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ABSTRACT

A new method using silver nitrate and (PPNY¥\&3 ionic nitrate transfer reagents has
resulted in previously unknown polyniteaiMain Group complexesn particular, the
homoleptic hexanitratosilicate as the salt (PSINNOz)s (PPN = (PBPLN). Unlike
other silicon nitrateshe compound ishermally stable, with onset of decomposition at
138°C Thermal decomposition of thedmpoundproceedwia loss of NQ and Q to give
SiOz. The asenic(lll) nitrates As(NG@)z and (PPN)AsSCI(NOz). were preparedusing a
similar methodolgy. These two compounds are thermally labile and decompose within
two hrs.The nitrato ligandctan act as a lagen bond accepter. Strong halogen bonds are
present in the solidtate structure of {(inethyt3-bromopyridinium)}e(NQGs)s (E = Ge,
Sn). Phlegmatising cations have been used to preparevademt homoleptic azido
ger manat es ( 171 ) withoudthe seedaoh bulkgneéssonds idgnor ligands,
(PPh)Ge(Ne)z and (PPBSN(Ns)s. Both compounds represent the first homoleptic low
valent germanium(ll) and tin(ll) azideszormation ofLewis base adducts binary Main
Group azidess a converent method of sibilising theseshock and friction sensitive
specieslt has been demonstrated tf@halopyridine)Si(Ns)4 (halo = Br or I)form weak
halogen azide interactions in the sedidite N-heterocyclic carbenéNHC) adductsof
Si(N3)s and P(N)s were preparedand fully characterisedComplexes containing
amidinatoligands @PPNCN) of P(lll), P(V) and Si(IV) azides, and a Si(IV) hydride azide
have been synthesiseddaoharacterisedThese compounds ardeal precursors for the
synthesis of lowvalent silicon ad phosphorus azideReduction of (NHCSi(Ns)4 with
KCg and salt metathesis of (NH8ICL with sodium azideaffords the same product,
thought to b NHC)(N3)Si(n2-N)2Si(Ns)(NHC). Reduction of fPPNCN)E(Ns)x (E = Si, x

= 3; E = P, x = 2r 4) and (NHC%i(N3)4 with magnesium(l) dimers form&PPNCN)E
and (NHC)S;j despite stoichiometry, arftNacnacMgN as productsDependent on the
R-group RNacnacMgN has either dexameic or trimeric structuren non-coordinating
solventsand the solistate ~ deazdindationrd r e act i PPNCM)BH(M)eand  (
either NHC or Li(N(SiMe3s)2 was unsuccessful giving peculiar Si(IV) hydride azides:
(“PPNCN)SiH(Ns)2(abnormalNHC) and @PPNCN)SiH(Ns)(N(SiMes)y). The
N-heterocyclic carbene'Bu redwes (“PPNCN)SiH(Ns)2, howevey the only isolable
product was (I'BUH)[(*PPNCN)SiH(Ns)s]. Three triazenides have been succebsful
synthesised and characterisedvith  either sodium or (PPN) cations.
1,3-bis(p-methoxyphayl)triazenide (bpat) and 1-/8s(p-methoxyphenyl)triazenide (bptt)



were investigated as namergetic ligandsEach triazenideacs as a bidentate ligand
towards silicon forming (bpttpSiCl. and (bpapSiCl. as products despite a 1:1
stoichiometry  between triazenide and SiGl The nitrogenrich triazenide
1,3-bis(1-methyltetrazols-yl)triazenide (b1mtt) was prepared with sodium and (PPN)
counterions. The reaction between Sn&id (PPN)(b1mtt) gives (b1mtt)SnQlith the
triazenide acting as terdentatdigand via the central nitrogen atom of the triazenide unit
and a nitrogen atom from each of the tetrazolesl-aminotetrazole and
1l-amino5-methyltetrazole were synthesised, wewer, in very poor yields in a
time-consuming synthesis. It was possible to prepare the
1,3-bis(5methyltetrazoll-yl)triazenide however, the PPN salt of the anion was not
isolated as a pure cqround.
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1.INTRODUCTION

Nitrogenrich molecules have been extensively studied as candidates for energetic
materials, owingto their propensity to releaskarge amounts ofdinitrogen on
decomposition. Incorporation afitrogenrich ligands to appropriate coordination
centres provides aconvenientmethod of producing a molecule with a high nitrogen
content.For this purpose,mexcellent choice of ligand ih¢ azide anioras an all
nitrogen speciesHowever, conventional energetic materials rely on the oxidation of
organic molecules, such as nitroglycerine and trinitrotoluene. Therefdner thtina
nitrogenrich coordination complex an alternative would b® combinean oxygenrich
coordination complexvith an organic substrat® ensure the complete combustion of
organic material. Unlike the azide anion, polyoxygen ligands are difficult to handle and
source, however, theitrate anion is a suitable substitute. Ammonium nitrate is
commonly added to organic explosives to increase performanceobidipg more
oxygen for combustiarMain group coordination centres are an attractive option in the
field of energetic coordinationhemistry, as they are relatively cheap and potentially
less sensitive texternalstimuli, such as lightcompared tal- andf- block elements.

The Lewis acidic nature of a majority gtblock elements allowshe synthesis of
complexes with a high numbef nitrogen andoxygenrich ligands, a hypercoordinate
complex. On the other hand, low coordinate complexes are highly interesting chemical
systems that haveebn at the forefront of modern Mainrdbp researcHor the last
decade. Combining energetic digd chemistry with theséow valent coordination

centres opens up tEmtial avenues of excitingsearch.

1.1 Hypercoordination and hypervalency

The natire of the bonding ircomplexeswith p-block elements functioning as a
coordination centréias been debated since the 1920swis argued that complexes
containing more than four ligands broke the oatéle. Each coordination bond
described as awo-centre tweelectron(2c-2e) bond.The molecu¢ SFs, for instance,
would containsix bondingelectron pairsand, thus, breakhe octet rulé.On the other
side of the argumentangmuir preferreé bonding modeahat upheld thectet rule and

assumedn ionic componeritin SFs this leads t@ number of salike resonance forms
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of the formula[SF4)?*(F )2. Of course, bth of thearguments put forward fall short of
explaining the stability of the compoundseStisfactorily from a modern perspeet

If the octet rule is broken the extra bonding electrons would reside in antibonding
orbitals and weakening the coordination bonds. The ionic descriptiand lead to
thermodynamically unfavourable charge separation.

Another popular theory to desbe bonding in such molecules was put forward by
Rundle and Pimentel in the 1940s and 19503his introducedthe concept of a
four-centrethreeelectron (4€3e) bond. A similar theory was postulated by Sugden in
the 1930s involving a twacentre oneelectron (2€le) bond. However, this theory was
poorly accepted at the timleThe 4e3e bond theory viewed the bonds as two linear
2c-1e bonds

The moleculesunder discussiomere described asypervalentoy Musher in 1969.

He suggested that these molecules welique in that th@atomacting as a coordination

centrecan possess identical, monovalent ligands that bond in two differentWhys.

term hypervalenthas always been controversial. Its definition requires a molecule to

contain more thariour electron pairs around a single atottnerefore, exceeding the
electronoctet. In 2002, Gillespie and Silvi describedthete as fAnot a wusef ul
on the grounds that the properties of hypervalent molecules were not significantly
different to Lewis octet molecules. Therefore, hypervalent molecules should be
considered rather d&gpercoordinateas theyhave a coordinationumber larger than the

standard valencgf a particulaelement’

The nature of the orbitals involved in the bonding in mgperdinate molecules has
sparked debate, too. It was onglly considered thad-orbitals of the atom at the
coordination centreare involved This idea was helped by the fact that the only
hypercoordinate mlecules known always containedlementsbelonging to the third
row or lower in the periodic tahl€learly, the gbridisation of ones, threep and twod
orbitals results in sisp’d? hybrid orbitals which satisfy the octet rule and georoatri
requirements around the molecule. However, the energy al-thibitals is much too
high to hybridiseeffectively with thep- ands- orbitals. The enthalpy gain provided by
bond formationinvolving such hybridss not enough to account for the promatiaf an
electron to thesp’d® hybrid. To avoid this problem, molecular orbital (MO) theory can
be used in which symmetry adapted linear combinations (SALCs) can be calculated for
the complexes adhering tpoint group,On. This results in six SALCs thatamsform

with the Aig, T1u andEg symmetryspeciesThe same treatment can éasilyapplied to
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molecules of other geometrieBigure 11 showsthe MO diagrams of a tetrahedral,

trigonal bipyramidal and an octahedral molecwi#h a Main Goup coordination
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Figure 1.1. MO diagrams foMain Group tetrahedral (top left), trigonal bipyramidal (top right)
and octahedral (bottom) molecul&olecular orbital labels omitted for clarity.

From Hgure 1.1, it is cleathat as the coordination number exceeds four a non
bonding orbital is present in the bonding mod¢lis leads to four bonding orbitals and
a number of ligandentred norbonding orbitals, dependant on the geometry of the
molecule, without the need of thetorbitals. The overall treatment allows a valid
desciption for the phenomenon bfypercoordination without breaking the octet rule or

having an ionic component in the bonding scheme.



1.2 Low valence and the inert pair effect

If hypercoordinations the phenomenon involving a molecule appearing to coatain
Main Group atom withmore than fourelectron pairs, then low valence is a molecule
containingan atom withfewer than fourelectron pairsAnother definition requires a
molecule to have m atomwhich is assigne@n oxidation statéhat islower than its
principal oxidationstate In reality, while there are several examples where the former
definition is true, e.g. Sn&lhas six electrons in the outer shell, the latter definition
considers moledas that have eight electrons in theéeswshell and can still be regarded
aslow valent, e.gin [SnCk]' the coordination centre can be thought as bearigigt
valenceelectrons.

When considering low valency it is best illuséréh with an example. Methane carbon
has a valency of four, whereastire simplest carbene, GHarbononly has a valency
of two. Figure 1.2 shows theonventionalhybridisation of the carbon atom in both
cases. In methane, the carbon atom is describegd &ybridised, whereathe carbon
atom in a carbene is describedsaéhybridised. From fgure 1.2 it is cleathat in the
low valent cas@loneelectronpair resides in & orbital leaving ap-orbital empty On
descendingsroup 14 and changing from carbon to silicon to germantumand lead
theenergygap between theandp orbitals increases. Consequently, the elestiarthe
s-orbital become less involved in bonding and penetrate closer to the ninctelation

to those in the outgrorbitals This is the premise of theert pair effect
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Figure 1.2. Representation of the electronstructure of the carbon atom: Top: carbon atom
with a valency of four. Bottom: carbon atom with a valency of. tectrons provided by
bonded atoms are omitted.

The inert pair effect was first proposed by Nevil Sidgwin 1927, where he
describedse | ectrons in heavy Madnerhpai@¥ Ao sinmple el e me |
explaration is that theenergygapbetween thes-orbital andp-orbital istoo large, thus
preventing thes-electrondrom participatingn bonding. Fbwever, this argument breaks
down by simply inspecting the second and third ionisation potentials (IPs) of Group 13
elements. It would be expected that these potentials should increase down the group as

the electrons become more Ainerto.

Element First IP Second IP Third IP  Second + Third IF
B 800.6 2427.1 3659.7 6086.8
Al 5775 1816.7 2744.8 4561.5
Ga 578.8 1979.3 2963 4942.3
In 558.3 1820.6 2704 4524.6
T 589.4 1971 2878 4849

Table 11. lonisation potentials of Group 13 elements in kJ kol

As seen in @ble 1.1, the order of the sum of second and third IPs down the group, In
< Al < Tl < Ga < B,clearly shows no such trend and that there is rather a general

decrease down the group as electrons lie further away from the nucleus. Relativistic
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effects are responsible for the phenomenon that the IP sum is larger for thallium over
indium while thed-block contraction explains the high IP of gallium. Drago, in 1958,
attempted to evaluate the inert pair effect by lookinthathermodynamic data of the
halides of Groups 13 and 1%He suggested that the instabilitigsPb(1V) chloride for
instancej s rel ated to a decrease in the degree
energy required to oxidise the elementre toordination centre to tlexidation state
+IV is too greain comparisorto any energy gained frompoduci ng f our ET CI
andtherefore, the oxidation statél is more stable in this case. As stated earlier, these
s-electrons penetratelativelyclose to the nucleus. A heavier nucleus results in these
electrons travelling close to the speed ofiignd, therefore, relativistic effects begin to
become significant. These effects were studiet @92 and backed up Drag
that the enthalpy of formation of Pb1 ClI i s
to the oxidation state-1Vv.1!

It is clear that a comparison of the stability of difiet oxidation states between
elements in a certain group should be made with caution. Rather, a fair comparison
would be between the two oxidation states of a particular element. In Group 14, tin and
lead exhibit a preference towards the oxidation stHteGermanium and silicon show a
preference for the oxidation stat¢V. This makes the synthesis of Si(ll) and Ge(ll)
compounds a preparative challenge. A number of methods have been employed to
stabilise such species with the two most successful beibdisdtion via s donation
from an Nheterocyclic cebene (NHC) or stabilisation through bulky, anionic N donor
ligands.These classes of compounds have a diverse and rich chemistry. Germanium(ll)
centres have been synthesised without such a need for stabilising ligand&eCi] -,
while no such examples exist for silicon, demonstrating further the relative instability of

the Si(ll) oxidation state.

1.3 ExplosophoricLigands

The study of energetic materials has always remained at the forefront of scientific
research and has changed dramatically over t
safe handling of nitroglycerine to energetic coordination polymers that have emerged in
the last decad® '® Unsurprisingly, with theneed of such compounds in the use of

explosives and propellants, a variety of different classes of energetic materials have



been prepared in attempts to improve and increase their efficiency. A conventional
energetic material primarily contains a cardmsed backbone, whichon
decomposition produce various environmentally unfriendly carbon oxides depending
on the appropriate oxygen balance. Thesavanted products make nitrogbased
energetic materials desirable as the main product of decompositimitisgen gas.

Two types of nitrogetibased energetic compounds a@enceivable. These are (i)
organic nitrogerbased compounds, such a8,53bis(1Htetrazolyl)amine and
5,58 bis(1Htetrazolyl)hydraime, and (ii)using an endothermic ligan@xplosophoric
ligand) on a coordination centf@€® Examples of endothermic ligds include
peroxide, nitrate, azide, tetrazolate, hydrazand others. Oxygerbased ligands acts
oxidisers to organ substrates whereas nitrogeased ligands provide large enthalpic
component through tlrepropensity torelease dinitrogen gas. Theeuof such ligands
has resulted in novel coordination complexes friblain Group complexes such as
(cyclo[P(Ns)2]sN3) to transition metal coordination polymers [Ni#NH,)2]2*.1922

Azide and nitrate anions are ideal candidates as ligands for@®taump coordination
centres.The nitrate anion is a planar tetratomic group consisting of three oxygen atoms
in a trigonal arrangement around a single nitrogen atom. Each oxygen atom is
equidistant from the nitrogen atom as a result of a single, negatargec dcalised
over al |l © bohdeisshorter than a Bingle bond, though slightly longer than
that of a double bontf. The azide anion is a linear arrangement of three nitrogen atoms
carrying a single negative overall charge. The terminal nitrogen atoms are equidistant
from the centre. The simplest known azido and nitratopgounds are the protic acjds
HNs and HNQ. Hydrazoic acid was first synthesised in 1890 by Curtius by the addition
of sulfuric acid tosodium azidg* whereasnitric acid has been known faeveral
centuries in alchemy aaqua fortis. The commercial synthesis of nitric acid was
developed by Ostwald in 1907 by oxidising ammonia with oxygen over a platinum
catalyst at 300°€>

The molecular geometry ofytirazoic acid is well understood, both theoretically and
experimentally. In 1940, infrared (IR) spectroscopy gave the first account on the
molecular geometry of H{® which was supplemented by electron diffraction
experiments reported in 1942.Both of these reports confirmed (&7 N(b) and
N(b)T N(g) (HT N(a)i N(b)i N(g)) bond lengths of 1.24 A and 1.13 A, respectively,
assuming the nitrogen atoms were in a linear arrangemespitBdhese results and

further computational studies it was not until 2011 when the solution phaselahd s
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phase structuresf pure HN were investigated experimentally BN nuclear magnetic

resonance (NMR) spectroscopy anera¥ diffraction method$® HNs; was shown to

contain an ionic azide in the solution phase"ty/NMR with identical chemical shifts

for N(a) and Ng) atoms In contrast toetheeal hydrazoic acid, which displaysree

signals in the NMRspectrumsuggestig a covalent azid€. In the solid phase, HN

crystallises in arepeatedtwo-| ay e r structure with only wvan
between the two layers.

et
“\a\g'

Figure 1.3. Thermal ellipsoid plot of hydrazoic acid, blue, N; white, Hlipsoids are set dahe
50% probabilitylevel. Image generated from cif file from refererz@

In comparison, the crystal structures of hydrated and anhydrouss M@ first
determined by Xay diffraction in the 1950%. Luzatti determined that HNO
crystallises in the space grolj2:/c below the melting point of 232 K. Thaystal
structure is remarkablgomplex for such aimple molecule. In the unit cell there are
four molecules that form hydrogdronded chains along the crystallographbiaxis
packed in a herringbone arrangement. It was noted by Luzatti that the structure
contained disorder from the presence of streaksthen Weissenberg photographs
parallel toOkl. The measurement was repeated in 2010 by Adtaad in their work on
the high pressure structure mtric acid. In their attempts at solving the structure they
noticed systematic absences in the diffractiongpatthat did not fit those expected for
an orthorhombic or monoclinic latti¢é. This was attributed to the fractional

coordinates of the central nitrogen atom in each independent molecule haxingoan
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z value close to 0, 1/4, 1/2, 3/4, which created artificial absences natdretatthe
presence of a symmetry operation. This same observation was made by Luzzati in the
1950s.

-

Y

“

Figure 14. Thermal ellipsoid plot of the unit cell of HNOshowing the herringbone
arrangementred: oxygenEllipsoids are set to the 50ptobabilitylevel. Image generated from
cif file from reference 31.

In terms of the energetic content of azides, tiieoduction of an azido group to an
organic molecule increases the enamggased on decomposititly approximately 355
kJ mol13? This increase in energy content is due to the difference in covadeat
di ssociation enthalpy of NT N, N=N and NI
extensive research into inorganic azides and its use as a ligand to transition metal and
Main Group coordination centré$34In the case of the nitrato ligand, transition metal
nitrato complexes are known and well characterised; however, reports on Mi&iato
Group complexes, except@ip 13, are lacking’

Besides the nitrato and azido ligands, other enerdig@nds can be used for
coordination complexes. However, teegroups are often poor ligdm For example,
chargeneutralhydrazine isa weaker Lewis baseompared to an anionigand As a
consequence, very few endothermic ligands have been used and the only -mittogen
ligand commonly used is the azide anidttempts toprepare polynitrogn molecules
with more nitrogen atoms becomes a synthetic challetigdact, there are onlytwo
otherknown polynitrogen ions, B and Ns*. The pentazolate anion is a cyclic molecule
andan idealligand, however has only been detectéd situ by mass spectrometf§.As
a compromise, a nitrogen atom can be replacedsinwith a CH group giving the

tetrazolate anion, HCN. A versatile and well known ligand in coordination
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chemistry3"4% On the other handhé pentazonium catigra chain has been prepared
and usedsa counteriorfor [AsFe]? [P(Ns)e]?, [SbFs]® and [B(Ns)4]%4

Other mlynitrogen chaingan act as #ridge between two organic groug®NxR)
and a large number of compounds have been prepared includingnes (x = 3),
tetrazenegx = 4), pentazeneg¢x = 5) and hexazadienef = 6).4%°2 All of these
moleculesconsist of alternating i ngl e and dourbdéven niinbeM ofbond s .
nitrogen atoms in the chain givechargeneutral ligand whereaan odd number of
nitrogen atoms requires a proton to satisfy tr@ency of the nitrogen atoms
Deprotonation results in an anionic ligand.

The issue with these moleculssthat theyoften contain aromatic ggroups Using
phenyl rings will obviously dilute any nitrogen content making the ligand considerably
less endothermic. However, it is possible to increase the nitrogen content of the
aromatic component by using tetrazole. Aminotetrgzalkey reagent in the synthesis
of suchnitrogenrich chains,possesses different regioisomers where the amine can sit
on ether the carbon atom {@minotetrazole), the nitrogen next to the carbon
(1-aminotetrazole) or the next rofyen along (ZAminotetrazole), iure 1.5. These
could be used to prepamtrogenrich chains, which are candidates potendl
endothermidigands.

TéN\N \T/N\\N T¢N\N
/N\/ N\/ HN\<

NH,
1-aminotetrazole 2-aminotetrazole 5-aminotetrazole

Figure 1.5.Regioisomers of aminotetrazole.

Recently, the sodium salt of bis(dethyltetrazols-yl)-triazenide was isolated by
deprotonating the corresponding triazavith sodium hydroxid€® An ideal candidate
as an endothermic ligand.

Complexesbearing endothermic ligandsecome inteasingly difficult to handle the
moreendothermidigandspresent. There are twoethodscommonly usedo aid in the

study of such compounds. S as an example, is a highly sensitive liquid that cannot
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be isolated and must be kept as a dilute solution in beRZétewever, adding a
weakly coordinatingcation (WCC) such as PPhor (PRPRN™ (PPN) with anazide
counteion to Si(Ns)4 results in the formation of (WCEJi(Ns)s.>® The formation of a
hypercoordinate molecule results in an increase of the ionicityecfzido ligand and

the addition of the WCC dilutes the nitrogen content of the compound making it
isolable and safe thandle on the gram scale. The othethod is to use a Lewis base,

s uc h -higyridhe (Bpd), to prepare a stable neutral adductdhatbe isolated and
studied®*°®°® These methods allow the study of novel endothermic coordinat

complexes to be completed safely.

1.4 Characterisation methods

Arguably the most common characterisation techniques in chemistt aned 1°C
NMR spectroscopies. Endothermic liganddeally, have no or very little €H

functionalities limiting the use ofH and *3C NMR spectroscopies This leaves IR
spectroscopy and, where possibt#y, °F, 2°Si and3'P NMR spectroscopies as the
main methods ofn situ characterisation. In the cases where it is possible to grow
crystals of the compoungdsingle crystal Xray diffraction is a vital tool for structural
characterisation.

The azido groupsi an excellent IR reporteAn ionic azide has one IR active
vi bratidNg, vilbe as i on. O §m(Ne) als betomesalR acbva., t he
These vibrations appear between 2200 and 2000 amd 1350 and 1200 cry
respetively. Due to the spectral positimi the symmetric vibratiombsorption band in
the fingerprint region,it can sometimes be difficult to identify. Hower, the
asymmetric vibration is in an ideal position in a quiet region of the IR spectrum. Figure

1.6 shows representations of these vibrations.

_N:N*:N_ _N:N+:N_
—_— - —
2200 — 2000 cm™! 1350 — 1200 cm™

Figure 1.6. The vibratioml modes of the azide anion. Left: asymmetricghRi symmetric.
Arrows indicate thgpaths along whickhe atons moveduringvibration.
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The range as s.4d\)ivibratiends dependdnt ob theebonel between the
azido group and the coordination centre. lonic azides fall closer to 2000wdrite
covalent azides vary upwards to 2200 tnfrigure 1.7 shows the different resocan
forms of a covalent azido group. The counterion to the azide anioals@amfluence
the spectraposition of the asymmetric vibration. For examplesadium azidéhere are
strong interactions between the sodium ions and the azide anion resultiag in
permutation of theharge distribution that causestaft of the vibrational frequency to
approximately 2130 crh. The peak also appears very broad. In contrast, the vibrational
frequency of the anion in (PPNJNs at 2000 cm' and a very sharp peaksultsas a
consequence of very little to rmvalentinteraction between anion and cation. The
other extreme of theesonance hybrids is wherethee N bond appears
bond claracter as seen in the triazidocarbonium cation, {5\ which has a

vibrational frequency of 2208 cAr®5°

Tonic
N=—N—7—=N B S /N —N——=N
E* E
Covalent
/N—N+EN - N—N=
_E/ E

Figure 1.7.Resonance hybrids of ENE denotes an atom of thdain Group elemerst

IR spectroscopy caalso be used to give a tentative assessrwmnany potential
shock, friction or thermal sensitivity of the azigooup. Howeverfindings based on
spectroscopic data alomeust be taken with extreme caution and only be used to give
an idea of the nature of the azido group in the molecule cle& from the resonance
hybrid that the covalerform appears to have pfermed dinitrogerand thisredu@sthe
kinetic barrier present for decomposition.

All of these reasons make IR spectroscopy a very useful tool in the study of azido
compounds. Mowg to other endothermic ligands, while remaining a vital form of
characterisation, IR spectroscopy begins to become more difficult to interpret. A

14
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monodentate coordinated nitrater £xample, has three characteristic absorption bands
in the IR spectrumas seen in iGure 1.8. All three lie either very close or inside the
fingerprint region making assignment difficult. Howevéne biggest problem arises
from the difference between a complex bearing one nitrato ligand or any number of
nitrato ligands. Azids often havewell-separated peaks artle geometry of azido
compounds can be determined through the use of Group theory. With npestks,are

often overlapping and it is not clear as to how many peaks are actually present in the
spectrum. Thex is al® a narrowange of frequencies observed for monodentate nitrato
compl exes compared wiaND;) apears between h6p0d amck e s |,
1500 cm?. Also, there has been very little work to @@tine how a compound that has

a bandat 1600 cm' is differentto one with a bandat 1500 cm'. However,there
appears to be a general trandvhich the number ofnitrato groupscorrelates wittthe

wavenumbersmore groups equals a higher wavenuniber

0 o) o)
N NY N N
T/ \O— T/ o T/ \O_
E E E
1600-1500 ¢cm™! 1350-1250 cm™! 1050-900 cm™!

Figure 1.8.Vibrational modes of a coordinated nitrato group in a monodentate faghimws
indicate the pathd@ng which the atoms move during vibration.

IR spectroscopy of triazenides is even less understood othethtitdme asyrmetric
vibration of the chain, i§ure 1.9, appears between 1500 and 1400 and the anionic
triazenide isobservedat highe frequencies tharthe neutral triazene. It is also known
thatthe bidentate coordinatiomodeof the triazenide causes thg(NNN) vibrationto
shift to lower energies between 1350 and 1200¢Af8 Triazenides often contain an
organic R grougthat is attached at either end. In these ci4dd$MR spectroscopy is a

viable techniquef characterisation.
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R N R R N R
N N N~ N
- \\\ /
M
1500 - 1400 ¢cm™! 1350 - 1250 cm™!

Figure 1.9.Vibrational mode of a triazenidérrows indicate the paths along which the atoms
move during vibration.

N NMR spectroscopy is a useful tool for the characterisation of inorganic and
organometallic azide®¥:®® These compounds usually display three signals for the
resonances M), N(b) and N@) (Er N(a)i N(b)i N(g)). Due to the short relaxation
times, as a result of the quadrupole momeritdf peaks are often very broadless in
a highly symmetric enviranent which can sometimes redube linewidth. The azido
group often has a sharp signal forbiN@s it is the most symmetric environment, while
N(a) has a very broad signal with a full widgh half maximum (FWHM) of seeral
hundreds of Hz making it difficult to observe.gN(s less broad, however still on the
scale of hundredsféiz. The position of these resonasdellows the trend NY) < N(Q)
< N(b) between 320 and- 130 ppm against MeNQ@ as a referencdn cases \enit is
possible to determine all the nitrogen environmetits difference between bj(and
N(a) resonances can give an indicatiminthe electronic situationf the azido group.
lonic azides have ahemical shift differenceD(N(a)N(g)), of 0 ppm, e.g(PPN)N;,
whereaghe covalent azido compound Gjihas aD(N(a)N(g)) of 154 ppm.

A paper in 1975 reported on th8 NMR resonances of a variety of metal nitrato
complexe$* The signals appeareat chemical shifts ranging fno 0 ppm to 64 ppm
with respect to the nitratnion, as an external reference. It was found that the chemical
shift of organic nitrates appeared at higher gpan metal nitrates artle metalloids in
between. There appeared to be very little differencethdr the nitrato ligand was

either coordinated in a monodentate or bidentate fashion.

1.5 Ligands used for the stabilisation of lowvalent coordination

centres
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Low-valentcoordination centres of light MainrGup elements requireertain types

of ligandsfor their isolation The thermodynamic and kinetic instability of the reduced
oxidation statas relieved by strong-donor ligands containing bulky ancillary groups.

Common classes of ligands indeiN-heterocylic carbenes (NHCs), doubly reduced

butazadiers and amidinato type ligandsgére 1.10°%8

.. o
R—_ PN _—R R—_© © _R N

N N N N R/N\’/ \R
— — R

Figure 1.10. Common classes of ligands used the isolation of lowvalent Main Goup
compoundsR is usually a large, bulky organic gmu

NHCs are molecules that contaircarbon atonthat is formally divalent. @bilised
by thedonation ofa lone electronpair from a nitrogen atormto the emptyp-orbital of
the carbon atonreducing the electrophilicity and increasing the thermonyoa
stability. The fir¢$ stable and isolable NHC, reported 1991 by Arduengo and
co-workers, was 1,3-diadamantyimidazol2-ylidene prepared by reducing the
corresponding imidazolium chloride with N&PIThe structure this NHC shows a
narrow NI CI N bond angle of 10 2-1®%Aseen
imidazolium rings.The CT1T N b o n dslighthe longerih the NHC éhan the

imidazolium saltsuggesting a lower degree of delocalisationpeflectronsin the

carbenestructure. After this landmark discovenyany more NHCs have been prepared

not i

varying the R group attached to the nitrogen, varying the groups attached to the carbon

backbone and as well as saturated ring systems. The streytpnor strength of an

NHC, partneed with the steric bulk that can be included into an NHC has allowed for

the preparation and isolation of several Si(0), Si(ll), P(0), P(I) and many otjtdy hi
reactive molecules of the Mainr@p elementsSubstituting thecarbene carbon with
other Man Groupelements has afforded a variety of other metalylen€&rofip 13 and
Group 14elementsas ecently reviewed by Asay, Jones and Driesa0118¢

Amidinato type ligands differ primarily frorNHCs in trat they carry a single
negative charge. As a result a plethora coimpounds containingi(l) or Si(ll)
coordination centrebavebeen prepared®8 Over the lastwo decades the preparation
of low-valent Main Goup compounds bearing these ligamés been at the forefront of

Main Group chemistry researchigure 1.11shows some important examplessilicon
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All these lowvalent silicon compoundsre highly reactive compounds and their
extensive and interesting chemistrysheen thoroughly investigated.

R R R

/ /

| J

AN . \,.
R{CN/S'\X | a a

| \ \

R R R

R

Lol
Lot T

R

R

Figure 1.11.General structures of Si(ll) compounds. R is often a baligmatic group or-t
butyl and X is a halide3 757

These ligands ehrly increase the carbon content of the molecules therefore it is not
possible to consider any molecule bearing these ligands as energetic. However, due to
the nature of the lowalent centre, ift were possible to add an endothermic ligand it
could operthe possibility to new reactivity of the ligand.

The preparation of lowalentcomplexes was initiallyargetedby treatment of the
corresponding Si(IV) halide with potassium metal or potassium graphite. These harsh
conditions often resulted in thegeed compounds however in low yields making the
study of their properties and reactivity difficult. A more viableteoto some of the
compounds in igure 1.11 isvia the reductive elimination of HCI fron®i(l1V) hydride
chloride. Complexes bearing a h&lidre of interest as it is possible to exchange the
halide for another functional group. The silylen&8§{N).CPh)SiCl, can be treated with
LiY (where Y= PPh, NP, NCy,, NPr, NMe; and N(SiMe),) in toluene to prepare a
variety of Si(I)T N bearing complexes in high yiel§§Opening the possibility to the
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preparation of a Si(ll) centre bearing a nitrogen basedtleeduic ligand such as the
azido ligand.
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2.RESEARCH QUESTIONS

V1.

Can stablehomolepticpolynitrao complexes ofsroup 14and 15elements be
prepared?What factors affectthe thermal stability of Main Bup nitrato
complexes? What inorganic productsrm on thermal decomposition of
hexanitratosilicates, hexanitratogermanates and hexanitratostannates?
CanLewis basegontaining halogen atontse used to isolate SigM adducts in

the solid state? What structural features are present in halopyridinetsiaf
Si(N3)s in the solid state? Can cations containing halogen atstaisilise
[E(NO3)¢]? '(E = Ge, Sn)? Does halogen bonding affect the structural properties
of [E(NOg)e]? ?

Can the formation of [E(§)s]' anions stabilise germanium(ll) and tin(ll) azides
without the need of a bulky ancillary ligand? What physical and chemical
properties dohtese compounds have? Can the nitrato group be used as a ligand
for a low valentMain Groupcoordination centre?

What is the reactivity of different NHCs towards Si® What other ligands,
commonly sed for stabilising low valent Mainr@Gup coordinationcentres, can

be used to prepare silicon(lV) azides, silicon(lV) hydride azides, phosphorus(lil)
azides and phosphorus(V) azides?

Is it possible to prepare a silicon(ll) or phosphorus(l) azide? What methods can
be used to prepare such compounds?

Are nitrogenrich triazenides viable candidateas new energetic ligands for
Main Group coordination centres? Is it possible to prepare triazenides from
l-aminotetrazoles to tie the current record for number of catenated nitrogen

atoms?
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3.NITRATO COMPLEXES OF MAIN GROUP
ELEMENTS

3.1 Introduction

3.1.1 Main Group nitrates

The nitrate anion and the formation of anhydrous covalent polynitrato complexes
have been extensively siad for the transition metals,r@p 13 elementand tin over
the past 50 years. Anhydrous covalent nitrates are of interest due to their reactivity
being vastly different to that of the ionic nitraféShere is considerable variability in
the reactivity amongst covalent polynitrato complexes, which ranges from chemically
inert to a vigorous reaction with simple hydrocarbons. The main batibns to this
range of reactivity rely on the coordination of the nitrato ligand and the coordination
centre®® Due to the structure of the anion it can coordinate in a number of ways:
monodentate (k'O), bidentate (k?°0, @ éand bridging (m3-O(NO)O). Terdentate
coordination has been postulated, though examples of this type of structure are yet to be
determined.

In early studies of covalent nitrates the only readily available tool for determining
the structure was IR spectroscofyGatehouse, Livingstone and Nyholm compared the
IR spectra of a variety of polyleptic nitrato metal complexes of Co, Pt, Pd and Ni with a
number of ionic nitrates. The spectra of terfeddnt ionic nitrates were reported by
Miller and Wilkins who found that a®ng band appears between 13850 cm?! and
a less intense band between -83% c¢cm™.% However, it is worth noting that in some
exampes, e.g. Ca(Ng),, another much weaker band is present at 1056. dris band,
due to an IRforbidden absorption, can be sometimes seen due to intermolecular
interactbns in the crystal which modifyymmetry? A comparison of the IR spectrum
of an ionic nitrate with that of a covalent nitrato ligand, the difference is obvious. In
monodentate covalent nitrato complexes three strong bands are present irotieatg
15301480 cm?, 12961250 cm?! and 1036974 cm?!. The work by Gatehouset al
only contained complexes with monodentate nitrate coordination and so it was still
unclear how bidentate coordination affected the IR absorption of the nitrato group.
However, it was assumed thatdi O str et ch s e¢i(seealbetveee 16 0 C

15801480 cm? in monodentate nitrates) was consistent with bidentate coordifation.
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This could be proven beyond doubt when the crystal structures of Sa(lEau
Ti(NO3)4 were determined®%

The coordination mode of the nitrato ligand depends highly on sterics. If there is
sufficient space around the coordination centine nitrate will coordinate in a bidte
fashion Even though this coordination mode should increase the complex stability
resulting from a chelate effect, it is these anhydrous, covalent, nitrate compounds with
bidentate nitrato ligands, which exhibit particularly high reactifftyt has been
suggested that a nitrato ligand in a bidentate complex must dissociteeerdif
compared to a nitrato ligand in a monodentate complex. Table 3.1 summarises the
possible products of dissociation from either bidentate or monodentate coordination.

Dissociation products

/ NO? + M(n+1)+
0,NO—M™
k'(0) T~ NO, + O—M™
O
O—N M"*———> NO; + MO™D*
~o~
k%0, 0

Table 3.1 Dissociation processesf the nitrato ligand from a monodentate and bidentate
coordinationmode

Addison postulated that if these nitrogen oxides are the dissociation proflects o
coordinated nitrate then it is clear that the main driver for the reactivity of an anhydrous
covalent nitrato complex is the NQadical® This leads to a number of criteria that
must be met for the nitrato complex to be reactifip:the element acting as the
coordination centrén the nitrato complex musgtave a lower oxidatn state available;

(i) a change irthe coordination mode from bidentate to monoderi&dds to a loss of
reactivity; (iii) the decompositionpathway cannot pass through a monodentate
coordination modeThis leads to the question: how does the bidentatate goup

dissociate from the coordination centre?
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It would be easy to assume that theaN@dical will dissociate in a twetep process
where one oxygen ligator dissociates followed by the second; however, this mechanism
would pass through a modentate coordination which cannot happen. Therefore, it is
suggested that bidentate BOs n o't coordinated via two
threecentre tweelectron bond The nature of the bonding is speculative and is
suggested to occur between a single electron pair spread ova?® thrbitals on both

oxygen atoms andn the case of a tetrahedral MainoBp element, ap’ orbital.

O@

|
N
/\O

“81 ted
Y=

Figure 3.1.Representation of the bonding in a bidentate nitrato gibup.electrons are spread
between three orbitals give a threecentretwo-electron bond.

In early investigations of these complexes, it was found that reativty of
complexes containing bidentate nitrato grotpsards organic substrategs largely
based on one factoa:readily accessible lower oxidation staféis is evidenced in the
examples of Zn(Ng). and Sn(NQ@)s. On addition of diethyl ether, no reamti is
observed with Zn(Ng),* whereas Sn(NQy)s4 reacts vigorously? This increased
reactivity is due to the availability of a lower oxidation state for tin as it can be reduced
from Sn(IV) to Sn(ll). The dinitrato cupratfCu(NQs)3]', is also shown to react with
diethyl ether whereas Co(NJ2 and Ni(NQ)2 are unreactive.

A number of anhydrous, homoleptic polynitrato complexes have been synthesised for
transition metals but data is much less alambcbn complexes with atoms of Ma
Group elements acting as coordination centres. In fact, the majority of characterised
homoleptic plynitrato complexes belong tor@p 13. Take 3.2 shows, which

homoleptic Main @up nitrags have been synthesised prior to this project
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njiq 0 1- 2- 3-

1 Li, Na, K, Rb, Cs, F, ClI, Br,
I
2 Be, Mg, Ca, Sr, Ba - - -
3 Al, In, Sb - - -
B, Al, Ga
4 Sn - -
In
5 - - Al, In -
6 - Bi Sn Al

Table 3.2 Known homolepticMain Group nitrates, [E(N€q'n = 16; g =0, 1, 23. E =
Main Group element® 112

Several methods have been employed in the synthesis of such compounds depending
on the group and particulaelements involved. Anhydrousr@ip 1 nitrates, besides
lithium, can be isolated by crystallisation from aqueous solution after reaction of the
metal or metal carbonate with nitric aéfd.ithium nitrate crystallises as Li(N§P8HzO
using this method and so removal of water is completed by heating the salt. The same
method is employed with barium, strontium and calcium nitratesyever, the
corresponding berylliunor magnesium nitrates decompaseheating. For the majority
of anhydrous metal nitrates these methods are not feasible due to the low decomposition
temperatures of these compounds so other methods have to be hesede ®f silver
nitrate in noraqueous solvents has been used with the metals manganese, copper,
nickel and cobalt, however, thisten leads to a solvated metal nitraté The example
of copper and silver nitrate in acetonitrile gives Cul®IeCN and aempts to remove
the solvent ld to the decomposition of the nitrafé.1*°

The most successful method and most widely used is the usgOsf Blinitrogen
tetroxide, NOs, has also seen a high level of success though it hassheam that
N2Os often gives faster reaction rafésThis method requires thia situ synthesis of
N2Os where HNQ is dehydrated usindiphosphorus pentoxide. The® is condensed
on to the reaction vessel using an ozone carrief’gese ozone also oxidises any®4
that may be present as the presence sNmpurity has been shown to decrease
reactivity. This method has seen success mup 13 and 14 and this ighere the

majority of anhydrous polynitrato Maint@Gup complexes are seen.
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3.1.2Alkali and alkali earth metal nitrates

Group 1 metals produce ionic salts with the nitrate anion and show remarkable
thermal stability with respect to the nitrate aninrcomparison to covalent metal nitrato
complexes. Thermally induced decomposition of the ionic nitrates of sodium and
potassium has been known to produce oxygen and the corresponding nitrite as early as
1774 when Scheele investigated these compotliAdéhe decomposition of these
nitrates is a complex process. In 1939, Leschewski and Degenhard discovered that
heating sodium nitrate and potassium nitrate to 750°C and 850°C, respectively,
produces peroxide'd® Furthermore, it was found that when potassium nitrate is heated
to 550°C in an evacuated tube, nitric oxide is produced. Field and Hardy, however,
demonstrated in 1963 that at a pressure of approximately 5*xmhOHg alkali metal
nitrates, excluding lithiumndistil with minimal decomposition between the temperatures
3501 580AC.

Among Goup 2 elements, arguably the most interesting structure belongs to
Bes(NO3)sO, Hgure 32, since it possess the rare structural feature of lidging
nitrato ligand® While the characteristics found in the IR spectrum of(B&3)sO are
compatible with the presence afN=0O bond similar to those dbidentatenitrate
compounds, its reactivity is much lower. Whether this is due to the lack of a lower
oxidation state available, i.e. Be(ll) cannot be reduced easily, or, the moreadiasbn,

a significant difference in bonding is unknown. The concept of tbenfe2-electron

bond which rationalises the coordination of bidentate nitraide 6uprd appears to be

a less appropriate model for bridging nitrato ligands. Instead a tidreadi
2-centre2-electron bond seems more reasonable. Therefore, it is more liatlyhie
mechanism for the nitratbi gand | oss wi | | i nvol ve the

bonds.
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Figure 3.2.Molecular structure of basigeryllium nitrate, BgNOs)sO. Reproduced from ref:
88 with permission, copyght Elsevier.

3.1.2 Group 13 polynitrato compounds

Tetranitrato borate was first synthesised in 1966 as the tetramethylammonium salt by
Guibert and Marshall by reaction o0k with (MesN)[BCl4]. Tetramethjammonium
tetranitratoborate was found to imsensitive to friction and stable at room tempae
and most surprisingly showackry little water sensitivity®® Three years later Titova
and Rosolovskii determined that on heating {NM8(NOz3)s and (EiN)B(NOs)s to
75°C and 130°C, respectively,2@, NOz;, O; and (RN)NOs are obtained’® The
authors also repted the same decomposition produicts the rubidium and caesium
salts starting at 40°€* Decomposition of these compounds is noticeable at
temperatures as low as room temperature. It was not until 1978, that the structure of the
[B(NOs)s~ anion wasdetermined by single crystal-day crystallography®® It was
found that all nitrato ligands in (BM)B(NOz)s are bound in a monodentate fashion
creating adistorted tetrahedral [B{p coordination skeletonwith O BT O angles of
97.6° and 115.6°.

Synthesis of anhydrous aluminium nitrates was first achieved in the sixties and
seventies. The first report of an anhydrous aluminium nitratelves the attempted
synthesis of anhydrous AI(NR.1*° Archambault, Sisler and Ryschkewitscbhmbined
AICIz and NOs at °C h&rder toobtain the AI(NQ)s. The reaction mixture was

then kept atoom temperature over a period of seven dayba yellow crystalline solid
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was obtained. Analysis of their compound suggested the formation of a mixture of
Al(NO3)3 and (NO)A(NO3)s. On heating the yellow solid at 80°C in a vacuum over a
period of 4 Ina white powder was obtained which analysis suggested to be a mixture of
Al(NO3)3 and a basic aluminium nitrate, such asG{NGs)s. An IR spectrum of the
powder exhibits two stng bands at 1570 éfand 1610 cii, which is indicative of
monodentate and bidentate character. Whether these bands belong te)2d(NiGe or
a mixture with some other aluminium oxidérate(s) could not be ascertained.

In 1966, however, Addison, Boorman and Logaparted that the reaction of AKCI
and NO;4 only affords the aluminium oxideitrates: AIO(NQ) or Al,O(NQs)4.'?°They
go on to report their attempts at the synthesis of ApIBy adding an excess oh0s
to AI(NO3)s@H.0. They obtainedAl(NO3)sAN2Os ( wher e 0 <coutd nd@d 1)
fully remove NOs (x = 0.7, 0.13, 0.07). Addison and-emrkers also attempted a
method that had been previously completed by Schmeisser and Bréndle, though no
analytical data was providethvolving the addition of AIBg to three equivalents of
CINOs.12! This reactionformeda pink soid, the IR spectrunof which suggested the
presence of an aluminium nitrate and dinitrogen pentoxide but also showed the presence
of aluminium bromide which could not be removVéUThe first successful attempt to
producepure anhydrousAl(NO3)s was completed by Shirokova, Zhuk and Rosolovskii
in 1976. It was found that AI(N§sMA20s, which alternatively can be represented as a
nitronium salt, (NQ)AI(NO3)4, reacts with the strong Lewis acid A{CH Based on
initial assumptions and the volatile nature of AIRK)it was hought that NOs would
bind more strongly to the Alghkllowing AI(NOs)s to be distilled off, 8heme 3.1.

(NO,)AI(NO3), + AICI, >  AI(NO3); + (NO,)AICI;NO,

Scheme 3l. Reaction schemeof (NO,)AI(NO3z). and aluminium trichloride to produce
anhydrous aluminium trinitrate.

This method produces Al(N{, however, not according to the equation proposed
initially. It was found that AIG reacts with the aluminia nitrate instead to produce
anhydrousAl(NO3)z and nitronium chloride, N&LI. IR data suggests the struausf
Al(NOz3)3 to be pseudo octahedral with three bidentate nitrato grobDpferential
thermal analysis (DTA) of the compound showed two endothermic peaks between
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651 100AC and 12071150AC and suggests that

AIO(NO3).112

The firsthomolepticnitratoaluminateanionwas [AI(NQz)4]". This complex ion was
synthesiseds the sal(NO2)AI(NO3)4 in 1966 by Addison and cworkers'?°They also
reportedthe tetaethyammonium salt, (EN)AI(NO3)4, though the complete structure of
the aluminate was not fully discussed. In 1971, Shirokova and Rosolovskii synthesised
pure crystalline (N@QAI(NO3)s from AIBrs and dry NOs free of HNQ.1% Their first
attempts involved an analogous method used for the corresponding caesiusngalt u
nitric oleum (NOs dissolved in nitric acid), however, a mixture of products including
aluminium nitrate and oxy nitrate adducts withQy and NOs were formed. Tis
method wastherefore, deemeahsuitable for the synthesis of (N@I(NO3)s. The salt
was fiown to sublime in the range H0°C at 0.01 mmHg and from IR spexgcopic
measurementst suggested the structure contained two bidentate nitrates and two
monodentate nitrates. Thermal properties of the salt were compared with that of the
caesium malogue and showed very little difference, therefore, suggesting that any
stability due to anion and cation interactions are very small.

In the synthesis of @8(NO3)s, the pentaitratcaluminate, CAlI(NOs)s, was also
obtainedt®® The authors also report that theiretmod does not vyield the
hexanitratcaluminate, C8AI(NO3)s. Unlike in the synthesis of (NAAI(NO3z)4, the
reaction did not require dry s, but a mixture of HN@and NOs (1:3 by weight)
after it was found that using pure Hhlf@rmedCsNG and hydrated aluminium nitrate.
The reactiorschemes suggested are showncéhe®nes 3.2 and 3f8r the caesium salt

of tetranitratcaluminate and pemétratoaluminate, respectively.

AlBr3 + CSNO3 + 3N205 —_— CSAI(NO3)4 + 3NOzBr

Scheme 3.2Reaction scheme for the synthesis of CSAINO

2A|Br3 + 2CSNO3 + 7N205 —— CSzAI(NO3)5 + (NOz)Al(N03)4 + 6NOzBr

Scheme 3.3Reacion schemes for the synthesis 0bAIENO3)s.

Scheme 3.3 is morkavourable due to the lattice enthalpy gainfCsAI(NO3)s. The
difference in thermal stability of the pentanitratoaluminate andnig@#oaluminate
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anions is seen in the decompositiolemperatures of 19214°C and 104125°C
respectively. Decomposition of these salts release &@ Q and the final solid
products are CsN£and aluminium oxide. Insights into the structure ofADNO3)s

from the IR spectrunsuggested two possible struares four monodentate nitrato
groups and one bidentate nitrato group or a coordination polymer with two bridging

nitrato groups per aluminium centreggre 3.310°

ON NO, 0
\o | 0,NO ONO, ||
0 S N
0 & 5
o, | & — AI—O/ \o——
0O=—N Al—O 2
5 NO, 0,NO ONO,
N
NO,

Figure 3.3.Possible structures of the [AlI(NY3] anion.

In 1973, the structuref CsAI(NO3)s was dtermined by Xray crystallography,
Figure 3.4%" Colourless crystals of GAlI(NOs3)s were obtained fronmitric oleum. The
anion has crystallographically requir€® symmetry and crystallises ithe trigonal

space group’321.
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1-93(4)
1-38(3)

Figure 3.4.Ball-andstick projection of the pentitratoaluminate anion as determined
by X-ray crystallographyrom the crystal structure of @8(NO3)s. Reproduced from
reference7 with permission, copyright RSC.

The AITO bond is significantly Il onger
monodentate coordination. The bidentate nitrato ligand is shown to be symmetric, with
the Al O bonds of similar lengths. This finding contrasts with [CofN[O, for
example where thewo Col O bond length®f a single bidentate nitrato growpry as
much as 0.4 A. This suggests that there is equal electron density between the aluminium
centre and both oxygen atoms.

Increasing the number of nitrato ligands coordinatm@gluminium to six has only
been observed with Kas the countén.!'® This unusual salt was synthesised
combining AIBg with KNOs and NOs in nitric oleum. Depending on the stoichiometry
of reactantseither KAI(NO3)s or K3Al(NO3)e is obtained. Thermal decomposition
pathways of aluminium nitrates have been shown to depend on the number of
coordinated nitrato ligands to the aluminiwentre. Decomposition of 3AI(NO3)s has
been shown to produce KNQduminium oxide nitrate, oxygen and nitrogen oxidfs.

The pentanitrato and tetranitrato aluminates however, decomposevia a higher
coordinatenitrato complex before givinghe same products mentioed previously.
K2AI(NO3)s decomposes to aluminium oxide nitrate which undergoes simultaneous
fusion with KNG to produce KAI(NO3)s. ForKAI(NO3)4 an anébgous process is seen

to form KAI(NO3)s.
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It is clear that a significant amount of workshaeen published on aluminium nitrates,
mainly their syntheses and thermal properties as studied by thermal gravimetric analysis
(TGA). Similar work has been published on gallium nitrates, in particular Ga{/&ad
[Ga(NQs)4] . %8 Their structures were not discussed in terms of their IR spectra,
however, on reviewing the information it appears that both species contain bidentate
nitrato ligands as the wavenumbers are gretiten 1610 crit akin to their lighter
congeners Synthesis of such nitrato complexesvia the common method of the
appropriate halide and>Ns. To produce the charged species LIN® NaNG was
added to the mixture described, similar to the nitratoalulesnad thermogram, from
TGA measurements, shows that GagdGublimes at 140°C. This differs from the
hydrated Ga(lll) nitrate which undergoes three endothermic effects. Lithium and
sodium tetranitratogallate show three endothermic steps at similar sgorpsr It is
suggested that the first step is decompositiona gallium oxide nitrate anthis
compound decomposes in the next step to gallium oxide and ending with the formation
of lithium or sodium metagallates, MGaQndium trinitrate has also beerported,
however, some spurious elemental analysis data is provided, with both the indium and
nitrate content being low by 2 ment!®* Only an IRspectrumis provided to suggest
any insight into the structure and the significant bands lie on the border behgsen

monodentate and bidentat#ratesso there is no ceiitaty in its true structure.

3.1.3 Group 14 polynitrato complexes

There are severalxamples of organopoly(nitrato) rGup 14 complexes, e.g.
MesSn(NQ),'?2 MesGe(NQ) and MeaSi(NQOs).2>> However, the only known
homoleptic polynitrates in this group are Sn@\¥ [Sn(NGs)e]*,*?2 and Pb(NG)2.
Efforts to prepare [Ge(N§k]> and[Pb(NQ:)e]> proved unsuccessful using®s and
the corresponding elemental chloride and only Ga@l Pb(NQ), were obtained?*

The reason provided for the lack of relevant germanium complexes was the high
electonegativity of the coordination centreven though it is possible to synthesise
Mes:Ge(NG) and MeGe(NQG). using the corresponding organogermanium chloride
and NOs.123125This method also enabled the synthesis sPEING;)2.12°

Silicon nitrates are scarce in the literattd®eOnly two molecular structures have

been determined that possess the SijNiety, Fgure 3.5.
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Figure 3.5. Left: ball and stick representation GkN O1 S ix{M8iMePh)(SiMes)2}. Right:
thermal ellipsoid plot of Si(N&2'O) { OT CCMe L €3Mé i S-o°N,0,9}Ph. Blue,

N; red, O; grey, C; yellow, S; light yellow, silicon. The thermal ellipsoids are set at the 50%
probabilitylevel. Images generated from cif files from reference 128 (leid) 57 (right).

The structureof the pentacoordinate silicon nitrate was the first higher coordinate
nitrato silicon structure to be studied both in solution and solid statecdbidination
compound was shown to be stablel 20°C as a solid over geriod of a couple of
months, while ata temperature 020°C decomposition was notealver a couple of
weeks. In CDRCl2 solution decompositiorwas noted within a few hours asonitored
by NMR spectroscopy. The only decomposition products identified were
2-methyk1,3-benzothiazole and acetotté

As for a homoleptic silicon nitrate, the only mention in the literatuiginates from
Beattie and Leigh in 1961 in their attempts to synthesise S)¢NEPy.'?® This
coordination compoundvas prepared by combininglver nitrate and SiCk in
acetonitrile and diethyl ether a#0°C followed by an addition of pyridine #&te same
temperature The aly evidence forthe proposechypercoordinated species is an IR
spectrum and a spurioedemental analysis. No evidence is provided for the S4{NO
intermediate other thathe assertion thait is thermally labile and prone to rapid
decomposition at roortemperature.

Though organogermanium nitrates have been synthesised previously, the majority of
the work inGroup 14 is concerned with compounds of tin. Several structural studies
have been reported on many tin nitrates, including struceesrminedby single

crystal Xray diffraction of tin tetranitrate and the Mossbauer spectra of several
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organotin nitratesTin tetranitrate is highly reactive to organic substrates and is known

to react violently with diethyl ethéf.Due to the ease at which this species sublimes,
thermal gravimetric analysis was not possible. It has breported that at 9&
decomposition occurs accompanied with brown fumes leaving a tin(IV) oxide. It was
therefore suggested that decomposition does not pass through a tin oxide nitrate unlike
the nitrato aluminates.

The crystal structure of tin tetriérate was shown to be isomorphous to the titanium
tetranitrate, possessing four symmetric bidentate nitrato ligdifdsitrato ligang were
replaced with a methyl group it would be expectedrémeainingnitrates would retain
their bidentate coordination.dwever, it has been shown that that might not be the case.
MeSn(NQ)s does possess bidentate nitrato coordination as determined from thé crysta
structure(Figure 3.6§° but Me2Sn(NOs). has been discussed to either be polymeric with
bridging nitrato ligands or monomeric with bidentate nitrato ligands. Mossbauer
spectroscopy could not distinguidietween the two, only that the compound was
possibly analogous to2BnCb, which does haa a polymeric structure, as the isomer
shift varied very little betweerthe two compounds$?? Raman spectroscopy also
providesevidence for this structure, combined wikte low volatility in comparison to
tin tetranitrate and MeSn(N{3. As for MeSn(NQ) it is not possible to be entirely
confident in what the molecall structure is, though it is accepted to be polymeric. This
is based on the similar isomer shift in the Mossbauer spectrum for this species and
MesSnCl, which is known to be polymeri¢z However, there is no Xay diffraction
data to support or disprove these claims. On addition of pyridine to these compounds

the Mosbauer and IR spectra suggest diganpof any polymeric structure.
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Figure 3.6.Ball and stick diagram of the molecular structure of MeSrN® the crystal.
Reproduced from referen@® with permission, copyright RSC.

In camparison to Main &up azido compounds, which spans across all groups in the
p-block 334 the majority ofwork in homoleptic polynitrato Main Group chemistry
concerns either Bup 13 or tin. Neexamplescan be found for germanium and silicon.
However, there are reports of polyleptic nitrato complexes of theseeriem/hat is
known about all Main @up nitrato complexes is limited to basic structural information
determined by IR spectroscopy, though there are a few examplesayf Kffraction
studies to support the results from spectroscopy. As a consegtlenpeeparation of
homoleptic silicon and germamiunitrato complexes as well agdsp 15 elements was

investigated.

3.2 Results and Discussion

3.2.1 Group 14 nitrato complexes

3.2.1.1 Syntheses and spectroscopy

Previous accesshas been maden our research group for the synthesis of the
hexanitratostannate and hexanitratogermanate anian&(NOs)s (E = Ge, Sn) ina
two-step process. A modified procedure was devised for the synthesis of
(PPN}Si(NOs)s. Addition of ECL (E = Ge, Sn)to an acetonitie solution of silver

nitrate gives a stock solution of E(M@ When applying the same methtadsilicon no
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reaction occurs unless silicon tetrachlorideiistfdissolved in diethyl ether anithe
whole reaction mixtureis 0 o | e d Removalbthsrer chloride precipitate by
filtration aids in thecompletion of the reaction. It is essential that all silver nitrate is
used up beforéhe next stage of the reaction. Any unreacted silver nitrate would react
with (PPN)NQto give (PPN)Ag(NG)2.

4 AgNO; 2 (PPN)NOg
siCl, > Si(NO3), > (PPN),Si(NO3)s
MeCN / Et,O 1 MeCN 2
~40°C 0°C
— 4 AgCl

Scheme 3.4Preparation of PPN)}SIi(NQGs)s via the thermally labile Si(Ng)a.

Figure 3.7 shows the Fourier transform infrared-(RY spectrum of Si(NG)4 (1) in
acetonitrile/diethyl ether (1:1) immediately from the reattsolution and the spectrum
rerecorded over a period of twenty minutes at room temperature. The peak at 1618 cm
and shoulder at 1602 ¢hhave disappeared in approximately 4 minutes. The large peak
at 1667 cm' can beattributed to nitric acid, wst likely as the reaction solution is cold
and as the volumetric pipette is taken out of the reaction vessel, and transferred to the
solution cell, water will condense on the pipette and react with the saihpte.
unknown what the peak at 1657 'émcorresponds to, though possibly the
decomposition producta silicon(oxy)nitrate Ge(NQ)s and Sn(NQ)s in acetonitrile
both show no observable changes in their IR spectra over a period of hours at room

temperature.
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Figure 3.7. Series of FFIR specta of 1 in a MeCN / E4O (1 : 1) solution recorded over a
period of 20 min. Black is t = 0 mins.

Before the ddition of (PPN)NQ to 1 it is imperative the diethyl ether is first
removed from the solutiom vacuoto give a stock solution df in acetonitrile. The
presence of ether causes the immediate precipitation of (PRN)bMZng the reaction
rateand increasing the likelihood of thermal decompositiot. &fter the reaction has
completed which can be monitored by IR spectroscopy,is possble to isolate
(PPN)SI(NO»)s (2) at room temperaturas any thermal sensitivity is vastly decreased
on formation of the salfThe compound crystallises as large colourless block crystals
that are soluble in dichloromethane and acetonitrile, but insolublethers and
hydrocarbonsOn exposure to air, the crystals appear to be highly hygroscopic and start
to decompose within half an houfable 3.3 summarisethe IR absorptions of the
nitrato groupsn E(NGz)4 and (PPNJE(NGs)s (E = Si, Ge, Sn)In the stution FT-IR
spectrum ofl (vide suprd the nadNO;) vibration appears at 1618 and 1603 -ém
whereas a nujol mull spectrum ®tlisplays the same vibrati@ia lower wavenumber
1568 cml. The heavy congeners also ol this general trend whetbe nadNO,) is
shifted to lower energyetween E(N@. and [E(NQ)g]?' Equally, thensym(NO,)
vibration is also shifted to lower enerbgtween the tetracoordinate and hexacoorinate
complexesChanging theelementacting as the coordination centesults ina decrease
in the spectral position afadNO2) andnsy(NO2) on descendingthe group.However,
n(ON) does not follow thidrend, ratherthe order is [Si(NG)e]? ' > [SN(NQ)g]? ' >
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[Ge(NDs)s]?! The silicon and germanium anions ha@n, symmetry, whereas
hexantratostannatehas Dzq symmetry, as determined by single crystalray
crystallography (discussed B12.1.3). The differences in symmetry may account for

this discrepancy.

Compound NagdNO3) Nsym(NO2) N(ON)
1 MeCN/ERO 1618, 1603 1353 -
(1:1)
2 nujol 1569 1322 977
Ge(NQ)s MeCN 1574, 1550 1323 -
(PPNYGe(NQ)s nujol 1561 1298 959
SN(NQ)4 MeCN 1554 1285 -
(PPNYSN(NQ:)6 nujol 1547 1280 964

Table 33. IR absorptions (ch) of the nitrato group in E(N§x and (PPN)E(NOs)s. The
n(ON) is masked by thabsorption of the Calwindows and solvent for E(N{D.

The N NMR spectra of the three (PPHEJNOs)s salts were recorded in GOl.. All

three spectra show a number of resonances forgitips ati N ) / pip e

87 Hz) ,1,985H) (@3 T 123 QP33 Hz )z= 16354 Hzs:= 1 40

50 Hz) ((PPNyGe(N)e) and 12183 & 8p3 Hz ) ,12 =1 @9Hz)( p3
((PPNYSN(NQ)s, alsoMe@la t 1 1 3u6= 90 Hz).Tdpe most deshlded signals in

the spectra araccountedor by NGOz anions Therefore, the other signals are thought to
be due to [E(NG)s]? 'and dissociation into [E(N&k«]?* ) ibns

3.2.1.2. Thermal properties

Thermal decomposition pathways have been extensively investigathé 1960s
and 1970sfor a variety of aluminium nitrates, where the general consensus is
decomposition passes through an ahiom oxy nitrate intermediate before
decomposing taluminium oxide. More recentlin 2012 the decomposition of the
transiton metal nitrato complexes (NAJ(NOs)s, (NO)Pd(NG)s and (NO}Pt(NGs)s
was investigated via TGA and-bay photoelectron spectroscopy (XPS) measwants.
The final decompositiorproductsfor all three compounds were determirtedbe tle

elemental metal. blvever,different intermediatesvere sugested for each complex
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The palladium complex decomposaa Pd(NQ). to PdO before elemental palladium

by 734°C. For (NOPt(NQs)e the first intermediate is unknown and the second is
tentatively assigned to Pi@llowed by Pt metal at 550°C. The decomjpion pathway

of (NO)AuU(NOs)s is even less understood but assumed to pass through a gold oxide
before producing elemental gold at a significantly lower temperature than the other two
metal complexes at 240°C.

The thermal decomposition of the (PRPBRNOs)s salts wasinvestigated by TGA
measurementgFigures 3.8, 3.9 and.B0). All three anions decompose in two steps by
350°C, any further decomposition is masked by the degradation of the PPN cation. The
silicon and germanium salts decompose at sinarperatures with onset of the first
step at 138C and 145°Crespectively. The second step is again at similaperatures
for both complexes a257°C and 260°C respectively. In contrasthe tin complex
decomposes at much higher temperatures of 208@8C with an extra step observed
at 93°C for the loss of acetonitrile solvate.
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Figure 3.8 TGA thermogram of (PPM$i(NQs)s; black = mass percent loss; red = derivative
mass percent loss.
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Figure 3.9 TGA thermogram of (PPMBe(NQ)s; black = mas percent loss; red = derivative
mass percent loss.
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Figure 3.10. TGA thermogram of (PPN$n(NQ)s®MeCN; black = mass percent loss; red =
derivative mass percent loss.

The TGA thermograms clearly shawvsignificant mass loss occurs leaving material
behind that is stable to a higher temperature. To investigate the product of thermal
decompositiorsamples of crystalline (PPHi(NOzs)s and (PPNyGe(NG)s were heated
to 160°C. On decomposition, the colourless crystals turned yellow with release of

brown fumes IR analysis of the yellow solidhowed the presence of (PPN)Nahd
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another unidentifiableampoundcontaining a coordinated nitrato grqoupost likely a
silicon oxidenitrateor germanium oxid@itrate Addison patulated that decomposition

of a monodentate nitratdigand occurs with loss ofNO; to give a metal oxide
Therefore, 8heme 3.6 canebtentatively assigned for the thernticomposition of
(PPNYE(NGs)e. Mass losses of each stage were determined by looking at the derivative
of the mass loss with respect to temperativang the mass losses given i@fle 3.4.
From the combined mass &&s of each step there is good correlation between the
observedand theoretical values of n irtl®eme 3.6. This gives Si0Ge and SnO as the
thermal decomposition products at 350°C of the three complex (&HsSi, n = 2Dm

(%) = 14.8 predicted, 14.7 observed. E = Ge, n B, (%) = 16.3 predicted, 16.2
observed. E = Sn, n = Dm (%) = 14.8 predicted, 14.5 observed.)

(PPN)ZE(NO3)6 I 2(PPN)NO3 + EOn + 4N02 + (2—n/2)02

Scheme 3.6Proposeddecomposition pathway of (PPIEE(NOs)e.

Mass percent loss of (PPIEE(NOs)s

Step 1 Step 2 Total
E=Si 12.7 % 2.0% 14.7 %
E=Ge 12.0% 4.2 % 16.2 %
E =Sn 11.7% 2.8 % 145%

Table 34. Percentagenass losses of (PPHEYNQO:)s as determined by TGA.

3.2.1.3. Single crystal Xay diffract ion

All three compounds,2, (PPNYGe(NQ)s and (PPN)Sn(NQ)s, are easily
recrystallized from acetonitrile and the crystals were investigated by single crystal
X-ray diffraction. Thesestructures are thar§t examples of a hexanitrato MaBroup
species determined by single crystatay diffraction studies. The molecular structure
of 2 is shown in kgure 3.11. Compound crystallises in the triclinic space gro@l
with two formula units per unit cell. The only interaction between #tmic and anions
are van der Waals interactions between the hydrogen atoms of the PPNandltitbre
terminal oxygen atom&he [Si(NQ)e]? anionpossesse§an symmetry with allnitrato
ligandsmutuallytransto one another. The complex does not contdl3 axis as one of
the nitrato ligands is twisted out of the plam& t h t h e. Tiei[SIQ] dct@hedton
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of the coordination skeleton is noticeabl
and 95°. Two nitrato ligared ar e rel ated byO( &) mMN(r3)or arm
Si 1T O( 4 havavdrydsimilar bond angles of 12%15° and 128.1(1), respectively.

The third nitrato ligand n tCk0i sgrioup has Sal OuNBlgléaid ger
1306(1). A silicon atom is not a large enough coordination centre tonacmdate Six

equivalent nitrato groups antherefore the complex is forced t&€>n symmetry. The

avemge NI OSi bon @ A wheepsthh ei saver2if e ter mi na
length is 1.28(7) i , slightly | onger than a NT O do
significantly shorter than T O s i n gll48 A)Beinraimpaison to the two other
known structur es(seeliBt at hengv 8r a@blOBis 1T O bol
1.78 A, shorter than the pentacoordinammplex (1.83 A)and longer than the
tetracoordinatecomplex (1.73 A)12712° A | | NT O bonds are compé
[Si(NO3)s]?" and Si(NOs-(3'0) { OT C( Me ) = CIH G G-biN,0,9}Ph;

however, the tetracoordinate colewhas shorter terminalIND bonds (1.22 A vs 1.19

i) and a | onger viNIL38A) Al thee®@N 1 (Olndaflesjin the

nitrato group of [Si(NQ¢]?'ar e di fferent . The O(1)71 N(3)1
the expected 120° while O{IN(3)i O(3A) has an angle of 1{B4)° and

O(2) N(3)1 O(3A) has an angle of 123)°. This is a result of a secondary interaict

between the terminal oxygeri a nitrato ligandand thecoordination centre. One of the

oxygen atoms of the nitratiigand is directed towards the coordination centre as a
consequence of the approximate 120° bond angleTdi®. The Si-- O distance fo

the two hypercoordinate complexes are comparable, though the pentacoordinate
complex is slightly shorter due to less steric hindrance around the silicon (average of

3.12 A vs 3.07 A). As sterics appear to the reason fehaater distance, it is not
unexpectedtha the tetrahedral molecule has the shor&ist O distance ofthe three

molecules 2.88A).

41



Figure 3.11.Thermal ellipsoid plot of one component of the targstallographically
independent hexa(nitrato)silicatej2Zcomplexesn crystals of2 at 100 K. Ellipsoids are
set to 50% probabilitySelected bond lengths [A]and@ | es [ A]: Si 171 01 1. -
Silt 04 1.7936(14), SilO7 1.7689(15)N31 O2 1.213(2) N31 O3A 1.221(4) N31 O1
1.345(2) N41O6 1.210(2) N41 O5 1.216(2, N41 04 1.352(2) N51 O8 1.207(3)
N5T O9A 1.224(4) N5TO7 1.347(2) O1 SiliO1 180, O1Sili 04 96.13(7),
O11 Sili O4i 83.87(7), OASIl O4 180, O1Sil1 O7 90.78(7), O1LSili O7i 89.22(7),
O4 Sili O7 88.19(7), 0®SiLi O7i 91.81(7), OvSiLiO7i 180, N3Ol Sil
125.55(14, N41 O41 Sil 128.12(14)N51 O71 Sil 130.59(14)O21 N31 O3A 122.3(13)
OZIN31 O1 120.0(2) O3ATN3T1 O1 116.0(14) O61 N41 O5 125.6(2) O61 N41 04
120.78(19) O51 N41 O4 113.6(2) O8I N51 O9A 121.7(14) O8 N51 O7 119.5(2)
O9AT N5T O7 117.8(15%

Both [Si(NQs)e]? and[Ge(NODs)e]? posses€an symmetry, wherealSn(NOs)s]? has
Dsd symmetry. The secondary interactions are approximately the same length for all
three complexes (3.09813.121 ) ,andhtteewever, a
larger van der Waals radii tih over germanium and silicothe interaction is stronger
for the th complexOverall,lal ar ger ET OT N bond 1246-42.@¢°) f or ger
and silicon(125.6130.6°) over tin (121.9123.0°)is observed Therefore the second
oxygenligator is relatively furtheraway from the coordinatiocentredue to crowding
around the coordination sphere. The larger tin atom can accommodate &i N b on d
angle closer to the ideal 120° and maintain secondary interadtiomsall nitrato

ligandsgiving theDsg Symmeéry.
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Figure 3.12.Thermal ellipsoid plot of the anion [Sn(NJg? " Thermal ellipsoids are set at the
50% probability level. Selected bond lengths (A) and angles ( Sn 171 01 2.0624( 1

2.0706(16), SnALiTOW2 21..0383331((21)6,) ,0OQ3F INN2 11 .221245 (22) ,
1.329(2), O5TN1 1.217(2), O6iI N1 1.216(2), O
1.215(3), O0O1iSnlioO4 78.79(6), O01iSnlioO4 101.:
80.79(7), O7iSnlioO4 79. N2{DLj] SOIT)SAa 2N 166041 6Dn. 18
121.86(13), N37 077iSnl 122.96(14), 0671 N1T O5
O51 N17104 119.23(18), O02iN2i03 125.70(19),
118.88(19), O8TN37T09 126.1(2)186(20871 N371 07 115. 3

Figure 3.13.Thermal ellisoid plot of the anion [Ge(N§R]? ' Thermal ellipsoids are set at the
50% probability level. Selected bond lengths (A) and an§less(e 17 O1 1. 8947 (13) ,
1.9168(13), GeNIiToOd2 11.820®e0((24)3,) ,N11T 03 1.2

1
1.219(2)N27 O5 1.220, N27 04 1.345(2), N3708 1.201(
011 GeliO4 91.60(6), OPLGEALIOD4 98856066), O71 Ge .
071 GeliO4 99.69(6), O71iGeliO4 80.31(6), N1i
124.48(11), NBI©OUi)Gel OAR2NB171 03 125.80(18), O
O3i1 N17O1 114.34(16), O61N2T0O5 125.52(18),
120.21(16), O8I N37TO9 125.70(18), O8iTN3TO7 113
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Average bond lengths of [E(N3]? '

ET O EOT N Ter mi Mal
E=Si 1.792) 1.353) 1.227)
E=Ge 1.901) 1.343) 1.21(3)
E=Sn 2.0712) 1.333) 1.21(3)

Table 35. Average bond lengths (A) of [E(NJR)]? '

Average bond angsof [E(NOs)s)? '

OiET O ET OF O(iNTO@B) O(LiNiO@2) O(2)i NiO(@3)
E=Si 85.81),9461) 127.3(3) 114.93) 120.53) 124.33)
E=Ge 85.01),9491) 126.5(1) 114.93) 120.q3) 125.73)
E=Sn 79.51),100.41) 122.4(3) 115.43) 118.93) 125.43)

Table 3.6.Average bond angles (°) of [E(NJg]? '

The identity of the coordinatiocentrehas little bearing on thbond lengths of the
NT O b oable 3.5. ie major differences between the complexes are in the bond
angles summarised in dble 3.6 due tothe two different symmetries observéi, and
D3d. The aver age EBb ©On ds hamwg Histartiah faf thg iectahedral
centre for tin in comparison to silicon and germanium. This value deviates as much as
10° from the ideal 90° for tin allowing the higher symmetric point group of the
molecule almost identical to the [Pt(N§R]? anion®*° As a resultt he ET OT N bond

angle is closeto the 120° expected from tisg? hybridisation of the oxygen atom.

3.2.2 Group 15 nitrato complexes
3.2.2.1 Sythesesand IR spectroscopy

The stability of arsenic(V) copounds isknown to be lowAsCls decomposes alve
T 5 0.408 the otherhand, arsenic(lll) is a stable oxidation state, thereftee ttee
successful synthesis &, the same synthetic methods were appliedarsenic(lll)
chlorideto prepare As(Ng)s and (PPN)As(NG)4. Firstly, the synthesis of As(N£x (3)
was completedby additionof silver nitrateto AsCk in acetonitrilea t T.4AfleA C
removing the silver chloridéy-productby filtration, as long as théltrate solution
containing3i s stored at T 4 0 A&dditiort of (PRNJNQitan3sin c ol our | ¢
acetonitrile results in no reaction and the only solid material obtained is (PBRN)NO
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There are two possible reasons to why this might be the case, (i) the nitrate anion is a
weaker ligand than acetonitrile, or (ii) (PPN)AN@Gas a larger lattice #mlpy than
(PPN)As(NQ)4 resulting in dissociation of the hypercoordinate species. To prevent the
possible coordination of acetonitrile, the solvent was changed from acetonitrile to
dichloromethaneThis results in another issue in thaver nitrate isnot solubé in
dichloromethanat low temperature. Nevertheless, As®as added to a suspension of
silver nitrate i n di chl oromet hane at T 40
suspension was warmed up to 0°C at which point siliiaricle began to prepitate.
(PPN)NQ was added to the reaction solution and colourless crystals of
(PPN)AsSCE(NOz3)2 (5) as identified by single crystal Xay crystallography were
obtained.The producbbtainedfrom the intial reactiofbetween silver nitrate and AsCI

was AsCH(NOzs) (4). The low solubility of silver nitree in dichloromethane accourits

the incomplete conversio@ompound 4 and5 are significantly morehermally stable
than3, but still decompose at room temperature within a couple of htbutke lightof

these results another method was attempted to prepare (PPN3s(@PPN)ASCL.
Addition of silver nitrate to (PPN)Asglin acetonitrile gives the silver chloride
precipitate, however, IR analysis of the reaction solution shows that the product of the
reaction is As(N@)z. As it is known that (PPN)N§&reacts with silver nitrate, it can be
assumed that (PPN)As(NJ2 dissociates in acetonitrileather than (PPN)AsI
Scheme 3.7summarises the syntheses of arsenic(lll) nitrates. It appears that
dichloromethane may be the only solvent suitable for the preparation of
(PPN)AS(NQ)a.

(PPN)CI 4 AgNO3
> (PPN)AsCl;, ——>  As(NO3); + (PPN)NO
‘ CH,Cl, *  MeCN - ’
3 AgNO4 (PPN)NO;
AsCl; ——— > As(NOz); —— > As(NO3);
‘ 3 AgNO;, (PPN)NO3
> AsCL(NO;) — "~ 5 (PPN)AsCI>(NO3),
CH,Cl, CHCl, 5
4

Scheme 3.7Syntheses of arsenic(lll) nitraté®y-products omitted for clarity.
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Figure 3.14 shows the IR spedtseries of a solutiomf 3 in acetonitrile at room
temperature recorded several times over a period of ten minutes. Even in the initial
spectrum, N@is observed at 1739 ¢ A large peak at 1670 ¢éis present for
HNOg, as seen in the IR spectrum of Si(NA and thenadNO) of 3 appears at 1648
cm' L. The spectral position ofhich is indicative of bidentate coordination, however,
the presence of Nas the decompositigoroduct indicates monodentate coordination.
Supportedfurther by the FFIR spectrum o# in dichloromethane, iure 3.15, which
showsa peak at 1680 crhfor 4 and more significantlya signal at 1844 chhfor NO
that appears on decomposition. FormatdrNO on thermal decomposition indicates
bidentate coordination, therefore, it is clear that the nitrato ligan8larie not bound in
a bidentatdashion despite such a high wavenumber forntigNO.) vibraton. It has
not been possible to determine tteucture of3 in acetonitrileunequivocally, the IR
spectroscopic evidence suggests thatnitrato ligand# 3 are in fact bridging between
arsenic centres.

Another interesting difference between compour@lsaand 4 is the time taken for
decompogion. From the FIIR spectrum of3 the IR signature of theroduct has
almost all disappeared within 10 mins at room temperature, whasstill present even
after 75 mins at room temperature. It is not possible to determine if this vast difference
in sensitivity is due to the presence of more nitrato ligands$ iar the different
coordination mode of the nitrato ligand in the two complex&smpound5 has an

absorption at 1510 crhfor nadNO5), undoubtedly monodentate coordination.
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Figure 3.14. Series of FTIR spectra of As(Ng€)s in acetonitrie at room temperaturaver a
period of 10 minsThe greeriine is the initial spectrum.
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Figure 3.15. Series of FFIR spectra of the As@l/ silver nitrate reaction mixture in
dichloromethane morded over a period of 75 minutes at room temperature. The black line is

the initial spectrum.
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3.2.2.2 Single crystal Xray diffraction

Crystals of5 suitabk for single crystal Xray diffraction studies were obtained from
cooling a saturated chloromethane solution &f r om 0 A C slowdy overka8 A C
period of 16 hrsThe compound crystallises in the space grBg@f/c and the nitrato
groupsare coordinated in a monodentate fashibime As atom is four coordinate with a
stereochemical actiMene pair lying in the equatorial plane giving seesaw geometry
for the complexBoth of the nitrato ligands occupy axial coordination sites, leaving the
chlorine atoms in the equatorial sité%sitional disorder is observed for one of the
nitrato groupsOne position is where the nitrato group is in the plane with the nitrato
grouptrans to it, whereas lie other position is where the nitrato group is twisted by
approximately 75° with respect to the nitrato grdrgns to it. Figure 3.18 shows the
thermal ellipsoid plos of the two disordered components pAs(NOs)2Cls]". Due to
repulsion betwee the lone pair and the ligantlee angle betweent@® s 1,01l T As 1 O
and Cl| dediatadi©r the ideal 180, 90 and 12 16Qq1)°, 78(1)° and 10Q1)°.

The N O bond lengthsn this molecule are consideraldyfferenttotre NT O bond
lengths seen in (PPPp8I(NOs)s. Mo st significant3hasan the N
average bond length of 113 A compared to 1.35 A in [Si(N§¥]2' One of the
terminal N T €n daah mittato lligand gstsimilar to [Si(NJg]? 'whereasa
second is slightly Il onger, this is N21 03, N
are 1.261), 1.3q1l)and 1.421);j respectively, unusually |l ong
bonds. The reason for ghelongation is due to the secondary coordination of the nitrato
ligand. This paramteDE O, is the difference be®Oween the
secondary interaction distandecan be used as a measure whether the nitrato ligand is
monodentate or bidéste. In a review by Addison, he defined that if the differaade
then the coordination is symmetrically bidentate, between00/2unsymmetrically
bidentate and > 0.7 is monodentitén this molecle the threeDEO values are 0.6, 0.6
and 0.5, therefore the nitrato groups are unsymmetrically bideittageworth noting
that this mode appears to be indiscernible from mondentate coordination in the IR
spectrum.The value of 0.6 belong to the symnedtly equivaént nitrates whereake
twisted nitrate has the slightly smallBEO. This secondary interaction has a knock on
effect on the ET OT $ignificantlydhoreaacugel trean 20f ranging a r e
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betweenl04 and 112°. In stark contrast wilA(NOs)e]? 'which haveDEO values of 1.0
(Sn),1.2(Geand 1.3 (Si) and 1FE2td0BMN angl es bet wee

02

Figure 3.18.Thermal ellipsoid plot of both arrangements of the anion [ASfMCD]' in 5.
Thermal ellipsoids are set at the 50% probability level. Seleatad engths (A) and angles
A): As11T01 2.131(2), As11 O6ACI21 02.0X&0Q 3 ( 1A®G)1,T OA

2.1677(11), N2701 1.299(3), N2702 1.212(3), I
1.297(7), N37TO5B 1.424(6), N3O106As11C217(87).,28
OlTAs1iCl2 83.04(7), OB6ATAs1701 159.24(18), C
95.54(17), OB6ATAsliCl2 76.20(17), Cl271As1iClI
Cl 1T As1i0O6B 73.87(17), O2iN2701 119.583), O3i
O6AT N3704 133.2(4), O6BIN3704 119.9(4), OB6A
88.9(4), O47T N3T O5A 110.4(4), 047 N3705B 11
N37 O6 AT As1N3LD6B{ A1l 104.2(4).

3.3 Conclusions

The successfulysithesis of a variety ofavel Main Goup nitrato complexesia a
two-step process using silver nitrated (PPN)N®@ has provided a new and safer route
for the preparation od novelhomoleptic nitrato complexes. The use of bulky cations
and the formation of hypercoordinate comgexhas allowed for the preparation of

stable polynitrato silicon, germanium and tin aniofisis newtwo-step processia the
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thermaly labile neutal tetranitrato species remove need for daN2Os as used in the
preparation of ther covalent nitrato ampounds Previously inaccessible nitrato
complexeshave also been obtaineBormation of complex salts increases thermal
stability dramatically, with Si(N&)s decomposing within mutes at room temperature
wherea<rystalline (PPN)SI(NOs)e is stable upd 138°C.The loss of varying amounts
of NO; and Q in a twostage processhows that despite the similarity between the
complexes (PPNE(NOs)s (E = Si, Ge, Sn), especially for Si and Ge, different final
products are obtained after thermal decomposit#odifferent cation to (PPN) will be
necessary to determine any more insight irtte thermal decomposition as the
decomposition of the catianasks any later staggtraterelateddecomposition. NOor
NO" would be ideal candidates eithemwould removeany oxidisable material present
from carbon or hydrogen impurities. The combination of th®sNand silver nitrate
methods would be necessary to prepare a complex such asS((WQk)s or
(NO2)2Si(NOs)s.

Limited success was obtain@u the synthesis oérsenicnitrates It was found that
arsenic nitrates are signifidn more thermally labile than @Gup 14 nitrates
Nevertheless, it was possible to prepare two new neutral arsenic nitrates in solution and
a third in the solid state at low temperatures(MQs)s, AsSCh(NOz) and
(PPN)AsCE(NOz3)2. Despite the similarities of the IR signature of bidentate coordination
and bridging coordination modes it has been possible to distinguish between the two
coordination modes based on the gashead on thermal decoposition. Addition of
(PPN)NQ to the acetonitrile solution of As(NfR resulted inno reactiorasno gain in
lattice enthalpy is obtained from converting (PPNXN® (PPN)As(NQ)4. Therefore,
even if it was possible to prepare (PPN)AsgN@ would mog likely dissociate in the
presence of a coordinating solvent, such as acetonitrile of THF.

From the synthesis of these hypercoordinate polynitrato complexes it is clear the
coordination chemistry of the nitrato ligand is diveiBespite the nitrattigand being a
sterically demanding liganche flexibi i t y o f the NTO -igagndds mi nin
steric repulsionThe classification of monodentate and bidentate coordination limits the
true nature of the bonding in such complexes, competing steric ebeadronic
interactions often gives a coordination mode between monodentate and bidentate. A
subtle difference in the secondary interaction of the nitrato ligand, even though it would
still be classified as monodentate, can result in different geomefragsnplexes in the

solid state. The understanding of the nitrato coordination is therefore, an important
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aspect not just for chemical reactivity but also structural studies and thermal
decomposition pathways.
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4. HALOGEN BONDING IN ENERGETIC
COMPLEXES

4.1 Introduction

Energetic supramolecular chemistry is a relatively new field of stiuolygh has its
origins as early as 198Patil et al prepared mixed hydrazine metal complexes with
NOs', N3' or CIQs' counterions, (M(L)(NzH4)2 (L = NOs, M = Mn, Fe, Co, Ni, Zn, Cd;

L = N3, M = Mg, Co, Ni, Zn; L = CIQ, M = Mg).1*! Another report in 1996 by Narang
et al prepared the same metal hydrazine azides with Co, Ni, Zn aRrtiHZavever, t
was not until 2011 when a-mmergence irthe field prompted a new synthesis of
[ZNn(N3)2(N2Ha)2]n. The solid state structuid which isa 1-D polymer agletermined by
single crystal Xray diffraction Fgure 4.1%2

Figure 4.1. Thermal ellipsoid plot of [Zn(B)2(N2H4)2]n. Dark grey: Zn light blue: nitrogen.
Image generated from cif file from refererz

An assortment of nitrogemand oxygen containing polydentate ligandsich as
tetrazole and furazan derivativeesmbinedwith a variety of metal centres has resulted
in several interesting energetic supramolecular compound i n e d Aenerget.
metator gani c f. P13 PeTheo corkptexes mentioned aboaee extremely
shock and frictiorsersitive and possess very high heats of detonation, comparable to
that of powerful organic explosives. Herein lies the next problem with these new
energetic materials; their extremely higihhock and friction sensitivitieslt was
postulated that extendingelstructure into higher dimensions would impart an increase
in stability In 2013 the direct modificationof the hydrazine ligand in

52



[Co(N2H4)2](ClO4)2, and [Zn(NHa4)2](ClO4)2 with atmosphericCO, prepared new
coordination polymerscontaining the hydrazindaoxylate ligand*? These new
complexes did possess[® structurs (Figure 4.2)and, more importantly, had the
desred effect and were much safer handle Energeticoutputwas reducedhowever,

still remaining comparable to common organic secondary explosives.

Figure 4.2. Thermal ellipsoid plot of the extended structure  of
[Coa(nF-N2H4)2(N2H2)2(OC(O)NHNH).-nt-(0,0 $-k2-(N,0)](ClO4)2, with perchlorate anions
omitted. Purple: Co; grey: carbon; red: oxygbnage generated from cifle from reference
132.

Extension into the third dimension has been achieved using a variety of triazole,
tetrazole, triazine etrazine and furazan based ligan@gecent reviews have catalogued
the incredible structures that have been sucdésdynthesised, varying &m 2D
sheets to porous-B frameworkst>'3 Instead of combining energetic polydentate
ligands and metal ions to obtain energetic scaffolds, a fustharueof research wuld
be to incorporate energetic coordination complexes into coordination networks through
intermolecular interactions. Hydrogen bonding has been extensively studied in the field
of energetic coordination complexes, especially for transition metals, hgwelegen
bondingnetworkshave66seen very little attention.

The halogen bond is a highly directional ravalent interaction between a
covalently bound halogen and a Lewis b&$é*® Halogen atoms are usually

considered as having partial negative charges, therefore it isecininitive that a
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halogen bond would be a favourable interactimsight into this bonding interaction

can begained by considerinthe electrostatic potential¥s(r), of ahalogenatomwhen

as part of a molecule. For a groustdte spherically symm@étratom the electrostatic
potential is positive as the nucleus has a stronger effect than the electrons on the overall
potential. When an atom bonds to form a molecule the rearrangement of charge produce
regions of negative electrostatic potential overrtiodecule usually as a consequence of
differing electronegativie¥'° Figure 4.3 shows th¥s(r) of CEX (X= F, Cl, Br, )
determined by Politzeet al. The obvious trend is the increase of the positive region,
growing at the point along thei® bond, going down the halogens. This positive
region is what is known as tisehole and accounts for why a covalent halogen can form

a favourable bonding interaction with areas of negative charge. Each halideshas a
bonding orbital and three electron pairs residing in two perpendicueyitals and one

in a partially hybridiseds-orbital and p-orbital 14° The component of the bond from

the halogen is primarily from p-orbital and when considering X= CI, Br and | the
distribution of the shared electrons approximately 50% between C and X (71%
towards F in CF).
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Figure 4.3. The molecular electrostatic potentials ©F; (top left), CECI (top right), CEBr
(bottom left) and CH (bottom right). Blue indicates regions of negatileceostatic potential
while all other colours indicates positive electrostatic potential with red being the highest.
Images reproduced from referendgOwith permission, copyright Springer

Halogen bonds bemven or ganohal i des (C1 X) and
systems have been extensively studied reviewed3:13%141.143 jgandsinvestigated
vary fromoxo- and nitride groups top-acceptor groups such as CO, Neind CN and
can exhibit extended structures in the solid state as result of the high directionality and
the strength of the halogen bon@lhe nitrato and the azido ligand botlospess
electronegativeatoms tlat bearpartid negative charge Complexes bearing these
ligands open up the possibility of halogen bonding interactions resulting in
supramolecular systems containing energetic molecular fragments. These interactions
could lead to an increase in stability and decreasthe sensitivity of the energetic
molecule in question. Tavroutes are possible, either; &)Lewis base dduct using a
Lewis basecontaining a halogen atqgror (ii) a counterioncontaininga halogen atom

for a hypercoordinate anionic species.
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4.2 Resllts and Discussion

4.2.1 Halopyridine adducts of Si(N)4

X
\
X N/
X benzene N3
Sl(N3)4 + 2 E— N37S| N3
— X=F, Cl,Br, | N3 |
N N
= ‘
\

Scheme 4.1Synthesis of halopyridine adducts of SN

Scheme 4.1 shows the general synthesis of the halopyridine adducts 9f iBi@
simple one steprpcess. The main difficulties lie in the synthesis of &iMds it is not
only shock and friction sensitive but also highly air sensitive too, making it difficult to
prepareand handlé? Si(Ns)s has to be stored as a stock solution in benzene at
concentratios as low as 0.1 mmol mtunder an inert atmosphere, however, is then
stable for up to several months. The initial synthesis of spi(lWas attempted by
Wiberg and Horst in 1954 by refluxing SkGind a large excess sbdium aziden
benzene for 2B0 hairs'** resultingin incomplete chlorine / azide exchange.order
to obtain full exchange the mixture requires refluxing for 120 hours followed by
filtration onto a second batch sédium azileand a further 120 hours of reflux, any less
time and conversion remains incomplerie to the low concentration of the stock
solution all reagentsivolving Si(Ns)4a must be thoroughly dried before ugaldition of
Si(N3)s in benzeneto the appropriatedry halopyridine gave quantitative yields of
(3-fluoropyridine»Si(Ns)a (6), (3-chloropyridine)Si(Ns)4 ™,
(3-bromopyridine)Si(Nz)4 (8) and (3iodopyridine}Si(Nz)4 (9).

All four compounds armoisture sensitive colourless solids. Compougdsé and 8
crystallise from the respective halopyridines whereas compéwaah be recrystallised
from benzeneThe FT-IR spectra 06-9 as nujolmulls between 2200 and 2000 thare
displayed in Kure 4.4. In between these wavenumbecempoundss, 7 and 8 look

similar while compound® differs in the number of bands present. Compoudsand
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8 show multiple peaks betwee&t167 and 2118 crhwhile 9 only has a single peak
maximum at 2118 cht. The peak shapes in all the spectra are not very well defined and
considerably broad and showing shoulders around the maks,p@aconsequence of
deviation from idealised symmetign sample preparation. In principle, it would be
expectedhat 6-9 would have the sammolecularpoint group. There are two possible
isomers of these complexesans or cis pyridines. Pyridine adducts of silicon
tetrahalides are allhe trans isomer therefore, it can be assed these compounds
would be thetrans isomer as well**¥ 147 This would imply tha-9 haveCi symmetry

and would be expected to display two bands inRReéR spectrunf o r a£Nk).€elhe3s

complicatedR band structurenakes an accuragtructuraldetermination not possible.

1.2
— (3-fluoropyridine),Si(N,),
0 8 g o —(3-ch|oropyri§ir1e)ZSi.(N3)4
04 S S (3-.bromorJ.yrldlne)?Sl(N3)4
— (3-iodopyridine),Si(N,),
0.8
o)
=
o 061
o
[
o
3
< 0.4 S
0.2
0.0
T T T T T T T T T T
2250 2200 2150 2100 2050 2000
Wavenumber / cm’”

Figure 4.4.FT-IR spectraof 6-9 asnujol mulls between 2250 and 1900 tin

Crystals of 6-9 were investigated by single crystal-r&y diffraction. All four
molecules have&; symmetry and both halopyridines are itrans conformation with
the halogens also arrangedutually trans to one another. Compounds$ and 7
crystallise in the space grolfil with only one formula unitn the unt cell, whereas
compounds3 and 9 crystallise in the space gro@2/c with four formula unitsn the
unit cell. Table 4.1 shows some structural information for each of the four compounds.

From this datathere appears to be very little difference betwdlea structural
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parameters of and 8, whereascompoundss and 9 are different, exemplified by the

DNN parameter.

Compound Si KN Si ¥ N@) 1 B( Nb) T ¢ ( DNN

6 2.01(1) 1.831) 1.224(4) 1.1373) 8.7(5)
7 2.01(1) 1.841) 1.212(4) 1.1375) 7.56)
8 1.991) 1.831) 1.2134) 1.140(3) 7.3(5)
9 1.991) 1.841) 1.19510)  1.14§11) 4.7(15)

Table 4.1.Average bond lengths of selected bonds of compoltn#s angstromsThe DNN
parameter is quoted in pm and calculated as a difference betweepi) andN(b)- N(g).

The silicon atom in eacbf the four compounds hadeal octaheditageometry with
averageNT Sii N angles of 90 and 180°. The averageNga) bond length is 1.83A, this
value is shorter than thei$i(a) bond length of [Si(N)s]> and longer than tetrahedral
azidosil anes but v e r ybipyridine)Siihe)4 a rand t o (
(1,16phenanthroline)Si(}+.>*>>%The NN bond lengths are in the expected region
for coordinated azido ligands and thé ISi N and N NT N bond angles are consistent
with the bent coordination and linear azido group. The pyridineicdddpy»Si(Ns)a,
has not been reported and so no comparisonbeamadethe closest molecule for
compari son yoipywidind)Si(bkr. THisZontaund haBNN values of 7.0
and 7.9 pm for the axial and equatorial sets of azides respectively. Vdlass are
either side of the values far and 8 suggesting the electronic structuod the Si N3
bond is similar. When considerir@) the DNN value is 8.7 pma significant increase
from the other compounds. One explanation is the highly electronefjativime atom
withdrawing electron density from the pyridine ligand reducing the strength of the
Lewis base. Therefore, the electronics of tHReNENT N moiety closer resembles the
situation in the previously reported tetrahedral azidosilaneSilRh(DNN = 10 pm)
and (‘BUNCH=HN"BU)Si(Ns)N(SiMes)2 (DNN = 9.1 pm).4146 Compoundd has a much
lower DNN parameter (4.5 pm) whi ch is most | ikely related
bond lengths of compour@ Figures 4.5, 4.6, 4.7 and 4sBow the thermal ellipsoid
plots of6-9.
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Figure 4.5 Thermal ellipsoid plot o6. Thermal ellipsoids set at the 50pfobability level.
Selected bond lengths (A) and bond angles (°)-I$4l 1.8271(19), SHIN1 1.8353(19),
Sil- N7 2.0058(17), NAN2 1.222(2), N5N6 1.134(2), N5N4 1.226(3), N2N3 1.141(2),
N4- Sil- N4 180.0, N4Sil-N1 90.17(9), N4Sil-N1 89.83(9), N4Sil-N7 9049(7),
N4- Sil- N7 89.51(7), N1Sil- N7 89.10(8), N1Sil- N7 90.90(8), N7Sil- N7 180.0

Figure 4.6 Thermal ellipsoid plot of7. Thermal ellipsoids set at the 50% probability level.
Selected bond lengths (A) and bond angles $f): N1 1.823(2), SidN4 1.844(2), Sit N7
2.005(2), N4N5 1.208(3), N1N2 1.218(3), N5N6 1.140(4), N2N3 1.133(3), N1Sil- N1
180.0, N1 Sil-N4 90.24(10), N4Sil-N4 89.76(10), N4Sil-N4 180.0, N1Sil- N7
89.61(10), N1Sil- N7 90.39(10), N4Sil- N7 89.85(10), N4Sil- N7 90.15(10), N7Sil- N7
180.0, N5 N4- Si1 125.3(2), N2N1- Si1 124.1(2), N6N5- N4 175.9(3), N3N2- N1 176.1(3)
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Figure 4.7. Thermal ellipsoid plot oB. Thermal ellipsoids set at the 50% probability level.
Selected bond lengths (A) and bond angles?: N1 1.8391(17)Si1- N4 1.8287(17)Sil- N7
1.9918(17)N2- N3 1.139(3) N2- N1 1.216(2) N5- N6 1.140(3) N5- N4 1.217(2) N4- Sil- N4
180.Q N4- Sil- N1 90.39(7) N4- Sil- N1 89.62(7) N1- Sil- N1 180.0 N4- Sil- N7 88.94(7)
N4- Sil- N7 91.06(7) N1-Sil- N7 90.95(7) N1- Sil- N7 89.05(F, N3-N2-N1 175.7(2)
N2- N1- Sil 124.92(14)N6- N5- N4 175.7(2) N5- N4- Sil1 122.56(14)

Figure 4.8 Thermal ellipsoid plot o®. Thermal ellipsoids set at the 50% probability level.
Selected bond lengths (A) and bond angles $f): N1 1.833(5) Sil- N4 1.838(5) Si1- N7
1.978(5) N5- N6 1.149(8) N5- N4 1.190(7)N2- N3 1.147(8) N2- N1 1.200(8) Si1- N1 180.Q

N1- Sil-N4 90.1(2) N1-Sil-N4 89.9(2) N4-Sil-N4 180.0(3) N1-Sil- N7 89.0(2)

N1- Sil- N7 91.0(2) N4- Sil- N7 91.3(2) N4- Sil- N7 88.7(2) N7- Sil- N7 180.Q N6- N5- N4

176.6(6) N5- N4- Si1 126.4(4)N3- N2- N1 176.1(6) N2- N1- Si1 123.5(4) Appropriate SIMU

and DELU restraints have been applied and the ellipsoids still remain badly shaped despite an
R-factor over all data of 3.31 %.
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The interactions between the moleauie the crystal structure differ greatly between
6-9. There is a clear shift in the intermolecular interaction holding the structure together
between the four compounds. Compohi as t wo weak HAhydrogen
better described as van der Waalgeiactions owing to the large distance between
donor and acceptor. One of these interactions is betw@&&® I C with a donor
acceptor distance of 3.8@B) A and the other is betweeni N¢ Hi C with a donor
acceptor distance of 3.249 A. Both interactions are not linear and are bent to angles
of 135 and 124° respectivelyhere are n@-p stackinginteractionstherefore the two
i hydr og eaccountdan tthesstructure observéigure 4.9shows the unit cell ob
with the distance betweehd fluorine and carbon atorrthe nitrogen and carbon atoms,

andthe distance between the aromatic riladeelled

Figure 4.9. Unit cell of 6 with the relevant intermolecular interactions labelled.

In the packing of compound, the chlorine atoms are not involved in any
intermolecular interactions shorter than the van der Waals radii at variance to the
structure of6. The only notable interactions are a weak interaction betweet§ 8T N

which has a donor acceptor distance of 3(8B8 and angle between®\HT C of 150°
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slightly more linear but also a larger distance than the same interactiénTihe
distance betweethe aromatic rings is 3.95 A, abmthe upper limit of thaccepteg-p
stacking interactiomlistance(3.8 A)1*° This distance ishorterthan the distance i@,
however theweak @ Hé NT N interactionremains the driving force for the packing of

the crystal structure

Figure 4.1Q Unit cell of 7 viewed down the crystallographib-axis with the relevant
intermolecular interactions labelled.

Compounds8 and9 have significanthydifferent intermolecular interactions écand7
in the crystal structurelhere are several interactions between the phenyl ring hydrogen
atoms and the azidgroups, but the structures also contain halemgde interactions.
In compound8 the BE N distarce is 3.86(2) A, 93 % of the sum of van der Waals
radii of bromine and nitrogeli® and the angles betweeri Br* N and N N¢ Br are
167(1) and 1081)° respectively. The distance is very close to the sum of the van der
Waals radii so carot be dscribed as arue halogen bond but a van der Waals
interaction between the Br atom and the N atbhe geometry about this interaction is
indicative of an electrostatic interaction between the lone pair on the nitrogen atom and
t h eholdiof the bomine atom.The effect of the weak BIN interaction results in a

very different crystal packing than to what is seefi and7. Lines of the molecule are
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arranged parallel to the crystallograplai@xis andb-axis with the Bf N interaction
directed pardl to the crystallographic-axis. The combi nati on resul't
like structure perpendicular to tleeaxis as shown inigure 4.11 The ribbon pattern is

parallel to thea-axis and there are no short contacts between ribbons.

Figure 4.11 Top: unit cell of 8 viewed down the crystallographib-axis showing the
interaction between therdmine and the azido group. Batn: unit cell of 8 viewed down the
crystallographic-axis.

The crystal structure o is similar to8. A weak f N interacton is present with a

distance of B384(6)A, 93 % of the sum of van der Waals radii of iodine and nitrogen,
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and the relevant bond angles of (B6and 1084)°. One noticeable difference, is the
presence of an interaction between two iodine atoagype | halogenhalogen
interaction, CT 1€ IT C, with a distance of 3.9%9) A. The interaction is symmetric,
unlike the @ 1€ NT N interaction with a @ I¢ | angle of 1312)° but alsdlies parallel to
the c-axis. Both interactions point in the same directasithe halgen azide interaction
in 8, thereforethe crystal structure halse same ribbon pattern.

Figure 4.12 Top: unit cell of 9 viewed down the crystallographib-axis showing the
interaction between the iodirend the azido group. Bottonunit cell of 9 viewed down the
crystallographic-axis.
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Intermolecular

Compound _ , dCX¢A) /A " (CEX)/° " (XNT N)
interaction (CX A)
6 CH® N 3.2424) 124 -
CHeF 3.2143) 135 -
7 CH! N 3.33q4) 150 -
8 CBr¥ N 3.266(2) 167(1) 108(1)
9 CI¢N 3.384(6) 166(2) 1084)

Table 4.2.Summary of the intermolecular interactions in the crystal structur69oA is the
halogen/hydrogen bond acceptor. X is either a halogen or a hydrogen.

Table 4.2 summarises the intermolecular interactions present in the crystal structures
of 6-9. It is clearthat changing the halogen causes a change in the interaction between
molecules in the crysl lattice. It is not unexpectetiat fluorine and chlorine do not
participate in any form of halogen bonding interaction while bromine and iodine do.

A search in the Cambridge Structural Database (CSD) for organic molecules
contahing both an azide and an iodine atom gives a handful of known structures, none
of which show any halogen bonding interactions between the azido group and the iodine
atom. Extension of the search to metaides and an iodine atom resultecbily one
exanple which displays dalogen bonding interactip aniridium complex shown in
Figure 4.13'®! The molecule has AT N¢ IT C distance of 3.192 A, shorter than the
contact distance i®, and the angles are 113 and 171° farNS X and N XiC
respectively:>2 No metalloid ornon-metal, besides carbon, compounds of thmes

criteria are in the CSD.

Figure 4.13 The only compound with a metal dei and an iodine atom that possesses a
halogen bondingn the solid statén the CSD.
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The AI*NT N i nt presentintthe solidstate structure ofhis complex and
compound9 is very different. When considering the azido groups, bothNsi and
IrT N3 bondshave significant colvalent charactéowever, Ir(l) has 8-electrons and as
the azideis a p-acceptor these electrons will participate in bhokding to thep*
orbital of the azidelncreasing the electron density of the nitrogen atolns to the
backbondingresuls in a stronger halogen bond acceptor. Therefore, metal azides may
be more appropriate tham-block azides for potential halogen bonding interactions in

supramolecular chemistry.

4.2.2 Counterionscontaining halogensfor Group 14 nitrato complexes

Hypercoording anionic nitrato complexesof Group 14 elements are thermally
robust (discussed in chapter Bherefore[E(NOs)s]? '(E = Ge, Snjvas preparediith a
cationcontaininga halogerto investigate any halogen bonding interactibasveen the
two ions Both I-methyt3-iodopyridinium nitrate 10 and
1-methyt3-bromopyridnium nitrate (11) can be easily prepareda salt metathesis
between the appropriate ide salts and silver nitrates colourless needle crystals

The molecular structure a0 is shown in kgure 4.14and the unit cell inigure 4.15
CompoundlO crystallises in the space groB@:/c and contains four formula units per
uni t ¢ e®dond ledgths areNsimilarl.24114)-1.25614) A, demonstrating the
fully delocalised sucture of the nitrate anion. The thr€iNi O bond anglesange
betwea 11§1) and 1221)°. The iodine atom anolxygen atom are separatiey 2.%(1)

A, 81 % of the sum of van der Waals radii of iodine and nitrodisplaying ahdogen
bonding interaction withC1€10 and fOT N bond a74(1) lamds150D°f
respectively. Both molecules are-planar to one anothelue to the weak interactions
between thenonthalogerbonded oxygen atoms on the nitrate anion and the hydrogen
atoms on the pyridium ring. The overall result iparallel sheets with annter-layer
distance of approximately 3.4 AaEh sheetontains akrnating cations and anioas

shown in Figuret.15.
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Figure 4.14 Thermal ellipsoid plot o0 displaying the halogen bond between the iodine atom
and the nitrate aniorlydrogen atoms have been omittdthermal ellipsoids set to 50 %
probability. Selected bond lengths (A) and bond angles (*)\211.322(16), C1C2 1.389(17),
C2- C3 1.404(15), C211 2.063(12), C3C4 1.400(16), C4C5 1.400(16), CB5N2 1.311(16),
C6-N2 1.514(15), N102 1.241(14), NA03 1.254(14), NAO1l 1.256(14),02- N1- O3
118.7(11), O2N1- 01 122.9(11), O3N1- O1 118.5(11).

b)

Figure 4.15 a). Unit cell of 10 viewed down the crystallographizaxis. b): Onelayer of the
crystal structure o10.
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The packingof 11 in the crystal structureshown in Figure 4.16is considerably
different to the structure dfo. Compoundll crystallises in the space gro#2i/n with
four formula units per unit cell. TheTXD bond lengths are slightly larger i,
1.2587)-1.2747) A, compared to10 and the ®NTO bond angles are 120°, not
distorted from the ideal trigonal planar structuees they are inl0. There is no
interaction between the nitrate anion ahé bromine atom accounting for why the
anion inllis not distorted in the same wayH®% The only interaction the nitrate anion
has is with hydrogen atoms from the pyridinium rikpwever, there is a wealpe |
interaction between the bromine atoms meighbouring cations with a distza of
3.6841) A, shown in Figure 4.17andthe @ Br¢ Br angles are identical at 133°. The
overall structure is alternating layers of cation andmsjiat variance to the packiog
11 The hyers of anions are planar wher#aes layers of cations astightly puckered as
a consequence of the ‘@Br interaction. Bromine is a weaker halogen bond donor
compared to iodine and doestnoteract with the oxygen of thienic nitrate in this
system. The oxygen atom of the nitrate anion appears to be a strong halogen bond
acceptor despite this, as recognisedHh®y strong interaction between the oxygen atom
and the iodine atom ih0. There is also minimal distortion of the nitrate anion from the
result of halogen bonding with tHemethyt3-iodopyridinium cation

The IR spectra of0 and11 are very similarThenad{NQ) is at 1347 and 1341 ci
in 10 and 11 respectively despite the different structures in the solid state. IR
spectroscopy does not appear talsensitive enougtechniqueto detect any structural

differences in these types of compounds.
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Figure 4.16 Thermal ellipsoid plot ofll. Hydrogen atoms have been omittéthermal
ellipsoids set to 50% probability. Selected bond lengths (A) and bond angleBri°C5
1.889(6) C1-N1 1.506(9) C2-N1 1.344(9) C2-C3 1.372(10) C3-C4 1.403(9) C4-C5
1.376(10) C5 C6 1.382(10)C6- N1 1.360(8) N2- O3 1.258(7) N2- O1 1.258(8) N2- O2
1.271(7) O3 N2- 01 119.9(5)03 N2- 02 120.5(6)O1- N2- O2 119.6(5)

) I

/

Figure 4.17. Unit cell of 11 viewed along the crystallographaeaxis.
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Figure 4.18 Unit cell of 11 viewed along the crystallographieaxis.

These ionic salts are ideal for the preparation of halogen bonding hypercoordinate
polynitrato complexesThe hexanitrato anionsf the Goup 14 elements can be
prepared in a twastep process as discussed eailiechapter 3. Addition ofll to a
solution of Ge(N@)s or Sn(NQ)4 in acetonitrile selectively prepares the corresponding
hexanitrato  complexes, -fhethyt3-bromopyridinium}Ge(NG)s (120 and
(1-methyl3-bromopyridinium}Sn(NQ)e (13), which can be recrystallised from
acetonitrile as large, colourless block crystals.

The structures of both compounds were determined by single crystaly X
crystallography. Compound?2 crystallises in the space grolgbca and has four
formula wits per unit cell. The overalitructure of the compound is a cubic close
packed(CCP)antifluorite structure with the anion at the lattice points and the cations
in the tetrahedral holes. The [Ge(B€)F* anion has approximat®ss symmetry,
different to the symmetry of the anion in (PRGI@(NQ)s, which hasCon symmetry.

This is because of a halogen bond between an oxygen atom of the nitrato ligand and the

bromine atom from the cation. The oxygen atonguiestion is the one involved in the

secondary interaction of the nitrato ligand with the coordination centre. There are two

type Il halogen bonding interactions between one anion awddifferent cations.

Figure 4.19shows the structure of the anion 2 and Rgure 4.24 shows the
interactions between theOaNi dnsaa@dewbscatDad
89 % of the sum of van der Waals radii of bromine and nitrogend t *© ar@i Br

BrfOT N an gl @sandd23l)Tespectively. Overall, it shows that the dggn

bord in this salt is a favourablenoughinteractionto overcome the steric repulsion

between nitrato groups giving rise Byq symmetry for the [Ge(N€)]' anion The
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enforced symmetry changaslittle effect on the structural parametefshe bonds of

theani on. All the NI O and OiI NTO bond | engtHt
the anion in12 and the anion in (PPApe(NQy)s, including the secondary D

interaction. The main differenceish e OT ET O a ntgdceouynt forkh®e h i s
symmetry. Thes@alues are between 81.3 and 98.8°, a largeratien from the ideal

90° that isseen in theCz, structure but similar to the distortion ithe anion
(PPNY»Sn(NG)s which has th same symmetry

Figure 4.19 Thermal ellipsoid plot ofthe [Ge(NQ)g)? "in 12. Thermal ellipsoids set to 50%
probability. Selected bond lengths (A) and bond angles (°)- Gé11.9014(15), GelD7
1.9014(15), GelO1 1.9035(16), GelD1 1.9035(16), Gelo4 1.9063(15), Gelo4
1.9063(15), N102 1.221(3), N103 1.221(2), N101 1.343(2),N2- O5 1.214(2), N206
1.220(2), N204 1.350(2), N308 1.215(3), N309 1.216(3), N3O7 1.345(2), O7Gel O7
180.0, O7GeX O1 98.31(7), OYGel O1 81.70(7), OYGel O4 81.25(7), O7Gel O4
98.75(7), 01Gel O4 97.72(7), O41Gelk O4 82.28(7), O2N1- 03 126.0(2), O2N1-O1
114.18(18), O3N1- O1 119.79(18), OBAN2- O6 126.0(2), O5N2- O4 114.47(18), O6GN2- O4
119.49(18), O8N3-09 126.2(2), O8N3-O7 119.75(18), O9N3-0O7 114.08(18),
N1- O1- Gel 123.92(13), N4 Gel 124.36(13), N37- Gel 125.80(13)

3.046

...........

Figure 4.2Q Thermal elligoid plot of 12 showing the halogen bonding interaction. Thermal
ellipsoids set to 50% probability.

Compoundl3is isostructural to compouri®. It crystallises in the space groBpca

and has th€CP anti-fluorite structure. The anion also hass symmetryand the bond
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lengths and angles are also very sintitathat & (PPN»Sn(NQ)s. The halogen bond is
between the same oxygen atom of the nitrato group 48 iand the Bt O distance is
3.0743) A, 90 % of the sum of van der Waals radii of bromare nitrogen and
slightly larger than iri2, and appropriate bond angles are(@Jand 12@3)°.

Figure 4.21 Thermal ellipsoid plot ofthe anion in13. Thermal ellipsoids set to 50%
probability. Selected bond lengths (A) and bond angle$(f): 01 2074(3) Snt 04 2.074(3)
Snk 07 2.071(3) O2- N1 1.219(4) O1- N1 1.336(4) O3 N1 1.225(4) O4- N2 1.342(4)
O5 N2 1.220(4) O7-N3 1.342(4) O8 N3 1.227(4) O9 N3 1.215(4) O1-Snk0O1
180.00(11) O1- Snx O7 99.73(11) O1- Sn1k O7 80.27(1), O7- Snl O7 180.0 O1- Snl- O4
98.62(12) 0O1-Sn: 04 81.38(12) O7-Sn: 04 80.42(11) O7-Snk04 99.58(11)
N1- O1- Snl 121.3(2) N2- O4-Snl 121.1(3) N3- O7-Snl 122.5(3) O6- N2- O5 126.7(4)
06-N2- 04 114.3(4) O5 N2-04 118.9(4) O2-N1-03 126.2(4) O2-N1-0O1 115.3(4)
03 N1- 01 118.5(3)09 N3- 08 126.5(4)09 N3- O7 115.0(4)08 N3- O7 118.5(4)

Figure 4.22 Thermal ellipsoid plot ofL3 showing the halogen bonding interaction. Thermal
ellipsoids set to 50% probability.

Both of these complexes highlight the difference between the muitriate and
coordinated nitratagroup. Theionic nitrate anion is clearly a weaker halogemdo
acceptor than the covalemtrato ligand. This may be a result of an increased amount of
delocalisation over the nitrate anion spreading the negative ecloaey three oxygen
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atoms. Wheream the coordinated nitrato group, the charge is spread over two oxygen
atoms, exemplified by the shorterminaINT O b ogthd in theecoordinated group.

Compound NagdNOz) Nsym(NO2) n(ON)
(PPNYGe(NG)s 1561 1298 959
12 1579, 1541 1277 941
(PPNYSN(NG)s 1547 1280 964
13 1561, 1539 1286 956

Table 4.3.IR absorption (cit) of the nitrato groups in (PPMB(NGs)s, 12and13. (E = Ge, Sn)

Table4.3 shows the IR spectroscopic data of (PEMNG)s, (PPNYSN(NG)s, 12
and 13. The main difference is the splitting of thm{NO,) band in the halogen
containing compounds. In both2 and 13 the anion hasDszq symnetry, and as
(PPNYSNn(NQ)e displays a single band foe{NO,) and alschasDss symmetry, it can
be inferred that the presence of halogen bonding is causing the splitting of the bands.
Even with this change, IR spectroscopy remains unsuitable for theficion of
halogen bonding in nitrato complexegthout prior understanding of the spectroscopic
detail of the polynitrato complex.

Halogen bonding has an effect on the thermal properties of the [Gr][N@nion.
(PPNYGe(NG)s decomposes at 145°Gind 260°C \ide suprd, whereas 12
decomposesnitially at 120°C and a second step 280°C as determined during a
melting point measurement. On the first decomposition step the glass capillary filled
with a brown gas, while it could be bromine, it wassiniikely NGp. Interestingly, at
the second step the brown gas turns colourless. Further investigations are necessary to
determine the processes occurring. However, the effect of halogen bonding does appear
to reduce thermal stability.

A survey of he CSD searching for metal nitrates with halogen bonding interactions
was conpleted. Very few examples are in the datapasee containing bromine and
there was no discussion of these interactions for those containing iodine. The most
interesting structwr is a nitrato copper complex containing bis(iodopyramogthane
ligands!®*1%* This compound was crystallised with and without water as a ligand.
Without the water both nitrates have %®€O,0 § coordination mode. The effect of the
water ligand causes a change of one of the nitrate8(@) coordination giving an

opportunity to compare which coordination mode is the better halogen bond acceptor.
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The first point to note is the halogen lbamg interaction is between the iodine atom and
the coordinated oxygen atom of the bidentate nitrato ligand and not the terminal oxygen
atom. For the compound with bdtHO,06 ) ni t r at %0 distangeain3R@1 At h e
and the bond angles are 151 ad2°l In the complexbearing amonodentatanitrato
coordinationthe halogen bonding interaction is between the terminal oxygen atom
closest to the coordination centre, as seetRiand13. There is no interaction between
the bidentate nitrato group and thalogen atom. The presence of water molecules in
the structure results in a hydrogen bonding interaction between the nitrato groups and
the water. Therefore, it is hard to determine if the monodentate nitrato group is a
stronger halogen bond acceptor ththe bidentate nitrato group or the presence of
hydrogenbonding is disrupting anlyalogen bonding interactions.

Attempts to isolatehe iodo analogues df2 and 13 proved to be unsuccessful. The
addition of Sn(NG@)s and Ge(NQ)4 solutions tol0 resuted in clear solutions that over
time would precipitate a white solid. The solid shows no signals iRFTH& spectrum
suggesting the formation of Agtom the reaction betweebO and unreactedsilver
nitrate in the solutions of Sn(Ngu and Ge(NQ@)s. This appeared tgrevent the

crystallisation of{1-methyt3-iodopyridinum}E(NGs)s from the reaction solution.

4.3 Conclusions

The investigation into halogen bondinn energetic Main @up complexes has
yielded two methods to exploit hglen bonding interactions. The interaction between a
chargeneutral Lewis acidbase complex of Sik and 3-halopyridines has
demonstrated that despite a wdalogenrazide interaction significant changes in the
crystal structure of the complexes can occur. This opens up the possibility of using
Lewis acidbase complexes of SigN and potentially transitiommetal azides, which
appear to be stronger halogen bond acceptors, as an energetic component of
supramolecular fraeworks. Other, stronger, halogen bond donor bases would need to
be investigated to maximise the interaction between the azido group and the halogen.
Halogen bonding may have usén stabilising Si(N3)s in the solid state.
Co-crystallisation of Si(N)4 with a strong halogen bond donor, such-amby make it
possible to study the sensitive compound in the solid state without the need for
hypercoordination.
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The use of halogenated methylgymium cations as counterions ftMain Group
nitrato complexes further highlighted the diversity of the coordinatiemistry of the
nitrato ligand previously discussed in chapter 3. It appears that the monodentate
coordination mode may be a stronger halogen bond acceptor over bidentate
coordination, however, it remains unclear and would require further investigation.
Covalent nitrato groups are stronger halogen bond amsemver ionic nitrates.
Therefore,not only do these species have a stronger interaction in such sybtems
more ntrato groups can be present for every halogen bond donor cation as a polynitrato
coordination complex. This would help provide a higher oxygen content that could help
with combustion of organic substrates.

It is not possible from these complexes &iedmine which is the stronger halogen
bond acceptor, nitrate or azide, as the nitrato species were ionic salts and the azido
species werehargeneutral coordination complexes. However, halogen bonding adds to
the tools available to stabilise sushock ad friction sensitive species, which has
previously relied upontgegmatising cations or ligand¥his opens a number of routes
for research in energetic coordination complexes, including anionic polyazido
complexes with halogen bonding cations or halogpemding bases with neutral

polynitrato complexes.
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5.GE(Il) AND SN(II) AZIDO AND NITRATO
COMPLEXES

5.1 Introduction

The stability of low valent Main @up complexesnicreases going downgroupin
the p-block, to an extent where it becomes morabkt for an element to be in a lower
oxidation state than the principle oxidation state of that specific g©apsidering
Group 14 as an exampl8n(ll) and Pb(ll) chloride are air stable compounds and show
a higher degree of stabilitwith regards to disociationin comparison to their +4
counterparts, Pb¢ldecomposes above 50°C to Pb@hd chlorine gas. Sngis a
coordination polymer with bridging chloride ligands giving a tin atom with a trigonal
pyramidal coordination environment forming infiniteains!>® The lighter congener
GeCb, is unstable amh can be formedn situ through thermolysis oHGeCk.»® It is
often isolated as a colourless crystalls@id as an adduavith 1,4-dioxane, al-D
coordination polymer withthe dioxane molecule bridging between germanium atoms.
The germanium atom has a sssv geometry with oxygen atoms in the axial siéesl
chlorine atoms and stereochemical actiiene pair in equatorial sites’

Figure 5.1.Ball and stick diagram of Ge&l1,4-dioxane).Reproduced from reference 71&ith
permission, copyright Springer.
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Both of these compounds are versatile reagents for prepanagety ofGe(ll) and
Sn(ll) complexes Azido complexes fobase stabilised Ge(ll) and Sn(ll) centres have
been known for many years, however, all of which are monoazides. It was not until
2013 when a base stabilised Ge(lliazide was prepared using theheterocyclic
carbenebis(2,6diisopropylphenyl)imidazebl-ylidene (IPr) as the ancillary ligan¢P®
The only known compounds are  (HB(3,5MezPzk)GeNs,
trans( YCsMes)W(CO)(PMe)2[Ge(N3)s], [CpCAP(O)(OEt)3]|GeNs,
((n-PrRATI)EN3 (HB(3,5(CRs)2PzB)AgE(Ns)((n-PreATI),  (M*NacnaclENs
{ (‘BuO(Mey)-Si)2NGeNs} 2, (MezNCH2CH2O)EN3 and (IPr)Ge(Ns)2.1°81%% (E = Ge'Sny
Pz = pyrazoyl, ("Nacnac = bis(2,4,6trimethylphenyl)1,5b-diketiminate),
(n-PrRATI = N-(n-propyl)-2-(n-propylaminojaminotroponiminate).

From the two structures of SnGind GeCJ(1,4-dioxane) above it is clear that these
low valent centres can form extended structures through bridglognes.Equally, he
azidoligandhas the ability to bridge betwea coordination centres atiids phenomenon
is observedn the solidstate structures @fn-PreATI)SnNz and ("™Nacnac)Snhl162163
Interestingly this is not seen ithe germanium analogueBoth of these tin compounds
form discrete dimers in the solid state where th&)Ng bridging to a second tin atom to
form a weakly bound SN ring. It is also possible for thazido ligand to act as a
bridging ligandvia the N@) site to a nearby coordination eias seen inhe crystal
structure of (MeNCH>CH,0)SnN.*%4

Figure 5.2. Thermal ellipsoid plot of (MeNCH,CH,O)SnN; (Left) ard ("Nacnac)Snhl Blue
= nitrogen; grey = carbon; light grey = tin; red = oxygknages generated from cif files from
referenced 63 and 164.
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Ge(ll) azides have been used as versatile reagents to prepare novel Ge(lV) azido
compounds. [CpCH(O)(OEt})3]Ge(Ns)z and (HB(3,5Me-Pzk)Ge(Ns)s cannot be
made directly from the corresponding Ge(lV) halide, howeverattygopriateGe(ll)
azide can be made from the analogous halide. Oxidation of these Ge(ll) species using
HNz selectively produces [CpCB(O)(OH)2)3]Ge(Ns)s and (HB(3,5Me2Pz))Ge(Ns)s
demonstrating a unique reactivity of these compounds.

The use of Lewis bases has clearly been demonstrated for the synthesis of stable
Ge(ll) and Sn(ll) azides. However, no such examples of Ge(ll) or)Sm{iates are
known. In fact the only known low valent Main ®Bup nitrate is Pb(N§).. Instead of
using Lewis bases to stabilise Ge(ll) or Sn(ll) coordination centres, WCCs may be used
to isolate homoleptic Ge(ll) and Sn(ldpntaining saltsEvident inthe isolation of the
[GeCk]- and [SnC{]- anions. The first structure of the [SpChnion was reported in
1962 as t hydydst€® MoweSen, e SrCl bond lengths are longer than
would be expected. It & not until 1982 when the molecular structure of ¢FFHCh
was determined®’ The structure of (PRJGeCkwas determing in 1998 as a reference
compound in the preparation of gold complexes with [Ge@Gtands!®® These anions
are ideal starting materials for the preparation of azido or nitratt) Gad Sn(ll)

anions.

5.2 Results and discussion

5.2.1 Anitrato group on a low valent Main Group coordination centre?

The nitrato group isxygenrich and a known oxidising agent, therefoceordination
to a low valent Main @up centre resultgr possible difficulty. Methods described
previously in chapter 3 will not be suitable for Ge(ll) or Sn(i particular the use of
silver nitratedue tothe oxidising potential of Ag(l). A differemhethod was attempted

using(PPN)NQ andsodium nitrag as the ionic nitratexchange agent.

THF
GeCl,y(1,4-dioxane) + (PPN)NO; —— (PPN)GeCl,(NO3) + 1,4-dioxane

14

Scheme 5.1Proposed reaction scheme for the synthesis of (PPN)(BER) (14).
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One equivalent of (PPN)NQvas added to GeglL,4-dioxane) and dissolved in THF
to give (PPN)GeG(NOs) (14). The colourless solution that formed was analylg
FT-IR spectroscopy and resultedtire spectrum shown indgure 5.3. The main feature
of the spectrum is the intense peak at 1517 ¢ar nadNOy), a*(O) coordination The

peak at 1588 chiis indicative of the (PPN) cation.
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Figure 5.3 FT-IR spectrum ofL4in THF.

After stirring this THF solution over sodium nitrate for several days no change was
obvserved in the FTR spectrum. It waslear that no reaction had occurred betwigén
and sodium nitrateand so a solid was isolated from the solutionan attempt to
elucidate the structure of the synthesised comock crystals were obtained and
studiedusing single crystaX-ray diffraction The identity of the crystals was comfied
to be (PPN)Ged and (PPN)Ge(N€)Cl> asa solid solution. The molecular structs

of the anions are shown ingares5.4and 5.5
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Figure 5.4 Thermal ellipsoid plot of the [Ge&NOs)]" anion in (PPN)GeGIGeCk(NOs).
Thermal ellipsoids are set the 50% probability level. Selected bond lengths (&) and angles

N2

02

A) : Gelt1T Cl 2 2.2773(11), Gelt1 O1 1.921(7),
1.332(10), N2T O11 GO3 135320020 101( M1, 02011 INR.TQRX 8) ,
111.0(8).
Ge1
Cl1

Ci3
@ Cl2

Figure 5.5 Therma ellipsoid plot of the [GeG]  anion in (PPN)GeGIGeCL(NOs). Thermal
ellipsoids are set at the 50% probability level. Selected bond lengths (A) and aMgles (
Gel CI2 2.2779(12)Gel CI1 2.2917(11)CI2- GeZX CI1 96.03(4) The Gei1CI3 bond length

is 2.01 A as measured in the Mercury program.

The space groupf the solid solution i$1 and contains two formula units per unit
cell. For each PPN cation there is a germanium centre with chloro ligands in two of the
coordination sites and a half ogancy chloro or nitrato ligand in a third site giving an
overall pyramidal structureith a stereochemical activiene pair resithg in the apical
site. The substitutional disorer indicates a solid solution of (PPN§eCk and
(PPN)GeCbk(NOs). Bond lengthsand bond angles of the naiisordered GeCl
components are very similar to that of (R@¥eCk.2°® The position of the third chlorine
atom iseffected in the modddy the position of the nitrato group resulting in a slightly
elongated GeCl bond. The GeO a n d boNd Iéhgtk are longer in this structure
than in (PPN)Ge(NQs)s, summarised in dble 5.1. Remarkable differences are in the
bond angles between the two molecules. In [Gej§)© the G& Oi N bond angle is
close to 120° (&ble 5.2, whereasn [GeChk(NOz)]' the bond angle is 102.0°, vahi has
a knockon effect on theDr Ni O band anglesn the nitrato groupThe O(1) NT O(3)
bond angle is significantly larger than 120° at 135.2° and the other two angles are
smaller than 120° at 113&hd 111.0°, summarised irable 5.2.
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Average bond lengthi()

Compound ET O OT1T N NT O
[Ge(NOs)e]Y 1.901) 1.341) 1.21(1)
[GeCk(NO3)]Y 1.921) 1.331) 1.191)

Table 5.1.Average bond lengths of [Ge(N)g]? 'and [GeCJ(NOs)]'.

Average bond angle)®
Compound GelT OT M O(21) TNT O(C(1)T NT O(2)T71 NI

[Ge(NOs)6]? 126.2(1) 114.93) 120.Q3) 125.713)
[GeCk(NO3)]® 102.0(6) 135.29) 113.98) 111.98)

Table 5.2.Average bond angles in [Ge(N)g? 'and [Ge(NQ)CI.]'".

The secondary GeD distances 2.580 A and the difference between this distance
and the GeO bond lengthDEO, is 0.66 A. Compared to [Ge(N)g]? "this value is
significantly lower (1.2 A for [Ge(N€)s]? ) due to theeducedsteric congestion arod
the germanium centre. Fromthemaasw Ge1T OT N bond angle and
be inferred thathe nitrato group i®ound inan unsymmetrically bidentate coordination
mode rather than monodentatoordination mode This coordinationmode is very
similar to that of (PPN)As(Né§)-Cl. disaussed in chapter 3. Both coordination centres
havestereochemical activiene pairs which is the primary reason for the prevention of
bidentate nitrato coordination. However, enough space is available to allow for the
secondary interaction in these molesul One noticeable difference between the two
molecules is that the arsenic compound is temperature sensitive whereas the Ge(ll)
compound is notdemonstrating thathe coordination mode does not account for
temperature sensitivity but rather the elemem¢ nitrato group to which it is
coordinated

Sodium nitrateis too weak a nucleophile to displace a chlorine atom in these
moleculesunderthese conditions. The presence of trichlorogermanate in the crystal
structure shows that some exchange mastiioto provide the chloride anions to form
the [GeC4]" anion,resulting in an equilibrium between [Ge(B)¢)' and [GeCd]' and

the substituted products in betweencl®me 5.2. Preferentially the mixed salt of
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(PPN)GeCJGeChk(NO3) crydallises from the recrystalliation conditions used. To
further push thexehange to completion a different source of nitrate anions would have

to be used of which there are two choices.

NO;™ NO,~ NO;™
GeCly(NO3)” GeCI(NO3),™
Cclr Cl- CI-

GGCI?; GG(NO3)37

Scheme 5.2Equilibrium of nitrato(chloro)germanates in THF solution.

Silver nitrate represents the stoobvious choice, however, due to its oxidising
properties canndbe used. An alternative the covalentnitrate MesSIONC,. Though
this reagent has two potential issu@s exchangeusuallyrequires aET F  bi®.n d
Snkh,as the formation of Si TF bondiythear e a
compound decomposes in a few hours at room temperature. There is no reagent to
generate Gefin situin the way that GeCb(1,4-dioxane) is a sourcef GeCbh,
though it is worth noting (Nacnac)GeF is a known compound, that leavesaSrah
ideal starting point for investigatiofi®

Trimethylsilyl nitrate can be prepared a stock solution in acetonitrile by treating
MesSiCl with silver nitrateat 0°C17° The solution has to be kept below Od@herwise
decomposition of the silyl nitrate occurs. Combination of ;Safd (PPN)N®@ and
MesSIONG; in acetonitrile affordsa colourless solutionRemoval of the solvent
resulted ina viscous oil that did not display @alinated nitrato bands in tHeT-IR
spectrumand showed the characteristic signals of (PPN)NOonversion using
trimethylsilyl reagents, such as b&Ns,'"! often require elevated temperatures and so
at the low temperatures regad to handleMesSiONQO,, conversion appears to not be
possible.

The synthesis of nitrato complexes of low valent elements is hampered as common
nitrato exchange reagents are unsuitable. Azido complexes, however, should have fewer

difficulties.
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5.22 Homoleptic azido Ge(ll) and Sn(ll) complexes
5.2.1.1 Syntheses and IR spectroscopy

Information on homoleptic Ge(ll) and Sn(ll) azides is scarce. In fact, the only report
is for the isolation ofSn(Ns)2 in 2014 and very little information is provided@he IR
absorption fonadNs) is quoted a2200 t01900 cm! and elemetal analysis values are
too lowl’ Otherwise the only Ge(ll) and Sn(ll) azido complexes known are base
stabilised Lewis adducts. To demonstréiat tazido complexesf Ge(ll) do not require
bulky stabilising ligands an attempt to synthesise the triazidogermanate anion,

[Ge(Ns)3], was madeAs well as thdriazidostannate anion, [SnéN]' .

(WCC)CI
ECl,(1,4-dioxane), ————— (WCC)EClI; wﬁ

(WCC)E(N3)3
(WCC)N,

> (WCC)ECI,(N3) ex. NaN;

Scheme 53Synt hesis of azido(chloro) germanates (11
(n = 0). WCC = (PPh, (PPN), (AsP}.

Two different syrtheses were devised: (i) addition(®CC)Nz to ECh followed by
salt metathesis withodium azideor (ii) addition of (WCC)CI to ECGlfollowed by salt
metathesis withsodium azide Scheme 5.3.Figure 5.6 shows th&T-IR spectrum
obtained from asolution of (PPh)N3z and GeCbk(1,4-dioxane)in acetonitrile between
2000 and 2200 chh The dominant peak at 2075 cnis thecomplex(PPh)GeChk(Ns)
and the other pea&t 2062 ch! indicates (PPHGeCl(Ns)2. The latter complex should
have two absorptions in thedN3) region, however, only one is observed, most likely
that the second p&, which should be at higher engrigs hidden by the larger peak at
2075 cm?,

83



1.8

1.6 4

2075

1.4 4

1.2 4

2062

1.0 4
08 -

06 -

Absorbance

0.4 -

0.2 -

0.0

2200 2150 2100 2050 2000
Wavenumber / cm’’
Figure 5.6 FT-IR spectrum of the solution of (PPNs; and GeCJ(1,4-dioxane) in acetonitrile.

Only a single equivalent of (PBN3 was added to Gegtll,4-dioxane) therefore, for
the [GeCI(N),]' to form extra azideaniors must be preserih the reaction solution. An
equilibrium betweeriGeCk]' and [Ge(N)s]' and all the other degrees of substitution
establishes to provide a source of chloride and azide anioesovEmall position of the
equilibrium appears to be a mixture of [G§CI[GeCk(N3)]" and [GeCI(N),]' with the

monoazido complex the most prevalent. 8ok 5.4 shows the equilibrium.

N3~ N3~ N3~
GeCly(N3)~ GeCI(N3),~
CI- CI- CI-

GeC|3_ Ge(N3)3_

Scheme 5.4Equilibrium of the alo(chloroy e r ma n airt aeedoqittileé solution.

Removal of the acetonitrile solvent resulted in an-wdifte solid which was
combined with a large excesssidium aziden THF to drive the equilibrium towards
the (PPh)Ge(Ns)s (14a). The FT-IR spectrumof the new solutionis shown in kgure
5.7. There are two IR absorptions in thgNs) region at 2091 and 2058 thindicative
of 14a A small absorption at 2130 &hfor HNs and at 1997 chi for (PPh)Ns is also

84



observed Identical spectra arebtained when using (PPNjNnhstead of (PPfN3 to
give (PPN)Ge(N)3 (14b) or (AsPh)Nsto give (AsPh)Ge(Ns)s (140).
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Figure 5.7.FT-IR spectrum ofl4ain THF.

Two bands in the IR spectrum represent a molecule with symmetry as there are three
azidogroups. The most likely point group of [GefJ' is Cs, which would display two
bands in the IR spectrum. Other possible point groGps, Cav and Cs, are unlikely
becauseof the expected geometric restrictions enforced by the lone pair on the
germanium atom and the bent coordination of the azidondig&igure 5.8 is a

representation of the stereoprojection of [G¢Nin the Cs point group.

s %

Figure 5.8.Stereoprojection of [Ge@)]" in the Cs point group.

The analogous higher coordinate Ge(lV) anipn[Ge(Ns)s]?! shows a single

absorption 82083 cm? in acetonitrile!”® In THF solution the most dominant peak of
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l4aat 2058 citi s consistent with other GéYI11) azic
and | ower than Ge(Il V) andl) dable 53 nijhd leweres ( 20 8 3
position of the wavenumbers implies a | ess
reduced species. As the Ge atom is in a lower oxidation state theressesacter in

the bondingelongating the bondnd effecively reducing the covalency af he Ge i1 N

bond.

Compound NagN3) / e Medium
14a 2091, 2058 THF
(IPr)Ge(Ny), 1°8 2075 ATR
(ATI)Ge(N3)*? 2048 KBr
L3Ge(Ns)o! 2053 THF
(PPNYGe(Ns)s 17 2083 MeCN
(bipy)Ge(Ns)a 1" 2120, 2097, 2091 MeCN

Table 5.3. IR absorptions of selected Ge(ll) and Ge(lV) azido complexes. The azide symmetric
stretch is obscured by ancillary ligands on some complexes and so has not been itRiuded.
1,3-bis(2,6diisopropylphenyl)imidazol-ylidene;  ATIl:  N-(n-propyl)-2-(n-propylamino}
troponiminate; B (CsHs)Co{P(O)(OEt)s} ; b i {bipyriding., 2 6

The analogous tin(ll) complex, (PB8n(Ns)3 (15), can be prepared in an identical
methodas 14astarting from SnCl The FT-IR spectrum of a THF solution containing
PPhNz and SnC} is shown in kgure 5.9. As before witli4a multiple peaks are
observed despite only a single eqléent of azide anions presefiiwo peaks at 2050
and 2064 cht and a shoulder at 2072 bt suggest (PPHSNCk(Ns) and
(PPh)SnCI(Ns)2. It is worth noting that the intensity of the SnGJ{Nis much greater
than what is observed in tisgnthesis of (PRIGeChk(N3). Stirring this solution over a
large excess addodum azideresults in a solution which displays two bamd2051 and
2081 cm? for [Sn(N3)s]" anda much weaker peak at 2130"¢nm its FT-IR spectrum
Figure 5.10 The band shape of the peak at 2081'@nggests another peak is present
under the peak, lch is most likely due to the [SngN]? ' anion (2078 cit in
MeCN) 1"t The presence of which can be explained by oxidatidrbefith HN.
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Figure 5.9.FT-IR spectrum of the solution of (PPN3; andSnCl; in THF.
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Figure 5.10.FT-IR spectrunof (PPh)Sn(Ns)sin THF.

Table 5.4 shows the IR absorption frequencies of Sn(ll) and Sn(IV) azido complexes.
Firstly, as is common when changing tte®rdination centréo a heavier element in the
same group the frequency a@hg{Ns) decreases, theéadNz) for 15 is at lower
wavenumbesthanl4a Similarly tol4a the absorption appears at a lower wavenumber

than the [Sn(M)s]? "anion and falls in the region of previously determined Sn(ll) azido
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complexes. The difference betwethe two peaks in thET-IR spectrumof 15 is 30
cm' tand is similatto the difference between the peaksl4é (33 cni?). This suggests

both anions have very similar structures in solution.

Compound nagN3z) / cni® Medium
15 2081, 2051 THF
(ATI)SN(Ns) 2039 KBr
(M*Nacnac)Sn(h) 2060 KBr
(PPNYSN(Ns)s 2079 MeCN
(bipy)Sn(Ns)4 2112, 2085 MeCN

Table 5.4.IR absorptions of selected Ge(ll) and Ge(lV) azido complexes. The azide symmetric
stretch is obscured by ancillary ligands on some complexéssarhas not been included.
meNacnac2,4-dimethykN , Hi®NR,4,6trimethylphenyl}1,5-diazapentadienyl

The [Ge(N)s]' anion was prepared with the RPhPPN and AsPh" cations.
Attempts to crystallise the AskBalt resulted in only ofivhite solids, while the PPN
salt 4b) formed small colourles block crystals by solvent evaporation of THF in a
glovebox. The PRisalt could be crystallised kifie slow cooling of a THF and diethyl
ether (1:10) solution af4ato give colourless needle crystals. Only the P&t of the
[Sn(Ns)s]" anionwas prepeed and crystallised in the same method4es

Figure 5.11 shows thET-IR spectrumof 15 as a nujol mull. There are striking
differences between the IR spectra obtained in solution and as a nujol mull. Three peaks
are present in the nujol mull speetr at 2068, 2058 and 2034 'cnat variance to the
THF solutionFT-IR spectrumwhich displays two bands at 2081 and 2051 'criihe
significance of thigs that the [Sn(N)s]' has a different structuia solutionthanin the

solid-state.
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Figure 5.11.FT-IR spectrum ofL5as a nujbmull.

5.2.1.2Single crystal X-ray diffraction

Single crystal Xray diffraction studies were performed dma 14b and 15.
(PPN)Ge(N)s crystallises in the space grolg?2:, however, it was not possible to
completely solve the strucewrThe germanm atoms and PPbhation could be located,
however, the nitrogen atoms of the azido group could only be partially located. Despite
attempting different models the location of the azido groups could not be fully
determined.Figure 5.12 shows the packing dfet PPN cationfrom the attempted
structure solutionwhich dominates the packing of the crystal structure. There are two
cavities in the unit cell available for the [Ge}}J' to be positioned andne is
significantly larger than the other. In the smadivity the anion can fit, however, in the
larger cavity there is more freedom for the [Gg§N making the exact locatioof the

anion difficult to find, yo to a point where it could not be located definitively.
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Figure 5.12.Unit cell of 14b only shaving the PPNcation and germanium atoms viewed down
the crystallographicc-axis. Cavities marked with red rings. Grey: carbon; blue: nitrogen;
orange: phosphorus; white: hydrogen; turquoise: germanium.

As the packing ofLl4b is dominated by the PPN @an, it was thought the smaller
PPh cation would result in structurevhich could be completely resolvedhe
moderately air sensitive crystals bfawere put under nujol on a microscope slide and
after a period of 15 mins bubbles had formed on the sughthe crystals, shown in
Figure 5.13. The identity of the gas is unknown but most likelg.HN

D * ; O, G Wy g T

o
l-\ 5,

Figure 5.13 Crystals ofl4aunder nujol in air at various timekeft: t =0 min; right t = 15
min. Scale: 1.25 cm1 mm.
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Compoundl4a crystalises in the space groupl with a unit cell that contains two
formula units. Only weak van der Waals interactions are present between anion and
cation resulting in channels of unperturbed cations and anions along the crystallographic
a-axis. There ar@o bridging interactions between [Geff]' anionswith the shortest
intermolecularGeée N and N N distances being.13 and 5.07 A respectively. The
germanium tom is three coordinate witihree essentially linear azido ligands arranged
in a trigonalpyramdal geometry around the germanium, giviy symmetry
contradictory © the solution celFT-IR spectrum The averageN(a) 1T G ed) Nophd
angleis 92.9818)°, indicative of astereochemical actiilene pair consistent with other

three coordinate Ge(ll) azidmmplexeg 8162163

Figure 5.14 Thermal ellipsoid plot of the anion [Ge{}]' in 14a Thermal ellipsoids are set at
the 50% probability level. Selected bond lengths (A) and ant)ieG¢1: N1 1.9888), Gel N4
2.011(3), GeIN7 1.984(2), N1N2 1.213(3), N2N3 1.148(3), N4AN5 1.209(3), N5N6
1.142(3), N7N8 1.206(3), N8N9 1.140(3), N1Gel N4 91.05(11), N7Gelk N1 93.59(10),
N7- Gel: N4 94.29(10), N2N1- Gel 116.4(2), N3N2- N1 177.6(3), N5SN4-Gel 118.7(2),
N6- N5- N4 177.4(3), N8N7- Gel 121.3(2), NON8- N7 175.2(3).

The Ge T & (ond lengths (1.982)i 2.0143) A) are shorter than tetracoordinate
Ge (1 1) azi do comp e and falls an. tBeB @rig® ofOkAotvn | )
tricoordinate Ge(ll) azido comgkes (1.9602.047 A).158162163.174The Ge(IV) azido
compound, (PPNJ5e(Ns)s, has shorteGeT1 &( bond | engths (1.969
those inl4a Table 5.5An increase in the coordination numia@ound the germanium
centre accounts to why the tetracoordinate Ge(ll) complexes have a longer bond. The
effect of the negative charge appears to haarg little effect on the bond length after
comparing with other tricoordinate Ge(ll) azido complexes. Tha)N( b) (and

N(b) T & bond lengths of the azido ligands fall in the expected range for a covalent
azide with the former beindonger than the lagr (1.2063)1 1.2133) A and
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1.14Q3)1 1.1483) A). The difference between thetwo bond lengths for this anion is
6.6 pm on average. A value similar to (PEBBH(Ns)s (6.5 pm). As this paramet is an
indicator of the degree of covalenay f t he GaehisNmple® wedy, little
difference betweeri4a and (PPN)Ge(Ns)scont r ary to the dif
bond kengths between the two compoundseFT-IR spectrunof 14aalsosuggest an

increase in the ionicitgf the germanium azide bond.

Average lond lengths

Compound Gel N N(a) 1 b)( Nb) T 8 ( DNN / pm
14a 1.9945) 1.2095) 1.1435) 6.7(7)
(IPr)Ge(Ns)2 18 1.969 1.209 1.152 5.7
(ATN)Ge(Ns) 162 2.047 1.197 1.144 5.3
L3Ge(Ns) 161 2.094 1.180 1.159 2.1

Table 5.5.Average bnd lengths of Ge(llxzido complexes. Bond lengths are in units of A and
DNN (D(N(a) 7 B)() 7 DY N&)] in unitsof pm.L3: (CsHs)Co{P(O)(OEt)s}.

Table 5.5 shows the bond lengths for a selection of Geg¢itfydexes. TheDNN
parameters much larger ild4acomparedo theGe(ll) azideghat contain Leis bases.

It appears that the greater electron withdregyproperties of thazido groupver the
strongs-donor strength of the ancillary ligandssuls in a largerDNN pamameter for
[Ge(Ne)]'"-

The solid-state structure of15 is different to that oflda. Single crystal Xray
diffraction studies show comound 15 crystallises in the spacgroup P1 with two
formula units per unit cell. Unlike irlda, which has only weak van der Waals
interactiors between anion and catidif displays two ShiN(a) contacts and two long
Srf N(g) contacts resulting in the foration of discrete {[Sn(8s]}2? 'dimers, Fgure
5.15. The contacts arasymmetricm 1-N3 bridgesgiving an SaN: ring with short and
| ong & bohdd (2.203 and 2.672 A). The-Baring is planar and the bond angles
imply sp? hybridisation for the nitigen atoms. Other Sn(ll) azido complexes display a
similar feature. Table 5.6 summarises the structural featudEsarfd other Sn(lljazido

complexes.
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Figure 5.15.Thermal ellipsoid plot of {[Sn(&)s]} 2? 'in crystals of3. Thermal ellipsoids are set
at the 50% probability level. Selected bond lengths (A) and an@)esSiT N1 2.263(4),
SnIN4 2. 20 3N742203(4)S NIN2 1.197(6), NEN3 1.151(6), NAN5 1.205(6),
N5T N6 1.142(6), NYN8 1.186(6), N8N9 1.160(7), N1SnI N4 88.15(15), N¥SnT N1
88.71(15), N7 SnT N4 89.24(16), NEN11 Snl 123.8(3), NBN2I N1 177.5(5), N6N41 Snl
118.8(3), N6 N5I N4 177.0(5), N8N7T Sn1 123.7(3), NON81 N7 176.5(5).

Average bond length

Compound SN Srf N(a) N(a)gN(b)  N(b)UN(9) DNN

15 2.2237) 2.672 1.19610) 1.15X11) 4.0(15)
(AT1)SN(Ns) 162 2.253 2.870 1.188 1.156 3.2
(™Nacnac)Sn(y) 1% 2.198 2.910 1.208 1.109 9.9

Table 5.6. Average bond lengs of Sn(ll) and Sn(lV) azido complexes. Bond lengths are in
units of A andDNN is in units of pm.

The dimerisation feature in this structure has the shortésN@) interaction for
Sn(ll) azides known to date. The primary reason is due to less steric crowding around
the tin centre. Ligands such as ATI 8ffNacnac) are lare and crowd the coordination
sphere of the timtomresulting in a longedistance between the nitrogen atom and the
tin atom Other than this interactipthe [Sn(N)s]" anion is similar to [Ge(B3]'. The
[Sn(Ns)s]" anion has a trigonadyramidal tin abm with astereochemical activione
pair. As withl4at he ET N bond | ength is |l onger tha
the range of other Sn(ll) azido complexes. Interestingly, the difference iDNhe
parameter betweed5 and (PPNYSn(Ns)s is much geater than betweed4a and
(PPN)YGe(Ns)e. In 15the DNN is 4.q(15) pm, whereasfor (PPN»Sn(Ns)e it is 6.8 pm.
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The large difference isnost likely due to the bridging interactiomhe azido ligand
which is not involved in any intermolecular interactionghmanother [Sn(d)s]' has
N(@) T B)( and Nb) 7 ¢ (bond lengths of 1.198) and 1.1516) A. Whereasthe
azido ligand involved with the N[ interaction has a larger &) 1T b)(bond length
(1.2096) A) and a shorter M) T & pond length (1.148) A). The aido ligand
bridging via N(a) has aN(a) T b) (bond length of 1.186) A, shorter than the other
two azido ligands, and K} 7 ¢ bond length of 1.160) A, longer than the other two
azido ligands. A simple electrostatic argument explains these differaxesectron
density is removed from the bridging nitrogen towards the tin centre effectivelygoull
the central Ni§) towards the bridging nitrogen.

The structurs of 14aand15in the solid state are very different, however, are similar
when dissoled in THF, suggestingliscrete anions ofSn(Ns)s]' to be present in

solution.

5.2.2.3 Nuclear Magnetic Resonance spectroscopy

The'*N NMR resonances df4awere determineth CD:Clot o be at 1264,
1208 ppm a dlb) andiNg atdsrespectivelywith FWHM values of 552
and 24 Hz for Ng) and Np). Whereashe N NMR spectrum ofl15, recorded in
CDsCN,had resonances at 1260 and 1218 ppm
N(b) resonance of5is obscured by the resonance of$CN. Commred b [Ge(Ns)e]?®
and[Sn(Ns)s]?, the 1N signals of the azido ligands bfiaand15 aremoredeshielded.
Similarly with IR spectroscopy aridNN values insight into theelectronic structuref
the azido group can be maftem the position of the resonees If the difference
between the NY) and N§) resonance€$)N(a)N(g), is equal to zero then the azido group
is ionic, and more accately the azide anion, andlarger value indicas a more
covalent azido groupThe DN(a)N(g) values ofl4a and 15 are % and 42 Hz
respectively, lower than the Ge(lV) and Sn(lV) analog(lesth 81 Hz).The lower
values are indicative of the increase I
spectroscopy and the structure determination. Table 5.7 showd\ti¢MR dataof
Ge(ll) azido complexes and th#N and'!°*Sn NMR data of Sn(Il) azido complexes.
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Compound UN@)  ¥N(b) ¥N(9) 119N Solvent

14a 1264 1137 1208 T CD2Cl>
15 1260 * 1218 1221 CDsCN
(MNacnac)Ge(h) ¢ 71291 1136 1215 T CD.Cl>
(AT)Ge(N3)*6? 1250 1135 1213 T CD.Cl>
(IPr)Ge(N), 1°8 1295 1137 1213 T THF-ds
(MNamac)Sn(N) 1% 1292 1136 1223 1276 CD.Cl>
(ATI)SN(Ns) 162 1256 1136 1202 1122 CD.Cl>
(PPNYGe(Ns)s 17 1289 * 1208 T CDsCN
(PPNYSN(Ns)s 172 1299 * 1218 T CDsCN

Table 5.7.NMR data of selected Ge(ll) and Sn(ll) azido complexes and @F))s and
(PPNYSN(Ns)s. Units of resonances in Hz. * overlaps with solvent signal.
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Figure 5.16.2“N NMR spectrum ofi4ain CD,Cl..

95



-135.70

-218.517
-260.216

T T T T
-220 240 -260 280  ppm

T T T T T T T T T T T T T T T T T T T
-110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210 -220 -230 -240 -250 -260 -270 -280 ppm

Figure 5.17.2“N NMR spectrum ofl5in CDsCN.

Other Ge(ll) and Sti) azido complexes have differeshifts for the'®N resonances
of the azido groumlepending on the ancillary ligandhe complexes cgaining the
ligands™®*Nacnac ad IPr have lower chemicadhifts compared td4a and15 and the
complexes containing the ATI ligand. TRESn NMR spectrum ofl5, Fgure 5.17,
di splays a signal at 1" Nadnacopith, 2i7r6 pbemyveamdt
(ATDSNNs (T 1 2 2 p P8 resontrcefor [SngN]? Tis not published, however,
(NMe4)2SnCh has been repatd as 1 7 3 2CL.p°ne resamande® Kbr [Snl
has been previously determined by combining various amounts of, Sm€i
1-n-octane3-methylimidazolium chloride, which gives an ionic liquid. Various signals
for the!!°Sn resonance are foubde t ween T 48 and Tn2hé@uantitpm depen
of SnCh added!’® Low valent coordination centres appear to be more deshielded than

the hypercoordinate species, ah8is in the correct region.
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Figure 5.18.11%Sn NMR spectrum of5in CDsCN.

5.2.2.4 Thermal properties and reactivity of [E(N)3]'

The nitrogen content af4a and 15 are 23.42 %and 21.58 % respectively. These
values arenot high enough to be consideredigrogenrich compound,however,the
anion combied with the appropriate couniemn could be. Thee compounds are
appropria¢ for the safe study of the [Gefb]' and [Sn(N)s]' anions. Figures 5.19 and
5.20 show the differential scanning calorimetry (DSC) thermograms of comptdads
and15. Compoundl4afirst melts at 63°C and then decomposes in two steps at 108°C
and 317°CThe first step corresponds to an energy releagel4s kJ madl! and the
second step an ener gy The signdicasce of thé sedo@d5 1 K .
decomposition is that the temperature is very close to that of the second decomposition
step of (PPNGENs)s (317°C vs 312°C)!® Also the energy release for
(PPN)YGe(Ns)s is approximately double that a#a ( T 2 5 1 "Y%vslT 48t &d mdlh),
scaling with the charge of the anidbombination of these two facts suggests that
second step is due to the decomposition of (WGE)Nboth compoundsStep one is
considerably lower in energy than that of (PEBgN3)s, even when considering the

scaling of the chargeand occurs at a much lower temperaté&vesample ofLl4aheated
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to 150°C resulted im material which displayed (PPN3z suggesting decomposition is

initiated with the loss of M.
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Figure 5.19.DSC thermogram ofl4a Heating rate at 10°C / min. Compoub8lmelts at 63°C
and decomposes at 108°C and 317°C. Two other phase changes are observed at 199°C and
250°C.

The [Sn(N)3]' aniondecomposes in a different pattern to thaiGé(Ns)s]' occurring
at higher temperatures. Compoub®i melts at 124°C and decomposes in a three step
process at 226, 252 and 331°C, slightly lower temperatures than &®Ne)s (300
and 365°C)"L. The first and second steps overlap and are ceradity lower in energy
than the step at 331°C. The difference is potentially related to the dimeric structure of

the compound in the solid state.
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Figure 5.20.DSC thermogram 08. Heating rate at 10°C / min. CompouBadnelts at 124°C
and decomposes 226°C, 252°C and 331°C

Both 14aand 15, as lowvalent species, are prone to oxidatidhe FT-IR spectrum
of 15in THF, Fgure 5.10(vide suprd, shows a small peak for [Sr{]? "assumed to
be due to the oxidation from HNbroduced on hydrolysis df5. The reaction ol4a
and 15 with HN3 was investigated by IR spectroscopy. Figure 5.21 shows the IR
spectrd series of the reaction betweemiNsz and 14a in THF over a period of
appoximately 19 hrs. The initial spectrum before Hias added shows the two peaks
at 2058 and 2091 crh Addition of HN; (appears at 2130 ¢in THF) results in the
decrease of these two peaks and the growth obw peak at 2086 chi, which
corresponds t§Ge(Ns)s]? . The low intensity of this peak is due to the low solubility of
(PPh)2Ge(Ns)s in THF. Compound 15 shows the same reactivity converting
(PPh)Sn(Ns)s to (PPR)Sn(Ns)s. However, is completeth fewer than70 mins,faster
than the germanium angloe. The mechanism for such a reaction is currently unknown

and possibly occurs via (PPE(H)(N3)a.
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Figure 5.21 FT-IR spectral series of a solution of kEllNnd compound4ain THF recorded
over a period of 16 Black line: t = 0 mins; red line: t £7 mins; green line: t = 37 mins; dark
blue line: t = 49 mins; light blue ling:= 67 mins; pink linet = 97 mins; yellow linet = 162
mins; gold linet = 1125 mins.

5.3 Conclusion

Main Group coordintion complexes where the coordination censan a lower
oxidation state than the principal oxidation state often have different chemical
properties. This is also true for aaidomplexes of low valent MainrGup elements.

Like their higher coordinate homologues, [B@f ' the [E(N)s]' anions can be

isolated bearingoulky, noricoordinating counterionsThus removing the need for

bulky, strongs-donor ligands, such as IPr8iNacnac, in the preparation of Ge(ll) and

Sn(ll) azido omplexes. The presence of a lealent coordination centre resailin

different structural and chemical propes of anionic homoleptic azido complexes
Spectroscopic measurementdN NMR and IR spectroscopies, show an increased
degree of i1 onicity in the ETN bond for the
aresult of less-character in the bonding. Structurally, [Se@J shows an interesting
dimerisation featurgiae { ,)Néa n d eNzlbridg8s) In the germanium complex no

such feature is observed. Despite being a low coordinate centre, the germamuis a
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too small to accommodate bridging intetians giving discrete anions oBE(Ns)s]" in
the solidstate structure ofida The lone pair in both [Ge@\]' and [Sn(N)3]' is
stereochemically inactive.

Differences in the thermal properties of [Eff and [E(Ny)¢]?' can also be
explained by the lowalent coordinationcentre. Decomposition temperatures of the
low-valent anions are considerably lower than that of the hypercoordinate anions. The
molar enthalpies of the second stedédand (PPN)GeN3)s scale approximately with
unit charge implying this step is the decomposition of (WGC)Nhe other
decomposition step has too low an energy release to be considered the decomposition of
Ge(Ns)2 (addition of an azido group results in an approximatesimse of 200 kJ midl
of energy).

To extend low valenMain Group azide chemistry further the reactivity of such
species requires investigation. Inorganic azido complexes are known to undergo [3+2]
cycloaddition with nitriles to prepare tetrazoles and tetrazolato cwdion
complexes’"1"® The presence of a lowalent Main Goup coordination centre offers
the potential for different reaction rosteand reactivity while also remaining as a
possible precursor for other Ge(ll) and Sn(ll) tetrazolato complexes. Other coordination
centres also remain open for investigation such as, Ga(l) and In(l), as well as the lighter
elements of thep-block: Al(l), Si(ll), P(l). The latter of which will require new
methodologies and requirements to ensure stability of such a reactive coordination
centre.

In attempts to prepare [Ge(Nfd' sodium nitrate is too weak a nucleophile to
displace the chloro ligands from (PPN)Gg8Is) completely Current synthetic
methods of nitrato / chloro exchange would be unsuitable in the preparation of the
desired anion. The common reagerdiOB would be strongly oxidising, it is also
prepared in ozone, and therefore be reactive towards Gefiyes Trimethylsilyl
nitrate ajpears to be unreactive towards Maino@ halides below its decomposition
temperature. Like PDs, silver nitrate would equally bexmlising due to the presence of
Ag(l) ions. New methods of nitrato / halo exchange would be required to prepare the
[Ge(NO)3]", such as using oth@ovalentmetal nitratesas a potential source of the
nitratoligand The anion that was obtaing@®PN)GeCJi(NOs), could only be isolated as
a solid solution with (PPN)GegIStructurally the anion is similar to [As@NOs)2]" in
tha the nitrato coordination is unsymmetrically bidentate. However, is thermally more

robust than the arsenic complex. Further coordination of nitrato groups to form
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[Ge(NGs)3]" would result in an interesting species and the methodtqereparation

remairs elusive.
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6. A THIRD Row Low-VALENT AzIDO
COMPLEX ?

6.1 Introduction

After the success in the preparation of a homoleptic Ge(ll) afit) Gnido complex
the next progression wasthird row low valent azido compleSuch a species would
have potential to be a highly reactive compound, @nerefore have a diverse and
interesting chemistryA variety of Si(ll) compounds have be@eated with a range of
organ@zides: NHC stabilised silicon dichloride, saturatetieierocyclic silylene and
an unsaturated N-heterocyclic silylene, i§ure 6.1%6:6980.180183 pependant on the
organicgroup bonded to the azide a differenit I$icontainingproductis obtained. The
first repat by Westet al in 1994 concerned the reactiviof silylene A (Figure 6.1)
towardsMesSiNz and PhCN. Addition of two equivalents of M&iNz with silylene A
resulted in the evolution of nitrogen gas even at temperatures assowi 78 AC i n T
The product obtained was a Si(IV) species, LS(N(SiMes),), identified byX-ray
crystallography, the only isolable compound from the reaction. praposed
intermediate LSi=NSiMes, could not be detected by NMR spectroscaoyg has oyl
neen assumedinterestingly, the reaction between thsame silylene and BGNs
resulted irthe iminosilane, LSi=NCPh

Figure 6.1. A selection ofSi(ll) compounds that have been treated with covalent azides. Np:
CH2'Bu. Dipp: 2,6-diisopropylphenyl.

In 1996 the treatment ailylene A with adamantylN3 (Ad-N3) was investigated by
West and Denk.The product was determined to bea silatetrazolineby NMR

spectroscopyhowever suctural evidence was lackingater workby Lappert in 2004
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using silyleneB and either MesSiNz and AdN3s also suggested the formation of a
silatetrazolineHowever, a different intermediate to the iminosilane was propdsedl.
equivalents of the silylene to one equivalent ofdgor MesSiNz resulted in a material
the authors suggested to be a-digdla-2-azacyclopropane derivativevidenced by
NMR spectroscopy and elemental analysis.

It was not until2005 structural evidence was obtained for the silatetrazotoaupt
from these reactionsPhenylazideand silylene A resulted inthe corresponding
silatetrazoline which could be crystallised from hexane. The structure displays a
spirocyclic silicon centre with two orthogonal rings. The differing products obtained,
either a silatetrazoline oazidoamidosilane, can be attributed to the sterics of the
organic azides used. The bulkigd-N3 and PhN prepare the silatetrazoline to relieve
the steric clash that would be present in the formation of the azidoamidosilane that
forms on reaction with Mg&SiNs. Two different intermediates are possible for the
formation d these compounds: the iminosilaneLSi=NR or the
1,3disila-2-azacyclopropanelLSi(e>-NR)SIL. Scheme 6.1 summarises the products

identified from hese reactions.
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Scheme 6.1Reactions of Neterocyclic silylenes with covalent azides.

SilyleneC, in Figure 6.1, is noticeably different to the other silylenes discussed and
that is the compound is a precuréar SiCbk. The only reportgoncern the reactivity of
silylene C with the organoazides Ad-Ns3, PRCNsz, Dipp-N3 and
2,4,6triisopropylphenylazide (TriigNs). The latter three give silaimines with loss of N
whereasAd-Ns results in the functionalisation of the NHEThe reaction between
silylene C and Ad-Ns is assumedo pass through an iminosilamaermediatewhich
abstracts a proton from the inazble backbone before rearranging to give the molecule
shown inFigure 6.2. The NHds coordinated to the silicon in what is knownthe
abnormal coordination mode of an NH@e C4 or C5 site of the NH@bnormal NHC
coordination is rare among theblock elements, especially when the Gize is not
blocked or coordinated to a metal centre.
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Figure 6.2 Diagram of the product obtained from the reaction of IPeSi@G8l Ad-Ns.

All of the above reactions involve theduction of organoazides using Si(ll), which is
in turn oxidisedo Si(IV). Other reducing agents have been used with organoazides and
instead of eliminating Nthe azido groups are reductively coupled together to produce
Ns chains, hexazené®>2 The first of which was an iron hexazene prepared in 2009 by
Holland et al using a dimeric diketiminate iron(l) dinitrogen complekurther
examples of reducing agents include diketiminate magnesium(l) dimers and
diketiminate zinc(l) dimers. Figure 6.3 summarises the known hexazene complexes

prepared by reductive coupling of azido ligands.
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Figure 6.3 Known nretal hexazene complexes.

In all the complexeshown in kgure 6.3,the metal centre has a distorted tetrahedral
geometry from twdifferent bidentate ligands. The hexazene ligand is planar and acts
as a four electron donor with two negative chargestds two metal centres forming a
bicyclic M2Nes unit. The (RNacnackn(l) dimer hasalso been used to reduce

trimethylsilyl azide and trimethylstannyl azide. In both cases the azido group was not
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reduced, but, rather the silicon or tin atom giving hexankdtilane or
hexamethyldistannane arftNacnac)znN.

It is clear that the azido group can be reduced with loss of dinitrogen gas ta give
variety of different products. fempsto reduce a polyazido silicon(lV) species offers a
number of potentialgaction sitesdr the reduction to take placéhird row low valent
coordination centressuch as phsphorus and silicon, are hightgactive species and
prompted an investigation into the attempted preparation of Si(ll) and P(l) azido

complexes.

6.2 Results and discussion

6.2.1Salt metathesis of the Si(ll) halides IPrSiX

Two methods havbeen devised to prepare dlBiazido complex: (isalt metathesis
reaction letween a Si(ll) halide andodium azidg (ii) reduction of an appropriate
Si(IV) azido complex.Traditionally, salt metathesis reactions involving an ionic azide
transfer agent require a polar solvent such as THF or acetorf@dleents that are
potentially unsuitable as Si(ll) is known to undergo bond insertion reactions wWith po
bonds Despite this the reaction of IPrSil and IPrSiC4 with sodium azidewas
attempted using either THF benzeneas solventsScheme 6.2.

NaN3, C6H6 NaNs, THF
IPrSl(N3)2 B IPrSI(X)2 > IPrSl(N3)2
X =Cl X=I

Scheme 6.2Proposed reaction scheme for salt metathesis reaction ta@IiEp&i(N,)..

A suspensiomf sodium azideand IPrSi in THF in a 20:1 ratio results in an orange
suspension over a period of 24 hrs. HIeIR spectrum of this solution displays one
band between 2000 and 2200 érat 2152 cmt. The presence of argjle band in the
nagN3) region reduces the likelihood th&rSi(Ns)2 is presentas suchspeciesvould be
expectedto have two bands presesitilarly to IPrGe(N\s)2.1%8 More evidence for the
unlikeliness okynthesisinghe desired compound is that the absorption is at a relatively
high wavenumber. Reduction from a E(IV) azide to a E(ll) azide results in a decrease of
the stretching frequency as seen between [@g@Nand [Ge(N)s]” (2083 cm? to 2058
cn ! and a weaker Il at 2092 cnt). The presence a&f band at 2152 crhsuggest a
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Si(IV) centre, whichmpliesthe Si centre is>adised over the course of the reactitin
is passible the Si(ll) centresactswith THF, however there isa distinctpossibility that
IPrSi(Ns)2 would decomposewith elimination of dinitrogen toform IPrSi(Ns) @-¢
N)-Si(N3)IPr as a possible produekin to the reactions shown incBeme 6.1. fie
reaction solvent was chged to benzene to eliminate any potenti@hction with
solvent The Si(ll) hdide was also changed to IPrSiGs it is easier to prepare this
compound in larger quantities.

IPrSiCk and 10 equivalents afodium azidevere suspended in benzesed stirred
for several daysThe FT-IR spectrumof this solution showedveak signad in the
nadN3) region indicatingthat the prduct of the reaction is only sparingdpluble n
benzene. The strongest peak appeate®014 cm', indicative of the ionic azide
(IPrH)N; a byproduct of hydrolysisand two weaker peaks 2086 and 2102 tm
possiblythe desired IPrSi(})., and another peak at 2154 dmThe peak at 2154
cnrlappears at a similaposition to the band observedn the THF experiment
suggesting the same prodigtformedin both the THF and benzene experimeBisth
of these reactions pati to the transfer of the azido ligand to the Si centre, though no

silicon containing produdas been obtainable so far.

6.2.2 Main Group azido complexes: Precursors for reduction reactions

6.2.2.1 Syntheses and spectroscopy

To reduce a Main fBup azido complex an appropriate azido complex with the
correctancillary ligand has to be prepared. The most comrhewis base stabilised
azdo complexes contain pyridyl type ligands s uc h a-bipyridgl,, 2 6
1,10phenanthrolie and para-dimethylaminopyridine as examples:®173184 These
ligand choices are not ideal for the pregiam of low valent complexes as they lack the
appropriate steric bulk and electronic factors usually required. Three types of ligands
that are suitable are-Neterocyclic carbenes, amidinato abdliketiminato ligands,
Figure 6.4.N-heterocyclic carbenes are ideal candidates, however, it is known that
NHCs react with covalent azides. Organic azides react with NHCs to give asymmetric
triazenes, while MgSIN3 reacts with NHCsvia a Staudinger typeemction to e
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imidazolin-2-imidosilanes'®¥18° An investigation was made regarditige reactivity
between IPr and 1;8i-tert-butyl-imidazol2-ylidene (Bu) with S{Ns)4 and NaP(N)s.

—\ R \‘/\(
R/N\/N\R R\N)\N/R N
oo e

Figure 6.4. Basicstructure of NHC, amidinatandb-diketiminato ligandgNacnac) R is often
bulky alkyl or aromatic groups.

CeHs

Y

IPr + Si(N3), IPrSi(Ns),

16

Scheme 6.3Reaction scheme for the synthesis of IPrgiN

Addition of Si(Ns)4 to one equivalent of IPr resultstime precipitation of a off-white
solid within minutes. TheéT-IR spectrumof the solid as a nujol mull shows four
distinct bands in thead{Ns) region at 2150, 2134, 2118 and 2102 trin between the
IR spectral positiomf Si(Ns)2 (2174 cm?) and [Si(N)e]? (2108 cmit). Thepresence of
four bands indicates four azido groups, either symmetrically independent or two groups
of two azides related by symmetry. Regardless of which, the product can be identified
as IPrSi(N)s (16). As the silicon atom h@a coordination number ofvie, the most
likely geometry is trigonal bipyramidal and the IPr ligand can sit in either the equatorial
or the axial plane. Due to the large steric demand of the IPr ligand it would be assumed
the ligand would reide in the equatorial plane. the IPrSK4 series (X = Cl, Br, IXhe
IPr ligandis located in theequatorialsite’®®A's  t h gboBds $hould be longer than
t he Sheiefféctive result would be this bond is slightly more ionic in nature. If this
is correct, a tentative assignment can be made that the bands at 2118 and'2102 cm
the FT-IR spectrunmare dueo the vibrations of the axial azido ligands and the bands at
2150 and 2134 chhare dueo thevibrations of theequatorial azido ligand3he FT-IR
spectrum of denzene solutionf 16 displays four bands at 2153, 2139, 2120 and 2111
cm't. However, as a trigonal bipyramidal molecule there is possibility for Berry pseudo
rotation (BPR) rendering all azido gnos equivalent in solutiorfo determine if BPR is

a possibility theH-NMR spectrum in CBCl, was recordedasshown in fgure 6.5
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One possible point grougd @6 is Cp, the other most likely point group bei@y. The
expected number of resonanc#sl6 is Co symmetri¢ would be ten ass observed in
the spectrum in CECl,. TheH NMR spectrum ofl6 shows four doublets betweerD1
and 1.5 ppm, two septets at 2.67 and 2.76 ppm, a doublet at 7.20 ppm, and multiplets
between 7.36 and 7.60 ppnihe otherpeaks present are residual solvesilicone
grease and the imidazolium cation from hydrolysis. The fact only one set of signals ar
present ehlier implies there is no BPR @dhe phenomenois faster than the NMR
timescale. In thé®F NMR of IPrSik a singlet is observed even at temperatures as low
as T78AC implying a %Theyazidodigand isesignifiteiatiy ge pr oc
larger than fluorine, however, the NHC acts as an anahd can allow the process to
happea rapidly.

Figure 6.5 H-NMR spectrum ofl6 in CD.Cl.. The signal at 5.32 ppm is the solvent residual
peak of CHCl,. The peak at 0.1 ppm is silicone grease. The otheintegrated peaks are the
imidazolium catbn produced by hydrolysis 46 on sample measurement.

The N NMR spectrum ofL6 would be more indicative of any fluxionality. In the

N NMR spectrumonly two resonanceare observed at146 FWHM = 173 Hz) and
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- 201 ppm EWHM = 368 Hz) for Nb) and N) respectively. No signal is observed for
the N(a) resonancen the spectrumFuxionality of the molecule would result in the
broadening of a typically broad signal and could explain athéoreason for not
observing the NY) resonanceThe resonance for the NHC nitrogen atom is typically a
broad signal and masked by thegNfesonanceThere is no'*N NMR data on other
chargeneutral Lewisbase stabilised Si@k complexes, most likely due their poor
solubility, and so a comparison can only be made withspiédd the [Si(N)e]? 'anion.
The tetrahedral molecule hasbil@nd N¢) r esonances of 1150 and
octahedral molecule hasagN( r esonance of 1 2H)6f[SENE)E,.’ The
is obscured by the resonance &wetonitrile the solventused forthe measurement
thereforethe resonance appeaasr ound 1 1 3 5ly witp time IR $pectrosdopacr
datg the NMR resonances fd6 fall in between those of Si@ and[Si(N3)s]? © This
trend can be explained by the degree of ¢
Si(N3)4 has the highest degree of covalency andhoreasinghe coordinatiomumber
from four coordinate to five coordinate to six coordinate decsethseovalency of that
bond.

This method prepares IPrSi in very high vyields,however,a low quantity of
product is obtained due to the limiting amount of Sj§hat can be used. Si¢]M can
only be prepareds a dilute solution ilvenzene, due to its high shock sensitivity, in a
time-consuming synthesis with strict exclusion of air and moisture. Therefore, an
alternative procedure to prepare IPrS)d\ia IPrSiClk was attempted. IPrSicwas
prepared according to a publishedocalure and suspended witodium azidein
dichloromethané?

n-hexane ex NaNj;
IPr + SiCly;, — > IPrSiCly; —> IPrSi(N3),
CH,CI,

Scheme 6.4Proposed alternative synthesisléf

After 5 days of stirring a pale green solid was isolated which displays only three
bands in thena{N3) region indicating incomplete azide/chlorine exchange, which is
common wien the solvent used is dichloromethane. Acetonitrile and THF are more
commonly used for azide exchange, however, acetonitrile causes dissocidt®ioof
Si(N3)s and IPr. Therefore, the SigN reacts withsodium azidego form NaSi(Nsz)s. In
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THF there isevidence of azide exchange by IR spectroscopy of the reaction solution,
however, exchange is incomplete. After longer reaction times, severalodagssing

the temperature of the suspensiba IR spectrum only displays [SiN]? ' suggesting

over time some degree of dissociation must occur and the formation®i(Nigs acts

as a thermodynamic sink.

Compound16 is an ideal candidate for investigating the reduction chemistry of
Si(IV) azides, as the NHC woufmbtentially stakilise theSi(Il) centre The properties of
NHCs differ depending on the-§oup attached to the nitrogen atoms of the NHC. The
tert-butyl group is a strongeli-donor compared to the 2dhisopropylphenyl group
increasing the nucleophilicity of the NHCofsequentlya reaction may occur with the
azido groups instead of coordination to the silicon centre. Bubbles form on the addition
of Si(Ns)s to I'Bu. TheFT-IR spectrunof the solution shows two bands in thg(N3)
region at 2144 and 2117 chandtwo strong bands at 1713 and 1645-é¢min the
n(C=N) region, as well as a signal for unreacted §iNA further equivalent of'Bu
was added and further effervescence was observed=TFHe spectrunof this solution
showed the same bands as the previoustspe and no Si(&)s4. Bubble formation is
from the elimination of Ngas from the reaction dBu with the azido group of Si@)k,
analogous to the Staudinger reaction with phosphines and organddzitlesge,
colourless needle crystatan be obtained by recrystallization of the crude profitaot
toluene Combining thedata fromthe FT-IR spectrumand stoichiometrywith the

production of dinitogen gagjives the identity of {Bu=N),Si(Ns)2 (17).

I'Bu I'Bu
Si(Ng); — 0.5 (IBUN),Si(Ns), + 0.5 Si(Ns), —— (I'BUN),Si(Ns),

17

Scheme 6.5Reaction scheme for the synthesid @f

The!H NMR spectrum in CDGlof 17 displays two singlets at 1.57 and 6.34 ppm for
the t-butyl group and imidzolium backbone respectivelyherefore 17 has C;
symmetry The peak of the backbone protdasnore shielded than those in fréBu
(7.16 ppm).The N NMR spectrumof 17 was recorded as a solid state samBi
resonanceare observedt 236, 168, 160159, 113 and 71 ppmjdure 6.6. Assignment
of the signals has currently not been possible.
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Figure 6.6. Solid state®"N NMR spectrum ofL7.

Clearly, the reactivity varies depending on the NHC, however, it also offers some
insight into the reastity of silicon tetraazide in comparison with MgNs. IPr reacts
with MesSiNsz in this Ne elimination reaction but not with Sigh. The formation of a
Lewis acidbase adduct implieSi(Ns)s is a stronger Lewis acid than b&Ns3, as
expected The additionof methyl groups to the silicon centre results in a decrease in
Lewis acidity and, therefore, the NHC is more likely to react at the azido group. It is
unclear if the mechanism i8a coordination of the NHC to the silicon centre followed
by subsequent tck on the azido group or directly attacks the azido group as is
proposed for the Staudinger reactidh Regardless, in terms of potential reduction
chemistry onlyl6is a viable candidate as it possesses a coordinated NHC.

Low valent complexesfophosphorus are equally interesting species as low valent
silicon, however, less work on the reactivity of such compounds is in the litefature.
Phosphazenes are a versatile class of compoundshavel found a variety of
applications from norstick coatings to fire retardant materi&l21° Phosphorus azides
offer a potentialnew route forphosphorus nitrogen bond forming reactions and adding
to that a reduced phosphorus species could result queirand new chemistryrhe

main difference between silicon and phosphorus are the two easily accessible oxidation
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states for phosphorus, P(lll) and P(Mhe previaus synthesis applied fd6 is not
applicable forthe synthesis ofPrP(Ns)s as P(N)s is an unknown compound. The
binary P(lll) azide, P(&)s, is known and offers a viable starting pditit.

PCk and sodium azidesuspended and stirred in acetonitrile for two days gives a
solution that displays a very broad signal in BlBIR spectrum at 2164 crhand a
peak at 2138 cm which corresponds to HNrom hydrolysis in sample measurement.
When his solutionis added to IPra turbid, oily, red solutions formed The FT-IR
spectrum of this solution displays two bands at 2152 amd 2005 cnt, indicaing the
presence of both covalentdhionic azido groupsFigure 6.7shows an oveay of the
two solution spectra from this reactioifter several attempts of crystallisation in a
variety of solvents only a deep red oil could be obtained. The presetieeiofic azide
could be due to imidazolium azide moed from the reaction of IRand HNs. Though
HNsz was present in th&T-IR spectrum of the P@g solution, there is not enough
presentto account for the size of the ionic peak in the second spectrumthén
possibility is that the NHCdisplaces an azido group from BfiNgiving the positively
charged species, [IPrP{M*, with an azide anion acting as tbeunterion A similar
cation has been previously prepared and fully characterised by Weigandandkers
in 2015 where the NH@sedwas 1,3-bis(dpp)-4,5-dichloroimidazoi2-ylidene and the
counterionwas a triflate anion [(NHC)P(Ns)2](FsCSGs).1% No other evidence was
obtained for thédentity ofthered oil.
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Figure 6.7. FT-IR spectra of an acetonitrile solutiafi P(Ns); and after IPr was added to the
solution Black line is P(N)z in MeCN. Red line is P(})z and IPr in a 1:1 ratio in MeCN.

With no success in preparing IPrBfj the synthesis of theP(V) analogue,
IPrP(Ns)s, was attempted but as Pjiis unknown a different method had to be used.
NaP(Ny)s can be easily nepared as an acetonitristock solution fromthe reaction
betweenPCk and sodium azidein acetonitrile though care must be taken disis a
highly moisture sensitive compouht Addition of this solution to IPr results in the
precpitation of sodium azideand IPrP(N)s (18), the first example of a chargeutral
Lewis adduct of P(})s. The desired compound can be extracted and crystallisied
THF. After filtration of the solvent the cstals begin to degrade withinhk to white
blocks though there is no decomsgition of the compound.

ex. NaNj IPr
PCls; —— > NaP(N3)g ——— > IPrP(N3)s
18

Scheme 6.6Reaction scheme for the synthesid8by-products omied

The FT-IR spectrum of the material displays four bands corresponding toatin
vibration at 2138, 2126, 2114 and 2086w?!, lower than that observed fat6.
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Phosphoruszidesoften haveslightly higherwavenumber values for th&qNs) than
their analogous silicon counterparts, e.g. [S{R and [P(N)¢]" appear at 2104 an
2112 cm? respectively. Thasymmetric and symmetridbratiors of the azido group is
affected by thebond between thelementacting as a coordination centemd the
nitrogen atom and thus the geometry of the overall complex, as described earlier.
Therdore, then@sN3 vibration of the trigonal bipyramidal IPrSigM will appear ata
slightly higher wavenumber compared to the octahedral IBy®(N

The 'H and*C NMR spectra show the expected resonances for the IPr ligand. A
singlet at-199 ppm $ observed in thé'P NMR spectrum. This value is upfield
compared to thé'P resonance of the [P{¥]" anion ¢ 178 ppm, CBCN), and the
cyclic P(V) azides(cyclo[NP(N3)2]3) (13.6 ppm, @De) and {cyclo-P(Ns)z(NPhp)}2
(- 87 ppm, CRCl,).1%2%° An NMR study of the reaction betwegpy)PCk and lithium
azidewas caried out in 198%°! Stoichiometric quantities of lithium azideere added
to demonstrate the stepwise exchange of ohligands withazido ligands.No signal
for (py)P(Ns)s was observed in the study, howevevatue was calculated by extension
of the series (py)P€k(N3)x (X = 0-4) of - 189 ppm.Not too dissimilar to the signal
observed forl8. The N NMR spectrum ofL8 is shown in kgure 6.8 Some of the
peaks are not unifar. To gain insight into the positioand FWHM of the peaksa

Lorentzian curve was fitteto the raw data,i§ure6.9.
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Figure 6.9 Lorentzian arve fitting plot of the!N NMR dataof 18. Black line is the NMR
spectrum. Green lines represent the modflelach peak. Red line is the sum of all green lines.
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Peak position / ppm FWHM / Hz

1142 115
1144 181
1168 651
1170 166
1196 865
1272 1159

Table 6.1 N NMR data for compound8 as determined by fitting a Lorentzian curve to the
original spectrum

From the curve fitting analysis, there are six resonances observed for com@onnd

the “N NMR spectrum. Wo Np) andtwo N§) si gnal s at 1142 and 11
and 1170 ppm respectively. The size of the s
peak at 1168 ppm suggesting t htrastorttesonance
NHC. Whereast he 1168 ppm signal i's duestothe t he f oui
Il Pr 1 igand. Th e misasedontte mitogen atbm tife NBIG2 gnep

thefinalreenance at 1 272 g opfthe azido gibups. Olyoonetsigmnal N (
is present for N{). Most likely the N&) of the azido groufransto the NHC is missing
and hidden due to the broadness ofatierN(a) signal present.

As well as a potentiateduction candidatel8 may be a source for P§N, an
unknown compoundlt was originally described athe product from the reaction
betweenPCk with sodium aziden acetonitrile, however, thatas later disproven and
the product of that reaction is NéRs)s. The reactiorof PCk towards lithium aziden
PhNQ resulted in the formation of cyclophosphazenes and the conclwsisthat a
Lewis base is required to stabilise BYNA sample ofl8 was evacuated in a Schlenk
tube and heated to 150°C in an bdth at which a sudden decomposition occurred
accompanied witta high-pitched poping soundandthe formation ofa sticky brown
residue. The residue displayed no azide bands ifrTh&R spectrum as a nujol mull.
The chemical reactivity 018 towardsHNs, (PPN)Ns, Ho2NCN, pyridine andethereal
HBF4 wasinvestigated.

Addition of ethereal HBlto a sample 018 dissolvedin THF displayed a single band
in then@asNs region at 2112 cmt indicative of the [P(N)e]” anion.Imidazolium acts as
the counterion formed on protonation of IP(PPN)Ns and 18 were combined in

acetonitrile, due to the insolubility of (PPN9h THF, and similarlythe IR spectrum of
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the ®lution displayed a single band for the [Bg}f anion. Cyanamide, #ICN, is a
diprotic molecule that has been used as a bridging ligand between two coordination
centres%32%|n theory, cyanamide could bridge between twodp(Molecules forming

a dianion with two imidaolium counterios, (IPrHY[(N3)sP- N=C=N- P(Ns)s].
However, on combinind.8 with cyanamide in THF results in the loss of the cyanamide
signal at 2250 cm and the most dominant peaks were that ofs;HINd [P(N)e] .
Demonstrating that the cyanamide is a strong enough acid to protonat@ et the

azido groups.

The reaction between ethereal HBRnd 18 in dichloromethane was also
investigated If the HBFR protonated IPr to give (IPrH)BRhis relatively inert species
would unlikely act as a Lewis base and releases)p(Nhe FT-IR spectum of the
reaction solutiordisplayed four bands in the{Ns) region at2188, 21742156 and
2137cnv tthe latter peak being the resulttbe presence dfiNs. Again, it appears that
the &ido groupis protonatedhowever, it would not be possible to determine if the IPr
had been removed by solution cell IRestroscopy. However, the high wavenumbers
imply an azido complex with a low coordination numberAfter cooling ati 28°C
overnight colourless block crystals were obtained. The crystals immediately degraded
on removal of the solvent to a white solid makingery difficult to obtain good single
crystal Xray diffraction data. As a resudtystallographiaata could not be obtained to
determine the structure of this compound. The compound was identified as tRrPF
31p and!®F NMR spectroscopythe spectrashown in Fgures 6.10 and 6.1The P
NMR spectrum of this materiah CDClk displays an overlapping doublet of quintats
- 149 ppm with'Jer of 757 and 790 Hz. Wereas the *°F NMR spectrum shows two
peaks:a doublet of doublets ab2 ppm with?Jee of 56 and'Jerof 790 Hz for the four F
atomscis to IPrand a doublet of quintets a?6.5 ppm with2Jer of 56 and!Jer of 757
Hz for the F atontransto IPr. Therefore, the reaction of (IPr)P{dland HBR results
in an azide/fluoride exchange giving IPr&FHB(N3)s and HNs as products of the

reaction.
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Figure 6.11 3P NMR spetrum of IPrPE.

An attempt to replace the NHi@Gom 18 with pyridine was investigated by dissolving
a small amounbf 18 in pyridine. The solution over a period of 24 hrs had turned
orange. ThéT-IR spectrum of the solution displayed thstgnals. Avery weak signal
at 2124 cmt, which belongs to Hl a signal at 2113 crh most likely the [P(N)e]’
anion and a signal at 2136 ¢ If pyridine displacedPr and forms (py)P(8)s, the
presence of [P(Ne]' in the IR spectrum indicates that (py)R@\is not the complex
observe in solution. The complex could potentially py)2P(Ns)4]P(Ns)e in solution
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to account forthe FT-IR spectrum The [(pypP(Ns)4]* component giving rise to the

band at 2136 chi. The 3P NMR of 18 in ds-pyridinedisplaystwosigal s at 1197
22 ppm. Thesignat 1T 197 ppm i s o r8iyCbhiCl dlowpvprntheup f i el
resonance at 22 ppm is a possible indication of a phosphonium. dabomthe Bruker

Almanac [PCJ]" hasa resonance of 86 ppm in an unspecified solu&htattempts to

crystallise from the solution were unsuccessful, only giving oils. Therefore, the result

still remains inconclusive.

IPr eliminatessodium azidefrom NaP(N)e in acetonitrile. To investigate whether
pyridine does tb same eliminatiomeaction, amcetonitrile solution of NaP@E§ was
added to an equivalent volume of pyridine. No precipitation was observed after several
hrs of stirring and after cooling to 128
present in the solution. THET-IR spectrum of the crystals as a nujol mullpiésed
two signals between 2200 and 2000 tat 2146 and 2125 crh Considerably different
to that of18, which has four bands in tHel-IR spectrumand (PPN)P(Bs, which has
a single band in th&T-IR spectrumat 2113 crht. As there was nsodium azide
observed when the NaP{lwas added to pyridine the identity of the crystals was most
likely NaP(Ns)s. Therefore, a crystal was very carefully removed from the solution and
analysed by single crystal-bay diffraction. The identity of the crystal wdsermined
to be NaP(Nsbpy (19). The structure of which is fully discussed later6r2.2.2
however, one imresting feature is the point groop the [P(N)e]' anion isSs. This
accounts for the multiple bands observed inRfidR spectrum as the [P(M)s]" anion
in (PPN)P(N)s displays a single band at 2113'¢mndhasCi symmetry.

Rather than NHCs, rmther suitable ligandor the stabilisation of low valent
coordination centress the amidinatotype ligand, “P°PNCN, a bulky, monoanionic
bidentate ligand with a smallite angle (approximately 68°). Bonded to each of the
nitrogen atoms are 2diisopropylphenyl groups and on the carbon atom a
4-'butylphenyl group, which aids solubility in n@moordinating solvents like-hexane
and toluene Addition of Li(*PPNCN) to the appropriate Main rGup halide gives
(“PPNCN)ECK (where E = Si, x = 3; E = P, x = 2 or 4) in a high yield. Azide exchange
is completed usingodium azidesuspended in THF. Recrystallisation of the crude
material obtained from HF can be achieved by cooling wamvhexane solutions to
T 28AC overnight gi ving c PINGN)Si(Nsle S(®0), bl ock
(“PPNCN)P(Ns)2 (21) and @PPNCN)P(Ns)2 (22). Table 6.2 summarises the IR
spectroscopic data between 2200 and 2008 ofithese three compounds.
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Compound Wavenumbers / chh

20 2160, 2141, 2121
21 2130, 2117
22 2138, 2127, 2115, 2095

Table 6.2.Band position of th@.d\svibrationsin compound20-22in toluene solution.

The number of bands present2, 21 and22is equal to the number azido groups in
the molecule. Due to the size of the ancillary ligand the point group of each of the
molecules is most likel€:. Similarly to16 and 18, the position of the bands are lower
for the phosphorus complexes than the siliciomplex due to geometry of the
individual complex (octahedralvs trigonal bipyramidal) There is little difference
between the position between the IP(land P(V) complexes nlike Group 14
complexes which show a noticeable decrease between E(1V) dhd&do complexes.

All three complexesire potential candidates for the synthesis ofV@aent Main Group

azido complexes

6.2.2.2 Single crystal Xray diffraction

Single crystal Xray diffraction measurements were completed. 6122. Figure 612
shows the molecular structure I8. The compound crystallises in the space gré&2p.
The silicon atom has trigonal bipyramidal geometry with two azido groups in the axial
positions and two azido groups in the equatorial positions. Leaving the NHyotg
the final equatorial siteas seen in IPrSigl IPrSiBr and IPrSiy.”®7684190The azido
ligands in the axial plane are not related by symmetry, rendering the mofecule
symmetric. The axial SiN bond lengths are noticeably longer than the equatoiid Si
bonds at 1.848) and 1.75%4) A respectively as expected for trigonal bipyramidal
molecules. The equatorial I3 bond lengths are closer in size to tetracoordinate
azidosilanes (1.760.814 A) while the axial SiN bond lengths are comparable to
octahedral silicon azido complexes, [Sf a n d -Bi@rid@)8i(Ns)4 (1.871 and
1.841 A). The difference betweena){ N(b) and Np)i N(g), DNN, is different for the
axial and the equatorial azidés8 pm and 10.7 pm respectively. The Gbond length
is 1.926(3) A, similatto that of IPrSiCj (1.928 A) and IPrSiBr(1.935 A).The angle
between equatorial azido groups,eqld) T S k()N is 124.12)° while the
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C1 SiefaNon average is 1173)°. Opposite to what is observed for IPrSiCl
(Cled S'i TeqG1117.15 averageC 1 S ie4=AP1.49. The average bond angle between
Nax(@) T Si 1 C (3)° snplying tha? the azido group position is influenced more by
the steric repulsion of the other azido groupant IPr. This structure is the first

pentacoordinateewis adduct of Si(N)a.

Figure 6.12 Thermal ellipsoid plot ofl6. Hydrogen atoms omitted for clarityThermal
ellipsoids are set at the 50% probability level. Selected bond lengths (A) and &ngiésN12
1.759(3), Si1N3 1.759(3), SiAN9 1.848(3), SiAN6 1.848(3), Si1C1 1.926(3), CAN1
1.345(4), CAN2 1.354(4),N4-N5 1.129(4), N4N3 1.247(4), NeN7 1.211(4), N7N8
1.141(4), N1ON11 1.143(5), N1ON9 1.210(4), N12N13 1.234(4), N13N14 1.135(4),
N12- Sil- N3 124.18(14), N12Sil-N9 91.16(15), N3Sil-N9 89.54(15), N12Sil- N6
88.33(13), NB3Sil-N6 94.42(14), N9Sil-N6 175.53(15), N12Sil-C1l 117.92(14),
N3- Sil- C1 117.91(14), N9Sil- C1 88.77(13), N6Sil- C1 87.54(13), N1C1- N2 105.7(2),
N1- C1- Sil1 126.8(2), N2C1-Si1 127.4(2), N5EN4-N3 175.6(4), N4N3-Si1 121.3(2),
N7- N6- Si1 124.1(2), N8N7-N6 175.9(4), N1AN10-N9 175.6(4), N1ON9- Si1 127.2(3),
N13-N12- Si1 124.0(2), N14N13- N12 173.8(4).

Compound18 crystallises in thespace groug?2:/m andhas a distorted ¢ghedral
structure with four azides in a pseu@pplane where three azides point up away from
the NHC and one flat in the plane. There is disorder in the position of the eEdes
IPr where they are arranged like a propeller and all point in a cleekdirection or
anticlockwise direction. The azido grotnansto the IPr ligand is always ithe same
position and causes anz i d e Cyomplane to e infithe plan@he H Nyanda) bond
length is signiicantly longer than the avera@® Ncis(a) at 1.8372) A and 1.7844) A
respectively. These values lie either side of thél bond lengths observed ime

[P(N3)e]” anion in (PPN)P(&)s, demonstrating the increasteéns effect of IPr over the
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azido group. In comparison to the previously reportgddniap)As(N)s and
(p-dmap)Sb(N)s (p-dmap =para-dimethylaminopyridine) thdérans azide EN bond
length is shorter than thes azide E N showing that IPr is stronges donor than the
p-dmap ligand. However, like the reported As and Sb structures andl@lsthe
Ncis(a)T Pi C bond angle of theis azido groups is less than 90° at §2)0. Providing
further evidence that the azido group position is influeraethuchby the other azido
ligandsasthe NHC This is the first example of ehargeneutral complex bearing a
P(Ns)s fragment, however, other neutral P(V) azides are known such as the cyclic
phosphazanescyclo[NP(Ns)z]s and {cyclo-P(Ns)3s(NPh)} 212209207 The former
compound has aiM(a) bond length shorter thah8 at 1.67 A, while the latter
compound has a range dfif®(a) bond lengths between 1.703 and 1.804 A, shorter than
the H Nwand@) but either side athe H Ncis(a) bond lengths ii8.
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Figure 6.13. Thermal ellipsoid plot of one component of the disordered structur&8of
Hydrogen atoms omitted for claritf'hermal ellipsoids set at 50% probability. Selected bond

lengths (A) and angles ()P171 N3 1.8369(16), P1T N12 1.792(2)
1.783(2), P11 N15 1.769(2), N3T N4 1.223(2), N
1.185(3), N12T1TN13 1.232(3), N13TN14 1.112(3)
N1571 N16 1.229(4), MLI6C NA 7 1.192ABFHB(BY),, C131P1
Cl131 P11 N12 90.37(9), C131TP1T N3 175.10¢(8), N3
N3TP1T N9 92.45(7), N3T P11 N15 88.5(8), N12T1T P1
P1TN3TN4 119.97(13), N3T N4T ND) 17 N6GNZY N8P L17¢
P1TN1217TN13 122.22(19), N121 N137TN14 170.0(2),
176.2(3), P1iIN151N16 118, NG PIRN15 178\WVR25A1INATAND N1 7 17
90.25(1) N6 P1TT N12176.91(1) C13 P2 N1590.25(2).

In an attempto prepare (py)P()s from NaP(N)s, only NaP(N)s solvated by six
pyridine molecules was isolated. The compoarndtallises in the space groRg3 with
three formula units per unit cell. The structure contains discretey)gP(fdnions ofSs
symmetry ad Na cationscoordinated by sixpyridine ligands.At variance to the
[P(Ns)]' anion in (PPN)P(¥)s which hasCi symmetry The pyridine molecules are not
coplanar and sl i g3 bdond ale 616858 The RN, N(&)TN&b) Na i1 N
and N)1 N(g) bondlengths andissociatedond anglesre almost identicab those of
the previously determinefP(Ns)e]” anion in the salt (PPN)PEN.1®® The only other
known struture of a pyridine adduct of a Mainr@p polyazido complex bearing
sodium counterions is that of [Na(phin(N3)4(py)2 which is made up of a network of

bridging azides between In and R¥&The distance between the nitrogen donor atom of
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the pyridine and the sodium is slightly largerl@than the indium structure at 283
and 2.48 A, respectively. Other sodium salts of polyapididock elements including
[Ge(Ns)s]Z, [AI(N3)4]" and [Ga(N)4]” have been isolated with varying degrees of
solvation by THF and ED.1"32%A|| of these structurgsncluding the indium structure,
show some interaction between the sodium and eN(&) or N(g) of anazido group,
making this struatre the first sodium salt of a Mainr@p polyazido complex with no

covdentinteraction between the two ions.

Figure 6.14 Thermal ellipsoid plot ofl9. Hydrogen atoms omitted for clarityrhermal

ellipsoids set at 50% probability. Selected bond lengths (A) and angldx(N1 1.8083(9),

N1T N2 1.2259(13), NBN3 1.1344(1% Nali N4 2.5317(9), NAC 1 1.33960214) , Cil1
1.3824(16), CkC3 1. 3 8 2 €4 1.3831(18),G3a05 1.3842(17), GaN4 1.3398(15),

P N1I N2 177.87(7), NLN2I N3 175.54(11), Nali N4i C5 115.22(7), NalN41C1

126.13(7), N4Ch C4 123.60(10), G5C4 C3 118.93, CHC31 C2 118.18(11) CBCZ C1

119.05(11)

Compoundl7 is very different to both compound$ and 18 in that it contains an
imidazolin2-imido ligand as the NHC, '‘Bu, reacts with the azido groups. The
compoundcrystallisesin the space grou@2/c. The silion atom is four coordinate and
has a distorted tetrahedral geet r y wi t h Nbe®veen NOO@)nagd e s
122.q1)°. The Nuziad S ImMNond anglesangebetween 11@1) and 105.91)°. The
bond angle Midd Si &zl is 100.§1)° to accommodate the bulf the two N=1Bu
groups which have a | @F &eemadkalde féatNre afthg! e o f
mol ecul e is the Si (1N mdchrhocerobtusenandhle expeated 1 6 6 . 3
120A, and an al most ' inear arr ainhedghe nt . The
i, much shorter than the SiT1N (DAindhisl engt hs
molecule. It is of comparable length to the Si=N bond length in the silaimine,
(‘BUNCH=CHNBU)Si=NCPh:A'HF, prepared by West ammb-workers in 1994 (1.599

A).%5 Overall, suggesting double bond character betwiersilicon and nitrogen atom
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of the imidazolin2-imido ligand If there are two double bonds from the two
imidazolin-2-imido ligands and a single bond from each azido ligand then the silicon

atom formally has six bonds while remaining tetrahedral. Sirsjatems have been

prepared with MgSi(Nz) and a variety of NHCs to give (NHC)N=SikJehough only a

few have structural datd’?Allt he Si T N b o n d sompoandgyfall beswednn t h o
1.651)and 1.681); and the NI C bond | e (lphk Whereasr e ap
in 17 the N-C bond is slightly longer at 1.286 A with the overall observation that the

Si- N bond has more doubletdn c har act er than the NITC bonc

Figure 6.15 Thermal ellipsoid plot ofi7. Hydrogen atoms omitted for claritillipsoids set at
50% probability level. Selected bond lengths (A) and angles (°):N&i11.6194(11), SHIN1

1.7830(11), N2N3 1.1388(16), N2N1 1.2151(15), N5C1 1.3866(16), N6C1 1.3908(16),
N4-C1 1.2856(16), N4Sil-N4 121.99(8), N4Sil N1-110.13(5), N4Sil-N1 105.89(5),
N1-Sil-N1 100.81(8), N3N2-N1 174.36(13), N2N1-Sil 124.83(9), Cl1-N4-Sil

166.26(10), N4C1- N5 127.04(11), N4C1- N6 127.80(11), N5C1- N6 105.14(10).

The compounds containing the amidinato ligand are easily crystallised from
n-hexane.Compound20 crystallises withP2;/c symmetry with two rolecules in the
asymmetric unitThe molecule haa distorted trigonal bipyramidal structure withio
azido groups in the equatorial plane, a third in the axial plangh@f®°NCN ligand
occupying an axial and an equatorial sftiee “PPNCN ligand hasa narrowbite angle of
69.72)° consequentlyidening the bond angle between all the othe# ISit Neqgbonds
above 90A. The Si TN bond | engths bet ween
dPPNCN ligand are 1.79%) and 1.924(4R for the axial and equatorial nitrogen atoms
respectively. Both of the bond lengths are shorter than th&tP®EN)Sids (axial:
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1.798; equatorial: 1.963 A) most likely due to the smaller nitrogen atoms of the azido
groups being less sterically hindering than the chloro ligandsnd the coordination
spheré®The Si 1 N hbleetwden theesiligprt atom and the nitrogéthe azido
groups are 1.797(5nd 1.74(7) A for the equatorial and axial groups respectively.
Similar to those seen for tetracoordinate azidosilanes. Like the IBySs{Nicture there

is a difference in taDNN parameter for the axial and equatorial azido groups. The axial
azido group has &NN value of 6.99) pm andthe equatorial azido groups hame

averagevalue of 11.012) pm.

Figure 6.16 Thermal ellipsoid plot of20. Hydrogen atoms omitted for clayi Thermal
ellipsoids set at 50% probability. Selected bond lengths (A) and angld$1{°"N2 1.228(7)
N1T Si1 1.797(5) N21 N3 1.159(7) N4i N5 1.230(6) N4i Si1 1.748(4) N5 N6 1.130(6)
N71 N8 1.240(6) N71 Si1 1.732(5) N8I N9 1.117(6) N10i Si1 1.794(4) N111 Si1 1.924(4)
N2i N11 Sil 126.2(4) N31 N2 N1 175.4(6) N5 N41Sil 121.0(3) N61 N5 N4 176.1(5)
N8T N71 Si1 123.8(4) N71 Sili N4 115.9(2) N71 Si1i N10 123.1(2) N41 Si1i N10 117.0(2)
N71 SilT N1 94.2(2) N41Sili N1 98.6(2) N10i Sili N1 97.15(19) N71 Si1i N11 90.3(2)
N4T Silt N11 91.46(19)N10r Sili N11 69.25(17)N1T Sili N11 165.83(19)

Compound 21 crystallises in the space group2i/n. The phosphorus is three
coordinate and has a distorted pyramidal geometry. The commonly bidentate amidinato
ligand is monodeiate and only bound through a single nitrogen atom. As a result the
phosphorus atom does not sit in the plane with®PRNCN) ligand, but rather above or
below the plane. Disorder is presanthe structure where the phosphorus atom is either
bonded td\1 or N2 of the amidinato ligand. This leads to {g) of the azidagroup in
one component beinghared with thé(b) of the azido group in the other. Appropriate
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SADI, SIMU and DELU commands have been applied to the nitrogen atoms of the
azido groups to ensure linearity of the azide and produce sendieids. As a result

the NN bond lengths are unreliable @{ N(b) is too long and N{)T N(g) is short)

The DNN parameter is 15.7 pm, larger than any other azide containing crystal structure
determined, except [C@¥]" (DNN = 24 pm)>° Which makes the NN bond lengths in

this stru¢ure unlikely as the wavenumbef na{Ns) are2130 and 2117 chh The R N

bond length of the amidinato ligand is 198®) A shorter than the two bond lengths in

22 (1.854 A average). The second nitrogen atom of the ligand is 2.411 A away from the
phosphorus atom implying there is an interactiotwben the two atoms but the steric
influence of the ligand prevents bond rfoation The ligand has a bite angle of
approximately 70 and therefore ideal to occupy an axial and equatorial site of the
seesaw geometry. Howevgedue to the influence of thedectronlone pair the molecule

has distorted pyramidal geometry.

Figure 6.17 Thermal ellipsoid plot of one of the disordd components o21. Hydrogen atoms
omitted for clarity. Thermal ellipsoids set at the 50 % probability lselected bond lengths

(i) and bond angl eN4 ATANS INNG ZBINBY ., 18.2204 B()7) , N
1.105(7), P1iN3 1.734(5), P1iN6 1.750(5), |
N6TP1T N2 103.88(18), N7TN6TPLINAAIBNDI(RY , 1 INB.BA (!
N5T N4AAT N3 173.5(9).
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Figure 6.18 Diagrams of the two disordered cpaments oR1.

Compound22, the P(V) analogue oR1, crystallises in the space gro®2i/c with
one equivalent of hexane per formula unit. The molecule itself possesseaxs G
between the PN bonds of the amidinato ligand. The phosphorus atom &a
significantly distorted octahedral geometry as a consequence of the narrow bite angle of
the amidinato ligand at 695°. This results in a noticeable increase of MiéT N
angle between the azidéians to the amidinato liganevith a bond angle of 98(1)°.
The other NPT N anglesbetween the azides are also slightly larger than the ideal 90°
but distorted to a lesser extent. Boii\Pbond lengths between the phosphorus and the
amidinato ligand (1.88) A) are longer than previously reported amidinptmsphorus
compounds (1.80.81A) as well as longer than thé NP bond length of the azido
ligands in this molecul®®2?1°The R N bond lengths for the azides differ dependimg
the grouptransto the azidogroup. Where the amidinate timnsto the azide ta A N
bond length is shorter (1.7 A) than when another azido grouptiansto it (1.791)
A). These lengths are slightly shorter than [N and fall in the region of other
neutral P(V) azido compoundy!®®2%0.21iThe DNN parameteis slightly different for
the two setof the azilo groups. The two azido groupmns to the amidinato ligand
have an averageNN of 9.52) pm, while the other two azido groupave an average
of 9.0(2) pm. Highlighting the slight difference in theansinfluence between the azido
and amidinato ligargl One intriguing feature of the molecular structureCsH14 is
the conformation of the hexane molecule. Rather than be in its more fawoamsd
conformation one of the terminal carbon atoms is aisa&onformation with respect to

the rest of the clia and points towards thé"PNCN)P(Ns)s. Thee are no contacts
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between the TH and the azides shorter than the van der Waals radii; however, the
carbon atom is directed towards a cavity fornisdthe arrangement of the azido
groups. The incredibly largesize of the®PPNCN ligand dictates the packing in the
crystal structure, therefore, the hexane molecule must only be able to fit in this higher

energy conformation.

Ca1

C40
C39
C38

C37
C36

Figure 6.19 Thermal ellipsoid plot 022/&CsH14. Hydrogen atoms omitted for claritfhermal
ellipsoids set at 50% probability. Selected bond lengths (A) and angl&li(N1 1.7923(15),
P1 N4 1.7731(14), PIN7 1.7975(15), FIN10 1.7739(14), AIN13 1.8524(13), AIN14
1.8566(13), NIN2 1.2280(18), NEN3 1.1396(19), NBN5 1.222(2), NEN6 1.13(2), N7 N8
1.2285(19), NBN9 1.1366(19), NION11 1.2311(19), NIIN12 1.133(2), NLPL N4
93.73(7), N4PIIN10 97.58(6), NLPL N4 89.33(7), NYPII N10 88.54(7), N#PL N7
88.54(7), NIP1I N7 176.01, N1DP1i N13 96.79(6), NAPII N13 165.31N(6), NPT N13
86.66(6),N71 PI N13 89.81(6), N1IDP1L N14 165.49(7), N¥P1 N14 96.37(6), NLP1 N14
90.41(7), NTP1I N14 86.61(6), N1BPLI N14 69.55(6),N21 N11 P1 121.22(12), NiaN21 N1
173.68(19), N6N4T P1 120.19(12), NiBN5I N4 174.6(2), NBN71 P1 120.47(12), NINST N7
173.93(18), N1IN1Gi P1 120.34(12), NITAN11i N10 173.96(18).
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Average bond lengths of azido group

Compound Orientation ET N N@) T (A N@®») T (A DNN/pm
16 axial 1.8484) 1.2116) 1.1426) 6.9(8)
equatorial 1.7594) 1.24Q6) 1.1326) 10.88)
17 1.7831) 1.2151) 1.1392) 7.6(3)
18 trans 1.83712) 1.2232) 1.14%2) 8.2(3)
cis 1.7844) 1.2326) 1.1376) 9.58)
19 1.8081) 1.2241) 1.1341) 9.2(1)
20 axial 1.7975) 1.2287) 1.1597) 6.9(10)
equatorial 1.74(Q8) 1.2358) 1.1238) 11.212)
21 1.7427) 1.25%9) 1.0949) 15.7(13)*
22 trans 1.7743) 1.22713) 1.1333) 9.54)
cis 1.7953) 1.22§3) 1.13§3) 9.0(4)

Table 6.3 Selected structural data of azido comple2622. E = P or Si.Trans and cis
orientation arehe position of theazido groups withespect to the ancillary ligand. * regints

applied to the modalue to disorder in the structure renders the bond lengths in the azido group

unreliable.

Table 6.3 shows the avea g e

observation from th data is the azido groupsnsto IPr, i.e. the axial azido group and

ET N

and

N 7fox 16820 A diirect e ngt hs

the trans azido group t6and18r especti vel vy,

s-donor strength of the IHrgand causes a largeans effecteffectively pushing the

have

t he

l ongest

azido ligand away. The differences between phosphorus and silicon as a coordination

centre are harder to determinethsre are fundamental differences the complexes

formed. The effect of the overall geometry on the complex appears to be a greater

influence on e nature of the coordination bgradhd in turn the electronic structuoé

the azido groupthan the coordination centre

6.2.3 Reduction reactions of Main @Goup polyazido complexes

6.2.3.1 Potassium graphite as the reducing agent

The original gntheses for Si(ll) halides involved reductiaf the parent base

stabilised Si(IV) halide witlpotassium in the form of potassium graphke&Cs. The

reducing agent is prepared by stirring small pieces of potassitmygraphite at 20TC

until the mixtureturns bronzé!? Compoundi6 is only sparingly soluble in toluene
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therefore,16 was added as a solid to K@nd suspended in toluene. Immediately a
black suspension, black solid in a yellow solution, had fdrened after two hours the
FT-IR spectrumof the yellow solutiorbetween 2200 and 2000 thdisplayed a sharp
band at 2103 chi and two broad signals at 2150 and 2014 'cifihe signal at 2014
cm' ! is indicative of fPPImH)N;3 and the peak at 2103 &his asignature ofl6. The
signal at 2150 chi is similar to the peak observed in the metathesis experiments
described in6.2.1 suggesting both experiments give the same prodioin the salt
metathesisexperiments the conclusion was the azgitoup was exchaed onto the
Si(ll) centreand then simultanesously reduced by the Si(ll) cetsethe azido groups

are already present on the silicon centre in the reduction experiment it is possible that
IPrSi(Ns)2 is formed in both experiments and is too reactiveddsolatedIPrSi(Ns)2
potentiallyreacts with a second molecule of IPrS)No give an iminosilane, shown in
Scheme 6.7. No solid material could be obtained, only yellow oils, from the experiment

to obtain conclusive proof.

IPr N
IPr—Si: ~2 N, %2, N P
2 N3/| E—— 'Si< ksL
/ \N/ '///
N N3 “IPr

Scheme 6.7Possible decomposition product of IPrSiN

The only drawback to this hypothesis is the lack of effervescence of the reaction
mixture. However, the quantities used, less than 0.5 mmol, and the presence of starting
material in theFT-IR spectrummpliesvery little dinitrogen gas would be released. One
common problem with reducing IPrSiXwhere X is a halide) ofNCN)SiCl; with
KCs is the yield of the Si(ll) product is often as low as 1332It appears that the
desired IPrSi(N). product is unstable and decomposes readilge germanium
analogue, IPrGe(®p, is a known ad fully characterised compoundearly showing no
reactivity ketween the Ge(ll) centre and azid&nly carbenes or silylenes show this
kind of reactivity. A tetament to the increased reactivity of the Si@Kidation state
(and carbenes) compared to the heavier congeners. There are two possible methods of
attack: the Si(ll)centreacts as a Lewis acid or the Si(d¢ntreacts as a nucleophile.

The former is ulikely as the empty orbital present in the low valent species (see chapter

1.2) is occupied by the NHC. Therefore, it is much more likely that the lone pair on the
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silicon atom attacks the azido group. Whether it attacleg Ni( N(g) is uncertain. Only

a qualitative explanation based on first principles can be made to why Ge(ll) does not
react with azido groups but Si(ll) does, rather than a quantitative explanation. The
energy difference between the electronic structure of E(IV) @ptiorbitals) and the
electronic structure of E(Il) (thres’ and onep orbitals) is greater for germanium than
silicon. Effectively increasing the stability of the lone pair on germanium. Extensive
calculations would need to be completed étedmine the reaction dynamicsheve it

may be possible to then dgsian NHC able to stabilis®i(Ns)2.

Reduction of compoun@0 would give (PPNCN)SiNs and potassium azide as the
products. The9PPNCN) ligand is larger than IPr, especially around the coatbn
centre potentidy imparting extra kinetic stabilityAnother advantage is the synthesis of
20 can be easily upscaled unlike the synthesis16f Therefore, the reduction
experiment can be attempted on a much larger scale. On reductad@with KCs a
yellow oil was obtmed. TheFT-IR spectrumbetween 2200 and 2000 thof this oil
shows four bands at 2147, 2129, 2119 and 2044.cfihe three at higher energy
indicate compoun@®0. The new band at 2044 thsatisfies the criteria that the band
should appear at lower wawembers than the Si(IV) analogue. However, if making a
prediction by calculating the difference between the IR frequencies of the azido group
of Ge(ll) and Ge(IV)and Sn(ll) and Sn(IV¥omplexesTable 6.4, the frequency of the
observed band is too low.
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E(IV) compound n@sN3/cm?  E(ll) compound n@sNs/ cmi't o/ cm'?

(PPh)2Ge(Ns)s 2086 (PPh)Ge(Ns)3 2058, 2091 12
(PPh)2Sn(Na)e 2082 (PPh)Sn(Ne)3 2051, 2081 16
IPrGe(Ns)4 2128, 2108, IPrGe(Ns)2 2075 25
2088, 2077
(“PPNCN)Ge(Ny)s 2127, 2109, (YPPNCN)GeNs 2070 36
2099, 2089
IPrSi(Ns)4 2150, 2136, IPrSi(Ns)2 2101 25*
2117, 2102
(PPPNCN)SIi(Ns)s 2159, 2138, (“PPNCN)SiNs 2099 36*
2128, 2116
Table 6.4.IR data of selected Si(IV), Ge(ll), Ge(lV), Sn(ll) and Sn(IV) azido compounds as
nujol mulls and the absorptiomalculated forSi ( 1 1 ) a z icadumnn is theesalitractson @

of the azido frequency of the E(ll) compound from the analogous E(IV) compound. Where
multiple signals are observed in thgsNs region an average of the peak positions has been
taken. ltalicised numberare theoretical. * Value taken from the Ge analogbeGe(N)s,
(“PPNCN)Ge(Ns)sand (PPNCN)GeNs were synthesised as comparison compounds, details in the
experimental section.

The yellow oil obtained could be turned into a foam by placing unidér yacuum
and forcing the remainder of the solvent out of the oil. The foam is readily soluble in
n-hexane and pentane to give yellow solutions, however no solid material has been
obtained from this reaction. As there are no purification stdg$MR spectra obtained
of these oils are vergomplicated containing starting material, signs of hydrolysis and
new peaks, and not a lot of information can be determined from them. Chemical shifts
of the starting material and any products containing®f&$CN would be very similar.
Therefore, it is difficult to ascertain or even to speculate the identity of the new band at
2044 cm?. If the band at 2044 crhin the IR spectrum is due tdPPNCN)SINs, it is
likely that the structure of the molecule is more complex than a simple monomer. A
higher wavenumber for thaadNs) would be expected if 9°PNCN)SINs was
monomeric. A possiblestructure is a dimeric species with bridging azido ligands
between two silicon centres. There are two possible bridging maaléise N(a) in a
m,1-N3 endon bridge orvia the N(g) in a m N3 endto-end bridge. Both of these
strucural features areare in Main Goup azide chemistry but common for transition
metal azido complexes, as has been recently reviewed in 2013 by Fehlhammer and

Beck33 As there are very few examples of bridgiazido groups in complexes of Main
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Group elements it is difficult to definitively concludew the bridging interactions
affect the stretching vibrations of the azido ligand.

6.2.3.2 fiPr/mesNacnac)Mg dimers as reducing agents

With no silicon containing products isolated from reactions with potassium graphite
the reducing agent was changédo J omdé&ketidisate magnesium(l) dimer,
[(RNacnac)Mg}.>%2* Two different magnesium(l) dimers were prepared based on
published procedures: “fPNacnac)Mg} and [("™Nacnac)Mg}. The advantage using
these compounds as reducing agents is that they are soluble in toluene. Therefore, it is
significantly easier to add these reagents stoichiometricHibyvever, thee is one
drawback with respecto their reactivity. As described earlier in this chapter
[(RNacnadMg]. reductively couples organic azides to form hexazenes. Therefore, a
silyl azide will have two potential reduction sites, the azido ligand or the silicon atom.
This offers a possible competing reaction, though the more likely site of reaction is the
silicon atom as was found from the reaction of Mé&Ns with [("*Nacnac)Znj by
Schulzet al®! The two different magnesium(l) dimers were reacted with $$i(146, 20
and21.

The magnesium dimers are unstable in coordinating solvents so the reaction solvent
usedwas either benzene or toluene. S}Nn benzene was added t§'{{Nacnac)Mg},

a yellow solid, giving a white suspension. THEIR spectraseriesof the exeriment is
shown in Fgure 6.20 The initial spectrum, black line, is that of SgjiNbefore addition
of [(™Nacnac)Mg}. It shows a signdbr Si(Ns)s at 2170 cit and HNs at 2133 cri'.
On addition of the magnesium dimer the peak at 2170 bas decreased and new
peaks have appeared at 2156 tand 2108 cit. The peak at lower wavenumbers is
indicative ofthe [Si(Ns)g]? "anion. The presence of only one other dam the nadNs)
region indicates it is unlikely that the azido group has beduct&ely coupled to a
hexazene, unless all but one azido group has been reductively colpeefore, the
identity of the molecule giving rise to the band at 2156 lcis most likely
(M*Nacnac)MgN (23). As no other bands in this region are present suggest that no
other benzene soluble azido containing compound is prdsapipears that nearly all
the Si(Ny)4 has reacted with the magnesium(l) dimer despite the stoichipmief:1.

At that stoichiometry only half of the SigM can react. One possible explanation is
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hydrolysis, Si(N)s4 is extremely moisture sensitive and g8 present in the FIR
spectrum. At low concentrations of SHNit becomes increasingly more fitult to

observe in the IR spectrum due to hydrolysis.

22

20+
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18-
16-
14-
12
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0.8 ~
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2250 2200 2150 2100 2050 2000
Wavenumber / cm’’

Figure 6.2Q FT-IR spectraseries of the reaction of" {Nacnac)Mg} and Si(Ns). in benzene.
Black line is the spectrum of SigN. Red line is after addition of ffNacnac)Mgj.

The white precipitate that formed in the reaction was dried and analysed by IR
spectroscopy as a nujol mull. Two bands are present inaifids) region at 2160 and
2116 cm?. These two bands most likely belong to the bands observed from the solution
IR spectrum, T*Nacnac)MgN and [Si(N)e]*. With no other band in th@adNxs)
region, in solution or the precipitate, it appears that thenesgm(l) dimer selectively
reduces the silicon centre by the number of azido groups present.
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Figure 6.21 FT-IR spectrum of white precipitate obtained from the reaction of ;5i(hth
[MeNacnac)Mg}as a nujol mull.

The magnesium(l) dimef(™*Nacnac)Mg}, was also combined withl in toluene in
a 0.5:1 ratio anaffordsan orange solution. The IR spectral series of thpeement is
shown in kgure 6.22 Compound21 has two bands in thesdN3) region in a solution
cell FT-IR spectrum in toluene, the black line, at 2129 and 2116.gkfter addition of
[(M*Nacnac)Mg}, the red linethesetwo peaks decrease and a new broad peak appears
at 2176 cht. It appears a similar reactioms desgbed previouslyoccurs and the
magnesium(l) dimer selectively reducisfrom P(lll) to P(l) by removing all the azido
ligands. The orange colour comes from tfR#NCN)P, which most likely dimerises as
(YPPNCN)Si, IPrSi,IPrP and IPrPCI d&
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Figure 6.22 FT-IR spectra series of the reaction dFfillacnac)Mg}and21 between 2250 and
2000 cm?. Black line isFT-IR spectrunof 21 dissolved in toluene. Red line FF-IR spectrum
after addition of half an equivalent of"ffNacnac)Mg}.

The positionof the nadNs) vibration is much higher tharnwould be expected.
Magnesium is an electropase element and, therefore, the IR absorption should be
around the ionic region of ¢hrange of the asymmetric aziddration. The absorption
is only slightly lower than Si(B4 and higher than those 26-22.

The [(™*Nacnac)Mg} selectively reactsvith all the azido groups on a Mainr@aip
polyazido complex. It has been reported th#t’Nacnac)Mg} is less reactive than the
mesityl analogue, therefore was used in attempts to redub@and20. Compoundl6
is sparinglysoluble in toluene and smth solids were combined in a Schlenk tube and
suspended in toluene. The mixture turned orange and the solvent was evaporated to give
an orange solid. THET-IR spectrunof the soid as a nujol mull is shown inigure 6.3
and displays five bands betwee20P and 2000 chi at 2195, 2150, 2135, 2119 and
2103 cm?. The four bands at lower wavenumbers belond@otherefore, the band at
2195 cm?! belongs to {PPNacnac)MgN (24). Again, as with the [(®*Nacnac)Mg}
experiments, all the azido groups of the complpgear tdoeremoved selectively. The
orange colour in the experiment comes from the production of the orange IPrSi dimer.
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Figure 6.23 FT-IR spectrum of solid obtained from a solution of IPrgj(Nand
[(“PPNacnac)Mg}as a nujol mull.

For completenesd0 was also reduced with one equivalent 8Pflacnac)Mg}. The
initial yellow solution turns green and displays bands Z6rand 24 in the FT-IR
spectrum After adding another half equivalent offffNacnac)Mg} the reaction
solution turns blue, theatour of [(“PPNCN)Si]2, shown in Fgure 6.24 Only an IR band
for 24is observed in the FT-IR spectrunof the blue solution demonstrating again that
magnesium(l) dimers selectively removes all azido groups from the silicon and

phosphorus complexes.

140



€Y (b)

Figure 6.24 (a) [(“PPNacnac)Mg} dissolved in toluene.(b): 1.5 equivalents of
[(PPNacnac)Mg}and20 dissolved in toluene.

Interestingly, there arsignificant differences of the position f{Ns) between23
and24. In a toluene solutiqr23 displays a band at 2176 thand24 at 2195 crit. Both
of these compounds can be crystallised fieimexane and both were investigated by
single crystal Xray diffraction. Compound23 and 24 form unusual cyclic oligomeric
species when crystallised fromhexane.The na{N3) band position o4 as a nujol
mull is at the same position as the toluene solution cellRF$pectrum, implying the
same structure in ¢ghsolid state and when dissolved in toluene.

The molecular structure &3 is shown in kgures 6.25 and 6.26 Compound23
crystallises from n-hexane as the solvat@®Nacnac)MgN®.33GHa4in the
space groug?l The magnesium atom $fia distorted tetrahedral geometry with two
coordination sites occupied by the Nacnac ligand and a third site occupied by the azido
ligand. The fourth coordination is fromna N3 endto-end bridge with a neighbouring
azido ligand from another"{Nacna3MgNs. This results in an extended structure

where six "*Nacnac)MgN moleculexome together to give a 2tom ring.
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Figure 6.25. Thermal ellipsoid plot of {{*Nacnac)MgN} ¢2CsH14. Hydrogen atoms omitted.
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