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ABSTRACT
A range of new aniline derivatives of tetrakis(hydroxymethyl)phosphonium chloride

represented as [P(CH2NHR)4]Cl, where R = phenyl or a substituted phenyl group were

synthesised by reacting tetrakis(hydroxymethyl)phosphonium chloride with different

aniline precursors in EtOH. Similarly, new phenylenediamine derivatives of

tetrakis(hydroxymethyl)phosphonium chloride [P{(CH2NHhRh]Cl, [R = C614, C6H3Me,

C6H3COPh, C6H2C414] were synthesised by reacting tetrakis(hydroxymethyl)phosphonium

chloride with phenylenediamine precursors. Selected aniline derivatives of

tetrakis(hydroxymethyl)phosphonium chloride were reacted with triethylamine in acetone

at room temperature to give the corresponding diazaphosphorinane ligands cyclo-

{CH2N(R)CH2N(R)CH2-P}-CH2N(H)R , where R = phenyl or a substituted phenyl group.

Some of the diazaphosphorinane ligands were reacted with Ru(II), Rh(III), Ir(III) , Pd(lI)

and Pt(lI) precursors to form new transition metal complexes.

New tertiary phosphine ammonium chlorides, [cyclo-{CH2N(R')CH2N(R')CH2-P}-

CH2N(H2)R'tcr, [R' = C6HsCH2, 4-FC614CH2, 4-ClC614CH2, 4-MeC614CH2, 4-

MeOC6f4CH2] were synthesised by reacting benzylamine precursors with

tetrakis(hydroxymethyl)phosphonium chloride in ethanol. A range of new tertiary

phosphine ammonium saIts were also prepared by anion metathesis of four of the chlorides

with Na[BPh4l Na[SbF6] or K[PF6] in methanol at room temperature under aerobic

conditions to give the corresponding colourless tertiary phosphine ammonium salts in high

yields: [cycIo-{CH2N(R')CH2N(R')CH2-P}-CH2N(H2)R'tx-, [R' = C6HsCH2, 4-

FC6f4CH2, 4-ClC614CH2, 4-MeC6~CH2; X = BPh4, SbF6, PF6]. Selected tertiary

phosphine ammonium salts were reacted with Ru(Il), Rh(I), Rh(III), Ir(III) , Pd(II), Pt(I1)

and Au(I) precursors to form the corresponding transition metal complexes. Novel Pd(ll)

and Pt(I1) Zwitterionic dimers have also been structurally characterised.

The phosphonium salts, diazaphosphorinane ligands, tertiary phosphine ammonium salts

and metal complexes were characterised by a combination of conventional techniques: MS,

microanalysis, FT-IR, NMR [IH and 3IpeH}], and in several cases by single crystal X-ray

crystallography. The tertiary phosphine ammonium salts were shown to be charged variants

of the well-known 1,3,5-triaza-7-phosphaadamantane ligand and their metal complexes

were found to have similar stereoelectronic properties to those of analogous complexes

with 1,3,5-triaza-7-phosphaadamantane.
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CHAPTER ONE

1.0 INTRODUCTION

The design and development of new ligands and or transition metal complexes for

specific purposes is of immense importance in the fields of organometallic and

coordination chemistry. Organometallic complexes which were originally defined as

metal complexes with one or more metal-carbon bonds nowadays include metal

complexes with ligands such as phosphines, hydrides and amines. Transition metal

complexes are useful in organic synthesis, catalysis, 1 and medicine (as therapeutic and

diagnostic agents) 2 among other uses.

The concern for the environment has led to the rise of "green chemistry", and the concept

of atom economy the purpose of which is to minimise the production of chemical waste

in industry and commerce by using catalysts rather than stoichiometric reagents in

chemical transformations. This has led to the development of many organotransition

metal complexes as catalysts. For example in the rhodium catalyst-based Monsanto

Process as well as the new and more efficient iridium-based Cativa™ Process by BP

Chemicals for the production of acetic acid, by the carbonylation of methanol, atom

economy is achieved where CH30H and CO are converted to CH3COOH with no loss of

atoms.' In all the synthetic protocols for transition metal complexes, the trend is to be

guided by the' 12 Principles of Green Chemistry' ,4 because of environmental concerns.

The application of organotransition metal complexes as homogeneous catalysts for the

synthesis and production of multifunctional, more complex molecules such as

agrochemicals and pharmaceuticals is of importance in the field of organometallic

chemistry. Areas where the application of homogeneous catalysts has proven fruitful for

the synthesis of relatively complex fine chemicals include enantioselective catalysis, C-C

coupling and carbonylation reactions. Although homogeneous catalysis has the advantage

of high reactivity and high selectivity, it has the problem of separation (purity of the

products), recovery and regeneration of the catalysts. In small scale synthesis these

problems are solved by purification using chromatography accompanied by the loss of

the catalyst, but for synthesis of industrial interest the cost of the catalyst materials are of

importance. In addition to the separation problems, homogeneous catalysts usually suffer

from deactivation, thus there is increasing desire to heterogenise homogeneous catalysts
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to improve recovery and recyclability. In this context, the immobilisation of cationic

ligands on solid supports with cation exchange sites, amongst other alternatives is an

attractive strategy'

1.1 PHOSPHONIUM SALTS

Phosphonium salts can be regarded as derived from the tetrahedral phosphonium (PH. +)

ion and can be represented as shown in Figure 1.1. The simplest and best established

phosphonium salts are the tetraalkylphosphonium halides, R4P+X- where X = halide or

another anionic group. These are colourless salt-like solids with fairly high melting points

which are soluble in water and stable to oxidation.

R'"

IP+__ "
/ \ RR ,

R

Figure 1.1 Phosphonium ion, where R, R', R", R'" = halogen, alkyl, aryl, H, etc.

Several methods of preparing phosphonium salts are known," for example phosphonium

salts can be prepared from tertiary phosphines by reacting with the appropriate organic

halide under anhydrous conditions (Equation 1.1).6

Equation 1.1.

Recently Rao et al.' have found a general method of preparing 2-(N-disubstituted

amino)ethyltriphenyphosphonium bromides by reacting [MeOCH2CH2PPh3]Br with

secondary amines (R2NH) under aqueous conditions.

Uziel et al.8 have found a short and convenient "one pot" procedure to prepare chiral and

achiral phosphonium salts from the relatively easily handled phosphine borane adducts.

This involves reacting phosphine borane adduct with an alkyl (or aryl) halide in the

presence of an olefin under mild conditions (Equation 1.2). This is a decomplexation-

quaternisation reaction that proceeds with retention of configuration at the P centre. This
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is an alternative protocol for the synthesis of optically active quaternary phosphonium

salts usually prepared by resolution of the racemic form,

l-octene/THF, reflux

+

Equation 1.2

Phosphonium salts show a much wider range of reactions than the corresponding

tetraalkylammonium salts. This might be attributed to the larger size of the phosphorus

atom, compared to the nitrogen, and the participation of d-orbitals or a* orbitals in the

bonding to phosphorus.T'

With alkalis, phosphonium halides are first converted to hydroxides which then undergo

hydrolysis to phosphine oxide and hydrocarbon (Equation 1.3).6

Equation 1.3

Acylphosphonium salts are hydrolysed to phosphine oxides and aldehydes (Equation

1.4),6 while tetrakis(hydroxymethyl)phosphonium chloride (THPC) gives

tris(hydroxymethyl)phosphine oxide and hydrogen (Equations 1.5).6

[R3PC(O)R]X +NaOH

Equation 1.4

[P(CH20H)4]CI +NaOH --~ (HOCH2)3PO + H2 + HCHO + NaCI

Equation 1.5

Phosphonium salts are usually stable to oxidation, but can be reduced electrolytically or

by lithium aluminium hydride to phosphines. Alkyl phosphonium halides are

3



decomposed on strong heating to give tertiary phosphines, while phosphonium

hydroxides easily give phosphine oxide and hydrocarbon."

Double decomposition or metathesis reactions can be used to change the anion of

phosphonium salts if one of the products is insoluble in a second solvent (Equation 1.6).6

Equation 1.6

The hydroxyl groups in phosphonium salts can be removed by condensation reactions

leading to other useful products (Equation 1.7).6

Equation 1.7

For example Frank et al. 10 reported the reaction of THPC with aniline which gave a well-

defined crystalline phosphonium salt as an aniline derivative of THPC which

subsequently reacts with Et3N or NH3 to give potential phosphorus(JII) ligands as shown

in Scheme 1.1. Aniline reacts readily with THPC in ethanol at room temperature,

displacing all four hydroxyl groups to form [P(CH2NHPh)4]CI.

PhNH2

Scheme 1.1
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When NH3 was bubbled into a slurry of [P(CH2NHPh)4]CI in acetone, ammonium

chloride was formed as a finely divided white precipitate. The ammonium chloride was

filtered off and the resulting pale yellow oil on' work-up gave a white crystalline solid,

P(CH2NHPhh.

When stirred with a slight excess of triethylamine for 1 h at room temperature,

[P(CH2NHPh)4]CI gave triethylamine hydrochloride as a solid which was filtered off.

The filtrate was concentrated under reduced pressure and upon stiring with absolute

ethanol gave a white crystalline solid cyc10-{CH2N(Ph)CH2N(Ph)CH2-P}-CH2N(H)Ph.

The product contains a diazaphosphorinane ring (six-membered P-C-N-C-N-C ring)

and an aminomethyl group evidently fanned by displacement of aniline and HCI from

[P(CH2NHPh)4]Cl, perhaps via an intramolecular mechanism shown in Scheme 1.2.10

This is a useful reaction for the synthesis of cyclic phosphorus(III) ligands as will be

indicated in Chapters Two and Three.

[

PhHN~ ~NHPh]+
P, cr__E_t_3N_--l~

PhHN__/ "----NHPh -HCI

-PhNH2

PhN~~NHPh

\ PJENHPh
PhHN-......__/

Ph" H
N--......--:P~N,

!.-N-':::_; Ph

/
Ph

Scheme 1.2

Apart from the formation of a diazaphosphorinane ring, [P(CH2NHPh)4]Cl has been

reported to form a novel biphosphetidine, 1consisting of two four-membered P-C-N-C

rings linked together through a P-P bond by disproportionation in ethanol.i'
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The transformation of cyclo-{CH2N(R)CH2N(R)CH2-P}-CH2N(H)R, R = 4-MeC6~,

which is an analogue of cyclo-{CH2N(Ph)CH2N(Ph)CH2-P}-CH2N(H)Ph mentioned

previously, by electrochemical oxidation at a mercury electrode into a new diphosphine

ligand and its coordination chemistry with Pt(II), Pd(lI) and Hg(lI) have been reported

(Equations 1.8a and 1.8b).12

Equation 1.8a

Equation 1.8b

Similarly, the transformation of cyclo-{CH2N(R)CH2N(R)CH2-P}-CH2N(H)R, R = 4-

MeC6~ by electrochemical oxidation at a glassy carbon electrode, resulted in the new

unusual organophosphorus compounds 5 and 6 (Equation 1.9).13

R R
R ,/ /R

R, ~ IN)/ MeCN,NaCI04 (\piN) R'N~ Ir-:\_ _
N P _j \_ + H P +rH CI04
H \_ electrochemical N _ N \_~

N, oxidation / 004 'R 'R
R R 6

5

Equation 1.9
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Compound 6 has been shown to have a carbocation between the two N atoms in the

ring.13 Reaction of 6 with PtC}z(COD) gave a complex 7, incorporating a new six-

membered diphosphine ligand (Equation 1.10).13

6

Where R = 4-MeC6~

Equation 1.10

The synthesis of new cyclic phosphorus(III) ligands from THPC and their coordinaion

chemistry are discussed in Chapters Two and Three.

Phosphonium halides can be reduced to phosphines by some metals and metal phosphides

(Equations 1.11 and 1.12),6 and phosphoranes can be formed when some aromatic

phosphonium salts react with organometallic compounds (Equation 1.13),6 while others

may form ylides (Equation 1.14).6

Equation 1.11

[PPh4]CI + Ph2PN a -----~ 2Ph3P + NaCI

Equation 1.12

[PPh4] CI + PhLi

Equation 1.13

---__,~ PPhs + LiCI

Equation 1.14

Phosphonium salts are useful as a source of ylides for the synthesis of alkenes," they are

also precursors for the synthesis of phosphines. Reduction of phosphonium salts is one of

the methods used in the preparation of phosphines. The use of simple palladium salts

such as PdClz or Pd(OAch in the presence of tetraphenylphosphonium salts, [P14P]X, (X
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= CI, Br, I) as a new catalyst system for the Heck reaction of unreactive aryl halides has

been reported. This resulted in unexpectedly high catalytic activities. 14Similarly, Teiwari

et al.1S have reported a novel catalytic system using alkyl-di-(1-adamantyl)phosphonium

salts as practical ligand precursors for the palladium-catalysed amination (C-N bond

formation) of aryl chlorides. For example, these salts can be prepared via alkylation of di-

(l-adamantyl)phosphines (Figure 1.2) with alkyl or benzyl halides.

R = n-butyl, 8; R = i-butyl, 9;

R = methyl, 10;R = allyl, 11;

R = 2-methoxyethyl, 12;R = benzyl, 13

Figure 1.2 Selected examples of alkyl-di-(l-adamantyl)phosphines.

Phosphonium salts are also now being used as ionic liquids," although

tetraalkylphosphonium salts have long been used as phase transfer catalysts.!" One of the

most important benefits of using an ionic liquid in catalysis as solvents is that it allows

recyclable use of the catalyst. Karodia et al.1S have investigated the application of

phosphonium tosylates as ionic solvents for Diels-Alder reactions, whilst Gerristsma et

al.19 have shown that judicious choice of phosphonium salt ionic liquids provide an

economical recyclable media for the Heck reaction. This class of ionic solvent has been

successfully utilised in catalytic hydroformylation reactions'" and hydrogen transfer

reactions " as well as co-catalyst for the Baylis-Hillman reaction.22 Phosphonium salts are

also useful as insecticides and fungicides." Phosphonium salts also find use as anti-static?

and softening agents for textiles, as corrosion inhibitors6 and as photographic chemicals."

The use of tetraarylphosphonium salts as soluble supports for the synthesis of small

molecules has also been reported.F The use of the commercially available THPC and the

analogous THPS, [P(CH20H)4hS04 and related compounds as flame retardants is also

well known."

It has been established that phosphonium salts of double long-chain type exhibit superior

antibacterial activity to their quaternary ammonium analogues.i" They are thus excellent
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cationic biocides. This might be due to the fact that the phosphorus cations have strong

interaction and high affinity with bacteria, since there are many phosphoric acid

derivatives present in tissues such as the cytoplasmic membrane of bacterial cells. In the

past few years, many cationic phosphonium salts have been synthesised and shown to

possess anticancer activity, but the mechanism in the anticancer process has remained

unclear.25-28 Recently, Xie et al.25 have synthesised hexadecyltriphenylphosphonium

bromide and demonstrated that it is an anticancer therapeutic reagent and the anticancer

activity is related to its interaction with DNA.

Another area where phosphonium salts have been put to use is organocatalysis.

Organocatalysis is currently being vigorously pursued because of its attractive features

such as metal-free conditions, experimental simplicity and the ease by which

organocatalysts can be recovered. Wang et al.29 have demonstrated that

benzyltriphenylphosphonium chloride is a highly effective organocatalyst to promote the

cyanosilylation of a wide variety of unconjugated and conjugated, acylic and cyclic

ketones. This protocol not only presents a new organocatalytic synthesis of cyanohydrin

silyl ethers, but also adds a synthetically useful entry into the catalysis with phosphonium

salts.

Phosphonium salt~ have also been used as chernosensors.P'" A ditriphenylphosphonium

calix[4]arene derivative has been demonstrated as a novel receptor for anions by anion

complexation." Similarly, Yeo et al.31 have synthesised a novel phosphonium derivative

of naphthalene by the reaction of 1,8-dibromomethylnaphthalene with

triphenylphosphine which showed a distinct colour change when treated with fluoride

ions. Receptor compounds for fluoride ions are known but reports on selective naked eye

chemosensors for fluoride ions are scarce. This is the first report of a colorimetric

chemosensor based on phosphonium ions.

1.1.1 TETRAKIS(HYDROXYMETHYL)PHOSPHONIUM CHLORIDE
Tetrakis(hydroxymethyl)phosphonium chloride (THPC), Figure 1.3, is a white crystalline

phosphonium salt, usually marketed in concentrated aqueous solutions at approximately

80% by weight.
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,H20H

HOH2C -- 1""111 CH20H

CH20H

+

14

Figure 1.3 Tetrakis(hydroxymethyl)phosphonium chloride (THPC).

It has a relative molecular weight of 190.56 and the molecular formula is C4H1204PCl. It

is hygroscopic and a useful material for making important organophosphorus compounds

such as P(CH20H)3, tris(hydroxymethyl)phosphine, (THP).32

THPC is made by reacting phosphine, formaldehyde and hydrogen chloride (Equation

1.15).

PH3 + 4HCHO + HCI

Equation 1.15

Without hydrogen chloride, the water soluble phosphine, THP is formed (Equation 1.16).

PH3+3HCHO

Equation 1.16

THPC is a hydroxyalkyl-containing organophosphorus compound of industrial interest. It

is used as a flame retardant.l" and bleaching and brightness-stabilising agent for

mechanical and chemical pulps.33 THPC is a precursor to notable water-soluble

phosphine ligands such as THP32.33and 1,3,5-triaza-7-phosphaadamantane (PTA).32.34,35

1.1.2 TETRAKIS(HYDROXYMETHYL)PHOSPHONIUM SULFATE

Like the analogous THPC, tetrakis(hydroxymethyl)phosphonium sulfate (THPS) is of

industrial significance and marketed in concentrated solutions at approximately 75% by

weight and is mainly used as a biocide. The relative molecular mass of THPS is 406.28

and has a chemical formula of CgH24012P2S.THPS is produced by reacting phosphine,

formaldehyde and sulfuric acid, (Equation 1.17).

2PH3 + 8HeHO + H2S04 ---~

Equation 1.17
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Jeffery et al.36 were able to explain how [P(CH20H)4hS04 aids the dissolution of FeS by

proposing the self assembly of [P(CH20H)4hS04 and [Fe(~h(S04)2] in the presence

of NaOH, forming a red novel water-soluble iron(II) macrocyclic phosphine complex,

[Fe(H20h{RP(CH2N(CH2PR2)CH2hPR}]S04 as shown in Equation 1.18.

NaOH

2+

15
Where R = CH20H

Equation 1.18

The crystallographic structure of this complex reveals a cationic octahedral Fe (II)

complex with a remarkable tetradentate phosphine ligand in which alternating phosphorus

and nitrogen atoms are linked by CH2 spacers to form an eight-membered macrocyclic

ring which functions as a cis bound tetradentate phosphine donor to iron. The presence of

the nitrogen atoms enhances water solubility due to hydrogen-bonding interactions with

water.

Whilst the original intention was not to prepare new water-soluble catalysts, the novel

tetradentate macrocyclic phosphine ligand has obvious potential in this context because it

imposes facial octahedral coordination leaving two cis sites free for potential catalytic

transformations.i" Thus such complexes are potential water-soluble catalysts and might

also be good materials for waste clean-up procedures, since such self assembled ligands

strongly bind to transition metals.

1.2 PHOSPHINE LIGANDS

Phosphine ligands have the general formula PR3 where R = alkyl, aryl, H, halide etc.

Phosphite ligands are closely related to phosphines and have the general formula P(OR)3.

Both phosphines and phosphites are neutral two electron donors. Phosphines are
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classified as primary, secondary and tertiary depending on the number of organic groups -

PR3 (tertiary), PHR2 (secondary) and PH2R (primary).

The chemistry of phosphorus(UI) compounds are centred on the lone pair of electrons

and its availability for forming new bonds to phosphorus. Structurally, phosphines are

different from their nitrogen congeners- the amines. Both phosphines and amines have

pyramidal geometry as would be expected, but whereas pyramidal inversion is rapid in

amines at room temperature, it is sometimes slow in phosphines, therefore predominantly

they have fixed pyramidal structures."

Important methods used in the preparation of phosphines have been given by

McAuliffe,37 Gilheany and Mitche1l38 and Quin.39 The main methods used are: via

organometallic reagents and halophosphines, nucleophilic substitutions using metal

phosphides, or reduction of phosphonium salts or tertiary phosphine oxides. The

preparation of these ligands usually involve an inert atmosphere as the majority of

phosphines are air and moisture sensitive, although some are neither air nor moisture

sensitive, hence prepared under aerobic conditions which is an added advantage to be

chosen as a potential candidate in coordination chemistry, catalysis, and medical

applications. A variety of chiral phosphine transition metal complexes have been

synthesised, these phosphine-metal complexes are stereogenic and function as

stereospecific catalysts in enantioselective catalysis.40-42

1.2.1METAL COMPLEXES

The bonding in metal complexes basically involves the donation of electrori pairs from a

ligand to a metal atom or ion to form a coordination compound. Important uses of metal

complexes are in the field of catalysis and medicine among others. Phosphorus

compounds like the phosphines are among the most useful ligands in the coordination

chemistry of metals. When the donor strengths are considered, phosphorus is one of the

strongest coordinating atoms and also has multiple coordination numbers (1 to 6) and

valencies 3 and? hence its coordination patterns with metals can be modified, unlike

carbon. Carbon monoxide and cyanide are the strongest but they cannot be modified and

so the next strongest modifiable phosphorus ligands become most important. Phosphorus

ligands can form strong bonds with transition metals in low oxidation states. This is very

useful in the area of catalysis and many metal complexes of phosphorus ligands like the
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phosphines are used as catalysts in industry to produce chemicals in a better way. In the

coordination to metals, the phosphorus acts as an electron donor to the metal and takes

back some of the electrons through a vacant 3d-orbitaVa cr* orbital involved in the P-R,

bonding of the phosphlne'<" thereby not leaving too much electron density on the metal

which may destabilise the complex. In all these cases, the valency and the coordination

number of phosphorus are 3 before coordination and become 4 after coordination.

In metal complexes, the central metal as well as the type of ligand determine the

reactivity of the complexes i.e. the ability to react with substrate molecules and

eventually the capability to catalyse chemical transformations.

While there are many species that serve as useful homogeneous catalysts (e.g. H+, OIr,

At3+ etc), complexes of transition metals are the most suited due to the following

reasons.' Firstly, various ligands will bind to transition metals; almost any molecule with

a lone pair of electrons can coordinate to a specific centre as ligands; upon coordination

the reactivity of the functional groups may change dramatically. Ligands may either be

directly involved in the catalytic process or indirectly affect catalysis by exerting steric

and I or electronic effects on the complex.' Secondly, transition metals have the ability to

bind ligands in a number of ways. The availability of d- as well as s- and p-orbitals on the

metal allows for the formation of c and 1t bonds from metal to ligands.' Carbonyl ligands

attach to a metal in a terminal or bridging bonding mode. Groups such as methyl or

hydride may be considered to be anionic, neutral (radical), or cationic depending on the

electron density of the metal. The strength of metal-ligand bonds is moderate (126-335 .

kJ/mole), allowing bonds to form or break relatively easily. This is a requirement for the

catalytic cycle to proceed.' Thirdly, transition metals have a variety of oxidation states.

When ligands are added to or removed from the metal by oxidative addition and

reductive elimination processes, the oxidation state of the metal changes. The d-valence

electrons of these metals usually have a rather large number of oxidation states available

as compared to main group metals.' The elements in Groups 9 and 10 especially possess

a tendency to form rapid, reversible two-electron change (such as from 18 electron to 16

electron and vice versa), hence are often involved in homogeneous catalysis.' Other

important characteristics of transition metal complexes include the exhibition of several

different geometries, depending on the coordination number. Geometries such as square-

planar, octahedral, tetrahedral, square pyramidal and trigonal bipyramidal are common in
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transition metal complexes. Knowledge of the behaviour of ligands attached to metals in

these geometries is very useful. For example in square planar complexes, a ligand trans

to another may cause the latter ligand to be quite labile and thus easily dissociates from

the metal. If loss of the latter ligand is a requirement for effective catalysis, it is desirable

to design the catalytic cycle in such a way that a square-planar complex is one of the

intermediates along the path to the product and to have the directing group with high

trans effect positioned trans to the leaving group. I Another example might involve a

process where a key step is the reductive elimination of two ligands. Reductive

elimination requires the two leaving groups to be cis with respect to each other before

reaction may occur. The catalysis will be successful in this case if an intermediate forms

such that the two leaving groups are cis. Transition metal complexes are also unique

because, with their well-defined geometries, they serve as "templates" for the occurrence

of reliable stereospecific or· stereoselective ligand interaction. I It is known that alkyl

migration to a carbonyl group occurs with retention of configuration and that reductive

elimination involves retention of configuration in the two leaving groups.Thus transition

metal complexes mimic the stereospecific reactions often catalysed by enzymes. Finally,

transition metal complexes possess the "correct" stability. I By varying metal and ligands,

transition metal complexes are readily available to serve as intermediates that are not too

unreactive. In order for a catalytic tum over to occur, each intermediate in the cycle must

be reactive enough to proceed to the next stage, yet not so reactive that other pathways

e.g. decomposition or a different bonding mode, become feasible. Thus transition metal

complexes are versatile as catalysts. lAO

Phosphines are among the most common ancillary ligands used in organometallic

chemistry, owing to their ability to stabilise low valent metal oxidation states as well as

their capacity to influence both steric and electronic properties of catalytic species. One

major advantage of using phosphines as ligands is that they can be easily modified by

changing the organic substituents, thus allowing the fine-tuning of the electronic and

steric properties of the metal complexesr" This is very important in homogeneous

catalysis in order to change the activity or selectivity of the catalyst. In addition to these

advantages, in homogeneous catalysis where product separation is a problem, solubility

in water can be added by modifying the phosphine structure when polar substituents such

as hydroxyl or amino functionalities or ionic groups such as sulfonate, carboxylate,
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ammonium, etc. are introduced. Such water-soluble phosphines are useful In

homogeneous aqueous biphasic catalysis.

The bonding of phosphine ligands, like that of carbonyls comprises of two important

components. The primary component is a-donation of the phosphine lone pair to an

empty orbital on the metal. The second component is back donation from a filled metal

orbital to an empty orbital on the phosphine ligand (Figure 1.4). There are alternative

views regarding the nature of the back-bonding interaction in metal phosphine

complexes. The classical back-bonding model is that the empty phosphorus d-orbitals are

available for overlap with suitable filled metal orbitals (Figure 1.4a). This is to

complement the a-bond resulting from the donation of an electron pair from phosphorus

to the metal. A more recent model invokes back-bonding from the metal d orbitals into

the P-R a* orbitals (the anti bonding orbitals associated with the P-R a-bonds) as shown

in Figure l.4b. The recent model is preferred because the energy of a a*-orbital is lower

than that of a phosphorus d-orbita1.1,3,9

Filled metal d orbital

Filled metal d orbital

~~i R '~~ Empty phosphorus d orbital

"--A R

R

one of the P--R 0* bonds

(a) classical model (b) new model

Figure 1.4 Types of back-bonding in metal phosphine complexes.

As electron-withdrawing (electronegative) groups are placed on the phosphorus atom, the

a-donating capacity of the phosphine ligand tends to decrease. At the same time, the

energy of the z-acceptor on phosphorus is lowered, providing an increase in back

bonding ability. Therefore phosphines can exhibit a wide range of a-donor and n-

acceptor capabilities, and the electronic properties of a metal centre can be tuned by the

substitution of electronically different but isosteric phosphines. A rough ordering of the

a-donating and n-accepting capabilities of phosphines can be accomplished by

synthesising a series of complexes in which the only difference is the nature of the

phosphine ligand. If these complexes contain a carbonyl (CO) ligand trans to the
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phosphines, then the carbonyl (CO) stretching frequency can be used as an indicator of

electron density at the metal because the M~CO back donation is affected (the lower the

value of the CO stretching frequency, the greater the a-bonding to the metal and thus the

higher the electron density at the metal). Experiments such as this give the following

empirical orderingr'

PMe3 ~ P(NR2h < PPh3 < P(OMe3) < P(OPh3) < PCh < CO ~ PF3

Greater z-acidity ~

+- Greater a-donation

An additional factor that is very important in phosphine chemistry is the amount of space

occupied by the R group when bonded to a metal. This factor is important in a variety of

contexts; for example, the rate at which phosphine dissociates from a metal is related to

the amount of space occupied by the phosphine and the resultant crowding around the

metal. To describe the steric effects of phosphines and other ligands, Tolman has defind

the cone angle as the apex angle, e of a cone that encompasses the van der Waals radii of

the outermost atoms of a ligand when bonded to a metal.43 As might be expected, the

presence of bulky ligands can lead to more rapid ligand dissociation as a consequence of

crowding around the metal.

As mentioned earlier, an important aspect of organometallic chemistry involves varying

the steric and electronic nature of the ligand environment of a complex to promote

whatever properties are desired: activity or selectivity in homogeneous catalysis,

reversible binding of a ligand, facile decomposition or high stability. A key feature of the

PR3 series of ligands is that electronic effects can be changed without changing steric

effects e.g. by moving from ptBu3 to P(OiPrh or change steric effects without changing

electronic effects e.g. by moving from PMe3 to P(o-toly1)3. One result of increasing the

ligand electron donor strength for example might be to perturb an oxidative

addition/reductive elimination in favour of the oxidative addition product," likewise

increasing the steric bulk is expected to favour low coordination number species.f The

chemistry of a phosphine-containing complex is therefore expected to change with the

position of the phosphine in the Tolman map.43 Other types of ligand have similar

possibilities but the situation is best defined for PR3.
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Phosphines are widely used as ligands for transition metals. They promote the solubility

of metal complexes in a wide range of organic media. The majority of phosphines are

insoluble in water; though water-soluble phosphines such as the sulfonated

phenylphosphines and pyridylphosphines are known.46-48 The property of phosphines to

stabilise low oxidation states of metal atoms provides compounds that are useful in

homogenous catalysis. Asymmetric or chiral phosphines are designed for stereoselective

catalytic reactions.3,40-42 The Heck reaction, Suzuki, Stille, and Sonogashira are examples

of coupling reactions that use phosphine metal complexes as catalysts.' Phosphine metal

complexes are also useful as catalysts in hydroformylation,47-49 hydrogenation and

hydrocyanatiorr'" reactions.

Apart from catalysis, metal complexes have also been evaluated extensively for their

medicinal properties.i! Although most new drugs are carbon-based compounds, there is

an increasing realisation and understanding of how metal ions are involved in many

natural biological processes and some diseases indicate that metal ions have new roles in

therapeutic strategies.2•52 Metal complexes have a wide range of coordination numbers,

coordination geometries, thermodynamic and kinetic preferences for ligand atoms and

redox activity in some cases. These offer novel mechanisms that are not available to

organic compounds. Generally, the nature of the metal ion, its oxidation state and the

number and type of bound ligands can all exert a critical influence on the biological

activity of a metal complex. An understanding of how these factors affect biological

activity is important in the design of metal complexes with specific medicinal properties.

For instance the cis and trans isomers of the diaminedichloroplatinum(II) complex,

PtCh(NH3h has contrasting biological activities; the cis isomer (cisplatin) is an

anticancer drug, while the trans isomer (transplatin) is inactive against cancer.

Whilst phosphine ligands and their complexes have been studied for many years, there is

now an increase in activity to find improvements in ligand design not only for

homogeneous catalysis but for site-specific drug delivery. Presently, complexes bearing

phosphine ligands are not only candidates for pharmaceutical application, but water-

soluble phosphines with potential for stabilising pharmaceutical and radiopharmaceutical

complexes in vivo with links to targeting biomolecules as diagnostic agents are also under

intense study. For example there is considerable interest in the caged, aliphatic tertiary

phosphine, 1,3,5-triaza-7 -phosphaadamantane (PTA) which has many desirable qualities
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including water solubility.i" in the preparation of metallophannaceuticals. Ruthenium(II)

arene compounds with PTA ligands (RAPT A) have been shown to exhibit a pH-

dependent activity, which is conducive to providing excellent pharmacological

properties" and have been found to exhibit superior anticancer properties compared to

the ubiquitous anticancer platinum drugs.i" In the area of radiopharmaceuticals, bidentate

water-soluble phosphines form stable 99nvrc complexes in both biological liquids and

targeted tissues. Examples of such radiopharmaceuticals include the commercial drugs

99nvrc-fosfim®and 99nvrc-furifosfim® used for myocardial perfusions.i"

1.2.2 PHOSPHORINANES

The usefulness of organophosphorus compounds has led to the synthesis of many ring

compounds containing phosphorus and carbon." These simulate the well established ring

systems, both homocyclic and heterocyclic which are based on carbon, the P-C bond

strength confers on them a comparable level of stability." The known ring systems based

on saturated carbon and a single phosphorus atom includes the 3-, 4-, 5-, 6-, 7-, 8-

membered ring compounds named phosphirane, phosphetane, phospholane,

phosphorinane, phosphepane, and phosphocaine respectively (Figure 1.5).6 Not all

phosphorus containing analogues have yet been synthesised, and in many instances only

derivatives rather than the parent compounds are known."

Figure 1.5 Ring compounds with phosphorus and saturated carbon.

Phosphorinanes are known to exist in the chair form.6 Thus axial or equatorial isomers

are possible. Crystallography has confirmed that in several derivatives, the rings are

chair-shaped with the exocyclic group attached to phosphorus in the axial position

(Figure 1.6).6
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Figure 1.6 Phenylphosphorinane, 16

These compounds are cyclic tertiary phosphines and several methods of preparation

leading to important derivatised phosphorinanes are known." For example,

phenylphosphorinane can be made by direct reaction of phenyldilithiophosphine with

1,5-dibromopentane in tetrahydrofuran (THF) or by the action of ultra-violet (uv)

radiation on 4-pentenylphenylphosphine (Scheme 1.3). Further derivatisation is achieved

when 16 reacts with sulfur in boiling benzene to give the sulfide (17) and with methyl

iodide to give the phosphonium salt (18) as shown in Scheme 1.3.

Br(CH2)sBr + Li2PPh ----

. TH~ ~

P
I
PhCH2=CH(CH2hP(Ph)H uv

.:
/p~

Ph S
(17)

r
(16)

Scheme 1.3·

The development of phosphorinanes as ligands and reagents started recently" with the

synthesis of some phosphorinane-borane complexes by McNulty et al.56 In the

derivatised phosphorinanes where the exocyclic group as in compound 16 is an aryl, a

trialkylphosphine ligand is formed. Brenstrum et al.55 have demonstrated that such

phosphorinanes as a family of trialkylphosphines are suitable ligands for

organopalladium chemistry and are comparable in efficacy to other popular ligands such

as ptBU3' They highlighted the ease of generation, economic considerations in the

synthesis, and structural modification possibilities all favour the phosphorinanes being

regarded as suitable organopalladium cross-coupling ligands. Furthermore, the

preparative route where the intermediate phosphorinones allow entry to P-protected 4-
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hydroxyphosphorinanes.i" through hydride reduction, provides structural features that

could be used in the immobilisation onto a solid support.57,58

1.2.3 AMINOPHOSPHINES

Aminophosphines are tertiary phosphines with phosphorus and amino donor sites they

are potential ligands for the formation of polynuclear or heterobimetallic metal clusters or

organised assemblies because of the multiple P and N donor sites. They form triangular

complexes which are of current interesr'" both for their potential in new stoichiometric

and catalytic transformations, due to the ability of adjacent metals to cooperatively"

activate substrates" and their physical properties such as luminescence.f magnetic spin-

frustration63~7 and spin-mediated superconductivity.f Such cluster compounds are of

immense importance in biological systems where clusters of metals can assist in the

transfer of elecrrons'" to activate relatively inert substrates.I"

Unfortunately, the design of ligands that can support clusters or assemblies of metals with

a variety of transition metals is rarely straightforward. Be this as it may, various

workers, 59,71-73have synthesised aminophosphines of the type P(CH2NHArR)3, where

A~ is an aryl substituent.i" These ligands can simultaneously bind to two metal centres

on losing the amino H atoms forming an amido complex. The binding mode of

P(CH2NArR)3 to two metal centres (M and M') is illustrated in Figure 1.7.

A~ /¥~A~ArR
N : NN

lJ2J
~
M'

Figure 1.7 Potential bonding mode of P(CH2NArR)3 to two metal centres.

Keen et al.72 synthesised one such ligand by using compounds hitherto tested as flame

retardants'" as ligand precursors. Tris(hydroxymethyl)phosphine, P(CH20Hh was

reacted with an excess of 3,5-bis(trifluoromethyl)aniline in toluene forming

P(CH2NHA~h where R is CF3, in excellent yield. These ligands on losing the amino H

atoms can adopt a conformation where the phosphine and amido lone pairs are arranged

approximately parallel and are incapable of all coordinating to the same metal; such a
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bonding mode was observed in a nonanuclear Cu(I) amido complex.f With a high-

oxidation-state transition metal, all the amido donors coordinate to the metal.74-76 In such

a bonding mode, the phosphine ligand cannot bind its lone pair to the metal, coordinated

to the amido donors, but is available to coordinate to a second metal. These ligands are

thus well suited for the facile synthesis of transition metal heterobimetallic complexes,

providing that there is interaction between the two metal centres. Hatnean et aZ.71 have

also shown that triamidophosphine ligands readily assemble trinuclear clusters with

divalent Mn and Mg. However, when used with trivalent or higher oxidation state metal

centres with three labile ligand sites; these ligands have a tendency to coordinate all three

amido donors to a single metal" which does not allow for the assembly of complexes

with multiple adjacent metal centres. This is shown as complex A in Figure 1.8, while the

use of diamidoselenophosphinito ancillary ligand favours the formation of triangular

complexes with aluminium as shown in complex B in Figure 1.8 and Scheme 1.4.59

Figure 1.8 Potential bonding modes of the formally trianionic ligands

P(CH2NAt)3 and Se=P(CH2NAt)2 to form metal complexes."

Me AxRMe
\ Me:::- I

M \\\••AI·I'N::_AI-Me
e / IS~ZJ"A~

P

M~ AxRMe
\ Me:::- I

M "".AI·I'N:"_AI-Me
e I /S\${J"A~

f
\.Al-MMe"'j e

Me

..
~ AxR=
a 3,5-(CJr3)2<:61I3
b Ph
c 3,5-Me2C6H3

Scheme 1.4
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To circumvent the above drawback, Han et ai.59 investigated selenium donors in

polydentate ligand design, because of both the increased polarisability of the heavier

cha1cogenides, which encourage electronic communication between metal centres, and

their propensity to bridge metal centres. Thus these selenium ligands were found to be an

improvement on the P(CH2NHArR)3 ligands for the formation of polynuclear clusters of

paramagnetic metals, where strong magnetic coupling between metal centres is desired

due to increased polarisability of the selenophosphinito donor relative to amido donors.

1.2.4 WATER·SOLUBLE PHOSPHlNES

There is an increased interest in the use of water as a solvent in chemical transformations

mainly driven by environmental and economic concerns. The utility of water as a solvent,

however requires the development of new catalysts or reagents that are stable and soluble

in water.77.78

Grafting of highly polar functional groups such as -S03-, -C02-, -NR3+' -PR3+' -OR,

etc. into phosphines brings about the desired solubility.79,8oWater-soluble phosphines are

used in biphasic catalysis. The most frequently used water-soluble phosphines for

catalytic applications are the mono- and trisulfonated triphenylphosphines, TPPMS,

TPPTS and the mono and tricarboxylated triphenylphosphines. These ligands have been

developed by various workers and put to effective industrial use. For example Kuntz's

work on trisulfonated triphenylphosphine (TPPTS),81 eventually led to the famous

Ruhrchemie's commercially successful oxo process.

S03-

R
Figure 1.9 Mono- and trisulfonated triphenylphosphines

(R = H, TPPMS; R = S03-, TPPTS).
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The structures of TPPMS and TPPTS are shown in Figure 1.9. Certain features make

these ligands attractive for synthesising water-soluble metal catalysts for use in

homogeneous catalysis. These include their relatively high solubilities in water as well as

amphiphilicity among others. For example TPPTS has a very high solubility in water;

1100 gIL compared to its mono sulfonated equivalent, TPPMS which has a solubility of

80 gIL in water," and thus gives highly concentrated aqueous solutions. This leads to

efficient biphasic catalysis with better phase separation. Secondly the metal complexes of

TPPMS, TPPTS and the mono- and tricarboxylated triphenylphoshines are amphiphilic in

character due to the presence of hydrophilic sulfonate, carboxylate groups and

hydrophobic phenyl groups. This feature allows the complex to transfer readily between

the aqueous and organic phases in a biphasic system.

The most important use of water-soluble phosphines is in the area of homogeneous

catalysis. Numerous complexes with the metal in low oxidation state widely used in

homogeneous catalysis are stabilised by phosphine ligands. The advantages of

homogeneous catalysts with respect to reactivity and selectivity are well documented.4o

However; the problems associated with the separation of the products from the catalyst

have frequently presented a major economic barrier to commercial applications. Several

methods have been used to overcome this problem, usually by thermal operations'f such

as distillation, decomposition, etc, which normally lead to thermal stresses on the

catalyst. Similarly use of polymer bound catalysts+' is prone to polymer degradation and

metal leaching.

A good approach to solving this problem is to use water-soluble phosphine ligands that

are poorly soluble in the organic media allowing the catalysis to be carried out in a liquid-

liquid biphasic system. Catalyst recovery is thus easily achieved by decantation and

separation of the two phases. Apart from the simple and complete separation of the

product from the catalyst, other advantages of aqueous catalysis among others include the

economy and the safety of using the environmentally friendly solvent, water. However,

comparing biphasic reaction with their monophasic equivalents, reaction rates are lower

in the biphasic systems. This is mainly due to the fact that when the catalyst and

substrates are in different phases, interaction between the catalyst and the substrates is

lower than in a monophasic system, thus reducing the rate of reactions. The use of

thermoregulated phase transfer catalysts have been mentioned.P' These have an inverse
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temperature-dependent solubility in water. For example poly(ethylene oxide) substituted

triphenylphosphines (PEOTPPs) combined with the rhodium precursor Rh(acac)(COh

have been tested for the two-phase (waterlheptane) hydroformylation of higher olefins

such as l-hexene, l-octene, I-decene or l-dodecene for the thermoregulated phase

transfer hydroformylation.i" At room temperature, almost all the Rh-PEOTPP catalyst

remains in the aqueous phase. On heating to a temperature higher than the cloud point

(Cpt), the catalyst precipitates from water and transfers into heptane where it transforms

olefins into aldehydes. After hydroformylation is complete and the system is cooled, the

catalyst returns to water. Thus, a simple phase separation enables the continuous re-use of

the catalyst.

The process of temperature regulated phase transfer catalysis (TRPTC) combines the

advantages of both bi- and monophasic catalyses. Furthermore, TRPTC is more

'homogeneous' than aqueous/organic two-phase catalysis, because the substrates and

catalyst remain in the same organic phase at the reaction temperature and thus, can

provide higher yields than the classical biphasic catalytic reactions.

Apart from the area of catalysis, the hydroxyalkyl containing water-soluble phosphines

such as tris(hydroxymethyl)phosphine, THP and related compounds including

tetrakis(hydroxymethyl)phosphonium chloride, THPC have attracted much interest in

recent times as bleaching agents for pulps33,85,86in the paper industry. They are a new

class of bleaching and brightness stabilising agents discovered for mechanical and

chemical pulpa." Studies have shown that the related 1,2-

bis[bis(hydroxymethyl)phosphino] ethane {BBHPE; [(HOCH2)2PCH2h} has a higher

bleaching activity than, THP.87

Methods of preparing hydroxymethylphosphorus compounds abound in the Iiterature"

for example another method by which THP can be made is by the reaction of phosphine

(PH3) with formaldehyde in the presence of K2[PtCI4] as catalyst." New phosphines
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(H2PCH2CH2)2PH, [H2PCH2CH2P(H)CH2h, and [(H2PCH2CH2)2PCH2h (19, 20 and 21

respectively) have been synthesised by hydrophosphination of diethyl vinylphosphonate

with H2P(CH2)zPH2 and converted into the related corresponding water-soluble, tri-,

tetra- and hexaphosphonium chlorides by incorporation of hydroxymethyl groups at the P

atoms." These are potential bleaching agents like the well known THPC.

Moiseev et ai.86 have recently investigated the mechanism of the bleaching action of the. .

(hydroxyalkyl)phosphorus compounds, by reacting tris(3-hydroxypropyl)phosphine,

[(CH2hOHhP (THPP), with conjugated carbonyl components of lignin likely involved in

the bleaching process using various model aromatic aldehydes, and discovered that THPP

reduces aromatic aldehydes (ArCHO) to the corresponding alcohols. THPP is also a

bleaching agent for pulps and gives cleaner reactions than THP, which is prone to loss of

formaldehyde.V

The coordination chemistry of THP, though water-soluble and moderately air stable, has

not received much auenuon." The coordination chemistry of THP with Pt, Pd, Ni, Ru,

Re and Au have been studied extensively but the first complex with Cu was synthesised

not too long ago. A copper(I) complex was obtained from the reaction of THP with

[Cu(CH3CN)4]CI04 in acetonitrile.f Its complexes with Pt(Il) and Pd(Il) are water-

soluble but similar to analogous PMe3 or PEt3 in most respects, whereas its complexes

with Ni(O), Pd(O) and Pt(O) have exceptional properties in terms of stability and

reactivity.f The use of THP for the removal of trace Ru from polymers synthesised by

Grubbs-type carbene catalysts has been mentioned.f and with related compounds are

potential powerful metal sequestering agents and will certainly have a rich coordination

chemistry.

+ THP

Cl- THP"II~h-CI OC., \\THP
THP~I "Rh'\

THP THP~ ~Cl

22 23 24 25

< 89
Figure 1.10 Water-soluble THP complexes ofrhodium(I).
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Four water-soluble Rhl-THP complexes (Figure 1.10) RhCI(1,5-COD)(THP) (22),

[Rh(1,5-COD)(THPh]CI (23), RhCI(THP)4 (24) and trans-RhCI(CO)(THPh (25) have

been synthesised and characterised, the first three are potentially useful entries into

Rh(I)THP chemistry while the first and last are the first structurally characterised

Rh(I)THP cornplexes.t"

Water-soluble phosphines, apart from forming water-soluble transition metal complexes

used as catalysts, also form important complexes useful in medicinal chemistry. The

clinical usefulness of transition metal complexes binding to DNA as antitumoral drugs

has in fact led to a renewed interest in the synthesis of metal complexes that exhibit water

solubility and the capacity to link to DNA and other biomolecules due to their potential

as anticancer and antimetastasis agents." For example the water-soluble ruthenium(II)

arene PTA complexes are now being considered as an alternative to platinum anticancer

drugs due to their high hydrosolubility coupled with reduced toxicity. The low toxicity is

due to the ability of ruthenium to mimic iron in binding to DNA, exploiting the

mechanisms the body has evolved for the non-toxic transport of iron.9?

1.3 1,3,S.TRIAZA.7.PHOSPHAADAMANTANE (PTA) AND RELATED

COMPOUNDS

Apart from the popular water-soluble sulfonated analogues of triphenylphosphine (PPh3),

TPPMS and TPPTS (mentioned in Section 1.2.4), the sulfonated derivatives of bidentate

diphosphines and tridentate tripodal as well as cage-like water-soluble phosphines are

knownr" Examples of cage-like water-soluble phosphines include the Verkade-type

bases (Figure 1.11) used in a number of organic reactiona"

Figure 1.11 Verkade-type base, R =H, alkyl, etc.

In 1974, Daigle et ai.53 synthesised another cage adamantane-like water-soluble

phosphine, 1,3,5-triaza-7-phosphaadamantane (PTA), Figure 1.12, for the purpose of
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creating flame-proof polymers." However, with the recent interest in biphasic

homogeneous catalysis, PTA and its derivatives have received renewed interest." In

addition to homogeneous catalysis, PTA and its related compounds are also important as

co-ligands in biologically active transition metal compounds such as the ruthenium(II)

arene complexes due to their cytotoxicity and are excellent ligands for preparing

luminescent gold complexes."

rllN-lN!.-N::..J
26

Figure 1.12 1,3,5-triaza-7-phosphaadamantane (PTA).

The synthesis of PTA involves the condensation of the highly hygroscopic THP as the

source of phosphorus with formaldehyde and hexamethylenetetramine, (HMT) or

ammonia.l" as the source of nitrogen, the final yield being ca. 40%.

[P(CH20H)4]Cl + NaOH ..... P(CH20Hh + H20 + HCHO + NaCI

Scheme 1.5

Later research has shown that higher yields are obtained when the THP is generated in

situ from the reaction of the commercially available and less expensive THPC with

NaOH (Scheme 1.5).32

PTA is neither air nor moisture sensitive, hence does not require an inert atmosphere for

its synthesis. It is thermally stable, with decomposition temperatures higher than 260 ·C.

PTA is soluble in water (S = 1.5 M, ca. 235 gIL), MeOH and EtOH but less soluble in

higher alcohols like 2-propanol and l-butanol and THF at room temperature.l" The

solubility of PTA is enhanced in acidic media due to the formation of its protonated

species. For example in 0.1 M HCl its solubility is approximately 350 gIL (S = 2.2 M).34
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It is also soluble in DMSO, acetone, chloroform, dichloromethane, but not soluble in

hydrocarbons like heptane, toluene or benzene."

The high solubility of PTA is due to the extensive participation of its three nitrogen

atoms in hydrogen bonding interactions with water molecules.s3.92 The nitrogen atoms

with their lone pair of electrons and relatively high electronegativity values (3.0 on the

Pauling scale) strategetically placed in the structure interact with the water molecules

through intermolecular N"'H-O hydrogen bonds. This among other properties has made.
it a water-soluble ligand amenable for aqueous biphasic catalysis and metal carrier in

biological systems. Indeed with respect to other water-soluble phosphines, it has the

advantage of air stability and a low steric demand. Furthermore, it binds more strongly to

the metal centres than the triphenylsulfonated phosphines mentioned in Section 1.2.4.

PTA is a neutral and air-stable molecule which is both sterically (with cone angle = 103")

and electronically comparable with the extremely air sensitive trimethylphosphine."

In terms of reactivity PTA is comparable to other alkylphosphines, with the notable

exception that PTA is stable in air, in contrast to PMe3 and PEt3 which are both known to

ignite violently in air. Furthermore, PTA appears to have higher resistance to oxidation

than other water-soluble phosphines such as TPPMS and TPPTS. It is also a known fact

that it preferentially coordinates metals through the soft phosphorus centre; the harder

amine functionalities are the preferred sites of alkylation and protonation." this can be

rationalised using the hard soft acid base (HSAB) theory.93

o (/'1~N( N~Me
Me L-N--J \\

°(a) 27

(DAPTA)

(b) R =Me, 28; R = Et, 29;

R = CH2Ph, 30; R = (CH2)41,31

Figure 1.13 DAPT A and other deri vatives of PTA.

In order to enhance water solubility and other desirable properties for catalytic and other

uses, PTA has been deri vatised by the incorporation of certain functionali ties resulting in
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the formation of new related compounds. The reaction of PTA with acetic anhydride,"

forms 3,7-diacetyl-l,3,7-triaza-5-phosphabicyclo[3.3.1]nonane (DAPTA) shown in

Figure l.13a. The N-alkylation of PTA using Mel, Etl, PhCH2CI or I(CH2)41 in acetone or

methanol under reflux gives the alkyl salts PTA(R), Figure 1.13b. These are air-stable

and .water-soluble but less soluble in organic solvents than PTA due to their ionic

character."

Krogstad et al.95 have synthesised I-pyridylmethyl-3,5-diaza-l-azonia-7-

phosphatricyclo[3.3.l.1]decane bromide [PymePTA]Br and the di-N-formylated

analogue of DAPT A, 3,7 -diformyl-l ,3,7-triaza-5-phosphabicyclo[3.3.1]nonane (DFPT A)

by reacting PTA with bromomethylpyridine and formic anhydride respectively. DFPTA

is the second acyl derivative of PTA to be synthesised, while [PymePTA]Br is the second

derivative of PTA reported that contains an aromatic appendage. These have been fully

characterised and their water solubilities explored."

Se
II

rl1N.L-N
L-N::_j

Se RX

32 26
R = Me, X = I, 33;

R = Et, X = CI, 34

Figure 1.14 Some PTA derivation reactions.

Note that such PTA transformations lead to P(lII) or P(V) derivatives which maintain the

original phosphaadamantane skeleton as shown in Figure 1.14.34

Structural modifications of PTA have so far been focussed on either alkylation at P or N

atoms,96-98 or opening of the cage to yield potentially bidentate p,N99.1OO or tridentate

P,N,N101 derivatives of PTA. For example in the comparative structural and reactivity

investigation of PTA and its derivative, 2-thia-l,3,5-triaza-7-phosphaadamantane 2,2-

dioxide (PAS02), apart from water-insolubility in the case of PAS02, the most striking

differences were the products observed for the alkylation reactions with methyl iodide.

While it was generally accepted that PTA is only alkylated at one of its three nitrogen.
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atoms, PASOz was observed to produce predominantly a phosphonium salt upon

alkylation." Most of these changes especially on the "lower rim" (the triazacyclohexane

ring) are relatively far from the coordinating P atom and thus unlikely to impart

significant stereoelectronic effects on any coordinated metal centre.lOZ The

stereoelectronic effects are often required for chemo- or enantioselective catalytic

applications and for fine-tuning of biological effects in the design of water-soluble metal-

based drugs.lOZ Therefore, there is an interest in the development of chiral PTA

derivatives that are substituted at the methylene groups bridging P and N atoms at the

"upper rim" s~ch as 35.

Figure 1.15 Structure of 35.

Wong et al.103 have synthesised the bidentate phosphine, PTA-PPhz, 35 with a binding

arm and a chiral centre on the a-carbon to phosphorus (Figure 1.15) by reacting PTA

with n-BuLi and CIPPhz. Although 35, was not soluble in water and its racemic mixture

was not resolved, the protocol has opened a method for the synthesis of a new class of

chiral PTA-based ligands. Exploiting the protocol, the synthesis of a novel water-soluble

ligand with two chiral centres, i.e. phenyl(I,3,5-triaza-7-phosphtricyclo[3.3.1.13,7]dec-6-
yl)methanol PZA, 36 together with the corresponding sulfide [PZA(S)], 37 and oxide

[PZA(O)], 38 from PTA lithium salt and benzaldehyde has been reported.l'" In a related

development, the synthesis and characterisation of a series of novel water-soluble chiral

upper-rim PTA derivatives by the addition of PTA-Li to COz, ketones and aldehydes has

also been reported.l'"

Since its synthesis and characterisation, PTA has been used in a variety of studies,

including catalytic biphasic hydrogenation reactions,105,106ligand substitution reactions in

metal clusters.i'" and enzyme mediated oxygen transfer processes. 108Among the different

PTA transition metal complexes, those of Ru and Rh have attracted a lot of interest as

potential catalysts for a variety of processes in aqueous biphasic conditions and have

been adjudged superior to other water-soluble transition metal complexes.l" Similarly,
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the well characterised ruthenium(II) arene PTA complexes (RAPT A) have attracted

considerable attention, because of their relatively low toxicity.i'" and the DNA damaging

properties of (116-p-cymene)RuC}z(PTA), RAPTA-C, and related analogues have been

reported.i'" RAPT A complexes have been evaluated in vitro and in vivo and have been

found to be highly selective towards metastasis. 11I Dorcier and co-workers'" have

reported the in vitro evaluation of the rhodium and osmium RAPT A analogues and

showed that they are worth considering within the context of organometallic anticancer

drugS.51 Recently, studies on the reactivity of RAPTA-type complexes of ruthenium,

rhodium and osmium towards model DNA bases with a view towards determining their

relative and preferential binding modes have also been reported. I12

1.3.1 COORDINATION CHEMISTRY OF PTA

PTA transition metal complexes are relatively uncommon, when compared to other

tertiary phosphines in spite of its synthesis and characterisation being reported more than

three decades ago. The coordination chemistry of PTA has undergone a remarkable

increase in interest in the past decade.34 The renewed interest has been mainly due not

only to the successful utilisation of PTA-organometallic compounds as water-soluble

catalysts,113-115 but also to their use as luminescent complexesl16-118 and promising

anticancer agents.IIO.119.120Historically, the first PTA metal complex was MO(CO)5(PTA).

It has formed a good number of transition metal complexes across the periodic table and

in all PTA complexes, the adamantane skeleton is maintained. Metals that form PTA

complexes include Au, Ru, Pt, Pd, Rh, Jr, etc.34

Most of the distinctive features of PTA, including its high hydrosolubility and ability to

form water-soluble transition metal complexes, derive from its intrinsic tendency to

establish hydrogen bonds via the three N-donor atoms residing in the lower rim of the

adamantane skeleton.V'

In almost all the PTA metal complexes, the phosphine acts as a P-donor ligandl22 (Figure

1.16a). However, the first examples of N-coordinated PTA have been observed in

manganese complexes MnX2(PTAh(H20)2 (X = CI, Br)93(Figure 1.16b). Lidrissi et a/.122

have also reported the organometallic RulAg coordination polymers [CpRu(L)(I!-P,N-

PTAhAgC}Zln (L = DMSO, H20), these constitute the very first and so far only examples

of a PTA complexing with a bridging N,P-coordination mode. In these complexes, the
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nitrogen coordination occurs after the metal coordination of the phosphorus (Figure

1.16c).122The first example of a complex that contains PTA in a triply bridging P,N,N'-

coordinate mode by the reaction between PTA and AgN03 in water has also been

reported (Figure 1.16d).123

M M M
I I I

(/1 r/I r/I r'/IN.lN N.lN'- N.lN'- M-N.lN-M
L-N::'_; L-N::_) M L-N::'_; M L-N::_}

(a) (b) (c) (d)

Figure 1.16 Some PTA bonding modes to metal centres, M.

Such N-bound PTA complexes previously thought to be abnormal could be rationalised

in line with the HSAB theory. This theory helps to predict which bonding site on PTA a

Lewis acid will preferentially coordinate. For example the very hard manganese(II)

centre binds to the hard nitrogen atom in preference to the phosphorus atom."

1.3.2 PTA·RUTHENIUM COMPLEXES

Ruthenium complexes generally are important due to their catalytic and medicinal

potential. They are of particular interest for clinical applications as they have similar

ligand exchange kinetics as the successful and widely used platinum anticancer drugs. In

addition they have low general toxicity, possibly through mimicking iron binding to

biological molecules for transport and storage.124 While ruthenium(llI) compounds have

been most widely studied to date, they are believed to be activated by reduction to

ruthenium(II) in cancer cells prior to binding DNA.125 Apart from applications as

anticancer drugs, other medical applications of ruthenium compounds have been

explored, including their use as immunosupressants, nitric oxide scavengers and

antimicrobial agents. 125It has been shown that ruthenium complexes of organic drugs can

overcome resistance developed by the microbe to the organic compound alone. For

example a ruthenium(II)-chloroquine complex is two to fivefold more active than

chloroquine against drug resistant Plasmodium parasites that cause malaria.126

The appearance of ruthenium complexes of PTA in the literature is quite recent. The

catalytic ability and potential medicinal properties of ruthenium complexes of PTA and
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its derivatives have been a key point in the development of PTA coordination

chemistry." The initial work was concentrated on the halogenated complexes; cis-

RuClz(PT A)4, 39 and fac-RuClz(CO)(PT A)3, 40. Complex 39 was synthesised by either

reacting excess PTA with RuCh in refluxing ethanol, lOSor reacting aqueous solutions of

PTA with toluene solution of RuClz(PPh3h.127 Complex 39 is insoluble in non-polar

organic solvents but soluble in alkaline or neutral aqueous' solution. The ligand

displacement reaction of cis-RuClz(PT A)4 with CO forms RuClz(CO)(PT A)3, 40 as

identified by IR spectroscopy [u(CO) = 1987 cm-I].lOS The protonated analogue

[RuClz(PTA)z{PTA(H)}z]CI, 41 has also been obtained with a small amount of Ru(III)

complex [RuCI4{PTA(H) }z]CI, 42 by the reaction of cis-RuCh(PT A)4 with aqueous HCI

solution. The iodo-methylated complexes trans-RuLdPTA(Me)}z'2H20, 43 and mer-

Rulz(H20){PTA(Me)h]l3, 44 have also been synthesised by reacting a combination of

RuCh and KI with an appropriate amount of PTA in water at 40 or 80°C and

characterised by 31p{IH} NMR and single crystal X-ray crystallography." The

complexes 43 and 44 are soluble in polar solvents (DMSO,'MeCN, DMF) including

alcohols and water. The catalytic performance of both 43 and 44 in the hydrofonnylation

of l-hexene and in the hydrogenation of cinnamaldehyde have been evaluated."

Another class of catalytically active compounds include RuCh(P-cymene)(PTA). 45 and

[RuCI(p-cymene)(PTAh]BF4• 46. Dyson et al.128 have accomplished the hydrogenation

of substituted arenes into completely saturated cyclohexanes using 45 and 46 under

biphasic conditions. Complex 4S was synthesised by reacting PTA with the dimer [Ru(P-

cymene)Clzh in refluxing methanol, whereas 46 was synthesised by adding one

equivalent of PTA to 45 in dichloromethane followed by the addition of AgBF4.128

The two complexes 45 and 46 gave rise to the new class of compounds known as RAPT A

(rutheniumlareneIPTA), being tested for potential' use in cancer therapy.l"

:: /-N
Ru__ /)

CI/ 'a P0N
N~

Figure 1.17 Structure of 45.

33



Complex 45 is soluble in polar organic solvents such as dichloromethane, chloroform and

acetone and the X-ray structure has been reported, exhibiting a typical three-legged

piano-stool geometry (Figure 1.17).

The cyclopentadienyl and pentamethylcyclopentadienyl Ru-PT A complexes

CpRuCI(PT A)z, 47 and Cp*RuCI(PT A)z, 48 have also been synthesised and

characterised. 113The catalytic hydrogenation of benzylidene acetone to 4-phenylbutan-2-

one by 47 and 48 under biphasic conditions as well as the antimetastatic activity of these

complexes have been demonstrated.U'' CpRuCI(PT Ah was prepared by phosphine

exchange of CpRuCI(PPh3h with PTA in refluxing toluene, while Cp*RuCI(PT Ah can

be prepared in a similar method or by reacting the chlorobridged dimer, [Cp*RuCI(J.!-

CI)h with PTA in the presence of Zn as reducing agent. The complexes are soluble in

water and in chlorinated organic solvents. The single X-ray crystal structure of 48 has

been reported, similar to 45, also exhibiting typical three-legged piano stool geometry,

with comparable Ru-P and Ru-CI distances."

Recently, Dyson and co-workers'" have prepared two new cyclopentadienyl Ru-PTA

complexes, (Cp'OR)RuCI(PT A)2 (Cp'OR = 115-1-alkoxy-2,4-di-tert-butyl-3-

neopentylcyclopentadienyl; R = Me, 49 and R = Et, 50) from the chlorobridged

complexes [(Cp'OR)RuCI(J.!-CI)h (R = Me, Et) and PTA. The new complexes were

characterised spectroscopically and in the case of complex 49, also by X-crystallography.

Complex 49 displays the expected three-legged piano-stool geometry with two PTA and

one chloro ligand co-ordinated opposite to the Cp'OR ligand. The in vitro anticancer

activities of 49 and 50 were evaluated and found to be considerably more cytotoxic (ca. 2

orders of magnitude) than the analogous cyclopentadienyl complex CpRuCl(PTAh,

Water soluble ruthenium PTA cluster complexes have also been reported. The cluster

complex RU3(CO)9(PTAh, 51 has been synthesised by adding PTA in CH2Ch to solution

of RU3(CO)12/CH2Ch and refluxing for one hour.34 Ruthenium hydride complexes of

PTA important for catalytic hydrogenation mechanisms such as RuHC1(PT A)4 52, and

RuH2(PT A)4 53 have been synthesised and characterised.V'' The synthesis of the

cyclopentadienyl variants of the monohydride complexes, CpRuHCI(PT Ah 54 and

Cp*RuHCl(PT Ah 55 have also been accomplished using sodium formate as the hydride

sourcc"
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1.3.3 PTA·RHODIUM COMPLEXES

Rhodium-PTA complexes have received great attention because of their catalytic" and

recently medicinal potentia1.51,1l2Rhodium, apart from being a catalytically active metal

is also known to be a potential metal for the design of anticancer drugs. I12,130Recently,

complexes with a Cp* ligand in place of an arene ligand, have been synthesised and

shown to exhibit similar in vitro activities to the ruthenium analogues.51.112

The water-soluble trisubstituted rhodium(I) PTA complex, RhCI(PT A)3 56 has been

synthesised by reacting RhC13with an excess of PTA in refluxing ethanol.105 Complex 56

has been shown to be a hydrogenation catalyst. 131 The bis-substituted complex

[RhCI(PT Ah]'2HCI, 57 was obtained when 56 was reacted with dilute HCI, and the

rhodium(III) iodo species [Rh4{PTA(Me)}z]I, 58 has been synthesised by mixing RhCh

with KI in water followed by the addition of [PTA(Me)]I.34

The Rh-PTA carbonyl complexes [RhI(CO){PTA(Me)}z]I2, 59 and

[RhI(CO){PTA(Me)h]I3 60 have also been synthesised by reacting the dimer

[Rh2Ch(CO)4)] with [PTA(Me)]I in the presence of NaI under an inert atmosphere.132

Both complexes are very sensitive to oxidation in solution but are stable in the solid state.

They are highly soluble in water but only sparingly soluble in methanol.

A new carbonyl Rh(I) complex bearing PTA and tris(1-pyrazoly)methanesulfonate

(Tpms) ligands, Rh(Tpms)(CO)(PTA) 61 has been recently synthesised in high yield by a

simple one-pot reaction of [Rh2Ch(CO)4] with PTA and Tpms lithium salt, (LiTpms) in a

CH2ChIMeOH solution at room temperature.F" Complex 61 is water soluble and is the

first transition metal complex that bears the PTA and Tpms ligands. This synthetic

strategy can be applied to the preparation of other Rh-PT A carbonyl complexes of the

type, Rh(Tpms)(CO)(L) (L = phosphine) and constitutes an improvement over the

previously described procedures.P" since it does not require the isolation of any

intermediate nor the use of CO and the synthesis of the thaI1ium salt TITpms.134 Unlike

the Rh(Tpms)(CO)(L) (L = PMe3, PPh3, PCY3) analogues, 134complex 61 is quite stable in

water under inert atmosphere and thus constitutes a promising catalyst precursor for

catalytic reactions in liquid biphasic systems.
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Another family of water-soluble carbonyl Rh-PT A complexes have been synthesised by

reacting [Rh2Ch(CO)4] with the N-alkylated derivatives of PTA, called tpa by the

authors,132,135namely l-alkyl-l-azonia-3,5-diaza-7 -phosphaadamantane iodides (Rtpa +r)

with alkyl (R) = methyl (mtpa"T"), ethyl (etpa+r) and n-propyl (ptpa+r) and (mtpa+Cr)

to give the rhodium(I) complexes RhCI(CO)(tpa)2, RhI(CO)(Rtpa+r)2,

RhCl(CO)(mtpa+CI-)3 and RhI(CO)(Rtpa+r)3. The properties and reactivities have been

investigated using IH and 31p{tH} NMR and IR spectroscopies. The complexes have

been evaluated as catalysts for the water-gas shift reaction, the hydrogenation of C=C and

C=O bonds, the hydroformylation of alkenes and the isomerisation of unsaturated

compounds.V' Rh(I) acetylacetonato complex featuring PTA has also been reported.

Rh(acac)(CO)(PTA), 62, was synthesised by reacting Rh(acac)(COh with one equivalent

of PTA in ethanol, refluxing for 3 h.136

Mixed rhodium complexes featuring both PTA and PTA(Ht have also been synthesised.

For example the complex [RhCI{PTA(H)}(PTAh]CI 63 was prepared by refluxing for 2

h in ethanol solution of RhCh and six equivalents of PTA, whereas

[RhCI{(PTA(H)h(PTA)]Ch 64 was prepared by reacting RhCl(PTAh with two

equivalents of PTA in water.106 Complex 63 is an active hydroformylation catalyst,

whereas 64 is inactive. Rhodium hydride complexes having alkylated PTA have also

been reported. The complexes [RhH{(PTA(Me)}4]4and [RhH{(PTA(Et)}4]4have been

prepared by addition of one equivalent of [PTA(R)]I to [Rh(CO){PTA(R)h]I3 (R = Me

or Et), followed by treatment with NaB~.137

Recently, Bolafio et al.138 have described the synthesis and characterisation of a new

family of rhodium complexes containing the N-boranyl PTA(BH3) cage-like phosphines

as a monodentate P-coordinated ligand. The reaction between J-boranyl-I ,3,5-triaza-7-

phosphaadamantane ligand, N-B-PTA(BH3) and [Cp*RhCI(J.!-CI)h gave Cp*Rh{N-B-

PTA(BH3)}Clz 65 or [Cp*Rh{N-B-PTA(BH3)}zCI]CI66 containing one or two P-bonded

boranated PTA ligands. The hydride Cp*Rh{N-B-PTA(BH3)}H2 was also obtained when

65 was reacted with NaB~ and alternatively by direct boronation of Cp*Rh(PTA)CI2

with excess NaB~.
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1.3.4 PTA·IRIDIUM COMPLEXES

Iridium complexes of PTA are few compared to their rhodium analogues. This might be

due to the generally assumed poor catalytic activity of iridium derivatives in comparison

to rhodium species and the minor interest in studying the coordination chemistry of this

metal." The first PTA ligated iridium complexes, IrCI(CO)(PTA)2, IrCl(CO)(PTA)3 and

others were synthesised by Krogstad et al.139 The water-soluble version of Vaska's

complex trans-IrCl(CO)(PT Ah 67 was prepared by stirring a hexane/CfI-Cf solution of

PTA and [Ir(COD)Clh under an atmosphere of CO.139 The related complexes trans-

IrCI(CO)(PTAh, 68 and trans-[Ir(CO)(PTA)4]CI, 69 were prepared via ligand

substitution reactions of PTA with Vaska's compound, trans-IrCl(CO)(PPh3h, in

absolute and 95% ethanol respectively.V' In contrast to 68, complex 69 is highly soluble

in water but not in organic solvents. The single crystal X-ray structure of trans-

[Ir(CO)(PTA)4]CI, 69 has been determined and shows a trigonal bipyramidal structure in

which the CO occupies an axial position. This is the first crystaIIographicaIIy

characterised [IrP4(CO)t complex in which the CO is axially ligated. 139The formation of

the higher substituted PTA complexes 68 and 69 is favoured over the bis-PI' A complex

67, probably because of the smaller cone angle of PTA in comparison to most tertiary

phosphines.139

Mixed iridium-PTA complexes and hydrides have also been obtained. Complex 68 can

be converted into 69 by ligand substitution with one equivalent of PTA in water, but

interestingly, addition of excess NaCI to 69 in MeOH under aerobic conditions does not

restore 68, but instead forms the decarbonylated iridium(III) octahedral dichlororide

[IrCh {PTA(H) h(PT A)2]Ch, 70 with two N-protonated PTA ligands.139 All three

complexes 67-69 can be protonated in aqueous solution. For example, dissolution of 68

or 69 in dilute HCI produces 70 and a dihydrido species [IrH2{PTA(H)}4]CIs, 71 which

were easily crystallised and separated by inspection due to their different crystal

habits.139 Complex 71 was authenticated by X-ray diffraction analysis and exhibits an

octahedral geometry with two hydride ligands in a cis- configuration. 139

The preparation of the water-soluble complex [IrCI(COD)(PT Ah]CI, 72 by reacting

[IrCI(COD)h with six equivalents of PTA under nitrogen atmosphere has also been

reported. 140 Complexes trans-IrCl(CO)(PT A)3, 68 trans-[Ir(CO)(PT A)4]CI, 69 and

[IrCI(COD)(PT Ah]CI, 72 have been used as catalysts for the intramolecular
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hydroamination of 4-pentyne-l-amine in water, the first reported study of the Ir(I)

mediated transformation in aqueous media. 140

The water-soluble iridium carbonyl cluster Ir4(COh(PTA)s 73 was synthesised by

refIuxing Ir4(CO)12 with an excess of PTA in toluene.l'" The isolated red-orange solid,

which was characterised by X-ray crystallography, is soluble in water at pH 7 or below

and in a variety of solvents including CH2Ch.

Recently, the synthesis of enantiomericaIIy pure water-soluble iridium PTA complexes

was reported.l'" A diastereomerically enriched analogue of PTA was obtained by reaction

of the PTA lithium salt with benzaldehyde to give the water-soluble derivative

phenyl(l ,3,5-triaza-7-phosphtricycIo[3.3.1. 13,7]dec-6-yl)methanol (PZA) as a mixture of

two diastereoisomers and used as a P-monodentate ligand towards iridium(III). The

resulting piano-stool complex Cp*hCh(PZA) 74 was obtained as a mixture of

diastereoisomers both in solution and in the solid state.102The resolution of such water-

soluble PTA derivatives and their potential use in enantioselective catalysis and

biological applications will be promising areas for exploration. 102

1.3.5 PTA·PALLADIUM COMPLEXES

The interest in palladium-PTA complexes, like those of other catalytically active metals

such as ruthenium and rhodium is due to their potential as water-soluble catalystsr"

Organopalladium compounds containing PTA are quite few, the first ever reported was

probably Pd-(salicylaldiminato)(Me)(PTA).142 A monomeric complex Pd(dmba)CI(PTA)

[dmba = N,C-chelating 2-(dimethylaminomethyl)phenyl], 75 has been obtained by

reacting the dimer [Pd(dmba)(Jl-CI)h with two equivalents of PTA in CH2Ch at room

temperature (Equation 1.19) and its crystal structure established by X-ray diffraction.f"

Complex 75 was shown to catalyse the Sonogashira reaction of aryl bromides and

chlorides with excellent results in the absence of amine and CUI.143Its efficiency was

similar to that found for Pd(PA-Phh·dba (PA-Ph = 1,3,5,7-tetramethyl-2,4,8-trioxa-6-

phenyl-S-phosphadamantanejl'" the unique adamantane-type phosphine that has been

used until now in coupling reactions.
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+ 2 PTA ----;~

75

Equation 1.19

Some bis-, tris- and terakis-substituted complexes of PTA have also been synthesised and

characterised. The synthesis of cis-PdCh(PT Ah, 76 is accomplished by reacting PdCIz

with excess PTA in H20. Complex 76 can also be synthesised by ligand exchange of

MeCN or PhCN with PTA from both PdCh(MeCNh or PdCh(PhCNh respectively.t" or

metathesis reaction of (~hPdCI4 with double the amount of PTA in refluxing

ethanol.V The X-ray structure of 76 reveals a cis-arrangement of the two PTA ligands in

a square planar geometry.

Another bis-PTA derivative, cis-PdBr2(PTAh 77 which is the bromide analogue of 76

was obtained by reaction of LiBr with the tris-PTA derivative [PdCI(PTA)3]CI, 78 in

water." The X-ray structure determination confirmed the square planar geometry but

unlike 76, the two PTA ligands are in a trans arrangement. The complex 78 was itself

prepared by the addition of (~hPdCI4 to five equivalents of PTA in ethanol and

refluxing for 3 h.146However the reaction also contain's some PdCIz(PTA)2 and free PTA.

The tetrakis-substituted complex Pd(PT A)4, 79 can be obtained by reacting PdCh with

five equivalents of PTA in H2o.147 Alternatively, complex 79, can be prepared by

reacting PdCh with four equivalents of PTA in refluxing DMSO followed by reduction

with hydrazine monohydrate.P" A further alternative synthesis involves the addition of

Pd2(dbah (dba = dibenzylideneacetone) to a solution of PTA in methanol." The

solubility of complex 79 in water is exceptionally high (240 gIL) and it has been tested

for the catalytic oligomerisation of but-l,3-diene into various dienes under biphasic

water/substrate conditions.l"
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A series of phenylselenolato palladium(II) complexes with a variety of different

phosphine ligands has been reported.l" For example, complex Pd(SePhh(PT Ah, 80 was

obtained by reacting PdCh(PT Ah with NaSePh in CH2ChIMeOH solution. A series of

palladium salicyladiminato-PT A complexes were prepared by Darensbourg and co-

workers by reacting PTA and the appropriate salicylaldimine ligand with

(TMEDA)Pd(CH3h (TMEDA = tetramethylethylenediamine) in MeOH at -30 °C.142

A unique PTA complex worth mentioning here is the molybdenum-palladium PTA cation

[M03Pd(PTA)4(H20)9]4+ 81, reported by Sykes and co-workers.!" The molybdenum-

palladium cluster was prepared through Pd-S cleavage of a dimeric cuboidal M03PdS4

cluster, the PTA having the ability to dissociate dimers [{M03PdS4(H20)9}z]8+ by

coordinating to the Pd centres.!" PTA was found to be particularly suitable for this

reaction because of its water-soluble properties, the rate of dissociation/coordination was

faster than that of trisodium triphenyl phosphine trisulfonate, TPPTS (2.78 x 106 ~1 s-1

versus 9.6 x 105 ~l S-I) which provide a similar reaction with the M03PdS4.34

1.3.6 PTA· PLATINUM COMPLEXES

In contrast to its congeners nickel and palladium, platinum PTA complexes have been

much more widely studied, especially the tetrakis derivative Pt(PT A)4, 82. The

preparation involves reacting Pt(PPh3)4 with excess PTA in a ligand exchange reaction. If

excess PTA is not used, mixed PPhmA species Pt(PPh3)4-n(PTA)n (n = 1-3) can be

formed. Such mixed complexes are all insoluble in water, whereas complex 82 is soluble

in water (295 gIL) as well as in 0.1 M HCI (290 gIL).146Alternatively, complex 82 can be

prepared by the addition of PtCh to PTA in H20.147After stirring for 2 days, the product

was obtained as off-white micro-crystals accompanied by the formation of a second Pt(O)

complex identified as the fully protonated species [Pt{PTA(H)}4]CI4, 83. The synthesis

of complex 83 can however be straightforwardly accomplished by repeating the addition

of PtCh to PTA in 0.1 M HCI or simply dissolving a sample of Pt(PTA)4 in acidic media

(HCI 0.1 M). The crystal structure of [Pt{PTA(H)}4]CI4 has been determined, showing a

slightly distorted tetrahedron which does not significantly differ from that of the

analogous Ni and Pd complexes.I'"

)

The behaviour of Pt(PTA)4 in acidic media of different acid strength has been

evaluated.147 Strong acids such as 0.1 M HCI or H3P04 yield regioselective protonation at
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the nitrogen centres forming the tetrachloride salt 83, mentioned above. In contrast, if

weak acids such as carbonic acid are used, protonation occurs selectively at the platinum

centre forming [PtH(PTA)4]Y, 84 (Y = singly charged anion). These water-soluble

platinum hydride species have been characterised by IH, 3lpeH} and 19SPt{IH}NMR

spectroscopies. 147

The bis-substituted PTA derivative cis-PtCI2(PTAh, 85 can be prepared by reacting

either K2PtCl4 or PtCb(SMe2h with two equivalents of PTA in hot aqueous solution or,

in the case of K2PtCI4, hot 95% EtOH,43 Complex 85 has also been obtained using

Zeise's salt, [PtCh(C2~)]CI which is known to force trans-disposition in Pt(II)-

diphosphine complexes, but failed to produce the trans-isomer, yielding only the cis-

isomer of complex 85. Alternatively, 85 can be formed through ligand exchange of PhCN

with PTA from PtCb(PhCNh in MeOH.14SThe asymmetric unit in the crystal structure of

85 obtained is composed of two independent molecules held together by a bridging H20

molecule, forming a dimeric unit [{PtCh(PTAh(Jl-H20)}z], with strong intermolecular

hydrogen bonds [d(N ..·H-O)ave = 2.914 A].ISOIn each dimeric unit, two platinum atoms

are surrounded by two PTA ligands and by two chlorides both in a cis-arrangement and

attain a regular square planar geometry.

A double protonated PTA platinum complex has been reported. Complex

[PtCI2{PTA(H)}Z]Cb, 86 was obtained by crystallisation of 85 in 0.1 M HCI solution.

The crystal structure of 86 was obtained and displayed a distorted square planar geometry

with two cis protonated PTA ligands and two cis chlorides, with an extensive pattern of

hydrogen bonding involving Cl" and PTA(Ht ligands as well as solvated water

molecules.v'"

Tris- substituted PTA complex [PtCI(PTAh]CI, 87 was prepared by either refluxing an

aqueous solution of PtCh and PTA or ligand exchange of PhCN with PTA from

Pt(PhCNhClz,34 The tetraphenylborate salt, [PtCI(PT A)3]BPh4, was isolated upon

addition of Na[BPh4] to a dichloromethane solution of Pt(PhCNhCh in the presence of .

PTA in MeOH.34 X-ray diffraction analysis of [PtCI(PTA)3]CI shows that the structure is

isomorphous with the palladium analogue [PdCI(PT A)3]CI, 78 and confirms the expected

square planar geomerry."
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The pentacoordinate iodide complex PtI2(PTAh, 88 was obtained by reacting

[PtCI(PT A)3]CI, 87 with sodium iodide in aqueous methanol. 151 The crystal and

molecular structure of 88 were determined by X-ray crystallography and was found to be

pentacoordinate in the solid state. Pentacoordinate complexes of Pt(ll) are rare, and the

geometry is best described as a severely distorted square pyramid with one iodo and three

PTA ligands occupying the equatorial plane, with the second iodo ligand in the apical

position.P' The complex trans-PtI2(PT A)z, 89 was however obtained by halogen

exchange of CI with I of trans-PtChCPT Ah using excess NaI in water.152 A similar

square planar geometry, with trans-disposition of the two PTA ligands, was ascertained

by X-ray diffraction for the dicyano derivative trans-Pt(CN)z(PTAh obtained by the

reaction of K2Pt(CN)4 with the gold complex AuCI(PT A), has been reported.153

The platinum(ll)PT A complex, Pt(ts)PT A, 90 (ts = thiosalicylate, SC614COO-), was

synthesised by ligand displacement from Pt(ts)(COD) with PTA in methanol.154 Complex

90 is highly water soluble, its stability has been shown to be very high in a study

involving other platinum(ll) thiosalicylate-phosphine complexes using electrospray mass

spectrometry (ESMS). For example in this study, there was no fragmentation of complex

90 even at 200 V, in contrast to the PPh3 derivative which fragments at 80 V.34

Traditionally, it was believed that only complexes of platinum(ll) containing two inert

and two semilabile and mutually cis ligands display antitumor activity until Farrel and

co-workers'Y showed that complexes with trans geometry are also cytotoxic. Examples

of such bioactive Pt(ll) complexes include trans-PtCh{NH2CH(CH3hHNH(CH3h}156

and trans-PtCh(iminoether)2.157 Generally, the low water solubilities of trans-

diaminechloroplatinum(ll) and analogous complexes have limited their usefulness, and

efforts have therefore focused on modifying the nature of the anionic and neutral

ligands.158.159Only relatively recently have the biological activities of platinum

complexes with other neutral ligands such as phosphines and thiolates been

investigated. 159 Platinum(ll) derivatives with various ligands including

aminodiphosphines,160-162 lipophilic PPh3 and/or hydrophilic PTA and thiotheophyllines

as anionic ligands163.164as well as Pt(tS)(P)2 (P = PPh3, dppe) have been reported to show

significant biological activity.165
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Recently, a range of platinum(II) complexes of the type trans-[Pt(SRh(Ph], [SR = 2-

pyridinethione (Spy), 2-thiopyrimidine (SPyrim); P = 1,3,5-triaza-7 -phosphaadamantane

(PTA), 3,7 -diacetyl-l ,3,7 -triaza-5-phosphabicyclo[3.3.1 ]-nonane (DAPT A)] have been

prepared and characterised, and their in vitro cytotoxicities against some human cancer

cells evaluated. 159 The complexes Pt(SPyrim)2(PTA)z, 91; Pt(Spyh(PTAh, 92;

Pt(SPyrim)2(DAPT Ah, 93 and Pt(Spy)z(DAPT A)z, 94 all demonstrated potent cytoxicity

for ovarian, colon, renal and melanoma cancer cell, lines on the basis of a comparison

with IDso values for some known cancer drugS.159Single crystals of 91, 92 and 94 were

obtained and X-ray diffraction analysis revealed the trans configuration in the solid state.

These are the first trans-platinum(II) complexes with S- and P-donor ligands that

demonstrate considerable biological activity. The complexes are highly water-soluble and

are suitable candidates for use as anticancer drugs and the in vitro activities of these

complexes against the ovarian cancer and colon cancer cell lines were found to be

promising. 159

1.3.7 PTA·GOLD COMPLEXES

The importance of PTA as a ligand in gold chemistry is mainly as a result of preparing

water-soluble phosphine-gold complexes which shows unusual reactivity patterns and

self-aggregating properties, where short intermolecular AU"'Au contacts, representing

weak second order metal-metal bonding results in dimers, tetramers or even

polymers.34.166 The important prerequisite for this novel type of aggregation

"aurophilicity" is the presence of structurally non-demanding ligands. Any overcrowding

of the molecules can prevent the Au···Au contacts with their rather small bond

energies.l'" hence with the advent of water-soluble ligands, PTA is a suitable ligand in

the study of these gold complexes as low energy luminescent materials. The water-

soluble gold-PTA complexes apart from their use in photoluminescent devices are also

important for the preparation of "liquid metals" for metallic deposition 167e.g. deposition

on tiles for decorative purposes. The water solubility avoids the use of toxic organic

solvents for this purpose.

PTA-gold complexes are also important for medicinal applications. Metallic gold and

gold compounds, in particular, have had a long history of use in medicine, and several

gold compounds are in use as antiarthritic drugs e.g. Solganol, Myocrisin and

Auranofin.l'" Recently, some water-soluble Au(I) thionate complexes containing PTA or
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DAPT A ligands have been synthesised, characterised and evaluated as anticancer drugs

and found to have some cytotoxicity.!"

A detailed investigation of the coordination chemistry of gold(I) with PTA aimed at

evaluating the hydrophilicity and the photoluminescence properties of PTA-gold

complexes have been carried out.168 The dicoordinate, mono-substituted PTA-gold

complex AuCI(PT A), 95 was synthesised by reacting the dimethylsulfide complex

AuCI(SMe2) with PTA in chloroform.P'' Halide exchange reactions, upon mixing 9S with

HBr in H20/acetone or KBr in dichloromethane/acetonitrile gave the bromide analogue,

AuBr(PTA), 96 whereas a similar reaction using KI in refluxing acetone gave the

analogous iodide complex, AuI(PTA), 97.168 The methyl gold complex, Au(Me)(PTA)

has also been synthesised by reacting AuCI(PT A), 95 with MeLi at 0 °C in diethyl

ether.168 The solid state thermal stability of the methyl gold complex, Au(Me )(PTA) was

found to be significantly lower than the related halide complexes AuX(PT A) (X = CI, Br,

I) probably due to the lack of hydrogen bonding in the methylated complex. Reaction of

AuCI(PTA), 9S with MeOTf in CH2Clz at -35°C results in the isolation of PTA (Me)

containing the complex [AuCI{PTA(Me)}]OTf, 98 in high yield confirmed from FAB-

MS data.

The molecular structures of the complexes 95 and 96 containing MeCN solvate

molecules, have been determined by X-ray methods which showed the existence of

dimeric aggregates in the solid state through weak AU"'Au (aurophilic) interactions.

Complex 95 displayed a gold-gold separation of 3.092 A, while the separation in 96 was

3.104 A. These distances are among the shortest distances found in the wide family of

tertiary phosphine gold(I) halide complexes and have been ascribed by the very small

cone angle exhibited by PTA.1l7•168 Unsolvated crystals of 95 have been obtained by

crystallisation from 1,2-dichloroethane/n-hexane solution, and X-ray diffraction analysis

has revealed, a polymeric helical chain of gold atoms featuring a longer AU"'Au

separation [3.394 A] instead of the dimeric aggregation in the solvated form.169

Protonation of AuCI(PTA) has been accomplished by using 0.1 M HCI giving the

complex [AuCI{PTA(H)}]CI, 99. The bromide analogue, [AuBr{PTA(H)}]Br, 100 is

obtained in a similar way using HBr. In contrast, when the same protocol is applied to the

iodide derivative AuI(PTA), the diiodoauride complex, [AuI{PTA(H)}][AuI21, 101 was
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obtained. The structures of the protonated chloro- and iodo-derivatives have been

obtained by X-ray crystallography. The main structural pattern of the protonated chloro

complex 99 was similar to that of 95 except that there was significant lengthening of the

aurophilic interaction to 3.322 A.117In contrast, the structure of 101 does not exhibit any

dimeric pairing of the [AuI{PTA(H)}t cation; instead, it shows an AU"'Au contact of

2.920 A between the gold atom of the [AuI {PTA(H)} t cation and the gold atom of the

[Au12r anion." It is interesting to note that the AU"'Au distance in 101 changes with the

temperature, slightly decreasing with the lowering of the temperature.i'"

Gold(l) complexes with two or more PTA ligands have also been synthesised by Fackler

and co-workers. The bis-substituted, three-coordinate gold(l) complex, [Au(PT Ah]CI

102 was prepared by reacting AuCI(THT) with two equivalents of PTA in MeCN.170The

crystal structure of 102 has been determined and shows a linear two-fold coordination

about the gold.!" Another bis-substituted PTA complex [Au(PTA)2][Au(CNh], 103 was

synthesised by reacting [Au(PTA)2]CI with one equivalent of K[Au(CNh] in water.l7O

The structure of 103 was determined by X-ray crystallography and showed linearly

dicoordinated [Au(PTAht cations and [Au(CNhr anions in a 1:1 ratio forming an

alternating linear chain with a uniform Au-vAu aurophilic interaction of 3.457 A.169

The four-coordinate Au(l) complex AuCI(PT A)3 104 was synthesised by stirring together

AuCI(THT) with three equivalents of PTA in a 1:2 MeCNlMeOH mixture:59 This

complex is fluxional at room temperature, indicating a dynamic behaviour as confirmed

by two broad resonances in the 31peH} NMR spectrum instead of the expected single

resonance.F"

Gold(l) complexes with more than one alkylated PTA ligand have been synthesised. The

complex [Aul{PTA(Et) 13]13 105 was prepared by reacting three equivalents of

[PTA(Et)]I w'ith AuCl(SMe2) in an aqueous CH2Clz biphasic mixture.I72 The crystal

structure has been determined by X-ray diffraction and showed that the gold(l) centre is

coordinated to three PTA(Et) ligands in a distorted trigonal planar environment. The

gold(I) centre is located on a three-fold axis lying slightly above the trigonal plane

weakly interacting with the coordinated iodide [d(Au"'I)= 2.9129 A].
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Fully substituted Au(I) complexes with either PTA or [PTA(Me)t have also been

reported.i" The tetrakis-PT A complex [Au(PT A)4]Cl, 106 was prepared by addition of

four equivalents of PTA to AuCl(SMe2) in an alkaline H20lCH2Ch solution and another

complex, [Au{PTA(Me)}4](PF6)S 107 was similarly prepared by reacting five equivalents

of [PTA(Me)]PF6 with AuCl(SMe2) in H20ICH2Chsolution.

A four-coordinate Au (I) salt containing mixed PTAIPTA(H) ligands has also been

described. The tris-protonated complex [Au{PTA(H) b(PTA)](PF6)4 108 was obtained

when four equivalents of [PTA(H)]CI were added to Au(THT)Cl in MeCNlMeOH

solution.173 Furthermore, the hexafluorophosphate salt, [Au(PT A)4]PF6 109 can be

prepared by reacting Na[PF6] with [Au{PTA(H)h(PTA)](PF6)4 in a 1:1 molar ratio. 173 It

is interesting to note that one proton is lost from one of the four protonated PTA ligands

and attempts to obtain fully protonated tetrakis-PTA(H) derivatives have so far failed. In

this mixed PTAlPTA(H) derivative, a complete exchange of proton takes place between

the four coordinated phosphines hence is not fluxional, this is confirmed by a single

broad resonance in the 31p{IH} NMR spectrum. The X-ray crystal structures of the four-

coordinate complexes 106-109 have been determined with the complex cation sharing a

similar tetrahedral arrangement of PTA (106 and 109), PTA(H) (108) and PTA(Me)

(107) ligands around the Au(I) centre. Extensive three-dimensional N-W"'N hydrogen-

bonding networks, sometimes supported by intermolecular hydrogen-bonding

interactions with water solvate molecules has been observed. This provides a robust

scaffold for building up supramolecular assemblies of Aul., tetrahedra.!73

Four-coordinate Au(I) methylated iodo- as well as phenylated PTA derivatives have been

reported.i" The complex, [AuI{PTA(Me) h]l3 110 was prepared by treatment of

AuCI(SMe2) with [PTA(Me)]I in CH2CIVH20 followed by addition of KI. Metathesis of

the three iodide counteranions of complex 110 with Na[PF6] formed the salt

[AuI{PTA(Me)h](PF6h 111, retaining the coordinated iodide to the Au(I) centre, but the

reaction with Na[BPh4] resulted in transfer of a phenyl group to gold, yielding an

unexpected dicoordinate gold-phenyl salt [AuPh{PTA(Me)}]BPh4 112.174 Similarly, the

complex AuPh(PT A) 113, was obtained by a phenyl transfer reaction involving

AuCl(PTA)3 and Na[BPh4]. X-ray quality crystals of 110, 112 and 113 have been

obtained by slow evaporation of aqueous solution and the structures determined by

diffraction methods. The structure of 110 is similar to that of 105 with the coordinated
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iodide ion lying at 2.936(1) A from the Au centre, while the two phenylated derivatives

112 and 113 show approximately linear coordinations about the gold atom.174

Mononuclear gold(I) complexes have been shown to exhibit interesting luminescence.

The AuX(PT A) (X = CI, Br, I) complexes all show short gold-gold contacts between

neighbouring molecules in the solid state, and they also luminescence at 77 K.168.169In

solution, where it is assumed that these weak intermolecular interactions no longer exist,

no luminescence is observed. In addition it was found that the strength of the gold-gold

interaction increases with an increase in the softness of the ligand X.175 In order to

investigate whether a correlation between the emission energy and the AU"'Au distance is

a general phenomenon, Fackler Jr. and co-workers" synthesised and studied a series of

gold(I) monomeric arylthiolate PTA-Au complexes of formula Au(SAr)PTA 114, (Ar =
Ph, o-C6140Me, m- C6140Me, 0- C614CI, m- C614CI, 3,5- C614Ch). These complexes

were prepared by firstly deprotonating ArSH with KOH in MeOH followed by reaction

with AuCI(PT A) in MeCN. These complexes are of interest due to their photochemistry

as well as the presence of the L-Au-SAr linkage in many antiarthritic and cancerostatic

drugs. 175 They demonstrated that the complexes exhibited luminescence at low

temperatures, and the energy of the emission can be varied either by changing the

substituents on the ligand or by the presence of gold-gold interactions in the solid state.

However, no direct correlation was found in the study between the separation of the

neighbouring gold atoms and the emission energy as was found for AuCI{PTA(H)} and

AuCI(PTA).175 There was also no effect of the nature of the thiolate groups on the

. phosphorus chemical shift in the 31p{IH} NMR spectra of the complexes; only the

luminescence properties of the complexes were affected.

The syntheses of other gold(I) thiolato complexes containing PTA or DAPT A, suitable

for preparing "liquid metals" for metallic deposition has also been reported.167 The

thiolato gold(1) complexes Au(SR)(PR'3) (SR = various thiolato derivatives as shown in

Scheme 1.6; PR'3 = PTA, DAPTA) were easily prepared in good yields by treating the

complexes AuCI(PR'3) with the thiol derivatives in the presence of base (Scheme 1.5).

The complexes AuCI(PT A) and AuCI(DAPT A) were prepared by replacement of THT

from AuCI(THT) with the appropriate phosphine.P" The resulting complexes were

characterised by spectroscopic techniques and in the case of AuL 7(PTA),

AU(S2CNEt2)(PTA), by X-ray diffraction showing a pseudolinear gold(I) coordination.
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(L2) OH

¢~s- OAc

(1..8)

Scheme 1.6

(L9)

Recently, a range of gold(I) thionate complexes containing water-soluble PTA and

DAPT A ligands of the type Au(SR)(P), [SR = 2-pyridinethione (Spy), 2-thiopyrimidine

(SPyrim); P = PTA, DAPT A] have been prepared and characterised, and their in vitro

cytotoxicities against some human cancer cells evaluated.P" The highly water-soluble

complexes Au(Spy)(PTA), 115; Au(SPyrim)(PTA), 116; Au(Spy)(DAPTA), 117;

Au(SPyrim)(DAPT A), 118 demonstrated some cytoxicity for ovarian, colon, renal and

melanoma cancer cell lines on the basis of a comparison with IDso values for some

known cancer drugs.ls9 Single crystals of 116 were obtained and X-ray diffraction

analysis displays a typical linear geometry about the gold centre.IS9

Alkynyl complexes of gold(I) containing phosphine ligands have been known for many

years and studied in great detail because of their luminescence,176.177nonlinear optical

propertiesl78 and the supramolecular chemistry of gold(I) acetylide complexes.179-181The

majority of the known alkynylgold(I) phosphine complexes are insoluble in water,

containing either an arylalkylphosphine such as PPhJ, P(4-MeOC614h, PPh2Me, PPhMe2

or less frequently PMeJ or PCYJ (Cy = cyclohexyl). Laguna and co-workers'V have

synthesised and characterised some gold(I) and gold(III) alkynyl complexes that are both

soluble and stable in water, by utilising a combination of organometallic ligands with

solubilising groups in combination with the highly water-soluble PTA ligand. The
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reaction of AuCI(PT A) with propargyl alcohols in the presence of base affords the

alkynylgold(I) complexes 119-122 as shown in Scheme 1.7.182

R
I

HC=C-C-OH
IR'

NaOEt

t'~:::\ f
I,P-AU--===-y-OH
"N_/ R'

R = R' = H (119)
R =R' = Me (120)
R = R' = Ph (121)
R = Me, R' = Et (122)

Scheme 1.7

The neutral gold(I) complex Au(C6Fs)(PT A) 123 and the cationic and neutral gold(III)

complexes trans-[Au(C~sh(PT Ah]OTf 124 and Au(C6Fs)3(PTA) 125 were prepared by

displacement of the labile THT ligand from Au(C6Fs)(THT), trans-

[Au(C6Fsh(TlP'h]OTf and Au(C6Fs)3(THT), respectively.l'" Complexes 124 and 125

are the first gold(III) complexes containing PTA and are examples of gold compounds

that are soluble and stable in water.

The number of gold(II) complexes is very scarce when compared with the more common

gold(I) and gold(lII) derivatives. The gold(II) oxidation state is relatively less stable.

There is a strong tendency for disproportionation from Au2+ to give Au+ and Au3+

because the odd electron in d9 metal complexes is in the d} _/ orbital (octahedral

tetragonally distorted or square planar arrangement). The formation of a gold-gold bond

gives more stable compounds and the AU24+core derivatives are the more stable and

abundant types of gold(II) complexes.183 The synthesis of the dicationic digold(II)

complexes [AU2{1l-(CH2)2PPh2h(PT Ah](OTt)2, 126 and

(CH2hPPh2h(DAPT Ah](OTt)2, 127 by metathesis reaction from AU2Ch{11-

(CH2hPPh2h with the respective silver(I) salts Ag(OTt)(PTA) and Ag(OTf)(DAPTA)

has be~n reported (Scheme 1.8).184 The complexes were fully characterised by

spectroscopic techniques and, in the case of 126, by X-ray diffraction. Analogous

dicationic digold(II) complexes were also synthesised and characterised using other

water-solube phosphines: mono-, di-, and trisulfonated triphenylphosphines (TPPMS,

TPPDS, TPPTS) in place of PTA and DAPT A.184
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-2AgCI
20Tr

2+

2[Ag(OTf)(pR3)]

PR3 = PTA, DAPTA, TPPMS, TPPDS, TPPTS

Scheme 1.8

This suggests that by judicious choice of ligands, even normally unstable organometallic

species in labile oxidation states can be solubilised and stabilised in water. Generally, this

implies that it can be possible to do chemistry with metal complexes in any attainable

oxidation state in water just as easily as in nonaqueous solvents.P"

1.4AIMS OF THE RESEARCH

The aims of the research include the preparation of new phosponium salts and

phosphorus(III) ligands from cheap, readily available THPC, under aerobic conditions.

The primary focus being the preparation and characterisation of new ruthenium, rhodium,

iridium, palladium, platinum and gold complexes with these ligands, and in selected

cases, as potential catalysts for some organic transformations such as the Heck reaction.

Secondly, to compare these ligands with the well-known cage adamantane-like

phosphorus(III) ligand, PTA. A comparison of the complexes with some biologically

active compounds in the literature will also be described in this thesis.
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CHAPTER TWO

NEW NEUTRAL CYCLIC PHOSPHORUS(III) LIGANDS AND THEIR
COORDINATION CHEMISTRY

2.0 INTRODUCTION

Phosphines are phosphorus(III) ligands and their chemistry is centred on the lone pair of

electrons and its availability for forming new bonds to phosphorus. Reduction of

phosphonium salts is one of the main methods used in the. preparation of phosphines.

THPC has previously been shown to react with aromatic amines, through a series of

d . d I' . . . '1' b d . h hi 1071-73 F kcon ensation an e imination steps to give am me ase tertiary p osp mes.· ran

et ai.lo have synthesised phosphorus(III) ligands from THPC involving reduction of the

phosphonium salt condensation product from its reaction with aniline using Et3N or NH3

(Scheme 1.1). The chapter begins with the synthesis and characterisation of two new

classes of phosphonium salts by reacting THPC with aniline or phenylenediamine

precursors in EtOH as aniline and phenylenediamine derivatives of THPC respectively.

The aniline derivatives of THPC are represented as [P(CH2NHR)4]CI, where R is phenyl

or a substituted phenyl group. While the phenylenediamine derivatives of THPC are

represented as [P{(CH2NHhRh]CI where R is C6~, C6H3Me, C6H3COPh or C6H2C4~'

The coordination potential of the new neutral cyclic phosphorus(III) ligands towards late

transition metals including ruthenium(II), rhodium(III), iridium(III), palladium(II) and

platinum(II) is also described. The aniline and phenylenediamine derivatives of THPC,

neutral cyclic tertiary phosphorus(III) ligands and complexes were characterised by a

combination of NMR e1peH}, IH], MS, FT-IR spectroscopy, microanalysis and in

several cases by single crystal X-ray crystallography.

2.1 SYNTHESIS OF ANILINE DERIVATIVES (128-146) OF THPC

A range of new aniline derivatives of THPC were synthesised by reacting THPC and

some aniline precursors using the procedure first published by Frank et ai.lo This

procedure was initially used for the development of flame-retardant finishes for cotton

based on the reaction of THPC and polyfunctional amines.
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H2N- R, 4 eqvs.
[P(CH20H)4]+cr ------_.

EtOH, stir, 2 h, r.t

Where R = X and X = Y = Z = H, 128;X = F, Y = Z = H, 129;

X=o, Y=Z =H,130;X = Br, Y=Z =H,131;
Z

X = Y =H, Z = F, 132;X = I, Y = Z =H, 133;

X = Me, Y =Z= H,134;X =C02H, Y=Z =H,135;

X = MeO, Y = Z = H, 136; X = OH, Y = Z = H, 137;

X = CP3, Y = Z = H, 138;X = NOz, Y = Z = H, 139;

X = Y=H,Z=CN,140;X=Y =H,Z=C02H,141;

X = H, Y = C02H, Z = H, 142;X = CMe3' Y = Z = H, 143;

X = Et, Y = Z = H, 144;X = npr, Y = Z = H, 145

or R =

Equation 2.1.

Four equivalents of the aniline precursors reacted readily with THPC in ethanol at room

temperature under aerobic conditions by a series of condensation and elimination

reactions (Equation 2.1). These reactions afforded the desired products in good to

excellent yields (Table 2.1). Some of the aniline precursors are solids while ~thers are

liquids. The products of these reactions were usually crystalline solids; colourless in most

cases though a few were coloured, for instance the reaction between 4-nitroaniline and

THPC gave an orange coloured solid. The reaction between aniline and THPC gave a

colourless solid which gradually turned yellow on exposure to light, thus all the products

were kept in the dark as a precautionary measure.

2.1.1 CHARACTERISATION OF COMPOUNDS 128-146

Characterisation was achieved by MS, microanalysis, FT-IR, NMR and single crystal X-

ray crystallography in one case. The results are shown in Tables 2.1-2.4. Mass
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Spectrometry (MS) is useful in elucidating the molecular weight of a compound, and

coupled with the resulting fragmentation pattern gives a clue about the structure of a

compound.

Table 2.1 Percentage yield (isolated), FAB-MS and selected Ff-IR data" (in cm-I)

for compounds 128-146.

%yield mlz [M-CIt v (NH) v(C=O) v(OH) v(CN)

128 90 455 3237 (vs)

129 83 527 3250 (vs)

130 90 592 3242 (vs)

131 83 770 3253 (vs)

132 97 527 3265 (vs)

133 97 959 3246 (s)

134 95 510 3220 (s)

135 86 635 3203 (vs) 1675 (vs) 2995 (vs)

136 97 574 3251 (vs)

137 71 n.o. 3287 (vs)

138 83 727 3224 (vs)

139 76 n.o. 3232 (s)

140 94 555 3201 (s) 2217 (vs)

141 84 631 3299 (s) 1674 (vs) 2973 (s)

142 86 n.o. 3237 (vs) 1687 (vs) 2940 (vs)

143 90 n.o. 3254 (vs)

144 93 567 3217 (vs)

145 85 623 3237 (vs)

146 69 683 3173 (vs)

a Recorded as a pressed KBr disk; n.o. = not observed.

Thus it complements microanalysis in supporting the proposed molecular formula of a

compound. It was not easy to verify the amount of cosolvent present in these samples

using IH NMR spectroscopy since nondried NMR solvents were used. The FAB-MS data

for most of the compounds resulting from loss of the chloride ion (mlz [M-Clt) are
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given in Table 2.1. In almost all the compounds, the fragmentation pattern gives the

[XC6l4NHCH2t .fragment, where X is a substituent on phenyl group as the base peak,

(with relative intensity of 100%), characteristic of methyleneaniline derivatives.l" In

compounds 130 and 131, there was evidence of the mlz [M-Clt peak appearing as a

multiplet, separated by two mass units because of the presence of four chlorine and

bromine atoms respectively, exhibiting the phenomenon of isotopic abundance.

In the same vein, there were two peaks due to the [XC6H4NHCH2t fragments in 130 and

131, where X is CI or Br respectively. In 130, the two peaks separated by two mass units

(mlz, 140 and 142) in approximately 3:1 ratio corresponds to the fragment,

[CIC6l4NHCH2t indicative of the presence of chlorine eSCI and 37Cl), similarly in 131,

the two peaks (mlz 184 and 186) in approximately 1:1 ratio corresponds to the fragment

[BrC6H4NHCH2t indicative of the presence of bromine C9Br and 8IBr). In compounds

137 and 143 the mlz [M-Clt peak was not seen but the characteristic [XC6I4NHCH2t

fragments were evident with m/z values of 122 and 162 for compounds 137 and 143

respectively, while in compounds 139 and 142 neither the expected mlz [M-Clt peak nor

the characteristic [XC6I4NHCH2t fragment was observed probably due to

decomposi tion.

A good idea about the functional groups present in a compound can be established by

infrared spectroscopy. Infrared spectroscopy was used to identify various functional

groups present in these compounds. All the compounds have an NH group. Compounds

135, 141 and 142, in addition to the NH group also have the functional C=O and OH

groups while compound 140 has a CN group. Upon condensation, the vibrations from the

OH groups in THPC were replaced by similar vibrations corresponding to the NH groups

in these compounds. Selected IR data for compounds 128-146 are given in Table 2.1.

The infrared spectra of all the compounds were run as pressed KBr disks and showed the

characteristic v(NH) stretch at about 3200 em". In the infrared spectrum of THPC, also

run as KBr disk, the v(OH) stretches were very strong and broad, observed at ca. 3467

cm-I and absent in compounds 128-146. The OH groups in THPC after the condensation

reaction with the aniline precursors gave rise to the NH groups in these compounds,

observed at a similar range (3173-3299 em") but were sharper. In addition, compounds

135, 141 and 142 which are derivatives of carboxylic acids showed the carbonyl
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stretches, v(C=O) at 1675, 1674 and 1687 cm-I respectively. The corresponding hydroxyl

stretches, v(OH) were observed at 2995, 2973 and 2940 cm'", Compound 140, whose

precursor has the CN functional group, showed the characteristic nitrile stretch v(CN) at

2217 em-I. There was no evidence of hydroxyl group, stretches in the IR spectra of the

products of these reactions apart from 135, 141 and 142 mentioned above which are from

the carboxyl group (-COOH). This confirms that, during the condensation reactions all

four hydroxyl groups of THPC were replaced by NH groups.

Table 2.2 Microanalysis (%) and molecular formulae for compounds 128-146.a

C H N Molecular formula

128 68.07 (68.49) 6.60 (6.57) 11.31 (11.41) C2sH32N,J'CI

129 59.55 (59.74) 5.03 (5.01) 9.93 (9.95) C2sH2sN~,J'Cl

130 53.37 (53.48) 4.45 (4.49) 8.89 (8.91) C2sH2sN,J'Cls

131 41.42 (41.69) 3.44 (3.50) 6.96 (6.95) C2sH2sN413r4J>CI

132 58.66 (58.80) 5.14 (5.11) 9.39 (9.80) C2SH2SN4F4PCI·0.5H2O

133 33.74 (33.81) 2.77 (2.84) 5.76 (5.63) C2sH2sN44PCl

134 70.20 (70.25) 7.02 (7.37) 10.11 (10.24) C32~oN,J'CI

135 56.06 (56.10) 5.01 (5.00) 8.13 (8.18) C32H32N40sPCI·H2O

136 62.78 (62.89) 6.63 (6.60) 9.22 (9.17) C32~oN404PCI

137 59.69 (59.63) 5.77 (5.90) 9.85 (9.93) C2sH32N404PCI·0.5H20

138 50.31 (50.37) 3.65 (3.70) 7.35 (7.34) C32H2SN4FI2J>CI

139 49.17 (49.45) 4.34 (4.30) 16.03 (16.48) C2sH2sNgOsPCI·0.5H20

140 64.49 (64.54) 4.94 (4.82) 19.07 (18.82) C32H2SNsPCI·0.25H2O

141 53.61 (53.30) 5.04 (5.31) 7.42 (7.77) C32H32N40sJ>CI'3H20

142 55.09 (54.67) 4.97 (5.16) 7.94 (7.97) C32H32N40gPCI'2H20

143 73.26 (73.41) 9.06 (9.03) 7.85 (7.78) C«IfMN,J'CI·0.25H20

144 70.32 (70.11) 8.04 (8.09) 9.01 (9.08) C36~sN40gPCI·0. 75H2O

145 72.82 (72.87) 8.50 (8.56) 8.45 (8.50) C4oHs6N4PCI

146 52.16 (52.44) 3.94 (3.85) 15.12 (15.43) C33H2sNgS,J'CI·0.75H20

a Calculated values in parentheses.
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Microanalysis gives the percentage composition of the elements present in the compound.

Agreement between observed and calculated values (ca.± 0.50%) often supports a given

molecular formula for a compound under consideration. The microanalytical data of the

compounds are shown in Table 2.2. The agreement between the observed and calculated

CHN values is consistent with the formulae of the compounds, 128-146.

Table 2.3 Selected 3lpeH} NMR data (in ppm) for compounds 128-146.a

Compound 8(P) Other8(P)

128 9.13 30.62, -50.13

129 8.51 30.62, -51.65

130 11.05 30.58, -52.13

131 11.37 26.93, -51.91

132 30.36 44.00, 8.21

133 11.84 30.26, -51.50

134 7.95 -30.97, -50.79

135 31.50 29.81, 15.03

136 6.70 -35.83, -50.63

137 5.71 -36.26, -51.04

138 30.41 17.72, -37.76

139 28.59 -32.96, -43.85

140 30.33 28.83, -34.84

141 31.61 -33.69

142 11.06 30.48, -53.98

143 8.29 -48.40

144 8.19 -49.78

145 8.22 -49.41

146 29.97

aAll NMR recorded in d6-DMSO.

The solution 31peH} and IH NMR spectra of compounds 128-146 were recorded in d6_

DMSO. While the 3lpeH} NMR spectrum of THPC in d6-DMSO showed a single

resonance around 26.5 ppm, indicative of the presence of a P(V) compound, the 31p{IH}
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NMR spectra of salts 128-146 in nondried d6_ DMSO showed more than one 31p

resonance indicating the presence of P(V) andlor P(lII) compounds except 146 where a

single resonance was observed at 29.97 ppm (Table 2.3). The multiple resonances could

be due to possible decomposition in the NMR solvent, a similar observation was made by

Frank et al.1O

Although the complex 31p{IH} NMR spectra of these compounds suggested a mixture of

phosphorus containing products resulting from the possible decomposition of either pIlI

or pV compounds such as tertiary phosphines (ca. -50.00 ppm) and phosphine oxide (ca.

30.00 ppm) respectively in the NMR solvent, the reaction of some of these salts with

Et3N gives clean products as discussed in Section 2.3. With the mixture of phosphorus

containing compounds formed in the NMR solvent mentioned above, the IH NMR

spectra appear complex hence were not analysed at all. However, in 146 where a single

phosphorus resonance (100%) was observed, the various proton resonances were

assigned as follows: 7.01-7.83 (m, arom. H), 4.75-5.08 ppm (m, CH2), 8.89 ppm (s, NH)

consistent with the expected product.

In the case of compound 129, X-ray quality crystals were obtained when the EtOH

filtrate was allowed to stand for more than 24 h, information about molecular geometry,

bond lengths and angles was obtained from single crystal X-ray diffraction analysis of

129 (Figure 2.1 and Table 2.4).

,,,,
~Cllll

Figure 2.1 Molecular structure of [P(CH2NH-4-FC614)4]CI, 129, showing H-bond

interactions. One chloride is unique.
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Selected bond lengths, angles as well as hydrogen bond parameters for 129 are given in

Table 2.4.

The P(I) atom exhibits a tetrahedral environment with C-P-C bond angles in the range

of between 105.81(16) and 114.91(15)°; and the average P-C bond lengths of 1.835(3) A
falls within the range reported for other organophosphorus compounds:

[(HOCH2)3PCH2hCh,33(HOCH2)zPCH2CH2P(CH20Hh,185 R2PCH2CH2PR2 (R = Me, Et,

or iPr)186and [P(CH2Fc)(CH20H)3]CI, [Fe = Fe(r{Cs!-4)(l1s-CsHs)}.187

Table 2.4 Selected bond lengths and angles for 129.a

Bond lengths (A) Bond lengths (A) Bond angles (0)

P(1)-C(1) 1.855(3) C(1)-N(1) 1.433(5) C(1)-P(1)-C(22) 108.69(17)

P(I)-C(8) 1.840(3) C(8)-N(2) 1.448(4) C(1 )-P(1 )-C(8) 114.91(15)

P(1)-C(15) 1.812(3) C(15)-N(3) 1.449(4) C(8)-P(1)-C(l5) 105.81(16)

P(l)-C(22) 1.831(4) C(22)-N(4) 1.445(5) C(15)-P(I)-C(22) 108.27(16)

Selected hydrogen bonding contacts

D-H'''A d(D-H) (A) d(H-"A) (A) d(D"'A) (A) «DHA) (0)

N(l)-H(l)"'CI(IA) 0.88(2) 2.57(3) 3.416(4) 163(5)

N(2)-H(2)"'CI(I) 0.822(19) 2.49(3) 3.251(3) 154(4)

N(3)-H(3)"'CI(IB) 0.836(19) 2.66(2) 3.487(3) 172(4)

N(4)-H(4)"'CI(IA) 0.851(19) 2.50(2) 3.312(3) 161(4)

a Estimated standard deviations in parentheses.

The chloride ion is hydrogen bonded to the secondary amine hydrogens; the linearity of

the H-bonds (DHA bond angles) as given in Table 2.4 is indicative of strong and

directional H-bond interactions. In the N-H"'CI intermolecular bonds, the average N-H

bond length of 0.85(2) A and H"'CI of 2.56(3) A are comparable to O-H"'CI bonds with

the O-H distances between 0.82(3) and 0.91(3) and the H'''CI distances between 2.17(3)

and 2.23(3) A found in [(OHCH2hPCH2)3PCH2hC}Z, also suggestive of relatively strong

hydrogen bonding.33.88.188,189The crystal data and structure refinement details for 129 are

shown in Appendix 8.1.
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2.2 SYNTHESIS OF PHENYLENEDIAMINE DERIVATIVES (147-150) OF

THPC

A range of new phosphonium salts were synthesised by reacting THPC with different

phenylenediamine precursors in ethanol using a similar procedure first published by

Frank et al.IO

EtOH, stir, 2 h, r.t.

EtOH, stir, 2 h, r.t.
X=H,147

X=Me, 148

~
X=O~ 149

Ph,

Xcc~
WhereR= I

~ NH
2

Equation 2.2a

~NH2

~NH2~ro" ~ ~:OO"~+IP(CH OH) 1+ cr (2eqvs.) I ~P.; I CI-
2 4 , # N-...tIIII ~_ , #

EtOH, stir, 2 h, r.t. H ~

ISO

Equation 2.2b

Four equivalents of phenylenediamine derivatives was initially chosen, in the anticipation

of forming [P(CH2NHR)4]CI type of compounds as was in the case with the aniline

precursors. However, analysis of the products obtained agrees with the formation of a

spirocylic compound which requires two equivalents of the phenylenediamine derivatives

as shown in Equations 2.2a and 2.2b. The phosphonium chlorides were obtained in good

to excellent yields as given in Table 2.5. The phosphonium ions in these salts form a
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spirocycIe in which the central atom is phosphorus. The products are crystalline and

coloured solids.

2.2.1 CHARACTERISATION OF COMPOUNDS 147-150

Characterisation was achieved by MS, microanalysis, Ff-IR, NMR and single crystal X-

ray crystallography as in the case of Section 2.1.1. The results are given in Tables 2.5-

2.8. The FAB-MS, data for the compounds resulting from the loss of the chloride ions

[M-Clt are given in Table 2.5 and are consistent with the molecular formulae of the

phosphonium ions of these salts.

Table 2.5 Percentage yield (isolated), FAB-MS and selected Ff-IR data" (in em") for

compounds 147-150.

Compound % yield miz [M-Clt v(NH) v(C=O) v(CH).
147 91 299 3263 (vs)

148 83 327 3273 (vs) 3527 (s)

149 87 507 3336 (vs) 1637 (vs)

150 74 399 3255 (vs)

aRecorded as a pressed KBr disk.

The Ff-IR spectra of compounds 147-150 were run as pressed KBr disks and the v(NH)

stretches observed at about 3200-3300 ern"! (Table 2.5) were not significantly different

from those of the aniline derivatives of THPC (Table 2.1). Thus the observed v(NH)

stretches in both types of phosphonium salts synthesised were higher than the expected

value of 2250-2700 cm'" probably due to hydrogen bonding. 190 In compounds 148 and

149, in addition to the v(NH) stretches, the infrared vibrations at 3527 and 1637 em-I

are assigned to the v(CH) and v(CO) stretches respectively. .

The microanalytical data (Table 2.6), were within acceptable limits hence are consistent

with the formulae of compounds 147-150. Coprecipitation of solvent molecules was

evident in all the compounds except 147 as observed in the microanalytical data.
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Table 2.6 Microanalysis (%) and molecular formulae for compounds 147-150.a

Compound C H N Molecular formula

147 57.28 (57.40) 5.94 (6.02) 16.85 (16.74) CI6H2oNJ>CI
148 56.35 (56.76) 6.46 (6.88) 14.61 (14.71) ClsH24N4PCI'H20
149 64.77 (64.75) 5.14 (5.34) 10.50 (10.07) C30H2sN402PCI·0.75H20
150 62.41 (62.41) 5.54 (5.89) 11.79 (12.13) C24H~J>CI·I.5H20

a Calculated values in parentheses.

The 3lpeH) NMR spectra of these salts, recorded in d6-DMSO, gave phosphorus

resonances in the range o(P) 24.52-28.56 ppm as given in Table 2.7. Compounds 147-

149 gave single resonances suggestive of the absence of any phosphorus containing

decomposition products.

Table 2.7 Selected NMR dataIin ppm or Hz) for compounds 147-150.a

o(P) Othero(P) o(H)/arom. 8(H)/CH2 8(H)INH
3JPH

147 24.71 6.37-6.83 4.01-4.18 5.81-5.87 18.0

148 25.05 6.44-6.90 4.04-4.19 5.69-5.81 n.r.

149 24.52 6.45-6.78 4.45-4.11 n.r.

150 28.56 -41.64 7.06-7.58 3.38-3.51 n.r.

a All NMR recorded in d6-DMSO, n.r. = not resolved.

On the other hand, compound 150 gave a minor resonance « 3%) at -41.64 ppm

significantly downfield of the major phosphorus signal at 28.56 ppm, indicating the

presence of a small proportion of phosphorus containing decomposition products in the

NMR solvent. Unlike the 31p{IH} NMR spectra of the aniline-based phosphonium salts

with multiple resonances, the 31p{IH} NMR spectra of the phenylenediamine-based

phosphonium salts exhibited relatively fewer resonances. In both 148 and 149, with Me

and COPh substituents respectively, single phosphorus resonances at 25.05 and 24.52

ppm were observed. This suggested the existence of only one isomer or two possible

isomers with equivalent 31presonanaces (Figure 2.2).
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H HuN~r-N +

N___/P."~-N 0
X H H X

cis-arrangement

JOc~~~~=orX+cr
X H H

tram-arrangement

Where X =Me or COPh

Figure 2.2 Possible isomers of 148 or 149.

Selected IH NMR data are given in Table 2.7. The aromatic resonances for these

compounds are multiplets in the range 6.37-7.58 ppm, while the CH2 resonances were in

the range 3.38-4.19 ppm. In compounds 147 and 148, the NH protons were also observed

as multiplets in the range 5.69-5.87 ppm, they were however not observed in 149 and

150 probably being overlapped by the aromatic protons. In compound 148, there were

multiplets observed in the region 1.04-1.11 ppm, these could be assigned to the CH3

protons.

A few X-ray quality crystals of compound 147 were obtained from the EtOH filtrate of

the reaction of four equivalents of 1,2-phenylenediamine with THPC when allowed to

stand for more than 24 h. Single-crystal X-ray structure determination of 147 was done

which gave a phosphorus based spirocyc1e which co-crystallised with one mole of the

phenylenediamine precursor (l,2-phenylenediamine), as shown in Figure 2.3. This

represents the first crystallographic example of a spirocyclic compound in which the

central atom is phosphorus. This is supported by the absence of any hits from a CSD

Search.191.192
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~CI(1'

cm

Figure 2.3 Molecular structure of [P{ (CH2NHhC614h]CI, 147 with one mole of the

precursor 1,2-C614(NH2)2'

Figure 2.4 Packing plot for compound 147·1,2-C614(NH2h·
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Table 2.8 Selected bond lengths and angles for 147.a

Bond lengths (A) Bond lengths (A) Bond angles (0)

P(1)-C(I) 1.8161(17) C(1)-N(1) 1.464(2) C(1 )-P( 1)-C(16) 11S.56(8)

P(I)-C(8) 1.8124(17) C(8)-N(2) 1.469(2) C(8)-P(I)-C(1) 103.98(8)

P(I)-C(9) 1.8163(17) C(9)-N(3) 1.462(2) C(8)-P( 1)-C(9) 119.66(8)

P(I)-C(16) 1.8163(17) C(16)-N(4) 1.460(2) C(9)-P(1 )-C(16) 103.5S(8)

Selected hydrogen bonding contacts

D-H"'A d(D-H) (A) d(H"'A) (A) d(D"'A) (A) «DHA) (0)

N(I)-H(1)"'CI(1A) 0.82(2) 2.80(2) 3.S87S(15) 162(2)

N(2)-H(2)"'CI(I) 0.81(2) 2.S8(2) 3.3911(1S) 17S(2)

N(S)-H(SB)"'CI(1B) 0.84(3) 2.S9(3) 3.3763(18) 155(2)

N(S)-H(5A)"'CI(IC) 0.90(3) 2.4S(3) 3.3265(18) 165(2)

N(6)-H(6A)"'CI(1B) 0.87(3) 2.S2(3) 3.3732(18) 168(2)

aEstimated standard deviations in parentheses.

The molecular geometry, bond lengths and angles were obtained from the single-crystal

X-ray diffraction analysis, Selected bond lengths, angles as well as hydrogen bond

lengths and angles for 147 are shown in Table 2.8.

The phosphorus atom, as in the case of 129, exhibits a tetrahedral geometry with a

C-P-C bond angle range of between 103.55(8) and 119.66(8)°. As is expected, because

of the spirocycIe, two of the tetrahedral angles engaged in the rings are contracted

[103.98(8)° and 103.SS(8)0, less than the normal tetrahedral angle of 109°] while the rest

are expanded [115.56(8)° and 119.66(8)°, greater than the normal tetrahedral angle]. The

average P-C and C-N bond lengths of 1.815(17) A and 1.464(2) A respectively are
•

comparable to those found in 129 and other reported structures.33,18S,186

The packing plot exhibits a pattern where two or more spirocycles and the co-crystallised

precursors (1,2-phenylenediamine) are linked together via the chloride counterions

involving N-H"'CI intermolecular H-bonding as shown in Figure 2.4. The chloride ions

are again hydrogen bonded to the secondary amine hydrogens with the hydrogen bonding
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data similar to those of 129 and indicative of strong hydrogen bonding. The crystal data

and structure refinement details for 147 are shown in Appendix 8.2.

Reaction of the phenylenediamine derivatives of THPC with Et3N to obtain the

corresponding P(III} compounds was attempted. Unlike the case of the aniline based

phosphonium salts which were soluble in acetone and reacted with Et3N to form clean

P(III} compounds in high yields, the reaction of 147 with Et3N in acetone following a

similar procedure first published by Frank et al.10 could not be performed due to extreme

insolubility of 147 in acetone.

2.2.2 SYNTHESIS OF COMPOUND [P{(CH2NHhC6~h]BPh4 151

Anion metathesis of the phenylenediamine derivatives of THPC was demonstrated when

compound 147 was reacted with 1.5 equivalents of Na[BPh4] in HPLC grade MeOH.

This was followed by concentration of the resulting solution under reduced pressure and

addition of distilled water afforded the desired compound [P{(CH2NH)ZC6I-4h]BPh4•

151 in high yield. Compound 151 was similarly characterised as in the case of 147. The

change in the counterion does not significantly affect the spectroscopic properties, for

example the 31p{IH} NMR spectrum of 151 recorded in d6-DMSO was similar to that of

147 with a single phosphorus resonance at o(P} 24.53 ppm (See Experimental Section).

2.3 SYNTHESIS OF DIAZAPHOSPHORINANE LIGANDS 152-161

A range of new diazaphosphorinane ligands were synthesised by reacting some of the

aniline derivatives of THPC synthesised in Section 2.1 with triethylamine using the

procedure first published by Frank et al.tO involving intramolecular mechanism (Scheme

1.2). The aniline derivatives of THPC react readily with triethylamine in acetone at room

temperature under aerobic conditions giving a precipitate of triethylamine hydrochloride

and a pale yellow oil which, after separation, followed by concentration and stirring

vigorously with ethanol (Equation 2.3) gives compounds 152-161. All the products were

colourless solids and the reactions afforded the desired products in good to excellent

yield as given in Table 2.9.
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[
H H]+R-N~~N-R

p. cr
R_~__"" "'II_~_R

Et~ (1.56 eqvs.)
Acetone, stir, 1 h, r.t

EtOH, stir, 2 h, r.t.

Where R= x and X = Y = H, 152; X = P, Y = H, 153;

X = CI, Y = H, 154; X = Br, Y = H, 155;
Y

X = H, Y = P, 156; X = I, Y = H, 157;

X = Me, Y = H, 158; X = Et, Y = H, 159;

X = npr, Y = H, 160; X = CMe3' Y = H, 161

Equation 2.3.

2.3.1 CHARACTERISATION OF COMPOUNDS 152-161

As in the previous cases, characterisation was achieved by MS, microanalysis, FT-IR,

NMR and single crystal X-ray crystallography. The FAB-MS data for most of the

compounds are given in Table 2.9. In all the compounds, the fragmentation pattern as in

the case of the precursor aniline-based phosphonium salts (Section 2.1), give the

[XC6l4NHCH2t fragment, where X is a substituent on phenyl group as the base peak,

(with relative intensity of 100%), characteristic of methyleneaniline derivatives.l" As in

the case of the precursor phosphonium salts, there were two peaks due to the

[XC6~NHCH2t fragments in 154 and 155, where X is CI or Br respectively. In 154, the

two peaks separated by two mass units (mlz, 140 and 142) in approximately 3:1 ratio

corresponds to the fragment, [CIC6l4NHCH2t indicative of the presence of chlorine

eSCI and 37CI), similarly in 155, the two peaks (mlz 184 and 186) in approximately 1:1

ratio corresponds to the fragment [BrC6~NHCH2t indicative of the presence of bromine

C9Br and 8IBr).

The infrared spectra of all the compounds were run as pressed KBr disks and displayed

the characteristic v(NH) stretches in the range 3299-3351 cm-I (Table 2.9) which is

within the expected range, but higher than values for the precursor salts (Table 2.1).
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Table 2.9 Percentage yield (isolated), FAB-MS and selected FT-IR data" (in cm'") for

compounds 152-161.

Compound % yield m/z [Mt v(NH)

152 78 361 3301 (vs)

153 68 415 3351 (s)

154 61 464 3299 (s)

155 62 598 3299 (vs)

156 78 415 3302 (vs)

157 81 n.o. 3301(m)

158 92 403 3301 (s)

159 75 445 3307 (s)

160 88 n.o. 3300 (s)

161 83 529 3321 (s)

a Recorded as a pressed KBr disk; n.o. = not observed.

Table 2.10 Microanalysis (%) and molecular formulae for compounds 152-161.a

Compound C H N Molecular formula

152 72.90 (73.10) 6.61 (6.69) 11.52 (11.63) C22H24N3P

153 63.62 (63.61) 5.01 (5.10) 10.04 (10.12) C22H21N3F3P

154 56.80 (56.83) 4.43 (4.55) 8.95 (9.04) C22H21N3CbP

155 44.02 (44.18) 3.41 (3.54) 6.86 (7.03) C22H21N3Br3P

156 63.47 (63.61) 4.97 (5.10) 10.05 (10.12) C22H21N3F3P

157 36.07 (35.75) 2.75 (2.86) 5.48 (5.69) C22H21N3I3P

158 74.12 (74.42) 7.36 (7.49) 10.61 (10.41) C2SH30N3P

159 73.22 (73.26) 8.08 (8.23) 8.89 (9.15) C28H36N3P·0.75H2O

160 74.52 (74.29) 8.60 (8.75) 8.56(8.38) C31~2N3P·0.75H20

161 76.14 (76.44) 8.96 (9.15) 7.87 (7.88) C3~8N3P·0.25H20

a Calculated values in parentheses.

In the microanalytical data, observed and calculated CHN values agree within ±O.50%,

hence are consistent with the compounds 152-161 (Table 2.10).
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The 31p{ IH} NMR spectra in d6-DMSO were relatively clean with one or two 31p signals;

the major 31psignal at between ~8.28 and -52.87 ppm (Table 2.11). All the compounds

had single phosphorus 31p signals except 155, 157, 158 and 160 which display two 31p

signals, probably due to possible decomposition in the NMR solvent; the minor signal «
10 %) being at between -54.07 and -56.82 ppm. The 31peH} NMR spectra of

compounds 152-161 showed a significant upfield shift from about 10.00 ppm in the

precursor phosphonium salts (phosphorus(V) compound) to about -50.00 ppm, thus

confirming the formation of a new compound (phosphorus(III) compound). The single

31p signal in 153 and 156, the 4- and 2-fluoro analogues respectively suggests that there

are no JpF couplings in these compounds, probably due to the distance between these

NMR active nuclei. In 153, the P and P atoms are seven bonds apart, while in 156, they

are five bonds apart hence 7lpp or SJpp couplings respectively were not observed. The spin

quantum number, I of both 31p and 19p nuclei is greater than zero (I = Y2), thus if the

atoms are close to each other, coupling would have been observed in the 31p{ lH} NMR

spectra of compounds 153 and 156.
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Selected IH NMR data are given in Table 2.11. The aromatic proton signals for these

compounds were multiplets observed in the range 6.30-7.60 ppm. The NH proton

signals were observed as singlets in all the compounds at between 5.48 and 6.09 ppm,

while some of the CH2 protons were doublets with 2JHH couplings of about 13 Hz.

Crystals of 156 were obtained from the EtOH filtrate of the reaction between

[P(CH2NH-2-FC6!4)4]CI and Et3N (Equation 2.3) when allowed to stand for more than

24 h, and the X-ray structure has been determined. The X-ray structure of 156 reveals a

six-membered P-C-N-C-N-C ring, pyramidal around the phosphorus atom which is

at the apical position (Figure 2.5). The structure reveals that the P atom is separated

from each of the three F atoms by five bonds. This explains the absence of /pp coupling

in the 31p{IH} NMR spectrum of 156.

Figure 2.5 Molecular structure of 156.

The lone pair of electrons on the phosphorus(III) centre make it a potential ligand.

Unlike in the case of 129, where there was evidence of strong hydrogen bonding

obtained from the X-ray diffraction analysis, there was no evidence for hydrogen

bonding in 156. The formation of N-H"'F intramolecular H-bonding, involving N(1),

H(l) and F(1) is possible, but such H-bonds are rarely formed, consistent with the

observation by Dunitz et al.193 that covalently bound fluorine (in contrast to anionic

fluoride) hardly ever acts as a hydrogen-bond acceptor.
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Table 2.12 Selected bond lengths and angles for 156. a

Bond lengths (A) Bond lengths (A) Bond angles (0)

P(l)-C(l) 1.853(2) C(l)-N(l) 1.452(3) C(1)-P(l)-C(IO) 100.93(10)

P(1)-C(8) 1.847(2) C(8)-N(2) 1.478(3) C(8)-P(l)-C(lO) 99.26(10)

P(l)-C(IO) 1.858(2) C(IO)-N(3) 1.474(3) C(8)-P(I)-C(10) 98.87(10)

a Estimated standard deviations in parentheses.

Selected bond lengths and angles for 156 are given in Table 2.12; the average P-C

bond length about the apical phosphorus atom is 1.853(2) A. The P-C bond lengths are

in the range 1.847(2) and 1.858(2) A and are similar to those observed in 129 as well as

in other previously reported compounds.33.185.186The crystal data and structure

refinement details for 156 are shown in Appendix 8.3. The average C-N bond length of

1.468(3) A is also comparable with the average C-N bond length reported for 129 and

other previously reported compounds. 194The usual pyramidal configuration is retained

with C-P-C angles of 100.93(10), 99.26(10) and 98.87(10)°. These values are similar

to those in the well known pyramidal compound, triphenylphosphine.19s

2.3.2 SYNTHESIS OF COMPOUND P(CH2NHC6Hs)3 162

In addition to the diazaphosphorinane ligands mentioned above, the preparation of a

range of new tertiary phosphines by bubbling ammonia into solutions of selected

aniline derivatives of THPC earlier prepared was attempted, using the procedure first

published by Frank et al.10 Ammonia was bubbled into a slurry of compounds 128-134,

in acetone at room temperature and ammonium chloride precipitate was separated from

the resulting yellow oil by filtration. The solvent was removed under reduced pressure

and the yellow oil became viscous, the 31peH} NMR spectra of the corresponding oils

were taken in CDCh giving a major 31p signal at -32.05 ppm with a minor 31p signal

similar to that of the corresponding diazaphosphorinane ligands. The work-up

procedure using benzene to precipitate the desired product gave about 60% yield of

compound P(CH2NHC6Hs)3 162 in the case of 128, but was not successful in the other

cases. The microanalytical data for compound 162 was consistent with coprecipitation

of 0.25 mol of acetone (See Experimental Section). This is consistent with the

molecular formula of 162, and the IR v(NH) stretch of 162 was at 3024 cm'", lower
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than the v(NH) stretch of 3237 em" for the precursor compound 128. Compound 162

was recrystallised from benzene and the 3lpeH} NMR spectrum in d6-DMSO gave a

100% pure product at 5(P) -38.00 ppm which is significantly different from the major

5(P) signal of the 31p{ IH} NMR spectrum of the precursor compound 128 which was at

5(P) 9.13 ppm.

2.4 COORDINATION STUDIES

All the diazaphosphorinane ligands with the lone pair of electrons on P are potential

ligands hence were reacted with relevant Ru(II), Rh(III), Ir(III) , Pd(II) and Pt(II)

precursors to form the expected complexes in good to excellent yields.

2.4.1. SYNTHESIS OF RUTHENIUM(II) DIAZAPHOSPHORINANE

COMPLEXES 163 AND 164

Two organometallic ruthenium(II) complexes were synthesised by reacting 152 or 153

respectively with {RuCh(,,6_p-cymene)h in CH2Ch at room temperature.

R, H
N___..,.-;P~N,L-N-:::J R
/
R

L = 152,153

+
-0-<

1
Cl-tU-.l

CI-Ru-Cl

-{}-<CH2Clz,stir,
30 min, r.t.
EtzO

Wh"" R = --O-x and X= H. 163; X = F. 164

Equation 2.4.

Isolation of the products was achieved by precipitation with Et20 after concentration of

the solution; all the complexes were orange solids. In both cases the ligand readily
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reacts to form the desired ruthenium(II) complexes 163 and 164 in excellent yield

(Table 2.13). Two equivalents of the ligand react by standard bridge cleavage of the

ruthenium dimer to form two moles of the "piano-stool" ruthenium(II) complex

according to Equation 2.4.196

2.4.1.1 CHARACTERISATION OF COMPOUNDS 163 AND 164

Characterisation of the complexes was achieved by MS, microanalysis, Ff -IR and

NMR spectroscopy. The data obtained from the MS, microanalysis, FT-IR and NMR

techniques are given in Tables 2.13-2.15.

The FAB-MS data for compounds 163 and 164 are given in Table 2.13, and show the

molecular ion [Mt. The fragmentation pattern as in the case of the precursor

diazaphospharinane compounds (Section 2.3), give the [XC6I-4NHCH2t fragment,

where X is a substituent on phenyl group as the base peak, (with relative intensity of

100%), characteristic of methyleneaniline derivatives.!" In compound 163, where X =
H, the base peak at m/z (106), corresponds to the fragment [C7HSN]+, while in 164,

where X = F, the base peak at m/z (124), corresponds to the fragment [C7H7FNt.

Table 2.13 Percentage yield (isolated), FAB-MS and selected FT-IR data" (in em")

for compounds 163 and 164.

% yield m/z [Mt v(NH) v(RuCI)

163 92 668 3352 (w) 295 (w)

164 86 722 3348 (w) 295 (m)

a Recorded as a pressed KBr disk.

Selected diagnostic IR spectral data are given in Table 2.13. The terminal stretching

vibration of the v(Ru-CI) bands for both complexes observed at 295 cm-1 was

comparable to those of other previously reported similar ruthenium(II) phosphine

complexes. 197

The microanalytical data are given in Table 2.14; values agree within acceptable limits

and are consistent with the formulae of the ruthenium(II) complexes 163 and 164.
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Coprecipitation of solvent molecules was evident in the case of complex 163 as

obseved in the microanalytical data in Table 2.14.

Table 2.14 Microanalysis (%) and molecular formulae for compounds 163 and 164.a

Compound C H N Molecular formula

163 53.10 (52.67) 5.27 (5.36) 5.49 (5.58) C32H38N3PRuCh'CH2Ch.
164 53.05 (53.26) 4.89 (4.82) 5.90 (5.82) C32H3sN3PF3RuCh

a Calculated values in parentheses.

The 3lpeH} NMR spectra of these complexes recorded in d6-DMSO showed single

phosphorus resonances (Table 2.15), suggestive of the absence of any phosphorus

containing decomposition products. These phosphorus signals are significantly

downfield of the b(P) values for the corresponding precursor diazaphosphorinane

ligands, as given in Table 2.11 and are in good agreement with P-monodentate

coordination.

Table 2.15 Selected NMR data (in ppm or Hz)a for compounds 163 and 164.

o(P) o(H)/arom s(H)INH° o(H)/CH2 b(H)/4-CH3C614CH(CH3h d

163 14.62 6.30-7.25 5.33 (13.6) 3.27-4.49 1.92, (5.79-5.90),2.63, 1.14 (6.8) c

164 14.27 6.98-7.57 5.12 (12.8) 3.71-4.39 1.92, (5.87-5.90),2.61,1.16 (6.8)C

aAll NMR spectra were recorded in d6-DMSO;

bDoublets, 3JpH coupling in brackets; CDoublets, 3JHH coupling in brackets

dp-Cymene resonances: CH3, C6H4, CH and (CH3Jz protons respectively.

Selected IH NMR spectral data are given in Table 2.15. The -CH(CH3h protons in the

p-cymene (Figure 2.6) displayed a characteristic septet at ca. 2.60 ppm indicating that it

is adjacent to six hydrogens [-(CH3h], while the CH3 protons were at about o(H) 1.90

ppm not significantly different from those of other related ruthenium(II) complexes.!"

--0- /CH3
H3C C,H

CH3

Figure 2.6 Structure of p-cymene.
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2.4.2. SYNTHESIS OF RHODIUM(III) AND IRIDIUM(III)

DIAZAPHOSPHORINANE COMPLEXES 165-168

The dimeric chloro bridged complexes [MClz(lls-Cp*)h. M = Rh or Ir are known to

undergo chloro bridge cleavage reactions leading to the formation of mononuclear

complexes.i'" In these reactions, the metal complexes have a classic "piano stool"

geometry as shown in Equation 2.5.

R" H
N____.,;P~N,

2 I--N -:::_; R

/
R

L = 152,153

CH2CI2, stir,
30 min,r.t.,
Et20

2

Wbere R= -Ox and M = Rh, X = H, 165; M = Rh, X = F, 166

M = Ir,X = H, 167; M = Ir,X = F, 168

Equation 2.5

Two complexes each of rhodium(III) and iridium(III) were synthesised by reacting

compound 152 or 153 with [MCh(lls -Cp*)h, M = Rh or Ir in 2: 1 molar ratio in CH2Ch

at room temperature under aerobic conditions. This was followed by precipitation with

Et20, upon concentration of the solution under reduced pressure (Equation 2.5). In all

the cases, the desired orange coloured solid M(llI) complexes were obtained in good to

excellent yields (> 80%) as given in Table 2.16.

2.4.2.1 CHARACTERISATION OF COMPOUNDS 165-168

The complexes were characterised as in the previous cases by both analytical and

spectroscopic (IR, NMR) methods and the results given in Tables 2.16-2.18. Single

75



crystal X-ray crystallography was also used for 166 and 168 where suitable crystals

were obtained.

Table 2.16 Percentage yield (isolated), FAB-MS and selected Ff-IR data" (in cm'") for

compounds 165-168.

%yield m/z [Mt v(NH) v(MCl)

165 92 670 3316 (w) 283 (w)

166 85 723 3306 (m) 279 (w)

167 74 759 3314 (w) 279 (w)

168 84 814 3329 (m) 289 (w)

aRecorded as a pressed KBr disk; MCI = RhCI or IrCI.

The FAB-MS data for compounds 165-168 are given in Table 2.16 and shows the

molecular ion, [Mt and the fragmentation pattern was similar to those previously

observed in the case of the ruthenium(II) complexes 163 and 164 ..

The Ff-IR spectra for compounds 165-168 were recorded in the solid state as pressed

KBr disks (Table 2.16). The v(NH) stretches were similar to those of the free ligands

(152, 153) and were observed at ca. '3300 cm'". The M-Cl stretches were very weak

and similar to those of the ruthenium(II) complexes synthesised in Section 2.4.1.

Table 2.17 Microanalysis (%) and molecular formulae for compounds 165-168.a

C H N Molecular formula

165 48.03 (47.75) 4.69 (5.09) 5.11 (4.88) C32H39N3PRhCh·2.25CH2Clz

166 60.70 (60.92) 5.95 (5.87) 3.32 (3.49) C32H3~ 3F3PRhCh·0.25CH2Clz

167 47.66 (47.77) 4.93 (4.96) 5.18 (5.10) C32H39N3PIrCh·0.75CH2Clz

168 44.21 (44.11) 4.37 (4.26) 4.79 (4.68) C32H36N3F3PIrCh·CH2Ch

aCalculated values in parentheses.

All the complexes precipitated with some amount of solvent as shown by the

microanalytical data (Table 2.17), and the values agree within acceptable limits and are
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consistent with the formulae of the rhodium(III), [165, 166] and iridium(III) [167, 168]

complexes respectively.

The NMR spectral data recorded in d6-DMSO are given in Table 2.18. The 3lpeH}

NMR spectra showed the expected doublets in 165 and 166, with an average IJpRh

coupling constant of 142 Hz comparable with other compounds reported previously.l'"

On the other hand, the 31p{IH} NMR spectra of 167 and 168 showed single phosphorus

resonances and are significantly downfield in comparison to the corresponding

precursor ligands. For example the O(P) value for 167 is -12.74 ppm, but the value for

the corresponding precursor ligand, 152 was -49.77 ppm (Table 2.11).

Table 2.18 Selected NMR data (in ppm or Hz) for 165-168.a

o(P) oHl(arom.) oHINlf oHl(ll:l-Cp*) oHl(CH2) 4JpH

165 16.38(143) D 6.06-7.06 5.22 (14.0) 1.47 3.38-4.32 n.r.

166 15.13(141) D 6.24-7.23 5.17 (15.2) 1.64 3.60-4.40 3.6

167 -12.74 6.20-7.23 5.51(14.0) 1.68 3.62-4.50 n.r.

168 -15.20 6.10-7.04 5.18(14.~) 1.67 3.51-4.48 n.r.

aAll NMR spectra were recorded in d6-DMSO; bDoublets I]pRhcoupling in brackets;

cDoublets 3JpH coupling in brackets, n.r. = not resol ved.

In the IH NMR spectra, there was either no long range coupling between phosphorus

and the ring methyl protons of the pentamethylcyclopentadienyl moiety (CsMes), 4]PH,

or this was not resolved, hence showed as a singlet in the case of 165, 167 and 168,

while such couplings were evident in the case of 166 and showed as a doublet at 1.64

ppm, consistent with the range 1.47-1.68 ppm displayed by the CsMes protons in

similar rhodium(III) and iridium(I1I) complexes. 196

A few X-ray quality crystals of compounds 166 and 168 were obtained by layering

petroleum ether (b.p. 40-60 °C) on a CH2Ch solution and slow vapour diffusion of

diethyl ether into CH2Ch solution kept for several days respectively. The X-ray

structures have been determined and confirm a classic "piano-stool" geometry formed

by the pentamethylcyclopentadienyl ligand being the seat and the three "legs", being
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the phosphorus donor of the P-monodentate diazaphosphorinane ligand and the two

chlorides in each case and also showed that 166 and 168 were isostructural (Figures 2.7

and 2.8). All the hydrogen atoms except those on Nt l ) and N(4) in the two independent

molecules shown in Figures 2.7 and 2.8 have been omitted for clarity. The Tls-

coordination is iIIustrated by thick dashed lines between the Rh or Ir atoms and the

centroid of the pentamethylcyclopentadienyl ring (Figures 2.7 and 2.8).

FI61

Figure 2.7 Molecular structures of two independent molecules of 166. O.5CH2Ch

solvent molecule of crystallisation has been omitted for clarity.

~ .

••

F!1I FISI

Figure 2.8 Molecular structures of two independent molecules of 168. O.5CH2Ch

solvent molecule of crystallisation has been omitted for clarity.
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Selected bond lengths and angles for compounds 166 and 168 are given in Tables 2.19

and 2.20. Two independent molecules of 166 and 168 are shown in Figures 2.7 and 2.8

respectively. In each case, the bond lengths and angles of the independent molecules

were not significantly different (Tables 2.19 and 2.20).

Table 2.19 Selected bond lengths and angles for 166.a

Bond lengths (A) Bond lengths (A) Bond angles (0)

Rh(I)-P(l) 2.283(14) C(l)-N(l) 1.450(7) P(l)-Rh(I)-CI(l) 88.34(5)

Rh(l)-CI(1) 2.404(15) C(8)-N(2) 1.466(7) P(1)-Rh(I)-CI(2) 87.77(5)

Rh(I)-CI(2) 2.420(14) C(1O)-N(3) 1.475(7) CI(l)-Rh(l)-Cl(2) 90.75(6)

Rh(1)-Cav. 2.186(5) C(2)-N(I) 1.380(8) C(l)-P(l)-C(lO) 105.6(2)

P(l)-C(l) 1.837(5) C(II)-N(2) 1.425(7) C(I)-P(l)-C(8) 101.8(3)

P(1)-C(8) 1.834(5) C(17)-N(3) 1.427(7) C(8)-P(1)-C(lO) 99.7(3)

P(I)-C(10) 1.838(5) C(33)-N(4) 1.429(7) P(2)-Rh(2)-Cl(3) 88.13(5)

Rh(2)-P(2) 2.2795(13) C(40)-N(5) 1.458(7) P(2)-Rh(2)-CI(4) 85.92(5)

Rh(2)-Cl(3) 2.4182(14) C(42)-N(6) 1.477(6) Cl(3)-Rh(2)-Cl(4) 93.36(5)

Rh (2)-CI (4) 2.4042(14) C(34)-N(4) 1.384(8) C(33)-P(2)-C(40) 105.7(3)

Rh(2)-Cav. 2.187(5) C(43)-N(5) 1.425(7) C(33 )-P(2)-C( 42) 100.3(2)

P(2)-C(33) 1.835(5) C(49)-N(6) 1.436(7) C(40)-P(2)-C( 42) 98.9(3)

P(2)-C(40) 1.849(5) P(2)-C(42) 1.829(5)

Selected hydrogen bonding contacts

O-H"'A d(R"'A) (A) d(O'''A) (A) «ORA) (0)

N(1)-H(l)"'Cl(2) 2.52(7) 3.301(5) 163(6)

N(4)-H(4)"'CI(3) 2.78(7) 3.441(6) 149(7)

aEstimated standard deviations in parentheses.

The M-P and M-CI bond lengths for 166 and 168 were similar and are comparable to

other previously reported compounds.F" The similarity between the Rh-P and Ir-P

bond lengths demonstrates the similarity in atomic radii between second and third row

transition metals [Rh and Ir], as a consequence of the lanthanide contraction.
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Table 2.20 Selected bond lengths and angles for 168.a.

Bond lengths (A) Bond lengths (A) Bond angles (0)

Ir(I)-P(1) 2.2691(19) C(1)-N(1) 1.437(5) P(I)-Ir(l)-CI(I) 88.46(3)

Ir(I)-CI(1) 2.4182(9) C(8)-N(2) 1.450(5) P(I)-Ir(1)-Cl(2) 86.51(3)

Ir(I)-Cl(2) 2.4074(9) C(10)-N(3) 1.480(5) Cl(I)-Ir(I)-CI(2) 90.25(4)

Ir(1)-Cav 2.193(4) C(2)-N(1) 1.386(5) C(I)-P(I)-C(10) 100.58(18)

P(1)-C(l) 1.831(4) C(11)-N(2) 1.414(5) C(I)-P(I)-C(8) 104.91(18)

P(1)-C(8) 1.852(4) C(17)-N(3) 1.424(5) C(8)-P(1 )-C( 10) 98.87(19)

P(I)-C(IO) 1.826(4) C(33)-N(4) 1.464(5) P(2)-Ir(2)-Cl(3 ) 88.55(4)

Ir(2)-P(2) 2.2780(10) C(40)-N(5) 1.469(5) P(2)-Ir(2)-CI(4) 88.28(3)

Ir(2)-Cl(3) 2.4094(10) C(42)-N(6) 1.466(5) Cl (3)-Ir(2)-Cl (4) 87.92(4)

Ir(2)-Cl(4) 2.4225(10) C(34)-N(4) 1.386(6) C(33)-P(2)-C( 40) 105.54(18)

Ir(2)-Cav 2.195(4) C(43)-N(5) 1.427(5) C(33)-P(2)-C(42) 102.30(19)

P(2)-C(33) 1.839(4) C(49)-N(6) 1.422(5) C(40)-P(2)-C(42) 99.58(18)

P(2)-C(40) 1.846(4)

P(2)-C(42) 1.835(4)

Selected hydrogen bonding contacts

D-H···A d(H···A) (A) d(D···A) (A) «DHA) (0)

N(I)-H(I)···Cl(1) 2.69 3.508(4) 156.0

N(4)-H(4A)···Cl(4) 2.79 3.343(4) 122.1

a Estimated standard deviations in parentheses.

There is evidence of intramolecular hydrogen bonding in the complexes as shown in

Figures 2.7 and 2.8 and Tables 2.19 and 2.20. The crystal data and structure refinement

details for compounds 166 and 168 are shown in Appendices 8.4 and 8.5 respectively.

2.4.3 SYNTHESIS OF PALLADIUM(II) DIAZAPHOSPHORINANE

COMPLEXES 169-177

A range of palladium(U) complexes were synthesised by reacting some of the

diazaphosphorinane ligands, synthesised in Section 2.3, with PdC}z(COD) in CH2Clz at

room temperature under aerobic conditions followed by precipitation with diethyl ether
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upon concentration of the solution under reduced pressure. In all cases the ligands readily

react to form the desired palladium complex in good yield (Table 2.21). Two equivalents

. of the ligand react with PdClz(COD) to form either the cis or trans isomers according to

Equation 2.6. All the products were yellow solids.

+
30 min, r.t, Et20

WhereL =

R= x and X = Y = H, 169; X = F, Y = H, 170;

Y
X=Cl, Y=H, 171;X=Br, Y=H, 172;

X = H, Y =F, 173; X = Me, Y=H, 174;

X=Et, Y=H,175;X=npr, Y=H,176;

x = CMe3' Y = H, 177

Equation 2.6.

2.4.3.1 CHARACTERISATION OF COMPOUNDS 169-177

As in the previous cases characterisation was achieved by MS, microanalysis, Ff-IR,

NMR spectroscopy and single crystal X-ray crystallography. The results are given in

Tables 2.21-2.23. In the FAB-MS data (Table 2.21); the fragmentation pattern involves

at least the loss of one chloride ligand coordinated to the Pd(II) centre, consistent with the

molecular formulae of the complexes.

The v(NH) stretches of the ligands slightly increased on coordination to the metal centre,

for example the v(NH) stretch in the precursor 159 was 3307 cm'" but on coordination in
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175, it became 3337 em", The infrared spectra of the metal complexes showed two

M-CI stretches (Table 2.21), indicating the formation of a cis isomer in all cases.

Table 2.21 Percentage yield (isolated), FAB-MS and selected FT-IR data" (in em-I) for

169-177.

% yield mlz [M-Clt v(NH) v(PdCI)

169 93 864 3339 (m) 263,295

170 75 972 3335 (w) 278,303

171 89 1069 3319 (w) 279,303

172 79 1337 3415 (w) 276,307

173 82 972 3426 (w) 287,311

174 77 - 3426 (m) 287,311

175 77 - 3337 (s) 278,303

176 85 1115 3333 (m) 283,304

177 75 1200 3348 (m) 289,316

aRecorded as a KBr disk.

Table 2.22 Microanalysis (%) and molecular formulae for compounds 169-177.a

C H .N Molecular formula

169 57.76 (57.68) 5.49 (5.31) 9.13 (9.12) C44l4sN6P2PdCh·0.25CH2Ch

170 52.42 (52.42) 4.33 (4.20) 8.37 (8.34) C44l42N6P2F6PdCh

171 44.77 (45.35) 3.68 (3.72) 7.03 (7.05) C44l42N6P2PdCIs'CH2Ch

172 36.80 (37.06) 3.15 (3.04) 5.22 (5.76) C44l42N6P2Br6PdCI2'CH2Ch

173 51.75 (51.63) 4.29 (4.16) 8.15 (8.16) C44l42N6P2F6PdCh·0.25CH2Ch

174 59.93 (60.02) 6.07 (6.06) 8.07 (8.36) Cso~oN6P2PdCI2·0.25CH2Ch

175 62.00 (62.00) 6.85 (6.71) 7.42 (7.71) CS6HnN6P2PdCI2·0.25CH2C12

176 63.43 (63.69) 7.42 (7.26) 7.39 (7.16) C62Hs~6P2PdCh·0.25CH2Ch

177 63.54 (63.49) 7.36 «7.56) 6.44 (6.80) C6sH96N6P2PdCh·0.75CH2Ch

aCalculated values in parentheses.
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· Coprecipitation of the solvent is possible in these complexes; this is in agreement with

the microanalytical data given in Table 2.22. Agreements between the observed and

calculated CHN values are consistent with the formulations of the palladium complexes

169-177.

The 3lpeH} NMR spectra of the complexes recorded in d6-DMSO gave a major

phosphorus resonance in the range 5.99-9.75 ppm and minor phosphorus resonances

(171-173) in the range 12.61-16.54 ppm as given in Table 2.23. In all cases significant

downfield 31p resonances in comparison to the corresponding free ligands were observed.

For example the 5(P) value for 169 is 8.21 ppm, but the value for the corresponding free

ligand, 152 was -49.77 ppm (Table 2.11). This indicates that coordination or

complexation has taken place, but does not give any clue as to whether the complex is cis

or trans.

In 171-173, where there were two 31p resonances [range 5.99-9.75 and 12.61-16.54

ppm], the possibility of the complexes existing as a mixture of cis and trans isomers in

solution cannot be ruled out even though in the solid state only the cis isomer was

observed as supported by IR spectroscopy. A similar result was obtained in the case of

[PdCh{Ph2N(H)CsH3(CI-5)Nh which gave two singlets, 5(P) 29.7 and 15.4 ppm in

CDCh solution consistent with presence of cis and trans isomers in solution, but solid

state IR spectrum indicated only the presence of the cis isomer (VPdCl 306, 282 cm-1)]_2oo

The two Pd-CI stretches in the infrared spectra of these complexes (Table 2.21) is

indicative of the formation of the cis isomer in all cases, had trans isomer been obtained,

only one Pd-CI stretch would have been expected. The reaction of PtCh(COD) with two

equivalents of these ligands (156 and 158) in CDCh at room temperature (NMR scale)

gave a product whose 3lpeH} spectrum showed a single 31peH} resonance flanked by

two 195pt satellites elpPh ca. 3400 Hz] indicative of the cis disposition of the

diazaphosphorinane ligands. Thus the diazaphosphorinane ligands readily displace labile

ligands from Pd or Pt complexes such as MCh(COD) to form cis MChL2 complexes [M

= Pd, Pt; L = diazaphosphorinane ligand].
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Further confirmation for the cis arrangement comes from single crystal X-ray

diffraction analyses of 169and 170, obtained in both cases by the slow vapour diffusion

of Et20 into solutions of the complexes in CH2Ch over several days. The crystal data

and structure refinement details for 169 and 170 are shown in Appendices 8.6 and 8.7

respectively.

Figure 2.9 Molecular structure of 169. CH2Clz solvent molecule of crystallisation has

been omitted for clarity.

Figure 2.10 Packing plot for compound 169 showing N-H'''CI and C-H2"'CI

interactions between molecules forming a chain parallel to a.
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Table 2.24 Selected bond lengths and angles for 169.8

Bond lengths (A) Bond lengths (A) Bond angles (0)

Pd(I)-P(I) 2.2519(11) P(l)-C(l) 1.851(4) P( 1)-Pd( 1)-P(2) 99.65(4)

Pd(I)-P(2) 2.2607(10) P(2)-C(23) 1.851(4) P(I)-Pd(I)-Cl(l) 81.79(4)

Pd(1)-CI(1) 2.3710(10) N(I)-C(1) 1.450(5) P(2)-Pd(I)-CI(2) 89.18(4)

Pd(1)-Cl(2) 2.3778(10) N(4)-C(23) 1.445(5) CI(I)-Pd(1)-Cl(2) 89.83(4)

Hydrogen bonds

D-H···A d(H···A) (A) d(D···A) (A) «DHA) (0)

N(I)-H(I)-··Cl(2A) 2.75(5) 3.532(4) 166(4)

N(4)-H(4)···CI(1B) 2.75(4) 3.310(4) 127(4)

N(4)-H(4)-··Cl(2B) 2.81(4) 3.578(4) 158(4)

a Estimated standard deviations in parentheses.

Figure 2.11 Molecular structure of 170 showing H-bond to CH2CI2 solvent molecule of

crystallisation. Second CH2Clz solvent molecule of crystallisation has been omitted for

clarity.

In both cases, the complex adopts a cis configuration, with the Pd(II) in a distorted

square-planar coordination environment as shown in Figures 2.9 and 2.11. In 169, the
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bond angles around paUadium(ll) centre (Table 2.24), confirm an approximate square-

planar geometry with the two diazaphosphorinane ligands cis to each other. The Pd-P

and Pd-CI bond lengths are given in Table 2.24 and are comparable to other previously

reported compounds.201,202 There were intermolecular N-H"'Cl hydrogen bonding

interactions as shown in Figure 2.10 and Table 2.24.

Table 2.25 Selected bond lengths and angles for 170.a

Bond lengths (A) Bond lengths (A) Bond angles (0)

Pd(I)-P(1) 2.2527(13) P(I)-C(l) 1.838(5) P(1 )-Pd(1 )-P(2) 100.45(5)

Pd(I)-P(2) 2.2448(13) P(2)-C(23) 1.843(5) P(I)-Pd(I)-CI(I) 84.36(5)

Pd(I)-Cl(l) 2.3641(12) N(1)-C(l) 1.452(6) P(2)-Pd(I)-CI(2) 85.72(5)

Pd(I)-CI(2) 2.3653(13) N(4)-C(23) 1.441(6) Cl(I)-Pd(I)-CI(2) 90.10(5)

Hydrogen bonds

O-H'''A d(H"'A) (A) d(O"'A) (A) «ORA) (0)

N(I)-H(I)-"Cl(2C) 2.70(5) 3.377(4) 149(5)

N(4)-H(4)"'CI(4) 2.92(6) 3.483(4) 133(5)

a Estimated standard deviations in parentheses.

The X-ray structure of 170 (Figure 2.11) reveals a similar pattern, with the bond angles

around paUadium(II) centre (Table 2.25), confirm an approximate square-planar

geometry with the two diazaphosphorinane ligands cis to each other. The Pd-P and Pd-

CI bond lengths are given in Table 2.25, similar to those of 169 and comparable to

other previously reported compounds.146,201 As was in the case of 169, intermolecular

N-U"CI hydrogen bonding was evident in 170 (Table 2.25). In addition, there was

intermolecular hydrogen bonding involving CH2Ch solvent molecule of crystallisation

(Figure 2.11 and Table 2.25).

2.4.4. SYNTHESIS OF PLA TlNUM(II) DIAZAPHOSPHORINANE

COMPLEXES 178 AND 179

Two platinum(II) complexes were synthesised by reacting 156 or 158 with

PtCh(COO), in CH2Ch at room temperature under aerobic conditions, followed by

precipitation with Et20 upon concentration of the solution under reduced pressure.
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30 min, r.t, £t20
+PtQ2(COD) + 2L

WhereL =

R= x and X=H, Y=F, 178; X = Me, Y=H, 179

Y

Equation 2.7.

In both cases the ligands readily react to form either the cis or trans platinum(II)

complex in good yield (Table 2.26), according to Equation 2.7; all the products are

colourless solids.

2.4.4.1 CHARACTERISATION OF COMPOUNDS 178 AND 179

As in the previous cases characterisation was achieved by MS, microanalysis, IR and

NMR, the results are given in Tables 2.26-2.28. Furthermore, the structure of 178 has

been elucidated by single crystal X-ray crystallography.

The infrared spectra were recorded as pressed KBr disks (Table 2.26), in both cases the
4

v(NH) stretches of the ligands slightly increased on coordination to the metal centre.

For example in the precursor 156, the v~NH) stretch for the precursor was 3302 em" .

but on coordination in 178, it was increased to 3426 cm'".

Table 2.26 Percentage yield (isolated), FAB-MS and selected FT-IR data" (in cm'") for

178 and 179.

Platinum(II) complex %yield m/z [Mt v(NH) v(PtCI)

178 74 1096 3426 (s) 287,311

179 84 1073 3345 (s) 287,311

a Recorded as a pressed KBr disk.
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There was a similar increase in the case of 179 from 3301 ern" in the precursor ligand

158 to 3345 em-I. In both cases, two Pt-CI stretches were observed, indicating the

formation of a cis isomer.

The FAB-MS data in Table 2.26 as well as the microanalytical data in Table 2.27 were

consistent with the molecular formulae of compounds 178 and 179. Coprecipitation of

solvent is possible in these complexes; this is in agreement with the microanalytical

data.

Table 2.27 Microanalysis (%) and molecular formulae for compounds 178 and 179. a

C H N Molecular formula

178 47.97 (48.18) 3.88 (3.86) 7.27 (7.66) C44~2NJl2 F6PtCh

179 55.05 (55.15) 5.59 (5.57) 7.51 (7.68) C50~oNJl2PtCI2·0.25CH2CI2

aCalculated values in parentheses.

The solution 3lpeH} NMR spectra of 178 and 179 in CDCh showed single 3lpeH}

resonances flanked by two 195ptsatellites separated by IlpPt coupling constant of ca.
3300 H~ as given in Table 2.28. Thus the 31p{IH} NMR and IR spectroscopic data are

supportive of the cis configuration. In both complexes, the phosphorus resonances were

down field of the precursor ligands 156 and 158 observed at about -50.00 ppm as given

in Table 2.11.

Table 2.28 Selected NMR data (in ppm or Hz) for 178 and 179.a

B(P) IlpPt B(H)/arom. b B(H)/Nlf B(H)/CH2

178 -11.44 3363 6.71-7.31 6.69 (8.4) 3.05-4.57

179 -6.58 3398 6.34-7.26 6.78 (6.8) 3.44-4.82

aAIl31p NMR recorded in CDCh, bAromatic H, m, (12 H, C6~),

cNH proton signals, (d, IH, 3JpH coupling in brackets).
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The 'H NMR spectra were not significantly different from the analogous paUadium(II)

complexes discussed in Section 2.4.3. The CH3 protons in 179 were observed as a

triplet at 1.24 ppm with a 4JHH coupling of 14.0 Hz.

Figure 2.12Molecular structure of 178.

A further confirmation of the cis configuration for these complexes was achieved when

a few X-ray quality crystals were obtained by layering petroleum ether (b.p. 40-60 DC)

on a CH2Ch solution of 178 kept for several days. The single X-ray crystal

determination of this confirms the cis configuration as shown in Figure 2.12.

Table 2.29 Selected bond lengths and angles for 178.a

Bond lengths (A) Bond lengths (A) Bond angles (0)

Pt(I)-P(I) 2.2287(7) P(I)-C(l) 1.842(3) P( 1)-Pt( 1)-P(2) 87.29(3)

Pt(I)-P(2) 2.2325(7) P(2)-C(23) 1.852(3) P(I)-Pt(I)-Cl(l) 84.81(3)

Pt(l)-Cl(l) 2.3551(7) N(I)-C(l) 1.446(4) P(2)-Pt(I)-CI(2) 84.28(2)

Pt(1)-Cl(2) 2.3652(7) N(4)-C(23) 1.481(4) Cl(1)-Pt(1)-Cl(2) 89.68(2)

Hydrogen bonds

D-H"'A d(H"'A) (A) d(D"'A) (A) «DHA) (0)

N(4)-H( 4A)"'CI(1A) 2.96 3.487(3) 119.8

N(4)-H(4A)"'P(5) 2.55 3.220(4) 133.4

a Estimated standard deviations in parentheses.
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The platinum(II) complex, 178 displays a cis configuration with respect to the

diazaphosphorinane ligands, the Pt(I1) centre being in a near square-planar geometry as

shown by the bond angles around the Pt(I1) centre given in Table 2.29.

Selected bond lengths and angles are given in Table 2.29, the Pt-P and Pt-CI bond

lengths are comparable to those of other previously reported compounds.2°O.203There

are intermolecular N-H"'Cl hydrogen bonds (Table 2.29). The crystal data and

structure refinement details for 178 are shown in Appendix 8.8.

The H-bonds here are bifurcated, hence are likely to be weak. This is supported by the

relatively non-linear nature of the bond angles (Table 2.29). It is worthy of note that

formation of N-H"'P hydrogen bonding rarely observed in covalently bound fluorine

compounds" was evident in 178 as revealed by the X-ray diffraction analysis. The

H"P bond length and N-H"'P bond angle however, were longer and relatively non-

linear hence not comparable to typical values for N-H"'P intermolecular hydrogen

bonds in the literature which are in the range [2.25-2.33 A; 155_166°].193

2.5 CONCLUSIONS

Two new classes of phosphonium salts have been synthesised from THPC and aniline

or phenylenediamine precursors as aniline and phenylenediamine derivatives of THPC

respectively. The new aniline derivatives (128-146) of THPC represented as

[P(CH2NHR)4]Cl, where R = phenyl or a substituted phenyl group were synthesised by

reacting THPC with different aniline precursors in EtOH at room temperature following

the procedure first published by Frank et al.lO The new phenylenediamine derivatives of

THPC, [P{(CH2NHhRh]CI, [R = C6~, 147; R = C6H3Me, 148; R = C6H3COPh, 149;

R = C6H2C4~' 150] were also synthesised by reacting THPC with phenylenediamine

precursors in EtOH in ethanol at room temperature following a similar procedure first

published by Prank et al.lo

Selected aniline derivatives of THPC were reacted with Et3N in acetone at room

temperature following a procedure first published by Frank et al.lO to give the

corresponding diazaphosphorinane ligands cyclo-{ CH2N(R)CH2N(R)CH2-P}-

CH2N(H)R, 152-161 where R = phenyl or a substituted phenyl group. The reactivity of

91



the diazaphosphorinane ligands towards late transition metals including Ru(II), Rh(III),

Ir(lll), Pd(lI) and Pt(lI) has been evaluated.

The phosphonium salts, diazaphosphorinane ligands and metal complexes were

characterised by a combination of conventional techniques: MS, microanalysis, FT-IR,

NMR [IH and 31p{ IH}], and in several cases by single crystal X-ray crystallography.

Furthermore, P-coordination bonding modes have been observed in the complexes and

verified by spectroscopic and single X-ray diffraction analyses. The Ru(II), Rh(III) and

Ir(lIl) complexes showed a classic "piano-stool" geometry, while the Pd(II) and Pt(lI)

complexes showed square-planar geometries with cis-configurations and illustrate a

range of intra- and intermolecular hydrogen-bonding contacts as confirmed by single

X-ray diffraction analyses. These interesting coordination properties may have useful

future implications in homogeneous catalysis.
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CHAPTER THREE

NEW CATIONIC CYCLIC PHOSPHORUS(III) LIGANDS

3.0 INTRODUCTION

Cationic phosphorus(I1I) ligands are very useful in organometallic and coordination

chemistry because of the lone pair of electrons on the phosphorus as well as the

availability of the positive and negative ions which enhance other useful properties

such as ion exchange and hydrogen-bonding. The ready availability of THPC coupled

with its use as a precursor to phosphines makes it a potential candidate for the synthesis

of cationic phosphorus(I1I) ligands as tertiary phosphine ammonium salts.

In this chapter, the reaction of THPC with benzyl amine precursors in ethanol at room

temperature under aerobic conditions following a similar procedure first published by

Frank et al.tO will be explored in anticipation of reducing the P(V) compound, THPC to

a tertiary phosphine ammonium chloride, (cationic cyclic P(lII) ligand). The

benzylamines are of relatively higher basicity than the aniline precursors used

previously (Chapter 2) which could not effect a reduction of THPC, but required Et3N

in a second and final step to give a cyclic P(I1I) compound. Anion metathesis of the

resulting chlorides with Na[BPh4l Na[SbF61 or K[PF61 in methanol at room temperature

under aerobic conditions will be performed to give the corresponding metathesised

salts. The coordination chemistry of these P(III) salts will then be explored by reacting

them with Ru(I1), Rh(I), Rh(III), !r(III), Pd(I1), Pt(I1) and Au(l) precursors to form the

corresponding transition metal complexes.

The cationic phosphorus(I1I) salts and metal complexes will be characterised by a

combination of conventional techniques: MS, microanalysis, FT-IR, NMR [IH and

31p{ tH}], and in several cases by single crystal X-ray crystallography. The structural

and stereoelectronic relationship between these salts and complexes with other

phosphorus (III) compounds and their complexes in the literature will be described also.

3.1 SYNTHESIS OF TERTIARY PHOSPHINE AMMONIUM CHLORIDES

(180-184) FROM THPC

A range of new tertiary phosphine ammonium chlorides [cyclo-

{CH2N(R')CH2N(R')CH2-P}-CH2N(H2)R'tcr, [R' = C6HsCH2, 180; R' = 4-
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FC6~CH2, 181; R' = 4-CIC6~CH2, 182; R' = 4-MeC6~CH2, 183; R' = 4-

MeOC614CH2, 184] were synthesised by reacting THPC with different benzylamine

precursors in ethanol using a similar procedure first published by Frank "etal.IO THPC

readily reacts with the benzylamine precursors in a 1:4 molar ratio in ethanol at room

temperature under aerobic conditions (Equation 3.1).

R'-NH2 (4 equiv.)

EtOH, stir, 2 h, r.t,

; X=H, 180; X=F, 181

X =o, 182; X =Me, 183

X = MeO, 184

Equation 3.1.

The reactions afforded the desired products in excellent yields (Table 3.1). All the

precursors were liquids, but the products were crystalline colourless solids.

3.1.1 CHARACTERISATION OF COMPOUNDS 180-184

Characterisation was achieved by MS, microanalysis, FT-IR, NMR and single crystal

X-ray crystallography as in the previous cases (Section 2.1.1).

Table 3.1 Percentage yield (isolated), FAB-MS and selected FT-IR data" (in em")

for compounds 180-184.

Compound % yield mlz [M-Clt v (NH2+) v (CH)

180 86 404 3028 (vs) 2781 (vs)

181 83 458 3044 (m) 2821 (vs)

182 82 506 3023 (vs) 2785 (vs)

183 87 446 2916 (s) 2780 (vs)

184 93 494 3028 (m) 2954 (m)

a Recorded as a pressed KBr disk.
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The MS data with the m/z values given in Table 3.1 are in agreement with the loss of

the. chloride ion, m/z [M-Clt in the respective compounds 180-184. The FT-IR

spectra of these compounds were run as pressed KEr disks. In 180-184, the v(NH2+)

stretches were observed at about 3000 cm'" (Table 3.1) and are higher than the

expected range of 2250-2700 cm'", probably due to hydrogen-bonding.l'" The peaks

resulting from these vibrations were sharp, hence easily distinguished from the broad

OH peaks also observed at about 3000 em-I when the precursor THPC infrared

spectrum was run as a pressed KBr disk. The benzyl·CH vibrations were observed in

the range 2780-2954 em-I.

The microanalytical data (Table 3.2), were within acceptable limits hence are consistent

with the formulations of 180-184. There was evidence of coprecipitation of water in

the case of 184.

Table 3.2 Microanalysis (%) and molecular formulae for compounds 180-184.a

Compound C H N Molecular formula

180 68.25 (68.25) 7.10 (7.10) 9.58 (9.55) C2SH31N3PCI

181 60.56 (60.79) 5.58 (5.71) 8.41 (8.51) C2sH2sN3F3PCI

182 55.20 (55.27) 5.15 (5.19) 7.62 (7.73) C2sH2sN3PC14

183 69.79 (69.77) 7.71 (7.74) 8.70 (8.72) C2sH37N3PCl

184 61.89 (61.87) 6.91 (7.37) 7.72 (7.37) C2sH37N303PCl·0.75H20

a Calculated values in parentheses.

The 31p{IH} NMR spectra of these compounds recorded in d6-DMSO showed single

31p resonances around -55.00 ppm (Table 3.3), significantly different from the single

phosphorus resonance of the precursor THPC [S(P) = 26.50 ppm] also recorded in d6_

DMSO, and was some 40.00 ppm downfield with respect to PTA [o(P) = -96.20 ppm,

D20].102 This suggests the transformation of a phosphorus(V) compound, THPC to a

phosphorus(III) compound, in this case a tertiary phosphine ammonium salt.

Selected IH NMR data are given in Table 3.3. The aromatic protons were observed as

multiplets in the range 6.68-7.62 ppm, while the resonances of the various CH2 protons
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were observed as singlets, doublets or multiplets as given in Table 3.3. The resonances

for the NH2 protons were broad and weak, not observed in some cases (181 and 182),

but were observed in 180, 183 and 184, significantly downfield at 9.55, 8.24 and 8.32

ppm respectively when compared to the NH resonances of the diazaphosphorinane

compounds (Table 2.11), due to the positive charge on the quaternary nitrogen atom.

The IH NMR spectrum of 183 with CH3 at the 4-position showed the characteristic CH3

proton resonance as a singlet at 2.25 ppm,190while in the IH NMR spectrum of 184, the

CH30 resonance for the protons also at the 4-position were observed relatively

downfield, probably due to the electronegativity of the oxygen atom, as a singlet at 3.40

ppm.
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The compounds were highly crystalline, with X-ray quality crystals of 181 obtained

from the ethanol filtrate kept for more than 24 h. The single crystal X-ray structure of

181 has been determined (Figure 3.1) and reveals a pyramidal configuration with the

phosphorus atom at the apex of the pyramid. The lone pair of electrons on the

phosphorus(IU) centre qualifies 181 as a potential ligand.

Figure 3.1 Molecular structure of 181.

The crystal structure also reveals a P-C-N-C-N-C six-membered ring with a chair

conformation, exhibiting crystallographic mirror symmetry, whose axis bisects the

ammonium group of the cation, the methylene diamine bridge and the 4-FC6~ ring.

A close examination of the intracage P-C bond lengths and P-C-N bond angles of

181 reveals close similarities with PTA.204,205The C-P-C angle within the

P-C-N-C-N-C ring is 99.4 (2)o.slightly longer than the analogous C-P-C angle in

PTA [96.1(1)°].204,205Selected bond lengths and angles of 181 are given in Table 3.6.

The P-C bond lengths of 1.847(3) and 1.841(5) A are similar to those of 129 and

comparable to other previously reported organophosphorus compounds.33.185-187The

crystal data and structure refinement details for 181 are given in Appendix 8.9.
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The most important structural feature of 181 is the presence of a pair of

intramolecular H-bonds originating from the ammonium group of the cation at N(1)

linking the two N atoms in the ring via the H atoms at the methylene diamine bridge

shown as N(l)-H(lA)"'N(2A) and N(1)-H(1B)"'N(2) in Figure 3.1. The pair of

N-H"'N intramolecular H-bonds forms a conformationally locked phosphine

framework in the solid state. Thus 181 can be regarded as a charged variant of the

well-known PTA ligand as illustrated in Figure 3.2. The X-ray diffraction analysis

also reveals the existence of additional weak intermolecular bonding contacts between

the cations and the chloride counterions leading to infinite 2-D sheets as shown in

Figure 3.3.

R .., + cr
/

IN"IIII
/ ~ 1;1

PHI
~II~)~-R

R
PTA

Where R = 4-FC6f4CH2

181

Figure 3.2 Structures of 181 and PTA.

Figure 3.3 Packing plot of 181 showing the H-bonded sheet pattern.
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Table 3.4 Selected bond lengths and angles for 18l.a

Bond lengths (A) Bond angles e) Bond angles (0)

P(I)-C(7) 1.847(3) P(1)-C(I)-N(I) 116.2(3) C(1)-P(l)-C(7) 101.21(15)

P(1)-C(1) 1.841(5) P(1)-C(7)-N(2) 113.8(2) C(7)-P(I)-C(7 A) 99.4(2)

Selected hydrogen bonding contacts

D-H"'A d(H"'A) (A) d(D"'A) (A) «DHA) e)
N(1)-H(IB)"'N(2) 2.27 2.915(5) 126.4

a Estimated standard deviations in parentheses.

3.2 SYNTHESIS OF TERTIARY PHOSPHINE AMMONIUM SALTS

(185-196) WITH [BPh4r, [SbF6r or [PF6r COUNTERIONS

Anion metathesis of some of the tertiary phosphine ammonium chlorides (180-183),

synthesised in Section 3.1, with some alkali metal salts in methanol was performed

resulting in the formation of new tertiary phosphine ammonium salts. Reaction of the

chlorides 180-183 with Na[BPh4], Na[SbF6] or K[PF6] in methanol followed by

addition of HzO (Equation 3.2) gave the compounds 185-196 as colourless solids in

high yields (Table 3.5).

R:"_ Hz + MA(l.S equi v.)
N~P~N,t-/ -:::_; R' CI-_M_e_O_H_,s_tir_, ~

R' 30min, r.t.,
HzO

x = H, A = BPh4, 185; X = CI, A = SbF6, 191

X = F, A = BPh4, 186; X = Me,A = SbF6, 192

X = a,A = BPh4, 187; X = H, A = PF6, 193

X = Me, A = BPh4, 188; X = F, A = PF6, 194

X = H, A = SbF6• 189; X = CI. A =PF6• 195

X = F, A = SbF6. 190; X = Me, A = PF6• 196

Where R'=X~

Equation 3.2.
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3.2.1 CHARACTERISATION OF COMPOUNDS 185-196

Characterisation was achieved by MS, microanalysis, Ff-IR, NMR and single crystal

X-ray crystallography in some cases. The FAB-MS data (Table 3.5) for the

compounds are in agreement with the loss of the respective counterion (mlz [M-Xt).

Table 3.5 Percentage yield (isolated), FAB-MS and selected Ff-IR data" (in em-I)

for compounds 185-196.

% yield mlZ[M_XtD v(NH2+) v(CH) v(SbF) v(PF)

185 92 404 3053 (vs) 2969 (vs)

186 93 458 3053 (m) 2970 (vs)

187 90 508 3030 (vs) 2980 (vs)

188 90 446 3050 (s) 2998 (vs)

189 92 404 3031 (vs) 2952 (vs) 654 (vs)

190 73 458 3052 (m) 2954 (vs) 653 (vs)

191 91 508 3029 (vs) 2933 (vs) 657 (vs)

192 85 446 3023 (s) 2921 (vs) 662 (vs)

193 72 404 3032 (vs) 2948 (s) 842 (vs)

194 82 458 3055 (vs) 2956 (m) 848 (vs)

195 75 508 3071 (s) 2938 (s) 846 (vs)

196 78 446 3023 (vs) 2920 (s) 844 (vs)

a Recorded as a pressed KBr disk; bX = BPh4-, SbF6- or PF6- .

The Ff-IR spectra of these compounds were run as pressed KBr disks. In 185-196,

the v(NH2+) stretches observed at about 3000 em -I (Table 3.5) were not significantly

different from those observed for the precursor tertiary phosphine ammonium

chlorides, 180-183. They were also higher than the expected values probably due to

hydrogen bonding. The benzyl CH vibrations were also similar to those of the

precursor chlorides. A strong SbF vibration at about 650 ern" indicates the presence

of SbF6- in 189-192, while a strong band at about 840 em" in 193-196 can be

ascribed to PF vibration indicating the presence of PF6-.
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The microanalytical data are given in Table 3.6. There was evidence of

coprecipitation of water in most of the salts as supported by the microanalytical data.

The agreement between the observed and calculated CRN data is consistent with the

formulation of compounds 185-196.

Table '3.6 Microanalysis (%) and molecular formulae for compounds 185-196.a

Compound C H N Molecular formula

185 80.85 (81.32) 6.80 (7.10) 5.69 (5.81) C49HSIN3PB

186 74.28 (73.96) 6.06 (6.33) 5.39 (5.28) C49~8N3F3PB'H20

187 69.77 (69.64) 5.75 (5.96) 5.04 (4.97) C49~sN3ChPB'HzO

188 81.22 (81.55) 7.52 (7.50) 5.53 (5.49) CSZHS7N3PB

189 46.35 (46.35) 4.80 (4.92) 6.46 (6.52) C2sH31N3PSbF6·0.25H20

190 42.46 (42.70) 3.90 (4.16) 5.87 (5.98) C2sH2sN3PSbF9·0.5HzO

191 40.43 (40.38) 4.01 (3.80) 6.00 (5.65) C2sH2sN3ChPSbF6

192 48.25 (48.65) 5.10 (5.54) 5.94 (6.08) C28H37N3PSbF6·0.5HzO

193 55.03 (54.65) 5.61 (5.69) 7.68 (7.65) C2sH31N3P2F6

194 48.21 (48.32) 4.51 (4.87) 6.72 (6.76) C2sH2SN3P2F9'H20

195 45.86 (46.00) 4.18 (4.32) 6.36 (6.44) C2sH2sN3Cl3P2F6

196 56.80 (56.42) 6.65 (6.34) 7.54 (7.05) C2SH37N3P2F6·0.25HzO

a Calculated values in parentheses.

The 3lpeH} NMR spectra of 185-196 recorded in d6-DMSO showed single 31p

resonances around -55.00 ppm (Table 3.7) not significantly different from those of

the precursor tertiary phosphine ammonium chlorides, 180-183. In the case of 193-

196, containing the hexafluorophosphate(V), PF6- anion, apart from the

phosphorus (III) resonances around -55.00 ppm mentioned above, the 31p{ IH} NMR

spectra showed the characteristic septet splitting pattern [average o(P) = -144.00

ppm], significantly upfield of the pyramidal P atom, due to the six NMR-active 19F

atoms coupling to the P(V) atom of the PF6- ion, symmetrically separated by average

l)pp coupling constant of 713 Hz (Table 3.7).
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Selected IH NMR data are given in Table 3.7. The resonances for aromatic protons

were in the range 6.68-7.95 ppm, while the resonances of the various CH2 protons, as

in the case of the precursor chlorides, were observed as singlets, doublets or

multiplets as given in Table 3.7. The resonances for the NH2 protons were very weak,

and not seen in some cases but were observed in some, downfield (8.10-9.02 ppm)

due to the charge on the N atom (ammonium species, [~t). The IH NMR spectra

of 188, 192 and 196 all with CH3 at the 4-position showed the characteristic CH3

proton resonances at about 2.24 ppm.
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The compounds as in the case of the tertiary phosphine ammonium chlorides, 180-184,

were highly crystalline. Suitable crystals of 185 and 193 were obtained by vapour

diffusion of Et20 into their CH2Ch solutions over the course of several days. Similarly,

suitable crystals of 190 were obtained when petroleum ether (40-60°C) was layered on

CH2Ch solution kept for several days. The single crystal X-ray structures of 185, 190

and 193 have been determined (Figures 3.4, 3.5 and 3.9) and showed pyramidal

configurations with the phosphorus atom at the top of the pyramid. The crystal

structures of the cations also reveal a P-C-N-C-N-C six-membered ring with a chair

conformation in all the compounds similar to that of 181. The lone pair of electrons on

the phosphorus atoms again qualifies these compounds as potential ligands. As in the

case of 181, the intracage P-C bond lengths and P-C-N bond angles of 190 and 193

also reveal close similarities with PTA.204.205The C-P-C angles within the

P-C-N-C-N-C rings are 99.84(12)° and 97.78(5)° for 190 and 193 respectively,

slightly longer than the analogous C-P-C angle in PTA [96.1(1)°].204.205The bond

lengths and angles of 185, 190 and 193 are given in Tables 3.8, 3.9 and 3.10. The P-C

bond lengths are also similar to those of 129 and comparable to other previously
reported compounds.33.18S-187The crystal data and structure refinement details for 185,

190 and 193 are given in Appendices 8.10, 8.11 and 8.12.

The compounds are H-bonded and unlike in the case of 181, only one N-H"'N

intramolecular H-bond, N(1)-H(lA)"'N(2) was observed in 185 as shown in Figure

3.4. The inability of forming the second N-H"'N intramolecular H-bond,

N(1)-H(1B)"'N(3) is caused by the N-H,,·1t and C-H·,,1t interactions between the

cation and the anion (BPh4-) as shown in Figure 3.4. The H(1B) hydrogen at N(1) in

the cation has an interaction with a phenyl group in the anion [N(1)-H(lB)'''C(30)]

hence cannot flip over to form the N(l)-H(lB)"'N(3) H-bond as in the case of 181.

Therefore no cage structure was formed in this case. However, in compounds 190 and

193 as was the case in 181, a pair of N-H"'N intramolecular H-bonds forming

conformationally locked phosphine frameworks in the solid state was evident. Thus

compounds 190 and 193 can also be regarded as charged variants of PTA. The

existence of additional weak intermolecular bonding contacts between the cations and

the counterions in 190 and 193 leading to infinite 2-D sheets was also revealed by the

X-ray diffraction analyses (Figures 3.7 and 3.8).
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Figure 3.4 Molecular structure of 185 showing N-H"'1[ and C-H"1[ interactions

between cation and anion (BPh4 "),

Table 3.8 Selected bond lengths and angles for 185.8

Bond lengths (A) Bond lengths (A) Bond angles C)
P(I)-C(11) 1.8407(14) C(I)-N(I) 1.4816(19) C(lI)-P(I)-C(9) 97.38(6)

P(1)-C(9) 1.8457(13) C(9)-N(2) 1.4772(17) C(1I)-P(l)-C(l) 98.39(7)

P(1)-C(1) 1.8581(16) C(11)-N(3) 1.4664(17) C(9)-P(l)-C(l) 100.54(6)

Selected hydrogen bonding contacts

D-H"'A d(H'''A) (A) d(D'''A) (A) «DHA) C)

N(l)-H(lA)"'N(2) 1.887(18) 2.7393(17) 148.4(16)

8Estimated standard deviations in parentheses.
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Ct21

FI31

Figure 3.5 Molecular structure of 190. The SbP6- counterion has been omitted for

clarity.

The apical P-C and C-N bond lengths as well as C-P-C bond angles for 190 are given

in Table 3.9. In addition to the intramolecular N-H"'N H-bonding mentioned earlier,

190 also exhibits intermolecular N-H"'P H-bonding, involving, the six SbP6- fluorines

as shown in Figure 3.6.

The X-ray diffraction analyses also reveal that there is intermolecular 1t-1t stacking of

the molecules. Phenyl+phenyl groups are stacked down the c-axis of the unit cells in

these compounds as shown by the packing plot for 190 (Figure 3.7). The average C-C

distance of 3.484 A between the phenyl groups separating two molecules of 190 was

similar to the interplanar distance of ca. 3.354 A involving carbon atoms in the

structure of graphite.206
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Figure 3.6 Molecular structure of 190 showing intermolecular H-bonding contacts

between the [SbP6r counterion and cations.

Table 3.9 Selected bond lengths and angles for 190.a

Bond lengths (A) Bond angles (0) Bond angles (0)

P(I)-C(I) 1.850(3) P(l)-C(1)-N(I) 115.47(17) C(lO)-P(1)-C(I) 101.96(12)

P(l)-C(9) 1.843(3) P(l)-C(9)-N(2) 114.39(17) C(9)-P(I)-C(l) 99.84(12)

P(I)-C(10) 1.841(3) P(l)-C(l0)-N(3) 113.91(17) C(1O)-P(l)-C(9) 98.03(12)

Selected hydrogen bonding contacts

D-H···A d(H"'A) (A) d(D"'A) (A) «DHA) (0)

N(1)-H(1A)"'N(2) 2.14(3) 2.804(3) 138(3)

N(1)-H(lB)"'N(3) 2.20(3) 2.841(3) 130(2)

N(I)-H(1A)"'P(7 A) 2.63(3) 3.166(3) 125(2)

N(I)-H(lB)"'P(IIB) 2.46(3) 3.021(3) 123(2)

a Estimated standard deviations in parentheses.
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Figure 3.7 Packing plot for compound 190, parallel to a showing H-bonded chains of

cations and anions.

c

Figure 3.8 Packing plot for compound 193.
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Compounds 190 and 193 have similar cation/anion arrangements as shown in Figures

3.6 and 3.10. The packing plots for 190 and 193 are also similar involving stacking of

phenyl+phenyl groups down the c-axis of the unit cell in each case although Figures

3.7 and 3.8 do not clearly show this.

The P--C bond lengths and the apical C-P--C angles of 193 are given in Table 3.10, and

are comparable to 181, 185, 190 and other similar compounds.33.18s-187The crystal data

and the' structure refinement details for 193 are shown in Appendix 8.12.

Figure 3.9 Molecular structure of 193. The PF6 - counterion has been omitted for

clarity.

Compound 193 as in the case of 190, exhibits both intramolecular (N-H"'N) and

intermolecular (N-H"'F) hydrogen bonding involving the PF6- counterions as shown in

Figure 3.10 and Table 3.10. In both cases the cations are linked together by H-bonding

with the [SbF6r or [PF6r counterions. The highly electronegative six F atoms in these

ions are involved in intermolecular hydrogen bonding by linking two or more cationic
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parts of the salts together. Such intermolecular hydrogen bonding was not found in the

case of 185 probably due to the absence of highly electronegative atoms in the [BPh4r
counterion.

There are three important findings pertaining to the N-H"'N H-bonded framework

from compounds 190 and 193 together with 181 mentioned earlier. Firstly, there was no

apparent disruption of the N-H"'N intramolecular H-bonded motif in spite of the fact

that polar solvents (alcohols/Hjo) were used in the synthesis and crystallisation.

Compound 185 was odd in this sense, in that only one N-H"'N intramolecular H-bond

instead of two was observed due to N-H"·x and C-H"'x interactions between the

cation and the anion (BPh4-) mentioned previously.

\
\
\

F(5)~\ F(2) F(4)

P(2J

F(6) F(31
FI1l

I
I
I

Figure 3.10 Molecular structure of 193 showing intermolecular H-bonding contacts

between the [PF6r counterion and cations.

Secondly. alternate H-bonding arrangements involving the anions were not important;

hence the core structure of the cation was maintained regardless of the counter anion

(Cl", SbF6- or PF6-) present. Thirdly. N-H"'F contacts involving the three

electronegative fluorine atoms in the 4-positions (181 and 190) were absent, hence do
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not disrupt the N-H'''N H-bonding arrangement found in the aforementioned

compounds, consistent with the difficulty in forming hydrogen bonds from organic

fluorines.l'" Thus the single crystal X-ray structures of 181, 190 and 193 have shown

that simple modification of the PTA core can be achieved in which non-covalent

interactions such as H-bonds generally maintain the structure in the solid state.

Table 3.10 Selected bond lengths and angles for 193.a

Bond lengths (A) Bond angles (0) Bond angles (0)

P(1)-C(9) 1.8359(12) P(1)-C(1)-N(l) 116.70(7) C(9)-P(l )-C(l 0) 97.78(5)

P(I)-C(10) 1.8366(13) P(I)-C(9)-N(2) 114.09(7) C(9)-P(1)-C(I) 101.28(5)

P(1)-C(1) 1.8490(12) p(l)-C(rO)-N(3) 113.53(7) C(10)-P(1)-C(1) 101.32(5)

Selected hydrogen bonding contacts

D-H"'A d(H"'A) (A) d(D"'A) (A) «DHA) (0)

N(1)-H(1A)"'N(2) 2.241(15) 2.8506(13) 128.7(12)

N(I)-H(1B)"'N(3) 2.154(15) 2.8234(13) 132.9(12)

N(1)-H(1A)"'F(5) 2.372(15) 3.0045(13) 131.6(12)

N(I)-H(1B)-"F(6) 2.473(15) 3.0414(13) 123.2(12)

a Estimated standard deviations in parentheses.

The tertiary phosphine ammonium salts, though structurally related to the water-soluble

PTA, as confirmed by single crystal X-crystallography were found to be insoluble in

water. At ambient temperatures, they were however soluble in CH2Ch, CH30H and

DMSO. The average solution conductivity measurements of 180, 181, 189, 190, 193

and 194 in water-methanol (20:80) recorded with a Jenway Model 4510 conductivity

meter was 10.06 us at 20.85 °C close to that of a 1:1 electrolyte (KCl), 6.79 J.l.S

measured under similar conditions. In the solid state, the salts were air stable but slowly

oxidise in d6-DMSO solution over ca. 24 h, for instance, the solution 3Ip{IH} NMR

spectra of 180 recorded in d6-DMSO within 24 h period showed that the purity of 180

as indicated by the IIp resonances decreased from o(P) = -54.30 ppm, 68% to -54.88

ppm, 44%. There was almost a corresponding percentage purity of another phosphorus

compound as shown by a second' IIp resonance at o(P) = 26.70 ppm, 18% in the
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spectrum recorded after 24 h, suggestive of slow oxidation of the P(III) compound to its

corresponding tertiary phosphine oxide.

3.3 COORDINATION STUDIES OF TERTIARY PHOSPHINE AMMONIUM

SALTS

Having established the fact that the tertiary phosphine ammonium salts are structurally

related to the versatile PTA ligand, their coordination potential was explored by

reacting them with relevant ruthenium(II), rhodium(I), rhodium(III), iridium(III),

palladium(II), platinum(II) and gold(I) compounds forming the corresponding transition

metal complexes in high yields.

3.3.1 SYNTHESIS OF RUTHENIUM(II) COMPLEXES 197-202

The synthesis of half-sandwich organometallic ruthenium(II) compounds of PTA have

been reported previously by Dyson and co_workers.11O,12S

+

-0-<
I

CI-lu-r

CI-Ru-CI

---0>-<L = 181, 188, 189, 190, 193 or 194
CH2CI2
stir, 30 min, r.t.
Et20

2-0-<
I
Ru/ I 'L

CI CI

Whe"R'= x~ and x = F, A =CI,197; X = Me, A = BPh4, 198

X = II,A = SbF6, 199; X = F, A = SbF6, 200

X = H.A = PF6, 201; X = F, A = PF6, 202

Equation 3.3.
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In order to assess whether these tertiary phosphine ammonium salts could function as

similar P-monodentate ligands, a range of cationic organometallic ruthenium(II)

complexes were synthesised by reacting some of the tertiary phosphine ammonium

salts with {RuCh(r(p-cymene)h in CR2Ch under aerobic conditions at room

temperature. This was followed by precipitation with diethyl ether upon concentration

of the solution under reduced pressure. In all cases the ligands readily react to form the

desired ruthenium(II) complex in excellent yields (Table 3.11). In each case, two

equivalents of the ligand react by standard bridge cleavage of the ruthenium dimer to

form two moles of orange coloured ruthenium(II) complex according to Equation

3.3.198

3.3.1.1 CHARACTERISATION OF COMPOUNDS 197-202

MS, microanalysis, Ff -IR, NMR and X-ray diffraction techniques in some cases were

used in the characterisation of the complexes; the results are given in Tables 3.11-3.13.

The FAB-MS data (Table 3.11) for compounds 197-202 are in agreement with the loss

of the respective counterion (mlz [M-Xt).

Table 3.11 Percentage yield (isolated), FAB-MS and selected Ff-IR data" (in cm'")

for compounds 197-202.

%yield m/z [M-Xt b v(NH2+) v(CR) v(RuCl) v(SbF) v(PF)

197 98 764 3044 (w) 2966 (m) 294 (w)

198 97 752 3053 (w) 2956 (m) 281 (w)

199 91 710 3060 (w) 2967 (m) 290 (s) 654(vs)

200 90 764 3068(w) 2968 (m) 290 (m) 663(vs)

201 90 710 3068 (w) 2967 (w) 295 (w) 842 (vs)

202 91 764 3068(w) 2970 (m) 293 (w) 846 (vs)

a Recorded as a pressed KBr disk; bX = Cl", BPh4- , SbF6- or PF6 - .

Selected diagnostic Ff-IR spectral data are given in Table 3.11. The v(NHt) stretches

were observed in the range 3044-3068 cm'", not significantly different from the range

3031-3055 cm'" for the precursor ligands. The NHt infrared absorptions were

generally weak but the strong single bands at ca. 845 cm'" in compounds 201 and 202
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indicate the presence of the PF6- ion. This is consistent with other ruthenium complexes

containing the PF6- counterion.r'" while the SbF bands of ca. 655 em"! confirm the

presence of the SbF6- counterion (199 and 200). The terminal stretching vibration of

the v(Ru-Cl) bands of the complexes were observed at between 281 and 295 cm'"

(Table 3.11). The values for these infrared absorptions are comparable to other

previously reported ruthenium(II) phosphine complexes.j'"

The microanalytical data are given in Table 3.12; the values agree within acceptable

limits and are consistent with the formulae of the ruthenium(II) complexes 197-202.

Coprecipitation of solvent molecules was evident as shown in the microanalytical data.

Table 3.12 Microanalysis (%) and molecular formulae for compounds 197-202.1

C H N Molecular formula

197 47.88 (48.04) 5.05 (4.95) 4.58 (4.64) C35~2N3PF3RuCh·I.25CH2Clz

198 65.46 (65.40) 6.46 (6.36) 3.61 (3.63) C62H71N3PBRuClz'CH2CI2

199 .36.99 (36.95) 4.10 (4.39) 3.19 (3.69) C35~5N3PSbF6RuCh·2.25CH2Clz

200 39.32 (39.80) 4.01 (4.09) 3.74 (3.87) C35~2N3PSbF9RuCh'CH2Ch

201 48.19 (48.28) 5.17 (5.23) 4.77 (4.79) C35~5N3P2F6RuClz·0.25CH2Clz

202 44.94 (44.78) 4.61 (4.55) 4.51 (4.41) C35~2N3P2F9RuClz·0.5CH2Clz

a Calculated values in parentheses.

The 31p{IH} NMR spectra of these complexes recorded in d6-DMSO, showed single

phosphorus signals in the range o(P) 6.18-8.18 ppm as given in Table 3.13, suggestive

of the presence of a single phosphorus containing compound. These phosphorus signals

are significantly downfield of the values [o(P) :::::-55.00 ppm] for the corresponding

precursor tertiary phosphine ammonium salt ligands as given in Tables 3.3 and 3.7 and

are in good agreement with P-monodentate coordination. The average coordination

chemical shifts for compounds 197-202 (~op 62 ppm) was not significantly different

from that for RuCh(T{p-cymene)(PTA) (~op 60 ppm) suggesting similar

stereoelectronic properties. 110 The 3Ip{IH} NMR spectra of 201 and 202, in addition to

the single 31p signals at 7.97 and 8.13 ppm respectively, showed the characteristic

septet splitting quite upfield of these signals at an average of about -144 ppm. In both
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cases, the separation in the characteristic septet splitting pattern from the coupling

between the 31p and 19p nuclei was symmetrically separated by an average I]PF

coupling constant of 711 Hz (Table 3.13).

Selected IHNMR spectral data are given in Table 3.13. The signals of the p-cymene

protons in compounds 197-202 were similar to those of the ruthenium(II)

diazaphosphorinane complexes(163 and 164) discussed in Section 2.4.1.1 regardless of

the different ligands used as given in Tables 2.15 and 3.13. For examples, in both cases,

the arene protons of the p-cymene were observed at ca. between 5.70 and 5.90 ppm,

with similar 3JpH coupling constants. The -CH(CH3h protons in the p-cymene

displayed a characteristic septet at ca. 2.60 ppm in both cases indicating that it is

adjacent to 6 protons [-(CH3h], while the CH3 protons were observed at ca. 1.90 ppm.

These proton signals were comparable to those of other related ruthenium(II)

complexes.l'"
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Crystals of 199 and 200 suitable for X-ray diffraction study were obtained by layering

of petroleum ether (b.p. 40-60 °C) on CDCI~CH2Ch solution, and by slow vapour

diffusion of Et20 into CH2Ch solution respectively. The X-ray structures have been

determined (Figures 3.12 and 3.14), all the hydrogen atoms except those on N(1), have

been omitted for clarity. The 116-coordinationis illustrated by thick dashed lines

between the Ru atoms and the centroid of the aromatic ring of the p-cymene

ligands(Figures 3.12 and 3.14). The structures of 199 and 200 confirm a classic "piano-

stool" geometry formed by the ancillary p-cymene (116-4-MeC6R/Pr) ligand and the

three "legs" being the phosphorus donor of the P-monodentate cationic tertiary

phosphine ammonium moiety and the two chlorides. There are no significant

differences observed in the Ru-P and Ru-Cl bonds lengths for 199 and 200, and both

are comparable to analogous complexes with PTA.I04•110 Furthermore, upon

coordination there are minimal differences in the P-C and P-C-N metric parameters

between the complexes and the precursor ligands. The crystal structures reveal that the

pair of intramolecular N-H"'N H-bonds maintain the rigid cage structures of the

precursors in the solid state even upon complexation in both complexes. Additional

weak intermolecular H-bonding interactions linking the molecules into dimer pairs was

also observed (Figures 3:13 and 3.15), similar to what has been recently observed in

cationic dimeric RullPTA complexes (Figure 3.11).121

or

Figure 3.11 Structures of cationic dimeric RullPTA complexes.!"
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Figure 3.12 Molecular structure of 199. The SbF6- counterion and 1.67CH2Ch solvent

molecules of crystallisation have been omitted for clarity.

CII21

~t

Figure 3.13 Molecular structure of 199, showing H-bonding forming dimer pairs.
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Figure 3.14 Molecular structure of 200. The SbF6- counterion and 0.33CH2Ch solvent

molecule of crystallisation have been omitted for clarity.

Figure 3.1S Molecular structure of 200, showing H-bonding forming dimer pairs.
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Selected bond lengths and angles are given in Tables 3.14 and 3.15 for compounds 199

and 200 respectively. The crystal data and structure refinement details for 199 and 200

are shown in Appendices 8.13 and 8.14.

Table 3.14 Selected bond lengths and angles for 199.a

Bond lengths (A) Bond lengths (A) Bond angles C)
Ru(1)-P(l) 2.3293(6) C(l}-N(l) 1.506(3) P(1)-Ru(l)-Cl(1) 87.60(2)

Ru(I)-CI(l) 2.4064(7) C(9)-N(2) 1.474(3) P(1)-Ru(I)-CI(2) 83.75(2)

Ru(l)-CI(2) 2.4103(6) C(lI)-N(3) 1.471(3) CI(I)-Ru(l)-Cl(2) 88.00(2)

Ru(l)-Cav 2.210(3) C(l9)-N(3) 1.470(3) C(I)-P(1)-C(11) 104.69(11)

P(I)-C(1) 1.843(2) C(12)-N(2) 1.486(3) C(9)-P(1)-C(l} 102.68(12)

P(I)-C(9) 1.831(3) C(9)-P(1)-C(11) 99.85(11)

P(1)-C(11) 1.828(2)

Selected hydrogen bondmg contacts

D-H'''A d(H"'A) (A) d(D'''A) (A) «DHA) C)
N(I)-H(IA)"'F(I) 2.35(3) 2.914(3) 120(3)

N(I)-H(lB)"'Cl(2A) 2.64(3) 3.225(2) 127(3)

N(1)-H(lA)"'N(2) 2.22(3) 2.894(3) 130(3)

N(l)-H(lB)"'N(3) 2.24(3) 2.840(3) 128(3)

aEstimated standard deviations in parentheses.

There is evidence of intra- and intermolecular hydrogen bonding in these complexes as

in the case of the precursor ligands (for example 190) as shown in Figures 3.13 and

3.15. It is interesting to note that in 199, apart from N-H'''N and N-H'''CI intra- and

intermolecular hydrogen bonding respectively, there is intermolecular N-H'''F

hydrogen bonding (Figure 3.13) observed between the SbF6- counterion and N(1) atom

with the N"'P bond distance and N-H'''P bond angle as shown in Table 3.14

comparable to other previously reported compounds.f" Such hydrogen bonding

interactions involving the SbF6- ions in the case of 200, though observed in the

precursor ligand (190, Figure 3.5) are either diminished or absent, hence not seen

(Figure 3.15) probably due to repulsion between the F atoms from the SbF6- ion and the
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three F atoms in the cationic moiety of the ligand now at the ruthenium coordination

sphere.

Table 3.15 Selected bond lengths and angles for 200.a

Bond lengths (A) Bond lengths (A) Bond angles C)
Ru(I)-P(I) 2.319(17) C(1)-N(I) 1.501(8) P(I)-Ru(I)-CI(I) 87.29(7)

Ru(1)-CI(I) 2.388(2) C(9)-N(2) 1.467(8) P(1)-Ru(I)-CI(2) 84.46(6)

Ru(I)-CI(2) 2.420(17) C(1l)-N(3) 1.472(8) CI(1)-Ru( 1)-CI(2) 86.85(7)

Ru(l)-Cav 2.212(7) C(19)-N(3) 1.479(9) C(I)-P(1)-C(1l) 104.3(3)

P(1)-C(l) 1.839(7) C(12)-N(2) 1.491(8) C(9)-P(1)-C(l) 103.3(3)

P(I)-C(9) 1.824(6) C(9)-P(l)-C(11) 99.9(3)

P(1)-C(11) 1.823(7)

Selected hydrogen bonding contacts

D-H"'A d(H'''A) (A) d(D"'A) (A) «DHA) C)

N(I)-H(IA)"'N(2) 2.05(6) 2.891(8) 129(5)

N(1)-H(1B)"'N(3) 2.39(8) 2.893(8) 132(8)

N(l)-H(lB)"'CI(2A) 2.85(8) 3.273(6) 123(8)

aEstimated standard deviations in parentheses.

3.3.2 SYNTHESIS OF RHODIUM(I) COMPLEXES 203 AND 204

Two square-planar rhodium(I) carbonyl complexes were synthesised by reacting

Rh2(CO)4(J.l-Clh with the tertiary phosphine ammonium chlorides 180 or 181 in

CH2Ch under aerobic conditions at room temperature. This was followed by

precipitation with Et20 upon concentration of the solution under reduced pressure. In

both cases, the desired Rh(I) complex was obtained in good to excellent yield (> 80%)

as given in Table 3.16. Four equivalents of the tertiary phosphine ammonium chlorides

(ligand) react with the dimer to form two moles of the square planar Rh(I) complex

according to Equation 3.4. Both complexes were pale orange solids.
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+ 4

R'~ H2 +
N~p, /N, CI-f__N::..J 'V' R'

/
R'

L =180 or 181

CH2Cl2, stir
30 min, r.t.
Et20

or

Where R' = X and X =H, 203; X = F, 204

Equation 3.4.

3.3.2.1 CHARACTERISATION OF COMPOUNDS 203 AND 204

Compounds 203 and 204 were characterised by LSI-MS, microanalysis and Ff -IR. the

results are given in Tables 3.16 and 3.17. Compounds 203 and 204 were extremely

insoluble in both non polar and polar solvents; hence no meaningful NMR [IH,

31p{ IH}] spectral data could be obtained.

Table 3.16 Percentage yield (isolated). LSI-MS and selected Ff-IR data" (in em")

for compounds 203 and 204.

%yield m/z [M-2H-Clt v(NH2+) v(CH) v(CO) v(RhCl)

203 88 1009 3034(w) 2928 (w) 1979 (s) n.o.

204 93 1117 3044 (m) 2939 (m) 1979 (s) n.o.

a Recorded as pressed KBr disk; n.o. = not observed.
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The LSI-MS data (Table 3.16), for compounds 203 and 204 are in agreement with the

loss of two H and one CI, m/z [M-2H-CIt. In both cases, the complexes precipitated
•

with some amount of solvent as shown by the microanalysis results (Table 3.17).

The Ff -IR spectra for 203 and 204 were recorded in the solid state as pressed KBr

disks; selected data are given in Table 3.16. The v(CH) stretches were similar to those

of the free ligands. Similarly, the V(NH2+) stretches were also not significantly different

from those of the free ligands and were observed at ca. 3030 cm'", There was an

intense CO stretch observed at 1979 em" in each case. Although no direct comparisons

between the Ff-IR data for 203 and 204 with the known neutral complexes trans-

Rh(CO)CI(PTAh lvco ~ 1963 em" (chloroformlj'" and trans-Rh(CO)CI(PTAR3)2

where R = "lower rim" PTA substituent, C6Hs, C611JOMe, C611JCN [vco = 1978-1987

'cm'" (chloroform)] 210can be drawn, 180 and 181 can be regarded as having similar

electron donating properties to this class of PTA ligands. The Rh-Cl vibrations

normally observed below 300 cm-I were not seen because of the relatively shorter

range (4000-500 em-I) of Ff-IR spectrometer used.

The microanalytical data are given in Table 3.17; the values agree within acceptable

limits and are consistent with the formulae of the rhodium(I) complexes 203 and 204.

Table 3.17 Microanalysis (%) and molecular formulae for compounds 203 and 204. a

C H N Molecular formula

203 54.28 (54.45) 5.40 (5.65) 7.46 (7.29) CSI~2N60P2RhCh·I.25CH2Clz

204 50.63 (50.40) 4.70 (4.72) 6.94 (6.78) CSIHs6N60P2F6RhCh'CH2Ch

a Calculated values in parentheses.

As mentioned earlier, no meaningful NMR eH, 3lpeH}] spectral data could be

obtained for 203 and 204 due to insolubility in common solvents, hence direct

elucidation of their geometry by NMR spectroscopy is not possible. However, the

solution 3lpeH} NMR spectra of the known analogous complexes Rh(CO)CI(PTAh,

Rh(CO)CI(PT AR3)z [R = "lower rim" PTA substituent, C6Hs, C611JOMe, C611JCN]

gave single doublets in the range -54.4 to -60.1 ppm with IlpRh values between 117
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and 127 Hz indicative of the formation of the trans isomer only in all cases.209.210From

the literature highlighted, it can therefore be suggested that the complexes 203 and 204
also exhibit trans configuration.

3.3.3 SYNTHESIS OF RHODIUM(III) AND IRIDIUM(III) COMPLEXES

205-210
The dimeric chloro bridged complexes [MCIz(r{Cp*)h M = Rh or Ir are known to

undergo chIoro bridge cleavage reactions leading to the formation of series of

interesting neutral and cationic mononuclear complexes. 196It has been demonstrated by

Dyson and co-workers" and Erlandsson et al.211 that half-sandwich organometallic

Rh(III) and Ir(III) complexes respectively of PIA could be synthesised using these

chIoro bridged complexes.

2 +

L = 181, 185 or 189
CH2CI2,
stir, 30 min, r.t.
Et20

2
IM,

C/ \ LCI

Where R' = X~ and M = Rh, X = P, A = Cl, 205; M = Rh, X = II, A = BPh" 206

M =Rh, X = H,A = SbF6, 207; M= lr, X=F, A =CI, 208

M = Ir, X = H, A = BPh4, 209; M = Ir,X= H, A = SbF6, 210

Equation 3.5.

In order to assess whether the tertiary phosphine ammonium salts could function as

similar P-monodentate ligands to further establish the relationship between the tertiary

phosphine ammonium salts and PIA, three complexes each of rhodium(III) and

iridium(III) were synthesised by reacting 181, 185 or 189 with [MCh(lls -Cp*)h. M =
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Rh or Ir respectively in CH2Ch under aerobic conditions at room temperature. This was

followed by precipitation with Et20 after concentration of the solution under reduced

pressure. In all the cases, the desired M(lII) complexes were obtained as orange solids

in good to excellent yield (> 80%) as given in Table 3.18. Two equivalents of the

ligand react with the dimer to form two moles of the corresponding M(III) complex

according to Equation 3.5.

3.3.3.1 CHARACTERISATION OF COMPOUNDS 205-210

The complexes were characterised as in the previous cases by conventional techniques

namely MS, microanalysis, Ff-IR, NMR; the results are given in Tables 3.18-3.20.

Single crystal X-ray crystallography was also used for 207 and 208 where suitable

crystals were obtained.

Table 3.18 Percentage yield (isolated), FAB-MS and selected Ff-IR data" (in cm'")

for compounds 205-210.

% yield m/z[M-Xr D v(NH2+) v(CH) v(MCI) v(SbF)

205 88 766 3040 (w) 2920 (w) 290 (w)

206 96 712 3029 (m) 2981 (m) 279 (w)

207 98 712 3031 (m) 2950 (w) 290 (vs) 660 (vs)

208 96 857 3050 (w) 2921 (w) 296 (w)

209 85 802 3054 (w) 2981 (w) 295 (w)

210 77 802 3019 (w) 2923 (w) 290 (vs) 662 (vs)

a Recorded as a pressed KBr disk; bX = Cl", BPh4-, SbF6-; MCI = RhCl or IrCl.

The FAB-MS data (Table 3.18) for compounds 205-210 were in agreement with the

loss of the respective counterion tm/z [M-Xt). The Ff-IR spectra for 205-210 were

recorded in the solid state as pressed KBr disks. The v(CH) stretches were similar to

those of the free ligands, similarly, the V(NH2 +) stretches were also not significantly

different from those of the free ligands and were observed in the range 3019-3054

cm'". The M-CI vibrations were very weak unlike in the case of the ruthenium(lI)

complexes 197-202; there was however, a very strong v(MCI) band at 290 em"! in the
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case of compounds 207 and 210. The very strong bands at 660 and 662 em"! due to Sb-

F support the presence of the SbF6- counterions in the case of compounds 207 and 210.

The microanalytical data are given in Table 3.19; the values agree within acceptable

limits and are consistent with the proposed molecular formulae of the rhodium(III) and

iridium(III) complexes 205-210. In all except 210, the complexes precipitated with

some amount of solvent as shown by the microanalysis results (Table 3.19).

Table 3.19 Microanalysis (%) and molecular formulae for compounds 205-210.8

C H N Molecular formula

205 49.47 (49.54) 5.13 (5.17) 4.86 (4.85) C3sI-LnN3F3PRhCh,0.75CH2Clz

206 60.70 (60.92) 5.95 (5.87) 3.32 (3.49) CS9I-I&;N3PBRhClz'CH2CI2

207 41.46 (41.81) 4.50 (4.68) 4.07 (4.07) C3s~N3PRhChSbF6'CH2CI2

208 41.09 (41.29) 4.37 (4.42) 4.04 (3.88) C3sI-LnN3F3PIrCl3·2.25CH2Ch

209 60.23 (60.52) 5.89 (5.74) 3.71 (3.54) CS9Hti6N3PBIrCI2·0.75CH2Ch

210 40.60 (40.48) 4.58 (4.46) 4.05 (4.05) C3si46N 3PIrC}zSbF6

a Calculated values in parentheses.

The NMR spectral data recorded in d6.DMSO are given in Table 3.20. In compounds

205-207, the 31p{IH} NMR spectra showed a doublet with o(P) values between 3.24

and 4.75 ppm and an average IlpRh coupling constant of ca.145 Hz comparable to what

was found for other Rh(III) compounds reported previously.P" On the other hand, the

spectra of 208-210 showed singlets with o(P) values between -25.34 and -26.35 ppm.

In both cases as was observed in the ruthenium(II) complexes 197-202 mentioned in

(Section 3.3.1), the 31p resonances were significantly downfield compared with the

precursor salts given in Tables 3.3 and 3.7 and are in good agreement with P-

monodentate coordination.

The average coordination chemical shifts for the rhodium(III) compounds 205-207

(~op 59 ppm) were also not significantly different from the analogous

rhodium(III)(PT A) compound, RhCIz(TJ5-Cp*)(PT A) (~op 65 ppm) suggesting similar

stereoelectronic properties." Similarly, the average coordination chemical shifts for the
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Ir(III) compounds, 208-210 (~8p 29 ppm) were the same as what was obtained in the

analogous Ir(III)(PT A) compound, IrCh(T)s-Cp*)(PT A) (~8p 29 ppm) suggesting

similar stereoelectronic properties.i!'

In the IH NMR spectra of the complexes, the ring methyl protons were observed as

singlets in the range 1.65-1.70 ppm, possibly not resolved, except 205 which showed a

doublet, indicative of long range coupling between phosphorus and the ring methyl

protons of the pentamethylcyclopentadienyl moiety [4/PH' 3.2 Hz] (Table 3.20) similar

to what was found in the analogous PTA complexes, RhCh(T)s-Cp*)(PTA) [o(H) = 1.69

ppm, d, 4JpH = 3.5 Hz, CDCh]SI and IrCh(T)s-Cp*)(PTA) [0'= 1.79 ppm, d, 4JpH = 2.0

Hz, CDCh].211 There were singlet CH2 resonances between 4.08 and 4.40 ppm (Table

3.20) which were also similar to 4.33 and 4.51 ppm and 4.20 and 4.70 ppm assigned to

the methylene protons within the PTA ligand in the analogous rhodiumiIllj'! and

iridium(III) PTA complexesi!' respectively.
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A few X-ray quality crystals of compounds 207 and 208 were obtained in each case

from a solution in acetone and by vapour diffusion of Et20 into a

DMSO/CH2ChlMeOH solution kept over several days and the X-ray structures have

been determined, though not completed in the case of 208 is supportive of p:

monodentate coordination and a typical "piano-stool" geometry around the metal centre

(Figure 3.16).

Figure 3.16 Molecular structure of 207. The SbF6- counterion and 2CH2Ch solvent

molecules of crystallisation have been omitted for clarity.

,

The structure confirms a classic "piano-stool" geometry formed by the ancillary TJs-Cp*

ligand and the three "legs" being the phosphorus donor of the P-monodentate cationic

tertiary phosphine ammonium moiety and the two chlorides. The Rh-P and Rh-CI bond

lengths for 207 [Rh-P = 2.2851(19) A; (Rh-Clj., = 2.415(2) A] are comparable to

analogous complexes with PTA [Rh-P = 2.286(1) A; (Rh-Cl}av = 2.417(1) A].sl The

two P-Rh-Cl bond angles in 207 are also comparable to those found in the analogous

PTA complex, RhCh(T{Cp*)(PTA).sl Furthermore, upon coordination as in the case of

the ruthenium(II) complexes discussed in Section 3.3.1, there are minimal differences
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in the P-C and P-C-N metric parameters between the complex and its precursor ligand.
,

The crystal structure reveals that, again the pair of intramolecular N-H"'N H-bonds

maintain the rigid cage structure of the precursor salt in the solid state even upon

complexation.

Selected bond lengths and angles for compound 207 are given in Table 3.21. The

crystal data and structure refinement details for 207 are shown in Appendix 8.15.

Table 3.21 Selected bond lengths and angles for 207.a

Bond lengths (A) Bond lengths fA) Bond angles C)
Rh(l)-P(I) 2.2851(19) C(1)-N(1) 1.497(8) P(I)-Rh(1)-Cl(1) 88.85(7)

Rh(I)-CI(I) 2.406(2) C(9)-N(2) 1.476(10) P(I)-Rh(l)-Cl(2) 83.37(7)

Rh(l)-Cl(2) 2.424(2) C(lO)-N(3) 1.482(9) Cl(I)-Rh(I)Cl(2) 92.67(8)

Rh(1)-Cav 2.189(7) P(l)-C(9) 1.836(8) P(1)-C(l)-N(I) 115.4(5)

P(l)-C(l) 1.834(7) P(l)-C(lO) 1.830(7) P(1)-C(9)-N(2) 110.1(5)

P(I)-C(lO)-N(3) 110.0(5)

Selected hydrogen bonding contacts

D-H"'A d(H"'A) (A) d(D"'A) (A) «DHA) C)

N(1)-H(1B)"'CI(2') 2.65 3.291(6) 127.8

N(I)-H(lA)"'N(2) 2.34 2.952(9) 123.8

N(1)-H(lA)"'F(1) 2.40 3.022(9) 124.4

N(l)-H(1A)"'F(lX) 2.89 3.35(3) 112.2

N(l)-H(lB)"'N(3) 2.18 2.851(8) 128.6

aEstimated standard deviations in parentheses.

The intramolecular N-H"'N hydrogen bonding parameters involving the N(1) and

N(2); N(1) and N(3) for 207 are given in Table 3.21.
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Figure 3.17 Molecular structure of 207, showing H-bonding forming dimer pairs.

Additional weak intermolecular H-bonding interactions involving the chlorides, linking

molecules into dimer pairs as well as H-bonding between the F atoms from the SbF6-

ion and NO) atom was evident (Figure 3.17, Table 3.21).

3.3.4 COORDINATION OF MONOMERIC PALLADIUM(II) PRECURSORS

\VITH 180, 181, 189 OR 190

The coordination potential of the tertiary phosphine ammonium salts was also evaluated

by reacting 180, 181, 189 or 190 with various monomeric palladium(lJ) precursors

namely PdCh(COD), PdCh(CH)CNh and Pd(Me)Cl(COD). The reactions were

performed under various reaction conditions in order to obtain PdChL2 type complexes

(L = Ligand) after displacing the labile COD or CH3CN ligands.
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3.3.4.1 SYNTHESIS AND CHARACTERISATION OF PALLADIUM(II)

COMPLEX 211

Reaction of two equivalents of 180 with PdCIz(COD) in CHCh, refluxed at 90°C

under N2 for 2 h, gave a yellow solid 210 in 65% yield as shown in Equation 3.6.

o
CHC13,90 C,

PdCI2(COD) + 2L
reflux, 2 h, r.t.,
Et20

211

Where L =
R'__ H2 +

N.....__...-:P~N, a-L-N-:::J R'
/R'

180

R' = H

Equation 3.6

The solution 31p{ IH} NMR spectrum of compound 211, recorded in d6-DMSO, showed

a phosphorus resonance at 5(P) -0.65 ppm significantly downfield of the value for the

free ligand at 5(P) -55.08 ppm. The IH NMR spectrum gave multiplets in the range

6.60-7.80 and 3.71-3.80 ppm, for the aromatic and CH2 protons respectively. There

was coprecipitation of solvent consistent with the microanalytical data for 211:

CsoHt;2N6P2PdCkO.5CHCh requires: C, 54.31; H, 5.64; N, 7.52. Found: C, 54.77; H,

5.72; N, 7.60 %. The FT-IR spectrum of 211 was run as a pressed KBr disk. The NH/

vibrations were at a slightly lower wave number, 2920 em" compared with the value

for the precursor ligand observed at 3028 cm-I. Two Pd-CI stretches were observed at

291 and 319 ern"! in the IR spectrum indicative of cis disposition of the chloride

ligands.
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Some X-ray quality crystals were obtained by slow vapour diffusion of Et20 into a

chloroform solution of 211 over several days and the structure has been determined.

The X-ray diffraction analysis on one of these crystals gave a novel unexpected six-

membered chelate complex 211' (Figure 3.18) which was not consistent with the other

characterising data for 211.

Figure 3.18 Molecular structure of 211'.

The structure of 211' reveals an approximate square-planar geometry with the Pd-CI

and Pd-P bond lengths and angles about the palladium(II) centre were within the

expected range for other square-planar Pd(II) phosphine chloride complexes 146.201as

well 169 and 170 in Section 2.4.3. The only exception being that the P(l)-Pd(1)-P(2)

bond angle [92.60(7)°] was smaller than the P(l)-Pd(l)-P(2) bond angle [100.45(5)°]

in 169 probably due to the constraint caused by the six-membered Pd-P-C-N-C-P

chelate ring. The X-ray diffraction analysis does not indicate the presence of H-bonding

supportive of the absence of donor/acceptor groups. Selected bond lengths and angles

are given in Table 3.22. This structural motif is supported by the absence of any hits

from a CSD search:91.192The crystal data and structure refinement for 211' are shown

in Appendix 8.16.
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Table 3.22 Selected bond lengths and angles" for 211'.

Bond lengths (A) Bond lengths (A) Bond angles (0)

Pd(I}-P(I) 2.226(2) P(I)-C(10) 1.836(7) P(I}-Pd(1}-P(2) 92.60(7)

Pd(1}-P(2) 2.223(2) P(1)-C(12) 1.817(7) P(I}-Pd(l}-Cl(1) 88.51(7)

Pd(1}-CI(1) 2.371(2) P(2)-C(27) 1.826(7) P(2)-Pd( 1)-CI(2) 87.97(7)

Pd(I}-CI(2) 2.353(19) P(2)-C(29) 1.856(7) CI( 1)-Pd( 1)-CI(2) 90.87(7)

P(1)-C(l) 1.836(7) C(1)-N(I) 1.457(8) CI(1)-Pd(I)-P(2) 177.37(8)

P(2)-C(2) 1.813(7) C(2)-N(2) 1.455(8) CI(2)-Pd(I)-P(I) 178.82(8)

a Estimated standard deviations in parentheses.

A plausible explanation for the transformation from 211 to the chelate complex 211', as

observed in the X-ray diffraction analysis, is given below (Equation 3.7).

R'
R' II N

<~( I /N~R' -HO
R'/ YP, p,___" N~ ~--,/~,

Pd R'
CI/ 'CI

211'

Whe,eR'= II~

Equation 3.7.
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This transformation might primarily be due to the bulky nature of the two phosphine

ligands not fitting into the coordination sphere of the metal in a cis arrangement or the

driving force may be formation of a six-membered ring (chelate effect). During the

crystallisation process, there is probable intramolecular rearrangement involving the

two exocyclic fragments in the two phosphine ligands at the Pd(II) centre. There is loss

of a proton from the ammonium group in the exocylic fragment in one phosphine

ligand which is eliminated as HCl resulting in the formation of a lone pair of electrons

on the ammonium N atom. The lone pair of electrons is then donated to the carbon in

the P-C-N fragment of the exocyclic fragment in the second phosphine ligand. This

leads to the loss of a molecule of benzylamine in the second phosphine ligand and the

formation of an ionic six-membered Pd-P-C-N-C-P chelate compound, which loses a

molecule of HCI to form the new neutral six-membered Pd-P-C-N-C-P chelate

complex 211', as proposed in Equation 3.7. This mechanism is similar to the

transformation of [P(CH2NHPh)4]CI to a six-membered P-C-N-C-N-C ring

compound (diazaphosphorinane) aided by Et3N probably via an intramolecular

mechanism shown in Scheme 1.2.10

3.3.4.2 SYNTHESIS AND CHARACTERISATION OF PALLADIUM(II)

COMPLEX 212

The reaction of PdCh(COD) with 181 was attempted under a different reaction

condition. Two equivalents of 181 were reacted with PdCh(COD) in CH2Ch at room

temperature under aerobic conditions for 24 h. This was followed by precipitation with

Et20 upon concentration of the solution under reduced pressure and the resulting

yellow solid, 212 was obtained in high yield. The product conforms to the expected

PdChL2 complex as supported by the microanalytical data. The solution 31p{ IH} NMR

spectrum of compound 212 in d6-DMSO showed a major phosphorus resonance (>70

%) at 5(P) -0.88 ppm significantly downfield of the 5(P) value for the free ligand,

-54.72 ppm, while the IH NMR spectrum showed the following proton resonances:

9.14 (br, NH2), 6.80-7.70 (m, arom. H) and 3.71-4.80 (m, CH2), ppm. The

microanalytical data for 212 is consistent with the formula,

CsoHs6N6P2F6PdCkO.25CH2Chrequires: C, 50.87; H, 4.80; N, 7.08. Found: C, 50.56;

H, 4.89; N, 7.02 %. The Ff-IR spectrum of 212 run as pressed KBr disk showed a

sharp NH2+ vibration at 2988 cm'" slightly different from the value for the precursor
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ligand 181 observed at 3044 em" and a single Pd-CI vibration at 307 cm'", indicative

of trans disposition of the two coordinated chloride ligands in this case. Attempts to

obtain suitable crystals for X-ray diffraction analysis were unsuccessful.

3.3.4.3 SYNTHESIS AND CHARACTERISATION OF PALLADIUM(II)

COMPLEXES 213-215

Palladium compounds with higher lability and trans-directing propensity such as

PdCIz(CH3CNh, were also used as suitable sources of Pd(II) in the coordination

reactions of the tertiary phosphine ammonium salts. In these reactions, there is greater

probability of forming the expected ML2Cl2 type complexes in which the bulky ligands

fit around the metal coordination sphere in a trans arrangement. Reaction of

PdClz(CH3CNh with 181, 189 or 190 in CH2Ch at room temperature followed by

precipitation with Et20 upon concentration of the solution under reduced pressure gave

the yellow compounds 213-215. In all cases, the ligands readily react to form the

desired palladium(II) complex in excellent yields (Table 3.23). Two equivalents of the

ligand react with PdCIz(CH3CN)z to form the Pd(II) complexes according to Equation

3.8.

I. CI, /L
CH2C 2' stir, r.t., "'

Pd +
30 min, Et20 ~ 'a

Where L =

181, 189 or 190

R' = X~ and X=F,A=O,21J;

X = H, A = SbF6, 214;

X= F, A = SbF6, 215

Equation 3.8.

Characterisation was achieved by microanalysis, Ff -IR and NMR spectroscopy. The

results are given in Tables 3.23-3.25.
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Table 3.23 Percentage yield (isolated) and selected Ff-IR data" (in cm'") for

compounds 213-215.

Compound % yield V(NH2+) v(CH) v(SbF) v(PdCl)

213 94 2941 (s) 2811 (m) 308 (w)

214 91 3030 (s) 2820 (m) 661 290 (vs)

215 84 3044 (s) 2827 (m) 661 292 (vs)

1Recorded as a pressed KBr disk.

The Ff -IR spectra for 213-215 were also run as pressed KBr disks; selected data are

given in Table 3.23. The V(NH2+) stretches of the palladium(II) complexes were in the

range 2941-3044 cm"' and were not significantly different from those of the precursor

ligands. On the other hand, the v(CH) stretches were slightly lowered on coordination

to the palladium(II) centre, for example in 215 the v(CH) stretch in the precursor

ligand, 190 was 2954 cm'" but on coordination in compound 215, the band was shifted

to 2827 cm'". The strong infrared Sb-F bands at 661 em" in compounds 214 and 215

confirm the presence of the SbF6- counterions in these complexes. The infrared spectra

of the palladium(I1) complexes showed single v(Pd-C1) stretches in the range 290 to

308 cm'", that of 213 was weak, while those of 214 and 215 very strong, indicating in

all cases that a trans isomer was formed.

There was evidence of coprecipitation of the solvent in these complexes; this is in

agreement with the microanalytical data given in Table 3.24. The agreement between

the observed and calculated CHN values in Table 3.24 is consistent with the

formulation of the palladium(II) complexes 213-215.

Table 3.24 Microanalysis (%) and molecular formulae for compounds 213-215.1

C H N Molecular formula

213 49.96 (49.60) 4.84 (4.72) 6.95 (6.84) CsoHs6N6P2F6PdCI4·0.75CH2Ch

214 36.80 (37.17) 4.03 (4.00) 5.08 (4.91) Cso~2N6P2Sb2FI2PdCh'3CH2Ch

215 37.27 (37.72) 3.43 (3.57) 5.17 (5.23) C50~2N6P2Sb2FI8PdCI2·0.5CH2CI2

a Calculated values in parentheses.
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The solution 31p{ IH} NMR spectra of these complexes, recorded in d6-DMSO, showed

multiple signals; in all cases the major signal being significantly downfield of the

corresponding value for the ligand. For example the major o(P) value for 215 was at

-0.67 ppm (Table 3.25), while the o(P) for the corresponding ligand was at -54.92

ppm. The multiple signals could be due to a mixture of P-containing species or possible

decomposition of phosphorus containing products in the NMR solvent.

Table 3.25 Selected NMR data (in ppm) for 213-215.-

Major Other

o(P) 31p Signals o(H)/arom. o(H)/CH2 s(H)1NH2+

213 -0.47 -20.69, -30.24 7.07-7.69 3.864.82 8.37

214 -0.62 -20.32, -30.74 7.15-7.55 3.564.84 8.18

215 -0.67 -20.36, -30.22 6.92-7.45 3.52-4.73 8.16

a All NMR spectra were recorded in d6-DMSO.

Two of these multiple 31p signals in these spectra could also indicate the presence of

both the cis and trans isomers in solution. This not withstanding, in the solid state the

Ff-JR spectra indicated the presence of the trans isomer. The fact that in all cases the

major signal falls within the narrow range -0.47 to -0.67 ppm coupled with strong

single v(Pd-Cl) stretches in the IR spectra strongly suggest P-coordination and

formation of the trans isomer.

Selected IH NMR resonances of the complexes are given in Table 3.25; the aromatic

and the CH2 proton signals fall within the expected values. The o(H) values for the

NH2+ protons are downfield (8.16-8.37 ppm) indicative of being adjacent to the

electronegative N atom of the ammonium salt. Attempts to obtain X~ray quality crystals

were unsuccessful.

3.3.4.4 SYNTHESIS AND CHARACTERISATION OF PALLADIUM(II)

COMPLEXES 216 AND 217

The palladium(II) precursor Pd(Me)Cl(COD) was also reacted with the tertiary

phosphine ammonium salts in order to evaluate their coordination potential.
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Pd(Me)CI(COD) + 2L

Where L =

R',,__ Hz +
N___.-;P~N, A-L-N-:::J R'

/
R'

181 or 189

R'= x~ and x = F, A = CI, 216;

X=H,A=SbF6,217

Equation 3.9.

Reaction of Pd(Me)CI(COD) with 181 or 189 under similar reaction conditions as for

PdCh(CH3CNh, as described in Section 3.3.4.3, gave the orange solids 216 and 217. In

both cases, the ligands readily react to form the desired palladium(II) complex in

excellent yields (Table 3.26). Two equivalents of the ligand react with Pd(Me)Cl(COD)

to form the complexes 216 and 217 according to Equation 3.9 in high yield (Table

3.26).

Characterisation as in the previous cases was achieved by MS, microanalysis, Ff-IR

and NMR, the results are given in Tables 3.26-3.28. The FAB-MS data (Table 3.26),

for compounds 216 and 217 are in agreement with the loss of two anions (mlz [M-

2Xt) per mole of the respective palIadium(II) complexes.

Table 3.26 Percentage yield (isolated), FAB-MS and selected Ff-IR data' (in em")

for compounds 216 and 217.

% yield mlz [M-2Xt D v(NH2+) v(CH) v(SbF) v(PdCl)

216 88 1073 3029 (w) 2932 (m) 279 (w)

217 82 965 3030 (w) 2920 (m) 650 (vs) 290 (w)'

a Recorded as a pressed KBr disk; bX = Cl", SbF6-'

140



The FT-IR spectra were run as pressed KBr disks, selected spectral data are given in

Table 3.26. The v(NH2+) stretches of the palladium(II) complexes were in the range

3029-3030 em" and not significantly different from those of the precursor ligands, but

the v(CH) stretches were slightly decreased on coordination to the palladium(II) centre,

for example in 217 the v(CH) stretch in the precursor ligand 189 was 2952 em"! but on

coordination the infrared band was observed at 2920 cm'". The infrared spectra of

complexes 216 and 217 showed single v(Pd-CI) stretches at 279 and 290 em"!

respectively, indicative of trans configuration in both cases.

The microanalytical data are given in Table 3.27. The agreement between the observed

and calculated CHN values is consistent with the formulation of the palladium(II)

complexes 216 and 217. There was evidence of coprecipitation of the solvent in the

case of compound 216 as confirmed by the microanalytical data.

Table 3.27 Microanalysis (%) and molecular formulae for compounds 216 and 217.8

C H N Molecular formula

216 52.43 (52.79) 5.30 (5.14) 7.09 (7.21) CSIHs9N6P2F6PdCI)·0.25CH2Ch

217 42.58 (42.62) 4.72 (4.56) 5.85 (5.85) CSI~5N6P2Sb2FI2PdCI

8Calculated values in parentheses.

The solution 31p{ IH} NMR spectra of these complexes, recorded in d6-DMSO (Table

3.28) showed a single resonance at -0.68 ppm (>80%) in the case of 216 supportive of

the formation of the trans isomer, significantly downfield of the value for the precursor

ligand. In the case of 217, the 31p{ IH} NMR spectrum showed multiple signals as was

observed in 213-215, these could also be due to a mixture of P-containing species or

possible decomposition of phosphorus containing products in the NMR solvent. Two of

these multiple 31p signals could also indicate the presence of both the cis and trans

isomers in solution. This not withstanding, the single v(Pd-CI) stretches observed in the

FT-IR spectra of both complexes strongly suggest the presence of the trans isomer in

the solid state.
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Table 3.28 Selected NMR data (in ppm) for 216 and 217.a

Major Other

o(P) 31pSignals o(H)/arom. o(H)/CH2 s(H)1NH2+
216 -0.68 7.01-7.58 3.64-4.78 n.o.

217 -0.63 -20.76, -30.34 7.32-7.86 3.53-4.98 n.o.

aAll NMR spectra were recorded in d6-DMSO; n.o. = not observed.

Selected IH NMR signals of the complexes are given in Table 3.28; the aromatic and

the CH2 proton signals fall within the expected values. However, unlike in the case of

the palladium(II) complexes synthesised from PdCh(CH3CNh, mentioned earlier,

(Table 3.25), the NH2+ proton signals were not observed. Attempts to obtain X-ray

quality crystals of 216 and 217 were unsuccessful.

3.3.5 COORDINATION OF CYCLOMETALLATED PALLADIUM(II) DIMERS

WITH 181 OR 190

Coordination studies of 181 or 190 with cycIometallated palladium(II) dimers namely

[Pd(C-N)(Jl-CI)h. where (C-N = C9HI2N or CI2HI2N) were also performed in order

to obtain the corresponding arylpalladium complexes as shown in Scheme 3.1. Ruiz et

ai.143 have shown that the cyclopalladated monomeric complex Pd(C9HI2N)CI(PT A) 75

could be synthesised from the cyclopalladated dimeric complex, [Pd(C9H12N)(Jl-CI)h

and PTA. In order to assess whether the tertiary phosphine ammonium salts could form

similar monomeric complexes, the salts were reacted with the palIadium(JI) dimers

[Pd(C-N)(Jl-Cl)h. .where (C-N = C9H12N or C12H12N) under similar reaction

conditions. The palladium(II) dimer [Pd(C9HI2N)(J.!-Cl)h was reacted with two

equivalents 181 or 190 in CH2CI2, followed by precipitation with hexane upon

concentration of the solution under reduced pressure (Scheme 3.1), to give the desired

cyclometallated palladium(II) complexes 218 and 219 as white solids in high yields

(Table 3.29).

142



2

L = Ligand, 181or 190

/L
Pd
rI 'a
/ 'CH

H3C 3

(218 or 219)

L-Pd--NMeI 2
CI

(220 or 221)

Where R' = X
and X = F, A = Cl, 218; X = F, A = SbF6,219

X =F, A= CI, 220; X= F, A = SbF6•221

Scheme 3.1.

Similarly, the analogous palladium(II) dimer [Pd(CI2HI2N)(J.l-Cl)h was reacted with

181 or 190 using the same procedure (Scheme 3.1) to give the desired cyclometallated

palladium(II) complexes 220 and 221 as pale-yellow solids in high yields (Table 3.29).

3.3.5.1 CHARACTERISATION OF COMPOUNDS 218-221
Characterisation was achieved as in the previous cases by MS, microanalysis as well as

Ff-IR and NMR spectroscopy. The results are given in Tables 3.29-3.31. The FAB-

MS data (Table 3.29) for compounds 218-221 are in agreement with the loss of one

anion (m/z [M-Xt).
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Table 3.29 Percentage yield (isolated), FAB-MS and selected FT-IR data" (in em")

for compounds 218-221.

% yield m/z [M-Xtb v(NH2+) v(CH) v(SbF)

218 81 735 3048 (m) 2929 (m)

219 79 735 2970 (s) 2721 (m) 633 (s)

220 78 771 3044 (m) 2955 (m)

221 89 771 3055 (m) 2928 (m) 660 (vs)

aRecorded as a pressed KBr disk; bX = CC SbF6-

The FT-IR spectra of the Pd(ll) complexes 218-221, run as pressed KBr disks, showed

that the NHt vibrations at ca. 3000 em" as well as the v(CH) stretches (Table 3.29),

were not significantly different from those of the precursor ligands though the v(CH)

stretches were at slightly higher wavenumbers upon coordination to the Pd(II) centre.

For example the v(CH) stretch in the precursor ligand (181) was 2821 cm'", but on

coordination the vibration was observed at 2929 cm-J(218) and 2955 cm-J(220). The

Sb-F bands at 633 and 660 em" confirm the presence of the SbF6- counterions in 219

and 221 respectively.

Table 3.30 Microanalysis (%) and molecular formulae for compounds 218-221.a

C H N Molecular formula

218 52.41 (51.99) 5.37 (5.16) 7.00 (7.08) C34i-4oN4PF3PdCIz·0.25CH2CIz

219 41.49 (41.49) 4.21 (4.12) 5.63 (5.65) C34I-40N~SbF9PdCl·0.25CH2CIz

220 53.74 (54.08) 4.98 (4.93) 6.48(6.77) C37I-40N,J>F3PdCIz·0.25CH2CIz

221 44.23 (44.16) 4.05 (4.01) 5.57 (5.37) C37I-40N~SbF9PdCl

a Calculated values in parentheses.

The microanalytical data (Table 3.30) are within acceptable limits, hence are consistent

with the formulations of the cyclometallated palladium(II) complexes 218-221. There

was evidence of coprecipitation of solvent in the complexes (218-220) with the

exception of 221, this is consistent with the microanalytical data (Table 3.30).
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The solution 31peH} NMR spectra of these complexes recorded in d6-DMSO showed

two or three 31p signals with the major (> 60%) at between o(P) -3.83 and -5.03 ppm

in 218, 219 and 221 though 220 showed a single signal (> 90%) at 4.13 ppm (Table

3.31), in all cases these were significantly downfield of the corresponding 8(P) values

[ca. o(P) -55.00 ppm] for the free ligands. The average coordination chemical shifts for

the Pd(II) complexes [~8p 50.50 ppm] were very similar to what was obtained in the

analogous PTA complex, 75 [~8p 50.00 ppm],143 again suggesting comparable

stereoelectronic properties.

Table 3.31 Selected NMR data (in ppm) for compounds 218-221.a

Major Other

o(P) 31pSignals 8(H)/arom. 8(H)/CH2 8(H)1NH2

218 -5.03 -1.77 6.80-7.01 3.60-4.01 8.91

219 -5.00 -1.60, -13.92 6.34-7.76 3.68-4.99 n.o.

220 -4.13 6.80-7.80 3.70-4.50 n.o.

221 -3.83 2.60 6.34-7.76 3.68-4.99 n.o.

aAll NMR spectra were recorded in d6-DMSO; n.o. = not observed.

The IH NMR signals of the Pd(II) complexes are given in Table 3.31; the aromatic and

CH2 proton signals are in line with expected values. The NH2+ proton signal for 218

was weak and observed as expected at a downfield position [ca. 8(P) 8.90 ppm],

indicative of being adjacent to the electronegative N atom of the ammonium salt, this

was however not observed in compounds 219-221.

Some X-ray quality crystals of 218 and 220 were obtained by slow vapour diffusion of

hexane into an acetone solution; in each case over the course of several days and the X-

ray structures determined (Figures 3.19 and 3.20). As in the case of the analogous

cyclopalladated PTA complex 75, coordination at palladium resulted in a square-planar

geometry with bond angles that deviate from 90° due to the bite angle of the

cyclometallated ligand.l'" Selected bond lengths and angles are given in Tables 3.32

and 3.33.
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CJ(2),

Figure 3.19 Molecular structure of 218.

The Pd-C, Pd-CI, Pd-N and Pd-P bond lengths for 218 (Table 3.32) and 213 (Table

3.33) were similar to those reported for 75 [Pd-C = 2.0086(16); Pd-CI = 2.3983(4);

Pd-N = 2.1467(14); Pd-P = 2.2260(4) A].143

Figure 3.20 Molecular structure of 220.
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The bond angles about the palladium(II) centres in 218 and 220 were also similar to

those found for complex 7S [C-Pd-N = 80.82(6); C-Pd-P = 97.27(5); P-Pd-CI =
86.621(15); N-Pd-CI = 95.01(4); P-Pd-N = 172.84(4); C-Pd-CI = 175.84(4)°].143 The

C(26)-Pd(1)-N(4) bond angles of 82.01(9)° and 83.54(6)° for 218 and 220 respectively

are in agreement with the normal range for such complexes.143.212,213

Table 3.32 Selected bond lengths and angles for 218.a

Bond lengths (A) Bond lengths (A) Bond angles (0)

Pd(I)-C(26) 1.997(2) C(l)-N(l) 1.494(3) C(26)-Pd(1)-N(4) 82.01(9)

Pd(I)-N(4) 2.156(2) C(9)-N(2) 1.470(3) C(26)-Pd( 1)-P( 1) 92.98(7)

Pd(I)-P(I) 2.2247(6) N(2)-C(11) 1.468(3) N(4)-Pd(1)-CI(I) 93.43(6)

Pd(I)-CI(1) 2.3955(6) C(11)-N(3) 1.457(3) P(I)-Pd(1)-CI(1) 93.16(2)

P(I)-C(1) 1.836(2) N(3)-C(l0) 1.458(3) N(4)-Pd(I)-P(1) 167.34(6)

P(l)-C(9) 1.826(2) C(26)-Pd( 1)-CI( 1) 170.31(7)

P(1)-C(lO) 1.828(2) C(9)-P(1 )-C(1 0) 100.70(11)

C(9)-N(2)-C(lI) 110.79(18)

C(10)-N(3)-C(11) 111.54(18)

Selected hydrogen bonding contacts

D-H"'A d(H"'A) (A) d(D"'A) (A) «DHA) (0)

N(1)-H(IB)"'N(2) 2.31(3) 2.944(3) 137(2)

N(I)-H(IA)"'CI(2) 2.35(3) 3.084(2) 138(2)

N(I)-H(1A)"'N(3) 2.43(3) 2.895(3) 111.8(19)

aEstimated standard deviations in parentheses.

In both cases, the X-ray structures reveal that the phosphine ligand is trans to the N-

donor due to the difficulty of coordinating mutually trans phosphine and aryl ligands

which is related to the trans influence of the ligands in palladium complexes (i.e. the

destabilising effect known as transphobia). 143,214This is in agreement with the fact that

most reported structures of arylpalladium complexes do not have the phosphine trans to

the aryl group [e.g. Pd(C9HI2N)CI(PT A); Pd(CI2HI2N)CI(P), where P. =

Ph2PCH2N(H)CsH3(CI-5)N].143,200In the few complexes that do, the trans coordination
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of phosphine and carbon donor ligands is forced by the nature of the phosphine, the

.complex or the aryl group.214Furthermore, upon coordination the P-C and P-C-N

metric parameters of the precursor ligand were not changed. In both complexes, there

was evidence of intermolecular N-H"'Cl H-bonding involving the chloride counterions

and one of the two H atoms on the ammonium group of the cation at N(1) as given in

Tables 3.32 and 3.33. The crystal structures again reveal that a pair of intramolecular

N-H"'N H-bonds maintain the rigid cage structure of the precursor 181 in the solid

state even upon complexation, as was seen in the case of the Ru(II) and Rh(III)

complexes discussed in Sections 3.3.1 and 3.3.3 respectively. The crystal data and

structure refinement details for 218 and 220 are shown in Appendices 8.17 and 8.18

respectively.

Table 3.33 Selected bond lengths and angles for 220.a

Bond lengths (A) Bond lengths (A) Bond angles (0)

Pd(I)-C(26) 2.0019(18) C(l)-N(1) 1.490(2) C(26)-Pd( I)-N (4) 83.54(6)

Pd(I)-N(4) 2.1469(15) C(9)-N(2) 1.474(2) C(26)-Pd( 1)-P( 1) 95.35(5)

Pd(I)-P(I) 2.2280(5) N(2)-C(11) 1.463(2) N(4)-Pd(1)-P(1) 174.90(4)

Pd(l)-Cl(l) 2.4008(5) C(11)-N(3) 1.455(2) C(26)-Pd( 1)-CI(1) 172.34(5)

P(I)-C(l) 1.8298(18) N(3)-C(lO) 1.459(2) N(4)-Pd(l)-Cl(l) 91.99(4)

P(I)-C(9) 1.8336(18) P(I)-Pd(I)-Cl(l) 89.638(16)

P(1)-C(10) 1.8349(17) C(9)-P(1 )-C( 10) 99.92(8)

C(9)-N(2)-C(11) 110.15(14)..
C(IO)-N(3)-C(11) 111.56(14)

Selected hydrogen bonding contacts

D-H"'A d(H"'A) (A) d(D"'A) (A) «DHA) (0)

N(I)-H(1B)"'N(2) 2.21(2) 2.932(2) 142.7(19)

N(1)-H(1A)"'N(3) 2.59(2) 2.997(2) 107.3(15)

N(1)-H(IA)"'Cl(2) 2.19(2) 2.9741(16) 143.3(18)

aEstimated standard deviations in parentheses.
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It has been shown that the electronic and structural properties of 218 and 220 are

similar to those of the analogous water-soluble PTA complex 75, which has been

shown to successfully catalyse the reaction of aryl halides with terminal alkynes

(Sonoghashira reaction) with excellent results in the absence of amine and CuI.143Thus

218 and 220 could be useful as potential catalysts or catalyst precursors for this type of

reaction.

3.3.5.2 SYNTHESIS AND CHARACTERISATION OF PALLADIUM(II)

COMPLEX 222

Following a similar procedure for the synthesis of 218, [Pd(C9HI2N)(J.l-CI)h was again

reacted with 181 in CH2Ch but stirred for 30 min instead of 1.5 h, followed by

precipitation with EhO instead of hexane to give a pale-yellow solid 222. Analysis of

complex 222 show that it was identical with the Pd(II) complex 218, as suggested by

the microanalytical data, consistent with the formula C34HwN~F3PdCh·1.25CH2Ch,

requires: C, 48.32; H, 4.89; N, 6.39. Found: C, 48.68; H, 4.83; N, 6.65%. This indicates

coprecipitation with 1.25 moles of CH2Ch as against 0.25 moles in the case of 218 as

shown in Table 3.30. The solution 3lpeH} NMR spectrum of 222 in d6-DMSO

showed a major phosphorus resonance (> 60 %) at o(P) -5.00 ppm, similar to the 31p

signal for 218, significantly downfield of the o(P) value obtained for the free ligand,

-54.72 ppm, while the IH NMR spectrum showed the following proton resonances:

6.34-7.76 (m, arom. H), 3.68-4.58 (m, CH2) ppm. The FT-IR spectrum of the solid run

as a pressed KBr disk showed bands at 2970 and 2721 em? different from the NHt
and CH vibrations of the precursor ligand observed at 3044 and 2821 ern"! respectively.

These bands in 222 were slightly lower than the NH2+ and CH vibrations observed at

3048 and 2929 cm-I respectively in 218.

Single crystals of 222 were obtained by vapour diffusion of Et20 into a DMSO/CH2Ch

solution over the course of several days and the X-ray structure has been determined

which gave an unexpected novel dimeric palladium(II) complex 222' (Figure 3.21). The

molecular formula from the X-ray diffraction analysis was not consistent with the other

characterising data. The X-ray structure of 222' was quite different from the monomeric

complex 218 shown in Figure 3.19. The structure of 222' reveals an approximate

square-planar geometry at both Pd(II) centres with typical Pd-P and Pd-CI bond

lengths and angles about the palladium(II) centres. Selected bond lengths and angles for
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compound 222' are given in Table 3.34. The bond lengths were typical but the bond

angles about the Pd(II) centres were larger or smaller than those of non-chelated

monomeric Pd(II) phosphine chloride complexes previously reported146.201as well as

169 and 170 in Section 2.4.3. For example, the P(I)-Pd(I)-P(1A) bond angle in 222'

[73.84(5)°] was smaller than the P(I)-Pd(1)-P(2) bond angle [100.45(5)°] in 170. As

was in the case of 211', the pronounced smaller P-Pd-P bond angle was due to the

constraint caused by the small four-membered Pd-P-Pd-P ring in 222'. The X-ray

diffraction analysis does not show the presence of H-bonding indicative of the absence

of typical donor/acceptor groups in 222'. The crystal structure of 222' also reveals an

inversion centre, between the two Pd(II) centres making the two six-membered P-C-

N-C-N-C rings identical. Unlike in the case of 218 and 220 where all the C-N bonds

in the rings were ca. 1.463(3) A comparable to typical values of between 4.336(8) and

1.452(3) A previously reported involving Sp3hybridised carbon atoms,194only two

were within this range (Table 3.34). The other two carbon-nitrogen bond lengths of ca.

1.32(6) A in the ring were within the typical range for C=N double bonds with Sp2

carbon atoms as reported in some pyridylphosphine complexes [C=N, 1.338(3) A].201

Figure 3.21 Molecuar structure of 222' showing all H atoms in equivalent P-C-N-C-

N-C rings. (CH3)2S0 solvent molecule of crystallisation has been omitted for clarity.
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Therefore there is some electron delocalisation involving saturated and unsaturated

bonds in the six-membered P-C-N-C-N-C rings, this is consistent with the presence

of only one H atom at the C atom in the N-C-N fragment, instead of two in both rings

(two H atoms on C(I) and C(3) but only one ~n C(2) as shown in one of the equivalent

rings in Figure 3.21).

Table 3.34 Selected bond lengths and angles" for 222'.

Bond lengths (A) Bond lengths (A) Bond angles (0)

Pd(I)-P(I) 2.2418(18) P(1)-C(1) 1.825(5) P(I)-Pd(l)-P(IA) 73.84(5)

Pd(I)-P(1A) 2.2350(12) P(I)-C(3) 1.835(4) P(1)-Pd(1)-CI(I) 98.62(4)

Pd(1)-Cl(1) 2.3736(12) C(1)-N(1) 1.469(6) P(1A)-Pd(1)-CI(2) 93.60(4)

Pd(I)-CI(2) 2.3842(13)' N(1)-C(2) 1.311(6) CI(1)-Pd(1 )-CI(2) 94.00(5)

C(2)-N(2) 1.320(6) C(1)-P(1)-C(3) 96.9(2)

N(2)-C(3) 1.475(6) C(I)-N(I)-C(2) 124.4(4)

C(2)-N(2)-C(3) 123.2(4)

a Estimated standard deviations in parentheses.

Thus each P-C-N-C-N-C ring in 222' is contracted compared to those of 218 and 220.

The novelty of this structural motif is supported by the absence of any hits from a CSD

search.191.192The crystal data and structure refinement details for 222' are shown in

Appendix 8.19.

The X-ray diffraction analysis of 222 as was observed in 211 was not consistent with

the results from the other characterising data on the bulk complex. During the

crystallisation process, there is probable intramolecular rearrangement involving the

phosphine and C-N (C9HI2N) ligands. A lone electron pair from one of the ring N

atoms in the phosphine ligand (181) is lost which affords a radical cation, stabilised by

loss of a proton from the N-CH2-N fragment. This is followed by rearrangement of the

exocylic arm of the phosphine ligand in 222. Firstly, a proton from the ammonium

group is lost, followed by donation of an electron pair from the N atom to the carbon in

the P-C-N fragment resulting in the cleavage of the P-C bond and subsequent

formation of an sp2 hybridised compound as shown in Scheme 3.2. There are also
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decomplexation and complexation processes involving the bidentate, C-N (C9H12N)

ligand and the Cl" counterion respectively at the Pd(II) centre of the resulting

intermediate complex to give reactive 14 electron zwitterionic "PdC}zP" groups which

dimerise to form the novel zwitterionic Pd(ll) dimer 222' as proposed in Scheme 3.2.

This is similar to the mechanism proposed by Zagumennov et al.13 which also involves

the removal of the lone electron pair from a ring N atom and the formation of a

carbocation in the transformation of cyclo-{CH2N(R)CH2N(R)CH2-P}-CH2N(H)R, R =
4-MeC6l4 by electrochemical oxidation to compound 6 (Equation 1.9).

A close examination of the X-ray structure of 222' with an imaginary line bisecting the

structure through the Pd(I)"'Pd(1A) axis reveal that for each half, the P-C-N-C-N-C

ring present in the precursor ligand is retained as was the case or' 218 and 220. On the

other hand, the bidentate C-N (C9HI2N) ligand as well as the exocycIic arm of 181

bearing the pair of N-H"'N intramolecular H-bonds that forms a conformationally

locked phosphine framework were lost. This is in contrast to retention of the entire

structural framework of the precursor ligand 181 even after coordination in the case of

218 and 220. It can be inferred therefore that the repeat reaction of [Pd(C9HI2N)(J.!-Cl)h

with 181 in CH2Clz with variation of the reaction time gave a similar product to 218 as

confirmed by the characterising data such as microanalysis on the bulk complex. The

structural difference between 218 and 222' can therefore be attributed to intramolecular

rearragements during the crystallisation process which gave rise to the zwitterionic

novel palladium(II) dimeric complex, 222' as shown In Scheme 3.2.
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3.3.6 SYNTHESIS OF PLATINUM(II) COMPLEXES 223 AND 224

The ligating potential of the tertiary phosphine ammonium salts was also explored by

reacting 189 or 190 with PtCh(CH3CNh as shown in Equation 3.10. Reaction of

PtClz(CH3CN)2 with two equivalents of 189 or 190 in CH2Clz at room temperature

followed by precipitation with Et20 upon concentration of the solution under reduced

pressure gave the off-white compounds 223 and 224. In both cases, the ligands readily

react to form the desired platinum(II) complex in good yield (Table 3.35).

+

Where L =
R'""",,_ H2 +

N____.-:;P~N, A-/--N-::::_; R'

/
R'

189 or 190

R' = X and X = H, A = SbP6, 223;

X = P, A = SbF6, 224

Equation 3.10.

3.3.6.1 CHARACTERISATION OF COMPOUNDS 223 AND 224

Characterisation was achieved by microanalysis and FT-IR spectroscopy. The results

are given in Tables 3.35 and 3.36. The solubility of the complexes was poor in DMSO

and CDCh hence no meaningful NMR [IH, 3IpeH}] spectral data could be obtained

in these solvents.

The FT-IR spectra were run on the bulk material, as pressed KBr disks and are given

in Table 3.35. The v(NHt) stretches of 3031 and 3036 cm-I for 223 and 224

respectively were not significantly different from those of the precursor ligands; the

v(CH) stretches at about 2930 cm'" were also similar to those of the corresponding

precursor ligands. The Sb-F stretches were observed at about 660 cm-I while the
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single strong v(Pt-CI) stretches at 290 ern"! were indicative of trans configuration for

both platinum(II) complexes.

Table 3.35 Percentage yield (isolated) and selected FT-IR data" (in cm'") for

compounds 223 and 224.

Compound % yield V(NH2+) v(CR) v(SbF) v(PtCI)

223 59 3031 (w) 2932 (m) 661 (vs) 290 (vs)

224 68 3036 (w) 2935 (w) 662 (vs) 290 (vs)

a Recorded as a pressed KBr disk.

There was evidence of coprecipitation of solvent, in the case of 217; this is supported

by the microanalytical data given in Table 3.36. The agreement between the observed

and calculated CRN values in Table 3.36 is consistent with the formulation of the

platinum(II) complexes 223 and 224.

Table 3.36 Microanalysis (%) and molecular formulae for compounds 223 and 224.a

C H N Molecular formula

223 39.33 (38.83) 3.98 (4.04) 5.39 (5.43) C50~2N 6P2Sb2F12PtClz

224 35.31 (35.22) 3.44 (3.36) 5.11 (4.83) CsoRs6N6P2Sb2FlsPtClz'CH2Clz

a Calculated values in parentheses.

As a result of the poor solubility in available NMR solvents mentioned above, NMR

spectroscopy was not useful in elucidating their geometry unlike the case of the

diazaphosphorinane platinum(II) complexes 178 and 179 (Section 2.4.4). This not

withstanding, the strong single v(Pt-Cl) IR signals were indicative of trans

configuration in both cases. X-ray quality single crystals of 223 were obtained by

layering petroleum ether (b.p. 40-60 °C) on a CH2Ch solution kept for several days

and the X-ray structure has been determined which gave a novel dimeric platinum(II)

complex 223' (Figure 3.22). As was the case in 222', the molecular formula from the

X-ray diffraction analysis was not consistent with the other characterising data which

support a monomeric PtChL2 type complex.
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Figure 3.22 Molecular structure of 223' showing H atoms in the two P-C-N-C-N-C

rings. CH2Ch solvent molecule of crystallisation has been omitted for clarity.

The novelty of this structural motif is supported by the absence of any hits from a

CSD search.191.192The crystal data and structure refinement details for 223' are shown

in Appendix 8.20.

The geometry about each Pt(II) centre reveal distorted square-planar with the

chlorides and phosphines having a cis disposition in each case. Selected bond lengths

and angles for compound 223' are given in Table 3.37. The P-Pt-P bond angles were

severely compressed in 223' [75.57(4), 75.58(4)°] comp.arable to the identical

analogous P-Pd-P angles in 222' [73.84(5) 0] due to the constraint caused by the 4-

membered P-Pt-P-Pt rings, while the CI-Pt-Cl angles were slightly expanded

[91.75(4), 92.13(4tl also not significantly different from the analogous CI-Pd-CI

angles in 222' [94.00(5)°].The X-ray diffraction analysis does not show the presence

of H-bonding in 223' indicative of the absence of H-bonding capabilities in 223'.
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Table 3.37 Selected bond lengths and angles" for 223'.

Bond lengths (A) Bond lengths (A) Bond angles e)
Pt(I)-P(I) 2.2316(ll) Pt(2)-Cl(3) 2.3825(1l) P(I)-Pt(I)-P(2) 75.57(4)

Pt(I)-P(2) 2.2235(10) Pt(2)-Cl(4) 2.3716(10) CI(I)-Pt(I)-CI(2) 91.75(4)

Pt(l)-CI(l) 2.3752(10) P(l)-C(l) 1.836(4) CI(I)-Pt(I)-P(I) 99.73(4)

Pt(I)-CI(2) 2.3721(10) P(I)-C(3) 1.834(4) Cl(2)-Pt(I)-P(2) 92.94(4)

Pt(2)-P(l) 2.2266(10) P(2)-C(18) 1.828(4) P(I)-Pt(2)-P(2) 75.58(4)

Pt(2)-P(2) 2.2279(11) P(2)-C(20) 1.828(4) P(l)-Pt(2)-Cl(3) 93.54(4)

C(l)-N(l) 1.472(5) C(l8)-N(3) 1.458(5) P(2)-Pt(2)-Cl(4) 98.71(4)

N(l)-C(2) 1.302(5) N(3)-C(19) 1.316(6) CI(3)-Pt(2)-CI( 4) 92.13(4)

C(2)-N(2) 1.303(5) C(l9)-N(4) 1.312(6) C( I )-P( I )-C(3) 95.8(2)

N(2)-C(3) 1.460(5) N(4)-C(20) 1.468(5) C(l)-N(I)-C(2) 122.9(4)

C(2)-N(2)-C(3) 124.0(4)

C(18)-P(2)-C(20) 96.3(2)

C(l8)-N(3)-C(19) 123.1(4)

C(l9)-N(4)-C(20) 124.3(4)

a Estimated standard deviations in parentheses.

From the X-ray diffraction analysis, it is evident that the two P-C-N-C-N-C rings in

223' were also contracted compared to those of 218 and 220 with evidence of electron

delocalisation as observed in the case of 222'. The carbon-nitrogen bond distances

comprising of the shorter C=N and longer C-N bonds in the P-C-N-C-N-C rings in

223' were identical with those of 222' as shown in Tables 3.34 and 3.37. Therefore

there is also some electron delocalisation involving saturated and unsaturated bonds in

the six-membered P-C-N-C-N-C rings as observed in 222', this is consistent with

the presence of two H atoms on C(1) and C(3) but only one on C(2) in one ring and a

similar pattern repeated in the second ring with C(18) and C(20) having two H atoms

each and only one H atom on C(19) as shown in Figure 3.22.

Although the X-ray diffraction analysis of 223', did not reveal an inversion centre as

was the case in 222', drawing an imaginary line through the Pt(I)"'Pt(2) axis show the

following point. On either side of the Pt(I)"'Pt(2) axis in 223' the
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"CH2NH2CH2C6Hs" fragment (the exocylic arm), in the precursor ligand 189 is lost

but the P-C-N-C-N-C ring retained. This is again in contrast to the retention of the

entire structural framework of the precursor ligand 181 even upon coordination in the

case of 218 and 220. The CHN analysis of 223 is supportive of the expected

monomeric platinum(II) complex, PtChL2 and the FT-IR spectrum supportive of

trans disposition. The structural difference between 223 and 223' can therefore again

be attributed to similar intramolecular pattern of rearrangements. During the

crystallisation process, one of the two phosphine ligands in 223, follows the same

pattern of rearrangements in both the ring and the exocyclic arm as proposed in the

case of 222 (Scheme 3.2), while the second phosphine ligand was lost and eliminated

as shown in Scheme 3.3 similarly forming reactive 14 electron zwitterionic "PtChP"

groups which dimerise to form the novel zwitterionic Pt(II) dimer 223' as tentatively

proposed in Scheme 3.3.

Alternatively, both phosphine ligands at the Pt(II) centre in 223 may simultaneously

undergo the intramolecular rearrangement mentioned previously to form the reactive

zwitterionic "PtC}zP" groups which dimerise to form the novel zwitterionic Pt(II)

dimer 223'.
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3.3.7. SYNTHESIS OF GOLD(I) COMPLEXES 225-228

Fackler Jr. and co-workers 168 have demonstrated that gold(I) complexes of PTA could be

synthesised from PTA and the labile goId(I) chlorides (MezS)AuCI or (THT)AuCI.

CI-AU-SQ' H +R__ z
N--...,.........P, _/N......t-,N-::.:::J <:»: 'R' A- CI-Au-L
, / CHzClz, stir,

R

L = 181, 190, 193 or 194

WhereR'= x~ x = F, A = Ct, 225;

X = F, A = SbF6, 226;

X = II,A = PF6, 227;

X =F, A=PF(j. 228

Equation 3.11.

To further explore the coordination potential of the tertiary phosphine ammonium salts as

similar P-monodentate ligands, 181, 190, 193 or 194 were reacted with (THT)AuCI in

CHzCIz at room temperature under aerobic conditions. Four gold(I) complexes were

synthesised using a slightly different procedure by reacting 181, 190, 193 or 194 with

(THT)AuCI in a 1:1 molar ratio in CH2Ch followed by addition of EtzO to induce

precipitation upon concentration under reduced pressure as shown in Equation 3.11. The

desired Au(l) complexes 225-228 were obtained as off-whitish solids in high yields

(Table 3.38) and stored in the dark.

3.3.7,1 CHARACTERISATION OF COMPOUNDS 225-228

Characterisation was achieved as in the previous cases by MS,. microanalysis as well as

FT-IR and NMR spectroscopies; the results are given in Tables 3.38-3.40. The FAB-MS

data (Table 3.38), for compounds 225-228 were in agreement with the loss of the

respective counterions (mlz [M-Xt). The FT-IR spectra of the Au(I) complexes, run as

pressed KBr disks, showed NHt vibrations in the range 3009-3080 cm'", while the

v(CH) stretches were observed at between 2829 and 2962 cm'" as given in Table 3.38.
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Both infrared stretches were not significantly different from those of the precursor

ligands as given in Tables 3.1 and 3.5. The v(Au-C1) vibrations expected at [ca. 300

cm-Ifoo were not seen because of the shorter frequency range (4000-500 cm") of the

FT-IR spectrometer used. The strong vibrations at 662 em"! were indicative of the

presence of SbF6- in the case of complex 226, while the similar strong IR bands at 841

and 849 ern"! are assigned to the P-F vibrations in compounds 227 and 228 respectively,

confirming the presence of the PF6- counterion.

Table 3.38 Percentage yield (isolated), FAB-MS and selected FT-IR data" (in cm'") for

compounds 225-228.

%yield m/z [M-Xtb v(NH2+) v(CH) v(SbP) v(PP)

225 81 690 3041(w) 2928 (m)

226 86 690 3009 (w) 2829 (m) 662 (vs)

227 78 636 3032 (m) 2947 (m) 841 (vs)

228 83 690 3080 (m) 2962 (m) 849 (vs)

8Recorded as a pressed KBr disk; bX = Cl", SbF6- or PF6-.

The microanalytical data in Table 3.39 were within acceptable limits, hence are

consistent with the formulations of the gold(l) complexes, and there was evidence of

coprecipitation of solvent in all the complexes.

Table 3.39 Microanalysis (%) and molecular formulae for compounds 225-228.8

C H N Molecular formula

225 39.44 (39.84) 3.71 (3.80) 5.48 (5.47) C2sH2SN3F3PAuCh·0.5CH2Ch

226 30.98 (30.87) 2.90 (2.99) 4.40 (4.15) C2sH2sN3F9SbPAuCI'CH2Clz

227 35.25 (35.00) 3.73 (3.77) 4.82 (4.62) C2sH31N3F6P2AuCl·1.5CH2Ch

228 34.73 (34.87) 3.16 (3.33) 4.58 (4.78) C2sH2sN3P9P2AuCl·0.5CH2Ch

8Calculated values in parentheses.

The solution 31p{IH} NMR spectra of the complexes were recorded in d6-DMSO. Upon

coordination to gold(I), the 31p NMR signals of the precursor ligands [D(P) ~ -55.00
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ppm] shifted significantly downfield, in the range between -12.41 and -14.53 ppm

(Table 3.40), an indication of the ligation of the phosphorus atom to the gold atom.

Table 3.40 Selected 31p{IH} NMR data (in ppm or Hz) for 225-228.a

Compound 5(P) Other :,HpSignals IlpF

225 -12.41

226 -12.99

227 -14.53 -144.19 sept 711

228 -12.87 -144.18 sept 713

aAll NMR spectra were recorded in d6-DMSO.

The average coordination chemical shifts for the Au(I) complexes (~op 42.00 ppm) were

similar to what was obtained in the analogous (PTA)Au(I) complex, (PTA)AuCI (~op

45.00 ppm)169 again suggesting similar stereoelectronic properties.

The IH NMR signals of the Au(I) complexes were generally very weak. However the

aromatic protons in the case of 227 were observed between 7.22 and 7.49 ppm, while the

CH2 protons resonated between 3.74 and 4.80 ppm, similar to what was obtained in the

analogous (PTA)AuCl complex.i'"

Single crystals of 225 suitable for structure determination by X-ray diffraction were

obtained by slow vapour diffusion of Et20 into CH2ChIMeOH solution kept over the

course of several days and the structure has been determined (Figure 3.23). The structure

of 225 reveals an approximate linear geometry with the Au-CI and Au-P bond lengths

and the P-Au-Cl bond angles given in Table 3.41. This data is similar to those reported

for analogous linear gold(I) PTA complex AuCl(PTA}CH3CN [Au-Cl = 2.304(2) A;
Au-P = 2.226(2) A; P-Au-Cl = 175.8(1)0].168Selected bond lengths and angles are given

in Tables 3.41. The crystal data and structure refinement details for 225 are shown in

Appendix 8.21. The crystal structure reveals that the pair of intramolecular N-H'''N H-

bonds observed in the precursor salt, forming the rigid cage structure in the solid state,

was not maintained upon complexation unlike in the case of the Ru(II), Rh(III) and Pd(lI)

complexes previously discussed. The crystal structure instead reveals intermolecular H-
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bonding contacts involving the Au(I) cations and the Cl" counterions forming H-bonded

chains. Molecules are linked together via the chloride counterions forming a zigzag chain

involving the Au(I) cations and the N(I) hydrogens as shown in Figure 3.23.

FI1I

CU1) ~I
I
Ie

C1(2)

Figure 3.23 Molecular structure of 225.

Table 3.41 Selected bond lengths and angles for 225. a

Bond lengths (A) Bond lengths (A) Bond angles (0)

Au(I)-P(I) 2.2191(5) C(I)-N(I) 1.487(3) P(I)-Au(1)-Cl(1) 175.37(2)

Au(l)-CI(l) 2.2959(5) C(9)-N(2) 1.467(3) P(I)-C(1)-N(1) 113.59(14)

P(I)-C(I) 1.842(2) C(II)-N(3) 1.456(3) P(1)-C(9)-N(2) 106.7(14)

P(1)-C(9) 1.824(2) P(I)-C(11) 1.848(2) P(1)-C(11)-N(3) 117.42(14)

Selected hydrogen bonding contacts

D-H"'A d(H"'A) (A) d(D"'A) (A) «DHA) (0)

N(I)-H(1B)'''Cl(2A) 2.21(3) 3.099(2) 174(2)

N(1)-H(IA)"'CI(2) 2.23(3) 3.068(2) 162(2)

a Estimated standard deviations in parentheses.
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Figure 3.24 Molecular structure of 225 showing intermolecular H-bonding linking

molecules together (4-FC6~ groups omitted).

It is evident from this H-bonding arrangement with a chloride counterion between two

cationic species, that the Au(I) species are effectively separated from one another

(neighbouring N···N distances shown to be 5.35 A). The X-ray diffraction analysis has

shown that the actual AU"'Au distance in 225 is 4.10 A, hence aurophilic interaction was

not evident; this can be explained by the intermolecular H-bonding arrangement

mentioned previously, coupled with the bulky nature of the phosphine ligand. Aurophilic,

AU"'Au interactions with. bond lengths of ca. 3.0 A are commonly observed

crystallographic ally for Au(1) compounds with sterically undemanding ligands.

3.4 CONCLUSIONS

New cyclic cationic phosphorus(III) ligands, [cyclo-{CH2N(R')CH2N(R')CH2-P}-

CH2N(H2)R'tCC [R' = C6HsCH2, 180; R' = 4-FC6~CH2' 181; R' = 4-CIC6~CH2, 182;

R' = 4-MeC6~CH2, 183; R' = 4-MeOC6J-L.CH2' 184] were prepared by reacting

benzylamine precursors with THPC in ethanol at room temperature following a similar

procedure first published by Frank et al.to Anion metathesis of 180-183 with Na[BPh41.

Na[SbF6] or K[PF6] in methanol at room temperature under aerobic conditions was

performed to give the corresponding phosphorus(ID) salts 185-196 in good to excellent
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yields: [cyclo-{CH2N(R')CH2N(R')CH2-P}-CH2N(H2)R'tx-, [R' = C6HSCH2, 4-

FC614CH2, 4-CIC6~CH2. 4-MeC6~CH2; X = BPh4• SbF6, PF6]. The new

phosphorus(III) ligands undergo complexation to a range of late transition metals [Ru(II),

Rh(I), Rh(III), Irflll), Pd(II), Pt(lI) and Au(r)] to form the corresponding complexes.

The cyclic cationic phosphorus(III) ligands and complexes were characterised by a

combination of conventional techniques: MS, microanalysis, Ff-IR, NMR [IH and

31p{ IH}1. and in several cases by single crystal X-ray crystallography. Furthermore, P-

coordination bonding modes have been observed in all the complexes and verified by

spectroscopic and single crystal X-ray diffraction analyses. The crystal structures of

various examples have been determined and illustrate a range of intra- and intermolecular

H-bonding contacts. The X-ray structures of the new cationic phosphorus(III) ligands

reveal that the phosphine framework is conformationally locked in the solid state through

pairs of intramolecular N-H'''N hydrogen bonds forming an analogous cage framework

to the well-known water-soluble PTA ligand with similar metric parameters, although

only one N-H"'N hydrogen bond was evident in one case due to H-bonding interactions

involving its BPh4- counterions. These ligands though found to be insoluble in water can

therefore be considered as charged variants of PTA and their metal complexes were

found to have similar stereoelectronic properties to those of analogous complexes with

PTA. The cage frameworks formed by the intramolecular N-H"'N hydrogen bonds in the

these ligands are maintained in the Ru(II), Rh(III) and the cyclopalladated Pd(II)

complexes. The cage framework was, however, not maintained in the case of the Au(I)

complex. The coordination studies of the cyclic cationic phosphorus(III) ligands has

given rise to interesting novel complexes: a monomeric Pd(II) chelate complex as well as

two structurally similar zwitterionic Pd(lI) and Pt(lI) dimeric complexes probably via

intamolecular rearrangements. Plausable mechanisms have been proposed for the

observations.

Further studies directed towards understanding the properties of these ligands in aqueous

and organic media may have useful future implications in homogeneous catalysis as well

as medicinal applications for which the analogous PTA metal complexes are known. The

mechanistic aspects of the reactions that led to the novel complexes obtained in this work

could also be critically examined.
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CHAPTER FOUR

CATALYSIS

4.0 INTRODUCTION

Catalysis is the phenomenon of changing the rate of a chemical reaction by use of a

catalyst. A catalyst is a substance that alters the rate of a chemical reaction without itself

undergoing any permanent chemical change; it may speed up or slow down a reaction.

For a reversible reaction, a catalyst alters the rate at which equilibrium is attained but

does not alter the position of equilibrium. A catalyst is generally associated with

increasing the rate of a reaction hence are referred to as positive catalysts, while those

that slow down a reaction are called negative catalysts. The increase in the rate of a

chemical reaction is achieved by the catalyst aiding to attain chemical equilibrium faster

by reducing the potential energy barriers in the reaction path. The primary focus of this

work was to evaluate the catalytic potential of the new phosphorus(III) ligands and or

their transition metal complexes. Very little was done in this regard due to time

constraints, only a demonstration of the catalytic potential of the neutral phosphorus(III)

ligands (diazaphosphorinane ligands) is described in this chapter. The structural and

stereoelectronic relationship between the transition metal complexes of the cationic

phosphorus(III) ligands and known analogous PTA complexes used in various catalytic

applications is also described.

4.1 CATALYTIC APPLICATIONS

Catalysis has wide ranging applications in the chemical industry and has a major impact

on the quality of human life as well as economic development. In recent years, catalysis

is also looked upon as a solution to eliminate or replace polluting processes due to the

inherent characteristics of most catalytic processes as clean technologies. The search for

new catalysts is one of the major driving forces behind organometallic research and

hence most catalytic processes involve the use of transition metal complexes in one form

or the other. Homogeneous and heterogeneous catalysis are two main types of industrial

catalytic processes depending on their relationship to the phase of the reaction in which

they are involved. A homogeneous catalyst is in the same phase as the components of the

reaction it is catalysing, while a heterogeneous catalyst is in a different phase from the

components of the reaction for which it is acting. The former has a high catalytic

efficiency but also has difficulty separating the used catalyst from the product after the
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reaction. Adopting a heterogeneous catalyst could solve the problem of catalyst recovery

and reuse, but in most cases, the catalyst's low utility and the complexity of the reaction

mechanism become new problems in its application. Both types of catalysts have their

advantages and disadvantages, though heterogeneous catalysis has been more widely

applied. Therefore achieving a combination of the advantages of both the homogeneous

and heterogeneous processes is always the focus in catalysis.215,216The Heck coupling

reaction is considered important in such explorations, not only for its significance in C-C

coupling reaction between aryl halides and 0Iefins,217-219but also for its characteristic

"quasi-homogeneous" mechanism. 220-224Tang and co-workers.i'" proposed a new

strategy of heterogenising homogeneous catalysts by encaging a quasi-homogeneous

catalytic reaction into a zeolitic microcapsular reactor represented as Pd@SI (Figure 4.1).

NMP

Et~

• rd(O)

Figure 4.1 Schematic illustrations for the encaged quasi-homogeneous Heck-coupling in

Pd@S 1 catalyst. 225

It has been reported that the palladium-catalysed Heck reaction is essentially a quasi-

homogeneous catalytic process occurring via either a palladium complex intermediate/"

or solvated palladium clusters22o,223in the system of aryl iodides and aprotic polar

solvents. Heck coupling on the Pd@SI catalyst may follow a similar mechanism but

within the micrometer-sized hollow cavities as illustrated in Figure 4.1. Addition of the

aryl halide to the reaction solution triggers an oxidative addition to palladium atoms in

the Pd nanoparticles with the aid of N-methylpyrrolidone [NMP] and Et3N, thus forming

a soluble active Pd(II) complex, [Pd(II)(ArI)(NMP)(Et3N)] as an intermediate.i" The
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active intermediate then reacts with olefin to complete the catalytic cycle. The

palladium(II) complex returns to its metallic state, Pd(O) and redeposits onto the surface

of the support once all of the aryl halides are consumed. Importantly, unlike in the case

of the classical supported palladium catalyst, the formed active [Pd(II)(ArI)(NMP)(Et3N)]

intermediate in this catalyst is encaged in the micrometer-sized hollow cavities of the

zeolitic microcapsular reactor, because its molecular diameter is relatively larger than the

pore size in the zeolitic shell (silicalite-l). With the protective effect of the surrounding

zeolitic shell, this catalyst exhibited antileaching properties. Excellent reactivity was

achieved even under a relatively low Pd adopted amount (PdfArI = 0.0025) during the

reaction, but was reused for more than 10 runs with negligible loss of activity, in contrast

to rapid decay of activity of conventional Pd/C catalysts. It was concluded that this

heterogenization of a homogeneous catalyst which entails encapsulation of homogeneous

catalytic microenvironment in a porous inorganic shell combines the efficiency of the

homogeneous catalyst and the durability of the heterogeneous catalyst. This strategy

could provide a novel and beneficial route for the rational design of catalysts in this

domain, which may be useful in the synthesis of complex industrial and fine-

chemicals.225

Catalysed reaction pathways are usually represented by catalytic cycles. A catalytic cycle

consists of series of stoichiometric reactions (usuaJIy reversible) that form a closed loop;

the catalyst must be regenerated so that it can participate in the cycle of reactions more

than once. The catalytic cycle of the Heck reaction which is basically the palladium-

catalysed C-C coupling between aryl halides or vinyl halides and activated alkenes in the

presence of a base is shown below (Figure 4.2). There are four steps in the catalytic

cycle: oxidative addition, carbometallation, ~-hydride elimination and reductive

elimination. The reaction probably involves the initial reduction of Pd(II) to Pd(O),

followed by oxidative addition of RX to generate an R-Pd(II) intermediate. R normally

has to be an aryl or vinyl group otherwise, ~-elimination which is the major

decomposition pathway for alkyls can disrupt the required R-Pd intermediate species.'

The Pd(II) intermediate species undergoes an insertion with the alkene, followed by ~-

hydride elimination to give the desired product. Polar solvents such as DMF or CH3CN

are required and a base (commonly EhN, KOAc or NaOAc) is required to recycle the

palladium catalyst by removing HX in the last step (reductive elimination).
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red ucti ve eli mi nati on

oxidative addition

~-hydride elimination

x
I

L-Pd-L

R,~R

H

R-X

B

R~R'

~R'

carbometallation (insertion)

Figure 4.2 The Heck cycle (R' = electron-withdrawing group).

The role of the electron-withdrawing group, R' on the alkene is to ensure that the

insertion step takes place in the direction shown, to give R'CH=CHR and not RR'C=CH2.

The Pd-R bond in the oxidative addition product seems to be polarised in the direction

[Pd+-R-] so that the R group attacks the positive end of the C=C double bond of the

alkene, which is the one remote from the electron-withdrawing group R'.

In choosing a catalyst for use especially for a commercial process, apart from the changes

in reaction conditions that the use of a catalyst may bring about (e.g. pressure and

temperature), other factors of importance include; the concentration of the catalyst

required, the catalytic turnover, the selectivity of the catalyst to the desired product and

how often the catalyst needs renewing. Two catalytic turnover parameters used are the

catalytic turnover number (TON) and the catalytic turnover frequency (TOF). The TON

is the number of moles of product per mole of catalyst; this number indicates the number

of catalytic cycles for a given process, e.g. after 3 h the TON was 2500. While the TOF is

the catalytic turnover per unit time: the number of moles of product per mole of catalyst

per unit time, e.g. the TOF was 30 min-I.
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4.1.1 HOMOGENEOUS CATALYSIS

In homogeneous catalysis, the catalysts used are of the same phase as the reactants e.g.

enzymes in biochemical reactions or transition metal complexes used in the liquid phase

in organic reactions. Homogeneous catalysis by soluble metal complexes has wide

ranging applications in the chemical industry. Important examples include hydrogenation,

carbonylation, hydroformylation, polymerisation, oxidation, isomerisation, etc. These

catalysts have several advantages over the conventional heterogeneous catalyst systems

such as high activity and selectivity under mild operating conditions. Catalytic

mechanisms are considerably easier to study in homogeneous systems, where such.
powerful methods as NMR can be used to assign structures and follow reaction kinetics.

In spite of these, the application of homogeneous catalysis has been limited due to the

difficulties in separation of catalysts from products and their economic utilisation.

Sometimes special techniques are involved to easily separate the catalyst from the

product, when homogeneous catalysts must be utilised because of their superior high

activity and selectivity among other advantages. For example homogeneous catalysts can

be chemically grafted on to solid supp~rts for greater ease of separation of the catalyst

from the reaction products. Although such catalyst systems are technically called

heterogeneous, they often retain the characteristic reactivity patterns that they showed as

homogeneous catalysts, and the properties are usually different from those of classical

heterogeneous catalysts; these are sometimes called "heterogenised" homogeneous

catalysts.

Another way to address the problem of catalyst separation is to apply biphasic catalysis.

One strategy uses a water-soluble catalyst. This is retained in an aqueous layer that is

immiscible with the organic medium in which the reaction takes place. Intimate contact

between the two solutions is achieved during the catalytic reaction, after which the two

liquids are allowed to settle and the layer containing the catalyst is separated by

decantation. Many homogeneous catalysts are hydrophobic; hence it is necessary to

introduce ligands that will bind to the metal that carry hydrophilic substituents. Much

work has been carried out with the P- donor ligand, 229 which can be introduced into a

variety of organometallic complexes by carbonyl or alkene displacement.i'" For example,

the water-soluble complex HRh(CO)(229)3 is a hydroformylation catalyst precursor;

conversion of hex-l-ene to heptanal proceeds with 93% selectivity for the n-isomer, a

170



higher selectivity than is shown by HRh(CO)(PPh3h under conventional homogeneous

catalytic conditions.226

229

A range of alkene hydrogenations are catalysed by HRh(CO)(229)3 and it is particularly

selective and efficient for the hydrogenation of hex-l-ene.i"

Similarly, PTA-organometallic compounds have been successfully used as water-soluble

catalysts. The water-solubility of such catalysts is usually imparted by the highly water-

soluble PTA ligand. Examples of PTA transition metal complexes used as water-soluble

catalysts include those of Ru, Ir and Pd. The respective analogous Ru, Ir and Pd

complexes synthesised in this work using the tertiary phosphine ammonium salts shown

to be charged variants of PTA could be similarly used as water-soluble catalysts if the

properties of the ligands (tertiary phosphine ammonium salts) are understood in aqueous

and organic media and made to form water-soluble complexes.

The hydrogenation of benzene and other arenes under aqueous-organic biphasic

conditions using the ruthenium(II) complexes RuC}z(p6-cymene )(PTA) 45, [RuCI(p6-

cymene)(PTA)2]BF4 46 and [RuCh(p6-cymene)(TPPMS)] has been reported.128 They

were shown to be homogeneous catalysts for this reaction. The analogous [RuCh(p6-

cymene)(TPPMS)] complex was found to have significantly higher activity than both 45

and 46. The acti ve catalysts formed during the hydrogenation reactions correspond to a

trinuclear cluster, a colloid and mononuclear complexes respectively.J" The analogous

ruthenium(II) complexes synthesised in this work such as 199 and 200 discussed in

Section 3.3.1 and shown to have similar stereoelectronic properties with 45 could
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function as similar water-soluble catalysts if made water soluble by attachment of

appropriate polar functional groups.

The water-soluble iridium(III) complexes 115-Cp*Ir(PT A)Ch and [115-Cp*Ir(PTA)zCI]CI

have also been evaluated as catalyst precursors for the hydrogenation of CO2 and

hydrogen carbonate in aqueous solutions under relatively mild conditions."! The

catalytically active species was shown to be [115-Cp*Ir(PTA)2Ht by multinuclear NMR

spectroscopy and its nature confirmed by independent synthesis. Although, these catalyst

precursors showed only moderate activity on <;02 hydrogenation compared to analogous

Rh and Ru complexes/II they gave mechanistic insight into the reactions, thus

contributing to catalyst design and reaction optimisations. As in the case of the

ruthenium(II) complexes, the analogous iridium(III) complexes synthesised (208-210)

were shown to have similar stereoelectronic properties with the analogous PTA complex

and these could be evaluated as similar hydrogenation catalysts if made water-soluble by

using versions of the precursor ligands attached with highly polar functional groups such

as -S03Na, -C02Na, -OH etc.

Similarly, the water-soluble monomeric palladium(II) PTA complex 75 together with

Pd(OAc)zIPTA has been shown to be an efficient copper- and amine-free Sonogashira

catalyst system.143 This catalyst system employed relatively low palladium catalyst

loadings in the Sonogashira reaction of aryl bromides and chlorides with terminal alkynes

with excellent results in the absence of amine and CuI. The results were better than those

obtained in systems based on P(t-BU)3 such as [Pd(allyl)CI]zIP(t-Buh and 75 is one of the

few palladacycle complexes that are more active in this type of cross-coupling reaction,

being able to catalyse Sonogashira reactions with aliphatic alkynes and even aryl

chlorides.l'" The analogous monomeric cyclometallated Pd(II) complexes synthesised in

this work from the tertiary phosphine ammonium salts and cyclometalated dimers

[Pd(C-N)(Il-CI)h. where (C-N = C9H12Nor C12HI2N), [218-221] have been shown to

have similar stereoelectronic properties with the analogous Pd(II)PTA complex 75. Thus

the palladium(II) complexes 218-221 could be evaluated as similar Sonogashira catalysts

if made water soluble by the use of versions of the precursor ligands attached or grafted

with highly polar functional groups.
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Apart from the use of water-soluble catalysts in biphasic catalysis involving aqueous and

organic phases, fluorous i.e a perfIuoroalkane phase instead of an aqueous phase could be

used. Higher C, perfIuoroalkanes are used in fluorous biphasic catalysis; the low-boiling

related chlorofluorocarbons (CFC's) have been phased out under the Montreal Protocol227

due to their adverse effect on the ozone layer. At room temperature most fluorous

solvents are immiscible with other organic solvents, but an increase in temperature

typically renders the solvents miscible. The reactants are initially dissolved in a non-

fluorinated, organic solvent and the catalyst is present in the fluorous phase. Raising the

temperature of the system creates a single phase in which the catalysed reaction occurs.

On cooling, the solvents, along with the products and catalyst, separate. Catalysts with

suitable solubility properties can be designed by incorporating fluorophilic substituents

such as C6F13 or CgF17.For example, the hydroformylation catalyst HRh(CO)(PPh3h has

been adapted for use in fluorous media by using the phosphine ligand 230 in place of

PPh3.226

230

Introducing fluorinated solvents obviously alters the electronic properties of the ligand. If

the metal centre in the catalyst 'feels' this change, its catalytic properties are likely to be

affected. These effects can be minimized by placing a spacer between the metal and the

fluorinated substituent.

p

231

Thus in the phosphine ligand 231, which is a derivative of PPh3, the aromatic ring helps

to shield the P atom from the effects of the electronegative F atoms.226 Although the use
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of the biphasic system allows the catalyst to be recovered and recycled, leaching of the

Rh into the non-fluorous phase does occur over a number of catalytic cycles.

4.1.1.1 CATALYTIC POTENTIAL OF THE NEW DIAZAPHOSPHORINANE

LIGANDS

The catalytic potential of most of the ligands and complexes synthesised (Chapters two

and three) were not evaluated due to time constraints. However, the catalytic potential of

the diazaphosphorinane ligands was evaluated at Sasol Technology, St Andrews, UK for

the homogeneous ruthenium-based hydrogenation of esters.

In contrast to the hydrogenation of carbonyl compounds, the hydrogenation of esters is

troublesome.228 The hydrogenation of esters to alcohols is a conversion of industrial

importance (Equation 4.1). This conversion is usually employed in the production of fatty

alcohols and is a potential route to ethylene glycol, an important industrial compound via

dimethyl oxalate.229

cat.

OH

1) +
R

Equation 4.1.

Homogeneous ester hydrogenations, in comparison to its heterogeneous counterpart ar~

not common. The homogeneous hydrogenation of ester to alcohols is indeed a difficult

process and this is illustrated by the relatively few cases reported.230-233 Anionic

ruthenium hydride catalysts have been described by Grey et al. 230and neutral ruthenium

catalysts were reported by Matteoli et. al.231,232 Generally, drastic conditions are required

for the efficient conversion of an ester to the corresponding alcohol, unless the ester is

activated by electron-withdrawing substituents. For example Matteoli et. at.23I used a

ruthenium-based catalyst Ru(COh(CH3COOh(PBu3)2 for the hydrogenation of dimethyl

oxalate 232 to methyl glycolate 233, which was subsequently reduced at a much slower

rate to ethylene glycol 234 under drastic conditions according to Scheme 4.1. The

conversion of 232 to 233 was relatively easy, while the conversion of 233 to 234 requires

drastic conditions [P(H2) 200 bar; 180 0C).23I
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Scheme 4.1

In order to achieve the conversion of dimethyl oxalate to ethylene glycol under milder

reaction conditions with improved activity a search towards more active catalyst systems

was initiated by Elsevier and co-workers?33 Interest was directed towards the use of

ruthenium complexes having an increased electron density on the ruthenium centre,

which would enhance the nucleophilicity of the intermediate hydride towards the

carbonyl function of the ester. They described the selection of suitable ruthenium

complexes and ligands as catalyst precursors for the hydrogenation of dimethyl oxalate to

ethylene glycol.228 It was shown that dimethyl oxalate was efficiently hydrogenated to

ethylene glycol under mild conditions [P(H2) 75 bar; 100 °C],233 using a ruthenium

catalyst prepared in situ from Ruiacac), and a tripodal ligand MeC(CH2PPh2)3

(TriphosPh).228,233This catalyst was far more active than any known homogeneous

catalyst for this conversion. The first homogeneous ester hydrogenation catalyst utilising

a sulfur-based ligand MeC(CH2SBuh (TriSulfBU) for the selective hydrogenation of

dimethyl oxalate to methyl glycolate has also been reported.r" the TriSulfBu system was

shown to be the most active catalyst that is selective towards the formation of methyl

glycolate.229 As mentioned earlier, the use of ruthenium complexes with increased

electron density at the ruthenium centre would enhance the attack of the catalyst on the

electrophilic carbonyl carbon atom of the dimethyl oxalate.228 This will lead to an

increase in the rate of conversion to the alcohol. The diazaphosphorinane ligands with the

lone pair of electrons on the P atom are therefore suitable ligands for this reaction, which

like other phosphines would generate an active ruthenium catalyst for this reaction. Thus

cyclo-{CH2N(Ph)CH2N(Ph)CH2-P}-CH2N(H)Ph, 152 was used for the ruthenium-based

ester hydrogenation of dimethyl oxalate in MeOH, 1.3 equivalents of 152 gave a

conversion of 20.3% methyl glycolate. When 4 equivalents were used together with a

variation of the pressure and run time, 76.9% methyl glycolate conversion was achieved
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which was comparable to using 6 equivalents of P(n-Oct)3, the best known monodentate

phosphine to achieve a conversion of 100% methyl glycolate under similar conditions. 229

4.1.2 HETEROGENEOUS CATALYSIS

This is where the catalysts used are in a different phase to the reactants and products.

Heterogeneous catalysis has been the basis for most of the commercial processes, where

the active catalytic species are usually on a solid support. Several such heterogeneous

catalysts have been developed in order to overcome the typical problems of homogeneous

catalysis. The most frequent motivation given is: recovery, recycling, and re-use of the

catalyst. However, major drawbacks of heterogeneous catalysis include relatively lower

activity and selectivity. Reaction conditions are harsh and mechanistic understanding is

more or less impossible.

Several solid supports have been used to achieve heterogeneous catalysis. These include:

Suzuki cross-coupling reactions using palladium on hydrota1cite as a catalyst (Figure

4.3),234 Stille coupling reactions catalysed by a polymer supported palladium complex'"

and Sonogashira coupling reactions using a cellulose supported palladium(O) catalyst. 236

Others are the Heck reaction using Pd-complexes entrapped into zeolites to catalyse the

reactions between aryl halides and 01efins,237 ligand-protected palladium

nanoparticles,238,239palladium on active carbon (PdlC),240-242 and the use ofPd supported

on activated carbon to catalyse Heck reactions ofbromoarenes to control Pd leaching.i"

M,-AI OH)•
.. yen - ,....,~....._ ....~.I

• HydroaaI

• OxY&eD
• CIIbooo Ma ium or AlumiDium

Figure 4.3 Structure of hydrotalcite. 234
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Hydrotalcite is a naturally occurring mineral with double hydroxide layer. Hydrotalcites

form a major class of the anionic clay materials. Structurally, the geometry is octahedral

with Mg2+ ions at the centre and the vertices occupied by OH groups forming stacks.

Some of the Mg2+ ions are replaced by Ae+ ions, which results in charge deficiency in the

layers. In order to ensure electroneutrality in the overall structure, the excess positive

charge is balanced by col- ions present in a disorderly manner in the interlayer spacing,

which also contains water of crystallisation as shown in Figure 4.3.

4.2 SUPPORTED CATALYSTS

It is a well known fact that most coupling reactions are very attractive for industrial

applications; however, the homogeneous variant in most cases has no practical

application in industry due to the problems of separation, recovery and regeneration of

the catalyst. In principle, heterogeneous catalysts can be used to minimise some of the

problems faced by homogeneous catalysts. Among such heterogeneous catalysts are:

supported metal catalysts, zeolite encapsulated catalysts, colloid-nanoparticles and

intercalated metal compounds.

4.2.1 ZEOLITES

Zeolites are minerals with open aluminosilicate frameworks, hence easily take up loosely

bound water and small molecules in their structure. The term zeolite was originally

coined by a Swedish mineralogist named, A.F. Cronstedt in 1756, who observed, upon

rapid heating, the constituent stones began to dance about as the water evaporated. Using

the Greek words which mean "stone that boils," he called the mineral zeolite. They have

three-dimensional structures arising from a framework of [Si04]4- and [AI04]5-

tetrahedra forming coordination polyhedra linked by all their comers via the oxygen

atoms. Collective polyhedra form frameworks that are generally open and contain pores

(channels) and cavities in which are located cations and water molecules which have

considerable freedom of movement, permitting ion exchange and reversible dehydration.

The pores and cavities are of molecular dimensions and typically have diameters in the

range 4-12 A, hence are called micropores according to the IUPAC classification of

porous materials.244.245The microscopically small zeolitic pores or channels of molecular

dimensions are often called "molecular sieves", The size and shape of the channels have

extraordinary effects on the properties of these materials for adsorption processes, and

this property leads to their use in separation processes. Molecules can be separated via
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shape and size effects related to their possible orientation in the pore, or by differences in

strength of adsorption.

Since silicon typically exists in a 4+ oxidation state, the silicon-oxygen tetrahedra are

electrically neutral. However, in zeolites, aluminium typically exists in 3+ oxidation

states so that aluminium-oxygen tetrahedra form centres that are electrically deficient of

an electron. Thus zeolite frameworks are typically anionic, and charge compensating

cations populate the pores to maintain electrical neutrality. These cations can participate

in ion-exchange processes, and this yields some important properties for zeolites. When

charge compensating ions are "soft" cations such as sodium, zeolites are excellent water

softeners because they can pick up the "hard" magnesium and calcium ions in water

leaving behind the "soft" cations. When the zeoli tic cations are protons, the zeolite

becomes a strong solid acid. Such solid acids form the foundations of zeolite catalysis

applications including the fluidized bed cat-cracking in petroleum refineries. Other types

of reactive metal cations can also populate the pores to form catalytic materials with

unique properties. Thus, zeolites are also commonly used in catalytic operations and

catalysis with zeolites is often called "shape selective catalysis".

More than 150 zeolites have been synthesised and 40 naturally occurring zeolites are

known. One major advantage of zeolites is that since they are naturally occurring, they

are often cheap. Additionally, since they are largely composed of silicon, a major

component of the earth's crust, they find many uses in an environmentally aware society.

Zeolites form in nature under high pressure/temperature conditions at pH typically

between 9 and 10. Nature requires 50 to 50,000 years to complete these reactions.

Naturally occurring zeolites are rarely phase-pure, and are contaminated to varying

degrees by other species e.g. Fe3+, so,>, quartz etc. Thus naturally occurring zeolites are

excluded from many important commercial applications where uniformity and purity are

essential. Many of the uses of natural zeolites are environmentally related. For example,

natural zeolites are used for the treatment of radioactive waste as well as municipal waste

water treatment. They are also effective in adsorbing ammonia and hydrogen sulfide.

These properties make natural zeolites ideal for use in pet litter to prevent emanation of

irritating odours. For similar reasons, natural zeolites can also be used for effective

control of irritating gases in horse stalls, kennels, barns, etc.
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Initial efforts to synthesise zeolites were carried out under high pressure/temperature

conditions in order to simulate those natural zeolites first discovered from volcanic

deposits. Significant progress was made when synthesis was started under normal

atmospheric conditions «100°C and atmospheric pressure). Synthesis was also focused

on recreating natural zeolites, however, it was soon realised that many new structures

could be easily synthesised. General synthesis starts from crystallisation from an

inhomogeneous gel, obtained from a silica source and an aluminium source combined

with water. Some of the parameters that control the type of zeolite formed are pH of the

solution, temperature, pressure and the crystallisation time. The crystals of synthetic

zeolites are very small compared to natural zeolites. This is due to the very long

crystallisation time of natural zeolites in the earth.

Synthetic zeolites hold some key advantages over their natural analogues. The synthetics

can be synthesised in a uniform phase-pure state. It is also possible to synthesise

desirable structures which do not occur in nature e.g. Zeolite A. Since the principal raw

materials are silica and alumina which are among the most abundant minerals on earth,

the potential to synthesise zeolites is virtually unlimited. Finally, zeolite synthesis

requires significantly less time than the 50 to 50,000 years in the case of natural zeolites.

All commercially useful zeolites owe their value to one or more of three properties:

adsorption, ion-exchange and catalysis.

Adsorption: Zeolites are used to adsorb a variety of materials. This includes applications

in drying, purification and separation. They are used as very effective desiccants and can

remove volatile organic chemicals from air streams, separate isomers and mixtures of

gases. The most fundamental consideration regarding the adsorption of chemical species

by zeolites is molecular sieving. Species with a kinetic diameter which makes them too

large to pass through a zeolite pore are effectively "sieved". This "sieve effect" can be

utilised to produce sharp separations of molecules by size and shape. The particular

affinity a species has for an internal zeolite cavity depends on electronic considerations.

The strong electrostatic field within a zeolite results in very strong interaction with polar

molecules such as water. Non-polar molecules are also strongly adsorbed due to the

polarising power of these electric fields. Thus excellent separations can be achieved by

zeolites even when steric hindrance occurs. Adsorption based on molecular sieving,

electrostatic fields and polarisability are always reversible. This allows the zeolite to be
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reused many times, cycling between adsorption and desorption. This accounts for the

considerable economic value of zeolites in adsorptive applications.

Ion-exchange: The presence of the counter balancing cations in the zeolite framework

which are mobile, present the possibility for ion-exchange. This ion-exchange ability

accounts for one of the greatest volume uses of zeolites. For example, zeolite A, a

synthetic zeolite with sodium as a cation has widely replaced environmentally harsh

phosphates as detergent water softeners. Unlike phosphates, zeolite A cannot contribute

to the eutrophication of lakes, streams and rivers.

Catalysis: It is possible to say that zeolites are the most widely used catalysts in

industry.246 They have become extremely useful as catalysts for oil refining,

petrochemistry, and organic synthesis in the production of fine and speciality chemicals,

particularly when dealing with molecules having kinetic diameters below 10 A. The

reason for their success in catalysis is related to the following specific features:246,247(1)

They have very high surface area and adsorption capacity. (2) The adsorption properties

of the zeolites can be controlled, and they can be varied from hydrophobic to hydrophilic

type materials. (3) Active sites, such as acid sites for instance, can be generated in the

framework and their strength and concentration can be tailored for a particular

application. (4) The size of their channels and cavities are in the range typical for many

molecules of interest (5-12 A), and the strong electric fields248 existing in those

micropores together with an electronic confinement of the guest moleculesi" are

responsible for the preactivation of the reactants. (5) Their intricate channel structure

allows the zeolites to present types of shape selectivity, i.e., product, reactant, and

transition state, which can be used to direct a given catalytic reaction toward the desired

product avoiding undesired side reactions. (6) All of these properties of zeolites, which

are of paramount importance in catalysis, are ultimately dependent on the thermal and

hydrothermal stability of these materials. Zeolites can be activated to produce very stable

materials resistant to heat, steam and chemical attacks. The acidity and acid strength of a

zeolite can be modified by exchanging the cations or by modifying the Si/AI ratio.

Despite these catalytically desirable properties of zeolites they became inadequate when

reactants with sizes above the dimensions of the pores have to be processed. In this case,

the rational approach to overcome such a limitation would be to maintain the porous
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structure, which is responsible for the benefits described above, but to increase their

diameter to bring them into the mesoporous region. Attempts made using larger organic

templates, resulting in large voids did not give positive results because these organic

templates affect the gel chemistry and void fillers in the growing porous solids. Other

methods to produce zeolites that retain the desirable properties but can accommodate

reactants with larger dimensions are also prone to one drawback or the other. For

example, when cacoxenite mineral250 is used in this context as a catalyst, it was found to

be thermally unstable and thus not suitable as a catalyst. Cacoxenite is a naturally

occurring iron(lII) phosphate compound, [Fe3+Alhs[P04] 1706[OH]12'75H20 with an open

frame-work containing cylindrical tunnels occupied by water molecules with a free

diameter of ca. 15 A. Thus the best strategy to produce larger pore molecular

sieves/zeolites for catalytic processes is to increase the activity of the existing

microporous materials for processing large molecules. This approach involves the

generation of mesopores in the crystallites of the microporous zeolites.i"

Zeolite-supported catalysts have been used for the Heck reaction. Djakovitch et al.237

have studied the capability of palladium complex-loaded zeolites for catalysing the Heck

reaction of aryl bromides with olefins using standard reaction conditions as mentioned

earlier. It may be stated that the most studied NaY zeolites utilise low amounts of Pd (0.1

mol %) which can be easily separated and re-used after washing. The advantages

derivable from this system are that the immobilised complexes in the zeolite super-cages

should have almost the same activity as the free complexes in solution; secondly the

zeolite microstructure (micro-reactor) could help to overcome the problems of leaching

using heterogeneous catalysts in solution. Zeolites are also capable of stabilising

intermediate active species retained in their cavities and combine shape selectivity. It is

worthy of note that even aryl chlorides can be activated by this type of catalyst.

4.2.1.1 SYNTHESIS AND CHARACTERISATION OF ZEOLITE A, 235

Zeolite-A 235 was synthesised from NaOH using published procedures,251,252by adding

Na[AI021 to an aqueous solution of NaOH, heated to boiling point, followed by the slow

addition of hot aqueous solution of Na2[Si03]. The reactants were stirred vigorously, at

90°C for 4 h and the resulting white suspension (Zeolite-A) separated by filtration,

washed with water and dried at 105°C for 16 h. The product was characterised by powder
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X-ray diffraction. The experimental diffraction pattern was in excellent agreement with

that expected with the reflections from the product in black perfectly matching those

expected in red as shown in Figure 4.4.

4.2.1.2 SYNTHESIS AND CHARACTERISATION OF PERMANGANATE

SODALITE, 236

Permanganate sodalite 236 another zeolite was synthesised also from NaOH using

published procedures2S1.252by the addition of Zeolite-A to an aqueous solution of NaOH.

This was followed by the addition of Na[Mn04] and refluxed for 24 h at 100°C and the

resulting purple solid filtered on a glass sinter and dried at 105°C for 16 h. The product

was also characterised by powder X-ray diffraction, the experimental diffraction pattern

again was in excellent agreement with that expected with the reflections from the product

in black perfectly matching those expected in red as shown in Figure 4.5.
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4.3 CONCLUSIONS

It has been shown that both the neutral and cationic phosphorus(III) ligands readily react

with a range of late transition metals including Ru, Rh, Ir, Pd, Pt and Au to form complexes

that could be useful in catalysis. In all the complexes P-coordination has been observed and

verified by spectroscopy and crystallography. The high catalytic potential of the

diazaphosphorinane ligands was proved when 152 was used for a ruthenium-based ester

hydrogenation of dimethyl oxalate to achieve comparable result with P(n-Oct)), the best

known monodentate phosphine. The complexes of the cationic phophorus(III) ligands

found to be structurally and stereoelectronically related to analogous PTA complexes used

in various catalytic organic transformations may therefore have useful future implications

in catalysis.
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CHAPTER FIVE

EXPERIMENTAL

5.1 MATERIALS

All reactions and manipulations were carried out under aerobic conditions unless otherwise

stated. Dichloromethane was previously distilled over CaHz and THPC was recrystallised

from 2-propanol before use. to The following starting materials were prepared according to

literature methods: [RuClz(116-p-cymene)h,253 [RhCh(115-Cp*)h,254 [IrClz(115-Cp*)h,254

PdClz(COD),255 Pd(Me)CI(COD),256 [Pd(C-N)(Jl-CI)h where (C-N = C9H1ZN or

C12HI2N),257.258PtClz(COD)259 and [AuCI(THT)].26o All other solvents and chemicals were

obtained from commercial suppliers and used without further purification.

5.2 INSTRUMENTATION

Infrared spectra were recorded as KEr pellets in the range 4000-200 cm-t on a Perkin-

Elmer System 2000 Fourier-transform spectrometer, or in the range 4000-500 cm-t on

SHIMADZU FT-IR-8400S/FT-IR-8300 Fourier-transform spectrometers. 'n NMR spectra

were recorded on a Bruker DPX-400 FT spectrometer with chemical shifts (0) in ppm to

high frequency of SiMe4, and coupling constants (1) in Hz. The 3Ip{IH} NMR spectra were

also recorded on the same spectrometer with chemical shifts (0) in ppm to high frequency

of 85% IhP04. All NMR spectra were recorded in d6-DMSO or CDCh unless otherwise

stated. Microanalyses (Perkin-Elmer 2400 CHNlExeter Analytical Inc. CE 440 Elemental

Analyzer) were performed within the Department. Mass spectra were recorded on a lEOL

SXI02 instrument as Fast Atom Bombardment (FAB), in a positive ionization mode using

a 3-nitrobenzyl alcohol (NOBA) matrix or on a Finnigan MAT 95XP as low-resolution

FAB (LSIMS) in positive ionization mode using CH2Ch as the solvent and a NOBA

matrix. Powder diffraction data were recorded on a Bruker D8 powder diffractometer using

monochromated copper radiation over the 28 range 5-600 using a 0.01470 28 step.

The crystallographic data were collected within the Department at 150 K on a Bruker

SMART 1000 CCD diffractometer using graphite monochromated Mo-Kc radiation (A. =
0.71073 A) or on a Bruker Apex 2 CCD diffractometer using graphite monochromated

radiation from a sealed tube Mo-Ka source. Crystallographic data for much smaller

crystals were collected at Daresbury using the synchrotron radiation source.
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The crystal structures were solved by direct methods or Patterson synthesis. Programmes

used were COLLECT261 or Bruker AXS APEX 2262 for diffractometer control and

DENZ0263 or SAINT264 for frame integration, Bruker SHELXTL265.266 for structure

solution, refinement and molecular graphics and local programmes. Conductivity

measurements were recorded with a Jenway Model 4510 conductivity meter.

5.3 SYNTHESIS OF ANILINE DERIVATIVES (128-146) OF THPC

A range of aniline derivatives [P(CH2NHR)4]CI where R = phenyl or a substituted phenyl

group were synthesised by reacting THPC with aniline precursors in a 1:4 molar ratio in

ethanol using the procedure first published by Frank et al.10

5.3.1 SYNTHESIS OF COMPOUNDS 128,129,132,138,143-145

A typical procedure where the aniline precursor is a liquid is given here for compound

[P(CH2NHC6Hs)4]CI, 128. The amount of THPC used was 3.38 g in all cases except in 138,

143 and 145 where the amount was different; 138 (2.85 g), 143 (0.75 g) and 145 (0.75 g),

in all cases the THPC was reacted with the aniline precursor in a 1:4 molar ratio. A solution

of THPC (3.83 g, 20.10 mmol) in 100% EtOH (75 crrr') was prepared. Aniline (7.78 g,

83.41 mmol) was added dropwise to the THPC solution and the mixture stirred for 2 h at

room temperature. There was a mild exotherm followed by precipitation of a white solid

128. Compound 128 is known to be light sensitive (turns yellowish on exposure to light)

hence was kept in the dark. The precipitate was filtered on a glass sinter and dried under

vacuum and kept in the dark. Yield: 8.91 g, 90%. Yields for other compounds synthesised

in this study are given in parentheses: 129 (9.39 g, 83%), 132 (11.00 g, 97%), 138 (9.47 g,

83%),143 (2.26 g, 90%),144 (11.32 g. 93%) and 145 (2.20 g, 85%).

5.3.2 SYNTHESIS OF COMPOUNDS 130, 131, 133-137, 139-142, 146

A typical procedure where the aniline precursor is a solid is given here for compound

[P(CH2NH-4-CIC6H4)4]CI, 130. The amount of THPC used was 3.38 g in all cases except

in 133. 141 and 142 where the amount was different; 133 (3.00 g), 141 (2.83 g) and 142

(2.83 g). In all cases THPC wasreacted with the aniline precursor in a 1:4 molar ratio in

ethanol and stirred for 2 h at room temperature except in the case of 146 where the reaction

was stirred for 24 h. A solution of THPC (3.83 g. 20.10 mmol) in 100% EtOH (25 ern")

was prepared. A solution of 4-chloroaniline (10.64 g, 83.41 mmol) in 100% EtOH (50 crrr')

was also prepared and added dropwise to the THPC solution and the mixture stirred for 2 h
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at room temperature. There was a mild exotherm followed by precipitation of a white solid.

The yield was improved upon concentration of the solution under reduced pressure. The

resulting solid 130 was filtered on a glass sinter and dried under vacuum. Yield: 11.37 g,

90%. Yields for other compounds synthesised in this study are given in parentheses: 131

(13.45 g, 83%), 133 (15.25 g, 97%),134 (10.25 g, 95%),135 (11.48 g, 86%), 136 (11.92 g,

97%), 137 (7.92 g, 71%), 139 (10.25 g, 76%), 140 (11.16 g 94%), 141 (8.38 g, 84%), 142

(9.02 g, 86%) and 146 (10.03 g, 69%).

5.4 SYNTHESIS OF PHENYLENEDIAMINE DERIVATIVES (147-150) OF

TIIPC

A range of phenylenediamine derivatives [Pi (CH2NHhRh]CI, [R = C6~, 147; R =
C6H3Me, 148; R = C6H3COPh, 149; R = C6HzC4~' 150] were synthesised by reacting

THPC with phenylenediamine precursors in 1:4 or 1: 2 molar ratio in ethanol, using a

similar procedure first published by Frank et al.10

5.4.1 SYNTIIESIS OF COMPOUND 147

Four equivalents of 1,2-phenylenediamine were reacted with THPC in the synthesis of

[Pi (CI-hNllhC6l~h]Cl, 147; the use of two equivalents gave practically the same product

as confirmed by the characterising data. A solution of THPC (3.83 g, 20.10 mmol) in 100%

EtOH (75 em') was prepared. Phenylenediamine (9.02 g, 83.41 mmol) was added dropwise

to the THPC solution and the mixture stirred for 2 h at room temperature. The resulting

white solid 147 was filtered on a glass sinter and dried under vacuum. Yield: 10.12 g, 91%.

5.4.2 SYNTHESIS OF COMPOUNDS 148-150

For compounds 148-150, two equivalents of the phenylenediamine precursor was reacted

with THPC. A typical procedure is given here for [P{(CH2NH)zC6H3Meh]CI, 148. A

solution of THPC (1.96 g, 10.30 mmol) in 100% EtOH (20 cnr') was prepared. A solution

of 3,4-diaminotoluene (2.52 g, 2.59 mmol) in 100% EtOH (50 crrr') was also prepared and

added dropwise to the THPC solution and the mixture stirred for 2 h at room temperature.

The resulting light brown solid 148 was filtered on a glass sinter and dried under vacuum.

Yield: 3.11 g, 83%. Yields for other compounds synthesised in this study are given in

parentheses: 149 (2.48 g, 87%) and 150 (0.30 g, 74%).
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5.4.3 SYNTHESIS OF COMPOUND [P{(CH2NHhC6H4h]BPh4, 151

Compound [PI (CH2NH)2C6~h]BPh4' 151 was synthesised by anion metathesis of 147

using 1.5 equivalents of Na[BPh4]. A solution of 147 (0.20 g, 0.45 mmol) in HPLC grade

MeOH (5 crrr') was prepared. Na[BPh4] (0.23 g, 0.68 mmol) was dissolved in the minimum

volume of MeOH, this was added dropwise to the previous solution and the mixture stirred

for 30 min at room temperature. Concentration under reduced pressure and addition of

distilled water (ca. 5 crrr') gave a white solid 151 which was filtered on a glass sinter and

dried under vacuum. Yield: 0.23 g, 81%. Selected data: 3Ip{IH} NMR: 24.53 ppm. IH

NMR: 6.70-7.18 (m, arom. H), 4.09-4.13 (m, CH2), 5.78 ppm (d, 3}pH 17 Hz, NH). FT-IR:

3360 (vs, NH) cm'", FAB-MS,: m/z 299 [M-BPh4]' Anal. Calcd. for C4o~oN4PB'H20: C,

75.47; H, 6.65; N, 8.80. Found: C, 75.13; H, 6.19; N, 9.09.

5.5 SYNTHESIS OF DIAZAPHOSPHORINANE LIGANDS

A range of diazaphosphorinane ligands were synthesised by reacting the phosphonium

salts, 128-134, 143-145 with 1.56 equivalents of triethylamine in acetone at room

temperature using the procedure first published by Frank et al.lo

5.5.1 SYNTHESIS OF COMPOUNDS 152-161

A typical procedure is given here for cyclo-{ CH2N(Ph)CH2N(Ph)CH2-P}-CH2N(H)Ph 152.

The amount of phosphonium salt used was 5.00 g in all cases except in IS3, 157, 159, 160

and 161 where the amount was different; 153 (4.50 g), 157 (1.25 g), 159 (2.50 g), 160 (1.00

g) and 161 (0.75 g), in all cases the phosphonium salt was reacted with 1.56 equivalents of

triethylamine. A solution of [P(CH2NHC6Hs)4]Cl, 128 (5.00 g, 10.2 mmol) in 99.9%

acetone (70 cm3) was prepared. To this was added triethylamine (1.63 g, 16.1 mmol). The

mixture was stirred for 1 h after which the resulting white solid (triethylamine

hydrochloride) was filtered on a glass sinter and dried under vacuum. The filtrate was

concentrated under reduced pressure to ca. 1-2 crrr'. To the resulting oil was added 100%

EtOH (50 crrr') and stirred for 2 h at room temperature. The resulting white solid 152 was

filtered on a glass sinter and dried under vacuum. Yield: 2.88 g, 78%. Yields for other

compounds synthesised in this study are given in parentheses: 153 (2.26 g, 68%), 154 (2.24

g, 61%), ISS (2.30 g. 62%),156 (2.86 g, 78%), 157 (0.75 g, 81%), 158 (3.39 g, 92%), 159

(1.39 g, 75%), 160 (0.65 g. 88%) and 161 (0.46 g. 83%).
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5.5.2 SYNTHESIS OF COMPOUND P(CH2NHC,Hsh 162

Compound P(CH2NHCJIsh, 162 was synthesised by bubbling ammonia into 128 in

acetone, using the procedure first published by Frank et al.IO Ammonia was bubbled into a

slurry of 128 (4.90 g, 10.0 mmol) in HPLC grade acetone (50 crrr') for 5 mins at room

temperature, during which time 128 dissolved and was replaced by a finely divided white

solid, NfLCl. The mixture was stirred for 30 mins and the white solid separated from the

resulting yellow solution by filtration. The solution was concentrated under reduced

pressure and upon work-up and recrysta11isation using benzene gave a white solid 162

which was filtered and dried under vacuum. Yield: 2.10 g, 60%. Selected data: 3Ip{IH}

NMR: -38.75 ppm. IH NMR: 6.46-7.37 (m, arom. H), 5.79 (s, NH), 3.62 (d, 2JHH 12.0 Hz,

CH2), 3.45 (d, 2JHH 9.6 Hz, CH2) ppm. FT-IR: 3024 (s, NH) cm'", Anal. Calcd. for

C2IH24N3P·0.25C31k,O:C, 71.78; H, 7.06; N, 11.55. Found: C, 71.88; H, 7.08; N, 11.51.

5.6 COORDINATION STUDIES OF DIAZAPHOSPHORINANE LIGANDS

The diazaphosphorinane ligands were reacted with ruthenium(II), rhodium(III),

iridium(I1I), palladium(II) and platinum(II) precursors to form new metal complexes.

5.6.1 SYNTHESIS OF RUTIIENIUM(II) COMPLEXES 163 AND 164

Two ruthenium(II) complexes were synthesised by reacting [RuCb(1l6-p-cymene)]z with

the diazaphosphorinane ligands 152 or 153 in a 1:2 molar ratio. A typical procedure is

given here for compound RuCI2(116-p-cymene)(152), 163. To a stirred solution of

[RuCI2(116-p-cymene»)z (0.03 g, 0.05 mmol) in CH2Cb (10 crrr') was added 152 (0.04 g,

0.11 mmol) as a solid in one portion. After stirring the solution for 30 min, the volume was

reduced to ca. 1-2 crrr' and Et20 (10 crrr') added and stirred for 30 min. The resulting

orange solid 163 was filtered on a glass sinter and dried under vacuum. Yield: 0.06 g, 92%.

Yield for the other compound synthesised in this study is given in parenthesis: 164 (0.06 g,

86%).

5.6.2 SYNTHESIS OF RIIODlml(III) AND IRIDIUM(III) COMPLEXES

165-168

Two complexes each of rhodium(III) and iridium(III) were synthesised by reacting

[MCI2(lls-Cp*»)z, M = Rh or Ir with the diazaphosphorinane ligands 152 or 153 in a 1:2

molar ratio. Typical procedures are given for compounds RhCh(115-Cp*)(152), 165 and

IrCh(lls -Cp*)(l52), 167. To a stirred solution of {RhCh(115-Cp*) h (0.03 g, 0.05 mmol) in
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CH2Clz (10 crrr') was added 152 (0.04 g, 0.11 mmol) as a solid in one portion. After stirring

the solution for 30 min, the volume was reduced to ca. 1-2 em" under reduced pressure

followed by addition of Et20 (10 crrr') and stirred for 30 min. The resulting orange solid

165 was filtered on a glass sinter and dried under vacuum. Yield: 0.06 92%. Yield for the

other compound synthesised in this study is given in parenthesis: 166 (0.06 g, 85%).

Similarly, to a stirred solution of {IrCh(1l5-Cp*)h (0.03 g, 0.04 mmol) in CH2Ch (10 cnr')

was added 152 (0.03 g, 0.08 mmol) as a solid in one portion. After stirring the solution for

30 min, the volume was reduced to ca. 1-2 crrr' followed by addition of EtzO (10 crrr') and

stirred for 30 min. The resulting orange/yellow solid 167 was filtered on a glass sinter and

dried under vacuum. Yield: 0.04 g, 74%. Yield for the other compound synthesised in this

study is given in parenthesis: 168 (0.05 g, 84%).

5.6.3 SYNTHESIS OF PALLADIUl\f(II) COMPLEXES 169-177

A range of palladium(II) complexes were synthesised by reacting some of the

diazaphosphorinane ligands 152-156 and 158-161 with PdCh(COD) in CH2Ch in a 2:1

molar ratio at room temperature to give the complexes 169-177. A typical procedure is

given for PdCI2(152)z 169. To a stirred solution of PdC}z(COD) (0.10 g, 0.35 mmol) in

ClhCh (20 crrr') was added 152 (0.25 g, 0.70 mmol ) as a solid in one portion. After

stirring the solution for 30 min the volume was reduced to ca 1-2 em" under reduced

pressure and Et20 (20 cnr') added. The resulting yellow solid 169 was filtered on a glass

sinter and dried under vacuum. Yield: 0.29 g, 93%. Yields for other compounds

synthesised in this study are given in parentheses: 170 (0.27 g, 75%), 171 (0.35 g, 89%),

172 (0.38 g. 79%),173 (0.29 g, 82%), 174 (0.27 g, 77%), 175 (0.34 g, 92%), 176 (0.17 g,

75%) and 177 (0.23 g, 77%).

5.6.4 SYNTHESIS OF PLATINlThf(I1) COMPLEXES 178 AND 179

Two platinum(II) complexes were synthesised by reacting the diazaphosphorinane ligands

156 or 158 with PtCIz(COD) in CH2Ch in a 2: 1 molar ratio at room temperature. A typical

procedure is given for PtCIz(156)z, 178. To a stirred solution of PtCh(COD) (0.10 g, 0.27

mmol) in CII2Clz (20 cnr') was added 156 (0.22 g, 0.53 mmol) as a solid in one portion.

After stirring the solution for 30 min the volume was reduced to ca. 1-2 crrr' under reduced

pressure and Et20 (20 crrr') added. The resulting off-white or cream solid 178 was filtered
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on a glass sinter and dried under vacuum. Yield: 0.22 g, 76%. Yield for the other

compound synthesised in this study is given in parenthesis: 179 (0.25 g, 86%).

5.7 SYNTHESIS OF TERTIARY PHOSPHINE AMMONIUM SALTS

A range of new tertiary phosphine ammonium chlorides [cyclo-{ CHzN(R')CHzN(R')CHz-

P}-CHzN(Hz)R'tcr, where R' = C6H5CHZ, 4-FC6l4CHz, 4-CIC6l4CHz, 4-MeC614CHz,

4-MeOC6l4CHz were synthesised by reacting THPC with benzylarnine precursors in a 1:4

molar ratio in ethanol at room temperature using a similar procedure first published by

Frank et af.lo Anion metathesis of some of the chlorides with different alkali metal salts in

methanol was performed to give new tertiary phosphine ammonium salts.

5.7.1 SYNTHESIS OF COMPOUNDS 180-184

Five new tertiary phosphine ammonium chlorides (180-184) were synthesised by reacting

THPC with benzylamine precursors as stated above. A typical procedure is given for

[cyc!0-{ClhN(R')CH2N(R')CHz-P}-CH2N(Hz)R'tCl- 180, where R' = C6H5CH2. To a

solution of THPC (3.83 g, 20.10 mmol) in 100% EtOH (75 crrr') was added dropwise

benzylamine, C6H5CI{zNHz (8.94 g, 83.40 mmol). A slight exotherm and thick white fumes

were observed, and after ca. 5 mins, the solution became clear. The mixture was stirred for

2 h at room temperature (frequently some unwanted "sticky" material was formed which

was separated from the solution by decantation). The solution was concentrated under

reduced pressure to approximately a quarter of the original volume. The resulting

crystalline colourless solid 180 was filtered on a glass sinter and dried under vacuum.

Yield: 7.60 g, 86%. Using 2.85 g of THPC and the corresponding amount of the

benzylamine precursors, 4-FC6J-4CH2NH2' 4-CIC6l4CHzNHz or 4-MeC6J-4CHzNHz gave

the compounds 181-183, while using 3.40 g of THPC with 4 equivalents of 4-

MeOC6H4ClhNH2 gave 184. Yields for other compounds synthesised in this study are

given in parentheses: 181 (6.11 g, 83%), 182 (6.67g, 82%), 183 (6.27 g, 87%) and 184

(2.95 g, 93%).

5.7.2 REACTION OF TERTIARY PHOSPHINE AMMONIUl\1 CHLORIDES

\VITII Na[nPh4], Na[SbF6] or K[PF61

Anion metathesis of the tertiary phosphine ammonium chlorides (180-183) with Na[BPh4],

Na[SbF61 or K[PF61 in methanol was performed to give various tertiary phosphine
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ammonium salts 185':"196, [cyclo-{CH2N(R')CH2N(R')CH2-P}-CH2N(H2)R'tX-, [R' =

C6HsCH2, 4-FC6I-4CH2, 4-ClC6I-4CH2, 4-MeC6I-4CH2; X = BPh4, SbF6, PF6].

5.7.2.1 SYNTHESIS OF COMPOUNDS 185-188

Four new tertiary phosphine ammonium tetraphenylborates 185-188 were synthesised by

reacting the tertiary phosphine ammonium chlorides 180-183 with 1.5 equivalents of

Na[BPh4] in HPLC grade MeOH. A typical procedure is given for [cycIo-

{CH2N(R')CH2N(R')CH2-P}-CH2N(H2)R'tBPh4- 185, where R' = C6H5CH2. A solution of

Na[BPh4] (0.23 g, 0.67 mmol) in the minimum volume of HPLC grade MeOH was added

to a solution of 180, (0.20 g, 0.45 mmol) in HPLC grade MeOH (10 crrr'). The solution was

stirred for 30 min at room temperature. Concentration of the solution under reduced

pressure and addition of distilled water gave a colourless precipitate 185 which was filtered

and dried under vacuum. Yield: 0.29 g, 89%. Similarly using 181, 182 or 183 and

Na[BPh4], the salts 186-188 were obtained. Yields for other compounds synthesised in this

study are given in parentheses: 186 (0.27 g, 86%). 187 (0.27 g, 90%) and 188 (0.29 g,

90%).

5.7.2.2 SYNTHESIS OF COMPOUNDS 189-192

Four new tertiary phosphine ammonium hexafluoroantimonates 189-192, were synthesised

by reacting the tertiary phosphine ammonium chlorides 180-183 with 1.5 equivalents of

Na[SbF6 ] in HPLC grade MeOH. A typical procedure is given for [cyclo-

{CH2N(R')ClhN(R')CH2-P}-ClhN(H2)R'tSbF6- 189, where R' = C6H5CH2. A solution of

Na[SbF6] (0.18 g. 0.69 mmol) in the minimum volume of HPLC grade MeOH was added

to a solution of 180, (0.20 g, 0.45 mmol) in HPLC grade MeOH (10 em"). The solution was

stirred for 30 min at room temperature. Concentration of the solution under reduced

pressure and addition of distilled water gave a colourless precipitate 189 which was filtered

and dried under vacuum. Yield: 0.28 g. 97%. Similarly using 181, 182 or 183 and

Na[SbF6], the salts 190-192 were obtained. Yields for other compounds synthesised in this

study are given in parentheses: 190 (0.21 g, 73%). 191 (0.24 g, 78%) and 192 (0.24 g,

86%).

5.7.2.3 SYNTHESIS OF COMPOUNDS 193-196

Four new tertiary phosphine ammonium hexafluorophosphates. 193-196, were synthesised

by reacting the tertiary phosphine ammonium chlorides 180-183 with 1.5 equivalents of
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K[PF6] in HPLC grade MeOH. A typical procedure is given for [cyclo-

{CH2N(R')CH2N(R')CH2-P}-CH2N(H2)R'tPF6- 193, where R' = C6H5CH2. A solution of

K[PF6] (0.13 g, 0.71 nunol) in the minimum volume ofHPLC grade MeOH was added to a

solution of 180, (0.20 g, 0.45 mmol) in HPLC grade MeOH (10 ern"). The solution was

stirred for 30 min at room temperature. Concentration of the solution under reduced

pressure and addition of distilled water gave a colourless precipitate 186 which was filtered

and dried under vacuum. Yield: 0.18 g, 72%. Similarly using 181, 182 or 183 and K[PF6],

the salts 186-189 were obtained. Yields for other compounds synthesised in this study are

given in parentheses: 19-1(0.20 g, 83%),195 (0.18 g, 75%) and 196 (0.19 g, 78%).

5.8 COORDINATION STUDIES OF TERTIARY PHOSPHINE AMMONllThf

SALTS
The tertiary phosphine ammonium salts were coordinated to some transition metal

precursors: ruthenium(II), rhodium(I), rhodium(III), iridium(III), palladium(II),

platinum(ll) and gold(I) in order to access their ligating potential.

5.8.1 SYNTHESIS OF RUTIIENIUM(I1) COMPLEXES 197-202

A range of ruthenium(II) complexes were synthesised by reacting [RuClz(T{p-cymene»)z

with the tertiary phosphine ammonium salts 181, 188-190, 193 and 194 in a 1:2 molar

ratio. A typical procedure is given for RuCIz(rt6-p-cymene)(181), 197. To a stirred solution

of [RuCIz(rt6-p-cymene)h (0.03 g, 0.05 mmol) in CHzClz (10 crrr') was added 181 (0.05 g,

0.10 mmol) as a solid in one portion. After stirring the solution for 30 min, the volume was

reduced to ca. 1-2 em3 under reduced pressure followed by addition of EtzO (10 cnr') and

stirred for 30 min. The resulting orange solid 197 was filtered on a glass sinter and dried

under vacuum. Yield: 0.08 g. 98%. Similarly, using 188, 189, 190, 193 or 194 and

[RuCI2(1l6-p-cymene)h the complexes 198-202 were obtained. Yields for other compounds

synthesised in this study are given in parentheses: 198 (0.09 g, 97%), 199 (0.08 g, 91%),

200 (0.08 g, 90%), 201 (0.09 g. 91%) and 202 (0.08 g, 91%).

5.8.2 SYNTHESIS OF RIIODIUM(I) COMPLEXES 203 AND 204

Two rhodium(l) complexes were synthesised by reacting Rh2(CO)4(~-CI)2 with the tertiary

phosphine ammonium salts 180 or 181 in a 1:4 molar ratio. A typical procedure is given for

Rh(CO)CI(180h, 203. To a stirred solution of Rh2(CO)4(~-Clh (0.03 g, 0.08 mmol) in

ClhClz (10 crrr') was added 180 (0.14 g, 0.32 mmol) as a solid in one portion. The dark
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orange solution immediately went pale and a yellow solid precipitated within ca. 10 min.

After stirring the solution for 30 min, the volume was reduced to ca. 1-2 crrr' under reduced

pressure, followed by addition of Et20 (10 crrr') and stirred for about 30 min. The resulting

solid 203 was filtered on a glass sinter and dried under vacuum. Yield: 0.14 g, 88%.

Similarly, using 181 and Rh2(CO)4(J.1-CI)zthe complex Rh(CO)CI(181h, 204 was obtained.

Yield: 204 (0.16 g, 93%.

5.8.3 SYNTHESIS OF RHODIlTht(III) AND IRIDIUM(III) COMPLEXES

205-210

A range of rhodium(III) and iridium(III) complexes were synthesised by reacting [MCh(,,5-

Cp*)h, M = Rh or Ir with the tertiary phosphine ammonium salts 181, 185 or 189 in a 1:2

molar ratio. Typical procedures are given for RhCh(,,5 -Cp*)(181), 205 and IrCh(T]5-

Cp*)(181), 208. To a stirred solution of [RhCI2(T]5_Cp*)h (0.03 g. 0.05 mmol) in CH2CI2

(10 crrr') was added 181 (0.05 g, 0.10 mmol) as a solid in one portion. After stirring the

solution for 30 min, the volume was reduced to ca. 1-2 cm3 under reduced pressure and

Et20 (10 crrr') added. The resulting suspension was stirred for ca. 30 min and the resulting

orange solid 205 was filtered on a glass sinter and dried under vacuum. Yield: 0.07 g, 88%.

Using 185 or 189 and [RhCb(Cp*)h the complexes 206 and 207 were obtained. Yields for

other compounds synthesised in this study are given in parentheses: 206 (0.09 g. 96%) and

207 (0.09 g. 98%).

Similarly, to a stirred solution of [lrCh(T]5-Cp*)h (0.03 g, 0.05 mmol) in CH2Clz (10 crrr')

was added 181 (0.05 g, 0.10 mmol) as a solid in one portion. After stirring the solution for

30 min, the volume was reduced to ca. 1-2 ern' under reduced pressure and diethyl ether

(10 crrr') added. The resulting suspension was stirred for ca. 30 min and the resulting

yellow solid 208 filtered on a glass sinter and dried under vacuum. Yield: 0.06 g, 96%.

Using 185 or 189 and (lrCh(Cp*)h the complexes 209 and 210 were obtained. Yields for

other compounds synthesised in this study are given in parentheses: 209 (0.07 g, 85%) and

210 (0.06 g, 77%).

5.8.4 SYNTHESIS OF PALLADIUM(I1) COMPLEXES

The tertiary phosphine ammonium salts were reacted with various palladium(II) precursors:

PdCb(COD), PdCh(CII3CNh, Pd(Me)Cl(COD) and [Pd(C-N)(J.1-C1)h. where C-N =
CI)HJ2N, CJ2I1J2N.
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5.8.4.1 SYNTHESIS OF PALLADIUM(H) COMPLEX 211

A palladiumtll) complex was prepared by reacting PdCh(COD) with the tertiary phosphine

ammonium salt 180 in a 1:2 molar ratio in CHCh. To a stirred solution of PdClz(COD)

(0.10 g, 0.35 mmol) in CHCIJ (10 crrr') was added a solution of 180 (0.31 g, 0.70 mmol) in

CHCll (10 crrr') and retluxed under nitrogen at 90°C for 2 h. The yellow palladium

solution briefly turned orange and became yellow again with the characteristic smell of

cycloocta-lS-diene (COD) signalling its displacement by the phosphine ligand 180. On

cooling, the volume was reduced to ca. 1-2 em' under reduced pressure and diethyl ether

(10 crrr') added. The resulting yellow precipitate 211 was filtered on a glass sinter and dried

under vacuum. Yield: 0.24 g, 64%.

5.8.4.2 SYNTHESIS OF PALLAI>IUl\I(II) COMPLEX 212

To a stirred solution of PdCIz(COD) (0.05 g, 0.175 mmol) in CHzClz (20 crrr') was added

181 (0.17 g, 0.350 mmol) as a solid in one portion. After stirring the solution for 24 h, the

volume was reduced to ca. 1-2 em! under reduced pressure and EtzO (10 cnr') added. The

resulting suspension was stirred for ca. 30 min and the resulting yellow solid 212 filtered

on a glass sinter and dried under vacuum. Yield: 0.19 g, 92%.

5.8.4.3 SYNTHESIS OF ('ALLAI>IUM(II) COMPLEXES 213-215

Reaction of PdCb(CI hCNh with the tertiary phosphine ammonium salts 181, 189 or 190 in

CI bCh at room temperature followed by precipitation with Et20 upon concentration of the

solution under reduced pressure gave the yellow compounds 213-215. A typical procedure

is given for PdCb(181)z, 213. To a stirred solution of PdClz(CHJCNh (0.05 g, 0.19 mmol)

in ClhCh (10 cm3) was added 181 (0.19 g. 0.38 mmol) as a solid in one portion. After

stirring the solution for 30 min, the volume was reduced to ca. 1-2 crrr' under reduced

pressure and Et~O (10 em) added and stirred for 30 min. The resulting yellow solid 213

was filtered on a glass sinter and dried under vacuum. Yield: 0.21 g, 94%. Yields for other

compounds synthesised in this study are given in parentheses: 214 (0.26 g, 91%) and 215

(0.25 g. 84%).

5.8.4.4 SYNTIIESIS OF I'ALLADIUM(II) COMPLEXES 216 AND 217

Reaction of Pd(Me)CI(COD) with the tertiary phosphine ammonium salts 181 or 189 in

CH,!Ch at room temperature followed by precipitation with EtzO upon concentration of the

196



solution under reduced pressure gave the yellow compounds 216 and 217. A typical

procedure is given for Pd(Me)CI(181)z, 216. To a stirred solution of Pd(Me)CI(COD) (0.05

g, 0.19 mmol) in CH1Clz (10 crrr') was added 181 (0.19 g, 0.38 mmol) as a solid in one

portion. After stirring the solution for 30 min, the volume was reduced to ca. 1-2 cnr' under

reduced pressure followed by addition of EtlO (10 crrr') and stirred for 30 min. The

resulting yellow/orange solid 216 was filtered on a glass sinter and dried under vacuum.

Yield: 0.19 g, 88%. Similarly using 189 and Pd(Me)CI(COD) complex 217 was obtained.

Yield: 0.16 g. 93%.

5.9 COOIU>INATIO~ STUDIES OF TERTIARY PHOSPHINE AMMONIUM

SALTS \VITII CYCLO~IETALLATED PALLADIlThf DIMERS

The Pd dimers namely [Pd(C-N)(Jl-CI)b where C-N = C9HI2N, CI2HI2N were reacted

with 181 or 190 in a 2:1 molar ratio in CH1Clz at room temperature, fol1owing the

procedure by Ruiz et al.143

5.9.1 SYNTHESIS OF CO:\IPOUNI>S 218 AND 219

A typical procedure is given for compound Pd(CI)C6~CHlNMe2(181), 218. To a stirred

solution of [PdCI(C91112N)(~1-CI)h (0.030 g, 0.05 mmol) in CHlCh was added 181 (0.05 g,

0.10 mrnol) as a solid in one portion. The solution was stirred for 1.5 h and the volume

reduced to ca. 1-2 cm3 under reduced pressure and hexane (10 em") added. The resulting

suspension was stirred for 20 min and the off-white solid 218 collected on a glass sinter

and dried under vacuum. Yield: 0.07 g, 81%. Similarly, using 190 and [PdCI(C9H1lN)(Jl-

Cl)h complex 219 was obtained. Yield: 0.08 g, 79%.

5.9.2 SYNTHESIS OF CO\IPOUNDS 220 AND 221

A typical procedure is given for Pd(CI)CIOH6NMe2(181), 220. To a stirred solution of

[PdCI(Cd 112N)(Jl-Cl)h (0.030 g, 0.05 mmol) in CI-hCh was added 181 (0.05 g, 0.10

mmol) as a solid in one portion. The solution was stirred for 1.5 h and the volume reduced

to ca. 1-2 em] under reduced pressure and hexane (10 cnr') added. The resulting

suspension was stirred for 20 min and the pale-yellow solid 220 collected on a glass sinter

and dried under vacuum. Yield: 0.06 g, 78%. Similarly, using 190 and [PdCI(CI2H12N)(Jl-

CI)b. complex 221 was obtained. Yield: 0.09 g, 89%.
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5.9.3 SYNTHESIS OF CO~IPOUND 222

To a stirred solution of [PdCI(C9H12N)(Jl-Clh (0.03 g, 0.05 mmol) in CH2CIz (10 crrr') was

added 181 (0.070 g, 0.11 mmol) as a solid in one portion. After stirring the solution for 30

min the volume was reduced to ca. 1-2 em" under reduced pressure followed by addition of

diethyl ether (10 crrr') and stirred for 20 min. The resulting pale yellow solid 222 was

filtered on a glass sinter and dried under vacuum. Yield: 0.08 g, 80%.

5.10 SYNTHESIS OF PLATIr\UM(II) COMPLEXES 223 AND 224

Reaction of PtCh(ClhCNh with two equivalents of the tertiary phosphine ammonium salts

189 or 190 in CHzClz at room temperature followed by precipitation with Et20 upon

concentration of the solution under reduced pressure gave the off-white compounds 223

and 224. A typical procedure is given for PtCIz(189)2, 223. To a stirred solution of

PtCIz(CI hCN)z (0.05 g. 0.14 mmol) in CHzCIz (20 crrr') was added 189 (0.18 g, 0.28

mmo!) as a solid in one portion. After stirring the solution for 30 min the volume was

reduced to ca. 1-2 crrr' under reduced pressure and Et20 (10 crrr') added. The resulting

pale-yellow solid 223 was filtered on a glass sinter and dried under vacuum. Yield: 0.13 g,

59%. Similarly. using 190 and PtCh(ClhCNh. complex 224 was obtained. Yield: 0.16 g,

68%.

5.11 SYNTHESIS OF GOLD(I) COMPLEXES 225-228

Four gold(l) complexes 225-228 were synthesised by reacting AuCI(THT) with the tertiary

phosphine ammonium salts 181, 190. 193 or 194 in a 1:1 molar ratio in CH2CIz at room

temperature. A typical procedure is given for compound AuCI(181), 225. To a stirred

solution of AuCI(TIIT) (0.030 g. 0.09 mmol) in ClhClz (10 crrr') in a flask wrapped with

foil, was added 181 (0.046 g, 0.09 mmol) as a solid in one portion. After stirring the

solution for 1 h, the volume was reduced to ca. 1-2 crrr' under reduced pressure and Et20

(10 crrr') added and stirred for 20 min. The resulting off-whitish solid 225 was filtered on a

glass sinter and dried under vacuum and kept in the dark. Yield: 0.055 g, 81%. Similarly,

using 190. 193 or 194 with AuCI(TIIT), the complexes 226, 227 and 228 respectively were

obtained. Yields for other compounds synthesised in this study are given in parentheses:

226 (0.075 g. 86%). 227 (0.057 g, 78%) and 228 (0.065 g, 83%).
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5.12 SYNTHESIS OF ZEOLITE A AND PE~IANGANATE SODALITE

Zeolite A and pennanganate sodalite were synthesised from NaOH using published

procedures,2SI·252and characterised by powder X-ray diffraction.

5.12.1 SYNTHESIS OF ZEOLITE A 235

To a solution of NaOH (25.030 g, 625.00 mmol) in H20 (300 cnr') in a beaker (exothermic,

beaker was immersed in water to cool), was added Na[AI02] (13.50 g, 137.80 mmol) as a

solid and heated to boiling point on a hot plate. This was followed by slow addition of a hot

solution of Na:![Si03] (10.60 g, 86.82 mmol) in H20 (200 crrr') with rapid stirring for 4 h

with the temperature maintained at 90°C, the beaker covered with a watch glass to prevent

water loss. The resulting white suspension (Zeolite-A) was separated by filtration, washed

with water and dried at 105°C for 16 h in the oven. Yield: 14.26 g. The product was

characterised by powder X-ray diffraction, the experimental diffraction pattern was in

excellent agreement with the expected, the reflections from the product in black matching

the expected in red as shown in Figure 4.4.

5.12.2 SYNTHESIS OF PERMANGANATE SODALITE 236

To a solution of NaOIl (28.21 g, 705.25 rnmol) in H20 (63 crrr') in a beaker (exothermic,

beaker was immersed in water to cool), followed by addition of more H20 (30 cnr') and

Zeolite A (4.00 g) as a solid. The mixture was transferred to a 3-neck flask followed by

addition of Na[Mn04] (45.00 g, 317.06 mmol) and refluxed for 24 h, with the temperature

maintained at ca. 100 DC.The resulting purple solid was filtered on a glass sinter and dried

at 105°C for 16 h in the oven. Yield: 4.26 g. The product was characterised by powder X-

ray diffraction, the experimental diffraction pattern was in excellent agreement with the

expected. the reflections from the product in black matching the expected in red as shown

in Figure 4.5.
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6.0 GENERAL CONCLUSIONS

As set out in the aims of the research, the preparation and characterisation of new

phosphonium salts and phosphorus(III) ligands from THPC was achieved. Two new classes

of phosphonium salts synthesised were aniline derivatives of THPC and phenylenediamine

derivatives of THPC. While two new classes of cyclic phosphorus (III) ligands synthesised

were diazaphosphorinanes and tertiary phosphine ammonium salts as neutral and cationic

phosphorus(III) ligands respectively. The primary focus of the preparation and

characterisation of new transition metal complexes with phosphorus(III) ligands was also

achieved. However, only very little was done in the evaluation of the phosphorus(III)

ligands or complexes, in selected cases, as potentia] catalysts for organic transformations

due to time constraints.

A range of new aniline derivatives of THPC were synthesised by reacting THPC with

different aniline precursors in ethanol at room temperature following the procedure first

published by Frank et al.lo Phenylenediamine derivatives of THPC were also synthesised

by reacting THPC with phenylenediamine precursors in ethanol at room temperature

following a similar procedure first published by Frank et al.IO The resulting solids were

characterised by conventional techniques. Single crystal X-ray diffraction analyses

confirmed the proposed molecular formulae exhibiting tetrahedral configuration with

evidence of intermolecular H-bonding in one of the aniline derivatives of THPC and one of

phenylenediamine derivative of THPC. The crystal structure of the phenylenediamine

derived salt showed a phosphorus based spirocycle. This represents the first

crystallographic example of a spirocycIic compound with a phosphorus atom at the centre.

This is supported by the absence of any hits from a CSD search.I91,192

Diazaphosphorinanes were also synthesised by reaction of the corresponding aniline

derivatives of THPC with triethylamine in acetone using the procedure first published by

Frank et al.lo The resulting colourless solids were obtained in good yields, and similarly

characterised. Single crystal X-ray diffraction analysis in one case showed a pyramidal

geometry with the phosphorus atom at the apex. The lone pair of electrons on the

phosphorus atom qualifies this compound as a potential ligand. The catalytic ability of the

diazaphosphorinane ligands was demonstrated in a ruthenium-based ester hydrogenation of

dimethyloxalate to methylglycolate to achieve 76.9% conversion when 4 equivalents were

used. This was comparable to using 6 equivalents of P(n-Octh, the best known
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mono dentate phosphine to achieve 100% methylglycolate conversion under similar

conditions.r"

Apart from the diazaphosphorinane ligands, the preparation of a range of new tertiary

phosphines of the type P(CH2NHR)3 where R = phenyl or substituted phenyl group by

bubbling ammonia gas into solutions of selected aniline derivatives of THPC earlier

prepared was attempted, using the procedure first published by Frank et al.lO The known

compound P(CH2NHC6Hs)3 was successfully synthesised and characterised.

Coordination studies of the diazaphosphorinane ligands was carried out with relevant

ruthenium(II}, rhodium(III), iridium(III}, palladium(II) and platinum(II) precursors to form

the expected complexes in good to excellent yields. The metal complexes were

characterised using conventional techniques and single X-ray crystallography in several

cases. In the case of the Rh(III) and Jr(III) complexes, confirmations of the structures were

achieved by single crystal X-ray diffraction analysis. The complexes showed a classic

"piano-stool" geometry with evidence of intramolecular N-H"'Cl hydrogen bonding,

involving one of the metal bound chlorides and the diazaphosphorinane ligand in each case.

While the Pd(II) and Pt(II} complexes were shown to exhibit cis configuration as supported

by the infrared spectra having two M-CI stretches in the range 263-316 em-I. In the case

of the platinum(II) complexes the cis configuration was further supported by 31p{ IH} NMR

[IJpPt ::::::3600 Hz]. Further confirmation of the cis configuration comes from the X-ray

structures of two palladium(II) complexes and a platinum(II) complex where crystals were

obtained. The structures confirm the cis arrangement and show approximate square planar

geometry with bond lengths and angles comparable to those of other reported

compounds.201.202

A range of tertiary phosphine ammonium chlorides were prepared by reacting THPC with

benzylamine precursors using a similar procedure first published by Frank et al.tO The

reactions gave good to excellent yields of the desired colourless products, characterised and

shown to exhibit monodentate P-coordination. The X-ray crystal structure of one of the

chlorides showed a pyramidal configuration and reveals a P-C-N-C-N-C six-membered

ring with a chair conformation, exhibiting mirror plane symmetry. There was a pair of

N-H-"N intramolecular H-bonds which form a conformationally locked phosphine
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framework in the solid state similar to the well-known PTA cage. This can be regarded as a

charged variant of the PTA ligand with related P-C bond lengths and P-C-N, C-P-C

bond angles.204.205

Anion metathesis of the tertiary phosphine ammonium chlorides with Na[BPh41 Na[SbF61
or K[PF61 in methanol at room temperature under aerobic conditions, gave the

corresponding colourless tertiary phosphine ammonium salts in high yields. All the salts

were similarly characterised, and the structures were consistent with the molecular

formulae of the salts.

The crystal structures of some of these metathesised salts have similar structures to that of

the structure of the precursor chloride which has been crystallographically determined,

although only one N-H-··N intramolecular H-bond was observed in one case due to H-

bonding interactions involving the 1t systems in the BPh4- counterions present. Thus from

the single crystal X-ray structures of these cyclic cationic phosphorus(III) ligands, it is

evident that simple modification of the PTA core can be achieved in which non-covalent

interactions such as II-bonds maintain the structure in the solid state.

The coordination potential of the tertiary phosphine ammonium salts was evaluated by

reacting selected examples with relevant Ru(ll), Rh(I), Rh(III), !r(III) , Pd(II), Pt(I1) and

Au(l) precursors and the corresponding transition metal complexes were obtained in high

yields, similarly characterised and shown to exhibit P-monodentate coordination. In the

Ru(II) complexes, the 31p{IH} NMR spectra of the complexes showed average

coordination chemical shifts similar to that obtained for RuCh(116-p-cymene)(PTA) (~(5p 60

ppm) suggesting similar stereoelectronic properties. I10The crystal structures of the Ru(II)

complexes obtained show classic "piano-stool" geometry with the metric parameters

comparable to analogous complexes with PTA.l04.110Furthermore, upon coordination there

were minimal differences in the P-C and P-C-N metric parameters between the complexes

and the precursor ligands with retention of the rigid cage crystal structure even upon

complexation in each case. There was evidence of dimer pairs formed by intermolecular H-

bonding interactions similar to what has been recently observed in cationic dimeric

RullPTA complexcs.l"
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Two square planar rhodium(l) carbonyl complexes were synthesised by reacting

Rh2(CO)4(J..l-Clh with two of the tertiary phosphine ammonium chlorides to give the

corresponding Rh(I)carbonyl complexes. Characterisation was similarly achieved by

conventional techniques, except that in both complexes, meaningful NMR data could not

be obtained due to poor solubility in common solvents. The CO vibrations in the Ff-IR

spectral data of these complexes were similar to those of analogous trans-rhodium(I)

carbonyl PIA complexes suggestive of the Rh(I) complexes probably exhibiting a trans

configuration in each case.

Rhodium(III) and iridium(III) complexes were prepared by reacting some of the tertiary

phosphine ammonium salts in each case with [RhCI2(1l5-Cp*)]z or [IrCh(1l5-Cp*)h

respectively and similarly characterised. A combination of microanalytical and

spectroscopic data of the products confirms the formulae of the compounds exhibiting P-

monodentate coordination.

In the case of the rhodium(III) complexes the 31p{ IH} NMR spectral data showed a doublet

in all the complexes with an average IlpRh coupling constant of ca. 145 Hz comparable to

other rhodium(III) complexes reported previously.P" While in the case of the analogous

iridium(III) complexes, the 31p{ IH} NMR spectra showed singlets. The average

coordination chemical shifts for the rhodium(III) and iridium(III) complexes were also not

significantly different from those found for the analogous rhodium(III)(PTA) and

irdium(III)(PT A) complexes respectively suggesting similar stereoelectronic

properties. 51 .211

Single crystals of a rhodium(III) and iridium(III) complex were obtained and the structures

have been determined, though that of the iridium complex not completed are supportive of

mononuclear P-coordination and a typical "piano-stool" geometry around the metal centre.

In the case of the completed rhodium(III) complex, the metric parameters were comparable

to analogous Rh(III)PI A complexes." Furthermore, upon coordination as in the case of

the ruthenium(II) complexes there were minimal differences in the P-C and P-C-N metric

parameters between the rhodium(III) complex and the precursor phosphorus(III) ligand and

the rigid cage structure was maintained. An additional weak intermolecular H-bonding

interaction linking the molecules into dimer pairs was also observed.
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The coordination potential of the tertiary phosphine ammonium salts was also explored by

reacting some of these ligands with various monomeric palladium(lI) precursors namely

PdCIz(COD), PdCIz(CH3CNh and Pd(Me)Cl(COD) arid characterised. The characterising

data in all the complexes supports the proposed molecular formula of the expected

monomeric PdClzL2 complex indicative of P-coordination and trans configuration except

the one synthesised from PdCIz(COD) which support a cis configuration. Attempts to

obtain suitable crystals for X-ray diffraction analysis were unsuccessful in most cases.

However, in the case of the reaction between PdCh(COD) and one of the tertiary

phosphine ammonium salts, attempts to obtain crystals for X-ray diffraction analysis gave a

novel six-membered chelate Pd(lI) complex with an approximate square-planar geometry

about the palladium(II) centre not consistent with the other charactering data obtained from

the bulk complex. The structural motif for this novel Pd(lI) complex is supported by the

absence of any hits from a CSD search.191.192A plausible mechanism for the transformation

from PdChL2 type complex to the chelate complex has been proposed.

The coordination potential of the tertiary phosphine ammonium salts was further evaluated

by reacting them with cyclometallated paIladium(II) dimers namely [Pd(C-N)(Il-Cl)h.

where (C-N = C9HI2N or CI2HI2N) using the procedure by Ruiz et al.143 The resulting

cyclometallated palladium(II) complexes were characterised and shown to exhibit P-

monodcntate coordination. The 3lpeH} NMR spectra have shown that the average

coordination chemical shifts for the cyclometallated Pd(II) complexes [~op 50.00 ppm]

were the same as what was obtained in the analogous PTA complex, Pd(C9H12N)Cl(PTA),

7S [~op 50.00 ppm],143 again suggesting similar stereoelectronic properties. The X-ray

structures of two of these complexes have been determined and reveal an approximate

square-planar geometry with metric parameters similar to those reported for the analagou,s

cyclometallated palladium(II) PTA complexes.143,212,213Furthermore, upon coordination the

P-C and P-C-N metric parameters of the precursor ligand were not changed and the rigid

cage structure of the precursor ligand formed by a pair of intramolecular N-H"'N H-bonds

was maintained in the solid state even upon complexation, as was seen previously in the

case of the Ru(II) and Rh(III) complexes.

One of the reactions involving [Pd(C9HI2N)(Il-CI)h was repeated with variation of the time

and precipitant to obtain a pale-yellow solid. The NMR eH, 31peH }], CRN and FT-IR

data involving the bulk complex were identical with similar data obtained for the complex
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obtained earlier. However, X-ray diffraction analysis of crystals obtained gave an

unexpected novel zwitterionic palladium(I1) dimeric complex. The molecular formula from

the X-ray diffraction analysis was not consistent with the other characterising data obtained

on the bulk complex which is in agreement with the monomeric PdClzL2 type complex. A

mechanism involving intramolecular rearrangements during the crystallisation process

leading to this transformation has been proposed.

Similarly, the ligating potential of the tertiary phosphine ammonium salts was also

explored by reacting them with PtClz(CH3CN)2. Characterisation was similarly achieved

except that due to extreme insolubility in common solvents no meaningful NMR eH,

31p{Ill}] spectral data could be obtained. As was in the case of the Pd(I1) complex forming

an unexpected zwitterionic Pd(I1) dimeric complex, X-ray diffraction analysis of crystals

obtained gave an unexpected novel zwitterionic platinum(I1) dimeric complex. The

molecular formula from the X-ray diffraction analysis was also not consistent with the

other characterising data obtained on the bulk complex which is in agreement with the

monomeric PtChL2 type complex. A mechanism involving a similar intramolecular

rearrangement as in the case of the novel Pd(I1) complex during the crystallisation process

leading to this transformation has also been proposed. The novelty of the structural motifs

in the zwitterionic Pd(II) and Pt(I1) dimeric complexes are supported by the absence of any

hits from CSD searches.191,192In both cases, there was no evidence of If-bonding,

indicative of the absence of typical donor/acceptor groups in these complexes.

To further explore the coordination potential of the cationic phosphorus(I1I) ligands, they

were reacted with [AuCI(THT)] and the resulting Au(I) complexes similarly characterised

and shown to exhibit monodendate P-coordination. The average coordination chemical

shifts for the Au(I) complexes (~op 42.00 ppm) were similar to what was obtained in the

analogous (PTA)Au(1) complex, (PTA)AuCI (~op 45.00 ppm)169 also suggesting similar

stereoelectronic properties. The crystal structure of one of the complexes has been

determined and reveal an approximate linear geometry with simlar metric parameters to

analogous linear gold(I) PTA complexes.168,169Furthermore, upon coordination as in the

case of the ruthenium(II), rhodium(III) and palladium(II) complexes, there were minimal

differences in the P-C and P-C-N metric parameters between the complex and its

precursor ligand, but the rigid cage structure of the precursor ligand formed by a pair of

intramolecular N-H"'N H-bonds in the solid state was not maintained in this case upon
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complexation unlike in the case of the ruthenium(II), rhodium(III) and palladium(II)

complexes. There was evidence of intermolecular H-bonding involving the Au(I)PCI

cations and the CI- counterions. The X-ray diffraction analysis revealed that the AU"'Au

distance between neighbouring molecules was 4.10 A. Aurophilic AU"'Au interactions with

bond lengths of ca. 3.0 A commonly observed crystallographic ally for Au(I) compounds

with sterically undemanding ligands that usually link Au+ species together were not

observed in this Au(l) complex.

Two zeolite types, Zeolite-A (235) and permanganate sodalite (236) were also prepared

according to published procedures,2Sl·252and characterised by powder X-ray diffraction.

The experimental diffraction pattern in each case was in excellent agreement with the

expected.

6.1 FURTIIEI{ \VORK

Further work should be directed towards optimising the catalytic potential of the new

diazaphosphorinane ligands whose catalytic abilities were demonstrated in a ruthenium-

based ester hydrogenation of dimethyloxalate to methylglycolate. The preparation of

tertiary phosphines of the type P(CH2NIlRh, where R is phenyl or phenyl substituent by

bubbling NI h into solutions of the aniline derivatives of THPC prepared using the

procedure first published by Frank et a1.10 could also be looked into as potential new class

of tertiary phosphine ligands.

The tertiary phosphine ammonium salts synthesised in this work are structurally related to

the well-known water-soluble PTA ligand as confirmed by single crystal X-

crystallography, but were found to be insoluble in water. They have also been shown to

have similar stercoclectronic properties with PTA. The renewed interest in PTA is due to

its high solubility in water which together with its derivatives has had numerous

applications in medicine, coordination and organometallic chemistry and catalysis

especially in aqueous media. Therefore further studies should also be directed towards

understanding the properties of the tertiary phosphine ammonium salts in aqueous and

organic media. They could be made water soluble by attaching highly polar functional

groups such as -SOJ-, -C02-, -OH etc and their coordination chemistry as well as

potential medicinal and catalytic applications of their transition metal complexes explored.

As mentioned in Section 4.1.1, water-soluble ruthenium(II) complexes including RuC]z(p6-
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cymene)(PT A) 45, were used as homogeneous catalysts in the hydrogenation of benzene

and other arenes under aqueous-organic biphasic conditions.128 The analogous

ruthenium(II) complexes synthesised in this work such as 199 and 200 discussed in Section

3.3.1 shown to be structurally and stereoelectronically related to 45 could function as

similar water-soluble catalysts if made water soluble by attachment of appropriate polar

functional groups.

Water-soluble iridium(III) complexes including TJs-Cp*Ir(PTA)Clz have also been

evaluated as catalyst precursors for the hydrogenation of CO2 and hydrogen carbonate in

aqueous solutions under relatively mild conditions.i'! The analogous iridium(III)

complexes synthesised such as TJs-Cp*IrCI2(181) shown to have similar stereoelectronic

properties to the analogous PTA complex could be evaluated as hydrogenation catalysts if

made water-soluble by the attachment of highly polar functional groups grafted into the

precursor ligands in the complexes.

Similarly, the water-soluble monomeric palladium(II) PTA complex 75 together with

Pd(OAc)2IPTA has been shown to be an efficient copper- and amine-free Sonogashira

catalyst system.!" Analogous monomeric cyclometallated Pd(lI) complexes 218-221 were

synthesised in this work from the tertiary phosphine ammonium salts and cyclometallated

Pd dimers [Pd(C-N)(Il-CI)h. where (C-N = C9H12N or C12H12N). For example, 218 or

220 shown to be structurally related to 75 and having similar stereoelectronic properties to

75 could be evaluated as similar Sonogashira catalysts if made water soluble by the

attachment of highly polar functional groups to the precursor ligands in the complexes.

The new interest in PTA apart from its coordination chemistry and utility as a ligand in

catalysis, has been due to reports that ruthenium complexes of PTA have displayed

anticancer properties. 104Dyson and co-workers have shown that the water-soluble complex

RuCh(p6-cymene)(PTA) 45, exhibits pH dependent DNA damage; the pH at which damage

is greatest correlates to the pH environment of cancer cells. 110 The molecular structure of

this complex determined by single crystal X-ray diffraction was very similar to the

structures of the ruthenium(II) complexes 199 and 200 synthesised in this work. Therefore

further work should also be directed towards obtaining water soluble derivatives of these

new ruthenium(II) complexes followed by the evaluation of their anticancer properties.
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The water-soluble rhodium(III)PT A complex RhCh(1l5-Cp*)(PT A) together with the

osmium RAPTA analogue have demonstrated very similar cytotoxicity profiles to the

ruthenium(II) complex 45. The X-ray structure of RhCh(1l5-Cp*)(PTA) has been

determined" and the Rh-P and Rh-CI bond lengths as well as the P-Rh-CI bond angles

are comparable to those of the analogous rhodium(III) complex 207 synthesised in this

work. As in the case of the ruthenium(II) complexes therefore further work should also be

directed towards obtaining water soluble derivatives of the rhodium(III) complexes

followed by the evaluation of their anticancer properties.

Lastly, the mechanistic aspects of the reactions that led to the interesting novel crystal

structures of the palladium(II) complexes 211' and 222' as well as the platinum(II) complex

223' obtained in this work could also be critically examined.
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8.0 APPEl\1)ICES

Appendix 8.1 Crystal data and structure refinement details for 129.

Chemical formula

Formula weight

Temperature

Radiation, wavelength

Crystal system, space group

Unit cell parameters

C28H28ClF~J>
562.96

150(2) K

MoKa, 0.71073 A
monoclinic, P2lc

a = 13.4680( 13) A
b = 13.3815(13) A
c = 15.1511(15) A
2634.2(4) A3
4
1.420 glcm3

0.260mm-1

1168

colourless, 0.48 x 0.36 x 0.31 mrrr'

13 = 105.268(2)°

y=90°

Cell volume

Z
Calculated density

Absorption coefficient J..l

F(OOO)
Crystal colour and size

Reflections for cell refinement

Data collection method

9044 (9 range 2.19 to 28.10°)

Bruker SMART 1000 CCD diffractometer

OJ rotation with narrow frames

2.06 to 25.00°

h -15 to 16, k -15 to 15,1-18 to 18

99.9%

0%

18579

4628 (Riot= 0.0239)

3727

o range for data collection

Index ranges

Completeness to 0 = 25.00°

Intensity decay

Reflections collected

Independent reflections

Reflections with F2>2a
Absorption correction

Min. and max. transmission

Structure solution

Refinement method

Weighting parameters a, b

Data 1restraints 1parameters

Final R indices [F~2aJ
R indices (all data)

Goodness-of-fit on Fl

Largest and mean shiftlsu

Largest di ff. peak and hole

semi-empirical from equivalents

0.885 and 0.924

direct methods

Full-matrix least-squares on p2
0.0897,6.0358

4628/4/355
Rl = 0.0607, wR2 = 0.1622

Rl = 0.0755, wR2 = 0.1825

1.061

0.000 and 0.000
2.090 and -0.544 e A-3
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Appendix 8.2 Crystal data and structure refinement details for 147.

Chemical formula

Formula weight

Temperature

Radiation, wavelength

Crystal system. space group

Unit cell parameters

C,J120C1N,J>·C6H.(NH2)2

442.92

120(2) K

MoKa, 0.71073 A
triclinic, P 1
a=9.189A

b=9.562A

c = 13.865 A
1090.7 A3
2
1.349 g/cm3

0.271 mm"
468

colourless, 0.15 x 0.07 x 0.05 mrrr'
4747 (8 range 2.91 to 27.48°)

a = 70.61°

f3 = 88.33°

Y= 72.23°

Cell volume

Z
Calculated density

Absorption coefficient JJ.
F(OOO)
Crystal colour and size

Reflections for cell refinement

Data collection method Bruker-Nonius 95mm CCD camera on x-goniostat

c)I & ro scans
2.91 to 27.55°

h -11 to 11,k -12 to 12,1-17 to 18

99.6%

0%

19502

4982 (Rint= 0.0411)

4295

o range for data collection

Index ranges

Completeness to 0 = 26.00°

Intensity decay

Reflections collected

Independent reflections

Reflections with F~2a
Absorption correction

Min. and max. transmission

Structure solution

Refinement method

Weighting parameters a, b

Data I restraints I parameters

Final R indices [F~2a]
R indices (all data)

Goodness-of-fit on Fl
Largest and mean shiftlsu

Largest diff. peak and hole

semi-empirical from equivalents

0.609 and 0.692

Patterson synthesis

Full-matrix least-squares on F2

0.0280, 0.8902

4982/0/295
RI = 0.0414, wR2 = 0.0930

Rl = 0.0500, wR2 = 0.0975

1.031

0.000 and 0.000
0.515 and -0.392 e A-3
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Appendix 8.3 Crystal data and structure refinement details for 156.

Chemical formula

Formula weight

Temperature

Radiation, wavelength

Crystal system, space group

Unit cell parameters

C22H21 F3N3P
415.39

150(2) K
MoKa, 0.71073 A
triclinic, P T
a = 6.7500(9) A
b = 11.7122(15) A
c = 13.2877(17) A
975.7(2) A3
2

1.414glcm3

0.182mm-1

432

colourless, 0.22 x 0.18 x 0.10 mm'
3767 (9 range 3.14 to 28.39°)

Bruker SMART 1000 CCD diffractometer

a. = 75.378(2)°

13 = 82.034(2)°

y = 74.291(2t
Cell volume

Z
Calculated density

Absorption coefficient J.l
F(OOO)

Crystal colour and size

Reflections for cell refinement

Data collection method

o range for data collection

Index ranges

Completeness to 0 = 26.00°

Intensity decay

Reflections collected

Independent reflections

Reflections with F~20'

Absorption correction

Min. and malt. transmission

Structure solution

Refinement method

Weighting parameters a, b

Data 1restraints 1parameters

Final R indices (F~20')

R indices (all data)

Goodness-of-fit on F2

Largest and mean shiftlsu

Largest diff. peak and hole

ro rotation with narrow frames

1.59 to 29.03°

h -9 to 8, k -15 to 15, 1-17 to 17

99.2%

0%

8736

4518 (Rint = 0.0151)

3520

semi-empirical from equivalents

0.961 and 0.982

direct methods

Full-matrix least-squares on F2
0.0732,0.8641

4518/0/265
Rl = 0.0496, wR2 = 0.1333

Rl = 0.0662, wR2 = 0.1476

1.028

0.000 and 0.000
1.647 and -0.415 e A-3
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Appendix 8.4 Crystal data and structure refinement details for 166.

Chemical formula

Formula weight

Temperature

Radiation, wavelength

Crystal system, space group

Unit cell parameters

C32H36ChF3N3PRh·0.5CH2Ch
766.88

150(2) K

MoKa, 0.71073 A
triclinic, P 1

a = 13.6390(6) A
b = 14.9333(7) A
c = 18.4072(8) A
3328.7(3) A3

a = 70.7159(7)°

f3 = 70.1652(7)°

y = 83.2264(8)°
Cell volume

Z
Calculated density

Absorption coefficient Jl
F(OOO)

Crystal colour and size

Reflections for cell refinement

Data collection method

4

1.530 glcm3

0.846mm-1

1564

orange, 0.19 x 0.12 x 0.09 mrrr'
6504 (0 range 2.30 to 27.18°)

Bruker APEX 2 CCD diffractometer

eorotation with narrow frames

1.58 to 27.50°

h -17 to 17, k -19 to 19,1-23 to 23

99.5 %

0%

32691

15243 (Riot = 0.0411)

10973

semi-empirical from equivalents

0.856 and 0.928

Patterson synthesis

Full-matrix least-squares on p2

0.0783, 9.4428

15243/235/854
Rl = 0.0613, wR2 = 0.1552

Rl = 0.0910, wR2 = 0.1709

1.053

0.002 and 0.000

1.971 and -1.585 e A-3

o range for data collection

Index ranges

Completeness to 0 = 27.50°

Intensity decay

Reflections collected

Independent reflections

Reflections with P2>20'

Absorption correction

Min. and max. transmission

Structure solution

Refinement method

Weighting parameters a, b

Data 1restraints 1parameters

Final R indices [F~20']

R indices (all data)

Goodness-of-fit on p2

Largest and mean shift/su

Largest diff. peak and hole
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Appendix 8.S Crystal data and structure refinement details for 168.

Chemical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system. space group
Unit cell parameters

C32H36CIzF3IrN3P·0.5CH2CI2
856.17

150(2) K

MoKa, 0.71073 A
triclinic, P 1
a = 13.6719(3) A
b = 14.9948(4) A
c = 18.3942(5) A
3365.46(15) A3

a = 71.1172(3)0

P = 70.6050(3)0

y = 83.5070(4)0
Cell volume
Z
Calculated density
Absorption coefficient J.l
F(OOO)

Crystal colour and size
Reflections for cell refinement
Data collection method

4

1.690glcm3

4.297 mm"
1692

yellow. 0.37 x 0.21 x 0.11 mrrr'
15350 (8 range 2.29 to 31.03°)

Bruker APEX 2 CCD diffractometer
ro rotation with narrow frames
1.23 to 31.530

h -19 to 19, k -21 to 21,1-27 to 26
99.9%

0%

40668

20664 (Rint = 0.0273)

16864

o range for data collection
Index ranges
Completeness to 0 = 24.000

Intensity decay
Reflections collected
Independent reflections
Reflections with F2>20'
Absorption correction
Min. and malt. transmission
Structure solution
Refinement method
Weighting parameters a. b
Data 1 restraints 1 parameters
Final R indices rF~20'J
R indices (all data)
Goodness-of-fit on F2
Largest and mean shiftlsu
Largest diff. peak and hole

semi-empirical from equivalents
0.287 and 0.623

Patterson synthesis
Full-matrix least-squares on F2
0.0514.4.3636

206641 0 1794
Rl = 0.0356, wR2 = 0.0942

Rl = 0.0469, wR2 = 0.1017

1.055

0.003 and 0.000
1.966 and -2.108 e A-3
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Appendix 8.6 Crystal data and structure refinement details for 169.

Chemical formula
Pormula weight
Temperature
Radiation. wavelength
Crystal system, space group
Unit cell parameters

CuJ-4gClzNJ>2Pd·CH2Ch
985.05
150(2) K
MoKa, 0.71073 A
triclinic, P 1
a = 9.4366(6) A
b = 13.8183(8) A
c = 18.3184(11) A
2233.9(2) A3
2
1.464 g/cm3

0.766mm-1

1012
yellow, 0.42 x 0.08 x 0.03 mrrr'
5148 (9 range 2.36 to 27.87°)
Bruker APEX 2 CCO diffractometer

a= 109.406(2)°
~ = 94.723(2)°
y = 93.855(2)°

Cell volume
Z
Calculated density
Absorption coefficient 1.1
P(OOO)

Crystal colour and size
Reflections for cell refinement
Data collection method

9 range for data collection
Index ranges
Completeness to 0 = 26.00°
Intensity decay
Reflections collected
Independent reflections
Reflections with P2>2C1
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data I restraints I parameters
Final R indices (F~2C1J
R indices (all data)
Goodness-of-fit on F2
Largest and mean shiftlsu
Largest diff. peak and hole

ro rotation with narrow frames
1.57 to 27.49°
h -12 to 12. k -17 to 17,1-23 to 23
99.1 %
0%

19324
9932 (Rint = 0.0330)
7005
semi-empirical from equivalents
0.739 and 0.977
Patterson synthesis
Pull-matrix least-squares on p2
0.0501,2.6558
9932/01529

Rl = 0.0467, wR2 = 0.1051
RI = 0.0782, wR2 = 0.1209
1.025
0.001 and 0.000
1.023 and -0.868 e A-3
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Appendix 8.7 Crystal data and structure refinement details for 170.

Chemical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system, space group
Unit cell parameters

C~2ClzF~J>2Pd'2CH2CI2
1177.93
150(2) K
MoKa, 0.71073 A
monoclinic, P21/n

a = 15.2214(7) A
b = 16.4673(8) A
c = 19.9932(10) A
4999.1(4) A3

a=90°
f3 = 94.017(2)°

Cell volume
Z
Calculated density
Absorption coefficient J.l
F(OOO)

Crystal colour and size
Reflections for cell refinement
Data collection method

4
1.565 g!cm3

0.819 mrn"
2384
yellow, 0.18 x 0.14 x 0.06 mrrr'
7070 (8 range 2.39 to 24.97°)
Bruker APEX 2 CCD diffractometer
ro rotation with narrow frames
1.63 to 25.00°
h -18 to 18, k -19 to 19,1-23 to 23
99.9 %

0%

35644
8798 (Rint = 0.0539)
6231

o range for data collection
Index ranges
Completeness to 0 = 25.00°
Intensity decay
Reflections collected
Independent reflections
Reflections with F2>2a
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data 1restraints 1parameters
Final R indices [F~2aJ
R indices (all data)
Goodness-of-fit on Fl
Largest and mean shiftlsu
Largest diff. peak and hole

semi-empirical from equivalents
0.867 and 0.953
direct methods
Full-matrix least-squares on p2
0.0311,20.1343
8798 153 1638
Rl = 0.0482, wR2 = 0.0998
Rl = 0.0810, wR2 = 0.1188
1.034
0.000 and 0.000
1.282 and -1.137 e A-3
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Appendix 8.8 Crystal data and structure refinement details for 178.

Chemical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system, space group
Unit cell parameters

C4.H42ChF ~6P2Pt

1096.77
150(2) K
MoKa, 0.71073 A
triclinic, P T
a= 9.5700(4) A
b = 11.9806(5) A
c = 19.6613(9) A
2120.43(16) A3
2
1.718 g/cm!

3.578 mrn"'

1088
colourless, 0.51 x 0.37 x 0.21 mm'
8719 (9 range 2.16 to 29.03°)
Bruker APEX 2 CCD diffractometer

ex = 83.128(2)°
J3 = 83.843(2)°
y=71.815(2)0

Cell volume
Z

Calculated density
Absorption coefficient J.l
F(OOO)
Crystal colour and size
Reflections for cell refinement
Data collection method

9 range for data collection
Index ranges
Completeness to 0 - 26.00°
Intensity decay
Reflections collected
Independent reflections
Reflections with F2:>2<J
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data I restraints I parameters
Final R indices [F2:>2<JJ
R indices (all data)
Goodness-of-fit on F2
Largest and mean shiftlsu
Largest difT. peak and hole

co rotation with narrow frames
1.80 to 30.55°
h -13 to 13, k-17 to 17,1-28 to 28
99.8%
0%
25416
12692 (Rint= 0.0280)
10941
semi-empirical from equivalents
0.263 and 0.520
Patterson synthesis
Full-matrix least-squares on F2
0.0323, 0.0000
12692/252/614
ar- 0.0310, wR2 = 0.0655
Rl = 0.0396, wR2 = 0.0684
1.013

0.001 and 0.000
1.568 and -0.885 e A-3
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Appendix 8.9 Crystal data and structure refinement details for 181.

Chemical formula

Formula weight

Temperature

Radiation, wavelength

Crystal system, space group

Unit cell parameters

C2SH28CIF3N 3P
493.92

150(2) K

MoKa, 0.71073 A
orthorhombic, Ama2

a = 13.7194(15) A
b = 18.513(2) A
c = 9.5476(10) A
2425.0(5) A3
4
1.353 g/cm3

0.265 mm?
1032

colourless, 0.40 x 0.34 x 0.23 mrrr'
8376 (9 range 2.20 to 28.92°)

Bruker SMART 1000 CCD diffractometer

Y= 90°
Cell volume

Z
Calculated density

Absorption coefficient J.l
F(OOO)

Crystal colour and size

Reflections for cell refinement

Data collection method

o range for data collection

Index ranges

Completeness to 0 = 26.00°

Intensity decay

Reflections collected

Independent reflections

Reflections with F~2a

Absorption correction

Min. and max. transmission

Structure solution

Refinement method

Weighting parameters a, b
Data 1restraints 1parameters

Final R indices [F~2aJ

R indices (all data)

Goodness-of-tit on Fl

Absolute structure parameter

Largest and mean shiftlsu

Largest diff. peak and hole

ro rotation with narrow frames

2.20 to 28.97°

h -17 to 17. k -23 to 24.1-12 to 12

100.0 %

0%

10554

2932 (Rin!= 0.0216)

2902

semi-empirical from equivalents

0.901 and 0.942

direct methods

Full-matrix least-squares on F2

0.0000, 10.4569

2932/1/162

Rl = 0.0546. wR2 = 0.1278

Rl = 0.0551, wR2 = 0.1281

1.257

0.08(14)

0.000 and 0.000

0.388 and -0.621 e A-3
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Appendix 8.10 Crystal data and structure refinement details for 185.

Chemical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system, space group
Unit cell parameters

C49HsIBN3P
723.71
150(2) K
MoKa, 0.71073 A
monoclinic, P2./c
a = 12.9954(4) A
b = 19.7592(6) A
c = 16.6069(5) A
4049.3(2)N
4

1.187 g/cm3

0.106 rnm'"
1544
colourless, 0.36 x 0.35 x 0.~8 mm!

8685 (9 range 2.58 to 29.05°)
Bruker APEX 2 CCO diffractometer

p = 108.271(2)° .

Cell volume
Z
Calculated density
Absorption coefficient J1
F(OOO)
Crystal colour and size
Reflections for cell refinement
Data collection method

e range for data collection
Index. ranges
Completeness to e - 26.00°
Intensity decay
Reflections collected
Independent reflections
Reflections with F2>2a
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a. b
Data 1restraints 1parameters
Final R indices [F~2a]
R indices (all data)
Goodness-of-tit on F2
Largest and mean shitVsu
Largest ditT. peak and hole

co rotation with narrow frames
1.65 to 30.55°
h -18 to 18, k -28 to 27,1-23 to 22
100.0%
0%
48008
12372 (Rin• = 0.0427)
8920
semi-empirical from equivalents
0.963 and 0.981
Patterson synthesis
Full-matrix least-squares on F2
0.0595, 0.9033
12372/0/493
Rl = 0.0508, wR2 = 0.1178
Rl =0.0765, wR2=0.1314
1.028
0.019 and 0.000
0.773 and -0.338 e A-3
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Appendix 8.11 Crystal data and structure refinement details for 190.

Chemical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system, space group
Unit cell parameters

C2sH28f9N3PSb
694.22
150(2) K
MoKa, 0.71073 A
triclinic, P T
a = 8.5038(12) A
b = 8.8389(13) A'
c = 19.082(3) A
1369.8(3) A3

2
1.683 g/cmJ

1.147 mm"'
692
colourless, 0.27 x 0.21 x 0.04 mm'
451 (9 range 2.23 to 30.25°)
Bruker APEX 2 CCO diffractometer

a = 77.019(2)°
P = 78.879(2)°
Y = 84.880(2)°

Cell volume
Z
Calculated density
Absorption coefficient J.1
F(OOO)
Crystal colour and size
Reflections for cell refinement
Data collection method

9 range for data collection
Index ranges
Completeness to 9 - 24.76°
Intensity decay
Reflections collected
Independent reflections
Reflections with F~2(J
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data 1restraints 1parameters
Final R indices [F~2(J)
R indices (all data)
Goodness-of-fit on F2
Largest and mean shift/su
Largest diff. peak and hole

CI) rotation with narrow frames
2.23 to 24.76°
h -10 to 10, k -10 to 10,1-22 to 22
99.7%
0%
10538
4663 (Rin, = 0.0227)
4154
semi-empirical from equivalents
0.747 and 0.956
direct methods
Full-matrix least-squares on F2
0.0394, 0.2424
4663/0/358
R 1= 0.0259, wR2 = 0.0641
Rl = 0.0318, wR2 = 0.0675
1.059
0.001 and 0.000
0.838 and -0.759 e A-3
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Appendix 8.12 Crystal data and structure refinement details for 193.

Chemical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system, space group
Unit cell parameters

Cell volume
Z

Calculated density
Absorption coefficient J.L

F(OOO)
Crystal colour and size
Reflections for cell refinement
Data collection method

C25H31F6N3P2
549.47
150(2) K
MoKa, 0.71073 A
orthorhombic, Pbca
a = 17.9476(5) A
b = 15.8400(5) A
c = 19.1365(6) A
5440.3(3) N
8
1.342 g/cm'
0.220mm-1

2288
colourless, 0.50 x 0.21 x 0.15 mm'
17860 (9 range 2.27 to 30.44°)
Bruker APEX 2 CCD diffractometer

a=90°
P =90°
y=90°

9 range for data collection
Index ranges
Completeness to 0 - 30.55°
Intensity decay
Reflections collected
Independent reflections
Reflections with F2>2cr
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data 1restraints 1parameters
Final R indices [F~2a]
R indices (all data)
Goodness-of-fit on F2
Largest and mean shiftlsu
Largest diff. peak and hole

ro rotation with narrow frames
2.02 to 30.55°
h -25 to 25, k -22 to 22, I -27 to 27
99.9%
0%
62276
8335 (Rin'= 0.0291)
6759
semi-empirical from equivalents
0.8980 and 0.9678
direct methods
Full-matrix least-squares on F2
0.0589, 1.3791
8335/0/331
RI .. 0.0377, wR2 = 0.1000
Rl = 0.0494, wR2 = 0.1091
1.020
0.001 and 0.000
0.408 and -0.316 e A-3
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Appendix 8.13 Crystal data and structure refinement details for 199.

Chemical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system. space group
Unit cell parameters

C3s~5ClzF~3PRuSb·1.67CH2Clz
1087.65
150(2) K
MoKa, 0.71073 A
triclinic, P 1
a = 12.9426(5) A
b = 14.0425(5) A
c = 14.7175(6) A
2184.23(15) A3

a = 65.2785(5)°
f3 = 70.5853(5)°
y = 66.5392(5)°

Cell volume
Z
Calculated density
Absorption coefficient J..l

F(OOO)

Crystal colour and size
Reflections for cell refinement
Data collection method

2
1.654 g!cm3

1.383 mm"
1088
orange, 0.31 x 0.22 x 0.11 rnrrr'
12704 (8 range 2.56 to 30.54°)
Bruker APEX 2 CCD diffractometer
eo rotation with narrow frames
1.67 to 30.55°
h -18 to 18, k -20 to 19,1-20 to 20
97.5 %

0%
25887
13047 (Rin!= 0.0183)
11295
semi-empirical from equivalents
0.674 and 0.863
Patterson synthesis
Full-matrix least-squares on p2
0.0510,3.3546
13047/57 1533
Rl = 0.0377, wR2 = 0.0991
Rl = 0.0442, wR2 = 0.1033
1.028
0.006 and 0.000

1.863 and -1.184 e A-3

8 range for data collection
Index ranges
Completeness to 0 = 30.55°
Intensity decay
Reflections collected
Independent reflections
Reflections with F~2cr
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data I restraints I parameters
Final R indices [F~2crJ
R indices (all data)
Goodness-of-fit on Fl
Largest and mean shiftlsu
Largest diff. peak and hole
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Appendix 8.14 Crystal data and structure refinement details for 200.

Chemical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system, space group
Unit cell parameters

C3sf42CI2F9N3PRuSb·0.33CHzCl;z
1028.19
150(2) K
MoKa, 0.71073 A
triclinic, P 1
a = 11.8041(10) A
b = 13.1776(12) A
c = 14.7273(13) A
2154.6(3) A3

ex = 85.3916(15)°
B = 73.4595(14)°
y = 78.9597(15)°

Cell volume
Z
Calculated density
Absorption coefficient J.1.

F(OOO)

Crystal colour and size
Reflections for cell refinement
Data collection method

2
1.585 glcm3

1.246 mm"
1023
orange, 0.17 x 0.10 x 0.05 mm'
3134 (8 range 2.31 to 22.25°)
Bruker APEX 2 CCD diffractometer
ro rotation with narrow frames
1.58 to 25.00°
h -14 to 14, k -15 to 15,1-17 to 17
99.9%
0%
17336
7586 (Rin'= 0.0409)
4833

e range for data collection
Index ranges
Completeness to 0 = 25.00°
Intensity decay
Reflections collected
Independent reflections
Reflections with F~2(]'
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data I restraints I parameters
Final R indices [F~2(]']

R indices (all data)
Goodness-of-fit on F2
Largest and mean shiftlsu
Largest diff. peak and hole

semi-empirical from equivalents
0.816 and 0.940
Patterson synthesis
Full-matrix least-squares on F2
0.0648,4.1883
7586/3591598
Rl = 0.0541, wR2 = 0.1256
Rl = 0.0960, wR2 = 0.1482
1.025
0.001 and 0.000
0.923 and -0.601 e A-3
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Appendix 8.15 Crystal data and structure refinement details for 207.

Chemical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system, space group
Unit cell parameters

C3sI-46ChF~3PRhSb'2CH2Clz
1119.13
153(2) K
MoKa, 0.71073 A
monoclinic, P2dn
a = 8.9106(3) A
b = 14.7367(4) A
c = 30.8857(9) A
4034.3(2) A3

a=90°
B = 95.887(2)°

Cell volume
Z
Calculated density
Absorption coefficient J.l

F(OOO)

Crystal colour and size
Reflections for cell refinement
Data collection method

4
1.843 glcm3

1.578 mm"
2240
orange, 0.16 x 0.10 x 0.04 mm'
104486 (9 range 2.91 to 27.48°)
Bruker-Nonius Roper 2 ceo camera on x-gonios
cj) & co scans
2.99 to 27.55°
h -11 to 11, k -19 to 19,1-39 to 40
99.4 %
0%
47660
9116 (Rint= 0.0658)
6545

e range for data collection
Index ranges
Completeness to 0 = 24.00°
Intensity decay
Reflections collected
Independent reflections
Reflections with Fl>2a
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data 1 restraints I parameters
Final R indices [F~2aJ
R indices (all data)
Goodness-of-fit on Fl
Extinction coefficient
Largest and mean shiftlsu
Largest diff. peak and hole

semi-empirical from equivalents
0.786 and 0.940
direct methods
Full-matrix least-squares on F2
0.0639, 28.2608
91161147/512

Rl = 0.0830, wR2 = 0.1891
Rl = 0.1167, wR2 = 0.2031
1.107
0.0028(3)
0.00 1 and 0.000
1.389 and -0.648 e A-3
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Appendix 8.16 Crystal data and structure refinement details for 211'.

Chemical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system, space group
Unit cell parameters

C43HslCbNsP2Pd
877.13
150(2) K
MoKa, 0.71073 A
triclinic, P T
a = 11.8604(19) A
b == 18.855(3) A
c == 19.155(3) A
4222.9(12) A3

4
1.380 g/cm3

0.678mm-1

1816
colourless, 0.19 x 0.17 x 0.07 mm'
3033 (8 range 2.17 to 24.16°)
Bruker APEX 2 CCD diffractometer

a = 91.073(2)0
P == 90.720(2)°
Y = 99.569(2)°

Cell volume
Z

Calculated density
Absorption coefficient J.L

F(OOO)
Crystal colour and size
Reflections for cell refinement
Data collection method

e range for data collection
Index ranges
Completeness to 0 = 25.00°
Intensity decay
Reflections collected
Independent reflections
Reflections with F2:>2a
Absorption correction
Min. and max. transmission
Structure solution
Retinement method
Weighting parameters a. b
Data 1 restraints 1parameters
Final R indices [F2:>2a]
R indices (all data)
Goodness-of-tit on F2
Largest and mean shift/su
Largest difT.peak and hole

ro rotation with narrow frames
1.51 to 25.00°
h -14 to 14, k -22 to 22,1-22 to 22
99.8%
0%
33408
14844 (Rim== 0.0990)
7386
semi-empirical from equivalents
0.882 and 0.954
Patterson synthesis
Full-matrix least-squares on F2
0.0576, 0.0000
14844/48/955
RI = 0.0585, wR2 = 0.1 J40
RJ == 0.1514, wR2 = 0.1522
0.957
O.OOJand 0.000
1.427 and -1.174 e A-3
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Appendix 8.17 Crystal data and structure refinement details for 218.

Chemical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system, space group
Unit cell parameters

CJJLoChF3NJ>Pd
769.97
120(2) K
synchrotron, 0.6943 A
monoclinic, P2/n
a = 16.3089(7) A a = 900

b·=9.5474(4) A f3 = 104.817(6)0
c = 23.2240(10) A y = 900

3495.9(3) A3
4
1.463 g/cm3

0.775mm-1

1576
colourless, 0.10 x 0.05 x 0.03 mrrr'
6696 (9 range 2.44 to 26.18°)
Bruker APEX 2 CCD diffractometer
ill rotation with narrow frames
1.72 to 27.61 °
h -21 to 21, k -12 to 12,1-30 to 30
99.6%
3%
34142
8666 (Riot= 0.0500)
6710

Cell volume
Z
Calculated density
Absorption coefficient J.l
F(OOO)

Crystal colour and size
Reflections for cell refinement
Data collection method

9 range for data collection
Index ranges
Completeness to 0 = 27.00°
Intensity decay
Reflections collected
Independent reflections
Reflections with F~2cr
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data 1 restraints 1 parameters
Final R indices [F~2cr]
R indices (all data)
Goodness-of-fit on F2
Largest and mean shiftlsu
Largest diff. peak and hole

semi-empirical from equivalents
0.927 and 0.977
direct methods
Full-matrix least-squares on F2
0.0406, 0.6658
8666/0/414

Rl = 0.0349, wR2 = 0.0778
Rl = 0.0521, wR2 = 0.0843
1.010
0.001 and 0.000
0.636 and -0.357 e A-3

239



Appendix 8.18 Crystal data and structure refinement details for 220.

Chemical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system, space group
Unit cell parameters

C37~ChF3NJ>Pd
806.00
150(2) K
synchrotron, 0.6939 A
monoclinic, C2Ic

a = 27.1389(9) A a = 90°
b = 9.7892(3) A f3 = 104.8029(4)°
c = 28.2756( 10) A y = 90°
7262.6(4) A3
8
1.474 g/cm3

0.750 mm"
3296
pale yellow, 0.17 x 0.08 x 0.04 mm'
42091 (0 range 2.22 to 29.56°)
Bruker APEX 2 CCD diffractometer
ro rotation with narrow frames
1.52 to 29.72°
h -37 to 38, k -13 to 13,1-39 to 40
99.6%
2.3%
40865
11033 (Rin!= 0.0490)
9335

Cell volume
Z

Calculated density
Absorption coefficient J.l
rroo»
Crystal colour and size
Reflections for cell refinement
Data collection method

o range for data collection
Index ranges
Completeness to 0 = 29.00°
Intensity decay
Reflections collected
Independent reflections
Reflections with F~2(J
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data I restraints I parameters
Final R indices [F~2(J]
R indices (all data)
Goodness-of-fit on F2
Largest and mean shift/su
Largest diff. peak and hole

semi-empirical from equivalents
0.883 and 0.971
direct methods
Full-matrix least-squares on F2
0.0329,4.1734
11033/0/441

Rl = 0.0337, wR2 = 0.0812
Rl = 0.0408, wR2 = 0.0860
1.040
0.003 and 0.000
0.428 and -0.534 e A-3
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Appendix 8.19 Crystal data and structure refinement details for 222'.

Chemical formula

Formula weight

Temperature

Radiation, wavelength

Crystal system. space group

Unit cell parameters

CJJI34Cl~ ~J>2Pd2'(CH3hSO
1069.32

150(2) K

synchrotron, 0.6710 A
orthorhombic, Pbcn

a = 16.980(3) A
b = 19.430(4) A
c = 12.751(2) A
4206.7(14) A3

a=90°

y=90°
Cell volume

Z
Calculated density

Absorption coefficient J.1
F(OOO)

Crystal colour and size

Reflections for cell refinement

Data collection method

4
1.688 glcm3

1.287 mm"
2136

yellow, 0.10 x 0.04 x 0.03 mm"
38823 (9 range 2.49 to 24.03°)

Bruker APEX 2 CCD diffractometer

ro rotation with narrow frames

1.50 to 26.61 °

h -22 to 22, k -25 to 25, 1-16 to 16

99.6%

3%

36669

5231 (Rin! = 0.0895)

3877

o range for data collection

Index ranges

Completeness to 0 = 26.610
Intensity decay

Reflections collected

Independent reflections

Reflections with Fl>2<1

Absorption correction

Min. and max. transmission

Structure solution

Refinement method

Weighting parameters a, b

Data I restraints I parameters

Final R indices [F~2crJ

R indices (all data)

Goodness-of-fit on F2

Largest and mean shiftlsu

Largest diff. peak and hole

semi-empirical from equivalents

0.882 and 0.962

direct methods

Full-matrix least-squares on F2

0.0913, O.()()()()
5231/223/284
Rl = 0.0600, wR2 = 0.1423

Rl = 0.0816, wR2 = 0.1535

1.024

0.001 and 0.000

2.704 and -1.178 e A-3
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Appendix 8.20 Crystal data and structure refinement details for 223'.

Chemical formula
Formula weight
Temperature
Radiation. wavelength
Crystal system. space group
Unit cell parameters

C~38CI~J>2Pt2'CH2CI2
1181.53
150(2) K
synchrotron, 0.6884 A
triclinic, P T
a = 12.5972(3) A
b = 17.1567(4) A
c = 20.8242(4) A
4074.50(16) A3
4
1.926 g/cm3

7.362 mm"
2264
colourless. 0.72 x 0.09 x 0.05 mrrr'
13616 (8 range 2.38 to 30.78°)
Bruker APEX 2 CCD diffractometer

a = 114.1393(2)°
P = 96.4836(2)°
y = 90.2454(2)°

Cell volume
Z
Calculated density
Absorption coefficient ~
P(OOO)

Crystal colour and size
Reflections for cell refinement
Data collection method

e range for data collection
Index ranges
Completeness to 0 = 26.00°
Intensity decay
Reflections collected
Independent reflections
Reflections with F2>20'
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a. b
Data 1 restraints 1 parameters
Final R indices [P2:>2cr]
R indices (all data)
Goodness-of-fit on p2
Largest and mean shiftlsu
Largest diff. peak and hole

(t) rotation with narrow frames
1.26 to 31.09°
h -18 to 18, k -25 to 25.1-30 to 30
99.3 %

3%

49750
25936 (Riot= 0.0319)
20263
semi-empirical from equivalents
0.076 and 0.710
direct methods
Full-matrix least-squares on F2
0.0371,_0.0000
25936/0/841
Rl = 0.0378. wR2 = 0.0884
Rl = 0.0479, wR2 = 0.0932
1.053
0.003 and 0.000
2.198 and -1.147 e A-3
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Appendix 8.21 Crystal data and structure refinement details for 225.
Chemical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system, space group
Unit cell parameters

C2,H28AuCI2F3N3P
726.34
150(2) K
MoKa, 0.71073 A
monoclinic, P2lc
a = 18.6440(16) A
b = 8.6308(7) A
c = 16.4841(14) A
2623.1(4) Al
4

1.839 g/crn'
5.914 mm'"
1416
colourless, 0.49 x 0.08 x 0.07 mnr'
12920 (9 range 2.50 to 31.54°)
Bruker APEX 2 CCD diffractometer

a. = 90°
~= 98.5448( 12)°
y= 90°

Cell volume
Z
Calculated density
Absorption coefficient J.L

F(OOO)
Crystal colour and size
Reflections for cell refinement
Data collection method

a range for data collection
Index ranges
Completeness to a = 29.00°
Intensity decay
Reflections collected
Independent reflections
Reflections with F2>2a
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data 1restraints 1parameters
Final R indices [F~2a]
R indices (all data)
Goodness-of-fit on F2
Largest and mean shiftlsu
Largest ditf. peak and hole

co rotation with narrow frames
2.21 to 31.56°
h -27 to 27, k -12 to 12, 1-23 to 23
100.0 %
0%
30352
8321 (Ru" = 0.0295)
7193
semi-empirical from equivalents
0.164 and 0.659
Patterson synthesis
Full-matrix least-squares on F2
0.0269, 0.3372
8321/0/322
Rl = 0.0222, wR2 = 0.0511
Rl = 0.0292, wR2 = 0.0534
1.036
0.002 and 0.000
1.388 and -0.515 e A-3
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Appendix 8.22 COURSES/CONFERENCES ATTENDED

1) Lecture on Fire and Safety Precautions, 18thApril, 2005.

2) Postgraduate Research Students Induction, 12thMay, 2005.

3) Research seminar: Why control the 'color' in variable band gap conjugated

polymers delivered in the Department by Prof. John R. Reynolds, University of

Florida USA, 8thJune, 2005.

4) Lecture: The ground and excited state double proton transfer in lumichrome/acetic

acid system: theoretical and experimental approach delivered in the Department by

Dr Marek Sikorski, Adam Mickiewicz University, Poznan, Poland, zr: July, 2005.
5) Training on NMR for new Postgraduate Students by Dr Mark Edgar, ih October,

2005.

6) Teaching Skills: Preparing to Teach and Promoting Learning,

25thOctober, 2005.

7) Teaching Skills for Postgraduates and Research Assistants with Supervising

Practical Activities, 3rd November, 2005.

8) Introduction to the job of a lecturer for Postgraduates and Research Assistants,

9thNovember, 2005.

9) Departmental talk on training in transferable skills for PhD students, 23rd

November, 2005.

10) Database of the month - Oxford English Dictionary 15thNovember, 2005.

11) Power-point for Presentations zs" November, 2005.

12) Presentation of PhD work to the Inorganic Section, 14thDecember, 2005.

13) CSD searching workshop and seminar organised by Dr Mark Elsegood in the

Department, 24th February, 2006.

14) Catalysis: Half Day Discussion Meeting, University of Leicester,

3rd April, 2006.

15) Poster Presentation at Dalton Symposium, "New Cyclic Tertiary Phosphines

Derived from Tetrakis(hydroxymethyl)phosphonium Chloride", University

of Birmingham, 14thSeptember, 2006.

16) Designing and Producing Conference Posters, 13th October, 2006.

17) Getting Articles Published for Postgraduates and Research Assistants, 23rd

October, 2006.
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18) RSC Industrial Lecture: Process Understanding - Why it is important to

Process R&D (PR&D) by Dr Steve Eyley, 24th October, 2006.

19) Report Writing, 15tNovember, 2006.

20) Keeping your Research Up-to-Date for Postgraduates, I" February, 2007.

21) Plagiarism, Citation and Managing your References, 14thMarch, 2007.

22) Inorganic Seminar: "Fast Detectors and Bright Sources; Pushing the Limits of Lab

Powder Diffraction" by Dr Caroline Kirk, 18thJuly, 2007.

23) Research Assistants and Postgraduates- Career Management, 2th February, 200S.

24) Research Assistants and Postgraduates- Successful Applications, 5thMarch, 200S.

25) Intellectual Property, 5thMarch, 200S.

26) Career Management for Postgraduate Researchers- Interviews, lth March, 200S.

27) Poster Presentation at Dalton Division Midlands Postgraduate Symposium, "New

Cationic Phosphorus(III) Compounds Derived from a Simple Phosphonium

Chloride", University of Warwick, 27th March, 200S.

28) VIVA- What happens? 25thApril, 200S.

29) Personal Organisation and Time Management for Postgraduate researchers,

2SthApril, 200S.

30) RSC Ronald Nyholm Lecture 2007-S: "Exploiting Knowledge-based Approaches to

Chemistry" by Prof Guy Orpen, 30th April, 2008.

31) RSC Hugo Muller Lecture 2007-8: "Seeing Inspiration in Nature's Laboratory" by

Prof. Mark Weller, 21st May, 2008.
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Appendix 8.23 REFEREED JOURNAL PUBLICATION(S) FROM

THIS RESEARCH

1. A.T. Ekubo, M. R. J. EIsegood, A. J. Lake and M. B. Smith, Intramolecular

Hydrogen-Bonded Tertiary Phosphines as 1,3,5-Triaza-7-phosphaadamantane

(PTA) Analogues.lnorg. Chem., 2009, 48, 2633.
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Inor~anidChemistry
: Article

Intramolecular Hydrogen-Bonded Tertiary Phosphines as
1,3,5-Trlaza- 7-phosphaadarnantane (PTA) Analogues

Allen T. Ekubo, Mark R. J. Elsegood, Andrew J. Lake, and Martin B. Smith·

Department of Chemistry. Loughborough University. Loughborough, Leics LEll 3TU. U.K.

New cationic trialkylphosphines [P(CH2NH2R){CH2N(R)CH2N(R)CH2W(R = C6HsCH2, a; 4-FC6H4CH2, b), as their
CI- (1a, 1b). SbF. - (28, 2b), and PF.- (38, 3b) salts, are described. The phosphine framework is confonnationally
locked, in the solid state, through pairs of intramolecular N-H· , .N hydrogen bonds which are maintained in the
Ru" and Rhlll complexes 4 and 5. Phosphines 18-3b can be considered as charged variants of the well-known
PTA ligand.

Introduction
The ability by which tertiary phosphines can be modified

undoubtedly remains a major reason why this ligand class
continues to find spectacular success in many branches of
chemistry. Considerable recent interest has focused on the
aliphatic caged tertiary phosphine 1.3,S-triaza-7-phosphaada-
mantane (hereafter abbreviated PTA), which has been shown
to possess many desirable attribut~s ~ncludingwater solub~l-
ity.' Synthetic routes for modifying the adarnantanoid
framework of PTA such as protonation or alkylation of the
tertiary nitrogen atoms or upper or lower rim functionaliza-
tion have been reported.2.3Consequently, numerous applica-
tions of PTA and their derivatives in biomedicine," coordi-
nation and organometallic chemistry ,4., and catalysis,"
especially in aqueous media. have been realized. One aspect

• To whom corre.pondence should be addressed. E-mail: m.b.smith@
lboroac.uk. Tel: +44 (0)1509 222553. Fax.: +44 (0)1509 223925.
(I) Daigle. D. J.; Pepperman. A. B.; Vall. S. L. J. Heterocycl. Chem.

1974. /I. 407-40K.
(2) for recent examples of PTA functionalizalion. see: (a) Erlandsson,

M.; GlInKlllvi,L.; Lenco, A.; Peruzzi~i. M. lnorg. Chem. 2008. 47.
8-10. (b) Wong. G. W.; Lee. W.-C.; Frost, B. J. lnorg. Chem. 2008.
47.612-620. (c) Huang. R.; Frost. B. J.inorg. Che~. 2007.46.10962-
10964. (d) Wong. G. W.; Harkreader, J. L.; Mebi, C. A.; Frost, B. 1.
[norg. Chem. 2006. 45. 6748-6755. (e) Zablocka, M.; Duhayon, C.
Telrtlhedron UII. 2006. 47. 2687-2690. (0 Darensbourg. D. I.;
Yarbrough. J. C.; Lewis, s.r. Organometallics 2003. 22. 2050-2056.

(3) For the chemistry of open cage ligands related 10 PTA, see: (a) Mena-
Cruz, A.; Lorenzo-Luis, P.; Romerosa, A.; Serrano-Ruiz, M. Inorg.
Chrm. 2008. 47, 2246-2248. (b) Mena-Cruz, A.; Lorenzo-Luis, P.;
Romerosa, A.; Saoud, M.; Serrano-Ruiz, M. lnorg. Chem. 2007,46,
6120-6128. (c) Krogstad. D. A.; Ellis, G. S.; Gunderson. A. K.;
Hammrich, A. J.; Rudolf. J. W.; Halfen, J. A Polyhedron 2007, 26.
4{)93-4100. (d) Phillips, A. D.; Bolaflo, S.; Bosquain, S. S.; Daran,
J.-C.; Malacea, R.; Peruzzini, M.; Poli, R.; Gonsalvi, L. Organome-
tallies 2006. 25, 2189-2200. (e) Darensbourg. D. J.; Ortiz, C. G.;
KBmplain. J. W. Organomelallics 2004, 23, 1747-1754.

10.1021fic801709z CCC: $40.75 © 2009 AmericanChemical Society
Published on Web 02111/2009

of PTA not previously investigated is the ability to manipu-
late the nitrogen centers, for example, by changing the alkyl
or aryl substituents yet preserving the tertiary amine character
as opposed to quaternizatiorr" or forming boronated
specles.f One approach by which this could be accomplished
is to envisage removal of two "upper-rim" methylene
(N-CH2-N) groups from PTA, thereby allowing different
R groups on nitrogen to be incorporated. Using suitable
noncovalent interactions, such as intramolecular H-bonding,
would allow for retention of the adamantane core. As part
of ongoing studies in our group, we have recently developed
highly functionalized (di)tertiary phosphines with regiospe-
cific H-bonding capabilities," Herein a simple concept for
the synthesis of novel cationic trialkylphosphines, with
stereoelectronic properties similar to those of PTA, and a
preliminary exploration of their late transition metal chem-
istries are reported. All new compounds have been character-

(4) For recent medicinal examples using PTA and related ligands, see:
(a) Gossens, C.; Tavernelli, I.; Rothlisberger, U. J. Am. Chem. Soc.
2008,130, 10921-10928. (b) Miranda, S.; Vergara, E.; Mohr, F.; de
Vos, D.; Cerrada, E.; Mendfa, A.; Laguna, M. inorg. Chem. 2008.
47, 5641-5648. (c) Vock, C. A; Renfrew, A. K.; Scopelliti, R.;
Juillerat-Jeanneret, L.; Dyson, P. J. Eur. J. lnorg, Chem. 2008. 1661-
1671. (d) Dutra, B.; Scolaro, C.; Scopelliti, R.; Dyson, P. J.; Severin.
K. Organometallics 2008, 27, 1355-1357. (e) Leyva, L.; Sirlin, C.;
Rubio. L.; Franco, C.; Le Lagadec, R.; Spencer. J.; Bischoff, P.;
Gaiddon, C.; Loeffler, 1.-P.; Pfeffer. M. Eur. J. Inorg. Chem. 2007,
3055-3066. (0 Dillinger, S. AT.; Schmalle, H. W.; Fox, T.; Berke,
H. Dalton Trans. 2007, 3562-3571. (g) Bergamini, P.; Bertolasi, V.;
Marvelli, L.; Canella, A.; Gavioli, R.; Mantovani, N.; Mafias, S.;
Romerosa, A Inorg. Chem. 2007, 46. 4267-4276. (h) Dorcier, A.;
Ang, W. H.; Bolai'io, S.; Gonsalvi, L.; Juillerat-Jeannerat, L.; Lau-
renczy, G.; Peruzzini, M.; Phillips, A. D.; Zanobini, F.; Dyson, P. J.
Organometallics 2006, 25. 4090-4096. (i) Dorcier, A.; Dyson, P. I.;
Gossens, C.; Rothlisberger, U.; Scopelliti, R.; Tavemelli, I.Organa-
metallics 2005, 24, 2114-2123. G) Allardyce, C. S.; Dyson, P. 1.; Ellis,
D. I.; Heath, S. L. Chem. Commun. 2001. 1396-1397.

Inorganic Chemistry, Vol. 48. No.6. 2009 2633
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ized by a combination of spectroscopic and single crystal
X-ray diffraction techniques.

Experimental Section

Materials. All manipulations and reactions were carried out
under aerobic conditions. Dichloromethane was previously distilled
over CaH1 and diethyl ether over sodiumlbenzophenone. and
tetrakis(hydroxymethyl)phosphonium chloride (TIfPC) was recrys-
tallized from 2-propanol before use.' All other solvents and
chemicals were obtained (rom commercial suppliers and used
without further purification. The dinuclear metal compounds
{RuCI2(pf-p-cymene)h and (RhCI2('l'-Cp*)h were prepared ac-
cording to published procedures.v.lo

Instrumentatlon, Fourier transform infrared (FT-IR) spectra
were recorded within pressed KBr pellets over the range of
400(}-200 ern"! using a Perkin-Elmer system 2000 Ff spectrom-
eter. IH NMR and JIP(IH) NMR spectra were recorded on a Bruker
DPX-400 Ff spectrometer with chemical shifts (d) reported relative
to external tetramethylsilane (TMS) or 85% H)PO•. Coupling
constants (I) were recorded in hertz. All NMR spectra were
recorded in dmsa-a" solutions at about 298 K. Elemental analyses
(Perkin-Elmer 2400 CHN or Exeter Analytical. Inc.• CE-440
Elemental Analyzers) were performed by the Loughborough
University Analytical Service within the Department of Chemistry.
Mass spectra (or 1a-5 were analyzed (JEOL SX102 instrument)

(S) For recent eumples of PTAcoordination complexes.see:(a)Serrano
Ruiz, M.: Romerosa, A.: Sierra-Martin.B.; fernandel-~arbero. A.
"'n ....tw. Clwrn.. Int. Ed, 2(108.47.866S-8669.(b)Tu, X.;Nichol.G.S.;
Wana. R.; Zheng.Z. Dalton Trans ..2008.603~~8. (e~Bolano, S.;
All>inali. A.: Bravo. J.; Caporali, M.: Gonsalvi, L.• Male. L.;
Rodriauel.Rocha, M. M,; Rossin,A.; Peruzzini,M..J: Organomet,
Chem. 2008. flY3. 2397-2406. (d) Jaremko, L.; Ktnllov, A. M.;
Smolellskl, P.; Lis, T.; Pombeiro, A. J. L. In.arg. Chem. 2008. 47,
2922-2924. (e) Mena-Crul. A.; Lorenzo-Luis. P.; RomerosB:A.;
Serrano-Ruiz, M. Inorg. Chem. 2008..47. 2246-224~.(I) Marehl~A.;
Marchesi. E.; Murvelli,L.: Bergamini.P.; Bertolasi •.V.; fer:rel~l.V.
Eur. J InorR, Chern. 2008.2670-2679. (g) Smolenski, P.; DIOOI,C.;
Gu~d~1da Silva,M. F. C.; Pombeiro,A. t. L. J. Organomet. Chem.
200N.693. 2338-2344. (h) Mebi. C. A.; Frost. B: J. Inorg. Chem.
2001 46 7115-7120, (i) Mohr,F.; Falvello,L. R.• Laguna,M',Eur.
J. Int;rg. Chem. 2006,31S2-3IS4. (j).Wang,Z.: Liu, l; He.C.; JIang,
S.: Akermark.B,; Sun. L. Inorg. Chltn. Acta 2001.360,2411-2419.
(k) Frosi. B. J.; BaUlisla,C. M.; Huang.R.; Sh~er. J.lnorg. Chem.
2006.45,3481-34113,(I) Phillips.A. D.;Gonsalvl,L.; Romerosa,A.;
Vina. F.; Peruzzini.M.Coord. Chern. R~v. 2004.248: 9S5-?93. (m)
Darensbourg,D.J,; Robertson.J. B.; LarkinS,D. L.;Relbensples,J. H.
Inorg, Chern. 1999.38.2473-2481. . . .

(6) (a) Erlands!IOn.M.; Landaela, V. R.; Gonsalvl, L.; PeruzZlnl,M.;
Phillips.A. D,; Dyson.P. J.; Laurenczy,G.Eur. J. lnorg. Che",: 2008,
62()-627. (b) Korlhals. B.; GtlIIker-Sehnelmann,I.; Meeklng, S.
Organornrtall;cs 2007.26. 1311-1316.(e) Xu, X.: Wang,C.; Zhou,
Z.; Tang, X.; He. Z.; Tang.C. Eur. J. Org. Clum. 2~7. 4487-4491.
(d) Ruiz. J,; CUliilas,N.; L6pez. F.; L6pez, G.; Baultsla, D. Organo-
metallies 2006. 25, S768-S773, (e) Krogslad,D. A.; DeBoer. A. J.;
Ortmeier,W. J.; Rudolf,J. ,yv.; Hal,fen,J. A. Inorg. Chem. ~omm.un.
2005.8. 1141-1144.(I) MeJla-Rodngoez,R.;Chong,D.;Relbensp.es.
J, H,; Soriaga.M. P.; Darensbourg,M. Y. J. Am. Chem. S~c. 2004,
126. 12004-12014.~g)Darensbo~rg,D. J.; J06, f.; Kanmslo,M.;
J(alha. A,; Re.bensples.1. H.: DaIgle,D. J. Inorg. Chem. 1994, 33.
200...208.

(?) (0) Smil~.M. B.: Dale. S. H.; Coles, S. J.; Gelbrieh.T.; Hursthouse,
M.B.; Llghl.M. E.; Horton,P. N.CrystEngComm 2001,9, 165-175.
(b) Dann, S. E.; Durran. S. E.; Elsegood,M. R. J.; Smith, M. B.;
Staniland, P. M.; Talib. S.; Dale. S. H. J. Organomet. Chem. 2006,
69/.4829-4842. (e) Elsegood.M.R. J.; Smith.M.B.; Staniland.P.M.
/rlllrg. Chem. 2006.45, 6761-6770. (d) Smith. M. B.; Dale, S. H.;
Coles, S. J,: Gelbrieh.T.; Hursthouse,M. B.; Light.M. E. CryslEng-
Comm 2006. 8.140-149.

(8) Frank.A. W.; Drake Jr.•G. L. J. Org. Chem. 1972,37.2752-2755.
(9) Bennett, M.A.; Smith,A. K. J. Chern. Soc., Dalton Trans. 1974,233-

241.
(10) White,C.; Yates.A.;Maitlis.P.M.lnorg. Synth. 1992.29,228-234.
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by fast atom bombardment (FAB) in a positive ionization mode
using a 3-nitrobenzyl alcohol (NOBA) matrix. Compounds 6a and
6b were analyzed (Finnigan MAT 95XP) by low-resolution FAB
(LSIMS) in positive ionization mode using CH2Clz as the solvent
and a NOBA matrix.

Preparation of la. To a solution of THPC (3.83 g, 20.1 mmol)
in EtOH (100%. 75 mL) was added dropwise CJ{SCH2NH2 (8.94
g, 83.4 mmol). During the addition. heat was generated, and thick
white fumes were observed. After about 5 min. the solution became
clear. The mixture was stirred for 2 h at room temperature
(frequently some unwanted "sticky" material was formed which
was separated from the solution by decantation) and the volume
reduced on a rotary evaporator to approximately a quarter of the

, original volume. The resulting crystalline solid was filtered and
dried under vacuum. Yield: 7.60 g (86%). Selected data is as
follows. 31P{IHI NMR: -55.0 ppm. 'H NMR: 9.55 (br, NHz• 2H),
7.59-7.01 (m, arom. H, 15H). 4.21 (s, CH2• 2H). 3.42-3.38 (m,
CHz• 8H), 3.18 (d, 2JpH13.6, CH2. 2H). 2.65 (t. CHz, 2H) ppm.
Ff-IR: 3028 and 2781 (br, NH and CH) cm". FAB-MS: miz 404
[M - CI). Anal. Calcd for CzsH3IN)PCI: C. 68.24; H. 7.12; N.
9.55. Found: C. 68.25; H, 7.10; N, 9.58.

Preparation of lb. To a solution ofTHPC (2.85 g. 14.9 mmol)
in EtOH (100%. 55 mL) was added dropwise 4-FCJ{4CH2NHz
(7.77 g, 62.0 rnmol). The mixture was stirred for 2 h at room
temperature and the volume reduced on a rotary evaporator to
approximately a quarter of the original volume. The resulting
crystalline solid was filtered and dried under vacuum. Additional
crops of Ib were obtained when the filtrate was allowed to stand
for more than 24 h. Yield: 6.11 g (83%). Selected data is as follows.
3IP{IH) NMR: -55.2 ppm. IH NMR: 7.62-6.93 (rn, arom. H,
12H), 4.21 (s, CH2• 2H), 3.29 (multiplicity could not fully be
assigned as a result of overlap with residual solvent peaks. CHz).
3.18 (d, lJpH 13.8. CH2, 2H), 2.67 (t, CH2, 2H) ppm. Ff-IR: 3044
and 2821 (br, NH and CH) cm ", FAB-MS: mlz 458 [M - CI).
Anal. Calcd for C2sH2sF3N)PCI:C. 60.78; H. S.73; N. 8.51. Found:
C. 60.56; H. 5.58; N. 8.41.

Preparation of 2a. A solution of Na{SbF6) (0.18 g, 0.69 mmol)
in the minimum volume of high performance liquid chromatography
(HPLC) grade CH)OH was added to a solution of la (0.20 g. 0.45
mmol) in HPLC grade CH30H (10 mL). The solution was stirred
at room temperature for 30 min. Concentration of the solution. under
reduced pressure, and addition of distilled water afforded a colorless
precipitate which was filtered and dried under vacuum. Yield: 0.28 g
(97%). Selected data is as follows. 3IP{IH) NMR: -55.2 ppm. IH
NMR: 9.01 (br, NH2. 2H), 7.49-6.92 (m. arom. H. I5H). 4.22 (5.
CH2. 2H). 3.57-3.41 (multiplicity could not fully be assigned as a
result of overlap with residual solvent peaks, CH2). 3.10 (d. 2JpH
12, CH2, 2H). 2.66 (t, CH2• 2H) ppm. Ff-IR: 3064, 3031. and 2808
(s. NH and CH). 654 (vs. SbF) em-I. FAB-MS: mlz 404 [M -
SbF6]. Anal. Calcd for C2sH31N3PSbF6·0.5H20: C. 46.25; H. 4.98;
N. 6.47. Found: C. 46.35; H. 4.80; N, 6.46.

Preparation of 2b. A solution of Na(SbF6) (0.16 g. 0.61 mmol)
in the minimum volume of HPLC grade CH30H was added to a
solution of lb (0.20 g. 0.40 mmol) in HPLC grade CH30H (10
mL). The solution was stirred at room temperature for 30 min.
Concentration of the solution, under reduced pressure, and addition
of distilled water afforded a colorless precipitate which was filtered
and dried under vacuum. Yield: 0.21 g (73%). Selected data is as
follows. 31p{IHI NMR: -55.0 ppm. IH NMR: 8.95 (br. NH2• 2H).
7.57-6.98 (m. arom. H. 12H). 4.22 (s. CH2, 2H). 3.84-3.50
(multiplicity could not fully be assigned as a result of overlap with
residual solvent peaks. CH2), 3.10 (d. 2JpH13.6. CH2•2H), 2.67 (t,
CH2. 2H) ppm. Ff-IR: 3052. 2953. 2830. 2799. and 2730 (m, NH
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and Cm. 6S3 (vs, SbF) cm'", FAB·MS: mil 458 [M - SbF6). Anal.
Calcd (or C25H2IN}PSbF,·0.5HP: C. 42.70; H. 4.16; N. 5.98.
Found: C. 42.46; H. 3.90; N. 5.87.

Preparation 01 Ja. A solution of K(PF.) (0.13 g. 0.71 mmol)
in the minimum volume of HPLC grade CHJOH was added to a
solution of Ja (0.20 g. 0.45 mmol) in HPLC grade CH10H (10
ml.), The solution was stirred at room temperature for 30 min.
Concentration of the solution. under reduced pressure. and addition
of distilled water afforded a colorless precipitate which was filtered
and dried under vacuum. Yield: 0.18 g (72%). Selected data is as
follows."P(IHI NMR: -54.6. -144.2 ppm. (11pp 711. PF6-). IH
NMR: 9.02 (br, N112• 2H). 7.49-7.01 (rn, arom, H. 15H), 4.23 (s,
CH2• 2H). 3.85- 3.41 (multiplicity could not fully be assigned as a
result of overlap with residual solvent peaks. CH2). 3.10 (d, 21PH
14. 01z•211).2.67 (I. CHz. 2H) ppm. FT-IR: 3030 and 2809 (w,
NH and Cll), 842 (n. PF) cm'", FAB-MS: mit. 404 [M - PF.).
Anal. Calcd for CnHJINJPzF.: C. 54.64; H. 5.70; N. 7.65. Found:
C, 55.03; H. 5.61; N. 7.68.

Prt'paraUon or lb. A solution of K(PF.) (0.11 g. 0.60 mmol)
in the minimum volume of HPLC grade CHJOH was added to a
solution of Ib (0.20 g. 0.40 mmol) in HPLC grade CHJOH (10
rnl.). The solution was stirred at room temperature for 30 min.
Concentration of the solution. under reduced pressure. and addition
of distilled water afforded a colorless precipitate which was filtered
and dried under vacuum. Yield: 0.20 g (83%). Selected data is as
follows.'IPI'1I1 NMR: -54.4. -144.2 ppm, (IJPf' 714, PF.->. IH
NMR: 9.00 (br, Nllz• 2H). 7.58-6.98 (m, arom. H, 12H), 4.22 (s,
CH:. 2H). 3.84-3.51 (multiplicity could not fully be assigned:s a
result of overlap with residual solvent peaks, CHl), 3.12 (d, JpH
13.6. en, 211), 2.67 (t, CHz, 2H) ppm. FT-IR: 3~77, 3042, 3007,
2949, 2820 (rn, NH and cm, 848 (vs, PF) em" . FAB-MS: mil .
458 1M - PF&J. Anal. Calcd for Cz,HZlIN}PzFv'H20: C, 48.32; H,
4.88; N, 6.76. Found: C, 48.21; H, 4.51; N, 6.72. .

Prt'paraUon or RuCM,,'-p-Cymene)(28) (4). To. a Stirred

I· ( (R CI (.,6n.cvmene) I· (0030 g, 0.049 mmol) InCH2Chso ullono u J'I -r -, .' ..
(10 rnl.) was added %11 (0.063 g, 0.10 m~ol) as a solid JO one
portion. The solution wa.~stirred for 30 mrn, the volume reduced
to about 1-2 mL under redueed pressure, and Et2~ (10 mL) added.

Th '. atl'-d for 30 min and the solid collected on ae suspensron wa~ ~ .. ~ .
. d d . d under vacuum Yield: 0.080 g (91%). Selectedgiasil sinter an nc .....

dat~ ill as follows. "PI 'H) NMR: 7.3 ppm. IH NMR: 8.98 (br,
Nil:. 211), 7.'3-6.99 (rn, arom. H. 15H), 5.94 (dd, 'JpH 8. C6H4•

411).4.29 (s, CHl. 2m. 4.02 (d, 2J,.14.8, CHl, 2H), 3.80-3.71 (m,
CHl, 411), 3.4' (partially obscured by solvent, CHl), 2.~2 (sept,
'1,," 6.8. CII(O!):, IH), 1.96 (CHJ• 3H), 1.14 (d, JpH 6.8.

. CWClhh. 611)ppm. FT-IR: 3060 and 2967 (w, NH and CH). 660
SbF) cm-I. FAB-MS: mil 710 [M - SbF6)· Anal (bulk

(VI. "1) Caled forC)~H.~NJPSbF6RuCll·3.5CHzCll: C, 37.18; H,matena . .
22' N, 3.38. Found: C, 37.17; H, 4.00; N. 3.24. A Single crystal

4. 'determination of 4 showed 1.67 CH2Ch molecules present
X-ray .
. the crystal latllce.
In Preparation or RhCll('1'·Cp*)(2a) (5). To a stirred solution of
(RhCIM'.cP·)b (0.030 g, 0.050 mmol) in CHlCh (10 mL) was
ddcd %8 (0.062 g, 0.10 mmol) as a solid in one portion. The
:ollliion was stirred for 30 min, the volume reduced to about 1-2
mL under reduced pressure, and EtlO (10 mL) added. The
suspension ~as stirred for 30 min. and the solid conected on a glass
sinter and dned undcr vacuum. YIcld: 0.090 g (98%). Selected data
is as follows. "PIIH} NMR: 4.6 ppm, IJRhP 144. IH NMR:
7.S 1-6.91 (m, arom. H. 15H), 4.37 (s, CHl, 2H), 4.10 (s, CH2,
211), 3.76 (d, 2J'H 12.4. CHl, 4H), 3.22 (multiplicity could not funy
be assigned as a result of overlap with residual solvent peaks, CH2),

1.67 (5, '1'-Cp", 15H) ppm. Ff-IR: 3031 (hr, NH and CH), 660

(vs, SbF) cm'". FAB-MS: mil 712 [M - SbF6J. Anal (bulk
material). Calcd for C3sH~3PSbF6RhCh·CH2Ch: C, 41.81; H,
4.68; N, 4.06. Found: C, 41.46; H, 4.50; N, 4.07. A single crystal
X-ray determination of 5 showed two CH2C!: molecules present
in the crystal lattice.

Preparation ortrans-RhCI(CO)(lan (68). To a stirred solution
of {RhCI(CO)2h (0.030 g, 0.080 mmol) in CHlCh (10 mL) was
added la (0.14 g, 0.32 mmol) as a solid in one portion. The dark
orange solution immediately went pale yellow, and a yellow solid
was deposited within about 10 min. The suspension was stirred
for 30 min, the volume reduced to about 1-2 mL under reduced
pressure, and Et20 (10 mL) added. The solid was collected on a
glass sinter and dried under vacuum. Yield: 0.14 g (88%). As a
result of the extreme insolubility of 6a in both nonpolar and polar
solvents, no meaningful NMR (IH, 31p) data could be obtained for
this compound. FT-IR: 1979 (CO) cm". LSI-MS: mtz 1009 [M -
2H - Cl], Anal. Calcd for C'IH62N60P2RhCl, ·1.25CH2CI2: C,
54.45; H. 5.65; N, 7.29. Found: C, 54.28; H, 5.40; N, 7.46.

Preparation oCtrans-RhCl(CO)(lb)z (6b). To a stirred solution
of {RhCI(COl2h (0.030 g. 0.080 mmol) in CH2CI2 (10 mL) was
added Ib (0.15 g, 0.30 mmol) as a solid in one portion. The dark
orange solution immediately went pale yellow, and a yellow solid
was deposited within about 10 min. The suspension was stirred
for 30 min, the volume reduced to about 1-2 mL under reduced
pressure, and Et20 (10 mL) added. The solid was collected on a
glass sinter and dried under vacuum. Yield: 0.16 g (93%). As a
result of the extreme insolubility of 6b in both nonpolar and polar
solvents, no meaningful NMR (IH. lip) data could be obtained for
this compound. FT-IR: 1979 (CO) cm'", LSI-MS: m/ll117 [M -
2H - CI). Anal. Calcd for C5IH~.N60P2F6RhCJ,·CH2Ch: C, 50.40;
H, 4.72; N. 6.78. Found: C, 50.63; H. 4.70; N, 6.94.

X-ray Crystallography. Suitable crystals of lb were obtained
by allowing an ethanol filtrate, obtained from the reaction ofTHPC
with 4-FC6~CH2NH2' to stand for several days. Crystals of 2b
and 3a were obtained upon layering CH2Clz solutions with
petroleum ether (bp 40-60 GC)over several days. Slow diffusion
of petroleum ether (bp 40-60 GC) into a CDCI3/CH2Ch solution
gave X-ray quality crystals of 4·1.67CH2Ch. Vapor diffusion of
EtlO into a CH2Ch solution gave suitable crystals of S·2CH2C!:.

Measurements for lb, 2b, 3a, and 4·1.67CH2C!: were made on
a Bruker Apex 2 CCD diffractometer, at 150 K, using graphite-
monochromated radiation from a sealed tube Mo Kn source (,1. =
0.71073 A). Diffraction data for 5'2CH2Ch was collected, at 120
K, using a rotating anode source and a Bruker-Nonious Roper CCD
camera. Narrow frame w scans were employed for lb, 2b, 3a, and
4·1.67CHzCh. and tP and w scans were used for 5·2CH2Ch.
Intensities were corrected semi-empirically for absorption on the
basis of symmetry-equivalent and repeated reflections. The struc-
tures were solved by direct methods (Patterson synthesis for
4·1.67CHlC!:) and refined on ~ values for all unique data by full-
matrix least-squares. Table 1 gives further details. All non-hydrogen
atoms were refined anisotropically. NH hydrogens for 2b, 3a, and
4 had coordinates freely refined with Ueq set to 1.2Uoq of the carrier
atom, while the remaining hydrogen coordinates were constrained
using a riding model with Uoq set to 1.2Uoq of the carrier atom
(1.5Uoq for methyl hydrogen). In 4·1.67CHlCh, one of the CH2Ch
molecules was modeled as disordered over two sets of positions.
This disorder was refined with restraints on geometry and aniso-
tropic displacement parameters. The major component was equal
to 66.0(3)%. In 5·2CH2Ch, the SbF6- counterion was found to be
disordered over two sets of positions and was refined as above, the
major component equal to 80.7(5)%. Programs us~d were COL-
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Table 1. Details of the X·ray Data Collections and Refinements for Compounds lb. 2b. 3a. 4·1.67CH2C12• and S'2CH2Ch
Ib 2b 3a 4·1.67CH2Ch S'2CH2Ch

formula C2~H~1F)N)P C~H2SF9N)PSb C2SH)IF6~hPl C36.67~8.))CI~.)3F~3PRuSb C)7HsoCk,F~3PRhSb
M 493.92 694.22 549.47 1087.65 1119.13
cryst dimens (mm! 0.40 x 0.34 x 0.23 0.27 x 0.21 x 0.04 0.50 x 0.21 x 0.15 0.31 x 0.22 x 0.11 0.16 x 0.10 x 0.04
cryst morphology. color block. colorless plate. colorless block. colorless block. orange plate. orange

cryst syst orthorhombic triclinic orthorhombic triclinic monoclinic

space group Ama2 pI Pbca pI ru«
aCA) 13.7194(15) 8.5038(12) 17.9476(5) 12.9426(5) 8.9106(3)

b (A) 18.513(2) 8.8389(13) 15.8400(5) 14.0425(5) 14.7367(4)

c (A) 9.5476(10) 19.082(3) 19.1365(6) 14.7175(6) 30.8857(9)

a (deg) 77.019(2) 65.2785(5)
fJ (deg) 78.879(2) 70.5853(5) 95.887(2)

r (deg) 84.880(2) 66.5392(5)

VeAl) 2425.0(5) 1369.8(3) 5440.3(3) 2184.23(15) 4034.3(2)

Z 4 2 8 2 4

14 (mrn'") 0.265 1.147 0.220 1.383 1.S78

8 range (deg) 2.20-28.97 2.23-24.76 2.02-30.55 1.67-30.55 2.99-27.55

measured celln. 10554 10538 62276 25887 47660

independent cellns 2932 4663 8335 13047 9116

observed re 11nl 2902 4154 6759 11295 6545

(f'l > 20( f'l»
R... 0.0216 0.0227 0.0291 0.0183 0.0658

RI [f'l > 2o(f'lW 0.0546 0.0259 0.0377 0.0377 0.0830

wR2 (all dalat 0.1281 0.0675 0.1091 0.1033 0.2031

largest di fference map 0.388. -0.621 0.838. -0.759 0.408. -0.316 1.863. -1.184 1.389. -0.648

features (e-A')
"RI _ IIIFJ - IF,IVIIFJ.• wR2 - [I[w(F.2 - F,2)11!Ilw(F.1)2JlII2.

LEerl1 or Bruker AXS APEX 21Z for diffractometer control.
DENZOu or SAINTI" for frame integration. Bruker SHELXlL

,,·'6
for structure solution. refinement. and molecular graphics, and local
programs. Disordered molecules of CH2Ch (for 5·2CH1Ch) were
modeled by the Platen Squeeze procedure. I?

Results and Discussion

Commercially available THPC ([P(CH20H)4]CI) has pre-
viously been shown to react with primary aromatic amines,
through a series of condensation and elimination steps, to
give aniline based tertiary phosphines.8.18 In contrast, we
have found when more basic benzylic amines such as
C6H,CHzNH2 and 4-FC6H4CH2NH2are reacted with THPC
(ca. 4: I ratio), crystalline cationic chloride salts Ia and Ib
are obtained in high yields (typical nonoptimized yields
> 80%, Scheme I). Using this procedure we have success-
fully synthesized batches of la at the 5-10 g scale. Anion
metathesis of la or Ib with Na(SbF6) or K(PF6) in CH30H
at room temperature gave the corresponding salts 2a-3b in
excellent yields (72-97%). Compounds la-3b have been
fully characterized by spectroscopic and analytical methods.

(II) Hooft. R. W. W. COllECT: Data Collection Software; Nonius B. V .•
1998.

(12) APEX 2: U:ftr Manual; Bruker AXS Inc.: Madison.:",!. 200S.
(13) OtWlnowskl• Z.; Minor. W. DENZO. In Methods In Enzymology.

Macromolecular Cry.ftallography. Part A; Carter. C. W., Jr., Sweet,
R. M.•&Is.; Academic Press: New York, 1997; Vol. 276. pp 307-326.

(14) SAINT: So/twan/or CCD Diffractometers; Bruker AXS Inc.: Madison,
WI. 2001.

(15) Sheldrick, G. M. Acta Crystallogr. .• Sect. A 2008. 64,112-122.
(16) Sheldrick. G. M. SHELXTL User Manual. v.6.10; Bruker AXS Inc.:

Madison, WI, 2001.
(17) Spek. A. L. Acta Crystallogr .• Sect. A 1990.46, C34.
(18) (a) Halnean, J. A.; Raturi, R.; Lefebvre. J.; Leznoff, D. B.; Lawes,

G.; Johnson, S..~. J. Am. Chem. Soc. 2006. 128.14992-14999. (b)
Han, H.; Eismalh. M.; Johnson, S. A. Inorg. Chem. 2006. 45, 7435-
7445. (c) Keen. A. L.; Doster. M.; Han, H.; Johnson. S. A. Chern.
CommUII. 2006. 1221-1223. (d) Han. H.; Johnson. S. A. Organome-
rallics 2006. 25. 5594-5602.
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Scheme 1. Preparation of Salts la-3ba

.,+cr R ,+Ct
HO,! '
,p (I) r't"H __!!!l___;.

HO""::J ·.......OH ---- P\:::-~~_
HO l~R

R • C8HSCHz 1.
R .. 4-FCoH.CHz 1b

R • CsHsCHz. X • SbFe 2.
R .4-FCsHoCHz. X • SbFe 2b
R • CeHsCHz. X • PFe 3.
R • 4-FC8H.CHz• X • PFe 3b

• Key. reagents and conditions: (i) 4.1 equiv of 4HsCH2NHl or 4.2
equiv of 4-FC6~CH2NHI. C1HsOH, and (ii) Na(SbF6) or K(PF6). CH)OH.

In particular, the 3IP{IH} NMR spectra (drnso-c") ofla-3b
showed a single phosphorus resonance around op -55 ppm,
some 40 ppm downfield with respect to PIA [op -96.2 ppm,
D20].2a At ambient temperature, la-3b possess good
solubility in CH2Ch, CH30H, and dmso but were found to
be insoluble in H20. Furthermore, in the solid state, la-3b
are air stable but slowly oxidize in dmso-s" solution over
about 24 h.
The X-ray structures of lb (Figure 1), 2b (Supporting

Information), and 3a (Figure 2) have been determined.
Compound Ib was found to lie across a crystallographic
mirror plane that bisects the ammonium group of the
cation and the methylene diamine bridge (mirror plane
runs through [P(I)/C(I)IN(1)/C(2)/C(3)/C(6)1F(1)/C(8)].
Inspection of the intracage P-C bond lengths and P-C- N
bond angles reveals close similarities with those of PI A.19

The C-P-C angles within the P-C-N-C-N-C ring
in lb, 2b, and 3a are in the range of 97.78(5)-99.4(2)0
and are slightly enlarged in comparison with PIA
[C-P-C, 96.1 (1)0].19 The most significant structural

(19) (a) Jogun, K. H.; Slezowski. J. J.; fluck, E.; Weidlein. 1.Phosphorus
Sulfur Relat. Elem. 1978.4.199-204. (b) Marsh, R. E.; Kapon. M.;
Hu. S.; Herbslein. F. H. Acta Crystallogr .• Sect. 8: Struct. Sci. 2002.
58,62-77.
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(a) (b)
Figure 1. (a) Oak Ridge thermal ellipsoid plot CORTEP) of the cation in lb. Selected bond lengths (A) and angles (deg): P(I)-C(l) 1.841(5), P(l)-C(7)
1.847(3); P( I)-C(I)-N( I) 116.2(3), P( I)-C(7)-N(2) 113.8(2). Thermal ellipsoids are drawn at the 50% probability level. (b) Packing plot of lb viewed
along the c-axis showing the H-bonded sheet pattern.

Figure 2. (a) RTEP of the cation in 30. Selected bond lengths (A) and angles (deg): P(l)-cel) 1.849?(12), P(I)-C(9) 1.8359(12), P(l)-C(IO) 1.8366(13);
P(I)- (I)-N(!) 116.70(7), P(I):-C(9)-.N(2) 114.09(7),.P(I)-C(10)-N(3) 113.53(7). Thermal ellipsoids are drawn at the 50% probability level. (b) Packing
plot of II viewed along the c·axIs showing the 1·0 cham pattern.

featur b erved in Ib, 2b, and 3a is the presence of a
pair f intr m lecular hydrogen bonds between N(1)- H-
(IA)."N(2 r 2') and N(1)-H(lB)'''N(2 or 3) [lb,
N( I •.• N(2) 2.915(5) A, H(lB)'" N(2) 2.27 A, N(l)-
H(l )"'N(2) 1260; 2b, N(I)"'N(2) 2.804(3) A, H(lA) .. •
N(2)2, 14(3)A,N(J)-H(lA)'" N(2) 138(3)° andN(1)"'N(3)
2.841(3) A, H(lB)"'N(3) 2.20(3) A, N(1)-H(lB)"'N(3)
1 (2)0; and 3a, N(l)'''N(2) 2.8506(13) A, H(1A)"'N(2)
2.241(15) ,N(1)-H(IA)'''N(2) 128.7(12)° and N(l) .. •
N 3) 2. 234(13) A, H(J B)'" N(3) 2.154(15) A, N(1)-
H IB)"'N(3) 132.9(12)oJ. Various additional weak in-
t rrn lecular H-bonding contacts exist between the cations
and th 1-, b 6-, or PF6- counterions leading to infinite
1_ chain or 2-0 sheet structures (see Supporting
In~ rmation for further details).
The ingle cry tal data highlight three key findings

regarding the N-H"'N hydrogen-bonded framework2o in
the cati 0 of Ib, 2b, and 3a, namely, (i) while all synthetic
reaction were performed in alcohol solvents (CH30H or
C2HSOH) or required water for precipitation, no disruption
of the N- H•••N intramolecular hydrogen-bonded motif was
apparent under the experimental or crystallization conditions
empJ yed; (ii) the core structure of each cation is independent
of the c unter ni n (CI-, SbF6 -, or PF6 -) even though the

tential f r alternate hydrogen-bonding arrangements in-

Pili

C(91

(a) (b)

volving these anions is possible; and (iii) the absence of
N- H·" F-C contacts, albeit rarely observed.f shows that
the three electronegative ftuorines in the 4-position (lb and
2b) do not disrupt the N-H"'N hydrogen-bonding array
found here.

Dyson and co-workers'":' have previously shown that half-
sandwich organometallic Rull and Rh'" compounds of PTA
can be synthesized. To assess whether 2a could function as
a similar P-monodentate ligand, the piano-stool complexes
4 and 5 were prepared in high yields. Reassuringly, the
coordination chemical shifts for 4 (L\Op 62 ppm) and 5 (L\op
60 ppm) were found to closely match those of RuCh(116-P-
cymene)(PTA) (~Op 60 ppm) and RhCh(115-Cp*)(PTA)(~Op
65 ppm),4hj suggesting comparable stereoelectronic properties.

R • c"H,CH, eo
R • 4-Fc"H,CH, 8b

X-ray analyses of 4 and 5 have been performed (Figure
3). The M-P, M-CI(1), and M-Cl(2) (M == Ru or Rh)
parameters for 4 and 5 are similar to those of analogous
complexes with PTA.2b,4hJ Moreover, upon coordination of
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Figure 3. (a) DRTEP of the cation in 4. Selected bond lengths (A) and
angles (deg): Ru(l)-Cl(l) 2.4064(7), Ru(l)-Cl(2) 2.4103(6), Ru(l)-P(l)
2.3293(6), Ru(l)-Cn 2.210(3), P( 1)-C(l) 1.843(2), P(l )-C(9) 1.831(3),
P(I)- (10) 1.828(2); Cl(I)-Ru(l)-CI(2) 88.00(2), CI(I)-Ru(l)-P(1)
87.60(2), CI(2)-Ru(1 )-P(l) 83.75(2), P(I)-C(I)-N(l) 115.07(16),
P(I)-C(9)-N(2) 110.35(16), P( 1)-C(lO)-N(3) 111.74(16). (b) DRTEP
of the cation in 5. Selected bond lengths (A) and angles (deg): Rh(1 )-Cl(1)
2.406(2), Rh(1)-CI(2) 2.424(2), Rh(l)-P(I) 2.2851(19), Rh(l)-C" 2.188(8),
P(l)-C(I) 1.834(7), P(I)-C(9) 1.836(8), P(I)-C(lO) l.830(7); Cl(I)-
Rh( I)-Cl(2) 92.67(8), Cl( 1)- Rh( I )-P(l) 88.85(7), CI(2)-Rh(l )-P(l)
83.37(7), P(I)-C(I)-N(l) 115.4(5), P(l)-C(9)-N(2) 110.1(5), P(I)-
C(10)-N(3) 110.0(5).

the phosphine 2a, there are minimal differences in the P-C
and P-C-N metric parameters with respect to lb, 2b, or
3a. As seen previously for Ib, 2b, or 3a, pairs of intramo-
lecular N-H'" N hydrogen bonds are once again maintained
u n c mplexati n [4, N(l)"'N(2) 2,894(3) A, H(IA)"'N(2)
2.223) ,N(l)-H(lA)"'N(2) 130(3)0 and N(1)"'N(3)
2,840(3) A. H(IB)·"N(3) 2,24(3) A, N(1)-H(lB)"'N(3)
128(3)°; 5, N(I)"'N(2) 2,952(9) A, H(IA)"'N(2) 2.34 A,
N(I)-H(lA)"'N(2) 124° and N(l)"'N(3) 2.851(8) A,
H(JB)"'N(3) 2.18 A, N(l)-H(lB)'" N(3) 129°], Additional
weak H-b nding interactions link molecules into dimer pairs
( upp rting Information) and is a feature that has recently
been b erved in cationic dimeric Ru" complexes of PTA.22
Th electr nic pr pertie of la and lb have been evaluated

thr ugh preparation of the square-planar dicationic Rhl
cat nyl complexe 68 (88%) and 6b (93%) from
Rh2( M.u- In and the appropriate ligand. Both Rh'
c m und displayed poor solubility in common solvents
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preventing full characterization. However, FI'-IR spectra of
6a and 6b were recorded as KBr pelIets and showed, in each
case, a single terminal carbonyl band at Veo 1979 em-I.
These findings suggest the electronic properties of Ia (R =
CH2C6H5) and Ib (R = 4-CH2C6H4F) are similar despite the
different para substituents. Although no direct comparisons
between the FI'-IR data for 6a and 6b with the known neutral
complexes trans-RhCI(CO)(L)2 [L = PTA, Veo 1963 cm-I
(chloroform); L = "lower-rim" trisubstituted analogues of
PTA, Veo 1978-1987 em:" (chloroform)fC,23 can be drawn,
la and lb can be viewed as possessing similar electron
donating properties to this series of PTA ligands.

Concluding Remarks

In summary, we have shown how simple modification of
the PTA core can be achieved in which noncovalent
interactions maintain the rigid cage structure in the solid state.
Further studies are in progress and directed toward under-
standing the properties of this ligand family in aqueous and
organic media, their coordination chemistry, and potential
catalytic or medicinal applications.
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