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Abstract
Schiff base condensation of Polyaromatic Hydrocarbon (PAH) functionalised
aldehydes and a range of alkyl functionalised primary amines was successfully
undertaken. Subsequent reduction yielded new PAH‒substituted amines and the
Mannich‒based condensation chemistry of these new amines was explored using
HOCH2PR2 precursors to yield (9‒anth)CH2N(R)CH2X (X = PAd or PR’2) ligands.
The co‒ordination of these new monophosphines to a readily available
dichloroplatinum(II) metal centre was explored to form cis complexes cis–PtCl2{9–
(anth)CH2N(iPr)CH2PAd}2 (2.1d), cis–PtCl2{9–(anth)CH2N(Bz)CH2PAd}2 (2.2d),
cis–PtCl2{9–(anth)CH2N(nPr)CH2PAd}2

(2.3d),

i

cis–PtCl2{9–
i

(anth)CH2N( Pr)CH2PPh2} (2.1g) and cis–PtCl2{9–(anth)CH2N( Pr)CH2P(C6H4 o–
OCH3)2} (2.1h). Further studies involving synthesis of the chelating bisphosphines
[(2‒anth)CH2N(CH2PR2)2 and (1‒pyr)CH2N(CH2PR2)2] were undertaken. This was
achieved using Mannich‒based condensation of PAH‒functionalised primary amines
with HOCH2P(C6H4–o–OCH3)2 and gave rise to interesting behaviour upon co–
ordination to a Pt(II) metal centre, with significant broadening observed in both the
1

H and

31

P{1H} NMR (ω1/2 ca. 73 Hz) spectra of these compounds. This

phenomenon is attributed to fluxional binding of the –OCH3 moieties with the Pt(II)
centre, and also to the ring current effect particularly significant in pyrene containing
species. Abstraction of the chloride ligands from these square planar complexes gave
rise to two new species, believed to involve –OCH3 and N–H binding from the
ligand. Preliminary fluorescence emission properties and quenching studies were
conducted on 5 μM THF solutions of a number of these compounds at room
temperature, in order to determine their potential efficacy as chemosensors for
nitroaromatic explosives. With the PAH‒functionalised bisphosphines showing
particular promise at low concentrations of dinitrotoluene (DNT) upon chelation to a
dichloroplatinum(II) centre.
Utilising commercially available PAH‒functionalised primary amines, a series of
9‒anthracenyl and 1‒pyrenylhydrazones [(PAH)(H)C=NNH2] were synthesised and
functionalised to form a series of mono‒ and bisphosphine compounds. This took
place utilising Mannich‒based condensation of these amines with 1 or 2 eq. of
HOCH2PR2 precursors. The co‒ordination chemistry of a number of these
i

compounds to a dichloroplatinum(II) centre was investigated to form chelating cis
complexes, with single crystal X‒ray diffraction studies highlighting no significant
π–π interactions between PAH moieties. The utilisation of a Pt(Me)Cl metal centre
did not appear to affect the conformation of the ligand, or enhance interactions
between PAH moieties. Preliminary studies towards the synthesis of terminal alkyne
functionalised tertiary phosphines of the type (p–HC≡C)C6H4N(CH2PPh2)2 was
explored, with a view to further functionalisation via Cu(I) catalysed ‘click’ reaction
with PAH‒functionalised azides. The condensation of allylamine with PAH
aldehydes and subsequent reaction with HOCH2PR2 precursors gave rise to new
tertiary phosphine bearing compounds with a view to further enhancing these
compounds using hydrophosphination.
A series of novel, late transition metal [Ru(II), Rh(III), Pt(II) and Au(I)] complexes
bearing the tertiary halophosphine P(CH2Cl)3 were synthesised and extensively
characterised by single crystal X‒ray diffraction studies. These studies found no
correlation between the metal centre or the ancillary ligands bound to the metal
centre [in the case of Rh(II) complexes Rh(Cp*)Cl2{P(CH2Cl)3} (4.11) and [mer–
RhCl3{P(CH2Cl)3}3] (4.24), and the number of halophilic Cl···Cl interactions were
observed. The studies also failed to highlight the presence any terminal chlorides
within the van der Waal’s radii of the central metals, suggesting no CH2Cl
interaction during the crystallisation process. Complexation of the P(CH2Cl)3 ligand
to a Ru(II) centre yielded only the second known example of a dinuclear Ru(II)
complex of the class Ru2Cl4(PR3)5 which showed an extensive number of halophilic
Cl···Cl interactions.
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Chapter 1
Introduction

1

1.1

Phosphorus – The Light (And The Dark Side)

Phosphorus is a multivalent Pnictogen and was discovered in Hamburg in 1669 by
German alchemist Hennig Brandt.1 On his quest for the production of the
‘Philosopher’s stone’, Brandt managed to inadvertently stumble across one of the most
important elements required for life.1 Phosphorus takes its name from the ancient Greek
for ‘Miraculous Bearer of Light’ (Phosphorus Mirabilis), due to the luminescence
observed by Brandt upon its production. Although early production of elemental
phosphorus relied upon treatment of vast quantities of urine (1100 L yielded ca. 60 g),
modern methods utilise the phosphorus ore, apatite.1

Figure 1.1 “The Alchymist, In Search Of The Philosopher’s Stone”. Joseph Wright’s
famous depiction of the discovery of phosphorus.1

2

The highly reactive form of phosphorus discovered by Brandt, which we now know as
white phosphorus, is one of several allotropes. These include white, red, black and
violet forms, with the most common being white and red.1 The black and violet
allotropes are not common and may be accessed by prolonged high temperature
treatment of red phosphorus.2,

3

More recently however, Zhu and Tomanek4 have

conducted computational studies to determine a previously unknown allotrope, blue
phosphorus. The structure of this allotrope has a graphene‒like honeycomb lattice,
although it is non‒planar. They postulate that the electronic properties of this allotrope,
combined with the weak inter‒layer interactions that it is likely to exhibit would
potentially make it highly desirable for electronic applications.

Figure 1.2

Structures of selected phosphorus allotropes

Elemental phosphorus is readily oxidised (+1 to +5) and it is in the form of phosphate
where it is in the most biologically important form.1 The phosphate anion, PO43‒, is
incorporated into the backbone of large biological molecules such as DNA and RNA, is
an integral part of both eukaryotic and prokaryotic cell membranes (as phospholipids),
and is the vessel by which energy is released for biological processes in the form of
ATP. This quite clearly demonstrates the reliance of both plant and animal life upon the
availability of this unique element and, as such, the vast majority of phosphorus is used
for plant fertilisation.1 Much attention in recent years has focussed on the recycling of
phosphorus species for re‒introduction into the food‒cycle1 as, unlike elements such as
nitrogen and carbon, phosphorus does not exist as gaseous species which may be used
to continue the cycle.1
3

Although it is vital for life, the versatility of phosphorus has earned it the nickname of
“The Devil’s Element”, a title borne of its use in a host of explosives, incendiaries,
poisons and nerve agents,1 especially during the First and Second World Wars.
Ironically, hundreds of tonnes of burning phosphorus were used as part of ‘Operation
Gomorrah’ during the Second World War which saw Hamburg, the birthplace of
phosphorus, razed to the ground.1 Further examples as to the versatility of phosphorus
and related compounds will be given in due course during this chapter.
1.2

Phosphines

Phosphines are a remarkably versatile class of compounds, the simplest of which is the
ammonia analogue, phosphine (PH3). As with their nitrogen analogues, phosphines are
designated as primary, secondary or tertiary; this is dependent on the number of
substituents (Figure 1.3). Charged species which contain four substituent groups,
known as phosphonium salts are accessible, as are five co‒ordinate systems such as
PCl5. The latter of these two examples however, is outside the scope of this Thesis.
P‒H bonds are known to be incredibly reactive, with primary phosphines being
particularly prone to spontaneous ignition in the presence of air, as well as being
volatile.5 Despite this, utilisation of this reactive class of compound has been sought for
a variety of applications including the synthesis of polymers, carbohydrates,
macrocycles, biomedicines and ligand precursors.5-9 Higham and Gillheany have
demonstrated the synthesis of air stable primary phosphines from the low temperature
reduction of a phosphonate precursor with LiAlH4 and (CH3)3SiCl. The air stability of
these compounds has been successfully controlled by the introduction of conjugated
substituents.5

Figure 1.3

Structural motifs for phosphorus classes

4

Both secondary and tertiary phosphines (R = aromatic or aliphatic substituent) may be
prepared by utilising several common methods. The most common route is through
reduction of the appropriate phosphorus oxide, sulfide or halogen.10 As is the case for
the synthesis of primary phosphines by this methodology, strong bases such as LiAlH4,
Ca(AlH4)2 and CaH2 amongst others must be employed by refluxing to yield the desired
target compound.11-18 Group (I) metals such as sodium and lithium have been utilised to
much the same effect, although reflux conditions are again required. Although,
secondary phosphines such as diphenylphosphine may also be synthesised at low
temperature via the utilisation of phosphinous chloride and reduction with a strong
base,10 which may be desirable, especially if production on an increased scale is
required, and to limit the use of flammable solvents such as THF.
Alkali‒metallated phosphines are also regularly used in conjunction with alkylating
agents to generate either secondary or tertiary phosphines.19 This route uses finely
powdered alkali metals20-24 (such as sodium and lithium) to replace labile substituents
(hydrogens), thus generating the nucleophilic phosphide anion which goes on to react
with the alkyl halide used to produce the desired phosphine (Scheme 1.1).25

Scheme 1.1

Metallated phosphines for phosphine alkylation. M = Na/Li, X=Cl/Br/I.

Synthesis of secondary phosphines via this method requires careful control of the
reaction conditions. The alkylating agent stoichiometry must be very precise, so as not
to generate the tertiary phosphine; in addition to careful temperature control to ensure
that phosphine‒bound metal ions are not displaced by protons.10 In addition to the use
of alkali metals directly, Grignard and organolithium compounds have been used to
directly functionalise chlorophosphines such as PCl3 (Equation 1.1).10

Equation 1.1
5

This method may be employed to generate primary, secondary and tertiary phosphines,
although control of the reaction to afford the desired secondary phosphine is difficult
with respect to the synthesis of the corresponding tertiary phosphine.10 The propensity
of this class of reaction to generate unwanted side products and to over alkylate could
limit its application. Other methods which may be used to access tertiary phosphines
include; free radical reactions between a suitable olefin and a secondary phosphine in
the presence of an initiator,25 transition metal catalysis,26, 27 Michael addition reactions
of olefins with secondary phosphines, and controlled alkylation of primary phosphines
as described by Hays and co‒workers.28
Phosphonium salts have also been increasingly investigated over recent years, leading
to their application towards catalysis and as organic reagents, although they are
probably best known for their flame retardant properties.29 Synthesis of P(V)
phosphonium salts can be achieved by functionalising the desired tertiary phosphine
with a halogenated aromatic or aliphatic compound.29 This predominantly takes place
using a large quantity of Pd(0) catalyst (up to 50 mol%), although Charette and
Marcoux have reported the synthesis of tetra‒aryl phosphonium salts using just 2%
catalyst load for a Ni(II) catalyst. Examples of the structures prepared may be seen in
Figure 1.4 below.29

Figure 1.4

Phosphonium salts prepared using a Ni(II) catalyst.
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In addition to their use en‒route to phosphonium species, tertiary phosphines have
shown themselves to be immensely versatile towards a wide range of applications. The
ability of the central phosphorus atom in this class of compound to stabilise a wide
variety of electron deficient metal centres, such as transition metals, (through the
formation of P–M bonds) has been vital. Tertiary phosphines have thus seen industrial
application as: organic reaction reagents and catalysts (for example through the
formation of phosphorus ylides,29 as recovery agents for the recycling of precious
metals and as anticancer and biological imaging agents to name but a few.30-62 The
wide application of tertiary phosphines stems from the unique ability of the central
pyramidal phosphorus atom to readily form P–C bonds. This allows tertiary phosphines
to be readily ‘tuned’ for specific purposes. For example; the R substituents of tertiary
phosphine PR3 can be selected for their electronic, solubility or steric properties to
enhance their properties towards a selected application. The synthetic routes towards
tertiary phosphines already discussed highlight the potential ease by which asymmetric
variants may be synthesised, or chiral moieties incorporated – both of which are sought
after properties for the application of tertiary phosphines towards catalysis.63 In the case
of ditertiary phosphines, the backbone linking the phosphine moieties may be modified
to further enhance the properties of these compounds. Our group has found that a
versatile and efficient route for the synthesis of this class of compound is by utilising
phosphorus‒based Mannich condensation reactions.

1.2.1

Mannich Condensation

Phosphorus‒based Mannich condensation reactions have proven to be an extremely
useful tool for the preparation of functionalised tertiary phosphines.53-62,64,65 The
precursors for this type of reaction may be synthesised via a facile preparation from
phosphines bearing the P–H functionality with paraformaldehyde.66-71 The resulting
hydroxymethylphosphines may then undergo phosphorus‒based Mannich condensation
with compounds containing the N–H functionality; the general schematic for this
process (with example products 1.4‒1.6)72 is given in Figure 1.5.65 This method of
accessing new phosphine ligands is very versatile and offers substantial advantages,
such as ‘one‒pot’ synthesis and use of commercially available starting materials,62
7

when compared with other established methods such as nucleophilic substitution of
phosphides (primary or secondary), free radical additions, and palladium catalysed
reactions noted in the Section 1.2. 62

Figure 1.5

Formation of example compounds 1.4 – 1.6 by Mannich condensation.

Although Figure 1.5 illustrates the phosphorus‒based Mannich synthesis using a
secondary amine, the use of primary amines (1.8) or ammonia (1.7) illustrate the ability
of hydroxymethylphosphines to cyclise into P–C–N–C–P type ditertiary phosphines or
into macrocyclic phosphines such as 1.7 and 1.8.73-75
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Figure 1.6

Structure of cyclic tertiary phosphines synthesised from the phosphorus
Mannich condensation of hydroxymethylphosphines.

Work conducted by Tyler and co‒workers towards the functionalisation of
hydroxymethylphosphine precursors which are already bound to a metal centre has
however, illustrated one particular limitation to this synthetic ideology. Tyler et al
found that coordinated hydroxymethylphosphines may not undergo phosphorus
Mannich condensation at all. Instead, it is hypothesised that the lone pair of electrons
on the central phosphorus, which is employed particularly in the formation of transition
metal P–M bonds, is vital in the formation of a P=C bond analogous to the iminium ion
in a traditional Mannich reaction.76 This is clearly illustrated in Scheme 1.2.65

9

Phosphorus Mannich condensation:

Traditional Mannich reaction:

Scheme 1.2

A comparison of phosphorus and traditional Mannich reactions,
highlighting the importance of the phosphorus lone pair in this class
of reaction.
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As well as removing the availability of the phosphorus lone pair through prior metal
complexation, the electronic properties of tertiary phosphine compounds may be
influenced through selectivity of the bound substituents. This may be attained through
the use of electron donating or withdrawing groups, polar/non polar substituents or
sterically bulky moieties which may, for instance, be used to tune the properties of the
compound towards a particular application. The phenyl substituent (C6H5) has proven
to be a much used addition to the phosphine functionality, perhaps due to the positive
inductive effect of the aromatic 6‒π‒electron moiety and subsequent influence on the
central phosphorus atom.

1.2.2

Ditertiaryphosphine Chemistry

A multitude of tertiary phosphine compounds bearing the PPh2 moiety have been
reported

to

date,

with

ditertiary

phosphines

such

as

dppm

[bis(diphenylphosphino)methane], dppe [bis(diphenylphosphino)ethane] and dppp
[bis(diphenylphosphino)propane] having found application as catalysts in organic
synthesis.39 In addition to modification of structural properties such as the bite angle of
these chelating phosphines through alkyl linkages, heteroatoms such as nitrogen have
been

widely

incorporated,

e.g.

the

ditertiary

phosphine

compound

[bis(diphenylphosphino)amine],77 illustrated in Figure 1.7.

Figure 1.7

A range of common ditertiary phosphines
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dppa

The incorporation of nitrogen into the structure of dppa also has the effect of
introducing an acidic proton which gives it synthetic properties analogous to dppm,
such as the ability to be deprotonated.

Figure 1.8

Deprotonation of dppm and dppa

Dppa has been used to access a range of bimetallic complexes, such as gold(I)78, 79 and
silver(I)80 variants, which are shown to be isostructural to the analogous dppm
compounds.77
In addition to these diphosphine ligands, a range of tri and tetra‒phosphines such as
PPP

[bis(diphenylphosphinomethyl)phenylphosphine]

and

PPPP

[tris(diphenyl‒phosphinomethyl)phenylphosphine]81 have been synthesised. Koshevoy
and co‒workers employed these multiphosphines to synthesise trimetallic gold(I)
clusters, along with mixed metal trimetallic clusters containing either silver or copper
centres in addition to gold(I).
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Scheme 1.3

Synthetic route to trimetallic clusters utilising PPP ligands.

The phosphine ligands in this case were used to stabilise the metal ions in close
proximity to one another in order to maximise their luminescence properties with
respect to clusters involving fewer metal ions.82

As would be expected when employing this simple synthetic methodology of utilising
ligand substitution reactions to synthesise these gold triphosphine ligand clusters,
moderately high yields were obtained [89% (1.9), 80% and 82% when M = Cu (1.10)
or Ag (1.11) respectively]. Similarly high yields were observed for the analogous
trimetallic clusters involving PPPP (tripodal tetraphos ligands have been widely
explored for their ability to stabilise polymetallic clusters).83 However, owing to the
tripodal nature of this ligand, trigonal planar arrangements of metal ions in the clusters
1.12 – 1.14 were observed, rather than the linear arrangement noted for the PPP
clusters, as can be seen in Figure 1.9.82
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Figure 1.9

Structure of PPPP tetrametallic clusters. Phenyl substituents have been
omitted for clarity.

It is not only the tripodal conformation of tetraphos ligands that have found use in
stabilising metal centres in close proximity, Nakajima and co‒workers84 have
investigated the suitability of a linear tetraphos (1.15) based around the dppm subunit,
with a propyl linkage separating the two halves (Figure 1.10).84 Synthesis of this ligand
was achieved by reduction of HP(Ph)(CH2)3P(Ph)H with nBuLi, followed by alkylation
with Me3SiCH2Cl, and substitution of the silyl groups using Ph2PCl.

Figure 1.10

Example of a linear tetraphos ligand

Compound 1.15 has been found to stabilise a variety of transition metal centres, namely
those involving two or three rhodium cations, in addition to square planar d8 centres
such as Pd, Pt and Ni, or Hg/Cu halides as detailed in Figure 1.11.84
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Figure 1.11

Polymetallic clusters stabilised by linear tetraphosphine ligand 1.15.
Phenyl substituents have been omitted for clarity.

Formation of the Pd(II) and Pt(II)‒based clusters took place initially through ligand
substitution of the 1,5–cyclooctadiene (cod) ligand from either PdCl2(cod) or
PtCl2(cod) to form square planar complexes 1.16 and 1.17, with yields of 75% to 42%
respectively. Incorporation of rhodium into the cluster was achieved by addition of
[RhCl(CO)2]2 to dichloromethane solutions of 1.16 or 1.17.
In contrast to this class of polymetallic structure, Jeon et al85 and Wolf et al86,

87

reported the use of chelating diphenylmonophosphine compounds to stabilise single
transition metal centres, whilst co‒ordinating in a hemilabile manner. The symmetrical
cis complexes 1.18 and 1.19 (Figure 1.12)85 were synthesised via reaction of the
appropriate

monophosphine

with

[Rh(nbd)Cl]2

(nbd

=

norbornadiene)

or

[Cu(CH3CN)4]PF6 and were formed in excellent (96%) yields in both instances. Jeon et
al85 reported that the hemilabile nature of this ligand was confirmed using CO (1.20) or
C5H5N (1.21) to displace the thio‒ether sulfur atoms co‒ordinated to the metal centres
of 1.18 and 1.19. As can be seen in Figure 1.12,85 the change in co‒ordination mode
drastically affected the positioning of the pyrene functionalities and had a significant
effect upon the fluorescence properties of 1.19.85
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Figure 1.12 Structures of compounds 1.12 – 1.15.
The work reported by Wolf and co‒workers86, 87 of a related diphenyl monophosphine
bearing a pyrene group 1.22 (Scheme 1.4) highlights the potential application of
aromatic monophosphines in conjunction with metal centres to effectively ‘tune’ the
relative position of the fluorescent pyrene moieties with respect to one another. This is
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a very desirable characteristic, and led to the selection of this class of compound for
investigation of their potential application as fluorescent molecular clips as will be
discussed in Chapter 2. Wolf et al86,

87

reported the synthesis of ruthenium halide

complexes of 1.22 in low yield (38%, 1.23; 39%, 1.24) by reaction of one equivalent of
1.22 with half an equivalent of RuX3·nH2O (X = Br, 1.23; Cl, 1.24). The iodo complex
1.25 was prepared in excellent (94%) yield by metathesis of the chloride in 1.24 with
NaI.86, 87

Scheme 1.4 Synthesis of ruthenium halide complexes 1.23 – 1.25.

The hemilabile nature of the phosphine ligand in complexes 1.23 – 1.25 was displayed
by exposing CH2Cl2 solutions of each of the complexes to CO (1atm). In each case, the
weakly co‒ordinated ether oxygen was displaced, leading to the formation of the
trans‒phosphorus species 1.26 – 1.28.86, 87 Upon removal of the CO atmosphere, the
17

kinetic products formed reverted to the thermodynamically stable products (1.29 –
1.31) whereby the two pyrene moieties present within the molecule were able to stack
above one another, thereby significantly changing the fluorescence properties of the
compounds (Scheme 1.5).86, 87

Scheme 1.5 Synthetic route to stacked pyrenyl monophosphine ruthenium halide
complexes 1.29 – 1.31.

The behaviour of this class of complex towards carbon monoxide suggests that they
could be used as molecular sensors for this gaseous substrate.

18

1.2.3

O‒methoxy Functionalised Phosphine Chemistry

As previously described, Wolf et al86,

87

utilised an ether‒functionalised phenyl

substituent to add a fluorescent functionality to pyrenyl‒containing complexes. This
was achieved by utilising the ability of the oxygen atom to donate a lone pair of
electrons to co‒ordinate, and hence effect chelation of the ligand to a metal centre,
thereby modifying the orientation of the polyaromatic systems with respect to one
another. However, the pyrenyl ether substituent is quite large. The simplest
ortho‒oxygen substituent is, of course, a proton (as displayed by compound 1.32), and
this system has been used to chelate to a variety of transition metal centres such as
Re(V),88 Tc(V)88 and Os(II).89

Figure 1.13

Tris(2‒hydroxyphenyl)phosphine 1.32

Compound 1.32 was employed by Hope and co‒workers89 for co‒ordination studies
with the novel [OsF(μ‒F)(CO)3]4 precursor. Reaction occurred in good yield (90%)
upon mixing 1.32 and [OsF(μ‒F)(CO)3]4 in CH2Cl2 using standard Schlenk techniques,
where 1.33 was obtained following in vacuo removal of the solvent and subsequent
re‒crystallisation from acetone (Scheme 1.6). The facial arrangement of the η3–P,O,O
trihapto ligand 1.33 results from the differing trans‒influence between the deprotonated
aryloxide functionalities and the CO ligands. This difference is also manifested by the
Os–C bond lengths, which appear markedly longer for OCtrans–Os–P than either
OCtrans–Os–O.89
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Scheme 1.6

Synthetic route to complex 1.33.

Biancini et al90 found that, relative to their phenyl analogues dppe and dppp (Scheme
1.7), the bis(2‒methoxyphenyl)phosphine variants 1.34 and 1.35 show a marked
increase in catalytic activity towards CO‒ethylene polymerisation when attached to a
Pd(II) centre.

Scheme 1.7

Synthetic route to o‒methoxy analogues of dppe and dppp.
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Chelating diphos ligands 1.34 and 1.35 were synthesised from the appropriate
secondary phosphine91 via their Li salts in THF solution. The addition of
1,2‒dichloroethane and 1,3‒dichloropropane permitted the formation of 1.34 and 1.35
in 78% and 68% yield respectively. Chelation of these phosphines to Pd(II) occurred
through simple ligand substitution of cod from Pd(Me)Cl(cod) at room temperature, in
dichloromethane. This formed complexes 1.36 and 1.37 (Figure 1.14) in (again), 78%
and 68% yield respectively.90 This study also found that the nucleophilicity of the ortho
oxygen atoms present in the new diphos complexes stabilised unsaturated intermediates
in the co‒polymerisation of CO and ethylene in both protic and aprotic solvents.90
Biancini and co‒workers90 also postulated that the ether O atoms act as effective
hydrogen bond acceptors which, in rich hydrogen bonding environments, creates a web
of interactions between the complex, protons, solvent and any counter ions present.92, 93
This indicates that the use of bis(2‒methoxyphenyl)phosphine in conjunction with
simple Mannich‒based condensation reactions and subsequent labile ligand substitution
could be a simple and effective route towards the synthesis of discrete polyaromatic
hydrocarbon‒functionalised phosphine complexes. This notion was further bolstered by
the work conducted by Wolf et al where the position of fluorophores relative to one
another may be modified via chelation of phenyl ether oxygen atoms to a metal centre
as described previously.86, 87

Figure 1.14

Structure of Pd(II) complexes 1.36 and 1.37

Although diphos complexes 1.36 and 1.37 do not display co‒ordination to the metal
centre via any O atom present, co‒ordination of monophosphines could allow the
rotational freedom for co‒ordination to occur, at least fluxionally in solution. The
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ability of the oxygen to chelate to a range of metal centres has been shown, as would be
expected, to vary dependent on the attached alkyl or aryl substituent to the ether
oxygen.94 Thus, there is a balance between the inductive effects of any substituent
attached to the oxygen, and the steric bulk of these groups on the ability of the oxygen
to bind to a metal centre.

1.2.4

“Caged” Phosphines

Our research group has a long standing interest in using simple condensation reactions
to generate new symmetric and non‒symmetric tertiary and ditertiary phosphines
bearing the phosphaadamantane cage.54-60 Caged phosphines such as 1,3,5,7‒
tetramethyl‒2,4,8‒trioxa‒6‒phosphaadamantane (HPAd) have, in the last decade or so,
become highly desirable ligands toward a range of processes.95 These include
homogeneous catalysis of reactions such as carbonylation, hydroformylation,
hydrocyanation and Suzuki coupling. The phosphonium salts of this compound have
also been investigated for their properties as fire retardants.96 The PAd moiety,
according to Smith and Pringle,95 is of comparable steric bulk to a PtBu group, similarly
electron poor as a P(OR)2 group, and compresses the C–P–C angle close to 90°. It is the
combination of these properties that is responsible for its catalytic behaviour.

Figure 1.15

Structure of HPAd and PTA ligands.
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Water solubility is a property particularly sought‒after in homogeneous catalysis and
medicinal studies. This is often achieved via incorporation of heteroatoms into the
phosphine cage. The cage phosphine 1,3,5‒triaza‒7‒phosphaadamantane (PTA), is
sought particularly for its water solubility properties.97 Although originally synthesised
for potential use as a flame retardant, it has also found use as part of biologically active
compounds for the transport of transition metals and for the preparation of luminescent
gold complexes.97

Synthesis of these caged phosphines is simple, although has the potential to be rather
dangerous. Buckler and Epstein suggest the following route to HPAd cage formation,
involving the acid‒catalysed condensation reaction of highly toxic and pyrophoric gas
PH3 and acetylacetone98, 99 (Scheme 1.8). This compares to the formation of PTA via
reaction between tris(hydroxymethyl)phosphine (THP) and NH3 followed by addition
of excess formaldehyde (ca. 40% yield).100 PTA may be synthesised by forming THP in
situ from the parent phosphonium salt tetrakis(hydroxymethyl)phosphonium chloride
(THPC).101 Reduction of THPC to THP with NaOH and subsequent reaction with
hexamethylenetetramine, followed by addition of excess formaldehyde (as illustrated in
Scheme 1.8) leads to a much increased yield (65‒80%).97
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Scheme 1.8

Synthetic routes to HPAd and PTA.

Our group has also investigated the synthesis of a novel trialkylphosphine with
stereoelectronic properties similar to those of PTA.61 Simple modification of the PTA
core was achieved via addition of benzyl and 4‒fluorobenzyl amines (1.38, 1.39) to a
stirred solution of THPC in a similar manner to that used to synthesise PTA. This led to
the formation of a pseudo‒PTA cage held by non‒covalent hydrogen bonding
interactions in 83% and 86% yields for 1.38 and 1.39 respectively. This reaction thus
formed an adamantane cage, which had preserved the ternary character of the amine
functionalities (Equation 1.2).61
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Equation 1.2 Synthetic route to pseudo‒PTA tertiary phosphines 1.38 and 1.39.

The hydrogen bond has been defined by the International Union of Pure and Applied
Chemistry (IUPAC) as an attractive interaction between a hydrogen atom which
belongs to a whole molecule, or fragment, D‒H (where D is the donor atom which is
more electronegative than H) and an atom(s) in either the same, or different molecule,
where there is evidence of bond formation.102 The acceptor, A, is usually electron rich
and may be an atom, anion or molecular fragment (A‒Z). Figure 1.16 below illustrates
an example hydrogen bond, using an interaction between two molecules of CHCl3 as an
example.

Figure 1.16

An example of hydrogen bonding between two molecules of
chloroform.
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1.3

Fluorescence Spectroscopy

The term fluorescence was first coined by Stokes103 in 1852 and describes the
phenomenon of photon absorption and re‒emission by a compound. This process is best
described with the aid of a Jablonski diagram as shown in Figure 1.17. Fluorescence
occurs when electrons in the target compound are excited to a higher quantum energy
level (S1) by incident photons. The energy required for this transition is usually less
than that required for excitation from the ground state (S0) and as such, higher
vibrational energy levels within S1 are usually occupied. Following a loss of energy
known as internal conversion (vibrational relaxation) has been achieved (and the lowest
energy level within S1 is reached), the system may emit a photon of a longer
wavelength (and hence lesser energy) than that absorbed. This allows the compound to
return to the energetic ground state.

Figure 1.17

Jablonski diagram illustrating the principles of fluorescence and
phosphorescence.

As emitted photons are of a longer wavelength to those absorbed, it is often desirable to
excite fluorescent materials with U.V radiation (λ = 100 – 400 nm) as this often leads to
the emission of photons which fall in the visible spectrum (λ = 400 – 700 nm), i.e
“redshift”. This term refers to the decrease in energy of electromagnetic radiation which
sees the emitted photon posses a frequency towards the red end of the electromagnetic
spectrum with respect to that absorbed.
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Molecules or moieties which are fluorescent are referred to as fluorophores and are
generally molecules that contain double bond conjugation, heterocycles or PAH’s. Two
well known PAH fluorophores are the fused ring pyrene (‒C16H9) and anthracene
systems (‒C14H9). Many pyrenyl and anthracenyl phosphine compounds have been
reported85-87,

104-113

and synthesised utilising direct and indirect linkage to the

fluorophore. It should however be noted that direct linkage of a P(III) centre directly to
pyrene leads to a quenching of the fluorescence properties. This is a characteristic
which arises from the P(III) centre quenching the electron transfer process that occurs
during fluorescence. This has been shown to be negated by oxidation to the
corresponding phosphine oxide which has the potential to render this class of
compound highly fluorescent.114 This could suggest that in order to optimise the
fluorescence properties of phosphine based ligands, treatment with hydrogen peroxide
may be necessary. It should be noted however, that this effect is negated when the
P(III) centre is indirectly joined to the pyrene moiety e.g. via an alkyl chain, which, as
will be demonstrated later in this Thesis, may be achieved by condensation of a
hydroxymethylphosphine precursor with a PAH amine.

In addition to recording the fluorescence intensity of a compound, another important
parameter is that of the fluorescence lifetime (τ). The fluorescence lifetime of a
compound is recorded after the excitation pulse of photons has concluded and utilises
the time taken for the fluorescence to decay.115 The decay time is generally increased in
cases where a fluorophore is present due to the presence of a finite excited state.116 The
lifetime is calculated by utilising curve‒fitting algorithms, usually a least squares
method.116 More information about the resultant lifetime is provided by how good a fit
to the exponential decay curve is provided (i.e χ2 close to unity is suggestive of a
monoexponential decay, where χ2 is above 1.5 typically indicates decay from multiple
fluorescence components).116

The fluorescence lifetime of a particular compound may be reduced by the addition of a
quencher. Quenching molecules act by disrupting the energy transfer processes between
two fluorophores. There are several mechanisms by which quenching may take place
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such as Förster Resonance Energy Transfer (FRET),117 Dexter Electron Transfer,118
Dynamic Quenching, and Static Quenching.116 It is these last two processes which will
be investigated as part of the fluorescence measurements undertaken during this
project. Dynamic quenching occurs when energy from the excited species is transferred
to the quencher after excitation and is dependent on diffusion of the quencher
throughout the solution of the excited species. This is manifested by a reduction of the
fluorescence lifetime as the emission intensity decreases. Static quenching occurs when
the fluorophore is quenched before excitation and is not related to diffusion, which is
seen as the fluorescence lifetime remaining static as the fluorescence intensity
decreases due to the presence of a quencher. In the case of a molecular clip motif, such
as that displayed by 1.29 – 1.31, the disruption of this quenching would occur before
excitation and result in the reduction of fluorescence intensity whilst maintaining
fluorescence lifetime and would thus be statically quenched.

1.4

Chemical Sensing: Nitrated Explosives and Detection Methods Overview

Throughout the years, explosive compounds have found a wide range of uses; from the
industrial purposes of mining and demolition, to a multitude of uses by the military.
However, nitrated explosives are being increasingly used for more nefarious purposes
by terrorists, and incidents of this type have the potential to cause a massive loss of life.
Although incidents of this kind are relatively rare, they are nonetheless at the forefront
of peoples’ minds. The sheer ease of synthesis of some of these compounds should also
be noted. It is therefore imperative that explosives can be detected quickly, reliably and
in this current age of austerity, cheaply, especially for military, forensic or anti‒terrorist
purposes.119 A beneficial strategy for this would be through the use of chemical
sensors.120, 121 Fluorescence quenching‒based chemosensing is one of the most sensitive
and convenient methods by which this can be achieved.122
Explosives fall into two main categories: Primary and Secondary. Primary explosives,
as the name suggests, are the primary initiators of an explosive detonation in
conjunction with Secondary (high) explosives. Primary explosives undergo a rapid
transition from burning to detonation,123 and this energy is used to detonate secondary

28

explosives, as they are less sensitive to factors such as shock and heat. This is a
desirable characteristic as, on the whole, they are far more powerful than primary
explosives.123 High explosives may be further split into several sub‒categories such as;
nitro‒based explosives, nitric esters, nitramines, peroxides, chloric and perchloric acid
derivatives, and finally azides. Examples of some of the nitrated variants of these
compounds are shown in Table 1.1.

Classification

Structure

Nomenclature

TNT
Nitro‒aromatic
(2,4,6‒Trinitrotoluene)

RDX
Nitramine
(Cyclotrimethylene‒trinitramine)

PETN
Nitrate ester
(Pentaerythritol tetranitrate)

Table 1.1

Structures of some common nitrated explosives
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The focus of this section shall be nitrated and nitro‒aromatic explosives. Canines are
currently being used to sense nitrated high explosives120 and their services in this area
have been invaluable, in fact they are currently the most sensitive method of
detection.120 The use of canines for this purpose is clearly recognised by the mandatory
inclusion of taggant chemicals such as dimethyl dinitrobutane (DMNB) into plastic
explosives as of 1996, due to canine sensitivity towards them.124,125 However, teams
comprising of canines and their handlers must be used to carry out searches for
explosive vapours, as dogs cannot be left to work alone. This no doubt means that the
use of canines for explosives detection is costly, as not only must the dogs themselves
be trained, they must be looked after and worked by a handler – an additional expense.
In parallel to the use of canines for detection, analytical techniques are being applied to
this area.
Analytical techniques which have already been applied to the field of nitrated
explosives detection include ionisation mass spectrometry (IMS), X‒ray detection, and
TLC analysis. In fact, nearly all chemical analytical methods have previously been
utilised for this purpose, or they are currently being used for such purposes.126 IMS
analysis has been shown to be highly sensitive for identifying whether explosive
residues are present on skin, clothing and other objects.120 This technique is applied via
comparison of the analysed mass of a sample with a collection of data for known
explosive species. IMS works by screening sample ions by their size utilising a flow
gas and an electric current;127 outputs are given as time of flight of the ions. Although
the advantages of this technique are evident, the instruments utilised must be carefully
calibrated before use. Germain and Knapp120 questioned the portability of the
equipment required. Babis et al.127 have detailed an IMS analyser that is comparable in
size to a small aerosol can.
X‒ray analysis, on the other hand, does not show this level of portability. Airports for
example utilise stationary systems such as the unit developed by Krug et al.128 X‒ray
scanners may have the ability to screen objects in three dimensions, and may also
discriminate between organics, inorganic, light metal and heavy metal areas in baggage
when used in conjunction with photoneutron analysis.129 This suggests that this form of
detection is better suited to pre‒detection as its discriminatory power in terms of
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differentiating between different organic explosives is decidedly lacking. This
deficiency also highlights the need for compounds which are able to resolve, with a
high degree of certainty, whether explosive compounds are present or not.
More recent methods that have been trialled towards the detection of nitroaromatic
explosives have largely focussed on the areas of Surface Enhanced Raman
Spectroscopy (SERS),130-132 and techniques such as: fast neutron analysis,133 Terahertz
spectroscopy,134 chromatography135 and the employment of laser systems136 with the
intention that they may detect explosive compounds at larger (stand‒off) distances than
chemosensors can provide.

1.4.1

Discrete organic‒based chemosensors

Chemosensors have been developed for a range of applications such as sensing the
presence of metal ions137-140 and pH141 as well as for explosives sensing.122, 140 In the case
of sensing metal ions, this is an important area of research as it is necessary to quantify
the presence of harmful metal species such as Hg2+ and Cd2+ in both ground and
drinking water. This has been achieved utilising fluorescence based chemosensors138, 139
which, in the presence of a target metal ion, undergo a conformational change which
effects a visible change in the fluorescence spectrum of the chemosensor. In the case of
the aforementioned sensors, this effect is noted as a reduction in the weakly visible
monomer species in emission and absorbance spectra (Figure 1.18), and an increase in
the strongly emitting excimer present i.e. the conformational shift in the chemosensor
leads to the polyaromatic hydrocarbon (PAH) moieties stacking above one another.
This is demonstrated by 1.40, which exhibits this behaviour as illustrated in Equation
1.3.
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Figure 1.18

Absorbance spectrum of 1.40

Equation 1.3 “Off‒On” Hg2+ Sensor.
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Although 1.40 demonstrates a “turn on” in fluorescence, Alves et al137 have
demonstrated that the converse effect is also possible. This was achieved by utilising
polyamine ligands and employing anthracene moieties as fluorophores. The
characteristics of these compounds were modified by altering the length of the
polyamine chains (Figure 1.19), which could tailor the sensitivity of the sensor towards
Zn2+, Cd2+ (fluorescence “Turn on”) as well as Ni2+ and Cu2+ (“Turn off”).

Zn

2+

1.41
Figure 1.19

A fluorescence “Turn On” chemosensor sensitive to Zn2+.

The properties of a chemosensor may not only be modified to enhance its selectivity
towards a particular substrate, its solubility in different solvents may also be altered.
This is particularly important as it could facilitate fluorescence detection of biologically
important compounds such as nicotinamide adenine dinucleotide (NAD+)142 ‒ a vital
cofactor for a large number of enzymes employed in biological redox processes.143 This
has been achieved through the formation of molecular clip type sensors. These are
chemosensors which operate via quenching of fluorescence produced by the permanent
stacking of PAH moieties, an example of which is shown in Figure 1.20.
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1.42
Figure 1.20

A water soluble molecular clip.

Molecular clips 1.42b and 1.42d are particularly affected by the solvent employed.
When dissolved in methanol, the examples shown were found in solution to be
monomeric. However, when dissolved in H2O; the molecular clips prefer to exist as a
dimer, where one PAH of a neighbouring molecule slides into the inter‒PAH cavity of
another.142 The ability of chemosensors to be water soluble is a useful characteristic for
the detection of trace nitroaromatics in certain circumstances. Nitroaromatics have been
used by industry and the military for many years and, as they are environmental
contaminants and possible carcinogens, the United States Environmental Protection
Agency stipulates a maximum concentration of 2 ppb TNT in drinking water.140 Water
has also been shown to bring about an increase in fluorescence of pyrene‒containing
chemosensors.141
Current non‒metal based chemosensors for nitroaromatic explosives utilise a range of
PAH groups however, the use of pyrene for the fluorescence sensing of these
compounds is poorly developed.140 A pyrene‒based molecule (1.43) with a clip‒like
structure has been synthesised by Lee et al140 which has been shown to detect TNT in
CH3CN down to low ppb levels. This illustrates the potential sensitivity of
pyrene‒based chemosensors and suggests that the use of this particular PAH for the
detection of nitroaromatic explosives could be exceedingly worthwhile. Another feature
of this pyrene‒based sensor is that it is differentially sensitive to nitroaromatics in that
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more electron deficient species bring about a higher degree of quenching. This type of
compound also appears to be a detector as, when tested in the presence of various metal
ions, only the Pb2+ ion caused a marked decrease in the fluorescence of the substituted
calix[4]arene sensor (Figure 1.21).140

1.43
Figure 1.21

A bispyrene chemosensor for the detection of nitroaromatic compounds.

A wide variety of compounds which are currently being studied for application to
detect nitrated, high explosive materials contain metal centres such as Au(I) and Pt(II).
Work is on‒going to develop simple organic ligands for this purpose. This is well
demonstrated by recent work conducted to develop a simple hydrazone which has
shown great promise for the fluorescent and colorimetric detection of picric acid.144
Fluorescent hydrazones such as compound 1.44, detailed in Figure 1.22, are ideal
candidates for application in this area as their syntheses consist of simple Schiff‒base
condensation reactions.
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1.44

Figure 1.22

Molecular structure of fluorescent hydrazone 1.44 and associated
fluorescence spectrum upon addition of increasing amounts of TNP.

Upon mixing with three equivalents of picric acid, the fluorescence intensity of 1.44
quenched to 3% of its starting value. The presence of the anthracenyl excimer at λ470
nm almost disappears, which suggests that the host‒guest interactions between
anthracene moieties and picric acid induce a near complete breakdown of the cofacial
inter‒anthracene π – stacking interactions. Analysis of this interaction in the solid state
via co‒crystallisation of these two compounds confirms this hypothesis, with
intermolecular hydrogen bonding from the hydrazone and pyridyl functionalities
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playing a key part in stabilising these interactions. Although the fluorescence properties
of this compound show great promise for picric acid detection, a slight, visible colour
change occurs when picric acid is added to a solution of the sensing compound, a very
desirable characteristic, which could be enhanced through structural modification.
Hydrazones are not the only discrete non‒metal compounds which are being developed
for explosives detection. Swager and Andrew145 have developed a fluorescence
“Turn‒on” sensor for the detection of nitroesters and nitramines. This method of
detection relies on the photolytic cleavage of nitrated explosives to produce the
aforementioned breakdown products. These then proceed to nitrate 1.45 to effect the
formation of a signal at λ550 nm in the emission spectrum of this compound.

Figure 1.23

Structure of sensing compound 1.45.

Although in the course of this particular study, the photo fragmentation of explosive
compounds in the vapour phase has taken place under controlled conditions, it is
feasible that this mode of sensing could have a niche for application in desert
environments due to the consistent availability of U.V radiation from the sun. This
mode of detection also appears to be very sensitive, with 1.45 capable of detecting 12
ng of the explosive nitroester RDX in solution and 320 pg in the solid state.

1.4.2

Discrete Metal‒Based Chemosensors

As well as the work being undertaken to develop non‒metal based chemosensors, focus
also exists towards the development of metal‒based sensors. The use of metals within
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the structure of the sensing molecules can add functionality, such as the use of Pt 2+ for
its luminescence properties.146-148 Certain Pt2+ compounds have been shown to exhibit a
colour change which is not only reversible, but vivid when in the presence of acid.149 A
visible colour change would be an ideal characteristic for a compound used in
explosives sensing. There would thus be potential for the sensing compound to be
impregnated into a medium such as cardboard, and in the presence of explosives
vapour, a rapid and vibrant colour change would occur which would hence alert to the
presence of these potentially dangerous compounds. A large area of research in the
field of metal based sensors is currently focused around the exploitation of the redox
reactions of metals with the target species. Ferrocene, for example, has been used as a
functional group in chemosensors for transition metal cations150 and hypochlorous
acid.151 In the case of transition metal ion sensing, it was found that modification of the
chains which separated the two ferrocenyl groups in the sensor could help to tailor the
selectivity of the compound towards various transition metals. The sensing for this
compound however, was undertaken by measuring changes in the potential of the
sensor, which did not appear to have the same sensitivity as a fluorescence technique.
Ferrocene has also been utilised for fluorescence detection. In this case it pertains to the
detection of HOCl in cells. Ferrocene, if linked to a 9‒anthracene moiety in a
conjugated manner has been shown to quench the fluorescence of the anthracene unit
unless in the presence of an oxidant such as HOCl.151 The hypochlorous acid interacts
with the ferrocenyl group which induces an electron transfer from the ferrocenyl unit to
the anthracene moiety and hence a “Turn on” in fluorescence is noted. The sensitivity
of fluorescence sensing was well demonstrated by 1.46, which displayed a “Turn on”
down to 100 μM levels of HOCl.
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1.46
Figure 1.24

Ferrocenyl electron transfer in 1.46 in the presence of HOCl.

Further to the work conducted in investigating Fe‒based sensors for explosive
compounds, Germain and Knapp152 demonstrated that Zn2+ can be employed for such
purposes. In this case, Zn2+ was used as a metal centre to which various salicylaldimine
compounds were co‒ordinated. This afforded a simple, metal‒based compound which
has its fluorescence emission quenched by the presence of explosives containing the
nitro group. The structure of compound 1.47 was modified via the utilisation of various
constituent groups on the simple Schiff‒base ligand co‒ordinated to the Zn2+ centre
(1.47‒1.52). This led to the production of an array of detection compounds (Figure
1.25), each one producing a different response to a particular nitro‒aromatic/alkane.
This is a particularly useful model, as it has now been clearly demonstrated that a series
of homologous compounds may be used to effectively fingerprint explosive compounds
utilising their fluorescence quenching properties.152 The fact that these compounds may
be synthesised quickly and with relative ease is a concept that will be applied in this
study via the utilisation of simple phosphine ligands.
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Figure 1.25

1.4.3

Zn‒based sensor array compounds.

Metal Organic Framework (MOF) type sensors

Metal organic framework’s (MOF’s) are versatile compounds which have been the
focus of much research over the last 20 or so years in a variety of fields, with more
recent work focussing on gas capture and storage.153-155 However, research has very
recently been conducted to investigate their application towards the fluorescence
detection of nitro‒aromatic compounds.156-158 These frameworks are simple to
synthesise and have large surface areas, which make them ideal candidates for
application in this area.
Mukherjee et al156 have developed a fluorescent Zn(II) based MOF which utilises
ethynyl carboxylic acid ligands. This has shown significant quenching in the presence
of several nitro‒aromatic compounds. The fluorescence spectra of both the free ligand
and the bound framework have been compared, with the bound framework
demonstrating a much greater degree of excimer formation than the free ligand. This
could suggest that constraining the structure of polyaromatic hydrocarbon (PAH)
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‒based ligands via complexation to a metal may provide compounds with enhanced
fluorescence properties, and thus give a greater degree of quenching in the presence of
electron deficient nitro‒aromatics. A similar framework utilising Zn(II) has also been
devised

utilising

a

benzoic

acid

derivative,

4,4’‒bipyridine

and

N,N’‒dimethylacetamide as ligands.157 As per the previous structure, perhaps one of the
most attractive features of this type of chemosensor is that quenching is a fully
reversible process, and washing of these compounds with a solvent such as ethanol may
fully restore its original level of fluorescence, a characteristic shared by many films and
polymer type sensors and which is illustrated by Figure 1.26.

Figure 1.26

1.4.4

Reversibility of the quenching process in a pyrenyl film sensor.159

Polymer‒Type Sensors

A considerable amount of research has already been performed and is continuing to be
undertaken in the field of polymer‒based chemosensors for explosive compounds.
There are several different mechanisms which these polymeric compounds may use to
sense. These range from the simple quenching of fluorescence or a visible colour
change as has been noted for metal and non‒metal chemosensors, but the use of the
electronic properties of polymeric systems has also been utilised. A particularly
versatile category of polymer which has been developed is the molecularly imprinted
polymer (MIP).160 MIP’s are very specific compounds which may be synthesised
utilising various monomers such as 1.53‒1.56.
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Figure 1.27

Examples of monomers used for MIP synthesis

The key motif for their formation is that a target compound such as a nitroaromatic
explosive must be added to generate a very specific binding site in the polymer i.e. a
template. This leads to synthetic complications, because a common method of
synthesising these compounds is via radical initiation. The initiation of this process is
inhibited by nitro‒organics, so similar structural mimics must be used.120 This affects
the position of hydrogen bonds and orientated dipoles in the MIP and reduces its
specificity towards a particular explosive. Compound 1.57 is an example of a
Pt2+‒based MIP which has been developed for the purpose of fluorescence
detection.120,161 Holthoff et al have combined the specificity of MIP’s with surface
enhanced Raman spectroscopy (SERS) to develop a MIP which effects a marked
change in its SERS spectrum.162 MIP’s which consist of conjugated polymers have also
been developed, and saturated TNT vapour has been detected by these chemosensors
through fluorescence quenching of the polymer systems.163, 164
Conjugated polymers have been used in conjunction with metallic wires to synthesise
an “electronic nose”.165 This form of detection relies on the increase in conductance of
non‒conducting polymer films when in the presence of nitro‒aromatic vapour. This is
effected by the swelling of the polymer, which causes carbon black particles deposited
within the polymer to vary their effective concentration and hence alter the conductance
properties of the film.165 The fluorescence properties of certain conjugated polymers
have also been noted. The use of conjugated polycarbazoles as fluorescence sensors for
nitro‒aromatics has been explored.166,167 It was found that modification of these
compounds via utilisation of bulky moieties in the side‒chains of the monomer could
effect a weakening in the inter‒polymer interactions and provide a greater number of
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pathways for TNT to diffuse through polymeric films. This leads to an increased
sensing efficiency of the nitroaromatic.166

1.57
Figure 1.28 – Pt2+ based MIP (one anionic counter ion, plus one positive charge per Pt
centre has been omitted for clarity).
Conjugated polymers appear to be good candidates for the fluorescence detection of
explosives in both aqueous and vapour phases because they are good electron donors.168
To this end, a wide range of these compounds have been developed such as
poly(acetylenes), (p‒phenyleneethynylenes), silanes, (p‒phenylenevinylenes) and
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metalloles.168 The incorporation of heteroatoms and electron‒donating species into thes
polymers is commonplace, as these functionalities are believed to enhance the
interaction between the polymers and electron deficient nitro‒aromatic compounds,
thus leading to higher sensitivities for detection.168 This is supported by the low
(sub‒10ppb) detection limits for DNT and TNT by this method of sensing.169, 170
These exceedingly low limits of detection have not been matched by other polymer
systems. Recent research towards molecularly imprinted polymer (MIP) systems has
led to detection of a 0.1µM TNT solution.171 Although MIP’s are highly specific as they
are synthesised using the target compound to produce pores during polymerisation,
quantum dots have been used alongside the polymer to attain these comparatively
modest levels of detection.171 The use of conjugated polycarbazoles as fluorescence
sensors for nitro‒aromatics has also been explored.166, 167 The application of this type of
compound is often as a polymeric film which provides a large surface area for the
diffusion of nitro‒aromatic vapour into the sensor.172 The use of bulky side chains for
this approach appears to be beneficial, as the weakening of inter‒polymer interactions
increases the efficacy of the films. This occurs because of an increase to the number of
pathways through which target nitro‒aromatics may diffuse and interact with the
fluorescent side chains. Figure 1.29 illustrates 1.58, a first generation fluorescent
carbazole dendrimer system.
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Figure 1.29 – First generation (G0) dendrimer sensor 1.58.

The approach here appears to be to increase the fluorescence of the G0 dendrimer via a
sequential increase in the number of fluorene moieties present.172,173 Further to
increasing the number of fluorescent and electron donating groups, siloles are being
increasingly employed in chemo‒detection systems for electron deficient nitrated
explosive compounds.130,174,175 Interest in the incorporation of siloles arises from their
unique electronic properties; i.e. they are novel σ*‒π* conjugated species with a low
lying LUMO energy level.176-178 This facilitates rapid electron transfer during
fluorescence quenching and hence increases the ability of the silole compound to detect
nitro‒organics.
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Figure 1.30 – Conjugated silole 1.59.
The use of polymers as films has been the subject of some investigation. It has been
found that the capability of a polymer film to detect by fluorescence quenching is
depandant on the balance between the porosity and the electrostatic interactions of the
polymers.179 Film thickness also appears to influence the sensitivity of a film
chemosensor. This again is thought to be due to the subsequent diffusion of a greater
number of target molecules through the film.179
Finally, the use of Si‒based polymers such as 1.59 (Figure 1.30) has shown
considerable promise in the field of explosives detection. Several examples of these
compounds where Si is used to form the polymer backbone have been
documented.165,180-182 The inclusion of Si in the polymers in this manner helps not only
to increase the thermal stability and flexibility of the polymer, but achieves this whilst
still maintaining a delocalisation of electron density. This enhances the fluorescence
achieved through the inclusion of PAH moieties and conjugation within the polymer.180
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1.4.5

Nanostructure‒Type Sensors

Unlike previously mentioned techniques of sensing explosive compounds which rely on
fluorescence quenching of the sensing compounds, Martinez‒Mánez et al183 have
successfully utilised silica nanoparticles for the colorimetric detection of both Tetryl
and TNT. The strategy employed here was to anchor organic compounds containing
amine and thiol functional groups to nano‒sized silica particles. Once anchored, these
functional groups were free to interact with a dye introduced to the system. Upon
addition of nitro‒aromatics, the oxidising nature of these compounds interfered with the
inter‒molecular interactions between dye and functionalised nano‒particles. This led to
a visible colour change; an exceedingly desirable quality in an explosive sensing
system, as it forgoes the need for costly, and sometimes questionably portable,
equipment for analysis. A similar strategy for the synthesis of this type of compound
has been employed by Guler et al184 to produce silica nano‒tubes doped with a
fluorescent dye which is quenched by nitro‒aromatics. However, in contrast to the
system which effects a colour change, the fluorescence‒based system was shown to be
more selective towards nitro‒aromatic compounds. This was tested via the addition of
non‒nitrated compounds to the sensing matrix and illustrated via the negligible
quenching of the fluorescent dye. This would support the use of fluorescence over
visible detection, although limits of detection were not provided for these
nano‒structures.
It is not only silica which has been utilised for the synthesis of nano‒structures for
explosive detection. The PAH triphenylene has successfully been incorporated into the
form of nano‒wires, not only maximising its fluorescence properties, but also
incorporating its known semi‒conductive properties,185,

186

and thus provide a dual

platform for detection.
In this case, the sensing properties of this particular system were established via
exposure to nitrobenzene and nitromethane, as well as several common organic
solvents.186 A marked decrease in fluorescence and conductance of the material
occurred after exposure to the former. However, this method of sensing may be too
specific towards nitro‒aromatic compounds and ignore nitrated alkanes such as
dimethylnitrobutane. This class of compound are often used as a taggants in plastic
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explosives due to their low vapour pressure and inherent difficulties in canine sensing.
The triphenylene system shown in Figure 1.31 was unable to distinguish nitromethane
from the non‒nitrated organic compounds to which it was exposed.

Figure 1.31 – Molecular structure of triphenylene.
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1.5

Thesis Aim

Although there have been various methods of attempting to synthesise chemical sensors
for the detection of high explosives over recent years, the use of phosphorus and its
‘tunability’ towards this goal has been largely overlooked. Synthesis of existing
chemosensors is often highly time consuming and requires complicated steps or
expensive starting materials. The main aim of this research is to attempt to synthesise
fluorescent

compounds

utilising

simple

condensation

chemistry and

ligand

displacement methodology to prepare new, pre‒organised discrete compounds to
potentially act as “Turn Off” fluorescent chemosensors towards nitroaromatic
explosives. This research also aims to prepare new phosphines bearing terminal double
and triple bonds, with a view to these unsaturated moieties being further functionalised
with PAH moieties by Cu(I) catalysed ‘click’ reactions (in the case of alkynes) and by
hydrophosphination.
In addition to work focussed upon the synthesis of functionalised tertiary phosphines
for explosives detection, this thesis also aims to use single crystal X‒ray diffraction
studies to investigate the molecular structures of a series of co‒ordination compounds
bearing the tris(chloromethyl)phosphine ligand. Particular focus was placed on any
associated inter and intramolecular halophilic interactions effected by the use of this
halogenated ligand.

49

Chapter 2
The Synthesis, Characterisation, Co‒ordination
Chemistry and Fluorescence Properties of Novel
Polyaromatic Hydrocarbon Functionalised Tertiary
Phosphines
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2.1 Introduction
Polyaromatic hydrocarbon (PAH) functionalised‒phosphines have demonstrated
notable properties for catalysis and co‒ordination studies.72 The incorporation of the
polyaromatic system into the design of these compounds has also imparted good
luminescence

characteristics,

particularly in

the

case

of

anthracenyl‒

and

pyrenyl‒functionalised compounds.72 Although the work conducted in this chapter will
focus on the functionalisation of tertiary phosphines through Mannich condensation
reactions to form P–CH2–N(R)–CH2–PAH linkages, a variety of connectivity modes
and syntheses exist within the literature. These range from direct tethering of the PAH
moiety to the central phosphorus atom, to the incorporation of these fluorescent units
through longer alkyl or aryl systems.187, 188 It should be noted that direct tethering of the
PAH moiety to the central P(III) atom leads to a dramatic decrease in the fluorescence
properties of the compound, particularly in the best known example of this class,
compound 2A, DPPP [The fluorescence properties of which may be dramatically
improved via direct oxidation of the P(III) species to P(V)].114, 189, 190

Figure 2.1

Structure of PAH‒functionalised phosphines 2A – 2.C.
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Relatively recent work, over the last few years, which is detailed within the literature,
has demonstrated the use of such fluorescent groups towards the detection of ions and
small molecules via the use of motifs such as the molecular clip.144 Incorporation of
heteroatoms such as oxygen and nitrogen into the molecular system, through the use of
amine and hydrazone functionalities, has led to the synthesis of the previously detailed
9‒anthracenyl compound 1.44, which has been successfully used for the fluorescent
and colorimetric detection of the high explosive, picric acid.144

Figure 2.2

Picric acid sensing hydrazone 1.44.

This class of compound relies on the breakdown of inter‒PAH host‒guest interactions
and π‒stacking by the electron deficient nitroaromatic, leading to a subsequent
quenching of fluorescence. The literature details relatively few examples of
PAH‒functionalised phosphines as discrete molecules which have been used for the
purposes of molecular detection. To this end, a new series of tertiary phosphines,
centred on the molecular clip (inter and intramolecular) motif have been synthesised.
The co‒ordination chemistry of these new compounds to metal centres known for their
use in application to detect nitroaromatics [Pt(II) and Au(I)] was undertaken. 146, 148, 149, 151
Initial fluorescence properties and nitroaromatic detection characteristics are also
included herein.
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2.2

Preparation and Characterisation of 2.1c – 2.3c

Tertiary phosphines 2.1c – 2.3c were prepared utilising a Schiff‒base condensation
between commercially available 9‒anthraldehyde and substituted primary amines,
RNH2 (R = iPr, Bz, nPr), to afford imines 2.1a, 2.2a, and 2.3a respectively as yellow
solids. As expected from this well known type of reaction,72 these compounds were
afforded in quantitative yields. Subsequent reduction utilising an excess of sodium
borohydride yielded polyaromatic amines 2.1b, 2.2b and 2.3b (Scheme 2.1). This
reduction was confirmed by the disappearance the imine proton displayed in the 1H
(CDCl3) NMR spectra of 2.1a – 2.3a at (δ) 9.34–9.50 ppm and υC=N 1632–1642 cm–1
for the recorded FT–IR (NaCl thin film) stretches, replaced by υN–H 3321–3444 cm–1
stretches for 2.1b – 2.3b. Very little variation is noted in these values between 2.1a –
2.3a and 2.1b – 2.3b respectively, as they are all similarly functionalised alkyl
compounds.

Scheme 2.1

Synthetic route to 9‒anthracenyl bearing tertiary phosphines 2.1c – 2.3c.
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These newly formed polyaromatic amines were employed to form functionalised
tertiary phosphines 2.1c, 2.2c, 2.3c via Mannich‒base condensation with a single
equivalent of the precursor AdPCH2OH (AdP = 1,3,5,7–tetramethyl–2,4,8–trioxa–
6‒phosphaadamantane).191 Although 2.1c – 2.3c precipitated as fine solids from the
respective mother liquors, the solubility of these compounds in a wide range of both
polar and non‒polar solvents gave rise to 7 – 57% isolated yields. Wolf et al192 also
noted poor isolated yields when synthesising a number of PAH‒functionalised
phosphine compounds. Attempts to remedy this by employing a ‘one pot’ synthesis i.e.
by generating AdPCH2OH in‒situ by refluxing a methanolic solution of AdPH,
paraformaldehyde, and the respective PAH‒amine did not give rise to an increased
product yield, with no noted decrease in purity [100% by 31P{1H} NMR]. The 31P{1H}
NMR data for 2.1c – 2.3c are given in Table 2.1. Utilisation of the different amine
substituents appears to have little effect on the
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P{1H} NMR chemical shifts of the

compounds. This is expected, as only alkyl amines were used, and hence the
phosphorus environment would be similar in all cases. No υN–H stretch is visible in the
FT–IR spectra of 2.1c – 2.3c, confirming substitution at N.

Table 2.1
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P{1H} NMR chemical shifts [δ in ppm] recorded in CDCl3 for 2.1c–

2.3c.
δ(P)

δ(H) 9‒Anth

δ(H) AdP

2.1c

–43.0

8.50–7.37

2.340–1.08

2.2c

–42.8

8.33–7.18

1.807–0.92

2.3c

–42.9

8.44–7.36

2.39–0.97

The presence of only one singlet resonance corresponding to each of the compounds
listed in Table 2.1 in their
secondary

phosphine,
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P{1H} NMR spectra would suggest that the starting

AdPH

is

enantiomerically
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pure.

The

two

racemic

diastereoisomers, (α and β) would be displayed as two signals in the
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P{1H} NMR

spectra, separated by several ppm.33, 36, 95

Figure 2.3

2.2.1

Two diastereoisomers of the PAd cage.

Molecular Structure of 2.1a

Light yellow needles, suitable for single crystal X‒ray diffraction, were grown from a
methanolic mother liquor following successful synthesis of the imine 2.1a. The
structure was determined using MoKα radiation and selected bond lengths and angles
are given in Table 2.2.

Figure 2.4

Molecular structure of 2.1a, all hydrogen atoms except those on C(15)
and C(33) have been omitted for clarity.
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The molecular structure of 2.1a shows the asymmetric unit to contain two molecules of
2.1a, with the anthracenyl moieties located trans to one another. The C–N and C=N
bond lengths given in Table 2.2 are consistent with other compounds of this class found
in the literature.193 Upon examination of the crystallographic packing of this particular
structure, a small degree of intermolecular overlap occurs between two anthracenyl
carbons along the crystallographic a‒axis at a distance of ca. 3.910 Å (Figure 2.5).
Although this slight overlap of anthracenyl moieties illustrates promise for achievement
of a much greater overlap in solution, it was hoped that the crystal packing structure for
2.1a would exhibit a greater degree of facial overlap of anthracenyl moieties, as this
would enhance the electron transfer processes between nitroaromatic and the
fluorophores and thus enhance the detection properties of the compound.

Figure 2.5

Intermolecular crystal packing of 2.1a, illustrating parallel displaced
overlap of anthracenyl moieties. An identical interaction is exhibited by
the second molecule in the asymmetric unit.
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Table 2.2 Selected bond lengths (Å) and angles (°) of 2.1a.
C(1)–C(2)

1.411(5)

C(2)–C(1)–C(14)

120.8(3)

C(1)–C(14)

1.411(5)

C(2)–C(1)–C(15)

121.3(3)

C(1)–C(15)

1.484(5)

N(1)–C(15)–C(1)

124.6(3)

C(15)–N(1)

1.268(4)

C(15)–N(1)–C(16)

116.5(3)

N(1)–C(16)

1.473(4)

C(20)–C(19)–C(32)

120.1(4)

C(19)–C(20)

1.416(5)

C(20)–C(19)–C(33)

121.3(4)

C(19)–C(32)

1.404(5)

N(2)–C(33)–C(19)

123.8(4)

C(19)–C(33)

1.482(5)

C(33)–N(2)–C(34)

116.4(3)

C(33)–N(2)

1.265(4)

N(2)–C(34)

1.467(5)

Compounds containing π systems may exhibit inter and intramolecular interactions
between these functionalities. The three relevant classes of interaction between these
moieties are illustrated in Figure 2.6, although other interactions feature in the
literature, particularly for polarised systems. The stacking phenomenon arises from
electrostatic interaction between a positively charged σ–framework which is
sandwiched between two negatively charged π clouds.194 The crystal packing motif of
2.1a displays a parallel displaced π interaction.
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Figure 2.6

The three classes of π interaction. (Left to right: Sandwich, T‒shaped,
Parallel displaced).

2.2.2

Molecular structures of 2.1c, 2.2c and 2.3c

Colourless slabs (2.1c, 2.2c) and plates (2.3c), suitable for single crystal X‒ray
diffraction, were grown from a methanolic mother liquor (2.1c) and by layering of
methanol onto a CH2Cl2 solution of 2.2c or 2.3c. Structures were determined using
MoKα radiation, selected bond lengths and angles are given in Table 2.3. The molecular
structures of each of the new phosphines illustrated the presence of one molecule in the
asymmetric unit. However, 2.2c and 2.3c indicated the presence of intermolecular
π‒stacking interactions. The molecular structure of 2.1c appears to be stabilised by two
intermolecular and two intramolecular C–H···π interactions which are orientated
through the centre of the ring C(1)–C(2)–C(7)–C(8)–C(9)–C(14) for both molecules.
The respective distances are H(15D)–Cent = ca. 2.750 Å and H(21A) – Cent = ca.
2.720 Å. This stabilisation is likely due to the steric interactions that would arise
between the two isopropyl functionalities on the tertiary amine present within the
molecule, should the molecules mirror each other. This is an effect which would be less
likely to occur in either 2.2c or 2.3c, both of which exhibit a greater degree of overlap
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between anthracenyl moieties than 2.1c. The molecular structure of 2.2c appears, like
2.1c, to illustrate weakly bound dimers generated, in this case, via a small degree of
intermolecular π‒stacking interactions between four carbon atoms on the anthracenyl
moiety and the corresponding carbons on the neighbouring molecule. The average
length of this interaction is of the order of 3.564 Å (3.556 – 3.572 Å) as would be
expected (generally, stacked PAH’s would be expected to exhibit interplanar distances
between 3.4 Å and 3.6 Å).195, 196 The data also indicates that the incorporation of the
benzyl functionality into this compound does not yield any stabilising effects via
intermolecular π‒stacking, π···H, or hydrogen bonding interactions. In the case of 2.3c,
a greater degree of facial overlap between anthracenyl units is observed. However, in
this case, the PAH units are displaced along the length of the unit so that π interactions
are observed (Figure 2.12), with the length of these interactions in the order of 3.409 –
3.659 Å, a full list of these interactions is given in Table 2.4.

Figure 2.7

Molecular structure of 2.1c. All hydrogen atoms have been omitted for
clarity.
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Figure 2.8

Molecular structure of 2.2c. All hydrogen atoms have been omitted for
clarity.

Figure 2.9

Molecular structure of 2.3c. All hydrogen atoms have been omitted for
clarity.
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Figure 2.10

Dimerisation of 2.1c via CH···π interactions. All hydrogen atoms
except H(15B), H(15D), H(21A) and H(21C) have been omitted for
clarity. (Symmetry operator for equivalent molecule: 1/2‒x, 3/2‒y,
1‒z.)

Figure 2.11

Dimerisation of 2.1c via π···π interactions. All hydrogen atoms have
been omitted for clarity. (Symmetry operator for equivalent molecule:
2‒x, ‒y, ‒z).
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Figure 2.12

Intermolecular packing arrangement of 2.3c illustrating the near
full‒facial

overlap

between

anthracenyl

moieties.

Terminal

phosphaadamantyl sp3 carbon atoms and all hydrogen atoms have been
omitted for clarity.
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Table 2.3

Selected bond lengths (Å) and angles (°) for 2.1c, 2.2c and 2.3c.a
2.1c

2.2c

2.3c

C(16)–P(1)

1.8609(17)

1.868(3)

1.861(2)

P(1)–C(17)

1.8716(17)

1.882(4)

1.883(2)

P(1)–X

1.8806(17)

1.881(3)

1.881(2)

C(15)–N(1)

1.481(2)

1.482(4)

1.489(3)

N(1)–C(16)

1.466(2)

1.465(4)

1.464(3)

N(1)–C(27)

1.484(2)

1.477(4)

1.470(3)

C(1)–C(15)

1.511(2)

1.517(4)

1.511(3)

X–P(1)–C(17)

92.52(8)

92.63(15)

92.52(10)

C(16)–P(1)–C(17)

104.21(7)

104.15(15)

104.17(10)

C(16)–P(1)–X

98.96(8)

98.45(14)

97.61(10)

C(16)–N(1)–C(15)

111.49(12)

110.0(2)

108.56(17)

C(16)–N(1)–C(27)

111.16(12)

110.3(2)

111.27(17)

C(27)–N(1)–C(15)

112.37(13)

110.0(2)

111.22(16)

N(1)–C(15)–C(1)

111.37(13)

111.9(3)

112.49(17)

a

For 2.1c, X= C(22), for 2.2c and 2.3c, X = C(20)
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Table 2.4

Selected approximate lengths

(Å) for intermolecular packing

a, b

interactions of 2.3c.

a

C(1) – C(9A)

3.477

C(2) – FCENT

3.514

C(3) – C(11A)

3.659

C(7) – C(13A)

3.409

C(9) – C(1A)

3.477

C(12) – ECENT

3.510

C(13) – C(7A)

3.409

C(14) – DCENT

3.439

C(2A) – CCENT

3.514

C(12A) – BCENT

3.659

C(14A) – ACENT

3.510

ACENT – DCENT

3.891

BCENT – FCENT

3.946

CCENT – ECENT

3.946

ACENT = C(1), C(2), C(7), C(8), C(9), C(14). BCENT = C(2) – C(7). CCENT = C(9) –

C(14). b Symmetry operator for equivalent molecule –x+1, ‒y+1, ‒z+2.
In summary, the crystallographic studies presented for 2.1a – 2.3c show that addition
of the bulky PAd moiety to the anthracenyl amine/imine appears to positively influence
the level of intermolecular π – interaction present in the crystal structures of these
compounds. This is particularly noted by contrasting the parallel displaced overlap of
anthracenyl moieties in imine 2.1a with the near full sandwich overlap of anthracenyl
units in 2.3c, although further work is required to obtain a full set of crystal structures
for fully analogous compounds such as 2.3a – 2.3c.
64

2.2.3

Preparation and Characterisation of Pt(II) complexes 2.1d – 2.3d

The co‒ordination chemistry of the ligands 2.1c – 2.3c was investigated via attempted
synthesis of their Pt(II) complexes. These were accessed by utilising ligand substitution
of the metal precursor PtCl2(cod) (cod = Cycloocta‒1,5‒diene). The methodology in
this case was to employ the square planar metal centre to effect a molecular clip motif
involving intramolecular π‒stacking of the neigbouring PAH functionalities, which
would be best positioned by having the two ligands cis. It is due to the propensity of
PtCl2(cod) to produce cis complexes that it was used.

Equation 2.1
Following synthesis of cream solids 2.1d – 2.3d in 14–29% isolated yields. Analysis by
31

P{1H} NMR (CDCl3) illustrated the presence of multiple phosphorus environments in

each case, suggesting that the samples were in fact impure. This could be due to
oxidation of the parent phosphine (2.1c – 2.3d), which would account for a number of
resonances in the positive region of the spectra. However, for 2.1d the presence of 195Pt
satelittes for the resonance at 3.0 ppm [1JPtP 3411 Hz] could be indicative of a cis
co‒ordination mode, involving trans P–Pt–N as illustrated in Figure 2.13. 197, 198
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Table 2.5

31

P{1H} NMR (CDCl3) resonances of 2.1d – 2.3d.
δ(P)

Figure 2.13

2.1d

27.5, 3.0, –4.4, –27.6

2.2d

26.8, 4.1, –1.2, –4.8, –5.7, –22.5, –43.0

2.3d

27.8, 2.85, –19.1, –21.6, –21.9, –22.67, –27.5

Potential co‒ordination mode of 2.1d.

The majority of resonances in each case were observed over a large range (+30 ppm to
‒30 ppm), with major resonances and any accompanying satellites being tentatively
assigned as the cis isomer in each case [1JPtP 3369, 4052, 4514 Hz respectively].
Interpretation of the 1H NMR (CDCl3) spectra indicates that, in the cases of 2.1d –
2.3d, the phosphaadamantane moiety (displayed by multiple resonances in the 0.7 –
1.8ppm region) is present within each complex. Mass analysis displays fragments at
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{m/z 1181.4312 [M –Cl]+ (2.1d), m/z 1278.4486 [M‒2H–Cl]+ (2.2d) and m/z
1207.4094 [M–Cl+Na]+ (2.3d)}. The cis conformations of 2.1d – 2.3d are confirmed
by the presence of two υPt‒Cl stretches between 320 and 280 cm–1 in the FT–IR (KBr
disc) spectra of these compounds.

2.2.4

Preparation and Characterisation of 2.1e and 2.1f

Tertiary phosphines 2.1e and 2.1f were prepared in a similar manner to their
phosphaadamantyl analogue 2.1c. However, as opposed to functionalisation of the new
9‒anthracenylamine with the bulky phosphaadamane cage, hydroxymethyldiphenyl
phosphine and

hydroxymethylbis(2‒methoxyphenyl)phosphine were utilised. Upon

cooling, subsequent to a 22h reflux under nitrogen, both new phosphines precipitated
from the methanolic reaction solution as cream/yellow solids in relatively high purity
(91% and 88%) as judged by

31

P{1H} NMR (CDCl3), with new resonances at δ(P)

–26.3 ppm and –40.1 ppm respectively for 2.1e and 2.1f. Both new phosphines showed
evidence of oxidation when CDCl3 solutions were left to stand overnight.

Equation 2.2
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The 1H NMR (CDCl3) spectra of 2.1e and 2.1f demonstrate characteristic anthracenyl
and phenyl multiplet resonances [δ(H) 6.46 – 8.52 ppm], AnthCH2N doublet [δ(H) 4.7
ppm, 4JPH 16 Hz], NCH2P [δ(H) 3.36 ppm, 2JPH 18 Hz] and the characteristic isopropyl
multiplet resonance [δ(H) 3.07 ppm, 4JPH 26 Hz]. The ternary nature of the nitrogen
atom in each compound is confirmed by lack of a characteristic υN‒H stretch in the
infra‒red spectra of 2.1e and 2.1f (in comparison, for 2.1b υN‒H 3444 cm–1). The
empirical formula of 2.1f is supported by the observed values from elemental analysis
(see Experimental Section). Successful synthesis of 2.1e and 2.1f is further supported
by ESI mass spectroscopy which gave predictable fragments at: {m/z 470.1797
[M+Na]+ for 2.1e and m/z 506.2241 [M‒H]+ for 2.1f}.

2.2.5

Platinum(II) Co‒ordination Chemistry of 2.1e and 2.1f

Ligands 2.1e and 2.1f were co‒ordinated to platinum(II) via ligand displacement of cod
from PtCl2(cod), at ambient temperature, to yield dichloroplatinum(II) complexes 2.1g
and 2.1h in 34% – 58% yields.

Equation 2.3
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The 31P{1H} NMR (CDCl3) spectra of 2.1g and 2.1h illustrate major resonances at δ(P)
9.81 ppm [1JPtP 3578 Hz] and δ(P) 10.76 ppm [1JPtP 3760 Hz], ca. 36 ppm and 55 ppm
downfield from the resonances illustrated by the parent phosphines. The

195

Pt satellites

noted in both cases, display coupling constants which suggest both compounds adopt a
cis conformation in solution.197,

198

Notably however, the

31

P{1H} NMR (CDCl3)

spectrum of 2.1h also exhibits a major resonance at –40.98 ppm [1JPtP 3825 Hz] which
is almost identical to that of the free phosphine ligand. Analysis of 2.1g and 2.1h via
ESI mass spectroscopy gave predictable fragments at: {m/z 1124.3563 [M‒Cl]+ for 2.1g
and m/z 1279.3601 [M‒H]+ for 2.1h}. Stretches at υ(Pt‒Cl) 320, 292 (2.1g) and 307, 279
cm–1 (2.1h) confirm the cis conformation of the Pt2+ centre.

2.3

Preparation and characterisation of 1‒pyrenyl 2‒anthracenyl phosphine
ligands bearing o‒methoxy groups

In addition to the series of tertiary phosphines bearing the 9‒anthracenyl functionality
detailed in this chapter, use of the pyrenyl functionality and 2‒anthracenyl moiety (also
prevalent in the literature due to their known fluorescence properties)72 was explored
via

use

of

1‒aminopyrene

and

2‒aminoanthracene

to

functionalise

a

HOCH2P(C6H4‒o‒OCH3)2 precursor. To this end, 2.3 and 2.4 were prepared by
condensation of 1‒aminopyrene and 2‒aminoanthracene with equivalent amounts of
HOCH2P(C6H4‒o‒OCH3)2 in methanolic solution. In both cases, solids were obtained
in high purity (95–100% as judged by 31P{1H} NMR spectroscopy) when the volume
of the reaction solutions were reduced in vacuo to ca. 1/3 of their original volume.
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Equation 2.4
New resonances were observed in the 31P{1H} NMR (CDCl3) spectra of 2.4 and 2.5 at
δ(P) –31.71 ppm and δ(P) –33.22 ppm respectively, approximately 11 ppm and 13 ppm
upfield from the observed signal of the hydroxymethylphosphine precursor. The
formation of the monophosphine species is supported in both cases by the presence of a
characteristic υN‒H stretch at ca 3444 cm‒1 in the FT–IR spectrum of both new
phosphines. The 1H NMR (CDCl3) spectra of 2.4 also demonstrates a broad singlet NH
resonance at 4.86 ppm, which further serves to affirm the ternary nature of the nitrogen.
Additional support for the preparation of 2.4 could be found from elemental analysis
which agreed with the predicted empirical formula. Support for the preparation of both
2.4 and 2.5 was also obtained from the ESI‒MS results which gave predictable
fragments at {m/z 480.2087 [M+H]+, 478.1562 [M‒H]+ for 2.4 and m/z 450.1611
[M‒H]+ for 2.5}. The molecular structure of 2.4 has also been determined by single
crystal X‒ray diffraction.
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2.3.1

Molecular structure of 2.4

Lustrous yellow slabs of 2.4, suitable for single crystal X‒ray diffraction, were obtained
upon standing a methanolic mother liquor from the synthesis of 2.4 and its molecular
structure was determined (Figure 2.14). A search of the CSD199 suggests that no
functionalised compounds of the class RN(H)CH2P(C6H4‒o‒OCH3)2 have been
structurally characterised, whereas a search for the analagous motif utilising
diphenylphosphine finds over 100 examples of such compounds. Selected bond lengths
and angles of 2.4 are given in Table 2.6.
The crystal structure of 2.4 exhibits only one PAH‒functionalised molecule in the
asymmetric unit of a monoclinic (P21/c) unit cell. The C–P–C angles for this compound
indicate that the phosphorus atom adopts a distorted pyramidal geometry. Although
there is no intermolecular or intramolecular hydrogen bonding of note, when examining
the packing motif of this compound along the crystallographic a‒axis (Figure 2.15), the
pyrenyl moieties appear to be very closely aligned through space, exhibiting full‒facial
overlap. Further investigation reveals however, slight slippage of the rings so that a
near full, but incomplete overlap is observed. These PAH groups, as with other
compounds documented herein, illustrate the apparent formation of dimers via π‒π
interactions between neighbouring pyrenyl groups (Figure 2.16).

71

Figure 2.14

Molecular structure of 2.4. All hydrogen atoms except that on N(1)
have been omitted for clarity.

Figure 2.15 Intermolecular crystal packing structure of 2.4.
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Figure 2.16

Intermolecular crystal packing arrangement of 2.4. All hydrogen atoms
except on N(1) and N(1A) have been omitted for clarity.

The observed distances (3.432–3.499 Å) between the phenyl rings which constitute the
pyrenyl moieties, and those on the opposing molecule are well within limits for
intermolecular π – π stacking.200 This evidence could also be indicative that this
particular compound could, when in solution, dimerise to form these pyrenyl exciplexes
and thus provide a suitable platform by which nitroaromatic quenching of fluorescence
could occur.
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Table 2.6 Selected bond lengths (Å) and angles (°) for 2.4.a,b
P(1)–C(17)

1.8477(19)

C(18)–P(1)–C(17)

102.33(8)

P(1)–C(18)

1.8306(17)

C(25)–P(1)–C(17)

98.93(8)

P(1)–C(25)

1.8346(16)

C(18)–P(1)–C(25)

103.93(7)

N(1)–C(17)

1.453(2)

C(1)–N(1)–C(17)

122.34(15)

C(1)–N(1)

1.378(2)

N(1)–C(1)–C(2)

121.37(16)

C(1)–C(2)

1.400(2)

N(1)–C(1)–C(14)

119.68(15)

C(1)–C(14)

1.420(2)

O(1)–C(19)–C(20)

123.79(16)

C(19)–O(1)

1.368(2)

C(19)–O(1)–C(24)

117.33(15)

O(1)–C(24)

1.431(2)

O(2)–C(26)–C(25)

115.19(14)

C(26)–O(2)

1.364(2)

C(26)–O(2)–C(31)

117.92(15)

O(2)–C(31)

1.422(2)

CCENT – C(14A)

3.432

ACENT – C(10A)

3.457

DCENT – C(15A)

3.474

BCENT – C(12A)

3.499

a

ACENT = C(1) ‒ C(4), C(16), C(14). BCENT = C(4) – C(7), C(15), C(16). CCENT = C(7) –

C(11), C(15). DCENT = C(11) – C(16). b Symmetry operator for equivalent molecule
x +1, y, z.

2.3.2

Platinum(II) co‒ordination Chemistry of 2.4 and 2.5

As with the previously synthesised Pt(II) compounds discussed, two equivalents of 2.4
and 2.5 were used to synthesise symmetrical Pt(II) chloride complexes in an attempt to
gain greater understanding into the potential interaction between the fluorescent
moieties present with the molecule. The precursor PtCl2(cod) was once again utilised in
reaction with two equivalents of 2.4/2.5 at ambient temperature to give complexes 2.6
and 2.7 (Scheme2.2) in 29% – 45% yields. The 31P{1H} NMR (CDCl3) spectrum of 2.6
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gave a new, broad phosphorus singlet at δ(P) 11.8 ppm, flanked by two equal

195

Pt

1

satellites [ JPtP 3873 Hz]. A coupling constant of this magnitude would support the cis
conformation of this compound; this is further confirmed by single crystal X‒ray
diffraction studies undertaken on crystals of 2.6 (see Section 3.3.3). A second, although
minor (4.5% observed 31P nuclei) resonance is also observed for 2.6 at δ(P) 15.3 ppm.
The absence of any observable 195Pt satellites for this particular species suggests that it
is a discrete P(III) species. A variable temperature 31P{1H} NMR study was conducted
in an attempt to further resolve the broad and minor resonances. Interpretation of the
VT‒NMR spectra aided elucidation with regard to satellite resonances pertaining to
whether the δ(P) 15.3 ppm singlet was present underneath the other broad resonances in
the spectrum, of which, there were none visible (Figure 2.18). Support for the
successful synthesis of 2.6 is given by ESI exact mass spectroscopy which gave
predictable fragments at: {m/z 1181.2742 [M‒Cl]+ and 1218.25 [M+H]+} and elemental
analysis, which supports the proposed empirical formula for this compound
[PtCl2(C29H26NO2P)2].

Scheme 2.2

Proposed structures of dichloroplatinum(II) complexes 2.6 and 2.7.

75

The

31

P{1H} NMR (CDCl3) spectrum of 2.7 similarly demonstrates a new, broad

phosphorus singlet at δ(P) 10.5 ppm and is flanked by

195

Pt satellites [1JPtP 3847 Hz]

which, as in the case of 2.6, is indicative of a cis conformation for the proposed Pt(II)
complex formed. Elemental analysis agrees with the proposed chemical formula for
2.7·0.85H2O. The presence of two υPt‒Cl stretches at 309.05 and 285.80 cm‒1 is also
suggestive of a cis conformation with respect to the Pt(II) centre for this compound.
The solvent CDCl3 allowed temperature variation between ca. +50°C and –50°C due to
the boiling point of the solvent, and also the viscous gel‒like solution that forms at
around ‒50°C. The

31

P{1H} spectra between these temperature limits were helpful in

illustrating that the small singlet remained unchanged, whereas the

31

P···195Pt pattern

broadened upon cooling to +10°C, but then sharpened again at –50°C.

Figure 2.17 Variable temperature

31

P{1H} NMR (CDCl3) spectra for 2.6, recorded

between +50°C and –50°C.
At room temperature, the 1H NMR (CDCl3) spectrum shows a number of broad
resonances, in fact some resonances are not present in the spectrum at all. As all other
analytical methods used supported the proposed structure, it was decided to perform
analysis of the variable temperature 1H NMR (CDCl3) spectra for 2.6. This reveals that
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upon cooling, the broad singlet peak associated with the –OCH3 moieties within the
molecule (2.9 ppm) observed at room temperature diverges into two sharp peaks at 2.1
and 3.5 ppm. The presence of two different environments for this functionality within
the molecule is illustrated by analysis of the molecular structure obtained by single
crystal X‒ray diffraction studies of this compound (Figure 2.19). This figure illustrates
that half of the –OCH3 groups have an orientation which is almost coplanar to the
pyrenyl functionalities within the molecule, whereas the other half are orientated in a
mode which points almost perpendicularly away from the pyrenyl moieties. With
reference to Figure 2.18, the ‘absence’ of OCH3 signals in the room temperature 1H
NMR (CDCl3) spectrum was most concerning. However, upon closer inspection, there
is a broad signal at 3 ppm which may be the coalescence signal caused by molecular
motion within the molecule that effectively averaged the signals from the two
crystallographically distinct OCH3 groups. On cooling to +20°C and +10°C, this signal
broadened further and appeared as two very broad signals at 3.3 and 2.5 ppm. On
cooling to –20°C, the signals began to sharpen. Upon cooling to –50°C, two distinct
OCH3 signals were clearly visible that integrated in agreement with the proposed
structure.

Figure 2.18

Variable temperature 1H NMR (CDCl3) spectra for 2.6, recorded
between +25°C and –50°C.
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The chemical shifts of the two OCH3 groups are significantly different to one another,
despite appearing symmetric in Scheme 2.2. Therefore, one of the OCH3 groups must
experience a different environment to move the chemical shift value from an expected
ca. 3.4 ppm to 2.1 ppm. Of the two most plausible influences on chemical shift, it is the
ring current effect of the pyrenyl system that is most likely [with a sterically rigid
H···H interaction less likely in this structure, but which moves the shift to high field
(near 0 ppm)]. This ring current is mild in this structure compared to the classic
example of dimethyldihydropyrene.201 This is highlighted in the observed molecular
structure of 2.6 by the location of an OCH3 group at ca. 3.5 Å above the pyrene system
at its closest approach in a flexible and dynamic molecule. The other OCH3 has no
special interactions and appears at the expected chemical shift of ca. 3.3 ppm. At room
temperature, only a few of the expected aromatic hydrogens are observed with
doublet/triplet patterns and several signals are broadened significantly with severe
overlap. On cooling, most signals sharpen, and the COSY at –50°C shows the coupling
between multiplets. The asymmetry of the OCH3 groups and pyrene moieties produces
a complex series of signals, which even at –50°C still show evidence of broadness. At
room temperature, the NH proton was tentatively assigned to a broad singlet resonance
at 4.78 ppm. However, upon cooling to –50°C, a new signal appears at 9.1 ppm that is
assigned to the NH proton, with splitting arising from the 3JHP coupling. The COSY
appears to show a coupling to the aromatic region, but this is a very low intensity
correlation that is not structurally significant.

2.3.3

Molecular structure of 2.6

Small, pale green blocks of 2.6 suitable for single crystal X‒ray diffraction studies were
grown via vapour diffusion of diethyl ether into a CDCl3 solution of 2.6 and the
molecular structure determined (Figure 2.15). The structure of 2.6 shows the
asymmetric unit to contain one molecule of 2.6 and two molecules of crystallisation of
CDCl3. The dichloroplatinum complex shows a distorted square planar geometry with
respect to the Pt(II) centre [P(1)–Pt(1)–Cl(2) 171.77(5)°, P(2)–Pt(1)–Cl(1) 171.65(5)°],
with two 2.4 ligands co‒ordinating to the Pt(II) centre in a cis conformation with
respect to one another. The phosphorus atoms in both cases have a distorted tetrahedral
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geometry (illustrated by the relevant bond angles) whereas the nitrogen atoms
demonstrate trigonal planar arrangement [sum of component angles 360° and 359.9°
respectively for N(1) and N(2)].

Figure 2.19

Molecular structure of 2.6. All hydrogen atoms, except those on N(1),
and two molecules of CDCl3 of crystallisation have been omitted for
clarity.

The pyrenyl components of 2.6 are orientated in a trans fashion and are rotated by
62.05° with respect to one another. The conformation appears to be influenced quite
strongly by π – π interactions between opposing phenyl moieties [ipso carbons C(25)
and C(56) on P(1) and P(2) respectively]. The ring systems in this case are staggered by
ca. 5° with –OCH3 functionalities trans to one another, minimising steric interactions
between the two bulky groups. The inter‒ring distances range from 3.329–3.509 Å,
which again is typical of this type of interaction.200 The structure is also stabilised by
two weak intramolecular hydrogen bonds between each of the two amine protons, H(1)
and H(2), and the corresponding chloride ligands, Cl(1) and Cl(2) (2.60 Å and 2.40 Å
respectively). There is no evidence to support intermolecular stacking of pyrenyl
moieties. However, neighbouring molecules are linked head‒to‒tail by two
intermolecular pyrenyl C–H····π interactions. The extended intermolecular structure of
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this compound is also supported by two additional C–H····π interactions (this time
involving two phenyl protons) which mirror those observed between the two pyrenyl
functionalities (Figure 2.20).

Figure 2.20 Crystal packing structure of 2.6. All hydrogen atoms, except those
involved in hydrogen and C–H····π bonding, and two molecules of CDCl3
of crystallisation have been omitted for clarity.
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Table 2.7 Selected bond lengths (Å) and angles (°) for 2.6.

a

Pt(1)–P(1)

2.2486(13)

C(25)–P(1)–C(18)

104.3(2)

Pt(1)–P(2)

2.2585(13)

C(25)–P(1)–C(17)

102.7(2)

Pt(1)–Cl(2)

2.3671(12)

C(18)–P(1)–C(17)

107.5(2)

Pt(1)–Cl(1)

2.3748(13)

C(25)–P(1)–Pt(1)

125.38(17)

C(1)–N(1)

1.371(7)

C(18)–P(1)–Pt(1)

106.51(18)

N(1)–C(17)

1.440(7)

C(17)–P(1)–Pt(1)

109.31(17)

C(17)–P(1)

1.881(6)

C(32)–N(2)–C(48)

125.3(5)

P(1)–C(18)

1.823(5)

C(49)–P(2)–C(56)

103.5(2)

P(1)–C(25)

1.814(5)

C(56)–P(2)–C(48)

102.0(2)

C(32)–N(2)

1.378(7)

C(49)–P(2)–C(48)

108.2(2)

N(2)–C(48)

1.445(7)

C(56)–P(2)–Pt(1)

126.07(17)

C(48)–P(2)

1.868(6)

C(49)–P(2)–Pt(1)

107.31(17)

P(2)–C(49)

1.821(5)

C(48)–P(2)–Pt(1)

108.72(16)

P(2)–C(56)

1.821(5)

P(1)–Pt(1)–P(2)

101.96(5)

N(1)–H(1)...Cl(1)

2.60

P(1)–Pt(1)–Cl(2)

171.77(5)

N(2)–H(2)...Cl(2)

2.40

P(1)–Pt(1)–Cl(1)

86.39(5)

H(34A)...ACENT

2.686

P(2)–Pt(1)–Cl(2)

85.63(5)

H(33A)...BCENT

2.850

P(2)–Pt(1)–Cl(1)

171.65(5)

H(60B)...ACENT

2.999

Cl(2)–Pt(1)–Cl(1)

86.03(5)

H(59B)...BCENT

2.906

C(1)–N(1)–C(17)

127.0(5)

ACENT = C(11)–C(16). BCENT = C(7)–C(11), C(15).
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2.3.4

Chloride abstraction from the Pt(II) centres of 2.6 and 2.7

Further to the synthesis of dichloroplatinum(II) complexes 2.6 and 2.7 and investigation
of the molecular stucture of 2.6 via single crystal X‒ray diffraction studies, which
demonstrated the pyrenyl moieties within the molecule to locate themselves trans to
one another, attempts to selectively modify this structure were made. The chosen route
for this modification was by utilising chloride abstraction from the Pt(II) centre. This
could allow this newly reactive Pt(II) species to co‒ordinate with the oxygen atom(s) of
the OCH3 groups. This could hence ‘lock’ the conformation of the resultant compound
such that facial overlap of the PAH moieties could be enhanced. An initial synthesis
centred around the use of two equivalents of NaSbF6 to abstract chloride from the metal
centre. However, following the attempted syntheses, investigation of the 31P{1H} NMR
(CDCl3) spectrum for the solid obtained illustrated no changes from that of the parent
complex 2.6. To that end, two equivalents of AgBF4 were reacted with complexes 2.6
or 2.7 instead, in the absence of light, and stirred for 2h at ambient temperature, to
afford complexes 2.8 and 2.9 in 50% and quantitative yields respectively.
The

31

P{1H} NMR (CDCl3) spectra for 2.8 and 2.9 each displayed two new, broad

singlet resonances, with accompanying

195

Pt satellites at δ(P) –53.1 ppm [1JPtP 2979

Hz], 61.1 ppm [1JPtP 4113 Hz] (2.8) and δ(P) –55.5 ppm [1JPtP 2535 Hz], 61.1 ppm [1JPtP
4208 Hz] (2.9) as illustrated in Figure 2.21 and Figure 2.22 respectively.
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Figure 2.21

31

P{1H} NMR (CDCl3) resonances of 2.8. The line width has been

broadened from 1 Hz to 40 Hz to enhance the clarity of the observed
resonances.
The Pt–P coupling constants observed are distinctly different from those observed for
free complexes 2.6 and 2.7 which each display one signal with accompanying satellites
in their 31P{1H} NMR (CDCl3) spectra. The presence of two non‒equivalent signals in
both cases indicates the presence of two different phosphorus environments. The
difference in coupling constants suggests that the donor atoms trans to phosphorus are
different in each case. The larger coupling constants are in the order of ca. 4100 Hz and
consistent with phosphorus being trans to a weakly bound donor ligand such as the
OCH3 group. Alternatively to OCH3 binding, residual methanol from the phosphine
synthesis, diethyl ether from synthesis of the unconstrained complexes or H2O could
occupy the co‒ordination site. The other co‒ordination site denoted by the lesser
83

coupling constant suggests that the donor atom in question is a stronger σ–donor,
possibly the nitrogen of the secondary amine. This presents with some uncertainty, and
could indicate the formation of a small and highly strained 4‒membered chelate system.

Figure 2.22

31

P{1H} NMR (CDCl3) resonances of 2.9. The line width has been

broadened from 1 Hz to 40 Hz to enhance the clarity of the observed
resonances. (*) denotes unassigned resonances.
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Scheme 2.3 Synthetic route to 2.8 and 2.9.
Analysis of 2.8 and 2.9 by ESI‒MS gave predictable fragments at {m/z 1145.2991
[M+H]+ (2.8), m/z 1098.3013 [M+H]+ (2.9) with respect to the proposed 4 and 5
membered chelate complexes, while FT–IR (KBr disk) analysis demonstrated a lack of
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the characteristic υPt‒Cl stretches present in the parent cis dichloro complexes. Elemental
analysis also gives close agreement for the proposed formulae for 2.8 and 2.9.

2.3.5

Au(I) Co‒ordination Chemistry of 2.4 and 2.5

In combination with utilisation of Pt(II) centres, our group has a long standing interest
in employing Au(I) centres to co‒ordinate a variety of P(III) compounds.

53, 54, 56, 202

As

for the syntheses detailed herein which utilise PtCl2(cod), the same ligand substitution
principle has been applied to syntheses using the Au(tht)Cl metal precursor. The Au(I)
compounds 2.10 and 2.11 were synthesised at room temperature via equimolar reaction
of 2.4/2.5 with AuCl(tht).

Equation 2.5
The 31P{1H} NMR (CDCl3) spectrum for 2.10 displays a very broad (ω1/2 = ca. 800 Hz)
resonance spanning ca. 10.5 ppm, with resonances appearing at 33.3 ppm and 22.8
ppm. This broadness is consistent with other compounds of this class previously
discussed and could indicate a rapid exchange between two different phosphorus
environments, or the presence of two closely related, discrete environments. In contrast,
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the spectrum for 2.11 illustrates a single, sharp singlet at δ(P) ‒22.8 ppm which
conflicts with the broadness displayed through 31P{1H} NMR (CDCl3) analysis of the
dichloroplatinum(II) complex (2.7). This evidence (in conjunction with the observation
of sharp resonances for the free ligand) further serves to suggest that the broadness
associated with the

31

P{1H} NMR (CDCl3) resonances observed for complex 2.7 is

induced through conformational change related to dynamic binding between the Pt(II)
centre and heteroatoms from the N–H or OCH3 functionalities present.
Table 2.8

1

H NMR (CDCl3) data for 2.10 and 2.11.

δ(H) O–CH3

δ(H) P–CH2–N

δ(H) Ar–H

2.10

3.63

4.72

8.01–6.66

2.11

3.89

4.72

8.26–6.87

2.3.6

Molecular structure of 2.10

Small, dark yellow plates of 2.10 suitable for single crystal X‒ray diffraction studies
were grown via vapour diffusion of diethyl ether into a CDCl3 solution of 2.10 and the
molecular structure was determined (Figure 2.23) The Au(I) complex demonstrates a
distorted linear conformation [P(1)–Au(1)–Cl(1) = 176.91(5)°] with the phosphorus
centre in this case adopting a distorted tetrahedral geometry as demonstrated by the
relevant C–P–Au angles [C–P–Au range: 106.47(17)–115.69(16)°]. The nitrogen atom
in this case adopts a distorted trigonal planar geometry [sum of angles 350.3°]. The
crystal structure of 2.10 does not incorporate any solvent molecules of crystallisation
and only a single molecule of 2.10 constitutes the asymmetric unit.
Investigation of the intermolecular interactions within the packing structure of this
compound rules out a weak Au····Au interaction [4.015 Å] which, at this considerable
length, could not be considered to be genuinely aurophilic. Schmidbauer and Schier203
have defined the range of true aurophilic interaction to be 2.50‒3.50 Å, which is
significantly less than the sum of two Van der Waal’s radii for gold (3.80 Å). These
interactions are further stabilised by the presence of in this case, symmetrical, Au···Cl
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interactions [Au(1)···Cl(1A) = 3.922 Å]. More interestingly, the pyrenyl PAH
functionalities of 2.10 exhibit a very strong degree of intermolecular overlap. The
distance between these fluorescent functionalities ranges from 3.648–3.787 Å. This
occurs due to slight slippage of the rings and measurement between the symmetry
generated opposing carbon atom. The inter plane distance for the two moieties which
lie coplanar with respect to one another is ca. 3.516 Å. The extended packing structure
of 2.10 exhibits layers of pairs of molecules displaying facial overlap of pyrenyl
moieties which are bridged by the Au···Au and Au···Cl interactions noted.

Figure 2.23

Molecular structure of 2.10. All hydrogen atoms except that on N(1)
have been omitted for clarity.

Table 2.9 Selected bond lengths (Å) and angles (°) of 2.10.
Au(1)–P(1)

2.2364(12)

P(1)–C(25)

1.797(5)

Au(1)–Cl(1)

2.2851(12)

C(1)–N(1)

1.390(6)

C(17)–P(1)

1.854(5)

N(1)–C(17)

1.438(7)

P(1)–C(18)

1.813(5)

P(1)–Au(1)–Cl(1)

176.91(5)

C(18)–P(1)–C(17)

104.4(2)

C(17)–P(1)–Au(1)

106.47(17)

C(25)–P(1)–C(17)

107.5(2)

C(18)–P(1)–Au(1)

112.56(18)

C(25)–P(1)–C(18)

109.5(2)

C(25)–P(1)–Au(1)

115.69(16)

C(1)–N(1)–C(17)

121.2(4)

88

89

Figure 2.24 Packing structure of 2.10 highlighting the overlap between PAH moieties and intermolecular Au···Cl interactions present. All
hydrogen atoms except those on N(1), N(1A) and N(1B) have been omitted for clarity. Symmetry operator for equivalent
molecule A: x‒1, y+1, z+1, molecules B and C: ‒x, 1‒y, ‒z.

2.4

Preparation and characterisation of 1‒pyrenylmethyl bisphosphine ligands

Further to the syntheses described previously which relate to pyrenyl and anthracenyl
monophosphine compounds, the synthesis of bisphosphine pyrenylmethyl analogues
were conducted, thus adding a CH2 spacer between the pyrenyl and amine moieties.
The methodology behind these syntheses was inspired by investigation of the crystal
packing structure of 2.10, illustrated in Figure 2.24. This derives from the ability of
PAH’s to exhibit intermolecular π–stacking interactions, as opposed to trying to force
the conformation of previously synthesised Pt(II) analogues into a successful molecular
clip motif. Also, a search of the literature highlights that no compounds of the type
RN{P(C6H4‒o‒OCH3)2}2 had been previously synthesised. To this end, bisphosphines
2.12 and 2.13 were synthesised in 31% and 70% yields respectively via 24 h reflux in
methanolic

solution

between

HOCH2PR2

(2

eq.),

Et3N

(1.1

eq.)

and

1‒pyrenylmethylamine hydrochloride.

Equation 2.6
Et3N was used to remove HCl, thereby generating in‒situ the free amine. The cream
coloured precipitates were filtered, without need for reduction in solvent volume,
demonstrating their insolubility in methanol. The
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31

P{1H} NMR (CDCl3) spectra for

2.12 and 2.13 each displayed a sharp, singlet resonance at δ(P) –28.5 ppm and δ(P) –
44.5 ppm in addition to minor resonances relating to the formation of monosubstituted
phosphine species (8% and 4% by integration of

31

P resonances). The absence of

characteristic υN‒H stretching bands in the FT–IR spectra of these compounds only
serves to confirm the ternary nature of the nitrogen atom. Analysis of 2.12 and 2.13 via
ESI mass spectroscopy gave predictable fragments at: {m/z 628.2316 [M+H]+ for 2.12
and m/z 748.2729 [M+H]+ for 2.13}. 1H NMR (CDCl3) data are given in Table 2.10 and
illustrate the upfield shift of the aromatic phenyl protons due to the presence of the
electronegative o‒OCH3 substituents. The effect of increasing the electronegativity of
the substituents upon the phosphorus centre and subsequent de‒shielding of the P–
CH2–N protons is also shown by the downfield shift between 2.12 and 2.13.

Table 2.10

1

H NMR (CDCl3) data for 2.12 and 2.13.

δ(H) Py–CH2–N

δ(H) P–CH2–N

δ(H) Ar–H

2.12

3.40

3.58

8.27–6.96

2.13

3.75

4.65

8.25–6.43

2.4.1

Platinum (II) co‒ordination chemistry of 2.12 and 2.13

Following the generation of bisphosphines 2.12 and 2.13, the co‒ordination properties
of these ligands was explored utilising (as with other complexes of this class which
have been detailed already) ligand substitution of PtCl2(cod) in order to potentially
enhance the fluorescence properties of the ligands. Complexes 2.14 and 2.15 were
afforded following a 2h room temperature stirring of 2.12 and 2.13 with one equivalent
of the metal precursor in dichloromethane. Dark yellow solids were obtained following
precipitation with diethyl ether in 54% and 84% yields respectively.
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Equation 2.7

The

31

P{1H} NMR spectra for 2.14 and 2.15 each displayed new, sharp singlet

resonances, with accompanying

195

Pt satellites at δ(P) (DMSO) –7.3 ppm [1JPtP 3424

Hz], and δ(P) (CDCl3) –5.9 ppm [1JPtP 3609 Hz], 61.1 ppm [1JPtP 4208 Hz] (2.9).
Coupling constants of this magnitude are indicative of the expected cis conformation
for both of these compounds where P is trans to Cl.197,

198

Analysis by ESI mass

spectroscopy gave predictable fragments at: {m/z 915.1156 [M+Na]+ for 2.14 and m/z
1013.786 [M+Na]+ for 2.15}. The empirical formulae for these complexes are
supported by elemental analysis data.
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2.4.2

Molecular structure of 2.15

Small, colourless blocks of 2.15, suitable for single crystal X‒ray diffraction studies,
were grown via vapour diffusion of diethyl ether into a CH2Cl2/toluene solution of 2.15
and the molecular structure was determined (Figure 2.25).

Figure 2.25

Molecular structure of 2.15. All hydrogen atoms, as well as one
molecule of crystallisation of CH2Cl2 and one of Et2O have been omitted
for clarity.

The molecular structure of 2.15 shows the asymmetric unit to contain one molecule of
crystallisation of CH2Cl2 and one molecule of crystallisation of Et2O in addition to one
molecule of the metal complex. The dichloroplatinum complex displays a distorted
square planar geometry with respect to the Pt(II) centre [P(1)–Pt(1)–Cl(1) 174.11(5)°,
P(2)–Pt(1)–Cl(2) 177.45(5)°], with the chelating phosphine co‒ordinating to the Pt(II)
centre in the expected cis conformation. The phosphorus atoms in both cases exhibit a
distorted tetrahedral geometry, with the nitrogen atom also displaying a similar
geometry [illustrated by the relevant bond angles], with the Pt–P–C–N–C–P ring
adopting a chair conformation. In this case, N(1) Pt(1) are situated ca. 20.1° above and
16.1° below the mean plane defined by P(1), C(18), P(2), C(33) respectively.
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Table 2.11 Selected bond lengths (Å) and angles (°) for 2.15.
Pt(1)–P(1)

2.2435(15)

P(1)–C(18)

1.836(5)

Pt(1)–P(2)

2.2339(15)

P(1)–C(19)

1.823(6)

Pt(1)–Cl(1)

2.3647(14)

P(1)–C(26)

1.833(6)

Pt(1)–Cl(2)

2.3650(14)

C(33)–P(2)

1.841(6)

C(17)–N(1)

1.486(7)

P(2)–C(34)

1.819(6)

N(1)–C(18)

1.454(7)

P(2)–C(41)

1.822(6)

N(1)–C(33)

1.478(7)

P(2)–Pt(1)–P(1)

95.60(5)

C(18)–P(1)–Pt(1)

118.42(19)

P(1)–Pt(1)–Cl(1)

174.11(5)

N(1)–C(17)–C(1)

111.3(4)

P(1)–Pt(1)–Cl(2)

86.80(5)

C(18)–N(1)–C(17)

112.8(4)

P(2)–Pt(1)–Cl(1)

87.82(5)

N(1)–C(18)–P(1)

110.7(4)

P(2)–Pt(1)–Cl(2)

177.45(5)

C(18)–N(1)–C(33)

110.5(5)

Cl(1)–Pt(1)–Cl(2)

89.71(5)

C(33)–P(2)–Pt(1)

113.4(2)

C(19)–P(1)–C(26)

106.0(3)

C(34)–P(2)–Pt(1)

111.99(19)

C(26)–P(1)–C(18)

103.9(3)

C(41)–P(2)–Pt(1)

114.7(2)

C(26)–P(1)–Pt(1)

109.13(19)

C(34)–P(2)–C(33)

105.1(3)

C(19)–P(1)–C(18)

104.1(3)

C(41)–P(2)–C(33)

105.9(3)

C(19)–P(1)–Pt(1)

114.14(19)

C(34)–P(2)–C(41)

104.9(3)
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Investigation of the crystal packing motif of 2.15 yields no intermolecular interactions
of note, with no evidence to support intermolecular π‒stacking between the pyrenyl
PAH functionalities in this case. However, the structure appears to be stabilised via a
π‒stacking interaction between one of the aromatic substituents on P(1) and the pyrenyl
moiety. The two ring systems in this case are not coplanar and are orientated with a
13.10° narrowing between the mean planes of each system with a variance in ring
separation of either moiety ranging from 3.429(9) Å to 3.977(8) Å.

2.4.3

Gold (I) co‒ordination chemistry of 2.13

In keeping with previously synthesised phosphines detailed, the Au(I) precursor
AuCl(tht) was employed in a simple room temperature ligand substitution reaction with
0.5 eq. of 2.13 in dichloromethane to yield bimetallic gold complex 2.16 following
precipitation with diethyl ether.

Equation 2.8

95

The 31P{1H} NMR spectrum for 2.16 displayed a new, sharp singlet resonance at δ(P)
(CDCl3) 15.9 ppm, some 60 ppm upfield of the free ligand. The ternary nature of the
nitrogen atom is confirmed by the absence of a characteristic stretching band in the FT–
IR spectrum for this compound. Analysis by ESI mass spectroscopy gave predictable
fragments at: {m/z 1176.1671 [M‒Cl]+ and m/z 1234.1256 [M+Na]+ for 2.16}.
Elemental analysis is in close agreement with the proposed formula of 2.16·0.5CH2Cl2.
In summary, a digold(I) complex of bisphosphine 2.16 has been synthesised and
characterised. Characterisation by

31

P{1H} NMR revealed a sharp resonance which

contrasts from the broad resonance observed for the analogous monophosphine ligand
2.10, which suggests that the ternary nature of the amine could be very important for
controlling the bond rotations of this compound in solution and hence influence the
relative positions / stabilities of fluorophores with respect to one another.

2.5

Preliminary Fluorescence Quenching Studies

Further to the synthesis of new tertiary and ditertiary phosphines 2.1–2.16, preliminary
fluorescence studies have been undertaken in order to investigate the effect of structural
differences between compounds upon their fluorescence properties and potential
suitability for the detection of nitroaromatic explosives. More specifically, this section
will focus around the fluorophore used, the effect of complexation to a metal [Pt(II)]
centre, and the effect of constraining the structure of these complexes via chloride
abstraction upon the fluorescence quenching of selected compounds in the presence of
the nitroaromatic 2,4–dinitrotoluene (DNT).

2.5.1

Fluorescence Quenching of Pyrenyl Compounds 2.4, 2.6 and 2.8

In order to evaluate the fluorescence behaviour of compounds 2.4, 2.6 and 2.8 which
contain the 1‒pyrenyl moiety, 5μM solutions of these compounds were used to obtain
unquenched emission data, before a range of concentrations of DNT were used to
investigate any change to the fluorescence behaviour of the compounds.
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Figure 2.26

Fluorescence emission spectra of free ligand 2.4, illustrating the effect
of the addition of various concentrations of DNT.

The emission spectrum of 2.4 exhibits a large, broad peak λem=435 nm. Very little
vibrational information is depicted by this spectrum. The emission spectrum of free
pyrene, for example, displays vibronic bands at ca. 375, 379, 385, 395 and 410 nm204
which correspond to (monomeric) π → π* transitions. This appears to demonstrate a
high level of interaction between the pyrenyl moiety present in 2.4 and other
components of the structure, perhaps with the lone pairs of electrons on the amine and
particularly the phosphine and could be due to charge transfer occurring within this
fluorescent molecule. This is rationalised upon examination of the emission spectrum
of 2.6, which demonstrates a slight increase in the level of vibronic information
observed on the spectrum (Figure 2.27). The free ligand also does not display a typical
excimer peak corresponding to a ground state and an excited state pyrene being within
10 Å of each other204 at ca. 460 nm, which is displayed by other pyrenyl chemosensors
such as 1.30.87 The introduction of various equivalents of DNT appears firstly to
increase the fluorescence emission of 2.4 at low (0.01 and 0.05 μM) concentrations,
hence displaying a “Turn On” of fluorescence, before undergoing a “Turn Off” of
fluorescence upon the introduction of 0.1 and 1.0 μM amounts of DNT. The lack of
quenching observed upon the introduction of 0.2 μM DNT suggests that there is no
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determined correlation between the quantity of nitroaromatic added in this case and the
observed quenching of the fluorescence emission. The lack of a blue shift of the
spectrum upon quenching of the observed fluorescence (with the observation of
subsequent monomer bands) suggests that the excimer is not significantly present
within the measured solution.
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Figure 2.27

Fluorescence emission spectrum of square planar PtCl2 complex 2.6,
illustrating the effect of the addition of various concentrations of DNT.

As illustrated in Figure 2.27, the fluorescence spectrum of the unquenched complex 2.6
displays a broad band λmax= 434 nm, in addition to what appears to be a band at 416 nm
and an artefact at 390 nm. This increase in the level of vibronic information could be
due to the modification of the electronic properties of this compound by utilisation of
the phosphorus lone pair for co‒ordination to the metal centre, hence altering the
interaction between this functionality and the fluorescent pyrenyl moiety. It should also
be noted at this point that in order to maintain the fluorescence intensity of 2.6, the
entry and exit band widths (0.1, 0.1 nm) for 2.4 had to be increased (0.5, 0.5 nm). This
reduction in fluorescence emission upon co‒ordination to a metal centre can also occur
due to a charge transfer process between the fluorophore and the d‒orbitals of the
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co‒ordinated metal, in this case Pt(II).86,107,108,205 The fact that the potentially monomeric
emission at 390 nm is apparent upon co‒ordination suggests that either, a difference in
energy between the levels of the d‒orbitals of the metal and those of the singlet state
pyrenyl moiety are not so great as to fully quench the fluorophore, or that the metal
centre is far enough away from the pyrenyl moiety for it not to be fully quenched. 86, 206
In contrast to 2.4 however, the addition of various concentrations of DNT to 2.6
appears to show sequential decrease in the fluorescence emission with increasing
concentration until 0.5μM. This characteristic would be desirable in a chemosensor
where potentially, the sensor could be quantitatively used to determine the
nitroaromatic present. Addition of an equimolar amount of DNT to 2.6 however, sees a
marked decrease in the vibronic band at 390 nm, with a subsequent increase of the 434
nm band. This could be due the formation of a molecular clip motif, where DNT is
sandwiched between pyrenyl moieties. The drastic increase in the number of DNT
molecules between the fluorescent groups causes a distortion of the clip motif by
forcing the pyrenyl moieties apart, or into an altered conformation.
The fluorescence emission spectra for the constrained complex 2.8 (Figure 2.28),
demonstrates characteristics of both 2.4 and 2.6, in that the spectrum consists of a
single, broad band at 434nm, with a small secondary artefact around 390 nm. This
observation again supports interaction between the fluorophore and the metal centre.
Introduction of increasing quantities of DNT highlights little change (although a small
increase of fluorescence is noted) in the recorded spectra from the unquenched sample,
until the addition of an equimolar amount of DNT. This is suggestive of a reduction in
sensitivity of the constrained complex to DNT with respect to 2.4 and 2.6, highlighting
the need for more in‒depth concentration studies to be undertaken to explore the effects
of addition of intermediate quantities of quencher not explored here.
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Figure 2.28

Fluorescence emission spectrum of constrained complex 2.8,
illustrating the effect of the addition of various concentrations of DNT.

In summary, the fluorescence emission spectra of a number of pyrenyl‒functionalised
compounds have been recorded and their response to the addition of various
concentrations of DNT have been observed. The free pyrenyl ligand 2.4 appears to have
little predictable response towards the addition of DNT, which would preclude it from
use as a potential chemosensor for nitroaromatic explosives. In contrast to this
however, complexation of this ligand to a Pt(II) centre appears to have enhanced the
properties of this compound towards fluorescence turn off in the presence of DNT at
low concentrations, although further studies are required to understand the mechanism
of fluorescence turn on at higher nitroaromatic concentrations. Further work is also
needed to understand the efficacy of constrained complex 2.8 towards the addition of
intermediate concentrations of nitroaromatics to investigate whether this compound
could be reliably quenched at higher concentrations.
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2.5.2

Fluorescence Lifetimes of Pyrenyl Compounds 2.4, 2.6 and 2.8

In addition to the measurement of emission spectra for pyrenyl compounds 2.4, 2.6 and
2.8, the fluorescence lifetimes were measured in order to elucidate the mechanism of
fluorescence quenching. The two mechanisms of quenching that are most pertinent here
are; static and dynamic quenching. Eftink207 and Lakowicz208 equate dynamic
quenching to collisional quenching whereby diffusion is required to bring the quencher
into close enough proximity to the fluorophore to result in quenching. 209 Eftink207
defines static quenching as a process not involving diffusion and whereby the
fluorescence lifetime of the fluorophore remains unchanged (which implies that no
emission is observed for the fluorophore–quencher pair). These definitions give a
useful platform from which to interpret the data obtained from fluorescence lifetime
measurements and can thus inform as to whether the unconstrained complex is acting as
a molecular clip or not.
From examination of the data recorded for all three pyrenyl compounds displayed in
Table 2.12, it is evident that the recorded lifetimes in all cases are exceedingly small
compared to that of free pyrene, which has a lifetime in excess of 200 ns.210 In fact the
observed values of ca. 5 ns would be more consistent with that of free anthracene,211
with only 2.6 displaying a second lifetime component that is 4x longer than the
observed values for 2.4 and 2.8. This therefore suggests that electron transfer processes
that are occurring within the pyrenyl‒functionalised compounds drastically shorten the
period for which the compounds emit photons upon excitation. However, for all three
compounds, there is very little change in the lifetimes upon an increase in concentration
of the DNT quencher. This would suggest that the predominant mode of quenching for
all three compounds is that of static quenching, whereby the fluorophores sandwich the
electron deficient DNT molecules in a manner which does not compete with the
radiative process, and without the involvement of diffusion.209 However, for complex
2.7, addition of equimolar DNT causes the lifetime of the unquenched solution (20.01
ns) to decrease to 18.78 ns, which indicates that dynamic quenching processes may be
involved in the quenching mechanism here, although static quenching is likely to be the
major process occurring.
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Examination of the quenching constants for these compounds shows very little
variation between the experimentally determined values upon addition of increasing
concentrations of DNT to each of the three compounds, with similar kd and kob values
observed. Values for the observed quenching constant (kob) have been quoted, as
opposed to kq to reduce error, as the calculation of kq would require division of two
experimentally determined components. The observed quenching constant of 2.8
appears to be much (in the order of 5x) greater than that found for either 2.4 or 2.6,
which is also manifested as a lifetime component in the order of 1ns. This is
presumably due to inhibition of the fluorescence process by an increased interaction of
the fluorophore with the d‒metal centre, which is co‒ordinated in much closer
proximity than in the unconstrained complex.
In summary, the functionalisation of pyrene to achieve the molecular structure for 2.4
has served to shorten the fluorescence emission lifetime greatly with respect to free
pyrene. This is also true of complexation of this ligand to a metal centre and further
constraining the structure of this complex. The fluorescence lifetimes do not decrease
drastically upon quenching, which suggests that static quenching is the predominant
mechanism by which quenching occurs. However, further studies as to the lifetime at
various wavelengths of the bands displayed in the fluorescence spectra are required to
determine whether several electron transfer processes are occurring, and whether the
dynamic quenching has a larger role in the quenching process.
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Table 2.12

Lifetimes and quenching constants for 2.4, 2.6 and 2.8.

2.4

103
kd

τ1 (ns)

[DNT]

4.47

0.00

2.6

–7

2.8

τ1 (ns)

τ2 (ns)

[DNT]

5.09

20.01

0.00

τ2 (ns)

[DNT]

1.00

4.81

0.00

4.51

1.00 x10

5.11

20.91

1.00x10

1.01

4.62

1.00x10–6

4.49

2.00 x10–7

5.08

21.45

2.00 x10–6

0.99

4.52

2.00 x10–6

4.00

5.00 x10–7

4.95

19.11

5.00 x10–6

1.03

4.71

5.00 x10–6

3.69

1.00 x10–6

4.94

18.78

5.00 x10–5

1.06

4.92

5.00 x10–5

4.46

2.00 x10–6

4.34

1.00 x10–5

kob (1/τ1)

[DNT]

kob (1/τ1)

kob (1/τ2)

[DNT]

kob (1/τ1)

kob (1/τ2)

[DNT]

0.2237

0.00

0.1965

0.04998

0.00

1.0000

0.2079

0.00

0.2217

1.00 x10–7

0.1957

0.04782

1.00x10–6

0.9901

0.2165

1.00x10–6

0.2227

2.00 x10–7

0.1969

0.04662

2.00 x10–6

1.0101

0.2212

2.00 x10–6

0.2500

5.00 x10–7

0.2020

0.05233

5.00 x10–6

0.9709

0.2123

5.00 x10–6

0.271

1.00 x10–6

0.2024

0.05325

5.00 x10–5

0.9434

0.2033

5.00 x10–5

0.2242

2.00 x10–6

0.2304

1.00 x10–5

kd

–6

τ1 (ns)

kd

2.5.3

Fluorescence Quenching of Anthracenyl Compounds 2.5, 2.7 and 2.9

As per the pyrenyl compounds evaluated in Section 2.5.1, the fluorescence properties of
an analogous series of 5 μM solutions containing 2‒pyrenyl functionalised compounds
(2.5, 2.7 and 2.9) are herein reported. The emission spectrum of 2.5 displayed in Figure
2.29, as with that of the free pyrenyl ligand 2.4 is presented as a single, broad band (481
nm) with none of the typical vibronic bands that would be observed in free anthracene
[400 and 420 nm (monomeric), 450, 486, 513 (excimer)].212 Again, a charge transfer
process may be responsible for this, as with 2.4.
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Figure 2.29

Fluorescence emission spectrum of free ligand 2.5, illustrating the
effect of the addition of various concentrations of DNT.

The addition of various concentrations of DNT appears to have very little effect upon
the emission spectrum of 2.5, with very little quenching noted for the equimolar
concentration of the nitroaromatic compound. This would suggest that the nitroaromatic
interacts very little with the fluorophore in solution. The lack of any visible excimer
bands, coupled with the lack of formation of monomer bands upon addition of DNT
suggests that the expected disruption of any charge transfer processes between
anthracenyl moieties does not occur in this case. In contrast however, the emission
spectrum of an unquenched solution of 2.7 (Figure 2.30) displays vibronic bands at ca.
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400 and 420 nm consistent with monomeric anthracenyl emissions.212 A small band at
ca. 450 nm is also evident which could be due to the presence of the anthracenyl
excimer. Upon addition of DNT, the intensity of this band decreases, which would be
consistent with the disruption of any anthracenyl excimers by the nitroaromatic. In
contrast to this though, the intensity of the proposed monomeric bands also decrease
markedly until the addition of equimolar DNT to 2.7 which effected a subsequent
increase in the level of emission from the addition of lower DNT concentrations. This,
as with the emission spectra presented for 2.6, could be indicative of a disruption of the
anth‒DNT‒anth interactions due to the increased number DNT molecules potentially
fitting between the anthracenyl moieties of any excimers (anth-anth pairs) present in
solution. Unlike the decrease in emission intensity presented by binding of free ligand
2.4 to form complex 2.6, the entry and exit bandwidths used to record the emission
spectra of 2.7 were reduced to 0.3 nm from the 0.5 nm used to record the emission of
2.5. This again suggests that either, a difference in energy between the levels of the
d‒orbitals of the metal and those of the singlet state anthracenyl moiety are not so great
as to fully quench the fluorophore or, that the metal centre is far enough away from the
anthracenyl moiety for it not to be fully quenched.86, 206
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Figure 2.30

Fluorescence emission spectrum of Pt2+ complex 2.7, illustrating the
effect of the addition of various concentrations of DNT.
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As can be seen from the emission spectra in Figure 2.30, there appears to be a wide,
poorly defined band at ca. 460 nm, which indicates that additional charge transfer
processes could be taking place within the molecule. In order to investigate this fully,
the lifetime of this emission will need to be measured and compared to those of the
other emissions present in order to elucidate as to whether it is the anthracenyl moieties
responsible. Similar vibronic bands are observed in the constrained complex 2.9 (Figure
2.31), most notably upon the addition of an equimolar amount of DNT. The DNT
appears to effect a drastic increase in emission of the ascribed monomeric bands at this
concentration, while having little effect on emissions at ca. 434 and 460 nm. The
maximum emission intensity has also decreased significantly upon constraining the
structure of complex 2.9, which supports the proposed structure of fluorescent moieties
being trans to one another and any interaction between anthracenyl moieties being
intermolecular. As with the spectra observed for 2.7, broad vibronic bands are observed
at higher wavelengths, which should be investigated using lifetime studies in order to
help ascertain as to whether they are anthracenyl or due to other transfer processes.
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Figure 2.31

Fluorescence emission spectrum of constrained complex

2.9,

illustrating the effect of the addition of various concentrations of DNT.
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In summary, the fluorescence emission spectra of a series of 2‒anthracenyl compounds
have been recorded, and the effect of addition of DNT noted. For the free ligand 2.5
and constrained complex 2.9, the addition of increasing concentrations of DNT appears
to have little effect with regards to a quenching of fluorescence emission that would
make these compounds useful as chemosensors for nitroaromatic compounds. Pt(II)
complex 2.7 displays a marked decrease in fluorescence emission with the addition of
sub‒5μM concentrations of DNT, with further work being needed to understand the
various charge transfer processes occurring in all three compounds.

2.5.4

Fluorescence Lifetimes of Anthracenyl Compounds 2.5, 2.7 and 2.9

Upon examination of the fluorescence lifetimes for this anthracenyl series of
compounds (Table 2.13), it is evident that a large amount of variation exists. For
instance, the fluorescence lifetimes for the free phosphine ligand 2.5 are of the order of
26‒27 ns which, as previously discussed, is much larger than the expected; ca. 5 ns that
is expected for free anthracene.211 This potentially indicates that the processes which
result in a loss of vibronic information on the emission spectra presented for this
compound in Figure 2.29 act to stabilise the fluorescence lifetime of this compound.
However, more lifetime measurements at various wavelengths would be required to
determine this, as well as comparison with structural analogues such as that containing
diphenylphosphine to ascertain the effect of the o‒OCH3 substituents contained on the
phosphine phenyl rings. The fluorescence lifetimes of this compound do not decrease
significantly with an increase in the concentration of quencher. The level of quenching
observed is also minimal, even at equimolar DNT concentrations. Further
investigations are also therefore required to determine whether any quenching that may
occur is static or dynamic.
The lifetimes measured for complex 2.7 appear to show little correlation between the
addition of quencher and the quenching of the fluorescence emission. The unquenched
solution has a lifetime close to that expected for free anthracene, which is much smaller
than the measured values for 2.5. This coupled with the decrease in emission intensity
compared with the free ligand demonstrates that the Pt2+ centre acts to destabilise the

107

fluorescence emission of the ligand. Due to the fluxional nature of the fluorescence
lifetime of 2.7, it is hard to elucidate whether static or dynamic quenching is
responsible for the decrease in fluorescence intensity. The quenching constants
calculated for this compound are much larger than those observed for 2.5 and this is
consistent with the greater quenching effect observed in this case. Examination of
fluorescence lifetimes of the constrained complex 2.9 highlights characteristics of both
2.5 and 2.7. The existence of two lifetime components in this case, with one increasing
and the other decreasing upon quenching with DNT, highlights two discrete phenomena
in this case. The decrease in lifetime for τ2 can be attributed to dynamic quenching of
the fluorophore.209 Further lifetime studies of the various emission bands displayed are
required to elucidate the number of potential components involved in the emission and
subsequent quenching of this compound.
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Table 2.13

Lifetimes and quenching constants for 2.5, 2.7 and 2.9.
2.5

2.7

2.9

[DNT]

τ1 (ns)

[DNT]

τ1 (ns)

τ2(ns)

[DNT]

27.41

0.00

4.85

0.00

4.66

17.80

0.00

26.76

2.00 x10–6

12.05

5.00 x10–7

7.54

13.36

1.00 x10–6

27.46

5.00 x10–6

5.56

1.00 x10–6

8.04

16.07

2.00 x10–6

27.47

2.00 x10–6

11.22

2.00 x10–6

7.34

12.76

5.00 x10–6

26.75

5.00 x10–5

4.94

5.00 x10–5

8.14

16.07

1.00 x10–5

8.30

15.68

2.00 x10–5

7.79

14.17

5.00 x10–5

kob (1/τ1)

kob (1/τ1)

[DNT]

kd 0.2146

0.05618

0.00
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τ1 (ns)

kd

kob (1/τ1)

[DNT]

0.03648

0.00

kd
–6

kob (1/τ1)

[DNT]

0.2062

0.00
–7

0.03737

2.00 x10

0.08299

5.00 x10

0.1326

0.07485

1.00 x10–6

0.03642

5.00 x10–6

0.1799

1.00 x10–6

0.1244

0.06223

2.00 x10–6

0.03640

2.00 x10–5

0.08913

2.00 x10–6

0.1362

0.07837

5.00 x10–6

0.03738

5.00 x10–5

0.2024

5.00 x10–5

0.1229

0.06223

1.00 x10–5

0.1205

0.06378

2.00 x10–5

0.1284

0.07057

5.00 x10–5

2.6

Conclusion

In summary, a range of PAH‒functionalised tertiary phosphines have been prepared,
characterised and co‒ordinated to metal centres. Preliminary fluorescence studies and
potential nitroaromatic detection capabilities of several of these compounds has been
explored. These studies have found that co‒ordination to a metal centre such as Pt(II)
decreases the overall intensity of fluorescence emission, but gives a marked increase in
the level of quenching observed upon addition of increasing quantities of

the

nitroaromatic 2,4–dinitrotoluene. In the cases of both pyrenyl and anthracenyl
complexes 2.6 and 2.7, addition of an equimolar amount of DNT effects an increase in
the fluorescence intensity of the compounds with respect to lower concentrations,
suggesting a potential breakdown in the molecular clip motif involving the
fluorophores. This is also true for the constrained anthracenyl complex 2.9. The
constrained pyrenyl complex 2.8 shows little quenching at low concentrations of DNT,
but is significantly quenched upon addition of an equimolar amount of DNT. Further
concentration studies are required for all the tested compounds in this section to further
understand their response to various nitroaromatics, the effect of other metal centres
upon their fluorescence properties, and also to elucidate the mechanism of fluorophore
quenching.

110

Chapter 3
The Synthesis, Characterisation and Co–ordination
Chemistry of Anthracenyl and Pyrenyl Hydrazone
Phosphines and Alkene‒ or Alkyne‒Based Phosphines
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3.1

Introduction

Hydrazones have been sought over the years for a wide range of applications,
particularly for their medicinal properties, with their uses ranging from analgesia, to
anti–tumour and anti–HIV.213 They have also found application as antimicrobial
agents.213 As detailed in Chapters 1 and 2, this class of compound has been applied
effectively (in the form of 1.30) towards the detection of the nitroaromatic picric
acid.144 Hydrazones have found themselves to be an ideal candidate for application in
this area due to the ease with which they may be synthesised by simple Schiff base
condensations, such as the fluorene functionalised hydrazone 3.1.214

Equation 3.1
Phosphine‒bearing hydrazones in the literature have employed this simple
condensation methodology via reaction of tertiary phosphines bearing an aldehyde with
functionalised hydrazones to give compounds I–III (Figure 3.1).215-218 These ligands
were sought for use in catalysis of a number of reaction classes including: asymmetric
allylic alkylation (I),215,

216

activation of terminal alkyne C–H (II)217 and Suzuki–

Miyaura cross–coupling (III).218
However, the work in this chapter involving hydrazones will centre upon the
Mannich‒based condensation of fluorescent hydrazones with hydroxymethyl tertiary
phosphine precursors as a route to PAH‒functionalised phosphines, in a similar route to
that employed by Smith et al214 to synthesise 3.2 (Equation 3.1).
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Figure 3.1

Some examples of hydrazone‒bearing phosphines I–III.

This section will also explore the synthesis and characterisation of a number of
functionalised phosphines. The term functionalised in this case is used to refer to
phosphines which contain a terminal alkyne or an allyl substituent, with few examples
of tertiary phosphines bearing a terminal alkyne being documented in the literature.219222

Synthesis of this class of compound will take place using the simple condensation

methodologies already discussed in Chapters 1 and 2. The co–ordination of this class of
phosphine towards octahedral Mo, Cr and Mn metal centres (IV–VI) has been
investigated previously (Figure 3.2).223, 224 However, co–ordination to square planar d8
centres such as Pt(II) and Pd(II) has been overlooked and will be explored in this
chapter.

Figure 3.2

Alkynyl phosphine complexes IV–VI.
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The incorporation of a terminal olefin functional group into the structure of
phosphine‒bearing compounds is prevalent within the literature and has been achieved
by using a range of techniques including Grignard syntheses and bromination followed
by nucleophilic substitution.225,

226

However, the syntheses of allyl‒functionalised

phosphines via simple condensations has been largely overlooked, although 3.3,
synthesised by Kemmitt et al227 is a good example of a bisphosphine synthesised using
the Mannich‒based condensation of allylamine with diphenylphosphine in aqueous
formaldehyde (Figure 3.3).

Figure 3.3

3.2.1

Allyl functionalised bisphosphine 3.3.

Synthesis of PAH‒Bearing Tertiary Phosphine Hydrazone Ligands

The initial syntheses of the potentially fluorescent compounds detailed in Chapter 2
were predominantly centered about the preparation of functionalised‒phosphines
coupled with fluorescent secondary amines. This chapter details a similar strategy for
the synthesis and characterisation of phosphines functionalised with anthracenyl and
pyrenyl hydrazones, as well as tertiary phosphines that have been pre–functionalised
with alkyne or allyl functionalities.
Syntheses of these functionalised hydrazone compounds began via utilisation of a
simple Schiff–base condensation reaction between the commercially available
chemicals hydrazine monohydrate (in excess) and either 9–anthraldehyde or 1–pyrene
carboxaldehyde to form 3.4 and 3.5 respectively.228 The characterising data for these
compounds were in good agreement with the literature values.
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Equation 3.2
These newly formed hydrazones were used unmodified in the attempted syntheses of a
series of mono and bis–phosphines via Mannich‒based condensation reactions with
HOCH2PPh2 as detailed in Scheme 3.1. Compounds 3.6b, 3.7a, 3.7b were formed as air
stable yellow solids and isolated 39–81% yields. To form pure bis–phosphines, the
reaction mixtures were refluxed for 5 or 6 days. Attempted syntheses to obtain pure
monophosphine took place at room temperature, and usually afforded an amount of
bisphosphine (thermodynamic product), represented by a

31

P {1H} NMR (CDCl3)

resonance at δ(P) –24.5ppm.
Compounds 3.6a, b and 3.7a, b were characterised by 1H and

31

P{1H} NMR, FT–IR

spectroscopy, mass spectrometry and elemental analysis. Selected data are given in
Table 3.1.

115

Scheme 3.1

Synthesis of mono and bisphosphines 3.6a,b and 3.7a,b

Table 3.1

Selected characterising data of tertiary phosphine hydrazones 3.6a–3.7b.
δ(H) N–CH2–P

2

δ(P)

δ(H) Ar–H

**3.6a

–20.1

NR

NR

NR

NR

*3.6b

–24.5

8.56 – 7.18

4.13

4.4

1600

**3.7a

–26.5

8.39 – 7.36

4.03

4

1583

*3.7b

–24.5

8.12 – 7.39

4.36

3.2

1584

JPH

υ(C=N)

NR denotes data that was not recorded. * Indicates compounds formed are the same. **
denotes that the compound was not isolated.
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As can be seen from Table 3.1, the observed 31P{1H} NMR (CDCl3) chemical shifts for
3.6b and 3.7b are identical. This suggests that instead of forming the mono–phosphine,
at room temperature the bis–phosphine was afforded as the major product. However, a
minor signal at δ(P) –19.0 ppm which has a similar chemical shift to the resonance
observed for 3.6a, would suggest that although the mono‒ species was not isolated, it
was formed en route to the bis‒phosphine. This value is also similar to that attributed to
monophosphine 3.6a. The reaction mixture also consisted of a 1:1 ratio of hydrazone
3.5: HOCH2PPh2, which restricted the sole formation of the bis phosphine in this case.
Further investigation is required to attempt to isolate 3.6b, with low temperature
syntheses and use of excess 3.5 likely next steps. The similarity of the proton
environments and C=N bond is highlighted by the similarity of 1H NMR (CDCl3)
chemical shifts observed, coupled with similar υ(C=N) stretches in their FT–IR spectra
(KBr disc). The 2JPH coupling constants observed in the two isolated compounds are
also similar, as would be expected for these similarly functionalised alkyl phosphines.

3.2.2

Molecular structure of a bis 9–anthracenyl hydrazone

Although it has not been possible to obtain crystals of 3.7a, when attempting to do so
via vapour diffusion of diethyl ether into a CDCl3 solution of 3.7a, a mixture of orange
(A) and yellow (B) crystals suitable for single crystal X–ray diffraction studies were
obtained. Diffraction studies of these crystals have determined that they are composed
of N,N’–bis(9–anthracenylidene)hydrazine 3.8, the structure of which is shown in
Figure 3.4. It is likely that this compound was formed in small amounts during the
synthesis of 3.4 and that it preferentially crystallised as opposed to the desired product.
It is important at this stage to note that polymorph 3.8A has been previously reported
by Zheng and Zhao229 and was synthesised via reaction of hydrazine hydrate with 9–
anthraldehyde.
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Figure 3.4

Molecular structure of N,N’–bis(9–anthracenylidene)hydrazine 3.8 (left) and the molecular structure of 3.8A (right). The
molecular structure of 3.8A highlights π···π stacking and perpendicular arrangement of hydrazone molecules. All
hydrogen atoms except on C(15), C(16), C(15A) and C(16A) have been omitted for clarity. (Symmetry operator for
equivalent molecules: A= 1–x, 1–y, 1–z).

The molecular structure of orange polymorph 3.8A is shown in Figure 3.4. Here, the
molecules are arranged perpendicularly to one another with one and a half molecules
being present in the asymmetric unit. Selected bond lengths and angles for this
compound are given in Table 3.2.
Table 3.2

Selected bond lengths (Å) and angles (°) of 3.8A.
N(1)–N(2)

1.428(3)

N(1)–C(15)–C(1)

124.1(3)

C(15)–N(1)

1.281(4)

C(15)–N(1)–N(2)

110.1(3)

N(2)–C(16)

1.276(4)

C(16)–N(2)–N(1)

111.3(3)

C(1)–C(15)

1.480(4)

N(2)–C(16)–C(17)

123.1(3)

C(16)–C(17)

1.477(4)

N(3)–C(45)–C(31)

124.9(3)

N(3)–N(3A)

1.428(5)

C(45 –N(3)–N(3')

111.2(4)

C(45)–N(3)

1.277(4)

The C–N and N–N bond lengths observed in 3.8A are consistent with those seen in the
literature polymorph 3.8A published by Zheng and Zhau.229 The relevant bond angles
suggest that the nitrogen atoms in this compound adopt a distorted tetrahedral
geometry, as is also observed in the second polymorph 3.8B.
Interestingly, the crystal packing structure of this compound demonstrates a two thirds
intermolecular facial overlap of coplanar 9–anthracenyl moieties (Figure 3.4), which
would correspond to the formation of an anthracenyl exciplex if in solution.230 The π –
π stacking distances here range from 3.497 – 3.712 Å which is consistent with a
legitimate stacking interaction.200 In contrast to this level of intermolecular anthracenyl
facial overlap, the asymmetric unit of polymorph 3.8B consists of molecules which are
arranged in the same plane, and, when the packing of molecules in the unit cell is
explored, they are shown to exhibit a highly desirable full facial overlap of both
anthracene moieties which would correspond to the anthracenyl excimer in solution
(Figure 3.5). The inter–anthracene π – π stacking distance for 3.8B is 3.847 Å. This
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indicates that the stacking interaction is weaker than that observed in polymorph 3.8A
from our studies, although no less significant in this case, as full, coplanar overlap is
observed.
Table 3.3

Selected bond lengths (Å) and angles (°) of 3.8B.
N(1)–N(1A)

1.423(3)

C(15)–N(1)–N(1A)

111.16(16)

C(15)–N(1)

1.278(2)

N(1)–C(15)–C(1)

121.65(14)

C(1)–C(15)

1.475(2)

C(30)–N(2)–N(2A)

111.05(16)

N(2)–N(2A)

1.421(3)

N(2)–C(30)–C(16)

121.45(15)

C(30)–N(2)

1.280(2)

C(16)–C(30)

1.475(2)

The observed N–N bond lengths for 3.8B are consistent with those seen in 3.8A and for
the values already reported by Zheng and Zhau.229 The ternary nature of the imine
carbon atoms is confirmed, with N=C–C bond angles in the region of the idealised 120°
for an sp2 hybridised carbon. Both 3.8A and 3.8B however, display C=N–N bond
angles close to 110° which is much smaller than the ideal value of 120° for sp2
hybridisation. This is effected by repulsion between the nitrogen lone pairs and
neighbouring C=N bond.229
The crystal packing motif of the new polymorph 3.8B suggests that in the solid phase at
least, this compound could have potential as a detector for nitro–aromatic explosives.
The inter‒anthracene distance could allow for permeation of nitroaromatic vapour and
hence effect disruption of the electron transfer processes between fluorophores. The
fluorescence properties of both polymorphs are currently undetermined and
investigation of the solid and solution fluorescence properties of this compound are
required in order to determine its suitability as a potential chemosensor for
nitroaromatic explosives.
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Figure 3.5

Molecular structure (left) and crystal packing structure of 3.8B illustrating the complete overlap of anthracenyl moieties.
All hydrogen atoms, except on C(15), C(15A), C(30) and C(30A) have been omitted for clarity.

3.2.3

Transition metal complexes of 9–anthracenyl and 1–pyrenyl tertiary
phosphine hydrazones

Compounds 3.7a and 3.7b were complexed to a Pt(II) centre utilising PtCl2(cod) to
afford complexes 3.9 and 3.10 as yellow solids in good and moderate (87% and 63%)
isolated yields respectively (Equation 3.3). The 31P{1H} NMR (CDCl3) spectra of these
two compounds gave sharp resonances at δ(P) –3.9 ppm [1JPtP 3457 Hz] for 3.9 and –
5.6 ppm [1JPtP 3452 Hz] for 3.10, with downfield shifts of ca. 20 ppm from the starting
bis–phosphines, indicative of the formation of 6–membered chelate systems. The
similarity of the chemical shifts of the peaks to each other is indicative of the
phosphorus environments being similarly functionalised, and hence very alike. This is
also highlighted in Table 3.4, which illustrates the similarity of the magnitude of 2JPH
coupling observed in 3.9 and 3.10. The values observed, although similar to one
another, are lower than those observed in the free ligands 3.7a and 3.7b, as would be
expected given the now different phosphorus environments. The observed υ(C=N)
stretching frequencies of the complexes are also elevated by ca. 40 cm–1 with reference
to the free ligands, which would represent a reduction in the length of the C=N bond.

Table 3.4

Selected characterising data of 3.9 and 3.10
δ(H) Ar–H

δ(H) N–CH2–P

2

JPH

3

JPtH

υ(C=N)

3.9

8.39–7.43

4.47

2.8

43

1620

3.10

8.00–7.44

4.43

2.4

43

1623

The 1JPtP coupling constants observed for 3.9 and 3.10 are consistent with those
previously seen for cis–Pt complexes.197, 198 The formation of the cis–isomer in both
cases is further supported by the presence of two Pt–Cl stretches in the FT–IR spectra
of 3.9 and 3.10 at υ(Pt‒Cl): 312, 290 and 314, 296 cm–1, respectively. These complexes
have been further characterised by mass and elemental analyses which gave m/z
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846.1519 [M–Cl]+ for 3.9 and m/z 928.110 [M+Na]+ for 3.10, and hence serving to
affirm the synthesis of the target compounds.

Equation 3.3

Compound 3.7a was also used to afford yellow solid 3.11 via reaction with
Pt(CH3)Cl(cod) in 83% isolated yield. The formation of this compound (Equation 3.4),
as with 3.9 and 3.10, was achieved by a room temperature reaction of the reactants in
CH2Cl2, followed by in vacuo concentration and subsequent precipitation of a solid
product upon the addition of diethyl ether.
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Equation 3.4
Unlike dichloroplatinum(II) compound 3.10, the 31P{1H} NMR (CDCl3) chemical shift
of 3.11 was found ca. 30 ppm downfield from the free ligand and the resonance appears
as two doublets at δ(P) 5.3 [1JPtPtransCl 4212 Hz, 2JPP 19 Hz] and 4.8 ppm [1JPtPtransC 1662
Hz, 2JPP 19 Hz]. This is ca. 8 ppm downfield from the δ(P) –3.94 [1JPtP 3457 Hz]
resonance observed in 3.10, and must therefore be attributed to the inductive effect of
the methyl ligand and subsequent effect upon the environment of the trans phosphorus.
The magnitude of the coupling constants measured are consistent with P being trans to
both CH3 and Cl.197, 198 The 1H NMR (CDCl3) spectrum of 3.11 displays a doublet PCH2
resonance at δ 4.37 ppm (2JPtH 6.4 Hz), which lies at a chemical shift inbetween those
of the analogous resonances in free ligand 3.7a and dichloroplatinum(II) complex 3.9
which would suggest that the positive inductive effect of the CH3 ligand (δ 0.59 ppm,
2

JPtH 48 Hz) serves to slightly shield the PCH2 protons. The single υ(Pt–Cl) stretch at 300

cm–1 in the FT–IR spectrum of this compound supports that this complex contains a
single chloride bound to the Pt centre. The υNH stretch at 1574 cm–1 suggests that the
imine functionality is in a similar environment to that found in the free ligand 3.7a.
This compound has been further characterised by mass spectrometry and elemental
analysis.
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The dinuclear gold(I) complex 3.12 (Equation 3.5) was afforded as a cream solid via
room temperature ligand substitution of tht in AuCl(tht) with 0.5 equivalents of 3.7b.
Analysis of this compound via 31P{1H} NMR (CDCl3) gave a new resonance at δ(P) –
20.4 ppm which is some 15 ppm downfield of that observed in the Pt(II) complex 3.10,
highlighting the effect of the metal used on the phosphorus environment. The observed
chemical shift for the resonance observed for 3.12 is consistent with those recorded for
P–C–N–C–P bisphosphine ligands bearing a substituted‒phenyl amine.59 The proposed
structure is supported by mass spectrometry, with the observation of m/z 1069.1211
[M–Cl]+. Further support is also given by the presence of FT–IR stretching bands at
υC=N 1585 and υAu–Cl 327 cm–1 and close agreement with the proposed empirical
formula by elemental analysis. 1H NMR (CDCl3) resonances at δ 9.84 (HC=N), 8.22 –
7.47 (Ar–H) and 4.84 ppm (PCH2) also serve to support the proposed structure of 3.12,
although the resolution was not sufficient enough to obtain a 2JPH value in this case.

Equation 3.5
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3.2.3 Molecular structures of 9–anthracenyl and 1–pyrenyl Pt(II) complexes 3.9
– 3.11.
Crystals of 3.9 and 3.11 suitable for single crystal X–ray diffraction studies were grown
via vapour diffusion of diethyl ether into CDCl3 solutions of the appropriate compound.
Crystals of 3.10 suitable for single crystal X–ray diffraction studies were grown via
vapour diffusion of diethyl ether into CH2Cl2 solution of 3.10. The crystal structures of
these compounds are shown in Figure 3.6.
Each complex adopted a pseudo square planar geometry with respect to the Pt(II) centre
[P–Pt–Cl and P–Pt–L 172.93(2) – 176.82(7)°] with phosphorus centres adopting a
distorted square planar geometry in all cases [displayed via the relevant Pt–P–C bond
angles]. Pt–P bond lengths are consistent with cis dichloro bisphosphorus compounds
found in the literature197, 198 with the Pt(1)–P(2) bond length (Table 3.5) of 3.11 being
marginally shorter than that observed in either 3.9 or 3.10, which is consistent with
phosphorus being orientated trans to C in this case. The imine nitrogen N(1) adopts a
distorted trigonal planar conformation in each of the three compounds, due to the
repulsion between its lone pair and the neighbouring double bond. Although N(2) also
adopts this conformation with respect to either of the two carbon atoms to which it is
bonded. The imine carbon atom also appears to adopt a true trigonal planar
conformation, with C(1)–C(15)–N(1) [C(1)–C(17)–N(1) in 3.10] bond angles close to
the idealised 120°, as are the relevant H–C–N and H–C–C bond angles. The Pt–P–C–
N–C–P ring also adopts a chair conformation in each case of 3.9, 3.10, and 3.11 (Figure
3.7). A search of the CSD199 highlights only one other example of a chelating 9–
anthracenyl functionalised phosphine bound to a Pt(II) centre.231 The bond lengths and
geometries of which are in agreement with those of 3.9 and 3.11. A search of the
CSD199 also indicates that 3.11 is only the second example of a pyrenyl bisphosphine
bound to a Pt(II) centre, the bond lengths and geometries of which are in agreement
with the existing crystal structure.232
The methodology behind the complexation of these anthracenyl and pyrenyl phosphine
ligands to Pt(II) centres was that potential π–π interactions via cofacial anthracenyl or
pyrenyl overlap could be maximised. Unfortunately, further analysis of the crystal
structures of these compounds suggests that no intermolecular π–π interactions occur in
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this state, other than a displaced parallel overlap of aromatic moieties between phenyl
rings of neighbouring molecules in 3.11 (Figure 3.8) and not through the fluorescent
anthracene moiety. The C(27) – C(27A) distance in this case is 3.386 Å, which is only
slightly longer than the accepted value of 3.35 Å for graphite,200 which would suggest
that a strong interaction exists. However, the mean inter–phenyl ring centroid distance
of 3.983 Å demonstrates that this interaction is weaker than first thought, although
inter–ring distances of 3.9 – 4.4 Å have previously been recorded.200 This confirms that
indeed, a valid interaction is found. In depth fluorescence studies are thus required to
understand the potential nature of any interactions in solution, which could see
enhanced intermolecular interaction of the fluorescent 9–anthracenyl moieties due to
molecular tumbling and bond rotation.
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3.9
Figure 3.6

3.10

3.11

Molecular structure of Pt(II) complexes 3.9, 3.10 and 3.11. All hydrogen atoms except those on C(15) (3.9, 3.11) and
C(17) (3.10) have been omitted for clarity. A molecule of crystallisation of diethyl ether (3.9) and four molecules of
crystallisation of chloroform (3.10) have also been removed.

Table 3.5

3.9

3.10

Selected bond lengths (Å) and angles (°) of 3.9–3.11.

3.11

3.9

3.10

3.11
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Pt(1) – P(1)

2.2274(5)

2.2137(17)

2.3463(8)

P(trans) – Pt(1) – Cl(1)

174.077(17)

174.72(7)

172.93 (2)

Pt(1) – P(2)

2.2384(5)

2.2376(17)

2.2102(7)

P(trans) – Pt(1) – L(1)

173.681(17)

176.82(7)

174.91 (6)

Pt(1) – Cl(1)

2.3458(5)

2.3446(17)

2.2951(6)

Pt(1) – P(1) – C(16)

116.12(7)

114.2(2)

115.87 (10)

Pt(1) – L(1)

2.3605(5)

2.3624(17)

2.179(2)

Pt(1) – P(1) – C(17)

117.00(7)

116.6(2)

114.63 (9)

P(1) – C(16)

1.8401(19)

1.823(7)

1.843(3)

Pt(1) – P(1) – C(23)

107.71(6)

113.6(2)

115.69 (9)

P(1) – C(17)

1.8161(19)

1.817(7)

1.825(3)

Pt(1) – P(2) – C(29)

116.37(6)

117.8(2)

114.90 (9)

P(1) – C(23)

1.823(2)

1.811(7)

1.817(3)

Pt(1) – P(2) – C(30)

117.36(6)

114.5(2)

115.96 (9)

P(2) – C(29)

1.8457(19)

1.860(7)

1.840(3)

Pt(1) – P(2) – C(36)

110.22(6)

108.8(2)

115.00 (8)

P(2) – C(30)

1.8203(19)

1.809(7)

1.822(3)

C(16) – N(2) – N(1)

113.73(15)

118.8(6)

121.5 (2)

P(2) – C(36)

1.8228(18)

1.809(7)

1.818(3)

C(29) – N(2) – N(1)

125.32(15)

111.6(5)

110.9 (2)

C(16) – N(2)

1.447(2)

1.461(8)

1.460(3)

N(2) – N(1) – C(15)

121.44(17)

118.8(6)

122.4 (2)

C(29) – N(2)

1.456(2)

1.444(8)

1.457(3)

N(1) – C(15) – C(1)

119.40(19)

120.3(6)

120.0 (2)

N(1) – N(2)

1.367(2)

1.400(7)

1.380(3)

N(1) – C(15)

1.281(3)

1.276(9)

1.279(3)

C(15) – C(1)

1.476(3)

1.462(9)

1.464(3)

L(1) = Cl(2) for 3.9 and 3.10, C(42) for 3.11. To equate carbon labels for 3.10 from 3.9 and 3.11, the number is increased by 2 after C(14).
i.e, C(15) becomes C(17) and C(16) becomes C(18) but C(1) remains C(1). Except C(17) becomes C(20) and C(29) becomes C(19).
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Figure 3.7

Chair conformations of 3.9, 3.10 and 3.11. All carbon atoms other than those bound to P(1), P(2) or Pt(1) as well as all
hydrogen atoms, have been omitted for clarity. A molecule of crystallisation of diethyl ether (3.9) and four molecules of
crystallisation of chloroform (3.10) have also been removed.

Displaced parallel π–stacking interaction in 3.11 between phenyl

Figure 3.8

substituents. All hydrogen atoms have been omitted for clarity, except
on C(15) and C(15A).
In summary, a series of 9‒anthracenyl and 1‒pyrenylmethyl hydrazones have been
synthesised, and their behavior towards tertiary phosphine centres investigated. The
co‒ordination of these bisphosphines to Pt(II) dichloro and chloromethyl centres has
been carried out and a number of their molecular structures determined. The
introduction of the methyl substituent to the Pt(II) centre did not alter the conformation
of the molecule greatly, although its effect on the fluorescence properties of the
complex

are

as

yet

unknown.

The

molecular

structure

of

N,N’–bis(9–

anthracenylidene)hydrazine (3.8) was determined and found to be a known polymorph
(A). The molecular structure of a new polymorph (B) was also determined and found to
demonstrate greater π–stacking interactions in its crystal structure than A. This implies
that it could find use as a solid state sensor for nitroaromatics.
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3.3

Synthesis of Tertiary Phosphines Bearing a Terminal Alkyne Functionality

Further to the strategies used to synthesise a series of fluorescent phosphines utilising
simple condensation reactions; this section details the synthesis and characterisation of
phosphines which have been synthesised with the terminal alkyne functionality. This
approach has been adopted with a view to using the copper and microwave catalysed
‘click’ reaction in conjunction with fluorophore‒bearing azides to perform a [3+2]
cycloaddition of the type illustrated in Equation 3.6.

Equation 3.6
This class of reaction has been particularly sought for its application towards
modification of biologically important molecules, such as labeling of bacteria, 233
peptides and proteins and other biological molecules234,

235

with azide dyes. This

reaction has also found use for the synthesis of biopolymers.236 Although many
examples of triazolyl phosphines are present in the literature, 237-240 they have often been
synthesised through the [3+2] cycloaddition between substituted azides and alkynyl
Grignard reagents, before reaction with a chlorophosphine. Relatively few examples
however, have been synthesised utilising the Cu(I) catalysed ‘click’ reaction of an
alkynylphosphine with a substituted azide.240 In the alkynylphosphine (VII) used by
Gaumont et al,240 the alkyne functionality was directly linked to the central phosphorus
atom (Figure 3.9). It was thus decided to apply simple condensation reaction
methodology to synthesise tertiary phosphines bearing a terminal alkyne.

Figure 3.9

Alkynylphosphine VII.
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The starting point for this series of compounds was the utilisation of p‒ethynylaniline241
to synthesise a series of functionalised bisphosphines (Equation 3.7) via a 1:2 reaction
of commercially available p‒ethynylaniline with hydroxymethylphosphaadamantane,
hydroxymethyldiphenylphosphine and hydroxymethyl bis(2‒methoxyphenyl)phosphine
precursors. The purpose of alkyne functionalisation here is so that compounds may
undergo ‘click’ type reactions with PAH azides such as azidoanthracene.242 Analysis of
the prepared p‒ethynylaniline by 1H NMR (CDCl3) spectroscopy gave resonances at δ
7.24–7.21 (m, 2H, Ar–H), 6.54–6.50 (m, 2H, Ar–H), 3.74 (bs, 2H, NH2), 2.89 (s, 1H,
HC≡C).

Equation 3.7
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Compound 3.13 was afforded as an off-white solid in 53% yield. The proposed
structure is supported by a 31P{1H} NMR (CDCl3) resonance at δ(P) –27.2 ppm, which
is indicative of a bisphosphine compound of this type. Infra–red stretches at υ(≡C‒H)
3302 and υ(C≡C) 2097 cm–1 support that the bisphosphine synthesised contains the
alkyne functional group as expected. This is also indicated in the 1H NMR (CDCl3)
spectrum of 3.13 by a sharp singlet resonance at δ 2.88 ppm. The absence of the
resonance attributed to the NH2 protons, found at 3.74 ppm in the starting amine is
absent in the spectrum of 3.13, indicating that the amine is now tertiary instead of
primary. The proposed formula is also supported by elemental analysis. Unlike this
compound however, 3.14 was not isolated as a pure solid, although the synthetic
conditions were largely the same. 3.14 was afforded as a blood‒red oily/solid
compound that could not be filtered using a sintered crucible. The major
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P{1H}

(CDCl3) resonance for the recovered material was found at δ(P) –34.8 ppm, which is
consistent for the proposed structure utilising bis(2‒methoxyphenyl)phosphine. There
were however, a large number of other phosphorus signals present, with a poor signal
to noise ratio for the spectrum produced. This suggests that either the solubility of 3.14
in the NMR solvent is low, or that other impurities are present in the sample which did
not contain
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P nuclei. To this end, further
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P{1H} NMR studies are required to fully

understand the products from this reaction. A sample of 3.14 suitable for elemental
analysis was not obtained. However, analysis via mass spectrometry reports the
formation of the [M+H]+ ion at m/z 634.2282, with a 1H NMR (CDCl3) resonance
confirming the presence of an alkynyl proton at the same chemical shift for that
observed in 3.13 at δ 2.88 ppm, 0.01 ppm from the analogous resonance seen for
p‒ethynylaniline. This indicates that the para substituted oxygen atoms on the
phosphine have no effect on the proton environment of the alkyne, which is
unsurprising considering the distance of the alkyne from the phosphine. Absence of the
broad NH resonance would serve to confirm the formation of a bisphosphine product.
The attempted synthesis of 3.15 afforded an off‒white solid in 27% yield. Analysis of
this compound by 31P{1H} NMR (CDCl3) spectroscopy gave two major resonances at
δ(P) –42.5 and –41.2 ppm, (1:3). This may be accounted for by the presence of the two
enantiomers of the phosphaadamantane cage. The presence of the alkyne functional
group was confirmed by the infra‒red spectrum of the compound (υ(≡C‒H) 3359, υ(C≡C)
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2097 cm–1) and in the 1H NMR (CDCl3) spectrum with a resonance at δ 2.45 ppm,
although this is ca. 0.5ppm upfield from the analogous resonance observed in either the
starting amine, 3.13 or 3.14 which suggests that the Adamantyl moiety on the
phosphine affects the electronic properties of the compound. Analysis via mass
spectrometry supports the formation of 3.15 with the presence of m/z 574.247 [M+H]+.

3.3.1

Molecular structure of 3.13

Crystals of 3.13 suitable for single crystal X‒ray diffraction studies were obtained via
slow diffusion of HPLC methanol into a CH2Cl2 solution. One molecule of this
compound was present in the asymmetric unit, which is illustrated in Figure 3.10.

Figure 3.10

Molecular structure of 3.13. All hydrogen atoms except that on C(8)
have been omitted for clarity.

The crystal structure for this compounds helps to show the potential benefit of
PAH‒functionalisation using this approach. Here, the bulky diphenylphosphine groups
in 3.13 can be seen to be extended away from where the fluorescent functionality is
added. It is hoped that this increase in distance of steric bulk of the phosphines from the
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planar PAH groups, coupled with the planar phenyl linkage, may aid the formation of
intermolecular overlap of PAH groups and hence enhance the fluorescence properties
of this type of compound for the purposes of nitroaromatics detection. There were no
intermolecular packing interactions of note. Analysis of the C–P–C bond angles of 3.13
highlights that both phosphorus atoms adopt a distorted tetrahedral geometry. The bond
angles in all cases are smaller than the idealised value of 109.5° for tetrahedral
geometries. The geometry of N(1) can be seen to be in a slightly distorted trigonal
planar geometry [C–N–C 116.7(2) – 122.0(2)°]. The distorted tetrahedral geometry of
P(1) and P(2) is also observed in the molecular structure of ethynyl(diphenyl)phosphine
which displays C–P–C bond angles of ca. 100°.243 Although, with regards to C(7) in
3.13, which lies close to the idealised value of 180° for a linear conformation, the
analogous angle (P–C–C) in the literature compound is more distorted at 172.6(2)°.

Table 3.6

Selected bond lengths (Å) and angles (°) of 3.13.
C(1)–N(1)

1.387(3)

C(1)–N(1)–C(9)

120.9(2)

N(1)–C(9)

1.463(3)

C(1)–N(1)–C(22)

122.0(2)

N(1)–C(22)

1.459(3)

C(22)–N(1)–C(9)

116.7(2)

C(9)–P(1)

1.869(3)

C(10)–P(1)–C(9)

100.30(12)

P(1)–C(10)

1.836(3)

C(16)–P(1)–C(10)

102.21(12)

P(1)–C(16)

1.831(3)

C(16)–P(1)–C(9)

97.35(12)

C(22)–P(2)

1.882(3)

C(23)–P(2)–C(22)

98.88(12)

P(2)–C(23)

1.839(3)

C(29)–P(2)–C(22)

101.47(12)

P(2)–C(29)

1.840(3)

C(23)–P(2)–C(29)

99.74(12)

C(4)–C(7)

1.439(4)

C(8)–C(7)–C(4)

178.5(3)

C(7)–C(8)

1.175(4)
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3.3.2 Synthesis and Characterisation of Allyl‒Functionalised Tertiary Phosphines
In tandem with work conducted to synthesise compounds functionalised with the
alkyne functional group, simple Schiff base condensation reactions were employed to
functionalise 9‒anthraldehyde and 1‒pyrenecarboxaldehyde with allylamine.244 These
compounds were reduced to their amine analogues and were then subjected to
Mannich‒based condensation reactions with a hydroxymethyldiphenylphosphine
precursor. This afforded tertiary phosphines functionalised with fluorescent tertiary
amines bearing a terminal alkene substituent. The reason behind the synthesis of these
compounds was that, in the future, these compounds would be subject to
hydrophosphination reactions which are often used for the synthesis of phosphines for
catalysis.245 This would add further functionality as an alternative route to
bisphosphines funcitonalised with fluorescent moieties. The synthetic route to these
compounds is detailed in Scheme 3.2.

Scheme 3.2

Synthesis of allyl compounds 3.16a, b and 3.17a, b.

Allyl imines 3.16a and 3.16b were synthesised a similar manner to that employed by
Tan et al.244 This involved refluxing a mixture of allylamine and the appropriate
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aldehyde in methanol for 2 h, before the solvent was removed to afford products as
brown oils in isolated yields of 92% and 100% respectively. These products were
reduced with NaBH4 and refluxed for 4 h before treatment with concentrated
hydrochloric acid and extraction into CHCl3. Removal of the solvent afforded brown
oils 3.17a and 3.17b in yields >100% which indicates that not all solvent had been
removed. Further drying in vacuo using high vacuum apparatus took place before any
further syntheses.

Equation 3.8
Phosphines 3.18 and 3.19 were obtained by the 1:1 reaction of 3.16b and 3.17b with
hydroxymethyldiphenylphosphine after being subjected to a 19h reflux in methanol.
These compounds were afforded in 30% and 52% isolated yields respectively, with
their
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P{1H} NMR (CDCl3) resonances both occurring at δ(P) ‒27.8 ppm, some 17

ppm upfield from the starting tertiary phosphine precursor. The modest yields obtained
for these products could be due to their solubility in a wide range of common solvents.
Wolf et al192 also reported low yields for the synthesis of pyrene‒functionalised
alkylphosphines, although no explanation was offered for this observation. The
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proposed structures of 3.18 and 3.19 are supported by infra‒red stretching bands at
1667 (C=C), 1095 cm–1 (C–N) (3.18) and 1679 (C=C), 1100 cm–1 (C–N). The 1H NMR
(CDCl3) data for these two compounds however, highlights the difference in proton
environments between the two. The resonances attributed to sp3 CH2 protons in 3.18
being indicated by resonances at δ 4.65, 4.50, and 3.39 ppm, whereas the analogous
resonances of 3.19 are observed at 4.36, and 3.41–3.32ppm, which suggests that the
pyrenyl moiety serves to influence the electronic environment of a set of CH2 protons,
possibly due to the ring current effect.

3.3.3

Pd(II) and Pt(II) Complexes of Alkynyl‒ and Allyl‒Functionalised
Phosphines

A study was conducted into the co‒ordination behaviour of the synthesised
functionalised tertiary phosphines. Firstly, an attempt was made to complex alkynyl
bisphosphine 3.13 with a cis‒Pd(II) centre. This took place via a substitution reaction
with one equivalent of PdCl2(cod) to displace the labile cycloocta–1,5–diene and
afforded cis complex 3.20 as a yellow solid in 47% isolated yield. Characterisation of
this complex by mass analysis, IR and 31P {1H} NMR spectroscopy is supportive of the
proposed structure for this compound, with δ(P) 10.4 ppm, ca. 30 ppm downfield from
the resonance attributed to the free ligand 3.13, which is consistent with the
co‒ordination of this type of chelating bisphosphine.246 The 1H NMR (CDCl3) data for
this compound serves to confirm the expected proton environments [δ 7.78 – 7.43 (m,
14H, Ar‒H), 3.95 (s, 4H, CH2), 2.95 (s, 1H, ≡CH)]. The presence of two υ(Pd‒Cl)
stretches at 310 and 296 cm‒1 in the FT–IR spectrum serve to support the proposed cis
geometry of the Pd(II) centre. Equation 3.9 details the synthetic route to this product.
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Equation 3.9
A dichloroplatinum(II) complex of 3.19 was obtained by reaction with half an
equivalent of PtCl2(cod) to afford 3.21 as a solid in 63% isolated yield. This is a simple
reaction which, again, took place via the substitution of the labile 1,5‒cyclooctadiene
ligand by 3.19, to produce a complex with an expected cis conformation. Analysis of
3.21 via mass spectrometry supports the proposed molecular formula, with the presence
of the molecular ion at m/z 955.2298 [M]+. FT–IR (KBr) analysis gave two stretches at
υ(Pt‒Cl) 312 and 290 cm‒1 which supports a cis arrangement with respect to the Pd(II)
centre. The cis conformation is also supported by a 31P {1H} NMR (CDCl3), resonance
at 4.0 ppm (1JPtP 3612 Hz), with the 1H NMR (CDCl3) data for this compound serving
to confirm the expected proton environments.
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Equation 3.10
Fluorescence studies of these complexes will be required to provide guidance as to
possible structural modifications that need to be made to maximise the fluorescence
properties of these compounds in the continuation of this work. This is especially
important in the case of the allyl functionalised compounds, as functionalities may be
added that could further interact with the Pt(II) centre and be used to provide much
more precise changes in the relative positions of PAH moieties than modification of the
single tertiary phosphine precursor used. Using a mixture of hydroxymethylphosphine
precursors to produce asymmetrically functionalised compounds could also prove to be
of importance when modifying the fluorescence properties of potential chemosensors,
particularly if sought for use in the solid state. The through space interactions of
different phosphine substituents with one another could help to stabilise any overlap of
fluorophores within the packing structure of the fluorescent phosphine.
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3.4
In

Conclusion
summary,

a

range

of

new

tertiary

phosphines

functionalised

with

PAH‒functionalised hydrazones have been prepared and co‒ordinated to Pt(II) and
Au(I) metal centres. The molecular structure of two polymorphs of an unanticipated
hydrazone product 3.8 have illustrated that new polymorph B displays an interesting
total co‒planar overlap of anthracenyl moieties, which suggest that it may have
enhanced solid state fluorescence properties with respect to the known polymorph, A.
A further series of new, functionalised ditertiary phosphines of the form
(R2PCH2)2N(p–C6H4–C≡CH) have also been discussed, and the co‒ordination of 3.13
(R = Ph) to a readily available transition metal centre briefly reported. This syntheses of
new anthracenyl and pyrenyl tertiary phosphines bearing a terminal olefin have been
discussed, as well as the co‒ordination behavior of the pyrenyl‒bearing bisphosphine
towards a readily available Pt(II) centre.
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Chapter 4
The Synthesis, Characterisation and Co‒ordination
Chemistry of the Halophosphine P(CH2Cl)3
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4.1

Introduction

Incorporation of substituents bearing a halogen (Cl, Br, I) atom into the composition of
phosphines has afforded compounds with catalytic247-249 and medicinal properties,250 as
well as for use as biodegradable nano‒fibres251 and organic frameworks.252 With the
exception of fluoro‒substituted compounds such as 4.1 – 4.3 which have been widely
sought for their fluorous solubility and subsequent use in biphasic catalysis, relatively
few examples of this class of compound exist in the literature. 253-255 This is especially
true for those which bear the iodo substituent, which displays less electronegative
character than Cl and Br. Typical examples such as tris(3‒bromopropyl)phosphine
(4.4) have been employed as intermediates in the formation of hindered phosphines256
such as 4.6 (Scheme 4.1) through nucleophilic substitution involving the halogen
substituent and a group(I) metal salt.

RFn = CnF2n+1

Figure 4.1

Fluorous soluble phosphines 4.1‒4.3.
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Scheme 4.1

Formation of hindered phosphine 4.6 via halophosphine 4.5.

The co‒ordination chemistry of such hindered‒phosphines has been studied by Field
and co‒workers256 whilst the co‒ordination behaviour of 4.5 and analogues remain
poorly investigated. Although existing research in the area of both aryl‒ and
alkyl‒substituted moieties has illustrated the versatility of this class of compounds by
demonstrating their ability to chelate to a metal centre through both phosphorus and
halogen atoms.257-260 However, Pringle and co‒workers257 have demonstrated the
fluxional nature of this interaction in solution, where two halogenated phosphines are
bound to a single metal centre, as shown by 4.7 and 4.8.
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Scheme 4.2

Fluxional exchange of halogen substituents in alkyl and aryl chelating
halophosphines of platinum(II) when in solution.257

To further understand this class of compound, the structure and co‒ordination
behaviour of a simple trialkyl halophosphine P(CH2Cl)3 (4.9) towards a variety of metal
centres has been studied via single crystal X‒ray diffraction studies.
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4.2 Preparation and characterisation of P(CH2Cl)3 (4.9)
The free ligand, tris(chloromethyl)phosphine (4.9) was synthesised according to the
method previously described by Hoffman.67

4.3

Mono substituted Ru(II) and Rh(III) transition metal complexes of 4.9

The coordination chemistry of 4.9 was explored via the formation of Ru(II) and Rh(III)
complexes 4.10 [RuCl2(η6–p–cym){P(CH2Cl)3}] and 4.11 [(Cp*)RhCl2{P(CH2Cl)3}]
respectively. Complex 4.10 was formed by reaction of of 4.9 with a stirred CH2Cl2
solution of {RuCl(Cl)(6‒p‒cym)}2. Precipitation with Et2O afforded 4.10 as an
orange precipitate in 92% isolated yield. Analysis by 1H NMR (CDCl3) spectroscopy
showed a resonance at δ 4.32 ppm pertaining to the chloromethyl protons (2JPH 4 Hz),
with the

31

P{1H} NMR spectrum displaying a single resonance at δ(P) 35.5 ppm. The

proposed empirical formula for this compound is supported by elemental analysis, as
does the presence of the molecular ion at 486 [M]+ when analysed by mass
spectrometry. The Rh(III) complex 4.11 was prepared as per 4.10, but instead utilising
{RhCl(Cl)(Cp*)}2 as the transition metal precursor. Complex 4.11 was isolated in
78% yield, and the proposed empirical formula is supported by elemental analysis. The
1

H NMR (CDCl3) spectrum of 4.11 displayed a resonance at δ 4.30 ppm (2JPH 3.3 Hz),

highlighting the similarity of the proton environment to Ru(II) complex 4.10. Analysis
by 31P{1H} NMR (CDCl3) spectroscopy again showed a single resonance, this time at
δ(P) 33.0 ppm (1JRhP 154 Hz), with the chemical shift of this signal being in close
proximity to that observed for 4.10, as would be expected. Mass analysis further
supports the proposed empirical formula for 4.11 with the presence of m/z 453 [M–
Cl]+.

4.3.1

Molecular structures of 4.10 and 4.11

Dark red laths of 4.10 were obtained via slow diffusion of HPLC methanol into a
CH2Cl2 solution of 4.10, followed by slow evaporation over several days. Dark orange
prisms of 4.11 suitable for single crystal X‒ray diffraction were obtained by allowing a
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CDCl3 solution of 4.11 to stand for several days. Their molecular structures were
determined using MoKα radiation and are displayed in Figure 4.2. The molecular
structures of 4.10 and 4.11 both display a single molecule in the asymmetric unit, with
no solvent molecules of crystallisation found for 4.10, and the presence of one molecule
of CHCl3 in the asymmetric unit of 4.11. The structure determination for both structures
was complicated by the presence of disorder components [iPr and P(CH2Cl)3 moieties
respectively] which has led to a perceived shortening of the P(1)–C(2) bond length
(Table 4.1) for 4.11 by comparison with the remaining C‒Cl bond lengths for both
compounds. A search of the Cambridge Structural Database [CSD199 version 5.35
updates (Feb 2014)], for compounds bearing the tertiary phosphine 4.9 indicated that no
crystal structures for P(CH2X)3 ligands had been deposited in the database, and few
analogous compounds with which to draw comparison to the new complexes detailed in
this section. The database also highlighted a lack of structural data for Ru metal centres
bearing the p‒cymene functionality in conjunction with either P(CH3)3, P(CH2CH3)3,
P(CH2OH)3 or P(CH2CH2CN)3 ligands. However, the osmium analogue for the
trimethylphosphine ligand is published in the CSD199 and selected bond lengths and
angles for OsCl2(6‒p‒cym)P(CH3)3 (4.12)261 are included for comparison, as are those
for the rhodium(II) compound {Cp*RhCl2[P(CH2OH)3]} (4.13).262
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4.10
Figure 4.2

4.11

4.12261

4.13262

Molecular structures of 4.10 – 4.13. All hydrogen atoms have been omitted for clarity, as have all disorder components for
4.10, 4.11 and 4.13. A molecule of crystallisation of CHCl3 (4.11) has also been removed for clarity.

Selected bond lengths (Å) and angles (°) of 4.10 – 4.13.

Table 4.1

4.10

4.11

4.12

4.13

4.10

4.11

4.12

4.13
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M(1) – P(1)

2.3221(6)

2.340(3)

2.341(2)

2.2977(9)

P(1) – M(1) – Cl(1)

81.83(2)

87.92 (8)

128.09

87.15(3)

M(1) – Cl(1)

2.4231(6)

2.3994(7)

2.424(2)

2.420(1)

P(1) – M(1) – Cl(2)

89.00(2)

90.76 (6)

127.17

86.87(3)

M(1) – Cl(2)

2.4070(6)

2.4155(8)

2.426(2)

2.421(1)

P(1) – M(1) – L(1)

131.12

131.21

129.56

132.01

M(1) – L(1)

1.7052(8)

1.8010(14)

1.686

1.816

M(1) – P(1) – C(1)

109.29(9)

121.1 (2)

115.9(2)

115.4(1)

P(1) – C(1)

1.834(3)

1.829(6)

1.814(6)

1.857(4)

C(1) – P(1) – C(2)

106.71(13)

106.6 (4)

103.2(4)

113.6(2)

P(1) – C(2)

1.836(3)

1.807(9)

1.803(6)

1.832(5)

C(1) – P(1) – C(3)

101.65(11)

94.2 (3)

102.8(3)

116.1(1)

P(1) – C(3)

1.825(2)

1.835(6)

1.802(8)

1.833(4)

P(1) – C(1) – X(3)

116.23(15)

114.8 (3)

‒

110.9(2)

C(1) – X(3)

1.782(3)

1.765(7)

‒

1.400(4)

P(1) – C(2) – X(4)

116.54(14)

126.1 (7)

‒

110.6(4)

C(2) – X(4)

1.775(3)

1.724(9)

‒

1.388(9)

P(1) – C(3) – X(5)

111.18(12)

113.2 (3)

‒

113.3(3)

C(3) – X(5)

1.766(2)

1.776(6)

‒

1.407(6)

M = Ru (4.10), Rh (4.11, 4.13), Os (4.12). X = Cl (4.10, 4.11), OH (4.13). L(1) = p‒cymene ring centroid of C(4) to C(9) (4.10) and
Cp*CENT C(4) to C(8) (4.11). For 4.12 C(1)–C(3) are represented by C(11)–C(13) respectively. For 4.13 C(1)–C(3) are represented by
C(21)–C(23) respectively.

The phosphorus atoms in 4.10 and 4.11 have adopted a distorted tetrahedral
arrangement, which is in keeping with 4.12 and 4.13. However, as can be seen in Table
4.1, 4.11 displays an unusually large M(1)–P(1)–C(1) angle of 121.1(2)°, with a smaller
value of 94.2(3)° for the C(1)–P(1)–C(3) angle to compensate. This phenomenon is also
evident in 4.12, although to a lesser degree. Aside from this, the calculated bond
lengths and angles for 4.10 and 4.11 are in good agreement with analogous complexes
4.12 and 4.13. Further analysis of the molecular structure of the chloromethyl
phosphine complexes indicates that 4.10 exhibits no hydrogen bonding of note, whereas
4.11 displays several weak intermolecular C–H···Cl hydrogen bonds ranging from
2.928(11) to 3.544(5) Å between donor and acceptor atoms, of which, some are of a
similar length to the weak O–H···O interactions found involving the hydroxyl protons
of 4.13 (2.901 – 3.250Å). As may be expected from a compound that contains fewer
electronegative substituents, the structure of 4.12 does not display any inter or
intramolecular hydrogen bonding interactions of note. Further to the hydrogen bonding
interactions present within these halogenated complexes, inter and intramolecular
halophilic interactions between neighbouring chlorine atoms can be found in this class
of compound. Although these compounds contain a relatively high proportion of
chlorine, few halophilic interactions of genuine length (less than 3.52Å)263 are found.
Compound 4.10 exhibits a single intramolecular halophilic interaction, Cl(3)···Cl(4)
3.38Å, whereas no halophilic contacts arise involving the chloromethyl substituents
present in 4.11. The chlorine atoms in the crystal structures of both 4.10 and 4.11 all
reside outside of the van der Waal’s radius of the central metal, suggesting that
fluxional exchange was not occurring as the compounds started to crystallise.

4.3.2

Preparation and characterisation of an Au(I) complex of 4.9

Further to the synthesis of Ru(II) and Rh(III) complexes 4.10 and 4.11, simple ligand
substitution was again utilised to form Au(I) complex 4.14 by displacing the tht ligand
from AuCl(tht). This was achieved by dropwise addition of a CH2Cl2 solution of ligand
4.9 to a stirred CH2Cl2 solution of AuCl(tht). Concentration of the reaction solution in
vacuo followed by precipitation with Et2O afforded 4.14 as a white solid in 80%
isolated yield. Analysis by 1H NMR (CDCl3) spectroscopy displayed a single resonance
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at δ 4.14 (2JPH 2.5 Hz). This is located ca. 0.2 ppm upfield from the observed
resonances of 4.10 and 4.11, which suggests that the reduced charge on the Au(I) metal
centre leads to a greater shielding of the methyl protons. This is further supported by
the decreased 2JPH value for 4.14 which would occur due to a decrease in the electron
withdrawal from the central phosphorus with respect to 4.10 and 4.11.264 Analysis by
31

P{1H} NMR (CDCl3) spectroscopy gave rise to a single signal at δ(P) 36.8 ppm,

suggesting that the phosphorus environment is similar to that experienced in 4.10. The
proposed empirical formula for 4.14 is well supported by elemental analysis, with the
mass spectrum of this compound exhibiting the molecular ion at m/z 411 [M]+. The FT–
IR spectrum of this compound displays a stretch at υAuCl 337 cm–1.
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4.3.3

Molecular Structure of 4.14

Colourless blocks of 4.14 suitable for single crystal X‒ray diffraction were obtained via
slow evaporation of a toluene solution of 4.14 over several days. The molecular
structure of this compound was determined and displays two independent molecules of
4.14 in the asymmetric unit (Figure 4.3), one of which features disorder about the entire
phosphine ligand. A disordered molecule of toluene also features in the asymmetric
unit.

Figure 4.3

Molecular structure of 4.14. Hydrogen atoms, solvent molecules of
crystallisation and minor disorder components have been omitted for
clarity.

Following a search of the CSD,199 analogous Au(I) chloride complexes of trimethyl and
triethylphosphines were found. The bond lengths and angles for AuClPEt3 (4.15)265 are
included in Table 4.2. Upon inspection of the bond lengths and angles for these
complexes, it is evident that 4.14(i) displays a P(1)–C(1) bond length which is far in
excess of that expected, or observed for 4.14(ii) or 4.15 which have typical P–C bond
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lengths in the region of 1.8 Å. It should also be noted that this molecule exhibits the
smallest P(1)–Au(1)–Cl(1) angle of the three molecules. These measurements are likely
due to 4.14(i) containing a disorder component which is constituted by an entire
P(CH2Cl)3 moiety, and hence giving a potentially skewed perception of the calculated
bond lengths and angles in this case.

Table 4.2

Selected bond lengths (Å) and angles (°) of 4.14 and 4.15.

4.14(i)

4.14(ii)

4.15

Au(1) – P(1)

2.213(5)

2.214(3)

2.232(3)

Au(1) – Cl(1)

2.2937(19)

2.284(3)

2.306(3)

P(1) – C(1)

2.24(3)

1.835(9)

1.824(13)

P(1) – C(2)

1.811(18)

1.819(10)

1.777(14)

P(1) – C(3)

1.811(16)

1.825(8)

1.795(14)

C(1) – Cl(2)

1.80(3)

1.776(10)

‒

C(2) – Cl(3)

1.765(18)

1.786(8)

‒

C(3) – Cl(4)

1.471(17)

1.774(9)

‒

P(1) – Au(1) – Cl(1) 174.5(2)

176.18(7)

178.47(1)

Au(1) – P(1) – C(1)

99.7(9)

118.6(4)

115.71(1)

C(1) – P(1) – C(2)

107.7(10)

116.4(3)

113.14(1)

C(1) – P(1) – C(3)

112.9(10)

111.6(3)

122.69(1)

P(1) – C(1) – Cl(2)

111.5(14)

110.9(6)

‒

P(1) – C(2) – Cl(3)

111.6(9)

109.6(5)

‒

P(1) – C(3) – Cl(4)

132.4(10)

113.2(5)

‒

(i) and (ii) signify molecules 1 and 2 in the asymmetric unit respectively. For
4.14(ii) Au(1) is represented by Au(2), P(1) by P(2), C(4) to C(6), and Cl(4) to
Cl(6) become C(1) to C(3) and Cl(1) to Cl(3).
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Further to the network of weak hydrogen bonding interactions, the molecular structure
of 4.14 is supported by a weak aurophilic interaction, with an Au(1)···Au(2) 0.5+x,
1.5‒y, z) distance of 3.492(3) Å. This is indicative of a weak, yet legitimate aurophilic
interaction in this case.203 The inter-gold distance of Au(1)···Au(2) 3.568 Å for 4.15 is
just outside the generally accepted limit of 3.52 Å.263 The molecular structure of 4.14 is
also supported by a network of weak hydrogen bonds between CH2 protons on C(4),
C(5) and C(6) and neighbouring chlorine atoms, ranging from 3.45–3.80 Å. It is
unlikely that interactions exceeding ca. 3.66 Å would be structure directing.266 The
structure also features two legitimate halophilic interactions263: Cl(1)···Cl(7)(a) 3.177 Å
and Cl(6)···Cl(7)(b) 3.481 Å, although the latter is very weak. As with compounds 4.14
and 4.15, no chloromethyl chlorines fall within the van der Waal’s radius of the parent
metal.

Figure 4.4

Halophilic interactions in 4.14. Symmetry operators for
equivalent molecules: (a) = x, 1+y, z. (b) = 0.5+x, 1.5‒y, z.
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4.4

Preparation and characterisation of di‒substituted cis‒ and trans‒Pt(II)
complexes of 4.9

The behaviour of phosphine 4.9 towards cis and trans Pt(II) centres was investigated,
again using simple ligand substitution. The cis Pt(II) complex 4.16 was prepared by
dropwise addition of a CH2Cl2 solution of 4.9 to a stirred CH2Cl2 solution of
PtCl2(cod). Following precipitation with Et2O, 4.16 was isolated as a yellow solid in
90% yield. Analysis by 1H NMR (CDCl3) spectrum found a single resonance at δ 4.45
ppm corresponding to the chloromethyl protons, slightly downfield of the analogous
resonance for M(II) compounds 4.10 and 4.11. This indicates a small degree of
deshielding of the protons in this case, most likely from the trans chloride ligands.
Analysis by 31P {1H} NMR spectroscopy displayed a resonance at δ(P) 18.2 ppm (1JPtP
3679 Hz), with a coupling constant of this magnitude serving to confirm the cis
conformation of the complex.197 This is confirmed by the presence of two FT–IR (KBr)
stretches at υPtCl 325 and 304 cm–1. Further support for the proposed structure is
obtained from elemental analysis, which strongly supports the proposed formula for
this compound, as does analysis via mass spectrometry which finds m/z 589 [M–Cl]+.
Crystals of 4.17 were obtained following reduction of the filtrate and addition of
pentane. Analysis of these crystals by 1H NMR (CDCl3) spectroscopy finds the PCH2
resonance at δ 4.20 ppm (3JPtH 20 Hz), thus indicating the electron withdrawing effect
of the trans chloride ligands in 4.16. The 31P {1H} NMR spectrum of 4.17 displayed the
corresponding resonance at δ(P) 19.2 ppm (1JPtP 2812 Hz). The coupling constant,
which ca. 800 Hz smaller than that observed for 4.16 is consistent with the
co‒ordinated phosphorus atoms being trans to one another.198 The presence of a single
υPtCl stretch at 341 cm–1 also serves to confirm the trans conformation of 4.17.

4.4.1

Molecular Structures of 4.16 and 4.17

Colourless (4.16) and yellow (4.17) blocks of the appropriate Pt(II) complex suitable
for single crystal X‒ray diffraction studies were obtained via vapour diffusion of
diethyl ether into a CH2Cl2 solution of the respective compound. Following
determination of their molecular structures, the molecular structure of 4.16 has a single
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molecule in the asymmetric unit, which contrasts with 4.17 which displays one and a
half molecules, with Pt(2) located on a crystallographic inversion centre. Selected data
are given in Table 4.3 for cis and trans complexes 4.16 and 4.17, molecules (i) and (ii).
In the case of 4.17(ii), Pt(1) becomes Pt(2), C(1)–C(6) become C(7)–(C12) and Cl(1)–
Cl(9) become Cl(10)–Cl(18).
Although a search of the CSD199 yields a catalogue of close to 700 compounds of the
type PtCl2P2 consisting of both chelating and monodentate phosphine ligands, few
simple trialkylphosphine type ligands are available for comparison. However, it was
found

that

the

trans‒Pt{P(CH3)3}2Br2

crystal

structures

(4.19),268
270

trans‒Pt{P(CH2CH3)3}2Cl2 (4.21)

of

cis‒Pt{P(CH3)3}2Cl2

cis‒Pt{P(CH2CH3)3}2Cl2

(4.18)267,

(4.20)269

and

have been determined. The Pt–P and Pt–X

distances for 4.16 and 4.17 are consistent with those found for 4.18 and 4.20, and 4.19
and 4.21, respectively. The shortening of Pt‒P and lengthening Pt‒Cl bonds in cis
isomer 4.16 with respect to those measured in trans isomer 4.17 occurs due to the trans
influence of the ligands.271 The Pt(II) centres in 4.16 and 4.17 are found to adopt a
distorted square planar geometry, as the relevant cis‒P–Pt–Cl angles deviate by up to 8°
from the idealised value of 90°, although in 4.17(ii) the location of Pt(2) on an
inversion centre leads to a trans‒P–Pt–P angle of exactly 180°. The phosphorus centres
present in both isomers adopt a distorted tetrahedral arrangement, as can be seen from
the relevant M–P–C bond angles. The carbon atoms in the chloromethyl phosphine
ligands also adopt this distorted configuration for both 4.16 and 4.17, but it should be
noted that in the case of each phosphine ligand, two of the P–C–Cl bonds are close to
the ideal value of 109.5°, whilst the remaining arm exhibits an angle which is slightly
larger and in the region of 112°.
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Figure 4.5

Molecular structure of 4.16 (left) and 4.17 (right). All hydrogen atoms have been omitted for clarity, including the second
independent molecule of 4.17.

Table 4.3

Bond lengths (Å) and angles (°) of cis and trans Pt(II) complexes 4.16 and 4.17.

4.16

4.17(i)

4.17(ii)

159

4.16

4.17(i)

4.17(ii)

Pt(1) – P(1)

2.2345(11)

2.2818 (9)

2.2861 (9)

P(1) – Pt(1) – Cl(1)

82.92(4)

87.60 (3)

86.58 (3)

Pt(1) – P(2)

2.2351(10)

2.2796 (8)

‒

P(1) – Pt(1) – Cl(2)

90.46(4)

92.89 (3)

93.42 (3)

Pt(1) – Cl(1)

2.3490(10)

2.3139 (8)

2.3068 (8)

P(1) – Pt(1) – P(2)

99.53(4)

177.57 (3)

180.0

Pt(1) – Cl(2)

2.3356(10)

2.3061 (8)

‒

M(1) – P(1) – C(1)

120.70(14)

111.16 (12)

114.60 (14)

P(1) – C(1)

1.828(4)

1.829 (3)

1.815 (4)

C(1) – P(1) – C(2)

101.7(2)

103.06 (17)

100.96 (19)

P(1) – C(2)

1.826(4)

1.823 (4)

1.818 (4)

C(1) – P(1) – C(3)

104.8(2)

104.86 (17)

104.50 (19)

P(1) – C(3)

1.829(4)

1.824 (4)

1.823 (4)

P(1) – C(1) – Cl(3)

112.3(2)

108.30 (18)

109.5 (2)

C(1) – Cl(3)

1.785(4)

1.780 (4)

1.771 (4)

P(1) – C(2) – Cl(4)

109.4(2)

109.3 (2)

109.8 (2)

C(2) – Cl(4)

1.775(5)

1.778 (4)

1.775 (4)

P(1) – C(3) – Cl(5)

108.9(2)

112.35 (19)

112.7 (2)

C(3) – Cl(5)

1.781(5)

1.792 (4)

1.780 (4)

Pt(1) – P(2) – C(4)

116.28(15)

113.24 (12)

‒

P(2) – C(4)

1.828(4)

1.821 (4)

‒

C(4) – P(2) – C(5)

102.1(2)

103.56 (17)

‒

P(2) – C(5)

1.826(4)

1.816 (3)

‒

C(4) – P(2) – C(6)

101.7(2)

103.26 (17)

‒

P(2) – C(6)

1.829(4)

1.818 (4)

‒

P(2) – C(4) – Cl(6)

108.8(2)

108.47 (19)

‒

C(4) – Cl(6)

1.785(4)

1.782 (4)

‒

P(2) – C(5) – Cl(7)

110.8(3)

112.8 (2)

‒

C(5) – Cl(7)

1.775(5)

1.778 (4)

‒

P(2) – C(6) – Cl(8)

111.1(2)

108.3 (2)

‒

C(6) – Cl(8)

1.781(5)

1.779 (4)

‒

M(1) = Pt(1) for 4.16 and 4.17(i). M(1) = Pt(2) for 4.17(ii)

As with the previously detailed complexes, the molecular structures of 4.16 and 4.17
are supported by non‒bonded interactions such as hydrogen bonding and halophilic
interactions, neither of which are reported by the authors for the lesser halogenated
compounds 4.18–4.21, which would be expected as only two Pt‒X groups are found
per molecule. The interactions found in both 4.16 and 4.17 are weak, with the inter and
intramolecular hydrogen bonding motifs consisting of donor···acceptor distances with a
range of 3.460(5)–3.703(5) Å and 3.396(4)–3.807(4) Å respectively. It is unlikely that
interactions exceeding ca. 3.66 Å would be structure directing.266 With respect to any
halophilic interactions, it appears that the greater freedom between the two
chloromethylphosphine ligands afforded by the trans conformation leads to an
increased number of intermolecular halophilic contacts: for 4.16 [Cl(1)···Cl(5’) 3.285
Å] (symmetry operator for equivalent atoms: 0.5+x, ‒y, z), for 4.17 [Cl(2)···Cl(6”)
3.418 Å, Cl(6)···Cl(10*) 3.492 Å, Cl(11)···Cl(8+) 3.453Å] (illustrated with symmetry
operators in Figure 4.6). However, the halophilic contact observed in 4.16 is notably
shorter than those observed in 4.17, due to the change in packing motif effected by the
cis conformation of the ligands.

Figure 4.6

Intermolecular halophilic interactions of 4.17. All hydrogen atoms have
been omitted for clarity. Symmetry operators for equivalent atoms: (”)
‒1+x, y, z (*) 1+x, y, z (+) –x, ‒y, ‒x.
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4.4.2

Preparation and characterisation of [Pt{P(CH2Cl)3}2(SPPh2NPPh2S)}PF6
(4.22)

The co‒ordination behaviour of 4.9 towards a Pt(II) centre bearing a chelating
chalcogenide ligand was investigated, with 4.22 formed by reaction of 4.9 with
K[Ph2P(S)NP(S)Ph2] and NH4PF6. Compound 4.22 was isolated in 84% yield and
characterised by a variety of methods. Analysis by
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P{1H} NMR (CDCl3)

spectroscopy gave rise to three resonances at δ(P) 16.1 (1JPtP 3249 Hz), 37.3 (2JPtP(S)
112 Hz) and –144.4 ppm (1JPF 713 Hz). The first resonance is attributed to the
co‒ordinated phosphine and displays a coupling constant that is indicative of a cis
co‒ordination mode.197 The observed chemical shift of this resonance is similar to that
observed in 4.16, although the upfield shift would suggest that the chelating
chalcogenide ligand trans to phosphorus in both cases in 4.22 displays less electron
withdrawing character than the two chloride ligands present in 4.16. Analysis by 1H
NMR spectroscopy found the resonance assigned to the PCH2 protons in 4.22 δ 4.06
ppm (3JPtH 22.8 Hz). The chemical shift of this resonance suggests that the protons are
shielded to a greater degree than the other P(CH2Cl)3 containing complexes already
discussed in this section. This could be attributed to the delocalisation of the charge
around the ligand, resulting in less electron withdrawal at the metal centre and
subsequently phosphorus. The proposed empirical formula of 4.22 is supported by mass
spectrometry, which found m/z 1002 [M–PF6]+ and elemental analysis.

4.4.3 Molecular Structure of 4.22
Colourless blocks of 4.22 suitable for single crystal X‒ray diffraction were obtained via
slow diffusion of diethyl ether into a CH2Cl2 solution of 4.22 and the molecular
structure determined. The molecular structure of this compound displays a single
independent molecule of 4.22 in the asymmetric unit (Figure 4.7), in addition to one
anionic [PF6]– counter ion per Pt(II) centre.
The Pt(II) centre adopts a distorted square planar arrangement, highlighted by the P(1)–
Pt(1)–S(2) angle which is approximately 10° smaller than the idealised value of 180°.
The distortion is also apparent from the slightly reduced S(1)–Pt(1)–S(2) bite angle
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which

deviates

from

the

idealised

90°.

The

phosphorus

atoms

in

the

chloromethylphosphine ligands adopt a distorted square planar geometry. Within these
ligands, the P(1)–C–Cl bond angles display two slightly larger than the ideal, with one
smaller, as with 4.16 and 4.17. In contrast however, this phenomenon is reversed on
P(2) for 4.22, which displays two bond angles smaller than the ideal and one greater.
Bond lengths and angles for this compound are consistent with those observed in the
Pt(II) complex 4.23 which bears the same chelating chalcogenide ligand.272
The molecular structure of 4.22, as with cis complex 4.16 is supported by both weak
inter and intramolecular hydrogen bonds and weak halophilic interactions. In contrast
to the other complexes detailed herein containing the chloromethyl phosphine ligand,
no Cl···Cl halophilic interactions of note are observed in the molecular structure of
4.22, although the highly halogenated [PF6]– counter ion shows a weak Cl(4)···F(6’)
interaction at a distance of 3.485 Å. (Symmetry operator for equivalent atoms (’) 1‒x,
0.5+y, 1.5‒z). It is likely that the introduction of a bulky ligand, without halogen
substituents has reduced the likelihood of halogen atoms within the crystal structure of
this compound being within close proximity of each other.
The bulky chalcogenide ligand is involved in the weak hydrogen bonding matrix that
stabilises the crystal structure of this compound in conjunction with those noted
involving the [PF6]– counter ion. It should be noted however, that like other
aforementioned compounds of this class, the interactions are very weak, with D···A
distances 2.973(5)–3.739(4) Å. It is unlikely that any interactions exceeding 3.66 Å
would be structure directing.266 As with the other compounds of this class presented
thus far, the chlorine atoms contained on the chloromethyl phosphine ligands lie outside
the van der Waal’s radius of the central metal ion of the complex.
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Figure 4.7

Molecular structure of cationic 4.22 (left) and neutral 4.23 (right). All hydrogen atoms have been omitted for clarity, as has
one molecule of the [PF6]– counter ion in 4.22.

Table 4.4

Selected bond lengths (Å) and angles (°) of 4.17 and 4.18

4.22

4.23

L(1) – Pt(1) – S(1)

82.83(3)

90.97(10)

2.333(3)

L(1) – Pt(1) – S(2)

169.90(3)

170.12(10)

2.3619(9)

2.302(3)

S(1)—Pt(1)—S(2)

88.37(3)

98.78(10)

Pt(1) – S(2)

2.3814(9)

2.371(3)

L(1) – Pt(1) – L(2)

102.60(3)

88.13(9)

P(1) – C(1)

1.826(4)

1.816(2)

Pt(1) – L(1) – C(1)

110.74(13)

116.35(9)

P(1) – C(2)

1.823(5)

1.811(2)

C(1) – P(1) – C(2)

104.50(19)

103.23(10)

P(1) – C(3)

1.841(4)

1.814(2)

C(1) – P(1) – C(3)

102.1(2)

103.81(10)

C(1) – Cl(1)

1.776(4)

‒

P(1) – C(1) – Cl(1)

108.2(2)

‒

C(2) – Cl(2)

1.786(4)

‒

P(1) – C(2) – Cl(2)

107.1(2)

‒

C(3) – Cl(3)

1.777(4)

‒

P(1) – C(3) – Cl(3)

111.8(2)

‒

P(2) – C(4)

1.827(4)

‒

Pt(1) – P(2) – C(4)

117.20(12)

‒

P(2) – C(5)

1.832(4)

‒

C(4) – P(2) – C(5)

113.46(12)

‒

P(2) – C(6)

1.811(4)

‒

C(4) – P(2) – C(6)

116.60(13)

‒

C(4) – Cl(4)

1.784(4)

‒

P(2) – C(4) – Cl(4)

112.6(2)

‒

C(5) – Cl(5)

1.774(4)

‒

P(2) – C(5) – Cl(5)

108.84(19)

‒

C(6) – Cl(6)

1.772(4)

‒

P(2) – C(6) – Cl(6)

111.2(2)

‒

4.22

4.23

Pt(1) – L(1)

2.2821(9)

2.253(3)

Pt(1) – L(2)

2.2711(9)

Pt(1) – S(1)

L(1) = P(1) (4.22), P(3) (4.23). L(2) = P(2) (4.22), Cl(1) (4.23). For 4.23 C(1) becomes
C(30), C(2) becomes C(36) and C(3) becomes C(42).

4.5

Preparation and characterisation of mer‒RhCl3(P(CH2Cl)3)3 (4.24)

Further to the synthesis of mono‒ and bis‒substituted transition metal complexes of 4.9,
triphosphine complex 4.24 was prepared. To this end, ligand 4.9 (3eq.) was reacted
with RhCl3.3H2O to afford 4.24 as a yellow solid in 23% isolated yield. Analysis by 1H
NMR (CDCl3) spectroscopy gave a single signal at δ 4.58 ppm. This is ca. 0.2 ppm
downfield from the resonance observed in Rh(III) compound 4.11 and may be
attributed to the presence of an extra chloride ligand with respect to 4.11, thus resulting
in a deshielding of the chloromethyl protons. The
164
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P{1H} NMR spectrum of 4.24

displayed resonances at 16.8 (1JRhP 218 Hz) and 35.8 (1JRhP 119 Hz, 2JPP 25Hz),
highlighting the two distinct phosphorus environments, where the phosphorus is trans
to either P or Cl. Elemental analysis closely supports the proposed empirical formula of
4.24.

4.5.1

Molecular structure of 4.24

Yellow blocks of 4.24 suitable for single crystal X‒ray diffraction were obtained via
vapour diffusion of diethyl ether into a CDCl3 solution of 2.24 over several days and the
structure determined. The molecular structure of this compound shows a single
molecule in the asymmetric unit and the absence of any solvent molecules of
crystallisation, as illustrated in Figure 4.8. The meridional rhodium(III) trichloride
complex adopts a distorted octahedral arrangement with respect to the metal centre as
indicated by the relevant bond angles [P(1)–Rh(1)–P(2) 157.68(2), P(2)–Rh(1)–Cl(2)
173.20(2), Cl(1)–Rh(1)–Cl(3) 177.78(2)°], with the phosphorus centres adopting a
distorted tetrahedral geometry as indicated by the relevant Rh–P–C bond angles (Table
4.5). The methyl carbons present within the compound also adopt a distorted tetrahedral
geometry, with all P–C–Cl angles being greater than the idealised value [111.42(12) –
117.00(13)°].

The P–C bond lengths reported in 4.24, are in good agreement with those found for the
similar compound fac‒Rh(THP)3Cl3 (4.25).273 One difference between the pair that is
clearly noticeable is the contrast between Rh–P and Rh–Cl bond lengths present in 4.24
with respect to 4.25. This arises from the difference in structural isomerism between the
pair, with the meridional (4.24) and facial (4.25) isomerism leading to phosphorus and
chloride ligands always being trans with respect to the Rh(III) centre in 4.25. This leads
to a shortening of the Rh–P bonds which are trans to the electron withdrawing chloride
ligands bound to the Rh centres in each case.
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Figure 4.8

Molecular structure of 4.24 (top) and 4.25 (bottom). All hydrogen
atoms have been omitted for clarity, as has a molecule of crystallisation
of water (4.25).

166

Table 4.5

Selected bond lengths (Å) and angles (°) of 4.24 and 4.25.
4.24

4.25

4.24

4.25

Rh(1) – P(1)

2.3743(6)

2.295(2)

P(1)—Rh(1)—P(3)

157.68(2)

96.01(8)

Rh(1) – P(2)

2.2790(6)

2.286(2)

P(2)—Rh(1)—Cl(2)

173.20(2)

93.15(8)

Rh(1) – P(3)

2.3673(6)

2.2985(19)

Cl(1)—Rh(1)—Cl(3)

177.78(2)

86.07(7)

Rh(1) – Cl(1)

2.3337(5)

2.4419(19)

P(1)—Rh(1)—Cl(1)

83.426(19)

170.37(7)

Rh(1) – Cl(2)

2.3962(5)

2.433(2)

P(3)—Rh(1)—Cl(3)

93.86(2)

171.35(7)

Rh(1) – Cl(3)

2.3618(5)

2.433(2)

Rh(1)—P(1)—C(1)

108.28(7)

109.6(3)

P(1) – C(1)

1.860(2)

1.895(9)

Rh(1)—P(1)—C(2)

124.61(7)

113.1(3)

P(1) – C(2)

1.841(2)

1.851(9)

Rh(1)—P(1)—C(3)

112.22(7)

123.0(3)

P(1) – C(3)

1.822(2)

1.859(9)

P(1)—C(2)—Cl(4)

115.48(12)

111.1(7)

C(1) – Cl(4)

1.793(2)

1.358(11)

P(1)—C(2)—Cl(5)

112.58(11)

112.4(6)

C(2) – Cl(5)

1.782(2)

1.441(11)

P(1)—C(3)—Cl(6)

112.77(12)

107.9(6)

C(3) – Cl(6)

1.794(2)

1.371(12)

Rh(1)—P(2)—C(4)

115.32(8)

111.7(3)

P(2) – C(4)

1.844(2)

1.838(8)

Rh(1)—P(2)—C(5)

111.09(7)

116.0(3)

P(2) – C(5)

1.833(2)

1.877(8)

Rh(1)—P(2)—C(6)

121.42(7)

120.3(3)

P(2) – C(6)

1.835(2)

1.855(8)

P(2)—C(4)—Cl(7)

113.65(12)

109.5(5)

C(4) – Cl(7)

1.780(2)

1.445(9)

P(2)—C(5)—Cl(8)

113.63(12)

109.0(6)

C(5) – Cl(8)

1.780(2)

1.437(11)

P(2)—C(6)—Cl(9)

111.42(12)

110.6(6)

C(6) – Cl(9)

1.781(2)

1.415(10)

Rh(1)—P(3)—C(7)

126.50(8)

121.0(3)

P(3) – C(7)

1.830(2)

1.837(9)

Rh(1)—P(3)—C(8)

109.64(8)

112.4(3)

P(3) – C(8)

1.828(2)

1.842(8)

Rh(1)—P(3)—C(9)

107.53(8)

114.3(3)

P(3) – C(9)

1.849(2)

1.850(8)

P(3)—C(7)—Cl(10)

112.02(12)

111.5(6)

C(7) – Cl(10)

1.780(2)

1.371(11)

P(3)—C(8)—Cl(11)

114.11(13)

111.4(6)

C(8) – Cl(11)

1.788(2)

1.412(10)

P(3)—C(9)—Cl(12)

117.00(13)

115.9(6)

C(9) – Cl(12)

1.778(2)

1.434(12)

In the case of 4.25 Cl(4) – Cl(12) are replaced by O(1) – O(9) respectively.
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The molecular structure of 4.24 is found to be supported by a network of weak
intermolecular hydrogen bonding interactions, chiefly between methyl protons and
chlorine atoms on chloromethyl arms of neighbouring molecules [D···A: C5–
H(5A)···Cl(1i) 3.438(2), C(3)–H(3B)···Cl(2ii) 3.390(2), C(1)–H(1A)···C(l3iii) 3.810(2),
C(2)–H(2A)···Cl(4iv) 3.525(2), C(6)—H(6A)···Cl(7v) 3.666(2)Å], although the
interactions involving H(6A) and H(1A) are unlikely to be structure directing.266 The
interactions displayed here, on the whole appear to be weaker than those displayed in
4.25 due to an increased length of interaction, with those found in 4.25 ranging from
2.706 to 3.195Å with the majority of those involving the THP hydroxyl functionalities,
as would be expected due to their abundance within this compound. The molecular
structure of 4.24 also displays two genuine intermolecular halophilic Cl···Cl
interactions.263 As with other complexes containing ligand 4.9, these interactions are
found to be weak, with Cl···Cl distances of 3.408 and 3.451Å.
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Figure 4.9

Hydrogen bonding motif in 4.24. All hydrogen atoms except H1(A),
H2(A), H(3B), H(5A), H(6A) have been omitted for clarity. Symmetry
operators for equivalent atoms (i) x, y+1, z; (ii) –x+1, y+1/2, –z+3/2;
(iii) –x+1, y–1/2, –z+3/2; (iv) –x+1, –y+1, –z+2; (v) –x+2, –y+2, –z+2.
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4.5.2

Preparation and characterisation of a dimeric Ru(II) complex of 4.9

The dinuclear Ru(II) complex 4.26 was synthesised via the rapid addition of
RuCl3.3H2O to a degassed methanolic solution of 4.9 (5eq.) with stirring and under a
nitrogen atmosphere. This afforded 4.26 in 54% yield. As with meridional Rh(III)
compound 2.24, analysis of 2.26 by

31

P {1H} NMR (CDCl3) spectroscopy gave two

resonances. These were located at δ(P) 59.7, 49.6 ppm and again highlight the two
distinct environments within the molecule. Although phosphorus is in each case trans
to a μ–Cl ligand, the presence of an additional terminal chloride bound to one of the
two Ru(II) centres appears to effect a 10 ppm shift of the phosphorus resonance. The
proposed empirical formula of 2.24 is supported by elemental analysis, and the
molecular structure confirmed by single crystal X‒ray diffraction studies.

4.5.3

Molecular Structure of 4.26

Orange tablets of 4.26 suitable for single crystal X‒ray diffraction were obtained by
allowing the methanolic filtrate containing 4.26 to stand over several days and the
structure determined. The molecular structure of this compound displays two dimeric
Ru(II) centres in the asymmetric unit and the absence of any solvent molecules of
crystallisation, as illustrated in Figure 4.10.
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Figure 4.10

Molecular structure of 4.26. All hydrogen atoms and minor disorder
components have been omitted for clarity.

Numerous (14) intramolecular Cl···Cl contacts 3.129–3.494 Å exist. This contrasts to
the other structures explored within this chapter as the number of halophilic contacts is
vastly increased for 4.26. This is likely due to the greater number of co‒ordinated
halophosphine ligands of 4.9, although there appears to be no fixed trend with respect
to the number of 4.9 ligands co‒ordinated to the metal centre and the number of
halophilic contacts recorded.
A search of the CSD199 for analogous dimeric compounds containing five phosphine
ligands and two Ru(II) centres linked by 3 μ—Cl ligands yields only one crystal
structure, that of Ru2Cl4(PPh2Et)5 (4.27)274 as shown in Figure 4.11. Analysis of the
molecular structure of 4.27 suggests that there are no halophilic interactions present. As
can be seen in Figure 4.11, the steric bulk of the phenyl and ethyl substituents on the
phosphine ligands in this compound appear to crowd the chloride ligands in the
structure, making this interaction unlikely intermolecularly. The lack of heteroatoms
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with respect to 4.27 also leads to the absence of any hydrogen bonding of note in the
crystal structure of this compound. This is in stark contrast to the molecular structure of
4.26, which possesses a significant number (35) of hydrogen bonding interactions, of
which 21 appear to be significant. However, as with other complexes detailed
containing ligand 4.9, these interactions have a large donor···acceptor range of
3.079(3)–3.803(2) Å and are hence very weak and any interactions greater than ca.
3.66 Å are unlikely influence the structure heavily.266
The observed Ru—P bond lengths for 4.26 are consistent with those found in 4.10 and
4.27. The P–C and C–Cl bond lengths, appropriate bond angles and P and C geometries
for 4.26 are in good agreement with those exhibited by ligand 4.9 when attached to
numerous other transition metal centres discussed in this chapter. The Ru centres
present in all cases for 4.26 are shown to adopt distorted octahedral arrangements, with
trans‒bond angles ranging from 165.00(2)–173.67(2)°, which all deviate from the
idealised value of 180°. Also, the approximate Ru···Ru distances serve to exclude the
presence of an Ru–Ru bond in both 4.26 and 4.27.
Table 4.6

Selected bond length (Å) and angle (°) ranges of 4.26 and 4.27. 274
4.26

4.27

Ru–Clterm

2.2334(5)–2.3161(5)

2.395(4)

Ru–ClBrid

2.4148(5)–2.5062(5)

2.472(4)–2.522(4)

P–C

1.803 (3)–1.993(5)

1.809(3)–1.888(3)

C–X

1.770(2)–1.894(4)

1.317(2)–1.571(3)

3.312–3.324

3.367

Ru···Ru

4.26

4.27

Ru–Cl–Ru

83.492(16)–85.425(16)

84.46(7)–85.75(7)

P–Ru–Cl

82.816(18)–173.67(2)

87.17(7)–164.72(7)

P–Ru–P

96.313(19)–117.09(8)

96.58(7)–99.95(7)

Ru–Cl–Ru

83.492(16)–85.425(16)

84.46(7)–85.75(7)

X = Cl (4.26), C(4.27)
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Figure 4.11

Molecular structure of 4.27.274 All hydrogen atoms and phenyl rings
other than ipso carbons have been omitted for clarity.
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4.6

Conclusion

In summary, a range of new transition metal complexes of 4.9 have been prepared,
characterised and their molecular structures explored via single crystal X‒ray
diffraction studies. The co‒ordination chemistry of 4.9 was extensively studied and
revealed the versatility of this ligand. Ligand 4.9 has demonstrated the ability to bind to
a Ru(II) centre to form an asymmetric ruthenium dimer complex 4.26 (octahedral) as
well as a variety of cis‒ and trans‒functionalised square planar Pt(II) complexes 4.16,
4.17 and 4.22. Co‒ordination studies of 4.9 have also led to the formation of other
mono‒ and bis‒phosphine complexes involving Au(I), Ru(II) and Rh(III) centres.
The intermolecular interactions which support the structures of the transition metal
complexes bearing 4.9 have been explored and found to consist of weak hydrogen
bonding interactions and halophilic Cl···Cl [3.177‒3.492 Å]

and Cl···F (4.22)

[3.485 Å] interactions. The length, particularly of the halophilic contacts, suggests that
they are very weak in most cases. This would be expected, given that chlorinated and
fluorinated compounds have been studied,275,

276

and halophilic interaction length

increases down group 17 (F<Cl<Br<I).277 For example, the literature indicates the
following typical halophilic interaction distances: F···F 2.6‒3.2 Å, Cl···Cl 3.10‒3.52
Å, Br···Br 3.19‒4.43 Å, I···I 2.93‒4.73 Å.278-281 One way in which the effect of halogen
bonding102,

282

may be investigated further would be to utilise bromine and iodine

analogues of the compounds detailed in this chapter, as these halogens have been
shown to display non-bonded interactions over greater distances than chlorine or
fluorine.263, 275, 276
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Chapter 5
Experimental
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5.1

General Experimental

Unless otherwise stated, all tertiary phosphine preparations were carried out in the
presence of an inert atmosphere, using standard Schlenk techniques, degassed solvents
and, where required, freeze thaw cycles. Reagents and solvents were purchased from
Aldrich or Alfa Aesar and were used as received. The solvents diethyl ether, toluene
and tetrahydrofuran were distilled over sodium/benzophenone under a nitrogen
atmosphere, whereas dichloromethane and acetonitrile were distilled over calcium
hydride under a nitrogen atmosphere. The metal complexes PtCl2(cod), PdCl2(cod),283,
284

Pt(CH3)Cl(cod), Pd(CH3)Cl(cod),285 AuCl(tht),286 {RhCl(μ–Cl)(Cp*)}2 and {RuCl(μ–

Cl)(η6–p–cym)}2 were prepared according to published procedures.287 The preparation
of the tertiary phosphine precursors PRCH2OH [PR = PAd, PPh2 or P(C6H4–o–OCH3)2]
was carried out utilising equimolar amounts of the respective secondary phosphine and
(CH2O)n according to the literature.288, 289

5.2

Instrumentation

NMR spectra were collected on a Bruker DPX–400 instrument. Chemical shifts were
recorded relative to Si(CH3)4 for 1H and 85% H3PO4 for 31P{1H} NMR. The instrument
operated at 400 MHz and 161.98 MHz respectively when collecting spectra. Elemental
analyses were carried out using an Exeter Analytical Inc. C–440 elemental analyser
within the Loughborough University Chemistry Department elemental analysis service.
Mass spectra were recorded within the Chemistry Department on a Thermo Exactive
(Orbi) utilising an Advion triversa nanomate sample introduction system, ESI (MeOH/
MeOH + 1% acetic acid) or using the EPSRC UK National Mass Spectrometry Service
at Swansea University. Infra–red spectra were recorded as KBr discs using a Perkin–
Elmer Spectrum 100 FT–IR spectrometer (4000–250 cm–1).
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5.3

Photochemistry

Fluorescence emission measurements were recorded using an Edinburgh Instruments
FLS900 spectrophotometer, λex 371.2 nm. All fluorescence measurements were
performed using a standard quartz fluorescence cell at ambient temperature [22(2) °C]
in dry THF and all measurement solutions were degassed with N2 for 15 min before
measurement. Concentrations of analyte were assumed as 5μM unless otherwise stated.
Calculation of quenching constants was carried out by modification of the Stern
Volmer parameter:

τ0
τ

= 1 + k q τ0 [Q]. In order to avoid dividing by two measured

quantities to obtain quenching constants, quenching constants were quoted as observed
1

values, kob which was calculated assuming k ob = k d + k q [Q] where 𝑘𝑜𝑏 = τ and
𝑘𝑑 =

5.4

1
τ0

.

X–Ray Crystallography

Measurements were made by utilising multiple diffractometers and radiation sources in
the home laboratory and by the EPSRC National Crystallographic Service at
Southampton University (see Appendix for compound specific details). All data
collections were performed at low temperature (100–150K) using a single crystal
mounted onto a glass fibre on the goniometer head using a drop of inert oil. Each data
collection took place in two stages; firstly the orientation matrix, unit cell and crystal
system were determined, secondly a longer data collection was undertaken in order to
measure a full sphere or hemisphere of the diffraction pattern. Programs used were
APEX 2290 or Rigaku CrystalClear291 for diffractometer control and Bruker SAINT292 or
Rigaku CrystalClear291 for frame integration. A semi–empirical absorption correction
was applied using the SADABS293-296 program based on equivalent and repeated
reflections and subsequent data reduction carried out. The program XPREP within the
SHELXTL297 suite of programs was used to check for any higher or missed symmetry,
and the space group was determined. The structure was solved using the program XS 298
using either direct methods or Patterson synthesis as appropriate. The structure was
refined using the program SHELXL–97298 or SHELX–2013/4298 by full–matrix least
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squares methods on F2. Non–hydrogen atoms were initially refined isotropically, then
later anisotropically. Hydrogen atoms were placed in geometrically calculated
positions. Platon299 was used to model highly disordered molecules as diffuse regions of
electron density (SQUEEZE), and also to generate estimated standard deviation values
for molecular structures obtained from the CSD199 for comparison purposes. See
appendix for summary tables of data relating to each structure discussed, in addition to
additional details of individual refinements. A CD is enclosed at the back of this
document containing complete refinement data and tables for each molecular structure.

5.5

Chapter 2 Experimental

The following precursor amines and imines were prepared by slight modification of the
method reported by Zhang et al.193

{9–(anth)C(H)=NiPr}

2.1a

9–anthracene carboxaldehyde (1.081 g, 5.247 mmol) was dissolved in HPLC methanol
(100 ml) with stirring. To this stirred suspension, isopropylamine (0.775 g, 13.1 mmol)
was added dropwise and the mixture stirred at room temperature for 4 h. The resulting
solution was taken to dryness on a rotary evaporator to give a mustard yellow solid.
The solid product was dried in vacuo for 4 h. Yield 1.249 g, 96 %. 1H NMR data
(CDCl3): δ 9.37 (s, 1H, H–C=N), 8.36 – 7.46 (m, 9H, Ar–H), 3.82 (m, 1H, H–CMe2),
1.44 (d, 3JHH 4.0 Hz, 6H, CH3). FT–IR (cm–1) (KBr): 2959 (w), 2863 (w) (C–H), 1632
(s) (C=N). Found C, 87.22; H, 6.93; N; 5.66. C18H17N requires C, 87.41; H, 6.93; N,
5.66. Mass spectrum m/z 248.1435 [M+H]+.

{9–(anth)C(H)=NBz}

2.2a

9–anthracene carboxaldehyde (1.048 g, 5.080 mmol) was dissolved in HPLC methanol
(100 ml) with stirring. To this suspension, benzylamine (0.546 g, 5.10 mmol) was
added dropwise and the mixture stirred at room temperature for 4 h. The resulting
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solution was taken to dryness on a rotary evaporator. The yellow solid product was
dried in vacuo for 2 ¼ h. Yield 1.491 g, 99 %. 1H NMR data (CDCl3): δ 9.50 (s, 1H, H–
C=N), 8.46 – 7.45 (m, 9H, Ar–H), 5.09 (s, 2H, CH2). FT–IR (cm–1) (KBr): 3024(m),
2836(m) (C–H), 1632(s) (C=N). Mass spectrum m/z 296.1425 [M+H]+. Found C,
89.33; H, 5.82; N; 4.94. C22H17N requires C, 89.46; H, 5.80; N, 4.74.

{9–(anth)C(H)=NnPr}

2.3a

9–anthracene carboxaldehyde (1.046 g, 5.073 mmol) was dissolved in HPLC methanol
(100 ml) with stirring. 1–aminopropane (0.753 g, 12.7 mmol) was added dropwise and
the resulting mixture stirred for 4 h. The solvent was removed on a rotary evaporator
and the residual amine removed in vacuo to give a yellow solid. Yield 1.215 g, 97 %.
1

H NMR data (CDCl3): δ 9.34 (s, 1H, H–C=N), 8.43 – 7.46 (m, 4H, Ar–H), 3.84 (m,

9H, CH2), 1.87 (m, 2H, CH2), 1.05 (t, 3JHH 7.2 Hz, 3H, CH3). Found C, 87.25; H, 6.94;
N; 5.83. C18H17N requires C, 87.41; H, 6.93; N, 5.66. FT–IR (cm–1) (KBr): 2913 (m),
2869 (m), 2830 (m) (C–H), 1641 (s) (C=N). Mass spectrum: m/z 270.1249 [M+Na]+.
The presence of a sodium adduct is common when utilising ESI-MS.

{9–(anth)CH2N(H)iPr}

2.1b

The anthracenyl imine 2.1a (0.928 g, 3.38 mmol) was dissolved in CH2Cl2 / absolute
ethanol (120 ml, 80:40) with stirring. Sodium borohydride (0.511 g, 13.5 mmol) was
added in small portions to the stirred solution and the mixture refluxed under N2 for 4 h.
The mixture was allowed to cool and concentrated hydrochloric acid added until
effervescence subsided. The solvent was removed on a rotary evaporator and the
resulting solid treated with aqueous sodium hydroxide solution (2.531 g, 60 ml). The
basic solution was washed with chloroform (3 x 50 ml), the organic layers combined,
dried over anhydrous magnesium sulfate and filtered. The solvent was removed using a
rotary evaporator to give a yellow solid. Yield 1.505 g, 85 %. 1H NMR data (CDCl3): δ
8.32 – 7.38 (m, 9H, Ar–H), 4.65 (s, 2H, CH2) 3.01 (m, 1H, H–CMe2), 1.17 (d, 3JHH 6.4
Hz, 6H, CH3). FT–IR (cm–1) (KBr): 3444 (m) (N–H), 2955 (m), 2940 (m) (C–H). Mass
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spectrum m/z 272.1406 [M+Na]+. Despite repeated attempts utilising a sample further
dried in vacuo, a satisfactory elemental analysis was not obtained. Found C, 74.73; H,
4.86; N; 4.86. C18H19N requires C, 86.70; H, 7.68; N, 5.62.

{9–(anth)CH2N(H)Bz}

2.2b

The anthracenyl imine 2.2a (1.035 g, 3.490 mmol) was dissolved in CH2Cl2 / absolute
ethanol (120 ml, 80:40) with stirring. Sodium borohydride (0.504 g, 13.3 mmol) was
added in small portions to the stirred solution and the mixture refluxed under N2 for 4 h.
The mixture was allowed to cool and concentrated hydrochloric acid added until
effervescence subsided. The solvent was removed on a rotary evaporator and the
resulting solid treated with aqueous sodium hydroxide solution (2.532 g, 60 ml). The
basic solution formed was washed with chloroform (3 x 50 ml), the organic layers were
combined, dried over anhydrous magnesium sulfate and filtered. The solvent removed
under reduced pressure. The resulting dark orange oily product was stored in a freezer
overnight, treated with Et2O (20 ml) and the solvent was removed in vacuo. Petroleum
ether 60–80°C (10 ml) was added to the resultant oil to improve mobility, the solvent
was again removed under reduced pressure. Yield 0.985 g, 95 %. 1H NMR data
(CDCl3): δ 8.31 – 7.32 (m, 9H, Ar–H), 4.61 (s, 2H, CH2), 3.96, (s, 2H, CH2), 1.66 (s,
1H, NH). FT–IR (cm–1) (NaCl thin film): 3321 (m) (N–H), 3056 (s), 2847 (s) (C–H).
Mass spectrum m/z 298.1588 [M+H]+. A sample suitable for elemental analysis was
not obtained.

{9–(anth)CH2N(H)nPr}

2.3b

The anthracenyl imine 2.3a (0.986 g, 3.96 mmol) was dissolved in CH2Cl2 / absolute
ethanol (120 ml, 80:40) with stirring. Sodium borohydride (0.500 g, 13.2 mmol) was
added in small portions to the stirred solution and the mixture refluxed under N2 for 4 h.
The mixture was allowed to cool and concentrated hydrochloric acid added until
effervescence subsided. The solvent was removed on a rotary evaporator and the
resulting yellow solid treated with aqueous sodium hydroxide solution (2.500 g, 60 ml).

180

The basic solution formed was washed with chloroform (3 x 50 ml); the organic layers
were combined, dried over anhydrous magnesium sulfate and filtered. The solvent was
removed using a rotary evaporator; treatment with Et2O did not facilitate crystallisation.
Yield 0.769g, 77 %. 1H NMR data (CDCl3): δ 8.33–7.46 (m, 9H, Ar–H), 4.65 (s, 2H,
CH2), 2.78 (s, 2H, CH2), 1.56 (m, 2H, CH2), 1.50 (s, 1H, NH), 0.88 (t, 3JHH 6.8 Hz, 3H,
CH3). FT–IR (cm–1) (NaCl plates, thin film): 3321(m) (N–H), 3030 (s), 2956 (s), 2334
(s) (C–H). Found C, 86.08; H, 7.63; N; 5.63. C18H19N·0.1H2O requires C, 86.08; H,
7.71; N, 5.58.

{9–(anth)CH2N(iPr)CH2PAd}

2.1c

A Schlenk flask was charged with 2.1b (0.810 g, 3.25 mmol). Methanolic AdPCH2OH
(0.711 g, 3.25 mmol, 20 ml) 49 % pure by 31P NMR spectroscopy was added, and the
reaction mixture stirred for 21 h under N2. The cream precipitate formed was filtered
under reduced pressure and washed with HPLC methanol (3 x 5 ml). Yield 0.114 g, 7
% no attempts to recover product from the filtrate were made due to the low purity of
the phosphine precursor. 1H NMR data (CDCl3): δ 8.32–7.38 (m, 9H, Ar–H), 4.62 (s,
2H, anth–CH2–N), 4.47 (d, 3JHH 12.6 Hz, 2H, CH2), 2.98 (m, 1H, H–CMe2), 1.79–0.62
(m, 22H, Ad. Cage H, iPr CH3). FT–IR (cm–1) (KBr): 2982 (m), 2957 (s) (C–H), 1626
(w) (C–C), 1190 (m) (C–N). Mass spectrum m/z 272.1406 [M+Na]+.

31

P{1H} NMR

data (CDCl3): δ(P) –49.7. FT–IR (cm–1) (KBr): 2956 (C–H),. Found C, 67.10; H, 7.27;
N; 2.72. C18H17N·0.5CH2Cl2 requires C, 67.27; H, 7.09; N, 2.65. Mass spectrum m/z
477.2285 [M–4H + Na]+.

Phosphines 2.2c and 2.3c were prepared in a similar manner to 2.1c, utilising imines
2.2b and 2.3b respectively.
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{9–(anth)CH2N(Bz)CH2PAd}

2.2c

Compound 2.2b (1.330 g, 4.477 mmol), AdPCH2OH (1.056 g, 4.512 mmol).Yield
0.845 g, 22 %. 1H NMR data (CDCl3): δ 8.33–7.18 (m, 14H, Ar–H), 4.53 (dd, 2H,
CH2), 3.71 (d, 3JHH 12.8 Hz 2H, CH2), 2.50 (d, 3JHH 13.6 Hz, 2H, CH2), 1.81–0.54 (m,
16H, Ad. Cage H).

31

P{1H} NMR data (CDCl3): δ(P) –42.8. Found C, 75.62; H, 6.11;

N; 2.83. C33H36NO3P·0.7CH3OH requires C, 75.28; H, 6.48; N, 2.45. FT–IR (cm–1)
(KBr): 2962 (m), 2933 (m), 2924 (m) (C–H), 1186 (s) (C–N), 1219 (s) (C–O).

{9–(anth)CH2N(nPr)CH2PAd}

2.3c

Compound 2.3b (0.870 g, 1.88 mmol), AdPCH2OH (1.056 g, 4.512 mmol). Yield 0.865
g, 52 %. 1H NMR data (CDCl3): δ 8.44–7.36 (m, 9H, Ar–H), 3.41 (s, 2H, anth–CH2–
N), 2.62 (m, 4H, CH2), 1.80 (m, 2H, CH2–CH3), 1.64–0.70 (m, 19H, Ad. Cage H, nPr
CH3).

31

P{1H} NMR data (CDCl3): δ(P) –42.9. Found C, 72.34; H, 7.39; N; 3.15.

C29H36NO3P requires C, 72.93; H, 7.60; N, 2.93. FT–IR (cm–1) (KBr): 2958 (s), 2924
(s), 2868 (m) (C–H), 1190 (s) (C–N), 1217 (s) (C–O). Mass spectrum m/z 500.2310
[M+Na]+.

cis–PtCl2{9–(anth)CH2N(iPr)CH2PAd}2

2.1d

A round bottomed flask was charged with PtCl2(cod) (0.053 g, 0.14 mmol) which was
dissolved in CH2Cl2 (20 ml) with stirring. To the stirring solution, 2.1c was added
(0.136 g, 0.285 mmol) in small portions and the mixture allowed to stir for 1 h. The
solvent was concentrated to approx. 1–2 ml under reduced pressure, Et2O (20 ml) was
added and the solution allowed to stand for 1 h. The pale, off white precipitate formed
was filtered under vacuum for 20 min. 0.005 g of product was isolated. The filtrate was
further treated with petroleum ether 60–80°C (20 ml) and hexane (20 ml) to yield
0.041g of additional product. Yield 29 %. 1H NMR data (CDCl3): δ 8.33–7.32 (m, 18H,
Ar–H), 4.64 (s, 4H, anth–CH2–N), 4.54 (m, 4H, P–CH2–N), 2.97 (m, 2H, H–CMe2),
2.21–0.73 (m, 44H, Ad. Cage H, iPr CH3).

31

P{1H} NMR data (CDCl3): δ (P) –4.37

(1JPtP 3284 Hz) FT–IR (cm–1) (KBr): 316 (w), 281 (w) (Pt–Cl). ]+. Despite repeated
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attempt, a satisfactory elemental analysis was not obtained. Found C, 55.30; H, 6.01; N;
2.00. C58H72N2O6P2PtCl2·1.5H2O·0.2CH2Cl2 requires C, 78.08; H, 6.75; N, 2.76.

Complexes 2.2d and 2.3d were prepared in a similar manner to 2.1d.

cis–PtCl2{9–(anth)CH2N(Bz)CH2PAd}2

2.2d

Compound 2.2c (0.151 g, 0.287 mmol), PtCl2(cod) (0.053 g, 0.14 mmol). Yield

0.39

g, 32 %. 1H NMR data (CDCl3): δ 8.28–7.30 (m, 28H, Ar–H), 4.67 (s, 4H, CH2), 3.70
(s, 4H, CH2), 2.25 (s, 4H, CH2), 2.65–1.18 (m, 32H, Ad. Cage H). 31P{1H} NMR data
(CDCl3): δ (P) –5.86 (1JPtP 3851 Hz). FT–IR (cm–1) (KBr): 338 (w), 317 (w) (Pt–Cl)
Mass spectrum m/z 1280.4529 [M–Cl +H]+. Despite repeated attempts, satisfactory
elemental analysis results were not obtained. Found C, 61.84; H, 5.37; N; 1.98.
C66H72N2O6P2PtCl2 requires C, 60.18; H, 5.31; N, 2.13.

cis–PtCl2{9–(anth)CH2N(nPr)CH2PAd}2

2.3d

Compound 2.3c (0.219 g, 0.472 mmol), PtCl2(cod) (0.088 g, 0.24 mmol). Yield 0.79 g,
14 %. 1H NMR data (CDCl3 δ 8.42–7.42 (m, 18H, Ar–H), 4.98 (s, 4H, anth–CH2–N),
2.56 (m, 8H, N–CH2), 1.21 (m, 2H, CH2–CH3), 1.64–0.70 (m, 38H, Ad. Cage H, nPr
CH3). 31P{1H} NMR data (CDCl3): δ (P) 2.85 (1JPtP 3415 Hz). FT–IR (cm–1) (KBr): 289
(w), 315 (w) (Pt–Cl). Found C, 55.41; H, 6.25; N; 2.63. C58H72N2O6P2PtCl2·1.5H2O
requires C, 55.77; H, 6.06; N, 2.24. Mass spectrum m/z 1184.1719 [M–Cl]–.

{9–(anth)CH2N(iPr)CH2PPh2}

2.1e

A Schlenk flask was charged with the amine 2.1b (0.486 g, 1.95 mmol), HOCH2PPh2
(0.537g, 2.79 mmol). HPLC methanol purged with N2 (20 ml) was added and the
reaction mixture stirred for 19 h under N2. This was then allowed to cool to RT and
stand for 2 d. The cream precipitate formed was filtered under reduced pressure and the
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filtrate collected, it was concentrated under reduced pressure and the solid product dried
under vacuum for 1 h. Yield 0.788 g, 63 %. 1H NMR data (CDCl3): δ 8.52–7.07 (m,
19H, Ar–H), 4.74 (s, 2H, anth–CH2–N), 3.36 (d, 3JHH 6.8 Hz, 2H, N–CH2–P), 3.57 (m,
1H, H–CMe2), 0.96 (d, 3JHH 6.8 Hz, 6H, CH3). 31P{1H} NMR data (CDCl3): δ(P) –26.2.
Mass spectrum m/z 470.1797 [M+Na]+. Despite repeated attempt, a satisfactory
elemental analysis was not obtained. Found C, 76.81; H, 6.27; N; 2.94. C31H30NP
requires C, 83.19; H, 6.76; N, 3.13.

Phosphine 2.1f was prepared in a similar manner to 2.1e.

{9–(anth)CH2N(iPr)CH2P(C6H4 o–OCH3)2}

2.1f

Compound 2.1b (0.486 g, 1.95 mmol), HP(o–CH3OC6H4)2 (0.461 g, 1.87 mmol) and
paraformaldehyde (0.062 g, 2.1 mmol). Yield 0.750 g, 76 %. 1H NMR data (CDCl3): δ
8.50–6.46 (m, 17H, Ar–H), 4.67 (s, 2H, anth–CH2–N), 3.57 (s, 6H, OCH3), 3.39 (d,
3

JHH 4.0 Hz, 2H, N–CH2–P), 3.57 (m, 1H, H–CMe2), 1.08 (d, 3JHH 6.4 Hz, 6H, CH3).

31

P{1H} NMR data (CDCl3): δ (P) –39.9. Found C, 77.79; H, 6.70; N; 2.78.

C33H34NO2P requires C, 78.08; H, 6.75; N, 2.76. FT–IR (cm–1) (KBr): 3050 (m), 2958
(m), 2789 (m) (C–H), 1158 (s) (C–N). Mass spectrum m/z 506.2243 [M+Na –H]+.

cis–PtCl2{9–(anth)CH2N(iPr)CH2PPh2}

2.1g

PtCl2(cod) (0.059 g, 0.16 mmol) was dissolved in CH2Cl2 (20 ml) and 2.1e (0.168 g,
0.334 mmol) added in small portions with stirring. The solution was stirred for a further
1.5 h, at which point it was concentrated to approx. 1–2 ml under reduced pressure.
Et2O (20 ml) was added and the suspension stirred for 20 min before the cream
coloured solid was filtered under reduced pressure and under vacuum for 20 min. Yield
0.086 g, 58 %. 1H NMR data (CDCl3): δ 8.31–6.24 (m, 38H, Ar–H), 5.52 (s, 4H, anth–
CH2–N), 4.18 (s, 4H, N–CH2–P), 3.34 (m, 2H, H–CMe2), 1.18 (d, 3JHH 6.4 Hz, 12H,
CH3). 31P{1H} NMR data (CDCl3): δ(P) 9.8 (1JPtP 3769 Hz). FT–IR (cm–1) (KBr): 307
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(w), 279 (w) (Pt–Cl). Mass spectrum m/z 1124.3590 [M–Cl]+. Found C, 62.49; H, 5.11;
N, 2.42. C62H60N2P2PtCl2·0.5CH2Cl2 requires C, 62.54; H, 5.12; N, 2.34.

Complex 2.1h was prepared in a similar manner to 2.1g.

cis–PtCl2{9–(anth)CH2N(iPr)CH2P(C6H4 o–OCH3)2}

2.1h

PtCl2(cod) (0.059 g, 0.16 mmol) and 2.1f (0.168 g, 0.334 mmol). Yield 0.128 g, 34 %.
1

H NMR data (CDCl3): δ 8.58–6.67 (m, 34H, Ar–H), 4.80 (s, 4H, anth–CH2–N), 3.62

(s, 12H, OCH3), 3.35 (d, 3JHH 6.4 Hz, 4H, N–CH2–P), 3.15 (m, 2H, H–CMe2), 1.27 (d,
3

JHH 6.4 Hz, 12H, CH3). 31P{1H} NMR data (CDCl3): δ(P) 10.6 (1JPtP 3579 Hz), –41.0

(1JPtP 3825 Hz). FT–IR (cm–1) (KBr): 318 (w), 291 (w) (Pt–Cl). Mass spectrum m/z
1308.2163

[M

+

2CH3]+.

Found

C,

49.88;

H,

4.46;

N;

0.93.

C66H68N2P2O2PtCl2·0.5CH2Cl2·1.5H2O requires C, 49.21; H, 4.71; N, 1.62. FT–IR
(cm‒1) (KBr): 307(w), 279(w) (Pt–Cl).

{1–(pyr)N(H)CH2P(C6H4–o–OCH3)2}

2.4

A Schlenk flask was charged with 1–aminopyrene (0.348 g, 1.60 mmol) and
HOCH2P(o–CH3OC6H4)2 (0.500 g, 1.92 mmol). To this mixture, HPLC methanol (20
ml) was added with stirring and the resulting solution refluxed at ~80 ºC for 18 h. The
reaction mixture was cooled to ambient temperature and was concentrated by one third
of its original volume. The resulting green precipitate was filtered under reduced
pressure and dried under vacuum for 45 min. Yield 0.273 g. An additional 0.283 g was
recovered from the filtrate (73 %). 1H NMR data (CDCl3): δ 7.99–6.86 (m, 17H, Ar–
H), 4.86 (s, 1H, NH), 4.10 (s, 2H, CH2), 3.73 (s, 6H, OCH3).

31

P{1H} NMR data

(CDCl3): δ (P) –31.7. FT–IR (cm–1) (KBr): 3410 (m) (N–H), 3036 (m), 3007 (m), 2958
(m), 2937 (m), 2835 (m) (C–H), 1163 (s) (C–O), 1016 (s) (C–N). Mass spectrum m/z
480.1720 [M+H]+. Found C, 77.85; H, 5.50; N; 3.09. C31H26NO2P requires C, 78.30; H,
5.51; N, 2.95.
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Phosphine 2.5 was prepared in a similar manner to 2.4.

{2–(anth)N(H)CH2P(C6H4–o–OCH3)2}

2.5

2–aminoanthracene (0.347 g, 1.80 mmol) and HOCH2P(o–CH3OC6H4)2 (0.560 g, 2.15
mmol). Yield 0.415 g, 51 %. 1H NMR data (CDCl3): 8.20–6.70 (m, 17H, Ar–H), 3.93
(s, 2H, CH2), 3.83 (s, 1H, NH), 3.76 (s, 6H, OCH3). 31P{1H} NMR data (CDCl3): δ(P) –
33.2. Mass spectrum m/z 450.1611 [M–H]+. Despite repeated attempts, a satisfactory
elemental analysis was not obtained. Found C, 79.72; H, 5.80; N; 4.60. C29H26NO2P
requires C, 77.15; H, 5.80; N, 3.10 FT–IR (cm–1) (KBr): 3395 (m) (N–H), 1023 (s) (C–
N).

cis–PtCl2{1–(pyr)N(H)CH2P(C6H4–o–OCH3)2}2 2.6
PtCl2(cod) (0.065 g, 0.17 mmol) was dissolved in CH2Cl2 (20 mmol) and 2.4 (0.160 g,
0.357 mmol) added in small portions with stirring. The solution was allowed to stir for
a further 20 h before being concentrated under reduced pressure to approx. 1–2 ml.
Et2O (20 ml) added and stirred for 20 min. The green precipitate was filtered under
reduced pressure and dried under vacuum for ca. 20 min. Yield 0.176 g, 43 %. 1H NMR
data (CDCl3): δ 7.95–5.51 (m, 34H, Ar–H), 4.78 (bs, 2H, NH), 3.54 (s, 4H, CH2), 3.00
(bs, 12H, OCH3).

31

P{1H} NMR data (CDCl3): δ(P) 12.6 (1JPtP 3873 Hz) (ω1/2 ca. 73

Hz). Found C, 60.50; H, 4.36; N, 2.25. PtCl2C58H52N2O4P2·C4H10O requires C, 59.87;
H, 4.98; N, 2.27. FT–IR (cm–1) (KBr): 3385 (m) (N–H), 1019 (s) (C–N), 355 (w), 307
(w) (Pt–Cl). Mass spectrum m/z 1124.3590 [M–Cl]+.

Complex 2.7 was prepared in a similar manner to 2.6.
cis–PtCl2{2–(anth)N(H)CH2P(C6H4–o–OCH3)2}2

2.7

PtCl2(cod) (0.065 g, 0.17 mmol) and 2.5 (0.065 g, 0.17 mmol). Yield 0.119 g, 35 %. 1H
NMR data (CDCl3): δ 8.29–6.54 (m, 34H, Ar–H), 4.54 (s, 2H, NH), 3.78 (s, 4H, CH2),
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3.51 (bs, 12H, OCH3). 31P{1H} NMR data (CDCl3): δ(P) 10.5 (1JPtP 3847 Hz). Found C,
58.73; H, 4.27; N, 2.98. C58H52N2O4P2PtCl2·0.85H2O requires C, 58.82; H, 4.57; N,
2.37. FT–IR (cm–1) 309(w), 286(w) (Pt–Cl).

[cis–Pt{1–(pyr)N(H)CH2P(C6H4–o–OCH3)2}2](BF4)2

2.8

A round–bottomed flask was charged with 2.6 (0.051 g, 0.043 mmol) which was
dissolved in CH2Cl2 (20 ml). Ag[BF4] (0.020 g, 0.10 mmol) was added and the reaction
placed under a N2 atmosphere and the reaction vessel isolated from light. The
brown/yellow solution was left to stir for a further 2 h. The dark red solution formed
was filtered through celite and the filtrate concentrated to ca. 1–2 ml under reduced
pressure. Et2O (20 ml) was added with stirring and the resulting red precipitate filtered
under reduced pressure and dried at the pump for 10 min. Yield 0.025 g, 23 %. 1H
NMR data (CDCl3): δ 8.54–6.19 (m, 34H, Ar–H), 4.59 (bs, 1H, NH), 4.5338 (s, 4H,
CH2), 3.61 (s, 12H, OCH3).

31

P{1H} NMR data (CDCl3): δ(P) 61.1 (1JPtP 4122 Hz), –

53.1 (1JPtP 2961 Hz). FT–IR (cm–1) (KBr): 3041 (m), 2939 (m), 2839 (m) (C–H), 1588
(s) (Ar C=C), 1083 (s) (B–F), 1015 (s) (C–N). Found C, 54.83; H, 3.76; N, 2.10.
C62H51N2O4P2PtBF4·2CH2Cl2 requires C, 54.84; H, 3.95; N, 2.00. Mass spectrum m/z
1145.3049 [M–BF4 +H]+.

Complex 2.9 was prepared in a similar manner to 2.8.

cis–Pt{2–(anth)N(H)CH2P(C6H4–o–OCH3)2}2(BF4)2

2.9

Compound 2.7 (0.061 g, 0.052 mmol) and AgBF4 (0.024 g, 0.12 mmol). Yield 0.025 g,
44 %. 1H NMR data (CDCl3): δ 8.38–6.08 (m, 34H, Ar–H), 4.28 (bs, 2H, NH), 3.80 (s,
4H, CH2), 3.33 (bs, 12H, OCH3).

31

P{1H} NMR data (CDCl3): δ(P) 69.3 (1JPtP 4208

Hz), –55.5 (1JPtP 2535 Hz). FT–IR (cm–1) (KBr): 1084 (s) (B–F), 1015 (s) (C–N). Mass
spectrum m/z 1097.3049 [M–BF4 +H]+. Found C, 53.40; H, 3.89; N, 2.34.
C58H51N2O4P2PtBF4·1.85CH2Cl2 requires C, 53.61; H, 4.11; N, 2.09.
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AuCl{1–(pyr)N(H)CH2P(C6H4–o–OCH3)2}

2.10

AuCl(tht) (0.026 g, 0.083 mmol) was dissolved in CH2Cl2 (15 ml) and 2.4 (0.040 g,
0.086 mmol) added with stirring. The reaction was isolated from light and stirred for a
further 4 h. The reaction solution was concentrated to approx. 1–2 ml under reduced
pressure and Et2O (20 ml) added. The yellow precipitate was filtered under reduced
pressure, dried under vacuum for 10 min and desiccated overnight. Yield 0.010 g, 17
%. Crystals were collected from the filtrate and used for single crystal X–ray diffraction
and elemental analysis.

31

P{1H} NMR data (CDCl3): δ(P) 22.8 (ω1/2 ca. 55 Hz). 1H

NMR data (CDCl3): δ 8.01–6.66 (m, 25H, Ar–H), 4.72 (s, 2H, P–CH2–N), 3.63 (s, 6H,
–OCH3). Found C, 52.28; H, 3.67; N, 2.05 C31H26N2O2PAuCl requires C, 52.59; H,
3.70; N, 1.98. FT–IR (cm–1) (KBr): 3400 (N–H), 3037 (m), 2933 (m), 2835 (m) (C–H),
1600 (m) (Ar C=C), 1017 (s) (C–N), 326 (w) (Au–Cl).

Gold(I) complex 2.11 was prepared in a similar manner to 2.10.

AuCl{2–(anth)N(H)CH2P(C6H4–o–OCH3)2}

2.11

AuCl(tht) (0.029 g, 0.091 mmol) and 2.5 (0.041 g, 0.091 mmol). Yield 0.027 g 43 %.
31

P{1H} NMR data (CDCl3): δ(P) 22.0. 1H NMR data (CDCl3): δ 8.26–6.87 (m, 25H,

Ar–H), 4.72 (s, 2H, P–CH2–N), 3.89 (s, 6H, –OCH3). FT–IR (cm–1) (KBr): 3334 (m)
(N–H), 1153 (s) (C–O), 1019 (s) (C–N), 336 (w) (Au–Cl). Found C, 46.58; H, 3.36; N,
2.79; C29H26NP2·1.2CH2Cl2·C4H10O requires C, 46.05; H, 3.94; N, 3.38.

1–(pyr)CH2N{CH2P(C6H4)2}2

2.12

HOCH2PPh2 (0.544 g, 1.72 mmol) was added to a 100 ml round bottomed Schlenk
flask. Following three evacuation and N2 backfill cycles, Et3N (0.134 g, 1.32 mmol)
and 1–pyrenemethylamine hydrochloride (0.306 g, 0.143 mmol) dissolved in degassed
HPLC methanol (10 ml) were added to the phosphine with stirring. After 19 h, the
resultant white solid was filtered on a glass sinter and dried in vacuo for 25 min. Yield

188

0.494 g, 69 %.31P{1H} NMR data (CDCl3): δ(P) –28.6. 1H NMR data (CDCl3): δ 8.27–
6.95 (m, 29H, Ar–H), 4.58 (s, 4H, pyr–CH2–N), 3.58 (s, 2H, CH2). FT–IR (cm–1)
(KBr): 3941 (m), 2912 (m), 2780 (m) (C–H), 1026 (s) (C–N). Mass spectrum m/z
628.2316 [M+H]+. Found C, 81.48; H, 5.52; N, 2.46; C43H35NP2·0.25H2O requires C,
81.69; H, 5.65; N, 2.22.

Phosphine 2.13 was prepared in a similar manner to 2.12.

1–(pyr)CH2N{CH2P(C6H4–o–OCH3)2}2

2.13

HOCH2P(o–CH3OC6H4)2 (0.691 g, 2.50 mmol), Et3N (0.145 g, 1.43 mmol), 1–
pyrenemethylamine hydrochloride (0.334 g, 1.25 mmol). Yield 0.669 g, 74 %. 31P{1H}
NMR data (CDCl3): δ(P) –44.5. 1H NMR data (CDCl3): δ 8.25–6.93 (m, 25H, Ar–H),
4.64 (s, 4H, pyr–CH2–N), 3.60 (s, 2H, CH2), 3.53 (s, 12H, –OCH3). FT–IR (cm–1)
(KBr): 3048 (m), 2934 (m), 2831 (m), 2758 (m) (C–H), 1162 (s) (C–O), 1023 (s) (C–
N). Mass spectrum m/z 748.2729 [M+H]+. Found C, 74.61; H, 5.66; N, 2.18;
C47H43NO4P2·0.3H2O requires C, 74.93; H, 5.84; N, 1.86.

cis–PtCl2[1–(pyr)CH2N{CH2P(C6H4)2}2]

2.14

To a solution of PtCl2(cod) (0.304 g, 0.484 mmol) dissolved in CH2Cl2 (30 ml), 2.12
(0.183 g, 0.298 mmol) was added with stirring. After 1h, the reaction was concentrated
in vacuo to ca. 1 ml. To this solution, Et2O (20 ml) was added. The resultant white
precipitate was filtered on a glass sinter and dried in vacuo for 25 min. Yield 0.389 g,
98 %.

31

P{1H} NMR data (D6–DMSO): δ(P) –7.3 (1JPtP 3424 Hz). 1H NMR data

(CDCl3): δ 8.45–6.79 (m, 29H, Ar–H), 4.32 (s, 4H, pyr–CH2–N), 3.87 (s, 2H, CH2).
FT–IR (cm–1) (KBr): 315 (w), 292 (w) (Pt–Cl).Mass spectrum m/z 915.1156 [M+Na]+.
Found C, 57.51; H, 4.08; N, 1.74; C43H35NP2PtCl2 requires C, 57.79; H, 3.95; N, 1.57.
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Platinum(II) complex 2.15 was prepared in a similar manner to 2.14.

cis–PtCl2[1–(pyr)CH2N{CH2P(C6H4–o–OCH3)2}2]

2.15

PtCl2(cod) (0.112 g, 0.300 mmol), 2.13 (0.231 g, 0.311 mmol). Yield 0.264 g, 84 %.
31

P{1H} NMR data (CDCl3): δ(P) –5.9 (1JPtP 3609 Hz). 1H NMR data (CDCl3): δ 8.10–

6.37 (m, 25H, Ar–H), 5.22 (s, 4H, pyr–CH2–N), 4.08 (s, 2H, CH2), 3.48 (s, 12H, –
OCH3). FT–IR (cm–1) (KBr): 313 (w), 289 (w) (Pt–Cl). Mass spectrum m/z 1035.1579
[M+Na]+. Found C, 53.10; H, 3.90; N, 1.39; C47H43NO4P2PtCl2·0.85CH2Cl2 requires C,
52.92; H, 3.54; N, 1.12.

{AuCl}2[1–(pyr)CH2N{CH2P(C6H4–o–OCH3)2}2]

2.16

To a stirred solution of AuCl(tht) (0.053 g, 0.17 mmol) in CH2Cl2 (15 ml), 2.12 (0.063
g, 0.084 mmol) was added in small portions. The reaction vessel was isolated from light
with tin foil and stirred for a further 3 h at ambient temperature. The reaction mixture
was concentrated in vacuo to ca. 1 ml and Et2O (15 ml) added with stirring. The white
precipitate that formed was filtered on a sinter and dried in vacuo for 25 min. Yield
0.077 g, 75 %. 31P{1H} NMR data (CDCl3): δ(P) 15.9. 1H NMR data (CDCl3): δ 8.09–
6.45 (m, 25H, Ar–H), 5.23 (s, 4H, pyr–CH2–N), 4.44 (s, 2H, CH2), 3.48 (s, 12H, –
OCH3). FT–IR (cm–1) (KBr): 3041 (m), 3006 (m), 2930 (m), 2835 (m) (C–H), 1164 (s)
(C–O), 1019 (s) (C–N). Mass spectrum: m/z 1176.1671 [M–Cl]+, 1234.1256 [M+Na]+.
Found C, 45.83; H, 3.38; N, 1.22; C47H43NO4P2Au2Cl2·0.5CH2Cl2 requires C, 45.67; H,
3.54; N, 1.12.
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5.6

Chapter 3 Experimental

Hydrazones 3.4 and 3.5 were prepared in a similar manner to the literature method.228
{1–(pyr)C(H)=NN(H)CH2PPh2}

3.6b

A Schlenk flask was charged with 3.4 (0.262 g, 1.07 mmol) and HOCH2PPh2 (0.232 g
1.07 mmol, 1 eq). To this, HPLC methanol (20 ml) was added and stirred at RT for 20
h. The yellow was filtered and the orange solid dried in vacuo for ca. 1 h. Yield 0.291
g, 61 %. 1H NMR data (CDCl3): δ 8.56–7.18 (m, 25H, Ar–H), 4.13(d, 2JPH 4.4 Hz, 2H,
CH2), 2.05 (bs, 1H, NH).

31

P NMR data (CDCl3): δ(P) –24.5, –19.0, 27.2. Mass

spectrum m/z 443.1627 [M+H]+. Despite repeated attempts, a satisfactory elemental
analysis was not obtained. Found C, 81.43; H, 5.08; N, 6.06 C30H21NP requires C,
84.49; H, 4.96; N, 3.28. FT–IR (cm–1) (KBr): 1600(m) (C=N)

9–(anth)C(H)=NN{CH2PPh2}2

3.7a

A Schlenk flask was charged with 3.4 (0.213 g, 0.967 mmol) and HOCH2PPh2 (0.419g,
1.93 mmol, 2 eq.). To this, HPLC methanol (20 ml) was added and the mixture refluxed
for 6 d. Upon cooling to ambient temperature, the reaction mixture was filtered and the
orange solid product dried in vacuo for ca. 30 min. Yield 0.465 g, 39 %. 1H NMR data
(CDCl3): δ 8.39 – 7.36 (m, 19H, Ar–H), 4.03 (d, 2JPH 4 Hz, 4H, CH2).31P NMR data
(CDCl3): δ(P) –26.5. Mass spectrum m/z 615.2105 [M–H]+. Despite repeated attempts,
a satisfactory elemental analysis was not obtained. Found C, 78.52; H, 4.48; N, 4.45
C41H34N2P2·0.15H2O requires C, 79.51; H, 5.58; N, 4.52. FT–IR (cm–1) (KBr): 1583
(m) (C=N).

[1–(pyr)C(H)=NN{CH2PPh2}2]

3.7b

A Schlenk flask was charged with 3.5 (0.218 g, 0.892 mmol) and HOCH2PPh2 (0.436
g, 2.07 mmol). To this, HPLC methanol (20 ml) was added and the mixture refluxed at
85 °C for 5 d. Upon cooling to ambient temperature, the reaction mixture was filtered
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and the orange solid product dried in vacuo for 15 min. Yield 0.465 g, 81 %. 1H NMR
data (CDCl3): δ 9.84 (s, 1H, C(H)=N) 8.12 – 7.39 (m, 25H, Ar–H), 4.36 (d, 2JPH 3.2 Hz,
4H, CH2),. 31P NMR data (CDCl3): δ(P) –24.5. Mass spectrum m/z 639.2106 [M–H]+.
Found C, 80.81; H, 5.10; N, 4.41 C43H34N2P2 requires C, 80.61; H, 5.35; N, 4.37. FT–
IR (cm–1) (KBr): 1584 (w) (C=N).

cis–PtCl2[9–(anth)C(H)=NN{CH2PPh2}2] 3.9
PtCl2(cod) (0.100 g, 0.267 mmol) and 3.7a (0.165 g, 0.268 mmol) were dissolved in
CH2Cl2 (20 ml) and stirred for 2 h. The solution was concentrated in vacuo to ca. 1 ml
and diethyl ether (20 ml) added. The mixture was filtered and the orange solid product
dried in vacuo for 25 min. Yield 0.206 g, 87 %. 1H NMR data (CDCl3): δ 8.39 – 7.43
(m, 25H, Ar–H), 4.47 (d, 2JPH 2.8 Hz, 3JPtH 43 Hz, 4H, CH2). 31P NMR data (CDCl3):
δ(P) –3.9 (1JPtP 3457 Hz). Mass spectrum m/z 846.1519 [M–Cl]+. Found C, 55.19; H,
3.59; N, 3.19 C41H34N2P2PtCl2 requires C, 55.79; H, 3.88; N, 3.17. FT–IR (cm–1)
(KBr): 1620 (m) (C=N), 313, 287 (w) (Pt–Cl).

cis–PtCl2[1–(pyr)C(H)=NN{CH2PPh2}2]

3.10

PtCl2(cod) (0.110 g, 0.294 mmol) and 3.7b (0.189 g, 0.293 mmol) were dissolved in
dry CH2Cl2 (20 ml) and stirred for 2 h. The solution was concentrated in vacuo to ca. 1
ml and diethyl ether (20 ml) added. The mixture was filtered and the orange solid
product dried in vacuo for 10 min. Yield 0.168 g, 63 %. 1H NMR data (CDCl3): δ 8.00
–7.44 (m, 25H, Ar–H), 4.43 (d, 2JPH 2.4 Hz, 3JPtH 43 Hz, 4H, CH2).

31

P NMR data

(CDCl3): δ(P) –5.6 (1JPtP 3452 Hz). Mass spectrum m/z 928.110 [M+Na]+. FT–IR
(cm–1) (KBr): 1623 (m) (C=N), 317 (w), 290 (w) (Pt–Cl).

cis–Pt(CH3)Cl[9–(anth)C(H)=NN{CH2PPh2}2]

3.11

Pt(CH3)Cl(cod) (0.070 g, 0.20 mmol) and 3.7a (0.122 g, 0.198 mmol) were dissolved in
CH2Cl2 (10 ml) and stirred for 2 h. The solution was concentrated in vacuo to ca. 1 ml
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and diethyl ether (10 ml) added. The mixture was filtered and the orange solid product
dried in vacuo for 60 min. Yield 0.142 g, 83 %. 1H NMR data (CDCl3): δ 8.33 (s, 1H,
HC=N), 8.10–7.29 (m, 29H, Ar–H), 4.37 (d, 2JPtH 6.4 Hz, 4H, PCH2N), 0.59 (m, 3H,
2

JPtH 48 Hz, CH3). 31P NMR data (CDCl3): δ(P) 5.3, 4.8 (dd) (1JPtP 4212 Hz and 1662

Hz). Mass spectrum m/z 639.2106 [M–H]+. Found C, 56.31; H, 4.10; N, 3.24
C42H37N2P2PtCl·0.5CH2Cl2 requires C, 56.42; H, 4.23; N, 3.10. FT–IR (cm–1) (KBr):
1574 (m) (C=N) 300 (m) (Pt–Cl).

{AuCl}2[1–(pyr)C(H)=NN{CH2PPh2}2]

3.12

Compound 3.7b (0.106 g, 0.164 mmol) and AuCl(tht) (0.106 g, 0.331 mmol) were
dissolved in CH2Cl2 (10 ml) and stirred for 1.5 h. The solution was concentrated in
vacuo to ca. 1 ml and diethyl ether (10 ml) added. The mixture was filtered and the
yellow solid product dried in vacuo for 30 min. Yield 0.151 g, 83 %. 1H NMR data
(CDCl3): δ 9.84 (s, 2H, HC=N), 8.22 – 7.47 (m, 38H, Ar–H), 4.84 (s, 4H, CH2).

31

P

NMR data (CDCl3): δ(P) –20.4. Mass spectrum m/z 1069.1211 [M–Cl]+. Found C,
46.79; H, 3.11; N, 2.60 C43H34N2P2Au2Cl2 requires C, 46.72; H, 3.10; N, 2.53. FT–IR
(cm–1) (KBr): 1585 (w) (C=N), 327 (w) (Au–Cl).

H≡CC–p–(C6H4)N{CH2PPh2}2

3.13

A Schlenk flask was charged with HOCH2PPh2 (0.579 g, 2.68 mmol) and p–
ethynylaniline (0.159 g, 1.36 mmol). HPLC methanol (10 ml) was added and the
resulting mixture refluxed under N2 at 90 °C for 88 h. On cooling to ambient
temperature, the reaction solution was concentrated to ca. 2 ml in vacuo before being
filtered and the cream solid product dried in vacuo for 30 min. Yield 0.246 g, 53 %. 1H
NMR data (CDCl3): δ 7.37 – 7.18 (m, 14H, Ar–H), 3.82 (s, 4H, CH2), 2.88 (s, ≡CH).
31

P{1H} NMR data (CDCl3): δ(P) –27.2. Found C, 77.57; H, 5.53; N, 2.73

C34H29NP2·0.25H2O requires C, 78.20; H, 5.84; N, 2.66. Mass spectrum m/z 514.1852
[M+H]+. FT–IR (cm–1) (KBr): 3302 (m) (≡C–H), 2097 (m) (C≡C).
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H≡CC–p–(C6H4)N{CH2P(C6H4–o–OCH3)2}2

3.14

A Schlenk flask was charged with HOCH2P(o–CH3OC6H4)2 (0.267 g, 0.966 mmol) and
p–ethynylaniline (0.056 g, 0.48 mmol) followed by HPLC methanol (6 ml). The
reaction mixture was refluxed under N2 for 66 h before being allowed to cool to
ambient temperature. The mixture was concentrated in vacuo to ca. 1 ml to form a very
fine particulate which made filtration difficult. Two lumps of red semi–solid product
were recovered. Yield 0.195 g, 32 %. 1H NMR data (CDCl3): δ 7.38 –6.41 (m, 20H,
Ar–H), 3.57 (s, 4H, CH2), 3.41(s, 12H, OCH3) 2.88 (s, 1H, ≡CH). 31P{1H} NMR data
(CDCl3): δ(P) –34.8. Found C, 63.62; H, 5.69; N, 2.28 C38H37NO4P2·4.2H2O requires
C, 64.35; H, 6.45; N, 1.97. Mass spectrum m/z 634.2282 [M+H]+.

H≡CC–p–(C6H4)N{CH2PAd}2

3.15

AdPCH2OH (0.189 g, 0.767 mmol) and p–ethynylaniline (0.053 g, 0.45 mmol) were
added to a Schlenk flask. HPLC methanol (6 ml) was added and the reaction solution
refluxed under N2 for 30 h. After cooling to ambient temperature, the solution was
concentrated to ca. 0.5 ml in vacuo. The solid product was washed with HPLC
methanol (2 ml) and dried in vacuo for 30 min. Yield 0.070 g, 27 %. 1H NMR data
(CDCl3): δ 7.79–6.54 (m, 8H, Ar–H), 3.46 (s, 4H, CH2), 2.45 (s, 1H, ≡CH), 1.89–1.05
(m, 38H, Ad Cage H).

31

P{1H} NMR data (CDCl3): δ(P) –42.5, –41.2 (1:3). Mass

spectrum m/z 574.247 [M+H]+. FT–IR (cm–1) (KBr): 3359 (m) (≡C–H), 2097 (m)
(C≡C). Found C, 61.20; H, 6.95; N, 2.93 C30H41NO6P2·0.6H2O requires C, 61.66; H,
7.28; N, 2.40.

Anthracenyl and pyrenyl allyl imines and amines 3.16a–3.17b were prepared in
agreement with a literature method.244
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9–(anth)CH2N{CH2C(H)=CH2}CH2PPh2 3.18
A Schlenk flask was charged with 3.17a (0.486 g, 1.97 mmol) and HOCH2PPh2 (0.425
g, 1.97 mmol). The solids were dissolved in HPLC methanol (15 ml) with stirring and
refluxed for 19 h and the mixture allowed to cool to ambient temperature before being
concentrated to ca. ½ volume in vacuo. The resultant cream solid was filtered and dried
in vacuo for 30 min. Yield 0.264 g, 30 %.1H NMR data (CDCl3): δ 8.42–7.26 (m, 25H,
Ar–H), 5.77 (m,1H, CH), 5.09 (m, 2H, C=CH2), 4.65 (s, 2H, CH2), 4.50 (s, 2H, CH2),
3.39 (s, 2H, CH2). 31P NMR data (CDCl3): δ(P) –27.8, –28.2 (4:1). Mass spectrum m/z
446.2027 [M+H]+. Found C, 81.64; H, 6.07; N, 2.80 C31H28NP·0.5H2O requires C,
81.91; H, 6.43; N, 3.08. FT–IR (cm–1) (KBr): 1667 (m) (C=C), 1095 (s) (C–N).

Compound 3.19 was prepared in a similar manner to 3.18, utilising pyrenyl allyl amine
3.17b.

1–(pyr)CH2N{CH2C(H)=CH2}CH2PPh2

3.19

Compound 3.17b (0.582 g, 2.15 mmol) and HOCH2PPh2 (0.467 g, 2.16 mmol). Yield
0.520 g, 52 %.1H NMR data (CDCl3): δ 8.07–7.02 (m, 19H, Ar–H), 5.90 (m, 1H, CH),
5.12 (m, 2H, C=CH2), 4.36 (s, 2H, CH2), 3.41–3.32 (m, 4H, 2CH2).

31

P NMR data

(CDCl3): δ(P) –27.8. FT–IR (cm–1) (KBr): 1679 (m) (C=C), 1100 (m) (C–N). Despite
repeated attempts, a satisfactory elemental analysis was not obtained. Found C, 77.28;
H, 6.62; N, 2.33 C33H28NP requires C, 84.41; H, 6.01; N, 2.98.

cis–PdCl2[HC≡C–p–(C6H4)N{CH2PPh2}2]

3.20

PdCl2(cod) (0.030 g, 0.11 mmol) and 3.13 (0.055 g, 0.11 mmol) were dissolved in
CH2Cl2 (10ml) and stirred for 2.5 h. The solution was concentrated in vacuo to ca. 1 ml
and diethyl ether (10ml) added. The mixture was stirred for a further 10 min before
filtration and drying the cream solid product for 30 min in vacuo. Yield 0.034 g, 47 %.
1

H NMR data (CDCl3): δ 7.78 – 7.43 (m, 14H, Ar–H), 3.95 (s, 4H, CH2), 2.95 (s, 1H,
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≡CH).

31

P{1H} NMR data (CDCl3): δ(P) 10.4. Found C, 57.90; H, 4.06; N, 2.08

C34H29NP2PdCl2·0.25CH2Cl2 requires C, 57.77; H, 4.18; N, 1.97. Mass spectrum m/z
714.0100 [M+Na]+. FT–IR (cm–1) (KBr): 3233 (m) (≡C–H), 310 (w), 296 (w) (Pd–Cl).

cis–PtCl2[1–(pyr)CH2N{CH2C(H)=CH2}CH2PPh2]

3.21

Compound 3.19 (0.416 g, 0.886 mmol) in CH2Cl2 (8 ml) was added to a flask
containing PtCl2(cod) (0.165 g, 0.411 mmol) with stirring. The solution was stirred for
a further 2 h before being concentrated in vacuo to ca. 1–2 ml. Diethyl ether (15 ml)
was added and the resulting mixture filtered and the yellow solid product dried in vacuo
for 20 min. Yield 0.374 g, 35 %. 1H NMR data (CDCl3): δ 8.26–6.43 (m, 38H, Ar–H),
5.66 (m, 2H, CH), 5.00 (d, 3JHH 13.4 Hz 4H, C=CH2), 4.08, (d, 2JPH 15 Hz, 4H,
PCH2N), 3.90–2.90 (m, 8H, CH2).
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P{1H} NMR data (CDCl3): δ(P) 4.0 (1JPtP 3612

Hz). Mass spectrum m/z 955.2298 [M]+. Found C, 62.77; H, 4.54; N, 2.20
C46H48N2P2PtCl2·0.85CH2Cl2·0.1H2O requires C, 62.77; H, 4.56; N, 2.19. FT–IR
(cm–1) (KBr): 1101 (s) (C–N), 312 (w), 290 (w) (Pt–Cl).

5.7

Chapter 4 Experimental

RuCl2(η6–p–cym){P(CH2Cl)3}

4.10

To a solution of {RuCl(μ–Cl)(η6–p–cym)}2 (0.292 g, 0.477 mmol) in CH2Cl2 (30 ml)
was added dropwise P(CH2Cl)3 (85 % purity, 0.199 g, 1.11 mmol) in CH2Cl2 (10 ml).
The slightly cloudy solution was stirred at ambient temperature for ca. 30 min, filtered
to remove a small amount of insoluble material and the orange solution concentrated in
vacuo, to ca. 1–2 ml. Addition of diethyl ether (15 ml) gave an orange precipitate
which was collected by filtration, washed with Et2O (5 ml) and dried in vacuo. Yield:
0.428 g, 92 %. 1H NMR data (CDCl3): δ 5.83–5.79 (m, 4H, Ar–H), 4.32 (d, 2JPH 4 Hz,
6H, CH2), 2.91 (m, 1H, CH), 2.19 (s, 3H, CH3), 1.28 (s, 6H, CH3). 31P{1H} NMR data
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(CDCl3): δ(P) 35.5. Mass spectrum m/z 486 [M]+. Found C, 32.29, H, 4.15;
C13H20Cl5PRu requires; C, 32.15, H, 4.16 %.

Rh(Cp*)Cl2{P(CH2Cl)3}

4.11

To a solution of {RhCl(μ–Cl)(Cp*)}2 (0.179 g, 0.290 mmol) in CH2Cl2 (30 ml) was
added dropwise P(CH2Cl)3 (80 % purity, 0.128 g, 0.571 mmol) in CH2Cl2 (10 ml). The
slightly cloudy solution was stirred at ambient temperature for ca. 30 min, filtered to
remove a small amount of insoluble material and the orange solution concentrated in
vacuo, to ca. 1–2 ml. Addition of diethyl ether (30 ml), slow evaporation under reduced
pressure to approx. half the original volume gave an orange precipitate which was
collected by filtration and dried in vacuo. A further amount of 4.11 was obtained upon
reducing the filtrate volume to ca. 1 ml and adding diethyl ether. Yield: 0.220 g, 78 %.
1

H NMR data (CDCl3): δ 4.30 (d, 2JPH 3.3 Hz, 6H, CH2), 1.76 (d, 4JPH 3.8 Hz, 15H,

CH2).
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P{1H} NMR data (CDCl3): δ(P) 33.0 (1JRhP 154 Hz). Mass spectrum m/z 453

[M–Cl]+ Found: C, 31.48, H, 4.16; C13H21Cl5PRh requires; C, 31.96, H, 4.34 %.

AuCl{P(CH2Cl)3}

4.14

To a solution of AuCl(tht) (0.279 g, 0.870 mmol) in CH2Cl2 (30 ml) was added
dropwise P(CH2Cl)3 (80 % purity, 0.195 g, 1.09 mmol) in the minimum volume of
CH2Cl2. The slightly cloudy solution was stirred at ambient temperature for ca. 45 min,
filtered to remove a small amount of insoluble material and the colourless solution
reduced, in vacuo to ca. 1–2 ml. Addition of diethyl ether (30 ml) gave a white
precipitate which was collected by filtration and dried in vacuo. Yield: 0.288 g, 80 %.
1

H NMR data (CDCl3): δ 4.14 (d, 2JPH 2.5 Hz, 6H, CH2). 31P{1H} NMR data (CDCl3):

δ(P) 36.8. Mass spectrum m/z 411 [M]+. Found: C, 8.98, H, 1.38; C3H6Cl4PAu
requires; C, 9.46, H, 1.59 %. FT–IR (cm–1) (KBr): 337 (Au–Cl).
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cis–PtCl2{P(CH2Cl)3}2

4.16

and trans–PtCl2{P(CH2Cl)3}2

4.17

To a solution of PtCl2(cod) (0.280 g, 0.749 mmol) in CH2Cl2 (30 ml) was added
dropwise P(CH2Cl)3 (80 % purity, 0.347 g, 1.93 mmol) in CH2Cl2. The slightly cloudy
pale yellow solution was stirred at ambient temperature for ca. 30 mins, filtered to
remove a small amount of insoluble material and the solution concentrated in vacuo, to
ca. 1–2 ml to afford a colourless solid and yellow solution. Diethyl ether (30 ml) was
added to aid precipitation and the solid collected by filtration and dried in vacuo. Yield:
0.307 g. Further crops of yellow crystalline solid (0.054 g, 0.043 g and 0.019 g) were
isolated by reduction of the filtrate, addition of pentane and leaving to stand. Overall
yield: 0.423 g, 90 %. 1H NMR data (CDCl3): δ 4.45 (d, 3JPtH 24 Hz, 6H, CH2). 31P{1H}
NMR data (CDCl3): δ(P) 18.2 (1JPtP 3679 Hz). Found: C, 11.64, H, 1.98; C6H12Cl8P2Pt
requires; C, 11.53, H, 1.94 %. Mass spectrum m/z 589 [M–Cl]+ FT–IR (cm–1) (KBr):
325, 304 (Pt–Cl). Characterising data of crystals of trans isomer 4.17 obtained
following addition of pentane: 1H NMR data (CDCl3): δ 4.20 (d, 3JPtH 20 Hz, 6H, CH2).
P{1H} NMR data (CDCl3): δ(P) 19.2 (1JPtP 2812 Hz). FT–IR (cm–1) (KBr): 341 (Pt–

31

Cl).

[Pt{Ph2P(S)NP(S)Ph2}{P(CH2Cl)3}2]PF6 4.22
A pale yellow mixture of 4.16 (0.052 g, 0.083 mmol) and K[Ph2P(S)NP(S)Ph2]
(0.044g, 0.090) in MeOH (2 ml) was stirred for ca. 2 h. NH4PF6 (0.036 g, 0.22 mmol)
in the minimum volume of MeOH was added and stirring continued for a further 20
min. The solid was filtered under vacuum, washed with a small portion of HPLC
MeOH and dried. Yield: 0.080 g, 84 %. 1H NMR data (CDCl3): δ 7.72–7.31 (m, 20H,
Ar–H), 4.06 (d, 3JPtH 22.8 Hz, 6H, CH2). 31P{1H} NMR data (CDCl3): δ(P) 16.1 (1JPtP
3249 Hz), 37.3 (2JPtP(S) 112 Hz), –144.4 (1JPF 713 Hz). Mass spectrum m/z 1002 [M–
PF6]+. Found: C, 31.50, H, 2.80, N, 1.19; calculated for C30H32NP5Cl6S2F6Pt requires;
C, 31.40, H, 2.82, N, 1.22 %.
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[mer–RhCl3{P(CH2Cl)3}3]

4.24

Preparation of 4.24. To a solution of RhCl3.3H2O (0.250 g, 0.960 mmol) in degassed
MeOH (30 ml) was added dropwise P(CH2Cl)3 (0.380 ml, ca. 3 eq.) to afford a pale
orange solution. After ca. 1 min, a yellow solid formed and the mixture was stirred
overnight at ambient temperature, collected by vacuum filtration, and dried. Yield:
0.162 g, 23 %. 1H NMR data (CDCl3): δ 4.58 (s, 6H, CH2).

31

P{1H} NMR data

(CDCl3): δ(P) 16.8 (1JRhP 218 Hz), 35.8 (1JRhP 119 Hz, 2JPP 25Hz). Found: C, 14.17, H,
2.24; C9H18Cl12P3Rh requires C, 14.46, H, 2.43 %.

Ru2Cl4{P(CH2Cl)3}5

4.26

To a solution of P(CH2Cl)3 (86 % purity, 0.358 g, 2.00 mmol) in degassed MeOH (5
mL) was added RuCl3.3H2O (0.113 g, 0.432 mmol) as a solid in one portion. The
resulting orange solution was stirred at ambient temperature, under N2, for ca. 2 d. The
solid was filtered and washed with a small portion of MeOH (1 ml) and dried in vacuo.
A further crop was isolated from the filtrate. Yield: 0.131 g, 54 %. 31P{1H} NMR data
(CDCl3): δ(P) 59.7, 49.6. Found: C, 14.59, H, 2.33; calculated for C15H30Cl19P5Ru2
requires; C, 14.52, H, 2.44 %.
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Chapter 6
Conclusions and Further Work
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The work outlined in Chapter 2 illustrated the preparation of new PAH‒functionalised
tertiary phosphines via simple Schiff‒ and Mannich‒based condensation reactions. The
molecular structures of a number of these compounds were determined and highlighted
multiple modes of intermolecular π–π and CH···π interactions, which appeared to be
uninfluenced by the alkyl substituent present on the nitrogen. Further studies were
conducted to synthesise 2–anthracenyl and 1–pyrenyl bisphosphine ligands of the type
P(C6H4–o–OCH3)2 and their co‒ordination behaviour towards a dichloroplatinum(II)
centre investigated. Abstraction of the chloride ligands from the Pt(II) centre led to the
suspected co–ordination of one of the OCH3 functionalities as intended, with the other
site becoming occupied by an amino nitrogen atom, possibly in the form of an imido
ligand. The co–ordination of these ligands to an Au(I) centre was also explored.
The solution fluorescence properties of a number of compounds were briefly explored
in this chapter, highlighting two compounds [dichloroplatinum(II) complexes 2.6 and
2.7] which showed significant quenching of their fluorescence emission spectra when
exposed to low concentrations of the nitroaromatic DNT. Further studies are required
involving various concentrations of quencher and the other synthesised compounds in
conjunction to the use of other nitroaromatic explosives and their precursor compounds,
in order to understand whether these may be used to quantitatively detect particular
nitroaromatics. The differential response of each compound toward a particular
nitroaromatic could be used to effectively fingerprint nitroaromatics, such as the system
used by Germain and Knapp.152 With regards to the synthesis of potential new
PAH‒functionalised phosphines, our group has previously shown that Mannich‒based
condensations may be used to access a number of asymmetric phosphines.288 The
utilisation of asymmetric phosphines may enhance any intermolecular interactions
found when these compounds are crystallised and hence act to increase the level of
interaction between PAH moieties.
Chapter 3 detailed the preparation of anthracenyl and pyrenyl hydrazones that were
used to synthesise ditertiary phosphines that were later co‒ordinated to Pt(II) and Au(I)
centres. During the synthesis of the monophosphine functionalised hydrazones, the
synthesis of the anthracenyl species 3.6 was particularly challenging. The condensation
reaction between the primary amine present on the hydrazone and the hydroxymethyl
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tertiary phosphine precursor favoured the synthesis of the bisphosphine, which was
isolated, although another was signal present in the

31

P{1H} NMR (CDCl3) spectrum

that has been tentatively assigned to the monophosphine. In order to prevent the
reaction from proceeding too far, work is needed to investigate the synthesis of the
monophosphine by using low temperature syntheses, and also by using an excess of
hydrazone. The excess hydrazone present in the reaction mixture would act to compete
with any synthesised monophosphine (to react with the hydroxymethylphosphine
precursor) and hence restrict the formation of the bisphosphine.
Chapter 3 also briefly investigated the synthesis of tertiary phosphines functionalised
with terminal alkyne and alkene moieties. The rationale behind this was that the alkyne
functionalised phosphines could be subject to copper catalysed ‘click’ type reactions in
order to add a fluorescent moiety to the molecule.242 Rather than using PAH‒substituted
amines, a PAH azide would be required. An example of the potential reaction between
3.13 and 9‒anthracenyl azide is given in Equation 6.1.

Equation 6.1
Further investigation is also required into the fluorescence properties effected by any
compounds functionalised in this manner, and comparison with the fluorescence
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properties of the PAH phosphines synthesised using condensation reactions. The other
method of adding additional functionality to the compounds detailed in Chapter 3
would be by utilising those which contain a terminal alkene. This would occur by
employing hydrophosphination of the terminal double bond with a secondary
phosphine such as diphenylphosphine. Modification of the length of the alkyl chain
bearing the terminal alkene could lead to the synthesis of a bisphosphine compound that
is able to co‒ordinate to more than one transition metal centre. The synthesis of
bimetallic bisphosphines is documented in the literature.72, 288, 300, 301
The work detailed in Chapter 4 investigated the crystal structures of Pt(II), Au(I),
Ru(II) and Rh(III) complexes bearing the P(CH2Cl)3 ligand. In nearly all cases, the
halophilic interactions recorded were found to be weak, regardless of their intra or
inter‒molecular nature. Co‒ordination of ligand 4.9 to a Ru(II) centre also led to the
formation of an asymmetric, octahedral dinuclear ruthenium complex 4.26.
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2.1a

Two molecules are present in the asymmetric unit.

2.1c

A single molecule is present in the asymmetric unit.

2.2c

A single molecule is present in the asymmetric unit.

2.3c

A single molecule is present in the asymmetric unit.

2.4

A single molecule is present in the asymmetric unit.

2.6

Two molecules of 2.6, plus two molecules of CHCl3 are present in the
asymmetric unit.

2.10

A single molecule is present in the asymmetric unit.

2.15

A single molecule of 2.15 along with one molecule of Et2O, and a disordered
molecule of CH2Cl2 [Major component 64.83(4)%]. The site occupancy factor
for the disorder was freely refined.

3.8A One and a half molecules present in the asymmetric unit. The half molecule is
located on a crystallographic inversion centre.
3.8B

Two half molecules are present in the asymmetric unit, located about a
crystallographic inversion centre.

3.9

One molecule of 3.9 plus one molecule of Et2O are present in the asymmetric
unit.

3.10

One molecule of 3.10 plus four molecules of CHCl3 are present in the
asymmetric unit. One of the CHCl3 molecules of crystallisation is disordered
and modelled by allowing the disorder components of each clorine atom to
occupy the same site, with the central carbon occupying two sites [Major
component 59.19(2)%]. The site occupancy factor for the disorder was freely
refined.

3.11

One molecule in the asymmetric unit. The difference map appeared to show a
single highly disordered CHCl3 molecule, and a highly disordered molecule of
Et2O in the asymmetric unit. These were modelled as diffuse regions of electron
density using Platon299 (SQUEEZE).

3.13

A single molecule is present in the asymmetric unit.

4.10

A single molecule is present in the asymmetric unit.

4.11

One molecule of 4.11 and one molecule of CHCl3 in the asymmetric unit.

4.14

Two molecules of 4.14 and a disordered molecule of toluene are present in the
asymmetric unit. One of the 4.14 molecules displays disorder of the entire
phosphine moiety [Major component 50.36(1)%] and also of the toluene solvate
[Major component 50.81(2)%]. The site occupancy factors for the disorder were
freely refined in both cases.

4.16

A single molecule is present in the asymmetric unit
223

4.17

One and a half molecules of 4.17 are present in the asymmetric unit. The half
molecule is located about a crystallographic inversion centre. One molecule of
CHCl3 is also present in the asymmetric unit.

4.22

One molecule of 4.22 and one molecule of the [PF6]‒ counter ion are present in the
asymmetric unit.

4.24

One molecule is present in the asymmetric unit.

4.26

Two molecules are present in the asymmetric unit. Multiple disorder
components involving the chloromethyl chlorine atoms are noted. The site
occupancy factors for the disorder components were freely refined [Major
component range 50.00(2)‒87.04(4)%].
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Table 7.1

Crystal data and structure refinement for 2.1a

C18H17N
Mr = 247.33
Monoclinic, P21/c
Hall symbol: ‒P 2ybc
a = 4.6687 (3) Å
b = 29.138 (3) Å
c = 20.0647 (17) Å
 = 90.183 (5)°
V = 2729.5 (4) Å3
Z=8

F(000) = 1056
Dx = 1.204 Mg m‒3
Mo K radiation,  = 0.71073 Å
Cell parameters from 15044 reflections
 = 2.9–27.5°
 = 0.07 mm‒1
T = 120 K
Needle, light yellow
1.00 × 0.04 × 0.02 mm

Data collection Bruker‒Nonius Roper
CCD camera on ‒goniostat
diffractometer
Radiation source: Bruker‒Nonius FR591
rotating anode
Graphite monochromator
Detector resolution: 9.091 pixels mm‒1

3459 independent reflections

 &  scans
Absorption correction: multi‒scan
SADABS 2007/2 (Sheldrick, G.M., 2007)
Tmin = 0.934, Tmax = 0.999

h = ‒55

2112 reflections with I > 2(I)
Rint = 0.080
max = 22.5°, min = 3.0°
k = ‒3129
l = ‒2116

14787 measured reflections
Refinement Refinement on F2
Least‒squares matrix: full
R[F2 > 2(F2)] = 0.072
wR(F2) = 0.147
S = 1.04

Primary atom site location:
structure‒invariant direct methods
Secondary atom site location: difference
Fourier map
Hydrogen site location: inferred from
neighbouring sites
H‒atom parameters constrained
w = 1/[2(Fo2) + (0.0465P)2 + 1.443P]
where P = (Fo2 + 2Fc2)/3

3459 reflections

(/)max < 0.001

347 parameters

max = 0.17 e Å‒3

0 restraints

min = ‒0.19 e Å‒3

225

Table 7.2

Crystal data and structure refinement for 2.1c.

C29H36NO3P

F(000) = 2048

Mr = 477.56

Dx = 1.239 Mg m‒3

Monoclinic, C2/c

Mo K radiation,  = 0.71073 Å

Hall symbol: ‒C 2yc

Cell parameters from 19971 reflections

a = 17.0045 (3) Å

 = 2.9–27.5°

b = 12.0893 (3) Å

 = 0.14 mm‒1

c = 24.9072 (5) Å

T = 120 K

 = 90.0668 (13)°
V = 5120.23 (19) Å

Slab, colourless
3

0.40 × 0.30 × 0.10 mm

Z=8

Bruker‒Nonius Roper CCD camera on
‒goniostat diffractometer

5700 independent reflections

Radiation source: Bruker‒Nonius FR591
rotating anode

4467 reflections with I > 2(I)

Graphite monochromator

Rint = 0.050

Detector resolution: 9.019 pixels mm‒1

max = 27.5°, min = 3.2°

 &  scans

h = ‒2222

Absorption correction: multi‒scan
SADABS 2007/2 (Sheldrick, G.M., 2007)

k = ‒1515

Tmin = 0.947, Tmax = 0.986

l = ‒3232

26624 measured reflections
Refinement on F2

Primary atom site location:
structure‒invariant direct methods

Least‒squares matrix: full

Secondary atom site location: difference
Fourier map

R[F2 > 2(F2)] = 0.046

Hydrogen site location: inferred from
neighbouring sites

wR(F2) = 0.116

H‒atom parameters constrained

S = 1.05

w = 1/[2(Fo2) + (0.0474P)2 + 4.9505P]
where P = (Fo2 + 2Fc2)/3

5700 reflections

(/)max = 0.001

313 parameters

max = 0.66 e Å‒3

0 restraints

min = ‒0.27 e Å‒3
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Table 7.3

Crystal data and structure refinement for 2.2c.

C33H36NO3P

Z=2

Mr = 525.60

F(000) = 560

Triclinic, P¯1

Dx = 1.282 Mg m‒3

Hall symbol: ‒P 1

Mo K radiation,  = 0.71073 Å

a = 8.0837 (3) Å

Cell parameters from 20929 reflections

b = 12.6935 (4) Å

 = 2.9–27.5°

c = 14.6507 (5) Å

 = 0.14 mm‒1

 = 73.8629 (19)°

T = 120 K

 = 77.8838 (17)°

Slab, colourless

 = 72.125 (2)°

0.12 × 0.10 × 0.04 mm

V = 1361.55 (8) Å3

Bruker‒Nonius APEX II CCD camera on
‒goniostat diffractometer

6220 independent reflections

Radiation source: Bruker‒Nonius FR591
rotating anode

4319 reflections with I > 2(I)

10cm confocal mirrors monochromator

Rint = 0.082

 &  scans

max = 27.7°, min = 2.9°

Absorption correction: multi‒scan
SADABS 2007/2 (Sheldrick, G.M., 2007)

h = ‒1010

Tmin = 0.984, Tmax = 0.995

k = ‒1616

23507 measured reflections

l = ‒1919

Refinement on F2

Primary atom site location:
structure‒invariant direct methods

Least‒squares matrix: full

Secondary atom site location: difference
Fourier map

R[F2 > 2(F2)] = 0.083

Hydrogen site location: inferred from
neighbouring sites

wR(F2) = 0.173

H‒atom parameters constrained

S = 1.07

w = 1/[2(Fo2) + (0.P)2 + 3.9008P]
where P = (Fo2 + 2Fc2)/3

6220 reflections

(/)max < 0.001

347 parameters

max = 0.41 e Å‒3

0 restraints

min = ‒0.35 e Å‒3
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Table 7.4

Crystal data and structure refinement for 2.3c.

C29H36NO3P

Z=2

Mr = 477.56

F(000) = 512

Triclinic, P¯1

Dx = 1.240 Mg m‒3

Hall symbol: ‒P 1

Mo K radiation,  = 0.71073 Å

a = 10.364 (2) Å

Cell parameters from 2390 reflections

b = 10.462 (2) Å

 = 2.4–26.0°

c = 12.642 (3) Å

 = 0.14 mm‒1

 = 90.889 (3)°

T = 150 K

 = 101.236 (3)°

Plate, colourless

 = 107.419 (3)°

0.42 × 0.27 × 0.03 mm

V = 1278.9 (4) Å3

Bruker APEX 2 CCD
diffractometer

5171 independent reflections

Radiation source: fine‒focus sealed tube

3687 reflections with I > 2(I)

Graphite monochromator

Rint = 0.032

 rotation with narrow frames scans

max = 26.4°, min = 1.7°

Absorption correction: multi‒scan
h = ‒1212
SADABS v2008/1, Sheldrick, G.M., (2008)
Tmin = 0.944, Tmax = 0.996

k = ‒1313

11186 measured reflections

l = ‒1515

Refinement on F2

Primary atom site location:
structure‒invariant direct methods

Least‒squares matrix: full

Secondary atom site location: difference
Fourier map

R[F2 > 2(F2)] = 0.055

Hydrogen site location: inferred from
neighbouring sites

wR(F2) = 0.159

H‒atom parameters constrained

S = 1.03

w = 1/[2(Fo2) + (0.0935P)2 + 0.0546P]
where P = (Fo2 + 2Fc2)/3

5171 reflections

(/)max = 0.001

312 parameters

max = 1.07 e Å‒3

0 restraints

min = ‒0.42 e Å‒3
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Table 7.5

Crystal data and structure refinement for 2.4.

C31H26NO2P

F(000) = 1000

Mr = 475.50

Dx = 1.329 Mg m‒3

Monoclinic, P21/c

Mo K radiation,  = 0.71073 Å

Hall symbol: ‒P 2ybc

Cell parameters from 5281 reflections

a = 9.0270 (7) Å

 = 2.3–27.6°

b = 7.5863 (6) Å

 = 0.15 mm‒1

c = 34.715 (3) Å

T = 150 K

 = 90.5060 (13)°
3

V = 2377.2 (3) Å

Slab, yellow
0.49 × 0.47 × 0.04 mm

Z=4

Bruker APEX 2 CCD
diffractometer

5916 independent reflections

Radiation source: sealed tube

4508 reflections with I > 2(I)

Graphite monochromator

Rint = 0.034

 rotation with narrow frames scans

max = 28.4°, min = 2.3°

Absorption correction: multi‒scan
h = ‒1212
SADABS v2008/1, Sheldrick, G.M., (2008)
Tmin = 0.932, Tmax = 0.994

k = ‒1010

23305 measured reflections

l = ‒4646

Refinement on F2

Primary atom site location:
structure‒invariant direct methods

Least‒squares matrix: full

Secondary atom site location: difference
Fourier map

R[F2 > 2(F2)] = 0.048

Hydrogen site location: inferred from
neighbouring sites

wR(F2) = 0.126

H atoms treated by a mixture of
independent and constrained refinement

S = 1.02

w = 1/[2(Fo2) + (0.0598P)2 + 0.9148P]
where P = (Fo2 + 2Fc2)/3

5916 reflections

(/)max = 0.001

321 parameters

max = 0.56 e Å‒3

0 restraints

min = ‒0.28 e Å‒3
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Table 7.6

Crystal data and structure refinement for 2.6.

C62H52Cl2N2O4P2Pt·2(CHCl3)
Mr = 1455.72
Triclinic, P¯1
Hall symbol: ‒P 1
a = 11.5054 (2) Å
b = 14.6276 (3) Å

Z=2
F(000) = 1456
Dx = 1.656 Mg m‒3
Mo K radiation,  = 0.71073 Å
Cell parameters from 56812 reflections
 = 2.9–27.5°

 = 71.7439 (11)°

 = 2.88 mm‒1
T = 120 K

 = 79.7221 (12)°

Block, pale green

 = 83.8098 (10)°
V = 2918.74 (9) Å3

0.10 × 0.07 × 0.04 mm

Bruker‒Nonius APEX II CCD camera on
‒goniostat diffractometer
Radiation source: Bruker‒Nonius FR591
rotating anode
10cm confocal mirrors monochromator
Detector resolution: 4096x4096pixels /
62x62mm pixels mm‒1

13370 independent reflections

 &  scans
Absorption correction: multi‒scan
SADABS 2007/2 (Sheldrick, G.M., 2007)
Tmin = 0.762, Tmax = 0.894

h = ‒1414

c = 18.5886 (3) Å

11797 reflections with I > 2(I)
Rint = 0.047
max = 27.6°, min = 2.9°

k = ‒1919
l = ‒2424

49554 measured reflections
Refinement on F2
Least‒squares matrix: full
R[F2 > 2(F2)] = 0.050
wR(F2) = 0.115
S = 1.07

Primary atom site location:
structure‒invariant direct methods
Secondary atom site location: difference
Fourier map
Hydrogen site location: inferred from
neighbouring sites
H‒atom parameters constrained
w = 1/[2(Fo2) + (0.0256P)2 + 22.7498P]
where P = (Fo2 + 2Fc2)/3

13370 reflections

(/)max = 0.002

734 parameters

max = 2.08 e Å‒3

0 restraints

min = ‒2.29 e Å‒3
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Table 7.7

Crystal data and structure refinement for 2.10.

C31H26AuClNO2P
Mr = 707.91
Triclinic, P¯1
Hall symbol: ‒P 1
a = 10.2453 (4) Å
b = 11.5890 (3) Å

Z=2
F(000) = 692
Dx = 1.796 Mg m‒3
Mo K radiation,  = 0.71073 Å
Cell parameters from 33048 reflections
 = 2.9–27.5°

 = 82.840 (2)°

 = 5.81 mm‒1
T = 120 K

 = 73.2020 (15)°

Plate, dark yellow

 = 72.213 (2)°
V = 1309.29 (8) Å3

0.15 × 0.10 × 0.02 mm

Bruker‒Nonius APEX II CCD camera on
‒goniostat diffractometer
Radiation source: Bruker‒Nonius FR591
rotating anode
10cm confocal mirrors monochromator
Detector resolution: 4096x4096pixels /
62x62mm pixels mm‒1

5964 independent reflections

 &  scans
Absorption correction: multi‒scan
SADABS 2007/2 (Sheldrick, G.M., 2007)
Tmin = 0.476, Tmax = 0.893

h = ‒1313

c = 12.1066 (4) Å

5317 reflections with I > 2(I)
Rint = 0.050
max = 27.6°, min = 3.1°

k = ‒1415
l = ‒1515

21498 measured reflections
Refinement on F2
Least‒squares matrix: full
R[F2 > 2(F2)] = 0.038
wR(F2) = 0.077

Primary atom site location:
structure‒invariant direct methods
Secondary atom site location: difference
Fourier map
Hydrogen site location: inferred from
neighbouring sites
H atoms treated by a mixture of
independent and constrained refinement

S = 1.09

w = 1/[2(Fo2) + (0.P)2 + 7.4295P]
where P = (Fo2 + 2Fc2)/3

5964 reflections

(/)max < 0.001

339 parameters

max = 2.31 e Å‒3

0 restraints

min = ‒1.01 e Å‒3
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Table 7.8

Crystal data and structure refinement for 2.15.

C47H43Cl2NO4P2Pt·C4H10O·CH2Cl2

F(000) = 2360

Mr = 1172.80

Dx = 1.572 Mg m‒3

Monoclinic, P21/n

Mo K radiation,  = 0.71073 Å

Hall symbol: ‒P 2yn

Cell parameters from 5236 reflections

a = 12.1109 (8) Å

 = 2.2–22.7°

b = 20.9519 (13) Å

 = 3.16 mm‒1

c = 19.5664 (12) Å

T = 150 K

 = 93.7440 (11)°

Block, colourless

3

V = 4954.3 (5) Å

0.18 × 0.06 × 0.04 mm

Z=4

Bruker APEX 2 CCD
diffractometer

12221 independent reflections

Radiation source: sealed tube

7953 reflections with I > 2(I)

Graphite monochromator

Rint = 0.074

 rotation with narrow frames scans

max = 28.3°, min = 1.9°

Absorption correction: multi‒scan
h = ‒1616
SADABS v2008/1, Sheldrick, G.M., (2008)
Tmin = 0.600, Tmax = 0.884

k = ‒2727

33684 measured reflections

l = ‒2621

Refinement on F2

Primary atom site location:
structure‒invariant direct methods

Least‒squares matrix: full

Secondary atom site location: difference
Fourier map

R[F2 > 2(F2)] = 0.049

Hydrogen site location: inferred from
neighbouring sites

wR(F2) = 0.118

H‒atom parameters constrained

S = 0.96

w = 1/[2(Fo2) + (0.0517P)2]
where P = (Fo2 + 2Fc2)/3

12221 reflections

(/)max = 0.002

609 parameters

max = 1.44 e Å‒3

69 restraints

min = ‒0.75 e Å‒3
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Table 7.9

Crystal data and structure refinement for 3.8A.

C30H20N2
Mr = 408.48
Triclinic, P¯1
Hall symbol: ‒P 1
a = 11.3129 (7) Å
b = 11.7553 (7) Å
c = 12.6000 (6) Å
 = 94.655 (3)°
 = 109.593 (3)°
 = 93.125 (3)°
V = 1567.43 (15) Å3

Z=3
F(000) = 642
Dx = 1.298 Mg m‒3
Mo K radiation,  = 0.71073 Å
Cell parameters from 12454 reflections
 = 2.9–27.5°
 = 0.08 mm‒1
T = 120 K
Block, orange
0.18 × 0.15 × 0.07 mm

Bruker‒Nonius Roper CCD camera on
‒goniostat
diffractometer
Radiation source: Bruker‒Nonius
FR591 rotating anode
Graphite monochromator
Detector resolution: 9.091 pixels mm‒1
 &  scans
Absorption correction: multi‒scan
SADABS 2007/2 (Sheldrick, G.M.,
2007)
Tmin = 0.987, Tmax = 0.995
28608 measured reflections

5211 independent reflections

Refinement on F2

Secondary atom site location: difference
Fourier map
Hydrogen site location: inferred from
neighbouring sites
H‒atom parameters constrained
w = 1/[2(Fo2) + (0.0653P)2 + 0.3271P]
where P = (Fo2 + 2Fc2)/3
(/)max < 0.001
max = 0.22 e Å‒3
min = ‒0.21 e Å‒3
Extinction correction: SHELXL,
Fc*=kFc[1+0.001xFc23/sin(2)]‒1/4
Extinction coefficient: 0.0047 (12)

Least‒squares matrix: full
R[F2 > 2(F2)] = 0.068
wR(F2) = 0.182
S = 1.02
5211 reflections
434 parameters
0 restraints
Primary atom site location:
structure‒invariant direct methods

2677 reflections with I > 2(I)
Rint = 0.128
max = 24.5°, min = 3.0°
h = ‒1313
k = ‒1313
l = ‒1414
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Table 7.10

Crystal data and structure refinement for 3.8B.

C30H20N2

Z=2

Mr = 408.48

F(000) = 428

Triclinic, P¯1

Dx = 1.363 Mg m‒3

Hall symbol: ‒P 1

Mo K radiation,  = 0.71073 Å

a = 3.8474 (11) Å

Cell parameters from 2659 reflections

b = 15.010 (5) Å

 = 2.4–28.8°

c = 18.686 (7) Å

 = 0.08 mm‒1

 = 112.139 (9)°

T = 100 K

 = 94.064 (7)°

Block, yellow

 = 91.674 (6)°

0.25 × 0.10 × 0.10 mm

V = 995.2 (6) Å3

Rigaku CrystalClear‒SM Expert 2.0 r7
diffractometer

4695 independent reflections

Radiation source: fine‒focus sealed tube

3761 reflections with I > 2(I)

Graphite monochromator

Rint = 0.038

Detector resolution: 28.5714 pixels mm‒1

max = 28.9°, min = 2.3°

profile data from –scans

h = ‒55

Absorption correction: multi‒scan
k = ‒2015
SADABS v2008/1, Sheldrick, G.M., (2008)
Tmin = 0.980, Tmax = 0.992

l = ‒2525

17869 measured reflections
Refinement on F2

Primary atom site location:
structure‒invariant direct methods

Least‒squares matrix: full

Secondary atom site location: difference
Fourier map

R[F2 > 2(F2)] = 0.063

Hydrogen site location: inferred from
neighbouring sites

wR(F2) = 0.185

H‒atom parameters constrained

S = 1.11

w = 1/[2(Fo2) + (0.0989P)2 + 0.2234P]
where P = (Fo2 + 2Fc2)/3

4695 reflections

(/)max < 0.001

289 parameters

max = 0.29 e Å‒3

0 restraints

min = ‒0.30 e Å‒3
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Table 7.11

Crystal data and structure refinement for 3.9.

C42H37ClN2P2Pt·CHCl3·0.5(C4H10O)

Z=2

Mr = 1018.64

F(000) = 1014

Triclinic, P¯1

Dx = 1.587 Mg m‒3

a = 11.2723 (5) Å

Mo K radiation,  = 0.71073 Å

b = 11.3451 (5) Å

Cell parameters from 10610 reflections

c = 17.7093 (8) Å

 = 2.4–29.8°

 = 103.3116 (6)°

 = 3.65 mm‒1

 = 102.8970 (6)°

T = 150 K

 = 93.8986 (6)°

Block, yellow

V = 2131.23 (16) Å3

0.36 × 0.15 × 0.12 mm

Bruker APEX 2 CCD
diffractometer

12531 independent reflections

Radiation source: sealed tube

10990 reflections with I > 2(I)

Graphite monochromator

Rint = 0.023

 rotation with narrow frames scans

max = 30.4°, min = 1.2°

Absorption correction: multi‒scan
h = ‒1615
SADABS v2012/1, Sheldrick, G.M., (2012)
Tmin = 0.353, Tmax = 0.668

k = ‒1615

24795 measured reflections

l = ‒2525

Refinement on F2

Primary atom site location: heavy‒atom
method

Least‒squares matrix: full

Secondary atom site location: difference
Fourier map

R[F2 > 2(F2)] = 0.028

Hydrogen site location: inferred from
neighbouring sites

wR(F2) = 0.069

H‒atom parameters constrained

S = 1.03

w = 1/[2(Fo2) + (0.0365P)2]
where P = (Fo2 + 2Fc2)/3

12531 reflections

(/)max = 0.001

434 parameters

max = 1.39 e Å‒3

0 restraints

min = ‒0.98 e Å‒3
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Table 7.12

Crystal data and structure refinement for 3.10.

C43H34N2P2PtCl2·4(CHCl3)

F(000) = 2720

Mr = 1384.12

Dx = 1.772 Mg m‒3

Monoclinic, P21/n

Mo K radiation,  = 0.71073 Å

a = 9.4290 (6) Å

Cell parameters from 12697 reflections

b = 35.101 (2) Å

 = 2.3–26.8°

c = 15.7512 (10) Å

 = 3.53 mm‒1

 = 95.618 (1)°

T = 150 K

V = 5188.0 (6) Å3

Block, yellow

Z=4

0.54 × 0.08 × 0.06 mm

Bruker APEX 2 CCD diffractometer

11106 independent reflections

Radiation source: sealed tube

9396 reflections with I > 2(I)

Graphite monochromator

Rint = 0.043

 rotation with narrow frames scans

max = 26.9°, min = 1.4°

Absorption correction: multi‒scan
h = ‒1111
SADABS v2008/1, Sheldrick, G.M., (2008)
Tmin = 0.252, Tmax = 0.816

k = ‒4444

46847 measured reflections

l = ‒1919

Refinement on F2

Primary atom site location:
structure‒invariant direct methods

Least‒squares matrix: full

Secondary atom site location: difference
Fourier map

R[F2 > 2(F2)] = 0.053

Hydrogen site location: inferred from
neighbouring sites

wR(F2) = 0.113

H‒atom parameters constrained

S = 1.24

w = 1/[2(Fo2) + (0.0001P)2 + 53.6996P]
where P = (Fo2 + 2Fc2)/3

11106 reflections

(/)max = 0.003

632 parameters

max = 1.93 e Å‒3

66 restraints

min = ‒4.94 e Å‒3
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Table 7.13

Crystal data and structure refinement for 3.11.

C42H37ClN2P2Pt·CHCl3·0.5(C4H10O)

Z=2

Mr = 1018.64

F(000) = 1014

Triclinic, P¯1

Dx = 1.587 Mg m‒3

a = 11.2723 (5) Å

Mo K radiation,  = 0.71073 Å

b = 11.3451 (5) Å

Cell parameters from 10610 reflections

c = 17.7093 (8) Å

 = 2.4–29.8°

 = 103.3116 (6)°

 = 3.65 mm‒1

 = 102.8970 (6)°

T = 150 K

 = 93.8986 (6)°

Block, yellow

V = 2131.23 (16) Å3

0.36 × 0.15 × 0.12 mm

Bruker APEX 2 CCD diffractometer

12531 independent reflections

Radiation source: sealed tube

10990 reflections with I > 2(I)

graphite

Rint = 0.023

 rotation with narrow frames scans

max = 30.4°, min = 1.2°

Absorption correction: multi‒scan
SADABS v2012/1, Sheldrick, G.M.,
(2012)

h = ‒1615

Tmin = 0.353, Tmax = 0.668

k = ‒1615

24795 measured reflections

l = ‒2525

Refinement on F2

Primary atom site location: heavy‒atom method

Least‒squares matrix: full

Secondary atom site location: difference Fourier
map

R[F2 > 2(F2)] = 0.028

Hydrogen site location: inferred from neighbouring
sites

wR(F2) = 0.069

H‒atom parameters constrained

S = 1.03

w = 1/[2(Fo2) + (0.0365P)2]
where P = (Fo2 + 2Fc2)/3

12531 reflections

(/)max = 0.001

434 parameters

max = 1.39 e Å‒3

0 restraints

min = ‒0.98 e Å‒3
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Table 7.14

Crystal data and structure refinement for 3.13.

C34H29NP2

F(000) = 1080

Mr = 513.52

Dx = 1.267 Mg m‒3

Monoclinic, P21/c

Mo K radiation,  = 0.71073 Å

Hall symbol: ‒P 2ybc

Cell parameters from 10538 reflections

a = 11.1432 (5) Å

 = 2.0–27.5°

b = 27.9394 (11) Å

 = 0.19 mm‒1

c = 8.6822 (4) Å

T = 120 K

 = 95.255 (3)°

Blade, orange

V = 2691.7 (2) Å3

0.62 × 0.18 × 0.06 mm

Z=4

Rigaku CrystalClear‒SM Expert 2.0 r7
diffractometer

6167 independent reflections

Radiation source: fine‒focus sealed tube

4165 reflections with I > 2(I)

Graphite monochromator

Rint = 0.093

Detector resolution: 10.0000 pixels mm

‒1

max = 27.5°, min = 1.8°

profile data from –scans

h = ‒1214

Absorption correction: multi‒scan
SADABS 2007/2 (Sheldrick, G.M., 2007)

k = ‒3636

Tmin = 0.894, Tmax = 0.989

l = ‒1111

27325 measured reflections

Refinement on F2

Primary atom site location: structure‒invariant
direct methods

Least‒squares matrix: full

Secondary atom site location: difference Fourier
map

R[F2 > 2(F2)] = 0.063

Hydrogen site location: inferred from
neighbouring sites

wR(F2) = 0.137

H‒atom parameters constrained

S = 1.06

w = 1/[2(Fo2) + (0.0286P)2 + 1.211P]
where P = (Fo2 + 2Fc2)/3

6167 reflections

(/)max < 0.001

334 parameters

max = 0.35 e Å‒3

0 restraints

min = ‒0.23 e Å‒3
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Table 7.15

Crystal data and structure refinement for 4.10.

C13H20Cl5PRu

F(000) = 968

Mr = 485.58

Dx = 1.752 Mg m‒3

Monoclinic, P21/c

Mo K radiation,  = 0.71073 Å

Hall symbol: ‒P 2ybc

Cell parameters from 7470 reflections

a = 6.4131 (4) Å

 = 2.5–30.5°

b = 14.2901 (10) Å

 = 1.65 mm‒1

c = 20.1698 (14) Å

T = 150 K

 = 95.0018 (11)°

Lath, red

3

V = 1841.4 (2) Å

0.47 × 0.08 × 0.05 mm

Z=4

Bruker APEX 2 CCD
diffractometer

5593 independent reflections

Radiation source: sealed tube

4820 reflections with I > 2(I)

Graphite monochromator

Rint = 0.031

 rotation with narrow frames scans

max = 30.6°, min = 1.8°

Absorption correction: multi‒scan
h = ‒99
SADABS v2009/1, Sheldrick, G.M., (2009)
Tmin = 0.511, Tmax = 0.922

k = ‒1920

21577 measured reflections

l = ‒2828

Refinement on F2

Primary atom site location:
structure‒invariant direct methods

Least‒squares matrix: full

Secondary atom site location: difference
Fourier map

R[F2 > 2(F2)] = 0.025

Hydrogen site location: inferred from
neighbouring sites

wR(F2) = 0.058

H‒atom parameters constrained

S = 1.03

w = 1/[2(Fo2) + (0.025P)2 + 0.7506P]
where P = (Fo2 + 2Fc2)/3

5593 reflections

(/)max = 0.001

199 parameters

max = 0.47 e Å‒3

24 restraints

min = ‒0.62 e Å‒3
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Table 7.16

Crystal data and structure refinement for 4.11.

C13H21Cl5PRh·CHCl3

Dx = 1.753 Mg m‒3

Mr = 607.79

Mo K radiation,  = 0.71073 Å

Orthorhombic, P212121

Cell parameters from 13973 reflections

a = 8.9170 (4) Å

 = 2.5–30.5°

b = 13.6108 (7) Å

 = 1.74 mm‒1

c = 18.9775 (9) Å
V = 2303.25 (19) Å

T = 150 K
3

Z=4

Prism, orange
0.35 × 0.29 × 0.08 mm3

F(000) = 1208

Bruker APEX 2 CCD diffractometer

7057 independent reflections

Radiation source: sealed tube

6808 reflections with I > 2(I)

Graphite monochromator

Rint = 0.025

 rotation with narrow frames scans

max = 30.6°, min = 1.8°

Absorption correction: multi‒scan
SADABS v2009/1, Sheldrick, G.M., (2009)

h = ‒1212

Tmin = 0.582, Tmax = 0.874

k = ‒1918

27527 measured reflections

l = ‒2726

Refinement on F2

Secondary atom site location: difference Fourier
map

Least‒squares matrix: full

Hydrogen site location: inferred from
neighbouring sites

R[F2 > 2(F2)] = 0.025

H‒atom parameters constrained

wR(F2) = 0.059

w = 1/[2(Fo2) + (0.0267P)2 + 1.3171P]
where P = (Fo2 + 2Fc2)/3

S = 1.03

(/)max = 0.001

7057 reflections

max = 0.62 e Å‒3

286 parameters

min = ‒0.51 e Å‒3

204 restraints

Absolute structure: Flack x determined using
2908 quotients [(I+)‒(I‒)]/[(I+)+(I‒)] (Parsons
and Flack (2004), Acta Cryst. A60, s61).

Primary atom site location: structure‒invariant
direct methods

Absolute structure parameter: 0.003 (10)
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Table 7.17

Crystal data and structure refinement for 4.14.

2(C3H6PAuCl4)·C7H8

Dx = 2.486 Mg m‒3

Mr = 915.76

Mo K radiation,  = 0.71073 Å

Orthorhombic, Pna21

Cell parameters from 13398 reflections

a = 13.5965 (10) Å

 = 2.4–29.6°

b = 7.1709 (5) Å

 = 12.98 mm‒1

c = 25.0951 (18) Å

T = 150 K

V = 2446.8 (3) Å3

Block, colourless

Z=4

0.52 × 0.24 × 0.13 mm3

F(000) = 1688

Bruker APEX 2 CCD diffractometer

6760 independent reflections

Radiation source: sealed tube

6335 reflections with I > 2(I)

Graphite monochromator

Rint = 0.060

 rotation with narrow frames scans

max = 29.5°, min = 3.0°

Absorption correction: multi‒scan
h = ‒1818
SADABS v2009/1, Sheldrick, G.M., (2009)
Tmin = 0.057, Tmax = 0.283

k = ‒99

25483 measured reflections

l = ‒3434

Refinement on F2

Hydrogen site location: inferred from
neighbouring sites

Least‒squares matrix: full

H‒atom parameters constrained

2

2

R[F > 2(F )] = 0.028

w = 1/[2(Fo2) + (0.0167P)2]
where P = (Fo2 + 2Fc2)/3

wR(F2) = 0.061

(/)max = 0.002

S = 1.00

max = 1.74 e Å‒3

6760 reflections

min = ‒1.71 e Å‒3

357 parameters

Extinction correction: SHELXL,
Fc*=kFc[1+0.001xFc23/sin(2)]‒1/4

196 restraints

Extinction coefficient: 0.00060 (8)

Primary atom site location:
structure‒invariant direct methods

Absolute structure: Flack x determined
using 2903 quotients [(I+)‒(I‒)]/[(I+)+(I‒)]
(Parsons and Flack (2004), Acta Cryst.
A60, s61).

Secondary atom site location: difference
Fourier map

Absolute structure parameter: 0.012 (4)
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Table 7.18

Crystal data and structure refinement for 4.16.

C6H12Cl8P2Pt

F(000) = 1168

Mr = 624.79

Dx = 2.478 Mg m‒3

Monoclinic, Ia

Mo K radiation,  = 0.71073 Å

Hall symbol: I ‒2ya

Cell parameters from 9635 reflections

a = 13.5235 (8) Å

 = 2.4–30.5°

b = 7.1636 (4) Å

 = 9.82 mm‒1

c = 17.8097 (11) Å

T = 150 K

 = 103.9276 (8)°
V = 1674.62 (17) Å

Block, colourless
3

0.54 × 0.19 × 0.15 mm

Z=4

Bruker APEX 2 CCD
diffractometer

4909 independent reflections

Radiation source: sealed tube

4841 reflections with I > 2(I)

Graphite monochromator

Rint = 0.033

 rotation with narrow frames scans

max = 30.6°, min = 2.4°

Absorption correction: multi‒scan
h = ‒1919
SADABS v2009/1, Sheldrick, G.M., (2009)
Tmin = 0.076, Tmax = 0.321

k = ‒1010

12354 measured reflections

l = ‒2525

Refinement on F2

Hydrogen site location: inferred from
neighbouring sites

Least‒squares matrix: full

H‒atom parameters constrained

2

2

R[F > 2(F )] = 0.023

w = 1/[2(Fo2) + (0.P)2]
where P = (Fo2 + 2Fc2)/3

wR(F2) = 0.052

(/)max = 0.001

S = 1.00

max = 1.79 e Å‒3

4909 reflections

min = ‒1.74 e Å‒3

155 parameters

Extinction correction: SHELXL,
Fc*=kFc[1+0.001xFc23/sin(2)]‒1/4

2 restraints

Extinction coefficient: 0.00036 (6)

Primary atom site location:
structure‒invariant direct methods

Absolute structure: Flack H D (1983), Acta
Cryst. A39, 876‒881, 2363 Friedel Pairs

Secondary atom site location: difference
Fourier map

Absolute structure parameter: 0.014 (4)
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Table 7.19

Crystal data and structure refinement for 4.17.

C6H12Cl8P2Pt

F(000) = 1752

Mr = 624.79

Dx = 2.326 Mg m‒3

Monoclinic, P21/n

Mo K radiation,  = 0.71073 Å

a = 7.1063 (3) Å

Cell parameters from 16122 reflections

b = 31.9420 (15) Å

 = 2.6–30.6°

c = 11.7924 (6) Å

 = 9.22 mm‒1

 = 90.6201 (7)°

T = 150 K

V = 2676.6 (2) Å3

Block, yellow

Z=6

0.28 × 0.22 × 0.12 mm

Bruker APEX 2 CCD diffractometer

8194 independent reflections

Radiation source: sealed tube

7546 reflections with I > 2(I)

Graphite monochromator

Rint = 0.030

 rotation with narrow frames scans

max = 30.6°, min = 1.3°

Absorption correction: multi‒scan
h = ‒1010
SADABS v2009/1, Sheldrick, G.M., (2009)
Tmin = 0.182, Tmax = 0.404

k = ‒4545

31689 measured reflections

l = ‒1616

Refinement on F2

Primary atom site location:
structure‒invariant direct methods

Least‒squares matrix: full

Secondary atom site location: difference
Fourier map

R[F2 > 2(F2)] = 0.026

Hydrogen site location: inferred from
neighbouring sites

wR(F2) = 0.062

H‒atom parameters constrained

S = 1.07

w = 1/[2(Fo2) + (0.0272P)2 + 5.1715P]
where P = (Fo2 + 2Fc2)/3

8194 reflections

(/)max < 0.001

232 parameters

max = 2.13 e Å‒3

0 restraints

min = ‒1.25 e Å‒3
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Table 7.20

Crystal data and structure refinement for 4.22.

C30H32Cl6NP4PtS2·PF6

Dx = 1.829 Mg m‒3

Mr = 1147.32

Mo K radiation,  = 0.71073 Å

Orthorhombic, P212121

Cell parameters from 22775 reflections

a = 10.4423 (4) Å

 = 2.2–30.6°

b = 19.9244 (8) Å

 = 4.10 mm‒1

c = 20.0258 (8) Å

T = 150 K

V = 4166.5 (3) Å3

Block, colourless

Z=4

0.38 × 0.20 × 0.14 mm

F(000) = 2240

Bruker APEX 2 CCD
diffractometer

12635 independent reflections

Radiation source: sealed tube

11980 reflections with I > 2(I)

Graphite monochromator

Rint = 0.033

 rotation with narrow frames scans

max = 30.6°, min = 2.0°

Absorption correction: multi‒scan
h = ‒1414
SADABS v2009/1, Sheldrick, G.M., (2009)
Tmin = 0.305, Tmax = 0.598

k = ‒2828

49109 measured reflections

l = ‒2828

Refinement on F2

Secondary atom site location: difference
Fourier map

Least‒squares matrix: full

Hydrogen site location: inferred from
neighbouring sites

R[F2 > 2(F2)] = 0.021

H‒atom parameters constrained

2

wR(F ) = 0.046

w = 1/[2(Fo2)]
where P = (Fo2 + 2Fc2)/3

S = 0.89

(/)max = 0.004

12635 reflections

max = 0.82 e Å‒3

460 parameters

min = ‒0.68 e Å‒3

9 restraints

Absolute structure: Flack x determined
using 5051 quotients [(I+)‒(I‒)]/[(I+)+(I‒)]
(Parsons, Flack and Wagner, Acta Cryst.
B69 (2013) 249‒259).

Primary atom site location:
structure‒invariant direct methods

Absolute structure parameter: 0.0095 (19)
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Table 7.21

Crystal data and structure refinement for 4.24.

C9H18Cl12P3Rh

F(000) = 1464

Mr = 747.45

Dx = 2.063 Mg m‒3

Monoclinic, P21/c

Mo K radiation,  = 0.71073 Å

a = 15.0970 (7) Å

Cell parameters from 6925 reflections

b = 7.7414 (4) Å

 = 2.6–28.3°

c = 21.0035 (10) Å

 = 2.24 mm‒1

 = 101.3770 (7)°

T = 150 K

V = 2406.5 (2) Å3

Block, yellow

Z=4

0.18 × 0.10 × 0.08 mm3

Bruker APEX 2 CCD diffractometer

6005 independent reflections

Radiation source: fine‒focus sealed tube

5080 reflections with I > 2(I)

Graphite monochromator

Rint = 0.036

 rotation with narrow frames scans

max = 28.3°, min = 2.0°

Absorption correction: multi‒scan
h = ‒2020
SADABS v2009/1, Sheldrick, G.M., (2009)
Tmin = 0.689, Tmax = 0.841

k = ‒1010

24242 measured reflections

l = ‒2828

Refinement on F2

Primary atom site location: heavy‒atom
method

Least‒squares matrix: full

Secondary atom site location: difference
Fourier map

R[F2 > 2(F2)] = 0.024

Hydrogen site location: inferred from
neighbouring sites

wR(F2) = 0.054

H‒atom parameters constrained

S = 1.03

w = 1/[2(Fo2) + (0.0236P)2 + 0.2852P]
where P = (Fo2 + 2Fc2)/3

6005 reflections

(/)max = 0.004

226 parameters

max = 0.73 e Å‒3

0 restraints

min = ‒0.63 e Å‒3
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Table 7.22

Crystal data and structure refinement for 4.26.

C15H30Cl19P5Ru2

Z=4

Mr = 1240.93

F(000) = 2424

Triclinic, P¯1

Dx = 2.079 Mg m‒3

a = 13.8041 (4) Å

Mo K radiation,  = 0.71073 Å

b = 15.0533 (4) Å

Cell parameters from 27771 reflections

c = 20.2465 (6) Å

 = 2.3–30.6°

 = 98.7560 (4)°

 = 2.26 mm‒1

 = 107.2799 (4)°

T = 150 K

 = 90.3263 (4)°

Tablet, orange
3

V = 3964.7 (2) Å

0.40 × 0.38 × 0.09 mm3

Bruker APEX 2 CCD diffractometer

23985 independent reflections

Radiation source: sealed tube

20599 reflections with I > 2(I)

Graphite monochromator

Rint = 0.024

 rotation with narrow frames scans

max = 30.6°, min = 1.6°

Absorption correction: multi‒scan
h = ‒1919
SADABS v2009/1, Sheldrick, G.M., (2009)
Tmin = 0.465, Tmax = 0.822

k = ‒2121

63294 measured reflections

l = ‒2828

Refinement on F2

Primary atom site location:
structure‒invariant direct methods

Least‒squares matrix: full

Secondary atom site location: difference
Fourier map

R[F2 > 2(F2)] = 0.027

Hydrogen site location: inferred from
neighbouring sites

wR(F2) = 0.066

H‒atom parameters constrained

S = 1.03

w = 1/[2(Fo2) + (0.0293P)2 + 3.0408P]
where P = (Fo2 + 2Fc2)/3

23985 reflections

(/)max = 0.002

802 parameters

max = 1.85 e Å‒3

307 restraints

min = ‒0.94 e Å‒3
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Diverse Coordination Behaviour of Phosphorus(V)-Functionalised
6-Chloroaminobenzothiazole Anions at Various Metal Centres
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Aminobenzothiazole-functionalised phosphane 1 and its corresponding phosphorus(V) analogues 2–4 were synthesised
in high yields. New 1D polymeric salts K[ClC6H3NC(S)NP(E)Ph2]⬁ (E = O 5; E = S 6) were shown, by using singlecrystal X-ray diffraction, to exhibit unique potassium metal
ion coordination through either κ3-N2O tridentate (E = O) or
κ2-N2 bridging (E = S) modes. In contrast, κ2-NE chelation (E
= S, Se) was observed upon complexation to a range of metal

fragments including {Ir(η5-Cp*)Cl} (E = S 8; E = Se 9), {Rh(η5Cp*)Cl} (E = S 10; E = Se 11), {Ru(η6-p-MeC6H4iPr)Cl} (E =
S 12), {Ru(η6-C6Me6)Cl} (E = S 13) and {Pt(PMe2Ph)Cl} (E =
S 14). All new compounds were characterised by a combination of multinuclear NMR, FTIR and microanalysis. Seven
compounds were structurally characterised by using singlecrystal X-ray crystallography.

Introduction
Chelating anionic ligands, such as the ubiquitous acac
anion (acac = acetylacetonato), have attracted considerable
interest over the years for their importance in many diverse
aspects of coordination chemistry. Aside from acac, many
other bidentate anionic ligands bearing group 15 or 16 donor atoms have been widely documented. Scheme 1 illustrates a selection of popular recent examples including: amidinate (I),[1] guanidinate (II),[2] β-diketiminate (nacnac–)
(III),[3] bis(phosphinimino)methanide (IV)[4] and imidodiphosphinate (V)[5] ligands (R and R⬘ denote various alkyl/
silyl/aryl groups; E = O, S, Se, Te). In these examples, the
principal bonding motifs observed are either κ2-NN- or κ2EE-chelation. Considerable recent interest in sulfur and selenium analogues of V strides from observations that these
complexes are suitable single-source precursors for binary
metal sulfide[5c] or selenide[5d] thin semiconducting films.
As part of continuing studies in our group investigating
neutral and singly/doubly deprotonated functionalised tertiary phosphanes,[6] we report here the facile synthesis and
structural characterisation of two unusual potassium salts
of an anionic, benzothiazole-modified amino(phosphane)
oxide and sulfide.[7] We show, depending on the group 16
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Scheme 1.

donor atom (O or S), two distinct coordination modes utilising a combination of both nitrogen and/or O donor
centres. Furthermore, classical κ2-NE-chelation (E = S, Se)
was achieved upon facile complexation to a range of late
transition metal fragments including {M(η5-Cp*)Cl} (M =
Ir, Rh; Cp* = pentamethylcyclopentadienyl), {Ru(η6-p-MeC6H4iPr)Cl}, {Ru(η6-C6Me6)Cl} and {Pt(PMe2Ph)Cl}. All
new compounds reported here were characterised by a combination of spectroscopic and crystallographic techniques.

Results and Discussion
Reaction of commercially available 6-chloroaminobenzothiazole with Ph2PCl and NEt3, in diethyl ether, gave, after
work-up, amino(phosphane) 1 in excellent (95 %) yield.[8]
Under standard conditions,[7b] oxidation with either aqueous H2O2 (30 % w/w), elemental S8 or grey Se afforded the
corresponding phosphorus(V) compounds 2–4 in approximately 90 % yield. The molecular structure of phosphane
oxide 2 was determined (Figure 1) and shows a tautomeric
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arrangement with the NH hydrogen on the endocyclic N(2)
atom. The P(1)–N(1) [1.636(2) Å], N(1)–C(1) [1.293(3) Å]
and C(1)–N(2) [1.353(3) Å] bond lengths provide evidence
of delocalisation in the P(1)–N(1)–C(1)–N(2) backbone.[7b]
Intermolecular N–H···O H-bonding links molecules of 2
into a 1D polymeric chain [N(2)···O(1A) 2.696(3) Å; N(2)–
H(2)···O(1A) 153(3)°].

Figure 1. Ellipsoid plot of 2. Thermal ellipsoids are drawn at the
50 % probability level. All hydrogen atoms except those on N(2),
N(2A) and N(2B) are omitted for clarity. Selected bond lengths [Å]
and angles [°]: P(1)–O(1) 1.4935(18), P(1)–N(1) 1.636(2), N(1)–C(1)
1.293(3), C(1)–N(2) 1.353(3), C(1)–S(1) 1.790(2); O(1)–P(1)–N(1)
117.09(10), P(1)–N(1)–C(1) 125.01(18), N(1)–C(1)–N(2) 122.6(2),
N(1)–C(1)–S(1) 128.10(19). Symmetry operator: A = x + 1/2, –y +
1/2, –z + 1.

Metallation of 2–4 was smoothly achieved, at ambient
temperature, with tBuOK in MeOH to generate potassium
salts 5–7. Cleavage of the chloride bridge[9] of [MCl(μCl)(η5-Cp*)]2 (M = Ir, Rh), [RuCl(μ-Cl)(η6-p-MeC6H4iPr)]2, [RuCl(μ-Cl)(η6-C6Me6)]2 or [PtCl(μ-Cl)(PMe2Ph)]2
with 2 equiv. of 6 or 7 (preformed or generated directly
from 3 or 4/tBuOK) gave the neutral mononuclear metal
complexes Ir(η5-Cp*)Cl(6/7) (E = S 8; E = Se 9), Rh(η5Cp*)Cl(6/7) (E = S 10; E = Se 11), Ru(η6-p-MeC6H4iPr)Cl(6) (12), Ru(η6-p-C6Me6)Cl(6) (13) and Pt(PMe2Ph)Cl(6)
(14) in good yields (Scheme 2).
The molecular structures of potassium salts 5 and 6 were
successfully determined by using X-ray crystallography
(Figures 2 and 3). For oxide 5, the asymmetric unit comprises two potassium cations, two anionic ligands and half a
chloroform molecule of crystallisation, the latter disordered
over an inversion centre. The unsaturated nitrogen and oxygen atoms of the anionic ligand bridge two potassium
centres, which leads to a centrosymmetric dimer comprising
two K2N2O2 units. In contrast, the second N atom bridges[7b] to an adjacent potassium ion within a second dinuclear unit. The K(1)–N(2⬘A)/K(1)–N(2⬘) bond lengths are
3.057(3)/3.103(3) Å with K(1)–O(1⬘A)/K(1)–O(1⬘) bond
lengths of 2.623(2)/2.871(2) Å; both are in the normal expected range. Within the 6-chloroaminobenzothiazole
anion, the P(1)–O(1), P(1)–N(1), N(1)–C(1), C(1)–N(2),
C(1)–S(1) bond lengths are 1.494(2), 1.621(2), 1.341(4),
1.310(4), 1.782(3) Å, respectively, and a more pronounced
860
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Scheme 2. Synthesis of compounds 1–14.

N(1)–C(1)–N(2) bond angle of 129.9(3)° (with respect to
sulfide 6, vide infra) was observed.[10] These metric parameters suggest some degree of delocalisation within the O(1)–
P(1)–N(1)–C(1)–N(2) skeletal backbone. The coordination
environment around K(1) is completed by a further K(1)–
N(1) bond [2.820(2) Å] from an adjacent dimeric unit and
additional K···π contacts [K(1)···C(14) 3.447(3) Å; K(1)···
C(19⬘) 3.274(4) Å; K(1)···C(19) 3.339(3) Å]. Further intermolecular contacts are present within the second unique
dimeric unit and comprise K···C [3.392(4) Å] and K···S
[3.6260(11) Å]. These are significantly shorter than the
van der Waals radii for K/C (ca. 4.5 Å) and K/S (ca. 4.5 Å)
atoms.[11]
In contrast to 5, different structural ligating features are
clearly evident for the solvated sulfide analogue 6. Each potassium is sevenfold coordinated by four nitrogen atoms of
the deprotonated 6-chloroaminobenzothiazole ligands and
three MeOH molecules. Moreover, the unsaturated/terminal
amido N atoms of both anionic ligands bridge between two
symmetry-equivalent K metal ions. The resulting dimer is
centrosymmetric and has a K2N4 unit at its centre. Imposed
by symmetry, each four-membered K2N2 ring is exactly
planar. The rings exhibit K–N bond lengths of 2.865(2) and
2.920(2) Å, with additional longer K–N distances of
3.138(2) and 3.054(2) Å.[12] The two K2N2 rings form a dihedral angle of 58.83(5)°. Within the anionic ligand the
N(1)–C(7) and N(2)–C(7) bond lengths are 1.322(3) and
1.334(3) Å, respectively, indicative of delocalisation within
the N–C–N backbone. The P(1)–N(2), P(1)–S(2) and S(1)–
C(7) distances are 1.627(2), 1.9847(9) and 1.799(2) Å,
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Figure 2. Ellipsoid plot of 5 showing the coordination environment
around each potassium metal centre. Thermal ellipsoids are drawn
at the 30 % probability level. All C–H hydrogen atoms and phenyl
groups on phosphorus are omitted for clarity. Selected bond
lengths [Å] and angles [°]: K(1)–N(1) 2.820(2), K(1)–N(2⬘A)
3.057(3), K(1)–N(2⬘) 3.103(3), K(1)–O(1⬘A) 2.623(2), K(1)–O(1⬘)
2.871(2), P(1)–O(1) 1.494(2), P(1)–N(1) 1.621(2), N(1)–C(1)
1.341(4), C(1)–N(2) 1.310(4), C(1)–S(1) 1.782(3); O(1)–P(1)–N(1)
120.34(13), P(1)–N(1)–C(1) 119.6(2), N(1)–C(1)–N(2) 129.9(3).
Symmetry operators: –x + 2, –y, –z + 1; –x + 2, –y, –z + 2; x, y, z
+ 1.

units, respectively. The coordination polyhedron about potassium is a capped trigonal prism in which the four nitrogen substituents are exactly planar. There are also two
intermolecular O–H···S hydrogen bonds, which presumably
assist in stabilisation of the unusual 1D chain [O(1)···S(2)
3.247(2) Å; O(1)–H(1)···S(2) 169(3)° and O(2)···S(2)
3.263(2) Å; O(2)–H(2)···S(2) 154(2)°; see Figure 3 and Supporting Information].
The molecular structures of 8 (Supporting Information),
9 and 11 (Figures 4 and 5) are isostructural (Tables 1 and
2) and each reveals a classic piano-stool arrangement comprising an η5-Cp*, a chelating κ2-N/Se-[ClC6H3NC(S)NP(E)Ph2]– (E = S, Se) anion and a chloride ligand around

Figure 4. Ellipsoid plot of 9. Thermal ellipsoids are drawn at the
50 % probability level. All hydrogen atoms are removed for clarity.
Selected bond lengths [Å] and angles [°]: Ir(1)–Se(1) 2.5102(4),
Ir(1)–N(1) 2.128(3), Ir(1)–Cl(2) 2.4161(9), Ir(1)–Cav 2.166(4),
Se(1)–P(1) 2.1591(10), P(1)–N(2) 1.610(3), N(2)–C(17) 1.324(4),
N(1)–C(17) 1.335(4); Cl(2)–Ir(1)–N(1) 91.24(8), Cl(2)–Ir(1)–Se(1)
82.14(2), N(1)–Ir(1)–Se(1) 88.93(7), Ir(1)–Se(1)–P(1) 97.57(3),
Se(1)–P(1)–N(2) 117.07(12), P(1)–N(2)–C(17) 125.9(3), N(1)–
C(17)–N(2) 130.9(3), Ir(1)–N(1)–C(17) 122.6(2).
Figure 3. Ellipsoid plot of 6 showing part of the 1D chain and
the coordination environment around K(1). Thermal ellipsoids are
drawn at the 50 % probability level. All C–H hydrogen atoms except
those on O(1), O(1A) and O(2) are omitted for clarity. Selected
bond lengths [Å] and angles [°]: K(1)–N(1) 2.920(2), K(1)–N(2)
3.138(2), K(1)–N(1A) 2.865(2), K(1)–N(2A) 3.054(2), K(1)–O(1)
2.829(2), K(1)–O(2) 2.6882(19), K(1)–O(1A) 2.779(2), N(1)–C(7)
1.322(3), N(2)–C(7) 1.334(3), S(1)–C(7) 1.799(2), N(2)–P(1)
1.627(2), P(1)–S(2) 1.9851(9); N(1)–K(1)–N(2) 44.93(5), K(1)–
N(2)–C(7) 81.41(13), N(1)–C(7)–N(2) 122.1(2), C(7)–N(1)–K(1)
90.68(14), P(1)–N(2)–C(7) 123.61(18), K(1)–N(2)–P(1) 125.08(10),
N(2)–P(1)–S(2) 117.84(7). Symmetry operators: –x, –y, –z – 1; –x
+ 1, –y, –z – 1; 1 + x, y, z.

respectively.[10,13] The potassium ion is additionally coordinated by two bridging [K–O 2.779(2) and 2.829(2) Å] and
one nonbridging MeOH [K–O 2.6882(19) Å] solvent molecules.[14] As a result, the dimeric units are connected
through K2O2 rings to give 1D chains that extend parallel
to the crystallographic a axis. The plane of the K2O2 core
forms dihedral angles of 59.70(8) and 68.26(8)° with adjacent K2N2 rings. Furthermore, the K···K separations are
3.6938(10) and 4.2659(11) Å within the K2N2 and K2O2
Eur. J. Inorg. Chem. 2012, 859–865

Figure 5. Ellipsoid plot of 11. Thermal ellipsoids are drawn at the
50 % probability level. All hydrogen atoms are removed for clarity.
Selected bond lengths [Å] and angles [°]: Rh(1)–Se(1) 2.5110(7),
Rh(1)–N(1) 2.132(5), Rh(1)–Cl(1) 2.4217(16), Rh(1)–Cav 2.167(6),
Se(1)–P(1) 2.1584(17), P(1)–N(2) 1.606(5), N(2)–C(17) 1.332(8),
N(1)–C(17) 1.338(7); Cl(1)–Rh(1)–N(1) 93.40(13), Cl(1)–Rh(1)–
Se(1) 83.26(4), N(1)–Rh(1)–Se(1) 89.69(12), Rh(1)–Se(1)–P(1)
97.30(5), Se(1)–P(1)–N(2) 117.9(2), P(1)–N(2)–C(17) 126.1(4),
N(1)–C(17)–N(2) 129.8(5), Rh(1)–N(1)–C(17) 123.4(4).
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the metal centre. Extensive delocalisation within the M(1)–
E(1)–P(1)–N(2)–C(17)–N(1) (M = Ir, Rh) six-membered
ring is evident, as indicated by the appropriate differences
in bond lengths. Hence the P–Se bond lengths [2.1591(10) Å
for 9; 2.1584(17) Å for 11] are intermediate between those
expected for P–Se single and P=Se double bonds, which is
supportive of regular charge delocalisation across the
SePCN2 framework.[15] The six-membered metallacyclic
ring in 8, 9 and 11 adopts an asymmetric boat conformation in which atoms N(1), C(17), P(1) and E(1) are essen-

tially coplanar to within approximately ⫾0.04 Å and N(2)
and Ir(1) lie in the range 0.244–0.256 and 1.121–1.250 Å,
respectively, to the same side of this plane.
The molecular structure of 14 (Figure 6) confirms the κ2N/S-bidentate behaviour of the [ClC6H3NC(S)NP(S)Ph2]–
anion around the square-planar PtII centre with PMe2Ph/
Cl– present as auxiliary ligands. Of the two possible geometric isomers that could be anticipated, the X-ray structure of
14 reveals that the N(1) donor centre is trans to P(2). The
Pt(1)–P(2), Pt(1)–S(1), Pt(1)–N(1) and Pt(1)–Cl(1) bond

Table 1. Crystallographic data for 2, 5, 6 and 8.
Compound

2

5

6

8

Empirical formula
Formula weight
Crystal system
Space group
a [Å]
b [Å]
c [Å]
α [°]
β [°]
γ [°]
Volume [Å3]
Z
T [K]
Density (calcd.) [Mg/m3]
Absorption coeff. [mm–1]
Crystal habit, colour
Crystal size [mm3]
θ Range [°]
Independent reflections
Rint
Final R, Rw[a]

C19H14ClN2OPS
384.80
orthorhombic
P212121
10.6308(2)
12.0146(4)
13.7050(4)

2(C38H26Cl2K2N4O2P2S2)·CHCl3
1810.98
triclinic
P1̄
13.1740(2)
13.2239(2)
13.6498(2)
107.8897(10)
113.0629(8)
91.7783(8)
2050.76(5)
1
150(2)
1.466
0.679
plate, colourless
0.17 ⫻ 0.17 ⫻ 0.10
3.10–25.25
7398
0.0433
0.0491, 0.1372

C21H21ClKN2O2PS2
503.04
triclinic
P1̄
7.7261(2)
12.8359(3)
13.0946(4)
68.9510(10)
80.0470(10)
77.472(2)
1176.66(5)
2
150(2)
1.420
0.605
block, colourless
0.10 ⫻ 0.07 ⫻ 0.05
2.95–25.25
4250
0.0479
0.0394, 0.0978

C29H28Cl2IrN2PS2
762.72
monoclinic
P21/n
7.9797(16)
16.183(3)
21.534(4)

1750.47(8)
4
120(2)
1.460
0.438
block, colourless
0.18 ⫻ 0.10 ⫻ 0.08
3.39–27.54
4013
0.0767
0.0406, 0.0845

90.41(3)
2780.7(9)
4
150(2)
1.822
5.224
needle, yellow
0.32 ⫻ 0.04 ⫻ 0.04
2.99–27.49
6368
0.0523
0.0303, 0.0650

[a] R = Σ||Fo| – |Fc||/Σ|Fo| for “observed” reflections having F2 ⬎ 2σ (F2). Rw = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2 for all data.

Table 2. Crystallographic data for 9, 11 and 14.
Compound

9

11

14

Empirical formula
Formula weight
Crystal system
Space group
a [Å]
b [Å]
c [Å]
α [°]
β [°]
γ [°]
Volume [Å3]
Z
T [K]
Density (calcd.) [Mg/m3]
Absorption coeff. [mm–1]
Crystal habit, colour
Crystal size [mm3]
θ Range [°]
Independent reflections
Rint
Final R, Rw[a]

C29H28Cl2IrN2PSSe
809.62
monoclinic
P21/n
8.00540(10)
16.2441(3)
21.5752(5)

C29H28Cl2N2PRhSSe
720.33
monoclinic
P21/n
7.9701(3)
16.3122(8)
21.5858(13)

C27H24Cl2N2P2PtS2·0.91OEt2·0.09CH2Cl2
843.62
monoclinic
P21/n
9.7390(19)
15.142(3)
23.176(5)

90.4909(7)

90.811(2)

97.93(3)

2805.55(9)
4
150(2)
1.917
6.401
block, orange
0.15 ⫻ 0.10 ⫻ 0.08
3.00–26.00
5498
0.0398
0.0263, 0.0554

2806.1(2)
4
120(2)
1.705
2.251
plate, orange
0.12 ⫻ 0.08 ⫻ 0.01
2.99–25.33
5083
0.129
0.0530, 0.1067

3385.0(12)
4
150(2)
1.655
4.561
block, colourless
0.15 ⫻ 0.15 ⫻ 0.10
2.98–27.46
7582
0.0471
0.0360, 0.0826

[a] R = Σ||Fo| – |Fc||/Σ|Fo| for “observed” reflections having F2 ⬎ 2σ (F2). Rw = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2 for all data.
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lengths are broadly as anticipated, and the S(1)–P(1)–N(2)–
C(1)–N(1) distances are similar to those found in 8 (Supporting Information).

Figure 6. Ellipsoid plot of 14. Thermal ellipsoids are drawn at the
50 % probability level. All hydrogen atoms are removed for clarity.
Selected bond lengths [Å] and angles [°]: Pt(1)–S(1) 2.3177(11),
Pt(1)–N(1) 2.107(3), Pt(1)–Cl(1) 2.3076(11), Pt(1)–P(2) 2.2336(11),
S(1)–P(1) 2.0251(17), P(1)–N(2) 1.599(4), N(2)–C(1) 1.335(5),
C(1)–N(1) 1.338(5); Cl(1)–Pt(1)–N(1) 90.07(9), Cl(1)–Pt(1)–S(1)
177.78(4), N(1)–Pt(1)–S(1) 89.82(9), Pt(1)–S(1)–P(1) 89.84(5), S(1)–
P(1)–N(2) 116.94(15), P(1)–N(2)–C(1) 125.3(3), N(2)–C(1)–N(1)
129.1(4), Pt(1)–N(1)–C(1) 121.6(3).

Conclusions
We observed three distinct ligating modes for a derivatised benzothiazole anion at a potassium or late transition
metal centre based on IrIII, RhIII, RuII or PtII. Further studies are underway and will be reported in due course.

Experimental Section
Materials: The syntheses of compounds 1–4 were conducted under
a nitrogen atmosphere whilst all other reactions were carried out
under aerobic conditions. Dichloromethane was previously distilled
from CaH2, diethyl ether from sodium/benzophenone, thf and hexanes from sodium. The chlorido-bridged dimers [IrCl(μ-Cl)(η5Cp*)]2,[16]
[RhCl(μ-Cl)(η5-Cp*)]2,[16]
[RuCl(μ-Cl)(η6-p-MeC6H4iPr)]2,[17] [RuCl(μ-Cl)(η6-C6Me6)]2[18] and [PtCl(μ-Cl)(PMe2Ph)]2[19] were synthesised according to published methods.
All other solvents and chemicals were obtained from commercial
suppliers. With the exception of Ph2PCl, which was distilled under
high vacuum prior to use, all other solvents and chemicals were
used without any further purification.
Instrumentation: Fourier transform infrared (FTIR) spectra were
recorded within pressed KBr pellets by using either a Perkin–Elmer
system 2000 (over the range 4000–400 cm–1) or Spectrum 100S
(over the range 4000–250 cm–1) Fourier-transform spectrometer. 1H
NMR and 31P{1H} NMR spectra were recorded with a JEOL
FX90Q, Bruker AC250 FT, Bruker FX 400 or Bruker DPX-400
FT spectrometer with chemical shifts (δ) reported relative to either
external tetramethylsilane (TMS) or 85 % H3PO4. Coupling constants (J) were recorded in Hertz. All NMR spectra were recorded
in CDCl3 unless otherwise stated. Elemental analyses (Perkin–
Elmer 2400 or Exeter Analytical Inc. CE-440 CHN Elemental AnaEur. J. Inorg. Chem. 2012, 859–865

lysers) were performed by the Loughborough University Analytical
Services within the Department of Chemistry. The mass spectra for
1, 2, 4 and 12–14 were analysed (JEOL SX102 instrument) by fast
atom bombardment (FAB) in a positive ionisation mode by using
a 3-nitrobenzyl alcohol (NOBA) matrix. Compounds 3, 5, 6, 8 and
9 were analysed (Thermofisher LTQ Orbitrap XL) by nano-electrospray (nano-ESI) in a positive ionisation mode with CH2Cl2/
CH3OH as solvent and NH4[OAc].
Compound 1: To a stirred solution of 6-chloroaminobenzothiazole
(4.181 g, 22.64 mmol) and NEt3 (2.507 g, 24.78 mmol) in diethyl
ether (50 mL) at 0 °C was added dropwise a solution of Ph2PCl
(4.948 g, 22.43 mmol) over 30 min. The resulting white suspension
was stirred for 18 h and concentrated to dryness, and degassed distilled water (50 mL) was added. Solid 1 was collected by suction
filtration, washed with distilled water (50 mL), n-hexane (50 mL),
absolute ethanol (2 ⫻ 30 mL) and dried in vacuo. Yield: 7.986 g
(95 %). 31P{1H} NMR (CDCl3): δ = 42.5 ppm. 1H NMR: δ = 7.50
(s, arom. H), 7.41–7.29 (m, arom. H), 7.20 (s, arom. H), 7.08 (s,
arom. H) ppm. FTIR: ν̃ = 3113 (NH), 1594 (CN), 924 (PN) cm–1.
FAB-MS: m/z = 369 [M]+. C19H14ClN2PS (368.8): calcd. C 61.88,
H 3.83, N 7.60; found C 61.52, H 3.80, N 7.54.
Compound 2: To a stirred solution of 1 (0.192 g, 0.517 mmol) in thf
(10 mL) was added aqueous H2O2 (30 % w/w, 0.1 mL, 0.88 mmol).
The solution was stirred for approximately 1 h, the volume was
reduced to approximately 5 mL, and diethyl ether (30 mL) was
added. The solid was collected by suction filtration, washed with
diethyl ether (5 mL) and dried in vacuo. Yield: 0.193 g (97 %).
31
P{1H} NMR (CDCl3): δ = 26.5 ppm. 1H NMR: δ = 7.82–7.77
(m, arom. H), 7.47–7.30 (arom. H), 7.14 (dd, J = 8.6, J = 2 Hz,
arom. H), 7.04 (d, J = 8.6 Hz, arom. H) ppm. FTIR: ν̃ = 3076
(NH), 1631 (CN), 1163 (PO), 957 (PN) cm–1. FAB-MS: m/z = 385
[M]+. C19H14ClN2OPS (384.8): calcd. C 59.30, H 3.67, N 7.28;
found C 59.25, H 3.63, N 7.12.
Compound 3: The solids 1 (1.000 g, 2.696 mmol) and S8 (0.086 g,
2.682 mmol) were stirred in thf (20 mL) for 4 h. The solvent was
concentrated in vacuo to approximately 1–2 mL, and addition of
diethyl ether (30 mL) resulted in a pale yellow solid 3. The product
was collected by suction filtration, washed with diethyl ether
(5 mL) and dried in vacuo. Yield: 1.028 g (95 %). 31P{1H} NMR
(CDCl3): δ = 49.5 ppm. 1H NMR: δ = 8.01–7.87 (m, arom. H),
7.41–7.33 (arom. H), 7.17 (dd, J = 8.6, J = 2 Hz, arom. H), 7.01
(d, J = 8.6 Hz, arom. H) ppm. FTIR: ν̃ = 3181 (NH), 1624 (CN),
948 (PN), 626 (PS) cm–1. FAB-MS: m/z = 401 [M]+.
C19H14ClN2PS2 (400.9): calcd. C 56.93, H 3.52, N 6.99; found C
56.92, H 3.61, N 6.84.
Compound 4: The solids 1 (0.165 g, 0.445 mmol) and grey Se
(0.036 g, 0.456 mmol) were stirred in thf (20 mL) for 4 h. Unreacted
Se was removed by filtration through a Celite pad. The solvent was
concentrated in vacuo to approximately 1–2 mL, and addition of
diethyl ether (30 mL) resulted in a colourless solid 4. The product
was collected by suction filtration, washed with diethyl ether
(5 mL) and dried in vacuo. Yield: 0.175 g (88 %). 31P{1H} NMR
[CDCl3/(CD3)2SO]: δ = 43.9 (1JPSe = 726 Hz) ppm. 1H NMR: δ =
7.92–7.87 (m, arom. H), 7.37–7.35 (arom. H), 7.18 (dd, J = 8.5, J
= 2 Hz, arom. H), 7.02 (d, J = 8.5 Hz, arom. H) ppm. FTIR: ν̃ =
3070 (NH), 1619 (CN), 948 (PN), 586 (PSe) cm–1. FAB-MS: m/z =
449 [M]+. C19H14ClN2PSSe (447.8): calcd. C 50.96, H 3.15, N 6.26;
found C 51.11, H 2.94, N, 6.12.
Potassium Salts 5–7: An illustrative example is given here for the
synthesis of compound 5. To a suspension of 2 (0.100 g,
0.260 mmol) in MeOH (10 mL) was added tBuOK (0.029 g,
0.258 mmol). The solution was stirred for 18 h and concentrated to
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dryness to afford the moisture-sensitive solid 5. Yield: 0.087 g
(65 %). Selected data for 5: 31P{1H} NMR (CD3OD): δ = 23.8 ppm.
1
H NMR (CD3OD): δ = 7.91–7.07 (arom. H) ppm. FTIR: ν̃ =
1220 (PO), 965 (PN) cm–1. FAB-MS: m/z = 385 [M – K + 2H]+.
C19H13ClKN2OPS·0.5CHCl3 (482.6): calcd. C 48.53, H 2.83, N
5.81; found C 49.17, H 2.70, N 5.47. The sulfide analogue 6 was
prepared in 67 % yield. Selected data for 6: 31P{1H} NMR
(CD3OD): δ = 47.4 ppm. 1H NMR: δ = 8.05–7.02 (arom. H) ppm.
FTIR: ν̃ = 962 (PN), 610 (PS) cm–1. FAB-MS: m/z = 401 [M –
K(CH3OH)2]+. C19H13ClKN2PS2·2H2O (475.0): calcd. C 48.04, H
3.61, N 5.90; found C 47.49, H 3.50, N 5.48. The selenide analogue
7 was similarly prepared in quantitative yield from 4. Selected data
for 7: 31P{1H} NMR [(CD3)2SO]: δ = 33.3 (1JPSe = 697 Hz) ppm.
1
H NMR: δ = 7.95–7.05 (arom. H) ppm. C19H13ClKN2PSSe·4H2O
(557.9): calcd. C 40.90, H 3.80, N 5.02; found C 40.61, H 2.39, N
4.57.
Complexes 8–14: An illustrative example is given here for the synthesis of compound 9. To an orange suspension of [IrCl(μ-Cl)(η5Cp*)]2 (0.058 g, 0.073 mmol) in thf (10 mL) were added 4 (0.065 g,
0.145 mmol) and tBuOK (0.017 g, 0.151 mmol). The orange solution was stirred at room temp. for approximately 3 h and concentrated to dryness under reduced pressure. The residue was extracted
into CH2Cl2 (10 mL), filtered through a Celite plug and concentrated to approximately 1 mL. Addition of diethyl ether (20 mL)
afforded a yellow solid, which was collected by suction filtration
and dried in vacuo. Yield: 0.098 g (80 %). Selected data for 9:
31
P{1H} NMR (CDCl3): δ = 11.9 (1JPSe = 554 Hz) ppm. 1H NMR:
δ = 8.22 (d, J = 8.8 Hz, arom. H), 8.10 (m, arom. H), 7.66 (m,
arom. H), 7.45 (m, arom. H), 7.29 (d, J = 2.4 Hz, arom. H), 7.23
(m, arom. H), 7.13 (dd, J = 8.8, J = 2.1 Hz, arom. H), 1.30 (Cp*)
ppm. FTIR: ν̃ = 1492 (CN), 577 (PSe) cm–1. FAB-MS: m/z = 775
[M – Cl]+. C29H28Cl2IrN2PSSe (810.4): calcd. C 42.98, H 3.49, N
3.46; found C 42.72, H 3.47, N 3.41. In a similar manner, complex
8 was prepared in 78 % yield. Selected data for 8: 31P{1H} NMR
(CDCl3): δ = 23.1 ppm. 1H NMR: δ = 8.13–8.08 (m, arom. H),
7.72 (m, arom. H), 7.46 (m, arom. H), 7.29–7.21 (m, arom. H), 7.12
(dd, J = 8.8, J = 2.4 Hz, arom. H), 1.30 (Cp*) ppm. FTIR: ν̃ =
1493 (CN), 601 (PS) cm–1. FAB-MS: m/z = 726 [M – Cl]+.
C29H28Cl2IrN2PS2 (763.5): calcd. C 45.62, H 3.70, N 3.67; found
C 45.45, H 3.47, N 3.45. Complexes 10–14 were prepared from the
isolated potassium salts 6 or 7 and the appropriate chloridobridged dimer (isolated yields given in parentheses): 10 (77 %), 11
(56 %), 12 (84 %), 13 (75 %), 14 (60 %). Selected data for 10: 31P{1H}
NMR (CDCl3): δ = 27.8 ppm. 1H NMR: δ = 8.31 (d, J = 8.8 Hz,
arom. H), 8.12 (m, arom. H), 7.71 (m, arom. H), 7.45 (m, arom.
H), 7.30 (d, J = 2.2 Hz, arom. H), 7.14 (dd, J = 8.8, J = 2.2 Hz,
arom. H), 1.31 (Cp*) ppm. FTIR: ν̃ = 1494 (CN), 601 (PS) cm–1.
C29H28Cl2N2PRhS2 (673.5): calcd. C 51.71, H 4.20, N 4.16; found
C 51.43, H 4.17, N 3.94. Selected data for 11: 31P{1H} NMR
(CDCl3): δ = 16.7 (1JPSe 564 Hz, 2JPRh 3.8 Hz) ppm. 1H NMR: δ
= 8.44 (d, J = 8.9 Hz, arom. H), 8.14 (m, arom. H), 7.65 (m, arom.
H), 7.46 (m, arom. H), 7.32 (d, J = 2.2 Hz, arom. H), 7.16 (dd, J
= 8.9, J = 2.2 Hz, arom. H), 1.32 (Cp*) ppm. FTIR: ν̃ = 1487 (CN),
576 (PSe) cm–1. C29H28Cl2N2PRhSSe (720.26): calcd. C 48.36, H
3.93, N 3.89; found C 48.10, H 3.76, N 3.86. Selected data for 12:
31
P{1H} NMR (CDCl3): δ = 31.7 ppm. 1H NMR: δ = 8.34 (d, J =
8.9 Hz, arom. H), 8.28–7.21 (m, arom. H), 7.15 (dd, J = 8.9, J =
2.2 Hz, arom. H), 5.54 (d, J = 5.4 Hz, cym), 5.24 (d, J = 6.1 Hz,
cym), 5.13 (d, J = 5.4 Hz, cym), 4.44 (d, J = 5.8 Hz, cym), 2.77
(sept, CH), 2.10 (s, CH3), 1.50 (Cp*), 1.13 (virtual t, CH3) ppm.
FTIR: ν̃ = 1493 (CN), 606 (PS) cm–1. FAB-MS: m/z = 670 [M]+.
C29H27Cl2N2PRuS2 (670.7): calcd. C 51.93, H 4.07, N 4.18; found
C 52.11, H 4.25, N 3.76. Selected data for 13: 31P{1H} NMR
864
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(CDCl3): δ = 27.3 ppm. 1H NMR: δ = 8.29 (d, J = 8.8 Hz, arom.
H), 8.11 (m, arom. H), 7.63 (m, arom. H), 7.44 (m, arom. H), 7.29
(d, J = 2.3 Hz, arom. H), 7.14 (m, arom. H), 1.76 (s, CH3) ppm.
FTIR: ν̃ = 1486 (CN), 602 (PS) cm–1. FAB-MS: m/z = 698 [M]+.
C31H31Cl2N2PRuS2 (698.7): calcd. C 53.29, H 4.48, N 4.01; found
C 53.17, H 4.33, N 3.83. Selected data for 14: 31P{1H} NMR
(CDCl3): δ = –20.3 (1JPPt = 3385 Hz), 27.1 (2JPPt = 138 Hz) ppm.
1
H NMR: δ = 7.94 (d, J = 8.8 Hz, arom. H), 7.83 (m, arom. H),
7.49–7.27 (m, arom. H), 7.14 (dd, J = 8.8, J = 2.2 Hz, arom. H),
1.49 (br. s, CH3) ppm. FTIR: ν̃ = 1496 (CN), 597 (PS) cm–1. FABMS: m/z = 767 [M]+. C27H24Cl2N2P2PtS2 (768.6): calcd. C 42.19,
H 3.15, N 3.65; found C 42.58, H 3.57, N 3.40.
Single-Crystal X-ray Structure Determinations: Slow diffusion of
hexanes into a CDCl3 solution of 2 gave suitable crystals. Vapour
diffusion of Et2O into a CDCl3/MeCN solution of 5 gave suitable
crystals. Slow concentration of a MeOH solution of 6 gave suitable
crystals. X-ray quality crystals of 8, 9 and 11 were obtained upon
slow diffusion of petroleum ether (b.p. 60–80 °C) into a CDCl3
solution. Vapour diffusion of Et2O into a CDCl3 solution of 14
gave suitable crystals. Measurements for 2, 5, 6, 8, 9, 11 and 14
were obtained with a Nonius κ CCD area-detector diffractometer
mounted at the window of a rotating molybdenum anode, and Ω
scans were employed such that 95 % of the unique data were recorded at least once. Data collection and processing were carried
out with the programs COLLECT[20] and DENZO,[21] and an empirical absorption correction was applied with SORTAV.[22] The
structures were solved by direct methods or Patterson synthesis[23,24] and refined by full-matrix least-squares[24] on F2. Nonhydrogen atoms were refined anisotropically, and hydrogen atoms
were treated by using a riding model, except for OH in 6, for which
coordinates were freely refined. Disordered CH2Cl2 (9 %) in 14 was
isotropically modelled. CCDC-223295 (for 14), -838885 (for 5),
-838886 (for 6), -838887 (for 9), -852752 (for 2), -852753 (for 8)
and -852754 (for 11) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
Supporting Information (see footnote on the first page of this article): Additional X-ray figures for 5, 6 and 8.
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GRAPHICAL ABSTRACT

Abstract A simple two-step route to a series of carboxylic acid functionalized ditertiary
phosphine oxides is described, including the X-ray crystal structures of three representative
examples namely {Ph2 P(O)CH2 }2 N(CH2 )n CO2 H (n = 3−5). Strong intermolecular O−H···O
H-bonding is observed in all cases leading to distinct packing arrangements.
Keywords Tertiary phosphine oxides; ligands; hydrogen bonding; NMR spectroscopy; X-ray
crystallography

INTRODUCTION
Phosphine oxides are versatile compounds for diverse applications in organic synthesis,1–3 photoinitiators for surface modification,4 preparation of quantum dots,5 coordination chemistry,6 and industrial processes such as selective metal extraction.7 Some
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Figure 1 Some examples of phosphine oxides.

representative examples of phosphine oxides used in these scenarios are illustrated in
Figure 1. Bis(phosphine) oxides are known2,8 and often incorporate a carbon connectivity between both –P(O)R2 groups (where R = Ph typically). Carboxylic acid bearing
ditertiary phosphines and their oxides are attractive targets, yet their ease of preparation and suitability to our program were inappropriate.2, 8 Phosphorus based Mannich
transformations are an extremely useful synthetic method for accessing new “hybrid” ligands.9, 10 Keglevich and coworkers9 recently showed bis(phosphine) oxides of the type
{Ph2 P(O)CH2 }2 N(R) are accessible via the microwave assisted double phospha-Mannich
reaction of HP(O)Ph2 , (CH2 O)n and various arylamines. Our research group10 is also interested in P−C−N(R)−C−P based ligands and we required access to readily amenable
ditertiary phosphine bisoxides, bearing N-backbone functionality for further modification.
Herein we describe a simple, high yielding, two-step method for the synthesis of new
carboxylic acid modified ditertiary phosphine bisoxides derived from cheap, commercially
available, starting materials. The structures of {Ph2 P(O)CH2 }2 N(CH2 )n CO2 H (n = 3 2c; n
= 4 2d, and n = 5 2e) have been determined by single crystal X-ray diffraction and reveal
different structural H-bonding motifs as a function of alkyl spacer chain length.
RESULTS AND DISCUSSION
Using a procedure similar to that recently developed by us10 for preparing novel
carboxylic acid functionalized ditertiary phosphines, reaction of two equivalents of
Ph2 PCH2 OH (readily preformed from equimolar amounts of [CH2 O]n and Ph2 PH)11 with
one equivalent of H2 N(CH2 )n CO2 H (n = 1−5, 11) in refluxing CH3 OH, gave the condensed
ligands {Ph2 PCH2 }2 N(CH2 )n CO2 H 1a–f (Scheme 1). Compounds 1a–f were characterized
in situ by 31P{1H} NMR spectroscopy (Table 1). As demonstrated by the facile synthesis of
1a–f, this simple method unsurprisingly appears insensitive to alkyl chain length with no
significant amounts of other phosphorus species observed by 31P{1H} NMR spectroscopy.
Oxidation of 1a–f, under standard conditions (aq. H2 O2 /THF/r.t.)12 and subsequent workup, gave the corresponding ditertiary phosphine bisoxides 2a–f (Scheme 1) as colorless
solids. The unoptimized yields for 2a–f are in the range 60–77% (Table 1). The 31P{1H}
NMR data (Table 1) confirm oxidation of both phosphorus centers since only one singlet
31
P resonance is observed at ca. δ(P) 30 ppm. Our data is in good agreement with those
of known phosphine oxides9 and, moreover, these 31P NMR resonances are some 50 ppm
downfield with respect to the trivalent precursors 1a–f. All compounds were further characterized by 1H NMR, FT−IR and elemental analysis (see Experimental Section for selected
data). Compounds 2a–f are freely soluble in CH2 Cl2 , THF, and CH3 OH, but show limited
solubility in CH3 CN and H2 O (the lower alkyl chain members are soluble in basic media).
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Scheme 1 (i) 2 Ph2 PCH2 OH, CH3 OH, reflux (ii) aq. H2 O2 , THF.

Suitable crystals of 2c, 2d, and 2e were obtained by vapor diffusion of diethyl
ether into a CDCl3 solution over the course of several days. The single crystal X-ray
structures13 of 2c (Figure 2), 2d, and 2e have been determined with selected bond lengths
and angles given in Table 2. In all cases, the X-ray structures confirm the presence of
both –P(O)Ph2 and –CO2 H groups. The –P(O)Ph2 groups adopt an anti configuration
with respect to each other and the P O bond lengths [1.486(2)–1.499(3) Å] are in the
all three structures, the central nitrogen atom is clearly
normal range.9 Furthermore, in
pyramidal as indicated by the [N(1) angles] of 337◦ (2c), 341◦ (2d), and 339◦ (2e).
The most unusual feature between all three X-ray structures, none of which incorporate
solvent cocrystallization, are the different packing arrangements on going from 2c (C3 ) to
2d (C4 ) to 2e (C5 ) (Figures 3a–c). In 2c, molecules are linked into a 1-D zig-zag chain
through strong O H···O intermolecular H-bonding [O(4)···O(2 ) 2.621(4) Å, H(4)···O(2 )
Table 1 Selected experimental and 31P{1H} NMR data for 1a–f and 2a–f
Compound
1a
1b
1c
1d
1e
1f
2a
2b
2c
2d
2e
2f

Reaction time (h)
19
5b
21
19
20
16
1.5
1.5
1.5
1.5
4
4

a

Yield (%)a

δ(P) (ppm)c

77
70
61
62
60
60

−26.4
−27.8
−27.6
−27.8
−27.9
−27.7
29.5
30.0
30.0
30.6
30.2
30.1

Yields for 1a−f not determined.
Reaction conducted at r.t.
c 31P{1H)} NMR spectra were recorded (101.23, 161.97, or 202.46 MHz) in CH OH/C D (for 1a−f) and
3
6 6
CDCl3 (2a−f).
b
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Figure 2 Crystal structure of 2c. Compounds 2d and 2e are ostensibly similar and not shown. All hydrogen
atoms except H(4) have been omitted for clarity.

1.68(2) Å; O(4)−H(4)···O(2 ) 166(4)◦ ], whereas in 2d, strong O−H···O intermolecular
H-bonding O(4)···O(2 ) 2.589(3) Å, H(4)···O(2 ) 1.73(3) Å; O(4)−H(4)···O(2 ) 164(3)◦ ]
leads to spirals (21 screw axis) that run along the crystallographic a axis.14 In 2e, molecules
form discrete dimer pair through P O···H−O hydrogen bonding [O(4)···O(1 ) 2.585(2)
Å, H(4)···O(1 ) 1.73(3) Å; O(4)−H(4)···O(1 ) 167(3)◦ ]. This leads to formation of a large
24-membered ring as opposed to the more classical carboxylic acid-carboxylic acid headto-tail 8-membered ring through pairs of C O···H−O hydrogen bonds.10, 15 Furthermore,
additional weak intermolecular C−H···O contacts were observed in 2c–e. All attempts to
obtain suitable crystals of 2a, 2b, or 2f were unsuccessful.

Table 2 Selected bond lengths (Å) and angles (◦ ) for 2c–e

P(1)−O(1)
P(2)−O(2)
C O(3)
C O(4)
C(1)−N(1)−C(2)

2c

2d

2e

1.489(3)
1.499(3)
1.202(5)
1.325(4)
112.0(3)

1.486(2)
1.4911(18)
1.213(3)
1.323(3)
111.2(2)

1.4962(15)
1.4902(16)
1.209(3)
1.325(2)
111.24(15)
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Figure 3 Packing diagrams of (a) 2c, (b) 2d, and (c) 2e. All hydrogen atoms except those on
have been omitted for clarity.

CO2 H groups

In summary, we have shown, new carboxylic acid modified ditertiary phosphine
bisoxides are readily accessible. This procedure should be tolerant to other reactive functional groups, and current efforts are directed toward tagging these precursors onto bioconjugate and polymeric supports. Related hydroxyalkyl aminophosphonic acids have recently
been used to prepare novel composite films.16
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EXPERIMENTAL
The following method was used for the synthesis of 2a. To the solids Ph2 PCH2 OH
(0.513 g, 2.37 mmol) and H2 NCH2 CO2 H (0.085 g, 1.13 mmol) was added oxygen-free
CH3 OH (20 mL). The solution was refluxed for 19 h under a N2 atmosphere. The solvent
was evaporated to dryness under reduced pressure to afford 1a. THF (15 mL) was added
followed by H2 O2 (1.5 mL, 27.5 wt% solution in water) and the solution stirred at r.t. for
1.5 h. The solvent was evaporated to dryness, the residue taken up in CH2 Cl2 (30 mL)
and washed with H2 O (30 mL). The organic layer was dried over anhydrous MgSO4 , the
solvent reduced to ca. 5 mL and Et2 O (30 mL) added. Yield: 0.46 g, 77%. Selected data for
2a: 1H NMR [CDCl3 , 298 K]: δ = 7.76−7.34 (m, 20H, arom-H), 3.76 (d, 2J PH = 4.9 Hz,
4H, PCH2 ), 2.97 (t, 2H, CH2 ). FT−IR (KBr): 1715 cm−1 (ν CO ). Calcd. for C28 H27 NO4 P2 :
C, 66.80; H, 5.42; N, 2.78. Found: C, 66.46; H, 5.75; N, 2.40. Selected data for 2b: 1H
NMR [CDCl3 , 298 K]: δ = 7.73−7.36 (m, 20H, arom-H), 3.79 (s, 4H, PCH2 ), 3.23 (s, 2H,
CH2 ), 2.53 (s, 2H, CH2 ). FT−IR (KBr): 1717 cm−1 (ν CO ). Calcd. for C29 H29 NO4 P2 : C,
67.30; H, 5.66; N, 2.71. Found: C, 66.92; H, 5.60; N, 2.74. Selected data for 2c: 1H NMR
[CDCl3 , 298 K]: δ = 7.86−7.32 (m, 20H, arom-H), 3.76 (d, 2J PH = 3.6 Hz, 4H, PCH2 ),
2.97 (t, 2H, CH2 ), 2.15 (t, 2H, CH2 ), 1.69 (m, 2H, CH2 ). FT−IR (KBr): 1715 cm−1 (ν CO ).
Calcd. for C30 H31 NO4 P2 : C, 67.78; H, 5.89; N, 2.64. Found: C, 67.12; H, 5.84; N, 2.67.
Selected data for 2d: 1H NMR [CDCl3 , 298 K]: δ = 7.74−7.25 (m, 20H, arom-H), 3.66
(d, 2J PH = 4.0 Hz, 4H, PCH2 ), 2.89 (t, 2H, CH2 ), 2.21 (t, 2H, CH2 ), 1.39 (m, 2H, CH2 ),
1.31 (m, 2H, CH2 ). FT−IR (KBr): 1716 cm−1 (ν CO ). Calcd. for C31 H33 NO4 P2 : C, 68.24;
H, 6.11; N, 2.57. Found: C, 67.83; H, 5.93; N, 2.59. Selected data for 2e: 1H NMR [CDCl3 ,
298 K]: δ = 7.87−7.32 (m, 20H, arom-H), 3.75 (d, 2J PH = 4.4 Hz, 4H, PCH2 ), 2.97 (t, 2H,
CH2 ), 2.22 (t, 2H, CH2 ), 1.52 (m, 2H, CH2 ), 1.34 (m, 2H, CH2 ), 1.08 (m, 2H, CH2 ). FT−IR
(KBr): 1700 cm−1 (ν CO ). Calcd. for C32 H35 NO4 P2 : C, 68.68; H, 6.32; N, 2.50. Found: C,
67.68; H, 6.15; N, 2.60. Selected data for 2f: 1H NMR [CDCl3 , 298 K]: δ = 7.80−7.37 (m,
20H, arom-H), 3.76 (d, 2J PH = 4.4 Hz, 4H, PCH2 ), 2.97 (t, 2H, CH2 ), 2.36 (t, 2H, CH2 ),
1.69−1.06 (m, 18H, CH2 ). FT−IR (KBr): 1718 cm−1 (ν CO ). Calcd. for C38 H47 NO4 P2 : C,
70.89; H, 7.37; N, 2.18. Found: C, 70.93; H, 7.37; N, 2.32.
Crystal data for 2c: C30 H31 NO4 P2 , M = 531.50; monoclinic, P21 /n, a = 7.7628(7), b
= 35.747(3), c = 10.2069(9) Å, β = 108.2102(17)◦ , V = 2690.5(4) Å3; Z = 4, ρ cal 1.312 g
cm−3; μ(Mo-Kα) = 0.198 mm−1; λ = 0.71073 Å, T = 150(2) K; 19529 reflections were
collected on a Bruker SMART 1000 CCD diffractometer13 using narrow ω-scans, 4743 of
which were independent (Rint = 0.0785). The structure was solved by direct methods and
refined on F 2 values to give a final R1 = 0.0577 for 2837 data with F 2>2σ (F 2); wR2 =
0.1497 for all data.17, 18 Crystal data for 2d: C31 H33 NO4 P2 , M = 545.52; orthorhombic,
P21 21 21 , a = 7.9895(5), b = 16.9972(10), c = 20.1654(12) Å, V = 2738.4(3) Å3; Z = 4, ρ cal
1.323 g cm−3; μ(Mo-Kα) = 0.197 mm−1; λ = 0.71073 Å, T = 150(2) K; 24123 reflections
were collected on a Bruker SMART 1000 CCD diffractometer using narrow ω-scans, 6677
of which were independent (Rint = 0.0532). The structure was solved by direct methods
and refined on F 2 values to give a final R1 = 0.0507 for 4723 data with F 2 > 2σ (F 2); wR2
= 0.1044 for all data. Flack x = 0.01(10). Crystal data for 2e: C32 H35 NO4 P2 , M = 559.55;
monoclinic, P21 /n, a = 7.9659(5), b = 17.8259(11), c = 20.7005(13) Å, β = 96.0029(11)◦ ,
V = 2923.3(3) Å3; Z = 4, ρ cal 1.271 g cm−3; μ(Mo-Kα) = 0.186 mm−1; λ = 0.71073 Å, T =
150(2) K; 25371 reflections were collected on a Bruker SMART 1000 CCD diffractometer
using narrow ω-scans, 6995 of which were independent (Rint = 0.0398). The structure was
solved by direct methods and refined on F 2 values to give a final R1 = 0.0448 for 4762
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data with F 2>2σ (F 2); wR2 = 0.1181 for all data. A complete set of X-ray crystallographic
structural data for compounds 2c–e (CCDC numbers 897295, 897296, and 214336) are
available at the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge,
CB2 1EZ, UK (fax: +44 1223 336 033; e-mail: deposit@ccdc.ac.uk) on request, quoting
the deposition number.
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