF-free 

Fe(HMDS)2 can be synthesised using FeBr2 directly rather than the FeBr2·(THF)2.  A 

polymorph of 2 has previously been synthesised and reported by Lerner and co-workers.
116

 

1
H NMR (C6D6, 300 K) δ (ppm) = 10.86 [vbs, CH2(2,5), 4H], 6.35 [bs, CH2(3,4), 4H], −4.74 

[vbs, SiCH3, 54H] 

13
C{1H} NMR (C6D6, 300 K) δ (ppm) = 330.32 [SiMe3], not observed [THF CH2’s] 

Anal. Calcd for C22H62FeN3NaOSi6: C 41.80, H 9.89, N 6.65  Found: C 41.52, H 10.09, N 

6.55 

Solution Magnetic Moment (C6D6, 300 K) = 4.84 μB  
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[Et2O·NaFe(HMDS)3] (3) 

0.1 mL (1 mmol) of Et2O was added in situ to a freshly synthesised solution of 1 in hexane 

and stirred overnight.  The solution was concentrated to ~10 mL before slow cooling to 

−30°C.  Small green crystals were yielded after several days (0.4915 g, 78% yield). 

1
H NMR (C6D6, 300 K) δ (ppm) = 10.18 [bs, Et2O CH2’s, 4H], 4.52 [bs, Et2O CH3’s, 6H], 

−4.81 [vbs, SiMe3, 54H] 

13
C{

1
H} NMR (C6D6, 300 K) δ (ppm) = 327.22 [SiMe3], 4.52 [Et2O CH3’s], not observed 

[Et2O CH2’s] 

Anal. Calcd for C22H64FeN3NaOSi6: C 41.67, H 10.17, N 6.63  Found: C 41.24, H 9.99, N 

7.16 

Solution Magnetic Moment (C6D6, 300 K) = 5.71 μB 

 

[PPh3=S·NaFe(HMDS)3] (4) 

To a freshly prepared solution of 1 in hexane, 0.294 g (1 mmol) of S=PPh3 was added via a 

solid addition tube, gently heated and stirred for 1 hour.  A large quantity of crystalline 

material was generated upon cooling to −30°C.  Excess solvent was removed via a syringe 

and the off-white crystalline material was dried under vacuum (0.62 g, 72% yield). 

1
H NMR (C6D6, 300 K) δ (ppm) = 10.22 [bs, ortho aryl CH’s, 6H], 7.90 [s, meta aryl CH’s, 

6H], 7.45 [s, para aryl CH’s, 3H], −4.70 [vbs, SiMe3, 54H] 

13
C{

1
H} NMR (C6D6, 300 K) δ (ppm) = 327.62 [SiMe3], 136.54 [ipso aryl C’s], 133.32 [para 

aryl CH’s], 130.62 [ortho aryl CH’s], obscured by solvent signal [meta aryl CH’s] 

31
P{

1
H} NMR (C6D6, 300 K) δ (ppm) = no visible resonances 

Anal. Calcd for C36H69FeN3NaOPSSi6: C 50.61, H 8.14, N 4.92  Found: C 50.63, H 8.11, N 

5.91 

 

[Na(TMEDA)2]
+
[Fe(HMDS)3]

−
 (5) 

To a freshly prepared solution of 1 in hexane, 0.30 mL (2 mmol) of TMEDA was added 

resulting in the immediate precipitation of a white solid and a slow colour change of the 
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solution from green to light brown.  The mixture was stirred for 2 hours before removing all 

hexane under vacuum and redissolving the precipitate in 6 mL of C6H5F and layering with 20 

mL of hexane.  Storage overnight yielded a crop of large, light green, needle-like crystals.  

Excess solvent was removed via a syringe and the crystals were subsequently dried under 

vacuum (0.64 g, 80% yield). 

1
H NMR (d8-THF, 300 K) δ (ppm) = 2.31 [s, TMEDA CH2, 8H], 2.16 [s, TMEDA CH3, 

24H], −2.37 [vbs, SiMe3, 54H] 

13
C{

1
H} NMR (d8-THF, 300 K) δ (ppm) = 347.81 [SiMe3], 58.77 [TMEDA CH2], 46.11 

[TMEDA CH3] 

Anal. Calcd for C30H86FeN7NaSi6: C 50.45, H 11.37, N 10.84  Found: C 49.86, H 11.51, N 

10.53 

 

[Na(DTEDA)2]
+
[Fe(HMDS)3]

−
 (6) 

To a freshly prepared solution of 1 in hexane, 0.28 mL (2 mmol) of DTEDA was added 

resulting in the immediate precipitation of a white solid.  The mixture was left to stir 

overnight before removing all hexane was removed under vacuum and the precipitate was 

redissolved in 6 mL of C6H5F and cooled to −30°C.  Storage overnight yielded a crop of 

large, light yellow crystals which were subsequently dried under vacuum.  The yield of the 

crystalline powder was 79% (0.7152 g). 

1
H NMR (d8-THF, 300 K) δ (ppm) = 2.57 [s, DTEDA CH2, 8H], 1.04 [s, DTEDA CH3, 36H], 

−2.37 [vbs, SiMe3, 54H], not observed [DTEDA NH, 4H] 

13
C{

1
H} NMR (d8-THF, 300 K) δ (ppm) = 347.81 [SiMe3], 50.25 [DTEDA C(CH3)3], 44.17 

[DTEDA CH2], 29.56 [DTEDA CH3] 

Anal. Calcd for C38H102FeN7NaSi6: C 50.45, H 11.37, N 10.84  Found: C 49.86, H 11.51, N 

10.53 

 

[Na(PMDETA)2]
+
[Fe(HMDS)3]

−
 (7) 

0.41 mL (2 mmol) of PMDETA was added in situ to a solution of 1 in hexane producing a 

colour change of solution from green to brown along with the formation of a white 
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precipitate.  After an hour stirring all volatiles were removed under vacuum and the remaining 

solid redissolved in 6 mL of C6H5F.  Upon slow cooling and storage at −30°C crystals were 

obtained after 3 days (0.732 g, 81% yield) 

1
H NMR (d8-THF, 300 K) δ (ppm) = 2.40 [bs, PMDETA NCH2CH2N(CH3)2, 8H], 2.30 [bs, 

PMDETA CH2N(CH3)2, 8H], 2.14 [bs, PMDETA CH3, 30H], −2.42 [vbs, SiMe3, 54H] 

13
C{

1
H} NMR (d8-THF, 300 K) δ (ppm) = 347.05 [SiMe3], 58.77 [PMDETA CH2], 57.21 

[PMDETA CH2], 46.19 [PMDETA CH3], 43.29 [PMDETA N(CH3)2] 

Anal. Calcd for C36H100FeN9NaSi6: C 47.69, H 11.21, N 13.90  Found: C 47.72, H 10.89, N 

14.46 

 

[Me6TREN·Na]
+
[Fe(HMDS)3]

−
 (8) 

To a freshly prepared solution of 1 in hexane, 0.26 mL (1 mmol) of Me6TREN was added 

resulting in the precipitation of a white solid and inducing a colour change from green to 

sandy brown in the solution.  After 1 hour of stirring hexane was removed in vacuo and the 

remaining solid dissolved in 6 mL of fluorobenzene.  The solution was cooled slowly to 

−30°C and stored in the freezer for several days to obtain large colourless crystals (0.6656 g, 

84%). 

1
H NMR (d8-THF, 300 K) δ (ppm) = 2.40 [bs, Me6TREN NCH2CH2N(CH3)2, 6H], 2.24 [bs, 

Me6TREN NCH2CH2N(CH3)2, 6H], 2.09 [bs, Me6TREN CH3, 18H], −2.46 [vbs, SiMe3, 54H] 

13
C{

1
H} NMR (d8-THF, 300 K) δ (ppm) = 348.19 [SiMe3], 58.45 [Me6TREN CH2], 57.74 

[Me6TREN CH2], 45.97 [PMDETA CH3], 43.29 [Me6TREN N(CH3)2] 

Anal. Calcd for C30H83FeN7NaSi6: C 45.59, H 10.71, N 12.41  Found: C 45.56, H 11.02, N 

13.48 

 

[{Fe(HMDS)(DPA)}2] (9) 

Fe(HMDS)2 (0.377 g, 1 mmol) and DPA(H) (0.171 g, 1 mmol) were added to a Schlenk tube 

along with 20 mL of hexane.  Upon stirring a brown solution with off-white precipitate was 

formed which was stirred at ambient temperature overnight.  Addition of 8 mL of THF 
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dissolved the precipitate and gave a black solution which was cooled to −30°C.  This yielded 

orange plate-like crystals (0.15 g, 38% yield). 

1
H NMR (C6D6, 300 K) δ (ppm) = 47.15 [bs, DPA aryl CH’s, 2H], 25.00 [bs, DPA aryl CH’s, 

2H], 21.27 [bs, DPA aryl CH’s, 2H], 17.01 [vbs, SiMe3, 54H], −14.31 [bs, DPA aryl CH’s, 

2H] 

Anal. Calcd for C32H52Fe2N8Si4: C 49.73, H 6.78, N 14.50  Found: C 49.94, H 6.78, N 14.80 

Solution Magnetic Moment (C6D6, 300 K) = 5.37 μB 

 

[(THF)2·NaFe(DPA)(HMDS)2] (10) 

To a 1 mmol hexane solution of 1 0.171 g of DPA(H) (1 mmol) was added via solid addition 

tube resulting in the immediate formation of sticky tan/brown solid residue at the base of the 

Schlenk tube in the green solution.  After stirring overnight at ambient temperature this 

residue was a dark brown suspension in the green solution, addition of 2 mL of THF gave a 

black solution.  Cooling to −30°C allowed for the isolation of orange plate-like crystals (0.43 

g, 60%). 

1
H NMR (C6D6, 300 K) δ (ppm) = 6.39 [vbs], 4.97 [bs], 2.12 [bs], rational integration and 

assignment of resonances not possible 

Anal. Calcd for C26H52FeN5NaOSi4 (loss of 1 THF): C 41.67, H 10.17, N 6.63  Found: C 

41.24, H 9.99, N 7.16 

 

[{THF·NaFe(DPA)3}∞] (11) 

To a 1 mmol solution of 1 in hexane 0.513 g of DPA(H) (3 mmol) was added via solid 

addition tube resulting in the immediate formation of sticky tan/brown solid residue at the 

base of the Schlenk tube in the green solution.  After stirring overnight at ambient temperature 

there was a mustard coloured suspension in a dark brown solution.  All volatiles were 

removed under vacuum and the mustard coloured solid residue was redissolved in 15 mL of 

toluene and 5 mL of THF.  Cooling to −30°C allowed for the isolation of yellow plate-like 

crystals (0.35 g, 18% yield). 

1
H NMR (C6D6, 300 K) δ (ppm) = rational assignment of hydrogen signals is not possible 
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Anal. Calcd for C75H72Fe2N18Na2O2 (2 monomer units + 1 eq. of co-crystallised toluene): C 

63.65, H 5.13, N 17.82  Found: C 63.54, H 5.13, N 18.14 

 

 Chapter 2 III.II.II

 

[{NaFe(HMDS)2(CH2SiMe3)}∞] (12) 

0.377 g (1 mmol) of Fe(HMDS)2 and 0.110 g NaCH2SiMe3 were added to an oven-dried 

Schlenk tube and cooled to 0°C.  20 mL of hexane was added producing a very pale green 

solution in which a white suspension appeared after several minutes that could be dissolved 

with gentle heating.  Blue/green block-like crystals were be obtained by slowly cooling the 

solution from ~50°C (0.36 g, 73% yield). 

1
H NMR (C6D6, 300 K) δ (ppm) = 13.51 [vbs, CH2SiMe3, 9H], −8.57 [vbs, HMDS SiMe3, 

36H], not observed [CH2SiMe3] 

13
C{H} NMR (C6D6, 300 K) δ (ppm) = 342.71 [HMDS SiMe3], 265.23 [CH2SiMe3], not 

observed [CH2SiMe3] 

Anal. Calcd for C16H47FeN2NaSi5: C 39.48, H 9.73, N 5.75  Found: C 39.64, H 9.77, N 6.19 

Attempts to measure the solution magnetic moment of 12 via the Evans method were 

unsuccessful due to irreproducible chemical shift differences between the internal reference 

sample and residual protic solvent producing exceedingly large μeff values. 

 

[Na(IPr)2]
+
[Fe(HMDS)3]

−
 (13) 

To a freshly prepared solution of 1 in hexane, 0.776 g (2 mmol) of IPr was added via a solid 

addition tube.  The solution turned from green to light brown with an off-white precipitate 

whilst stirring was continued for one hour.  Hexane was removed in vacuo and the solid was 

redissolved in 10 mL of C6H5F.  The solution was cooled slowly to −30°C and a crop of green 

crystals were dried in vacuo and collected after several days (0.97 g, 73% yield). 

1
H NMR (d8-THF, 300 K) δ (ppm) = 7.36 [t, IPr, p-CH, 4H], 7.27-7.25 [d, IPr, m-CH, 8H], 

7.18 [s, IPr, NCH, 4H], 2.83 [m, IPr, CHMe2, 8H], 1.21-1.16 [IPr, CHMe2, 48H], −2.39 [vbs, 

SiMe3, 54H] 
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13
C{H} NMR (d8-THF, 300 K) δ (ppm) = 346.74 [SiMe3], 220.74 [IPr, im-C2], 146.53 [IPr, 

o-CH], 139.46 [IPr, i-CH], 128.98 [IPr, p-CH], 123.98 [IPr, m-CH], 122.32 [IPr, NCH], 29.02 

[IPr, CHMe2], 23.55 [IPr, CHMe2] 

Anal. Calcd for C72H126FeN7NaSi6: C 64.67, H 9.50, N 7.33  Found: C 64.47, H 9.87, N 7.77 

Solution Magnetic Moment (d5-pyr, 300 K) = 4.90 μB 

 

[(THF)3·NaIPr]
+
[Fe(HMDS)2(CH2SiMe3)]

−
 (14) 

To 1 mmol of 12 (0.487 g) in 10 mL of hexane, 1 mmol of IPr (0.387 g) was added along with 

a further 10 mL of hexane to wash the substrate into solution.  With gentle heating, IPr enters 

solution with the colour turning from dark red to sandy brown with the formation of a 

precipitate.  Upon addition of 0.5 mL of THF along with gentle heating an orange solution 

was produced along with a small quantity of a black oily substance.  These were separated by 

filtration over Celite/glass wool and the orange solution began to afford pale green crystals 

immediately upon cooling back to ambient temperature.  The crystals were washed with 3 x 5 

mL of cold hexane and dried (0.76 g, 70% yield). 

1
H NMR (d8-THF, 300 K) δ (ppm) = 13.51 [vbs, CH2SiMe3, 9H], 7.37-7.18 [IPr, p- and m-

CH + NCH, 10H], 2.80 [s, IPr, CHMe2, 4H], 1.15 [IPr, CHMe2, 24H], −3.77 [vbs, SiMe3, 

36H], not observed [CH2SiMe3] 

Anal. Calcd for C51H99FeN4NaO2Si5 (1 single unit – 1 THF molecule lost under vacuum): C 

60.08, H 9.79, N 5.49  Found: C 60.13, H 10.00, N 5.97 

Solution Magnetic Moment (C6D6, 300 K) = 4.40 μB 

 

(THF)3·Na[:C{[N(2,6-
i
Pr2C6H3)]2CHCFe(HMDS)2}] (15) 

0.777 g (2 mmol) of IPr was suspended in hexane before adding 0.22 g (2 mmol) of 

NaCH2SiMe3 resulting in a quick colour change from peach to intense orange and the 

formation of a precipitate.  After stirring for 1 hour, a solution of 0.754 g (2 mmol) of 

Fe(HMDS)2, dissolved in 10 mL of hexane, was added which induced a colour change from 

orange to red with the formation of a white precipitate.  After stirring the mixture for 2 hours, 

2 mL of THF was added which allowed the precipitate to enter solution and give a deep red 

coloured oil.  This mixture was gently heated and placed in a hot water Dewar flask (~50°C).  
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Overnight the solution afforded pale green crystals which were collected by filtration after 

washing with cold hexane (3 x 10 mL).  The crystalline yield was 60% (1.3737 g). 

1
H NMR (d8-THF, 300 K) δ (ppm) = 10.59 [m-CH, 2H], 10.04 [p-CH, 1H], 8.29 [p-CH, 1H], 

7.89 [m-CH, 2H], 5.27 [s, CHMe2, 2H], 3.85 [CHMe2, 6H], 3.03 [THF 2,5-CH2, 12H], 3.03 

[THF 3,4-CH2, 12H], 0.86 [CHMe2, 6H], −2.06 [CHMe2, 2H], −4.21 [SiMe3, 36H], −6.94 

[CHMe2, 12H], −26.37 [C5-H, 1H] 

Anal. Calcd for C55H103FeN4NaO4Si4 (1 monomeric unit + 1 eq. of co-crystallised THF): C 

61.42, H 9.65, N 5.21  Found: C 61.32, H 9.90, N 5.74 

Solution Magnetic Moment (C6D6, 300 K) = 4.86 μB 

 

[CH3C{[N(2,6-
i
Pr2C6H3)]2CHCFe(HMDS)2}] (16) 

1.0756 g (1 mmol with 1 eq. co-crystallised THF) of 15 was suspended in 20 mL of toluene 

and cooled to -78°C.  To this, 0.1477 g (0.9 mmol) of MeOTf in 5 mL of toluene was added 

and the solution was stirred and allowed to warm to ambient temperature over 1 hour.  A 

white precipitate in a yellow solution was visible and thus the solution was filtered via a 

cannula.  Volatiles were removed by vacuum from the filtrate and the solid was redissolved in 

a 1:1 mixture of hexane and toluene (total 20 mL).  Slow cooling from 50°C produced yellow 

plate-like crystals which were isolated by filtration and washed with cold hexane (3 x 5 mL).  

The low crystalline yield obtained was 28% (based on 0.9 eq. MeOTf, 0.1979 g), due in part 

to loss during washing. 

1
H NMR (d8-tol, 300 K) δ (ppm) = 29.37 [C2-CH3, 3H], 10.78 [p-CH, 1H], 9.64 [m-CH, 2H], 

8.58 [p- and m-CH, 3H], 4.53 [CHMe2, 6H], 1.34-0.88 [CHMe2, 4H], −0.98 [CHMe2, 6H], 

−3.40 [CHMe2, 6H], −5.05 [SiMe3, 36H], −6.96 [CHMe2, 6H], −33.29 [C5-H, 1H] 

Anal. Calcd for C40H74FeN4Si4: C 61.65, H 9.57, N 7.19  Found: C 61.85, H 9.61, N 7.63 

Solution Magnetic Moment (C6D6, 300 K) = 4.78 μB  
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 Chapter 3 III.II.III

 

[dioxane·{NaFe(HMDS)3}2] (17) 

To a freshly prepared 1 mmol solution of [{NaFe(HMDS)3}∞] (1) in 20 mL of hexane, 0.085 

mL (1 mmol) of 1,4-dioxane was added producing an off-white precipitate.  The mixture was 

stirred for 1 hour before removing all volatiles in vacuo.  The remaining green/white solid 

was redissolved in 5 mL of benzene then concentrated till precipitate appeared, warmed and 

then cooled slowly to generate large, green crystals (0.41 g, 63% yield based on Fe with 1 eq. 

of co-crystallised benzene). 

N.B. Though the combination of equimolar equivalents of 1 and 1,4-dioxane crystallises as 

hemisolvate 17, it is found that a full equivalent of 1,4-dioxane is retained in the green/white 

amorphous solid when the solution is subject to vacuum.  Thus, 17a shall refer to 

[dioxane·NaFe(HMDS)3]. 

1
H NMR (d8-tol, 300 K) δ (ppm) = 6.17 [bs, 1,4-dioxane, 4H], −4.72 [vbs, SiMe3, 54H] 

13
C{

1
H} NMR (d8-tol, 300 K) δ (ppm) = 338.57 [SiMe3], 76.32 [1,4-dioxane] 

Anal. Calcd for C43H119Fe2N6Na2O2Si12 (0.5 eq. of co-crystallised benzene per dimer): C 

41.41, H 9.62, N 6.74  Found: C 41.26, H 9.51, N 6.66  

 

[{dioxane·NaFe(C6H4F)(HMDS)2}∞] (18) 

A 1 mmol solution of 1 was prepared in 20 mL of hexane before removing all solvent under 

vacuum.  The green/white solid was redissolved in 2 mL of fluorobenzene (21.3 mmol) and 

stirred overnight at 50°C with a colour change from dark green to light brown apparent.  The 

solution was cooled slowly to −30°C and stored at that temperature to obtain large, colourless 

crystals after several days (0.3175 g, 47% yield; at ambient temperature, stirring overnight 

without heating; with 1 equivalent of C6H5F co-crystallised solvent).  On a 10 mmol scale, 

with stirring overnight at 50°C, 5.582 g of crystalline material was recovered to give 82% 

yield. 

N.B. Metallation is possible at ambient temperature without stirring at 50°C, however poorer 

yields are obtained and usually stirring for an increased quantity of time is required. 
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1
H NMR (C6D6, 300 K) δ (ppm) = 181.84 [s, aryl CH, 1H], 134.22 [s, aryl CH, 1H], 70.60 [s, 

aryl CH, 1H], 3.35 [s, 1,4-dioxane, 8H], −2.88 [vbs, SiMe3, 36H], −56.11 [s, aryl CH, 1H] 

Anal. Calcd for C94H197F2Fe4N8Na4O8Si16 (4 monomeric units + 1 eq. of co-crystallised 

C6H5F): C 46.51, H 8.18, N 4.62  Found: C 46.56, H 8.77, N 4.69 

Solution Magnetic Moment (C6D6, 300 K) = 4.95 μB 

 

[{dioxane·NaFe(1,3-C6H3F2)(HMDS)2}∞] (19) 

A 1 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 5 mL of benzene to which 0.10 mL 

(1 mmol) of 1,3-difluorobenzene was added and stirred overnight at 50°C with a colour 

change from dark green to green/brown apparent.  Removal of solvent until precipitate 

appeared, warming and slow cooling allowed for the isolation of large green crystals.  The 

solution was removed via a syringe and the crystals washed 3 x 3 mL of cold hexane and 

dried (0.40 g, 66% yield). 

1
H NMR (C6D6, 300 K) δ (ppm) = 104.40 [s, meta aryl CH’s, 2H], 5.20 [s, 1,4-dioxane, 8H], 

−1.86 [vbs, SiMe3, 36H], −66.65 [s, para aryl CH, 1H] 

Anal. Calcd for C22H47F2FeN2NaO2Si4: C 43.98, H 7.89, N 4.66  Found: C 43.80, H 8.20, N 

4.94 

 

[{(dioxane)2·Na2Fe(1,3-C6H3F2)(HMDS)2}
+
{Fe(HMDS)3}

−
]∞ (20) 

A 2 mmol solution of 17a was prepared in 30 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 10 mL of benzene to which 0.05 mL 

(1 mmol) of 1,3-difluorobenzene was added and stirred overnight at 50°C.  Removal of 

solvent until precipitate appeared, warming and slow cooling allowed for the isolation of large 

green crystals.  The solution was removed via a syringe and the crystals washed 1 x 2 mL of 

cold hexane and dried (0.4131 g, 35.88% yield, accounting for loss of 1eq. of 1,4-dioxane). 

1
H NMR (C6D6, 300 K) δ (ppm) = 104.99 [s, meta aryl CH’s, 2H], 8.33 [bs, 1,4-dioxane, 8H], 

−1.76 & −4.78 [overlapping vbs, SiMe3, 90H], −66.37 [s, para aryl CH, 1H] 
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Anal. Calcd for C40H101F2Fe2N5Na2O2Si10 (loss of 1 eq. of 1,4,-dioxane): C 41.39, H 8.77, N 

6.03  Found: C 41.50, H 8.83, N 6.58 

Solution Magnetic Moment (d8-tol, 300 K) = 5.40 μB 

 

[dioxane·{NaFe(1,4-C6H3F2)(HMDS)2}2]∞ (21) 

A 1 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 5 mL of 1,4-difluorobenzene and 

stirred for 20 minutes at 50°C with a colour change from dark green to yellow.  Removal of 

solvent until precipitate appeared, warming and slow cooling allowed for the isolation of very 

large green stick crystals.  The solution was removed via a syringe and the crystals washed 2 

x 2 mL of cold hexane and dried (0.24 g, 38% yield, 1 dimer + 1 eq. co-crystallised C6H4F2). 

1
H NMR (C6D6, 300 K) δ (ppm) = 213.44 [vbs, aryl CH, 1H], 141.36 [bs, aryl CH, 1H], 3.52 

[s, 1,4-dioxane, 4H], −2.74 [vbs, SiMe3, 36H], −56.51 [bs, aryl CH, 1H] 

Anal. Calcd for C46H90F6Fe2N4Na2O2Si8 (1 dimer + 1 eq. co-crystallised C6H4F2): C 45.01, H 

7.39, N 4.56  Found: C 45.08, H 7.56, N 5.31  

 

[dioxane·{NaFe(1,2,4-C6H2F3)(HMDS)2}2]∞ (22) 

A 1 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 5 mL of benzene to which 0.101 mL 

(1 mmol) of 1,2,4-trifluorobenzene was added.  A white precipitate was immediately formed 

and with gentle heating the solution turned from green to orange with more precipitate 

apparent.  Stirring was continued overnight, benzene was removed under vacuum and the 

solid was redissolved in 10 mL of fluorobenzene and slowly cooled from ~50°C.  This 

yielded large yellow brick crystals which were washed 2 x 2 mL of cold hexane and dried The 

solution was removed via a syringe and the crystals washed 2 x 2 mL of cold hexane and 

dried (0.3233 g, 50.61% yield, based on 1 dimer + 2 eq. co-crystallised C6H5F). 

1
H NMR (d8-tol, 300 K) δ (ppm) = 119.63 [bs, aryl CH, 1H], 4.13 [bs, 1,4-dioxane, 4H], 

−1.32 [vbs, SiMe3, 36H], −59.60 [bs, aryl CH, 1H] 

Anal. Calcd for C72H136F11Fe3N6Na3O3Si12 (1.5 dimers + 2 eq. co-crystallised C6H5F): C 

45.13, H 7.15, N 4.39  Found: C 45.78, H 7.03, N 5.20  
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[{dioxane·NaFe(HMDS)2}2(1,2,4,5-C6F4)]∞ (23) 

A 2 mmol solution of 17a was prepared in 30 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 10 mL of benzene to which 0.11 mL 

(1 mmol) of 1,2,4,5-tetrafluorobenzene was added and heated at reflux for one hour.  Upon 

reaching reflux the green solution turned dark brown with a small quantity of off-white 

precipitate produced.  After slowly cooling, small orange needle crystals were apparent.  The 

excess solution was removed via a syringe and the off-white precipitate and small quantity of 

crystals were washed 1 x 3 mL of cold hexane and dried (0.86 g, 76% yield). 

1
H NMR (C6D6, 300 K) δ (ppm) = 4.06 [bs, CH2, 1,4-dioxane, 16H], −2.49 [vbs, SiMe3, 72H] 

Anal. Calcd for C38H88F4Fe2N4Na2O4Si8: C 40.63, H 7.90, N 4.99  Found: C 41.12, H 7.09, N 

5.18 

Solution Magnetic Moment (d8-tol, 300 K) = 5.40 μB 

 

[dioxane·{NaFe(C6F5)(HMDS)2}2]∞ (24) 

A 3 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 15 mL of benzene and cooled to 0°C 

to which 0.33 mL (3 mmol) of pentafluorobenzene was added and stirred for 4 hours.  Upon 

warming to ambient temperature the solution exhibited a distinct colour change from green to 

green/brown with the formation of a precipitate.  20 mL more of benzene was added and the 

solution was heated to dissolve all precipitate before slowly cooling overnight.  A clear deep 

red solution was apparent with large green rectangular plate crystals.  The crystals were 

washed 2 x 5 mL of cold hexane and dried.  A second set of crystals and some solid product 

were obtained from the filtrate; both show identical NMR spectra to that of the primary 

crystals (1.87 g, 90% yield). 

1
H NMR (C6D6, 300 K) δ (ppm) = 3.60 [s, 1,4-dioxane, 4H], −1.91 [vbs, SiMe3, HMDS, 36H] 

Anal. Calcd for C52H92Fe2N4Na2O2Si8 (1 dimeric unit + 2 eq. of co-crystallised benzene 

solvent): C 45.34, H 6.73, N 4.07  Found: C 45.25, H 6.60, N 4.92  
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[{dioxane·NaFe(1-C10H6F)(HMDS)2}∞] (25) 

A 1 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 5 mL of 1-fluoronaphthalene and 

stirred at 50°C overnight.  Bright green rod crystals were obtained at 5°C.  The excess 

solution was removed via a syringe and the crystals washed 3 x 3 mL of cold hexane and 

dried (0.17 g, 26% yield). 

1
H NMR (C6D6, 300 K) δ (ppm) = 70.63 [bs, aryl CH, 1H], 24.08 [s, aryl CH, 1H], 19.47 [s, 

aryl CH, 1H], 4.19 [bs, CH2, 1,4-dioxane, 8H], −2.98 [vbs, SiMe3, 36H], −16.33 [bs, aryl CH, 

1H], −20.12 [s, aryl CH, 1H] 

Reliable elemental analysis for 25 could not be obtained due to co-crystallisation of 

[Na2Fe2(HMDS)4(O)] (30). 

 

[dioxane·{dioxane·NaFe(1-Br-3,5-C6H2F2)(HMDS)2}2] (26) 

A 1 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 5 mL of benzene and cooled to 0°C 

whereupon 0.12 mL (1 mmol) of 1-bromo-3,5-difluorobenzene was added and stirred for two 

hours.  Stirring was stopped and the solution was allowed to reach ambient temperature and 

left overnight.  The now dark yellow solution was cooled to 5°C, producing green block 

crystals.  The excess solution was removed via a syringe and the crystals washed 1 x 1.5 mL 

of cold hexane and dried (0.44 g, 60% yield, max possible 66.67% due to 1.5 eq. of 1,4-

dioxane required). 

1
H NMR (C6D6, 300 K) δ (ppm) = 103.92 [bs, aryl CH’s, 2H], 4.89 [bs, CH2, 1,4-dioxane, 

12H], −1.99 [vbs, SiMe3, 36H] 

Anal. Calcd for C24H50BrF2FeN2NaO3Si4 (half of dimer): C 39.83, H 6.96, N 3.87  Found: C 

40.00, H 6.72, N 4.29 

Solution Magnetic Moment (d8-tol, 300 K) = 4.22 μB 

 

[{(dioxane)2·Na2Fe(3-C6H3FOMe)(HMDS)2}
+
{Fe(HMDS)3}

−
]∞ (27) 

A 1 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 5 mL of benzene to which 0.11 mL 
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(1 mmol) of 3-fluoroanisole was added and stirred overnight at 50°C with a colour change 

from dark green to dark orange apparent.  Removal of solvent until precipitate appeared, 

warming and slow cooling allowed for the isolation of large green block crystals.  The excess 

solution was removed via a syringe and the crystals washed 3 x 3 mL of cold hexane and 

dried (0.26 g, 20% yield, max possible 50% due to 2:1 base to substrate required). 

1
H NMR (C6D6, 300 K) δ (ppm) = 105.39 [bs, aryl CH, 1H], 99.84 [bs, aryl CH, 1H], 8.22 

[bs, 1,4-dioxane, 16H], −2.56 & −4.76 [vbs overlapping, SiMe3, 90H], −14.75 [bs, OMe, 3H], 

−69.48 [bs, aryl CH, 1H] 

Anal. Calcd for C45H112FFe2N5Na2O5Si10: C 42.86, H 8.95, N 5.55  Found: C 42.82, H 9.12, 

N 6.59 

Solution Magnetic Moment (d8-tol, 300 K) = 5.01 μB 

  

[dioxane·{Na(PhOMe)3}2]
2+

[{Fe(HMDS)3}2]
2−

 (28) 

A 1 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 5 mL of anisole and stirred 

overnight after which the solution became green/brown.  Cooling to −30°C allowed for the 

isolation of colourless block crystals.  The excess solution was removed via a syringe and the 

crystals washed 3 x 3 mL of cold hexane and dried (0.45 g, 48% yield). 

1
H NMR (C6D6, 300 K) δ (ppm) = 7.23-7.20 [t, meta aryl CH’s, 6H], 7.08-7.06 [d, ortho aryl 

CH’s, 6H], 6.92-6.89 [t, para aryl CH’s, 3H], 3.55 [s, OMe, 9H], −4.77 [vbs, SiMe3, 54H], 

not observed (lost under vacuum) [1,4-dioxane] 

13
C{

1
H} NMR (C6D6, 300 K) δ (ppm) = 329.12 [SiMe3], 160.59 [ipso aryl C’s], 129.84 [meta 

aryl C’s], 121.05 [para aryl C’s], 114.70 [ortho aryl C’s], 55.03 [OMe], not observed (lost 

under vacuum) [1,4-dioxane]  

Anal. Calcd for C39H78FeN3NaO3Si6 (loss of 1,4-dioxane): C 52.96, H 8.89, N 4.75  Found: C 

52.44, H 8.71, N 5.43  
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[dioxane·{NaFe(3,5-C6H2F2OMe)(HMDS)2}2]∞ (29) 

A 1 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 5 mL of benzene and 0.12 mL (1 

mmol) of 3,5-difluorobenzene was added and stirred for 1 hour before leaving sedentary 

overnight after which period the solution has changed from green to tan/brown.  Cooling to 

5°C allowed for the isolation of clear rectangular plate crystals.  The excess solution was 

removed via a syringe and the crystals washed 3 x 3 mL of cold hexane and dried (0.2968 g, 

51% yield). 

1
H NMR (C6D6, 300 K) δ (ppm) = 99.97 [bs, aryl CH’s, 2H], 9.35 [bs, OMe, 3H], 5.40 [bs, 

1,4-dioxane, 4H], −2.24 [vbs, SiMe3, 36H] 

Anal. Calcd for C21H45FeN2NaO2Si4: C 42.99, H 7.73, N 4.77  Found: C 42.03, H 7.62, N 

5.32 

Solution Magnetic Moment (d8-tol, 300 K) = 5.88 μB 

 

[Na2Fe2(HMDS)4(O)] (30) 

0.009 mL (0.5 mmol) of water was added via syringe to a freshly prepared solution of 1 in 

hexane and stirred overnight.  The solution was concentrated to around 10 mL and cooled to 

0°C.  Bright emerald green rhomboidal plate crystals were grown overnight (0.33 g, 81% 

yield). 

1
H NMR (d8-tol, 300 K) δ (ppm) = −0.81 [vbs, SiMe3] 

Anal. Calcd for C24H72Fe2N4Na2O2Si8: C 35.36, H 8.90, N 6.87  Found: C 35.32, H 9.13, N 

7.49 

 

[{dioxane·(NaHMDS)2}∞] (31) 

To 0.184g NaHMDS (1 mmol) in 5 mL of benzene 0.04 mL (0.5 mmol) of 1,4-dioxane was 

added and stirred overnight generating a white precipitate.  All volatiles were removed under 

vacuum to leave a bright white powdered solid.  (0.15 g, 67% yield). 

1
H NMR (C6D6, 300 K) δ (ppm) = 3.33 [s, 1,4-dioxane, 8H], 0.15 [s, SiMe3, 36H] 

13
C{

1
H} NMR (C6D6, 300 K) δ (ppm) = 67.11 [1,4-dioxane], 6.96 [SiMe3] 
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Anal. Calcd for C16H44N2O2NaSi4: C 42.25, H 9.75, N 6.16  Found: C 42.13, H 9.28, N 6.06 

 

[dioxane·LiFe(HMDS)3] (32) 

0.167 g (1 mmol) of LiHMDS and 0.377 g (1 mmol) of Fe(HMDS)2 were combined in a 

Schlenk tube with 20 mL of hexane and stirred for an hour.  0.17 mL (2 mmol) of 1,4-dioxane 

was added to the solution resulting in the precipitation of a white solid, stirring was continued 

for a further 1 hour.  All hexane was removed by vacuum till dryness.  The remaining solid 

was redissolved in 5 mL of C6H5F, stirred for 1 hour and then cooled slowly to -30°C and 

stored in the freezer.  Green, rectangular, plate-like crystals were obtained after several days 

(0.44 g, 70% yield). 

1
H NMR (d8-THF, 300 K) δ (ppm) = 3.85 & 2.00 [1,4-dioxane resonances overlapping with 

solvent resonances], −2.34 [vbs, SiMe3] 

13
C{

1
H} NMR (d8-THF, 300 K) δ (ppm) = 346.95 [SiMe3], 1,4-dioxane obscured by solvent 

resonances 

7
Li NMR (d8-THF, 300 K) δ (ppm) = 0.89 

Anal. Calcd for C22H62FeLiN3O2Si6: C 41.81, H 9.89, N 6.65  Found: C 41.91, H 10.15, N 

6.39 

 

[{dioxane·KFe(HMDS)3}∞] (33) 

0.199 g (1 mmol) of KHMDS and 0.377 g (1 mmol) of Fe(HMDS)2 were combined in a 

Schlenk tube with 20 mL of toluene and stirred for one hour before addition with the solution 

turning from green to clear yellow in 15 minutes.  0.085 mL (1 mmol) of 1,4-dioxane was 

added producing a darker yellow solution and an off-white precipitate.  Stirring was continued 

for 1 hour before all toluene was removed by vacuum till dryness and the solid was 

redissolved in 5 mL of fluorobenzene.  Gentle heating and slow cooing produced large 

colourless plate-like crystals (0.4285 g, 64% yield). 

1
H NMR (d8-tol, 300 K) δ (ppm) = 3.15 [s, 1,4-dioxane, 8H], −2.54 [vbs, SiMe3] 

13
C{

1
H} NMR (d8-tol, 300 K) δ (ppm) = 344.71 [SiMe3], 67.11 [1,4-dioxane] 

Anal. Calcd for C22H62FeKN3O2Si6: C 39.78, H 9.41, N 6.33  Found: C 39.73, H 9.01, N 6.32  
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[{KFe(HMDS)3}∞] (34) 

0.199 g (1 mmol) of KHMDS and 0.377 g (1 mmol) of Fe(HMDS)2 were combined in a 

Schlenk tube with 20 mL of toluene and stirred for two hours.  All toluene was removed by 

vacuum till dryness and the solid was redissolved in 5 mL of fluorobenzene to give a 

brown/green solution.  Layering the solution with 20 mL of hexane produced large colourless 

needle crystals (0.09 g, 15% yield).  Crystals were also produced at ~5°C in toluene with 

hexane layering. 

1
H NMR (d8- THF, 300 K) δ (ppm) = −2.13 [vbs, SiMe3] 

13
C{

1
H} NMR (d8-THF, 300 K) δ (ppm) = 349.58 [SiMe3] 

Anal. Calcd for C25H62FeKN3Si6 (1 monomeric unit + 1 eq. of co-crystallised toluene 

solvent): C 44.93, H 9.12, N 6.29  Found: C 45.18, H 9.12, N 7.08 

 

[dioxane·{NaFe(HMDS)2(CH2SiMe3)}2] (35) 

To a 1 mmol solution of [{NaFe(HMDS)2(CH2SiMe3)}∞] (12) in 20 mL hexane, 0.085 mL (1 

mmol) of 1,4-dioxane was added producing an off-white precipitate.  The mixture was stirred 

for one hour before removing all volatiles in vacuo.  The remaining sandy brown solid was 

redissolved in 5 mL of benzene then concentrated till precipitate appeared, warmed and then 

cooled slowly to generate large green brick crystals (0.16 g, 31% yield). 

1
H NMR (C6D6, 300 K) δ (ppm) = 13.52 [bs, CH2SiMe3, 9H], 6.05 [bs, CH2 1,4-dioxane, 4H], 

−8.56 [vbs, HMDS SiMe3, 36H], CH2SiMe3 H atoms not observed 

13
C{

1
H} NMR (C6D6, 300 K) δ (ppm) = 343.53 [HMDS SiMe3], 256.63 [CH2SiMe3], 71.15 

[CH2 1,4-dioxane], CH2SiMe3 carbon not observed 

Anal. Calcd for C36H102Fe2N4Na2O2Si10: C 40.72, H 9.68, N 5.28  Found: C 40.77, H 9.42, N 

5.79  
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 Chapter 4 III.II.IV

 

[{(dioxane)1.5·NaFe(1,3,5-C6H2F3)(HMDS)2}2] (36) 

A 1 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 5 mL of benzene and cooled to 0°C.  

0.11 mL (1 mmol) of 1,3,5-trifluorobenzene was added and the solution was stirred at this 

temperature for 1 hour before allowing to reach ambient temperature overnight without 

stirring.  A clear colour change of the solution from green to yellow was apparent with the 

appearance of a small quantity of crystals.  Benzene was removed via syringe and the crystals 

washed 2 x 2 mL of cold hexane and dried (0.223 34% yield with respect to 1,3,5-

trifluorobenzene, maximum possible yield 66.67%). 

1
H NMR (C6D6, 300 K) δ (ppm) = 101.64 [s, meta aryl C-H’s, 2H], 4.85 [s, CH2, 1,4-dioxane, 

12H], −2.26 [vbs, SiMe3, 36H] 

Anal. Calcd for C24H50F3FeN2NaO3Si4: C 43.49, H 7.60, N 4.23 Found: C 43.64, H 7.66, N 

4.18 

Solution Magnetic Moment (d8-tol, 300 K) = 4.40 μB 

 

[{dioxane·NaFe(HMDS)2}2(1,3,5-C6HF3)]∞ (37) 

A 2 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 10 mL of benzene and cooled to 

0°C.  0.11 mL (1 mmol) of 1,3,5-trifluorobenzene was added and the solution was stirred at 

this temperature for 1 hour before allowing to reach ambient temperature overnight without 

stirring.  A clear colour change of the solution from green to yellow/brown was apparent with 

the appearance of yellow needle crystals.  Benzene was removed via syringe and the crystals 

washed 2 x 3 mL of cold hexane and dried (0.47 g, 40% yield, based on 1 eq. of co-

crystallised benzene solvent per di-metallated unit). 

1
H NMR (C6D6, 300 K) δ (ppm) = 177.56 [s, para aryl C(4)-H, 1H], 2.49 [s, CH2, 1,4-

dioxane, 16H], −3.14 [vbs, SiMe3, 72H] 

Anal. Calcd for C44H95F3Fe2N4Na2O4Si8 (1 di-metallated unit + 1 eq. of co-crystallised 

benzene solvent): C 44.65, H 8.09, N 4.73 Found: C 44.74, H 7.56, N 4.83  
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[1,3-bis(FeHMDS)-2,4,6-tris(HMDS)-C6H] (38) 

3:1 - A 1 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 5 mL of benzene to which 0.034 mL 

(0.33 mmol) of 1,3,5-trifluorobenzene was added.  The solution was refluxed for one hour and 

exhibited a distinct colour change from green to yellow.  Solvent was removed till precipitate 

appeared and the solution was heated and left to cool and crystallise slowly from ~50°C.  

Large yellow rectangular plate crystals were obtained which were washed 3 x 2 mL of cold 

hexane and dried (0.28 g, 87% yield with respect to 1,3,5-trifluorobenzene). 

2:1 – A 1 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 5 mL of benzene to which 0.052 mL 

(0.55 mmol) of 1,3,5-trifluorobenzene was added.  The solution exhibited a distinct colour 

change from green to yellow after stirring overnight.  Solvent was removed till precipitate 

appeared and the solution was heated and left to cool and crystallise slowly from ~50°C.  

Large yellow rectangular plate crystals were obtained which were washed 3 x 2 mL of cold 

hexane and dried (0.27 g, 54% yield with respect to 1,3,5-trifluorobenzene, maximum 

possible yield 66.67%). 

1:1 - A 1 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 5 mL of benzene to which 0.11 mL 

(1 mmol) of 1,3,5-trifluorobenzene was added.  The solution exhibited a distinct colour 

change from green to yellow within minutes, stirring was continued overnight.  Solvent was 

removed till precipitate appeared and the solution was heated and left to cool and crystallise 

slowly from ~50°C.  Large yellow rectangular plate crystals were obtained which were 

washed 3 x 2 mL of cold hexane and dried (0.21 g, 21% yield with respect to 1,3,5-

trifluorobenzene, maximum possible yield 33.33%). 

1
H NMR (C6D6, 300 K) δ (ppm) = 420.99 [vbs, C-H (C4), 1H], 49.99 [vbs, SiMe3, Fe-HMDS 

or HMDS (4,6), 36H], −18.16 [vbs, SiMe3, Fe-HMDS or HMDS (4,6), 36H], −95.05 [vbs, 

SiMe3, HMDS (2), 18H] 

Anal. Calcd for C36H91Fe2N5Si10: C 43.82, H 9.30, N 7.10 Found: C 43.43, H 9.33, N 7.52  
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 [1,3-bis(FeHMDS)-2,4,6-tris(HMDS)-C6F] (39) 

A 3 mmol solution of 17a was prepared in 40 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 10 mL of benzene to which 0.11 mL 

(1 mmol) of 1,2,3,5-tetrafluorobenzene was added and the solution was refluxed for one hour.  

Upon reaching reflux the solution turned from green to brown/dark red.  The solution was 

slowly cooled to ~5°C upon which flat yellow needle-like crystals were formed over several 

hours.  Benzene was removed via syringe and the crystals were washed 2 x 2 mL of cold 

hexane and dried (0.3243 g, 32.28% yield with respect to 1,2,3,5-tetrafluorobenzene). 

1
H NMR (C6D6, 300 K) δ (ppm) = 49.44 [vbs, SiMe3, Fe-HMDS or HMDS (4,6), 36H], 

−16.41 [vbs, SiMe3, Fe-HMDS or HMDS (4,6), 36H], −104.24 [vbs, SiMe3, HMDS (2), 18H] 

Anal. Calcd for C44H95F3Fe2N4Na2O4Si8: C 43.04, H 9.03, N 6.97 Found: C 43.02, H 8.83, N 

6.97 

 

[1,3-bis(FeHMDS)-2,4,6-tris(HMDS)-C6Br] (40) 

A 1 mmol solution of 17a was prepared in 20 mL of hexane before removing all solvent 

under vacuum.  The green/white solid was redissolved in 5 mL of benzene to which 0.04 mL 

(0.33 mmol) of 1-bromo-2,4,6-trifluorobenzene was added.  The solution was refluxed for one 

hour upon which it exhibited a distinct colour change from green to brown.  Slow cooling 

facilitated the formation of thin yellow rod crystals.  Solvent was removed via a syringe and 

the crystals were washed 2 x 2 mL of cold hexane and dried (0.1245 g, 37% yield with respect 

to 1-bromo-2,4,6-trifluorobenzene). 

 

[1,3-diiodo-2,4,6-tris(HMDS)-C6H] (41) 

Crystals of [1,3-bis(FeHMDS)2-2,4,6-tris(HMDS)-C6H] (38) (1 mmol, 0.987 g) were 

subjected to addition of excess I2 in THF and subsequent organic work-up (detailed vide 

supra).  0.525 g (65% yield) of colourless, block crystals were collected. 

1
H NMR (CDCl3, 300 K) δ (ppm) = 6.59 [s, aryl CH (C5), 1H], 0.27 [s, SiMe3, HMDS (2), 

18H], 0.14 [s, SiMe3, HMDS (4,6), 36H] 

13
C{

1
H} NMR (CDCl3, 300 K) δ (ppm) = 151.45 [aryl CN (C2, C4, C6)], 125.93 [aryl CH 

(C5)], 113.18 [aryl CI (C1, C3)], 4.12 [SiMe3, HMDS (2)], 2.41 [SiMe3, HMDS (4,6)] 
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HR-MS for C24H55I2N3Si6 (807.1101, M+1 = 808.1174) M+1 808.1172 

 

[1,3,5-tris(HMDS)-C6H] (42) 

Crystals of [1,3-bis(FeHMDS)2-2,4,6-tris(HMDS)-C6H] (38) (1 mmol, 0.987 g) were 

subjected to addition of excess H2O and subsequent organic work-up (detailed vide supra).  

0.395 g (71% yield) of large, colourless, block crystals were collected. 

1
H NMR (CDCl3, 300 K) δ (ppm) = 6.21 [s, aryl CH’s, 3H], 0.06 [s, SiMe3, 54H] 

13
C{

1
H} NMR (CDCl3, 300 K) δ (ppm) = 148.30 [aryl CN], 127.96 [aryl CH], 2.42 [SiMe3, 

HMDS] 

Anal. Calcd for C24H57N3Si6: C 51.82, H 10.33, N 7.55 Found: C 51.99, H 10.12, N 7.71 

 

[dioxane·LiFe(HMDS)2(1,3,5-C6H2F3)] (43) 

0.164 g (1 mmol) of LiHMDS and 0.377 g (1 mmol) of Fe(HMDS)2 were added to Schlenk 

tube along with 20 mL of hexane.  After stirring for 1 hour, 0.085 mL (1 mmol) of 1,4-

dioxane was added producing an off-white precipitate.  Hexane was removed under vacuum 

and the solid was redissolved in 5 mL of benzene to give a green solution and to which 0.11 

mL (1 eq.) of 1,3,5-trifluorobenzene was added.  No immediate reaction was apparent even 

after heating and thus the reaction was left to stir overnight.  The solution had turned from 

green to yellow overnight.  Large, flat yellow rod crystals were obtained by reduction of the 

solution volume and slow cooling from ~50°C (0.4666 g, 77.41% yield).  

1
H NMR (C6D6, 300 K) δ (ppm) = 105.60 [s, aryl CH’s, 2H], 9.79 [bs, CH2, 1,4-dioxane, 8H], 

−3.70 [vbs, SiMe3, 36H] 

7
Li NMR (C6D6, 300 K) δ (ppm) = No resonances observed 

Anal. Calcd for C22H45F3FeLiN2O2Si4: C 43.84, H 7.69, N 4.65 Found: C 43.61, H 7.41, N 

4.86 

Solution Magnetic Moment (d8-tol, 300 K) = 4.53 μB  
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III.III Synthesis  and Characterisation of Numbered Organic 

Compounds 

General Procedure for Electrophilic Quenching and Organic Work-Up 

 

Scheme III-1 – General procedure for direct ferration and iodination of fluoroaromatic substrates. 

To a Schlenk tube containing Fe(HMDS)2 (x eq.) and NaHMDS (x eq.) was added dry 

hexanes (20 mL per mmol).  This was stirred for 1 hour then 1,4-dioxane (x eq.) was added.  

After stirring for a further hour all volatiles were removed in vacuo.  The sodium ferrate 

species, [dioxane·NaFe(HMDS)3] (17a), formed was dissolved in dry benzene* (5 mL) and 

the substrate (1 mmol) was added at ambient temperature or the stated temperature.  The 

reactions were allowed to proceed under the conditions given below.  At ambient temperature, 

I2 (5 eq. with respect to 17a) was added.  After stirring at ambient temperature for 1 hour the 

reaction was quenched with a saturated sodium thiosulfate solution.  The organic compound 

was extracted with diethyl ether (3 x 50 mL).  The combined organic fractions were washed 

with brine, dried over magnesium sulfate and solvents removed in vacuo. 

N.B. Some reactions were run in neat substrate instead of benzene. 

 

 Chapter 3 III.III.I

 

Table 3.1, Entry 1: 1-Fluoro-2-iodobenzene (IIa)354
 

Fe(HMDS)2 (1 eq., 1 mmol, 0.377 g) and NaHMDS (1 eq., 1 mmol, 0.184 g) and 1,4-dioxane 

(1 eq., 1 mmol, 0.085 mL) formed [dioxane·NaFe(HMDS)3], which was dissolved in 

fluorobenzene (Ia) (5 mL) and heated at 50°C for 16 hours.  Upon vacuum distillation the title 

compound was obtained as a colourless liquid (0.1649 g, 74% yield). 
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1
H NMR (CDCl3, 300 K) δ (ppm) = 7.78-7.74 (m, 1H), 7.35-7.30 (m, 1H), 7.10-7.06 (m, 1H), 

6.93-6.89 (m, 1H) 

13
C{

1
H} NMR (CDCl3, 300 K) δ (ppm) = 169.94 and 160.49 (m), 139.44 (m), 130.07-130.00 

(m), 125.78-125.71 (m), 115.73 (d, J = 23.1 Hz), 81.27 (d, J = 25.1 Hz) 

19
F{

1
H} NMR (CDCl3, 300 K) δ (ppm) = −93.47 

 

Table 3.1, Entry 2: 1,3-Difluoro-2-iodobenzene (IIb)355
 

Fe(HMDS)2 (2 eq., 2 mmol, 0.754 g) and NaHMDS (2 eq., 2 mmol, 0.368 g) and 1,4-dioxane 

(2 eq., 2 mmol, 0.17 mL). The [dioxane·NaFe(HMDS)3] (17a) formed was dissolved in 

benzene and 1,3-difluorobenzene (Ib) (1 eq., 1mmol, 0.098 mL) was added.  The reaction was 

heated at 50°C for 16 hours.  The title compound was obtained as a colourless liquid upon 

column chromatography (petroleum ether) (0.2010 g, 84% yield). 

1
H NMR (CDCl3, 300 K) δ (ppm) = 7.34-7.29 (m, 1H), 6.92-6.87 (m, 2H) 

13
C{

1
H} NMR ((CDCl3, 300 K) δ (ppm) = 162.76 (dd, J = 5.0, 246.4 Hz), 130.65-130.43 (m), 

111.57-111.16 (m), 71.36-70.78 (m) 

19
F{

1
H} NMR (CDCl3, 300 K) δ (ppm) = −92.08 

 

Table 3.1, Entry 3: 1,2,4-Trifluoro-3-iodobenzene (IIc)356
 

Fe(HMDS)2 (1 eq., 1 mmol, 0.377 g) and NaHMDS (1 eq., 1 mmol, 0.184 g) and 1,4-dioxane 

(1 eq., 1 mmol, 0.085 mL).  The [dioxane·NaFe(HMDS)3] (17a) formed was dissolved in 

benzene and 1,2,4-trifluorobenzene (Ic) (1 eq., 1 mmol, 0.11 mL) was added.  The reaction 

was stirred at RT for 16 hours.  The title compound was obtained as a colourless liquid upon 

column chromatography (petroleum ether) (0.2061 g, 80% yield). 

1
H NMR (CDCl3, 300 K) δ (ppm) = 7.22-7.14 (m, 1H), 6.91-6.85 (m, 1H) 

13
C{

1
H} NMR (CDCl3, 300 K) δ (ppm) = 159.44 and 157.02 (m), 152.20 and 147.80 (m), 

149.66 and 145.25 (m), 117.51-117.23 (m), 110.63-110.29 (m), 72.64-72.07 (m) 

19
F{

1
H} NMR (CDCl3, 300 K) δ (ppm) = −98.22 (d, J = 11.3 Hz), -113.64 (d, J = 11.3 Hz), -

139.40- -139.49 (m) 
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HR-MS (ESI): m/z calcd. for [M]
+
 C6H2F3I = 257.9153.  Found 257.9156 (error = 1.2 ppm) 

 

Table 3.1, Entry 4: 1,2,4,5-Tetrafluoro-3,6-diiodobenzene (IId)357
 

Fe(HMDS)2 (3 eq., 3 mmol, 1.131g) and NaHMDS (3 eq., 3 mmol, 0.552 g) and 1,4-dioxane 

(3 eq., 3 mmol, 0.255 mL).  The [dioxane·NaFe(HMDS)3] (17a) formed was dissolved in 

benzene and 1,2,4,5-tetrafluorobenzene (Id) (1 eq., 1 mmol, 0.11 mL) was added.   The 

reaction was stirred at RT for 16 hours.  The title compound was obtained as a colourless 

solid upon column chromatography (petroleum ether) (0.3526 g, 88% yield). 

13
C{

1
H} NMR CDCl3, 300 K) δ (ppm) = 148.01-147.73 and 145.51-145.23 (m), 73.20-72.64 

(m) 

19
F{

1
H} NMR (CDCl3, 300 K) δ (ppm) = −118.04 

 

Table 3.1, Entry 5: Pentafluoroiodobenzene (IIe)357–360
 

Fe(HMDS)2 (1 eq., 1 mmol, 0.377 g) and NaHMDS (1 eq., 1 mmol, 0.184 g) and 1,4-dioxane 

(0.085 mL).  The [dioxane·NaFe(HMDS)3] (17a) formed was dissolved in benzene and 

pentafluorobenzene (Ie) (1 eq., 1 mmol, 0.11 mL) was stirred at ambient temperature for 16 

hours.  The title compound was obtained as a colourless liquid upon column chromatography 

(petroleum ether) (0.2673 g, 91% yield). 

13
C{

1
H} NMR (CDCl3, 300 K) δ (ppm) = 148.53-148.25 and 146.08-145.82 (m), 142.94-

142.77 and 140.31-140.22 (m), 138.54-138.18 and 136.00-135.64 (m) and 66.29-65.70 (m) 

19
F{

1
H} NMR (CDCl3, 300 K) δ (ppm) = −118.90- −119.01 (m), −151.90- −152.02 (m), 

−159.10- −159.25 (m) 

 

Table 3.1, Entry 6: 1-Bromo-3,5-difluoro-4-iodobenzene (IIf)361
 

Fe(HMDS)2 (1 eq., 1 mmol, 0.377 g) and NaHMDS (1 eq., 1 mmol, 0.184 g) and 1,4-dioxane 

(0.085 mL).  The [dioxane·NaFe(HMDS)3] (17a) formed was dissolved in benzene and 1-

bromo-3,5-difluorobenzene (If) (1 eq., 1 mmol, 0.12 mL) was added at 0°C, stirred for 1 hour 
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then allowed to stand at ambient temperature for 16 hours.  The title compound was obtained 

as a colourless solid upon column chromatography (petroleum ether) (0.2548 g, 80% yield). 

1
H NMR (CDCl3, 300 K) δ (ppm) = 7.11-7.08 (m, 2H) 

13
C{

1
H} NMR (CDCl3, 300 K) δ (ppm) = 162.64 (dd, J = 25.0, 7.0 Hz), 122.9-122.69 (m), 

155.38 (dd, J = 30.2, 4.0 Hz), 70.29-69.70 (m) 

19
F{

1
H} NMR (CDCl3, 300 K) δ (ppm) = −90.57 

 

Table 3.1, Entry 7: 1,4-Dibromo-2,5-difluoro-3,6-diiodobenzene (IIg) 

Fe(HMDS)2 (2 eq., 2 mmol, 0.754 g) and NaHMDS (2 eq., 2 mmol, 0.368 g) and 1,4-dioxane 

(0.17 mL).  The [dioxane·NaFe(HMDS)3] (17a) formed was dissolved in benzene and 1,4-

dibromo-2,5-difluorobenzene (Ig) (1 eq., 1 mmol, 0.2718 g) was stirred at ambient 

temperature for 16 hours.  Upon crystallisation from chloroform the title compound was 

obtained as colourless needle crystals (0.4450 g, 85% yield). 

13
C{

1
H} NMR (CDCl3, 300 K) δ (ppm) = 156.49-154.00 (m), 116.63-116.31 (m), 91.33-

90.93 (m) 

19
F{

1
H} NMR (CDCl3, 300 K) δ (ppm) = −70.38 

HR-MS (ESI): m/z calcd. for [M]
+
 C6Br2F3I2 = 521.6424.  Found 521.6429 (error = 1.0 ppm) 

 

Table 3.1, Entry 8: 4-Fluoro-3-iodobenzonitrile (IIh)362
 

Fe(HMDS)2 (1 eq., 1 mmol, 0.377 g) and NaHMDS (1 eq., 1 mmol, 0.184 g) and 1,4-dioxane 

(0.085 mL).  The [dioxane·NaFe(HMDS)3] (17a) formed was dissolved in benzene and 4-

fluorobenzonitrile (Ih) (1 eq., 1mmol, 0.121 g) was added.  The reaction was heated at 50°C 

for 2 days.  The title compound was obtained as a colourless solid upon column 

chromatography (petroleum ether:ethyl acetate, 95:5) (0.9770 g, 40% yield). 

1
H NMR (CDCl3, 300 K) δ (ppm) = 8.08 (dd, J = 4 Hz, 1H), 7.68-7.64 (m, 1H), 7.18 (dd, J = 

4 Hz, 1H) 
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13
C{

1
H} NMR (CDCl3, 300 K) δ (ppm) = 165.39 (d, J = 54.3 Hz, 1H), 143.35 (d, J = 3.0 Hz, 

1H), 134.7 (d, J = 3.0 Hz, 1H), 116.73 (d, J = 8.0 Hz, 1H), 116.49 (d, J = 4.0 Hz, 1H), 110.32 

(d, J = 4.0 Hz, 1H), 82..10(d, J = 25.1 Hz, 1H) 

19
F{

1
H} NMR (CDCl3, 300 K) δ (ppm) = -83.20 

HR-MS (ESI): m/z calcd. for [M]
+
 C6H3FIN = 246.9294.  Found 246.9301 (error = 2.8 ppm) 

 

Table 3.1, Entry 9: 1-Fluoro-2-iodo-3-methoxybenzene (IIi)363
 

Fe(HMDS)2 (2 eq., 2 mmol, 0.754 g) and NaHMDS (2 eq., 2 mmol, 0.368 g) and 1,4-dioxane 

(0.17 mL).  The [dioxane·NaFe(HMDS)3] (17a) formed was dissolved in benzene and 3-

fluoroanisole (Ii) (1 eq., 1mmol, 0.114 mL) was added.  The reaction was heated at 50°C for 

16 hours.  The title compound was obtained as a colourless oil upon column chromatography 

(petroleum ether:ethyl acetate, 95:5) (0.1964 g, 78% yield). 

1
H NMR (CDCl3, 300 K) δ (ppm) = 7.30-7.24 (m, 1H), 6.74-6.70 (m, 1H), 6.62 (d, J = 8.0 

Hz, 1H), 3.91 (s, OMe, 3H) 

13
C{

1
H} NMR (CDCl3, 300 K) δ (ppm) = 162.79 (d, J = 244.4 Hz), 159.86 (d, J = 6.0 Hz), 

130.22 (d, J = 10.0 Hz), 108.25 (d, J = 20.0 Hz), 106.48 (d, J = 6.0 Hz), 74.14 (d, J = 27.0 

Hz), 56.70 (s) 

19
F{

1
H} NMR (CDCl3, 300 K) δ (ppm) = −91.43 

 

Table 3.1, Entry 10: 1-Fluoro-2-iodo-4-methoxybenzene (IIj)364 

Fe(HMDS)2 (2 eq., 2 mmol, 0.754 g) and NaHMDS (2 eq., 2 mmol, 0.368 g) and 1,4-dioxane 

(0.17 mL).  The [dioxane·NaFe(HMDS)3] (17a) formed was dissolved in benzene and 4-

fluoroanisole (Ij) (1 eq., 1mmol, 0.114 mL) was added.  The reaction was heated at 50°C for 

5 days.  The title compound was obtained as a colourless oil combined with starting material. 

Analysis by NMR spectroscopy containing a ferrocene standard (10%) affords a conversion 

of 45%.  Attempts to purify this compound were unsuccessful. 

1
H NMR (CDCl3, 300 K) δ (ppm) = 7.26-7.24 (m, 1H), 6.99-6.95 (m, 1H), 6.86-6.82 (m, 1H), 

3.78 (s, OMe, 3H) 
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13
C{

1
H} NMR (CDCl3, 300 K) δ (ppm) = 157.65-156.18 (m), 155.29 (m), 123.20 (s), 115.67-

115.42 (m, 2C), 80.91 (d, J = 27.0 Hz), 55.95 (s) 

19
F{

1
H} NMR (CDCl3, 300 K) δ (ppm) = −105.71 

 

Table 3.1, Entry 11: 2-Fluoro-1-iodo-4-methylbenzene (IIk) and 1-Fluoro-2-iodo-

3-methylbenzene (IIk′) 

Fe(HMDS)2 (1 eq., 1 mmol, 0.377 g) and NaHMDS (1 eq., 1 mmol, 0.184 g) and 1,4-dioxane 

(1 eq., 1 mmol, 0.085 mL) formed [dioxane·NaFe(HMDS)3] (17a),  which was dissolved in 3-

fluorotoluene (Ik) (2 mL) and heated at 50°C for 16 hours.  The title compounds were 

obtained as isomer pairs of a colourless solid upon column chromatography (petroleum ether) 

(0.0577g, 24% yield).  A 5:1 ratio for the isomers by ferrocene standard in the 
1
H NMR 

spectrum was observed. 

1
H NMR (CDCl3, 300 K) δ (ppm) Major = 7.62-7.58 (m, 1H), 6.89-6.87 (m, 1H), 6.75-6.72 

(m, 1H), 2.33 (s, Me, 3H);
 1

H NMR (CDCl3, 300 K) δ (ppm) Minor = 7.22-7.17 (m, 1H), 

7.05-7.03 (m, 1H), 6.86-6.85 (m, 1H), 2.49 (s, Me, 3H) 

13
C{

1
H} NMR (CDCl3, 300 K) δ (ppm) Major only = 162.77 (m), 166.35 (m), 140.87-140.80 

(m), 138.83 (s), 126.71-126.79 (m), 116.56-116.33 (m), 20.95 (s) 

19
F{

1
H} NMR (CDCl3, 300 K) δ (ppm) = −90.05 (minor), −95.13 (major) 

GC-MS (ESI): m/z calcd. for [M]
+
 C7H6FI = 235.9498.  Found 235.9 

 

 Chapter 4 III.III.II

 

Table 4.4, Entry 1: 1,3,5-Trifluoro-2-iodobenzene (IIl)365
 

Fe(HMDS)2 (1 eq., 1 mmol, 0.377 g) and NaHMDS (1 eq., 1 mmol, 0.184 g) and 1,4-dioxane 

(1 eq., 1mmol, 0.085 mL).  The formed [dioxane·NaFe(HMDS)3] (17a) was dissolved in 

benzene and after cooling 0°C to the 1,3,5-trifluorobenzene (Il) (1 eq., 1mmol, 0.103 mL) was 

added.  After 1 hour the reaction was allowed to warm to ambient temperature and stirring 

was stopped.  The reaction mixture was left to stand at ambient temperature for 16 hours.  The 
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title compound was obtained as a colourless liquid; analysis by NMR containing a ferrocene 

standard affords a conversion of 58%.  Attempts to purify this compound were unsuccessful. 

1
H NMR (CDCl3, 300 K) δ (ppm) = 6.74 (m) 

19
F{

1
H} NMR (CDCl3, 300 K) δ (ppm) = −89.28 (d, J = 7.5 Hz), −107.65 (dd, J = 7.5 Hz) 

 

Table 4.4, Entry 2; 2,4,6-Trifluoro-1,3-diiodobenzene (IIl’)358
 

Fe(HMDS)2 (2 eq., 2 mmol, 0.754 g) and NaHMDS (2 eq., 2 mmol, 0.368 g) and 1,4-dioxane 

(2 eq., 2 mmol, 0.17 mL).  The formed [dioxane·NaFe(HMDS)3] (17a) was dissolved in 

benzene and after cooling 0°C to the 1,3,5-trifluorobenzene (Il) (1 eq., 1mmol, 0.103 mL) was 

added.  After 1 hour the reaction was allowed to warm to ambient temperature and stirring 

was stopped.  The reaction mixture was left to stand at ambient temperature for 16 hours.  The 

title compound was obtained as colourless needles after column chromatography (petroleum 

ether) (0.2158g, 56% yield). 

1
H NMR (CDCl3, 300 K) δ (ppm) = 6.83-6.78 (m) 

13
C{

1
H} NMR (CDCl3, 300 K) δ (ppm) = 164.51-163.02 (m), 162.03-160.60 (m), 100.55-

99.95 (m) 

19
F{

1
H} NMR (CDCl3, 300 K) δ (ppm) = −69.08 (dd, J = 3.8 Hz), −89.34 (d, J = 3.8 Hz) 

 

Table 4.4, Entry 3, 1,3-Diiodo-2,4,6-tris(HMDS)-C6H (41) 

Fe(HMDS)2 (3 eq., 3 mmol, 1.131 g) and NaHMDS (3 eq., 3 mmol, 0.552 g) and 1,4-dioxane 

(0.255 mL).  The [dioxane·NaFe(HMDS)3] (17a) formed was dissolved in benzene and 1,3,5-

trifluorobenzene (Il) (1 eq., 1mmol, 0.103 mL) was added.  The reaction was heated for 5 

mins before stirring at ambient temperature for 16 hours.  The title compound was obtained as 

a colourless solid upon column chromatography (petroleum ether) (0.5898 g, 73%). 

1
H NMR (CDCl3, 300 K) δ (ppm) = 6.66-6.77 (m) 

13
C{

1
H} NMR (CDCl3, 300 K) δ (ppm) = 149.05 (s), 123.51 (s), 110.76 (s), 1.70 (s), 0.01 (s) 

HR-MS (ESI): m/z calcd. for [M+H]
+
 C24H55I2N3Si6 = 808.1174.  Found 808.1172 (error = 

−0.2 ppm)  
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III.IV X-Ray Crystallography 

Single-crystal X-ray diffraction was performed on Oxford Diffraction Xcalibur and Gemini 

diffractometers at 123 K using Mo Kα (λ = 0.71073) or Cu Kα radiation (λ = 1.54180), 

respectively.  The structures were solved by direct methods and refined on all unique F
2
 

values using the SHELXS
366

 package within either the WinGX
367

 or ShelXle
368

 GUIs. 

Additionally, X-ray crystallographic data of complexes 39 and 40 were collected using 

synchrotron radiation on Beamline I19
369

 at the Diamond Light Source, Oxfordshire, U.K.  

This was carried out in collaboration with Professor Bill Clegg, Dr Mike Probert and Dr Paul 

Waddell at Newcastle University. 

 

  Chapter 1 Crystal Structures III.IV.I

After an initial examination it became apparent that the sample for 1 was a twin with the two 

components related by the matrix 1 0 0 0 -1 0 −1 0 −1.  Refinement with a reprocessed hklf 5 

formatted reflection file gave a much improved final model with the contribution of the minor 

crystal refined to 0.278.  The crystal structure of compound 1 has been deposited into the 

Cambridge Crystallographic Data Centre (CCDC) and has been assigned the following 

number: 1 – 1412548.  Selected crystallographic and refinement parameters are presented in 

Table III-1, Table III-2 and Table III-3. 
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Table III-1 - Selected crystal parameters and refinement data. 

Compound Label 1 2 3 4 

Chemical Identity C18H54FeN3NaSi6 C22H62FeN3NaOSi6 C25H71FeN3NaOSi6 C36H69FeN3NaPSSi6 

Formula weight 560.02 632.12 677.21 854.35 

Crystal system Monoclinic Triclinic Triclinic Triclinic 

Space Group P21/c P-1 P-1 P-1 

a Å 8.7352(4) 11.6122(4) 11.0525(5) 12.0375(8) 

b Å 19.0049(7) 11.8144(4) 11.7597(5) 12.3483(6) 

c Å 20.6750(9) 16.0033(5) 16.5751(6) 18.2344(11) 

α ° 90 73.075(3) 77.222(3) 70.547(5) 

  105.660(4) 87.881(3) 84.935(3) 86.318(5) 

γ ° 90 62.358(4) 76.960(4) 70.498(5) 

Volume Å
3
 3304.9(2) 1848.18(13) 2045.13(15) 2405.7(3) 

Z 4 2 2 2 

λ Å 0.7107 0.71073 1.5418 1.5418 

μ mm
-1

 0.698 0.633 4.897 4.956 

Refls. Collected 9043
a
 26363 23483 16616 

Refls. Unique 9043
a
 9236 8134 9222 

Reflns. Observed 7480
a
 7519 7262 7559 

Rint 
a
 0.0271 0.0712 0.0469 

Goodness of Fit 0.887 1.029 1.065 1.039 

R[I>2σ(I)] 0.0456 0.0397 0.0603 0.0551 

Rw2 0.1142 0.1007 0.1767 0.1514 
a
 Number of reflections in reprocessed hklf 5 formatted reflection file, see text for further details of twinning. 
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Table III-2 - Selected crystal parameters and refinement data. 

Compound Label 5 7 8 9 

Chemical Identity C30H86FeN7NaSi6 C36H100FeN9NaSi6 C30H84FeN7NaSi6 C32H52FeN8NaSi4 

Formula weight 792.43 906.62 790.42 772.87 

Crystal system Triclinic Monoclinic Monoclinic Monoclinic 

Space Group P-1 P21/c P21/n P21/c 

a Å 11.7904(4) 22.8168(3) 11.1714(2) 9.3817(2) 

b Å 11.8650(4) 22.2351(4) 30.1187(6) 20.4274(4) 

c Å 18.4664(8) 22.4243(4) 14.7903(4) 10.5678(2) 

α ° 94.991(3) 90 90 90 

  99.373(3) 96.718(2) 98.831(2) 104.402(2) 

γ ° 103.769(3) 90 90 90 

Volume Å
3
 2454.18(16) 3046.7(3) 4917.47(19) 1961.61(7) 

Z 2 8 4 2 

λ Å 0.71073 0.71073 0.71073 0.71073 

μ mm
-1

 0.489 0.433 0.488 0.895 

Refls. Collected 20802 48730 30603 11789 

Refls. Unique 11173 24993 11233 4897 

Reflns. Observed 8471 16626 8747 3951 

Rint 0.0279 0.0376 0.0350 0.0279 

Goodness of Fit 1.042 1.019 1.023 1.035 

R[I>2σ(I)] 0.0414 0.0501 0.0413 0.0335 

Rw2 0.0916 0.1337 0.0938 0.0749 
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Table III-3 - Selected crystal parameters and refinement data. 

Compound Label 10 11 

Chemical Identity C30H60FeN5NaO2Si4 C37.5H36FeN9NaO 

Formula weight 714.03 707.59 

Crystal system Monoclinic Monoclinic 

Space Group P21/n P21/c 

a Å 12.3817(2) 20.5102(10) 

b Å 20.4492(4) 9.6402(4) 

c Å 16.2656(3) 17.7307(7) 

α ° 90 90 

  101.628(2) 99.067(4) 

γ ° 90 90 

Volume Å
3
 4033.86(13) 7180.4(5) 

Z 4 4 

λ Å 0.71073 1.54178 

μ mm
-1

 0.535 3.974 

Refls. Collected 33383 11902 

Refls. Unique 9918 6609 

Reflns. Observed 7690 3787 

Rint 0.0399 0.0757 

Goodness of Fit 1.031 0.990 

R[I>2σ(I)] 0.0384 0.0573 

Rw2 0.0880 0.1339 
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 Chapter 2 Crystal Structures III.IV.II

For compounds 13, 14 and 16 disordered groups were refined over two sites with appropriate 

restraints imposed on atom to atom distances and on thermal displacement parameters.  Such 

treatment was imposed on a SiMe3 group for 14 and 16, four isopropyl groups for 13 and one 

for 14 and two THF molecules in 14.  The crystal structures of compounds 12-16 have been 

deposited into the Cambridge Crystallographic Data Centre (CCDC) and have been assigned 

the following numbers: 12 - 1412549, 13 - 1412550, 14 - 1412551, 15 - 1412552, 16 - 

1412553.  Selected crystallographic and refinement parameters are presented in Table III-4 

and Table III-5. 
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Table III-4 - Selected crystal parameters and refinement data. 

Compound Label 12 13 14 

Chemical Identity C16H47FeN2NaSi5 C72H126FeN7NaSi6 C55H107FeN4NaO3Si5 

Formula weight 486.85 1337.17 1091.73 

Crystal system Triclinic Monoclinic Triclinic 

Space Group P-1 P21/c P-1 

a Å 10.1531(5) 20.763(3) 10.5144(5) 

b Å 11.8733(5) 21.1154(19) 17.5343(9) 

c Å 12.0556(5) 22.800(6) 18.5349(8) 

α ° 96.895(4) 90 90.401(4) 

  100.584(4) 122.634(13) 96.397(4) 

γ ° 92.769(4) 90 100.632(4) 

Volume Å
3
 1414.56(11) 8418(3) 3336.2(3) 

Z 2 4 2 

λ Å 0.71073 0.7107 0.7107 

μ mm
-1

 0.765 0.309 0.362 

Refls. Collected 8652 59762 37201 

Refls. Unique 5523 16510 14558 

Reflns. Observed 4613 8756 9995 

Rint 0.0249 0.1266 0.0431 

Goodness of Fit 1.026 0.99 1.04 

R[I>2σ(I)] 0.0348 0.0761 0.0571 

Rw2 0.0842 0.1748 0.1533 
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Table III-5 - Selected crystal parameters and refinement data. 

Compound Label 15 16 

Chemical Identity C51H95FeN4O3Si4 C40H74FeN4Si4 

Formula weight 1003.5 779.24 

Crystal system Orthorhombic Monoclinic 

Space Group P212121 P21/n 

a Å 15.2296(3) 13.5831(3) 

b Å 18.0203(4) 16.1634(4) 

c Å 21.9241(6) 21.2440(6) 

α ° 90 90 

  90 90.286(3) 

γ ° 90 90 

Volume Å
3
 6016.9(2) 4664.0(2) 

Z 4 4 

λ Å 0.7107 1.5418 

μ mm
-1

 0.377 3.729 

Refls. Collected 25202 20261 

Refls. Unique 13981 8730 

Reflns. Observed 10724 7148 

Rint 0.0418 0.0451 

Goodness of Fit 1.053 1.021 

R[I>2σ(I)] 0.0567 0.0476 

Rw2 0.1093 0.1283 
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 Chapter 3 Crystal Structures III.IV.III

Structures 18 and 33 were treated with the SQUEEZE routine within PLATON
286

 to remove 

the effects of disordered solvent from the model structures.  For 18 approximately 107 

electron equivalents were removed from 772 Å
3
 of unit cell space.  For structure 33 

approximately 47 electron equivalents were removed from 398 Å
3
 of unit cell space, this is 

believed to correspond to a third of a C6H5F molecule per K atom that was highly disordered 

about the -3 axis.  The F atom of this group made a close approach to the K1 site.  In structure 

22, one of the fluorobenzene molecules is disordered such that the major disorder component 

(74.7%) makes a Na---F contact but the minor disordered component does not (thus formally 

giving a co-crystal of two different metal complexes).  Restraints were applied to both bond 

lengths and displacement parameters of this group to ensure an approximation to typical 

behaviour.  Selected crystallographic and refinement parameters are presented in Table III-7, 

Table III-8, Table III-9, Table III-10 and Table III-11. 
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Table III-6 - Selected crystal parameters and refinement data. 

Compound Label 17 18 19 

Chemical Identity C23H61FeN3NaOSi6 C22H48FFeN2NaO2Si4 C22H47F2FeN7NaO2Si4 

Formula weight 643.12 582.82 600.81 

Crystal system Triclinic Monoclinic Monoclinic 

Space Group P-1 P21/c P21/n 

a Å 8.8451(3) 11.5625(5) 9.4058(2) 

b Å 11.1539(5) 15.6001(5) 17.9992(5) 

c Å 21.0021(6) 21.6820(7) 19.5020(5) 

α ° 100.129(3) 90 90 

  97.667(3) 103.665(4) 95.774(2) 

γ ° 109.543(4) 90 90 

Volume Å
3
 1880.48(13) 3800.2(2) 3284.88(14) 

Z 2 4 4 

λ Å 0.71073 1.54178 0.7107 

μ mm
-1

 0.623 4.682 0.65 

Refls. Collected 19279 26997 16649 

Refls. Unique 7646 7499 6414 

Reflns. Observed 6962 5476 5328 

Rint 0.0157 0.0941 0.0218 

Goodness of Fit 1.062 1.071 1.031 

R[I>2σ(I)] 0.025 0.0826 0.0305 

Rw2 0.0666 0.231 0.0749 

 

  



 III   –   Experimental 

 

241 | P a g e  

Table III-7 - Selected crystal parameters and refinement data. 

Compound Label 20 21 22 

Chemical Identity C44H109F2Fe2N5Na2O4Si10 C26H47F4FeN2NaOSi4 C26H47F4FeN2NaOSi4 

Formula weight 1248.94 670.85 670.85 

Crystal system Monoclinic Monoclinic Monoclinic 

Space Group P21/c P21/c P21/n 

a Å 13.5915(2) 24.1748(7) 17.0380(2) 

b Å 30.6303(4) 12.4609(3) 36.7640(5) 

c Å 17.4637(3) 23.3126(8) 17.0348(2) 

α ° 90 90 90 

  103.705(2) 92.272(3) 91.9630(10) 

γ ° 90 90 90 

Volume Å
3
 7063.34(19) 7017.2(4) 10664.1(2) 

Z 4 8 12 

λ Å 0.71073 0.71073 0.71073 

μ mm
-1

 0.635 0.622 0.614 

Refls. Collected 60487 32552 54981 

Refls. Unique 15556 12544 24381 

Reflns. Observed 12877 8416 18592 

Rint 0.0306 0.0719 0.0269 

Goodness of Fit 1.068 1.033 0.992 

R[I>2σ(I)] 0.0317 0.0497 0.0449 

Rw2 0.0742 0.1323 0.1166 
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Table III-8 - Selected crystal parameters and refinement data. 

Compound Label 23 24 25 

Chemical Identity C19H44F2FeN2NaO2Si4 C26H46F5FeN2NaOSi4 C26H50FFeN2NaO2Si4 

Formula weight 561.76 688.85 632.88 

Crystal system Triclinic Orthorhombic Triclinic 

Space Group P-1 Pbca P-1 

a Å 12.6323(7) 12.0618(3) 11.0268(3) 

b Å 15.4627(8) 23.5955(5) 12.2899(4) 

c Å 16.6028(9) 25.4327(6) 14.4109(4) 

α ° 77.416(4) 90 104.165(2) 

  74.423(5) 90 94.490(2) 

γ ° 84.634(4) 90 108.306(2) 

Volume Å
3
 3046.7(3) 7238.3(3) 1772.01(9) 

Z 4 8 2 

λ Å 0.71073 0.71073 0.7107 

μ mm
-1

 0.696 0.608 0.602 

Refls. Collected 23936 21158 17382 

Refls. Unique 11506 7639 7784 

Reflns. Observed 9348 4916 6055 

Rint 0.0279 0.0619 0.0296 

Goodness of Fit 1.108 0.944 1.056 

R[I>2σ(I)] 0.0452 0.0509 0.0376 

Rw2 0.1181 0.1218 0.0895 
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Table III-9 - Selected crystal parameters and refinement data. 

Compound Label 26 27 28 

Chemical Identity C48H100Br2F4Fe2N4Na2O6Si8 C48H112FFe2N5Na2O5Si10 C82H164Fe2N6Na2O8Si12 

Formula weight 1447.53 1260.97 1856.94 

Crystal system Monoclinic Monoclinic Orthorhombic 

Space Group P21/n P21/c Pbca 

a Å 16.2918(4) 13.6708(6) 15.8340(8) 

b Å 11.0502(3) 30.4612(13) 22.2719(10) 

c Å 21.0172(5) 17.6993(5) 30.5970(12) 

α ° 90 90 90 

  107.206(3) 103.040(4) 90 

γ ° 90 90 90 

Volume Å
3
 3614.35(17) 7180.4(5) 10790.1(8) 

Z 2 4 4 

λ Å 0.7107 0.71073 0.7107 

μ mm
-1

 1.704 0.625 0.458 

Refls. Collected 27083 44780 31282 

Refls. Unique 8600 14600 10550 

Reflns. Observed 6671 11366 7538 

Rint 0.0335 0.0417 0.0362 

Goodness of Fit 1.026 1.133 1.038 

R[I>2σ(I)] 0.0351 0.0490 0.0391 

Rw2 0.0801 0.1042 0.0927 
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Table III-10 - Selected crystal parameters and refinement data. 

Compound Label 29 30 31 

Chemical Identity C42H90F4Fe2N4Na2O4Si8 C24H72Fe2N4OSi8 C28H56N2Na2O2Si4 

Formula weight 1173.57 815.25 611.08 

Crystal system Triclinic Triclinic Monoclinic 

Space Group P-1 P-1 C2 

a Å 8.9433(5) 8.9460(6) 18.5766(12) 

b Å 12.1304(6) 10.6305(7) 10.2593(6) 

c Å 15.8452(8) 12.7643(6) 10.7149(9) 

α ° 79.360(4) 96.780(5) 90 

  83.202(4) 109.279(5) 111.799(7) 

γ ° 69.189(5) 98.908(5) 90 

Volume Å
3
 1576.60(15) 1113.21(12) 1896.1(2) 

Z 1 1 2 

λ Å 0.7107 1.5418 0.71073 

μ mm
-1

 0.675 7.657 0.204 

Refls. Collected 23052 7869 12911 

Refls. Unique 7499 4342 5054 

Reflns. Observed 6207 4105 3920 

Rint 0.0316 0.0284 0.0375 

Goodness of Fit 1.036 1.055 1.147 

R[I>2σ(I)] 0.0334 0.0354 0.0484 

Rw2 0.0840 0.0945 0.1347 
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Table III-11 - Selected crystal parameters and refinement data. 

Compound Label 32 34 35 

Chemical Identity C22H62FeLiN3O2Si6 C22H57.33F0.67FeKN3Si6 C36H102Fe2N4Na2O2Si10 

Formula weight 632.07 640.20 1061.79 

Crystal system Triclinic Trigonal Monoclinic 

Space Group P-1 R-3c P21/n 

a Å 11.4886(6) 17.9746(3) 11.1045(3) 

b Å 11.8851(5) 17.9746(3) 17.4432(4) 

c Å 15.5936(7) 17.9746(3) 17.0441(5) 

α ° 104.849(4) 97.773(3) 90 

  90.192(4) 97.773(3) 106.453(3) 

γ ° 116.461(5) 97.773(3) 90 

Volume Å
3
 1825.41(17) 5631.0(3) 3166.22(15) 

Z 2 6 2 

λ Å 0.71073 0.7107 0.7107 

μ mm
-1

 0.632 0.723 0.691 

Refls. Collected 22556 21410 33154 

Refls. Unique 8604 4803 7847 

Reflns. Observed 6476 3788 6214 

Rint 0.0527 0.0351 0.0478 

Goodness of Fit 1.020 1.065 1.037 

R[I>2σ(I)] 0.0435 0.0442 0.0345 

Rw2 0.1052 0.1474 0.0856 
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 Chapter 4 Crystal Structures III.IV.IV

Structure 38 had a plate-like morphology and required an analytical absorption correction 

based upon face indexing to be applied.  All other structures had absorption effects corrected 

by using multi-scan techniques.  Selected crystallographic and refinement parameters are 

presented in Table III-12 and Table III-13. 

Table III-12 - Selected crystal parameters and refinement data. 

Compound Label 36 37 38 39 

Chemical 

Identity 
C48H100F6Fe2N4Na2O6Si8 C50H101F3Fe2N4Na2O4Si10 C36H91Fe2N5Si10 C36H90FFe2N5Si10 

Formula weight 1325.71 1261.74 986.73 1004.72 

Crystal system Monoclinic Triclinic Monoclinic Monoclinic 

Space Group C2/c P-1 P21/n P21/n 

a Å 29.6087(16) 11.8043(7) 9.06940(10) 9.0520(11) 

b Å 12.8261(6) 17.2228(6) 29.2209(3) 29.248(3) 

c Å 20.4428(11) 18.2847(11) 65.2735(5) 21.767(3) 

α ° 90 86.444(4) 90 90 

  112.430(6) 73.146(5) 91.9310(10) 91.359(2) 

γ ° 90 89.159(4) 90 90 

Volume Å
3
 7176.1(7) 3550.8(3) 17288.7(3) 5761.4(12) 

Z 4 2 12 4 

λ Å 0.71073 0.71073 1.54178 0.6889 

μ mm
-1

 0.607 0.602 6.237 0.686 

Refls. Collected 18637 38785 82217 80243 

Refls. Unique 7261 15595 33731 14373 

Reflns. Observed 5579 12350 26021 12889 

Rint 0.0328 0.0351 0.0504 0.0599 

Goodness of Fit 1.027 1.170 1.034 1.084 

R[I>2σ(I)] 0.0376 0.0510 0.0527 0.0362 

Rw2 0.0871 0.1197 0.1335 0.1057 
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Table III-13 - Selected crystal parameters and refinement data. 

Compound Label 40 42 43 

Chemical Identity C36H90BrFe2N5Si10 C24H57N3Si6 C22H46F3FeLiN2O2Si4 

Formula weight 1065.63 556.27 602.76 

Crystal system Monoclinic Trigonal Orthorhombic 

Space Group P21/n R-3c Pna21 

a Å 9.1503(6) 11.1596(3) 18.1713(6) 

b Å 29.340(2) 11.1596(3) 17.2228(6) 

c Å 21.8190(14) 48.9347(9) 18.2847(11) 

α ° 90 90 90 

  91.400(2) 90 90 

γ ° 90 120 90 

Volume Å
3
 5856.0(7) 5277.7(2) 3145.40(15) 

Z 4 6 4 

λ Å 0.6889 0.71073 0.7107 

μ mm
-1

 1.298 0.254 0.671 

Refls. Collected 87573 29802 12054 

Refls. Unique 14410 1623 6913 

Reflns. Observed 12889 1533 6222 

Rint 0.0605 0.0276 0.0272 

Goodness of Fit 1.073 1.120 1.064 

R[I>2σ(I)] 0.0538 0.0329 0.0399 

Rw2 0.1633 0.0894 0.0907 
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III.V  Supplementary Magnetic Data 

Table III-14 details the parameters obtained from fitting the experimental data to the 

generalised Debye model
343

 for compound 38, as shown in Figure 4.21 in Section 4.2.5.2. 

Table III-14 - Fitted parameters for the AC susceptibility data of 38 in the Cole-Cole regime obtained under the 

applied magnetic field of 1000 Oe. 

T (K) χS (cm
3
 mol

−1
) χT (cm

3
 mol

−1
) τ (s) α Residual 

1.80 0.13513 6.76363 0.00575 0.16856 0.01621 

2.00 0.18843 6.1141 0.00338 0.13302 0.02864 

2.25 0.23567 5.50473 0.00203 0.10532 0.03038 

2.50 0.26864 4.99765 0.00132 0.08899 0.0228 

2.75 0.27817 4.57885 9.23174 x 10
−4

 0.08296 0.01444 

3.00 0.29139 4.21863 6.84494 x 10
−4

 0.08152 0.00855 

3.25 0.29439 3.90993 5.27113 x 10
−4

 0.08389 0.00626 

3.50 0.29968 3.63089 4.1911 x 10
−4

 0.08585 0.0047 

3.75 0.30782 3.38677 3.42443 x 10
−4

 0.08829 0.00351 

4.00 0.30532 3.16581 2.83296 x 10
−4

 0.09233 0.00459 

4.25 0.29465 2.97621 2.40134 x 10
−4

 0.09795 0.00366 

4.50 0.31461 2.80036 2.09104 x 10
−4

 0.09572 0.00252 

4.75 0.33222 2.64555 1.84191 x 10
−4

 0.09754 0.00325 

5.00 0.35245 2.49821 1.65238 x 10
−4

 0.09199 0.00226 

5.25 0.38376 2.36902 1.50688 x 10
−4

 0.08886 0.00173 

5.50 0.35628 2.24863 1.34459 x 10
−4

 0.08899 0.00125 

5.75 0.39476 2.13976 1.24406 x 10
−4

 0.08289 0.00117 

6.00 0.38684 2.03971 1.13655 x 10
−4

 0.08056 9.91824 x 10
−4
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Table III-15 details the parameters obtained from fitting the experimental data to the 

generalised Debye model
343

 for compound 39, as shown in Figure 4.22 in Section 4.2.5.2. 

Table III-15 - Fitted parameters for the AC susceptibility data of 39 in the Cole-Cole regime obtained under the 

applied magnetic field of 1000 Oe. 

T (K) χS (cm
3
 mol

−1
) χT (cm

3
 mol

−1
) τ (s) α Residual 

1.85 0.19561 7.64042 0.00151 0.01878 0.01059 

2.00 0.20206 7.36881 0.00129 0.02278 0.01093 

2.20 0.22925 6.86525 0.00102 0.01751 0.00984 

2.40 0.23941 6.46735 8.4589 x 10
−4

 0.02185 0.01178 

2.60 0.24487 6.16204 7.35572 x 10
−4

 0.02468 0.014 

2.80 0.25326 5.93952 6.63236 x 10
−4

 0.02721 0.00935 

3.00 0.25765 5.71126 6.02998 x 10
−4

 0.02664 0.01156 

3.25 0.26858 5.4646 5.42649 x 10
−4

 0.02538 0.00927 

3.50 0.27511 5.25195 4.92991 x 10
−4

 0.02866 0.00683 

3.75 0.27653 4.97639 4.41366 x 10
−4

 0.02749 0.00735 

4.00 0.28152 4.67893 3.88098 x 10
−4

 0.02863 0.00686 

4.25 0.28347 4.40799 3.43673 x 10
−4

 0.02967 0.0049 

4.50 0.29421 4.15393 3.06942 x 10
−4

 0.02874 0.00373 

4.75 0.29526 3.91872 2.75997 x 10
−4

 0.02845 0.00277 

5.00 0.29451 3.70068 2.48469 x 10
−4

 0.02944 0.00205 

5.25 0.29083 3.50329 2.24893 x 10
−4

 0.029 0.00239 

5.50 0.29769 3.32597 2.05021 x 10
−4

 0.02899 0.00179 

5.75 0.29799 3.16157 1.88254 x 10
−4

 0.02663 0.00143 

6.00 0.29787 3.00875 1.72321 x 10
−4

 0.02601 0.0013 

6.50 0.30406 2.74171 1.47179 x 10
−4

 0.02355 6.37721 x 10
−4

 

7.00 0.32038 2.51292 1.27211 x 10
−4

 0.01896 3.57077 x 10
−4
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