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Abstract

The thesis involves the investigation of two main areas in which new ligands based on
main group frameworks are developed. In the first part of this thesis we explore the host-
guest chemistry of a range of non-carbon frameworks based on P-N bonds. In the first
chapter we develop strategies for enhancing the anion binding properties of
phosphazanes of the type [(RNH)(E)P(u-N'Bu)]z (E = O, S, Se) which are bench stable,
H-bond receptors that can be regarded as inorganic analogues of squaramides (a key
class of organic anion receptor). We find that there are distinct advantages of these
inorganic receptors over organic counterparts such as the ease by which their
functionality and electronic character can be altered (by means of the R-groups and
chalcogenide present). Selenium substitution at the phosphine-centres, the presence of
electron withdrawing R-groups and metal coordination to the soft donor centres can be
used to modulate and enhance anion binding. The water stability and superior anion
binding properties of the selenophosph(V)azanes gives them applications as synthetic
anion transporters through phospholipid bilayers. Next, we establish synthetic
methodologies for the rational design of bimetallic phosphazane coordination
complexes of the type [LaM(PyridyINH)P(u-N'Bu)]2 (M = transition metal, L = supporting
ligand). By optimisation of the NH bond polarity we achieve halide binding approximately
one order of magnitude stronger than for organic analogues. We find that metal
coordination renders these complexes robust enough to function as synthetic anion
transporters through phospholipid bilayers and reveal how metal coordination affects
the transport activity. We also investigate the general coordination chemistry of the
parent ligand and the effect of quinolyl substitution. Finally, we investigate the host-
guest chemistry of pentameric phosphazane macrocycle {{NHP(u-N'Bu)]z}s. The polar
coordination site of this system promotes new modes of guest encapsulation via H-
bonding with the 11-systems of unsaturated bonds, and with reactive anionic phosphorus
centres. Guests can be kinetically locked within the structure, with halide anions
displaying stronger effective binding than in any classical organic or metal-organic
receptor reported to date.

The second part of the thesis moves on to explore the coordination properties of main
group bridged trispyridyl ligands. The new 6-methyl substituted ligands E(6-Me-2-py)3

(E = As, Sb, Bi) are synthesised, allowing the assessment of the effects of bridgehead



modification alone on descending a single group in the periodic table. We show that the
primary influence on coordination behaviour is the increasing Lewis acidity and
electropositivity of the bridgehead atom as group 15 is descended, which not only
modulates the electron density on the pyridyl donor groups but also introduces the
potential for anion selective coordination behaviour. We then continue to investigate the
structural consequences of bridgehead change and derivatisation in a range of
transition metal complexes and also demonstrate the effect of bridgehead oxidation
going from E = As to As=0. Having revealed that the presence of a 6-Me group is crucial
for the synthesis of trispyridyl main group ligands we explore the coordination chemistry
of the silicon derivative E= PhSi, for which coordination studies were previously
hindered by the inefficient synthesis of the ligand. In the final chapter we expand the
scope of ligand modification of the trispyridyl aluminate E = EtAl by reaction with organic

acids and aldehydes.
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Part 1:
Main Group Supramolecular Chemistry
with Cyclodiphosphazanes






Chapter 1: Introduction to Part 1

Phophorus-Nitrogen Chemistry and Cyclodiphosphazanes

Phosphorus-nitrogen compounds are well established nowadays in various areas of
synthesis, catalysis and materials science. Applied as neutral superbases, elastomeric
and thermoplastic polymers and main group based catalysts in small molecule
activation, phosphorus-nitrogen compounds have a range of reactivities and
properties that have few analogues in carbon based chemistry.[l Figure 1 shows some
important examples of phosphorus(V)-containing P-N systems that have applications
as non-nucleophilic superbases and as components that facilitate improved

performance of solar cells, lithium ion batteries and membrane fuel cells.[?-

Cl Cl N'B - -
\P/ ; OR
/%N (MesN)zP—N—P—N—P(NMe,);3 |
I | =N

c— el OR
Cl Cl P(NM62)3 - -n

Hexachloro- Schwesinger Poly-

phosphazene Base phosphazene

Figure 1: Examples of P-N based molecules.!

Phosphorus(lll) and phosphorus(V) containing compounds of this type are typically
obtained via similar synthetic methodologies from the condensation reactions of
phosphorus halides and amines. The work presented in this thesis largely focuses on
phosphorus(lll) systems and their derivatives, hence the introduction will focus
specifically on this area. The reactions of primary amines RNH2 with PCls results in
the formation of phosph(lll)azanes containing phosphorus(lll)-nitrogen bonds,
however, the exact outcome depends on the reaction conditions and the amine
employed. Usually, cyclic products with alternating phosphorus and nitrogen centres
of different ring sizes are obtained. The ring size is determined by the steric bulk of the
organic amine (Figure 2).51 These rings can be seen as the oligomerisation products
of the transient imino-phosphine monomer RN=PCI, the product of a 1:1 condensation
of RNH2 and PCIs with the elimination of HCI. Larger substituents such as '‘Bu or Ph

favour the formation of four membered P2N2 rings. Although this results in a certain



degree of ring strain, the four-membered ring minimises steric repulsion between the
organic substituents. However, there is clearly a subtle balance between ring strain
and steric effects as four membered rings can be converted into their six-membered
homologues by chloride abstraction.[®"] Six- and eight-membered rings are formed for
small amine substituents, like Me or Et.Bl Polymeric phosphorus(lll)-nitrogen chains
are much harder to generate than phosphorus(V) analogues. Whereas the
phosphorus(V) polymers like the polyphosphazene shown in Figure 1 can be formed
by ring-opening polmerisation of cyclic phosphazenes, following a similar approach
using cyclic phosph(lll)azanes gives a mixture of products.! Figure 2 summarises the
chemistry mentioned in this paragraph.

CIZ /R
R\N _ o R\N___PJJC| /P-—‘N\
RNH, + PCl, Base I Oligomerisation L or R—N P~Cl  or larger rings
-2 HCI P P—N \ /
Cl s5 N P—N
Cl R $ \
Cl R

Figure 2: Polycondensation reaction generating phosphazanes.

Studies in this part of the thesis focus on dimeric cyclodiphosphazanes. Broadly
speaking the chemistry of dimeric cyclodiphospazanes is far more developed than for
the trimeric and higher homologues, as further derivatisation of the latter is problematic
in terms of selectivity and stereochemistry. Cyclodiphosphazanes of the type
[CIP(u-NR)]2 are the formal [2+2] cycloaddition product of CIP=NR.°0 This
dimerisation occurs very readily in practice and hence [CIP(u-NR)]2 are obtained from
the 1:1 reaction of RNH2 with PCls in presence of a Brgnsted base, which scavenges
HCI (Figure 3).111



Cl Cl

R
6 RNH, + 2 PCl; ————> P<H;P + byproducts
R
RNH R HNR
excess RNH, + 2 PCl; ————— > P;H;p
R
Excess C\I R Cl
NEt,
2 RNH, + 2 PCl; ———2—> P;m;p + fewer byproducts
R

Figure 3: Different synthetic methodologies for the synthesis of
cyclodiphosphazanes.

Where the amine RNH: is used in large excess it can act as a Brgnsted base and also
reacts further with the P-CI bonds of [CIP(u-NR)]2 to give
diaminocyclodiphosph(lll)azanes [RNHP(p-NR)]2. These products are also commonly
observed as byproducts in the synthesis of [CIP(u-NR)]2. In order to avoid this
competing pathway, low reaction temperature and the use of a non-nucleophilic
Bragnsted base like EtsN in large excess is often needed. ]

The family of [CIP(u-NR)]2 phosph(lll)azanes can form cis or trans-isomers, examples
of which are shown in Figure 4. This isomerism also occurs in the derivatives of the
type [RP(u-NR)]2 in which Cl atoms are substituted by an organic group R. Generally,
the cis-isomers are preferred for the majority of substituents, except where very large
sterically-demanding R-groups are present.l*?l However, the nature of the exocyclic
substituents also influences the isomerism. In the cis-isomers, the P2Nz ring units are
normally slightly puckered whereas these units are planar for the trans-isomers.
Although there have been some theoretical investigations on this, prediction of this

cis/trans-isomerism is still very difficult.[3.14]

C\I ‘Bu Cl \ Ter
—N—
PN>P PwNvP\
tBu Ter Cl

Figure 4: Cis/trans-isomerism in [CIP(u-NR)].



The P-CI functionalities as well as the phosphorus(lll) centres of [CIP(u-NR)]2 are
reactive sites that can be further functionalised. Due to the marked stability of the P2N2
framework with an endocyclic ‘Bu, synthetic studies have overwhelmingly used [CIP(u-
N'Bu)]2 as a building block. [CIP(u-N'Bu)]2 can be employed in condensation reactions
with, e.g., RNH2, ROH or RCOOH, giving the corresponding [RXP(u-N'Bu)]2 (X = NH,
O, COO) in high yields.[* Particular attention has been paid to the chemistry of
[RNHP(u-N'Bu)]2. Stahl et al. as well as Chivers et al. have studied the condensation
and deprotonation of the latter.['6171 The NH group of 'BUNHP(u-N'Bu)]2 can be easily
deprotonated with "Buli, yielding ['BuNP(u-N'Bu)Li(THF)]2 in THF which adopts a
heterocubane structure in the solid state (Figure 5). The ['BUNP(u-N'Bu)]2?- dianion
can be transferred onto a variety of main group and transition metal centres in
methathesis reactions. In the resulting complexes, ['BUNP(u-N'Bu)]2? often acts as a
tridentate donor using its two anionic exocyclic amide substituents as well as one of

the endocyclic P2N2 nitrogen atoms. 6]

THF
Cl  tg, CI H H THR i
Bu / \ R—NIYy | >N—R
_N__ / RNH,, base R—N ¢ N—R "BuLi, THF Nl
SyeP = TTN B — | 4]
‘Bu <N;P PV[i] P
‘Bu R

Figure 5: Synthetic protocol for the heterocubane ['BUNP(u-N'‘Bu)Li(THF)]2.

A further possibility for functionalisation is the oxidation of the phosphorus(lIl) positions.
This is achieved using elemental chalcogens or peroxides.'® Such oxidations have
mainly been focusing on [RNHP(u-N'Bu)]2 as the P(lll) centres are particularly electron
rich and hence prone to oxidation. There are different synthetic strategies for complete
oxidation of diamino-substituted phosphazanes (Figure 6). The first approach involves
direct oxidation of the neutral [RNHP(u-N'Bu)]2 with peroxides or elemental chalcogen.
Whereas full oxidation is achieved at room temperature with peroxides, such as
‘BuOOH or H202, prolonged reaction times at reflux conditions are often employed for
the oxidation with elemental sulphur or selenium.*®! However, these conditions
generate mixtures of the cis and trans-isomeric products.?2921 |t should be noted that
the trans-isomer is often unwanted as its stereochemistry makes it unsuited as a
supporting ligand for molecular complexes containing metal centres. Hence, Garcia et

al. recently reported the use of ball-milling for cis-selective sulphur and selenium

6



oxidation. The resulting cis-[RNH(E=)P(u-N'Bu)]z] (E = O, S, Se) are air and moisture
stable.l?Y The formation of the ditellurium derivative of [RNH(Te=)P(u-N'Bu)]2] cannot
be achieved via these methodologies. Only the unsymmetrical species [RNHP(u-
N'Bu)2P(=Te)NHR], with one P(lll) and one P(V)=Te centre, are obtained as the
products. Woollins et al. found that prior deprotonation accelerates the oxidation of the
P(Il) centres drastically (Figure 6).221 Full tellurium oxidation to give the dianion
[RN(Te=)P(u-N'Bu)]2? as its lithium or sodium salts readily occurs at room temperature
due to an increase of overall electron density of the phosphazane backbone.
Depending on the metal cation present and the presence of supporting ligands (such
as TMEDA), a number of structural motifs are observed in complexes of the
[RN(E=)P(u-N'Bu)]2* (E = O, S, Se, Te) dianions.[8l

I H
R—N tBU N—R
Sg/Se/'BUOOH \ N_/ E=0,S,Se

H H //P‘N'Fi\ and other isomers

N N— E Bu E
R—N gy N—R
\ _N_/ o o
tBu > @ — T~

2) Te 2 Li /P‘N'P\\

Te Bu Te

Figure 6: Synthetic protocol for phosphazane oxidation.

The family of the dianions [RN(E=)P(u-N'Bu)]2> (E = O, S, Se, Te) can be transferred
intact to a variety of main group and transition metal centres. Transfer to metals can
either be achieved directly via deprotonation of the neutral precursors [RNH(E=)P(u-
N'Bu)]2 (E = O, S, Se) with organometallic bases (e.g. ZnEt2) or via salt metathesis
reactions of M2[RN(E=)P(u-N'Bu)]2 (M= Li, Na, E = O, S, Se, Te) with transition and
main group metal halides.['82324] Employing the second synthetic strategy allowed
access to a variety of coordination complexes summarised in Figure 7. Early work by
Chivers et al. showed that nickel(ll), palladium(ll) and platinum(ll) cations are
coordinated using a bidentate S,S-mode via the sulphur face of cis-[RN(S=)P(u-
N'Bu)]2%". The same ligand can also be employed as a side-on S,N-ligand after single
deprotonation of [RNH(S=)P(u-N'Bu)]2 and transfer to a metal centre. On a similar note,
Stahl and coworkers recently reported the face-on N,N-coordination mode of

[RN(S=)P(u-N'Bu)]2? to early transition metals. '8 Clearly the coordination preference



of these phosh(V)azane ligands can be rationalised on the grounds of hardness and

softness of the metals coordinated.
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Figure 7: Different coordination modes of [RNH(E=)P(u-N'Bu)]z] (E = O, S, Se) with
metals M.

Recently work by Woollins et al. focused on the formation of bicyclic main group
arrangements coordinated by the P2N2E2 (E = S, Se, Te) framework. A variety of
bridging main group metal atoms were incorporated such as Buz2Sn, 'Bu:Ge, Se-Se
and PhSb.[231 Wright et al. recently showed a marked preference for Se,Se-
coordination over S,S-coordination in the related [Se(S=)P(u-N'Bu)]2? ligand set.[?®]
Although the phosphazane chemistry presented in this introduction only highlights a
small cross-section of the studies in this area, the main point made in all of these
previous reports is that the P2N2ring unit is a stable synthetic and structural building
block. These features have allowed rational development in phosphazane chemistry.
In particular, Wright et al. have been able to use the P2Nz fragment in the construction
of larger supramolecular arrangements and this is the focus of the next section of the

introduction.

Main Group Supramolecular Chemistry Using
Cyclodiphosphazanes

While organic macrocycles based on thermodynamically stable carbon frameworks,
are a central area of modern chemistry (with extensive applications in the fields of
coordination chemistry, catalysis and extraction, to name a few), functional inorganic
macrocycles whose frameworks are constructed solely from inorganic elements are
rare.[?6-28] In addition, few general families of inorganic systems have been identified,
unlike organic counterparts which have been derivatised extensively and span a
diverse range of structural and donor/acceptor types (for example crown ethers,
calixarenes and porphyrins, Figure 8).[°
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Figure 8: Examples of organic cavitands and macrocycles.

Since most of the elements in the periodic table are metals it is perhaps unsurprising
that the vast majority of macrocyclic inorganic systems are metallocycles. In the limited
cases in which their host-guest chemistry has been explored, behaviour is dominated
by anion coordination through the electropositive metal centres of the macrocyclic
hosts.[3%-32 This is in contrast to the well-developed host-guest chemistry of organic
macrocyles in which anion, cation and neutral guest coordination are commonplace. 26!
The idea of supramolecular functionality, however, has not been entirely absent in
main group chemistry. Contributions by Gabbai et al. focused on selective anion
binding and extraction with Lewis acidic main group centres.[33l Examples of anion
coordination by topologically-complex inorganic systems are seen in Hawthorne’s
metallacarborands and Mulvey’s inverse crowns (Figure 9), which can exhibit both
anion-selective behaviour as well as the ability to coordinate highly unusual anions
(such as the double 2,5-CH arene deprotonation of toluene witnessed in the example
shown in Figure 9).[3%34 The main point is that very few donor-type macrocycles have
been reported. An early example is the twelve-membered phosph(V)azane
[(Me2N)PN]s which was found to coordinate Cu?* within its cavity (Figure 10).13% Other
more recent examples of cation coordination have been found in the case of cyclic
silicones, which are analogous to crown ethers (e.g., the potassium complex shown in
Figure 10). Related to this, silsesquioxane cages and their germanium analogues have

been reported to host anions within them.[36-38]
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Figure 9: Left: Host-guest complex of a metallocarborand, in which the 1,2-B10C2
carborane units link the Hg(ll) centres together in the host which coordinates halide
ions (X = F, Cl, Br). Right: An inverse crown complex of a heterometallic Mg/Na amido
host coordinating an unusual 2,5-deprotonated toluene dianion.
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Figure 10: Left: A potassium complex of a cyclic silicone macrocycle. Right: A
phosphazene macrocycle coordinating a Cu(ll) ion.

Some of the fundamental issues to consider in the development of any stable inorganic
macrocyclic system relate to bond energy and ionicity, since for any host macrocycle
to exist in the absence of a guest, it is clear that bonding within its framework should
be both stable and directional. A guide to both of these factors is a graph of the
heteroatomic bond energy versus the ionic contribution to the bonds, derived from the
definition of Pauling electronegativity (Figure 11, which shows a range of element-
element, element-O and element-N bonds).[3°4% The kinetic and thermodynamic
stability as well as the rigidity of carbon-based macrocycles can be seen to stem in
large part from the high stability of the framework bonds (C-C, C-N, C-O) combined
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with the relatively low ionic contribution to the bond character. For elements beyond
the second period of the periodic table, however, as a particular p-block group is
descended orbital energy/size mismatching will tend to lead to weaker bonds.
Although this is offset to some extent by an increase in the ionic contribution to the
bond energy, this contribution has the detrimental effect of increasing the polarity of
the bonds (leading to kinetic instability and non-directionality of bonding, in particular).
The ‘sweet-spot’ in the search for frameworks which are likely to support rigid
macrocycles is located around the classical carbon area (as highlighted in Figure 11).
This is largely borne out by a more extensive literature survey of constitutionally stable
main group macromolecular systems, which are far more prevalent in this area, and
provides a useful starting point in any planned synthesis of main group macrocycles.
A
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Figure 11: Background consideration of bond energy and bond polarity, showing the
‘sweet spot’ located around the classical organic area.

Work by Wright et al. in the area of inorganic macrocycles arose initially through a
serendipitous discovery. With the intention of obtaining a heterometallic Sn(I1)/Sb(lll)
cage, the lithium salt of the tris(amido)stannate anion [Sn(2-MeO-CesHaNH)3]" was
reacted with the potent base Sb(NMez)s.The surprising product of this reaction is the
hexameric Sb(lll) macrocycle [{Sb(p-2-MeO-CsHaN)}2((p1-2-MeO-CsHaN)]s, having a
cyclic arrangement of six Sbh2N2 ring units bridged by imido-N atoms (Figure 12).144
The overall arrangement is toroidal, with the Sb2Nz ring units being roughly
perpendicular to the Sbi2 mean plane. A similar Sb(lll) macrocycle was later obtained
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by Norman and coworkers using a more direct approach.*? The significance of this
result was the potential that [{Sb(u-2-MeO-CeHaN)}2((1-2-MeO-CsHaN)]e may
represent the first recognisable example of a broader family of macrocyclic
compounds of this type within the p-block. A clue to this was provided by the series of
previously reported isoelectronic species [{P(U-NR)}2(U-NR)]z, [{Sn(U-NR)}2(u-NR)]2*
and [{MeAl(u-NCy)}2(u-NR)]2* (Figure 13), which in the light of the structure of [{Sb(u-
2-MeO-CesHaN)}2((1-2-MeO-CsHaN)Js could be reappraised as ‘dimeric’ macrocycles

with the same architecture.

Figure 12: Left: Structure of the Sb(lll) macrocycle [{Sb(u-2-MeO-CeHaN)}2((u-2-MeO-
CesHaN)]s; Right: the core arrangement, showing only the Sb and N atoms. Colour
code: purple = Sb, blue = N, grey = C, red = O.
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Figure 13: Isoelectronic ‘dimeric’ cage-like architectures.

Owing to the high bond energy and relatively low polarity of the P-N bonds (as seen
diagrammatically in Figure 11), higher-order macrocycles related to [{Sb(u-2-MeO-
CeHaN)}2((u-2-MeO-CesHaN)]s based on P-N building blocks therefore became the
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focus of future studies by Wright et al. in this area. It was reasoned that reduction of
the steric demands of the P2N2- bridging groups of [{P(1-NR)}2(u-NR)]2 might be in
itself enough to allow the expansion of the macrocyclic framework. As discussed
above [CIP(u-N'Bu)]2 was found to be particularly robust for the rational construction
of larger supramolecular structures. It was reasoned that linking the P2N2 units is
synthetically feasible via reacting nucleophilic and electrophilic P2N2 units such as
[(NH2)P(u-N'Bu)]2 and [CIP(u-N'Bu)]2. The novel nucleophilic synthetic building block
[(NH2)P(u-N'Bu)]2 is obtained in good yield by the simple reaction of the
phosph(lll)azane dimer [CIP(u-N'Bu)]2 with a solution of excess ammonia in THF
(Figure 14).143
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Figure 14: Left: Parallel synthesis of the tetrameric macrocycle [{P(u-NtBu)}2(NH)]4
from the electrophilic [CIP(u-N'Bu)]2 and nucleophilic building blocks [(NH2)P(u-
N'Bu)]2; Right: Structure of the tetramer [{P(u-N'Bu)}2(NH)]4. Colour code: orange = P,
blue = N, grey = C, white = H.

Like [CIP(u-N'Bu)]2 and the majority of phosph(lll)azane dimers reported, [(NHz2)P(p-
N'Bu)]2 exhibits a preference for the cis-isomer in the solution and solid state. This is
one of the key factors favouring the use of cyclodiphosphazanes in macrocycle
synthesis, since the cis-conformation effectively preorganises the components for
macrocyclisation during assembly. The nucleophilic precursor [(NH2)P(u-N'Bu)jz is
readily condensed with the electrophilic component [CIP(u-N'Bu)]2 at -78 °C in the
presence of excess EtsN (as a Brgnsted base) to give the tetrameric macrocycle [{P(u-
N'Bu)}2(NH)]4 in an isolated yield of 67% (an overall yield of 30% starting from PCls
and 'BuNH2) (Figure 14).

Although [{P(u-N'Bu)}2(NH)]4 is generated almost quantitatively, further in situ 3P
NMR investigation of the reaction at low temperature showed that another minor
product is always formed (in variable amounts of about 1-5% of the total phosphorus

signal). This species is the host-guest complex [{P(u-N'Bu)}2(NH)]s(HCI), composed
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of a pentameric [H{P(u-N'Bu)}2(NH)]s* macrocycle which coordinates a ClI- anion at the
centre of the planar [{P++*P}N]s core using the five NH groups (with a H-atom bonded
to a P-centre of the macrocycle) (Figure 15). The macrocyclic cavity of [{P(u-
N'Bu)}2(NH)]s is ca. 6.8 A in diameter (measured NeesN).[44]

Figure 15: Structure of the host-guest complex [{P(u-N'Bu)}2(NH)]s(HCI). Colour code:
orange = P, blue = N, grey = C, white = H, green = CI.

The structure of this minor product illustrates that, in addition to the preorganisation of
the cis-building blocks, templating by CI- also directs the formation of macrocycles
rather than polymers in these reactions. The formation of the pentameric macrocyclic
core of [{P(u-N'Bu)}2(NH)]s, with an uneven number of P2Nz2 units, clearly cannot occur
by the stepwise/alternate condensation of the building blocks [CIP(u-N'Bu)]2 and
[(NH2)P(u-N'Bu)]2, for which only macrocycles with an even number of P2N2 subunits
could be constructed (like [{P(u-N'Bu)}2(NH)]4, Figure 14). Extensive 3P NMR studies
of the reactions of the precursors [CIP(u-N'Bu)]2 and [(NH2)P(u-N'Bu)]2 under a range
of conditions reveal the importance of ClI- templating in this reaction and indicate that
a common intermediate (Figure 16) is responsible for the formation of both the
tetramer [{P(u-N'Bu)}2(NH)]s2 and pentamer [{P(u-N'Bu)}2(NH)]s. While [{P(u-
N'Bu)}2(NH)]a results from ring closure of the common intermediate (with the
elimination of EtsNHCI), [{P(u-N'Bu)}2(NH)]s results from the further insertion of a unit
of the nucleophilic component [(NH2)P(u-N'Bu)]2 (with loss of NH4Cl).
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Figure 16: Proposed mechanism of formation of [{P(u-N'Bu)}2(NH)]s and [{P(u-
N'Bu)}2(NH)]s through the common intermediate.

Insight into the mechanism of selection of the tetrameric or pentameric arrangements
is revealed by the effects of addition of excess of different halide ions to the reaction. ]
While the tetramer [{P(u-N'Bu)}2(NH)]4 is formed almost quantitatively in the reaction
shown in Figure 14, remarkably, pentamer [{P(u-N'Bu)}2(NH)]s is produced almost
guantitatively if the reaction is performed in the presence of excess Lil (with the order
of selection of [{P(u-N'Bu)}2(NH)]s being I >> Br > CI). This is the opposite to the
thermodynamic stability of the host-guest complexes [[{P(u-N'Bu)}2(NH)]scX] (X = CI
> Br >> |') from DFT calculations, as expected on the basis of weaker N-Heeel- H-
bonding. The reasons for the observed selectivity with |- are proposed to be entirely
kinetic in origin (Figure 16). For the smaller halide ion CI- the rate of ring closing to the
tetramer [{P(u-N'Bu)}2(NH)]4 is greater than that for further insertion of [(NH2)P(u-
N'‘Bu)]2 to give the pentamer [{P(u-N'Bu)}2(NH)]s. This is an example of negative
templation, in which selection of [{P(u-N'Bu)}2(NH)]4 is due to slowing of the rate of
formation of [{P(u-N'Bu)}2(NH)]5.[6] In the case of I, however, the -NHs* and -Cl termini
of the intermediate are held further apart at optimum separation for insertion of
[(NH2)P(u-N'Bu)]2 to give the pentamer [{P(u-N'Bu)}2(NH)]Js. This is an example of
positive templation, in which [{P(u-N'Bu)}2(NH)]s is favoured due to the accelerated
rate. Using a ten-fold excess of Lil and adjusting the stoichiometry to the required 3:2
ratio (of compounds [(NH2)P(u-N'‘Bu)]2 and [CIP(u-N'Bu)]2, respectively) for the
formation of [{P(u-N'Bu)}2(NH)]s provides a preparative route to the pentamer, in the
form of the host-guest complex Li(THF)4*[{P(u-N'Bu)}2(u-NH)]sl. Its solid-state
structure reveals a highly distorted pentameric macrocyclic arrangement in which the

I anion is located above one side of the macrocyclic mean plane (cf. the planar
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structure [[{P(u-N'Bu)}2(NH)]scCI]- (Figure 15). The free pentamer [{P(u-N'‘Bu)}2(NH)]s
can be released by the reaction of Li(THF)4[[{P(u-N'Bu)}2(NH)]scl] with MeONa (—
Nal + LiOMe + [{P(u-N'Bu)}2(NH)]s) in DCM). The X-ray structure of the product shows
encapsulation of two DCM molecules in the solid state.!]

Figure 17: Left: Structure of the anion [[{P(u-N'Bu)}2(NH)]scl]. Right: Structure of
[[{P(u-N'Bu)}2(NH)]sc(DCM)z]. Colour code: orange = P, blue = N, grey = C, white =
H, green = Cl, purple = 1.

In order to target macrocycles containing group 16 atoms, it is necessary to develop
new nucleophilic precursors which are isoelectronic with [(NH2)P(u-N'Bu)]2, depicted
in Figure 18. Simple consideration of the bond energies involved (NH/EH versus
P=N/P=E-1r plus PH) explains why whereas [(NH2)P(u-N'Bu)]2 is most stable as its
P(1l1) tautomer, [H(O=)P(u-N'Bu)]2 and [H(S=)P(u-N'Bu)]2 will be most stable in their
P(V) tautomers.[4%!
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Figure 18: Isoelectronic nucleophilic building blocks and their preferred tautomers.

Precursor [H(O=)P(u-N'Bu)]z is readily obtained by the controlled hydrolysis of the
[CIP(u-N'Bu)]2 with H20 in THF in the presence of excess EtsN.[*81 However,
[H(O=)P(u-N'Bu)]2 rapidly dimerises in to [{O=(H)P(u-N'Bu)]2}2(u-O)] above
10 °C.Trapping of the framework of [H(O=)P(u-N'Bu)]2 is achieved by the addition of
excess "BulLi, resulting in deprotonation to give the dianion [O-P(u-N'Bu)]2?" which can
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be reacted in situ to give the O-bridge macrocyclic tetramer [{P(u-N'Bu)}2(u-O)]a
(Figure 19).1%9 The solid-state structure of [{P(u-NBu)}2(u-O)]4 is very similar to the N-
bridged analogue [{P(u-N'Bu)}2(u-NH)]s, but with a noticeable contraction in the
diameter of the cavity (from 5.2 A to 5.05 A), in line with the small decrease in bond

length of the framework P-O bonds compared to P-N bonds.
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Figure 19: Left: Formation and trapping of the nucleophilic precursor [H(O=)P(u-
N'Bu)]2 and the formation of the O-bridge tetramer [{P(u-N'Bu)}2(u-O)]a. Right: Solid-
state structure of [{P(u-N'Bu)}2(u-O)]s. Colour code: orange = P, blue = N, grey = C,
red = O.

Direct evidence of the formation of the dianion [O-P(u-N'Bu)]2? is obtained by the
isolation of the intermediate prior to reaction with [CIP(u-N'Bu)]z, in the form a complex
lithium cluster (Figure 20).55% The cluster has three dianion units of [O-P(u-N'Bu)]2*
which surround a central LizClz double-cubane unit. The presence of the cis
conformation of the [O-P(u-N'Bu)]2? dianion and the overall metallocyclic arrangement
of [O-P(u-N'Bu)J2* suggest that ligand preorganisation and cation templating are
important in the assembly of macrocycle [{P(u-N'‘Bu)}2(u-O)]s. However, attempts to
template the formation of larger O-bridged macrocycles by the addition of bigger alkali
metal ions to the reaction have only led to the formation of [{P(u-N'Bu)}2(u-O)Js. A
range of nucleophilic precursors [H(S=)P(u-NR)]z (R = 'Bu, Dipp, Mes, CHPh2) can be
readily accessed by reactions of the corresponding dichloride dimers [CIP(pu-NR)]2 with
LiSH at -78 °C in THF.'1 Double-deprotonation of the 'Bu dimer [H(S=)P(u-N'Bu)]2
with 2 equivalents benzylsodium yields the dianion [S-P(u-N'Bu)]2%, which similarly to
[O-P(u-N'Bu)]2* retains the cis orientation of the sulphide functionalities and

crystallises as a cluster in the solid state (Figure 20).54
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Figure 20: Left: Solid-state structure of the Li cluster formed by [O-P(u-N'Bu)]2%. Right:
Solid-state structure of Na cluster formed by [S-P(u-N'Bu)]2? in the solid state. Colour
code: orange = P, blue = N, grey = C, red = O, purple = Li, dark purple = Na, green =
Cl, yellow = S.

Unfortunately, dianions like [S-P(u-N'Bu)]2?- are chemically too unstable to be used in
the formation of S-bridged P(Ill) macrocycles. Instead, it is necessary to stabilise the
P2N2 units of [S-P(u-N'Bu)]2% prior to cyclisation, by oxidation of the P-centres with
elemental sulphur or selenium (Figure 21), producing the new P(V) dianions
[(E)(S)P(u-N'Bu]2* [E = S, Se]. This approach provides the basis for a modular, one-
pot synthesis of a range of S- and Se-bridged macrocycles.? Deprotonation of
[H(S=)P(u-N'Bu)]2, followed by room temperature in situ oxidation with S or Se, then
addition of a range of dichlorides [CIP(p-NR)]2 gives the macrocycles [{(S=)P(u-
NBU)}2(U-SHP(U-NR)}p-S)]s (E = S; R = 'Bu, neopentyl, R-1-(2-napthyl)ethyl) or
[{(S=)P(u-N'Bu)}2(u-Se){P(u-N'Bu)}(u-Se)]s in isolated yields of over 80%, having
P(II2P (V)2 backbones (Figure 21). Significantly, this method allows the synthesis of
mixed-ligand macrocycles (containing '‘Bu and R’ groups), as well as the incorporation

of chiral R’-groups (as in the case of R-1-(2-napthyl)ethyl)).
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Figure 21: Left: Macrocyclisation to [{(S=)P(u-N'Bu)}2(u-S}{P(u-N'Bu)}(u-S)]z and
[{(S=)P(u-NBu)}2(u-Se){P(u-N'Bu)}(u-Se)]s; note that the nucleophilic phosphazane
[(S)2P(u-N'Bu)]2? can also be cyclised with derivatives of [CIP(u-N'Bu)]2 (see main
text). Right: Solid-state structure of [{(S=)P(u-N'Bu)}2(u-S){P(u-NBu)}(u-S)]3
analogue. Colour code: orange = P, blue = N, grey = C, yellow = S.

These macrocycles can be derivatised further by S-oxidation of their frameworks. For
example, [{(S=)P(u-N'Bu)}2(u-S){P(L-NR)}(u-S)]z is converted quantitatively into the alll
P(V) derivative [{(S=)P(u-N'Bu)}2(u-S)ls which shows improved air and moisture
stability.

In addition to the pathway illustrated in Figure 21, dianion intermediate [(Se)(S)P(u-
N'Bu]2? can be oxidised with I2 to give -Se2- bridged trimeric macrocycle [{(S=)P(u-
N'Bu)}2(u-Se-Se)]s (Figure 22). This is directly related to the previously reported
isoelectronic and isostructural trimers [{(‘BuN=)P(u-N'Bu)}2(u-Se-Se)]s (E = S, Se)
which is obtained via |2 oxidation of [(‘BuN=)(E-P(u-NBu)]22.[53]
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Figure 22: Left: Synthesis of [{({BuN=)P(u-N'Bu)}2(u-Se-Se)ls. Right: Solid-state
structure of [{(‘BuN=)P(u-N'Bu)}2(u-Se-Se)]s. Colour code: orange = P, light orange =
Se, blue =N, grey = C, yellow = S.
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Macrocycles that are closely related to [{(S=)P(u-NBu)}2(u-S){P(u-NR)}pu-S)]z can
also be constructed selectively via a one-pot Wurtz coupling procedure, involving the
reaction of the P(V) dichlorides [(E=)(CI)P(u-Bu)]z (E = S, E = Se) in toluene.*%5 The
mechanism of formation of the macrocycles [{(S=)P(u-N'Bu)2P}(u-S)]s or [{(Se=)P(u-
N'Bu)2P}(u-Se)]s probably involves the ‘head-to-tail’ reaction of a transient anionic
intermediate [(E=)(CI)P(u-'Bu)2P(-E)],, which effectively acts as both the nucleophilic
and electrophilic component. The solid-state structure of the Se-macrocycle
[{(Se=)P(u-N'Bu)2P}(u-Se)ls is shown in Figure 23 and has a distinct, alternating
P(IIHP(V) backbone that can be compared to the P(lll)2P(V)2 backbone in Figure 21.
Interestingly, in respect to preorganisation in these systems, it appears from recent
studies of the formation of the S-macrocycle [{(S=)P(u-N'Bu)2P}(u-S)]s that only the
cis-isomer of the precursor [(S=)(CI)P(u-'Bu)]2 may be involved in the formation of the
macrocycle, with the trans-isomer being doubly reduced to the singlet biradicaloid
dianion [(S)(Cl)P(u-'Bu)]2>" under the reaction conditions.
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Figure 23: Left: Synthesis of [{(E=)P(u-N'Bu)2P}(u-E)]s (E = S, Se) Right: Solid-state
structure of [{(Se=)P(u-N'Bu)2P}(u-E)Js. Colour code: orange = P, light orange = Se,
blue =N, grey = C.

Cyclodiphosphazanes can also form hybrid organic-inorganic macrocycles. Organic
linkers such as diols, diamines or amino-thiophenols can be employed to link the P2N2
ring units together. Choosing linear aliphatic diols as the organic linkers yields dimers
consisting of a hybrid organic-inorganic ring unit.56571 When diamino-naphthalene is
used as the organic nucleophile, the trimeric macrocycle [{P(u-N'Bu)}{1,8-
(NH)2C10He}]3, consisting of three P2N2 and three naphthalene units linked by NH
bridges is formed (Figure 24).58 The largest phosphazane macrocycle of this kind is

obtained when para-diaminophenylene is used as the organic component.®® This
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tetrameric species [{P(u-N'Bu)}2{1,4-(NH)2CsHa4}]4 adopts a folded conformation in the
solid state and contains a roughly tetrahedral arrangement with regards to the P2N2
units. Moreover, the overall geometry is stabilised by NHee*1T interactions between the
bridges and the aromatic units of the framework. Various derivatives of these hybrid

macrocycles have been synthesised in recent years although little structural variety is

/ .

/

observed when changing the organic portion.
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Figure 24: Left: Solid state structure of [{P(u-N'Bu)}2{1,8-(NH)2C10He}]3; Right: Solid-
state structure of [{P(u-N'Bu)}2{1,4-(NH)2CsHa}]s . Colour code: orange = P, blue = N,
grey = C.

It should be noted that in most of the larger macrocyclic phosphazane topologies host-
guest adduct formation with solvent molecules can be observed in the solid state.
Although there has been no in detail study on the host-guest chemistry of
phosphazane macrocycles yet, this observation highlights the potential of such

systems for supramolecular applications.

Phosphazanes in Anion Binding and Catalysis

In recent years there have been related efforts to employ less topologically complex
main group functionalities in anion binding and catalysis. The traditional strategy for
main group anion-receptors has been the incorporation of Lewis acidic metal atoms,
such as B(lll) and Sb(V), for anion binding.[%-%3 However, a range of H-bond donor
receptors containing a variety of p-block functionalities has recently emerged,
including phosphoramides R(O/S=)P(NHR)2 and (O/S=)P(NHR)s3, sulfonamides
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(0=)2S(NHR)2, boronic acids RB(OH)2, borinic acids R2BOH, silanols R2Si(OH)z and
phosphonium cations (R2N)2P(NHR)2*.164-68] The acidity of the H-bond donor NH and
OH groups increases when bonded to heavier main group elements, due to transfer
of electron density from the lone-pairs on N or O into the o*- or p-orbitals of the main
group centre, e.g., the proton acidity of COH is less than SiOH.!6%7% Turning to main
group elements therefore provides the potential means of tuning the strength of anion

binding and affinity to a generally greater level than in a typical organic system.

Directly relevant to the work presented in this thesis, Goldfuss and coworkers have
investigated the anion binding properties of the air-stable phosph(V)azane dimer
[ArNH(E)P(u-N'Bu)]2 (E = O, S, Ar = 3,5-(CF3)2CsH3) (Figure 25), whose bidentate H-
bond donor arrangements are conceptually related to ureas and squaramides.["1-74
All of the presented receptors in Figure 25 possess positively polarised cis-oriented
NH functionalities set up to act as H-bond donors to an anion.
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Figure 25: Comparison of phosphazane with squaramide and urea anion receptors.

Phosph(V)azane [(3,5-(CF3)2CsH3)NH(O=)P(u-N'Bu)]2 binds particularly strongly to CI,
with logK = 5.44 being significantly higher than the corresponding diaryl urea (logK =
4.25 M) and squaramides (logK = 5.13 M) (containing the same 3,5-(CF3)2CeH3
groups, with K being the binding constant of the anion binding interaction in
acetonitrile). However the obtained binding constant for the squareamide receptor
deviated significantly from constants presented by other groups which makes these
findings questionable.l’® The high anion affinity makes [(3,5-(CF3)2CsH3)NH(O=)P(u-
N'Bu)]2 useful in counterion-catalysis of the N-acyl-Mannich reaction. Related
phosphazanes with less electron withdrawing exocyclic substituents have been

employed in Knoevenagel-type condensation reactions. [(3,5-(CF3)2CsH3)NH(O=)P(u-
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N'Bu)]2 is found to bind acetate OAc approximately one order of magnitude stronger
than Cl, as a consequence of the large NHeeeNH bite distance in [(3,5-
(CF3)2CsH3)NH(O=)P(u-N'Bu)]2. The sulphur derivative [(3,5-(CF3)2CeH3)NH(S=)P(u-
N!'Bu)]2 has a significantly lower affinity for CI- and OAc". This difference when moving
down the periodic table was ascribed, on the basis of structural and DFT studies, to
the effect of stabilising ortho-C-Hee+O=P interactions in the O-analogue on the
conformation of the dimer, making the chelating NH exo-exo conformation (necessary
for bifurcated CI- coordination) more energetically accessible than the endo-exo

conformation (Figure 26).
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Figure 26: Conformational preference in Goldfuss phosphazane anion receptor.

In related work, Garcia et al. undertook a crystallographic study of solvate crystals of
['(BUNH(Se=)P(u-N'Bu)]2.[8! It was found that when crystallised from donor solvents
such as Me2CO or CHsCN 1:1 host-guest adducts can be observed with
['[BuNH(Se=)P(u-N'Bu)]2 acting as a bidentate H-bond donor. However, the anion
binding properties of such selenium derivatives have not been studied in detail in this
area and there is, in particular, an absence of quantitative data which would allow the

assessment of the relative anion-binding ability of the O-, S- and Se-phosph(V)azanes.

Generally speaking, the aims of the first part of this thesis are to expand the scope of
cyclodiphosphazanes in supramolecular chemistry both structurally and in terms of
applications. We were particularly interested to explore how the main group chemistry
of the P2N2 backbone affects the supramolecular chemistry of such phosphazanes
and to what extent main-group supramolecular chemistry differs from established

organic systems.
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Chapter 2: Tailoring the Binding Properties of
Phosphazane Anion Receptors

This chapter will focus on understanding how the anion binding properties of small
dimeric phosphazanes of the type [RNH(X)P(u-NR)]2 can be improved, and which type
of derivative is the most applicable to anion binding and transport (especially in
aqueous media). In particular here we are focusing on the selenium derivatives and
on phosphazane metal complexes which have not been considered previously in anion
binding studies.

Results and Discussion

Exploring the Factors that Can be Used to Control Anion Binding in

Cyclodiphosphazane Receptors

It was found in the initial stages of the current work that one aspect that makes Se-
dimers [RNH(Se)P(u-N'Bu)]2 particularly attractive synthetic precursors (and anion
receptors), is that the cis-isomers (necessary for anion binding) can be obtained
regioselectively by a new general modular approach from the readily prepared
phosph(lll)azane cis-[CIP(u-N'Bu)]2 2.1 via the diaminophosph(lll)azanes cis-[RNP(u-
N'Bu)]2, without the formation of the trans- and other isomers in the final oxidation step
with elemental Se (Figure 27). As mentioned in the introduction, similar oxidations
have been performed in toluene at reflux.l?!l This generally gives the cis- and trans-
isomers which have to be separated by, e.g., column chromatography, resulting in
overall yields < 40%.['2 Our new simple modification is to use THF at room
temperature, which leads to quantitative formation of the cis-product alone. The new
selenium cis-phosph(V)azane dimers 2.2 - 2.5 (which are key receptors studied in this

chapter) were obtained after work-up in yields > 90% (see Experimental).
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Figure 27: Synthesis of the key anion receptors in this chapter.

In contrast to 2.2 and 2.3 (Figure 27), which contain electron-donating R-groups (H
and '‘Bu), 2.4 and its phosph(lll)azane precursor [(3,5-(CFz)2CeéH3)NHP(u-N'Bu)]2 2.6
are in fact isolated as their EtsNHCI adducts from these reactions (2.4-EtsNHCI and
2.6°EtsNHCI), due to the presence of the electron-withdrawing 3,5-(CF3)2CsHs group
and the resulting enhancement in H-bond donor ability. Free 2.6 is readily obtained by
washing an Et20 solution of 2.6+EtsNHCI with water.

Early on we realised that selenium oxidised phosp(V)azanes, which have not been
explored previously in the context of anion binding systematically, should be
particularly potent anion receptors. A direct indication of this is provided by the
increase in the chemical shifts of the NH protons observed for the family of
phospa(V)azane dimers cis-['/BUNH(E)P(u-NBu)]2 [E = O 2.7, S 2.8, Se 2.3] (Figure
28) in their room temperature 'H NMR spectra at similar concentrations in CD3CN,
being in the order 2.3 (& = 4.00 ppm) > 2.8 (6 = 3.74 ppm) > 2.7 (0 = 3.15 ppm).
Phosphazanes 2.7 and 2.8 were synthesised using the previously published
procedures.

26



/H H\
Bu—N  'Bu /N—'Bu

\

P, »R

7 INTN

O Bu O

2.7 JJULL

/H H\
Bu—N  'Bu N-'Bu
b
4 INTN
S 'Bu S

/H H\
Bu—N 'Bu N-'Bu
\UN__/

) R
Se tBu Se

J/L ° AUM
4.2 4.1 4.0 39 38 37 36 35 34

S[ppm]

Figure 28: Overlaid 'H NMR spectra (CD3CN, 25 °C, 400 MHz) of 2.7, 2.8 and 2.3;
residual ether at ca. 3.4 ppm.

We next measured the binding constants of cis-['[BUNH(E)P(u-N'Bu)]2 [E = O 2.7, S
2.8, Se 2.3] (ca. 7 mM) with CI" in CDsCN by titration with a standard solution of
["BuaN]CI (TBACI). Upon addition of increasing amounts of TBACI we observe gradual
shifting of the NH resonance indicative of fast exchange anion binding in solution
(Figure 29 shows this data for 2.3).['1 The change in the NH resonances was
monitored by *H NMR spectroscopy and could all be fitted to a 1:1 binding model using
the Bindfit program suite.l’8l In accordance with our initial NMR spectroscopic
observations, the binding constants (K) follow the same order of 2.3 (235 + 7 M) >
2.8(155+3 M) >2.7 (18 +1 M),
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Figure 29: 'H NMR titration (CD3sCN, 25 °C, 400 MHz) of 2.3 with TBACI and fit to a
1:1 binding isotherm with K = (235 + 7 M)%; y-Axis in Hz (not ppm).
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DFT calculations at the B3LYP-D3-BJ/def2-TZVPD level of theory were used to
investigate the proton acidities and, hence, the relative anion binding properties of 2.3,
2.7 and 2.8. These were carried out by Patrick Prohm at FU Berlin. A systematic
decrease of the electron density at the bond critical point of the NH bonds is found
moving from 2.7 (p = 0.3406 e/A3) to 2.8 (p = 0.3393 e/A3) to 2.3 (p = 0.3387 e/A3),
which is in line with the observed greater acidity of the NH bonds, favorable for H-
bonding. This, however, is not reflected in the charges on the N and H atoms, which
remain almost the same in 2.3, 2.7 and 2.8 (N, -1.01 e, H +0.40 e). The LUMO of 2.3,
2.7 and 2.8 (Figure 30) is located at the position where anion binding occurs, with the
main contribution to the LUMO being from the o* CH and NH orbitals, and with the
chalcogen contribution increasing going from 2.3 to 2.8 to 2.7. The energy of the
LUMO decreases going from 2.3 (-0.517 eV) to0 2.8 (-0.571 eV) to 2.7 (-0.629 eV). This
means that occupation of the LUMO with the electron density of a chloride anion upon
binding will release more energy for 2.3 than 2.8 and 2.7, consistent with the observed
order of chloride binding constant. The lowering of the LUMO energies is a direct
consequence of decreasing the HOMO-LUMO gap when moving from chemically hard
to soft atoms (HOMO-LUMO gap 2.7 (5.07 eV), 2.8 (5.33 eV) and 2.3 (5.72 eV).["™

The greater delocalisation of the chalcogen electron density moving from O to S and
Se is seen in the electrostatic potential (ESP) maps (Figure 30), which show a
decrease in the electron density of the chalcogen and a more homogeneous charge
distribution moving from 2.7 to 2.8 and 2.3, suggesting greater delocalisation and
polarisability. A similar trend is observed for the natural charges. Here, the O-atom of
2.7 is calculated to carry a negative charge of -1.085 e, significantly higher that the S-
atom of 2.8 (-0.576 e) and the Se-atom of 2.3 (-0.489 e). The calculations suggest that
the selenium derivatives are in fact the most potent anion receptors on the basis of

electronic factors associated with the inorganic framework.
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Figure 30: The LUMO (left to right) of 2.7, 2.8 and 2.3 obtained at B3LYP-D3-BJ/def2-
TZVPD level of theory.

The order of the binding constants for 2.8 (E = S) and 2.7 (E = O) is the opposite of
that observed by Goldfuss and coworkers for [(3,5-(CF3)2CeH3)NH(O=)P(u-N'Bu)]2
showing higher anion affinities than [(3,5-(CFz)2CsH3)NH(S=)P(u-N'Bu)]2.["¥! Intrigued
by this difference, we determined the binding constant for the Se-receptor 2.4 using
UV-Visible titration of a 1.5*10-> M solution in CH3CN with a standard solution of TBACI
at 25 °C.Again, we were able to fit the change in the UV-Vis spectral data to a 1:1
binding isotherm with logK = 5.74 £ 0.05. This value can be compared to the previously
reported value of logK for the O-receptor [(3,5-(CF3)2CeH3)NH(O=)P(u-N'Bu)]2 of 5.43
+ 0.02. The value of logK reported for the S-receptor is 5.17 = 0.02. On this basis, the
binding constants for CI- in acetonitrile follow the order 24 > [(3,5-
(CF3)2CsH3)NH(O=)P(u-N'Bu)]2 > [(3,5-(CF3)2CsH3)NH(S=)P(u-N'Bu)]2. The significant
point being that the Se-receptor has a binding constant that is at least as high if not
higher than the O-receptor. A possible explanation for the different behaviour observed
for 2.3, 2.7 and 2.8 [2.8 (Se) > 2.7 (S) > 2.3 (O)] is that the effect of the chalcogen (O,
S or Se) on the framework bonding and the polarity of the NH groups is offset in [(3,5-
(CF3)2CeH3)NH(O=)P(u-N'Bu)]2 by the preorganisation due to ortho-C-HessO=P

interactions (see Figure 26).

Next, we investigated how backbone modification other than change of the chalcogen
affects the anion binding properties of phosphazanes. Comparison of the single crystal
X-ray structures of 2.4-EtsNHCI and 2.6+EtsNHCI (Figure 31) provides the opportunity

to explore how backbone modification by oxidation of the P atoms alters the CI- binding
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properties of phosphazane anion receptors. Most importantly, oxidation of the P(lll)
centres of 2.6 results in significant shortening of the N-He++Cl H-bonds in the P(V)
adduct 2.4+EtsNHCI by ca. 0.17 A (from Nes+Cl av. 3.38 A in 2.6°EtsNHCI to av. 3.21 A
in 2.4-EtsNHCI), signifying the greater H-bond donor properties of the receptor 2.4
upon selenium oxidation. The increased Cl-receptor interaction is accommodated by
the reorientation of the 3,5-(CF3)2CeHs units, which are mutually coplanar and
perpendicular to the P2N2 mean plane in 2.6°EtsNHCI but tilted significantly from
perpendicular in 2.4<EtsNHCI (by av. 52 °) (Figure 31). This change allows the closer
engagement of the EtsNHCI guest (in particular the ammonium cation) with the
receptor pocket of 2.4, but has the effect of reducing the potential for any stabilising
ortho-C-He+Se interactions with the 3,5-(CF3)2CsHs groups. Such interactions have
been proposed previously to be crucial to the exo-exo conformation of the NH groups
in the closely related O- and S-receptors.">73 However, these interactions are at best
weak in 2.4°EtsNHCI (2.87-2.93 A, cf. 3.10 A for the sum of van der Waals radii of Se
and H), and the analysis of the structures of 2.4<EtsNHCI and 2.6°EtsNHCI strongly
suggests that steric factors are more important in dictating the orientation of the 3,5-

(CF3)2CsH3 groups in the Se receptors. €]
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Figure 31: Comparison of the structural effects of oxidation of the P(Ill) centres 2.6 by
Se in 2.4 and substitution of the P2N2-bridging ‘BuN-groups in 2.9 by (CF3)2CsHzN-
groups on the 1:1 H-bond adducts with EtsNHCI. Selected bond length [A] and angles
[°]: 2.6°EtsNHCI, Nendo-P av. 1.71, Nexo-P av 1.70, (receptor)N:--Cl av. 3.38,
EtsN(H)---Cl 3.04, Nexo-P-Nendo av. 102.8, P-N-P av. 97.9; 2.4<EtsNHCI, Nendo-P av.
1.68, Nexo-P av. 1.65, P-Se av. 2.08, (receptor)N---Cl av. 3.21, EtsN(H)---Cl 3.07, Nexo-
P-Nendo av. 107.2, P-N-P av. 96.4, Nendo-P-Se av. 113.6; 2.9+EtsNHCI, Nendo-P av. 1.73,
Nexo-P av. 1.67, (receptor)N---Cl av. 3.23, EtsN(H)---Cl 3.05 Nexo-P-Nendo av. 104.5, P-
N-P av. 101.2. Colour code, orange = Se, blue = N, green = Cl, yellow = F.
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Similar receptor enhancement to selenium oxidation is also caused by replacing the
endocyclic, electron-rich '‘Bu substituents by electron withdrawing 3,5-(CF3)2CsHz
substituents, in the solid-state structure of the 1:1 adduct of the phosh(lll)azane [3,5-
(CF3)2CeH3NHP(u-N-3,5-(CF3)2CsHz3)]2 with EtaNHCI 2.9<EtsNHCI, which was obtained
by the 2:1 reaction of (CFs)2CsHsNH2 with PCls in EtsN/THF. The result of the
incorporation of this electron-withdrawing group within the P2N2 ring unit is the
shortening of the NHe++C| H-bonds by ca. 0.15 A compared to those in 2.6sEtsNHCI,
i.e., of a similar magnitude to the effect of Se-oxidation of 2.4. Interestingly, no tilting
of the exocyclic 3,5-(CF3)2CsHs substituents of 2.9 is observed, presumably because
the lower steric demands of the 3,5-(CFs)2CsHs groups compared to the Bu
substituents in 2.4*EtsNHCI. Therefore, close approach of the EtsNHCI guest can
occur without significant distortion of the receptor ligand in this case.

The effects of H-bonding in 2.4«EtsNHCI and 2.6+EtsNHCI are also observed in their
solution *H NMR spectra in CDCls at room temperature. The strengthening of the
phosphazane-chloride interactions causes deshielding of the phosphazane NH proton
from & = 7.13 ppm in 2.6°EtsNHCI to 8.80 ppm in 2.4+EtsNHCI and the concurrent
weakening of the EtsNH™*---ClI" interactions, resulting in shielding of the ammonium NH
resonances from & = 11.85ppm in 2.6°EtsNHCI to 10.98 ppm in 2.4<EtsNHCI.
Therefore, oxidation can be seen to amplify the receptor properties of phosphazanes

not only in the solid state but also in solution.

The Effect of Metal-Coordination and Charge on Anion Binding

One aspect of the receptor chemistry of phosph(lll/V)azanes that has so far been
ignored is the potential effect of metal coordination of the receptors on anion binding.
Consequently, of the presence of soft donor atoms like P and Se in phosphazane
receptors of this type, there is an intrinsic potential for receptor modulation via metal
coordination. Only a few studies of this effect have been explored with conceptually
similar organic receptors.[8-84 Since phosphazanes have been identified as potent
class of ligands for transition metals over the last decades, we set out to investigate
the relation between their ligand and supramolecular properties.[®!

An initial indication of cooperative anion and cation coordination was provided by the
formation and solid-state structure of the complex [(NH2)(Se)P(u-N'Bu)]2*CuCIl*THF
2.10, obtained from the reaction of 2.2 with CuCl in THF. The single crystal X-ray
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structure shows a polymeric arrangement in which intact CuCl monomers are
coordinated side-on by the Se and NH2 groups of 2.2, with the retention of CuCl
bonding (Figure 32). In addition, 2.10 also employs its NH functionality in a bifurcated
H-bonded interaction with a THF molecule. A similar coordination polymer is formed
in the reaction of 2.9 with (DMS)AuCI, giving the AuCIl complex 2.11 in low crystalline
yield (Figure 32). The single crystal X-ray structure shows a polymeric arrangement in
which each of the AuClI monomer units is coordinated by the P-atom of a molecule of
2.9 and the NH proton of a neighboring phosphazane. The polymeric arrangement is
further reinforced by AusesAu interactions [3.3817(4) A] between adjacent AuCl
monomers, which are at the upper end of aurophilic interactions previously reported. ]
The isomerisation of 2.9 to the trans-isomer in this case, has been reported previously
for other cyclophosphazanes, although the low yield of 2.11 could indicate the polymer
is formed from trans impurities in 2.9.11488 The CuCl and AuCl coordination polymers
2.10 and 2.11 highlight the potential of phosphazanes to coordinate to ion pairs, a field

that has also recently been the focus of synthetically elaborate organic systems.[®”]

Figure 32: Molecular structures of top: 2.10 and bottom: 2.11. H-atoms, except those
involved in the H-bonding interactions, have been omitted for clarity. Selected bond
length [A] and angles [°]: 2.10, Nendo-P av. 1.68, Nexo-P av. 1.61, P-Se av. 2.13, Se-Cu
av. 2.35, N---Cl 3.18, Nexo-P-Nendo av. 112.0, P-N-P av. 96.2, Nendo-P-Se av. 118.1;
2.11, Nendo-P av. 1.70, Nexo-P av. 1.65, P-Au av. 2.20, N---Cl 3.25, Nexo-P-Nendo av.
108.6, P-N-P av. 98.5, Nendo-P-Au av. 118.5. Colour code: orange = P, yellow = Au,
blue = N, green = Cl, bright green = F, bright orange = Se, dark orange = Cu, red = O.
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With these prototypes in mind, we next explored the effects of metal coordination by
the P-atoms of the phosph(lll)azane 2.6 on CI- binding. The 2:1 stoichiometric reaction
of (Me2S)AuCI with the EtsHNCI complex 2.6-EtsNHCI in DCM gives the crystalline
complex 2.12+EtsNHCI in 68% yield after workup (Figure 33).
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Figure 33: Left: Coordination of 2.6-EtsNHCI with AuCl to give complex 2.12+EtsNHCI.
Right: Molecular structure of 2.12+EtsNHCI. H-atoms, except those involved in the H-
bonding interactions, have been omitted for clarity. Selected bond length [A] and
angles [°]: 2.12: Nendo-P av. 1.68, Nexo-P av. 1.64, P-Au av. 2.20, (receptor)N---Cl av.
3.19 EtsN(H)---Cl 3.16, Nexo-P-Nendo av. 108.6, P-N-P av. 97.1, Nendo-P-Au av. 120.3.
Colour code: orange = P, yellow = Au, blue = N, green = ClI, bright green = F.

The upfield shift of the room temperature 3P NMR resonance from & = 108.2 ppm in
2.6°EtsNHCI to 82.0 ppm in 2.12+EtsNHCI (in CDClIs) indicates a significant increase
in positive charge at the P atoms, consistent with transfer of electron density to Au(l).
This results in an increase in the polarity of the NH bonds, with a large downfield shift
found for these protons from & = 7.13 to 9.38 ppm in the corresponding *H NMR
spectra, indicating strengthening of the NHe<++Cl interactions. The increase in the H-
bond donor properties of the phosphazane 2.6 on coordination to Au(l) in 2.12,
anticipated on the basis of the NMR spectroscopic data, is seen in the solid-state
structure of 2.12-EtsNHCI (Figure 33), in which there is a large increase in the EtsN-
Hee+Cl distances (by ca. 0.12 A with respect to the N+++Cl contact) and a large decrease
in the N-Hsesphosphazane H-bonding interactions (by ca. 0.19 A with respect to the
NeeeCl contact) moving from 2.6°EtsNHCI| to 2.12+EtsNHCI. The extent of the
strengthening of the H-bonding resulting from coordination of Au(l) is at least on par
with the effect of Se-oxidation seen in 2.4°EtsNHCI (Figure 31), on the basis of a
comparison of their solid-state structures. However, the *H NMR spectrum (Figure 34)
of 2.12-EtsNHCI in solution actually suggests that coordination of the P-atoms
amplifies the binding properties to a greater extent than Se-oxidation, with the NH

proton resonance for 2.12<EtsNHCI (6 = 9.38 ppm) being significantly downfield of that
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for 2.4-EtsNHCI (& = 8.80 ppm) (accompanied by a large reduction of ca. 0.90 ppm in
the EtsNH NH resonance).
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Figure 34: Overlaid *H NMR spectra (CDCls, 25 °C, 400 MHz) of 2.6°EtsNHCI,
2.4+EtsNHCI and 2.12-EtsNHCI.

Metal coordination by the Se-atoms of the Se-phosph(V)azane ['BuNH(Se)P(u-N'Bu)]2
2.3 is also found to have a profound effect on the polarisation of the NH protons and
its ability to H-bond to anions. The reactions of 2.3 with [(PhsP)Cu(CHsCN)3](BF4) and
[(Ph3P)2Pd(CH3CN)2](BF4)2 in DCM give the complexes [(PhsP)Cu(2.3)BF4] 2.13 and
[(PhsP)2Pd(2.3)BF4][BF4] 2.14, respectively, which were isolated in high crystalline
yield after workup (74% for 2.13, 95% for 2.14). The solid-state structures of 2.13 and
2.14 (Figure 35) reveal the expected chelation of the Cu(l) and Pd(ll) centres by the
Se atoms of 2.3, with a BF4™ anion being chelated on the other side or the molecules
by two NHeesF H-bonds. It should be noted in this respect, that there is some
uncertainty concerning the precise coordination mode in both cases due to the
extensive disorder of the BF4 anions. However, the NHee<F interactions involved are
well within the sum of the van der Waals radii of h and F (ca 2.0 A for 2.13 and 2.14
VS Zcaw = 2.5 A).[80]

A measure of the effect of metal coordination on the polarisation of the NH protons of
2.3 is provided by the chemical shifts of the NH protons in the room temperature H
NMR spectra of 2.3 (in presence of 2 eq TBABF4), 2.13 (in presence of 1 eq TBABF4)
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and 2.14, with a large increase in the chemical shift in CD2Cl2 being observed moving
from 2.3 (6 = 3.2 ppm), to 2.13 (6 = 5.3 ppm), to 2.14 (d = 5.6 ppm), indicating that the
increase in the polarisation of the phosphazane framework results in strengthening of
the NHee+F interactions (in the same way as for 2.6).

Whereas the room temperature *°F NMR spectrum of a solution of 2 equivalents of
TBABF4 and 2.3 in CD2Cl2 shows only a negligible shift from that of TBABF4 in CD2Cl2
(d < 0.1 ppm), suggesting only weak H-bonding of BF4 to 2.3, the °F NMR spectra of
2.13 and 2.14 in CD2Cl2 show significantly larger shifts of Ad = 0.6 and 1.66 ppm,
respectively, compared to free TBABFa4. The observed °F NMR shifts in 2.13 and 2.14
not only indicate that BF4 is H-bonded to the receptor in both, but also that metal
coordination actually switches on anion coordination ability. This is probably largely
due to the polarisation effect of metal coordination on the inorganic framework of 2.3,
which will increase with the charge on the metal, the net charge of the complex and
the greater involvement of metal d-orbitals in bonding; hence the highest affinity for
BF4 is found in the cation of the Pd(Il) complex 2.14 in which the shortest H-bonding
contacts to the BF4 anion are observed in the solid state. However, closer inspection
of the solid-state structures of 2.13 and 2.14 indicates that the coordination of the Se-
atoms to Cu(l) and Pd(Il) has an additional geometric effect, resulting in buckling of
the essentially planar P2Nz2 ring unit of 2.3, with an associated increase in the bite of
the (NH)2 H-bond receptor site. The increase in the bite (2.14 > 2.13 > 2.3) can be
traced directly to the metal geometry, with the trigonal planar geometry of Cu(l) in 2.13
(with Se-Cu-Se ca. 120 °) causing less distortion than the square-planar geometry of
Pd(Il) in 2.14 (with Se-Pd-Se ca. 103 ") (Figure 35). The flexibility of the phosphazane
backbone therefore allows adaptation of the receptors upon metal coordination and
hence activation for larger anions. This ability to adapt upon metal coordination is in
stark contrast to the geometrically rigid squaramide and urea anion receptors.

In order to quantify the extent to which anion binding is enhanced in solution we carried
out H NMR titrations. We chose nitrate as the target anion since we reasoned that its
relative chemical hardness would leave the Se-Palladium bonds intact. Addition of
increasing amounts of TBANOs3 in CDCls to 2.13 or 2.3 (in presence of 2 eq TBABF4)
results in gradual downfield shifting of the NH resonance indicative of fast exchange
binding of nitrate. In both cases the binding equilibrium could be described with a 1:1
binding model with K = (661.3+51.6) M for 2.14 and K = (6.6+£0.2) M for 2.3; the
copper(l) complex 2.13 is not stable in the presence of excess TBANO:.
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Taken together our observations show that palladium(ll) coordination increases the
receptor potential of selenophosphazanes in solution which can be partially attributed

to the net positive charge of the receptor in addition to the above-mentioned backbone

distortion.
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Figure 35: Left: Molecular structures of (a) 2.13 and (b) the cation of 2.14. Disorder of
the BF4 ions and H-atoms, except those involved in the H-bonding interactions, and
DCM in the lattice of 2.14 have been omitted for clarity. Selected bond length [A] and
angles [°]: 2.13: Nendo-P av. 1.68, Nexo-P av. 1.61, P-Se av. 2.14, av. 2.94, Se-Cu av.
2.40, P-Cu av. 2.24, Nexo-P-Nendo av. 114.4 P-N-P av 94.5 Se-Cu-Se; 2.14: 122.1 P-
Pd-P av. 118.8; Nendo-P av. 1.68, Nexo-P av. 1.61, P-Se av. 2.20, N---F (shortest) av.
2.94, Se-Pd av. 2.52, P-Pd av. 2.34, Nexo-P-Nendo av. 112.5, P-N-P av. 92.8, Se-Pd-
Se av. 102.9, P-Pd-P av. 92.3. Colour code: orange = P, brown = Cu, purple = Pd,
blue = N, pink = B, bright green = F, white = H. Right: Distortion of the P2N2 ring units
of 2.3 (top, structural data from reference [7l) caused by metal coordination in 2.13
(middle) and 2.14.

Addition of more coordinating anions such as chloride in the form of TBACI results in

displacement of the palladium fragment as (PhsP)2PdClz, which was shown via in situ
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3P NMR spectroscopy. Importantly, this results in release of the tetrafluoroborate
anion as the activating effect of the complex fragment is reversed. The °F NMR
spectrum after chloride addition shows free BF4 which is not shifted relative to a
TBABF4 reference solution. In a similar way, reduction of the ClI- complex of
[(Se=)('BUNH)P(u-N'BuU)]2 2.3 with excess 'BusP, giving the [(‘BuNH)P(u-N'Bu)]z,
also results in release of the H-bonded anion since [(‘BuNH)P(u-N'Bu)]2 does

not interact with CI- strongly.
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Figure 36: Top: Chloride triggered BF4 release using 2.14. Bottom: 'BusP triggered
chloride release using 2.3.

Encouraged by the potential charge induced binding enhancement found in the Pd
complex 2.14, we suspected that phosphonium derivatives of diaminophosphazanes
could be particularly potent anion receptors. In order to investigate this we
synthesised ['BuNH(Se=)P(u-N'Bu)2P(Me)HN'BU]BArF 2.15 (BArF = [(3,5-
CF3)2CeH3]4B]) in four synthetic steps using an improved synthetic protocol to
that reported earlier by Balakrishna et al. for the iodide complex (

Figure 37).188 We chose BArF as the counteranion to avoid anion coordination
of the counteranion and to improve solubility in organic solvents. 2.15 is stable
under benchtop conditions for at least 6 months and does not require the use
of dried solvents. Importantly, the *H NMR spectrum of 2.15 in CDCls shows
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that both of the NH protons display similar shifts (8(Se=PNH) = 3.43 ppm, &(Me-
PNH) = 3.30 ppm) from which we conclude that methylation of the
phosphorus(lll) centre results in comparable acidification of the NH proton to
Se oxidation of the P(lll) centres. The solid-structure of 2.15 reveals that the
phosphazane adopts an endo-exo conformation regarding the exocyclic amine
substituents (

Figure 37). This is in contrast to the iodide salt reported by Balakrishna et al.
which adopts an exo-exo conformation in order to bind to the iodide
counteranion.

Addition of increasing amounts of TBABF4 in CDClIz solution results in gradual
downfield shifting of both NH resonances. Interestingly this process could be
most accurately modelled using at non-cooperative 2:1 receptor:anion binding
model with K = (6112.9+525.7) M. Employing a 1:1 binding model produced an
associated error of 158.1% (vs 2:1 model 8.6%). The °®F NMR spectrum of a 1:1
mixture of 2.15 and TBABF4 in CDCl3 also indicates that BF4 is bound in solution, with
Ad = 1.60 ppm (compared to free BF4). As mentioned above, [(Se=)('‘BuNH)P(u-
N'Bu)]2 2.3 does not bind BF4 in CDCls. We conclude that 2.15 is a better receptor on
the basis of coulombic attraction between the cationic receptor and the BF4 anion.
Although we also observe strong interaction between 2.15 and nitrate, 'H NMR
titration of 2.15 with TBANO3s in CDCls revealed that more than one binding process

occurs which prevented quantitative analysis of the process.
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Figure 37: Left: Synthesis and binding behaviour of 2.15. Right: solid-state structure
of 2.15; non-NH hydrogens and counteranion omitted for clarity. Quality of the dataset
prevents detailed structural discussion. Colour code: orange = P, bright orange = Se,
blue = N, grey = C, white = H.
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Applications as Colourometric Reagents and in Anion Transport

We next looked at how the effects of anion binding might be used for anion sensing
and the transport of anions through phospholipid bilayers. Although the P2Nz ring unit
of ['lBUNH(O)P(p-N'Bu)]2 2.7 remains intact upon coordination of CI-, previous in situ
'H and 3P NMR spectroscopic studies showed that the P2N2 ring unit does not survive
in the presence of F-, presumably due to nucleophilic attack of the P-atoms and ring
opening.’ We wondered whether this effect could be harnessed as a means of
sensing F anions. For this purpose, Se-phosphazane 2.5 (Figure 27), containing
chromophoric benzoxadiazole groups, was chosen as a candidate for investigation. In
accord with the previous report, addition of excess TBAX containing less nucleophilic
halides X = CI, Br, I' to solutions of 2.5 in MeCN does not result in any significant
colour change. However, addition of excess TBAF gives an immediate red colour
change (Figure 38), so that 2.5 functions as a colourometric reagent for F-.
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Figure 38: Left: observed effect of the addition of excess TBAX (X = F, Cl, Br, 1) to
MeCN solutions of 2.5; Right: UV-VIS titration of a 27.5 pM solution of 2.5 in CH3CN
with TBAF.

The titration of TBAF into a MeCN solution of 2.5 was monitored by UV-Vis
spectroscopy (Figure 38). Addition of 0.1-0.3 eq of TBAF results in a similar change in
the UV-Vis spectrum as observed for titration with TBACI, including the observation of
an isosbestic point which indicates the initial binding of F to intact 2.5. Addition of
further TBAF results in the eventual transition to a completely new species. Initial H-
bonding followed by further reactivity has been also observed by Fabbrizzi et al. for

the deprotonation of ureas by fluoride.® In situ 3'P NMR spectroscopy in CDsCN also
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supports the conclusion that 2.5 reacts with F at higher concentration, with the
chemical shift changing by ca. 15 ppm on addition of 10 equivalents of TBAF (Figure
39). The single product formed contains one 3P environment with isotopic coupling to
a single ’’Se atom (and no 3!P-°F coupling), indicating breakdown of the P2N2 ring of

2.5 into a mononuclear phosphorus species.
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Figure 39: Overlaid 3'P NMR spectra (CDsCN, 25 °C, 202 MHz) of 2.5 before and
after addition of excess TBAF.

The fact that the phosphazane receptors can strongly bind ClI- and are also soluble in
a range of organic solvents (owing to the presence of apolar organic substituents)
suggested that they may be of value as synthetic anion transporters through lipid
bilayers, an area extensively investigated with organic receptors.l®?! This area of
research has been widely ignored as main group systems are rarely robust enough
under the aqueous conditions used in membrane-transport experiments. Since all the
receptors 2.3, 2.4, 2.7 and 2.8 are stable under benchtop condition we chose to
investigate their activity as synthetic anion transporters. The closest work to the
transporter ability of phosphazanes reported here is the investigation of the phosphoric
triamide receptors (E=)P(NHAr)s (E = O, S; Ar = 3,5-(CF3)2CsH3) by Gale and
coworkers.8 The following transport study were carried out in collaboration with Dr.
Jinbo Zhu and Prof. Ulrich Keyzer (Cambridge).
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Figure 40: Schematics of (a) the lucigenin assay (POPC-LUVsSLU) used to assess
anion carrier ability into a LUV, (b) the lucigenin assay exchange of CI- (inside) and
other anions (X" = NOz, HCO3?, SO4?) outside the LUV.

lon transport was assessed using lucigenin (LU, chloride-sensitive fluorescent dye) or
8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS, pH sensitive fluorescent dye)
encapsulated large unilamellar vesicles (LUVs) composed by 2-oleoyl-1-palmitoyl-sn-
glycero-3-phosphocholine (POPC). The lucigenin assay (POPC-LUV>5LU) was used
to assess CI transport (Figure 40a) and CI/X" exchange (Figure 40b) into and out of
the LUVs, mediated by the phosph(V)azane anion carriers.®®%21 The HPTS assay
(POPC-LUVDHPTS) was used to assess the ion transport activity and selectivity of
cation and anion transport through the membrane.[®394 All of the experiments were

performed in agueous media. For essay details see experimental section.

From Figure 41 it can be concluded that the Se- phosph(V)azane 2.4 (containing
electron-withdrawing 3,5-(CF3)2CeHs groups) is a better CI- anion carrier than 2.3
(containing electron-donating 'BuNH substituents). The fluorescence of the
encapsulate dye is quenched by chloride and hence greater quenching indicates a
higher chloride concentration. The anion transport behaviour can at least in part be
explained by the relative anion binding properties, with the values of LogK being in the
same order as the observed CI- carrier ability (2.4 > 2.3). However, fluorination of

synthetic anion transporters has also been previously reported to increase transport
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activity.l%! Fluorination results in greater lipophilicity and better integration of the
transporter into the lipid bilayer.
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Figure 41: Chloride influx into POPC-LUVs>lucigenin mediated by different carriers
added at 1.5 min with the same concentration (200 nm). FI = Fluorescence intensity.
Triton X-100 = lysing agent. 10 yL of acetonitrile was added as the blank control. 1 mM
lucigenin was encapsulated in the LUVs and 20 mM NaCl was in the extravesicular
buffer solution.

In order to allow more accurate comparison of the most active phosphazane receptor
2.4 with organic counterparts, we determined the EC50 values (the concentration of
transporter needed for 50% chloride efflux in 270 s) of 2.4 and the corresponding
thiourea and squareamide containing 3,5-(CF3)2CsHs substituents (Figure 42) using
HPTS assay. Thiourea [3,5-(CF3)2CeH3sNH]2C=S 2.16 and Squaramide [3,5-
(CF3)2C6H3NH]2C402 2.17 were synthesised using literature protocols.’! The Se-
phosph(V)azane 2.4 has very similar activity to the thiourea, with the squaramide
being the most active (2.4 EC50 = 8.56 nm, 2.16 = 8.02 nm, 2.17 = 0.35 nm), in line
with previous reports. Only a limited number of topologically simple anion transporters
with competitive EC50 values to those of thioureas and squaramides have been

reported previously.[®7]
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Figure 42: Change of the normalised fluorescence intensity of HPTS at 6 min as a
function of carrier molecule concentrations across POPC-LUVsDHPTS. The data was
collected from three repeated measurements. EC50 value for each carrier molecule
gained from the Hill plot was given in the figure.

Since we had shown that the phosphazanes can mutually coordinate to cation-anion
pairs, the question arised whether the transport mechanism across the membrane
involves cation-anion symport or anion-anion antiport. Since anion transport into the
LUV causes a build-up of negative charge inside the vesicle, this has to be
counterbalanced by either simultaneous transport of a cation inside the vesicle or
transport of an anion of the buffer solution inside the vesicle outside.

We employed an HPTS assay to investigate cation dependency. The POPC-
LUVsOHPTS assay shows that changing the cation from Li* to Cs* has little effect on
2.4 assisted transport of H* or OH" through the membrane (Figure 43), so that a
symport mechanism is therefore unlikely. By following the fluorescence intensity of
vesicles containing Cl- upon addition of different anions outside the vesicle (Figure 43),
transport of Cl- anions outside the vesicle can clearly be observed upon NO3™ addition.
However, addition of SO4? resulted in no fluorescence change and addition of HCO3
in only a minor change. The selectivity for nitrate and chloride over sulphate was
confirmed in a separate HPTS assay (Figure 43). Such clear anion dependence is a
strong indication of an anion-anion antiport mechanism and is similar to the transport
mechanism observed for thioureas, squareamides and (E=)P(NHArs [E = O, S; Ar =
3,5-(CF3)2CesHs3].[68.96]
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Figure 43: Left: lon transport activity of 2.4 (0.1 pM) across NaCl contained POPC-
LUVsolucigenin compared in different extravesicular solution conditions. Inside:
100 mM NacCl, 1 mM lucigenin, PB buffer; outside: 100 mM NaX (X=NOs3, HCO3, SO4),
PB buffer. The NaCl contained POPC-LUVsolucigenin was diluted by NaX-PB buffer
before measurement and 2.4 was added at 1 min ion transport activity of 2.4 (0.1 puM)
across POPC-LUVsDHPTS compared in different intravesicular and extravesicular
solution conditions. a) Cation investigation. Inside: 100 mM NacCl, pH 6.7, HEPES
buffer; outside: 100 mM MCI (M = Li, Na, K), pH 7.5, HEPES buffer. b) Anion
investigation. Inside: 100 mM NaX (X = Cl, NOs, SOa4), pH 6.7, HEPES buffer; outside:
100 mM NaX, pH 7.5, HEPES buffer.

Finally, since our previous studies had identified significant differences in Cl- binding
to phosph(V)azanes of the type [RNH(E)P(u-N'Bu)]2, containing different chalcogens
(E =0, S, Se), we also looked at the effect of varying the chalcogen substitution on
membrane transport. Comparing 2.3, 2.7 and 2.8, we observe an increase in transport
activity moving to the heavier chalcogens (2.3 > 2.8 > 2.7) (Figure 44), with the O-
transporter having almost no activity. Apart from the inherently lower anion binding
ability of 2.7 which we determined previously in this report, a further reason for the
poor transport properties of 2.7 is its hydrolytic sensitivity. Whereas solid 2.3 is
completely insoluble but stable in D20 at room temperature, contrary to previous
reports 2.7 rapidly hydrolyses under these condition (Figure 44). The greater transport
activity of the Se-receptor 2.3 over the S-receptor 2.8 can be attributed to the increase

in anion affinity as well as the greater hydrophobicity of the heavier congeners.
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Figure 44: Chloride influx into POPC-LUVsolucigenin mediated by carriers 2.3, 2.7,
2.8 (0.5 puM). Carriers were added at 1.5 min and Triton X-100 was added at 6 min.

Chapter Conclusion

One of the primary conclusions from this chapter is that seleno-phosph(V)azanes
[RNH(Se)P(u-N'Bu)]2 have superior anion binding and anion transport properties to O-
and S-counterparts, stemming from their greater proton acidity. Se-substitution at the
P(lll)-atoms of phosph(lll)azanes [RNH(Se)P(u-N'Bu)]2 has a similar effect to the
introduction of electron-withdrawing groups within the P2N2 rings or metal coordination
by the P-lone pairs. A unique feature of phosphazane anion receptors is the ability of
metal coordination to activate and modulate anion binding, a feature which makes
them very different to common organic counterparts like squaramides and thioureas.
Introduction of positive charge leads to binding of the weakly coordinating BF4 anion.
The selective lability of the P2N2 ring units of seleno-phosph(V)azanes to ring cleavage
by strong nucleophiles can be harnessed to develop F- sensing capability by the
incorporation of chromophoric substituents, while their water stability, hydrophobic
character and strong anion binding properties lead to applications as synthetic anion

transporters through phospholipid layers.
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Experimental Details

General experimental details involving techniques, instruments and materials

employed are provided in the appendix at the end of this thesis.

[Ho2NP(U-NBU)]2,  [BUNH(O)P(U-NBU)2 2.7,  [BUNH(S)P(u-NBu)]2 2.8,
(PhsP)Cu(CHs3CN)3(BFa4), (Ph3P)2Pd(CH3CN)2(BF4)2, ['BUNH(Me-)P(u-
N'Bu)2PNHBuU]I, [3,5-(CF3)2CeH3NH]2C=S 2.16 and [3,5-(CF3)2CsH3NH]2C402 2.17
were synthesised using the literature protocols.[1944.88.96.98.99 Adapted literature

protocols and new protocols are summarised in the following section.

Cl By Cl Synthesis of 2.1: 2.1 has been synthesised using an adapted
N

P ~p literature protocol. An oven-dried 3 L Schlenk flask equipped with
N

g an overhead stirrer and a dropping funnel connected to a Schlenk
u

line was charged with 1.5 L THF and 1 L EtsN under a stream of
nitrogen. The solution was degassed for 1 h with nitrogen. The solution was cooled to
-78 °C and distilled PCls (60 ml, 94.2 g, 0.69 mol) was added dropwise via the
dropping funnel causing the formation of a fine white precipitate. Afterwards the funnel
was flushed with 25 ml of THF. Tertiarybutylamine 'BuNHz (72.2 ml, 50.5 g, 0.69 mol)
was added over the course of 1 h via the dropping funnel. The resulting mixture was
stirred overnight during which it was allowed to slowly reach room temperature. After
16 hrs a thick faint yellow suspension formed. The mixture was filtered under a
nitrogen atmosphere using a 2 L filter frit and a 10 mM cannula and the precipitate
was washed with another 200 ml of THF. The combined yellow filtrate was connected
to an external trap and afterwards all solvent was removed in vacuo yielding an orange
oily residue. The residue was transferred into an oven dried 250 ml Schlenk flask
which was connected to an external trap and heated in vacuo at 80 °C for 1 h. This
step removes volatile byproducts and equilibrates the product mixture. 150 ml of
toluene was added to the resulting thick oily residue yielding an orange suspension
which was filtered to remove residual EtsNHCI. All solvent was removed in vacuo
yielding a thick orange oil which solidified upon standing, yielding [CIP(u-N'Bu)2] 2.1
as a light-orange solid (65 g, 0.24 mol, 68%). The spectral data was in agreement with

the literature.[11]
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H H Synthesis of 2.2: Inside a N2 filled glovebox a Schlenk tube
H—N\/ ‘Bu N—H was charged with [H2NP(u-N'Bu)]2 (236 mg, 1) and selenium
J N

Se tgy Se 20 ml of THF were added and the resulting suspension was

(316 mg, 4 mmol, 4 eq) and transferred to a Schlenk line.

stirred overnight. Afterwards unreacted selenium was filtered off under ambient
conditions and the solvent was removed in vacuo to yield 2.2 as a white powder
(390 mg, 99%). 'H NMR (25 °C, des-Acetone, 500.12 MHz): & [ppm] = 5.04 (s, 4H,
NH2), 1.67 (s, 18H, 'Bu); 3P NMR (25 °C, dé-Acetone, 202.48 MHz): & [ppm] = 33.8
(s, with two satellite doublets arising from [("’Se=)H2N-P(u-N tBu)P-NH2(=Se)], 1Jpse
= 878 Hz, 2Jrp = 20 Hz); Elemental analysis (%) calcd. for 2.2: calcd. C 24.4% H
5.6% N 14.2% found C 24.0% H 5.6% N 13.9%.

H H Synthesis of 2.3: 2.3 has been synthesised using an

tn—N  t —t
Bu N\ Bu /N BU  adapted literature protocol. An oven-dried 500 ml Schilenk
//P\NV \ flask equipped was connected to a Schlenk line and was

Se tBU Se

charged with 200 ml THF and 100 ml dried and distilled
‘BuNHz under a stream of nitrogen. The solution was cooled to -78 °C and distilled
PCI3 (10 ml, 15.7 g, 0.12 mol) was added dropwise via the dropping funnel causing the
formation of a white precipitate. The resulting mixture was stirred overnight during
which it was allowed to slowly reach room temperature. After 16 h a thick faint yellow
suspension formed. Under a stream of nitrogen dried powdered Selenium (20 g,
excess) was added and the suspension was stirred at room temperature overnight.
Afterwards all volatiles were removed in vacuo and the resulting grey solid was
extracted with 500 ml of toluene yielding a faint yellow clear filtrate. The solvent was
removed in vacuo until the precipitation of a colourless solid was observed which was
dissolved by gentle heating. Storage of the solution at -14 °C overnight yielded 2.3 as
colourless crystals which were isolated by filtration and dried in vacuo. Concentration
of the mother liquor and storage yielded a second batch of analytically pure product.
Overall yield (20 g, 66%). The spectral data was in agreement with the literature.l”®! In
a control study we observed via in situ 3P NMR that oxidation in fact occurs

guantitatively and cis-selective.
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/\@/\ Synthesis of 2.4+EtsNHCI: Inside a Nz filled

N
|/\ glovebox a Schlenk tube was charged with 2.1
H
| (275 mg, 1 mmol) and transferred to a Schlenk
FsC c@ CFy
e ‘xH line. 20 ml of THF and 3,5-
N\/ ‘Eu /N Bis(trifluoromethyl)aniline (458 mg, 2 mmol,
P =R -
F\C / N \\ CF, 2 eq) were added. The solution was cooled to

t
Se Bu  Se 0 °C and 2 ml of dry NEts were added dropwise.

The resulting mixture was allowed to warm to room temperature and then stirred
overnight at 40 °C. Afterwards selenium (316 mg, 4 mmol, 4 eq) was added and the
mixture was stirred at room temperature. The reaction progress was monitored by in
situ 3P NMR spectroscopy. After completion of the reaction the solvent was removed
in vacuo and resulting solid mixture was extracted with 20 ml toluene. The solvent was
removed in vacuo to yield 2.4+EtsNHCI as a yellow powder (872 mg, 0.91 mmol, 91%).
Crystals suitable of the solvate 2.4-EtsNHCI for X-ray crystallography were obtained
by layering an Et20 solution of 2.4+EtsNHCI with pentane. *H NMR (25 °C, CDsCl,
500.12 MHz): & [ppm] =10.98 (s, 1H, HNEt3), 8.80 (s, 2H, HNAr), 8.20 (s, 4H, 0-Ar),
7.52 (s, 2H, m-Ar), 3.13 (q, 3JnH = 7.2 Hz, 6H, HN(CH2CHa)z3), ), 1.62 (s, 18H, 'Bu),
1.37 (t, 3Jun = 7.2 Hz, 9H, HN(CH2CHBa)3; 3P NMR (25 °C, CDsCl, 202.48 MHz): &
[ppm] =31.51 (s, with two satellite doublets arising from [("’Se=)HRN-P(u-N'Bu)P-NRH
(=Se)], 1Jpse = 908 Hz, 2Jpp = 20 Hz); Elemental analysis (%) calcd. for 2.4+EtsNHCI:
calcd. C 37.7%, H 4.4%, N 7.3% found C 37.8%, H 4.5%, N 7.4%; LRESI-MS (-ve
ion): simul (Phosphazane-CI) 854.95 found 854.90.

FsC CF; Synthesis of free 2.4: 2.4+-EtsNHCI (100 mg,
N'H t HN 0.1 mmol) was dissolved in 20 ml of Et2O. The
Bu
_N__ solution was washed three times with 10 ml of
P‘N \\ : :
FsC Se By Se CF3 \water and afterwards dried with anhydrous

MgSOa4. The solvent was removed in vacuo to yield 2.4 as a yellow powder (84 mg,
85%); 'H NMR (25 °C, CDsCl, 500.12 MHz): & [ppm] =7.71 (s, 4H, 0-Ar), 7.68 (s, 2H,
m-Ar), 5.78 (s, 2H, NH), 1.65 (s, 18H, Bu); 3P NMR (25 °C, CDsCl, 202.48 MHz): &
[ppm] =30.38 (s, with two satellite doublets arising from [("’Se=)HRN-P(u-N tBu)P-
NRH (=Se)], YJpse = 927 Hz, 2Jpp = 25 Hz); Elemental analysis (%) calcd. for 2.4:
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calcd. C 35.2%, H 3.2%, N 6.8%, found C 35.1%, H 3.4%, N 6.8%; LRESI-MS (-ve
ion): simul (Phosphazane-Cl) 854.95, found 854.90.

oL JeX Synthesis of 2.5: Inside a Nz filled glovebox a

\ /N N\ /N Schlenk tube was charged with 2.1 (275 mg, 1 mmol)
ON’H tBu H\N’O and 4-amino-benzoxadiazole (316 mg, 4 mmol, 2 eq)
\P<E><\ and transferred to a Schlenk line. 20 ml of THF and

SE{/ 'Bu Se 5ml dry NEts were added and the resulting
suspension was stirred overnight at 50 °C. Afterwards selenium (316 mg, 4 mmol,
4 eq) was added and the mixture was stirred or 72 h at room temperature. The solvent
was removed in vacuo and resulting solid mixture was extracted with 20 ml DCM. The
solvent was removed in vacuo to yield 2.5 as a yellow powder (587 mg, 0.93 mmol,
97%). 'H NMR (25 °C, CDsCl, 500.12 MHz): & [ppm] = 7.85 (d, 3JnH = 6.8 Hz, 2H, Ar),
7.63 — 7.45 (m, 4H, Ar), 6.74 (s, 2H, NH), 1.61 (s, 18H, Bu); 3P NMR (25 °C, CDsCl,
202.48 MHz): & [ppm] = 27.7 (s, with two satellite doublets arising from [("’Se=)HRN-
P(u-N'Bu)P-NRH (=Se)], 1Jpse = 929 Hz, 2Jpp = 25 Hz); no suitable elemental analysis

could be obtained.

Synthesis of 2.6°EtsNHCI: Inside a Nz filled

/\ﬁ//\\ glovebox a Schlenk tube was charged with 2.1

,_|| (275 mg, 1 mmol) and transferred to a Schlenk

FsC ,Cill\@ CF; line. 20 ml of THF and 3,5-
N,H' ‘Bu\H\N Bis(trifluoromethyl)aniline (458 mg, 2 mmol,

\P<E> / 2 eq). The solution was cooled to 0 °C and 2 ml

F43C By CF3  of dry NEts were added dropwise. The resulting

mixture was allowed to warm to room temperature and then stirred overnight at
40 °C.Afterwards the solvent was removed in vacuo and the resulting solid mixture
was extracted with 40 ml of hexane. The solvent was removed in vacuo space until
the precipitation of a white solid was observed which was gently heated back into
solution. Storage of the solution at -20 °C led to the formation of colourless crystal
suitable for X-ray diffraction which were isolated by filtration and dried in vacuo to yield
2.6°EtsNHCI as a colourless powder (240 mg, 0.30 mmol, 30%). 'H NMR (25 °C,
CDsCl, 500.12 MHz): & [ppm] =11.85 (s, 1H, HNEts), 7.62 (s, 4H, o0-Ar), 7.26 (s, 2H,
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m-Ar), 7.13 (s, 2H, HNAr), 3.10 (g, 3Jun = 7.2 Hz, 6H, HN(CH2CHz)s), 1.41 (t, 3Jun =
7.2 Hz, 9H, HN(CH2CHs)3)), 1.28 (s, 18H, 'Bu), 3P NMR (25 °C, CDsCl, 202.48 MHz):
d [ppm] = 108.19 (s). Elemental analysis (%) calcd. for 2.6°EtsNHCI: calcd. C 45.2%,
H 5.3%, N 8.8%, found C 45.1%, H 5.3%, N 8.7%; LRESI-MS (-ve ion): simul
(Phosphazane-Cl) 695.11, found 695.05

/\@/\ Synthesis of 2.9«EtsNHCI: A Schlenk tube was
charged with PCls (0.44 g, 3.21 mmol) and 25 ml

|
; of toluene. The resulting solution was cooled to
FsC cio CF3

H H -78 °C and 25 ml of NEts were added. To this

N ﬁr /N (3,5-bistrifluoromethyl)aniline (1.47 g,

. P\~ P cp, 6-42mmol) was added dropwise at -78 °C and
mixture was slowly allowed to warm to room

temperature overnight during which time a thick

FsC CFs white suspension formed. All solvents were

removed in vacuo and the resulting solid was extracted with 100 ml of hexane. The
filtrate was concentrated in vacuo until the precipitation of a white solid was observed
which was dissolved into solution by gentle heating. Storage at -14 °C yielded a white
crystalline solid which was recrystallised twice from hexane to yield 2.9«EtsNHCI as
colourless crystals suitable for single crystal X-ray diffraction (112 mg, 0.1 mmol,
6.3%); IH NMR (25 °C, CDsCl, 500.12 MHz): & [ppm] =11.10 (s, 1H, HNEt3), 9.39 (s,
2H, HNAr), 7.86 (s, 4H, 0-Ar), 7.47 (s, 2H, m-Ar), 7.40 (s, 2H, m-Ar), 7.30 (s, 4H, o-
Ar), 3.02 (q, 3JsH = 7.2 Hz, 6H, HN(CH2CH3)3), )), 1.31 (t, 3Jun = 7.2 Hz, 9H,
HN(CH2CHs3)s3; 3P NMR (25 °C, CDsCl, 202.48 MHz): § [ppm] =113.47 (s); Elemental
analysis (%) calcd. for 2.9<EtsNHCI: calcd. C 41.1%, H 2.7%, N 6.3%, found C 41.5%,
H 2.9%, N 6.2%; LRESI-MS (-ve ion): simul (Phosphazane-Cl) 1007.00 found
1006.90.
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Synthesis of 2.10: Inside a N2filled glovebox a Schlenk
Z > tube was charged with 2.2 (100 mg, 0,25 mmol) and

H/O\H CuCl (25 mg, 0.25 mmol, 1 eq). The Schlenk tube was
B /H—N\' tl\l?u ;N—H\Cl, -- transferred to a Schlenk line and 10 ml of THF were
PN R | added. The resulting orange/brown mixture was stirred
- // _____ Cu-
-Se tgy Se -

at room temperature for 1 h. Afterwards the solution
was reduced to approximately 5 ml in vacuo and stored
at 4 °C for 3 days which lead to the formation of orange crystals suitable for X-ray
crystallography. The crystals were isolated by filtration and dried in vacuo to yield
3-CuCl as an orange/brown crystalline solid (113 mg, 0.20 mmol, 80%). Crystal lose
THF when dried under vacuum. The following spectroscopic and analytical data refers
to this material. *H NMR (25 °C, ds-THF, 500.12 MHz): & [ppm] = 5.81 (s, 4H, NH>),
1.71 (s, 18H, Bu); 3P NMR (25 °C, ds-THF, 202.48 MHz): & [ppm] = 30.36 (s);
Elemental analysis (%) calcd. for 2.10(-THF): calcd. C 30.1%, H 6.0%, N 8.8%,
found C 30.4%, H 6.5%, N 8.9%.

F1C Synthesis of 2.11: Inside a N2zfilled glovebox a Schlenk

OCFB tube was charged with 2.9EtsNHCI (100 mg,
ci---~ 0,13 mmol) and (Me2S)AuCl (74 mg, 0.26 mmol, 2 eq).

\P/N\P/ The Schlenk tube was transferred to a Schlenk line and
Au/ ‘N' \ _H ’ . .
o Ar N 2 ml of DCM were added. The resulting solution was
stirred at 10 min at room temperature and then layered
FsC oF with 15 ml of pentane. Over the course of 2 weeks a few
3

single crystals of 2.11 grew alongside colourless
precipitate. Due to the low yield 2.11 could only be characterised by single crystal X-

ray diffraction.
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PR TN Synthesis of 2.12EtsNHCI: Inside a N2 filled
N/\ .
Ji glovebox a Schlenk tube was charged with
FiC CI@ CFs 2.6°EtsNHCI (100 mg, 0.13 mmol) and (Me2S)AuCl
H H (74 mg, 0.26 mmol, 2 eq). The Schlenk tube was
N Bu N
\ /Nu\ / transferred to a Schlenk line and 2 ml of DCM were
PSR CF
FC ) By A 3 added. The resulting solution was stirred at 10 min at
CI/ \CI room temperature. Afterwards pentane was added

dropwise until the formation then dissolution of a white precipitate was observed. The
solution was stored at 4 °C for 3 days which led to the formation of colourless crystals
suitable for X-ray crystallography. The crystals were isolated by filtration and dried in
vacuo to yield 2.12-EtsNHCI as a colourless solid (109 mg, 0.09 mmol, 66%); *H NMR
(25 °C, CDsCl, 500.12 MHz): & [ppm] = 10.11 (s, 1H, HNEt3), 9.38 (s, 2H, HNAr), 7.90
(s, 4H, 0-Ar), 7.59 (s, 2H, m-Ar), 3.15 (dg, 6H, 3J4= 2.7 and 6.8 Hz, HN(CH2CHz)z3),
1.59 (s, 18H, Bu), 1.40 (t, 9H, 3Jn= 6.8 Hz, , HN(CH2CHa)3); 3P NMR (25 °C, CDsCl,
202.48 MHz): & [ppm] = 81.97 (s); Elemental analysis (%) calcd. for 2.12<EtsNHCI:
calcd. C 28.5%, H 3.3%, N 5.6%, found C 28.3%, H 3.4%, N 5.5%. LRESI-MS (-ve
ion): simul (Phosphazane-CI") 1158.98 found 1158.90.

tBu Synthesis of 2.13: To solution of 2.3 (50 mg,
, 0.1lmmol) in 1ml DCM was added
A Lis, . S#F (PhaP)CU(CH:CN):(BF) (55mg, 0.1 mmol
. ;‘P/\ W ©% 1eq) in 1ml CHCN. After 10 minutes the

| resulting mixture was transferred to a

crystallisation tube and layered  with

approximately 10 ml of Et2O. After 10 days at room temperature large colourless
crystals formed which were suitable for X-ray crystallography. The crystals were
isolated by filtration and dried in vacuo to yield 2.13 (69 mg, 0.75 mmol, 75%). *H NMR
(25 °C, CD2Cl2, 500.12 MHz): & [ppm] =7.46 (t, 3Jun= 7.4, 3H, PPhs), 7.40 — 7.20 (m,
12H, PPha), 5.33 (s, 2H, NH), 1.71 (s, 18H, 'Buendo), 1.54 (s, 18H, Buexo); 3P NMR
(25 °C, CD2Cl2, 202.48 MHz): & [ppm] =18.64 (s, with two satellite doublets arising
from [(77Se=)HRN-P(u-N'Bu)P-NRH (=Se)], 1Jpse = 732 Hz, 2Jpp = 25 Hz); 1%F NMR
(25 °C, CD2Cl2, 395.99 MHz): é [ppm] = -150.59 (s), -150.63 (s); Elemental analysis
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(%) calcd. for 2.13: calcd. C 44.4%, H 5.8%, N 6.1%, found C 45.6%, H 6.1%, N 5.5%.
LRESI-MS (+ve ion): simul. (2.13 - BF4 )* 848.13, found 848.10.

Synthesis of 2.14: To a solution of 2.3 (50 mg,

'Bu
| .
Ph3p ,Se P/NH . 0.1lmmol) in 1ml CH2Cl was added
P 1 tBuh{/}thu F// B/@ (PhsP)2Pd(CHsCN)2(BF4)2 (92 mg, 0.1 mmol,

Ph3P AN e P\N H —F F 1leq)in 1 ml DCM. After 10 minutes the resulting
{Bu B% orange mixture was transferred to a crystallisation

tube and layered with approximately 10 ml of

pentane. After 3 days at room temperature large orange crystals formed which were
suitable for X-ray crystallography. The crystals were isolated by filtration and dried in
vacuo to yield 2.14-DCM. (126 mg, 0.95 mmol, 95%); 'H NMR (25 °C, CD2Clz,
500.12 MHz): & [ppm] = 7.62-7.51 (m, 6H, PPh3), 7.40 -7.27 (m, 24H, PPhs), 5.62 (s,
2H, NH), 1.69 (s, 18H, Buendo), 1.19 (s, 18H, Buexo); 3P NMR (25 °C, CD:Cl>,
202.48 MHz): & [ppm] = 27.3 (AA’XX’), 17.61 (AA'XX’);*®*F NMR (25 °C, CD2Clz,
395.99 MHz): 6 [ppm] = -150.05 (s), -150.10 (s); Elemental analysis (%) calcd. for
2.14-DCM: calcd. C 45.6%, H 5.0%, N 4.0%, found C46.0%, H 5.2%, N 3.7%; LRESI-

MS: simul (2.14-BF4 )* 1255.23, found 1225.17

H H Synthesis of 2.15: Inside a N2 filled glovebox, a
tBu__N’ tBu \/N—tBu Schlenk flask was filled with 491 mg ['BuNH(Me-)P(u-
®P‘N' A BAFO NtBu)?PNH‘Bu]I (2 mmol, 1 equivalent) and 200.mg

Me By Se Selenium (excess) and transferred to a Schlenk line.

50 ml of THF were added and the resulting suspension was stirred at room
temperature for 72 h. Afterwards the suspension was filtered in air to remove
unreacted selenium. All volatiles were removed in vacuo yielding a white solid which
was redissolved in 50 ml of 1:1 THF/DCM. NaBAr" (886 mg, 1 mmol, 1 equivalent)
was added to the solution and the mixture was stirred for 2h at room temperature
yielding a white suspension. The suspension was filtered and all solvent was removed
in vacuum yielding 2.15 as a white solid (1.23g, 0.95 mmol, 95%); 'H NMR (25 °C,
CDCls, 400 MHz): & [ppm] =7.69 (s, 8H, BarF), 7.53 (s, 4H, BarF), 3.43 (s, 1H, SePNH),
3.30 (d, JpH = 18 Hz, 1H, MePNH), 2.15 (d, JeH = 20 Hz, 3H, MeP), 1.59 (s, 18H, 'Bu),

1.58 (s, 9H, 'Bu), 1.47 (s, 9H, Bu); *'P NMR (25 °C, CDClz, 202.48 MHz): & [ppm] =

54



25.3 (s), 25.1 (s);1°F NMR (25 °C, CDCls, 395.99 MHz): § [ppm] = 62.4 (s). Elemental
analysis (%) calcd. for 2.15: calcd. C 45.1%, H 4.1%, N 4.3%, found C 44.7, H 4.1%,
N 4.1%.

Experiment details for Transport studies

Materials
POPC for vesicle preparation were purchased from Avanti Polar Lipids. HPTS,
lucigenin and Sephadex G-50 were purchased from Sigma. Fluorescence
measurements were performed on a Cary Eclipse Fluorescence Spectrophotometer
(Agilent).

Cl- transport activity studied by lucigenin assay

Preparation of POPC-LUVsblucigenin

A thin lipid film in a glass vial was obtained by evaporating 0.4 ml of POPC (20 mg/ml
in chloroform) under reduced pressure on a rotary evaporator at 45 °C and then in
high vacuum under room temperature for 1 h. 0.4 ml of PB (phosphate buffer) with
lucigenin (1 mM lucigenin, 5 mM sodium phosphate, 225 mM NaNOs, pH 7.5) was
added to rehydrate the lipid film. The resulting suspension was subjected to 5
freeze/thaw cycles and extruded through a polycarbonate membrane (pore size
200 nm) for 29 times. Unencapsulated lucigenin was removed by a Sephadex (G-50)
column, and finally about 0.9 ml of POPC-LUVs>lucigenin solution (~ 11.6 mM POPC;
solution in the liposomes: 1 mM lucigenin, 5 mM sodium phosphate, 225 mM NaNOs,

pH = 7.5) was gained.

For the preparation of NaCl contained POPC-LUVs>lucigenin, 0.4 ml of PB with NaCl
and lucigenin (1 mM lucigenin, 5 mM sodium phosphate, 100 mM NaCl, pH 7.5) was
used to rehydrate the lipid film. The other procedure was the same as above and a
final volume of around 0.9 ml of POPC-LUVs>lucigenin solution (~ 11.6 mM POPC;
solution in the liposomes: 1 mM lucigenin, 5 mM sodium phosphate, 100 mM NacCl,

pH = 7.5) was gained.
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Cl- transport across POPC-LUVsDlucigenin

30 pL of vesicle solution mixed with 970 pL of PB (5 mM sodium phosphate, pH = 7.5,
225 mM NaNOs or 100 mM other salt) were mixed in a dry cuvette. 5 pL of 4 M NaCl
was added to the extravesicular buffer to induce a 20 mM chloride gradient across the
lipid membrane at t = 0.5 min after the start of the recording, and 10 pL anion carrier
molecule in acetonitrile was added at t = 1.5 min to initiate the transport. 20 pL of
10 wt% Triton X-100 was added to lyse the vesicles for calibration at t = 6 min. The
change of fluorescence intensity of the lucigenin with time was recorded at 505 nm
with the excitation wavelength of 455 nm. Fluorescence time courses of lucigenin were

also normalised to fractional emission intensity It according to equation [E1]:
lt = (Ft — F=) / (Fo— F=) [E1],

where Ftis fluorescence intensity at time t, Fo = Ft before addition of NaCl and F- = Ft

after complete leakage with Triton X-100.

lon transport activity studied by HPTS assay
Preparation of POPC-LUVsSDHPTS

A thin lipid film was gained by evaporating 0.4 ml of POPC (20 mg/ ml in chloroform)
under reduced pressure on a rotary evaporator at 45 °C and then in high vacuum
under room temperature for 1 h. After that the lipid film was rehydrated with 0.4 ml
HEPES buffer containing HPTS (1 mM HPTS, 10 mM HEPES, 100 mM NaCl, pH 6.7)
by vortexing and then sonicated for 15 min. Subsequently, the resulting suspension
was subjected to 5 freeze/thaw cycles and extruded through a polycarbonate
membrane (pore size 200 nm) for 29 times. Finally, the unencapsulated HPTS was
removed by a Sephadex (G-50) column and a final volume of around 0.9 ml of POPC-
LUVsDHPTS solution (~ 11.6 mM POPC; solution inside liposomes: 1 mM HPTS,
10 mM HEPES, 100 mM NacCl, pH = 6.7; solution outside liposomes: 10 mM HEPES,
100 mM NacCl, pH = 6.7) was obtained.

lon transport activity studied across POPC-LUVsDHPTS

10 pL of POPC-LUVsDOHPTS solution prepared as described above and 990 uL of
HEPES buffer (10 mM HEPES, 100 mM NaCl, pH 6.7) were mixed in a dry cuvette.
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8.5 pL of 0.5 M NaOH was added into the extravesicular buffer to induce a pH gradient
(ApH = 0.8) across the lipid membrane at t = 0.5 min after the start of the recording,
anion carrier molecule (20 pL in acetonitrile at varied concentration) was added to
initiate the ion transport at t = 1.5 min, and 20 pL of 10 wt% Triton X-100 was added
to lyse the vesicles for calibration at t = 6 min. The change of fluorescence intensity of
the HPTS with time was recorded at 510 nm with the excitation wavelength of 450 nm.
Fluorescence time courses were normalised to fractional emission intensity It

according to equation [E2].
I't= (Ft — Fo) / (F-~— Fo) [E2],

where Ft is fluorescence intensity at time t, Fo = Ft before the addition of carrier
molecule and F~ = F at saturation after complete leakage achieved with the 10 wt%
Triton X-100. Fractional emission intensity It at 6 min (the time point before the addition
of Trition X-100) were plotted as a function of carrier molecule concentration and fitted
to the Hill equation [E3] to give the effective concentration ECso (the concentration of
carrier molecule showing half activity respect to the maximum) and the Hill coefficient

n.
I =1+ (lo - 1<) / [1 + (¢ / ECs0)" [E3],

Where c is the concentration of carrier molecule, lo is fractional emission intensity
without carrier molecule, and |- is fractional emission intensity with excess of carrier
molecule. As discussed earlier, we changed the buffer solution inside or outside of the

vesicles to study the transport mechanism and test its selectivity for different ions.
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Chapter 3. Conformational Control in
Phosphazane H-bond and Pyridyl donors

As mentioned in the previous chapter, Goldfuss et al. have shown computationally that
diaminophospha(V)zanes of the type [RNH(E)P(u-NR)]2 (E = O, S, Se) intrinsically
prefer an endo-exo conformation.[”+73l In order for anion binding to occur the receptor
has first to preorganise to the exo-exo conformer (Figure 45). This is associated with
an energy penalty which has the net result of decreasing the receptor’s anion affinity.
In this chapter we seek to design phosphazane anion receptors which are
conformationally fixed in order to increase anion affinity and access alternative modes
of binding. We initially envisaged that exocyclic 2-aminopyridyl groups of the receptor
[(2-py)NHP(u-N'Bu))2 (2-py = 2-pyridyl) 3.1 might result in a bidentate coordination
motif in which the endo-endo conformation could be fixed by metal coordination to the

pyridyl groups (Figure 45, bottom).

Exo-exo conformatlon

Endo-exo conformation E SEtUD fOr & e
anion binding 5 anion binding i | F3G CFj !
blocked ! Do H H '
R : /N o / \
H : H H P N 'Bu N
R—N 'Bu \N—H : R~N/ By N—R | \p/N\p/
\P/N\P/ - \ N__/ tiFC HL N\ _H  CFs
E Bu E i E tBu E P Exo-exo favoured in DFT due
favoured i disfavoured D to intramolecular H-Bonding
conformation : conformation | [ TTTTTTTTTTTTTTTmmmmmmmmmmmmmmmeeeeens
Set up for anion b|nd|ng End\o
Exo \
Cl tBU Cl /H"
\ N ) eq N Bu N—H
PN T THREN \/\/ b N
By 3 P‘Nr PN P
40 °C, 16 h By
21 Set up for chelate coordination 3.1
Exo-exo conformation Endo-exo conformation

Figure 45: Top: Conformers of phosphazane anion receptors;
Bottom: Synthesis of 3.1.
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Results and Discussion

Development and Binding Properties of New Receptors and
Transporters

Condensation of 2-aminopyridine with [CIP(u-N'Bu)]z 2.1 in presence of excess NEts
yields [PyNHP(u-N'Bu)]2 3.1 in good yield after crystallisation from hexane. Although
the 3'P and 'H NMR spectra show single environments for the P and NH atoms, the
solid-state structure reveals that 3.1 is present in the endo-exo conformation (Figure
46, top). This conformation is stabilised by an intramolecular H-bond between the NH
proton of the endo-PyNH group and the N-atom of the exo-PyNH group (NnH-*Npy =
2.87 A). Nevertheless, in solution the exo-exo and endo-exo conformers rapidly
interconvert, which is indicated by the observation of broad NH and P resonances at
room temperature in the 'H and 3P NMR spectra. The presence of an intramolecular
H-bond provides the opportunity to explore how modification of the phosphazane
backbone can affect the hydrogen donor strength of the NH functionalities. Since in
the previous chapter we identified selenium oxidation as a way to enhance the
receptor properties significantly, we subjected 3.1 to selenium oxidation via our
optimised protocol yielding [PyNH(Se=)P(u-N'Bu)]2 3.2. Similarly to 3.1, the solid-state
structure of 3.2 reveals the preference for the endo-exo conformation (Figure 46).
Although the Nn-Npy is slightly elongated to 2.92 A in 3.2 (by ca. 0.05 A compared to
3.1), the room temperature 3'P and '"H NMR spectra in dse-DMSO or CDCl3 show two
phosphorus and pyridyl environments. This indicates that oxidation of the P(lll) centres
to P(V) results, as expected, in the increase in the favourability of the endo-exo
conformation as a result of the increased H-bond donor strength. A variable-
temperature (VT) 3'P NMR spectroscopic study of 3.2 in ds-DMSO shows that both
resonances coalesce to a broad singlet at approximately 100 °C.In comparison, the
broad singlet observed in the 3'P NMR spectrum of the P(lll) precursor 3.1 splits into
two resonances at low temperature with a coalescence temperature of approximately
10 °C.The VT behaviour of 3.1 and 3.2 is consistent with the endo-exo conformer
being enthalpically favoured and the exo-exo conformer being entropically favoured.
DFT calculation on the B3LYP-D3BJ/def2-TZVPP level of theory (carried out in
collaboration with Patrick Prohm at FU Berlin) show that the endo-exo conformers of

3.1 and 3.2 are 26.8 kJ/mol and 72.3 kJ/mol more stable, respectively, than their exo-
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exo conformers. We also found computationally that the endo-endo conformer is
favoured by 43.7 kJ/mol for 3.1 and 35.1 kJ/mol for 3.2.

Similar splitting of the P and H environments is observed in the room temperature 3'P
and 'H NMR spectra of the Au(l) complex [(CIAu)23.1] 3.3 in de-DMSO or CDCls,
obtained from the reaction of 3.1 and 2 equivalents (DMS)AuCl in DCM at room
temperature in 84% yield, suggesting the same endo-exo conformation. This is
confirmed in the solid-state structure of 3.3 (Figure 46). Unfortunately, 3.3 is not
thermally stable enough for a VT NMR study at higher temperature. The observed
increase of the barrier for interconversion of the exo-exo and endo-exo conformers
again confirms the increase of NH H-bond donor strength upon gold coordination to
the P(Ill) centres of 3.1.
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Figure 46: Top: solid state structures of 3.1, 3.2 and 3.3. Ellipsoids shown at 40%
probability; non-NH hydrogen and lattice bound solvent molecules omitted for clarity.
Selected bond length [A] and angles [°]: 3.1: Nexo-P av. 1.71, Nexo-P-Nendo av. 105.8,
Nexo-Npyridyl 2.870(4); 3.2: Nexo-P av. 1.64, Nexo-P-Nendo av. 109.2, Nexo-Npyridyl 2.924(5),
P-Se 2.08; AuU: Nexo-P av. 1.64, Nexo-P-Nendo av. 110.5, Nexo-prridyI 2.928(3), P-Au
2.21. Bottom: Synthesis and solution behaviour of 3.1, 3.2 and 3.3. Colour code:
orange = P, yellow = Au, green = Cl, blue = N, white = H, grey = C, bright orange =
Se.
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Collectively, these initial results suggested for the first time that the energetic barrier
between the conformations of the phosphazane unit can be manipulated by

phosphazane backbone modification.
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Figure 47: Overlaid 3P NMR spectra of 3.3 (CDCIlz, 202 MHz, 25 °C) before and
after the addition of TBACI.

Whereas 3.1 shows negligible interaction with chloride in CDCIs, 3.2 interacts with
chloride via its free endo-NH proton leaving the endo-exo conformation intact at room
temperature. Addition of TBACI to 3.2 in CDCIs results in shifting of the NH proton
which is not involved in the intramolecular H-bond. In contrast, gradual addition of
TBACI to a CDCls solution of 3.3 results in appearance of an additional symmetric set
of signals in the 'H NMR and a singlet resonance in the 3P NMR spectrum (Figure
47) which is indicative of slow exchange chloride binding (K = 30 + 5 M). We conclude
that the fact the 3.2 does not bind chloride face-on via both NH protons whereas 3.3
does, proves that AuClI coordination more effectively activates phosphazanes for anion
binding than selenium oxidation. While we suspected in the previous chapter that this

could be the case, we had not obtained quantitative support for this experimentally.

With these initial results in hand, we moved on to investigate further how the
coordination of metals by the P(lll) atoms of 3.1 can be used to fix the exo-exo
arrangement, necessary for anion binding. Reaction of 3.1 with either one equivalent
[Rh(CO)2Cl]2 or two equivalents Mo(piperidine)2(CO)4 results in coordination of the
transition metal atoms of both by the P- and pyridyl-N atoms of 3.1 (Figure 48). The
'H and 3P NMR spectra of the resulting complexes [Mo(CQO)sPyNHP(u-N'Bu)]2 3.4
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and [Rh(CO)CIPyNHP(u-N'Bu)]2 3.5 show one environment for the P2Nzring P centres
together with only one pyridyl environment, indicating that the targeted exo—exo
conformation of 3.1 is present in both. The 3'P NMR spectrum of 3.5 shows an AA"XX’
coupling pattern with Jrarh = 0 Hz, similar to that observed by Reek et al. for dinuclear
rhodium complexes.['% X-ray quality crystals were grown from a concentrated 1:4
DMSO:CHsCN solution in the case of 3.5 and CH3CN in the case of 3.4 at 5 °C. The
solid-state structures of the solvates 3.4CH3CN and 3.5DMSO confirm the exo-exo
receptor conformation (Figure 48). The structures also show the binding of the CH3CN
and DMSO molecules by the bidentate NH H-bond donor groups of the receptors.
Metal coordination also significantly increases the polarity of the pendant NH protons.
The 'H NMR spectra show a downfield shift of approximately 2 ppm in CD2Cl2 in both
3.4 and 3.5 compared to 3.1. Notably metal chelation also increases the stability of the
phosphazane framework. Whereas 3.1 hydrolyses slowly under ambient conditions
and in undried solvents, both 3.4 and 3.5 stay intact in wet DMSO for at least a week

and are stable as powders under ambient conditions for at least 6 months.
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Figure 48: Top: Synthesis of 3.4 and 3.5. Bottom: Solid state structure of 3.4 and 3.5.
Ellipsoids shown at 40% probability; non-NH hydrogens omitted for clarity. Selected
bond length [A] and angles [°]: 3.4: Nexo-P av. 1.68, Nexo-P-Nendo 105.5, Nacetonitrile-Nexo
3.17, P-Mo av. 2.47, Npyridy-Mo av. 2.29. 3.5: Nexo-P av. 1.68, Nexo-P-Nendo 107.5, O-
Nexo 2.85, P-Rh av. 2.16, Npyridy-Rh av. 2.11. Colour code: orange = P, dark green
=Rh, green = Cl, yellow = S blue = N, white = H, grey = C, red = O.

Addition of increasing amounts of tetrabutylammonium chloride salts in de-DMSO
results in gradual shifting of the NH resonances of 3.4 and 3.5, indicative of fast-
exchange halide binding (Figure 49). 'H NMR titrations reveal that the anion binding
processes are most accurately modelled using a 2:1 non-cooperative binding model
for both receptors (using the BindFit program suite), indicating the formation of
[(receptor)2Cl-] complexes (Figure 50). We observe the chloride binding to improve
going from the molybdenum complex 3.4 with K = (416 + 44) M to the rhodium
complex 3.5 with K = (1410 £+ 91) M1. Hence the coordinated metal fragment does
influence the binding properties of the receptors. Moving to the higher oxidation state
metal from Mo(0) to Rh(l) increases the metal-ligand interaction in agreement with the
spectrochemical series and therefore activates 3.1 more for anion binding.[% It should
be noted that a noticeable change in the chemical shift only occurs for the NH protons
and not for the pyridyl environments. This indicates that only H-bonding interactions

of the anion with the NH protons is occurring, not with the coordinated metal itself.
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Figure 49: 'H NMR titration (de-DMSO, 25 °C, 400 MHz) of 3.4 with TBACI.
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Figure 50: Shift of the NH proton signal in the *H NMR titration of 3.4, 3.5 and 3.9
with increasing amounts of TBACI in de-DMSO.

Significantly, since the parent ligand 3.1 interacts with chloride only to a negligible
extent, metal coordination actually switches on anion binding.
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DFT calculations at the B3LYP-D3BJ/def2-TZVPP level of theory explain the activating
effect of metal chelation (Figure 51). Modification of 3.1 either via selenium oxidation
or metal coordination results in increased donation of the lone pair of the exocyclic
nitrogen into the P-N(endo) o*-orbitals. The delocalisation energy increases going
from 3.1 (49.4 kJ/mol), to 3.2 (65.02 kd/mol), 3.4 (54.44 kJ/mol) and 3.5 (54.31 kJ/mol)
which also results in an increase of the P-N(exo) bond order, as is apparent from the
increase of electron density in the bond critical points for 3.4 and 3.5. In the case of
3.2, this effect is counterbalanced by donation of the selenium lone pairs into the P-
N(exo) o*-orbitals. Hence, we conclude that delocalisation of the NH lone pair into the
P2N2 ring is responsible for the activation of the NH protons for anion binding.
Activation using our strategies can be compared to organic receptors in which there is

no such mechanism for tuning the NH bond polarity. [
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Figure 51: Donation of the N(exo) lone pair into the P-N(endo) o*-orbitals in (a) 3.1,
(b) 3.4, (c) 3.2. (d) Donation of the Se lone pair into the P-N(exo) c*-orbitals in 3.2.

Calculations also reveal that metal chelation also activates 3.1 towards anion
binding on geometric grounds. The optimised geometries of the exo-exo conformer for
3.1 and 3.2 show that the NH protons point away from each other. This results in
improved alignment of the N(exo) lone pair with one P-N(endo) o*-orbital. Upon
molybdenum or rhodium chelation the NH protons are forced into the same plane
pointing towards each other, in the correct geometry for anion binding. Notably this a
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direct consequence of P,N chelation as opposed to P coordination alone. Additionally,
calculations reproduce the greater affinity of 3.4 compared to 3.5.

In order to increase the binding properties further, we installed electron withdrawing
CFs3 groups onto the pyridyl substituents and prepared the Se receptor 3.7, the AuCl
receptor 3.8 and the RhCICO receptor 3.9 following the same synthetic methodologies
outlined above (Figure 52). Again, the Se derivative 3.7 is found to only interact with
chloride side-on, whereas the AuCl derivative 3.8 binds chloride in slow NMR
exchange with K = (400+20) ML,
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Figure 52: Labelling for 3.6, 3.7, 3.8, 3.9.

Quantitative binding analysis of the Rh(l) complex [3.6{Rh(CO)Cl}2] 3.9 shows that
chloride binding (again best modelled as a 2:1 non-cooperative model) is further
increased to K = (4948 + 522) M in de-DMSO. We attribute this increase to the greater
protic nature of the NH proton in 3.9 compared to 3.5, which correlates with the
decrease of the CO stretching frequency from 2031 cm™in 3.9 to 2022 cm™in 3.5
(showing a decrease in electron density at the rhodium atom). In order to compare the
receptor 3.9 with our previously best receptor 2.4 (in the previous chapter binding
studies were only carried out in CH3CN), we carried out *H NMR titrations for 2.4 with
TBACI in de-DMSO revealing that a 2:1 non-cooperative binding process with K = (522
+11) ML, This reveals that in fact the halide affinities improve by an order of magnitude
using the new receptor. Notably, 3.9 is better than the best structurally analogous
double NH donor thiourea and squareamide receptors reported in the literature by one
to two orders of magnitude (the best squaramide receptor binds chloride with K = 634
M- and thiourea with K = 41 M- under the same conditions).[®®! It should be noted that
previously the halide binding of phosphazanes in acetonitrile at lower concentration
has been fitted to a 1:1 model, which gives a poorer fit to the data in DMSO. The

reason for this difference is not clear at this stage.
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Notably anion binding also affects the metal ligand interactions. Addition of excess
TBACI (ca 10 eq) in CD2Cl2 to either 3.5 or 3.9 results in a decrease of the AX YJrnp
coupling constants by 11 Hz in 3.9 and 15 Hz in 3.5 respectively (Figure 53). The same
effect on the Jrnp coupling constant is also observed in ds-DMSO. We also observe a
decrease by 4 cm? for 3.4, 5 cm™ for 3.5 and 7 cm™ for 3.9 in the CO stretching
frequencies upon chloride addition. It has been suggested previously that N-H--X" H-
bonding represents an intermediate state of NH deprotonation by the anion.[®
Therefore anion binding should cause an accumulation of electron-density at the
nitrogen atoms of the NH groups, resulting in a decrease of tr-acceptor ability of the
phosphine centres. The acidic nature of the NH protons in 3.9 is apparent from the
deprotonation of 3.9 with more basic anions such as F or OAc’, as shown by the loss

of the NH resonance upon addition of excess these anions in de-DMSO.
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Figure 53: Overlaid P NMR spectra of 3.5 (CDCIz, 202 MHz, 25°C) before and after
addition of excess TBACI and in ds-DMSO.

DFT calculations support this hypothesis. Upon chloride binding to 3.5, donation of the
lone pair of the exocyclic nitrogen into the P-N(endo) c*-orbitals increases from
54.3 kd/mol to 63.8 kJ/mol which is accompanied by an increase of the electron
density at the bond critical point of the P-N(exo) bond. We don’t observe any changes
in the NBO interactions between the endocyclic nitrogen lone pairs and the P-N(exo)
o*-orbitals upon chloride binding. 3.4 behaves analogously. Interestingly, this effect is
less pronounced for the ligand 3.1 itself. Taken together, our results suggest that anion
binding renders the phosphine centres less electron accepting. This is in line with the
development of the 1Jpse coupling constants of 2.4 and 2.4+EtsNHCI discussed in the
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previous chapter. Here chloride binding causes a decrease going from 927 Hz in
2.4-EtsNHCI to 908 Hz in 2.4 which also signals in increase in overall donor

strength.102

Lastly, we found that anion binding also affects the solubility of 3.5 and 3.9 in non-
donor solvents such as CD2Cl.. Whereas amorphous samples of 3.5 and 3.9 are
soluble in CD2Cl2, prolonged storage of concentrated solutions causes the free
receptors to crystallise which are then completely insoluble in CD2Cl.. However,
addition of stoichiometric TBACI causes crystalline samples of 3.5 and 3.9 to dissolve.
The solid-state structure of 3.9 obtained from CD2Cl2 helps explain this phenomenon
(Figure 54). It reveals that 3.9 crystallises as a H-bonded network in which the NH
hydrogens bind to a chloride ligand of a neighbouring rhodium complex. This
behaviour is reminiscent of the self-association observed in ureas.['%3 This network is
reinforced by short intermolecular axial CI-Rh contacts. We assume that addition of
anions such as chloride breaks this network apart into discrete host-guest complexes
which are then soluble in CD2Cl2. This network formation within the crystal lattice may
also be responsible for the general insolubility of metal halide complexes of
diaminophosphazanes [RNHP(u-N'Bu)]2 often encountered during the work in this

thesis.
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Figure 54: Solid-state structure of 3.9. Ellipsoids shown at 40% probability; non-NH
hydrogen atoms omitted for clarity. Selected bond length [A] and angles [°]: Nexo-P av.
1.68, Nexo-P-Nendo 106.9, Cl-Nexo 3.32, P-Rh av. 2.15, Npyriayi-Rh av. 2.11. Colour code:
orange = P, dark green =Rh, green = CI, yellow = S blue = N, white = H, grey = C, red
= O, bright green = F.

Since we showed in the previous chapter that phosphazanes of the type [RNH(E)P(u-
N'Bu)]2 (E = S, Se) can transport anions across a lipid bilayer, we tested our new
bimetallic phosphazanes for activity. These experiments were carried out in
collaboration with Jinbo Zhu and Ulrich Keyser (Cambridge). lon transport was
assessed using lucigenin (LU, chloride-sensitive fluorescent dye) or 8-hydroxypyrene-
1,3,6-trisulfonic acid (HPTS, pH sensitive fluorescent dye) encapsulated large
unilamellar vesicles (LUVs) composed by 2-oleoyl-1-palmitoyl-sn-glycero-3-
phosphocholine (POPC). The lucigenin assay (POPC-LUV>LU) was used to assess
CI transport (Figure 40a) and CI/X" exchange (Figure 40) into and out of the LUVSs,
mediated by the phosphazane anion carriers.[®.921 While the HPTS assay (POPC-
LUVOHPTS) was used to assess the ion transport activity and selectivity of cation and
anion transport through the membrane.[?394 All of the experiments were performed in
aqueous media. Figure 55 shows that the order of transport activity of the
phosphazanes discussed in this chapter is 3.7<3.2<34<3.8<35<33<3.9
(Figure 55). This order does not follow the measured binding constants of the
receptors involved but is complicated by a number of other potential factors such as
poor inclusion into the bilayers (depending on solubility factors) and the possibility of
the metal centres being involved in anion transport. Given that 3.7 shows no significant

anion binding in solution it is unsurprising that no transport is observed. 3.2, however,
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transports chloride weakly. The large chloride concentration gradient probably drives
reconstitution into the endo-exo conformation to bind chloride although this is not
observed in solution. We infer that this does not occur for 3.7 because of the stronger
intramolecular H-bond (due to the increased NH acidity caused by the electron

withdrawing CFs group), hence anion transport is hindered on kinetic grounds.
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Figure 55: Chloride influx into POPC-SUVsolucigenin mediated by different carrier
molecules at the concentration of 2 uM as monitored by lucigenin assay.10 pL of
acetonitrile was added as the blank control. 2 mM lucigenin was encapsulated in the
SUVs and 20 mM NaCl was added at 0.5 min.

The next best transporter 3.4 probably shows comparatively small transport activity
although being a relatively good receptor because of poor integration into the bilayer.
Although hydrophobicity is favorable for integration into the bilayer transporter
molecules must have some remaining solubility in the employed buffer solution in
order to diffuse to the vesicles before precipitation. The two hydrophobic Mo(CO)4
fragments in 3.4 probably prevent this. In comparison, the better receptor 3.5 which
also features more polar RhCI(CO) complex fragments shows good transport activity
which is further improved by fluorination going to 3.9, probably as a consequence of
improved chloride affinity and integration into the bilayer. The two remaining AuCl

complexes 3.3 and 3.8 behave rather unexpectedly. Like 3.2 and 3.7, fluorination
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results in a decrease of transport activity which again could be a kinetic effect caused
by the stronger intramolecular H-bond. However, the fact that 3.3 is the second best
transporter in the investigated series is not easily explained given that it only showed
weak chloride binding in CDCIs (a non-competitive solvent which should lead to
stronger anion binding). However, Tecilla et al. reported that the simple palladium(ll)
complexes [Ph2P(CH2)sPPh2]PdCl2 and [Ph2P(CHz2)sPPh2]Pd(OTf)2 transport anion
via metal-ligand exchange.'%4 This report and a report by Mao et al. on H-bonding
iridium(lll) complexes are, to the best of our knowledge, the only reports on lipid bilayer
anion transport mediated by metal complexes.[1%I This could mean that the complexes
containing metal-bonded chloride ligands could transport chloride via metal-ligand
exchange, in addition to transport via H-bonding. This could explain the surprising
activity of 3.3. We were able to demonstrate anion-exchange taking place at the
rhodium centre of 3.5 by 3!P NMR spectroscopy. Addition of approximately 5
equivalents TBABr in de-DMSO results in significant broadening and shifting of the
phosphine resonance (Ad = ca. 3 ppm) which provides evidence for dynamic anion
exchange on the NMR timescale (in contrast TBACI addition in de-DMSO leaves the
31P NMR spectrum unchanged).

In order to accurately determine the activity of the best new transporters we
determined their EC50 values using a HPTS assay revealing good to excellent
activities (3.5 EC50 = 26.2 nm, 3.3 = 2.97 nm, 3.9 = 0.35 nM; for comparison: 2.4
EC50 = 8.56 nm, 2.16 = 8.02 nm, 2.17 = 0.35 nm, see previous chapter). It is worth
noting that 3.9 reaches the same activity as the best squaramide 2.17 even though it
has only two rather than four CFs groups. Gale et al. reported the corresponding para-
CF3 substituted squareamide [(4-CF3-CsHaNH)C20]2 to be four times less active than
2.17 which means that 3.9 is four times more active than the squareamide
[(4-CF3-CeHaNH)C20]2 for which comparison is more appropriate.
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Figure 56: Chloride influx into POPC-SUVsolucigenin via premixing method. The
same amount of anion carriers were mixed with POPC before the formation of SUVs.
20 mM NaCl was added at 0.5 min and Triton X-100 was added at 6 min.

We conducted a series of control experiments in which the transporter molecules were
preintegrated into the lipid before vesicle formation, in order to study how the nature
of the phosphazanes influences its delivery properties to the bilayer (Figure 56).
Interestingly using this method shows that 3.4 is a better transporter than 3.5 and
shows similar activity to 3.3. This confirms our earlier suggestion that the apolar
Mo(CO)4 fragments hamper integration into the bilayer. Importantly, this shows that
the coordinated metal has a big influence on the functional behaviour of our
transporters. Next, we compared 3.3 and 3.8 when preintegated into the bilayer and
found that as before 3.3 exceeds the activity of 3.8, showing that the decrease in
transport activity upon fluorination does not stem from the transporters’ ability to
integrate into the bilayer. Notably, this contradicts the common observation that

fluorination results in an increase in transport activity.®®!
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Figure 57: lon transport activity of 3.9 (0.1 uM) across NaCl contained POPC-
LUVsolucigenin compared in different extravesicular solution conditions. Inside:
100 mM NacCl, 1 mM lucigenin, PB buffer; outside: 100 mM NaX (X=NOs, HCO3, SOa),
PB buffer. The NaCl contained POPC-LUVs>lucigenin was diluted by NaxX-PB buffer
before measurement and 3.9 was added at 1 min lon transport activity of 3.9 (0.1 uM)
across POPC-LUVsOHPTS compared in different intravesicular and extravesicular
solution conditions. Left: Anion investigation. Inside: 100 mM NaX (X = Cl, NOs, SOa),
pH 6.7, HEPES buffer; outside: 100 mM NaX, pH 7.5, HEPES buffer. Right: Cation
investigation. Inside: 100 mM NacCl, pH 6.7, HEPES buffer; outside: 100 mM MCI (M
= Li, Na, K, Rb, Cs), pH 7.5, HEPES buffer.

We employed an HPTS assay to investigate cation dependency of the best transporter
3.9. The POPC-LUVsoHPTS assay shows that changing the cation from Li* to Cs*
has little effect on transport of H* or OH" through the membrane (Figure 57), so that a
symport mechanism is therefore unlikely. By following the fluorescence intensity of
vesicles containing Cl- upon addition of different anions outside the vesicle (Figure 57),
transport of Cl- anions outside the vesicle can clearly be observed upon NO3™ addition.
However, addition of SO4? resulted in no fluorescence change and addition of HCO3
in only a minor change. The selectivity for nitrate and chloride over sulphate was
confirmed in a separate HPTS assay. Such clear anion dependence is a strong
indication of an anion-anion antiport mechanism and is similar to the transport
mechanism observed in the previous chapter. Nitrate binding to 3.9 was confirmed
qualitatively in ds-DMSO solution by *H NMR studies. Addition of excess TBANQO3 to
3.9 results in shifting of the NH resonance by Ad = 0.25 ppm in de-DMSO (or Ad =
2.0 ppm in CD3CN). Notably, nitrate addition in de-DMSO leaves the 3P NMR
spectrum of 3.9 unchanged. This indicates that the active mode of anion antiport is H-
bonding as opposed to metal-ligand exchange.
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Further Exploration of the Coordination Chemistry

We continued to investigate the general coordination chemistry of [PyNHP(u-N'Bu)]2
3.1. Given that the structure of 3.9 revealed that both cation and anion coordination
can occur for 3.1, we initially focused on coordination studies with [(Cymene)RuCl2]2
anticipating that the presence of chloride ligands might result in inter- and
intramolecular H-bonding. Reaction of 3.1 with 0.5 eq of [(Cymene)RuClz]2 gives rise
to a 1:1 desymmetrised product as shown in the in situ 3P NMR spectrum. Layering
of the reaction mixture with pentane vyields the product [(2-py)NHP(p-
'NBu)]2[RuCl2(Cymene)] 3.10 as red crystals suitable for X-ray diffraction. The solid-
state structure of 3.10 reveals coordination of 3.1 to one RuClz(Cymene) complex
fragment (Figure 58). Surprisingly, this occurs only via one phosphine-ruthenium
interaction, without any pyridyl coordination, with the endo-NH proton H-bonding to
one of the Ru-bonded Cl atoms. This is probably due to the intrinsic preference of 3.1
for the endo-exo conformation as outlined above. The 'H NMR spectrum of 3.10 in
CD2Cl2 indicates the solid-state structure is retained in solution. Upon ruthenium
coordination the NH resonances of 3.1 at 6.15 ppm (in CDCIs) split into two
significantly more deshielded NH resonances at 10.88 and 7.10 ppm which shows that

both intramolecular H-bonds in the solid-state structure are also present in solution.
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Figure 58: Top: Synthesis of 3.10 and 3.11. Bottom: Solid state structures of 3.10 and
3.11. Ellipsoids shown at 40% probability; non-NH hydrogen and lattice bound solvent
molecules omitted for clarity. Selected bond length [A] and angles []: 3.10: Nexo-P av.
1.64, Nexo-P-Nendo 108.5, Pmono-Ru 2.334(5); 3.11: Nexo-P av. 1.67, Nexo-P-Nendo 108.7,
Nexo-Npyridyl 2.947(7), Pmono-RU 2.353(8), Pchelate-RU 2.176(5), Npyriay-Ru 2.057(1).
Colour code: orange = P, dark green = Ru, green = ClI, blue = N, white = H, grey = C.

Since one phosphine centre remains uncoordinated in 3.10, we investigated the 1:1
reaction between 3.1 and [(Cymene)RuClz]. targeting coordination of both phosphine
centres of 3.1. Interestingly the *H NMR spectrum in CD2Cl> shows four resonances
corresponding to two products one of which can be identified as 3.10 on the basis of
the 3!P NMR shifts. Prolonged storage of a CD2Cl2 solution yielded a few single
crystals of the second product which were suitable for single crystal X-ray diffraction.
The solid-state structure shows a trinuclear ruthenium complex [RuzCls(Cymene)][(2-
py)NHP(u-'NBu)J2[RuCl2(Cymene)] 3.11 in which the vacant P,N binding pocket of
3.10 coordinates a Ru2ClsCymene fragment (Figure 58). Again, we observe two
intramolecular H-bonds (between the N and NH proton of the pyridyl groups and

between the exo-NH and the metal-bonded CI atoms). The formation of 3.10 and 3.11
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highlight that the potential of 3.1 to undergo H-bonding dictates its coordination
chemistry.

Spurred by the selective coordination found in 3.10 we investigated methylation of 3.1
to block one phosphine coordination site and potentially achieve direct coordination of
the chelate P,N position to the metal atom. Gratifyingly the previously published
procedure for the methylation of [‘BuNHP(u-N'Bu)l2 also achieves selective
monomethylation of 3.1.88 Reaction of 3.1 with excess methyliodide in refluxing
hexane for 16 h results in the formation of a colourless precipitate. The 3P NMR
spectrum shows two indicative resonances, one in the phosphazane P(lll) region at
97.1 ppm and one in the phosphazane P(V) region at 32.2 ppm, suggesting
guaternisation of one phosphine centre of 3.1. Single crystals suitable for X-ray
diffraction could be grown from layer diffusion of a DCM solution of the product with
pentane. The solid-state structure indeed confirms monomethylation of 3.1 yielding
[(2-py)NHP(u-'NBu)2P(Me)NH(2-py)]l 3.12) (Figure 59).
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Figure 59: Left: Synthesis of 3.12. Right: Solid state structures of 3.12. Ellipsoids
shown at 40% probability; non-NH and PMe hydrogen omitted for clarity. Selected
bond length [A] and angles [°]: Nexo-P(Me)-Nendo av. 108.5, Nexo-P(Me)-Nendo av. 102.0,
Nexo-P(Me) 1.628(3), Nexo-P(I11) 1.663(5), Nendo-Npyridyl 2 Nexo-l 3.943, C-I 3.880. Colour
code: orange = P, purple = I, blue = N, white = H, grey = C.

Interestingly, the iodide counteranion is coordinated side-on via H-bonding to one NH
and potentially the methylphosphonium hydrogen atoms. In order to clarify whether
the P-Me* protons participate in H-bonding to the iodide ion, we added excess
tetrabutylammoniumiodide to a solution of 3.12 which results in a downfield shift of the
NH and P-Me resonances to a greater extent than for the other protons. This behaviour
is consistent with fast-exchange binding of iodide side-on in 3.12 in solution using the
NH and P-Me* protons. With the methylated ligand 3.12 in hand we attempted
coordination with a variety of transition metal complex precursors. Although metal

coordination was achieved, most attempts resulted in inseparable mixtures or partial
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decomposition as monitored via in situ 3*P NMR spectroscopy. However reaction with
[Mo(Piperidine)2(CO)4] resulted in quantitative coordination (Figure 60). The in situ 3P
NMR spectrum shows a large downfield shift of the phosphorus(lll) resonance from
97.1 ppm in 3.12 to 133.1 ppm in the reaction product. Layer diffusion of the reaction
mixture with pentane yielded yellow crystals of [(2-py)NHP(u-‘NBu)2P(Me)N(2-
py)]2[Mo(CO)4] 3.13 suitable for X-ray diffraction. The solid-state structure confirms
chelate coordination of the Mo(CO)s fragment by the P,N pocket of the ligand.
However, reaction with [Mo(Piperidine)2(CO)4] also resulted in deprotonation of the
P(Me)-NH(2-py) group by the basic piperidine released in the reaction, yielding a
P(Me)=N(2-py) group. This is apparent from the shortening of the P-N(exo) distance
from 1.628(3) Ain 3.12 to 1.565(2) A in 3.13. In fact, closer inspection of the in situ *H
NMR spectrum of the reaction mixture in CDCls shows the formation of piperidine-

hydrochloride.
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Figure 60: Top: Synthesis of 3.13 and 3.14. Bottom: Solid state structures of 3.14.
Ellipsoids shown at 40% probability; non-NH hydrogens omitted for clarity. Selected
bond length [A] and angles [°]: 3.13: Nexo-P(Me) 1.565(2), Nexo-P(l1l) 1.680(6), Npyricyi-
Nexo 3.024(4), P-Mo 2.461(2), N-Mo 2.299(5), N-Mo-P 75.94(8), N-P(lll)-N av. 104.5,
N-P(V)-N av. 121.9. Low quality of the data set precludes detailed structural discussion
of 3.14. Colour code: orange = P, turquoise = Mo, blue = N, white = H, grey = C, red
= 0.
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Deprotonation can also be performed without simultaneous metal coordination.
Reaction of 3.12 with excess NEts in DCM results in deprotonation of the exo-NH
proton within 5 minutes (Figure 60, top). The in situ 3P NMR spectrum shows a subtle
shift of the phosphorus(V) resonance from 32.3 ppm in 3.12 to 24.6 ppm in [(2-
py)NHP(u-‘NBu)2P(Me)=N(2-py)]2 3.14. Removal of the solvents and extraction with
hexane to remove the ammoniumiodide byproduct followed by crystallisation from
hexane yields analytically pure 3.14 in 75% vyield. The deprotonated ligand 3.14 can
also be reacted with [Mo(Piperidine)2(CO)4] to yield 3.13 nearly quantitative (96%
isolated yield).

In a further example, reaction of 3.14 with [RhCOCI2]2 occurs instantaneously (with
CO evolution) in CDCls. The 3P NMR confirms quantitative rhodium coordination.
Notably, coordination of the phosphonium salt 3.12 with [RhCI(CO)z2]2 was not
successful, with no CO evolution being observed. While the phosphorus(V) resonance
remains in a similar position to that in 3.14, we observe a large shift in the
phosphorus(lll) resonance from 89.3 ppm to 104.4 ppm. Layer diffusion of the
concentrated reaction mixture with pentane yields yellow crystals of [(3.14)RhCOCI]
3.15 suitable for X-ray diffraction. The solid-state structure confirms coordination of
the RhCOCI complex fragment.
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3.14 € %o 3.1s »

Figure 61. Left: Synthesis of 3.15. Right: Solid-state structures of 3.15. Ellipsoids
shown at 40% probability; non-NH hydrogens omitted for clarity. Selected bond length
[A] and angles [°]: Nexo-P(Me) 1.562(4), Nexo-P(Il) 1.679(2), Npyridy-Nexo 2.948(3), P-
Mo 2.153(5), N-Mo 2.118(4), N-Mo-P 82.68(2), N-P(ll)-N av. 107.0, N-P(V)-N av.
122.1. Colour code: orange = P, green = Cl, dark green = Rh, blue = N, white = H,
grey = C, red = O.

3.1 itself which we previously used in chloride binding and transport studies, can be
deprotonated readily with strong organometallic bases (cf. deprotonation of 3.12 with
much less basic NEts). Reaction of 3.1 with 2 equivalents of "BuLi in THF at room

temperature occurs cleanly within 30 min. The in situ 3P NMR spectrum shows a
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singlet resonance at 120.5 ppm which is indicative of lithiation of diamino substituted
cyclodiphosphazanes.l'®! Storage of the concentrated reaction mixture at -14 °C for
48 h yielded crystals of the dilithiate 3.16 suitable for X-ray diffraction. In the solid-
state structure, two [{(2-py)NP(u-'NBu)}2Liz] units form a double heterocubane (Figure
62). In each of the P2NaLi2 units the lithium cations are coordinated by both exocyclic
and one endocylic nitrogen atom of the [{(2-py)NP(u-'NBu)}2]* dianions. The cubane
halves of the molecules are then bonded together by pyridyl-lithium interactions. This
structure although related to that of previously reported [{(‘BuN)P(u-N'Bu)}Liz]2 (the
lithiation product of ['BUNHP(u-N'Bu)]z in toluene),*”! is subtly different, in that the
presence of pyridyl donors result in a structure consisting of two separate cubane
units. In [{(*‘BuN)P(u-N'Bu)}Liz]2 the cubane units distort in order for two units to come
together which results in breaking of two Nexo-Li interactions. In addition, [{(‘BuN)P(u-
N'Bu)}Liz]z is obtained from lithiation and crystallisation in non-donor toluene, whereas
reaction and crystallisation in THF yields the heterocubane ['BuNP(u-N'Bu)Li(THF)]2

(which in the case of 3.16 yields the double cubane).
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Figure 62: Top: Synthesis of 3.16, 3.17 and 3.18. Bottom: Solid-state structures of
3.16, 3.17 and 3.18. 3.17: Nexo-P av. 1.71, N-Sb av. 2.10, Npyrigy-Sb av. 2.73, Nendo-
Sb av. 3.45. 3.18: Nexo-P av. 1.65, Nexo-Li av. 2.15, Npyridy-Mo0 av. 2.28, P-Mo av. 2.50,
Nexo-Li-Nexo 114.91(3), Npyridy-M0-P av. 73.5, Nexo-P-Nendo av. 105.3. Colour code:
orange = P, purple = Li, dark purple = Sb, green = ClI, blue = N, white = H, grey = C,
red = O.
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The [(2-py)NP(u-'NBu)]2®" dianion in 3.16 can be transferred intact to other metal
centres. Reaction with SbClz in THF quantitatively yields {[(2-py)NP(u-‘NBu)]2SbCI}
3.17 as seenin the in situ 3P NMR spectrum. Upon antimony coordination we observe
a subtle downfield shift by ca. 8 ppm for 3.17 compared to 3.16. The solid-state
structure reveals teracoordination of a SbCl fragment by the exocyclic amido and
pyridyl groups, giving a pseudo-octahedral Sb(lll) centre in which one coordination site
is occupied by a lone pair (Figure 62). This contrasts with the behaviour of the related
derivative {{[PhNP(u-'NBu)]2SbCl} synthesised by Stahl et al. in which a tridentate
Nexo,Nexo,Nendo COoOrdination mode is observed, resulting in a trigonal bipyramidal
geometry (with one position occupied by a metal lone pair).[2%6] However in 3.17 both
Nendo-Sb distances (i.e, to the P2Nz2 ring nitrogens) lie outside the sum of the vdW radii,
precluding such an interaction. This result shows that the [(2-py)NP(u-'NBu)]2?" dianion
can in fact act as a 8-electron donor in metal coordination.

The double cubane 3.16 can also be reacted with (Piperidine)2Mo(CO)4 achieving P,N-
coordination to the [(2-py)NP(u-'NBu)]2?- dianion which results in separation of the two
heterocubanes in 3.16. The in situ 3P NMR spectrum shows a singlet at 158.8 ppm
indicating quantitative molybdenum coordination. Interestingly, the solid-state
structure of Li(THF)4{[(Mo(CO)4(2-py)NP(u-'NBu)]2Li(THF)2} 3.18 reveals formation of
a {[(Mo(CO)a(2-py)NP(u-‘NBu)]2Li(THF)2}* anion, which is charge balanced by a
Li(THF)4* cation (Figure 62). Hence, molybdenum coordination causes decoordination
of one lithium cation per heterocubane. The Li NMR spectrum is consistent with this.
Whereas 3.16 shows one resonance at 3.05 ppm in ds-THF, the 7Li NMR of 3.18
consists of two broad singlets at -1.35 and -2.65 ppm. We suggest that molybdenum
coordination increases donation of the N(endo) lone pairs into the P-N(exo) o*-orbitals,
which causes decoordination of the Li* cations from the endocyclic nitrogens.
Additionally, this result demonstrates that [(2-py)NP(u-!NBu)]2?" can serve as a Janus-
head type ligand system for simultaneous coordination of a hard metal centre via the
Nexo amide donors and two soft metal centres via the P,N chelate pockets.
Unfortunately, attempted metathesis of 3.18 with SbCls or reaction of 3.17 with
(Piperidine)2Mo(CO)a results in decomposition as monitored by in situ 3P NMR.

Coordinating groups other than the pyridyl group can also be installed on the P2N2
backbone via amine condensation with [CIP(u-N'Bu)]2 2.1. Reaction of 2.1 with 8-

aminoquinoline yields the quinolyl functionalised phosphazane [(8-Quinolin)NHP(u-
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N‘Bu)J2 3.19 in 35% yield after crystallisation from toluene (Figure 63, top). The 3'P
NMR spectrum of 3.19 in CDCIs shows a particularly broad singlet at 102.2 ppm which
similarly to 3.1 results from rapid interconversion of the endo-exo and exo-exo
conformers in solution. Cooling to 0 °C results in the appearance of a second broad
resonance, which sharpens at -30 °C into two resonances as expected for the endo-
exo conformer. Subsequent reaction of 3.19 with [RhCI(CO)z]2 in DCM results in near
quantitative precipitation of [RhCICO(8-Quinolin)NHP(u-N'Bu)]2 3.20 (Figure 63, top).
Again, we observe an AAXX’ pattern with Jrnrn = 0 Hz at 95.5 ppm in the 3'P NMR
spectrum. However, in contrast to 3.5 or 3.9, 3.20 is only soluble in DMSO, which
makes it less attractive for potential applications. X-ray quality crystals of 3.20 could
be obtained from a saturated 1:1 DMSO:CH3CN mixture at 5 °C.Comparison of the
solid-state structure of 3.20 with 3.5 reveals that the NH--NH distance is shortened
significantly from 2.95 A in 3.5 t0 2.59 A in 3.20, as is the ortho-CH--CH distance from
6.74 A in 3.5 to 5.33 A in 3.20, which results in a net decrease of anion-binding site

volume.
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Figure 63: Top: Synthesis of 3.19 and 3.20. Bottom: Comparison of the solid-state
structures of 3.5 and 3.20. Ellipsoids shown at 40% probability; most hydrogens
omitted for clarity. Selected bond length [A] and angles [°] of 3.20: Nexo-P av. 1.66,
Nexo-P-Nendo av. 106.4, P-Rh av. 2.16, Nouinoy-Rh av. 2.12, Nouinoly-Rh-P av. 91.0.

The development of the NH resonance upon *H NMR titration of 3.20 with TBACI in
de-DMSO could be fitted to a 2:1 non-cooperative binding isotherm with
K=(329 +11) M1 (cf. 3.5 K = (1410 = 91) M1). We conclude that 3.20 is a worse
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chloride receptor than 3.5 due to the lower positive polarisation of the NH protons
which is apparent from the *H NMR spectra of both in de-DMSO (5(NH) = 9.35 ppm
for 3.5 versus 8(NH) = 8.46 ppm for 3.20). However, the *H NMR titration profile of
3.20 shows shifting (A® = 0.6 ppm) of the arylic resonance closest to the chloride
binding site (highlighted in bright blue in Figure 63) which is less significant in the H
NMR titration profile of 3.5 (Ad = 0.06 ppm). This means that aryl CH---Cl- interactions
probably contribute more to the overall binding interaction in 3.20 than in 3.5. Hence,
moving to different coordination motives directly influences the binding properties of

our bimetallic phosphazane anion receptors.

Figure 64. Solid-state structure of (a) 3.21, (b) 3.22, (c) 3.23 and (d) 3.24. Thermal
ellipsoids shown at 40% probability; non-NH hydrogens and lattice bound solvent
molecules omitted for clarity. Selected bond length [A] and angles [°]: (a) 3.21: P-Se
av. 2.08, P-Nexo av. 1.65, CQuinonI-N-P av. 131.3, Nexo-P-Se av. 111.2. (b) 3.22: P-Au
av. 2.21, P-Nexo av. 1.64, Cquinoly-N-P av. 126.7, Nexo-P-Au av. 111.2. (c) 3.23: P-Ru
2.338(2), P-Nexo av. 1.67, Coauinoly-N-P av. 130.5, Nexo-P-Ru 107.03(3). (d) 3.24:
NQuinonI-Li av. 2.28, Nexo-Lipenta av. 2.18, Nexo-Litetra av. 2.08, P-Nexo 1.68, Nendo-Li av.
94.29(4), NQuinon-Li-NQuinonI 97.55(2), NQuinon-Li-Nexo av. 74.0, Nexo-Lipenta-Nexo 88.95(3),
Nexo-Litetra-Nexo 94.29(4), P-Nendo-Litetra av. 91.9.
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The general coordination chemistry of 3.19 also differs significantly from its pyridyl
analogue 3.1. Oxidation of 3.19 with elemental Selenium quantitatively yields [(8-
Quinolin)NH(Se=)P(u-N'Bu)]2 3.21. Although the solid-state structure (Figure 64)
shows that 3.21 adopts an endo-exo conformation, the 'H and 3P NMR spectrum
show a single environment which split into two environments upon cooling to -30°C.
In contrast, the 3P NMR spectrum of the AuCl complex [(8-Quinolin)NH(CIAu)P(u-
N'Bu)]2 3.22 (obtained from the reaction of 3.19 and 2eq (Me2S)AuCI) consists of two
broad singlet resonances at room temperature, which sharpen into a singlet and a
doublet resonance upon cooling to -20 °C or merge into a singlet upon heating to 50 °C.
Given that the solid-state structure of 3.21 and 3.22 (Figure 64) show no intramolecular
H-bond between the exocyclic NH proton and the opposite quinolyl group, our results
show that acidification of the NH protons by AuCl protons also shifts the conformer
equilibrium in absence of a stabilising H-bond. This is probably due to increased
repulsion of the NH dipoles upon AuCl coordination. Importantly these results confirm
that AuCl coordination acidifies the NH protons to a greater extent than Se oxidation.

Reaction of 3.19 with 0.5 eq [(Cymene)RuClz]z results in single coordination of one
phosphine centre of 3.19. The solid-state structure of [(8-Quinolyl)NHP(u-
'NBu)J2[RuCl2(Cymene)] 3.23 (Figure 64) shows the presence of an intramolecular H-
bond between one NH proton and the chloride ligand of the (Cymene)RuClz fragment
similar to 3.10, which is in line with the observed NH shifts in the *H NMR specrum of
3.23. However, in contrast to 3.10, the remaining P,N chelate pocket of 3.23 is not
accessible for another ruthenium complex fragment as in the case of 3.11. We don’t
observe any reaction between 3.23 and 0.5 eq [(Cymene)RuCl2]2 which is probably an
effect of the altered geometry of 3.19 compared to 3.1.

Finally, we subjected 3.19 to lithiation with 2 eq "BuLi in THF. Addition of "BuLi to 3.19
results in an immediate colour change of the yellow solution of 3.19 to deep red (in
comparison the lithiate 3.16 is colourless). The in situ 3P NMR indicates clean
lithiation after 5 min at room temperature. In contrast to the lithiate 3.16, [(8-
Quinolin)NP(u-N'Bu)Li(THF)]2 3.24 does not dimerise in the solid-state (Figure 64) but
forms a monomeric structure related to the heterocubane ['BUNP(u-N'Bu)Li(THF)]2.
Whereas one Li* cation is tetracoordinated by both exocyclic amide nitrogens, one
endocyclic P2N2 nitrogen and a THF solvent molecule, the other Li* cation is
pentacoordinated by both exocyclic amide nitrogens, both quinolyl nitrogens and a
THF solvent molecule.
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Chapter Conclusion

In conclusion we have shown that integration of a N-donor in pyridyl functionalised
phophazanes provides a means of controling the conformation of
diaminophosphazanes, via metal coordination to the P-atoms. This conformational
control was first indicated by Se oxidation or AuCl coordination, which shifts the
observed conformation away from the exo-exo towards the endo-exo conformation.
Choosing the right metal fragment can fix the receptor in the exo-exo form, efficiently
polarising the NH H-bond donor atoms and stabilising the P2N2 backbone for
applications under ambient and biologically relevant conditions. We also find that
anion coordination affects the donor properties and solubility of the phosphazane
receptors. Our new strategy results in halide affinity constants approximately one order
of magnitude higher than the previously best phosphazane receptor. Lastly, our design
allowed us to apply phosphazane metal complexes in anion transport across a lipid
bilayer exceeding the transport activites of the corresponding thioureas,
selenophosphazanes and squareamides in the case of 3.9. Our study also revealed
that the integration of a metal complex into the bilayer heavily depends on the
coordinated complex fragment. Furthermore, we showed that the potential of 3.1 to
undergo H-bonding dictates its coordination chemistry. Methylation allows selective
chelate coordination to one P,N binding pocket, whereas the presence of exocyclic
pyridyl donors leads to the formation of an unprecedented double cubane structure
upon lithiation, tetradentate Sb and Janus-head type Li,Mo,Mo coordination.
Installation of quinolyl donors subtly modulates the chloride binding pocket which
results in greater participation of the arylic protons in anion binding and significantly

different coordination chemistry.
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Experimental Details

General experimental details involving techniques, instruments and materials

employed are provided in the appendix at the end of this thesis

Synthesis of 3.1: Inside a N2 filled glovebox a Schlenk
tube was charged with 2.1 (2.75g, 10 mmol) and
transferred to a Schlenk line. 20 ml of THF and 2-
Aminopyridine (1.88 g, 20 mmol, 2 equivalents) in
20 ml THF and 20 ml EtsN were added subsequently

at room temperature. The resulting mixture was then
stirred overnight at 40 °C. Afterwards the solvent was removed in vacuo and the
resulting solid mixture was extracted with 80 ml of hexane. The solvent was removed
in vacuo until the precipitation of a white solid was observed which was gently heated
back into solution. Storage of the solution at -20 °C led to the formation of colourless
crystal suitable for X-ray diffraction which were isolated by filtration and dried in vacuo
to yield 3.1 as a colourless crystalline powder (1.25 g, 3.23 mmol, 32%); *H NMR
(25 °C, CDsCl, 500 MHz): & [ppm] = 8.18 (d, 2H, 3Jnn = 5.1 Hz, H1), 7.51 — 7.43 (m,
2H, H3), 6.94 (d, 2H, 3JuH = 8.5 Hz, H4), 6.72 (dd, 2H, 3JuH = 7.1 Hz,3JnH = 5.0 Hz,H2),
6.15 (bs, 2H, NH), 1.25 (s, 18H, 'Bu); 3P NMR (25 °C, CDsCl, 202 MHz): & [ppm] =
106.38 (s); Elemental analysis (%): calcd. for 3.1: C 55.4, H 7.2, N 21.5; found: C
55.7,H7.4,N21.3

Synthesis of 3.2: Inside a N2 filled glovebox a Schlenk
tube was charged with 3.1 (200 mg, 0.52 mmol) and
Selenium (156 mg, 2 mmol) and transferred to a
Schlenk line. 20 ml of THF were added and the mixture

e P/N\ / was stirred at room temperature. The progress of the
HY 7 INTN\ _— . R,

Sé tBu Se oxidation was monitored via in situ P NMR
spectroscopy. After completion excess Selenium was removed via filtration and the
solvent was removed in vacuo yielding 3.2 as an air stable white solid (275 mg, 98%).
H NMR (25 °C, de-DMSO, 500 MHz): & [ppm] = 10.68 (d, *Jnn = 7.0 Hz, 1H, NH), 9.46
(d, 3JnH = 18 Hz, 1H, H1), 8.72 (d, JuH= 3.9 Hz, 1H, H7), 8.32 (d, Jur= 3.9 Hz, 1H, H4),

8.14 (d, Juw= 8.5 Hz, 1H, H8), 7.85 — 7.69 (m, 2H, NH, H5), 7.21 -7.00 (m, 3H,
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remaining), 1.41 (s, 18H, 'Bu); 3!P NMR (25 °C, de-DMSO, 202 MHz): & [ppm] = 27.8
(d accompanied by 7’Se satellites, 'Jpse = 434.5 Hz,2Jpp = 18.7 Hz), 21.5 (d
accompanied by 7’Se satellites, 1Jpse = 437.1 Hz,?Jpp = 18.7 Hz); Elemental analysis
(%): calcd. for 3.1: C 39.4, H5.1, N 15.3; found: C 39.4, H5.2, N 14.7

HE , Synthesis of 3.3: Inside a N2 filled glovebox a Schlenk
H

i W~ tube was charged with 3.1 (50 mg, 0.13 mmol) and

=N ,\\, / "H® (Me2S)AuCl2 (76 mg, 0.26 mmol) and transferred to a
HY

H2
\ Vi N\ By /N—H1° Schlenk line. 3 ml of THF were added and the mixture

HY e PSR was stirred at room temperature for 10 min. Afterwards
Au Bu Au
o cl

the reaction mixture was concentrated to approximately
1 ml and layered with 10 ml of Pentane. Storage of this
mixture at room temperature for 72h in the dark yields colourless crystals suitable for
X-ray diffraction which where isolated by filtration and dried in vacuo to yield 3.3 as a
white crystalline solid (94 mg, 0.11 mmol, 84%). *H NMR (25 °C, ds-THF, 400 MHz):
8 [ppm] = 10.14 (d, 4Jnn = 7.0 Hz, 1H, H9), 9.01 (d, 3Jnn = 18 Hz, 1H, H5), 8.60 (d,
Jun= 3.9 Hz, 1H, H2), 8.30 (bs, 1H, H10), 7.80 — 7.62 (m, 3H, H4, H2, H6), 7.17 — 7.94
(m, 3H, remaining), 1.54 (s, 18H, 'Bu); 3P NMR (25 °C, ds-THF, 202 MHz): & [ppm] =
80.7 (bs), 69.1 (bs); No suitable elemental analysis could be obtained.

Synthesis of 3.4: Inside a N2 filled glovebox

3 H4
H /H H\ a Schlenk tube was charged with 3.1
~ NN ~\ (200 m 0.52 mmol) and
BU ( g’

N N/ 23 (CO)Mo(Piperidine). (412 mg, 1.10 mmol)

f ///’—l \\\\\\P‘N' /////, |\\\\\ 4 p 2 g’ .
HOC'NiO‘CO tBuOC'NiO‘CO and transferred to a Schlenk line. 50 ml of
CO CcO DCM were added and the mixture was stirred

at 40 °C for 2h . Afterwards all solvent was removed in vacuo and the resulting yellow
residue was dissolved in 40 ml of warm CHsCN. The solvent was removed in vacuo
until the precipitation of a yellow solid was observed which was gently heated back
into solution. Storage of the solution at -20 °C led to the formation of yellow crystals
suitable for X-ray diffraction which were isolated by filtration and dried in vacuo to yield
3.4-CH3CN as a yellow crystalline powder (152 mg, 0.19 mmol, 36.3%). 'H NMR
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(25 °C, de-DMSO, 500 MHz): & [ppm] = 9.10 (bs, 2H, NH), 8.41 (d, 2H, 3Jun= 5.5 Hz,
H1), 7.79 (t, 2H, 3Jun = 7.3 Hz, H3), 6.95 (d, 2H, 3Jun= 5.5 Hz, H4), 6.88 (t, 2H, 3JnH =
6.8 Hz, H2), 1.48 (s, 18H, 'Bu); 3P NMR (25 °C, de-DMSO, 202 MHz): & [ppm] = 137.9
(s); Elemental analysis (%) calcd. for 3.4-CHsCN: C 39.7, H 3.7, N 11.5; found C
41.0,H4.5,N 10.9

he H Synthesis of 3.5: Inside a N2 filled glovebox a
— Schlenk tube was charged with 3.1 (100 mg,
HZ2\ ,\{ tB“ / \O 0.26 mmol) and Rh2(C0O)4Cl2 (101 mg, 0.26 mmol)
Hh \Rh P‘t'\é: and transferred to a Schlenk line. 20 ml of DCM
c” \Co OC/ \C| were added and the mixture was stirred at room

temperature for 30 min. All volatiles were removed in vacuo yielding 3.5 as a yellow
powder which was recrystallised from CH3CN/DMSO solution yielding 3.5-DMSO as
yellow crystals suitable for X-ray diffraction (110 mg, 0.15 mmol, 59%). *H NMR (25 °C,
CD2Cl2, 500 MHz): & [ppm] = 8.96 (bs, 2H, H1), 8.86 (bs, 2H, NH), 7.69 (pt, 2H, 3JnH=
7.7 Hz, H3), 7.25 (d, 2H, 3Jun= 7.7 Hz, H4), 7.69 (pt, 2H, 3Juu= 7.7 Hz, H2), 1.65 (s,
18H, 'Bu);3'P NMR (25 °C, CD2Cl2, 202 MHz): & [ppm] = 106.0-108.0 (m); Elemental
analysis (%) calcd. for 3.5-DMSO: C 33.0, H 4.3, N 10.5; found: C 33.3, H4.3, N 10.7.

Synthesis of 3.6: Inside a N2 filled glovebox a
Schlenk tube was charged with 2.1 (2.75 g, 10 mmol)
and transferred to a Schlenk line. 20 ml of THF and
2-Amino-5-(trifluoromethyl)pyridine (3.24g, 20 mmol,
2 equivalents) in 20 ml THF and 20 ml EtsN were

added subsequently at room temperature. The
resulting mixture was then stirred overnight at 40 °C. Afterwards the solvent was
removed in vacuo and the resulting solid mixture was extracted with 80 ml of hexane.
The solvent was removed in vacuo until the precipitation of a white solid was observed
which was gently heated back into solution. Storage of the solution at -20 °C led to the
formation of colourless crystal suitable for X-ray diffraction which were isolated by
filtration and dried in vacuo to yield 3.6 as a colourless crystalline powder (1.81 g,
3.48 mmol, 35%). *H NMR (25 °C, CDzCl, 500 MHz): & [ppm] = 8.48 (s, 2H, H1), 7.70
(dd, 2H, 2JuH= 8.6 Hz, *JuH= 2.6 Hz H2), 7.02 (d, 2H, 3Jun = 8.6 Hz, H3), 6.62 (bs, 2H,
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NH), 1.26 (s, 18H, ‘Bu); 'P NMR (25 °C, CD3Cl, 202 MHz): § [ppm] = 109.79 (s);
Elemental analysis (%) calcd. for 3.6: C 45.6, H 5.0, N 15.9; found: C 45.6, H 5.1, N
15.8.

FsC HE Synthesis of 3.7: Inside a N: filled glovebox a

H3 HS. Schlenk tube was charged with 3.6 (100 mg,

EC —N /\N / H" 0.19 mmol) and selenium (150 mg, excess) and
3 4

\ Yy N\'H By /N—H8 transferred to a Schlenk line. 20 ml of THF were

H2 L //P<N> A added and the mixture was stirred at room

Se '‘Bu Se temperature. The progress of the oxidation was

monitored via in situ 3P NMR spectroscopy. After completion excess Selenium was

removed via filtration and the solvent was removed in vacuo yielding 3.6 as an air

stable white solid (130 mg, quantitative). 'H NMR (25 °C, CD3Cl, 400 MHz): § [ppm]

10.67 (d, 2JpH = 6.3 Hz, 1H, H4), 9.23 (s, 1Hm H7), 8.56 (s, 1H, H3), 8.50 (d, 3JnH

8.8 Hz, 1H, H2), 7.93 (d, 3Jnn = 8.5 Hz, 1H, H6), 7.83 (d, 3JuH = 8.8 Hz, 1H, H1), 7.83

(d, 3Jun = 8.5 Hz, 1H, H7), 6.56 (d, 2JpH = 15.5 Hz, 1H, H8) , 1.59 (s, 18H, Bu); 3P

NMR (25 °C, CDsCl, 202 MHz): & [ppm] = 26.3 (d accompanied by ’Se satellites, *Jpse

= 914.5Hz,2Jpp = 19.3 Hz), 21.9 (d accompanied by ’’/Se satellites, Jpse =

916.5 Hz,2Jep = 19.0 Hz); Elemental analysis (%) calcd. for 3.7: C 35.1, H 3.8, N
12.3; found: C 35.1, H 3.9, N 11.6.

Synthesis of 3.8: Inside a Nz filled glovebox a

6

. W~ H Schlenk tube was charged with 3.6 (100 mg,
H

N r\\l ) HT 0.19 mmol) and (THT)AuCI (121 mg, 0.38 mmol) and
FaC HY transferred to a Schlenk line. 5ml of DCM were

\ /N 'Bu N-H?
5 b N added and the mixture was stirred at room

H H1 \N'

By temperature for 10 minutes. Afterwards all volatiles
ClAu AuCl

were removed in vacuo and the product was washed with pentane yielding 3.8 as a
colourless solid (185 mg, 99%). 'H NMR (25 °C, CDCls, 400 MHz): & [ppm] = 10.12
(d, 2Jpn = 9.1 Hz, 1H, H4), 8.88 (s, 1H,H7), 8.64 (s, 1H, H3), 8.58 (d, 2JpH = 22.5 Hz,
1H, H8), 8.00 (d, 3JnH = 8.8 Hz, 1H, H2), 7.94 (d, 3Jun = 8.5 Hz, 1H, H6), 7.79 (d, 3JnH

= 8.8 Hz, 1H, H1), 7.24 (d, 33w+ = 8.5 Hz, 1H, H7), 1.56 (s, 18H, Bu); 3P NMR (25 °C,
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CDCls, 202 MHz): & [ppm] =80.5 (d, Jep= 14 Hz), 68.1 (d, Jrr= 14 Hz); Elemental
analysis (%) calcd. for 3.8: C 24.2, H 2.6, N 8.4; found: C 24.9,H 2.8, N 7.7.

Synthesis of 3.9: Inside a N2 filled glovebox
a Schlenk tube was charged with 3.6

e N/ By /O (100 mg, 0.18 mmol) and Rhz(CO)sClz

o \Rh ‘tN" \ / (70 mg, 018) and transferred to a Schlenk
B
¢ Neo uoc/ \C| line. 20 ml of DCM were added and the

mixture was stirred at room temperature for 30 min. All volatiles were removed in
vacuo yielding 3.9 as a yellow powder (141 mg, 0.16 mmol, 88%). 'H NMR (25 °C, ds-
DMSO, 500 MHz): & [ppm] = 9.94 (s, 2H, NH), 9.35 (s, 2H, H1), 8.29 (dd, 2H, 3Jun =
8.8 Hz, 4Jun = 1.9 Hz, H2), 7.27 (d, 2H, 3Jnn = 8.8 Hz, H3), 1.53 (s, 18H, 'Bu); 3P NMR
(25 °C, de-DMSO, 202 MHz): & [ppm] = 110.1-108.4 (m); Elemental analysis (%)
calcd. for 3.9: C 30.9, H 3.1, N 9.8; found C 30.8, H 3.1, N 9.2.

Synthesis of 3.10: Inside a N2 filled glovebox a Schlenk

Q tube was charged with 3.1 (20 mg, 0.05 mmol) and
QN 8y N-H Dichloro(cymene)ruthenium(ll)dimer (16 mg,
p‘N>p/\ o 0.025 mmol) and then transferred to a Schlenk line. 2 ml

Bu Ru of DCM were added and the resulting red solution was

stirred for 10 minutes at room temperature. All volatiles

were removed in vacuo yielding 3.10 as a red solid
(36 mg, quantitative). X-ray quality crystals were grown from layer diffusion of a
concentrated DCM solution with Hexane. *H NMR (25 °C, CD2Cl2, 400 MHz): & [ppm]
=10.88 (d,2JpH = 4.0 Hz, 1H, NH), 8.50 (dd, 3Jnx = 5.0 Hz, 4Jun = 1.7 Hz, py), 8.22 (dd,
3Jun = 5.0 Hz, 4JuH = 1.7 Hz, py), 7.58 — 7.49 (m, 2H, py), 7.11 — 6.95 (m, 2H, NH, py),
6.91 (ddd, 3JnH = 7.1 Hz, 3JuH = 5.0 Hz, “Jun = 1.0 Hz, py), 6.77 (ddd, 3Jun = 7.1 Hz,
3JhH = 5.0 Hz, *Jun = 1.0 Hz, py), 6.48 (d,?JpH = 6.5 Hz, 1H, py), 5.65 (d,?JpH = 6.0 Hz,
2H, ArH), 4.96 (d,?JrH = 6.0 Hz, 2H, ArH), 3.19 (dq, 3Jun = 7.0 Hz, 4Jnn = 1.5 Hz, 1H,
'PrCH), 2.30 (s, 3H, Me), 1.38 (d, 3Jun = 7.0 Hz, 6H, 'PrMe), 1.34 (s, 18H, 'Bu); 3P
NMR (25 °C, CD2Cl2 , 202 MHz): & [ppm] = 111.6 (d, 2Jrp = 23.1 Hz), 89.5 (d, 2Jrp =
23.1 Hz). Elemental analysis (%) calcd. for 3.10: C 48.2, H 6.0, N 12.0; found C
47.2,H 6.0, N 10.9.
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\ p, Synthesis of 3.11: Inside a N2 filled glovebox a Youngs
— ,N
H” tab NMR tube was charged with 3.1 (20 mg, 0.05 mmol)
\ /N 'Bu N-H
N P\E\P/\ and  dichloro(cymene)ruthenium(ll)dimer (32 mg,
—R —Cl
%I/K ‘Bu 3“\C| 0.05 mmol) and 0.7 ml CD2Cl> were added. The resulting
Cl Cl =
éﬁ/ \Q\V mixture was analysed by NMR showing two environments
/\/’\ in the 'H NMR (25 °C, CDCls, 400 MHz) and the 3!P NMR

(25 °C, CDCls, 202 MHz). After 24h at room temperature
dark red crystals of 3.11 suitable for X-ray diffraction formed at the bottom of the NMR
tube.

Synthesis of 3.12: Inside a N2 filled glovebox a Schlenk
. tube was charged with 3.1 (1.0 g, 2.56 mmol) and then
Q\N tBu N H transferred to a Schlenk line. 25 ml of hexane and 1 ml of
P\N,P\@) 1© iodomethane (excess) were added and the resulting
‘Bu Me solution was stirred for 16 hours at 60 °C during which a
colourless precipitate formed. The precipitate was isolated by filtration, washed with
50 ml pentane and dried in vacuo yielding 3.12 (1.0g, 1.92 mmol ,75%) as a
colourless solid. X-ray quality crystals were grown from layer diffusion of a
concentrated DCM solution with hexane. *H NMR (25 °C, CDCls, 400 MHz): & [ppm]
= 10.42 (s, 1H, NH), 9.45 (d, 2Jup = 3.6 Hz, 1H, NH), 8.48 (d, 3Jun = 4.5 Hz, 1H, py),
8.23 (d, 3Jun = 4.5 Hz, 1H, py), 7.91 (d, 3Jun = 8.2 Hz, 1H, py), 7.73 (t, 3Jun = 7.8 Hz,
1H, py), 7.57 (t, 3Jun = 7.8 Hz, 1H, py), 7.17 (t, 3Jun = 5.8 Hz, 1H, py), 6.92 (d, 3J1H =
7.9 Hz, 1H, py), 6.86 (t, 3Jun = 5.9 Hz, 1H, py), 2.62 (d, 2Jpn = 15.4 Hz, 3H, PMe), 1.32
(s, 18H, ‘Bu); 3P NMR (25 °C, CDCls , 202 MHz): & [ppm] = 97.1 (d, 2Jpp= 7.0 Hz,
P(Il)), 32.3 (d, 2Jre= 7.0 Hz, P(V)); Elemental analysis (%) calcd. for 3.12: C 42.8, H
5.8, N 15.7; found: C 41.4, H 5.8, N 14.9.

== Synthesis of 3.14: Inside a N2 filled glovebox a Schlenk tube was
= L / charged with 3.12 (532 mg, 1.00 mmol) and then transferred to a
Q\N : t'\tlau N Schlenk line. 25 ml of THF and 5 ml of NEts (excess) were added
P‘N>P\ and the resulting solution was stirred for 30 min at room
temperature during which a colourless precipitate formed. All

volatiles were removed in vacuo and the the mixture was extracted with 25 ml of
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toluene to remove the EtsNHI. The filtrate was collected and all volatiles were removed
in vacuo yielding 3.12 as a colourless solid (400 mg, 99%). 'H NMR (25 °C, CDCls,
400 MHz): & [ppm] = 9.92 (d, 2JpH = 2.5 Hz, 1H, NH), 8.29 (d, 3JxH = 5.0 Hz, 1H, py),
8.22 (d, 3JuH = 5.0 Hz, 1H, py), 7.47 (t, 33w = 7.5 Hz, 1H, py), 7.42 (t, 3Jnn = 7.5 Hz,
1H, py), 6.85 (d, 3Jun = 8.0 Hz, 1H, py), 6.75 — 6.64 (m, 3H, py), 1.89 (d, 2Jpn= 16.1 Hz,
3H, PMe), 1.27 (s, 18H, 'Bu); 3P NMR (25 °C, CDCls, 202 MHz): § [ppm] = 89.3 (s,
P(lll)), 24.6 (s, P(V)); Elemental analysis (%) calcd. for 3.14: C 56.4, H 7.5, N 20.7;
found: C 56.6, H 7.5, N 20.3.

S8 Synthesis of 3.13: Inside a N2 filled glovebox a Schlenk tube
\ y was charged with 3.14 (100 mg, 0.25mmol) and
] (Piperidine)2Mo(CO)4 (94 mg, 0.25 mmol, 1eq) and then
N ¢\ _N_/ transferred to a Schlenk line. 25 ml of DCM were added and
the resulting solution was stirred for 30 min at room

oc CO temperature. Afterwards all volatiles were removed in vacuo
and the resulting solid was washed with 25 ml of Pentane and dried in vacuo yielding
3.13 as a yellow solid (150 mg, 0.24 mmol, 96%). X-ray quality crystals were grown
from layer diffusion of a DCM solution with hexane. 'H NMR (25 °C, CDCls, 400 MHz):
8 [ppm] = 10.08 (s, 1H, NH), 8.46 (d, 3Ju+ = 5.0 Hz, 1H, py), 8.12 (d, 3JuH = 5.0 Hz, 1H,
py), 7.60 — 7.35 (m, 2H, py), 6.85 — 6.70 (m, 3H, py), 6.64 (t, 3Jun = 6.5 Hz, 1H, py),
2.05 (d, 2Jpn= 15.8 Hz, 3H, PMe), 1.42 (s, 18H, Bu); 3P NMR (25 °C, CDCls,
202 MHz): & [ppm] = 133.1 (d, 2Jep = 18 Hz, P(lll)), 22.2 (d, 2Jrp = 18 Hz, P(V)); no

suitable elemental analysis could be obtained.

=SS Synthesis of 3.15: Inside a N2 filled glovebox a Schlenk tube

— r\\l / was charged with 3.14 (100 mg, 0.25mmol) and

H™ Rh2Cl2(CO)s (50 mg, 0.13mmol, 0.5eq) and then
QN\ oo f FCHEOK Gome a

_N_ 1/ transferred to a Schlenk line. 25 ml of DCM were added and
\R PR

o h\ tgy Me the resulting solution was stirred for 30 min at room
CO

temperature. Afterwards the mixture was filtered and the
concentrated filtrated was layered with hexane. After 4 days large yellow crystals were
obtained suitable for X-ray crystallography, which were isolated and dried in vacuo
yielding 3.15 as a yellow crystalline solid (81 mg, 0.14 mmol, 57%). *H NMR (25 °C,
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CDCls, 400 MHz): & [ppm] = 9.79 (s, 1H, NH), 9.16 (d, 3Jnn = 5.8 Hz, 1H, py), 8.10 (d,
3Jun = 5.8 Hz, 1H, py), 7.69 (tt, 3Jun = 7.0 Hz, 4J = 1.5 Hz, 1H, py), 7.53 (t, 3JnH =
7.5 Hz, 1H, py), 6.95 — 6.75 (m, 4H, py), 2.01 (d, 2Jpu= 15.8 Hz, 3H, PMe), 1.45 (s,
18H, 'Bu). 3P NMR (25 °C, CDCls, 202 MHz): § [ppm] = 104.4 (dd, Jrne = 229 Hz,
2Jpp = 16 Hz, P(lll)), 15.7 (s, P(V)); no suitable elemental analysis could be obtained.

| \N,/ - | \‘\\N—‘ |  Synthesis of 3.16: Inside a N2 filled glovebox a
\ p. N|_ N ) Schlenk tube was charged with 3.1 (390 mg, 1 mmol)
lL‘ EI,FL and then transferred to a Schlenk line. 25 ml of THF

| tl\éu | were added and 1.25 ml of "BuLi (1.6M in hexane,
3.16 2 2 mmol, 2 eq) were added dropwise. The resulting

yellow solution was stirred at room temperature for 30 min. Afterwards all volatiles
were removed in vacuo yielding 3.16 as a faint yellow solid (405 mg, quantitative). X-
ray quality crystals were grown from a concentrated THF solution at -14 °C.*H NMR
(25 °C, ds-toluene , 400 MHz): § [ppm] = 7.78 (d, 3Jun = 7.5 Hz, 2H, py), 7.50 (t, 3JnH
= 7.5 Hz, 2H, py), 7.24 (d, 3Jnn = 7.5 Hz, 2H, py), 7.01 (d, 3Jun = 7.5 Hz, 2H, py), 1.40
(s, 18H, Bu); *'P NMR (25 °C, ds-toluene, 202 MHz): & [ppm] = 120.5 (s); 'Li NMR
(25 °C, ds-toluene, 194 MHz): é [ppm] = 2.95 (S); no suitable elemental analysis could

be obtained.
Cl Synthesis of 3.17: Inside a N2 filled glovebox a
| SN---o__ ;bm Schlenk tube was charged with 3.1 (390 mg, 1 mmol)
F N/t \N X and then transferred to a Schlenk line. 25 ml of THF
\ /I\I]D’u\ / were added and 1.25 ml of "BuLi (1.6 M in hexane,
P‘t'\é:P 2 mmol, 2 eq) were added dropwise. The resulting

yellow solution was stirred at room temperature for 30
min. Afterwards a solution of SbCls (228 mg, 1 mmol, 1 eq) in 10 ml THF was added
dropwise causing the formation of a fine white precipitate. The resulting suspension
was stirred for 5 min at room temperature. Afterwards all volatiles were removed in
vacuo and the solid residue was extracted with 40 ml of toluene and filtered. All
volatiles were removed in vacuo yielding 3.17 as an off-white powder (542mg,
guantitative). X-ray quality crystals were grown from a saturated toluene solution
at-14 °C.*H NMR (25 °C, ds-toluene , 400 MHz): & [ppm] = 7.65 (d, 3JuH = 7.5 Hz, 2H,
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py), 7.41 (t, 3Juu = 7.5 Hz, 2H, py), 7.32 (d, 3Jnn = 7.5 Hz, 2H, py), 6.93 (d, 3Jun
7.5 Hz, 2H, py), 1.42 (s, 18H, 'Bu); 3P NMR (25 °C, ds-toluene, 202 MHz): & [ppm]
129.2 (s); Elemental analysis (%) calcd. for 3.17: C 39.6, H 4.8, N 15.4; found: C
39.5,H4.8, N 14.9.

Li(THF)S? Synthesis of 3.18: Inside a Nz filled glovebox a

_ THF,,,,,’ /THF —‘@ Schlenk tube was charged with 3.16 (50 mg,
\ ) N/Li\NQ 0.06 mmol) and (Piperidine)2Mo(CO)s (47 mg,
@8 \ / 8\N / 0.12 mmol, 2 eq) and then transferred to a
OCV“:;'é:\\\P‘%rP////"I\/E‘ Schlenk line. 5ml of THF were added and the
/ cO CO

u o«
oc’ |
oC 3.18 CO

resulting solution was stirred for 10 min at room
temperature during which the colour turned
orange. The reaction mixture was concentrated in vacuo to ca. 1.5 mol and then
layered with 20ml of hexane. Storage over 3 d yielded yellow crystals suitable for X-
ray diffraction which were isolated and dried in vacuo yielding 3.18 as a yellow
crystalline solid (62 mg, 0.05 mmol, 79%). 'H NMR (25 °C, ds-THF, 400 MHz): § [ppm]
=8.34 (d, 3Jun = 7.4 Hz, 2H, py), 7.01 (t, 3wk = 7.5 Hz, 2H, py), 7.43 (d, 3Jun = 7.5 Hz,
2H, py), 5.88 (d, 3Jnn = 7.5 Hz, 2H, py), 3.61 (m, 24H, THF), 1.77 (m, 24H, THF), 1.50
(s, 18H, Bu); 3P NMR (25 °C, ds-THF, 202 MHz): & [ppm] = 158.8 (s); 'Li NMR (ds-
THF, 25 °C, 194 MHz): d[ppm] = -1.35 (s), -2.65 (s); Elemental analysis (%) calcd.
for 3.18: C 49.4, H 5.8, N 6.5; found: C 49.0, H 5.8, N 5.9.

Synthesis of 3.19: Inside a N2 filled glovebox a

H H
N/ By N Schlenk tube was charged with 2.1 (1.0g,
\p/N\p/ / 3.6 mmol) and transferred to a Schlenk line.
\ N TINTT NG o
% By 20ml of THF and 8-Aminoquinolin (1.2 g,

7.2 mmol, 2 equivalents) in 20 ml THF and 20 ml EtsN were added subsequently at
room temperature. The resulting mixture was then stirred overnight at
40 °C.Afterwards the solvent was removed in vacuo and the resulting solid mixture
was extracted with 80 ml of hexane. The solvent was removed in vacuo until the
precipitation of a faint yellow solid was observed which was gently heated back into
solution. Storage of the solution at -20 °C led to the formation of faint yellow crystals
which were isolated by filtration and dried in vacuo to yield 3.19 as a colourless
crystalline powder (0.90 g, 1.86 mmol, 52%); *H NMR (25 °C, CDzCl, 500 MHz): &
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[ppm] = 8.86 (d, 2H, 3JuH = 4.5 Hz, Qu), 8.10 (d, 2H, 3Jux = 7.0 Hz, Qu), 7.87 (bs, 2H,
Qu), 7.74 (bs, 2H, Qu), 7.50 (t, 2H, 3Jun = 7.0 Hz, Qu), 7.40 (dd, 2H, 3Jun = 7.5 Hz,
3JuH = 6.9 Hz, Qu), 7.28 (d, 2H, 3JuH = 7.0 Hz, Qu), 1.23 (s, 18H, 'Bu); 3P NMR (25 °C,
CDsClI, 202 MHz): & [ppm] = 102.20 (s); no suitable elemental analysis could be

obtained.

H y Synthesis of 3.20: Inside a N2 filled glovebox a
N/ By N Schlenk tube was charged with 3.19 (100 mg,
C o\ /\P<E; /\ N 0.21mmol) and  Rhz(CO)Clz (80 mg,
2N N . ine.
Rh\ By /Rh\ 0.21 mmol) and transferred to a Schlenk line

/ .
C| 8 8 Cl 10 ml of DCM were added and the mixture was

stirred at room temperature for 30 min during
which a yellow powder precipitated. The precipitate was isolated by centrifugation and
dried in vacuo yielding 3.20-DCM as a yellow powder (163 mg, 0.20 mmol, 95%). *H
NMR (25 °C, de-DMSO, 500 MHz): & [ppm] = 9.82 (d, 2H, 3Jnn = 6.0 Hz, Qu), 8.60 (d,
2H, 3Jun = 7.0 Hz, Qu), 8.46 (bs, 2H, NH), 7.72-7.58 (m, 3H, Qu), 7.47 (d, 2H, 3Jnn =
7.0 Hz, Qu),1.60 (s, 18H, Bu);3P NMR (25 °C, de-DMSO, 202 MHz): & [ppm] = 96.3-
94.6 (m); Elemental analysis (%) calcd. for 3.20: C 38.3, H 3.7, N 9.2; found: C
37.9,H 3.8, N 9.0.

Synthesis of 3.21: Inside a N2 filled glovebox a

H H
N/ By N Schlenk tube was charged with 3.19 (200 mg,
\p/N\ / / 0.40 mmol) and Selenium (200 mg, excess) and
LN IR NG |
Se By Se transferred to a Schlenk line. 20 ml of THF were

added and the mixture was stirred at room temperature. The progress of the oxidation
was monitored via in situ 3'P NMR spectroscopy. After completion excess Selenium
was removed via filtration and the solvent was removed in vacuo yielding 3.2 as an air
stable white solid (265 mg, quantitative). *H NMR (25 °C, CDClz , 400 MHz): § [ppm]
= 8.83 (d, 2H, 3Jun = 4.7 Hz, Qu), 8.75 (bs, 2H, Qu), 8.39 (bs, 2H, NH), 8.18 (d, 2H,
3Jun = 6.5 Hz, Qu), 7.50 — 7.47 (m, 6H, Qu), 1.60 (s, 18H, 'Bu); 3'P NMR (25 °C, CDsCl,
202 MHz): & [ppm] = 26.7 (d accompanied by "’Se satellites, 1Jpse = 903.9 Hz,2Jpp =
27.4 Hz); Elemental analysis (%) calcd. for 3.21: C 48.2, H 5.0, N 13.0; found: C
47.9,H5.0, N 12.7.
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Synthesis of 3.22: Inside a N2 filled glovebox a Schlenk
tube was charged with 3.19 (50 mg, 0.1 mmol) and
(THT)AuUCI (64 mg, 0.2 mmol) and transferred to a Schlenk
line. 5 ml of DCM were added and the mixture was stirred
at room temperature for 10 minutes. Afterwards the

reaction mixture was layered with 10 ml of Pentane.

Storage over 72h at room temperature yielded yellow crystals suitable for X-ray

diffraction which where isolated by filtration and dried in vacuo yielding 3.22 as a
crystalline solid (90 mg, 0.09 mmol, 95%).*H NMR (25 °C, CDCl3, 400 MHz): & [ppm]
= 8.88 (d, 2JuH = 3.7 Hz, 1H, Qu), 8.49 (bs, 1H, NH), 8.29 (bs, 1H, NH), 8.24 (d, 3JuH
= 8.3 Hz, 1H, Qu), 7.70 - 7.50 (m, 3H, Qu), 1.56 (s, 9H, Bu); 3P NMR (25 °C, CDCls,
202 MHz): & [ppm] = 74.8 (bs), 71.2.1 (bs); No suitable elemental analysis could be

obtained.

Synthesis of 3.23: Inside a Nz filled glovebox a Schlenk
tube was charged with 3.19 (50 mg, 0.1 mmol) and
Dichloro(cymene)ruthenium(ll)dimer (32 mg, 0.05 mmol)
and then transferred to a Schlenk line. 2 ml of DCM were
added and the resulting red solution was stirred for 10
min at room temperature. Afterwards the reaction
mixture was layered with 10 ml of Pentane. Storage over

72h at room temperature yielded red crystals suitable for

X-ray diffraction which where isolated by filtration and dried in vacuo yielding
3.23:2DCM as a crystalline solid (75 mg, 0.09 mmol, 92%). *H NMR (25 °C, CDCls,
400 MHz): & [ppm] = 9.15 (d, 2JpH = 22.8 Hz, 1H, NH), 8.89 (d, 3JnH = 3.8 Hz, 2H, Qu),
8.61 (d, ®JnH = 7.9 Hz, 1H, Qu), 8.47 (d, 3JuH = 7.9 Hz, 1H, Qu), 8.14 (d, 3JnH = 7.9 Hz,
1H, Qu), 8.02 (d, 3JuH = 7.9 Hz, 1H, Qu), 7.80 — 7.70 (m, 2H, Qu), 7.52 — 7.38 (m, 5H,
NH, Qu), 5.66 (d, 3JuH = 5.9 Hz, 2H, Cymene), 5.13 (d, 3JuH = 5.9 Hz, 2H, Cymene),
3.33 (quin, 3Jun = 7.0 Hz, 1H, CymeneCH), 2.39 (s, 3H, CymeneCHa), 1.47 — 1.35 (m,
24H, 'Bu, CymeneCHzs); 3P NMR (25 °C, CDCls, 202 MHz): & [ppm] = 97.3 (d, 2Jrp =
26.0 Hz), 88.5 (d, 2Jrr = 26.0 Hz). Elemental analysis (%) calcd. for 3.23-:2DCM: C
47.7,H5.4, N 8.6; found: C 46.6, H 5.5, N 9.5.

96



Synthesis of 3.24: Inside a N2 filled glovebox a

/ \N 7\ _
N Schlenk tube was charged with 3.19 (400 mg,
’THF 0.82 mmol) and then transferred to a Schlenk line.
l\|l"“‘|_|'i”'f 20 ml of THF were added and 1.02 ml of "BuLi (1.6 M
P\N,P in hexane, 1.64 mmol, 2 eq) were added dropwise.
'Bu The resulting red solution was stirred at room

temperature for 30 min. All volatiles were removed in vacuo yielding 3.24 as a red solid
(525 mg, quantitative). Single crystals suitable for X-ray diffraction were grown from a
THF:hexane mixture at -14°C. *H NMR (25 °C, ds-THF, 400 MHz): & [ppm] = 8.04 (d,
2H, 3Jun = 4.0 Hz, Qu), 7.62 (d, 2H, 3Jun = 7.2 Hz, Qu), 7.10 (bs, 2H, Qu), 7.05 (t, 2H,
3JuH = 7.2 Hz, Qu), 6.55 - 6.35 (M, 4H, Qu), 1.30 (s, 18H, Bu); 3!P NMR (25 °C, CDsCl,
202 MHz): & [ppm] = 120.1 (s); 'Li NMR (ds-THF, 25 °C, 194 MHz): d[ppm] = 2.50 (s);

no suitable elemental analysis could be obtained.
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Chapter 4. Formation and Selection of the
Macrocycle [{{BuN=)P(u-N'Bu)}2(u-Se)AP(u-
N'Bu)}2]s

Having shown that phosphazanes of the type [RNH(Se)P(u-N'Bu)]2 can be functional
anion receptors (Chapter 2), we were curious to see whether they can also be
structural building blocks in the formation of macrocycles. This chapter explores this

potential.

Results and Discussion

With a new methodology in hand which selectively yields the cis-isomer of
[[BuNH(Se=)P(u-N'Bu)]2 2.3 (see Chapter 2) we investigated the use of this molecule
as a precursor for macrocycle formation. Deprotonation of 2.3 with NaHMDS in THF
followed by the addition of the electrophilic P(l11) building block [CIP(u-N'Bu)]2 2.1 gives
regioselective formation of the new Se-bridged macrocycle [{(tBuN=)P(u-N'Bu)}2(p-
Se)2{P(u-N'Bu)}2]z 4.1, as revealed by in situ 3P NMR spectroscopy (Figure 65).

Crystalline 4.1 is obtained as the solvate 4.1-4toluene from a toluene solution at -20 °C.
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Figure 65 :Formation of the macrocycle 4.1 from the nucleophilic and electrophilic
components 2.3 and 2.1.

The incorporation of P(lll) and P(V) units into the backbone of 4.1 is seen by the
presence of two distinct (1:1), pseudo-triplet resonances at & = 243.4 P(lll)

and -66.4 ppm P(V) in the room temperature 3P NMR spectrum in CDzCl
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(3Jrp = 7.9 Hz), together with doublet "’Se satellites (Figure 66). The single crystal
X-ray structure of 4.1 confirms the main conclusions drawn from the NMR
spectroscopic studies. The molecular structure consists of six P2N2 ring units bridged
by Se atoms into a macrocyclic arrangement (Figure 67). The disposition of the P2N2
ring constituents, roughly perpendicular to the macrocyclic mean plane, and the overall
connectivity of 4.1 are very similar to the features observed previously in the closely
related macrocycles derived from Se-functionalised (see Chapter 1). The roughly
cylindrical cavity of 4.1 measures ca. 8.08 A in diameter (measured Ses+*Se)and 6.3 A
in depth (i.e., 'Bu to ‘Bu) and has similar dimensions to the previously reported Se-
bridged macrocycle [{(S=)P(u-N'Bu)}2(u-Se){P(u-NBu)}z]s  (Figure 23) (with

corresponding dimensions 8.18 and 6.6 A).152

P(l1) P(V)

vvvvvv

Figure 66:31P NMR spectra of 4.1 (CDCls, 25 °C, 202 MHz).

The observed Se-bridging in 4.1 is, at least on a kinetic level, not surprising since the
dianion [('BuN)(Se)P(u-N'Bu)]2> has been shown previously to react as a facial, Se-
centred nucleophile with a range of electrophiles.?3 The selective formation of a large
[{P2N2}(u-Se)ls arrangement is due to the preference for P-Se-P angles that are well
below the normal value for sp® hybridisation at Se (reflecting the higher s-character of
the Se lone pairs). The result is that smaller P-Se-P bridged macrocycles are
disfavoured due to ring strain. However, this assembly is clearly entropically-
disfavoured compared to the alternative formation of a ‘BuN-bridged arrangement
containing a [{P2N2}(u-N)]2 core, as is seen (for example) in the formation of [{P(p-
N'Bu)}2(u-N'Bu)]z in the reaction of 2.1 with the phosph(lil)azane dianion [(‘BuN)P(u-
NBu)]2% (with ca. 130.2 ° macrocyclic N-bridge angles).'”] The reason for the
preference for the Se-bridged macrocycle over the 'BuN bridged arrangement is

probably due to a desire to minimise ring strain, while at the same time maximise bond

100



energy (with stronger P=N double and P-Se single bonds in 4.1 compared to a weaker
P-N single and P=Se double bond combination in the '‘BuN-bridged alternative).

Figure 67: Left: Structure of the macrocycle 4.1. H-atoms and toluene molecules in
the lattice are omitted for clarity. Selected bond lengths [A] and angles []: P(Ill)-Se
range 2.3392(9)-2.3485(1), P(V)-Se range 2.2402(9)-2.2475(9), P(lll)-u-N range
1.702(3)-1.728(3), P(V)-u-N range 1.697(3)-1.717(3), P=N'Buterminal range 1.510(3)-
1.518(3), See<*Se range (opposite) range 7.84-8.18 (mean 8.08), P(Ill)-pu-N-P(llI)
range 97.8(1)-99.4(1), (u-)N-P(II)-(u-)N range 80.7(1)-81.6(1), P(V)-u-N-P(V) range
96.6(1)-97.1(1), (M-)N-P(V)-(u-)N range 82.5(1)-83.0(1), P(V)-N-C('Bu) range
138.6(3)-144.4(3), P(lll)-Se-P(V) range 99.11(3)-101.07(3). Colour code: orange = P,
blue = N, dark orange = Se, grey = C; Right: Host-guest complex formed in the solid
state, guest toluene molecules highlighted in red.

Although for steric reasons the P2N2 ring units of 4.1 are buckled out of the mean plane
of the macrocyle, the six Se-atoms are within 0.04 A of a plane. The arrangement
provides the host environment for two of the four toluene molecules in the solvate
(Figure 67), with the remaining two residing in the lattice. This provides a possible
reason for the greater lability of two of the four toluene molecules of the solvate when
placed under vacuum. The host-guest interactions in 4.1 appear to be largely
hydrophobic in origin. Similar toluene inclusion has also been found in related S-
bridged phosphazane macrocyles and is analogous to toluene clatherates of
calixarenes, such as in [p-'Bu-OH-calix[4]arene<toluene], with the toroidal environment

in 4.1 being conceptually similar to a cucurbituril.[27:107]
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Chapter Conclusion

In summary, we have shown that the strategy of combining electrophilic and
nucleophilic phosphazane components can be extended to the valence isoelectronic
[(‘BuN=)SeP(u-N'Bu)]2> building block. There are a number of advantages in this, (i)
the key starting material [(‘BuNH)(Se=)P(u-N'Bu)]2 2.3 is readily prepared, highly
stable and can be stored indefinitely, it can be activated simply by deprotonation and
(i) the presence of ‘BuN groups at the periphery of 4.1 makes it highly soluble in an
extended range of solvents (including pentane), which should greatly aid in further

studies of host-guest chemistry.
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Experimental Details

General experimental details involving techniques, instruments and materials

employed are provided in the appendix at the end of this thesis

NBu Synthesis of 4.1: A Schlenk tube was charged
II
=P~ NB with 2.3 (506 mg, 1 mmol) which was dissolved
BN AN SetBHNHg | (505 M9 , :
P \ in 20 ml THF. To this 2 ml (2 mmol) of a 1 M
/Se Se‘P;NtBU . . .
F\ A NaHMDS solution in THF was added dropwise
t t B N f :
B“N\y Bu ! N 8 at room temperature. The resulting yellow
P P\ : : :
\S\e S “NBu  solution was stired for 30 min at room
Pw t P ; ;
tBUN,B\NNtBu Se BUNN'tBU temperature. To this 2.1 (275 mg, 1 mmol) in

N'BU 5ml THF was added dropwise. The reaction
mixture was stirred for 30 min at room temperature; afterwards THF was removed in
vacuo. The solid residue was extracted with 20 ml of toluene and filtered in order to
remove NaCl. The toluene solution was concentrated in vacuo until the precipitation
of a precipitate was observed which was redissolved by gentle heating. Storage at -
20 °C afforded 4.1 as colourless crystals which was isolated by filtration and dried in
vacuo. Subjecting the crystalline material to prolonged vacuum (0.1 bar, ca. 20 min)
results in complete desolvation of the crystalline material (4.1-4toluene), giving 4.1
(250 mg 0.35 mmol, 35% vyield), on which the following data were obtained; *H NMR
(25 °C, CDsCl, 500.12 MHz): (ppm) = 1.32 (s, 9H, P(III)N'Bu), 1.44 (s, 9H, P(V)N'Bu),
1.70 (s, 9H, P=N'Bu); *3C NMR (25 °C, CD3Cl, 125.78 MHz): d(ppm) = 29.9, 31.6, 33.9
(d, 2Jcr = 10.0 Hz, P=N'Bu), 53.12, 53.7, 55.7; 3P{!H}NMR (25 °C, CDsClI,
161.7 MHz): & [ppm] = -66.4 (t, 2Jep= 7.9 Hz, accompanied with a set doublet 7'Se
sattelites 1Jpse= 406 Hz, 3Jpse= 14.1 Hz, P(V) unit), 243.4 (t, 2Jep= 7.9 Hz,
accompanied with a set doublet "Se sattelites 'Jpse= 347 Hz, 3Jpse= 14.1 Hz, P(lIl)
unit); ’Se NMR (25 °C, CDzCl, 95.4 MHz): § [ppm] = 526.8 (ddd, *Jpse= 406 Hz, *Jpse=
347 Hz, 3Jpse= 14.1 Hz); Satisfactory elemental analysis could only be obtained on the
partially desolvated material 4.1-2toluene, isolated after subjecting the crystalline
material 4.1-4toluene to a vacuum for ca. 5—10 min, calc. C 44.7%, H 7.7%, N 10.9%:;
found C 45.7%, H 7.8%, N 11.1%.
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Chapter 5: The Supramolecular Chemistry of
NH Bridged Phosphazane Macrocycles

Although a multitude of phosphazane macrocycles are now synthetically available, the
solution host-guest chemistry of this new class of encapsulants has not been fully
explored. Although there is crystallographic evidence for the encapsulation of ClI-, Br,
I- and DCM using the NH H-bond donor macrocyle [{P(u-N'Bu)}2(NH)]s 5.1, little is
known about the host-guest chemistry of this and related phosphazane
macrocycles.*®! Since we established in Chapters 2 and 3 that NH functionalities
render phosphazanes potent in anion binding we were particularly interested in the

binding properties of 5.1.

Results and Discussion

The previously reported synthesis of [{P(u-NtBu)}2(NH)]s 5.1 involves a multistep
reaction sequence in which the nucleophilic component [NH2P(u-N'Bu)]2 is condensed
with the electrophilic building block [CIP(pu-N'Bu)]z2 2.1 in the presence of EtsN and an
excess of Lil, product of this reaction being the host-guest complex Li(THF)4[5.1cl]
obtained in 44% vyield (see Chapter 1). However, this is a time-consuming procedure
and the synthesis of 5.1 also involves the use of NHz gas.*Y Our first objective at the
beginning of studies in this thesis was therefore to develop a more direct protocol. An
in situ 3'P NMR study shows that the 1:2 reaction of 2.1 with LiNH2 in THF at 70 °C for
16 h in the presence of excess anhydrous Lil (2 eq per 2.1) gives a mixture containing
90% Li(THF)4[5.1cl] and 10% other unidentified byproducts; The complex can be
recovered as a powder by extraction with pentane, in 40% yield (Figure 68). Treatment
with NaOMe in DCM and crystallisation from THF gives the halide free macrocycle
5.1-THF. The solid-state structure of 5.1<Et20O, obtained by crystallisation of 5.1<THF
from Et20, provides the first glimpse of the free macrocycle, in the absence of a guest
solvent or anion within its cavity (Figure 68). This reveals that molecules of 5.1 have
Cs symmetry (as opposed to Csy symmetry as in some previously published host guest
complexes). This is in agreement with previous gas-phase DFT calculations.[*®! The
approximately cylindrical coordination cavity of 5.1 determined from the solid-state
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structure measures ca. 5.3 A in diameter (NH---HN) by ca. 4.7 A in height (with a
volume of 105 A%), making it accessible for H-bonding to a range of common anions.
A key difference between 5.1 and the closest organic relatives calixpyrrols is that the

H-bonding binding site is sterically shielded by the 'Bu groups of the backbone.[08]
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Figure 68: The new synthetic route and molecular structure of 5.1 in the solvate
5.1+Et20. Top: Synthesis of 5.1. Bottom: X-ray crystal structure of 5.1<Et20; the lattice
Et20 molecule is omitted for clarity. Colour code: blue = N, orange = P, white = H, grey
=C.

The presence of iodide as a template in the synthesis of 5.1 (as in the previously
reported synthesis) proves to be crucial. In the absence of Lil we observe that also the
tetrameric macrocyle [{P(u-N'Bu)}2(NH)]s 5.2 is formed alongside other unidentified
byproducts (Figure 69). We were able to further investigate the mode of templation of
the pentamer 5.1 at this point. During the course of this study we found that the
previously reported synthesis of tetramer 5.2 from the reaction of [CIP(u-'BuN)]2 2.1
and [H2NP(u-‘BuN)]2 5.3 in fact yields an initial mixture of products from which 5.2 is
then crystallised out. The in situ 3P NMR spectrum of the crude reaction mixture of
2.1 and 5.3 shows a sharp singlet for 5.2 alongside multiple resonance which we
tentatively assign to linear oligomeric species (Figure 70). We conclude that these are
N-terminated as we observe no resonances above 150 ppm which would be
characteristic of P-Cl termini. Upon addition of an excess of variety of anions (Cl-, Br,

I, OAc’, OCN",SCN-, OCP") at room temperature in THF we observe the spontaneous
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formation of the pentamer 5.1 exclusively from the cyclisation of the chain oligomers.
This was confirmed by integration versus an internal PPhs reference to rule out
formation of 5.1 from 5.2. From this result we conclude that the primary mode of
formation in our new synthesis of 5.1 is thermodynamic templation from chain
oligomers which initially form from 2.1 and LiNH2. Notably, the fact that pseudohalides
and acetate template the formation of 5.1 hints at the encapsulation of these anions in

solution.
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Figure 69: In situ 3'P NMR (THF, de-acetone capillary, 25 °C, 202 MHz) of the product
mixture in absence (top) and presence (bottom) of excess Lil.
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Figure 70: In situ 3'P NMR (THF, de-acetone capillary, 25 °C, 202 MHz) spectra before
and after addition of TBAI to oligomeric byproducts.
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Consequently, we then explored the coordination of common anionic guests by 5.1.
There has been an indication of relative binding of anions from previous DFT
calculations which suggested the order CI- > Br > .13l Unfortunately, 5.1 proved too
unstable for quantitative measurement of binding constants by NMR spectroscopic
methods. However, negative-ion LRESI-MS of THF solutions of 5.1 containing excess
"BusN*X" (X =F, CI, Br,, I, OCN-, SCN-, AcO") shows that the 1:1 complexes [5.1cX]
are formed. Examples are given in Figure 71 . Assuming similar ESI response factors
for the host-guest complexes, we conducted a series of competitive binding
experiments. This is a reasonable assumption given the geometry similarity of these

complexes.
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Figure 71: Examples of negative mode LRESI-mass spectra of 5.1 in presence of
excess TBAX (X = OCN" and Br’) salts.

We collected negative-mode LRESI-mass spectra of 5.1 in presence of 10 equivalents
of two different anions as their TBA salts under the same conditions as above
(concentration and MS voltage). In some cases we observed a clear preferences for
binding of 5.1 to one anion whereas in others we observed the formation of both host-
guest species at similar signal intensity. Combining the results of multiple experiments
with competing anion coordination by 5.1 revealed the hierarchy of anion binding is CI
> Br> I= NCS= NCO= OAc'. Interestingly, we also find that the smaller tetramer 5.2
selectively binds F over larger halides, as seen by LRESI-MS in which formation of
the host-guest complex [5.2cF] is observed (Figure 72). Since we found 5.2 to be

more chemically robust than 5.1, we were able to confirm that anion encapsulation
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follows a 1:1 binding isotherm by NMR titration (Figure 72).I78l Fitting the development
of the NH NMR resonance over the course of a titration TBAF in DCM revealed the
association constant to be K = (9.5 + 1.2) x 102 M1. The 3'P NMR resonance is also
observed to shift upfield by approximately 1 ppm over the course of the titration.
Crucially, these preliminary studies confirm that 5.1 and 5.2 act as structurally robust,
size-selective anion-hosts in a similar way to H-bonding organic counterparts, and
indicate that their 'Bu peripheries are sufficiently flexible to allow entry of guests into

their binding sites.
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Figure 72: Binding of F within 5.2. Left: *H NMR titration (CDCls, 400 MHz, 25 °C) of
5.2 with increasing amounts of TBAF Right: Low resolution negative mode ESI-MS of
5.2 in presence of excess TBAF.

Since 5.1 is stable towards nucleophilic attack it is a good candidate for the
encapsulation of the 2-phosphaethynolate PCO- anion. This anion has recently been
the focus of considerable interest owing to its use as a synthon for P-.[1% However,
the high reactivity of this anion means that its supramolecular chemistry has not been
explored previously. The negative-ion ESI-MS of a THF solution of 5.1 with
approximately 5 equivalents of the sodium complex NaPCO(dioxane)25 shows the
formation of the 1:1 host guest complex [5.1cPCO]J.. The 3P NMR spectrum at 298 K
in ds-THF shows only one broad resonance for the P-atom which is shifted upfield (A
= ca. 6 ppm) from NaPCO(dioxane)2s, indicating fast exchange between the
coordinated and uncoordinated anion on the NMR timescale (Figure 73). Cooling to

243 K results in sharpening of the P resonance as well as the NH resonance of the
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host in the 3P and 'H NMR spectrum, as a consequence of slowing down the
intramolecular binding dynamics. Notably variable temperature NMR shift of free
NaPCO(dioxane)zs is smaller than in presence of 5.1 further supporting encapsulation.
The 31P-1H HOESY NMR spectrum at 243 K shows a strong correlation between the
NH protons of 5.1 and the P centre of the PCO™ anion, showing that the P centre which
is a better size match for the cavity is H-bonded, rather than the more electronegative
O atom (Figure 73). Further support for this conclusion is the absence of a through-
space correlation between the 'Bu protons of 5.1 and the P-centre of the PCO- anion.
DFT calculations (carried out in collaboration with Sanha Lee and Jonathan Goodman
at the University of Cambridge) at the M06-2X/6-31g(d,p) level of theory show a clear
energetic preference of AE = ca. 9 kJ/mol for binding to the P atom over O. The
calculations also reveal that the preference for P binding by 5.1 is reinforced by weak
‘Bu C-He*+O interactions with the surrounding Bu groups at the coordinated face of
the host, which is splayed open to accommodate the anion.

Tilting of the PCO™ guest within the coordination site of 5.1 in the calculated structure
suggested the participation of the Tr-orbitals of the anion in H-bonding. To investigate
this we carried out NBO analysis which reveals that that N-H(c™*)---P=C(1T) interactions
contribute 49%, N-H(c*)---P(lone pair) 26%, and C-H(c*)---O(lone pair) 14% to the
overall host-guest binding (Table 1).

Interaction Type | Interaction Strength [ kamol]
nO—o*NH 0.54
nO—o*CH 29.50
nP—o*NH 54.64
nP—o*CH 3.05
mC-P—0*NH 104.31
mC-P—0o*CH 19.00

Table 1: The six m — ¢* and n — o* interaction types and the interaction energies
found between the pentamer 5.1 and the PCO- guest found via NBO analysis.

Thus, the size-selective polar NH cavity and the hydrophobic 'Bu periphery act in
concert with each other in a unique way in this host-guest complex. Relevant to the
bonding of the P-atom of the PCO- anion by 5.1, recent studies of the protonation of
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PCO- show that protonation occurs at the P atom, producing HPCO not PCOH.[110]
Although previous gas-phase IR spectroscopic study have shown the existence of N-
H---P H-bonds in the adduct Me2NH---PMes and similar loose adducts, H-bonding to
an anionic phosphorus centre as well as guest encapsulation via N-H---P H-bond has

not been reported previously.[111.112]
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Figure 73: Binding of PCO~ within 5.1. (a): The optimised P-bound structure of
[5.1cPCO"] and space-filling model of [5.1cPCO]- at the M06-2X/6-31g(d,p) level.
Colour code: blue = N, orange = P, white = H, grey = C, red = O. (b): LRESI-MS of
[5.1cPCO]J". (c): The low-temperature 'H-3'P HOESY NMR (243 K, ds-THF) spectrum,
confirming the orientation of the P atom into the cavity. (d): VT-31P-NMR of the PCO~
resonance.

Next, we investigated the interaction of 5.1 with neutral guests. *H NMR titrations of
5.1 with acetone, benzonitrile and phenylactetylene in non-competitve solvents such
as benzene and hexane result in significant downfield shifts in the NH protons of the
host (ca. 0.4 ppm), indicating H-bonding of the neutral guests. In each case, the data
can be fitted to 1:1 isotherms with K(Acetone) = (55.3 + 5.4) M, K(Phenylacetylene)
= (66.7 + 7.9) M?' and K(Benzonitrile) = (150.8 + 18.1) M1’ Subsequent
crystallisation from these guests as the solvents at low temperature give the 1.1
adducts [5.1cAcetone], [5.1cBenzonitrile] and [5.1cPhenylacetylene], the single
crystal X-ray structures of which are shown in Figure 74. A common feature in all of
these arrangements is the responsive nature of the host 5.1, in which the ‘Bu periphery
opens up to accept the binding of the functional groups of the guests at the H-bond
donor site (seen also in the previous DFT calculations of [5.1cPCQJ]). The effect of

this can be seen most dramatically in the space-filling representation of [5.1cAcetone],
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[5.1cBenzonitrile], in which binding of the guest at one face closes the opposite face

of the host and prevents coordination of another guest molecule.

[5.1cAcetone] [5.1cBenzonitrile] [5.1cPhenylacetylene]

Figure 74: X-ray crystal structures of host-guest complexes of 5.1. Left column:
Space-filling diagram of [5.1cAcetone] (top and bottom view) and local environment
of acetone. Middle column: Space-filling diagram of [5.1cBenzonitrile] (top and bottom
view) and local environment of benzonitrile. Right column: The local environment of
phenylacetylene in [5.1cPenylacetylene]; all the figures are obtained from the single
crystal X-ray structures of the host-guest complexes. Carbon atoms of guest
molecules are coloured red. Colour code: blue = N, orange = P, white = H, grey = C.

In [5.1cAcetone], the framework of 5.1 distorts in order for all of the nitrogen-bound
hydrogens to bond to the electron-rich O atom of acetone; the O-atom resides above
the mean plane of the five NH groups. The presence of H-bonding interactions is also
confirmed by the reduction in the C=0 stretching frequency from 1716 cm for free
acetone to 1680 cm™ in a solid sample of [5.1cAcetone].

The solid-state structure of [5.1cBenzonitrile] confirms a similar inward orientation of
the benzonitrile guest and structural adaptation of the framework of 5.1. Additionally,
it indicates that again encapsulation is achieved via a combination of H-bonding to the
nitrile lone pair as well as the 1r-orbitals although there is some uncertainty due to
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crystallographic disorder of the benzonitrile guest in the crystal. Hence we carried out
DFT M06-2X/6-319g(d,p) calculations to probe the nature of the host-guest interactions.
These revealed that the cavity centroid defined by the NH units lies approximately on
the nitrile nitrogen. NBO analysis shows that the N-H(c*)---11-C=N interactions have
the greatest contribution to host-guest binding, forming 63.5% of the total host-guest
interaction (see Table 2).

Interaction Type Interaction Strength [kJmol]
mC-C—0*C-H 11.34
mC-N—0*C-H 0.33
TTC-N—G0*N-H 54.18

NN—o*C-H 11.67
NN—o*N-H 7.70

Table 2: The five T — 0* and n — o* interaction types and the interaction strengths
found between the pentamer 5.1 and the benzonitrile guest via NBO analysis.

Such N-Heee1T interactions are in stark contrast to other H-bonded adducts involving
nitriles, which typically act as exclusive H-bond acceptors using their HOMO sp-type
lone pairs, as opposed to the lower energy t-orbitals of the C=N bond.[113]

Shifting the centre of electron density from the N in benzonitrile to the triple bond of
phenylacetylene results in deeper penetration of the guest into the cavity of 5.1. The
middle of the triple bond in [5.1cPhenylacetylene] is found exactly at the centroid of
the five N-atoms of the host in the crystal structure, with fully-developed N-Hses11-C=C
H-bonding (Neescentroid 3.46 A) and apolar (‘Bu)H---phenyl interactions involved. The
presence of N-Hese1r H-bonding in solution is further confirmed by the 'H-'H NOESY
NMR of 5.1 with excess phenylacetylene in hexane, which shows a through-space

correlation between the alkynyl proton and the NH protons (Figure 75).
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Figure 75: Left: 'H NMR titration (hexane, ds-Acetone capillary, 400 MHz, 25 °C) of
5.1 with increasing amounts of Phenylacetylene. Right: H-'H NOESY NMR
correlation between acetylene and NH proton.

Direct observation of XHeee1r(alkyne) H-bonding between two different chemical
species to this extent is rare.['1# To the best of our knowledge, this is the first example
of guest encapsulation via XHeeetr H-bonding. Gas-phase DFT M06-2X/6-31g(d,p)
calculations replicate the structure of [5.1cPhenylacetylene] closely, although the
structure is slightly more distorted than in the solid state. NBO analysis reveals that
encapsulation occurs predominantly via N-Hses1r-C=C (84.9%, 70.08 kdmol*) bonding
and only to aminor extent via classic C-Hees1r (aryl) (15.1%, 12.43 kJmolt) bonding.
The similar computed binding energies of the guests of 110-111 kJmol? for
[5.1cBenzonitrile] and [5.1cPhenylacetylene] support the conclusion that both
complexes are predominantly bound via N-Heee1T interactions with the guests. These
values are in line with the experimentally determined binding constants for
[5.1cBenzonitrile] and [5.1cPhenylacetylene] obtained from NMR titrations, which are

also similar to each other.

As with many organic and metal-organic hosts, the host-guest behaviour of 5.1 is
dynamic and reversible.l?8! This was confirmed by an exchange experiment where
excess NaPCO(dioxane)2s was added to [5.1<l] and binding was observed by 3P
NMR as discussed above.

The presence of a reactive phosphorus backbone in 5.1 enables post-synthetic
modification of the macrocyclic backbone to trap guests irreversibly.[115116] The

reaction of [5.1cX]" (X =1, Cl) with ten equivalents of sulphur at 363 K gives the fully
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oxidised P(V) host-guest complex [5.4cX]. Multi-gram synthesis of [5.4cl] as its
Li(THF)4* salt is achieved by treatment of the crude reaction mixture of 2.1, LiNHz2 and
Lil (20 equivalents) with sulphur in 85% yield (Figure 76).

= \d,
@ &« i
L(THF), 5 o
. t w P PNt ) {.
1)2 eq LiNH, BN N BN o \’/‘\ 3 /
\N— g/ __THR RFX.3h _ \ : N o - ¥ (
TINTT 2)26q8, T Sepr THe @ HTINS T ).\%./"' AN
O R VAN e . S
2.1 Trituration BuNgi /H H\ ,’N Bu - Y . - </
P—N gy N—R [ ¢ S
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Bu > . Y
. N\ w - )
Li(THF),[5.4c] K R

Figure 76: Left: Synthetic procedure for Li(THF)4[5.4cl]. Right: Solid-state structure
of Li(THF)4[5.4cl]. Cation could not be identified due to high crystallographic disorder.
Lattice bound solvent molecules omitted for clarity. Colour code: blue = N, orange =
P, white = H, grey = C, Sulphur =S, purple =1I.

Unlike [5.1cl],, which is water- and air-sensitive, [5.4cl] is water- and air-stable for at
least six months. Li(THF)4[5.4cl] was fully characterised by negative mode ESI-MS,
X-ray crystallography (vide infra), multinuclear NMR spectroscopy. The chloride
complex could be synthesised via treatment of the crude reaction mixture of 2.1 and
LiNH2 in THF with Sulphur, removal of the solvent THF and trituration of crude
Li(THF)4[5.4cCl] with hot toluene. Li(THF)4[5.4cCl] was characterised via ESI-MS and
multinuclear NMR spectroscopy.

Contrasting with the behaviour of 5.1, the halide guests within 5.4 are not bound
dynamically and cannot be removed or exchanged from the host. For example, the
iodide complex [5.4cl]” does not exchange its guest for chloride and (vice versa) the
chloride complex [5.4cCl]" does not exchange for iodide. In a series of NMR
experiments we did not observe interconversion of [5.4cl] into [5.4cCl]" upon
treatment with >10 eq TBACI in de-DMSO and or of [5.4cCl] into [5.4cl] upon
treatment with >10 eq TBAI. The chloride and iodide complex consequently appear as
two chemically distinct species in the *H and 3P NMR (

Figure 77). Similar behaviour is observed with other anions such as attempted

exchange of [5.4cl]- with NaPCO(dioxane)2.5s which was monitored by 3P NMR.
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Figure 77: Left: 3P NMR (de-DMSO, 202 MHz, 25 °C) of a mixture of [5.4cCI]- and
[5.4cl]. Right: H NMR (de-DMSO, 500 MHz, 25 °C) of the same mixture.

Even treatment with MeOTf (> 500 equivalents) only results in mono-methylation of
the framework of Li(THF)4[5.4cl] to 5.5 (Figure 78), with no formation of Mel (note that
‘free’ iodide or chloride reacts spontaneously with MeOTf under nucleophilic
substitution forming MeCl or Mel). 5.5 was characterised by positive mode ESI-MS,
and 'H and 3P NMR spectroscopy. In the ESI-MS no free methylated macrocycle was
observed. Only the overall cationic doubly methylated species can be observed which
appears to be generated during the measurement. The 3P NMR spectrum in CDCl3
shows ten distinct doublet-of-doublets for 5.5, with the 'H NMR showing five distinct
triplet NH resonances as a result of the desymmetrisation (Figure 78). Analogous
methylation over abstraction is observed for [5.4cClI]. Methylation results in increase
of the chemical shift of the closest NH proton which is in line with strengthening of the
NH-halide H-bond interaction due to polarisation of the NH bond. The proton second
closest to the methylation site shows the same effect. Strengthening of the H-bond to
these NH protons results in weakening of the other three which is in line with a

decrease of chemical shift for the remaining protons compared to [5.4cl].
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Figure 78: Stacked 'H/3'P NMR spectra (CDClz ,400 MHz/202 MHz, 25 °C) of [5.4cl]
showing the five-fold/ten-fold splitting upon mono-methylation; note that resonance at
9.7 ppm could be assigned via 3'P-'H HMBC to the P=S-Me functionality.
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Figure 79: (a) Oxidation of 5.1 yields 5.4. Attempts to remove the bound I- anion lead
instead to methylation of the macrocycle. (b) Comparison of the solid-state structures
of [5.1cl] and [5.4cl]; single crystal structure [5.1cl] - from reference [45]. Colour
code: blue = N, orange = P, white = H, grey = C, yellow = S, purple = 1.

Halide guests are thus locked in place within 5.4. The solid-state structure of [5.4cl]
provides the key to understanding the highly robust nature of this halide binding. Single

crystals were grown by slow evaporation of a saturated DMSO solution of
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Li(THF)4[5.4cl]. As seen in Figure 79, oxidation of the phosphorus periphery causes
distortion of the macrocyclic framework due to P-N bond shortening and repulsion
between the peripheral sulphur atoms. Before oxidation, halide guests are sterically
accessible from one face of 5.1 since the P-N framework and the orientation of the ‘Bu
groups are flexible. The cavity of 5.4, however, is completely concealed by the
surrounding '‘Bu groups, with a significant shortening of the N-Hes«| distances in [5.4cl]
compared to those in [5.1cl] (by ca. 0.2 A). In contrast to 5.1, 5.4 does not adapt its
structure to different guests; whereas 5.1 adapts Csy symmetry in its” chloride and Cs
symmetry in its” iodide host guest complex, the overall geometry of host guest
complexes of 5.4 appears to be determined by the inorganic backbone. This was
confirmed by the cocrystallisation of iodide- and chloride-bound complexes from a
mixture of both which showed that the macrocycle backbone is isomorphous for both
bound guests and that the N-H+++halide distances do not change when moving to the
more electron dense chloride guest. This configuration is echoed in our DFT modelling
of [5.4cl] and [5.4cCl] which also yields near identical macrocycle geometries for the
different host guest complexes.

Cumulatively, our observations indicate that halides are kinetically locked within 5.4
due to the buckling of the macrocycle and the preferential orientations of ‘Bu groups,
which prevent release of the halide guest. Backbone oxidation thus presents a novel
method for modulating guest kinetics and reactivity. Furthermore, the best
supramolecular organic halide receptor described so far can be obtained in its free
form by washing with water, whereas the best metal-organic receptors either
exchange halide guests for other anions or release the anion upon treatment with
excess MeOTf. Applying these same strategies to [5.4cl] leaves the host-guest
complex intact.[!17-119 Our inorganic macrocycle is effectively the best halide receptor

known to date.
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Chapter Conclusion

The dramatic illustration of some of the fundamental differences between organic and
inorganic hosts that we present in this chapter leads to some important general
conclusions. Above all, moving from the well-trodden area of organic hosts to inorganic
frameworks introduces greater polarity and the prospect of molecular architectures
that have no parallels in conventional organic arrangements. These features can lead
to host-guest phenomena that have not been seen before. The unusually polar
coordination site of this ring system promotes new modes of guest encapsulation: via
H-bonding with the m-systems of unsaturated bonds, and with reactive anionic
phosphorus centres. Guests can be kinetically locked within our structure, with anions
displaying stronger effective halide binding than in any classical organic or metal-
organic receptor. Expanding the horizons of this new area of supramolecular inorganic
chemistry is made all the more accessible by the straightforward methods in which
inorganic hosts can be synthesised. Our results show that main group systems can
provide new tools for stabilising reactive species and employing a wider set of

intermolecular interactions in supramolecular chemistry.
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Experimental Details

General experimental details involving techniques, instruments and materials

employed are provided in the appendix at the end of this thesis.

Synthesis of 5.2 and 5.3 was carried out according to the literature procedure.*3

BUNWP~ - PRINBU Synthesis of 5.1: Inside a N2 filled glovebox a 250 ml
Fi‘/NtB“ lll tB“N\‘/P Schlenk flask was charged with 2.1 (2.75 g, 10 mmol),
N< H/N\P Lil (1.34 g, 10 mmol) and LiNH2 (460 mg, 20 mmol).

R .
A o /A The flask was connected to a Schlenk line and cooled

BuN N'BU H H BuN NBy
‘lL_N/ B \N_g’ to -78 °C.100 ml of THF was added and the resulting
u
\P<N; P/ suspension was warmed to room temperature and then
N

Bu heated overnight at 70 °C. Afterwards the solvent was

removed under vacuum and the resulting semi-solid was extracted with 3x100 ml of
boiling hexane. The extracts were combined and the solvent was removed under
vacuum to yield a white solid which was dried thoroughly under vacuum. The resulting
solid was extracted with 3x100 ml of pentane. The extracts were combined and the
solvent was removed in vacuum to yield a white solid (crude Li(THF)4[5.1cl]) which
was weighed out inside an N2 filled glove box. The solid was dissolved in 50 ml of
DCM and a 0.1 M solution of NaOMe in MeOH (freshly prepared from sodium and
methanol; 1 eq NaOMe per Li(THF)45.1cl]) was added dropwise. The resulting
suspension was stirred for 30 min at room temperature. The precipitate was filtered
off and the solvent was removed under vacuum to yield crude 5.1 (yield typically 1.2g,
1.1 mmol, 54%). The yield and purity of this material depends on how well exposure
to air and moisture is avoided during the synthesis. For purification for analysis, 5.1
can be crystallised from minimum THF (typical crystalline yield 500 mg, 0.46 mmol,
23% based on 2.1). The spectral data was in agreement with the literature.'H NMR
(ds-toluene, 400 MHz, 25 °C): 8[ppm] = 4.49 (s, NH), 1.43 (s, '‘Bu), 3P NMR (ds-
toluene, 202 MHz, 25 °C): §[ppm] = 114.5 (s);LRMS (ESI-MS): m/z =1130.2 (5.1-CI);
HRESI-MS: m/z = (5.1-Cl) calc = 1030.4965 (5.1-Cl) exp = 1030.5027; Note:
Elemental analysis generally proved unhelpful for the phosphazane macrocycles in

this chapter as the nitrogen content was measured to be up to 10% lower than the
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expected content. This is probably due to ceramic formation and has been noted

previously in the literature.[4

_ ® Synthesis of Li(THF)4[5.4cl] : Inside a N2 filled
L(THR), 7 5

fBuN't/P\ ,tP\thBu glovebox a 250 ml Schlenk flask was charged with 2.1
4 . .
S=F{/NB” |[| B”N\/P=s (2.75g, 10 mmol), Lil (1.34g, 10 mmol) and LiNH2
Ss /N\H“*~EQ"H/N\ S (460 mg, 20 mmol). The flask was connected to a
\ N / Schlenk line and cooled to -78 °C. 100 ml of THF were
tBUN NtBU H H BuN NtBU
4|\D_N/ B \N_F’,' added and the resulting suspension was warmed to
u N\
4 \P/N\P S room temperature and then heated overnight at 70 °C.
v WNTN

By O Afterwards the solvent was removed in vacuo and
100 ml of toluene was added. Under a stream of nitrogen solid sulphur (1g, 3.9 mmol)
was added and the resulting suspension was stirred overnight at 90 °C during which
more precipitate formed. The resulting precipitate was isolated by filtration under
aerobic conditions and subsequently washed with 200 ml of water and 100 ml of
pentane. The product was dried in vacuo to yield Li(THF)4[5.4cl] as a colourless
powder (3.1 g, 1.6 mmol, 80%, THF content was calculated on the basis of the H
NMR). 'H NMR (de-DMSO, 400 MHz, 25 °C): d[ppm] = 8.17(s, NH), 2.08(s, '‘Bu);3'P
NMR (de-DMSO, 202 MHz, 25 °C): d[ppm] = 36.2 (s);*?’| NMR (de-DMSO, 25 °C):
O[ppm] = 273.5 (bs);’Li NMR (de-DMSO, 25 °C): d[ppm] = -0.89 (s); LRESI-MS: m/z
=1542.0 (5.4-1);HRESI-MS: m/z = (5.4-1") calc = 1542.1523 exp = 1542.1330.

Synthesis of Li(THF)4[5.4cCl]: Inside a N2 filled

Li(THF Pos _
glovebox a 50 ml Schlenk flask was charged with 2.1

tBUN'/P\ /P‘\‘NtBU
s=p>NBu tBUN\‘P=S (2759, 1 mmol) and LiNH2 (46 mg, 2 mmol). The flask

H
}\J ! / was connected to a Schlenk line and cooled to -
Se /N THes O_-HTUN S .
\ LI /i 78°C.10ml of THF were added and the resulting
1{ ’ s 4
tBUN"\‘;BUN/H H\N BullN,NtBU suspension was warmed to room temperature and
— t .
S// \ ,\Ef“ A then heated overnight at 70 °C. Under a stream of
P/ ~ ) ]
& ‘t’\é' N nitrogen solid sulphur (200 mg, excess) was added
u

and the resulting suspension was stirred for 72 h at
70 °C. Afterwards all solvent was removed in vacuo yielding a sticky yellow solid.

100 ml of toluene were added and the resulting suspension was heated at 90 °C for

121



1h in order to dissolve excess sulphur. After 1h a clear yellow solution and a white
precipitate formed which was isolated by filtration under aerobic conditions and
subsequently washed with 100 ml of hot toluene, 200 ml of water and 100 ml of
pentane. The product was dried in vacuo to yield Li(THF)4[5.4cCl] as a colourless
powder (110 mg, 1.6 mmol, 20%, amount of THF was calculated on the basis of the
IH NMR).;*H NMR (de-DMSO, 400 MHz, 25 °C): 5[ppm] = 7.50 (s, NH), 3.60 (m, THF),
1.68 (s, 'Bu), 1.60 (m, THF); 3P NMR (de-DMSO, 202 MHz, 25 °C): d[ppm] = 36.7 (s),
LRESI-MS: m/z = calcd. 1450.22 ([5.4cClI]) measured 1450.07.

s s Synthesis of 5.5cClI: Inside a N2 filled glovebox a

| Il .
Me, tBuNyt,P’\N/tP\‘NtBu 100 ml  Schlenk flask was charged with

4 . .
@S=Fi‘/NB” | B“"‘\/p:s Li(THF)4[5.4<1] (200 mg, 0.13 mmol) which was then
Se /N\H"\EQ"H/N\P//S transferred to a Schlenk line. 50 ml of dry DCM were
. N / added, followed by 50 uyL MeOTf (excess). The
tBUN N'Bu H H BuN NtBU

*I‘D_N/ 5 \N_F',’ resulting suspension was stirred for 2h at room

/ \ NU \\S . . .
S PR temperature during which the suspended solid
Bu dissolved. All volatiles were removed in vacuo and

the resulting white solid was extracted with 25 ml of
toluene and filtered in order to remove LIOTf byproduct. All volatiles were removed in
vacuo Yielding 5.5 a colourless powder (160 mg, 0.1 mmol, 77%):*H NMR (CDCls,
400 MHz, 25 °C): d[ppm] = 9.79 (pt, 2Jpx = 6.6 Hz, 1H, NH), 8.81 (pt, 2JpH = 4.2 Hz,
1H, NH), 7.80 (pt, 2Jpn = 3.6 Hz, 1H, NH), 7.73 (pt, 2Jpn = 3.2 Hz, 1H, NH), 2.71 (d,
2Jpn = 21.8 Hz, 3H, P=S-Me), 1.88-1.60 (m, 180H, Bu); 3P NMR (CDCls, 202 MHz,
25 °C): d[ppm] = 41.4 (dd, 2Jrp = 34.2 Hz, 2Jrp= 10.0 Hz), 38.6 — 38.2 (m), 37.4 (dd,
2Jpp = 33.1 Hz, 2Jpp= 9.3 Hz), 37.1 (dd, 2Jrp = 33.6 Hz, 2Jrp= 10.0 Hz), 36.3 (dd, , 2Jrp
= 35.4 Hz, 2Jpp= 9.5 Hz), 35.6 — 34.8 (m), 34.5 (dd, 2Jrp = 34.3 Hz, 2Jpp= 5.6 Hz), 33.7
(dd, 2Jpp = 35.9 Hz, 2Jpp= 10.1 Hz); LRESI-MS: m/z = calcd. 1572.20 (Me5.5)*
measured 1572.23.
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Part 2: Trispyridyl Main Group Ligands
for Coordination Chemistry
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Chapter 6: Introduction to Part 2

The development of homogeneous catalysis relies heavily on effective ligand design
for the tuning of both sterics and electronics of the coordinated metal centres.[120]
Among others, tripodal Cs-symmetric ligands have evolved as popular spectator
ligands. Typically, three donor sites D, as shown in Figure 80, are connected by a non-
donor bridging unit E coordinate facially to, for example, an octahedral or tetrahedral
transition metal centre, providing a high degree of stereochemical control and highly

stable complexes due to the chelate effect.

Figure 80: Tripodal ligand coordinating to tetrahedral and octahedral transition metal
centres.

A great variety of tripodal ligands have been designed in the past on the basis of
combining various bridgeheads with established donor functionalities.'9%121] Figure 81

shows a selection of established Cs-symmetric tripodal ligands.
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Figure 81: Tripodal ligands featuring different bridgeheads and donor groups.
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Arguably, one of the most commonly used tripodal ligands is the trispyrazolylborate
system, HB(pz)s  (pz = pyrazolyl), established by Troflimenko in the 1970s which
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serves as a 6-electron donor as well as a counter-anion with regard to a coordinated
metal centre.['??l Due to their facile synthesis from pyrazoles and borohydrate BHa4
and strong donor capacity (similar to cyclopentadienyl, Cp-) trispyrazolylborates have
found countless applications in coordination chemistry, homogeneous catalysis and
even in bioinorganic chemistry, where they serve as supporting ligands for models of
enzymatic active sites.1123.124]

Earlier, Wright et al. and others explored the chemistry of trispyridyl ligands of the type
E(2-py)s (2-py = 2-pyridyl) which are closely related to trispyrazolyl borates.[*?%! Similar
to the latter, these ligands are generally available in a one-step procedure from
methathesis of REXz3 or EX3 with 2-Li-pyridine (or substituted 2-Li-pyridines, X =
halide), with the elimination of the lithium halides LiX (Figure 82). Hence, these
systems represent a synthetically readily accessible family of tripodal ligands which
allow the rational design and tuning of the ligand properties through variations of the
bridging group E or the pyridyl substitution pattern.

/ | _ 2/3 eq LIX | \ E gy E llI[
EX3 +3e > or
LN
or REXys N7 L =N N

Figure 82: Generalised synthesis of main group trispyridyl ligands. E = BR", AIR",
InR", CR, SIR, SnR, Sn", N, P, P=0/S/Se, As, As=0; X = ClI, Br.

Over the last 3 decades a range of trispyridyl ligands with various bridgeheads E have
been synthesised and explored. Known trispyridyl E(2-py)s ligands include those with
E = BR’, AR, InR", CR, SIR, SnR, Sn;, N, P, P=0/S/Se, As, As=0. The following
introduction will focus on recent advances in the chemistry of trispyridyl main group
ligands and in particular on the functional changes that come with bridgehead

derivatisation with more metallic p-block elements.

Group 13

Since aluminium is in group 13, the related mononuclear trispyridyl ligand is only stable
as its aluminate anion RAI(2-py)s- .1%61 The family of trispyridyl aluminates is
synthesised from the reactions of RAICI2 with three equivalents of 2-Li-py as their Li*
salts, RAI(2-py)sLi. Early on a variety of derivatives RAI(2-py’)s (R = Me, Et, 'Bu, 'Bu ;
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py’ = 3/4/6-Me-2-py) were synthesised and employed in coordination studies.[*?”] The
trispyridyl aluminates RAI(2-py)s™ are unique within the trispyridyl ligand family as the
ligand is anionic, similar to trispyrazolylborate. This often favours the formation of
sandwich complexes of the type L2M, such as [(MeAl(2-py)s)2Fe(Il)] which is obtained
from salt metathesis with FeCl..[128-1301 However, introduction of steric bulk through
substitution of the 6-position of the pyridyl group can disfavour the formation of
sandwich complexes.[*31 This subtle interplay between metal-ligand bonding to metals
and steric repulsion is highlighted in the reactions of 'BuAl(2-py)sLi(THF) or EtAl(6-Me-
2-py)sLi(THF) with MnCl2, the first reaction forming a sandwich complex and the
second forming a half-sandwich complex. Modification of the bridgehead substituent
or substitution at the 3-, 4- or 5-positions of the pyridyl groups showed no or little effect
on the chemistry of the corresponding trispyridyl aluminate. Taken together these
studies underline the modular nature of the synthesis of trispyridyl ligands and the way
in which steric effects can be used to modify their coordination behaviour. Both Lewis
base solvation of the Li* cations and sterically demanding groups present on the
pyridyl substituents can drastically affect the formation of monomeric or dimeric lithium
aluminates. For example, removal of the THF ligand in monomeric RAI(2-py)sLi(THF)
under vacuum gives dimers of the type [(RAI(2-py)s)2Liz], but this dimerisation can be
supressed by installing substituents in the 6-position of the pyridyl substituents. This
is illustrated dramatically in the case of removal of THF ligand in monomeric RAI(6-R-
2-py)sLi(THF) which gives monomeric RAI(6-R-2-py)sLi, containing three coordinated
lithium. [132]

The aluminium-carbon bond is sufficiently polar for trispyridyl aluminates to undergo
reactions other than metal ligand coordination. This reactivity persists in its
coordination complexes with a range of metals. On this basis, it was found early that
the sandwich LM complex [(MeAl(2-py)s)2Fe(ll)] acts as a remarkably selective
epoxidation catalyst for styrene with only oxygen as the oxidant (Figure 83).[128 The
catalytically active species was suggested to be [(MeAl(2-py)2(0))zFe(ll)], formed by
the reaction of one of the Al-C bonds of the aluminate with O2. Hence, the reactivity of

the bridgehead can play a crucial role in the activity and selectivity of catalysts.
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Figure 83: Catalytic epoxidation of styrene with the sandwich complex [(MeAl(2-
py)s3)2Fe(ll)] and the solid-state structure of the catalyst. Colour code: grey = C, blue =
N, orange = Fe, green = Al.

It was also found that the aluminate anion MeAl(2-py)s” can serve as a soft pyridyl
transfer reagent.['26] The reaction between MeAl(2-py)sLi(THF) and CuCl yields the
trimeric organometallic [Cu(2-py)]s. Surprisingly this species is not synthetically
accessible from the reaction of 2-Li-pyridine with CuCl. Analogously, reaction of
EtAl(6-Me-2-py)sLi(THF) with SnClz2 yields the Janus-head like hexapyridyl ligand (6-
Me-2-py)sSn-Sn(6-Me-2-py)s containing two tridentate coordination sites (Figure
84).113 Since the hexahalide precursors Sn2Xs are either difficult to prepare or highly
unstable, metathesis of 2-Li-pyridine with Sn2Xs is not feasible.l*3 Hence, pyridyl
transfer from EtAl(6-Me-2-py)sLi(THF) represents a synthetic opportunity in main
group chemistry to access polypyridyl system which cannot be synthesised via

traditional routes.

128



Vi N N N~ L
7\
— &

Figure 84: Formation and solid-state structure of (6-Me-2-py)sSn-Sn(6-Me-2-py)s.
Colour code: grey = C, blue = N, dark green = Sn.

In a related study it was shown that the CAl bonds are sufficiently polar to deprotonate
acids in a controlled fashion. Reaction of EtAl(6-R-2-py)sLi(THF) (R = H, CHs, CF3, Br)
with one equivalent H20 results in the loss of one pyridyl group and formation of a
terminal AIOH group stabilised in a dimeric arrangement.['32 The presence of the
terminal AIOH hydroxide was confirmed by *H NMR and IR spectroscopy. Its stability
can be explained by the sterically protected location of the AIOH hydroxyl group within
the cleft of the dimer. Interestingly, the hydroxide remains acidic and can be
deprotonated by the bridgehead ethylate group or, for example, ZnEt> which was
shown by in situ NMR monitoring. In the case of reaction with ZnEt2, deprotonation is
followed by pyridyl transfer to Zn(ll) with the reaction product containing the [Zn(6-Br-
2-py)s]2®- dianion, where the aluminate [EtAl(6-Br-py)s]" is employed. More stable
dimers of the type [EtAl(2-py)2(R’O)Li2(R’O)(2-py)2AIEt] are produced when the

aluminates are reacted with alcohols (Figure 85).
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Figure 85: Controlled hydrolysis and alcoholysis of EtAlI(6-R-2-py)sLi(THF) to [EtAl(2-
py)2(R’O)Li2(R'O)(2-py)2AlEt]; solid state structure of EtAl(2-py)2(MeO)Li2(MeO)(2-
py)2AIEt]. Colour code: grey =C, blue = N, red = O, bright green = Al, purple = Li.

In a follow-up study of the reactions of aluminates with alcohols, Wright et al.
developed a method to determine the enantiomeric excess of a mixture of chiral
alcohols (Figure 85).11%] Reactions of [EtAl(6-Me-2-py)sLi(THF)] with a chiral alcohols
R*OH give dimers of the type [EtAI(2-py)2(R*O)Li]2. However, when a mixture of the R
and the S alcohols is employed, the R and S monomers RAI(2-py)2(R*®RS)O)Li form
diastereomeric pairs of dimers (RR, SS and RS). These diastereomers can be easily
distinguished by *H and ’Li NMR spectroscopy using the 6-Me groups of the pyridyl
ligands or Li* ions as reporters. For racemic mixtures this gives a 50:50 distribution of
the RR\SS:SR\RS diastereomers, which do not interconvert on the NMR timescale.
The ratio of the RR\SS:SR\RS diastereomers is representative of the initial
enantiomeric excess of the employed alcohol. Consequently, the enantiomeric excess
can be precisely determined via *H and “Li NMR spectroscopy by the use on this
nonchiral agent.

Using the basicity of the pyridyl substituents also allows more elaborate
functionalisation of trispyridyl aluminates.[*3¢] Reactions of 2-HOCH:zpy, 3-HOCH:py or
4-HOCH:zpy with [EtAI(2-py)sLi. THF] introduces further complexity into the aluminate
scaffold. For example, [EtAl(6-Me-2-py)2(2-OCHzpy)Li] assembles into a Li2O2 centred
dimer in which the pendent 2-OCH:zpy groups form secondary pyridyl-N-Al interactions
with the Al atoms of the aluminate anions. This backcoordination of the pendant alkoxy
pyridyl ligands has been shown to be dynamic in solution. Functionalisation of the
ligand with 3-HOCH:py leads to the formation of an extended supramolecular structure
in the double alcoholysis product [EtAI(6-Me-2-py)(3-OCHzpy)2Li]. In the solid state
the 3-OCHzpy substituents bridge Li2O2 centred dimers into an elaborate polymeric

arrangement. Double alcoholysis was also used to synthesise the ‘chiral-at- aluminium”
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ligand [EtAl(6-Me-2-py)(OCH?z)(O'Bu)]" via sequential alcoholysis of [EtAl(6-Me-2-
py)sLi] with methanol and tert-butanol (Figure 86). Interestingly, dimers of the product
[EtAl(6-Me-2-py)(OCH?3)(O'Bu)Li]2 also statistically self-sort into diastereomers which

can be identified by 'H and “Li NMR spectroscopy in solution.
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Figure 86: Generation of ‘chiral-at-aluminium’ dimeric diasteroemers by double
alcoholysis. Colour code: grey =C, blue = N, red = O, bright green = Al, bright green =
Li.

As mentioned earlier, reaction of the aluminates can also occur with oxygen. It was
found that controlled oxidation of the transient complex [{EtAl(2-py)s}2Sm], which was
obtained via metathesis of EtAl(2-py)sLi(THF) and Smlz, with molecular O2 gives the
Sm(lll) compound [{EtAI(2-py)sKEtAI(2-py)20}Sm]2 containing the ligand [EtAl(2-
py)20]% (Figure 87).11%7] [t was suggested that the dimeric Sm(lll) complex can be seen
as a model for the active species in the catalytic epoxide of styrene with Oz using the
Fe(ll) complex [(MeAl(2-py)2(0))2Fe] mentioned earlier. Consequently, the
epoxidation pathway of the styrene appears to involve cooperativity between the

bridgehead and the coordinated metal.
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Figure 87: Oxidation of the samarium(ll) complex [{EtAl(2-py)3}2Sm]. Colour code:
grey =C, blue = N, red = O, bright green = Al, purple = Li, dark green = Sm.

Interestingly, the intermediate Sm(ll) complex in this reaction could be stabilised by
the sterically more demanding [EtAl(6-Me-2-py)s]- ligand, producing [{EtAl(6-Me-2-
py)s}2Sm] (Figure 87). It was shown that the coordination ability of [EtAl(6-R-2-py)s] to
lanthanide(ll) cations is highly dependent on the 6-R substituent. The presence of a
6-CF3 group within the aluminate resulted in no coordination ability at all, in contrast
to the 6-H, 6-Br and 6-Me substituted ligands.*38 Sandwich compounds of the type
[{EtAl(6-Me-2-py)s}.Ln] are dynamic in solution. As a result, the half-sandwich [{EtAI(6-
Me-2-py)s}2Y(THF)21] and the heteroleptic complex [{EtAl(6-Me-2-py)s}Y{EtAl(6-Br-2-
py)s}] can be obtained by equilibriation from the homoleptic Yb sandwich compound.

As far as the rest of the heavier elements of group 13 are concerned, the ["Buln(2-
py)s]” anion can be formed in a similar fashion to the aluminates mentioned above,
from the reaction of "BuIlnCl2 and 2-Li-py.[*?®! However, little is known about its
coordination chemistry apart from the complex with the Mo(CO)s complex fragment.

Jakle et al. extensively investigated the chemistry of the trispyridyl borate ArB(2-py)s’,
the pyridyl analogue of trispyrazolato borate.['3°! Differently from all other trispyridyl
main group ligands, reaction of the lithiate 2-Li-py with boron halides proved
unsuccessful and ArB(2-py)s could only be isolated when the pyridyl-Grignard
[(2-py)MgCI(THF)2]2 was employed as the nucleophile (Figure 88).11401 Trispyridyl
borate was isolated as the ArB(2-py)sH conjugated acid in which one pyridine group
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is protonated. In contrast to the aluminates which are purified by crystallisation under
inert atmosphere, ArB(2-py)sH is remarkably stable under benchtop conditions. It can
be worked up aqueously and subjected to column chromatography and further
functionalised by organic transformations. A number of transition metal complexes
were obtained using established methodologies and it was found that the
deprotonated form, ArB(2-py)s, is a relatively strong sigma donor compared to
trispyrazolato borate.[**1 Similarly to trispyridyl aluminates, the borate analogue forms
sandwich complexes of the type [{ArB(2-py)s}2M] (M = Mg, Fe, Mn, Cu, Ru), some of
which assemble into remarkably porous and shape persistent supramolecular
structures in the solid state. Some of these complexes can be modified via organic

transformations the pure ligand cannot undergo.
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Figure 88: Synthesis and coordination chemistry of the trispyridyl borate [(4-'Bu-
CsHa)B(2-py)s]; Solid-state structure of the sandwich compound [(4-'Bu-CeH4)B(2-
py)s]zFe. Colour code: grey =C, blue = N, orange = Fe, pink = B.

Due to the high stability of the trispyridyl borate ligand, it can be incorporated into
polymeric materials.'*2143] Vinyl or norbornyl bridgehead substituents allow
polymerisation into homo- and co-block polymers via nitroxide mediated or ring-
opening metathesis polymerisation. The trispyridyl borate units in these polymers can
then be coordinated to Cu(ClOa4)2. Copper(ll) can be exchanged for iron(ll), resulting

in a change in the materials properties of the polymers.
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Group 14

In the search for stable trispyridyl main group ligands Wright et al. reported the
synthesis of MeSi(2-py)sLiCl from 2-Li-py and MeSiClz.[**4 However, as in the case of
trispyridyl borate, this route to the MeSi(2-py)s ligand was particularly low yielding
which hindered further coordination studies. Following a similar procedure with
"BuGeCls (obtained from the in situ reaction of GeCls and "BulLi) yields the "BuGe(2-
py)sligand.['23 The tin(1V) derivative "BuSn(2-py)s, however, was initially isolated from
the reaction of 2-Li-py with Cp2Sn (Figure 89).1*4%] In this reaction, "BuBr is generated
in the initial lithium halogen exchange of "BuLi with 2-Br-py, the tin(IV) product is then
formed by oxidative addition to the Sn(ll) intermediate. The Sn(IV) ligand "BuSn(2-py)s
can also be obtained in a similar fashion to the silicon and germanium analogue from
preformed "BuSnCls and 2-Li-py.[*4%! Cp2Pb reacts under analogous conditions as in
the Sn(ll) case above to give the anionic plumbate [Pb(2-py)s] as the lithium-THF salt
(Figure 89).1146l Therefore, it can be seen that the onset of the inert pair effect for group
14 bridgeheads leads to accessibility of both the +II and the +IV state of these heavy
trispyridyl ligands.
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Figure 89: Synthesis of group 14 trlspyrldyl ligands and solid-state structure of [Pb(2-
py)s]Li(THF). Colour code: grey =C, blue = N, red = O, purple = Li, dark grey = Sn.

"BuSn(2-py)s was found to coordinate in a classic tridentate fashion to CuBr and
Mo(CO0)a.[1*31 Other than these examples, however, group 14 trispyridyl ligands with
the bridgehead in +IV oxidation state have not been further investigated in
coordination chemistry.

Group 14 ligands with +II oxidation state bridgeheads (like the plumbate mentioned

above) show rich coordination chemistry through the pyridyl donors as well as the
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bridgehead lone pair (Figure 90). This has allowed the formation of coordination
polymers and the assembly of multimetallic coordination compounds, mostly
investigated by Zeckert and coworkers. Reactions of [Sn(5-Me-2-py)sLi(THF)],
containing the [Sn(5-Me-2-py)s]" anion, with Cp*sLn (Ln = La, Yb) yields the adduct
[Cp*sLnSn(5-Me-2-py)sLi(THF)] in which the Sn(ll) lone pair coordinates to the Ln(lll)
centre of an intact Cp*sLn moiety.[*4”] On the other hand, in reactions with Cp*2Ln (Ln

= Eu, Yb) nucleophilic substitution of the Cp* ligands occurs.[148l
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Figure 90: Reactivity of [Sn(5-Me2-py)sLi(THF)] with Cp* lanthanide complexes.
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[Cp*sLnSn(5-Me-2-py)sLi(THF)] itself can be used as a ligand to substitute the Cp*
groups of Cp*2YD, yielding the trinuclear complex [Cp*sLaSn(5-Me-2-py)sYb(5-Me-2-
py)sSnLaCps*] with a central L2M sandwich arrangement similar to what has been
reported for the aluminate analogue [{EtAl(2-py)3}2Sm].[1*°1 The Sn(ll) lone pair can
also be coordinated to main group centres. Lanthanide sandwich complexes of the
type [R3E-Sn(5-Me2-py)]2Ln can be obtained.[*>%! Here the lone pair on Sn(ll) is
coordinatively saturated through Lewis acid base pair formation with, e.g., E = EtsAl
or EtsGa.

The lathanide coordination chemistry of [Pb(5-Me-2-py)sLi(THF)] parallels that of the
tin analogue to some extent although the lead lone pair is less coordinatively
accessible. 11 Reaction of Cp*2Eu with [Pb(6-O'Bu-2-py)sLi(THF)] yields the L2M
sandwich compound in which the Eu(ll) atom is coordinated by the six N-atoms of the
two [Pb(6-O'Bu-2-py)s] ligands, with the Pb(ll) centres remaining uncoordinated.
However, it was observed that oxidative coupling of the lanthanide complexes can
occur, yielding the diplumbane (5-Me-2-py)sPb-Pb(5-Me-2-py)s. Therefore, lanthanide
complexes are less stable for the Pb(ll) ligands than for the Sn(ll).

The use of tin bridgeheads also allows greater structural variety. It was found that an
unusual hypervalent [Sn(5-Me-2-py)s]> dianion featuring six Sn-C bonds can be

formed as its Li2(THF)2 salt by the reaction of Sn(5-Me-2-py)4 (which itself is formed
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by metathesis of SnCls with 5-Me-2-Li-py) with 2 equivalents 5-Me-2-Li-py (Figure
91).11521 The Sn(IV) dianion is very thermally stable in solution and in the solid state.
The authors suspected that this stability stems from the simultaneous coordination of
the lithium cations in the lithium salt [Li2(THF)2Sn(5-Me-2-py)s] by the trispyridyl faces.
[Li2(THF)2Sn(5-Me-2-py)s] can be seen as a Janus-head type ligand with two tridentate
pockets for complex formation. However, its coordination chemistry remains

unexplored.

Figure 91: Synthesis of [Sn(5-Me-2-py)sLi2(THF)2] from Sn(5-Me-2-py)a.

In a very recent study it was shown that a nonapyridyl framework can be obtained from
the reaction of [Sn(6-O'Bu-2-py)sLi(THF)] and Sn(HMDS)2 or Pb(HMDS)2.[5%] |n the
compound [(Sn(6-0O'Bu-2-py)3)3Sn/PbLi(THF)] three trispyridyl coordination pockets of

which one is occupied by Li* are present.

Group 15

In group 15, trispyridyl phosphine P(2-py)s and phosphine oxide O=P(2-py)s are
established ligands in coordination chemistry.[154-157] Since the phosphine bridgehead
can also act as a donor in P(2-py)s, coordination modes involving the bridgehead are
commonly observed. The work described in this section will deal with trispyridyl
phosphine ligands which incorporate 6-Me-2-py groups, which have been recently
explored in the Wright group (but which are representative of broader coordination
chemistry in this area).[**®l Three coordination modes have been observed so far for
P(6-Me-2-py)s. In [P(6-Me-2-py)sFeCIOTf] (Figure 92, left) all three pyridyl groups are
coordinating in a tridentate fashion to iron(ll), whereas replacement of one triflate with
chloride yields (6-Me-2-py)P(6-Me-2-py)2FeCl2 (Figure 92, centre), in which only two
of the three pyridyl groups coordinate to the iron centre. It was shown that the presence
of the 6-Me substituent supresses formation of sandwich type complexes [{P(6-Me-2-
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py)s}2Fe], a mode which is encountered in the same study for the simpler P(2-py)s
system. Finally, the phosphorus lone-pair can be accessed in the Janus-head like
coordination mode observed in [(CH3CN)3CuP(6-Me-2-py)sCu(CHsCN)]PFs (Figure
92, right). Here both the phosphine centre as well the pyridyl groups are coordinated
to copper(l).
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Figure 92: Coordination chemistry of P(6-Me-2-py)s. Solid-state structure of left: [(6-

Me-2-py)P(6-Me-2-py)2FeCl2], middle:  [P(6-Me-2-py)sFeCIOTf] and  right:

[(CH3CN)3CuP(6-Me-2-py)sCu(CH3CN)]PFe. Colour code: grey = C, blue = N, orange
= P, dark orange = Fe/Cu, green = Cl, red = O, bright green = F, yellow = S.

This P(N,N,N) coordination mode parallels what is found in other trisdonor substituted
phosphines and has been shown previously to allow formation of heterobimetallic
complexes in which the phosphorus and the pyridyl donors coordinate two different
metals, e.g., in (CsFs)AuP(2-py)sRh(TFB) (TFB = tetrafluorobenzbicyclooctadiene).[5°
Reek et al. utlised dual coordination of this type to build supramolecular
hydroformylation catalysts. The 3-pyridyl derivative P(3-py)s can be coordinated to
three zinc-porphyrins (and related systems), leaving the phosphorus centre available
for coordination to Rh(1).[160-1621 The coordinated rhodium is catalytically active in the
hydroformylation of alkenes. Due to the supramolecular environment spanned by the
porphyrin panels, the Rh(l) is sterically encumbered in a supramolecular capsule-like
environment which has been shown to enhance selectivity for the formation of the
branched over the terminal aldehyde in alkene hydroformylation. Modification of the
panels increases the stability of the catalyst which ultimately yields systems applicable
in highly polar industrially relevant solvents.

Similar to the alcoholysis of [EtAl(6-Me-2-py)sLi(THF)] described previously,
modification of framework of pyridyl-phosphine ligands has also been investigated
recently. Unsymmetric pyridyl-phosphines of the type P(6-Me-2-py)x(Rz2N)sx have

been shown to react with organic acids and alcohols yielding P(6-Me-2-py)x(RO)3-x
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with elimination of R2NH.['63! |n the case of P(6-Me-2-py)(Rz2N)2, alcoholysis can be
controlled to substitute one or two amines enabling the synthesis of ‘chiral-at-
phosphurs” pyridyl phosphine ligands. Additionally, this development enables the
synthesis of chiral pyridyl phosphines through reaction with chiral alcohols such as 2-
butanol. Both the starting P(6-Me-2-py)x(R2N)3sx as well as the modified P(6-Me-2-
py)x(RO)s-x ligands tend to form dimeric coordination arrangements with copper salts.
In those the alkoxide substituent is not involved in copper coordination, whereas the
P-bound amine groups can be.

Artem’ev et al. recently realised the formation of larger cage-type structures based on
trispyridyl phosphine. Reaction of P(2-py)s with AgOTf yields a silver-centred, P-face-
capped [Ag@Ag4(us-P)4] silver tetrahedron inscribed within a N12 icosahedron (Figure
93).[1641 Multinuclear NMR studies revealed the cluster remains intact in solution.
Additionally, the cluster shows solid-state luminescence with reported quantum yields
up to 24%.
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Figure 93: Different views of the solid-state structure of Ags tetrahedron discussed
above; OTf counteranions, hydrogen atoms and lattice bound solvent omitted for
clarity. Colour code: grey = C, blue = N, silver = Ag, orange = P

The same group also made creative use of P(2-py)s as a precursor to alpha-cationic
facially coordinating ligands. Reaction of P(2-py)s with different alkyl iodides yields the
phosphonium tripods [RP(2-py)z]I.[%! In coordination studies with Cu(l) it was shown
that changing the alkyl chain from Me to Pr to Bu yields either mononuclear or

tetranuclear complexes of different structural types, as shown in Figure 94.
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Figure 94: Different views of the solid-state structure of Cu(l) complexes of [RP(2-
py)s3]l; @) R = Me, b) R = Pr and c¢) R = Bu. Colour code: grey = C, blue = N, purple =
I, bright orange = P, dark orange =Cu.

In related work, Burford et al. recently made use of trispyridyl phosphine as a 6 electron
donor for the stabilisation of pnictogen(lll) trications (Figure 95).[%681 Chloride
abstraction starting from AsCls with TMSOTT in the presence of P(2-py)s yields [P(2-
py)3As][OTf]s, in which the tricationic pnictogen complex adopts a Csy symmetric
structure. The reaction was shown to occur via formation of the dicationic intermediate
[P(2-py)sAsCI|[OTf]2, which then undergoes chloride metathesis to give the final
products [P(2-py)sAs][OTf]s and [P(2-py)sAsCl2][OTf]. The analogous rearrangement

reaction has been observed for the Sb derivative.

Figure 95: Different views of the solid state structure of [P(2-py)sAs][OTf]s. Colour
code: grey = C, blue =N, red = O, bright orange = P, purple = As/Sb, yellow = S, bright
green = F.

The lone pair of trispyridyl phosphine can also be subjected to further functionalisation
via oxidation with H202, elemental sulphur or selenium. Sundermeyer et al. used the

nature of the pnictogen bridgehead to modify the photophysical properties in [E=Pn(2-
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py)3Cul] complexes (E = O, S, Se; Pn = P, As).!1671 The reported Cu(l) complexes were
found to be potent emitter materials, exhibiting thermally activated delayed
fluorescence (TADF) with relatively short phosphorescence decay times (T1 -> So).
This study nicely demonstrated how the nature of the bridgehead in E=Pn(2-py)sCul
and its oxidant can tune the electronic properties of the coordinated metal. Trispyridyl
phosphine oxide also has been recently used by Miller et al. as a supporting ligand in
[O=P(2-py)sRu(bipy)(OH2)] (bipy = bipyridine) which acted as a water-oxidation
catalyst, with enhanced electrocatalytic activity compared to related systems.[168] Both
of these studies highlight how moving to more robust Pn(V) bridgeheads leads can
lead to real-world applications.

Although a plethora of trispyridyl main group ligands have been synthesised there are
still gaps in this area. For example, there are no examples with Ga(lll), Sb(lll/V) or
Bi(lll/V) as the bridgehead. Seminal work by Gabbai et al. showed that such
bridgeheads in P-donor ligands make transition metal reactivities possible that have
few parallels in other coordination complexes.l'6 As mentioned in the introduction,
some trispyridyl main group ligands are largely unexplored in coordination chemistry,
such as RSi(2-py)s or As/O=As(2-py)s. Because of this the goal in this part of the thesis
was to close these gaps in the synthesis of trispyridyl main group ligands and to
explore the coordination chemistry of the unknown and underexplored derivatives. In
addition, although there has been a lot of synthetic effort in the area of trispyridyl main
group ligands, little is about the actual electronic consequences of changing the
bridgehead and the result on coordination behaviour and reactivity of metal complexes.

This is a further aim of the current study.
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Chapter 7: How Can Changing the Bridgehead
Affect the Properties of Trispyridyl Pnictogen
Ligands?

Surprisingly, there are no previous reports of the synthesis or coordination chemistry
of trispyridyl ligands of Sb or Bi. Our attempts to obtain the unsubstituted ligands E(2-
py)s (E = Sb, Bi) using the in situ reactions of 2-lithio-pyridine with ECls were only
successful for E = As, apparently as a result of reductive elimination of bipyridine from
E(2-py)s and the generation of elemental Sb or Bi for the heavier group 15 elements.
Black reaction mixtures (due to the formation of Sb and Bi) are obtained which show
a complex mixture of products by *H NMR analysis. Reductive elimination of bipyridine
from the bridgehead is a problem which has been observed before for the tin(IV)
analogue.['*® The failure of the initial attempts to obtain the Sb and Bi trispyridyl
ligands in these initial studies is in line with a previous report which showed that the
ligand Bi(2-py)s could not be obtained even from the reaction of BiCls with the more
stable 2-(ZnBr)-pyridine reagent.l'’% A very recent study also failed to isolate the

trispyrazolato bridged bismuth ligand.[*"1 Figure 96 summarises these results.
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Figure 96: Synthetic efforts to afford heavy pnictogen E (E = Sb, Bi) trispodal ligands.
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Results and Discussion

The use of 2-Li-6-Me-pyridine has allowed us here to synthesise the tripodal ligands
E(6-Me-2-py)s [E = As 7.1, Sb 7.2, Bi 7.3] in good yields (64-69%) after crystallisation
from toluene (Figure 97), making all the group 15 (N, P, As, Sb, Bi) trispyridyl ligands
synthetically available. Bi(6-Me-2-Py)s 7.3 is the heaviest member of the family of

isovalent trispyridyl main group ligands to be reported

| X NBuLi | X 0.33 eq ECl3 | N E""”| Xy E=As 7.1
z THF, -78°C, Z~|i THF, -78°C N JIN_SJ Sb7.2

N~ Li : = | )
N~ "Br 3h to RT, 16 h N Bi 7.3

Figure 97: Synthesis of E(6-Me-2-py)s E=As 7.1, Sb 7.2, Bi 7.3.

The increased stability of the pyridyl substituents in 7.2 and 7.3 can be ascribed to the
electron donating effect of the Me-group, which suppresses reductive elimination. Also,
we found that the lithiate 6-Me-2-Li-py is more stable during metathesis than the

unsubstituted lithiate 2-Li-py.

e al
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Figure 98: Solid-state structure of 7.3; the structures of 7.2 and 7.1 are similar.
Ellipsoids shown at 40% probability; hydrogen atoms omitted for clarity. Selected bond
lengths [A] and angles (°) for 7.1-7.3: 7.1, As-C 1.980(4), C-As-C 97.3(2), py-ring
dihedral from perpendicular 35.3. 7.2, Sb-C 2.160(10), C-Sb-C 95.3(4), py-ring
dihedral from perpendicular 34.8. 7.3, Bi-C 2.270(8), C-Bi-C 95.0(3), py-ring dihedral
from perpendicular 22.8. Colour code: grey = C, blue = N, purple = Bi.

X-ray quality crystals of 7.1, 7.2 and 7.3 could be grown from saturated toluene and
THF solutions at -14 °C.The solid-state structures of 7.1, 7.2 and 7.3 are similar to the
previously structurally characterised P-counterpart P(6-Me-2-Py)s, in which the 6-Me
groups and N-atoms of the pyridyl ring units are orientated (‘upwards’) towards the

lone pair on E.['%81 As expected, the Cpyrigy-E distances increase moving down group
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15 (by ca. 0.29 A), matching the increase in atomic size of the group 15 atoms. The
increase in the E-C bond lengths going from As to Sb to Bi is matched by the planes
of the pyridyl rings becoming increasingly perpendicular to the bridgehead C-E bonds,
as a result of the decreased steric repulsion between the 6-Me groups.

Our initial interest regarding the properties of 7.1-7.3 focused on the potential
structural/functional effects of the increasing Lewis acidity of the bridgehead as group
15 is descended. At the top of the group (N and P) the higher electronegativity,
combined with the presence of compact lone pairs, is known to lead to ambidentate
character in which both the N-atoms of the 2-py groups and the group 15 atom E can
donate to metal ions as shown in the introduction. However, the onset of
electropositive character and relativistic stabilisation of the lone pair at Bi are
anticipated to lead to increasing acceptor character for the bridgehead as the group is
descended.[}72173]

The increase in the Lewis acidity of the bridgehead atoms in 7.1-7.3 was demonstrated
by initial DFT (B3LYP/def2-TZVPP) calculations of their fluoride ion affinities (FIA).
These calculations were carried out by Patrick Préohm at FU Berlin. Firstly, the
structures of the free ligands and their fluoride adducts were optimised and the binding
energies of fluoride were compared. The As ligand 7.1 turned out to have the lowest
FIA and was therefore set to 0 kJ/mol relative to the Sb and Bi ligands. For the heavier
homologues the FIA increases with increasing atomic number (FIA 7.2 = -36.8 kJ/mol,
FIA 7.3 = -58.2 kJ/mol), indicating a progressive increase in the Lewis acidity of the
bridgehead atoms. From this we reasoned that the Sb and Bi ligands might be capable
of simultaneous anion and cation coordination of metal salts (using their pyridyl-N and
bridgehead E atoms).

The Cu(l) complexes [E(6-Me-2-Py)sCuMeCN]PFs [E = As 7.4, Sb 7.5, Bi 7.6)] were
obtained by the room temperature reactions of 7.1 - 7.3 with [Cu(MeCN)4]PFs in MeCN
and crystallised from the concentrated reaction mixtures after filtration (Figure 99).
Isolated crystalline yields were 32% for 7.4, 25% for 7.5 and 18% for 7.6.
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Figure 99: Synthesis and structural trend observed in the solid-state structures of 7.4,
7.5and 7.6.

These crystals were suitable for X-ray diffraction studies (Figure 100). All of the
complexes contain isostructural [E(6-Me-2-Py)sCuMeCN]* cations in the solid state, in
which the trispyridyl ligands coordinate pseudo-tetrahedral Cu(l) centres using all
three N-atoms. The increase in the size of the bridgehead atom (As-Bi, ca. 0.3 A) has
only a minor influence on the Cu(l) geometry because the ligand bite is maintained in
7.4-7.6 by the pivoting of the 6-Me-2-py groups towards the metal ions (about the ipso-
C-atoms of the pyridyl rings). An important consequence of this, regarding later
catalytic studies, is that the steric environments of the Cu(l) centres in 7.4-7.6 are very
similar. A more noticeable structural influence, however, is the increase in Lewis
acidity of the group 15 bridgehead atoms, resulting in increasing anion-cation

interactions on descending group 15.
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Figure 100: Solid-state structure of (a) 7.4, (b) 7.5 and (c) 7.6. Displacement ellipsoids
shown at 40% probability; hydrogen atoms and PFes-disorder omitted for clarity. As-C
range 1.956(3)-1.970(3), Npyridy-Cu range 2.071(3)-2.091(2), NMeCN-Cu 1.945(3), C-
As-C range 99.25(15)-99.94(9), Npyridyl-Cu-Npyridyt range 97.51(8)-99.58(12). Sb-C
range 2.155(3)-2.167(3), Npyrigy-Cu range 2.070(2)-2.111(2), Nmecn-Cu 1.954(3), C-
Sb-C range 92.09(11)-98.93(11), Npyrigy-Cu-Npyridyl range 94.33(9)-106.04(9). Bi-C
range 2.244(6)-2.270(6), Npyrigay-Cu range 2.057(5)-2.128(5), Nmecn-Cu 1.965(5), C-Bi-
C range 90.2(2)-97.0(2), Npyridy-Cu-Npyrigyi range 95.15(17)-107.71(18). Colour code:
grey = C, blue =N, purple = As/Sb/BIi, orange = P, bright green = F, dark orange = Cu.

In the As derivative 7.4 there are no close contacts between the As(lll) bridgehead
and the PFe anions in the lattice. However, in the Sb derivative 7.5 the lattice
arrangement consists of ion-pairs of the [Sb(2-py)sCuMeCN]* cation and PFs™ anion,
with one short Sbes+F interaction linking each cation to a single anion [3.483 A; cf. a
maximum of ca. 3.53 A expected for a van der Waals interaction].l8 The extent of
these interactions increases further for the Bi complex 7.6, in which a helical packing
arrangement of the [Bi(2-py)sCuMeCN]* cations and PFe anions occurs through two
close Bies*F contacts [3.349 and 3.736 A; cf. a maximum of 3.77 A for a van der Waals
interactions]. However, these bridgehead---PF¢ interactions do not persist in solution
as the 3P NMR spectra in CD3CN are identical in 7.4, 7.5 and 7.6, showing free PFe¢’
at -144.5 ppm.

In light of the observed effects of ion-pairing found in the solid-state structures of
complexes 7.5 and 7.6, we were intrigued by the potential effects of having a more

strongly coordinating anion.
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Figure 102: Solid-state structure of (a) 7.7 and (b) 7.8; displacement ellipsoids set at
40% probability; hydrogen atoms omitted for clarity. Selected bond lengths [A] and
angles [°] for 7.7 and 7.8: 7.7, Sb-C range 2.133(6)-2.160(4), N-Cu range 2.126(3)-
2.146(5), Cu-Cl 2.341(1), C-Sb-C 94.6(2)-97.7(2), N-Cu-N 98.4(2)-103.2(1). 7.8, Bi-
C(bridging pyridyl) range 2.269(8)-2.296(8), Bi-Citerminal pyridyl) 2.255(9), N-Cu 2.033(6),
2.033(7), Cu-Cl 2.188(2), BisssCl 3.432(2), BisssCu 3.271(1), C-Bi-Coridging pyridyl)
89.5(3), Cqbridging pyridyl)-Bi-Citerminal pyridyy 90.2(3)-101.5(3), Biee*CI-Cu 80.5(2). Colour
code: grey = C, blue = N, purple = Sb/Bi, dark orange = Cu, bright green = F.

Accordingly, we prepared the corresponding CuCl complexes of 7.2 or 7.3 by the
reactions of CuCl in MeCN (Figure 101). The Sb-ligand complex 7.7 was isolated as
yellow crystals suitable for X-ray crystallography from the concentrated reaction
mixture. As expected, Sb(6-Me-Py)s 7.2 forms a Csv-symmetric complex in which all
three pyridyl groups coordinate to the Cu(l) ion of a CuCl unit (Figure 102). However,
an unprecedented dimeric arrangement [(6-Me-Py)Bi(6-Me-Py).CuCl]2 7.8 is
observed for 7.3, in which one of the intramolecular N-Cu bonds is effectively
sacrificed for an intermolecular Cu-Cle++Bi interaction and an intramolecular Cue+Bi

interaction, leaving the Cu centres in trigonal planar coordination environments (Figure
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102). The Bi-Cl interaction of ca. 3.43 A is around 0.7 A shorter than the sum of the
van der Waals radii of Bi and Cl and Bis*=Cu contact of ca. 3.27 A in the monomer
units of 7.8 is about 1.1 A shorter than the sum of the van der Waals radii of Cu and
Bi.8% In order to investigate the electronic grounds for this structural change we turned
to computational modelling. These computations were carried out by Patrick Prohm at
FU Berlin. A single-point DFT calculation (B3LYP hybrid functional, def2-TZVPP basis
set) using the atom coordinates obtained from the solid- state structure shows that the
inter-dimer Bie++Cl interactions result from CI lone-pair donation into the o*-orbital of
one of the Cpyrigyi-Bi bonds in the HOMO-24 and HOMO-27. Additionally, AIM analysis
reveals bond critical points in the Bies+Cl axes between the monomers (Figure 103).
The electronic overlap between copper and bismuth can be seen in the HOMO -12
and stems from donation of one of the copper d-orbitals into the o*-orbital of one of
the Cpyridy-Bi bonds. Consequently, the energetic accessibility of the o*-orbital of Bi
drives the structural change going from Sb to Bi.

Figure 103: HOMO -24 and HOMO -27 and electron density plot of dimeric 7.8.

The anion-mediated switching of the coordination mode of the trispyridyl ligand 7.3
from tris-N-donor in the CuPFe complex 7.6 to bis-N-donor/Bi-acceptor in 7.8 is not
just a solid-state effect, but can be demonstrated by the addition of an excess of a
chloride source (tetrabutylammonium chloride, TBACI) to 7.6 in MeCN, which gives
7.8 quantitatively (Figure 104). Variable-temperature *H NMR spectroscopic studies
(253 — 313 K) show that 7.8 is involved in a monomer/dimer equilibrium in MeCN
solution. In addition to the two sets of 2-pyridyl and Me-resonances expected for the
Bi/Cu-bridging and terminal 6-Me-2-py groups of the dimer, the room temperature H
NMR spectrum of 7.8 in CD3CN also shows resonances for the symmetric, tris-

chelated monomer [Bi(6-Me-py)sCuCl] 7.9 (i.e., isostructural with 7.7, ca 10% of the

147



total at 298K), with the monomer increasing in abundance at higher temperatures. The
presence of an intermolecular monomer-dimer equilibrium is confirmed by dilution
experiments at room temperature, in which the equilibrium shifts towards the monomer
at lower concentrations and towards the dimer at higher concentrations. Van't Hoff
analysis of the variable-temperature data yields a dimerisation enthalpy of AH = -21 +
2 kJ mol* and entropy of AS = -61 + 6 J mol* K (Figure 105).

o
Bl Sp-Blin S eV sy
N 2N, WIN / TN B Birn N\
N TBACI NN K g U .\ cucl , (N
Iy (:|Il/,| \ \I = ‘ &
PF, o \ Y
) = N~

7.8

Figure 104: Anion dependent coordination chemistry and monomer/dimer equilibrium

of 7.3 and its copper complexes.
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Figure 105: Variable temperature NMR analysis and van’t Hoff plot of monomer/dimer
equilibrium.

These data provide further evidence that the enthalpy gained in forming the dimer
outweighs the entropic gain normally associated with the chelate effect at lower

temperatures.

In addition to structural consequences, ligands 7.1-7.3 also provide a unique
opportunity to explore the effects of incremental changes in the electronic character
and size of the bridgehead on catalytic selectivity and reactivity. The impact of the

decrease in electronegativity of the bridgehead atom is indicated by DFT calculations
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(B3LYP/def2-TZVPP), which show a small but consistent trend towards greater
negative charge at the N-atoms as group 15 is descended. Natural population analysis
of the DFT optimised ligand structures reveals an increasing amount of negative
charge at the nitrogen atoms as group 15 is descended, from -0.44877 a.u. for 7.1 to
-0.46991 a.u. for 7.2 t0 -0.47737 a.u. for 7.3.1174 An increase in negative charge should
theoretically render the ligands better o-donors as one moves down the pnictogen
group. The resulting increase in the o-donor character of the ligands is consistent with
the trend towards lower Cu(l)/Cu(ll) oxidation potential observed in the cyclic
voltammograms of the CuPFs complexes 7.4-7.6 in MeCN [E12(Cu(l)/Cu(ll)) = 0.65
7.4;0.56 7.5; 0.48 7.6 V vs. Fc/Fc*] (Figure 106). Here we refer to the maximum of the
oxidative wave since the redox pair is only partially reversible, presumably due to

structural rearrangement of the complex upon oxidation to Cu(ll).
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Figure 106: Left: Overlayed Cu(l)/Cu(ll) redox cyclic voltamograms for 7.4, 7.5 and
7.6 derivatives (2.5mM) in 0.1M TBAPFs/MeCN electrolyte at a scan rate of 100 mVs™.
Right: Overlayed UV-Vis spectra of 7.1 (As), 7.2 (Sb), 7.3 (Bi) (2.5 uM solution in DCM,
X-AXis in nm).

At the same time, the bridgehead atom appears to have little effect on the acceptor
character of the ligands, with the free ligands all exhibiting a 1 to T* transition at
270 nm in their UV-Vis spectra in DCM (Figure 106). This stems from the s-character
of the bridgehead E lone pairs, which do not have the correct symmetry to interact with
the 1T-orbitals of the pyridyl rings. From this we conclude that as one moves down the
group the ligands 7.1, 7.2 and 7.3 become better o-donors and but have approximately
equal 1r-acceptor ability.

With this information in hand we were curious to see how this change in the ligand
properties affects the reactivity of the coordinated metal and turned to homogeneous

catalysis as an experimental handle. As mentioned previously, facially coordinating
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tripodal ligands are among the most commonly used auxiliary ligands in homogenous
catalysis.l'?01 We investigated the bridgehead influence on the Cu(l)-mediated
aziridination of styrenes as this reaction is one of the most reliable reactions catalysed
by Cu(l). This reaction has been used previously as a mechanistic probe using Cu(l)
trispyrazolyl borate complexes by Perez and coworkers, who showed that the polar
contribution to the mechanism is increased by electron-poor Cu(l) centres, while the
radical contribution is increased by electron rich Cu(l) centres.'’® In this case
electronic modulation is achieved by conventional substitution of the pyrazolyl rings
and the electronic effects were demonstrated by cyclovoltamery and the IR CO
stretching frequency of the related Cu(l) carbonyl complexes.
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Figure 107: Competition experiments of the copper(l) catalysed aziridination. [Cu] =
7.4,7.5,7.6.

We conducted a similar competitive study of the Cu(l)-mediated aziridination of a
series of aryl alkenes with TsN=IPh (Ts = Tosyl) in the presence of styrene, using the
CuPFe complexes 7.4, 7.5 and 7.6 as the catalysts (Figure 107). All complexes show
equally excellent activity with reaction times under 5 min and turnovers of >95%
substrate at 1 mol% catalyst loading. However, when a 1:1 mixture of a X-para-
substituted styrene and styrene was employed a change in the ratio of the two aziridine
products is observed for a given X-group (X= MeO, Me, Ph, H, Cl, CF3) moving from

7.4 to 7.6. An example of the type of data that was obtained is shown in Figure 108.
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Figure 108: Ratio change of competitive aziridination catalysis by 7.4, 7.5 and 7.6
using a 1:1 ratio of syrene and 4-methoxy-styrene.

Hammett analysis of the ratio of the two aziridination products produced (which
represents the ratio of the reaction rate constants kx/kn) shows that while the data
employing 7.4 (R? = 0.96) and 7.5 (R? = 0.95) can be fitted well to a single-parameter
Hammett equation (log(kx/kn) vs. o), the data for 7.6 as the catalyst are modelled
better using a two-parameter equation (log(k«/kn) vs o* + 0°) (R? single parameter fit
0.89, R? dual parameter fit 0.97). The ratio contribution of the polar with respect to the
radical pathway is represented by the ratio of the partial slopes p*\p® of the dual
parameter fit. This ratio is 2.1 for As, 1.36 for Sb and 0.76 Bi. This is consistent with a
shift from a polar mechanism for 7.4 towards a radical mechanism for 7.5 and 7.6, and
is in line with the decrease in the Cu(l)/Cu(ll) oxidation potentials going from 7.4 to 7.6,
the decrease in electronegativity of the bridgehead atom, and the resulting increase in
o-donor character of ligands 7.1-7.3. Thus, changing the bridgehead in [E(6-Me-2-
py)sCuMeCN]* can be used to modulate the electronic character. Using this approach
in conjunction with ligand substitution can potentially be used to fine-tune the

electronic character of tripodal ligands.
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Chapter Conclusion

We have obtained the first examples of trispyridyl ligands of Sb and Bi by 6-methyl
substitution of the pyridyl rings. This has allowed us to assess the effects of
incremental periodic changes in the electronic character and size of the bridgehead
atom for the first time in this and related classes of tripodal main group ligands. The
bridgehead atom does indeed have a considerable effect on structure and reactivity
of complexes of E(6-Me-2-py)s, with a large influence being the electronegativity of the
bridgehead atom and its impact on Lewis acidity and o-donor character of the ligand
set. This is seen in the unique, anion-dependent coordination character of the Bi(6-
Me-2-py)s ligand in which structural change is driven by o* interactions. Additionally,
changing the bridgehead can be used to alter the catalytic properties of a coordinated

metal, not in direct electronic contact with the bridgehead.
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Experimental Details

General experimental details involving techniques, instruments and materials

employed are provided in the appendix at the end of this thesis.

NMR labelling Scheme

)

Synthesis of New Compounds

N As ) Synthesis of 7.1: 2-Bromo-6-methyl pyridine (2.28 ml,

| 20 mmol) was dissolved in 40 ml of THF. To this "BuLi
N %

(22.5 ml, 20 mmol, 1.6 M in hexanes) was added dropwise at

—-78 °C.The resulting dark orange solution was stirred for 3 h

at =78 °C.AsCls (558 pl, 6.66 mmol) in 5 ml THF was added dropwise to the dark red
lithiated species. The resulting pale brown mixture was allowed to warm up to room
temperature. After stirring overnight, a pale green solution with a light brown
precipitate was formed. All volatiles were removed under vacuum and the resulting
solid residue was extracted with 40 ml of warm toluene. The suspension was filtered
through Celite to yield a clear pale green solution which was concentrated in vacuum
until the precipitation of a white solid was observed, which was redissolved by gentle
heating. Storage overnight at — 15 °C yielded 7.1 as colourless needles suitable for
X-ray crystallography. The product was isolated by filtration and storage of the mother
liquor yielded a second crop of crystals. Combined yield 1.62 g (4.61 mmol, 64%).H
NMR (25 °C, ds-toluene, 500.12 MHz): d(ppm) = 2.37 (s, 9H, H4), 6.58 (d, 3J1H =
7.76 Hz, 3H, H3), 7.00 (t, 3Jun = 7.76 Hz, 3H, H2), 7.32 (d, 3Jun = 7.76 Hz, 3H, H1);
13C NMR (25 °C, ds—toluene, 125.78 MHz): d(ppm) = 23.9 (C6), 121.3 (C2), 125.8
(C4), 134.9 (C3), 158.2 (C5), 166.6(C1); Elemental analysis (%) calcd. for 7.1: C
61.5%, H 5.1%, N 11.9%; found C 61.0%, H 5.2%, N 12.0%.
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~_-Sb-., Synthesis of 7.2: 2-Bromo-6-methyl pyridine (2.28 ml,
| 20 mmol) was dissolved in 40 ml of THF. To this "BuLi (12.5 ml,
q //7) 20 mmol, 1.6 M in hexane) was added dropwise at -78 °C.The
Y)) resulting dark orange solution was stirred for 3 h at
—-78 °C.SbCls (1.51 g, 6.66 mmol) in 5 ml THF was added dropwise to the dark red
lithiated species. The resulting pale brown mixture was allowed to warm up to room
temperature. After stirring overnight, a pale green solution with a light brown
precipitate was formed. All volatiles were removed under vacuum and the resulting
solid residue was extracted with 40 ml of warm toluene. The suspension was filtered
through Celite to yield a clear pale green solution which was concentrated under
vacuum until the precipitation of a white solid was observed which was redissolved by
gentle heating. Storage overnight at -15 °C yielded 7.2 as colourless needles suitable
for X-ray crystallography. The product was isolated by filtration and storage of the
mother liquor yielded a second crop of crystals. Combined yield 1.60 g (4.00 mmol,
60%).'"H NMR (25 °C, ds-toluene, 500.12 MHz): d(ppm) = 2.41 (s, 9H, H4), 6.58 (d,
3JuH = 7.76 Hz, 3H, H3), 7.00 (t, 3JuH = 7.76 Hz, 3H, H2), 7.53 (d, 3Jun = 7.76 Hz, 3H,
H1); 13C NMR (25 °C, ds—toluene, 125.78 MHz): d(ppm) = 24.0 (C6), 121.4 (C2),
128.3(C4), 134.5 (C3), 158.5 (C5), 169.9(C1); Elemental analysis (%) calcd. for 7.2:
C 54.3%, H 4.3%, N 9.1%; found C 54.0%, H 4.5%, N 8.8%.

~-Bi, Synthesis of 7.3: 2-Bromo-6-methylpyridine (2.28 ml,
q Y]) //7; 20 mmol) was dissolved in 40 ml of THF. To this "BuLi (12.5 ml,
20 mmol, 1.6 M in hexane) was added dropwise at =78 °C.The

resulting dark orange solution was stirred for 3h at

-78 °C.BiCl3 (1.51 g, 6.66 mmol) in 5 ml THF was added dropwise to the dark red
lithiated species. The resulting pale brown mixture was allowed to warm up to room
temperature. After stirring overnight, a pale green solution with a light brown
precipitate was formed. All volatiles were removed under vacuum and the resulting
solid residue was extracted with 40 ml of warm toluene. The suspension was filtered
through Celite to yield a clear pale green solution which was concentrated in vacuum
until the precipitation of a white solid was observed which was redissolved by gentle
heating. Storage overnight at — 15 °C yielded 7.3 as colourless needles suitable for

X-ray crystallography. The product was isolated by filtration and storage of the mother
liquor yielded a second crop of crystals. Combined yield 1.84 g (4.62 mmol, 69%). *H

154



NMR (25 °C, ds-toluene, 500.12 MHz): d(ppm) = 2.45 (s, 9H, H4), 6.63 (d, 3J1H =
7.76 Hz, 3H, H3), 7.16 (t, 3JuH = 7.76 Hz, 3H, H2), 7.75 (d, 3Jnn = 7.76 Hz, 3H, H1);
13C NMR (25 °C, ds—toluene, 125.78 MHz): 5(ppm) = 23.9 (C6), 120.8 (C2), 131.1
(C4), 136.0 (C3), 160.4 (C5), 193.8(C1); Elemental analysis (%) calcd. for 7.3: C
44.1%, H 3.7%, N 8.6%; found C 44.5%, H 3.7%, N 8.6%.

Synthesis of 7.4: Inside a N2 filled glove box a Schlenk tube
was charged with 7.1 (300 mg, 0.85mmol) and
Cu(MeCN)4PFs (635 mg, 1.70 mmol, 2 eq). The Schlenk
tube was transferred to a Schlenk line and 25 ml of CHsCN

was added. The resulting yellow solution was stirred at room

temperature overnight during which a fine white precipitate
formed. The suspension was filtered through Celite and the
resulting clear yellow solution was concentrated in vacuum until the precipitation of a
yellow solid was observed. The solid was redissolved by gentle heating. Storage
overnight at -15 °C vyielded yellow crystals of 7.4 suitable for X-ray crystallography
which were isolated by filtration. Yield 166 mg (0.27 mmol, 32%). 'H NMR (25 °C,
CD3CN, 500.12 MHz): 8(ppm) = 1.99 (s, 3H, CH3CN), 2.83 (s, 9H, H4), 7.40 (d, 2JuH
= 7.83 Hz, 3H, H3), 7.77 (t, 3Jun = 7.83 Hz, 3H, H2), 7.88 (d, 3Jun = 7.83 Hz, 3H, H1);
3P NMR (25 °C, CD3CN, 202.48 MHz): d(ppm) = -144.6 (hpt, 1Jpr = 705.69 Hz, PFe);
13C NMR (25 °C, CD3CN, 125.78 MHz): d(ppm) = 24.0 (C6), 121.4 (C2), 128.3(C4),
134.5 (C3), 158.5 (C5), 169.9(C1); Elemental analysis (%) calcd. for 7.4: C 40.0%,
H 3.5%, N 9.3%; found C 39.9%, H 3.4%, N 9.3%.

Synthesis of 7.5: Inside a N2 filled glove box a Schlenk
tube was charged with 7.2 (300 mg, 0.75 mmol) and
Cu(MeCN)4PFs (560 mg, 1.5 mmol, 2 eq). The Schlenk
tube was transferred to a Schlenk line and 25 ml of

CH3CN was added. The resulting yellow solution was

stirred at room temperature overnight during which a fine
yellow precipitate formed. The suspension was filtered
through Celite and the resulting clear yellow solution was concentrated under vacuum
until the precipitation of a yellow solid was observed. The solid was redissolved by

gentle heating. Storage overnight at -15 °C yielded yellow crystals of 7.5 suitable for
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X-ray crystallography which were isolated by filtration. Yield 122 mg (0.19 mmol, 25%).
'H NMR (25 °C, CD3CN, 500.12 MHz): d(ppm) = 1.99 (s, 3H, CHsCN), 2.83 (s, 9H,
H4), 7.35 (d, 3Jnn = 7.83 Hz, 3H, H3), 7.70 (t, 3Jun = 7.83 Hz, 3H, H2), 7.83 (d, 3J1H =
7.83 Hz, 3H, H1); 3P NMR (25 °C, CDsCN, 202.48 MHz): d(ppm) = -144.6 (hpt, *Jpr
= 705.69 Hz, PFe); 13C NMR (25 °C, CDsCN, 125.78 MHz): d(ppm) = 25.2 (C6), 125.6
(C2), 133.5(C4), 136.4 (C3), 160.9 (C5H), 164.8 (C1); Elemental analysis (%) calcd.
for 7.5: C 37.1%, H 3.3%, N 8.5%; found C 36.9%, H 3.3%, N 8.6%.

Synthesis of 7.6: Inside a N2 filled glove box a Schlenk
tube was charged with 7.3 (300 mg, 0.65 mmol) and
Cu(MeCN)4PFs (485 mg, 1.3 mmol, 2 eq). The Schlenk
tube was transferred to a Schlenk line and 25 ml of CH3CN
was added. The resulting yellow solution was stirred at
room temperature overnight during which a black

precipitate formed. The suspension was filtered through
Celite and the resulting clear yellow solution was concentrated under vacuum until the
precipitation of a yellow solid was observed. The solid was redissolved by gentle
heating. Storage overnight at -15 °C yielded yellow crystals of 7.6 suitable for X-ray
crystallography which were isolated by filtration. Yield 85 mg (0.12 mmol, 18%). H
NMR (25 °C, CD3CN, 500.12 MHz): (ppm) = 1.99 (s, 3H, CHsCN), 2.83 (s, 9H, H4),
7.32 (d, 3Jwn = 7.77 Hz, 3H, H3), 7.70 (t, 3Jun = 7.85 Hz, 3H, H2), 7.83 (d, 3JuH =
7.83 Hz, 3H, H1). 3P NMR (25 °C, CDsCN, 202.48 MHz): 5(ppm) = -144.5 (hpt, LJpr
= 706.96 Hz, PFs);'3*C NMR (25 °C, CDsCN, 125.78 MHz): d(ppm) = 25.2 (C6), 124.7
(C2), 133.9(C4), 137.0 (C3), 162.1 (C5), 193.1 (C1, from *H-13C HMBC); Elemental
analysis (%) calcd. for 7.6: C 32.7%, H 2.8%, N 7.6%; found C 33.0%, H 3.0%, N
8.0%.

Synthesis of 7.7: Inside a N2 filled glove box a Schlenk tube
was charged with 7.2 (300 mg, 0.75 mmol) and CuCl (74 mg,
0.75 mmol, 1 eq). The Schlenk tube was transferred to a
Schlenk line and 15 ml of CHsCN and 10 ml of THF was

added. The resulting yellow solution was stirred at room

Cl temperature overnight during which a fine yellow precipitate

formed. The suspension was filtered over Celite and the resulting clear yellow solution
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was concentrated in vacuum until the precipitation of a yellow solid was observed. The
solid was redissolved by gentle heating. Storage overnight at -15 °C yielded yellow
crystals of 7.7 suitable for X-ray crystallography which were isolated by filtration and
washed with 10 ml diethyl ether. Yield 102 mg (0.21 mmol, 28%). Alternatively, this
complex can obtained by addition of dry TBACI to 7.5. 'H NMR (25 °C, CDzCN,
500.12 MHz): 5(ppm) = 2.68 (s, 9H, H4), 7.25 (d, 3Jun = 7.77 Hz, 3H, H3) , 7.49 (d,
3Jun = 7.83 Hz, 3H, H1), 7.60 (t, 3Jnn = 7.85 Hz, 3H, H2); 3C NMR (25 °C, CD3CN,
125.78 MHz): 8(ppm) = 24.2 (C6), 123.9 (C2), 130.7(C4), 136.3 (C3), (due to the low
solubility of the complex only CH and CHs carbons could be assigned by 'H-13C
HSQC); Elemental analysis (%) calcd. for 7.7-Et20: C 45.2%, H 4.7%, N 7.5%; found
C 45.1%, H 4.6%, N 7.4%.

S y Synthesis of 7.8: Inside a N2
\
N ) filed glove box a Schlenk
Cul__ N\
/ N B tube was charged with 7.3
d QD M
.‘ @ & c@,ﬂ @\ (300 mg, 0.65mmol) and
o=/ cu” ci® cuCl (61mg, 0.65mmol,

N _Cu
\Q ad / U 1 eq). The Schlenk tube was
/ \\

transferred to a Schlenk line
and 15 ml of CHsCN and 10 ml of THF were added. The resulting yellow solution was
stirred at room temperature overnight during which a fine white precipitate formed. The
suspension was filtered through Celite and the resulting clear yellow solution was
concentrated under vacuum until the precipitation of a yellow solid was observed. The
solid was redissolved by gentle heating. Storage overnight at -15 °C yielded yellow
crystals of 7.8 suitable for X-ray crystallography which were isolated by filtration. Yield
75 mg (0.10 mmol, 15.0% in terms of the monomer unit). Alternative this complex can
also be obtained by addition of tetrabutylammonium chloride to 7.3. For temperatures
above -20 °C monomeric and dimeric molecules of Bi(6-Me-Py)sCuCl 7.9 are
observed in solution, as described in the main text. 7.8: 'H NMR (25 °C, CDsCN,
500.12 MHz): &(ppm) = 2.69 (s, 6H, H4), 2.79 (s, 3H, H8), 7.25 (d, 3Jun = 7.61 Hz, 2H,
H3), 7.33 (d, 3Jun = 7.70 Hz, 1H, H7), 7.61 (d, 3Jun = 7.61 Hz, 2H, H1), 7.60 (t, 3JnH =
7.61 Hz, 3H, H2), 7.92 (t, 3Jun = 7.70 Hz, 1H, H6), 8.17 (d, 3Jun = 7.70 Hz, 1H, H5);
13C NMR (25 °C, CD3CN, 125.78 MHz): 24.11 (C6), 24.9 (C12), 122.9 (C4), 123.3
(C10), 132.4 (C3), 134.8 (C6), 137.2 (C2), 137.8 (C8), 161.4 (C5), 162.4 (C11), 192.6
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(C1), 196.1 (C7 from from H-13C HMBC); 7.9: 1H NMR (-40 °C, CDsCN, 500.12 MHz):
S(ppm) = 2.37 (s, 9H, H4), 7.37 (d, 3Jun = 7.70 Hz, 3H, H3) , 8.00 (t, 3Jun = 7.85 Hz,
3H, H2), 8.76 (d, 3Jnn = 7.70 Hz, 3H, H1); 13C NMR (-40 °C, CD3CN, 125.78 MHz):
S(ppm) = 25.1 (C6), 124.0 (C2), 134.1(C4), 139.2 (C3), 158.5 (C5), C6 could not be
assigned due to the low solubility of the compound in CDsCN; Elemental analysis
(%) calcd. for 7.8/7.9: C 37.0%, H 3.1%, N 7.2%; found C 37.9%, H 3.5%, N 7.0%.

Catalytic studies: Catalytic reactions were carried out in an N2 filled Saffron type a
glovebox. The Cu(l) catalyst 7.3, 7.5 or 7.6 (1 mol%) and the olefin (para-substituted-
styrene and styrene in equimolar ratio, 0.5 mmol each) were dissolved in CD2Cl2
(0.8 ml). After 2 min of shaking, PhINTs was introduced in one portion (0.1 mmol), and
the mixture was shaked for another 2 min. No solid PhINTs was observed in the
reaction mixture after this time. The aziridine products were identified by *H NMR
spectroscopy and the ratio of the two products was obtained by integration of
highlighted peaks in Figure 107. Hammett plots were obtained from single parameter
linear regression of log(kx/kn), which represents the logarithm of the relative ratio
obtained from 'H NMR integration to the polar Hammet o* values reported in the
literature.l1”® Dual parameter Hammet plots are obtained by dual parameter linear

regression of log(kx/kn) of the polar Hammet (0*) and radical Hammet parameters (o).
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Chapter 8. Comparison of the Coordination
Chemistry of As(6-Me-2-py)s, O=As(6-Me-2-py)s
and Sb(6-Me-2-py)3

As we noted in the previous chapter, the incorporation of the 6-Me group into the 2-
pyridyl units of the heavier Group 15 ligands E(6-Me-2-py)s [E =As 7.1, Sb 7.2, Bi 7.3]
leads to a significant increase in their stability compared to unsubstituted 2-pyridyl
groups. Although the parent As(lll)-bridged trispyridyl ligand As(2-py)s has been
prepared previously, the unsubstituted Sb and Bi homologues are unstable and
ligands 7.2 and 7.3 are the first stable examples of their type.[*78! During the initial
stages of the work presented in this chapter we have found, contrary to our initial
expectations, that all three ligands 7.1, 7.2 and 7.3 are indefinitely stable in air under
ambient conditions.

Since we had shown in the previous chapter that changes in the Lewis acidity of the
group 15 element had a major effect on the donor strength and coordination mode of
the parent ligands 7.1 - 7.3, we were also interested in assessing the potential effects
of oxidation of the As(lll) atom of 7.1 on charge distribution and coordination
preference. Such oxidation will have the effect of further increasing the
electronegativity of the group 15 bridgehead atoms.

Results and Discussion

The arsenic oxide ligand O=As(6-Me-2-py)s 8.1 is obtained in 72% yield by the
oxidation of As(6-Me-2-py)s 7.1 with H202 in THF, after removal of the solvent under
vacuum. This new ligand was characterised using 'H, *C NMR, IR, UV-Vis and
elemental analysis, prior to obtaining its single crystal X-ray structure. Comparison of
the IR spectrum with that of 7.1 allowed the assignment of the As=0 stretching
frequency in 8.1 at 902 cm™ (in comparison PhsAs=0 880 cm™).['771 Oxidation of the
As bridgehead in 7.1 has a large effect on the solubility of the ligand. While 7.1 and
8.1 are indefinitely stable under ambient conditions in air, 8.1 is also soluble and stable
in water as a solvent (as shown by *H NMR spectroscopy). The solid-state structure
of 8.1 shows that the incorporation of the O-atom at the bridgehead position, not

unexpectedly, pushes the 6-Me substituents away from repulsion with the As=0 bond
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(Figure 109). The orientation of the 6-Me-2-py groups in 8.1 can be compared to that
in the parent ligand 7.1, in which the 6-Me-groups are all orientated (upwards) towards
the As(lll) atom. Oxidation also has the effect of reducing the bridgehead As-C bond
lengths by approximately 0.04 A and increasing the bridgehead C-As-C angles
compared to the parent ligand 7.1 (from 92.3(2) in 7.1 to 102.4(1)-106.3(1)° in 8.1).
The latter can be seen as a direct consequence of the more sterically congested
orientation of the 6-Me groups in 8.1, but is also in line with VSEPR arguments
concerning the effect of the increase in the electronegativity of the As centre on

C-As/C-As bonding-pair repulsion.

TR O

Figure 109: Synthesis and molecular structure of the ligand 8.1, showing
displacement ellipsoids at 40% probability, with H-atoms omitted. Selected bond
lengths [A] and angles [°]: As=0 1.644(2), As—Cpyrigyl range 1.882(2)—1.886(2), Cpyridy—
As—Cpyrigyi range 102.4 (1)-106.3(1), As—Cpyridy—N range 113.7 (2)-114.4(2). Colour
code: pink = As, blue =N, grey = C, red = O.

Coordination studies of 7.1 and 8.1 were undertaken with a range of transition metal
salts. The new complexes [(8.1)Cu(CHsCN)]PFs 8.2, [Ag@AQg4(8.1)4](O2CCF3)s 8.3,
[(8.1)Ag(O2CCF3)] 8.4, [(8.1)CoBr2] 8.5, [(8.1)2CoBr](CoBrsNCCHs) 8.6, [(8.1)NiBr2]
8.7 and [(8.1)NiBr2] 8.8 have been successfully synthesised and were fully
characterised by 'H and 3C NMR (where applicable), IR, UV-Vis and elemental
analysis. Their single crystal X-ray structures were also obtained.

The reaction of [Cu(CH3CN)s]PFe with 8.1 in CH3CN at room temperature yields the
complex [(8.1)Cu(CHsCN)]PFs 8.2 in 31% isolated yield after crystallisation from the
concentrated reaction mixture at -14 °C.The *H NMR spectrum at room temperature
shows a single pyridyl environment, but with very broad resonances that sharpen upon
cooling to -30 °C.This is in contrast to the CuPFs complex of the unoxidised ligand 7.1,
[(7.1)Cu(CH3CN)]PFe 7.4, for which sharp resonances are observed even at room
temperature and might suggest that a fluxional process is occurring in 8.2 in which the
coordination of a pyridyl-N atom to Cu(l) is exchanging with As=0O coordination. This
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N,O-coordination mode is observed later in a number of other complexes of 8.1. In the
solid state, 8.2 adopts an ion-separated structure containing [{O=As(6-Me-2-
py)s}CUuCHs3CN]* cations, in which the Cu(l) atom is chelated by all three of the pyridyl-
N atoms (Figure 110). This metal coordination mode is commonplace for trispyridyl
ligands and is the same as that found in the previously reported series of CuPFs
complexes of 7.1, 7.2 and 7.3 (see previous chapter). The only noticeable differences
between the cations [(7.1)Cu(CHsCN)]* and [(8.1)Cu(CHsCN)]* stem from the larger
bridgehead bite angles in 8.1, the bridgehead C-As-C angles for 8.1 being ca. 5°
greater than in the [(8.1)Cu(CH3CN)]* cation, resulting in an associated large increase
in the NpyridyiCu-Npyrigyt angles (by ca. 15-23°) compared to the [(8.1)Cu(CH3CN)]*

cation.
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Figure 110: Synthesis and solid-state structure of the cation of 8.2. H-atoms and the
PFes anion omitted for clarity. Thermal ellipsoids at 40% probability. Selected bond
lengths [A] and angles [°]: As=0 1.641(2), As—Cpyridyl range 1.932(3)-1.939(4), Cu—
Npyridyt range 2.076(4)—-2.132(5), Cu—Nwmecn 1.949(6), Chpyridyi—AS—Cpyridyi range
105.5(2)-105.9(3), As—Cpyriay—N range 115.7(5)-116.5(6), Npyridy—Cu—Npyridyl range
116.2(3)-122.8(5). Colour code: orange = Cu, pink = As, blue =N, red = O, grey = C.

The UV-Vis absorption spectrum of the Cu(l) complex 8.2 shows two distinct bands at
265 nm and 333 nm which can be assigned to a ligand —1* transition and a Cu(l)-to-
ligand charge transfer transition (MLCT). These values compare to 270 nm and
359 nm, respectively, in the previously reported As(lll) analogue 7.4 and the TT—T7*
transitions in the ligands 7.1 (269 nm) and 8.1 (265 nm). While the 17—1* bands are
identical to those of the ligands themselves, the MLCT band shows a small red shift
going from 7.4 to 8.2. This can be attributed to an increase in ligand-field strength,
similar to conclusions made by Kodera et al. for the family of [RC(6-Me-2-
py)3)Cu(CH3CN)]PFs complexes (R = H, Me, Et).[178]
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The reaction of AO2CCFs with 7.1 in CH3CN at room temperature yields the cluster
[Ag@Ag4(7.1)4](O2CCFs3)s 8.3 in an isolated crystalline yield of 21%, after layering the
concentrated reaction mixture with Et2O. The identity of 8.3 was confirmed via X-ray
single crystal diffraction. Although the crystals only diffracted weakly, the overall
connectivity could be clearly established (Figure 111). However, this precludes a
detailed discussion of the metric parameters. The cluster 8.3 has a very similar
structural arrangement to the previously reported [Ag@Ag4(P(2-py)3)4](OTf)s, being
composed of a Ag-centred Ags tetrahedral core.l64 Similarly to this previously
described P(2-py)s complex, the four As(lll) ligands in 8.1 coordinate four Ag* cations
over each of the four faces of the Ags tetrahedron using their pyridyl-N atoms. The As
centres define another tetrahedron themselves. However, unlike [Ag@Ag4(P(2-
py)3)a](OTf)s in which the Ag* cations are also coordinated by OTf anions or solvent
molecules, the presence of the sterically blocking 6-Me groups in the trispyridyl ligands
of 8.1 prevents further coordination of the Ag centres, so that they remain three

coordinate (trigonal planar).

Figure 111: Different views on the solid-state structure of the cluster compound
[Ag@Ag4(7.1)4](0O2CCF3)s 8.3, CFsCOO™ and H atoms omitted for clarity. Low quality
of the data set precludes detailed structural discussion. Colour code: silver = Ag, blue
=N, pink = As, grey = C.

Although 8.3 is compositionally pure, as confirmed by elemental analysis, the *H and
13C spectra at room temperature in MeCN show multiple, broad pyridyl environments
indicating that the cluster disassembles in solution. This is in contrast to the previously

reported P(2-py)s complex which stays intact in MeCN, suggesting that the steric
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repulsion between the 6-Me groups and the weaker As-Ag interactions at the periphery

of the cluster results in weaker ligand bonding.
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Figure 112: Synthesis and solid-state structure of 8.4, H-atoms omitted for clarity.
Thermal ellipsoids are shown at the 40% probability. Selected bond lengths [A] and
angles [°]: As=0 1.639(3), As— Cpyridyt range 1933(7) - 1.938(4), Ag—Npyridyi range
2.315(5) — 2.461(4), Ag—O 2.248(6), Cpyridyl-As—Cpyridyl range 106.9(2) — 108.9(2), As—
Chpyridy—N range 117.5(4) — 118.8(4), Npyridy—Ag—Npyridyl range 87.6(2) — 94.3(2). Colour
code: silver = Ag, pink = As, blue = N, red = O, bright green = F.

The reaction of AgO2CCFs with 8.1 in CHsCN at room temperature gives the complex
[(8.1)Ag(O2CCF3)] 8.4 in 21% isolated yield after crystallisation from the concentrated
reaction mixture at -14 °C.The Cs-symmetric (N,N,N) coordination of Ag* is apparent
from the *H NMR spectrum for 8.4 which shows only one sharp 6-Me-2-py environment.
The single crystal X-ray structure is that of an ion-paired complex in which the O2CCFs
anion also coordinates the metal centre (Figure 112). The structure of 8.4 resembles
the previously reported Ag(l) complex [{O=P(2-py)sP=0}AgPPhs]BF4. In both cases,
the presence of the As/P=0 substituent precludes the unusual (Pn,N,N,N) ligand
bonding mode present in the clusters [Ag@Ag4(P(2-py)3)4] and 8.3.

The 1:1 stoichiometric reactions of CoBr2 and NiBr2 with 7.1 and subsequent
crystallisation from the concentrated reaction mixtures at -14 °C give the
corresponding 1:1 complexes [(7.1)NiBr2] 8.5 (27% vyield) and [(7.1)CoBrz] 8.6 (22%
yield), respectively. The solid-state structures of both show bidentate coordination of
the metal centres using two of the three pyridyl-N atoms of 7.1 (Figure 113). The
complexes are isostructural with the complexes [{PhSi(6-Me-2-py)s}CoClz] 9.4 and
[{PhSi(6-Me-2-py)s}FeClz] 9.5 containing the PhSi(6-Me-2-py)s3 9.1 ligand described in
the next chapter of this thesis. Similarly, to these complexes, the adoption of a

bidentate coordination mode is probably a consequence of the steric congestion of the
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6-Me substituents, which prevents the coordination of smaller metal ions by all three
of the pyridyl-N atoms.
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Figure 113: Synthesis and solid-state structure of the complex [(7.1)CoBrz] 8.5 and
[(7.1)NiBr2] 8.6. Displacement ellipsoids shown at 40% probability, with H atoms
omitted for clarity. Selected bond lengths [A] and angles [°]: 8.5, As— Cpyridyl range
1.959(3)-1.964(3), Co—Npyridyi range 2.051(3)-2.053(4), Co—-Br range 2.3682(7)—
2.4080(5), Cpyridy—AS—Cpyrigyl range 96.0(1)-104.2(1), As—Cpyridy—N range 122.5(2)—
123.8(2) (coordinating pyridyl groups), As—Cpyridy—N 115.1(3) (non-coordinating pyridy!
group), N—-Co—N 109.1(1), Br—Co—-Br 120.47(3). 6, As—Cpyridyl range 1.950(4)—-1.975(5),
Ni—Npyrigyl range 2.017(4)-2.023(5), Ni-Br range 2.349(1)-2.4039(8), Cpyridy—AS—
Chpyridyl range 96.0(2)—103.0(2), As—Cpyridy—N range 122.3(4)-124.2(4) (coordinating
pyridyl groups), As—Cpyridy—N 115.4(4) (non-coordinating pyridyl group), N—-Ni—N
107.0(2), Br—Ni—Br 130.24(4). Colour code: pink = As, blue = N, dark blue = Co, orange
= Br, green = Ni.

Oxidation of the bridgehead atom of 7.1 has a marked effect on the coordination
preferences of ligand 8.1. The 1:1 stoichiometric reaction of CoBr2 with 8.1 in CH3sCN
and subsequent crystallisation from the concentrated reaction mixture at -14 °C yields
blue crystals of [(8.1)2CoBr][CoBrsCHsCN] 8.7 in 74% vyield. Surprisingly, the solid-
state structure reveals an ion-separated arrangement containing [(8.1)2CoBr]* cations
and [CoBrsCHsCN] anions (Figure 114). Within the [(8.1)2CoBr]* cations the Co(ll)
centre adopts a trigonal bipyramidal geometry in which two 2-pyridyl-N atoms of
separate ligands 8.1 bond at the axial positions. The Co(ll) cation is further
coordinated in the equatorial plane by the bridgehead O-atoms of the ligands and by
a Brion. The anion (which is not shown in Figure 114) has a tetrahedral Co(ll) centre
that is bonded to three Br- anions and a MeCN molecule. The paramagnetic *H NMR
spectrum of 8.7 at room temperature in MeCN shows two sets of pyridyl resonances,

indicating that the solid-state structure is maintained in solution.
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Figure 114: Synthesis and solid-state structure of the complex
[(8.1)2CoBr](CoBrsCHsCN) 8.7. Showing displacement ellipsoids at 40% probability,
with H-atoms, lattice-bound CH3CN and the counteranion omitted for clarity. Selected
bond lengths [A] and angles [°]: As—Cpyriayl range 1.91(1)-1.94(1), Co—Npyriayl range
2.244(8)-2.318(8), Co—Br 2.430(3), Co-O range 1.966(9)-1.971(8), Cpyridyi—AS—Cpyridyl
range 106.4(5)-112.6(5), As—Cpyridyi—N range 110.0(8)-113.2(8) (coordinating pyridyl
groups), As—Cpyrigy—N range 109.4(8)-113.0(8) (non-coordinating pyridyl group), N—
Co—-N 177.3(3), O—Co-0 117.3(3), O-Co-Br range 121.3(3)-121.4(3), Co-Br range
2.372(2)-2.391(3) (CoBrsCHsCN fragment), Co-CHsCN 2.04(1), Br-Co-Br range
109.(1)-115.8(1), CH3CN-Co-Br range 102.8(4) — 108.9(4). Colour code: pink = As,
blue =N, red = O, dark blue = Co, brown = Br.

The same N,O-coordination mode as seen in 8.7 is also observed in the Ni(ll) complex
[(8.1)NiBr2] 8.8, obtained from the reaction of NiBr2 with 8.1 in CH3CN in low yield (2%).
In the solid-state structure (Figure 115), the Ni(ll) centre is chelated by the bridgehead-
O and a pyridyl-N atom of the ligand 8.1 and further bonded to two Br- anions, giving
a distorted tetrahedral geometry at the metal centre. The formation of 8.7 and 8.8
highlight that bridgehead oxidation can drastically change the ligand character of
trispyridyl arsine ligands. This switch in coordination character from all-N to N,O (e.g.,
comparing the Co(Il) complexes 8.5 and 8.7) is no doubt largely a consequence of the
relative hardness or softness of the ligand modes with respect to the metal coordinated.
However, there may also be a more subtle influence of the steric effect of the 6-Me-
substution of the pyridyl groups in 8.1 on the preference for N-chelation versus N,O-
chelation. It is noteworthy in this regard that the closely related, unsubstituted P(lII)
ligand O=P(2-py)s (which has been studied extensively) has been observed to bond
almost exclusively using its pyridyl-N atoms, the only example of N,O-chelation similar
to that seen in 8.7 and 8.8 being seen in [MoBr(CO)2(CH2CHCH2){O=P(2-py)s}].[}"°
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Figure 115: Synthesis and solid-state structure of [(8.1)NiBrz2] 8.8. Displacement
ellipsoids are shown at 40% probability. H-atoms and lattice bound CHsCN are omitted.
Selected bond lengths [A] and angles [°]: As—Chpyrigyl range 1.910(8)-1.941(6), As=0
1.668(5), Ni—Npyriayl 2.022(6), Ni—Br range 2.342(2)-2.368(1), Ni-O 1.964(5), Cpyridyl—
As—Copyrigyl range 106.2(3)—112.3(3), As—Cpyridy—N 111.(5) (coordinating pyridyl groups),
As—Chpyrigy—N range 111.0(5)-114.3(5) (non-coordinating pyridyl group), O-Ni—N
93.0(2), Br-Ni-Br 134.01(6). Colour code: pink = As, blue = N, green = Ni, brown = Br,
red = O.

Having probed the coordination preferences of the arsines 7.1 and 8.1, we moved on
to explore the Sb- and Bi-bridged ligands 7.2 and 7.3. In both cases, attempted
oxidation of the bridgehead atoms with H20:2 resulted in complicated mixtures of
products. This was not pursued further since in neither case would localised Sbh=0 or
Bi=O bonding arrangements (analogous to 8.1) be expected, on the basis of the low
bond energies of Sb-O and Bi-O 1-bonds.“%! Attempts to coordinate harder transition
metal ions with 7.2 and 7.3 often lead to the formation of intractable mixtures
preventing further analysis. This appears to be due to the greater polarity of the
bridgehead C-Sb and C-Bi bonds (which leads to 2-pyridyl transfer to the metal rather
than coordination) and to greater sensitivity to hydrolysis even where dried solvents
are employed. For example, in the case of reaction of the Sb-ligand 7.2 with CoBr2
only the decomposition product [(6-Me-2-pyH)2CoBr2] could be isolated (as shown by
X-ray crystallography). A similar but more interesting outcome is observed when 7.3
is reacted with FeClz, which leads to the formation of Bi metal and the complex [CIBi(6-
Me-2-Py)2FeClz] 8.9, which was only characterised by X-ray crystallography owing to
the low yield (Figure 116). The molecular arrangement of 8.9 shows that one of the 6-
Me-2-py groups of the ligand 7.3 has been lost, presumably by transfer to another
Fe(ll) centre. 8.9 consists of a bimetallic arrangement in which an Fe(ll) and Bi(lll)

atoms are bridged by the two remaining 6-Me-2-py groups and by a p-Cl atom.
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Figure 116: Synthesis and molecular structure of [CIBi(6-Me-2-Py)2FeCl2] 8.9. H-
atoms have been omitted for clarity. Thermal ellipsoids at 50% probability. Bi—Chpyridyi
range 2.112(2) — 2.141(4), Fe—Npyridyt 2.052(5), Bi—Cl range 2.334(7) — 2.668(3),
Chpyridy—Bi—Chpyrigyt 95.6(4), Bi—Cpyrigy—N 112.1(3). Colour code: purple = Bi, light blue =
N, orange = Fe, oxygen = O, green = CI.

Reactions with softer transition metal centres were more successful, although under
these circumstances metal coordination is observed to occur exclusively by the
bridgehead atoms (reflecting the softness of the atoms involved). The room
temperature, 1:1 stoichiometric reactions of the arsenic ligand 7.1 and the antimony
ligand 7.2 with [(Cymene)RuClz]2 in DCM result in quantitative formation of
[(7.1)(Cymene)RuClz] 8.10 and [(7.2)(Cymene)RuCl2] 8.11, respectively, within 5
minutes, as monitored via in situ *H NMR spectroscopy. Layering of the concentrated
reaction mixtures with pentane yielded red crystalline 8.10 and 8.11 in 66% and 64%
yield, respectively. The complexes are isostructural in the solid-state, in which the As
and Sb bridgehead atoms coordinate the Ru(ll) centres (Figure 117). There are only
minor structural changes in the ligands upon coordination, with the pnictogen-
ruthenium bond lengths increasing from 2.450(7) to 2.597(2)A in line with the increase
in the atomic radii of the heavier Group 15 elements. In both cases, room temperature
'H and **C NMR spectra in CD2Cl2 confirm that the Cs ligand symmetry is retained in
solution, showing only one pyridyl environment. The aromatic cymene proton
resonances in 8.10 are found in the region & = 5.92-5.58 ppm whereas those in 8.11
are in the range between 6 = 6.15-6.00 ppm. This indicates that the Sb atom in 8.11
donates more electron density to the Ru atom in 8.10 than the As atom does in 8.10,
resulting in less Ttr-aryl-donation in the former. This somewhat counterintuitive
observation presumably reflects the relative softness of the Sb(lll) centre of 8.10 in

respect to the soft Ru(ll) centre.
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Figure 117: Synthesis and solid-state structure of [(7.1)(Cymene)RuClz] 8.10;
[(7.2)(Cymene)RuClz] 8.11 is isostructural in the solid-state. Showing displacement
ellipsoids at 40% probability; with H-atoms omitted. Selected bond lengths [A] and
angles [°]: 8.10, As—Cpyrigyi range 1.954(9)-1.97(1), Ru-As 2.450(1), Ru—Cl range
2.417(3)-2.420(3), Ru-C range 2.17(1)-2.23 (1), Cpyridyl-As—Cpyrigyl range 100.0(4)—
100.8(4), As—Cpyridy—N range 112.2(7)-115.4(8), Ru—As—C range 112.4(3) — 121.3(3),
As—-Ru-Cl range 83.93(6)-88.58(7), CI-Ru-Cl 89.27(8). 8.11, Sb—Cpyrigyi range
2.147(4)-2.157(4), Ru—Sb 2.5972(4), Ru—Cl range 2.406(1)-2.411(1), Ru-C range
2.173(5)-2.210(5), Cpyridy—Sb—Cpyridyt range 99.5(2)-102.3(2), Sb—Chpyriay—N range
113.0(3)-114.6(3), Ru—Sb—C range 113.4(1)-121.4(1), Sb—Ru—Cl range 84.45(3)—
85.91(3), CI-Ru-CI 87.38(4). Colour code: pink = As, blue = N, dark green = Ru, green
=ClI.

Similar observations are made in regard to coordination of PtCl.. Reactions of 7.1 or
7.2 with (benzonitrile)2PtCl2 in DCM for 5 minutes and subsequent layering of the
concentrated reaction mixtures with pentane give the platinum complexes [(7.1)2PtCl]
8.12 and [(7.2)2PtCl2] 8.13 as yellow crystals in 59% and 30% yields, respectively. The
complexes are isostructural in the solid-state, in which the square-planar Pt(Il) atoms
are bonded to two As- or Sb-atoms of 8.12 or 8.13 (Figure 118). Again, there are only
minor changes in the structural parameters of the ligands compared to the isolated
ligands themselves. The observed elongation of the pnictogen-Pt bonds is consistent
with the increase in the atomic radius of the group 15 atoms involved (2.3415(6)—

2.3501(5) in 8.12 to 2.4945(6)—2.4977(7) in 8.13).
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Figure 118: Synthesis and solid-state structure of [(7.1)2PtCl2] 8.12; [(7.2)2PtCl] 8.13
is isostructural in the solid-state. Showing displacement ellipsoids at 50% probability;
with H-atoms omitted. Selected bond lengths [A] and angles [°]: 8.12, As—Cpyridyl range
1.947(5)-1.965(4), Pt—As range 2.3415(6)-2.3501(5), Pt—Cl range 2.332(1)-2.352(1),
Cpyridyl—AS—Cpyridy! range 1006(2)—1094(2), AS—Cpyridy—N range 1117(3)—195(3), Pt—
As—C range 109.7(1)-121.4(1), As—Pt—ClI range 83.75(3)—-90.09(3) (on same side),
As-Pt-As 96.25(2), CI-Pt-Cl 89.92(4). 8.13, Sb—Chpyriayl range 2.13(1)— 2.151(9), Pt-Sb
range 2.4945(6)-2.4977(7), Pt—Cl range 2.335(2)-2.354(2), Cpyridy—Sb—Cpyrigyi range
98.1(3)-109.1(4), As—Chpyridy—N range 111.4(6)-114.9(6), Pt—Sb—C range 112.0(2)-
121.1(2), Sb—Pt—ClI range 84.03(5)-88.47(6) (on same side), Sb-Pt-Sb 96.88(2), CI-
Pt-Cl 90.61(8). Colour code: pink = As, light blue = N, white = Pt, green = ClI.

Employing the bismuth ligand 7.3 in the coordination of the same ruthenium(ll) and
platinum(ll) precursors resulted either in the formation of inseparable mixtures,

preventing further analysis, or in the precipitation of elemental bismuth.
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Conclusions

In contrast to the more well studied phosphine ligands of the type P(2-py)s, the 6-Me-
2-pyridyl ligands 7.1, 7.2 and 7.3 are all indefinitely air and moisture stable, making
them not only easy to make but also easy to use. While the bismuth ligand 7.3 is
sensitive to reduction or ligand transfer, 7.1 and 7.2 are robust enough to transfer to a
range of transition metal centres. Oxidation of the bridgehead atom of the arsenic
ligand 7.1 can drastically change its coordination preferences, leading to a greater
tendency for N,O-coordination involving with the bridgehead O-atom. This tendency
may well also be influenced by the presence of substituents on the 2-pyridyl groups in
our case and can be compared to the related unsubstituted O=P(2-py)s ligand, which
is observed to bond almost exclusively using a chelating N-coordination mode.
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Experimental Details

General experimental details involving techniques, instruments and materials

employed are provided in the appendix at the end of this thesis.

@) Synthesis of 8.1: Inside a N2 filled glovebox a Schlenk
|| 1 tube was charged with the 7.1 (900 mg, 2.56 mmol) and
N AS. | Xy2 transferred to a Schlenk line. 50 ml of THF were added.

_N Nll NIPZ 3 324 UL Ha02 (30% wiv, 1.1 equiv., 2.81 mmol) were added.

‘ The resulting clear solution was stirred for 3 days at room
temperature. The solvent was removed in vacuo and the resulting solid mixture was
washed with 20 ml of hexane. The product was dried in vacuo to yield 8.1 as a
colourless powder (675 mg, 1.83 mmol, 72%). A solution of 20 mg of the product in
0.5 ml of THF was transferred to a crystallisation tube and layered with 10 ml of
pentane. After 10 days at room temperature colourless crystals formed which were
suitable for X-ray crystallography. *H NMR (25 °C, CDsCl, 400 MHz): & [ppm] =7.95
(d, 3JuH = 6.7 Hz, 1H, H-1), 7.66 (t, 3Jun = 6.8 Hz, 3H, H-2), 7.22 (d, 3Jnn = 7.1 Hz, 3H,
H-3), 2.54 (s, 9H, CH3); 13C NMR (25 °C, CDzCl, 100.48 MHz): & [ppm] = 159.99 (Cq,
1C, CHs-C), 156.80 (Cq, 1C, As-C), 136.37 (Ct, 1C, C-2), 125.63 (Ct, 1C, C-1), 125.54
(Ct, 1C, C-3), 24.51 (Cp, 1C, CHs);Elemental analysis (%) calcd. for 8.1: calcd. C
58.9%, H 4.9%, N 11.4%; found C 58.2%, H 4.9%, N 11.1%; IR: v [cm™}] = 3106 (w),
3075 (w), 3035 (w), 3004 (w), 2962 (w), 2923 (w), 2854 (w), 2732 (w), 1770 (w), 1582
(s), 1551 (s), 1443 (s), 1377 (w), 1259 (s), 1176 (w), 1163 (w), 1135 (w), 1082 (s),
1034 (s), 981 (s), 902 (s), 845 (w), 802 (s), 784 (s), 733 (s), 706 (w), 667 (W), 557 (s),
545 (s), 533 (s), 422 (w).

Synthesis of 8.2: Inside a N2 filled glovebox a Schlenk tube was

ﬂ 1 charged with 8.1 (200 mg, 0.27 mmol) and

| Xy AS | Y tetrakis(acetonitrile)copper(l)hexafluorophosphate (101 mg,
= N\ N.l N~ 3 0.27 mmol) and transferred to a Schlenk line. 20 ml of acetonitrile
@C\"'/ were added. The resulting yellow solution was stirred overnight
at room temperature. A colourless precipitate formed overnight
Il and was removed by filtration. The clear yellow filtrate was
concentrated in vacuo until the precipitation of a yellow solid was

observed which was dissolved into solution by gentle heating. Storage at -20 °C
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yielded a yellow crystalline solid which was washed twice with hexane to yield 8.2 as
yellow crystals suitable for single crystal X-ray diffraction (52 mg, 0.08 mmol, 31%).
'H NMR (-30 °C, CDsCN, 500 MHz): & [ppm] =8.05 (d, 3Jux = 7.0 Hz, 3H, H-3), 8.00
(t, 3JuH = 7.6 Hz, 3H, H-2), 7.58 (d, 3Jnn = 7.7 Hz, 3H, H-1), 2.81 (s, 9H, CHs3), 1.99 (s,
3H, Cu-NC-CHs); 'H NMR (50 °C, CD3CN, 500 MHz): & [ppm] =8.08 (3H), 8.03 (3H),
7.60 (3H), 2.83 (s, 9H, CH3), 1.99 (s, 3H, Cu-NC-CHgs); Elemental analysis (%) calcd.
for 8.2: calcd. C 38.9%, H 3.4%, N 9.1%; found C 38.5%, H 3.3%, N 9.1%; IR: v [cm"
11=3067 (w), 2940 (w), 2308 (w), 2273 (w), 2155 (w), 2030 (w), 2008 (w), 1986 (w),
1936 (w), 1731 (w), 1589 (w), 1550 (w), 1446 (w), 1384 (w), 1368 (w), 1257 (w), 1173
(w), 1165 (w), 1132 (w), 1092 (w), 1038 (w), 1002 (w), 927 (w), 878 (w), 834 (s), 796
(s), 734 (w), 675 (w), 556 (s), 481 (W), 449 (w), 430 (w).

Synthesis of 8.3: Inside a N2 filled glovebox a Schlenk tube
was charged with 7.1 (50mg, 0.14mmol) and
silvertrifluoroacetate (39 mg, 0.17 mmol) and transferred to a
Schlenk line. 20 ml of dry acetonitrile were added. The solution

was stirred overnight at room temperature. A colourless

precipitate was removed by filtration. The filtrate was
concentrated in vacuo and then layered with 15 ml of diethyl ether. After 3 days at
room temperature colourless crystals formed which were suitable for X-ray
crystallography (34 mg, 0.01 mmol, 38%). 'H NMR (25 °C, CD3CN, 500 MHz): § [ppm]
=7.77 (s, 1H, H-Ar), 7.27 (s, 1H, H-Ar), 6.98 (s, 1H, H-Ar), 2.24 (s, 3H, CHs); 3C NMR
shows multiple overlapping signals; Elemental analysis (%) calcd. for 8.3: calcd. C
39.3%, H 2.9%, N 6.7%; found C 40.5%, H 2.9%, N 7.5%; IR: v [cm™] = 3416 (w),
3058 (w), 2918 (w), 1686 (s), 1591 (w), 1550 (w), 1448 (s), 1389 (w), 1197 (s), 1156
(s), 1108 (s), 1038 (w), 1003 (s), 847 (w), 816 (w), 795 (s), 784 (s), 728 (W), 714 (s),
674 (w), 596 (w), 556 (w), 541 (w), 516 (w), 412 (w).
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0O Synthesis of 8.4: Inside a N2 filled glovebox a Schlenk tube

| 1 :

was charged with 8.1 50 mg, 0.13 mmol and
N AS L XD g ( g )
| AW silvertrifluoroacetate (30 mg, 0.13 mmol) and transferred to a
N Schlenk line. 10 ml of acetonitrile were added. The resulting
\ '/
clear solution was stirred overnight at room temperature. The
C|) ) clear solution was concentrated in vacuo until the precipitation
\f of a white solid was observed which was dissolved into solution
CFj3

by gentle heating. Storage at -20 °C yielded colourless crystals
suitable for X-ray crystallography (16 mg, 0.03 mmol, 20%). *H NMR (25 °C, CDzCN,
500 MHz): & [ppm] = 8.06 (d, 3Jun = 7.5 Hz, 3H, H-3), 7.94 (t, 3Jun = 7.8 Hz, 3H, H-2),
7.55 (d, 33w = 7.9 Hz, 3H, H-1), 2.74 (s, 9H, CHs); 13C NMR (25 °C, CDsCN,
125 MHz): § [ppm] = 160.93 (Cq, 1C, C-CHs), 157.14 (Cq, 1C, C-As), 138.85 (C-H, 1C,
C-2), 127.13 (C-H, 1C, C-1), 125.24 (1C, C-H, C-3), 24.82 (CHs, 1C, CHs). (The two
Cq were determined from the HMBC); Elemental analysis (%) calcd. for 8.4: calcd.
C 40.8%, H 3.1%, N 7.1%; found C 39.5%, H 2.8%, N 5.7%; IR: v [cm™] = 3063 (w),
3009 (w), 2980 (w), 2962 (w), 2929 (w), 2301 (w), 1704 (w), 1668 (s), 1589 (s), 1551
(w), 1445 (s), 1418 (w), 1383 (w), 1254 (w), 1198 (s), 1177 (s), 1132 (s), 1089 (w),
1038 (w), 996 (w), 916 (s), 834 (w), 795 (s), 732 (w), 721 (s), 672 (w), 597 (w), 555
(w), 520 (w), 454 (w), 406 (w).

Synthesis of 8.5: Inside a Nz filled glovebox a Schlenk tube was

?N _ charged with 7.1 (200 mg, 0.57 mmol) and cobalt(ll)bromide
"‘(\l (124 mg, 0.57 mmol) and transferred to a Schlenk line. 20 ml of
AS \_Br acetonitrile were added. The resulting dark blue solution was
/\N_CQBr stirred overnight at room temperature. Dark blue crystals formed

overnight. Storage at -20 °C yielded 8.5 as blue crystals suitable
for single crystal X-ray diffraction (88 mg, 0.15 mmol, 27%). *H NMR (25 °C, CD3CN,
500 MHz): 5 [ppm] = 49.63, 37.10, 12.69, 7.17; Elemental analysis (%) calcd. for 8.5:
calcd. C 37.9%, H 3.2%, N 7.4%; found C 37.8%, H 3.1%, N 7.2%; IR: v [cm™] = 3066
(w), 3049 (w), 2989 (w), 2923 (w), 1588 (s), 1578 (s), 1551 (s), 1435 (s), 1373 (),
1307 (s), 1231 (s), 1186 (s), 1169 (s), 1123 (s), 1095 (s), 1014 (s), 990 (s), 984 (s),
841 (w), 809 (s), 790 (s), 771 (s), 737 (s), 730 (s), 682 (w), 660 (w), 561 (w), 545 (s),
426 (s), 414 (s).
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Synthesis of 8.6: Inside a N2 filled glovebox a Schlenk tube was

X
\ _N charged with 7.1 (200 mg, 0.57 mmol) and nickel(ll)bromide
=
\(\l (124 mg, 0.57 mmol) and transferred to a Schlenk line. 20 ml of
ASTON y . .
D N--\Ni/Br acetonitrile were added. The resulting clear green solution was
) \Br stirred overnight at room temperature. A colourless precipitate

formed overnight and was removed by filtration. The clear green
filtrate was stored for 5 days at -20 °C and yielded 8.6 as purple crystals suitable for
single crystal X-ray diffraction (70 mg, 0.123 mmol, 22%). Elemental analysis (%)
calcd. for 8.6: calcd. C 37.9%, H 3.2%, N 7.4%; found C 37.7%, H 3.1%, N 7.5%; IR:
v [cm™1] = 3604 (w), 3344 (w), 3065 (w), 3050 (w), 3002 (w), 2922 (w), 2678 (w), 2097
(w), 2004 (w), 1912 (w), 1777 (w), 1706 (w), 1625 (w), 1590 (s), 1578 (s), 1552 (s),
1436 (s), 1371 (s), 1253 (w), 1245 (w), 1227 (w), 1187 (w), 1170 (w), 1133 (w), 1124
(w), 1100 (w), 1091 (w), 1018 (s), 994 (w), 975 (w), 914 (w), 842 (w), 809 (s), 790 (s),
772 (s), 731 (w), 684 (w), 661 (w), 562 (w), 545 (w), 448 (w), 428 (w), 415 (s).

A\, [(CH3CN)CoBr3] Synthesis of 8.7: Inside a N: filled glovebox a

N TN\ Schlenk tube was charged with 8.1 (150 mg,
N A_S:O\I?r N__ .

/i\l/j': /Co/ : 0.41 mmol) and cobalt(ll)bromide (89 mgq,

@ \O:As N 0.41 mmol) and transferred to a Schlenk line. 20 ml

//\ of acetonitrile were added. The resulting blue

>

solution was stirred overnight at room temperature. The clear blue solution was
concentrated in vacuo until the precipitation of a blue solid was observed which was
dissolved into solution by gentle heating. Storage at -20 °C vyielded blue crystals
suitable for X-ray crystallography (188 mg, 0.15 mmol, 74%).'H NMR (25 °C, CD3CN,
500 MHz): & [ppm] = 34.02, 28.14, 13.43, 11.10, 7.42, 6.57, 3.67, -1.54, -3.98;
Elemental analysis (%) calcd. for 8.7-CHsCN: calcd. C 37.6%, H 3.2%, N 8.0%; found
C 37.5%, H 3.0%, N 7.9%;IR: v [cm™] = 3371 (w), 3050 (w), 2988 (w), 2957 (w), 2922
(w), 2306 (w), 2279 (w), 2248 (w), 2026 (w), 2003 (w), 1914 (w), 1584 (w), 1549 (w),
1443 (s), 1389 (w), 1375 (w), 1308 (w), 1248 (w), 1232 (w), 1170 (w), 1129 (w), 1089
(w), 1036 (w), 983 (w), 914 (w), 858 (w), 829 (s), 790 (s), 774 (w), 728 (W), 674 (W),
543 (w), 448 (s), 424 (w).
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_— Synthesis of 8.8: Inside a N: filled glovebox a Schlenk

\N I o tube was charged with 8.1 (150 mg, 0.41 mmol) and
N \A-_Sj \N"‘\\\Br nickel(l)bromide (89 mg, 0.41 mmol) and transferred to a
> 4 i
= N/ \ Schlenk line. 20 ml of acetonitrile were added. The
N Br

resulting pale orange solution was stirred overnight at room
temperature. A red solution with a small amount of brown precipitate formed overnight
and was removed by filtration. The clear red filtrate was concentrated in vacuo until
the precipitation of a yellow solid was observed which was dissolved into solution by
gentle heating. Storage at -20 °C yielded a yellow crystalline solid which was washed
twice with hexane to yield 8.8 as yellow crystals (7 mg, 0.01 mmol, 2%). 0.5 ml of the
solution were transferred to a crystallisation tube and layered with 10 ml of Et20. After
3 days at room temperature yellow crystals formed which were suitable for X-ray
crystallography. Elemental analysis (%) calcd. for 8.8 - DCM: calcd. C 34.0%, H 3.0%,
N 6.3%; found C 34.8%, H 2.9%, N 6.6%. IR: v [cm] = 3351 (w), 3281 (w), 3050 (w),
3006 (w), 2951 (w), 2921 (w), 2025 (w), 1910 (w), 1748 (w), 1705 (w), 1586 (s), 1547
(s), 1443 (s), 1402 (w), 1378 (w), 1335 (w), 1249 (w), 1182 (w), 1170 (w), 1133 (w),
1104 (w), 1085 (w), 1039 (w), 1005 (w), 993 (w), 860 (s), 830 (s), 789 (s), 761 (s), 729
(s), 674 (w), 554 (s), 526 (W), 455 (s), 423 (W).

Synthesis of 8.9: Inside a N2 filled glovebox a Schlenk tube
was charged with 7.3 (200 mg, 0.41 mmol) and iron(Il)chloride
(52 mg, 0. 0.41 mmol) and transferred to a Schlenk line. 20 ml
of tetrahydrofuran were added. The resulting pale orange
solution was stirred overnight at room temperature. An orange

solution with a small amount of brown precipitate formed

overnight and was removed by filtration. The clear orange
filtrate was concentrated in vacuo to approximately 5 ml volume. Storage at -20 °C
yielded a few yellow crystals suitable for X-ray crystallography.
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6 Synthesis of 8.10: Inside a N2 filled glovebox a Schlenk

le ] 4 tube was charged with 7.1 (34 mg, 0.10 mmol) and
RL‘;O " \\(jj\ dichloro(cymene)ruthenium(ll)dimer (30 mg, 0.05 mmol)
C|€|I \As“\ ™N 1 and transferred to a Schlenk line. 1 ml of DCM was added.
Z N The resulting red solution was stirred for 10 min at room
. temperature. The solution was layered with approximately

10 ml of pentane. After 3 days at room temperature red crystals formed which were
suitable for X-ray crystallography (42 mg, 0.06 mmol, 66%); *H NMR (25 °C, CD2Cl>,
500 MHz): & [ppm] = 7.66 (d, 3Jun = 7.7 Hz, 3H, H-5), 7.54 (t, 3Jun = 7.7 Hz, 3H, H-4),
7.18(d, 3Jnn = 7.7 Hz, 3H, H-3), 5.85 (d, 3Jn+ = 5.9 Hz, 2H, H-8), 5.68 (d, 3J1H = 5.9 Hz,
2H, H-9), 2.71 (sept, 3Jun = 6.9 Hz, 1H, H-11), 2.54 (s, 9H, H-1), 1.94 (s, 3H, H-6),
1.06 (d, 3Jun = 6.9 Hz, 6H, H-12). 13C NMR (25 °C, CD2Clz, 125 MHz): & [ppm] =
158.54 (Cq, 1C, C-As), 158.37 (Cq, 1C, C-2), 135.19 (C-H, 1C, C-4), 128.45 (C-H, 1C,
C-5), 123.38 (1C, C-H, C-3), 106.60 (Cq, 1C, C-10), 94.53 (Cq, 1C, C-7), 86.87 (1C,
C-H, C-8), 82.04 (1C, C-H, C-9), 30.13 (C-H, 1C, C-11), 24.04 (CHs, 1C, C-1), 21.44
(CHs, 2C, C-12), 17.15 (CHs, 1C, C-6); Elemental analysis (%) calcd. for 8.10: calcd.
C 51.2%, H 4.9%, N 6.4%; found C 51.1%, H 4.8%, N 6.3%; IR: v [cm™] = 3037 (w),
2962 (w), 2921 (w), 2866 (w), 1579 (s), 1555 (s), 1496 (w), 1469 (w), 1438 (s), 1389
(w), 1375 (w), 1361 (w), 1327 (w), 1265 (w), 1248 (w), 1169 (w), 1120 (w), 1085 (w),
1060 (w), 1034 (w), 987 (w), 924 (w), 890 (w), 874 (w), 799 (s), 784 (w), 775 (s), 731
(s), 702 (w), 668 (w), 633 (w), 569 (w), 555 (w), 548 (w), 517 (w), 451 (w), 426 (w).

6 Synthesis of 8.11: Inside a N2 filled glovebox a Schlenk
M%Z 5/4 , tube was charged with 7.2 (39 mg, 0.10 mmol) and
Rl‘Jm B \\@ dichloro(cymene)ruthenium(il)dimer (30 mg, 0.05 mmol)
Cléll \Sb\ NN ' and transferred to a Schlenk line. 1 ml of DCM was added.
~ "N The resulting red solution was stirred for 10 minutes at room

N temperature. The solution was layered with approximately

10 ml of pentane. After 3 days at room temperature red crystals formed which were
suitable for X-ray crystallography (44 mg, 0.0625 mmol, 64%);*H NMR (25 °C, CD2Cl>,
500 MHz): & [ppm] = 7.77 (d, 3Jun = 7.6 Hz, 3H, H-5), 7.49 (t, 3Juu = 7.7 Hz, 3H, H-4),
7.14 (d, 33nn = 7.7 Hz, 3H, H-3), 6.08 (d, 3Jun = 6.0 Hz, 2H, H-8), 6.00 (d, 3Jn+ = 6.0 Hz,
2H, H-9), 2.81 (sept, 3Jnn = 7.0 Hz, 1H, H-11), 2.56 (s, 9H, H-1), 2.06 (s, 3H, H-6),
1.16 (d, 3Jnn = 7.0 Hz, 6H, H-12); 3C NMR (25 °C, CD2Cl2, 125 MHz): & [ppm] =
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160.34 (Cq, 1C, C-As), 159.13 (Cq, 1C, C-2), 135.14 (C-H, 1C, C-4), 130.38 (C-H, 1C,
C-5), 123.49 (1C, C-H, C-3), 105.22 (Cq, 1C, C-10), 95.30 (Cq, 1C, C-7), 84.67 (1C,
C-H, C-8), 81.54 (1C, C-H, C-9), 34.01(), 30.40 (C-H, 1C, C-11), 24.12 (CHs, 1C, C-
1), 21.60 (CHs, 2C, C-12), 17.77 (CHs, 1C, C-6); Elemental analysis (%) calcd. for
8.11: calcd. C 47.8%, H 4.6%, N 6.0%; found C 48.5%, H 5.1%, N 5.7%; IR: v [cm™]
= 3066 (w), 3046 (w), 2956 (w), 2919 (w), 2868 (w), 2127 (w), 2121 (w), 2097 (w),
2088 (w), 1615 (w), 1576 (s), 1550 (s), 1504 (w), 1464 (w), 1435 (s), 1385 (w), 1370
(w), 1322 (w), 1246 (w), 1219 (w), 1200 (w), 1169 (s), 1118 (w), 1081 (s), 1056 (w),
1033 (w), 988 (s), 890 (w), 871 (w), 840 (w), 786 (s), 742 (w), 730 (w), 692 (w), 669
(w), 658 (w), 548 (w), 539 (s), 525 (w), 517 (w), 448 (w), 423 (w), 410 (w).

Synthesis of 8.12: Inside a N2 filled glovebox a

b C( Schlenk tube was charged with 7.1 (45 mg,
'K/ 0.12 mmol) and cis-

D“ ol /CI \(\){ bis(benzonitrile)dichloroplatinum(ll) (30 mg,
0.06 mmol) and transferred to a Schlenk line. 1 ml

of DCM was added. The resulting yellow solution was stirred for 10 minutes at room
temperature. The solution was layered with approximately 10 ml of pentane. After 3
days at room temperature yellow crystals formed which were suitable for X-ray
crystallography (36 mg, 0.03 mmol, 59%). *H NMR (25 °C, CD2Cl2, 500 MHz): § [ppm]
= 8.04 (d, 3Jwn = 7.7 Hz, 3H, H-5), 7.50 (t, 3Jwn = 7.7 Hz, 3H, H-4), 7.05 (d, 3JnH
7.5 Hz, 3H, H-3), 2.27 (s, 9H, CH?3); 13C NMR (25 °C, CD2Cl2, 125 MHz): & [ppm]
158.20 (Cq, 1C, C-2) 156.29 (Cq, 1C, As-C), 135.42 (t, 1C, C-4), 127.77 (t, 1C, C-5),
123.64 (t, 1C, C-3), 23.59 (p, 1C, CHa); Elemental analysis (%) calcd. for 8.12: calcd.
C 44.6%, H 3.8%, N 8.7%; found C 43.8%, H 3.7%, N 8.3%; IR: v [cm™] = 3046 (w),
2960 (w), 2922 (w), 2103 (w), 1911 (w), 1813 (w), 1793 (w), 1679 (w), 1580 (s), 1553
(s), 1438 (s), 1374 (w), 1247 (w), 1168 (w), 1128 (w), 1089 (w), 1031 (w), 989 (w), 921
(w), 903 (w), 781 (s), 729 (s), 698 (w), 666 (W), 559 (w), 548 (s), 535 (w), 421 (w), 402

(s).

N/ N C( Synthesis of 8.13: Inside a N2 filled glovebox a
\%\ = 72N Schlenk tube was charged with 7.2 (51 mg,

3 1
w\\\‘Sb\Pt/Sb\(\Ejz/ 0.12 mmol) and cis-
~ ~
=/ Cl Cl AA bis(benzonitrile)dichloroplatinum(ll) (30 mg,
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0.06 mmol) and transferred to a Schlenk line. 1 ml of DCM was added. The resulting
yellow solution was stirred for 10 minutes at room temperature. The solution was
layered with approximately 10 ml of pentane. After 3 days at room temperature yellow
crystals formed which were suitable for X-ray crystallography (21 mg, 0.02 mmol,
29%). 'H NMR (25 °C, CD2Cl2, 500 MHz): & [ppm] = 7.99 (d, 3Jun = 7.5 Hz, 3H, H-5),
7.51 (t, 3Jnn = 7.7 Hz, 3H, H-4), 7.03 (d, 3Jun = 7.5 Hz, 3H, H-3), 2.24 (s, 9H, CH3); 13C
NMR (25 °C, CD2Clz, 125 MHz): & [ppm] = 159.10 (Cq, 1C, C-2) 158.00 (Cq, 1C, Sb-
C), 135.33 (t, 1C, C-4), 129.63 (t, 1C, C-5), 123.84 (t, 1C, C-3), 23.55 (p, 1C, CHg);
Elemental analysis (%) calcd. for 8.13: calcd. C 38.7%, H 3.3%, N 7.3%; found C
39.4%, H 3.4%, N 7.4%; IR: v [cm™] = 3048 (w), 2961 (w), 2924 (w), 2007 (w), 1977
(w), 1681 (w), 1622 (w), 1576 (s), 1549 (s), 1435 (s), 1389 (w), 1372 (w), 1272 (w),
1247 (w), 1168 (s), 1122 (w), 1083 (w), 1035 (w), 990 (w), 980 (w), 901 (w), 840 (w),
780 (s), 728 (s), 696 (W), 659 (W), 546 (w), 529 (w), 416 (w).
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Chapter 9: The Coordination Chemistry of the
Neutral Trispyridyl Silicon Ligand
PhSi(6-Me-2-py)s

There are no in-depth reports on the coordination of Si(IV) ligands of the type RSi(2-
py)s and its derivatives, which we anticipate to be more robust than other heavier group
14 analogues. The main obstacle to developing this area is the low yielding synthesis
of ligands containing unsubstituted pyridyl groups from 2-Li-pyridine and RSICls. As a
result, the only coordination compound obtained so far in this area has been MeSi(2-
py)sLiCl, which was isolated in low yield .[** However, a clue to a way around this
problem is provided by an early study which reported that the 6-bromo-substituted
Si(lV) ligand MeSi(6-Br-2-py)s can be obtained in 54% yield from the reaction of
MeSiCls and monolithiated 2,6-dibromo-pyridine.[*8% We showed in Chapter 7 of this
thesis that 6-methyl substitution at the pyridyl substituents not only leads to cleaner
lithiation of the corresponding 6-methyl-2-bromo-pyridine, but also stabilises the
trispyridyl products themselves by suppressing the reductive elimination of bipyridine.
This also makes the resulting ligands more air and moisture stable, making them more
suitable to applications such as in catalysis.

Results and Discussion

Me
R e
i R = A S| ”
—
=N NJ N~ R™ N L ~N =
18% yield

82% yleld

Figure 119: Synthetic approaches for trispyridyl silicon(IV) ligands.

We were able to obtain the new Si(IV) ligand PhSi(6-Me-2-py)s 9.1 in high yield (82%)
and purity from the reaction of PhSiCls with 6-Me-2-Li-py in THF (Figure 119),
providing gram quantities for the further investigation of its coordination chemistry. In
contrast, the reaction between unmethylated 2-Li-pyridine and PhSICls yields a
mixture of products, as apparent from the *H NMR spectrum of the crude reaction

mixture.
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Figure 120: Solid-state structure of 9.1 showing displacement ellipsoids at 40%
probability. Hydrogen atoms omitted for clarity. Selected bond lengths [A] and angles
[°]Z Si—Cphenyl 1.879(2), Si—Copyridyl range 1.882(2)-1.886(2), Cpyridyl-Si-Chpyridyl range
107.25(8)-110.18(8), Si-Cpyrigy-N range 114.15(13)-114.61(14). Colour code: grey =
C, blue = N, yellow = Si.

Elemental analysis confirms that unlike the previously reported Si(IV) system only
trace lithium halide coordination occurs for 9.1 in crystalline samples. This is further
confirmed by the single crystal X-ray structure, which shows a Cs-symmetric molecular
arrangement in the solid state in which the pyridyl-N atoms are orientated towards the
Si(IV) bridgehead atom (Figure 120). The absence of LiX (X= ClI, Br) coordination in
9.1 presents a technical advantage (in addition to the high yield of the ligand) because
there is no need to separate LiX from reaction products after transfer of the ligand to
other metal centres. It can be noted also that although 9.1 is prepared under inert-
atmosphere conditions, it is in fact air-stable and only hygroscopic.

The reaction of [Cu(CH3CN)4]PFs with 9.1 in CH3CN at room temperature gives the
crystalline complex [{PhSi(6-Me-2-py)3}CuCH3CN]PFs 9.2 in 31% isolated yield. The
single crystal X-ray structure of 9.2 shows that it is an ion-separated complex
containing [{PhSi(6-Me-2-py)3s}CuCH3CN]* cations (Figure 121) and PFs anions.
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Figure 121: Reaction scheme and solid-state structure of 9.2. Displacement ellipsoids
at 40% probability. Hydrogen atoms omitted for clarity. Selected bond lengths [A] and
angles [°]: Si—Cphenyt 1.871(5), Si—Cpyrigyi range 1.888(5)-1.892(5), Cu-Npyrigyi range
2.061(4)-2.121(4), Cu-Nwmecn 1.936(4), Cpyridyl-Si-Cpyridyi range 104.0(2)-110.0(2), Si-
Copyiigy-N range 114.0(3)-117.4(3), Npyridy-Cu-Npyridyi 97.65(16)-100.65(16). Colour
code: grey = C, blue = N, yellow = Si, orange = P, bright yellow = F, dark orange = Cu.

The previously reported ion-separated complexes [{RC(6-Me-2-py)3s}CuCHsCN]PFs (R
= H, Me), containing C-bridged pyridyl ligands, are closely related to 9.2 (containing
C-bridged analogues of ligand 9.1, with the same 6-Me-2-py substituents).[!78 There
are noticeable effects in changing the bridgehead atom from the smaller C- to the
larger Si-atom. In particular, the Cu-Npyrdyt bonds in the cation of 9.2 [2.061(4)-
2.121(4) A] are on average longer than those in the [{RC(6-Me-2-py)s}CuCHsCN]*
cations [1.993(8)-2.088(7) A]. There is also a large expansion of the internal Npyriyi-
Cu-Npyrigyt coordination angles from 90.23(9)-91.8(3)° in the [{RC(6-Me-2-
py)s}CUCH3CN]* cations to 97.65 (16)-100.65(16)° in the cation of 9.2. Both of these
changes can be traced to the increase in the bridgehead Si-C bond length in the Si
analogue.

Interestingly, the 1:1 stoichiometric reaction of 9.1 with Cu(ll)Cl2 in CH3CN initially
forms a green solution characteristic of Cu(ll) before slowly turning yellow at room
temperature. The yellow all-Cu(l) complex [{PhSi(6-Me-2-py)3}CuCH3CN]*Cu(l)Clz
9.3 is the only solid product that could be isolated. Since this was only obtained in low
yield it was only characterised by single crystal X-ray crystallography (Figure 122).
The reduction of Cu(ll) in the presence of metal or semi-metal bridged trispyridyl ligand
frameworks has been seen before and is probably coupled to the reductive elimination
of 6,6’-di-methyl-bipyridine, although the precise mechanism involved is not certain.
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Figure 122: Solid-state structure of 9.3, the decomposition product of 9.1 and CuCl.
Hydrogen atoms omitted for clarity; displacement ellipsoids shown at 40% probability.
Selected bond lengths [A] and angles [°]: Si—Cphenyl 1.867(4), Si—Cpyriayl range 1.877(4)-
1.894(3), Cu-Npyrigyt range 2.068(3)-2.089(2), Cu-Nmecn 1.948(4), Copyridyi-Si-Cpyridyi
range 104.48(17)-108.61(11), Si-Cpyridy-N range 114.0(2)-116.6(3), Npyridyi-Cu-Npyridy!
95.38(13)-101.28(9). ). Colour code: grey = C, blue = N, yellow = Si, green= ClI, dark
orange = Cu.

For example, the attempted coordination of the Sn(IV) trispyridyl ligand "BuSn(2-py)s
to Cu(ll) results in a Cu(l) complex.'#% This redox instability contrasts with C-bridged
trispyridyl ligands which can be transferred intact to the Cu(ll) cation without
breakdown of the ligand framework, e.g., as in the case of the complex [HC(6-Me-2-
py)3sCuBr].1181

The 1:1 stoichiometric reactions of CoClz and FeCl2 with 9.1 give clean transfer of the
transition metal ions into the corresponding complexes [{PhSi(6-Me-2-py)3}CoCl2] 9.4
and [{PhSi(6-Me-2-py)s}FeClz] 9.5, respectively. Satisfactory elemental analyses were
obtained for both compounds. However, room temperature *H NMR spectroscopy
proved unhelpful in their characterisation owing to the paramagnetic nature of the high-
spin d® and d” electronic configurations of the transition metal ions and the presence
of a fluxional process (described later). Unambiguous characterisation was made by
single crystal X-ray diffraction (Figure 123). Both complexes are isostructural,
consisting of molecules in which the trispyridyl ligand 9.1 adopts a bidentate
coordination mode in which only two of the three N-atoms are bonded to the transition

metal ions.
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Figure 123: Reaction scheme and solid-state structure of 9.4 and 9.5. Displacement
ellipsoids shown at 40% probability; hydrogen atoms are omitted for clarity. Selected
bond lengths [A] and angles [?]: 9.4, Si—Cphenyl 1.866(2), Si—Cpyriayl range 1.872(2)-
1.885(2), Co-Npyrigyi range 2.0505(18)-2.0589(19), Co-Cl 2.2339(7)-2.2623(6), CpyridyI-
Si-Cpyridyl range 105.67(11)-115.78(10), Si-Cpyridy-N range 119.81(17)-122.80(16)
(coordinating pyridyl groups), Si-Cpyridy-N 113.26(17) (non-coordinating pyridyl group),
N-Co-N 110.47(7), CI-Co-Cl 118.50(3). 9.5, Si—Cphenyi 1.866(3), Si—Cpyrigyi range
1.874(3)-1.884(3), Fe-Npyrigyt range 2.106(2)-2.118(2), Fe-Cl range 2.2486(8)-
2.2885(7), Cpyridy-Si-Cpyridyy  range  105.60(12)-117.09(10), Si-Cpyriayi-N  range
119.90(18)-122.11(17) (coordinating pyridyl groups), Si-Cpyrigy-N 113.57(18) (non-
coordinating pyridyl group), N-Fe-N 108.88(8), Cl-Fe-Cl 124.58(3). ). Colour code:
grey = C, blue = N, yellow = Si, green= Cl, blue = Co, orange = Fe.

There are no closely related analogues of 9.4 and 9.5 containing C-bridged trispyridyl
ligands, the closest relatives being the 2:1 ‘sandwich’ complexes [{MeC(2-py)s}2M]?*
(M = Co(ll),Fe(Il)).['82 However, the bis-coordination of two of the N-atoms of ligand
9.1 found in both complexes is the same as that observed for the isoelectronic P(6-
Me-2-py)s ligand in the complex [{P(6-Me-2-py)s}FeClz], which has a very similar
structural arrangement.['58 The reasons behind this bis-coordination of the metal
cations in 9.4 and 9.5, rather than tris-coordination in the potential alternative
ionisation isomer [{P(6-Me-2-py)s}FeCIJ*[Cl], are likely to stem from the combined
effects of the presence of sterically constraining 6-Me substituents (which also make
the formation of 2:1 sandwich complexes unfavourable with small metal cations) and
the greater strength of M-Cl bonds compared to M-N bonds. The metal-N bond lengths
in 9.4 and 9.5 are as expected for tetrahedral Co(ll) and Fe(ll) cations.

As noted before, the *H NMR spectra of 9.4 and 9.5 at 298 K were unintelligible due
to unusually broad resonances, even for paramagnetic complexes of Co(ll) and Fe(ll).
However, reducing the temperature of solutions of 9.4 and 9.5 in toluene results in
significant sharpening of the 'H NMR resonances for both compounds. The
sharpening of the spectra strongly indicates a dynamic (fluxional) process is occurring.
In the case of 9.4, gradual sharpening of the signals is observed between 353 and
253 K to show eventually the same 2:1 desymmetrisation of the 6-Me-2-py
substituents that is present in the solid-state structure. At the same time, the linewidths
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of the Ph-resonances remain unchanged in this temperature interval, showing that
fluxionality of the pyridyl groups alone is responsible for the observed effect. Additional
information is obtained from the temperature-dependent behaviour of 9.5 which shows
similar behaviour as 9.4 between 230 and 298 K. However, increasing the temperature
above 298K also results in sharpening of the 6-Me- and 2-py resonances into a Cs-
symmetric arrangement containing only one 6-Me-2-py environment. This behaviour
is consistent with an intramolecular fluxional process involving precession of the bis-

coordinating pyridyl groups in both complexes (Figure 124).

Figure 124: Precession of the pyridyl groups, as potential explanation for the fluxional
behaviour of 9.4 and 9.5.

The low-temperature (230 K) 'H NMR signals of the coordinated pyridyl groups in 9.4
and 9.5 can be assigned using calculated DFT spin-densities at the B3LYP/6-311G(d)
level of theory.['83 This work has been done by our collaborator in Heidelberg Markus
Enders. However, the correlation of the calculated NMR shifts using Fermi-contact and
orbital shifts alone is not satisfactory. EXSY NMR spectroscopy allows the assignment
of H? (see experimental details for assignment) of the non-coordinated pyridyl at
12 ppm (exchange peak with H% at —28 ppm). This atom is seven bonds away from
the paramagnetic centre and therefore no Fermi-contact shift contributes to the
observed NMR value, only orbital and pseudocontact shifts. Using the molecular
structure and a magnetic axis that bisects the N-Fe-N angle gives an axial magnetic
anisotropy (Ayax) of 7 x 102 m? for 9.4. In a similar way Ayax was determined for 9.5
(8 x 1032 m3). Including both Fermi-contact and pseudo-contact shifts leads to a much
better agreement with the experimental 'H NMR spectrum. The anisotropy of 9.4
compares well with a known 4-coordinate Fe(ll) complex whereas in octahedral Co(ll)

compounds much larger anisotropies compared to 9.5 have been observed.[184185]
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Figure 125: Correlation of experimental with calculated *H NMR shifts of 9.4 and 9.5
(at 230 K), considering orbital, Fermi-contact and pseudo-contact shifts. H*c and H*xc
denotes atoms of coordinated and non-coordinated pyridyl units, respectively. For the
numbering scheme see experimental part.

The 1:1 stoichiometric reaction of Mo(CO)s with 9.1 in MeCN at reflux produces the
complex [{PhSi(6-Me-2-py)3}Mo(CO)3] 9.6 in 21% vyield after crystallisation from DCM
(as the DCM mono-solvate) (Figure 126).

Sl /, Mo( CO | N "'INl = \
N J / N |
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Figure 126: Reaction scheme and solid-state structure of 9.6; hydrogen atoms
omitted for clarity; displacement ellipsoids shown at 40% probability. Selected bond
lengths [A] and angles [°]: Si—Cphenyi 1.876(3), Si—Cpyridyi range 1.870(3)-1.874(3), Mo-
Npyridyl range 2.343(2)-2.424(2), Mo-C range 1.921(3)-1.933(3), Cpyridyl-Si-Cpyridyl range
103.96(13)-112.88(13), Si-Cpyrigy-N range 115.9(2)-120.4(2), Npyridyl-M0O-Npyridyl
86.87(8)-90.05(8), C-Mo-C range 79.91(13)-86.28(13). Colour code: grey = C, blue =
N, yellow = Si, red = O, turquois = Mo.

The solid-state structure of 9.6 shows the expected triscoordination of 9.6 to a
Mo(CO)s unit within its molecular arrangement. This is similar to that of the previously
reported complex [{"BuSn(2-py)s}Mo(CO)s], containing a Sn-bridged ligand.[*8% The IR
spectrum of solid 9.6 shows two CO stretching bands at 1893 and 1750 cm™. This can
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be compared to the solid-state IR spectra reported previously for [{HC(2-
py)3s}Mo(CO)z] (1897 and 1769 cm™) and [{"BuSn(2-py)s}Mo(CO)z] (1900 and
(averaged) 1763 cm™).1186.1871 Unfortunately, it is impossible on this basis to delineate
the effect of the electronegativity of the bridgehead atom from the additional effect of
the electron-donating 6-Me groups present in 9.1, since the decrease in
electronegativity going down group 14 and the electron-donating Me substituents
should both result in greater o-donor character. This said, it appears that 9.6 has

similar o-donor/tr-acceptor properties to the [HC(2-py)s] and ["BuSn(2-py)s] ligands.
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Chapter Conclusion

In conclusion, substitution at the 6-position of the pyridyl ring units makes the synthesis
of the resulting [PhSi(6-Me-2-py)] ligand much more amenable and produces usable
amounts for further coordination studies. This has allowed access to the first examples
of transition metal complexes of this type of Si(IV) trispyridyl ligand. Synthetic studies
show that, while these ligands function similarly to their C-bridged relatives, they
nonetheless exhibit some redox instability, depending on the metal coordinated; a
characteristic of related Sn(IV) trispyridyl ligands. During the coordination studies with
9.1 it was noted that 9.1 was a lot more stable compared to many other ligands
presented in this thesis and decomposition was not observed either by reduction of
the Si bridgehead or by pyridyl transfer. This hints at the applicability of 9.1 under
harsher catalytic reaction conditions. Encouragingly, in preliminary tests we have
found that the CuPFs complex of 9.1 (complex 9.2) shows good activity in the copper(l)
catalysed cyclopropanation and aziridination of styrenes. One advantage in moving
from the C-bridged to the Si-bridged trispyridyl ligands is the greater flexibility of ligand
site, which can expand or contract during reaction to a greater extent than the C-based

system.
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Experimental Details

General experimental details involving techniques, instruments and materials

employed are provided in the appendix at the end of this thesis.

NMR labelling Scheme

Synthesis of New Compounds

Synthesis of 9.1. 2-Bromo-6-methyl pyridine (2.28 ml,
20 mmol) was dissolved in 40 ml of THF. To this "BuLi (12.5 ml,
20 mmol, 1.6 M in hexane) was added dropwise at =78 °C.The

S)I;)'” ™Y resuling dark orange solution was stired for 3h at
)N~

| N
_N -78 °C.PhSICls (1.4 g, 6.66 mmol) in 5 ml of THF was added

dropwise to the dark red lithiated species. The resulting pale

N

brown mixture was allowed to warm to room temperature. After
stirring overnight, a dark brown solution with a light brown precipitate was formed. All
volatiles were removed under vacuum and the resulting solid residue was extracted
with 40 ml of warm toluene. The suspension was filtered through Celite to yield a clear-
brown solution which was concentrated under vacuum until the precipitation of a white
solid was observed, which was redissolved by gentle heating. Storage overnight at -
15 °Cyielded 9.1 as colourless needles suitable for X-ray crystallography. The product
was isolated by filtration and storage of the mother liquor yielded a second crop of
crystals. Combined yield 2.10g (4.61 mmol, 82%). 'H NMR (25 °C, ds-toluene,
500 MHz): §(ppm) = 8.20 (d, J = 7.0 Hz, 2H, H-5), 7.86 (d, J = 7.4 Hz, 3H, H-1), 7.24
(m, 3H, H-6, H-7), 7.11 (t, J = 7.7 Hz, 3H, H-2), 6.68 (d, J = 7.8 Hz, 3H,H-3), 2.40 (s,
9H, H-4); 13C NMR (25 °C, ds—toluene, 125 MHz): 5(ppm) = 162.7 (C-1), 157.9 (C-2),
136.7 (C-4), 134.3 (C-7), 133.6 (C-3), 129.8 (C-9), 129.0 (C-5) , 127.3 (C-8), 122.2 (C-
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10), 24.0 (C-6); Elemental analysis (%) calcd. for 9.1: C 75.5, H 6.1, N 11.0 found: C
74.5,H 5.9, N 10.5.

Synthesis of 9.2, 9.4 and 9.5:

A Schlenk tube was charged
SI o Q with 9.1 (300 mg, 0.78 mmol, 1
/N YT) q) eg.) and 1 equivalent of the
| éﬁ\c g éﬂ\':e\;lcl transition metal source
w [Cu(MeCN)4]PFs (314 mg,
0.78 mmol) for 9.2, CoClz
(200 mg, 0.78 mmol, 1 eq) for 9.4, FeClz (100 mg, 0.78 mmol) for 9.5 in a glovebox.
The Schlenk tube was transferred to a vacuum line and 25 ml of CH3CN was added.
The resulting solution (yellow for 9.2, green for 9.4 and yellow for 9.5) was stirred at
room temperature overnight and then concentrated under vacuum until the
precipitation of a solid was observed (yellow for 9.2 and 9.5, blue for 9.4). The solid
was redissolved by gentle heating. Storage overnight at -15 °C yielded crystals of 9.2
(yellow), 9.4 (blue) or 9.5 (yellow) suitable for X-ray crystallography which were
isolated by filtration. For 9.2: Yield 152 mg (0.24 mmol, 31%); *H NMR (25 °C, CDsCN,
500 MHz): &(ppm) = 8.08 (d, J = 6.9 Hz, 2H, H-5), 7.78 (t, J = 7.5 Hz, 1H, H-7), 7.72
(m, 5H, H-6, H-2), 7.60 (d, J = 7.5 Hz, 3H, H-1), 7.40 (d, J = 7.8 Hz, 3H, H-3), 2.83 (s,
9H, H-4), 1.99 (s, 3H, Acetonitrile); 3P NMR (25 °C, CD3CN, 202.48 MHz): 3(ppm) =
-144.6 (hpt, 1Jpr = 705.69 Hz, PFs); 13C NMR (25 °C, CD3CN, 125.78 MHz): &(ppm) =
160.2 (C-1), 158.6 (C-2) ,148.9 (C-4), 136.7 (C-7), 136.1 (C-3), 131.6 (C-9), 130.2 (C-
5), 128.9 (C-8), 125.3 (C-10), 24.7 (C-6); Elemental analysis (%) calcd. for 9.2: C
49.5, H 4.2, H 8.9, found: C 49.2, H 4.2, N 9.1. For 9.4: Yield 210 mg (0.55 mmol,
70%); Elemental analysis (%) calcd. for 9.4: C 49.5, H 4.2, H 8.9, found: C 49.2, H
4.2, N 9.1; For 9.5: Yield 195 mg (0.50 mmol, 65%); Elemental analysis (%) calcd.
for 9.5: C 56.7, H 4.5, N 8.3, found C 55.3, H4.5, N 8.8.
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Synthesis of 9.3: A Schlenk tube was charged with 9.1 (50 mg,
CuCl, © 0.13 mmol, 1 eq.) and 1 equivalent of CuCl2 (16 mg, 0.13 mmol) in a

| o Si,'"'l N glovebox. The Schlenk tube was transferred to a vacuum line and
=
YP 5 ml of CH3CN was added. The resulting solution green solution was

| stirred at room temperature overnight and then concentrated and

N
I‘I layered with Et20. Over the course of 2 weeks a few yellow crystals
grew which could be analysed via X-ray diffraction.
Synthesis of 9.6: A Schlenk tube was charged with 9.1 (500 mg,
© 1.30 mmol) and Mo(CO)s (343 mg, 1.30 mmol, 1 eq) inside a N2-filled
xSivi, X, glovebox. The Schlenk tube was transferred to a vacuum line and

N N~ 25 ml of CH3CN was added. The resulting solution was brought to

Mo reflux overnight during which the colour changed to brown/red. The
71N : , . ,
& .‘% Cy solvent was removed and the solid brown residue was dissolved in
0

25 ml of DCM and stirred for 2 hours. The solution was concentrated
under vacuum until the precipitation of a red solid was observed which, was
redissolved by gentle heating. Storage overnight at -15 °C yielded red crystals of
9.6°DCM suitable for X-ray crystallography which were isolated by filtration. Isolation
of this solvate under vacuum (1 bar) results in loss of ca. 0.5 DCM molecules per
molecular unit, give a final product with formula 9.6<0.5DCM. Yield 150 mg (0.27 mmol,
21%). 'H NMR (25 °C, 500 MHz, CDCls): d[ppm] = 8.06 (d, J = 6.8 Hz, 2H, H-5), 7.72
(m, 3H, H-6, H-7), 7.50 (m, 6H, H-1, H-2), 7.27 (d, J = 8.9 Hz, 3H, H-3), 3.34 (s, 9H,
H-4) (DCM also present at 5.3 (s)]; 13*C NMR (25 °C, 125 MHz, CDClIzs): d[ppm] =
228.16 (CO), 166.03 8 (C-1), 159.33 (C-2) , 137.01 (C-4), 134.35 (C-7), 131.56 (C-3),
130.13 (C-9), 129.21 (C-5), 128.44 (C-8), 126.24 (C-10), 29.04 (C-6); Elemental
analysis (%) calcd. for 9.6<0.5DCM C 54.7, H 4.0, N 7.0; found, C 54.9, H 4.1, N 8.0;
IR (Solid): CO stretch: 1893 cm™ and 1750 cm™.
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Chapter 10: Deprotonation, Insertion and
Isomerisation in the Post-functionalisation of
Trispyridyl aluminates

In light of the applications of the aluminate complex [EtAl(6-Me-2-py)sLi] 10.1 in the
chiral discrimination of alcohols (discussed in the introduction to this part of the
thesis),[*3® we sought in this chapter of the thesis to extend this work to other acidic

and electrophilic organic analytes.

Results and Discussion

We first explored the reactions of 10.1 (which was synthesised via the literature
procedure) with aldehydes.[*32 Monitoring the 1:1 stoichiometric reaction between
10.1 and benzaldehyde (PhCH=0) by 'H NMR in ds-THF shows the exclusive
formation of a single product 10.2 after 5 min at room temperature (Figure 127).
Several observations support the nucleophilic addition of a 6-Me-2-pyridyl group to the
aldehyde carbonyl. In particular, the aldehyde CH proton of PhCH=0 disappears
completely and is replaced by a CH singlet at & = 6.55 ppm, supporting the generation
of a secondary alcoholate. In the *H-'H NOESY NMR a cross-peak between the
tertiary CH proton and the bridgehead Et-Al group of aluminate anion is also observed.
While there is no change in the position of the broad singlet found in the 2’Al NMR
spectrum compared 10.1 (3 = 127 ppm), the Li NMR spectrum shows a diagnostic
change from 3.5 ppm in 10.1 to 2.6 ppm in 10.2.

’ N D \N/
Ph T |
AI '/ H /Lli"“f':',o N
N ' THF, RT, 5min_ 5m|n T P e
. /N\ \/'l //
CAl N/
e
10.1 _ 10.2

Figure 127: Selective reaction of the trispyridyl-aluminate 10.1 with one equivalent
benzaldehyde yielding 10.2.

X-ray quality crystals of the product [{EtAl(6-Me-2-py)2(OCHPh(6-Me-2-py))}Li]2 10.2

were grown from a saturated toluene solution at -14 °C in 30% yield. The single crystal

191



X-ray structure confirms the selective functionalisation of [EtAlI(6-Me-2-py)sLi(THF)]
(Figure 128). The solid-state structure is that of a dimer containing a central Li2O2 core
involving the O-atoms of the [(6-Me-2-py)2(OCHPh(6-Me-2-py)]" anions (Li-O range
1.942(6)-2.309(7) A). The aluminate anions use their two 2-py-N atoms to coordinate
the separate Li* cations of the core [2.022(7) A], resulting in a pseudo-tetrahedral
geometry at Li*. The pyridyl-N atom of the OCHPh(6-Me-2-py) group within each of
aluminate anion is involved in a secondary Nee+Al interaction with the bridgehead Al(lll)
atom [2.482(4) A]. This results in a roughly pentagonal coordination geometry for the

Al atoms.

Figure 128: Different views on the solid-state structure of the dimer [{EtAl(6-Me-2-
Py)2(OCHPh(6-Me-2-py))}iLi]2 10.2 in the toluene solvate. H-atoms and the lattice
toluene molecules have been omitted for clarity. Displacement ellipsoids set at 40%
probability. Selected bond lengths [A] and angles [°]; Li-O range 1.942(6)-2.309(7), Li-
N range 2.021(7)-2.022(7), Al-O 1.828(3), Al-Cpyriay1 2.023(4)-2.076(4), Al-Cet 2.004(4),
AleeeN 2.482(4), Li-O-Li 85.6(3), O-Li-O 94.4(3). Colour code: grey =C, blue =N, red =
O, purple = Li, green = Al.

A chiral tertiary carbon atom is generated upon nucleophilic addition of the 6-Me-2-py
substituent of 10.1 to the prochiral aldehyde carbonyl centre of PhCH=0. However,
dimers of 10.2 are non-chiral as a result of the presence of both R- and S-enantiomers
of the OCHPh(6-Me-2-py) groups. The presence of the secondary NeeeAl interactions
with the pyridyl-N atoms of the OCHPh(6-Me-2-py) groups means that no free rotation
of the C-O bond can occur and results in desymmetrizing the 6-Me-2-py groups of
each of the anions 10.2. This is evident in the room temperature *H NMR spectra of
10.2 in ds-toluene and ds-THF, which both show two 6-Me-2-py environments. The
corresponding ‘Li NMR spectra, however, show a large change in chemical shift

moving from toluene (sharp singlet at 3.7 ppm) to THF (broad singlet at 2.6 ppm),
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which we ascribe to the presence of a dimer in toluene and a (most likely THF
solvated) monomer in THF. In either case, the presence of a N/O-chelating OCHPh(6-
Me-2-py) groups will result in the desymmetryisation of the 6-Me-2-py groups. The
observation of only two 6-Me-2-py groups in the 'H NMR spectrum and only a singlet
in the “Li NMR spectrum of dimeric 10.2 in toluene strongly supports the retention of
the RS-stereochemistry found in the solid-state structure, since equilibration to the SS-
and RR-dimers would give additional *H and ’Li resonances (as found previously in
studies of the reactions of 10.1 with mixtures of chiral alcohols containing an
entantiometric excess of one isomer).[*3% The room temperature 2:1 reaction of 10.1
with benzaldehyde is unselective, presumably because the remaining 2-py groups are
less nucleophilic. Increasing the temperature only led to a complicated mixture of

products.

Al
’ N N
2 Q(OH >,
X il _
| o _ ,o:::ﬁ'\L.,::O
2 THF, -78 °C O it
\ <TN77
. to RT, 4 h WS\
ab
10.1 _/ 103

Figure 129: Functionalisation of 10.1 with benzoic acid yielding 10.3.

While a range of other aldehydes react with 10.1 in a similar way, ketones, isonitriles
and imines, which contain less electrophilic C-centres, do not react. However,
unsurprisingly on the basis of previous studies, carboxylic acids react readily with 10.1
even at low temperature. The 'H NMR spectrum of the room-temperature 1:1 reaction
of 10.1 with benzoic acid PhCO2H in THF showed the formation of a mixture of
products. Significantly, these included 6-Me-pyH and EtH, indicating that both the 6-
Me-2-py and bridgehead Et groups of 10.1 are involved in deprotonation of the acid.
Although the same reaction at -78°C in toluene leads to a ca. 1:1:1 mixture of
unreacted 10.1 and the lithium complexes of the mono- and disubstituted anions
[EtAlI(6-Me-py)2(PhCO2)] 10.3 and [EtAl(6-Me-py)(PhCO2)2]" 10.4, respectively, the
reaction of the bridgehead Et group is largely supressed. The *H NMR spectrum shows
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that the 1:2 reaction of 10.1 with PhCO2H at -78°C in toluene leads to exclusive

formation of 10.4.

Figure 130: Dimeric structure of top: 10.3 and bottom: 10.7. The H-atoms and the
toluene molecules present in the lattices of the solvates 10.3 have been omitted for
clarity; displacement ellipsoids set at 40% probability. Selected bond lengths [A] and
angles [°]: 10.3: Li-O range 1.943(4)-1.998(4), Li-N range 2.079(4)-2.104(4), Al-O
range 1.837(2)-1.840(2), Al-Cpyriayi range 1.978(3)-2.007(3), Al-Ce: range 1.975(3)-
1.978(3), Li-O-Li range 85.6(2), O-Li-O 94.3(2)-94.5(2). 10.7: Li-O range 1.930(6)—
1.956(7), Li-N range 2.093(6)—2.124(6), Al-O range 1.814(2)-1.833(2), Al-Cpyrigyl range
2.015(3)—-2.030(4), Al-Cet range 1.976(4)—-1.999(4), Li—-O—-Li range 88.3(3)-90.2(3), O—Li—
O 88.3(3)-90.1(3). Colour code: grey =C, blue = N, red = O, purple = Li, green = Al,
brown = Br.

On the basis of the previous NMR experiments, we scaled up the 1:1 and 1:2 reactions
using the same conditions to obtain the solid lithium salts of 10.3 and 10.4 (in 23%
and 34% vyields, respectively). Although 10.4 could only be obtained as a powder
(which was characterised by multinuclear NMR and elemental analysis), in the case
of the lithium complex of 10.3 crystals of the mono-toluene solvate were obtained

directly from the reaction mixture by layering with hexane and storage at —15 °C for
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16 h. The single crystal X-ray structure reveals an approximately centrosymmetric
dimeric arrangement and confirms the substitution of one of the 6-Me-2-py groups
(Figure 130). Interestingly, the coordination mode of the anions in 10.3 is distinctly
different from that of the anions in 10.2 and in previously reported alkoxy-aluminate
dimers of the type [{EtAl(6-Me-2-py)2(OR)}Li]2. Whereas in all the latter the two 6-Me-
2-py groups coordinate separate Li* cations within their Li2O2 cores, in 10.3 both of
the 6-Me-2-py groups of each anion are coordinated to a single Li* cation of the Li2O2
ring unit. The formation of the dimer effectively results from the ‘side-on’ association
of the monomers, with the Li2Oz2 ring, PhCO2 groups and Al atoms of the aluminate
ligands being almost coplanar.

As background to this study, we also explored the selectivity of the reactions of benzoic
acid with other aluminate ions [{EtAl(6-R-2-py)s}Li] [R = CFs 10.5, Br 10.6]. The presence
of electron-withdrawing substituents on the pyridyl rings makes these anions considerably
less reactive than 10.1 and a greater amount of EtH was observed by *H NMR in their 1 : 1
and 1:2 reactions with PhCOzH at —78 °C in toluene. The observed order of reactivity
(10.1 > 10.6 > 10.5) is in line with the electron-withdrawing ability of the substituent on the
pyridyl ring units (and the resulting reduction in the polarity of the C—Al bonds). A ca. 3:1
mixture of unreacted anion 10.6 and the new anion [EtAl(6-Br-2-py)2(PhCO2)]” 10.7 is
formed under these conditions, from which a low yield of the crystalline lithium salt was
isolated. Owing to the low yield, the complex was only characterised using X-ray
crystallography. The solid-state structure again shows a centrosymmetric dimer
arrangement (Figure 130), with the overall structural features being similar to those found
in 10.2 and 10.3. However, a particular point of interest is the coordination mode of the
anion [EtAI(6-Br-2-py)2(PhCOz2)]" to the Li* cations, which involves bonding of the pyridyl-
N atoms to the two separate Li* cations within the Li2O2 ring, and is therefore like that found
in 10.2 rather than that in the more chemically-related dimer 10.3. The ‘face-on’ association
of the monomer units of 10.7 places the Al atoms of the aluminate ligands above and below
the Li2Oz2 ring unit, with the PhCO:2 groups being perpendicular to the ring. The origin of the
coordination isomerism observed in 10.3 and 10.7 may in part be due to the presence of
stabilising Br---Li interactions which are in the range 3.040(6)-3.066(6) A in 10.7, although

this is not fully understood at this stage.
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Chapter Conclusions

We have shown that the aluminate anion 10.1 can function either as nucleophile,
adding to polar C=0 groups of aldehydes, or as a base, deprotonating the OH groups
of carboxylic acids. Depending on the organic reaction partner, dimers with different
coordination connectivity are obtained. Whereas electrophilic attack of benzaldehyde
occurs selectively in a quantitative fashion, deprotonation of benzoic acid is not
selective for the 1:1 but selective for the 2:1 reaction highlighting the fact that the
basicity/nucleophilicity of the pyridyl substituents depends on the other aluminate
substituents. Although pentacoordination of the bridgehead in pyridyl aluminates has
been observed before,'3¢! the combination of chiral self-sorting and bridgehead

coordination might open up further avenues in enantiomeric discrimination.
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Experimental Details

General experimental details involving techniques, instruments and materials

employed are provided in the appendix at the end of this thesis.

[{EtAI(6-R-2-py)s}Li] [R = Me 10.1, CFs 10.5, Br 10.6] were synthesized according to the

literature procedure. 32

Synthesis of 10.2: To a stirred solution of 10.1
(300 mg, 0.89 mmol) in 5 ml of THF was added neat
benzaldehyde (89 pL, 0.89 mmol). The mixture was

stirred for 5 min and the solvent was then removed in

vacuo. The oily residue was dissolved in 2 ml of
toluene and stored at - 15 °C for 1 week to yield 10.2
as colourless crystals (160 mg, 0.36 mmol, 40%). *H NMR (25 °C, 500 MHz, ds-
toluene) 5[ppm] = 7.66 (d, J = 7.2 Hz, 1H, H-5), 7.58 (d, J = 7.2 Hz, 1H, H-11),
7.27 (d, J = 7.3 Hz, 2H, H-23), 7.15 — 7.00 (m, 5H, H-4, H-10, H-24, H-25), 6.82
(t, J=7.7 Hz, 1H, H-18), 6.62 (d, J = 7.7 Hz, 1H, H-3), 6.55 (pt, J = 8.5 Hz, 2H, H-
9, H-17), 6.41 (d, J = 7.8 Hz, 1H, H-19), 5.73 (s, 1H, H-21), 2.62 (s, 3H, H-15),
2.50 (s, 3H, H-1), 2.36 (s, 3H, H-15), 1.46 (t, J = 8.2 Hz, 3H, H-14), 0.55 (q, J =
8.1 Hz, 2H, H-13); 13C NMR (25 °C, 126 MHz, ds-toluene): d[ppm] = 187.97,
167.41, 155.50, 155.08, 154.90, 146.09, 136.67, 132.45, 129.86, 129.35, 128.80,
128.68, 127.90, 127.75, 126.97, 120.61, 119.64, 119.61, 119.50, 77.08, 25.04,
24.61, 24.59, 9.59, -1.99; ?’Al NMR (25 °C, 130 MHz, ds-toluene): d[ppm] =
130.9; 'Li NMR (25 °C,194 MHz, ds-toluene, 25 °C): d[ppm] = 3.68. Elemental
analysis (%) calcd. for 10.2: C 73.2%, H 7.4%, N 8.8%; found C 72.8%, H 7.2%,
N 8.9%.

Synthesis of 10.3: 10.1 (200 mg, 0.59 mmol,) was
dissolved in toluene (5 ml) and the solution was cooled
to -78 °C.After addition of benzoic acid (72 mg,
0.59 mmol) the reaction mixture was stirred at -78 °C for

3 min and subsequently allowed to warm up to room

temperature. The resulting clear solution was stirred at
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room temperature for further 4 h. The solution was concentrated in vacuo until the
precipitation of a colourless solid was observed. The precipitate was redissolved
by gently heating the solution. Layering with hexane and storage at -15 °C
overnight afforded colourless crystals of 10.3 (100 mg, 271 umol, 46%). *H-NMR
(25 °C, ds-toluene, 500 MHz): d[ppm] =8.18 (d, J = 5.1 Hz, 2H, 0-CsHs), 7.80 (d,
J=7.1Hz, 2H, H-3 py), 7.11 (t, J = 7.6 Hz, 2H, H-4 py), 6.91 (t, J = 6.7 Hz, 1H, p-
CeHs), 6.73 (m, 2H, m-CesHs), 6.47 (t, J = 7.6 Hz, 2H, H-5 py), 1.90-1.87 (m, 9H,
2-py-CHs and AI-CH2-CHg), 1.02 (g, J = 8.0 Hz, 2H, AI-CH2); 3C-NMR (25 °C, ds-
toluene, 126 MHz): d[ppm] = 184.4 (br, Cq, C-2 py), 174.4 (br, Cq, COO), 158.2
(Cq, C-6 py), 135.6 (Cq, CsHs), 133.8 (CH, C-4 py), 133.0 (CH, p-CsHs), 131.1 (CH,
0-CeHs), 131.0 (CH, C-3 py), 125.6 (CH, m-CeHs), 122.1 (CH, C-5 py), 23.7 (CHs,
py), 10.4 (CHs, Al-CH2CH3s), -1.4 (CH2, Al-CH2); Li-NMR (25 °C, ds-toluene,
194 MHz): 8[ppm] = 3.03 ppm. Elemental analysis calcd. for 10.3: calcd. C
68.5%, H 6.0%, N 7.6%, found: C 68.5%, H 6.1%, N 7.0%.

Synthesis of 10.4: 10.1 (200 mg, 0.59 mmol) was

dissolved in toluene (5 ml) and the solution was

/A| N cooled to -78 °C.After addition of benzoic acid
\I\ch (144 mg, 1.18 mmol), the reaction mixture was
C-6

O\ i O CH;  stirred at -78 °C for 3 min and subsequently allowed

Et

/ O Ph to warm up to room temperature. The resulting clear
solution was stirred at room temperature for further 4 h. The solution was
concentrated in vacuo to a volume of 1 ml and layered with hexane. Storage at -
15 °C overnight afforded 10.4 as a colourless solid (155 mg, 390 pmol, 66%). *H-
NMR (25 °C, ds-toluene, 500 MHz): d[ppm] =8.47 (m, 4 H, 0-CsHs), 7.69 (d,
J =7.2 Hz, 1H, H-3 py), 7.11-7.07 (m, 5H, m-CsHs and H-4 py), 7.02—7.00 (m, 2H,
p-CsHs), 6.30 (d, J =7.3 Hz, 1H, H-5 py), 1.85 (t, J = 8.2 Hz, 3H, Al-CH2-CH3),
1.69 (br s, 3H, 2-py-CHs), 0.89 (q, J = 8.1 Hz, 2 H, AI-CH2); "Li-NMR (25 °C, ds-
toluene, 194 MHz): d[ppm] = 2.55 ppm; Elemental analysis calcd. for 10.4: C
66.5%, H 5.3%, N 3.5%, found: C 66.3%, H 5.7%, N 3.5%.
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Synthesis of 10.7: Compound 10.7 was only isolated
as a few crystals that were characterised by X-ray
crystallography and no NMR data could be recorded.
In a glove box, 10.6 (40 mg, 0.07 mmol) and benzoic
acid (9.1 mg, 0.07 mmol, 1 eq.) were dissolved in
toluene (0.6 ml). The solution was concentrated and
stored at —-15 °C overnight, affording 10.7 as a few

colourless crystals.
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Chapter 11: Future Work

Although work by Stahl et al. and others demonstrated the potential of
diaminophophazanes as supporting ligands for main group and transitions metals, the
potential has not been fully unlocked.!1¢!

Phosphazanes as Ligands in Catalysis: As this work has shown, the four membered
P2N2 framework is robust enough for applications under ambient conditions once
either oxidised or coordinated to a metal, this might allow research into applications in
homogeneous catalysis under normal conditions. Diamidophosphazanes [RN(u-
NR)P]2? could in principle function as six electron donor providing a chiral environment
via their endo and exocyclic substituents with chiral R-groups, distinctly different from
established ligands sets such as diketimides. Aldridge et al. recently used a bulky
xanthene based N,N,O-dianionic six electron donor set to stabilise a aluminium(l)
anion in which the aluminium centre is nucleophilic.'8 Phosphazane based six
electron donor ligands could provide the necessary steric bulk via the exocyclic
substituents and a chiral environment via the endocyclic amine substituents. This
could enable enantioselective reactivity of aluminium(l). In addition,
diamidophosphazane ligands feature orthogonal chemically hard amido donor centres
and soft phophine donor centres which could allow simultaneous coordination to soft
and hard metals. Such bimetallic complexes could function as tandem catalysts where
one system is catalytically active in a series of orthogonal reactions. A particularly
interesting aspect of such multimetallic phosphazane complexes would be to what
extent the catalytic activity of one metal type is affected by the other. Another approach
which would in principle make use of the intrinsic geometrical features of the
phosphazane framework could be the integration of additional donor substituents as
shown below (Figure 131). Either quinolyl or CRzpyridyl substituents on the endocyclic
nitrogen centres ideally positioned for the construction of tetradentate N,N,N,N donor

sets.
functions as
MesN//?"I *RN//TeR = Leduction catalyst 4 \N/—"'\\/"\N/ A\
| *RN
MesN [i]R* |(NR* NR
R*N—ap” *RN<|? & functions as N\||37N
AuClI cyclisation catalyst

Figure 131: Proposed ligand set for functional phosphazane ligands.
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Anion Binding and Transport: In the realm of anion binding a future possible
development could be the construction of larger H-bonding phosphazanes with more
donor sites. As mentioned earlier in the introduction choosing smaller endocyclic
substituents results in expansion of the phosphazane ring.!®! Hence a tridentate anion
receptor could be accessed from a six member phosphazane trimer [RNHP(p-NR)]3
with endocyclic ethyl substituents as shown below (Figure 132). Such systems could
again prove valuable in anion binding, abstraction catalysis and transport after
chalcogen oxidation. However we anticipate the phosphorus(lll) derivatives to be
viable receptors already because of the increase of H-bond donor sites. Having a
potent receptor which features phosphine centres might prove valuable in
organocatalysis since both H-bond donors as well as phosphines are active

catalysts.[189.190]

P~\»P
Et
Figure 132: Tridentate Phosphazane Anion receptor.

Macrocyclic Chemistry: The recent advances in synthetic methodologies for
phosphazane macrocycles pave the way for future investigation into their functional
behaviour. Since work in the thesis demonstrated binding to alkynes and kinetic
locking of guests, one possible avenue could be the design of a capture-release
systems for acetylene storage, as shown below (Figure 133). Oxidation in presence
of acetylene could lead to similar entrapment of acetylene as seen for halides
discussed earlier. Addition of a reductant could then reverse the steric distortion

responsible for entrapment and release the acetylene guest.
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Figure 133: Capture release system of acetylene based on the pentameric
macrocycle 5.1.

The oxidation discussed above confirmed that host-guest complexes of phosphazane
macrocycles retain backbone reactivity. Hence the pentameric macrocycle 5.1 could
serve as a ligand for transition metals which could display a change in the electronic
ligand properties upon guest binding, as shown below (Figure 134). Upon anion
encapsulation 5.1 would transform from a neutral into an anionic ligand which
potentially modulates the metal-ligand interaction and consequently the electronic
properties of the coordinated metal. This process could be potentially applied in
switchable catalysis, with catalytically active metals, or anion sensing with luminescent
coordinated complex fragments. Further oxidation of the remaining free phosphine

centres could enhance this process.

Neutral Ligand Anionic Ligand
tBqut,P\ /tP\‘NtPu tBuNV,P\N/P\‘N'Bu
p>-NBu | BuN\P\ P>/NtBu | ‘BuN-d
\ H / M \ H | M

P/N\H H/N\P/ NS P/N\H\‘):(@/H/N\P/
‘\ t i /A A\ P /
BUNNBY H o H BUN B BUNNBY W H Bulny
P—N gy N—P P—N gy N—P
LN~/ \ _N_/

S\ PIy»P
By By

Figure 134: Proposed ligands switching based on macrocyle 5.1.

On a similar note, we anticipate 5.1 may have potential in materials chemistry. In
principle reaction of the pentamer with transition metal salts could result in the
formation of porous coordination networks. Choosing the right counter anion (e.g.,
large weakly coordinating anions) would leave the cavities of the 5.1 empty and
accessible for applications such as gas storage. Since the work in this thesis shows
5.1 to be size selective, integration of 5.1 into coordination networks could provide

rational tools for the design of functional materials.
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Pyridyl Ligands in Catalysis: One future avenue for the application of pyridyl main
group ligands could be the involvement of the bridgehead reactivity in homogenous
catalysis. One potential ligand design is shown in Figure 135. It features a bispyridyl
antimony based ligand set for metal coordination featuring a tuneable Lewis acidic
main group centre in proximity to a transition metal catalyst close enough to
cooperatively react with a substrate but spatially separated enough not to quench each
other’s reactivity. This principle has been recently developed for main group systems

in the context of frustrated Lewis-base pairs (FLPs).[1°1]

Cooperative Substrate

Activation
Cl cl R R
(o) co Cl 7 Substrate, Hy %
s /&Q\Qm I,
sb \ Cl b |
M

Substrate  Product

S
ML”W R/ N \_/ <

Regioselectivity via
Pnictogenbonding

D = Donor

cl o— Sb =N sb
/ ML,
R @\ \_/

L

Figure 135 :Ligand design and cooperative activity.

The key structural feature of the proposed design involves the choice of coordinating
groups attached to the main group Lewis acid which prevent Z-type metal ligand
interaction between the coordinated metal and the main group Lewis acid. This will
enable different types of reactivity such as cooperative FLP type activation via electron
donation from the transition metal and electron withdrawal from the Lewis acid,
activation of substrates via coordination to the Lewis acidic main group site via electron
donation of substrate lone pairs to main group centre and orientation via pnictogen
bonding of substrates to induce regioselectivity in reactions with the transition metal.
Since the work in this thesis established further that N-donor main group ligands are
particularly accessible, there is great potential for ligand tuning in the proposed design.

This involves tuning of the Lewis acidity via the substituent R as well as the main
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group element to B, Al, In, Bi, etc. and the oxidation state. The distance between the
main group Lewis acid and the transition metal centre could be modified by change of
the donor groups from pyridyl to CH2Pyridyl, quinolyl or oxazolyl which is expected to
play a central role in the catalyst’s reactivity. Finally, the ligand can be rendered chiral
via the use of chiral pyridyl and oxazolyl donor functionalities.

Trispyridyl pnictogen ligands also have the potential to be further used in the synthesis
of polycationic pnictogen ligands. Alcazaro et al. have shown that the monopyridyl
phosphines and arsines R2Pn(2-py) can be synthesised as their quarternised
pyridinium derivatives, which act as particularly potent 1r-accepting ligands in, e.g.,
gold catalysis.[192198 Trispyridyl Pn-ligands could in theory be used to access the
mono-, di- or tri-cationic versions after methylation of the pyridine N-atoms. This could
be used to tune the electronic environment of the ligands for metal coordination.
Quarternisation of the pnictogen bridgehead might also useful in this respect to change
the donor properties of the N-atoms for the coordination to metal centres. Since
Artem’ev et al. have shown that metal coordination to trispyridyl phosphonium halides
is possible, it might be interesting to explore how oxidation of the bridgehead atoms
with ‘F* or ‘RO* sources affect the electronics of the coordinated metal.[16®]
Particularly a fluorophosphonium bridgehead might be a good candidate as these
cations are catalytically active themselves which, in combination with an coordinated
metal, could lead to applications in tandem catalysis.!*% Another possible direction
could be the chemistry of the 3-pyridyl and 4-pyridyl derivatives for the build-up of
larger multimetallic coordination capsules. Stang, Fujita and others showed how
polypyridyl ligands with rationally chosen angles between the coordination vector of
the pyridyl functionalities leads to the formation of large cage structures.!'%! The same
principle could be in theory applied to trispyridyl main group ligands since Stang et al.
showed that methoxy-tris-4-pyridyl methane forms coordination cages.[1%!
Introduction of functional main group centres such as Lewis acidic Sb(V) or B(lll) in
such cages could lead to, e.g., enhanced host-guest chemistry or catalytic activity of
such capsules. Having shown in Chapters 7 and 8 that either bridgehead or pyridyl
coordination of trispyridyl arsines and stibines can be addressed with different metals
one could envisage the formation of heterobimetallic coordination cages with such

systems.
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Appendix: Methods

General

All solvents were freshly distilled over appropriate drying agents under nitrogen.
Deuterated solvents were dried over molecular sieves and degassed via three freeze
pump/thaw cycles prior to use. All pyridine and amine derivatives were distilled from
calcium hydride and dried over molecular sieves before use. Phosphorus trichloride
was distilled. All other reagents were purchased from the supplier and used without
any further purification. Unless stated otherwise, manipulations were carried out using

standard Schlenk line techniques or inside a nitrogen-filled glovebox.

Nuclear Magnetic Resonance (NMR) spectroscopy

NMR spectra were recorded using a 400 MHz Avance Il HD Smart Probe, DCH
500 MHz dual cryoprobe, DPX S5 500 MHz BB ATM or 500 MHz TCI-ATM cryo NMR
spectrometers. Chemical shifts for *H, 13C, 3!P, 77Se, ?’Al, "Li, 1?’| and '°F are reported
in ppm on the d scale; *H and 13C were referenced to the residual solvent peak and
other nuclei where referenced to an external. Coupling constants (J) are reported in
Hertz (Hz). All proton signals of diamagnetic compounds were assigned with the aid
of 2D NMR spectra (COSY, NOESY, HSQC, HMBC). Wide-sweep paramagnetic NMR
spectra were recorded in the analogue digitisation mode with a spectral width (SW) of
999.98 ppm, a transmitter frequency offset (O1P) of 100.00 ppm and the line width set
to 10.0 Hz.

Mass spectrometry (MS)

Low-resolution electrospray ionisation mass spectrometry (LR-ESI-MS) was
undertaken on a Micromass Quattro LC mass spectrometer (cone voltage 10-30 eV;
desolvation temperature 313 K; ionisation temperature 313 K) infused from a Harvard
syringe pump at a rate of 10 yL min~1. High-resolution electrospray ionisation mass
spectrometry (HRMS-ESI) was performed on a Waters LCT Premier Mass
Spectrometer featuring a Z spray source with electrospray ionisation and modular

LockSpray interface.
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X-ray crystallography

Data were collected using either a Bruker D8 VENTURE diffractometer equipped with
high-brilliance 1uS Cu-Ka radiation (1.54178 A), with w and y scans at 180(2) K, or at
Beamline 119 of The Diamond Light Source employing silicon double-crystal
monochromated synchrotron radiation (0.6889 A) with w scans at 100(2) K. Data
integration and reduction were undertaken with SAINT13 in the APEX3 software suite
for data collected on the Bruker diffractometer; data integration and reduction on
synchrotron collections were undertaken with either CrysalisPRO14 or xia2.[-3 Multi-
scan empirical absorption corrections were applied to the data using SADABS16 or
xia2.34 Subsequent computations were carried out using the WinGX-32 graphical
user interface.! Structures were solved by direct methods using SHELXT-201318
then refined and extended with SHELXL-2013.[% In general, non-hydrogen atoms with
occupancies greater than 0.5 were refined anisotropically. Carbon- and nitrogen-
bound hydrogen atoms were included in idealised positions and refined using a rigid
model. Disorder was modelled using standard crystallographic methods including
constraints, restraints and rigid bodies where necessary. In cases involving the use of
SQUEEZE19, molecular formulas were determined firstly from the required number of
charge-balancing anions, and then confirmed from the number of electrons identified
in the disordered portion of the crystal by SQUEEZE.["]

Computational modelling

All calculations in carried out by Sanha Lee, Jonathan Goodman and Markus Enders
were carried out with Gaussian 16 and NBO program package. The geometry
optimisations were performed with the M06-2X functional and 6-31G(d,p) basis sets.
[8-12] For chloride and iodide complexes, def2svp basis sets were used. Frequency
calculations were used to characterise the stationary points and to ensure the
structures were optimised to minima.

All calculations carried out by Patrick Prohm were performed using the Turbomole
V7.0.1 program package. Structure optimisations at the DFT level have been
performed by the B3LYP hybrid functional with the triple-C basis set def2-TZVPD at an
mb5 grid.[23-16] Dispersion correction by Grimme (D3) and Becke-Johnson (BJ) damping

was employed for the calculations as implemented. Atoms in molecules (AIM) analysis
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and natural population analysis (NPA) were performed as implemented.>171 NBO
analysis was carried out using the NBO7.0 program in the Gaussian 16 interface.-12
Minimized structures have been confirmed by frequency analysis within the harmonic
approximation as implemented in the Turbomole code.l*®! For visualisation the

program VMD V1.9.7 was used.[18l

UV-Vis spectroscopy

UV-Visible absorption spectroscopy was performed using a Perkin EImer Lambda 750
or Agilent Cary 5000 UV-Vis-NIR spectrophotometer. Spectra were obtained in
double-beam mode using only the (front) analyte beam to record spectra, with air in
the (rear) reference path. A background spectrum of the neat solvent was recorded
using the analyte beam prior to each experiment and a baseline correction applied
using the Perkin EImer WinLab software suite. Samples were analysed using quartz

cuvettes with optical path lengths of 10 mm.

Cyclic voltammetry

Solution-state cyclic voltammetry (CV) was performed using a BioLogic SP-150
potentiostat with ferrocene (Fc) as an internal reference. Measurements were
conducted under an Ar atmosphere using a conventional three-electrode cell: a glassy
carbon working electrode, a Pt wire auxiliary electrode, and a Ag/Ag* quasi-reference
electrode. A 0.1 M "BusNPFs/CH3CN electrolyte was used, with scan rates in the range
25-1000 mV/s.

Infrared Spectroscopy

A Perkin-Elmer FT IR instrument with an ATR sample setting was used for the IR
measurements. Compounds were either employed in powdered form on the ATR
window or deployed as solutions, followed by evaporation of the solvent under a

stream of air.
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Elemental Analysis

Carbon, hydrogen and nitrogen contents of the compounds were determined using an

Exeter Analytical CE-440 Elemental Analyser. Air- and moisture-sensitive samples

were sealed inside pre-weighed aluminium capsules under an inert atmosphere inside

a nitrogen filled glovebox.
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