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ABSTRACT

The reaction of piperazine and homopiperazine with R2PCI, where

R2=Ph2, 'Pr2, -OC6H4O-, -OC2H4O-, -0(3,5-lBu2)C6H40- and -0(2,2-Me2)C3H40-

yielded ligands of the type R2PN(C2H4)2NPR2 and R2PN(C5Hio)NPR2. No reaction
was observed when reacting homopiperazine with tBu2PCl since this is a very

bulky chlorophosphine. Reaction of the ligands with Pt(II), Pd(II) and Mo(0)
resulted in the formation of seven- and eight-membered P,P' chelate rings with
cis square-planar (Pt(II) complexes) and octahedral (Mo(0) complexes)

geometry, while further reactions with Au(I) and Ru(II) resulted in the ligands

acting as monodentate bridging ligands. Their dichalcogen (sufide and

selenide) derivatives have been studied as well. The ligands adopt an

'umbrella-like' structure around the metal centre as shown by single crystal X-

ray crystallographic and modelling studies. To the best of our knowledge,

iPr2PN(C3H6)(C2H4)NPiPr2 appears to be the most electron rich bidentate

phosphine prepared. This work clearly demonstrates the usefulness of simple

organic nitrogen containing rings in the formation of large bite angle

diphosphines.

Following our studies of the preparation of potentially active ligands for

homogeneous catalysis, we investigated the synthesis, oxidation and
coordination chemistry of new bis(aminophosphines) based on aromatic, cyclic
and alkylic backbone containing diamines which have different steric and
electronic properties. Compared with the piperazine and the homopiperazine

diphosphine derivatives, the condensation reaction of the new

bis(aminophosphines) required stronger reactions conditions such as the

presence of stronger bases, higher temperatures or the presence of catalytic
amounts of DMAP depending on the case. Spectroscopic and single crystal X-

ray crystallographic studies showed that the ligands reacted with elemental Se
and with Pt(II) to form square planar chelate rings of different size depending
on the diamine backbones used. The coordination chemistry of 1,3-C6H4-

{CON(PPh2)CH2Ph}2 was less predictable and reaction of the ligand with Pt(II)
resulted in the formation of a P,P',C chelate.

To conclude our synthetic studies, we performed the synthesis,
oxidation and coordination studies of the monoaminophosphine (2-CgH5-

CH3CH)N(PPh2)(CH2Ph) which has shown to coordinate to Pt(II) in trans

geometry.
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Hydroformylation of alkenes (hex-l-ene and oct-l-ene) was carried out

using rhodium ([Rh(acac)(C0)2]) as metal-based catalyst precursor under

pressure of H2/CO. Aldehydes were produced under these conditions with

poor selectivity (up to l:b=2.5:l) to the desired linear products.
The activity of the ligands as catalysts was tested in allylic alkylation of

cinnamyl acetate using palladium ([(CaHsJPdCl^) as the metal-based catalyst

precursor and NaCH(C02Me)2 as the nucleophilic species. Higher selectivity to

the linear product was found using ligands which have electron withdrawing

groups on the phosphorus centres, such as phosphites, and with large bite

angles. However, it does not seem that the use of either electron poor or bulky
electron rich ligands of our type (R2PN(CsHio)NPR2) have particular beneficial
effects on the rate of the reaction.

Modelling calculations were performed for all the ligands using two

different software programmes when calculating the bite angle and the

equilibrium geometry of the Pd(II) and Rh(0) complexes of the ligands (semi-

empirical PM3 model from the Spartan Pro program) and the natural bite

angle together with the flexibility range of the ligands themselves (MM2
molecular mechanics model from the Chem 3D program). The semi-empirical
calculations showed that most of the ligands seem to have bite angles in the

range of 99-108° when complexed to palladium and in between 104-116° when
coordinated to rhodium. However, some ligands have larger bite angles due to

their special diamine backbones. By comparison with structural X-ray data we

have been able to validate our semi-empirical PM3 calculations. The MM2
molecular mechanics modelling have shown that for the same diamine

backbone, R2 groups enlarge the natural bite angle when going from R2=Ph2,
'Pr2 or phosphites to R2=tBu2 which are more bulky. Some ligands have
natural bite angles within the range of 112-120° which has been shown to

favour ee coordination of the ligand to the metal centre giving in this way

higher selectivities for the linear aldehyde in rhodium catalysed

hydroformylation. Most of the ligands seem to be rigid (with flexibility ranges

of 23-40°). Competitive isomerisation followed by hydroformylation of the
initial alkenes does not, however, allow us to correlate the desired l:b ratios

with the bite angles.
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ABREVIATIONS

This list contains abbreviations which may be used in this thesis
without definition.

A Angstrom Unit, 1010 m
° degrees
°C degrees centigrade

P„ natural bite angle.

5 chemical shift.

X Tolman Electronic Parameter.

Ac acyl, -CH3.
acac r|2-acetylacetonate, [CH3C(0)CHC(0)CH3]-.
Ar aryl.
atm atmospheres
b branched

BDPAB 2,2 '-bis(diphenylphosphinoamino)-1,1 '-binaphthyl

beap N,N'-bis(diphenylphosphino)-N,N'-dibenzylethylenediamine
BINAP 2,2'-bis(diphenylphosphino)-1,1 '-binaphthyl.
BINOL l,l'-bi-2-naphthol
BISBI trans-2,2 '-Bis[(diphenylphosphino)methyl] -1,1 -biphenyl.
BisAMP N,N'-bis(diphenylphosphino)-N,N'-dimethyl-1,1 ',2,2'-

tetramethylethylenediamine

sBu sec-butyl, -CH(CH3)(CH3CH2)
lBu tert-butyl, -C(CH3)3.
Bz or Bzl benzyl, -CPhPh
CATS Catalytic Evaluation and Optimisation Services.
cm1 wavenumber

cod cycloocta-l,5-diene, C8H12

Cp cyclopentadienyl, C5H5-

Cp* pentamethylcyclopentadienyl, CsMes"

Cy cyclohexyl, -GsHn.

cyclam 1,4,8,11 -tetraazacyclotetradecane

cyclen 1,4,7,11-tetraazacyclododecane

^CpH} Carbon, proton decoupled
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dba dibenzylideneacetone, PhCHCHCOCHCHPh

DBPphos 1,8-bis(diphenylphosphino) dibenzofuran.
DCM dichloromethane, CH2CI2.

dcype di(cyclohexylphosphino)ethane, Cy2PCH2CH2PCy2

depe di(ethylphosphino)ethane, Et2PCH2CH2PEt2
DIOP (-)-2,3-0-Isopropylidene-2,3-dihydroxy-l,4-bis(diphenyl-

phosphino)butane
DMAD dimethylacetylenedicarboxylate
DMAP 4-dimethylaminopyridine
Dmba-H N,N'-dimethylbenzylamine

dmpm bis(dimethylphosphino)methane, Me2PCHoPMe2

dmpe bis(dimethylphosphino)ethane, Me2PCH2CH2PMe2
dmso dimethyl sulfoxide, (CPh^SO

DPEphos bis(2-(diphenylphosphino)phenyl)phenyl) ether.

dppa bis(diphenylphosphino)amine, Ph2PNHPPh2

dppb bis(diphenylphosphino)butane, Ph2PCH2CH2CH2CH2PPh2.

dppe bis(diphenylphosphino)ethane, Pl^PCPbCPbPPfu.

dppf 1,1 '-bis(diphenylphosphino)ferrocene.

dppm bis(diphenylphosphino)methane, PhiPCHjPPhz.

dppp bis(diphenylphosphino)propane, Ph2PCH2CH2CH2PPh2.
ea equatorial axial.
ee equatorial equatorial.

eq molar equivalent
Et ethyl, -C2H5
FAB fast atom bombardment

GC gas chromatography.
GCMS gas chromatography mass spectroscopy.

Hz Hertz, sec1

IR infra-red

J coupling constant, Hz
1 linear.

MABP (S)-6,6'-dimethyl-2,2'-bis(diphenylphosphinamino)biphenyl
Me methyl, -CH3

MeCN acetonitrile.

m/z mass-to-charge ratio
NMR nuclear magnetic resonance.
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Ph phenyl, -C6H5

pip piperidine, -N(CH2CH2CH2CH2)

ppm parts per million.
'Pr iso-propyl, -CH(CH3)2.

py pyridyl, -C5H4N

31P{!H} Phosphorus, proton decoupled.
RT or r.t. room temperature

Sixantphos 4,6-bis(diphenylphosphino)-10,10-dimethylphenoxasilin.
TADDOL a,a,a',a'-tetraphenyl-2,2'-dimethyl-1,3-dioxolane-4,5-

dimethanol

TBP trigonal bi-pyramid.
OTf triflate, CF3SO3-

thf or THF tetrahydrofuran, C4H8O

Thixantphos 2,8-dimethyl-4,6-bis(diphenylphosphino) phenoxathiin.
tht tetrahydrothiophene, C4H8S
TLC thin layer chromatography
TMEDA N,N,N',N'-tetramethylethylendiamine, Me2N(CH2CH2)NMe2
TPP triphenylphosphine, PI13P.
OTs tosilate, [l-S03-4-CH3-C6H4]-
VDW van der Waals radii, A

Xantphos 9,9-dimethyl-4,6-bis(diphenylphosphino) xanthene.
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CHAPTER I: Introduction Phosphorus Chemistry

CHAPTER 1 : INTRODUCTION PHOSPHORUS CHEMISTRY

1.1.- Introduction to the chemistry ofphosphine ligands.

The study of ligands containing phosphorus atoms has been of great

interest throughout inorganic and organic chemistry. These ligands have been
studied for the last three decades and have been found to be of considerable

interest due their wide range of applications in organometallic chemistry for
the development of industrial processes involving a great number of catalytic
reactions.

Among these compounds, tertiary mono and diphosphines,1-4 the most

widely studied, have been the bidentate phosphorus ligands such as

Ph2PCH2CH2PPh2 [bis(diphenylphosphino)ethane (dppe)], Ph2PCHjPPh2

[bis(diphenylphosphino)methane (dppm)] and their tetramethyl analogues
Me2PCH2CH2PMe2 [bis(dimethylphosphino)ethane (dmpe)], Me2PCH2PMe2

[bis(dimethylphosphino)methane (dmpm)] that were found to act as chelating
or bridging ligands (Figure l.l).5"11 Further investigations revealed that some

compounds analogous to dppm and dmpm could also behave as monodentate

ligands, binding to the metal through one phosphorus atom and leaving the
other one pendant or uncoordinated.12-15

bis(diphenylphosphino)ethane bis(diphenylphosphino)methane

(dppe) (dppm)

Figure 1.1 Tertiary Diphosphines.

Ligands with longer alkyl chains in between the two phosphorus atoms

have also been investigated. A few examples are Pl^PCfTjCFbCFLPPl^

(bis(diphenylphosphino)propane (dppp)],16-18 PfrjPCFbCFbCHbCFLPPl^

[bis(diphephylphosphino)butane (dppb)]19"21 and 'B^PfCTUJs-sP'B^. They act

as bidentate ligands which, in some cases, can co-ordinate to mutually trans

positions in square planar complexes (Figure 1.2.). 22'23
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Me^ Me Me^ Me
.. JP— ch2 ch2 —p ^p— ch9 _p MeMe IVIe Me 2

bis(dimethylphosphino)ethane bis(dimethylphosphino)methane

(dmpe) (dmpm)

Figure 1.2. Tertiary Diphosphines containing chains of-(CH2)n-( n> 2).

The alkyl chain backbone of these ligands has also been substituted by
aromatic spacer groups between the two donor atoms giving compounds such
as Ph2PCbH4PPh2 [l,4-phenylenebis(diphenylphosphine)]24"26 and

Me2PC&H4PMe2 [l,4-phenylenebis(dimethylphosphine)]27 among others (Figure

1.3).

[1,4-phenylenebis(diphenylphosphine)] [1,4-phenylenebis(dimethylphosphine)]

Figure 1.3. Tertiary Diphosphines with aromatic spacer group between the two P
atoms.

Compared with the vast body of data accumulated on ligands where the

phosphorus atom is linked by a carbon atom or chain, considerably less has

appeared for those ligands where the backbone of the molecule comprises a

heteroatom or group such as ligands containing P-N bonds. This is, perhaps,
because it has been assumed that this bond will be very labile, although the

phosphite ligands which contain a P-0 bond, have been extensively studied28.

Surprisingly little advantage had been taken of the ease of preparation of the
P-N bond containing compounds. Mono- and biphosphine ligands containing
P-N bonds are becoming more important and are being studied, as their P-C

analogues, for their potential properties in catalytic reactions as transition
metal complexes.29"35 For example Rh and Pt complexes of aminophosphines
have proved to be efficient catalysts for asymmetric hydrogenation and

hydroformylation reactions.36
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1.2.- Monoaminophosphines : Ligartds containing one P-N bond, R2N-PX.

Studies of monophosphines containing one P-N bond started in the late
1960's with emphasis on the kinetic and NMR properties that these ligands
exhibit.

In 1968 Imberly and Friebolin studied the kinetic properties of a large
number of aminophosphines by NMR and it was shown that at room

temperature the nitrogen-inversion was fast but the phosphorus-inversion was

slow. At higher temperatures (+80°C) they found that, in aminophosphines of
the type (Me)2N-P(Ph)Cl, there was a fast chlorine exchange so an inversion of

configuration at the phosphorus took place. At low temperatures (-80°C) a

dependence of the barrier of rotation upon the size of the substituents was

observed and the rotation around the P-N bond was slow. Presumably the ptr-

drt bonding was in part responsible for the high barrier to rotation found when

comparing ligands derived from hydrazine with the analogous derivatives of
ethane.37 The same year Schmidpeter and Brecht investigated the 31P-NMR

properties of all members of the series LnPh3-nPY and n-Bu3PY (L = Me2N, MeO;
n = 0,1, 2, 3; Y = O, S, Se) by converting them to the methylchalcogeno-

phosphonium ions [LnPh3.nPYMe]+ and [n-Bu3PYMe]+ respectively and found
both positive and negative 31P chemical shift values. The shifts depend on Y
and n, increasing approximately linearly with n and being the most negative
for Y = O. It was suggested that Y on methylation decreases and L increases
the shielding of P by altering their (p—»d)7r electron contributions. JH-NMR and
IR techniques were also used to complete the study.38 Continuing with the
NMR studies, Yoder and co-workers investigated the coupling constants

(Hz) as a probe of the nature of the bonding in group V amines (e.g Me2PNMe2
and P[NMe2]3 and to elucidate the effect of various substituents on some group

IV and V amines (e.g PhoPNMe2 and Cl2PNMe2).39 They concluded that the

magnitude of methyl 13C-H coupling constants in compounds of the type X-

CH3 depends on the effective electronegativity of X in a way that the greater

the effective electronegativity of X, the greater the coupling constant. Two
factors determine the effective electronegativity of nitrogen in amines of the

type M-NMe2, firstly it depends on the a-electronegativity of M and secondly it
is subject to the extent of n interaction between N and M (the greater the
extent of n interaction the greater the effective electronegativity of N). The
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effective electronegativity of nitrogen in group V amines suggest the ^-acceptor

order P>N>As>Sb. Although all electronegativity scales agree that nitrogen is

considerably more electronegative than phosphorus, P>N demonstrates a

considerable it interaction between N and P. The authors also concluded that a

small effect was produced by the substitution of a dimethylamino group for a

methyl group due the n electron release to the central atom. A decade later,

Buchanan and Preusser40 synthesised a series of related 4-alkyl- and 4-aryl-

substituted-l-dimethylphosphonopiperazine derivatives, which are interesting

compounds as potential insecticides, and recorded their 13C and 15N spectra

providing in this way a useful tool for future comparison with related
molecules. They noticed that the carbon (C-2) shifts (C-C-N-P) are insensitive
to remote substitution and that the magnitudes of 2J(PNC) and 3J(PNCC) were

very similar, meaning a large degree of nitrogen lone-pair derealization into
the N-P bond. During the same period of time, Krannich and co-workers41

investigated the multinuclear NMR spectral data for an homologous series of

tertiary phosphines, R3-nP(NMe2)n, aminophosphonium ions, [R3PNR'R"]+, and

phosphonium ions, [R4-nPMen]+, where R = Me, Et, n-Pr and Ph, R' and/or R" =

H, Me and n = 0 and 1. The authors found that the 31P chemical shift

increases (A5P is positive) when quaternization by alkylation or when
chloramination occurs. Other parameters appeared to be affected as well; the
13C chemical shift decreases (A8P is negative) for all carbons as well as does

2J(PC) whilst iJ(PC), 3J(PC), 3J(PNCH) and 2J(PCH) all increase. When the Me2N

group was substituted for an alkyl or aryl group, the 31P chemical shift and the

magnitude of MfPC) increased.
In 1970, A. H. Cowley and co-workers42 used NMR techniques to

investigate the stereochemistry of trivalent nitrogen attached to phosphorus,
in particular, the study was centred in the identification of the rate-

determining stereochemical processes, assessment of the conformational

preferences at low temperatures (40 to -150°), and evaluation of the various
factors which could affect the magnitudes of the rotational or inversional
barriers. Due to the presence of a lone pair of electrons on both phosphorus
and nitrogen atoms, the potential stereochemical processes include rotation
around the phosphorus-nitrogen bond and pyramidal inversions at both

nitrogen and phosphorus. Which process is the rate determining step in
isomerisation reactions is not obvious because barriers to nitrogen inversion
can vary over a wide range and can be raised by the presence of a heteroatom
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that binds directly with the nitrogen or could be reduced when there is the

possibility of a prr-dTr interaction. They concluded that the P-N bond torsion

was the rate-controlling feature for acyclic, symmetrically substituted and
other aminophosphines. Consistently, they could not find a nitrogen
inversional barrier in 2,2-dimethyl-l-diphenylphosphinoaziridine down to -

150°. The authors also attempted to assess the influence of steric effects, lone

pair-lone pair repulsions and p7t-d7t bonding in maintaining the preferred

geometry determined by the torsion barriers. It was found that, even at -80°,

the symmetrical aminophosphines (R2NPX2) were undergoing rapid P-N bond
rotation and that the R groups became inequivalent below -120°, so they
concluded that the gauche-type conformation is adopted at low temperatures.

Mathis and Lafaille43 investigated the chemistry of some

aminophosphines, where the phosphorus was trivalent, using infrared

spectroscopy and they observed that the stretching frequency vpn varies

considerably (790-1010 cm1) and seems to manifest a relation with the

possibility of conjugative resonance of the nitrogen lone pair with the vacant

'd' orbitals of the phosphorus atoms. If the nitrogen atom is part of an

unsaturated ring, low frequencies appeared and this effect was noticed to be
more important than the possible substituents on the phosphorus atom. The
effect of the substituents on the phosphorus depends on 1) the inductive effect
so that electronegative substituents lower the energy of the phosphorus 'd'

orbital and help the 7t-bonding with the nitrogen, and on 2) the possibility of
the conjugation of the substituents with the phosphorus atoms as well, which
can difficult the return of the nitrogen lone pair. They also correlated the IR

results with the rotation barrier of the nitrogen-phosphorus bond determined

using NMR studies. They explained the results by nitrogen-phosphorus orbital

overlapping discussions. Eight years later, Mathis, Zenati, Ayed and

Sanchez,44 used IR spectroscopy to estimate the lone pair basicity of a nitrogen
atom on aminophosphanes (>P-N-) and iminophosphanes (PM=N-R). They
deduced that the basicity of nitrogen in iminophosphanes was more important
than in aminophosphanes when identical substituents were placed on the

phosphorus atom. This study was carried out by measuring the decrease of

Avx-h between the vx-h (X = O or N) when the X-H was hydrogen bonded

(P=N...H-X; P-N...H-X) and the free absorption vx-h of the same compound.
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In 1974 Osokin, Safin and Nuretdinov45 studied the electronic effects in

amides of trivalent phosphorus acids such as ClP[NMe2]2, PhOP[NMe2]3,

PhP[NMe2]2, PhP(NMe2]2, MeP[NMe2]2, Cl2PNMe2, (MeO)2PNMe2 and

(C2H5)2PNMe2, by 14N and 35C1 NQR spectroscopy. They had previously
concluded that electron donating substituents on a phosphorus atom, such as

dialkylamino groups, decreased the 35C1 NQR frequency in these type of

compounds. They studied the changes in the electron density at the nitrogen
atom by the local electrical field gradient at the 14N nuclei, which depends on

the contribution of the unshared pair of electrons of the nitrogen atom

(polarity of the P-N bond).45 They extended these studies to amides of P(III)
acids. Because of the small change shown in the asymmetry parameter they
concluded that the polarity of the P-N bond in this series depended little on

the inductive effect of the substituents. Changing from tetrahedral to trigonal
conformation should induce an increase in the p character of the N lone pair
orbital and this should increase the QCC (quadrupole coupling constant) in
amides compared to amines. Because the QCC results for amides did not show
a considerable change respect to the amine series, they concluded that the
lone pair of the nitrogen in amides was taking part in the formation of a

multiple bond with the phosphorus atom instead. 14N NQR results suggested
that the lone pair on N is not involved in any donor-acceptor interaction. The
EN (electronegativity) studies demonstrated that the polarity, so the

population of the orbitals of C-N bond in the amides of P(III) acids are similar
to those of the orbital of the N-H bond in aliphatic amines. The chlorine as a

substituent on the phosphorus atom, has a great influence on the population
of the orbital of the N lone pair, manifesting an inductive effect because of the
decrease in the population of the orbitals of the N-P a bond.

Ishmaeva and co-workers46 used dipole moments (DM) to study the

polarity of the P-N bond in unsymmetrical phosphorus amides and observed
that the polarity of the P-N bond depends on the valence state of the

phosphorus atoms and the nature of the substituents attached to both atoms

(i.e. insertion of CI increased the DM).
The insertion of different sulfur molecules such as S0247 and CX248'49 (X

= O, S) into the P-N bond of a wide range of monoaminophosphines was

studied by several researchers. Moore and Yoder50 also investigated the
insertion of carbon oxysulfide (COS) into some amides (RnMNR2, R = Me, Ph) of

germanium, phosphorus and arsenic and determined the free energies of
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activation for rotation about the carbonyl-nitrogen bond (Figure 1.4). This

study was of particular interest since the reaction of unsymmetrical molecules
with these amides could yield possible structural isomerism. COS is an

attractive molecule for these studies due to the presence of both hard and soft
atoms of the same periodic group which could insert with either oxygen or

sulfur attached to the metalloid depending on the hard and soft
characteristics of M. The authors attempted the insertion reaction with some

monoaminophosphines RaPNfCHa) (R = CH3 (I), CI (II), CeHs (III)) among other
amides. The insertion proceeded exothermically with I and did not occur with
II apparently because an increase in the hardness of the organometalloid

group makes the production of the M-S isomer less favourable yet does not

sufficiently enhance the production of M-0 isomer to allow its isolation. They
used IR technique to determine the direction of insertion and since the
insertion products showed absorption in the carbonyl region, they concluded
that the insertion gave M-S isomers. Using NMR techniques they
demonstrated the apparent hindered rotation about the carbonyl-nitrogen
bond which produced magnetically non-equivalent N-alkyl groups.

Figure 1.4. Direction of COS insertion in some organometallic amines.

The monoaminophosphines have also been used to perform different
reactions with the aim of obtaining functionalised derivatives which might
exhibit a wide range of properties and applications. Scherer and Schieder51
carried out the oxidation of aminophosphines (as [MesC]2P-NH-Me) by

trimethylsilyl azide (MesSiNs) and obtained N-silylated aminophosphinimines

(as [Me3C]2P(=NSiMe3)(NHMe)), which can be alcoholized (by reaction with

MeOH), metalated (by reaction with MesMCl) and transformed into a wide

range of substituted N- and lV,l\F-organometallic aminophosphinimines such as

[Me3C]2P[=N-MMe3](NHR) (R = H, Me); [Me3C]2P[=N-MMe3](NRM'Me3) (R = H, Me)
and [Me3C]2P[=N-MMe3](NMe3) (M = M' = Si, Ge, Sn). A year later Koketsu and

S

RnMNR2+ COS

O
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co-workers52 reacted P-N compounds (lV)]V-dialkyl-diphenylphosphinous
amides as Ph2PNMe2 or diphenyl dialkylphosphoramidites as (PhO)2PNR2
where R = Me or Et) with alkylating reagents such as alkyl benzenesulfonates

(PhS020R where R = Me or Et) and dialkyl sulfates (S02(OR)2 where R = Me or

Et) yielding phosphonium salts that gave phosphine oxide,
benzenesulfonamides or polymeric materials when heated at 100°C for 5-10
hours. In these reactions, the P-N compound behaved as an ambident reagent

because 1) the reaction could take place at the phosphorus centre, the P being
a base, when soft acids (electrophilic reagents) were used as reagent partners

(which was the subject of Koketsu et al52 work) or 2) as the nitrogen base and
the phosphorus atom attack when hard acids such as estercarbonyl

compounds are used as a reagents (previous studies- reference 52 and

therein) (Figure 1.5).

1) R2PNR'2 + PhOCN —^ [R2P+(NR2)(OPh)][CN"] ■ ^R2POPh + R'2NCN

h° k°\
2) R2PNR'2 + f )=o —^ f >=o ^ R2POCH2CH2OC(0)NR'2

O O NR'2
PR2 R, R' = alkyl groups

Figure 1.5. Reaction ofP-N compounds with soft (1) and hard (2) acids.

The same authors studied the reaction of

(diethylamino)dialkylphosphine with ethylene carbonate and performed kinetic
studies using IR spectra, monitoring the decrease in the amount of ethylene
carbonate (Figure 1.6).53 They concluded that the rates varied according to the

type of alkyl substituents on the phosphorus atom (secondary alkyl>primary

alkyl>methyl), which acts as an electrophilic site accepting an electron pair
from the ester atom of the ethylene carbonate. The electrophilicity is affected

by the hyperconjugation effect of the substituents.
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o

r2mnr'2 + )=o ^ r2m-och2ch2ocnr2
■o

M = P, As, Sb
R, R' = alkyl groups

0

o

Figure 1.6. Reaction of aminophosphines with ethylene carbonate.

Cristau and co-workers54 arylated aminophosphines to

aminophosphonium salts (Figure 1.7) through a versatile two-step method
which avoided problems such as limitations in the choice of reagents or

difficulties in the purification of the products, which are encountered using
other methods.

Figure 1.7. Two-step arylation of aminophosphines to obtain aminophosphonium
salts.

The synthesis of compounds of the type R2P-NR2 was first described in

1961, when Sisler and Smith55 synthesised several new TV-substituted

aminodiphenylphosphines and their sulfur derivatives (Figure 1.8). Their

synthetic work is of general interest for comparison with other compounds.

They obtained IR data for all the new compounds with v(P-N) in the 870-750
cm1 region and all the sulfides showed an extra absorption band at

approximately 715 cm1 for v(P-S). The new aminophosphines were prepared

by one of two procedures: a) aminolization of PI12PCI with the aliphatic or

aromatic amines, or b) the amine was converted first to the corresponding
sodium amide and then reacted with Pfi2PCl.

A) R2NH + Ph2PCI Ph2P-NR2 PhBr / NiBr2 Ph3P+-NR2 Br

B) Li[N(C2H5)Ph] + PhPCI2 (C6H5)3.nP[N(C2H5)2]
+ c6h5-x

'2 '5/2-1 n (C6H5UnP+[N(C2H5)2]nX

- 34 -



CHAPTER I: Introduction Phosphorus Chemistry

t-C4H9NHP(C6H5)2

2,6-(C2H5)2C6H3NHP(C6H5)2

(CH2=CHCH2)2N-P(C6Hs)2

Figure 1.8. New aminophosphines.

Ten years later Atkinson and Smith56 performed reaction of

(dialkylamino)diphenylphosphines (R2NPPI12; R = Me, Et, Pr, Bu) with

[Mo(CO)e] and [(CzHaJMofCO)^, aiming to study the possible dinuclear

molybdenum complexes with both phosphorus and nitrogen as bridging ligand

atoms, since there were relatively few reports of reactions between metal

carbonyls and tri-covalent phosphorus derivatives containing a P-N bond.

However, the reactions yielded only phosphorus-bridged derivatives due to

cleavage of the P-N bond at the high reaction temperatures. By IR

spectroscopy they showed that the ability of phosphorus to accept electrons
from the metal was not affected by bonding to nitrogen because no reduction
of the carbonyl frequency (which is sensitive to 7r-bonding) in

[(R2NPPh2)xMo(CO)y] (x=l, y=5; x=2, y=4) compared to [(Ph3P)xMo(CO)y]
derivatives due to p^-d,, electron derealization, was observed. Warner and co¬

workers57 studied the synthesis of diethyl IV-dodecylphosphoramidate

compounds (Figure 1.9) and their activity as a potential inhibitors of dental

plaque. They found inactive compounds when lengthening the chain of the N
substituent and when preparing diphenylesters.

(C6H5)2NP(C6H5)2

<^VP(C6H5)2

o 1. Et3N, CCI4 o
2. R1R2NH2

HP(OR)2 *- R1RtNHP(OR)2
cci4

R = C2H5, C6H5, CH2C6H5
R1 = H , R2 = C6H5, n-C14H29, n-C12H25, cyclohexyl

Figure 1.9. Synthetic path for N-d.odecylphosphoramid.ate analogues.

Palladium(II) complexes of benzylphosphorus ligands were investigated

by Verstuyft and co-workers58 since there was considerable interest in

complexes of sterically hindered phosphines because they undergo "internal-,
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cyclo-, or ortho-metallation" reactions. They are very good catalysts for

homogeneous hydrogenations and isomerizations of unsaturated organic
substrates at ambient temperature and pressure. A good metal candidate for
this purpose was palladium because the greater lability of the palladium (II)

complexes compared to the platinum (II) complexes, as illustrated by the

appearance of both cis- and trans- isomers in solution in the case of the

palladium (II) complexes. Moreover, the palladium (II) complexes often

spontaneously isomerize at measurable rates. The palladium and platinum

complexes were studied in detail by 1H, ^CfH}, 31P {iH} NMR and electronic

spectroscopy, to elucidate their geometry in solution and in the solid state,

and tested in catalysed isomerizations. The results were enhanced by

conductivity studies and investigation of the photochemical behaviour of the
azide complexes. Most of the chloride complexes were trans in solution and

probably trans in the solid state as well. Geometric isomerism did not occur

and none of the chloride complexes were found to be photosensitive in solution

(Figure 1.10).

L2MX2 complexes where L = Tertiary phosphine
R3P as :

(Bzl2N)3P

(Bzl2N)2PPh

(Bzl2N)PPh2

X2= monodentate uninegative
anion as N3, CI

M = Pd or Pt

Figure 1.10. Palladium(II) and platinum(II) complexes of benzylphosphorus

ligands.

Brunner and Hammer59 investigated the BF3-promoted stereospecific
insertion of carbon monoxide into the metal-carbon a bonds of optically active

[CpFe(CO)(CH3)L] where L = PPh2N(CH2Ph)-(S)-CHMePh (Figure 1.11). The
overall stereochemistry demonstrated was : the acetyl group ended up where
the carbonyl ligand was bonded and the incoming carbonyl ligand occupied
the position of the former methyl group.
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Figure 1.11. Ligands used in the carbon monoxide insertion.

Some amides of phosphoric and thiophosphoric acid were synthesised

(Figure 1.12) and their radioprotective properties50 evaluated. Many nitrogen-

containing compounds have shown good radio-protective properties. The

radioprotective activity (RPA) depends on both the amide and the acid parts of
the molecule and it was found to be very high for thiophosphoryl and butyryl
derivatives of cyclohexylamine while the phosphoric acid cyclohexylamide was

much less active. The amine itself and its salts did not display appreciable
RPA. For the synthesis of the new amides they successfully used intermediate

bis(silyl) ethers for the synthesis of difficult-to-obtain amides of phosphoric
and thiophosphoric acids.

(MeO)2P(=X)NR2 (Me3SiO)2P(=X)NR2 (NaO)2P(=X)NR2

NR2 = piperidine, cyclohexylamino
X = O, S

Figure 1.12. Synthesis of amides ofphosphoric and thiophosphoric acids.

Nifantyev and co-workers61 obtained pure salts of tetrafluoroboric acid
with aminophosphines (Figure 1.13). It was concluded that the protonation
occurred at the phosphorus atom by means of NMR and X-ray techniques.
None of the aminophosphonium salts prepared could phosphoiylate

nucleophiles but the presence of some bases that turned the phosphonium
salts into H-complexes facilitated the phosphorylation. The aminophosphine

ligands were obtained by a) reaction of lithium diethylamine with di(t-

butyl)chlorophosphine in hexane/thf or b) reaction of di(t-

butyl)chlorophosphine with potassium pyrrolide in toluene, in both cases, at

20°C for 12 h.
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^P-NR'2 + HBF4 R/PCH BF4~
r R >1R2

R = !Bu; R' = Et; NR'2 = i/J]

Figure 1.13. Protonation of aminophosphines.

Pyridylaminophosphines have been investigated by different researchers

(Figure 1.14) and their coordination behaviour studied in detail through the

years. Because of the presence of several potential coordination atoms, their
coordination chemistry was found to be quite interesting, with some of the

ligands acting as a bidentate and others even as a tridentate chelating

ligands.62'63.64

Figure 1.14. Pyridylaminophosphine ligands.

More recent studies have been carried out on monoaminophosphines.
The new ligands o-Ph.2PN(H)C6H4X (X = C(0)Me, C(O)Ph) were successfully

synthesised by reaction of PI12PCI and 0-H2NC6H4X.65 A small 2J(PH) coupling
was observed in the ]H NMR suggested that the ligands were monosubstituted.
The P(V) compound, o-Ph2P(0)N(H)C6H4C(0)CH3, was obtained by oxidation of

o-Ph2PN(H)C6H4C(0)CH3 with 30% aqueous hydrogen peroxide. To achieve the
orthometallation of the phosphinoamine ligands with late transition metals (Pt
and Rh), the new ligands were reacted, in a first stage, with [Pt(CH3)2(cod)] and

[|RhCl2(Cp*)}2] to give the precursor complexes, cis-[Pt(CH3)i{o-
PlwPN (H) C6H4C(0) CFh-f-^] and [RhCl2(Cp*){o-Ph2PN(H)(^H4C(0)Ph-.F}]. The
orthometallated compounds [Pt{o-Ph2PN(H)C6H3C(0)CH3-P,C}2] and

[RhCl(Cp*){o-Ph2PN(H)C6H3C(0)Ph-P,Q] were then formed, by thermal
activation of the C-H bond by refluxing in xylene for 24-48 h. The platinacycle
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appeared as a mixture of both czs and trans isomers as was demonstrated by
31P and NMR spectroscopy. Furthermore, IR studies showed the absence of

any carbonyl interaction with the platinum centre. The platinum(II) centre was

approximately square-planar with two chelating orthometallated ligands

arranged in a cis geometry. The rhodium orthometallated complex had a

classic three-legged piano stool geometry where the rhodium (III) centre is
coordinated to a r|5 Cp*, one chloride and a q2 [o-Ph2PN(H)C6H3C(0)Ph-P,C]-
orthometallated ligand. By using phosphinoamine ligands, R2PN(H)R (R = aryl

substituent), they achieved the first example of cyclometallated M-P-N-C-C

compounds (Figure 1.15).

Braunstcin and co-workersbb studied the coordination properties of new

acetamide-derived P,0 phosphine ligands, Ph2PNHC(0)Me and

Ph2PN(Me)C(0)Me, which behaved as rigid and/or hemilabile P,0 chelates with

Pd(II). The new ligand Ph2PNHC(0)Me was prepared by condensation of N-

trimethylsilylacetamide with PI12PCI in toluene at 60°C. They isolated this

compound which had been studied before by Woollins et al. who performed the
in situ reaction of this compound with sulfur. This approach is related to that
described by Schmutzler et al67 for the preparation of urea and thiourea

phosphine derivatives. A tautomeric equilibrium between the acetamido and
the iminol forms was manifested by the appearance of two signals in the 31P
NMR spectroscopy. This did not occur for the corresponding IV-methyl

derivative, which could be prepared from MesSiN(Me)C(0)Me and PI12PCI in

Figure 1.15. Orthometallation offunctionalised phosphinoamines.
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CH2CI2 at room temperature. The complex [(dmba)PdCl{PPh.2NHC(0)Me}] was

obtained by reaction of the corresponding ligand with [Pd(dmba)(p-Cl)]2 (dmba-
H = !V,lV-dimethylbenzylamine). The broad 31P NMR signal, suggested dynamic
behaviour in solution. This was rationalised in terms of an equilibrium

resulting from the hemilability of the coordinated ligand. By addition of

AgjOaSCFa) the equilibrium was shifted towards the cationic species,

[(dmba)Pd{PPh2NHC(0)Me}[03SCF3]. When those reactions were attempted with
the IV-methyl derivative, the results were clearly different as the complex

[(dmba)PdCl(PPh2N(Me)C(0)Me}] did not manifest any equilibrium process and
it became a cationic species only when Ag(C>3SCF3) was added, yielding

[(dmba)Pd{PPh2N(Me)C(0)Me}[03SCF3] in which the amide oxygen atom is
coordinated to the Pd centre. By reaction of the new ligands with

[PdCl(Me)(cod)j (cod = 1,5-cyclooctadiene) and Tl[PFe] in acetonitrile, the
authors generated more cationic Pd(II) complexes where the ligands act as

hemilabile ligands, binding the Pd centre through P and O atoms. These
cationic complexes can react with Pti2PCH2C(0)R, e.g.

[PdMe{PPh2NHC(0)Me}{PPh2CH2C(0)R}][PF6]. The added P,0 phosphine behaves
as a monodentate ligand and Ph2PNHC(0)Me remains chelated to the Pd
centre. The higher chelating ability of Ph2PN(Me)C(0)Me compared to

Ph2PNHC(0)Me was thus confirmed (Figure 1.16). When both acetamido
derived phosphine ligands are present in the same complex, Ph2PN(Me)C(0)Me
is preferred over Ph2PNHC(0)Me as the chelate, but a ligand redistribution
occurs in solution. Carbonylation of the cationic complexes afforded the

corresponding acetyl complexes, in which the acyl ligand occupies a position
cis to phosphorus, irrespective of the position of the alkyl ligand in the

precursor complex.

- 40 -



CHAPTER I: Introduction Phosphorus Chemistry

Figure 1.16. Coordination properties ofhemilabile acetamide-derived P,0

phosphine ligands.

The same year Burrows and co-workers investigated the preparation of
some amine-functionalised aminophosphines Ph2PN(R)CH2CH2NMe2 along
with their reversible coordination to platinum and their use in heteronuclear
dimer formation.68 They prepared two new ligands, Ph2PN(H)CH2CH9NMe2 from
reaction of PPI12CI with NHRCPhCPpNIV^ in the presence of the base n-

butyllithium which afforded the ligand without contamination (whereas the
use of EtsN did not allow the isolation of the pure ligand) and the ligand

Ph2PN(Me)CH2CH2NMe2, which was prepared in the same way but using EtyN,
that afforded the clean product. The reaction of 2 equivalents of

Ph2PN(H)CH2CH2NMe2 with [PtCh(cod)] in dichloromethane gave CTS-fPtCkl^] (L
= Ph2PN(H)CH2CH2NMe2) which was shown to be fluxional with one of the
amine groups reversibly coordinating to displace a chloride, one ligand
coordinated only through P whilst the other was bidentate with P,N-

coordination. When those results are compared with the observations made

previously for Pt^PNCHhCHhCPENM^ which did not show fluxionality and

Ph2PNCH2CH2NMe2, which formed only cis-[PtCl(L-P)(L-P,iV)]Cl, they concluded
the differences were related to the relative stability of 6- and 5- membered
chelate rings. This conclusion was supported by the species formed when
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reacting cis- [PtChl^] with Tl[PFa], for the ligand Ph.2PN(H)CH2CH2NMe2, where
the removal of the chloride anion prevented the fluxional process. The reaction
of 2 equivalents of Ph2PN(Me)CH2CH2NMe2 with [PtCl2(cod)] in dichloromethane

gives the complex cis-[PtCl2(L-P,lV)] (L = Ph2PN(Me)CH2CH2NMe2) in which

Ph2PN(Me)CH2CH2NMe2 acts as a bidentate ligand suggesting the ease of
formation of a 6-membered chelate ring in which the phosphorus atom is
bonded to an sp2 hybridised nitrogen atom as opposed to an sp3 hybridised
carbon atom. Ph2PN(Me)CH2CH2NMe2 reacts with 1) [{Pt(dmba)(p-Cl)}2] to give

[Pt(dmba)Cl(L)j which exists as a mixture of the two geometric isomers and
which gives, when reacting with T1[PF6], [Pt(dmba)(L-P,fV)]~[PF6] as a single
isomer in which the phosphorus atom is trans to the nitrogen atom of N,N-

dimethylbenzylamine; and 2) CoC12 6H20 and ZnCl2 to give cis-[(L-P,lV)ClPt(p-

LJMCh] (M = Co or Zn), which does not show metal-metal interactions between
the platinum and cobalt centres when M = Co (Figure 1.17).

Figure 1.17. Coordination behaviour of some amine-functionalised

aminophosphines.

1.3.- Diphosphines : Ligands containing two P-N bonds.

Diphosphines of the general type R2PN(X)PR2 (diphosphinoamines)69"77
and the less studied R2PN(X)N(X)PR2 (diphosphinohydrazines)78"83 were X could
be hydrogen, an alkyl or an aryl group have been prepared. These are
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interesting because of the variety of both phosphorus and nitrogen
substituents that can be used (Figure 1.18.).

X XX
I I I

/l\L N-N
PRP >R2 PR/ >R2

Diphosphinoamine Diphosphinohydrazine

X : H, alkyl or aryl group

Figure 1.18. Diphosphinoamines and Diphosphinohydrazines.

1.3.1- Ligands containing one N atom and two P atoms., R2P-NX-PR2,

R2PC6H4NPR2, R2P-O-NR-PR2.

Bis(diphenylphosphino)amine, Ph2PNHPPh.2 (dppa),84 isoelectronic with

dppm presents a similar coordinative versatility although there are differences
in their reactivities in part due the presence of a nitrogen atom and its acidic
amine proton (Figure 1.19.). Dppa acts as a chelating ligand with transition
metals. By sequential reaction, both phosphorus (III) nuclei can be oxidised

(using i.e. hydrogen peroxide, sulfur or selenium) leading to its chalcogen
derivatives which can contain one or two phosphorus (V) atoms. The

chalcogens can be the same or different providing a wide set of possible

ligands.85-88

? H2

Ph2P PPh2 Ph2P^ PPh2

dPPa dppm

Figure 1.19. Dppa and dppm.

Their co-ordination chemistry has been widely studied towards a great

number of transition metals.85-89 The monochalcogen ligands can act as

monodentate ligands90-92 with the subsequent possibility of deprotonation and
formation of a new range of bidentate93-94 complexes. Monochalcogen ligands
when containing a tertiary nitrogen, show bidentate behaviour.95 The
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dichalcogen ligands appear to act as bidentate ligands,96-104 and their salts
often display cross-co-ordination producing interesting three dimensional
structures105"110 (Figure 1.20).

E=PPh,
/ \ 2

1\ N
\ /

E=PPh0

M : Mo, Pt, Pd, Au
neutral chelating ligand

PPh,

M
NX

I
:PPh,

E : S or Se

X : Ph

M : Mo, Rh, Pt, Pd

neutral chelating
ligand

Unidentate

Complexes
E : O
X H
M

Pd Pt Au Chelatin9 anion
KO'Bu (salts)

Bidentate Complexes

Figure 1.20. Oxidation and Coordination Chemistry ofDppa.

There are only a few examples of unsymmetrical di-tertiary phosphine

ligands of the type of o-R2PCeH4(X)PR2 (Figure 1.21). Davis and Mann

reported111 the first P-C bond containing diphosphinoamine with this skeleton
and were followed by Abicht112 and Issleib. Later, Schmutzler et a/113 prepared
a series of P-C bond containing diphosphines with o-CgFLO spacer groups

using various phosphorus halides. Pringle et aZ114>115 reported a chiral
bidentate phosphine-phosphite together with a chiral phosphine-triphosphite
that was found to act as a tetradentate ligand and Heinicke and co-workers116
described the synthesis of a number of unsymmetrical phosphine-

phosphinites. Finally some examples have appeared where the phosphorus
atom of the above type of compounds was linked to a nitrogen atom giving

diphosphinoamine ligands. Two examples of this type with an o-CeH4N(Me)
backbone were synthesised by Heinicke and co-workers117 by treatment of N-

methyl-o-bromoaniline with n-butyllithium and subsequent addition of R2PCI.
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The phosphine-triaminophosphine species was reported by Mazieres and

Rauzy118-119 as a reaction intermediate in the production of 1,2,3-

benzazadiphosphole (Figure 1.21).

pr2 pr2

x : CR2i NR, o

PEt2 PEt2

.Me
N

I
P(NMe2)2

P(NMe2)2

Figure 1.21. Di-tertiary phosphine ligands of the type of RyPCoHj(X)PR2 with an

ortho substituent.

Aucott studied R2PN(X)PR2 compounds and their chalcogen derivatives

finding that this ligand presented three distinct modes of co-ordination, as a

bidentate chelating ligand, a bidentate bridging ligand and a monodentate

PI12PNH bound ligand using a variety of transition metals (Figure 1.22). 12°-121

H202 or

PPh,

E : O, S or Se

N\ %
uf

/ CI

S or Se

NH,

PPh,

M : chloro-bridged
transition metal dimers

M : Pt, Mo

Figure 1.22. Oxidation and Coordination Chemistry of TduPNTI(C(,H/r)PPly.

Chiral amino-phosphinite and aminophosphine-phosphite type ligands
were synthesised (Figure 1.23).122 The greater nucleophilicity of the hydroxy
over the amine or the amino functions, allowed the selective synthesis of the
so called mixed aminophosphine-phosphinites where the two phosphorus
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nuclei have different R groups because different chlorophosphines could be
used in two additional steps. The symmetrical amino-phosphosphinite was

also isolated by the addition of two equivalents of the same chlorophosphine.
Due to the wide variety of natural chiral amino-alcohols and precursors to

chiral alcohols aminophosphine-phosphinites with veiy different electronic
and steric properties have been obtained and their co-ordination chemistry
well studied with a wide range of transition metals (nickel,123-131 •152

palladium,132-135 platinum,136-139 rhodium140-151). They show interesting

catalytic applications.

Figure 1.23. Amino-phosphinite and aminophosphine-phosphinite type ligands.
*Denotes chirality.

1.3.2- Ligands containing two N atoms and two P atoms.

1.3.2.1- Urea, thiourea and hydrazine diphosphine derivatives,

R2PN(X)N(X)PR2.

Ureas and thioureas have been used to synthesise compounds with the

R2PN(X)N(X)PR2 skeleton. These ligands appear to be interesting as a result of
their economically viable production and because, chemically, they offer a

wide range of electronic and steric properties due the ease of variation of the
substituents. Furthermore, they contain a sulfur or oxygen atom which can

provide a site capable of further modification (Figure 1.24). The first of these

compounds was reported in the mid 1960's by condensation of isocyanates
with diphenylphosphinic amide or via phosphorus-substituted
carbodiimides.154'155 Two decades later, the use of silylated starting materials
as a new precursor for their synthesis was reported by Schmutzler. This new

approach gave numerous diphosphine derivatives of urea.156-160. 67 Schmutzler
and co-workers used another diphosphine derivatives, F2PCI, for the synthesis
of a new range of urea derivatives containing N,N'-dialkyl diphosphines.160

R R

Symmetrical mixed
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Later Woollins described the synthesis of {Ph2PN(H)}2CO via the reaction of

chlorodiphenylphosphine with N,N'-bis(trimethylsilyl)urea and their oxidation
to chalcogen derivatives using hydrogen peroxide, sulfur or selenium.161 Co¬
ordination studies of those ligands with a wide range of transition metals
showed that when F2PCI or PI12PCI are used, the ligands behaved in a

bidentate chelating mode.160-162-67 However, when different substituents (Ph
and T3u) on P were used, the co-ordination behaviour towards the transition
metals was different displaying a wider range of co-ordination modes, where
not only phosphorus atoms participate in the chelation with the metal atom

(Figure 1.24).67 After the unsuccessful attempt of Schmutzler163 to obtain the

diphosphine substituted thiourea, Bhattacharyya et aZ161-164.165 succeeded in
this aim by introducing small changes to the previous approach such as using
room temperature and shortening the time of the reaction of thiourea with

diphenylphosphinechloride in the presence of Et^N. Unlike the urea

compound, Schmutzler166-168 was more successful in obtaining mono- and bis-
substituted derivatives of thioureas with one or two equivalents of different

chlorophosphines as well as some unsymmetrical derivatives. The co¬

ordination chemistry of these ligands has been studied and shows a

preference for the chelation (P,P) or bis-chelation mode (P,P;,0)164'165 (Figure

1.24).

Ph7P-N—n—N-PPh,2 I II I 2
R E R

E ; o / R : Me, Et \ E : S
(Urea derivatives) / \ (Thiourea derivatives)

O S

R2PS A .PR2 ph2p. A .pph2
N N N N
H H H H ' ^

R : F or Ph \ Bidentate Ligands
R : Ph and lBu (P,S or S,S coordination)

Me Me
I

Ph\ /N\/N\ /Ph
p\ Y ?

BuV Ph tBu 'Ph M~° ,Bu
M : Cr, Mo, W

Figure 1.24. Urea and Thiourea Diphosphine Derivatives, their Oxidation and
Coordination Chemistry.
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More recently, Wainwright extended the work of Woollins and
Schumutzler and studied the synthesis of diphosphine derivatives of dialkyl
ureas and thioureas, finding another possible pathway to this type of

compounds by reacting N,N'-dimethylurea or N,N'-diethylthiourea with two

equivalents of PI12PCI in the presence of EtsN.170 They found that the
derivatives of dialkyl ureas act as P,P' chelates and form six- membered rings
when reacting with Pt (II), Pd (II), Mo (0) and Rh (I). They act as a bridging

ligands when reacted with Au (I). However, the reaction of the ligand

{Ph'iPN(Me)}2CS with [PtCl2(cod)j proceeds with P-N bond cleavage to give a

novel five-membered heterocycle. They concluded that different substituents
on the nitrogen atoms appear to have little influence on the chemical

properties of the ligands and the complexes (Figure 1.25).

E : O

(Urea derivatives)
E : S

(Thiourea derivatives)

R2P.

O

X
N N
H H

PR, r2px

o
N-PPh,

\ 2
M

N-PPh,
R

M : Pt, Pd or Mo

R : Me, Et

X
N N
H H

PR,

/ \
R M

N-PPh,
O

N-PPh,
7 I 2

R M

M : Au

Me PPh,
I I 2

VvN-p y Me
CI—Pt—s

CI

Figure 1.25. Coordination Chemistry of some Derivatives of Urea and Thiourea.

Compared to ligands of the general type R2PN(X)PR2, the chemistry of

phosphorus-nitrogen compounds containing phosphorus-hydrazine
backbones has been less well studied. These ligands can be considered to be
of particular significance because they have a similar chain length to dppe
which can form five-membered chelate rings. Furthermore, it is easier to

manipulate the substituents on the backbone to give excellent control of the
steric and electronic properties of the ligands. This maybe of considerable

importance in selective catalytic reactions (Figure 1.26).170
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Me Me
\ / H

>-<
H

n-N
/ \

r2p pr2 Ph2P PPh.'2

r : Ph, or
Phosphorus-hydrazine derivate dppe

Figure 1.26. Hydrazine derivatives and dppe.

Gilje et a/81 and Noth et al170 first reported, in the 1970"s, the synthesis
of phosphorus (III) hydrazines and Katti et aZ171"176 continued their studies of
main group metal hydrazines reporting a one-step high-yield synthetic route to

Cl2PN(Me)N(Me)PCl2 by treatment of PCI3 with 1,2-dimethylhydrazine

dihydrochloride177. The dichlorophosphine-hydrazine derivative can be used as

a chloro precursor able to react easily with alkoxide and Grignard reagents to

lead to an extensive range of alkoxy-, aiyloxy- and aryl-substituted phosphine

hydrazides178-179. Reddy et al180 reported the synthesis of cyclic phosphorus

hydrazines RP[N(Me)N(H)]2PR by the condensation reaction of RPCI2 with four

equivalents of methylhydrazine and the potential use of this ligand for

synthesising, via reactions with phosphorus (III) halides,181 tetraphosphines

containing both the phosphinoamine [P-N-P] and phosphorus (III) hydrazine

[P-N-N-P] functionalities in the same molecule. Examples that were prepared
include [PhPN(Me)N(PPh2)]2, [PhPN(Me)N(P(OCH2CF3)2)]2 (Figure 1.27).180

A large number of transition metal was used to study the co-ordination

chemistry of the phosphorus-hydrazine ligands such as Mo°, W° (bidentate
chelation complexes);180'177 or Ptu/Pdn in which the ligands showed a cis-
bidentate chelation mode;180.177-178 or Rh (obtaining dimers that could be
cleaved to form compounds that could act as analogues of the Wilkinson

catalyst [RhCl(PPh3)3]7>180)- The cyclic phosphorus hydrazines were found to

R' Me .P-R

R-P Me R

R : H, PPh, PCI2

Figure 1.27. Cyclic Phosphorus Hydrazines.
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behave as bidentate ligands180 and the tetraphosphine ligands gave four-
membered metallacyclic complexes when reacted with transition metals181

(Figure 1.28).

Me Me

N-N

PR2\ /PR2
M

Figure 1.28. Coordination Chemistry of some Phosphine derivatives of

hydrazines.

Recently, Wainwright170 studied bis(chlorophosphino)diethylhydrazine

(Cl2PN(Et)N(Et)PCl2] derivatives such as (PhO)2PN(Et)N(Et)P(OPh)2,

Ph2PN(Et)N(Et)PPh2 and [(PhCH2)2PN(Et)N(Et)P(CH2Ph)2) as well as a number of

diphenyl derivatives of Cl2PN(Me)N(Me)PCl2 and (Cl2PN(Et)N(Et)PCl2] with
substituents in the ortho position ((o-C6H40CH3)2PN(Et)N(Et)P(o-C6H4OCH3)2,

(o-C6H4OCH3)2PN(Me)N(Me)P(o-C6H4OCH3)2 and ((o-C6H4CH3)2PN(Me)N(Me)P(o-

C6H4CH3)2) (Figure 1.29) to investigate the effect of the various aryl groups on

the approach of reactants in catalytic processes.

Et Et
\ /

N-N

PCl/ XPCI2 PR

Et Et
\ /

N-N
/

R : Ph, CH2Ph, OPh, §
PR,

Me Me

N-N

PCL PCL

Me Me
\ /

N-N
/ x

R :

PR PR,

Figure 1.29. Derivatives of (Cl2PN(Et)N(Bt)PCl2] and (Cl2PN(Me)N(Me)PCl2],

The ligands (PhO)2PN(Et)N(Et)P(OPh)2, Ph2PN(Et)N(Et)PPh2,

(PhCH2)2PN(Et)N(Et)P(CH2Ph)2, (o-C6H4OCH3)2PN(Et)N(Et)P(o-C6H4OCH3)2, (o-

C6H4OCH3)2PN(Me)N(Me)P(o-C6H4OCH3)2 and (o-C6H4CH3)2PN(Me)N(Me)P(o-

C6H4CH3)2) have a cis-bidentate chelation preference when reacted with Pt

(II)/Pd(II) and the methoxy substituents on the phenyl ring do occupy

positions above and below the palladium atom on contrary of what they had

hoped, which results in significant congestion above and below the
coordination plane and this may limit the mechanistics pathways available
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during a catalytic process. They also concluded that a change in substituents
on the nitrogen atom had little effect on the electronic properties of the ligands
and complexes169 (Figure 1.30).

Figure 1.30. Coordination Chemistry of some derivatives of (Cl2PN(Et)N(Et)PCl2]
and (Cl2PN(Me)N(Me)PCl2].

1.3.2.2- Ligands of the type PxN(CR2)NPx, where n=2, R= alkyl or aryl

groups and Px=P(III) or P(V).

There exists very extensive data base of diaminophosphines containing
a diamine where the two nitrogen atoms are separated by two carbon atoms.

Considering the aim of this work, we only review aspects of this field more

relevant to our study. Both secondary and tertiary diamines have been used to

achieve new diaminophosphines with important features. Our overview will

begin with an introduction to the investigations based on secondary diamines,
will continue with pertinent studies of tertiary amines and will conclude with
the recent publications on Ph2PN(CH2Ph)CH2CH2N(CH2Ph)PPh2.

In 1971, Edmundson182 studied the reaction of diaminoalkanes with

diphenyl phosphite and triethylamine in carbon tetrachloride or with diphenyl

phosphorochloridothionate obtaining bis(diphenoxyphosphinylamino)alkanes
and related compounds instead of the co-aminoalkylphosphoramidic esters

that had been reported before. Synthetically m- and p-phenylenediamines
behaved similarly although m-phenylenediamine could also be

monophosphorylated. o-Phenylenediamine is anomalous yielding o-phenyl N-

(2-aminophenyl)phosphoramidate (Figure 1.31).

R R
\ /

N-N

M

R : Et, Me

M : Pt, Pd
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O

II /OPhhn-pT
OH

fy-2

Figure 1.31. Phosphorylation of diamines.

The effect of triethylamine on the asymmetric hydrogenation of alkenes
with cationic and neutral rhodium complexes of a chiral bisphosphine ligand

((lS,2S)-l,2-bis(diphenylphosphinoamino)cyclohexane and (2S,3S)-2,3-

bis(diphenylphosphinamino)-butane) as a catalyst was investigated for

differently substituted alkenes (Figure 1.32).183 It was noted that the cationic

catalyst gave better results for both reactivity and stereoselectivity of the
reaction than the neutral catalyst. Furthermore the presence of triethylamine
affects the rate of the reaction and the optical yield in several different ways. 1)
If the alkene had a free carboxyl but no p-carbonyl group, the conversion rate

increased and the optical yield was low, 2) if the alkene had both groups, the
conversion rate is not affected and the optical yield increased, and 3) if the
alkene had a p-carbonyl group but lacked the free carboxyl group, the
conversion rate decreased and the optical yield was not affected. The

explanation of those results was based on the possibility of forming a rigid

chelating substrate-rhodium complex.

w
HN NH

PPh2 PPh2

Figure 1.32. Diphenylphosphinoamines and Rh complexes.

(R10)2P(X) NH [CH2]n NHR2

R, = Ph, R2 = P(0)(0Ph)2, X = O, n = 2 or 3

O

HN-P(OPh)2 I

N-P(OPh)2
M M R = h or P(0)(0Ph)2

PPh, PPh,

[Rh(1,5-cyclooctadiene)(bisphosphine)]+CI04"
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Buono, Peiffer, Mortreux and Petit184 found that chiral aminophosphine-
nickel catalysts were effective in creating chirality in the cyclohexa-l,3-diene-
ethene codimerization and that this reaction occurs almost without

isomerisation. The optical yields are greatly improved by carrying out the

catalysis at low temperatures. They concluded that a) because of the limited

isomerisation, the optically active products were produced in nearly

quantitative yields and could be used in further synthetic applications

requiring chirality on a C6 ring, and b) the most optically active

aminophosphine ligands were easily prepared, in particular,

Ph2PNH(CH(Me)CH2)NHPPh2 from Ph2PCl and (-)-(R)-l,2-diaminopropane.
Because all the enantiomers of the aminophosphines were readily available,
both enantiomers of 3-vinylcyclohexene were accessible (Figure 1.33).

Figure 1.33. Chiral aminophosphines for the asymmetric codimerization of

cyclohexa-1,3-diene.

Reactions of coordinated P-ligands provide an easy method for the

preparation of rare bimetallic complexes with unsymmetrical, bridging bis-(P-

donor) ligands.185 The dinuclear bis(aminophosphine) and aminophosphine-

aminophosphorinane complexes are prepared by reaction of

[Mo(CO)5(R2PNHCH2CH2NH2)] with [Mo(CO)5(Ph2PCl)] (Figure 1.34). The
dinuclear complexes are relatively stable, although they can slowly decompose

upon standing either in solution or in the solid state. When

[Mo(CO)5(P(OCH2CMe2CH20)Br)] is used instead of [Mo(CO)5(Ph2PCl)], the
reaction does not go to completion, presumably due to the slow rate of

nucleophilic displacement of bromide from the complex. These reactions

provide precise control over the coordination environment of the metals
because the bridging, bidentate ligand is formed after the P-donor groups have
been coordinated to the metal centres. The structural data suggests that the
Ph2P group is a better electron donor (poorer electron acceptor) than is the
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P(0CH2CMe2CH20) group. This is as expected based upon the

electronegativities of the P substituents.

[Mo(CO)5(R2PNHCH2CH2NH2)] + [Mo(CO)5(Ph2PCI)] ^

[(CO)5Mo(R2PNHCH2CH2NHPPh2)Mo(CO)5]

R2 = Ph2 or 0CH2CMe2CH20

Figure 1.34. Preparation of dinuclear complexes of diaminophosphine ligands.

More recently, Bochmann and co-workers186 approached the synthesis
of some selenium and tellurium diphosphinoamine (R2PNHCH2CH2NHPR2)
derivatives. With divalent metals, the degree of association of the

diphosphinoamine ligand depends on the steric requirements of the R
substituent groups on the phosphorus atom. Monomeric complexes are

obtained when using bulky R groups, whilst dimeric complexes are formed
when using R groups such as Me, at least when the phosphinoamine ligands
are of the type R2P(S)NR\ Since high degrees of association were undesirable
for potential applications in materials synthesis, the authors synthesised a

series of fert-butyl-substituted compounds such as

1Bu2P(E)NHCH2CH2NHP(E)1Bu2 (E = Se or Te) (Figure 1.35). The chalcogeno
derivatives are accessible either from the reaction of the corresponding

aminophosphine tBu2PNHCH2CH2NHPtBu2 with selenium/tellurium or from

R2P(E)C1 and primary amines. In this case they were prepared in a one pot
reaction by addition of lBu2PCl to the lithium amides LiNHCFBCFbNHLi

yielding the aminophosphine tBu2PNHCH2CH2NHPtBu2. Subsequent refluxing
of the reaction mixture in toluene with finely powdered selenium or tellurium

gave the potentially tetradentate chalcogenophosphosphinic amides.

H H
LiNHR' En (E = Se or Te) tBu p_N N_ptBu

'Bu2PCI tBu2PNHR' >- 2 II \ / II 2
Toluene, reflux, 1h Et20, reflux 2h E E

Figure 1.35. Selenium and tellurium diphosphinoamine derivatives.

Chiral phosphorus (V) reagents have been used as resolving agents,
auxiliaries or ligands to promote various asymmetric reactions. Yang and

Fang187 combined the use of Lewis acid and bis-phosphoramidate reagents for
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the promotion of asymmetric cyanosilylation of benzaldehydes. They attempted
to take advantage of the C2-symmetry and the better asymmetric induction of
the ligand (2S,2'S,4S,4'S,5R,5'R)-N,N'-bis(3,4-dimethyl-2-oxo-5-phenyl-1,3,2-

oxazaphospholan-2-yl)-ethane-l,2-diamine expected because the phosphorus
stereocenters that it contains are close to the reactive sites. The ligands were

prepared from inexpensive ephedrines, POCI3 and ethylenediamine (Figure

1.36). They observed a) the cyanosilylation occurred with reasonable

enantioselectivity at room temperature, and b) the ligand could be recycled
and used again, in minute amounts, by fdtering it from the reaction mixture.

HCL ..vPh

■HCI

HN Me
I

Me

L-(-)-Ephedrine HCI

O cm ,.ph jj Ph^^o n °V°^ '
>0 ^ VvWU

- M."S' VCl N "Me
Me

Cm ^ph
Ov II

P 1

Cr ^ Me
Me

Me

W N- -Me
Me

HO. ^Ph

T 'HCI
HN Me

I
Me

D-(+)-Ephedrine HCI

I. II :vva
Me 1 o

Me

o o^ph

W ^^S/le
Me

(a) (2S,2'S,4S,4'S,5R,5'R)-N,N'-bis(3,4-dimethyl-2-oxo-5-phenyl-l,3,2-oxazaphospholan-2-yl)-ethane-l,2-
diamine

(i) POCI3, Et3N, PhH, -10C, 6 h; (ii) H2NCH2CH2NH2, Et3N, THF, 27C, 6 h

Figure 1.36. Preparation of chiral phosphorus (V) ligands.

As a continuation of this study, they reported the preparation of some

other chiral phosphorus(V) reagents and their use with

borane/dimethylsulfide complex in the enantioselective reduction of aromatic,

aliphatic and heterocyclic ketones.188 The new ligands (Figure 1.37) were

prepared from the reaction of ephedrine and POCI3, followed by substitution
with nucleophiles such as phenylmagnesium bromide, alcohols, amines,
diamines and triamines. They observed retention of the configuration at the
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phosphorus centre when the substitution reactions occurred in a

stereospecific manner. The P(V) reagents acted as Lewis bases to react with

borane, giving in situ zwitterionic species as the chiral reducing agents. The
reactions carried out at 0°C in tetrahydrofuran, afforded secondary alcohols
with modest enantioselectivity.

R = Me, i-Pr, R'
R' = H, Me

R = H, Me

Figure 1.37. Some examples of chiral phosphorus(V) reagents.

Kuchen and co-workers189 performed the synthesis of N,N'-bis(P,P-

dialkylthiophosphinyl)diamines R2P(S)-NH-R'-NH-P(S)R2 from Et2P(S)Br and
HhN-R'-NHb with elimination of HBr in the case of R = Et, and from sulfuration

of R2P-NH-R'-NH-PR2, which was generated without isolation from NPp-R'-NPL
and tBu2PCl, in the case of R = 'Bu because of the relative inertness conferred

by this group (Figure 1.38). The structural, spectroscopic and magnetic

properties depend strongly on the organic substituents at P and N. When
those ligands were reacted with Ni(II), monomeric complexes were obtained.

Et,P(S)Br-
H2N-R'-NH2

-HBr Et2P(S)-NH-R'-NH-P(S)Et2
R' = (CH2)2, (CH2)4, 1,2-phenylene

t-Bu2PCI ■
H2N-R'-NH2

>

-HCI
-f-Bu2P-NH-R'-NH-Pf-Bu2- i-Bu2P(S)-NH-R'-NH-P(S)f-Bu2

R' = (CH2)2, (CH2)3, (CH2)4

Figure 1.38. Synthesis ofN,N'-bis(P,P-dialkylthiophosphinyl)diamines.

Fazylov and co-workers190 described the synthesis of some diphosphino
derivatives of 2,3-diaminobutane which exhibit interesting properties as

antibacterial and herbicidal compounds. They performed a Todd-Atherton
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reaction of 2,3-diaminobutane with dialkyl hydrogen phosphites, observing
that the diamine was phosphorylated independently of the reagent ratio (1:1 or

1:2) at two amino groups and gave bisphosphorylated compounds (Figure

1.39).

Me

Et3N in dioxane

Me

2
+ (R0)2P(0)H

"NH2 CCI4, 24h, RT
Me

R = CH3, C2H5, /-C3H7

HN-P(OR)2
-N-P(OR),
H II 2

Me O

Figure 1.39. Reaction of2,3-diaminobutane with dialkyl hydrogen phosphites.

There have been several studies on (1R, 2R)-bis(N-

diphenylphosphinomethylamino)cyclohexane. Firstly, Hanaki et. aZ.191

investigated the asymmetric hydrogenation of a-acylaminoaciylic acids

catalysed by the rhodium(I) complex of (1R, 2R)-bis(N-

diphenylphosphinomethylamino)cyclohexane, which was easily prepared from

(lR,2R)-bis(methylamino)cyclohexane and chlorodiphenylphosphine (Figure

1.40). This reaction gave chiral N-acylated amino acids with high optical

purity.

1. CICOOEt / \ PPhXI, NEt,
+ 2HCI I

2- LiAIH4 \ / CHCI3, N2
H2N NH2 3- HCI H,C—N N-CH3 ^_CH3

H H 1" n
PPh2 PPh2

Figure 1.40. Synthesis of (lR,2R)-bis(N-

diphenylphosphinomethylaminojcyclohexane.

They found the ligand to be very effective in the above catalytic reaction
and they speculated that was due to the conformationally stable seven-

membered chelate structure of the ligand in the rhodium complex. On the
basis of molecular modelling structures, they suggested that to reduce
interactions between the methyl groups and the cyclohexane ring, the nitrogen
atoms have to take an S configuration and the two phenyl rings on the

phosphorus atoms were disposed axial and equatorial, with hindered rotation
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around the phosphorus-carbon bonds. This resulted in a very rigid and chiral
environment around the phosphorus atom which favoured the asymmetric

hydrogenation (Figure 1.41).

r1> /nhcor2 h2(1 atm) / [Rh*] p,,_n_£
cooh

i
"2V, L*xi 1 R1 —C—C—NHCOR2

H COOH EtOH, RT 2

Figure 1.41. Asymmetric hydrogenation of a-acylaminoacrylic acids.

Around the same time, Onuma et a/.192-193 studied the same catalytic
reaction and they extended the investigation to a correlation between the
structure of the ligands and the chirality of the products. (R)-Amino acids were

formed when using the rhodium complex of (R,R)-1 ((1R,2R)-

bis(diphenylphosphinamino)cyclohexane), while (S)-amino acids were obtained
when using rhodium-(S,S)-l complex instead. However, (S)-amino acids were

obtained when rhodium complex of (R,R)-2 was used in contrast with the
results of (R,R)-1 (Figure 1.42). Chiral reversion of the stereoselectivity by N-

methylation of the ligand occurred and they studied the stereochemistry of the

complexes. They concluded that differences in the helical conformation of the

complexes caused the inversion of stereoselectivity and that the complexes
with left-handed helicity would give (R)-amino acids and the complexes with

right-handed helicity would give (S)-amino acids.

y Me

^^.NP(C6H5)2 ^^NP(C6H5)2
^"'NP(C6H5)2 ^""NP(C6H5)2

H Me

(R,R)-1 (R,R)-2

Figure 1.42. Chiral aminophosphines (R,R)-1 and (R,R)-2.

Hanaki et al494 concluded their previous investigations191 with the

study of seven chiral diphosphines (Figure 1.43) along with their cationic 1,5-

cyclooctadiene rhodium (I) complexes for the stereoselective hydrogenation of

a-acylaminoacrylic acids.
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4 Me Ph Ph
H-4 ^"H H"0 ~-H

X-N N-X X-N N-X
II II
PPh2 PPh2 PPh2 PPh2

X = CH,, H X = CH,, H

Figure 1.43. Chiral diphosphines.

The optical yields and absolute configurations of the products depend
on the kind of diphosphine ligand. They confirmed the fact that

aminophosphine complexes with methyl groups on the nitrogen atom always

give (S)-amino acids and those with no methyl group give (R)-amino acids.
A new type of chiral aminophosphines, (3S)-[N,N'-

bis(diphenylphosphino)]-3-aminopiperidine (La) and (3S)-[N,N'-

bis(diphenylphosphino)]-3-(methylamino)piperidine (Lb) (Figure 1.44), were

prepared by Osakada et aid95 (Figure 1.45) and tested as potential ligands for
the asymmetric hydrogenation of a-acylaminoacrylic acids with rhodium(I) to

obtain optically active N-acyl-a-amino acids.

Ph,P-l\L Ph2P—N

CH,
I 3

'2'

(La) "N' (Lb) ^
PPh, PPh2

Figure 1.44. Aminophosphine derivatives ofpiperidine.

These ligands differ from the previously mentioned 1,2-diamino

derivatives, in not having C2-symmetry, thus the two phosphorus atoms are

inequivalent. Furthermore, the ligands could form a seven-membered chelate

ring with a rigid conformation because two carbon atom and the nitrogen atom

involved in the chelate are part of the piperidine ring. The products with (S)-

configuration were obtained preferentially in all cases and N-methylation of
the ligand did not affect the stereoselectivity of the reaction. This result is
different from the results obtained when diphenylaminocyclohexane isomers
were used, because the rhodium complexes of La and Lb presented similar
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stereoselectivity, there were no differences in the conformation of the ligand

including the helical orientation of the phenyl groups.

HCI P

1) CH3ONa H2N»v/\ LiAIH4 Ph,PCI NEt, HN
(La)

N N
H I

PPh,

(Lb)
Os

HCOOH ^CH /CH3 PPh2
H2NV1/\1 HC00H-Ac20 LiAIH4 HNvj/^| H3C-N

2) HCOOH ^ O^N^ ^ N Ph2PCI-NE£ »'
H H H |

PPh,

Figure 1.45. Synthetic pathway to prepare the chiral ligands La and Lb.

In 1999 when Shi and Sui196 investigated the titanium(IV) alkoxide-

promoted addition of diethylzinc to aldehydes (Figure 1.46) with C2-symmetric

diphenylphosphoramides and diphenylthiophosphoramide derived from

(lR,2R)-l,2-diaminocyclohexane as chiral ligands.

Ligand / Ti(0-Pr')4 /=% OH
Cl /)—CHO + Et2Zn CI <( )>—C-EtV '/ solvent /J H

E
H II

aN—PPh2 , where E = S or O
N-PPh,
H II 2

E

Figure 1.46. Titanium(IV) alkoxide-promoted addition of diethylzinc to

aldehydes.

Diphenylphosphoramide and diphenylthiophosphoramide were

prepared by reaction of diphenylphosphonic chloride and

diphenylthiophosphonic chloride with (lR,2R)-(-)-l,2-diaminocyclohexane in
the presence of diisopropylethylamine in dichloromethane, respectively (Figure

1.47).
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o
o h ii

.n—pph2

a''nh2
i-Pr2NEt, CH2CI2

h ii

O
s

,N—PPh2

h ii
s

Figure 1.47. Preparation of diphenylphosphoramide and

diphenylthiophosphoramide derived ligands.

They found that the diphenylphosphoramide derived ligand had a so-

called ligand acceleration effect' because the reactivity of the active species

bearing the chiral ligand was enhanced. It is quite an effective chiral ligand
because the phosphoryl oxygen atoms can coordinate to the titanium centre

whilst the ligand maintains a rigid chiral C2-symmetric environment and thus
achieves a high enantioselectivity. However, no X-ray data were available to

support this hypothesis. The diphenylthiophosphoramide derived ligand
showed an interesting behaviour by preferentially yielding sec-alcohol with the

S-configuration in the asymmetric reaction. This is the reverse

enantioselectivity compared with that observed when the

diphenylphosphoramide derived ligand was used maybe because of the
different electron withdrawing ability of the P=S and P=0 bonds. An interesting
feature of those ligands was the fact that they could be recovered from the
reaction mixture and could be used again in asymmetric reaction without loss
of enantioselectivity. The solvent and the temperature were found to affect

drastically the ee of the reaction products. It was concluded that these chiral

ligands were effective for the asymmetric reaction but not as effective as

ditriflamide (C6H8(NH(S02CF3))2). Again, Shi and Inoue,197 two years latter,

investigated the enantiodifferentiating photoisomerization of (Z)-cyclooctene
sensitised by the above mentioned chiral C2-symmetric phosphoramide (chiral

sensitizer, Sens*)(Figure 1.48).
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Sens*

hv

(R)-(-)-(1E) (R)-(+)-(1E)

Figure 1.48. Enantiodifferentiating photoisomerization of (Z)-cyclooctene.

The major photochemical reaction observed was the E-to-Z
isomerisation of cyclooctene. Phosphoramides possessing structures

isoelectronic with the phosphoryl esters, were shown to function as effective
sensitizers for the geometrical photoisomerization of simple alkenes, although
the E-to-Z ratios obtained were smaller in general than those obtained with
the phosphoryl esters.

Continuing with the study of the phosphoramide chiral ligands, Shi and
Sui198 investigated the silver(I)-promoted enantioselective allylation of

aldehydes (Figure 1.49).

Figure 1.49. Silver(I)-promoted enantioselective allylation ofaldehydes.

They had chosen sulfur derivatives as chiral ligands because sulfur can

easily coordinate to different metals giving stable chiral metal complexes. They

prepared three different sulfur derivatives of bis-aminophosphine ligands, L1

and L2 from the reaction of diphenylthiophosphinic chloride with (lR,2R)-(-)-

1,2 -diaminocyclohexane and (lS,2S)-(-)-l,2 -diphenylethylenediamine,

respectively, in the presence of diisopropylethylamine in dichloromethane, and
L4 from the two step reaction of (R)-(+)-l,l'-binaphthyl-2,2'-diamine and

butyllithium to form the corresponding lithium amide followed by the reaction
of the latter with diphenylthiophosphinic chloride. When they attempted the

synthesis of L4 in the presence of diisopropylethylamine or triethylamine as a

base, no reaction took place. The preparation of L4 is interesting because only
one diphenylthiophosphinyl group could be introduced into the 1,1'-

binaphthyl-2,2'-diamine, maybe due to the steric hindrance of the

diphenylthiophosphinyl group (Figure 1.50). The chiral ligands, L1 and L2,

CHO + Bu3SnCH2-CH2=CH2 C—C—C=CH'2
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provided a very low ee of sec-alcohol in thf or dichloromethane and L4 gave ees

that reached 52% in thf and 50% in dichloromethane at -20°C. The three

ligands could be recovered from the reaction mixture and used again in the

catalytic reaction without loss of enantioselectivity showing their stability. The

asymmetric reaction only takes place when there is a sulfur atom as a

substituent on the phosphorus and no oxygen or selenium. Ligand L4 could
act as a bidentate ligand by coordination of the nitrogen and phosphoryl
sulfur atoms to the silver(I) metal, affording a chiral silver(I) Lewis acid, but no

supporting X-ray evidence was obtained. Finally, ligand L4 was found to be an

effective chiral ligand for the asymmetric reaction but no as good as the

BINAP-silver(I) complex.

Ph Ph
S ^ S

Ph2P — N N —PPh7H H 2
L2

L3

Figure 1.50. Synthesis of novel chiral ligands IP, LP, L3 andL4.

Compounds of the type R(NHPPh2)2, where R is an aryl group, were

prepared by Ly.199 They formed seven-membered chelate rings when

complexed with different transition metals. The ligands were synthesised by a

condensation reaction between chlorodiphenylphosphine and the appropriate

deprotonated amine with different backbones in the presence of triethylamine
and a catalytic amount of 4-dimethylaminopyridine (DMAP) which significantly
enhanced the reaction rate. Four compounds were synthesised, three of them

containing an aromatic group attached to the diamine backbone

([Ph(NHPPh2)2], [(MeC6H3)(NHPPh2)2] and [(CioH6)(NHPPh2)2]) and the fourth

containing an alkyl group connecting the two nitrogen groups that constitute
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the diamine backbone (C2H4{NHPPh2}2)- Only two compounds were isolated,

[(C6H4)(NHPPh2)2] and [(CH3C6H3)(NHPPh2)2], and they were found to have
similar Sp values to Pfi2PNHPPh2. The compounds [(CioHe)(NHPPh2)2] and

C2H4{NHPPh2}2 were only isolated as the chalcogen derivatives (Figure 1.51).199

R Q 0
HN NH HN NH HN NH HN NH

I I I I II II
PPh2 PPh2 PPh2 PPh2 PPh2 PPh2 PPh2 PPh2

EE EE

Figure 1.51. Ligands of the type R(NHPPh2)2 where R is an aryl or an alkyl

group.

Complexes of 3,4-C7H6(NHPPh2)2 were prepared using a number of
different transition metals such as Mo (0) that gave a cis-octahedral seven-

membered ring metal complex, Pt (II)/Pd (II) that gave cis-square planar seven-

membered ring metal complexes and Au (I) giving a linear metal complex199

(Figure 1.52).

HN NH
I I

Ph7Pv PPh, PPh, PPh,2 II
M M M

M : Mo, Pt, Pd M : Au

Figure 1.52. Coordination Chemistry of ligands of the type of R(NHPPh2)2 where
R is an aryl group.
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In 1973, Burgada and co-workers200 investigated the mechanism of
formation and transformation of a type of spirophosphoranes (Figure 1.53).

X.

lv
~PNMe + -Y'H

X^
P/r\v-

Y X
/x

P
\
Y

+ 2 HNMe,

X = Y= NMe orO

Figure 1.53. Spirophosphoranes.

An evaluation of the steric effects of the rhodium (I) complexes of several
chiral amino and diamino phosphines ligands in asymmetric hydrogenation of
aminoacids was carried out by Pracejus.201 The ligands contained two chiral a-

phenylethyl groups with different degrees of conformational flexibility (Figure

1.54). In particular, they studied the diphosphinoamine ligand P-NN-P (Figure

1.54), that had been synthesised from the reaction of PI12PCI and N,N'-bis[(s)-

a-phenylethyl]ethylenediamine in Et20.

Ligand P-NN-P

Figure 1.54. Chiral amino and diamino phosphine ligands.

This particular ligand, in MeOH (because the reaction had shown
solvent dependence), strongly enhanced the rate and stereospecificity of the

asymmetric reaction.
A series of new sterically hindered phosphoramidates was prepared202

by the reaction of several secondary amines with bis(2,6-

dimethylphenyl)chlorophosphate, the latter being obtained by treatment of

phosphorus oxychloride with two equivalents of 2,6-dimethylphenol in the
presence of magnesium chloride (Figure 1.55).
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Figure 1.55. Preparation ofphosphoramidates.

Suisse et at203 achieved the highest chemoselective synthesis of 4-

vinylcyclohexane (VCH) known at that time, by butadiene cyclodimerization on

nickel complexes with aminophosphinephosphinite and bis(aminophosphine)
chiral ligands (selectivity up to 99%). The ligands were prepared according to

procedures already described, by diphosphinylation of different amines (Figure

1.56).

Me—H ^\I-Me
I I

PPh2 PPh2
N,N'-(diphenylphosphino)-
N,N'-(dimethyl)ethylenediamine

Figure 1.56. Bis(aminophosphine) chiral ligands.

It was reported that monodentate phosphine and aminophosphine

ligands are less effective than bidentate ones in the selective synthesis of VCH.
BisAMP was the ligand that demonstrated the highest selectivity to VCH

among the bis(aminophosphine) ligands studied in this work. (S)-ProNNP

performed quite well and although one equivalent was enough to induce a

high chemoselectivity, with two equivalent this selectivity was enhanced to

98% without loss of enantioselectivity and activity.
Based on the same skeleton as (S)-ProNNP, a new series of ligands was

prepared and their rhodium complexes were tested in asymmetric

hydrogenation of activated ketones,204 leading to high enantiomeric excesses

(up to 87% and 75% depending on the substrate) and in enantiomeric
rhodium catalysed hydroboration of olefins with catecholborane,205 giving
enantioselectivities up to 77%.

PPh0 PPh„

bisAMP

/Ph
N

V H pph
PPh,

(S)-ProNNP
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In catalytic hydroformylation of alkenes to aldehydes, platinum(II)

complexes of chiral diphosphines give high stereo- and regioselectivity and this

type of reaction is controlled by the geometric properties of the transition
metal complexes.206 With this in mind, chiral diphosphines with the
substructure of the aminoacid L-proline were prepared. Among these, (S,S')-

l,l'-bis(diphenylphosphino)-2,2'-bipyrrolidine (S-bipyrphos) (Figure 1.57) was

prepared in three steps : 1) coupling of pyrrole and 2-pyrrolidone206 , 2)

hydrogenation of the unsaturated bipyrrolidine product to give a mixture of

R,R'-, S,S'-, and meso-bipyrrolidine, from which the S,S'-isomer was separated

by recrystallisation with D-tartaric acid, and 3) the reaction of (S,S')-2,2'-

bipyrrolidine with N,N'-dimethylaminodiphenylphosphine. [Pt(cod)Cl2] was

used to prepare the platinum complex of the resulting ligand which contained
a seven-membered chelate with a boat form. Its conformation was found to be

fixed by the square planar platinum environment and the fused L-proline
molecules and the phenyl groups occupying isoclinical (same inclination)

positions rather than alternating axial/edge and equatorial/face

arrangements.

Figure 1.57. Structure of (S,S')-l,l'-bis(diphenylphosphino)-2,2'-bipyrrolidine (S-

bipyrphos)complexed with Pt(II).

De Vries et al.207 and later on, Mandoli et al.208 studied a series of new

bidentate chiral phosphoramidites based on TADDOL and BINOL phosphites

(Figure 1.58). The latter authors investigated the effect of these ligands in

copper-catalysed asymmetric 1,4-addition of diethylzinc to cyclic a,p-enones

(enantioselective tandem 1,4-addition-aldol reactions with 2-cyclopentenone).
The new ligands were obtained from the reaction of a,a,a',a'-tetraphenyl-2,2-

dimethyl-l,3-dioxolane-4,5-dimethanol (TADDOL) or 1, l'-bi-2-naphthol

(BINOL) and either 1,2-ethylene- or 1,3-propylenediamine N,N'-disubstituted
with chiral or achiral groups in toluene in the presence of EtsN. They afforded

products with e.e.s of up to 89 and 83% respectively. They conclude that
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although TADDOL derived ligands did not result in any advantage compared
to the previous results, BINOL derived ligands gave very promising results.

o
p—CI +

o

H.
In N'

* h
n = 0 or 1

1.2-ethylene or
1.3-propylendiamine

2 Et3N
,H toluene

BINOL

-50C- -r. t.

>a

o

"o

A

Ph

TADDOL

n N'
I

R

n = 0 or 1

R = Me, i-Pr,

O

-P-.

An

Figure 1.58. Preparation of bidentate phosphoramidites.

Bis(phosphine) ligands are becoming more and more important because
of their potential applications in organic synthesis. By studying their
transition metal chemistry, the mechanism of action of the often used in situ

generation of a metal catalyst by reacting a ligand with a suitable metal

precursor, could be elucidated. The reactivity, stability and the steric and
electronic situation around the metal centre could be understood. The study of

bis(phosphines) with two phosphorus centres separated by more than one type

of atom in the spacer is not very extensive and the different electronegativities
of the spacer groups is interesting because it has a great influence in the

donor-acceptor properties of the phosphorus centres. With this in mind,

Maravanji et al.209 investigated the transition metal chemistry of the

bis(phosphine) Ph2PN(Me)-CH2CH2N(Me)PPh2 (Figure 1.59). The ligand was

prepared from the dropwise addition reaction of PI12PCI to N,N'-

dimethylethylenediamine in the presence of EtaN at -10°C. The ligand reacts

with group 6 tetracarbonyl derivatives of the type [M(CO)4L2] (M = Mo, L2 =

norbornadiene) giving seven-membered ds-chelated tetracarbonyl derivatives.

Furthermore, treatment of [MCl2(cod)] (M = Pd or Pt) with 1:1 molar

proportions of the ligand in dichloromethane also afforded the seven-

membered crs-chelated derivatives. This is very interesting because, since
seven-membered chelates are less stable than five- or six-membered chelates,
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one of the metal-phosphorus bonds could become decoordinated for further
reactions and for catalytic purposes.

/CH3 ZCH3
CO PPh—N C| /PPh2 N-

CO.
,Mo M

co' I \ / CIX \DD,
CO PPh—N 2 Nx

XCH, .. CH3'3 M = Pd and Pt

Figure 1.59. Transition metal chemistry of bis(phosphine) Ph2PN(Me)-

CH2CH2N(Me)PPh2.

The compound Ph2PN(CH2Ph)CH2CH2(CH2Ph)NPPh2 (beap) (Figure

1.60),.was prepared by Payne and Stephan210 from the reaction of N,N'-

dibenzylethylenediamine with the dropwise addition of Ph2PCl at room

temperature in benzene in the presence of EtsN.

Ph'/^N/ X[\l"^Ph
I (beap)

Ph—P P-Ph v
I I

Ph Ph

Figure 1.60. Ph2PN(CH2Ph)CH2CH2(CH2Ph)NPPh2 (beap) ligand.

[Pt(chelate)CH3Cl] was prepared by reaction of [Pt(cod)(CH3)Cl] with

beap, subsequent reaction of these platinum halide complex with AgfClCh] in
acetone gave the acetone containing cation with perchlorate as the non-

coordinating anion [Pt(beap)CH3(acetone)][ClC>4] and a precipitate of silver
chloride. Afterwards, group V donor molecules (X) displaced acetone from the
cationic complex because they are better a-donors giving

[Pt(chelate) (Me) (X)] [C104].
Balakrishna and co-workers211 reinvestigated bis(phosphines) of the

type X2PN(R)CH2CH2(R)NPX2 (R = Ph or CH2Ph, X =Ph; R = CH2Ph, X2 =

O2C6H4) because of their potential use as stabilisers of transition metal
chelates in low valent states in a variety of metal-mediated organic
transformations and for complexation studies (phosphorus-phosphorus

coupling through the metal in its chelate complexes), catalytic ( alkylation of

- 69 -



CHAPTER I: Introduction Phosphorus Chemistry

various allylic acetates) and medicinal applications. The ligands were prepared
from reaction of N,N'-substituted ethylenediamine derivatives with two moles
of chlorodiphenylphosphine or (CeHUChJPCl in the presence of triethylamine in

Et20 at 0°C (Figure 1.61).

Figure 1.61. Preparation of bis(phosphines) of the type X2PN(R)CH2CH2(R)NPX2

Their coordinative properties were studied by treating the bidentate

ligands with different Group 6 metal carbonyl and platinum metal derivatives

containing one or two labile ligands (Figure 1.62) forming cis-seven-membered

metallacycles.

R = CH2C6H5 or C6H5
R'2 = Ph or (C6H402)

CO 2 )
P-N

M = Cr, Mo or W
R = CH2C6Hs or C6H5

[M(CO)4NBD] or
[M(CO)4(pip)2]

Ph2 R
P—NP—N

)
P—N

Ph2 nr Ph2 nr
[CpRuCI(PPh3)2] M = Pd or Pt

R = CH2C6H5 or C6H5
R = CH2CRH,

Figure 1.62. Preparation ofX2PN(R)CH2CH2(R)NPX2 complexes.
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1.3.2.3- Ligands of the type PxN(CR2)nNPX) where n = 3, 4, 5, R= alkyl or

aryl groups and PX=P(III) or P(V).

In this section, bis(aminophosphines) ligands where the two nitrogen
centres are separated by three, four of five carbon atoms will be discussed.
Detailed mention will go to those ligands were the backbone of the diamine
contains four spacer carbon atoms, especially 2,2'-

bis(diphenylphosphinoamino)-l,l'-binaphthyl ligand (BDPAB).
There are few examples of ligands of the type PxN(CR2)nNPx> where n = 3

and the carbon atoms are part of an alkyl structure, van Leeuwen et al,212
have described phosphoramidites as novel modifying ligands in rhodium

catalysed hydroformylation of 1-octene and styrene using [Rh(CO)2(acac)] as

catalyst precursor. They decided to trisubstitute the nitrogen to introduce
more bulk in the proximity of the phosphorus atoms and thus, have a more

crowded rhodium centre which could influence the regioselectivity of the
reaction. When 1-octene was used as a substrate, the diphosphoramidites
showed reaction rates about three times slower, less isomerisation and higher
linear selectivity (up to 91% for ligand O-P-N, Figure 1.63) than the
monophosphoramidites. When styrene was used as a substrate, it was shown
that the diphosphoramidites, were again slower than the

monophosphoramidites. By catalyst characterisation studies they proved the
formation of a hydrido rhodium complex and the fact that both phosphorus
atoms of the diphosphoramidites coordinated in a bis-equatorial manner to

the rhodium centre in [RhH(CO)2L]. Diequatorial coordination promotes

preferential formation of linear aldehydes. It is important to notice that they
observed predominantly decomposed ligand in the case of ligand O-P-N when
the preparation of the rhodium hydrido complex was attempted.

Figure 1.63. Bis(biphenyl-2,2'-diylphosphorochloridite)-N,N'-diisopropylpropane-
1,3-diamine (Ligand O-P-N), and its bis-equatorial coordination to rhodium.
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Ligands of the type PxN(CR2)nNPx where n = 3 and the carbon atoms are

part of an aromatic structure are unsual. Ly et alA" prepared some

bis(aminophosphines). They prepared [(CioH6)(NHP(E)PPh2)2] where E = S, Se,
from the reaction of Ph2PCl with 1,8-diaminonaphthalene in the presence of

triethylamine and DMAP in thf followed by the addition of sublimed sulfur,

grey selenium or both to yield the chalcogen derivatives Lx, Ly or Lz

respectively (Figure 1.64).

Figure 1.64. Chalcogen derivatives of [(CuiHrl)(NITPPPh2)2] ■

X-ray studies revealed that there is a symmetric arrangement with the

phosphorus atoms being on opposite sides of the naphthalene plane. The

pyramidalisation at nitrogen leads to these structures being chiral. The ligand

[(CioHg)(NHPPPh2)2] was not isolated and no metal complexes of this ligand
were prepared.

Ligands of the type PxN(CR2)nNPx, where n = 4, R= aryl groups and

PX=P(III) or P(V) have been studied.
For the stabilisation of polymers such as rubber against aging, organic

tervalent phosphorus derivatives were prepared and cyclic alkyl o-phenylene

phosphites were found to be good stabilisers because they react with free
radicals as tervalent phosphorus derivatives and as amines.213 They were

prepared from the reaction of o-phenylene phosphorochloridite with primary
and secondary amines in the presence of triethylamine with moderate heating
in benzene. The phosphoramidite reacted with sulfur to obtain the chalcogen
derivative which was isolated and characterised (Figure 1.65).
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Figure 1.65. Synthesis of cyclic o-phenylene phosphoramidites and its chalcogen
derivative.

A. Mustafa and co-workers214 prepared p-phenylene-

bis(diphenylphosphonamide) from the reaction of p-phenylenediamine with

diphenylphosphorylchloride in pyridine (Figure 1.66).

Ph,P—N—v /—N—PPh92II H \_/ H II 2
O — O

Figure 1.66. p-Phenylene-bis(diphenylphosphonamide).

Uehara and co-workers215 prepared a very air stable atropisomeric
chiral bisphosphine, (S)-6,6'-dimethyl-2,2'-

bis(diphenylphosphinamino)biphenyl (MABP). Its rhodium(I) complex was

found to be highly effective for the asymmetric hydrogenation of 2-

acetamidoaciylic acid even at low temperatures (below 0°C) and low

atmospheric pressure. Their synthesis is shown in Figure 1.67.
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diazotization

o-toluidine 6-nitroacetotoluidine 2-amino-3-nitrotoluene 2-iodo-3-nitrotoluene

Cu (powder)
,CHM

L-(+)-tartaric acid

2,2'-dimethyl-
6,6'-dinitrobiphenyl

nh2 nh2
6,6'-dimethyl-2,2'-
-diaminobiphenyl

(R,S)

6,6'-dimethyl-2,2'-
-diaminobiphenyl

(S)

^ ch^,c ^ Ph2PCI, Et3N, benzene

NH NH
/ \

Ph2P PPh

4h at r.t and 3h reflux, work up

(S)-6,6'-dimethyl-2,2'-bis(diphenylphosphinamino)biphenyl

Figure 1.67. Synthesis ofMABP.

More recently, Saady and co-workers216 achieved the first synthesis of

fully deprotected diimidotriphosphoric acid and derivatives designed for the

synthesis of PNPNP nucleotides and dinucleotides using a diaminophosphine

compound as starting material (Figure 1.68). The synthetic pathway gave

access to differently functionalised PNPNP sequences on which regioselective

monodeprotection could be performed. Because benzyl esters can be removed
under mild hydrogenolysis conditions, they were chosen as substituent

groups. The diaminophosphine starting material used, {2-

[[[bis(benzyloxy)phosphoryl]amino]methyl]benzyl}phosphoramidic acid dibenzyl
ester, was prepared from o-xylylenediamine and dibenzyl chlorophosphate in
THF in the presence of anhydrous triethylamine at 0°C.
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Figure 1.68. Synthesis ofPNPNP nucleotides and dinucleotides.

In 1980 Miyano and co-workers217 reported a facile preparation of 2,2'-

bis(diphenylphosphinamino)-l,l'-binaphthyl (BDPAB) (Figure 1-69),

suggesting that it was a very interesting ligand for the rhodium catalysed

asymmetric hydrogenation of a-acylaminoacrylic acids and esters because of
its structural rigidity and simplicity, resistance to racemization and
effectiveness of chiral recognition. When using BDPAB in the asymmetric

reaction, the corresponding amino acids of up to 95% optical purity were

obtained.

Figure 1.69. Synthesis ofBDPAB.

The same authors, four years latter, reported the synthesis of Me-
BDPAB (Figure 1.70) and along with BDPAB, MABP and BINAP they studied
their effectiveness as chiral ligands in the same rhodium(I) catalysed

asymmetric hydrogenation of a-acylaminoaciylic acids and esters.218 Both Me-
BDPAB and BDPAB were found to produce high optical yields (80-95%) and to

form nine-membered chelate ring rhodium(I) complexes with a square planar

rhodium(I) centre. Although (S)-BDPAB always gave (S)-a-amino acids and (R)-
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BDPAB the preferred (R)-counterparts, MABP (Figure 1.67), which seems to

form closely related Rh(I)-complexes to BDPAB, gave opposite enantioselection
in the hydrogenation of (Z)-a-acetamidoacrylic acid to N-acetylalanine.

Figure 1.70. Synthesis of BDPAB and Me-BDPAB.

Attempts to synthesis the ethyl-analogue of Me-BDPAB, (Et-BDPAB),
were unsuccessful, presumably because the N-ethyl substituent imposes
severe steric hindrance on the amide anion due to steric repulsion by the

naphthalene nucleus and thus inhibits the nucleophilic attack at the

phosphorus centre.

More recently, Zhang and co-workers219 achieved the preparation of a

new bis(phosphinoamine) ligand with a similar amine backbone to BDPAB but
without the aromatic environment on the rings remote from the nitrogen

atoms, Hs-BDPAB (2,2'-bis(diphenylphosphinoamino-5,5',6,6',7,7',8,8'-

octahydro-l,l'-binaphthyl). It was prepared via partial hydrogenation of
BINAM followed by reaction with Ph2PCl (Figure 1.71).
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Figure 1.71. Synthesis ofHh-BDPAB (2,2'-bis(diphenylphosphinoamino-

5,5', 6,6', 7,7', 8,8'-octahyd.ro-1,1 '-binaphthyl).

They found consistently higher enantioselectivities in the
enantioselective hydrogenation of chiral amine derivatives with rhodium(I)-(R)-
Hs-BDPAB than when BDPAB was used. They concluded that the reason for
the increase in the enantioselectivity of the catalyst was related to the
increased steric interactions caused by the partial hydrogenation of the

binaphthyl backbone.

Ligands PxN(CR2)nNPx, where n = 5 and R= alkyl or aryl groups and

PxNCPhCPh-O-CPhCPhNPx, where PX=P(III) or P(V) have also been prepared and
studied.

Schirmer and co-workers220 prepared a series of group 6 complexes

[M(C0)4(PNP=0)] and [M(CO)5(NMe3)] (M = Cr, Mo, W) with N,N'-

bis(diphenylphosphino)-2,6-diaminopyridine and trimethylamine oxide

characterising the products crystallographycally. The same authors221

published the X-ray crystal structure, preparation and properties of rigid
tridentate chelate complexes of the mentioned bis(aminophosphine) ligand
with M(II) and M(0) transition metals (M(II) = Ni, Pd, Pt; M(0) = Cr, Mo, W)

(Figure 1.72). Those complexes appeared to show a nearly planar tridentate
chelate ring system where a 7r electron derealization effect is manifested.
Some of those complexes have shown a relative activity in hydrogenation
reactions as catalysts.

- 77 -



CHAPTER I: Introduction Phosphorus Chemistry
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Figure 1.72. N,N'-bis(diphenylphosphino)-2,6-diaminopyridine-complexes.

The synthesis of macrocyclic phosphoramidites and

thiophosphoramiditates with potential polydentate properties was performed

by Bengourina and co-workers.222 The cited compounds were obtained from
the reaction of the chosen diamine with a bicyclic 1,3,2-oxazoniaphospholane
salt and subsequent reaction with elemental sulfur (Figure 1.73).
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Figure 1.73. Synthesis of macrocyclic phosphoramidites and

thiophosphoramiditates.

Very recently a four step synthesis of 1,3-dihydrobenzodiazaphospholes,
which contains two N-acyl diazaphospholine moieties, has been described

(Figure 1.74, e.g R = H, X = CH2OCH2).223
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Figure 1.74. Synthesis of 1,3-Dihydrobenzodiazaphospholes.

1.3.2.4- Phosphinoamine ligands from cyclic amines; piperazine,

homopiperazine and cyclam phosphine derivatives.

This thesis concerns compounds where the diamine used to obtain the

bis(aminophosphines) or bis(aminophosphites) is part of the piperazine or

homopiperazine ring. Because the close structural similarity, we now extend
our overview to those bis(aminophosphines/phosphites) were the diamine was

part of the analogue six-, seven- or eight-membered ring.
Zikolova and co-workers224 synthesised a series of piperazine derivative

compounds (Figure 1.75) because of their potential antitumoral activity. The

compounds were prepared by reaction of piperazine with 2-chlorotetrahydro-2-

H-l,3,2-oxazaphosphorine-P-oxide.

Figure 1.75. Cyclic phosphoramide piperazine derivatives.

Kropacheva et al,225 described the preparation of N,N'-

di(ethylene)triamides of phosphoric and thiophosphoric acids, where the R

group is unsubstituted piperazine (Figure 1.76).
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FTV7 W7
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HN NH CL—P-N N-P—CI, *-
\ / or PSCI3 2 11 \ /11 2

(Dipine)
tetraethylenimide of
1,4-piperazinediphosphoric acid

Figure 1.76. Bisphosphorus derivatives ofpiperazine.

Dipine is also of interest because of its potential antitumoral activity
and to understand its pharmacokinetics, there have been studies on the

synthesis of the 14C labeled Dipine in different sites, such as in the

tetraethylenimide carbons or phosphorus centres226 and in the piperazine227

ring. The same research group studied the mass spectra of Dipine and

thiodipine to elucidate the metabolism of antitumor preparations.228-229'230
With similar skeletons but slightly different cyclic substituents on the

phosphorus atoms, Cremlyn and Akhtar prepared some heterocyclic

phosphorochloridates and other heterocyclic organophosphorus

compounds,231 which are of special interest as potential pesticides (Figure

1.77).

POCL
HN NH CL—P-N2 II

O

8 CgH^NHj
N—P—CI,

II 2
O

(NHCgHJ—P-N
O

"(NHC6H11)2

Figure 1.77. Preparation of some heterocyclic piperazine derivatives.

The same research group232 synthesised some phosphoiylated
derivatives of piperazine by reaction of piperazine with phosphoryl or

thiophosphoiyl chloride to obtain the dichloridate (I) or dichloridothioate (II).
The reaction of (I) with primary amines in a molar ratio 1:4 gave the

corresponding amidic chlorides (III). These were characterised as the
derivatives (IV, V, VI). The compound (II) reacted similarly with isopropylamine
to give the chloridothioate (VII). When (I) and (II) reacted with phenylhydrazine
in molar ratio 1:8, the corresponding derivatives (VIII and IX) were produced

(Figure 1.78).
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X
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Figure 1.78. Synthesis ofphosphorylated derivatives ofpiperazine.

Piperazine and phenyl phosphorodichloridothionate react to give N,N'-

bis(phenoxyphosphinothioyl)piperazine or 7-phenoxy-l,4-diaza-7-

phosphabicyclo[2,2, l]heptane-7-thione, depending on the reaction medium.182
The chiral phosphoramide, l,4-bis[(5S)-l,3-diaza-2-phospha-2-oxo-3-

phenylbicyclo(3.3.0)octan-2-yl]piperazine (Figure 1.79), was synthesised from
the reaction of l,3-diaza-2-phospha-2-oxo-2-chloro-3-phenylbicyclo-

(3.3.0)octane with piperazine and was successfully used as a catalyst in the
borane-mediated asymmetric reduction of prochiral a-haloketones, giving the

corresponding a-halo alcohols with 90-95% enantiomeric purities.233

Figure 1.79. Preparation of l,4-bis[(5Sf 1,3-diaza-2-phospha-2-oxo-3-

phenylbicyclo(3.3.0)octan-2-yl]piperazine.

The reaction of piperazine with PI12PCI to give the bis(aminophosphine)

compound has been poorly investigated prior to our work. In a Japanese

patent,234 the reaction of piperazine with PI12PCI in benzene was described and
the product obtained was reported to be the mono-substituted derivative,
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Ph2PN(C2H4)2NH. When Thomas et al,235 repeated the reaction, they produced
the bi-substituted product, Ph2PN(C2H4)2NPPh2, and not the previously

reported mono-substituted derivative. No coordination chemistry was

described for the bis-substituted product.
The only similar example that we have been found in the literature

where the two nitrogen atoms belong to an eight-membered ring with three
carbons bridging the nitrogen atoms was by Huttenloch and co-workers,236
who studied chiral bicyclic phosphoramidites for their applications in catalytic

asymmetric C-C bond formation by Cu-catalysed addition of different

dialkylzinc reagents to cyclic and acyclic enones (enantiomeric ratio found was

up to 91:9) and Rh-catalysed hydrogenations of a, p-unsaturated esters, giving
enantiomeric ratios up to 95:5. The best results were obtained when using

l,5-dimethyl-3,7-bis[(R)-l,l'-binaphthyl-2,2'-dioxaphosphepinyl]-3,7-
diazabicyclo-[3.3.0]octane (A) (Figure 1.80).

<A> (B)
/N N

1 P'—'''i 3,7-bis[(R)-1,1 '-binaphthyl-
J 2,2'-dioxaphosphepinyl]-

-0 0^7* 3,7-diazabicyclo[3.3.1]nonane
0. Et3N. r.t. Me Me

^P—CI toluene H
/n n\

Me Me \ P P^°\ (A)

<H>
„N N

H H

XI o

Figure 1.80. Synthesis of chiral phosphoramidite ligands (A) and (B).

To the best of our knowledge there is no record in the literature of any

type of bis(phosphinoamine) were the two nitrogen atoms are contained in a

homopiperazine ring apart from our own published work, which will be
described in detail later on.

Because of our study of cyclic amine containing bis(aminophosphines),
it is important to mention those investigations where cyclam or closely related
diamines have been used to prepare diphosphinoamine ligands.

In 1992, Khasnis and co-workers237 investigated a metallic compound
where cyclen was involved. They reported the first anionic rj2-cyclenPM (M =
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transition metal) derivative, Li[(r|2-cyclenP)Mo(CO)4], by treatment of

HcyclenPMo(CO)5 (synthesised from cyclenPH and molybdenum hexacarbonyl)
with butyllithium, and its reactivity with PI12PCI or alkyne

dimethylacetylenedicarboxylate (DMAD) (Figure 1.81).

Figure 1.81. Insertion of a phosphenium ion and an activated alkyne into the

metal-nitrogen bond ofLi[(r/2-cyclenP)Mo(CO)f.

With the aim of finding an effective chemotherapeutic treatment for
human immunodeficiency virus (HIV) infection, Bridger et al.238 studied agents

that targeted specific and critical events in the HIV replicative cycle. To achieve
the synthesis of the desired phenylenebis(methylene)-linked bis-

tetraazamacrocycles, they performed first, the macrocyclisation of some bis-
sulfonates with toluene-sulfonamides which yielded some macrocyclic

bis(aminophosphites), as can be seen in Figure 1.82.

R = Ts, n = 1 m = 1,2 R = Ts, P = Dep P = H
n = 1, m = 1,2

Figure 1.82. Synthesis ofphenylenebis(methylene)-linked bis-

tetraazamacrocycles (Dep = (EtOjjPO).
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Chellini and co-workers, prepared a series of polyazacyclophanes.239 By
reaction of the corresponding polyamines with diethyl phosphonate and CCU
in a solid base/organic liquid two-phase system in the presence of Bu4NBr (as
a phase transfer catalyst) they achieved fully diethoxyphosphoryl(Dep)-

protected polyamines. The second step consisted of phase catalysed alkylation
of phosphoramidates with bis(chloromethyl)arenes in the presence of

Bu4N(HS04) followed by deprotection to give the polyazacyclophanes (Figure

1.83).

H2N ■ >
(i)

m
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Dep-N'( r/Tn I H
CI CI

'm (ii)

rArr\
' Dep"""'1/. ^ ^Dep

Wn ) — ( ^' m (iii) V m

(1-8)

R = (EtO)2P(0)

(1-8)

R—N N—R R — N N—R R—N N — R R- -R

R R R R

R^\\//R
N N N N

R—N N—R R —N N—R

M M —^ N-N N

r' N ' VR
N N-

R' N ' VR

N N

'\
R > ' R

(i) (EtO)2P(0)H, CCI4, NaHC03, Bu4NBr, r.t. ; (ii) 50% NaOH/PhMe, Bu4N(HS04);
(iii) HCI(g) in dioxane, r.t., NaOH.

Figure 1.83. Preparation ofpolyazacyclophanes.

1.4.- Aims of this work.

As described in this Chapter, phosphorus-nitrogen compounds are now

becoming more important and are being extensively studied. They have been
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found to manifest interesting properties in coordination chemistry and

potential value as ligands in a wide range of catalytic reactions. We decided to

investigate more fully the synthesis, coordination chemistry and possible

application in homogeneous catalysis of a particular type of phosphorus-

nitrogen compounds that are specially new, bis(aminophosphine) ligands of
the type shown in Figure 1.84. Very little had been reported concerning such

compounds and therefore the opportunity presented itself for an in-depth

investigation into the ability of this compounds to act as bidentate ligands and
as catalysts.

r2p-n n-pr2

where X = cyclic, aryl or alky I
carbon containing backbones

R2 = C6H402, (3,5-tBu2C6H402-1,2),(2,2-Me2C3H4-1,3), C2H402

<X c
and Ph2, 'Pr2, <Bu2

Figure 1.84. Bis(aminophosphines) Ligands.

Our initial studies concentrated on the preparation of ligands derived
from piperazine or homopiperazine by the condensation reaction of these

cyclic amines with different chlorophosphines which could control the
electronic and steric properties of the obtained ligands. The coordination

chemistry of these ligands revealed distinct modes of coordination and with
the catalytic studies we have been able to present a systematic study based on

their electronic properties. By comparison of piperazine and homopiperazine
derivatives we have been able to study the effect of an extra CFh group into the

ligand backbone in coordination chemistry and in catalytic studies arising
from the different natural bite angles of the ligands.

We also studied other ligand backbones with the aim of finding a better

catalytic activity by modifying the bite angle of the ligands.
Our studies concluded with some basic modelling to determine

equilibrium geometry, configuration, bond lengths and angles of these ligands
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with the aim of finding a pattern that could support the catalytic results and,

furthermore, to provide a possible route to future predictions in this field.
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CHAPTER 2 : BIS(PHOSPHINE) DERIVATIVES OF PIPERAZINE AND

HOMOPIPERAZINE.

2.1.- Introduction.

One of the important roles occupied by ligands in catalytic metal

complexes is to offer steric protection to the catalytically active site. In

polymerisation catalysts for example, this requirement may be achieved by

incorporating bulky substituent groups into the ligand which hinder the

approach of the reactants and 'steer' them towards the reacting polymer chain.
With this in mind, we have studied the reactions of the cyclic amine

compounds piperazine and homopiperazine with different chlorophosphines to

ascertain the possibility of synthesising diphosphine chelates which would
offer significant steric hindrance and bite angle control by forming umbrella¬
like ligands around a metal centre. Here we report on the synthesis of

diphosphine derivatives of piperazine and homopiperazine and their reactions
with different metal compounds.

RESULTS AND DISCUSSION

2.2.- Synthesis ofphosphorus (III) derivatives ofpiperazine.

Reaction of piperazine with two equivalents of the chlorophosphines

PI12PCI, (C6H402)PC1 and (C2H402)PC1, in the presence of NEtj, proceeds in thf
to give 1, 2 and 3 respectively (Figure 2.1).

Addition of the chlorophosphine in thf to a solution of piperazine in thf,
at room temperature, results in the immediate precipitation of [Et3NH]Cl as

Figure 2.1. Synthesis of bisfphosphine) derivatives ofpiperazine
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the reaction proceeds. Removal of the ammonium salt by filtration, reduction
of the volume of thf in vacuo and addition of diethyl ether gives the new

species in 70-80% yield. The 31P-{]H} NMR spectrum of 1 comprises a singlet at

5(P) 62.9 ppm. The possibility of this peak representing the mono-substituted
amine was rejected after performing in situ 31P NMR studies. Monitoring of the
reaction mixture at regular intervals, immediately after completion of the

chlorodiphenylphosphine addition, shows a phosphorus-containing species,

with a chemical shift of 5(P) 35.1ppm, to be the initial reaction product. This is
assumed to be the mono-substituted amine as the resonance from it gradually
decreases in intensity as the reaction proceeds, to leave 1 as the only

phosphorus containing compound (Figure 2.2), we believe this to be a general
mechanism for condensation reactions between diamines and

chlorophosphines.

Figure 2.2. Intermediate species present in the reaction ofpiperazine with

different chlorophosphines.

Formation of the phosphorus containing compound has been studied by
in situ NMR. Reaction of PI12PCI and Et3N on the one hand, and reaction of

PI12PCI with the diamine starting material on the other hand, have shown that
the only species present are PI12PCI in the first case, and PI12PCI,
monosubstituted and bisubstituted phosphines compounds in the second
case. That simple experiment proves that Et3N acts as an acceptor of H+, from
the diamine, and CP from the PI12PCI and that the nucleophilic attack occurs

from the nitrogen lone pair to the electrophilic phosphorus atom as shown in

Figure 2.3. We believe this to be a general mechanism for condensation
reactions between diamines and chlorophosphines in the presence of a mild
base as is Et3N.

- 100 -



CHAPTER 2 : Bis(phosphine) Derivatives ofPiperazine and Homopiperazine

fP—Cl

ci-

+ Et3N-HCI

PR,

H
R,PC1

+ 2 Et3NHCI

PR,

PR0

R Et3N

Figure 2.3. Condensation reaction of R2PCI and piperazine.

Compound 1 is colourless and air- and moisture- tolerant in the solid
state and is soluble in both thf and dichloromethane. The identity of this

compound is supported by FAB+ mass spectrometry (m/z 455 [M]), elemental

analysis (Table 2.1) as well as by the IR spectrum, because no band associated
with a v(N-H) stretch is observed and a band corresponding to v(P-N) (930 cm-

!) was present instead.

The preparation of compounds (CeFbCkJPN^FU^NPfCfiFUCk) 2 and

(C2H4C>2)PN(C2H4)2NP(C2H402) 3 is achieved by the same experimental

procedure used in the formation of 1. The bis(aminophosphines) 2 and 3 were

isolated as colourless, solid products in good yield (72%). The ^P-^H} NMR

spectrum of 2 and 3 contain singlets at 8(P) 144.2 and 137.9 ppm respectively;
the large downfield shift when compared to 1 reflecting the close proximity of
the phosphorus centre to the strongly electronegative oxygen atoms. FAB+
mass spectrometry shows the parent-ion peak in both cases 2 and 3 (m/z 362

[M] and 266 [M] respectively) and elemental analyses are in good agreement
with calculated values (Table 2.1). The IR spectrum shows bands at 918 cm1

for 2 and at 952 cm1 for 3 which are assigned to v(P-N).
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Cpd Formula c H N

1 Ph2PN(C2H4)2NPPh2 73.8(74.0) 6.2(6.2) 5.5(6.2)

2 (C6H402)PN(C2H4)2NP(C6H402) 53.2(53.0) 4.3(4.4) 7.3(7.7)

3 (C2H402)PN(C2H4)2NP(C2H402) 35.6(36.1) 6.2(6.0) 9.9(10.5)

Table 2.1. Elemental analysis data for compounds 1-3 (calculated values in

parentheses).

Although stable for short periods in the solid state, in solution 1-3
oxidise readily in air. Crystals of IO2 were obtained from a CH2CI2 solution of
1 and the structure is shown in Figure 2.4 with selected bond lengths and

angles in Table 2.2. The piperazine ring adopts a chair conformation with the
P=0 groups being on opposite sides of the molecule.

Figure 2.4. Solid state structure of Ph2P(0)N(C2H4)2NP(0)Ph2.

Bond Lengths
P(l)-E(l) 1.475(2)

P(l)-N(l) 1.646(3)
Bond Angles E(1)-P(1)N(1) 117.4(1)

Table 2.2. Selected bond lengths (A) and angles (") in Ph2P(0)N(C2H4)2NP(0)Ph2
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Compounds 1, 2 and 3 demonstrate that piperazine reacts successfully
with the chlorophosphines PI12PCI, (C6H402)PC1 and (C2H4C>2)PC1 to produce
bis substituted P-N ligand systems.

2.3.- Coordination Chemistry of R2PN(C2H4)2NPR2 where R2 = C6H4O,

C2H4O2 and Ph2.

Reactions of 1 and 2 with equimolar quantities of [PtCl2(cod)] in
dichloromethane (Figure 2.5) yield the seven-membered, P,P' chelates cis-

[PtCl2{Ph2PN(C2H4)2NPPh2] 4 and cis-[PtCl2{(C6H402)PN(C2H4)2NP(C6H402)}] 5.

,(V + [Ptcycod)]
£ PR, -«"• AN\p^pt_cl^

PR2 R, \
CI

R2 = Ph2 (4), C6H402 (5)

Figure 2.5. Preparation of cis-[PtCh{Ph2PN(C2H4)2NPPh2] 4 and as-

[PtCl2{(C6H402)PN(C2H4)2NP(C6H402)}] 5

Addition of the solid diphosphines 1 and 2 to stirred dichloromethane
solutions of [PtCl2(cod)] results in the formation of colourless solutions.

Stirring is continued for further 2 hours, after which time diethyl ether is
added and the products 4 and 5 are precipitated as colourless solids in good

yields (79 and 89 % respectively).
The 3ip-{iH} NMR spectra of both compounds are singlets with satellites

from coupling to 195Pt, the nature of the substituent groups on the phosphorus

being reflected in the positions of the chemical shifts (8(P) 53.5 and 99.6 ppm

respectively) and the magnitude of the 1 J(195Pt-31P) coupling constants (3972
and 5480 Hz respectively) which are in accord with values previously reported
for similarly substituted phosphines when trans to a chloride in a Pt(II)

complex.1-2,3 FAB+ mass spectrometry shows the expected parent-ion peak

(m/z 720 [M]) for 4, however, for 5 this parent-ion peak does not appear but
instead fragmentation consistent with the loss of a chloride ion is observed

(m/z 597 [M-Cl]). Elemental analysis data are in agreement with calculated
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values (Table 2.3) and IR spectra of 4 and 5 show bands which could be

assigned to v(P-N) (960 and 966 cm1 respectively), the latter showing an

increase in the P-N bond order when compared with that in the free ligand,
and to v(Pt-Cl) (334 and 306 cm1) for 5 because the cis geometry of this

complex.
The compound (C6H402)PN(C2H4)2NP(C6H402) also reacts with

[PtMe2(cod)], in dichloromethane, to produce the P,P' chelate cis-

[PtMe2{(C6H402)PN(C2H4)2NP(C6H402)}] 6 (Figure 2.6).

Figure 2.6. Synthesis of cis-[PtMe2{(C6H402)PN(C2H4)2NP(Cdi402)}] 6

Addition of the solid diphosphine 2 to stirred dichloromethane solutions
of [PtMe2(cod)] results in the formation of colourless solution. Stirring is
continued for further 2 hours, after which time diethyl ether is added resulting
the precipitated product 6 as colourless solid in good yield (63 %).

The 31P-{!H} NMR spectrum of 6 shows a singlet at 5(P) 154.9 ppm (10.7

ppm downfield shift from the free ligand) with satellites from coupling to l95Pt.
1 J(195Pt-31P) is 2977 Hz, which is significantly smaller than the one found for
the analogous dichloro-complex 5 but it is in accordance with values

previously reported for similarly substituted phosphines when the phosphorus
atom is trans to a methyl group in a Pt(II) complex1. FAB+ mass spectrometry
shows the expected parent-ion peak (m/z 587 [M]). Elemental analysis data
are in agreement with calculated values (Table 2.3) and the IR spectrum shows
one band assigned to v(P-N) (966 cm-1), showing, as in the analogous
dichloride complex, an increase in the P-N bond order when compared with
the free ligand.

R2 - C6H4026' '4W2
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Similarly the reaction of 1 with an equimolar quantity of [PdCl2(cod)] in
thf results in the bidentate, P,P' chelate complex cis-

[PdCl2{Ph2PN(C2H4)2NPPh2], 7 (Figure 2.7).

+ [PdCl2(cod)]
PPh2 - cod

Figure 2.7. Synthesis of cis-[PdCh{Ph2PN(C2H4)2NPPh.2], 7.

The preparation and isolation of 7 follows the same experimental

procedure used for the analogous platinum compounds 4, 5 and 6 resulting a

yellow solid in 62 % yield.
The 31P-{1H} NMR spectrum of 7 shows the expected singlet at S(P) 101.7

ppm, a downfield shift of approximately 40 ppm from the free ligand. FAB+
mass spectrometry shows the expected parent-ion peak (m/z 632 [M]).
Elemental analysis data are in agreement with calculated values (Table 2.3)

and, once again, the IR spectrum shows one band that can be assigned to v(P-

N) (959 cm1), which, as expected, shows an increase in the P-N bond order
when compared with the free ligand. As further evidence of having obtained a

cis-palladium complex the IR spectrum contains two v(PdCl) stretches at 320
and 298 cm1.

Cp Formula C H N

4 cis- [PtCl2{Ph2PN(C2H4)2NPPh2] 46.9(46.7) 3.7(3.9) 3.2(3.9)
5 CTS-[PtCl2{(C6H402)PN(C2H4)2NP(C6H402)} 30.4(30.6) 2.8(2.6) 4.3(4.5)

6 cis[PtMe2{(C6H402)PN(C2H4)2NP(C6H402)}] 36.3(36.8) 3.9(3.8) 4.6(4.8)

7 ds-[PdCl2{Ph2PN(C2H4)2NPPh2] 52.9(53.3) 4.5(4.5) 4.3(4.4)

Table 2.3. Elemental analysis data for complexes 4-7 (calculated values in

parentheses).

Slow diffusion of diethyl ether into a dichloromethane solution of 7 gives
the product as yellow crystals. The X-ray structure of 7 contains two
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crystallographically independent molecules and shows the product to have the

expected ds-square planar geometry about the Pd centre (Table 2.4, Figure

2.8). The bidentate nature of the co-ordination to the metal results in the
formation of two 7-membered Pd-P-N-C-C-N-P ring systems The N(C2FU)2N
backbone of the ligand adopts a boat conformation and forms an Tunbrella-
like' structure around the Pd centre. The structure also reveals that the

square planar palladium centre is somewhat distorted and in both of the two

independent molecules the bite angle of the piperazine is larger than the ideal
90° [93.9 (2) and 94.7 (2)] and the Cl-Pd-Cl angles are also greater than 90°

[92.1 (2) and 91.9 (2)]. The mean deviations of PdP2Cl2 from the plane are 0.14
A for one of the molecules and 0.02 A for the second. In both molecules the P-

N, Pd-P and P-Cl bond lengths are all typical of single bonds.

Figure 2.8. Solid state structure of cis-[PdCh{Ph2PN(C2H4)2NPPh.2], 7.
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Bond Length Bond Angles

M(l)-P(l) 2.246 (5) [2.265 (5)] P(l)-M(l)-P(4) 93.9(2) [94.7 (2)]

M(l)-P(4) 2.256 (5) [2.246 (5)] C1(1)-M(1)-C1(2) 92.1 (2) [91.9 (2)]

M(1)-C1(1) 2.391 (4) [2.363 (4)] M(l)-P(l)-N(l) 120.1 (5) [121.8 (6)]

M(1)-C1(2) 2.381 (5) [2.388 (5)] M(l)-P(4)-N(2) 123.3 (5) [121.2 (6)]

P(l)-N(l) 1.697 (13) [1.680(12)] P(4)-M(1)-C1(2) 85.8 (16) [86.19 (16)]

P(4)-N(4) 1.666 (13) [1.704 (14)] P(1)-M(1)-C1(1) 89.07 (17) [87.13 (16)]
N.B. The values in parentheses are for the second crystallographically

independent molecule.

Table 2.4. Selected comparative bond lengths (A) and angles (°) in

[PdCl2{Ph2PN(C2H4)2NPPh2}] 7.

The reaction of 1 with [Mo(CO)4(pip)2] in dichloromethane proceeds, with

displacement of the piperidines, to give 8 (Figure 2.9).

PPL
+ [Mo(CO)4(pip)2] CH,CI,—^

-2 pip

PPL

Figure 2.9. Synthesis of cis-[Mo(CO)4{Ph2PN(C2H4)2NPPh2], 8

The preparation of ds-[Mo(CO)4{Ph2PN(C2H4)2NPPti2] 8 proceeds by

suspension of [Mo(CO)4(pip)2] in dry dichloromethane and addition of 1 as a

solid in one portion. The suspension is heated to reflux for approximately 15

minutes, cooled and the solvent volume reduced in vacuo to ca. 2 cm3.

Addition of methanol to the solution gives 8 as a yellow solid in approximately
72 %.

The 3iP-{iH} NMR spectrum of 8 displays a singlet at 5(P) 97.2 ppm, a

downfield shift of around 35 ppm upon complexation whilst its IR spectrum

contains four strong bands due to v(CO) [2021, 1917, 1901 and 1888 cm1],

confirming the cis structure of the chelate and the terminal nature of the

carbonyl ligands. Furthermore, IR spectrum shows as well the characteristic

v(P-N) band at 959 cm1. FAB+ mass spectrometry does not show the peak for
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the expected parent-ion but does show a fragmentation pattern consistent
with the sequential loss of four carbonyl ligands (m/z 634 [M-CO], 606 [M-

2CO], 578 [M-3CO], 550 [M-4CO]). Elemental analysis data are in agreement

with calculated values (Found (Calc) 57.6(58.0) C%, 3.9(4.3) H%, 3.8(4.2) N%).
The complex could be identify as possessing the expected octahedral

geometry around the Mo centre and results in the formation of two seven-

membered rings with only differ in which carbon atoms from the backbone of
the ligand they include.

Complexes 4-8 demonstrate the ability of Ph2PN(C2H4)2NPPh2 1,

(C6H402)PN(C2H4)2NP(C6H402) 2 and (C2H402)PN(C2H4)2NP(C2H402) 3 to act as

bidentate chelating ligands and form seven-membered metallacycles.

Furthermore we have discovered that Ph2PN(CiH4)2NPPh2 1,

(C6H402)PN(C2H4)2NP(C6H402) 2 and (Csf^O^PN^H^NP^f^Ck) 3 can act as

bridging ligands in between two centres when reacting with compounds

containing Au(I) and Ru(II).

Reaction of the ligands 1, 2 and 3 with two equivalents of [AuCl(tht)] in
dichloromethane yield the bimetallic species of gold

[Ph2P{AuCl}N(C2H4)2NP{AuCl}Ph2] 9, [(c6H402)PN{Auc1}(c2H4)2NP{Auc1}(c6H402)]
10 and [(C2H402)P{AuC1}N(C2H4)2NP{AuC1} (C2H402)] 11 (Figure 2.10).

Figure 2.10. Preparation of [Ph2P{AuCl}N(C2H4)2NP{AuCl}Ph2] 9,

[(CoH^02)PN{AuCI}(C2H4)2HP{AuCI}(C(fi4 02)] 10 and

[(C2H402)P{AuCl}N(C2H4)2NP{AuCI}(C2H402)] 11

Reactions at room temperature of two equivalents of [AuCl(tht)] with
dichloromethane solutions of 1, 2 and 3 produce 9, 10 and 11 respectively in

'Au

'Au

R2 = Ph2 (9), (C6H402) (10), (C2H402) (11).

CI
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varying yields (53, 86 and 76 % respectively). Precipitation of the colourless

gold species is achieved by addition of diethyl ether to the reaction mixture.
The ^P-l1!!} NMR spectrum of 9 displays a singlet at 5(P) 80.7 ppm,

while the chemical shifts for 10, 5(P) 136.4 ppm, and for 11, 5(P) 131.7 ppm,

are significantly downfield because of the proximity of the phosphorus centres

to highly electronegative oxygen atoms. The IR spectra of all three complexes
show relative similar bands that can be assigned to v(P-N) [966 cm1 for 9, 966
cm-' as well for 10 and 967 cm1 for 11]. FAB+ mass spectrometry of 10 shows
the peak for the expected parent-ion (m/z 827 [M]), while FAB+ mass

spectrometry of 9 and 11 do not show the peak for the expected parent-ion
but show a fragmentation pattern consistent with the loss of one chloride (m/z
883 [M-Cl] for 9 and 695 [M-Cl] for 11). Elemental analysis data for all three

complexes are in agreement with calculated values (Table 2.5).

Reaction of 1 with equimolar quantities of [{RuCl(p-Cl)(q6-p-

MeC6H4'Pr)}2] gave [{RuCl2(p-Cl)(r|(5-p-MeC6H4'Pr)}2{Ph2PN(C2H4)2NPPh2}] 12, in
which the ligand 1 also acts as a bridging ligand between two Ru centres

(Figure 2.11).

Figure 2.11. Preparation of [{RuChfieCljf rj6-p-MeC6HfPr)}2{Ph2PN(C2H4)2NPPh2}]
12.

To obtain 12, solid Ph2PN(C2H4)2NPPh2 was added to a solution of

[{RuCl(p-Cl)(q6-p-MeC6H4'Pr)}2]. The brown reaction mixture was stirred for
further 12 h after which time diethyl ether was added resulting in the

precipitated product 12 as a light brown solid in good yield (69 %).
The 31P-{1H} NMR spectrum of 12 shows a singlet at S(P) 69.8 ppm, a

downfield shift of only 7 ppm compared with the free ligand. The IR spectrum

shows a band that can be assigned to v(P-N) (953 cm-1). FAB+ mass
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spectrometry shows the peak for the expected parent-ion (m/z 1066 [M]), a

peak assigned to [M-Cl ] (m/z 1031) and a strong peak corresponding to the
loss of a RuCk^-p-MeCefk'Pr) fragment (m/z 760). Elemental analysis data is
in agreement with calculated values (Table 2.5).

Cp Formula C H N

8 cis-[Mo(CO)4{Ph2PN(C2H4)2NPPh2] 57.6(58.0) 3.9(4.3) 3.8(4.2)
9 [Ph2P{AuCl}N(C2H4)2NP{AuCl}Ph2] 36.4(36.6) 2.8(3.1) 2.4(3.1)
10 [(C6H402)PN{AUC1}(C2H4)2NP{AUC1}(C6H402)] 23.2(23.2) 1.9(1.9) 3.3(3.4)
11 [(C2H402)P{AUC1}N(C2H4)2NP{AUC1}(C2H402)] 13.3(13.1) 2.2(2.2) 3.8(3.8)

12 [{RuCl2(p-Cl)(Ti6-p-
MeC6H4iPr)}2{Ph2PN(C2H4)2NPPh2}]

54.1(54.0) 5.3(5.3) 2.2(2.6)

Table 2.5. Elemental analysis data for complexes 8-12 (calculated values in

parentheses).

2.4.- Synthesis ofphosphorus (III) derivatives of homopiperazine.

Homopiperazine derivatives differ from the piperazine derivatives by

containing an extra CH2 group, therefore forming a 7-membered nitrogen-
carbon ring system (Figure 2.12).

Homopiperazine derivatives

r\
Jc >■%

P*2

7-membered ring 6-membered ring

Figure 2.12. Different ligand backbone ring sizes in homopiperazine and

piperazine based ligands.

Reaction of homopiperazine with two equivalents of the

chlorophosphines Ph2PCl, (C6H402)PC1, (2,2-Me2C3H402-l,3)PCl, (C2H402)PC1
and 'Pr2PCl (Figure 2.13) in the presence of NEt3, proceeds in thf and at room

temperature to give Ph2PN(C3H6)(C2H4)NPPh2 13,

(C6H402)PN(C3H6)(C2H4)NP(C6H402) 14,
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(CH3)2(C3H402)PN(C3H6)(C2H4)NP(CH3)2(C3H4C>2) 15

(C2H402)PN(C3H6)(C2H4)NP(C2H402) 16 and iPr2PN(C3H6)(C2H4)NP'Pr2 17

respectively (Figure 2.14).

R2 = Ph2 (13), C6H402 (14), (2,2-Me2C3H402-l,3) (15),
C2H402 (16) and iPr2PCl (17)

Figure 2. Id. Synthesis of bis(phosphinc) derivatives of homopipcrazinc.

Ligands 13-17 are analogous compounds to 1-3 which can be

synthesised using the same technique employed in the preparation of ligands
1-3 and where the same reaction mechanism occurs.

Addition of thf solutions of each chlorophosphine to stirred solutions of

homopiperazine, also in thf, resulted in the immediate precipitation of
Et3N-HCl as the reactions proceed. Stirring was continued for varying time in
each case after the chlorophosphine addition was completed. The ammonium
salts were removed by suction filtration, usually under nitrogen atmosphere,
and the solvent evacuated to dryness in vacuo to yield the compounds 13 (88

%), 14 (83 %), 15 (80 %) and 16 (78 %) as colourless solids and 17 (89 %) as a

colourless oil.

Ph2PCI (C6H402)PCI (2,2-MeC3H402-1,3)PCI (C2H402)PCI 'Pr2PCI

Figure 2.13. The different chlorophosphines used in the synthesis of

homopiperazine derivatives.
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Although air- and moisture-stable for short periods in the solid state,

13-16 oxidise readily in solution in air. Ligand 17 is very air- and moisture-
sensitive even for veiy short periods and needs to be stored under inert

atmosphere. Therefore, the stability of these ligands depends on the phosphine

starting material chosen in a way that if the final product is more basic, it will
be more sensitive to oxygen (Figure 2.15).

POTENTIAL PHOSPHINE STARTING MATERIALS USED PHOSPHINE STARTING MATERIALS

r2p-ci

R : Ph or any aryl group

3-ci , 'Bu, Cy

"Bu, iPr, Et, Me, NEt2

air stable

moderately
air stable

air sensitive

r2p-ci

(Pr)2PCI

CBu)2PCI

cvCI

0>a
P—CI

Ph,PCI

+ air sensitive

Figure 2.15. Stability conferred by the different chlorophospliines used in the

synthesis of bis(aminophosphines).

The 3ip-{iH} NMR spectrum of 13 displays a singlet at S(P) 65.7 ppm,

while the chemical shifts for 14, 8(P) 147.9 ppm, for 15, 8(P) 147.1 ppm, and
for 16, 8(P) 143.8 ppm, are significantly downfield because of the proximity of
the phosphorus centres to highly electronegative oxygen atoms. The 6(P)
values of all three aryl ligands (13, 14 and 16) are slightly downfield from the
values, observed for the analogous piperazine derivatives, 1-3, suggesting that
the addition of an extra CFp group into the ligand backbone causes a slight

deshielding of the phosphorus centres. The 31P-{!H} NMR spectrum of 17

displays a singlet at 8(P) 96.0 ppm although it would have been expected to

give an upfield signal because of the position of the electron donating alkyl
substituents on the phosphorus atom. It demonstrates that although we can

find a 3]P-{1H} NMR chemical shift pattern in between bis(aminophosphines)
and bis(aminophosphites), there is no simple electronic correlation and that
other factors are affecting the phosphorus chemical shift.
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The IR spectra of those compounds show relatively similar bands that

can be assigned to v(P-N) [921 cm1 for 13, 916 cm1 for 14, 914 cm-' for 15
and 931 cm1 for 16). Compound 17 is very air and moisture sensitive and its

IR spectrum was not recorded. FAB+ mass spectrometry confirms the proposed

identity of the ligands 13-16 by showing the expected parent-ion peaks (m/z
468 [M] and 469 [M+H+] for 13, m/z 376 [M] and 377 [M+H+] for 14, m/z 364

[M] for 15 and m/z 280 [M] for 16), while FAB+ mass spectrometry of 17 do
not show the peak for the expected parent-ion but show a fragmentation

pattern consistent with the loss of one or more isopropyl group (m/z 289 [M-

'Pr] and 215 [M-2'Pr]). Elemental analysis data for all five compounds are in

agreement with calculated values (Table 2.6).

Cpd Formula C H N

13 Ph2PN(C3H6)(C2H4)NPPh2 74.4(74.4) 6.1(6.4) 5.8(5.9)
14 (C6H402)PN(C3H6)(C2H4)NP(C6H402) 53.8(54.3) 4.3(4.8) 6.9(7.4)

15
(2,2-Me2C3H402-

l,3)PN(C3H6)(C2H4)NP(2,2-Me2C3H402-
1,3)

49.5(49.5) 8.6(8.3) 7.6(7.7)

16 (C2H402)PN(C3H6)(C2H4)NP(C2H402) 38.8(38.6) 6.8(6.4) 10.4(10.0)
17 iPr2PN(C3H6)(C2H4)NPiPr2 60.3(61.4) 12.7(11.5) 8.6(8.4)

Table 2.6. Elemental analysis data for compounds 13 17 (calculated values in

parentheses).

Reciystallisation from hot toluene gives 15 as colourless crystals. The

X-ray structure (Figure 2.16) and Table 2.7 confirm the proposed structure for
15 and reveal the chair conformation of the six membered rings attached to

the phosphorus centres. The two nitrogen atoms in the homopiperazine ring,

along with the two phosphorus centres are in the same P-N-N-P plane and the

homopiperazine ring seems to adopt a chair conformation (Figure 2.17). The

phosphorus and nitrogen atoms are not tetrahedral since the corresponding

angles are different to the expected 109 0 value for tetrahedral geometry.
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Figure 2.16. Solid state structure of (2,2-Me2C3H4O2-1,3)PN(CsHejfC2H4)NP(2,2-
Me2C3H402-l,3) 15.

Figure 2.17. Packing Diagram of (2,2-Me2C3H4O2-1,3)PN(CslHeffC2H4)NP(2,2-
Me2C3H402-1,3) 15.
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Bond Lengths
N( 1)-P( 11) 1.6510 (17)
N(4)-P(2) 1.6485 (16)

Bond Angles
C(7)-N(l)-P(l 1) 118.19 (13)
C(2)-N(l)-P(l 1) 123.84 (14)
C(5)-N(4)-P(21) 123.24 (14)
C(3)-N(4)-P(21) 121.28 (13)

N(l)-P(l 1)-0(12) 101.54 (8)
N(l)-P(ll)-0(16) 99.53 (8)
N(4)-P(21)-0(26) 101.15 (8)
N(4)-P(21)-0(22) 97.97 (7)

Table 2.7. Selected comparative bond lengths (A) and angles (°) in (2,2-

Me2C3H402-l,3)PN(C3H6)(C2H4)NP(2,2-Me2C3H402-l,3) 15

Reaction of homopiperazine with two equivalents of (3,5-tBu2C6H402-

1,2)PC1 in thf in the presence of EtaN gives (3,5-lBu2C6H402-

l;2)PN(C2H4)(C3H6)NP(3,5-tBu2C6H402-l,2) 18 (Figure 2.18).

Figure 2.18. Preparation ofligand (3,5-tBu2C6H402-l,2)PN(C2H4)(C3H6)NP(3,5~

'Bu2C6H402-l,2) 18

We first attempted the synthesis of (3,5-tBu2C6H402-l,2)PCl by the

dropwise addition of PCI3 to 3,5-di-tert-butylcatechol in thf in the presence of
EtsN. Triethylammonium hydrochloride was formed and removed by suction
filtration under nitrogen atmosphere. The 31P-{1H} NMR showed that the

remaining yellowish oily product consisted of a mixture of the desired

chlorophosphine (31 P-^H} NMR shows a singlet at S(P) 171.6 ppm that is in

agreement with literature data4), the expected spirophosphorane (8(P) 23 ppm)
that is also in agreement with literature data4) and some other side products

(probably oxidised derivatives of the starting materials and the products).
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Distillation of the product mixture was performed and unfortunately the clean
desired product was not isolated. The same experimental procedure was

attempted a second time adding PCI3 as a solution in thf so we could prevent

the massive production of PCI3 vapours inside the reaction mixture. Once

again, after filtration of the salts under nitrogen atmosphere, distillation of the

product mixture was performed and once more, the clean chlorophosphine
could not be isolated, appearing together with some undesired side products.

We finally decided to change the experimental procedure and perform
the reaction in the absence of any solvent (Figure 2.19), as is reported in the
literature5 for the synthesis of (CeHUC^JPCl. Therefore we add PCI3 dropwise to
solid 3,5-di-tert-butylcatechol over 30 minutes. After the addition of PCI3 the

reaction mixture was stirred at reflux for approximately 2 h and the
distillation of the reaction mixture afforded the pure product in good yield (84

%).

Figure 2.19. Synthesis of (3,5-tBu2C6H402-l ,2)PCl.

Addition of (3,5-tBu2C6H402-l,2)PCl in thf to a solution of

homopiperazine in thf at room temperature, results in a colourless solution.
After the addition of the chlorophosphine, the reaction mixture is stirred and
heated to reflux overnight resulting the precipitation of [EtjN-HCl] salt.
Removal of the ammonium salt by filtration under nitrogen atmosphere,
reduction of the volume of thf in vacuo and addition of hexane gives (3,5-

iBu2C6H402-l,2)PN(C2H4)(C3H6)NP(3,5-tBu2C6H402-l,2) 18 as a colourless solid
in good yield (80 %). This reaction did not proceed at room temperature, even

in the presence of a stronger base such as n-BuLi, and required higher

temperatures. This suggests that, a difference with the previously studied

compounds (1-3 and 13-17), the possibility of that steric problems due to the
bulk of the chlorophosphine with tert-butyl substituents in its skeleton,
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making it difficult to initiate the reaction. This was overcome by an increase in
the temperature.

The 31P-{1H} NMR spectrum of 18 displays a singlet at 5(P) 147.5 ppm,

which is as expected because of the proximity of the phosphorus centres to

highly electronegative oxygen atoms as in 2, 3, 14, 15 and 16. FAB+ mass

spectrometry supports the proposed identity of 18 as a diphosphine because it
shows the peak for the expected parent-ion (m/z 600 [M]) and its IR spectra

shows a band that can be assigned to v(P-N) (922 cm-1).
18 is air- and moisture-stable for short periods but in solution in air is

readily oxidised.

Searching for bis(aminophosphines) containing chlorophosphines where
the substituents on the phosphorus atoms would be even more electron

donating than the isopropyl groups (in compound 17) and that would confer
more bulkiness to the ligand, we attempted the preparation of

1Bu2PN(C3H6)(C2H4)NPBU2 19.
We first reacted lBu2PCl with homopiperazine in thf in the presence of

Et3N at room temperature. The same synthetic approach with the addition of a

catalytic amount of DMAP was performed. Furthermore, stronger bases such
as Lutidine and n-BuLi were used as well and finally the reaction was

performed at high temperature. Unfortunately, none of the procedures used
led to the isolation of the desired product and it was always observed by 31P-

{!H} NMR as a small (less than approximately 10 % of the total intensity
observed in the 31P-{1H} NMR spectrum) peak at S(P) 92.8 ppm which could be
the mono- or bi-substituted product but no FAB+ mass spectrometry for either
was obtained. It would appear that this reaction has steric problems. The tert-

butyl groups located on the phosphorus atom of the chlorophosphine obstruct
the formation of the P-N bond and therefore the synthesis of the ligand

1Bu2PN(C3H6)(C2H4)NP1Bu2 19. Other workers in our group have found that a

•BU2P-N linkage is difficult to form.
All the ligands successfully synthesised in this section (13-18) are

readily soluble in both thf and dichloromethane.

Compounds 13, 14, 15, 16, 17 and 18 demonstrate that

homopiperazine reacts successfully with the chlorophosphines Ph2PCl,

(C6H402)PC1, (2,2-MeC6H402-1,3)PC1, (C2H402)PC1 and >Pr2PCl to produce bis
substituted P-N ligand systems.
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2.5.- Oxidation Chemistry of R2PN(C2H4)(C3H6)NPR2 where R2 = (2,2-

Me2C3H402-1,3), (3,5-tBu2C6H402-l,2), Ph2, (lPr)2.

Reaction of 13 and 15 with two equivalents of elemental sulfur in thf or

toluene proceed according to Figure 2.20 to yield the dichalcogen derivatives

Figure 2.20. Preparation of dichalcogen derivatives Ph2P(S)N(C3H6)(C2H4)NP(S)Ph2
20 and (2,2-Me2C3H402-l,3)P(S)N(C3H6)(CJF)NP(S)(2,2-Me2C3H402-1,3) 21

Addition of the solid diphosphines 13 and 15 to a stirred solution of
elemental sulfur in toluene or thf results in the formation of pale yellow
solutions. Stirring is continued for few hours (2-3 h for 13 and overnight for

15). The products are precipitated as white-off solids by addition of diethyl
ether and isolated in good yields (84 and 92 % for 13 and 15 respectively).

The 31P-{1H} NMR spectrum of 20 displays a singlet at 8(P) 71.2 ppm

which is slightly downfield, about 6 ppm, compared with the P(III) ligand (8(P)
65.7 ppm). On the other hand, 21 exhibits a singlet at 5(P) 73.5 ppm which is
about 76 ppm upfield compared to the ligand 15 (5(P) 147.1 ppm). This effect
could be rationalised simply by comparison of the atoms that are on the

phosphorus centres. In the case of compound 20, it is normal to observe a

downfield effect in the chemical shift because the phosphorus atom will have
an additional substituent when going from the P(III) ligand to the P(V)

dichalcogen derivative because the sulfur atom will be slightly more

electronegative than the only present carbon atoms from the phenyl
substituents. For compound 21 the contrary effect takes place because in the

P(III) ligand there are oxygen atoms on the phosphorus centres which are

highly electronegative and in the dichalcogen derivative the phosphorus has

Ph2P(S)N(C3H6)(C2H4)NP(S)Ph2 20 e

l,3)P(S)N(C3H6)(C2H4)NP(S)(2,2-Me2C3H402-l,3) 21.

20 and (2,2-Me2C3H402-
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gained a much less electronegative atom in sulfur. In both cases, the singlets

appear at the expected region for disulfur derivatives.
The IR spectra of 20 and 21 show relatively similar bands that can be

assigned to v(P-N) and v(P-S) [910 and 751 cm1 respectively for 20 and 910
and 723 cm1 respectively for 21). FAB+ mass spectrometry confirms the

proposed identity of the compounds 20 and 21 by showing the expected

parent-ion peaks (m/z 533 [M+H+] for 20 and 428 [M] and 429 [M+H+] for 21).
Elemental analysis data for both chalcogen derivatives are in agreement with
the calculated values (Table 2.11.).

Crystals of compound 20 (Figure 2.21) and 21 (Figure 2.22) suitable for

X-ray analysis (Figure 2.21) were obtained by vapour diffusion of diethyl ether
into a dichloromethane solution of the compound. The molecular structure

shows that the P=S bonds adopt a trans orientation to one another and the

homopiperazine has a conformation close to boat for both 20 and 21

compounds. P-N and P=S bond lengths (Table 2.8. and Table 2.9. respectively
for 20 and 21 ) are typical for this type of compounds. All nitrogen and

phosphorus atoms lie in a near trigonal geometry with P-N-C and N-P-S angles
close to 120° for 20, whilst, in 21, phosphorus atoms show a geometry closer
to tetrahedral (P-O-N angles are closer to 109° than 120°) and nitrogen centres

appear nearly trigonal.

C141I CI4DI

CI39I

CI14)

CI20I W CI21I

Figure 2.21. Solid state structure ofPh2P(S)N(C3H6)(C2H4)N(S)PPh2 20.
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•K*. S(21)

Figure 2.22. Solid state structure of (2,2-MeC3H402-

1,3)P(S)N(C3H6)(C2H4)N(S)P(2,2-MeC3H402-1,3)21.

Bond Lengths
P(1 l)-N(l) 1.6645 (15)
P(31)-N(4) 1.6631 (15)
P(ll)-S(ll) 1.9629 (7)
P(31)-S(31) 1.9610 (7)

Bond Angles
C(2)-N(l)-P(l 1) 118.32 (12)
C(7)-N(l)-P(l 1) 124.70 (12)
N(l)-P(l 1)-S(11) 118.91 (6)
C(3)-N(4)-P(31) 119.48 (12)
C(5)-N(4)-P(31) 122.47 (12)
N(4)-P(31)-S(31) 118.19 (6)

Table 2.8. Selected comparative bond lengths (A) and angles (°) in

Ph2P(S)N(C3H6)(C2H4)N(S)PPh2 20.
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Bond Lengths
P(21)-N(4) 1.6224(17)
P(1 l)-N(l) 1.6272 (17)

P(21)-S(21) 1.9253 (7)
P(ll)-S(ll) 1.9274 (7)

Bond Angles
C(2)-N(l)-P(l 1) 123.91 (14)
C(7)-N(l)-P(l 1) 120.14 (13)
C(3)-N(4)-P(21) 121.67 (13)
C(5)-N(l)-P(l 1) 122.34 (13)
N(l)-P(l 1)-S(11) 115.94 (7)
N(4)-P(21)-S(21) 115.28 (7)
0(16)-P(1 l)-N(l) 105.23 (8)
0(12)-P(1 l)-N(l) 102.75 (8)
0(22)-P(21)-N(4) 105.08 (8)
0(26)-P(21)-N(4) 103.56 (8)

Table 2.9. Selected comparative bond lengths (A) and angles (°) in (2,2-

MeC3H402-1,3)P(S)N(C3H6)(C2H4)N(S)P(2,2-MeC3H402-l,3) 21

Reaction of 13 and 17 with two equivalents of elemental selenium in
toluene proceeds according to Figure 2.23 to yield

Ph2P(Se)N(C3H6)(C2H4)NP(Se)Ph2 22 and >Pr2P(Se)N(C3H6)(C2H4)NP(Se)'Pr2 23.

R2

R2 = Ph2 (22), iPr2 (23)

Figure 2.23. Preparation ofPh2P(Se)N(C3H3)(C2H4)NP(Se)Ph2 22 and

<Pr2P(Se)N(C3H6)(C2H4)NP(Se)>Pr223.

Addition of the solid diphosphine 13 to a stirred suspension of
elemental selenium in toluene results in the formation of a greyish mixture.
The suspension is heated to reflux for approximately 2 hours, cooled, filtered

through Celite and the solvent evaporated to dryness in vacuo. Addition of
methanol to the product previously dissolved in dichloromethane gave 22 as

- 121 -



CHAPTER 2 : Bisfphosphine) Derivatives ofPiperazine and Homopiperazine

an off-white solid in approximately 70 % yield. However, 17 is extremely air
sensitive and is added to the selenium suspension as a toluene solution. To

obtain 23 the experimental procedure is exactly the same as for 22 but
instead of methanol, diethyl ether is added to precipitate 23 as an off-white
solid in approximately 75 %yield.

The 31P-{1H} NMR spectra of 22 and 23 show singlets at 8(P) 71.9 ppm

and 8(P) 101.5 ppm respectively which appear to be about 6 ppm downfield
from the free ligand in both cases, with !J(77Se-31P) coupling constants of 753
Hz which is in accordance with values previously reported for similar selenium
derivative phosphines.

The IR spectra of 22 and 23 show similar bands that can be assigned to

v(P-N) [912 cm1 for 22 and 910 cm1 for 23). Furthermore, the characteristic
band for v(P-Se) appears at 563 cm-1 for 22 and 543 cm1 for 23. FAB+ mass

spectrometry confirms the proposed identity of the compounds 22 and 23 by

showing the expected parent-ion peaks (m/z 629 [M] for 22 and 490 [M],

490/2 [M+H+] and 512/4 [M+Na+] for 23). Elemental analysis data for both

chalcogen derivatives are in agreement with the calculated values (Table

2.11.).
Slow evaporation of the solvent gave crystals of the compound 23

dissolved in dichloromethane that were suitable for X-ray analysis (Figure 2.24
and Table 2.13.). The molecular structure shows, once more, that the P=Se
bonds adopt a trans orientation to one another. However, the homopiperazine
has now a conformation close to chair instead of the boat conformation

present in 20 and 21 compounds. P-N and P=Se bond lengths (Table 2.10.)
are typical for this type of compounds. Phosphorus atoms show a geometry

closer to tetrahedral (P-Se-N angles are closer to 109° than 120°) and nitrogen
centres appear nearly trigonal (C-N-P angles are close to 120°). There is a

molecular inversion centre at the centre of the homopiperazine ring.
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Figure 2.24. Solid state structure of lPr2P(Se)N(CgHejfC2H4)N(Se)PPr2 23.

Bond Lengths
P(4)-N(4) 1.688 (14)
P(l)-N(l) 1.655 (13)
P(4)-Se(4) 2.118 (5)
P(l)-Se(l) 2.115 (5)

Bond Angles
C(3)-N(4)-P(4) 120.9 (10)
C(5)-N(4)-P(4) 122.3 (12)
C(7)-N( 1 )-P( 1) 124.7 (12)
C(2)-N(l)-P(l) 121.0 (11)
N(4)-P(4)-Se(4) 111.9 (5)
N(l)-P(l)-Se(l) 114.8 (5)

Table 2.10. Selected comparative bond lengths (A) and angles (°) in

'Pr2P(Se)N(C3H6)(C2H4)N(Se)FPr2 23.
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Cpd Formula C H N

20 Ph2P(S)N(C3H6)(C2H4)NP(S)Ph2 65.6(65.4) 5.5(5.7) 5.2(5.3)

21
(2,2-MeC3H402-

1,3)P(S)N(C3H5)(C2H4)NP(S)(2,2-
MeC3H402-l,3)

42.3(42.0) 7.3(7.0) 6.5(6.5)

22 Ph2P(Se)N(C3H6)(C2H4)NP(Se)Ph2 55.9(55.6) 4.7(4.8) 4.3(4.5)

23 iPr2P(Se)N(C3H6)(C2H4)NP(Se)'Pr2 41.6(41.6) 8.0(7.8) 5.2(5.7)

Table 2.11. Elemental analysis data for compounds 20-23 (calculated values in

parentheses).

Following the same experimental procedure as for the synthesis of 22

and 23, the preparation of (3,5-43^06^02-l,2)P(Se)N(C2H4)(C3H6)N(Se)P(3,5-

tBu2C6H402-l,2) was attempted. In this case the diselenide derivative could not

be isolated. The 31P-{1H} NMR spectrum of (3,5-tBu2CeH402-

l,2)P(Se)N(C2H4)(C3H6)N(Se)P(3,5-tBu2C6H402-l,2) shows a complicated
mixture of phosphorus containing species. We could postulate that there are

two selenide derivatives corresponding to the mono- and di-chalcogen

compounds which show singlets at 8(P) 90.2 ppm and 5(P) 89.9 ppm

respectively which appear to be about 57 ppm upheld shift from the free

ligand, with a !J(77Se-31P) coupling constant of 1005 Hz. There is another
selenide derivative which appears as a singlet at 5(P) 64.2 ppm with a 1 J(77Se-

31P) coupling constant of 878 Hz and which could be the resulting selenide

compound when the P-O bond from the ligand has been broken.
FAB+ mass spectrometry shows a very complicated mixture of ion peaks

and fragmentation patterns in which can be found the expected parent-ion

peaks for the diselenide product (m/z 757 [M-H] and 759 [M+H]) and for the

resulting diselenide compound when a (3,5-43^06^02-1,2) fragment is lost

(679 [M]). However, no conclusive results were obtained, therefore it can not be
said that (3,5-'Bu2C6H402-l,2)P(Se)N(C2H4)(C3H6)N(Se)P(3,5-tBu2C6H402-l,2)
was synthesised. A possible problem in the synthesis of this product may be
the high temperature used to perform the reaction or the bulkiness of the

ligand that protects the environment of the phosphorus centres in such a way

that the selenium atoms cannot oxidise them. More studies are needed to

present a firmer conclusion.

Comparitive data on selenide derivatives have been collected.1.6
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2.6.- Coordination Chemistry of R2PN(C2H4)(C3H6)NPR2 where R2 = C6H4O,

(2,2-Me2C3H402-l,3), Ph2, (lPr)2.

Reactions of 13, 14, 15 and 17 with equimolar quantities of [PtCl2(cod)]
in dichloromethane (Figure 2.25) gives the seven- and eight-membered, P,P'
chelates cis- [PtCl2{Ph2PN(C3H6)(C2H4)NPPh2}] 24, cis-

[PtCl2{(C6H402)PN(C3H6)(C2H4)NP(C6H402)}] 25, cis-[PtCl2{(2,2-Me2C3H402-

1,3)PN(C3H6)(C2H4)NP(2,2-Me2C3H402-1,3)}] 26 and cis-

[PtChfPr-iPN(C3H6)(C2H4)NPiPr2}] 27.

r\ r>U + ^
^ ^ P Pt—CI

PR, R, \
CI

R2 = Ph2 (24), C6H402 (25), (2,2-Me2C3H402-l,3) (26), >Pr2 (27).

Figure 2.25. Preparation of cis-[PtCl2(Ph2PN(C-jHejfC2H4)NPPh2] 24, cis-

[PtCl2{(C6H402)PN(C3H6)(C2H4)NP(C6H402)}] 25, cis-[PtCl2{(2,2-Me2C3H402-

l,3)PN(C3H6)(C2H4)NP(2,2-Me2C3H402-l,3)}] 26 and cis-

[PtCl2{iPr2PN(C3Hfj)(C2H4)NPPr2] 27

Additions of the solid diphosphines (13, 14 and 15) and the liquid

diphosphine 17 (as a dichloromethane solution) to stirred dichloromethane
solutions of [PtCl2(cod)] resulted in the formation of colourless solutions.

Stirring was continued for further 2 hours, after which time diethyl ether was

added and the products 24, 25, 26, and 27 were precipitated as colourless
solids in good yields (84, 92, 90 and 91 % respectively).

The 3ip-{iH} NMR spectra of 24, 25 and 27 are singlets with satellites
from coupling to 195Pt, the nature of the substituent groups on the phosphorus

being reflected in the positions of the chemical shifts (8(P) 64.7, 102.3 and
87.6 ppm respectively) and the magnitude of the 1 J(195Pt-31P) coupling
constants (4076, 5466 and 4004 Hz respectively) which are in accord with
values previously reported for similarly substituted phosphines when trans to

a chloride in a Pt(II) complex.1'2-3 The 195Pt NMR spectra of complex 27 is a

triplet at 5(Pt) 4243 ppm with a 1 J(195Pt-3,P) coupling constant of 4037 Hz.
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FAB+ mass spectrometry shows the expected parent-ion peaks for 24 and 27

(m/z 734 [M] and 597 [M] respectively) and fragmentation patterns consistent
with the loss of one or two chloride ion for all three complexes (m/z 697 [M-Cl ]
and 662 [M-2C1] for 24; m/z 606 [M-Cl ] for 25 and m/z 563 [M-Cl] for 27).
Elemental analysis data are in agreement with calculated values (Table 2.13.)
and IR spectra of 24, 25 and 27 show bands which could be assigned to v(P-

N) (936, 951 and 900 cm1 respectively).

Surprisingly, the spectroscopy data for 26 is more confusing showing
few species in the 31P-{1H} NMR spectra. The most intense and defined species
shows a singlet at 5(P) 71.8 ppm which has a 1 J(195Pt-31P) coupling constant of
5594 Hz. FAB+ mass spectrometry of 26 shows the expected parent-ion peaks
and fragmentation pattern consistent with the loss of one chloride ion for the
bidentate P,P' chelate complex (m/z 653 [M+Na+] and 594 [M-Cl]) and a

mixture of peaks amongst which can be found the parent-ion peak for the
dinuclear bridging P,P' complex (m/z 1283 [M+Na+]). IR spectra of 26 show
bands which could be assigned to v(P-N) (910 cm1) and v(Pt-Cl) (314 and 283

cm-1).

Crystals of compound 24 (Figure 2.26 and Table 2.12.) and 27 (Figure
2.27 and Table 2.12.) suitable for X-ray analysis were obtained by vapour

diffusion of diethyl ether into a dichloromethane solution of the compounds.

Compounds 24 and 27 appear to be isostructural. The molecular
structure of both complexes confirms that the ligands are bound bidente to
the platinum centre in cis geometry and that the chloride ligands are with a cis

arrangement. The ligands contain one seven-membered Pt-P-N-C-C-N-P ring
and an eight-membered Pt-P-N-C-C-C-N-P ring and the metal presents the

expected square planar geometry. The sp platinum centre is distorted and in
both the bite angle of the homopiperazine ligand is larger than the ideal 90°
and Cl-Pt-Cl is slightly smaller than 90°. The N(C2H4)(C;',Ho)N backbone of the

ligands forms an 'umbrella-like' structure around the platinum centre and

adopts a boat conformation. The distances P-N and Pt-Cl are typical of a single
bond. Compared to complex 7 ([PdCl2{Ph2PN(CsHio)PNPh2}]) which contains a

piperazine instead of a homopiperazine ring, P-Pt-P is bigger and Cl-Pt-Cl is
smaller for 24 and 27 because in the homopiperazine derivatives the
backbone ring has an extra CH2. Both complexes (24 and 27) present

approximate C2 molecular symmetry.
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Bond Lengths Cpd 24 Cpd 27
Pt(l)-P(l) 2.251 (5) 2.215 (6)
Pt(l)-P(4) 2.254 (5) 2.255 (6)
Pt(l)-Cl(l) 2.393 (5) 2.358 (7)
Pt(l)-Cl(2) 2.400 (5) 2.388 (5)
P(1)"N(1) 1.691 (16) 1.64 (2)
P(4)-N(4) 1.692 (16) 1.70 (2)

Bond Angles Cpd 24 Cpd 27
P(l)-Pt(l)-P(4) 98.13 (19) 97.30 (7)

Cl(l)-Pt(l)-Cl(2) 87.0 (2) 89.07 (6)
Pt(l)-P(l)-N(l) 121.9 (6) 125.0 (8)
Pt(l)-P(4)-N(4) 121.9 (7) 119.0 (8)
P(4)-Pt(l)-Cl(2) 87.6 (2) 87.1 (2)
P(l)-Pt(l)-Cl(l) 87.3 (2) 86.5 (2)
C(2)-N(l)-P(l) 119.4 (16) 115.2 (19)
C(7)-N(l)-P(l) 120.2 (15) 124.6 (18)
C(5)-N(4)-P(4) 123.3 (17) 116.5 (18)
C(2)-N(4)-P(4) 119.0 (17) 122.6 (18)

Table 2.12. Selected comparative bond lengths (A) and angles (") in cis-

[PtCl2{Ph2PN(C3H6)(C2H4)NPPh2] 24 and cis-[PtCl2{Pr,PN(C3H6)(C2H4)NPPr2] 27

The preparation of [PtCl2{(3,5-^203^02-1,2)PN(C3H6)(C2H4)NP(3,5-

tBu2C3H402-l,2)}] by reaction of [PtCl2(cod)] with equimolar quantities of (3,5-

'Bu2C3H402-l)2)PN(C3H6)(C2H4)NP(3,5-tBu2C3H402-l,2) did not proceed

successfully to give either the bidentate P,P' chelate complex or the dinuclear

bridging P,P' complex as none of the expected parent-ion peaks or

fragmentation patterns consistent with the loss of some chloride ions appear

in the FAB+ mass spectrum of the resulting product. Interestingly, the 31P-{'H}
NMR spectrum shows the presence of two broad singlets with satellites from

coupling to 195Pt (8(P) 101.1 and 66.8 ppm) and the magnitude of the JJ(195Pt-

31P) coupling constants (5441 and 5782 Hz respectively) which are in accord
with values previously reported for similarly substituted phosphines when
trans to a chloride in a Pt(II) complex.1'2'3 Because the results are not

conclusive we cannot propose a definitive structure of the products obtained.
In this specific reaction, no high temperatures were necessary so we do not

expect decomposition of the diphosphine starting material, perhaps the 31P-

^H} NMR spectrum shows the presence of both the bidentate P,P' chelate and
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the dinuclear bridging P,P' complex and due to solubility problems they have
not been found in FAB+ mass spectrometry.

The compounds Ph2PN(C2H4)2NPPh2 13 and

(CeH402)PN(C2H4)2NP(C6H402) 14 also react with [PtMe2(cod)], in

dichloromethane, to produce the P,P' chelate cis- [PtMe2{Ph2PN(C2H4)2NPPh2}]
28 and cis-[PtMe2{(C6H402)PN(C2H4)2NP(C6H402)}] 29 (Figure 2.28).

N PR2
PR.

[PtMe2(cod)] cod hk

R

R,P^
\

P Pt—Me
\

Me

R2 = Ph2 (28), C6H402 (29)

Figure 2.28. Synthesis of cis-[PtMe2{Ph2PN(C2H4)2NPPh2}] 28 and cis-

[PtMe-2{(Cfpp 02)PN(C2H4)2NP(CrfJi O2)}] 29

Addition of the solid diphosphines 13 and 14 to stirred
dichloromethane solutions of [PtMe2(cod)] results in the formation of colourless
solutions. Stirring is continued for further 2 hours, after which time diethyl
ether is added to precipitate the products, 28 and 29, as colourless solids in

good yields (64 and 67 %).
The 3iP-{iH} NMR spectra of 28 and 29 show singlets at 8(P) 89.1 ppm

and 8(P) 156.9 ppm respectively, downfield from the free ligands by 24 ppm

and 9 ppm respectively, with satellites from coupling to 195Pt. 1 J(195Pt-31P)

coupling constants of 2231 and 2937 Hz respectively for 28 and 29 are

significantly smaller than those for the analogous dichloro-complexes 24 and
25 but it is in accordance with values previously reported for similarly
substituted phosphines when the phosphorus atom is trans to a methyl group

in a Pt(II) complex1. FAB+ mass spectrometry does not show the expected

parent-ion peak for 28 and 29 but shows fragmentation patterns consistent
with the loss of a -CH3 group (m/z 678 [M-CH3] for 28 and 586 [M-CH3] for

29). Elemental analysis data is in agreement with calculated values (Table

2.13.) and the IR spectra of 28 and 29 show bands which can be assigned to

v(P-N) (925 and 919 cm-1 respectively).
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Similarly the reaction of 13 and 14 with an equimolar quantity of

[PdCl2(cod)] in dichloromethane results in the bidentate, P,P' chelate

complexes cis-[PdCl2{Ph2PN(C3H6)(C2H4)NPPh2] 30 and cis-

[PdCl2{(C6H402)PN(C3H6)(C2H4)NP(C6H402)] 31 (Figure 2.29).

Figure 2.29. Synthesis of cis-[PdCh{Ph2PN(C3H6)(C2H4)NPPh2] 30 and cis-

[PdCl2{(C6H402)PN(C3H6)(C2H4)NP(C6H402)] 31.

The preparation and isolation of 30 and 31 follows the same

experimental procedure used for the analogous platinum compounds 24 and
25 resulting yellow solids in 88 and 95 % yield respectively.

The 31P-{1H} NMR spectra of 30 and 31 show the expected singlets at

5(P) 92.6 ppm for 30 and 8(P) 125.6 ppm for 31, a downfield shift of

approximately 27 ppm for 30 and 23 ppm for 31 from the free ligand. FAB+
mass spectrometry for 30 and 31 shows the expected parent-ion peaks (m/z
646 [M] and 553 [M). Elemental analysis data is in agreement with calculated
values (Table 2.13.) and, once again, the IR spectra of 30 and 31 show bands
which could be assigned to v(P-N) (953 and 916 cm1 respectively). As further
evidence for having obtained a ris-palladium complex we observed two v(PdCl)
stretches in the IR spectrum at 312 and 289 for 30 and at 306 and 276 cm1

for 31.

CI

R2 = Ph2 (30), (C6H402) (31)
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Cpd Formula c H N

24 cis- [PtCl2{Ph2PN(C3H6) (C2H4) NPPh2}] 47.5(47.4) 4.0(4.1) 4.0(3.8)

25
cis-

[PtCl2{((C6H402)PN(C3H6)(c2h4)NP(C6H402)}]
31.5(31.8) 2.4(2.8) 4.0(4.4)

27 cis- [PtCl2{'Pr2PN(CaHs) (C2H4) NPPr2}] 34.7(34.2) 6.9(6.4) 4.6(4.7)

28 CTS-[PtMe2{Ph2PN(C3H6)(C2H4)NPPh2] 53.1(53.6) 4.9(5.2) 3.8(4.0)

29
cis-

[PtMe2{((C6H402) PN(C3H6) (C2H4) NP(C6H402)}]
37.1(37.9) 3.9(4.0) 4.5(4.7)

30 cis- [PdCl2{Ph2PN(C3H6)(C2H4)NPPh2}] 54.3(54.0) 4.8(4.7) 4.2(4.4)

31
cis-

[PdCl2{(C6H402) PN(C3H6) (C2H4) NP(C6H402)}]
36.9(36.8) 3.6(3.3) 4.6(5.0)

Table 2.13. Elemental analysis data for complexes 24-31 (calculated values in

parentheses).

The reactions of 13, 14 and 17 with [Mo(CO)4(pip)2] in dichloromethane

proceed, with displacement of the piperidines, to give cis-

[Mo(CO)4{Ph2PN(C3H6)(C2H4)NPPh2}] 32, cis-

[Mo(CO)4{(C6H402)PN(C3H6)(C2H4)NP(C6H402)}] 33 and cis-

[Mo(CO)4{iPr2PN(C3H6)(C2H4)NPiPr2}] 34 (Figure 2.30).

\-N^ + [Mo(CO)4(pip)2]
N PR2

PR2

-2 pip
\.N^R2 CO
■TSL P.\

—Mo—CO
Ro

CO
CO

R, = Ph2 (32), (C6H402) (33), Pr2 (34)

Figure 2.30. Synthesis of as-[Mo(CO)4 (Ph2PN(QtHfj)(C2H4)NPPh2}} 32, cis-

[Mo(CO)4{(CeH402)PN(C3H6)(C2H4)NP(C6H402)}] 33 and cis-
[Mo(CO)4{'Pr2PN(C3H6)(C2H4)NPPr2}] 34

The preparation of 32, 33 and 34 proceed by suspension of

[Mo(CO)4(pip)2] in dry dichloromethane and addition of 13 and 14 as a solid in
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one portion while 17 is added as a solution in dichloromethane because it is
an air-sensitive liquid. The suspension is heated to reflux, cooled and the
solvent volume reduced in vacuo to ca. 2 ml. Addition of diethyl ether to the
solution gives 32, 33 and 34 as yellow solids in approximately 66, 66 and 72
% yield respectively.

The 31P-{1H} NMR spectra of all three complexes display a singlet at 8(P)
103.9 ppm for 32, at 5(P) 93.9 ppm for 33 and at S(P) 118.5 ppm for 34, a

downfield shift of around 38 ppm for 32, 17 ppm for 34 and an upfield shift of
54 ppm for 33 upon complexation.

FAB+ mass spectrometry shows fragmentation patterns consistent with
the sequential loss of carbonyl ligands (m/z 648/50 [M-CO], 620/2 [M-2CO],

592/4 [M-3CO], 564/6 [M-4CO] for 32, 529 [M-2CO], 471 [M-4CO] for 33 and

m/z 514 [M-CO], 486 [M-2CO] for 34) and the peak for the expected parent-

ion in the case of 34 (m/z 540/2 [M]) So far we have not been able to obtain
the compounds pure enough for the elemental analysis data to be in

agreement with calculated values.
The complexes could be identified as possessing the expected

octahedral geometry around the Mo centre and results in the formation of one

seven-membered ring and one eight-membered ring with only differ in which
carbon atoms from the backbone of the ligand they include.

The IR spectra of 32, 33 and 34 show bands which could be assigned to

v(P-N) (960, 920 and 949 cm1 respectively). As expected, the IR spectra of all
three complexes contain strong bands due to v(CO) with the highest frequency
band being at 2014 cm1 for 32, 2044 cm1 for 33 and 2004 cm-1 for 34.

Generation of [Mo(CO)4L] complexes from [cis-Mo(CO)4(pip)2] may be
used as a rapid "spot test" for the donor properties of new ligands. This
attribute has been recognized for many years and an extensive literature exists
for these complexes, allowing ready comparison with a variety of other

phosphorus(III) ligands. The value of vco has been used to evaluate the ligand
electronic properties and it has been found that for n-acceptor ligands, v(CO)
is at higher wavenumber than for o-donor ligands. A shift to lower frequency
indicates a stronger donation of electron density from ligand to metal to

carbonyl ligand and thereby indicates a stronger o-donor ability for the P-N

ligands (Figure 2.31).7
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M M -O

strong phosphorus 7t-acceptor.

weak phosphorus a-donnor

weak phosphorus 7i-acceptor.

strong phosphorus a-donnor

Figure 2.31. Backbonding between the phosphorus ligand, the metal centre and
the carbonyl ligand.

The position of v(CO) for these molybdenum complexes is shown in
Table 2.14 and can be compared with ligands from the literature. We have also

reprepared Mo(CO)4(dppe) and recorded its IR spectrum to calibrate our

values. It was found that in the molybdenum complex

[Mo(CO)4{iPr2PN(C3H6)(C2H4)NPiPr2}] the CO stretching frequency (2004 cm1) is

significantly lower than in the [Mo(CO)4L] complexes of depe (2012 cm1) and

dcype (2016 cm1). Hence 34 is, to the best of our knowledge, the most

electron rich bidentate phosphine ligand yet prepared.
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Mo-complex/LMo(CO)4 vco/ cm1 a Ref

2 pf3 2087 8

f2pch2ch2pf2 2074 9

2 EtNPF2 2066 10

(C2F5)2PCH2CH2P(C2F5)2 2064 16

ci2pch2ch2pci2 2061 11

(pyrole)2PCH2CH2P(pyrole)2 2043 7

(C6F5)2PCH2CH2P(C6F5)2 2041 11

(MeO)2PCH2CH2P(OMe)2 2033 12

dppe 2021, (2020) 17,(13)
Cy2PCH2CH2PCy2 2016 14

Et2PCH2CH2PEt2 2012 13

(c6H4o2p)2irisrN <= 2042,1952,1933 15

(C6H402P)2N^N (33) 2055 17

(Ph2P)2N'"N (32) 2014 17

(iPr2P)2N^N (34) 2004 17

a : spectra recorded in DCM solution
b : Values in bold were recorded on our spectrometer
c : NrFTN is MeN(CH2)3NMe(CH2)3NMe

Table 2.14. Comparison of vco of [Mo(CO)4L] complexes for bidentate phosphine

ligands

Given that the ligands depe and dcype often show completely altered

chemistry compared with other diphosphines (dppe, etc), the new very electron
rich ligand prepared here should, given its ease of preparation, be a useful tool
in organometallic chemistry and catalysis. It is also useful to compare the

isopropyl, (34), with the phenyl, (32), and catechol, (33), substituted

phosphines that share the same backbone. Ligand 33 is quite electron poor

(2055 cm1) and seems to share similar electronic properties to bis-

(dichlorophosphino)ethane, (2061 cm1), and bis-(dipyrollylphosphino)ethane,

(2043 cm-1). The ligand 32 shows an intermediate value, (2014 cm-1), between

dcype (2016 cm1) and depe (2012 cm1).
We can conclude that complexes 24-34 demonstrate the ability of

Ph2PN(C3h6)(C2h4)NPPh2 13, (C6H402)PN(C3H6)(C2H4)NP(C6H402) 14 and

iPh2PN(C3H6)(C2h4)NPiPr2 17 to act as bidentate chelating ligands and form
seven- and eight-membered metallacycles.

The Pt(ii), Pd(ii) and Mo(0) complexes of 13, 14 and 17 contain 7- and
8-membered (Figure 2.32) chelate rings. The spectroscopic data for derivatives
of the two amines, which incorporate the same phosphorus substituents, are

- 134 -



CHAPTER 2 : Bis(phosphine) Derivatives ofPiperazine and Homopiperazine

very similar suggesting that the extra CH2 in the homopiperazine ligands has
little effect on the electronic properties of the ligands and resulting complexes.

Dv<<
p.

A
R2 M\ L

L L

8-membered ring 7-membered ring

M = Pt or Pd and L = CI or Me

Figure 2.32. Different ring sizes in complexes containing the homopiperazine
based ligands

Furthermore we have noticed that Ph2PN(C3H6)(C2H4)NPPfi2 13 and

(C6H402)PN(C3H6)(C2H4)NP(C6H4C>2) 14 can act as bridging ligands in between
two centres when reacting with compounds containing Au(I).

Reaction of the ligands 13 and 14 with two equivalents of [AuCl(tht)] in
dichloromethane proceed according Figure 2.33 to yield the bimetallic species

[Ph2P{AuC1}N (C3H6) (C2H4) NP{AuCl}Ph2] 35 and

[(C6H402)P{AUC1}N(C3H6)(C2H4)NP{AUC1}(C6H402)] 36.

\.N
N PR2

PR,

2[AuCl(tht)]
crqcij R,

R, "Au "CI

"C\

R2 = Ph2 (35), (C6H402) (36).

Figure 2.33. Preparation of [Ph2P{AuCl}N(CaHejfC2H^,)NP{AuCl}Ph2] 35 and

[(C6H402)P{AuCl}N(C3H6)(C2H4)NP{AuCl}(C6H402)] 36.

The reaction at room temperature of two equivalents of [AuCl(tht)] with
13 and 14 in dichloromethane produces 35 and 36 respectively in varying
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yields (76 and 80 % respectively). Precipitation of the colourless gold species is
achieved by addition of diethyl ether to the reaction mixture.

The 31P-{1H} NMR spectrum of 35 displays a singlet at 5(P) 78.7 ppm,

while the chemical shift for 36, S(P) 139.2 ppm, is significantly downfield
because of the proximity of the phosphorus centres to highly electronegative

oxygen atoms. The IR spectra of both complexes show relative similar bands
that can be assigned to v(P-N) [903 cm1 for 35 and 908 cm-1 for 36). FAB+

mass spectrometry shows a fragmentation pattern consistent with the loss of
one chloride ion in both cases (m/z 897 [M-Cl]) for 35 and 805 [M-Cl] for 36).
Elemental analysis data for both complexes is in agreement with calculated
values (Table 2.15).

Cpd Formula c H N

35 [Ph2P{AuCl}N(C3H6)(C2H4)NP{AuCl}Ph2] 37.6(37.4) 3.2(3.2) 2.7(3.0)

36 (C6H402)P{AuC1}N(C3H6)(C2H4)NP{AuC1}(
c6h4o2)

23.8(24.3) 2.1(2.1) 3.2(3.3)

Table 2.15. Elemental analysis data for complexes 35 and 36 (calculated values
in parentheses).

The homopiperazine derivatives form complexes in an analogous
fashion to their piperazine analogues.18

This work clearly demonstrates the usefulness of simple organic

nitrogen containing rings in the formation of large bite angle phosphines.
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EXPERIMENTAL

All reactions were carried out under a nitrogen atmosphere. Quantities
of starting materials, solvents and yields are given below along with the

spectroscopic data.

Unless otherwise stated, manipulations were performed under an

oxygen-free nitrogen atmosphere using standard Schlenk techniques. Nitrogen
was dried through a phosphorous pentoxide packed glass column. All gases

were purchased from BOC gases. Pre-dried and degassed solvents were used.
All solvents and reagents were purchased from Aldrich and Lancaster. Further

purification was required for the solvents to use them dry and degassed.
Dichloromethane was distilled over calcium hydride, CafU, under inert

atmosphere. Diethyl ether and tetrahydrofuran (thf) were distilled over sodium
with diphenylketyl under inert atmosphere. Hexane and toluene were distilled
over sodium under inert atmosphere. Deuteriated solvents were purchased
from Cambridge Isotope Laboratories, degassed by repeated freeze-pump-thaw

cycles under high vacuum and stored under nitrogen over molecular sieves.

Chlorodiphenylphosphine PI12PCI (98 % purity), diisopropylphosphinochloride

('Pr)2PCl (96 % purity), 1,2-phenylenephosphorochloridite (CeFhCkJPCl (98 %

purity), 2-chloro-l,3,2-dioxaphospholane ^FLCkJPCl (98 % purity), di-tert-

butylchlorophosphine (tBu^PCl (96 % purity), phosphorus trichloride PCI3 (98
% purity), triethylamine NEt3 (99% purity) and lutidine (99 % purity, distilled
from CaFb) were distilled prior to use. 4-dimethylaminopyridine DMAP (99%

purity) was recrystallised and stored under nitrogen atmosphere).

Homopiperazine HN(C2H4)(C3Hg)NH (98 % purity), piperazine HN^H^NH (98
% purity), 3,5-di-tertbutylcatechol (99% purity), n-Butyllithium n-BuLi (2.5 M
solution in hexanes, packed under nitrogen atmosphere) were purchased
either from Aldrich or Lancaster and they were used without further

purification.

2-Chloro-5,5-dimethyl-[l,3,2]dioxaphosphinane was kindly donated by
Prof. K. C. Kumara Swamy (University of Hyderabad, India).
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The complexes [AuCl(tht)] (tht = tetrahydrothiophene),19 [MCl2(cod)] (M =

Pt or Pd; X = CI; cod = cycloocta-l,5-diene),20>2i [PtMe2(cod)],22 [Mo(CO)4(pip)2]

(pip = piperidine)23 and [RuCh^-p-MeCeHTPr)^24, were prepared using
literature procedures and Se8 and S8 were purchased from Aldrich or

Lancaster and used without further purification.

Infra-red spectra were recorded as KBr pellets or as nujol mulls between
KBr plates in the range 4000-220 cm-1 on a Perkin-Elmer System 2000
Fourier-transform spectrometer. 31P, 13C and NMR spectra were recorded
on Bruker AM 300, Varian 300 or JEOL DELTA FT (270 MHz) NMR

spectrometers. Broad band decoupling was used for 31P spectra and 13C

spectra. 13C and JH NMR spectra were referenced internally to deuteriated
solvents: CD2CI2: 1H, 5, 5.35 ppm, 13C, 5, 53.8 ppm; CD3OD: !H, 8, 3.35 ppm,

13C, 5, 49.0 ppm; C6D6: »H, 8, 7.16 ppm, 13C, 5, 128.39 ppm; C7H8: 1H, 5, 2.09

ppm, 13C, 5, 20.4 ppm; CDCI3: 1H, 5, 7.27 ppm, 13C, 8, 77.23. 31P NMR were

referenced externally to 85 % H3PO4.
Mass spectrometry measurements were performed by both the

University of St Andrews and the University of Wales Swansea sevices
Chemical analysis was performed by the University of St Andrews

Microanalysis service on a Carlo Erba model 1106 elemental analyser.

Synthesis of some starting materials

3,5-di-tertbutyl-l,2-phenylenephosphorochloridite.4>5 A) To a dry
and degassed thf (150 ml) solution of 3,5-di-tert-butylcatechol (12.361 g,

55.60 mmol) and triethylamine (15.6 ml, 11.341 g, 112.10 mmol) was added
PCI3 (4.9 ml, 7.649 g, 55.70 mmol) dropwise over a period of 1 h. Stirring was

continued overnight, during which time triethylammonium hydrochloride

separated from the yellow solution. This precipitate was removed by suction
filtration under nitrogen. The filtrate was evaporated to diyness in vacuo to

give a yellowish oily product. Distillation of the reaction mixture was

performed. B) A 500 ml, three-necked round-bottom flask equipped with a

magnetic stirrer and a pressure equalising dropping funnel was purged with

nitrogen. A dry and degassed thf (100 ml) solution of 3,5-di-tert-butylcatechol

(12.38 g, 55.70 mmol) and triethylamine (15.6 ml, 11.341 g, 112.10 mmol)
was placed into the pressure equalising dropping funnel, thf (100 ml) was
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added to the three-necked round-bottom flask and PCI3 (4.9 ml, 7.649 g, 55.70

mmol) was finally added by syringe to the flask containing thf. The thf solution

placed in the pressure equalising dropping funnel was added dropwise to the

PCI3 solution over a period of lh 30 min. Stirring was continued overnight,

during which time triethylammonium hydrochloride separated from the yellow
solution. This precipitate was removed by suction filtration under nitrogen.
The filtrate was evaporated to dryness in vacuo to give a yellowish oily product.
Distillation of the reaction mixture was performed. C) PCI3 (7.3 ml, 11.474 g,

83.55 mmol) was added to a 250 ml round-bottom flask which contained 3,5-

di-tert-butylcatechol (12.38 g, 55.70 mmol) over a 30 min period. After the

addition, the mixture was stirred at refluxing for 2 h. Distillation of the
reaction mixture afforded veiy pure 3,5-di-tertbutyl-l,2-

phenylenephosphorochloridite.
Data obtained by method C : Yield: 13.41 g, 84 %; 31P-{H} NMR (CDCI3):

171.6 (s) ppm; bp = 110-112 °C (1 mm); mp = 50-51 °C; microanalysis and !H
NMR data according to literature.

Synthesis of new diphosphinoamines

Ph2PN(C2H4)2NPPh2 1. A dry and degassed thf (20 ml) solution of

chlorodiphenylphosphine (4.3 ml, 5.295 g, 24.00 mmol) was added dropwise
over a period of 30 min to a stirred solution of piperazine (1.034 g, 12.00

mmol) and triethylamine (3.4 ml, 2.429 g, 24.00 mmol) in dry and degassed
thf (30 ml) at room temperature. Stirring was continued for 24 h, during which
time triethylammonium hydrochloride separated from the colourless solution.
This precipitate was removed by suction filtration and the filtrate was

evaporated to dryness in vacuo to give a white solid product. Yield: 3.920 g, 72

%; Microanalysis: Found (Calcd) C 73.4 (74.0), H 6.2 (6.2), N 5.5 (6.2) %; 31P-

{H} NMR (CDCI3): 62.9 (s) ppm; Selected IR data (KBr): v(PN) 930 cm-1; FAB+
MS: m/z 455 [M].

(C6H402)PN(C2H4)2NP(C6H402) 2. A dry and degassed thf (60 ml)
solution of 1,2-phenylenephosphorochloridite (2.0 ml, 2.914 g, 16.70 mmol)
was added dropwise over a period of 1 h to a stirred solution of piperazine

(0.715 g, 8.30 mmol) and triethylamine (2.3 ml, 1.690 g, 16.70 mmol) in dry
and degassed thf (70 ml). Stirring was continued for a further 2 h, during

- 139 -



CHAPTER 2 : Bis(phosphine) Derivatives ofPiperazine and Homopiperazine

which time triethylammonium hydrochloride separated from the colourless
solution. This precipitate was removed by suction filtration and the filtrate was

evaporated to dryness in vacuo to give a white solid product. Yield: 2.150 g, 72

%; Microanalysis: Found (Calcd) C 53.2 (53.0), H 4.3 (4.4), N 7.3 (7.7) %; 3ip.

{H} NMR (CDCls): 144.2 (s) ppm; Selected IR data (KBr): v(PN) 918 cm1; FAB+
MS: m/z 362 [M],

(C2H402)PN(C2H4)2NP(C2H402) 3. A dry and degassed thf (70 ml)
solution of 2-chloro-l,3,2-dioxaphospholane (4.0 ml, 5.691 g, 45.00 mmol)
was added dropwise over a period of 1 h to a stirred solution of piperazine

(1.938 g, 22.50 mmol) and triethylamine (6.3 ml, 4.554 g, 45.00 mmol) in dry
and degassed thf (80 ml). Stirring was continued for a further 2 h, during
which time triethylammonium hydrochloride separated from the colourless
solution. This precipitate was removed by suction filtration and the filtrate was

evaporated to dryness in vacuo to give a white solid product. Yield: 4.310 g, 72

%; Microanalysis: Found (Calcd) C 35.6 (36.1), H 6.2 (6.0), N 9.9 (10.5) %; ^P-

{H} NMR (CDCls): 137.9 (s) ppm; Selected IR data (KBr): v(PN) 952 cm1; FAB+
MS: m/z 266 [M].

cis-[PtCl2{Ph2PN(C2H4)2NPPh2}] 4. To a dichloromethane (5 ml) solution
of [PtCl2(cod)] (0.097 g, 0.26 mmol) was added solid Ph2PN(C2H4)2NPPh2 (0.118
g, 0.26 mmol) and the colourless solution stirred for ca. 2 h. The solution was

concentrated under reduced pressure to ca. 1 ml and diethyl ether (10 ml)
added. The white product was collected by suction filtration. Yield: 0.148 g, 79
%; Microanalysis: Found (Calcd) C 45.9 (46.7), H 3.7 (3.9), N 3.2 (3.9) %; sip.

{H} NMR (CDCls): 53.5 (s) ppm, U^spt-aip) 3972 Hz; Selected IR data (KBr):

v(PN) 960 cm-1; FAB+ MS: m/z 720 [M].

cts-[PtCl2{(C6H402)PN(C2H4)2NP(C6H402)}] 5. To a dichloromethane (15

ml) solution of [PtCl2(cod)] (0.097 g, 0.26 mmol) was added solid
(C6H402)PN(C2H4)2NP(C6H402) (0.094 g, 0.26 mmol) and the colourless solution
stirred for ca. 2 h. The solution was concentrated under reduced pressure to

ca. 1 ml. Diethyl ether (15 ml) was added and a white precipitate appeared.
The white product was collected by suction filtration. Yield: 0.145 g, 89 %;
Microanalysis: Found (Calcd) C 30.4 (30.6), H 2.8 (2.6), N 4.3 (4.5) %; 3ip-{H}

- 140 -



CHAPTER 2 : Bis(phosphine) Derivatives ofPiperazine and Homopiperazine

NMR (CDCI3): 99.6 (s) ppm, iJO^Pt-aip) 5480 Hz; Selected IR data (KBr): v(PN)
966 cm1, v(PtCl) 334 and 306 cm1; FAB+ MS: m/z 597 [M-Cl].

cis-[PtMe2{(C6H402)PN(C2H4)2NP(C6H402)}] 6. To a dichloromethane (10

ml) solution of [PtMe2(cod)] (0.080 g, 0.24 mmol) was added solid

(C6H4C>2)PN(C2H4)2NP(C6H402) (0.087 g, 0.24 mmol) and the colourless solution
stirred for ca. 2 h. The solution was concentrated under reduced pressure to

ca. 1 ml. Diethyl ether (40 ml) was added and a white precipitate appeared.
The white product was collected by suction filtration. Yield: 0.089 g, 63 %;

Microanalysis: Found (Calcd) C 36.3 (36.8), H 3.9 (3.8), N 4.6 (4.8) %; 3ip.{H}
NMR (CDCls): 154.9 (s) ppm, iJ(195Pt-3ip) 2977 Hz; Selected IR data (KBr):

v(PN) 966 cm1; FAB+ MS: m/z 587 [M].

cis-[PdCl2{Ph2PN(C2H4)2NPPh2}] 7. To a dichloromethane (5 ml) solution
of [PdCl2(cod)] (0.100 g, 0.35 mmol) was added solid Ph2PN(C2H4)2NPPh2 (0.160

g, 0.35 mmol) and the yellow solution stirred for ca. 2 h. The solution was

concentrated under reduced pressure to ca. 1 ml and diethyl ether (10 ml)
added. The yellow product was collected by suction filtration. Yield: 0.137 g,

62 %; Microanalysis: Found (Calcd) C 52.9 (53.3), H 4.5 (4.5), N 4.3 (4.4) %;

31P-{H} NMR (CDCH): 101.7 (s) ppm; Selected IR data (KBr): v(PN) 959 cm1,

v(PdCl) 320 and 298 cm1; FAB+ MS: m/z 632 [M],

cis-[Mo(CO)4{Ph2PN(C2H4)2NPPh2}] 8. To a dichloromethane (20 ml)
solution of partially dissolved [Mo(CO)4(pip)2] (0.492 g, 1.30 mmol) was added
solid Ph2PN(C2H4)2NPPh.2 (0.591 g, 1.30 mmol). The solution was heated to
reflux for ca. 15 min and allowed to cool to room temperature. The solution
was concentrated under reduced pressure to ca. 2 ml and methanol (15 ml)
added. The yellow product was collected by suction filtration. Yield: 0.620 g,

72 %; Microanalysis: Found (Calcd) C 57.6 (58.0), H 3.9 (4.3), N 3.8 (4.2) %;

3!P-{H} NMR (CDCI3): 97.2 (s) ppm; Selected IR data (KBr): v(PN) 959 cm1,

v(CO) 2021, 1917, 1901, 1888 cm1; FAB+ MS: m/z 634 [M],

[Ph2P(AuCl)N(C2H4)2NP(AuCl)Ph2] 9. To a dichloromethane (5 ml)
solution of [AuCl(tht)] (0.071 g, 0.22 mmol) was added solid

Ph2PN(C2H4)2NPPh2 (0.050 g, 0.11 mmol) and the colourless solution stirred for
ca. 1 h. The solution was concentrated under reduced pressure to ca. 1 ml and
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diethyl ether (5 ml) added. The white product was collected by suction
filtration. Yield: 0.054 g, 53 %; Microanalysis: Found (Calcd) C 36.0 (36.6), H
2.6 (3.1), N 2.4 (3.1) %; 3ip-{H} NMR (CDCls): 80.7 (s) ppm; Selected IR data

(KBr): v(PN) 966 cm-'; FAB+ MS: m/z 883 [M-Cl-].

[(C6H402)P(AuC1)N(C2H4)2NP(AuC1)(C6H402)] 10. To a dichloromethane

(15 ml) solution of [AuCl(tht)] (0.186 g, 0.58 mmol) was added solid

(C6H402)PN(C2H4)2NP(CeH402) (0.105 g, 0.29 mmol) and the colourless solution
stirred for ca. 1 h. The solution was concentrated under reduced pressure to

ca. 1 ml and diethyl ether (30 ml) added. The white product was collected by
suction filtration. Yield: 0.205 g, 86 %; Microanalysis: Found (Calcd) C 23.2

(23.2), H 1.9 (1.9), N 3.3 (3.4) %; 3ip-{H} NMR (CDCls): 136.4 (s) ppm; Selected
IR data (KBr): v(PN) 966 cm-'; FAB+ MS: m/z 827 [M],

[(C2H402)P(AuC1)N(C2H4)2NP(AuC1)(C2H402)] 11. To a dichloromethane

(15 ml) solution of [AuCl(tht)] (0.160 g, 0.50 mmol) was added solid

(C2H402)PN(C2H4)2NP(C2H402) (0.066 g, 0.25 mmol) and the colourless solution
stirred for ca. 2 h. The solution was concentrated under reduced pressure to

ca. 1 ml and diethyl ether (30 ml) added. The white product was collected by
suction filtration. Yield: 0.140 g, 76 %; Microanalysis: Found (Calcd) C 13.3

(13.1), H 2.2 (2.2), N 3.8 (3.8) %; 3ip-{H} NMR (CDCls): 131.7 (s) ppm; Selected
IR data (KBr): v(PN) 967 cm"; FAB+ MS: m/z 695 [M-Cl-].

[{RuCl2(776-p-MeC6H41Pr)}2{Ph2PN(C2H4)2NPPh2}] 12. To a thf (20 ml)
solution of [{RuCl(/^-Cl)(^6-p-MeC6H4iPr)}2] (0.247 g, 0.40 mmol) was added
solid Ph2PN(C2H4)2NPPh2 (0.182 g, 0.40 mmol) and the brown solution stirred
for ca. 12 h. The solution was concentrated under reduced pressure to ca. 2
ml and diethyl ether (10 ml) added. The red/brown product was collected by
suction filtration and washed with diethyl ether (2 x 10 ml). Yield: 0.296 g, 69

%.; Microanalysis: Found (Calcd) C 54.1 (54.0), H 5.3 (5.3), N 2.2 (2.6) %; 3ip.

{H} NMR (CDCI3): 69.8 (s) ppm; Selected IR data (KBr): v(PN) 953 cm1; FAB+
MS: m/z 1066 [M],

Ph2PN(C2H4)(C3He)NPPh2 13. A dry and degassed thf (50 ml) solution of

chlorodiphenylphosphine (9.9 ml, 12.16 g, 55.14 mmol) was added dropwise
over a period of 1 h to a stirred solution of homopiperazine (2.690 g, 26.89
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mmol) and triethylamine (7.7 ml, 5.590 g, 55.24 mmol) in dry and degassed
thf (75 ml) at room temperature. Stirring was continued for 2 h, during which
time triethylammonium hydrochloride separated from the colourless solution.
This precipitate was removed by suction filtration and the filtrate washed with

diethyl ether (2x10 ml). The filtrate was evaporated to dryness in vacuo to give
a white solid product. Yield: 11.09 g, 88 %; Microanalysis: Found (Calcd) C
74.4 (74.4), H 6.1 (6.4), N 5.8 (5.9) %; sip-{H} NMR (CDCls) : 65.7 (s) ppm;

Selected IR data (KBr): v(PN) 921 cm1; FAB+MS: m/z 468 [M], 469 [M+H]+.

(C6H402)PN(C2H4)(C3H6)NP(C6H402) 14. A dry and degassed thf (55 ml)
solution of 1,2-phenylenephosphorochloridite (2.0 ml, 2.914 g, 16.70 mmol)
was added dropwise over a period of 1 h to a stirred solution of

homopiperazine (0.830 g, 8.30 mmol) and triethylamine (2.3 ml, 1.690 g,

16.70 mmol) in dry and degassed thf (85 ml). Stirring was continued for a

further 2 h, during which time triethylammonium hydrochloride separated
from the colourless solution. This precipitate was removed by suction filtration
and the filtrate was evaporated to dryness in vacuo to give a white solid

product. Yield: 2.58 g, 83 %; Microanalysis: Found (Calcd) C 53.8 (54.3), H 4.3

(4.8), N 6.9 (7.4) %; 3ip-{H} NMR (CDCls): 147.9 (s) ppm; Selected IR data (KBr):

v(PN) 916 cm1; FAB+ MS: m/z 377 [M+H]+, 399 [M+Na]+.

(2,2-MeC3H402-l,3)PN(C2H4)(C3H6)NP(2,2-MeC3H402-l,3) 15. A dry
and degassed thf (10 ml) solution of 2-chloro-5,5-dimethyl-

[l,3,2]dioxaphosphinane (0.75 ml, 0.904 g, 5.36 mmol) was added dropwise
over a period of 20 min to a stirred solution of homopiperazine (0.262 g, 2.62

mmol) and triethylamine (0.76 ml, 0.553 g, 5.47 mmol) in dry and degassed
thf (25 ml). Stirring was continued overnight, during which time

triethylammonium hydrochloride separated from the colourless solution. This

precipitate was removed by suction filtration under nitrogen and the filtrate
was evaporated to dryness in vacuo to give a white solid product. Yield: 0.764

g, 80 %; Microanalysis: Found (Calcd) C 49.5 (49.5), H 8.6 (8.3), N 7.6 (7.7) %;

3!P-{H} NMR (CDCls): 147.1 (s) ppm; Selected IR data (KBr): v(PN) 914 cm1;
FAB+ MS: m/z 364 [M],

(C2H402)PN(C2H4)(C3H6)NP(C2H402) 16. A dry and degassed thf (55 ml)
solution of 2-chloro-l,3,2-dioxaphospholane (4.0 ml, 5.691 g, 45.00 mmol)
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was added dropwise over a period of 1 h to a stirred solution of

homopiperazine (2.254 g, 22.50 mmol) and triethylamine (6.3 ml, 4.553 g,

45.00 mmol) in dry and degassed thf (100 ml). Stirring was continued for a

further 2 h, during which time triethylammonium hydrochloride separated
from the colourless solution. This precipitate was removed by suction filtration
and the filtrate was evaporated to dryness in vacuo to give a white solid

product. Yield: 4.910 g, 78 %; Microanalysis: Found (Calcd) C 38.8 (38.6), H
6.8 (6.4), N 10.4 (10.0) %; 3ip-{H} NMR (CDCls): 143.8 (s) ppm; Selected IR data

(KBr): v(PN) 931 cm1; FAB+ MS: m/z 280 [M].

(1Pr)2PN(C2H4)(C3He)NP(iPr)2 17. A dry and degassed thf (30 ml) solution
of diisopropylphosphinochloride (1.6 ml, 1.530 g, 10.03 mmol) was added

dropwise over a period of 30 min to a stirred solution of homopiperazine

(0.490 g, 4.89 mmol) and triethylamine (1.40 ml, 1.015 g, 10.03 mmol) in dry
and degassed thf (30 ml). Stirring was continued for 12 h during which time

triethylamonium hydrochloride separated from the colourless solution. This

precipitate was removed by suction filtration under N2 atmosphere and the
filtrate evaporated to dryness in vacuo to give an oily colourless product. Yield:
1.447 g, 89 %; Microanalysis: Found (Calcd) C 60.3 (61.4), H 12.7 (11.5), N 8.6

(8.4) %; 3ip-{H} NMR (CDCI3): 96 (s) ppm; FAB+ MS: m/z 289 [M-C3H7], 215 [M-

C6Hi4].

(3,5-tBu2C6H402-l,2)PN(C2H4)(C3H6)NP(3,5-tBu2C6H402-l,2) 18. A) A

dry and degassed thf (10 ml) solution of 3,5-di-tertbutyl-l,2-

phenylenephosphorochloridite (0.814 g, 2.84 mmol) was added dropwise over

a period of 1 h to a stirred solution of homopiperazine (0.142 g, 1.42 mmol)
and triethylamine (0.4 ml, 0.290 g, 2.87 mmol) in dry and degassed thf (25

ml). Stirring was continued overnight, during which time triethylammonium

hydrochloride separated from the colourless solution. This precipitate was

removed by suction filtration under nitrogen. The filtrate was evaporated to

dryness in vacuo to give a white solid product. B) A dry and degassed thf (20

ml) solution of homopiperazine (0.122 g, 1.22 mmol) was cooled to -78°C in an

acetone-Dry Ice bath. To the cooled solution was added dropwise a hexane
solution of BuLi (1.0 ml, 2.5 mol dm 3, 2.49 mmol) over 30 min. After the
addition the mixture was stirred at -78°C for 30 min and for another 30

additional min at room temperature. The reaction solution was cooled to -78°C
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again and to it was added dropwise a solution of 3,5-di-tertbutyl-l ,2-

phenylenephosphorochloridite (0.714 g, 2.49 mmol) in thf (10 ml) over 30 min.

Stirring was continued for another 1 h at -78°C. Then the cooling bath was

removed and the mixture was stirred overnight at room temperature. The
solution was evaporated to dryness in vacuo and dichloromethane (30 ml) was

added. Lithium chloride, which precipitated, was removed by filtration under

nitrogen and then the volatiles were evaporated in vacuo to leave a white solid.

C) A dry and degassed thf (10 ml) solution of 3,5-di-tertbutyl-l,2-

phenylenephosphorochloridite (0.814 g, 2.84 mmol) was added dropwise over

a period of 1 h to a stirred solution of homopiperazine (0.142 g, 1.42 mmol)
and triethylamine (0.4 ml, 0.290 g, 2.87 mmol) in dry and degassed thf (25

ml). The solution was heated to reflux overnight and allowed to cool to room

temperature. Triethylammonium hydrochloride separated from the colourless
solution. This precipitate was removed by suction filtration under nitrogen.
The filtrate was evaporated to dryness in vacuo to give a white solid product.

Data obtained by method C : Yield: 0.682 g, 80 %; sip-{H} NMR (CDCls):
147.5 (s) ppm; Selected IR data (KBr): v(PN) 922 cm-1; FAB+ MS: m/z 600 [M]+.

Attempted synthesis of tBuzPNICzH^CaHsJNPtBua 19- A) A diy and

degassed thf (10 ml) solution of di-ferf-butylchlorophosphine (2.1 ml, 1.990 g,

11.03 mmol) was added dropwise over a period of 1 h to a stirred solution of

homopiperazine (0.539 g, 5.38 mmol) and triethylamine (1.5 ml, 1.120 g,

11.03 mmol) in dry and degassed thf (20 ml). Stirring was continued

overnight, during which time triethylamonium hydrochloride separated from
the colourless solution. This precipitate was removed by suction filtration
under nitrogen. The filtrate was evaporated to dryness in vacuo to give a

yellowish oily product. B) A dry and degassed thf (10 ml) solution of di-terf-

butylchlorophosphine (2.1 ml, 1.990 g, 11.03 mmol) was added dropwise over

a period of 1 h to a stirred solution of homopiperazine (0.539 g, 5.38 mmol),

triethylamine (1.5 ml, 1.120 g, 11.03 mmol) and DMAP (0.066 g, 0.54 mmol,

10%) in dry and degassed thf (20 ml). Stirring was continued overnight, during
which time triethylammonium hydrochloride separated from the colourless
solution. This precipitate was removed by suction filtration under nitrogen.
The filtrate was evaporated to dryness in vacuo to give a yellowish oily product.

C) A dry and degassed thf (10 ml) solution of di-terf-butylchlorophosphine (2.1

ml, 1.990 g, 11.03 mmol) was added dropwise over a period of 1 h to a stirred
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solution of homopiperazine (0.539 g, 5.38 mmol) and triethylamine (1.5 ml,
1.120 g, 11.03 mmol) in dry and degassed thf (20 ml). The solution was heated
to reflux overnight and allowed to cool to room temperature.

Triethylammonium hydrochloride separated from the colourless solution. This

precipitate was removed by suction filtration under nitrogen. The filtrate was

evaporated to dryness in vacuo to give a yellowish oily product. D) A dry and

degassed Et20 (40 ml) solution of homopiperazine (0.180 g, 1.79 mmol) was

cooled to -78°C in an acetone-Dry Ice bath. To the cooled solution was added

dropwise a hexane solution of nBuLi (1.5 ml, 2.5 mol dm-3, 3.58 mmol) over 30
min. After the addition the mixture was stirred at -78°C for 30 min and

another 30 additional min at room temperature. The reaction solution was

cooled to -78°C again and to it was added dropwise a solution of di-ferf-

butylchlorophosphine (0.71 ml, 0.679 g, 3.76 mmol) dissolved in thf (10 ml)
over 30 min. Stirring was continued for another 1 h at -78°C. Then the cooling
bath was removed and the mixture was stirred overnight at room temperature.
The solution was evaporated to dryness in vacuo and dichloromethane (30 ml)
was added. Lithium chloride, which precipitated, was removed by filtration
under nitrogen and then the volatiles were evaporated in vacuo to leave a

yellowish oil. E) A dry and degassed toluene (10 ml) solution of di-tert-

butylchlorophosphine (0.71 ml, 0.679 g, 3.76 mmol) was added dropwise over

a period of 1 h to a stirred solution of homopiperazine (0.180 g, 1.79 mmol)
and lutidine (0.44 ml, 0.402 g, 3.76 mmol) in dry and degassed toluene (40

ml). Stirring was continued overnight. The solution was evaporated to dryness
in vacuo and dichloromethane (30 ml) was added. Lithium chloride, which

precipitated, was removed by filtration under nitrogen and then the volatiles
were evaporated in vacuo to leave a yellowish oil.

Spectroscopic data not available, for more details see results and
discussion section.

[Ph2P(S)N(C2H4)(C3H6)NP(S)Ph2] 20. To a dry and degassed toluene (10

ml) solution of sulfur (0.014 g, 0.432 mmol) was added solid

Ph2PN(C2H4)(C3H6)NPPh2 (0.103 g, 0.22 mmol). The solution was stirred for ca.

2-3 h. The solution was evaporated to dryness in vacuo and the solid was

dissolved in dichloromethane (2 ml). The dichloromethane solution was filtered
through Celite and diethyl ether (20 ml) was added. The off-white product was

collected by suction filtration and washed with diethyl ether (2x10 ml). Yield:
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0.098 g, 84 %; Microanalysis: Found (Calcd) C 65.6 (65.4), H 5.5 (5.7), N 5.2

(5.3) %; sip-{H} NMR (CDCls): 71.2 (s) ppm; Selected IR data (KBr): v(PN) 910

cm1, v(PS) 751 cm1; FAB+ MS: m/z 533 [M+H]\

(2,2-Me2C3H402-l,3)P(S)N(C2H4)(C3H6)NP(S)(2,2-Me2C3H402-l,3) 21.
To a dry and degassed thf (10 ml) solution of sulfur (0.018 g, 0.55 mmol) was

added solid (2,2-Me2C3H402-l,3)PN(C2H4)(C3H6)NP(2,2-Me2C3H402-l,3) (0.098

g, 0.27 mmol). The solution was stirred for ca. 24 h and filtered through Celite.
The solution was concentrated to ca. 1 ml and diethyl ether (20 ml) was added.
The off-white product was collected by suction filtration and washed with

diethyl ether (2x10 ml). Yield: 0.106 g, 92 %; Microanalysis: Found (Calcd) C
42.3 (42.0), H 7.3 (7.0), N 6.5 (6.5) %; 3ip-{H} NMR (CDCls): 73.5 (s) ppm;

Selected IR data (KBr): v(PN) 910 cm1, v(PS) 723 cm1; FAB+ MS: m/z 428 [M],
429 [M+H]+.

[Ph2P(Se)N(C2H4)(C3H6)NP(Se)Ph2] 22. To a dry and degassed toluene

(20 ml) solution of selenium (0.071 g, 0.904 mmol) was added solid

Ph2PN(C2H4)(C3H6)NPPh2 (0.212 g, 0.452 mmol). The solution was heated to

reflux for ca. 2-3 h and allowed to cool to room temperature. The solution was

filtered, the solid dissolved in dichloromethane (2 ml) and diethyl ether (20 ml)
added. The off-white product was collected by suction filtration and washed
with diethyl ether (2x10 ml). Yield: 0.198 g, 70 %; Microanalysis: Found

(Calcd) C 55.9 (55.6), H 4.7 (4.8), N 4.3 (4.5) %; 3ip-{H} NMR (CDC13): 71.9 (s),

U^oSe-sip) 753 Hz; Selected IR data (KBr): v(PN) 912 cm1, v(PSe) 563 cm1;
FAB+ MS: m/z 629 [M+H]+.

[(iPr)2P(Se)N(C2H4)(C3H6)NP(Se)(1Pr)2] 23. To a dry and degassed
toluene (10 ml) solution of selenium (0.105 g, 1.33 mmol) was added liquid

(iPr)2PN(C2H4)(C3H6)NP(iPr)2 (0.2129g, 0.66 mmol). The solution was heated to

reflux for ca. 2-3 h and allowed to cool to room temperature. The solution was

filtered, the solid dissolved in dichloromethane (2 ml) and diethyl ether (20 ml)
added. The off-white product was collected by suction filtration and washed
with diethyl ether (2x10 ml). Yield: 0.243 g, 75 %; Microanalysis: Found

(Calcd) C 41.6 (41.6), H 8.0 (7.8), N 5.2 (5.7) %; sip-{H} NMR (CDCI3): 101.5 (s),

!J(77 Se-31P) 735 Hz; Selected IR data (KBr): v(PN) 910 cm1, v(PSe) 543 cm-1;
FAB+ MS: m/z 490/2 [M+H]+, 512/4 [M+Na]+, 490.4 [M].
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cis-[PtCl2{Ph2PN(C2H4)(C3H6)NPPh2}] 24. To a diy and degassed
dichloromethane (15 ml) solution of [PtCl2(cod)] (0.168 g, 0.45 mmol) was

added solid Ph2PN(C2H4)(C3H6)NPPh2 (0.211 g, 0.45 mmol). The colourless
solution was stirred for ca. 2 h. The solution was concentrated under reduced

pressure to ca. 1 ml and diethyl ether (20 ml) added. After 15 min in the
ultrasonic bath, the white product was collected by suction filtration and

washed with diethyl ether (2x10 ml). Yield: 0.278 g, 84 % ; Mycroanalysis :

Found (Calcd) C 47.5 (47.4), H 4.0 (4.1), N 4.0 (3.8) %; 31P-{H} NMR (CDC13):
64.7 (s) ppm, !J(195Pt-31P) 4076 Hz; Selected IR data (KBr): v(PN) 936 cm-1,

v(PtCl) 300 and 277 cm1; FAB+MS: m/z 734 [M], 697/8 [M-Cl]-, 662/3 [M-

2C1] .

cis-[PtCl2{(C6H402)PN(C2H4)(C3H6)NP(C6H402)}] 25. To a dry and

degassed dichloromethane (5 ml) solution of [PtCl2(cod)] (0.104 g, 0.28 mmol)
was added solid (C6H402)PN(C2H4)(C3H6)NP(C6H402) (0.105 g, 0.28 mmol) and
the colourless solution stirred for ca. 2 h. The solution was concentrated

under reduced pressure to ca. 1 ml and diethyl ether (10 ml) added. After 15
min in the ultrasonic bath the white product was collected by suction filtration
and washed with diethyl ether (2x10 ml). Yield: 0.165 g, 92 %; Microanalysis:
Found (Calcd) C 31.5 (31.8), H 2.4 (2.8), N 4.0 (4.4) %; 3ip.{H} NMR (CDC13):
102.3 (s) ppm, !J(195pt-3ip) 5466 Hz; Selected IR data (KBr): v(PN) 951 cm-1,

v(PtCl) 306 and 279 cm-1 (cis-PtCl2); FAB+MS: m/z 606 [M-Cl-].

cis-[PtCl2{(2,2-Me2C3H402-l,3)PN(C2H4)(C3H6)NP(2,2-Me2C3H402-l,3)}]
26. To a dry and degassed dichloromethane (10 ml) solution of [PtCl2(cod)]

(0.101 g, 0.27 mmol) was added solid (2,2-Me2C3H402-

l,3)PN(C2H4)(C3H6)NP(2,2-Me2C3H402-l,3) (0.098 g, 0.27 mmol) and the
colourless solution stirred for ca. 2 h. The solution was concentrated under

reduced pressure to ca. 1 ml and diethyl ether (10 ml) added. The white

product was collected by suction filtration and washed with diethyl ether

(2x10 ml). Yield: 0.153 g, 90 %; Microanalysis: mixture of products; Selected

31P-{H} NMR data (CDC13): 71.8 (s) ppm, U^pt-31?) 5594 Hz; Selected IR data

(KBr): v(PN) 910 cm-1, v(PtCl) 314 and 283 cm-1; FAB+ MS: m/z 594 [M-Cl]-,
653 [M+Na]+, 1283 [2M+Na]+.
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cis-[PtCl2{(iPr)2PN(C2H4)(C3H6)NP(1Pr)2}] 27. To a dry and degassed
dichloromethane (10 ml) solution of [PtCl2(cod)] (0.202 g, 0.54 mmol) was

added liquid (iPr^PN^H^CaHsJNPf'PrJs (0.180 g, 0.54 mmol). The solution
was stirred for ca. 2 h. The solution was concentrated under reduced pressure

to ca. 2 ml and diethyl ether (15 ml) added. After 15 min in the ultrasonic bath
the white product was collected by suction filtration and washed with diethyl
ether (2x10 ml). Yield: 0.295 g, 91 %; Microanalysis: Found (Calcd) C 34.7

(34.2), H 6.9 (6.4), N 4.6 (4.7) %; 3ip.{H} NMR (CDC13): 87.6 (s), ij(i9spt-3ip)
4004 Hz; 8 (isspt) 4243 ppm, U^pt-sip) 8074 Hz; Selected IR data (KBr):

v(PN) 900 cm-1; FAB+ MS: m/z 597 [M], 563 [M-Cl ].

cis-[PtMe2{Ph2PN(C2H4)(C3H6)NPPh2}] 28. To a dichloromethane (10 ml)
solution of [PtMe2(cod)j (0.100 g, 0.30 mmol) was added solid

Ph2PN(C2H4)(C3Hs)NPPh2 (0.140 g, 0.30 mmol) and the colourless solution
stirred for ca. 2 h. The solution was concentrated under reduced pressure to

ca. 1 ml and diethyl ether (30 ml) added. The white product was collected by
suction filtration. Yield: 0.133 g, 64 %; Mycroanalysis : Found (Calcd) C 53.1

(53.6), H 4.9 (5.2), N 3.8 (4.0) %; 3ip-(H} NMR (CDCls): 89.1 (s) ppm, U^spt-

3ip) 2231 Hz; Selected IR data (KBr): v(PN) 925 cm1; FAB+ MS: m/z 678 [M-

CHs].

cts-[PtMe2{(C6H402)PN(C2H4)(C3H6)NP(C6H402)}] 29. To a

dichloromethane (10 ml) solution of [PtMe2(cod)] (0.100 g, 0.30 mmol) was

added solid (C6H402)PN(C2H4)(C3H6)NP(C6H402) (0.113 g, 0.30 mmol) and the
colourless solution stirred for ca. 2 h. The solution was concentrated under

reduced pressure to ca. 1 ml and diethyl ether (35 ml) added. The white

product was collected by suction filtration. Yield: 0.120 g, 67 %;

Microanalysis: Found (Calcd) C 37.1 (37.9), H 3.9 (4.0), N 4.5 (4.7) %; 3ip_{H}
NMR (CDCI3): 156.9 (s) ppm, JJ^Pt-31?) 2937 Hz; Selected IR data (KBr):

v(PN) 919 cm1; FAB+ MS: m/z 586 [M-CH3].

cis-[PdCl2{Ph2PN(C2H4)(C3H6)NPPh2}] 30. To a dichloromethane (20 ml)
solution of [PdCl2(cod)] (0.152 g, 0.53 mmol) was added solid

Ph2PN(C2H4)(C3H6)NPPh2 (0.248 g, 0.53 mmol) and the yellow solution stirred
for ca. 2 h. The solution was concentrated under reduced pressure to ca. 1 ml
and diethyl ether (40 ml) added. The yellow product was collected by suction
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filtration. Yield: 0.300 g, 88 %; Microanalysis : Found (Calcd) C 54.3 (54.0), H
4.8 (4.7), N 4.2 (4.4) %; 3ip-{H} NMR (CDCls): 92.6 (s) ppm; Selected IR data

(KBr): v(PN) 953 cm1, v(PdCl) 312 and 289 cm1; FAB+ MS: m/z 646 [M].

cis-[PdCl2{(C6H402)PN(C2H4)(C3H6)NP(C6H402)}] 31. To a dry and

degassed dichloromethane (5 ml) solution of [PdCl2(cod)] (0.100 g, 0.35 mmol)
was added solid (Ce^CbJPNfCsI^HCsHeJNPfCel^Cfe) (0.132 g, 0.35 mmol) and
the yellow solution stirred for ca. 2 h. The solution was concentrated under
reduced pressure to ca. 1 ml and diethyl ether (13 ml) added. The yellow

product was collected by suction filtration. Yield : 0.184 g, 95 %;

Microanalysis: Found (Calcd) C 36.9 (36.8), H 3.6 (3.3), N 4.6 (5.0); 3,P-{H}
NMR (CDCI3): 125.6 (s) ppm; Selected IR data (KBr): v(PN) 916 cm1, v(PdCl)
306 and 276 cm-1; FAB+ MS: m/z 553 [M],

cis-[Mo(CO)4{Ph2PN(C2H4)(C3H6)NPPh2}] 32. To a dry and degassed
dichloromethane (15 ml) solution of partially dissolved [Mo(CO)4(pip)2] (0.173 g,

0.46 mmol) was added solid Ph2PN(C2H4)(C3H6)NPPh2 (0.215 g, 0.46 mmol).
The solution was heated to reflux for ca. 2 h and allowed to cool to room

temperature. The solution was concentrated under reduced pressure to ca. 2
ml and diethyl ether or methanol (20 ml) was added. The yellow product was

collected by suction filtration and washed with diethyl ether (2x10 ml). Yield :

0.205 g, 66 %; 3ip.{H} NMR (CDCls): 103.9 (s) ppm; Selected IR data (KBr):

v(PN) 960 cm1, v(CO) 2014 cm-1; FAB+MS: m/z 648/50 [M-CO], 620/2 [M-

2CO-], 592/4 [M-3CO ], 564/6 [M-4CO ].

CZS-[Mo(CO)4{(C6H402)PN(C2H4)(C3H6)NP(C6H402)}] 33. To a dry and

degassed dichloromethane (35 ml) solution of partially dissolved

[Mo(CO)4(pip)2] (0.355 g, 0.94 mmol) was added solid

(C6H402)PN(C2H4)(C3H6)NP(C6H402) (0.354 g, 0.94 mmol). The solution was

heated to reflux for ca. 4 h and allowed to cool to room temperature. The
solution was concentrated under reduced pressure to ca. 5 ml and diethyl
ether (20 ml) was added. The yellow product was collected by suction filtration
and washed with diethyl ether (3x10 ml). Yield : 0.362 g, 66 %; 31P-{H} NMR

(CDCls): 93.9 (s) ppm; Selected IR data (KBr): v(PN) 920 cm1, v(CO) 2044,
2055, 1926 cm-1. FAB+ MS: m/z 529 [M-2CO], 471 [M-4CO ].
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cis-[Mo(CO)4{(iPr)2PN(C2H4)(C3H6)NP(iPr)2}] 34. To a dry and degassed
dichloromethane (10 ml) solution of partially dissolved [Mo(CO)4(pip)2] (0.249 g,

0.66 mmol) was added liquid ('Pr^PN^FUHCsHeJNPCPr^ (0.1 ml, 0.218 g, 0.66

mmol). The reaction was heated to reflux for ca. 2 h and allowed to cool to

room temperature. The solution was concentrated under reduced pressure to

ca. 1 ml and diethyl ether (10 ml) added. The yellow product was collected by
suction filtration and washed with diethyl ether (2x10 ml). Yield: 0.257 g, 72

%; sip-{H} NMR (CDCls): 118.5 (s); Selected IR data (KBr): v(PN) 949 cm-', v(CO)
2004 cm1; FAB+ MS: m/z 540/2 [M], 514 [M-CO], 486 [M-2CO].

[Ph2P(AuCl)N(C2H4)(C3H6)NP(AuCl)Ph2] 35. To a diy and degassed
dichloromethane (15 ml) solution of [AuCl(tht)] (0.192 g, 0.60 mmol) was

added solid Ph2PN(C2H4)(C3H6)NPPh2 (0.140 g, 0.30 mmol) and the colourless
solution stirred for ca. 1 h. The solution was concentrated under reduced

pressure to ca. 1 ml and diethyl ether (35 ml) added. The white product was

collected by suction filtration. Yield: 0.214 g, 76 %; Mycroanalysis : Found

(Calcd) C 37.6 (37.4), H 3.2 (3.2), N 2.7 (3.0) %; sip-{H} NMR (CDC13): 78.7 (s)

ppm; Selected IR data (KBr): v(PN) 903 cm-'; FAB+ MS: m/z 897 [M-Cl-].

[(C6H402)P(AuC1)N(C2H4)(C3H6)NP(AuC1)(C6H402)] 36. To a dry and

degassed dichloromethane (5 ml) solution of [AuCl(tht)] (0.098 g, 0.31 mmol)
was added solid (CelNC^PN^I^MCsHsJNPtCelNCh) (0.056 g, 0.15 mmol) and
the colourless solution stirred for ca. 2 h. The resulting colourless solution
was filtered through a small Celite plug to remove a small amount of dark
insoluble material and the Celite washed with a portion of dichloromethane (5

ml). The solution was concentrated under reduced pressure to ca. 2 ml and

diethyl ether (20 ml) added. The white product was collected by suction
filtration. Yield: 0.101 g, 80 %; Microanalysis: Found (Calcd) C 23.8 (24.3), H
2.1 (2.1), N 3.2 (3.3) %; 3ip-{H} NMR (CDC13) : 139.2 (s) ppm; Selected IR data

(KBr): v(PN) 908 cm-'; FAB+ MS: m/z 805 [M-Cl-].
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CHAPTER 3 : BIS(PHOSPHINE) DERIVATIVES OF SOME DIAMINES.

3.1.- Introduction.

Following our studies on the preparation of potentially active ligands for

homogeneous catalysis, we investigated the synthesis, oxidation and
coordination chemistry of new bis(aminophosphines) based on aromatic, cyclic
and alkyl backbone containing diamines.

By altering the substituents on the phosphorus atoms and keeping the
same diamine backbone (piperazine and homopiperazine) we were able to

present a systematic study on the electronic and steric effects of a wide range

of phosphines on the bis(aminophosphines) derivatives of piperazine and

homopiperazine. In this Chapter we have used a wide range of diamines with
different steric and electronic properties in anticipation that the resulting

phosphines will have different steric and electronic properties depending on

the diamine used.

This is a very important area of investigation since it has been

extensively reported that selective catalytic processes are affected by many

factors such as the configuration (the ligand will have a specific bite angle and
its backbone will confer to the ligand a different range of flexibility) and
electronic properties of the ligands when binding the precursor metal species.
These will decide the direction of approach of the substrate to approach to the
active catalyst and therefore the selectivity of the reaction.

RESULTS AND DISCUSSIONS

3.2.- Synthesis ofP(III) Ligands.

The new bis(aminophosphine) ligands described in this Chapter have
been prepared by the condensation reaction of a wide range of diamines with
the chlorophosphines Ph2PCl or 'P^PCl (Figure 3.1).
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2,2'-Diamino-1,1 '-binaphthyl 1-(2-Aminophenyl)-2-naphthylamine 2,2'-Diaminodiphenyl

1,8-diaminonaphthalene 1,3-Phenylenediamine

ceo
H

5,10-Dihydrophenazine

HJ |,H
i—N N—|
Ln N—

1,4.8,11-Tetraazacyclotetradecane

N,N'-Dibenzyl-m-isophthalamide

Figure 3.1. Aromatic,

4,6-Bis(n-butylamine)dibenzofuran

cyclic and alkylic diamines.

N.N'-Dibenzylethylenediamine

Structurally, those diamines are very different therefore they contain

nitrogen atoms that show different reactivities when reacting with

chlorophosphines.
As a result of our previous studies in this field we have found that

PI12PCI gives mainly solid compounds which tolerate air and moisture much
better than the oily compounds obtained when using 'Pr2PCl. Therefore,

Ph2PCl is a good chlorophosphine candidate for the preparation of relatively
stable compounds. On the other hand, since we have discovered that the most
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electron rich bidentate ligand was prepared using 'PraPCl it was appealing to

use this electron rich chlorophosphine to investigate the steric and electronic
features that it could confer to ligands containing different diamine backbones
and their activity in homogeneous catalysis.

To conclude our synthetic studies we have prepared a

monoaminophosphine ligand by the reaction of PI12PCI with (S)-(-)-N-benzyl-a-
methylbenzylamine (Figure 3.2). Although this ligand has been prepared

previously, no oxidation chemistry has been reported and neither has its

activity as a potential ligand for homogeneous catalysis been examined. The

chirality of the ligand is of particular interest.

CO

Figure 3.2. Monoaminophosphine prepared from (S)-N-benzyl-a-

methylbenzylamine. * Denotes chirality.

It would be interesting in future to study all these diamines in
condensation reactions with other chlorophosphines and phosphinites such as

the ones shown in Figure 3.3 that were used in our studies on piperazine and

homopiperazine based ligands but time limitations have excluded them from
our project. The resulting ligands could show attractive properties and
activities in coordination chemistry and homogeneous catalysis.

(C6H402)PCI (2,2-Me2C3H402-1,3)PCI (C2H402)PCI lPr2PCI

Figure 3.3. Chlorophosphine/phosphinites precursors.
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3.2.1- Bis(phosphine) derivatives of aromatic backbone containing
diamines

Synthesis of PhaPNHfCmEUbNHPPha 37 (BDPAB) and

Ph?,PNH(CioHfiHC6H4)NHPPh? 38.

Reaction of (S)-(-)-l,l'-binaphthyl-2,2'-diamine and l-(2-aminophenyl)-

2-naphthalene with two equivalents of PI12PCI, after deprotonation by nBuLi,

proceeds in thf to give PhaPNHfCioHs^NHPPha 37 (BDPAB) and

Ph2PNH(CioH6)(C6H4)NHPPh2 38 respectively (Figure 3.4).

Figure 3.4. Preparation ofPh2PNH(C10H6)2NHPPh2 (37) and

Ph2PNH(Ci oH6)(C6H4)NHPPh2Cl (38).

Compound 37 (BDPAB) is prepared according to the conventional

procedure.1 Dropwise addition of nBuLi in hexane-thf to a solution of (S)-(-)-

l,l'-binaphthyl-2,2'-diamine in thf, at -78 °C, results in the N,N'-dilithiated

compound which is treated, at -78 °C, with chlorodiphenylphosphine by

dropwise addition. Reduction of the volume of thf in vacuo, addition of
dichloromethane and removal of the LiCl by filtration gives a colourless
solution. Reduction of the volume of dichloromethane in vacuo and

recrystallisation from ethanol-benzene gives the new species in 75% yield.

The 31P-{1H} NMR spectrum of 37 comprises a singlet at 5(P) 27.7 ppm.

The identity of this compound is supported by FAB+ mass spectrometry (m/z
652 [M+]) and the IR spectrum, because a band associated with a v(N-H)
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stretch (3330 cm1) is observed. JH-NMR and elemental analysis data are in

agreement with the literature.

Compound 37 is colourless and air- and moisture- tolerant in the solid
state and is soluble in both thf and dichloromethane.

The ligand 37 presents interesting characteristics such as its structural

rigidity and chirality and, although it is not a new bis(aminophosphine) (see

Chapter I, ref 217 and 218), we have considered it important to study it
because its platinum(II) complexes have not been reported. Furthermore, the

ligand itself has not been tested in rhodium catalysed hydroformylation of

alkenes, which is the homogeneous catalytic reaction we have chosen for our

studies as described in Chapter 4.

Reciystallisation from hot toluene gives 37 as colourless crystals. The

X-ray structure (Figure 3.5) and Table 3.1 reveals a very interesting
orientation of the aromatic rings from the amine backbone relative to one

another with a dihedral angle of 94°. P-N bond lengths are typical for this type

of compound. The two nitrogen atoms in the molecule adopt a geometry close
to trigonal since the C-N-P angle is close to 120° rather than 109°. However,
the phosphorus centres are approximately tetrahedral since the corresponding

angles are close to the expected 109 °.
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Figure 3.5. Solid state structure of Ph2PNH(C?oHej^NHPPhQ 37 (BDPAB)

Bond Lengths (A)
P(2')-N(2') 1.710 (2)
P(2)-N(2) 1.702 (2)

Bond Angles (°)
N(2')-P(2')-C(21') 98.89 (11)
N(2')-P(2')-C(27') 102.45 (12)

C(2\yP{2yC{2T) 99.67 (12)
N(2)-P(2)-C(21) 99.72 (12)
N(2)-P(2)-C(27) 103.35 (12)

C(21)-P(2)-C(27) 101.32 (12)
C(2')-N(2')-P(2') 126.8 (2)
C(l')-C(2')-N(2') 119.8 (2)

C(2)-C(l)-C(l')-C(2') 94.0 (3)

Table 3.1. Selected bond lengths (A) and angles (°) in PhitPNHfCioHe)oNHPPh2 37

(BDPAB)
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The preparation of compound 38 was achieved by the same

experimental procedure used in the formation of 37. The bis(aminophosphine)
38 was isolated as a colourless, solid product in good yield (92%).

The 3ip-{iH} NMR spectrum of 38 contains two singlets at 5(P) 28.8 and
28.1 ppm, which correspond to the two inequivalent phosphorus atoms

present in the molecule. It is difficult to assign which singlet corresponds to

which phosphorus atom since the only difference is an extra aromatic ring in
one of them rather than more electron withdrawing or donating substituents
which could affect more significantly the 31P-{1H} NMR shift. As expected due
to the close structure of 37 and 38, they both have very similar 31P-{!H} NMR

shifts, being only 1 ppm downfield for 38 which has one aromatic ring less
than 37 in its structure. However, when compared to the P-C analogue
NAPHOS2'3-4 (8(P) -12.3 ppm ) (Figure 3.6), 37 and 38 3iP-{'H} NMR shift are 41
and 40 ppm downfield respectively because they have nitrogen instead of
carbon atoms binding the phosphorus centres.

Figure 3.6. NAPHOS, P-C analogue ofBDPAB.

The !H NMR spectrum of 38 contains one multiplet which represents 20
aromatic hydrogens at 5(H) 7.86-6.86 ppm and two doublets which integrate to

1H each and correspond to the N-H hydrogens (5(H) 4.3 ppm, 2J(PH)=78.3 Hz

and 5(H) 4.7 ppm, 2J(PH)=78.3 Hz).
FAB+ mass spectrometry shows the parent-ion peak for 38 (m/z 603

[M]) and elemental analysis is in good agreement with calculated values (Table

3.2). The IR spectrum of 38 shows bands which are assigned to v(N-H) and

v(P-N) (3367 and 3322 cm-1 for v(NH) and 891 and 889 cm1 for v(PN)).
Compound 38 is air- and moisture- tolerant in the solid state and is

soluble in both thf and dichloromethane.

Although stable for short periods in the solid state, in solution 37 and
38 oxidise readily in air.
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Synthesis of Ph2PNHfC6H4)aNHPPha 39 and iPr;PNHfCf)H4)2NHPiPr; 40.

Reaction of 2,2'-diaminodiphenyl with two equivalents of PI12PCI, in the

presence of NEt3, proceeds in diethyl ether to give 39 (Figure 3.7).

1) Et3N, thf, RT
(39)

2) 2 Ph2PCI NH HN
NH, NH, / \2 2 Ph2P PPh„

Figure 3.7. Preparation ofPh2PNH(C6H4)2NHPPh2 39

Addition of the chlorophosphine in Et20 to a solution of 2,2'-

diaminodiphenyl in Et20, at room temperature, results in the immediate

precipitation of [EtaNHJCl as the reaction proceeds. Removal of the ammonium
salt by filtration, reduction of the volume of thf in vacuo and washing with
water and methanol gives the new species in 82% yield. This is a similar

procedure to the one used in the preparation of (S)-6,6'-dimethyl-2,2'-

bis(diphenylphosphinamino)biphenyl (MABP) (Figure 3.8), although that
involved benzene as a solvent and needed a very long and tedious purification

process.5

The 31P-{1H} NMR spectrum of 39 comprises a singlet at 5(P) 29.2 ppm

which is very similar to the chemical shifts for 37 and 38 since the
environment close to the phosphorus atoms is the same and only the groups

that are further away change between the three compounds. The well known

P-C analogue of 39, BISBI (Figure 3.8),5 gives a singlet at 5(P) -9.8 ppm in the

31P-{1H} NMR spectrum which is 39 ppm downfield compared to 39, the same

difference observed between 37 and its P-C analogue NAPHOS.
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Figure 3.8. MABP and BISBI, the analogous ofPh2PNH(C6H4)2NHPPh2 39.

The compounds 37-39 show a trend in the 31P-{1 H} NMR corresponding
to a downfield shift of approximately 1 ppm when the aromatic rings in the
backbone of the ligand are removed one by one (Figure 3.9).

H^PPh2

(37)

d(P) = 27.7

H^PPh2

(38)

d(P) = 28.8, 28.1

^PPh,
N 2
H

H ~PPh2

(39)

d(P) = 29.2

NAPHOS

PPh.

PPh,

PPh,

PPh,

BISBI

d(P) = -12.3 d(P) = -9.8

Figure 3.9. Increasing progression of S(P) ppm for compounds 37-39.

The JH NMR spectrum of 39 contains a complicated aromatic region
with a doublet of doublets at 5(H) 7.43 ppm (2 H, J= 125.3 Hz and 234.9 Hz), a

multiplet at 5(H) 7.31-7.15 ppm (12 H), a doublet at 5(H) 7.06 ppm (2 H, J=235

Hz) and a triplet at 5(H) 6.82 ppm (2 H, J=234.7 Hz). There is also a doublet at

5(H) 4.5 ppm which correspond to the two hydrogens from N-H present in the
molecule (2J(PH)=78.6 Hz).
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FAB+ mass spectrometry of 39 shows the parent-ion peaks (m/z 554

[M+H+] and 576 [M+Na+]) and elemental analysis is in good agreement with
calculated values (Table 3.2). The IR spectrum shows bands at 3372 and 879

cm-' which are assigned to v(N-H) and v(P-N) respectively.

Compound 39 is air- and moisture-tolerant in the solid state and is

soluble in both thf and dichloromethane. In solution, 39 oxidise readily in air.

The preparation of iP^PNF^CeFU^NHP'P^, 40, presented more

difficulties than 39. Initially we attempted the synthesis of 40 by the same

experimental procedure used in the formation of 39, in the presence of EtaN
and at room temperature, but no reaction between the amine and the

chlorophosphine took place. Secondly we tried the same approach in the

presence of a catalytic amount of DMAP, with the aim of accelerating the P-N
bond formation reaction, avoiding in this way the secondary oxidative
reactions. Once more, we could not isolate the desired product and in

consequence we decided to use the same synthetic method used in the

preparation of 37 and 38, which involves the use of a stronger base such as

nBuLi. In this case, reduction of the volume of thf in vacuo, addition of

dichloromethane and removal of the LiCl by filtration gave a colourless
solution. Finally, reduction of the volume of dichloromethane in vacuo gave the
new species as a green oil in 51% yield (Figure 3.10).

1) n-BuLi/ thf, -78°C \ // //
: ** M / (40)

2) 2 'Pr2PCI nh hn
/ \

'Pr2 P P ipr2

Figure 3.10. Preparation of lPr-jPNH(Cfpp)2NHPPt2 40

The 31P-{1H} NMR spectrum of 40 shows a singlet at 8(P) 48.1 ppm; the
downfield shift when compared to 39 reflecting the presence of the isopropyl,
instead of phenyl, substituents on the phosphorus centre.

Different purification methods were used and the result was always the

decomposition of the ligand since it is very air and moisture sensitive.
Therefore the best elemental analysis we obtained did not have the nitrogen

nh2 nh2
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percentage in agreement with the calculated value (Found (Calc) : 69.0 (69.2),
H 8.2 (9.2), N 9.2( 6.7)) and the ]H NMR showed the presence of impurities
which made the assignment of the different peaks ambiguous. IR spectroscopy
was not performed since 40 is very air and moisture sensitive. However, FAB+

mass spectrometry showed that 40 was present by showing the parent-ion

peak (m/z 417 [M+H+] and 439 [M+Na+]).

We can conclude that, compared with the piperazine and

homopiperazine diphosphine derivatives, the condensation reaction of the
diamine and the chlorophosphine to obtain 37 and 38 is more difficult to

achieve because the aromatic environment in the diamine backbone

deactivates the nitrogen centres because the lone pair of the nitrogen can

participate in the aromatic delocalisation and become less basic, therefore less
reactive towards the phosphorus atoms of the chlorophosphines. However,
steric problems could have been the main reason for the need for stronger

synthesis conditions, since the diamine backbones of compounds 37 and 38

contain, respectively, four and three phenyl rings that will confer a greater

steric environment when compared with the alkylic piperazine and

homopiperazine backbone. Since the reaction proceeds under mild conditions
for the preparation of 39, it seems that two phenyl groups do not represent a

steric problem and in the case of compound 40 because of the isopropyl
substituents on the phosphorus centres nBuLi was once more required for its

preparation.

Cpd Formula C H N

38 Ph2PNH(CioH6)(C6H4)NHPPh2 79.4(79.7) 5.2(5.4) 4.6(4.7)
39 Ph2PNH(C6H4)2NHPPh2 77.6(78.2) 5.8(5.5) 5.2(5.1)

Table 3.2. Elemental analysis data for compounds 38 and 39 (calculated values
in parentheses)

Synthesis of PhaPNHfCioHfilNHPPha 41 and iPr^PNH(CioH6)NHPiPr? 42.

Reaction of 1,8-diaminonaphthalene with two equivalents of Ph2PCl in
the presence of NEh, proceeds in Et20 at room temperature to give

Ph2PNH(CioHe)NHPPh2 41 (Figure 3.11). However, since this reaction is veiy
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slow and the products (41 and the monosubstituted intermediate) are very air
and moisture sensitive, a catalytic amount of DMAP is needed to accelerate the
reaction and avoid the production of oxidised side products. Great care has to

be taken when performing this reaction in order to avoid any source of oxygen

that could oxidise very rapidly the desired product.
We have also tried the preparation of 41 via other routes such as in the

presence of a stronger base (nBuLi) but the isolation of the product was not

possible.
The preparation of 41 was attempted by T. Q. Ly et al6 and although

they did not isolate 41, they obtained its sulfide/selenide derivatives, proving
in this way that the P-N linkage could be formed. We were interested in the
isolation of the bis(aminophosphine) 41 because, following our line of

research, it has an interesting aromatic backbone that could allow us to study
its effects in coordination chemistry and in homogeneous catalysis.

Ph2PCI

nh2 nh2

1,8-diaminonaphthalene

Et3N, Et20

DMAP
(41)

PPh2 PPh2

Figure 3.11. Preparation ofPh2PNH(CioH6)NHPPh.2 41.

Addition of the chlorophosphine in Et20 to a solution of 1,8-

diaminonaphthalene in Et20, in the presence of a catalytic amount of DMAP
and at room temperature, results in the immediate precipitation of [EGNHJCl
as the reaction proceeds. Reduction of the volume of Et20 in vacuo and
addition of thf gives a colourless solution. Removal of the ammonium salt by
filtration and reduction of the volume of thf in vacuo gives the new species as a

yellowish oil in 69% yield.
The ^P-^H} NMR spectrum of 41 shows a singlet at 5(P) 34.7 ppm; the

downfield shift when compared to 37-39 reflecting the presence of a greater

delocalised aromatic environment in the backbone of the molecule

(naphthalene system). The P-C analogue compound of 41, (BDNA) (Figure

3.12),A8 has been studied and showed, in the 31P-{1H} NMR, a singlet at 5(P) -
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10.87 (or -11.4)8 ppm that, when compared to 5(P) 34.7 ppm for 41, is upfield
shifted about 46 ppm.

Ph2P PPh2

Figure 3.12. BDNA, the P-C analogue of41.

Different purification methods were used but the instability of the

ligand towards even small amounts of oxygen (air and moisture) made the

process difficult since various solvents were needed and several work up

operations had to be performed which increase the chances of contamination

by oxygen. However, FAB+ mass spectrometry supported the identity of 41 by

showing the parent-ion peak (m/z 527 [M+H+] and 549 [M+Na+]).

Compound 41 is very air- and moisture- sensitive and is soluble in both
thf and dichloromethane.

The above difficulties encountered in the preparation of 41, exacerbated

by the expected problems caused by the presence of isopropyl groups as

substituents on the phosphorus centres made the synthesis of

iPr2PNH(CioH6)NHPiPr2 42 (Figure 3.13) especially challenging. Three different

pathways were attempted : a) in the presence of a mild base such as Et3N at
room temperature, b) in the presence of the same base and a catalytic amount

of DMAP at room temperature and c) in the presence of a strong base such as

nBuLi. None of those methods allowed us to isolate the desired product 42 so

we finally attempted the synthesis of 42 by the reaction of 1,8-

diaminonaphthalene with two equivalents of >Pr2PCl, in the presence of Et3N
and refluxing in toluene, which appeared to proceed smoothly.
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Et,N, toluene
+ 'Pr2PCI (42)

reflux overnight
NH, NH, NH HN22 / \

ipr p P'Pr
1,8-diaminonaphthalene 2 2

Figure 3.13. Preparation of 'Pr^PNHfC?oH},jNHPPr^ 42.

Dropwise addition of a toluene solution of 'P^PCl to a stirred solution of

1,8-diaminonaphthalene, also in toluene, resulted in a colourless solution.

Stirring at reflux was continued overnight after the chlorophosphine addition
was completed and the precipitation of EUN-HCl occurred as the reaction

proceeded. The ammonium salts were removed by suction filtration, under

nitrogen atmosphere, and the solvent evacuated to dryness in vacuo to yield
the compound 42 (50 %) as a dark oil.

The 31P-{:H} NMR spectrum of 42 shows a singlet at 8(P) 48.1 ppm a

downfield shift of 13.4 ppm with respect to 41 (5(P) 34.7 ppm), which seems to

be in accordance with what we have discussed previously for compounds 39
and 40.

Unfortunately, the compound 42 decomposed when performing its

purification and no further spectroscopy data was obtained. Therefore we

cannot be certain of its identity.

Synthesis of PhaCHaNHfCfiH^NHCHaPPha 43

Reaction of 1,3-phenylenediamine with two equivalents of

diphenylphosphinomethanol, proceeds in refluxing acetonitrile to give 43

(Figure 3.14).

- 167 -



CHAPTER 3 : Bis(phosphine) Derivatives of Some Diamines

Ph2P PPh2
1,3-phenylenediamine diphenylphosphinemethanol |^2)

Figure 3.14. Preparation ofPh2CHJ>NH(C6HfNHCH2PPh2 43

Dropwise addition of a MeCN solution of PI12PCH2OH to a stirred
solution of 1,3-diphenylenediamine, also in MeCN, resulted in a colourless
solution. Stirring at reflux was continued for 36 hours after the

chlorophosphine addition was completed. The solvent was evacuated to

dryness in vacuo to yield the compound 43 (96 %) as a yellowish oil.
The 31P-{1H} NMR spectrum of 43 shows a singlet at 8(P) -20.0 ppm

which is in the region where other compounds containing P-C linkage of the
same type show their 31P-{1H} NMR signals.9 Compound 43 is very air and
moisture sensitive and its total purification was not achieved. However, FAB+
mass spectrometry supported the identity of 43 by showing the parent-ion

peak (m/z 504 [M]).

Ph2PCH20H was prepared following the literature procedures10 which
were lacking experimental details. We performed the synthesis of

diphenylphosphinemethanol by reacting diphenylphosphine with

paraformaldehyde at 100 °C for 2 hours (Figure 3.15). By checking the

progress of the reaction by ^P-pH) NMR we observed that, when the reaction
was just started the 31P-{1H} NMR showed two singlets at 5(P)-10 ppm and 8(P)-
40 ppm corresponding to PI12PCH2OH and PI12PH respectively as was reported
in the literature10. The singlet corresponding to PI12PCH2OH increased in

intensity and the singlet corresponding to PI12PH decreased in intensity as the
reaction proceeded. We expected to observe the disappearance of the singlet at

S(P)-40 ppm and the unique presence of the singlet at S(P)-10 ppm as an

indication of the completion of the reaction. However, after lhour and 45

minutes, the intensity of both singlets interchanged, so that the singlet at 8(P)-
40 ppm, corresponding to the phosphine starting material became more

intense than the singlet corresponding to the product at S(P) -10 ppm, as if the
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reaction was reversing to the phosphine starting material. We repeated the

preparation of PI12PCH2OH at 90 °C and with great care towards the end of the
reaction so we could get the product as pure as possible to avoid its side

products interfering in the next step of the preparation of the

bis(aminophosphine) 43. PI12PCH2OH was obtained pure and its
characterisation data is in agreement with literature values.

O

H^H + ph2pH 90°C, 1h45m^ Ph2pCH2OH

paraformaldehyde diphenylphosphine diphenylphosphinemethanol

Figure 3.15. Preparation ofPhjPCPIjOH

Synthesis of PhaPNfn-^HqHCfiHa-O-CsHalNfnCUHqlPPha 44.

Based on the structure of the well known DBFphos11 ligand, we

attempted the synthesis of a bis(phosphinoamine) with the same ligand
backbone (Figure 3.16).

Ph2P PPh2 PPh2 Ph2P

DBFphos Ph2PN(n-C4H9)(C6H3-0-C6H3)N(n-C4H9)PPh2
(44)

Figure 3.16. DBFphos and Ph2PN(n-C4Hg)(C6H3-0-C6H3)N(nC4Hg)PPh2 44

Dibenzofuran was lithiated first and subsequently reacted with I2 to

afford 4,6-diiododibenzofuran (Figure 3.17) according to the literature

procedure.12
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II -

dibenzofuran

Et,0, -78 °CI TMEDA

s-BuLi

ii) 0 °C, NaHS03/water

4,6-diodibenzofuran

II %^\\

Figure 3.17. Preparation of 4,6-diiododibenzofuran.

Diiododibenzofuran was aminated using the palladium catalysed
amination of halides reported in the literature13 for similar starting materials.

Reaction of diiododibenzofuran with four equivalents of n-butylamine,
in the presence of sodium terf-butoxide and catalytic amounts of dppf and

[Pd2(dba)3CHCl3], proceeds in refluxing toluene to give (n-C4H9)NH(C6H3-0-

C6H3)NH(n-C4Hg) (Figure 3.18). If only two equivalents of n-butylamine are

used, a mixture of mono- and bis-aminated products is obtained.

! ° \ dppf/Pd2dbaCHCI3
+ Na'OBu

NH2

(n-C4H9)NH(C6H3-0-C6H3)NH(n-C4H9)PPh2

l(C6H3-0-C6H3)NH(n-C4H9)PPh2

Figure 3.18. Amination of diiododibenzofuran.

Sequential addition of diiododibenzofuran, n-butylamine and sodium
ferf-butoxide to a solution of dppf and [Pd2(dba)sCHCl3] resulted in a dark
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solution. Stirring at reflux was continued until the reaction was confirmed, by

TLC, to be complete. The solvent was evacuated to dryness in vacuo to yield a

dark product. Purification by column chromatography gave a white solid

product whose identity was confirmed by showing the parent-ion peak (m/z
310 [M]) in FAB+ mass spectrometry. However, small amounts of the
monosubstituted amine were still present in the product even after

chromatography. Another disadvantage of this procedure is that the product is
obtained in poor yield (20 %).

For the final step in the synthesis of the desired bis(aminophosphine)
44, we followed the standard condensation reaction of diamines and

chlorophosphines.

We encountered some obstacles in the preparation of 44 since no

reaction of any kind was observed when reacting (n-C4Hg)NH(C6H3-0-

C6H3)NH(n-C4H9), with two equivalents of dichlorodiphenylphosphine, in the

presence of EtsN. The only species shown by 31P-{1H} NMR spectrum was

PI12PCI. Therefore, we performed the reaction in the presence of nBuLi at -

78°C. By the conventional work up of this type of reaction, the white solid was

removed and the volatiles evaporated in vacuo to leave a pale yellow oil.

Unfortunately, 31P-{1H} NMR showed once more that no reaction had occurred
and consequently the synthesis of 44 was not achieved.

This shows that the nitrogen centres have a sterically crowded
environment due to the bulkiness of the diamine backbone together with the

alkyl chains on the nitrogen atoms, impeding the formation of the P-N linkage.
It could be as well, that the nitrogen centres are more deactivated by the
dibenzofuran unit and in consequence they do not react with the

chlorophosphine. In any case, it could be interesting to attempt the synthesis
of PPh2NH(C6H3-0-C6H3)NHPPh2, in order to elucidate if either steric or

electronic or both factors are impeding the reaction.
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3.2.2- Bisfphosphine) derivatives of cyclic diamines and amides.

Synthesis of PhaPNfCfiH^fCcEUlNPPha 45.

5,10-dihydrophenazine which is prepared following the literature

procedure,15 is a green solid that shows marked air sensitivity because it can

easily change its molecular structure back to the more stable oxidative

species, phenazine, when in contact with any source of oxygen (Figure 3.19)
and therefore it should be stored under inert atmosphere.

5,10-Dihydrophenazine

Figure 3.19. Oxidation/reduction interconversion in between phenazine and

5,10-dihydrophenazine.

Reaction of 5,10-dihydrophenazine with two equivalents of Ph2PCl, in
the presence of n-BuLi at -78°C, proceeds in thf to give 45 (Figure 3.20).

5,10-dihydrophenazine

Figure 3.20. Preparation ofPh2PN(CffiffCrff)NPPh2 45.

Although the reaction was also attempted in the presence of EtaN, at

room temperature and in refluxing toluene, only with n-BuLi, could product
45 be isolated.

Addition of the. chlorophosphine in thf to a solution of 5,10-

dihydrophenazine, in the presence of n-BuLi at -78°C in thf, resulted in a pale

green solution. Reduction of the volume of thf in vacuo, addition of
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dichloromethane and removal of the LiCl by filtration gave a clear solution.

Finally, reduction of the volume of dichloromethane in vacuo gave the new

species as a slightly pink solid in 91% yield.
The 31P-{1H} NMR spectrum of 45 shows a singlet at S(P) 61.0 ppm, the

large downfield shift when compared to its P-C analogue (PAnP, 5(P) -21.9

ppm)14 (Figure 3.21) reflecting the substitution of the carbon centres in PAnP

by nitrogen atoms in 45.

Figure 3.21. PAnP, the P-C analogue of 45.

FAB+ mass spectrometry confirms the proposed identity of the ligand 45

by showing the expected parent-ion peaks (m/z 550 [M], 551 [M+FP] and 573

[M+Na+]).
The IR spectrum of 45 shows a band that can be assigned to v(P-N) (951

cm1) and elemental analysis data are in agreement with calculated values

(Table 3.3).

Although air- and moisture-stable for short periods in the solid state,
45 oxidised readily in solution in air. The ligand 45 is soluble in both thf and
dichloromethane.

Synthesis of N.N',N",N'"-(PPh?)4-cvclam 46

Reaction of 1,4,8,11-tetraazacyclotetradecane (cyclam) with either three'
or four equivalents of PI12PCI, in the presence of NEt3, proceeds in thf and at

room temperature to give N,N',N",N"'-(PPh2)4-cyclam 46 as the only product

(Figure 3.22).
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Figure 3.22. Preparation ofN,N',N",N"'-(PPh2)4-cyclam 46.

Addition of a thf solution of either three or four equivalents of PI12PCI to

a stirred solution of cyclam, also in thf, resulted in the immediate precipitation
of EtaN HCl as the reaction proceeded. Stirring was continued overnight after
the chlorophosphine addition was completed. The ammonium salts were

removed by suction filtration, usually under nitrogen atmosphere, and the
solvent evacuated to dryness in vacuo to yield the compound 46 (87 % when

using four equivalents of Ph2PC1 and 35 % when three equivalents of the same

chlorophosphine were used) as a colourless solid.
The 3ip-{iH} NMR spectrum of 46 displays a singlet at 8(P) 65.6 ppm

showing that there are only equivalent phosphorus atoms present. The
different options are one, two or four equivalent phosphorus atoms attached to

one, two or four of the cyclam nitrogen centres respectively. FAB+ mass

spectrometry shows the expected parent-ion peak (m/z 938 [M+H+]) when
either three or four equivalents of Ph2PCl are used.

The IR spectrum of 46 does not show any band that could be assigned
to v(N-H) and shows instead a band that can be assigned to v(P-N) (968 cm1).
Elemental analysis data for 46 are shown in Table 3.3.

Compound 46 is air- and moisture-stable in the solid state and is
soluble in both thf and dichloromethane.

Synthesis of l,3-&H4-(CON(PPha)CHaPhb 47

N,N'-dibenzyl-l,3-isophthaldiamide was prepared by reaction of

isophthaloyl dichloride with two equivalents of benzylamine in the presence of

EtsN in dichloromethane (Figure 3.23).
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Et3N, DCM
/—n ^—y/ \

-K H
o 0+2

NH.'2

CI CI

benzylamine

N,N'-Dibenzyl-
1,3-phthalsaeurediamine

Figure 3.23. Preparation ofN,N'-dibenzyl-l,3-isophthaldiamide.

Dropwise addition of benzylamine in dichloromethane to a solution of

isophthaloyl dichloride, in the presence of EtsN at room temperature in

dichloromethane, results in the precipitation of triethylammonium

hydrochloride. Removal of the salts by filtration and reduction of the volume of
dichloromethane in vacuo gave N,N'-dibenzyl-l,3-isophthaldiamide as a

colourless solid in 88% yield.
The NMR spectrum of N,N'-dibenzyl-l,3-isophthaldiamide shows a

triplet at 5(H) 8.19 ppm (1 H, J=2.74 Hz), a double doublet at 5(H) 7.91 ppm

(2H, J=2.74 and 8,22 Hz), another triplet at 5(H) 7.47 ppm (t, 1H, J=8.22 Hz)
and a multiplet at 5(H) 7.34-7.22 ppm (m, 10 H), all in the aromatic region.
There is a triplet at 5(H) 6.60 ppm representing the two hydrogen atoms from
the NH groups (J=5.48 Hz) FAB+ mass spectrometry confirms the proposed

identity of the diamine by showing the expected parent-ion peaks (m/z 344

[M]) and its IR spectrum shows bands for v(C=0) and v(H-N) (1635 and 3290
cm-1 respectively). Elemental analysis data are in agreement with calculated
values (Found (Calc) C 76.9(76.7), H 5.8(5.9), N 8.2(8.1)).

Reaction of N,N'-dibenzyl-l,3-isophthaldiamide with two equivalents of

PI12PCI, in the presence of a strong base such as n-BuLi at -78°C, proceeds in
thf to give 47 (Figure 3.24).

- 175 -



CHAPTER 3 : Bis(phosphine) Derivatives of Some Diamines

N,N'-Dibenzyl-
1,3-phthalsaeurediamine

Figure 3.24. Preparation of l,3-C6H4-{CON(PPh.2)CH2Ph}2 47.

Although the reaction was performed first in the presence of EtsN at

room temperature and in refluxing toluene, and in the presence of a catalytic
amount of DMAP, only in the presence of n-BuLi, could the product 47 be
isolated.

Dropwise addition of the chlorophosphine in thf to a solution of N,N'-

dibenzyl-l,3-isophthaldiamide, in the presence of n-BuLi at -78°C in thf,
resulted in a clear yellow solution. Reduction of the volume of thf in vacuo,

addition of dichloromethane and removal of the LiCl by filtration gave a

colourless solution. Finally, reduction of the volume of dichloromethane in
vacuo gave the new species as a pale yellow solid in 76% yield.

The 31P-{!H} NMR spectrum of 47 shows a singlet at 5(P) 58.5 ppm, the

large downfield shift when compared to (1,3-

bis(diphenylphosphinoacetyl)benzene, 8(P) 27.2 ppm)16 (Figure 3.25) reflecting
once more the substitution of the carbon centres in 1,3-

bis(diphenylphosphinoacetyl)benzene by nitrogen atoms in 47.

1,3-bis(diphenylphosphinoacetyl)benzene

Figure 3.25. l,3-bis(diphenylphosphinoacetyl)benzene, the P-C analogue of 47.

FAlB+ mass spectrometry of 47 shows the expected parent-ion peaks

(m/z 712 [M], 713 [M+H+], 711 [M-H-] and 735 [M+Na+])
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The IR spectrum of 47 contains bands that can be assigned to v(P-N)
and v(C=0) [916 and 1651 cm1 respectively) and elemental analysis data are

shown in Table 3.3.

Although air- and moisture-stable for short periods in the solid state,

47 oxidises readily in solution in air. The ligand 47 is soluble in both thf and
dichloromethane.

Cpd Formula C H N

45 Ph2PN(C6H4) (C6H4)NPPh2 78.5(78.5) 5.1(5.1) 4.8(5.1)
46 N,N',N",N"'-(PPh2)4-cyclam 73.4(74.3) 6.3(6.5) 6.5(6.0)
47 1,3-C6H4-{C0N(PPh2)CH2Ph}2 76.5(77.4) 5.2(5.4) 4.5(3.9)

Table 3.3. Elemental analysis data for compounds 45-47 (calculated values in

parentheses).

3.2.3- Bis(phosphiric) derivatives of alkyl backbone containing diamines.

Reaction of N,N'-dibenzylethylenediamine with two equivalents of

Ph2PCl, in the presence of EDIM, proceeds in Et20 to give

Ph2PN(CH2Ph)CH2CH2(CH2Ph)NPPh2 48 (Figure 3.26).

Ph2PCI

N,N'-dibenzylethylenediamine

Et,0, 0°C

Et3N

N.
-pPh,

(48)

Figure 3.26. Preparation ofPh2PN(CH2Ph)CH2CH2(CH2Ph)NPPh2 48

Addition of an Et20 solution of chlorophosphine to a stirred solution of

N,N'-dibenzylethylenediamine and EtaN, also in Et20 at 0 °C, resulted in a

colourless solution. Stirring was continued overnight at room temperature
after the chlorophosphine addition was completed. During this time, the

product along with EtaN-HCl separated from the solution. The precipitate was

filtered and washed with water, methanol and diethyl ether to remove the
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ammonium salts and dried in vacuo to give the compound 48 as a colourless
solid in good yield (82 %).

Although air- and moisture-stable for short periods in the solid state,

48 oxidises readily in solution in air.
The IR spectrum of 48 shows a band for v(P-N) (916 cm-1). FAB+ mass

spectrometry confirms the proposed identity of the ligand by showing the

expected parent-ion peaks (m/z 610 [M+H+] and 632 [M+Na+]) and elemental

analysis data are in agreement with calculated values (Table 3.5.).
The 31P-{1H} NMR spectrum of 48 displays a singlet at 5(P) 66.5 ppm

which is in accordance with reported literature data31 for this compound and

very similar to the 31P-{!H} NMR singlet signal displayed by

Ph2PN(CH3)CH2CH2N(CH3)PPh2 (beap) (8(P) 61.9 ppm1? or 5(P) 63.8 ppm13)
shown in Figure 3.27.

Me
I

PPh2
(beap)Me.

N'
I

PPh

Figure 3.27. Ligand Ph2PN(CH3)CH2CH2N(CH3)PPh2 (beap)

48 was first prepared by Payne et al 18 and later by Balakrishna et al 31

following the same procedure described above (Figure 3.26). However, they did
not report IR or FAB+ mass spectrometry data and neither did they study its
oxidation chemistry nor its activity in homogeneous catalysis. Therefore we

considered it to be of interest to study this compound further, including the

preparation of its diselenide derivative (discussed in Section 3.3 of this

Chapter) and the study of its activity in rhodium catalysed hydroformylation of
alkenes (Chapter 4).

We have also prepared 'Pr2PN(CH2Ph)CH2CH2(CH2Ph)NPPr2 49, the

bis(isopropylphosphine) analogue of 48, and studied its oxidation (Section 3.3
of this Chapter) and coordination (Section 3.4 of this Chapter) chemistry along
with its activity in homogeneous catalysis (Chapter 4).
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Reaction of N,N'-dibenzylethylenediamine with two equivalents of

'Pr2PCl, in the presence of EtsN at room temperature for 5 days, proceeds in
Et20 to give 'Pr2PN(CH2Ph)CH2CH2(CH2Ph)NP'Pr2 49 (Figure 3.28).

Figure 3.28. Preparation opPr2PN(CH2Ph)CH2CH2(CH2Ph)NPPr2 49.

Dropwise addition of a Et20 solution of 'Pr2PCl to a stirred solution of

N,N'-dibenzylethylenediamine, also in Et20 and in the presence of EtaN,

resulted in a colourless solution. Stirring was continued for five days after the

chlorophosphine addition was completed. Et20 was removed in vacuo and the

precipitation of EtsN-HCl occurred when thf was added to the residue. The
ammonium salts were removed by suction filtration and the solvent

evaporated to diyness in vacuo to give the compound 49 as a yellowish oil (46

%).
Since the isopropyl groups on the phosphorus atoms confer steric

problems in the formation of the P-N linkage, this reaction is very slow and we

have attempted other procedures under stronger conditions such as a) use of
n-BuLi and b) EtaN and a catalytic amount of DMAP. In both cases an

extensive amount of oxidised products was obtained and in consequence the

product was produced in low yields and was very difficult to isolate due to its
air- and moisture-sensitive nature.

FAB+ mass spectrometry confirms the proposed identity of the ligand by

showing the expected parent-ion peaks (m/z 473 [M+H+]) and elemental

analysis data is in agreement with calculated values (Table 3.5.).
The 31P-{1H} NMR spectrum of 49 displays a singlet at 5(P) 89.1 ppm,

the large downfield shift when compared to 48 reflecting the close proximity of
the phosphorus centres to the isopropyl substituents in 49 instead of the

phenyl groups in 48.
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Crystals of compound 49 (Figure 3.29 and Table 3.4.) suitable for X-ray

analysis were obtained by recrystallisation of the compound from hot toluene.
The molecular structure shows that the P-N bonds adopt a trans orientation
relative to one another. The molecule has a centre of symmetry and, thus, the
bond lengths and angles are equal for the two halves of the molecule. P-N
bond lengths (Table 3.4.) are typical for this type of compound. The

phosphorus atoms adopt near tetrahedral geometry with C-P-N angles close to

109°, whilst nitrogen centres appear nearly trigonal (P-N-C angles are closer to

120° than 109°). The nitrogen atoms adopt a geometry closer to trigonal
because there is a partial n interaction between the d orbitals of the

phosphorus atoms and the nitrogen centres. It is evidente if we compare the
usual P-N bond lenght of these type of compounds (1.700 A aproximately) with
the sum of the VDW radi of phosphorus and nitrogen atoms (1.800 A)39.

Figure 3.29. Solid state structure of'ProPNfCHoPhjCHoCHofCHoPhjNPPro 49
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Bond Lengths (A)
P(l)-N(l) 1.705 (2)

Bond Angles (°)
C(2)-P(l)-N(l) 100.39

C(5)-P(l)-N(l) 105.69 (13)
P(l)-N(l)-C(l) 123.05 (18)
C(l)-N(l)-C(8) 115.0 (2)
C(2)-P(l)-C(5) 102.88 (17)
P(l)-N(l)-C(8) 116.19 (18)

Table 3.4. Selected comparative bond lengths (A) and angles (") in

>Pr2PN(CH2Ph)CH2CH2(CH2Ph)NFPr2 49

Cpd Formula C H N

48 Ph2PN(CH2Ph)CH2CH2(CH2Ph)NPPh2 78.6(78.9) 6.7(6.3) 4.7(4.6)
49 iPr2PN(CH2Ph)CH2CH2(CH2Ph)NPPr2 70.7(71.2) 10.3(9.8) 5.8(5.9)

Table 3.5. Elemental analysis data for compounds 43 and 49 (calculated values
in parentheses).

3.2.4- Synthesis of a ehiral monoaminophosphine .

Reaction of (S)-(-)-N-benzyl-a-methylbenzylamine with one equivalent of

PI12PCI, in the presence of n-BuLi at -78°C, proceeds in thf to give (2-C6H5-

CH3CH)N(PPh2)(CH2Ph) 50 (Figure 3.30).

+ Ph2PCI
thf / -78°C

n-BuLi

(s)-N-benzyl-methylbenzylamine

Figure 3.30. Preparation of (2-CfFts-CH3 CH)N(PPh2)(CH2Ph) 50.

Although the reaction was initially performed using Et3N, at room

temperature and in refluxing toluene, and in the presence of a catalytic
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amount of DMAP, only in the presence of n-BuLi, could the product 50 be
isolated.

Dropwise addition of the chlorophosphine in thf to a solution of (S)-(-)-

N-benzyl-a-methylbenzylamine, in the presence of n-BuLi at -78°C in thf,
results in a clear yellow solution. Reduction of the volume of thf in vacuo,

addition of dichloromethane and removal of the LiCl by filtration gave a

colourless solution. Finally, reduction of the volume of dichloromethane in
vacuo gave 50 as a pale yellow oil in 93 % yield.

The 31P-{!H} NMR spectrum of 50 shows a singlet at 5(P) 44.8 ppm and
FAB+ mass spectrometry confirms the proposed identity of the ligand by

showing the expected parent-ion peaks (m/z 396 [M+H+] and 418 [M+Na+])
Since 50 is an oily air- and moisture sensitive compound and although

great care has been taken, complete purification has not been achieved.
In the literature,19 a very complete study of the iron complexes of this

ligand can be found, but neither the coordination chemistry with platinum nor

the chalcogen derivatives of 50 have been investigated. This ligand was first
studied by Brunner et at20 using a different procedure where, instead of a

strong base as nBuli, a large excess of EtsN and refluxing techniques were

used along with a tedious purification process (Figure 3.31).

1) 14 eq Et3N/Et20/-78°C
2) Ph2PCI
3) from -78°C to RT

4) filtration through Na2S04
Column/distillation

recrystallisation

Figure 3.31. Synthesis of ligand 50 by Brunner et al.20

Faller et al2'1 have recently synthesised a similar monoamine ((S)-

(Ph2P)2NC(H)(Me)Ph) (Figure 3.32) which has two phosphorus atoms (one in

50) attached to the nitrogen centre and that diphosphine has shown to be an

air and moisture stable solid. It was surprising to discover the instability of 50
in air and its oily appearance since its structure was chemically similar to

(Ph2P)2NCH(Me)Ph (white powder product) although they differ in the number
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of phosphine groups attached to the nitrogen centre. It is interesting as well to

note that (Ph2P)2NCH(Me)Ph was obtained under much milder conditions since
its preparation only required the presence of a mild base such as EtsN.

The ligand 50 is readily soluble in both thf and dichloromethane.

3.3.- Oxidation Chemistry of aryl and alkyI backbone containing mono-

and bis(aminophosphines).

Reaction of 38, 39, 45, 48 and 49 with two equivalents of elemental
selenium in toluene proceeds according to Figure 3.33 to yield the dichalcogen
derivatives Ph2P(Se)NH(CioH6)(C6H4)NHP(Se)Ph2 51,

Ph2P(Se)NH(C6H4)2NHP(Se)Ph2 52, Ph2P(Se)N(C6H4)(C6H4)NP(Se)Ph2 53,

Ph2P(Se)N(CH2Ph)CH2CH2(CH2Ph)NP(Se)Ph2 54 and

iPr2P(Se)N(CH2Ph)CH2CH2(CH2Ph)NP(Se)'Pr2 55.

Addition of 38, 39, 45 and 48 to a stirred suspension of elemental
selenium in toluene results in the formation of a greyish mixture. The

suspension is heated to reflux for approximately 2 hours and allowed to cool
to room temperature. Toluene is evaporated to dryness in vacuo and
dichloromethane is added, resulting in a clear solution which is filtered

through Celite. Addition of diethyl ether precipitates a white product and
filtration in vacuo gives 52, 53, 54 and 55 as off-white solids in approximately

77, 88, 88 and 72 % yield. 49 is an air sensitive oil and is added to the
selenium suspension as a toluene solution. To obtain 51 the experimental

procedure is exactly the same as for 52, 53, 54 and 55 and 51 is produced as

an off-white solid in approximately 87 % yield.

Me pph'2

Ph PPh2

Figure 3.32. (S)-(Ph2P)2NCH(Me)Ph.
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Figure 3.33. Preparation of dichalcogen derivatives

Ph2P(Se)NH(Ci 0H6)(CeH4)NHP(Se)Ph2 51, Ph2P(Se)NH(CrJD)2NHP(Se)Ph2 52,

Ph2P(Se)N(CfHj)(CeH4)NP(Se)Ph2 53, Ph2P(Se)N(CH2Ph)CH2CH2(CH2Ph)NP(Se)Ph2
54 and <Pr2P(Se)N(CH2Ph)CH2CH2(CH2Ph)NP(Se)<Pr2 55

The !H NMR spectrum of 51 contains two multiplets in the aromatic

region (5(H) 8.0-7.5 ppm (10 H) and 5(H) 7.5-7.0 ppm (1 OH)) and two doublets
at 5(H) 5.25 ppm (1 H) and at 5(H) 4.93 ppm (1 H) which correspond to the two

hydrogens from the inequivalent N-H groups present in the molecule

(2J(PH)=78.3 Hz for both).
The JH NMR spectrum of 52 contains a more complex aromatic region

than 51 with four multiplets at 5(H) 7.95-7.76 ppm (4 H), 5(H) 7.52-7.36 ppm

(4 H), 5(H) 7.35-7.22 ppm (7 H) and 5(H) 7.21-7.0 ppm (3 H). It also contains a

doublet at 5(H) 5.10 ppm which correspond to the two hydrogens from N-H

present in the molecule (2J(PH)=78.5 Hz).
The 31P-{1H} NMR spectra of 52, 53, 54 and 55 show singlets at 5(P)

50.3, 5(P) 58.5, 5(P) 70.8 and 5(P) 104.1 ppm respectively shifted downfield
from the free ligand in all cases, with >J(77Se-31P) coupling constants of 800.5

Hz, 831.7 Hz, 777 Hz and 741 Hz for 52, 53, 54 and 55 respectively, which
are in accordance with values previously reported for similar selenides.33-38

The 31P-{1H} NMR spectrum of 51, shows two singlets at 5(P) 51.9 and

5(P) 50.3 ppm, representing the inequivalent phosphorus centres present in
the compound. The phosphorus atoms, once more, resonate downfield from
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those of the free ligand, with 1 J(77Se-31P) coupling constants of 779 Hz and 782
Hz respectively.

The IR spectra of 51 and 52 show similar bands that can be assigned to

v(H-N) and v(P-N) [3347 and 3052 cm1 and 918 cm1 respectively for 51 and
3354 and 929 cm-1 respectively for 52). Furthermore, the characteristic band
for v(P-Se) appears at 553 and 596 cm-1 for 51 and 552 cm-1 for 52.

53, 54 and 55 show, in the IR spectra, bands that can be assigned to

v(P-N) [973 for 53, 943 cm-1 for 54 and 936 cm1 for 55). They all manifest as

well the band characteristic for v(P-Se) at 565 cm-1 for 53, 557 cm-1 for 54 and
594 cm-1 for 55.

FAB+ mass spectrometry confirms the proposed identity of the

compounds 51, 52, 53, 54 and 55 by showing the expected parent-ion peaks

(m/z 763 [M+H+] for 51, 712 [M+H+] for 52, 708 [M] and 709 [M+H+] for 53,
768 [M+H+] for 54 and 630/2 [M] and 655 [M+Na+] for 55). Elemental analysis
data for all five chalcogen derivatives are in agreement with the calculated
values (Table 3.7.).

Slow diffusion of diethyl ether into a dichloromethane solution of 55

gives the product as colourless crystals suitable for X-ray analysis (Figure 3.34
and Table 3.6.). The molecular structure shows, as in the other selenide and
sulfide structures obtained, that the P=Se bonds adopt a trans orientation
relative to one another. P-N and P=Se bond lengths (Table 3.6.) are typical for
this type of compound. The phosphorus atoms show a geometry closer to

tetrahedral (P-Se-N angles are closer to 109° than 120°) and the nitrogen
centres appear nearly trigonal (C-N-P angles are close to 120°). There is a

molecular inversion centre at the centre of the N-C-C-N bond and C(3), P(l),

C(2) and N(l) appear nearly to be in the same plane as well as the symmetric

C(3A), P(1A), C(2A) and N(1A) on the other half of the molecule.
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Bond Lengths (A)
Se(l)-P(l) 2.1114 (10)
P(l)-N(l) 1.674

Bond Angles (°)
N(l)-P(l)-C(10) 105.62 (16)

C(10)-P(l)-C(13) 107.3 (2)
N( 1)-P( 1)-Se( 1) 111.83 (10)
C(13)-P(l)-Se(l) 110.99 (12)
C(3)-N(l)-C(2) 113.8 (3)
C(3)-N(l)-P(l) 119.2 (2)
C(2)-N(l)-P(l) 121.2(2)

Table 3.6. Selected bond lengths (A) and angles (°) in

Hr2P(Se)N(CH2Ph)CH2CH2(CH2Ph)NP(SefPr2 55

Figure 3.34. Solid state structure of'Pr2P(Se)N(CH2Ph)CH2CH2(CH2Ph)NP(Se)iPr2
55.
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Cp Formula C H N

51 Ph2P(Se)NH(CioH5)(C6H4)NHP(Se)Ph2 64.2(63.2) 3.8(4.2) 3.4(3.7)
52 Ph2P(Se)NH(C6H4)2NHP(Se)Ph2 60.9(60.9) 3.9(4.2) 3.9(3.9)
53 Ph2P(Se)N(C6H4)(C6H4)NP(Se)Ph2 60.3(61.0) 3.8(4.0) 3.8(4.0)

54 Ph2P(Se)N(CH2Ph)CH2CH2(CH2Ph)NP(Se)Ph2 62.9(62.7) 4.6(5.0) 3.6(3.6)
55 >Pr2P(Se)N(CH2Ph)CH2CH2(CH2Ph)NP(Se)iPr2 53.8(53.3) 7.7(7.4) 4.4(4.4)

Table 3.7. Elemental analysis data for compounds 51-55 (calculated values in

parentheses).

Reaction of 50 with one equivalent of elemental sulfur in thf proceeds

according to Figure 3.35 to yield the sulfide (2-C6H5-CH3CH)N(P(S)Ph2)(CH2Ph)
56.

Figure 3.35. Preparation of sulfide (2-Cr,HCH3CH)N(P(S)Ph2)(CHyPh) 56.

Addition of 50 to a stirred solution of elemental sulfur in toluene results

in the formation of a pale yellow solution. Stirring is continued for 2 days.
Toluene is evaporated to dryness in vacuo and dichloromethane is added,

resulting in a clear solution which is filtered through Celite. Addition of diethyl
ether precipitates the product and filtration in vacuo gives 56 as a white solid
in 51 % yield.

The 31P-{1H} NMR spectrum of 56 displays a singlet at 5(P) 71.8 ppm

which is downfield, about 27 ppm, compared with the P(III) ligand (8(P) 44.8

ppm) as expected for sulfide derivatives of this type.

The IR spectrum of 56 shows a band that can be assigned to v(P-N) [910

cm1). Furthermore, the characteristic band for v(P=S) appears as well at 750

cm1. FAB+ mass spectrometry confirms the proposed identity of compound 56
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by showing the expected parent-ion peak (m/z 428 [M+H+]). The compound
was not obtained completely pure.

3.4.- Coordination Chemistry of aryl and alkyl backbone containing
mono- and bis(aminophosphines).

Coordination chemistry of Ph2PNH(CioH6)2NHPPh2 37 and

Ph?.PNH(CioH6HC6H4)NHPPh2 38.

Reactions of 37 and 38 with equimolar quantities of [PtCl2(cod)] in
dichloromethane (Figure 3.36) give the nine-membered, P,P' chelates cis-

[PtCl2{Ph2PNH(CioH6)2NHPPh2}] 57, cis-[PtCbJPhaPNHfCioHeHCeH^NHPPl^}] 58.

Figure 3.36. Preparation of cis-[PtCp{PhjPNH(C/dHrJ^NHPPhf 57, cis-

[PtCh{PhyPNH(C i oHrfCr.HfNHPPhf 58

Additions of 37 and 38 to dichloromethane solutions of [PtCl2(cod)] gave

colourless solutions. Stirring was continued for a further 2 hours, after which
time the solution was concentrated, diethyl ether was added and the products
57 and 58 were precipitated as colourless solids in good yields (87 and 90 %

respectively).
The 31 P-j1 H} NMR spectrum of 57 shows one singlet (S(P) 45.4 ppm) with

satellites from coupling to 195Pt and 58 presents, as expected, two singlets

representing the two inequivalent phosphorus atoms present in its structure

(5(P) 46.3 and 5(P) 44.3 ppm, 2J(31P-31P)=9 Hz) and the required satellites from
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coupling to 195Pt. For both complexes, the chemical shifts are very similar
because of the similarity in the nature of the groups located on the

phosphorus centres. Complexes 57 and 58 have similar magnitudes of the
1 J(195Pt-31P) coupling constants (4082 Hz for 57 and 4099 Hz for 58) which are

in accord with values previously reported for similarly substituted phosphines
when trans to a chloride in a Pt(II) complex22. FAB+ mass spectrometry shows
the expected parent-ion peak for 58 (m/z 890 [M+Na+]) and fragmentation

patterns consistent with the loss of one or two chloride ions for both

complexes (m/z 882/4 [M-Cl] and 847 [M-2C1] for 57; m/z 832/3 [M-Cl ] and
797 [M-2C1] for 58).

The !H NMR spectrum of 58 shows three multiplets in the aromatic

region and two doublets at 5(H) 4.1 ppm (1 H, J=6.8 Hz) and 3.7 ppm (1 H,

J=6.8 Hz) representing the N-H groups. Elemental analysis data are in

agreement with calculated values for 58 (Table 3.9.) and IR spectra of 57 and
58 show bands for v(H-N) (3217 and 3357 cm1 respectively), v(P-N) (996 and
925 cm-1 respectively) and v(Pt-Cl) (342 and 312, and 315 and 292 cm-1

respectively) which confirm the cis geometry of 57 and 58. Complex 57 is
insoluble in a range of both hot and cold solvents such as acetone, methanol,

ethanol, water, dmso, DCM (slightly), thf, toluene and MeCN, therefore no

recrystallisation has been performed and elemental analysis are poor (Found

(Calc) : C 56.9 (57.5), H 2.5 (3.7), N 2.9 (3.0) %). It was sufficiently soluble in
CDCH to obtain a very weak 31P-{1H} NMR spectrum. This insolubility could be
due to the bulkiness of the complex caused by the eight aromatic rings (four in
the backbone of the amine and two on each phosphorus centre) present in 57,
or maybe the product is a polymer.

Concerning ligand 37 and its complexes, it is important to note that the

compound obtained by Shi et aP3 when trying to prepare the

bis(thiophosphoramide) A (Figure 3.37) was the monothiophosphoramide B
instead because only one diphenylthiophosphinyl group could be introduced
into the l,l'-binaphthyl-2,2'-diamine. This could be an evidence of the
crowded nature of complex 57.
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Figure 3.37. Attempt ofpreparation of the bis(thiophosphoramide) (A) resulting
the monothiophosphoramide (B)23.

Coordination chemistry of Ph2PNH(CioH6)NHPPh2 41,

Ph2PNHfC6H4)aNHPPh-2 39 and Pf^PNHiCpHdfCc^NHPPh; 45,

Reactions of 41, 39 and 45 with equimolar quantities of [PtCl2(cod)] in
dichloromethane (Figure 3.38) give the eight-membered, P,P' chelate cis-

[PtCl2{Ph2PNH(CioH6)NHPPh2}] 59, and the nine-membered, P,P' chelates cis-

[PtCl2{Ph2PNH(C6H4)2NHPPh2}] 60 and cis-[PtCl2{Ph2PN(C6H4)(C6H4)NPPh2}] 61.

Figure 3.38. Preparation of cis-[PtCl2{PhyPNH(C/oHf,)NHPPh2}] 59, and the nine-

membered, P,P' chelates cis-[PtCl2{PhyPNH(Cr,HyjyNHPPhy}] 60 and cis-

lPtCl2{PhjPN(CfH,)(CftH,)NPPhf] 61
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Complexes 59, 60 and 61 were prepared following the same

experimental procedure used for the preparation of 57 and 58, and were

obtained as colourless solids in good yields (73, 78 and 80 % respectively).
The >H NMR of 59 contains a triplet at 5(H) 5.6 ppm (2J(PH)= 82.2 Hz)

due to the N-H groups in the molecule and the :H NMR of 60 has a singlet at

5(H) 3.81 ppm representing, as well, the N-H groups in the molecule. The 31P-

j1!!} NMR spectra of 59, 60 and 61 are singlets with satellites from coupling to

195Pt, the nature of the diamine backbone being reflected in the positions of

the chemical shifts (5(P) 28.8, 46.4 and 43.3 ppm respectively) and the

magnitude of the 1 J(195Pt-31P) coupling constants (5261, 4145.7 and 3854.6 Hz

respectively). FAB+ mass spectrometry shows the expected parent-ion peaks
for 60 and 61 (m/z 818 [M] and 841 [M+Na+] for 60 and 816 [M] for 61) and

fragmentation patterns consistent with the loss of one or two chloride ion for

all three complexes (m/z 757 [M-Cl ] and 723 [M-2C1] for 59; m/z 783 [M-Cl ]
and 747 [M-2CP] for 60 and m/z 781 [M-Cl ] for 61). Elemental analysis data
are in agreement with calculated values (Table 3.9.) and IR spectra of 59, 60

and 61 show bands from v(N-H) (3170 and 3232 cm-1 respectively for 59 and

60), v(P-N) (868, 920 and 949 cm1 respectively) and v(PtCl) (301 and 277, 297
and 284, and 311 and 291 cm1 respectively).

Crystals of compound 61 (Figure 3.39 and Table 3.8.) suitable for X-ray

analysis were obtained by vapour diffusion of diethyl ether into a

dichloromethane solution of the compound.
The molecular structure of 61 confirms that the ligand is bound

bidentate to the platinum centre in cis geometry and that the chloride ligands
are mutually cis. The complex contains two seven-membered Pt-P-N-C-C-N-P

lings and the melal adopts the expected square planar geometry. The square-

planar platinum centre is distorted and the bite angle of the hydrazine ligand
is larger than the ideal 90°. Cl-Pt-Cl is approximately 90°. The hydrazine
backbone of the ligand forms an 'umbrella-like' structure above the platinum
centre with the three aromatic rings almost in the same plane. The P-N and
Pt-Cl distances are typical of single bond.
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C(29)

Figure 3.39. Solid state structure of cis-[PtCh{Ph2PN(C6H4)(C6H4)NPPh2] 61

Bond Lengths
(A)

Cpd 61 Bond Angles(°) Cpd 61

Pt(l)-P(2) 2.2307 (8) P(2)-Pt(l)-P(l) 99.90 (3)
Pt(l)-P(l) 2.2305 (9) Cl(l)-Pt(l)-Cl(2) 90.37 (3)
Pt(l)-Cl(l) 2.3515 (5) Pt(l)-P(l)-N(2) 118.66 (9)
Pt(l)-Cl(2) 2.3608 (8) Pt(l)-P(2)-N(l) 120.05 (9)
P(2)-N(l) 1.733 (2) P(2)-Pt(l)-Cl(l) 175.33 (3)
P( 1 )-N (2) 1.726 (2) P(l)-Pt(l)-Cl(l) 84.27 (3)

C(22)-N(2)-P(l) 113.63 (18)
C(10)-N(2)-P(l) 114.07 (19)
C(24)-N(l)-P(2) 114.91 (19)
C(14)-N(l)-P(2) 113.46 (18)

Table 3.8. Selected bond lengths (A) and angles (°) in cis-

[PtCl2{Ph2PN(C6H4)(C6H4)NPPh2] 61.
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Cp Formula C H N

58 cis- [PtCl2{Ph2PNH(CioH6)(C6H4)NHPPh2] 55.1(55.3) 3.4(3.7) 3.1(3.2)
59 cis-[PtCl2{Ph2PNH(CioH6)NHPPh2}] 50.9(51.5) 3.0(3.5) 3.4(3.5)
60 cis-[PtCl2{Ph2PNH(C6H4)2NHPPh2}] 52.2(52.8) 3.9(3.7) 3.4(3.4)

61 cis- [PtCl2{Ph2PN(C6H4) (C6H4)NPPh2}] 53.0(53.0) 3.4(3.5) 3.3(3.4)

Table 3.9. Elemental analysis data for compounds 58-61 (calculated values in

parentheses).

Coordination chemistry of l,3-C6H4-{CON(PPh2)CH2Ph|2 47

Interestingly, reaction of 47 with equimolar quantities of [PtCl2(cod)] in
dichloromethane (Figure 3.40) gives the P,P',C chelate [PtCl{l,3-C6H4-

{CON(PPh2)CH2Ph}2}] 62.

+ [PtCI2(cod)]
DCM

Figure 3.40. Preparation of the P,P',C chelate [PtCl{l,3-C6H4-

{CON(PPh2)CH2Ph}2}] 62.

Addition of a dichloromethane solution of 47 to a dichloromethane

solution of [PtCl2(cod)] resulted in the formation of a colourless solution.

Stirring was continued for further 3 days, after which time the solution was

concentrated, diethyl ether was added and the product 62 was precipitated as

a colourless solid in good yield (85 %).
FAB+ mass spectrometry shows the expected parent-ion peak for 62

(m/z 942 [M]).
The IR spectrum of 62 shows bands due to v(P-N) (915 cm1) and v(CO)

(1651 cm-1 respectively), and a single band characteristic of v(Pt-Cl) (306 cm1).

- 193 -



CHAPTER 3 : Bis(phosphine) Derivatives of Some Diamines

The 31P-{1 H} NMR spectrum of 62 shows one singlet (5(P) 67.9 ppm) with
satellites from coupling to 195Pt and a 1 J(195Pt-31P) coupling constant of 3079.6
Hz which is in agreement with literature data on similar complexes were the
metal center is binding to two phosphorus atoms and to a carbon atom from

the ligand backbone ring. There are many reports of platinum and palladium

complexes where the metal centre is binding to one of the carbon atoms of the

backbone ligand ring,24 showing a tridentate mode of coordination of the

corresponding ligand.

Complex 62 is quite unique since the other reported complexes form
two five-membered rings (M-C-C-C-P, Figure 3.41) and 62 forms two six-
membered rings (Pt-P-N-C-C-C, Figure 3.42) and an heteroatom (N) within the

rings.

M = Pt(ll), Pd(ll)

Figure 3.41. Complexes with tridentate coordination similar to 62.

Vapour diffusion of diethyl ether into a dichloromethane solution of 62

(Figure 3.42 and Table 3.10) gave crystals suitable for X-ray analysis.
The molecular structure of 62 confirms that the ligand is bound in a

tridentate mode to the platinum centre forming two six-membered rings. The

ligand contains two fused six-membered Pt-P-N-C-C-C rings and the metal
centre adopts square planar geometry. The square planar platinum centre is

distorted, the P-Pt-C angles are narrower than the ideal 90° and P-Pt-Cl angles
are larger than 90°. The Pli2 groups on the phosphorus are on opposite sides
of the square plane. The P-N and Pt-Cl distances are typical of a single bond.

Ph7 P M PPh.2
I

CI
Ph, P—M PPh.2

I
CI
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C(8)

Figure 3.42. Solid state structure ofP,P',C chelate [PtCl{l,3-CeH4-
{CON(PPh2)CH2Ph}2}] 62.

Bond Lengths (A)
Pt(l)-C(5) 2.013 (13)
Pt(l)-P(l) 2.267 (4)

Pt( 1)-P( 12) 2.282 (3)
Pt( 1)-C1( 1) 2.360 (4)
P(l)-N(2) 1.714 (11)

P(12)-N(l 1) 1.698 (12)
Bond Angles (°)

C(5)-Pt( 1)-P( 1) 85.8 (4)
C(5)-Pt(l)-P(12) 83.1 (4)
P(l)-Pt(l)-P(12) 168.65 (14)
P(l)-Pt(l)-Cl(l) 94.74 (14)
P(12)-Pt(l)-Cl(l) 96.19 (14)

Table 3.10. Selected bond lengths (A) and angles (°) in [PtCl{l,3-CeH4-

{CON(PPh2)CH2Ph}2,}] 62.

Similarly, we attempted the synthesis of the palladium complex

[PdCl2{l,3-C6H4-{CON(PPh2)CH2Ph}2}] by the reaction of 47 with an equimolar
quantity of [PdCl2(cod)] in thf and we obtained a mixture of products. The 31P-
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fH} NMR had five different species at 5(P) 105.5, 103.3, 78.9, 72.5 and 72.4

ppm. It is very difficult to identify the resulting species. Nevertheless, it could
be that the ligand is able to bind in tridentate or bidentate modes as well as in
different configurations (cis and trans) or as a bridging ligand in between two

metal centres (Figure 3.43) because of the big distance existing between the
two phosphorus atoms which could result in a very large bite angle.

Figure 3.43. Proposed coordination modes for the palladium complex of [1,3-

C6H4-{CON(PPh2)CH2Ph}2] 47

The reaction of 47 with two equivalents of [(C3Hs)PdCl]2 in thf results in
the complex [{PdClfCaHsJMhS-CeH^CONfPPhsJCHsPhH] 63 (Figure 3.44), in
which the ligand bridges two Pd centres.

Figure 3.44. Synthesis of [{PdCl(C.fl5)}2{l,3-Clfl^{CON(PPhu)CPI2Ph}2}] 63

The preparation and isolation of 63 follows the same experimental

procedure used for the analogous platinum compound 62 resulting a yellow
solid in 80 % yield.

tridentate mode

O

cis-bidentate mode trans-bidentate mode bridging mode

(47)

(63)
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The ^P-^H} NMR spectrum of 63 shows a singlet at 8(P) 72.5 ppm, a

downfield shift of approximately 14 ppm from the free ligand. FAB+ mass

spectrometry does not show the expected parent-ion peaks and shows instead
the fragmentation patterns consistent with the loss of one chloride ion (m/z
1043 [M-Cl]). Elemental analysis data are in agreement with calculated values
(Table 3.12.) and, once again, the IR spectrum of 63 shows bands which can

be assigned to v(P-N) (915cm1), v(C=OJ (1648 cm1) and v(Pd-Cl) (279 cm1).

Crystals for X-ray analysis were obtained from compound 63 by vapour

diffusion of diethyl ether into a dichloromethane solution of the complex

(Figure 3.45 and Table 3.11.).
As is shown in the molecular structure of 63, the ligand is bound in a

monodentate mode to the palladium centres which are trans to one another.
The P-N and Pd-Cl distances are typical of this type of compound.

Figure 3.45. Solid state structure of [{PdCl(C3Hs)}2{l,3-C6H.4-{CON(PPh2)CH2Ph}2}]
63.
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Bond Lengths (A)
Pd(l)-P(l) 2.3028 (19)
Pd( 1 )-Cl( 1) 2.3844 (19)
P(l)-N(2) 1.737 (6)

N(18)-P(26) 1.727 (6)
Pd(26)-P(26) 2.2904 (19)
Pd(26)-Cl(26) 2.3702 (19)

Bond angles (°)
P( l)~Pd( l)-Cl(l) 97.33 (6)

Tuble 3.11. Selected bond lengths (A) and angles (<>) in [{PdCl(C3Hc)}2{l

{CON(PPh2)CH2Ph}2}] 63

Cp Formula C H N

62 [PtCl{l,3-C6H4-{CON(PPh2)CH2Ph}2}]a 58.6(58.6) 3.3(4.0) 2.8(3.0)
63 [{PdCl(C3H5)}2{l)3-C6H4-{CON(PPh2)CH2Ph}2}]b 54.4(54.7) 4.2(4.3) 2.3(2.4)
a: Only 500 pg of sample was available for the analysis, b: .elementa analysis
data from crystals of 63 which has crystallised with a molecule of CH2CI2

Table 3.12: Elemental analysis data for compounds 62 and 63 (calculated
values in parentheses).

Coordination chemistry of 'P^PNfCHaPhlCHaCHaNfCH^PhlPPr?, 49

Reaction of 49 with equimolar quantities of [PtCl2(cod)] in
dichloromethane (Figure 3.46) gives the seven-membered, P,P' chelate cis-

[PtCl2{iPr2PN(CH2Ph)CH2CH2N(CH2Ph)P'Pr2}] 64.

N + [PtCI2(cod)J
N" ^ P'Pr,

I 2
P'Pr,

DCM

Figure 3.46.: Preparation ofP,P' chelate cis-

[PtCl2{iPr2PN(CH2Ph)CH2CH2N(CH2Ph)PPr2}] 64
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Addition of a dichloromethane solution of 49 to a dichloromethane

solution of [PtCl2(cod)] resulted in the formation of a colourless solution.

Stirring was continued for a further 2 hours, after which time the solution was

concentrated, diethyl ether was added and the product 64 was precipitated as

a colourless solid in good yield (82 % ).
The 31P-{!H} NMR spectrum of 64 shows one singlet (5(P) 86.7 ppm) a

1 J(195Pt-31P) coupling constants of 4106 Hz. The analogous platinum complex
with ligand 48 shows a very similar 1 J(195Pt-31P) (4047.8 Hz) and a singlet (5(P)
59.1 ppm) at almost 27 ppm upfield because of the presence of phenyl groups

on the phosphorus atoms instead of the more electron donating isopropyl

groups present in 64.
FAB+ mass spectrometry does not show the parent-ion peak and shows

instead fragmentation patterns consistent with the loss of one or two chloride
ions (m/z 702/3 [M-Cl ] and 666/8 [M-2C1] and the IR spectrum of 64 shows

a band for v(P-N) (887 cm1) and v(Pt-Cl) (337 and 326 cm1) which confirm the
cis geometry of 64.

Recrystallisation from hot toluene gives 64 as colourless crystals
suitable for X-ray analysis. The X-ray structure of 64 (Figure 3.47 and Table

3.13) reveal that the ligand is bound in a bidentate coordination mode to the

platinum centre with cis geometry. The complex forms a seven-membered Pt-

P-N-C-C-N-P ring and the metal presents distorted square planar geometry

because the bite angle of the ligand is larger than the ideal 90° and Cl-Pt-Cl is

smaller than 90°. The P-N and Pt-Cl distances are typical of a single bond and

the isopropyl groups on the phosphorus centres are cis one to another, leaving
the phenyl groups at the back of the molecule.
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C(17l

Figure 3.47. Solid state structure ofcis-

[PtChfPr2PN(CH2Ph)CH2CH2N(CH2Ph)PPr2}] 64

Bond Lengths (A) Cpd 64 Bond Angles (°) Cpd 64
Pt(l)-P(4) 2.255 (3) P(4)-Pt( 1 )-P( 1) 100.74 (10)
Pt(l)-P(l) 2.260 (3) Cl(l)-Pt(l)-Cl(2) 85.94 (10)
Pt(l)-Cl(l) 2.370 (3) Pt(l)-P(l)-N(l) 123.4 (3)
Pt(l)-Cl(2) 2.378 (3) Pt(l)~P(4) N(4) 122.5 (3)
P(l)-N(l) 1.688 (9) P(4)-Pt(l)-Cl(2) 174.50 (10)
P(4)-N(4) 1.672 (9) P(l)-Pt(l)-Cl(l) 84.73 (10)

Table 3.13. Selected bond lengths (A) and angles (°) in cis-

[PtCl2{'Pr2PN(CH2Ph)CH2CH2N(CH2Ph)PPr2j] 64.

Coordination chemistry of (2-C6H5-CH3CH)NfPPh2)(CH2Ph) 50

Reaction of two equivalents of 50 with [PtCh(cod)] in dichloromethane

(Figure 3.48) gives trans-[PtCl2{(2-C6H5-CH3CH)N(PPh2)(CH2Ph)}] 65.
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Figure 3.48. Preparation of trans-[PtCl2{(2-C6Hs-CH3CH)N(PPh.2)(CH2Ph)}] 65.

Addition of 50 to a dichloromethane solution of [PtCl2(cod)] resulted in
the formation of a colourless solution. Stirring was continued for further 2

hours, after which time the solution was concentrated, diethyl ether was

added and the product 65 was precipitated as a colourless solid in 48 % yield.
The 31P-{1H} NMR spectrum of 65 shows one singlet (5(P) 68.7ppm) with

a 1 J(195Pt-31P) coupling constant of 2850 Hz. FAB+ mass spectrometry shows
the expected parent-ion peak for 65 (m/z 1033 [M+Na+]) and the fragmentation

pattern consistent with the loss of two chloride ion (m/z 986 [M-2C1]. The IR

spectrum of 65 shows bands which could be assigned to v(P-N) (918 cm1) and

v(Pt-Cl) (339 cm1) which confirm the trans geometry of 65. Surprisingly it was

a yellow oil difficult to reciystallise because its great solubility in a wide range

of solvents. Therefore, the compound has not been obtained completely pure.

It is an interesting discovery since similar compounds to 50 give cis

complexes when reacting with platinum(II) instead of the trans geometry

showed by 65. This could be due the bulkiness of 50 since it has four phenyl

groups, two on the phosphorus atom and the other two in the amine
backbone.

3.5.- Summary of selected data and trends of mono- and

bis(aminophosphines) studied in Chapter 2 and 3.

An extensive number of new mono- and bis(aminophosphines), along
with their chalcogenides and metal complexes have been described in

Chapters 2 and 3.
With the aim of understanding better our synthetic studies, it is of

special importance to compare the most relevant spectroscopic data obtained,
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and therefore to find possible trends which would explain the chemical
behaviour of the compounds studied (Figure 3.49).

r2p-n n-pr2

where R2 = C6H402, (3,5-tBu2C6H402-1,2),(2,2-Me2C3H4-1,3), C2H4Oz and Ph2, >Pr2

CC >c c
X = cyclic, aryl or alkyl carbon containing backbones:

SQ \ r^i / o /—- it o £<" ^ ft
HN(C10H6)2NH HN(C10H6)(C6H4)NH cyclam N(C2H4)(C3H6)N N(C2H4)2N

1,3-C6H4-[CON(CH2Ph}2

W coonh nh nh m

HN(C6H4)2NH HN(C,0H6)NH N(C6H4)(C6H4)N HN(C6H4)NH (CH2Ph)NCH2CH2N(CH2Ph)

Figure 3.49. General formula for bis(aminophosphines) studied.

We will first analyse the spectroscopy data obtained by 31P ^H} NMR for
all the compounds and we will conclude with a comparative study of the X-ray
structures obtained for the platinum(II) and palladium(II) complexes of some

aminophosphines.

31P ('HI NMR data

We have summarised all the data in four tables: Table 3.14 for the

ligands, Table 3.15 for the chalcogen derivatives, Table 3.16 for the platinum
and palladium complexes, and Table 3.17 for several other complexes such as

Au(I), Mo(0), Ru.

It is shown in Table 3.14 that the R2 group (see Figure 3.49) has an

effect in the 31P ^H} NMR shift and a general trend can be observed when

going from phosphites to R2='Pr2 and Ph2:
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R2 = (C6H402)> (3,5-<Bu2C6H402-1,2)> (2,2-MeC3H402-l,3)>(C2H402)> iPr2 >Ph2
down field shift

higher 5(P) ppm

On the other hand, it seems that when the backbone of the ligand

changes, the chemical shift of 31P j1 H} NMR undergoes a variation as well. If R2
= Ph2, the trend found is:

down field shift/
higher 5(P) ppm

a) (CH2Ph)NCH2CH2N(CH2Ph) k

b) cyclam > N(C2H4)(C3H6)N > N(C2H4)2N > N(C6H4)(C6H4)N

c) l,3-C6H4-{CON(CH2Ph)}2

d) (2-C6H5-CH3CH)N(CH2Ph)

e) HN(Ci0H6)NH > HN(C6H4)2NH > HN(CioH6)(C6H4)NH > HN(Ci0H6)2NH

f) CH2NH(C6H4)HNCH2

Therefore we find alkylic diamines (a) at the highest downfield shift,
followed by cyclic diamines (b) and aromatic backbone containing diamines (e).
The amines (c), (d) and (f) are particular cases since (d) is a

monoaminophosphine and in (f) there is not a P-N linkage because there is a

CH2 moiety in between the phosphorus and the nitrogen centres. The diamine

(c) has a carbonyl moiety next to the nitrogen atoms and therefore it is normal
to find its signal at dowfleld shift when compared to the diamines from group

(e) because the strong electronegative nature of the oxygen atoms.
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Cpd class Formula 8 (31P) (ppm)
14 b (C5H402)PN(C2H4)(C3H6)NP(C6H402) 147.9(s)

18 b (3,5-<Bu2C6H402-l,2)PN(C2H4)(C3H6)N0(3,5-tBu2C6H402-
1,2) 147.5(s)

15 b (2,2-MeC3H402-l,3)PN(C2H4)(C3H6)NP(2,2-MeC3H402-l,3) 147. l(s)
2 b (C6H402)PN(C2H4)2NP(C6H402) 144.2(s)
16 b (C2H402)PN(C2H4)(C3H6)NP(C2H402) 143.8(s)
3 b (C2H402)PN(C2H4)2NP(C2H402) 137.9(s)

48 a Ph2PN(CH2Ph)CH2CH2(CH2Ph)NPPh2 66.5(s)
49 a 1Pr2PN(CH2Ph)CH2CH2(CH2Ph)NP'Pr2 89. l(s)
46 b N, N', N ", N (P Ph2) 4-cyclam 65.6(s)
13 b Ph2PN(C2H4) (C3H6) N PPh2 65.7(s)
1 b Ph2PN(C2H4)2NPPh2 62.9(s)

17 b iPr2PN(C2H4)(C3H6)NP'Pr2 96(s)
45 b Ph2PN(C6H4)(C6H4)NPPh2 61.0(s)
47 c 1,3-C5H4-{CON(PPh2)CH2Ph}2 58.5 (s)
50 d (2-C6H5-CH3CH)N(PPh2)(CH2Ph) 44.8(s)
41 e Ph2PNH(C10H6)NHPPh2 34.7(s)
39 e Ph2PNH(C6H4)2NHPPh2 29.2(s)
40 e iPr2PNH(C6H4)2NHPPr2 48. l(s)
38 e Ph2PNH(C10H6)(C5H4)NHPPh2 28.8,28. l(s)
37 e Ph2PNH(Ci0H6)2NHPPh2 27.7(s)
43 f Ph2PCH2NH(C6H4)HNCH2PPh2 -20.0 (s)

Table 3.14. 3^P pH} NMR data for ligands 1-3, 13-18, 39 41, 43, 45 SO

As expected, the selenium and sulfide derivatives show dowfield shifts

compared to the P(III) ligands and the R2 groups along with the diamine
backbones affect the 31P ^H} NMR shift by showing similar trends to the P(III)

ligands (Table 3.15). Furthermore, there is a trend observed in ^(^Se-31?) that
is opposite to the trend observed for 31P {J H} NMR shift when considering the
effect of the R2 groups and the different diamine backbones because the

1J(77Se-31P) is larger for R2='Pr2 than for R2=Pli2 and it is smaller for linear
than for aromatic backbone containing diamines.
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Cpd Formula 5 (3iP) (ppm)
UpTSe-aiP)

(Hz)

21
(2,2-MeC3H402-l,3)P(S)N(C2H4)(C3H6)NP(S)(2,2-

MeC3H402-l,3)
73.5(s) -

20 Ph2P(S)N(C2H4)(C3H6)NP(S)Ph2 71.2(s) -

56 (2-C6H5-CH3CH)N(P(S)Ph2)(CH2Ph) 71.8(s) -

22 Ph2P(Se)N(C2H4)(C3H6)NP(Se)Ph2 71.9(s)
23 'Pr2P(Se)N(C2H4)(C3H6)NP(Se)'Pr2 101.5(s) 735

54 Ph2P(Se)N(CH2Ph)CH2CH2(CH2Ph)NP(Se)Ph2 70.8(s) 777

55 iPr2P(Se)N(CH2Ph)CH2CH2(CH2Ph)NP(Se)'Pr2 104. l(s) 741

53 Ph2P(Se)NH(C6H4)(C6H4)NHP(Se)Ph2 58.5(s) 832

51 Ph2P(Se)NH(C10H6)(C6H4)NHP(Se)Ph2 51.9, 50.3(s) 779,782
52 Ph2P(Se)NH(C6H4)2NHP(Se)Ph2 50.3(s) 800

Table 3.15. 31P pH} NMR data for the chalcogen derivatives.

We can rationalise three different trends by observing the 31P ^H} NMR
data from Table 3.16. For the R2 groups, the same trend as for the P(III)

ligands is present for the complexes (phosphites > 'Pr2> PI12). Furthermore, the
diamine backbones affect the chemical shift in the same way when considering

bis(phosphinoamine)-complexes since linear backbone amine containing

complexes contain a signal at higher 5(P) than cyclic backbone amine

containing complexes and these are higher than aromatic backbone amine

containing complexes. Complexes with the formula [PtMe2L] where

L=bis(aminophosphine) ligands (Table 3.14) appear at dowfield shift compare

to [PtCpL]. It is more difficult to rationalise a trend for the ^(^Pt-^P)

coupling constants. However, we find two clear tendencies: a) [PtMe2L]

complexes show a much smaller coupling constant than [PtCl2L] complexes
and b) for R2 groups, !J(195Pt-31P) increases from 'Pr2 to Phi to phosphites,
which is the same trend that is found for Uf^Se-31?). Surprisingly, when

considering the backbone of the diamines, Mf^Pt-31?) is larger for cyclic than
for linear diamine backbone and it is bigger than for the aromatic diamine
backbone complexes. This is a different trend than to Uf^Se-31?) which was

bigger for aromatic than for linear diamine backbone diselenides. The

platinum(II) complex 61 seems to be the exception because although it is a

complex containing a cyclic diamine backbone, has smaller 1 J(195Pt-31P) than
the complexes containing an aromatic diamine backbone, in part perphaps
because it has a great aromatic delocalisation which confers a stronger effect
than the presence of a cyclic backbone in its structure.
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For Mo, Ru and Au complexes (Table 3.17), it seems that >Pr2 groups on

the phosphorus centres have a chemical shift more downfield than PI12 and

phosphite groups.

Cpd Formula
8 (3iP)
(ppm)

UO^Pt-
31P) (Hz)

64 cis4PtCl2{Pr2PN(CH2Ph)CH2CH2(CH2Ph)NPPr2}] 86.7(s) 4106

65 trans-[PtCl2{(2-C6H5-CH3CH)N(PPh2)(CH2Ph)} 68.7(s) 2850

24 cis-[PtCl2{Ph2PN(C2H4)(C3H6)NPPh2}] 64.7(s) 4076

27 cis-[PtCl2{'Pr2PN(C2H4)(C3H6)NiPPr2}] 87.6(s) 4004

26 cis-[PtCl2{(2,2-MeC3H402-l,3)PN(C2H4)(C3H6)NP(2,2-
MeC3H402-1,3)}]

71.8(s) 5594

28 cis-[PtMe2{Ph2PN(C2H4)(C3H6)NPPh2}] 89.1 (s) 2231

25 cis-[PtCl2{(C6H402)PN(C2H4)(C3H5)NP(C6H402)}] 102.3(s) 5466

29 cis- [PtMe2{(C6H402) PN(C2H4) (C3H6) NP(C6H402)}] 156.9(s) 2937

4 cis-[PtCl2{Ph2PN(C2H4)2NPPh2}] 53.5(s) 3972

5 cis-[PtCl2{(C6H402)PN(C2H4)2NP(C6H402)}] 99.6 (s) 5480

6 cis-[PtMe2{(C6H402)PN(C2H4)2NP(C6H402)}] 154.9(s) 2977

60 cis-[PtCl2{ Ph2PNH(C6H4)2NHPPh2}] 46.4(s) 4146

58 cis-[PtCl2{Ph2PNH(C10H5)(C6H4)NHPPh2}]
46.3,

44.3 (s)
4099

57 cis-[PtCl2{ Ph2PNH(Ci0H6)2NHPPh2}] 45.4(s) 4082

61 cis-[PtCl2{ Ph2PN(C6H4)(C6H4)NPPh2}] 43.3 (s) 3855

59 cis-[PtCl2{ Ph2PNH(C,oH6)NHPPh2}] 28.7(s) 5261

62 P,P',C-[PtCl{m-C6H4-{CON(PPh2)CH2Ph}2}] 67.9(s) 3080

7 cis-[PdCl2{Ph2PN(C2H4)2NPPh2}] 101.7(s) -

30 cis-[PdCl2{Ph2PN(C2H4)(C3H5)NPPh2}] 92.6(s) -

31 cis-[PtCl2{(C6H402)PN(C2H4)(C3H6)NP(C6H402)}] 125.6(s) -

63 [{Pd(C3H5)Cl)2{m-C6H4-{CON(PPh2)CH2Ph}2}] 72.5 (s) -

Table 3.16. 31P {}H} NMR data for the Pt(II) and Pd(II) complexes.
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Cpd Formula 5 (3iP) (ppm)
34 cis-[Mo(CO)4fPr2PN(C2H4)(C3H6)N'PPr2}] 118.5(B)
32 cis-[Mo(CO)4{Ph2PN(C2H4)(C3H6)NPPh2}] 103.9(B)
8 cis-[Mo(CO)4{Ph2PN(C2H4)2NPPh2}] 97.2(B)

33 cis-[Mo(CO)4{(C6H402)PN(C2H4)(C3H6)NP(C6H402)}] 93.9(s)
36 [(C6H402)P(AUC1)N(C2H4)(C3H6)NP(AUC1)(C6H402)] 139.2(b)
10 [(C6H402)P(AuC1)N(C2H4)2NP(AUC1)(C6H402)] 136.4(B)
11 (C2H402)P(AUC1)N(C2H4)2NP(AUC1)(C2H402) 131.7(B)
9 [Ph2P(AuCl)N(C2H4)2NP(AuCl)Ph2}] 80.7(B)

35 [Ph2P(AuCl)N(C2H4)(C3H6)NP(AuCl)Ph2}] 78.7(b)
12 [{RuCl2(q6-p-MeC6H4>Pr)k{Ph2PN(C2H4)2NPPh2}] 69.8(s)

Table 3.1 7. 31P {:H} NMR data for the Au, Mo and Ru complexes.

Although we have found relatively stable trends in our compounds, it is

important to note that 31P {aH} NMR chemical shift is, in general affected by a

mixture of several factors including steric and electronic aspects among others
and thus it is difficult to advance a definitive trend for our compounds.

X-ray data

Complexes 7, 27, 24, 61 and 64 present cis-square planar geometry

about the metal centre and 7, 27 and 24 are isostructural. The backbone of

the diamines for 7, 27, 24 and 61 forms an "umbrella-like" structure around

the metal centre and adopts a boat conformation for 7, 27 and 24. The

bidentate nature of the coordination to the metal results in the formation of

two 7-membered M-P-N-C-C-N-P ring systems for 7, 61 and 64 and, for 27

and 24, the ligands contain one 7-membered M-P-N-C-C-N-P ring and one

eight-membered M-P-N-C-C-C-N-P ring. The structures also reveal that the

square planar metal centre is somewhat distorted and in all the five complexes

(7, 27, 24, 61 and 64) the bite angle of the diamine is larger than the ideal 90°
and Cl-M-Cl angles vary from being greater than 90° for 7, exactly 90° for 61

and smaller than 90° for 27, 24 and 64. As one would expect, the P-M-P bite

angle gets bigger when going from a cyclic diamine backbone to a linear
diamine backbone containing compound. 27 and 24 have a P-M-P bite angle

bigger than 7 because in the homopiperazine derivatives (27 and 24), the
backbone ring has an extra CHb moiety. Surprisingly, although 61 forms two

7-membered rings, it has a bigger bite angle than 27 and 24 that contain one
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7-membered and one 8-membered rings. The P-N, M-P and M-Cl bond lengths
are not affected by different R2 groups present on the phosphorus centres and

they are, for all the complexes, typical of single bonds.
On the other hand, compounds 62 is unique because the coordination

mode is tridentate instead of bidentate as for 7, 27, 24, 61 and 64. Initially
one would think that it is because 62 presents a much greater bite angle

(168.65°), which allows the ligand to bind the metal species through three
different centres but it is not likely because, with a big bite angle, the ligand
could quite easily bridge metal centres to make big rings. Instead we could say

that because of the big bite angle, the ligand chelates in trans orientation so

the carbon atom from the diamine aromatic ring is forced close to the

platinum centre and the C-H bond is activated, resulting in the P,P,C-chelate

complex 62.
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BondLengths
Cpd
7

Cpd
27

Cpd
24

Cpd
61

Cpd
64

Cpd
62

M-P(a)

2.246
(5)

2.215
(6)

2.251
(5)

2.2307
(8)

2.255
(3)

2.282
(3)

M-P(b)

2.256
(5)

2.255
(6)

2.254
(5)

2.2305
(9)

2.260
(3)

2.267
(4)

M-Cl(a)
2.391
(4)

2.358
(7)

2.393
(5)

2.3515
(5)

2.370
(3)

2.360
(4)

M-Cl(b)
2.381
(5)

2.388
(5)

2.400
(5)

2.3608
(8)

2.378
(3)

-

P(a)-N(a)
1.697
(13)

1.64
(2)

1.691
(16)

1.733
(2)

1.688
(9)

1.714
(11)

P(b)-N(b)
1.666
(13)

1.70
(2)

1.692
(16)

1.726
(2)

1.672
(9)

1.698
(12)

Bond
Angles
Cpd
7

Cpd
27

Cpd
24

Cpd
61

Cpd
64

Cpd
62

P(a)-M-P(b)
93.9
(2)

97.30
(7)

98.13
(19)

99.90
(3)

100.74
(10)

168.65
(14)

Cl(a)-M-Cl(b)
92.1
(2)

89.07
(6)

87.0
(2)

90.37
(3)

85.94
(10)

-

M-P(a)-N(a)
120.1
(5)

125.0
(8)

121.9
(6)

118.66
(9)

123.4
(3)

-

M-P(b)-N(b)
123.3
(5)

119.0
(8)

121.9
(7)

120.05
(9)

122.5
(3)

-

P(a)-M-Cl(a)
85.8
(16)

87.1
(2)

87.6
(2)

175.33
(3)

174.50
(10)

94.74
(14)

P(b)-M-Cl(b)
89.07
(17)

86.5
(2)

87.3
(2)

84.27
(3)

84.73
(10)

96.19
(14)

M
=

Pd
(7),
Pt

(24,
27,
61,
64,
62)

Cpd
7

=

cis-[PdCb{Ph2PN(C2H4)2NPPh2}],Cpd
27

=

cis-[PtCl2{>Pr2PN(C3H6)(C2H4)NP'Pr2]

Cpd
24

=

cis-[PtCl2{Ph2PN(C3H6)(C2H4)NPPh2,Cpd
61

=

cis-[PtCl2{Ph2PN(C6H4)(C6H4)NPPh2

Cpd
64

=

cis-[PtCl2{iPr2PN(CH2Ph)CH2CH2N(CH2Ph)PPr2}],Cpd
62

=

P,P,C-[PtCl{m-C6H4-{CON(PPh2)CH2Ph}2}]

Table
3.18
:

Selected
bond
lengths
(A)

and

angles
(°)
in
7,

27,
24,

61,64
and
62
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EXPERIMENTAL

General experimental conditions and instrumentation were as set out

on Chapter 2, Experimental section.
Acetonitrile MeCN, anydrous (99.8% purity, packed under N2) was used.

Other solvents such as ethanol, methanol and acetone were dry and degassed

using the literature procedure.40 Distilled water was used when required.

Chlorodiphenylphosphine PI12PCI (98 % purity), chlorodiisopropylphosphine

('Pr)2PCl (96 % purity), N,N,N,N-tetramethylethylenediamine TMEDA (99.5 %

purity), n-butylamine (99.5 % purity) and triethylamine (99% purity) were

distilled prior to use and stored under nitrogen and over molecular sieves in
the case of NEt3. Diphenylphosphine PI12PH (99% purity, packed under argon

in sure/seal bottle, stored under nitrogen), n-Butyllithium (2.5 M solution in

hexanes, packed under nitrogen), 1,4,8,11-tetraazacyclotetradecane (cyclam)
(98% purity) , isophthaloyl dichloride (98% purity), benzylamine PI1CH2NH2

(99% purity, stored under nitrogen), (S)-(-)-l,l'-binaphthyl-2,2'-diamine (99%

purity, ee/HPLC), 1,8-diaminonaphthalene (98% purity), 1,3-

phenylenediamine (99% purity, flakes), paraformaldehyde (BDH laboratory

reagents), dibenzofuran (99 % purity), sec-Butillithium (1.3 M in cyclohexane,

packed under nitrogen), iodine (Fisher Chemicals), sodium hydrogen sulfite

NaHSCh (A. C. S. Reagent), sodium fert-butoxide NaOCMe3 (97 % purity),

tris(dibenzylideneacetone)-dipalladium-(0)-chloroform adduct [Pd2(dba)3CH]Cl3,

1,1'-bis(diphenylphosphino)ferrocene dppf (97% purity), (S)-(-)-N-Benzyl-a-

methylbenzylamine (99% purity), sodium azide NaN3 (99% purity), diphenic
acid (98% purity), phenazine (99% purity), sodium dithionite Na2S2C>4 (95%

purity) and N,N'-dibenzylethylenediamine (97% purity, stored over molecular
sieves under nitrogen atmosphere), were purchased either from Fluka, Acros

Organics, Aldrich or Lancaster and used without further purification. 4-

dimethylaminopyridine DMAP (99% purity) was recrystallised and stored
under nitrogen atmosphere

The complexes [MCb(cod)] (M = Pt or Pd; X = CI; cod = cycloocta-1,5-

diene)25 and [PdCl(C3Hs)]226 were prepared using literature procedures.

Complexes were prepared by the addition of stoichiometric quantities of the

appropriate free phosphine to [MCbfcod)] (M = Pd or Pt) and [PdCl(C3Hr>)]2. For
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the diselenide and disulfur derivatives stoichiometric quantities of the

appropriate free phosphine were added to Ses or Ss respectively that were

purchased from Aldrich or Lancaster and used without further purification.

Synthesis of starting materials

N,N'-Dibenzyl-l,3-isophthalamide. To a dry and degassed
dichloromethane (100 ml) solution of isophthaloyl dichloride (5.890 g, 29.00

mmol) and triethylamine (8.5 ml, 6.160 g, 60.90 mmol) was added a dry and

degassed dichloromethane (10 ml) solution of benzylamine (6.3 ml, 6.20 g,

58.00 mmol) dropwise over a period of 30 min. The reaction mixture was

stirring for ca. 2 h 30 min, during which time triethylammonium

hydrochloride separated from the solution. This precipitate was removed by
suction filtration and the filtrate was evaporated to dryness in vacuo to give a

white solid product. Recrystallisation from ethanol-water-acetone (3:2:1) gave

white crystals. Yield: 8.789 g, 88 %; Microanalysis: Found (Calcd) C 76.9

(76.7), H 5.8 (5.9), N 8.2 (8.1) %; >H NMR: 5 8.19 ppm (t, 1 H, aromatic, J=2.74

Hz), 7.91 ppm (dd, 2H, aromatic, J=2.74 and 8,22 Hz), 7.47 ppm (t, 1H,

aromatic, J=8.22 Hz), 7.34-7.22 ppm (m, 10 H, aromatic), 6.60 ppm (t, 2 H,

NH, J=5.48 Hz); Selected IR data (KBr):v(NH) 3290 cm ', v(CO) 1635 cm1; FAB+

MS: m/z 344 [M]. This amine was prepared following similar method
referred.27

4,6-Diiododibenzofuran. This compound was prepared by the method
of Tsang and co-workers.12

4,6-Bis(n-butylamine)dibenzofuran. A dry and degassed toluene (25

ml) solution of l,l'-bis(diphenylphosphino)ferrocene (0.053 g, 0.09 mmol, 5 %)
and PdidbaCHCH (0.049 g, 0.047 mmol, 2.5 %) was stirred until complete
dissolution of the reagents. Diiododibenzofuran (0.800 g, 1.90 mmol), n-

butylamine (0.75 ml, 0.557 g, 7.62 mmol) and sodium terf-butoxide (0.402 g,

4.18 mmol) were added sequentially to the initial solution. The solution
mixture was heated to reflux until completion of the reaction (ca. 2 days)
which was confirmed by TLC. The solution was evaporated to dryness in vacuo

to give a dark product. The crude product was dissolved in the minimum
amount of dichloromethane and chromatographed on a column of alumina,
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using a mixture of 3% ethyl acetate in petrol as the eluent solvent. The

separated fractions containing the pure product were collected together and

evaporated to dryness to give a white solid. Yield: 0.340 g, 20 %; FAB+ MS:

m/z 310 [M for diamine] and 365 [M for monoamine).

2,2'-Diamino-l,l'-binaphthyl. 2-Naphthol (40 g, 0.278 mol) and

hydrazine hydrate (12.8 ml, 55% solution, ca. 0.14 mol) were heated in a ca.

250 ml inner-volume stainless steel autoclave at 170-180°C for 48 h. After the

vessel was cooled, it was opened and the contents were remelted by heating.
The yellowish viscous material was poured into a 2-necked round-bottom flask

containing HC1 (aq) (600 ml, 1:1). The mixture was stirred and heated to

reflux, during which time brown tarry matter appeared. After standing for a

while, the supernatant liquid was siphoned off. Similar hot extraction was

repeated 3 times by using HC1 (aq)(300 ml, 1:1) each time. The combined HC1
extracts were made alkaline by cautious addition of NaOH pellets with ice-

cooling. The mixture was boiled and filtered while hot. Then the precipitate
was boiled in water (500 ml) and filtered hot; the procedure was repeated
several times thoroughly to remove 2-naphthylamine. The precipitate was

dissolved in HC1 (400 ml, 2M) and filtered hot from activated charcoal. The
filtrate was made alkaline with 10% NaOH and the formed precipitate was

filtered off and dried in vacuo. This amine was prepared by the method of

Miyano and co-workers.28

[l-(2-Aminophenyl)-2-naphthylamine)]. This amine was prepared by
the method of Cava and Stucker29 and it was kindly donated by Dr. Steve M.

Aucott (University of St. Andrews, Scotland).

2,2,-Diaminodiphenyl. It is conveniently prepared from the readily
available diphenic acid by a Schmidt reaction.32 Sodium azide (11.7 g, 179.97

mmol) was added portionwise to diphenic acid (9.7 g, 40.04 mmol) in sulfuric
acid (75 ml) so that the temperature was kept at 30-40°C with intermittent

cooling (15 min) and the mixture was then heated at 30-40°C (water-bath) for
70 min. It was poured onto crushed ice (700 ml), phenanthridone was

removed by filtration and the solid diamine was obtained by making the
filtrate basic with sodium hydroxide (120 g) in water (380 ml). The crude
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product was dissolved in the minimum amount of benzene (5 ml) and

chromatographed on a short column of alumina, the diamine being easily
eluted with benzene although toluene is as suitable and less toxic.

Crystallisation from aqueous alcohol gave white crystals. This amine was

prepared by the method of Stephenson30 but toluene was used instead of

benzene.

5,10-dihydrophenazine. To a boiling solution of phenazine (1.98 g,

11.00 mmol) in ethanol (50 ml) was added a solution of sodium dithionite (20

g, 0.11 mol) in water (200 ml). The solid which immediately precipitated was

collected by filtration and dried over phosphorus pentoxide under reduced

pressure to give a green powder. This amine was prepared by the method of

Sugimoto.15

Diphenylphosphinemethanol. Diphenylphosphine (6 ml, 6.460 g,

34.50 mmol) was added to a 100 ml Schlenk tube which contained

paraformaldehyde (1.035 g, 34.50 mmol). After the addition, the mixture was

stirred at 90°C for lh 45 min to give a coluorless product. The reaction was

stopped by cooling in a dry-ice-acetone bath and stored in the fridge. 31P-{H}
NMR (CDCI3): -10 (s) ppm. This phosphine was prepared following the
literature.10

Synthesis of new diphosphinoamines

Ph2PNH(Ci0H6)2NHPPh2 37. A dry and degassed thf (10 ml) solution of

(S)-(-)-l,l'-binaphthyl-2,2'-diamine (0.446 g, 1.57 mmol) was cooled to -78°C

in an acetone-Dry Ice bath. To the cooled solution was added dropwise a

hexane solution of BuLi (1.3 ml, 2.5 mol dm-3, 3.28 mmol) over 30 min. After
the addition the mixture was stirred at -78°C for 1 h and another 30

additional min at room temperature. The reaction solution was cooled to -78°C

again and to it was added dropwise a solution of diphenylchlorophosphine (0.6
ml, 0.709 g, 3.21 mmol) in thf (10 ml) over 1 h. Stirring was continued for
another 1 h at -78°C. Then the cooling bath was removed and the mixture was

stirred overnight at room temperature. The solution was evaporated to dryness
in vacuo and dichloromethane (30 ml) was added. Lithium chloride, which
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precipitated, was removed by filtration under nitrogen and then the volatiles
were evaporated in vacuo to leave a white solid. Reciystallization from ethanol-
benzene gave white crystals. 31P-{H} NMR (CDCI3): 27.7 (s) ppm. IR, Mass

Spectroscopy, !H NMR and elemental analysis are in agreement with literature
data. This bis(aminophosphine) was prepared following the method of Miyano
and co-workers.28

Ph2PNH(CioH6)(C6H4)NHPPh2 38. A dry and degassed thf (25 ml)
solution of l-(2-aminophenyl)-2-naphthylamine (0.998 g, 4.26 mmol) was

cooled to -78°C in an acetone-Dry Ice bath. To the cooled solution was added

dropwise a hexane solution of BuLi (3.6 ml, 2.5 mol dm 3, 8.91 mmol) over 50
min. After the addition, the mixture was stirred at -78°C for 1 h and another

30 additional min at room temperature. The reaction solution was cooled to -

78°C again and to it was added dropwise a solution of

diphenylchlorophosphine (1.6 ml, 1.928 g, 8.74 mmol) dissolved in thf (10 ml)
over 1 h. Stirring was continued for another 1 h at -78°C. Then the cooling
bath was removed and the mixture was stirred overnight at room temperature.
The solution was evaporated to dryness in vacuo and dichloromethane (30 ml)
was added. Lithium chloride, which precipitated, was removed by filtration
under nitrogen and then the volatiles were evaporated in vacuo to leave a white
solid. Yield: 2.362 g, 92 %; Microanalysis: Found (Calcd) C 79.4 (79.7), H 5.2

(5.4), N 4.6 (4.7) %; >H NMR: 5 7.86-6.86 ppm (m, 20 H, aromatic), 4.3 ppm (d,
1 H, 2J(PH)= 78.3 Hz, NH), 4.7 ppm (d, 1 H, 2J(PH)= 78.3 Hz, NH); 31P-{H} NMR

(CDCI3): 28.8 (s), 28.1 (s) ppm; Selected IR data (KBr): v(NH) 3367 and 3322

cm-1, v(PN) 891 and 889 cm-1; FAB+ MS: m/z 603 [M+H+].

Ph2PNH(C6H4)2NHPPh2 39. A dry and degassed Et20 (20 ml) solution of

chlorodiphenylphosphine (1.0 ml, 1.227 g, 5.56 mmol) was added dropwise
over a period of 30 min to a stirred solution of 2,2'-diaminodiphenyl (0.500 g,

2.71 mmol) and triethylamine (0.8 ml, 0.577 g, 5.70 mmol) in dry and

degassed Et20 (20 ml) at 0°C. Stirring was continued overnight, during which
time a white precipitate separated from the colourless solution. This

precipitate was isolated by suction filtration and consecutively washed with

water, methanol and diethyl ether. The product was dried under vacuo to give
a white solid which was crystallised from CH2Cl2-hexane. Yield: 1.228 g, 82 %;
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Microanalysis: Found (Calcd) C 77.6 (78.2), H 5.8 (5.5), N 5.2 (5.1) %; ]H NMR:

8 7.43 ppm (dd, 2 H, J= 125.3 and 234.9 Hz, aromatic), 7.31-7.15 ppm (m, 12

H, aromatic), 7.06 ppm (d, 2 H, J= 235 Hz, aromatic), 6.82 ppm (t, 2 H, J= 235

Hz, aromatic), 4.5 ppm (d, 2 h, 2J(ph)= 78.6 Hz, nh); 31p-{h} nmr (CDCls):
29.2 (s) ppm; Selected ir data (KBr): v(NH) 3372 cm1, v(PN) 879 cm-1; FAB+
MS: m/z 554 [M+H]+, 576 [M+Na+].

(1Pr2)PNH(C6H4)2NHP(1Pr2) 40. A) A dry and degassed thf (10 ml)
solution of diisopropylchlorophosphine (0.7 ml, 0.646 g, 4.23 mmol) was

added dropwise over a period of 30 min to a stirred solution of 2,2'-

diaminodiphenyl (0.390 g, 2.12 mmol) and triethylamine (0.6 ml, 0.439 g, 4.34

mmol) in dry and degassed thf (30 ml). Stirring was continued overnight,

during which time triethylammonium hydrochloride separated from the
colourless solution. This precipitate was removed by suction filtration under

nitrogen. The filtrate was evaporated to dryness in vacuo to give a yellowish oil.

B) A dry and degassed Et20 (10 ml) solution of chlorodiisopropylphosphine

(0.5 ml, 0.452 g, 2.96 mmol) was added dropwise over a period of 30 min to a

stirred solution of 2,2'-diaminodiphenyl (0.266 g, 1.44 mmol), triethylamine

(0.4 ml, 0.305 g, 3.02 mmol) and DMAP (0.018 g, 0.144 mmol, 10%) in dry
and degassed Et20 (30 ml). Stirring was continued overnight. The solution was

evaporated to dryness in vacuo and thf (30 ml) was added. Triethylammonium

hydrochloride separated from the colourless solution. This precipitate was

removed by suction filtration under nitrogen. The filtrate was evaporated to

dryness in vacuo to give a yellowish oil. C) A dry and degassed thf (25 ml)
solution of 2,2'-diaminodiphenyl (0.266 g, 1.44 mmol) was cooled to -78°C in
an acetone-Dry Ice bath. To the cooled solution was added dropwise a hexane
solution of BuLi (1.2 ml, 2.5 mol dm-3, 3.02 mmol) over 30 min. After the
addition the mixture was stirred at -78°C for 1 h and another 30 additional

min at room temperature. The reaction solution was cooled to -78°C again and
to it was added dropwise a solution of diisopropylchlorophosphine (0.5 ml,
0.452 g, 2.96 mmol) in thf (5 ml) over 30 min. Stirring was continued for
another 1 h at -78°C. Then the cooling bath was removed and the mixture was

stirred overnight at room temperature. The solution was evaporated to dryness
in vacuo and dichloromethane (30 ml) was added. Lithium chloride, which
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precipitated, was removed by filtration under nitrogen and then the volatiles
were evaporated in vacuo to leave a green oil.

Data obtained by method C : Yield: 0.306 g, 51 %; Microanalysis:
Found (Calcd) C 69.0 (69.2), H 8.2 (9.2), N 9.2 (6.7) %; 3iP-{H} NMR (CDC13):
48.1 (s) ppm; FAB+ MS: m/z 439 [M+Na]+, 417 [M+H+].

Ph2PNH(Ci0H6)NHPPh2 41. A) A dry and degassed Et20 (10 ml) solution
of chlorodiphenylphosphine (5.5 ml, 6.713 g, 30.42 mmol) was added dropwise
over a period of 30 min to a stirred solution of 1,8-diaminonaphthalene (2.400

g, 15.21 mmol) and triethylamine (4.7 ml, 3.387 g, 33.47 mmol) in dry and

degassed Et20 (40 ml). Stirring was continued overnight. The solution was

evaporated to dryness in vacuo and thf (30 ml) was added. Triethylammonium

hydrochloride separated from the colourless solution. This precipitate was

removed by suction filtration under nitrogen. The filtrate was evaporated to

dryness in vacuo to give a yellowish oil. B) A dry and degassed thf (10 ml)
solution of 1,8-diaminonaphthalene (0.425 g, 2.69 mmol) was cooled to -78°C
in an acetone-Dry Ice bath. To the cooled solution was added dropwise a

hexane solution of BuLi (2.3 ml, 2.5 mol dm 3, 5.61 mmol) over 30 min. After
the addition the mixture was stirred at -78°C for 1 h and another 30

additional min at room temperature. The reaction solution was cooled to -78°C

again and to it was added dropwise a solution of diphenylchlorophosphine

(1.216 g, 5.51 mmol) in thf (10 ml) over 30 min. Stirring was continued for

another 1 h at -78°C. Then the cooling bath was removed and the mixture was

stirred overnight at room temperature. The solution was evaporated to dryness
in vacuo and dichloromethane (30 ml) was added. Lithium chloride, which

precipitated, was removed by filtration under nitrogen and then the volatiles
were evaporated in vacuo to leave a yellow oil. C) A dry and degassed Et20 (10

ml) solution of diphenylchlorophosphine (6.0 ml, 7.32 g, 33.18 mmol) was

added dropwise over a period of 30 min to a stirred solution of 1,8-

diaminonaphthalene (2.500 g, 15.80 mmol), triethylamine (4.6 ml, 3.36 g,

33.18 mmol) and DMAP (0.193 g, 1.58 mmol, 10%) in dry and degassed Et20

(40 ml). Stirring was continued overnight. The solution was evaporated to

dryness in vacuo and thf (40 ml) was added. Triethylammonium hydrochloride

separated from the colourless solution. This precipitate was removed by
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suction filtration under nitrogen. The filtrate was evaporated to dryness in
vacuo to give a yellowish oil.

Data obtained by method C : Yield: 5.74 g, 69 %; 31P-{H} NMR (CDCI3):
34.7 (s) ppm; FAB+ MS: m/z 527 [M], 549 [M+Na]+.

Attempt of synthesis of (iPr)2PNH(CioH6)NHP(iPr)2 42. A) A dry and

degassed Et20 (10 ml) solution of chlorodiisopropylphosphine (0.8 ml, 0.806 g,

5.28 mmol) was added dropwise over a period of 30 min to a stirred solution of

1,8-diaminonaphthalene (0.407 g, 2.58 mmol) and triethylamine (0.75 ml,
0.545 g, 5.38 mmol) in dry and degassed Et20 (20 ml). Stirring was continued

overnight. The solution was evaporated to dryness in vacuo and thf (30 ml)
was added. Triethylammonium hydrochloride separated from the colourless
solution. This precipitate was removed by suction filtration under nitrogen.
The filtrate was evaporated to dryness in vacuo to give a dark oil. B) A dry and

degassed Et20 (5 ml) solution of diisopropylchlorophosphine (0.9 ml, 0.890 g,

5.83 mmol) was added dropwise over a period of 30 min to a stirred solution of

1,8-diaminonaphthalene (0.459 g, 2.90 mmol), triethylamine (0.8 ml, 0.614 g,

6.06 mmol) and DMAP (0.035 g, 0.290 mmol, 10%) in dry and degassed Et20

(25 ml). Stirring was continued overnight. The solution was evaporated to

dryness in vacuo and thf (30 ml) was added. Triethylammonium hydrochloride

separated from the colourless solution. This precipitate was removed by
suction filtration under nitrogen. The filtrate was evaporated to dryness in
vacuo to give a dark oil. C) A dry and degassed thf (25 ml) solution of 1,8-

diaminonaphthalene (0.218 g, 1.38 mmol) was cooled to -78°C in an acetone-

Dry Ice bath. To the cooled solution was added dropwise a hexane solution of
BuLi (1.2 ml, 2.5 mol dm3, 2.88 mmol) over 30 min. After the addition the

mixture was stirred at -78°C for 1 h and another 30 additional min at room

temperature. The reaction solution was cooled to -78°C again and to it was

added dropwise a solution of diisopropylchlorophosphine (0.5 ml, 0.432 g,

2.83 mmol) in thf (5 ml) over 30 min. Stirring was continued for another 1 h at

-78°C. Then the cooling bath was removed and the mixture was stirred

overnight at room temperature. The solution was evaporated to dryness in
vacuo and dichloromethane (30 ml) was added. Lithium chloride, which

precipitated, was removed by filtration under nitrogen and then the volatiles
were evaporated in vacuo to leave a green oil. D) A dry and degassed toluene
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(10 ml) solution of diisopropylchlorophosphine (0.9 ml, 0.848 g, 5.56 mmol)
was added dropwise over a period of 30 min to a stirred solution of 1,8-

diaminonaphthalene (0.429 g, 2.71 mmol) and triethylamine (0.8 ml, 0.573 g,

5.67 mmol) in dry and degassed toluene (20 ml). The solution was heated to

reflux overnight and allowed to cool to room temperature. Triethylammonium

hydrochloride separated from the colourless solution. This precipitate was

removed by suction filtration under nitrogen. The filtrate was evaporated to

dryness in vacuo to give a dark product.
Data obtained by method D : Yield: 0.269 g, 50 %; 31P-{H} NMR (CDCI3):

48.1 (s) ppm; decomposition of product when performing its purification
occurred (see details in results and discussion section).

Ph2PCH2NH(C6H4)NHCH2PPh2 43. In a 250 ml, three-necked round-
bottom flask equipped with a magnetic stirrer, a thermometer, a pressure

equalising dropping funnel, and a reflux condenser topped with nitrogen inlet
was placed 1,3-phenylenediamine (1.50 g, 13.87 mmol). The whole system was

purged with nitrogen. Dry and degassed acetonitrile (30 ml) was added and
after the amine had been dissolved, an acetonitrile solution (60 ml) of
PI12PCH2OH (6.0 g, 27.74 mmol) was placed in the equalising dropping funnel
and added dropwise to the amine solution over a period of 1 h 30 min. The
reaction mixture was stirred and heated to reflux for 36 h. The solution was

evaporated to dryness in vacuo to leave a yellowish oily product. Yield: 6.720 g,

96 %; 3iP-{H} NMR (CDC13): -20 (s) ppm; FAB+ MS: m/z 504 [M],

Attempt of synthesis of Ph2PN(n-C4H9)(C6H3-0-C6H3)N(n-C4H9)PPh2
44. A) A dry and degassed thf (5 ml) solution of diphenylchlorophosphine (0.1

ml, 0.114 g, 0.51 mmol) was added dropwise over a period of 15 min to a

stirred solution of (n-C4H9)NH(C6H3-0-C6H3)NH(n-C4Hg) (0.078 g, 0.25 mmol)
and triethylamine (0.1 ml, 0.053 g, 0.53 mmol) in dry and degassed thf (5 ml).

Stirring was continued overnight, during which time triethylammonium

hydrochloride separated from the colourless solution. Thf (10 ml) was added
and the precipitate was removed by suction filtration under nitrogen. The
filtrate was evaporated to dryness in vacuo to give an oily product. B) A dry
and degassed thf (15 ml) solution of (n-C4H9)NH(C6H3-0-C6H3)NH(n-C4H9)

(0.160 g, 0.52 mmol) was cooled to -78°C in an acetone-Dry Ice bath. To the
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cooled solution was added dropwise a hexane solution of BuLi (0.4 ml, 2.5 mol

dm 3, 1.1 mmol) over 15 min. After the addition the mixture was stirred at -

78°C for 1 h and another 30 additional min at room temperature. The reaction

solution was cooled to -78°C again and to it was added dropwise a solution of

diphenylchlorophosphine (0.2 ml, 0.233 g, 1.1 mmol) in thf (5 ml) over 15 min.

Stirring was continued for another 1 h at -78°C. Then the cooling bath was

removed and the mixture was stirred overnight at room temperature. The
solution was evaporated to dryness in vacuo and dichloromethane (20 ml) was

added. A white solid, which precipitated, was removed by filtration under

nitrogen and then the volatiles were evaporated in vacuo to leave a pale yellow
oil.

31P-{H} NMR (CDCI3) showed the presence of PI12PCI as the only species
obtained (for further information see results and discussion section).

Ph2PN(C6H4)(C6H4)NPPh2 45. A) A dry and degassed thf (10 ml) solution
of diphenylchlorophosphine (4.1 ml, 5.088 g, 23.06 mmol) was added

dropwise over a period of 1 h to a stirred solution of 5,10-dihydrophenazine

(2.050 g, 11.25 mmol), triethylamine (3.2 ml, 2.33 g, 23.06 mmol) and DMAP

(0.137 g, 1.125 mmol, 10%) in dry and degassed thf (40 ml). Stirring was

continued overnight, during which time triethylammonium hydrochloride

separated from the colourless solution. This precipitate was removed by
suction filtration under nitrogen. The filtrate was evaporated to dryness in
vacuo to give a dark product. B) A dry and degassed toluene (5 ml) solution of

diphenylchlorophosphine (1.0 ml, 1.278 g, 5.79 mmol) was added dropwise
over a period of 30 min to a stirred solution of 5,10-dihydrophenazine (0.515
g, 2.82 mmol) and triethylamine (0.8 ml, 0.598 g, 5.91 mmol) in dry and

degassed toluene (25 ml). The solution was heated to reflux for 6 h and

allowed to cool to room temperature. Triethylammonium hydrochloride

separated from the colourless solution. This precipitate was removed by
suction filtration under nitrogen. The filtrate was evaporated to dryness in
vacuo to give a dark product. C) A dry and degassed thf (40 ml) solution of

5,10-dihydrophenazine (1.053 g, 5.78 mmol) was cooled to -78°C in an

acetone-Dry Ice bath. To the cooled solution was added dropwise a hexane
solution of BuLi (4.8 ml, 2.5 mol dm 3, 12.08 mmol) over 50 min. After the
addition the mixture was stirred at -78°C for 1 h and another 30 additional
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min at room temperature. The reaction solution was cooled to -78°C again and
to it was added dropwise a solution of diphenylchlorophosphine (2.1 ml, 2.613

g, 11.84 mmol) in thf (10 ml) over 40 min. Stirring was continued for another 1
h at -78°C. Then the cooling bath was removed and the mixture was stirred

overnight at room temperature. The solution was evaporated to dryness in
vacuo and dichloromethane (30 ml) was added. Lithium chloride, which

precipitated, was removed by filtration under nitrogen and then the volatiles
were evaporated in vacuo to leave a yellow solid.

Data obtained by method C : Yield: 2.896 g, 91 %; Microanalysis:
Found (Calcd) C 78.5 (78.5), H 5.1 (5.1), N 4.8 (5.1) %; 3ip.{H} NMR (CDC13):
61.0 (s) ppm; Selected IR data (KBr): v(PN) 951 cm-i; FAB+ MS: m/z 550 [M],
551 [M+H+], 573 [M+Na+].

N,N',N",N"'-(PPh2)4-cyclam 46. A) A dry and degassed thf (10 ml)
solution of chlorodiphenylphosphine (1.1 ml, 1.322 g, 5.99 mmol) was added

dropwise over a period of 30 min to a stirred solution of cyclam (0.400 g, 1.99

mmol) and triethylamine (0.9 ml, 0.626 g, 6.19 mmol) in dry and degassed thf

(30 ml). Stirring was continued overnight, during which time

triethylammonium hydrochloride separated from the colourless solution. This

precipitate was removed by suction filtration under nitrogen. The filtrate was

evaporated to dryness in vacuo to give a white solid product. B) A dry and

degassed thf (10 ml) solution of chlorodiphenylphosphine (1.8 ml, 2.23 g,

10.12 mmol) was added dropwise over a period of 30 min to a stirred solution
of cyclam (0.500 g, 2.50 mmol) and triethylamine (1.4 ml, 1.037 g, 10.25

mmol) in dry and degassed thf (30 ml). Stirring was continued overnight,

during which time triethylammonium hydrochloride separated from the
colourless solution. This precipitate was removed by suction filtration under

nitrogen. The filtrate was evaporated to dryness in vacuo to give a white solid

product.
Data obtained by method A : Yield: 0.840 g, 35 %; Microanalysis:

Found (Calcd) C 72.6 (74.3), H 6.4 (6.5), N 5.4 (6.0) %; 3ip-{H} NMR (CDC13):
65.6 (s) ppm; Selected IR data (KBr): v(PN) 968 cm1; FAB+ MS: m/z 938

[M+H]+.
Data obtained by method B : Yield: 2.038 g, 87 %; Microanalysis:

Found (Calcd) C 73.4 (74.3), H 6.3 (6.5), N 6.5 (6.0) %; 3ip.{H} NMR (CDCI3):
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65.6 (s) ppm; Selected IR data (KBr): v(PN) 968 cm1; FAB+ MS: m/z 938

[M+H]+.

l,3-C6H4-{CON(PPh2)CH2Ph}2 47. A) A dry and degassed thf (10 ml)
solution of diphenylchlorophosphine (0.3 ml, 0.324 g, 1.47 mmol) was added

dropwise over a period of 30 min to a stirred solution of 1,3-C6H4-

{CONHCH2Ph}2 (0.241 g, 0.70 mmol) and triethylamine (0.2 ml, 0.149 g, 1.47

mmol) in dry and degassed thf (30 ml). Stirring was continued overnight,

during which time triethylammonium hydrochloride separated from the
colourless solution. This precipitate was removed by suction filtration under

nitrogen. The filtrate was evaporated to dryness in vacuo to give a white solid

product. B) A dry and degassed thf (10 ml) solution of

diphenylchlorophosphine (0.3 ml, 0.324 g, 1.47 mmol) was added dropwise
over a period of 30 min to a stirred solution of l,3-C6H4-{CONHCH2Ph}2 (0.240

g, 0.70 mmol), triethylamine (0.2 ml, 0.149 g, 1.47 mmol) and DMAP (0.017 g,

0.14 mmol, 20%) in dry and degassed thf (30 ml). Stirring was continued

overnight, during which time triethylammonium hydrochloride separated from
the colourless solution. This precipitate was removed by suction filtration
under nitrogen. The filtrate was evaporated to dryness in vacuo to give a white
solid product. C) A dry and degassed thf (10 ml) solution of

diphenylchlorophosphine (0.3 ml, 0.324 g, 1.47 mmol) was added dropwise
over a period of 30 min to a stirred solution of l,3-C6H4-{CONHCH2Ph}2 (0.241

g, 0.70 mmol) and triethylamine (0.2 ml, 0.149 g, 1.47 mmol) in dry and

degassed thf (30 ml). The solution was heated to reflux overnight and allowed
to cool to room temperature. Triethylammonium hydrochloride separated from
the colourless solution. This precipitate was removed by suction filtration
under nitrogen. The filtrate was evaporated to dryness in vacuo to give a white
solid product. D) A dry and degassed thf (30 ml) solution of 1,3-C6H4-

{CONHCH2Ph}2 (0.482 g, 1.4 mmol) was cooled to -78°C in an acetone-Dry Ice
bath. To the cooled solution was added dropwise a hexane solution of nBuLi

(1.2 ml, 2.5 mol dm-3' 2.94 mmol) over 30 min. After the addition the mixture
was stirred at -78°C for 1 h and another 30 additional min at room

temperature. The reaction solution was cooled to -78°C again and to it was

added dropwise a solution of diphenylchlorophosphine (0.53 ml, 0.649 g, 2.94

mmol) in thf (10 ml) over 30 min. Stirring was continued for another 1 h at -
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78°C. Then the cooling bath was removed and the mixture was stirred

overnight at room temperature. The solution was evaporated to dryness in
vacuo and dichloromethane (30 ml) was added. Lithium chloride, which

precipitated, was removed by filtration under nitrogen and then the volatiles
were evaporated in vacuo to leave a white solid.

Data obtained by method D : Yield: 0.758 g, 76 %; Microanalysis:
Found (Calcd) C 76.5 (77.4), H 5.2 (5.4), N 4.5 (3.9) %; 3ip.{H} NMR (CDCla):
58.5 (s) ppm; Selected IR data KBr (CH2C12): v(PN) 916 cm-', v(C=0) 1651 cm-';
FAB+ MS: m/z 712 [M], 713 [M+H]-, 735 [M+Na]+, 711 [M-H]-.

Ph2PN(CH2Ph)CH2CH2(CH2Ph)NPPh2 48. A dry and degassed Et20 (20

ml) solution of chlorodiphenylphosphine (3.2 ml, 3.95 g, 17.95 mmol) was

added dropwise over a period of 30 min to a stirred solution of N,N'-

dibenzylethylenediamine (2.050 g, 8.51 mmol) and triethylamine (2.4 ml, 1.72

g, 16.99 mmol) in dry and degassed Et20 (20 ml) at 0°C. Stirring was

continued overnight, during which time a white precipitate separated from the
colourless solution. This precipitate was isolated by suction filtration and

consecutively washed with water, methanol and diethyl ether. The product
was dried under vacuo to give a white solid which was crystallised from

CH2Cl2-hexane. Yield: 4.25 g, 82 %; Microanalysis: Found (Calcd) C 78.6

(78.9), H 6.7 (6.3), N 4.7 (4.6) %; 3ip.{H} NMR (CDCI3): 66.5 (s) ppm; Selected
IR data (KBr): v(PN) 916 cm '; FAB+ MS: m/z 610 [M+H]+, 632 [M+Na+]. This

bis(aminophosphine) was prepared following the procedure of Balakrishna et

al.31

(iPr)2PN(CH2Ph)CH2CH2(CH2Ph)NP(iPr)2 49. A) A dry and degassed Et20

(5 ml) solution of diisopropylchlorophosphine (0.7 ml, 0.651 g, 4.26 mmol)
was added dropwise over a period of 30 min to a stirred solution of N,N'-

dibenzylethylenediamine (0.5 ml, 0.500 g, 2.08 mmol), triethylamine (0.6 ml,
0.440 g, 4.35 mmol) and DMAP (0.025 g, 0.208 mmol, 10%) in dry and

degassed Et20 (15 ml). Stirring was continued overnight. The solution was

evaporated to dryness in vacuo and thf (30 ml) was added. Triethylammonium

hydrochloride separated from the colourless solution. This precipitate was

removed by suction filtration under nitrogen. The filtrate was evaporated to

dryness in vacuo to give a yellowish oil. B) A dry and degassed thf (15 ml)
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solution of N,N'-dibenzylethylenediamine (0.5 ml, 0.500 g, 2.09 mmol) was

cooled to -78°C in an acetone-Dry Ice bath. To the cooled solution was added

dropwise a hexane solution of BuLi (1.7 ml, 2.5 mol dm 3, 4.35 mmol) over 30
min. After the addition the mixture was stirred at -78°C for 1 h and another

30 additional min at room temperature. The reaction solution was cooled to -

78°C again and to it was added dropwise a solution of

diisopropylchlorophosphine (0.68 ml, 0.651 g, 4.26 mmol) dissolved in thf (5

ml) over 30 min. Stirring was continued for another 1 h at -78°C. Then the

cooling bath was removed and the mixture was stirred overnight at room

temperature. The solution was evaporated to dryness in vacuo and
dichloromethane (30 ml) was added. Lithium chloride, which precipitated, was

removed by filtration under nitrogen and then the volatiles were evaporated in
vacuo to leave a yellow oil. C) A dry and degassed Et2<D (10 ml) solution of

chlorodiisopropylphosphine (3.5 ml, 3.386 g, 22.00 mmol) was added dropwise
over a period of 30 min to a stirred solution of N,N'-dibenzylethylenediamine

(2.5 ml, 2.644 g, 11.00 mmol) and triethylamine (3.1 ml, 2.23 g, 22.00 mmol)
in diy and degassed Et20 (40 ml). Stirring was continued for 5 days. The
solution was evaporated to dryness in vacuo and thf (30 ml) was added.

Triethylammonium hydrochloride separated from the colourless solution. This

precipitate was removed by suction filtration under nitrogen. The filtrate was

evaporated to dryness in vacuo to give a yellowish oil. Crystallisation from hot
toluene gave white crystals. Data obtained by method C : Yield: 2.391 g, 46 %;

Microanalysis: Found (Calcd) C 70.7 (71.2), H 10.3 (9.8), N 5.8 (5.9) %; 3ip-{H}
NMR (CDC13): 89.1 (s) ppm; FAB+ MS: m/z 473 [M+H+].

(2-C6H5-CH3CH)N(PPh2)(CH2Ph) 50. A) A dry and degassed Et20 (10 ml)
solution of chlorodiphenylphosphine (0.5 ml, 0.548 g, 2.48 mmol) was added

dropwise over a period of 30 min to a stirred solution of (S)-(-)-N-benzyl-a-

methylbenzylamine (0.5 ml, 0.500 g, 2.37 mmol) and triethylamine (0.4 ml,
0.261 g, 2.58 mmol) in dry and degassed Et20 (20 ml). Stirring was continued

overnight. The solution was evaporated to dryness in vacuo and thf (30 ml)
was added. Triethylammonium hydrochloride separated from the colourless
solution. This precipitate was removed by suction filtration under nitrogen.
The filtrate was evaporated to dryness in vacuo to give a yellow oil. B) A dry
and degassed Et20 (5 ml) solution of diphenylchlorophosphine (0.5 ml, 0.548
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g, 2.48 mmol) was added dropwise over a period of 30 min to a stirred solution

of (S)-(-)-N-benzyl-a-methylbenzylamine (0.5 ml, 0.500 g, 2.37 mmol),

triethylamine (0.4 ml, 0.261 g, 2.58 mmol) and DMAP (0.030 g, 0.24 mmol,
10% or 0.060 g, 0.47 mmol, 20%) in dry and degassed Et20 (25 ml). Stirring
was continued overnight. The solution was evaporated to dryness in vacuo and
thf (30 ml) was added. Triethylammonium hydrochloride separated from the
colourless solution. This precipitate was removed by suction filtration under

nitrogen. The filtrate was evaporated to dryness in vacuo to give a yellow oil. C)
A dry and degassed toluene (10 ml) solution of diphenylchlorophosphine (0.5
ml, 0.548 g, 2.48 mmol) was added dropwise over a period of 30 min to a

stirred solution of (S)-(-)-N-benzyl-a-methylbenzylamine (0.5 ml, 0.500 g, 2.37

mmol) and triethylamine (0.4 ml, 0.261 g, 2.58 mmol) in dry and degassed
toluene (20 ml). The solution was heated to reflux overnight and allowed to

cool to room temperature. Triethylammonium hydrochloride separated from
the colourless solution. This precipitate was removed by suction filtration
under nitrogen. The filtrate was evaporated to dryness in vacuo to give a dark

product. D) A dry and degassed thf (40 ml) solution of (S)-(-)-N-benzyl-a-

methylbenzylamine (2.5 ml, 2.500 g, 11.83 mmol) was cooled to -78°C in an

acetone-Dry Ice bath. To the cooled solution was added dropwise a hexane
solution of nBuLi (5.2 ml, 2.5 mol dm 3, 12.89 mmol) over 50 min. After the

addition the mixture was stirred at -78°C for 1 h and another 30 additional

min at room temperature. The reaction solution was cooled to -78°C again and
to it was added dropwise a solution of diphenylchlorophosphine (2.2 ml, 2.741

g, 12.42 mmol) in thf (10 ml) over 50 min. Stirring was continued for another 1

h at -78°C. Then the cooling bath was removed and the mixture was stirred

overnight at room temperature. The solution was evaporated to dryness in
vacuo and dichloromethane (40 ml) was added. Lithium chloride, which

precipitated, was removed by filtration under nitrogen and then the volatiles
were evaporated in vacuo to leave a pale yellow oil.

Data obtained by method D : Yield: 4.35 g, 93 %; 31P-{H} NMR (CDCb):
44.8 (s) ppm; FAB+ MS: m/z 396 [M+H]+, 418 [M+Na]+.

Ph2P(Se)NH(CioH6)(C6H4)NHP(Se)Ph2 51. To a diy and degassed toluene

(10 ml) solution of selenium (0.028 g, 0.36 mmol) was added solid

Ph2PNH(CioH6)(C6H4)NHPPh2 (0.107 g, 0.18 mmol). The solution was heated to
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reflux for ca. 2-3 h and allowed to cool to room temperature. The solution was

evaporated to diyness in vacuo and the solid was dissolved in dichloromethane

(2 ml). The dichloromethane solution was filtered through Celite and diethyl
ether (20 ml) was added. The white product was collected by suction filtration
and washed with diethyl ether (2x10 ml). Yield: 0.119 g, 87 %; Microanalysis:
Found (Calcd) C 64.2 (63.2), H 3.8 (4.2), N 3.4 (3.7) %; iH NMR: 5 8.0-7.5 ppm

(m, 10 H, aromatic), 7.5-7.0 ppm (m, 10 H, aromatic), 5.25 ppm (d, 1 H,

2J(PH)= 78.3 Hz, NH), 4.93 ppm (d, 1 H, 2J(PH)= 78.3 Hz, NH); 3ip-{H} NMR

(CDCls): 5a 51.9 (s) ppm, U(77Se-3ipa) 779.4 Hz, 5b 50.3 (s) ppm, iJ(77Se-3ipb)
781.7 Hz; Selected IR data (KBr): v(NH) 3347 and 3052 cm-i, v(PN) 918 cm ';
FAB+ MS: m/z 763 [M+H+, soSe],

Ph2P(Se)NH(C6H4)2NHP(Se)Ph2 52. To a dry and degassed toluene (10

ml) solution of selenium (0.029 g, 0.36 mmol) was added solid

Ph2PNH(CeH4)2NHPPh2 (0.100 g, 0.18 mmol). The solution was heated to reflux
for ca. 2-3 h and allowed to cool to room temperature. The solution was

evaporated to dryness in vacuo and the solid was dissolved in dichloromethane

(2 ml). The dichloromethane solution was filtered through Celite and diethyl
ether (20 ml) was added. The white product was collected by suction filtration
and washed with diethyl ether (2x10 ml). Yield: 0.098 g, 77 %; Microanalysis:
Found (Calcd) C 60.9 (60.9), H 3.9 (4.2), N 3.9 (3.9) %; JH NMR: 5 7.95-7.76

ppm (m, 4H, aromatic), 7.52-7.36 ppm (m, 4H, aromatic), 7.35-7.22 ppm (m,

7H, aromatic), 7.21-7.00 ppm (m, 3H, aromatic), 5.10 ppm (d, 2H, 2J(PH)=78.5

Hz, NH); 3ip-{H} NMR (CDC13): 50.3 (s) ppm, iJ(77Se-3ip) 800.5 Hz; Selected IR
data (KBr): v(NH) 3354 cm-i, v(PN) 929 cm1, v(PSe) 552 cm1; FAB+ MS: m/z
712 [M+H+].

Ph2P(Se)N(C6H4)(CeH4)NP(Se)Ph2 53. To a dry and degassed toluene (10

ml) solution of selenium (0.029 g, 0.36 mmol) was added solid

Ph2PN(C6H4)(C6H4)NPPh2 (0.100 g, 0.18 mmol). The solution was heated to
reflux for ca. 2-3 h and allowed to cool to room temperature. The solution was

evaporated to dryness in vacuo and the solid was dissolved in dichloromethane

(2 ml). The dichloromethane solution was filtered through Celite and diethyl
ether (20 ml) was added. The white product was collected by suction filtration
and washed with diethyl ether (2x10 ml). Yield: 0.112 g, 88 %; Microanalysis:
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Found (Calcd) C 60.3 (61.0), H 3.8 (4.0), N 3.8 (4.0) %; 3ip.{H} NMR (CDC13):
58.5 (s) ppm, U(77Se-3ip) 831.7 Hz; Selected IR data (KBr): v(PN) 973 cm ',

v(PSe) 565 cm-'; FAB+ MS: m/z 708 [M], 709 [M+H]+.

Ph2P(Se)N(CH2Ph)CH2CH2(CH2Ph)NP(Se)Ph2 54. To a dry and degassed
toluene (10 ml) solution of selenium (0.026 g, 0.33 mmol) was added solid

Ph2PN(CH2Ph)CH2CH2(CH2Ph)NPPh2 (0.100 g, 0.16 mmol). The solution was

heated to reflux for ca. 2-3 h and allowed to cool to room temperature. The
solution was evaporated to dryness in vacuo and the solid was dissolved in
dichloromethane (2 ml). The dichloromethane solution was filtered through
Celite and diethyl ether (20 ml) was added. The white product was collected by
suction filtration and washed with diethyl ether (2x10 ml). Yield: 0.108 g, 88

%; Microanalysis: Found (Calcd) C 62.9 (62.7), H 4.6 (5.0), N 3.6 (3.6) %; 3'P-

{H} NMR (CDCI3): 70.8 (s) ppm, 'J(77Se-3'P) 777 Hz; Selected IR data (KBr):

v(PN) 943 cm1, v(PSe) 557 cm1; FAB+ MS: m/z 768 [M+H+],

(1Pr)2P(Se)N(CH2Ph)CH2CH2(CH2Ph)NP(Se)(1Pr)2 55. To a dry and

degassed toluene (5 ml) solution of selenium (0.055 g, 0.70 mmol) was added

('Pr)2PN(CH2Ph)CH2CH2(CH2Ph)NP(>Pr)2 (0.165 g, 0.35 mmol) in toluene (5 ml).
The solution was heated to reflux for ca. 2-3 h and allowed to cool to room

temperature. The solution was evaporated to dryness in vacuo and the solid
was dissolved in dichloromethane (2 ml). The dichloromethane solution was

filtered through Celite and diethyl ether (20 ml) was added. The white product
was collected by suction filtration and washed with diethyl ether (2x10 ml).

Reciystallisation from Toluene-hexane gave crystals. Yield: 0.159 g, 72 %;

Microanalysis: Found (Calcd) C 53.8 (53.3), H 7.7 (7.4), N 4.4 (4.4) %; 31P-{H}
NMR (CDCH): 104.1 (s) ppm, 'J(77Se-3!P) 741 Hz; Selected IR data (KBr): v(PN)

936 cm ', v(PSe) 594 cm '; FAB+ MS: m/z 630/2 [M], 655 [M+Na+],

(2-C6H5-CH3CH)N(P(S)Ph2)(CH2Ph) 56. To a diy and degassed thf (10

ml) solution of sulfur (0.011 g, 0.34 mmol) was added solid (2-G5H5-

CH3CH)N(PPh2)(CH2Ph) (0.134 g, 0.34 mmol). The solution was stirred for 2

days. The solution was evaporated to dryness in vacuo and the solid was

dissolved in dichloromethane (2 ml). The dichloromethane solution was filtered

through Celite and diethyl ether (20 ml) was added. The white product was
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collected by suction filtration and washed with diethyl ether (2x10 ml). Yield:
0.074 g, 51 %; sip-{H} NMR (CDC13): 71.8 (s) ppm; Selected IR data (KBr): v(PN)
910 cm1, v(PS) 750 cm-1; FAB+ MS: m/z 428 [M+H]+.

cis-[PtCl2{Ph2PNH(CioH6)2NHPPh2}] 57. To a dichloromethane (5 ml)
solution of [PtCl2(cod)] (0.025 g, 0.066 mmol) was added solid

Ph2PNH(CioH6)2NHPPh2 (0.043 g, 0.066 mmol) and the colourless solution
stirred for ca. 2-3 h. The solution was concentrated under reduced pressure to

ca. 1 ml and diethyl ether (10 ml) added. The white product was collected by
suction filtration and washed with diethyl ether (2x10 ml). Yield: 0.053 g, 87

%; Microanalysis: Found (Calcd) C 56.9 (57.5), H 2.5 (3.7), N 2.9 (3.0) %; 3ip-

{H} NMR (CDCI3): 45.4 (s) ppm, M^spt-sip) 4081.8 Hz; Selected IR data (KBr):

v(NH) 3217 cm-1, v(PN) 996 cm1, v(PtCl) 342 and 312 cm-1 (ds-PtCl2); FAB+ MS:
m/z 882/4 [M-Cl], 847 [M-2C1].

cis-[PtCl2{Ph2PNH(CioH6)(C6H4)NHPPh2}] 58. To a dichloromethane (5

ml) solution of [PtCl2(cod)] (0.050 g, 0.13 mmol) was added solid

Ph2PNH(CioH6)(C6H4)NHPPh2 (0.081 g, 0.13 mmol) and the colourless solution
stirred for ca. 2-3 h. The solution was concentrated under reduced pressure to

ca. 1 ml and diethyl ether (10 ml) added. The white product was collected by
suction filtration and washed with diethyl ether (2x10 ml). Yield: 0.102 g, 90

%; Microanalysis: Found (Calcd) C 55.1 (55.3), H 3.4 (3.7), N 3.1 (3.2) %; !H
NMR: 8 7.86-7.60 ppm (m, 3 H, aromatic), 7.48-7.20 ppm (m, 3 H, aromatic),
7.19-6.68 ppm (m, 4 H, aromatic), 4.1 ppm (d, 1 H, NH, J=6.8 Hz), 3.7 (d, 1 H,

NH, J=6.8 Hz); 3ip-{H} NMR (CDC13): 5a 46.3 (s) ppm, 1 J(195Pt-31Pa) 4099 Hz, 5b
44.3 (s) ppm, U^spt-siPb) 4099 Hz, 2J(3ipa_3ipb) 9.4 Hz; Selected IR data (KBr):

v(NH) 3353 and 3219 cm1, v(PN) 925 cm1, v(PtCl) 315 and 292 cm1; FAB+ MS:

m/z 832/3 [M-Cl ], 797 [M-2C1], 890 [M+Na+].

cis-[PtCl2{Ph2PNH(Ci0H6)NHPPh2}] 59. To a dichloromethane (10 ml)
solution of [PtCl2(cod)J (0.142 g, 0.38 mmol) was added Ph2PNH(CioH6)NHPPh2

(0.200 g, 0.38 mmol) in dichloromethane (5 ml) and the colourless solution
stirred for ca. 2-3 h. The solution was concentrated under reduced pressure to

ca. 1 ml and diethyl ether (10 ml) added. The white product was collected by
suction filtration and washed with diethyl ether (2x10 ml). Yield: 0.219 g, 73
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%; Microanalysis: Found (Calcd) C 50.9 (51.5), H 3.0 (3.5), N 3.4 (3.5) %; 'H

NMR: 8 8.0-6.6 ppm (m, 6 H, aromatic), 5.6 ppm (t, 2 H, NH, 2J(PH)=82 Hz);

3iP-{H} NMR (CDCls): 28.75 (s) ppm, iJ(195Pt-3ip) 5261 Hz; Selected IR data

(KBr): v(NH) 3170 cm-', v(PN) 868 cm-», v(PtCl) 301 and 277 cm-'; FAB+ MS:

m/z 757 [M-C1-], 723 [M-2C1].

cis-[PtCl2{Ph2PNH(C6H4)2NHPPh2}] 60. To a dichloromethane (5 ml)
solution of [PtCl2(cod)j (0.100 g, 0.27 mmol) was added solid

Ph2PNH(C6H4)2NHPPh2 (0.148 g, 0.27 mmol) and the colourless solution stirred
for ca. 2-3 h. The solution was concentrated under reduced pressure to ca. 1
ml and diethyl ether (10 ml) added. The white product was collected by suction
filtration and washed with diethyl ether (2x10 ml). Yield: 0.172 g, 78 %;

Microanalysis: Found (Calcd) C 52.2 (52.8), H 3.9 (3.7), N 3.4 (3.4) %; iH NMR:
8 7.90-6.56 ppm (m, 18 H, aromatic), 3.81 ppm (s, 2 H, NH); 31P-{H} NMR

(CDCls): 46.4 (s) ppm, M^spt-aip) 4145.7 Hz; Selected IR data (KBr): v(NH)
3232 cm1, v(PN) 920 cm1, v(PtCl) 297 and 284 cm1; FAB+MS: m/z 783 [M-CF

], 747 [M-2C1-], 841 [M+Na+], 818 [M],

cis-[PtCl2{Ph2PN(C6H4)(C6H4)NPPh2}] 61. To a dichloromethane (5 ml)
solution of [PtCl2(cod)] (0.068 g, 0.18 mmol) was added solid

Ph2PN(C6H4)(C6H4)NPPh2 (0.100 g, 0.18 mmol) and the colourless solution
stirred for ca. 2-3 h. The solution was concentrated under reduced pressure to

ca. 1 ml and diethyl ether (10 ml) added. The white product was collected by
suction filtration and washed with diethyl ether (2x10 ml). Yield: 0.118 g, 80

%; Microanalysis: Found (Calcd) C 53.0 (53.0), H 3.4 (3.5), N 3.3 (3.4) %; 31P-

{H} NMR (CDC13): 43.3 (s) ppm, ijf^spt-sip) 3854.6 Hz; Selected IR data (KBr):

v(PN) 949 cm-1, v(PtCl) 311 and 291 cm1; FAB+ MS: m/z 781 [M-Cl ], 839

[M+Na+], 816 [Mj.

P,P',C-[PtCl{l,3-C6H4-{CON(PPh2)CH2Ph}2}] 62. To a dichloromethane (5

ml) solution of [PtCl2(cod)] (0.035 g, 0.094 mmol) was added a solution of 1,3-

C6H4-{CON(PPh2)HCH2Ph}2 (0.071 g, 0.10 mmol) in dichloromethane (5 ml) and
the colourless solution stirred for ca. 3 days. The solution was concentrated
under reduced pressure to ca. 2 ml and diethyl ether (20 ml) added. The white

product was collected by suction filtration and washed with diethyl ether
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(2x10 ml). Yield: 75 mg, 85 %; Microanalysis: Found (Calcd) C 58.6 (58.6), H
3.3 (4.0), N 2.8 (3.0) %; 3ip-{H) NMR (CDCls): 67.9 (s) ppm, 1 J(193Pt-3ip) 3079.6

Hz; Selected IR data (KBr): v(CO) 1651 cm1, v(PN) 915 cm1, v(PtCl) 306; FAB+
MS: m/z 942 [M],

[{Pd(C3H5)Cl}2{l,3-C6H4-{CON(PPh2)CH2Ph}2}] 63. To a dichloromethane

(5 ml) solution of [(C3H5)PdCl]2 (0.035 g, 0.09 mmol) was added a solution of

l,3-C6H4-{CON(PPh2)HCH2Ph}2 (0.072 g, 0.10 mmol) in dichloromethane (5 ml)
and the colourless solution stirred for ca. 3 days. The solution was

concentrated under reduced pressure to ca. 2 ml and diethyl ether (20 ml)
added. The white product was collected by suction filtration and washed with

diethyl ether (2x10 ml). Yield: 86 mg, 80 %; Microanalysis: Found (Calcd) C
54.4 (54.7), H 4.2 (4.3), N 2.3 (2.3) %; 31P-{H} NMR (CDCls): 72.5 (s) ppm;

Selected IR data (KBr): v(CO) 1648 cm1, v(PN) 915 cm-1, v(PdCl) 279 cm1;
FAB+ MS: m/z 1043 [M-Cl-].

cis-JPtClzlOPrjaPiqCHzPhJCHaCHalCHzPhjNPfiPrk}] 64. To a

dichloromethane (10 ml) solution of [PtCl2(cod)] (0.195 g, 0.52 mmol) was

added (>Pr)2PN(CH2Ph)CH2CH2(CH2Ph)NP(iPr)2 (0.246 g, 0.52 mmol) in
dichloromethane (5 ml) and the colourless solution stirred for ca. 2-3 h. The
solution was concentrated under reduced pressure to ca. 1 ml and diethyl
ether (10 ml) added. The white product was collected by suction filtration and
washed with diethyl ether (2x10 ml). Yield: 0.315 g, 82 %; 31P-{H} NMR (CDCI3):
86.7 (s) ppm, !J(195Pt-31P) 4106 Hz; Selected IR data (KBr): v(PN) 887 cm1,

v(PtCl) 337 and 326 cm-1; FAB+ MS: m/z 702/3 [M-Cl], 666/8 [M-2C1].

trans-[PtCl2{(2-C6H5-CH3CH)N(PPh2)(CH2Ph)}] 65. To a

dichloromethane (5 ml) solution of [PtCl2(cod)j (0.070 g, 0.18 mmol) was added
a solution of (2-C6H5-CH3CH)N(PPh2)(CH2Ph) (0.142 g, 0.18 mmol) in
dichloromethane (5 ml) and the colourless solution stirred for ca. 2-3 h. The
solution was concentrated under reduced pressure to ca. 1 ml and diethyl
ether (10 ml) added. The white product was collected by suction filtration and
washed with diethyl ether (2x10 ml). Yield: 0.0913 g, 48 %; 31P-{H} NMR

(CDCI3): 68.7 (s) ppm, Upspt-aip) 2849.9 Hz; Selected IR data (KBr): v(PN)
918 cm1, v(PtCl) 339 cm1; FAB+ MS: m/z 986 [M-2C1], 1033 [M+Na+].
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CHAPTER 4 : RHODIUM CATALYSED HYDROFORMYLATION AND

PALLADIUM ALLYLIC ALKYLATION.

4.1.- Introduction.

4.1.1- Rhodium Catalysed Hydroformylation ofAlkenes

The hydroformylation reaction consists of the incorporation of hydrogen
and a carbonyl moieties into the double bond of an alkene catalysed by
transition metal complexes. Hydrogen and carbon monoxide (CO/H2, synthesis

gas) provide the incorporated formyl group to yield aldehydes. By subsequent

hydrogenation of the aldehydes, the usually desired alcohols are obtained and

used in industry as starting materials for plasticizers, surfactants, detergent

alcohols, etc. Therefore, hydroformylation is one of the most important

homogeneous catalytic reactions used in industry.
Two geometrically different products can be obtained from this reaction

(Figure 4.1), the linear (1) and the branched (b) aldehydes. To avoid difficult

separation process, great interest has been focused on an increase in the

regioselectivity of this reaction to obtain either the linear (mainly) or the
branched aldehydes independently. It has been found that the selectivity of
this reaction is affected by several factors such as reaction conditions (solvent,
temperature, pressure, etc.), the substrate itself and the catalytic species

(ligand and metal precursor)1.

R^
CO + H,

transition metal

(catalyst)

O

R

branched (b)

Figure 4.1. Hydroformylation reaction of alkene catalysed by a transition metal.

Wilkinson2"5 discovered that rhodium-hydride complexes containing

triphenylphosphine (TPP) were very active (2.5-9:1) and selective

hydroformylation catalysts under mild conditions. The usual catalyst

precursor is [RhH(PPh3)3CO] (1), which forms, under carbon monoxide and

hydrogen, the monophosphine complexes [RhH(PPh3)(CO)2], and

[RhH(PPh3)2CO] (2) which are believed to be the active species during
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hydroformylation (Figure 4.2). To avoid the formation of [RhH(PPh3)(CO)2]
which is much less selective, a high triphenylphosphine ratio is required so

the process leading to isomerisation is blocked.

(1) (2)

CO CO

Figure 4.2. Wilkinson mechanism for the rhodium catalysed hydroformylation of
alkenes.

The use of diphosphines as ligands in the hydroformylation reaction has

recently become a topic of much interest. This has been due to reports of

greatly improved l:b ratios over those obtained when using monophosphines
as ligands. Those studies were based on the hypothesis that the intermediate

determining the regioselectivity of the hydroformylation reaction was the

complex with two triphenylphosphine ligands in the equatorial plane,2-4.6 thus
a bidentate ligand would favour the bidentate [RhH(CO)L2] (Figure 4.3).

H

00

R|;ns ) Chelate (ee)
CO

Figure 4.3. Effect of the chelation orientation in rhodium complex structure.
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However, the bidentate ligands dppe, dppp and dppb (Figure 4.4) gave

lower selectivities7"9 to the linear isomer because the ligand occupies an

equatorial-axial orientation either in the four or in the five-coordinate1

complex.

/ \ Ph2P /\ /Ph2 Ph2P /\ /\
Ph2P PPh2 V V \/ \/ pp^

dppe dppp dppb

Figure 4.4. Simple bidentate diphenylphosphine ligands.

In 1973, Consiglio achieved the first improved l:b ratios in the rhodium

catalysed hydroformylation reaction using diphosphine ligands such as DIOP

(5-8: l)10 and Hughes and Unruh reported, shortly after, high l:b ratios with

trans-dppm-cyb11 ligand (Figure 4.5).

DIOP trans-dppm-cyb

Figure 4.5. Diphosphine ligands used by Consiglio and Unruh.

A new class of ligands, the 2,2'-bis(phosphinomethyl)-l,l'-biphenyls,
showed very high selectivity for linear aldehydes in the same catalytic reaction.
The best one of this series was 2,2'-bis(diphenylphosphinomethyl)-l,l'-

biphenyl (BISBI)12 (with an l:b ratio of 25.1:1 compared to an l:b ratio of only
2.43:1 when using TPP in much larger excess), although the results were

improved by the use of 2,2'-bis(dibenzophosphinomethyl)-l,l'-biphenyl13

(which could reach an l:b ratio of 288:1) (Figure 4.6).
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Figure 4.6. BISBI and 2,2'-bis(dibenzophosphinomethyl)-l,l'-biphenyl.

Casey and co-workers14 extensively studied the catalytic behaviour of
these ligands and postulated two hypotheses : either complexes with ee

configuration could lead to higher l:b ratios, or wider bite angles allowed a

more effective steric bulk of the diphosphine around the metal leading to a

better selectivity for the linear aldehydes.15 It was theorised that diphosphines
with bite angles of 90° would prefer an ea coordination and would have a

different regioselectivity than diphosphines with bite angles of 120° which
would prefer an ee coordination. Therefore it was suggested that the wide bite

angle may be important in controlling the regioselectivity since molecular
models revealed that the chelate bite angle of BISBI was much greater than

90°. It could be concluded that intermediates in the catalytic reaction with ee

coordinated diphosphine ligands have a higher selectivity for the formation of
the linear aldehyde than intermediates with ligands in ea orientation.

At that stage, the steric and the electronic differences of ee and ea

orientations were investigated to clarify the differences in the l:b ratios.
Molecular mechanics calculations were carried out but did not support steric
reasons for the increase l:b ratio with ee diphosphine coordination.16.18 The
two orientations, ee and ea, were considered electronically different since the
interaction between two phosphorus atoms in ee was believed to be stronger

than the interaction between an equatorial and an axial phosphorus.18 BISBI
and other chelates were modified with electron withdrawing groups to

investigate their behaviour in hydroformylation. They found that: a) an

electron-withdrawing substituent on an equatorial phosphine increased the
linear selectivity of the catalyst whilst a decrease in the l:b ratio was observed
when the substituent was located in the apical position and b) the electron-

withdrawing substituent of the phosphine in the axial position had a greater

(negative) influence on the complex than the ligand in equatorial position
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(positive effect).18b Nevertheless, the regioselectivity is indeed governed by a

complex mix of steric and electronic effects.
A new series of diphosphine ligands based on the xanthene backbone

(Figure 4.7) were synthesised by van Leeuwen and co-workers19 to investigate
the exact effect of the natural bite angle and the flexibility of the ligands on the

regioselectivity of hydroformylation and to correlate it Casey's molecular
mechanics calculations were used. A clear correlation between both the

selectivity and the rate of reaction with the increasing bite angle was found,

except for DBFphos which has too large bite angle (Table 4.1). However, the

subsequent ee:ea values showed no correlation with the natural bite angle,
thus the ee:ea ratio of the catalyst is not a definitive parameter of the

regioselectivity but the increase in the bite angle leads to greater steric

congestion in the active site of the catalyst and hence favours the linear

product.

PPh, PPhj
Xantphos (29) DBFphos (30)

Figure 4.7. Xantphos type ligands.
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Ligand Bite

angle/
Pn

Flexibility
range/0

1 : b %1-

aldehyde

%

isom

Ratio

ee:ea

Tof

DPEphos 102.2 86-120 6.7 87.0 0 - 250

Sixantphos 108.7 93-132 34 94.2 3 6:4 168

Thixantphos 109.4 94-130 41 93.0 4.7 7:3 445

Xantphos 111.7 97-135 53.5 97.7 0.5 7:3 800

DBFphos 131.1 117-147 3 71 5.5 - 125

BISBI 122.6 101-148 80.5 89.6 9.3 100:0 850

Table 4.1. Hydroformylation of 1-octene at 80 °C.

As a continuation of the studies of the electronic effect of the ligand on

the l:b ratio of rhodium catalysed hydroformylation, van Leeuwen studied a

series of the thixantphos ligands varying their basicity and found that the
ee:ea ratio increased as the basicity of the ligand was reduced.

4.1.2- Rationalization of steric and electronic effects in catalytic reactions.

It was in the 1970's when, for the first time, the importance of both
steric and electronic parameters of phosphorus ligands were considered

together in catalytic reactions.20
Tolman showed that the steric bulk of the substituents on the

phosphorus atoms could dramatically affect the properties of the transition
metal complexes and, furthermore, an electronic parameter i was defined as

the overall effect of the electron donating and electron withdrawing (71-back

bonding) properties of the phosphorus ligand. A low 1 value corresponds to a

phosphorus ligand with strong a-donor and weak 7r-acceptor properties and
viceversa (Figure 4.8).
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P M C O M C O

strong phosphorus 7t-acceptor. weak phosphorus 7i-acceptor.
weak phosphorus a-donnor strong phosphorus a-donnorstrong phosphorus a-donnor

Low x valueHigh x value

Figure 4.8. Tolman's electronic parameter, %, based on backbonding between the

phosphorus ligand, the metal centre and the carbonyl ligand.

Tolman's steric parameter is known as the ligand cone angle 9 which is,
for symmetrical phosphines, the apex angle of a cylindrical cone centred at

2.28 A from the P atom and touching the van der Waals radii of the outermost

atoms of the ligand, and for unsymmetrical phosphine ligands, is the average

of the different substituents (Figure 4.9).

Other steric parameters such as solid angle fi,21 pocket angle,22 and
molecular mechanics calculations23 were used.

For bidentate phosphines, Casey and co-workers and van Leeuwen's

group, developed a simple method to determine the steric effects of bidentate

phosphine ligands complexed to a metal centre. In this model, the four
substituents and the backbone rigidity of the two phosphorus centres,

determine the steric properties and the flexibility of diphosphine ligands. In

consequence, a ligand will adopt a particular geometry/angle in a complex

Figure 4.9. Tolman's cone angle 6
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(Figure 4.10). In this way, a diphosphine with bite angle of 90° will prefer an

apical-equatorial (ae) coordination in a trigonal bipyramidal structure (TBP)
and will stabilise a square planar complex as well. However, for a tetrahedral

complex and for a bisequatorial (ee) coordination in the TBP structure, bite

angles of 109° and 120° would be respectively preferred (Figure 4.10).

ee ea

Figure 4.10. The equatorial-equatorial (ee) and equatorial-apical (ea)
coordination modes in a TBP structure.

There was great interest in ligands which would be predisposed to give
ee geometry, thus it was important to calculate a ligand's preferred bite angle

and, to do it, Casey and co-workers introduced two parameters: a)the "natural
bite angle" and b) the flexibility range, which are determined by the ligand
backbone and the phosphorus substituents only, being independent of any

electronic preferences of the metal (Figure 4.11).

Figure 4.11. The bite angle f3n of bidentate phosphorus ligands, and an example

of a potential energy diagram for the determination of the flexibility range.

In general, ligands which favour ee coordination (bite angles from 100-

120°) give higher linear selectivities in rhodium catalysed hydroformylation
reactions of terminal alkenes.
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4.1.3- Palladium Catalysed Allylic Alkylation Reaction.

The allylic alkylation reaction of alkenes consists of a nucleophilic
substitution reaction where an OR group is replaced by a nucleophile and
thus the formation of a C-C or C-X (X=H or heteroatom) bond is involved

(Figure 4.12).24"29 This reaction is catalysed by transition metal complexes
such as those derived from nickel, palladium, platinum, rhodium, iron,

ruthenium, molybdenum and tungsten.30

If the starting allylic acetate is unsymmetrical there are two possible

products that can be obtained from the catalytic reaction, the linear (1) and the
branched (b) isomers. Therefore, although it is a useful tool in synthetic

organic chemistry,3143 total control of the stereoselectivity and regioselectivity
is required for most of its applications. There are two types of allylic

alkylations which differ in the nature of the nucleophile used. If a "hard"

nucleophile is used, the reaction proceeds by attachment of the nucleophile to

the metal followed by reductive elimination. However, if "soft" nucleophiles are

involved in the substitution reaction, bond breaking and making steps occur

outside the coordination sphere of the metal.31.44
The catalytic reaction can be performed on symmetrically or

nonsymmetrically bisubstituted allylic substrates. Much attention has been
focused on the enantioselective alkylation of symmetrically disubstituted allyl
moieties (such as cyclohexenyl acetate)31"43 with whom high
enantioselectivities can be obtained and a wide range of ligands can be

employed (from monodentate phosphorus ligands to bidentate phosphorus,35-36

nitrogen37-38 or mixed bidentate P-N, P-S, or phosphine-phosphite ligands39-43).
However the regioselectivity of the reaction with other type of substrates has
been studied less extensively.30-45-60 The regiocontrol is required prior to
enantiocontrol when nonsymmetrically bisubstituted substrates are used
because two different regioisomers can be produced (E and Z) (Figure 4.13).

+ Nu
catalyst

Nu + x

Figure 4.12. Allylic alkylation of alkenes.
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Figure 4.13. regioselectivity in the allylic alkylation of nonsymmetrically
bisubstituted substrates.

Palladium metal complexes are the most widely used metal based

complexes for the catalysis of this reaction and it has been found that they
favour the formation of the linear products over the branched when mono-

substituted terminal allylic acetates are used.31-45-48

However, when bidentate P-N ligands are involved in the formation of
the active catalyst or catalysts based on other metals are present, a high

regioselectivity for the chiral branched product could be reached, although the
rate of the reaction is much lower for metals other than palladium.30'49-57

There are many studies on enantioselective allylic alkylation, whereas
its regioselectivity has been investigated less extensively. It has been found
that an important factor in the regioselectivity of the reaction is the geometry

of the double bond (E or Z allylic substrate),58-59 in a way that an (E)-substrate
will form an allylic complex with syn geometry when reacting with Pd(ligand)
catalyst which mainly yields the linear (E) product and a (Z) substrate will
form the analogue anti complex which results in the formation of the linear (Z)
and the branched products58 (Figure 4.13).

Following studies on the effect on regioselectivity, it was found that a

large bite angle leads to a low syn/anti isomerisation ratio and an increased

regioselectivity for the branched product as a result of increased steric

interactions,60 confirming that the size of the ligands has an effect on the

regioselectivity of the palladium catalysed allylic alkylation.61-63

+

1 3

■*- linear (E)
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RESULTS AND DISCUSSIONS

4.2.- Rhodium Catalysed Hydroformylation of Alkenes.

We decided to study the effect of different ligands on the regioselectivity
of rhodium catalysed hydroformylation of alkenes. Since the objective was not

the optimisation of this reaction, we have kept standard reaction conditions
such as solvent (toluene), temperature (100° C), pressure (20 bar of 1:1

CO/H2), substrate (hexane or octene) and metal precursor (Rh(CO)2(acac),

approximately in the same ratio Rh/L, 1:2.3 or 1:3).
Two different instrumentation systems were available for the

performance of this catalytic reaction, ie : the Batch Autoclaves and the CATS

test unit. In the Experimental Section of this Chapter, the different

components and experimental procedure for the use of each of them is
described.

As is described in Chapter 2, our first objective was the study of the
effect of different R2PCI in the synthesis, coordination chemistry and in the

catalytic activity of the resulting ligands which had the same diamine
backbone (homopiperazine, HN(C3H6)(C2H4)NH). In consequence, we studied,
in the first instance, the catalytic activity of the bis(aminophosphines) 13, 14
and 17 in the rhodium catalysed hydroformylation of hex-l-ene. The results
obtained are shown in Table 4.2 and Figure 4.14.

Ligand Time

(h)

Conversion Selectivity to
aldehyde %

l:b Initial Rate (mol dm 3 s-1)

14 2.5 76.0 64.0 3.7 7.7xl0-4

13 24 100 80.2 1.3 8.6x10-5

17 1 98.9 95.5 1.2 2.5x10-3

14 = (C6H402)PN(C2H4)(C3H6)NP(C6H402), 13 = Ph2PN(C2H4)(C3H6)NPPh2, 17 =

<Pr2PN(C2H4)(C3H6)NPPr2

Tabic 4.2. Hydroformylation of hex 1 cne catalysed by rhodium complexes of the
bidentate phosphines 14, 13 and 17 with CATS test unit at 100°C and 20 bar

CO/H2 (1:1).
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Time / s

Figure 4.14. Kinetics ofhex-l-ene hydroformylation with bidentate phosphine
ligands, upper trace ligand 17, middle trance 14, lower trace 13.

The initial rate of hydroformylation does not correlate with either the
steric or electronic properties of the ligands, varyng in the order 17>14>13
with 17 giving a rate 50x that of 14. Both complexes derived from ligand 13
and 17 show first order reactions leading to complete conversion to products,

suggesting that the P-N bond is stable under the reaction conditions. 14 on

the other hand gives relatively low conversion and selectivity to aldehyde
before the reaction stops. This is a result of catalyst decomposition (brown

precipitate formed) and the presence of 1,2-dihydroxybenzene in the product

suggest the P-O bonds are hydrolytically unstable. Water can be produced in
these reactions from aldol condensation of the aldehyde product. The linear

selectivity of these catalyst is, at best modest, but better for 14. It appears

that 14 is acting like other phosphite ligands, which often give higher l:b ratios
and more isomerisation than phosphines.

We also tested the activity of ligands 47, 37, 41 and 43 in rhodium

catalysed hydroformylation of oct-l-ene at 100°C and 20 bar of pressure (1:1,

CO/H2) using the Batch Autoclaves. In this case, all the ligands used, have the
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same R2 group on the phosphorus centres (PI12PCI was used as a phosphine

starting material for the synthesis of the four ligands, 47, 37, 41 and 43) and
contain different diamine backbones. The results obtained are shown in Table

4.3.

ligand
Time

(h)
Conversion

(%)
Selectivity to
aldehyde (%)

l:b

l,3-C6H4{CON(PPha)CH2Ph}2 47 17 70.2 74.9 0.9:1

Ph2PNH(CioH6)2NHPPh2 37 5 94.9 89.4 0.9:1

Ph2PNH(C10H6)NHPPh2 41 20 72.6 68.2 2.6:1

Ph2PCH2NH(C6H4)NHCH2PPh2 43 22 93.7 77.0 2.6:1

Table 4.3. Hydroformylation of oct-1 enc catalysed by rhodium complexes of the
bidentate phosphines 47, 37, 41 and 43 with Batch Autoclaves at 100°C and

20 bar CO/H2 (1:1).

Kinetic studies were not performed since there was not such an

equipment to detect the gas uptake during the course of the reaction (see

Experimental Section of this Chapter for the function of Batch Autoclaves).
However, one can see that ligand 37 reached the highest percentage
conversion in the shortest period of time. It seems that ligands 47 and 41 are

much slower and ligand 43 gave a good percentage conversion but it was

achieved after a very long period of time. Ligands 41 and 43 favoured the
formation of the linear aldehyde product over the branched much more than

ligands 47 and 37, in which case, the level of branched product formed is

higher than for the linear product.

However, high levels of isomerisation products and dark brown
solutions were obtained after the reaction had been stopped, suggesting a

possible decomposition of the ligand during the process of the reaction, in
which case the reaction could have been catalysed by unmodified rhodium

species. Nevertheless, the results were not conclusive since we tested the

activity of ligands 14 and 13 in the same conditions and the results obtained

were inconsistent with the data from the previous studies when the CATS test

unit was used. Lower l:b ratios and higher isomerisation percentages were

obtained when using the Batch Autoclaves. Accurate reaction temperature,

good stirring of the reaction mixture and injection of the substrate at the time
when all the reaction conditions are set up are important factors that can
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affect the mechanism of the reaction and are all better when using the CATS
test unit instead of the Batch Autoclaves.

Therefore, we attempted the reaction, in the same conditions (100°C
and 20 bar CO/H2, 1:1), for most of the ligands with the CATS test unit and

using oct-l-ene as a substrate. The results are shown in Table 4.4.

Cpd Formula run
Time

(h)

Conv

%
Selectivity to
aldehyde %

l:b

50 (2-C6H5-CH3CH)N(PPh2)(CH2Ph)
1 2.8 100 23.1 0.7 1

2 8.3 100 72.4 0.6 1

48
Ph2PN(CH2Ph)CH2CH2(CH2Ph)N

PPh2

1 1.9 11.6 46.6 2.6 1

2 22.2 100 79.8 1.9 1

49 iPr2PN(CH2Ph)CH2CH2(CH2Ph)NP
'Pr2

1,2 5 100 78.4 1.2:1

13 Ph2PN(C2H4)(C3H6)NPPh2 1,2 6.9 98.5 92.5 1.7:1

14 (C6H402) PN(C2H4)(C3H6) NP(C6H4
o2)

1,2 4.2 96.5 17.7 1.5:1

15
(2,2-MeC3H402-

1,3)PN(C2H4)(C3H6)NP(2,2-
MeC3H402-l,3)

1,2 2.8 99.6 87.2 1:1

18
(3,5-'Bu2C6H402-

l,2)PN(C2H4)(C3H6)NO(3,5-
tBu2C6H402-1,2)

1,2 3.9 97.4 23.1 1.2:1

17 iPr2PN(C2H4)(C3H6)NPiPr2 1,2 0.4 100 94.9 1.3:1

45 Ph2PN(C6H4)(C6H4)NPPh2 1,2 0.9 100 80.2 2.5:1

46 N, N', N ", N (PPh2) 4 -cyclam 1,2 16.7 100 98.2 1:1

47 1,3-C6H4-{CON(PPh2)CH2Phj2 1,2 2.9 98.2 28.9 1.6 1

39 PhoPNH(C6H4)2NHPPh2
1 6.9 100 80.7 2.3 1

2 13.9 100 98.1 0.6 1

40 iPr2PNH(C6H4)2NHPPr2 1,2 0.8 100 93.1 1.7 1

38 Ph2PNH(C10H6)(C6H4)NHPPh2 1,2 13.9 100 86.1 2.3 1

37 Ph2PNH(C,0H6)2NHPPh2 1,2 13.9 100 94.5 1.8 1

Tabic 1.4. Plydroformylation ofoct 1 cnc catalysed by rhodium complexes of SO,

48, 49, 15, 18, 45, 46, 47, 39, 40, 38, 37, 14, 13 and 17 with CATS test unit

at 100°C and 20 bar CO/H2 (1:1).

As can be observed from the results, the ligands give poor

hydroformylation results in general since the l:b ratios show that the linear

aldehyde is not very much favoured when using our bis(aminophosphine)

ligands compared with literature studies on rhodium hydroformylation of
alkenes using P-C ligands. However, it is interesting to analyse these results
since unexpected features have been found and could help for future studies.
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When discussing our results, it is relevant to take into account several
factors such as colour of the final reaction solutions, amount of isomerisation

products obtained and the gas uptake during the course of the reaction. The
reason for that lies in the fact that we have done a screening of the selectivity
of several ligands and therefore no high pressure NMR or IR spectroscopy has
been performed, which could help to clarify the steps in the mechanism of this

reaction, and thus we use the available information.

When considering the different R2 groups (R2P-), 'P^PCl form ligands

(49, 17 and 40) which give faster reaction than ligands with diphenyl groups

(R2=Ph2) on the phosphorus centres (48, 13 and 39) or phosphites (14, 15 and

18) with the same diamine backbone. It is interesting to mention that these

isopropyl group containing ligands give very pale yellow and clear solutions
after the reaction is finished and the reaction seems to be cleaner since the

amount of isomerisation products is much lower. The curve of gas uptake vs

time, for these ligands, takes the characteristic shape (single exponential

decay) for hydroformylation of terminal alkenes. Its isomerisation to internal
alkenes followed by the hydroformylation also occurs (Figure 4.15, which
shows an example of the multiple isomerisation and internal alkene

hydroformylation processes that can occur), a double exponential decay with a

slower second phase of gas uptake occurs. An example of the mentioned gas

uptake vs time curve is shown in Figure 4.16. In this instance the ligands
seem to form stable complexes with rhodium and act as active catalysts in

hydroformylation of alkenes.

+ CO + H,

M ' D. + CO + H,Me R

linear

SCHO aldehyde

R'

CHO

CHO —J

branched

aldehydes

Figure 4.15. Simple scheme ofpossible present isomerisation and

hydrformylation processes in the rhodium catalysed hydroformylation of
terminal alkenes.
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Time (s)

Figure 4.16. Graphic ofgas uptake vs time for ligand 40 in rhodium catalysed

hydroformylation of alkenes.

However, these ligands appear to be less selective since there is less

production of the linear aldehyde and more of branched aldehyde and thus l:b
ratio is poorer than for phosphines containing R2=Pb.2 groups or phosphites.

Phosphites (14, 15 and 18) seem to give, in general, similar reactions
than phosphines with R2=Ph2 (13) groups. However, the best selectivity to

linear aldehydes is obtained when using bis(aminophosphines) with R2=Ph2

groups. The final reaction solutions are brown and there are high percentages
of isomerisation products when the reaction is completed. This is more

obvious in phosphites 14 and 18 which give almost 80% of isomerisation

products from oct-1 -ene and some aldehydes from internal alkenes in the final
reaction solution. The curve of gas uptake vs time is consistent with this

result, showing a slow and long period at the end of the reaction that can be

identify with the hydroformylation of internal alkenes. All those factores

suggest a possible decomposition process of the ligand and therefore
unmodified rhodium species could have been the catalyst for the

hydroformylation reaction of oct-1-ene in these cases. It is known that

unmodified rhodium catalyst shows low activity, low stability and high
isomerisation activity. An example of the curve of gas uptake vs time is shown
in Figure 4.17.
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Figure 4.17. Graphic ofgas uptake vs time for ligand 18 in rhodium catalysed

hydroformylation ofalkenes.

Ligand 18 is structurally very similar to ligand 14 and was designed
with the aim of protecting the P-0 bonds with the extra tert-butyl groups on

the aromatic ring of the phosphine since the initial catalytic studies had
shown possible decomposition of the ligand during the catalytic process.

Ligand 15 was synthesised since the six-membered ring containing phosphine
could confer more stability than the five-membered O-P-O ring in 14 and 18.

Unfortunately 18 and 15 have shown as poor results as 14 in rhodium

catalysed hydroformylation of terminal alkenes.

We can collect the ligands into six different groups depending on the
diamine backbone present in the compound : a) monoaminophosphine ligands

(50), b) bis(aminophosphines) containing an alkyl diamine backbone (48 and

49), c) bis(aminophosphine) ligands containing homopiperazine as a diamine
backbone (13, 14, 15, 18 and 17), d) bis(aminophosphines) containing a

different cyclic diamine backbone (45), e) ligands with an aromatic backbone

(47, 39, 40, 38 and 37) and f) tetra(aminophosphines) (46). We consider this
as an important classification since the diamine structure will be the main

factor determining the natural bite angle of the ligand which has been found

strongly to affect the selectivity of the reaction. Therefore we now select the

phosphine ligands which have a constant group such as PI12 (50 in group

(a), 48 in group (b), 13 in group (c), 45 in group (d), 47, 39, 38 and 37 in

group (e) and 46 in group (f)) for our discussion.
All the final solutions are brown and there is a high level of

isomerisation products present when the reaction reaches completion.
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Although all of them give isomerisation products from oct-l-ene, 48 (which
contains a linear diamine backbone), 45 (which has a cyclic backbone) and 39
and 38 (which contain an aromatic diamine backbone) do not produce

aldehydes from internal alkenes and thus they give higher selectivity to linear

aldehydes over the branched products. Ligand 45 gives the highest l:b ratio

(2.5:1) followed by ligands 39 and 38 with l:b=2.3:l, which behave in a very

similar way as expected due to the very similar ligand backbone that they
share. Ligand 37 gives lower selectivity than 39 and 38 although it has a very

similar backbone. However, 37 could behave differently from 39 and 38
because the four aromatic rings present in its backbone do not have as much
freedom to rotate as in the case of the aromatic rings of 39 and 38.

The homopiperazine derivative 13 gives lower l:b ratios than ligands
with linear or aromatic diamine backbones and monophosphine 50 gives the
lowest l:b ratio. On the other hand, bisphosphine 45 which contains a

backbone with both features, cyclic and aromatic, seems to be the fastest

ligand to complete the reaction, followed by ligands with cyclic backbone (13),

monophosphine 50 or aromatic backbones (47, 39, 38 and 39). The slowest
reaction is performed in the presence of 48, which contains a linear backbone.

The tetra(aminophosphine) 46, showed an induction period of 0.6 hours
and after that, the graph of gas uptake vs time could be fitted to a double

exponential curve with the typical shape of hydroformylation of terminal
alkenes in the first part, and hydroformylation of internal alkenes in the
second part (which is slower and has a much smaller slope). The final solution

was, again, dark brown and the selectivity to linear aldehyde product was very

poor, with a l:b=l:l.
It is of relevance to mention the fact that several of the ligands used

show long induction periods before the reaction starts and/or little gas uptake

during the progress of the reaction. These could indicate, once more, that, in
these cases, the initial rhodium complex with the ligand is not active and that
it is transformed somehow into other more active species which could be
either unmodified rhodium complexes or monodentate complexes which

catalyse the reaction giving low l:b ratios and high amounts of isomerised

products. An example of the gas uptake plot when using a ligand which gives

very long induction period of time is shown in Figure 4.18.
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5 10 15 20

Time (s xlO* )

Figure 4.18. Graphic ofgas uptake vs time for ligand 39 in rhodium catalysed

hydroformylation of alkenes.

All the experiments were performed twice and they showed consistent
results with the exception of ligand 39, which gave very different behaviour in
the second run when compared to the first run. The first attempt with ligand
39 gave lower selectivity to aldehydes but much better l:b ratio because the
conversion to aldehyde products from internal alkenes was much lower than
in the second run. The same stock solution of catalyst and ligand was used for
both runs, which were carried out 7 h apart. By preparing a fresh solution of

ligand 39 with rhodium in toluene under the same conditions as the solution
for the reaction testing, we used NMR studies to monitor the stability of the

complexes formed with time. Surprisingly it appears that no Rh complexes
were present in solution after 1 h 30 min or 24 h. 31P ^H} NMR revealed the

presence of a single peak at 8(P) 30 ppm which could be the free ligand which

appears as a singlet at 8(P) 29.2 ppm. However, considering that the catalytic
reaction is performed at 100°C, the complex could still be formed inside the
autoclave and thus the absence of it in the initial solution is not a conclusive

result. Nevertheless, it is surprising that we have not observed the
characteristic doublet of a rhodium complex in the 31P ^H} NMR since ligand
39 seems to complex other metals such as Pt(II) very easily (see Chapter 3).
These studies did not rationalise the very different gas uptake plots obtained
with fresh or aged solutions.

We have already mentioned the possibility of ligand decomposition

process occuring during the course of the catalytic reaction. This could have
been caused by different mechanisms :
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a) The high temperatures used during the hydroformylation. But this is

easily rejected since those ligands have been exposed to even higher

temperatures (110-120°C) for the formation of their diselenides and have

given satisfactory results (see Chapter 2 and 3).

b) Decomposition of the ligands by reaction with the products obtained
from the hydroformylation such as aldehydes. In an attempt to clarify this

point we have performed a simple test experiment consisting of preparing
the initial solution containing the same amounts of ligand and rhodium
metal precursor (lxlO5 mol [Rh(CO)2(acac)], 3xl05 mol

Ph2PNH(C6H4)2NHPPh.2) in toluene and under inert atmosphere. This
solution was heated at 110°C and two samples of it were analysed by 31P

{x H} NMR, one without the presence of aldehydes and the other after have
added the aldehyde species (1 ml 1-heptanal). The 31P ^H} NMR revealed
the presence of a single peak at 5(P) 29.9 ppm when the solution

containing metal precursor and ligands had been refluxing at 110° C for
half an hour, which is in the same position as the signal corresponding to

the free ligand. However, two samples from the reaction mixture

containing metal precursor, ligand and aldehyde were analysed by 31P ^H}
NMR and it was shown that, the phosphorus containing species present

give, after 1 h, 5 h or 24 h of refluxing in toluene, a singlet at 5(P) 33.7

ppm in both cases, a downfield shift of almost 4 ppm from the free ligand

signal. Therefore, there has been a modification of the species caused by
the presence of the aldehyde, suggesting that a reaction may occur

between the ligand and the aldehyde under the reaction conditions.

We have observed that ligand 50 showed an interesting activity as

catalyst. Apparently, total conversion of oct-l-ene is achieved after 2.8 h with
the production of almost 80% of isomerised alkenes, more than 10% of

branched aldehydes and just a 10% of linear aldehydes. It was interesting to

observe that after 8 h, the percentage of isomerisation alkenes has been
reduced to c.a. 30% and the resting 50% had been converted into some

branched aldehydes, as expected, and into linear aldehydes (27% of 1-nonanal
in total) perhaps suggesting that the catalyst derived from this ligand can give
linear aldehydes from internal alkenes. Such a selectivity is unusual in
rhodium catalysed hydroformylation. Therefore, under otherwise identical

conditions, oct-2-ene (1 ml) was used as a substrate to clarify if the ligand
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could hydroformylate an internal alkene and give linear aldehydes as

products. The results of this experiment are shown in Table 4.5.

Cpd Formula
Time

(h)
Conv

%
Selectivity to
aldehyde %

b:l

50 (2-C6H5-CH3CH)N(PPh2)(CH2Ph) 6.8 88.1 82.3 7.2:1

Table 4.5. Hydroformylation of oct-2-ene catalysed by rhodium complex of 50
with CATS test unit at 100°C and 20 bar CO/(1:1).

Surprisingly, and although the colour of the final solution was dark

brown, the plot gas uptake vs time reveals that no induction period occured
and the shape of the curve demonstrates unexpectely a double exponential

decay. Total conversion was not achieved and a high percentage of isomerised
substrate products is present (15.7%). Branched aldehyde products are

formed in 63.6%. However, although linear aldehyde products are formed, it
was in a small percentage, 9%.

Since the results need further studies to be conclusive, the data from

the kinetic studies (Table 4.6) has to be interpreted carefully because, if it was

the decomposition of the ligand which was taking place in the catalytic

reactions, the activity of our bis(aminophosphines) could not be the subject of
our studies.

The curve of gas uptake vs time for the hydroformylation reaction with
our ligands, follows the kinetics of a double exponential decay (y = Ko+Ki e(-

k2t)+K3 e(-k4t)) or a single exponential decay (y = Ko+Ki efk21)) depending on the

ligand used. The rate constants for the reactions performed are k2 and k4 in
the first case and k2 in the latter. Usually, when the gas uptake vs time plot
fits a double exponential decay, we assume the first rate constant (k2) to

correspond to the hydroformylation of terminal alkenes, and the second
constant (k4) representing the hydroformylation of internal alkenes which has
been found to be slower.
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Cpd Formula Timc(h) l:b k2 k4

50 (2-C6H5-CH3CH)N(PPh2)(CH2Ph)
Oct-1 -ene 2.8 0.7 2.09x10-' 1.76x10""
Oct-2-ene 6.8 0.14 4.20x10"" 1.15x10"

48 Ph2PN(CH2Ph)CH2CH2(CH2Ph)NPPh2 22.2 1.9 7.52xl0"5 -

49 'Pr2PN(CH2Ph)CH2CH2(CH2Ph)NP'Pr2 5 1.2 1.34x10"' 2.1x10""
13 Ph2PN(C2H4)(C3H6)NPPh2 6.9 1.7 2.98x10"' 3.43x10""
14 (C6H402)PN(C2H4)(C3H6)NP(C6H402) 4.2 1.5 2.62x10"' 2.10x10"

15

(2,2-MeC3H402-l,3)PN(C2H4)(C3H6)NP(2,2-
MeC3H402-l,3)

2.8 1 2.51x10" 2.50x10"

18

(3,5 -'BmCglhCh-1,2)PN(C2H4)(C3H6)NO(3,5-
tBu2C6H402-l,2)

3.9 1.2 1.81x10"' 2.50x10""

17 1Pr2PN(C2H4)(C3H6)NPIPr2 0.4 1.3 3.11x10"' -

45 Ph2PN(C6H4)(C6H4)NPPh2 0.9 2.5 2.45x10"' -

46 N,N',N",N"'-(PPh2)4-cyclam 16.7 1 9.97x10" 9.14x10"'
39 Ph2PNH(C6H4)2NHPPh2 6.9 2.3 3.23x10" -

40 1Pr2PNH(C6H4)2NHP'Pr2 0.8 1.7 2.43x10"' -

38 Ph2PNH(C10H6)(C6H4)NHPPli2 13.9 2.3 1.36x10" -

37 Ph2PNH(Ci 0H5)2NHPPh2 13.9 1.8 5.95x10" 1.3x10""

Tabla 4.6. Kinetics studies of rhodium catalysed hydroformylation ofoct-l-ene
with P-N bond containing ligands

From the kinetics results we observe that mono- or

tetra(aminophosphines) give slower hydroformylation of terminal alkenes than

bis(aminophosphines) containing cyclic or cyclic and aromatic backbone, but
faster reaction than bis(aminophosphines) with either aromatic or linear
diamine backbone. From the latter, bis(aminophosphines) which contain both

cyclic and aromatic backbones give faster reaction than ligands with cyclic or

just aromatic backbones, or than linear backbone containing ligands. As was

observed previously, isopropyl groups on the phosphorus centres give higher
reaction rates than diphenylphosphines or phosphites. If the substrate used is
a terminal alkene such as oct-l-ene, the reaction is faster than when internal

substrates such as oct-2-ene are used.

P-N bond containing ligands have been extensively studied in the
literature (see Chapter 1) and they have been used as catalysts in several
reactions.6477 However, only few studies have been reported where

aminophosphine ligands similar to our compounds, have been involved in

hydroformylation reactions of terminal alkenes using rhodium as the metal

precursor.

Wills and co-workers78 studied ESPHOS (Figure 4.19) in the

hydroformylation of vinyl acetate and styrene and although somewhat
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sensitive to decomposition by hydrolysis or alcoholysis, the heterocycle is
stable to the neutral conditions used in hydroformylation reactions. They
found that ESPHOS gave 98.9% conversion after 5 h with a b:l= 94.5:5.5 and

an aldehyde ee of 89(S) % at 60°C and 8 bar of gas pressure. Probably, the
stabilisation of the nitrogen centres by the ring chelation confers extra

protection on the P-N bond and thus avoids the ligand decomposition process.

Figure 4.19. ESPHOS Ligand.

Mortreux et al,79 reported the preparation of new bidentate phosphines

containing P-N and P-0 bonds which are electron deficient ligands, and their
use in hydroformylation of styrene with rhodium metal precursor. These

ligands could be structurally comparable with some of our ligands (Figure

4.20) since they have linear ligand backbones and also, the presence of P-0
bonds characteristic of our phosphites. They used styrene instead of terminal
alkenes as substrates for the catalytic reaction and they obtained, generally,

high chemoselectivity and good to high regioselectivity in favour of the

branched aldehyde at 12 bar gas pressure and 40-80°C of temperature, no

decomposition of the ligands is mentioned in any case.

Figure 4.20. Electron deficient aminophosphite-phosphite used in asymmetric

hydrformylation ofstyrene.
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Although BDPAP (Figure 4.21) provides good enantioselectivity in

asymmetric hydrogenation of a-acylaminoacrylic acids and esters, it failed in
the hydroformylation of styrene,80 although good i/n= 98:1 was obtained, and
terminal alkenes (l:b=1.8:l, this work).

Figure 4.21. BDPAP ligand.

When comparing our results with literature studies, the instability of
our ligands is very surprising since, van Leeuwen et al81 reported the synthesis
of a diphosphoramidite with very similar structural features to some of our

ligands e.g. 48 and 49 which have benzyl groups in place of the 'Pr groups and
different groups on the phosphorus centres (Ph and 'Pr instead of O-O groups)

(Figure 4.22), and they found this ligand to give excellent selectivity for the
linear product aldehyde (91%) in the rhodium catalysed hydroformylation of

oct-l-ene at 20 bar gas pressure and 80°C. Perhaps small changes in the
structure are important in determining the stability of the catalyst.

Figure 4.22. van Leeuwen phosphoramidite for rhodium catalysed

hydroformylation of oct-l-ene.

P-C bond containing ligands have been even much more extensively
studied than P-N analogues and there are many reports on their catalytic

properties in the literature. By structural analogy we mention ligands such as

BISBI, NAPHOS, BDNA, dppb, PAnP and Ph3P (Figure 4.2).
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Figure 4.23. P-C bond, containing ligands, structural analogous ofsome P-N bond

containing ligands studied.

BDNA82 and PAnP83 have not been used, so far, in hydroformylation of
alkenes and thus there are no studies to compare the difference in activity
between P-C and P-N bond containing ligands with this characteristic
structure. Although NAPHOS gives good results in the hydroformalytation of

styrene (i:n=96:l),80 it has not been used in hydroformylation of terminal
alkenes.

Although the regioselectivity of the catalyst system can be up to 92% for
the linear product in hydroformylation of alkenes when using TPP,1 the l:b
ratio for dppb84 was 1.2:1, much lower than for TPP. The results were very

much improved when performing the hydroformylation of hex-l-ene with
BISBI1 ligand giving an l:b=66.5:l.

As we have described, hydroformylation of alkenes is one catalytic
reaction where many factors are involved. Our studies have focussed on

screening P-N bond containing ligands with very different electronic and steric

properties. The rationalization of our results becomes complicated when trying
to compare the data obtained from our experiments with the existing literature
studies since there are always slight variations of either the reaction

conditions, the substrate used or even the structure of the ligands employed.
To the best of our interpretation, we would like to conclude that, although the
P-N bond containing ligands studied in this project have not given satisfactory
results in rhodium catalysed hydroformylation of terminal alkenes at 100°C of

temperature and 20 bar of gas (CO/H2, 1:1) pressure, many modifications
could be applied to the study of this reaction using our ligands and different
results may be obtained under different reaction conditions. The use of

styrene as a substrate, lower temperatures and different synthesis gas mixture
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are some suggested variations that could be studied. Furthermore, the use of

techniques such as high pressure NMR and IR will definitely clarify many

unsolved questions remaining in this study. It would also be interesting to use

the mono-, bis- and tetra(aminophosphines) that we have synthesised in other

catalytic reactions such as asymmetric hydrogenation (if there is a resolved
chiral centre in the ligand) or even in different catalytic reactions with other
metal precursors different from rhodium. However, we would like to point that,
from the results obtained, it seems that electronic factors are playing a very

important role in the mechanism of rhodium catalysed hydroformylation of
terminal alkenes since the presence of the nitrogen centres when compared to

P-C bond containing ligands has a dramatic effect and lowers the selectivity to

the linear aldehyde products.

4.3.- Palladium catalysed allylic alkylation

In recent years, palladium catalysed allylic alkylation, especially the

asymmetric version, has been transformed from a reaction that is carried out

in university laboratories to a viable reaction for industrial fine chemical

synthesis. However, if the reaction is to be used on a large scale, it is

important to design ligands (whether they are chiral or not) that give the most

efficient catalysts.
To this end, our experiments were designed to discover what type of

phosphine (electron rich, such as 'Pr2P substituted diphosphines; or electron

poor, such as (C&H402)P substituted diphosphines or with intermediate
electronic properties such as PI12P substituted diphosphines) gives the most

reactive catalyst (see Chapter 2 for electronic properties studies on these

ligands). There are several ways in which ligand stereo-electronic properties
can affect the rate of this reaction. We felt it was conceivable that a bulky,
electron rich trans labilising ligand could speed up the rate of nucleophillic
attack (and oxidative addition). It has been shown that in complexes of

unsymmetrical ligands, nucleophillic attack proceed trans to the more strongly
trans labilising ligand. Alternatively, electron poor phosphines could make the

palladium centre more electrophillic and therefore speed up the reaction in
this way.

The model substrate chosen is unsymmetrical as there are two possible

regioisomers that can be formed. It was of interest to determine as well if the
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type of diphosphine has an effect on the regioselectivity of the reaction to aid
future ligand design.

For our experiments, [(C3Hs)PdCl]2 was chosen as the catalyst

precursor, the substrate was the nonsymmetrycal cinnamyl acetate and the

nucleophile was NaCH(C02Me)2 (Figure 4.24).

[(C3H5)PdCI]2
Ph' ^OAc + Na CH(C02Me)2

Ligand (P2)
+ NaOAc

CH(C02Me)2

Ph

branched

Figure 4.24. Palladium allylic alkylation of cinnamyl acetate.

We have studied, the effect of different phosphines (R2PNANPR2, with

varying R2 groups, Figure 4.25) on the rate of the reaction, and we estimated
the reaction times in a qualitative way by TLC and by more accurately

measuring converison by HPLC after a set time.

R2; (C6H402) (14), Ph2 (13), 'Pr2 (17)

a:

Figure 4.25. Different chlorophosphines used in the synthesis of

bis(aminophosphine) ligands.

We investigated the effect of the different R2 groups on the

regioselectivity of the catalytic reaction by analysing the reaction mixture 18
min after the reaction had started using HPLC. The results are shown in Table
4.7.
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Ligand Amounts

TLC RESULTS HPLC RESULTS

Aliquot times (min)
Reaction

times

% Conversion

after 18 min

% Linear

product

14 29 mg
1,3,5,10,20,30,45,

80,360
> 6 h 4.0 98.5

13 36 mg
1,2,4,6,8,12,16,19,

45
= 45 min 88.9 72.8

17 25 mg
1,2,3,5,7,13,25,30,

40,120,8h
8 h 51.5 68.4

Tabla 4.7. Reaction rate estimation and regioselectivity results ofpalladium

allylic alkylation of cinnamyl acetate using bisphosphino-derivatives of

homopiperazine.

Compound 13 seems to give a much faster reaction than 14 or 17,

although it is compound 14 that gives the best l:b ratio showing 66:1

regioselectivity for the linear product.
While the results are not especially conclusive and further studies are

probably required, it does not seem like the use of either electron poor (such
as 14) or bulky electron rich ligands (such as 17) of this type have particularly
beneficial effects on the rate of the reaction because, the faster reaction

proceeds in the presence of compound 13, which has phenyl groups on the

phosphorus centres.

We note, however, that phosphites, which have electron withdrawing

groups on the phosphorus atoms (14), seem to favour the production of the
linear product over the branched one giving a much better l:b ratio (66:1)
when compared with the analogous 13 and 17 (2.7:1 and 2.2:1 respectively).

On the other hand X-ray evidence of the structure of 13 and 17 when

complexed to platinum(II) revealed that both have very similar bite angles

(97.30° (7) and 98.13° (19) respectively, see Chapter 2) and modelling studies

performed on 14 when complexed to platinum(II), showed a bite angle of
106.1° (see Chapter 5 for calculations and reliability of the values obtained)
which is approximately 8° bigger than the bite angle of 13 and 17.
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EXPERIMENTAL

The metal-based catalyst precursors [Rh(C0)2(acac)] and [(CaHsJPdCl^,
the substrate cinnamyl acetate and the nucleophile NaCH(CC>2Me)2 were

purchased from Strem or Aldrich and used without further purification. The

substrate, hex-l-ene or oct-l-ene purchased from Aldrich, and the solvents
used for the reactions, toluene and thf, were diy and degassed before use by
distillation over sodium and diphenyl ketyl under inert atmosphere.

All experiments were carried out under inert atmosphere using
standard Schlenk techniques.

G.C. M. S. analysis were carried out using a Hewlett Packard 5890 G.C.
with an Incos quadrupole mass spectrometer fitted with a SGE BP1 column
and a Hewlett Packard HP6890 G.C. with a 5973 mass selective detector fitted

with a 5 % phenyl methyl siloxane capillary column.

4.4.- Rhodium catalysed hydroformylation reactions in Batch Autoclaves.

4.4.1- Solutions of P-N Bond Containing Ligands and [Rh(CO)2(acac)].

The P-N bond containing ligands (0.03 mmol, 0.005 mol dm3),

[Rh(CO)2(acac)] (5.16 x 10 3 g, 0.02 mmol, 0.004 mol dm-3) and toluene (4 ml)
were charged into a Schlenk tube and stirred until complexation of the
rhodium complex with the phosphine species (total dissolution). The

phosphine/rhodium ratio used was 3/2.

The solutions were prepared immediately before use and in sufficient

quantities to make it possible to repeat the catalytic reaction experiment at

least three times.

The amounts of P-N bond containing ligand and some observations are

summarised in Table 4.8.
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LIGAND AMOUNTS
COMPLEX

FORMATION

SOLUTION

OBSERVATIONS

l,3-C6H4{CON(PPh2)CH2Ph}2 47 0.021 g 3 h yellow—►redish
—►yellow

Ph2PNH(C10H6)2NHPPh2 37 0.019 g Immediate Yellow

Ph2PNH(CioH6)NHPPh2 41 0.0155 g 1 h 30 min clear-►yellow-
orange

Ph2PCH2NH(C6H4)NHCH2PPh2 43 0.0152 g 1 h Yellowish

Tabla 4.8. Solutions ofP-N bond containing Ligands and [.Rh(CO)j(acac)] in
toluene.

4.4.2- Catalytic reaction in Batch Autoclaves

The system used consisted of a steel autoclave of internal capacity 225
ml fitted with a head that, when removed, made it possible to use it as a

Schlenk flask. Inside the steel autoclave, a glass liner was inserted, where the

catalytic solution and the substrate were placed.

Firstly, the glass liner containing a stirrer bar was placed inside the
steel autoclave and a suba seal placed on the liquid inlet port and connected
to the Schlenk line via the gas port. It was flushed with N2/vacuum three
times. The catalytic solution and the substrate were then injected, one after
the other, with a syringe. With N2 flushing inside the autoclave, the suba seal
was replaced by the head of the autoclave and the valve closed so the exit
could be connected, immediately, to the synthesis gas (CO/H2) cylinder and
sealed. The autoclave, which was closed apart from the valve to the gas

cylinder, was flushed three times by pressurising to 20 bar with CO/H2 and

venting. The valve was then opened and the CO/H2 allowed to pass through
and to the inside of the autoclave until the autoclave reached 20 bar pressure,

then the valve was closed and the autoclave disconnected from the gas

cylinder and placed in a resistance heating band.
The autoclave was heated to the required temperature (100°C) for the

appropiate reaction time and stirred magnetically. When the reaction was

finished, the autoclave was removed from the heater and placed in a cold
water bath for 20 min. Once the autoclave was cool the gases were slowly

vented, the autoclave opened and the reaction solution poured out from inside
and outside the autoclave liner.
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The products of the reaction were analysed by GC. A sample of the
reaction solution was prepared by diluting 100 pi of the reaction solution with
ethanol (70 pi) containing internal standard (30 pi of octan-l-ol). 0.003 pi of
this diluted solution were taken and injected into the gas chromatograph. The

temperature was held at 75°C for 1 min then raised at 16°C min-1 to 150°C
where it was held for a few min (about 5 min). The chromatograph was

calibrated using standard solutions of the analyte with octanol (10% by

volume) as an internal standard.

The experiments were carried out twice to achieve consistent results

using oct-l-ene (1.4 ml) in toluene (4 ml) at 100°C and 20 bar CO/Th (1:1) for
the time stated in Table 4.9, where some other observations are also

summarised. All the reaction solutions presented a dark brown colour after
the reaction was stopped.

ligand
Time

(h)
Conversion

(%)
Selectivity to
aldehyde (%)

l:b

l,3-C6H4{CON(PPh2)CH2Ph}2 47 17 70.2 74.9 0.9:1

Ph2PNH(CioH6)2NHPPh2 37 5 94.9 89.4 0.9:1

Ph2PNH(CioH6)NHPPh2 41 20 72.6 68.2 2.6:1

Ph2PCH2NH(C6H4)NHCH2PPh2 43 22 93.7 77.0 2.6:1

Tabla 4.9. .Hydroformylation of oct-l-ene catalysed by rhodium complexes of the
bidentate phosphines in a Batch Autoclave.

All the results are discussed in Chapter 4.

4.5.- Rhodium catalysed hydroformylation reaction with CATS Catalyst
Test Unit.

4.5.1- Solutions of P-N Bond Containing Ligands and [RhfCOffacac)].

There were three procedures, A, B and C, to prepare the starting

catalytic sample for the reaction described as follows:
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A) A stock solution containing [Rh(acac)(CO)2] and the corresponding

phosphine in toluene was prepared immediately before use. This solution was

sufficient to carry out three catalytic reactions The substrate, hex-l-ene/oct-
1-ene, together with 4 ml of this stock solution were used for the catalytic
reaction.

B) If total dissolution of the above mentioned reagents could not be
achieved within three hours, the solid-air-stable reagents were placed into the
autoclave where the dissolution occurred.

C) The last procedure employed to prepare the catalytic solution,
consisted of dissolving the ligand alone in the solvent used for the reaction,
toluene. [Rh(acac)(CO)2], which presented problems for total complexation with
the ligand at room temperature and atmospheric pressure, was placed as a

solid into the autoclave in the first stage of the process.

4.5.1.1- Hex-l-ene used as substrate.

The amount of the different phosphines used and rhodium based

complex and some observations are summarised in Table 4.10.

L Run LIGAND [Rh(CO)2(acac)]
Rh:L /

Rh:Hex
COMMENTS

14a
1 0.0414 g, 11.00x10° inol 0.0125 g, 4.84x10'" mol 1:2.3/1:165 Procedure B

2 0.0440 g, 11.69x1041101 0.0130 g, 5.04x10'" mol 1:2.3/1:159 Procedure B

13b
1 0.0548 g, 11.70x10° mol 0.0136 g, 5.27x10'" mol 1:2.2/1:152 Procedure B

2 0.0540 g, 11.53x10'" mol 0.0145 g, 5.62x10'" mol 1:2.05/1:142 Procedure B

17c

1 0.0430 g, 12.9xl04nol 0.0145 g, 5.6x10'" mol 1:2.3/1:143
Procedure C—>

Colourless solution

2 0.0130 g, 2.0xl0"5 mol 0.00258 g, 1.0x10'" mol 1:2.0/1:828

Procedure A->

Pale yellow and
cloudy solution

>14 = (C6H402)PN(C2H4)(C3H6)NP(C6H402), 43 = P

'Pr2PN(C2H4)(C3H6)NP'Pr2

ti2PN(C2H4)(C3H5)NPPh2, <47

Tabla 4.10. Preparation of the catalytic reagents
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4.b.l.2- Oct-l-ene used as substrate.

The P-N bond containing ligands (0.03 mmol, 0.002 mol dm3),

[Rh(CO)2(acac)] (2.5 x lO3 g, 0.01 mmol, 0.006 mol dm 3) and toluene (4 ml)
were charged into a Schlenk tube and stirred until complexation of the
rhodium complex with the phosphine species (total dissolution). The

phosphine/rhodium ratio used was 3/ 1.
The solutions were prepared immediately before use and in sufficient

quantities to make it possible to repeat the catalytic reaction experiment at

least three times. The amount of the different phosphines used and some

observations are summarised in Table 4.11

All the preprepared solutions containing a mixture of the corresponding

phosphine ligand and the rhodium based complex have a pale yellow colour
and are clear solutions in toluene. However, when dissolving ligand 39 with

[Rh(CO)2(acac)J in toluene, a pale orange solution resulted.

Cpd class Formula
Amount of

phosphine (P2)
Comments

50 a (2-C6H5-CH3CH)N(PPh2)(CH2Ph) 0.0119 g Procedure A

48 b Ph2PN(CH2Ph)CH2CH2(CH2Ph)NPPh2 0.0183 g Procedure A

49 b 'Pr2PN(CH2Ph)CH2CH2(CH2Ph)NP'Pr2 0.0142 g Procedure A

13 c Ph2PN(C2H4)(C3H6)NPPh2 0.0141 g Procedure B

14 c (C6H402)PN(C2H4)(C3H6)NP(C6H402) 0.0113 g Procedure B

15 c

(2,2-MeC3H402-
1,3)PN(C2H4)(C3H6)NP(2,2-

MeC3H402-l,3)
0.0109 g Procedure A

18 c

(3,5-tBu2C6H402-
l,2)PN(C2H4)(C3H6)NO(3,5-

tBu2C5H402-l,2)
0.0181 g Procedure A

17 c 'Pr2PN(C2H4)(C3H6)NPPr2 0.0100 g Procedure A

45 d Ph2PN(C6H4)(C5H4)NPPh2 0.0165 g Procedure A

46 d N,N',N",N"'-(PPh2)4-cyclam 0.0492 g Procedure A

47 e l,3-C6H4-{CON(PPh2)CH2Ph}2 0.0214 g Procedure A

39 e Ph2PNH(C6H4)2NHPPh2 0.0166 g Procedure A

40 e >Pr2PNH(C6H4)2NHP>Pr2 0.0125 g Procedure A

38 e Ph2PNH(C10Hfi)(C6H4)NHPPh2 0.0181 g Procedure A

37 e Ph2PNH(C10H6)2NHPPh2 0.0196 g Procedure A

Tabla 4.11. .Preparation of the catalytic reagents.
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4.5.2- Catalytic reaction with CATS catalyst test unit.

A schematic of the CATS kinetic autoclave is shown in Figure 4.26. The

setup includes an autoclave (A), an injection arm (B), a pressure controller and
transducer (C), a ballast vessel (D), and a control panel (E). Each section can

be isolated from each other with valves. The autoclave parts were supplied by
Baskerville Scientific and assembled by the University of St. Andrews, School

of Chemistry Workshop.

Figure 4.26. Schematic of the CATS kinetic autoclave.

To start the kinetic study of the reaction (Figure 4.27), first the catalytic
solution (metal-based catalyst and ligand in solvent) was injected into the
autoclave containing an atmosphere of CO/H2 (1:1) with a gas tight syringe, or

the solid reagents were directly placed into the autoclave which was closed
afterwards and flushed a few times with CO/H2 before proceeding.

The autoclave was then pressurised with CO/FF (17 bar, 1:1) and
heated to the reaction temperature. The solution was stirred at 1000 rpm. The
ballast vessel was pressurised to a suitable pressure (50-55 bar, CO/FF, 1:1).
The substrate was then placed in the injector and added to this solution with
a steam of synthesis gas from the ballast vessel to raise the pressure of the
autoclave to the desired reaction pressure (20 bar, CO/FF, 1:1). As the
reaction proceeded, the pressure in the autoclave was maintained constant by

feeding gas from the ballast vessel through a mass-flow controller. The
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autoclave and the ballast vessel could be filled with gas independently of each
other using different gas inlets.

Figure 4.27. A) Photograph of the CATS kinetic autoclave. B) Full set up for

measuring kinetics at constant pressure.

The reactions consumed gas and this consumption was monitored by

recording the drop in pressure in the ballast vessel during the reaction period.
Data were collected via a link from data logging hardware (Pico Monitor, model
ADC 16) which was fitted to a PC though a suitable COM port. The computer

used data logging software (PicoLog for Windows, version 5.04.2) to monitor
and record the pressures. The data collected was used to calculate the rates of
the reaction.

The initial rate of the reaction, assuming a first order reaction as is
found for many phosphine modified rhodium hydroformylation systems, is
calculated by multiplying the rate constant k by the substrate concentration
at the start of the reaction.

To define the rate constant k of a first order reaction, we take the

gradient of the resulting line from the plot of ln([Pt-Pmin]/[Pt=o-Pmin]] versus time,
that is linear over 75 % of the reaction. See Equation 4.1. below.
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k = 1/ln ( [Pt -Prnin]/ [Pt=0~Pmin] ) or

-k = ln( APt / APtotal)

Pt = Ballast vessel pressure

Pmin = Ballast vessel pressure when the reaction finishes.
Pt-o = Ballast vessel pressure at t=0, when the reaction starts.

A Pt = Pressure consumed by the reaction at a time = t.

APtotai = Total pressure of gas consumed by the reaction

Equation 4.1. Rate constant kfor a first order reaction.

This equation can be read in terms of gas consumption because k is the

logarithm of the total amount of gas in bar consumed by the reaction, minus
the amount of gas in bar consumed at time t and divided by the total amount

of gas in bar consumed by the reaction. These were the calculations used for
the obtention of the initial rate of the reaction when ligands 13, 14 and 17

were used in the rhodium catalysed hydroformylation of hex-l-ene (Table 4.2
and Figure 4.14).

In the case of rhodium catalysed hydroformylation of oct-l-ene (Table

4.4), first order rate constants were determined by fitting the curve of gas

uptake vs time using a standard curve fitting package to exponential or double

exponential decays. The rate constants are represented by K2 and K4 in a

double exponential decay (Equation 4.2) and by K2 in a single exponential

decay (Equation 4.3).

y = K0 + Ki e (-M + K3 e (-M

Equation 4.2. Equation of a double exponential decay

y = K<j + Ki e ("M

Equation 4.3. Equation of a single exponential decay

At the very end of the catalytic process a sample of the solution reaction
was analysed by G.C. and G.C. M.S.

- 268 -



CHAPTER 4 : Rhodium Catalysed Hydroformylation and Palladium Allylic Alkylation.

4.5.2.1- Hex-l-ene used as substrate.

The experiments were carried out twice to achieve consistent results

using hex-l-ene (1 ml, 8.0xl0"3 mol) as a substrate, in toluene (4 ml) at 100°C
and 20 bar CO/H2 (1:1) for the times stated in Table 4.12, where some other
observations are also summarised.

Ligand Time (h) Conversion Selectivity to aldehyde % l:b Initial Rate (mol dm J s')
14 2.5 76.0 64.0 3.7 7.7x10''

13 24 100 80.2 1.3 8.6x10-5

17 1 98.9 95.5 1.2 2.5x10-3

14 = C6H402)PN(C2H4)(C3H6)NP(C6H402), 13

iPr2PN(C2H4)(C3H6)NPPr2

Ph2PN(C2H4)(C3H6)NPPh2, 17 =

Tabla 4.12. Hydroformylation of hex-l-ene catalysed by rhodium complexes of
the bidentate phosphines with CATS test unit.

4.5.2.2- Oct-l-ene used as substrate.

The experiments were carried out twice to acheive consistent results

using oct-l-ene (1 ml, 6.37xl03 mol) in toluene (4 ml) at 100°C and 20 bar

CO/H2 (1:1) for the times stated in Table 4.13, where some other observations
are also summarised. The substrate/rhodium rate used was 637/1.

The solutions resulting after the reactions were stopped, were stored in
vials. The samples were clear in most of the cases except for ligand 14, which

appeared to be cloudy and a steaky solid remained at the bottom of the
autoclave. These solutions had a dark brown colour in the case of ligands 39

(first run), 48, 14, 18 and 13; clear brown colour for 38, 39 (second run), 50
and 15 and were very clear pale yellow for 40, 49, 17 and 47.
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Cpil Formula run
Time

(h)

Conv

%

Selectivity to
aldehyde %

l:h

50 (2-C6H5-CH3CH)N(PPh2)(CH2Ph)
1 2.8 100 23.1 0.7 1

2 8.3 100 72.4 0.6 1

48
Ph2PN(CH2Ph)CH2CH2(CH2Ph)N

PPh2

1 1.9 11.6 46.6 2.6 1

2 22.2 100 79.8 1.9 1

49 iPr2PN(CH2Ph)CH2CH2(CH2Ph)NP
■Pr2

1,2 5 100 78.4 1.2:1

13 Ph2PN(C2H4)(C3H6)NPPh2 1,2 6.9 98.5 92.5 1.7:1

14 (C6H402)PN(C2H4)(C3H6)NP(C6H4
o2)

1,2 4.2 96.5 17.7 1.5:1

15
(2,2-MeC3H402-

1,3)PN(C2H4)(C3H5)NP(2,2-
MeC3H402-l,3)

1,2 2.8 99.6 87.2 1:1

18

(3)5-tBu2C6H402-
l,2)PN(C2H4)(C3H6)NO(3,5-

tBu2C6H402-l,2)
1,2 3.9 97.4 23.1 1.2:1

17 ■Pr2PN (C2H4) (C3H6) NP'Pr2 1,2 0.4 100 94.9 1.3:1

45 Ph2PN(C6H4)(C6H4)NPPh2 1,2 0.9 100 80.2 2.5:1

46 N,N',N",N"'-(PPh2)4-cyclam 1,2 16.7 100 98.2 1:1

47 1,3-C6H4-{CON(PPh2)CH2Ph}2 1,2 2.9 98.2 28.9 1.6 ]

39 Ph2PNH(C6H4)2NHPPh2
1 6.9 100 80.7 2.3 1

2 13.9 100 98.1 0.6 1

40 iPr2PNH(C6H4)2NHPPr2 1,2 0.8 100 93.1 1.7 1

38 Ph2PNH(CioHf,)(C6H4)NHPPh2 1,2 13.9 100 86.1 2.3 1

37 Ph2PNH(C10H6)2NHPPh2 1,2 13.9 100 94.5 1.8 1

Tabla 4. 13. Hydroformylation of oct-l-ene catalysed by rhodium complexes of
the bidentate phosphines with CATS test unit.

All the results are discussed above in Chapter 4.

4.6.- Palladium Catalysed Allylic Alkylation Reaction.

The kinetic studies were performed by stopping the reaction at different
times (a cronometer was used). The procedure involved the filtration trough
silica of 0.5 ml reaction solution aliquots at different reaction times to stop the
reaction. The reaction time was estimated by TLC of the filtered aliquots. The

selectivity of the reaction was evaluated by HPLC after 18 min of reaction.

- 270 -



CHAPTER 4 : Rhodium Catalysed Hydroformylation and Palladium Allylic Alkylation.

The analytical procedure for the palladium catalysed allylic alkylation
with the new bis(aminophosphines) was carried out twice for each ligand as

follows:

To a degassed and dried thf (1.5 ml) solution of [(C3Hs)PdCl]2 (2.733x10
mol, 10 mg, 2.5%) and solid bis(aminophosphine) (7.622xl05 mol, 7%) was

added cinnamyl acetate (182 pi, 193 mg, 1.093 mmol, 1 eq) and

NaCH(COoMe)2 (3.25 ml, 0.437 mmolml1, 1.421 mmol, 1.3 eq, dried and

degassed). Immediately after adding the nucleophile, the reaction started and
several aliquots of the reaction mixture were taken with the aim of finding the
time necessaiy to have complete reaction as indicated by TLC.

Amounts of ligands, times at which aliquots were taken and reaction
times found by TLC along with the results of selectivity of the reaction
obtained by HPLC, the conversion after 18 min and the percentage of linear

product are summarised in Table 4.14.

Ligand Amounts

TLC RESULTS HPLC RESULTS

Aliquot times (min)
Reaction

times

% Conversion

after 18 min
% Linear product

14 29 mg 1,3,5,10,20,30,45,80,360 > 6 h 4.0 98.5

13 36 mg 1,2,4,6,8,12,16,19,45 s 45 min 88.9 72.8

17 25 mg
1,2,3,5,7,13,25,30,40,120,

8h
8 h 51.5 68.4

14 = (C6H402)PN(C2H4)(C3H6)NP(C6H402)
13 = Ph2PN(C2H4)(C3H6)NPPh2
17 = (>Pr)2PN(C2H4)(C3H6)NP('Pr)2

Tabla 4.14. Palladium catalysed Allylic Alkylation of cinnamyl acetate.
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CHAPTER 5 : MODELLING STUDIES.

5.1.- Introduction.

Molecular systems and molecules can be minimised using Molecular

Modelling studies which are, nowadays, invariably associated with computer

modelling. There is an extensive range of models that can be considered and

systems to which computational techniques can be applied. To understand
and predict the behaviour of molecular systems, computational methods such
as quantum mechanics, molecular mechanics, minimisation, conformational
and geometrical analysis and some other techniques could be used.

There are many software packages available to perform molecular

modelling calculations, which range from simple programs, that perform just a

single task, to highly complex packages that integrate many different methods.
In molecular modelling, the study of the steric and electronic effects of

different ligands in metal-based catalysed reactions has been of great interest
over the last two decades. No one method of calculation is ideal for all

applications and great effort has been put into finding suitable methods for
different applications. We have concentrated our studies on molecular
mechanics and semi-empirical models to investigate the steric and electronic
nature and the behaviour of our molecules.

Molecular mechanics models are constrained to the description of
molecular equilibrium geometry and conformation and they are the only

practical techniques for searching conformation space for the simplest
molecules. Therefore we have used it to perform minimisation and steric

energy calculations and to measure the natural bite angle and the flexibility

range of new diphosphinoamine ligands by introducing a "dummy atom" in
their structure.

The molecular mechanics model describes molecules in terms of

"connected atoms", and molecular geometry in terms of distortions from ideal
bond distances, bond angles and dihedral angles, and takes account of
nonbonded van der Waals and Coulombic interactions. The energy of a

molecule is described in terms of a sum of all above mentioned contributions

arising from distortions from "ideal" bond distances ("stretch contributions"),
bond angles ("bend contributions") and dihedral angles ("torsion
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contribution"), together with the contributions due to "nonbonded" (van der
Waals and Coulombic) interactions.

On the other hand, the quantum mechanics models describe molecules
in terms of interactions among nuclei and electrons, and molecular geometry

in terms of minimum energy arrangements of nuclei. All quantum mechanical
methods are based on the Schrodinger equation which cannot be solved

exactly for many-electron systems and thus, approximations need to be
introduced to provide practical methods.

Since equilibrium optimisations involving transition metal inorganic
and organometallic compounds are the type of compounds we are studying,
the quantum mechanics based semi-empirical models have been used because

they are the most accurate models for this particular type of calculation. By

replacement of the many-electron equation for a product of one-electron

equations, Hartree-Fock equations lead to a set of coupled differential

equations each involving a single electron. While they may be solved

numerically, it is advantageous to introduce one additional approximation
which will lead to the semi-empirical models. In this case, only valence
electrons arc treated in a way that electrons associated with "inner shells" arc

considered part of a fixed "core" and a minimal basis set is taken into account,

one single s-type function ,one set of p-type functions and a set of d-type
functions (s, px, py, pz, dx2-y2, dz2, dxy, dxz, dyz). Within semi-empirical

models, we have used PM3 calculations because they are the best for

reproducing equilibrium geometries for transition metals containing
molecules.

For more information on modelling calculation theory, see references a-

e.

RESULTS AND DISCUSSIONS

5.2.- Modelling Calculations with Spartan Pro program.

With the aim of completing our studies on bis(aminophosphines) we

have performed some modelling calculations with the Spartan Pro program.

The objective of these calculations was to find out the bite angle of the
mentioned ligands as well as the P-N and P-P bond lengths along with the
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geometry of the compounds in the equilibrium state since those are important
values to understand their coordination chemistry and therefore their
behaviour as catalyst in many different catalytic reactions.

We have extended our calculations to several platinum(II) complexes of

bis(aminophosphines) that we have synthesised and for which we had
obtained X-ray data. In this way we could compare the results from the

modelling calculations with the real X-ray data and thus verily the computer

calculations which would allow us to make some conclusions concerning
trends in the behaviour of our compounds. We also hope to be able to explain
their activity as catalysts in rhodium catalysed hydroformylation and

palladium allylic alkylation of alkenes.
To conclude, we decided to carry out the same calculations on several

known ligands for comparison with literature data.
For all the ligands that have been prepared, or attempted to be

synthesised (Figure 5.1), and their Pt(II), Pd(II) and Rh(I) complexes, the
measurements mentioned above were calculated and the following parameters

are shown in Table 5.1: enthalpy of formation (Hf), bite angle of the ligand
when attached to a metal centre (p), P-N and P-P bond lengths, and the

geometry of the complex (cis or trans-square planar -sp- for palladium(II) and

platinum(II) complexes and equatorial-equatorial -ee- or equatorial-axial -ea-

for the rhodium complexes).
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Cpd Hf(kcal/mol) P-N (A) P-P (A) B(°) Geom

[PdCl2(l)] -42.275 1.832/1.832 3.532 100.3 cis-sp
[RhH(CO)2(l)] -357.921 1.848/1.847 3.714 108.6 ee

[PdCI2(2)] -331.227 1.831/1.831 3.476 101.1 cis/sp
[RhH(CO)2(2)J -471.976 1.957/1.961 4.039 108.2 ee

[PdCl2(3)] -406.259 1.841/1.841 3.457 100.2 cis-sp
[RhH(CO)2(3)J -719.669 1.840/1.831 3.599 104.0 ea

[PdCl2(13)] -41.812 1.823/1.823 3.526 100.3 cis/s-p
[RhH(CO)2(J3)J -355.124 1.838/1.838 3.741 109.5 ee

[PdCl2(l 4)] -55.662 1.901/1.887 3.700 108.4 cis/s-p
[RhH(CO)2(14)J -377.535 1.887/1.884 3.806 111.2 ea

[PdCl2(15)] -423.696 1.822/1.820 3.436 99.0 cis-sp
[RhH(CO)2(15)J -712.144 1.832/1.820 3.548 101.8 ea

[PdCl2(16)] -410.119 1.834/1.834 3.465 100.4 cis-sp
[RhH(CO)2(16)J -721.858 1.826/1.826 3.591 103.5 ea

[PdCl2(17)] -203.878 1.836/1.847 3.552 101.5 cis/s-p
[RhH(CO)2(17)J -521.423 1.863/1.850 3.773 109.9 ee

[PdCl2(18)] -410.424 1.826/1.826 3.418 98.8 cis/s-p
[RhH(CO)2(18)] -725.875 1.830/1.823 3.593 103.7 ea

[PdCl2(19)] -199.293 1.859/1.831 3.601 102.0 cis/s-p
[RhH(CO)2(19)J -510.258 1.857/1.851 3.714 106.0 ee

[PdCl2(37)] 47.432 1.813/1.813 3.676 106.3 cis/s-p
[RhH(CO)2(37)J -276.984 1.825/1.832 3.979 121.4 ee

[PdCl2(38)] 28.031 1.854/1.851 4.402 151.7 trans/s-p
[RhH(CO)2(38)J -290.121 1.830/1.826 3.727 108.3 ea

[PdCl2(39)] 10.187 1.856/1.849 4.407 152.1 trans/s-p
[RhH(CO)2(39)J -307.363 1.835/1.810 3.686 106.7 ea

[PdCl2(40)] -165.035 1.821/1.810 3.630 104.6 cis/s-p
[RhH(CO)2(40)J -483.445 1.837/1.830 4.039 123.3 ee

[PdCl2(41)] 18.774 1.829/1.835 3.467 99.0 cis/s-p
[RhH(CO)2(41)J -307.437 1.826/1.845 3.651 106.0 ee

[PdCl2(42)] -155.265 1.832/1.850 3.443 98.0 cis/s-p
[RhH(CO)2(42>] -477.619 1.842/1.847 3.675 106.3 ee

[PdCl2(43)] -13.516 1.480/1.481(a) 1.914(b) 172.7 trans/s-p
[RhH(CO)2(43)J -311.036 1.47071.473(a) 1.920(b) 121.5 ee

[PdCl2(44)] -57.692 1.848/1.839 4.561 176.3 trans/s-p
[RhH(CO)2(44)J -351.428 1.834/1.832 4.055 123.5 ee

[PdCl2(45)] 23.129 1.849/1.849 3.582 102.3 cis/s-p
[RhH(CO)2(45)J -291.179 1.871/1.871 3.756 109.9 ee

[PdCl2(47)] -33.216 1.833/1.843 4.573 171.5 trans/s-p
[RhH(CO)2(47)] -336.844 1.828/1.834 4.308 138.6 ee

[PdCl2(48)] 38.795 1.832/1.842 3.704 106.9 cis/s-p
[RhH(CO)2(48)J -282.956 1.838/1.849 3.860 113.8 ee

[PdCl2(49)] -134.085 1.845/1.831 3.743 108.6 cis/s-p
[RhH(CO)2(49)] -454.560 1.856/1.843 3.899 114.4 ee

Table 5.1. Spartan Pro calculations for the bis(aminophosphine) ligands

synthesised or attempted to be prepared, (a)N-C and (b)C-P bond lengths.
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r2p-n n-pr2

where R2 — C6H402, (3,5-tBu2CgH402-1,2),(2,2-Me2C2H4-1,3), C2H402 and Ph2, 'Pr2, 'Bu2

>c c:
X = cyclic, aryl or alkyl carbon containing backbones:

(X
CO"

-N^O Q-p

HN(C10H6)2NH HN(C10H6)(C6H4)NH

(37) if R2= Ph2 (38) if R2= Ph2 1 3-C6H4-{CON(CH2Ph}2 (4Q) jf R__ ipr
(47) if R2= Ph2

HN(C6H4)2NH

(39) if R2= Ph2
2

HN(C10H6)NH

(41) if R2= Ph2
(42) if R2= 'Pr2

N(C6H4)(C6H4)N HN(CsH4)NH

(45) if R2= Ph2 (43) if R2= CH2Ph2

(CH2Ph)NCH2CH2N(CH2Ph)

(48) if R2= Ph2
(49) if R2= 'Pr2

A (1) if R2= Ph2
(2) if R2= C6H402
(3) if R2=C2H402

N(C2H4)2N

(44) if R2= Ph2

D.
A

N(C2H4)(C3H6)N

(13)
(17)
(14)
(16)
(18)
(15)
(19)

f R2= Ph2
f R2= 'Pr2
f R2=C6H402
f R2-C2H402
f R2=(3,5-tBu2C6H402-1,2)
f R2=(2,2-Me2C3H4-1,3)
f R2='Bu2

Figure 5.1 Ligands synthesised or that have been attempted to be prepared.

Palladium complexes have been used since they have been shown to

give very accurate results in previous studies with Spartan Pro and because
the coordination chemistry of palladium is very similar in many aspects to

that of platinum which has been extensively used in our project. It is
furthermore the metal precursor that we have used for the catalytic allylic

alkylation reaction of alkenes. For obvious catalytic reasons, rhodium plays an

important role and therefore we decided to use it as well for our modelling
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calculations. The rhodium species used is the five coordinate complex which is
believed to be the active catalyst intermediate (Figure 5.2) because it is the
molecule that binds the substrate. Great interest has focussed on

understanding the mechanism of rhodium catalysed hydroformylation and it
was found that the exact structures of the diphosphine ligands have a strong

influence on the selectivities observed. It was theorised that diphosphines with
bite angles of 90° would prefer ea coordination and would have a different

regioselectivity than diphosphines with bite angles of 120° which would prefer
an ee coordination, the later ee intermediate giving higher selectivity for the
formation of the linear aldehydes (see Chapter 4).

Figure 5.2. equatorial -equatorial geometry of the diphosphine ligands when
coordinated to rhodium 5-coordinated complex.

All the ligands seem to have bite angles in the range of 99-108° when

complexed to palladium, but there are five special cases that have large bite

angles : a) 151.7° for [PdCl2(38)j and 152.1° for [PdCl2(39)] that have similar
diamine backbone and they both have shown very similar spectroscopic data

(see Chapter 3) and thus they have similar electronic and steric properties

(Figure 5.3); and b) 172.7° for [PdCl2(43)], 171.5° for [PdCl2(47)] and 176.3° for

[PdCl2(44)] (Figure 5.4) that contain a 10-membered ring when complexed with
the metal and thus a very large bite angle. Although we have not got X-ray
evidence of the coordination mode for the ligands 43 and 44 (44 has not been

prepared successfully, see Chapter 3), we have identified [PtCl(47)J by X-ray

crystallography and it has been shown that ligand 47 can coordinate in a

tridentate mode (see Chapter 3) and thus it is not surprising to obtain such a

large bite angle when trying to coordinate it in a bidentate mode. For ligands
43 and 44, the bite angle could be interpreted as suggesting a different
coordination mode from bidentate because they manifest similar features to

ligand 47.

H

Chelate (ee)

CO
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Figure 5.3. Equilibrium geometry of [PdCl2(38)] and [PdCl2(39)] (respectively from

left to right) calculated with Spartan Pro using the semi-empirical PM3 model.

Figure 5.4. Equilibrium geometry of [PdCl2(47)], [PdCl2(43)] and [PdCl2(44)J

(respectivelyfrom left to right) calculated with Spartan Pro using the semi-

empirical PM3 model.

When the ligands are coordinated to rhodium they form complexes of
the general type [RhH(CO)2(L)] (where L is the corresponding

bis(aminophosphine) ligand) and the bite angles are in the range of 104-116°
(a bit larger than for the [PdCbfL)] complexes). However, ligands 43, 44 and 47

present once more larger bite angles than the other ligands for the apparent
same reasons. Ligands 37 and 40 show similar bite angles to 43, 44 and 47

(121.4° and 123.3° respectively) when binding to rhodium. Nevertheless, it is

interesting to discover that ligands 38 and 39 that had shown a large bite

angle when coordinated to palladium, have small bite angles when attached to
rhodium.
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The expected ds-square planar geometry applies for the majority of the

ligands but ligands 38, 39, 43, 44 and 47 are different again and they
coordinate in trans geometry to the palladium centre due to their large bite

angles (Figure 5.5). On the other hand, not all the ligands that present cis

geometry when coordinated to the palladium show an equatorial-equatorial or

equatorial-axial geometry when binding the rhodium and viceversa, not all the

ligands with trans orientation in the [PdCl2(L)j complexes have equatorial-axial
or equatorial-axial geometry in type [RhH(CO)2(L)J and thus it is more difficult
to find a trend (Figure 5.6) because ea or ee geometry is not entirely
determined by the bite angle. Ligands with bite angles between 106 and 112°
can give ea or ee binding, it is not clear what factor determines which is
favoured in these cases.

Figure 5.5. cis and trans geometry of the palladium complexes of the

bis(aminophosphines) synthesised (in Y axes, cis=l and trans=2).

Figure 5.6. ee and ea geometry of the rhodium complexes of the

bis(aminophosphines) synthesised (in Y axes, ee=l and ea=2).
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In Table 5.2 , the same type of calculations are reported for the

platinum(II) complexes 24, 27, 61 and 64 along with the palladium(II) complex
7. The X-ray data obtained for those complexes are in the same table (X-ray

[PtCl2(L)], where L is the corresponding ligand) with the aim of comparing

computed and real data and thus being able to assess the accuracy of the

semi-empirical PM3 quantum model when performing equilibrium geometry

calculations on our compounds. Furthermore, although we did obtain get X-

ray data for the platinum(II) complex of the ligand 14 (which is a

bis(aminophosphite) ligand), we carried out its modelling calculations as well.

Cpd Hf(kcal/mol) P-N (A) P-P (A) B(°) Geom

[PtCl2(14)]=25 -318.666 1.893/1.883 3.569 106.1 cis/s-p
[PtCl2(13)]=24 -392.412 1.812/1.810 3.501 99.9 cis/s-p

X-ray [PtCl2(13)]=24 1.70/1.64 97.3 cis/s-p
[PtCl2(17)]=27 -7.4699 1.664/1.647 3.663 99.3 cis/no s-p

X-ray [PtCl2(17)]=27 1.6991/1.692 98.1 cis/s-p
[PtCl2(45)]=61 -325.637 1.839/1.840 3.528 100.6 cis/s-p

X-ray [PtCl2(45)]=61 1.734/1.727 99.9 cis/s-p
[PtCl2(49)]=64 168.190 1.660/1.662 3.659 99.3 cis/no s-p

X-ray [PtCl2(49)]=64 1.688/1.672 100.7 cis/s-p
[PdCL(l)]=7 -391.011 1.823/1.823 3.475 98.5 cis/s-p

X-ray [PdCl2(l)]=7
1.697/1.666 93.9

cis/s-p
1.680/1.704 94.7

Table 5.2. Spartan Pro calculations and X-ray data for the complexes 25, 24,

27, 61, 64 and 7.

Casey and van Leuween1 5 have studied for many years the activity of
different kinds of bisphosphines in catalytic reactions such as rhodium

catalysed hydroformylation of alkenes and they have rationalised steric and
electronic effects in catalytic reactions by defining, among others (see Chapter

4), a steric parameter for bidentate phosphines. They introduced the "natural
bite angle" which is the bite angle determined by the ligand backbone and the

phosphorus substituents only, that is, therefore, independent of any electronic

preferences of the metal.
In our initial modelling studies using Spartan Pro, we calculated the

bite angle of bis(aminophoshine) complexes. We would like to contrast the
value of the bite angle with the natural bite angle parameter and thus we have
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calculated (Table 5.3) the bite angle of some known bisphosphines (P) using
the Spartan Pro program and compared with the natural bite angle (Pn)

parameter calculated by Casey and van Leeuwen for the same ligands (Figure

5.7).

o

PPh2 PPh2

DPEphos (26)

\/

O

PPh2 PPh2
Sixantphos (27)

PPh,' PPh„

BISBI

PPh; PPh2 Ph,P PPhz
\antphos (29) DBFphoj(30)

V-

X PPh2
PPh,

DIOP

PPh,

dppe

Ph,P

norbornyl
PPh,

PPh,
L y\ H'y T-BDCP

PPh,

Figure 5.7. Casey and van Leeuwen diphosphine ligands.

Molecule
Hf (kcal/

mol)
C-P (A)

P-P

(A) BO P" O Geom

[RhH(CO)2(BISBI)] -302.063 1.916/1.910 3.892 117.0 112.6 (C) ee

)RhH(CO)2(Xanpthos)] -316.846 1.916/1.916 3.839 114.0 111.7 (L) ee

[RhH(CO)2(DPEphos)] -309.157 1.899/1.906 3.907 118.3 102.2 (L) ee

[RhH(CO)2(Sixantphos)] -314.994 1.913/1.909 3.808 113.4 108.7 (L) ee

[RhH(CO)2(Thixantphos)] -317.005 1.925/1.922 3.807 113.2 109.4 (L) ee

[RhH(CO)2(DBFphos)] -286.306 1.922/1.917 4.211 129.8 131.1 (L) ee

[RhH(CO)2(Norbornyl)] -344.663 1.908/1.895 4.077 126.9 126.1 (C) ee

[RhH(CO)2(dppe)] -343.770 1.964/1.958 3.214 89.7 102.0(C) ee

[RhH(CO)2(DIOP)] -371.122 1.907/1.898 3.658 106.0 102.2 (C) ea

[RhH(CO)2(T-BDCP)] -334.863 1.910/1.910 3.811 113.1 106.6(C) ee

(C): reference 1, (L): reference 2

Table 5.3. Spartan Pro and molecular mechanics calculations for some known

bisphosphine ligands.

286



CHAPTER 5 : Modelling Studies

The calculations show two important features of this program. First,
from Table 5.2, we can conclude that the calculations are quite accurate since
the calculated bite angle differs from the real bite angle (obtained from X-ray
structural data) by 3.7° in the worst case ([PdCl2(l)]=7) and by only 0.7° in the
best case ([PtCl2(45)]=61). Therefore we validate in this way the results
obtained using the semi-empirical PM3 quantum model with Spartan Pro for
the calculation of the equilibrium geometry of transition metal complexes

(platinum(II) complexes) of bis(aminophosphines).

Secondly, from the results shown in Table 5.3, we observe that there is
a clear difference between the bite angle and the natural bite angle

parameters. This difference is in some cases very small (0.8° for

[RhH(CO)2(norbornyl)], 1.3° for [RhH(CO)2(DBFphos)] and 2.3° for

[RhH(CO)2(Xantphos)]), but it appears to be very different for other complexes

(12.3° for [RhH(CO)2(dppe)], 6.5° for [RhH(CO)2(T-BDCP)] and 6.1° for

[RhH(CO)2(DPEphos)]). Therefore we should not use both parameters

interchangeable and different calculations are needed if we would like to apply

Casey and van Leeuwen's hypothesis of the steric effects of bidentate

phosphine ligands in catalytic processes to our studies. They have proposed
that ligands with bite angles between 112 and 120° prefer equatorial-

equatorial geometry when complexed to a metal centre and thus, they give
much better selectivity for the linear aldehyde in rhodium catalysed

hydroformylation. We have proved that our calculated bite angle parameter is
most of the time larger than the natural bite angle (except for DBFphos and

dppe ligands), since the later does not take into account electronic preferences
of the metal centre, and so far we cannot establish a factor that could

rationalise the relationship between both parameters.

By using semi-empirical PM3 from quantum mechanics calculations, we

have been able to a) validate modelling results by comparison with structural

X-ray data, b) find differences between the bite angle and the natural bite

angle parameters and c) calculate the bite angle of our bis(aminophosphine)

ligands with which we could hopefully rationalise a correlation between l:b

ratio/bite angle in catalytic reactions and predict the catalytic selectivities of
future ligands since the program used is quite accurate for calculations of this
kind.
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However, we are also interested in finding the natural bite angle

parameter for our ligands since it has been long used and studied in the
literature and it could be very interesting to compare both correlations

(l:b/bite angle(P) and lib/natural bite angle(pn)) in catalytic reactions. We have
found that with the Spartan Pro program it is not possible to perform
calculations to measure the natural bite angle since there is no option for

creating a "dummy atom" which will play the role of a metal without electronic

preferences and thus we have decided to use the Chem 3D program which is
able to carry out this type of calculation.

5.3.- Modelling Calculations with the Chem 3D program.

By coordination of the bis(aminophosphine) ligands to a "dummy atom"
which plays the role of a metal without any valence preference, the natural
bite angle and the flexibility range of the new ligands (Figure 5.1) was

calculated (Table 5.4). The natural bite angle is defined as the preferred
chelation angle determined only by ligand backbone constraints and not by
metal valence angles and the flexibility range is the accessible range of bite

angles within less than 3 kcal mol 1 excess strain energy from the calculated
natural bite angle.

The natural bite angle (pn) and the flexibility range of the new

bis(aminophosphines) along with Casey and van Leeuwen's ligands (Figure

5.5) were calculated analogously to the method used by Casey and Whiteker6

using the Chem 3D program which allowed us to modify the force field and
thus create a "dummy atom" and, by varying the natural bite angle, calculate
the flexibility range of the new bis(aminophosphine) ligands.
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Cpd
Emin

(kcal/mol)
Pn(°)

Emax

(Emin+3kcal/mol)

Flexibility range (°) for
AE = 3 kcal/mol

(3min (°) Pmax (°) AP O
1 -9.9690 108.8 -6.9690 91.1 121.4 30.3

2 15.8603 104.3 18.8603 80.4 117.2 36.8

3 19.3257 105.8 22.3257 79.5 118.2 38.7

13 -3.5486 110.6 -0.5486 92.8 125.8 33.0

14 24.6210 105.3 27.6210 92.0 117.6 25.6

15 28.1859 114.2 31.1859 85.8 125.5 39.7

16 25.8039 109.5 28.8039 84.6 123.4 38.8

17 27.6703 108.4 30.6703 96.6 122.1 25.5

18 41.6452 108.9 44.6452 85.0 120.0 35.0

19 68.4599 119.2 71.4599 107.7 131.1 23.4

37 -43.4317 120.0 -40.4317 103.0 149.4 46.4

38 -27.7980 115.5 -24.0518 110.4 143.4 33.0

39 -32.1782 90.7 -29.1782 77.3 107.8 30.5

40 -9.7140 130.9 -6.7140 108.3 168.4 60.1

41 -20.2983 93.8 -17.2983 79.7 109.1 29.4

42 -1.3968 114.0 2.3968 98.0 131.7 33.7

43 -20.7303 125.0 -17.7303 110.1 146.5 36.4

44 -6.3974 145.0 -3.3974 113.0 184.6 71.6

45 -22.1939 1 14.4 -19.1939 98.6 128.1 29.5

47 -22.9399 150.0 -19.9399 115.8 184.7 68.9

48 -18.1903 108.9 -15.1903 95.6 123.8 28.2

49 0.0497 127.7 3.0497 115.5 140.5 25.0

BISBI -25.9056 123.8(112.6) -22.9056 121.9(101) 165 (148) 43.1

Xantphos -22.9811 120.0(111.7) -19.9811 103.4 (97) 142.9(135) 39.5

DPEphos -27.1637 109.1 (102.2) -24.1637 93.0 (86) 127.7(120) 34.7

Sixantphos -28.1069 114.1 (108.7) -25.1069 103.8(93) 133.9(132) 30.1

Thixantphos -27.6006 112.9(109.4) -24.6006 97.4 (94) 139.1 (130) 41.7

DBFphos -4.3334 144.9(131.1) -1.3334 118.5(117) 158.8(147) 40.3

Norbornyl 14.0002 128.4(126.1) 17.0002 106.0(110) 147.0 (145) 41.0

Dppe -19.2362 77.3 (102) -16.2362 66.9 (90) 93.6(120) 26.7

DlOP -1.4871 102.3 (102.2) 1.5129 87.6 (70) 136.7 (95) 49.1

T-BDCP -5.0084 111.5(106.6) -2.0084 93.8(93) 126.5(131) 32.7

Table 5 4 Chem 3D calcidations for bis(aminophosphincs) prepared and some

known bisphosphine ligands. See ref 1 and 2 for data in brachets.

It appears that the bis(aminophosphines) with a cyclic diamine

backbone, present a natural bite angle in the range of 104-119°. Ligands 15

(R2=(2,2-Me2C3H402-l,3), 19 (R2=tBu2) and 45 (R2=Ph2) having bite angles
within the range 112-120° that has been shown to affect the ligands in a way

that the ee coordination geometry will be preferred when coordinated to the
rhodium centre and that better regioselectivity for the linear aldehyde in
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rhodium catalysed hydroformylation of alkenes will be obtained. The results,
so far, show that for the same diamine backbone, R2 groups affect the natural
bite angle by enlarging it when going from R2=Ph2, 'Pr2 or phosphites to

R2=tBu2 groups which are more bulky.
When the bis(aminophosphine) ligands contain a linear diamine

backbone (48 and 49), the natural bite angle appears to be between 109-128°,

outside the desired 112-120° range being smaller (for R2=Pfi2) or larger (for

R2=iPr2) when changing the R2 groups.

The results for ligands containing an aromatic diamine backbone are

more complicated. As we have discussed in the above Section, ligands 43, 44
and 47 present a large bite angle and a thus a large natural bite angle (125°,

145° and 150° respectively) when compared with the rest of the

bis(aminophosphines) of the same type. Once more, R2='Pr2 groups induce

bigger natural bite angles when compared with the ligands containing R2=Ph2
that have the same diamine backbone (90.7° for 39 (R2=Ph.2)and 130.9° for 40

(R2=1Pr2); 93.8° for 41 (R2=Ph2) and 114° for 42 (R2=>Pr2)). Ligands 37, 38 and

42 have natural bite angles within the range 112-120° and the other

bis(aminophosphine) ligands (39, 40, 41, 43, 44 and 47) have either smaller
or larger natural bite angles.

Rigid ligands will confer more stable intermediate species in the

catalytic reaction and thus better selectivities for the desired linear aldehyde.
We have found that bis(aminophosphine) ligands containing cyclic diamine
backbone have a flexibility range of 23-40° depending on the diamine
backbone and the R2 groups present on the phosphorus centres. We consider
these ligands to have a rigid environment around the metal centre when
coordinated to the rhodium metal precursor. The same statement could be

apply for the ligands which contain an alkyl diamine backbone since their

flexibility range is of 25° and 28° for 48 and 49 respectively.

Ligands with an aromatic backbone present flexibility ranges from 29°

to 34°, so are quite rigid as well. However, 44 and 47 which have very large
natural bite angles, are very flexible (flexibility range of 71.6° and 68.9°

respectively) and so are ligands 37 and 40 (flexibility range of 46.4° and 60.1°

respectively).
The differences between Casey and Leeuwen's calculations and our

values arise from the use of different modelling packages. One should note
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that Casey and Leeuwen obtained very different natural bite angles for the
BISBI ligand (122.6° by van Leeuwen compared to 113° stated by Casey) by

using different modelling software.

5.4.- Comparison between catalytic and modelling results.

Since no correlation factor has been found to relate bite angle and
natural bite angle, we will discuss the catalytic results obtained separately for
both parameters.

It is impoilaiit to have present in mind that the catalytic data available
is not conclusive so far, and that more studies are required to find out if the
obtained selectivities are the results of our ligands being active catalysts or if

decomposition of the catalysts has occured and therefore other catalytic

species are acting as active catalysts. In the latter case, which seems very

likely, the following conclusions would have to be modified.
When comparing the selectivity to linear aldehyde products of the

ligands in rhodium hydroformylat.ion of terminal alkenes with the calculated
bite angle with the Spartan Pro program, no obvious correlation has appeared
since ligand 45 gives the highest selectivity (2.5:1) with a bite angle of 109°
and ligands with similar or identical bite angle give lower selectivities (see
Table 5.1 and Figure 5.8). The ee or ea geometry adopted by the ligand when

coordinating the rhodium seems not to have a correlation with either bite

angle or selectivity of the ligand.
On the other hand, it appears that, ligand 14 which has a bite angle of

111.2° gives higher selectivity (98.5%) to linear products in palladium allylic

alkylation of cinnamyl acetate than ligand 13 ((3= 109.5°, 72.8% linear product)
and 17 (P= 109.9°, 68.4% linear product) and thus we can say that higher bite

angles give better selectivity to linear products.
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Cpd
Formula P(°) l:b<a> %

linear*13'

Geom Rh/Pd
complex

48 Ph2PN(CH2Ph)CH2CH2(CH2Ph)NPPh2 113.8 1.9:1 - ee / cis
49 iPr2PN(CH2Ph)CH2CH2(CH2Ph)NPiPr2 114.4 1.2:1 - ee /cis
13 Ph2PN (C2H4) (C3H6)NPPh2 109.5 1.7:1 72.8 ee / cis
14 (C6H402)PN(C2H4)(C3H6)NP(C6H402) 111.2 1.5:1 98.5 ea /cis

15
(2,2-MeC3H402-

1,3)PN(C2H4)(C3H6)NP(2,2-
MeC3H402-1,3)

101.8 1:1

ea / cis

18
(3,5-tBu2C6H402-

l,2)PN(C2H4)(C3H6)NO(3,5-
tBu2C6H402-l,2)

103.7 1.2:1

ea / cis

17 iPr2PN(C2H4)(C3H6)NPiPr2 109.9 1.3 1 68.4 ee / cis
45 Ph2PN(C6H4)(C6H4)NPPh2 109.9 2.5 1 - ee / cis
47 1,3-C6H4-{CON(PPh2)CH2Ph}2 138.6 1.6 1 - ee / trans
39 Ph2PNH(C6H4)2NHPPh2 106.7 2.3 1 - ea / trans
40 iPr2PNH(C6H4)2NHPiPr2 123.3 1.7 1 - ee / cis
38 Ph2PNH(CioH6)(C6H4)NHPPh2 108.3 2.3 1 - ea / trans
37 Ph2PNH(Ci0H6)2NHPPh2 121.4 1.8 1 - ee / cis
(a) l:b ratio in rhodium catalysed hydroformylation of oct-l-ene.

(b) % of linear product in palladium catalysed allylic alkylation of cynnamyl acetate

Table 5.5. Calculated bite angles and geometries ofPd and Rh complexes with

Spartan Pro program and selectivity results from hydroformylation and allylic

alkylation reactions with bis(aminophosphine) ligands.

Figure 5.8. Correlation between calculated bite angle and l/b ratio for the

ligands studied.
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If we compare the data obtained from the calculated natural bite angle
and flexibility range with the Chem 3D program and the results obtained from
the hydroformylation reaction using the bis(aminophosphine) ligands (Table

5.2), one would expect higher l:b rations for these ligands with a natural bite

angle between 112-120°. It is the case of ligand 45 which has a pn of 114.4°
and gives the highest l:b ratio (2.5:1). It also applies for ligand 38 because its

Pn is 115.5° and gives l:b=2.3:l. However, ligand 39, which gives l:b=2.3:l as

well, has pn=90.7° and ligands 37 and 15 give poorer selectivities although
their natural bite angles are 120° and 114.2° respectively.

It seems that flexibility ranges between 29.5° and 33° are the ideals for

high selectivities, and either more rigid or flexible ligands will give poorer

selectivities. However, ligand 13 is the exception in this case since its

flexibility range is of 33° and it gives poor l:b ratio.

Cpd Formula P* (°) Flexibitily range (°)
48 Ph2PN(CH2Ph)CH2CH2(CH2Ph)NPPh2 108.9 28.2 1.9:1

49 Tr2PN(CH2Ph)CH2CH2(CH2Ph)NPPr2 127.7 25.0 1.2:1

13 Ph2PN (C2H4) (C3Hf,)NPPh2 110.6 33.0 1.7:1

14 (C6H402)PN(C2H4)(C3H6)NP(C6H402) 105.3 25.6 1.5:1

15

(2,2-MeC3H402-
1,3)PN(C2H4)(C3H6)NP(2,2-

MeC3H402-l,3)
114.2 39.7

1:1

18

(3,5-tBu2C6H402-
l,2)PN(C2H4)(C3H6)NO(3,5-

tBu2C6H402-l,2)
108.9 35.0

1.2:1

17 iPr2PN(C2H4)(C3H6)NPPr2 108.4 25.5 1.3:1

45 Ph2PN(C6H4)(C6H4)NPPh2 114.4 29.5 2.5:1

47 1,3-C6H4-{CON(PPh2)CH2Ph}2 150.0 68.9 1.6:1

39 Ph2PNH(C6H4)2NHPPh2 90.7 30.5 2.3:1

40 iPr2PNH(C6H4)2NHPPr2 130.9 60.1 1.7:1

38 Ph2PNH(CioH6)(C6H4)NHPPh2 115.5 33.0 2.3:1

37 Ph2PNH(Ci0H6)2NHPPh2 120.0 46.4 1.8:1

Table 5.6. Calculated natural bite angles and flexibility ranges with Chem 3D

program and selectivity results from hydroformylation reaction with

bis(aminophosphine) ligands.

Unfortunately, because of the isomerisation, the measured l:b ratio does
not reflect the true selectivity of the catalyst. It would be necessary to measure

l:b very soon after the start of the reaction to obtain this parameter.
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EXPERIMENTAL

5.5.- Calculations with Spartan Pro program.

We have used a semi-empirical PM3 model based on quantum

mechanics in our development of new bidentate bis(aminophosphines).
To perform the calculations a few steps have to be followed:

1.- Generation of the molecule.

The program offers three model kits: one for most organic molecules, a

peptide model kit for polypeptides and, the expert model kit that we have
used, for organic molecules not easily represented in terms of classical valence
structures, as well as inorganic and organometallic molecules. These model kit
are based in "atomic fragments", functional groups and rings (Figure 5.9.).

jnjxj
Options Help

□lalislar vl [V *r.N jj o| -HaKI -t lH »ll
Enliy Expert | Psplide ]

\ ' / \
-O' s/ - -]Wi "\ I

a >

H | He

\

Li Be 0 Q N O F Ne
NaMgAI Si P S ClAr
K Ca Ga Ge As Se Br Kr

Rb Sr Ir^SnSble JLXe
ScTi V CiUnFeCaNiCu?*
Y ZrNbMoTcRuRhPdAgCd
La HI Ta WReOsli PlAuHg

Groups] |Alere jD
I 1 | Sereena 3
I Lipands| | Caiban Mononide w |

Inseit [
"IcT A

Figure 5.9. Generation of a molecule with Spartan Pro.

2.- Minimisation of the molecule energy

By selecting the minimise toolbar, the program finds the minimal

energy of the molecule (Figure 5.10.).
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Fie Ed* Model Geometry Buld Setup Display Opdons Met

□ |3|e|H| v| +|*MMrt a| -M^M 2M-IAI .,] v|H m|
Entry | Peptide |

1 n
<7^

* mm *B ,Ti® 8 III [
H He

Li Be B B Nj OjZjNe
NaMgAI Si P S CI Ar
K Ca Ga Ge AsSeBr Kr

Rb:Sr InSnSbTe I Xe

ScTi V CrMnFeCoNiCmZn
Y ZrNbk'eTcRuRhPdAjCd
LaHiTaWRoUUi Pt/MHg

BH-i= >= il:

Groups | |aiene
Plngt 1 |Beri2eno ~ [

Usandsj 1 Carbon Monoade H

[►J J j!| hjmi Energy()= 11869395 kcal/mol ©]
Mmimirer B active |cj 4

Figure 5.10. Minimisation of the energy of a molecule.

At the bottom of the screen will appear a rectangle with the minimal

energy found.

3.- Equilibrium geometry calculations

To perform the final calculations, the user is sent to the setup menu

that provides access to dialogs for specifying quantum chemical calculations
as well as detailed input by way of "calculations" Figure 5.11. (a)). Selection of
"calculations" results in display of a dialog that contains a number of boxes,

pull-down menus and buttons: task to be accomplished (equilibrium

geometry), type of calculation method employed (semi-empirical) and specific
details relating to the method (PM3) (Figure 5.11. (b)). Finally the selected

options have to be applied by clicking on "OK" from the dialog displayed and,
from the setup menu, once more, "submit" is used to actually perform the
calculations requested (Figure 5.12. (a)). Two dialogs appear, one to confirm
that the requested calculations have started and other to advise that the
calculation has been completed (Figure 5.12. (b)).
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Options:
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Figure 5.11. Selection of quantum mechanics calculations.

*j

C:\Documents and Sett«gs\Admmstradc»\Mls doci*nentos\SpartanVMRl I\test.spartan has started.

| Aceptar |

C:\Documents and SettingsVdmirrstradorVMis documeotos\Spartan\MRLl\tost.spartan has completed.

| Aceptar j

(a) (b)

Figure 5.12. Task to perform and finish the requested calculations

4.- Finding the molecule parameters

Once the calculations have been completed, the energy of formation can

be found by the "output" option in the "Display" menu (Figure 5.13.) and by

using the toolbars on the upper part of the screen, bond distances and angles
can be measured.

Li Bo B H N OFNr-
NaUgAISi P S CtAi
K C.r«r#AiSi.H- Kr

Mb Sr In SnSbTe I Xc
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Figure 5.13. Molecule parameters such as energy offormation.

5.6.- Calculations with Chem 3D program

Different type of calculations were performed with the Chem 3D

program. This is a program that allows you to change internal parameters

concerning elements, atoms, bonds, angles etc. Therefore, in ours studies on

the natural bite angle and the flexibility range of new diphosphinoamine

ligands we have chosen to use Chem 3D.
A few more steps than when using Spartan Pro are needed prior to

perform the requested calculations. It comprises: a) the creation of an element
(M which represents a metal without valence preference and with a covalent
radii of 1.0), b) creation of two atoms (P Tetrahedral which represents the

phosphorus centres with a tetrahedral geometry and a van der Waals radii of
1.784; and M Metal which represents the dummy metal with a bent geometry
and a van der waals radii of 2.0, both VDW are small so the atoms do not

touch other atoms), c) definition of the stretching parameters of the bond in
between P and M (bond force constant (KS) = 100, so there are no limits, and a

bond length of 2.315 A which is characteristic of a Rh-P bond). These tasks
can be done by accessing the different tables contained in the "view" menu

(Figure 5.14.) in the order stated above: a) elements table, b) atoms table,
c)bond stretching parameters. It is very important to save all the changes done
in each table so that they apply to the calculations to be performed later. In
addition and depending on the calculations to be performed, natural bite angle
or flexibility range calculations, the table for the angle bending parameters has
to be altered in a different way:
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- for natural bite angle calculations, a KB (angle force bending

parameter) of 0 and a nule value for XR2 have to be setted up for P-M-P bond
- for flexibility range calculations, a KB of 100 and a varying XR2

(different bite angles within 3 Kcal mol1 excess strain energy) have to be set

up for P-M-P bond.
This table can be found as well in the options on the "view" menu.

-Ifll xl

Figure 5.14. Different table parameters.

After having chosen the different parameters for the calculations, in the
"MM2" menu, the "minimise energy" option is requested and a dialog appears

where the RMS gradient should setted to 0.001. The calculations will start

(Figure 5.15.).

Elements.TBL

Settings

Tools Object Analy?e MM? Gamess Gaussian Mechanics MOPAC Online Window Help
✓ Toolbar

✓ Tools Palette
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Connolly Molecular..,
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MM2 Atom Type Parameters.TBL
MM2 Constants. TBL

Out-of-Plane Bending Parameters,TBL
References.TBL
Substructures. TBL

Torsional Parameters,TBL

VDW Interactions.TBL

3-Membered Ring Angles,TBL
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Angle Bending Parameters. TBL
Atom Types.TBL
Bond Stretching Parameters.TBL
Conjugated Pisystem Atoms. TBL
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Figure 5.15. MM2 energy minimisation calculations.
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Finally, in the "analyse" menu, by "show measurement", the bond

lengths and angles are listed on the right side of the screen and the total
steric energy appears at the bottom of the screen (Figure 5.16.).

1 n «■

File Edit View Iddis Object Analyze hW2 Gamo39 Gaussian

d|es|h| - | ■ I'lj s| 1 Ah™,fvnv"
Mechanics MQPAG Online Window Help

Jpin About Y Axis
5pin About Z Axis
Spin About Selected Axis
Spin Torsional Angles

Show Bond Lengths
Show Bond Angles
Show Dihedral Angles
Show Close Contacts

Show Ring Closures

□a DDBl
> J<l_<j-d2ll Message of 24: Total:

b§ measurements

-IQl *1
-Jfll.tl

Atoms | Actual Optim
a 0(1] P(2) 1.738 —

a 0(1 )-C(15) 1.386

a 0(1)-Lp(45) 0.601 0

a P(2)-0[3] 1.737

a P(2)-N(4] 1.770

a P(2)-M(14) 2.315 2

a 0(3)-C(26) 1.386 1

a 0(3)-Lp(46) 0.601 0

a N(4)-C(5) 1.447 1

a N(4)-C(8] 1.450 1

a N(4]-Lp(47) 0.601

a C(5)-C(6) 1.534 1

a C(5)-H(35) 1.114 1

a C(5)-H(36) 1.117 1

a C(6)-N(7] 1.449 1

a C(6)-H(31) 1.119 1

a C(6)-H(32) 1.114 1

a N(7)-C(10) 1.449 1

a N(7)-P(11] 1.769

a N(7]-Lp(48) 0.601

a C(8]-C(9) 1.534 1

a C(8)-H(33) 1.110 1

a C(8)-H{34) 1.118 1

a C(9)-C(10) 1.543 1

a C(9)-H(27) 1.118 1

a C(9)-H(28) 1.116 1

a C(10)-H(29) 1.117 1

a C(10)-H(30) 1.117 1

a P(11)-0(12)

^1 1

1.738

►r

Figure 5.16 list ofparameters calculated.

MM2 molecular mechanics calculations were chosen because, although
MM3 should be more accurate, they take much longer and simple ligand

systems do not require this additional refinement. On the other hand, MOPAC
calculations are based on semi-empirical quantum mechanics calculations
instead of molecular mechanics and they describe molecules in terms of

specific interactions between electrons and nucli and thus they will not work
for our proposes since the natural bite angle is supposed to be an steric factor
of the molecule. The same applies for Gamess and Gaussian since they are

based on quantum mechanics calculations as well and they require additional
software.

Because the natural bite angle ignores many electron factors and
defines the M-P bond length, comparison with X-ray data would not be useful.
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When performing flexibility range calculations, one must start with the
calculated natural bite angle of the ligand and the calculations will provide a

steric energy. The second step should be to perform the calculations with an

angle five degrees below and a large force constant. The steric energy provided
in this second step should be a slightly larger than the energy obtained for the
natural bite angle. The optimum angle can be changed again and the
calculations repeated until the potential energy curve for 3 Kcal mol1 is

completed. If a low energy conformer has been missed, by calculating the

potential energy curve as above mentioned, it will be found and the energy will

drop in the process. If this occurs, this last model should be taken and the
natural bite angle calculation performed again on it. As a result one may get

the same or a different natural bite angle for the new model, and, in the latter

case, the potential energy curve calculations must be started again from the

beginning.
The parameters that have been used to perform the calculations on our

bis(aminophosphine) ligands were analogous to the force field parameters used

by Casey and Whiteker :6

Rh-P stretch of 2.315 A (which is typical of normal Rh-P bond

lengths), a length bond dipole of 0.0, and a KS of 100 Kcal moH.
P-Rh-P bend of 0 Kcal mol1 for natural bite angle calculations (by

placing no constrain upon P-M-P bending, the value obtained for pn
is independent mainly upon the constrains of the ligand backbone)
and 100 Kcal mol 1 for different angles for flexibility range

calculations.

Van der Waals radius : 2.0 A for Rh atom and 1.784 A for P atom.
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Crystallography was performed using a Bruker SMART or Rigaku

Mercury diffractometer; in all cases a minimum of a full hemisphere of data
with 0.3 or 0.5° 'slices' was collected. Mo-Ka radiation was used and multiscan

absorption corrections were applied. All of the non-H atoms were refined

anisotropically with the C-H hydrogen atoms being refined in idealised

geometries. All calculations employed the SHELXTL program systemREF.

Complementary X-ray data could be found in the CD attached at the
end of this Thesis.

REF.- SHELXTL, Bruker AXS, Madison, WI, 1999.
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Appendix I: X-Ray Crystallography Data for

[Ph2P(0)N(C2H4)NP(0)Ph2], 102
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Table 1. Crystal data and structure refinement for IO2.

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.39°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-flt on F2

Final R indices [I>2sigma(I)j
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

mwdw33

C28 H30 N2 03 P2

504.48

293(2) K
0.71073 A

Monoclinic

P2(l)/n
a = 9.7359(9) A <x= 90°.

b = 12.868(2) A p= 111.894(9)c
c = 10.940(2) A y= 90°.

1271.8(4) A3
2

1.317 Mg/m3
0.204 mm-1

532

. 17 x . 13 x . 1 mm3

2.39 to 23.39°.

-9<=h<=10, -14<=k<=8, -11<=1<=9

2560

1414 [R(int) = 0.0528]
76.4 %

None

- and -

Full-matrix least-squares on F2
1414 / 1 / 168
0.924

R1 = 0.0376, wR2 = 0.0858

R1 = 0.0707, wR2 = 0.0976

0.0022(16)
0.135 and -0.159 e.A-3
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Appendix II: X-Ray Crystallography Data for cis-

[PdCl2{Ph2PN(C2H4)2NPPh2}] 7
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Table 1. Crystal data

Identification code

Empirical formula
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 23.34°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F3
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

and structure refinement for 7.

mwdw21

C28 H28 C12 N2 P2 Pd

631.76

293(2) K
0.71073 A

Monoclinic

P2(l)/n
a = 11.2228(11) A a= 90°.
b = 27.882(3) A p= 96.646(3)°.
c = 17.9364(17) A 7=90°.

5574.9(9) A3
8

1.505 Mg/m3
0.992 mm"1
2560

.04 x . 1 x . 1 mm3
1.36 to 23.34°.

-1 l<=h<=12, -30<=k<=30, -19<=1<=19
24012

7949 [R(int) = 0.3081]
98.2 %

Sadabs

1.0000 and 0.18634

Full-matrix least-squares on F3
7949 / 0 / 632
0.840

R1 = 0.0800, wR2 = 0.1421

R1 = 0.2592, wR2 = 0.2079

0.00040(10)
1.093 and -1.182 e.A"3
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Appendix III: X-Ray Crystallography Data

for(CH3)2(C3H4)PN(C2H4)(C3H6)NP(C3H4)(CH3)2 15
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Table 1. Crystal data and structure refinement for 15.

Identification code

Empirical formula
Formula weight
Temperature

Wavelength
Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient
F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 23.45°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)j
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

hmmrl6

C15 H30 N2 04 P2

364.35

125(2) K
0.71073 A

Monoclinic

C2/c
a = 21.290(5) A a= 90°.
b = 6.7575(15) A p= 101.118(4)°.
c = 25.990(6) A y= 90°.

3669.0(14) A3
8

1.319 Mg/m3
0.257 mm-1

1568

0.3 x 0.3 x 0.3 mm3

1.60 to 23.45°.

-23<=h<=23, -7<=k<=6, -28<=1<=28
8792

2657 (R(int) = 0.0304]
97.9 %

Sadabs

1.00000 and 0.798834

Full-matrix least-squares on F2
2657 / 0 / 209
1.006

R1 = 0.0360, wR2 = 0.0944
R1 = 0.0453, wR2 = 0.0994

0.00053(19)
0.265 and -0.357 e.A-3
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Appendix IV : X-Ray Crystallography Data

forPh2P(S)N(C2H4)(C3H6)N(S)PPh2 20
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Table 1. Crystal data and structure refinement for 20.

Identification code

Empirical formula
Formula weight
Temperature

Wavelength
Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 23.59°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)J
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

a= 90°.

(3= 95.151(3)°.
y= 90°.

hmmrl 1

C29 H30 N2 P2 S2

532.61

125(2) K
0.71073 A

Monoclinic

P2(l)/n
a = 10.745(2) A
b = 14.466(3) A
c = 17.166(3) A
2657.6(9) A3
4

1.331 Mg/m3
0.342 mm-1

1120

0.30 x 0.30 x 0.20 mm3

1.84 to 23.59°.

-12<=h<=l 1, -16<=k<=13, -19<=1<=18
11283

3817 [R(int) = 0.0252]
95.9 %

Sadabs

1.00000 and 0.898031

Full-matrix least-squares on F2
3817 / 0 / 317
0.990

R1 = 0.0295, wR2 = 0.0770
R1 = 0.0358, wR2 = 0.0804

0.0013(4)
0.299 and -0.229 e.A-3
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Appendix V : X-Ray Crystallography Data

for(CH3)2(C3H4)P(S)N(C2H4)(C3H6)N(S)P(C3H4)(C

Hj)2 21
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Table 1. Crystal data and structure refinement for 21.

Identification code

Empirical formula
Formula weight

Temperature

Wavelength
Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient
F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 23.30°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

hmmrl5

C15 H30 N2 04 P2 S2

428.47

125(2) K
0.71073 A

Monoclinic

C2/c
a = 23.464(4) A a= 90°.
b = 6.9460(13) A p= 92.554(3)°.
c = 25.581(5) A y= 90°.

4165.1(13) A3
8

1.367 Mg/m3
0.431 mm-1

1824

0.3 x 0.3 x 0.2 mm3

1.59 to 23.30°.

-24<=h<=26, -7<=k<=7, -28<=1<=20
8693

2999 [R(int) = 0.0233]
99.3 %

Sadabs

1.00000 and 0.800672

Full-matrix least-squares on F2
2999 / 0 / 227
1.039

R1 = 0.0312, wR2 = 0.0817
R1 = 0.0367, wR2 = 0.0847

0.00054(11)
0.316 and -0.296 e.A-3
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Appendix VI: X-Ray Crystallography Data for

[(iPr)2P(Se)N(C2H4)(C3H6)NP(Se)(iPr)2],23

- 314 -



APPENDIX: X-Ray Structures.

Table 1. Crystal data and structure refinement for 23.

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F^
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

<x= 108.223(8)°
p= 98.723(8)°.
7= 93.164(8)°.

mrdw4

C17 H38 N2 P2 Se2

490.35

293(2) K
0.71073 A

Triclinic

P-l

a = 6.959(3) A
b = 11.700(5) A
c = 14.974(7) A
1137.8(9) A3
2

1.431 Mg/m3
3.392 mm"1
504

. 14 x . 1 x .01 mm3
1.45 to 23.39°.

-7<=h<=6, -1 l<=k<=13, -16<=1<=16
6629

3281 [R(int) = 0.2600]
Sadabs

0.42224 and 0.31658

Full-matrix least-squares on F3
3231 / 0 / 209
0.841

R1 = 0.1130, wR2 = 0.2636
R1 = 0.2312, wR2 = 0.4165

0.0000(27)
1.363 and -1.137 e.A"3
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Appendix VII: X-Ray Crystallography Data for

cis-[PtCl2{Ph2PN(C2H4)(C3H6)NPPh2}] 24

C(5) C(6)
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Table 1. Crystal data and structure refinement for 24.

Identification code

Empirical formula
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient
F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 23.30°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F3
Final R indices [I>2sigma(I)]
R indices (all data)
Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

mrdw6

C47 H58 C110 N2 P2 Pt3

1652.66

293(2) K
0.71073 A

Orthorhombic

Pca2(l)
a = 16.5561(8) A
b = 9.8143(5) A
c = 33.1289(17) A
5383.0(5) A3
4

2.039 Mg/m3
8.368 mm'l
3152

.1 x .1 x .01 mm3
2.41 to 23.30°.

-18<=h<=18, -10<=k<=10, -36<=1<=35
21988

7523 [R(int) = 0.0601]
98.9 %

Sadabs

1.00000 and 0.482942

Full-matrix least-squares on F3
7523 / 1 / 587
0.979

R1 = 0.0291, wR2 = 0.0712
R1 = 0.0368, wR2 = 0.0757
0.00

0.00009(2)
1.033 and -0.610 e.A"3

<x= 90°.

p= 90°.

y= 90°.
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Appendix VIII: X-Ray Crystallography Data for

cis-[PtCl2{(iPr)2PN(C2H4)(C3H6)NP(iPr)2}],27
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Table 1. Crystal data and structure refinement for 27.

Identification code

Empirical formula
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.21°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F3
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

mrdw9

C17 H38 C12 N2 P2 Pt

598.42

293(2) K
0.71073 A

Monoclinic

P2(l)/c
a = 11.236(3) A a= 90°.
b= 11.251(3) A p= 95.821(4)°.
c= 18.217(5) A y= 90°.

2291.2(10) A3
4

1.735 Mg/m3
6.500 mm3
1184

.1 x .1 x .01 mm3
1.82 to 23.21°.

-12<=h<=12, -12<=k<=6, -20<=1<=19
9328

3225 [R(int) = 0.1244]
98.3 %

Sadabs

1.000000 and 0.403632

Full-matrix least-squares on F3
3225 / 0 / 218
0.986

R1 = 0.0952, wR2 = 0.2273
R1 = 0.1103, wR2 = 0.2339

0.0091(11)
9.755 and -1.771 e.A"3
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Appendix IX : X-Ray Crystallography Data for

Ph2PHN(C10H6)2NHPPh2, 37
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Table 1. Crystal data and structure refinement for hmmr6.

Identification code

Empirical formula
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient
F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 23.31°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices (I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

hmmr6

C44 H34 N2 P2

652.67

125(2) K
0.71073 A

Triclinic

P-l

a = 10.4672(19) A a= 89.499(3)°.
b = 11.128(2) A p= 85.136(3)°.
c= 15.555(3) A 7 = 71.093(3)°.

1707.6(5) A3
2

1.269 Mg/m3
0.162 mm 1

684

0.30 x 0.20 x 0.10 mm3

1.93 to 23.31°.

-1 l<=h<=l 1, -12<=k<=12, -13<=1<=17
8601

4815 [R(int) = 0.0246]
97.4 %

Sadabs

1.00000 and 0.758036

Full-matrix least-squares on F2
4815 / 0 / 441
0.588

R1 = 0.0410, wR2 = 0.1126
R1 = 0.0597, wR2 = 0.1378

0.223 and -0.293 e.A 3
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Appendix X : X-Ray Crystallography Data for

iPr2P(CH2Ph)NCH2CH2N(CH2Ph)PiPr2, 49
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Table 1. Crystal data and structure refinement for mrdwl 1.

Identification code mrdw 11

Empirical formula C28 H46 N2 P2

Formula weight 472.61

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-l

Unit cell dimensions a = 8.392(2) A a= 87.53(4)°.
b = 9.344(4) A p= 76.43(3)°.
c= 11.192(5) A y = 61.64(2)°

Volume 748.3(5) A3
Z 1

Density (calculated) 1.049 Mg/m3
Absorption coefficient 0.162 mm 1

F(000) 258

Crystal size 0.1000 x 0.1000 x 0.0500 mm3

Theta range for data collection 2.48 to 21.73°.

Index ranges -8<=h<=7, -9<=k<=8, -10<=1<=11
Reflections collected 2313

Independent reflections 1588 [R(int) = 0.0175]
Completeness to theta = 21.73° 89.6 %

Absorption correction Multiscan

Max. and min. transmission 1.00000 and 0.644

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1588 / 0 / 145
Goodness-of-fit on F2 1.061

Final R indices [I>2sigma(I)] R1 = 0.0492, wR2 = 0.1266
R indices (all data) R1 = 0.0615, wR2 = 0.1329

Largest diff. peak and hole 0.542 and -0.119 e.A 3
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Appendix XI: X-Ray Crystallography Data for

iPr2P(Se)(CH2Ph)NCH2CH2N(CH2Ph)P(Se)iPr2, 55
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Table 1. Crystal data and structure refinement for mrdw8.

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 23.29°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

mrdw8

C28 H46 N2 P2 Se2

630.53

293(2) K
0.71073 A

Orthorhombic

Pbca

a = 16.1838(7) A a= 90°.

b = 13.6979(6) A P= 90°.
c = 14.2025(7) A y = 90°

3148.5(2) A3
4

1.330 Mg/m3
2.468 mm1

1304

.1 x .1 x .05 mm3

2.42 to 23.29°.

-17<=h<=17, -15<=k<=15, -14<=1<=15
12551

2229 [R(int) = 0.1166]
98.2 %

Sadabs

1.00000 and 0.839099

Full-matrix least-squares on F2
2229 / 0 / 155
0.707

R1 = 0.0355, wR2 = 0.0644
R1 = 0.0701, wR2 = 0.0705

0.00000(15)
0.294 and -0.542 e.A 3

- 325 -



APPENDIX: X-Ray Structures.

Appendix XII: X-Ray Crystallography Data for
cis- [PtCl2 {Ph2PN(C6H4)(C6H4)NPPh2}], 61

C(29)
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Table 1. Crystal data and structure refinement for hmmrl8.

Identification code

Empirical formula
Formula weight

Temperature

Wavelength
Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient
F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 23.27°

Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices ]I>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

mr 18

C36 H28 C12 N2 P2 Pt

816.53

125(2) K
0.71073 A

Monoclinic

P2(l)/n
a = 10.7076(17) A ot= 90°.
b = 15.392(3) A p= 92.036(3)°.
c= 19.078(3) A y = 90°.

3142.3(9) As
4

1.726 Mg/m3
4.767 mm-i

1600

0.3 x 0.3 x 0.2 mm3

1.70 to 23.27°.

-10<=h<=l 1, -17<=k<=17, -21<=1<=20
13327

4479 [R(int) = 0.0308]
99.1 %

Sadabs

Full-matrix least-squares on F2
4479 / 0 / 389
0.924

R1 = 0.0201, wR2 = 0.0497

R1 = 0.0221, wR2 = 0.0506

0.00057(7)
1.025 and -0.893 e.A-3
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Appendix XIII: X-Ray Crystallography Data for

P,P,C-[PtCl{m-C6H4-{CON(PPh2)CH2Ph}2}],62
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Table 1. Crystal data and structure refinement for hmmrl3.

Identification code

Empirical formula
Formula weight
Temperature

Wavelength
Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 23.32°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

hmmr 13

C92 H74 C12 N4 04 P4 Pt2

1884.51

125(2) K
0.71073 A

Triclinic

P-l

a = 14.8544(18) A a= 111.581(2)°.
b = 15.7537(19) A p= 102.825(2)°.
c = 18.469(2) A y = 94.704(2)°.

3854.3(8) As
2

1.624 Mg/m3
3.835 mm 1

1872

0.30 x 0.30 x 0.15 mm3

1.43 to 23.32°.

-16<=h<=16, -17<=k<=l 1, -18<=1<=20
19416

10949 [R(int) = 0.0301]
97.9 %

Sadabs

1.00000 and 0.765610

Full-matrix least-squares on F2
10949 / 0 / 974
0.978

R1 = 0.0361, wR2 = 0.0960
R1 = 0.0693, wR2 = 0.1185

0.00028(8)
2.306 and -1.798 e.A-3
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Appendix XIV : X-Ray Crystallography Data for

[{Pd(C3H5)Cl}2{m-C6H4-{CON(PPh2)CH2Ph}2}],63
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Table 1. Crystal data and structure refinement for hmmrl7.

Identification code

Empirical formula
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.31°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

hmmr 17

C53 H46 C14 N2 02 P2 Pd2

1159.46

125(2) K
0.71073 A

Triclinic

P-l

a = 11.816(2) A a= 70.114(3)°.
b = 12.769(2) A p= 83.496(3)°.
c = 17.579(3) A y = 82.846(3)°.
2467.4(7) As
2

1.561 Mg/m3
1.053 mm-i

1168

0.30 x 0.15 x 0.06 mrm

1.70 to 23.31°.

-1 l<=h<=13, -13<=k<=14, -18<=1<=19
12428

6965 [R(int) = 0.0495]
97.7 %

Sadabs

1.00000 and 0.876251

Full-matrix least-squares on F2
6965 / 0 / 587
0.893

R1 = 0.0489, wR2 = 0.1098
R1 = 0.0894, wR2 = 0.1264

0.0017(3)
1.115 and -0.720 e.A-s

- 331 -



APPENDIX: X-Ray Structures.

Appendix XV : X-Ray Crystallography Data for

cis-[PtCl2{

iPr2P(CH2Ph)NCH2CH2N(CH2Ph)PiPr2}],64

C(17)
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Table 1. Crystal data and structure refinement for hmmrlO.

Identification code

Empirical formula
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.32°

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

hmmrlO

C28 H46 C12 N2 P2 Pt

738.60

125(2) K
0.71073 A

Monoclinic

P2(l)/n
a = 10.308(2) A a= 90°.
b = 22.822(4) A p= 110.145(2)°.
c= 13.710(3) A y = 90°.

3027.8(10) As
4

1.620 Mg/m3
4.936 mm-i

1480

0.30 x 0.20 x 0.15 mm3

1.78 to 23.32°.

-1 l<=h<=10, -25<=k<=25, -13<=1<=15
15053

4324 [R(int) = 0.1349]
98.4 %

Sadabs

1.00000 and 0.303358

Full-matrix least-squares on F2
4324 / 0 / 317
0.9CO

R1 = 0.0646, wR2 = 0.1565
R1 = 0.0725, wR2 = 0.1610

0.0014(3;
3.087 and -2.729 e.A 3
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