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SUMMARY

This study comprises the preparation and characterisation of various novel tertiary mono

and polyphosphines as well as their gold(I) complexes. The possible modes of coordination

of mono-, bi- and tridentate phosphine ligands to gold(I) are summarised in Chapter One,

thus serving as an introduction to coordination behaviour of the new ligands to gold(I).

The synthesis and characterisation of twelve noveL tertiary mono- and polyphosphines as

well as the three previously known thienylphosphines, diphenyl(2-thienyl)phosphine (PS),

phenyldi(2-thienyl)phosphine (PDS) and tris(2-thienyl)phosphine (PTS), are reported in

Chapter Two. There are four phosphines derived from a monothiophene unit i.e.,

diphenyl(5-bromo-2-thienyl )phosphine (PSBr), 2,5-bis(diphenylphosphino)thiophene

(PSP), phenylbis[(5-diphenylphosphino)-2-thienyl]phosphine (PDSP) and tris[(5-diphenyl

phosphino)-2-thienyl]phosphine (PTSP); two from a 2,2'-bithiophene unit i.e.. diphenyl[5

(2,2'-bithienyl)]phosphine (PSS) and 5,5'-bis(diphenylphosphino )-2,2'-bithiophene (PSSP);

h hi fr ') ')'. -, ')" hi h . . di h 1[- (') ')'. -, ')" hi 1)]two P osp mes om a _,_ .) ,_ -tert iop ene umt t.e., ip eny )- _._ .)._ -tert ieny -

phosphine (PSSS) and 5,5"-bis(diphenylphosphino)-2,2':5',2"-terthiophene (PSSSP); three

phosphines from a 2-(2'-thienyl)pyridine unit i.e., diphenyl[5-(2'-pyridyl)-2-thienyl]

phosphine (PSN), diphenyl[6-(2'-thienyl)-2-pyridyl]phosphine (PNS) and diphenyl[5-(2'

{6'-diphenylphosphino}pyridyl)-2-thienyl]phosphine (PSNP); and one phosphine from a

2,6-bis(2'-thienyl)pyridine unit i.e., 2,6-bis[(5'-diphenylphosphino )-2'-thienyl]pyridine

(PSNSP). A combination of IH, l3C and 31p NMR spectroscopy as well as mass

spectrometry and microanalysis is employed to establish the structures for all the

compounds, while in three cases (for the ligands PSSP. PSNP and PSNSP) the structural

assignment is confirmed by X-ray crystallography.

The synthetic strategies used for the preparation of the phosphine ligands vary widely from

a traditional reaction between a metallated thiophene and a chlorophosphine on one hand,

to a Ni-catalysed coupling reaction involving phosphine-substituted heterocycles on the

other. the choice depending not only on the parent heterocyclic molecule. but also on the

number of phosphorus atoms present. A new synthetic methodology leading to a

potentially water-soluble diphosphine ligand is also explored. Although the target

compound itself is not isolated, the preparation of its precursor, 5.5'-bis(phenylphosphino )-

Xl



2,2'-bithiophene (HPSSPH) , represents the first example of the synthesis of a secondary

phosphine containing a thiophene moiety.

In Chapter Three the reactions of the mono- and diphosphine ligands PS, PDS, PTS, PSBr,

PSS PSSS. PSN. PNS. PSP. PSSP. PSNP. PSSSP and PSNSP with the gold(I) precursors, - . - ' . . .

(such as HAuCI4, reduced in situ with thiodiglycoL and [Au{MeCNh]SbF6) are studied.

The structures of the products are elucidated by means of 'n and 31 p NMR and IR

spectroscopy as well as X-ray crystallography in the case of [CIAuPSS], [CIAuPNS],

[CIAu(PDS)2] , [CIAu(PS)3] and [Au2(~-PSNh](SbF6)2. Neutral complexes containing two

coordinate gold(I) are obtained for all the ligands, having general formulae [ClAuP] and

[CIAu(~-PP)AuCI] , where P and PP represent a mono- and a diphosphine respectively.

Isolation of neutral complexes with three-coordinate gold(I) proved more difficult and is

only achieved for the complexes [CIAuP2] (P = PS, PDS, PTS and PSN) and [CIAu(~

PP)]n (PP = PSP and PSSSP). A 31 p NMR study of the behaviour of complexes in solution

shows the complexes with three-coordinate gold to be very labile with respect to

dissociation of the third ligand. The complex [CIAu(PS)3], where gold(I) exhibits a

coordination number intermediate between 3 and 4 in the solid state (as shown by the X

ray crystallographic analysis), is serendipitously obtained from a reaction of [CIAu(PPh3)]

and PS in a I :1 molar ratio.

Both mono- and dinuclear complexes with two-coordinate gold(I) are formed when the

monophosphines PSN and PNS are reacted with suitable precursors (viz. [CIAuPNS] and

[Au{MeCNh]SbF6). The mononuclear complexes are of formula [Au(r{Ph]SbF6, as

confirmed by IH and 3lp NMR and IR spectroscopy. In the case of the dinuclear

complexes. [AU2(~-PhJX2 (P = PSN. X = SbF6: P = PNS. X = PF6), bridging is achieved

via the phosphorus atom and nitrogen atom of the pyridine ring 1n both ligands. This

coordination mode is consistent with the IH and 31 p NMR data for both complexes. and it

is also confirmed by an X-ray structure determination of the former complex. The

diphosphine ligands PSSP, PSNP and PSNSP tend to produce insoluble polymeric

products when reacted with cationic gold(I) precursors. while the diphosphines PSP and

PSSSP allow discrete species (e.g. [Au{r!'-PSSSP}z]PF6 and [Au2 {~-PSPhHPF6 }z ) to be

isolated under similar conditions. None of the gold(I) complexes synthesised in this work

displays any evidence of the thiophene ring being one way or the other coordinated to the

metal,

XII



Chapter Three concludes with a short description of the luminescence properties of a

selection of gold(I)-phosphine complexes both in solution and in the solid state. Our results

confirm the previously established trend that complexes containing three-coordinate

gold(I) tend to luminesce. They also show, for the first time, that a dinuclear complex with

no metal-metal interaction, and where each gold atom is coordinated to one phosphorus

and one nitrogen donor atom i.e., [Au2(Il-PSN)2](SbF6L exhibits luminescent properties.

The results of the cytotoxic testing of a number of mono- and diphosphines (PS, PDS, PTS ,

PSS, PSSS, PSSP, PSSSP, PSNSP and dppe) as well as of some heterocyclic compounds

and the gold(I ) complexes [CIAuPSS] and (CIAu(Il-PP)AuCI] (PP = PSSP and dppe)

against two cell lines are presented in Chapter Four. The complex [CIAuPSS] shows great

potency against the HepG2 (liver cancer) cell line, far exceeding that of the known

cytotoxic agent, [Cl.Autu-dppej.Auf'l]. For the other cell line. A549 (lung cancer), the

cytotoxicity measurements are compared for 'in the dark' and under DVA light conditions.

The results show that application of DVA light generally increases the cytotoxic properties

of the compounds tested. Although there appears to be a link between the phototoxic

properties of a compound and its photosensitising ability (a photophysical property of

thienylphosphine ligands and their gold(I ) complexes, reported at the beginning of Chapter

Four) , it is not yet possible to establish a quantitative correlation between the two .
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Chapter J: Mono-, Di- and Trinuclear Phosphine Complexes ofGoldil)

CIL"-PTER ONE

MONO-, DI-A.!.~D TRINUCLEAR PHOSPHI~iECOMPLEXES OF

GOLD(I)

1.1 INTRODUCTION

Gold has attracted the attention of scientists since time immemorial. Its role during the

Middle Ages as a driving force behind alchemical research. which eventually led to the

development of modem Chemistry , is well known. During this century the interest in gold

has not subsided, but has in fact experienced an upsurge in the number of publications

dealing with gold and gold compounds over the last two decades .

The new interest in gold complexes can be attributed to the following facts:

a) rich photophysical and photochemical properties exhibited by polynuclear gold(I)

complexes can be potentially utilised in new technologies such as nonlinear optics,

b) gold(I) and also reportedly gold(III) complexes show remarkable medicinal potential,

especially in the field of rheumatoid arthritis and antitumour treatment ,

c) the phenomenon of metal-metal attractive interactions is very common between closed

shell gold(I) atoms ([Xe]4fI45d1o
) in polynuclear gold compounds , though it still

remains poorly understood.

Gold can exist in the oxidation states - L 0, +1, +2, +3 and even +4 and +5, the most stable

being goldrO), gold(I) and gold(III), and hence these oxidation states have the greatest

practical significance. Both gold(I) and gold(III) can be reduced to the free metal by

reaction with relatively mild reducing agents. Whilst gold(III) compounds are generally

considered to be powerful oxidizing agents, gold(I) complexes - especially with soft

ligands such as thiolates and tertiary phosphines - can be quite thermodynamically stable. I

Gold(I) comprises a soft metal centre, where binding to ligands is achieved by means of

both er and n-bonding. Here gold is in a low oxidation state and hence the degree of n

bonding between the filled 5d-orbitals of the metal and empty dzr-orbitals of the ligand's

binding atom can significantly affect the strength of the newly formed bond.



Chapter I: Mono-, Di- and Trinuclear Phosphine Complexes ofGold/I)

As a rule, gold(I) has an affinity for soft ligands with x-accepting properties such as

cyanides, phosphines, arsines and various sulfur compounds.i Cases of coordination to

nitrogen compounds such as aliphatic and heterocycl ic amines are also known. as well as

examples of complexes with weakly bonded oxygen donor ligands such as nitrates and

perchlorates. However the latter complexes are generally reactive and much less stable.:'

Although gold is certainly the most famous of all metals, its coordination chemistry has not

been explored to such an extent as that of other precious metals such as platinum, for

example. It is well known however, that the chemistry of gold differs considerably from

that of other members of Group 11 in their monovalent state (dlo electronic configuration).

To illustrate: for gold(I), linear coordination is by far the most common coordination

geometry, whereas for copper(I) and silver(I), tetrahedral four-coordination is the most

frequently encountered. This phenomenon has been attributed to the contribution of

relativistic effects. Pyykko et al.4 proved that the inner shell electrons of gold move with

speeds approaching the velocity of light causing expansion of the 5d and contraction of the

6s orbitals. This apparently results in a reduction of the expected size of a gold atom, an

enhancement of the possibility of metal-metal interactions and a predominance of linear

coordination for gold(I).

Much of the information known about gold complexes is derived from solid state studies

mainly by X-ray crystallography, but also by means of such esoteric techniques as

EXAFSIXANES
5

.
6

(Extended X-ray Absorption Fine Structure spectroscopy and X-ray

Absorption Near Edge Spectroscopy - respectively); Mossbauer and far-infrared

spectroscopy'' and, more recently, by means of 31p cross-polarization magic angle spinning

(CPMAS)8,9 NMR techniques. The X-ray diffraction techniques normally provide

information about the coordination number. oxidation state and Iizatinz atoms of zold. e e e

complexes, while Mossbauer spectroscopy allows the determination of the coordination

number, geometry and oxidation state of the gold atom.

Considerably less is known regarding solutions of gold(I) complexes. Numerous

investigations have shown that although several species may be present in solution, the

compounds that crystallize out do not necessarily correspond to the major species in

solution. For example, the crystallographically characterized four-coordinate gold(I)

complex [Au(PMePh2)4]PF6
1o

dissociates in solution into two- or three-coordinate species:

2
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even two-coordinate gold complexes can exhibit fluxional behaviour - the exchange of

monodentate ligands bound to gold(I) has been observed in solution l
] possibly via an

intermediate three-coordinate state.

Gold(I) has a d10-electronic configuration, which precludes ESR studies. It also eliminates

the possibility of using DV-visible spectroscopy for characterization of gold(I) complexes

at least insofar as d-d electronic transitions including the gold atom are concerned. The

197Au isotope is 100% abundant, with I = 3/2 and a quadrupole moment Q = 0.59'10-28 m2
.

As a consequence of the large value of the quadrupole moment, the gold relaxation time is

short and no spin coupling of gold with other nuclei has ever been observed. Since gold

does not have an isotope suitable for NMR studies, the characterization of complexes in

solution depends solely upon other nuclei present in the gold complex, most importantly

31p and 'n. This general lack of characterization methods was one of the reasons behind

making phosphines the ligands of choice for studying the coordination chemistry of

gold(I). Due to the simplicity of 3lp NMR spectra and the sensitivity of 31p shifts to

substitution at the metal in trans positions to the phosphorus nuclei, 31P NMR spectroscopy

has served as a convenient probe for monitoring gold(l) phosphine complexes. The latter

are normally labile on the NMR time scale at room temperature and the solution needs to

be cooled to observe individual compounds. A viable alternative to NMR solution studies
p

was proposed by Colton et al. - The authors reported that electrospray mass-spectrometry

(ESMS) allows the observation of individual gold(I)-phosphine species present in solution

even at room temperature. ESMS is able to reveal individual components provided they

carry either a negative or positive charge.

At present coordination of phosphines to gold(I) is a fast developing area due to the wealth

of interesting properties exhibited by gold(I) tertiary phosphine complexes. Many of them

have been found to luminesce both in solid state and solution, while others have proved to

be cytotoxic and even active against a number of tumour cell lines in vivo (even those cell

lines which are resistant to other known cytotoxic agents e.g., cisplatin).

A number of gold chemistry reviews1.2·13- 15 can be found in the literature. However at

present no comprehensive survey of gold(I) phosphine complexes with up to date

information is available. The objective of this Chapter is to describe coordination

'"I
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behaviour of gold(I) towards various types of tertiary phosphines, namely mono-, bi- and

tridentate phosphines.

1.2 GOLD(I) COMPLEXES WITH MONODENTATE PHOSPHINES

Both mono- and polydentate phosphines can give rise to a variety of interesting species

upon coordination to gold(I) , the structures of which are a function of the ligand and also

of the preparation scheme. The compounds vary both in nuclearity, charge and

coordination number.

Monodentate phosphines lead almost exclusively to formation of mononuclear gold

complexes in the absence of other bridging ligands with neutral and cationic complexes

being the most common. The lack of anionic gold(I) phosphine complexes is not

surprising: in order to achieve the negative charge , gold(I) should be coordinated to at least

two anionic ligands (and a phosphine), i.e. it should have a coordination number not less

than three. The three-coordinate geometry around gold(I) is not a thermodynamically

stable arrangement, with only very few chelating dithiolate ligands having demonstrated

the ability to form such complexes, e.g. (NBU4)[Autdmitjl'Ph-],16 where dmit = 2-thioxo

L3-dithiole-4,5-dithiolate. In fact. thiolate ligands generally possess lower coordinating

ability towards gold than phosphines.

Neutral complexes have the general formula [AuLnX], where L is a monodentate

phosphine ligand, X is a halide, pseudohalide or a thio-compound and n = 1-3. Ionic

complexes have a somewhat different formula [AuLnrX-. where X is a poorly

coordinating or non-coordinating Ion such as perchlorate, tetrafluoroborate.

hexafluoroantimonate etc. and n = 2-4.

Formally ionic gold(l ) phosphine complexes may be classified as neutral or cationic

depending on the solid state structure. the complex being considered neutral if there is

evidence for a bond between the positively charged gold(l) and the negatively charged

counterion (note that in solution this bond is either retained or broken).

4
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1.2.1 Neutral mononuclear complexes

Monodentate tertiary phosphines have been used to form mononuclear gold(I) complexes

with different coordination numbers - two, three and four - corresponding to linear,

trianzular and tetrahedral aeometries. Different types of neutral mononuclear golde e

complexes are presented in Scheme 1.1.

P
I
Au
I
X

P = monodentate phosphine
X = CL Br-, SCN-, L SR-. R- etc.

SCHEME 1.1

Two-coordinate complexes

Amongst the above mentioned three types, the first is the most common and also the best

studied. There are numerous examples of X-ray crystal structure studies on neutral two

coordinate gold(I)-phosphine complexes. The most typical scenario involves a gold(I)

phosphine complex with a halogen ion as a second ligand. Synthesis of this type of

complex is achieved by substitution of an easily replaceable ligand from a chlorogold(I)

precursor (Scheme 1.2).

HAuCl4 + [Red]--•• [Au(L)CI] ~[ • P-Au-CI

Red = reducing agent,
P = monodentate phosphine,
L = Me2S. tetrahydrothiophene etc.

SCHEME 1.2

Neutral two-coordinate chlorogold(I)-phosphine complexes are air- and moisture-stable

solids at room temperature. Many of them only decompose at T >150°. Their acetone

solutions are non-conductive, while solubility patterns largely depend on the phosphine

ligand. The structural integrity of neutral two-coordinate gold(l ) complexes is retained in

5
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solution as indicated bv 31p. 13C and IH NMR studies. The solutions show that only one

type of species is present at both low and high temperatures.

Figure 1.1 below shows as an example of two-coordination the molecular structure of

[Au(2-MBPA)Cl]. where 2-MBPA = methyl 4.6-0-benzylidene-2-deoxy-2-(diphenyl-

phosphino)-a-D-altropyranoside: 17

CU

CI5

Fi£. I.1 Molecular structure of [Au(2-MBPA)Cl] 17. 2-MBPA = methyI4.6-0-benzylidene

2-deoxy- 2-(diphenylphosphino)-c-D-altropyranoside.

The gold atom exists in the expected linear geometry as defined by the P atom of the 2

MBPA ligand and the chlorine atom. with the P-Au-Cl angle being 174.5(3)°. The Au-P

and Au-Cl distances are 2.232(6) A and 2.275(7) A respectively. These values are

characteristic for two-coordinate neutral gold(I) complexes. Table 1.1 lists the bond lengths

encountered in these complexes as determined by X-ray analysis.

It can be seen from Table 1.1 that the Au-P bond lengths vary from 2.220 A for a gold(I)

phosphole complex to 2.253 A for a complex with a bulky phosphine ligand. The values

can be used as a rough indication of bond strengths between gold and phosphorus atoms.

The Au-Cl bond lengths also vary. exhibiting values from 2.275 to 2.310 A: there being no

apparent correlation between the Au-P and Au-Cl distances in the same molecule.

6
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Table 1.1 Bond lengths for [Au(PR3)X] complexes

PR3, X Au-P, A Au-X, A Reference

PMe". X =CI

PMe". X = I

PEt". X = Cl

PPh". X =Cl

PPh .~ . X = Br

PPh~. X = I

P(c-Ct,H11h. X =Cl

P(2A.6~trimethoxypheny l h . X =Cl

P(2.4.6-trimethoxyphen yl)3' X = I

2-MBPA· . X = Cl

OBP" . X = CI

OMPp .. ' . X =Cl

2.233(3)

2.234(4)

2.234(4)

2.256(3)

2.232(9)

2.235(3)

2.252(6)

2.249(2)

2.242( 4)

2.253(5)

2.239(7)

2.232( 6)

2.220(9)

2.22 1(8)

2.227(2)

2.306(4)

2.3 10(4)

2.3 10(4)

2.5 83( 1)

2.305( 8)

2.279(3 )

2.407(2)

2.553( I )

2.279( 5)

2.303( 6 )

2.58 6(2)

2.275( 7)

2.285( J0)

2.282( 9)

2.2 88(2)

J 8

19

20

2 1

19

, ....
_ .J

8

8

17

9

9

2-MBPA = methyl 4.6-0-benzylidene-2-deoxy-2-(diphen ylphosphino )-(:(-0 

altropyranoside

OBP = l-phenyldibenzophosphole

OMPP = ]-phenyl-3.4-d imethylphosphole

The structure presented on Figure 1.1 is characteristic for two-coordinate gold(l) complexes

provided the phosphine ligand is suffi ciently bulky. For ligands with a small cone angle.

Cl61

FiQ. 1.2 ORTEP diagram of[Au(TPA)Brh.2-1 TP A = 1.3.5-triaza- 7-phosphaadamamane.

7
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such as 1.3.5-triaza-7-phosphaadamantane2
-l (TPA) or Me2PPh25 or DBP (vide supra). the

coordination behaviour in the solid phase is somewhat different. There. individual two

coordinate units associate to produce dimeric and even trimeric species that involve weak

Au-Au bonds (Figures 1.2 and 1.3).

FiQ. 1.3 ORTEP diagram of [Au(Me2PPh)Clh.25

Association of individual mononuclear units through Au-Au contacts. where Au-Au

distances are less than 3.3 A is a demonstration of so-called 'auriophilicity' phenomenon."

The interaction between closed shell (d 10) gold atoms has been estimated in a number of

experiments'i and is of order 5-10 kcallmol. The small size of the ligands does not impede

the mutual approach of the gold(I ) complex molecules. with the result that aggregation is

observed in the solid phase . On the other hand. analytical and spectroscopic data for

solutions of these complexes indicate complete dissociation of aggregates into monomeric
• -, 1 -',speCIes._"t . __

The chlorogold(I) phosphine complexes are convenient starting materials for the synthesis

of a host of other two-coordinate complexes (Scheme 1.3):

P-Au-SR

j+ NaSR

+ LiR + NaX
P-Au-R .. P- Au-C1 .. P- Au- X

l+Agy
P-Au-Y

R = alkyl aryl
X = Br. I: Y =N O 3. CIO.j in non-coordinating solvents

SCHEA1E 1.3

8
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The conversion is normally achieved by selection of an appropriate metathesis reagent:

. . d ')8')9'1 1 113031 di . . It 9.32organo-lithium compoun S,-'- SI ver sa ts, . . so mm, potassium or ammomum sa s

and also basic solutions of aliphatic and aromatic thiols.16.33.34

Three- andfour-coordinate complexes

Examples of three- and four-coordinate mononuclear gold(l) complexes are considerably

more scarce than those of the two-coordinate species. As a rule, they are much less stable

and therefore their chemistry has not been so thoroughly studied. It makes sense to discuss

both types together though, as they share some common features.

To prepare a three-coordinate gold(I) complex, a two-coordinate complex is normally

combined with a stoicheiometric amount of the ligand. Alternatively, a suitable gold(III)

precursor is prepared from tetrachloroauric acid and subsequently reacted with three or

more equivalents of the ligand (Scheme 1.4):

Au(Ph 3P)Cl + Ph 3P - - ... Au(Ph3PhCl

3 Ph3PHAuC1 4 + KBr ---l.~ KAuBr 4 • Au(Ph3PhBr

SCHEMEJ4

Similarly, four-coordinate neutral complexes could be synthesised using one of the above

routes with the only modification being the number of equivalents of the ligand.

There are a variety of parameters controlling the formation of complexes with coordination

number higher than two:

a) The steric and electronic features of the tertiary phosphine,

b) The coordinating ability of the non-phosphine ligand and,

c) The choice of solvent and reactant concentrations.

As expected, sterically demanding phosphines, such as n-Bu2PPh or (c-C6H11)3P, should

lead to complexes with lower coordination numbers. This was indeed confirmed by

Parish.r' who established that monodentate phosphine ligands with large cone angles were

not capable of forming complexes with ligand to metal ratios greater than 3:1. For

example, both [Au(Ph3P)2X] and [Au(Ph3PhX] (X = CL SCN) have been structurally

9
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confirmed to show three- and four-coordination respectively, while the gold atom in

{Au[(c-C6HIl)3Ph}X was found to be essentially two-coordinate with some weak

interaction between the anion and the gold atom being observed for X = SCN.36 This

theory stayed unchallenged until 1994 when Fackler et al.37.38 structurally characterised

two three-coordinate gold(I) complexes with the CEP ligand, where CEP =

tris(cyanoethyl)phosphine. CEP has a cone angle smaller than that of Ph3P, but tends to

form linear two-coordinate complexes under the same conditions for which Ph3P would

typically form a linear three-coordinate complex. Fackler et al.38 proposed an alternative

explanation based on the influence of the electronic properties of the ligand. From the

accumulated data regarding Au-P bonding it appears that two-coordinate gold(I)-phosphine

complexes with good a-donors tend to resist increased coordination while those with good

z-accepting ligands prefer to form higher coordination number complexes. As CEP is a

better a-donor but weaker n-acid than Ph3P, gold(I)-CEP complexes are not likely to

accommodate a third ligand within the inner sphere.

The coordinating ability of the non-phosphine ligands also plays a significant role in

determining the geometry of the complexes. For example, three-coordinate gold(I)

phosphine complexes may be obtained from a monodentate phosphine and a chelating

ligand. With the bidentate nitrogen donor ligand 2,2'-bipyridine, a distorted trigonal

species is obtained upon bonding to [Au(ph3p)r,39 but with dithiocarbamate ligands only

linear two-coordination results.i'' A number of three-coordinate neutral complexes

[Au(R3PhX] (R = alkyl, aryl; X = Br. I) are known, but it has proved impossible to

synthesise analogous four-coordinate compounds with the same counter ions. The bromide

and iodide anions seem to be 'pushed' outside the coordination sphere of the metal and

cationic complexes are formed instead.

The role of the solvent during the synthesis of higher coordination number complexes

should not be underestimated. Even the choice of recrystallisation solvent(s) is sometimes

crucial in obtaining the desired species. For example Malatesta" found that [Au(Ph3PhCI]

could be recrystallised from dichlorornethane/hexane, but attempts to do the same from

THF or warm methanol led to precipitation of the initial two-coordinate complex

[Au(Ph3P)CI]. On the other hand, whereas [Au(Ph3P)3]Cl cannot be recrystallised from

dichloromethanelhexane as it loses one of its ligands, it has been successfully obtained

from acetonitrile.

10
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CHAPTER ONE

MONO-, DI- ..\.c~D TRINITCLEAR PHOSPHThiE COMPLEXES OF

GOLD(I)

1.1 INTRODUCTION

Gold has attracted the attention of scientists since time immemorial. Its role during the

Middle Ages as a driving force behind alchemical research, which eventually led to the

development of modem Chemistry, is well known. During this century the interest in gold

has not subsided, but has in fact experienced an upsurge in the number of publications

dealing with gold and gold compounds over the last two decades.

The new interest in gold complexes can be attributed to the following facts:

a) rich photophysical and photochemical properties exhibited by polynuclear gold(I)

complexes can be potentially utilised in new technologies such as nonlinear optics,

b) gold(I) and also reportedly gold(III) complexes show remarkable medicinal potential,

especially in the field of rheumatoid arthritis and antitumour treatment,

c) the phenomenon of metal-metal attractive interactions is very common between closed

shell gold(I) atoms ([Xe]4f145d IO
) in polynuclear gold compounds, though it still

remains poorly understood.

Gold can exist in the oxidation states -1, 0, +1, +2, +3 and even +4 and +5, the most stable

being gold(O), gold(I) and gold(III), and hence these oxidation states have the greatest

practical significance. Both gold(I) and gold(III) can be reduced to the free metal by

reaction with relatively mild reducing agents. Whilst gold(III) compounds are generally

considered to be powerful oxidizing agents, gold(I) complexes - especially with soft

ligands such as thiolates and tertiary phosphines - can be quite thermodynamically stable. 1

Gold(I) comprises a soft metal centre, where binding to ligands is achieved by means of

both c and n-bonding. Here gold is in a low oxidation state and hence the degree of n

bonding between the filled 5d-orbitals of the metal and empty dn-orbitals of the ligand's

binding atom can significantly affect the strength of the newly formed bond.
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As a rule, gold(I) has an affinity for soft ligands with n-accepting properties such as

cyanides, phosphines, arsines and various sulfur compounds .' Cases of coordination to

nitrogen compounds such as aliphatic and heterocyclic amines are also known, as well as

examples of complexes with weakly bonded oxygen donor ligands such as nitrates and

perchlorates. However the latter complexes are generally reactive and much less stable.'

Although gold is certainly the most famous of all metals, its coordination chemistry has not

been explored to such an extent as that of other precious metals such as platinum, for

example. It is well known however, that the chemistry of gold differs considerably from

that of other members of Group 11 in their monovalent state (d IO electronic configuration).

To illustrate: for gold(I), linear coordination is by far the most common coordination

geometry, whereas for copper(I ) and silver(I), tetrahedral four-coordination is the most

frequently encountered. This phenomenon has been attributed to the contribution of

relativistic effects. Pyykko et al.4 proved that the inner shell electrons of gold move with

speeds approaching the velocity of light causing expansion of the 5d and contraction of the

6s orbitals . This apparently results in a reduction of the expected size of a gold atom, an

enhancement of the possibility of metal-metal interactions and a predominance of linear

coordination for gold(I).

Much of the information known about gold complexes is derived from solid state studies

mainly by X-ray crystallography, but also by means of such esoteric techniques as

EXAFSIXANES5
.
6 (Extended X-ray Absorption Fine Structure spectroscopy and X-ray

Absorption Near Edge Spectroscopy - respectively); Mossbauer and far-infrared

spectroscopy'' and, more recently, by means of 31p cross-polarization magic angle spinning

(CPMAS)8.9 NMR techniques . The X-ray diffraction techniques normally provide

information about the coordinat ion number, oxidation state and ligating atoms of gold

complexes, while Mossbauer spectroscopy allows the determination of the coordination

number, geometry and oxidation state of the gold atom.

Considerably less is known regarding solutions of gold(I) complexes. Numerous

investigations have shown that although several species may be present in solution. the

compounds that crystallize out do not necessarily correspond to the major species in

solution. For example, the crystallographically characterized four-coordinate gold(I)

complex [Au(PMePh2)4]PF6 'odissociates in solution into two- or three-coordinate species:

2
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even two-coordinate gold complexes can exhibit fluxional behaviour - the exchange of

monodentate ligands bound to gold(I) has been observed in solution'! possibly via an

intermediate three-coordinate state,

Gold(I) has a dlO-electronic configuration, which precludes ESR studies, It also eliminates

the possibility of using DV-visible spectroscopy for characterization of gold(I) complexes

at least insofar as d-d electronic transitions including the gold atom are concerned . The

197Au isotope is 100% abundant , with I = 3/2 and a quadrupole moment Q = 0.59'10-28 m2
.

As a consequence of the large value of the quadrupole moment, the gold relaxation time is

short and no spin coupling of gold with other nuclei has ever been observed. Since gold

does not have an isotope suitable for NMR studies, the characterization of complexes in

solution depends solely upon other nuclei present in the gold complex, most importantly

31p and IH. This general lack of characterization methods was one of the reasons behind

making phosphines the ligands of choice for studying the coordination chemistry of

gold(I). Due to the simplicity of 3 1p NMR spectra and the sensitivity of 3l p shifts to

substitution at the metal in trans positions to the phosphorus nuclei. 31P NMR spectroscopy

has served as a convenient probe for monitoring gold(l) phosphine complexes. The latter

are normally labile on the NMR time scale at room temperature and the solution needs to

be cooled to observe individual compounds. A viable alternative to NMR solution studies
p

was proposed by Colton et al. - The authors reported that electrospray mass-spectrometry

(ESMS) allows the observation of individual gold(I)-phosphine species present in solution

even at room temperature . ESMS is able to reveal individual components provided they

carry either a negative or positive charge.

At present coordination of phosphines to gold(I) is a fast developing area due to the wealth

of interesting properties exhibited by gold(l) tertiary phosphine complexes. Many of them

have been found to luminesce both in solid state and solution, while others have proved to

be cytotoxic and even active against a number of tumour cell lines in vivo (even those cell

lines which are resistant to other known cytotoxic agents e.g.. cisplatin) .

A number of gold chemistry reviewsl.2 ·13-15 can be found in the literature. However at

present, no comprehensive survey of gold(I) phosphine complexes with up to date

information is available. The objective of this Chapter is to describe coordination

3
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behaviour of gold(I) towards various types of tertiary phosphines, namely mono-, bi- and

tridentate phosphines.

1.2 GOLD(I) COMPLEXES WITH MONODENTATE PHOSPHINES

Both mono- and polydentate phosphines can give rise to a variety of interesting species

upon coordination to gold(I) , the structures of which are a function of the ligand and also

of the preparation scheme. The compounds vary both in nuclearity , charge and

coordination number.

Monodentate phosphines lead almost exclusively to formation of mononuclear gold

complexes in the absence of other bridging ligands with neutral and cationic complexes

being the most common. The lack of anionic gold(I) phosphine complexes is not

surprising : in order to achieve the negative charge, gold(I) should be coordinated to at least

two anionic ligands (and a phosphine ), i.e. it should have a coordination number not less

than three. The three-coordinate geometry around gold(I) is not a thermodynamically

stable arrangement, with only very few chelating dithiolate ligands having demonstrated

the ability to form such complexes, e.g. (NBU4)[Au(dmitjl'Ph-] ,16 where dmit = 2-thioxo

1,3-dithiole-4 ,5-dithiolate . In fact, thiolate ligands generally possess lower coordinating

ability towards gold than phosphines.

Neutral complexes have the general formula [AuLnX] , where L is a monodentate

phosphine ligand, X is a halide, pseudohalide or a thio-compound and n = 1-3. Ionic

complexes have a somewhat different formula [AuLnrX'. where X is a poorly

coordinating or non-coordinating IOn such as perchlorate, tetrafluoroborate,

hexafluoroantimonate etc. and n = 2-4.

Formally ionic gold(I) phosphine complexes may be classified as neutral or cationic

depending on the solid state structure, the complex being considered neutral if there is

evidence for a bond between the positively charged gold(I) and the negatively charged

counterion (note that in solution this bond is either retained or broken).
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1.2.1 Neutral mononuclear complexes

Monodentate tertiary phosphines have been used to form mononuclear gold(I) complexes

with different coordination numbers - two, three and four - corresponding to linear,

triangular and tetrahedral geometries . Different types of neutral mononuclear gold

complexes are presented in Scheme 1.1.

P
I

Au
I

X

p ........ /p
Au
I
X

P = monodentate phosphine
X = er, Br-, SCN-, L SR-, R- etc.

SCHEMEf]

Two-coordinate complexes

Amongst the above mentioned three types, the first is the most common and also the best

studied. There are numerous examples of X-ray crystal structure studies on neutral two

coordinate gold(I)-phosphine complexes. The most typical scenario involves a gold(I)

phosphine complex with a halogen ion as a second ligand. Synthesis of this type of

complex is achieved by substitution of an easily replaceable ligand from a chlorogold(I)

precursor (Scheme 1.2).

+PHAuCl4 + [Red]--•• [Au(L)CI] _L • P-Au-Cl

Red = reducing agent,
P = monodentate phosphine,
L = Me2S, tetrahydrothiophene etc.

SCHEMEf]

Neutral two-coordinate chlorogold(I)-phosphine complexes are air- and moisture-stable

solids at room temperature. Many of them only decompose at T >1500 • Their acetone

solutions are non-conductive, while solubility patterns largely depend on the phosphine

ligand. The structural integrity of neutral two-coordinate gold(I) complexes is retained in

5
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solution as indicated by 31p. 13C and I H NMR studies. The solutions show that only one

type of species is present at both low and high temperatures.

Figure 1.1 below shows as an example of two-coordination the molecular structure of

[Au(2-MBPA)Cl]. where 2-MBPA = methyl 4.6-0-benzylidene-2-deoxy-2-(diphenyl-

. D 1 id 17phosphino)-a- -a trop yranosi e:

CH

FiQ:. I.1 Molecular structure of [Au(2-MBPA)Cl] 17. 2-MBPA = methyl 4.6-0-benzylidene

2-deoxy-2-( diphenylphosphino )-a-D-altropyranoside.

The gold atom exists in the expected linear geometry as defined by the P atom of the 2

MBPA ligand and the chlorine atom. with the P-Au-Cl angle being 174.5(3)°. The Au-P

and Au-Cl distances are 2.232(6) A and 2.275 (7) A respectively. These values are

characteristic for two-coordinate neutral gold(I) complexes. Table I.l lists the bond lengths

encountered in these complexes as determined by X-ray analysis.

It can be seen from Table 1.1 that the Au-P bond lengths vary from 2.220 A for a gold(I)

phosphole complex to 2.253 A for a complex with a bulky phosphine ligand. The values

can be used as a rough indication of bond strengths between gold and phosphorus atoms.

The Au-CI bond lengths also vary. exhibitinz values from 2.275 to 2.310 A: there beinz no
~ ~

apparent correlation between the Au-P and Au-Cl distances in the same molecule.
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Table 1.1 Bond lengths for [Au(PR3)X] complexes

An -X, A Reference

PMe~. X := Cl

PMe~. X:= I

PEt~. X := Cl

PPh~ . X := Cl

PPh~. X := Br

PPh~ . X := !

P(c-CoH11h. X := Cl

P( 2.4.6~trimethoxyphenyl)~ . X := Cl

P(2.4 .6-trimethoxyphenylh . X := I

2-MBPA·. X := Cl

OBP" . X := Cl

OMPP ·" . X:= Cl

2.233(3)

2.234(4)

2.234(4)

2.256(3)

2.232(9)

2.235(3)

2.252(6 )

2.249(2 )

2.242(4)

2.253(5)

2.239(7)

2.232(6)

2.220(9)

2.22 1(8)

2.227 (2)

2.306(4)

2.3 10(4)

2.310(4)

2.583( 1)

2.305( 8)

2.279(3)

2.407(2)

2.553( I)

2.279(5 )

2.303( 6)

2.586(2)

2.275(7)

2.2 85( 10)

2.282(9)

2.288(2)

18

19

20

21
.., .,

19

8

8

17

9

9

2-MBPA := methyl 4.6-0-benzy lidene-2-deoxy-2-(diphen ylphosph ino )-a.-O

altropyranoside

OBp:= 1-phenyldibenzophosphole

OMPp:= l-phenyl-3.4-dimethylphosphole

The structure presented on Figure 1.1 is characteristic for two-coordinate gold(I) complexes

provided the phosphine ligand is sufficiently bulky. For ligands with a small co ne angle.

Fig. I. ! GRIEP diagram of [Au(IPA )Brh,24 IPA:= 1.3.5-triaza-7 -phosphaadam antane.

7
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such as L3.5-triaza-7-phosphaadarnantane2-1 (TPA) or Me2PPh25 or DBP (vide supra). the

coordination behaviour in the solid phase is somewhat different. There. individual two

coordinate units associate to produce dimeric and even trimeric species that involve weak

Au-Au bonds (Figures 1.2 and 1.3).

Fi~!. 1.3 ORTEP diagram of [Au(Me2PPh)CIJ3,25

Association of individual mononuclear units through Au-Au contacts. where Au-Au

distances are less than 3.3 A is a demonstration of so-called 'auriophilicity' phenomenon."

The interaction between closed shell (d I0) gold atoms has been estimated in a number of

experiments'i and is of order 5-10 kcal/mol. The small size of the ligands does not impede

the mutual approach of the gold(I ) complex molecules. with the result that aggregation is

observed in the solid phase . On the other hand. analytical and spectroscopic data for

solutions of these complexes indicate complete dissociation of aggregates into monomeric
. 2-1.25species,

The chlorogold(I) phosphine complexes are convenient starting materials for the synthesis

of a host of other two-coordinate complexes (Scheme 1.3 ):

P-Au-SR

1+ NaSR

+ LiR + NaX
P-Au-R 'C P-Au-CI .. P-Au-X

P-Au-Y

R = alkyl aryl
X = Br, I: Y =NO 3. CIO-I in non-coordinating solvents

SCHElvfE 1.3
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The conversion is normally achieved by selection of an appropriate metathesis reagent:

. . d 7 879 '1 1 113031 di . . 1 9.32organo-lithium compoun S,-'- SI ver sa ts, . . so IUm, potassium or ammomum sa ts

and also basic solutions of aliphatic and aromatic thiols .16.33.34

Three- andfour-coordinate complexes

Examples of three- and four-coordinate mononuclear gold(I) complexes are considerably

more scarce than those of the two-coordinate species. As a rule, they are much less stable

and therefore their chemistry has not been so thoroughly studied. It makes sense to discuss

both types together though, as they share some common features.

To prepare a three-coordinate gold(l) complex, a two-coordinate complex is normally

combined with a stoicheiometric amount of the ligand. Alternatively, a suitable gold(III)

precursor is prepared from tetrachloroauric acid and subsequently reacted with three or

more equivalents ofthe ligand (Scheme lA):

Au(Ph 3P)Cl + Ph 3P --.~ Au(Ph3PhCl

3 Ph3PHAuCl 4 + KBr --.~ KAuBr 4 ~ Au(Ph 3PhBr

SCHEMEJ4

Similarly, four-coordinate neutral complexes could be synthesised using one of the above

routes with the only modification being the number of equivalents of the ligand.

There are a variety of parameters controlling the formation of complexes with coordination

number higher than two:

a) The steric and electronic features of the tertiary phosphine,

b) The coordinating ability of the non-phosphine ligand and,

c) The choice of solvent and reactant concentrations.

As expected, sterically demanding phosphines, such as n-Bu2PPh or (c-C6H11)3P, should

lead to complexes with lower coordination numbers. This was indeed confirmed by

Parish,35 who established that monodentate phosphine ligands with large cone angles were

not capable of forming complexes with ligand to metal ratios greater than 3:1. For

example, both [Au(Ph3P)2X] and [Au(Ph3P)3X] (X = CL SCN) have been structurally

9
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confirmed to show three- and four-coordination respectively, while the gold atom in

{Au[(c-C6H1d3Ph}X was found to be essentially two-coordinate with some weak

interaction between the anion and the gold atom being observed for X = SCN.36 This

theory stayed unchallenged until 1994 when Fackler et al.37.38 structurally characterised

two three-coordinate gold(I) complexes with the CEP ligand, where CEP =

tris(cyanoethyl)phosphine. CEP has a cone angle smaller than that of Ph3P, but tends to

form linear two-coordinate complexes under the same conditions for which Ph3P would

typically form a linear three-coordinate complex. Fackler et al.38 proposed an alternative

explanation based on the influence of the electronic properties of the ligand. From the

accumulated data regarding Au-P bonding it appears that two-coordinate gold(I)-phosphine

complexes with good a-donors tend to resist increased coordination while those with good

z-accepting ligands prefer to form higher coordination number complexes. As CEP is a

better a-donor but weaker z-acid than Ph3P, gold(I)-CEP complexes are not likely to

accommodate a third ligand within the inner sphere.

The coordinating ability of the non-phosphine ligands also plays a significant role in

determining the geometry of the complexes. For example, three-coordinate gold(I)

phosphine complexes may be obtained from a monodentate phosphine and a chelating

ligand. With the bidentate nitrogen donor ligand 2,2'-bipyridine, a distorted trigonal

species is obtained upon bonding to [Au(Ph3P)f,39 but with dithiocarbamate ligands only

linear two-coordination results.40 A number of three-coordinate neutral complexes

[Au(R3PhX] (R = alkyl, aryl; X = Br, I) are known, but it has proved impossible to

synthesise analogous four-coordinate compounds with the same counter ions. The bromide

and iodide anions seem to be 'pushed' outside the coordination sphere of the metal and

cationic complexes are formed instead.

The role of the solvent during the synthesis of higher coordination number complexes

should not be underestimated. Even the choice of recrystallisation solvent(s) is sometimes

crucial in obtaining the desired species. For example Malatesta" found that [Au(Ph3PhCl]

could be recrystallised from dichloromethanelhexane. but attempts to do the same from

THF or warm methanol led to precipitation of the initial two-coordinate complex

[Au(Ph3P)Cl]. On the other hand, whereas [Au(Ph3P)3]Cl cannot be recrystallised from

dichloromethanelhexane as it loses one of its ligands, it has been successfully obtained

from acetonitrile .

la
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Numerous solution studies have shown that complex equilibria (see Scheme 1.5) are

established upon addition of one or more equivalents of a phosphine ligand to [Au(R3P)X]

(R = alkyl. aryl : X = Br. CI):9.11.35..H-M

[Au(R3P)X] + R3P~ [Au(R3P)2X]

[Au(R3PhX] + R3P~ [Au(R3P)3X]

[Au(R3PhX] ~ [Au(R3P)X] + R3P

[Au(R3P)3X] ~ [Au(R3PhX] + R3P

2[Au(R3PhX] ~ [Au(R3P)X] + [Au(R3P)3X]

[Au(R3P)2X] ~ [Au(R3PhrX-

[Au(R3P)3X] ~ [Au(R3P)3rX·

SCHElvfE 1.5

The relative importance of the equilibria above depends on the solvent used . Parish er al. 11

found that strongly solvating media such as acetone and acetonitrile were suitable for the

preparation of higher coordination number complexes by means of a stoicheiometric

reaction. while with a less polar solvent a 4-5 fold excess of the ligand was necessary..J2

Three- and four-coordinate neutral gold(I) complexes typically deviate from their

respective idealised geometries of a regular triangle and a regular tetrahedron. Examples of

each complex type are shown on Figures lA and 1.5.

FiQ. lA Molecular structure of the three-coordinate [Au(Ph3P)2S2COEt].38

11
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FiQ. 1.5 Molecular structure of the four-coordinate [Au(Ph3P)3]CI.-+:'

The [Au(Ph3P)2S2COEt]38 complex has a geometry which can be described as almost

trigonal planar with the bond angles around the gold atom being 130.1(1)0 [P(1)-Au-P(2)].

118.1(1)0 [S(1 )-Au-P(2)] and 110.8(1 )° [S(1)-Au-P(1)]' The four-coordinate compound

[Au(Ph3P)3Cl]-+:' is even further from its idealised geometry and may be considered as an

intermediate case between three- and four-coordination due to large non-equivalencies in

the values of bond angles: 119.6(1 )° [P(1)-Au-P(2)], 116.6(1 t [P(2 )-Au-P(3)]. 116.1(1)0

[P(1)-Au-P(3 )], 107.7(1)° [P(3)-Au-CI], 98.3(1)° [P(2)-Au-CI] and 92.0(1) ° [P(1)-Au-CI].

In both complexes the non-phosphine ligands appear to be slightly shifted away from their

theoretical positions. i.e. compared to the Au-P bonds the Au-X bonds are longer than

expected. In fact in three-coordinate complexes the Au-Cl bond is known to correlate with

the .P-Au-P bond angles in the sense that the widest angle lies opposite to the longest bond.

The limited amount of crystallographic data does not allow the compilation of a

comprehensive table of the bond lengths encountered in three- and four-coordinate gold(I)

complexes. However, the general trend is that the distances are somewhat longer than

those in two-coordinate complexes. The expected increase in bond lengths is the result of

intramolecular steric effects due to the higher coordination number of the gold atom.

When X-ray data are not available. information on the coordination mode of gold(l) in the

solid phase can be provided by far-infrared and 197Au Mossbauer spectroscopic studies.

The studies of goldrlj-Iigand IR stretchinz and other vibrations can yield useful
~ - .

information about the metal-ligand bond strength and the degree of covalence in the metal -

12
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ligand bond. Gold-halogen stretching frequencies decrease as the coordination number of

gold(I) increases, consistent with weakening of the Au-X bond
46

(Fig. 1.6). On the other

hand Au-P frequencies do not seem to correlate closely with changes in the coordination

number.

500

::: 400
u -+- Au, I.

300Q)

oD --- Au. Br........
~ 200 -.-Au, Cl....
0)
;>
c<:: 100
~

0

0 2 3

FiQ.. 1.6 Dependence of the frequencies of Au-X bond stretching, v(Au-X), in two

coordinate halogold(I ) phosphine complexes on the number of coordinated ligands.

197Au Mossbauer spectroscopy is also a good means for obtaining information about

bonding and geometry in gold complexes. Isomer shift (1.S.) and quadrupole splitting

(Q.S.) values are respectively employed to characterise the electronic effects of the ligands

in the complex and the differences in electronic density between the bonds. 1.S. values tend

to decrease in going from two- to four-coordinate complexes, while Q.S. values are the

highest for three-coordinate and the lowest for four-coordinate complexesr" (in the ideal

case of a regular tetrahedral geometry the quadrupole splitting is equal to zero). However,

despite being informative and easily interpretable, Mossbauer spectroscopy does not

always allow one to distinguish between subtle differences in coordination mode. i. e.

whether the compound is a chelated monomer, ring dimer or polymeric species.

It has already been mentioned, that three- and four-coordinate gold(I)-monodentate

phosphine complexes are not very stable in solution and readily dissociate or

disproportionate into other species. Generally, more species are capable of existence in

solution than can be crystallised from that same solution. To 'observe' the individual

compounds , low temperature 31p NMR spectroscopy is normally employed. Chemical

shifts for the neutral gold(I)-phosphine complexes have been found to follow the trend:

three- > two- > four-coordinate . So far there has been no evidence of association of three-

13
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and four-coordinate complexes into dimers or trimers in either solution or the solid state by

means of gold-gold interactions.

1.2.2 Neutral dinuclear complexes

Clearly, monodentate phosphine ligands cannot be employed to stabilise dinuclear

complexes of gold(I). However, neutral digold(I) complexes stabilised by bridging ligands

and containing a monodentate phosphine do exist; these will now be discussed.

The examples include dinuclear gold(I) complexes with dithiolate and ethynediyl bridges:

e.g. [(Ph3P)Auh[S2C=C(CN)2t7 and [(RPh2P)Au-C=C-Au(PRPh2)]3o (R = naphthyl). In

the first complex there is a weak Au-Au interaction (metal-metal distance equal to 3.156

A), while in the latter neither intra- nor inter-molecular Au ...Au interactions were

observed due to its dumbbell geometry and bulkiness of the phosphine ligand. In all other

respects, the compounds appear to have structural features as well as chemical properties

close to that of corresponding mononuclear complexes. Attempts to increase the

coordination number of gold(I) in these compounds by adding more equivalents of the

ligands have not been successful as the Au-S and Au-C bonds were cleaved by the added

phosphines.

1.2.3 Cationic mononuclear complexes

It is convenient to divide the discussion on mononuclear cationic gold(I) complexes with

monodentate phosphines into two parts as it was done for the neutral complexes. Two

coordinate cationic complexes are found in great abundance , while three-and four

coordinate compounds are rarely found.

Two-coordinate complexes

Monodentate phosphines can coordinate to gold(I) forming cationic species where the

metal is bonded to one or two phosphine ligands. The former - of the type [Au(Ph3P)Lr _
are fairly reactive, especially when L is a neutral non-phosphine and labile ligand such as

. ~

tetrahydrothiophene or amine.48 They are not stable in solution for a considerable length of

time and thus make convenient precursors for substitution reactions. The latter, on the

other hand, are particularly stable complex types of gold(I).

14
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Two-coordinate cationic complexes show the expected linear geometry and are normally

accompanied by the presence of centre of symmetry when identical ligands are bonded to

the gold atorrr" (Figure 1.7). Examples abound: e.g. [AU{(C-C6Hll)3Ph]SCN,36

[Au(MePh2P)2]PF6.
49 However, there are exceptions. such as [Au«Me2Ph)P)z]SnCh: in

this compound the P-Au-P angle is 158.3°. there being no evidence for counterion

coordination. 50 The Au-P bond length of 2.314(2) A in the compound depicted on Figure

1.7 is comparable to that in neutral two-coordinate as well as in other cationic two

coordinate complexes.29.32

Cl

cm

Fig. 1.7 Structure of [Au(CEP)z]CL37 CEP = tris(2-cyanoethyl)phosphine.

Unlike amongst neutral mononuclear two-coordinate gold(l) complexes with small ligands ,

the aurophilicity phenomenon has not been observed in the related cationic species. A

possible explanation is that often bulky counterion present in the solid state impedes

intermolecular attractions between two gold atoms.

Synthesis of bis(phosphine) cationic complexes of gold(I) can be achieved through one of

the following two routes:

a) Addition of two equivalents of the phosphine ligand to a neutral gold(I) precursor

followed by an inorganic salt (if required),

b) Addition of two equivalents of the phosphine .ligand to a cationic gold precursor with

readily replaceable ligands.

15
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Examples are shown in Scheme 1.6.

Reference:

1)

2)

SCHEMEI6

51

31

53

For the first route. conditions which favour the formation of cationic as opposed to neutral

species should be employed. They usually include the use of polar solvents and the

introduction of the excess of a weakly or non-coordinating anion. But even strongly

coordinating counterions such as cr and SCN- can be forced outside the inner coordination

sphere of the complex. This normally occurs when the phosphine ligand is very bulky, e.g.

(c-C6H11)3P ,36 or a sufficiently strong donor to cause an excess of electron density on the

gold ion, e.g. CEp37 (vide supra), thus discouraging coordination of the counterion.

The properties of two-coordinate cationic complexes are as expected different from those

of the neutral complexes. For instance, they are much more soluble in polar solvents such

as ethanol, acetonitrile , THF, acetone and dichloromethane but are not soluble in

chloroform or ether. The ionic compounds appear to be ionised in solution - partially or

fully depending on the ligand and solvent used,'! with the cation retaining its structural

integrity.

An interesting example of the tendency of gold(I) to be two-coordinate was demonstrated

recently by Zotto et al.32 The authors were studying the coordination behaviour of an

unsymmetrical ligand, 1-(diphenylphosphino)-2-(2-pyridyl)ethane (ppye), that contains P

and N donor atoms. This ligand exhibits versatile coordination behaviour with a number of

transition metals : it can act as both a chelating and monodentate (N- or P-) ligand.

However with gold(I) the ligand only forms a complex where it is monodentate and

16
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terminally bonded through one P-atom (Figure 1.8). Coordination of the pyridyl arm even

in solution is ruled out by both IR and low temperature NMR studies.

C(18)

C(19)

C(S)

FiQ. 1.8 ORTEP diagram of the [Au(ppyehf cation.32 ppye = 1-(diphenylphosphino)-2-(2

pyridyl)ethane.

Three- andfour-coordinate complexes

Examples of three- and four-coordinate gold(I) 'complexes with monodentate phosphines

are very scarce due to the difficulties associated with their preparation. As a rule. they are

obtained from the corresponding two-coordinate cationic precursors by adding a specific

amount of the ligand. However. the complexes are labile and readily dissociate in solution

often producing equilibrium mixtures."

In contrast to neutral three-coordinate gold(I) complexes, which give nse to distorted

trigonal geometries for the complex in the solid state , three-coordinate cationic compounds

with identical lizands exhibit nearlv ideal trigonal zeometries. Figure 1.9 shows the- ....... - -
structure of the [Au(Ph3P)3r cation of the compound [Au(Ph3P)3][BP14].54

17
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The Au-P distances here are 2.365(3), 2.384(3) and 2.403(3) A. while the angles between

the bonds are 115.2(2), 119.3(2) and 125.4(2) °, i.e. the arrangement is very close to

idealised trigonal geometry.

A related complex with four triphenylphosphine ligands has also been prepared. However

investigation of its crystal structuref revealed three different crystal modifi,cations with

different degrees of distortion from the ideal tetrahedral geometry. The ligands either seem

to be arranged in a trigonal pyramidal fashion or 'loosely' bonded at approximate

tetrahedral sites. This is most likely due to the relative steric bulk of the

triphenylphosphine ligand. In fact a smaller ligand such as methyldiphenylphosphine

affords a cornplex'" with a geometry nearly that of regular tetrahedron (Figure 1.10). the

Au-P distance being 2.449(1) A and the two independent P-Au-P angles 105.24(4) and

118.3(2)° . It can be noted that the Au-P distances increase with increasing coordination

number of gold(I) in a cation in accordance with the phenomenon observed for the neutral

gold(I)-phosphine complexes.

FiQ.LlO Structure of the cation [Au(MePh2P)4r. 10 Phenyl ring positions are indicated by

open ellipses for the carbon atom bound to phosphorus.

Various authors have shown that four-coordinate complexes are formed with small

phosphine ligands, such as Me-Phl', MePh2P. Et2PhP and Et3P.35AI .....3.51 On the other hand

gold(I) complexes with slightly bulkier ligands - n-Bu3P. »-Bu-Phl>, z-Pr-Phl'. (c

C6H 11 )PhzP - exhibit three-coordination at most as shown by low temperature 31 P NMR

and Mossbauer spectroscopy. Counterions also play part in determining of the coordination

number: for instance, tris(p-tolyl)phosphine can form two- and three-coordinate gold(l)

complexes with perchlorate as an anion. Substitution of perchlorate by B9H12S- allows all

18
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three cations [AuLnf (n = 2,3,4 , L = (p-CH3C6H4)3P) to be observed. With even larger

anions such as B IOH I5- only [AuL4f is obtained.56

Although very few four-coordinate cationic gold(I) complexes with monodentate

phosphine ligands have been successfully isolated and structurally characterised, 31p NMR

spectroscopic studies have provided unambiguous proof of their presence in solution. In

most cases complexes identified in solution cannot be isolated because they exist in

equilibrium with other species. Any attempt to crystallise the solids leads to precipitation

of the least soluble components - not necessarily the highest coordination number complex
41-4'(Scheme 1.7). -'

[AuLX] + L~ [AuL2X] + L ~ [AuL3X] + L

t t
[AuL2fX- + L ~ [AuL3fX- + L~ [AuL4rX-

SCHEMEJ7

To obtain meaningful information on the behaviour of complexes in solution, the

temperature is reduced to 180-200 K in order to prevent rapid ligand exchange. Under such

conditions assignment of individual species becomes possible as the 31P chemical shifts for

the phosphine ligands obey the following trend: [AuLCI] < [AuL2r > [AuL3f >[AuL4f
> L (L = phosphine ligand). Low temperature 31p NMR spectroscopy is essentially the only

method that . allows the identification of the individual cationic gold(I)-phosphine

complexes in solution, other spectroscopic methods not providing valuable information.

Electrospray mass spectroscopy (ESMS) can help with the detection and assignment of

individual cationic species in solution.12 Howe ver, the result does not always correlate with

the one obtained from the low temperature NMR studies, e.g. [Au(Ph3P)4J" could not be

observed by ESMS , while it was identified at -100°C by 3I p NMR spectroscopy.

1.2.4 Cationic dinuclear complexes

Ligands containing in their structure an extra uncharged donor atom other than phosphorus

are capable of stabilising dinuclear cationic gold(I) complexes by bridging via both

phosphorus and the other donor atom. Nitrogen IS normally a poor donor as far as
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coordination to gold(I) is concerned, and no bond is formed when competing ligands such

as halogens or sulfur compounds are present. However, by using conditions favouring the

formation of cationic species, i.e. where the gold(I) precursor is bound to very weak

ligands as well as polar reaction media, it is possible to achieve bonding of nitrogen to

gold.

Schmidbaur et af. 57 have prepared several complexes with 2-pyridylphosphine ligands

where both P and N are coordinated to gold (Scheme 1.8). Removal of the chloride ion with

a silver salt from the starting neutral mononuclear complex resulted in a head-to-tail

dimerisation. X-ray analysis of one of the complexes showed an almost planar and

centrosymrnetric ring system coplanar with the two attached pyridine rings. The Au-Au

intramolecular distance appeared to be very short at 2.776(1) A. (Two-coordinate gold(I)

complexes with Au .. .Au separations less than 3.6 A in the solid state are considered to

experience attractive aurophilic interactions.)58

2
+ 2 AgX

- 2 AgCl

R=Me, Ph
X= BF4, PF6

SCHEME!8

A similar result was obtained by Field and eo-workers" when using

2-(diphenylphosphino)quinoline as a ligand, although via a different synthetic route. Again

the two gold atoms are bridged by the ligand in a head-to-tail fashion . The solution studies

(by means of 3l p NMR spectroscopy) indicated that this was the only species in solution,

and no head-to-head isomer was present. This fact is hardly surprising as phosphines are

much better ligands than pyridines in stabilising gold in its lower oxidation state and,

therefore, a [N-Au-Nr fragment is not to be expected.
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1.3 GOLD(I) COMPLEXES WITH BIDENTATE PHOSPHINES

Bidentate tertiary phosphines have proved to be very versatile when coordinating to

gold(l). They promote the formation of mono-, di- and even trinuclear complexes that are

either neutral or cationic.

In general, the physical properties (e.g. solubility and conductivity) of gold(l) complexes

with bidentate phosphines as well as the methods employed for their synthesis and

.characterisation, strongly resemble those of corresponding complexes with monodentate

phosphines, provided they have the same coordination arrangement around the gold atoms.

1.3.1 Mononuclear complexes

Contrary to the behaviour exhibited by bidentate phosphines with other transition metals,

so far there have been no examples reported of bidentate phosphines bonding to gold(I)

through one of the two phosphorus atoms only, leaving the other one pendant. Thus, in

mononuclear complexes, only the chelating mode is found. The structural types that have

been observed are illustrated below (Scheme 1.9).

Neutral

Cationic

r>.
P P = bidentate phosphine

X=Cl

SCHEME 1 9
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1.3.1.1 Neutral mononuclear complexes

These complexes normally contain a chelating diphosphine as well as one coordinated

anionic ligand. therefore exhibiting three-coordination around the gold atom.

The ligand 2, Il-bis(diphenylphosphinomethyl)benzo[c[phenanthrene'" is known to

chelate to .gold(I ) via two phosphorus atoms in trans positions to each other t~us forming a

three-coordinate T-shaped complex with a chloride as the third ligand. In this complex. the

P-Au-P' angle of 175.7(3)° is very close to linear. while both P-Au-Cl angles are about 90°.

To date there has been no reported isolation of three-coordinate chelated species containing

phosphines with a less rigid backbone of the R2P(CH2)nPR2 type (n~2). For example.

Baker et al.61 obtained a compound formulated as [Au(DiPPE)Cl]. where DiPPE = 1.2

bis(diisopropylphosphino)ethane. However. a closer look - by means of single crystal X

ray studies - revealed that the complex exists as a polymer with a three-coordinate T-shape

zeometrv around the zold atoms. but with the lizands bridging rather then chelatinz._ ... "- - -- -
Similar coordination behaviour was encountered for [Au(dppf)CI] which also proved to be

a polymer with bridging diphosphine ligands.62

The first example of a truly three-coordinate neutral mononuclear gold(I ) complex with a

cis-chelating diphosphine appeared in 1995, when Parish et at.7 prepared the pennethylated

derivative of dppf and coordinated it to gold(I) (Figure 1.11).

Fig. I.ll Molecular structure of [Au(dppomf)Cl] ,7 dppomf = 1.1'-bis(diphenylphosphino)

octamethylferrocene.
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The complex is obtained from [Au(tht)Cl] and the ligand under carefully controlled

conditions (low temperature, non-complexing solvent, slow addition) and can be easily

converted into a dinuclear species with the ligand bridging rather than chelating by

addition of extra [Au(tht)Cl].

1.3.1.2 Cationic mononuclear complexes

There are examples of two-. three- and four-coordination in mononuclear cationic

complexes of gold(I) with bidentate phosphines.

Two-coordinate complexes

Two-coordination IS achieved with trans-chelating ligands. such as 1.8

bis(diphenylphosphino)-3.6-dioxaoctane (Figure 1.12).63

Cl21J

Cl28J Cl4J

C[29J rr-c.....-..IJ

C(9) Cl31
Cll0J

Cf11l

C(161 C(7)

FiQ. LP ORTEP diagram of [Aurdpdoj]" cation.v' dpdo = L8-bis(diphenylphosphino)-3,6

dioxaoctane.

The P-Au-P' angle of 172° in [Aurdpdoj]" deviates from the ideal linear geometry because

of geometric constraints imposed by the chelating ligand. The complex was prepared by a

method analogous to that employed to obtain complexes with two mono dentate phosphine
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ligands. The resulting compound is. however. less prone to ligand exchange or dissociation

in solution due to the chelating nature of the ligand.

Three-coordinate complexes

Addition of a monodentate phosphine - Ph3P - to the above compound (i.e. [Au(dpdo)r: 63

led to the formation of a three-coordinate species as determined by 31p NMR spectroscopy.

The compound unfortunately could not be isolated. It seems probable that in the solid state

it would adopt T-shaped geometry.

Addition of the cis-chelating dhp ligand [dhp = L2-bis( di-iso-propylphosphino)benzene] to

[ClAuPEt3] afforded a complex with an irregular trigonal geometry (Figure 1.13 ).61

CI6

Fi~L I.13 The molecular structure of [Au(dhp)(PEt3)]C1.61 dhp = L2-bis(di-isopropyl

phosphino)benzene.

It is interesting to consider the bond lengths and angles in this complex: P(1)-Au-P(2) =

87.82(5). P(1)-Au-P(3) = 139.37(6). P(2)-Au-P(3) = 129.16(6)°: Au(1)-P(l) = 2.366(2).

Au(1)-P(2) = 2.394(1) and Au(1)-P(3) = 2.296(2) A. The very small P(1)-Au-P(2) angle

reflects the significant constraint imposed by the o-benzene moiety and may explain the

lack of examples of three-coordination for ligands with P2C2 backbones. It is also known

that the strongest bond within three-coordinate gold(I) complexes lies opposite to the

largest angle.i" However. in this compound. the bond between the gold atom and the

phosphorus atom of the monodentate phosphine is somewhat stronger than those to the

phosphorus atoms of the bidentate phosphine, as evidenced by the shortest bond length

being Au(l )-P(3). This contradicts the expected trend. An analogous complex was
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prepared with the dppf instead of the dhp ligand'" and the structural features were found to

be very similar. although distortion from the trigonal geometry in the former case was not

as large [P(1)-Au-P(2) = 109 vs. 87°].

Four-coordinate complexes

Tetrahedral gold(I) cations with two chelating diphosphine ligands is the most common

structural type in this class of gold(I) compound. One of the first examples reported in the

literature is [Au(dppeh]Cl. which was crystallographically characterised by Bates and

Waters 66 in 1984. The coordination at each gold atom approximates to ideal tetrahedral

geometry (see Figure I.l4). the dihedral angles between the two planes defined by Au.

P(1) , P(2) and Au. P(3). P(4) being 89.7° . However distortion from the ideal is observed

since the 'bite' angles within each chelate ring are 87.1(1) and 86.4(1 )0. The four Au-P

distances are not identical varying from 2.384(2) to 2.412(2 ) A with an average of2.397 A.

This value is significantly shorter than the bond lengths determined in 'classical' four

coordinate gold(l ) complexes such as [Au(MePh2P)-I][PF6] (2.449[1] A) 'O and

[Au(Ph3P)4][BP14] (average. 2.606 A) .55 On this basis bis-chelated complexes appear more

stable than their four-coordinate analogues with monodentate phosphines.

Fig. I.l4 The molecular structure of the [Aurdppejj]" cation." The first atom only of each

phenyl ring is shown.

Bemers-Price and Sadler'" investigated the stability of various [Au {R2P(CH2)nPR'2}2r

complexes (n = 1-4. R = R' = Ph, Et; R = Ph, R' = Et) in solution. The stability was found
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to be influenced by several factors : the ring size of the chelate complex, steric

requirements of the substituents on the phosphorus atoms and the solvent. Only complexes

containing either five- or six-membered chelate rings were found to exist in solution . For

the ligands dppe, dppp and eppe (n = 2, R = Ph, R' = Et) chelation appears to be extremely

favourable especially in non-polar solvents such as chloroform, as four-coordinate

complexes were detected in solutions even with ligand to gold ratios less than 1:1. Other

examples of bis-chelated gold(I) complexes contain o-phenylene and eis-ethylene based

ligands ,61.68 bis[(diphenylphosphino)methyl]phenylarsine69 and the dppf ligand." It is

interesting to note that the permethylated derivative of the last ligand (dppomf" - see

Section 1.3.1.1 of this Chapter) is not capable of forming bis-chelated species probably due

to its greater steric demands.

1.3.2 Dinuclear complexes of goldO> containing bridging bidentate phosphine ligands

This is the most abundant type of gold(I) complexes formed by bidentate phosphines.

According to the classification adopted so far, complexes of this type can be divided into

two main subcategories: neutral and cationic, and within these subcategories further

subdivided according to structural type . The various structural types possible are presented

in Scheme 1.10 (on the next page).

1.3.2.1 Neutral dinuclear complexes

These will be discussed according to the structural types illustrated in Scheme 1.10.

Complexes oftype I and II

The most common type of dinuclear neutral gold(I) complexes with bridging diphosphine

ligands is [Au2(I.l-PP)X2] (Type I), where I.l-PP is a bidentate phosphine and X is a

monodentate anion such as a halogen atom,7.70 an acetylide group28.71.72 or a thiolate

group. 73.74 These complexes received considerable attention during the late 1980's when

Mirabelli et al.75 prepared a large variety of compounds with the above formula and tested

their antitumour activity. It appeared that the dinuclear complexes (in particular those

containing the dppe ligand) showed much greater potenc y than their mononuclear

analogues.
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A large number of X-ray crystal structures have been reported for compounds of the type

[Au2(Il-PP)CI2]. In thes e molecules the gold(I) atom s are two-coordinate with the expected
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linear geometry. One of the first determinations was carried out by Schmidbaur et al.76 for

the complex containing dppm as a bridging ligand (Figure LIS).

\5 .
J \
\ ....,.("0 ~. Cl J- P

,.{ ' - p /

V} lC1
~

A~'{ if~?-
~ 2

~

Fig. LIS Molecular structure of [Au2(Il-dppm)Cb], 76

Structurally. the molecule did not exhibit any unusual features as both the P-Au-Cl angle.

Au-Cl and Au-P bond lengths fell within the normal range of values characteristic for two-- -
coordinate chlorogold(I) complexes with monodentate phosphines (175 .2[2] °. 2.288[1] and

2.238[1] A respectively ). The interaction between two gold atoms was not significant. as

their separation was as large as 3.351(2) A. a value believed to be consequent to the

adopted conformation of the dppm ligand in the solid state.

It should be noted here. that dinuclear gold(I) compounds. such as [Au2{1l

R2P(CH2)nPR2 ]X2] (where R = alkyl or aryl. n = 1-3 and X2 represents either two anionic

ligands or a bridging diphosphine ligand) present very good opportunity for the study of

gold-gold interactions. Short intermetallic contacts have generated much interest during the

past decade, especially as Au-Au contacts which are shorter than the sum of the Van der

Waals radii of two gold atoms (3.5 A) are indicative of weak attractive interactions. An

interesting physical property exhibited by most gold(I ) compounds with close Au-Au

contacts is the visible luminescence observed under DV excitation..n Not surprisingly. the

observed luminescence has been associated with the Au-Au interaction, which is thought

to cause metal-centred emission. However recent results74 altered this popular opinion and

demonstrated that a gold(I)-gold(I) interaction is not a necessary condition for

luminescence, though in many cases the direct correlation between the Au-Au distance and

emission wavelength can be found. 77
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Later studies revealed that in other chlorogold(I) complexes with higher homologues of

dppm (such as dppb and dppp) intramolecular Au-Au interactions were often absent.

However interactions between gold atoms in adjacent molecules (Au-Au distances from

3.04 to 3.32 A) were frequently observed to take place. thus yielding tetramers" or

polymer-like chains. 79-8 I On the other hand. intramolecular gold-gold contacts are

exhibited by complexes with ligands containing a rigid backbone with one or two carbon

atoms connecting the two phosphorus atoms. such as cis-l.2

bis(diphenylphosphino)ethylene.82 1.1'-bis(diphenylphosphino jcyclopropane'r' and [bis

(diphenylphosphino)methylene]trimethylphosphorane.84

The type II complexes [Au2(Il-PP )(Il-YY)] (H2YY = xanthine derivatives.f p-thiocresol or

L3-propanedithiof7) are prepared from the reaction of the corresponding type I complex

with the potassium or ammonium salt of the ligand.27.85 The success in preparation of these

complexes depends on the structure of both the phosphine and the other ligand so that

closure of metallamacrocycle ring can be achieved. Examples of such compounds are very

scarce and they can be considered as curiosities.

Complexes oftype III

Three-coordination in neutral dinuclear gold(I) complexes leads to quite unexpected

geometries. Thus. addition of an extra equivalent of the dppm ligand to [Au2(Il-dppm)Ch]

results in the formation of an 8-membered macrocyclic ring as well as shortening of the

gold-gold bond to 2.962(1) A in [Au2(Il-dppm)2Ch]. One chloride is associated with each

gold atom forming an Au-Au-Cl angle of 97.0(1)°. while the other forms a similar angle

but on the other side of the AU2P -+ planer" in this way aT-shaped geometry is adopted

around each gold atom (Figure 1.16).

~
SJ

C51

C52 •

\
Fil!. 1.16 Molecular structure of [Au2(Il-dppm)2Ch]. 86
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The dibromide compound was found to have a similar structure.Y However. the diiodide

analogue, [Au2(Il-dppm)2(Il-I)]I, is not neutral but rather adopts the cationic structural type

VIII (see Scheme 1.10).87 Presumably the change in coordination is associated with the

increased bulk of the iodide ligand.

The neutral three-coordinate complexes with two bridging phosphine ligands appear to be

relatively stable in both solution and the solid state. But addition of an excess of a non

coordinating counterion, such as PF6-, results in the loss of the halide ligand and the

formation of an ionic complex." The thermodynamic driving force for this reaction is a

more stable linear coordination around gold(I). There have been no reports of attempts to

react the above complexes with another non-phosphine bridging ligand in order to produce

triply-bridged neutral compounds.

1.3.2.2 Cationic dinuclear complexes

Dinuclear cationic gold(I) complexes with bridging diphosphine ligands can be both two

and three-coordinate in respect to the gold atoms.

Complexes oftype IV, Vand VI

The complexes of these three types have two-coordinate gold(I) atoms with either one or

two diphosphine molecules connecting the two metal centres (see Scheme 1.10). In the first

case - [AU2(Il-PP)L2f+ - the neutral ligands L normally contain nitrogen or suifur donor

atoms, forming a relatively labile bond with gold. Complexes of these type are generally

obtained from the corresponding type I complexes by first removing the halogen with a

silver salt of a non-coordinating anions followed by an in situ reaction with the non

phosphine ligands. As an example, complexes of the general formula [AU2(1l

dppe)(NH2Rh ] have been prepared in this manner.48

For the preparation of type V complexes, a single neutral bridging bidentate ligand is used

instead of two monodentate ones, while the general synthetic strategy remains the same as

for the type IV complexes. Burini et al.89 studied the reactions of "[AU2{1l

Ph2P(CH2)nPPh2}]2+" (n = 1-3) with asymmetric 11-1,3 (P,N or N,S) or symmetric 11- 1,5

ligands (N,N) such as thioimidazole and dipyrazole derivatives. They found that the

reactions successfully produce metallamacrocycles even with a large ring size (10 to 12

atoms), but only with N- or S-donor atom ligands. The presence of a phosphorus atom
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causes cleavage of dinuclear gold(I) ring compounds and results in a mixture of products.

Unfortunately. no crystal structures of this type of compounds have ever been published,

and most of information about them is obtained from 31p NMR studies.

The more conventional type VI complexes contain two equivalent bridging diphosphine

ligands and are consequently thermodynamically much more stable. Dissociation of the

diphosphine ligands from gold(I) in solution can be observed by means of 31p NMR

spectroscopy, but it is much slower than that for the corresponding mononuclear

complexes with monodentate phosphines. The metallamacrocycle can be prepared from

either a mono- or dinuclear neutral gold(l) precursor by addition of a certain amount of the

diphosphine ligand followed by metathesis of the anion - if required. Extensive research'"'

92 has been conducted regarding dinuclear ligand-bridged complexes of dppm. dppe . dppp

and their analogues (ring size 10-14 atoms) as most of these compounds show interesting

photoluminescent properties. An example of a crystal structure for one of the complexes 

[Au-Iu-dcpe)1](PF6)1 [dcpe = 1.2-bis(dicyclohexylphosphino)ethane] - is shown on Figure

1.17.93

Fig:. 1.17 ORTEP diagram of [Au-ru-dcpehf;..93 dcpe = 12-bis(dicyclohexylphosphino)

ethane.

A very pronounced feature of this structure is a strong: bonding: between the two gold
~ ~ ~

atoms - they seem to be pulled towards each other by this bonding as evidenced by a very

short Au-Au distance of 2.935(1) A. This causes the geometry around the gold atom to

deviate significantly from linearity, the P-Au-P' angle being equal to 160.6(1 )0. However
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the rest of the structure remains unaffected. e.g. the Au-P bond lengths of 2.314(2) A are

not very different to those in corresponding mononuclear complexes.

Not all diphosphines are capable of stabilising complexes of type VI. In spite of extensive

synthetic efforts using the ligands dppf'" and dpma [dpma = bis(diphenyl

phosphinomethyljphenylarsinej" it has not been possible to produce the desired

symmetrical ring compounds . The reason for this behaviour remains to be understood, as

even the dppb ligand is capable of stabilising 14-membered metallamacrocycles of gold(I)

in solution.43

Complexes oftype VII and VIII

These complexes contain two three-coordinate gold atoms bridged by either two or three

diphosphine ligands.

The inadvertently obtained [Au1(Il-dppmh(Il-I)][Au(CNh] complex provides an example

of the structural type VIII compound (see Scheme 1.10). where bridging of two gold atoms

is achieved through two diphosphine ligands and an iodide ion (Figure I.18).95

C(66)

Cl761

Fig. 1.18 Structure of the cation [Au1(Il-dppmh(Il-I)r.95

The crystal structure shows that the iodide asymmetrically bridges thetwo gold atoms with

Au-I distances of 3.161(3) and 3.342(3) A, the Au-Au-I angle being 73°. The geometry

around gold can be considered as nearly linear, as the P-Au-P angles at 170.0(1) and

171.3(1)° are quite close to 180°. The gold-gold separation of 3.16 A is typical for digold
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compounds containing two bridging diphosphine ligands. This cation retains its integrity in

solution as indicated by IH and 31p NMR spectroscopic data."

Interestingly, In the complexes [AU2 (Il-Ph2PC(=CH2)PPh2hClf and [AU2 {Il

PhzPC(CH2CHz)PPhzhClr.96.97 which are formally analogous to the just described

complex, the chloride ions were found to coordinate to only one of the two gold atoms.

The Au-Au-CI angles in these complexes are equal to 96 and 75° respectively, while in the

symmetrically bridged complex [Auz(Jl-dppmHJl-I)]I the corresponding angle is 66°.95

The coordinated chlorides interact only weakly with the gold atoms as shown by long Au

Cl distances ranging from 2.72 to 2.96 A. which is notably longer than 2.50 A in the

mononuclear three-coordinate complex [Au(Ph3P)zCI].98 Thus in spite of the general

formula similarity with [Auz(Jl"-dppm)z(Il-I)r. the above complexes cannot be considered

as type VIII complexes and should rather be considered as cases with mixed geometry

around two gold(l) atoms.

Complexes of the type VII ([AU2(1l-PP)3]z+} are generally prepared by addition of an extra

equivalent of the diphosphine ligand to the type VI complexes of dppm. dppe and their

analogues..:I3 These complexes are not always easy to crystallise from solution and

selection of the counterion often plays an important role in the successful determination of

the crystal structure. Figure I.l9 shows the structure of [Au2(Il-Me2PCH2PMez)3f"'"
. 99cation .

.....,
.J.J
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The complex is made up by two nearly trigonal planar gold atoms connected via P-C-P

bridges. The deviation from ideal trigonal geometry is small with the P-Au-P angles

ranging from 114.7 to 124.9° and what makes it nearly trigonal is that the Au-P distances

are nearly the same (average 2.358 A). The Au-Au interaction [Au-Au = 3.04(1) A] as well

as the presence of three strongly bonding bridging diphosphine ligands make this cation

very stable, so that it does not decompose in solution even after a considerable length of

time.

Che et al. 100.101 have prepared interesting examples of type VII complexes using 2.6

bis(diphenylphosphino)pyridine and 2.7-bis(diphenylphosphino)naphthyridine as the

bridging ligands. examples being {AU2[~-2.6-(Ph2P)2(C5H3N)h}(CIo.~hloO and [Au2[~

2,7-(Ph2Ph(C8~N2)h}(CIO~)2101 respectively. Both are large macrocyclic compounds

with nearly trigonal planar geometry around the gold atoms. but without intramolecular (or

intermolecular) metal-metal interactions. the intramolecular Au-Au distances in the

complexes being 4.87 and 7.20 A respectively. The large separation between two gold

atoms in both complexes provides cavities for small inorganic ions such as K~ .lol

Not surprisingly, larger diphosphine ligands such as dppf" and dcpe 102 are not able to

achieve a triply-bridged arrangement between the two gold atoms. The structure that

results in those two cases (structural type IX - see Scheme 1.10) is a combination of

bridging and chelation by the diphosphine ligands as illustrated in Figure 1.20.

Fill. 1.20 ORTEP view of the cation [{Au(dcpe)h(~-dcpe)f~. 1 02
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The geometry around the gold atoms is trigonal planar with slightly higher than expected

values for Au-P bond lengths - presumably the consequence of the steric constraints.

Again, no Au-Au interactions are observed.

1.3.3 Trinuclear complexes of golden containing bridging bidentate phosphine ligands

The first example of a trinuclear complex with a bidentate phosphine ligand was reported

in 1983 by Uson et al. 103 They prepared [C1Au(ll-dppm)Au(ll-dppm)AuCl]X (X = C104' or

[Au(C6Fs)3Cln from [Au2(Il-dppm)Cb] by carefully selecting conditions for step-by-step

substitution: e.g. for the perchlorate complex. one chloride ligand of the starting complex

was removed by using AgC104 and the reactive intermediate was treated consecutively

with equimolar amounts of dppm and [Au(tht)Cl]. Later studieslO-l.lOS showed that the

chloride species. [ClAu(ll-dppm)Au(ll-dppm)AuCl]Cl. exists in equilibrium in solution

with dinuclear dppm ligand-bridged gold(I) complexes. The trinuclear complexes with

perchlorate or tri(pentafluorophenyl)chloroaurate as counterions. can be characterised in

solution and. in addition. can be successfully isolated as solids. The chloride complex.

however. is less stable than its analogues and could not be characterised in solution. The

reason for the instability of the chloride complex in solution is believed to be the reaction

of the chloride anion with the trinuclear compound via the central gold atom. affording

[Au2(Il-dppm)ChJ and [Au2(Il-dppmhCh]. However precipitation with ethanol allowed the

crystallisation of the intact trinuclear species and the determination of its X-ray structure

(Figure 1.21).IOS

Fill. 1.21 ORTEP diagram of the cation [ClAu(ll-dppm)Au(ll-dppm)AuClr in [Cl.Auiu

dppm)Au(ll-dppm)AuCl] Cl.104
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The three gold atoms are in a V-shape arrangement with two short [3.076(1) A] and one

long [3.729(1) A] Au-Au distances. The values are comparable to the gold-gold distances

[3.067(5) and 3.164(5 ) A- the short distances and 3.676(5) A- the long distance] reported

by Uson l03 for the [CIAu(/l-dppm)AuC/l-dppm)AuCI][Au(C6Fs)3CI] complex. The bent

geometry is believed to arise from the incorporation of two empty p-orbitals on gold in the

Au-Au bonding . The two P-Au-Cl 'arms' are pointing toward opposite directions such that

further reaction with dppm to close up the triangle of gold atoms is unlikely.

Attempts to apply the method suitable for the preparation of the dppm-based trinuclear

complex using the dppe ligand were not successfuL as the target compound was formed

I . d 10'on y as a mmor pro uct. -

1.4 GOLD(I) COMPLEXES WITH TRIDENTATE PHOSPHINES

The coordination behaviour of tridentate phosphine ligands towards gold(l) has not been

extensively studied. There are several reports in the literature describing the coordination

modes of a few tridentate phosphine ligands to gold(l) , but they do not amount to a

systematic investigation of the subject. The coordination mode appears to be a function of

both the backbone structure of the ligand and the conditions of the synthesis, with the

former playing the major role. The examples of complexes characterised to date include

mono-, di- and trinuclear compounds .

1.4.1. Mononuclear complexes

The only known example of a mononuclear gold(I) complex of this type was reported by

Fackler et al. 106with the tripodal ligand tris{2-(diphenylphosphino)ethyl}amine (NP3). The

compound was obtained by reacting [Au(PPh3)CI] with TIPF6 in order to remove the

chloride counterion, followed by addition of one equivalent of the ligand. The outcome of

the reaction was not sensitive to the solvent, but to the nature of the starting material,

yielding a dinuclear compound under slightly different conditions. The compound is stable

in solution, producing a single peak in the 31P NMR spectrum, and it does not undergo

rearrangement into other species. The structure of the [Au(NP3)r cation is shown on

Figure 1.22.
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a40I _r-,..L ......

Fig. 1.22 ORTEP diagram of [Au(NP3)r cation. I06 NP3 = tris{2-(diphenylphosphino)

ethyl}amine.

The geometry around the gold centre is roughly trigonal planar. with the gold atom being

slightly removed from P(l)-P(2)-P(3) plane in a direction opposite to the nitrogen atom.

The Au-N distance is 2.683(6) A and is considered to be very weakly bonding. The Au-P

distances average at 2.356 A, which is very close to normal values for three-coordinate

gold complexes (2.384 A,54 average in [Au{PPh3hf ).

1.4.2 Dinuclear complexes .

The same authors 106 obtained a dinuclear gold(l) complex with the NP3 ligand. They used a

somewhat different reaction conditions: [Au(tht)Cl] as a starting material and an excess of

sodium salt for the removal of the chloride, while the gold/phosphine ratio was kept

unchanged at 1:1. The result was the dinuclear compound [AU2(NP3h](BP~h. This

compound is also stable in solution. but shows two separate singlets in the 31 p NMR

spectrum, indicating that two different sets of phosphorus atoms are present in that

molecule . Figure 1.23 illustrates the structure of this dinuclear complex.

Two of the phosphorus atoms of each ligand chelate to one gold atom. while the third

phosphorus atom bridges to the other metal centre, resulting in three-coordination around

both gold atoms. The geometry can be described as distorted trigonal planar, as one of the
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Fig. 1.23 ORTEP diagram of [AU2(NP3)3]2+ cation.l'" NP3 = tris{2-(diphenylphosphino)

'ethyl}amine.

Au-P bonds is longer than two others (2.399 vs. 2.364 A). No Au-Au interaction - either

intra- or intermolecular - has been observed for this compound. Unlike in the previously

discussed mononuclear complex with the NP3 ligand, there was no evidence of Au-N

bonding.

A similar example of the coordination mode described above was reported by Balch107

with the tetradentate phosphorus analogue of NP3, i.e. PP3. This ligand also causes the

formation of a dinuclear species in which one of the arms of the PP3 ligand functions as a

bridge and the other three phosphorus atoms chelate one of the gold centres. This results in

four-coordination (distorted tetrahedral geometry) at each gold atom.

1.4.3 Trinuclear complexes

1.4.3.1 Neutral complexes

The tripod-like ligands 1,l,l-tris(diphenylphosphino)methane (tpm)108 and 1,1,1

tris(diphenylphosphinomethyl)ethane (tdme)lo9 form the neutral species [(Il-tpm)(AuClh]

and [(Il-tdme)(AuCl)3] respectively upon reaction with a stoichiometric amount of a

chlorogold(I) precursor. The only unusual feature of the crystal structure of the second

molecule is the interaction between just two of the three gold atoms: two 'arms' of the

tripod molecule are crossed almost orthogonally, which brings the metal atoms into very

close proximity, the short Au-Au distance being 3.091 A. It appears that steric constraints
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imposed by the backbone of the tripod ligand prevent close approach between all three of

the gold atoms.

1.4.3.2 Cationic complexes

Che et al.110.111 have been successful in synthesising trinuclear gold(I) complexes where all

the gold atoms are involved in intramolecular bonding. They used bridging ligands such as

drnmp [drnmp = bis(dimethylphosphinomethyl)methylphosphine] and dpmp [dpmp =

bis(diphenylphosphinomethyl)phenylphosphine]. The cationic trinuclear compounds

[Au3(~-L)2]3+ (L = dpmp or dmmp) were obtained by reacting a chlorogold(I) precursor in

situ with one equivalent of the ligand followed by metathesis with a sodium/lithium salt. In

both complexes the gold atoms are two-coordinate, therefore providing a very stable

arrangement. This was confirmed by observation of only one species in solution. The

complexes have common features in their crystal structures, such as three linear P-Au-P

units held together by P-C-P bridges with comparable Au-Au distances (2.981[1] and

2.962[1] A in the dmmp complex.l'" and 3.0137[8] and 3.0049[8] A in the dpmp

complex'! I) . However they differed quite markedly in the Au-Au-Au angles, which were

found to be 167.21(2) and 136.26(4)° for the dpmp and dmmp complexes respectively. No

reasonable explanation for the observed differences has been proposed, especially taking

into account the fact that dpma - the ligand nearly identical to dpmp , the only difference

being the middle phosphorus substituted by an arsenic atom - forms a similar type of

complex [Au3C1)(Il-dpma)] ,94 with a Au-Au-Au angle as low as 110.9°.

A somewhat different arrangement of three P-Au-P units m a cationic complex was

reported by Che.
112

The tripodal ligand tpm (vide supra) forms an interesting compound

[Au3(~-tpmhCl]2+ with different coordination numbers for gold atoms. The crystal

structure of the compound is shown on Figure 1.24.

The complex has two distinctly different environments around the gold atoms : linear [PC 1)_

Au(l)-P(2) = 175.6(1)°] and T-shaped [P(3)-Au(2)-P(3') = 170.0(1)°, CI(l )-Au(2)-P(3) =

94.97(8) °]. The Au-CI interaction is quite strong, with the Au(2)-CI(l) contact of only

2.642(6) A being shorter than that in the similar bis(T-shaped) complex [Au2(1l

dppml-Cl-], i.e. 2.771(4) A.86
The three gold atoms are arranged in a nearly equilateral

triangle with the Au-Au-Au angles being around 60°; however the sides of the triangle ,
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which are adjacent to the Cl-Au bond. are slightly longer [Au(l )-Au(l') = 2.9220(8) A,

while Au(l)-Au(2) = 3.0889(8) A] as a result of the chloride coordination to Au(2).

. Cl]'+ . 11'Fig. 1.24 ORTEP diagram of [Auuu-tpm); - canon. -

1.5 OBJECTIVES OF THIS STUDY

The initial aim of this project was to synthesise varIOUS mono- and diphosphines

containing mono- and polythiophene structural units. For this study 2.2'-bithiophene and

22':5'.2"-terthiophene fragments were selected as polythiophene moieties and phosphine

substituents were introduced at position 2 of the thiophenes (Scheme 1.11). The class of

thienylphosphines described to date has been limited to 2- and 3

(diphenylphosphino)thiophenes and a handful of their derivatives. 113.1 14 Their chemistry

has been poorly studied and. furthermore, nothing is known regarding their coordination

behaviour towards gold(I). Thus. another aim of this project was to investigate the

coordination chemistry of mono- and polythiophene based phosphines with gold(I).

n= 0-2

SCHEME/]]
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During the course of this study it was discovered that several thiophene-based phosphines

and their gold(I) complexes - particularly the ones with a polythiophene fragment - were

poorly soluble. Also, numerous attempts to induce the suifur of a thiophene to coordinate

to the metal failed. Therefore, it was decided to extend the range of compounds studied and

to introduce substituents allowing for different solubility properties and an improved scope

of coordination behaviour. Thus, 2-pyridyl was substituted for 2-thienyl in 2,2'-bithiophene

and 2,2':5',2"-terthiophene fragments giving rise to the synthesis of four more new

phosphines. As expected, the introduction of a pyridine unit led to improved solubility as

well as increased possibilities for the ligands' coordination to gold(I).

Finally, the combination of thiophene , phosphine and gold(I) moieties III the same

molecule appears to have a biological potential: in the past decade considerable attention

has been drawn to the medicinal properties of gold(I)-phosphine complexes and,

independently, to the biological properties of thiophenes. Gold(I)-phosphine complexes are

known to be active against rheumatoid arthritis 1.115 and have potential as antitumour

drugs.75.116-1 19 Thiophene compounds have shown potential applications as neumatocidal,

pesticidal and insecticidal agents. Furthermore, a-linked bi- and terthiophenes have been

found to possess antiviral and cytotoxic properties.12O
-
122 To the best of our knowledge

there have been no attempts to combine the biological properties of gold(I) and

polythiophenes; however, we believe that this approach could produce biologically active

compounds as similar strategies employing gold(I) and a ligand with known antitumour

properties, such as 5-fluorouracil and 2-diphenylphosphinoethyl-methyl sulfoxide, were

successfully used recently by a number of workers. 17.123.124

With this in mind, a pilot study of the cytotoxic properties of the new thiophene-based

phosphines and their gold(I) complexes was initiated, where special emphasis was made on

correlating the properties of the parent polythiophenes with the toxicity of the final gold(I)

complexes. As the mechanism of cytotoxicity in bi- and terthiophenes is known to be

largely phototoxicity-based.V" the photochemical properties of a number of thiophene

based phosphines were briefly studied.
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CHAPTER TWO

LIGA....~D SYNTHESIS

11.1 INTRODUCTION TO GENERAL METHODS FOR PHOSPHINE SYNTHESIS

This introduction is focused on the most direct and general methods for synthesis of

tertiary phosphines. Primary and secondary phosphines often serve as precursors to tertiary

phosphines, so their preparation is included in the discussion where relevant.

The methods for tertiary phosphine synthesis can be divided into two main groups:

I) where the skeleton of the precursor molecule remains unchanged after the reaction, i.e.

no new C-P bonds are created and

2) where new C-P bonds are created as the result of the reaction.

The first group involves the reduction of P-O and P-S bond containing compounds of

phosphorus(V). Typically, phosphinic or phosphonic acid esters or chlorides , phosphine

oxides and sulfides are reduced with lithium aluminium hydride'" and trichlorosilane' r"

(see Scheme ILl).

(EtOhP-CH2--1)\·CH,-P(OEt)?
11 ~ -11 -
o 0

HSiCI3..

SCHEMEIl]
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The second, larger group contains five subgroups arranged on the basis of the mechanism

involved in the creation of the new P-C bond. These will now be described.

11.1.1 Addition of primary and secondary phosphines to unsaturated C-C bonds

The first method is extensively used in the preparation of bi- and polydentate phosphines.

AIBN-assisted (AIBN = azo-iso-butyronitrile) free radical catalysed addition of a P-H

bond to a carbon-carbon double bond affords a polymethylene-bridged phosphine which

may be symmetrical or asymmetrical (Scheme II.2):128.129

AlBN
RPH2 + R'2PCH=CH2 • RHPCH 2CH2PR'2
R = Ph, n-C6H 13

R' = Ph, n- Pr, n- Bu

SCHEMEII2

The addition can also proceed in the presence of a basic catalyst, such as t-BuOK. In this

case, however, the reaction cannot be stopped at the intermediate stage of the secondary

phosphine formation, but always proceeds to the tertiary product. 130

Very often this method is used in conjunction with the reduction of P-S and P-O bonds in

order to prepare ligands with particularly air-sensitive groups (see Scheme I1.3):131

t-BuOK
PhPH2 •

. LiAlli 4
PhP(CH2CH2~Me2)2 • PhP(CH2CH2PMe2h

S

SCHEMEII3

11.1.2. Nucleophilic substitution at the carbon atom bv metallated phosphines

The second method is extensively developed and studied, and is currently one of the most

widely used synthetic routes. The general reaction scheme is shown below (Scheme HA):
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The metal phosphides are normally prepared in situ by cleavage of a P-X bond (where X

can be H, Cl or Ar) with a metal or an organometallic compound and then reacted with a

R2PH ~BuLior
KOHIDMSO

R2POR'~

M R2PM + HaIR' --~. R2PR'

R2PCl --;?
R2PAr/

R R' = alkyl, aryl
M = u Na, K
Hal = CL Br, tosiJate

SCHEMEIl.4

variety of alkylating agents: alkyl halides or tosylates, allyl and benzyl halides, alkenyl and

acyl chlorides and also aromatic halides or sulfonates. Typical examples of these reactions

are given in Scheme II.5:

Reference:

* *2 Ph2PNa + CH,-CHR --~. CH.,-CHR
/ - \ / - \

TsO OTs Ph2P PPh2
Ts = P-S02C6H4CH3,
R = PhCH 20CH2, t-BuOCH 2 .

132

1'"1 '"1
.J.J

cis-ClCH=CHCl + 2 Ph 2PLi
134

DMSO
• 135

SCHEME 11.5
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Cl PPh2

~
Ph2PLi

~+ •
/- 136

N ~
~ ~

I
N~

~ N N~

S03K PPh2

1850 C. Bu"O
+ 2 Ph2PK

' -.
137

S03K PPh2

SCHEME If 5 (continued)

Alkali metal derivatives of phosphines are generally very reactive, so their use is limited to

substrates which do not contain nucleophile or base sensitive functional groups such as

aryl alkyl ethers, nitriles or keto-groups.

(Trimethylsilyl)diphenylphosphine is a much milder reagent and it can be used in a similar

way for the preparation of phosphines from acid chlorides.l " c-halocarbonyls'r" and u

chloronitriles.P" The chemistry of (trimethylstannyl)diphenylphosphine is very similar.

and the target phosphines with sensitive groups can be prepared under even milder

conditions in the presence of a palladium catalyst. The mechanism ofthe coupling reaction

is presented in Scheme II.6.
141

It includes formation of a zero-valent palladium complex,

oxidative addition of the haloaromatic substrate, transmetallation and reductive elimination

of the product.

This reaction cannot be classified as involving true nucleophilic attack by a metallated

phosphine on a carbon atom: it evidently has a more complex mechanism and takes place

only for aryl iodides and some bromides. 141 Nevertheless, it is discussed here as the

stoicheiometry of the overall reaction is as for the metallated phosphines, i. e. :

R2PM + R'X -- R2PR' + MX,

where M = Me3Si or Me3Sn, X = Br. I and R' = AI.
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L= PPh3
X = 1. Br

SCHEME 116

11.1.3 Nucleophilic substitution at the phosphorus atom by organometallic reagents

This is the oldest method used for the preparation of tertiary phosphines and involves

reaction between organometallic reagents and phosphine halides. Examples are presented

in Scheme H.7.

Reference :

74

M = Li: Ar = 2-pyridy~ 4-pyridy~ 2-furany~ 2-thienyl
M = MgBr: Ar = 4-FC 6H4, 4-CH30C6H4, 4-CH3SC6H4 etc.

1) Li

142

SCHEME 11. 7
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A significant number of heterocyclic phosphines have been prepared via this route: e.g.,

tris (2-pyrrolyl)phosphines,143 2,5-bis(diphenylphosphino)furan, 144 tris(2-methyl-3-thienyl)

phosphine,114 trisr z-pyridyl jphosphine." and tris (5-trimethylsilyl-2-thienyl)phosphine.1 46

The use of organolithium over the Grignard reagents is preferred when the synthesis of

sterically hindered phosphines is required. Organozinc compounds. on the other hand, are

used when selective and partial substitution is required (Scheme II.8 ).147

PhPCb + ArZnCI ---+ PhArPCI + ZnCb

SCHEMEII 8

Variations of the Grignard route have been explored. For example Richter et al. 148.149 have

studied the reactions of metal derivatives of conjugated pol yenes, such as butadienyl

magnesium or cyclooctatetraenyl magnesium with diphenylchlorophosphine. These

reactions selectively afford single products, viz I ,2-bis(diphenylphosphino)but-3-ene and

1,2-bis(diphenylphosphino)cycloocta-3,5,7-triene respectively, despite the fact that the

double bonds in the original organomagnesium compounds are delocalised.

Silyl compounds have also been employed as organometallic reagents for the synthesis of

phosphines (Scheme II.9), their use is limited however, as only substrates with very

reactive Si-C bond succeed in reactions with phosphine chlorides.

Reference:

150

R, R' = i-Pr, t-BlL Ph

151

y = 0 , S, N-CH3

SCHEMEII 9
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Phosphorus (Ill) esters can be good alternatives to phosphine halides for the preparation of

tertiary phosphines. For example, triphenylphosphite (PhO)3P is a common starting

material that is successfully employed for the synthesis of tris( cyclopropyl)phosphine. I 52

At low temperatures, alkoxy and aryloxy substituents at the phosphorus atom can serve as

protecting groups, which are replaced at higher temperatures (Scheme 1I.10): I 53

-780C

(EtOhPCI ~ (EtO)2PC===CCH3
LiCCCH 3

OOC
~

2 EtMgBr

SCHEME 11.10

11.1.4. Nucleophilic substitution bv phosphorus(1I1) compounds

This subgroup of synthetic methods is based on the high affinity of non-metallated

phosphines for electron-deficient centres - due to the lone electron pair on the phosphorus

atom. The nucleophilicity in the series primary, secondary and tertiary phosphine increases

with the increase of the number of organic substituents: PH3 < RPH2 < R2PH < R3P. As it

is with amines, alkylation of a primary phosphine is very difficult to stop at a partial

alkylation level, and a quaternary salt is normally formed as a result. The quaternary salt

can be converted to a tertiary phosphine by hydrolysis. During the hydrolytic procedure

one of the substituents is normally lost and a phosphine oxide is formed, which has to be

subsequently reduced to the corresponding pho~phine. Aromatic substituents and hydrogen

show a greater tendency to leave than alkyl groups. An example of an elegant synthesis of

an asymmetrical triphosphine via this route is presented in Scheme II.11.154

----. [Ph3P+~p+~PPh2]2I
Ph2

aqNaOH 0 0
--.~ 11/'0.... ............... 11/'0.... .... PPh,PlliP"" ~ ~P/ ~ -

- Ph
/'0.... »<. ............... .... PPh,

PlliP"" ~ ~P"" ~ -
- Ph

SCHElvfE If 11

11.1.5. Electrophilic substitution bv phosphorus(lll) compounds

This last group of methods involves reactions between electron-deficient phosphine

derivatives and electron-rich centres. It is based on the known ability of phosphorus to
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accommodate an extra pair of electrons on its empty 3d-orbital. The commonly used

electron-deficient compounds of phosphorus are chlorides and bromides , while aromatic

rings, double bonds and even heteroatoms (e.g . oxygen) fulfil the role of electron-rich

centres.

The reaction of mono-, di- and trihalogenated phosphines with aromatic and

heteroaromatic compounds under Friedel-Crafts conditions produces tertiary phosphines,

albeit as a mixture of isomers and, sometimes, together with subalkylated compounds.

Lewis acids such as ZnCh, AICl} and SnCl4 are normally used as catalysts for these

reactions. 155.156 In a recent report pyridine was used as a catalyst for the phosphorylation of

furan and thiophene (Scheme H.12).157

1~~y O--~
~ S PB~

O~ 1/2 PBr3' p~ (~
S.., S 2 PBr

1/.J PBr3,

~,py R\
<, «,».

SCHEME 11.12

An example of the synthesis where the chlorophosphine reacted with the substrate via a

heteroatom is shown in Scheme H.13.158

SCHEME!!13
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The above reaction sequence is also of note due to the characteristic rearrangement that the

. diphenylphosphite moiety undergoes, producing finally the diphenylphosphoryl fragment.

The synthetic methods listed so far are not exhaustive: there is still a number of phosphine

preparation schemes in the literature which do not formally fall under any of the described

methods, e.g. Scheme II.14:159

red P ..

n= 1-10
SCHEME II.14

To summarise , the choice of the synthetic strategy leading to a particular tertiary phosphine

is determined by the nature of the substituents which are to be incorporated in its structure.

For example, preparation of a trialkylphosphine normally involves the Grignard route,

while for a phosphine with n-electron-deficient heteroaromatic substituents the reaction of

a metallated phosphine with the corresponding heteroaromatic halide is more appropriate.

11.2 PREPARATION OF THIOPHENE-BASED PHOSPHINE LIGANDS

11.2.1 Preparation of monodentate phosphines with monothiophene units

Amongst tertiary phosphines containing a thiophene moiety, only monodentate phosphines

with one or more monothiophene substituents have been previously reported. These

phosphines normally have from one to three variously substituted monothiophene nuclei

linked to the phosphorus atom via the 2- or 3-position of the thiophene ring. They are fairly

well studied and their coordination behaviour with certain transition metals such as Rh.146

pd,1 60.161 Ni(II) ,162 CO(II)163 and pt I51.161.1 64 has been recorded.

During this work, three of the previously known monothiophene-based phosphines were

synthesised: namely, diphenyl(2-thienyl)phosphine (PS). phenyldi(2-thienyl)phosphine
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(PDS) and tris(2-thienyl)phosphine (PTS) . Their synthesis was undertaken with the

following intentions:

a) to develop a general method for the preparation and characterisation of tertiary

phosphines linked to thiophene units via the 2-position,

b) to provide synthetic intermediates for the preparation of more complex polythiophene

substituted phosphines,

c) to study the coordination behaviour of thiophene-based phosphines with gold(I) , using

the above compounds as easily available models.

11.2.1.1 Synthesis of diphenyl(2-thienyl)phosphine (PS), phenyldi(2-thienyl)phosphine

(PDS) and tris(2-thienyl)phosphine (PTS)

Tertiary phosphines with 2-thienyl substituents are usuall y prepared from lithium or

. derivati f h· h d hl h h d 143160161 16"imagnesIUm envatrves 0 t lOp ene an a c orop osp orus compoun s . . . .

(Scheme H.15). The reaction is normally a one-pot synthesis which invol ves the

preparation of an organometallic reagent followed by the addition of a phosphorus

compound, the mechanism of the last step being an ordinary nucleophilic substitution at

the P(IH) atom.

O--~ + Mg
S X

X = Br, I

o + n-BuLi

S

SCHElvlE If 15

The reaction is not very sensitive to the choice of the organometallic reagent and the yields

are normally good, 60 to 80% . 143.160.165

During this work the first method utilising a Grignard reagent was chosen as it offered the

advantage of convenience in the handling of the reactants: 2-bromothiophene is less

volatile and disagreeable in odour than thiophene itself, while Mg metal possesses less

working hazard in comparison to n-BuLi. In addition the Grignard method leads to
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selective metallation of the thiophene ring in only one position, while with the butyllithium

dimetallation can also occur.l'" with the formation of undesired by-products. Scheme II.16

shows the synthetic sequence used to obtain PS, PDS and PTS.

Q--Br Mg ~

ether

SCHEME 11.16

.s.:

PTS,32%

PDS,51%

PS, 72%

Various conditions were employed in order to optimise the yields of the target phosphines.

Both ether and THF were used as reaction solvents, and it was found that pure ether is

superior to THF as the former causes minimal decomposition of the organometallic

intermediate thus producing a purer final product. However, during the preparation of bulk

amounts of the phosphine pure ether has a disadvantage, in that it causes precipitation of

the inorganic by-product (MgBrCI) thus making efficient stirring very difficult. This leads

to local overheating and, consequently, partial decomposition and lower yield. In such

cases addition of 30% THF helps to minimise precipitation without compromising the

yield.

The effect of the temperature during the addition to the Grignard reagent step was also

studied. Diphenylchlorophosphine was allowed to react with 2-thienylmagnesium bromide

at -70, -20, ODC and at room temperature. The lowest temperature reaction proceeded

instantly but gave rise to a large amount of MgBrCl precipitate which, as noted above. is

detrimental to the yield. As expected, at room temperature the reaction mixture overheated

and significant discoloration was observed, with the yield being poor again. The reactions

carried out at -20 and ODC gave the best results with the latter temperature being selected

for preparative purposes due to experimental convenience. Changing the reaction times

(from 1 to 14 hours) hardly affects the yields, as the formation of the target phosphines was

-)
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essentially complete after the last drop of a chlorophosphine was added (as monitored by

31p NMR spectroscopy).

The procedures employed for the purification of the 2-thienyl substituted phosphines

included a combination of crystallisation and chromatographic techniques such as flash

column or centrifugal chromatography with a hexane-based eluent on a silica stationary

. . . 1· h d 143 160 1 6~ h· hId· ·11 .phase. This IS III contrast to iterature met 0 s, . . . W IC emp oy isti anon.

Distillation was found to be less suitable than the former two methods due to partial

oxidation of the phosphines by residual oxygen at the high temperatures.

As far as the yields are concerned, they become progressively lower with the introduction

of each subsequent 2-thienyl group into the phosphine moiety (Scheme II.16). This is

chiefly attributed to the physical properties of this class of phosphines: their melting points

decrease with an increase in the number of thiophene rings in the molecule , being 45-46 °

for PS, 29-30° for PDS and 25-26 °C for PTS. Substances with lower melting points are in

general more difficult to crystallise and hence present problems during the isolation step. It

should be noted here that the melting points of the PDS and PTS were determined for the

first time during this study. It is quite probable that other researchers did not isolate these

compounds in a crystalline and pure form.

With regard to the chemical properties of the PS, PDS and PTS, their relative lack of

reactivity towards oxygen is noteworthy, the majority of tertiary phosphines being very

prone to oxidation, especiall y in solution. The thiophene-based phosphines, however, are

not only stable for an indefinite periods of time in the solid state at room temperature (one

sample of PS was stored in air without appreciable deterioration for two years) , but can

also withstand mild heating for a limited period of time in non-deoxygenated solutions. On

the other hand , exposure to light (sunlight) causes gradual decomposition, being more

pronounced in the phosphines with the greater number of thiophene units. Therefore, PTS

had to be kept in the dark at all the times to prevent discoloration.

All three phosphines are white solids, with PS being of a crystalline nature and the other

two being rather amorphous. They are soluble in most organic solvents. such as ether,

benzene. THF, dichloromethane, chloroform and acetone . They are moderately soluble in

hydrocarbons and warm alcohols. though they precipitate out (very slowly' ) from chilled
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methanol solutions. In summary, the chemical properties of the three phosphines are very

similar in most respects.

11.2.1.2 Characterisation of PS, PDS and PTS

The purified phosphines were characterised by various spectroscopic techniques, such as

IH, 13Ce H} and 31p {IH}NMR (later referred to simply as l3C and 31p , respectively)

spectroscopy, IR spectroscopy and DV-vis spectroscopy as well as by means of mass

spectrometry. The results are presented in Tables Il.la and Il.I b.

Among the three kinds of nuclear magnetic resonance spectroscopies used, 31P NMR

spectroscopy gives the clearest indication of the phosphine structure. The signal for each

phosphine in the 31p NMR spectrum appears as a sharp singlet with a chemical shift in the

region characteristic for tertiary phosphines (-70<8<0 ppm) (Table Il.la). It can be noted

that substitution of each phenyl ring in triphenylphosphine with a 2-thienyl group leads to

progressive shielding of the phosphorus nucleus by approximately 13 ppm. (The chemical

shifts for PPh3 and its derivatives are commonly reported to be close to -6 ppm'? ').

Such large changes in chemical shifts upon substituting one organic residue by another are

believed to be the result of a combination of at least three factors : the electronegativity of

the substituent, the effects of n-bonding between the substituent and the phosphorus atom

and the bond angles at the phosphorus atom. Allen and Griffin164.167-169 demonstrated on

the basis of the evidence obtained from U'V-vis and IH NMR spectroscopic data that there

is very little 1t-bonding between a phenyl and/or a 2-thienyl group and the phosphorus

atom. The bond angles at the phosphorus substituted with either phenyl or 2-thienyl group

are not significantly different (see Tables 11.24, 1l.30 and 11.36 at the end of the

Experimental section of this Chapter). However, 2-thienyl groups are well-established as

being electron withdrawing relative to phenyl ones,165 thus the progressive shielding at the

phosphorus atom upon introduction of thienyl groups can be attributed to the strong

electronegative effect of the sulfur incorporated in the thiophene ring .

To the best of our knowledge, IH NMR spectra of PS and PDS have not been previously

reported . Jakobsen and Nielsenl70 have, however, carried out a detailed analysis of the IH

NMR spectrum of PTS. During this work, the assignment of the IH NMR signals due to
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Tnble ILia Nuclear magnetic resonance data for PS, PDS and PTS, as measured in CDCh

Compound s TIp, ppm

PS -19.90 (-19.3')

PDS -33.26 (-33.6')

I)TS -46.27 (-45.S')

s 10 , ppm

7.13 (ddd, 1 H, H III_,,), 7.35 (ddd, I H, H III-.1 ),

7.30-7.45 (111,10 H, Hph),

7.59 (dd, 1 H, HIII_S)

7.13 (ddd, 2 H, HTII_,,), 7.37 (ddd, 2 H, 1+111-.1 ),

7.30-7.45 (111, 5 H, Hl'h), 7.61 (dd, 2 H, HTh-s)

7.0S (ddd, 3 H, 1+111 ..1) ,

7.35 (ddd, 3 H, HIII_.1) , 7.56 (dd, 3 H, 1+111.5)

() DC, ppm

128.0 (d, C lh.,, ), 128.4 (d, Cl'h-.1), 128.8 (s, Cl'h-"), 132.0 (s, Glh-S) , 133.1

(d, Cl'h-2), 136.3 (d, GIII-.1), 137.8 (d, Cl'h-'), 138.0 (d, C III-2)

127.9 (d, C III_,, ), 128.3 (d, CI'II..1), 128.S (s, Cl'h-"), 131.9 (d, CI'II.2), 132.1

(s, CTII- S) , 136.2 (d, GIII..1), 138.4 (d, Gnd, 138.6 (d, CI'II.1)

127.9(d,Gn, ..d, 131.9(s,CTh_s), 135.4 (d,CTII..1), 138.S(d,GIII_2)

H1Jc(I~J ()II::~I~~
HTh-5 S I~

Ar Hph-2

VI
VI

Literature values are taken from the reference 164, as measured in dichloromethane

Q
~
~

~
~

Fig. 11.1 This is generally accepted numbering scheme for hydrogen atoms in the thiophene and benzene nuclei . The numbering of carbon atoms is ~
l::>
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Table II.lb Remaining spectroscopic data for PS, PDS and PTS

Vl
0\

Compound

PS

PDS

PTS

UV':

Am"" nm (I:, M-I'cm")

238 (1.2'104
)

240 ( 1.5') 04
) ,

270 (sh", 0.9'104
)

240 (J .8·! 04
) ,

270 (511", 1.1,10 4
)

IR":

v, cm"

490 (s), 694 (s), 716 (s), 741 (s), 750 (s), 849 (w),

991 (w), 1215 (w), 1400 (111),1433 (111),1475 (m)

492 (s), 575 (m), 708 (vs), 741 (s), 850 (w),

995 (w),1217(m), 1406 (m), 1433 (m)

496 (s), 577 (111), 704 (vs), 742 (m), 850 (m),

997 (m), 1217 (m), 1332 (w), 1406 (m)

GCMS:

m/z (molar mass, g-mol")

267.95 (268 .31)

273.95 (274.34)

279.80 (280.36)

.. UV measurements were carried out in dichloromethaue

IR data were obtained as KBr discs

shoulder on the main peak
9
~
~

~
~
t-o

o'Q '
s
l::l..

~
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the thiophene hydrogens was based on their assignment (see Table ILIa). The proton

signals of 7.32 and 7.48 ppm for HTh-3 and HTh-5, respectively, are deshielded in

comparison to those in thiophene itself (7.20 and 7.31 ppm, respectively). This is due to

the electronegative effect of the phosphine substituent. The chemical shift of HTh-4 (in

unsubstituted thiophene 8[HTh-3] = 8[HTh-4] = 7.20 ppm) remained essentially unaffected.

As expected, the phenyl proton signals appear as a non-resolvable multiplet. The three

protons of the thiophene units, on the other hand, represent a well-defined ABMX coupling

system with the phosphorus atom as the fourth nucleus. This is essentially a first-order

system and thus all coupling constants can be easily determined. The coupling constants

found in this work for all three phosphines as well as the literature values for PTS and its

phosphine oxide, PTS=O, 170 are summarised in Table 11.2.

Table 11.2 Absolute values for hydrogen-phosphorus coupling constants in thienyl rings of

2-thienylphosphines

Compound
PS PDS PTS PTSI70 PTS=OI70

J H-P, Hz

3
J H_P 4.93 4.88 5.85 6.17 8.01

4J
H_P 1.28 1.27 1.40 1.33 2.10

5
J H

_
P 0.00 0.00 0.00 0.19 4.63

It can be seen from the Table II.2 that the relevant coupling constants in all three

phosphines are very similar, the only exception being the larger 3JH-P value for PTS. Due to

the fact that the NMR spectrometer used in this study was not able to resolve any fine line

splitting below 0.5 Hz (see Appendix A), the magnitude of hydrogen-phosphorus coupling

through five bonds, 5JH-P, could not be determined and was recorded as zero. Within the

phosphine series the coupling constants were found to decrease in the order: 3J H-P > 4J H_P >

5J H-P• while in the phosphine oxide the order was somewhat different: 3J H-P > 5J H-P > 4J H_P•

with the absolute values for each constant being correspondingly greater than their

equivalent in the phosphine molecule. Thus, the interactions between hydrogen and

phosphorus nuclei appear to be weaker in phosphines than in the related phosphine oxide

and follow the expected trend of decreasing in magnitude with an increase in the number

of bonds between the nuclei.
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The assignments of peaks in the l3C NMR spectra of the three phosphines were made by

means of HETCOR and DEPT experiments as no relevant data were available in the

literature. Anal ysis of the spectrum for PTS as well as peak intensity considerations

allowed the separation of peaks due to the carbons in the 2-thienyl and phenyl rings . The

signals at the lowest field strengths are assigned to the quaternary carbons, CTh-2 and CPh-1

(for PS and PDS only). The chemical shifts of the carbons in the thiophene ring follow the

sequence b(3 > bC5 > bC4, while in the benzene ring bC -ipso> bC-o nho > bC -para > b C-met, which

correlate well with the data obtained by Jakobsen for 3-thienylphosphines and

triphenylphosphine.V' A comparison of the carbon-phosphorus coupling constants in the

three thienylphosphines and triphen ylphosphine is presented in Table II.3. The signs of the

coupling constants have not been determined as it exceeded the scope of this work, but

normally IJc_p is accepted to be negati ve, while 2Jc-P, 3Jc-p and 4Jc_p are positive. As in the

instance of IH NMR spectra, the magnitude of long-range 4Jc_p coupling constants could

not be determined due to the low resolving power of the instrument (vide supra) and were

recorded as zero.

Table 11.3 Absolute values for carbon-phosphorus coupling constants in 2-thienyl and

phenyl substituted phosphines

Compound
PPh3

171PS PDS PTS
Jc.p• Hz

IJTh' 20.8 2 1.6 20.0

~ .
26.4-JTh 28.6 26.7

3JTh' 8.1 8.2 8.8

-I •
0.0JTh 0.0 0.0

v-: 14.7 11.8 12.51

2Jph•• 19.4 20.4 19.65

v-: 6.4 6.9 6.80

-I ••
0.0J ph 0.0 0.33

refers to the coupling between a carbon of a thi ophene ring and phosphorus

refers to the coupling between a carbon of a benzene ring and phosphorus
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The DV-vis spectra of PS, PDS and PTS in dichloromethane look quite similar. exhibiting

broad bands between 220 (beginning of the scan) and 300 nm with maxima at around 240

nm. This spectra strongly resemble those of the parent aromatic compounds, benzene and

thiophene. Thus, the absorption bands exhibited by PS. PDS and PTS can be attributed to

n-1[* and n-x" electronic transitions in the aromatic rings . Interestingly, the spectra of the

individual phosphines can be distinguished from each other by the shoulder on the main

band at around 270 nm that becomes more pronounced as the thiophene 'fraction' in the

molecule increases.

The infrared spectra of PS, PDS and PTS recorded as KBr disks are not very informative.

This is expected as tertiary phosphines do not have characteristic absorption bands in the

IR region of the spectrum - unlike phosphine oxides, phosphinic or phosphonic acid esters .

The three spectra have common absorption bands at around 1400 ern" due to the P-Ph or

P-(2-Th) stretching frequencies as well as bands in the 'fingerprint' part of the spectra at

1215 cm" and below.

The GeMS data presented in Table 11.1 b does not call for a special comment as all

thienylphosphines gave the molecular ion fragment under the ionisation conditions

employed for their analysis. It should be noted, though, that during the fragmentation of

these phosphines upon the electron impact, the phenyl group breaks off much easier than

the 2-thienyl group. This conclusion is based on a comparison of intensities of P(Phf (m/z

= 108) vs. P(2-Thf peaks (m/z = 114) as well as (M-Pht vs. (M-[2-Th] t peaks for PS and

PDS: the first peaks in each of the two pairs are approximately 30% more intense than the

respective second ones .

In conclusion. the results of the detailed characterisation of the three phosphines. PS. PDS

and PTS, demonstrate that the NMR spectroscopic data (espec ially. IH and 31p) carry the

most significant information and allows one to unequivocall y establish the structures of the

individual phosphines. Mass-spectrometry and Uv-vis spectroscopy are instrumental in

confirming the structure of the molecule, while IR-spectroscopy appears to be of little use

for the characterisation of 2-thienylphosphines. For this reason , in the following chapters,

the discussion of the characterisation of the novel thiophene-based phosphines,

characterisation will focus on data from the most informative techniques.
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11.2.2 Preparation of new mono- and poIvdentate tertiary phosphines with

monothiophene units

11.2.2.1 Synthesis and characterisation of 2,5-bis(diphenylphosphino)thiophene (PSP)

Reference is made to the 2,5-bis(diphenylphosphino)thiophene (PSP) ligand in a 1986

paper by Brown et al.172 In this paper the coordination of PSP to silver(I) is compared to

that of 2,5-bis(diphenylphosphino)furan and trans-l ,2-bis(diphenylphosphino)

cyclopropane ligands. However no details for the synthesis of the PSP ligand are supplied

nor is any firm evidence for the existence of the ligand given, beyond the 31P chemical

shift for the silver(I) complex containing the PSP ligand. Therefore, a novel synthetic

procedure had to be designed in order to prepare the PSP ligand.

Several approaches were considered based on the known methods of phosphine synthesis

(Scheme II.17):

o + 2n-BuLi

S
(1)

SCHEMEII1 7

(3)

The first method is similar to that employed by Brown et al. for preparation of 2,5

bis(diphenylphosphino)furan: 144 i.e. dilithiation of the parent heterocycle with subsequent

quenching of the intermediate with diphenylchlorophosphine. The method proved to be

unsatisfactory not only due to the necessity of handling unpleasant starting materials, but

also due to the production of large amount of by-products , possibly as a result of cleavage

of the thiophene nucleus during metallation with an excess of BuLi.
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It was hoped that the second method would be more advantageous in comparison to the

first one - by analogy with the synthesis of PS . The method indeed provided the desired

diphosphine, PSP, but the yield was substantially lower (40%) than in the case of PS. One

problem is that it is difficult to selectively prepare the bis-Grignard reagent, as even harsh

conditions of boiling the dibromide in THF with excess of magnesium for 6 hours did not

bring the reaction to completion. Another is that the high temperature employed for the

preparation of the bis-Grignard reagent leads to some decomposition of the latter, as

evidenced by discoloration of the reaction mixture and a concomitant reduction in the total

yield of PSP. The poor solubility of the bis-Grignard reagent in a number of solvents

(ether, THF, benzene, toluene) also affects the yield negatively.

In order to avoid the unstable dimetallated Li- or BrMg-intennediates, the third method

was tested. Nucleophilic substitution of a bromo- or a chloro-group in an aromatic ring by

a phosphide ion is well known (see Section II.1.2 of this Chapter) and it has been used for

preparation of tertiary phosphines, such as polypyridylphosphines.l " Unlike pyridine,

thiophene is a n-electron rich heteroaromatic compound; nevertheless, it was anticipated

that the electron-withdrawing effect of the bromine atom will make the positions 2 and 5 of

the 2,5-dibromothiophene sufficiently susceptible to the attack by the phosphorus

containing nucleophile.

The analysis of the reaction products showed that although the attack did occur, the

outcome of the reaction was totally different from the anticipated: i.e., the only identified

phosphine formed was tetraphenyldiphosphine, Ph2PPPh2. The authenticity of this

compound was confirmed by comparing its 31p NMR and GCMS data with those of the

tetraphenyldiphosphine synthesised from Ph2PLi and Ph2PCI (8 = -14.9 ppm in C6D6. m/z

= 370 - M+).1 74 The possible mechanism of this transformation is presented below

(Scheme II.I8).

The formation of thiophene as a product of this reaction was confirmed by the IH NMR

spectrum of the organic fraction distilled from the reaction mixture, this being in full

agreement with the spectrum of the authentic materiaL
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It has been reported'f" that halogenated thiophenes undergo halogen-metal exchange in the

presence of n-BuLi even at -70°C. It seems to be likely that in this case Ph2PLi plays a

similar role to that of n-BuLi, causing bromine-lithium exchange at the thiophene nucleus.

The driving force behind the formation of such lithiated thiophene is the remarkable

stability of a 2-thienyl anion: the negative charge on the second carbon atom is effectively

delocalised by the electron-withdrawing nature of sulfur. The second product of this

undesired reaction, Ph2PBr, instantaneousl y reacts with the excess of Ph2PLi present in the

reaction mixture to form tetraphenyldiphosphine, thus preventing any reverse halogen

metal exchange from taking place.

Later in the course of this study. several attempts were made to react other brominated

thiophenes , such as 2-bromothiophene and 5,5'-dibromo-2,2'-bithiophene, with Ph2PLi. In

majority of the cases, the outcome was identical to that described above: i.e.

tetraphenyldiphosphine was the major phosphine product of the reaction. The only

exception was observed during the reaction of 2-bromo-5-(2-pyridyl)thiophene with

Ph2PLi, where the desired thienylphosphine was the major product. This case will be

described in detail in the Section 2.5.1 of this Chapter.

A different synthetic route was investigated in order to find the optimal preparation method

for PSP. It consisted of two steps, thus eliminating the necessity of formation of a

dimetallated species (Scheme II.19):

Q--Br
1) Mg 1) n-BuLi

•

SCHEME IJ1 9
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The reaction sequence afforded a much purer product than the previous methods.

The stoicheiometry of the second step was found to be crucial in ensuring the least possible

contamination of the desired phosphine with by-products. It became apparent that a BuLi :

PS ratio less than 1 resulted in insufficient metallation of PS, with the latter having to be

separated from the final product, thus reducing the total yield. Addition of an exact

stoicheiometric amount of BuLi to PS significantly improved the conversion of PS into

PSP. The reaction was monitored by means of 31p NMR spectroscopy, as PS and PSP

exhibit clearly distinct peaks in deuterochloroform solution at -19.9 and -18.8 pprn,

respectively. However, even at this ratio, there was still a noticeable amount of PS present.

It was assumed at first, that origin of this PS is the reaction of traces of water or acid

(present in the solvent) with the 5-lithiated PS. Interestingly, increasing the proportion of

BuLi (1.2 : 1 ratio) did not help to overcome the problem; on the contrary, it led to an

increase in the ratio of PS to PSP in the final product mixture.

This observation can be explained as being the result of the P-CTh cleavage in the starting

phosphine, taking into account the remarkable stability of 2-thienyl anion. In other words,

during metallation of PS with n-BuLi two lithiated species are formed: 2

(diphenylphosphino)-5-lithiothiophene (major) and 2-lithiothiophene (minor) . The reaction

of the former with diphenylchlorophosphine leads to the desired product, PSP, while the

latter reacts with diphenylchlorophosphine to afford PS, i.e. the starting material. This

analysis explains why PSP obtained through this last method is always going to be

contaminated with PS, although contamination can be minimised by selecting a BuLi : PS

ratio close to 1.

The cleavage of the P-C bond with alkali metals is not a new or rare phenomenon:

cleavage of triphenylphosphine with lithium metal has been extensively used in the past to

produce lithium diphenylphosphide.! " However, no reports could be found where the P-C

bond in a tertiary phosphine was cleaved by n-BuLi. It seems that the reason here lies in

the nature of the cleaved bond. It has been shown 176 that carbon-phosphorus bonds in

aromatic systems are much more susceptible to cleavage upon treatment with a base than

those in aliphatic systems. Amongst the aromatic systems, heterocyclic compounds, such

as furan and thiophene, are particularl y labile. For example, tris(2-thienyl)phosphine oxide

undergoes significant P-C cleavage upon heating with aqueous NaOH with the formation
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of a mixture of di-(2-thienyl)phosphinic acid and thiophene, while triphenylphosphine

oxide can withstand vigorous base treatment without any appreciable change. The greater

degree of cleavage in the former case is the reflection of the greater stability of the 2

thienyl anion (vide supra) in comparison with the phenyl anion .168.176 The observations

obtained during the preparation of PSP are entirely consistent with these findings, as no

product arising from a possible cleavage ofP-CPh bond has been detected in this work. Had

the phenyl anion formed it would have reacted with diphenylchlorophosphine producing

triphenylphosphine with an easily recognisable 3l p chemical shift of -6 ppm).

In practice, there is little advantage to using the method just described as compared to

Method 2 described above, the yields of PSP in both cases being about 40 %. The only

bonus to using the method in Scheme II.19 is the better quality of the reaction product.

Nevertheless, this has proved to be a significant factor insofar as the isolation of PSP is

concerned as it directly affects the ability ofthe phosphine to crystallise or even to solidify.

Although the melting point of this phosphine was found to be as high as 77°C, it normally

precipitates from solution as an amorphous thick white liquid. It took anything from 3 days

to 3 months at -20°C to crystallise different batches of PSP, with cleaner samples

solidifying quicker. It might be due to its poor solidifying properties, that PSP was not

fully described and characterised before.

Similar to the phosphines PS, PDS and PTS, PSP appears to be oxidation resistant and

does not require any special precautions during the work-up or even storage , proving to be

stable for at least a year in a powdered form at room temperature and in contact with air.

The same techniques were used to characterise the diphosphine as were for the first three

thienylphosphines, i.e. IH, I3C and 3l p NMR spectroscopy as well as U'V-vis and IR

spectroscopy; GC-mass spectrometry was also used. The data can be found in Tables IIAa

and IIAb.

Table II.4a NMR data for 2,5-bis(diphenylphosphino)thiophene, as measured in CDCh
s: 31p 13 I
U , ppm 0 C, ppm 0 H, ppm

-18.84

129.1 (d. CPh-3) , 129.6 (s. CPh-4 ). 133.7

(d, CPh-2) , 137.1 (dd, CTh-3) . 137.9 (d.

CPh_I ) . 145.6 (d. CTh-2)
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The assignments of the signals in the NMR spectra were done on the basis of the

established values for ps. The numbering scheme is the same as shown in Figure II.1.

Table IIAb Spectroscopic data for 2,5-bis( diphenylphosphino)thiophene

uv'. m ··: GeMS:

Amm nm (s, M-I'cm-I) v, cm" m/z (molar mass, g-mot' )

231 (3.0' 104
)

256 (br sh", 2.3'104
)

430 (5), 501 (vs), 534 (vs), 550 (5),558

(s), 694 (vs), 744 (vs), 820 (5), 966

(w ), 1003 (5), 1026 (5). 1090 (m) ,

1180(5),1203 (5), 1280 (w ), 1433 (s),

1475 (s), 1583 (m)

452.50 (452.49)

UV-vis measurements were carriedout in dichloromethane

IR data were obtained as KBr discs

shoulder on the main peak

The data in Tables IL4a and IIAb, taken together confirm that the structure of the new

phosphine corresponds to 2,5-bis(diphenylphosphino)thiophene. First of all, a singlet in the

3 1p NMR spectrum is indicative of single environment for the phosphorus atoms, the shift

value being characteristic for a diphenylphosphine substituted at the position 2 of a

thiophene ring [&(PS) = -19.9 ppm]. The large multiplet in the IH NMR spectrum between

7.29 and 7041 ppm is due to the hydrogens of the phenyl rings, while a poorly resolved

signal (a the limitation of the available NMR spectrometer) between 7.16 and 7.21 ppm

represents an AA'XX' system for the two chemically, but not magnetically equivalent,

hydrogens on the thiophene ring - these couple to both phosphorus nuclei with different

strength. The integration of these two sets of signals gave the expected 10 : 1 ratio. The 13C

NMR spectrum of the diphosphine is somewhat different from that of PS, the phosphine

structurally very close to PSP. The principal difference lies in the symmetrical nature of

PSP in relation to the thiophene nucleus, which results in coalescence of signals due to

CTh -S and CTh-2 as well as CTh-4 and CTh-3 (refer to Figure 11.1 for the numbering scheme).

The assignment of the signals is based on the assumption that the introduction of the

second diphenylphosphino substituent on the thiophene ring should not influence strongly

the chemical shifts of the carbons on the phenyl rings, as was indeed observed. and can be

easily seen by comparing the &CPh values of PS and PSP (Tables ILIa and IIAa). Coupling
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between the CTh-2 carbon and the phosphorus nucleus attached to the C Th-S carbon is

negligible, which results in the signal for CTh-2 (as well as that for the chemically

equivalent CTh-S) appearing as a doublet - due to coupling to the ipso-phosphorus only. At

the same time CTh-3 (and, likewise, CTh-4) couples to both phosphorus nuclei, affording a

doublet of doublets in the l3C NMR spectrum.

The mass-spectrometric analysis of the new diphosphine gave the expected molecular ion,

452, which ties well with the NMR data and confirms the proposed structure. On the other

hand, the DV and IR spectra were of little interest as they showed only general features

characteristic to thienylphosphines (similar to what was observed during characterisation

of PS, PDS and PTS) : i.e. one broad absorption band between 220 and 300 nm in the DV

region of the spectrum and several absorption bands in the 'fingerprint' section of the IR

region.

11.2.2.2 Synthesis and characterisation of polydentate phosphines phenylbis[(5

diphenylphosphino)-2-thienyl]phosphine (PDSP) and tris[(5-diphenylphosphino)-2

thienyI]phosphine (PTSP)

The synthetic route employed for the preparation of PSP via the monophosphine precursor ,

PS (see Scheme H.19), i.e. lithiation of the vacant position 5 of the thiophene ring followed

by quenching with diphenylchlorophosphine, appeared to show a potential as a general

method for preparation of a variety of phosphines . During the last step, the quenching

reagent diphenylchlorophosphine may be substituted for other chlorophosphorus

compounds , thus giving rise to previously unknown thiophene-based phosphines.

Dichlorophenylphosphine and phosphorus trichloride were chosen to react with the

metallated PS in order to produce the tri- and tetraphosphines PDSP and PTSP respectively

(Scheme H20), in a manner analogous to that used for the preparation of PDS and PTS.

The 31p NMR spectroscopic analysis of the products obtained via this method indicated

that a tridentate and a tetradentate phosphine each with non-equivalent phosphorus nuclei

had indeed formed. Evidenced for this was the appearance of signals due to the phosphorus

nuclei in the characteristic region of the 31P NMR spectrum and with the desired peak area

ratios (2:1 and 3:1 respectively).
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LiJ:)--PPh,

1/2 PhPCl2

PDSP

SCHEME 11.20

PTSP

However; neither of these reactions produced the desired compounds in pure form. Even

after rigorous purification, the elemental analysis of the products showed a lower

percentage carbon content to what was required according to the formulae, and 1H NMR

analysis showed higher thiophene /phenyl hydrogen ratios than the ones one would derive

theoretically for PDSP and PTSP.

All this indicated that PDSP and PTSP obtained via the above route must be contaminated

with compounds having very similar chemical and physical nature. As the relative number

of phenyl hydrogens was found to be slightly less than expected and the percentage carbon

lower, a hypothesis was put forward that the contaminants must have been phosphines with

a partial deficiency of diphenylphosphino groups. The occurrence of these by-products

could be the result of the side reaction between n-BuLi and diphenyl(2-thienyl)phosphine

described earlier, i.e. the cleavage of P-C bond between the phosphorus and the thiophene

ring. Scheme 11.21 illustrates the formation of plausible by-products during the attempted

synthesis of pure PTSP. Similar reaction sequences can be drawn to explain by-product

formation in the case ofPDSP.
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--O--~ + 1/3 PC13 --.. 1/3 P { n
S
~ PPh2)3

Li S PPlq ~c/--

PTSP

main reaction

Q--Li
11, minor

PC13 + I + 11

side-reaction

A

B

c

SCHEME Il2]

As can be seen from the Scheme 11.21 , the by-products A, B and C are indeed chemically

very close to the tetraphosphine PTSP. Furthermore, as a direct consequence of their

structures, the 31p NMR spectra of the by-products A, B and C will have the following

signals in common with PTSP : a peak at around -19 ppm due to the phosphorus atoms

bonded to two benzene and one thiophene unit ; and one at around -45 ppm due to the

phosphorus atoms bonded to three thiophene units. (Note that by-product C is in fact the

previously characterised phosphine PTS with a 31p chemical shift of -46.3 ppm.) A

thorough 31p NMR analysis of the "purified" PTSP showed the presence of several lines of

low intensity at around both -19 and -45 ppm, in addition to two major peaks at -18.62 and

-44.73 ppm due to the PTSP itself.

For compounds A, B and C the ratios of diphenylphosphino groups to thiophene units are

2:3, 1:3 and 0 respectively, i.e. less than the ratio of 1:1 for PTSP. This would lead to a

reduced ratio of phenyl to thienyl hydrogens in the lH NMR spectrum of PTSP. as well as

to an increased contribution of the thiophene's sulfur to the observed 'molecular mass' of

68



Chapter Two: Ligand Synthesis

the product, thus resulting in apparently lower values for the percentage of carbon in the

molecule. All this agrees well with the experimental results, strongly suggesting that

Scheme 11.21 is an accurate reflection of the by-product formation in this approach to the

synthesis of PTSP. Indeed, the formation of by-products with a lower content of

diphenylphosphino groups seems to be an intrinsic drawback of the chosen method which

could not be overcome by subsequent steps of purification. Therefore, in order to eliminate

the formation of contaminants, a different synthetic strategy had to be employed.

An obvious solution to the problem lies with a use of a base strong enough to abstract the

hydrogen at the 5-position of the thiophene unit, but too weak to cleave the P-C bond (a so

called non-nucleophilic base) . There are a number of examples of such bases in the

literature. Amongst them, lithium di(iso-propyl)amide (LDA) and the TMEDA (TMEDA =

tetramethylenediamine) complex of n-BuLi are most commonly used. The former was

chosen for our synthetic purposes as its reactions with various thiophenes are well

documented.177.178

The first step of the synthesis involved in situ formation of LDA from di(iso-propyl)amine

and n-BuLi at -78cC followed by addition of the starting phosphine, PS. After a time

period optimised at one hour, to ensure clean formation of the lithiated species, the mixture

was treated with PCi) and worked up as before . This preparation proved successful with

PTSP being obtained in sufficiently pure form and in 45% yield. The ratio of phenyl to

thienyl hydrogens in the molecule obtained from the IH NMR spectrum was found to

correspond to the desired value of 5:1, while no 'satellite' peaks were observed in the 3 \P

NMR spectrum near the two major peaks in the region of -19 and -45 ppm. The

microanalysis of the compound also gave a result very close to the expected values;

however, although being within the accepted limits , the carbon content was still slightly

lower than required. Perhaps, even under much milder conditions (LDA instead of n-BuLi )

some P-C cleavage still takes place. Thus, though this method gives satisfactory results,

further attempts were made to improve on the outcome of the synthesis.

The alternative approach adopted recognises that there is a better solution to the problem of

introducing a metal substituent in the 5-position of the PS molecule. Specifically, the

introduction of a bromomagnesium substituent in the 5-position of the thienyl ring via a

Grignard reaction should not lead to P-C bond cleavage: magnesium is much less reacti ve
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than the alkali metals and their organometallic compounds . It has been shown elsewhere

that magnesium is not even capable of cleaving the P-P bond in Ph2PPPh2174 which is

definitely weaker than a P-C bond.

In order to prepare the desired Grignard reagent , the corresponding halothienylphosphine

must be obtained first.

XMg--f)--PPh, ->
x = Br, I

It proved to be experimentally easier to prepare the bromo derivative rather then the iodo

one - due to the generally poorer stability of iodothiophenes. The synthesis and

characterisation of diphenyl(5-bromo-2-thienyl)phosphine (PSBr) will be discussed in the

next section of this Chapter (Section 2.3).

After the successful preparation of PSBr it became possible to carry out the synthesis of

PDSP through a Grignard route (Scheme 11.22).

SCHEMEII22

The first step in the reaction proceeded smoothly in refluxing THF forming an insoluble

dark oil of the phosphine-containing Grignard reagent. After cooling to 10°C (as further

cooling leads to solidification of the oil) the organometallic compound was quenched with

dichlorophenylphosphine producing the desired triphosphine. Carrying out a reaction at a

temperature considerably higher than zero is not ideal. However, the negative impact on

the yield appears to be less pronounced than the alternative of removing the THF and

redissolving the Grignard reagent in a more appropriate solvent (e.g., benzene). For this

reason the reaction sequence was conducted as one-pot-synthesis in a single solvent.
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The formation of a small amount of PS was detected during the work-up of the reaction

mixture using a combination of GC-mass spectrometric and 31p NMR spectroscopic

methods. However no other impurities of the type observed before (see Scheme n .21) were

found. Thus, the appearance of PS must have been the consequence of an ordinary

quenching of the Grignard reagent with small amounts of moisture in the solvent. The by

product was easily separated from the PDSP by column chromatography on silica.

The microanalysis and IH NMR spectroscopy of the product PDSP after the final

purification step confirmed that no contaminants involving a partial loss of

diphenylphosphino groups were present . This, together with the reasonably good yield of

60%, makes this method of using a bromomagnesium derivative a very good alternative to

the previous one, where the lithiated precursor was employed. However this method has

the disadvantage of being laborious, relying on the preparation and careful purification of

at least one phosphine as the starting material (PSBr and possibly PS).

In spite of the high molecular weight of the newly synthesised triphosphine, PDSP, all

attempts at crystallising the material failed. No amount of purification or 'precipitation'

from different solvents or freezing to -25°C achieved the formation of even an amorphous

solid form of the phosphine. On the other hand, PTSP precipitates out easily from cold

alcohols and acetone solution as a microcrystalline solid. The spectroscopic properties of

PDSP and PTSP are summarised in Tables IL5a and n.5b. The stability towards oxidation

ofPDSP and PTSP is as good as that of the other thienylphosphines.

The 31P NMR spectra of each of the two phosphines consist of two singlets with unequal

intensities . The intensity ratio for the PDSP molecule is 2:1 for the peaks at -18.68 and

-32.17 ppm, respectivel y. Based on the intensities and on the chemical environment of the

two phosphorus nuclei, the former peak was assigned to the phosphorus atom attached to

two phenyl and one thiophene rings, Ps, while the latter - to the phosphorus atom attached

to two thiophene and one phenyl rings, PA. (The atom labelling scheme for these two

phosphines is given in Figure 11.2.) Similarly, in the PTSP molecule , the peak at ,..18.62

ppm was assigned to the phosphorus atom attached to two phenyl and one thiophene rings

(Ps), while the one at -44.73 ppm was assigned to the phosphorus bonded to three

thiophene units (PA) . The values of the Ps chemical shifts (around -18.6 ppm) in both

PDSP and PTSP molecules are close to those for phosphorus nuclei in PS and other
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diphenylphosphines with a 2-thienyl substituents which will be discussed later in this

Chapter (-18 to -19 ppm). There is also a good correlation between the values for PA

. chemical shifts in PDSP and PTSP with those for the respective phosphorus atoms in PDS

and PTS ligands: i.e. -32.17 and -33.26 ppm for PDSP/PDS pair and -44.73 and -46.27

ppm for the PTSP/PTS pair. It is interesting to note that inspite of large differences in the

31P NMR chemical shifts for PA and Ps of both PDSP and PTSP, no detectable coupling

could be observed between them. This is unexpected as two phosphorus nuclei are known

to couple through as many as 6 bonds, while in this case there are only 5 (no interaction is

transmitted via a heteroatom such as S). Originally it was attributed to thermal broadening

of the signal at ambient temperature . But even after lowering the temperature to -50°C

(eDC!] solution) the signals did not resolve. The reason behind this behaviour is not

. understood. The literature on the subject is extremely scarce: known examples of

interacting phosphorus nuclei concern primarily aliphatic polyphosphines rather than

heterocyclic ones. It is very likely, though, that the coupling cannot be observed simply

due to its low value, which is not detectable by an instrument running at only 32 MHz (in

respect to the phosphorus nuclei ).

The 1H NMR spectra of the two phosphines strongly resemble that of the PSP. First, a set

of peaks appear consistent with the presence of an ABXY system due to the hydrogens

HTh-3 and HTh-4 on the thiophene rings. These hydrogens are non-equivalent, couple to each

other and to the both phosphorus nuclei attached to the thiophene unit. Second, a large

multiplet due to phenyl protons is visible . The ratio of the integrated intensities of the

thienyl to the phenyl protons corresponds to the expected values of 4:25 and l:5 for PDSP

and PTSP respectively. It was difficult to assign individual signals due to HTh-3 and HTh-4 as

no NMR method could help to identify these protons. So, a tentative assignment was made

based on the observation that in going from PSP to PTSP the thiophene hydrogen signals

shift slightly upfield, which is probably caused by an increasing electron-withdrawing

effect of a phosphorus attached to several thiophene units. Thus, hydrogens closest to the

phosphorus with the highest number of thiophene rings (PA) should have the lower value of

the chemical shift. This is analogous to what was observed for bromo-substituted

phosphine PSBr (vide infra).
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Tnble I1.5n NMR data for PDSP and PTSP, as measured in CDCh

Compound ()31p, ppm () DC, ppm () IH, ppm

-.j
u)

PDSP

PTSP

-18.68 (s, PIl ) ,

-32.17 (s , ptJ

(2 : I intensity ratio)

-18 .62 (s, PIl ) ,

-44.73 (s, P,,)

(3 : I intensity ratio)

128.4 (d, C ph'.)), 128.5 (d, C ph.)), 129.0 (s, Cph .,l),

129.1 (s, C ph',,,), 133.1 (d, C ph-2) , 133.2 (d, C ph'.2) ,

136.2 (d, C ph.,), 136.4 (dd, G l h.,,) , 136.7 (d, Cph'.I),

137.0(dd,Cl h_1) , 144.8(d,Gl h_S) ' 145.1 (d, G l h-2)

128.5 (d, C ph-1) , 130.0 (s, Cph .,I), 133.2 (d, C ph.2) ,

135.9 (del, C rh-,, ) , 136.3 (d, C ph.I), 137.0 (dd, C l h-) ) ,

144.9 (d, C'h.S), 145.4 (d, Gild

Hph'-4

7.14-7.27 (m, ABXY system; 4 H, I-hh.) +

I-hh-,,) , 7.28-7.4\ (m , 25 H, Hph)

7.10-7,16 (m, part of ABXY system; 3 H,

\-I'h-1), 7.21-7.27 (m, part of ABXY system; 3

H, H l h.,,) , 7.28-7.41 (m , 301-1 , I-Iph)

Hph'-3

Hph-4

HTh-3

HTI1-4--<-" 'S K/'.PB H. // OPh-2
1-ITh-3 -

Ph2Pg HTh-4 ~ /;

Fig . 11.2 This is the numbering scheme for the thiophene and benzene nuclei in the molecule of PDSP (the carbon atoms are given the same

number as the hydrogens they are attached to). Likewise, numeration starts from the central Pi\ atom in the molecule of PTSP.
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Table II.5b Mass-spectrornetric, UV-vis and IR spectroscopic data far PDSP and PTSP

uv":------ -- IR":

--J
4::>.

Compound

PDSP

PTSP

#.m"" nm (I:, M-I'cm- I
)

230 (3.2'104
) ,

251 (sh", 2.6'10\

295 ( 1.8,1 04
)

229 (3.2" 0\

252 (2.7'10"),

302 (2.0'10 4
)

-Iv, cm

50 I (111),519 (111),536 (111),551 (111),696 (vs) , 742 (s), 813

(111),964 (w), 1002 (111), 1026 (w), 1068 (vw), 1089 (w),

1203 (111),1284 (w), 1325 (w), 1414 (w), 1435 (s), 1479

(w)

505 (111),528 (111), 561 (s), 582 (w), 696 (vs), 746 (s), 813

(111),966 (vw), 100J (m), 1024 (111), J 070 (w), 1091 (111),

1205 (111),1284 (w), 1325 (w), 1410 (w), 1433 (s), 1477

(w)

MS (direct injection):

m/z (molar mass, g-mol")

642.40 (642.69)

833.40 (832.89)

LJ V-vis measurements were carried out in dichloromethane

IR data were obtained as KBr discs

shoulder 011 the 111ai11 peak
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Once the assignment of hydrogen atoms was complete, the assignment of the carbon atoms

in both PDSP and PTSP was done on the basis of HETCOR two-dimensional and DEPT

experiments. Unlike the IH NMR spectra, the two l3C NMR spectra are distinctly different

due to the presence of a unique phenyl group attached to PAin the molecule of PDSP. The

signals due to the carbon atoms of this group are seen as shoulders, or barely resolved

shadow peaks, of signals due to the carbon atoms of the phenyl rings attached to Ps .

The use of mass-spectrometry for the characterisation of these two polyphosphines proved

to be critical because of the ambiguity of the NMR data, i.e. it was necessary to confirm

that the compounds obtained were not mixtures showing accidentally correct spectral

patterns, but were the whole target molecules. The molecular ion values (see Table II.5b)

have provided a proof that PDSP and PTSP have indeed been synthesised. The

fragmentation pattern of these molecules under electron impact conditions included

characteristic consecutive loss of diphenylphosphino (M = 185) and (diphenyl

phosphino)thienyl groups (M = 267) as well as a phenyl group in case of PDSP, further

confirming the proposed structures.

Although, as before, the IR spectroscopic data did not yield any important information and

was very similar to that obtained for the other four phosphines studied so far, the UV-vis

spectra recorded for PDSP and PTSP revealed some interesting features. Both spectra now

have a second absorption maximum at ± 300 nm and a pronounced shoulder at ± 252 nm

(the latter can even be considered as a shallow peak for PTSP) which distinguish them

from those of the previously characterised phosphines PS, PSP. PDS and PTS.

11.2.2.3 Synthesis and characterisation of the mono phosphine precursor, diphenyl(5

bromo-2-thienyl)phosphine (pSBr)

Diphenyl(5-bromo-2-thienyl)phosphine (PSBr) is a novel compound and thus it was

necessary to develop an efficient synthetic route to this compound. Two possible reaction

sequences were considered (see Scheme II.23 on the next page):

Both methods were found to possess certain advantages and disadvantages. The first

method makes use of the commercially available starting materials, 2,5-dibromothiophene,

Mg and Ph2PCl. The second requires the initial synthesis of PS from 2-bromothiophene

and BuLi or LDA. Though the yield of the latter reaction is good (70%) it does demand
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.is.:
2)

O--
~ 1) n- BuLi or LD~

PPh, 2) BrlTHF, -780
S - Br~PPh'

SCHEMEII23

extra preparative time. On the other hand, the second method was found to give a cleaner

reaction mixture, which resulted in a shorter purification time and a slightly higher yield

(45 vs. 40%). A minor side reaction was observed while preparing PSBr according to the

second method, i.e. the formation of oxidised phosphines, as determined by 31p NMR

spectroscopy: several small peaks appeared in the 20-25 ppm region, characteristic of

oxidised tertiary phosphines. This was confirmed by GCMS measurements. The latter

method also allowed identification of two of the impurities according to their molecular

masses i.e., diphenyl(2-thienyl)phosphine oxide and diphenyl(5-bromo-2-thienyl)

phosphine oxide. The presence of these phosphine oxides did not affect the outcome of the

purification step as they were retained on the silica during column chromatography of the

product mixture. Finally note that there was neither loss of selectivity nor isomer formation

during the bromination step employed in the second method for the preparation of PSBr.

The products obtained VIa both methods were shown to be identical, as proved by

application of a combination of GC-mass spectrornetric, microanalytical, IH and 31p NMR

and UV-vis spectroscopic techniques. However, the first method was given preference as

the preparative technique for PSBr - mainly due to the easy availability of large quantities

of the starting materials for bulk synthesis.

The choice of solvent and temperature is critical to the success of the first step in the first

method for the synthesis of PSBr (Scheme II.23). Thus, this reaction is carried out in a

relatively dilute and refluxing diethyl ether solution to prevent formation of dimagnesium

species. Using THF as a solvent or a concentrated ether solution led to an increase in

temperature above 40°C, allowing the formation of the bis(Grignard) reagent thus

generating by-products and decreasing the final yield.
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Introduction of a bromine substituent in the 5-position of the thiophene ring of the

thienylphosphine PS, results in significant changes to the physical properties. The

phosphine PSBr appears to be much more polar than PS, being readily soluble in methanol

and insoluble in hexane, in contrast to the behaviour of parent molecule . The melting point

increases to 69°C and the ability to crystallise - as opposed to formation of an amorphous

substance - is significantly improved. However , the ability to resist oxidation by

atmospheric oxygen is common to both PS and PSBr.

The spectroscopic data for PSBr are given in Tables II.6a and II.6b.

Table 1I.6a NMR data for diphenyl(5-bromo-2-thienyl)phosphine, as measured in CDCl3

b 3 l p , ppm b 13C, ppm b IH, ppm

-17.88

118.2 (d, CTh-S), 128.6 (d, CPh-3), 129.1 (s, CPh-t),

131.0 (d, CTh-t), 131.8 (d. CTh-2) , 133.0 (d, CPh.2) ,

136.9 (d, CTb -3 ) , 137.2 (d, CPh_l )

7.03-7.18 (ABX system , 2

7.32-7.44 (m, 10 H. Hph)

Table II.6b Spectroscopic data for diphenyl(5-bromo-2-thienyl)phosphine

UVO: mOo: GCMS:

232 (1.25'104
) ,

252 (sh", 1.17'104
)

-Iv, cm

490 (s), 503 (vs) , 532 (m), 551 (m),

565 (m), 694 (vs) , 741 (s) , 804 (s), 949

(m), 999 (m), 1026 (w), 1066 (w) ,

1087 (w) , 1120(w), 1201 (m), 1404

(m), 1433 (m), 1473 (m)

m/z (molar mass, g-mol")

345.85 and 347.85 , d

(347.2)

UV measurements were carried out in dichloromethane

IR data were obtained as KBr discs

shoulder on the main peak

The 31P chemical shift for the phosphorus atom in PSBr is located noticeably downfield

(by about 2 ppm) to that recorded for PS (-19.90 ppm). This is due to the electron

withdrawing effect of the bromo-substituent in the position-5 of the thiophene ring.

However the resonance is still in a region characteristic of a phosphorus atom to which two

phenyl and one thienyl substituents are attached.
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As can be seen from Table II.6a, the two thiophene hydrogens give rise to a pattern

comprising a doublet of doublets of equal intensity. This is indicative of an ABX system in

which the hydrogens couple strongly to each other and to the phosphorus nucleus , the

logical conclusion being that the thiophene ring is substituted in the positions 2 and 5. The

introduction of the bromine atom significantly influences the IH and l3C chemical shifts of

the nuclei of the thiophene ring: the signals for both H Th-3 and HTh-4 in the PSBr molecule

become deshielded (by approximately 0.2 ppm), when compared to the corresponding

signals in PS, as do the signals due to CTh-4 and CTh-3 in the l3C NMR spectrum. At the

same time the signal due to CTh-S (the carbon attached to the bromine) moved upfield by as

much as 14 ppm and CTh-2 - by 6 ppm. The phenyl ring resonances remain essentially

unaffected. The low l3C chemical shift value for the CTh-S nucleus (118.2 ppm) is not out of

range as has been proved on a number of occasions during this work through the synthesis

and characterisation of various 5-bromo-substituted thiophenes. Thus, for 5,5'-dibromo

2,2'-bithiophene 8(CTh-S) = 111.3, for 2-(5'-bromo-2'-thienyl)pyridine 8(CTh-S) = 115.0 and

for 5-bromo-2,2':5 ',2"-terthiophene 8(CTh-S) = 111.0 ppm.

The mass-spectrum of the phosphine yielded the expected molecular ion doublet due to the

two isotopes of bromine, 79Br and 81Br. The loss of bromine led to a fragment at 267.05

(equivalent to M[PS]-I), with the rest of fragmentation pattern being very similar to that of

the PS. Although the U'V-vis and IR spectra of the PSBr show certain characteristic

features , they largely resemble those of PS.

II.2.2.4 Attempted synthesis of bis(5-diphenylphosphino-2-thienyl)methane

The particular characteristic of the new polydentate phosphines synthesised so far, PSP,

PDSP and PTSP, is the rigidity of their structure, as the backbone connecting two adjacent

phosphorus atoms in all these molecules is a heterocyclic ring (thiophene). This implies

that they possess limited coordination abilities in complexes with metals, i.e. they are not

likely to form chelates. In order to overcome this limitation and to create a more flexible

polydentate thienylphosphine, synthesis of bis(5-diphenylphosphino-2-thienyl)methane

(PSCSP) was undertaken.

PSCSP
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As can be seen from the above structure, the diphosphine contains two thiophene units

each substituted with a diphenylphosphino group in position-5. The two rings are separated

by a methylene group which allows for a greater degree of flexibility within the molecule.

The selection of the methylene group (as opposed to ethylene or 1,3-propylene, for

example) as a spacer between the thiophene rings was made with a view to

a) keeping the distance between the phosphorus atoms to a minimum and

b) ensuring that the preparation of a suitable precursor is feasible.

Originally it was envisaged that the synthesis would involve the preparation of the dibromo

compound, bis(5-bromo-2-thienyl)methane, and its subsequent conversion to the

diphosphine. The preparation of bis(5-bromo-2-thienyl)methane is well documentedl79.180

and was easily reproduced during this work, albeit with some minor modifications (see

Appendix A).

The next step of the traditional route from a bromothiophene to a diphenylphosphino

thiophene involved conversion into a Grignard reagent . After several attempts it was

established that introduction of magnesium into the C-Br bond of this molecule requires

considerable effort and could only be achieved with a use of an entrainer, such as ethyl

bromide. The reaction was carried out in ether, but after the formation of the Grignard

reagent was complete, the latter was redissolved III dry benzene and

dipheny1chlorophosphine added in the usual manner. After the hydrolytic work-up the

mixture was subjected to mass-spectrometric analysis. This showed the presence of several

compounds containing a diphenylphosphino group: (5-bromo-2-thienyl)(5

diphenylphosphino-2-thienyl)methane (m/z = 442.35 and 444.45 - doublet, M\

(5-diphenylphosphino-2-thienyl)(2-thienyl)methane (m/z = 363.75, M+), ethyldiphenyl

phosphine (m/z = 214.25, M+), diphenylphosphine (m/z = 185.85, M+) as well as the

desired product, PSCSP (m/z = 547.75, M+). The 3l p NMR spectroscopic analysis

confirmed the mass-spectrornetric results by showing several peaks at ea. -18 ppm (the

region characteristic of diphenylthienylphosphines), as well as peaks at ea. -40 ppm

(Ph2PH) and ea. -16 ppm (the region characteristic of alkyldiphenylphosphines, as the fact

confirmed by running the 31p NMR spectrum of n-BuPPh2) . Although PSCSP was the

major product of this reaction, all attempts to separate the components of this complex

mixture proved fruitless: neither crystallisation from different solvents, nor
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chromatography on silica gel with various mobile phases led to isolation of the target

phosphine in its pure form.

The failure of the traditional Grignard route prompted a different approach which was to

use a dilithium rather than a di(bromomagnesium) species as the synthetic precursor

(Scheme 11.24).

2 n-BuLi
•

-4QO

SCHEMEII24

The addition of n-BuLi to the dibromo compound was carried out at -40°C in order to

minimise side reactions, in particular the abstraction of a proton from the methylene group,

as the hydrogens of this methylene group are quite acidic due to the presence of two

electron-withdrawing thiophene rings . The dilithium species formed in this reaction were

successfully quenched with diphenylchlorophosphine. After the work-up of the reaction

mixture, the mass-spectrometric analysis (together with 31p NMR spectroscopy) revealed

the presence of the following compounds: (butyl)(2-thienyl)(5-diphenylphosphino-2

thienyl)methane (m/z = 420.65 , M +), (5-diphenylphosphino-2-thienyl)(2-thienyl)methane

(m/z = 363.75, M+), diphenyl(2-thienyl)phosphine (m/z = 268.05 , M-'-), {bis(2-thienyl)}

(butyl)methane (m/z = 236.30, M +), bis(2-thienyl)methane (m/z = 179.80, M +) and the

desired product PSCSP (m/z = 547.75 , M+), the latter being present in the largest amount.

Chromatography of the mixture on silica with hexane/ether 1:1 as eluent enabled the

removal of the minor impurities while , after extraction with hot hexane , only bis(5

diphenylphosphino-2-thienyl)methane (PSCSP) and (5-diphenylphosphino-2-thienyl)(2

thienyl)methane remained. However these two compounds could not be successfully

separated by chromatography or other means .

The formation of the unsymmetrical by-products, (5-diphenylphosphino-2-thienyl)(2

thienyl)methane and butyl(2-thienyl)(5-diphenylphosphino-2-thienyl)methane, can be

attributed to partial hydrolysis of the dilithiated species by residual moisture in the solvent

or diphenylchlorophosphine. This moisture is very difficult to eliminate completely,

especially from the latter chemical. Likewise, bis(2-thienyl)methane must have been
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formed as the result of hydrolysis. The combination of 31p NMR spectroscopy and GC

Mass spectrometry does not allow one to determine the position at which a butyl

substituent was introduced into the molecules of butyl(2-thienyl)(5-diphenylphosphino-2

thienyl)methane and {bis(2-thienyl)}(butyl)methane. However, it seems logical to propose

that substitution occurred at the methylene part of the molecule, given that butyl

substitution did not occur during any other reaction of a brominated thiophene with n-BuLi

(at least not in this work!). A plausible mechanism is shown in the Scheme 11.35 below.

n n n- BuLi,exce;s . n -O----~ -: 2 BuBr + BuH

Br~S/-CH0s/--Br LI~s/--ir S LI

IiJ:)--yWf)---Ii
Bu

SCHEMEIJ35

Thus , both methods of conversion of bis(5-bromo-2-thienyl)methane into the desired

diphosphine, PSCSP, through dimetallated intermediates proved to be unsatisfactory.

At this point it was decided to change the strategy and to react bis(5-bromo-2

thienyl)methane with a phosphinating reagent. Quite expectedly, the reaction between the

dibromo compound and lithium diphenylphosphide yielded tetraphenyldiphosphine as the

major product due to bromine-lithium exchange (see Section 2.2.1 of this Chapter).

Therefore, alternative diphenylphosphino reagents were tested.

The Pd-catalysed reaction between a bromothiophene and (trimethylsilyl)- or

(trimethylstannyl)diphenylphosphine introduced by Stille et al.,141 was described in the

introduction to this chapter. Both diphenylphosphino compounds are much milder reagents

than lithium diphenylphosphide. As the first compound was less toxic and easier to prepare

than the second, it was tried first in the reaction with bis(5-bromo-2-thienyl)methane. The
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reaction was carried out in dry oxygen-free refluxing toluene with Pd(CH3CN)2Cb as the

catalyst. A sample of the mixture was analysed every 24 hours. A peak due to a

thienylphosphine e1p NMR cS = ± -19 ppm) only appeared after 48 hours. At the end of

120 hours, the conversion of (trimethylsilyl)diphenylphosphine e1p NMR cS = -58 ppm)

still did not reach 30%. At this point the reaction was abandoned, as the reaction time was

not practically viable.

Due to the high toxicity of (trimethylstannyl)diphenylphosphine and its synthetic

precursor, Me3SnCI, a tributyl derivative was prepared instead. (Tributylstannyl)

diphenylphosphine was reacted with bis(5-bromo-2-thienyl)methane in dry oxygen-free

refluxing toluene with Pd(PPh3hCh as a catalyst. Analysis of the reaction mixture after 36

hours showed that conversion of (tributylstannyl)diphenylphosphine e1p NMR cS = -56

ppm) was not greater than 65-70%. After refluxing for 24 more hours the reaction was

complete. The work-up of the mixture afforded a very dark tarry residue. Attempts to

purify it using column chromatography proved unsuccessful. No compound could be

isolated from the mixture.

The failure of the Pd-catalysed reaction led to another change in synthetic approach. It was

decided to introduce diphenylphosphino substituents on the thiophene moieties first and

then join the two units with a methylene bridge. The reaction shown in Scheme II.36 was

carried out in order to achieve the desired product (a similar reaction is used for

preparation ofbis{ 5-bromo-2-thienyl}methane). 180

SCHEME 1136

Unfortunately , this reaction also did not afford the target compound. This is due to

protonation of the phosphino groups in the highly acidic reaction medium, evidence for

this being a shift in the 31 P chemical shift for PS to ± 40 ppm. In view of the protonated

molecule being positively charged aromatic electrophilic substitution becomes impossible.

No thiophene compound containing a methylene bridge could be isolated after basification

of the reaction mixture.
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In order to protect the phosphine group from protonation, the phosphine was converted into

the corresponding phosphine sulfide with the intention of reducing the latter back to the

phosphine after the final step of the reaction. Preparation of the phosphine sulfide was

easily achieved by refluxing PS with powdered sulfur in toluene for 2 hours. However, the

phosphine sulfide proved to be completely unreactive towards bis(methoxy)methane

(Scheme 11.36); again probably due to the strong electron-withdrawing effect of the

diphenylthiophosphoryl group and the consequent inhibition of electrophilic substitution

on the thiophene ring.

No further attempts were made to synthesise PSCSP.

11.2.3 Preparation of the mono- and bidentate phosphines with polythiophene units

No examples of mono- or polydentate phosphines containing a polythiophene moiety have

been reported in the literature to date. Although some of the phosphines described in the

preceding Chapters do contain two or more thiophene rings in their structure e.g., PIS and

PDSP, the thiophene rings are separated from each other by a phosphorus atom. In the

strictest sense , polythiophenes contain thiophene units directly linked to each other.

Of particular interest here are polythiophenes with two and three thiophene rings joined

through the a-position, as they are known to be biologically active, exhibiting phototoxic

activity against nematodes, larvae and eggs of insects, bacteria. algae, certain viruses and

fun . 181 18? Th f di h 1 h hi bstigi. . - e our target ip eny p osp mo su stituted compounds based on these

polythiophenes are shown below (Scheme II.37).

PSS

PSSP

PSSS

PSSSP

SCHEMEIJ3 7
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Chapter Two: Ligand Synthesis

11.2.3.1 Synthesis and characterisation of 5,5'-bis(diphenylphosphino)-2,2'-bithiophe

ne (PSSP)

In order to prepare the target compounds, the already well-established route via metallated

thiophenes and diphenylchlorophosphine was considered.

Lithiation of the bithiophene, SS, with 2 molar equivalents of n-BuLi under mild

conditions can be carried out in either ether or THF, yielding 5,5'-dilithio-2,2'-bithiophene

- the ideal precursor for PSSP. The starting material for the reaction, SS is easily prepared

from 2-bromothiophene according to the method by Kumada et al. 183 (see Appendix A).

The full reaction sequence for the synthesis ofPSSP is shown below (Scheme 11.38).

O-~ +
S Br

(J-- N~dppp)C~

S MgBr

P~P Li

\: n-BuLi

~ Li

SCHEMElJ38

The amount of n-BuLi used for dimetallation of the bithiopherie during the second step was

optimised during this study. It was found that using 2 or slightly fewer equivalents of the

reagent results in incomplete formation of 5,5'-dilithio-2,2'-bithiophene. Use of 2.5 or more

equivalents results not only in metallation at the 2-positions of the bithiophene, but in other

positions as well. The latter fact was confirmed by treating SS with approximately 3

equivalents of n-BuLi. After a period of 4 hours , the reaction mixture was treated with

excess diphenylchlorophosphine and analysed using 31p NMR spectroscopy. The analysis

showed the presence of not only a signal due to a 2-thienyl substituted phosphine (<5 =

± -19 ppm), but also unidentified peaks at -23, -27 and -35 ppm. After the normal work up,

the crude reaction mixture was analysed using mass-spectrometry. A compound(s) with a

molecular mass of 718.4 was found amongst the products together with the target

phosphine, PSSP. The former corresponds to a bithiophene with 3 diphenylphosphino

groups.
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In this way it was established that use of 2.2 molar equivalents of n-BuLi achieves

complete lithiation of bithiophene at positions-5 and -5' without noticeable contamination

by polymetallated species. After quenching the reaction mixture with the corresponding

amount of diphenylchlorophosphine (2.2 molar equivalents) and a traditional work up,

pure PSSP was obtained in 62% yield.

Purification of PSSP did not prove to be difficult , as the compound is highly crystalline

and stable (oxidation resistant); moreover it is easily purified by recrystallisation from

chloroform and methanol. The diphosphine has limited solubility, dissolving mostly in

chlorinated solvents and benzene and precipitating easily from alcohols, acetone and

saturated hydrocarbons. Off-white crystals of PSSP grew spontaneously from a semi

saturated chloroform solution left standing in air. They appeared to be of good quality and

were successfully used for collecting X-ray data and determination of the compound's

crystal structure (vide infra).

The IH, l3e and 31 p NMR data as well as the results of UV-vis and IR spectroscopies and

mass-spectrometric measurements for PSSP are given in Tables H.7a and II.7b

respectively.

Table 1I.7a NMR data for 5,5'-bis(diphenylphosphino)-2,2'-bithiophene , as measured in

CDCh

o31p, ppm

-18.75 (5)

s 13C, ppm

124.8 (d, Cll,-3) , 128.5 (d, CPh-3) , 129.0 (5, CPh-4),

133.0 (d, CPh-2) , 137.3 (d, CTh-4), 137.6 (d, CPh_I) ,

137.8 (d, e Thos ) , 143.4 (5, CTh-2)

7.11-7.2 2 (ABX system; 4

H, HTh-3 + HTh-4),

7.29-7.44 (m, 20 H, Hph)

HTh-3

1~h-2
!J P CJlHph-3

HTh-4 Hph-4

Fig. H.3 Numbering scheme for hydrogen atoms in the PSSP molecule
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Table II.7b Spectroscopic data for 5,5'-bis(diphenylphosphino)-2,2'-bithiophene

trv'. m'·: MS (direct injection):

Amm nm (s, M-I·cm-I) v, cm" m/z (molar mass, g-mol")

230 (1.9·10\

350 (1.95.104
)

486 (s), 499 (s), 514 (s), 551 (w), 571

(w), 696 (vs), 741 (vs), 798 (vs), 875

(m), 918 (w), 988 (s), 1026 (w), 1068

(w) , 1073 (w) , 1092 (m), 1198 (m) ,

1271 (w), 1308 (w), 1429 (m), 1435

(s), 1477 (m)

534.20 (534.61)

DV-vis measurements were carried out in dichloromethane

IR data were obtained as KBr discs

The 31p NMR spectrum of PSSP displays a singlet which is expected due to the

symmetrical nature of the diphosphine. The chemical shift of -18.75 ppm is in the region

characteristic of diphenyl(2-thienyl) phosphines.

As the molecule of PSSP is centrosymmetric, it consists of two chemically and

magnetically equivalent halves. The atoms in the molecule can be relatively easily

assigned to signals in both the IH and l3C NMR spectra. Half a PSSP molecule is nearly

the same as a PS molecule; however, the NMR spectra of PSSP and PS do differ to some

extent. Apart from the expected absence of a signal due to the hydrogen in the 2-position

of the thiophene in the IH NMR spectrum of PSSP , there are other differences in the

spectrum of this compound. In particular the signals due to HTh-3 and HTh-4 are shifted

slightly upfield, compared to those in PS, which is most likely a consequence of the

electron-withdrawing effect of the sulfur (through 4 and 5 bonds) in the neighbouring

thiophene ring.

I'
The "C NMR spectrum ofPSSP resembles that of both PS and the parent heterocycle, SS.

For example, the "inner" CTh.2 and CTh-3 atoms in PSSP (8 = 137.8 and 124.8 ppm,

respectively) have chemical shifts very similar to those for the same carbon atoms in SS (8

= 137.3 and 123.6 ppm for CTh-2 and CTh-3, respectively). The only significant difference is

the splitting of the CTh-3 signal in the 13C NMR spectrum of PSSP , due to coupling to the

phosphorous nucleus through 4 bonds . As far as the "outer" carbons, CTh-4 and C
Th

-
S

, are
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concerned , they have chemical shifts and splitting patterns very similar to those for the

equivalent carbons in PS (see Table ILl a).

On the other hand, the electronic absorption (U'V-vis) spectrum of a dichloromethane

solution of PSSP is markedly different from those recorded for both PS and SS. The

spectrum has 2 pronounced absorption maxima at 230 and 350 nm, while PS exhibits only

a single broad peak at 230 nm, and SS two peaks at 247 and 305 nm. In particular, the

introduction of two diphenylphosphino groups in the 5- and 5'-position of the 2,2'

bithiophene molecule has led to a bathochromic shift in the long wavelength absorption

band from 305 to 350 nm. This band is normally assigned to a 1[-1[* transition, the

position of which being previously shown to be affected by the presence of substituents on

the bithiophene molecule .184 These authorsl'" demonstrated that the stepwise introduction

of bromine atoms in the 5- and 5'-positions of SS leads to bathochromic shifts in the

absorption maxima from 302 to 309 nm and from 309 to 321 nm (these data were obtained

in chloroform solution). The electronic properties of diphenylphosphino group are

somewhat similar to those exhibited by bromine in that it can be mildly electron

withdrawing (-1 effect), while possessing a +M effect due to the lone pair on the

phosphorus atom. The bathochromic shift is therefore expected. The IR and mass spectra

for PSSP show no unusual features and are not discussed .

The most informative part of the characterisation of the diphosphine, PSSP, comes from

the X-ray analysis of its crystals. Figure HA gives a perspective view of the ligand and also

shows the atom labelling scheme. Tables II.23 and H.24 in the Experimental section list the

interatomic distances and angles respectively. The PSSP molecules exist as discrete entities

in the crystal , there being no non-bonded contact distances less than the sum of the van der

Waals radii for the two atoms concerned. The geometry of the molecule includes a centre

of symmetry which lies at the centre of the C(4)-C(4)* bond. As a consequence, the ligand

adopts a planar transoid arrangement, which correlates well with the reported

conformation of the parent heterocycle, SS, in the solid state.185 In solution, however, the

conformation is known to change, as proved by Veracini et al. 186 for 2,2'-bithiophene and

its 5,5'-disubstituted derivatives. Both trans- and cis- conformers coexist in solution, with

the former being more stable and thus. predominant. It is expected that PSSP will follow

the same trend in solution.
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Chapter Two: Ligand Synthesis

The geometry around the phosphorus atom (only one half of the molecule is considered

due to its inherent symmetry) is pyramidal, with the C-P-C angles being between 101.6(1)

and 103.5(1)° and with the phenyl rings adopting orientations such that their planes are at

dihedral angles of 77.3° [C(5) to C(10)] and 105.7° [C(1l) to C(16)] to that of the

thiophene ring. Remaining bonds and angles in the PSSP molecule are as expected (see

Tables 11.23 and 11.24).

It is interesting to note , that the torsion angles [S(1)-C(1)-P(1)-C(5)] and [S(1)-C(l )-P(l)

C(ll)] are 42.5(2) and 63.9(2)° respectively, implying that the phenyl rings on the

phosphorus are turned towards the sulfur. This in turn indicates that the lone pair on the

phosphorus atom in PSSP faces the direction opposite to that of the sulfur in the adjacent

thiophene. As there are no reported crystal structures of free 2-thienylphosphine ligands in

the literature, this finding can best be compared to the molecular structure of 6

diphenylphosphino-2,2'-bipyridine187 as the only example of a diphenylphosphino group

substituted in the a-position of a binuclear heterocycle. The analysis of the crystal structure

of the latter compound shows that the lone pair on the phosphorus is turned towards the

nitrogen of the adjacent pyridine ring. The exact opposite is true for the thienylphosphine

PSSP, however: here the lone pair of the phosphorus points in the opposite direction to that

of the sulfur. This comparison tends to suggest that the direction of the phosphorus lone

pair is the direct result of the steric interaction with the lone pair on the heteroatom.

11.2.3.2 Synthesis and characterisation of diphenyl[5-(2,2'-bithienyl)]phosphine (PSS)

The introduction of a single diphenylphosphino substituent in the a-position of the 2,2'

bithiophene molecule proved to be substantially more difficult than the preparation of the

disubstituted compound, PSSP. Monolithiation of the parent heterocycle, SS, has been

d ib d i h 1· 188189 H 11 .escn e m t e iterature."": owever, a attempts to obtam PSS selectively following

lithiation of the SS with 1 or fewer mole equivalents of n-BuLi or LDA, and subsequent

quenching of the mixture with diphenylchlorophosphine, proved fruitless . Use of different

temperatures and a range of solvents such as hexane , ether and THF did not help. The final

result was always an inseparable mixture ofPSS, PSSP and SS.

The next strategy applied to the synthesis of PSS was the Grignard route . This required the

prior synthesis of a suitable precursor, viz. 5-bromo-2,2'-bithiophene. When followed, most
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177190 I" h d th· dId tof the literature procedures· c aiming to ave prepare IS compound, e 0

formation of the disubstituted product in considerable amounts as well (Scheme II.39).

o--o
~ S Br2inAcO~ 1

or
S ~!J NBS in CHCl3/AcOH S

BrSS

Br + Br

BrSSBr

Br

n+
Br~s/--Br

n Pd(dppb)C~

~s/--MgBr lliF

SCHEME 11.39

BrSS + BrSSBr + SS

Even the very effective method of selective monobromination of oligothiophenes

developed by Bauerle and Effenberger' Y involving low temperature bromination with

NBS in dimethylformamide in the absence of light , yielded noticeable amounts of the

dibrominated by-product when applied to SS. The alternative procedure'Y recommended

by the Beilstein Reference Handbook guarantees the selective formation of the

monobrominated compound, BrSS, but involves five intermediate low-yielding steps

making it a tedious and an unattractive method.

Due to the lack of success in the synthesis of 5-bromo-2,2'-bithiophene, the decision was

made to change the halogen substituent on the SS moiety from bromine to iodine. In fact,

5-iodo-2,2'-bithiophene (ISS) has been previously synthesised either by iodination of 2,2'

bithiophenyl-c-yl-mercuric chloride in chloroform.l'" or according to the Curtis' method"

i .e., 2,2'-bithiophenyl-5-carboxylic acid methyl ester is treated with iodine and then NaOH

and finally reacted with Hg(OAc)2 in acetic acid to give ISS. Although it avoids formation

of by-products, the second method is tedious and, moreover, results in a low total yield.

The yield of the first method is about 42%, which is normally quite acceptable. However it

was decided to improve on this method, especially as it was found to be very time

consuming (approximately 4-5 days were required to obtain 5-iodo-2,2'-bithiophene from

SS). The method designed during the course of this work is roughly based on the method

used for the selective monobromination of thiophene by a mixture of concentrated HBr and

KEr03 in a two-phase solution.l'" Although the above method failed to produce
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uncontaminated 5-bromo-2,2'-bithiophene, it was possible to obtain pure 5-iodo-2 ,2'

bithiophene (rSS) in 56% yield using h in acetic acid instead of HBr, and Hr03 instead of

KBr03. The reaction sequence between the components is shown in Scheme IIAO.

5
CCl41H20

+ 2 12 + iliO 3 • 5

SCHEME 11. 40

This method provided not only a significant improvement in the yield (56 vs. 42%), but has

also significantly reduced the time required for the synthesis, making it possible to obtain

5-iodo-2,2'-bithiophene within one day.

After the successful preparation of the iodo compound, the Grignard route to the target

phosphine, PSS , was followed in a usual manner. The 5-iodo-2,2'-bithiophene was treated

with magnesium in dry THF followed by reaction with diphenylchlorophosphine. The

mixture obtained after the hydrolytic work up contained mostly PSS and SS, as established

by GCMS analysis. The mixture was subjected to gradient elution on a silica column,

which produced yellow oil. This oil solidified only after standing under methanol at -200

for 3 months. The final yield ofPSS prepared according to this method was only 24%. The

reason behind such a low reaction yield is not certain. A poor ability of PSS (unlike that of

PSSP!) to solidify is most likely one of the reasons, while the tendency of ISS to

decompose is responsible for the formation of by-products.

The low yield of the target phosphine prepared via the Grignard reaction led to attempts to

create a more efficient route for the synthesis of PSS. A promising approach, which was

selected for this purpose, utilised a Ni-catalysed cross-coupling reaction (Scheme II.41).

25%

SCHEME 11. 41
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The above reaction belongs to the same class of Ni-catalysed reactions as the ones reported

by Kumada 183 as well as other authors l95 which are used for the coupling of various

heterocycles , including 2,2'-bithiophene and 2,2':5',2"-terthiophene. The only advantage it

seems to offer in comparison to the Grignard route is the cutting of a number of steps

between commercially available chemicals and the target phosphine: 2,5

dibromothiophene-s-l'Slsr-vl'S'S as opposed to 2-bromothiophene---+SS---+ISS---+PSS. The

combined yield of PSS via the first sequence is very similar to that attained via the second

route Cl 0% and 11 %, respectively).

It is interesting to note, that 'swapping polarities', i.e. exchanging the bromo and

bromomagnesium substituents on the reagents in Scheme HAl leads to different reaction

products. While the mixture obtained as the result of the original reaction contained more

PSS together with some PSSP, SS and residual PSBr; SS, PSSP as well as PS were the

major products of the reaction between 2-bromothiophene and 5-diphenylphosphino-2

thienyl-magnesium bromide (Scheme H.42).

O-~ + --O--~
S MgBr Br S PPh2

-,
--O--~ +

BrMg S PPh2 Q--Br

PSS + PSSP + SS

SCHEMEII42

One feasible explanation which can be offered is that metal-halogen exchange takes place

in either solution, as we observe apparent homo-coupling in both cases. However in the

case of the second reaction, the exchange must go to a much larger extent, providing more

of the compounds which can participate in cross-coupling reactions with 2

bromothiophene and 5-diphenylphosphino-2-thienyl-magnesium bromide . As the stability

of the metallated thiophene is attributed to the electron-withdrawing ability of suifur,

which assists in charge delocalisation, introduction of substituents possessing some

electron-donating properties (+M or -+-1) on the thiophene moiety is going to destabilise the
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negatively charged species. As the diphenylphosphino group possesses +-M effect with

poorly pronounced -1 effect, it renders 5-diphenylphosphino-2-thienyl-magnesium

bromide less stable than 2-thienyl-magnesium bromide, thus promoting the exchange .

(Formation of PS as a by-product of this reaction is simply the result of partial hydrolysis

of 5-diphenylphosphino-2-thienyl-magnesium bromide with residual moisture or alcohol in

the catalyst.)

The new phosphine possesses the same kind of stability towards oxidation by atmospheric

oxygen as the other thienylphosphines described so far. As far as its solubility properties

are concerned, it is easily dissolved in the majority of organic solvents (unlike PSSP).

The characterisation data for the PSS molecule are given in Tables n.8a and n.8b eH, l3c
and 31p NMR data as well as the results of U'V-vis and IR spectroscopic and mass

spectrometric measurements).

Table II.8a NMR data for 5-diphenylphosphino-2,2'-bithiophene , as measured in CDei]

s3Ip, ppm () 13C, ppm () IB, ppm

-18.83 (5)

124.1 ( 5, CTh-3'), 124.5 (d, CTh-3) , 124.9 ( 5, CTh-5) , 6.97 (dd, 1 H, HTh-4')'

127.8 (5, CTh-4) , 128.5 (d, CPh-3), 129.0 (5, CPh-4) , 7.10-7.25 (m, 4 H, HTh-3 +

133.0 (d, CPh-2) , 136.8 (d, CTh_5) , 137.3 (d, CTh-4), HTh-4 + H, h-3' + HTh-5) ,

137.4 (5, CTh-2) , 137.6 (d, CPh- d , 143.9 ( 5, CTh-2) 7.32-7.47 (m, 10 H, Hph)

HTh-S '

HTh-3

Fill. 11.5 Numbering scheme for hydrogen atoms in the PSS molecule
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Table II.8b Spectroscopic data for 5-diphenylphosphino-2,2'-bithiophene

uv'. m**: GeMS:

Amm om (e, M-1·cm-1) v, cm" m/z (molar mass, g-mol")

230 (1.34'10\

330 (1.60'104
)

482 (s), 494 (s), 504 (s), 550 (m), 692

(vs) , 737 (s), 743 (vs), 804 (s), 839

(m), 908 (w), 988 (m), 1027 (w), 1045

(vw), 1066 (w), 1089 (w), 1155 (vw) ,

1180 (w), 1200 (w), 1215 (vw), 1420

(m), 1431 (m), 1478 (w)

349.80 (350.43)

DV-vis measurements were carried out in dichloromethane

IR data were obtained as KBr discs

The spectroscopic data presented in the above Tables require little comment, as they are

consistent with the structure of PSS being a combination of features from both PSSP and

SS. The 31p chemical shift of PSS is within experimental error that of PSSP, thus

indicating that the second diphenylphosphino group in PSSP has no influence on the

chemical shift of the phosphorus atom in the first diphenylphosphino group. This

conclusion is supported by the fact that both the IH and 13C NMR spectra of PSS can be

interpreted as approximate superimpositions of equivalent spectra of SS and PSSP: PSS =

one half of SS molecule + one half of PSSP molecule. (The spectroscopic properties of SS

were measured in this work under conditions identical to those used to characterise PSS, so

that their spectra could be meaningfully compared.)

The DV-vis spectrum of a solution of PSS in dichloromethane differs from that of PSSP

and SS in that it has the higher wavelength absorption maximum at 330 nm , a value

intermediate between the maxima of 350 and 305 nm, observed for PSSP and SS

respectively. This observation is consistent with the finding of Zimmer et at.184 that the

second absorption maximum shifts systematically to the red as bromine substituents are

introduced into positions 5 and 5' of SS. Noteworthy is that the extinction coefficients for

both peaks in the spectrum of PSS are lower than those recorded for PSSP (1.34'104 VS.

1.95'10
4

and 1.60'10
4

vs. 1.90'104 M-1·cm- I
) . Presumably this is the result of reduction of

the number of phenyl rings in the molecule .

94



Chapter Two: Ligand Synthesis

11.2.3.3 Synthesis and characterisation of 5,5"- bis(diphenylphosphino)-2,2':5',2"

terthiophene (PSSSP)

Preparation of 5,5"-bis(diphenylphosphino)-2,2':5',2"-terthiophene (PSSSP) was carried out

according to a procedure similar to the one used for the synthesis of PSSP. The starting

material , i.e. the parent heterocycle SSS, was obtained using modification of Kumada's

method l83 (see Appendix A).

The dimetallation of SSS with n-BuLi usmg a slight stoicheiometric excess over the

stoicheiometric amount (2.2 molar equivalents) in dry ether at 0° followed by addition of

the corresponding amount of diphenylchlorophosphine afforded the desired phosphine in

66% yield. The reaction sequence for the synthesis is shown in Scheme HA3.

n+
Br~S/-Br

2 O-~ Ni(dppp)C~ ~

S MgBr S

Li Li

SCHEME 11.43

The amount of by-products formed as the result of this reaction is not large, and the target

diphosphine is easily separated from impurities by a combination of precipitation and

chromatographic methods. The pure PSSSP is a bright yellow crystalline compound.

Unfortunately no crystals of suitable quality could be found to carry out an X-ray analysis .

The chemical stability of this diphosphine is the same as that of the previously described

thienyl phosphines , i.e. it can be kept in contact with atmospheric oxygen for a very long

time without noticeable changes. However , exposure to light even in the atmosphere of

nitrogen soon leads to discoloration of the compound and the formation of unidentifiable

by-products. Fortunately, they can be separated from PSSSP by chromatography on silica.

The solubility ofPSSSP in common organic solvents is somewhat better than that ofPSSP,

but not as good as that of the parent heterocycle, SSS: it dissolves easily in THF and
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chlorinated solvents ; partially III ether, petroleum ether and ethanol ; and poorly III

methanol and acetone.

The spectroscopic and mass spectrometric data for PSSSP are given in Tables II.9a and

II.9b respectively.

Table II.9a NMR data for 5,5"-bis(diphenylphosphino)-2,2' :5',2"-terthiophene, as

measured in CDCh

-18.71 (s )

124.4 (d, CTh-3) , 124.8 (s, CTh-3) , 128.6 (d, CPh-3) ,

129 .0 (s, CPh-4), 133.0 (d, CPh-2) , 136.0 (s, CTh-2) ,

137.3 (d, CTh-4), 137.4 (d, CPh_I ) , 138 .0 (d, CTh-s ),

143.5 (s, CTh-2)

7.00 (s, 2 H, HTIl-3) ,

7. 13-7.25 (ABX system,

4 H, HTh-3 -1- HTh-4),

7.33-7.48 (m, 20 H, Hph)

HTh-3'

Fig. II.6 Numbering scheme for hydrogen atoms in the PSSSP molecule

616.07 (6 16.81)

230 ( 1.90' 104
) ,

253 (sh", 1.7.104
)

388 (2 .45 ' 104
)

Table II.9b Spectroscopic data for 5,5"-bis(diphenylphosphino)-2,2':5',2"-terthiophene

UV': m ' w: MS (direct injection):

A..nm nm (s, M-I'cm- I
) v, cm-I m/z (molar mass, g·mor l )

482 (s), 499 (s), 507 (m), 551 (m), 694

(vs), 742 (vs), 798 (vs), 800 (s), 869

(w) , 912 (m), 983 (s) , 1001 (w), 1026

(w) , 1070 (w), 1091 (m), 1157 (m),

1202 (m), 1213 (w), 1433 (s), 1480

(m), 1494 (w), 1583 (w)

DV-vis measurements were carried out in dichloromethane

IR data were obtained as KBr discs

shoulder on the main peak
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The molecule of PSSSP is symmetrical, thus its NMR spectra are uncomplicated. The 31p

NMR chemical shift ofPSSSP is very similar to that of both PSS and PSSP, indicating that

the presence of the third thiophene ring has little effect on the local magnetic field at the

phosphorus atom attached to the first thiophene. Both the lH and i3C NMR spectra of

PSSSP largely resemble those of PSSP with the only additions being signals due to the

middle thiophene ring (compare Tables II.7a and II.9a). The assignment of these was made

by comparison with the equivalent spectra of the parent compound, SSS.

The DV-vis spectrum of the PSSSP solution shows the same feature that was observed for

the bithiophene based phosphines i.e., in addition to the usual peak at 230 nm assigned to

the phenyl groups , a second peak with a Amax of 388 run is visible that is red-shifted

compared to the equivalent peak in SSS itself (Amax = 356 run) . A further feature present in

this spectrum but not in that of PSSP is a clearly pronounced shoulder on the first peak at

253 nm, this coinciding with the first absorption maximum in the spectrum of SSS.

As in previous cases, the IR spectrum of PSSSP does not provide any unique or specific

information, while the mass spectrum simply confirms the molecular mass of the

compound.

11.2.3.4 Synthesis and characterisation of diphenyl[5-(2,2':5' ,2"-terthienyl)]phosphine

(PSSS)

It proved just as difficult to achieve selective monolithiation of SSS as was the case for SS

(see Section 2.3.2 of this Chapter). For this reason , further efforts to synthesise the target

phosphine, PSSS , focused on the Grignard route.

Preparation of 5-bromo-2,2':5',2"-terthiophene turns out to be far less difficult than that for

5-bromo-2,2'-bithiophene. The compound can be obtained in 77% yield according to a

slight modification of the method of selective monobromination developed by Bauerle and

Effenberger, I91 which involves low temperature bromination with NBS III

dimethylformamide (see Appendix A).

However the subsequent step i.e., the reaction between magnesium and the bromo

compound, required special conditions. It was found that the reaction only took place in the

presence of an entrainer (1,2-dibromoethane) with continuos ultrasonic activation, and at a
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temperature no less than 20°. After the formation of the Grignard reagent was complete,

the mixture was quenched with diphenylchlorophosphine, producing the desired

phosphine. The synthesis of PSSS is presented in Scheme II.44.

NBS inDMF
•

-10 0C Br

~
g' THF
1,2-dibromoethane (2 drops)

ultra-sound

MgBr

SCHEME 11. 44

The total yield of PSSS, starting from SSS, is 30%. In particular, the yield during the final

step of the synthesis is only 39%. Although the latter is considerably better than the yield

of the PSS in the final step of the synthesis (approximately 25%), it still falls short of the

yield of the related diphosphine, PSSSP (66%). It is believed that the drop of yield on

going from a diphosphine to the corresponding monophosphine can be attributed to their

very different physical properties. For example, while both PSSP and PSSSP are highly

crystalline compounds, PSS and PSSS are amorphous powders, with the former even

proving difficult to precipitate as a solid from solution. Also, diphosphines are much less

soluble in common organic .solvents than the corresponding monophosphines , which

makes the recovery of the latter less efficient.

The PSSS compound retains the yellow colour of the parent compound, SSS, although it

has a somewhat different tinge to it. The compound is stable in air, but decomposes in

light, forming unidentifiable products. For this reason PSSS is best stored in the absence of

light, especially in view of the difficulties experienced in crystallisation of the compound

in reasonable quantities from solution.

The spectroscopic and mass spectrometric data for PSSS are given in Tables II.lOa and

II.10b.
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Table 1I.10a NMR data for 5-diphenylphosphino-2,2':5',2"-terthiophene, as measured in

CDCb

o31p, ppm 0 13C, ppm 0 IR, ppm

124.3-125.0 (m , C Th-3, + C Th-4, + C Th-4" + CTh-S")' 125.2 6.99 7.06 (m , 3 H, HTh-3,+

(d, C Th-3) , 128.6 (5, CTh-d, 129.2 (d, C Ph-3) , 129.6 (5, HTh-4, + HTh-4") '

-18.71 (5) C Ph-4), 133.8 (d, C Ph-2) , 137.7 (d, C Th-4), 137.0-139.0 7.15-7 .27 (m , 4 H, HTh-3 +

(m, C Th-S+ C Th-2' + C Th-S'+ C Th-2" + CPh-d, 144.2 (5, HTh-4 + HTh-3" + HTh-5,,) ,

CTh-2) 7.32-7.48 (m, 10 H, Hph)

HTh-5"

HTh-4'

1 ~ HTh-4y",,- I Hph-4

P Hph-3
I
Ph Hph-2

HTh-3 '

Fig. n .7 Numbering scheme for hydrogen atoms in the PSSS molecule

Table II.I0b Spectroscopic data for 5-diphenylphosphino-2,2':5',2"-terthiophene

trv'. m·': MS (direct injection):
. (M-I -I) -I __ /. ( I I-I)Amax, nm e, -cm v, cm TTVZ mo ar mass, g·mo

228 (1.34'10\

250 (sh#, 1.12'10\

374 (2.0'104
)

474 (m), 494 (5),509 (m), 550 (w),

695 (vs) , 746 (5), 793 (vs) , 835 (m) ,

862 (w) , 900 (vw), 984 (m), 1028

(vw), 1055 (vw), 1092 (w), 1155 (vw) ,

1196 (w), 1228 (w), 1422 (m), 1433

(5), 1454 (w), 1479 (m)

432 .02 (432.55 )

UV-vis measurements were carried out in dichloromethane

IR data were obtained as KBr discs

shoulder on the main peak

The data presented in the Table n.I Oa bear a close resemblance to the values obtained for

the other polythiophene based phosphines, PSS and PSSSP. As expected, the 3Ip NMR

chemical shift of PSSS is equal (within experimental error) to those of the other three

related phosphines, PSS, PSSP and PSSSP. The PSSS molecule does not possess any point
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symmetry elements, which makes assignment of the peaks in its lH and l3 C NMR spectra

difficult. Although the spectra contain peaks easily recognisable from the previous

assignments, certain signals cannot be unequivocally ascribed to specific atoms, even when

established trends are noted . This is in part due to the presence of nuclei with very similar

chemical environments, e.g. atoms in the second and third thiophene rings give rise to

signals that overlap and thus , unfortunately, can only be described as multiplets.

As was noted before with the other phosphines, the IR spectrum of PSSS contains little

information. The DV-vis spectrum of PSSS has two absorption maxima as well as a

shoulder on the peak of lower wavelength, corresponding to the Amax for the highest energy

peak in the spectrum ofSSS. Again, there is a bathochromic shift (compared to SSS) of the

second absorption maximum. Table 11.11 gives a summary of the effect of

diphenylphosphino substituents in positions 5 and 5'/5" of 2,2'-bithiophene and 2,2':5',2"

terthiophene on the value of the second absorption maxima.

Table 11.11 The Amax values of the long wavelength peak of the parent heterocycles SS and

SSS and their diphenylphosphino substituted derivatives (all DV-vis spectra recorded in

dichloromethane)

Compound l.max, nm

SS 305

PSS 330

PSSP 350

SSS 355

PSSS 374

PSSSP 388

A*, nm

25

45

19
..,..,
.J.J

~ is the difference between the Amax of the phosphine and its parent heterocycle

It is clear from Table n.ll that each added diphenylphosphino group causes a progressive

red shift in )"'max. However, these shifts are different in the bithiophene and terthiophene

series. This has been attributed to increased thermal motion with increasing the molecule

size; increased thermal motion leads to a decrease in planarity and a concomitant increase

in the energy of the n-+n* transition. 184
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11.2.4 Attempted synthesis of thiophene-based phosphines with highly polar

substituents

The novel mono- and polythiophene-based phosphines which have been synthesised so far

(with the possible exception of PSBr) , appear to exhibit an unfavourable solubility pattern

i.e. they are much more soluble in non-polar rather than polar solvents. This markedly

decreases the potential use of these thienyl-substituted phosphines in reactions carried out

in strongly polar media. Recent trends, however, indicate that water-soluble phosphines are

becoming increasingly important industrially as ligands for metal-based catalysts in two

phase organic syntheses. 196-201 Furthermore, phosphine ligands with polar substituentsl7.1 24

confer promising biological activity on complexes with gold(I). In keeping with the

general aims of this work and taking into account the benefits of the above applications,

the synthesis of a water-soluble polythiophene-based phosphine or at least a thiophene

based phosphine with very polar substituents has been undertaken.

The first synthetic strategy that was considered is presented in Scheme HA5. According to

this Scheme, the thiophene-substituted dichlorophosphine is reacted with an

organometallic substrate containing polar aryl groups to produce the target phosphine

(although the metho xyphenyl is not a very polar group, it can be modified by acid

hydrolysis to yield the corresponding highly polar hydroxy derivative). This approach was

favoured over the alternative one, where a metallated thiophene would have been reacted

with a chlorophosphine containing two polar substituents, due to unavailability of the latter

reagent.

fn\ + 20r4ArM
R~S~PCb

R=HorPCl2,n= 1-3,
M=L~BrMg,

Ar = pyridyl,4-(CH3hNC6~, 2-CH30C6~ etc.

SCHEMEIJ45

The thiophene-substituted dichlorophosphine is clearly the key precursor in the proposed

synthetic sequence. Hence several options of introducing a PCh group onto a thiophene

moiety have been studied.
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The classic Friedel-Crafts method of phosphination of an aromatic ring with phosphorus

trichloride in the presence of AICh or SnCl4 as catalysts was tried first. Although Bentov et

al. 155 have reported the successful preparation (40% yield) of 2-thienylphosphonous

dichloride from thiophene and PCh with SnCl4 as a catalyst, our attempts to phosphinate

SS (as a model thiophene moiety) with PCh in the presence of either AICh or SnCl4 led to

inseparable complex mixtures (numerous peaks were observed in the 31p NMR spectra

throughout the spectral region of 200 to -50 ppm). The appearance of a number of

phosphorus containing products is most likely the result of poor selectivity due to the use

of AICh and SnCl4 as catalysts, which leads not only to the formation of biarylated and

triarylated PCh derivatives, but also to possible introduction of the phosphorus substituent

on different positions of the bithiophene molecule, thus giving rise to a large variety of

peaks in the 31p NMR spectrum. Distillation ofthe mixture under high vacuum did not lead

to separation of products, because of the high temperature which was required, this

resulting in decomposition of the products.

The next attempt at introducing a PCh group into the molecule was based on the method

described in the introduction to this Chapter, i. e. the substitution of trimethylsilyl groups

attached to an organic moiety by chlorophosphines (see Section 1.3 of this Chapter). With

this approach in mind, and with 2,2'-bithiophene serving again as the model polythiophene

substrate, the novel bis(silylated) derivative, S,S'-bis(trimethylsilyl)-2,2'-bithiophene

(SiSSSi), was prepared (Scheme 11.46).

2 n-BuLi..
Li Li

SCHEME 1146

The product of the above reaction was characterised using IH NMR spectroscopic and

GCMS analyses. The IH NMR spectrum of the compound is remarkably simple in
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appearance consisting of one singlet at 0.33 ppm and a doublet of doublets at 7.17 ppm in

the expected 9:2 ratio. The former signal undoubtedly belonged to the hydrogens of the

methyl groups on the silyl substituents, while the latter corresponded to the hydrogens

HTh-3 and HTh-4 of the bithiophene moiety (AB coupling pattern). The gas-chromatographic

analysis of SiSSSi showed the largest intensity, highest molar mass peak at m/z = 309.85

which is easily assigned to the (M'"-1) ion. The fragmentation pattern also confirmed the

presence of the Si(CH3)3 groups, both m/z = 72.95 (due to the group itself) and m/z =

237.20 (due to the loss of the group from the molecule) being present in the spectrum. Also

evident in the mass spectrum is a peak m/z = 164.70 corresponding to the mass of the 2,2'

bithiophene moiety less one unit.

Using the conditions employed by Whitesides et al. ,l5l a mixture of 5,5'

bis(trimethylsilyl)-2,2'-bithiophene and freshly distilled phosphorus trichloride was

refluxed under an atmosphere of dry nitrogen for 5 hours. The volatile compounds were

removed under vacuum and the residual oil was analysed for presence of the target

dichlorophosphinated compound. The 31p NMR spectroscopic analysis revealed the

presence of only one phosphorus containing species - the starting material, PC!) (8 = 219

ppm). Acid hydrolysis of the reaction residue resulted in an 88% recovery of 2,2'

bithiophene, confirming that the reaction did not proceed. Increasing the reaction time

from 5 to 24 hours did not affect the outcome of the experiment nor did the substitution of

PC!) by Ph2PCI or (-OCH2CH20 -)PCI (2-chloro-l,3,2-dioxaphospholane - vide infra).

Attempts to carry out the reaction in an inert solvent such as THF, benzene and toluene at

various reaction temperatures also failed. The reason why it was not possible to make this

reaction work is not clear: the thiophene backbone structure does not appear to be any

worse a substrate for electrophilic attack by PC!) as the other compounds used previously

with this method (see Section 1.3 of this Chapter). Unfortunately, there was no research

conducted concerning the mechanism of the above reaction and the available selection of

the substrates for which the method did work was very limited, thus it seems impossible to

suggest a reason why the reaction failed in our case.

Although PCl3 could not substitute a trimethylsilyl group in position 5 of 2,2'-bithiophene,

it exhibited much greater activity in its reaction with the chloromercurated derivative, 5

chloromercuro-2,2'-bithiophene. This compound can be easily prepared in pure form from

SS, mercuric chloride and sodium acetate (see Appendix A for details). A mixture of 5-
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chloromercuro-2,2'-bithiophene and excess of phosphorus trichloride was thoroughly

degassed and sealed in a glass bomb. The mixture was heated at 140°C for 72 hours,

during which time the solution became yellow and a grey precipitate separated. The bomb

was cooled down slowly and opened under atmosphere of dry nitrogen. A vacuum was

applied until a very viscous oil was obtained. The 3lp NMR spectroscopic analysis of the

neat oil showed the presence of several compounds, including the starting material , PCh (8

= ± 219 ppm), one major (8 = ± 142 ppm) and 3 minor (8 = ± 51, 19 and 10 ppm)

components. The major compound is believed to be the target species on the basis of its 3lp

NMR chemical shift, as the chemical shift for PhPCb was measured to be ± 157 ppm and

the resonance of the thiophene analogue was expected to be 10-15 ppm further upfield. In

order to effect its separation, a distillation under vacuum was attempted. Unfortunately, as

the temperature in the distillation flask reached 150°C (p = 0.4 mm Hg), polymerisation

occurred and the product could not be recovered. A similar reaction was carried out with

diphenylchlorophosphine instead of phosphorus trichloride. However, after opening the

bomb and examining the dark oily mixture , very little of the target phosphine (PSS, 8

= ± -18 ppm) was observed. At the same time there were a large number of other peaks in

the 3lp NMR spectrum that could not be successfully assigned. No attempts to isolate the

phosphine from this complex mixture were made.

As all attempts to introduce a PCb group on a polythiophene molecule proved to be

unsuccessful , our interest shifted to preparation of a PBr2-substituted species instead.

Recently Tolmachev et at.157 reported a method of phosphination of furan and thiophene

compounds with PBr3 in the presence of pyridine. The reaction was very successful in the

case of furan and could even be carried out under mild conditions. In the case of thiophene,

however, the reaction had to be carried out at a high temperature in a sealed bomb. We

used SSS as a model polythiophene compound during this work. Stoicheiometric amounts

of 2,2':5',2"-terthiophene and degassed phosphorus tribromide Cl:2 molar ratio) were

placed in dry pyridine and heated to 150°C for 24 hours. A dark viscous oil was obtained

which could not be distilled under vacuum. The 31p NMR spectroscopic analysis of the

part of the mixture extracted into dry benzene revealed the presence of many peaks, mainly

in the region between 5 and 25 ppm, which did not correspond to the expected value of

± 150 ppm. Lowering the reaction temperature to 120°C resulted in the reaction not

proceeding at all. The failure of the reaction was attributed to possible polymerisation of

any disubstituted product formed and to possible oxidation of the mixture with residual
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oxygen in the pyridine solution. For these reasons, in the next experiment the SSS was

substituted by 5-bromo-2,2':5',2"-terthiophene to block one of the two active sites of the

heterocycle and the pyridine was thoroughly degassed. The outcome however did not

change: the reaction failed to proceed below 115°, while heating above 125°C led to

appearance of an insoluble brown precipitate, which was different from the expected

pyridine hydrobromide and most likely was polymeric in nature.

It was mentioned in the introduction to this Chapter that phosphites could be used as an

alternatives to halophosphines in reactions with Grignard reagents . Thus the next attempt

at the synthesis of a substrate for the sequence shown in Scheme HA7 involved preparation

of a polythiophene substituted with dialkoxyphosphino group. To derivatise the 2,2'

bithiophene with dialkoxyphosphino groups, 2-chloro-1,3 ,2-dioxaphospholane was used.

Chlorodialkylphosphites are usually highly reactive compounds, which quickly undergo

hydrolysis , oxidation and rearrangement reactions. However , the presence of a 5

membered ring in its structure results in 2-chloro-l ,3,2-dioxaphospholane being relatively

stable, and for this reaction it was used. The reactions leading to the synthesis of the target

compound are presented in Scheme HA7.

2 n-BuLi
~

Li Li

SCHEME 1147

12 CIP(-OCH2CH20-)

f)
o

The preparation of the reagent 2-chloro-l ,3,2-dioxaphospholane is described in the

literature.
202

A THF solution containing 5,5'-dilithium-2,2'-bithiophene was added slowly

to a solution of the reagent (1:2 mole ratio) . The addition was carried out at -78°C, but no

reaction could be observed at this temperature and therefore, the temperature was increased

to -20°C. After stirring at this temperature for 0.5 hour, there was still no sign of any
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reaction and the solution was warmed to _5° C. After 0.5 hour at that temperature, the

solution started changing its appearance and an oily precipitate appeared. This precipitate

was insoluble in benzene or chloroform and was most likely to be polymeric in nature. The

mother liquor was analysed by 31p NMR spectroscopy and only 2 compounds were

detected. The major compound was the starting material (8 = ± 169 ppm) and the minor

had a chemical shift of ± 19 ppm, which made it unlikely be the target compound as the

shift was more characteristic of P(V) derivatives.

At this stage attempts to synthesise a suitable substrate for the reaction shown in the

Scheme HA7 were terminated and the strategy was changed.

The new approach involved phosphorylation of a thiophene precursor to afford a P(V)

compound which would subsequently be reduced to the P(HI) state and then modified with

polar substituents (Scheme HAS).

fn\ 1)Mg, THF~ fn\ LiAlH~ fn\
R~S~Br 2)CIP(O)(OEt)2 R~S~P(O)(OEth R~S~PH2

1) + 2 or4 M

R = H, Br or PPh2, n = 1-3,

M=Na, K
Ar = C6H4S03K etc., X = F R~PAr2

SCHEME 11. 48

2) + 2 or 4 ArX, - MX

The phosphorylation of thiophene was best achieved by AlIen et al. in 1972,203 when they

reported the preparation of diethyl (2-thienyl)phosphate via the reaction of 2

thienylmagnesium bromide with diethyl chlorophosphate at 40 °C. Although they did not

carry out a reduction of the P(V) derivative to the primary phosphine, the second step of

the reaction sequence outlined above does not appear to be difficult, as it is a standard

technique in phosphine synthesis. The last step in the Scheme HAS involves metallation of

the primary phosphine followed by reaction with an arene containing a highly polar

sulfonate group. This part of the strategy is based on the recently developed method for the

preparation of water-soluble phosphines, which has received considerable attention in the

past ten years. Most of the work has been devoted to development of aromatic phosphines
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such as trisulfonated triphenylphosphinef" Traditionally, phosphines with meta-sulfonated

phenyl groups have been obtained by direct sulfonation with oleum of neutral phosphines

bearing aromatic substituents. The drawback of that method is not only the formation of

derivatives with variable degree of sulfonation, but also the oxidation of phosphorus.

However newer methods avoid the direct sulfonation of aromatic rings and employ

alternative synthetic strategies for the introduction of sulfonyl groups into the molecule.

The recent synthetic approach205.206 involves nucleophilic aromatic phosphination of either

para- or ortho-fluorosubstituted benzene containing one or two S03K or S03Na groups

with PH3, primary and secondary phosphines in superbasic media (e.g. DMSO/KOH) as

shown in Scheme 11.49.

SCHEMEII49

The phosphorylation strategy was applied to several thiophene-containing compounds,

selected on the basis of their availability in reasonable quantities at the time of the

synthesis. Initially, 5,5'-dibromo-2,2'-bithiophene was treated with magnesium in order to

furnish the di-Grignard reagent. However this reaction required additional activation in

order to proceed, such as the use of an entrainer and ultrasonication, and on most occasions

did not go to completion, i.e. both mono- and di-Grignard reagent were present in the

reaction mixture. This led to a small change in the method, which involved lithiation

instead. Lithiation of 2,2':5',2"- terthiophene at the positions 5 and 5" was successfully

achieved according to the technique described in the Section 2.3.3 of this Chapter. The

solution of metallated heterocycle was added under nitrogen to a thoroughly degassed

solution of diethyl chlorophosphate [CIP(O)(OEt)2], present in 10% excess, refluxed for 30

minutes, then stirred at room temperature for 16 hours. After hydrolysis with dilute acid,

an amorphous precipitate was observed which proved to be insoluble in organic solvents

such as dichloromethane and acetone . This indicated possible formation of a polymeric

compound . The mother liquor was analysed by 31p NMR spectroscopy, but no compounds

containing a diethoxyphosphoryl group attached to a thiophene unit (8 = ± 11 ppm203) were

detected. It is possible that diethyl chlorophosphate, having several active groups (one

chloro and two ethoxy groups) might have reacted with two or more lithiated terthiophene
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molecules, leading to the formation of a cross-linked polymer. Changing the solvent from

THF to ether was not successful as 5,5"-dilithio-2,2':5',2"-terthiophene is very poorly

soluble in ether and no reaction could be observed. Carrying out the reaction at ambient

temperature proved to be fruitless as well..

The failure of the dimetallated species to furnish the desired diphosphorylated compound

resulted in the new round of trials, this time with monometallated thiophenes. The novel

phosphine PSBr has proved to be a good choice of a substrate for the production of a

Grignard reagent (see Sections 2.2.1 and 2.2.2 of this Chapter), hence it was employed in

the reaction with diethyl chlorophosphate using the conditions described above and as

outlined in Scheme II.50. After hydrolysis of the product mixture with 0.1 M HCl and

washing with NaHC03 solution, the mixture was extracted with dichloromethane and the

solvent evaporated affording some white crystals. According to GCMS and 31P NMR

spectroscopic methods, the mother liquor contained the target compound (I) with m/z =

404.20 (M+) and b e1p ) = 10.21 and -18.15 ppm i.e., two singlets in a 1:1 intensity ratio.

Unfortunately, the major component of the mother liquor was identified to be PS, formed

most likely as the result of quenching of the Grignard reagent with HCl which is always

present in diethyl chlorophosphate. Numerous attempts to separate the desired compound

from PS on silica gel proved unsuccessful.

I

11

SCHEMEII50

On the other hand, the precipitate separated from the mother liquor could be purified by

chromatography on a Chromatotron®. The IH NMR spectrum recorded in CDCh of the

isolated compound showed that it did not contain ethyl groups, although phenyl and thienyl

hydrogens were present as evidenced by a multiplet at 7.27-7.40 ppm and two doublets of

doublets of doublets at 7.21 and 7.47 ppm, respectively. Also present was a broad signal at

± 3 ppm assigned to a hydrogen of an OH group. The 31p NMR spectrum revealed two

peaks at 4.85 and -18.24 ppm in a 1:2 intensity ratio. The compound did not produce any
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response during GCMS analysis, indicating it either had a very high molar mass or was

very polar and thus was retained on the column of the gas chromatograph. The

combination of all these data showed clearly that the compound was different from the

target species. With the aid of microanalysis results, it was finally established that the new

compound corresponded to bis[5-(diphenylphosphino )-2-thienyl]phosphinic acid (DTPA);

this acid is derived from compound 11 in Scheme II.50 as a result of acid hydrolysis Cl 0%

yield). It is interesting to note, that even in a compound with two phosphorus atoms in very

different chemical environments and located not very far from each other, no phosphorus

phosphorus coupling is observed, even at low temperatures (-50°C, CDC1]). The reason

behind this phenomenon is not understood, although it correlates well with previous

observations that the magnitude of coupling between atoms in the positions 2 and 5 of the

thiophene ring is essentially negligible (see Sections 2.1 and 2.2 ofthis Chapter).

A brief study of the properties of the newly isolated compound, DTPA, showed that it

dissolves to some extent in both polar solvents, like ethanol and acetone, and not very

polar solvents such as chloroform and dichloromethane. It is air-stable like all the

previously synthesised thiophene-based phosphines; thus, due to its interesting chemical

nature and amphiphilic properties, it might turn out to be useful either as a precursor for a

polyphosphine or in its own right.

The presence of the compound II in the reaction mixture is attributable to the substitution

by the metallated thiophene of not only the chloro group on diethyl chlorophosphate, but

also of one of the two ethoxy groups. It is likely that the product of exhaustive substitution

i.e. of the chloro and both ethoxy groups, which would correspond to the PTSP oxide, was

also formed during the reaction, but it must have been present in too small a quantity to be

identified. The occurrence of this side reaction rendered the first step of the strategy

proposed in the Scheme IIA8 unsuitable and a new approach was investigated.

The new approach involved a modification of the Arbuzov's reaction for aromatic

halocompounds. This method of introduction of phosphorus into a molecule of an aromatic

compound was recently 'rediscovered' by a group of Russian chemists207 who reported the

phosphorylation of 2,5-dibromothiophene with various phosphinic acid esters in the

presence ofa Ni(II) catalyst (Scheme H.51).
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n +2RBr
R'n(ROh-nP~~s/--P(OR)2-nR'n

- 11 11
o 0

R = alkyl
R' = alkyl, phenyl, 2-thienyl
n= 0-2

SCHEME II. 51

The product of the above reaction should serve as a good precursor for the synthesis of a

primary (or a secondary) phosphine, which can be converted to the desired water-soluble

phosphine according to the method in Scheme HA9. For our purposes, diethyl

phenylphosphonite (R = Et, R' = Ph, n = 1) was chosen as the phosphorylating reagent due

to its commercial availability as well as due to the high yield (67%) of the corresponding

2,5-diphosphorilated thiophene reported by Krasil'nikova and co-workers .i'"

However, several attempts to reproduce the results obtained by Krasil'nikova et al. proved

totally fruitless : not even a trace of the target diphosphorylated compound was formed,

although judging by the 31p NMR spectrum of the crude reaction mixture, some reaction

definitely took place. We questioned the reported results as too few experimental details

were given in the paper ; moreover no characterisation data (apart from the microanalysis)

was presented for the supposed products. After searching the literature, it was found that

the Russian group was not the first to use this modified Arbuzov's reaction for the

phosphorylation of thiophenes. In 1970 Tavs208 prepared various aromatic phosphonites by

the reaction of trialkylphosphites and aryl halides in presence of anhydrous NiCh or NiBr2

at 150-l60°C. Although at least 25 benzene-based phosphinic acid esters were successfully

prepared by this method, the thiophene-based products could only be isolated as the

corresponding acids after hydrolysis of the reaction mixture with methanolic NaOH

followed by acidification with HCl. Tavs used 2-bromothiophene as the precursor for

phosphoryilated thiophenes .

We applied a slightly modified version of Tav's phosphorylation procedure208 (anhydrous

NiCh as a catalyst, 170-180°C) to 2.5-dibromothiophene, using diethyl phenylphosphonite

as a phosphorylating agent. The reaction was successful and thien-2,5-diyl

di(phenylphosphinic acid) (TDPA) was obtained in 24% yield. When 5S-dibromo-22 -
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bithiophene was used as the starting compound, 2,2'-bithien-5,5'-diyl di(phenylphosphinic

acid) (BTDP A) was obtained in 34% yield. The chemical structures of TDPA and BTDPA

are shown in Figure 11.8. Both compounds are believed to be new as their characterisation

has never been reported before. The IH and 3'p NMR spectroscopic data for both

compounds are given in Table n .12. (Note that the assignments of the peaks in the 'H

NMR spectrum are tentative).

Table 11.12 IH and 31 p NMR data for thien-2,5-diyl and 2,2'-bithien-5,5'-diyl

di(phenylphosphinic acids) , as measured in CD30D

Compound 0 31p, ppm 0 ID, ppm

TDPA

BTDPA

19.86 (s)

20.08 (s)

7.43-7.65 (m, 8 H, HPh(m -p)+ HTh) , 7.76-7.93 (m, 4 H, Hph( ()))

7.56 (dd, 2 H, H1l1•3 ) , 7.65-7.80 (m, 8 H, HPh(m -p)+ HTh-4), 7.96

8.10 (m, 4 H, Hph(o)

-: (jH:::(mJ
PhP-(,,)-p0
11\ s 1\\ Hho OH HO 0 P (0)

TDPA

PhP
1.'1 \o OH

HO 0
S \ II Hph(o)

~ !J P~HPh(m)
Th4V

Hph(P)
BTDPA

Fig. n.8 Numbering scheme for hydrogen atoms in the TDPA and BTDPA molecules

Their 31p NMR chemical shifts indicate that the compounds are P(V) derivatives SInce

their 0 values are very close to the value of ± 21 ppm for diphenylphosphinic acid. The IR

spectrum of BTDP A recorded as KBr pellet exhibited peaks characteristic of P-OH (v =

2673 ern", w, br), p=o (v = 1200 cm" , s) and P-Ph (v = 1425 ern" , s) bonds.209

As the compounds are only intermediates in the synthesis of the target water-soluble

phosphines, a full characterisation was not carried out. The acids are crystalline air-stable

compounds, soluble with difficulty in non-polar solvents (dichloromethane) and easily

soluble in polar solvents such as methanol and ethanol.

The next step of the synthetic sequence was the conversion of the phosphinic acid into a

secondary phosphine, BTDPA being selected as it was obtained in greater yield. Acids
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. cannot be converted directly into the secondary phosphines, thus BTDPA had to be

converted first in an acid chloride which would then be reduced by LiAI~. General

techniques from the Houben Weyl Handbook2 1o were used for these reactions. Heating

BTDPA with thionyl chloride afforded a pale-yellow amorphous compound [8 e1p) = 33

ppm, measured as a neat liquid] , which fumed in air and which was used in the next step as

received, because attempts to distil it resulted in decomposition of the substance. The

reduction of the acid chloride by LiAIH4 in THF was completed in 12 hours. The reaction

did not produce many by-products and 5,5'-bis(phenylphosphino)-2,2'-bithiophene

(HPSSPH) was obtained in an overall 70% yield. The overall synthetic sequence is shown

in Scheme 11.52.

HO 0
\ /L
PPh

PhP
I
H

excess PhP
II \o Cl

~iAlH4
/ TT excess

H

S ~Ph

Cl 0
\ /L
PPh

SCHEMEIJ52

This is the first example of a thiophene-based secondary phosphine. Unfortunately, like

most other secondary phosphines, this one was readily oxidised by contact with

atmospheric oxygen and thus could not be completely characterised by those methods

requiring prolonged handling in air, such as microanalysis and GCMS. The IH and 3I p

NMR spectroscopic data for the new phosphine are given in Table H.13.

Table 11.13 IH and 31p NMR data for 5,5'-bis(phenylphosphino)-2,2'-bithiophene

(HPSSPH), as measured in CDCh (the numbering of the atoms corresponds to that in the

Table II.12)

031p, ppm

-64.34 (s)

s 'n, ppm

5.35 (d, 2 H, H-P), 7.04-7.15 (ABX system; 4 H, HTh•3 + HTh-4) , 7.27-7.37 (m, 6

H, HPh(m-p)), 7.43-7.55 (m, 4 H, Hph( o))
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The chemical shift value of the 3l p NMR signal (-64 ppm) leaves no doubt as to the

identity of this compound, being characteristic for secondary phosphines. Interestingly, the

signal is shifted upfield by ea. 23 ppm from that recorded at -41 ppm for Ph2PH in CDC!].

This is somewhat higher than expected since upfield shift in the 31P NMR signal associated

with the replacement of a phenyl group with a thiophene group in a tertiary phosphine, is

typically ea. 13 ppm. The assignment of the IH NMR signals of the new secondary

phosphine was carried out as before, i.eo with reference to the data for its precursor,

BTDPA as well as to that of the related tertiary phosphine, PSSP. Though these

assignments are not certain, the doublet due to the hydrogen attached to the phosphorus

atom could be unmistakably identified due to the large H-P coupling constant of 225 Hz.

The signals due to the HTh-4 and HTh-3 atoms appear as complex multiplets in this spectrum,

rather than as the expected doublet of doublets, which is probably the result of long-range

coupling to the hydrogen attached to phosphorus. It should be noted that a more

comprehensive NMR spectroscopic investigation of the secondary phosphine was hindered

by its tendency to decompose in deuterated solvents over a period of time.

Finally the secondary phosphine was subjected to the last step in the synthesis of a water

soluble tertiary phosphine (see Scheme 11.53). The compound was treated with a

superbasic solution of KOH in DMSO for 30 minutes. The solution turned a deep blue

colour following which the metallated intermediate was quenched with potassium 4

fluorophenylsulfonate (Scheme H.53).

PhP
I
H

H

f,Ph DMSOIKO~ [PhP
- 2 H20

SCHEMEII53
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The solution was stirred at room temperature for 24 hours and a I: 1 iso-propanol/water

mixture added. The 31p NMR spectroscopic analysis of the resulting solution revealed the

presence of several phosphorus-containing species as evidenced by peaks at 8 = 25, 8, 5,

-18, -27 and -64 ppm. These data suggest the possible formation of a tertiary phosphine

with two phenyl and one thiophene groups (8 = -18 ppm) during the reaction. The solvent

was evaporated under vacuum and neat iso-propanol added. However no precipitation

occurred. Attempts to use chromatography to isolate the desired phosphine or any other

thiophene-based phosphine for this matter were also unsuccessful. Eventually, the

synthesis was abandoned.

As to why the reaction was not successful one can only speculate given the scarcity of

characterisation data available. Oxidation of the secondary phosphine appears to have

taken place as evidenced by appearance of several peaks in the 31P NMR spectrum at ± 25

ppm, the region characteristic of P(V). Also, the peak at -64 ppm is for the starting

compound, showing that metallation of the secondary phosphine by the KOH was not

complete. The other peaks in the 31p NMRspectrum at ea. 5 and -27 ppm remain to be

assigned and may prove crucial in understanding the metallation of a thiophene-derived

secondary phosphine. However, due to the lack of time no further investigation of this

reaction was carried out.

11.2.5 Synthesis of thiophene-based phosphines containing a pyridine ring in their

structure

As previous attempts to introduce a phosphino moiety with one or two highly polar

substituents onto a polythiophene backbone (Schemes II.48 and II.53) proved fruitless, it

was decided to introduce a polar fragment in the backbone structure instead. Aliphatic and

aromatic amine substituents are potentially good candidates for increasing a molecule's

affinity for polar solvents. Indeed, recent work by Leeuwen et al.211 revealed that

phosphines modified by dialkylamino or pyridyl groups (e.g. 2,2'-bis[phenyl {3

pyridyI}phosphinomethyl]-3,3'bipyridine and 2,2'-bis{[4-(diethylaminomethyI)phenyl]

phenylphosphinomethyl} -1,1'-biphenyl) show amphiphilic properties i.e. they are soluble

in both polar and non-polar media. However aliphatic amino-substituted thiophenes are

known to be unstable, thus leaving a pyridine moiety as the fragment of choice.
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Although there are several ways of attaching a pyridine ring to a thiophene molecule, the

2 2-link was chosen as it matched most closely the original link between thiophene units in,

polythiophene (i.e. 2,2'-bithiophene and 2,2':5',2"-terthiophene) structures . Therefore, the

synthesis of the following pyridine and thiophene containing phosphines was undertaken

(Scheme 11.54):

Ph2P
PPhz Ph2P

S

PSNP
PPh2PSN

-:;/

~

~ N

S S \ S S

PPh2 Ph2P PPhz
PSNS PSNSP

SCHEME Il.54

None of the above mono- and diphosphines has been synthesised before, although there are

numerous examples of the preparation of pyridine-based phosphines in the

literature.136.173_1 87 It should be noted that the most widely used method for synthesis of the

latter involves the reaction between a metallated phosphine and a 2-halosubstituted

pyridine. This synthetic approach is totally different from the method generally used for

the preparation of thiophene-based phosphines.

11.2.5.1 Synthesis of diphenyl[5-(2'-pyridyI)-2-thienyl]phosphine (PSN) and 2,6

bis((5'-diphenylphosphino)_2'-thienyI)pyridine (PSNSP)

The starting point for the synthesis of the target pyridine and thiophene-containing

phosphines is the preparation of the parent non-phosphino group substituted

polyheterocyclic compound. The initial strategic approach was based on the reactions

which had been proven to work for the corresponding bithiophene and terthiophene

phosphines .
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The parent polyheterocyclic compounds SN [2-(2'-thienyl)pyridine] and SNS [2,6-bis(2'

thienyl)pyridine], were prepared according to the general methods by Kumada et ar l 83

using a Ni(II)-catalysed coupling reaction (see Scheme II.55). Bromination at position 5 of

the thiophene rings with bromine in glacial acetic acid212 led to formation of the

corresponding bromides (Scheme II.55).

1/2

S

~

S /;

1Br, inCH 3COOH 1Br, inCH 3COOH

Br

~

S /;

Br

SCHEMEIl55

Br

It proved impossible to obtain a pure monobrominated derivative of SNS, even by using a

variety of reagents such as KBr03/HBr, NBS or Br2 in CHCh or DMF.

This is the first report of the synthesis of the dibrominated compound, 2,6-bis(5'-bromo-2'

thienyl)pyridine, and thus it was duly characterised using IH and BC NMR, IR and U'V-vis

spectroscopic methods as well as by means of microanalysis for %C, %H and %N. The

data can be found in the Experimental section.
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The next step in the pathway towards the target phosphines involved preparation of the

corresponding Grignard reagents followed by reaction with diphenylchlorophosphine.

However a serious problem was encountered during the attempts to carry out these

reactions: both brominated SN and SNS 'resisted' conversion to the bromomagnesium

species even under activated conditions (using ultrasound and an entrainer). It was

believed to be the consequence of presence of a pyridine ring which deactivated the surface

of magnesium as the latter was observed to turn dull and flaky during the course of the

reaction. It is also possible that the electronic effect of a pyridine substituent in the position

5 (or 2) of the thiophene plays a role; indeed, it has been shown that the electron density in

the thiophene nucleus is markedly changed upon introduction of a pyridine substituent.i' ''

As the traditional Grignard route failed, it was decided to apply the method suitable for

preparation of pyridine-based phosphines to obtain the desired compounds. Reaction of

lithium diphenylphosphide (prepared from diphenylchlorophosphine and excess lithium

metal in THF) with 2-(5'-bromo-2'-thienyl)pyridine produced a dark coloured reaction

mixture, which contained (on the basis of a 31p NMR spectroscopic analysis) a thiophene

based phosphine as well as tetraphenyldiphosphine, the impurity normally associated with

this method of synthesis (see Section 2.2 of this Chapter). Due to the presence of a basic

pyridine moiety in the molecule, the compound was successfully extracted from the

complex mixture by an acidificationlbasification sequence, allowing it to be separated from

less polar impurities. The phosphine obtained after this procedure was still not 100% pure
, 1

as the ~ P NMR spectrum revealed the presence of several small peaks at around -18 ppm

together with the main peak at -18.34 ppm. The use of column chromatography on silica

with hexane-ether as eluent allowed the isolation of the desired compound, PSN, in its pure

form (66% yield). The reaction sequence is presented in Scheme II.56.

--.....;~~ Ph 2PLi + LiCl

PPh2

SCHEA1E JJ56
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A similar procedure was applied to 2,6-bis(5 '-bromo-2'-thienyl)pyridine. The 3Jp NMR

spectrum of this reaction mixture also revealed the presence of thiophene-based

phosphines as evidenced by peaks at 8 ea. -18 ppm. Tetraphenyldiphosphine is also present

(8 = -14 ppm) . However, attempts to extract the desired compound into an aqueous phase

by acidification with strong acid did not work, possibly due to the highly non-polar nature

of the molecule arising from the presence of two thiophene substituents. A more

conventional work-up for thiophene-based phosphines (acidic hydrolysis, followed by

extraction into chloroform or dichloromethane) was then used. This removes the

tetraphenyldiphosphine. The product obtained was not pure as it showed several peaks in

the desired region of the 31p NMR spectrum. Also microanalysis gave results different

from the expected values. Chromatography of the product on silica with a variety of

eluents (chloroform/ethyl acetate or dichloromethane/ethyl acetate and hexane/ether in

various ratios) was not successful. Attempts to use crystallisation from different solvents

also proved to be fruitless.

An alternative procedure had to be designed in order to prepare the desired PSNSP

compound. It was decided to "assemble" the diphosphine in a similar manner to that used

for the preparation of the parent heterocycle, in other words , to couple 2,6

dibromopyridine and the Grignard reagent of 2-diphenylphosphinothiophene (PS). The

latter reagent has been used before on a number of occasions (see Sections 2.2-2.4 of this

Chapter) and has been proven to provide good results. The bromomagnesium species was

prepared in situ from lithiated PS by remetallation with MgBr2' The Grignard reagent thus

obtained was reacted with 2,6-dibromopyridine in the presence of the Ni(dppp)Ch catalyst ,

affording the desired diphosphine in 54% yield. The reaction sequence leading to the

synthesis of PSNSP is shown in Scheme 11.57.

Due to the failure of the attempted synthesis of monobrominated SNS, the compound

which would serve as a precursor for PSNS , and also due to low probability that alternati ve

routes to the compound would prove successful (e.g. coupling between PSMgBr and 6

bromo-2-(2'-thienyl)pyridine*), the synthesis ofPSNS was not studied during this work.

• This latter compound was never obtained in a 100% pure form (vide infra), being contaminated with at least

2 structurally related impurities. Thus the reaction mixture obtained after reacting it with PSMgBr would be
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SCHEME I1. 57

Examination of the properties of the new phosphines, PSN and PSNSP, revealed that they

are as resistant to oxidation as the purely thiophene-based phosphines i.e., as solids, they

can be kept indefinitely in air at room temperature and, as solutions in non-degassed

solvents, they can withstand mild heating. Compared to the corresponding monophosphine

PSS, the PSN ligand is more crystalline, manifested not only by the higher melting point

(60 vs. 70°C, respectively), but also the ease with which it precipitates out of solution. It is

also somewhat more soluble in polar solvents, such as methanol and ethanol, but much less

soluble in hydrocarbon solvents . The PSNSP ligand also shows a considerable increase in

the degree of crystallinity in comparison with its thiophene analogue, PSSSP. Again, not

only is the melting point of the former compound is much higher (176 vs. 149°C,

respectively), but it also produces good quality single crystals upon slow evaporation from

a number of solvents . The solubility of PSNSP, on the other hand, does not follow the

same tendency as that of PSN. In fact, the compound exhibits poor affinity for most

solvents, both polar and non-polar, which is most likely the result of the molecule's large

size. It is also possible that the lone pair on the pyridine nitrogen might be shielded to some

extent from interaction with the solvent molecules by the lone pair electrons of the two

suifur atoms of the neighbouring thiophene rings. That this might be the case is indicated

more difficult to separate. Taking into account that the target compound. PSNS is not symmetrical, it is

unlikely to crystallise easily , suggesting that the isolation of the pure mater ial would be extremel y difficult .
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by the molecule's structure, as determined by X-ray diffraction methods (vide infra) , which

shows that the lone pairs on nitrogen and both sulfur atoms 'face' the same direction. It is

interesting to note that PSNSP has only a light, pale-greenish colour compared to the

strong yellow of PSSSP, which indicates that substitution of a thiophene ring by pyridine

significantly changes the electron energy levels in the molecule.

11.2.5.2Characterisation of PSN and PSNSP
I l' 'IThe H, -'C and -' P NMR spectroscopic data for the new phosphines PSN and PSNSP are

given in Table II.14. The assignments of the signals in the 'n and l3C NMR spectra were

made on the basis of COSY and HETCOR spectra of both the phosphines as well as the IH

l'and -'C NMR spectra of the parent heterocycles.

Table II.14 NMR data for PSN, as measured in CDC1]. and PSNSP. as measured in. .

CD2Ch

Compound 15 31p, ppm

PSN -18.35 (5)

PSNSP -18.28(5)

15 13C, ppm

118.8 (5, CPy-3), 122.2 (5, CPy_5)

125.2 (d, CTh•3) , 128.5 (d, CPh•3) ,

129.0 (5, CPh-4) , 133.] (d, CPh-2) ,

136.7 (5, CPy-4), 137.3 (d, CTh-4),

137.6 (d, CPh•I ) , ]40.6 (d, CTh•5) ,

]49.5 (5, CPy_6), 150.9 (5, CTh•2),

152.1 (5, CPy-2)

117 .8 (5, CPy-3), 126.0 (d, CTh-3),

128.8 (d, CPh-3) , 129.3 (5, CPh-4),

133.4 (d, CPh-2) , 137.4 (d, CTh-4 ),

137.8 (5, CPy-4), 138.0 (d, CPh_I) ,

141.2 (d. CTh-5) , 150.9 (5, CTh-2) ,

152.0 (5, C Py_2)

15 In, ppm

7.15 (ddd, 1 H, HPy_5), 7.29

7.50 (rn, 11 H, Hph + HTh-4),

7.57 (dd, 1 H, HTh-3) , 7.61

7.70 (rn, 2 H, Hpy-3 + Hpy-4),

8.50-8.56 (m, 1 H, H!')_6)

7.25 (dd, 2 H, HTh-4), 7.3]

7.48 (m , 22 H, Hph +

Hpy-3) , 7.59 (dd , 2 H, HTh-3) ,

7.64 (dd ", ] H, HPy-4)

• This is in fact an 'A' part of an ABz spectrum. not a real doublet of doublets .
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HTh-3 HTh -4 HTh -4

/Ph
HPy-4 Ph

P p/

HPy-3 Hph-2 HPy-5 Hph-2

Hph-3
HPy-6

Hph-3

Hph-4 Hph-4
PPh2

Fi!2:. 11.9 Numbering scheme for hydrogen atoms in the PSN and PSNSP molecules, the

numbering of the carbon atoms coincides with that for the hydrogen atoms

It can be noticed from the above Table. that the 31p NMR chemical shifts of these

thienylpyridine-based phosphines are shifted very slightly to lower field, in comparison

with PSS and PSSSP for which & = -18.7 ppm. This is an expected result as the pyridine

substituent in the 5 (or 2) position of thiophene plays a similar role to bromine in PSBr i.e.,

it withdraws some electron density from the thiophene ring.

The effect of the introduction of the pyridine substituent on the chemical shifts of the

hydrogen atoms ofthe thiophene ring is even more pronounced. The signal due to the HTh -3

proton is shifted considerably downfield (7.6 vs. 7.1 ppm) in both phosphines, while that of

HTh-4 is slightly shifted from 7.15 to 7.32 (in PSN) and from 7.15 to 7.25 (in PSNSP). The

former effect is due to the influence of the aromatic ring current of pyridine on the adjacent

hydrogen atoms of thiophene, while the latter is probably due to the inductive electron

withdrawing effect of pyridine. Through space interaction between the hydrogen atoms,

Hpy-3 of the pyridine and HTh -3 of the thiophene, was confirmed by differential Nuclear

Overhauser Effect (NOE) NMR experiment.

As far as the thiophene and phenyl regions in the 13C NMR spectra ofPSN and PSNSP are

concerned, these are not that different from the corresponding regions in the 13C NMR

spectra ofPSS and PSSSP. The only significant change in the chemical shift is experienced

by CTh-2, the carbon adjacent to the pyridine ring (151 vs. 143.5 ppm, respectively). The

chemical shifts of the pyridine carbons resemble those of the parent heterocycle, SN.
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The UV-vis spectra of the thienylpyridine-based phosphines show a similar trend to that

observed in purely thiophene-based phosphines. The former also exhibit bathochromic

shifts of their longest wavelength absorption maxima (1t~1t* electron transfer , vide sup ra)

when compared to the longest wavelength absorption maxima of the parent heterocycles

(compare SN and PSN, SNS and PSNSP in Table II.15).

Table 11.15 The DV-vis data for SN, SNS, PSN and PSNSP, as measured III

dichloromethane

Compound

A.man nm

( M-I -I)Z, ·cm

SN PSN SNS PSNSP

270 (sh", 23 1 ( 1.3' 104
) 260 ( 1.1.104

)
230 (3.3· 104

)

0.83' 104
) 27 1 ( 1.3 ' 104

) 287 ( 1.3· 104
)

265 (2 .7' 104
)

303 ( 1.5·104
) 324 ( 1.8. 104

) 333 ( 1.0.104
)

323 (2.7.104
)

34 5 (2.8.10 4
)

shoulder on the main peak

Although the combination of NMR and microanalysis data conclusivel y proved the

formation of the desired compounds, the structure of the diphosphine, PSNSP, was further

confirmed by means of a single crystal X-ray diffraction study. Suitable crystals were

obtained by slow evaporation of a dichloromethane-methanol solution. Figure II.l 0 gives a

perspective view of the ligand and also shows the atom labelling scheme. Tables II.29 and

II.30 list the interatomic distances and angles respectively.

The PSNSP molecules exist as discrete entities in the crystal, there being no non-bonded

contact distances less than the sum of the van der Waals radii for the two atoms concerned.

Unlike PSSP, the molecule does not possess any point symmetry elements, as might have

been anticipated from its symmetrical formula . The SNS fragment of the PSNSP molecule

adopts a nearly planar cisoid arrangement, with the angles between the outer two thiophene

planes and the central pyridine plane being 1.33 and 4.32°, that between the two thiophene

rings being 4.97°. The distances between the N(1) atom and each of the two S atoms are

2.932(2) and 2.950(2) A, which indicates that they are conveniently spaced to chelate to a

metal atom, while the distance between the S atoms is 4.628(1) A. The P(1)...P(2) distance

is much greater at 9.928(1) A.
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The geometry around the phosphorus atoms is pyramidal, with the C-P-C angles being

between 100.9(1) and 104.8(1)° and with the phenyl rings adopting orientations such that

their planes are at dihedral angles of78.7° [C(14) to C(19)] and 106.0° [C(20) to C(25)] to

the plane of the S(2) ..C(13) thiophene ring; and 76.6° [C(26) to C(31)] and 76.9° [C(32) to

C(37)] to the plane of the S(1) ..C(4) thiophene ring . The lengths of all C-S, C-P, C-C and

C-N bonds are within expected boundaries, as are the remaining angles within the

molecule (see Tables 11.29 and 11.30).

As it was observed for the PSSP molecule, the phenyl rings on both phosphorus atoms are

turned towards the sulfur, the torsion angles S(1)-C(1)-P(1 )-C(26), S(1)-C(1 )-P(1)-C(32),

S(2)-C(13)-P(2)-C(14) and S(2)-C(13)-P(2)-C(20) being 61.6(2), 45.6(2), 33.6(2) and

71.2(2)°, respectively. This fact supports the earlier conclusion drawn from the PSSP

structure i.e., that the direction of the lone pair on the phosphorus atom is opposite to the

direction of the in-plain electron pair on sulfur, an observation ascribed to the steric effect

ofthe heteroatom (see Section 2.3.1 ofthis Chapter).

The shape of the cavity in the PSNSP molecule (Figure H.10) suggests that the ligand

might be able to chelate to a metal atom via the S(1), N(1) and S(2) donor atoms i.e.,

providing the metal is capable of coordinating to a thiophene sulfur atom. It is questionable

however, whether chelation via N- and one (or two) of the P-atoms could be achieved, as

their lone pairs appear facing opposite directions - at least in the solid state for the free

ligand. Of course, the situation can change in the solution in the presence of a metal ion,

but chelation through the P and N seems less likely than a situation where these two atoms

bridge two metals. In fact, bridging two metal atoms via the P- and N-atoms of a PSN

fragment is a distinct possibility and one confirmed by the crystal structure of [Au2(1l

PSNh](SbF6h (see Section III.2 .1.3).

11.2.5.3 Synthesis of diphenyl[6-(2'-thienyl)-2-pyridyl]phosphine (PNS) and

diphenyl[5-(2'-(6' -diphenylphosphino)pyridyl)-2-thienyl]phosphine (PSNP)

As PNS can be considered a pyridine-based phosphine, its synthesis was carried out

according to the method commonly used for preparation of tertiary phosphines with

idi bsti 136187 F thipyn me su strtuents.':": or IS approach the phosphine precursor must contain a

chloro- or a bromo- substituent in the position 6 of 2-(2'-thienyl)pyridine. The required
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chloro-derivative was obtained by Kumada et al.214 from 2,6-dichloropyridine by selective

coupling with 2-thienylmagnesium bromide in the presence of a Pd(II) catalyst.

We repeated the synthesis usmg 2,6-dibromopyridine as the starting compound. The

reaction is shown in Scheme II.58 below.

n
AH~ +

Br 0... N Br
0-

Pd(dppb)Clz ~..
S MgBr 0...

~ N Br
~ S

ea. 55%

SCHEME II.58

The product mixture obtained as the result of the above reaction contained the target

bromo-derivative as well as SNS (formed as a result of disubstitution) and unreacted 2,6

dibromopyridine. It proved relatively easy to remove the latter impurity, as most of it

separated as a solid from the oily residue after keeping it at Iacc for 72 hours. However it

proved very difficult to eliminate SNS from the mixture: cooling the residue to lower

temperatures (less than -1aCC) led to eo-precipitation of the SNS with the bromo

derivative. An oily solution formed when the mixture was brought back to room

temperature. Attempts to separate the components chromatographically were not very

successful, nor were attempts to distil off one of the components, this resulting in a drastic

drop in the final yield. As SNS was unlikely to interfere with the next step in the synthesis

of the desired phosphine, it was decided to use the mixture as is, provided all the 2,6

dibromopyridine had been removed.

Reaction of this crude mixture with lithium diphenylphosphide proceeded smoothly and

furnished the desired phosphine, PNS, in 42% yield. This phosphine was used as a starting

material for the synthesis of PSNP . The strategy for the synthesis is shown in Scheme

II.59. This route was preferred to an alternative one i.e., the synthesis of 6-bromo-2-(5

bromo-2-thienyl)pyridine followed by reaction with two equivalents of lithium

diphenylphosphide, because the dibromo compound would have been difficult to obtain

pure.
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PPh2

1) n-BuL~ THF, -78 0C
~

PPh2

SCHEME 11. 59

The conditions under which the thiophene ring is lithiated are crucial to the outcome of the

reaction. It was shown by Queguiner et al. ,215 that lithiation of 2-(2'-thienyl)pyridine with

n-BuLi preferably occurs in the position 5 of thiophene, if the solvent strongly coordinates

the lithium atom. In poorly coordinating solvents such as ether, lithiation occurs in the

position 3 of the thiophene ring.

The reaction shown in Scheme II.59 produced PSNP as expected. It was also established

by means of 31p NMR spectroscopy that substituting THF for ether during the lithiation

step led to a complex mixture, where the desired PSNP was a minor product (there were a

number of unidentifiable peaks in the 31P NMR spectrum in the region between -18 and

-40 ppm). Isolation of PSNP proved somewhat difficult: like PSNSP, PSNP resisted

attempts to be transferred into the aqueous phase during acidification with a strong acid,

thus ordinary hydrolytic procedure had to be employed. The product obtained after this

step, however, resembled a very viscous oil. It took between 2 and 3 weeks in methanol at

-25°C for the oil to become a crystalline material. Purification using chromatography on

silica with hexane-ether as eluent eventually provided the pure phosphine in only 38%

yield.

The new phosphines are off-white crystalline materials with high melting points (95 and

160°C for PNS and PSNP, respectively). Both are oxygen-sensitive and, as such, must be

stored under an atmosphere of nitrogen (or argon) if kept for a long period of time. Short

time exposure to atmospheric oxygen at ambient temperature, on the other hand, can be

tolerated. Deoxygenated solvents must be used to prepare solutions of the two phosphines.

The solubility of PNS in polar solvents such as methanol, acetonitrile and acetone is

somewhat improved in comparison to that of PSS, while the solubility of PSNP is not

significantly different from that of PSSP.
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11.2.5.4 Characterisation of PNS and PSNP

The IH, l3C and 31p NMR spectroscopic data for the new phosphines PNS and PSNP are

given in Table II.16. The assignments of the signals in the IH and l3C NMR spectra were

made on the basis of COSY and HETCOR spectra of the two phosphines as well as by

comparison with the spectra of the parent heterocycle , SN, and the previously synthesised

PSN. The numbering of the atoms corresponds to that shown in Figure II.9 (see Section

2.5.2 of this Chapter).

The 3Jp NMR chemical shifts for the phosphorus atoms in PNS and PSNP (i.e., the one

bonded to the pyridine ring in the latter), appear in the region characteristic of that for

pyridine based phosphines, i.e. at around -3 ppm (see Table 11.16). The diphosphine,

PSNP , has a second peak in the 31p NMR spectrum at () -18.3 ppm assigned to the

phosphorus atom bonded to the thiophene ring.

Table 11.16NMR data for PNS and PSNP, as measured in CDC b

(j 'n, ppm

PNS

PSNP

-3.64 (s)

-3.60 (s)

-18.34 (s)

11 7.2 (s, CPy_3), 124.6 (s, CTh-3),

126.3 (d, C~-5), 127.9 (2 S, CTh-4 +

CTh-5), 128.4 (d, CPh_, ), 129.0 (s,

CPh-4), 134.3 (d, CPh-2), 136.1 (d,

Cpy-4), 136.4 (d, CPh_ I ) , 147.3 (d,

Cpy-6") 150.9 (s, CTh_2), 151.8 (s,

Cpy-2)

117.3 (s, CPy_3), 125.6 (d, CTh-3),

126.7 (d, CPy_5),128.4 (d, CPh-3),

128.9 (s, CPh-4 ), 134.3 (d, CPh-2),

136.1 (d, CPy-4 ), 136.6 (d, CPh_ I ) ,

137.1 (d. CTh-4 ), 137.8 (d, CTh-5),

147.5 (d, CPy_6"), 150.7 (s, CTh-2),

152.2 (s, CPy_2)

6.99 (ddd, 1 H, HPy-5), 7.05

(dd, 1 H, HTh-4), 7.30-7.40

HTh-5), 7.42-7.58 (m, 7 H,

7.01 (ddd, I H, HPy-5), 7.28

(dd, 1 H, HTh-l), 7.30-7.53

(m, 22 H, Hph + Hpy-3 +

Hpy-l), 7.59 (dd, 1 H, HTh-3)

The intensity of the signal is very close to the noise level, so this value must be treated with

caution
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The IH NMR spectra of PNS and PSNP are poorly resolved with several signals

overlapping, making assignments of signals to individual hydrogens not always possible.

We first note that all three pyridine hydrogens in PNS i.e., HPy-3, HPy-4 and HPy-s,

experience an upfield shift by about 0.15 ppm in comparison to the chemical shifts

recorded for the SN molecule (0 = 7.62-7.72 ppm - for Hpy-3 and Hpy-4; 0 = 7.14 ppm for

Hpy-s) . The thiophene hydrogen signals remain at approximately the same values as they

were in the parent heterocycle. In the PSNP molecule, the chemical shifts of hydrogen

atoms of both heterocyclic rings are affected by the diphenylphosphino substituents: the

chemical shift of the HTh-4 is shifted downfield from the corresponding signal in the SN

spectrum by 0.15 ppm, while the pyridine hydrogens experience an upfield shift of about

the same value (similar to what was observed for PNS). The l3C NMR spectra of the two

phosphines show the expected changes in the carbon chemical shifts when compared to

those recorded for unsubstituted SN. Specifically, the signals of carbon atoms within 3

bonds from the phosphorus atom split, producing doublets , and are generally shifted

downfield.

The DV-vis spectra of the three phosphines derived from SN do not show the same trends

as those observed for 2,2'-bithiophene based phosphines (see Table H.17). Firstly, the

introduction of a diphenylphosphino substituent on the different rings of the SN moiety

results in different electronic absorption spectra (compare PSN and PNS). A consequence

of this is that there is no systematic red shift in the longest wavelength (n-n*) band on

increasing the number of diphenylphosphino substituents . This was the case for SS, where

the introduction of each diphenylphosphino group led to gradual Increase in the

wavelength of the band. This implies that the introduction of the second

diphenylphosphino group on the pyridine ring of PSN does not lead to an improved

delocalisation of electron density. This may be due to a distortion of the planarity of the

molecule. An alternative explanation is that further delocalisation is disrupted because of

the different extent of interaction between the phosphorus lone pair and the rr-electrons of a

pyridine ring, compared to the equivalent interaction between the phosphorus and a

thiophene ring.
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Table 11.17 The U'V-vis data for the 2-(2'-thienyl)pyridine based phosphines, PSN, PNS

and PSNP, and the parent compound SN (spectra recorded in dichloromethane)

Compound SN PSN PNS PSNP

( M -I -I)E, ·cm

270 (sh",

0.83'104
)

303 (1.5'104
)

231 (1.3 '10 4
)

271 (1.3 '10 4
)

324 (1.8 '10 4
)

230 (1.3'104
)

264 (1 .4. 104
)

278 (1.4 '10 4
)

3 18 (1.1 .104
)

233 (2.5-10 4
)

265 (2.0 '104
)

323 (2.0 '10 4
)

shoulder on the main peak

It is difficult to verify or disprove the above statement in the absence of the accurate

structural data for the SN derivatives. For this reason single crystals of PSNP were grown

(by evaporation of hexane-ether solution) and its crystal structure determined by X-ray

diffraction methods. Figure 11.11 gives a perspective view ofthe diphosphine, while Tables

II.35 and II.36 provide the information on bond lengths and angles in the molecule.

The heterocycle fragment of the PSNP molecule is approximately planar, the angle

between the pyridine and the thiophene rings being only 3.56°. A cisoid arrangement of the

thiophene S and pyridine N atoms about the interannular C(4)-C(5) bond is adopted. The

distance between the two heteroatoms is 2.921(5) A, which is close to the values observed

in the structure of PSNSP i.e., 2.931(4) and 2.946(5) A. The distances between non

adjacent donor atoms, i.e. P(l) . ..N(1), P(2).. .S(1) and P(1) ... P(2) are 6.048(4), 5.203(2)

and 8.250(2) A respectively. The length of the interannular C-C bond between the

heterocycles in this molecule is comparable to what was observed in the structure of the

PSNSP ligand: 1.458(7) Afor the C(4)-C(5) bond in PSNP vs 1.468(4) Afor the C(4)-C(5)

bond and 1.463(4) Afor the C(9)-C(10) bond in PSNSP.

The geometry around the phosphorus atoms is pyramidal with the C-P-C angles ranging

from 101.2(3) and 105.2(2)° and with the phenyl rings adopting orientations such that their

planes are at dihedral angles of 63.42° [C(10) to C(15)] and 82.03° [C(16) to C(21)] to the

plane of the S(1)..C(4) thiophene ring; and at 68.54° [C(22) to C(27)] and 43.56° [C(28) to

C(33)] to the plane of the N(1)..C(9) pyridine ring. The lengths of the C-S, C-P, C-C and

C-N bonds are within expected boundaries, as are the angles within the molecule (see

Tables 11.35 and II.36 in the Experimental section).
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Unlike the situation observed for the PSNSP ligand, the phenyl rings on the two

phosphorus atoms are turned to a different degree towards the respective heterocycle rings.

The torsion angles S(l)-C(l)-P(1)-C(lO) and S(1)-C(1)-P(l)-C(16) are 13.9(4) and

91.7(3)°, while N(1)-C(9)-P(2)-C(22) and N(1)-C(9)-P(2)-C(28) are 158.1(4) and 51.6(4)°,

respectively. Thus the direction of the lone pair on phosphorus attached to the thiophene

ring is approximately opposite to that of the electron pair on sulfur - similar to what was

observed for PSSP and PSNSP. However the lone pair on phosphorus attached to the

pyridine ring, although it does not exactly point in the same direction as the lone pair on

N(1), it definitely appears to be on the same side of the heterocycle as the nitrogen atom

with respect to an imaginary plane drawn through P(2) and C(9) and perpendicular to the

pyridine ring. This difference in conformations around the two phosphorus atoms can

clearly be attributed to the difference in the steric effect imposed by S and N lone pairs as

well as the different geometries of the respective heterocycles.

The PSNP ligand does not form a cavity similar to that of PSNSP. The ligand might be

able to chelate to a suitable metal via the S and N atoms and it definitely possesses the

potential to bridge two metal atoms via the N and P atoms. The juxtaposition of the P(2),

N(1) and S(1) atoms on one hand, as well as the P(1), S(1) and N(l) atoms on the other, is

such that it is unlikely that the ligand can adopt a conformation in which three donor atoms

simultaneously coordinate to the same metal atom.
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II.3 SUMMARY AND CONCLUSION

Given that the synthesis and characterisation of a number of new thiophene-based

phosphines is reported in this Chapter, it seems appropriate to briefly summarise their

properties as well as the methods used for their synthesis.

II.3.! Properties of the new thienylphosphines

Table H.18 presents the basic characteristics of the newly synthesised thiophene-based

phosphines and related compounds, such as colour, melting point, 31p NMR shift and

resistance to oxidation as well as the yield in which they were obtained.

As can be seen from the Table, the yields of the phosphorus compounds range from good

(70%) to poor (10%). There does not seem to be any clear-cut relationship between the

structure of the molecule and the successfulness of its preparation, as the latter is the direct

result of the method chosen for the synthesis of that particular compound.

The phosphines exhibit a wide range of melting points (from below room temperature to

192°C) which appear to be structure related: generally phosphines with polar groups such

as bromo or pyridyl substituents have higher melting points as well as a higher degree of

crystallinity than those with thiophene groups only. The presence of centre of symmetry

within the molecule also increases the melting point. A good example is PSSP which has

the highest melting point and - as established by X-ray analysis - possesses a centre of

symmetry. With regard to PSSP, it is likely that the planar arrangement of the two

thiophene rings as well as the large distance between the two diphenylphosphino groups

allows for convenient packing (and, therefore, strong interactions) of the molecules in the

solid state. Comparison of the crystal structures of PSSP and PSNP confirms this

suggestion. In the latter molecule the two heterocyclic rings are not coplanar (dihedral

angle 4.5°); moreover the disposition of the two diphenylphosphino group with respect to

the mean plane through the two rings is different, thus causing difficulty in close packing.



T a ble 11.18 Selected properties of the novel phosphines and re lated compounds obtained during this work

Compound name Yield, M.p., Colour Air- OJlp,

% QC sensitivity ppm

Diphenyl(2-thienyl)phosph ine (PS) 72 44-46 white a -19.90(s)

Phenyldi(2-thienyl)phosph ine (PDS) 51 29-30 white a -33.26 (s)

Tr is(2-thienyl)phosphine (PTS) 32 25-26 white a -46.27 (s)

DiphenyI(5-brol11o-2-th ienyl)phosph ine (PSBr) 45 69-70 white a -17.88 (s)

Dipheny I[5-(2,2'-bith ienyl)]phosph ine (PSS) 25 58-60 off-white a -18.83 (s)

Diphenyl[5-(2,2':5',2"-terth ienyI)]phosphine (PSSS) 39 77-78 yellow a - 18.71 (s)

- 2,5-13 is(diphcnylphosph ino)thiophene (PSP) 40 77-78 white a -18.84 (s)
l."J
l."J

5,5'-l3is(diphenylphosphino )-2,2'-bithiophene (PSSP) 6\ 191-192 off-white a -18.75 (s)

5,5"- bis(diphenylphosphino)-2,2':5',2"-terthiophcne (PSSSP) 66 148-149 yellow a -18.7\ (s)

Phenylbis[(5-diphcny lphosphino)-2-thienyl]phosphine (PDS P) 60 - (oi l) eolourless a -18.68 (s) & -32.17 (s), 2: I

Tris] (5-d iphenylphosph ino)-2-thienyl]phosphine (PTS P) 45 137- 13 8 white a -18.62 (s) & -44.73 (s), 3: I I Q
-§

Dipheny l[5-(2'-pyridyl)-2-thienyl ]phosphine (PSN) 66 69-70 white a -1 8.35 (s) I ~

Diphcnyl[6-(2'-thienyl)-2-pyridyl]phosphine (PNS) 42 94-95 off-white b -3.64 (s) ~
~

r-
Diphenyl [5-(2'- {6'-diphenylphosphino} pyridyl)-2-thienyl]-phosph inc ~"

::s
(PSNP) 38 159-160 off-white b -3.60 (s) & -18.34 (s), I: I I:l...

~
::s

2,6-Bis[(5'-d iphenylphosph ino)-2'-thienyl]pyridine (PSNSP) 54 175- 176 green ish-white a -18.28(s) I S.
~
t::;"



Table 11.18 continued ...

Bis[5-(diphenylphosphino)-2-thiellyl]phosphillic acid (DTPA)

Thien -2,5-diyl d i(phenylp hosphinic acid) (TDPA)

2,2'-Bithien-5,5'-diyl di(p henylphosphin ic acid) (BT DPA)

5,5'-Bis(phellylphosphino)-2,2'-bithiophene (HPSSPH)

10 n.d.' white a 4.85 (s) & -18.24 (s), 1:2

24 n,d: white a 19.86(s)

34 n.d.' yellow a 20.08 (s)

70 - (oil) colourless c -64.34 (s)

the m.p. of the compound was not determined

a the compo und is stable in air for considerab le periods of time

b the compound is resistant to oxidation at reduced temperatures and under a layer of solvent, but is easi ly oxidised in solution and at elevated

temperatures
.-.
vJ
.J::- c the compound is quickly oxidised both in pure form and in solutio n, irrespective of the temperature

9
-§
~

~
~
t-

OQ'
§
l.:l..

'S?:::;
So
~
(;;,



Chapter Two: Ligand Synthesis

As a result the melting point of PSNP is lower than that of PSSP, although one would

expect it to be greater on the basis of the substitution of a thiophene group by the more

polarpyridine group.

Tertiary phosphines where a phosphorus atom is attached to the 2-position of the thiophene

ring show a remarkable stability towards oxidation . On the other hand, the phosphines with

the phosphorus atom at the 2-position of a pyridine ring are far less stable, quickly

oxidising in solution and even in solid state if left standing in air for prolonged periods of

time. As expected, the phosphinic acid derivatives , bis[5-(diphenylphosphino)-2

thienyl]phosphinic acid (DTPA) , thien-2,5-diyl di(phenylphosphinic acid) (TDPA) and

2,2'-bithien-5 ,5'-diyl di(phenylphosphinic acid) (BTDPA), are resistant towards oxidation,

as the phosphorus atoms in those molecules are already in the highest oxidation state (+5).

The secondary phosphine, 5,5'-bis(phenylphosphino)-2,2'-bithiophene (HPSSPH), is

readily oxidised even when only traces of oxygen are present, the property characteristic of

secondary aromatic phosphines e.g., diphenylphosphine. Although the thiophene-based

phosphines appear to be perfectly air-stable, they show a certain light-sensitivity, which

becomes more pronounced with an increase in the number of thiophene rings in the

molecule e.g., PSSSP, PSSS and PTSP. Replacing a thiophene by a pyridine moiety

decreases the sensitivity to light by the molecule.

The original goal behind the preparation of thiophene-based tertiary phosphines containing

a pyridine substituent was to obtain compounds soluble in both non-polar and polar

solvents. However, it was found that the introduction of one pyridine ring only slightly

improved the solubility in polar solvents. In fact, all the compounds listed in Table H.18

dissolve to some extent in solvents such as benzene, THF, chloroform and

dichloromethane, i.e. both weakly polar and non-polar solvents. The only exceptions are

thien-2 ,5-diyl di(phenylphosphinic acid) (TDPA) and 2,2'-bithien-5 ,5'-diyl

di(phenylphosphinic acid) (BTDPA) which, being phosphinic acids, are soluble in alcohols

and aqueous NaOH. The phosphines (apart from PSBr) are only marginally soluble in cold

alcohols and none of them are soluble in aqueous media.
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11.3.2 Methods of synthesis

Thiophene, bithiophene and terthiophene derived diphenylphosphines with the phosphorus

atom attached to 2-position of a thiophene nucleus have been successfully prepared either

directly from the parent heterocycle or (as in the case of PSS) by coupling of two

thiophene containing fragments. The former is the traditional approach used for the

preparation of a variety of phosphines with electron-rich heterocycle substituents and

involves metallation of the parent heterocycle , followed by reaction with a suitable

chlorophosphine. It was established during the syntheses of PS, PDS, PTS, PSBr, PSSP,

PSSS and PSSSP that both Li and Mg thiophene derivatives are effective as precursors, the

selection of the appropriate organometallic reagent being largely dependent on the

availability of a suitable intermediate and/or practical convenience. The method generally

provides phosphines in good yields, although these vary due to differences in the physical

properties of the compounds e.g., the isolation of low-melting phosphines is difficult

resulting in low yields.

When a suitable organometallic precursor for the reaction with a chlorophosphine is not

available, it is sometimes possible to utilise an alternative route to the required phosphine.

Thus, for the preparation of PSS , a Ni(II)-catalysed coupling reaction between two

thiophene containing compounds (2-thienylmagnesium bromide and PSBr) was used.

However the reaction gave low yields , possibly as a consequence of the competing

homocoupling side reactions. Although coupling reactions between heterocycles are well

documented; this is the first example of a reaction when one of the heterocycles includes a

phosphine moiety in its structure.

During the course of this study it was found that metallation of the PS molecule at the

unsubstituted 5-position with n-BuLi results in partial cleavage of the P-C bond. Thus , in

order to metallate a thiophene which already has one phosphine substituent, one has to use

a less nucleophilic reagent. Lithium di-iso-propylamide has been used as an alternative to

n-BuLi. However a better method is based on the use of a thiophene-based phosphine

containing a bromine substituent at the required position on the thiophene ring, which can

be subsequently converted into the corresponding Grignard reagent. Preparation of the

polyphosphines PDSP and PTSP became successful only due to the latter metallatinz
<:>

procedure.
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Preparation of phosphines with both thiophene and pyridine moieties in their structure,

such as PSN, PNS, PSNP and PSNSP, can be considered as a significant development not

only because novel phosphines have been prepared, i.e. phosphines containing both

electron-rich and electron-poor nuclei in the molecule, but also because it has introduced

different synthetic approaches. It was established that the selective attachment of a

diphenylphosphino group to a heterocycle containing both pyridine and thiophene rings,

could be achieved via the reaction between the haloheterocycle and lithium

diphenylphosphide, the halogen atom being positioned on either the thiophene or pyridine

ring*. The traditional Grignard reaction for the preparation of thiophene-based phosphines ,

as described above, can no longer be employed once there is a pyridine ring in the

molecule .

The reaction between a halogenated heterocycle and lithium diphenylphosphide does not,

however, always produce sufficiently clean product - which was the case during the

attempted synthesis of PSNSP. In that instance, assembling the molecule by means of a

Nifllj-catalysed coupling reaction was more successful, providing a product with far fewer

impurities.

During this work an attempt was made to prepare a water-soluble thiophene-based mono

or diphosphine containing sulfonated phenyl groups or, indeed, any other strongly polar

aromatic groups. This was not achieved. However , the synthesis of the potential precursor,

5,5'-bis(phenylphosphino)-2,2'-bithiophene, has opened a convenient route to primary and

secondary 2-thienylphosphines. This route consists of several steps, the first and most

important one being the phosphorylation of a thiophene at the 2-position with a suitable

P(III) reagent in the presence of an anhydrous Ni(Il ) salt. The expected product of the first

step is a phosphinic or phosphonic acid, which can be converted to its chloroanhydride and

finally reduced to a P(IIl) compound with one or two hydrogens bonded at the phosphorus

atom. Whether the last named species can be converted into a novel tertiary phosphine is

uncertain, since the reaction still needs to be studied.

Normally, with thiophene-only based heterocycIic systems, such a reaction would have resulted in a fast

halogen-metal exchange and the formation of homocoupling products, with Ph2PPPh2 being the main

phosphorus-containing compound.
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11.4 EXPERIMENTAL

All reactions for phosphine syntheses were carried out under an atmosphere of dry

nitrogen. Work-up procedures were normally performed in air unless otherwise stated due

to generally air-stable nature of the phosphines. General experimental details and sources

of chemicals are outlined in Appendix A.

11.4.1 Syntheses

11.4.1.1 Synthesis of diphenyl(2-thienyl)phosphine (PS)

C I6H13PS

M = 268.31 g-mol"

2-Bromothiophene (8.15 g, 50 mmol) was dissolved in 40 ml dry ether. The solution was

added to a slurry of 1.25 g (52 mmol) of magnesium turnings in 10 ml dry ether in such a

way as to maintain a gentle reflux. The addition was complete in 30 minutes. At this stage,

20 ml ether were added and the mixture was warmed up to reflux again and left refluxing

until all magnesium disappeared (1-1.5 hours). It was cooled to O°C and 9.0 ml (50 mmol)

of diphenylchlorophosphine in 30 ml dry THF were added dropwise to the cold solution

over a period of 40-50 minutes. After this , the cooling was removed and the mixture

allowed to stir at room temperature for at least 2-3 hours . Most of the solvent was then

evaporated in vacuo and 100 ml of ether added , followed by 200 ml dilute HCl. If the

reaction appeared too vigorous, some ice was added . The product was extracted with ether

(2 x 50 ml), the ethereal layers were combined, washed with brine and dried over MgS04.

The solution was filtered from the drying agent and the solvent removed in vacuo. The

resulting oil was allowed to crystallise by storing at -10°C for 1-3 days . Cold methanol was

added to the solid and mother liquor removed. The solid was finely crushed and washed

twice with small portions of cold methanol. A white crystalline product was obtained.

Yield = 9.6 g (72%), m.p. = 44-46°C (lit. 14 1 43-46°C ).

Elemental analysis: calculated C 71.62 %, H 4.88 %;

found C 71.65 %, H 4.86 %.

3I p {H} (CDC13) = -19.90 (s) ppm (lit.164 -19.3 ppm) .
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IH (CDC!}), &, ppm: 7.13 (ddd, 4JH_P = 1.28, 3JH-H = 4.90, 3JH-H = 2.73; 1 H), 7.31 (ddd , 3JH

P= 4.93 , 4J H_H= 0.90 , 3JH_H = 2.73 ; 1 H), 7.34-7.45 (m, 10 H), 7.59 (dd, 4JH_H = 0.90 , 3JH_H

= 4.89 ; 1 H).

13C{H} (CDC!)), 8, ppm: 128.0 (d, 3J C_p = 8.1),128.4 (d, 3Jc_p = 6.4),128.8 (s), 132.0 (s),

133.1 (d, 2J c_ p = 19.4), 136.3 (d, 2J C_p = 26.4), 137.8 (d, IJC_p = 14.7) , 138.0 (d, 1Jc_p =

20 .8).

GCMS: m/z = 267.95 (M+).

IR (KBr disk): 490 (s), 694 (s), 716 (s), 741 (s), 750 (s), 849 (w), 991 (w), 1215 (w), 1400

(m) , 1433 (m), 1475 (m).

DV-vis (dichloromethane), Amax, nm (s, M-I'cm- I
) : 238 (1.2'10

4).

11.4.1.2 Synthesis of phenyldi(2-thienyl)phosphine (PDS)

CI4HIIPS2

M = 274.34 g-mol"

2-Bromothiophene (16.3 g, 100 mmol) dissolved in 40 ml dry ether was added to 2.43 g

(100 mmol) of magnesium turnings suspended in 15 ml dry ether. Preparation of the

Grignard reagent was carried out in a similar fashion to that described for synthesis of

diphenyl(2-thienyl)phosphine (PS) (Section 4.1.1). A solution of 6.8 ml (50 mmol) of

PhPCh in 30 ml dry THF was added dropwise to the Grignard solution cooled to O°c.

After the addition was complete, the mixture was allowed to warm up to room temperature

and stirred overnight. The solution was hydrolysed by adding dilute HCl/ice slush. The

ether layer was collected, while the acid solution was extracted with ether (2 x 100 ml).

The combined ethereal layers were washed with brine and dried over MgS04. Evaporation

of the solvent produced a pale orange oil. It was purified by column chromatography

(silica; hexane/ether, 10:1, v:v). The final product was a white microcrystalline solid.

Yield = 7.0 g (51%), m.p. = 29-30°C.

Elemental analysis: calculated C 61.31 %, H 4.05 %;

found C 61.06 %, H 3.78 %.

3I p {H} (CDC!)) = -33.26 (s) ppm.
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IH (CDC!]) , 8, ppm (J, Hz) : 7.13 (ddd, 4J H_P = 1.27, 3J H_H = 4.70, 3J H_H = 3.57; 2 H), 7.37

(ddd, 3J H_P = 4.88, 4JH_H = 1.05, 3J H_H = 3.57; 2 H), 7.30-7.45 (m, 5 H), 7.61 (dd, 4J H_H =

1.05, 3JH-H = 4.69 ; 2 H).

13C {H} (CDC!)) , 8, ppm (J, Hz): 127.9 (d, 3Jc_p = 8.2), 128.3 (d, 3J C_p = 6.9), 128.8 (s),

131.9 (d, 2J C_p = 20.4), 132.1 (s), 136.2 (d, 2J C_p = 28.6), 138.4 (d; IJ C_p = 21.6), 138.6 (d,

IJc_p = 11.8).

GCMS: m/z = 273.95 (M+).

IR (KBr disk): 492 (s), 575 (m), 708 (vs), 741 (s), 850 (w), 995 (w), 1217 (m), 1406 (m),

1433 (m).

DV-vis (dichloromethane), Amax, nm (e, M-I'cm-I): 240 (1.5'10\ 270 (sh, 0.9'10\

11.4.1.3 Synthesis of tris(2-thienyl)phosphine (PTS)

C12H9PS3

M = 280.36 gmol"

The Grignard reagent based on 24.5 g (150 mmol) of 2-bromothiophene was prepared as

described previously for preparation of PS (see Section 4.1.1). After all metal had reacted,

the mixture was cooled to O°C, and a solution of 5.0 ml (50 mmol) of phosphorus

trichloride in 30 ml of dry THF were added dropwise over one hour. The reaction mixture

was allowed to reach the room temperature slowly and was stirred overnight. The

hydrolytic work-up procedure was similar to that described for phenyldi(2

thienyl)phosphine (PDS) (Section 4.1.2). Evaporation of ether in the final step yielded a

pale yellow oil. It was purified by column chromatography (silica; hexane/ether, 10:1, v:v).

The purified oil slowly crystallised out over several days at -10°e. The product was not

stable on exposure to sunlight and discoloured within a few days .

Yield = 4.5 g (32%) , m.p . = 25-26°e.

Elemental analysis: calculated C 51.41 %, H 3.24 %;

found C 51.84 %, H 3.10 %.
'I
;) P{H} (CDC!]) = -46.27 (s) ppm.

IH (CDC!]); 8, ppm (J, Hz): 7.123 (ddd, 4J H_P = 1.40, 3J H_H = 4.99, 3J H_H = 3.62; 3 H), 7.385

(ddd, 3J H_ P = 5.85, 3J H_H = 3.58, 4J H_H = 1.26; 3 H), 7.603 (dd, 3J H_H = 4.98, 4J H_H
= 1.23; 3

H).
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13C{H} (CDCl), 8, ppm (J, Hz): 127.9 (d, 3JC_p = 8.8), 131.9 (s, CTh-s), 135.4 (d, 2Jc-p =

26.7) , 138.8 (d, 1Jc_p = 20.0).

GCMS: m/z = 279.80 (M+).

IR (KBr disk) : 496 (s), 577 (m), 704 (vs), 742 (m), 850 (m), 997 (m), 1217 (m), 1332 (w),

1406 (m).

Uv-vis (dichloromethane), '''max, nrn (c, M-I·cm-I
) : 240 (1.8.104), 270 (sh, 1.1.104

) .

11.4.1.4 Synthesis of diphenyl(S-bromo-2-thienyl)phosphine (PSBr)

Br--Z)--pD

6
METHOD A

A mixture of 6.08 g (25 mmol) of 2,5-dibromothiophene and 0.6 g (25 mmol) of

magnesium turnings in 25 ml dry ether was refluxed for one hour or until all metal had

dissolved. The solution was cooled to room temperature (± 15°C, cooling below this

temperature causes precipitation of the Grignard reagent) and a solution of 4.5 ml (25

mmol) of diphenylchlorophosphine in 20 ml THF added dropwise over a 30 minute period.

When the addition was complete, the mixture was refluxed for 1 hour and then stirred

overnight at room temperature. The solution was evaporated to a quarter of its original

volume and 100 ml of ordinary ether added, followed by a semi-saturated NH4CI solution.

The ether layer was separated and the aqueous layer was extracted with ether (2 x 50 ml).

The combined ether extracts were washed with brine and dried over MgS04. Three

quarters of the solvent were evaporated in vacuo and cold methanol added to the mixture.

After standing for 1 day at -25°(. an off-white precipitate was formed. It was quickly

filtered and subsequently purified. Centrifugal chromatography on Chromatotron® (silica;

hexane/ether, 8:1, v:v) yielded a white crystalline solid.

Yield = 3.4 g (40%), m.p. = 69-70°C.

Elemental analysis: calculated C 55.35 %, H 3.48 %;

found C 55.74 %, H 3.77 %.
, I
" P{H} (CDCI3) = -17.88 (s) ppm.

lH (CDC!) , 8, ppm (J, Hz) : 7.03-7.18 (ABX system , 4J H_P = 1.30, 3J H_P = 6.14, JAB = 3.66;

2 H), 7.32-7.44 (m, 10 H).
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13C{H} (CDC!]), 8, ppm (J, Hz): 118.2 (d, 4J c _p = 1.4), 128.6 (d, 3Jc_p = 7.1), 129.1 (s),

131.0 (d, 3J C_ p = 8.5),131.8 (d, IJC_p = 10.5),133.0 (d, 2J C_p = 19.6),136.9 (d, 2J C_p = 30.1),

137.2 (d, IJC_p = 8.3).

GCMS: m/z = 345.85 C9Br-M+), 347.85 (8IBr_M+), 99 and 100% respectively.

IR (KBr disk): 490 (s), 503 (vs), 532 (m), 551 (m), 565 (m), 694 (vs), 741 (s), 804 (s), 949

(m), 999 (m), 1026 (w), 1066 (w), 1087 (w), 1120 (w), 1201 (m), 1404 (m), 1433 (m),

1473 (m).

DV-vis (dichloromethane), "'max, nrn (s, M-I'cm'I): 232 (1.25'10\ 252 (sh, 1.17'104
) .

METHODB

A solution of 0.603 g (2.25 mmol) of diphenyl(2-thienyl)phosphine (PS) in 30 ml dry ether

was cooled to O°C and a hexane solution (1.6 M) containing 2.40 mmol BuLi was added to

it over a period of 10 minutes. The mixture was allowed to stir at room temperature for one

hour and then cooled to -78°e. A solution of 0.13 ml (2.32 mmol) of bromine in 10 ml dry

THF was added slowly with stirring. An off-white precipitate was formed, which

subsequently dissolved when the mixture was warmed up to room temperature. It was

allowed to stir for 14 hours at room temperature, after which the solvent was evaporated in

vacuo and 5 ml of cold methanol added. After 3 hours at -25°C, the newly formed

precipitate was filtered off and recrystallised from hot hexane.

Yield = 0.35 g (45%).

II.4.1.5 Synthesis of 2,5-bis(diphenylphosphino)thiophene (PSP)

C28H22P 2S

M = 452.49 g-rnol"

METHOD A

Diphenyl(2-thienyl)phosphine (PS) (2.04 g, 7.6 mmol) was dissolved in 30 ml dry THF

and added dropwise at O°C to a hexane solution containing 8 mmol of BuLi. The solution

gradually changed colour from yellow to dark reddish-brown. The mixture was allowed to

warm up to room temperature and stirred for 2 more hours. After that the mixture was

cooled to O°C and a solution of 1.5 ml (8.3 mmol) diphenylchlorophosphine in dry THF
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was added over 20 minutes. The solution was stirred overnight at room temperature. The

solution volume was reduced to a quarter of its original value, and 30 ml dilute HCl with

crushed ice added. The solution was extracted with ether (3 x 20 ml), the ethereal layers

combined, washed with brine and dried over MgS0 4 . After removal of the solvent, a very

viscous oil was obtained, which was extremely difficult to crystallise. Even prolonged

storage at -25°C did not always yield crystalline product. Addition of 5-10 ml of

acetonitrile helped somewhat to facilitate the crystallisation process. It took on average

between 1 week and 2 months to obtain the precipitate. The product is a white

microcrystalline solid.

Yield = 1.3 g (38%), m.p. = 77-78°C.

Elemental analysis: calculated C 74.32 %, H 4.90 %;

found C 73.97 %, H 4.96 %.

3 Ip{H} (CDC!]) = -18.84 (s) ppm.

IH (CDC!)), b, ppm: 7.196 (m, AA'XX' system; 2 H), 7.30-7.42 (m, 20 H).

13C{H} (CDC!]), b, ppm (J , Hz): 129.1 (d, 3JC_p = 7.1),1 29.6 (s), 133.7 (d, 2JC_p = 19.9),

137.1 (dd, 3JC_p = 5.8, 2JC_p = 22.2), 137.9 (d, IJ C_p= 9.0), 145.6 (d, IJc.p= 29.6).

GCMS: m/z = 452.50 (M+).

IR (KBr disk): 430 (s), 501 (vs), 534 (vs), 550 (s), 558 (s), 694 (vs), 744 (vs), 820 (s), 966

(w), 1003 (s), 1026 (s). 1090 (m), 1180(s), 1203 (s), 1280 (w) , 1433 (s), 1475 (s), 1583

(m).

DV-vis (dichloromethane), Amax, nm (E, M-I'cm-I
) : 231 (3.0·10\ 256 (br sh, 2.3.104) .

METHOD B

2,5-Dibromothiophene (4.84 g, 20 mmol) and magnesium turnings (1.05 g, 44 mmol) were

placed in a dry flask and 40 m1 dry THF added. The mixture was refluxed for 4 hours,

yielding yellow-brown precipitate. A solution of 7.2 ml (40 mmol) diphenyl

chlorophosphine in 30 ml dry THF was added quickly at room temperature. The reaction

mixture was stirred at room temperature for 14 hours. A usual hydrolytic work-up followed

(as described in Method A). The viscous dark brown oil was purified by passing through a

layer of silica using acetone as eluent, the solvent removed, and the residue was left to

solidify at -25°C. After 2 months an off-white solid was obtained, which was washed with

cold methanol to give the final product.

Yield = 4.32 g (40%).
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11.4.1.6 Synthesis of phenylbis[(5-diphenylphosphino)-2-thienyl)phosphine (PDSP)

Q~ ~~~
P

0 n P~P~~/---PoSb
A mixture of 1.07 g (3 mmo l) diphenyl(5-bromo-2-thienyl)phosphine (PSBr) and 0.073 g

(3 mmoI) magnesium turnings in 15 ml dry THF was refluxed for 3 hours or until all metal

was dissolved. It was cooled to lOoC and a solution of 0.20 ml (1.5 mmol)

dichlorophenylphosphine in 15 ml dry THF was added dropwise at this temperature. When

the addition was complete, the mixture was allowed to stir at room temperature overnight.

Usual hydrolytic work-up followed (as described in Section 4.1.5), with the only

modification of using dichloromethane instead of ether for extraction. After evaporation of

the solvent, viscous yellowish oil was obtained. It was purified on Chromatotron® (silica;

hexane/ether, 10:1, v:v). The second band was collected. After evaporation of the solvent,

colourless oil was obtained which failed to crystallise despite numerous efforts.

Yield = 0.57 g (60%).

Elemental analysis : calculated C 71.02 %, H 4.55 %;

found C 70.64 %, H 4.51 %.

31p {H} (CDCh) = -18 .68 (s), -32.17 (s) ppm in 2:1 ratio.

I H (CDCl), 8, ppm: 7.14-7 .27 (m, ABXY system; 4 H), 7.28-7 .41 (m, 25 H).

13C{H} (CDCl), 8, ppm (J , Hz): 128.4 (d, 3Jc.p = 7.2), 128.5 (d, 3J C•p = 7.2), 129.0 (s),

129.1 (s), 133.1 (d, 2J C•p = 20.0), 133.2 (d, 2J C•p = 19.9), 136.2 (d, IJ C•p = 7.0),136.4 (dd,

3J C•p = 7.0, 2J C•p = 22.0), 136.7 (d, IJc.p = 7.4), 137.0 (dd, 3J C.p = 8.8, 2J C•p = 28.6), 144.8

(d, IJc.p = 24.5), 145.1 (d, IJ C'p = 29.9).

MS (direct injection): m/z = 642.40 (M+).

IR (KBr disk): 501 (m), 519 (m), 536 (m), 551 (m), 696 (vs), 742 (s), 813 (m), 964 (w),

1002 (m), 1026 (w), 1068 (vw), 1089 (w), 1203 (m), 1284 (w), 1325 (w), 1414 (w), 1435

(s), 1479 (w).
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DV-vis (dichloromethane), Amax, nm (e, M-1·cm- I
) : 230 (3.2.104), 251 (sh, 2.6·10\ 295

(1.8.104).

11.4.1.7 Synthesis of tris[ (5-diphenylphosphino)-2-thienyl]phosphine (PTSP)

C48H36P4S3

M = 832.89 gmol"

Freshly distilled diisopropylamine (0.84 g, 6 mmol) was dissolved in 20 ml dry THF. This

solution was added dropwise to a hexane solution containing 6 mmol of BuLi at -78°e.

When the addition was complete, the mixture was allowed to warm to O°C and stirred at

this temperature for 30 minutes, followed by cooling to -78°e. A solution containing 1.608

g (6 mmol) diphenyl(2-thienyl)phosphine (PS) in 15 ml dry THF was added slowly. After

one hour, the mixture was allowed to gradually warm up to O°e. A solution of 0.18 ml (2

mmol) phosphorus trichloride in 10 ml dry THF was added dropwise to the above mixture

at O°e. It was stirred at room temperature overnight. The mixture was hydrolysed with

dilute HCI and extracted with ether in a usual way (see Sections 4.1.1 and 4.1.5). After

evaporation of the solvent, the dark residue was dissolved in acetone (5 ml). Very dark

brown oil remained undissolved and was subsequently discarded. The solution was poured

in cold methanol, and off-white precipitate separated. It was purified by column

chromatography (silica; hexane) and the first band was collected. Evaporation of the

solvent gave a white solid.

Yield = 0.75 g (45%), m.p. = 137-8°e.

Elemental analysis: calculated C 69.22 %, H 4.36 %;

found C 68.38 %, H 4.26 %.

3Ip{H} (CDC!})= -18.62 (s), -44.73 (s) ppm in 3:1 ratio.
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'H (CDCh), 8, ppm: 7.10-7.16 (m, ABXY system; 3 H), 7.21-7.27 (m, ABXY system; 3

H), 7.27-7.38 (m, 30 H).

13C{H} (CDCh), 8, ppm (J, Hz): 128.5 (d, 3Jc_p = 7.3),130.0 (s), 133.2 (d, 2Jc_p = 20.0),

135.9 (dd, 3Jc_p = 6.9, 2Jc_p = 25.2), 136.3 (d, 'Jc-p = 6.7), 137.0 (dd, 3Jc_p = 9.1, 2Jc-P=

30.4), 144.9 (d, IJC_p = 24.1), 145.4 (d, 'Jc.P = 30.5).

MS (direct injection): m/z = 833.40 (M+).

IR (KEr disk): 505 (m), 528 (m), 561 (s), 582 (w), 696 (vs), 746 (s), 813 (m), 966 (vw),

1001 (m), 1024 (m), 1070 (w), 1091(m), 1205 (m), 1284 (w), 1325 (w), 1410 (w), 1433

(s), 1477 (w).

DV-vis (dichloromethane), Amax, nm (s, M-'·cm-'): 229 (3.2.104), 252 (2.7.10
4),

302

(2.0.104).

11.4.1.8 Synthesis of 5,5'-bis(diphenylphosphino)-2,2'-bithiophene (PSSP)

C32H24P2S2

M = 534.61 g-mol"

A solution of 2.36 g (14.2 mmol) 2,2'-bithiophene (see Appendix A for the preparation

method) in 30 ml dry ether was added dropwise to a solution containing 31.2 mmol of

BuLi (1.6 M, hexane) at O°e. The addition was complete in approximately 40 minutes, and

yellowish precipitate was observed. The mixture was allowed to stir for two hours at room

temperature, after which a solution of 5.2 ml (28.8 mmol) diphenylchlorophosphine in 20

ml dry ether was added dropwise with cooling (O°C). Then the mixture was gradually

brought to ambient temperature and stirred for 14 hours. During the work-up procedure, 30

ml 0.1 M HCl solution were added followed by crushed ice. The product was extracted

with dichloromethane (3 x 100 ml), washed with NaHC03 and NaCl solutions and dried

over Na2S04. The organic layer was reduced in vacuo and 25 ml of a mixture of

methanol/acetone (4: 1, v:v) added. A yellowish precipitate separated after cooling the

mixture to -25°C for 24 hours. It was purified on Chromatotron® (silica; hexane/ether, 8:1,

v:v).

Yield = 4.65 g (61%), m.p. = 191-2°e.
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Elemental analysis: calculated C 71.89 %, H 4.52 %;

found C 71.78 %, H 4.80 %.

3I p {H} (CDCh) = -18.75 (s).

'n (CDCh), 0, ppm (J, Hz): 7.10-7.22 (ABX system, 4J H_P = 1.46, 3J H_P = 6.14, JAB = 3.57,

4 H), 7.30-7.44 (m, 20 H).

13C{H} (CDCh), 0, ppm (J, Hz): 124.8 (d, 3JC_p = 8.0), 128.5 (d, 3JC_p = 7.1), 129.0 (s),

133.0 (d, 2Jc_p = 19.7), 137.3 (d, 2Jc_p = 18.3), 137.6 (d, IJc_p= 6.8), 137.8 (d, IJc_p= 30.2),

143.4 (s).

MS (direct injection): m/z = 534.38 (M+).

IR (KBr disk): 486 (s), 499 (s), 514 (s), 551 (w), 571 (w), 696 (vs), 741 (vs), 798 (vs), 875

(m), 918 (w), 988 (s), 1026 (w), 1068 (w), 1073 (w), 1092 (m), 1198 (m), 1271 (w), 1308

(w), 1429 (m), 1435 (s), 1477 (m).

DV-vis (dichloromethane), Amax, nm (s, M-1·cm-I
) : 230 (1.9.10 4

) , 350 (1.95.10
4

) .

11.4.1.9 Synthesis of 5,5"- bis(diphenylphosphino)-2,2' :5' ,2"-terthiophene (PSSSP)

p~

6
C36H26P2S3

M = 616.81 g-mol"

2,2':5',2"-Terthiophene (3.72 g, 15 mmol) (see Appendix A for the preparation method)

was suspended in 50 ml dry ether in a dropping funnel attached to a flask containing 33

mmol of BuLi (1.6 M solution in hexane). The addition of the suspension was carried out

slowly - not allowing too much of the solid to go in the reaction flask at once and adding

more ether when required, with the temperature being kept at O°e. Greenish-yellow

precipitate formed when approximately half amount of the terthiophene was added. After

the addition was complete, the mixture was allowed to stir for 2.5 hours at room

temperature. Then it was cooled down to O°C and a solution of 5.5 ml (30.5 mmol)

diphenylchlorophosphine in 30 ml dry ether was added slowly. It was allowed to warm up

to room temperature gradually and left to stir for 15 hours. Dry dichloromethane (50 ml)

was added, followed by addition of 100 ml dilute HCI and ice. The product was extracted

several times with approximately 300 ml of dichloromethane (in total). The organic layer

was washed with NaHC03 and NaCI solutions and dried over MgS04. The solvent was
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evaporated off and the residue was allowed to crystallise at -5°C for 24 hours. The

precipitated solid was quickly washed with 50 ml a cold mixture of methanol and acetone

(10: 1, v:v), dissolved in small amount of dichloromethane and passed through a short silica

column with hexane/ether (1: I, v:v) as eluent to remove discolouring impurities. It was

purified further on Chromatotron® (silica; hexane/ether, 10:I , v:v). Bright yellow

crystalline compound (second band) was obtained. (None of the crystals, however, proved

to be suitable for X-ray crystallography.)

Yield = 6.1 g (66%), m.p. = 148-9°C.

Elemental analysis : calculated C 70.11 %, H 4.25 %;

found C 69.94 %, H 4.11 %.

3I p {H} (CDC!}) = -18.71 (s) ppm.

IH (CDC!}), 8, ppm : 7.00 (s, 2 H), 7.13-7.25 (m, ABX system; 4 H), 7.32-7.48 (m, 20 H).

13C{H} (CDC!}), 8, ppm (J, Hz): 124.4 (d, 3JC_p = 8.1), 124.8 (s), 128.6 (d, 3JC_p = 7.0),

129.0 (s), 133.0 (d, zJc_P = 19.7),136.0 (s), 137.3 (d, 2Jc_p = 28.1),137.4 (d, IJC_p = 8.1),

138.0 (d, 3Jc_p = 29.4),143.5 (s).

MS (direct injection): m/z = 616.07 (M+).

IR (KBr disk): 482 (s), 499 (s), 507 (m), 551 (m), 694 (vs), 742 (vs), 798 (vs), 800 (s), 869

(w) , 912 (m), 983 (s), 1001 (w), 1026 (w), 1070 (w), 1091 (m), 1157 (m), 1202 (m), 1213

(w), 1433 (s), 1480 (m), 1494 (w), 1583 (w).

DV-vis (dichloromethane), Amax, nm (s, M-I'cm-I
) : 230 (1.90'104) , 253 (sh, 1.7'10\ 388

(2.45.104
) .

11.4.1.10 Synthesis of diphenyl[S-(2,2 '-bithienyl)]phosphine (PSS)

METHOD A

Q~I
p~

o
CzoHlsPSz

M = 350.43 gmol"

2-Bromothiophene (1.63 g, 10 mmol) was dissolved in 20 ml dry ether and added to a

slurry of 0.26 g (11 mmol) magnesium turnings at a such a speed as to maintain a gentle

reflux. After the addition was complete, the reflux was continued until all the metal was
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dissolved. Then the mixture was cooled down and added slowly to a solution of 3.47 g (l0

mmol) diphenyl(5-bromo-2-thienyl)phosphine (PSBr, see Section 4.1.4 for the synthetic

details) in 35 ml dry ether containing 0.05 g of Ni(dppp)Ch at O°e. When the addition was

complete, the mixture was allowed to stir for 14 hours at ambient temperature, after which

it was hydrolysed with semi-saturated NH4Cl solution and ice. The product was extracted

with dichloromethane (3 x 50 ml), washed with brine and dried over MgS04. Evaporation

of dichloromethane left brownish oil, which was purified first by passing it through a short

silica column with ether as eluent , isolating the first band and removing ether, and then

'recrystallisation' from 100 ml hot hexane/ethanol (1:1, v:v). Evaporation of three-quarter

of the solvent, followed by cooling to -25°C for 20 hours, produced a small amount of

precipitate of PSSP. It was filtered off and the residue left to solidify at -25°C for 10

weeks. Eventually a yellowish powder was obtained which was quickly washed with very

cold methanol and dried under vacuum.

Yield = 0.87 g (25%), m.p. = 58-60°e.

Elemental analysis: calculated C 68.55 %, H 4.31 %;

found C 68.33 %, H 4.33 %.

3 Ip {H} (CDCI3) = -18.83 (s) ppm.

IH (CDCb), s, ppm (J, Hz): 6.97 (dd, 3J H_H = 5.07, 3J H_H = 3.60; 1 H), 7.10-7.25 (m, 4 H),

7.30-7.47 (m, 10 H).

13C{H} (CDCI3) , cS, ppm (J, Hz): 124.1 (s), 124.5 (d, 3J C_p = 8.1), 124.9 (s), 127.8 (s), 128.5

(d, 3J C_p = 6.8), 129.0 (s), 133.0 (d, 2J C_p = 19.6), 136.8 (d, IJ C_p = 29.4), 137.3 (d, 2Jc.p =

28.1), 137.4 (s), 137.6 (d, IJc_p = 8.4), 143.9 (s).

GCMS: m/z = 349.80 (M+).

IR (KBr disk): 482 (s), 494 (s), 504 (s), 550 (m), 692 (vs), 737 (s), 743 (vs), 804 (s), 839

(m), 908 (w), 988 (m), 1027 (w), 1045 (vw), 1066 (w), 1089 (w), 1155 (vw), 1180 (w),

1200 (w), 1215 (vw), 1420 (m), 1431 (m), 1478 (w).

DV-vis (dichloromethane), Amax , nm (s, M-l·cm-I
) : 230 (1.34.104) , 330 (1.60·10\
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METHODB

Synthesis of 5-iodo-2,2'-bithiophene (ISS)

I

CgHsIS2

M = 292.15 g-mol"

2,2'-Bithiophene (3.30 g, 20 mmol) was dissolved in a mixture of 8 ml CC14 and 10 ml

glacial acetic acid. To this solution 0.7 g (4 mmol) HI03 was added , followed by 7 ml

water. Then 2.3 g iodine (9 mmol) was introduced into the flask. And finally a catalytic

amount of concentrated H2S04 (0.1 m1) was added. The mixture was stirred at 40°C until

the purple colour of iodine disappeared. Water (20 m1) was added, the organic layer

collected and the rest was extracted with chloroform (2 x 20 ml). The combined extracts

were washed with saturated solution of NaHC03 and semi-saturated solution of Na2S03,

dried over CaCb and filtered. After evaporation of the solvent, a brown solid mass was

obtained. It was distilled under vacuum. The oil solidified and the off-yellow crystals were

washed quickly with cold hexane to yield white product . It showed to be >95% the target

compound by GC analysis.

Yield = 3.36 g (56%), m.p. = 30-32°C (lit. I93 32°C), b.p. = 165-70°CIl .5 mmHg (lit.193 =

108-9°C/O.03 mrnHg).

IH (CDC13), 8, ppm (J, Hz): 6.85 (d, 3J H_H= 3.85; 1 H), 6.98-7.16 (m, AB system, JAB =

3.64; 2 H), 7.18 (d, 3JH_H= 3.85; 1 H), 7.23 (dd, 4JH_H= 1.18, 3J H_H= 5.09; 1 H).

GCMS: m/z = 291.90 (M+).

Synthesis of diphenyI[5-(2,2'-bithienyI)] phosphine

5-Iodo-2,2'-bithiophene (3.0 g, ± 10 nunol) was dissolved in 25 ml dry THF. To this

solution 0.26 g (11 nunol) magnesium turnings were added. Iodine (± two crystals) was

added as a catalyst, and the mixture was left refluxing for 5 hours or until practically all

metal was dissolved. Then the mixture was cooled to O°C and 2.0 ml (11 mmol) neat

diphenylchlorophosphine were added slowly. The mixture was allowed to gradually warm

up and was stirred at room temperature for 14 hours. A usual hydrolytic work up (e.g. , see

Section 4.1.5) followed. After drying and evaporation of the solvent, the residue was

applied to a silica column with hexane/ether (20:1, v:v) as eluent to remove 2,2'

bithiophene. Using hexane/ether (5:1, v:v) as eluent, the target compound was eluted from

the column. This yielded yellow oil, which was left to solidify under a small layer of
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methanol at -15°C. Crystallisation occurred after ± 3 months. The off-white powder was

washed with very cold methanol and dried.

Yield = 0.84 g (24%), m.p. = 58-59°C.

11.4.1.11 Synthesis of diphenyl[5-(2,2':5' ,2"-terthienyl)]phosphine (PSSS)

Q
P'O

5-Bromo-2,2':5',2"-terthiophene (0.82 g, 2.5 mmol) (see Appendix A for the preparation

details) was dissolved in 10 ml dry THF and magnesium turnings (0.060 g, 2.5 mmol) were

added. The reaction flask was placed in an ultrasonic bath and two drops of freshly

distilled 1,2-dibromoethane were added. The mixture quickly turned brownish, but the

reaction was complete only after an hour of sonication at room temperature. Then the flask

was cooled to O°C and 10 ml dry THF added, followed by dropwise addition of a solution

of 0.45 ml (2.5 mmol) diphenylchlorophosphine in 5 ml dry THF. The mixture was

allowed to reach ambient temperature and stirred for 1 hour. The solvent was evaporated

off and cold methanol added, resulting in formation of an orange precipitate. This

precipitate was placed on the top of a silica column and eluted with petroleum ether (60

80) to remove 2,2':5',2"-terthiophene (SSS) and the starting material. The next yellow band

was collected using hexane/ether (20:1, v:v) as eluent, the solvent removed and methanol

added. A bright yellow precipitate was formed after 1 day at -25°C. It was washed with

methanol and dried under vacuum.

Yield = 0.42 g (39%), m.p. = 77-8°C.

Elemental analysis: calculated C 66.64 %, H 3.96 %;

found C 66.22 %, H 4.12 %.

3I p {H} (CDCh) = -18.71 (s) ppm.

I H (CDCh), s, ppm: 6.99-7.06 (m, 3 H), 7.15-7.27 (m, 4 H), 7.32-7.48 (m, 10 H).

I3C{H} (CDC!)), b, ppm (J, Hz): 124.3-125.0 (m, 4 C), 125.2 (d, 3Jc_p = 7.0), 128.6 (s),

129.2 (d, 3J C_p = 8.8),129.6 (s), 133.8 (d, 2J C_p = 19.7), 137.7 (d, 2J C_p = 28.3),137.0-139.0

(m,5 C), 144.2 (s).

MS (direct injection): m/z = 432.02 (M+).
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IR (KBr disk): 474 (m), 494 (s), 509 (m), 550 (w), 695 (vs), 746 (s), 793 (vs), 835 (m), 862

(w), 900 (vw), 984 (m), 1028 (vw), 1055 (vw), 1092 (w), 1155 (vw), 1196 (w), 1228 (w),

1422 (m), 1433 (s), 1454 (w), 1479 (m).

U'V-vis (dichloromethane), Amax, nm (c, M-I 'cm-I): 228 (1.34'104), 250 (sh, 1.12'10\ 374

(2.0'104
)

A solution of 3.6 ml (20 mmol) diphenylchlorophosphine in 20 ml dry THF was added

carefully to a slurry of 0.7 g (lOO mmol) lithium pieces in 10 ml dry THF under argon.

When no reaction was observed for 10 minutes, the mixture was gently warmed up to

± 50°C until the reaction started and the solution turned orange. After all diphenylchloro

phosphine was added, the mixture was refluxed for further 3 hours. Then it was cooled to

room temperature, decanted off the metal and placed in a reaction flask under nitrogen. A

solution of 4.8 g (20 mmol) of 2-bromo-5-(2'-pyridyl)thiophene (see Appendix A for the

preparation details) in 20 ml dry THF was added to it dropwise at -78°C over 1.5 hours.

When the addition was complete, the mixture was allowed to warm up to room

temperature and stirred for 14 hours. Two-thirds of the solvent were evaporated and 30 ml

of degassed dry ether added. The solution was extracted with 2 x 20 ml of 5 M HCI and

then carefully basified with concentrated ammonia solution at O°e. The basified solution

was extracted with ether (2 x 30 ml), ethereal layers combined, dried, ' filtered and

evaporated to dryness. The residue was purified by column chromatography (silica;

hexane/ether , 6:1, v:v), yielding a white microcrystalline compound.

Yield = 4.61 g (66%), m.p. = 69-70°e.

Elemental analysis: calculated C 73.03 %, H 4.67 %, N 4.06 %;

found C 72.61 %, H 4.44 %, N 4.01 %.

3Ip{ H} (CDC!}) =-18.35 (s) ppm.

IH (CDCb), <5, ppm (J, Hz): 7.15 (ddd, 4J H_H ,;" 1.96, 3J H_H = 5.43, 3J H_H = 7.08; 1 H), 7.29

7.50 (m, 11 H), 7.57 (dd, 4J H_ P = 1.32, 3J H_H = 3.62; 1 H), 7.61-7.70 (m, 2 H), 8.50-8.56 (m,

1 H).
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13C{H} (CDC!}), 8, ppm (J, Hz): 118.8 (s), 122.2 (s) 125.2 (d, 3Jc_p= 8.5),128.5 (d, 3Jc_p

= 7.2), 129.0 (s), 133.1 (d, 2Jc-p = 19.8), 136.7 (s), 137.3 (d, 2Jc-p = 29.2), 137.6 (d, IJc_p =

8.1),140.6 (d, IJC_p = 22.5), 149.5 (s), 150.9 (s), 152.1 (s).

GCMS: m/z = 344.60 (M+-1).

IR (KBr disk): 476 (m), 497 (s), 504 (s), 553 (m), 692 (vs), 714 (m), 745 (vs), 777 (vs),

814 (m), 964 (m), 988 (s), 1004 (m), 1027 (w), 1045 (vw), 1081 (w), 1093 (w), 1151 (m),

1211 (w), 1292 (w), 1325 (w), 1427 (s), 1438 (m), 1466 (s), 1478 (m), 1533 (m), 1562 (m),

1585 (s).

DV-vis (dichloromethane), Amax, run (E, M-J·cm-1
) : 231 (1.3.10

4
) , 271 (1.3·10\ 324

(1.8.104
) .

11.4.1.13 Synthesis of 2,6-bis«5'-diphenylphosphino)-2'-thienyl)pyridine (PSNSP)

C37H27NP2S2

M = 611.70 g-mol"

A hexane solution containing 10 mmol of BuLi was added dropwise to a solution of 2.68 g

(l0 mmol) diphenyl(2-thienyl)phosphine (PS) in 20 ml dry ether at oce. The mixture was

stirred for 2 hours and 2.58 g (l0 mmol) solid MgBr2·Et20 were added portionwise under

nitrogen blanket over 10 minutes. The solution was allowed to react for one hour and was

then transferred to a dropping funnel via a cannula. The mixture was slowly added 

keeping the temperature at OCC - to a solution of 1.18 g (5 mmol) 2,6-dibromopyridine in

20 ml dry THF to which 0.10 g Ni(dppp)Ch had been added . The resulting solution was

allowed to warm up to ambient temperature and stirred for 16 hours. The mixture was

hydrolysed with semi-saturated NH4Cl solution, extracted with dichloromethane (3 x 25

ml), washed with brine, dried and the solvent evaporated. After evaporation of the solvent,

15 ml cold methanol were added and the precipitate was filtered off. It was recrystallised

from methanol or, alternatively, purified by column chromatography (silica; hexane/ether,

2:1, v:v). Greenish crystals were obtained.

Yield = 1.65 g (54%), m.p. = 175-6ce.
Elemental analysis: calculated C 72.65 %, H 4.45 %, N 2.29 %;

found C 72.78 %, H 4.29 %, N 2.31 %.
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3Ip{H} (CD2Cb) = -18.28 (s) ppm.

IH (CD2Cb), 8, ppm (J, Hz): 7.25 (dd, 3JH_P = 5.82, 3JH_H = 3.66; 2 H), 7.31-7.47 (m, 22

H), 7.58-7.68 (m, 3 H).

13C{H} (CD2Cb ), 8, ppm (J, Hz): 117.8 (s), 126.0 (d, 3Jc-p = 7.7), 128.8 (d, 3Jc-p = 7.1),

129.3 (s), 133.4 (d, 2JC_p = 19.9),137.4 (d, 2JC_p = 26.1),137.8 (s), 138.0 (d, IJC_ p = 7.8),

141.2 (d, IJc_p= 30.8), 150.9 (s), 152.0 (s).

MS (direct injection): m/z = 610.75 (M+-1).

IR (KBr disk): 496 (s), 504 (w), 537 (m), 553 (w), 694 (vs), 739 (vs), 791 (vs), 814 (vw),

955 (w), 988 (m), 1001 (m), 1026 (w), 1070 (w), 1089 (w), 1095 (w), 1120 (w), 1164 (m),

1209 (w), 1265 (m), 1313 (w), 1326 (vw), 1421 (s), 1435 (s), 1454 (s), 1477 (m), 1525 (w),

1562 (vs), 1580 (s).

DV-vis (dichloromethane), Amax, nm (s, M-I·cm-I): 230 (3.3·10\ 265 (2.7.10
4

) , 323

(2.7.104),345 (2.8.104
) .

11.4.1.14 Synthesis of diphenyl[6-(2'-thienyl)-2-pyridyl]phosphine (PNS)

Synthesis of 2-bromo-6-(2'-thienyl)pyridine

0-.

Br N

C9H6BrNS

M = 240.11 g-mol"

A solution of 8.1 g (50 mmol) 2-bromothiophene in 50 ml dry ether was added dropwise to

1.2 g (50 mmol) magnesium turnings in 10 ml dry ether to obtain 2-thienyl magnesium

bromide in a usual manner (see Section 4.1.1). The solution of the Grignard reagent thus

obtained was added slowly to a mixture containing 11 g (46 mmol) 2,6-dibromopyridine

and 0.8 g (l mmol) Pd(dppb)Cb (see Appendix A for preparation details) in 50 ml dry

ether at oce. The reaction was sufficiently exothermal not to require external heating. The

mixture was stirred at ambient temperature for 14 hours and then hydrolysed with semi

saturated N~Cl solution. After the usual work-up (see Section 4.1.2), evaporation of the

solvent led to greenish oil which was kept at 10cC for 3 days. The precipitate was formed

during this time, which was subsequently filtered off and the residual oil collected. GC

analysis of the oil showed no presence of 2,6-dibromopyridine and ± 95% of the target

compound in the mixture.

Yield = 7.26 g (± 55%).
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IH (CDC!]), D, ppm (J, Hz) : 7.08 (dd, 3J H_H = 5.50, 3J H_H = 3.81 ; 1 H), 7.28 (dd, 3JH_H =

7.05 , 4J H_H = 1.65; 1 H), 7.37-7 .68 (m, 6 H).

GCMS: m/z = 239.20 (M+, 79Br) and 241.20 (M+, 81Br) - 98 and 100% respectively.

Synthesis of diphenyl[6-(2'-thienyl)-2-pyridyl]phosphine

C21HI6NPS

M = 345.40 gmol"

A hexane solution containing 30 mmol BuLi was added dropwise with cooling (0-5°C) to a

solution of 5.3 ml (30 mmol) diphenylphosphine in 50 ml dry THF. The mixture turned

orange immediately. It was stirred at ambient temperature for at least 3.5 more hours to

ensure completion of the reaction. The crude 2-bromo-6-(2'-thienyl)pyridine (7.26 g,

approximately 30 mmol), obtained during the previous step, was dissolved in 50 ml dry

THF and the solution was added slowly at O°C to the orange mixture. The reaction mixture

was allowed to reach room temperature and stirred for 14 hours.

The subsequent work-up operations were performed under an atmosphere of nitrogen with

deoxygenated solvents wherever possible. Diluted HCI solution (20 ml, pH = 2) was added

with cooling to the reaction mixture followed by 30 ml ether. The organic layer was

separated and washed with water (50 ml ) and dried over MgS04• After the solvent was

evaporated, methanol was added and the mixture was left to stand at 4°C for 2-3 days. The

precipitate was filtered off, crushed finely under nitrogen and washed with cold methanol

to give off-white microcrystalline compound.

Yield = 4.32 g (42%), m.p. = 94-5 °C.

Elemental analysis: calculated C 73.03 %, H 4.67 %, N 4.06 %;

found C 72.55 %, H 4.57 %, N 3.86 %.

31p{H} (CDC!]) = -3.64 (s) ppm.

I ' 4 '
H (CDC!]), D, ppm (J, Hz) : 6.99 (ddd, -'JH-P = 2.40, J H-H = 2.00, -'JH-H = 6.02; 1 H), 7.05

(dd , 3J H_H = 3.73 , 3JH-H = 5.05 ; 1 H), 7.30-7.40 (m, 7 H), 7.42-7.58 (m, 7 H) .
I'
-'C{H} (CDC!}), D, ppm (J, Hz): 117.2 (s), 124.6 (s), 126.3 (d, 2J C_p = 21.5), 127.9 (2 s, 2

C), 128.4 (d, 3J C_p = 7.2),129.0 (s) , 134.3 (d, 2Jc_p = 19.7). 136.1 (d, 3Jc_p = 4.1 ),136.4 (d,

IJc_p = 10.0), 147.3 (d, IJc_p = 12.7) 150.9 (s), 151.8 (s).
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GCMS: m/z = 344.60 (M+- 1).

IR (KBr disk): 457 (w), 494 (s), 507 (m), 623 (w), 631 (w), 694 (vs), 715 (vs) , 748 (vs),

800 (s), 862 (w), 993 (w), 1026 (vw), 1068 (vw), 1091 (w), 1164 (m), 1229 (w), 1273 (w),

1322 (vw), 1342 (w) , 1418 (s), 1435 (s), 1445 (vs), 1477 (m), 1529 (w), 1554 (vs), 1573

(s).

DV-vis (dichloromethane), Amax, nm (s, M-I'cm-I): 230 (1.3,10\ 264 (1.4'10\ 278

(1.4-104),318 (1.1'104
) .

11.4.1.15 Synthesis of diphenyl {5'-[2-(6-diphenylphosphino)pyridyl]-2' -thienyl}-

phosphine (PSNP)

9
S p

~!J U
C33H25NP2S

M = 529.58 g-mol'

Diphenyl[6-(2'-thienyl)-2-pyridyl]phosphine (PNS, 1.32 g, 3.82 mmol) was dissolved in 25

ml dry THF and cooled to -78°C. Then a solution of 3.85 mmol BuLi (1.6 M, hexane) was

added slowly and the mixture stirred for one hour at this temperature. A solution of 0.70 ml

(3.9 mmol) diphenylchlorophosphine in 10 ml dry THF was added to the mixture at -78°C

and allowed gradually to warm up to room temperature. It was stirred for further 16 hours

at ambient temperature. A hydrolytic work-up analogous to that described for the previous

synthesis, in Section 4.1.14, followed. After evaporation of the solvent, 10 ml of cold

methanol were added and the precipitated yellowish oil left to solidify at -25°C. After

about 20-25 days the oil crystallised out. The solid was dissolved in a minimal volume of

dichloromethane and purified using Chromatotron (silica; hexane/ether, 6:1, v/v) . An off

white crystalline material was obtained as a final product.

Yield = 0.77 g (38 %), m.p. = 159-60°C.

Elemental analysis: calculated C 74.85 %, H 4.76 %, N 2.64 %;

found C 74.89 %, H 4.71 %, N 2.58 %.

3Ip {H} (CDCI3) = -3.60 (s), -18.34 (s) ppm in 1:1 ratio.

IH (CDCh), 8, ppm (J, Hz): 7.01 (ddd, 3J H_P = 1.74, 4J H_H = 1.65, 3J H_H = 7.05; 1 H), 7.28

(dd, 3J H_H = 5.98 , 3J H_H = 3.67; 1 H), 7.30-7.53 (m, 22 H), 7.59 (dd, 4J H_H = 1.35, 3J H_H =

3.66; 1 H).
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13C{H} (CDC!]), 0, ppm (J, Hz): 117.3 (s), 125.6 (d, 3Jc_p = 7.9),1 26.7 (d, 2JC_p = 21.8),

128.4 (d, 3Jc-p = 7.2), 128.9 (s), 134.3 (d, 2Jc_p= 19.6), 136.1 (d, 3JC_p= 3.7), 136.6 (d, 'Jc-P

= 8.9), 137.1 (d, 2Jc_p = 22.5),137.8 (d, IJc_p = 13.6), 147.5 (d, IJC_p = 15.2), 150.7 (s),

152.2 (s).

GCMS: m/z = 529.28 (~).

IR (KEr disk): 422 (m), 457 (w), 472 (w), 488 (m), 503 (m), 575 (w), 612 (w) , 631 (m),

694 (vs), 741 (vs), 798 (vs), 816 (w), 973 (w), 987 (w), 999 (w), 1028 (w), 1078 (w), 1095

(w), 1164 (m), 1264 (vw), 1312 (w), 1421 (s), 1435 (s), 1442 (vs), 1479 (m), 1529 (vw),

1552 (vs), 1566 (s).

DV-vis (dichloromethane), lemax, nm (e, M-I·cm-I ) : 233 (2.5-104
) , 265 (2.0·10\ 323

(2.0·10\

11.4.1.16 Synthesis of 2,6-bis(5'-bromo-2'-thienyl)pyridine (BrSNSBr)

Br Br
C l1H7Br2NS2

M = 401.22 g-mol'

2,6-Bis(2'-thienyl)pyridine (3.7 g, 15 mmol) was dissolved in 100 ml glacial acetic acid.

To this solution 1.7 ml (30 mmol) bromine in 50 ml glacial acetic acid was added

gradually at room temperature during 2 hours. The mixture was left to stir for 14 hours at

room temperature. To this mixture two litres of cold water were added and the precipitate

collected. The precipitate was extracted with 3 x 50 ml of warm dichloromethane. The

combined extracts were washed with NaHC0 3 solution until the effervescence ceased and

dried over MgS0 4• After removal of the solvent, the greenish residue was recrystallised

from 1,2-dichloroethane with activated charcoal. Mica-like crystals of the final product

were obtained.

Yield = 3.1 g (52%), m.p. = 220-1"C.

Elemental analysis: calculated C 38.90 %, H 1.75 %, N 3.49 %;

found C 38.59 %, H 1.45 %, N 3.40 %.

'H (DMSO-d6) , 0, ppm (J, Hz): 7.32 (d, 3JH-H = 3.94; 2 H), 7.69 (d, 3J H-H = 3.94; 2 H),

7.72-7.95 (m, 3 H).

GCMS: m/z = 398.50 C9Br + 79Br: M+-l) , 400.50 C9Br + 81Br: M+-I), 402.50 (81Br + 81Br:

M+-1) - triplet.
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11.4.1.17 Synthesis of 5,5'-bis(trimethylsilyl)-2,2'-bithiophene (SiSSSi)

C14H22ShS2

M = 310.75 g-rnol"

2,2'-Bithiophene (SS, 2.49 g, 15 mmol) was dissolved in 35 ml dry ether. The resulting

solution was gradually added to a solution of BuLi (31 mmol) in hexane at O°e. When the

addition was complete, the mixture was stirred for 2 hours at O°e. Freshly distilled

trimethylchlorosilane (4 ml, >40 mmol) was added via a syringe. The mixture was

gradually warmed up to room temperature and left to stir for 16 hours. It was hydrolysed

using saturated NaHC03 solution, extracted with ether (2 x 50 ml) and dried over Na2S04.

After the solvent was evaporated, the yellow residue quickly crystallised as brownish

crystals. They were recrystallised from hot methanol with activated charcoal, yielding pure

white microcrystalline material.

Yield = 3.5 g (75%), m.p. = 63-64°e.

IH (CDCh), 8, ppm (J, Hz): 0.33 (s, 18 H), 7.13-7.23 (m, AB system, JA-B = 3.75; 4 H).

GCMS: m/z = 309.85 (M+-l).

11.4.1.18 Synthesis of bis[5-(diphenylphosphino)-2-thienyl]phosphinic acid (DTPA)

C32H2S02P3S2

M = 598.56 gmol"

A solution of 2.08 g (6 mmol) diphenyl(5-bromo-2-thienyl)phosphine (PSBr) in 35 ml dry

THF was refluxed with 0.15 g (>6 mmol ) magnesium turnings under nitrogen for 4.5

hours . The solution was cooled down and transferred via a cannula to a dropping funnel

connected to a flask containing 0.87 g (6 mmol) thoroughly degassed diethyl

chlorophosphate in 35 ml dry THF. This mixture was brought to reflux while the Grignard

reagent was being added (40 minutes). The solution was refluxed for a further hour and

then stirred at ambient temperature for 15 hours . A solution of hydrochloric acid (20 ml,
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pH = 1) was added followed by saturated NaHC03 solution until the effervescence ceased.

The mixture was extracted with dichloromethane (3 x 30 ml) and dried over MgS04. After

evaporation of two-thirds of the solvent, a whitish precipitate separated. Both the

precipitate and the mother liquor were subsequently investigated.

Analysis of the mother liquor showed the presence of the intended compound i.e., 2

diethoxyphosphoryl-5-(diphenylphosphino)thiophene e1p{H} NMR: 8 = 10.21 and -18.15

ppm - two singlets in 1:1 ratio; GCMS : m/z = 404.20 - M+). However it was present in a

small amount in a mixture where the major component was identified as diphenyl(2

thienyl)phosphine (PS) e1p{H} NMR: 8 = -19.90 ppm). Numerous attempts of

chromatographic separation with a variety of mobile phases on silica proved to be fruitless

and the former compound was not isolated.

On the other hand, the precipitate separated from the mother liquor was purified on

Chromatotron® using dichloromethane as eluent. By combination of analytical techniques

the isolated compound was identified as bis[5-(diphenylphosphino)-2-thienyl]phosphinic

acid. Yield = 0.36 g (10%).

Elemental analysis: calculated C 64.21 %, H 4.21 %;

found C 64.14 %, H 4.10 %.

31p{H} (CDCi]) = 4.85 (s), -18.24 (s) ppm in 1:2 ratio.

'n (CDCi]), 8, ppm (J, Hz): 7.21 (ddd, 4J H_P = 2.05, 3J H-P = 5.83, 3JH-H = 3.52; 2 H), 7.27

7.40 (m, 20 H), 7.47 (ddd, 4J H_P = 1.03, 3J H-P = 7.91, 3J H-H = 3.52; 2 H).

11.4.1.19 Synthesis of thien-2,5-diyl di(phenylphosphinic acid) (TDPA)

C16H l40 4P2S

M = 364.29 g-mol"

Thoroughly degassed 2,5-dibromothiophene (3.6 g, 15 mmol) was placed in a flask under

nitrogen followed by 0.75 g freshly calcified NiCb. To this mixture, 10 g (>50 mmol) neat,

degassed diethyl phenylphosphonite was added at 170°C over a period of one hour. The

suspension slowly changed its colour to deep red and then purple. The temperature was

maintained at 170-l80°C for another hour. Then the reaction flask was connected to a

vacuum pump and all volatile impurities were removed leaving a dark residue.
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To this residue solid NaOH (1.4 g) was added, followed by 50 ml methanol. The mixture

was refluxed gently for 3 hours. Methanol was evaporated and 50 ml water added. The

organic matter was extracted with ether (2 x 50 ml) and discarded. The aqueous layer was

collected, heated to 45°C and purified with activated charcoal. The clear filtrate was

acidified with dilute HCI solution (pH = 2). A white precipitate was isolated after cooling

at -10°C for 24 hours. It was recrystallised from 30% aqueous methanol to obtain the pure

material.

Yield = 1.20 g (24%).

Elemental analysis: calculated C 52.75 %, H 3.85 %;

found C 53.50 %, H 3.84 %.

31p{H} (CD30D) = 19.86 (s) ppm.

IH (CD30D), 8, ppm: 7.43-7.65 (m, 8 H), 7.76-7.93 (m, 4 H).

11.4.1.20 Synthesis of 2,2'-bithien-5,5'-diyl di(phenylphosphinic acid) (BTDPA)

o
11

HO-P

6
Q

P-OH
11o

C2oHl604P2S2

M = 446.37 gmol"

A 3-necked flask containing 4.9 g (15 mmol) 5,5'-dibromo(2,2'-bithiophene) and 0.9 g

freshly calcified NiCh was filled with nitrogen and heated to 150°C or until the solid

started melting. Neat, degassed diethyl phenylphosphonite (10 g, >50 mmol) was added

very slowly to the mixture at 170°C (1 hour). The mixture gradually changed its colour to

dark brown-purple. The reaction was carried out at 175-185°C for 2 hours and volatile by

products were allowed to evaporate. The mixture was allowed to cool below 80°C, when

1.5 g NaOH and 50 ml methanol were added. The mixture was refluxed for 3 hours and the

solvent was distilled off. Water (300 ml) was added to the residue at room temperature and

the solution filtered. The yellow filtrate was extracted with ether to remove organic

impurities and the aqueous layer was acidified with concentrated HCl/ice mixture.

Yellowish flaky precipitate formed, It was allowed to coagulate at -10°C for 24 hours.

After filtration the compound was recrystallised from hot ethanol.

Yield = 2.28 g (34%).
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Elemental analysis: calculated C 53.81 %, H 3.61 %;

found C 53.53 %, H 3.47 %.

3Ip{H} (CD30D) = 20.08 (s) ppm.

IH (CD30D), 8, ppm (J, Hz): 7.56 (dd , 4J H_P= 2.54, 3J H_H = 3.71; 2 H), 7.63-7.80 (m, 8 H),

7.76-7.93 (m, 4 H).

IR (KBr disk): 476 (w), 501 (w), 524 (s), 546 (vs), 562 (m), 579 (m), 646 (m) , 692 (s) , 719

(s), 748 (w), 804 (m), 881 (m), 962 (vs), 1020 (vs), 1095 (s), 1128 (s), 1190 (br , s), 1275

(w), 1319 (vw), 1424 (m), 1438 (s), 1637 (br , m), 2240 (br, w) , 2673 (br, w).

11.4.1.21 Synthesis of 5,5'-bis(phenylphosphino)-2,2' -bithiophene (HPSSPH)

C2oHl4Clz02P2S2

M = 483.24 g-mol'o
CI_~

6

Synthesis of 5,5'-bis(P-chloro-phenylphosphoryl)-2,2'-bithiophene

9S P
~ /; ~-Cl

2,2'-Bithien-5,5'-diyl di(phenylphosphinic acid) (BTDPA, 1.42 g, 3.2 mmol) was placed in

a dry flask and 100 ml freshly distilled thionyl chloride added. The mixture was kept at

40°C for 1 hour or until the solid dissolved. The excess of thionyl chloride was removed

under vacuum . Dry THF (l0 ml) was added to the residue and the solvent removed under

vacuum, this procedure being repeated twice. A pale-yellow compound was used in the

next step as obtained, since all distillation attempts resulted in decomposition or hydrolysis

of at least some of the product.

31p{H} (neat) = 33 (br s) ppm.
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Synthesis of 5,5' -bis(phenylphosphino)-2,2' -bithiophene (HPSSPH)

C2oHl6P2S2

M = 382.32 g-mol"

The residue obtained in the previous step was dissolved in 40 ml dry THF. Large excess of

LiAIH4 (± 1 g) was added. The mixture was refluxed for 12 hours. It was cooled down and

hydrolysed with wet, oxygen-free THF. The solution was decanted from the precipitate and

evaporated to dryness. Warm, degassed hexane was added to the solid, the mixture was

ultrasonicated and the undissolved residue was filtered off. The remaining solution was

evaporated to dryness under vacuum. Neither elemental nor MS analyses could be

performed on the compound due to its air-sensitive nature.

Yield = 0.86 g (70%).

31p {H} (CDC!]) = -64.34 (s) ppm.

IH (CDC!]), 8, ppm (J, Hz): 5.35 (d, IJH_P= 225 Hz; 2 H), 7.04-7.15 (ABX system, 4JH_P=

1.28, 3J H_P = 4.92, JAB = 3.55; 4 H), 7.27-7.37 (m, 6 H), 7.43-7.55 (m, 4 H).
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11. 4. 2 Crystal structure determinations

11.4.2.1 Single crystal X-ray diffraction study on PSSP

Colourless blocks of PSSP were grown by slow evaporation of chloroform solution. Data

were collected using an Enraf-Nonius CAD4 diffractometer (Appendix A). SHELXS-9i I6

and SHELXL-9i I 7 were employed for the structure solution calculations (Appendix A).

Half the molecule is generated by a centre of symmetry between C(4) and C(4)*. In the

least-squares refinement, the hydrogen atoms were included as ideal contributors with

standard idealisation parameters. The anisotropic thennal factors of the non-hydrogen

atoms indicated that there was no disorder in the crystal structure. Crystallographic data are

given in Table II.I9, the non-hydrogen atomic coordinates in Table II.20, the hydrogen

atomic coordinates in Table II.2I , the anisotropic thermal factors in Table 11.22, the

interatomic distances in Table 11.23 and the interatomic angles in Table II.24. The observed

and calculated structure factors may be found on the disk in an envelope fixed to inside

back cover.

Table 11.19 Crystal data and details of data collection and structure refinement for PSSP

Empirical formula

Colour and description

Crystal dimensions (mm)

Molecular mass (g-mol")

Crystal system

Space Group

a (A)

b (A )

c (A )

a (0)

~ (0)

y (0)

V (A 3
)

Z

n, (g-em" )

163

C32H24P2S2

Colourless rectangular block

0.46 x 0.23 x 0.27

534.57

Monoclinic

P2 1/c

8.954(2)

19.678(3)

8.877(2)

90

117.93(2 )

90

1381.9(6)

2

1.285



Table 11.19 continued...

F(OOO)

T (K)

A(Mo-Ka) (A)

Scan mode

ro scan angle

Horizontal aperture width (mm)

Scattering range (0)

I.l. (mm")

Absorption corrections

Measured intensities

Unique intensities

Unique intensities with [I> 2a(1)]

Structure solution

Refinement method

Weighting scheme

GooF on F2 .

(.Ma)max

~Pmax (eA-3
)

Number of parameters
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556

293(2)

0.71069

eo - 28

0.66 + 0.35tan8

2.7 + O.ltan8

2 s 8 :s; 23

0.328

Semi empirical

2508

1923

1652

Direct & Fourier

Full-matrix least-squares on F2

1/[a2(F
o
2

) + (0.074Pi + 0.68P] ,

where P = 1/3 [Max(Fo
2,0) + 2F/]

0.0411 [1>2a(I)]

0.0516 (all data)

0.1168 [1>2a(1)]

0.1298 (all data)

1.103

-0.001

0.45
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Table 11.20 Non-hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A2 x

103
) for PSSP

x y z U(eq)

P(l) 3218(1) 6800(1) 594(1) 53(1)

S(l) 4720(1) 5464(1) 2658(1) 61(1)

C(l) 3667(4) 6226(1) 2334(4) 50(1)

C(2) 3293(4) 6338(2) 3630(4) 60(1)

C(3) 3835(5) 5821(2) 4849(4) 63(1)

C(4) 4639 (3) 5308(1) 4525(3) 47(1)

C(S) 5212(4) 6786(2) 494(4) 53(1)

C(6) 6294(5) 7322(2) 1245(5) 78(1)

C(7) 7840(6) 7344(3) 1292(7) 98(2)

C(8) 8307(6) 6839(3) 566(6) 97(2)

C(9) 7271(5) 6299(3) -170(6) 85(1)

C(lO) 5719(5) 6275(2) -208(5) 67(1)

C(ll) 1814(3) 6313(2) -1274(4) 52(1)

C(12) 1501(5) 6555(2) -2867 (4) 67(1)

C(13) 299(6) 6243(3) -4329(5) 87(1)

C(14) -601(6) 5697(3) -4230(7) 101(2)

C(lS) -321(6) 5463(3) -2679(7) 105(2)

C(16) 871(5) 5766(2) -1226(5) 79(1)

I . .
U (eq) =:;- . I i I j .!l.-ij a i a j (a . a . )

.J
I J
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Table 11.21 Hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A2 x 103

)

for PSSP

x y z U(eq)

H(l) 2630(4) 6742(17) 3630(4) 67(9)

H(2) 3580(5 ) 5810(2) 5730(5) 89(12)

H(3) 6000(5) 7640(2) 1600(5) 75(13)

H(4) 8570(6) 7700(2) 1770(5) 95(13)

H(5) 9230(6 ) 6860(2) 650(6) 91(14)

H(6) 7610(5) 5950(2) -560(5) 78(12)

H(7) 5060(5) 5941(18) -600(5) 72(11)

H(8) 2070(5) 6933(19 ) -2930(5) 77(12)

H(9) 20(6) 6410(2) -5280(6) 104(16)

H(10) -1490(6) 5510(2) -5250(7) 119(16)

H(ll) -940(6) 5040(3) -2550(6) 130(17)

H(l2) 1120(5) 5590(2) -190(6) 94(14)
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Table 11.22 Anisotropic thermal factors (A2x 103
) for PSSP

D(ll) U(22) U(33) U(23) U(13) D(12)

P(l) 60(1) 51(1) 53(1) 2(1) 32(1) 4(1)

S(l) 78(1) 68(1) 51(1) 9(1) 42(1) 20(1)

C(l) 56(2) 51(2) 49(2) -1(1) 30(1) 0(1)

C(2) 77(2) 57(2) 57(2) -1(2) 42(2) 12(2)

C(3) 87(2) 69(2) 52(2) 1(2) 48(2) 12(2)

C(4) 47(2) 59(2) 38(2) -3(1) 23(1) -4(1)

C(S) 59(2) 54(2) 49(2) 5(1) 29(2) -4(1)

C(6) 79(3) 75(3) 78(3) -10(2) 36(2) -16(2)

C(7) 77(3) 118(4) 97(3) -10(3) 40(3) -40(3)

C(8) 56(2) 152(5) 86(3) 20(3) 36(2) -9(3)

C(9) 68(2) 110(3) 90(3) 6(3) 49(2) 10(3)

C(lO) 65(2 ) 70(2) 76(2) -1(2) 43(2) -5(2)

C(ll) 44(2) 61(2) 52(2) 2(1) 25(1) 7(1)

C(l2) 71(2) 80(2) 56(2) 7(2) 34(2) 11(2)

C(13) 83(3) 130(4) 48(2) 2(2) 30(2) 29(3)

C(14) 63(3 ) 146(5 ) 81(3) -35(3) 22(2) -12(3)

C(IS) 83(3) 139(4) 83(3) -23(3) 30(3) -44(3)

C(l6) 72(2) 96(3) 63(2) -1(2) 27(2) -22(2)

The anisotropic thermal factor exponent takes the form:

-2n2[h2a*2U(lI ) + ...... + 2hka*b*U(12)].
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Table 11.23 Interatomic distances (A) for PSSP (* Atoms generated by symmetry)

P(1)-C(l) 1.800(3) C(6)-C(7) 1.366(6)

P(l)-C(ll) 1.816(3) C(7)-C(8) 1.353(7)

P(1)-C(5) 1.828(3) C(8)-C(9) 1.360(7)

S(1)-C(4) 1.720(3) C(9)-C(10) 1.375(5)

S(1)-C(l) 1.722(3) C(1l)-C(16) 1.381(5)

C(1)-C(2) 1.358(4) C(ll)-C(12) 1.391(5)

C(2)-C(3) 1.395(5) C(12)-C(13) 1.382(6)

C(3)-C(4) 1.347(4) C(13)-C(14) 1.370(7)

C(4)-C(4)* 1.445(6) C(14)-C(15) 1.360(7)

C(5)-C(10) 1.368(5) C(15)-C(16) 1.367(6)

C(5)-C(6) 1.375(5)

Table 11.24 Interatomic angles (0) for PSSP (* Atoms generated by symmetry)

C(I)-P(l)-C(ll) 103.50(14) C(6)-C(5)-P(1) 116.6(3)

C(1)-P(1)-C(5) 101.61(13) C(7)-C(6)-C(5) 120.9(5)

C(1l)-P(1)-C(5) 102.84(14) C(8)-C(7)-C(6) 119.8(5)

C(4)-S(1 )-C(1) 92.83(14) C(7)-C(8)-C(9) 120.6(4)
C(2)-C (1)-S(1) 109.4(2) C(8)-C(9)-C(10) 119.5(5)

C(2)-C(1)-P(I) 125.5(2) C(5)-C(10)-C(9) 120.8(4)

S(1)-C(l)-P(l) 125.04(17) C(16)-C(1l)-C(12) 117.6(3)

C(I)-C(2)-C(3) 113.9(3) C(l6)-C(1l)-P(1) 123.7(3)

C(4)-C(3)-C(2) 114.0(3) C(12)-C(II)-P(1) 118.1(3)

C(3)-C(4)-C(4)* 129.9(3) C(13)-C(12)-C(l1) 120.0(4)

C(3)-C(4)-S(I) 109.9(2) C(14)-C(13)-C(12) 120.7(4)

C(4)*-C(4)-S(I) 120.2(3) C(15)-C(14)-C(13) 119.8(4)

C(10)-C(5)-C(6) 118.4(3) C(14)-C(15)-C(16) 120.0(5)

C(10)-C(5)-P(I) 125.0(3) C(15)-C(16)-C(11 ) 121.9(4)
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11.4.2.2 Single crystal X-ray diffraction study on PSNSP

Greenish blocks of PSNSP were grown by slow evaporation of hexane/ether (2:1, v:v)

solution. Data were collected using an Enraf-Nonius CAD4 diffractometer (Appendix A).

SHELXS-972 16 and SHELXL-972 17 were employed for the structure solution calculations

(Appendix A). In the least-squares refinement, the hydrogen atoms were included as ideal

contributors with standard idealisation parameters. No disorder was observed in the

anisotropically refined thermal factors of the non-hydrogen atoms. Crystallographic data

are given in Table 11.25, the non-hydrogen atomic coordinates in Table 11.26, the hydrogen

atomic coordinates in Table II.27, the anisotropic thermal factors in Table 11.28, the

interatomic distances in Table II.29 and the interatomic angles in Table II.30. The observed

and calculated structure factors may be found on the disk in an envelope fixed to the inside

back cover.

Table 11.25 Crystal data and details of data collection and structure refinement for PSNSP

Empirical formula C37H27NP2S2

Colour and description Greenish block

Crystal dimensions (mm) 0.38 x 0.23 x 0.19

Molecular mass (g-mol") 611.66

Crystal system Triclinic

Space Group PT

a (A) 9.032(2)

b (A) 13.312(3)

c (A) 13.577(3)

a (0) 85.853(18)

~ (0) 82.694(19)

y (0) 73.772(18)

V (A 3
) 1553.4(6)

Z 2

D, (gcm") 1.308

F(OOO) 636

T (K) 293(2)

A (Mo-Ka) (A) 0.71069
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Table 11.25 continued...

Scan mode

0) scan angle

Horizontal aperture width (mm)

Scattering range (0)

!J (mm")

Absorption corrections

Measured intensities

Unique intensities

Unique intensities with [I> 2cr(I)]

Structure solution

Refinement method

Weighting scheme

GooF on F2

(Ncr)max

i1pmax (eA-3
)

Number of parameters

170

Chapter Two: Ligand Synthesis

eo - 28

0.72 + 0.35tan8

2.7 + 0.ltan8

2 ~ 8 s 23

0.302

Semi empirical

4946

4301

3311

Direct & Fourier

Full-matrix least-squares on F2

1I[cr2(F
o

2
) + (0.051Pi + 0.43P] ,

where P = 113 [Max(Fo
2,0) + 2F/]

0.0366 [1>2cr(I)]

0.0589 (all data)

0.0901 [I>2cr(I)]

0.0990 (all data)

1.033

-0 .001

0.47
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Table 11.26 Non-hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A2 x

103
) for PSNSP

x y z U(eq)

8(1) 5529(1) -1095(1) -2137(1) 52(1)

8(2) 3643(1) 2351(1) -1217(1 ) 49(1)

P(l) 7799(1) -2719(1) -3592(1) 53(1)

P(2) 3862(1) 4664(1) -1583(1) 50(1)

N(l) 3295(2) 250(2) -673(2) 44(1)

C(l) 6391(3) -2352(2) -2522(2) 47(1)

C(2) 5826(4) -3046(2) -1907(2) 51(1)

C(3) 47 10(3) -2580(2) -1147(2) 51(1)

C(4) 4418 (3) -1521(2) -1166(2) 44(1)

C(S) 3347(3) -763(2) -491(2) 48(1)

C(6) 2447(4) - 1094(3) 304(2) 66(1)

C(7) 1469(4) -362(3) 917(3) 76(1)

C(8) 1419(4) 671(3) 745(2) 64(1)

C(9) ')'l5?C) 955(2) -58(2) 45(1)-:) - :)

C(lO) 2384(3) 2043(2) -263(2) 44(1)

C(ll) 1565(3) 2916(2) 235(2) 53(1)

C(12) 1957(3) 3823(2) -152(2) 51(1)

C(13) 3058(3) 3659(2) -948(2) 47(1)

C(14) 5901(3) 3939(2) -1890(2) 46(1)

C(lS) 6950(4) 4026(3) -1272(3) 63(1)

C(16) 8504(5) 3495(4) -1469(4) 86(1)

C(l7) 9005(5) 2887(3) -2272(4) 87(1)

C(18) 7987(4) 2800(3) -2887(3) 77(1)

C(19) 6442(4) 3318(2) -2703(3) 62(1)

C(20) 3174(3) 4836(2) -2807(2) 50(1)

C(21) 2058 (4) 4421(3) -3071(3) 77(1)
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Table II.26 continued.. .

C(22) 1580(6) 4631(4) -4010(4) 97(2)

C(23) 2196(5) 5243(3 ) -4687(3) 84(1)

C(24) 3283(4) 5678(3) -4427(3) 74(1)

C(25) 3762(4) 5474(2) -3501 (2) 60(1)

C(26) 6709 (3) -2062(2) -4607(2) 49(1)

C(27) 5128(4) -1910(3) -4551 (2) 61(1)

C(28) 4319 (4) -1530(3) -5355(3 ) 71(1)

C(29) 5071(5) -1295(3) -6237(3) 70(1)

C(30) 6631 (5) -1435(3) -6319(3) 75(1)

C(31) 7460(4) -1821 (3) -5519(2) 66(1)

C(32) 9114(3) -1925(2) -3464(2) 52(1)

C(33) 8884(4) -883 (3) -3769(3) 64(1 )

C(34) 9944(5) -354(3) -3599(3) 81(1 )

C(35) 11221(5) -855(4) -3140(3) 83(1)

C(36) 11470(4) -1874(4) -2843(3) 78(1)

C(37) 10431(4) -2413 (3) -3014(2) 64(1)

1 • •
U (eq) =~ . I i I j lLij a i a j (a i . a j )

.J
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Table 11.27 Hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A2 x 103

)

forPSNSP

x y z U(eq)

H(l) . 6190(3) -3710(2 ) -1980(2 ) 56(9)

H(2) 4200(3) -2940(2) -650(2) 59(8)

H(3) 2480(3) -1790(2) 360(2) 70(10)

H(4) 790(4) -590(3) 1450(3) 97(11)

H(5) 750(4) 1170(2) 1080(2) 69(10)

H(6) 860(3) 2910(2) 770(2) 63(9)

H(7) 1450(3) 4460(2) 110(2) 63(9)

H(8) 6640(4) 4400(3) -770(3) 79(13)

H(9) 9050(4) 3590(3) -1020(3) 86(12)

H(lO) 10040(5) 2520(3) -2400(3 ) 98(13)

H(ll) 8300(4) 2390(3) -3460(3) 96(13)

H(l2) 5800(3) 3220(2) -3100(2) 58(9)

H(13) 1600(4) 4060(3) -2600(3) 81(11)

H(l4) 940(5) 4350(3) -4170(3 ) 106(15)

H(l5) 1900(4) 5380(3) -5350(3) 86(11)

H(l6) 3710(4) 6090(3) -4900(3) 95(13)

H(17) 4560(3 ) 5750(2) -3360(2) 56(8)

H(18) 4580(3) -2060(2) -3910(2) 61(8)

H(l9) 3220(4) -1440(3) -5320(3) 87(11)

H(20) 4500(4) -990(3) -6820(3) 93(12)

H(21) 7210(4) -1320(3) -6890(3) 79(11)

H(22) 8580(4) -1940(2) -5570(2) 65(9)

H(23) 7960(3 ) -530(2) -4040(2) 54(8)

H(24) 9780(4) 290(3) -3820(2) 74(11)

H(25) 11900(4) -500(3) -3040(3) 86(12)

H(26) 12390 (5) -2290(3) -2480(3 ) 121(14)

H(27) 10560(3) -3110(2) -2830(2) 62(9)
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Table 11.28 Anisotropic thermal factors (A2 x 103
) for PSNSP

D(ll) D(22) D(33) D(23) D(13) D(12)

S(l) 64(1) 42(1) 49(1) 3(1) 4(1) -19(1)

S(2) 59(1) 46(1) 41(1) -3(1) 5(1) -16(1)

P(l) 52(1) 45(1) 58(1) -6(1) -6(1) -8(1)

P(2) 56(1) 42(1) 53(1) -3(1) -8(1) -15(1)

N(l) 48(1) . 50(1) 39(1) 4(1) -7(1) -20(1)

C(l) 53(2) 44(2) 47(2) 3(1) -12(1) -16(1)

C(2) 62(2) 38(2) 54(2) 5(1) -18(2) -16(1)

C(3) 60(2) 49(2) 48(2) 10(1) -10(2) -25(2)

C(4) 48(2) 46(2) 43(2) 6(1) -11(1) -20(1)

C(5) 51(2) 54(2) 44(2) 7(1) -11(1) -22(1)

C(6) 79(2) 59(2) 62(2) 8(2) 8(2) -30(2)

C(7) 91(3) 74(2) 64(2) 3(2) 23(2) -39(2)

C(8) 71(2) 67(2) 53(2) -7(2) 15(2) -24(2)

C(9) 48(2) 53(2) 38(2) 1(1) -6(1) -18(1)

C(lO) 41(2) 55(2) 36(1) -2(1) -5(1) -14(1)

C(ll) 46(2) 66(2) 47(2) -6(2) 1(1) -18(2)

C(12) 47(2) 51(2) 56(2) -13(2) -2(1) -12(1)

C(13) 46(2) 49(2) 48(2) -2(1) -9(1) -12(1)

C(l4) 53(2) 42(2) 50(2) 9(1) -12(1) -22(1)

C(15) 68(2) 61(2) 71(2) 12(2) -26(2) -34(2)

C(16) 70(3) 90(3) 113(4) 29(3) -49(3) -40(2)

C(l7) 50(2) 77(3) 131(4) 21(3) -11(3) -20(2)

C(18) 62(2) 72(2) 88(3) -3(2) 7(2) -9(2)

C(19) 53(2) 63(2) 67(2) -4(2) -10(2) -12(2)
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Table 11.28 continued. ..

C(20) 45(2) 41(2) 60(2) -3(1) -11(1) -5(1)

C(2l) 80(2) 72(2) 93(3) 27(2) -44(2) -35(2)

C(22) 103(3) . 86(3) 121(4) 12(3) -69(3) " -C)-.J) .J

C(23) 98(3) 80(3) 71(3) 3(2) -34(2) -8(2)

C(24) 71(2) 79(2) 65(2) 8(2) -11(2) -9(2)

C(2S) 57(2) 65(2) 57(2) 5(2) -11(2) -17(2)

. C(26) 54(2) 46(2) 47(2) -8(1) -1(1) -13(1)

C(27) 56(2) 74(2) 50(2) 5(2) -4(2) -16(2)

C(28) 63(2) 88(3) 59(2) 3(2) -15(2) -14(2)

C(29) 91(3) 63(2) 55(2) 1(2) -16(2) -16(2)

C(30) 102(3) 85(3) 44(2) -2(2) 2(2) -42(2)

C(3l) 64(2) 84(2) 54(2) -13(2) 5(2) -28(2)

C(32) 42(2) 57(2) 54(2) -10(1) 1(1) -8(1)

C(33) 57(2) 58(2) 78(2) -6(2) -9(2) -16(2)

C(34) 87(3) 69(3) 90(3) -8(2) 6(2) -34(2)

C(3S) 56(2) 110(4) 91(3) " ~C) 9(2) -36(3)-.J) .J

C(36) 48(2) 103(3) 81(3) -20(2) -2(2) -17(2)

C(37) 46(2) 72(2) 67(2) -10(2) 2(2) -6(2)

The anisotropic thermal factor exponent takes the form:
2 2 *2 * *-21t [h a U(1l) + ...... + 2hka b U(12)]
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Table 11.29 Interatomic distances (A) for PSNSP

S(1)-C(4) 1.714(3) C(14)-C(15) 1.375(4)

S(l)-C(l) 1.725(3) C(l4)-C(19) 1.382(4)

S(2)-C(10) 1.717(3) C(15)-C(16) 1.385(6)

S(2)-C(13) 1.725(3) C(16)-C(17) 1.358(6)

P(l)-C(l) 1.804(3) C(17)-C(18) 1.351(6)

P(1)-C(26) 1.823(3) C(18)-C(19) 1.373(5)

P(l)-C(32) 1.827(3) C(20)-C(21) 1.372(4)

P(2)-C(13) 1.810(3) C(20)-C(25) 1.379(4)

P(2)-C(20) 1.824(3) C(21)-C(22) 1.382(5)

P(2)-C(14) 1.834(3) C(22)-C(23) 1.354(6)

N(1)-C(9) 1.338(3) C(23)-C(24) 1.362(5)

N(1)-C(5) 1.342(3) C(24)-C(25) 1.367(5)

C(1)-C(2) 1.362(4) C(26)-C(27) 1.377(4)

C(2)-C(3) 1.394(4) C(26)-C(31) 1.395(4)

C(3)-C(4) 1.359(4) C(27)-C(28) 1.378(4)

C(4)-C(5) 1.468(4) C(28)-C(29) 1.360(5)

C(5)-C(6) 1.389(4) C(29)-C(30) 1.359(5)

C(6)-C(7) 1.369(5) C(30)-C(31) 1.384(5)

C(7)-C(8) 1.367(5) C(32)-C(37) 1.380(4)

C(8)-C(9) 1.388(4) C(32)-C(33) 1.385(4)

C(9)-C(10) 1.463(4) C(33)-C(34) 1.386(5)

C(IO)-C(II) 1.364(4) C(34)-C(35) 1.363(6)

C(ll)-C(12) 1.400(4) C(35)-C(36) 1.351(6)

C(12)-C(13) 1.358(4) C(36)-C(37) 1.380(5)

Table 11.30 Interatomic angles (0) for PSNSP

C(4)-S(I)-C(1)

C(10)-S(2)-C(13)

C(I)-P(I)-C(26)

C(l)-P(l )-C(32)

92.28(13)

92.28(13)

101.99(12)

101.29(12)

S(2)-C(13)-P(2) 125.31(16)

C(15)-C(14)-C(19) 118.3(3)

C(15)-C(14)-P(2) 117.7(3)

C(19)-C(14)-P(2) 124.0(2)
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Table 11.30 continued.. .

C(26)-P(1)-C(32) 104.05(13) C(14)-C(15)-C(l6) 120.1(4)

C(13)-P(2)-C(20) 104.75(13) C(17)-C(16)-C(l5) 120.5(4)

C(13)-P(2)-C(14) 101.81(12) C(18)-C(17)-C(l6) 120.0(4)

C(20)-P(2)-C(14) 100.93(12) C(17)-C(l8)-C(l9) 120.4(4)

C(9)-N(I)-C(5) 118.4(2) C(18)-C(19)-C(14) 120.7(4)

C(2)-C(l )-8(1) 109.9(2) C(21)-C(20)-C(25) 117.6(3)

C(2)-C(l)-P(l) 124.0(2) C(21 )-C(20)-P(2) 124.8(3)

8(1 )-C(l)-P(l) 126.10(15) C(25)-C(20)-P(2) 117.5(2)

C(l)-C(2)-C(3) 113.9(3) C(20)-C(21)-C(22) 120.1(4)

C(4)-C(3)-C(2) 113.1(3) C(23)-C(22)-C(21) 121.2(4)

C(3)-C(4)-C(5) 129.2(2) C(22)-C(23)-C(24) 119.2(4)

C(3)-C(4)-8(1) 110.8(2) C(23)-C(24)-C(25) 119.9(4)

C(5)-C(4)-8(1) 119.97(19) C(24)-C(25)-C(20) 121.8(3)

N(l)-C(5)-'C(6) 122.1(3) C(2 7)-C(26)-C(31) 117.0(3)

N(l)-C(5)-C(4) 117.1(2) C(27)-C(26)-P(l ) 121.1(2)

C(6)-C(5)-C(4) 120.8(3) C(31)-C(26)-P(l) 121.3(2)

C(7)-C(6)-C(5) 118.8(3) C(26)-C(27)-C(28) 121.7(3)

C(8)-C(7)-C(6) 119.5(3) C(29)-C(28)-C(27) 120.4(4)

C(7)-C(8)-C(9) 119.1(3) C(30)-C(29)-C(28) 119.5(4)

N(l )-C(9)-C(8) 122.0(3) C(29)-C(30)-C(31) 120.7(3)

N(1)-C(9)-C(10) 116.3(2) C(30)-C(31)-C(26) 120.7(3)

C(8)-C(9)-C(l0) 121.6(3) C(37)-C(32)-C(33) 118.1(3)

C(ll)-C(l0)-C(9) 129.2(2) C(37)-C(32)-P(l) 116.5(2)

C(ll)-C(l0)-8(2) 110.7(2) C(33)-C(32)-P(1) 125.4(2)

C(9)-C(l0)-8(2) 120.14(19) C(32)-C(33)-C(34) 119.9(4)

C(1O)-C(ll )-C(12) 113.0(3) C(35)-C(34)-C(33) 120.5(4)

C(13)-C(l2)-C(lI) 113.8(3) C(36)-C(35)-C(34) 120.4(4)

C(12)-C(13)-8(2) 110.2(2) C(35)-C(36)-C(37) 119.8(4)

C(12)-C(13)-P(2) 124.4(2) C(32)-C(37)-C(36) 121.3(4)
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11.4.2.3 Single crystal X-ray diffraction study on PSNP

Colourless blocks of PSNP were grown by slow evaporation from petroleum ether/ether

(6:1, v:v). Data were collected using an Enraf-Nonius CAD4 diffractometer (Appendix A).

SHELXS-97216 and SHELXL-97217 were employed for the structure solution calculations

(Appendix A). Observation of the anisotropic thermal factors from the least-squares

refinement indicated that there was no disorder in the non-hydrogen atoms. The hydrogen

atoms were included as ideal contributors with standard idealisation parameters.

Crystallographic data are given in Table H.31, the non-hydrogen atomic coordinates in

Table 11.32, the hydrogen atomic coordinates in Table 11.33, the anisotropic thermal factors

in Table H.34, the interatomic distances in Table H.35 and the interatomic angles in Table

H.36. The observed and calculated structure factors may be found on the disk in an

envelope fixed to the inside back cover.

Table 11.31 Crystal data and details of data collection and structure refinement for PSNP

Empirical formula

Colour and description

Crystal dimensions (mm)

Molecular mass (g-mol")

Crystal system

Space Group

a (A)

b(A)

c (A)

a (0)

F(OOO)

T (K)

A (Mo-Ka) (A)

Scan mode

178

C33H25NP2S

Colourless rectangular block

0.27 x 0.08 x 0.19

529.54

Monoclinic

8.408(5)

15.978(6)

20.402(7)

90

101.11(4)

90

2690(2)

4

1.308

1104

293(2)

0.71069

eo - 28



Table 11.31 continued...

(0 scan angle

Horizontal aperture width (mm)

Scattering range (0)

J..l (mm")

Absorption corrections

Measured intensities

Unique intensities

Unique intensities with [I> 2cr(I)]

Structure solution

Refinement method

Weighting scheme

GooF on F2

(LVcr)max

~Pma"l: (eA-3
)

Number of parameters

179
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0.59 + O.35tanS

2.7 + 0.1tans

2 s S ~ 23

0.263

Semi empirical

3925

3616

2173

Direct & Fourier

Full-matrix least-squares on F2

1I[cr2(F
o
2

) + ro.ooorr' + 4.40P]

where P = 113 [Max(Fo
2,0) + 2F/]

0.0524 [I>2cr(I)]

0.1275 (all data)

0.0845 [I>2cr(I)]

0.1263 (all data)

1.186

0.001

0.284
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Table 11.32 Non-hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A2 x

103
) for PSNP

x y z U(eq)

P(l) -3950 (2) 13650(1) 639(1 ) 53(1)

P(2) 1752(2) 9580(1 ) 2025(1) 54(1)

S(l) -2372(2) 11970(1) 1230(1) 55(1)

N(l) -1133 (5) 10386(3) 1840(2) 45(1)

C(l) -3937(6) 12676(3 ) 1089(2) 48(1)

C(2) -5198(7) 12380(4) 1346(3) 60(2)

C(3) -4905(6) 11597(4) 1655(3) 56(2)

C(4) -3421(6) 11284(3) 1638(2) 46(1)

C(S) -2685(6) 10495(3 ) 1897(2) 43(1)

C(6) -3517(7) 9901(4) 2193(3) 58(2)

C(7) -2739(8) 9173(4) 2435(3) 62(2)

C(8) -1170(7) 9051(4) 2362(3) 57(2)

C(9) -408(6) 9667(3) 2056(2) 47(1)

C(lO) -1834(7) 13788(3) 585(3) 51(1)

C(ll) -1003 (7) 13274(4) 213(3) 67(2)

C(12) 603(8) 13427(5) 203(3) 76(2)

C(13) 1379(9) 14094(5) 557(4) 84(2)

C(14) 605(9 ) 14602(5) 926(4) 84(2)

C(IS) -1013 (8) 14453(4) 932(3) 68(2)

C(16) -4858(6) 13342(4) -219(3) 52(1)

C(l7) -5040(8) 13960(4) -696(3) 69(2)

C(18) -5817(8) 13821(5) -1341(3) 82(2)

C(19) -6433 (8) 13044(6) -1521(3) 86(2)

C(20) -6253(9) 12413(5) -1062 (3) 93(2)

C(2l) -5480(8) 12562(4) -410(3) 71(2)

C(22) 2012(7) 8449(3) 2025(3) 51(1)
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Table 11.33 Hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A2 x 103

)

for PSNP (the numbering of the H atoms is done according to the numbering of the C

atoms, to which the hydrogens are respectively attached)

x y z U(eq)

H(2) -6168 12669 1320 72

H(3) -5661 11319 1854 67

H(6) -4590 9993 2228 70

H(7) -3269 8772 2644 74

H(8) -624 8562 2515 68

H(ll) -1534 12828 -29 80

H(12) 1164 13082 -41 92

H(l3) 2460 14198 543 101

H(14) 1151 15043 1169 101

H(15) -1561 14807 1174 81

H(17) -4621 14490 -578 82

H(18) -5925 14251 -1654 99

H(19) -6975 12946 -1956 103

H(20) -6651 11881 -1187 112

H(21) -5378 12132 -98 85

H(23) 3750 8422 2853 78

H(24) 4147 6982 2870 98

H(25) 2575 6152 2088 103

H(26) 648 6731 1280 97

H(27) 298 8156 }/"'- 87_.J)

H(29) 3309 8912 1001 79

H(30) 3718 9338 -22 97

H(31) 2614 10573 -479 93

H(32) 1053 11371 89 90

H(33) 636 10942 1122 73
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Table 11.34 Anisotropic thermal factors (A2 x 103
) for PSNP

D(ll) U(22) U(33) U(23) U(13) U(12)

P(l) 54(1) 45(1) 60(1) 0(1) 11(1) 8(1)

P(2) 48(1) 50(1) 59(1) -3(1) 1(1) 3(1)

S(l) 47(1) 57(1) 63(1) 9(1) 14(1) 8(1)

N(l) 47(3) 44(3) 43(3) 3(2) 6(2) 3(2)

C(l) 52(3) 45(3) 48(3) -12(3) 10(3) 7(3)

C(2) 47(4) 64(4) 69(4) 5(3) 14(3) 13(3)

C(3) 44(3) 68(4) 60(4) 12(3) 18(3) -3(3)

C(4) 39(3) 55(4) 47(3) -2(3) 13(2) -5(3)

·C(5) 45(3) 45(3) 38(3) -3(3) 3(2) 2(3)

C(6) 55(4) 64(4) 56(4) 6(3) 12(3) -11(3)

C(7) 70(5) 56(4) 63(4) 8(3) 20(3) -5(3)

C(8) 58(4) 41(3) 68(4) 7(3) 8(3) 6(3)

C(9) 48(3) 47(4) 42(3) -3(3) 1(3) -2(3)

C(IO) 56(4) 41(3) 53(3) 16(3) 7(3) 0(3)

C(ll) 57(4) 75(5) 72(4) -11(4) 19(3) -3(4)

C(12) 65(5) 81(5) 89(5) 11(4) 30(4) 11 (4)

C(13) 61(5) 79(5) 107(6) 19(5) 6(4) -10(4)

C(14) 81(6) 62(5) 102(6) -2(4) -3(4) -22(4)

C(l5) 65(4) 54(4) 82(4) 7(4) 12(3) -5(4)

C(16) 43(3) 50(4) 60(4) 4(3) 4(3) 6(3)

C(17) 82(5) 56(4) 67(4) 6(4) 9(4) 6(4)

C(18) 84(5) 94(6) 63(5) 27(4) 0(4) 18(5)

C(19) 76(5) 121 (7) 53(4) 4(5) -5(4) 6(5)

C(20) 114(6) 92(6) 64(5) -15(4) -6(4) -24(5)
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Table 11.34 continued. . .

C(21) 85(5) 58(4) 64(4) 4(3) 2(4) -5(4)

C(22) 49(3) 55(4) 49(3) 2(3) 8(3) 2(3)

C(23) 47(4) 79(5) 64(4) 16(4) 2(3) 10(3)

C(24) 60(5) 93(6) 92(6) 43(5) 17(4) 27(4)

C(25) 106(6) 60(5) 102(6) 19(5) 44(5) 24(5)

C(26) 124(6) 49(4) 66(4) 4(3) 12(4) 10(4)

C(27) 96(5) 53(4) 59(4) 9(3) -8(4) 17(4)

C(28) 37(3) 52(4) 56(4) 1(3) 5(3) -3(3)

C(29) 58(4) 56(4) 87(5) -3(4) 25(4) 8(3)

C(30) 94(5) 76(5) 84(5) -7(4) 43(4) -3(4)

C(31) 85(5) 85(5) 67(4) 1(4) 26(4) -19(4)

C(32) 73(5) 71(5) 82(5) 16(4) 19(4) -2(4)

C(33) 59(4) 57(4) 68(4) 4(3) 16(3) 3(3)

The anisotropic thermal factor exponent takes the form :

-21t2[h2a*2U(11) + ...... + 2hka*b*U(12)]
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Table 11.35 Interatomic distances (A) for PSNP

P(l)-C(l) 1.807(6) C(12)-C(13) 1.379(9)

P(l)-C(lO) 1.817(6) C(13)-C(l4) 1.355(9)

P(l)-C(16) 1.835(6) C(14)-C(15) 1.384(8)

P(2)-C(22) 1.820(6) C(16)-C(17) 1.376(7)

P(2)-C(28) 1.832(5) C(16)-C(21) 1.378(8)

P(2)-C(9) 1.835(5) C(l7)-C(18) 1.369(8)

S(l)-C(l) 1.714(5) C(l8)-C(19) 1.368(9)

S(1)-C(4) 1.719(5) C(19)-C(2O) 1.365(9)

N(1)-C(9) 1.336(6) C(20)-C(21) 1.383(8)

N(1)-C(5) 1.343(6) C(22)-C(27) 1.375(8)

C(l)-C(2) 1.355(7) C(22)-C(23) 1.377(7)

C(2)-C(3) 1.400(7) C(23)-C(24) 1.395(9)

C(3)-C(4) 1.351(7) C(24)-C(25) 1.362(9)

C(4)-C(5) 1.458(7) C(25)-C(26) 1.345(9)

C(5)-C(6) 1.385(7) C(26)-C(27) 1.377(8)

C(6)-C(7) 1.379(8) C(28)-C(29) 1.375(7)

C(7)-C(8) 1.370(7) C(28)-C(33) 1.386(7)

C(8)-C(9) 1.386(7) C(29)-C(30) 1.366(8)

C(lO)-C(15) 1.385(8) C(30)-C(31) 1.371(9)

C(lO)-C(ll) 1.395(7) C(31)-C(32) 1.364(8)

C(Il)-C(12) 1.377(8) C(32)-C(33) 1.382(8)
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Table 11.36 Interatomic angles (0) for PSNP

C(1)-P(1)-C(10) 103.0(2) C(ll )-C(12)-C(13) 119.7(7)

C(1)-P(1)-C(16) 102.4(2) C(14)-C(13)-C(12) 121.7(7)

C(lO)-P(l )-C(16) 102.0(3) C(13)-C(14)-C(15) 118.7(7)

C(22)-P(2)-C(28) 102.6(3) C(14)-C(15)-C(10) 121.5(6)

C(22)-P(2)-C(9) 101.2(3) C(17)-C(16)-C(21) 117.6(5)

C(28)-P(2)-C(9) 105.2(2) C(17)-C(16)-P(l) 116.9(5)

C(1)-S(1)-C(4) 93.0(3) C(2l)-C(16)-P(l) 125.3(5)

C(9)-N(l )-C(5) 118.1(5) C(18)-C(l7)-C(l6) 122.1(6)

C(2)-C(1)-S(1) 109.8(4) C(19)-C(l8)-C(l7) 119.4(7)

C(2)-C(l )-P(l) 124.7(4) C(20)-C(19)-C(18) 120.0(6)

S(l)-C(l)-P(l) 125.5(3) C(19)-C(20)-C(2l) 120.1(7)

C(1)-C(2)-C(3) 113.8(5) C(16)-C(2l)-C(20) 120.8(6)

C(4)-C(3)-C(2) 113.7(5) C(27)-C(22)-C(23) 117.8(6)

C(3)-C(4)-C(5) 129.8(5) C(27)-C(22)-P(2) 123.4(4)

C(3)-C(4)-S(1) 109.8(4) C(23)-C(22)-P(2) 118.8(5)

C(5)-C(4)-S(1) 120.4(4) C(22)-C(23)-C(24) 120.1(6)

N(l)-C(5)-C(6) 122.0(5) C(25)-C(24)-C(23) 120.0(6)

N(l)-C(5)-C(4) 115.6(5) C(26)-C(25)-C(24) 120.5(7)

C(6)-C(5)-C(4) 122.4(5) C(25)-C(26)-C(27) 119.7(7)

C(7)-C(6)-C(5) 119.3(6) C(22)-C(27)-C(26) 121.8(6)

C(8)-C(7)-C(6) 118.8(6) C(29)-C(28)-C(33) 117.6(5)

C(7)-C(8)-C(9) 119.1(5) C(29)-C(28)-P(2) 120.9(5)

N(1)-C(9)-C(8) 122.5(5) C(33)-C(28)-P(2) 120.9(4)

C(8)-C(9)-P(2) 120.6(4) C(29)-C(30)-C(3l) 120.3(6)

C(l5)-C(1O)-C(1l) 118.5(6) C(32)-C(31)-C(30) 119.7(6)

C(l5)-C(10)-P(1) 117.4(5) C(31)-C(32)-C(33) 119.8(6)

C(ll)-C(lO)-P(l) 124.1(5) C(32)-C(33)-C(28) 121.1(6)

C(l2)-C(1l)-C(10) 119.9(6)
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CIL"-PTER THREE

SYNTHESIS OF GOLD(I) COMPLEXES CONTAINING NOVEL

THIENYLPHOSPHINE LIGA.."NDS

111.1 INTRODUCTION

Thiophene and its derivatives are known to exhibit varIOUS coordination modes in

complexes with transition metals. Evaluation of the interaction of thiophene with these

metals requires knowledge of the electronic structure of the heterocycle. There are six

valence orbitals , all of which having primarily p-orbital character. The five p orbitals

orthogonal to the ring give rise to five non-degenerate z-states, with symmetries

resembling those for the cyclopentadienyl moiety . One of the sulfur-Iocalised lone pairs

occupies such a p-orbital orthogonal to the plane of the thiophene ring. As such it

participates in the n-delocalised bonding . Ab initio calculations show that the thiophene

suifur has a partial positive charge , while the carbon atoms at the positions 2 and 5 possess
. I . h 7]8partia neganve c arges.:

Studies involving the reactivity of thiophenes with transition metals have provided

numerous examples of thiophene coordination via the S atom, as well as of the TJ5, z

bonding mode that involves all of the atoms in the thiophene framework. The TJ4- and TJ2

are 4 and 2 electron donor modes respectively and are observed less frequently. The

thiophene ligand can also coordinate through the C-2 carbon atom, leading to a-type

coordination, or a metallated thiophene . The most commonly encountered thiophene

coordination modes are presented in Scheme Ill. I .

SCHEME JII 1
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In the ruthenium complex. [Ru(PPh3)2(Csr4-CH2-C4H3S)t. thiophene is found bonded to

the metal through the sulfur atom .2 19 X-ray crystallographic investigations have established

that in this coordination mode the metal lies out of plane such that the sulfur has trigonal

pyramidal coordination (Figure Ill. 1). This is in contrast to the "normal" coordination

mode exhibited by another commonly used heterocyclic ligand e.g.. pyridine, where

binding with the metal occurs in the plane of the pyridine ring.

p

The strong tendency of the thiophene sul fur to be pyramidal when S-bound is evident in

the coordination of thiophene when it is incorporated into a porphyrin by replacing a

pyrrole unit . Tetraphenylthiaporphyrin, or HSTPP gives five-coordinate complexes of the

type [M(STPP)CI] upon reaction with the dichlorides of Fe, Co, Ni, Cu and Zn.220

Cry,stallographic studies for M = Fe. Ni and Cu reveal that the metallothiaporphyrinate

distorts from the planar structure characteristic of the free ligand. being puckered at the

metal-thiophene bond (Scheme III.2).

MCh- .
M = Fe, Co, Ni

Cu, RhCI

SCHEME III 2
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The exposed face of the suifur atom lies on the ring side opposite from the chloride. The

pyramidalisation at sulfur varies from 110.5 to 116.7°. An interesting feature in the crystal

structures of all of the above complexes is a slight bending of the thiophene ring along the

C2-C5 vector.

Sulfur-bound thiophenes are normally labile and can be easily replaced by other ligands

such as acetonitrile, CO and tetrahydrothiophene.i' " In the [CpRu(PPh3h(r(C4H4S)t

complex (Cp = cyclopentadienyl), the S-bound thiophene ligand rearranges upon standing

into the more stable, Tj5-coordinated species, i.e. [CpRU(Tj5- C4H4S )t.219

Constable et al.221.222 have demonstrated that the polydentate ligands 6-(2-thienyl)-2,2'

bipyridine (NNS) and 2,6-bis(2'-thienyl)p yridine (SNS) enforce the S-bonding mode of

thiophene. Examples of complexes where the thiophene fragment of the ligand is bonded

to the metal via the thiophene sulfur are [RuCl(N; N;S-NNS)(N;N-NNs)t 221 and [Pt(C.N;S

SNS')CI]222 (SNS' is the SNS ligand metallated at the 3-position of one of the thiophenes).

Attempts to form analogous complexes under the same conditions using thiophene itself

were not successful.

There are many examples in the literature of the Tj5-bound thiophenes, i.e. z-thiophene

complexes. In these complexes all five atoms in the thiophene ring are bonded to the metal,

although the M-C and M-S bond distances are somewhat different.223 The metals

commonly used to form complexes with Tj5-bound thiophene are Cr, Mn, Fe, Ru, Rh, Ir, the

structural types of the complexes varying from arene-carbonyl {e.g. [Cr(COh(Tj5-
~ 118 . "

C4H2Me2S)] and [Mn(CO)3(Tj·-C4~S)]03SCF3- } to ferrocene-like {e.g. [Fe(Tj)-C5H5)(Tj)-

C4H4S)] and [Ru(Tj5-C4Me4Sh](BF4)z21 8} to mixed-ligand ones {e.g. [RU(Tj5_

C4Me4S)C1]CPR3)]218 and [Rh(l,5-cod) (Tj5-C4~S)t 224}.

Tj4_Thiophene complexes can be prepared from the corresponding Tj5 complexes. For

example, Cp*Ir(Tj4-C4H2Me2S) (Cp* = permethylated Cp) was prepared by reduction of the

relevant Tj5-coordinated species with NaAIH2(OCH2CH20CH3).225.226 The two-electronic

reduction results in major spectroscopic and geometric changes, the latter manifesting itself

most clearly in a pronounced folding of the coordinated thiophene ring along the C2-C5

aXIS .
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Generally, rrarene ligands are observed only for 16e- metal centres that are exceptional n

donors and which have only one coordination site available for ligand binding. In the case

of thiophene, coordination to a 16e- metal fragment can lead to either 11
2
-coordination of

any pair of adjacent carbon atoms or oxidative addition of the C-S bond (also known as

insertion).218 Examples include [Os3(112-C4~S)H2(CO)9] and [Fe2{-SC4H3-(2-Me)}(CO)6],

respectively. Angelici et al.227 demonstrated that benzo[b]thiophene (BT) forms both S

bound and 112-coordinated isomers of formula [Cp'Re(CO)2(BT)] (Cp' = Cp or Cp*); the

formation of the 112-isomer is favoured to a greater extent by the presence of more electron

rich substituent (Cp*) on the metal.

Synthetic access to o-thienyl, also known as metallated thiophene complexes, is provided

by electrophilic attack on the thiophene ring and by metathesis of thienyllithium reagents

with metal halides. Electrophilic attack by a metal on the unsubstituted thiophene ring can

occur at either 2-position, e.g. to give 2-(HgOAc)C4H3S?28 or at position 3. A second

example is provided in Scheme III.3.229

I
~ Xp(

"'N
'I

- 2 X-, HX

2

SCHEME 111.3

On the other hand, complexes of platinum group metals containing thiophene and 2,2'

bithiophene c-bonded at position 2 of the thiophene ring are prepared using metathesis

reactions between correspondingly lithiated (or trimethylstannylated) heterocycles and

trans-[M(PBu3hCh] (M = Pt, pd).189 Also, nucleophilic attack on a thiophene via oxidative

addition of Pd(PPh3)4 to C4H4-nBrnS (n = 1-4), leads selectively to complexes with the

thiophene ring metallated at the 2-position i.e., trans-[PdBr(cr,C-C4H4-nBrn_1S)(PPh3h] (n =

1_4).230

")'1
Carmona et al._J have reported a preparation of the iridium complex [Tp*Ir(o-

C4H4Sh(11I_C4H4S)] (Tp* = hydrotris{3,5-dimethylpyrazolyl}borate) that contains
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thiophene ligands in two different coordination modes. One of the thiophene ligands is

coordinated through the sulfur atom , while the other two are metallated in the 2-position.

Investigation of the chemical properties of this complex revealed that o-bonded ligands are

more difficult to replace than the TJ 1, S-bound ligand.

Recently there has been increased interest in the synthesis of complexes where the

thiophene ligand displays a bridging coordination mode, achieved in one of the following

ways. The complex [Cp*(COhRe(j..l-C4H4S)Fe(CO)3]232 provides one of many examples of

the TJI :TJ4-binding mode of thiophene, where the heterocycle is S-bound to rhenium and is

coordinated in the TJ4 mode to the iron. (It is known that coordinating via S destroys the

aromaticity of the thiophene ring , thereby causing diene-like reactivity for the heterocycle

and promoting the TJ4 coordination mode; the opposite is also true218). Reaction of the

trinuclear osmium cluster, [OS3(CO)IO(MeCN)2] with 2,2'-bithiophene and 2,2':5"2"

terthiophene gives rise to the complexes [Os3(j..l-H)(j..l-C4H2S-C4H3S)(CO)IO] and [OS3(j..l

H)(j..l-C4H2S-C4H2S-C4H3S)(CO)IO], respectively, where only one thiophene unit of the

polythiophene ligand participates in bonding with the metal atoms: it displays both c>

coordination to one osmium atom and vinyl, TJ2-binding to the other. 233 Deeming et al.234

recently reported an example of a fl-C,S-bonded thienyl in the complex [Re2(j..l-PPh2)(j..l

C4H3S)(CO)g]. An interesting metal exchange reaction has been observed in a

heterobimetallic complex, C>:TJ5-bridged by thiophene, viz. [(CO)3Cr(j..l-C4H3S)Mn(CO)5].235

Here chromium is n-bonded to the thiophene ring, while manganese binds to the position 2

of the heterocyclic ring. It is proposed that this complex undergoes an intramolecular 'flip'

to afford the thermodynamically more stable [(CO)3Mn(j..l-C4H3S)Cr(CO)5] species, where

manganese is z-bonded to the thiophene ring, while chromium binds to the position 2 of

the heterocyclic ring.

There have been only a few examples of transition metal complexes containing thiophene

functionalised with a phosphine moiety such as the diphenylphosphino group. The

diphenyl(2-thienyl)phosphine (PS) ligand has been the most studied so far. In the majority

of the cases, e.g. cis-[Mo(CO)4(PSh]166 and [C03(j..l3-CMe)(COh(PShLI63 this ligand acts

as a simple tertiary phosphine donating via the phosphorus atom only. Alternatively, it can

serve as a bridging ligand coordinating to rhenium atoms through both the carbon and the

sulfur atoms as in the complex [Re2(CO)8{j..l-PPh2(C4H3S)}].236 Furthermore, reaction of

PS with [RU3(CO)n] results in C-H bond cleavage and the formation of bimetallic products
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in which the thiophene moiety of the ligand forms a o, 111-vinyl type bridge between two

metal atoms with phosphorus coordinating to the third centre?37

The donor properties of various tris(2-thienyl)-phosphines in complexes with Pt,l64 Rh and

Pd146.160 have also been studied. In all these compounds the thienylphosphine ligand is

I ] 164bound to the metal through the P-atom only. Examples are [Pt{P(C4H3S)3hC 1 ,

[Pd{P(5-Me-C4H1S)3hCb] 160 and [RhH(CO){P(C4H3Shh].146

Introduction of a 'spacer' between the phosphorus atom and the thiophene ring, e.g. an

ethylene bridge, improves the chances for the molecule to act as a chelating ligand. Thus,

two 4-diphenylphosphinodibenzothiophene (DPDBT) ligands coordinate to Ru via both P

and S atoms in the stable complex cis-[RuCh(DPDBT)2], with the Ru-S bond being as

short as 2.34 A.138 Mathieu and co_workers239.140 showed that both 2,5-bis[2

(diphenylphosphino)ethyl]- and 2,5-bis[3-(diphenylphosphino)propyl]-thiophene (BDPPT)

could serve as tridentate ligands, binding through phosphorus and suIfur in complexes with

metals such as Mo(O), Co(I) and Rh(l). Interestingly, the complex [Rh(CO)(BDPPT)r

[CI04L in which the BDPPT ligand exhibits this coordination mode, is readily

decarbonylated with the thiophene moiety becoming n-bound and the Rh-P bonds

remaining intact.

There has been no information reported so far on the coordination of thienylphosphine

ligands to gold(I). Indeed, the coordination of the unsubstituted thiophenes towards gold(I)

has only been sparsely investigated. In this Chapter we report the preparation of a number

of gold(I) complexes with the new thienylphosphine ligands reported in Chapter 2. Of

particular interest is the mode of coordination of the thienylphosphine ligands to gold(I).

111.2 SYNTHESIS AND CHARACTERISATION OF GOLD(I) COMPLEXES

WITH THE NOVEL THIENYLPHOSPHINE LIGANDS

The various types of gold(I) complexes with tertiary phosphine ligands were discussed in

detail in Chapter 1. As discussed, complexes of gold(I) with phosphine ligands can be

broadly classified as either ionic or neutral. A further sub-classification depends on the

number of gold atoms in the complex i.e., on whether the complex is mono-, di- or

trinuclear. Here, the complexes which have been synthesised and characterised , are
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initially grouped according to the denticity of the thienylphosphine ligand i.e., on the

number of phosphorus atoms in the ligand molecule.

111.2.1 GoldQ> complexes with monophosphine ligands

111.2.1.1 Neutral mononuclear complexes containing two-coordinate gold

Preparation

A commonly used precursor for the synthesis of neutral gold(I) complexes is

tetrachloroauric acid, HAuCI4,9.17.104 as well as its sodium and potassium saltS.32.100 Gold(I)

complexes with labile thioether ligands such as [CIAu(tht)) (tht = tetrahydrothiophene) and

[CIAu{(CH3)2S}) can also be employed,93.241 although they are generally less stable than

the above gold(III) compounds , tending to decompose slowly with release of elemental

gold even at decreased temperatures.

A convenient route to a two-coordinate neutral gold(I)-phosphine complex lies through in

situ preparation of a gold(I)-thioether complex with subsequent replacement of the labile

ligand with the desired phosphine , as shown in Scheme IIIA .

where

{S} = S(CH2CH20Hh (tdg), {S=O} = OS(CH2CH20Hh and
P = monodentate phosphine

SCHEMEIII4

The reaction sequence was used for the following monodentate thiophene-based

phosphines: PS, PDS, PTS, PSBr, PSS, PSSS, PSN and PNS. In all cases a clean reaction

took place with the exclusive formation of complexes of general formula [CIAu(Tj I ,P-L )),

where L represents a thienylphosphine molecule. For simplicity, they will later be referred

to as just [CIAuL] complexes.

The experimental conditions for the syntheses are essentially the same for all the

phosphines and involve dissolution of the required amount of tetrachloroauric acid in an

acetone/water mixture , cooling the solution (in order to minimise side-reactions during the
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following step), addition of neat thiodiglycol (tdg) until the orange colour of gold(III)

disappears, and finally addition of a solution containing a stoicheiometric amount of the

phosphine dissolved in a suitable solvent. The precipitate that forms is collected and after

washing and drying normally affords the target neutral gold(I) complex in nearly

quantitative yields. Variations in the synthetic procedures from one phosphine to another

generally involved differences in the composition of the solvents both for the phosphine

and for the gold(IIl) precursor. The reason for this was the need to find an optimum

balance between (i) dissolving a non-polar phosphine in order for it to be able to react with

the gold(I)-tdg complex and (ii) having a more polar reaction medium which ensures fuller

precipitation of the neutral complex formed as a result of the reaction. Thus, the phosphine

was generally dissolved in a reasonably polar solvent, such as acetone or a mixture of

chloroform (or dichloromethane) and methanol, while the tetrachloroauric acid was

dissolved in aqueous acetone to which a small amount of methanol was sometimes added.

Cold methanol was also often added during the last step of the reaction to maximise

precipitation of the gold(I) complex. Table IlL I presents the physical data for the eight

gold(I)-phosphine complexes prepared according to the above method.

The complexes are generally very stable in air at room temperature, being non-hygroscopic

and resistant to oxidation or reduction (due to the strong bond between phosphorus and

gold(I)). However the complexes containing light-sensitive ligands, such as PTS or PSSS,

are best kept in the dark, as some discoloration was noticed upon their exposure to ambient

Table 111.1 Physical data for the neutral di-coordinate gold(I) complexes with

monodentate thiophene-based ligands

Compound Molar mass, Yield,Formula Colournumber g-mol" %
[1] [CIAuPS] 500.73 white 92
[2] [CIAuPDS] 506.76 white 89
[3] [CIAuPTS] 512.78 off-white 87
[4] [CIAuPSBr] 579.63 white 88
[5] [CIAuPSS] 582.85 off-white 78
[6] [CIAuPSSS] 664.52 yellow 92
[7] [CIAuPSN] 577.82 white 90
[8] [CIAuPNS] 577.82 white 95
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light for a week or longer. All the complexes are highly crystalline compounds, melting

(with decomposition) at temperatures above 200°C.

In all of the complexes [1]-[8] the thienylphosphine ligand bonds to gold(I) through the P

atom only. As all of the above ligands contain at least one additional donor atom

(thiophene S as well as pyridine N in the ligands PSN and PNS), it was decided to

investigate the possibility of formation of a stable complex where the thienylphosphine

ligand coordinates through both P and S donor atoms . It is expected from the geometry of

the 2-thienylphosphine moiety that if the S atom does coordinate, the resultant molecule

will be a dinuclear P,S-bridged complex rather than a mononuclear complex with chelating

ligand, as the S-Au-P angle would be too small and cause destabilisation. (No chelating

complexes of gold(I) with dppm, i.e. the ligand where two donor atoms are also separated

by a single carbon atom, have ever been discovered.)

Changing the ratio of the reagents in the reaction shown in Scheme IIIA to L:Au = 1:2 (L =

PS) did not lead to the formation of any new compound, as the only complex that could be

isolated from the mixture was identical to [1]. Increasing further the amount of Au per

molecule of phosphine effected the same result. Using [CIAu(tht)] as the starting material

with a 4-fold excess over the amount of PS also resulted in production of [CIAuPS] as the

only isolated product. Attempts to vary the temperature and the solvent (± 50°C, reactions

carried out in chloroform or acetonitrile/dichloromethane mixtures) also did not provide

any evidence for formation of a product with the Jl-S,P-mode of coordination.

Clearly, the suifur of the thiophene ring is too weak a donor atom to displace the divalent

sulfur of the thioethers tdg and tht from their respective complexes with gold(I). In order to

eliminate the presence of competing thioether ligands in the mixture it was decided to carry

out a direct reaction between the gold(III) precursor and the phosphine ligand. In this case

the phosphine molecule serves not only as a ligand, but as a reducing agent as well,

converting gold(III) into gold(I) without any other interfering ligands being present in the

mixture. As one molecule of a phosphine is required to reduce gold(III), the stoicheiometry

of the reaction had to be chosen as 2:3 (Au:L). However even in this case the reaction only

produced the complex [1]. It appears that the thiophene sulfur is too weak a donor to

displace chloride ligands from either gold(III) or gold(I ) precursors.
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The unsuccessful attempts to make the thiophene S coordinate to gold(l) were followed by

an investigation of the possibility of coordination of the pyridine N and the P-atom of the

PSN and PNS ligands to separate gold atoms, with the aim of obtaining dinuclear species.

Scheme 111.5 shows the reactions attempted with the two ligands.

+ ClAu(tht) x •

{P=O} + Au(I)

Y> ---0-- ,X=H(PSN),
S

Y=-,X= --0 (PNS);
S

{P=O }= phosphine oxide

SCHEMEIIf5

As can be seen from the above Scheme the products isolated from these reactions were

identical to the previously synthesised mononuclear complexes [7] and [8] i.e., no complex

with both N and P coordinating to gold(l) (either bridging or chelating) could be obtained.

There was still a possibility that the nitrogen of the pyridine ring could not coordinate

simply due to the low pH values of aqueous solutions of HAuCl4 that caused its

protonation. However increasing the pH of the solution in the second reaction by addition

of a sufficient amount ofNaHC03, followed by gentle heating to eliminate the CO2 formed

and then cooling to ± 10°C did not change the outcome of the reaction. Thus, the novel

thienylphosphine ligands PS, PDS, PTS, PSBr, PSS, PSSS, PSN and PNS appear to only

form gold(l) complexes that are mononuclear, neutral and di-coordinate, and where

coordination between the ligand and the metal is achieved via a P-Au bond only. Certainly,

this is true in the reactions of these ligands with precursors that contain an Au-Cl moiety.

This finding is in agreement with the results of Schmidbaur et al.57 who have prepared

several chlorogold(l) complexes with 2-pyridyl-based phosphines by reacting an
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appropriate ligand with the [ClAuCO] precursor; in all cases it was established that the

phosphorus is the exclusive coordination site for these ligands to the metal.

Characterisation

The IH and 31 p NMR spectroscopic data for the complexes [1]-[8] are given in Table IlL2.

It can be noted from this Table that the 31 p NMR chemical shifts of the complexes are

markedly different from the values obtained for the corresponding ligands. The former

signals appear downfield with respect to the latter, a general property for phosphine

complexes. The analogous complex, [ClAuPPh3], was reported to have the 31 p chemical

shift of33.2 ppm - approximately 39 ppm downfield from the chemical shift of the ligand

(8[PPh3] = -6 ppmj."

The assignments of the signals in the IH NMR spectra of the complexes were carried out

based on the assignments done for the ligands alone, taking into account the effect of

coordination to the metal centre (e.g. an increase in the JH-P values) and by using 2

dimensional NMR techniques (COSY). However, even with the help of COSY

spectroscopy, it proved impossible to resolve signals due to individual hydrogens in most

of the spectra, especially in the case of the [ClAuPSN] and [ClAuPNS] complexes,

because of the extensive overlap between aromatic proton resonances arising from the

benzene, thiophene and pyridine nuclei.

Examination of the IH NMR chemical shifts of the protons in the coordinated Iigands of

these complexes also reveals overall downfield shift when compared to those in the non

coordinated ligands, a shift that is clearly the result of coordination of the phosphine ligand

to gold(I) . In the next Table, Table IlL3, a quantitative estimate is provided of this change;

specifically, the value of A = <>(complex) - <>(Iigand) is given, which is known as

coordination chemical shift (CCS).43 This has been done for both 31 p and IH NMR

chemical shifts.
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Table 111.2 I Hand 31P NMR spectroscopic data for the complexes [1]-[8] , as measured in CD Ch; the atom numbering scheme for all the ligands

is given in the Figure III.2 below

Complex () 31p , PPIll () 'u, ppm

(1) 19. 18 (s)

(21 5.77 (s)

(3 ) -6.4 1 (s)

(41 18.85 (s)

[5) 19.43 (s)

(6) 18.45 (s)

.......
\Q
--..J

(7) 20.63 (s)

181 31.32 (s)

7.26 (ddd, I H,Hrh_4), 7.41-7.65(m, 11 H, 10 Hph+Hrh.J),7.82(ddd, 1 H,Hrh.5)

7.25 (ddd, 2 H, I-I-rh-4) , 7.42-7.70 (m, 7 H, 5 Hph+ 2 HTh.J), 7.81 (ddd,2 H, HI"I,_5)

7.24 (ddd, 3 H, Hrh.4) , 7.63 (ddd, 3 H, Hrh-J), 7.81 (ddd,3 H, Hrh-5)

7.15-7.37 (ABX system, 2 H, I-I-rh-4 + Hrh-J), 7.42-7.65 (m, 10 H, Hph)

7.03 (dd, 1 H, Hrll.4,) , 7.22 (dd, 1 H, H'I"I,_3'), 7.26 (part of ABX system, 1 H, H'I"I,.J), 7.31 (dd, 1 H, I-I-rh-5,) , 7.43 (part of AB system,

1 H, I-I-rh-4) , 7.46-7.70 (m, 10 H, Hph)

7.04 (dd, 1 H, Hrh.d , 7.11 (m, 2 H, Hrh-J,+ I-I-rh.4') , 7.19 (dd, I H, 1-1-1"1,.3"), 7.22-7.27 (m, 2 H, Hrh.J + 1+rh-5,,) , 7.45 (part of AB

system,1 H, Hrh.4) , 7.48-7.69 (m, 10 H, Hph)

7.22 (ddd, I H, Hpy-5) , 7.40-7.80 (m, 14 H, 10 HplI + HTh.J + I-I-rh.4 + Hpy-J+ Hpy_4 ) , 8.55 (m, I H, Hpy.6 )

7.10 (dd, I H, HTh-4) , 7.40 (dd, I H, Hrh-5) , 7.43-7.56 (m, 7 H, 4 Hph.J + 2 I-I ph.4 + Hpy-J), 7.58 (dd, I H, Hrll.J), 7.66-8.00 (m, 6 H,

4 Hph.2 + HpY.5 + Hpy.4)
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HTh-4 7 ~ HTh-3 ~HPh-4

R~r/T~'~HPh_3
Ar Hph-2

R = HTh-5, Ar = Ph: L = PS;
R = H - Ar = Th:L = PDS·Th-s- ,
R = Br, Ar = Ph: L = PSBr

L=PTS

..,

.J

L=PSS

L= PSSS

HPy-5

L=PSN

Fig. III.2 Numbering schemes for the hydrogen atoms in the ligands of the complexes

[ClAuL], [1]-[8].
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Table 111.3 CCS# values for the complexes [1]-[8] expressed in the form A = b(complex) •

b(ligand)

31p , A, ppm 'n, A, ppm
.

Complex

[IJ 39.08 -"', HTh-3

[2J 39.03 -•••, H
Th

-
3

[3J 39.86 0.27, HTh-3

[4J 36.73 0.24, HTh-3

_•. H
[5J 38.26 - , Th-4

[6J 37.16" -'·',HTh-4

[7] 38.98 -"', HTh-4

...;;:;
[8] 34.96 - , Hpy-5

CCS stands for coordination chemical shift

Although it was not possible to determine the CCS value exactly, it appeared from the

comparison ofthe spectra ofthe coordinated and non-coordinated PNS, that the signal due

to the HPy-5 shifted downfield by greater than 0.5 ppm

The chemical shifts of the protons nearest to the P atom were used to determine the 'H

CCS value

The chemical shift for the ligand was obtained in CDCh, while that for the complex was

measured in CD2Ch

The value could not be determined because either the corresponding signal in the ligand or

the complex spectrum was not sufficiently resolved

It can be seen from the Table III.3 that the chemical shifts of phosphines experience a

downfield shift of approximately 38 ppm upon coordination to gold(l) in two-coordinate

neutral complexes with chloride as the second ligand. The value is slightly higher for

phosphines with substituents that include one thiophene ring, but appears to decrease

slightly with an increase in the number of the thiophene rings joined together in the

substituent. Introduction of a bromine substituent in a thiophene ring also reduces the CCS

value (for both 31p and IH chemical shifts). For the pyridine-based phosphine ligand, PNS,

the 31
p !l value is noticeably smaller (± 35 vs. ± 38 ppm), while the CCS value for the

hydrogen nearest to the phosphorus appears to be greater (± 0.5 vs. 0.27 ppm ).

The effect of coordination of a thienylphosphine ligand to chlorogold(I) moiety on the

proton chemical shift can be further illustrated by tabulating the !l values for all thiophene
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hydrogens together with the JH-P coupling constants for both complexes and ligands in the

compounds [1]-[3].

Table IlIA Coupling constants between the thiophene hydrogens and the phosphorus in

the chlorogold(I) complexes of PS, PDS, PTS (the corresponding JH-P value for the ligand

is given in brackets) and related ~ values, where ~ = 8(complex) - 8(ligand)

Hydrogen HTh-3 HTh-4 HTh-5

Complex 3J H_P, Hz /1, ppm 4J H_P, Hz /1, ppm 5J H_P, Hz /1, ppm

[CIAuPS] ([1]) .: (4.63) 1.38 (1.28) 0.13 3.23 (0) 0.23

[CIAuPDS] ([2]) .: (4.57) 1.33 (1.27) 0.12 3.33 (0) 0.20

[CIAuPTS] ([3]) 9.65 (5.71) 0.27 1.43 (1.40) 0.16 3.52 (0) 0.25

The relevant value could not be obtained due to overlap of this signal with the signals of

the phenyl hydrogens

The data from the Table IlIA clearly show that coordination of a thiophene-based

phosphine to gold(I) results in a considerable change in electron density at HTh-3 and HTh-5,

while that around HTh-4 remains nearly unchanged: the corresponding coupling constants

for the first two in the gold(I) complexes are generally markedly larger than the relevant

values in the ligands themselves.

The coordination to metal affects the electron density not only in the aromatic ring directly

bound to the phosphorus atom but also in the rings adjacent to them, although to a smaller

extent. Thus comparison of the spectra of PSS and its complex gives ~ = 0.06 ppm (HTh-4')

and those of PSSS give ~ = 0.10 ppm (H Th-4") and ~ > 0.15 ppm (HTh-3, + HTh-4')' Similarly,

for PSN and PNS complexes ~ = 0.08 ppm (Hpy-5) and ~ = 0.04 ppm (HTh-4).

IR and UV-vis spectroscopy were also employed for characterisation of the chlorogoldrl)

complexes. Unfortunately the limitations of the IR instrument do not allow any

measurements to be conducted at the frequencies below 400 ern". This region is the most

informative for characterisation of the complexes since both the v(Au-Cl) and v(Au-P)

frequencies are found between 300 and 400 cm-I. Thus the data we report is of only

marginal importance: most of the IR absorption bands of the complexes occur in the
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'fingerprint' part of the spectra. More useful are IR spectra of those phosphines (and the

corresponding complexes) that contain pyridine rings, since these exhibit moderately

intense C-N stretching bands between 1500 and 1600 cm" . The IR data are presented in

the Experimental section ofthis Chapter.

The DV-vis spectra of the complexes [1]-[8] recorded in dichloromethane strongly

resemble those of the ligands , as there are no electronic transitions associated with the

metal d-e1ectrons due to gold(I) having the d10 electronic configuration. In fact the

wavelengths of the absorption maxima recorded for the complexes and the ligands are

essentially the same. However differences in the shapes of the peaks can be discerned,

those for the complexes appearing narrower and with more fine structure (e.g. two

shoulders at 268 and 276 nm are observed in the spectra of all the gold complexes , but not

in the ligand spectra).

Changing the solvent from dichloromethane to acetonitrile does not markedly change the

spectral behaviour of the complexes [1]-[8]. This suggests that the complexes do not

dissociate in solution and that acetonitrile (a potential ligandl) does not interact with the

gold(I) centre in these complexes. The full description of the DV-vis spectra of the gold(I)

phosphine complexes can be found in the Experimental section of this Chapter.

Crystal structures ofthe /CLAuPSSj and /CLAuPNSj complexes

Single crystals of three neutral two-coordinate gold(I)-phosphine complexes , namely

[CIAuPS], [CIAuPSS] and [CIAuPNS] were obtained during this study. Although the

quality of the [CIAuPS] crystal appeared to be satisfactory for the data collection, the

refinement of the structure proved to be dubious as the suifur and carbon atoms of the

thiophene ring could not be unequivocally found and essentially had to be placed in

calculated positions , i.e. all substituents on phosphorus appeared to be phenyl rings. In

absence of another good quality single crystal of [1] it was decided to abandon the

structure refinement and to discard the data. The crystals of the other two compounds, on

the other hand, provided suitable data to carry out successful structure determination,

though it should be noted that the thiophene rings in [CIAuPSS] show evidence of disorder

(see Experimental section of this Chapter).
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Crystallisation of [CIAuPSS] ([5]) from an acetone-water mixture afforded pale yellow

needles which were employed for X-ray diffraction studies. Figure II1.3 represents the

molecular structure of [5] and the crystallographic data are discussed with respect to the

numbering scheme shown. The bond lengths and angles, crystallographic parameters as

well as the other structural information are given in Tables III.24-29 at the end of the

Experimental section.

There are 2 molecules per asymmetric unit cell in the crystal structure of [CIAuPSS]. The

shortest distance between any two gold atoms within the unit cell is as large as 7.661(2) A

and there appears to be no metal-metal bonding between gold atoms from different unit

cells. There is also no interaction between the aromatic rings of two molecules as none of

the rings is parallel to each other.

The geometry around the gold atoms is nearly linear for both molecules [176.3(3) and

178.6(2)°] with the Au-P and Au-CI bond lengths being within the accepted limits for two

coordinate chlorogold(I)-phosphine complexes (see Table 1.1 in the Section 1.1.1). It

should be noted though, that the respective values for the first molecule [2.217(7) and

2.256(8) A] are somewhat smaller than those reported for [CIAuPPh3] [2.235(3) and

2.279(3) A],21while those for the second, i.e. 2.232(6) and 2.282(6) A, are on the par with

the triphenylphosphine complex.

The geometry around both phosphorus atoms is tetrahedral with the angles ranging from

105.6(1) to 114.4(8)° [105.6(1) to 107.2(1)° for the three substituents on the phosphorus]

for the first molecule and from 102.6(1) to 113.7(7)° [102.6(1) to 108.6(1)° for the three

substituents on the phosphorus] for the second. There is an indication of a slight 'opening

up' effect of the ligand upon coordination to the metal as the angles between the

substituents on phosphorus in both [C1AuPSS] molecules are greater than the angles of

101.6(1) to 103.5(1)° found in the non-coordinated PSSP molecule , which is the closest

available free ligand for which the structure is known. The distances between the

phosphorus atom and the carbons of the substituents are close to the expected value of 1.8

A, with the only exception being P(I)-C(1) which is rather short at 1.68(2) A. The bonds

and angles between carbon atoms in the phenyl substituents fall within normal range.
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Chapter Three: Synthesis ofGold(l) Complexes Containing Novel Thienylphosphine Ligands

The conformations adopted by PSS ligands in the two molecules are markedly different.

Firstly, the angles between the thiophene rings of the bithienyl substituents in PSS

molecules are 3.43 and 57.50° for the first molecule (i.e. the one containing the Au(l)

atom] and the second molecule [i.e. the one containing the Au(2) atom] respectively.

Secondly, the angles between the plane of the thiophene ring attached to the phosphorus

and the planes of the phenyl substituents are 60.62 and 73.58° for the first molecule and

107.51 and 78.10° for the second molecule. Comparison of these observed angle values

with those in the molecule of the PSSP ligand - the angles between the thiophene and two

phenyl rings are 105.7 and 77.3° - shows that it is the ligand in the first [CIAuPSS]

molecule which has acquired most conformational changes upon coordination to gold(I).

However the bithienyl moiety in the first molecule is much less distorted than in the

second molecule: the S(l)..C(4) and S(2)..C(8) thiophene rings adopt a S,S-transoid and

nearly planar geometry, which is very similar to the geometry of the bithienyl fragment in

PSSP, while in the second molecule the second thiophene ring [S(4)..C(28)] is noticeably

rotated out of the plane of the first ring. The thermal ellipsoids of S(4), C(26) and C(27)

atoms are very large indicating considerable disorder and instability in the ring and the

likelihood of the presence of several rotamers of the second molecule in the crystal lattice.

The distortion of the molecules is likely a consequence of their packing in the crystal.

It is interesting to note that the corresponding torsion angles Au(l)-P(I)-C(l)-S(l) and

Au(2)-P(2)-C(21)-S(3) in both molecules are markedly different, the first being 166.8 and

the second 66.5°. This implies that in the first molecule the nearest to gold thiophene sulfur

faces the direction nearly opposite that of the metal, while in the second molecule the

sulfur is positioned roughly on the same side as the gold. [Note, however, that there is no

gold-sulfur non-bonding interactions, the Au(2) . .. S(3) distance being as large as 4.074(5)

A.] The idealised calculations given in Appendix B for the PSSP, PSNP and PSNSP

ligands show that the thiophene conformation with the sulfur atom facing the same way as

the lone pair of the phosphorus (or P-M bond) causes greater steric effects in comparison

to the conformation where the sulfur is facing opposite. This finding may help to explain

the greater disorder of the PSS ligand in the second molecule as it has adopted a less

sterically viable conformation.

It is worth noting at this stage that disorder in thiophene rings of thienylphosphine ligands

has been reported before. 160.163 In particular, Gol'dfarb et al. 160 have demonstrated that all 3
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thiophene rings of the PTS ligand in the [Pd(PTShCbl complex are disordered to certain

extent. However the ring with the sulfur facing the direction opposite to that of the metal

had the least disorder, while the other two with the S being turned towards the gold both

appeared as equally weighted rotamers with different conformations obtained by rotation
16'around the P-C bond. In the complex [C03(1l3-CMe)(COh(PShl·0.5C6HI4·H20, .J some

atoms of one phenyl ring and the thienyl ring belonging to one of the two PS ligands

exhibited unrealistic thermal ellipsoids and bond distances. Orientational disorder in the

phosphine cone was proposed and the successful refinement of the structure was made by

constructing a model incorporating two orientations of the phosphine ligand related by a

120° rotation around the Co-P axis.

Crystallisation of [C1AuPNS] ([8]) from dichloromethane-hexane afforded colourless

prisms which were employed for X-ray diffraction studies. Figure IlIA represents the

molecular structure of [8] and the crystallographic data are discussed with respect to the

numbering scheme shown. The bond lengths and angles, crystallographic parameters as

well as the other structural information are given in Tables IIl.30-35 at the end of the

Experimental section.

The molecules exist as discrete entities in the crystal there being no intermolecular non

bonded contact distances less than the sum of the van der Waals radii for the two atoms

concerned. In particular, there is no evidence for intermolecular Au...Au interaction in the

crystal.

The geometry around the gold atom is linear [CI(1)-Au(1)-P(l) = 177.0(4)°] with the bond

lengths Au(l)-P(l) and Au(1)-Cl(1) being 2.227(1) and 2.278(1) A respectively, values

very close to those reported for the [CIAuPPh3] complex of2.235(3) and 2.279(3) A.2 1 The

bond lengths and angles appear to be within the normal limits and correlate well with the

values found for the PSNP ligand molecule, the latter being the closest available free

ligand for which the structure is known (see Section Il.2.5.4).

The geometry around the phosphorus atom is tetrahedral with the angles subtended at the P

atom ranging from 104.4(2) to 114.7(1)°. The angles subtended at the P atom by the three

ring substituents between the three ring substituents span the range from 104.4(2) to

205



Chapter Three: Synthesis oj Gold{l) Complexes Contain ing Novel Thienylphosphine Ligands

Q)

E
Q)

...=
r-

o
Cl)

C; en
c
a:>

.0
E
:::
c
E
0......
~

Q)

.:
bJ)
c
~
0...=
Cl)

,-::.
....--,
00
'--'
'--'
....--,
1ZJ
Z
Q..
:::
-<
U........
t+-.
0

~
:::......
o
:::
:-......

1ZJ

~s:
C; u c.:..

206



Chapter Three: Synthesis ofGold(l) Complexes Containing Novel Thienylphosphine Ligands

106.0(2)° and appear somewhat greater than the corresponding values in the PSNP ligand

('pyridine side' of the molecule) of 101.2(3) to 105.2(2)° (see Section II.2.5.4). This

indicates that the ligand is 'opened-up' to some extent of coordination. The torsion angle

Au(1)-P(1)-C(1)-N(1) is 179.6(1)°, which implies that the pyridine N is pointing in the

opposite direction to the P-Au bond. Cone angle calculations given in Appendix B suggest

that the conformation adopted when the pyridine N faces the phosphorus lone pair (or P-M

bond), labelled P-C-N, is somewhat less sterically hindered than the one in which the lone

pairs face opposite directions, i.e. the one labelled P-C-C-H.

The dihedral angles between the plane of the pyridine ring and each of the phenyl groups

are 116.38 and 110.73°, while the angle between the two phenyl rings is 73.71°. The

corresponding angles for the 'pyridine' part of the PSNP ligand are 68.54, 43.56 and

112.10° respectively . This shows (with assumption that the structure of the non

coordinated PNS is very similar to that of PSNP) that the PNS ligand underwent a

conformational change upon coordinating to gold(I).

The thiophene and pyridine rings of the PNS ligand possess the N,S-cisoid arrangement

found in the PNS fragment of the PSNP molecule (see Section 11.2.5.4). However the angle

between the two planes of 11 .30° is higher than the corresponding angle in the PSNP

molecule of 3.56°. The distance between the pyridine nitrogen and the thiophene sulfur has

remained at around 2.90(1) A(2.95(1) Ain the PSNP).

111.2.1.2 Neutral mononuclear complexes containing three-coordinate gold

Preparation

Two-coordinate chlorogold(I)-phosphine complexes can serve as convenient precursors for

complexes where gold(I) displays a coordination number greater than 2.

Addition of an extra equivalent of the appropriate phosphine ligand to a solution of the

chlorogold(I) complex resulted in the formation of the new three-coordinate complexes of

general formula [CIAu(rrLh]' where L = PS, PDS, PIS and PSN (Scheme 111.6).
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n X-O--tfu ~-O-XX~S/--lArAr' n _~~ S \AU/ S
Au + X~~S/--PArAr'
I I
Cl Cl

x = H, Ar = Ar' = Ph:
X = H, Ar = Ph, Ar' =Th:
X= H, Ar= Ar' = Th:
X = Py, Ar = Ar' = Ph:

L= PS,
L= PDS,
L = PTS ,
L= PSN.

SCHEMEIII6

This synthetic approach was chosen over the alternative one i.e. where 2 molar equivalents

of ligand are added directly to either the Au-tdg intermediate (see Scheme IIIA) or the

[ClAu(tht)] precursor. The disadvantage of the latter approach is the almost inevitable

formation of a mixture of complexes even when the exact stoichiometric amounts of the

gold precursor and the ligand are used. This is probably the result of (i) incomplete

reduction of Au(III) to Au(I) (in case of the Au-tdg intermediate) or (ii) partial

decomposition of [CIAu(tht)], which always takes place to some extent, leading to a

change in the actual Au:L ratio. Although this method did prove successful for the

preparation of the [ClAu(PSNh] complex, the yield of the target compound was only 53%,

compared to 82% obtained using the method outlined in Scheme III.6.

The reaction was carried out in dichloromethane for L = PS, while for the other three

phosphines (L = PDS, PIS and PSN) acetone was found to be the most suitable solvent; in

all four cases hexane was used to precipitate the desired product . In fact, the choice of the

solvent system determines the outcome of the reaction. For example, if a

dichloromethanelhexane solvent system is used, the material isolated is either the desired

product (L = PS), the starting two-coordinate species (L = PSBr, PSN and PNS) or a

mixture of the two-and three-coordinate complexes (L = PDS, PIS, PSS and PSSS).

Substitution of hexane as the precipitating solvent by benzene or ether did not drastically

change the outcome of the syntheses.

Solvents other than dichloromethane and acetone, such as chloroform, ethanol and

acetonitrile as well as mixtures thereof were investigated with a view to synthesising three-
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coordinate complexes of PSBr, PNS, PSS and PSSS; none was successful in affording a

pure product. A plausible explanation for this is based on the known fact (see Chapter I) of

the existence of an equilibrium in solution between two-coordinate and three-coordinate

complexes of gold(l) of the type shown in Scheme Ill. 7.

[ClAuL] + L~ [ClAuL2]

+
[ClAuL2] ~ [AuL2] + cr

SCHEMEIIl 7

The position of these equilibria obviously depends on the solubility of each of the species

in the chosen medium, itself a function of the solvent polarity. The first equilibrium tends

to shift so as to afford the species which is most easily precipitated, while the second is

directly affected by the polarity of the solvent as well as by the strength of the bond

between the gold and chlorine in the complex. Thus, the successful preparation of three

coordinate complexes with PNS, PSBr, PSS and PSSS as ligands should be possible once

the composition of the solvent(s) which specifically causes precipitation of the three

coordinate species and/or suppresses its dissociation is found. Addition of a semi-saturated

aqueous NaCl solution to a solution of the complex was found to assist formation of three

coordinate chlorogold(l) complexes. However, due to the lack of time, the problem of

appropriate solvent selection could not be exhaustively investigated.

Table 111.5 gives the physical properties of the new three-coordinate chlorogold(l)

complexes.

Table 111.5 Physical data for the neutral tri-coordinate gold(l) complexes with

monodentate thiophene-based ligands

Compound

number

[9]

[10]

[11]

[12]

Formula

[CIAu(PShJ

[CIAu(PDS)2J

[CIAu(PTS)2J

[CIAu(PSN)2J

Molar mass,

g-mol"

769.05

781.1 0

793.14

923 .12
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Colour

white

white

white

white

Yield,

%

64

82

87

82
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The three-coordinate complexes are stable as solids. However in solution the compounds

tend to dissociate and with time, precipitation of the starting two-coordinate complex can

be observed . Also in solution, the three-coordinate complexes appear to undergo

discolouration upon exposure to light to a much higher extent than the corresponding two

coordinate species.

The three-coordinate chlorogold(I)-phosphine complexes are generally more soluble in

organic solvents than their two-coordinate precursors . They dissolve in a wide range of

solvents such as acetone, acetonitrile, dichloromethane, chloroform, DMSO and alcohols.

The complexes also tend to decompose more easily when heated e.g., the melting point of

[CIAu(PS)2] was determined to be in the region of 180°C, while that for the corresponding

two-coordinate complex was greater than 200°C.

Characterisation and 31P NMR solution studies

The 31p and IH NMR data for the complexes [9]-[12] are given in Table III.6. To illustrate

the effect of coordination of the second phosphine ligand to the chlorogold(l) moiety, the

following Table, Table IlL7, summarises the differences between the 3Jp chemical shifts of

the three-coordinate complexes and those for the two-coordinate complexes as well as for

the ligands alone: t1c = B(3-coord) - B(2-coord), t1L = B(3-coord) - B(ligand) (CCS).
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Table 111.6 I Hand 31P NMR spectroscopic data of the complexes [9]-[ 12], as measured in CDCh; the atom numbering scheme for all the ligands

was given in the Figure IIL2 earlier in this Chapter

Complex 0 311', ppm 0 'n, ppm

Table 111.7 Comparison of the chemical shifts of the tri-coordinate complexes [9]-[ 12] with those of the corresponding di-coordinate complexes

and the ligands; for the definition of 6c, 61. see text

[91 30.92 -8.16 _h , H rh-J ." , H rh-J

Complex AI. 31 p , ppm Ac 31p , ppm AI. IH, ppm" Ac IH, ppm"

The chemical shifts of the protons nearest to the P atom were used to determine the I H L\L value

The value could not be determined because either the corresponding signal in the ligand or the complex spectrum was not sufficiently resolved
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7.17(ddd, I H,Hrh-4) , 7.33-7.59 (m, 11 H, 10 Hph+Hrh-J), 7.69 (ddd, I H,HTh-S)

7.17 (ddd, 2 H, HTh-4) , 7.33-7.60 (m, 7 H, 5 Hph+ 2 HTh-J), 7.70 (ddd, 2 H, Hu.s)

7.16 (ddd, 3 H, HTh-4) , 7.54 (ddd, 3 H, I-hh-J), 7.70 (ddd, 3 H, HTh-s)

7.18 (ddd, I H, Hpy_s), 7.31-7.72 (m, 14 H, 10 Hph+ HTh-J + H rh-4 + Hpy-J + Hpy-4) , 8.52 (m, I H, Hpy_6)
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The data presented in Tables llI.6 and Ill.7 show that both the 31 p and IH chemical shifts

due to the ligands in the three-coordinate complexes have moved downfield in relation to

the values in the non-coordinated phosphines. However they are situated upfield from the

signals of the corresponding two-coordinate complexes. Although little information is

available regarding the synthesis and characterisation of three-coordinate chlorogold(I)

complexes with monophosphines (only a handful having been isolated and characterised so

far), several NMR studies conducted in the early 80'SI1.41-44 established that the order of the

31p NMR chemical shifts should be [bis]>[mono]>[tris]>[ligand]. In this sequence 'mono'

stands for the two-coordinate complex [XAuL] (X = Cl, Br, L = phosphine), 'bis' - for the

three-coordinate [XAuL2] etc.

Hence the results obtained in this study appear to contradict the previously established

trend. As the compositions ofthe complexes [9]-[12] were unequivocally determined using

elemental analysis, the reason for the lack of agreement of our results with those in the

literature should be rather associated with the NMR experiments. During the measurement

of our NMR spectra, the complex established to be a three-coordinate species by elemental

analysis was normally dissolved in deuterated chloroform to give a solution of moderate

concentration (± O.lM). The spectra were then recorded at ambient temperature, which was

approximately 33°C. Due to the known tendency of the three-coordinate complexes to

dissociate in solution, the observed spectrum then must have represented the overall

spectrum of all species present in solution averaged by rapid nuclear exchange. On the

other hand, the literature experiments, which generally involved either trialkylphosphines

or dialkylphenylphosphines, were designed to determine the chemical shift of the species

obtained upon titration of a known amount of the gold complex with an exact number of

equivalents of the phosphine ligand. In this way, the ratio of ligand to gold was known;

also the solution was cooled down to a very low temperature to slow down the exchange,

thus allowing for observation of clearly resolved peaks belonging to particular species.

, 1
In order to prove that the unexpected -' P NMR results for the new complexes are caused

by the behaviour of these compounds in solution several NMR experiments were designed.

Firstly, equal amounts of the [ClAu(PS)2] complex [9] were dissolved in the same volume

of two deuterated solvents of different polarity, CDCh and acetone-a; and their spectra

compared. The 31 P NMR chemical shifts recorded for the two solutions (at ambient
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temperature) were found to be 10.88 and 12.34 ppm respectively, showing that the

different solvents have different stabilising effect on the species in the equilibria given in

Scheme Ill.S. Acetone, being a more polar solvent, is likely to shift the equilibrium

towards a three-coordinate complex which can then form ionic species.

Secondly, the 31p NMR spectra of solutions with varying concentrations of complex [9]

were recorded in dichloromethane. The chemical shifts at two different concentrations of

the complex, ± 0.15 M and ± 0.03 M, were found to be 12.16 and 6.87 ppm respectively.

This suggests that a change in the overall concentration of the complex results in different

proportions of the various species present in solution. Therefore the weighted average of

the signals for each of these species appears at a different position.

Finally, a short variable temperature study was undertaken for the [ClAuPS] + n PS system

with the chemical shifts for different values of n and the temperature being recorded. The

spectroscopic data for this experiment are presented in Table IlL8.

Table 111.8 31p NMR data for CD2Cb-CH2Cb solutions of [ClAuPS] with added PS at

various temperatures, where n is the number of equivalents of the added phosphine

0, ppm

Temperature, °C 33.5 - 2.5 -69.1 -97.5

n=O 20.90 ,5• 20.42,5 19.97, 5 19.81,5

n =0.5 13.21,5 18.55, br" 22.79 , br 25.35, br

n=1

n=2

n=4

5.14,5

-0.62,5

-5.81,5

5 - a sharp signal

br - a broad signal

vbr - a very broad signal

16.71. br 24.58, br 26.71, br

11.48, 5 25.19,5 25.66, br

4.92,5 9.79, br 5.37, vbr

-104.2

19.72,5

27.02,5 &

19.78,5

27.06,5

25.67, vbr'"

4.55, vbr

It can be seen from the results that the spectra of the {[CIAuPS] + n PS} solutions usually

only become resolved at the temperature below -100°C. Above this temperature the signals

coalesce producing broad peaks, which become sharp again upon warming to room

temperature. The original two-coordinate complex, [CIAuPS], is the only complex which
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retains its integrity in solution, as evidenced by its signal remaining sharp and staying at

nearly the same value throughout the whole range of temperatures employed.

Addition of a half equivalent of the ligand to this complex resulted in a small upfield shift

of the signal in relation to that of the starting material at room temperature. However, upon

lowering the temperature, the signal became broader and started moving downfield until it

eventually was resolved into two signals when the temperature dropped below -100°e. The

two peaks appear to have the same intensity and on the basis of the employed

stoicheiometry, they were assigned to [ClAuPS] (0 = 19.78 ppm) and [CIAu(PS)2] (0 =

27.06 ppm).

Addition of exactly one equivalent of the phosphine also initially resulted in a sharp signal

with a chemical shift upfield from that of the starting material. Reducing the temperature,

though, caused a gradual downfield move until only a single sharp peak was observed at

-104°C, indicating the formation of the single stable species, [CIAu(PSh]. It is interesting

to note that at intermediate temperatures the peak appeared to be broad, which is a possible

indication that other species (e.g. products of dissociation of the complex) may be present

in the solution at higher temperatures.

Increasing the number of equivalents of the added phosphine further did not lead to

isolation of any other single species: only broad peaks were observed. Surprisingly, even

an obvious excess of ligand (n = 4) and a very low temperature are unable to prevent rapid

exchange of a ligand between the inner and outer coordination spheres of the complex

(note that a further decrease in temperature was not feasible as the solvent began

crystallising). Therefore a tentative conclusion can be made that PS is capable of forming

at least three complexes including the chlorogold(I) precursor, i.e. [CIAuPS], [CIAu(PSh]

and either [Au(PSHCI (or [CIAu{PShD or [AU(PS)4]Cl. The existence of the first two

complexes is confirmed by the clearly resolved signals in the 31p NMR spectra at low

temperature. The existence of a further complex is assumed on the basis of ligand

exchange taking place in the solution at low temperatures resulting in a broad peak, rather

than just two sharp peaks due to the [CIAu(PSh] and free ligand present in excess.

The chemical shift of the three-coordinate complex at -104.2°C, 27.06 ppm, is indeed

greater than that of the two-coordinate complex, 19.72 ppm, - in full agreement with the
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literature findings (vide supra). Unfortunately, the uncertainty about the existence of the

complex with three or four PS ligands does not allow comment on whether its chemical

shift fits in with the established chemical shift sequence i.e., [bis] > [mono] > [tris] >

[ligand].

The corrected ~c and ~L values for the three-coordinate complex [ClAu(PSh] therefore are

7.34 and 46.96 ppm respectively. In general , the coordination chemical shift (~d values

for the 'bis'-complexes are known to vary and are strongly dependent on the nature of the

phosphine, in particular on its electronic and steric properties e.g., for [BrAu(PPhMe2)2]

~L is 62.2 ppm'" while for [BrAu(n-BuPPh2h] ~L is 53.4 ppm."

The conclusion which can be drawn from the above NMR study is that the three-coordinate

chlorogold(I)-phosphine complexes dissociate in solution to an extent which is determined

by the polarity of the solvent used and which increases with dilution of the sample. The

process can be monitored by measuring NMR spectra at low temperatures, specifically

below -100°C. There is a possibility, however, that other gold(I) complexes with more than

two PS ligands per gold atom can be formed if an excess of the phosphine is employed. It

follows from the above conclusion that the characterisation of the three-coordinate

complexes of the [ClAuL2] type by means ofNMR spectroscopy at ambient temperature is

not very meaningful as the signal collected will simply be the weighted average of more

than one possible species in solution.

The IR spectra of the four three-coordinate complexes [9]-[12] in the solid state (KBr

pellets) do not produce any additional information. This is because with the

instrumentation available it was not possible to measure the Au-P and Au-CI stretching

frequencies as these occur at very low wavenumbers (300-400 ern" ). Hence the observed

spectra are again essentially identical to those of the ligands themselves.

111.2.1.3 Neutral mononuclear complexes containing four-coordinate gold

Several attempts were made to prepare complexes of the [ClAuL3] type using methodology

analogous to that used for the synthesis of tri-coordinate complexes. The phosphines PS,

PDS, PTS and PSN were added to an acetone solution of the relevant [CIAuL] complex in

a 2:1 ratio . The products that precipitated out after evaporation of most of the solvent were

analysed for %C, %H and %N where appropriate. None of them appeared to have a
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composition corresponding to that of a four-coordinate complex. Recrystallisation from

acetone afforded single crystals only from the solution obtained in the reaction with PDS

as the ligand. However X-ray diffraction study on one of the crystals showed it to be a

three-coordinate complex, [ClAu(PDShl The crystal structure of the complex will be

discussed later in this Section. The elemental analysis and the 31p chemical shift recorded

in CDCh for this compound match closely to those obtained for complex [10] , described in

the previous Section.

Formation of a three-coordinate complex in this case is not surprising taking into account

the general lability of the ligands in complexes of gold(I) where the metal has a

coordination number greater than two. If a complex of the [ClAuL3] type is formed in

solution it is very likely to be in equilibrium with other species as shown in the Scheme

IlL8 below.

[ClAuL] + 2 L - [ClAuL3]
+

[ClAuL3]~ [AuL3] + cr
[ClAuL3]~ [ClAuL2] + L

SCHEME 111. 8

As was demonstrated during the low temperature 3\P NMR studies described in the

previous Section, on occasion even an excess of the ligand and reduced temperatures

cannot shift the equilibria towards the exclusive formation of the four-coordinate species.

A further attempt was made to prepare a four-coordinate gold(I) complex by using a

different gold precursor: indeed, works by Baker et al.8 and Fackler et al. 106 have shown

that the eventual product formed when coordination numbers higher than 2 for gold are

achieved is strongly influenced by the choice of the starting material.

The complexes [ClAu(tht)] , [ClAuPPh3] and [CIAuPEt3] were employed as alternative

precursors by reacting them in dichloromethane solution with a stoicheiometric amount of

the PS ligand i.e., in the ratio of 1:3. After evaporation of the solvent and addition of

hexane or by partially removing the solvent and cooling to low temperatures, solids

separated and were subsequently analysed. None of the products appeared to correspond to

the desired species.
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Fortuitously, however, a 1:1 mixture of PS and the [C1AuPPh3] complex prepared in a high

concentration (± 1 M) in CD2Cb for a NMR analysis , afforded single crystals upon

standing. The results of an elemental analysis as well as a subsequent X-ray diffraction

study showed that the crystals corresponded to the four-coordinate complex

[CIAu(PS)3]·2CH2Ch (or [CIAu(PS)3] '2CD2Ch - complex [13]). This structure will be

discussed in detail later in this Section. Attempts to analyse the composition of the solution

left in the NMR tube after precipitation of the crystals failed: there were several peaks in

the 3lp NMR spectrum of the mixture which could not be assigned to any of the known

species. The chemical shift of the CD2Ch solution of the pure crystals was recorded to be

13.71 ppm, which is most likely again an overall averaged signal from several species.

It is interesting to note that an attempt to reproduce exactly the same conditions but using

[CIAuPEt3] as a precursor did not yield any precipitate. The shifts in the 31p NMR

spectrum of the mixture were as expected different from those with [C1AuPPh3], but still

unidentifiable, which made it difficult to establish the reason for the reaction failure. The

reaction between [ClAuPS] and PPh3 was also monitored using 31 p NMR spectroscopy in

order to see if an equilibrium is established between triphenylphosphine- and PS

containing species . Upon mixing the compounds (l: 1 molar ratio) at room temperature in

CD2Ch two peaks are observed at 35.10 and 11.79 ppm with small shoulders at 34.42 and

10.44 ppm. This spectrum was different from the one where [CIAuPPh3] and PS were

mixed which consisted of only two peaks at 34.28 and 11.22 ppm The latter spectrum

remained unchanged after 15 hours, while the former changed with time with two sharp

peaks appearing at 34.86 and 11.27 ppm. However the two spectra still did not appear the

same as the relative intensities of the two peaks are opposite. Cooling both solution to

below -100cC did not clarify the situation: the first solution gave rise to 2 major sharp

peaks at 42.71 and 41.16 ppm and five broad peaks between 39 and 20 ppm, while the

second exhibited two sharp peaks at 30.22 and 22.92 ppm, with 2 small broad peaks at

around 39 ppm, and two large broad peaks between 26 and 22 ppm. Overall the spectra

appeared to be different allowing one to conclude that a different combination of species is

produced in the two different reactions between a gold(I) complex and a ligand (Scheme

III.9).
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[ClAuPS] + PPh 3 f [ClAuPPh 3] + PS

1
[ClAu(PS) 3] + ???

SCHEMEIII9

Although it was not possible to propose a reaction pathway for the formation of the four

coordinate compound, it is clear that the PS ligand can displace triphenylphosphine from

its two-coordinate chlorogold(I) complex, while formation of a higher-coordination

compound is promoted by employing high concentrations of the reagents.

Crystal structures oflClAu(PDShJ (110J) and IClAu(PShj-2CH2Ch (113J)

Crystallisation of [ClAu(PDS)2] ([10]) from acetone afforded colourless prisms which

were employed for X-ray diffraction studies. Figure IlL5 represents the molecular structure

of [10] and the crystallographic data are discussed with respect to the numbering scheme

shown. The bond lengths and angles, crystallographic parameters as well as the other

structural information are given in Tables IlL36-4l at the end ofthe Experimental section.

There appears to be no intermolecular metal-metal bonding or significant non-bonded

interactions in the crystal structure of the complex. The asymmetric unit of the complex

[10] contains one half of the molecule with the Au and Cl atoms being on the 2-fold

rotation axis. Consequently the gold atom lies in the plane formed by the two phosphorus

atoms and the chlorine with the angles Cl(1)-Au(1)-P(1) and P(l)-Au-P(1)* being

107.35(4) and 145.31(8)° respectively. The Au-Cl and Au-P distances are 2.569(3) and

2.307(2) A. The same parameters for the analogous complex with PPh3 as a ligand are

118.7(1) and 132.1(1)°,2.500(4) and 2.330(9) [or 2.320(3)] A.242 The PDS ligand shows

an obvious increase in bonding between Au and P as the bond length in our complex is

shorter. This is accompanied by the decrease in the Au-Cl bond strength, as the relevant

bond in the PDS complex appears longer by nearly 0.07 A. The angles between the two

phosphine substituents in both complexes are significantly different (13.2°) indicating that

the ligands have electronic and steric properties noticeably different from each other . It has

been established'" that 2-thienylphosphine based ligands have a greater s-character of the

phosphorus lone pair than PPh3 as a result of the electron-withdrawing nature of thiophene,
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thus forming complexes where the length of the M-P bond is shorter than the

corresponding value in triphenylphosphine complexes [M = Pt(II)].164

The steric effects of a ligand are normally estimated by calculating its Tolman cone angle.

The cone angle for the triphenylphosphine is known to be ± 152°.243 However cone angles

for thienylphosphine ligands have not been reported. As no sophisticated computer

software was available for the exact determination of cone angles during this work, the

values were estimated using certain assumptions and basic trigonometric formulae.

Appendix B gives the results of calculations, based on the X-ray structural data obtained

for PSSP, PSNP and PSNSP, for idealised conformations of a phosphine ligand with

phenyl, 2-thienyl and 2-pyridyl substituents. The values obtained via this method are

obviously not exactly equal to Tolman's cone angles (the 'cone angle' for PPh3 was found

to be ± 165°) but, nevertheless, can serve as indicators of the steric demands of a

substituent. From the calculations in Tables B.l-B.3 it is easy to see that the 'half-angle'

contribution of phenyl and 2-thienyl are approximately the same provided the thiophene S

is facing the direction opposite to that of the phosphorus lone pair. However if the thienyl

substituent is rotated 180° around the P-C bond, its contribution becomes noticeably

greater. In the complex under question, [ClAu(PDSh], the conformation of the ligands is

such that one thiophene S is turned towards the M-P bond [the Au(l)-P(l)-C(l)-S(l)

torsion angle is 24.40°] and the other is turned away [the Au(l)-P(l)-C(5)-S(2) torsion

angle is 166.0°]. Therefore it is likely that in such a conformation the PDS ligand has a

cone angle larger than that of PPh3 and is, therefore, more sterically demanding. Thus both

the steric and electronic effects exhibited by the PDS ligand appear to be responsible for

the marked difference in bond angles and lengths around the gold(I) in this three

coordinate complex compared to the analogous structure with PPh3 as the phosphine

ligand.

The angles at the phosphorus atom vary considerably between 98.3(2) [C(5)-P(l)-C(l)]

and 118.8(8)° [Au(l)-P(l)-C(5)] indicating a distortion from the expected tetrahedral

geometry. The P(l)-C(5) bond is also noticeably short at 1.674(2) A. The angles between

the planes of the substituents on phosphorus are 66.59° (between the two thiophene rings),

64.58° (between the first thiophene and the phenyl) and 91.83° (between the second

thiophene and phenyl). Although it is positioned relatively close to the gold atom in space

[Au(l) ... S(l) is 3.43(1) A], the sulfur on the first thiophene ring is considerably disordered
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as judged by its high anisotropic temperature factors. The PDS ligand displays a disorder,

similar to that observed during the determination of the crystal structure of [CIAuPSS]: the

S(2)..C(8) thiophene ring exhibits significant deviations in bond length and angle values

from average values previously measured for this heterocycle. For instance the C(5)-S(2)

C(8) angle is 101.77(lt and the C(5)-C(6) bond is 1.533(2) A, although they are typically

92.0(3)° and 1.370(4) A in a thiophene unit.244

The crystals of [CIAu(PSh]'2CH2Cl2 ([13]) were separated from a saturated

dichloromethane solution (vide supra) as off-white rectangular blocks. They were found to

be of suitable quality and used for X-ray diffraction studies. Figure III.6 represents the

molecular structure of [13] and the crystallographic data are discussed with respect to the

numbering scheme shown. The bond lengths and angles, crystallographic parameters as

well as the other structural information are given in Tables III.42-47, at the end of the

Experimental section. Note that there is considerable disorder associated with the

thiophene rings in the [CIAu(PS)3] complex, the treatment of which being given in the

Experimental section. Thus, although the basic structure is correct , the standard errors in

the bonding parameters as obtained from the least-squares analysis , are certainly

underestimates. The disorder associated with thiophene rings in complexes containing

thienylphosphine ligand is not unexpected: it has been reported by Gol'dfarb et al.160.163

and it has also been observed during this work in the case of the [CIAuPSS] complex (see

Section 2.1.1 of this Chapter) .

Similar to the other three chlorogold(I) complexes described so far, there appears to be no

metal-metal interactions between the gold atoms from separate [CIAu(PS)3] units in the'

crystal; nor is there any association between the gold complexes and the solvent molecules

of crystallisation. The individual molecules do not possess any crystallographically

imposed symmetry elements.

The geometry around gold is intermediate between that expected for ideal three- and four

coordination: the relevant angles around the metal range from 115.1(3) to 121.5(3)°

(between the phosphines) and from 92.2(3) to 104.1(3)° (between the chlorine and the

phosphorus atoms). The Au-P distances vary from 2.363(8) to 2.405(10) A while the

Au(I)-Cl(1) bond is very long at 2.776(9) A. The distance between the gold atom and the

mean P3 plane is 0.33 A. Overall. the structure is very similar to that of a related complex
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with triphenylphosphine ligand, [CIAu(PPh3)3].45 In the latter complex the angles around

gold between the phosphorus atoms range from 116.1(1) to 119.6(1)°, while those between

the chlorine and the phosphorus atoms range from 92.0(1) to 107.7(1)°. The Au-P

distances are on average longer at 2.41 A and the Au-CI bond is shorter at 2.710(2) A.

Shortening of the Au-P bonds in the PS complex in comparison to the PPh3 complex is

associated with the greater s-character of the lone pair on phosphorus in the former (vide

supra) . Strengthening of the Au-P bonds in turn results in some weakening of the Au-CI

bond; hence its length increases. However the angles between the phosphine substituents in

the two complexes do not seem to differ significantly. This is not surprising taking into

account that, being part of a distorted triangular geometry, the three ligands in each of the

complexes are already nearly maximally separated.

The three PS ligands adopt different conformations around the gold atom: the first

phosphine ligand is positioned in such a way that the torsion angle Au(1)-P(1)-C(1)-S(1) is

130(2)°; for the second ligand the corresponding angle is 153(2)°, while for the third ligand

it is 42(2)°. Thus, only one of the ligands adopts a conformation in which the sulfur is

turned towards the Au-P bond [the Au(l) ..S(3) distance is 4.07 A]. The mutual

arrangement of the aromatic rings on the three ligands does not appear to result in any

intramolecular n-inreractions as might appear from a glance at Figure III.6. Although the

S(1)..C(12) and S(2)..C(25) rings look as if they are antiparallel , the actual angle between

the planes is 163.62°. (The angles between the above thiophene rings and the third one are

129.93 and 33.72°, respectively.) On the other hand, the planes of the two phenyl rings,

C(5)..C(30) and C(8).,C(43), are nearly coplanar, the dihedral angle between them being

only 9.33°. However, there is no possibility of a n-interaction between the rings as the

distance between their planes is too large (about 4 A).

It is instructive at this stage to compare the Au-P and Au-CI distances in the two-, three

and four-coordinate gold complexes the structures of which have been determined in this

work. Table III.9 presents the Au-CI and Au-P distances as well as the P-Au-Cl and P-Au

P angles for [CIAuPSS], [CIAu(PDSh] and [CIAu(PS)3]-2CH2Cb.
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Table 111.9 Bonding parameters at the gold atom in the chlorogold(I) complexes

Complex Au-P, A Au-CI, A P-Au-P ,O P-Au-CI,O

[CIAuPSS]: molecule 1 2.217( 7) 2.256(8) 176.3(3)

molecule 2 2.232(6) 2.282(6) 178.6(2)

[CIAuPNS] 2.227(1) 2.278(1) 177.02(4)

[CIAu(PPh3)]21 2.235(3) 2.279(3) 179.63(8)

[CIAu(PDSh] 2.307(2) 2.569(3) 145.31(8) 107.35(4)

. [CIAu(PPh3h]242 2.330(9) 2.500(4) 132.1(1) 118.7(1)

2.320(3)

[CIAu(PSh]·2CH2Ch 2.405(10) 2.776(9) 121.5(3) 104.1(3)

2.380(8) 118.9(3) 94.5(3)

2.363(8) 115.1(3) 92.2(3)

[CIAu(PPh3h]45 2.431(2) 2.710(2) 119.6(1) 107.7(1)

2.404(2) 116.6(1) 98.3(1 )

2.395(2) 116.1(1) 92.0(1)

The data in this Table confirm the established trend of increasing Au-P and Au-CI

distances with an increase in the coordination number of the gold atom. At the same time

the P-Au-Cl angles and, where appropriate the P-Au-P angles, become smaller. The Au-P

distances in 2-thienylphosphine complexes appear shorter than those of the PPh3

analogues, while the Au-CI bonds are longer. The P-Au-Cl angles tend to be larger in

triphenylphosphine complexes.

111.2.1.4 Cationic complexes containing two-coordinate gold

Preparation

There are two general approaches to the synthesis of cationic gold(I) complexes. The first

involves addition of the required number of molar equivalents of the ligand to a neutral

gold(I) precursor, e.g. [ClAuPEt3], followed by the displacement of the chloride ligand and

formation of a salt with a non-coordinating counterion, e.g. hexafluorophosphate.v'" The

second approach makes use of a cationic gold(I) precursor, for instance [Au(thth]PF6,246 to

which the required amount of the ligand is added.
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The second approach was chosen as we were aimmg at exploring the coordination

chemistry of thienylphosphine ligands with N-donor atoms in their structure e.g., PSN and

PNS. It was shown earlier that the nitrogen of pyridine ring on these ligands does not

coordinate to gold(I) if a chloro-precursor is used.

A convenient gold(I) precursor with labile ligands is the complex [Au(MeCN)2]SbF6. The

preparation of this precursor is given in the Experimental section and is a modification of

the original procedure suggested by Bergerhoff.i'" The complex is prepared in situ by

oxidising metallic gold with NOSbF6 in acetonitrile. The gold is normally taken in excess

and the calculation of the amount of the complex formed is based on the amount of

NOSbF6 used. The precursor is quite stable in acetonitrile solution under nitrogen but

cannot be isolated in solid form without decomposition.

Reaction of two molar equivalents of PSN dissolved in dichloromethane with one mole of

[Au(MeCN)2]SbF6 afforded the mononuclear di-coordinate complex [14] shown in

Scheme IlL1o. Changing the stoicheiometry of the reaction to a 1:1 ratio afforded the

dinuclear two-coordinate complex [15].

The same approach was used for the PNS ligand, affording the mononuclear two

coordinate complex [Au(PNSh]SbF6 [16]. Although a dinuclear complex with PNS

analogous to [15] could have been prepared following the same pathway, it was decided to

try a different approach.

7
[Au(PSN)2]SbF6

2 PSN [14J
acetonitrile

Au + NOSbF6 • [Au(MeCNh]SbF6

P~
[Au2(j.l.-PSNh](SbF6)2

[15J

SCHEME 111.10

This approach is based on the work by Schrnidbaur et al. ,57 who synthesised the related

dinuclear complexes [AU2(/l-PN)2]X2 (PN = 2-diphenylphosphinopyridine, X = BF
4

and
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PF6) Via the reaction between [CIAuPN] and AgX. Our approach was to react the

[CIAuPNS] complex with the thallium(I) salt, TIPF6. The reaction was carried out in a

mixture of THF and acetonitrile . Using a 1:1 complex to thallium ratio, the target dinuclear

compound, [AU2(Il-PNS)2](PF6)2 ([17]) was formed in only 25% yield. Doubling the

amount of TlPF6led to a considerable increase in the yield. The procedure was found to be

more convenient in comparison to the one involving [Au(MeCNh]SbF6 as a precursor, for

the following reasons. First, there is always an exact stoicheiometric I: 1 ratio between gold

and PNS due to the composition of the starting material. Second, the reaction takes

considerably less time as both [CIAuPNS] and [AU2(Il-PNS)z](PF6)2 can be prepared within

8 hours, while the preparation of the [Au(MeCN)2]SbF6 precursor alone takes 12 hours.

Lastly, any contamination of complex [17] with the starting material can be easily

eliminated by simple washing of the product with chloroform in which the former is

insoluble. This is not possible when both the starting material and the product are ionic, as

is the case when [Au(MeCNh]SbF6 is used as the starting complex. The reactions used to

obtain the complexes [16] and [17] are summarised in Scheme Ill .11. The composition of

the complexes is confirmed by elemental analysis.

acetonitrile 2 PNS
Au + NOSbF6 • [Au(MeCN)2]SbF6 ~ [Au(PNSh]SbF6

[16]

2 [ClAuPNS] + 2 TIPF6--... [AU2(Il-PNSh](PF6h + 2 TICI

[17]

SCHEME 111.11

With regard to the mechanism of formation of the dinuclear species [17] this probably

involves abstraction of the chloride from the neutral complex [8] with rr and possible

formation of a solvated intermediate. The nitrogen atom of the pyridine ring (unattached in

complex [8]) being a stronger donor than a molecule of solvent (THF or acetonitrile) now

displaces the solvent from a neighbouring gold(I) atom forming a bridge between two

metal centres. The nitrogen of the PNS ligand on the second gold(I) in turn displaces the

solvent molecule on the first gold(I) thus resulting in formation of a macrocycle. The

physical data for the complexes [14]-[17] are given in Table Ill.I o.
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Table 111.10 Physical data for the di-coordinate gold(l) complexes with monodentate

thiophene-based ligands PSN and PNS

Compound Molar mass, Yield,
Formula Colour

r1 %number g·mo

[14] [Au(PSNh]SbF6 1123.60 white 63

[15] [AU1(jl-PSN)1](SbF6)1 1556.21 white 89

[16] [Au(PNS)1]SbF6 1123.60 white 74

[17] [AU1(jl-PNS)1](PF6h 1374.65 white 70

The complexes [14]-[17] are crystalline air-stable materials readily soluble in polar

solvents such as acetonitrile and acetone as well as in dichloromethane. They are not

soluble in ether, chloroform, hexane or benzene. The dinuclear complex with PNS as a

ligand, [17], is somewhat light-sensitive - it slowly becomes discoloured when left exposed

to ambient light for prolonged periods of time.

Characterisation

The IH and 31p NMR spectroscopic data for the complexes [14]-[17] are given in Table

IIl.ll. The spectra were measured in CD3CN for the PSN complexes and in acetone-er, for

the PNS complexes.

Each of the four complexes produces a single peak in the 31 p NMR spectra . Noteworthy is

that the 31p NMR chemical shifts for the mononuclear complexes are consistently

downfield from those in their dinuclear counterparts. For comparison purposes it can be

noted that the [AU(PS)2r species exhibits a 31p chemical shift of ea. 32 ppm. In the

mononuclear complexes, [14] and [16], the coordination to gold(l) is undoubtedly achieved

via two phosphorus atoms affording a [p-Au-pr unit. In the dinuclear complexes the gold

is most likely bonded to one phosphorus and one nitrogen forming a [P-Au-Nf unit i.e.,

the ligands bridge the two gold atoms in a 'head-to-tail' fashion. This assumption is

supported by relative values of the 31p chemical shifts in the two units: due to the c

donating property of a pyridine nitrogen, its coordination to gold brings about an increase

in the back-donation to phosphorus, causing an upfield displacement of the phosphorus

shift in the dinuclear complexes.
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Table 111.11 IH and 3lp NMR spectroscopic data of the complexes [14]-[17], the atom

numbering scheme for all the ligands is given in the Figure Ill. 7

Complex 0 31p, ppm 0 IH, ppm

[14]" 33.51 (s)

[IS]" 19.13 (s)

[16(* 45.82 (s)

[17(' 36.46 (s)

7.19 (dd, 1 H, HTh-4), 7.29 (ddd, 1 H, HPy-s), 7.33-7.86 (m, 13 H,

10 Hph + HTh-3+ HPy-3+ HPy-4), 8.46 (m, 1 H, Hpy_6)

7.49 (dd, 1 H, HTh-4), 7.59-7.84 (m, 10 H), 7.95 (ddd, 1 H, HPy-s), 8.02

(dd, 1 H, HTh-3), 8.20-8 .48 (m, 2 H, Hpy-3+ Hpy-4), 8.91 (m, 1 H, HPy-6)

7.01 (m, 1 H, Hpy-3) , 7.09 (dd, 1 H, HTh-4), 7.20-7.65 (m, 14 H, 10 Hph

+ HTh-3+ HTh-5 + Hpy-3+ HPy-4)

7.18 (dd, 1 H, HTh-4), 7.51-8.28 (m, 15 H, 10 Hph + HTh-3 + HTh-5 +

The spectra are measured in CD3CN

The spectra are measured in acetone-zz,

HTh-4 H~-3 H Py-4
Py-3

7 ~
HPy-5

PhP S
Hph-2 HPy-5 HTh -4 PPh

HPy -6
S Hph-2

Hph-3 HTh -5

HPh-4 Hph-3

Hph-4

Fie:. Ill. 7 Numbering scheme for the hydrogen atoms in the PSN and PNS ligands

A schematic diagram of the dinuclear complexes with the ligands bridging in the ~-P, N

fashion is shown in Scheme IIl.12.

17 '_ T

x=H, Y=---ZJ--- :L=PSN
S

X =---O ,Y=- :L = PNS

S

SCHEME IIl.1 2
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The IH NMR spectra of the dinuclear complexes also support the proposed mode

coordination of the bridging ligand i.e., the participation of the pyridine ring in bonding

with gold(I). This is especially pronounced in the case of PSN which has a hydrogen in the

position-6 of the pyridine ring. In the non-coordinated ligand this hydrogen has a chemical

shift of 8.5 ppm, while in [Au2(PSN)2](SbF6)2 the signal due to this hydrogen moves to

8.91 ppm - the difference of 0.41 ppm! This is not a mere solvent effect since in

[Au(PSNh]SbF6, where no N-coordination is expected, the chemical shift of that hydrogen

is still close to the 8.5 ppm value.

In the PNS ligand-bridged complex there is unfortunately no such clear-cut indication for

pyridine N-coordination. There is no hydrogen in the position-6 in the PNS molecule and

the effect of the nitrogen coordination on other protons of the pyridine ring is either not as

strong or could not be determined, being obscured by overlap with other aromatic

hydrogens. Nevertheless the overall view of the IH NMR spectrum of [Au2(1l

PNSh](PF6h shows a downfield shift from the spectrum of the corresponding

mononuclear complex indicating a depletion of electron density on the atoms through

donation to the metal.

The IR spectra recorded as KBr pellets ofthe cationic complexes [14]-[16] exhibit a strong

absorption band at 657 ern", characteristic of the Sb-F stretching vibration of the SbF6

counterion; and at 839 cm-l for complex [17], characteristic ofthe PF6- ion. There are some

small variations between the spectra of the pure ligands and those of their corresponding

dinuclear complexes in the 1500-1620 cm-1 region, where C-N stretches are normally

found. However as the intensities of these bands vary from moderate to weak, they provide

little useful information,

The U'V-vis spectra of the mononuclear complexes [14] and [16] resemble the

corresponding spectra of the ligands themselves irrespective of the solvent used

(dichloromethane or acetonitrile). However, in the dinuclear complexes, only the spectra

obtained in acetonitrile were similar to those of the ligands. Employing dichloromethane as

a solvent resulted in considerable drop in intensity of the lowest energy absorption bands

(1(-1(* transition) for complexes [15] and [17].
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Numerous attempts were made to obtain single crystals of these cationic complexes in

.order to unequivocally establish their structures . Unfortunately in 3 out of 4 instances the

crystals quickly lost solvent and thus could not be used. However, single crystals could be

obtained of the fourth complex , [Au2(Il-PSN)2](SbF6)2 , and thus its crystal structure was

determined.

Crystal structure of/AU2(P-PSNhHSbF6h

The colourless crystals of [Au2(Il-PSN)2](SbF6h were obtained by vapour diffusion of

ether into a dichloromethane solution of the complex. Figure IIl.8 represents the structure

of the cation [AU2(Il-PSNhf+. The crystallographic data are discussed with respect to the

numbering scheme shown. The bond lengths and angles, crystallographic parameters as

well as other structural information are given in Tables 1lI.48-53, at the end of the

Experimental section.

The crystal structure of the complex confirms the proposed configuration of the cation i.e. ,

'head-to-tail' bridging arrangement of the ligands. The [AU2(Il-PSN)2fi- cations pack in the

crystal in such a way that there is no evidence for either intra- or intermolecular Au...Au

contacts. The Au(1) ..Au(2) distance is 5.7021(4) A, which is much greater than the sum of

the Van der Waals radii of two gold atoms. There is also no interaction between any of the

gold and suifur atoms as the shortest Au..S distance in this cation is 3.0326(21) A

[Au(1)..S(2)]. The coordination around both gold ions is approximately linear with the

P(I)-Au(1)-N(2) and P(2)-Au(2)-N(1) angles being 178.1(2) and 176.9(2) A respectively.

The Au-N distances fall in the range 2.078(7) to 2.087(8) A, while the Au-P distances fall

in the range 2.228(2) to 2.239(2) A, all values being typical for these types of complexes.57

The P-Au-N axes on each gold atom are staggered with respect to each other, the

appropriate torsion angle around the Au ...Au axis being around 68°.

The arrangement of the substituents around the phosphorus atoms is tetrahedral in both

ligands. The angles vary from 103.7(4) to 107.5(4)° between the P-C bonds in the first

PSN ligand, i.e. the one containing P(1), S(1) and N(1) heteroatoms; while in the second

PSN ligand, the corresponding angles vary from 106.5(4) to 107.4(4)°. For comparison, the

corresponding angles in the PSNSP molecule range from 100.9(1) to 104.8(1)° (see

Section 1l.2.5.2), thus being on average smaller than those in the coordinated PSN ligand.

(Unfortunately, a crystal structure of the PSN ligand could not be obtained so a direct
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comparison is not possible.) This phenomenon has been encountered before during the

analysis of the structure of other gold(I) complexes prepared during this work and is

attributed to increase of the s-character of the phosphorus orbitals as a result of

coordination. The angles around both nitrogen atoms are very close to 120° consistent with

the Sp2-hybridisation of nitrogen in the pyridine ring. The remaining bond lengths and

angles in the cation are within expected limits and require no further discussion.

The conformations of the two bridging ligands are different from each other: in the first

ligand [containing P(1), S(1) etc.] the thiophene and pyridine rings are twisted with respect

to each other around the C(5)-C(6) bond by 72.9°, while in the second the angle of rotation

around the C(26)-C(27) bond is only 29.4°. This is probably the result of mutual repulsion

between the electron pairs of the two suIfurs which are separated by a distance of 3.599(4)

A in this arrangement of the two ligands. If the two thiophene rings were coplanar the

distance between the sulfur atoms would be much smaller (less than 3 A) causing

considerable destabilisation of the structure.

111.2.2 Gold(n complexes with diphosphine ligands

111.2.2.1 Neutral dinuclear complexes containing two-coordinate gold

Preparation

Since the thiophene-based diphosphine ligands, PSP, PSSP, PSSSP, PSNP and PSNSP,

have rigid backbone structures, it seems highly unlikely that they will form complexes

where they would chelate a gold atom through both phosphorus atoms. Rather, they

provide an ideal opportunity for bridging between two metal centres.

Indeed, reactions between these ligands and an in situ prepared gold(I) precursor (the Au

tdg complex, see Scheme IlIA) in 1:2 molar ratio led to formation of dinuclear di

coordinate complexes of the [CIAu(J.!-PP)AuCI] type in high yield. The composition of all

the complexes was established by elemental analysis. No incidents of S- or N-coordination

alongside the J.!-P,P coordination mode were observed. Scheme III.13 shows the zeneral
~

reaction sequence.
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--O-~ PPh + 2 [ClAu(tdg)]
Ph2P S Q- 2

Q=

Q=-fJ-
s

(PP = PSP)

(PP = PSSP)

Q = ~ .>. (PP = PSSSP)
~'s/~

Q~M (PP~PSNP)

Q= (pP = PSNSP)

SCHEME111.13

The experimental conditions for the above syntheses are very similar to those employed for

the preparation of the neutral mononuclear chlorogold(l) analogues with monophosphines

described in the Section 2.1.1 of this Chapter. The main variation in the procedure in case

of complexes with diphosphine ligands is associated with using a dichloromethane-ethanol

mixed solvent to dissolve the ligands before reacting them with the Au-tdg complex, as

most of them are poorly soluble in acetone-based solvents (particularly, PSSP and PSNSP).

Table III.12 presents the yields of the dinuclear complexes obtained as well as some of

their physical data.

Table 111.12 Physical data for the neutral di-coordinate chlorogold(I) complexes with

thiophene-based diphosphine ligands

Compound
Formula

Molar mass, Yield,
Colour

number g-mol" 0/0

[18] [CIAu(Il-PSP)AuCI] 917.33 white 82

[19] [CIAu(Il-PSSP)AuCI] 999.45 white 75

[20] [CIAu(Il-PSSSP)AuCI] 1081.57 yellow 71

[21] [CIAu(Il-PSNP)AuCI] 994.41 white 86

[22] [CIAu(Il-PSNSP)AuCI] 1076.53 off-white 75
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The complexes [18]-[22] are air-stable solids which decompose when heated above 220°C.

However the complex with the PSSSP ligand, [20], is light sensitive as a consequence of

the light-sensitivity ofthe ligand and should be kept in the dark. The complexes are soluble

in chlorinated organic solvents and DMSO but are poorly soluble in the more polar acetone

and acetonitrile. The PSSP complex [19], is moderately soluble both in dichloromethane

and chloroform.

Characterisation

The 'n and 31p NMR spectroscopic data for complexes [18]-[22] are given in Table Ill.l J.

The peaks due to the phosphorus nuclei in the dinuclear complexes are positioned

downfield from the corresponding signals in the spectra of the ligands, in accordance to

what was observed for the analogous mononuclear complexes. The values of the chemical

shifts are also similar to the values determined earlier for di-coordinate chlorogold(I)

complexes with thiophene-based monophosphine ligands (see Section 2.1.2 of this

Chapter) .
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Table 111.13 I Hand 31P NMR spectroscopic data for the complexes [18] -[22], as measured in CD CI3; the atom numbering scheme for the Iigands

is given in the Figure Ill. 9

Complex 0 IIp, ppm 0 'H, ppm

(181 19.92 (s)

(19) 19.53 (s)

(20) 19.48 (s)

(21) 31.84(s)& 19.47 (s), (:1

(22) 19.43 (s)

1'-.)
vJ
VI

7.35- 7.66 (Ill , 22 H, 20 Hph+ 2 H rh.J )

7.3 1 (part of ABX system, 2 H, Hrh-J ) , 7.4 \ (part of ABX system, 2 H, 1+l"h.,I), 7.45-7.67 (m, 20 H, Hph)

7.13 (s, 2 H, Hrh-,1'), 7.27 (part of ABX system, 2 H, Hrh-J ) , 7.42 (part of ABX system, 2 H, HTh-4) , 7.46-7.69 (m,

20 H, HplJ

7.38-7.97 (m, 25 H, 20 Hph+ 2 HTh+ 3 HpI')

7.43-7. 83 (m, 27 H, 20 Hph+ 4 I-!-rh + 3 HpI')
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HTh-4JlHTh-4

~ I ~
P HTh-3
I
Ph Hph-2

LL= PSP LL= PSSSP

LL= PSSP

P~P

s

LL= PSNP

LL= PSNSP

Fig. III.9 Numbering schemes for the hydrogen atoms in the ligands of the complexes [18]-

[22].

Assignments of the hydrogen signals in the IH spectra of the complexes are based on the

assignments of the relevant signals in the spectra of the ligands. Unfortunately, in three out

five of the complexes the peaks due to phenyl and thienyl (and also pyridyl) hydrogens

were not resolved and assignment of individual signals was impossible.

The effect of coordination of the bidentate ligands to gold(I) can, as before, be quantified

by calculating their coordination chemical shift (CCS) values [~ = b(complex) - 8(ligand)].

The results for the 31p NMR chemical shifts for the complexes [18]-[22] as well as for the

IH shifts of the ring hydrogens nearest to phosphorus in the complexes [19] and [20] are

shown in Table III.14.
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Table 111.14 CCS values for the complexes [18]-[22] expressed in the form L\ =

o(complex) - o(ligand)

Complex

[18]

[19]

[20]

[21]

[22]

31p,A, ppm

38.76

38.28

38.19

35.44 & 37.81

38.25

1 •
H, A, ppm

0.21, HTh-4

0.21, HTh-4

-" , HPy_5& -" , HTh-4

r HTh-4

..
The chemical shifts of the protons nearest to the P atom were used to determine the IH

CCS value

The value could not be determined because the signal under question in the spectrum of the

complex was obscured by other aromatic signals

The ~ values for the molecules where phosphorus atoms are attached to thiophene rings

are around 38 ppm correlating well with the values obtained for analogous mononuclear

complexes with the PS, PSS, PSSS and PSN ligands. The coordination chemical shift of

the phosphorus attached to a pyridine ring in the PSNP complex [21] is lower at about 35

ppm, a value similar to that found for the [ClAuPNS] complex (see Table III.3). The effect

of coordination of phosphorus to gold(I) on the chemical shift of the adjacent hydrogen

atom appears to be somewhat lower for the dinuclear complexes than it was for the related

mononuclear complexes (0.21 vs. ± 0.25 ppm, respectively). The values of the 3J H_P

coupling constants for the complexes [19] and [20] are 8.78 and 9.03 Hz respectively , a

significant increase from the 6.14 Hz value found in both uncoordinated ligands , but very

similar to the 3J H_P value of 9.65 Hz found in the [ClAuPTS] complex. This confirms the

general trend of the increase in the 3J H-P thiophene hydrogen-phosphorus coupling

constants upon coordination to gold(I), which was established earlier (see Table IIIA).

The IR spectra of the complexes [18]-[22] strongly resemble the spectra of the

corresponding ligands. As they are only useful in the 'fingerprint' region, the data are only

given in the Experimental section. As mentioned before (Section 2.1.1 of this Chapter), the

DV-vis spectra of the gold(I)-phosphine complexes are simply metal-perturbed DV-vis

spectra of the corresponding ligands. For the complexes [18], [19] and [20] there is not
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much difference between the spectra of the complexes and the ligands, with the small

variation in appearance being due to small shoulder peaks at 269 and 276 nm, which were

observed in the mononuclear complexes [1]-[8] as well. There are, however, noticeable

perturbations in the UV-vis spectra of the complexes [21] and [22], when compared to

those of their ligands. Upon coordination to gold(l) the broad intense band at

approximately 265 nm present in the spectra of both PSNP and PSNSP ligands disappears

giving rise to two small peaks at 269 and 277 nm. Furthermore, the band at 324 nm present

in the spectrum of the PSNSP ligand apparently experiences a shift towards a lower

wavelength (315 nm), in the complex. Similar, the band at 336 nm in the spectrum of the

PSNP ligand shifts to 324 nm. As a detailed study of the absorption spectra and assignment

of individual bands in the spectra of phosphines and their complexes lies beyond the scope

of this work, the reason behind the changes in spectral appearances has not been

established. Unfortunately, no good quality crystals could be obtained of any of the

complexes [18]-[22] to carry out an X-ray diffraction study.

111.2.2.2 Neutral dinuclear complexes containing three-coordinate gold

Diphosphine ligands are known to form three-coordinate chlorogold(I) complexes of the

[XAu(!l-LLhAuX] type (X = Cl, Br etc.).86.87 The complexes have annular, usually 8

membered, structures with the geometry around the both gold atoms being T-shaped,

although there are some examples of non-equivalent arrangements of substituents around

the two metal atoms. (More detailed information can be found in Chapter I of this Thesis.)

The ligands employed for the preparation of this type of complex were based on

bis(diphenylphosphino )methane, dppm, the diphosphine ligand which is known to stabilise

intramolecular Au... Au interactions due to the small distance between the two phosphorus

atoms. The other characteristic of dppm enabling it to promote formation of a macrocyclic

bridging structure is that the ligand is very unlikely to chelate to gold(l). In our case the

backbones of the diphosphine ligands (PSP, PSSP, PSSSP, PSNP and PSNSP) are

sufficiently rigid to render chelation impossible. Moreover, the distances between the

phosphorus atoms in all of the ligands are considerably larger, with the smallest in PSP

being at around 6 A, which rules out stabilising effect of intramolecular Au.. .Au

interaction. (The stability of the complexes of the [XAu(!l-LLhAuX] type, where LL =

dppe, dppb etc., is known to be lower than that of the related complexes with dppm

ligand.") Therefore it was of interest to investigate the possibility of the formation of
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macrocyclic structures containing two three-coordinate gold(I) atoms bridged by the

thiophene-based diphosphine ligands.

The synthetic approach chosen for the synthesis of dinuclear di-bridged complexes

[CIAu(Il-LL)2AuCI] was based on the similar procedure employed for the preparation of

mononuclear three-coordinate chlorogold(I) complexes with monophosphine ligands. One

equivalent of the diphosphine ligand was reacted with one equivalent of the corresponding

dinuclear complex according to Scheme III.14 below.

-<>:
P P
I I -<>.
Au Au + P P
I I
Cl Cl

-<>:
P P
I I

--.. CI-Au Au-Cl
I I
P P
<c.>

SCHEME III 14

The same type of approach was used by Schmidbaur et al.86 during the synthesis of

[CIAu(ll-dppmhAuCI] and Sadler and Bemers-Price67 during the 31p NMR study of the

reaction between dppm and its homologues with gold(I).

The diphosphines were dissolved in dichloromethane and added with stirring to a

dichloromethane solution of the appropriate chlorogold(I) complex. With the PSP and

PSSSP ligands this resulted in clear solutions while the PSSP, PSNP and PSNSP ligands

afforded insoluble products. These products were not soluble in most common organic

solvents tried, including DMSO, which suggests that they were of polymeric nature. The

elemental analysis obtained on the solid precipitated from the reaction with PSSP

corresponded to the composition [CIAu(PSSP)]n. A possible structure (based on a similar

reported structure by Baker8
) is proposed with the PSSP bridging intennolecularly and is

shown below:

S
PPh-)
I -

CI-Au

I
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However the results of elemental analysis for the other two compounds did not match the

calculated values for the expected composition [C1Au(Il-LL)]n where LL = PSNP and

PSNSP. It is likely that these two ligands gave rise to mixtures of a more complex nature.

The elemental analysis for the compounds isolated from the reactions with the PSP and

PSSSP (the yields were 76 and 83% respectively) confirmed the ratio between the ligand

and gold in the complexes to be 1:1. It is assumed, but at present cannot be proved beyond

reasonable doubt, that their formulae are [CIAu(Il-PSP)2AuCl] ([23]) and [ClAuui

PSSSPhAuCl] ([24]) respectively. Further characterisation of these complexes was based

on IH and 31p NMR spectroscopy. The 31p chemical shifts of the complexes were

measured in CDCh and were found to be 11.88 ppm (PSP complex) and 13.42 ppm

(PSSSP complex). The corresponding CCS values of about 30.7 and 32.1 ppm are smaller

than the CCS values of ea. 38 ppm in the original two-coordinate ligand-bridged

complexes [18] and [20]. This is unexpected result given the findings of Sadler and

Bemers-Price67 that in stable annular complexes of the [ClAu(Il-LLhAuCl] type the

coordination chemical shift of the phosphorus is greater than that in two-coordinate

complexes.

The reason for this apparent inconsistency is most likely to be the same as the one

discussed in the Section describing the characterisation of mononuclear three-coordinate

chlorogold(I) complexes (Section III.2.1.2). This is that the thiophene-based phosphines

form less stable three-coordinate gold(I) complexes than their alkane-based analogues,

resulting in a fast rate exchange between coordinated and non-coordinated ligands in

solution on the NMR time-scale. The solution of a "three-coordinate" complex with two

thienylphosphine ligands is therefore a mixture of several species providing an averaged

and single signal in 31P NMR spectra. Evidence for the exchange taking place in the

solutions of PSP and PSSSP complexes can also be found in their lH NMR spectra which

contain broad poorly resolved peaks, unlike the sharp peaks seen in the spectra of the two

coordinate precursors. In this connection it is noteworthy that when preparation of

[C1Au(Il-PSSSP)2AuCl] was attempted using acetonitrile as the solvent, the resultant

product gave 3 different signals in its 31p NMR spectrum, at 18.56, 19.03 and 24.34 ppm.

According to Sadler and Bemers-Price/" acetonitrile and acetone stabilise three-coordinate

complexes much better than chloroform and dichloromethane do. Possibly, the peak at 24

ppm is associated with such a species. However, the presence of the other two peaks
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indicates clearly that even employment of a more polar solvent has not led to exclusive

formation of a single product.

It follows from the above discussion that a definite characterisation of the potentially three

coordinate complexes cannot be made in solution. Although thin yellow crystals of

"[CIAu(~-PSSSPhAuCI]" were isolated upon diffusion of ether into concentrated

dichloromethane solution of the compound, they unfortunately proved to be too inferior

quality to be used for X-ray diffraction studies. Thus, although two complexes formally

fitting the composition [CIAu(~-LL)]n (LL = PSP and PSSSP) were synthesised, their

structure as well as the value for n could not be unequivocally determined .

111.2.2.3 The cationic mononuclear complex [Au(111_PSSSPhJPF6 ([25])

There are two possibilities for the synthesis of a mononuclear gold(I) complex with

diphosphine ligands. One is to have the ligand chelating and the other is to have the ligand

coordinating via a single donor atom only. When the crystal structure of the PSNSP was

discussed (Section 2.5.2 of Chapter II) it was mentioned that the cavity formed by the three

heterocyclic rings might provide an opportunity for chelation. An attempt was made to use

this ligand for the preparation of a cationic mononuclear gold(I) complex starting with a

cationic gold(I) precursor, [Au(MeCNh]SbF6.

Addition of 1 molar equivalent of PSNSP in dichloromethane or acetonitrile to this

precursor did not afford the desired product. The clear solution which was formed

originally, quickly turned turbid and the precipitate separated with time. Attempts to

dissolve this precipitate in a range of organic solvent including DMSO proved fruitless.

This indicates that the product is polymeric in nature. Variations in reaction time and

temperatures did not change the outcome. Thus it was concluded that PSNSP is more

likely to act as a bridging ligand (via both phosphorus atoms and the nitrogen) rather than a

chelating one.

Diphosphines are potentially capable of acting as monodentate phosphine ligands in

complexes i.e., where one of the phosphorus sites is coordinated to the metal and the other

remains pendant. There have been no previous examples of such complexes with gold(I)

reported in the literature, although this mode of coordination is known for complexes with

other metals.
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Reaction of 2 equivalents of PSSSP dissolved in a I :I mixture of dichloromethane and

ethanol with one equivalent of the chlorogold(I) precursor in aqueous acetone, followed by

addition of saturated NH4PF6, afforded a clear solution from which the yellow

microcrystalline product was isolated upon addition of water and iso-propanol (Scheme

IH.I5).

NH4PF6
HAuCl4 _u u u '- [ClAu(tdg)] + 2 PSSSP ~ [pSSSP-Au-PSSSP]+ [pF6r

[25]

SCHEME 111.15

The elemental analysis of the product was consistent with the proposed structure. The

compound was analysed using 3\ P and IH NMR as well as IR spectroscopies. Table HLI5

summarises the essential characterisation details for this complex ([25]).

Table 111.15 Characterisation details for the compound [25], the numbering scheme for the

hydrogens is identical to that in Figure III.9

Formula Yield, % Colour ()31p, ppm" s IH, ppm"

92 yellow 26.5 (s, br)

6.64 (5, 2 H, HTh-3-), 6.92 (d, br,

2 H, HTh-3) , 7.10-7.40 (m, 22 H,

The value measured in acetone-a,

The 31p NMR spectrum ofthe compound recorded in deuterated acetone appears as a broad

peak with the maximum at approximately 26.5 ppm. Likewise the IH NMR spectrum

consists of broad, mainly unresolved lines. This situation implies that an exchange, taking

place between the coordinated and uncoordinated phosphorus atoms, is fast on the NMR

time scale. The IR spectrum shows an intense absorption band at 838 cm-I confirming the

presence of PF6- as the counterion.

The following reaction was carried out in order to confirm that the two phosphorus atoms

in complex [25] are indeed pendant. The gold(I) precursor [CIAu(tht)] was first added to a

solution of [25] in dichloromethane in a 2: I mole ratio. As it turned out the order of

addition in this reaction is crucial.
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Addition of complex [25] to [CIAu(tht)] results in exclusive formation of the dinuclear
31

two-coordinate complex [CIAu(jl-PSSSP)AuCI] ([20]), as confirmed by means of P

NMR spectroscopy and C, H microanalysis. The product of the addition of the precursor to

[25] is different however, and is assigned the trinuclear structure shown below.

PPh2 PPh2 Cl l +
. I I I PF6-Au Au Au

I I I
Cl Ph2P PPh2

The latter species could not be obtained sufficiently pure for the elemental analysis.

However its 31p NMR spectrum recorded in CDCh is informative. The spectrum consists

of two sharp peaks at 30.37 and 19.53 ppm, in a 1:1 ratio. The latter chemical shift is

nearly the same as that found for complex [20] {[CIAu(jl-PSSSP)AuCI]} i.e., 19.72 ppm,

which therefore should be ascribed to the 2 phosphorus atoms attached to the chlorogold

moieties. Hence the chemical shift at 30.37 ppm belongs to the two phosphorus atoms

bonded to the central gold ion. {This value is quite close to that observed for the

phosphorus signals in the dinuclear cationic complex [AU2(PSPh](PF6h which is discussed

in the Section 2.2.4 of this Chapter i.e., 32.43 ppm. The complex contains a similar P-Au

p+ moiety.} The trinuclear complexes with dppm and related diphosphines as ligands have

been obtained beforel03.I05 although via different reaction pathways. The relationship

between the chemical shifts of the phosphorus atoms in the [C!zAu3(jl-dppmh]CI04

complex was found to be the same, i.e. the downfield peak is assigned to the two trans

. h h IO~mner p osp orus atoms. .

The IR spectrum of the solid shows a strong band at 837 ern" , confirming the presence of

the PF6' counterion. The complex does not appear to be very stable in solution as after 24

hours several small peaks appear in the 31 p NMR spectrum, and eventually an unknown

solid precipitates out. This fact seems to support the idea that a trinuclear species is formed

in the reaction and that this undergoes rapid inter- and possibly intramolecular ligand

exchange resulting in the formation of other species. The alternative, namely that the

product solution contains a mixture of the dinuclear complexes [CIAu(jl-PSSSP)AuCI] and

[AU2(jl-PSSSPh](PF6h is unlikely, as the 31p NMR spectrum of such a mixture should not

be affected with time.
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A final comment is that Laguna et al.105 have demonstrated that stable trinuclear

complexes of gold(I) are best stabilised through use of dppm as the bridging ligand. It is

likely that intramolecular gold-gold interactions are responsible for the greater stability of

the dppm-bridged complexes, as analogous complexes with dppe tend to disproportionate.

This conclusion is consistent with our observations regarding the stability of the PSSSP

bridged trinuclear complex .

111.2.2.4 Cationic dinuclear complexes

Preparation

Complexes of the type where two gold(I) cations are bridged by two diphosphine ligands

are quite common.43.90-92.99 They can be prepared from the neutral halide gold(I) precursors

by displacing the halide with large non-coordinating counterions in the presence of the

diphosphine ligand. This synthetic approach was investigated using PSP as the model

ligand. This thienylphosphine was chosen due to its relative structural rigidity, as there is

no possibility of rotation around interannular C-C bonds in this molecule, unlike in the

other thienylphosphines reported here. This rigidity is believed to be beneficial for

maintaining the annular structure of the target dibridged dinuclear complex.

Scheme III.16 below presents the reaction sequence employed for the preparation of the

cationic dinuclear gold(I) complexes with PSP as a ligand.

2 HAuCl4

SCHEME11116
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A solution of a stoicheiometric amount of the PSP ligand in acetone was added to a

solution of the neutral chlorogold(l) precursor in aqueous acetone. The 1:1 ligand to gold

ratio afforded the complex with two-coordinate gold(l), while a 3:2 mole ratio afforded the

complex with three-coordinate gold(l). The composition of the complexes was established

by means of elemental analysis. With regard to the structures illustrated in Scheme III.16,

these take into account the propensity for the PSP ligand to bridge two metal atoms. In

particular, an alternative arrangement for the ligands in the three-coordinate complex,

which has one PSP ligand bridging and each of the other two chelating, is extremely

unlikely because of the rigidity of this ligand. The physical data for the complexes are

given in Table III.16.

Table 111.16 Physical data for the cationic dinuclear gold(I) complexes with the PSP

ligand

Compound

number

[26J

[27J

Formula

[AU2(P.-PSP)2](PF6h

[AU2(~-PSPh](PF6h

Molar mass,

g-mol"

1588.84

2041.3

Colour

white

white

Yield,

%

52

55

The complexes [26] and [27] appear to be very stable both in the solid state and in solution.

They are microcrystalline compounds which behave as typical cationic complexes in

solution i.e., they dissolve more readily in polar solvents like acetone and acetonitrile than

non-polar solvents like chloroform, though they do dissolve in dichloromethane.

Attempts to carry out similar reactions with the ligands PSSP and PSSSP did not lead to

single identifiable products . Furthermore in case of PSSP, polymerisation tended to occur

before the N~PF6 salt was added.

Characterisation

Analysis of the complexes using various spectroscopic methods revealed large similarities

as well as differences between the data for the two compounds, which can be expected for

complexes containing the same ligand but with different geometries around the metal

centre. Table III.17lists 3l p and IH chemical shifts for complexes [26] and [27].
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Table 111.17 IH and 31p NMR spectroscopic data for the complexes [26] and [27], as

measured in acetone-zz,

Compound

[26]

[27]

o31p , ppm

32.43 (s)

34.83 (s)

7.33 (br s, 2 H, HTh-3) , 7.40-7.65 (rn, 20 H, Hph)

7.05 (br s, 2 H, HTh-3) , 7.25-7 .60 (rn, 20 H, Hph)

The 31p chemical shift of the three-coordinate complex is slightly downfield from that

recorded for the two-coordinate complex. As no 31p NMR data for similar complexes has

been described to date it is difficult to account for such unexpected behaviour. Both on the

grounds of reduced o-donation by each phosphorus atom and increased n-back donation to

the P-atoms, we would expect a relatively higher electron density on the P-atom in the

three-coordinate complex and an upfield shift in the 31p chemical shift. This is what is

indeed observed in the IH NMR spectra of the complexes for the HTh-3 peak: the chemical

shift of this hydrogen in the two-coordinate complex lies downfield with respect to that in

the three-coordinate complex , indicating that there is slightly greater electron density on

the latter. Perhaps there are some unknown factors responsible for the shift of the 31P signal

in the three-coordinate complex in the 'wrong' direction. They will only become clear if

more investigations on similar types of complexes are performed. This "anomaly" cannot

serve as an indication of possible thiophene coordination as a downfield shift in the 31p

NMR chemical shift of a three-coordinate dinuclear complex (in comparison to the related

two-coordinate species) has been observed before for a complex containing purely

phosphine ligands . McCleskey and Gray248 reported 31P NMR chemical shifts for

acetonitrile-a, solutions of [Au2(Il-dcpeh](PF6h and [(Trdcpe)Au(ll-dcpe)Au(1l2

dcpe)](PF6h [dcpe = 1,2-bis(dicyclohexylphosphino)ethane] complexes. The former

complex as well as the dicyanoaurate salt l02 of the latter have been structurally

characterised, thus providing unambiguous proof of gold coordination environment. In the

latter complex, each gold is three-coordinate, which is achieved by chelation by one dcpe

ligand [8 = 64.20 ppm (d)] and bridging by another [8 = 57.49 ppm (t)], while in the former

each gold is linear two-coordinate [8 = 52.4 ppm (s)].

The IR spectra of both complexes recorded as KEr pellets exhibit a strong band at 838

cm', characteristic of the P-F stretching frequencies of the PF6- counterion. The spectra are
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essentially the same apart from the region at around 1600 ern". In the spectrum of [26]

there is only a broad band of weak intensity at ± 1650 cm" , while in the spectrum of [27]

there are two moderate intensity bands at 1616 and 1684 cm'. As the PSP ligand itself

does not absorb in this region, the bands must be associated with the formation of

respective complexes.

The DV-vis spectra of acetonitrile solutions of both complexes exhibit broad continuous

bands from 200 (apparent maximum) to about 340 nm with several more or less

distinguishable shoulders. The main difference in the spectrum of the complex [27] when

compared to that of [26] is, apart from the obvious extinction coefficient difference, the

presence of a noticeable shoulder at ± 310 nm alongside the bigger shoulder at 260-270 nm

characteristic for both complexes. The absorbance of the complex [26] at 310 nm, on the

other hand, is negligible. The full IR and DV-vis characterisation data for both complexes

are given in the Experimental section of this Chapter.

111.2.2.5 Attempted preparation of cationic dinuclear and trinuclear complexes using

the PSNP ligand

The PSNP ligand presents a very interesting example of a ligand with 3 inequivalent

coordination sites i.e., the phosphorus adjacent to the thiophene ring, the phosphorus

adjacent to the pyridine ring and the nitrogen of the pyridine ring. Thus it provides a good

opportunity for studying various types of coordination modes this ligand can adopt in

different type of complexes. Unfortunately due to the lack of time a comprehensive

investigation could not be managed during the present work. The study carried out with

this ligand only included attempts to prepare dinuclear two-coordinate and trinuclear two

coordinate complexes, aiming at the structures depicted below:

PPh7I -
Au
I
PPh2
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The structures shown are examples only, as the formation of complexes in which the two

ligands bridge 'head-to-tail' as opposed to 'head-to-head' complexes is difficult to predict or

guarantee.

During several attempts to use neutral chlorogold(I) precursors obtained in situ from

HAuCl4 as starting materials for the preparation of these cationic complexes, precipitation

of polymeric products inevitably occurred. On the basis that one mole of the phosphine

was added to one mole of the chlorogold(I) species, we speculate that the polymeric

products consist of three-coordinate gold(I) units bridged intermolecularly by the PSNP

ligand (see Section 2.2.2 of this Chapter). In order to avoid the formation of polymeric

species cationic gold(I) precursors were employed.

The two cationic precursors used have a similar structure and are prepared according to

similar methods (Scheme IlL17).

Au +

Ph~_ [Au(PhCN)2]BF 4

/X=BF4·
NOX

~6
MeC [Au(MeCNh]SbF6

SCHEME II! 17

When a solution of 1 equivalent of PSNP in acetonitrile was added to 1 equivalent of

[Au(PhCN)2]BF4 also in acetonitrile , a clear solution resulted. The 31p NMR spectrum of

this solution showed at least 9 clearly distinguishable peaks with chemical shifts ranging

from 15 to 35 ppm. The same behaviour was observed with the other gold(I) precursor.

Addition of approximately 1.5 equivalents of the ligand instead brought about a change in

the colour of the solution to yellow. But there were still 6 different peaks of various

intensities in the 31P NMR spectrum of the solution, making it impossible to isolate a single

product. Increasing the ligand to gold ratio to 2:1 caused the solution to become colourless

again, but it still did not simplify the appearance of the spectrum. A smaller ratio of 2:3,

consistent with the stoicheometry of the second of the desired structures illustrated above,

also gave rise to a complex spectrum with approximately 10 lines. It is therefore clear that
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PSNP forms a large variety of species with gold(I) in solution and there seems to be no

specificity towards formation of the annular complexes shown above.

Interestingly, using a large excess of the gold precursor, [Au(PhCNh]BF4, over the ligand,

afforded a solution with a simple 31 P NMR spectrum containing just two peaks, at

approximately 33 and 15 ppm, in a 1:1 ratio . Unfortunately the compound(s) represented

by these peaks is air-, moisture- and light-sensitive in solution and for this reason it could

not be isolated. To impro ve on the stability of the reaction product, the other gold

precursor was used as it contained a larger counterion. The reaction between

[Au(MeCNh]SbF6 and PSNP in acetonitrile in a 5:1 mole ratio afforded a colourless

solution which was reduced in volume and treated with dry degassed ether. The white

powder isolated was washed with ether and dried gentl y under vacuum. The compound is

stable in the dark under nitrogen for up to several hours. However even brief contact with

air leads to reduction of the complex and the appearance of metallic gold, which initiates a

further auto-catalysed decomposition.

The elemental analysis conducted on the solid gave values corresponding closely to two

different formulae : [Au5(Il-PSNPh (CH3CN)4](SbF6)5 (A) and [Au3(Il-PSNP)(CH3CN)3]

(SbF6)3 (B). The possible structures consistent with the 31p NMR spectrum are given in the

Scheme 1II.18 below.

l5+ l ~+.) .

Me
I .0.- 0.-

C
Me N NIII

AJ luN / Ph,P PPh2 Ph?P PPh2,C
1 N'

-I
/ 1 -I

/ IAu Au N Au Au N AuI / I I11 I I IAu C II1
P~P PP~ N N C N/ / I II

MeN Me C
III II I
C C

'\ I

Me
IMe Me

A B

SCHEkfE JIl18

The IR spectrum of the solid product contains a very strong absorption band at 653 ern" ,

the frequency associated with the Sb-F stretching vibration in the SbF6- counterion. An
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interesting feature of the spectrum is a smallish band at 2350 cm-I which can be attributed

to the coordinated acetonitrile. This band has not been observed in any of the previously

studied complexes whether cationic or neutral. However those data are still insufficient to

distinguish between the proposed structures as both include coordinated acetonitrile, with

SbF6- as the counterion.

Structure B appears more likely due to its simplicity. The first structure could have other

isomers in solution e.g., the two phosphorus atoms adjacent to the pyridine ring could also

coordinate to the central gold, thus resulting in 4 rather than 2 signals in 31 P NMR

spectrum. Unfortunately, recrystallisation of the product from dichloromethane-ether or

acetonitrile-ether did not help produce a cleaner compound for the purposes of obtaining a

more informative elemental analysis. Prolonged handling of the product resulted, instead,

in partial decomposition.

111.3 LUMINESCENT PROPERTIES OF A SELECTION OF GOLD(I)

COMPLEXES WITH NOVEL THIENYLPHOSPHINE LIGANDS

The luminescent properties of gold(I) complexes have attracted considerable attention

duri th d d 17 71-74100-102 J II L· 1 I f h [X L]unng e past eca e.- . . . mear mononuc ear comp exes 0 t e Au type

(X = Cl, Br, L = phosphine) have been shown not to exhibit luminescence either in

solution or in the solid state, although low temperature luminescence (77 K) has been

observed for these complexes.f Visible metal-centred luminescence in mononuclear

gold(I) complexes appears to be associated with a trigonal, noncentrosymmetric structure

about the metal ion, achieved either through three-coordination by certain ligands246 or via

. 11· A A· . 88249
750 I he cornolexes containi .mtermeta le u. . . u interactions. . .- n t e comp exes contammg three-coordmate

gold(I) with phosphine ligands, the luminescence has been assigned to a metal-centred pz

-+ d, phosphorescence.l'" Several three-coordinate mononuclear gold(I) complexes are

now known to luminesce both in the solid state and in solution.i" A di-gold(I) complex

with 3 bridging phosphine ligands, [Au2(Jl-PNP)3](Cl04h (PNP = 2,6-bis[diphenyl

phosphino]pyridine), 100 and in which there is no intramolecular Au ... Au interaction, is

also emissive.
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With few exceptions, linear gold(I) complexes having a Au ... Au contact of less than 3.6

A, are luminescent in the solid state (especially at liquid nitrogen temperatures). However,

f .. h b link d hotolumi 249
750

while the presence 0 a Au...Au interaction as een 1 e to p oto ummescence, .-

Bruce et at.74 have shown that such a relationship does not always exist. In practice,

emission by a gold(I)-phosphine complex cannot be taken as proof for the presence of a

gold(I)-gold(I) interaction as the luminescence of these complexes can originate, for

example, from a ligand-to-metal-charge-transfer (LMCT) transition." The observed

emission may also have its origins in a ligand-centred (LC) transitionr" Due to the interest

shown by numerous research groups in the phenomenon of luminescence in gold(I)

phosphine complexes, the luminescent properties of a selection of the new

thienylphosphine ligand complexes of gold(I) have been investigated.

Table Ill.I8 presents the emission wavelengths of the 8 such complexes obtained after

excitation at 350 nm, both in the solid state and in dichloromethane solution.

(Dichloromethane was chosen as a universal solvent in these studies as opposed to

acetonitrile since it could dissolve all of the compounds studied.)

Table 111.18 Emission ofthe selected gold(I)-phosphine complexes at room temperature in

the solid state and in solution ("-ex = 350 nm)

Complex
}."m(max), nm

in solid state in solution*

[ClAuPDS] NE" NE"

[ClAuPTS] NE" NE""

[ClAu(PDSh] 464,487 NE""

[ClAu(!l-PSSSP)2AuCl] 470,489,496 NE""

[AU2(!l-PSP)2](PF6h 522= NE""

[AU2(!l-PSP)3](PF6)2 526 520
[Au2(!l-PSN)2](SbF6)2 531,558,619 (sh) 536,566
[Au2(!l-PNSh](PF6)2 450,467, 560, 643 (sh) """

""

"""

The measurements were carried out in deoxygenated dichloromethane

NE stands for the complex being non-ernissive

The available amount of this complex was not sufficient for studying its luminescence in

solution

The intensity of emission ofthis complex is far lower than that of the tri-coordinate

complex. See the text for details
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Although detailed assignment of the different kinds of luminescence exhibited by the

above complexes lies beyond the scope of this work, it will nevertheless be useful to

comment on their luminescent properties as given in Table Ill.I8.

The mononuclear linear complexes [CIAuPDS] and [CIAuPTS] do not luminesce in either

solution or the solid state, as expected. However, the presence of an extra ligand in the

three-coordinate species [CIAu(PDSh] has as a result that the compound luminesces

strongly in the solid state. Dissolving [CIAu(PDSh ] in dichloromethane leads to

dissociation of this extra ligand (see Section 2.1.2 of this Chapter); hence no luminescence

is observed in solution. The dinuclear complex, [CIAu(~-PSSSP)2AuCI], shows a similar

trend: it emits light upon excitation in the solid state, but not in solution - in full agreement

with the tendency of three-coordinate complexes to lose the third ligand in

dichloromethane solutions (see Section 2.2.2 of this Chapter). This complex is not

expected to have intramolecular Au... Au interactions due to the large bite of the PSSSP

ligand.

The two PSP ligand-bridged complexes, [AU2(~-PSPh](PF6)2 and [AU2(~-PSP)3](PF6h,

illustrate the effect of the geometry around the gold(I) ion on the luminescent properties of

the complex. The complex with two-coordinate gold emits light of low intensity upon

excitation in the solid state but does not luminesce in solution. The complex with three

coordinate gold emits strongly both in the solid state and solution, with both spectra being

very similar i.e., having broad gaussian shapes. These observation suggest that the third

PSP ligand in this complex is bonded firmly and does not dissociate upon dissolution in

dichloromethane, unlike for [CIAu(PDShJ and [CIAu(~-PSSSPhAuCI]. The energy of the

emission is very similar to the value reported by Che et al.100 for analogous complex,

[Au2(~-PNP)3](CI04h [PNP = 2,6-bis(diphenylphosphino)pyridine]: i.e. 520 nm. Che

assigned the emission of this complex to be of metal-perturbed intraligand character.

Based on literature findings, the two-coordinate complex, [AU2(~-PSPhJ(PF6h, should not

exhibit luminescence (except, possibly, intraligand emission) even in the solid state. The

weak luminescence observed in the solid state is most likely the result of the presence of a

small amount of some impurity e.g., the three-coordinate complex; alternatively, defects in

the crystal lattice of the two-coordinate complex that disturb the centrosymmetric structure

of the [p-Au-pr unit could be responsible for the weak luminescence.
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To the best of our knowledge, the luminescent properties of di-coordinate gold(I)

complexes containing an asymmetric [P-Au-Nf unit have never been reported. The two

complexes, [Au2(Il-PSNh](SbF6h and [AU2(Il-PNSh](PF6)2, provide examples of

complexes containing an asymmetric [P-Au-Nf unit. Unlike complexes with the [P-Au

pf or [P-Au-CI] units, they emit strongly in the solid state giving rise to quite complex

spectra. The spectra of the two solids have similar band profiles, except that that of PNS

ligand-bridged complex exhibits additional peaks of moderate intensity at 450 and 467 nm.

Also for this compound the low energy shoulder on the peak is red-shifted in comparison

to that in the spectrum of the PSN complex by approximately 25 nm. We speculate that the

red shift is associated with an intramolecular Au... Au interaction in this complex. (The

PNS complex uniquely exhibits orange-yellow luminescence in the solid state.) Although

we could not determine the crystal structure of the [AU2(Il-PNS)2](PF6h Schmidbaur et

at. 57 have reported a very short distance of 2.77 Abetween the metal centres in the similar

complex, [Au2(Il-PNh](BF4h (PN = 2-dimethylphosphinopyridine). On the other hand,

the crystal structure ofthe PSN complex reveals no such contacts (see Section 2.1.3 of this

Chapter). The emission spectrum of the PSN complex remains nearly unchanged in

solution indicating that the observed luminescence is likely to be the property of the [P-Au

Nf unit.

The results of the luminescence studies allow one to distinguish between two- and three

coordinate species in the solid state. Specifically, a hand-held mercury lamp with two filter

settings (254 and 360 nm) was used to produce low energy excitation light and the

resultant emission by the complex was observed in the dark. Weak, bluish-white

luminescence is normally of intraligand origin and is characteristic of two-coordinate

complexes (neutral or cationic) with one or two phosphine ligands attached to the gold

atom. Bright yellow emission was observed from complexes with three-coordinate gold.

Disappearance of the luminescence in solution normally indicated lability of the ligands

and, in particular, dissociation of a ligand in the three-coordinate complexes to produce a

two-coordinate species.

The few results described above demonstrate the wide scope for a full investigation of the

optical properties of the new gold(I)-phosphine complexes prepared in this work.

However, due to time constraints, this will have to be the subject of an independent

investigation.
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IlIA SUMMARY AND CONCLUSION

Given that the synthesis and characterisation of a number of new gold(I) complexes is

reported in this Chapter, it seems appropriate to briefly summarise their properties.

11104.1 Properties of the new golden complexes with thienylphosphine ligands

Table III.19 gives an overview of the types of gold (I) complexes prepared during this work

as well as providing their basic characteristics, such as yield, colour and 31p NMR shift.

Table 111.19 Selected properties of the novel phosphines and related compounds obtained

during this work

Complex
Formula

Yield , 031p ,
Colour

Type % ppm

COMPLEXES WITH MONOPHOSPHINE LIGANDS

I. Neutral. mononuclear

1.1 Containing two- [ClAu(PS)] ([1]) 92 white 19. 18* (s)

coordinate gold [ClAu(PDS )] ([2]) 89 white 5.77*(s)

[ClAu(PTS)] ([3]) 87 off-white -6.41 *(s)

[ClAu(PSBr)] ([4]) 88 white 18.85*(s)

[ClAu(PSS)] ([5]) 78 off-white 19.43*(s)

[ClAu(PSSS)] ([6]) 92 yellow 18.45'* (s)

[ClAu (PSN )] ([7]) 90 white 20.63' (s)

[CIAu(PNS )] ([8]) 95 white "1 "?*.J •.J_ (s)

1.2 Containing three- [ClAu(PSh] ([9]) 64 white 11 .02*(s)

coordinate gold [ClAu(PDSh] ([10]) 82 white -2.98*(s)

[ClAu(PTS h] ([ 11]) 87 white -15.93*(s)

[CIAu(PSNh] ([ 12]) 82 white 10.56*(s)

I.3 Containing four- [ClAu(PS)3] ([ 13]) off-wh ite 13.71** (s)

coord inate gold

The yield was not measured

The spectrum was recorded in CDCl3

The spectrum was recorded in CD1CI1
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Table II.19 continued. ..

COMPLEXES WITH MONOPHOSPHINE LIGANDS

H. Cationic

n .i Mononuclear, [Au(PSNh]SbF6([14]) 63 white 33.51 (s)

two-coordinate gold [Au(PNS )2]SbF6([16]) 74 white 45 .82.... (s)

H.2 Dinuclear, [Au(PSN )2](SbF6h ([15]) 89 white 19.13'" (s)

two-coordinate gold [Au(PSN)2](PF6h ([17]) 70 white 36.46···· (s)

COMPLEXES WITH DIPHOSPHINE LIGANDS

I. Neutral. dinuclear

1.1 Containing two- [CIAu(~-PSP)AuCI]([18]) 82 white 19.92' (s)

coordinate gold [CIAu(~-PSSP)AuCI] ([19]) 75 white 19.53' (s)

[CIAu(~-PSSSP)AuCI] ([20]) 71 yellow 19.48' (s)

[CIAu(~-PSNP)AuCI] ([21]) 86 white 31.84' (s), &

19.4t (s), 1:I

[CIAu(~-PSNSP)AuCI] ([22]) 75 off-white 19.43' (s)

1.2 Containing three- [CIAu(~-PSP)2AuCI] ([23]) 63 white 11 .88*(s)

coordinate gold [C IAu(~-PSSSPhAuCI] ([24]) 70 yellow 13.42' (s)

H. Cationic

Il.l Mononuclear, [Au(r(PSSSPhl]PF6 ([25]) 92 yellow 26.52···· (br s)

two-coordinate gold

11.2 Dinuclear, [AU2(~-PSP)2](PF6h ([26]) 52 wh ite 32.43·· · · (s)

two-coordinate gold

HJ Dinuclear, [AU2(~-PSPh](PF6h ([27]) 55 white 34.83···· (s)

three-c oordinate gold

The spectrum was recorded in CDCI3

The spectrum was recorded in CD2Ch

The spectrum was recorded in CD3CN

The spectrum was recorded in acetone-do

As can be seen from the above Table, complexes of 10 different structural types have been

prepared during this work, five of them with monophosphine ligands and five with

diphosphine ligands . The yields of the complexes differ from very good (95%) to moderate
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(52%). Syntheses of neutral two-coordinate gold(I) complexes with both mono- and

diphosphine ligands are normally high yielding, while syntheses of three-coordinate

complexes, particularly with bidentate ligands, are much less successful. This is in full

agreement with the known preference of gold(I) for low coordination numbers (see

Chapter I).

All the complexes obtained here are air-stable, microcrystalline materials. Most of them

are also light-stable. However, the complexes containing phosphine ligands with

polythiophene moieties are affected by light, especially in solution. Their prolonged

exposure to light, while in contact with a polar solvent, results in discoloration within a

few days, possibly as a result of ligand decomposition. (Exposure of a dichloromethane

solution of [ClAuPSSS] to sunlight for a week did not produce any new peaks in the 31 p

NMR spectrum, in the region characteristic of coordinated phosphorus species.)

The wide range of structural types of complexes synthesised during this work has ensured

a wide range of polarities and hence, their solubility in various solvents. Neutral complexes

containing two-coordinate gold(I) seem to be the least polar and the least soluble, with

chlorinated hydrocarbons and DMSO being their solvents of choice. Such complexes are

completely insoluble in alcohols and acetonitrile. Dinuclear complexes of this type with

diphosphine ligands are considerably less soluble then their mononuclear analogues.

Neutral complexes containing three-coordinate gold(I) are significantly more soluble then

the related two-coordinate species, the solubility process most likely being aided by

chemical reactions of the dissolved species (dissociation). The good solvents will include,

together with chlorinated hydrocarbons, more polar acetone and aromatic hydrocarbons.

These complexes are not soluble in aliphatic hydrocarbons. It is difficult to comment on

the solubility of the four-coordinate gold(I) complex, [ClAu(PS)3] ([13]), as upon

dissolving it in any solvent (dichloromethane, acetone etc.) it could never be recovered.

The cationic complexes, being ionic in nature, are very different from the neutral ones as

far as their solubility is concerned. However, amongst the different types of cationic

complexes there is no significant difference in the solubility pattern (even complexes of the

same cation containing counterions of different size e.g., SbF6- and PF6-, do not show

differences in solubility). All cationic complexes are soluble in dichloromethane, acetone

and acetonitrile, but not in chloroform or hydrocarbons. They can also dissolve in
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methanol, but the poor hydrophilic properties of the ligands do not make it possible for the

complexes to dissolve in water.

111.4.2 Conclusion

A wide range of gold(I) complexes with thienylphosphine ligands has been obtained during

this work. The structural types prepared include (according to the classification given in

Chapter I): mononuclear neutral with two-coordinate gold (e.g. [CIAuPSS]), mononuclear

neutral with three-coordinate gold (e.g. [CIAu{PDSh]), mononuclear neutral with four

coordinate gold (e.g. [ClAu(PS)3]), mononuclear cationic with two-coordinate gold (e.g.

[Au{PNShJSbF6), dinuclear cationic with two-coordinate gold (e.g. [AU2{fJ.

PSNhHSbF6h), dinuclear neutral with two-coordinate gold (e.g. [CIAu{fJ.-PSSP}AuCl]),

dinuclear neutral with three-coordinate gold (e.g. [CIAu{fJ.-PSPhAuCl]), mononuclear

cationic with two-coordinate gold ([AU{T{PSSSPhJPF6), dinuclear cationic with two

coordinate gold ([AU2{fJ.-PSPhHPF6h) and dinuclear cationic with three-coordinate gold

([AU2{fJ.-PSPhJ {PF6h)·

Five of the twenty seven complexes prepared were characterised structurally using X-ray

analysis. Yet, amongst this wide range there is not one example of coordination by the

thienylphosphine ligand either through a S-atom or via any other mode of thiophene

coordination. In all cases the thienylphosphine coordinates through the P-atom (or atoms),

with the thienyl group being merely a "spectator" substituent insofar as coordination to the

metal is concerned. This is in contrast to the pyridine fragment, which can coordinate via

nitrogen to gold(I). Although this could not be observed in any of the neutral complexes

synthesised, this mode of coordination was present in the cationic complexes [AU2{fJ.

PSNhHSbF6h and [AU2{fJ.-PNShHPF6h.

The lack of coordination of thiophene to gold(I) in the thienylphosphine complexes can be

attributed to several factors. Firstly, thiophene sulfur, although a "soft ligand", is a very

weak donor, much weaker than sulfur in thiolates or mercapto compounds.i'" Thus it

struggles to compete for coordination sites in the presence of stronger ligands such as

chloride or phosphine. Secondly, gold(I) tends to form complexes with lower coordination

numbers, with n = 2 being the most stable. Thus, after gold has already formed two bonds

with phosphorus atoms (or P and Cl, or P and aliphatic S), it is quite unlikely for the metal
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to expand its coordination number by coordinating to such a poor ligand as thiophene S, as

this is not going to bring any gain in energy. Thirdly, in the case when there is an excess of

gold ions over the phosphorus atoms and one might expect the thienylphosphine fragment

to bridge via P and S, the coordination still does not occur as a result of the geometric

constraints. It is described in the Section 1 of this Chapter, that coordinated thiophene

sulfur forms an angle between the thiophene plane and the S-M vector; thus for a dinuclear

complex to be formed the structure shown below would have to be formed and a

considerable strain would have to be overcome. It should also be recalled (see Appendix

B) that the conformation , in which the thiophene S points towards the phosphorus lone pair

is sterically more demanding than the one where it is rotated around the P-C bond by 180°.

A good illustration of the difficulty for the thienylphosphine fragment to bridge is the

[Au2{Il-PSN}2]{SbF6h complex, where bridging between the two metal centres is

achieved not via the P and S atoms, but via the P and N atoms, although the former pair are

closer to each other.

To conclude, the thienylphosphine ligands synthesised during this project do not exhibit

coordination to gold(I) via the thiophene sulfur; however this does not exclude the

possibility of other ligands, combining thiophene and phosphine moieties in a different

arrangement, to do so. Further research in this direction is definitely needed.
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111.5 EXPERIMENTAL

All reactions involving synthesis of gold(I) complexes were carried out in air unless

otherwise stated. The final products in nearly all cases were air-stable compounds. General

experimental details and sources of chemicals are given in Appendix A. The elemental

analyses, IH NMR, IR and UV-vis data for the complexes obtained are summarised in

Section III.5.1.8.

UI.5.1 Syntheses

111.5.1.1 Synthesis of neutral chlorogold(l) complexes with monophosphine ligands of

the general formula [ClAuL]

General procedure for the synthesis of the chlorogold(l) complexes with L = PS ([1]),

PDS ([2]), PTS ([3]), PSBr ([4]), PSS ([5]) and PSSS ([6])

Tetrachloroauric acid, HAuCk3H20 (0.0394 g, 0.1 mmol) was dissolved in 15 ml

water/ethanol/acetone mixture (4:1:1, v:v:v ratio). It was cooled down to O°C and neat

thiodiglycol (0.012 g, 0.1 mmol) was added slowly with stirring until the solution became

colourless. The solution was stirred for 15 minutes until it reached room temperature. At

that point, a solution containing 0.1 mmol of the ligand dissolved in 5 ml ethanol/acetone

mixture (the composition was selected individually in each case depending on the

solubility of the ligand) was added dropwise. The mixture was left to stir for 0.5 - 2 hours

and then filtered. Where necessary, the volume of the mixture was reduced first and 10 ml

methanol added to aid precipitation. The crude product was washed with 20 ml

water/methanol (1:1, v:v ratio ) mixture , filtered, washed with 5 ml cold methanol and dried

under vacuum.

Yields [1]:

[2]:

[3]:

[4]:

[5]:

[6]:

0.0465 g, 92%;

0.0471 g,89%;

0.0447 g, 87%;

0.0507 g, 88%;

0.0454 g, 78%;

0.0612 g, 92%.
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Synthesis of the chlorogold(l) complexes with L = PSN ([7]) and PNS ([8])

Tetrachloroauric acid, HAuCk3H20 (0.197 g, 0.5 mmol) was dissolved in a mixture of 10 ·

ml water and 4 ml acetone. To this solution 50 mg solid NaHC03 were added, the mixture

was warmed up to 35°C , stirred for 10 minutes and then cooled to O°e. The rest of the

procedure was analogous to the described above.

Yields [7]: 0.2610 g, 90% ;

[8]: 0.2753 g, 95%.

111.5.1.2 Synthesis of neutral chlorogold(l) complexes with monophosphine ligands of

the general formula [ClAuL2]

Synthesis of bis[diphenyl(2-thienyl)phosphine] chlorogold(l) [ClAu(PShJ ([9])

The complex [ClAuPS] (0.332 g, 0.663 mmol) was dissolved in 5 ml of dichloromethane,

Then a solution of 0.178 g (0.663 mmol) diphenyl(2-thienyl)phosphine (PS) in 1.5 ml

dichloromethane was added and allowed to stir for 15 minutes. Hexane (10 ml) was added

to the clear solution to the cloudiness point and the solution was left at -15° C for 72 hours.

Crystals separated out ; they were collected and dried under vacuum.

Yield [9]: 0.327 g, 64%.

Synthesis of chlorogold(l) complexes with L = PDS ([10]), PTS ([11]) and PSN ([12])

The relevant mononuclear two-coordinate chlorogold(I) complex [CIAuL] (0.2 mmol) was

dissolved in 4 ml of acetone and a solution of the corresponding ligand (0.2 mmol) in 2 ml

acetone was added. The solution was stirred for 30 minutes, the volume of the solvent was

reduced and the mixture cooled to -15°e. A white precipitate was collected and dried

under vacuum.

Yield [10]:

[11]:

[12] :

0.128 g, 82% ;

0.139 g, 87% ;

0.151 g,82%.

Alternative synthesis of bis {diphenyl[5-(2'-pyridyl)-2.;.thienyl] phospbine} chloro

gold(l) [ClAu(PSNh] ([12])

Tetrachloroauric acid, HAuCk3H20 (0.0788 g, 0.2 mmol) was dissolved in a mixture of

10 ml water and 4 ml acetone. To this solution 2,0 mg solid NaHC03 were added, the

mixture was warmed to 35°C and stirred for 10 minutes. It was subsequently cooled to 00C
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and neat thiodiglycol (0.024 g, 0.2 mrnol) was added slowly with stirring until the solution

became colourless. The solution was stirred for 15 minutes, .allowing to reach room

temperature. To this mixture a solution of 0.138 g (0.4 mmol) diphenyl[5-(2'-pyridyl)-2

thienyl]phosphine (PSN) in 10 ml acetone was added. The solution first turned murky, but

then the precipitate gradually dissolved yielding clear slightly yellowish solution. It was

added with stirring to concentrated aqueous NaCI solution, and an off-white precipitate

separated. It was triturated with water, filtered and dried.

Yield [12]: 0.097 g, 53%.

111.5.1.3 Isolation of tris[diphenyl(2-thienyl)phosphine] chlorogold(l) [ClAu(PShJ

([13])

Triphenylphosphine chlorogold(l) (0.0989g, 0.2 mrnol) was dissolved in 0.2 ml CD2Cb (in

a 5-mrn NMR tube). To this solution 0.0536 g (0.2 mmol) solid diphenyl(2

thienyl)phosphine (PS) was added. The mixture was allowed to react for 1 hour, after

which changes in the 31 P NMR could no longer be observed. After standing for 3 days at

room temperature, large crystals precipitated out. They were analysed using X-ray

crystallographic analysis and found to correspond to the solvate [CIAu(PS)3] . 2CH2Ch {or

[CIAu(PS)3] . 2CD2Cb}.

111.5.1.4 Synthesis of cationic gold(l) complexes with monophosphine ligands

Synthesis of the mononuclear complexes of the general formula [Au(T1 1.L)2JSbF
6,

where L = PSN ([14]) and PNS ([16])

Nitrosyl hexafluoroantimonate (0.0665 g, 0.25 mrnol) was dissolved in 10 ml dry oxygen

free acetonitrile under the atmosphere of dry nitrogen. Gold powder (0.0750 g, 0.38 mrnol)

was added to the solution and the mixture was stirred at ambient temperature for 16 hours.

Excess of gold powder was carefully filtered off under nitrogen to leave a clear solution

containing 0.25 mrnol [Au(MeCN)2]SbF6. This solution was added under nitrogen to 5 ml

dichloromethane solution containing 0.5 mrnol of the ligand (PSN or PNS: 0.1725 g). The

mixture was stirred at ambient temperature for 2 hours. The solution was evaporated to

dryness and the residue re-dissolved in a small amount of dichloromethane. Addition of

hexane led to formation of a powdery precipitate.

Yield [14]: 0.177g, 63%;

[16]: 0.208 g, 74%.
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Synthesis of the dinuclear complex [AU2(P-PSNhHSbF6h ([15])

The general procedure described in the Section 5.1.4 was followed in order to obtain a

solution containing 0.4 mmol [Au(MeCN)2]SbF6. To this solution the PSN ligand (0.138 g,

0.4 mmol) dissolved in 15 ml dry oxygen-free acetonitrile was added with stirring. The

mixture was stirred at ambient temperature for 2 hours, the volume reduced and ether

added. The resulting white powder was recrystallised from dichloromethane/ether.

Yield [15]: 0.2770 g, 89%.

Synthesis of the dinuclear complex [AU2(P-PNSh](PF6h ([17])

Single crystals of diphenyl[6-(2'-thienyl)-2-pyridyl]phosphine chlorogold(I) (CIAuPNS)

(0.0351 g, 0.06 mmol) were dissolved in 10 ml dry degassed THF and solid TIPF6 (0.035

g, excess) added. The clear mixture was allowed to react at room temperature for one hour,

then the solvent was removed and 8 ml acetonitrile added. The solution was filtered

through microfibre filter. The volume of the filtrate was reduced and ether added. The off

white precipitate was recrystallised from dichloromethane/ether.

Yield [17]: 0.0412 g, 70%.

111.5.1.5 Synthesis of neutral bis[chlorogold(I)] complexes with diphosphine ligands

Synthesis of dinuclear bis[chlorogold(I)] complexes of the general formula [ClAu(p

LL)AuCI] with LL = PSP ([18]), PSSP ([19]), PSSSP ([20]), PSNP ([21]) and PSNSP

([22])

Tetrachloroauric acid, HAuCk3H20 (0.0394 g, 0.1 mmol) was dissolved in 15 ml

water/acetone mixture (2:1, v:v ratio). It was cooled to O°C and neat thiodiglycol (0.012 g,

0.1 mmol) was added slowly with stirring until the solution became colourless. The

solution was stirred for 15 minutes, allowing to reach room temperature. At that point a

solution containing 0.05 mmol of the ligand dissolved in 5 ml dichloromethane/ethanol

mixture (normally 1:1 volume ratio) was added dropwise. Some acetone was added to the

mixture on certain occasions to avoid separation into aqueous and organic phases. The

solution was left to stir for 1 hour and then filtered. Wherever necessary, the volume of the

mixture was reduced first and some methanol or ethanol added to aid precipitation. The

crude product was washed with 2 x 10 ml water/methanol (1:1, v:v ratio) mixture, filtered,

washed with 5 ml cold methanol and dried under vacuum.

Yield [18]: 0.0376 g, 82%;
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[19]: 0.0375 g, 75%;

[20]: 0.0383 g, 71%;

[21]: 0.0427 g, 86%;

[22]: 0.0403 g, 75%.

Synthesis of neutral bis[chlorogold(I)] complexes of the general formula [ClAu(....

LL)h, where LL = PSP ([23]) and PSSSP ([24])

The relevant dinuclear jl-bis[chlorogold(I)] complex [CIAu(jl-LL)AuCI] (0.1 mmol) was

dissolved in 5 ml dichloromethane and a solution of the corresponding ligand (0.1 mmol)

in 5 ml dichloromethane was added. The solution was stirred for 30 minutes, the volume of

the solvent was reduced and ether added to the cloudiness point. The mixture was cooled to

-15°C and the precipitate collected and dried under vacuum.

Very low solubility of the complex formed (in analogous reaction) by the PSSP ligand in

chloroform (as well as dichloromethane and even DMSO) indicated formation of

polymeric species as a result of this reaction . Elemental analysis of the product showed the

composition to correspond to the empirical formula [CIAu(jl-PSSP)]n.

Yield [23]: 0.0578 g, 63%;

[24]: 0.0757 g, 70%.

111.5.1.6 Synthesis of cationic gold(l) complexes with diphosphine ligands

Synthesis of the mononuclear complex [Au(TJ1-PSSSP)z]PF
6 ([25])

Tetrachloroauric acid, HAuCk3H20 (0.0394 g, 0.1 mmol) was dissolved III 12 ml

water/acetone mixture (1:1, v:v ratio). It was cooled to O°C and neat thiodiglycol (0.012 g,

0.1 mmol) was added slowly with stirring until the solution became colourless. The

solution was stirred for 15 minutes, allowing to reach room temperature. A solution of the

PSSSP ligand (0.1232 g, 0.2 mmol) in 10 ml dichloromethane/ethanol (1:1, v:v) was added

slowly with stirring at that point, producing a clear mixture. A saturated aqueous solution

of NH4PF6 (10 ml) was added to the mixture followed by 20-25 ml water/iso-propanol

(2:1, v:v). The yellow precipitate was filtered off and triturated with 2 x 25 ml of distilled

water, filtered again and dried.

Yield [25]: 0.1448 g, 92%.
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Synthesis of the dinuclear complexes with the general formula [AU2hl-PSP)n](PF6h,

where n = 2 ([26]), 3 ([27])

Tetrachloroauric acid, HAuCLdH20 (0.0788 g, 0.2 mmo1) was dissolved in a mixture of

15 m1 water and 15 m1 acetone. It was cooled to O°C and neat thiodiglyco1 (0.024 g, 0.2

mmol) was added slowly with stirring until the solution became colourless. The solution

was allowed to stir for 15 minutes and to reach room temperature. A solution of the

required amount 2,5-bis(diphenylphosphino)thiophene (PSP) (0.0908 g or 0.2 mmol , n = 2

and 0.136 g or 0.3 mmol, n = 3) in 20 ml acetone was added to the mixture and the

temperature increased to 35°C. It was stirred at this temperature for 30 minutes , then

cooled to ambient temperature and 20 ml iso-propanol were added. Saturated aqueous

solution of N~PF6 (25 ml) was added to precipitate the product. It was triturated with

water and iso-propanol, washed thoroughly with water, filtered and dried .

Yield [26]: 0.165 g, 52%;

[27]: 0.224 g, 55%.

111.5.1.7 Synthesis of other cationic gold(l) complexes with diphosphine ligands

Attempted synthesis of the complex [ClAu(Jl-PSSSP)Au(Jl-PSSSP)AuCI]SbF6

The complex [Au(T1
I-PSSSPh]PF

6 ([25], 0.0787 g, 0.05 mmol ) was dissolved in 10 ml

dichloromethane. To this solution [CIAu(tht)] (0.0321 g, 0.1 mmol) in 6 ml

dichloromethane was added at once. The mixture was stirred for 15 minutes at room

temperature, after which the solution was partially evaporated and ether added. The

precipitate was filtered off and dried under vacuum.

Reaction of an excess of the cationic gold precursors [Au(RCNh]X, where X = BF4, R

=Ph and X = SbF6, R = Me, with PSNP

METHOD A

Gold(I) bis(benzonitrile) tetrafluoroborate (0.245 g, 0.5 mmol: see Appendix A for

preparation details) was dissolved in 10 ml dry, degassed acetonitrile. A solution of 0.0529

g (0.1 mmol) diphenyl{5-[2'-(6'-diphenylphosphino)pyridyl]-2-thienyl}-phosphine (PSNP)

in 5 ml degassed dichloromethane was added. The mixture was stirred for one hour. After

that the volume was reduced and degassed ether added. A white powdery precipitate was

thoroughly triturated with ether to remove excess of the starting material. The product was

filtered and dried. However after storing the product for 24 hours at -10°C, partial
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decomposition to metallic gold was observed. The compound proved to be too labile to

carry out normal characterisation procedures.

METHODB

A solution containing 0.5 mmol [Au(MeCN)2]SbF6 was obtained as described in section

III.5.1.4. The rest of the procedure was exactly the same as described in Method A above,

with [Au(MeCNh]SbF6 being used instead of [Au(PhCN)2]BF4. The final product of the

reaction was purified by recrystallisation from dry, degassed acetonitrile/ether. It was

reasonably stable to allow some basic characterisation procedures to be carried out.

Decomposition of the complex to metallic gold was observed after storing in the fridge for

several days.

Yield: 0.112 g, 38% {based on the product formula as [Au3(~-PSNP)(MeCNh](SbF6)3 }.
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111.5.1.8 Characterisation data for the complexes [1]-[27]

Table 111.20 Elemental analysis of the complexes

Found (Calculated), %
COMPLEX

C H

[1] 38.20 (38.38) 2.43 (2.26)

[2] 33.04 (33.18) 1.97 (2.19)

[3] 28.12 (28.11) 1.59 (1.77)

[4] 33.00 (33.22) 1.93 (2.09)

[5] 40.98 (4 1.21) 2.24 (2.59)

[6] 43.29 (43.35) 2.29 (2.58)

[7] 43.63 (43.65) 2.64 (2.79)

[8] 43.64 (43.65) 2.67 (2.79)

[9] 50.43 (49.98) 3.54 (3.4 1)

[10] 42.71 (43.06) 2.68 (2.84)

[11] 36.98 (36.34) 2.44 (2.29)

[12] 54.18 (54.64) 3.22 (3.49)

[13] 49.56 (49.58) 3.34 (3.55)

[14] 45.21 (44.90) 3.12 (2.87)

[15] 32.90 (32.42) 2.01 (2.07)

[16] 44.86 (44.90) 2.95 (2.87)

[17] 36.72 (36.70) 2.29 (2.35)

[18] 36.96 (36.66) 2.37 (2.42)

[19] 38.27 (38.46) 2.24 (2.42)

[20] 39.97 (39.98) 2.08 (2.42)

[21] 39.77 (39.86) 2.33 (2.53)

[22] 40.90 (4 1.28) 2.27 (2.53)

[23] 48.37 (49. 10) 3.09 (3.24)

[24] 50.72 (50.92) 3.09 (3.09)

[25] 54.31 (54.89) 3.40 (3.33)

[26] 43.0 1 (42.33) 2.89 (2.79)

[27] 48.98 (49.42) 3.26 (3.26)

N

2.34 (2.42)

2.18 (2.42)

2.81 (3.03)

2.63 (2.49)

1.99 (1.80)

2.30 (2.49)

1.86 (2.04)

1.36 (1.41)

1.30 ( 1.30)
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Table 111.21 'n and 31p NMR spectroscopic data of the complexes (spectra recorded in

CDCl] , unless otherwise stated)

Complex () 31p, ppm

[1] 19.18(s)

[2] 5.77 (s)

[3] -6 .41 (s)

[4] 18.85 (s)

[5] 19.43 (s)

[6] 18.45 (s)

[7] 20.63 (s)

[8] 31.32 (s)

[9] 11.02 (s)

[10] -2.98 (s)

[11] -15.93 (s)

[12] 10.56 (s)

[13r 13.71 (s)

s IH, ppm (J, Hz)

7.26 (ddd, 4J H•P = 1.38, 3J H.H = 4.50, 3J H.H= 3.65; 1 H), 7.41- 7.65 (m,

11 H), 7.82 (ddd, 5J H.P = 3.23 , 3J H_H = 4.42, 4J H_H = 1.13; 1 H)

7.25 (ddd, 4J H.P = 1.33, 3J H_H= 4.90, 3J H_H= 3.60; 2 H), 7.42 -7.70 (m,

7 H), 7.81 (ddd, 5J H.P = 3.33, 3J H.H= 4.93 , 4J H.H= 1.18; 2 H)

7.24 (ddd, 4J H.P = 1.43, 3J H_H = 4. 86, 3J H_H= 3.62; 3 H), 7.63 (ddd,

3J H.P= 9.67 , 3JH-H = 3.66, 4J H_H= 1.13; 3 H), 7.81 (ddd, 5JH_P = 3.52,
- 4
~JH-H = 4.89 , J H-H= 1.15; 3 H)

4 -
7.15-7.37 (ABX system, J H.P = 1.56, ~JH.P = 9.60, JA•B = 3.84; 2 H),

7.42-7.65 (m, 10 H)

7.03 (dd, 3J H_H= 5. 13, 3J H_H= 3.67; 1 H), 7.22 (dd, 3J H_H = 3.66,

4J H•H = 1.11; 1 H), 7.26 (part of ABX system, 4J H_P = 1.49, J A.B=

- 43.77; IH), 7.3 1 (dd, ~JH_H = 5 . 1 0, J H-H= 1.12; 1 H), 7.43 (part of

ABX system, 3J H.P= 9.17, J A.B= 3.76; 1 H), 7.46- 7.70 (m, 10 H)

7.04 (dd, 3J H_H= 5.07, 3J H_H=3.64; 1 H), 7. 11 (m, 2H), 7.19 (dd,

3J H_H= 3.59, 4J H.H= 1.11 ; 1H), 7.22 -7.2 7 (m, 2 H), 7.45 (part of ABX

system, 3J H.P= 8.98, JA_B= 3.75: 1 H), 7.48-7.69 (m, 10H)

7.22 (ddd, 3J H_H= 6.77, 3J H_H= 4.86, 4J H.H= 1.83; 1 H), 7.40-7.80 (m,

14 H), 8.55 (m, 1 H)

7.10 (dd, 3J H_H= 3.73, 3J H.H= 5.05 ; 1 H), 7.40 (dd, 3J H_H= 5.09, 4J H_H

= 1.14; I H), 7.43-7.5 6 (m, 7 H), 7.58 (dd, 3J H.H= 3.76, 4J H_H= 1.16;

1 H), 7.66-8.00 (m, 6 H)

7.17 (ddd, 4J H_P = 1.35, 3J H_H= 4.92, 3J H_H= 3.57; 1 H), 7.33-7.59(m,

11 H), 7.69 (ddd, 5J H.P = 2.01 , 3J H_H= 4 .94, 4J H_H= 1.12; I H)

7.17 (ddd, 4J H_P= 1.27, 3J H.H= 4.82, 3J H_H= 3.56 ; 2 H), 7.33-7.60 (m,

7 H), 7.70 (ddd, 5J H_P = 2.03, 3J H_H = 4.89, 4J H.H= LI 5; 2 H)

7.16 (ddd, 4J H.P = 1.4 1, 3J H.H= 4 .93, 3J H•H = 3.50: 3 H), 7.54 (ddd,

3J H_P = 8.17 , 3J H.H= 3.54, 4J H_H = 1.18; 3 H), 7.70 (ddd, 5J H_
P

= 2.10,

3J H-H= 4.96, 4J H.H= 1.17; 3 H)

7.18 (ddd, 3J H.H= 6.70, 3J H.H= 4.85, 4J H_H= 1.91; 1 H), 7.31-7.72 (m,

14 H), 8.52 (m, 1 H)

7.14 (ddd, 4JH_P= 1.32, 3J H.H= 4.87, 3J H_H= 3.66; 1 H),7.31-7.58(m,

11 H), 7.63 (ddd, 5J H.P = 0.87, 3J H_H= 4.82, 4J H.H= 1.10; I H)
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Table 111.21 continued...

[16( ' 45. 82 (s)

[17(' 36A6 (s)

[18] 19.92 (s)

[19] 19.53 (s)

19A8 (s)

3 1.84 (s) &

19A7 (s),

I : I

[20]

[21]

[14( 33 .5 1 (s) 7.19 (dd, 3J H_P = 7.96, 3J H_H= 3.77 ; 1 H), 7.29 (ddd, 3J H_H= 7.07 , 3J H-H

=4.81 , 4J H_H= 1.49; 1 H), 7.33-7.86 (m, 13 H), 8A6(m, 1 H)

[IS( 19.13 (s) 7A 9 (dd, 3J H_P = 7.36, 3J H-H= 3.69; 1 H), 7.59- 7.84 (m, 10 H), 7.95

(ddd, 3J H_H= 7.57, 3J H_H= 4.78, 4J H_H= 1.57; 1 H), 8.02 (dd, 4J H_P =

1.18, 3J H.H= 3.92; 1 H), 8.20-8A8 (m, 2 H), 8.9 1 (m, 1 H)

7.0 1 (m, 1 H), 7.09 (dd, 3J H_H= 5.10, 3J H_H= 3.73; I H), 7.20-7.65 (m,

13 H), 7A9 (dd, 3J H_H= 3.73, 4J H_H= 1.01: I H)

7.18 (dd,3JH_H= 4.55,3J H_H = 4.1I ; I H), 7.51-8.28 (m, 14 H), 7.9 1

(dd, 3J H_H= 3.63, 4J H_H= 0.94; I H)

7.35-7.66 (m, 22 H)

7.3 1 (part of ABX system, 4J H_P = 1.50, JA-B = 3.82; 2 H), 7Al (part

of ABX system, 3J H_P = 8.86 , JA-B = 3.79; 2 H, HTIJ-4), 7A5-7.67 (m,

20 H)

7.13 (s, 2 H), 7.27 (part of ABX system, 4J H_P = 1.47, JA-B = 3.65;

2 H), 7A2 (part of ABX system, 3JH_P = 9.00, JA-B = 3.71 ; 2 H), 7A 6

7.69 (m, 20 H)

7.38-7.97 (m, 25 H)

[22]

[23]

[24J

[25]

[26J •••

[27J •••

19A3 (s)

11.88 (s)

13A 2 (s)

26.5 (br s)

32A3 (s)

34.83 (s)

7A3-7 .83 (m, 27 H, 20)

7.03 (br m, 2 H), 7.24-7.64 (m, 20 H)

6.80 (s, 2 H), 7.04-7.68 (m, 24 H)

6.63 (s, 2 H), 7.03 (br d, J = 3.64; 2 H), 7.10-7 A O(m, 22 H)

7.33 (br s, 2 H), 7AO-7 .65 (m, 20 H)

7.05 (br s, 2 H), 7.25-7.60 (m, 20 H)

Spectra recorded in CD2CI2

Spectra recorded in CD3CN

Spectra recorded in acetone-zz,
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Table 111.22 U'V-vis parameters of the complexes (spectra recorded in dichloromethane,

unless otherwise stated)

COMPLEX

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9{

[10{

[11{

[12{

[13]

[14]

[15]

[16]**

[17]

[18]

[19]

[20]

[21]

[22]

[23]*

[24{

[25]

[26]

[27]

233 (1.7),261 (sh, 0.9) , 269 (sh, 0.8),275 (sh, 0.4)

237 (1.3), 266 (sh, 0.95),276 (sh, 0.85)

241 (1.8), 267 (1.4)

230 (1.7) , 272 (1.2) , 277 (sh , 1.15)

232 (2.0), 266 (sh, 0.9),276 (sh , 0.85),329 (1.8)

232 (2.2) , 266 (sh, 0.9), 275 (sh, 0.65) , 377 (2.6)

231 (2.0) ,267 (sh, 0.9) , 277 ( 1.0), 316 ( 1.9)

234 (2.8) , 269 (1.2), 277 (1.2), 300 (1.5), 315 (1.5)

234 (2.9), 261 (sh, 2.2) , 269 (sh, 2.0) ,275 (sh, 1.5)

236 (1.7), 266 (sh, 1.1),274 (sh, 0.9)

241 (3.5) , 268 (2.3)

231 (3.2), 266 (sh , 2.5) , 276 (2.5), 316 (4 .0)

not measured

231 (3.9),270 (2.4) , 276 (sh, 2.4 ), 317 (4.7)

234 (4.6), 270 (3.2) , 276 (sh, 3.0), 315 (2.2)

208 (8.0), 262 (3.4), 276 (sh, 3.1) , 288 (2.9) , 317 (2.7)

231 (3.8) , 267 (sh, 1.7), 280 (sh, 1.8),315 (sh, 1.3)

231 (3.4),270 (1.7) , 278 (1.8)

234 (3.0) , 269 (1.0) , 276 (1.0) , 344 (2.4)

234 (4.2 ), 267 (sh, 1.2),275 (sh, 1.0),385 (3.8)

235 (3.4) ,269 (1.0), 276 (1.0),324 (2.1)

231 (2.3), 270 (1.0), 277 (1.1) , 303 (1.5 ),313 (sh, 1.3),344 (1.2)

230 (4.0) ,269 (1.9) ,276 (2.0)

232 (4.0), 268 (sh , 1.5), 275 (sh, 1.3), 389 (4.1)

23 1 (3.6) ,379 (3.3)

232 (7.6 ), 267 (sh, 4.1), 275 (sh, 3.9)

232 (9.0), 265 (sh , 5.4), 275 (sh, 4.5), 300 (sh, 1.8)

..

It is unlikely that the measured spectra of these complexes belonged to three-coordinate

species as the prepared dichloromethane solutions were highly diluted (concentration range

for the complexes was within 2-8· 10-5 M) - see Sections 2.1.2 and 2.2.2 ofthis Chapter

The spectrum was measured in acetonitrile
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Table 111.23 IR data for the complexes (spectra obtained as KBr disks)

COMPLEX

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

-1v,cm

498 (5), 510 (5),542 (5), 573 (m), 690 (vs), 714 (5),742 (5),849 (m), 1000 (m),

1009 (m), 1026 (w), 1101 (vs) , 1180(w), 1220(5), 1402 (m), 1434(5), 1480 (m)

452 (m), 505 (vs), 534 (vs), 571 (5),658 (m), 690 (5), 721 (vs), 740 (vs), 850 (m),

1008 (5).,1062 (w), 1099 (vs), 1220 (vs), 1331 (m), 1400 (5),1434 (5),1480 (m)

455 (m), 501 (5),528 (5), 569 (m), 661 (m), 713 (vs) , 738 (5), 748 (m), 852 (m),

1010(5), 1060 (w), 1090 (m), 1220 (vs), 1331 (m), 1400(5), 1496(w)

503 (vs), 518 (5), 561 (m), 663 (m), 690 (vs), 702 (5), 708 (m), 748 (5),806 (m),

962 (5), 999 (m), 1009 (m) , 1101 (5),1180 (w), 1209 (m), 1296 (m), 1400 (5),

1434 (5), 1481 (m)

490 (m), 517 (5), 540 (5), 692 (vs), 701 (5), 707 (5), 746 (m), 796 (m), 839 (m),

1004 (5),1101 (5), 1182 (w), 1218 (w), 1419 (m), 1434 (5),1480 (m)

480 (m), 517 (5), 538 (m), 549 (m), 692 (vs), 712 (m), 748 (m), 798 (5), 1002 (5),

1101 (5), 1184 (w), 1212 (w), 1425 (5),1438 (5),1456 (m) , 1481 (w)

488 (m), 517 (5), 540 (5),553 (m), 690 (vs), 702 (5), 714 (m), 744 (5), 777 (vs),

993 (m), 1016 (m), 1101 (5), 1184 (w), 1290 (w), 1424 (vs), 1437 (vs), 1465 (5),

1481 (m), 1563 (m), 1581 (5)

490 (w), 509 (5),549 (vs), 690 (5), 703 (5), 714 (s), 744 (m), 800 (5), 1101 (m),

1228 (w), 1438 (5), 1446 (vs), 1481 (w), 1578 (m), 1590 (m)

507 (vs), 542 (m), 573 (m), 694 (vs), 719 (5),743 (5),850 (m), 999 (m), 1096 (5),

1182 (w), 1220 (5),1333 (m), 1404 (m) , 1435 (5),1499 (m)

458 (5),500 (5), 527 (m), 571 (m), 690 (5),714 (5),742 (m), 851 (m), 10lO (m),

1097 (vs) , 1230(5), 1328 (w), 1404 (m), 1437 (m), 1479 (m)

455 (m), 500 (5), 528 (m), 569 (5), 690 (m), 712 (vs), 742 (m), 849 (m), 1003 (s),

1085 (m), 1217(5),1331 (m), 1400(5), 1437 (w), 1497 (m)

488 (m), 513 (5),551 (m), 692 (vs), 714 (m), 743 (5), 775 (5), 991 (m), 1012 (m),

1097 (5),1153 (w), 1290 (w), 1406 (5), 1425 (vs), 1435 (vs), 1454 (5), 1481 (m),

1529 (w), 1563 (m), 1581 (s)

not measured

482 (m), 507 (5),551 (m), 573 (m), 658 (vs), 694 (5), 703 (m), 742 (s), 779 (s),

818 (m), 993 (m), 1097 (m) , 1153 (w), 1184 (w), 1213 (w), 1425 (s), 1436 (5),

1458 (s), 1481 (m), 1556 (m), 1583 (s)
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Table 111.23 continued ...

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

494 (w), 518 (5), 542 (m), 552 (5), 658 (vs), 694 (5),701 (5),715 (m), 754 (5), 781

(5),999 (m), 1015 (m), 1102 (5),1186 (w), 1258 (w), 1426 (5),1442 (vs), 1476

(5),1522 (m), 1566 (w), 1602 (5)

456 (m), 507 (5), 567 (w) , 658 (vs) , 690 (5), 712 (m) , 746 (m) , 800 (m) , 1026 (w),

1099 (m), 1169 (w), 1284 (m) , 1348 (w), 1419 (m) , 1435 (5),1440 (5),1521 (m),

1550 (m) , 1576 (5)

507 (5), 557 (vs) , 690 (5), 701 (5), 714 (5), 746 (s), 835 (vs), 999 (w), 1102 (m),

1121 (m), 1147(m), 1185 (w), 1270 (m), 1284 (m), 1310 (m), 1420 (w) , 1438(5),

1448(5), 1484 (w), 1551 (m), 1577 (m), 1590 (m)

524 (5),538 (5), 555 (s), 576 (m) , 690 (vs), 701 (5), 714 (m), 748 (5), 814 (w),

999 (m) , 1022(5), 1101 (vs) , 1184 (w), 1211 (m) , 1436 (vs), 1481 (m)

507 (vs) , 526 (m), 542 (5), 572 (w), 690 (vs), 701 (5), 712 (m) , 748 (5), 804 (m) ,

1006 (5),1101 (5), 1184 (w), 1215 (w), 1420 (m), 1435 (vs) , 1481 (m)

498 (m), 520 (5),542 (5), 588 (w), 690 (vs), 702 (5), 712 (m), 748 (5), 798 (5),

1001 (5), 1101 (5), 1183 (w), 1220 (w), 1425 (5),1435 (5), 1481 (m)

478 (m), 513 (5), 543 (5),570 (m) , 630 (m) , 690 (vs) , 715 (m), 742 (5),798 (m) ,

990 (m), 999 (m) , 1022 (m), 1101 (5), 1182 (w), 1215 (w), 1388 (w), 1421 (5),

1437 (vs) , 1448 (m), 1481 (m) , 1553 (m) , 1574 (5)

472 (w), 517 (vs), 544 (5), 638 (m) , 690 (vs) , 712 (m) , 742 (5), 750 (5), 794 (5),

1000 (5),1014 (5),1101 (5),1159 (m), 1182 (w), 1218 (w), 1267 (m) , 1420 (5),

1434 (vs), 1458 (m), 1481 (m), 1562 (5),1581 (m)

523 (5), 538 (5),555 (5), 578 (m) , 692 (vs), 746 (5),812 (w), 1001 (m), 1017 (m),

1099 (5),1184 (m) , 1207 (m) , 1435 (vs) , 1481 (5)

507 (5),522 (5),551 (m), 692 (vs), 744 (s) , 796 (m) , 997 (5),1026 (w), 1099

(s),1184 (w) , 1217 (w), 1420 (m), 1435 (5), 1479 (m)

509 (m), 558 (m) , 692 (s) , 744 (m), 798 (m), 839 (vs) , 868 (m), 999 (m), 1097

(m), 1218 (w), 1424 (m) , 1435 (s), 1479 (m)

526 (s), 557 (5), 690 (s), 708 (m), 744 (5),837 (vs), 999 (m) , 1018 (m) , 1099 (s),

1186 (w), 1209 (m) , 1280 (w), 1406 (w), 1437 (s) , 1481 (m )

528 (m) , 532 (m), 557 (s), 692 (s), 744 (m) , 839 (vs), 999 (m), 1018 (s), 1097 (s),

1207 (w), 1436 (5), 1481 (w)
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111.5.2 Crystal structure determinations

111.5.2.1 Single crystal X-ray diffraction study on chlorogold(l) diphenyl(5-(2,2'

bithienyl)]pbosphine, [ClAuPSS] ([5])

Yellow rhombs of the [C1AuPSS] complex separated out upon standing from a cold

water/acetone solution (in approximately 2:1 volume ratio). The crystallographic data were

collected using an Enraf-Nonius CAD4 diffractometer (Appendix A). SHELXS-9i16 and

SHELXL-97217 were employed for the structure solution calculations (Appendix A). In the

least-squares refinement, the hydrogen atoms were included as ideal contributors with

standard idealisation parameters. As a result of considerable disorder in the thiophene

groups, the constituent atoms were restrained to lie in a common plane (FLAT) and the

bond lengths restrained to average C-C and C-S values (DFIX, SAME). Restraints on the

anisotropic thermal factors (DELU, ISOR, SIMU) and refinement of the thiophene groups

as parts did not improve the disorder. Hence the thiophene groups were refined

isotropically. Crystallographic data are given in Table III.24, the non-hydrogen atomic

coordinates in Table III.25, the hydrogen atomic coordinates in Table III.26, the

anisotropic thermal factors in Table III.27, the interatomic distances in Table III.28 and the

interatomic angles in Table III.29. The observed and calculated structure factors may be

found on the disk in an envelope fixed to the inside back cover.

Table 111.24 Crystal data and details of data collection and structure refinement

[C1AuPSS] ([5])

Empirical formula

Colour and description

Crystal dimensions (mm)

Molecular mass (g-mol")

Crystal system

Space Group

a (A)

b (A)

c (A)

a (0)

~ (0)

272

C2oHl5AuCIPS2

Yellow rhomb

0.50 x 0.12 x 0.08

582.83

Monoclinic

P211c

11.456(2)

13.487(2)

25.428(5)

90

90.551(16)
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Table 111.24 continued. ..

y (0)

V (A3
)

Z

n, (g-em")

F(OOO)

T (K)

A. (Mo-Ka) (A)

Scan mode

CD scan angle

Horizontal aperture width (mm)

Scattering range (0)

~ (mm")

Absorption corrections

Measured intensities

Unique intensities

Unique intensities with [1> 20'(1)]

Structure solution

Refinement method

Weighting scheme

Goof on F2

(~/O')max

~Pmax (eA-3)

Number of parameters

Number of restraints

273

90

3928 .6(13)

8

1.971

2224

293(2)

0.71069

CD - 28

0.40 + 0.35tan8

2.7 + 0.ltan8

2 s 8 ~ 23

7.920

Semi empirical

6463

5453

3067

Direct & Fourier

Full-matrix least-squares on F2

1I[O'2(Fo
2) + (0.1149P)2 + 34.71P],

where p';" 113 [Max(Fo
2,0) + 2F/]

0.0826 [1>20'(1)]

0.1619 (all data)

0.2055 [1>20'(1)]

0.2384 (all data)

1.091

0.002

3.54 (Close to Au(I) centre)

351

48



Chapter Three: Synthesis ofGoldil) Complexes Containing Novel Thienylphosphine Ligands

Table 111.25 Non-hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A 2 x

103
) f Of [CIAuPSS] ([5])

x y z U(eq)

Au(l) 4051(1 ) 1384(1) 2374(1) 85(1 )

Au(2 ) 1002(1) 1812(1 ) 5032(1) 70(1)

CI(l) 5705(6) 1378(6) 1899(3) 106(2)

CI(2) -744(5) 1573(5) 4611 (3) 86(2)

8(1) 1502(8) 3093(7) 3595(4) 128(3)

8(3) 2265(7) 3870(6) 6087(3) 97(2)

8(2) 2811(16) 5713(15) 4383(7) 250(8)

8(4) 3530(2) 6369(19 ) 6781(10) 346(13 )

P(l) 2456(6) 1488(5) 2857(2) 76(2)

P(2) 2720(5) 2006(5) 5441(2) 64(2)

C(l) 2533(19) 2505(17) 3236(8) 100(9)

e(2) 3410(2) 3120(2) 3310(10) 132(12)

C(3) 3370(2) 3940(2) 3596(11) 122(11 )

C(4) 2280(2) 4083(15) 3803(10) 108(9)

C(5) 2000(2) 4761(17) 4152(10) 130(12)

C(6) 910(2) 4920(2) 4359(11 ) 123(11 )

C(7) 900(3) 5760(3) 4635(13) 178(17)

C(8) 1810(3) 6320(2) 4747(12) 169(16)

C(9) 2270(2) 466(16 ) 3305 (8) 61(6)

C(lO) 1420(2) 475(17) 3700(8) 71(7)

C(ll) 1330(2) -343 (19 ) 4038 (9) 79(7)

C(12) 2000(2) -1145(17 ) 3959(11 ) 81(8)

C(13) 2840(2) -1170(2) 3572(12) 90(8)

C(14) 2930(2) -358(19) 3239(9) · 78(7)

C(15) 1110(2) 1610(2) 2481(9) 74(7)

C(16) 350(3) 810(2) 2437(10) 98(9)
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Table 111.25 continued. ..

C(17) -600(3) 890(3) 2110(12) 109(10)

C(18) -820(3) 1750(3) 1832(12) 100(9)

C(19) -40(2) 2530(3) 1881(11) 107(11)

C(20) 890(3) 2460(2 ) 2191(9) 89(9)

C(21) 3007(16) 3227(14) 5629(7) 62(6)

C(22) 3760(2) 3910(2) 5467(12) 144(13 )

C(23) 3860(3) 4850(2) 5643(11 ) 153(14)

C(24) 3044(18 ) 4927(13 ) 6034(9) 76(7)

C(25) 2760(2) 5748(18) 6324(9) 91(8)

C(26) 1590(3) 6010(4 ) 6344(19) 660(11)

C(27) 1550(3) 6630(4) 6750(2) 430(6)

C(28) 2430(3) 7080(2) 6998(11 ) . 123(11)

C(29) 2826(19) 1336(17) 6063(9 ) 60(6)

C(30) 3640(2) 1542(18) 6414(9) 72(7)

C(31) 3670(2) 950(3) 6868(10) 96(9)

C(32) 2920(3) 220(3) 6949(11 ) 98(9)

C(33) 2120(3) 10(2) 6602(13 ) 95(9)

C(34) 2090(3) 610(2) 6140(10) 88(8)

C(35) 3909(17) 1677(18) 5053(8) 65(6)

C(36) 3810(2) 1600(2) 4505 (9) 79(7)

C(37) 4710(4) 1350(3) 4203(10) 142(15)

C(38) 5780(3 ) 1220(3) 4410(15) 123(12)

C(39) 5910(3) 1230(3) 4937(13 ) 115(12)

C(40) 5020(2) 1410(2) 5258(11 ) 103(10)

1 I I ..
U(eq) =~ . i j 1Lij a i a j (a i . a i)

~ .
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Table 111.26 Hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A2 x 103

)

for [C1AuPSS] ([5]) (the numbering of the H atoms is done according to the numbering of

the C atoms, to which the hydrogens are respectively attached)

x y z U(eq)

H(2) 4119 2971 3149 158

H(3) 3995 4370 3649 146

H(6) 266 4506 4311 147

H(7) 185 5968 4762 214

H(8) 1884 6872 4962 203

H(lO) 924 1016 3737 86

H(ll) 802 -329 4315 95

H(12) 1889 -1701 4170 97

H(13) 3335 -1711 3537 108

H(14) 3458 -380 2964 94

H(l6) 483 236 2627 117

H(17) -111 0 349 2075 131

H(18) -1481 1801 1617 120

H(19) -173 3106 1692 129

H(20) 1401 2998 2215 107

H(22) 4277 3719 5206 173

H(23) 4369 5340 5526 184

H(26) 984 5805 6125 791
H(27) 806 6764 6885 513
H(28) 2442 7628 7222 147
H(30) 4168 2055 6363 87
H(31) 4241 1082 7122 115
H(32) 2972 -1 54 7256 118
H(33) 1592 -498 6653 11 4
H(34) 1532 476 5884 106
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Table 111.26 continued. . .

H(36) 3087 1724 4346 95

H(37) 4593 1258 3843 170

H(38) 6426 1125 4195 148

H(39) 6643 1106 5082 138

H(40) 5135 1356 5620 123

Table 111.27 Anisotropic thermal factors (A2 x 103
) for [CIAuPSS] ([5])

U(ll) U(22) U(33) U(23) U(13) U(12)

Au(l) 91(1) 92(1) 72(1) 17(1) -6(1) -11(1)

Au(2) 67(1) 79(1) 65(1) -15(1) -8(1) 3(1)

CI(l) 92(5) 110(6) 115(6) 27(5) 4(4) -14(4)

CI(2) 65(4) 107(5) 84(4) -21(4) -16(3) 4(4)

P(l) 97(5) 67(4) 62(4) 5(3) -2(3) -4(4)

P(2) 63(4) 66(4) 63(3) -10(3) -8(3) 2(3)

C(9) 83(16) 43(13) 57(13) 3(10) 9(12) 17(12)

C(lO) 99(19) 57(15) 59(14) -4(13) 10(13) 9(13)

C(ll) 120(2) 68(17) 54(14) -6(13) 10(13) -4(16)

C(12) 100(2) 33(15) 100(2) 12(13) -29(17) -10(14)

C(13) 66(17) 90(2) 110(2) -13(19) 2(16) -4(15)

C(14) 110(2) 64(17) 64(15) -1(13) 8(14) -18(16)

C(l5) 65(15) 90(2) 62(14) -6(14) 3(11) 9(15)

C(16) 120(2) 100(2) 70(16) 25(16) -45(17) -30(2)

C(17) 130(3) 100(3) 100(2) -10(2) 10(2) 0(2)

C(l8) 80(2) 120(3) 90(2) 10(2) 9(16) -20(2)

C(19) 76(19) 140(3) 110(2) 70(2) 11 (17) 30(2)

C(20) 110(2) 80(2) 74(17) 24(15) 5(16) 45(17)

C(29) 59(14) 53(15) 69(15) -2(12) 6(12) 4(12)
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Table 111.27 continued.. .

C(30) 89(18) 59(16) 68(16) 1(13) 14(14) 3(13)

C(31) 76(19) 140(3) 69(18) -15(19) -4(14) 20(2)

C(32) 100(2) 120(3) 71 (19) 10(18) 17(17) -20(2)

C(33) 90(2) 80(2) 120(2) -5(19) 34(19) -13(16)

C(34) 120(2) 65(18) 82(18) 25(15) 6(16) 19(17)

C(35) 39(11) 90(17) 68(15) -12(13) 25(10) -9(12)

C(36) 75(16) 110(2) 49(14) -13(14) -9(12) -7(15)

C(37) 160(4) 220(4) 47(16) -10(2) 30(2) 60(3)

C(38) 54(18) 180(4) 130(3) -20(3) 10(19) 0(2)

C(39) 90(2) 160(3) 100(2) -40(2) -21(19) 50(2)

C(40) 48(14) 160(3) 96(19) -50(2) -19(14) 33(17)

The anisotropic thermal factor exponent takes the form:
J 2." ') ••-21c[h a "Ut l l ) + ...... + Zhka b U(12)]
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Table 111.28 Interatomic distances (A) for [CIAuPSS] ([5])

Au(l)-P(l) 2.217(7) C(36)-C(37) 1.34(4)

Au(1)-CI(l) 2.256(8) C(37)-C(38) 1.35(4)

P(l)-C(1) 1.68(2) C(38)-C(39) 1.35(4)

P(1)-C(9) 1.80(2) C(39)-C(40) 1.33(4)

P(1)-C(15) 1.81(2) S(I)-C(4) 1.688(15)

C(9)-C(14) 1.36(3) S(l)-C(l) 1.696(14)

C(9)-C(10) 1.40(3) C(1)-C(2) 1.322(15)

C(lO)-C(1I) 1.40(3) C(2)-C(3) 1.325(15)

C(1l)-C(12) 1.34(3) C(3)-C(4) 1.373(15)

C(12)-C(13) 1.39(4) C(4)-C(5) 1.31(3)

C(13)-C(14) 1.39(3) S(3)-C(24) 1.688(1 4)

C(15)-C(16) 1.39(3) S(3)-C(21) 1.689(13)

C(15)-C(20) 1.39(3) C(21)-C(22) 1.332(15)

C(16)-C(17) 1.37(4) C(22)-C(23) 1.350(16)

C(17)-C(18) 1.38(4) C(23)-C(24) 1.375(15 )

C(18)-C(l9) 1.39(4) C(24)-C(25) 1.37(3)

C(19)-C(20) 1.32(3) S(2)-C(8) 1.688(15)

Au(2)-P(2) 2.232(6) S(2)-C(5) 1.688(15)

Au(2)-CI(2) 2.282(6 ) S(2)-C(7) 2.29(3)

P(2)-C(21) 1.75(2) C(5)-C(6) 1.379(15)

P(2)-C(35) 1.747(19) C(6)-C(7) 1.328(15)

P(2)-C(29) . 1.83(2) C(7)-C(8) 1.316(16)

C(29)-C(34) 1.31(3) C(25)-C(26) 1.384(16)

C(29)-C(30) 1.31(3) C(25)-S(4) 1.676(1 5)

C(30)-C(31) 1.40(3) S(4)-C(28) 1.677(15)

C(31)-C(32) 1.33(4) S(4)-C(27) 2.30(4)

C(32)-C(33) 1.29(4) C(26)-C(27) 1.339(16)

C(33)-C(34) 1.42(4) C(27)-C(28) 1.332(16)

C(35)-C(36) 1.40(3) C(35)-C(40) 1.42(3)
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Table 111.29 Interatomic angles (0) for [ClAuPSS] ([5])

P(l)-Au(l )-CI(l) 176.3(3) C(37)-C(38)-C(39) 118(3)

C(I)-P(I)-C(9) 105.6(11) C(40)-C(39)-C(38) 123(3)

C(l)-P(l )-C(15) 105.6(11) C(39)-C(40)-C(35) 121(3)

C(9)-P(1 )-C(15) 107.2(12) C(4)-S(I)-C(1) 99.9(12)

C(l)-P(l)-Au(l) 109.4(8) C(2)-C(I)-P(I) 129.2(18)

C(9)-P(I)-Au(1) 114.0(8) C(2)-C(1)-S(l) 99.5(18)

.C(l5)-P(1)-Au(l) 114.4(8) P(l)-C(l)-S(l) 131.2(16)

C(14)-C(9)-C(l0) 119(2) C(l)-C(2)-C(3) 125(3)

C(14)-C(9)-P(1) 118.5(18) C(2)-C(3)-C(4) 112(2)

C(10)-C(9)-P(1) 122.3(17) C(5)-C(4)-C(3) 126(2)

C(ll)-C(l0)-C(9) 119(2) C(5)-C(4)-S(l) 129(2)

C(12)-C(ll )-C(l0) 120(2) C(3)-C(4)-S(l) 104.4(17)

C(ll)-C(12)-C(13) 122(2) C(24)-S(3)-C(21) 96.2(10)

C(14)-C(13)-C(12) 118(3) C(22)-C(2l )-S(3) 100.9(19)

C(9)-C(14)-C(13) 122(2) C(22)-C(21)-P(2) 133.7(19)

C(16)-C(15)-C(20) 119(2) S(3)-C(21)-P(2) 125.3(12)

C(16)-C(15)-P(I) 120(2) C(2l)-C(22)-C(23) 127(3)

C(20)-C(15)-P(1) 120(2) C(22)-C(23)-C(24) 105(3)

C(17)-C(16)-C(15) 120(3) C(25)-C(24)-C(23) 128(2)

C(16)-C(l7)-C(l8) 121(3) C(25)-C(24)-S(3) 120.6(17)

C(17)-C(18)-C(19) 119(3) C(23)-C(24)-S(3) 111.1(19)

C(20)-C(19)-C(18) 121(3) C(8)-S(2)-C(5) 100.5(14)

C(19)-C(20)-C(15) 121(3) C(8)-S(2)-C(7) 34.7(9)

P(2)-Au(2)-CI(2) 178.6(2) C(5)-S(2)-C(7) 65.9(10)

C(21 )-P(2)-C(35) 104.3(10) C(4)-C(5)-C(6) 126(2)

C(2l)-P(2)-C(29) 102.6(10) C(4)-C(5)-S(2) 129(2)

C(35)-P(2)-C(29) 108.6(11) C(6)-C(5)-S(2) 104.3(18)

C(21)-P(2)-Au(2) 113.7(7) C(7)-C(6)-C(5) 110(3)
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Table 111.29 continued...

C(35)-P(2)-Au(2) 113.4(8) C(8 )-C(7)-C(6) 126(3)

C(29)-P(2)-Au(2) 113.4(8) C(8)-C(7)-S(2) 46.9(13)

C(34)-C(29)-C(30) 121(2) C(6)-C(7)-S(2) 79.7(19)

C(34)-C(29)-P(2) 118(2) C(7)-C(8)-S(2) 98(2)

C(30)-C(29)-P(2) 122(2) C(24)-C(25)-C(26) 118(3)

C(29)-C(30)-C(31) 117(2) C(24)-C(25)-S(4) 131(2)

C(32)-C(31)-C(30) 122(3) C(26)-C(25)-S(4) 110(2)

C(33)-C(32)-C(31 ) 120(3) C(25)-S(4)-C(28) 97.2(14)

C(32)-C(33)-C(34) 117(3) C(25)-S(4)-C(27) 62.8(12)

C(29)-C(34)-C(33) 123(3) C(28)-S(4)-C(27) 35.0(10)

C(36)-C(35)-C(40) 114(2) C(27)-C(26)-C(25) 103(3)

C(36)-C(35)-P(2) 121.5 (18) C(28)-C(27)-C(26) 128(4)

C(40)-C(35)-P(2) 124.1(18) C(28)-C(27)-S(4) 46.2(15)

C(37)-C(36)-C(35) 122(2) C(26)-C(27)-S(4) 83(2)

C(36)-C(37)-C(38) 121(3) C(27)-C (28)-S(4) 99(2)
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111.5.2.2 Single crystal X-ray diffraction study on chlorogold(l) diphenyl[6-(2'

thienyl)-2-pyridyl]phosphine, [ClAuPNS] ([8])

Colourless crystals of [C1AuPNS] were grown from slow cooling of hexane/

dichloromethane solution (in approximately 1:1 volume ratio). Data were collected using

an Enraf-Nonius CAD4 diffractometer (Appendix A). SHELXS-972 16 and SHELXL-97217

were employed for the structure solution calculations (Appendix A). In the least-squares

refinement, the hydrogen atoms were included as ideal contributors with standard

idealisation parameters. Crystallographic data are given in Table IlI.30, the non-hydrogen

atomic coordinates in Table Ill.31, the hydrogen atomic coordinates in Table Ill.32, the

anisotropic thermal factors in Table IlL33, the interatomic distances in Table III.34 and the

interatomic angles in Table III.35. The observed and calculated structure factors can be

found on the disk in an envelope fixed to the inside back cover.

Table 111.30 Crystal data and details of data collection and structure refinement for

[C1AuPNS] ([8])

Empirical formula

Colour and description

Crystal dimensions (mm)

Molecular mass (g-mol")

Crystal system

Space Group

a (A)

b (A)

c (A)

a (0)

~ (0)

y (0)

V (A3
)

Z

F(OOO)

T (K)

A(Mo-Ka) (A)

282

C21H16AuC1NPS

Colourless rhomb

0.50 x 0.35 x 0.15

577.79

Triclinic

PT
8.2680(15)

10.395(2)

11.860(2)

105.443(15)

95.501(15)

95.392(15)

970.4(3)

2

1.977

552

293(2)

0.71069
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Table 111.30 continued...

Scan mode

ill scan angle

Horizontal aperture width (mm)

Scattering range (0)

~ (mm")

Absorption corrections

Measured intensities

Unique intensities

Unique intensities with [I> 2cr(I)]

Structure solution

Refinement method

Weighting scheme

Extinction coefficient

GooF on F2

(Ncr)max

~Pmax (eA'3)

Number of parameters

283

ill - 29

0.60 + 0.35tan9

2.7 + 0.ltan9

2 ~ 9 ~ 23

7.913

Semi empirical

3148

2687

2479

Direct & Fourier

Full-matrix least-squares on F2

1I[cr2(F/) + (0.028P)2 + 0.443P],

where P = 1/3 [Max(Fo
2,0) + 2F/]

None

0.0187 [1>2cr(1)]

0.0226 (all data)

0.0480 [1>2cr(1)]

0.0491 (all data)

1.074

0.001

0.776
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Table 111.31 Non-hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A2 x

103
) for [CIAuPNS] ([8])

x y z U(eq)

Au(l) 9823(1) -1035(1) 6716(1 ) 44(1)

CI(I) 8117(2) 165(1) 5902(1 ) 60(1)

P(l) 11422(1) -2187(1) 7594(1 ) 39(1)

S(l) 15617(2) -3294(1) 10603(1) 65(1)

N(l) 13184(4) -1857(3 ) 9707(3 ) 38(1)

C(l) 12220(5) -1237(4) 9113(4) 37(1)

C(2) 11869(5) 54(4) 9560(4) 42(1)

C(3) 12536(5) 727(4) 10711(4) 46(1)

C(4) 13503(5) 120(4) 11329(4) 43(1)

C(5) 13853(5) -11 91(4) 10804(4) 37(1)

C(6) 15016(5) -1839(4) 11384(4) 39(1)

C(7) 15876(5) -1361(4) 12575 (4) 39(1)

C(8) 17002(6) -2290(6) 12694(5) 62(1)

C(9) 16980(6) ""4"C) 11739(5) 63(1)-.).) .) :>

C(lO) 13198(5) -2666(4) 6865(4) 40(1)

C(ll) 13515(6) -2229(4) 5905(4) 47(1)

C(12) 14867(7) -2563(6 ) 5350(5 ) 65(1)

C(13) 15908(7) -3336(6) 5745(5) 71(2)

C(l4) 15593(6) -3798(5) 6711(5) 61(1)

C(15) 14239(6) -3461(4) 7270(4 ) 49(1)

C(l6) 10375(5) -3757(4) 7690(4) 40(1)

C(l7) 9669(5) -3881(4) 8671(4) 48(1)

C(l8) 8766(6) -5099(5) 8657(5) 56(1)

C(19) 8614(6) -6165(5) 7693(5) 63(1)

C(20) 9324(6) -6062(5) 6711(5) 63(1)

C(21) 10201(6) -4865(4 ) 6699(4 ) 51(1)
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Table 111.32 Hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A

2
x 10

3
)

for [ClAuPNS] ([8]) (the numbering of the H atoms is done according to the numbering of

the C atoms, to which the hydrogens are respectively attached)

x y z U(eq)

H(2) 11212 460 9111 51

H(3) 12313 1596 11052 55

H(4) 13942 565 12102 51

H(7) 15722 -593 13151 46

H(8) 17702 -2177 13385 75

H(9) 17644 -4023 11709 75

H(ll) 12813 -1702 5627 56

H(12) 15071 -2260 4701 78

H(13) 16824 -3554 5371 85

H(14) 16293 -4332 6979 73

H(15) 14026 -3767 7917 59

H(17) 9793 -3156 9343 57

H(18) 8270 -5171 9312 67

H(19) 8027 -6974 7692 75

H(20) 9213 -6803 6051 76

H(21) 10672 -4800 6032 62

Table 111.33 Anisotropic thermal factors (A2 x 103
) for [ClAuPNS] ([8])

U(ll) U(22) U(33) U(23) U(13) U(12)

Au(l) 45(1) 43(1) 45(1) 18(1) -5(1) 8(1)

CI(I) 59(1) 62(1) 69(1) 35(1) -2(1) 18(1)

P(l) 41(1) 39(1) 37(1) 13(1) -4(1) 5(1)

S(I) 80(1) 53(1) 57(1) 9(1) -6(1) 22(1)

N(l) 41(2) 36(2) 36(2) 10(2) -2(2) 4(2)

C(l) " "(?) 36(2) 38(2) 10(2) 1(2) 1(2).J.J _
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Table 111.33 continued. . .

C(2) 33(2) 42(2) 52(3) 14(2) 3(2) 6(2)

C(3) 46(3) 36(2) 52(3) 5(2) 4(2) 9(2)

C(4) 41(2) 43(2) 38(2) 1(2) 1(2) 6(2)

C(S) 35(2) 38(2) 37(2) 10(2) 4(2) -3(2)

C(6) 41(2) 37(2) 37(2) 13(2) 2(2) 1(2)

C(7) 41(2) 42(2) 38(2) 18(2) 5(2) 11(2)

C(8) 61(3) 80(4) 48(3) 27(3) -10(2) 9(3)

C(9) 69(3) 60(3) 62(3) 22(3) -3(3) 26(3)

C(IO) 40(2) 39(2) 36(2) 8(2) -5(2) -2(2)

C(ll) 51(3) 45(2) 40(2) 10(2) -3(2) -4(2)

C(12) 66(3) 74(3) 51(3) 16(3) 10(3) -6(3)

C(13) 54(3) 78(4) 66(4) -5(3) 13(3) -2(3)

C(14) 52(3) 62(3) 61(3) 4(3) -2(3) 19(2)

C(IS) 55(3) 49(3) 44(3) 12(2) 2(2) 11 (2)

C(l6) 38(2) 42(2) 39(2) 17(2) -6(2) 5(2)

C(17) 47(2) 47(3) 52(3) 18(2) 4(2) 11(2)

C(18) 50(3) 62(3) 64(3) .,.,C) 9(2) 5(2).J.J .J

C(19) 49(3) 44(3) 94(4) 30(3) -10(3) -9(2)

C(20) 59(3) 48(3) 68(4) 6(3) -18(3) -9(2)

C(21) 56(3) 52(3) 41(3) 13(2) -9(2) -3(2)

The anisotropic thermal factor exponent takes the form:
? 2 2 *2 ? * *

-_1t [h a D(l l) + ...... + Zhka b U(l 2)]
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Table 111.34 Interatomic distances (A) for [CIAuPNS] ([8])

Au(l)-P(l) 2.2272(11) C(7)-C(8) 1.427(7)

Au(l )-CI(l) 2.2778(12) C(8)-C(9) 1.347(7)

P(l)-C(16) 1.812(4) C(IO)-C(11 1.372(6)

P(1)-C(10) 1.818(4) C(IO)-C(15) 1.386(6)

P(l)-C(l) 1.833(4) C(ll)-C(12) 1.376(7)

S(l)-C(9) 1.686(5) C(12)-C(13) 1.363(8)

·S(I)-C(6) 1.696(4) C(13)-C(14) 1.392(8)

N(l)-C(l) 1.334(5) C(14)-C(15) 1.382(7)

N(l)-C(5) 1.337(5) C(16)-C(l7) 1.380(7)

C(I)-C(2) 1.375(6) C(16)-C(21) 1.394(6)

C(2)-C(3) 1.390(6) C(17)-C(18) 1.403(6)

C(3)-C(4) 1.343(6) C(18)-C(l9) 1.350(7)

C(4)-C(5) 1.410(6) C(19)-C(20) 1.377(8)

C(5)-C(6) 1.447(6) C(20)-C(21) 1.384(7)

C(6)-C(7) 1.454(6)
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Table 111.35 Interatomic angles (0) for [CIAuPNS] ([8])

P(l)-Au(I)-CI(I) 177.02(4) C(7)-C(6)-S(I) 112.5(3)

C(l6)-P(I)-C(10) 104.41(19) C(8)-C(7)-C(6) I07.1(4 )

C(16)-P(I)-C(I) 105.72(19) C(9)-C(8)-C(7) 115.5(4)

C(IO)-P(I)-C(I) 105.99(18 ) C(8)-C(9)-S(I) 112.6(4)

C(16)-P(I)-Au(l) 113.32(13) C(ll)-C(l0)-C(15) 119.7(4)

C(lO)-P(l)-Au(l) 114.68(14) C(ll)-C(lO)-P(l) 119.5(3)

C(l)-P(l)-Au(l) 111.93(13) C(l5)-C(10)-P(l) 120.8(3)

C(9)-S(1)-C(6) 92.4(2) C(lO)-C(ll )-C(12 120.5(5)

C(I)-~(I)-C(5) 118.4(3) C(13)-C(12)-C(II) 120.5(5)

~(I)-C(I)-C(2) 123.9(4) C(12)-C(13)-C(l4) 119.7(5)

~(l)-C(l)-P(l) 115.9(3) C(15)-C(l4)-C(13) 119.9(5)

C(2)-C(1)-P(l) 120.2(3) C(14)-C(15)-C(10) 119.8(5)

C(I)-C(2)-C(3) 117.3(4) C(17)-C(16)-C(21) 119.0(4)

C(4)-C(3)-C(2) 119.9(4) C(17)-C(l6)-P(I ) 123.0(3)

C(3)-C(4)-C(5) 119.9(4) C(21)-C(l6)-P(1) 117.9(3)

~(I)-C(5)-C(4) 120.6(4) C(16)-C(17)-C(l8) 120.2(5)

~(I)-C(5)-C(6) 117.1(3) C(19)-C(18)-C(17) 120.1(5)

C(4)-C(5)-C(6) 122.2(4) C(18)-C(19)-C(20) 120.4(4)

C(5)-C(6)-C(7) 128.4(4) C(19)-C(20)-C(21) 120.5(5)

C(5)-C(6)-S(1) 119.0(3) C(20)-C(21 )-C(16) 119.8(5)
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111.5.2.3 Single crystal X-ray diffraction study on bis[phenyldi(2-thienyl)phosphine]

chlorogoldrl), [ClAu(PDSh] ([10])

The crystals of [CIAu(PDShJ were obtained by recrystallisation of the complex in acetone

in the presence of the excess of the ligand. Data were collected using an Enraf-Nonius

CAD4 diffractometer (Appendix A). SHELXS-97216 and SHELXL-97217 were employed

for the structure solution calculations (Appendix A). These calculations indicated that both

Au(l) and CI(1) are located on a two-fold rotation axis (O,y,O). In the least-squares

refinement, the hydrogen atoms were included as ideal contributors with standard

idealisation parameters. The anisotropic thermal factor of S(1) was restrained to be

approximately isotropic (ISOR) as a result of disorder in this atom. Crystallographic data

are given in Table III.36, the non-hydrogen atomic coordinates in Table III.37, the

hydrogen atomic coordinates in Table III.38, the anisotropic thermal factors in Table

III.39, the interatomic distances in Table IIIAO and the interatomic angles in Table III.41.

The observed and calculated structure factors may be found on the disc in an envelope

fixed to the inside back cover.

Table 111.36 Crystal data and details of data collection and structure refinement for

[CIAu(PDShJ ([10])

Empirical formula

Colour and description

Crystal dimensions (mm)

Molecular mass (gmol")

Crystal system

Space Group

a (A)

b (A)

c (A)

a (0)

~ (0)

r (0)

V (A 3
)

Z

Dc(g-cm")

289

C2sH22AuCIP2S4

Colourless block

0.23 x 0.38 x 0.31

781.05

Monoclinic

C2

17.610(6)

10.0917(16)

8.013(3)

90

100.68(3)

90

1399.5(7)

2

1.854
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Table 111.36 continued.. .

F(OOO)

T (K)

A (Mo-Ka) (A)

Scan mode

(0 scan angle

Horizontal aperture width (mm)

Scattering range (0)

~ (mm")

Absorption corrections

Measured intensities

Unique intensities

Unique intensities with [I> 2cr(l)]

Structure solution

Refinement method

Weighting scheme

Absolute structure parameter

R=L I IFol - IFc l lIL IFo l

GooF on F2

(.Mcr)max

~Pmax (eA-3)

Number of parameters

290

760

293(2)

0.71069

(0 - 28

0.47 + 0.35tan8

2.7 + 0.ltan8

2 s 8 :s; 30

5.782

Semi empirical

2822

2365

2318

Direct & Fourier

Full-matrix least-squares on F2

1/[cr2(F/ ) + (0.053P)2],

where P = 1/3 [Max(Fo
2,0) + 2F/]

0.024(9)

0.0297 [1>2cr(l)]

0.0322 (all data)

0.0764 [1>2cr(I)]

0.0780 (all data)

1.091

0.000

-1.07
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Table 111.37 Non-hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A

2
x

103
) for [CIAu(PDS)2] ([10])

x y z U(eq)

Au(t) 0 0 0 37(1)

CI(t) 0 -2546(3) 0 62(1)

Set) 102(2) 3211(4) 2314(9) 128(2)

S(2) 1402 457 6074 67(1)

pet) 977(1) 682(2) 2158(2) 35(1)

C(t) 938(4) 2399(7) 2712(9) 39(1)

C(2) 1611(5) 3274(6) 3454(11) 48(2)

C(3) 1246(7) 4575(11) 3547(12) 65(2)

C(4) 514(8) 4658(11) 3063(19) 88(4)

C(5) 1024 36 4099 73(2)

C(6) 930 -1462 4304 72(3)

C(7) 1115 -1940 6026 79(3)

C(8) 1355 -1002 7128 68(3)

C(9) 1934(3) 529(7) 1626(8) 38(1)

C(lO) 2149(6) 1367(10) 373(11) 55(2)

C(ll) 2866(7) 1228(12) -49(14) 67(3)

C(12) 3350(4) 298(13) 689(11) 63(4)

C(13) 3162(5) -532(13) 1903(13) 68(2)

C(l4) 2470(5) -406(9) 2336(10) 52(2)

1 • •
U(eq) =:;-. I i I j lLij a i a j (a i . a i)

~ ..

291



Chapter Three: Synthesis ofGoldtI) Complexes Containing Novel Thienylphosphin e Ligands

Table 111.38 Hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A2 x 103

)

for [ClAu(PDS)2] ([10]) (the numbering of the H atoms is done according to the numbering

of the C atoms , to which the hydrogens are respectively attached)

x y z U(eq)

H(2) 2129 3047 3773 58

H(3) 1539 5315 3946 78

H(4) 236 5436 3117 105

H(6) 766 -2021 3385 86

H(7) 1069 -2823 6324 94

H(8) 1480 -1113 8299 82

H(lO) 1807 2006 -160 66

H(l1) 3014 1787 -855 81

H(12) 3829 209 372 76

H(13) 3510 -1170 2414 82

H(l4) 2342 -975 3154 63

Table 111.39 Anisotropic thermal factors (A2 x 103
) for [ClAu(PDSh] ([10])

U(l1) U(22) U(33) U(23) U(13) U(12)

Au(l) 32(1) 44(1) 34(1) 0 0(1) 0

CI(l) 91(2) 38(1) 56(2) 0 10(2) 0

S(l) 66(2) 75(2) 232(6) -38(3) -4(3) 18(2)

8(2) 102(2) 57(1) 38(1) -1(1) -1(1) 14(1)

P(l) 31(1) 37(1) 32(1) 0(1) -2(1) 3(1)

C(l) 35(3) 36(3) 43(3) -2(2) 0(2) 8(2)

C(2) 55(4) 25(3) 65(4) -13(3) 14(3) 1(3)

C(3) 87(6) 50(4) 55(4) -10(4) 10(4) -11(4)

C(4) 87(7) 49(5) 124(11) -4(5) 10(7) 25(5)

C(5) 41(3) 138(8) 38(3) 4(14) 2(2) 6(14)

C(6) 83(6) 84(7) 44(4) 17(4) -3(4) -25(6)
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Table 111.39 continued.. .

C(7) 98(8) 75(7) . 63(6) 35(5) 16(5) -4(6)

C(8) 80(6) 88(7) 38(3) 23(4) 13(4) 16(5)

C(9) 37(3) 41(3) 34(2) -6(2) 2(2) 3(2)

C(lO) 57(4) 63(5) 44(4) 4(3) 7(3) 5(4)

C(ll) 70(6) 75(6) 64(5) 0(5) 30(5) -10(5)

C(12) 48(3) 88(11) 56(4) -21(5) 15(3) -1(4)

C(13) 54(4) 76(5) 73(5) -6(5) 10(4) 16(5)

C(14) 56(4) 46(3) 50(4) 7(3) -3(3) 11(3)

The anisotropic thermal factor exponent takes the form:
') 2 2 *2 ') * *

-_1t [h a D(11) + ...... + Zhka b D(12)]

Table 111.40 Interatomic distances (A) for [CIAu(PDS)Zl ([10])

Au(l)-P(l) 2.3073(16) C(3)-C(4) 1.279(15)

Au(l)-CI(l) 2.569(3) C(S)-C(6) 1.5328(2)

S(l)-C(l) 1.664(7) C(6)-C(7) 1.4411(4)

S(1)-C(4) 1.690(13) C(7)-C(8) 1.3100(2)

S(2)-C(S) 1.6547(5) C(9)-C(l4) 1.380(10)

S(2)-C(8) 1.7071(2) C(9)-C(l0) 1.416(11)

P(l)-C(S) 1.6742(16) C(IO-C(ll) 1.373(13)

P(l)-C(l) 1.793(7) C(ll)-C(12) 1.331(16)

P(1)-C(9) 1.819(6) C(12)-C(13) 1.369(16)

C(1)-C(2) 1.509(10) C(13)-C(14) 1.335(12)

C(2)-C(3) 1.469(13)
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Table 111.41 Interatomic angles (0) for [C1Au(PDSh J ([10])

P(1)* refers to the phosphorous atom generated by symmetry

P(l)-Au(l)-P(l)* 145.31(8) C(3)-C(4)-S(l) 113.2(8)

P(l)-Au(l)-CI(l) 107.35(4) C(6)-C(5)-S(2) 100.548(7)

P(l)*-Au(l )-CI(l) 107.35(4) C(6)-C(5)-P(1) 119.71(6)

C(l)-S(l)-C(4) 92.9(5) S(2)-C(5)-P(l ) 136.92(6)

C(5)-S(2)-C(8) 101.768(14) C(7)-C(6)-C(5) 115.023(6)

C(5)-P(1)-C(l) 98.3(2) C(8)-C(7)-C(6) 113.021(17)

C(5)-P(1)-C(9) 107.3(2) C(7)-C(8)-S(2) 109.202(19)

C(l)-P(l)-C(9) 102.7(3) C(14)-C(9)-C(10) 116.6(7)

C(5)-P(1)-Au(1) 118.79(8) C(14)-C(9)-P(1) 123.6(6)

C(l)-P(l)-Au(l) 114.6(2) C(l0)-C(9)-P(I) 119.7(6)

C(9)-P(I)-Au(1) 113.2(2) C(ll)-C(l0)-C(9) 119.5(8)

C(2)-C(1)-S(l) 112.9(5) C(12)-C(ll )-C(l0) 120.3(9)

C(2)-C(I)-P(I) 126.9(5) C(ll)-C(12)-C(13) 121.9(8)

S(l)-C(l)-P(l)
~.

120.2(4) C(14)-C(13)-C(12) 118.6(9)

C(3)-C(2)-C(l) 103.0(7) - C(13)-C(14)-C(9) 123.1(9 )

C(4)-C(3)-C(2) 118.0(9)
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111.5.2.4 Single crystal X-ray diffraction study on tris[diphenyl(2-thienyl)phosphine]

chlorogold(l) bis(dichloromethane) solvate, [ClAu(PSh] . 2CH2Ch ([13])

The crystals of [CIAu(PS)3]·2CH2Cb precipitated from the concentrated deuterated

dichloromethane solution containing [CIAuPPh3] and PS (Section III.2.1.3) . Data were

collected using an Enraf-Nonius CAD4 diffractometer (Appendix A). SHELXS-97216 and

SHELXL-972 17 were employed for the structure solution calculations (Appendix A). The

least-squares refinement indicated considerable disorder in this molecule. On anisotropic

refinement of the C and S atoms, the majority became non-positive definite. Hence only

the Au, P and Cl atoms were refined anisotropically. In addition, the constituent atoms of

each of the phenyl and thiophene rings were restrained to lie in a common plane (FLAT) ,

each of the phenyl rings was fitted to a regular hexagon (AFIX) and the bond lengths of the

thiophene rings were restrained to average C-C and C-S values (DFIX). The hydrogen

atoms were included as ideal contributors with standard idealisation parameters.

Crystallographic data are given in Table II1.42, the non-hydrogen atomic coordinates in

Table III.43, the hydrogen atomic coordinates in Table III.44 , the anisotropic thermal

factors in Table III.45 , the interatomic distances in Table III.46 and the interatomic angles

in Table III.47. The observed and calculated structure factors may be found on the disk in

an envelope fixed to the inside back cover.

Table 111.42 Crystal data and details of data collection and structure refinement for

[CIAu(PS)3]·2CH2Ch ([13])

Empirical formula

Colour and description

Crystal dimensions (mm)

Molecular mass (g-rnol")

Crystal system

Space Group

a (A)

b (A)

c (A )

a (0)

p(0)

y (0)

295

Csol!t3AuClsP3S3

Off-white (translucent) block

0.35 x 0.12 x 0.23

1207.15

Monoclinic

11.248(4)

22.578(7)

20.326(14)

90

94.12(5)

90
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Table 111.42 continued. ..

V (A3
)

Z

n, (g-em")

F(OOO)

T (K)

A (Mo-Ka) (A)

Scan mode

ill scan angle

Horizontal aperture width (mm)

Scanering range (0)

~ (mm")

Absorption corrections

Measured intensities

Unique intensities

Unique intensities with [I > 2cr(I)]

Structure solution

Refinement method

Weighting scheme

GooF on F2

(LVcr)max

~Pmax (eA-3)

Number of parameters

Restraints

296

5148(4)

4

1.557

2400

293(2)

0.71069

ill - 28

0.42 + 0.35tan8

2.7 + 0.1tan8

2 s 8 ~ 23

3.365

Semi empirical

7170

6942

335

Direct & Fourier

Full-matrix least-squares on F2

1/[cr2(F/) + (0.111 p)2+ 560.76P],

where P = 113[Max(Fo
2,0) + 2F/]

0.1192 [1>2cr(I)]

0.2627 (all data)

0.2644 [I>2cr(1)]

0.3980 (all data)

1.035

-0.001

4.37 (Close to Au(1) centre)

258

39
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Table 111.43 Non-hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A2 x

103) for [ClAu(PS)3]-2CH2Cb ([13])

x y z U(eq)

Au(l) 1028(1) 2289(1) 196(1) 45(1)

CI(I) 2102(9) 3085(4) 1093(5) 61(3)

CI(2) 9010(2) 260(9) 5917(10) 167(8)

CI(3) 10495(18) 938(10) 6814(11) 166(7)

CI(4) 6366( 18) 959(8) 7616(9) 152(7)

CI(5) 4990(3) 139(9) 6861(9) 209(12)

8(1) 130(2) 1094(12) 2133(11) 187(9)

8(2) 4520(2) 871(1 1) 580(13) 200(10)

8(3) -330(2) 2174(11) -1655(13) 208(11)

P(I) -312(8) 1756(4) 817(5) 50(2)

P(2) 2851(8) 1831(4) -49(4) 45(2)

P(3) 355(8) 3070(4) -544(5) 50(2)

C(l) 380(3) 1150(14) 1325(12) 56(10)

C(2) -1210(3) 2149(13) 1391(15) 46

C(3) -1410(3) 1358(15) 252(16) 52

C(4) 3590(2) 1452(12) 637(13) 41(8)

C(5) 4010(2) 2342(1 1) """0") 30-.J.J.J .J

C(6) 2630(3) 1275(15) -708(16) 55

C(7) -590(2) 2803(12) -1234(13) 44(8)

C(8) 1480(3) 3497(13) -926(15) 38

C(9) -520(3) 3607(17) -197(16) 56

C(lO) 1110(3) 711(13) 1150(17) 58(10)

C(ll) 1490(4) 352(9) 1660(2) 107( 7)

C(l2) 1070(4) 501(8) 2270(2) 130(2)

C(13) -2430(3) 2076(14) 1427(16) 59
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Table 111.43 continued. . .

C(l4) -3010(3) 2417(13) 1861(14) 47

C(lS) -2460 (3) 2812(15) 2250(16) 53

C(l6) -1300(4) 2870(19) 2220(2) 81

C(l7) -660(4) 2583(17) 1786(18 ) 71

C(l8) -1720(2) 765(12) 360(13 ) 28

C(l9) -2540(3) 507(17) -55(16) 59

C(20) -3060 (3) 769(16 ) -557(17) 54

C(2l) -2800(4) 1369(19) -670(2) 75

C(22) -1930(3) 1637(17) -237(17) 55

C(23) 3580(3) 1565(17) 1285(14) 79(13)

C(24) 4250(3) 1240(16) 1740(2) 82(13)

C(2S) 4900(4) 805(19 ) 1414(15) 109(17)

C(26) 3950(3) 2519(12) -959(15) 42

C(27) 4930(4) 2934(18) -1130(2) 90

C(28) 5690(4) 3065(18) -640(2) 77

C(29) 5670(5) 2890(2) -60(3) 105

C(30) 4880(3) 2516(15) 139(19) 60

C(3l) 3550(3) 1070(13) -1157(14) 41

C(32) 3310(6) 720(2) -1590 (3) 127

C(33) 2250(4) 519(19 ) -1670(2) 81

C(34) 1370(4) 642(18) -1350(2) 74

C(3S) 1440(2) 1006(11) -815(1 2) 25

C(36) -1590 (2) 3042(15) -1551(1 4) 55(9)

C(37) -2 140(4) 2763(17) -2074(17) 103(16)

C(38) -1540 (3) 2235(19) -2208(18) 85(13)

C(39) 1510(3) 3596(13 ) -1617(16) 47

C(40) 2280(3) 3935(14) -1858(18) 52

C(4l) 3080(3) 4192(14) -1448(16) 47

C(42) 3150(3) 4143(17) -819(1 9) 65
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Table 111.43 continued.. .

C(43) 2380(2) 3791(12) -512(14) 30

C(44) -1200(2) 3487(14) 379(14) 40

C(45) -1860(4) 3890(3) 640(3) 118

C(46) -1980(4) 4450(2) 390(2) 93

C(47) -1410(3) 4590(2) -73(19) 72

C(48) -670(4) 4210(2) -420(2) 102

C(49) 9580(5) 940(3) 6120(3) 118(19)

C(50) 5860(6) 750(3) 6840(3) 140(2)

1 • •
U(eq) =~ . L i L j lLij a i a j (a i . a j )

;)

Table 111.44 Hydrogen atomic coordinates (x 104
) and isotropic thermal factors CA2 x 103)

for [C1Au(PS)3]'2CH2Ch ([13]) (the numbering of the H atoms is done according to the

numbering of the C atoms , to which the hydrogens are respectively attached)

x y z U(eq)

H(IO) 1336 661 722 70

H(ll) 1985 29 1600 128

H(12) 1264 314 2672 161

H(13) -2843 1800 1161 71

H(14) -3827 2367 1881 56

H(15) -2882 3042 2534 64

H(16) -898 3124 2522 97

H(l7) 140 2676 1750 85

H(t8) -1359 555 714 ..,..,
;) ;)

H(19) -2756 117 25 70

H(20) -3593 565 -844 65

H(21) -3193 1578 -1018 90

H(22) -1719 2029 -307 66

H(23) 3117 1872 1428 95
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Table 111.44 continued. ..

H(24) 4283 1296 2189 98

H(25) 5423 532 1615 131

H(26) 3358 2394 -1269 51

H(27) 4978 3087 -1548 108

H(28) 6316 3316 -727 93

H(29) 6254 3024 252 126

H(30) 4908 2377 571 72

H(31) 4317 1218 -1097 50

H(32) 3895 592 -1864 152

H(33) 211 3 248 -2015 98

H(34) 640 478 -1490 89

H(35) 817 1075 -550 30

H(36) -1892 3399 -1405 66

H(37) -2820 2900 -2312 123

H(38) -1760 1966 -2541 101

H(39) 942 3410 -1902 57

H(40) 2278 3998 -2310 63

H(41) 3651 4429 -1631 56

H(42) 3730 4353 -567 78

H(43) 2435 3743 -56 36

H(44) -1166 3110 565 49
H(45) -2262 3793 1009 141

H(46) -2487 4716 571 111

H(47) -1478 4977 -213 87
H(48) -284 4350 -779 123

H(49a) 10012 1084 5756 142
H(49b) 8924 1210 6175 142
H(50a) 5397 1074 6636 170
H(50b) 6527 674 6583 170
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Table 111.45 Anisotropic thermal factors (A z x 103
) for [CIAu(PSh] '2CHzClz([13])

D(ll) D(22) V(33) V(23) D(13) D(12)

Au(l) 36(1) 45(1) 57(1) 1(1 ) 20(1) 0(1)

CI(I) 66(6) 58(6) 60(6) -17(5) 5(5) -8(5)

CI(2) 200(2) 134(16) 155(16) 12(13) -56(14) 8(14)

CI(3) 151(16) 160(18) 183(19) -18(14) -12(14) -4(14)

CI(4) 203(19) 118(13) 127(13) 9(11) -47(13) -28(13)

CI(5) 400(4) 109(14) 119(14) -15(11) 12(18) -56(19)

P(l) 37(5) 44(5) 74(7) -1(5) 30(5) -3(4)

P(2) 35(5) 45(5) 58(6) -4(4) 25(4) 5(4)

·P(3) 41(6) 45(5) 67(6) 3(5) 27(5) 1(4)

The anisotropic thermal factor exponent takes the form:
? ? *2 * *-21L"[h-a Ut l l ) + + 2hka b D(12)]

Table 111.46 Interatomic distances (A) for [CIAu(PSh]·2CH2Ch ([13])

Au(l)-P(l) 2.363(8) C(3)-C(22) 1.28(5)

Au(I)-P(2) 2.380(8) C(3)-C(18) 1.40(4)

Au(1)-P(3) 2.405(10) C(18)-C(19) 1.34(4)

Au(l )-CI(l) 2.776(9) C(19)-C(20) 1.28(5)

P(l)-C(2) 1.83(3) C(20)-C(21) 1.41 (5)

P(l)-C(l) 1.85(3) C(21)-C(22) 1.41(5)

P(l)-C(3) 1.86(4) C(5)-C(26) 1.33(4)

P(2)-C(4) 1.79(3) C(5)-C(30) 1.38(4)

P(2)-C(6) 1.84(4) C(26)-C(27) 1.50(5)

P(2)-C(5) 1.86(3) C(27)-C(28) 1.31(6)

P(3)-C(9) 1.74(4) C(28)-C(29) 1.24(6)

P(3)-C(7) 1.80(3) C(29)-C(30) 1.30(6)

P(3)-C(8) 1.81(3) C(6)-C(35) 1.47(4)
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Table 111.46 continued. . .

C(l)-C(lO) 1.351(19) C(6)-C(31) 1.50(4)

C(1)-S(l) 1.691(18 ) C(31)-C(32) 1.21(6)

S(l)-C(12) 1.716(19) C(32)-C(33) 1.27(6)

C(lO)-C(ll) 1.353(19) C(33)-C(34) 1.25(5)

C(ll)-C(12) 1.41(2) C(34)-C(35) 1.37(5)

C(4)-C(23) 1.341(19) C(8)-C(39) 1.42(4)

C(4)-S(2) 1.692(18) C(8)-C(43) 1.43(4)

S(2)-C(25) 1.724(19) C(39)-C(40) 1.28(4)

C(23)-C(24) 1.358(19) C(40)-C(41) 1.32(4)

C(24)-C(25) 1.406(19) C(41)-C(42) 1.28(5)

C(7)-C(36) 1.369(19) C(42)-C(43) 1.36(4)

C(7)-S(3) 1.695(18) C(9)-C(48) 1.44(6)

S(3)-C(38) 1.707(19) C(9)-C(44) 1.47(4)

C(36)-C(37) 1.347(19) C(44)-C(45) 1.31(6)

C(37)-C(38) 1.407(19) C(45)-C(46) 1.35(7)

C(2)-C(17) 1.38(5) C(46)-C(47) 1.22(5)

C(2)-C(13) 1.39(5) C(47)-C(48) 1.41(6)

C(13)-C(l4) 1.37(5) C(49)-CI(3) 1.69(6)

C(14)-C(15) 1.31(4) C(49)-Cl(2) 1.70(6)

C(l5)-C(l6) 1.32(5) C(50)-Cl(5) 1.69(6)

C(16)-C(17) 1.35(5) C(50)-Cl(4) 1.70(6)
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Table 111.47 Interatomic angles (0) for [CIAu(PS)3]-2CH2Cb ([13])

P(I)-Au(I)-P(2) 118.9(3) C(14)-C(13)-C(2) 119(3)

P(I)-Au(1)-P(3) 121.5(3) C(15)-C(14)-C(13) 123(4)

P(2)-Au(1)-P(3) 115.1(3) C(14)-C(15)-C(16) 118(4)

P(l)-Au(l )-CI(I) 104.1(3) C(15)-C(16)-C(17) 124(4)

P(2)-Au(I)-CI(I) 94.5(3) C(16)-C(17)-C(2) 119(4)

P(3)-Au(1)-CI(1) 92.2(3) C(22)-C(3)-C(18) 119(3)

C(2)-P(1)-C(l) 103.4(13) C(22)-C(3)-P(l) 119(3)

C(2)-P(1 )-C(3) 104.9(14) C(18)-C(3)-P(I) 122(3)

C(l)-P(l)-C(3) 102.8(15) C(19)-C(18)-C(3) 119(3)

C(2)-P(1 )-Au(l) 119.8(10) C(2O)-C(19)-C(18) 123(4)

C(l)-P(1)-Au(l) 114.5(10) C(19)-C(2O)-C(21) 120(4)

C(3)-P(1)-Au(l) 109.7(11) C(20)-C(21)-C(22) 117(4)

C(4)-P(2)-C(6) 105.8(14) C(3)-C(22)-C(21) 122(4)

C(4)-P(2)-C(5) 104.2(13) C(26)-C(5)-C(30) 124(3)

C(6)-P(2)-C(5) 104.9(14) C(26)-C(5)-P(2) 120(2)

C(4)-P(2)-Au(l) 113.7(9) C(30)-C(5)-P(2) 116(2)

C(6)-P(2)-Au(l) 112.1(12) C(5)-C(26)-C(27) 115(3)

C(5)-P(2)-Au(1 ) 115.3(9) C(28)-C(27)-C(26) 115(4)

C(9)-P(3)-C(7) 103.2(14) C(29)-C(28)-C(27) 126(5)

C(9)-P(3)-C(8) 103.7(15) C(28)-C(29)-C(30) 124(6)

C(7)-P(3)-C(8) 103.7(14) C(29)-C(30)-C(5) 116(4)

C(9)-P(3)-Au(1 ) 114.7(12) C(35)-C(6)-C(31) 116(3)

C(7)-P(3)-Au(l ) 112.5(10) C(35)-C(6)-P(2) 118(2)

C(8)-P(3)-Au(1) 117.4(10) C(31)-C(6)-P(2) 126(3)

C(10)-C(l)-S(I) 110(3) C(32)-C(31 )-C(6) 122(4)

C(IO)-C(1)-P(I) 129(2) C(31)-C(32)-C(33) 119(6)

S(1)-C(l)-P(I) 120.3(18) C(34)-C(33)-C(32) 128(6)

C(l)-S(I)-C(12) 94(2) C(33)-C(34)-C(35) 123(4)

C(l)-C(lO)-C(11) 114(4) C(34)-C(35)-C(6) 111 (3)
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Table 111.47continued ...

C(lO)-C(ll)-C(12) 115(4) C(39)-C(8)-C(43) 116(3)

C(ll)-C(12)-S(l) 106(4) C(39)-C(8)-P(3) 125(2)

C(23)-C(4)-S(2) 105(3) C(43)-C(8)-P(3) 119(2)

C(23)-C(4)-P(2) 130(2) C(40)-C(39)-C(8) 122(3)

S(2)-C(4)-P(2) 124.9(18) C(39)-C(40)-C(4l) 118(4)

C(4)-S(2)-C(25) 96(2) C(42)-C(4l)-C(40) 125(4)

C(4)-C(23)-C(24) 121(4) C(41)-C(42)-C(43) 121(4)

C(23)-C(24)-C(25) 110(4) C(42)-C(43)-C(8) 117(3)

C(24)-C(25)-S(2) 107(3) C(48)-C(9)-C(44) 112(3)

C(36)-C(7)-S(3) 105(2) C(48)-C(9)-P(3) 126(3)

C(36)-C(7)-P(3) 131(2) C(44)-C(9)-P(3) 122(3)

S(3)-C(7)-P(3) 124.1(18) C(45)-C(44)-C(9) 122(4)

C(7)-S(3)-C(38) 96(2) C(44)-C(45)-C(46) 122(5)

C(37)-C(36)-C(7) 120(3) C(47)-C(46)-C(45) 119(6)

C(36)-C(37)-C(38) 111(4) C(46)-C(47)-C(48) 126(5)

C(37)-C(38)-S(3) 108(3) C(47)-C(48)-C(9) 118(4)

C(17)-C(2)-C(13) 117(3) CI(3)-C(49)-CI(2) 113(3)

C(l7)-C(2)-P(1) 118(3) CI(5)-C(50)-CI(4) 111(4)

C(13)-C(2)""P(1) 125(3)
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111.5.2.5 Single crystal X-ray diffraction study on [AU2{Jl-PSN)2](SbF6h ([15])

The crystals of [Au2(j..L-PSN)2](SbF6)2 were obtained by vapour diffusion of ether in

dichloromethane solution of the complex. Data were collected using an Enraf-Nonius

CAD4 diffractometer (Appendix A). SHELXS-97216 and SHELXL-97217 were employed

for the structure solution calculations (Appendix A). In the least-squares refinement, the

hydrogen atoms were included as ideal contributors with standard idealisation parameters.

An extinction coefficient was used in the refinement. Examination of the anisotropic

thermal factors showed the F atoms in both SbF6- counterions to be disordered. Hence each

counterion was considered as two molecules of different conformation. The site occupation

factor of each conformation was refined as a free variable (52%/48% and 33%/67% for the

counterions labelled with Sb(1) and Sb(2) , respectively). The anisotropic thermal factors of

the F atoms were initially restrained in the refinement to be approximately isotropic

(ISOR), after which a rigid bond restraint (DELU) was added. Crystallographic data are

given in Table IlI.48, the non-hydrogen atomic coordinates in Table IlL49, the hydrogen

atomic coordinates in Table IlL50, the anisotropic thermal factors in Table IlL51, the

interatomic distances in Table IlI.52 and the interatomic angles in Table IlL53. The

observed and calculated structure factors may be found on the disk in an envelope fixed to

the inside back cover.

Table 111.48 Crystal data and details of data collection and structure refinement for

Empirical formula

Colour and description

Crystal dimensions (mm)

Molecular mass (g-mol")

Crystal system

Space Group

a (A)

b (A)

c (A)

a (0)

~ (0)

y (0)
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C42H32Au2F12N2P2S2Sb2

Colourless rectangular block

0.19 x 0.31 x 0.46

1556.19

Triclinic

PT

11.646(2)

11.9759(18)

18.397(5)

90.640(16)

103.537(19)

100.336(13)
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Table Ill.48 continued...

V (A3
)

Z

Dc(g-em")

F(OOO)

T (K)

A(Mo-Ka) (A) ·

Scan mode

eo scan angle

Horizontal aperture width (mm)

Scattering range (0)

~ (mm")

Absorption corrections

Measured intensities

Unique intensities

Unique intensities with [I > 2cr(I)]

Structure solution

Refinement method

Weighting scheme

Extinction coefficient

GooF on F2

(LVcr)max

~Pma'( (eA-3
)

Number of parameters

306

2450.3(9)

2

2.109

1456

293 (2)

0.71069

co - 28

0.60 + 0.35tan8

2.7 + 0.ltan8

2 :::; 8:::; 23

7.288

Semi empirical

7553

6797

5522

Direct & Fourier

Full-matrix least-squares on F2

1/[cr2(F
o
2) + (0.056P)2+ 8.22P],

where P = 1/3 [Max(Fo
2,0) + 2F/]

0.00019(10)

0.0356 [1>2cr(I)]

0.0527 (all data)

0.0990 [1>2cr(I)]

0.1056 (all data)

1.103

0.051

1.66 (Close to Au(I) centre)
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Table 111.49 Non-hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A2 x

103
) for [Au2(jJ.-PSNh](SbF6h ([15])

x y z U(eq)

Au(l) 10193(1) 3121(1) 793(1) 45(1)

Au(2) 13991(1 ) 4203(1) 3429(1 ) 53(1)

P(1) 9169(2) 3092(2) 1685(1) 38(1)

P(2 ) 14098(2) 2460(2) 3047(1 ) 43(1)

S(1) 11299(2) 4841 (2) 2480(1) 46(1 )

S(2) 12801 (2) 3110(2) 1548(1) 49(1)

N(l) 13822(7) 5788(6) 3815 (5) 53(2)

N(2) 11095(7) 3141 (7) -64(4) 50(2)

C(l) 14791(9) 6584(9) 4099(7) 71(3)

C(2) 14708(10) 7615(9) 4387(7) 66(3)

C(3) 13618(10) 7854(9) 4387(6) 66(3)

C(4) 12597(9) 7009 (8) 4080(6) 55(3)

C(S) 12732(8) 6001(7) 3788 (5) 40(2)

C(6) 11686(7) 5102(8) 3437(5) 40(2)

C(7) 10966(9) 4426(9) 3766(6) 57(3)

C(8) 10084(9) 3624(9) 3256(6) 61(3)

C(9) 10145(7) 3759(7) 2535(5) 36(2)

C(10) 7872(7) 3784(7) 1471(5) 36(2)

C(ll) 7410(8) 4 146(8) 2034(6) 48(2)

C(l2) 6355 (9) 4535(9) 1865(6) 53(2)

C(13) 5753 (9) 4562(9) 1139(7) 61(3)

C(l4) 6191 (10) 4190(11 ) 573(7) 70(3)

C(lS) 7267(9) 3820(9) 737(6) 54(3)

C(l6) 8558(8) 1675(7) 1899(5) 43(2)

C(l7) 7379(9) 1210(10) 1532(7) 71(3)

C(18) 6891(10) 94(9) 1669(9) 84(4)
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Table 111.49 continued.. .

C(19) 7547(11) -514(10) 2140(8) 72(3)

C(20) 8697(12) -80(10) 2485(8) 82(4)

C(21) 9198(10) 1016(9) 2360(7) 66(3)

C(22) 10480(10) 3401(9) -736(6) 60(3)

C(23) 10900(12) 3338(9) -1375 (6) 68(3)

C(24) 11985(11) 3026(9) -1326(6) 63(3)

.C(25) 12623(10) 2785(9) -651(6) 59(3)

C(26) 12180(8) 2831(7) -12(5) 46(2)

C(27) 12867(8) 2535(8) 708(5) 46(2)

C(28) 13635(10) 1779(10) 810(6) 64(3)

C(29) 14171(9) 1691(9) 1565(6) 60(3)

C(30) 13795(8) 2341(8) 2046(6) 45(2)

C(31) 15527(8) 2038(8) 3407(5) 45(2)

C(32) 16508(8) 2855(8) 3746(5) 47(2)

C(33) 17590(9) 2564( 11) 4047(6) 64(3)

C(34) 17700(10) 1433(11) 4043(7) 71(3)

C(35) 16725(10) 610(10 ) 3716(7) 67(3)

C(36) 15665(9) 924(9) 3415(6) 58(3)

C(37) 12976(8) 1405(8) 3316(6) 47(2)

C(38) 12581(9) 1655(10) 3952(6) 58(3)

C(39) 11813(11) 811(11) 4194(7) 74(3)

C(4O) 11401(10) -256(11) 3827(7) 70(3)

C(41) 11799(10) -473(9) 3200(7) 69(3)

C(42) 12561(9) 325(8) 2933(6) 56(3)

Sb(l) 1503(1) 3171(1) 6033(1) 52(1)

F(l) 2392(6) 3347(8) 53 12(4) 96(2)

F(2) 588(8) 2957(9) 6737(5) 120(3)

F(3a) 210(3) 2680(3) 5280(3) 130(10)

F(4a) 2920(2) 3880(3) 6691(1 5) 157(10)
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Table 111.49continued. . .

F(5a) 1980(3) 1870(2) 6120(2) 158(11)

F(6a) 1620(3) 4646(17) 6200(12) 129(7)

F(3b) 110(3) 3080 (4) 5330(3) 124(9)

F(4b) 2780(2) 3150(2) 6842(14) 129(8)

F(5b) 1300(3) 1558(19) 5944(19) 131(9)

F(6b) 1140(3) 4610(2) 5775(16) 149(10)

Sb(2) 6283(1) 2570(1) -1679(1 ) 68(1)

F(7) 5986(12) 3843(11 ) -2 186(9) 188(5)

F(8a) 5270(6) 2370(6) -1000(4) 188(17)

F(9a) 7700(4) 2400(4) -1910(3) 157(15)

F(lOa) 4930(4) 2460(5) -2350(4) 224(18)

F(lla) 6920(4) 4020(2) -1160(2) 145(10)

F(12a) 7090 (5) 1940(4) -790 (2) 181(16)

F(8b) 5090 (2) 2670(2) -1225(14) 126(7)

F(9b) 7369(19) 2634(18) -2274(10) 112(5)

F(IOb) 5190(2) 1700(2) -2490(13) 194(8)

F(llb) 7451(14) 3190(2) -955(8) 157(8)

F(12b) 6178(17) 1102(10) -1614(15 ) 175(8)

1 • •
U( )=_ . L .L .U ..a . a . (a .. a .)- eq 3 1 J - 1.1 I .I I .I

Table 111.50 Hydrogen atomic coordinates (x 104
) and isotropic thermal factors (A1 x 103)

for [AU1(fl-PSN)2](SbF6)1 ([15]) (the numbering of the H atoms is done according to the

numbering of the C atoms, to which the hydro gens are respectively attached)

x y z U(eq)

H(l) 15547 6431 4101 85

H(2) 15400 8151 4583 79

H(3) 13542 8549 4583 79

H(4) 11832 7140 4077 66
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Table 111.50 continued...

H(7) 11025 4468 4279 69

H(8) 9529 3068 3403 73

H(ll) 7818 4125 2531 58

H(12) 6045 4782 2247 63

H(13) 5038 4837 1026 74

H(14) 5762 4186 78 84

H(15) 7586 3595 353 64

H(17) 6919 1632 1200 85

H(l8) 6102 -222 1429 100

H(19) 7207 -1246 2232 87

H(20) 9153 -517 2807 99

H(21) 9995 1306 2599 80

H(22) 9747 3630 -772 72

H(23) 10448 3507 -1834 82

H(24) 12282 2979 -1751 76

H(25) 13370 2586 -613 70

H(28) 13784 1370 421 76

H(29) 14734 1230 1727 72

H(32) 16429 3613 3768 57

H(33) 18254 3124 4255 77

H(34) 18432 1230 4262 85

H(35) 16795 -151 3702 81

H(36) 15002 363 3205 70

H(38) 12830 2369 4202 69

H(39) 11559 961 4622 89

H(40) 10873 -807 3999 85

H(41) 11538 -1187 2952 83
H(42) 12805 161 2503 67
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Table 111.51 Anisotropic thermal factors (Az x 103
) for [Auz(jl-PSNh](SbF6h ([15])

V(ll) V(22) V(33) V(23) V(13) V(12)

Au(l) 34(1) 55(1) 46(1) 2(1) 13(1) 9(1)

Au(2) 35(1) 47(1) 76(1) -12(1) 6(1) 14(1)

P(I) 26(1) 45(1) 42(1) 2(1) 7(1) 5(1)

P(2) 31(1) 44(1) 55(2) -5(1) 6(1) 12(1 )

S(I) 37(1) 52(1) 44(1) 0(1) 11(1) -3(1)

S(2) 45(1) 56(2) 51(2) 2(1) 11(1) 25(1)

N(l) 35(4) 44(5) 76(6) -17(4) 8(4) 9(4)

N(2) 52(5) 51(5) 51(5) 11(4) 17(4) 14(4)

C(l) 28(5) 70(8) 108(10) -20(7) 6(6) 7(5)

C(2) 51(7) 54(7) 80(8) -17(6) 0(6) -3(5)

C(3) 65(7) 52(6) 73(8) -21(6) 2(6) 10(6)

C(4) 48(6) 54(6) 65(7) -8(5) 14(5) 16(5)

C(5) 37(5) 41(5) 44(5) -1(4) 8(4) 12(4)

C(6) 25(4) 48(5) 46(5) -2(4) 4(4) 10(4)

C(7) 43(6) 81(8) 42(6) 8(5) 7(5) -1(5)

C(8) 50(6) 65(7) 62(7) 12(6) 16(5) -6(5)

C(9) 20(4) 49(5) 37(5) 4(4) 6(4) 7(4)

C(lO) 32(5) 38(5) 36(5) 9(4) 6(4) 6(4)

C(ll) 41(5) 57(6) 48(6) 3(5) 9(5) 13(5)

C(l2) 47(6) 62(6) 53(6) 2(5) 15(5) 19(5)

C(13) 41(6) 60(7) 85(9) 9(6) 10(6) 19(5)

C(14) 57(7) 93(9) 58(7) 10(6) -7(6) 33(6)

C(l5) 50(6) 66(7) 46(6) 2(5) 9(5) 15(5)

C(16) 33(5) 38(5) 60(6) -3(4) 18(4) 5(4)
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Table 111.51 continued .. .

C(l7) 36(6) 62(7) 105(10) 7(6) -1(6) 7(5)

C(lS) 44(7) 45(7) 149(13) 3(8) 16(8) -13(5)

C(19) 67(8) 45(6) 109(10) 3(7) 36(8) 2(6)

C(20) 75(9) 56(7) 110(11) 31(7) 9(8) 13(6)

C(21) 44(6) 57(7) 96(9) 19(6) 14(6) 7(5)

C(22) 59(7) 81(8) 47(6) 11(5) 14(5) 28(6)

C(23) 102(10) 65(7) 40(6) 14(5) 17(6) 24(7)

C(24) 88(9) 57(7) 59(7) 11(5) 40(7) 22(6)

C(25) 63(7) 61(7) 65(7) 7(5) 33(6) 20(5)

C(26) 44(5) 41(5) 59(6) 7(4) 23(5) 11 (4)

C(27) 39(5) 49(5) 53(6) 2(5) 17(5) 10(4)

C(2S) 65(7) 84(8) 54(7) -5(6) 18(6) 39(6)

C(29) 46(6) 67(7) 73(8) 4(6) 15(6) 28(5)

C(30) 29(5) 46(5) 63(6) 0(5) 14(4) 9(4)

C(31) 28(5) 56(6) 53(6) 1(5) 11(4) 14(4)

C(32) 35(5) 52(6) 52(6) 0(5) 5(4) 11(4)

C(33) 41(6) 82(8) 70(8) 6(6) 13(5) 12(6)

C(34) 54(7) 100(10) 66(8) 19(7) 10(6) 37(7)

C(35) 58(7) 55(7) 95(9) 6(6) 20(6) 27(6)

C(36) 37(5) 57(6) 81(8) -7(5) 8(5) 19(5)

C(37) 37(5) 49(6) 56(6) 1(5) 9(5) 11(4)

C(38) 46(6) 69(7) 61(7) -3(5) 17(5) 12(5)

C(39) 66(8) 87(9) 79(9) 8(7) 34(7) 16(7)

C(40) 56(7) 73(8) 86(9) 18(7) 27(6) 9(6)

C(41) 57(7) 48(6) 93(9) -10(6) 9(7) -1(5)

C(42) 48(6) 52(6) 68(7) -11(5) 17(5) 11(5)

Sb(l ) 41(1) 62(1) 53(1) 2(1) 9(1) 13(1)

F(l ) 65(4) 152(7) 83(5) 11 (5) 38(4) 21(4)

F(2) 11 4(6) 174(8) 93(5) 19(5) 62(5) 33(6)

312



Chapter Three: Synth esis of Gold/I) Complexes Containing Novel Thienylphosphine Ligands

Table 111.51 continued.. .

F(3a) 60(10) 190(2) 101(9) -44(16) -9(9) -25(15)

F(4a) 75(8) 250(3) 111(14) -72(19 ) -17(8) 1(12)

F(5a) 240(3) 108(13) 180(2) 50(13 ) 89(19) 114(17)

F(6a) 210(2) 58(7) 116(17) -15(9) 34(12) 17(9)

F(3b) 44(7) 240(3) 86(11) 20(2) -2(7) 37(14)

F(4b) 87(9) 200(2) 80(8) 18(13) -20(7) 31(14)

F(5b) 190(3) 63(7) 148(18) 0(8) 71(16) 13(10)

F(6b) 190(2) 104(11) 200(3) 54(14) 88(17) 93(14)

Sb(2) 62(1) 55(1) 94(1) -5(1 ) 39(1) 4(1)

F(7) 171(11) 155(9) 251(13) 101(9) 53(10) 57(8)

F(8a) 190(3) 140(3) 290(4) -10(2) 210(3) -30(2)

F(9a) 120(2) 150(3) 250(4) -20(2) 130(3) 26(17)

F(lOa) 118(19) 230(3) 270(3) 40(3) -42(19) 20(2)

F(lla) 250(3) 45(10) 166(15) -29(1 1) 138(15) -27(12 )

F(12a) 290(4) 160(3) 130(2) 40(2) 44(19) 120(3)

F(8b) 93(9) 130(16) 174(16) -46(10) 80(10) 9(10)

F(9b) 131(11) 109(11) 110(10) -6(8) 84(9) -15(8)

F(10b) 148(14) 221(15) 177(14) -123(12) 62(9) -83(13)

F(llb) 98(8) 260(2) 79(8) -45(10) 15(6) -44(12)

F(l2b) 179(15) 51(6) 350(2) 23(9) 183(14) 9(7)

The anisotropic thermal factor exponent takes the form:

-2n:2[h2a*2U(11) + ...... + 2hka*b*U(12) ]
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Table 111.52 Interatomic distances (A) for [AU2(Il-PSNh](SbF6h ([15])

Au(1)-N(2) 2.087(8) C(24)-C(25) 1.352(15)

Au(l)-P(l) 2.239(2) C(25)-C(26) 1.396(13)

Au(2)-N(l) 2.078(7) C(26)-C(27) 1.461(13)

Au(2)-P(2) 2.228(2) C(27)-C(28) 1.368(13)

P(l)-C(9) 1.787(8) C(28)-C(29) 1.397(15)

P(1)-C(16) 1.804(9) C(29)-C(30) 1.367(13)

P(l)-C(lO) 1.816(8) C(31)-C(36) 1.372(13)

P(2)-C(30) 1.791(10) C(31)-C(32) 1.379(13)

P(2)-C(31) 1.805(9) C(32)-C(33) 1.361(14)

P(2)-C(37) 1.810(10) C(33)-C(34) 1.383(16)

S(l)-C(9) 1.714(8) C(34)-C(35) 1.374(16)

S(1)-C(6) 1.721(9) C(35)-C(36) 1.351(14)

S(2)-C(27) 1.708(9) C(37)-C(38) 1.401(14)

S(2)-C(30) 1.711(9) C(37)-C(42) 1.414(13)

N(l)-C(5) 1.329(11) C(38)-C(39) 1.377(15)

N(l)-C(l) 1.335(12) C(39)-C(40) 1.388(17)

N(2)-C(22) 1.347(12) C(40)-C(41) 1.378(16)

N(2)-C(26) 1.363(12) C(41)-C(42) 1.361(15)

C(1)-C(2) 1.366(15) Sb(l)-F(l) 1.856(7)

C(2)-C(3) 1.350(15) Sb(1)-F(2) 1.854(7)

C(3)-C(4) 1.414(14) Sb(I)-F(3a) 1.80(3)

C(4)-C(5) 1.365(13) Sb(l)-F(4a) 1.85(2)

C(5)-C(6) 1.485(12) Sb(I)-F(5a) 1.74(2)

C(6)-C(7) 1.316(13) Sb(l)-F(6a) 1.76(2)

C(7)-C(8) 1.425(14) Sb(l)-F(3b) 1.81(3)

C(8-C(9) 1.355(13) Sb(1)-F(4b) 1.84(2)

C(lO)-C(ll) 1.373(12) Sb(l)-F(5b) 1.90(2)

C(lO)-C(15) 1.375(13) Sb(1)-F(6b) 1.89(2)

C(ll)-C(12) 1.361(13) Sb(2)-F(7) 1.840(11 )
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Table 111.52 continued...

C(12)-C(13) 1.360(14) Sb(2)-F(8a) 1.90(4)

C(13)-C(14) 1.364(16) Sb(2)-F(9a) 1.849(16)

C(14)-C(15) 1.372(14) Sb(2)-F(10a) 1.74(4)

C(16)-C(21) 1.353(14) Sb(2)-F(lla) 1.92(2)

C(l6)-C(17) 1.391(13) Sb(2) -F(12a) 1.92(3)

C(17)-C(18) 1.405(16) Sb(2)-F(8b) 1.80(2)

C(18)-C(19) 1.330(17) Sb(2)-F(9b) 1.85(3)

C(19)-C(20) 1.346(16) Sb(2)-F(10b) 1.879(16)

C(20)-C(21) 1.382(15) Sb(2)-F(llb) 1.716(13)

C(22)-C(23) 1.381(15) Sb(2)-F(12b) 1.747(12)

C(23)-C(24) 1.364(16)

Table 111.53 Interatomic angles (0) for [AU2(jl-PSN)2](SbF6h ([15])

N(2)-Au(1)-P(1) 178.1(2) F(3a)-Sb(l )-F(4b) 160.6(17)

N(1)-Au(2)-P(2) 176.9(2) F(3b)-Sb(l )-F(4b) 171.3(19)

C(9)-P(1)-C(16) 106.5(4) F(5a)-Sb(l)-F(4a) 90.7(15 )

C(9)-P(1)-C(l0) 107.5(4) F(6a)-Sb(1)-F(4a) 65.2(14)

C(l6)-P(1)-C(l0) 103.7(4) F(3a)-Sb(1)-F(4a) 169(2)

C(9)-P(l )-Au(l) 109.7(3) F(3b)-Sb(1)-F(4a) 156.7(19)

C(l6)-P(1)-Au(l) 113.3(3) F(4b)-Sb(l )-F(4a) 28.6(12)

C(lO)-P(l)-Au(l) 115.5(3) F(5a)-Sb(1 )-F(2) 96.7(12)

C(30)-P(2)-C(31) 107.4(4) F(6a)-Sb(1)-F(2) 87.4(10)

C(30)-P(2)-C(37) 106.7(4) F(3a)-Sb(l)-F(2) 91.9(17)

C(31 )-P(2)-C(37) 106.5(4) F(3b)-Sb(l )-F(2) 87.5(17)

C(30)-P(2)-Au(2) 110.1(3) F(4b)-Sb(l )-F(2) 84.3(9)

C(31 )-P(2)-Au(2) 115.0(3) F(4a)-Sb(1)-F(2) 96.2(10)

C(37)-P(2)-Au(2) 110.9(3) F(5a)-Sb(1)-F(l) 82.4(12 )

C(9)-S(1 )-C(6) 91.6(4) F(6a)-Sb(l )-F(l) 94.0(10)
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Table 111.53 continued. ..

C(27-S(2)-C(30) 92.8(5) F(3a)-Sb(1)-F(1) 86.7(17)

C(5)-~(1)-C(1) 119.8(8) F(3b)-Sb(l )-F(l) 91.5(17)

C(5)-~(1)-Au(2) 119.2(6) F(4b)-Sb(1)-F(1) 96.7(9)

C(1)-~(1)-Au(2) 120.9(6) F(4a)-Sb(1)-F(l) 85.2(10)

C(22)-~(2)-C(26) 118.7(8) F(2)-Sb(1)-F(1) 178.3(4)

C(22)-~(2)-Au(1) 115.2(7) F(5a)-Sb(1)-F(6b) 168.0(15)

C(26)-~(2)-Au(1) 125.9(6) F(6a)-Sb(1)-F(6b) 26.4(11)

~(l)-C(1)-C(2) 122.1(9) F(3a)-Sb(1)-F(6b) 83.0(16)

C(3)-C(2)-C(1 ) 119.8(10) F(3b)-Sb(1)-F(6b) 67.4(18)

C(2)-C(3)-C(4) 117.6(10) F(4b)-Sb(1)-F(6b) 116.3(14)

C(5)-C(4)-C(3) 120.0(9) F(4a)-Sb(1)-F(6b) 89.3(14)

~(1)-C(5)-C(4) 120.5(8) F(2)-Sb(1)-F(6b) 95.2(10)

~(1)-C(5)-C(6) 117.4(7) F(1)-Sb(1)-F(6b) 85.6(9)

C(4)-C(5)-C(6) 122.1(8) F(5a)-Sb(1)-F(5b) 25.1(15)

C(7)-C(6)-C( 5) 128.2(9) F(6a)-Sb(1)-F(5b) 173.7(14)

C(7)-C(6)-S(1) 111.8(7) F(3a)-Sb(1)-F(5b) 72.8(19)

C(5)-C(6)-S(1) 119.9(7) F(3b)-Sb(l )-F(5b) 88.5(16)

C(6)-C(7)-C(8) 113.1(9) F(4b)-Sb(l )-F(5b) 88.0(12)

C(9)-C(8)-C(7) 112.6(9) F(4a)-Sb(1)-F(5b) 114.6(15)

C(8)-C(9)-S(1) 110.7(7) F(2)-Sb(l )-F(5b) 86.4(10 )

C(8)-C(9)-P(1) 130.5(7) F(1)-Sb(1)-F(5b) 92.2(10)

S(1)-C(9)-P(l ) 118.5(5) F(6b)-Sb(I)-F(5b) 155.8(14)

C(ll)-C(l0)-C(l5) 119.7(8) F(llb)-Sb(2 )-F(10a) 157(3)

C(1l)-C(10)-P(1) 120.7(7) F(llb)-Sb(2 )-F(12b) 106.5(12)

C(15)-C(l0)-P(1) 119.2(7) F(l Oa)-Sb(2)-F(12b) 94(2)

C(12)-C(ll )-C(l0) 120.1(9) F(llb)-Sb(2)-F(8b) 97.0(11)

C(13)-C(12)-C(ll) 120.1(10) F(lOa)-Sb(2)-F(8b) 70(3)

C(12)-C(13)-C(l4) 120.5(10) F(12b)-Sb(2 )-F(8b) 95.5(10)
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Table 111.53 continued. ..

C(13)-C(14)-C(15) 119.7(10) F(llb)-Sb(2)-F(7) 99.3(10)

C(l4)-C(15)-C(10) 119.8(10) F(lOa)-Sb(2)-F(7) 62.3(19)

C(21)-C(16)-C(17) 118.1(9) F(12b)-Sb(2)-F(7) 152.9(10)

C(21)-C(16)-P(1) 124.0(7) F(8b)-Sb(2)-F(7) 89.6(9)

C(17)-C(16)-P(1) 117.8(8) F(llb)-Sb(2)-F(9a) 72.0(19)

C(16)-C(17)-C(l8) 119.1(11) F(IOa)-Sb(2)-F(9a) 123(3)

C(l9)-C(18)-C(17) 120.6(11) F(12b)-Sb(2)-F(9a) 80.0(16)

C(18)-C(19)-C(20) 120.7(11) F(8b)-Sb(2)-F(9a) 166(2)

C(19)-C(20)-C(21) 119.8(11) F(7)-Sb(2)-F(9a) 100.6(16)

C(l6)-C(21)-C(20) 121.6(11) F(llb)-Sb(2)-F(9b) 88.3(8)

N(2)-C(22)-C(23) 122.2(10) F(lOa)-Sb(2)-F(9b) 101(3)

C(24)-C(23)-C(22) 119.3(10) F(12b)-Sb(2)-F(9b) 91.9(8)

C(25)-C(24)-C(23) 119.1(10) F(8b)-Sb(2)-F(9b) 169.3(10)

C(24)-C(25)-C(26) 121.1(10) F(7)-Sb(2 )-F(9b) 80.4(8)

N(2)-C(26)-C(25) 119.6(9) F(9a)-Sb(2)-F(9b) 24.2(17)

N(2)-C(26)-C(27) 120.1(8) F(llb)-Sb(2)-F(1 Ob) 169.5(14)

C(25)-C(26)-C(27) 120.3(9) F(IOa)-Sb(2)-F(lOb) 34(2)

C(28)-C(27)-C(26) 125.9(9) F(12b)-Sb(2)-F(IOb) 65.8(13)

C(28)-C(27)-S(2) 110.8(8) F(8b)-Sb(2 )-F(IOb) 91.1(11)

C(26)-C(27)-S(2) 123.3(7) F(7)-Sb(2)-F(lOb) 87.6(12)

C(27)-C(28)-C(29) 112.4(9) F(9a)-Sb(2)-F(1Ob) 99(2)

C(30)-C(29)-C(28) 114.1(9) F(9b)-Sb(2)-F(IOb) 84.9(10)

C(29)-C(30)-S(2) 109.8(8) F(llb)-Sb(2)-F(8a) 89(3)

C(29)-C(30)-P(2) 132.2(8) F(lOa)-Sb(2)-F(8a) 84(3)

S(2)-C(30)-P(2) 117.9(5) F(12b)-Sb(2 )-F(8a) 83(2)

C(36)-C(31)-C(32) 118.0(8) F(8b)-Sb(2)-F(8a) 18(3)

C(36)-C(31)-P(2) 122.8(7) F(7)-Sb(2)-F(8a) 107(2)

C(32)-C(31)-P(2) 119.0(7) F(9a)-Sb(2)-F(8a) 149(3)
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Table 111.53 continued...

C(33)-C(32)-C(31) 120.7(10) F(9b)-Sb(2)-F(8a) 173(2)

C(32)-C(33)-C(34) 119.9(11) F(lOb)-Sb(2)-F(8a) 97(3)

C(35)-C(34)-C(33) 119.9(10) F(llb)-Sb(2)-F(lla) 40.6(13)

C(36)-C(35)-C(34) 118.9(10) F(lOa)-Sb(2)-F(11a) 116(3)

C(35)-C(36)-C(31) 122.5(10) F(12b)-Sb(2)-F(11a) 145.0(16)

C(38)-C(37)-C(42) 120.2(9) F(8b)-Sb(2)-F(lla) 80.9(14)

C(38)-C(37)-P(2) 118.1(8) F(7)-Sb(2)-F(11a) 62.1(14)

C(42)-C(37)-P(2) 121.6(8) F(9a)-Sb(2)-F(11a) 95(2)

C(39)-C(38)-C(37) 117.8(11) F(9b)-Sb(2)-F(11a) 97.5(12)

C(38)-C(39)-C(40) 122.8(11 ) F(lOb)-Sb(2)-F(11a) 148(2)

C(41)-C(40)-C(39) 118.1(11) F(8a)-Sb(2)-F(11a) 85(2)

C(42)-C(41)-C(40) 122.0(11) F(11b)-Sb(2)-F(12a) 49.8(14)

C(41)-C(42)-C(37) 119.2(10) F(1Oa)-Sb(2)-F(12a) 145(3)

F(5a)-Sb(1)-F(6a) 155.8(15) F(12b)-Sb(2)-F(12a) 58.7(14)

F(5a)-Sb(l)-F(3a) 95.3(16) F(8b)-Sb(2)-F(12a) 88.3(16)

F(6a)-Sb(1)-F(3a) 108.4(16) F(7)-Sb(2)-F(12a) 148.3(15)

F(5a)-Sb(1)-F(3b) 111.7(19) F(9a)-Sb(2)-F(12a) 78(2)

F(6a)-Sb(1)-F(3b) 92.2(16) F(9b)-Sb(2)-F(12a) 102.1(15)

F(3a)-Sb(1)-F(3b) 17(2) F(lOb)-Sb(2)-F(12a) 124.1(18)

F(5a)-Sb(1)-F(4b) 66.4(15) F(8a)-Sb(2)-F(12a) 71(3)

F(6a)-Sb(1)-F(4b) 90.4(12) F(lla)-Sb(2)-F(12a) 86.3(17)
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CHAPTER FOL'R

PRELIMINARY STlJ'DIES OF THE BIOLOGICAL ACTIVITY OF
SELECTED THIENYLPHOSPHINES AND THEIR GOLD(I)

COMPLEXES

IV.1 INTRODUCTION

IV.l.1 Biological activity of a-bi- and terthiophenes

Uhlenbroek and Bijlo0251 in the late 1950s described the isolation of nematocidal

heterocyclic compounds from the marigold Tagetes erecta. A bithienyl moiety was found

to be a minimum structural requirement for the exhibited activity. Following a lapse of a

few years, a steady succession of articles appeared concerning the toxicity of a-terthienyl

(SSS) and related compounds to a wide variety of organisms as well as attempts to define

the mechanism of their toxicity.

Gommers et at.252 noticed that the toxicity of SSS markedly increased in the presence of

sunlight or DV light. Originally, the increased potency was attributed to the effect of the

DV component of sunlight. It was shown that the DV-absorption maximum of SSS

coincided with the wavelength at which the light-induced enhancement oftoxicity was the

greatest. This observation led to conclusion that photoactivated terthienyl was the active

species, rather than some other phototoxic compound whose level in the organism had

been altered by the presence of SSS.

Further investigations, however, suggested that photoinduced damage caused by SSS and

its derivatives was due to the generation of singlet oxygen e02) in a photosensitisation

process analogous to that seen with dyes such as Rose Bengal and methylene blue.121.253

The experiments, which included the heterocycle, DV light and oxygen, revealed

deactivation of enzymes exposed to this combination. The deactivation was inhibited by

typical singlet oxygen scavengers such as NaN3 and methionine, while superoxide

scavengers - mannitol and superoxide dismutase - did not show any effect. As an

additional test for 102 generation, the reaction of the olefin adamantylidene adamantane

with DV-irradiated oxygenated solutions of SSS was found to yield adamantanone by
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decomposition of the olefin's single oxygen adduct. 253 The formation of singlet oxygen

occurs according to the sequence below (Scheme IV.l ):254

SSS + hv ~ SSS*t

SSS*t + 30 2 ~ SSSo + )02

102 + cell target - 302 + cell death

SCHEME/VI

Later studies focused on properties of both bithienyl and terthienyl

derivatives.120.l25.177.255.256 They revealed widely differing phototoxicities and selectivities

towards several targets (bacteria and viruses). The activity was essentially determined by

the compound hydrophobicity, ability to absorb near DV light and to generate singlet

oxygen - in other words, to be an efficient photosensitiser.V'' Conjugated a-linked

compounds with adjacent thiophene rings (bi- and terthienyls) - as shown below - were

found to be more active in all assays. Br

COOEt

Those compounds which did not have all these features, were much less active or

inactive. 120.125

Most of the polythiophene derivatives that have been examined demonstrated high

therapeutic potential by exhibiting antiviral, antimicrobial and even cytotoxic properties.

The similar structural requirements for antiviral and cytotoxic activities are indicative of a

common mechanism of action.

In general, the phototoxicity of thiophenes has been attributed to their action on membrane

constituents via singlet oxygen!" attack or by interaction with unsaturated fatty acids.257 It

has also been suggested that other non-membrane targets - proteins or nucleic acids _

should be taken in consideration.P" Kagan et al.259 proved that SSS incorporates into DNA

during a photochemical reaction; however, no cross-linking was observed. Membrane

proteins were also shown to be important sites of attack for SSS-oenerated sinzlet
o 0
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oxygen.260 However, there are indications that toxicity IS not always determined by

successful formation of this active species: SSS shows cytotoxicity even in the dark, albeit

not as high as under DV light.':" (Note, however, that most of the other bi- and terthienyl

derivatives are not cytotoxic in the dark.)

At present, the exact mechanism of biological action of polythiophenes remains unclear.

Nevertheless, all available chemical, biochemical and photophysical studies suggest that

these compounds represent a unique class of powerful phototoxic agents. This

photosensitising property presents a high potential for their future use in photodynamic

therapy - a relatively recent approach to the treatment of cancer by the combination of

I 1· h h . . . d I I "61-263aser ig t, a p otosensrtismg agent an mo ecu ar oxygen."

Photodynamic therapy has great potential in the treatment of a number of tumours. The

technique involves the introduction of a photosensitiser which is selectively retained by the

cancerous tissue as compared with surrounding tissue. The area is then irradiated with laser

light causing the photosensitiser to fluoresce , thus transferring energy to triplet oxygen,

resulting in its conversion to singlet oxygen. The singlet oxygen then oxidises the

surrounding tissue, killing the cancer cells.263 Much development work has concentrated

on cancers that lie close to the surface of the skin, such as basal cell carcinomas, but in

principle, deeper lying and thicker tumours could be treated in this manner, provided the

appropriate experimental conditions can be achieved.

There is, however, another side to photosensitising ability, namely a negative effect on the

patient who has been administered a drug containing such agent and subsequently was

exposed to sunlight or any other source of near DV light.264 Indeed, SSS has been known

to cause dermatitis of human skin by oxidation of human skin surface lipids. 265 This has to

be taken into account during the design of drugs containing SSS and its derivatives. One

possible solution to minimise this side effect would be functionalise the compound in such

a way that it accumulates selectively in the organelles (e.g. tumour sites) which require

treatment.
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IV.1.2 Biological activity of goldQ)-phosphine complexes

Gold compounds have long been used for the treatment of rheumatoid arthritis. Early

formulations were based on water soluble oligomeric gold(I) thiolates. In the beginning of

1980s, a new lipophilic gold(I) phosphine complex Auranofirrf" (see Figure IV.l) was

introduced.

CH70Ac

I ~0)1S-AU-PEt3
K?AC

OAc ~--...It'

OAc

Fig. IV.1 Anti arthritic drug Auranofin - [(2 ,3 ,4,6-tetra-O-acetyl-1-thio-~-D-gluco

pyranosato-S)(triethylphosphine)gold(I)].

Auranofin has shown several advantages over preceding gold drugs. However results of

numerous investigations seem to indicate that antiarthritic activity of gold complexes

depends on the presence of gold(I) more than the ligands , although the ligands can

markedly affect the absorption and distribution properties of the complex.'

During the studies devoted to antiarthritic properties of gold(I) drugs it was found that

these compounds exert a number of effects on the immune response as a result of the

interaction of gold with thiol groups on the proteins responsible for regulating the

transcription of genes.I IS Regulation of gene transcription plays an important part in a

number of diseases: i.e. cytokine production in rheumatoid arthritis and oncogene

expression m cancer.

Lorber et al.267 reported in 1979 that Auranofin had activity against HeLa cells in culture

and followed this up with studies
268

pointing out that the drug was active against P388

leukaemia in mice. However, it was inactive against solid tumours. Several other gold(I )

phosphine complexes with thiosugar ligands were investigated with similar results.

More prormsmg results were achieved with a senes of dinuclear gold(I)-phosphine

complexes. A large number of compounds of the diphosphine dppe and its derivatives were
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investigated for antitumour activity. r' While the ligands themselves showed some activity,

the digold complexes had much greater potency. The dinuclear linear complex [CIAu(Jl

dppe)AuCI] was shown to rearrange upon reaction with thiols in blood plasma to give the

mononuclear tetrahedral chelated species [Au(dppehf.269 Both the tetrahedral and the

bridged complexes demonstrated significant and reproducible antitumour activity in a

broad spectrum of murine tumours in vivo and potent cytotoxic activity to tumour cells in

vitro.117 It is very likely that the bischelated complex is the major active metabolite of

dinuclear complexes inside cells.

The substituents on the phosphine molecule are important for activity. For complexes of

the type [CIAu{Jl-R2P(CH2)nPR2}AuCI], highest activity was found with R = Ph, n = 2, 3

or cis-CH=CH. Substitution of phenyl groups by ethyl, pyridyl, fluorophenyl etc.

substantially reduced or even eliminated antitumour activity. I 18

Low activity of Auranofin in vivo indicates that it is quickly detoxified by strong binding

to albumin in blood plasma. On the other hand, [Au(dppeht is stable in serum for several

days. This stability and inertness is a result of two factors : the chelate effect and the greater

stability of phosphine over thiolate ligands. The low reactivity of [Au(dppe»r towards

thiols and high lipophilicity allow it to reach intracellular target sites which are

inaccessible to Auranofin.

The mechanism of action of gold(I) phosphine complexes appears to be different to that of

cisplatin [cis-Pt(NH3hChl As gold(I) forms only weak bonds with nitrogen ligands it can

not form strong cross-links between purine bases of DNA as does Pt(II). However it can

produce DNA-protein cross-links and DNA single strand breaks. The former are critical

lesions, which can be repaired when the complex is removed, while the latter are only

evident at supralethal doses. ll7 Electron microscope studies showed that [Aurdppejj]"

produces profound effects on mitochondrial morphology with subsequent uncoupling of

mitochondrial oxidative phosphorylation.V"

As many phosphines show cytotoxic and antitumour activities even without coordination

to a metal,75.271 it was originally suggested that the function of gold(I) was merely to

protect the ligand from oxidation when it enters cells. At the same time the phosphine
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would stabilise gold(I) thus providing a mechanism for its transport into cells through the

lipophilic cell membrane. This theory was supported by the following observations:

a) activity was not limited to gold complexes, copper(II) also enhancing the cytotoxicity of

dppe272 as did Ni(II) and Pd(II) ,273

b) phosphine oxides were inactive as antitumour agents and even non-toxic.75

However, there are other facts which seem to indicate that gold(I) does have a role greater

than that of a simple carrier: several gold complexes without phosphine ligands, e.g.

[Au(Et2S)CI], were found to be active in vivO ;274 also complexes of dppe with different

metals show different activities per mole of dppe. 275

Unfortunately, investigations into the antitumour activity of gold (I) complexes with

bidentate phosphines were abruptly stopped when Hoke et al.276 discovered their

significant cardiotoxicity. Nevertheless, the need for developing new cytotoxic gold(I)

complexes that have antitumour activity is high. It is demonstrated by the broad-spectrum

activity of gold(I) phosphine complexes against even cisplatin resistant tumours. Clearly,

new ligand designs, new drug formulation methods and an even wider range of tumour

systems need to be investigated in order to determine optimal activities and to reduce the

side-effects of gold phosphine complexes.

IV.t.3 Design of new antitumour-active compounds

A new approach to the design of more efficient gold drugs has evolved over the last ten

years. It consists of modification of the properties of known antitumour agents by

coordinating them to gold(I). This ideally leads to at least one of the following:

a) increased stability of some ligands,

b) altered in vivo distribution of the drug,

c) synergistic mechanism of cytotoxicity/antitumour activity.

Several examples of the application of this approach have appeared recently in the

literature: [(Ph3P)Au(5-fluorodeoxyuridine)] 123 was evaluated against leukaemia in vivo

and found to be more active than fluorodeoxyuridine itself. Similarly, [ClAu/u

dppf)AuCI] was also more active than ferrocene itself. 27I Gold(I) complexes with ligands

that include a biologically active moiety, such as methyl sulfoxide,
I j 4 17

Ph2PCH2CH2S(O)Me, - and sugar molecules such as n-MBPA, where MBPA = methyl
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4,6-0-benzylidene-2-deoxy-2-(diphenylphosphino)-a-D-altropyranoside and n = 2 or 3,

showed high potential as antitumour agents.

To date there has been no report of attempts to combine the biological potential of gold(I)

and polythiophene compounds. Thus , this work provides the first example of the

incorporation of a-bi- and terthiophenes into phosphine ligands and the subsequent

coordination of these ligands to gold(I). The combination of the two moieties - a

thienylphosphine bonded to gold(I) - is expected to positively affect antitumour properties

because:

a) Thiophene-based phosphines are remarkably stable towards oxidation, thus ensuring

that they are not deactivated in vivo ;

b) The mechanism of the cytotoxic action of polythiophenes is different to that of

traditional phosphines and their gold(I) complexes, a synergistic effect therefore being

anticipated.

It is well established that the mechanism of action of oligothiophene compounds is based

on their photochemical properties. It is also true that a large number of publications has

appeared in connection with the photophysics of various gold(I) compounds (see Section 3

in Chapter Ill), such as their luminescent properties in the solid state and in solution,

significant advances having already been made in the elucidation of the nature of their

emission. However, hardly any studies have been conducted concerning the chemical

behaviour of the excited species. In fact it was only recently shown that Auranofin

undergoes photodecomposition.i " but the product and intermediate species could not be

identified. During the investigation of irradiation of a plasmid DNA in the presence of

[Au3(dmmph]3+ [dmmp = bis(dimethylphosphinomethyl)methylphosphine], non-specific

cleavage of DNA was observed as a result of the production of active oxygen species eO2

or O2-") due to the photosensitising action of the gold cornplex.i " From these two studies it

is difficult to estimate the effect DV irradiation has on the photocytotoxic properties of

gold(I ) compounds. Hence , this work aims to provide preliminary data on the possibility of

use of gold(I) thienylphosphine complexes as cytotoxic agents not only under ambient

conditions but also in the presence of near DV light .
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IV.2 PHOTOSENSITISING PROPERTIES OF THIENYLPHOSpmNES A.~

THEIR CHLOROGOLD(I) COMPLEXES

IV.2.1 Introduction

It was pointed out in the Section 1.1 of this Chapter, that the photocytotoxicity of

terthiophene and its derivatives arises from their ability to sensitise the formation of singlet

oxygen. Therefore, one of the first steps for the evaluation of the phototoxic properties of a

polythiophene-containing compound has to be the estimation of its ability to generate

singlet oxygen.

The quantum yield of singlet oxygen is the quantitative parameter employed to evaluate

the photosensitising ability of a compound. Recently there has been significant interest in

the spectroscopic properties of n-oligothiophene compounds as well as in their

h . .. ffici 254 279-282 S 1 h d h b d c. . thP otosensmsmg e iciency.": evera met 0 save een reporte 10r measunng e

quantum yield , the most reliable being laser flash photolysis and time-recorded

phosphorescence.280 .282 All available data on quantum yields for bithiophenes,

terthiophenes and related compounds have been summarised by Scaiano et al.282 The

values of singlet oxygen quantum yields are shown to depend on both the method used for

their determination and the solvent in which the measurements were conducted. 282 As a

rule, the relative efficiency of singlet oxygen generation between different compounds

remains unchanged by going from one solvent to another.

During this study, laser flash photolysis facil ities were unavailable. Nevertheless it became

possible to use an alternative method for estimating the efficiency of singlet oxygen

production, i.e. the photochemical oxidation of adamantylidene adamantane (Ad=Ad) in

the presence of a photosensitising agent.253 The results of this method are not as accurate as

those of the spectroscopic technique, but they can still provide a reliable estimate of the

relative photosensitising efficiency of a compound, provided a standard with a known

efficiency is available. For this work c-terthiophene was selected as the reference

compound and assigned a relative efficiency equal to 1.
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The essence of the adamantylidene adamantane method is the determination of the amount

of adamantanone formed after thermal decomposition of the dioxetane adduct. The latter is

the result of the addition of singlet oxygen to the olefin (Scheme IV.2):

0-0

2
o ~ooc

SCHEME/V2

The conversion fraction of Ad=Ad into the ketone (Ad=O) was chosen to be the

quantitative parameter for estimating the photosensitising efficiency of a compound. It was

calculated in the following way:

Ad=Ad + 102 -- 2 Ad=O

start: q mol 0 mol

end: (q-p) mol 2p mol

The ratio of adamantanone to the starting olefin - Y = [Ad=O]/[Ad=Ad] - can be

determined experimentally using gas chromatography. Therefore

Y = [Ad=O]/[Ad=Ad] = 2p/(q-p),

P = q . Y/(2 + V), or

X = p/q = Y/(2 + V), where X is the conversion.

IV.2.2 Photochemical oxidation of adamantvlidene adamantane in presence of

selected thiophene-based compounds

The photochemical oxidation of Ad=Ad was carried out in dichloromethane using UVA

light (a fluorescent lamp with a filter with a transmission maximum at 360 nm and cut-off

327



Chapter Four: Preliminary Studies ofthe Biological Activity ofSelected Thienylphosphines and their ...

wavelengths of320 nm and 400 nm) according to the modification of the method described

by Gommers et al.253 The conditions are summarised in the Section 5.1 of this Chapter.

Using terthiophene SSS as a model sensitiser, it was established that:

a) No reaction was observed, i.e. the [Ad=O]/[Ad=Ad] ratio was zero, when no sensitiser

was added' moreover use of three different concentrations of the sensitiser (l . 10-4 M,,

4 . 10-5 M and 1 . 10-5 M) but with the same amount of Ad=Ad did not significantly

affect the conversion value;

b) the conversion factor X depended on the initial amount of the olefin in the reaction

mixture;

c) the conversion factor X was directly proportional to the duration of the photochemical

reaction (Fig. IV.2).

0.4
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.2 0.3Cfl
I-
(1)
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u
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0 2
..,
.J 4 5 6 7
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Fig. IV.2 The conversion factor X as a function of reaction time , C(Ad=Ad) = 4· 10-4 M.

The following thiophene-based compounds were evaluated in the photochemical oxidation

of adamantylidene adamantane: SS, SSS, SNS, PS, PSP, PSS, PSSP, PSSS, PSSSP,

PSNSP, [ClAuPS], [ClAu(Jl-PSP)AuCl], [ClAuPSS], [ClAu(Jl-PSSP)AuCl], [ClAuPSSS],

and [ClAu(Jl-PSSSP)AuCl]. The results are presented in Table IV.I. The relative

photosensitising efficiency of SSS in dichloromethane is taken as 1.

The mixed pyridine-thiophene heterocycle SNS was investigated in order to verify the

meaningfulness of the results. Scaiano et al.282 give the value of the singlet oxygen

quantum yield for this compound as 0.27 in benzene. The value for SSS in the same

solvent was 0.75. Therefore, the relative efficiency of SNS in comparison to SSS is 0.36.

In this study, the value obtained for SNS was 0.38. Taking into account the differences in
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the solvents and the experimental errors, the correlation between the two values appears

good. Unfortunately, no other compound, evaluated by Scaiano et al.,282 was available to

confirm that this correlation is not a mere coincidence. Surprisingly, no quantum yield data

have been reported for SS.

Table IV.! Conversion factor X, % (Ad=Ad-Ad=O) and relative photosynthesising

efficiencies of various thiophene containing compounds in dichloromethane.

Peak area ratio, Z·
Conversion factor,

Compound Relative efficiency
X%

SS 0.046 4.8 0.17

SSS 0.367 28.5 1.00

SNS 0.111 10.8 0.38

PS 0 0 0

PSP 0 0 0

PSS 0.208 18.4 0.65

PSSP 0.206 18.3 0.64

PSSS 0.314 25.4 0.89

PSSSP 0.301 24.7 0.87

PSNSP 0.127 11.6 0.41

[ClAuPS] 0 0 0

[CIAu(~-PSP)AuCI] 0 0 0

[CIAuPSS] 0.200 17.9 0.63

[CIAu(~-PSSP)AuCl] 0.222 19.4 0.68

[CIAuPSSS] 0.399 30.3 1.06

[CIAu(~-PSSSP)AuCl] 0.359 28.1 0.99

Z = 0.46 ·Y and X = Z/(0.92 + Z) (see Section 5.2 of this Chapter)

Consideration of the data in Table IV.l shows that the introduction of either one or two

phosphine groups into 2,2'-bithiophene (SS) significantly increases the efficiency of

generation of singlet oxygen. However, phosphine substituents on SSS reduce the

efficiency somewhat. Coordination of the thienylphosphines PSS and PSSS to gold either

leads to small increases in efficiency or very little change in efficiency. This is a significant
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result in that it shows that the photosensitising of the thienylphosphine is not lost on

coordination to gold(I). Compounds with a pyridine nucleus are less efficient sensitisers in

comparison to their thiophene-containing analogues (compare SNS and SSS, PSNSP and

PSSSP).

The photosensitising efficiencies of the thiophene-containing compounds are usefully

considered in relation to their spectroscopic properties and, in particular, to their ability to

absorb DV radiation (in the same solvent system). It was mentioned in the introduction to

this chapter, that excitation of SSS with low-energy DV radiation produces the active

species responsible for conversion of ground state triplet-oxygen into its singlet state. It is

therefore expected that some correlation should exist between the efficiency of generation

of singlet oxygen and the absorption of light in the near DV part of the spectrum. Table

IV.2 presents the relative efficiencies of the compounds investigated taken in conjunction

with Amax for their lowest energy DV-band as measured in dichloromethane.

The compounds with a pronounced photosensitising ability (relative efficiency not less

than half of that for SSS) are given in bold in Table IV.2. As can be seen from the Table

IV.2, those compounds which do not significantly absorb light above 300 nm do not

generate singlet oxygen, while compounds that absorb between 350 and 390 nm are the

most efficient in producing singlet oxygen. At the same time, there is no clear-cut

relationship between the efficiency of generation of singlet oxygen and Amax or even

between the efficiency normalised to the extinction coefficient (£'10-4) and l"Tnax (Figures

IV.3 and IV.4 - respectively).
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Fig. IV.3 Relative photosensitising efficiency vs. Amax of the lowest energy DV-absorption

band.
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Table IV.2 Relative photosensitising efficiency of thiophene-based compounds In

dichloromethane and their lowest energy DV-absorption maxima as measured In

dichloromethane.

Compound

ss
SSS

PS

PSP

PSS

PSSP

PSSS

PSSSP

PSNSP

[CIAuPS]

[CIAu(/-l-PSP)AuCI]

[CIAuPSS]

[CIAu(fl-PSSP)AuCl]

[CIAuPSSS]

[CIAu(fl-PSSSP)AuCI]

SNS

Relative efficiency

0. 17

1.00

o
o

0.65

0.64

0.89

0.87

0.41

o
o

0.63

0.68

1.06

0.99

0.38

305 ( 1.1)

356 (2.2)

235 ' ( 1.2)

23 1' (2.8)

330 (1.6)

350 (2.0)

374 (2.0)

388 (2.5)

323 (2.7), 345 (2.8)

233' (1.7)

231' (3.4)

329 (1.8)

344 (2.4)

377 (2.6)

385 (3.8)

333 ( 1.0)

UV-absorption of the se compounds above 300 nm is less than 5% of its value at )"m3X

0.5
eo

"- 0.4>-.
~
Q) 0.3o
~
<.i-
v 0.2

•
0.1

300 320

•
•

340

•
•

•

•

360

• •

380

•
•

400

Fig. IV.4 Relat ive normalised photosensitising efficienc y vs. lemax of the lowest energy UV

absorption band.
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The trend line on the Figure IVA seems to be shaped as parabola, resembling the

transmission spectrum of the lamp filter. It is likely that the filter affects the amount of

irradiation available to the sensitiser , thus influencing the photosensitising efficiency of

compounds. Near the filter cut-off there is a proportionally lower amount of radiation is

available to excite the molecules. Nevertheless, the relationship still cannot be considered

as linear, there being a wide dispersion of data even in the middle of the graph, where filter

transmission is 100%.

To summarise, it has been found that bithiophene and terthiophene-derived phosphines as

well as their chlorogold(I) complexes show efficiency in the generation of singlet oxygen

species comparable to that of u-terthiophene itself. At the same time, substitution of a

thiophene ring by pyridine seems to be detrimental to the photosensitising ability.
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IV.3 CYTOTOXIC PROPERTIES OF THIENYLPHOSPHINES AND THEIR

GOLD(I) COMPLEXES

The next step in the evaluation of antitumour potential of the newly synthesised thiophene

containing compounds is to test them against a suitable biological model. Historically,

strategies for evaluation of new anticancer drugs have been predominantly based on an in

vivo rodent model of disease. In recent years, a move has been seen from in vivo murine

tumours to in vitro human tumour models.

In vitro cytotoxicity testing offers several advantages over the former method:

a) It deals with the cells of a real human tumour, not its animal model, thus alleviating the

need to extrapolate the results and make numerous assumptions,

b) It prevents the unnecessary and costly sacrifice of animals,

c) It provides a fast and efficient method of testing.

However, it still retains the innate drawback of any in vitro method, i.e. the inability to

simulate the interaction with a whole living organism with its multitude of tissues and

interrelationships. Quite often, compounds found to be cytotoxic in vitro are not active in

vivo and vice versa.

Cell viability, i.e. the ratio of the amount of live cells after the treatment with the

compound to the amount of live cells in the blank (blank refers to the treatment identical to

the one with the compound with the only exception being the omission of the compound),
I

is normally used as the quantitative measure of cytotoxicity. The compound is considered

to be cytotoxic if it kills 50% or more of cells.

The cytotoxicity studies of compounds synthesised during this project are being presently

carried out in the Department of Physiology, Medical School, University of Natal, Durban.

The cell lines chosen for the testing are HepG2 - liver cancer and A549 - lung cancer.

Using a variety of the cell lines rather than a single line is crucial in the determination of

the selectivity of action (or the lack of it) of a compound against cancer cells. It is

important that the compounds chosen as anticancer drugs show differential activity,

otherwise they become overall toxic to the body. Selecting a liver cell line for testing

allows one to predict a toxic effect the compound will have on a living organism, as liver is

the major organ responsible for the detoxification of all chemicals entering the body.
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It is also important to investigate cytotoxic effects of a compound in the presence of DV

light due to the possibility of it inducing a photodynamic effect through generation of

singlet oxygen. Photodynamic effects can play both positive and negative roles. On the

positive side, they are currently used in medicine,262.263 as in photodynamic therapy (PDT

is the combination of red laser or DV light, photosensitiser and molecular oxygen resulting

in a therapeutic effect), for the treatment of a variety of diseases including cancer. On the

negative side, they can cause skin and eye sensitivity and even tissue damage after uptake
76426ofthe compound." . )

By the time this thesis was being written, only a part of the proposed investigation had

been accomplished due to the problems associated with the handling and maintenance of

the cell lines. So far, results are available for 8 compounds against the HepG2 cell line and

for 16 compounds against the A549 cell line.

IV.3.t Cytotoxic effects of selected compounds against the HepG2 cell line

The data on HepG2 cell viability upon incubation with various concentrations of six

thiophene-containing compounds are given in Table IV.3.

Table IV.3 Cytotoxic effects for selected compounds against the HepG2 cell line in the

dark

Compound/ % Cell viability

Concentration l.So ug/ml 3.121lg/ml 6.251lg/ml 12.51lg/ml 251lg/ml

SS 103 95 96 108 96

SSS 64 49 54 50 42

PSS 64 67 58 61 50

PSSP 91 114 95 130 86

[CIAuPSS] 86 54 25 7.4 7.2

[CIAu(Il-PSSP)AuCI] 88 87 101 92 88

dppe 101 92 82 71 63

[CIAu(ll-dppe)AuCI] 93 92 91 87 93
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Known antitumour and cytotoxic agents dppe and its digold complex [CIAu(~-dppe)AuCl]

have also been evaluated as reference compounds and are included in the Table. The

results for the HepG2 cell line have only been obtained under conventional, 'in the dark'

(i.e. without irradiation with DV light), conditions. The detailed procedure employed to

obtain the results is outlined in the Experimental section of this Chapter.

From the Table above, it can be seen that only SSS (barely), PSS (barely and at a certain

concentration) and [CIAuPSS] can be regarded as cytotoxic. The effect of SS, [CIAu(~

PSSP)AuCl] and [Cl.Autji-dppe)AuCI] on the cells is not much different from that of the

control, while PSSP is even capable of promoting the cell growth at some concentrations

(12.5 and 3.12 ug/ml). Dppe does not even achieve clear-cut cytotoxicity at the selected

concentrations, but does show a clear trend of increasing toxicity with increasing

concentration, and, therefore , is likely to become cytotoxic at higher concentrations . It is

interesting to note that both dppe and [CIAu(~-dppe)AuCl] have previously been found to

be cytotoxic against murine B16 melanoma cell line. " the latter was cytotoxic at

concentrations as low as 8 ~M, while in this study it did not have any effect on the HepG2

cell line at concentrations of up to 29 ~M (= 25 ug/ml).

Amongst the cytotoxic compounds, treatments with SSS and PSS show very little

concentration dependency, while the toxicity of [ClAuPSS] increases sharply with raising

the concentration from 1.56 to 12.5 ug/ml (21 ~M) only then becoming constant. Indeed,

the cytotoxicity of [CIAuPSS] at concentrations of greater than 12.5 ug/ml is dramatic with

percentage cell viability values in single figures.

It must be stressed that the ability to kill cancerous cells increases from SS (non-cytotoxic)

to PSS (mildly cytotoxic) to [CIAuPSS] (highly cytotoxic). Thus, in this series,

introduction of a phosphine moiety in the heterocycle structure proved beneficial. Even

more so, coordination of this phosphine to gold(I) led to a remarkable improvement in the

cytotoxic action. Mirabelli et al.75 in their extensive study of antitumour activity of various

phosphines and their chlorogold(I) complexes showed that coordination to gold often

increases the antitumour potency of a ligand: e.g., I,2-bis[di(2-pyridyl)phosphino]ethane

induced a negligible increase in the mouse life-span (ILS), while for its chlorogold(I)

complex the ILS value was 60%. However cases with the opposite relationship are also
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observed, as demonstrated by the same authors: 1,2-bis[di(2-thienyl)phosphino]ethane was

active against P388 leukaemia, while its chlorogold(I) complex was not.

In this study comparison of the three ligand - chlorogold(I) complex pairs shows that only

PSS/[CIAuPSS] couple possesses the ability to kill cancerous cells efficiently, implying

that , perhaps, a certain structure of the phosphine is needed to induce cytotoxic effects . It

might be significant that the inactive couples contained diphosphine moieties. However,

more cytotoxicity data involving both mono- and diphosphine ligands as well as their

complexes has to be obtained before a conclusion regarding structural requirements for

cytotoxic activity is made. It will be of particular interest to examine the PSSS/

[CIAuPSSS] couple because the thienylphosphine ligand, PSSS , is derived from the known

cytotoxic compound, SSS.

The fact that [ClAuPSS] exhibits pronounced cytotoxic activity against HepG2 cell line

whereas both dppe and [Cl.Auiu-dppe )AuCl] are not effective suggests that the anti

neoplastic mechanism of the former is different. It has been established'f" that the bis

chelated complex [Au(dppeh]Cl (formed in vivo) is responsible for the damaging effect of

the dppe complex. In the case of PSS (or PSSS or any other of the thienylphosphines

synthesised during this work) formation of the bis-chelated complex is clearly improbable

and, thus, the observed cytotoxic effects must be induced by different means. This is a

positive finding implying that there is a potential for the use of [ClAuPSS] against cell

lines or cell line strains that are resistant to dppe and [Cl.Aufu-dppejAuf.l].

Another factor to be considered when evaluating cytotoxicity is the delivery of compounds

to the cancerous cells. In this light, poor (or the lack of) activity of PSSP and [Cl.Autu

PSSP)AuCl] might be the result of their poor solubility in solvents as polar as the water

based culture media (even with some 5% DMSO added). However , in order to prove or

disprove this suggestion, a wider spectrum of related compounds with variable solubility

patterns has to be tested.

IV.3.2 Cytotoxic effects of selected compounds against the A549 cell line

Cytotoxicity data for a number of thiophene-based compounds against the A549 cell line

both in the dark (no UV light) and under near UV light (subsequently referred to as UVA
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light) are presented in the Tables IV.4 and IV.5 , respectively. The reference compounds

dppe and [CIAu(Jl-dppe)AuCI] are also included in the Tables.

Table IV.4 Cytotoxic effects for selected compounds against the A5 49 cell line in the dark

Compound/ % Cell viability

Concentration 0.02 ug/ml 0.1 ug/rnl 1.0 ug/rnl 10 ug/ml

SN 78 74 87 82

SSS 70 70 72 63

SNS 96 110 80 80

NSN· 105 120 138 162

PS 151 130 129 107

PDS 196 153 108 106

PTS 209 214 95 90

PSS 82 103 37 108

PSSS 82 130 74 33

PSSP 124 111 112 90

PSSSP 107 86 83 58

PSNSP 125 137 88 74

[CIAuPSS] 132 154 126 128

[CIAu(Jl-PSSP)AuCI] 133 120 146 98

dppe 118 89 58 31

[CIAu(Jl-dppe)AuCI] 47 95 57 50

NSN is 2,6 -bis(2'-thienyl)pyridine; it was evaluated here as an aid to understand ing the

effect of thiophene and pyridine rings on cytotoxic properties

In Table IV .4 only four compounds - PSS, PSSS, dppe and [CIAu(ll-dppe)AuCI] - have

potential cytotoxic properties as measured by a cell viability of less than 50% and given in

the Table in bold. However, except in the case of dppe, there is no evidence of increasing

toxic ity with increasi ng concentration. The remaining compounds are generally inactive,

some even promoting cell growth (for these, values are shown in the Table in italics). In

fact, the monothiophene-containing phosphines PS , PDS and PTS are remarkable in their

ability to promote cell growth, yielding proliferation increases of up to 100%! The greater

number of th iophene rings in the molecules of these phosphines appears to eli cit a larger
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dependence of the percentage cell viability on the phosphine concentration e.g., for PS the

range of the cell viability is 44%, while it is 124% for PTS. The ligand NSN [NSN = 2,6

bis(2'-thienyl)pyridine - vide infra] also shows a tendency to promote cell growth, as

evidenced by an increase in cell survival with an increase in concentration. Such a trend is

entirely opposite to normal cytotoxic behaviour, when an increase in the concentration of a

substrate leads to further cell destruction.

Also noteworthy is that the cytotoxic effect of SSS in the dark towards the A549 cell line

seems to be insignificant - as opposed to its behaviour in the HepG2 experiment and

contrary to the results of Hudson on the P815 mouse mastocytoma cell line.120 Likewise,

the compounds PSS and [CIAuPSS] - found to be cytotoxic (mildly, PSS and highly,

[CIAuPSS]) against the HepG2 cells - do not appear to be cytotoxic toward the A549 cells.

(Reduction of the cell viability to 37% at a single intermediate concentration can hardly be

considered as a manifestation of true cytotoxic activity for the compound.)

Unfortunately the compound SS has not yet been evaluated against the A549 cell line

which made the comparison of the cell killing abilities in the SS-PSS-[CIAuPSS] or SS

PSSP-[CIAu(Il-PSSP)AuCI] series impossible. Similarly, there are insufficient data to

correlate cytotoxic properties in the SSS-PSSS-[CIAuPSSS] and SSS-PSSSP-[ClAu(ll

PSSSP)AuCI] series as neither of the two gold chlorogold(I) complexes has been tested.

However both terthiophene-derived phosphines show somewhat better ability to damage

the A549 cancer cells than the parent heterocycle at the highest concentration used (33 and

58% vs. 63% respectively).

Amongst the three ligandlchlorogold(I) complex couples, only dppe and its complex

exhibit the cytotoxic properties. The trend is similar to what was observed during the

HepG2 experiment: if the phosphine ligand exhibits cytotoxicity, its gold complex is

cytotoxic as well. The fact that in this case there is very little improvement in the cell

killing ability of dppe upon coordination to gold might be attributed to the logistical

shortfall of the experimental technique. As all the concentrations were measured in ug/ml

rather that in more meaningful IlM, the direct comparison of cytotoxic effects becomes

difficult: i. e. the molar concentration of the gold complex of dppe was just less than a half

that of the ligand at the same mass concentration, so that the critical concentration of the

complex necessary for effective killing of the cells might not have been achieved.
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Table IV.5 Cytotoxic effects for selected compounds against the A549 cell line under

DVA light

Compound/ % Cell viability

Concentration 0.02 ug/rnl 0.1 ug/rnl 1.0 ug/ml 10 ug/rnl

SN 36 60 81 36

SSS 37 56 7 11

SNS 54 62 51 16

NSN 116 65 38 16

PS 68 75 63 64

PDS 54 71 63 58

PTS 56 65 66 45

PSS 55 61 62 19

PSSS 74 96 65 52

PSSP 157 129 98 99

PSSSP 54 71 25 15

PSNSP 80 84 117 121

[C1AuPSS] 107 110 107 78

[CIAu(J.l.-PSSP)AuCl] 167 132 104 91

dppe 84 77 110 86

[Cl.Autu-dppe)AuC1] 53 35 57 50

As shown in Table IV.5. eight compounds show cytotoxic behaviour towards the A549 cell

line under irradiation with DVA light: SN, SSS SNS , NSN. PTS. PSS. PSSSP and

[CIAu(J.l.-dppe)AuCI]. For each of this thiophene containing compounds there is a

significant enhancement in activity under DVA light compared to what was observed in

the dark. Dramatic activity is exhibited by SSS and PSSSP at concentrations greater than I

ug/ml . With regard to the remaining compounds, SN shows concentration dependent

cytotoxicity - pronounced at both low and high concentrations, but poor at intermediate

values. The SNS and PSS molecules are mildly cytotoxic becoming very potent at the

highest concentration, while NSN shows a linear dependence of its potency on

concentration. Both PTS and [CIAu(ll-dppe)AuCI] can be referred to as mildly cytotoxic

without showing a strong concentration dependency.
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Comparison of the data in the two Tables shows that the application of UVA light

generally increases the cytotoxic properties of the compounds tested. The exception is

PSNSP, which demonstrates a unique and quite remarkable behaviour, in that its effect

under UVA light is reversed with the compound becoming a cell growth promoter as the

concentration is increased.

The question arises as to whether the increase in activity is due to the photosensitising

ability of the compound, i.e. to its ability to generate singlet oxygen. This will now be

examined by correlating the activity of the cytotoxic compounds under UVA light with

their photosensitising efficiency as determined in the Section 2 of this Chapter (see Table

IV.2). Table IV.6a gives both the cytotoxic effects at the highest concentration of the eight

compounds active under UVA light and their photosensitising efficiencies. (In only a

couple of cases the cytotoxic response at this concentration is not the greatest achieved for

the particular compound.)

Table IV.6a Cytotoxic responses against A549 cells of the eight cytotoxic compounds at

10 ug/ml under UVA light and their relative photosensitising efficiencies

Compound Cell viability at 10 Jig/ml

SN 36

SSS 11

SNS 16

NSN 16

PTS 45

PSS 19

PSSSP 15

(u-dppe)(AuClh 50

Relative photosensitising efficiency

1.0

0.38

0.65

0.87

Photosensitising efficiency was not measured

Before discussing the data in Table IV.6a it should be noted that the photosensitising

efficiency and cell killing ability were determined under different conditions: the

photochemical studies were conducted in dichloromethane, while the tissue culture

experiments were carried out in aqueous culture medium with a small amount of DMSO

added. Moreover, according to literature data,282 the photosensitising efficiencies for the
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same compound vary for different solvents and thus the values experimentally determined

during this study cannot be taken as absolute. Nevertheless, the photosensitising

efficiencies determined in dichloromethane may serve as qualitative guide as to how

efficient the compound is in producing singlet oxygen in tissue culture experiments.

Although no measurements of the relative photosensitising efficiencies for PTS and

[CIAu(~-dppe)AuCI] were carried out, one can deduce from their spectroscopic properties

(both compounds do not absorb above 300 nm - the lamp filter cut-off), that they do not

possess photosensitising properties. It is more difficult to estimate the photosensitising

efficiencies of SN and NSN as they both absorb DV light between 300 and 400 nm, but it

would be reasonable to believe that their efficiencies are greater than zero.

From the data in the Table IV.6a it is clear that good photosensitising ability is associated

with good cell killing ability in the presence of light, at least for those four compounds for

which the relative efficiency was measured. The non-photosensitising PTS and [CIAu(/l

dppe)AuCI] show only mild cytotoxicity. However not all compounds with good

photosensitising abilities kill A549 cells under DVA light: these are PSSS, PSSP,

[CIAuPSS], PSNSP and [CIAu(~-PSSP)AuCI]. Table IV.6b combines the compounds

which did not prove to be cytotoxic against A549 cell line under DVA light together with

cytotoxic response and photosensitising efficiency values.

Table IV.6b Cytotoxic responses against A549 cells of the eight non-cytotoxic

compounds at 10 ~g/ml under DVA light and their relative photosensitising efficiencies

Compound Cell viability at 10 Ilg/ml Relative photosensitising efficiency

PS 64 0

PDS 58

PSSS 52 0.89

PSSP 99 0.64

PSNSP 121 0.41

[CIAuPSS] 78 0.63

[CIAu(~-PSSP)AuCI] 91 0.68

dppe 86

Photosensitising efficiency was not measured
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The analysis of the data in both Tables leads to the conclusion that the cytotoxicity of a

compound is not directly proportional to its photosensitising ability, although in general

the ability to produce singlet oxygen does seem to assist with cell destruction. To illustrate,

let us take two similar compounds , PSSS and PSSSP. They are both good photosensitisers

(relative efficiencies 0.89 and 0.87, respectively) , but the former loses its activity under

DVA light, while the latter becomes much more active in the presence of light. The reason

behind such a difference in behaviour is not clear. Perhaps, quenching of photosensitising

ability for some compounds in cell culture medium could be the cause. At present, the

amount of the data accumulated is too limited to establish the true reason.

Looking at individual compounds, PSS and [CIAu(Jl-dppe)AuCI] are cytotoxic both in the

dark and under DVA light. However it appears that their mechanisms of action in presence

and absence of light are very different, as evidenced by the fact that the concentrations at

which they act as non-cytotoxic in the dark are precisely those which caused the most cell

mortality under DVA light.

The PSSP ligand and its gold complex, [CIAu(Jl-PSSP)AuCI], are not cytotoxic either in

the dark or under DVA light. At the same time, they both affect the cells, although not in

the way they were intended, i.e. they promote the cell growth at certain concentrations.

This fact implies that the previously suggested hypothesis for the lack of the activity due to

the solubility problems is probably not true. Thus a possible explanation for the poor cell

killing performance is that PSSP and [CIAu(Jl-PSSP)AuCI] are simply not capable of

damaging any part of the cell either in the dark or under DVA light within the selected

concentration range.

The third chlorogold(I) complex studied, [CIAuPSS] - the compound showing remarkable

activity against HepG2 cells, is not cytotoxic either in the dark or under DVA light against

A549 cells. It is difficult to correlate cytotoxicity under UVA light and the presence of

gold(I) in the compounds. So far, only three gold(I) complexes have been tested. Two of

them - both containing bithiophene moiety - appear inactive, while the third, [CIAu(Jl

dppe)AuCI] shows moderate activity under UVA light. As, in general, their cytotoxic

properties even in absence of light are quite similar to those in its presence, no definite

conclusion on the effect of presence of gold(I) on the cytotoxicity of compounds under

DVA conditions can be reached.
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The phosphines containing monothiophene units - PS, PDS and PTS, do not have

cytotoxic properties either in the dark or under DVA light. However they do seem to

change their effect on cells in the presence of light: they can be generally considered as cell

growth promoters in the dark, while inducing certain degree of cell mortality under DVA

light. It is unlikely that this effect can be related to their photosensitising abilities as they

do not absorb DV light above 300 nm.

From the results obtained with A549 cell line both in the dark and under DVA light, it can

be seen that ability of a compound [a heterocycle, a phosphine or a gold(I)-phosphine

complex] to generate singlet oxygen does affect its cytotoxicity under DVA light.

Irradiation certainly changes responses of cells as well as the concentration-dependency

trends for most of the compounds. We speculate that DVA light primarily affects targets

inside the cells, which subsequently become more susceptible to an attack by phosphines

or their complexes. However, at least four compounds appear to be genuinely

photocytotoxic as their cytotoxic effects increase considerably in the presence of light and

they have been proven to be quite efficient photosensitisers, at least in dichloromethane.

The four compounds are SSS, SNS, PSS and PSSSP.

Finally, in order to establish a relationship between the structure of a compound and its

cytotoxic behaviour, it is most meaningful to compare compounds with similar molar

masses. The next six Figures present a graphical comparison of the cytotoxicity of

compounds of similar molar masses towards the A549 cell line in the dark and under DVA

light.

The following three sets of compounds are considered:

a) SSS (M = 248 gmol"), SNS (M = 243 g-mol") and NSN (M = 238 g-mol")

b) PS (M = 268 gmol"), PDS (M = 274 gmol") and PTS (M = 280 gmol")

c) PSSSP (M = 616 gmol") and PSNSP (M = 611 gmol").
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Fig. IV.5a Cytotoxic effects of the SSS, SNS and NSN heterocycles on the A549 cell line

in the dark.
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Fig. IV.5b Cytotoxic effects of the SSS, SNS and NSN heterocycles on the A549 cell line

under UVA light.

It can be seen from Figures IV.5a and IV.5b, the SSS, SNS and NSN heterocycles show

different trends both in the dark and under UVA light. However, at high concentrations

under DVA light they all become very potent in killing the cells . In all cases SSS, the

compound containing three a-linked thiophene units, shows the greatest cytotoxic effects.
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Fig. IV.6a Cytotoxic effects of the phosphines PS, PDS and PTS on the A549 cell line in

the dark.
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Fig. IV.6b Cytotoxic effects of the phosphines PS, PDS and PTS on the A549 cell line

under DVA light.

As can be seen from Figures IV.6a and IY.6b the three phosphines PS, PDS and PTS show

quite similar trends in their action on cells. The profiles showing cell growth promotion in

the dark and cytotoxicity under DVA light are similar for all three compounds. The effect

of PTS on the A549 cells is the greatest of the three phosphines , again suggesting that

greater number of thiophene units (unlinked in this case) leads to a higher activity for a

compound.
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Fig. IV.7a Cytotoxic effects of the diphosphines PSSSP and PSNSP on the A549 cell line

in the dark.
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Fig. IV.7b Cytotoxic effects of the diphosphines PSSSP and PSNSP on the A549 cell line

under DVA light.

Comparison of Figures IY.7a and IV.7b shows that PSSSP and PSNSP exhibit different

trends of cytotoxic behaviour. In this case the phosphine derived from the most cytotoxic

heterocycle, PSSSP, is more effective as a cell killing agent than PSNSP (where an u

linked pyridine unit was substituted for the middle thiophene) at all concentrations both in

the dark and under DVA light .

A tentative conclusion can be made from the above discussion, that the more thiophene

units are in a compound the more active it is; derivatives where a pyridine or a phenyl ring

has been substituted for a thiophene unit are invariably less active.

346



Chapter Four: Preliminary Studies ofthe Biological Activity ofSelected Thienylphosphines and their ...

IV.4 CONCLUSION

Phosphines derived from bi- and terthiophenes retain the photosensitising property

characteristic of these heterocycles i.e., thienylphosphines are also capable of absorbing

and transferring light energy to ground state oxygen in order to produce singlet oxygen.

This was conclusively demonstrated using the conversion of adamantylidene adamantane

to adamantanone as a measure of the efficiency of singlet oxygen production. The relative

photosensitising efficiency of the thienylphosphine as compared to the parent heterocycle

does vary however. Thus, while phosphines derived from bithiophene (SS) are more

efficient in converting oxygen to its singlet state than bithiophene itself, phosphines

derived from terthiophene (SSS) are less efficient than terthiophene itself (see data in

Table IV.1). Based on the data in Tables IV.1 and IV.2 it seems unlikely that the ability of

the thienylphosphine to absorb DV light determines its ability to generate oxygen in its

excited state. For example , SSS and PSSP have very similar absorption maxima and

extinction coefficients of 356 nm (2.2.104 M-1 ·cm-l
) and 350 nm (2.0'104 M-1'cm-1)

respectively, yet their relative efficiencies of 1.0 and 0.64 respectively are very different.

Nevertheless, absorption of DVA light is a prerequisite if activation of molecular oxygen is

to take place.

There is a clear trend of increasing photosensitising ability with an increasing number of

linked thiophene units in the molecule. Thus, SSS is more efficient than SS (relative

sensitising efficiencies 1.0 and 0.17, respectively), which in turn is more efficient than

thiophene itself (relative photosensitising efficiency of the latter was not measured but it is

not expected to be different from zero, as it absorbs DV light only below 300 nm).

Likewise, PSSSP is more efficient than PSSP and PSP (relative photosensitising

efficiencies 0.87, 0.64 and 0), while PSSS is more efficient than PSS and PS (0.89, 0.65

and 0). The trend is retained even for the chlorogold(I) complexes: the relative

photosensitising efficiencies drop from 0.99 {[ClAu(Jl-PSSSP)AuCl]} to 0.68 {[C1Au(Jl

PSSP)AuCl]} to 0 {[C1Au(Jl-PSP)AuCl]} - in the digold series, and from 1.06

{[ClAuPSSS]} to 0.63 {[ClAuPSS]} to 0 {[ClAuPS]} - in the monogold series. The

results obtained in this work also show that substitution of a pyridine for a thiophene unit

either in the parent heterocycle or the thienylphosphine, has a detrimental effect on the

ability of the compound to photosensitise the generation of singlet oxygen; for example

SNS is less effective than SSS and PSNSP is less effective than PSSSP.
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Interestingly , a thienylphosphine ligand and its gold(I) complex demonstrate the same

photosensitising abilities . This indicates that the ability of a gold complex to sensitise the

generation of singlet oxygen is determined by the optical properties of thienylphosphine

chromophore. In general , the observed differences in the photosensitising abilities of the

compounds studied in this work will depend on the properties of the excited state of the

photosensitising molecule and, in particular, on what pathways are available for

. .. f h . dE' d' ')54 "79·')82 f thradiationless deactivation 0 t e excite state. xtensrve stu ies: .- - 0 e

photophysics of terthiophene and its derivatives support this conclusion. However, a

similar study of the photophysics of the new thienylphosphines is beyond the scope of this

work.

Polythiophene-based phosphines show prorrusmg potential as cytotoxic agents. At

reasonably low concentrations certain phosphines and their gold(I) complexes can kill a

high number of cancerous cells. The PSS ligand kills 50% of the cells at concentration of

25 ug/ml (71 IlM), while upon coordinating to gold it becomes much more potent leaving

only about 7% of viable HepG2 cells at 12.5 ug/rnl (21 IlM). Another monophosphine

ligand, PSSS, proves to be very active against A549 cells, killing two thirds of the

cancerous cells at 10 ug/rnl (29 IlM).

It is noteworthy that exposure of cells treated with a phosphine or its complex to DVA

light generally results in higher cytotoxic effects, although exposure of cells to DVA light

alone normally promotes cell growth. Indeed, the cell viability for the control rises upon

irradiation (note the absorbance values for the controls in Tables IV.8a and IV.8b - see

Experimental section). At least four of the compounds (SSS, SNS, PSS, PSSSP and

possibly SN and NSN) tested are likely to be photocytotoxic; in addition to being singlet

oxygen generators they exhibited increases in cell killing potency upon switching

conditions from the dark to DVA light. In other instances it is likely that the DVA

radiation affects certain targets inside the cells, which then respond to the chemical

treatment. Different phosphines show different trends to kill (or grow) cells, so, perhaps,

their modes of interaction with the tumour cells are not the same, those being strongly

dependent on the fine structure of the molecule.

A brief attempt in correlating structure and activity amongst thienylphosphines as well as

related compounds brings about a tentative conclusion that presence of thiophene nuclei is
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important for a compound's cytotoxic ability, SInce its replacement with a pyridine

(compare SSS and SNS , PSSSP and PSNSP) or a phenyl (compare activities of PS, PDS

and PTS) moiety leads to a decrease in potency.

The thienylphosphines or their gold complexes exhibit variable potency against the two

cell lines studied in this work, i.e. HepG2 and A549. It is reasonable to suggest that the

nature of the cells plays an active role in the determination of a compound's mode of action

- perhaps by supplying certain subcellular targets capable of interaction with the

compound in question. As a consequence, the cytotoxic ability of a compound is a function

of the nature of cells. Comparison of the data given for the two cell lines in Tables IV.3

and IV.4 for SSS , PSS, [CIAuPSS] , dppe and [ClAu(l!-dppe)AuCI] shows that cell

responses to the exposure to the above compounds are markedly different. For example,

[ClAuPSS] is extremely toxic towards HepG2 cells , but growth promoting in A549 cell

line, while [ClAu(l!-dppe)AuCI] is inactive towards the former and cytotoxic in the latter.

The limited amount of data available at present does not allow definite conclusions to be

made about what features in a phosphine structure contribute to it being (or not being)

cytotoxic, i.e. we cannot establish an overall structure-function relationship. In the near

future extensive testing will have to be carried out in order to obtain sufficient information.

First of all, a variety of monophosphines should be studied together with their

chlorogold(I) complexes in order to determine which particular structural feature makes

[CIAuPSS] so active against HepG2 cells . Also , a greater variety of thienyl-based

phosphines should be tested on a variety of cell lines under both "dark" and "UVA"

conditions in order to establish more definite links between their photosensitising abilities

and possibility of photocytotoxic action.

At present, the most promising cytotoxic compound out of the 16 substances evaluated is

the complex [ClAuPSS]. Future studies, possibly in vivo , are needed to determine the

possibility of its use as an antitumour agent.
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IV.S EXPERIMENTAL

IV.S.I Photochemical studies

Irradiation of adamantylidene adamantane (for preparation see Appendix A) solutions in

the presence of a sensitiser was carried out at 22°C in a specific glass vessel with an open

top, placed 25 cm below a Philips TLD 15W/05 DV lamp (filter: Amax. T = 100% = 366 nm,

AT=IO% = 310 and 410 nm). Both the lamp and the solution were sealed in a foil-lined box

(50 x 60 x 50 cnr'). Oxygen gas was bubbled through the solution at a constant rate of 5

ml-min". The solvent (dichloromethane) was added every 15 mm to counteract

evaporation and to maintain the volume at 50 ml. All reactions were carried out in

duplicate, and the results are given as an average of the two values.

Conditions of photochemical oxidation of adamantylidene adamantane in presence of a

potential single oxygen sensitiser:

Concentration of Ad=Ad

Concentration of a sensitiser

Irradiation time

4'10-5M

6 hours

IV.S.2 Gas chromatographic analysis of adamantylidene adamantane and

adamantanone mixtures

Gas chromatographic analysis was carried out on a Varian Vista 4600 GC chromatograph.

The data was processed by Delta Chromatography Software (1991, SMM Instruments,

RSA).

In order to reproducibly quantify the relative amount of Ad=Ad and Ad=O in the solution,

certain conditions for the gas chromatographic analysis had to be optimised.

1. Column temperature

An isothermal regime with a column temperature of 170°C, rather than that reported of

205°C,253 was found to be optimal for the separation of the Ad=O and Ad=Ad peaks. It

also allowed for a fast analysis time, as both compounds had retention times of less than 3
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min. Increased temperatures resulted in a deterioration of the chromatographic separation.

By lowering the temperature somewhat the separation of peaks is also improved

2. Injector temperature

During this analysis, it was established that the injector temperature affects the

reproducibility of the results. In other words, there was a significant deviation between the

values of peak area ratios , taken in quintiplicate. The deviation was found to be the

smallest and the mean ratio value to be nearly constant, when the injector temperature was

kept between 220 and 240°C (see Figure IV.8 ; the solid line joins the mean ratio values).

On this basis , for quantitative analysis the injector temperature was selected as 230°e. The
,

dependence of the [Ad=O]/[Ad=Ad] ratio on the injector temperature can be attributed to

incomplete transfer of the compounds in the gaseous phase at lower temperatures, while at

high temperatures decomposition tends to occur.

1.5

0 1.3-ro....
1.1ro

0)....ro 0.9..:.::
ro
0)

0.7 j0..

0.5

200 210 220 230 240 250

Injector temperature, C

Fig . IV.8 The effect of injector temperature on the [Ad=O] /[Ad=Ad] ratio.

The following chromatographic conditions were employed for the analysis:

Detection FID, range 11;

Column

Carrier gas

Injector temperature

Detector temperature

Column temperature

Injection volume

Carbowax 20M. 15m x 0.53 mm '. ,

He, flow rate 11 ml-min" , split ratio 2: 1;

230°C;

170°C, isothermal program;

1 Ill.

All injections were made in quintuplicate.
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Retention times:

Adamantanone

Adamantylidene adamantane

0.6 min,

2.1 min.

y = 0.46x - 0.0013

The calibration curve for Ad=Ad and Ad=O mixtures (C = ± 5·10-4 M) is shown on Figure

IV.9.

From this graph, the proportionality coefficient between the observed [Ad=O]/[Ad=Ad]

peak area ratio Z and the actual concentration ratio Y was obtained:

Z = 0.46· Y

The value is quite close to the theoretically expected value of 0.5, as the sensitivity of a

FID detector is proportional to the number of carbon atoms in the molecule.
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Fig. IV.9 Calibration curve for adamantylidene adamantane and adamantanone mixtures.

Thus , the final formulae used for the calculation of fractional conversion values are:

Y = Z/0.46 and X = Z/(0.92 + Z)

IV.5.3 Cytotoxicitv measurements

These measurements were conducted by Ms D. Pillay at the Department of Physiology,

Faculty of Medicine, University of Natal, Durban. The method used for the measurements

has been adopted from Hudson 120 and modified according to the technique established in
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that laboratory . All operations were performed under strictly sterile conditions (laminar

flow). Cells were maintained according to the routine procedure. 284

Aliquots of cell suspension (lOO Ill) from one of the two human cell lines - HepG2 (liver

carcinoma) or A549 (lung carcinoma) - were dispensed under minimal light from a stock

suspension into wells of a 96-well microtitre plate. The cells were supplied with 100 III of

cell culture medium (EMEM, BioWhittaker) and allowed to incubate for 0.5 hours.

Thereafter, 100 III of the solution of the investigated compound (chosen concentration in

0.5% DMSO in the culture medium) was added to each well at a range of concentrations.

For the HepG2 cell line the concentrations were 25 11g/m1, 12.5 ug/ml, 6.25 ug/ml, 3.125

ug/ml and 1.56 ug/ml , and for the A549 - 10 ug/ml, 1.0 ug/ml , 0.2 ug/ml and 0.02 ug/ml.

For each concentration 5 assays were performed. The cells were then incubated for 48

hours. After the incubation, a solution of MTT {3-(4,5-dimethylthiazolyl)-2,5-diphenyl

2H-tetrazolium bromide} - 10 Ill, 5 mg/ml in cell culture medium - was added to each

well. The plate was then incubated for a further 4 hours. A 100 III aliquot of DMSO was

added to each cell to solubilise the formazan product formed. After 1 hour at 37°C the

plate was then read spectrophotometrically on a microplate reader at 595 nm. As the

formazan product is formed by live cells only (MTT is reduced by the succinate

dehydrogenase enzymes present only in the mitochondria of live cells) , absorbance is

directly proportional to the amount of viable cells.

Cytotoxic measurement under UVA conditions were carried out in essentially the same

way, apart from exposure of cells, treated with investigated compounds, to UVA light for 4

hours.

The following three Tables -:- Table IV.7 and Table IV.8a and IV.8b - present the raw data

obtained for the viability of the HepG2 and A549 cells after treatment with a selection of

the newly synthesised compounds.

The percentage cell viability was calculated from these tables as the ratio between

absorbance of treated cells to that of the controls.
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Table IV.7 Absorbance at 595 nm after treatment of the HepG2 cells with selected

compounds in the dark

Compound/ Absorbance at 595 nm

Concentration 1.561J.glrnl 3.121J.glrnl 6.251J.glrnl 12.51J.glrnl 251J.glml

None (control) 0.758 0.758 0.758 0.758 0.758

SS 0.781 0.720 0.728 0.819 0.727

SSS 0.485 0.371 0.409 0.379 0.318

PSS 0.487 0.508 0.440 0.462 0.379

PSSP 0.690 0.864 0.720 0.985 0.652

[CIAuPSS] 0.653 0.409 0.190 0.056 0.055

[CIAu(1J.-PSSP)AuCI] 0.667 0.659 0.766 0.697 0.665

dppe 0.767 0.69 7 0.622 0.538 0.478

[CIAu(1J.-dppe )AuCI] 0.705 0.696 0.690 0.659 0.708

Table IV.8a Absorbance at 595 nm of the A549 cells after treatment with selected

compounds in the dark

Compound/ Absorbance at 595 nm

Concentration ug/rnl 0.021J.glml O.J ug/rnl 1.01J.g/rnl 101J.g/rnl

None (control) 0.331 0.331 0.33 J 0.33 J

SN 0.261 0.248 0.290 0.274

SSS 0.229 0.229 0.238 0.2 10

SNS 0.323 0.369 0.268 0.261

NSN 0.348 0.402 0.429 0.536

PS 0.496 0.427 0.425 0.351

PDS 0.649 0.508 0.359 0.350

PTS 0.701 0.717 0.321 0.302

PSS 0.270 0.340 0.124 0.357

PSSS 0.271 0.432 0.243 0.107

PSSP 0.404 0.369 0.372 0.297
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Table IV.8a continued . . .

PSSSP 0.355 0.282 0.277 0.19 4

PSNSP 0.410 0.438 0.293 0.246

[CIAuPSS] 0.434 0.518 0.415 0.426

[CIAu(~-PSSP)AuCI] 0.442 0.397 0.482 0.321

dppe 0.390 0.296 0.194 0.102

[CtAurjr-dppe)AuCI] 0.1 55 0.31 2 0.244 0.290

Table IV.8b Absorbance at 595 nm of the A549 cells after treatment with selected

compounds under DVA light

Compound/ Absorbance at 595 nm

Concentration 0.02 ug/ml 0.1 ug/rnl 1.0 ug/ml 10 ug/ml

None (control) 0.551 0.551 0.551 0.551

SN 0.200 0.336 0.448 0.199

SSS 0.200 0.309 0.038 0.062

SNS 0.299 0.311 0.285 0.09 1

NSN 0.634 0.356 0.211 0.08 7

PS 0.3 71 0.41 4 0.345 0.353

PDS 0.29 5 0.391 0.346 0.320

PTS 0.308 0.361 0.364 0.251

PSS 0.297 0.33 7 0.340 0.103

PSSS 0.406 0.528 0.356 0.281

PSSP 0.864 0.709 0.542 0.543

PSSSP 0.295 0.390 0.1 41 0.084

PSNSP 0.439 0.469 0.649 0.672

[CIAuPSS] 0.585 0.601 0.58 2 0.493

[CIAu(~-PSSP)AuCI] 0.916 0.721 0.565 0.494

dppe 0.464 0.424 0.611 0.4 74

[ClAut u-dppe)AuCI] 0.290 0.2 0 1 0.314 0.278
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APPENDIXA

EXPERIMENTAL DETAILS

A.l GENERAL

A.I.l Synthetic procedures

All operations requiring inert atmosphere were carried out on a vacuum line or in a glove

box under atmosphere of dry nitrogen (or argon, when necessary) using the standard

Schlenk technique.

Solvents required for air-sensitive reactions were purified according to the procedures,

described by Perrin and Armarego,285 followed by distillation under nitrogen or degassing

using freeze-pump-thaw technique prior to use. Water for preparation of gold(I) complexes

was double distilled.

Disposal of all phosphorus containing compounds was carried out with utmost care. The

compounds were reacted with large amount of cold bleach (5 % sodium hypochlorite) in

the fume cupboard and left to stand until the reaction was complete. This method was

found to give the quickest and the least odour-offensive result in comparison to applying

KMn04/KOH or H202 solutions.

A.I.2 Chromatography

Merck plastic sheets, pre-coated with silica gel 60 F254 were used for thin layer

chromatography.

Merck silica gel 60 (particle size >60 urn) was used for flash column chromatography.

Centrifugal chromatography was carried out on a Harrison Research Chromatotron® usinz
, b

glass plates, covered by a silica gel 60 (CIN 7749, E. Merck) layer of a certain thickness.

Band separation was monitored by means of DV at 254 nm.
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A.1.3 Characterisation and instrumentation

Melting points were recorded on a Kofler hot stage apparatus and were uncorrected.

C, H and N analyses were performed by the Microanalytical Laboratory of the Department

of Chemistry and Chemical Technology, University of Natal, Pietennaritzburg, and by

Gailbraith Laboratories, Inc., Knoxville, Tennesseee, USA.

IH NMR (200 MHz) and 13CeH} NMR (50 MHz) spectra were recorded on a Gemini 200

spectrometer at 25°C with chemical shifts referenced to .SiMe4. Deuterated solvents (E.

Merck) were employed in all cases. 31p{IH} NMR spectra were recorded on a Varian FT

80A broad-band spectrometer, set at 32.086 MHz, at various temperatures, chemical shifts

being quoted relative to 85% H3P04 (external). Both deuterated and non-deuterated

solvents were used.

Mass-spectra were obtained on a Hewlett-Packard HP5988A gas chromatographic mass

spectrometer, Department of Chemistry and Chemical Technology, University of Natal ,

Pietennaritzburg, and a Varian high resolution spectrometer, Mass-spectrometry unit, Cape

Technikon, Cape Town.

UV-visible absorption spectra were recorded at 22°C usmg a Shimadzu UV-210IPC

scanning spectrophotometer. Spectroscopic grade solvents (acetonitrile, dichloromethane)

were employed in all cases. Emission spectra were recorded on a Sl.M-Aminco SPF-500C

fluorometer in the Department of Chemistry, University of Zululand. The solvents for

fluorescent measurements were of spectroscopic grade and degassed with argon prior to

use.

Infra-red spectra were recorded as KBr disks using a Shimadzu Fourier Transform IR-4300

spectrometer.

A.1.4 Cytotoxicity testing

Cytotoxicity measurements were conducted by Ms D. Pillay at the Department of

Physiology, Faculty of Medicine, University of Natal , Durban. The method used for the
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measurements has been adapted from Hudson l2o and modified according to the technique

established in that laboratory.

A.1.5 Crvstal structure determination

A.1.5.1 Data collection

X-ray structures of each of the crystals in this work were obtained at 293 K using an Enraf

Nonius CAD-4 diffractometer with graphite monochromated Mo-K, radiation. For each

crystal, the space group and cell constants were determined by first fitting the setting

angles of 25 high-order reflections (8 > 12°). Intensity data were collected using an (0 - 28

scan where the vertical slit was fixed at 4 mm, the (0 angle changed as ~J + b(JJ-tanfl (0) and

the horizontal aperture changed as ah + bh·tan8 (mm). The latter was limited to the range

1.3 to 5.9 mm. A critical evaluation of the peak shape for several reflections with different

values of 8 (OTPLOT) (Omega-Theta Plot; Enraf-Nonius diffractometer control program,

1988) established the optimum values of ~, bOh ~ and bh for each crystal. Possible

decomposition of the crystal was determined by measuring the intensities of three standard

reflections hourly. Where required, a linear decay correction was applied to the final data

set. Data were reduced using Lorentz and polarisation correction factors and where

possible, corrected for absorption by the psi-scan (semi-empirical) method .i'"

A.1.5.2 Structure solution and refinement

The direct methods program, SHELXS-97,216 as implemented in OSCAIe87 was used to

solve all the crystal structures. For each structure, the remaining non-hydrogen atoms were

located from the E-map and subsequent difference Fourier syntheses. The program,

SHELXL-97,21 7 was used to refine the structures anisotropically against F2 using a full

matrix least-squares method with the following weighting scheme:

1

where Fa is the observed structure factor, a and b are weight parameters determined by the

program, and P is 1I3{Max(F/, 0) + 2F/ }. Here, F/ is the calculated structure factor.

Discrepancy indices used by the program are defined as follows:
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where n is the number of reflections and p is the total number of parameters refined.

Plotting of structures and calculation of torsion angles and interplanar angles were

performed using the program ORTEX v.7a.288 Tabulation of fractional coordinates,

thermal parameters, interatomic distances and angles was achieved using the program

CIFTAB.217

A.2 CHEMICALS

A.2.t Commercially available chemicals

The following chemicals were purchased from indicated suppliers and were generally used

as received, unless otherwise stated.

Chemical

Adamantanone

Ammonium hexafluorophosphate

Benzonitrile

1,2-Bis(diphenylphosphino)butane

1,2-Bis(diphenylphosphino)ethane

1,2-Bis(diphenylphosphino)propane

2-Bromopyridinea

2-Bromothiophene

n-Butyllithium, 1.6 M in hexane"
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Supplier

Aldrich Chemical Company Inc

E. Merck

BDH

FlukaAG

Aldrich Chemical Company Inc

Fluka AG

FlukaAG

ACROS

E. Merck



Copper(II) acetate, hydrated

1,8-Diazabicyclo[5.4.0]undec-7-ene

1,2-Dibromoethane

2,6-Dibromopyridine

2,5-DibromothiopheneC

Dichlorophenylphosphine"

Diethyl chlorophosphate"

Diethyl phenylphosphonite

Diisopropylamine

Dimethoxymethane

Dimethylformamide

Dimethylsulfoxide

Diphenylacetic acid

Diphenylchlorophosphine"

Diphenylphospnine

Ethylene glycol"

4-Fluorobenzenesulfonyl chloride

Gold powder

Lithium metal

Magnesium turnings

Magnesium bromide etherate

Mercuric chloride

NBS e

Nickel chloride, anhydrous"

Nickel chloride, hydrated

Nitrosyl hexafluoroantimonate

Nitrosyl tetrafluoroborate

Palladium chloride

Phosphorus pentabromide

Phosphorus tribromide

Phosphorus trichloride

Pyridine!

Tetrachloroauric acid , trihydrate

Thallium(I) hexafluorophosphate
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BDH

ACROS

E. Merck

FlukaAG

Aldrich Chemical Company Inc

Fluka AG

Aldrich Chemical Company Inc

Aldrich Chemical Company Inc

Fluka AG

BDH

SAARChem

E. Merck

FlukaAG

Strem Chemicals

FlukaAG

SAARChem

Aldrich Chemical Company Inc

Johnson Matthey GmbH

SAARChem

E. Merck

Aldrich Chemical Company Inc

BDH

FlukaAG

Aldrich Chemical Company Inc

SAARChem

Aldrich Chemical Company Inc

Aldrich Chemical Company Inc

SAARChem

Aldrich Chemical Company Inc

SAARChem

E. Merck

SAARChem

Aldrich Chemical Company Inc

Strem Chemicals



2,2'-Thiodiethanol

Thionyl chloride f

Tributyltin chloride"

Trimethylchlorosilane"

Triphenylphosphine

Triphenylphosphine chlorogold(I)

Zinc shot
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FlukaAG

SAARChem

ACROS

E. Merck

Strem Chemicals

Strem Chemicals

BDH

a _ dried and distilled prior to use , b - titrated with diphenylacetic acid prior to use, C 

passed through silica and distilled, d - distilled under vacuum, e - dried prior to use, f _

distilled under nitrogen

Other common consumables e.g. , acids and bases HCI , HBr, HI03, CH3COOH, H2S04,

NH3, NaOH, KOH, inorganic salts NaCI, NaHC03, MgS04, CaCh, KBr, KBr03, KI,

Na2S203 , NaCH3COO, were obtained from either SAARChem or BDH. Non-spectroscopic

grade solvents - petroleum ether (40-60, 60-80 and 60-100), diethyl ether, acetonitrile,

ethanol, acetone, THF , hexane, methanol, dichlorornethane, chloroform were generally

purchased from E. Merck and SAARChem.

Dichloromethane and acetonitrile used for spectroscopic measurements were purchased

from E. Merck.

Deuterated chemicals (CDC!), CD2Ch , CD3CN, CD30D, C6D6, DMSO-d6 and acetone-ox)

were purchased from E. Merck.

2-Chloro- l ,3,2-dioxaphospholane [CIP(-OCH2CH20 -)],202 2,6-bis(2 '-thienyl)pyridine

(SNS),214 5,5'-dibromo-2,2 '-bithiophene, 191 (trimethylsilyl)diphenylphosphine, 141 (tribu

tylstannyljdiphenylphosphine.r" bis(benzonitrile)palladium dichloride.i' " bis(triphenyl

phosphine)palladium dichloride.i" (1,3-bis{diphenylphosphino}propane)nickel dichlo

ride ,21 2 (tetrahydrothiophene) chlorogold(I)292 were prepared according to the published

techniques.
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A.2.2 Chemicals synthesised by adaptation of published methods

A.2.2.1 Preparation of adamantylidene adamantane293

A) 2.2-Dibromoadamantane

Adamantanone (6.6 g, 44 mmol) was added to ± 32 g PBrs in the fume cupboard. The

mixture turned liquid in the next 10 minutes. It was heated to 70°C and kept at that

temperature for 1 hour, while stirring with a stirring rod. The mixture gradually became

pale beige and started crystallising. At that stage, 100 ml warm water (60-70°C) was added

and organic phase extracted with dichloromethane (2 x 50 ml). The solution was passed

through a short layer of MgS04 and the solvent removed in vacuo. The white residue was

dried under vacuum.

Yield = 11 g (85%). The compound is stable and can be kept for a long time before

conversion to Ad=Ad.

B) Adamantvlidene adamantane

Copper(II) acetate monohydrate (0.5 g) was dissolved in a small quantity of hot acetic acid.

Then 8.8 g Zn shot was added . The mixture was heated for one hour, adding acetic acid

when necessary, until the solution became nearly colourless (furnehood!). The solution was

decanted and the solid washed with cold acetic acid (10 ml), ether (2 x 15 ml) and THF (15

ml). The Zn-Cu alloy thus formed was treated with 20 ml THF, followed by 4 g (13 rnmol)

2,2-dibromoadamantane. The mixture was refluxed for 20 minutes and then cooled to room

temperature. The solution was filtered and the solvent removed. The residue was extracted

with 60 ml ether - 1 M H2S04 mixture (1:1). The ether layer was separated, washed with

water and dried and the solvent removed. The residue was recrystallised from methanol to

give a white solid.

Yield = 1.07 g (59%), m.p. = 189-90°C (lit.293 184-7°C).

IH (CDC!]), 8, ppm: 1.6-2.0 (br m, 24 H), 2.90 (br m, 4 H).

GeMS: m/z = 267.80 (M+).

A.2.2.2 Preparation of 2,2'-bithiopheneI83

2-Bromothiophene (16.3 g, 100 mmol) dissolved in 50 ml dry ether was added dropwise to

2.4 g Mg turnings under nitrogen. Nearly immediate reaction took place. The addition was

kept at such a rate as to maintain a gentle reflux. When the reaction subsided , external heat

was applied and the mixture refluxed for one more hour. It was transferred under nitrozen
I::>

362



Appendix A: Experimental Details

to a dropping funnel and added slowly to a solution containing 16.3 g (100 mmol) 2

bromothiophene in 50 ml dry ether, containing 0.18 g Ni(dppp)Cl}, at O°C. When the

addition was complete, the mixture was refluxed for one hour and stirred at the ambient

temperature for 18 hours.

The mixture was hydrolysed by addition of 100 ml ice-cold semi-saturated NH4Cl solution.

The target compound was extracted with ether, the extracts combined, washed with brine

and dried over MgS04. The solvent was removed, and the yellowish residue was distilled

under vacuum.

Yield = 14.0 g (84%), m.p. = 31-2°C (lit.183 33°C), b.p. = 74-6°C/0.8 mmHg.

GCMS: m/z = 165.70 (M+).

A.2.2.3 Preparation of 2-bromo-5-(2-pyridyl)thiophene294

To the solution of 8.05 g (50 mmol) 2-(2'-pyridyl)-thiophene in 100 ml glacial acetic acid,

solution of 2.7 ml (50 mmol) Br2 in 25 ml acetic acid was added dropwise at room

temperature. The addition took 1.5 hours, after which it was allowed to stir for further 2

hours. It was then hydrolysed with 1.5 1 water and basified. Pinkish precipitate was filtered

off, dissolved in chloroform, dried over MgS04 and the solvent evaporated in vacuo.

Yellowish crystals were recrystallised from methanol.

Yield = 10.2 g (85%), m.p. = 92-93°C (lit.294 91-93°C).

GCMS: m/z = 239.05 C9Br: ~) and 240.95 (8I Br: ~) - doublet.

A.2.2.4 Preparation of 5-bromo-2,2':5' ,2"-terthiophene I 91

To 0.5 g (2.0 mmol) 2,2':5' ,2"-terthiophene in 4.5 ml DMF (double-distilled from CaH2 and

kept over alumina under nitrogen), N-bromosuccinimide (NBS, 0.33 g, 1.9 mmol) was

added portionwise over 8 hours. The reaction vessel was protected with thick aluminium

foil from the daylight. The temperature was maintained between -20° and -lO°e. The

mixture was kept at -20°C for at least 12 hours and then it was warmed to ambient

temperature. Ice-water (25 ml) was added and the solution extracted with CH2Cb (3 x 15

ml). After drying and evaporation of the solvent, the residue was recrystallised from hot

hexane.

Yield = 0.485 g (77%, based on NBS), m.p. = 136-7°C (lit.191 141-20C).

GCMS: m/z = 325.95 C9Br: M-i-) and 327.95 (8I Br: M-i-) - doublet.
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A.2.2.5 Preparation of bis(5-bromo-2-thienyl)methaneI80

2-Bromothiophene (8.2 g, 50 mmol) and dimethoxymethane (1.9 g, 25 mmol) were

dissolved in 50 ml glacial acetic acid. To this solution a mixture of 10 ml concentrated

H2S04 and 10 ml glacial acetic acid was added slowly (fumehoodl). At the end of the

reaction the solution had a large amount of brownish-black precipitate. two portions (25

ml each) of chloroform were added to this mixture, so that all organic matter was

extracted. The combined extracts were washed with water, dried over MgS04 and

chloroform removed in vacuo. The dark solid residue was extracted four times with hot

ethanol. The dark red solution was left at -20°C for 72 hours until off-white crystals

separated. They were purified further by recrystallisation from ethanol with activated

charcoal. The compound appeared to be light stable - contrary to the literature report.

Yield = 3.38 g (40%), m.p. = 43-44°C (lit.17942-44°C).

IH (CDC!]), 8, ppm: 4.18 (s, 2H), 6.63 (d, 2H), 6.88 (d, 2H).

GCMS: m/z = 335.85 ( 9Br + 79Br: M+), 337.80 (9Br + 81 Br: ~), 339.80 (81 Br + 81 Br: M+)

- doublet of doublets.

A.2.2.6 Preparation of 5-(chloromercurio)-2,2' -bithiophene193

2,2'-Bithiophene (3.32 g, 20 mmol) was dissolved in 80 ml warm ethanol and was

subsequently mixed with 5 ml warm aqueous solution containing 3.26 g (24 mmol)

NaOAc·3H20. In another vessel 5.44 g (20 mmol) mercuric chloride were dissolved in 120

ml of warm distilled water. The second solution was slowly added to the first one. After 2

hours of stirring at ambient temperature it was cooled to O°C, filtered and washed with

water. The precipitate was air-dried on a Buchner funnel and washed with hexane followed

by drying in air.

Yield = 7.5 g (92%), m.p. = 234-235°C (lit.193234-235°C).

Elemental analysis: calculated C 23.49%, H 1.26%;

found C 23.60%, H 1.18%.

A.2.2.7 Preparation of potassium 4-fluorophenylsulfonate206

4-Fluorobenzenesulfonyl chloride (15.0 g, 71 mmol) was placed in 50 mI glacial acetic

acid and refluxed for one hour. Then 100 ml of water was added to the hot solution and

two layers separated . The mixture was refluxed for further 2 hours, and the solvent was

distilled off. The white residue was dissolved in 50 ml water and neutralised with 3 M
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KOB. Water was evaporated off under vacuum and the white solid dried in a dessicator

over P20S.

Yield = 13.2 g (94%).

A.2.2.8 Preparation of 2,2' :5',2"-terthiophene'Y

2-Bromothiophene (3.2 g, 20 mrnol) dissolved in 20 ml dry ether was reacted with 0.48 g

(20 mrnol) Mg turnings to produce the Grignard reagent in the manner described in the

Section A.2.2.2. The solution was added dropwise to a solution of 2.4 g (10 mrnol) 2,5

dibromothiophene in 20 ml dry ether, containing 0.08 g Ni(dppp)Cb, at 10°C for 15

minutes and then at O°C until the addition was complete. The mixture was refluxed for two

hours, cooled and worked up as described in the Section A.2.2.2. The residue was

recrystallised from ethanol to give yellow crystalline material.

Yield = 1.88 g (75%), m.p. = 95-96°C (lit. IS3 89-90°C).

GCMS: m/z = 248 .05 (M·'}

A.2.2.9 Preparation of 2-(2'-pyridyl)thiopheneI83

2-Bromothiophene (8.2 g, 50 mmol) and Mg turnings (1.2 g, 50 mmol) were used to

produce the Grignard reagent as described in the section A.2.2.2. This solution was added

dropwise to a solution of7.9 g 2-bromopyridine in ether, containing 0.09 g Ni(dppp)Ch, at

O°e. When the addition was complete, the mixture was gradually brought to reflux and

refluxed for 20 hours. Then it was cooled to ± 5°C and hydrolysed with ice-cold NH4CI

solution. The solution was extracted with 4 M HCI, basified and extracted with ether. The

ethereal extracts were combined, dried and evaporated. The residue was distilled under

vacuum to give the desired product (white crystals).

Yield = 6.4 g (80%), m.p. = 63-5°C (lit. IS3 63-4°C), b.p. = 101-2°C/0.5 mmHg.

GCMS: m/z= 160.75 (M+ - 1).

A.2.2.10 Preparation of f.l-[1,2-bis(diphenylphosphino)ethane] bis[chlorogold(I)] 141

Tetrachloroauric acid , HAuCk3H20 (0.788 g, 2 rnmol), was dissolved in 25 ml of a 2:3

(v:v) water/methanol mixture. Neat 2,2'-thiodiethyleneglycol (tdg) was added from a

pipette at 15°C until the solution became colourless. The mixture was stirred at this

temperature for 30 minutes and a solution of dppe (0.398 g, 1 mmol) in 20 ml 1:1 (v:v)

chloroform/methanol was added. The mixture was stirred at room temperature for two

hours. A white precipitate was filtered off, washed with cold methanol and dried.
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Yield = 0.665 g (77%), m.p. = 289-90°C (lit.141 290-292°C).

31p {H} (CDCh) = 31.78 ppm.

A.2.2.11 Preparation of (l,4-bis(diphenylphosphino)butane)palladium dichloride
175

Bis(benzonitrile)palladium dichloride (0.957 g, 2.5 mmol) was dissolved in 70 ml

acetonitrile and heated to 70°C. Solid dppb (1.06 g, 2.5 mmol) was added to the clear

solution. Pale yellow precipitate separated immediately and the solution turned yellow. It

was cooled to O°C, the precipitate filtered and washed with ether (2 x 10 ml).

Yield = 1.425 g (95%), m.p. > 300 (decomposition).

31p {H} (C6D6) = 65.32 ppm (lit. l75 65.84 ppm).

A.2.2.12 Preparation of bis(benzonitrile)gold(l) tetrafluoroborate295

In a glove box under an atmosphere of dry nitrogen, NOBF4 (0.70 g, 6.1 mmol) was placed

in a flask containing suspension of 1.2 g (6.1 mmol) gold powder in 100 ml 1:2 (v:v)

acetonitrile/benzonitrile mixture, which was preliminarily dried and degassed. The mixture

was allowed to react at ambient temperature (28°C) for 16 hours. Then the clear solution

was transferred under nitrogen to another flask and most of the solvent removed under

vacuum. Degassed dry ether Cl 00 ml) was introduced under nitrogen and a white flaky

precipitate appeared . More precipitate separated after storing the solution at -15°C for 14

hours. It was filtered under nitrogen in dry glassware and dried under vacuum. The

compound was air-, moisture and light sensitive and could not be weighed without a

certain degree of decomposition taking place. After storing the complex for two days in the

fridge, decomposition to metallic gold was observed, hence the compound had to be

recrystallised from dichloromethane/ether immediately before use.
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APPENDIXB

CONE ANGLE CALCULATIONS

As a quantitative measure of the steric demands of phosphines, the cone angle concept was

introduced by Tolman in 1977.243 In the original cone angle methodology, steric

measurements of phosphines were achieved by placing the ligand phosphorus atom 2.28 A

from an apex, M, or a metal atom, and enclosing the ligand in a cone which just touches

the van der Waals radii of the outermost atoms of the model (Figure B.l). If there were

internal degrees of freedom, the substituents on the phosphorus atom were folded back to

give a minimum cone. The angle values were then derived from molecular models or by

using other simple mechanical tools.

Fig. B.l Measurement of a Tolman cone angle of a symmetrical ligand.

For symmetrical ligands the cone angle (8) was measured at the point, which gave the

largest value, and all cone angles were measured with a constant M-P bond distance to

provide a comparative set of cone angle data. For unsymmetrical ligands PR1R2R3, an

effective cone angle can be defined as two times the average of half-angles as shown on

Figure B.2.

i
2.28 A

J,

Fig. B.2 Measurement of a Tolman cone angle of an unsymmetricalligand.
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The Tolman method of measuring cone angle usmg molecular models has several

limitations:

a) in reality, even symmetrical ligands do not have cylindrical symmetry and can mesh

into one another,

b) with the models, it may be difficult to assess the minimum cone angle as unrealistic

strain can be introduced,

c) angles around phosphorus in molecular models are considered to be tetrahedral, whilst

in real molecules they generally differ from 1090 and can be changed by crowding,

d) all bond lengths of the same type are considered to be equal and ascribed an idealised

value, which seldom coincides with the distances observed in real molecules,

e) the accuracy of the method is ± 40
•

In the past decade, other methodologies for calculation of Tolman cone angles have been

proposed, which do not rely on usage of molecular models. Coville et al.296 made use of

molecular mechanics, while Kriiger297 and Mingos30298 based their calculations on

crystallographic data.

Most of the methods involve assumptions as well as certain simplifications. For example.

Mingos et al.298 used an algorithm, which uses atomic centres instead of the van der Waals

spheres of the atoms. The angle therefore has to be adjusted by the contribution of the van

der Waals radius of the hydrogen atom (1.00 A); in other words, a hypothetical atom M

was placed only 1.28 A from the phosphorus atom. Geometrically, this method was

identical to the Tolman method only when a cone angle is equal to 1800
• The difference

between the two methods increases when angles are far from 1800
•

As sophisticated molecular mechanics software was inaccessible to the author during this

study, a different strategy was developed in order to estimate cone angle values for the new

phosphines. The methodology, described herein, is based on the bond lengths and angles as

determined from X-ray analysis of the ligands. The desired angle values were obtained by

means of trigonometric calculations.

The following assumptions are made:
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A. The hypothetical atom M is placed 2.28 A away from the phosphorus atom so that all

M-P-C angles are equal. All atoms, except for the outermost ones are treated as

dimensionless points.

B. Van der Waals radii of the atoms are as given in HyperChem molecular modelling

software:

Atom

H

N

S

Radius, A

1.00

1.82

2.11

C. The substituents on the phosphorus are folded back in such a way that the aromatic

rings are perpendicular to the surface of the cone and parallel to the (M-P-C) plane.

The first two assumptions are in full agreement with Tolman's methodology, whilst the last

clearly does not comply with the Tolman requirement of a minimum cone. It can be seen

from observing molecular models as well as studying conformations of aromatic

phosphines, available in the literature, that the minimum cone angle is normally achieved

when aromatic rings are placed at an angle to the (M-P-C) plane. However, Mingos et

al. ,30 showed that conformational differences have a relatively small effect on the overall

cone angle, contributing to only ± 5% of the variations, while other factors, such as the

choice of van der Waals radii, have a more pronounced effect.

Nevertheless, as long as the methodology used remains the same, the values of cone angles

thus determined, can be meaningfully compared.

The algorithm for measurements of 8/2 is outlined below.

1. The aromatic rings are considered to be strictly planar.

2. If (CXY) indicates the plane of an aromatic ring, it can be shown that M c (CXY) 

from the geometry of a Sp2-hybridised carbon and from assumption C. Also, if atom X

of the aromatic ring is connected to another atom, e.g. hydrogen, the latter has to

belong to the same plane - again in accordance with the geometry of an aromatic ring.

Therefore, all atoms in the diagram Figure B.3 lie in the same plane, and the
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calculations become considerably simplified by being limited to two-dimensional

space.

p

M

Fig. B.3 The aromatic ring plane and surrounding atoms.

3. By definition, 8/2 is measured between (MP) and (MR), where (MR) is a tangent to

the circumference drawn from the centre of the outermost atom with the radius equal to

the van der Waals radius of this atom. Two different cases are presented on Figure BA:

X = C' and X = S or N.

In the first case

while in the second:

c

8/2 = PMC + CMC' + C'MH + HMR,

8/2 = PMC + CMX + XMR.

c
a) p

M

b) p

M

Fig. BA Calculation of 8/2 for ligands with phenyl (a) and pyridyl and thienyl (b)

substituents.

4. It is assumed here , but can also be easily demonstrated geometrically, that it is the

ortho-H on the aromatic ring (as opposed to the meta-H), that determines the cone,

which encapsulates the ligand. For thiophene and pyridine rings , the heteroatoms

define the cone due to their large van der Waals radii .

5. The values of each component in the equations above can be determined from

individual triangles. Using basic trigonometric formulae :
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sin(PMC) = sin(MPC) . PC/MC (1)

sin(CMC') = sin(MCC') . CC'/MC' (2) or sin(CMX) = sin(MCX) . CXIMX (2')

sin(C'MH) = sin(HC'M) . C'H/MH (3)

sin(HMR) = HRlMH (4) or sin(XMR) = XRlMX (4')

Distances re, CC' , C'H or CX are known from the X-ray data, while MP = 2.28 Aand

HR = 1.00 A (XR = 1.82 or 2.11 A for pyridine and thiophene, respectively) - by

agreement. Angles PCC' and CC'H or CC'X are also available from the crystallographic

data.

If the value of MPC is known, the rest of calculations can be done easily:
') 2 ')

MC- = MP + PC- -2'MP'PC'cos(MPC) (5)

From (5) and (1) the values of MPC and PMC are derived, therefore PCM = 1800


(MPC + PMC).

Therefore the values ofMCC' or MCX can be calculated:

MCC' = PCC' - PCM, or MCX = PCX - PCM.

From here MC' or MX can be found:

MC'2 = MC2+ CC'2 -2'MC'CC"cos(MCC')
') ') ')

or MX- = MC- + CX- -2'MCCX-cos(MCX)

(6)

(6')

The values of MC' and MX help to calculate CMC' and CMX from the equations (6),

(2) and (6') , (2') - respectively. The same algorithm is used to find the values of

remaining angles.

6. It is known from the literature, that MPC depends on the steric requirements of the

ligand. It is ± 115.6 0 for PPh3 and normally decreases with the increasing bulk of a

substituent.

It is possible to calculate the exact value of MPC as a function of angles between the

three substituents on the phosphorus - a, ~, y.

Consider the following picture (Figure B.5) .
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Fig. B.5 Calculation ofthe value ofMPC = q> as a function of a, ~ and y.

Cut equal distances on each of the four beams: PM = PA = PB = Pc. By assumption,

MPA = MPB = MPC = rp. Therefore, AM = BM = CM = 2·MP·sinq>/2.

Also AMP = BMP = CMP = 90° - q>/2. APB = y, APC = ~ and BPC = a - by

agreement.

If we extend MP beyond P and drop the perpendicular from A, B and C, we will get a

common point 0, since MO = MA·cos(AMP), which is exactly the same as

MB·cos(BMP) or MC·cos(CMP).

The point 0 belongs to the same plane as (ABC), as it is only possible to have one line

perpendicular to a plane at the point of intersection. And we have (AO)..l(MO),

(BO)..l(MO), (CO)..l(MO), :. (ABO)..l(MO), but also (ACO)..l(MO) and

(BCO)J..(MO). .. (ABC)J..(MO).

Also AO = BO = CO = AM·sin(AMP) = 2·MP·sinq>/2·cosq>/2 = MP·sinq>.

From triangles APB, APC and BPC:

c = AB = 2·AP·siny/2 = 2·MP·siny/2,

b = AC = 2·BP·sin~/2 = 2·MP·sinW2,

a = BC = 2·MP·sinal2 = 2·MP·sina/2.

Consider the triangle ABC, 0 is the centre of the circumference drawn around ABC as

AO = BO = CO (Figure B.6).

Therefore AOB = 2·ACB and AB = 2·AO·sin(AOB/2) = 2·AO·sintl.
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A

c
c

B

Fig. B.6 The triangle ABC .

. 2 l asine = (1 - cos ~) ,

but coszs = (a2+ b2- c2)/2ab =

= {(2'Mp)2(sin2a/2 + sin2~/2 - sin2y/2)} / {2 '(2'MPisina/2'sin~/2}=

= (sin2a/2 + sin2~/2 - sin2y/2)/2 ·sina/2·sin~/2 .

However AB = 2'MP'siny/2 and AO = Ml-sino,

:.2·MP·siny/2 = 2"MP'sin<p"(l- COS2~)1/2 ;

sine = sinv/Z'(L> cos2~rl/2 = siny/2 '{(l- cos~) '(l + COS~)} -1 /2 = siny/2-{(l-[sin2a/2 +

sin2~/2 - sin2y/2]/2 'sina/2'sin~/2)'(l + [sin2a/2 + sin2~/2 - sin2y/2]/2 'sina/2'sin~/2) r ll2

= 2'sina/2'sin~/2'siny/2'{(sin2y/2 - [sin~/2 - sina/2f)'([sin~/2 + sino/Z]' - sin2y/2)r l
/
2

= 2'sina/2'sin~/2'siny/2" {(siny/2 - sin~/2 + sina/2)'(siny/2 + sin~/2 - sina/2)'(sin~/2 +

sina/2 - siny/2)'(siny/2 + sin~/2 + sina/2)}- la

<p = 1800
- arcsin(sin<p). as <p > 900

•

7. After all necessary bond lengths and angles are established, the formulae and the values

can be processed using a standard spread sheet software (QuatroPro/Lotus l-2-3/MS

Excel etc. ) to determine the angle 8/2. The results of calculations for the 3 ligands ,

whose crystal structure were determined during this work, are presented in Tables B.L

B.2 and B.3. The results for phenyl rings are averaged if they belong to the same

phosphorus atom .
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Table B.1 8/2 values for the PSSP ligand (a = 101.7°, ~ = 102.8°, Y= 103 .6°)

Substituent <p 9j/2

Thiophene - PCS conformation 115.8° 87.9°

Thiophene - PCC'H conformation 115.8° 82.0°

Phenyl (av. PCC'H conformation) 11 5.8° 82.5°

The results in Table RI reveal that for the thiophene ring 8pcs is significantly larger than

8PCC'H; therefore the latter has to be used to obtain the minimum effective cone angle of the

PSSP ligand": 8 = 2/3'(8pcC'H/2 + 2'8pcC'H-Ph/2) = 162.3° = ± 162°.

Table B.2 8/ 2 values for the PSNSP ligand (al = 101.3°, ~ I = 102.1 °, YI = 104.0°, a2 =

101.8°, ~2 = 100.9°, Y2 = 104.7 °)

Substituent 9 j/2

Thiophene-I - PCS conformation 115.8° 87.4°

Thiophene-2 - PCS conformation 115.8° 87.7°

Thiophene-I - PCC'H conformation 11 5.8° 82.2°

Thiophene-2 - PCC'H conformation I 15.8° 82.2°

Phenyl-I (av. PCC'H conformation) 115.8° 83.1 °

Phenyl-2 (av. PCC'H conformation) 115.8° 82.9°

The data in Table B.2 are consistent with the results from Table B.1. In other words, for

both thiophene rings, 8PCS- l and 8PCS-2 are considerably larger than the corresponding

8PCC'H-l and 8PCC'H-2 values. Thus the latter have to be used to obtain the minimum effective

cone angle of the ligand. The contribution of phenyl rings in the PSNSP molecule, ± 830, is

very close to that calculated for the PSSP ligand, ± 82.5°. Therefore, for the part of the

molecule containing the thiophene substituent labelled "1", the cone angle is 8(1)

2/3'(8pcC'H- 1/2 + 2'8pcC'H-Ph/2) = 165.6° = ± 166°, while for the second part: 8(2) =

2/3 '(8pcC'H-2/2 + 2'8pcC'W Ph/2) = 165.4° = ± 165°.

• Strictly speaking, this cone angle refers to only one half of the molecu le.
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Table B.3 8/2 values for the PSNP ligand (Uthiophene = 101.8°, ~thiophene = 102.5°, Ythiophene =

103.0°, Upyridine = 101.2° , ~pyridine = 102.6°, Ypyridine = 105.10)

Substituent <p 6/2

Thiophene - PCS conformation 115.8° 87.5°

Thiophene - PCC'H conformation 115.8° 81.8°

Pyridine - PCN conformation 115.4° 81.6°

Pyridine - PCC'H conformation 115.4° 83.1°

Phenyl (th) (av. PCC'H conformation) 115.8° 82.8°

Phenyl (py) (av . PCC'H conformation) 115.4° 83.2°

The results in Table B.3 demonstrate that for the thiophene substituent, 8pcs is larger than

8PCC'H, while for the pyridine substituent it is 8PCN which is somewhat smaller than the

corresponding 8PCC'H value; the contribution of phenyl rings at ± 83° is similar for both

"thiophene" and "pyridine" parts of the molecule and to the values found for the molecules

PSSP and PSNSP. Therefore the minimum effective cone angles of the ligand are

8(thiophene) = 2/3'(8pcC'H-Th12 + 2'8pcC'H-Th/2) = 165.0° = ± 165°, and 8(pyridine) =

2/3·(8pCN/2 + 2'8pcC'H-Ph/2) = 165.4° = ± 165°.

It can be seen from the above data, than the average effective cone angles of the three

phosphines are very close at ± 165° , although individual contributions of half-angles

varied from ligand to ligand. The values of the above cone angles can be compared to the

one reponed in the literature for triphenylphosphine, as the input from heteroaromatic rings

appeared to be similar (within experimental errors) to that of phenyls. Tolman243 reported

cone angle value for PPh3 as ± 152°. The difference can be clearly attributed to the

different algorithm used for the determination of the minimum cone , rather than the

differences in bond lengths and angles . Although the current methodology does not

provide the result equivalent to the Tolman cone angle , the values are still meaningful as

they allow the comparison of steric effects of different conformations within a ligand. In

other words, steric demands of a phosphine ligand increase if the thiophene substituent is

rotated in such a way that the torsion angle between the C-S bond and the phosphorus lone

pair is small (i. e. close to 0°), while for the pyridine substituent small torsion angle

between C-N and the lone pair leads to a decrease in the cone angle.
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