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It is the glory of God to conceal a matter;
to search out a matter is the glory of kings.

- Solomon

...since the creation of the world God’s invisible qualities - his eternal power and divine
nature - have been clearly seen, being understood from what has been made...

- St Paul






Abstract

The intent of this investigation was to use the distinctive characteristics of
hydroxymethylphosphine chemistry in order to create new ferrocenyl-phosphorus
compounds, as well as carry out investigations into both their electrochemistry and their

potential for the production of ferrocene-containing polymers.

The compound FcCH,P(CH,OH), 1 (Fc = ferrocenyl) was prepared by the reaction of
P(CH,OH), with [FcCH,NMe,]I, and FcCH,PPh, 2 was prepared by a similar reaction.
The compounds FcCH,P(O)(CH,0OH), 3, FcCH,P(S)(CH,0H), 4, FcCH,P(CH,CH,CN),
5, FcCH,P(CH,NEt,), 6, FcCH,P(O)(CH,NEt,), 7, [FcCH,P(Me)(CH,OH),lI 8,
FcCH,P(Me)CH,OH 9, [(FcCH,,P(CH,OH),JC1 10, (FcCH,,PCH,OH 11,
FcCH,P(H)PPh, 14 and FcCH,P(O)PPh, 15 were prepared and characterised, and the
compounds [FcCH,P(Bz)(CH,OH),]Br (Bz = benzyl) 12 and FcCH,P(Bz)CH,OH 13 were
investigated though not fully characterised. The ferrocenylphosphine complexes cis-
PtCl,[FcCH,P(CH,0OH),], 16, PdCl,[FcCH,P(CH,OH),], 17,
[Au{FcCH,P(CH,0H),},]Cl 18, RuCl,(n°-C,,H,,)[FcCH,P(CH,0H),] 19 and RuCl,(n°-
C,,H,,)(FcCH,PPh,) 20 were also prepared. X-ray crystal structure determinations were
carried out for the compounds 1, 2, 4, 8, 18 and 20, and the solid-state hydrogen-bonding

interactions present in the case of 1, 4, 8 and 18 were deduced.

Hydrogen-bonding in the crystal structures of compounds Ph,P(O)CH,OH 21,
Ph,P(S)CH,OH 22 and Ph,P(Se)CH,OH 23 was also investigated. Results were explained
in terms of the positioning of hydrogen bonds in line with the direction of lone-pairs on the

phosphine chalcogenide heteroatoms

The reaction of 1 with sodium metabisulfite in varying amounts was used to produce the
compounds FcCH,PH, 24, FcCH,P(H)CH,OH 25 and FcCH,P(O)(OH)CH,OH 26. The

primary phosphine 24 was found to be remarkably air-stable, and was used to prepare the
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complexes Mo(CO)4(FcCH,PH,) 27, Mo(CO),(FcCH,PH,), 28, RuCl,(n®-
C,oH,,)(FcCH,PH,) 29, Ru,(u*-H),(CO),(0’-PCH,Fc) 30 and Ru,(CO),(u*-CO)(p*-
PCH,Fc), 31. Confirmation of the structures of 24, 27, 28 and 30 was obtained using X-
ray crystallography.

Cyclic voltammetric analysis of the electrochemical behaviour of 1, 2, 5§, 24, 25 and
FcCH(Me)P(CH,OH), 32 showed that these compounds exhibit a reversible one-electron
oxidation followed by a chemical reaction, which leads to formation of a product which
undergoes another reversible one-electron oxidation at higher potential. The rate-determining
step for the reaction is intermolecular. BE (bulk electrolysis) of 1, 2 and § gave similar
results in each case, with one-electron oxidation appearing to initially oxidise the ferrocene
centre; in the case of 2 and 5 a green colour characteristic of ferrocenium species is seen
during BE, but disappears with time. The conclusion was reached that this initial
ferrocenium charge is transferred to another part of the molecule. Evidence from NMR and
electrospray mass spectrometric analysis of BE products for 1 and 2 suggests the formation
of unusual dimeric species is the end result of oxidation. The ferrocenylphosphine 11
shows simpler electrochemical behaviour consistent with previous literature. Compounds 3,
4, 8, 10, 14, 15, 16, 17, 18 and 30 showed very simple electrochemical behaviour
consistent with one chemically and electrochemically reversible ferrocene redox couple.
Cyclic voltammetry of the complexes 19, 20 and 29 showed both ferrocene and ruthenium

redox processes. The electrochemistry of 7 was complex and not intensively investigated.

Reaction of 1 with multi-functional secondary amines was used to produce a number of
polymeric materials which were investigated using cyclic voltammetry of DMF solutions,
carbon paste electrodes and drop-coated electrodes. Attempts to covalently bind one of these
polymers to a glassy carbon electrode were unsuccessful. The most electrochemically stable
form of electrode investigated was the carbon paste electrode, although the materials did not
appear to show great promise for use in such applications, due to irreversible chemical
changes in the polymers and quick decay of the ferrocene redox signal upon subjection to

cyclic voltammetry.
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CV of 1.4 mM 1 showing seven cycles at a scan rate of 500 mV s’

CVs of 1.0 mM 1, scan rate 100 mV s’ as solution is cooled. a) 17° C; b) 5°

C;c)-8°C;d)-30°C.

CVs of 1, scan rate 100 mV s, a) 0.5 mM, b) 1.0 mM, c) 5.0 mM.
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CV of 1.0 mM 4, 50 mV s’! scan rate.
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CV of 0.9 mM 20, scan rate 200 mV s,

CV of 1.1 mM 29, scan rate 100 mV s™.

A microelectrode voltammogram of 1.1 mM 29, scan rate 20 mV s™..

CV of a solution of 1 after one-electron controlled-potential oxidation, scan rate

50 mV s

*'P-NMR spectrum of an acetonitrile solution of 1 after removal of one
electron per molecule by BE. ‘Coupling constants’ for the ‘doublets’ at

ca. 22 and 114 ppm are 102 Hz in both cases.

CV of a 1.0 mM solution of 1 in dichloromethane after removal of one-electron

per molecule by BE, scan rate 100 mV s’
CV of 5.0 mM 2 subjected to a one-electron oxidation, scan rate 100 mV s’

Steady-state voltammograms of a 1.0 mM acetonitrile solution of 2, scan rate
50 mV s™. a) before BE, a wave is seen corresponding to the major cyclic
voltammetric process, with a much smaller shoulder at more positive

potentials corresponding to the second cyclic voltammetric process. b) Two redox
waves of equal size are seen at positive potentials after BE, with no evidence

of ferrocenium species in the bulk solution. c) Only at quite negative potentials

is a cathodic current observed.

3'P.NMR spectrum obtained of the same solution referred to in Figure 5.34. The
peak at ca. -43 ppm is in fact believed to be an electronic spike. ‘Coupling
constants’ for the two ‘doublets’ at ca. 25 ppm and 110 ppm are 119

and 118 Hz respectively.

CV of a solution made by reconstitution of the NMR solution referred to in
Figure 5.36. This is therefore not strictly comparable with the CV of the

original solution in Figure 5.34.
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Figure 5.38: *'P-NMR spectrum of an acetonitrile solution of 2 after removal of 0.5 242
electrons per molecule by BE. A very brief period of reductive BE was required
to remove paramagnetic species from solution, allowing the peak for the

starting material at -13.7 ppm to be clearly visualised. *'P-{'H} NMR

(D,0): 6 109.3, 108.3, 23.7, 22.8, -13.7.

Figure 5.39: CV of a solution obtained by one-electron oxidation and immediate reduction ofa 243

5.0 mM solution of 2, scan rate 100 mV s'.

Figure 5.40: *'P-NMR of the solution referred to in Figure 5.39. Comparison with authentic = 243
samples showed the peaks at -11.9 ppm and 28.4 ppm to be due to 2 and 15

respectively.

Figure 5.41: CVs of dichloromethane and DMF solutions of 2, scan rate 100 mV s’ 244

a) Dichloromethane solution. b) 7.5 mM DMF solution.

Figure 5.42: *'P-NMR spectrum of a DMF solution of 2 after removal of one electron per 245
molecule by BE. The spectrum was acquired over a period of time, and initially
the paired signals at ca. 110 and 24 ppm dominated and were roughly equal in
intensity. After 119 minutes a variety of other signals can be seen in the

spectrum from -19 to + 57 ppm.

Figure 5.43: CV of 1.0 mM 5 after one-electron oxidative BE, scan rate 100 mV s'. 246

Figure 5.44: The concentration of ferrocenium species in solution during oxidative bulk 248
electrolysis of 1.0 mM solutions, monitored by absorption at 626 nm. Charge
was passed at a rate of -1 uC s™ into a cell with a volume of 0.25 cm®. a) One-
electron BE of ferrocene, electrolysis stopped after 240 seconds. b) One-electron BE
of 2, electrolysis stopped after 240 seconds. c) Two-electron oxidation of 2,

electrolysis stopped after 480 seconds.

Figure 5.45: CV of the product mixture obtained from reaction of 5.0 mM 2 with NOBF,, 252

scan rate 100 mV s’
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CV of the product mixture obtained from reaction of 2.6 mM 2 with an 252

equimolar amount of DDQ, scan rate 100 mV s,

*P-NMR (CDCl,) of a sample of 14 which had been in storage for four months. 253
'H-NMR (CDCl,) of the same sample referred to in Figure 5.47. 254

ESMS of the sample of 34 and 35 used to obtain the *'P-NMR spectrum in 256
Figure 5.47. At cone voltages of ca. 20 V the peak at m/z 384.1 predominated,

along with the peak at m/z 854.8. At intermediate cone voltages the peak at

m/z 569.1 predominated, while at ca. 60 V the peak at m/z 647.3 was the

most prominent, with the exception of the expected m/z 199.1 peak.

CVs of a 1.0 mM acetonitrile solution of 11, before (dashed line) and after 269

(solid line) one-electron BE, scan rate 100 mV s’

CV of a 1.0 mM dichloromethane solution of 11 after one-electron oxidation, 270

scan rate 100 mV s™.

Diagram showing the workings of a simple enzyme electrode. E = enzyme, 289
A = analyte in solution. The enzyme is here pictured as ‘tethered’ to the electrode
surface, although enzyme immobilisation can be achieved by a variety of different
ways®. Reaction between enzyme and analyte leads to the change in oxidation states
from A(a) to A(b) and E(a) to E(b). The enzyme is then returned to state E(a) by

charge transfer to the electrode surface, producing a detectable current i.

CV of 1.0 mg ml"' 37 in DMF, scan rate 100 mV s’ 303
CV of 1.0 mg ml" 39-R in DMF, scan rate 20 mV s™'. 303
a) A CV showing ten cycles of a carbon paste electrode containing 4% by 305

weight of 7. Scan rate 200 mV s™'. b) A CV of the same electrode after holding

the electrode at a potential of +0.8 V for five minutes. Scan rate 200 mV s™.
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CV showing four cycles for a carbon paste electrode containing 4% w/w 37.

Scan rate 100 mV s™'.

A CV showing a series of scans for a carbon paste electrode containing 2%

w/w 39. Scan rate 100 mV s’

A CV of two scans for the carbon paste electrode containing 2% w/w 39, after

holding the electrode at 0.5 V for five minutes. Scan rate 100 mV s™'.

A CV showing several scans of a carbon paste electrode containing 2% w/w 39-R,

after the initial break-in period. Scan rate 100 mV s™.

a) CV of electrode used to produce Figure 6.8, after holding the electrode at 0.5 V
for five minutes. Three scans are shown, with a scan rate of 100 mV s™'. b) The
same electrode after holding for a further five minutes, at 0.9 V. Four scans are

shown, with a scan rate of 100 mV s'.

A CV showing five scans of a carbon paste electrode containing 10% w/w 40,

scan rate 100 mV s™.

A CV of the same electrode as that used to obtain Figure 6.10, under identical

conditions a short time later.

a) CV of a GC electrode drop-coated with 38, showing five consecutive scans
at 100 mV s'. b) After holding the electrode at 0.6 V for five minutes, the

loss of electrode activity is very pronounced.
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Scheme 1.1:  Bridging modes of dppf (P------ P = dppf, M = metal centre). 6

Scheme 1.2:  Catalytic cycle observed in Grignard cross-coupling reactions catalysed by 11

PdCl,(dppf). The active species is thought to be the Pd(solv),(dppf) (solv =

coordinated solvent) species.

Scheme 1.3:  Reactions catalysed by dppf complexes. a) Cross-coupling of a Grignard reagent 12
and an alcohol*”®. b) Carbonylative coupling of a terminal alkyne with a phenol®.
c) Nucleophilic substitution, with retention of stereochemistry*®. It should be noted

that for this application Ph,PCH,CH,PPh, (dppe) proved a superior ligand.

Scheme 1.4:  a) Cross-coupling of 4-bromobenzoic acid with a Grignard reagent, catalyst 13
concentration 1 mol%?*'. b) Synthesis of 1,1’-bis(anthracenyl)ferrocene,

catalyst concentration 5 mol% w.r.t. ferrocene®.
Scheme 1.5:  Dimerisation of the trityl cation, coupled with H, reduction, catalysed by 11. 13

Scheme 1.6:  Ferrocene moiety with two substituents. Where X and Y are different, planar 15

chirality will result.
Scheme 1.7: Synthetic route used to produce (R,S,)-PPFA 31. 16

Scheme 1.8: a) Reaction of an allylic substrate with a nucleophile”. b) Rhodium-catalysed 18
olefin hydrogenation®. c) Aldol-type reaction of an aldehyde with an

a-isocyanocarboxylate®'.

Scheme 1.9:  Synthesis of compounds 39a-c. The older two-step route involving acetylation 19

has been superseded by the more convenient direct formation of the product.
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Some reported reactions involving primary and secondary phosphines. d) 138
Relative to tertiary phosphines, chiral secondary phosphines are very difficult to
isolate in enantiomerically pure form, since racemisation occurs rapidly by

both acid (shown here) and basic mechanisms. References: a)*; b)*; ¢)’; d)°.

Usual route of oxidation for a primary phosphine. 139
Reaction of borane-protected (Fc),PH to give a ferrocene-derivatised DIOP 140
ligand.

a) The interaction between PH, and formaldehyde'®. b) The reaction of 141

P(CH,0OH), with formaldehyde under alkaline conditions to give a

monohemiformal. Formaldehyde can add further, several times for every
hydroxymethyl group, to give a variety of products®. c) Synthesis of the
hydroxymethylphosphine (HOCH,),CsH,(CH,0H),". d) Insertion of an aldehyde
into a P-H bond; synthesis of a-hydroxybenzyldiphenylphosphine?”. e) Insertion of
formaldehyde into the P-H bond of a complexed secondary phosphine.
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Separation of phobane isomers by reversible addition of formaldehyde to the 142
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products 24, 25 and 26.

A concerted mechanism for the disproportionation of 25 to 1 and 24. 148
Complexes prepared using 24 as a ligand. 151
Some metal carbonyl clusters containing bridging or capping phosphide- 153

or phosphinidine-ferrocene moieties. References: a)®; b)*%; c)**.

Two products obtained from the reaction of PhPH, with Ru;(CO),,. a) A 153

monacapped tri-ruthenium cluster®. b) A bicapped tetra-ruthenium cluster®’.
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Structures of compounds 30 and 31.

Two uncoordinated primary phosphines for which structures have previously

been elucidated; a) mesitylphosphine, b) (9-anthracenyl)phosphine dimer.

Proposed mechanism for the reaction of dppf* to give the observed oxidation

products. The dimerisation step is thought to be rate-determining.
Two possible structures which are postulated for 34 and 35.

Possible fragmentation route for 35.

Postulated mechanism for the electrochemical oxidation of 2, and its relationship

to both cyclic voltammetric and BE results.

Reactions producing a-carbenium ferrocenyl cations. a) A dicarbenium species
stabilised not only by ferrocene but by extensive conjugation. b) In the presence
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Homolytic cleavage of a C-H bond to give an o-carbenium ion.
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Scheme 6.7:

Polymerisation of ferrocenylphosphazenes via ring-opening. a) Here ring strain
is the driving force behind the reaction. b), c) Halogen atoms attached to the

phosphorus atoms aid progress of these polymerisations and are later removed.

Condensation routes to the production of ferrocenylphosphine and phosphine
oxide polymers. a) The products produced by this route, though formally
described as depicted here, actually also contained 1,2-, 1,3-, and 1,1’-
ferrocenylene linkages. b) It is possible that under certain conditions this
reaction takes place partially through the in situ formation of the

[1]phosphaferrocenophane, which then undergoes ring-opening polymerisation.

Partial reaction of a phosphazene polymer with n-BuLi followed by ferrocenyl

aldehyde gives a ferrocenylphosphazene polymer. Both x and y are ca. 0.5.
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Chapter 1: Ferrocenylphosphines;

A Literature Review

The work described in this thesis is principally concerned with research into novel
ferrocenylphosphine compounds. This review has therefore been structured so as to provide
an overview of the main areas of interest with respect to research into these compounds.
Two principal reasons probably account for the majority of work carried out with
ferrocenylphosphine  compounds to date: one is the utility of 1,1°-
bis(diphenylphosphino)ferrocene (dppf) as a bidentate phosphine ligand; the other is the role
both dppf and planar chiral ferrocenylphosphines have played in the development of
transition metal-catalysed reactions. As well as giving consideration to both these areas, the
present Chapter describes the miscellany of other ferrocenylphosphines which have been

reported.

1.1 Chemistry of 1,1’-Bis(diphenylphosphino)-

ferrocene (dppf)

First synthesised in 1965', the chemistry of dppf has since been extensively developed.
Much information can be found in a recent comprehensive review, which discusses
preparative techniques, coordination chemistry, spectroscopic characterisation and catalysis,
among other things®. The information presented here therefore draws principally on the
literature from 1995 onwards for examples, though it should be noted that the general ideas

which drive research into this ligand were formulated earlier.



2 Ferrocenylphosphine Chemistry

1.1.1  Coordination Modes of Dppf

One aspect of dppf chemistry making it a useful ligand is its coordinative flexibility. Most
usually dppf will form chelating complexes, and it is able to stabilise a variety of
coordination numbers at the metal centre. For instance, a complex of low coordination
number is obtained by addition of dppf, followed by PPh,, to a solution of AgClO,>. This
lea;is to formation of the trigonal planar compound [Ag(PPh,)(dppf)]CIO, 1¥. Synthesis of
complexes of even lower coordination number, where dppf is the only ligand for a two-
coordinate metal centre, appear to be impracticable since the geometry of the ligand precludes
such linear trans-coordination without bringing the metal atom within bonding distance of the
ferrocenyl iron atom. Of course, two-coordinate complexes are possible where dppf acts as

a bridging ligand, but such situations will be discussed later.

Four-coordinate square-planar complexes of dppf are well-known, and are important in
catalysis. Recently reported examples include the anthracenyl-containing PdBr(C, ,H,)(dppf)
2* (the 10-chloroanthracene derivative was also isolated), pentafluorophenyl derivatives
Pt(C,F,),(dppf) 3, Pd(CF;),(dppf), P(CF,)Cl(dppf) and Pd(CsF,)Br(dppf)’,
Pt(CH.),(dppf) and PtL,(dppf)®, Pd(dba)(dppf) (dba = trans,trans-dibenzylidene-acetone)’
and M(dppf), M = Pt, Pd)®. The compound Pt(C,;H,)(dppf) 4 was prepared in order to
investigate the chemistry of the trialkyne ‘pocket’”’. A more complex permutation of these
Group 10 square-planar complexes is Ag,Pd,CL(dppf),(n*-S), 5, a tetranuclear complex
with bridging sulfur atoms'®. A very similar compound, [Pt,T1(dppf),(1’-S),]NO,, can be
prepared by reaction of Pt,(dppf),(n’-S),'" with TINO,, and metathesised to give the PF, salt
6'2. The compound Pt (u*-H)(u’-CHCH,Ar)(dppf), 7 (Ar = p-methoxyphenyl) also
displays bridging of two group 10 metals, and was prepared by a variety of routes, one of
which involved formation of [Pt(H)(dppf)], as a transient species'>. Such square-planar

dppf

¥ Numbers are used to denote those compounds graphically represented in this introductory Chapter, but
compound numbers used throughout the rest of this thesis start anew in Chapter 2, and are unrelated to those
given here.
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4 Ferrocenylphosphine Chemistry

complexes have been put to use in molecular architecture, with the building of the square
metallomacrocycles 8 and 9 by combination of the reactive aqua complexes
[M(H,0),(dppf)][OTf], M = Pd, Pt, OTf = CF,SO,") with 2,7-diazapyrene”. The same
report describes the synthesis of similar molecular squares by reaction of the aqua complexes
with the dog-leg molecule bis-[4-(4’-pyridyl)phenyl]iodonium triflate. The ability of dppf to
stabilise four-coordinate complexes extends to tetrahedral complexes, such as HgCl,(dppf),
for which the crystal structure was recently reported'’, though the compound has long been
known'®. The dimeric compounds [Cu(u-X)(dppf)], (X = NO,, O,CH, I 10), in which the
copper occupies a tetrahedral environment, are also known'’. Several Ru(Il) piano-stool
complexes of the general formula [RuXCp*(dppf)]™ (where X may be anionic or neutral, n
= 0 or 1, Cp* = pentamethylcyclopentadienyl ligand) have been reported'®, including
Ru(H)Cp*(dppf) 11'°. Compound 11 was initially synthesised as a model for biological
systems in which H, is used to perform one-electron reductions, and it was found to be a
unique catalyst for one-electron reductions of ferrocene and methylviologen with H,, and to
be a catalyst for other reactions also. More will be said about the catalytic abilities of 11

later.

The same workers also reported the formation of the Ru(IV) pentavalent complexes
[Ru(H)XCp*(dppf)]PF, (X = Cl, Br, I'*; H'®), derived from 11. Although no crystal
structures were reported, these are presumably trigonal bipyramidal structures®®, as is the

case with another group 8 compound, Fe(CO),(dppf) 127,

Octahedral complexes of dppf are common, and a number of recent examples have been
reported. Many of these involve Ru(ll): the compounds RuCl(H)(CO)(dppf)PPh,,
[Ru(H)(CO)(dppf)(L)PPh,]PF (L = pyridine or acetonitrile),
RuCl(CH=CHR)(CO)(dppf)PPh, R = CMe, 13, p-MeCH,),
RuCl(CH=CHR)(CO)(dppf)Me,Hpz (R = CMe,, p-MeC,H,, Me,Hpz = dimethylpyrazole),
RuCl(C=CR)(CO)(dppf)PPh, (R = CMe,, p-MeCH,) and RuCI[C=C-p-
MeCH,)](CO)(dppf)Me,Hpz have only one octahedral centre; two linked octahedra are seen
in the compounds Ru,(CH=CH-p-C,H,CH=CH)Cl,(CO),(dppf),(PPh;), 14 and Ru,(C=C-
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6 Ferrocenylphosphine Chemistry
p-CH,C=C)Cl,(CO),(dppf),(PPh,), 15?2. These last two compounds were prepared as 1:1
diastereoisomeric mixtures, where the chloride and carbonyl ligands can be in either the
meso (as shown) or dl configuration. Other reported Ru(II) six-coordinate compounds are
[Ru(bipy),(dppDI[PF,], (bipy = 2,2’-bipyridine), along with related compounds in which
the bipyridyl ligands were derivatised®’, and the dihydride complex Ru(H),(dppf),**. The
carbonyl compounds fac-W(CO),(dppf)(L) (L = NCCH, 16, PMe,, PPh,H, PPh,OH) also
display octahedral geometry®’, as do fac-MnX(CO),(dppf) (X = Cl, H)**. Even higher
coordination numbers are occasionally seen with dppf, as is the case with the seven-
coordinate compound WI,(CO),(dppf), recently shown to result from the oxidation of 16

with L%, although its synthesis had been reported previously?’.

The unique ability of dppf to act as a chelating ligand in the great variety of different
coordination spheres demonstrated above stems from a capacity to modify its steric bite
through twisting and tilting of cyclopentadienyl (Cp) rings relative to each other, along with

some bending of phosphorus atoms away from the planes of the Cp rings*®.

}l) ------ II)
M——P------P——M M——M
open bridge closed bridge
ll) ------ l|D | l|)
M M M M
N/ |
X
quasi-closed bridged pP------ P
double bridge

Scheme 1.1:  Bridging modes of dppf (P------ P = dppf, M = metal centre).
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8 Ferrocenylphosphine Chemistry

Dppf does not always act as a chelating ligand, but is also commonly observed to act as a
bridging ligand, a phenomenon which in recent times has been especially thoroughly
investigated for the case of gold complexes. Varieties of bridging modes observed with dppf
are illustrated systematically in Scheme 1.1. Recent examples of open bridge systems
include numerous variations of Au,X,(u-dppf) (X = Me, C,H,, C,H,, CH, CH,,
C=CPh, C=CBu' *’; Cl 17, C/[F.; Br, I, pyridinethiolate, diethyldithiocarbamate®';
CF,C0,%, Co(C0),*), and two compounds containing both bridging and chelating dppf,
Au,X,(u-dppf)(dppf-P,P’), (X = Cl 18*, NO,). Metal clusters have also been linked
using dppf, giving the compounds [Fe,(CO),(u-CO),],(n-dppf)*®, [Fe,(1’-S),(CO)el,(1-
dppf)®, [AuMn,(u-PPh,)(CO),],(1-dppf) 19°7 and [Os,C(CO),,],(n-dppf) 20%%. Similarly,
dppf has served as an open bridge ligand in reactions with Lewis acidic boranes, thiaboranes
and carboranes, giving products such as arachno-9-(arachno-9’-dppf-6’SB.H,,)-6-SBH,,
21%. The ultimate expression of this open-bridged motif is the production of the polymeric
material [AuCl(dppf)], 22; the regular nature of the polymer was confirmed by X-ray
crystallography™.

A closed bridge is seen where dppf bridges a metal-metal bond. A number of examples of
this have been reported in the field of cluster chemistry*’, including: Os,(u-H)(CO),,(n-
dppf), where dppf lies along one edge of an osmium tetrahedron*'; Fe,(u’-S),(CO),(u-
dppf)®; Fe,(CO)4(u-CO),(u-dppf), in which the three bridging ligands all span the same
metal-metal bond*; RhRu,;H,B(CO),(Cp*)(u-dppf) 23 and AuRhRuH,B(CO)4(Cp*)(p-
dppf) 24*>. To these examples can be added the dinuclear compound Co,[u’*-
(MeO,C),C,1(CO),(-dppf) 25%.

A quasi-closed bridge refers to any compound where a dppf bridge is supported by another
bridging group, but there is no metal-metal bond. An example of this is the compound
Au,(u-SCH,CH,CH,S)(n-dppf)**, with the gold atoms linearly coordinated. An interesting
compound which falls somewhere between displaying closed and quasi-closed bonding
behaviour is Au,(u-S)(n-dppf)**. While it is formally quasi-closed, the linearly coordinated
golds form a sharp angle of 77.6° at the bridging sulfur, giving a short gold-gold distance
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10 Ferrocenylphosphine Chemistry

of 2.88 A, within the range of aurophilic interaction. A number of other compounds
showing similar behaviour were reported by the same group. Cluster chemistry also
provides examples of quasi-closed bridges, for example, Os,PdC(CO),,(n-CO)(p-dppf)
26". An example of a doubly-bridged structure is provided by [OsPd(u-I),L,(CO),(u-
dppf)1, 277.

As well as displaying chelating and bridging modes, dppf sometimes acts as a monodentate
ligand, but this is rather uncommon. Examples include the compounds Fe(CO),(dppf-P)*,
Co,[1*-(MeO,C),C,]1(CO)4(dppf-P) (a monodentate relative of 25)*> and RhRu,B(Cp*)(u-
H),(CO),(dppf-P) 284

1.1.2  Use of Dppf in Catalysis

In the late 1970’s Hayashi et al. demonstrated the superiority of PdCl,(dppf) as a catalyst for
the cross-coupling of Grignard reagents and electrophilic organics over the classical
PdCl,(PPh,), and other possibilities*’. Since that time the homogeneous catalytic chemistry
of dppf has been widely explored, particularly with respect to cross-coupling reactions of
various kinds, and especially Grignard cross-coupling. A general mechanism for the
catalytic cycle of PdX,(dppf) in Grignard cross-coupling is given in Scheme 1.2. Some

representative examples of reactions catalysed by dppf complexes are given in Scheme 1.3.

No doubt the catalytic potential of simple Pd and Pt complexes of dppf accounts for the large
amount of research still being carried out into syntheses of these compounds (see Section
1.1.1). The advantage of PdCl,(dppf) as a catalyst of Grignard cross-coupling reactions
over other traditional catalysts is ascribed to the large bite angle of dppf (99.1°), which
forces other species ligated to the Pd into closer proximity, aiding expulsion of conjoined
products in the reductive elimination step. Catalysis with dppf complexes is also observed to
suppress the undesirable B-elimination products seen with many other comparable catalytic

systems*®,
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RR|
Pd(dppf)(solv)2 solvent
reductive elimination,
solvation
, R
(dpph)Pd (Pd(dppf)]
Rl
RX
oxidative addition
R
/
(dppH)Pd
X

R'MgX'

Scheme 1.2:  Catalytic cycle observed in Grignard cross-coupling reactions catalysed by PdCl,(dppf).

The active species is thought to be the Pd(solv),(dppf) (solv = coordinated solvent)

species.

Research is still ongoing into these types of reactions, e.g. in one recent study the rate of
oxidative addition of phenyl iodide to Pd(dppf)(dba) was investigated’. Two recent papers
also describe the use of PdCl,(dppf) in order to perform desired syntheses by the cross-
coupling of an organometallic compound with a halo-organic compound, a route which is by
now well-travelled. A representative sample of the reactions reported in these papers is

given in Scheme 1.4.

Other papers have reported work with potential ruthenium catalysts. The complex
Ru(H),(dppf), has been prepared with a view to exploring its catalytic activity®, and that of
the potentially more active derivative [Ru(H)(dppf),]*. At present, more success has been
seen in the work of Hembre et al.'® with compound 11. They found that by using a catalytic
amount of 11, ferrocenium or methylviologen could be reduced by one electron in the
presence of H,, using base to react with the H* produced. Further study of H, activation by
11 revealed unprecedented coupling of a carbon-carbon bond-forming reaction to H,

oxidation, catalysed by 11 at a concentration of 1 mol% (Scheme 1.5).
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a)
+  HO-CH,-CH=CH,
CH-Mg-Cl
Me”
M(dppf),
CH- CHZ— CH= CH2
/7
Me
b)
C=CH + CO + HO OMe
Pd(OAc),
dppf
OO OMe
. / (0] OMe
O 8% 6%
(0]
c)
Me AL NaCH(COMe), \
Pd/dppf
OAc CH(COMe),

Scheme 1.3: Reactions catalysed by dppf complexes. a) Cross-coupling of a Grignard reagent and an

alcohol*™

. b) Carbonylative coupling of a terminal alkyne with a phenol®. c)
Nucleophilic substitution, with retention of stereochemistry*®. It should be noted that for

this application Ph,PCH,CH,PPh, (dppe) proved a superior ligand.
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Scheme 1.4:  a) Cross-coupling of 4-bromobenzoic acid with a Grignard reagent, catalyst concentration

1 mol%”'. b) Synthesis of 1,1’-bis(anthracenyl)ferrocene, catalyst concentration 5 mol%

w.r.t. ferrocene®.

H2 + Ph3C+ EE—— —

Ph,C

()
+ Ph;CH
&
70% 30%
Scheme 1.5: Dimerisation of the trityl cation, coupled with H, reduction, catalysed by 11.
Studies into attempts to prepare heterogenous catalysts by thermal decomposition of

MCL,(dppf) M = Ni, Pt, Pd)’* are still in their infancy, but show how these compounds

have become established materials of choice in many areas of investigation into catalysis.
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1.2 Enantioselective Catalysis With Planar Chiral

Ferrocenes

In principle, the most efficient way to obtain a chiral product is through the use of a chiral
catalyst, rather than using stoichiometric amounts of a chiral starting material or chiral
auxiliary. Given the success of dppf as a ligand in catalytic systems (Section 1.1.2), it
therefore seems inevitable in hindsight that similar ferrocenylphosphine ligands exhibiting
chirality would be designed and used to prepare transition metal complexes with the potential
for use in homogeneous asymmetric catalysis. Within the last few decades a great amount of
research has been carried out in this area, and it would be beyond the scope of the present
Chapter to cover all relevant literature, so the reader is referred to other reviews® for further
information. A helpful overview at a more popular level was also recently given in Chemical

& Engineering News™*.

In designing chiral ferrocenylphosphine ligands, not only is the concept of carbon-centred
chirality important, but that of planar chirality is also. Scheme 1.6 shows a generalised
picture of a ferrocene molecule bearing two substituents. In this situation it will be seen that
if the substituents are different two enantiomers are possible. This is what is referred to as
planar chirality. Assignment of a chirality descriptor for a planar chiral ferrocene is done by
viewing the molecule from above the substituted ring. Substituents are prioritised according
to the usual Cahn-Ingold-Prelog rules. If the shortest path around the ring from the

substituent with highest priority to that next in the hierarchy is in the clockwise direction, the

FXY
\ =

Scheme 1.6:  Ferrocene moiety with two substituents. Where X and Y are different, planar chirality

will result.
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descriptor is (R), otherwise it is (S§). Where an element of central chirality is also present, it
is usually written as the first descriptor, with that for planar chirality second. The descriptor

for planar chirality is also often distinguished by a subscript p, e.g. (S.R,)*’.

The original, and now classic, preparation of a planar chiral ferrocenylphosphine was the
synthesis of (R)-N,N-dimethyl-1-[(S)-2-(diphenylphosphino)ferrocenyl]ethylamine [(R,S )"
PPFA] 31. This was prepared by the route shown in Scheme 1.7. Ugi et al’®
demonstrated that the enantiomeric amine 29 could be used as a highly effective directing
group in ortho-lithiation, giving predominantly the (S,) planar chiral enantiomer 30. This
route was later used by Hayashi et al.>’ to prepare the phosphine (R,S,)-PPFA 31. The
same group later extended this methodology to prepare the dimethylphosphine derivative of
31 and other related compounds, as well as the opposite enantiomer’®. Nickel or palladium
complexes of (R,S,)-PPFA 31 and closely related compounds were then shown to
enantioselectively  catalyse the Grignard cross-coupling reaction between 1-
phenylethylmagnesium chloride and vinyl bromide, giving optically active 3-methyl-3-
phenyl-propene®®. In the case of (R,S,)-PPFA) a 68% ee (R) was obtained for this reaction.

Other reaction substrates were also investigated.

M o Me H o Me

@_(NMez Bl N SNMe, %»@_(NM%
€

Fe
29
Scheme 1.7: Synthetic route used to produce (R,S,)-PPFA 31.

In more recent years research into PPFA and related ligands such as (R,S,,)-BPPFA 32% has
remained a very active field. Publications have included work on alternative synthetic routes
to (aminoethylferrocenyl)phosphine compounds of the PPFA type®, preparation of new
ferrocenylphosphines®' such as (R,R,)-PTFA 33 and (S,S,)-1-(diphenylphosphino)-2,1°-

[(1-N,N-dimethylamino)-1,3-propanediyl]ferrocene 34°%°, preparation and study of new
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complexes® such as PACL(PTFA)*® and [Agy(L),JICF;S0,), [L = (R,S)-2-
{CH(Me)N(Me)CH,CH,NMe, }-1,1’-diphenylphosphinoferrocene] 35%, and investigations
of catalytic activity’, including patent applications®®. Representative examples of

asymmetric catalysis by complexes of ferrocenylphosphines substituted at the 2- position by

aminoethyl groups are given in Scheme 1.8.

The preparation of planar chiral ferrocenylphosphines has from the time of the original work
on PPFA 31°" until the present largely followed the same principles. Initially ferrocene is
derivatised with a side chain having central chirality. This side chain is then used to direct
ortho-lithiation of the ferrocene in an enantioselective manner, and the lithium species reacted
to give a phosphine. The original side chain may then be replaced or modified. So far
consideration has only been given to the preparation of compounds where the final product
contains an -CH(NR,)CH, side chain. However, a variety of other approaches have been

developed.

One alternative set of ferrocenylphosphine compounds recently developed for
enantioselective catalysis is the oxazolinylferrocenylphosphines®, such as “(S,S,)-Me-
phosferrox” 36’°. These compounds have some preparative advantages over PPFA-type
compounds, and research into their synthesis and efficacy in catalytic systems is ongoing’".
A concurrent development has been the investigation of pyrazole-containing
ferrocenylphosphines of the type epitomised by (S,R)-2-(1-pyrazolylethyl)-1-
(diphenylphosphino)ferrocene 377%, which has also proved a productive line of research’.
Other coordinating moieties which have been included at the B-position of the directing side
chain are the Cp group“, which was used to make rhodium(I) and ruthenium(Il) complexes,
sulfur-containing groups75 such as in (R,Sp)-2-[1-(S-tctra-acetylthioglucose)ethyl]-1-
(diphenylphosphino)ferrocene 3 87, selenium-containing groups™?, and imine functions’’.
One ligand has been developed where central chirality of the oxazolinylferrocenylphosphine
is removed by transformation of the oxazolinyl group into an ester function, giving a
molecule with only planar chirality, which was shown nevertheless to be suitable for use in

asymmetric catalysis’®,
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Scheme 1.8: a) Reaction of an allylic substrate with a nucleophile”. b) Rhodium-catalysed olefin

hydrogenation®. c) Aldol-type reaction of an aldehyde with an a-isocyanocarboxylate®'.
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However, arguably the most important group of asymmetric ligands to have been developed
from the original PPFA-type ligands thus far are the 1,2-diphosphines. The first compound
of this type was included in the first detailed report on asymmetric ferrocenylphosphines®,
which also included PPFA 31. This was (R,S,)-2-[-1-(diphenylphosphino)ethyl]-1-
(diphenylphosphino)ferrocene 39a, and it was prepared by reflux of an acetylated derivative
of (R.S,)-PPFA 31 with diphenylphosphine for 7 hours in methanol (see Scheme 1.9).
Preparation of the acetyl intermediate required heating of (R,S,)-PPFA 31 with acetic

anhydride at 100° C for two hours in a sealed glass tube.

H
/,,’ Me
NMCZ
Fe "pph,
31
HPR»/HOACc
Ac,0 80°
100° C
vy B M H o Me
OAc HPR,/HOACc . PR,
Fe "pph, essc_____ _Fe 'PPh,
39a: R=Ph
b:R=Cy
c¢:R=Bu'
Scheme 1.9:  Synthesis of compounds 39a-c. The older two-step route involving acetylation has been

superseded by the more convenient direct formation of the product.

Synthesis of these compounds only became more convenient in more recent times, when
Togni et al.®* showed that 39a could be prepared in greater than 80% yield in a one-step
reaction, by heating (R,S,)-PPFA 31 with diphenylphosphine for 3.5 hours at 80° C in
acetic acid, leading to displacement of the amine group with the phosphine. The

dicyclohexyl 39b and r-butyl 39¢ derivatives were also described, both prepared by the
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same method in high yield. These ligands are commonly known as ‘Josiphos’-type ligands,

having been named after one of the laboratory technicians involved in their preparation.

A number of Josiphos-type ligands have since been prepared. The final step in the
preparation of these compounds is always essentially the same procedure described for
39a-c above; reaction of an amine precursor with the appropriate secondary phosphine in
hot acetic acid. It can be seen that a variety of different combinations of planar and central
chirality are available, depending on the precursor chosen (e.g., compounds 40a and 40b,
the enantiomers of 39a and 39b*’). Work on new synthetic routes to the amine precursors
has allowed the synthesis of compounds such as 41, 42 and 43, where a bulky lower Cp
ring is introduced®*. The general synthetic method has been extended by the use of primary
phosphine reagents to produce tridentate chiral ligands of the type 44, an area of interest
since chiral triphosphines have not been intensively studied in asymmetric catalysis®*. The

secondary phosphine 45 has also been made in rather low yield using a primary phosphine

85a

as the nucleophile™®. Enantiomerically pure P-chiral ligands have also been synthesised,

such as 46a and 46b®, and a variety of unusual phosphorus functionalities have been

incorporated into Josiphos-type ligands, as seen with 42, 47%¢ and 48a-f*".

Josiphos-type ligands have generated great interest in view of their excellent catalytic
properties, especially their versatility over a variety of different reactions, first demonstrated
for enantioselective hydrogenation, allylic alkylation and hydroboration reactions®>®®, Some
representative examples of homogeneous asymmetric catalysis using Josiphos-type ligands
are given in Scheme 1.10. The success of all the PPFA-type ligands discussed in this
Section as asymmetric catalysts can be attributed to a general principle: two heteroatoms in
the ligand bind to the metal centre, while a chiral centre undergoes secondary interactions
with the substrate, also bound to the metal centre. In Josiphos-type ligands, the two
phosphine moieties are again bound to the metal, but in this case they also fulfil the
requirements for forming a ‘chiral pocket’ for the substrate, without the need for another
substituent to specifically interact with the substrate®. Since the planar-chiral ferrocenyl

group constitutes a substituent of both the phosphine moieties, it will have an effect on the
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Scheme 1.10: Representative examples of the use of Josiphos-type ligands in asymmetric catalysis. a)
Hydrogenation reaction using the original ‘Josiphos’®?. b) Asymmetric hydrogen transfer
from an alcohol to a ketone®®. c) Allylic alkylation reaction, similar to that in Scheme

1.3c, but in this case inducing chirality in the substrate®.

shape of this chiral pocket. For this reason at least one study has been carried out on the
effect of metallocene bulk on enantiomeric excess in these compounds, by variation of the
non-coordinating Cp ring substituents and replacement of iron by ruthenium®’. NMR
studies have also been used extensively to try and elucidate the nature of the solution

structures adopted by Josiphos-type ligands®’, and reactivity studies are ongoing®2.

Josiphos-type ligands have become the first asymmetric ferrocenylphosphines to be

successfully applied in commercial settings®. Scheme 1.11 shows the routes used to
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produce an intermediate in the synthesis of (+)-Biotin®’, the herbicide (S)-Metolachlor**,
and an intermediate in the production of Dextromethorphan, a cough remedy®*. Patents have
also been secured for similar catalytic systems®, and the interest in Josiphos-type ligands is

such that a variety have quickly been offered commercially by at least one chemical

supplier’.

Another set of ferrocenylphosphine ligands developed for asymmetric catalysis is epitomised
by the first of its class, (R,R)-(S,,S,)-2,2”-bis[1-(diphenylphosphino)ethyl]-1,1"-
biferrocene [(R,R)-(S,.S,)-PhTRAP] 49a”. Compounds of this kind have come to be
known as TRAPs, referring to the trans-chelating nature of these phosphine ligands; all other
chiral ferrocenylphosphines discussed so far have been designed to produce cis-complexes.
Note that as with Josiphos-type ligands, these compounds contain a carbon spacer between
the phosphorus and the Cp ring. TRAP ligands can be produced with either (R,R)-(S,,S,)-
or (5,5)-(R,,R,)- chirality, and with a wide variety of different phosphorus substituents
(49b-j). The alkylphosphines (R,R)-(S,.S,)-Bu"TRAP 49b, -Pr"TRAP 49c¢ and -Pr'TRAP
49d were prepared in order to investigate the effect of having phosphorus substituents
which were less bulky and rigid®®. The closely related compounds (R,R)-(SP,SP)-EtTRAP
49e and -Bu'TRAP 49f were separately reported®®. Other arylphosphine-containing TRAPs
have also been prepared'®’, 49g-j.

The method which has been used for the synthesis of TRAPs involves several steps®'®,
and is pictured in Scheme 1.12. After initial enantioselective ortho-halogenation of the
starting material, the amine function is quaternised. The ammonium salt thus formed is then
reacted with a phosphinate salt formed in situ by reaction of n-butyl-lithium and
diphenylphosphine oxide, giving a ferrocenylphosphine oxide. The initial report on the
preparation of 49a stated that the next step, involving coupling of ferrocenes, was achieved

by reaction with a Ni(0) complex in DMF at 120° C for 12 hours”. It has more recently

been shown that this process can be carried out in the solid state by reaction with activated
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Scheme 1.11: Commercial processes currently in use. a) Synthesis of a (+)-Biotin precursor in high

diastereoisomeric and enantiomeric excess. b) Synthesis of (S)-Metolachlor. The rather
low enantiomeric excess is acceptable for an agri-chemical, and the catalyst shows

exceptionally high activity”™, with an substrate/iridium ratio < 1 000 000. c) Synthesis

of a Detromethorphan intermediate.



24 Ferrocenylphosphine Chemistry

Me,,, }% Me
M >
2y e P(H)Cy PR'R?
P% é PCy, Fe PPh,
Rzp Fe @
45 46a: R! =Ph, R? = Cy
Rl = 2_
44a: R = Ph H Me b:R' =Ph,R o-An
b: R = 3,5-Me-(C¢H3) ’/,"
¢ R = 3,5-CF3-(CgHs)
PR,
Fe PCy,
48a: R = 2-MeO-CgH,4
PPh, b: R = 3-MeO-CeH,
P ¢: R = 4-MeO-CeHy
. d: R = 3-Me-CgH,
"y e: R =4-Me-CgHy
F:e Me f: R = 3,5-Me,CgHs
47 49a:R=R'=Ph
b:R=R'=Bu"
’ R c¢R=R'= Prn
Ph ©_ P"'J,l// ©_ PPh2 d:R=R'= Prl
¢ Fe eR=R'=Et

//I,I

P—@ Ph 7 PR, £ R=R = Bu

g: R=R'=p-MeO-Ph

50a: R = 2-OMe-CgH, 5la:R=Pr' h: R =R'= p-Cl-Ph
b: R = 1-naphthyl b: R =Bu' it R=R'=2-furyl
j:R=Ph, R = p-Tol
PPh,
=
PPh, Fe  PPhy
@—Pth Fe
PPh,
52 53 Ph,P
54

|
RucCl >—o >
= S o Ry
F =X o /L°
O.
= — ~f ANV
55 \ =>4



1: Literature Review 25

copper'®, typically at 130° C for 12 hours. The phosphine oxide functions are reduced by

reaction with triethylamine and trichlorosilane in a sealed vacuum tube at 100° C, typically

for 10 hours.

TRAP ligands have been used to prepare complexes with Pt(II)*"'®, Pd(II)*"'®,
Rh(I)***1%1%" and Ir(I)'*, in each case giving trans-chelated square-planar complexes; in
the case of the first two metals, ligands were chloride, while for the latter two metals one
carbonyl and one chloride were coordinated. Rhodium complexes prepared in situ have been
shown to be effective catalysts for the enantioselective hydrosilylation of ketones™'*? and
keto-esters'®’, Michael addition of vinyl species to a-cyano carboxylates'®, and for
hydrogenation of certain olefins®>'®'. A patent has also been lodged for the preparation of

optically active succinic acids, by hydrogenation of suitable precursors using rhodium-TRAP

catalyst systems'®. Some representative reactions are presented in Scheme 1.13.

I
NMC2 NMCZ PR2
1/, i) sec-BuLi < 1) Mel 1,
Fe “TH ik ~  Fe 7y i) LIPO)R, Fe "H

Me M

{
{

Scheme 1.12: General method for the synthesis of TRAPs.
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Scheme 1.13: Enantioselective catalysis by complexes containing TRAPs. a) Hydrosilylation®®. b)

Asymmetric hydrogenation to give a succinate'®.

1.3 Other Ferrocenylphosphines

There is a large body of literature to do with ferrocenylphosphine chemistry where the
reported results do not concern either dppf chemistry or enantioselective catalysis, although
they are usually related to these two topics in some sense. The following three Sections
group this research on the basis of distance between the ferrocene function and the

phosphine moiety.

1.3.1 Ferrocenylphosphines with a Direct Cp-P Link

By far the greatest amount of research into ferrocenylphosphines has been carried out with
compounds containing a direct P-Cp bond; this holds true even for research other than that
presented in Sections 1.1 and 1.2 (note that every compound discussed in those Sections has

at least one P-Cp bond, with the exception of TRAP ligands).
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A number of these compounds are simple derivatives of dppf, where the phenyl groups have
been exchanged for other organic moieties. The simplest of these would be 1,1’-
diphosphinoferrocene'®, while 1,1’-bis(dimethylphosphino)ferrocene'®’, 1,1’-bis(di-i-
propylphosphino)ferrocene'®® and 1,1’-bis(di--butylphosphino)ferrocene!® have also been
recently reported. As well as these compounds where all four phosphine substituents are
identical, a number of compounds have been reported where the two substituents on the
phosphorus are inequivalent, including rac-Fe(n’-C;H,PPhBu'),'®!'?, and the rac- and
meso- forms of Fe(n’-C,H,PMePh),''". The most recent reports are of enantioselective
syntheses giving (S,5)-1,1’-bis(methylphenylphosphino)ferrocene'!?> and the compounds
50a and 50b'"’. In other instances the phosphine fragments on each Cp ring are different,
as in the case of compounds 51a'®*, and 51b'®. Other ferrocenylphosphines closely
related to dppf are obtained by adding other derivatives to one''* or both!'s of the Cp rings,
including a triphosphine 52''°, [3]ferrocenophanes such as 53°'®, and the octa-methyl
derivative 54''". The monodentate equivalent of dppf, FcPPh, (Fc = ferrocenyl)''?, has also
been widely used as a ligand in a number of coordination studies''®, giving compounds like
the diferrocenyl ruthenium complex 55'?°, the di-rhodium complex 56, where a phenyl ring
from each of the FcPPh, ligands is coordinated to a metal centre'?', and fac-
ReCl(CO),(FcPPh,), 57'?*. As is the case with dppf, numerous variations on the theme of
FcPPh, have been reported and investigated, most notably Fc,PPh''***!?®  and to a lesser
degree Fc,P''%¢!2¢ Other compounds which have been reported include FcPMe,'>'?,
FcPEt,'”* and FcPPr,'®. Several studies have been made into the preparation of P-chiral
ferrocenyl phosphines of this type'*®, such as 58'?® and 59'*. Other variations involve
derivatisation of the Cp ring to which the phosphorus is not bonded, as with 60'*® and
61'%. Recent reports by Butler ef al.'*® include several such derivatives, as well as more

complex structures like 62, which is in one sense a dppf-type compound.

Other ferrocenylphosphine compounds which belong to the class being reviewed in this
Section are the ferrocenylphosphines'’' pictured in Figure 5.8, as well as the

ferrocenylphosphine polymers discussed in Section 6.1.1.
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1.3.2  Ferrocenylphosphines Containing a Cp-C-P Link

With the notable exception of the Josiphos-type ligands and TRAPs discussed in Section
1.2, very little has been published in the literature concerning compounds where the
phosphine is separated from the ferrocenyl moiety by a carbon spacer. This is in contrast
with the vast amount which has been published with regards to ferrocenylphosphines with a
direct P-Cp link, and suggests that there is much work that could be carried out into
developing synthetic methods and applications for ferrocenylmethylphosphines and related

compounds.

The earliest reported compound of this type was FcCH,PPh,, originally prepared by the
reduction of the ylide FcCH=PPh, with LiAIH,'>>. A later synthesis used the reflux of
diphenylphosphine with either [FcCH,NMe,]I or FcCH,OH in aqueous solution for 18 or
24 hours respectively to give the desired product'*®. It was shown that (FcCH,),PPh could
also be synthesised by reaction of phenylphosphine and [FcCH,NMe,]I under the same
reaction conditions. The phosphine oxide and sulfide derivatives of FcCH,PPh, have also
been prepared'*'**, but no ‘true’ complexation chemistry has been reported. However, as
shown in Scheme 1.14, reaction of an ortho-lithiated ferrocenylamine with Me,SnCl gives a
stannyl derivative which can be reacted with diphenylphosphine in order to give an ortho-

metallated derivative of FcCH,PPh,'*’.

NMe, PPh,

NMe, i) Mel
\ > aud Me3SnCl @J if) PhyPH/H,0 @_/
Fe Li SnMe3 ™ Fe SnMe,

\ (=>4 \ =>4

Scheme 1.14: Synthesis of an ortho-metallated FcCH,PPh, derivative.



1: Literature Review 29

\ >4
Fe
No=ag — PPh,
Cl=Re-CO \amd g
Soma — FPh;
Fe
\ > 57
Ph P—C2d
Fe
P/\/
Fe N —PPhy
Ph,P
Cl- Pld— Ph,P- CH, <
Fe
CH,-PPh
CH,-PPh NS=g CH2-PPhy py p.cH
@' 2~ PPhy — 2 P )
: CH,-PPh, @-CHz-Pth—I:I;- cl
63 64
a, {
Ru—Ph,P— CH, &7
@'CHZ Pth_RU
Ko
PPh PPh
=70 > " 0N
Fe Fe
\ > | >

66 67



30 Ferrocenylphosphine Chemistry

Surprisingly, in view of the vast amount of literature concerning dppf, the analogous
compound 1,1’-bis(diphenylphosphinomethyl)ferrocene (dpmf) 63 was not synthesised
until 1994, along with a doubly-bridged palladium complex 64'°¢. It was prepared by
reaction of Fe(n’-C,H,CH,Cl), with lithium diphenylphosphide. ~More recently the
bimetallic bridged complex 65 has been reported, along with others of similar structure,
where the arene group is C,Me,, p-cymene, 1,2,3,5-Me,CH,, 1,3,5-Me,CH, or 1,2,3-
Me,CH,'"". The similar compound Rh,Cl,Cp*,(dpmf)'* is also known. So then, only a
very limited number of dpmf 63 complexes have been prepared, in spite of the fact that dpmf

63 appears to be a flexible ligand suitable for further coordination studies.

1.33  Other Ferrocenylphosphines

A limited number of compounds have been reported where the phosphine moiety is separated
from the ferrocenyl group by an ethylene function or something greater. Two similar
ferrocenylphosphine ethers are the compounds 6 6'* and 6 7'*°. Another compound which
has been used to generate several different complexes is the keto-ferrocenylphosphine 6 8'*'.
Compound 69 is prepared by the novel method of electrochemical oxidation of a cobalt
complex to which is coordinated two FcC=CH ligands and triphenylphosphine. Following
oxidation, intramolecular insertion of the phosphine leads to formation of 69 in 38% yield.

Another unusual ferrocenylphosphine is the [S]phosphaferrocenophane 70'42.

1.4  Redox Behaviour of Ferrocenylphosphines

Discussion so far has centred largely about structural features of ferrocenylphosphines, but
study of these compounds is also attractive to researchers because of the straightforward

redox behaviour of ferrocene, which is well known for its ability to be reversibly converted
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to the stable ferrocenium cation by electrochemical or chemical means. The electrochemical
behaviour of ferrocenylphosphines is discussed at length in Section 5.1.2. One potential use
for the redox properties of ferrocene is dealt with in Chapter 6. Discussion at this point will
be limited to giving some illustrative examples showing how the redox behaviour of a

ferrocenylphosphine ligand can be put to use in a complex.

Where ligands in a complex contain a ferrocene unit, there is the potential to tune the
spectroscopic or reactivity properties of the metal centre in the complex by changing the
oxidation state of the ferrocene. This is similar to changes which might be induced in a
complex by replacing one ligand, such as Cp, with another, such as Cp*. However,
changing the oxidation state of a ferrocenyl ligand would allow easily reversible control of
reactivity. Studies into compound 57 and the related complex ReCl(CO),(dppf) have been
driven by this kind of thinking'?%. Study of the ligands 66 and 67 has produced interesting
results; both were designed to perform differently depending on the ferrocene redox state. In
the case of 66, the ligand was designed to contain a function which would bind strongly to
Rh (phosphine), and another that would bind weakly (ether)'*. The binding affinities of the
ether function can be modified by changing the redox state of the ferrocene function. Thus
the fascinating result of oxidising the complex [Rh(66),]BF, is to induce a reaction
involving both dimerisation and replacement of the ether functions by ligand phenyl groups,
as shown in Scheme 1.15. The entire process, involving a two-electron oxidation of the
starting material, is entirely reversible under cyclic voltammetric conditions (for information

on cyclic voltammetry see Section 5.1.1.1).

Interesting results are also obtained with studies of the complex 71, which contains ligand
67. Oxidation of the ferrocene groups leads to greater lability of the arene functions'®,
leading to faster intramolecular arene-arene exchange reactions as well as faster rates of

catalysis for olefin isomerisation'**.
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Scheme 1.15: Oxidation of ferrocene groups in a Rh complex leads to a complex dimerisation reaction,

resulting from increased lability of the ether functions neighbouring the ferrocene groups.

1.5 Related Topics

Research into ferrocenylphosphine compounds is of course only a part of the very large field
of study into metallocenes which has from the beginning been an integral part of

organometallic chemistry. Much of this material is related to ferrocenylphosphine chemistry,
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but is beyond the scope of this review. For information on ferrocenylphosphine

chalcogenides®'*!,  ferrocenylphosphites'*’,  phosphonites'*® and phosphonates'*’,
ferrocenylphosphonium  salts'*®,  metallocenylphosphines'®®,  ferrocenylarsines®'"",
ferrocenyl compounds with phosphorus-phosphorus bonds'*®, and other unusual

151

ferrocenylphosphorus compounds'®', refer to the references indicated. Section 6.1.1

contains information on [1]phosphaferrocenophanes.
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Chapter 2: Synthesis and Characterisation of

Ferrocenyl-Phosphorus Compounds

2.1 Introduction

2.1.1  Hydroxymethylphosphines

One class of phosphines which has been the subject of investigation for several decades now
is the hydroxymethylphosphines, the archetypal example of which is P(CH,OH),, first
isolated in 1958'. A variety of hydroxymethylphosphines have since been published in the
literature®, and some examples are given in Scheme 2.1. The initial focus for research into
hydroxymethylphosphines sprang from the role of P(CH,OH), as the active ingredient in
treatment processes being investigated by the textile industry from the early 1950’s onward’.
These processes, using [P(CH,OH),]JCI (or “tetrakis” as it is known in industry) as the
starting material, are used to produce fabrics with flame-retardant properties. The chemistry

of the most significant industrial method used is as follows*:

1. The [P(CH,OH),]JCI phosphonium salt is reacted with base in order to produce

P(CH,OH), along with some other products’.

2. The resulting solution is then applied to the fabric and exposed to ammonia vapours.
Hydroxymethylphosphine groups can undergo condensation reactions with N-H bonds,
and so the reaction of P(CH,OH), with ammonia leads to formation of a cross-linked

polymer containing numerous linkages of the type P-CH,-N-CH,-P.
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P(CH,OH), P(CH,OH),
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Scheme 2.1:  Examples of hydroxymethylphosphines. Literature references: a), €)**; b), c)*; d)*; f)*

(not isolated except as phosphonium salt); g)&; h)*.

3. The fabric is then exposed either to air or to dilute hydrogen peroxide or perborate in

order to oxidise the phosphine moieties to phosphine oxides, thus stabilising the system.

The resultant finish is said to be colourless, odourless and washable®. While these industrial
systems are not directly relevant to the present study, the brief overview given demonstrates
one of the characteristics of hydroxymethylphosphines and related systems such as
hydroxymethylphosphonium salts which makes them worthy of investigation - their

reactivity®. In some situations hydroxymethylphosphine fragments can react as disguised
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P-H bonds, as in Step 1 of the above process, where one CH,OH group is removed using
base; one might similarly react a phosphonium salt of the type R,PH" with a base in order to
obtain the phosphine’. In other situations hydroxymethylphosphine fragments can react as
active alcohols®, for instance in reaction with amines containing N-H bonds, as in Step 2
above. These reactions and some others which hydroxymethylphosphines have been

demonstrated to undergo are presented below. Some reactions specific to P(CH,OH), are

shown in Scheme 2.2.

Reaction of the phosphonium salt with base to give a phosphine®:

[R,PCH,0H]" + NR, — R,P + CH,0 + [R,NH]*

Reaction with N-H bonds**®’:

R,PCH,0H + HNR, - R,PCH,NR,

Reaction with activated alkenes®:

R,PCH,OH + CH,=CHCN — R,PCH,CH,CN
R,PCH,OH + CH,=CHCOOH — R,PCH,CH,COOH

R,PCH,0H + CH,=CHCONH, — R,PCH,CH,CONH,

Reaction with silyl chlorides to give silyl ethers®:

R,PCH,OH + R,SiCl - PCH,OSiR,

Reaction with isocyanates to give carbamate esters®:

R,PCH,OH + O=C=NR — R,PCH,0C(O)NHR
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Scheme 2.2: Reactions of P(CH,0H);; a) Production of 3,5,8-trioxa-1-phosphabicyclo[2.2.2]octane’.

b) A phosphacyanin''.

While the reactive nature of hydroxymethylphosphines means they have considerable
potential for use in the preparation of a wide range of phosphine ligands, the reactivity of this
class of phosphines has received relatively little attention from the academic research
community, with most of the research into possible derivatives carried out by the textile
industry. Two important examples of the possibilities offered to coordination chemists by

derivatives of hydroxymethylphosphines are presented below:

1. P(CH,CH,CN), (CEP) can be prepared by the reaction of acrylonitrile with P(CH,OH),°,
although it was originaly synthesised by reaction of acrylonitrile with PH,'2. CEP is of
interest because of the variety of potential bonding modes'®, and coordination chemistry
studies have included syntheses of mononuclear complexes of Ni(II)'*, Pt(II)'*, Pd(II)",
HgD)'*'?, Cr(0)'7, Mo(0)", Ru(l)'®, AgD*®, Au@®**", Cu)?, Ir(I)*', a dinuclear

complex with a Mo,(IV) core??, and a cluster with a Ni,(0) core®.
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2. Reaction of formaldehyde with P(CH,OH), and hexamethylenetetramine yields 1,3,5-
triaza-7-phosphaadamantane (TPA, Scheme 2.3)*, of interest because of its air-stability,

water-solubility and small cone angle at the phosphorus. These characteristics have made

it a useful ligand for structure®, catalysis®, and reactivity?’ studies.

)

N.
LN/

Scheme 2.3:  The ligand 1,3,5-triaza-7-phosphaadamantane (TPA).

2.12  Water-Soluble Metal Complexes

Aside from the reactive nature of hydroxymethylphosphines, the other prominent attribute of
this class of compounds which is of interest to chemists is their water-solubility.
Phosphines which are soluble in aqueous media are of great interest as ligands for metal
complexes, forming water-soluble species which have potential for use in industrial
catalysis®®. Because of its industrial relevance, the use of hydroxymethylphosphines to

produce water-soluble metal complexes is a potentially important development.

A number of complexes of P(CH,OH), itself have been synthesised, including:
M[P(CH,0H),], M = Pt, Pd, Ni”; MCL[P(CH,OH),, M = Pt Pd),
RhCI(CO)[P(CH,0H),], and RhCl,[P(CH,0H),],**; MX,[P(CH,0H),], M = Pt, Pd, X =
Br, I), PtMe,[P(CH,0H),], and PtMeX[P(CH,0OH),], (X = Cl, Br, D
[Au{P(CH,0H),},]CI’"; and RuCL[P(CH,0H),],[P(CH,0H),H],>>. All these complexes
are reported as water-soluble. Figure 2.1 shows the X-ray crystal structure for
Pd[P(CH,OH), 430, one of only two P(CH,OH), complexes for which such a structure

determination has been made, so far as the author is aware (the other structure being for
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Figure 2.1: The X-ray crystal structure of PdA[P(CH,0H),],%.

[Au{P(CH,OH),},]CI*)). The hydrophilic OH groups of the ligands surround the complex

and shield the metal centre, showing why the complex is readily hydrated and water-soluble.

Some of these P(CH,0H), complexes have shown interesting chemistry>>. The compound
Pt[P(CH,OH),], appears to exist in solution in equilibrium with {HPt[P(CH,OH),],}OH®,
as illustrated in Scheme 2.4, by intramolecular oxidative addition of water to the complex.
This is a unique situation, as complexes of the type [HPt(PR,),]* were previously only
known for R = Et at-137° C, in equilibrium with [HPt(PR3)3]*29. The investigators of this
behaviour rationalise the unusual stability of the five-co-ordinate species, as well as the
generally good stability of P(CH,0OH), complexes, by treating the [P(CH,OH),], ligand shell
as a pseudo-tetradentate ligand, where the four phosphine centres are linked by hydrogen-
bonding of the OH moieties®. The [HPt{P(CH,0H),},]* species is thus seen as being
equivalent to [HPtP(CH,CH,PPh,),]*, a species with high stability due to the chelating

nature of the phosphine ligand.

Another interesting point concerning chemical behaviour of P(CH,OH), complexes is that
the complexes M[P(CH,OH),], (M = Pt, Pd or Ni) act as effective catalysts for the formation
of P(CH,0OH), from phosphine and formaldehyde®”. The proposed mechanism* for this
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behaviour is shown in Scheme 2.5. The investigators attribute the ability of other salts such
as K,[PtCl,] to catalyse the same reaction between phosphine and formaldehyde to the

formation of P(CH,0OH),-containing metal species in solution®.

P(CH,0H), H ¥
Py —° . |@mocH,).p-pt=" PO
sy 23 - < OH-
(HOCH,);P~ " v P(CH,0H); =5 l,|‘1>(CH20H)3
P(CH,0H), (HOCH,),

Scheme 2.4:  Equilibrium sustained by Pt{P(CH,OH),), in water.

PH,
M ——— M-PH,

CH,0O O
M- PH2 _— l—M- PH2
| HC |
H H

l CH;0 l

g st
H CH, CH,OH

0 \ /
M_ Il’Hz
CH,OH

Scheme 2.5:  Proposed mechanism for the formation of P(CH,OH), from phosphine. The formaldehyde

addition steps are repeated twice over in order to produce the final product.

A large number of complexes have been reported for other hydroxymethylphosphine

2b-e.i,35,36

ligands Some of these are shown in Scheme 2.6, along with some related

hydroxyalkylphosphine complexes designed to be water-soluble®’.
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Scheme 2.6:  Examples of hydroxymethylphosphine (and two hydroxypropylphosphine) complexes. d)
is sparingly water-soluble. For 1) and n), water-solubility was not reported. All other
complexes are water-soluble. References: a), b)*’; c), d)*; e), ), m)*®; g), h)*®; i), j),

K)%; 1), W) n)*; 0), p)?3%; q), 1), 5), ©F; u), V)P
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While the primary reason for development of such hydroxymethylphosphine complexes has
been to produce water-soluble complexes suitable for use in industrial catalysis, the i)rescnt
situation is that literature identifying specific practical uses for such complexes is scant. In
1973 a mixture of [RhCl(cyclohexene),], with two molar equivalents of P(CH,0OH), in
ethanol® was found to rapidly catalyse hydrogenation and isomerisation of oct-1-ene,
although it was thought that colloidal Rh metal may in fact have been the active species.
More recently P(CH,OH), was grafted to silica and used as an immobilised ligand for
binding to Rh and Rh-Co Clusters®®. These clusters showed high catalytic activity in the gas
phase hydroformylation of ethene and propene to give aldehydes under mild conditions, but
these results are not directly relevant to a discussion of homogeneous catalysis. Aside from
the production of P(CH,OH), from phosphine, mentioned earlier, the only study of which
the author is aware in which hydroxymethylphosphine complexes have been successfully
applied to solution catalysis, is one involving the complexes [Ir(COD){P(CH,0OH),},]C] and
[RhH,{P(CH,0H),},]CI”°. The former complex catalysed the selective C=C hydrogenation
of cinnamaldehyde in a biphasic mixture of water and benzene at 100° C, while the latter
catalysed the hydroformylation of 1-pentene to hexanal and 2-methylpentanal under similar
conditions. While the actual use of hydroxymethylphosphine complexes in catalysis has
been limited, there appear to be potential advantages in using hydroxymethylphosphines in
industrial applications, when compared to systems already in place. The most prominent
class of water-soluble phosphines presently in use for industrial catalysis is sulfonated
phosphines, such as trisulfonated triphenylphosphine (TPPTS)* (Scheme 2.7). Chemical
modifications of such sulfonated arylphosphines are difficult, making it impracticable to-tune
ligand properties such as lipophilicity®. Hydroxymethylphosphines would provide an

improvement in this respect.

The gold and rhenium complexes e)-g) and m) (Scheme 2.6) were investigated not for their
potential in catalysis but because Au-199 and Re-188 are both radioactive isotopes which can
be used in radiotherapy. By modifying compounds €)-g), m) by inclusion of some group
such as a peptide designed to specifically target the desired area, complexes could be

produced which are water-soluble, stable, chemically inert in vivo, and which would
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SO3Na

NaO, P

SO,;Na
Scheme 2.7:  The water-soluble ligand TPPTS.

carry radiation to the desired location®. Tc-99 was recently shown to form a very stable and
soluble, though uncharacterised, in vivo complex with P(CH,OH),, suggesting a future use
for Tc-99 labelled biomolecules with hydroxymethylphosphine functions®® in the

development of radiopharmaceuticals®**®.

2.2 Results and Discussion

22.1  Syntheses of Ferrocenylphosphines and Related Compounds

From the literature discussions which have been presented in Chapter 1 and Section 2.1, it
may be surmised that the combination of hydroxymethylphosphine functionalities with
ferrocene could provide a very fruitful area of research. It would allow the synthetic
potential and water-solubility of hydroxymethylphosphine moieties to be brought together
with the proven catalytic abilities of ferrocenylphosphines. In other applications the redox-
active nature of ferrocene could be useful. The results presented in this Section represent the
first steps toward the realisation of these ideas, discussing syntheses of a variety of
ferrocenylphosphines and related compounds. Later Sections report on characterisation of

these compounds and the preparation and characterisation of complexes.
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The compound FcCH,P(CH,0OH), 1 can be synthesised (Scheme 2.8) by the overnight
reflux of a methanolic solution of [FcCH,NMe,]I and P(CH,0H),. The known compound
[FcCH,NMe; ]I was synthesised by literature methods, and the P(CH,OH), was generated in
situ from reaction of [P(CH,0H),]C1 with KOH®. The first step in this reaction is
presumably a trans-quaternisation*', producing [FcCH,P(CH,0H),]I and NMe,. The NMe,
could conceivably deprotonate the intermediate product [FcCH,P(CH,OH),]I, leading to
production of 1, but due to its gaseous nature the NMe, might also be lost from solution.
For this reason a large excess of NEt, is added at this stage to ensure removal of a
hydroxymethyl group, giving the product 1 [*'P-NMR (CDCl,): § -19.3], which is easily
purified by removal of solvent, extraction into ether, and recrystallisation, with a yield of
70%. Production of 1 by direct reaction of ferrocene with P(CH,OH), in refluxing methanol

was attempted but no reaction was observed.

+
F@- CH,-NMe, . i) P(CH,OH)s, reflux F@- CH,-P(CH,0OH),
[§ > e

—

1
Scheme 2.8:  Synthetic method for the preparation of 1.

As was described in Section 1.2, ferrocenylphosphines where a carbon spacer is required
between the phosphorus atom and the Cp ring are often prepared by the reaction of a
secondary phosphine*’ (and in at least one case a primary phosphine*’) with an
aminomethylene moiety on the Cp ring. The preparation of compound 1 by reaction of
P(CH,OH), with [FcCH,NMe,]I involves a similar reaction. In some situations the use of a
hydroxymethylphosphine rather than a secondary phosphine for such reactions could prove
advantageous, since hydroxymethylphosphines (which are only mildly air-sensitive) should
prove easier to handle than the equivalent secondary phosphines. The common reagent
Ph,PH, for instance, is air-sensitive and is in fact liable to spontaneously ignite*. In
addition, it is a trivial matter to prepare a hydroxymethylphosphine in situ from its crystalline

and air-stable hydroxymethylphosphonium precursor, as with the preparation of P(CH,OH),
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used in the synthesis of 1 from [P(CH,OH),]JC]l. Secondary phosphines with the general

formula R,PH can be reacted to give [R,P(CH,OH),]Cl species suitable for storage and later

reaction in this way.

To see whether the synthetic method used for preparation of 1 could be extended to the
preparation of other FcCH,PR, species, a synthesis of the known compound FcCH,PPh,*
2 was attempted. Curiously, although this compound was first prepared in 1963, its
complexation chemistry as a ligand has never been investigated (Section 1.3.2). The
preparation was achieved by the overnight reaction under reflux of a methanolic solution of
[FcCH,NMe,]I and Ph,PCH,OH (Scheme 2.9). The Ph,PCH,OH was generated in situ by
the reaction of [Ph,P(CH,0OH),]Cl (prepared by literature methods®*f) with KOH. After
overnight reflux excess NEt, was added, and an organic extraction followed by purification

of the product via chromatography gave the product 2 in moderate yield.

+
F©- CHy"NMe, [ ) PhaPCH;OH, reflux NS2g~ CHo~PPhy
e > Fe

i1) NEt
| =>4 ’ (=>4

2

Scheme 2.9:  Synthetic method for the preparation of 2.

A number of other products were prepared using 1 as a starting material. These synthetic

routes are described below and summarised in Scheme 2.10.

The phosphine oxide FcCH,P(O)(CH,OH), 3 [*'P-NMR (CDCl,): & 45.8] was prepared in
good yield by stirring a methanolic solution of 1 with hydrogen peroxide . Workup of this
product had to be carried out without elevating the temperature of the reaction solution above
room temperature, or extensive oxidation of the ferrocene moiety was observed. Elemental
analysis of 3 proved to be non-reproducible and inaccurate, although the product appeared
pure by NMR. This difficulty with elemental analysis has been attributed to the inclusion of

water into the crystal lattice of the product through strong hydrogen-bonding. Although
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drying under vacuum did not remove this water, water was evolved during melting point

determination. Thermogravimetric analysis showed a large endothermic peak at 99.3° C,

confirming the presence of water in the lattice.
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Fe

CH,OH | X —— Fe CH,OH
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8 D=MeLR=Me,X=1 9 E=NEt,R=Me
10 D =FcCH,Cl, R=FcCH,, X=Cl 11 E=NEt3, R =FcCH,
12 D=BzBr,R=Bz,X=Br 13 E =quinine, R=Bz

Scheme 2.10: Syntheses described in this Section using 1 as the starting material. Note however that

12 and 13 were not fully characterised or isolated as pure materials.

The sulfide FcCH,P(S)(CH,0H), 4 [*'P-NMR (CDCl,): 5 44.0] was prepared in good yield
by reaction of 1 with elemental sulfur in refluxing toluene. The production of both the oxide
3% and sulfide 4*7 are standard reactions for tertiary phosphines and are in no way unique to

hydroxymethylphosphines.

The cyanoethylphosphine FcCH,P(CH,CH,CN), 5 [*'P-NMR (CDCL): § -22.1] was

prepared by reaction of 1 with acrylonitrile, showing that 1 can undergo Michael additions
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with activated alkenes, as is the case for other hydroxymethylphosphines (Section 2.1.1).
Like the related compound P(CH,CH,CN), described in Section 2.1.1, compound § has the

potential to be a multidentate ligand and to show interesting bonding modes.

The Mannich-type condensation reaction of primary or secondary amines with
hydroxymethylphosphine groups (Section 2.1.1) was shown to apply to compound 1 by the
reaction of 1 with diethylamine. Stirring of a dichloromethane solution of the starting
materials under nitrogen led to production of the mildly air-sensitive compound
FcCH,P(CH,NEt)), 6 [*'P-NMR (CDCl,): 8 -48.3]. Like compound §, this is a compound
with potential for a variety of bonding modes, containing two “hard” nitrogen donors as well
as a “soft” phosphorus donor, similar to other P,N mixed-donor ligands*®*. Reaction of 6
with PtCl,(COD) (COD = 1,5-cyclo-octadiene) was attempted in order to see what was
produced; NMR evidence suggested the formation of up to six different products, and the

behaviour of this compound as a ligand has not been investigated further.

Complete characterisation of 6 was not carried out, but it was instead characterised as the
phosphine oxide FcCH,P(O)(CH,NEt,), 7 [’'P-NMR (CDCl,): § 45.0]. This was
synthesised by the controlled oxidation of 6 with hydrogen peroxide. Preparation of this
compound was a useful demonstration of the ability of 1 to covalently bond to amine-
containing materials; 7 was in fact synthesised as a model compound for the preparation of
polymers by reaction of 1 with multifunctional primary amines. Studies of the preparation

and electrochemistry of such polymers are described in Chapter 6.

The racemic compound FcCH,P(Me)(CH,OH) 9 [>'P-NMR (CDCl,): § -33.1] was prepared
in two steps, by first alkylating 1 with methyl iodide to give the phosphonium salt
[FcCH,P(Me)(CH,OH),]I 8 [*'P-NMR (CDCl,): & 26.2], then removing a hydroxymethyl
group by treatment with NEt,.  This general route for the derivatisation of
hydroxymethylphosphines, where the phosphine is reacted with RX (X = Cl, Br, I) and then
a hydroxymethyl group is removed with base, was previously known®****  and can

conceivably be used in the production of a great variety of different ferrocenylphosphines
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using 1 as the starting material. One outcome of this reaction is the production of racemates;
this may have contributed to the fact that unlike most other compounds described in this
Section, compound 9 proved difficult to crystallise. This makes it difficult to purify, since it
was found that chromatography on silica gel is also of little use. It is the author’s experience
that all hydroxymethylphosphines tend to lose a hydroxymethyl group to some extent when
eluted on chromatographic plates, giving a secondary phosphine or similar products. While
this makes exposure to silica a potential synthetic route to the production of secondary

phosphines, it rules out silica chromatography as a purification method in most cases.

An example of the use of the synthetic route outlined in the previous paragraph, for which
the production of racemates is not a problem, is the preparation of the phosphonium salt
[(FcCH,),P(CH,0H),]C1 10 [*'P-NMR (CDCl,): 8 22.3]. This was achieved by stirring of
1 with FcCH,CI in dichloromethane under nitrogen. The FcCH,Cl was prepared By a
literature method’® and used immediately, but appeared to be rather unstable, perhaps
accounting for the rather low yields for this reaction in contrast to others described in this
section. Compound 10 was then reacted with NEt, to give the

bis(ferrocenylmethyl)phosphine (FcCH,),PCH,OH 11 [*'P-NMR (CDCl,): § -17.1].

The use of chiral ferrocenylphosphines in asymmetric catalysis and synthesis is now an
important area of work, as was discussed in Section 1.2. In addition to this, the production
of phosphines chiral at the phosphorus atom (P-chiral) is an area of research of great general
interest to many different areas of chemistry®', including not only asymmetric catalysis®*> and
synthesis, but also chemotherapy, agriculture and bioinorganic chemistry>**¢.  P-chiral
ligands have found use in inorganic chemistry®’, and in fact some work has been done on
developing P-chiral ferrocenylphosphines not just as racemates*® but in enantiomerically pure
form®’; these ferrocenylphosphines have been described in Chapter 1. A novel
enantioselective route to P-chiral ferrocenylphosphines might be to use the synthetic method

described above for the synthesis of compounds 9 and 11. A compound could be prepared
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with three different substituents on the phosphorus, with enantioselectivity provided by use a
chiral amine for the transformation of the phosphonium salt [FcCH,P(R)(CH,OH),]" to the
final phosphine FcCH,P(R)CH,OH. The amine would thus serve as a chiral auxiliary. To
test this notion, a crude preparation of [FcCH,(Bz)(CH,0H),]Br 12 [*'P-NMR (CDCL,): &
26.0] was synthesised by reaction of benzyl bromide with 1. It was decided this would be
more appropriate for examining these ideas than compound 8 since the benzyl group of 12
would provide more steric contrast to the neighbouring hydroxymethyl groups than the
methyl group of 8. *'P-NMR was then used to monitor reaction of 12 with the chiral amine
quinine, chosen for its ready availability, showing that as expected this appeared to form the

phosphine FcCH,(Bz)CH,OH 13 [*'P-NMR (CDCl,): § -15.0].

A sample of the product 13 was then prepared for NMR analysis and a small amount of the
chiral secondary amine (R)-(+)-N-benzyl-a-methyl-benzylamine added to the mixture
(Scheme 2.11). As compound 13 underwent Mannich-type reaction with the amine, *'P-
NMR showed the disappearance of the signal for compound 13 and the appearance of two
signals upfield at a chemical shift consistent with formation of the expected adduct. The two
signals  presumably  correspond to the two  diastereoisomers  (R,R)-
FcCH,P*(Bz)CH,N(Bz)(C*HMePh) and (S,R)-FcCH,P*(Bz)CH,N(Bz)(C*HMePh), and
the equal intensities of the two signals showed that in fact no enantioselectivity was evident
(Figure 2.2). If this route is to prove effective it will obviously require adjustments such as
a more effective basic reagent or reaction at low temperature. Such possibilities have not yet

been investigated further.

Two products were prepared specifically for electrochemical investigations (see Chapter 5).
The first of these is [FcCH,P(H)Ph,]BF, 14 [*'P-NMR (CDCl,): § 6.3, d, 'J(P-H) = 511
Hz] prepared by the controlled addition of a dilute solution of HBF, in slight excess to
compound 2 under nitrogen. This compound decomposes on storage. The second is
FcCH,P(O)Ph, 15 [*'P-NMR (CDCl,): 8 29.0] prepared by oxidation of 2 with hydrogen

peroxide in a similar fashion to compounds 3 and 7.
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Scheme 2.11: Total reaction path used to test the notion that enantioselective preparation of phosphines
chiral at phosphorus may be possible by use of an enantiomerically pure amine as a chiral
auxiliary; the transformation of the phosphonium salt 12 to the phosphine 13, and

further reaction with a secondary amine.
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Figure 2.2: 3P-NMR spectra of 13 in CDCl,; a) directly after addition of (R)-(+)-N-benzyl-o-methyl-

benzylamine, b) after ca. 10 minutes, c) after ca. 20 minutes, appearing to show the two

diastereoisomers forming in essentially equal amounts.
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222  Electrospray Mass Spectrometric (ESMS) Analysis of

Ferrocenyl-Phosphorus Compounds

It is only recently that use has been made of ESMS in order to investigate ferrocene
derivatives. While the first investigation®® of this kind demonstrated that ferrocene and its
derivatives are oxidised by ESMS to the ferrocenium cation, rather than undergoing
protonation, further experience has shown that certain ferrocene-containing compounds can
exhibit protonation during ESMS*. Relative levels of the [M]* and [M + HJ* signals
observed can fluctuate from sample to sample, and the oxidisability and basicity of the
particular compound being investigated influence which of the two signals is dominant. This
makes the recording of high-resolution spectra important in studies of this kind. In the
present study the neutral ferrocene derivatives 1, 2, 3, 4, 5 and 9 were characterised by
ESMS and in each of these cases the [M]* ion dominated over [M + H]* formation.
However, for the compounds 6 and 7 the [M + H]* species was observed in preference to
[M]". This is presumably because of the presence of basic amine functionalities in these two
compounds, allowing the protonated species to be more easily formed than is the case with
the other neutral ferrocene derivatives investigated. In the case of compound 7 the
phosphine oxide group may also act as a good H" acceptor. The dominant species observed
for compound 11 was the [M + O]" species; this suggests that the phosphine is being
electrochemically oxidised to the phosphine oxide at the cone tip (further oxidation of the
ferrocene moiety accounts for the positive charge). Surprisingly, the [M]" ion was_not

observed even at very low cone voltages.

Greater sensitivity in the ESMS detection of the uncoordinated phosphines 1, §, and 6 was
achieved using a previously published method®® whereby AgNO, is added to samples. In
spectra of samples treated in this way the [M]* or [M + H]" ion is still visible but is typically
dominated by strong [M + Ag]* and [2M + Ag]" ion signals. Curiously, this method did not
appear to be so effective in the case of compound 9. It was thought that addition of Na* to
samples of the phosphine oxide 3 and sulfide 4 in the form of NaCl might act in a similar

fashion to the Ag* by forming charged complexes in situ and thus increasing sensitivity of
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detection for these compounds. This method has previously been successfully employed for
the ESMS detection of a ferrocenylether®’. However, while the [M + Na]* signals were

visible in the ESMS spectra, the [M]* signals were easily the most significant.

Because of their ionic nature, compounds 7, 10 and 12 gave easily detectable [M - X]* (X =
Cl, Br, I) signals. Compound 10 also gave a prominent peak corresponding to [M - Fc - Cl

+ HJ*, showing an interesting but unexplained lability of one of the ferrocenyl groups.

The results reported here are essentially in agreement with a previous study of the behaviour

of ferrocenylphosphines under ESMS conditions®?.

223  X-Ray Crystal Structure Determinations for Compounds
FcCH,P(CH,OH), 1, FcCH,PPh, 2, FcCH,P(S)(CH,0OH),
4 and [FcCH,P(Me)(CH,0OH),]I 8

Structure elucidation by X-ray diffraction was performed for compounds 1, 2, 4 and 8.
Selected bond lengths and angles and structure diagrams are given in Figures 2.3, 2.4, 2.5
and 2.6 and Tables 2.1, 2.2, 2.3, and 2.4 respectively. In each case the Cp rings adopted an
eclipsed conformation, with the phosphorus atom directed away from the ferrocene unit.

Intramolecular bond distances and angles for all four compounds are within normal ranges.

Structures of hydroxymethylphosphines and related species should be of interest for their
hydrogen-bonding, and indeed structures of the three compounds 1, 4 and 8 show a variety

of hydrogen-bonded structural motifs.

In 1, hydrogen-bonding leads to an elegant array of ten-membered rings of the type
0(2)-C(2)-P-C(3)-0(3)-H"0O(2)-HO(3)-H between three neighbouring molecules (Figure
2.7).
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Figure 2.3: ORTEP diagram of the X-ray crystal structure of 1, with stereo view.

This hydrogen-bonding system propagates up the 2, screw axis parallel to the a axis. The
distance between hydrogen-bonded oxygens is 2.675 A for O(2)-H~O(3) interactions, and
2.662 A for O(3)-H"O(2). The H-O distances are 1.962 Aand 1942 A respectively, while
hydrogen bond angles are respectively 167.0° and 164.9°. This was the first structure
reported for a free hydroxymethylphosphine, probably because hydroxymethylphosphines
are generally either slightly air-sensitive or non-crystalline at room temperature. Another
crystal structure has subsequently been published, for (HOCH,),PCH,CH,P(CH,0H),**;
this structure displayed extensive hydrogen-bonding interactions in the plane of the b and ¢

axes. Related structures are discussed in Section 2.2.6 (hydroxymethylphosphine

complexes) and Chapter 3 (hydroxymethylphosphine chalcogenides).
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Table 2.1: Selected bond lengths (A) and angles (°) for compound 1.

Cp Fe-C av. 2.040(4) P(1)-C(1) 1.858(4)
range 2.034(4) - 2.047(5) P(1)-C(2) 1.862(4)
Cp C-C av. 1.414(6) 0(3)-C(3) 1.423(5)
range 1.399(7) - 1.424(6) 0(2)-C(2) 1.429(5)
C(1)-C(11) 1.489(6) 0O(2)-H(2) 0.74(5)
P(1)-C(3) 1.851(4) 0(3)-H(3) 0.73(5)
C(11) - C(15) C(11D)-C(1)-P(1)  114.6(3)
range 107.2(4) - 108.6(4) 0(2)-C(2)-P(1) 111.9(3)
C(21) - C(25) 0(3)-C(3)-P(1) 116.2(3)
range  107.6(5) - 108.7(4) C(15)C(11)-C(1)  125.0(4)
C(3)-P(1)-C(1) 101.3(2) C(12)-C(11)-C(1) 127.7(4)
C(3)-P(1)-C(2) 99.5(2) H(2)-0(2)-C(2) 113(4)
C(1)-P(1)-C(2) 95.0(2) H(3)-0(3)-C(3) 110(4)

Table 2.2: Selected bond lengths (A) and angles (°) for compound 2.

P(1)-C(1) 1.860(3) C-Cfor Cprings av. 1.413(5)
P(1)-C(31) 1.840(3) range 1.382(6)-1.437(6)
P(1)-C(41) 1.837(3) C-C for Phrings av. 1.388(4)
C(DH-C(11) 1.500(4) range 1.378(5)-1.399(4)
C(1)-P(1)-C(31) 100.34(13) C(31)-P(1)-C(41) 103.02(12)
C(1)-P(1)-C(41) 100.99(14) P(1)-C(1)-C(11) 111.6(2)

distance of Fe(1) out of substituted Cp ring 1.6475(15)
distance of Fe(1) out of unsubstituted Cp ring 1.6486(17)

angle between planes of Ph rings 56.90(10)
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Figure 2.4: ORTEP diagram of the X-ray crystal structure of 2, with stereo view.

Compound 4 crystallises with two independent molecules in the unit cell, and with a
hydrogen-bonding array that consists of short discrete networks of O-H-O bonds which
terminate at sulfur with an O-H-S hydrogen bond. The hydrogen-bonding array is

presented in Figure 2.8, and relevant distances and angles are given in Table 2.5.



70 Ferrocenyl-Phosphorus Chemistry

Figure 2.5: ORTEP diagram of the X-ray crystal structure of 4, with stereo view.

Phosphine oxides are good hydrogen bond acceptors and many crystal structures have
been reported which show strong intra- and inter-molecular hydrogen-bonding of the
phosphine oxide functionality®®. In contrast, relatively few crystal structures have
been reported where there is potential to study hydrogen-bonding behaviour of
phosphine sulfides®. Although it would be expected that the phosphine sulfide
functionality is a weaker hydrogen bond acceptor than the oxide, the observed OS

distances of 3.1 and 3.3 A in the structure of 4 suggest a reasonably intense hydrogen-
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Table 2.3: Selected bond lengths (A) and angles (°) for molecules 1 and 2 of compound 4.

Elsewhere molecule 2 is denoted by apostrophes.

molecule 1 molecule 2
Fe-C av. 2.035(2) 2.031(2)
range 2.018(3) - 2.045(2) 2.019(2) - 2.042(3)
Cp C-C av. 1.404(4) 1.408(4)
range 1.347(5) - 1.427(6) 1.390(4) - 1.424(3)
P(1)-C(1) 1.817(2) 1.823(2)
P(1)-C(3) 1.821(2) 1.825(2)
P(1)-C(2) 1.836(2) 1.829(2)
P(1)-S(1) 1.9556(8) 1.9614(8)
C(1)-C(11) 1.496(3) 1.501(3)
C(2)-0(2) 1.413(3) 1.407(3)
C(3)-0(3) 1.415(3) 1.423(3)

C(11) - C(15) range
C(21) - C(25) range
C(1)-P(1)-C(3)
C(1)-P(1)-C(2)
C(3)-P(1)-C(2)
C(1)-P(1)-5(1)
C(3)-P(1)-5(1)
C(2)-P(1)-5(1)
C(11)-C(1)-P(1)
0(2)-C(2)-P(1)
0(3)-C(3)-P(1)
C(12)-C(11)-C(1)
C(15)-C(11)-C(1)

107.4(2)-108.5(2)
105.8(3)-109.6(3)
106.0(1)

105.2(1)

106.4(1)
116.43(8)
111.66(8)
110.48(8)
113.4(2)

114.3(2)

111.1(2)

126.6(2)

126.0(2)

107.2(2)-108.9(2)
107.7(2)-108.2(2)
106.1(1)

104.6(1)

105.8(1)
117.74(8)
109.99(8)
111.78(8)
116.1(2)
111.45(14)
110.79(14)
126.4(2)

125.8(2)

71
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Figure 2.6: ORTEP diagram of the X-ray crystal structure of the cation of 8, with stereo view.

bonding interaction. One point of interest in this hydrogen-bonding network is the presence
of a nearly ‘perfect’ example of the bifurcated hydrogen bond, from O(2)’-H to both O(2)
and O(3), with bond distances and angles almost equivalent for both halves of the bond (see
Table 2.5). The greater length of the HO contacts in the 3-centre bifurcated bond in
comparison to the two-centre ‘linear’ hydrogen bond O(3)-H~O(3)’ is normal for such
systems®*, and presumably arises from steric repulsion between the two acceptors. This
provides a clear example of the way in which hydrogen bond distances can be influenced by
crystal-packing effects®>. Another example of such crystal-packing effects is seen in this
structure, in the difference of about 0.2 A in the distances of the two O-H~S hydrogen

bonds, when the species involved in both cases are chemically identical.
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Table 2.4: Selected bond lengths (A) and angles (°) for compound 8.

Fe-C av.
range
C(11) - C(13) av.
range
C(21) - C(23) av.

range

C(11) - C(13)
range
C(21) - C(23)
range
C(2)-P(1)-C(3)
C(2)-P(1)-C(1)

2.034(15)
1.99(2) - 2.06(1)
1.42(2)

1.36(3) - 1.43(2)
1.42(2)

1.38(3) - 1.44(2)

107(2) - 109(1)

103(2) - 113(2)

109.0(9)
109.6(6)

P(1)-C(2)
P(1)-C(3)
P(1)-C(1)
C(1)-0(1)
C(2)-C(11)

C(3)-P(1)-C(1)
C(1)-P(1)-C(1)'
O(1)-C(1)-P(1)
C(11)-C(2)-P(1)
C(12)-C(11)-C(2)

1.79(2)
1.81(2)
1.82(2)
1.38(2)
1.51(3)

109.1(6)
110.5(9)
107.0(9)
113(1)

126.4(8)
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Table 2.5: Hydrogen bond lengths and angles for the hydrogen-bonding array in compound 4. The

bifurcated nature of the hydrogen-bonding between O(2)’-H and O(2) and O(3) means these bonds are longer

than is the case for the O(3)-H~0(3)’ hydrogen bond.

H-acceptor distance (A)

O-acceptor distance (A)

O-H-acceptor angle (°)

0(2-H"0(2)
0(2)-H~0(3)
O(3)-H-0(3)
0(2)-H"S’
O3y -H~S

2.29
2.28
1.84
2.23
2.56

3.06
2.99
2.74
3.14
3.33

143
136
159
163
143
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Figure 2.7: Stereo PLUTO diagram depicting the hydrogen-bonding array observed for 1.

S\8 H3A
03A
P1A
C2A
02A
H2A

Figure 2.8: A SHELXTL PC-PX diagram depicting the hydrogen-bonding array observed for 4.
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The quality of crystallographic data obtained for compound 8 is appreciably lower than for
the structure determinations of 1 and 4, and the hydroxyl hydrogens could not be reliably
located. However, the probable hydrogen-bonding pattern in this system can be deduced.
The shortest oxygen-oxygen distances in the crystal are 4.267 A, which precludes any
appreciable hydrogen-bonding interactions between oxygens, in contrast with the situation

for the other two structures. Instead the crystal packing is characterised by a pattern of

cations and anions, propagating in the direction of the b axis (Figure 2.9). The O~I
distance is 3.386 A, and the C(1)-O(1)~1 angle is 105.5 °. Hydroxymethyl-anion hydrogen-
bonding interactions are also probable in the X-ray crystal structure of compound 18

discussed in Section 2.2.6.

Figure 2.9: ZORTEP diagram depicting hydrogen-bonding for 8.

Compound 2 offers no opportunities for hydrogen bonding, so this is of course not a feature
of the crystal packing for this compound, in contrast to the other three compounds discussed

in this Section.
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224  Synthesis and Analysis of Ferrocenylphosphine-Metal

Complexes

Several complexes were made using 1 as a phosphine ligand: The platinum(Il) cis-
PtCL[FcCH,P(CH,0H),], 16 [*'P-NMR (d*DMSO): & 7.8, s, 'J(Pt-P) = 3428],
palladium(ll) PdCl,[FcCH,P(CH,0H),], 17 [''P-NMR (d*-DMSO): § 32.4], gold(l)
[Au{FcCH,P(CH,0H),},]JCl1 18 [*P-NMR (d*DMSO): & 36.2] and m°-p-cymene
ruthenium(l) RuCl,(n°-C, H,,)[FcCH,P(CH,0H),] 19 [P-NMR (CDCL): & 25.9]
complexes. In addition, the complex RuCl,(n’-C,H,,)[FcCH,PPh,] 20 [*'P-NMR
(CDCl,): 6 28.8] was prepared using 2 as the phosphine ligand. All complexes were
synthesised by procedures standard for these kinds of metal-phosphine-halide complexes.
Compounds 16 and 17 were prepared by displacement of the labile COD ligand from
MCL(COD) M = Pt 16 or Pd 17). The products were largely insoluble in the
dichloromethane in which the reaction was performed and so precipitated out and could be
collected by filtration, then washed with dichloromethane to remove any remaining COD and
1. Compound 18 was prepared by the reaction of AuCI(CNBu') with two equivalents of 1
and collected by precipitation of the product with petroleum spirits and filtration. It was
initially  thought that this reaction yielded the monophosphine complex
[Au{FcCH,P(CH,0OH),}ICl (and was reported as such in an initial communication®®), and
the product was only subsequently characterised as the bisphosphine complex. Even if the
reaction is carried out with a 1:1 mole ratio of the reagents 18 will form in preference to the
monophosphine complex. The monophosphine complex can be prepared as an unstable
product by reaction of 1 with Au(tetrahydrothiophene)Cl. Degradation of this product gives
a green coloured residue, even under nitrogen, suggesting it is unstable with respect to
unknown redox processes, with oxidation of the ferrocene centre to the green-coloured
ferrocenium equivalent. Compounds 19 and 20 were prepared by the bridge-splitting
reaction of the appropriate ligand with [RuCl,(n°-C,,H,,)], under nitrogen [the ligand being
either 1, giving 19, or 2, giving 20]. The crude products thus obtained can be easily
purified by recrystallisation. Satisfactory elemental microanalytical data were obtained for all

complexes, and compounds 18 and 20 were characterised by X-ray crystallography as
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described in Section 2.2.6.

NMR data for the complexes 16 and 17 suggest that they are both square-planar with a cis
configuration. In the case of 16 evidence for this is seen in the large 'J(Pt-P) splitting of the
*'P-NMR signal of 16 at § 7.8 (3428 Hz), which has been recognised as characteristic of
cis-phosphine Pt complexes®’. In addition, the CH, groups present in 16 exhibit a five-line
multiplet pattern in “C-NMR which has been established as being characteristic of cis
configuration for compounds of this sort, where there is an A[X], spin system with virtual
coupling®®. *'P-NMR of 17 indicates this Pd complex exists as only one isomer in solution,
unlike some other similar Pd complexes. The CH, groups of 17 do not exhibit such a well-
defined multiplet pattern for *C-NMR as do those of 16, but consist of broad doublets,

which have also been identified as indicative of cis conformation in this type of compound®.

225  ESMS Analysis of Ferrocenylphosphine-Metal Complexes

While compounds 16 and 17 could not be induced to give interpretable ESMS spectra,
compounds 18, 19 and 20 were able to be characterised in this way. The gold complex 18
showed strong peaks for the parent cation (L),Au* (m/z 781) as well as the mono-phosphine
species (L)Au* (m/z 489) (L = 1) (Figure 2.10). Gold(I) phosphine complexes have been
the subject of a detailed ESMS study, and ions of the type observed in this work were
reported®. The stable carbocation FcCH,* was observed at m/z 199; this ion is also
observed as a fragment ion for the parent phosphine 1 (see Section 2.2.2), together with
other FcCH,X type compounds®. Under the conditions employed for analysis of 19 and
20 one peak was observed, arising from the exchange of a chloride ligand for an acetonitrile

solvent molecule (Figure 2.11).
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Figure 2.10: ESMS spectrum of 18, run in water/acetonitrile at a cone voltage of 100 V (L = 1).

[M-CI+NCMe]
603.6

Relative intensity

150 250 350 450 550 650 750 850 950 1050 m/z

Figure 2.11: ESMS spectrum of compound 19, run in water/acetonitrile at a cone voltage of 60 V

M =19).
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226  X-Ray Crystal Structure Determinations for Compounds
[Au{FcCH,P(CH,0H),},]CI 18 and
RUClz(T‘6‘C10H14)(FCCH2PPh2) 20

Crystals of 18 suitable for study by X-ray crystallography were obtained by recrystallisation
from methanol/diethyl ether as outlined in Section 2.3.1.15. The structure obtained shows
that the lattice contains the cation [Au{FcCH,P(CH,0H),},]*, consisting of the gold(I)
centre linearly-coordinated by two phosphine ligands 1. Although not crystallographically
necessitated, the cation has approximately two-fold rotational symmetry about the gold atom,
as can easily be seen from inspection of Figure 2.12, where the structure is shown. Table

2.6 gives selected bond lengths and angles.

As well as the cation, the lattice also contains a water molecule of crystallisation and the
chloride counter-ion. The chloride ion occupies two positions, one on an inversion centre,
CI(1), and another which is disordered with only 50% occupancy, CI(2). Another source of
disorder is the oxygen O(2), which shows about 70% occupancy of the dominant position,

with an alternative position O(2a) (not shown in Figure 2.12) having about 30% occupancy.

The shortest Au~Cl distance in the lattice, Au(1)~CI(1), is 3.436(2) A, a distance a little
greater than the sum of the van der Waals’ radii (3.41 A); any bonding interaction between
the gold and chlorine atoms in the crystal must therefore be very weak. Additionally, the
shortest gold-gold distance in the lattice is 5.8588 A, which excludes the possibility of any
bonding interactions between gold atoms. No hydroxyl hydrogen atoms could be located in
the final difference map, but consideration of interatomic distances in the structure suggest
hydrogen-bonding consists of a two-dimensional network in the plane of the a and b axes.
In the direction of the a axis, hydrogen-bonding is probable between O(4), O(6) (that is, the
water of crystallisation) and O(2) [or O(2a)] of the adjacent molecule [O(4)~O(6) = 2.707 A,
0(6)0(2a) = 2.748 A, 0(6)"0Q) = 3.135 A, C4)-04)0®6) = 109.9°,
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Figure 2.12:

O(2a) have been omitted for clarity.

C(2)-0(2)"0(6) = 100.0°, C(2)-O(2a)"0O(6) = 122.2°].

ORTEP diagram of 18, with stereo view. The water molecule O(6), the anions, and

In the direction of the b axis, a

hydrogen bond is probable between O(4) and O(5) of adjacent molecules [O(4)O(5) =

2.636 A, C(4)-0(4)"O(5) = 109.9°]. Interatomic distances also suggest some hydrogen-

bonding from O-H functions to both CI(1) and CI(2) is possible, with a number of O-Cl
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Table 2.6: Selected bond lengths (A) and angles (°) for 18.

Au(1)-PQ2) 2.310(2) Au(1)-P(1) 2.311(2)
P(1)-C(3) 1.821(6) P(1)-C(1) 1.830(7)
P(1)-C(2) 1.839(7) P(2)-C(6) 1.822(6)
P(2)-C(5) 1.831(7) P(2)-C(4) 1.835(7)
O(1)-C(1) 1.428(9) 0(2)-C(2) 1.391(10)
0(4)-C(4) 1.432(9) 0(5)-C(5) 1.419(9)
C(3)-C(11) 1.505(9) C(6)-C(31) 1.508(8)
P(2)-Au(1)-P(1) 176.51(6) C(3)-P(1)-C(1) 105.0(3)
C(3)-P(1)-C(2) 103.2(3) C(1)-P(1)-C(2) 103.9(3)
C(3)-P(1)-Au(1) 117.0(2) C(1)-P(1)-Au(1) 114.0(2)
C(2)-P(1)-Au(1) 112.4(2) C(6)-P(2)-C(5) 105.6(3)
C(6)-P(2)-C(4) 102.4(3) C(5)-P(2)-C(4) 101.0(3)
C(6)-P(2)-Au(1) 117.3(2) C(5)-P(2)-Au(1) 114.2(2)
C(4)-P(2)-Au(1) 114.4(2) 0(2)-C(2)-P(1) 112.4(5)
O(1)-C(1)-P(1) 113.1(5) C(11)-C(3)-P(1) 112.7(4)
0(4)-C(4)-P(2) 110.9(4) 0(5)-C(5)-P(2) 112.2(5)
C(31)-C(6)-P(2) 112.7(4) C(12)-C(11)-C(3)  126.2(6)
C(15)-C(11)-C(3)  126.5(6) C(3)-C(11)-Fe(1) 125.2(4)
C(32)-C31)-C(6)  126.8(6) C(35)-C(31)-C(6)  126.1(6)

C(6)-C(31)-Fe(2) 126.4(4)

Fe-C average 2.046(7) A
Fe-C range 2.026(7) - 2.060(7)
C-C bonds of Cp average 1.417(10)

range 1.386(11) - 1.430(9)

distances of around 3 A [ O(2)"Cl(1) = 3.018 A, O(2a)"Cl(2) = 2.476 A, O(1)Cl(2) =
3.193 A, O(5)"Cl(2) = 2.925 A, C(2)-0(2)"CI(1) = 107.6°, C(2)-O(2a)"Cl(2) = 152.5°,
C(1)-0(1)"Cl(2) = 129.6°, C(5)-O(5)"Cl(2) = 100.5°].
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Several X-ray structures for hydroxymethylphosphine-gold(I) complexes have been
reported, all very recently; the tetrahedral [Au{P(CH,0OH),},JCl and trigonal planar
[Au(Ph,PCH,OH),]C] complexes®, along with [Au{(HOH,C),PC,H, P(CH,OH),},]C] and
[Au,{(HOH,C),PCH,CH,P(CH,0H),},]CL,**, both of which contain chelating phosphine
ligands. Of these, the latter compound is the one most structurally similar to 18, containing
two linearly-coordinated gold centres. However, unlike compound 18 this complex
displays strong aurophilic interactions between the two gold atoms of the same molecule.
Hydrogen-bonding interactions between hydroxymethyl groups are not noted in either of the
two papers reporting these hydroxymethylphosphine-gold complexes, although such

interactions must surely be present.

Crystals of 20 suitable for X-ray analysis were obtained by diffusion recrystallisation from
dichloromethane/30-40° C petroleum spirits as described in Section 2.3.1.17. The structure
obtained contained three independent molecules in the asymmetric unit along with three
dichloromethane molecules. The three independent molecules of 20 are shown individually
in Figures 2.13, 2.14 and 2.15. Selected bond lengths and angles are listed in Table 2.7. A

number of structures have been reported for compounds analogous to compound 20,

All three independent molecules share some common characteristics with respect to
conformation. Geometry about the Ru(l) displays a piano stool conformation; that is,
coordination is octahedral with the cymene group occupying one facial site. This geometry
is somewhat distorted, so that the bond angles between the chloride and phosphine
substituents of the ruthenium centre are between 84° and 89°, slightly lower than the
idealised value of 90°. In addition, the Ru(l) and ferrocene group adopt an anti
configuration about the P(1)-C(1) bond, and there is a staggered arrangement of substituents

about the Ru(1)-P(1) bond.

Molecules 1 and 2 are clearly almost identical in all respects, the greatest difference being a
ca. 10° disparity in rotation of the isopropyl group about the C(54)-C(3) bond. This is in

contrast to molecule 3, which is significantly different to the other two in several respects.
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Figure 2.13: ORTEP diagram of molecule one of 20, with stereo view.
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Firstly, the orientation of the cymene ligand is inverted with respect to the rest of the

molecule. In addition, the planes in which the phenyl rings lie are different, a difference

which could be approximately described by saying a mirror plane through C(41), P(1) and
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Figure 2.14: ORTEP diagram of molecule two of 20, with stereo view.

C(31) would transform the phenyl rings of molecule 1 or 2 into those of molecule 3 Finally,

the position of the isopropyl group about the C(54)-C(3) bond is rotated about 70° and 80°

from those of molecules 1 and 2 respectively.

No notable sources of disorder were observed in the structure - only in the unsubstituted Cp
ring of molecule one were the ellipsoids ‘stretched out’. However, the refinement values
such as R, and GOF are poor in the refined structure. This is probably accounted for by the
exceptionally long unit cell b axis, which is about 61 A in length. During data collection,

spots along this axis would as a result be very closely spaced, leading to overlap and poorly
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Figure 2.15: ORTEP diagram of molecule three of 20, with stereo view.
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resolved data. In fact, before solving in the correct space group, the initial choice of space

group for this structure proved to be incorrect, a result of systematic absences in the

direction being undetected due to overlap of neighbouring spots.

k
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Table 2.7:

Selected bond lengths (A) and angles (°) for 20.

apostrophes and molecule 3 by double apostrophes.

Ferrocenyl-Phosphorus Chemistry

Elsewhere molecule 2 is denoted by

molecule 1 molecule 2 molecule 3
Ru(1)-CI(1) 2.4031(18) 2.4109(18) 2.4113(17)
Ru(1)-Cl1(2) 2.4182(17) 2.4137(17) 2.4112(18)
Ru(1)-P(1) 2.3507(18) 2.3483(18) 2.3494(18)
P(1)-C(1) 1.854(6) 1.843(7) 1.850(7)
P(1)-C(31) 1.820(7) 1.824(7) 1.827(7)
P(1)-C(41) 1.820(7) 1.823(7) 1.821(7)
C(1)-C(11) 1.492(9) 1.493(9) 1.493(10)
C(51)-C(2) 1.494(11) 1.510(11) 1.504(11)
C(54)-C(3) 1.512(10) 1.515(11) 1.518(10)
C(3)-C4) 1.506(12) 1.502(13) 1.502(13)
C(3)-C(5) 1.525(11) 1.526(12) 1.545(12)
C-C for Cprings range 1.325(18)- 1.384(13)- 1.381(14)-
1.441(10) 1.423(9) 1.434(12)
average 1.386(15) 1.405(12) 1.405(13)
C-C for Ph rings range 1.369(12)- 1.372(10)- 1.371(13)-
1.404(9) 1.404(9) 1.405(10)
average 1.385(11) 1.386(11) 1.387(11)
C-C for Cym ring range 1.378(11)- 1.389(11)- 1.384(11)-
1.436(12) 1.436(10) 1.436(10)
average 1.412(11) 1.415(11) 1.412(11)
distance of Ru(1) out of plane of 1.7020(40) 1.7022(40) 1.6942(40)
Cym ring
distance of Fe(1) out of planes of  1.6464(52) 1.6577(44) 1.6484(48)
Cp rings (averaged for both)
P(1)-Ru(1)-CI(1) 84.99(6) 84.67(6) 86.81(6)
P(1)-Ru(1)-Cl(2) 86.97(6) 86.95(6) 85.35(6)
CI(1)-Ru(1)-Cl1(2) 87.78(7) 88.56(7) 88.60(7)
Ru(1)-P(1)-C(1) 115.8(2) 115.2(2) 114.5(2)
Ru(1)-P(1)-C(31) 114.6(2) 116.3(2) 115.6(2)
Ru(1)-P(1)-C(41) 112.1(2) 110.6(2) 112.0(2)
P(1)-C(1)-C(11) 113.2(5) 113.6(5) 113.6(5)
C(54)-C(3)-C(4) 114.8(7) 113.8(8) 114.0(7)
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Table 2.7 continued
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C(54)-C(3)-C(S) 109.7(7) 108.5(8) 109.2(7)
C(4)-C(3)-C(5) 110.6(7) 111.4(8) 110.2(8)
Torsion angles:

Ru(1)-P(1)-C(1)-C(11) 164.68(39) 161.36(41) -164.75(43)
P(1)-Ru(1)-C(51)-C(2) 62.39(97) 58.05(93) -61.74(89)
P(1)-C(1)-C(11)-C(12) -94.18(69) -97.70(68) -79.44(80)
C(11)-C(1)-P(1)-C(41) -71.08(53) -76.19(56) 71.68(57)
C(11)-C(1)-P(1)-C(31) 39.88(54) 34.58(58) -38.72(59)
C(4)-C(3)-C(54)-C(55) -9.00(102) -20.82(117) -167.49(71)
C(5)-C(3)-C(54)-C(55) 116.28(81) 103.80(94) 68.77(92)
angle between planes of Phrings  51.03 54.51 52.01

2277  Anti-Tumour Activity of Ferrocenylphosphine Complexes

The platinum, palladium and gold hydroxymethylphosphine complexes 3-5 each contain a
metal with known anticancer activity’', as well as phosphine’? and ferrocene units’, which
can both also show anti-tumour properties (in the case of ferrocene as the ferrocenium ion).
Consideration was given to the possibility that in these complexes the combined effect of the
sub-units might make them useful anti-tumour agents. This approach, whereby several
functionalities which are individually active against tumours are combined into one
compound, has been attempted by other researchers, resulting in compounds such as

(AuCl),(dppf)™*
PtCL,(DMSO)[NC,H,-2-OTi(C,H;),Cl]”” (DMSO = dimethylsulfoxide; combination of Pt

(combination of gold, phosphine and ferrocene) and trans-

and titanocene). However, both 16 and 17 are too insoluble in methanol or water to be

tested, while 18 was tested for cytotoxicity and found to be inactive, with an IC,, of

250,051 pg.ml" using the P388 antitumour assay.
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2.3  Experimental

2.3.1 Syntheses

Reactions were carried out in solvents of LR grade or better, in air unless otherwise stated.
Petroleum spirits was of B.P. 60-80° C except where otherwise stated. The starting
materials [FcCH,NMe,]I'¢, PtC1,(COD)”, PdCL,(COD)®, AuCI(CNBu)",
AuCl(tetrahydrothiophene)*® and [RuCl,(n®-C,H,,)1,*' were prepared by literature methods;
[P(CH,0H),]C] was obtained as Retardol C from Albright & Wilson Ltd., Oldbury, UK, as
an 80% w/w aqueous solution and used as supplied. Elemental analyses were performed by
the Microanalytical Laboratory, Chemistry Department, University of Otago, Dunedin, New
Zealand. The Fourier-transform IR spectra were obtained using a Bio-Rad FTS40
spectrometer, and run as KBr disks except for those cases where the product was an oil, in
which case spectra of the neat product were obtained. Melting points were determined using

a Reichert Thermopan melting-point microscope and are uncorrected.

Electrospray mass spectra were obtained in positive-ion mode with a VG Platform II mass
spectrometer using a 1:1 v/v acetonitrile - water mobile phase. The compounds were
dissolved in the mobile phase to give a solution typically of approximate concentration 0.1
mM. The diluted solution was injected into the spectrometer via a Rheodyne injector fitted
with a 10 pLL sample loop. A Thermo Separation Products SpectraSystem P1000 LC pump
delivered the solution to the mass spectrometer source (60° C) at a flow rate of 0.01
ml min”', and nitrogen was employed both as a drying and nebulising gas. Cone voltages
were typically varied from 10 to 100 V, in order to maximise spectrum quality. Excellent
agreement between observed and calculated isotope distribution patterns was observed for all
major peaks. Theoretical isotope patterns were calculated using the Isotope program®’.

Small quantities of AgNO, or NaCl were added as appropriate to aid ion formation.
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The NMR spectra were obtained using a Bruker AC300 spectrometer, with spectra
referenced to residual solvent lines. Solvents were assigned the following chemical shift
values with respect to SiMe,: CDCl,, 7.26 (‘H), 77.06 (°C); d*-DMSO, 2.6 (‘H), 39.5
(C); D,0, 3.5 (MeOH, 'H), 49.3 (MeOH, °C). In the case of 3'P.NMR, chemical shift
assignment was with respect to a simple external reference of 85% orthophosphoric acid.
The spectrometer was operated at 75.47 MHz for '°C, 300.13 MHz for 'H, and 121.51
MHz for *'P. Two-dimensional NMR experiments were used to unambiguously assign
signals for compounds 1 and 5. Comparison of these results with other spectra aided in the
full assignment of the rest of the compounds. Scheme 2.12 depicts the labelling scheme

used in assignment of ferrocenyl NMR signals.

Cs
Ca— ¢ — Cc— CH,P(CH,0H),
C A\ — CB

Fe

Co—_

oy D
\CD_ CD(

Scheme 2.12: Atom labelling used in NMR assignments of the ferrocenyl rings, shown for

compound 1.

Thermogravimetric analysis of 3 was carried out using a Perkin-Elmer DSC6 calorimeter,
with the sample heated from 50° to 160° C at 15° C min"'. Anti-tumour testing of compound
18 was carried out at the Chemistry Dept. of the University of Canterbury, Christchurch,
New Zealand.

2.3.1.1  Synthesis of FcCH,P(CH,0H), 1
A solution of [P(CH,0H),]CI (38.54 g of 80% w/w aq. soln., 0.162 mol) in methanol (40

ml) was deoxygenated and placed under a nitrogen atmosphere, and KOH (8.52 g, 0.152

mol) added. The mixture was stirred for 1 hr before being added dropwise to a
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deoxygenated solution of [FcCH,NMe,]I (19.98 g, 52.2 mmol) in methanol (40 ml) under
nitrogen with stirring. The reaction mixture was refluxed under nitrogen for 20 hr, and the
solvent was then removed under vacuum until large amounts of precipitate were observed.
Water (30 ml), diethyl ether (85 ml) and NEt, (35 ml) were added and the solution stirred for
1 hr. The aqueous layer was removed and re-extracted with diethyl ether (30 ml), and both
ether extracts were combined and washed with water (3 x 20 ml), then filtered. Removal of
the ether under reduced pressure yielded the crude product as a microcrystalline orange solid
(14.33 g, 49.06 mmol, 94% yield). Recrystallisation by addition of petroleum spirits to
warm dichloromethane/methanol solution followed by cooling to ca. -30° C gave
yellow/orange crystals of 1 suitable for X-ray crystal structure analysis (10.69 g, 36.60
mmol, 70% yield), M.P. 104-106° C. Found: C, 53.5; H, 6.2; N, 0.0%. C,,H,,FeO,P
requires: C, 53.5; H, 5.9; N, 0.0%. IR (cm™): 3371 (s), 3289 (s), 1463 (w), 1269 (w),
1232 (w), 1185 (w), 1434 (m), 1412 (m), 1104 (m), 1038 (w), 1003 (s), 922 (w), 885
(w), 854 (m), 827 (m), 807 (m), 754 (w), 657 (w), 572 (w), 500 (m), 483 (m). ESMS
(with added AgNO,){cone voltage = 60 V}: m/z 690.8 [2M + Ag]*, 398.9 [M + Ag],
292.1 [M]*, 199.0 [FcCH,]*. *'P-{'H} NMR (CDCl,): §-19.3. 'H NMR (CDCl,): § 2.59
(OH, broad s), 2.96 (FcCH,P, s, 2H), 4.04-4.10 and 4.25-4.33 (PCH,O, m, 4H), 4.09
(C,-H, t, J = 2 Hz, 2H), 4.14 (Cy-H, s, SH), 4.18 (C;-H, t, J = 2 Hz, 2H). "“C-{'H}
NMR (CDCl,): 6 18.66 (FcCH,P, d, J = 11 Hz), 61.72 (PCH,O0, d, J = 23 Hz), 67.73 (C,,
s), 68.80 [C,, s], 68.89 [C,, s], 84.22 [C,, s].

2.3.1.2  Synthesis of FcCH,PPh, 2

A solution of [Ph,P(CH,0H),]Cl (2.006 g, 7.09 mmol) in methanol (30 ml) was purged and
placed under nitrogen, then KOH added (0.359 g, 6.39 mmol). The solution was stirred
under nitrogen for two hr. [FcCH,NMe;]I (2.002 g, 5.23 mmol) was dissolved in methanol
(40 ml) in another flask and purged and placed under nitrogen. The first solution was then
added dropwise to the second, and the resulting solution refluxed under nitrogen for 18 hr.
Most solvent was removed under vacuum and a mixture of water (40 ml), diethyl ether (40

ml) and NEt, (30 ml) was added. This mixture was stirred for 4 hr, and the organic layer
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isolated and filtered before washing with water (3 x 20ml). Removal of solvent under
vacuum gave an orange oil. This material was purified by tlc, with dichloromethane used to
charge the plate, and 10% diethyl ether in petroleum spirits used as the eluting solvent. The
desired product ran with R; = 0.73, and after removal from the plate and drying under
vacuum, 2 was yielded as an orange oil which slowly crystallised (0.505 g, 1.31 mmol,
25%), M.P. 80-84° C. Crystals suitable for X-ray crystal structure analysis were obtained
serendipitously by recrystallisation from a mixture of water, diethyl ether, and petroleum
spirits. Found: C, 72.1; H, 5.4%. C,H, FeP requires: C, 71.9; H, 5.5%. IR (cm™):
1583 (w), 1480 (w), 1469 (w), 1432 (m), 1305 (w), 1182 (w), 1102 (m), 1023 (m), 999
(m), 924 (w), 840 (w), 816 (s), 741 (s), 695 (s), 479 (s). ESMS {cone voltage = 20 V}:
m/z 384.2 [M]". *'P-{'"H} NMR (CDCL,): § -11.8. 'H NMR (CDCL,): 5 3.16 (FcCH,P, s,
2H), 3.92 (Cy-H, unres. t, 2H), 3.98 (C,-H, t, J = 2 Hz, 2H), 4.10 (C,-H, s, SH), 7.31-
7.42 (Ph-H, m, 10H). “C-{'H} NMR (CDCL,): § 30.29 (FcCH,P, d, J = 14 Hz), 67.42
(C,, 8), 68.84 (Cp,, 5), 69.23 (Cy, d, J = 4 Hz), 84.33 (C,, d, J = 17 Hz), 128.35 (p-C, s),
128.54 (m-C, d, J = 17 Hz), 132.93 (0-C, d, J = 19 Hz), 138.85 (i-C, d, J = 15 Hz).

2.3.1.3 Synthesis of FcCH,P(O)(CH,OH), 3

Aqueous hydrogen peroxide (10 ml, 0.234% w/v, 0.688 mmol) was added to a solution of
1 (0.200 g, 0.685 mmol) in MeOH (20 ml). The resulting solution was stirred in air for 7
min before partly removing the solvent under vacuum (temperature was maintained at ca. 15°
C), causing the product 2 to precipitate. This was filtered off under vacuum and washed
with water, then dried under vacuum yielding the crude product as a yellow powder (0.157
g, 0.511 mmol, 75%). Yellow crystals of 3 were obtained by recrystallisation using the
same method as for 1 (0.120 g, 0.389 mmol, 55%), M.P. 126-135° C. Found: C, 48.6; H,
5.9%. C,;H,,Fe0,P.0.67H,0 requires: C, 48.8; H, 5.8%. IR (cm): 3310 (s), 3272 (s),
3137 (s), 2897 (m), 1690 (br, w), 1464 (w), 1426 (m), 1409 (m), 1241 (w), 1206 (m),
1144 (s), 1128 (s), 1104 (m), 1090 (m), 1038 (s), 1022 (m), 999 (m), 923 (w), 891 (w),
859 (m), 833 (m), 812 (m), 791 (m), 731 (m), 701 (m), 661 (w), 501 (m), 486 (m), 456
(m). ESMS (with added NaCl) {cone voltage =40 V}: m/z 638.9 [2M + Na]’, 331.1 [M +
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Na]*, 308.1 [M]". 'P-{'H} NMR (CDCL,): & 45.8. 'H NMR (d*-DMSO): § 2.95
(FcCH,P, d, J = 12 Hz, 2H), 3.72 (PCH,0, d, J = 3 Hz, 4H), 4.18 (C,-H, t, ] = 2 Hz,
2H), 4.23 (Cy-H, s, 5H), 4.29 (C4-H, s, 2H). “C-{'H} NMR (CDClL,): 8 25.81 (FcCH,P,
d, J =56 Hz), 55.30 (PCH,0, d, ] = 80 Hz), 68.49 (C,, s), 69.06 (C,, s), 69.26 (C,, s),

C. not observed.

2.3.1.4  Synthesis of FcCH,P(S)(CH,0OH), 4

Elemental sulfur (0.043 g, 1.35 mmol) and 1 (0.202 g, 0.693 mmol) were dissolved in
toluene (20 ml) with a small amount of methanol present to effect full solubilisation. The
solution was refluxed in air for 3 hr and most of the solvent removed under vacuum. The
solution was cooled to ca. -30° C and crystals formed. These were collected by vacuum
filtration and washed with toluene before drying under vacuum to yield the crude product as
a yellow powder (0.188 g, 0.579 mmol, 84%). Dark orange crystals of 4, suitable for X-ray
crystal structure analysis, were obtained by recrystallisation using the same method as for 1
(0.162 g, 0.500 mmol, 72%), M.P. 115-118° C. Found: C, 48.0; H, 5.3%. C,,H,,FeO,PS
requires: C, 48.2; H, 5.3%. IR (cm™): 3407 (s), 3326 (s), 3264 (s), 1389 (w), 1361 (w),
1164 (w), 1105 (m), 1041 (s), 1027 (s), 999 (w), 881 (w), 850 (w), 826 (m), 802 (m), 753
(w), 690 (w), 627 (m), 610 (w), 573 (w), 555 (w), 500 (m), 483 (m), 436 (w). ESMS
(with added NaCl) {cone voltage = 40 V}: m/z 670.9 [2M + Na]*, 347.1 [M + Na]*, 324.0
[M]*. "'P-{'H} NMR (CDCl,): §44.0. 'HNMR (CDCl,): §3.23 (FcCH,P, d, J = 13 Hz,
2H), 3.87-3.91 (PCH,O, m, 4H), 4.15 (C,-L, s, 5H), 4.18 (C,-H, t,J = 2 Hz, 2H), 4.24
(Cg-H, s, 2H). *C-{'H} NMR (CDCl,): 5 30.11 (FcCH,P, d, J = 42 Hz), 58.62 (PCH,0,
d, J = 54 Hz), 68.87 (C,, s), 69.10 (Cg, s), 69.18 (C,, s), C.. not observed.
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2.3.1.5  Synthesis of FecCH,P(CH,CH,CN), 5

Compound 1 (0.400 g, 1.37 mmol) was dissolved in methanol (20 ml) and acrylonitrile
(0.20 ml, 3.04 mmol) added. The solution was stoppered and stirred in air for 90 min, after
which time the solvent was removed under vacuum. Crystallisation from chloroform/diethyl
ether was used to precipitate an impurity, with the supernatant decanted off and the solvent
removed to yield the product § as an orange oil, which hardens to a semi-crystalline solid
when cooled to 0° C overnight (0.428 g, 1.27 mmol, 92%). A sample for elemental analysis
was obtained by twice washing a portion of the solid with diethyl ether prior to analysis.
The product proved too amorphous to be suitable for melting point determination. Found:
C, 59.6; H, 5.7; N, 8.2%. C,,;H FeN,P requires: C, 60.4; H, 5.7; N, 8.3%. IR (qm“):
3334 (s), 2248 (w), 1651 (s), 1560 (s), 1481 (s), 1423 (s), 1393 (w), 1347 (w), 1327 (s),
1276 (w), 1104 (m), 1038 (m), 1023 (m), 1001 (m), 924 (w), 819 (s), 679 (m), 589 (s),
498 (s), 484 (s). ESMS (with added AgNO,) {cone voltage = 60 V}: m/z 783.2 [2M +
Agl*, 445.0 [M + Agl*, 338.0 [M]*, 198.9 [FcCH,]*. *'P-{'H} NMR (CDCl,): & -22.1.
'H NMR (CDCl,): & 1.57-1.78 (CH,CN, m, 4H), 2.31 (PCH,CH,, tof d,J =10 Hz, J = 8
Hz, 4H), 2.69 (FcCH,P, d, J = 4 Hz), 4.05 (C;-H, t,J =2 Hz, 2H), 4.11 (C,-H, t, J =1
Hz, 2H), 4.12 (C,-H, s, SH). “C-{'H} NMR (CDCl,): § 14.48 (PCH,CH,, d, J = 23
Hz), 22.29 (CH,CN, d, J = 17 Hz), 27.72 (FcCH,P, d, J = 17 Hz), 68.09 (C,, s), 68.58
(Cg, 8), 68.96 (C,, s), 81.87 (C., d, J = 6 Hz), 119.30 (CN, d, J = 12 Hz).

2.3.1.6  Synthesis of FcCH,P(CH,NEL,), 6 and FcCH,P(O)(CH,NEL,), 7

Compound 1 (0.200 g, 0.683 mmol) was dissolved in dichloromethane (10 ml) and placed
under nitrogen. HNEt, (1.00 ml, 9.71 mmol) was added and the solution stirred for 2 hr,
after which time the solvent was removed under vacuum, giving 6 as a yellow oil. ESMS
(with added AgNO,) {cone voltage =60 V}: m/z 911.7 [2M + Ag]’, 856.5 [2M + Ag - NE,
+ OHJ*, 801.4 [2M + Ag - 2NEt, + 20H]J*, 403.2 [M + HJ*, 198.9 [FcCH,]". *'P-{'H}
NMR (CDCl,): § -48.3. 'H NMR (CDCl,): 8 0.99 (CH,CH,, t, J = 7 Hz, 12H), 2.53-2.69
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(CH,CH, and FcCH,P and PCH,N, m, 14H), 4.03 (C,-H, t, J = 2 Hz, 2H), 4.08-4.09
(Cy-H and C;-H, m, 7H). “C-{'H} NMR (CDCl,): & 11.75 (CH,CH,, s), 27.00 (FcCH,,
d, J = 16 Hz), 48.14 (CH,CH,, d, J = 9 Hz), 53.66 (PCH,N, d, J = 7 Hz), 67.36 (C,, s),
68.77 (Cp, s), 68.97 (Cg, s), 84.56 (C., d, J = 8 Hz). The product was redissolved in
methanol (30 ml) and aqueous hydrogen peroxide solution added (5 ml, 0.469%, 0.690
mmol). The mixture was stirred for 15 min, then most of the solvent was removed under
vacuum with the temperature of the mixture maintained at ca. 15° C. The residue was
extracted with ether (20 ml), and the organic layer washed with water (3 x 10 ml) and dried
under vacuum to give the crude product as a pale orange solid (0.249 g, 0.595 mmol, 87%).
Recrystallisation from acetone/pentane cooled to ca. -30° C gave 7 as an orange powder
(0.154 g, 0.368 mmol, 54%). More product, though less pure, can be obtained by
recrystallisation of the evaporated supernatant. M.P. 102-107° C. Found: C, 60.2; H, 8.6;
N, 6.5%. C,,H,,FeN,OP requires: C, 60.3; H, 8.4; N, 6.7%. IR (cm™): 3095 (m), 2964
(s), 2931 (s), 2872 (m), 2810 (s), 1466 (m), 1457 (m), 1422 (w), 1386 (m), 1371 (m),
1336 (w), 1297 (w), 1252 (m), 1243 (s), 1199 (m), 1170 (s), 1141 (s), 1104 (s), 1064
(m), 1039 (w), 1019 (w), 998 (m), 976 (w), 926 (w), 860 (m), 816 (s), 784 (m), 597 (w),
490 (s), 434 (m). ESMS {cone voltage = 20 V}: m/z 837.3 [2M + H]*, 419.1 [M + H]".
YP-{'H} NMR (CDCl,): § 45.0. 'H NMR (CDCl,): § 0.98 (CH,CH,, t, J = 7 Hz, 12H),
2.60-2.77 (CH,CH, and PCH,N, m, 12H), 3.02 (FcCH,P, d, J = 14 Hz, 2H), 4.09 (C,-
H,t, J =2 Hz, 2H), 4.11 (Cy-H, s, SH), 4.22 (Cy-H, t, J = 2 Hz, 2H). "“C-{'H} NMR
(CDCl,): & 11.25 (CH,CH,, s), 28.93 (FcCH,P, d, J = 60 Hz), 48.28 (CH,CH,, d, J =7
Hz), 50.35 (PCH,N, d, J = 82 Hz), 67.99 (C,, s), 68.99 (C,, s), 69.44 (C,, s), 79.26
(Ce, 9).

2.3.1.7  Synthesis of [FcCH,P(Me)(CH,OH),]I 8

Compound 1 (0.302 g, 1.03 mmol) was dissolved in methanol (10 ml), and methyl iodide
(1.0 ml, 16 mmol) was slowly added with swirling. The solution was heated to 50° C for
15 min, then diethyl ether (120 ml) added to precipitate the product as a yellow powder
(0.411 g, 0.946 mmol, 92%). Recrystallisation from hot methanol gave orange crystals of 8
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suitable for X-ray crystal structure analysis (0.306 g, 0.705 mmol, 68%), M.P. ca. 170° C
(dec.). Found: C, 38.8; H, 4.5%. C,H,FelO,P requires: C, 38.7; H, 4.6%. IR (cm™):
3253 (s), 1427 (m), 1404 (w), 1388 (w), 1306 (w), 1285 (w), 1200 (w), 1103 (w), 1035
(s), 996 (m), 960 (m), 921 (m), 882 (m), 865 (w), 839 (m), 814 (m), 499 (s), 479 (s).
ESMS {cone voltage = 20 V}: m/z 307.2 M - IJ*, 291.2 [M - I - CH,]*. *'P-{'H} NMR
(d*-DMSO): 3 26.2. 'H NMR (d*-DMSO): § 1.67 (CH,, d, J = 14 Hz, 3H), 3.57 (FcCH,P,
d, ] = 14 Hz, 2H), 4.29-4.43 (Cp-H and PCH,0, m, 11H). "*C-{'H} NMR (d*-DMSO): 5
3.15 (CH,, d, J = 48 Hz), 22.18 (FcCH,P, d, J = 41 Hz), 55.54 (PCH,0, d, J = 56 Hz),
72.53 (C,, s), 72.94 (C,, s), 73.24 (C,, s), 78.84 (C, 5).

2.3.1.8 Synthesis of FcCH,P(Me)CH,OH 9

Compound 8 (0.167 g, 0.384 mmol) was dissolved in diethyl ether (40 ml) and water (25
ml) and NEt, (1.0 ml, 14 mmol) added. The mixture was stirred for 2 hr. The organic layer
was then extracted and washed with water (2 x 20 ml) before drying under vacuum. The
product 9 was obtained as a yellow oil (0.099 g, 0.360 mmol, 94%). Attempts to purify
this product further by chromatography were unsuccessful. IR (cm™): 3361 (s), 3092 (s),
2966 (s), 2897 (s), 2814 (s), 1636 (w), 1466 (s), 1421 (s), 1351 (m), 1287 (m), 1233 (m),
1195 (w), 1152 (w), 1104 (s), 1021 (s), 1002 (s), 925 (s), 897 (s), 818 (s), 716 (w), 593
(w). ESMS {cone voltage = 10 V}: m/z 291.4 [M + CH,]*, 277.3 M + H]*. *'P-{'H}
NMR (CDCl,): §-33.1. 'H NMR (CDCl,): § 0.98 (CH,, d, J = 3 Hz, 3H), 2.60-2.64
(FcCH,P, m, 2H), 3.81 (PCH,0, d, J = 8 Hz, 2H), 4.07-4.11 (Cp-H, m, 9H). “C-{'H}
NMR (CDCl,): § 7.12 (CH,, d, J = 15 Hz), 26.64 (FcCH,P, d, J = 14 Hz), 62.27 (PCH,0,
d, J = 15 Hz), 67.59 (C,, s), 68.70 (C, s), 68.79 (C,, s), 84.08 (C, d, J = 8 Hz).

2.3.1.9  Synthesis of [(FcCH,),P(CH,0H),]Cl 10
FcCH,OH (0.503 g, 2.33 mmol) was dissolved in dichloromethane (20 ml, dry and oxygen-

free), purged and placed under nitrogen. Oxalyl chloride (0.4 ml, 5 mmol) was added and

the reaction stirred under nitrogen for 90 min. This mixture was dried under vacuum, then
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redissolved in dichloromethane (20 ml, dry and oxygen-free). Compound 1 (0.681 g, 2.33
mmol) was added and the reaction stirred overnight. The product thus formed was dried
under vacuum and methanol (7 ml) and the residue heated to ca. 50° C before filtering off the
supernatant. Diethyl ether (40 ml) was used to precipitate the product. After cooling to ca.
-30° C, the product 10 was filtered off as a yellow microcrystalline solid (0.354 g, 0.672
mmol, 28.9%). M. P. ca. 220° C (dec.). Found: C, 54.4; H, 54%. C,H,CIFe,O,P
requires: C, 54.7; H, 5.3%. IR (cm™): 3250 (s), 2980 (w), 2956 (w), 2918 (w), 2892
(w), 1427 (s), 1404 (m), 1386 (m), 1307 (w), 1285 (w), 1214 (w), 1200 (w), 1102 (m),
1035 (s), 996 (m), 960 (s), 920 (s), 882 (m), 865 (w), 839 (m), 814 (s), 498 (s), 479 (s).
ESMS {cone voltage = 40 V}: m/z 490.9 [M]*, 476.9 [M - CH,J*, 460.8 [M - CH,O",
307.4 M - C,H,FeC,H, + H]*, 291.2 [M - C;H,FeC,H, - OH + HJ*, 199.5 [FcCH,]".
'P-{'H} NMR (d°-DMSO): § 22.3. 'H NMR (d*-DMSO): § 3.40 (OH, s, 2H), 3.52
(FcCH,P, d, J = 13 Hz, 4H), 4.20 (PCH,0, d, ] = 6 Hz, 4H), 4.26 (C,-H, s, 10H), 4.27
(C,-H, unres. t, 4H), 4.39 (C,-H, unres. t, 4H). "C-{'H} NMR (d*-DMSO): § 21.37
(FcCH,P, d, J = 37 Hz), 54.49 (PCH,O, d, J = 53 Hz), 7241 (C,, s), 72.95 (C,, s),
73.46 (Cg, s), 78.68 (Cg, s).

2.3.1.10 Synthesis of (FcCH,),PCH,OH 11

Water (10 ml) and diethyl ether (10 ml) were added to compound 10 (0.300 g, 0.570
mmol). After addition of NEt, (3 ml) the mixture was stirred for 10 min, and the organic
layer removed and washed with water (10 ml x 3). This was filtered and dried under
reduced pressure. Diffusion recrystallisation from dichloromethane/30°-40° C petroleum
spirits yielded the product 11 as an orange powder (0.125 g, 0.272 mmol, 48%), M.P. 129-
135° C. Found: C, 60.0; H, 5.3%. C,,H,.Fe,OP requires: C, 60.0; H, 5.5%. IR (cm’):
3389 (s, br), 3089 (s), 2943 (w), 2905 (m), 2840 (w), 1632 (m, br), 1467 (m), 1440 (m),
1413 (m), 1354 (w), 1236 (w), 1196 (m), 1103 (s), 1038 (s), 1014 (s), 998 (s), 925 (m),
839 (s), 810 (s), 713 (w), 667 (W), 602 (w), 483 (s), 425 (m). ESMS {cone voltage = 20
V}: m/z 4763 M + O], 355.2 M + O - CiH,Fe]’, 231.0 [Fc-CH=PH,]*, 214.1 [Fc-
CHO]*. *'P-{'H} NMR (CDCl,): -17.1. 'H NMR (CDCl,): & 2.55-2.67 (FcCH,P, m,
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4H), 3.79 (PCH,0, d x d, J = 6 x 8 Hz, 2H), 4.09 (C,-H, t, ] = 2 Hz, 4H), 4.11-4.12 (Cy-
H and Cy-H, m, 14H). "C-{'H} NMR (CDCL,): & 24.65 (FcCH,P, d, J = 16 Hz), 60.41

(PCH,0, d, J = 20 Hz), 67.70 (C,, d, ] = 7 Hz), 68.66 (Cy, d, J = 3 Hz), 68.88 (Cp, s),
84.30 (C., d, J = 10 Hz).

2.3.1.11  Synthesis of [FcCH,P(H)Ph,]BF, 14

Compound 2 (0.100 g, 0.259 mmol) was dissolved in diethyl ether (5 ml), purged and
placed under nitrogen. A solution of HBF, in acetonitrile (5.6 ml, 48 mmol L™, 0.269
mmol) was purged and placed under nitrogen before being added dropwise over 20 min to
the ether solution. Solution was stirred for a further 5 min, then petroleum spirits (20 ml)
and a small amount of diethyl ether were added, causing the product to separate out as an oil.
The supernatant was removed and the oil washed with petroleum spirits (3 x 5 ml); then
dried under vacuum for two days, giving the product as a yellow oil (0.113 g, 0.239 mmol,
92%). IR (cm™): 3440 (m, br), 3092 (w), 3062 (W), 2963 (w), 2922 (w), 1637 (w), 1589
(w), 1485 (w), 1439 (s), 1407 (m), 1385 (m), 1121 (s), 1083 (s), 1063 (s), 1040 (s), 999
(s), 923 (m), 900 (m), 832 (m), 742 (s), 691 (s), 521 (m), 490 (s), 463 (m). ESMS {cone
voltage = 40 V}: m/z 384.4 [M - H - BF,]*, 198.6 [FcCH,]*. *'P-{'H} NMR (CDCl,): &
6.31 [d, 'J(P-H) = 511 Hz]. '"H NMR (CDC,): 4 4.57-4.70 (FcCH,P and Cp-H, m, 11H),
7.99-8.27 (Ph-H, m, 10H). "*C-{'H} NMR (CDCl,):  23.82 (FcCH,P, d, J = 43 Hz),
69.55 (C,, s), 69.89 (C,, s), 70.03 (Cg, s), 78.15 (C, d, J = 611 Hz), 11543 (i-C, d, J =
82 Hz), 130.20 (0-C, d, J = 13 Hz), 133.67 (m-C, d, J = 10 Hz), 135.14 (p-C, s).

2.3.1.12  Synthesis of FcCH,P(O)Ph, 15

Compound 2 (0.100 g, 0.260 mmol) was placed in a flask with hydrogen peroxide (0.190
g, 6% soln., 0.335 mmol), water (5 ml), methanol (35 ml) and dichloromethane (10 ml).
The solution was stirred for 1 hr before most of the solvent was removed under vacuum
without heating. Once the product had largely precipitated out of solution diethyl ether was

added, and this organic layer was then washed with water (3 x 10 ml). As methanol was
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removed by washing from the organic layer, some product precipitated, necessitating the
addition of some dichloromethane to help solubilisation. Solvent was removed giving the
crude product in quantitative yield as a yellow powder. Recrystallisation by vapour
diffusion from dichloromethane/petroleum spirits at 4° C gave the product 15 as a brown
powder (0.086 g, 0.215 mmol, 83%). M.P. 203-205° C (dec.). Found: C, 68.4; H,
5.1%. C,H, FeOP requires: C, 69.0; H, 5.3%. IR (cm'): 1437 (m), 1385 (w), 1208
(w), 1183 (s), 1121 (m), 1101 (m), 1071 (w), 1001 (w), 928 (w), 821 (m), 744 (s), 726
(s), 696 (s), 604 (w), 537 (s), 508 (m), 490 (s). ESMS {cone voltage = 100 V}: m/z 801.4
[2M + H]*, 401.2 [M + HJ*, 335.0 [M - Cp]*, 198.6 [FcCH,]*. *'P-{'H} NMR (CDCl,): 3
29.0 (s). 'H NMR (CDCl,): & 3.42 (FcCH,P, d, J = 13 Hz, 2H), 4.01 (C,-H and C,-H, s,
4H), 4.08 (C,-H, s, 5H), 7.39-7.70 (Ph-H, m, 10H). "C-{'H} (CDCl,): & 33.38
(FcCH,P, d, J = 67 Hz), 68.02 (C,, s), 68.90 (C,, s), 69.85 (Cy, s), 77.77 (C, d, J =3
Hz), 128.43 (0-C, d, J = 11 Hz), 131.27 (m-C, d, J =9 Hz), 131.76 (p-C, s), 133.06 (i-C,
s).

2.3.1.13  Synthesis of cis-PtCl,[FcCH,P(CH,OH),], 16

Phosphine 1 (0.100 g, 0.343 mmol) and PtCl,(COD) (0.064 g, 0.172 mmol) were
dissolved in dichloromethane (10 ml, LR grade) and stirred for 30 min. The resulting
precipitate was removed by vacuum filtration, and dried under vacuum, giving 16 as a

yellow powder (0.128 g, 0.151 mmol, 88 %), M.P. ca. 210° C (dec.). Found: C, 37.1; H,

4.5%. C,H,,Cl,Fe,O,P,Pt requires: C, 36.7; H, 4.0%. IR (cm™): 3410 (s), 3093 (w),
2919 (w), 2853 (w), 1462 (w), 1427 (m), 1405 (m), 1386 (m), 1237 (w), 1173 (w), 1105
(m), 1038 (s), 1028 (s), 1002 (m), 924 (w), 878 (m), 832 (m), 747 (w), 501 (m), 484 (m),
and 452 (m). *P-{'"H} NMR (d°-DMSO): & 7.8 [s, 'J(Pt-P) = 3428 Hz]. 'H NMR (d°-
DMSO): 6 3.25 (FcCH,P, J =5 Hz, 2H), 4.04-4.19 (C,-H, C,-H, and PCH,0O, m, 15H),
and 4.34 (C,-H, unresolved t, 2H). "C-{'H} NMR (d*-DMSO): § 25.51 (FcCH,P, m),
58.62 (PCH,0, m), 71.49 (C,, s), 72.57 (C,, s), 73.70 (Cg, s), and 83.65 (Cq, s).
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2.3.1.14  Synthesis of PdCL,[FcCH,P(CH,0H),], 17

Phosphine 1 (0.1248 g, 0.427 mmol) and PdCL(COD) (0.051 g, 0.214 mmol) were
dissolved in dichloromethane (5 ml) and stirred for 15 min. The solution was cooled to 4° C
before the precipitate was removed by vacuum filtration, washed with dichloromethane, and
dried under vacuum. Product 17 was obtained as an orange/brown powder insoluble in
most common organic solvents, (0.145 g, 0.191 mmol, 89 %), M.P. ca. 185° C (dec.).
Found: C, 41.7; H, 44%. C,H,,Cl,Fe,0,PdP, requires: C, 41.0; H, 4.5%. IR (cm™):
3389 (s), 3094 (m), 2918 (w), 2852 (w), 1462 (w), 1427 (m), 1405 (m), 1386 (m), 1299
(w), 1237 (w), 1175 (w), 1105 (m), 1139 (s), 1126 (s), 1103 (m), 923 (w), 879 (m), 858
(m), 829 (m), 594 (w), 500 (m), 484 (m), and 444 (m). *'P-{'H} NMR (d-DMSO): &
32.4 (s). '"HNMR (d*-DMSO): & 3.24 (FcCH,P, d, J = 7 Hz, 2H), and 4.04-4.44 (Cp-H,
and PCH,0, m, 13H). “C-{'H} NMR (d°-DMSO): § 24.26 (FcCH,P, m), 57.67 (PCH,O,
m), 69.49 (C,, s), 70.48 (C,, s), 71.33 (Cg, s), and 81.64 (C, s).

2.3.1.15 Synthesis of [Au{FcCH,P(CH,OH),},]Cl 18

Phosphine 1 (0.093 g, 0.314 mmol) and AuCI(CNBut) (0.050 g, 0.159 mmol) were
dissolved in dichloromethane (5 ml) and the solution stirred for 15 min. Petroleum spirits
(B.P. 40-60° C, 10 ml) was added and the resulting precipitate removed by vacuum
filtration. This was then dried under vacuum to give the product 18 as a yellow powder
(0.105 g, 0.129 mmol, 80.6%). Recrystallisation from hot methanol/diethyl ether yielded
golden needles suitable for X-ray crystal structure analysis (0.069 g, 0.084 mmol, 53%).
M.P. 127-134° C. Found: C, 37.1; H, 3.9%. C,H,,AuCIOP,Fe, H,0O requires: C, 37.4;
H, 4.3%. IR (cm™): 3259 (s, br), 1408 (m), 1386 (m), 1298 (w), 1242 (w), 1185 (w),
1106 (m), 1038 (s), 1027 (s), 1002 (m), 926 (w), 887 (m), 804 (m), 595 (w), 504 (m), 483
(m), and 445 (w). ESMS {cone voltage = 100 V}: m/z 780.9 [AuL,]", 489.0 [AuL]’,
199.5 [FcCH,J*, (L = 1). *'P-{'"H} NMR (d°-DMSO): § 36.2 (s). 'H NMR (d*-DMSO): &
3.14
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(FcCH,P, s, 2H), 4.05-4.08 (PCH,0, m, 4H), 4.20 (C,-H, t, J = 2 Hz, 2H), 4.24 (C,-H,
s, SH), and 4.26 (C,-H, t, J = 2, 2H). ’C-{'H} NMR (CDCl,): & 24.90 (FcCH,P, m),
59.53 (PCH,0, m), 71.73 (C,, s), 72.69 (C,, s), 73.15 (C,, s), and 84.48 (C,, s).

2.3.1.16  Synthesis of RuCL(n’-C,,H,,)[FcCH,P(CH,0H),] 19

[RuClz(nﬁ-CmHM)]2 (0.070 g, 0.114 mmol) was dissolved in dichloromethane (10 ml)
which was purged and placed under nitrogen before addition of 1 (0.066 g, 0.227 mmol).
The mixture was refluxed for 20 min and the solvent removed under vacuum to give the
crude product as a dark oil in quantitative yield. Vapour diffusion recrystallisation from
dichloromethane/ethanol with pentane yielded the product as a brown powder (0.093 g,
0.155 mmol, 68%). M.P. 181-188° C. Found: C, 46.2; H, 5.5%. C,H, Cl,FeO,PRu
requires: C, 46.2; H, 5.2%. IR (cm™): 3398 (s), 3174 (m), 3082 (m), 3043 (s), 2964 (m),
2873 (m), 1498 (w), 1467 (m), 1441 (m), 1384 (m), 1105 (m), 1036 (s), 1023 (s), 1002
(m), 924 (m), 890 (m), 864 (m), 823 (m), 811 (m), 777 (w), 508 (s), 479 (s), 460 (m), 444
(s), 426 (m). ESMS {cone voltage = 60 V}: m/z 603.6 [M - Cl + CH,CNJ". *'P-{'H}

NMR (CDCl,): §25.9 (s). 'H NMR (CDCl,): § 1.23 [CH(CH,),, d, J = 7 Hz, 6H], 2.05
(CH,, s, 3H), 2.78 [CH(CH,),, hept., ] = 7 Hz, 1H], 3.24 (FcCH,P, d, J = 8 Hz, 2H),

4.16 (Cy,-H, s, SH), 4.18-4.19 (PCH,0O and C,-H, m, 6H), 4.29 (C;-H, s, 2H), 5.44
[CH.C(CH),, d, J = 6 Hz, 2H], 5.50 [(CH,),CHC(CH),, d, J = 6 Hz, 2H]. "“C-{'H}

NMR (CDCl5): & 18.36 (CH,, s), 22.21 [CH(CH,),, s], 24.88 (FcCH,P, d, J = 19 Hz),

30.75 [CH(CH,),, s], 58.34 (PCH,0, d, J = 31 Hz), 68.46 (C,, s), 69.23 (C,, s), 69.69
(C,, 5), 80.66 (Cq, s), 85.51 [CH,C(CH),, d, ] = 4 Hz], 87.98 [(CH,),CHC(CH),, d, J =
4 Hz), 96.41 [CH,C(CH),, s], 107.11 [(CH,),CHC(CH),, s].

2.3.1.17  Synthesis of RuCL(n’-C,,H,,)(FcCH,PPh,) 20

[RuClL,(n®C,H,)1, (0.037 g, 0.0609 mmol) was dissolved in dichloromethane (10 ml)

which was purged and placed under nitrogen before addition of 2 (0.047 g, 0.122 mmol).
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The mixture was refluxed for 15 min and the solvent removed under vacuum to give the
crude product as a dark oil in quantitative yield. Vapour diffusion recrystallisation from
dichloromethane with 30-40° petroleum spirits at 4° C yielded the product as large dark
purple crystals suitable for X-ray crystallography (0.070 g, 0.102 mmol, 84%). M.P. ca.
200° C (dec.). Found: C, 52.6; H, 4.7%. C;;H,,Cl,FePRu.CH,CI, requires: C, 52.6, H,
4.8%. IR (cm™): 3053 (m), 2963 (m), 1409 (m), 1469 (m), 1433 (s), 1481 (m), 1386 (m),
1319 (w), 1276 (w), 1237 (w), 1196 (m), 1160 (w), 1103 (s), 1057 (m), 1026 (m), 1000
(m), 926 (m), 821 (s), 750 (s), 728 (s), 696 (s), 663 (m), 597 (m), 483 (w). ESMS {cone
voltage =60 V}: m/z 695.5 [M - Cl + CH,CNJ*, 384.5 [2]*. *P-{'H} NMR (CDCl,): &

28.8. '"H NMR (CDCL,): §0.86 [CH(CH,),, d, ] = 7 Hz, 6H], 1.82 (CH,, s, 3H), 2.50

[CH(CH,),, hept., J =7 Hz, 1H], 3.32 (FcCH,P, s, 2H), 3.63 (C,-H, d, J = 7 Hz, 2H),
3.70 (Cy-H, d, J = 2 Hz, 2H), 3.99 (C,-H, s, 5H), 5.08 [CH,C(CH),, d, J = 6 Hz, 2H],
5.22 [(CH,),CHC(CH),, d, J = 6 Hz, 2H], 7.32-7.71 [Ph-H, m, 10H]. “C-{'H} NMR

(CDCly): 8 17.30 (CH,, s), 21.48 [CH(CH,),, s], 25.36 (FcCH,P, d, J = 22 Hz), 30.00

[CH(CH,),, 5], 67.04 (C,, s), 68.75 (Cp, s), 70.05 (Cy, s), 80.72 (C., d, J = 9 Hz), 85.61
[CH,C(CH),, d, ] = 5 Hz], 90.08 [(CH,),CHC(CH),, d, J = 4 Hz], 94.09 [CH,C(CH),,
s, 108.40 [(CH,),CHC(CH),, 5], 127.79 (m-C, d, J = 9 Hz), 130.47 (p-C, s), 132.20 [i-
C, d, J = 42 Hz), 133.95 (0-C, d, J = 9 Hz).

2.3.1.18 Production of Chiral FcCH,P(Bz)CH,OH 13, and Reaction with a Secondary

Amine.

Compound 1 (0.099 g, 0.338 mmol) was dissolved in methanol (10 ml) and heated to 45°
C. Benzyl bromide (0.20 ml, 1.7 mmol) was then added dropwise and the mixture stirred
for 15 min. Solvent was removed under reduced pressure to give a yellow oil which was
then crystallised from methanol/diethyl ether by cooling a solution to ca. -30° C, giving the
crude phosphonium salt 12 as a yellow powder (0.075 g, 0.165 mmol, 49%). ESMS {cone
voltage = 10 V}: m/z 503.1 [M - Br - 2CH,OH + 2Bz]* (34%), 443.1 [M - Br - CH,OH +
Bz]* (62%), 412.4 [M - Br - 2CH,OH + Bz + H]" (22%), 383.1 [M - Br]* (100%), 352.5
[M - Br - CH,0]* (72%). *'P-{'H} NMR (d*-DMSO): 5 26.0 (s). "“C-{'H} NMR (d*-
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DMSO): 6 19.41 (PCH,Bz, d, J = 38 Hz), 23.93 (FcCH,P, d, J = 38 Hz), 52.37 (PCH,0,
d, J =55 Hz), 70.32 (C,, s), 70.81 (Cp, s), 71.23 (Cy, 5), 76.31 (C,, s), 129.75 (p-C, s),
130.07 (i-C, d, J = 8 Hz), 130.87 (m-C, s), 131.91 (0-C, d, J = 5 Hz). Compound 12
(0.049 g, 0.106 mmol), was dissolved with quinine (0.081 g, 0.213 mmol) in a two-phase
system of water (10 ml) and diethyl ether (10 ml). These were stirred for 1 hr, and the
organic layer removed and solvent removed to give crude 13 in quantitative yield. *'P-{'H}
NMR (CDCl,): 6 -15.0 (s). To the CDCI, solution of 13 in the NMR tube was then added a
few drops of (R)-(+)-N-benzyl-o-methyl-benzylamine. *'P-NMR spectra were run
periodically over a 20 min period in order to monitor the formation of the two
diastereoisomers of the product. *'P-{'H} NMR (CDCl,): & -28.5, -28.3 [(R,R) and (R,S)

adducts, 2 x s].

2.3.2  X-ray Crystal Structure Determinations for Compounds
FcCH,P(CH,0OH), 1, FcCH,PPh, 2, FcCH,P(S)(CH,OH),
4 and [FcCH,P(Me)(CH,OH),]I 8

Crystallographic data for compounds 1, 2, 4 and 8 are given in Table 2.8. Crystals were
obtained by procedures detailed in Section 2.3.1. Raw data were corrected for absorption

based on a series of y scans.

In all four structures the solutions were found by direct methods and developed routinely.
Full-matrix least-squares refinement was based on F?, with all non-hydrogen atoms
anisotropic. ~Hydrogen atoms were included in calculated positions with isotropic
temperature factors 1.2 times that of the U, of the atom to which they are bonded, with the
following exceptions: in 1 atoms H(2) and H(3) (bonded to atoms O(2) and O(3)
respectively) were located in a penultimate electron density map and refined with fixed
isotropic temperature factors; in 4 atoms H(2) and H(3) and H(2)’ and H(3)’ (bonded to

atoms O(2), O(3), O(2)’ and O(3)’ respectively) were located in a penultimate electron
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density map and refined in a riding model: in 8 the hydroxyl hydrogen could not be located
and was therefore not included. Calculated positions for the C(3) methyl group of 8 were

established such that the C(3)-P bond configuration was staggered.

Drawing programmes XPMA® and PLUTO assisted in the investigation of hydrogen-

bonding, and structures have been illustrated with ORTEP*, ZORTEP®**>, PLUTO and
SHELXTL/PC-XP®.

Appendix A gives complete lists of atomic coordinates, bond parameters and tables of
thermal parameters and hydrogen atom coordinates for the structure determinations of 1, 2,
4 and 8. In the case of 1, 4 and 8 this data has also been deposited at the Cambridge
Crystallographic Data Centre (CCDC)*’. The CCDC reference number is 186/706.

233  X-Ray Crystal Structure Determinations for Compounds
[Au{FcCH,P(CH,0OH),},]Cl] 18 and
RuClL,(n°*-C,H,,)[FcCH,PPh,] 20

Crystals of 18 and 20 were obtained by the methods outlined in Section 2.3.1. Full
crystallographic data for both compounds is given in Table 2.9. The data collection for both
structures nominally covered over a hemisphere of reciprocal space, by a combination of
three sets of exposures; each set had a different ¢ angle for the crystal and each exposure
covered 0.3° in @. The crystal to detector distance was 5.0 cm. In hindsight it appears that
in the case of 20 a longer crystal to detector distance would have been desirable in order to
avoid the problems of low resolution of spots in the k direction due to the exceptionally long
b axis of the unit cell. The data sets were corrected empirically for absorption using

SADABS®. The structures were solved by Patterson methods and developed routinely.

Full-matrix least squares refinement was based on F.



Table 2.8: Crystallographic data for compounds 1, 2, 4 and 8.

1 2 4 8
Empirical formula C,;H,,FeO,P C,;H, FeP C,;H,,FeO,PS C,,H,FelO,P
M 292.10 384.22 324.15 434.02
space group P2,2,2, P, P; Pnma
crystal system orthorhombic monoclinic triclinic orthorhombic
a(A) 6.299(2) 10.3723(7) 10.765(1) 14.875(7)
bA) 11.561(2) 8.2245(10) 11.024(2) 9.727(8)
c (A) 17.519(2) 10.9666(8) 12.791(1) 10.868(6)
a(’) 90 90 67.93(1) 90
B() 90 104.755(5) 80.69(1) 90
v () 90 90 77.95(1) 90
V (A% 1275.8(4) 904.68(14) 1369.9(3) 1572(2)
density (g.cm™) 1.521 1.410 1.572 1.833
Z 4 2 4 4
F(000) 608 400 672 856
u(Mo-K,) (mm) 1.29 0.92 1.360 3.019
temperature (°C) -115 -115(2) -83(2) -115(2)
crystal size (mm) 0.70 x 0.45 x 0.25 0.8 x0.4x0.2 0.32 x 0.24 x 0.19 0.50 x 0.20 x 0.15
6 range 2.11° < 6 <25° 2.03° < 6 < 30.00° 2.54°<0<25° 2.32° <0 <2249°
total reflections 1421 2963 5560 1275
unique reflections 1401 2822 4736 1095

POl

Kusruay)) snaoydsoyd-1{uad044a,q



R, I > 20(]))
WR, (all data)
GOF

¢ density max (e.A?)
e’ density min (e.A?)
Flack x-parameter

diffractometer

solution and refinement

programmes

0.0297
0.0667°
0.957
0.385
-0.294
0.04(3)
Nicolet R3
SHELXS-86%
SHELXL-93%°

0.0254
0.298
0.377

0.0342

0.0792°
1.092
0.407
-0.226
-0.02(2)
Nicolet R3
SHELXS-86,
SHELXIL-93

0.0106
0.675
0.953

0.0269

0.0648°
1.048
0.315
-0.389

Siemens P4
SHELXTL-PC’!,
SHELX1.-93

0.0367
0.3643
0.6467
0.0704
0.2025°
0.979
1.678
-1.208
Nicolet R3
SHELXS-86,
SHELXL-93

% Absorption correction was performed but transmission factors were not recorded.

® w = [0%(Fo2) + (0.0593P)?)" where P = (F,2 + 2F.2)/3

? w = [6%F,? + (0.0425P)* + 0.10P]" where P = (max(F,2,0) + 2F.})/3
® w = [6%(F,?) + (0.0288P)* + 1.09P)" where P = [max(F,%,0) + 2F.%)/3

% w = [6%(F,2) + (0.1327P)*]"* where P = [max(F,?, 0) + 2F.2)/3

UONDSU1IDIDY7) pUD SISAYIULS :7

sor
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Table 2.9: Crystallographic data for compounds 18 and 20.

Ferrocenyl-Phosphorus Chemistry

18 20
Empirical formula C,6H36AuClFe,O5P, C,,H,,Cl FePRu
M 834.60 775.33
space group P2/c P2,/n
crystal system monoclinic monoclinic
a (A) 12.3838(2) 10.6555(6)
b (A) 6.3295(1) 60.958(3)
c A) 36.8279(2) 15.5291(8)
o (%) 90 90
B () 92.360(1) 94.5170(10)
v (%) 90 90
V (A% 2884.24(7) 10055.4(9)
density (g.cm™) 1.922 1.536
y4 4 12
F(000) 1640 4728
n(Mo-K,) (mm™) 1.29 1.11
temperature (°C) -70 -70

crystal size (mm)
0 range
total reflections

unique reflections

R, >20(D)
WR, (all data)
GOF

e density max (e.A?)
¢ density min (e.A™)

diffractometer

solution and refinement

programmes

0.54 x 0.20 x 0.02
1.11° <08 <2640°
16938
6338
0.0409
0.6960
0.91027
0.0419
0.0912°
1.149
1.172°
-1.391°

Siemens SMART CCD
SHELXS-97, SHELXL-97

0.39 x 0.28 x 0.22
2.34° <0 <2641°
49849
19138
0.0378
0.665114
0.834692
0.0790
0.1543°
1.259
1.495
-1.566
Siemens SMART CCD
SHELXS-97, SHELXL-97

® w = [63(Fo?) + (0.0295P)? + 8.96P]" where P = (max(F2,0) + 2F¢*)/3 ® Close to the gold atom.

* w = [6%(Fo?) + (0.0000P)? + 80.12P]"" where P = (max(Fo%0) + 2Fc})/3
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In 18 the oxygen O(2) was disordered over two positions and was refined as O(2) and
O(2a), with occupancies refined to 70.8% and 29.2% respectively while temperature factors
for the two atoms were restrained to 0.05. Temperature factors were subsequently allowed
to refine without constraint, while occupancy was fixed. Only half the Cl(2) sites were
occupied, and so refinement was carried out with occupancy set to 50%. Since CI(1)
occupied an inversion centre between two gold cations, the combined effect of the two
chlorine atom positions was to provide one negative charge for each Au(I) atom. Refinement
was carried out with all non-hydrogen atoms except O(2a) anisotropic and with hydrogen
atoms included in calculated positions with isotropic temperature factors 1.2 times that of the
Ujso of the atom to which they are bonded. Hydrogen atoms of the hydroxyl groups and the
water molecule could not be found in the difference map and so were not included in the

refinement.

For 20 all non-hydrogen atoms were refined anisotropically, and hydrogen atoms were
included in calculated positions with isotropic temperature factors 1.2 times that of the U,  of
the atom to which they are bonded. Hydrogen atoms positions for the methyl functionalities
C(2), C(4) and C(5) of the three independent molecules were calculated by positioning of the
methyl group such that the conformation obtained gave the best fit to the electron density
distribution observed. Many of the large residual peaks in the electron density map are
located near the solvent of crystallisation molecules and may be the result of slight solvent
disorder, though of a scale which does not merit modelling. As discussed above the
refinement is of poor quality, probably because of problems arising from data collection for a

unit cell with an exceptionally long b axis.
Drawing programmes XPMA® and PLUTO assisted in the investigation of hydrogen

bonding, and structures have been illustrated with ORTEP*,

Complete lists of atomic coordinates, bond parameters and tables of thermal parameters and

hydrogen atom coordinates for both structures can be found in Appendix A.
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