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Abstract 

Attempts to separate meso/rac-1,3-bis(m'adamphosphino)propane diastereo- 
isomers by recrystallization and selective complexation are described. RecryStallization 
from methanol was found to be the best option. 

The cage diphosphines meso/rac-1,4-bis(meadamphosphino)butane and mesolrac- 
1,4-bisCF3adamphosphino)butane have been synthesised. These ligands were prepared 
via hydrophosphination, of RC(O)CH2C(O)R (R = CH3, CF3) With the diprimary 

phosphine H2P(CH2)4PH2. Platinum(11) and palladium(II) complexes of these new 
ligands are reported. The cone angle of the meso-1,4-bis(meadarnphosphino)butane was 
measured from the X-ray crystal structure of its dichloroplatinum(II) complex and found 

to be 167*. The cage diphosphines meso/rac-1,5-bis(m'adamphosphino)pentane and 
mesolrac-1,5-biS(CF3 adamphosphino)pentane have been synthesised by 
hydrophosphination of RC(O)CH2C(O)R (R = CH3. CF3) with the diprimary phosphine 
H2P(CH2)5PH2. The dichloroplatinum(II) complex of mesolrac-1,5-biS(Me adamphos- 
phino)pentane was synthesised, but the palladium(II) complexation produced 
oligorneric products. 

The monodentate cages 1,3,5,7-tetraethyl-2,4,8-tiioxa-6-phospha-adamantane 

(E'CgPH) and 1,3,5,7-tetraethyl-6-phenyl-2,4,8-trioxa-6-phospha-adamantane (EtCgpph) 

have been synthesised. The palladium(II) and platinum(II) complexes for each of these 
ligands are reported and the X-ray crystal structure of trans-[PdCl 2(EtC gPph)3 Was 
determined which gave an estimated cone angle of 1570 for EtCg PPh. The bidentate 

cages meso/rac-1,3-biS(Etadamphosphino)propane, meso/rac-1,4-biS(EtadamphOsphino)- 

butane and meso/rac-1,5-bis(Eadamphosphino)pentane were prepared. The palladium 

complex of meso/rac-1,3-bis(Etadamphosphino)propane was synthesised, [PdC12(P-P)I, 

whose X-ray crystal structure gave an estimated cone angle of 1551 for this ligand. The 

ligands meso/rac-1,4-bis(Etadamphosphino)butane and mesolrac-1,5-bis(Eadarnphos- 

phino)pentane gave a mixture of oligomeric species when complexation with 

palladium(II) was attempted. The ligand meso/rac-1,4-biS(Etadamphosphino)butane 

formed a chelate with platinum(ED. 

The catalytic activity of the monodentate and bidentate cages mesolrac-1,4- 
bis(Meadamphosphino)butane, meso/rac-1,4-bis(Eadamphosphino)butane, mesolrac-1,3- 
bis(Meadamphosphino)propane and EtC gPPh in the Rh-catalyzed hydroformylation of 
hex-l-ene is described. The best result was obtained with EtCgPPh, which was faster 

than the commercial rhodium catalyst [RhH(CO)(PPh3)31- 
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Chapter I 

Introduction 



Chapter 1: Introduction 

1.1 Introduction 

The chemistry of tertiary phosphines is a very large and currently highly active 

field, partly due to their widespread application in many industrial processes. 1-3 One of 

the earliest metal-phosphine complexes to find commercial use (in 1938) was the Reppe 

4 compound [Ni(CO)2(PPh3)21 
, which was used to catalyse the polymerisation of alkenes 

and acetylenes. 5 Triphenylphosphine is also the ligand in Wilkinson's catalyst 

[RhCI(PPh3)31 for the homogeneous hydrogenation of alkenes, 6,7 and [RhH(CO)(PPh3)31 

is a catalyst for the hydroformylation of alkenes. 8 

In this thesis, we will describe the synthesis and coordination chemistry of bulky 

cage-phosphine and cage-diphosphine ligands of type 1.1 and 1.2. 

00 00 
0- 0 

--0 -0 R R, 
pl RR 

R (CH2 nR 

R'= H, Ph R Me, Et, CF3 
n 4,5 

1.1 1.2 

To put this work in context, in this Chapter the key features of bulky phosphines 

are discussed such as phosphorus-metal bonding, stereoelectronic properties, and the 

significance of sterically demanding alkyl phosphines and their importance in transition 

metal chemistry and homogeneous catalysis. 

1.2 Bonding in phosphorus(III) ligand metal complexes 

The nature of the bonding of phosphorus ligands makes them able to stabilise a 

wide range of oxidation states, due to the varying degrees of cr-donation and 7r- 

acceptance in the M-P bond. Phosphine ligands can be strong cr-donors (e. g. PMe3) or 

2 



Chapter I. - Introduction 

strong 7r-acceptors (e. g. PF3), and can be very small (e. g. PHO or very large (e. g. 

PBUt3)- 

The classical picture of metal-phosphorus bonding involves cr-donation from an 

32 
sp orbital on P into a suitable metal orbital (e. g. dz) and the 7r-acceptor properties are 

attributed to the use of empty phosphorus 3d orbitals (Figure 1.1). 9 

E, lp*ý d_ orb, tal 

N 
- -(N M.: *X*, - lpý 

Follco " 
;D OrDt! a. 

0. - 

Figure 1.1 

A more recent model for the 7c-bonding, based on quantum mechanical 

calculations, 10 uses hybridisation of the 3d orbitals and P-X cy* orbitals to give the 

hybrid 7c-acceptor orbital shown in Figure 1.2. This rationalises why an increase in 7c- 

donation from the metal to the phosphorus results in an increase in the P-X bond length 

(due to the participation of P-X a*orbitals) and a decrease in M-P distances. 

op% 
0.3d pr. 

äwp 

Figure 1.2 
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Chapter 1: Introduction 

1.3 Stereoelectronic effects of ditertiary phosphine ligands 

Ligand stereoelectronic effects control the thermodynamics and kinetics of 

reactions of metal complexes and are therefore of critical importance in catalysis. 

1.3.1 Electronic effects 

Electronic effects in which ligands affect the electron density on the metal are 

important, particularly if a reaction involves a change in the formal oxidation state of 

the metal. 

Tolman" based his electronic parameter on the frequency of the Al carbonyl stretching 

mode in [Ni(CO)3(PR3)] and reviewed the correlation between various spectroscopic 

properties and the phosphine-metal bonding in transition metal complexes (e. g. NMR 

chemical shifts and coupling constants). A convenient way to quantify electronic effects 

of phosphorus ligands (7r-accepting capacity) is by comparing the frequency of the A, 

stretching vibration Of [Ni(CO)3L] complexes in CH202.11 The carbonyl complexes 

form rapidly on mixing L with solutions Of [Ni(CO)41, and the A, band is strong and 

sharp. Higher frequencies mean reduced electron density on the metal (reduced 7c- 

backbonding to the carbonyl ligands). As the electronegativity of the phosphorus 

substituents increases, the 7c-acceptor properties of the phosphine also increase and so 

the CO ligands accept less electron density which is detected in the increase in the CO 

stretching frequency (Table 1.1). 
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Table 1.1 IR frequencies of vco in the [Ni(CO)3L] complexes in CH202 

L 
Ni(CO)3L 

VC0 (A])' 
PC13 2097.0 

P(OMC)3 1 2079.5 

PMe3 1 2064.1 

PEt3 2061.7 

P(P? )3 2059.2 

P(B03 2056.1 

Tolman's electronic parameter (vCo (A, ) in (Table 1.1) can be useful in 

explaining equilibrium data. For example Table 1.2 shows vco(Ai) for three ligands and 

the K values for the equilibrium (Equation 1.1) 

K 
HCN + NiL4 - HNiL3CN +L 

Equation 1.1 

The 300 fold decrease in K on going from electron-rich (poor 7c-acceptor) 

PPh(OEt)2 to electron-poor (good 7c-acceptor) P(OCH2CH2CI)3 is reflected by vCo. 

Lower frequencies mean greater electron density on the metal and therefore the greater 

propensity to undergo oxidative addition of HCN. 

Table 1.2 Equilibrium constants 
13 for Equation 1.1 and IR frequencies of vco (A, ) in [1ýKO)3L] 

LK 
[Ni(CO)3L] 

vco (A i)' 
PPh(OEt)2 0.03 2074.2 

P(OE03 0.005 2076.3 

P(OCH2CH2CI)3 0.0001 2084.0 

At 25 'C in CH202. b in cm", in toluene, ' in cnf 1, in CH202 
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Chapter 1: Introduction 

1.3.2 Size Effects 

1.3. Zl Coneangle 

The steric bulk of the ligands can be quantified using the Tolman Cone Angle 

0.11 The magnitude of 0 is a measure of the space occupied by the ligand in the 

coordination sphere of the metal (Figure 1.3). For symmetrical ligands, the cone angle is 

measured for the largest extension of the ligand, and all cone angles are measured with a 

constant M-P bond distance (2.28 A). 

0- 
M 

2.280 A 

Figure 1.3 Measurement of a Tolman Cone Angle 0.11 

For unsymmetrical ligands PXIX2X3, an effective ligand cone angle 0 is defined 

as the average of the sum of the semivertex angles for each PXj by reference to Figure 

1.4. The A substituent will have a half angle Oj/2 defined by the metal-phosphorus axis 

and an outermost van der Waals contact. 

11 , 

c. 
%% 

2.28 A 
03/2 

m 

Figure 1.4 

3 

Cone angle, 0= (2/3) Z Oi/2 

i-I 
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Chapter 1: Introduction 

In Table 1.3 are shown some examples of how the cone angle increases with the 

increase in buBdness of the substituents. 

Table 1.3 Cone angles for some monophosphine and diphosphine ligands 

Ligand 1 Cone Angle (0)/" 

PH3 87 

PMe3 118 

P(BU% 132 

P(B03 182 

Et2PCH2CH2PEt2 115 

Ph2PCH2CH2PPh2 125 

The influence of the ligand. size is dramatically exemplified by the increase in 

dissociation constant KI for Equation 1.2 by a factor of 108 on going from L= P(O-p- 

tO1Y1)3 (0 ý 128 ) to P«)-0-tO1Y1)39 (0 ý 141 ). 

K, 
NiL4 NiL3 +L 

Equation 1.2 

1.3.2.2 Bite angle 

The "natural" preference of a ligand for a certain coordination mode can 

influence a catalytic cycle in several ways; by the stabilization or destabilization of the 

initial, transition, or final state. In addition, the flexibility of a bidentate ligand may be 

important in order to accelerate certain reactions. Casey and Whiteker 14 introduced the 

concepts of natural bite angle (P) and flexibility range (a) for diphosphine ligands as 

explained below. 
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The 'ýnetal-preferred" ligand bite angle P (Figure 1.5) for octahedral and square- 

planar complexes (Figure 1.5) is 90', for tetrahedral complexes 109*, and for bis- 

equatorial trigonal bipyramidal complexes 120". 

0, 

', ', ', 

t 

Figure 1.5 

Computer modelled geometries can be used to estimate natural ligand bite 

angles. The metal centre is a dummy atom, the M-P distance is fixed at 2.315 A for Rh, 

and the force constant for the P-M-P bond angle is set to 0 kcal mol" deg-' to eliminate 

any contribution of the metal. The flexibility range is defined as the accessible range of 

bite angles within 3 kcal mol-1 of the minimum energy. For some ligands it is of crucial 

importance to perform a systematic conformer search to make sure the lowest energy 

confonnation is used for the bite angle calculation. 15 Steric interactions between the 

ligand and the substrate depend also on the bite angle and thus can play a pivotal role. 

1.4 Bulky phosphine ligands 

Since 1980, research in bulky phosphines has grown greatly in the areas of 

coordination chemistry and catalysis. 

1.4.1 Coordination properties of bulky phosphines 

A series of generalisations were made by Shaw, 16 which described the effects of 

sterically demanding tertiary phosphine ligands. These are summarised. below with 

updated examples. A new section on agostic C-H interactions has also been added. 
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1.4.1.1 Very buk tertiary phosphines such as those of type PBu`2R (R = aWl or aryl) 

will not coordinate in mutually cis-positions. 

Tertiary phosphines such as PMe3, PEt3, PPh3 etc. will generally coordinate in 

either mutually cis- or trans-positions, but ligands such as PBut3 or PRBut2 will almost 

always co-ordinate in mutually trans-positions. 17 

For exwnple, the presence of bulky phosphine ligands in 

[OsH(OH)(CO)(PBUWe)21 makes its crystal structure atypical. 18 The reason for this is 

the intermolecular interactions between hydroxyl groups of centrosymmetrically related 

neighbouring molecules. This interaction is a consequence of the square-pyramidal 

geometry (Figure 1.6) with nearly linear trans-phosphines (ZP-Os-P = 175.3'). 

MeBUt2P co H PBIý2Me 

Os- 0ý1 ;o Qs 
H 

H PBuý2Me MeBUt2P 
\CO 

Figure 1.6 

1.4.1.2 There are strong non-bonding interactions between a bulky tertiary phosphine 

and other ligands e. g. Cl, Br, CO, alkyl etc. on the metaL 

The best evidence for this comes from variable temperature 31 

spectroscopy. 16 Tbree rotamers are observed for [RhCI(CO)(PBd2Et)21 When its 

solution is cooled to -60 IC (Figure 1.7). 

ut 

Bu! l""'. -'P-R I 

cl-m-co 

Buý 
'I 

I 

'-R 
But'"" 

R-P. 10000 
ut 

I """'Bu 

cl m co 

Bu t 

P . """Bu t I 

-co cl-m 
ý 

R-P 

Figure 1.7 
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1.4.1.3 In order to reduce steric strain coordinatively unsaturated complexes are often 

formed. 

A good example of this is the reaction between [FeC12(CO)4] and (i) PP? 3 or 

PBuý2Me. A dicarbonyl (18e) complex is formed when L= PP6, but with L= PBuý2Me 

the unsaturated (14e) species is favoured (Equation 1.3). 19 

-2C0 [FeCI2(C0)2L2] 1- [FeC12L21 

L -= PP6 L=PBu t 
2Me 

Equation 1.3 

Bulky phosphine ligands can be used to make very reactive unsaturated 

ruthenium complexes. Caulton and co-workers have studied the 7c-stabilization degree 

of unsaturation in [RuH(X)CO(PB1ý2MO21, where X=I, Cl, OPh, OH, OCH2CF3. 

OSiPh3, OSiMe2Ph, OSiMe3- 20 They reasoned that when the X groups are good 7c- 

donors they stabilise to the l6e complexes by the synergic effect of the M-X cr-bond 

and X-> M n-bond via lone pairs on X. 

The synthesis of [RuC12(CO)2(dbpe)], (&bpe = Buý2PCH2CH2PBuý2) an He 

complex, has also been reported. The [RuC12(CO)2(&bpe)] complex can be reduced to 

[RUH2(CO)2(&bPe)] (1.3) containing cis-hydrides. The dihydrido complex will react 

21 
with CO at 25 *C to form [Ru(CO)3(&bPe)] . 

p p", ". Rii""H 
oc 1H 

Co 

1.3 

10 



Chapter 1: Introduction 

The reaction of [Cp*Ru(OMe)12 with PCy3 produces the very reactive alkoxo 

derivative [Cp*Ru(OMe)(pCy3)] (1.4), which was reacted with H2 tO form (1.5). In 

addition, protonation of (1.4) with BBF4 led to methanol elimination and 

dehydrogenation of the phosphine ligand to produce (1.6). 22 

, 42 Me - 
ICP*RUH3PCY3] 

Me-, Me 

[Cp*Ru(OMe)(PCy3)] 
1.5 

Me Ru Me BF4 

1.4 'ICP*RU(C6H9PCY2)]BF4 1.6 
HBF4 

1.6 L 

Equation 1.4 

The interest in unsaturated ruthenium complexes with bulky phosphines ligands 

has grown over the last 10 years, due to their performance as catalysts in ring-opening 

metathesis. 23 A very reactive 14-electron ruthenium hydride complex [RuHCl(PPM)1 

(1.7) has been isolated and fully characterized. 24,25 Complex (1.7) is a crucial 

intermediate in the preparation of the Grubbs ruthenium catalyst (1.8) (see Section 

1.4.2.4). 

i) 2PP? 3, NEt3 P'PT3 

[RuC12(Cod)] 
ii) reflux in 2-PrOH 

-I CI-Ru-H 

i Pr3 

1.7 

1.4.1.4 The other associated ligands are preferably small 

1.8 

Because bulky phosphines are very sterically demanding, having the other 

coordinating ligands relatively small (e. g. H), can reduce the steric strain; compounds 

(1.9), (1-10), (1.11) and (1.12) are good examples! 6 

Pi Pr3 
HCI 

2-PrOH CI*4' Ph 
PlPr3 
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H 
--PBu 

t 2Et 
Pt 

EtBtý2P H 

1.9 

H, 
-ý 

Pt , _-, -PCY3 

CY3p H 

1.10 1.11-1.12 

1.4.1.5 Bulky phosphines may assist in the kinetic stabilisation of complexes 

An unusual cationic ruthenium complex (1.13) with bulky phosphine ligands has 

been reported which has a bidentate coordinated dichloromethane molecule. 26 The salt 

(1.13) results from the metathesis of [RuH(OTf)(CO)L2] with I equiv. of NaBAr4. 

PBuý2Me 

, �%%H 
BAr4 H2C Ru 

ci, 1 **Co 
PBUt2MC 

1.13 

PtL2 L2 = O-CA(CH2PB1ý02 

H L2 = But2P(CH2)3PBut 2 

Ar = 3.5-C6H3(CF3)2 

Bulky phosphine groups have been used to stabilize the Ni(II) phosphine-imine 

catalyst in the polymerisation of ethene . 
27 The phosphine-imine complexes (1.14) are 

stable after 7h at 70' in the polymerisation of ethene, whereas the Ni(II)-oc-bis-imine 

phosphines (1.15) decompose within 30 min of the reaction. 27 

1.14 

RR 

R N\ 
,M But R! / \R! 
xY 

But M Pd, Ni; X= Cl, Br 

Ph 

Y Cl, Br, Me or 

R=H, Me 
R! = Me, EVe 

1.15 

12 

M= Pd, X=Cl 
M= Ni, X=Br 
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A series of platinum complexes of the general formula 

[Pt(Me2NCS2)(PR3)(alkyl)] have been synthesised by Reger et al. 28 The complexes 

undergo alkyl isomerization as shown in Equation 1.5.28 The equilibrium position from 

the linear to branched product can be changed from 9: 1 (1.16) to 25: 1 (1.19) by 

replacement of the methyl group for cyclohexyl in the phosphine ligand. 

H3C-, /ýý� �PR3 reflux in THF 
N-C, Pt\ + -'--"mgcl 

H3C" %**" cl 

Equation 1.5 

H3C\ 
/, 

S,, PR3 
ýN-Q Pt 

H3C R 
1.16 Me 
1.17 Et 

H3C\ 
/, 

S, 
\ , PR3 1.18 Ph 

N-C, l Pt 
H3C" \Is, -, \r 1.19 Cy 

1.4.1.6 The decarhonylation of alcohols is a common reaction with metal complexes 

containing bulky tertiary phosphine ligands. 

A good example of this generalization is given by complexes of type 

[RhHC12(PBU! 2R)21 which react in seconds with methoxide ions in methanol at 20 *C to 

give trans-[RhCI(CO)(PBUý2R)21,16 

Recently the decarbonylation of aldehydes, formates and formamides by the 

[RuHCI(PM)212 complex has been reported. The reactions are shown in Scheme 1.1, 

Equation 1.6 and Equation 1.7 . 
29 The decarbonylation of aldehydes and formates is 

complete and quantitative within 30 min at room temperature. 
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H 
"Ppi 

0 1., 
1/2 IRUHClL2]2 +R 1ý1 H CI-Ru 

Pý/ o 
H 

H ý12 (H2) 
1 
1-- 

ppi 
-RH 

I 
. ", 

Ppi 1., ",, PPr 
CI-Rii-CO Cl-Rii-R Cl-Riie 

.1i P? p Pý/ Pr P"' R co 

R= CH2Bu% But, Et 
1.20 

Scheme 1.1 

Hi 

Cl- CO + [RuH(H2)CIL21 + CH4 [RuHCIL2]2 + "--"ý'H 

PP 
1.21 1.22 

Equation 1.6 

The decarbonylation of formamides with complexes containing bulky phosphine 

ligands is complete at room temperature after 2 days, but at 80 OC can be complete in 3 

h (Equation 1.7). 29 

H 
0 

-HN(CH3)2 
I 

,- 
pp? 

1/2 IRUHClL2]2 + ltý -. 
Cl-kd-CO 

H N(CH3)2 i/ Pr P 
1.23 

Equation 1.7 

1.4.1.7 Metal-metal bondformation isfavoured by very bukphosphine ligands 

An example of this effect was observed by Shaw in 1973 . 
30 An alcoholic 

ruthenium(III) chloride solution was first carbonylated and to the resulting complex was 
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added the very bulky ligands PBu2Ph, PBuý2(CH2Bu) or PBUý3 (Equation 1.8). Only one 

tertiary phosphine complexed to each ruthenium and a binuclear ruthenium(I) complex 

(1.24) was formed, reducing the steric strain due to the bulky phosphines. 16 

[RuC131 - RuCI2(CO)2 
PBu t 2R 

oc-� 
- 
cý_I, 

«OCI CO 
-ýý-'-N / OC-kÜ' hý-co 

RB t/\ PBut2R U 2P 

1.24 
Equation 1.8 

1.4.1.8 Very bulkyphosphines assist in cyclometallation 

Ms generalization came from observations on the influence the size of R, and 

R2 (Equation 1.9) have on the cyclometallation process. With phenyl substituents it 

would not always occur but if Ri and R2 are bulky substituents the reaction often occurs 

readily. It was found that cyclometallation increases in the order (RI or R2) Me < Ph < 

Btý and clearly steric effects are dominant over electronic effects. 16 

R, R2 

P\ 

Cm 

JLL 

Equation 1.9 

P12 

c P\ 

m 
HX 

An example of this reaction is shown in Equation 1.10 where the bulky 

phosphine substituents in PBuý2 promote C-H activation of the pro-chiral 

ferrocenylmethylphosphine to form the cyclopalladated complex (1.25) . 
31 The product 

was obtained in 70% yield as a racernic mixture (due to the planar chiralitY). 
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Bu tR PBu t2 
11 

141 

1 

Buý2P111, - c p--olPBUý2 P, 
PBut2 i) Pd(OAc)2 d22; 

\" 
Pd 

Fe 
ii) LiCl, MeOH 

0+ 

Fe Fe 

(S) (R) 

1.25 1.25 

Equation 1.10 

Cyclometallated phosphine-based pincer complexes such as (1.26) have recently 

been reviewed. 32 They have been used in applications such as the Heck reaction 33,34 and 

in the activation of C_C35and C-0 bonds (see Section 1.4.2.2) . 
32,36 

R Buý2 

H 

R PBut 2 

IR-h(C2H4)(CO)(Solv), ]+OTf 

NEt3 

PUt2 

-CO R- Rh 

R PBut2 

R=H, OMe 
1.26 

1.4.1.9 Large ringformation is promoted by very bulky phosphine ligands 

Until the early 1980's large chelate rings (> 8-membered) were thought to be 

unstable when compared to open-chain (polymeric) structures. However, it has been 

shown that a variety of long chain diphosphines with sterically demanding substituents 

on the donor atoms will form large ring chelates (12- to 72-membered). For example 

13ut2P(CH2)4C-=C(CH2)4PBuý2 and Buý2PC-=C(CH2W_=PBuý2 (n =4 or 5) formed large 

chelate rings whereas Me2P(CH2)12PMe2 and Ph2P(CH2), OPPh2 gave intractable 

polymeric materials. 16 
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1.4.1.10 P-agostic Interactions 

Complexes where the metal atom forms aM.... H-C, two electron and three- 

centre (agostic) interaction, are important in hydrogenation, 37 hydroformylation and 

alkene oligomerization. 9 

Spencer et al. 38 reported the synthesis of a series of cationic platinum complexes 

[Pt(norbonyl)L2)]' (L2 = bulky diphosphine) (Scheme 1.2) in which the norbornyl 

ligand binds to the platinum via cr-alkyl and P-C-H agostic interactions, forming a l4e 

complex. 

[Pt(nb)31 +PP 

1.27 Cy2P(CH2)2PCY2p 

1.28 BIý2P(CHAPMý2, 

1.29 CY2P(CH2)3PCY2, 

1.30 Biý2P(CHAPMý2, 

131 o-(Biý2PCHACA 

H HBF4 or CF3SO3H 

Scheme 1.2 

Further investigation of these complexes showed a connection between the 

strength of the agostic interaction and size of the diphosphine ligand. Increasing the 

bulkiness of the groups at the phosphorus promotes kinetic stabilisation of the agostic 

interaction. 39 

Spencer has shown in several studieS40-43 that bulky phosphines stabilise P- 

agostic complexes. Brookhart et aL44 has also shown that electronic effects are 

sometimes also important in the stabilization of P-agostic interactions. 
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1.4.2 Bulky phosphines in catalysis 

Bulky phosphine ligands are very important in catalysis, e. g. carbonylation, 

olefin metathesis reactions, Heck reactions and cross-coupling reactions. In this section 

we will describe recent reports of bulky phosphine ligands, in these reactions which are 

most pertinent to the research described in Chapter 2 and Chapter 4. 

1.4.2.1 Carbonylation 

Some large scale chemical processes are based on synthesis gas which is derived 

from methane 45 (Equation 1.11). 

CH4 + H20 0 CO + 3H2 

Equation 1.11 

The alkoxycarbonylation of olefins is of industrial importance since a wide 

range of products can be obtained such as high molecular weight polyketones, which are 

useful due to their engineering thermoplastic properties, and methyl propanoate (when n 

=1 in Equation 1.12) which is an intermediate in the production of acrylic polymers. 46 

0 [Cat] 11 
CH30H + CO + H2C: --CH2 H-(CH2-CH2C)-,, OCH3 

Equation 1.12 

The catalysts used in the reaction in Equation 1.12 are usually of type [4PdX2], 

where L is a phosphine ligand. and X is the anion of an acid HX. The complex is 

generated as in Equation 1.13. 

[Pd(OAC)21 +nL+ HX (excess) -- [L. PdX21 + 2HOAc 

Equation 1.13 
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In the alkoxycarbonylation of alkenes, the palladium catalyst shows a 

pronounced selectivity dependence on the nature of the phosphine ligand. In the 

CO/ethene reaction, monodentate phosphines generally give methyl propanoate, whilst 

bidentate phosphines generally produce high molecular weight co-polymerS. 47 The 

reasons for this are complex and require a detailed examination of the proposed 

mechanism. 47 

The catalysts (1.27-1.29) have been shown to have exceptional activity, 48 

selectivity and stability in the fonnation of methyl propanoate. 

R, 
t I R2 1.27 R, = R2 = Bu, X=H Pý, 

X", 
, Pd(dba) 1.28 R, = R2 = Bu% X= N02 p ý, 

I R2 
R, 1.29 R, = R2 = But, X= OMe 

Complexes (1.27-1.29) were formed by the addition of the diphosphine to 

[Pd2(dba)31 (dba = trans, trans-(PhCH=CH)2CO). These catalysts were shown to convert 

ethene, CO and methanol to methylpropanoate at a rate of 50 000 mol/mol cat/h with a 

selectivity of 99.98%. It was reported that the activity was reduced by a factor of 60 

when the t-butyl substituents on the phosphine were replaced by i-propyl groups . 
48 

A later report of the catalytic systemý9 with dbpx showed that the formation of 

methyl propanoate occurs via a hydride (cycle A) (Scheme 1.3) rather than a 

methoxycarbonyl cycle (cycle B). All the intermediates in this cycle have been 

identified by multinuclear NMR spectroscopy and 13 C-labelling. 
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0 

C2H4, 
\ 

[Pd] 
1Hc 

"\OM'e' 

A MeOH -ý 

Co 

'I-] 

+ 

[Pd] Pd ýbMe 

OMe 
[Pd] 

OMe Co 

OMe 
[Pd]-< 

n 

CA 

But 
I But 
p 
p 
I, put 

Bu 

Scheme 1.3 

A more detailed spectroscopic study" showed that the reaction of [PdH(L- 

L)(MeOH)]+ with ethene produced a D-C-H interaction as shown below (Figure 1.8). 

H2 7 

,, --'Ca,,,, 
_ Pd: -------- : COH2 

1, H"' 

Figure 1.8 

The agostic interaction was confirmed in different solvents such as Pr'OH, THF 

and EtCN. This species (Figure 1.8) had been reported before by Spencer et al., 

synthesised by the protonation of [Pd(L-L)(C2H4)], but no NMR data was reported. 51 

Recently highly active palladium(II) catalysts with bis(phospha-adamantyl)- 

diphosphine ligands e. g. (1.30) have been reported for the selective 

methoxycarbonylation of 1-tetradecene and internal isomers giving the linear ester with 

good selectivity (80%). 52 When the catalyst, made by the complexation of [Pd(OAC)21 

and (1.30), was used in the methoxycarbonylation of ethene, rnethyl propanoate was 
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produced with very high selectivity (>99%). This result may be connected with the 

unusual properties of mesolrac-(1.30). Ligand mesolrac-(1.30) possesses a significantly 

larger cone angle (0 = 173ý53 than the xylenylphosphine (&bpp) (0 = 155ý, which has 

been reported as an excellent ligand for the formation of methyl propanoate (see 

above). 
54 

P12 
43 0 

/ ---/ + CO + MeOH - 
Pd(II) 

_,. 
--]ýýýOMe 

R, 

Equation 1.14 

tN00 

. 0,1 
ko 

o? 
o 

p0 
rac-1.30 meso-1.30 

The catalysis was markedly affected by the length of the ligand backbone. When 

(1.31) was used in the methoxycarbonylation of ethene under the same conditions as 

52 (1.30), a polyketone with low molecular weight was obtained . 

NO & 10 
rac-1.31 meso-1.31 

Interesting results were found when the ligands (1.32-1.35) were tested in the 

same palladium-catalyzed methoxycarbonylation of ethene in methanol. 55 

But\ But 
But' 

Pl"--,, 
-, 

Pl 
But 

Bu t -,, , Bu t 

Buý'*' Být 
(&bpp) 1.32 (&pe) 1.33 
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Bu'\ Bus 
Bu Bus 

Beý,, /--\ 
p , Bus 

Bus/p Bus 

(d'bpp) 1.34 (d'bpe) 1.35 

When (&bpp) was used under high temperature conditions (120 'Q, the 

formation of methyl propanoate was 25 000 mol/mol cat/h. but when the less sterically 

55 demanding ligand (dbpp) was used, diethyl ketone was formed in 75% yield. The 

most impressive result was observed with ligand (&bpe) which, under the same 

conditions, increased the diethyl ketone selectivity to 98% and with an activity of 90 

000 mol/mol cat/h. However, in this reaction 20 bar of H2 was used to inject the 

methanolic catalyst solution into the autoclave at the reaction temperature instead of 

using 10 bar of CO as in the previous reactions. 

An explanation of this effect has been proposed in terms of a different catalytic 
55 

cycle. It was proposed that the effect of hydrogen was to speed up the rate of the 

reaction by direct hydrogenolysis of the oxo-chelate (A) shown in Scheme 1.4. 

However, no detailed mechanistic study has been carried out to prove that H2-assisted 

regeneration of the Pd-hydride (B) from the Pd-methoxide (C) occurs rather than rapid 

methanol protonolysis via the enolate (D). 

22 



Chavter 1: Introduction 

(B) 
(H2) 

(C) 

, lez 
L2Pd-H L2Pd-OCH3 

CH3OH 

(D) 

L Pd --- 
)ýý 

L2Pd--/ 
02p0 

(H2) ß-elim. 
CO 

\ 

L2Pd-Z 
re-insertion 

0 L2P( 

rl 
(A) 

0 

Scheme 1.4 

1.4.2.2 Heck catalysis with bulkypincer P-C-Ppalladium complexes 

Cyclometallated pincer complexes are of interest due to their ability to balance 

stability and reactivity. The stability of the tridentate systems P-C-P is extraordinary, 

they are thennally stable, and no decomposition is observed at temperatures up to 180 

T and they are also not sensitive to oxygen or moisture. 56 

Reactivity can be controlled by systematic ligand modifications, including 

altering the backbone (alkyl, aryl) (1.36,1.37), changing the nature of the metal centre, 

and utilizing a wide range of substituents on the phosphorus atoms. 

R2 2 

R= alkyl, aryl 

R2 -PR2 

1.36 1.37 

An extensive review of cyclometallated phosphine-based pincer complexes has 

been recently published. 56 Palladium pincer complexes (1.38 - 1.43), and many other 

metal complexes using ligands (1.36,1.37) have been shown to be excellent catalysts 
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for the dehydrogenation of alkenes, 
57 ketone reduction by hydrogen transfer '58 

SUZU]d 

biaryl coupling, 59 and Heck olefin arylation. 60,61 

PR2 

I Fu- ILAL, ril 

1.38 R= Pý 

PR2 

Pd-TFA 

PR2 

1.39 R Pý 

1.40 R But 

O-PR2 

O-PR2 

1.41 R =4-MeOC6H40, X=I 
1.42 R =Pý, X= Cl 

1.43 

Milstein's pincer complexes (1.38 - 1.40) were the first to be used in the Heck 

reaction (Equation 1.15), with turnover numbers (TONs) > 100 000, very high yields 

and no observable catalyst degradation. 60 Another good exwnple of the excellent 

performance of pincer complexes as catalysts is (1.41), which has shown TONs of ca. 

108 when used in the intramolecular Heck reaction to afford carboxylic ring systems 

(Equation 1.16). 

x Pd cat. base R! 
ID + R! R -, ". 71-1 1 

r 

-HX 

Equation 1.15 

0 

Br 

1.41 
NMP, 1350C 
Na2CO3.19 h 

Equation 1.16 

C02Me 

Nanosize multimetallic pincer compounds e. g. (1.44), are a new development 

introduced by van Koten et a162 as Lewis-acid catalysts in the double Michael reaction 

between methyl. vinyl ketone and ethyl (x-cyanoacetate (Equation 1.17). 

PBut2 

TFA 

t Y13U 2 
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cl 

pqh2P-Pd-PPh2 ph2 III 

Cj-Pd cl 

Cat = 

12P PPh2 

cr, 
Pd P/d-ci 

Ph2 
p, 
Ph 

Ph2P-P, d-PPh2 
112 

1.44 

00 

NC C02Et + 
Cat. 

0 PýNEt Nr C 

ýCO2, 

Et 

Equation 1.17 

1.4.2.3 Bulky phosphines for palladium-catalyzed arylations 

Electron-rich bulky alkylphosphine and N-heterocyclic carbene ligands have 

made palladium catalyzed cc-arylation of ketones a useful process for a broad range of 

enolatcs, including those derived from amides, esters, aldehydes, nitriles, malonates, 

cyanoesters, nitroalkanes, sulfones, and lactones. 63,64 The bulky phosphine dtbpf (1.45) 

(Equation 1.18) has proven to be a very fast catalyst with high TONs injust a few hours 

at 70'C, and many arylations have been performed at room temperature. 65 

00 

+ ArX 1.45/Pd(dba) R lul 
NaO-t-Bu, 25-70 "C 

2 

Equation 1.18 
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t Bu2 

Fe 
, ýýOPtBU2 

dt bpf 1.45 

Tri-t-butyl-phosphine has been used as a ligand in the arylation of esters at room 

temperature (Equation 1.19). 65 

N P(t-BU)3 or Pd(dba)2 0 

Xý& ýA Br + R, OBut R-ýAOBuý 
LiN(SiMe3)2 or Ai 
NaN(SiNle3)2,25 OC 

(dba = trans, trans-(PhCH=CH)2CO) 

Equation 1.19 

Buchwald et aL 66 have shown that the bulky phosphine ligand (1-46) promotes 

C-H functionalization in the palladium-catalyzed synthesis of oxindole ring systems 

under mild conditions (Equation 1.20). The oxindole ring system is an important 

structural unit in numerous natural products and pharmaceutically active compounds. 

PBu t2 

1.46 

0 R1 

R2 

Pd(OAc)2/1.46 

NEt3,800C, toluene 
RI- (ID 

,ý iý i2 

Equation 1.20 

Recently ligand 1.47 has been shown to be very active in the palladium- 

catalyzed Suzuki-Miyaura coupling reaction of unactivated aryl tosylates (Equation 
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1.2 1). 67 This catalytic system can be used for a wide range of substrates under mild 

conditions. 

1.47 

Buý-&OTs 
Pd(OAc)2/1.47 

Biý-O-Ph 
K3P04. H20) 

800C, THF 

Equation 1.21 

1.4.2.4 Grubbs metathesis catalysts 

Olefin metathesis is a catalyticreaction in which alkenes are converted into new 

products via the rupture and reformation of carbon-carbon double bonds. 68 There are a 

variety of olefin metathesis reactions (Figure 1.9), including ring-opening metathesis 

polymerisation (ROMP), ring-closing metathesis (RCM), acyclic diene metathesis 

polymerization (ADMET), ring-opening metathesis (ROM), and cross-metathesis (CM 

or XMET) reactions. 
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Figure 1.9 

Grubbs carbene, complexes (1.49,1.50), first and second generation respectively, 

have demonstrated remarkable efficiency in the metathesis of olefins. In addition, a 

growing number of newly discovered processes mediated by these complexes have been 

recently reviewed. 69 

PCY3 

citi". 

CIO' Ph CIO., Ph 
PCY3 PCY3 

1.49 1.50 

For example, the Grubbs catalyst (1.50) showed good activity and stability for 

the RCM reaction (Equation 1.22) and CM reaction (Equation 1.23) . 
70 The product of 
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Equation 1.23 is a medicinal natural product possessing antioxidant and anti- 

inflammatory properties. 

)ýODCýý - 
,i 

1bD0 x0i 
80% 

Equation 1.22 

meo MeO 

HO-ýý + HO-\- /-OH 
(1*50) 

2- HO 

OH 
86% 

Equation 1.23 
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1.5 Aims 

The aims of this project were to prepare new bulky cage-phosphine and cage- 

diphosphine ligands, by hydrophosphination and to investigate their coordination 

chemistry and catalytic activity in hydroformylation. The objectives for the ligands 

were: 

i) To separate the meso/rac-diastereoisomers by recrystallization or selective 

complexation. 

01 
meso- 

p--11-ýýp 
rac- 

ii) The synthesis of the new bidentate tetramethyl-trioxa-phospha-adamantanes 

0 

orl. p--ýýý ) P -0 - od. 
C 

Pý- 
00 

_O CF3 F3C Z-opl 
ojc F3C 

Jik 

CF3 

0 

olb? -0 
CF3 F3C pJý 

F3C CF3 

iii) The synthesis of the new bidentate tetraethyl-trioxa-phospha-adainantanes 

R! = H, Ph 
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Chapter 2: Bidentate tetramethvl-trioxa-phospha-adamantane 

2.1 Introduction 

The main features of bulky phosphines, their coordination chemistry and use in 

catalysis have been described in Chapter 1. In this chapter the chemistry of bulky 

phosphines based on tetramethyl-trioxa-phospha-adamantane cages is discussed. 

In 1961, Epstein and Buckler7l reported the first example of a 1,3,5,7- 

tetramethyl-4,6,8-trioxa-2-phospha-adamantane. They found that solutions of 2,4- 

pentanedione in aqueous hydrochloric acid readily absorbed PH3 and a white crystalline 

solid was precipitated in 49% yield. This was characterized as the cage secondary 

phosphine adamphos (2-1) (Equation 2.1) on the basis of chemical and spectroscopic 

evidence. 

pH3 +2 

Equation 2.1 
2.1 

Using similar conditions to those in Equation 2.1 and using primary phosphines 

they synthesised. compounds (2.2), (2.3) and (2.4). 

0 
2.2 R= n-C8H17 

2.3 R= 1-C4H9 
pIlý 2.4 R= C6H5 R 

In 1962, the use of (2.2), (2.3) and (2.4) as gasoline additives was patented. In 

the same year the synthesis of (2.5) and (2.6) was reported. 72 
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Et 

0-1 00 

-0 pl 
CF3 

Et -0 
Et 

plu P-CH2CH(CH3) 
F3 H 

Et 

2.5 2.6 

Compound (2.1) is atypical of a secondary phosphine in that it is air-stable. An 

explanation of this stability can be offered from an examination of the crystal 

structure. 
73 

Figure 2.1 Molecular structure of 2.1 

Pugh 73 reported the crystal structure of (2.1). It can be observed in Figure 2.1 

that the P-H bond is positioned pseudo-axially, which means the pseudo-equatorial lone 

pair on the phosphorus is sterically protected by the methyl groups (C5 and Clo). 
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2.2 Stereochemistry of tetramethyl-trioxa-phospha-adamantane cages 

The stereochcmistry of tetrarnethyl-trioxa-phospha-adarnantane cages was 

73 described by Pugh (Figure 2.2). The cage moiety is chiral due to the four stereogenic 

centres at the 1-, 3-, 5- and 7- positions as shown in Figure 2.2. This results in two 

enantiorners for all phospha-adamantane cages. The enantiomers are labelled (x and P. 

4R 

u0 
0. -, -0 

PSR 

Figure 2.2 Stereochernistry of adamphos 

When the CH3 substituents in the 1-, 3-, 5- and 7-positions are replaced by other 

groups (e. g. CF3 as in (2-5)) with higher priority than CH3. the R and S labels for the I -, 

3-, 5- and 7-position carbon atoms are reversed but the a and P labels remain. 

2.3 Coordination chemistry of tetramethyl-trioxa-phospha-adamantanes 

DowninJ4 studied the coordination chemistry of ligand (2.1) with Pt(II), Pd(II), 

Rh(I) and Ir(I) and Au(I) and complexes (2.7-2.16) were synthesised. 

0x/p Me \/p 
P= 

I 

-OP, x/ 
Pt 

\p 
me 

/ 
Pt 

\p 

H 
2.7 X= Cl 2.10 

2.8 X= Br 

2.9 X=I 

x\/p 
Pd 

2.11 X= Cl 

2.12 X= Br 

2.13 X=I 
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o 0 
P= 

1-flP\ 
H 

ci\ 
m 

p/ 

2.14 M= Rh 
2.15 M= Ir 

2.16 

Pugh 73 has also reported the synthesis of monodentate cage ligands (Equation 

2.2) (2.17-2.1 9). 73 

00 
PH2R + 

Equation 2.2 

2.17 R= Ph R! = CF3 
2.18 R= i-propyl R! = CH3 
2.19 R= Cy, R! = CH3 

The coordination chemistry of ligands (2.17-2.19) was investigated with Pt(II), 

Pd(II), and Rh(I) complexes and the complexes (2.20-2.26) showed trans-configuration, 

as expected because of the large steric bulk of the cage moiety. 

P, 

R 

2.17-2.19 

1- 
g)-op 
w P, R 

P\ / cl 

cl 
/ Pt \p 

2.20 R= i-propyl 
2.21 R= Cy 

p Me 

Me 
/ 

Pd 
\p 

2.22 R= Ph 
2.23 R= i-propyl 
2.24 R= Cy 

p Co 
\z 

ci 
/ 

Rh 
\p 

2.25 R= Ph 
2.26 R= i-propyl 

Gee 75 reported the first bidentate tetramethyl-trioxa-phospha-adamantanes (2.27- 

2.30) in 1997. The reaction of the diprimary phosphines H2P(CH2)nPH2 (n =2 or 3) in 

aqueous HCI gave the diastereomeric mixtures mesolrac-(2.27-2.30) in ca. 60% yield. 

P-Au-Cl 
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00 
H2P(CH2)nPH2 +4 

RAý 

cl 
\/ 

cl 
/ 

Pt 
\ 

0 -ýo 
(o 0 ?oRR 

ýo 

P, ý, p 
R 'ý'f CHAn"' R 

0 
0 

(0? 0RR40 
-P-:.. ý p(p R 

P", 
CH2)n" R0 

Equation 2.3 

The coordination chemistry of these ligands with Pd(II), Pt(II) and Rh(I) has 

also been reported, 53 and the chelates (2.31-2.45) have been fully characterised. 

-ýo 
0 RRn) 

"P 
0' 

I? 
op" 

R ""(CH 2Yn R 

cl 
\/ 

cl 
/ 

Pd 
\ 

2.31 R= CH3. n=2 
2.32 R= CH3. n=3 
2.33 R= CF3,. n=3 

--- -0 
Rh 

0 

239 R= CH3, n =2 
2.40R=CH3, n=3 
2.41 R= CF3, n=2 

2.34 R= CH3, n =2 
2.35 R= CH3, n =3 

cl 
\/ 

Rh 

oc 

Cl\ / PD 
Me 

/ 
pt\ 

p 

2.36 R= CH3, n =3 

2.27 R= CH3, n=2 
2.28 R= CH3, n=3 
2.29 R= CF3, n=2 
2.30 R= CF3, n=3 

Me, 
\ /P 

Me 
/ 

Pt 
\ 

2.37R=CH3, n=2 
2.38 R= CH3, n=3 

\/ cl 
Rh 

\C/ 
I 

2.42 R= CI-I3, n=2 
2.43 R= CF3, n=2 
2.44 R= CF3, n=3 

2.45 R= CH3, n =2 
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The diphosphine (2.28) affords highly active palladium catalysts for the 

methoxycarbonylation of ethene to fonn methyl propanoate, which has been described 

in Section 1.4.2.1.76,77 

73 Ligands (2.46) and (2.47) were synthesised by Pugh. 

0-ý-- 
opý 

ýFe-p 

2.46 2.47 

Platinum(II) and palladium(II), chelates are formed with the bidentate ligand 

(2.46) and (2.47) as shown below (2.48,2.49 and 2.50). Oligorneric species were also 

observed in by 31p {lHj NMR spectroscopy with (2.50). 73 

C1 \/P2.48 2.46 C1 \/P2.50 
2.46 

Cl 
/ 

Pt 
\ 

2.49 2.47 Cl 
/ 

Pd 
\ 

Recently the catalytic activity of palladium complexes of ligands (2.51-2.53) in 

the Suzuki cross-coupling reactions (Equation 2.4) of aryl halides has been reported. " 

Palladium complexes derived from ligands (2.51-2.53) were shown to be very active 

catalysts for the Suzuki reaction in comparison to other phosphines used in this process. 

PBut3, one of the best ligands for the catalysis in terms of its activity in the Suzuki 

reaction requires special conditions to avoid oxidation. In comparison, the cage ligands 

(2.51-2.53) are crystalline, air-stable and easier to handle. 
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R! t 

Pd2(dba),,. CHC13 
-x +X 

aB(OH)2 

RýC) 2.51-2.53 

Equation 2.4 

2.51 R! '= Ph 
2.52 R! '= 2-tolyl 

2.53 R! '= C14H29 

/\ /\ 
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2.4 Separation of the diastereoisomers meso- and rac-1,3-bis(meadamphosphino)- 

propane 

2.4.1 Recrystallization of mesolrac-(2.54) 

Puglj 3 reported that when the 1: 1 mixture of meso- and rac-(2.54) (Figure 2.3) 

was repeatedly recrystallized from CH202/methanol, a solid of 97% pure rac-isomer 

was obtained in low yield. We wished to improve the separation of the rac-isomer in 

order to attempt a resolution into optical isomers. The meso-isomer was also required in 

high purity for catalysis studies. 

69 00 
0 

op, - op, 0 p 
meso-2.54 rac-2.54 

Figure 2.3 meso- and rac-1,3-bis(ýeadamphosphino)propane diastereoisomers 

2.4.1.1 Recrystallization from a mixture of CH2CI2 and methanol 

Repeating Pugh's procedure '73 the recrystallization of 1: 1 mesolrac-(2.54) from 

CH2C12/MCthanol (1: 5), gave a good separation of the diastereoisomers, where the rac- 

(2.54) crystallised. and the meso-isomer remained in the mother liquor. The 31p ('H) 

NMR spectrum after two recrystallizations showed mesolrac-(2.54) in a ratio of ca. 

5: 95. 

Due to the low overall recovery of this method we aspired to improve it and 

attempted recrystallisation from other solvents. 

Attempts to recrystallize from acetonitrile, THF and diethyl ether were 

unsuccessful due to low solubility but ethanol and methanol were found to be effective 

as described below. 
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2.4.1.2 Recrystallizationfrom ethanol 

The recrystallization of mesolrac-(2.54) from ethanol gave a moderate 

separation of the diastereoisomers. After one recrystallization of the crude solid, the 

31p f 1H) NMR spectrum showed mesolrac-(2.54) in a ratio of ca. 10: 90. 

2.4.1.3 Recrystallization from methanol 

The recrystallization of 1: 1 mesolrac-(2.54) from methanol gave a good 

separation of the diastereoisomers. After one recrystallization of the crude solid, the 

31p {1H) NMR spectrum showed mesolrac-(2.54) in a ratio of ca. 6: 94 and with 80% 

recovery. Thus this was the method of choice for the separation. 

2.4.2 Selective complexation of mesolrac-(2.54) 

The selective complexation of meso- and rac-(2.54) from a 1: 1 diastereomeric 

mixture was first observed by Gee. 75 In her work, 2.0 equivalents of 1: 1 mesolrac-(2.54) 

were added to 1.0 equivalent of [Pt(norbomene)31. The meso-diastereoisomer 

preferentially complexed to Pt(O) over the rac-diastereoisomer in a ratio of 12: 1 (Figure 

2.4). Gee 75 explained, if one considers that for rac-(2.54) each cage has the same 

absolute configuration for the two cages (labelled cc and P as described above), the 

molecule has C, symmetry and therefore the phosphorus atoms are non-equivalent 

(2.55) resulting in an AB pattern in the 31p j'Hj NMR spectrum (Figure 2.4). The two 

singlets were assigned to the two complexes (2.56) and (2.57). These arise because 

meso-(2.54) gives two C, -symmetric diastereoisomers, as a result of each cage having 

the opposite absolute configuration (cc and 0). This reaction therefore offers a possible 

opportunity to separate the diastereoisomers, but it is very expensive. We decided to 

explore flirther the selective complexation of the meso- and rac-diastereoisomers (2.54). 
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2.55 

,, -P,,, Pt- ( "Pt-Z16 
(--ý 

= rac-(2.54) 

AB pattem in the 
31 P NMR spectram 

2.56 2.57 

meso-(2.54) 

2 singlets in the 
31 P NMR spectrum 

Figure 2.4 
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2.4.2.1 Complexation with nickel(II) 

The reaction of 2.0 equivalents of mesolrac-(2.54) with 1.0 equivalent of 

NiC12.6H20 in ethanol gave a purple precipitate. The solid was isolated and then treated 

with aqueous KCN and diethyl ether for decomplexation of the ligand. The 31p 11H) 

NMR spectrum of the ethereal layer showed that both meso- and rae-diastereoisomers 

are complexed by the nickel centre in a proportion of ca. 1: 1 and so no selective 

complexation was observed. 

Single crystals of the purple complex (2.58) were grown from acetone, the 

crystal structure determination (Figure 2.5) was carried out by Dr. Katie Heslop. The 

crystal structure was of the meso-isomer and was solved in the orthorhombic space 

group Cmc2(l) with four formula units per unit cell. The method of data collection, 

structure solution and refinement are summarised in the Appendix. Selected bond 

lengths and angles for the mckel(II) complex (2.58) are shown in (Table 2.1). The 

complex has tetrahedral geometry at the metal centre that can be rationalised by the 

large steric bulk of (2.54). 

i) 
cli 

Figure 2.5 Molecular structure of the nickel(II) complex(2.58). Selected atoms are labelled 
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Table 2.1 Selected bond lengths and angles for the nickel(II) complex (2.58) 

Bond Lengths [A] Bond Angles ['] 

Ni(l)-CI(2) 2.187(3) CI(2)-Ni(l)-CI(l) 122.48(9) 

Ni(l)-CI(l) 2.232(3) Cl(2)-Ni(l)-P(l) 108.26(7) 

Ni(l)-P(l) 2.3260(18) CI(l)-Ni(l)-P(l) 107.80(7) 

Ni(l)-P(IA) 2.3260(18) C(l)-P(l)-Ni(l) 114.52(18) 

P(l)-C(l) 1.818(5) C(l. 1)- P(l)-Ni(l) 116.64(19) 

P(l)-C(4) 1.876(5) P(1)-Ni(l)-P(1A) 99.91(9) 

C(l)-C(2) 1.543(7) C(l)-P(l)-C(4) 106.2(2) 

C(2)-C(IA) 1.543(7) C(4)-P(l)-C(l 1) 94.3 (2) 

2.4.2.2 Complexation with platinum(II) 

The reaction of 2.0 equivalents of mesolrac-(2.54) with 1.0 equivalent of 

[PtC12(cod)] in CH202 afforded a pale yellow precipitate that was insoluble in CH202. 

DMSO, acetone and acetonitrile. The solid (2.59) was isolated and then treated with 

aqueous KCN and diethyl ether for decomplexation of the ligand. The 31p {'H) NMR 

spectrum of the ethereal layer showed that both the meso- and rac-diastereoisomers 

form complexes with platinum(II) in a proportion of ca. 3: 1. 

Z4.2.3 Complaxation with palladium(II) 

The reaction of 2.0 equivalents of 1: 1 mesolrac-(2.54) with 1.0 equivalent of 

[PdC12(NCPh)21 in CH202 afforded a yellow precipitate that was insoluble in CH202, 

DMSO, acetone and acetonitrile. The solid (2.60) was isolated and treated with aqueous 

KCN and diethyl ether for decomplexation of the ligand. The 31p (lH) NMR spectrum 

(Figure 2.6) of the ethereal layer showed that both the meso- and rac-diastereoisomers 

form complexes with palladium(H) in a proportion of ca. 5: 1. Therefore this was the 
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most successful of the selective complexations attempted but still inferior to the original 

Pt(O) method. 
75 

-2i -30 . 31 -34 -3ý . 38 PP4 40 

Figure 2.6 31p (1H) NMR spectrum after the decomplexation of the palladium complex (2.60) 

2.4.3 Attempted resolution of rac-1,3-biS(meadamphosphino)-propane (2.54) 

Wild79-81 has investigated a series of homochiral forms of chloro-bridged. 

palladium(II) complexes containing cyclometallated. NN-dimethyl(a- 

methylbenzyl)aznines and related naphthylarnines for the resolution of chiral bidentate 

trivalent phosphines, an example of which is shown in Scheme 2.1. 

Me N 

Pd 'Ic 

2 

2.61 
(R) 

Me N 
H2 Me N 

H2 

H, ---- 
Pd IN 

H,,,, - 
Pd 

N 

E] 
PF6- + E] 

PF6 

Pý Me Me - Ph 

(R, R) (E = P) (R, S) (E = P) 

Scheme 2.1 
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Repeated attempts to separate the rac-enantiomers (2.54) with (2.61), following 

the literature procedure8l were unsuccessful. Addition of 2.0 equivalents of rac-(2.54) to 

1.0 equivalent of binuclear (2.61) in methanol gave a solution which was then treated 

with NH4PF6 to form the salt. The 31p (1H) NMR spectrum of the resultant solution 

showed many peaks and no solid crystallised so the separation had not been 

unsuccessful. 

2.4.4 Conclusion 

The rac-(2.54) can be separated from meso-(2.54) by recrystallization, with the 

best result (94: 6 and 80% recovery) when methanol is used. 

The selective complexation of meso-(2.54) with Pd(II) (5: 1), Pt(II) (3: 1) and 

Ni(II) (1: 1) gave modest results compared with the ratio found by Gee 75 in the 

complexation with Pt(O) (12: 1) which is the best result obtained to date. 

2.5 Synthesis and coordination chemistry of bidentate tetramethyl-trioxa- 

phospha-adamantanes 

2.5.1 Synthesis of mesolrac-1,4-bis( Me adamphosphino)butane (2.64) 

The preparation of 1: 1 meso/rac-1,4-bis(m'adainphosphino)butane is a multi- 

step process. The first step is the reaction of dibromobutane and triethylphosphite 82 to 

produce the phosphonate (2.62) via a Michaelis-Arbuzov reaction. The second step is 

the reduction of the phosphonate (2.62) to afford the diprimary phosphine 83 (2.63) 

(Scheme 2.2). 
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Br 

P(OEt)3 
P(O)(OEt)2 

170 OC 
(2.62) 

(i) LiAIH4 
(ii) 5M H3PO4 

H2P,, ýý PH2 

(2.63) 

Scheme 2.2 Preparation of the diprimary phosphine 

The reaction between (2.63) and 2,4-pentanedione in 5M HCI afforded 1: 1 

meso/rac-1,4-bis(m'adarnphosphino)butane (2.64) in 60% yield as a white solid 

(Scheme 2.3). The 31p (lHj NMR spectrum of (2.64) showed two singlets at -28.5 and - 

29.6 ppm in a ratio ca. 1: 1 corresponding to the meso- and rac-diastereoisomers. The 

white solid product was further characterized by 31p {'Hj 1, TNM 13 C 11HI NMR and 'H 

NMR spectroscopy, mass spectrometry and elemental analysis (see Experimental). The 

product is air-stable and soluble in CH202. methanol, ethanol and diethyl ether. 

00 ög 
-0 p", ý 

1 meso-(2.64) 
00 5MHCI 

ip 

PH2 + 

00 00 
rac-(2.64) 

-0 
p -0 

Scheme 2.3 Preparation of (2.64) 

The preparation of mesolrac-(2.64) by the hydrophosphination of acetylacetone 

has the disadvantage of using a diprimary phosphine which is pyrophoric, air-sensitive, 

has an unpleasant odour and requires a lengthy synthesis. In view of this, the next 
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section describes an alternative synthesis of (2.64) that avoids using a diprimary 

phosphine. 

2.5.2 Synthesis of (2.64) from the adamphosphine-borane adduct 

The addition of n-butyllithium to the adamphos-borane adduct (2.65)73 in THF 

followed by addition of dibromopropane afforded the mesolrac-1,4- 

bis(meadamphosphino)butane borane adduct (2.66) (Scheme 2.4). 

0 0 

0- + Br n-BuLi, THF 

H BH3 

2.65 

00 
010 meso-(2.66) 

Po 
H3B BH3 

00 00 

rac-(2.66) 

H3B BH3 

Scheme 2.4 Preparation of the borane adduct of (2.66) 

Treatment of (2.66) with silica gave (2.64) in 50% yield as a white solid 

(Scheme 2-5). 

00 

o" P-9 1p H3B 

meso-(2.66) 
BH3 Si02, THF 

00 00 
meso-(2.64) 

00 00 0 
.0 

P0 rac-(2.64) 

Scheme 2.5 Deprotection of the borane adduct (2.66) 
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The crude mesolrac-(2.64) was recrystallized from methanol and the 31p ('H} 

NMR spectrum showed two singlets at -28.5 and -29.6 ppm in a ratio of 2: 1 

corresponding to the two diastereoisomers in 62% recovery. The white product was 

fully characterized by 31p ('H}, 13C 11H) and 1H NMR spectroscopy, mass spectrometry 

and elemental analysis (see Experimental). 

2.5.3 Dichloroplatinum(11) complex of (2.64) 

The reaction of 1.0 equivalent of mesolrac-(2.64) with 1.0 equivalent of 

[PtCI2(cod)] in CH202 gave a pale yellow solution. The solvent was evaporated and a 

pale yellow solid was recovered in 97% yield. The solid was fully characterized as 

mesolrac-(2.67) by 31p I'H} NMR, mass spectroscopy, elemental analysis and X-ray 

crystallography (Figure 2.7). 

The 31pf'H} NMR spectrum showed a singlet at 8 -4.9 ppm with platinum 

satellites ('J(PtP) 3513 Hz). The presence of two diastereoisomers was confmned by 

13C (1H) NMR from the observation of two doublets for P-CH2 in the P-CH2-CH2-CH2- 

CH2-P backbone. The presence of only one signal in the 31p j1H) NMR spectrum can be 

explained as an overlapping of the two diastereoisomers signals. 

A crystal structure of meso-(2.67) was obtained confirming that a seven- 

membered chelate ring is present. The structure shows that one of the carbon atoms in 

the backbone is in the same plane as the PtCl2P2 plane, whereas the other three carbons 

in the backbone are perpendicular to them and forming an arch. 

The crystal structure was of the meso-isomer and was solved in the monoclinic 

space group P2i/c with four formula units per unit cell. The method of data collection, 

structure solution and refinement are summarised in the Appendix. Selected bond 

lengths and angles for the platinum(II) complex (2.67) are shown in Table 2.2. 
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Figure 2.7 Molecular structure of meso-[PtCl2(2.64)] (2.67); selected atoms are labelled 

Table 2.2 Selected bond lengths and angles for [PtC12(2.64)] (2.67) 

Bond Lengths [A] Bond Angles ['] 

Pt(l)-P(I) 2.273(4) P(l)-Pt(l)-P(2) 99.38(14) 

Pt(l)-P(2) 2.282(4) P(l)-Pt(l)-Cl(l) 87.04(13) 

Pt(l)-Cl(l) 2.335(4) P(l)-Pt(l)-CI(2) 169.64(14) 

Pt(l)-CI(2) 2.339(4) P(2)-Pt(l)-CI(l) 173.56(14) 

P(l)-C(l) 1.825(14) P(2)-Pt(l)-CI(2) 90.85(14) 

P(l)-C(16) 1.866(14) C(I 3)-P(2)-C(6) 92.9(6) 

P(l)-C(23) 1.870(13) P(2)-Pt(l)-CI(2) 90.85(14) 

P(2)-C(4) 1.824(14) C(I 6)-P(l)-C(23) 93.7(6) 

P(2)-C(I 3) 1.887(16) C(4)-P(2)-Pt(l) 117.3(5) 

P(2)-C(6) 1.888(14) C(6)-P(2)-Pt(l) 114.2(4) 

C(l)-C(2) 1.53(2) C(l)-P(I)-Pt(l) 116.1(5) 

C(2)-C(3) 1.49(2) C(23)-P(l)-Pt(l) 117.3(4) 
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2.5.4 Dichloropalladium(11) complex of (2.64)] 

The reaction of 1.0 equivalent of mesolrac-(2.64) with 1.0 equivalent of 

[PdC12(NCPh)21 gave an orange solution. The 31 Pf I H) NMR spectrum (Figure 2.8) 

showed various species in solution, two singlets at ca. 4 and 5 ppm are assigned to the 

expected chelate species while broad multiplets from 7- 12 pprn may be due to 

polymers and oligomers formed in solution. 

k 

Figure 2.8 31pj 'HI NMR of the orange solution obtained from the reaction of mesolrac-(2.64) 

with [PdC12(NCPh)21 

The formation of polymers and oligomers is likely to be consequence of the 

length of the backbone in the ligand making it difficult for the chelate to form and 

therefore competitive oligomerization takes place. The mass spectrum shows the 

molecular ion of the chelate species (627 M+-Cl) with an intensity of 40% (Figure 2.9). 
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Figure 2.9 Mass spectrum of (2.68) meso1rac-[PdC12(2.64)] 

2.5.5 Synthesis of meso/rac-1,4-bis(hexafluoroadamphosphino)butane (2.69) 

The addition of the 1,4-bis(phosphino)butane (2.63) to 1,1,1, -trifluoro-2,4- 

pentanedione (Scheme 2.6) in 5M HCI gave in 60% yield, an air stable white solid. 

Recrystallization of the crude product from hot methanol gave pure mesolrac-(2.69) in 

ca. 62% recovery. 

00 69 0 
03 FC -op 

CF3 F33C 
0- meso-(2.69) 

p 

H00 
5M HCI 

CF3 
F3C 

PH2 + 

(2.63) 00 
CF3 FC00 rac-(2.69) 

-0 F3C 
K 

p0 CF3 F3C 

Scheme 2.6 Synthesis of meso/rac-1,4-bis(hexafluoroadamphosphino)butane (2.69) 

The 31 PIIHI NMR spectrum of the white solid showed two septets overlapping 

at -34.0 ppm, corresponding to the diastercoisomers meso/rac-1,4-bis(hexafluoro- 

adamphosphino)butane (2.69). Both signals are septets as a result of coupling between 

the phosphorus and 6 fluorine atoms. 
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The product was fully characterised by 31 PI I H), 1H, 13C {1H) and 19FI'H) NMR 

spectroscopy, mass spectrometry, elemental analysis and X-ray crystallography (Figure 

2.10). 

The crystal structure was of the rac-isomer and was solved in the monoclinic 

space group P21/n with four formula units per unit cell. The method of data collection, 

structure solution and refinement are summarised in the Appendix. Selected bond 

lengths and angles for the ligand (2.69) are shown in Table 2.3. 

Figure 2.10 Molecular structure of rac-(2.69) selected atoms are labelled 
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Table 2.3 Selected bond lengths and angles for (2.69) 

Bond Lengths [A] Bond Angles ["] 

P(l)-C(l) 1.842(4) C(6)-P(l)-C(I 1) 89.14(18) 

P(l)-C(6) 1.888(4) F(3)-C(5)-F(2) 108.0(4) 

POKO 1) 1.892(4) C(l)-P(l)-C(6) 103.04(18) 

F(l)-C(S) 1.343(14) F(2)-C(5)-C(6) 110.6(3) 

0(2)-C(6) 1.439(4) C(2)-C(l)-P(l) 111.9(3) 

C(5)-C(6) 1.531(6) 0(4)-C(l l)-C(I 7) 103.4(5) 

C(2)-C(3) 1.524(5) 0(4)-C(l I)-P(l) 107.1(3) 

2.5.6 Attempted complexation of (2.69) to platinum(II) and palladium (11) 

The reaction of 1.0 equivalent of mesolrac-(2.69) with 1.0 equivalent of 

[PtC12(cod)] gave a pale yellow solution. The reaction was monitored by 31 PJIH) NMR 

spectroscopy and after 2h the 31p (lH) NMR spectnm showed 100% of unreacted 

ligand. The solution was heated to reflux for 1 day but no change in the 31p 11H) NMR 

spectrum was observed. Complexation between ligand mesolrac-(2.69) and [PtCI2(cod)] 

may have been unsuccessful due to the steric bulk of the cage-diphosphine. 

The reaction of 1.0 equivalent of mesolrac-(2.69) with 1.0 equivalent of 

[PdC12(NCPh)21 gave an orange solid. The 31p j1H) NMR spectrum of the solid in 

CDC13 showed various species had formed with broad signals at 8 and 9.3 ppm. These 

species are assigned to polymers and oligomers formed in the solution. 

2.5.7 Synthesis of meso/rac-1,5-bis(meadamphosphino)pentane (2.72) 

The preparation of meso/rac-1,5-bis(meadamphosphino)pentane involves several 

steps. The first step is the reaction of dibromopentane and triethylphosphite 82 to produce 

the phosphonate (2.70) via a Michaelis-Arbuzov reaction. The second step is the 
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reduction of the phosphonate (2.70) to afford the diprimary phosphine 83 (2.71) (Scheme 

2.7). 

Br"-'ýýBr 

P(OEt)3 
(EtO)2(0)P-ýý. P(O)(OEt)2 

170 OC 
2.70 

(i) L'A'H4 
(ii) 5M HCI 

HR-ý, ýýPH2 
2.71 

Scheme 2.7 Preparation of the 1,5-diprimary phosphine (2.71) 

The reaction between (2.71) and 2,4-pentanedione in 5M HCI afforded (2.72) in 

70% yield as an air-stable white solid (Scheme 2.8). The 31p {'H} NMR spectrum 

showed a broad singlet at -28.3 ppm corresponding to mesolrac-1,5- 

bis(m'adamphosphino)pentane (2.72). The product was further characterized by 

31p {'H), 13C J'H) and 1H NMR spectroscopy, mass spectrometry and elemental analysis 

(see Experimental). 

The broadness of the NMR signals is due to overlapping of the singlets for 

meso- and rac-(2.72) diastereoisomers, because the more separated the cages are (i. e. 

the longer the backbone) the more similar their environment and thus the chemical 

shifts of the diastereoisomers occur closer together. 

H2P-, 
-�'ýýPH2 +00 

5M HCI 

0- 
meso-2.72 

2.70 06 00 
rac-2.72 Zc c -ý, -4 0 P', ', 'ýýp 0 

Scheme 2.8 Preparation of (2.72) 
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2.5.8 Dichloroplatinum(II) complex of (2.72) 

The reaction of 1.0 equivalent of mesolrac-(2.72) with 1.0 equivalent of 

[PtC12(cod)] gave a mixture of products. Two groups of broad signals (marked * and X 

in Figure 2.11) were observed in the 3 1P NMR spectrum from 0.5 - 2.0 ppm with broad 

platinum satellites ('J(PtP) 2683 Hz) ('J(PtP) 2595 Hz) indicating the presence of 

several species in which (from the magnitude of 'J(PtP)) the phosphines are trans. The 

experiment was repeated in 10 times dilution in an attempt to promote the formation of 

the chelate, but no difference in the spectrum was observed. The broadness of the 

signals (Figure 2.11) indicates that the product is a mixture of oligomers. The 5-carbon 

backbone militates against the formation of a chelate, as noted in Section 2.5.4 for the 

4-carbon backbone diphosphine ligand. 

* 

Figure 2.11 31pt 'HI NMR spectrum obtained from the reaction of mesolrac-(2.72) with 

[PtC12(cod)] 

2.5.9 Synthesis of meso/rac-1,5-bis(hexafluoroadamphosphino)pentane (2.73) 

The addition of 1,5-bis(phosphino)pentane (2.70) to 1,1,1, -trifluoro-2,4- 

pentanedione in 5M HCI yielded a white solid (2.73) (Scheme 2.9). 
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Scheme 2.9 Preparation of (2.73) 

The 31p f'Hl NMR spectrum showed two overlapping signals centre at -33.4 

ppm corresponding to the diastereoisomers meso/rac-1,5-bis(hexafluoroadamphos- 

phino)-pentane (2.73). Coupling between the phosphorus and six fluorine atoms leads to 

two overlapping septets in the 31p {'Hj NMR spectrum (Figure 2.12). 

-32.5 -33.0 -33.5 -34. ( 

Figure 2.12 31p jlH I NMR spectrum of mesolrac-(2.73) 

The product was fully characterised by 31 Pj1Hj, IH and 13C fllij spectroscopy, 

mass spectrometry, elemental analysis and X-ray crystallography (Figure 2.13). 

The crystal structure was of the rac-isomer and was solved in the monoclinic 

space group P21/c with four formula units per unit cell. The method of data collection, 

structure solution and refinement are summarised in the Appendix. Selected bond 

lengths and angles for the ligand (2.73) are shown in Table 2.4. 
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Figure 2.13 Molecular structure of rac-(2.73) selected atoms are labelled 

Table 2.4 Selected bond length and angles for rac-(2.73) 

Bond Lengths [A] Bond Angles ['] 

P(l)-C(25) 1.841(6) C(25)-P(l)-C(I 1) 105.5(2) 

P(l)-C(I 1) 1.896(6) C(8)-C(2)-P(2) 111.1(4) 

P(l)-C(12) 1.901(5) C(I I)-P(l)-C(I 2) 89.7(2) 

F(9)-C(I 7) 1.349(5) F(7)-C(I 7)-F(8) 106.9(4) 

0(2)-C(6) 1.439(4) F(7)-C(I 7)-F(9) 107.0(4) 

C(2l)-C(22) 1.527(8) 0(l)-C(I l)-C 12 109.2(3) 

C(I 7)-C(I 1) 1.524(8) F(4)-C(I 0)-C(I 1) 113.1(4) 

2.6 Conclusion 

The new bidentate phospha-adamantane cages with C4 and C5 backbones were 

synthesised in good yields. 
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In the coordination chemistry of the C4 and C5 diphosphines, it was observed 

that by increasing the length of the backbone from 4 to 5 carbon atoms the formation of 

the chelate product was disfavoured. This is probably due to an increase in the 

flexibility of the ligand, favouring the oligomeric reactions over the formation of the 7 

or 8-membered chelates. 
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Chapter 3: Monodentate and bidentate tetraethvl-trioxa-12hospha-adamantanes 

3.1 Introduction 

In Chapter 2 the synthesis of new bidentate, tetramethyl-trioxa-phospha- 

adamantanes with variation in the backbone and some variation of the 6,8-substituents 

(methyl to trifluoromethyl) were described. In this Chapter the synthesis of tetraethyl- 

trioxa-phospha-adamantanes (shown below) is presented. 

R! = H, Ph 

The aim was to increase further the bulkiness of the ligand by increasing the size 

of the substituents on the cage, and to investigate their performance as ligands for Rh- 

catalyzed hydrofonnylation. 

3.2 Chemistry of monodentate 1,3,5,7-tetraethyl-2,4,8-trioxa-6-phospha- 

adamantanes 

3.2.1 Synthesis of 1,3,5,7-tetraethyl-2,4,8-trioxa-6-phospha-adamantane ý'CgPH) 

The compound Et CgPPh (3.1) was prepared by passing phosphine gas through a 

deoxygenated solution of 3,5-heptanedione in aqueous 5M HCI at -12 T for 16 h 

(Equation 3.1). After this time the solution was neutralized with deoxygenated SM 

NaOH; the product was extracted into CHC13, passed through a silica column and then 

isolated as a pale yellow oil in up to 15% yield. The 31p 11H) NMR spect= of (3.1) 

showed a singlet at -57.9 ppm. 
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00H+ 
PH3 + ]IN 

3.1 

Equation 3.1 

The temperature of the reaction (-12 'C) was chosen on the basis of related 

optimisation by pUgW3 for the synthesis of meCgPH. 

In the first attempt of the synthesis of (3.1), low solubility of the hydrophobic 

heptanedione in the aqueous medium was observed, and therefore in subsequent 

attempts ethanol was added to the reaction mixture to increase the solubility of the 3,5- 

heptanedione. Unfortunately after passage of PH3 for 8 h, the 31pj1H) NMR spectrum 

showed two unidentified peaks at 52.1 and 52.6 ppm, and the desired product EtC gPH 

(3.1) was not present. 

The concentration of the acid catalyst was increased, which accelerated the 

reaction and also improved the solubility of the heptanedione. Thus by passing 

phosphine gas through a solution of 3,5-heptanedione in 8M aqueous HCI at -12 OC, the 

reaction time was reduced from 16 h to 6h and the yield of (3.1) was increased to 75%. 

The 31p [1H) NMR spectrum showed a singlet at -57.9 ppm and the identity of (3.1) was 

confirmed by mass spectrometry and elemental analysis (see Experimental). 

A mechanism was proposed by Gee 75 for the acid-catalysed addition of a PH2 

group to two equivalents of RC(O)CH2C(O)R (R = Me, CF3) (Scheme 3-1). In steps (i) 

and (ii) "normal" carbonyl additions take place, followed in steps (iii) and (iv) by 

intrarnolecular nucleophilic attack to form two cyclic hemiketals. Finally cage 

formation occurs by an intramolecular condensation. The overall reaction is therefore a 

hydrophosphination/dehydration reaction. 
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In the mechanism (Scheme 3.1) the reaction is acid-catalysed and thus 

increasing the concentration of the acid increased the rate of the reaction. In the 

synthesis of the MeCgPH, 73,74 the concentration of the acid was 5M and after 1 day this 

gave a 50% yield. In the synthesis of EtC gPH (3.1) the concentration of the acid was 8M 

and gave 75% yield after 6 h. In the formation of the EtC gPH (3.1) the more bulky 1,3- 

diketone, restricts the attack of the PH2 group (step (ii)). Increasing the concentration of 

the acid from 5M ( Me CgPH) to 8M (EtCgPH) gave a large increase in the reaction rate to 

counteract this effect. 
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3.2.2 Dichloroplatinum(ll) complex of (3.1) 

The reaction of ECgPH (3.1) with [PtCI2(cod)] in CH202 gave a pale yellow 

solution. The solvent was evaporated and a pale yellow solid was recovered in 98% 

yield. The solid was further characterized as a mixture of meso- and rac- 

[PtC12(E'CgPH)21 (3.2) (Equation 3.2) by 31p {'H} NMR spectroscopy, mass 

spectrornctry, clemcntal analysis. 

+ PtC'2(cod) 110- -Tl)ýýijf 
H 

cl 

3.2 
-cl 

Equation 3.2 

The EtC gPH (3.1) is chiral and as a consequence meso- and rac-diastereoisomers 

of (3.2) are observed. The 31p I'H} NMR spectrum showed that the main products are 

two singlets at 1.4 and 1.7 ppm with platinum satellites ('J(PPt) 3308 Hz) that 

correspond to mesolrac-(3.2). 

A preliminary investigation of the solid state structure of compound (3.1) has 

been carried out by K. Heslop (see Figure 3.1). The compound appears to crystallise in 

space group P2(1)/c with two molecules in the asymmetric unit. The crystal used was of 

very poor quality and it has only been possible to establish the gross molecular 

geometry of the complex. It has not been possible to differentiate between the oxygen 

and carbon atoms in the cage groups and the positions of the oxygen atoms shown in 

Figure 3.1 are arbitrarily assigned. Bond length data are not reliable and have not been 

included in this thesis. 
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03 

Figure 3.1 Molecular structure of the CiS-[PtC12 (EtC gPH)21 (3.2). Selected atoms are labelled 

3.2.3 Synthesis of the dichloropalladium(II) complex (3.3) 

The reaction of EtgPH (3.1) with [PdC12(NCPh)21 in CH202 gave a yellow 

solution. The solvent was evaporated and a pale yellow solid was recovered in 97% 

yield. The solid was further characterized as a mixture of meso- and rac- 

[PdC12(F-'CgPH)21 (3.3) by 31p t'HI NMR spectroscopy, mass spectrometry and 

elemental analysis. The 31p J'Hj NMR spectrum (Figure 3.2) showed two singlets, 

corresponding to the mesolrac-(3.3). 
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Figure 3.2 31p f'HI NMR spectrum of mesolrac-(3.3) 

3.2.4 Synthesis of 1,3,5,7-tetraethyl-6-phenyl-2,4,8-trioxa-6-phospha-adamantane 

EtC gPPh (3.4) 

In collaboration with Mr. Andrew Ward, the synthesis of the EtC gPPh (3.4) was 

attempted following the method described by Marr 94 for the synthesis of m'CgPPh. 

Phenyl phosphine was added to a deoxygenated solution of 2.0 equivalents of 3,5- 

heptanedione in 12M HCI (Equation 3.3). 

PhPH +2H 2 1-0 

3.4 
Equation 3.3 

The reaction was monitored by 31p ý'Hj NMR spectroscopy over 3 days, after 

which time the spectrum (Figure 3.3) showed that the desired product had formed (5 = 

-30.6 ppm). However it can be seen (Figure 3.3) that there are several peaks between 30 
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and 60 ppm assigned to by-products in the reaction and the peak for (3.4) constituted 

only 44% of the total intensity. 

Figure 3.3 31p J'Hj NMR spectrum of EtC gPPh (3.4) reaction using 12M HCI after 3 days 

The reaction was allowed to proceed for a further 23 days but little increase in 

the amount of (3.4) was observed, and in addition, no change was observed in the peak 

profile of the by-products. A sample of the reaction mixture was then heated to reflux 

for 3 hours but this led to a complex mixture of products being formed. An attempt to 

isolate the desired product from the by-products by a micro-distillation was 

unsuccessful but a short silica column with CH202 as eluent gave pure EtCgpPh as a 

viscous, colourless oil. The cage (3.4) was found to be more air-sensitive than the 

m'CgPPh and had to be stored under N2- 

The fonnation of the (3.4) is significantly slower than the M'CgPPh under 

similar conditions and the yield of the product was low; this prompted us to investigate 

the effect of the acid on the reaction as described below. 
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3.2.4.1 The effect of the acid concentration in the synthesis of (3.4) 

The reaction (Equation 3.3) was repeated under similar conditions but the 

concentration of the acid was reduced to 6M HCI. After 3 days the 31 PJIHJ NMR 

spectrum (Figure 3.4) showed that the starting material, phenyl phosphine was present 

in ca. 80%. A small amount of the product had formed but it was clear that lowering the 

concentration of the acid from 12M to 6M had significantly slowed the rate of the 

reaction. 

PhPH2 

Figure 3.4 "Pj'Hj NMR spectrum of EtC gPPh (3.4) using 6M HCI after 3 days 

3.2.4.2 Variation of the acid in the synthesis of (3.4) 

Concentrated H3P04 

The synthesis of (3-4) was repeated under similar conditions to those described 

in Section 3.2.4 but using concentrated H3PO4 (14.6M) instead of 12M HCI. The 

reaction was monitored by 31p NI NMR spectroscopy and after I day the spectrum 

(Figure 3.5) showed the desired product in ca. 62%. The reaction was repeated using 

8M H3PO4, but little difference was observed in the 31 P 11 HI NMR spectrum - 
Pure (3.4) 

was obtained in high yield (56%) by column chromatography using CH202 as eluent. 
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Figure 3.5 31p I' HI NMR spectrum of EtC gPPh (3-4) using 14.6M H3PO4 after I day 

Concentrated H2SO4 

The (3.4) synthesis was then attempted under similar conditions, but using 12M 

H2SO4 as the acid catalyst. After one day the 31 Pj1Hj NMR spectrum (Figure 3.6) 

indicated that the product had formed in ca. 82%. The crude product was purified using 

a silica column with CH202 as eluent producing (3.4) in high yield (75%) and purity. 

r--- ----"-", --, -r .,.,, -T -----r, Iý, ý 11 ý 
io 50 40 30 20 10 0 -10 -20 . 

ýo 

Figure 3.6 31p I' HI NMR spectrum of EtC gPPh (3.4) using 12M H2SO4after I day 
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Chapter 3: Monodentate and hidentate tetraethvl-trioxazphoWha-adamantanes 

3.2.4.3 Conclusion 

The compound (3.4) was synthesised by the hydrophosphination. of phenyl 

phosphine with 3,5-heptanedione in acidic media (Equation 3.4). The synthesis was 

attempted with different acids; 6M, 12M HCI, 8M and 14.6M H3PO4 and 12M H2S04- 

The best result was obtained with 12M H2S04- 

000c O-PH2 
+00 (3.4) 

p 

9c 

Equation 3.4 

3.2.5 Dichloropalladium(11) complex of (3.4) 

The reaction of 2.0 equiv. of (3.4) with [PdC12(NCPh)21 in CH202 gave a yellow 

solution. The solvent was evaporated and the solid was isolated and finther 

characterized by 31p('Hl NMR, elemental analysis, and X-ray crystallography. 

2 EtCgpPh + [PdCI2(NCPh)21 
EtCgphp 

\ "'Cl IN Pd 
cl /\ 

PPh EtCg 

3.5 

The 31p {'H) NMR spectrum (Figure 3.7) showed two singlets corresponding to 

the trans-[PdC12( Et CgPPh)21 (3.5). The IR spectrum showed absorption at 359 cm-1 for 

the Pd-CI stretching, a typical value for a trans- complex. 
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Figure 3.7 "Pý'H I NMR spectrum of (3.5) 

Crystals of trans- [PdC12(EtC gPPh)21 (3.5) were grown by the diffusion of hexane 

into CH2CI2 solution and the structure determination was carried out by Miss A. Baber 

of this department, confirming the trans- orientation of the ligands. The structure was 

solved in the monoclinic space group P21/c with four formula units per unit cell. The 

molecular structure is shown in Figure 3.8. The method of data collection, structure 

solution and refinement are surnmarised in the Appendix. The cone angle of the ligand 

(3.5) is 1570. 
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( 

Figure 3.8 Molecular structure of the trans-meso-[W12 (EtC gPPh)21 (3.5). Selected atoms are 

labelled. 

Table 3.1 Selected bond lengths and angles for the palladium(II) complex (3.5) 

Bond Lengths [A] Bond Angles ['] 

Pd(l)-CI(l) 2.2978(10) CI(2)-Pd(l)-CI(l A) 180.00(5) 

Pd(l)-P(I A) 2.3383(9) CI(l)-Pd(l)-P(lA) 85.60(3) 

P(l)-C(5) 1.816(4) CI(IA)-Pd(l)-P(IA) 94.40(3) 

P(I)-C(9) 1.863(4) P(IA)-Pd(l)-P(l) 180.00(4) 

C(4)-C(5) 1.393(5) C(5)-P(l)-C(9) 111.55(17) 

0(i)-C(9) 1.445(5) C(5)-P(l)-C(13) 103.98(16) 

C(5)-C(6) 1.394(5) C(9)-P(l)-C(I 3) 94.78(16) 

The complex has a square planar geometry. A comparison with the Me CgPPh 

analogue 85 (Table 3.1) shows that both complexes, trans- [PdC12(m'CgPPh)21 and trans- 

[PdC12(EtC gPPh)21 (3.5), have similar bond lengths between the Pd, P and Cl atoms. The 
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cone angles for the cage ligand in [PdC12(EtC gPPh)21 (3.5) and [PdC12(meCgPPh)21 were 

measured and the difference was only Y. The ethyl groups are pointing away from the 

Pd thereby adopting the lowest energy configuration by minimising the steric 

interactions with other groups. The result is only a slight increase in bulkiness and 

hence similar coordination chemistry. 

Table 3.2 Comparison of the complex (3.5) and [PdC12(m'CgPPh)21 

Complex Bond Lengths (A) Bond Angle Cone Angle 

[PdC12(MeCgPPh)21 CI-Pd-CI 180.00 154 
Pd-CI 2.2934(l 1) 

P-Pd-P 180.00 
Pd-P 2.3395(9) 

C-P-C(Ph) 94.02 

(3.5) CI-Pd-CI 180.00 157 
Pd-CI 2.2978(10) 

P-Pd-P 180.00 
Pd-P 2.3383(9) 

C-P-C(Ph) 94.78 

3.2.6 Preliminary studies of the dichloroplatinum(II) complex of (3.4) 

The reaction of 2.0 equivalents of EtC gPPh (3.4) with Of [PtC12(cod)] in CH2CI2 

gave a pale yellow solution. The reaction was monitored by 31p 11 Hý NMR spectroscopy 

and the spectrum of the solution showed that starting material and two Pt species were 

present (Equation 3-5). 

[PtC'2(cod)] + EIC gPPh 

Et CgPPh Cl 

Pt 
Cl Et CgPPh 

EtC 
gPPh Cl cl 

+ Pt Pt 
cl/ Cl Et CgPPh 

3.6 

Equation 3.5 

3.7 

The 31 PJIH NMR spectrum (Figure 3.9) revealed two pairs of singlets, due to 

mesolrac-diastereoisomers; one at ca. 4.2 pprn (p), which is assigned to the monomer 
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mesolrac-(3.6), and one at ca. 15.3 PPM (p4 ) assigned to the dimer mesolrac-(3.7); each 

with Pt satellites (Jp, 
-p 

2682 Hz and 4570 Hz respectively). Further investigation of this 

reaction should be carried out. 

p3 

P4 

p4 
5 30 25 20 15 

Figure 3 
.9 

31p f1HI NMR spectrum of EtC gPPh (3.4)and [PtC12(cod)] 

3.3 Chemistry of bidentate tetraethyl-trioxa-phospha-adamantanes 

3.3.1 Attempted synthesis of 1,2-biS(Etadamphosphino)ethane 

The positive results obtained in the synthesis of the monodentate EtC gPPh (3.4) 

(Section 3.2.4.1) prompted us to attempt the synthesis of the bidentate ligand 1,2- 

b, S(E'adamphosphino)ethane (3.8) using similar conditions. 1,2-Diphosphinoethane was 

added to a deoxygenated solution of 3,5-heptanedione in 12M H2SO4 (Equation 3.6). 

00H+ 00 
H2P PH2 +0 -0, 

(3.8) 

Equation 3.6 

74 



Chapter 3: Monodentate and bidentate tetraethvl-trioxa-phospha-adamantanes 

The reaction was monitored by 31 PIIH NMR spectroscopy over one week until 

the starting material had been completely consumed. The spectrum showed that several 

peaks had formed and the major product was a singlet at -1.2 ppm in 65% yield with 

respect to the total peak area. In the synthesis of the 1,2-bis(m'adamphosphino)ethane 

analogue, by Gee 75 the 31p, 1111 NMR spectrum had shown peaks at -24.8 and -24.9 

ppm. Considering the similarity of these compounds, it was concluded that it was 

unlikely that the 1,2-biS(Etadamphosphino)ethane (3.8) had been formed. 

Following the procedure for the synthesis of 1,2-biS(Me adarnphosphino)ethane 

by Gee 75, we attempted the synthesis of 1,2-biS(Etadamphosphino)ethane (3.8) using 5M 

HCI instead of 12M H2SO4. The reaction was monitored for two weeks by 31 PI I HI 

NMR spectroscopy after which time the spectrum showed a similar peak profile to that 

observed in the attempt using H2SO4, with the main peak (85%) at -0.9 ppm. 

Figure 3 . 10 31pt 'H) NMR spectrum of attempted synthesis of 1,2-biS(E'adamphosphino)ethane 

The solution was neutralized with deoxygenated NaOH and the crude product 

extracted in CHC13, purified using a silica column and isolated as a colourless oil. The 

product was characterized by elemental analysis and mass spectrometry and the results 

indicated that instead of the desired bidentate ligand, the product of the reaction was 

(3.9) (shown in Equation 3.7). 
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00 H+ 
H2P PH2 + 

Equation 3.7 
3.9 

75 A similar product was present in the reaction carried out by Gee, in the 

synthesis of 1,2-bis(Me adamphosphino)ethane, but in a very low amount (5%). A 

mechanism was proposed by Gee 75 for the formation of this by-product, Scheme 3.2. 

This mechanism shows the formation of a 5-membered ring after the 

hydrophosphination step (i). The increase in the yield of this by-product shows that the 

ethyl group in the ketone has a significant influence on the course of the reaction. This 

is an example of the Thorpe-Ingold or the gem- dialkyl effect, in which cyclisation is 

promoted by steric effects. 16 
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00 
F-A 

+2 
H2P 

(4.47) 
PH2 

Me Me 

(i) H+ 

Me OH 0 

Me 0 

HP Me 
HP OH Me 

Me 

\-O 
0 

Me P... Me 
p p Me 

(4.50) 

-H20 

-H20 

Ov) 

Me 
OH 

Me H P,, 4 I Me 
0 

Me 0 

p- 
Me 

Me H 

Me 

Scheme 3.2 Mechanism of by-product formation in the synthesis of 1,2- 

bis(m'aclamphosphino)ethane 75 

3.3.2 Synthesis of meso/rac-1,3-bisetadamphosphino)propane (3.10) 

The synthesis of the 1,3-bis(Eadainphosphino)propane (3.10) (Equation 3.8) was 

attempted by the addition of the 1,3-diphosphinopropane to a deoxygenated solution of 

3,5-heptanedione in 6M HCI. The reaction was monitored by 31p{'H) NMR and the 

spectrum showed, after one month, the desired product in 47% yield. In a second 

attempt, the acid concentration was increased from 6M to IOM but no significant 
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change was observed in the 31p {'H) NMR spectrum nor in the reaction time. In view of 

the results discussed above in Section 3.2.4.2 where changing the acid increased the rate 

and yield of the hydrophosphination reaction, the effect of changing acid to H2SO4 and 

H3PO4 on Equation 3.8 reaction was studied. 

00 

H2P'ýý PH2 + 

Equation 3.8 

00 00 

meso-(3.10) vD 
p 

4 <ý 
. 
04(--., 

"1 0() rac-(3.10) 0 
ý-. o 1 

p 

3.3.2.1 Variation of the acid type on the synthesis of 1,3-bis(%damphosphino) 

propane 

Concentrated H3PO4 

The synthesis of 1,3-bis(Eadamphosphino)propane (3.10) (Equation 3.8) was 

attempted with 8M H3PO4. The 31p (lHj NMR spectrum of the reaction mixture showed 

after 2 weeks the desired product had formed in only 2.5%, with an unidentified major 

product at 26.6 ppm (5 1 %). 

Concentrated H2SO4 

The synthesis of 1,3-biS(Eadamphosphino)propane (3.10) was attempted, (Equation 

3.8) with 12M H2S04. The 31p 11H) NMR spectrum of the reaction mixture showed that 

after 36 h, the desired product had formed in ca. 85% yield. The crude product was 

neutralized with 5M NaOH, extracted with CHC13 and purified with a silica column 

using Et2O/CHC13 80: 20 as eluent. The product was isolated as a pale yellow oil in high 

yield (80%) and high purity. 
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The 31p 11H) NMR spectrum showed two singlets at -37.9 and -38.2 ppm in a ratio 

of ca 1: 1 corresponding to the meso- and rac-(3.10) diastereoisomers. The product was 

finiher characterized by lH and 13C ('H} NMR spectroscopy, mass spectrometry and 

elemental analysis. 

3.3.3 Dichloroplatinum(11) complex (3.11) 

The reaction of mesolrac-(3.10) with 1.0 equiv. Of [PtCI2(cod)] in CH202 gave a 

pale yellow solution. The solvent was removed in vacuo and a pale yellow solid was 

recovered and characterized as mesolrac-(3.1 1) by 31p {lHj NMR, mass spectrometry 

and elemental analysis. 

The 31p 11H) NMR spectrurn (Figure 3.11) showed two signals at -15.7 and -19.4 

ppm with platinum satellites ('J(PtP) 3388 Hz and 'J(PtP) 3386 Hz). The presence of 

two peaks in the 31p{'Hl NMR spectrum is due to the existence of the meso- and rac- 

diastereoisomers; in a ratio of 1.2: 1. In the 31p {'H) NMR spectnim, there is a separation 

of almost 4 ppm between the two signals for the diastereoisomers. This may imply that 

the environment of the phosphorus atoms in the two structures are quite different and it 

would be of interest to investigate any differences in catalytic activities between the 

diastereoisomers. pUgfi73 found that catalytic activity of the meso-1,3- 

bis(me adamphosphino)propane was 3.6 times faster than the rac-isomer in the 

hydrocarbonylation of propene. 

79 



Chapter 3: Monodentate and bidentate tetraethvl-trioxa-phospha-adamantanes 

3.3.4 Dichloropalladium(11) complex of (3.10) 

The reaction of mesolrac-(3.10) with 1.0 equiv. of [PdC12(NCPh)21 in CH2CI2 

gave a yellow solution. The 31pIIHI NMR spectrum showed that several products had 

formed, but two predominant singlets (89%) at 0.4 and 2.7 ppm were assigned to the 

chelate products (3.12). Others peaks from 8.7 to 10.1 ppm may be binuclear species. 

Single crystals were grown by slow evaporation of the solvent. The structure 

determination was camed out by Miss A. Baber of this department, confirming the cis- 

orientation of the ligands around the palladium(II) metal. The structure was solved in 

the monoclinic space group P2(1)/m with four fonnula units per unit cell, and the 

crystal was shown to be exclusively the meso-diastereoisomer. The method of data 

collection, structure solution and refinement are summarised in the Appendix. The 

molecular structure is shown in Figure 3.12. 

80 
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Figure 3.1 1 31p J'Hj NMR spectrum of mesolrac-[PtC12(3.1 1)] 
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c 

Figure 3.12 Molecular structure of the ligand (3.12). Selected atoms are labelled 

Table 3.3 Selected bond lengths and angles for the palladium(II) complex (3.12) 

Bond Lengths [A] Bond Angles ['] 

Pd(l)-CI(IA) 2.351(8) Cl(I A)-Pd(l)-CI(l) 83.9(4) 

Pd(l)-P(I A) 2.283(8) P(I)-Pd(I)-Cl(l) 173.4(3) 

P(l)-C(2) 1.76(3) P(l)-Pd(l)-P(IA) 96.40(4) 

P(l)-C(6) 1.89(3) C(2)-P(l)-CI(6) 98.9(13) 

C(l)-C(2) 1.58(3) C(2)-P(l)-C(I 0) 104.1(14) 

0(l)-C(6) 1.42(3) C(6)-P(l)-C(I 0) 94.3(13) 

C(5)-C(6) 
1 

1.394(5) 
1 

C(I 0)-P(l)-Pd(l) 
1 

115.3(9) 

3.3.5 Synthesis of meso/rac-1,4-biS(Etadamphosphino) butane (3.13) 

The synthesis of 1,4-biS(Etadamphosphino)butane (3.13) was carried out by the 

addition of 1,4-diphosphinobutane to a deoxygenated solution of 3,5-heptanedione in a 

aqueous solution of 12M F12SO4 (Equation 3.9). The reaction was monitored by3 'PJ'Hý 

NMR spectroscopy for 2 days, after which time the reaction had gone to completion and 

a yellow oil had appeared. The mixture was neutralized with 5M NaOH, the crude 
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product was extracted with CHC13 and then purified using a silica column with an 

eluent of Et20/CHC13,80: 20. The product (3.13) was isolated in high yield (90%) and 

high purity as a pale yellow oil that crystallized at 5 'C. The 31p ('H} NMR spectrum of 

(3.13) showed two singlets at -39.7 and -39.8 ppm in a ratio ca. 1: 1 corresponding to 

the meso- and rac-diastereoisomers. The identity of (3.13) was confirmed by 1H and 

13C I'H} NMR spectroscopy, mass spectrometry and elemental analysis. 

PH2 

Equation 3.9 

00 00 
meso-(3.13) 

P0 

0() 
rac-(3.13) 

, 0- Ä-11 

Single crystals of the meso fonn cage-diphosphine (3.13) suitable for X-ray 

difflaction were grown by the slow evaporation of solvent from a dichloromethane 

solution. The structure determination was carried out by Miss A. Baber of this 

department, confirming the molecular structure of the ligand. The structure was solved 

in the triclinic space group P-1 with one molecule per unit cell. The molecular structure 

is shown in Figure 3.13. The method of data collection, structure solution and 

refinement are surnmarised in the Appendix. 

00 12 M H2S04 
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Figure 3.13 Molecular structure of the ligand (3-13). Selected atoms are labelled 

Table 3.4 Selected bond lengths and angles for ligand (3.13) 

Bond Lengths [A] Bond Angles ['] 

P(l)-C(I 6) 1.850(5) C(16)-P(l)-C(14) 102.7(3) 

P(1)-C(I 4) 1.870(6) C(I 6)-P(l)-C(I 3) 102.8(3) 

P(l)-C(I 3) 1.894(6) C(14)-P(l)-C(13) 92.4(3) 

0(2)-C(I 3) 1.452(7) C(I 2)-0(2)-C(l 3) 113.9(5) 

C(I 6)-C(I 5) 1.527(7) C(I l)-O(I)-C(I 4) 115.1(5) 

3.3.6 Dichloroplatinum(11) complex of (3.13) 

The reaction of mesolrac-(3.13) with 1.0 equiv. Of [PtC12(cod)] in CH2CI2 gave a 

pale yellow solution. The solvent was removed in vacuo and a pale yellow solid was 

recovered. The solid was characterized as mesolrac-(3.14) by 31 Pj1H) NMR (Figure 

3.14), mass spectrometry and elemental analysis. 
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-4 - G, -B -10 -12 -14 -16 -18 

Figure 3.14 31pt 'H) NMR spectrum of the dichloroplatinum(II) complex (3.14) 

The 31p ý1HI NMR spectrum of (3.14) showed one signal at -5 ppm with platinum 

satellites ('J(PtP) 3512 Hz). The presence of two peaks in the 31p f 1H) NMR spectrum is 

expected due to the existence of the meso- and rac-diastereoisomers. The observed 

single in the 31p 111-1) NMR spectrum is presumably due to coincidental equivalence. 

The broad signal at ca. I ppm (marked * in Figure 3.14) is possibly due to the presence 

of oligomeric complexes (see Section 3.3.7 for further discussion). 

3.3.7 Synthesis and characterisation of meso/rac-1,5-biS(E'adamphosphino)- 

pentane 

The synthesis of the meso/rac-1,5-biS(Etadamphosphino)pentane (3.15) was carried 

out by the addition of 1,5-diphosphinopentane to a cleoxygenated solution of 3,5- 

heptanedione in an aqueous solution of 12M H2SO4 (Equation 3.10). The reaction was 

monitored by 31p 11 HI NMR spectroscopy over 2 days, after which time the reaction had 

gone to completion and a yellow oil had formed in the reaction mixture. The mixture 

was neutralized with a deoxygenated solution of 5M NaOH, the crude product was 

extracted with CHC13 and then purified using a silica column with an eluent of 
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Et20/CHC13,80: 20. The product (3.15) was isolated as a pale yellow oil in high yield 

(90%) and high purity. 

H2P-_, -, _,, -, _, 
PH2 +00 

12 M H2SO4 

Equation 3.10 

00 

0 
meso-(3.15) 

00 rac-(3.15) 
ýo 

The 31pilHI NMR spectrum of (3.15) showed two singlets at -36.4 and -36.5 ppm. 

in a ratio ca. 1: 1 corresponding to the meso- and rac-diastereoisomers (Figure 3.15). 

The isomers were characterized by 'H and 13C {'H) NMR spectroscopy, mass 

spectrometry and elemental analysis. 

--T T-I1 -1 T-T-I--- -T-1- -I -- T-- ----- T-- 

, 35 .8 -36.0 -36.2 -36.4 -36.6 -36.8 -37.0 

Figure 3.15 31p ('H)NMR spectrum of 1,5-biS(Etadamphosphino)pentane (3.15) 

3.3.8 Dichloroplatinum(ll) complex of (3.15) 

The reaction of mesolrac-(3.15) with 1.0 equiv. Of [PtC12(cod)] in CH2CI2 gave a 

pale yellow solution. The solvent was removed in vacuo and a pale yellow solid was 

isolated. 
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The 31p11Hý NMR spectrum (Figure 3.16) of the product showed two singlets at 

1.5 ppm with broad platinum satellites. The platinum satellites are broad due to 

chemical shift anisotropy. The 'J(PtP) value is 2684 Hz indicating that the P atoms are 

trans- and therefore consistent with the product being the binuclear complex (3.16). The 

simplicity of the spectrum contrasts with what was observed with the methyl analogue 

(see Figure 2.11, Section 2.5.9). Shaw et A showed that the bulky diphosphine 

BU t 2P(CH2)5PBUt2 formed a similar sixteen-membered chelate ring system (see also 

Section 1.4.1 . 
9). 16 

3.16 

Figure 3.16 The 31pl'H) NMR spectrum of the dichloroplatinum(II) complex of 1,5-biS(Eadam- 
phosphino)pentane (3.16) 
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3.3.9 Dichloropalladium(11) complex of (3.15) 

The reaction of mesolrac-(3.15) with 1.0 equiv. of [PdC12(NCPh)21 in CH202 

gave a yellow solution. The 31 Pj1Hj NMR spectrum (Figure 3.17) of the solution 

showed that various products had formed; signals from 9 ppm to 11.5 ppm were 

observedand were assigned to mononuclear, binuclear and ofigonuclear products. The 

flexibility of the C5 backbone makes chelation more difficult and hence multinuclear 

complexes were expected to form. 

13 12 11 10 98 

Figure 3.17 The 31p I' HI NMR spectrum of the dichloropalladium complex of 3.15 

3.3.10 Attempted synthesis of 1,3-biS(E'adamphosphino)propane (3.10) via BH3 

adduct 

The bidentate cages with the different backbones (C2. C3ý C4ý C5) each required 

the diprimary phosphine as the precursor. Since the synthesis of these diphosphines is 

lengthy and the products are toxic and flammable, an alternative route was desirable. 

The route shown in Equation 3.11 was attempted. 
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/ 
0 

(i) BH3. THF 

(ii)'BuLi 

I(CH2)3I 

Equation 3.11 

The borane adduct below (3.18) was first made according to Equation 3.12. 

THF. BH3 

Equation 3.12 

(3.18) 

The 31P 11 HI NMR spectrum of the reaction mixture in the first step (Euation 

3.12) showed a peak at -8.3 ppm (Figure 3.18) which was broad due to unresolved 

coupling to 11B (I= 3/2). 

-'- -I -ýI-ýý-I 
ýý- ý -I I 

-3 -4 -6 .6 -7 -8 -9 -10 -11 -12 -13 
ig 

Figure 3.18 31p f1 H) NmR spectrum of the borane adduct (3.18) 
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In the second step (Equation 3.11) the solution was cooled to -78 'C followed 

by the addition of n-BuLi. The reaction was monitored bY 31p t1 H) NMR and after 2h 

the spectrum showed a broad peak at -0.4 ppm that was assigned to Et CgP(BH3)Li 

species. The solution was allowed to warm to room temperature and 1,3-diiodopropane 

was added to the solution. The 31p II H) NMR spectrum of the reaction mixture (Figure 

3.19) showed several peaks, corresponding to; EtC gP(BH3)Li (11 %) at 14 PPM, Et CgPH 

(6%) at -59 PPM, EtC gP(BH3)2Li (40 %) at 0.5 ppm, a peak assigned to the borane 

adduct of the desired product (30 %) at 8.5 ppm (10 %) and a peak for the deboronated 

desired product at -38.2 ppm (Figure 3.19). 

owýl 
11 i 

20 10 

Figure 3.19 "P ý'H I NMR spectrum of the attempted synthesis of 1,3-biS(Eadamphosphino)- 

propane via BH3 adduct 

Part of the complexity of the of 31p {11-11 NMR spectrum in Figure 3.19 may 

result from an equilibrium (Scheme 3.3) between a diboronated species (3.19) and the 

(3.18). The methyl analogue of (3.19) has been previously identified this group. 
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2 P'Li 
Li 

I BH3 II 
BH3 

3.19 

Scheme 3.3 Possible equilibrium for borane/lithium adduct 

The reaction was refluxed for 4 hours but no improvement in the reaction was 

observed and more by-products were formed. 

3.4 Conclusion 

It has been shown that the replacement of methyl groups for ethyl groups in the 

cages has only a small effect on the cone angle of the derived ligands. However the 

subtle effect still influences the chemistry. For example 1,5-biS(E'adamphosphino)- 

pentane apparently fonns a single product with [PtCI2(cod)] assigned to a large chelate 

ring, whereas 1,5-bis(Me adamphosphino)pentane under similar conditions gave a 

complex mixture of products. 

It would also be useful to find a synthetic route to form the bidentate cage 

meso/rac-1,3-biS(E'adamphosphino)propane (3.10) avoiding the lengthy synthesis of the 

diprimary phosphine. 

It would be interesting to investigate the electronic and steric effects in the cage 

moiety by fin-ther changing the substituents in the a-carbon position of the diketone. For 

example, a phenyl or cyclohexyl group could be incorporated into the diketone, and the 

diprimary phosphine cage synthetic route could be used. 
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Chapter 4: Hydroformylation cataly-sis with trioxa-12h=ha-adamantanes 

4.1 Introduction 

In this chapter we will review large scale hydrofonnylation processes, approaches 

to some current challenges such as catalyst separation, hydrofonnyfation of internal 

olefins; and the hydroformylation of epoxides. This will put into context the 

hydroformylation results to be presented for our ligands, for which synthesis was 

described in previous chapters. 

4.2 Hydroformylation 

Ever since the discovery of cobalt-catalyzed hydroformylation by Otto Roelen 86 

in 1938, the industrial importance of this reaction has been recognized 87-89 and it is now 

one of the world's most important homogeneously catalyzed reactions. In the course of 

this reaction a new carbon-carbon bond is formed and, simultaneously, the synthetically 

valuable aldehyde function is introduced (Equation 4.1). 

0 
(iso) 

H 
Cat. 

+ CO + H2 ------------ 3" + 

_1*'ýýý 
H 

(n) 
0 

Equation 4.1 

The aldehydes are then often reduced by hydrogenation to alcohol, which are 

used as raw materials in the synthesis of plasticizers, soaps and detergents. Aldehydes 

are raw materials for other very useful chemicals as shown in Figure 4.1.2 
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olefins Cat 
dienes 10 
unsaturated CO/H2 
substrates 

acetals 

ethers 

Figure 4.1 

In the first two decades after the discovery of hydroformylation, the catalytic 

system was based on [HCO(CO)41, but high temperatures and pressures were required to 

ensure the catalyst stability. 90 In 1968, it was reported9l that the addition of a tertiary 

phosphine could stabilise the catalyst to such an extent that reaction pressures below 

100 atm were feasible. Although the phosphine modified Co catalytic system is less 

reactive than the unmodified catalyst, the increased electron density on the metal centre 

affords a better hydrogenation catalyst which results in the formation of alcohols rather 

than aldehydes as the primary products. 90 Thus, where alcohols are required as the end 

product, the extra hydrogenation step is obviated. Unfortunately, this improved 

hydrogenation capability also resulted in substantial amounts of the olefin feedstock 

being lost via the competing hydrogenation of the alkenes to alkanes. 90 

The replacement of [HCo(CO)4] by [RhH(CO)(PPh3)] was a great development 

as the process can operate under much milder conditions, below 100 *C and at only a 

few atmospheres). The Rh system produces aldehydes with no loss of alkene by 

hydrogenation. 92 The first industrial application of the rhodium catalysis was in the 

hydroformylation of propene by the Union Carbide Corporation (UCC). The LPO 

process (low pressure OXO), 93 was designed to trap the catalyst in the reactor system and 

to separate the catalyst and aldehydes by distillation under reaction conditions. This 
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process involved a high-boiling solvent for the catalyst, an excess of PPh3 ligand, and 

gas injection through the reactor to remove the butanals formed. The original UCC 

process has been refined, with what has been called the "gas recycle process": The 

products are removed from the catalyst by passing a large amount of gas through the 

reaction (which is recycled) to evaporate the aldehydes. 

The PPh3-rhodium catalyst for the UCC process has since been replaced by the 

diphosphite (4.1)-rhodium catalyst. The new catalyst is more active and more 

selective. 
87 

0, xl, 

H3 

4.1 

In the Ruhrchemie/Rh6ne-Poulenc (RCH/RP) process, propene or butene and a 

H2/CO mixture are fed into the reactor which contains an aqueous solution with a water 

soluble catalyst [(meta-sulfonated triphenylphosphine, as sodium salt (4.1) (TPPTS)] 

(Figure 4.2). The effluent from the reactor is passed through a phase separator. The 

aqueous solution is recycled back to the reactor and the crude aldehydes are sent to a 

distillation column. The process is used for the production of C4 and C5 aldehydes. The 

aqueous biphasic catalyst has two main advantages; long lifetime of the rhodiurn 

catalyst used and an overall more economical process. 
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Aldehydes 

H2/CO 

120" C Phase 
Propene. 50 bar separation products 
Aqueous . fractionally 
Catalyst distilled 
Solution 

Figure 4.2 RCH/RP Process 

Since the discovery of rhodium(I)-phosphine complexes as chemoselective 

hydroformylation catalysts, finther development of new catalytic systems have been 

aimed at controlling the chemo-, regio-, and stereoselectivity. Major advances have 

been made towards this goal during the last decades. 94 

The generally accepted, dissociative mechanism for [RhH(CO)(PPh3)31 

95 
catalyzed hydroformylation, as proposed by Wilkinson, is shown in Scheme 4A. 
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Scheme 4.1 

The mechanism begins with the dissociation of a molecule of PPh3 (step i) from 

[HRh(CO)(PPh3)31,, followed by coordination of the alkene, (step ii). The hydride 

migration (step iii) is the source of the very high selectivity for the linear product. Step 

vi involves the rate-limiting oxidative addition of hydrogen followed by reductive 

elimination of the product aldehyde. 9 

4.3 Current challenges in hydroformylation 

Since the discovery of the hydroformylation process, many improvements to the 

2,90,96 
catalyst's activity and selectivity have been made. Also, due to the cost of the 

metal complex catalyst, its recovery has been a central issue for a long time. One of the 
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long-standing problems of hydroformylation chemistry, the low pressure 

hydroformylation of internal and more highly substituted olefins, still awaits a practical 

solution. 97 It is known that the reactivity of hydroformylation catalysts decreases 

exponentially with the degree of olefin substitution. 98 This section describes some 

current approaches and some other challenges in hydroformylation catalysis. 

4.3.1 Separation of long chain aldehydes from the catalyst in hydroformylation 

One of the limitations of using rhodium catalysts is that only low boiling 

products can be easily separated from the catalyst solution by distillation. 87 When less 

volatile compounds are involved, such recovery of the catalyst is not feasible because 

the thermally sensitive rhodiurn complexes decompose below the boiling point of the 

product. For the longer chain products, which are important in detergent manufacture, 

cobalt catalysts are still used despite their lower activity and selectivity. 99 

Many approaches to the separation and/or catalyst reuse problem are being 

investigated . 
2,90,94,100 To overcome the separation problems, several approaches have 

been investigated as described below. 

Fluorous biphasic systems 

A catalyst is rendered soluble in fluorocarbons usually by adding fluorous tails 

to known catalysts. The substrate and products are dissolved in the inmiscible organic 

phase. 101-106 The great advantage of this type of system over the aqueous biphasic 

approach is that by careful choice of the fluorous and organic solvents, 97,107,108 a single 

phase is formed at the operating temperature, but phase separation occurs on cooling. In 

the past few years the fluorous phosphorus ligands, P[OCH2CH2(CF2)7CF3]3 and 

P[CH2CH2(CF2)5CF3]3, have been used in hydroformylation reactions as modifying 

ligands in fluorous multiphase systems and have demonstrated not only high stability 

but also shown a great advantage in the separation of high molecular weight aldehydes 
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from the catalysts. 2,109,110 It has been shown that, by operating in the absence of organic 

solvents and using triarylphosphines with "fluorous ponytails", it is possible to obtain 

high linear selectivities at low catalyst loading in hydrofomiylation reactions with 

>99.5% retention of rhodium in the fluorous phase. 
105,111 

A recent example of a fluorobiphasic ligand (4.2) (poly[fluoroacrylate-co-4- 

(phenylphosphino)styrene]) is shown in Equation 4.2. This ligand has been used in the 

hydroformylation of styrene, acrylates and 1-hexene, with [Pdl(acac)(CO)2]. In the 

hydroformylation of I -hexene 99% selectivity was reported. 106 

AIBN 
+n 

benzotrifluride 
Ph2 C8HI7 

n= 5, n= 9 
4.2 

Equation 4.2 

Aqueous biphasic systems 

These use the same principles as those involved in the Rhone-Poulenc/Ruhr 

Chemie process, 99 where a water-soluble catalyst [BRh(CO)(TPPTS)31 (TPPTS = 4.3), 

remains in the water at all times and the product aldehydes are separated by decantation. 

S03Na 0- 

Q 

S03Na 

p 

S03Na 

4.3 

98 



Chapter 4: Hydrofionnylation cata-IY-Sis with t7ioxa-, 2hoWha-adamantanes 

The catalysis takes place in the aqueous phase and the system works well for 

alkcnes up to octene, but higher olefins suffer from the disadvantage of lower rates 

limited by the solubility of the olefins in water. ' 12,113 

The hydroformylation. of propene has been performed using the water-soluble 

catalyst RIVBINAS-Na (4.4) (99: 1 n: i ratio). 114 

N 

Ar2-. Ph,, 

Ar2-,, Ph,, 

BINAS-Na 

Ar = m-C6H4-SO3Na+ 

4.4 

Some recently reported water soluble phosphines include 

Ph2PCH2CH2C(O)NHC(CH3)2CH2SO3Li, Ph2PCH2CH(COOLi)(CH2COOLi), 

Ph2PCH2CH(CH3)(COOH) and Ph2PCH2CH(CH3)(COONa) which have been 

successfully applied to the rhodium-catalyzed hydroformylation of methyl. acrylate, "s 

I-hexene 116 
and C4 unsaturated alcohols. 

117 

In the latest research in biphasic hydroformylation a new system called "thermo- 

regulated phase transfer catalysis" (TRPTC) also known as a "smart" system, has been 

described. 120 This involves the use of non-ionic water-soluble phosphine ligands bearing 

polyoxyethylene moieties. These undergo changes in their hydrogen bonding patterns 

with temperature, 
100,118,119 

and the catalyst is separated and recycled. 
121 The 

polyoxyethylene chains are hydrophilic groups, which demonstrate temperature- 

dependent solubility. As a result, their metal complexes are soluble in the aqueous phase 

99 

Na03S 
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at lower temperatures, and are soluble in the organic phase on heating above the cloud 

point (Figure 4.3). 122 The cloud point is defined as the temperature at which the 

polyoxyethylene moiety loses its solubility through disruption of the hydrogen bonds to 

water molecules, and precipitates from the aqueous phase. 

S+C- P+C 

r 
s 

r Tl 

c 

cpt 
Týme hr 

H 
'10 

H 
'10 

---------- ------------ 
(Ph3)P-(OH3CH3C), -? OL, 

ý 

-------------------- 
H '-o aqueous phase 

S= substrate H 
C= catalyst 
P= product Hydrogen bonds between with 
Cp = cloud point polyoxyethylene chain and water 

Figure 4.3 

Supercriticalfluids 

One other method reported to solve the problem of separating rhodium-based 

catalysts from long-chain aldehydes involves the use of supercritical fluids such as 

SCC02- 
123-129 These fluids are gases heated above their critical temperature (Tc) and 

pressurized above their critical pressure (P, ). SCC02 offers several advantages over 

conventional organic solvents, which make it very attractive as a solution to the 

separation problem. 
96,123,130 These advantages include; (i) SCC02 density is comparable 

to that of organic liquids, and will solubilise a wide range of organic substrates; (ii) the 

design, scale-up and operation of reactors operating in one phase are much simpler than 

multiphase reactors; (iii) SCC02 is non-flammable, non-toxic, enviromnentally 

acceptable, readily available in large quantities and has a low critical temperature and a 

moderate critical pressure; (iv) scCO has no gas-liquid phase boundary; and (v) scCO 

facilitates easy product and catalyst separation. 

Research in this area has mainly focussed on the use of analogues of 

rhodium/triphenylphosphine complexes, since the parent complex shows rather low 
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solubility and activity. 131 Better solubility has been achieved by using fluoroalkyl- or 

fluoroalkoxy- substituted arylphosphines (4.5-4.10). 101,123,125,128,130,132,133 These ligands 

are analogous to those used to enhance the solubility of similar catalysts in fluorous 

biphasic systems! 
01,102,127 

F-F )F 

CF2-CF2-CF2-CF3 
7FP 

0-0-CF 
Pp 

-, \ 
ý) 

3p F' 
ý\ /j 

F 

3) 
3 

FN 

4.5 4.6 4.7 

CF3 

I ICF3 

)3 

4.8 

P-(&CF)3 

3 

p- 
- 

CF3 
)3 

4.9 4.10 

Using catalysts that are insoluble in SCC02 has great advantages in terms of 

separation. 124 Ligands (4.11) and (4.12) have afforded insoluble metal complexes that 

have been used in the hydroformylation reaction of hex-l-ene in SCC02. and showed 

high activity and selectivity. The products were removed from the reaction by flushing 

them into a second autoclave and decompressing them to give the aldehyde product, 

containing no detectable amounts of rhodium; the catalyst could be reused several 

times. 124 

-0-CgH 9 Ph2P C02Cl6H33 0 
)3 

9 

CMH330ý> 

4.11 4.12 

Other methods for immobilizing the catalyst, which are not going to be 

discussed further here include anchoring of ionic catalysts to insoluble supports, 134,135 
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anchoring of insoluble catalysts to insoluble supports 136 and anchoring homogeneous 

catalysts to denchimer supports. 
137-139 

4.3.2 Hydroformylation of internal olefins 

4.3.2.1 Phosphabenzene 

Rhodium-phosphine catalysts are significantly more active than cobalt- 

phosphine systems for the hydroformylation of terminal olefins. However, their activity 

for the hydrofonnylation of internal and higher olefins is still rather low. 98 

Strong -r-acceptor ligands, such as phosphites, have been observed to give more 

active hydroformylation catalysts for both the hydroformylation of internal and terminal 

olefins. 140 Unfortunately, technical application of phosphites has been hampered by 

their inherent lability to hydrolysis. 2,141 Hence, the development of new classes of -r- 

acceptor ligands remains an important task. In 1996, phosphabenzenes were shown to 

be good ligands for the hydroformylation of terminal and internal olefins. 142 

MAI made the first preparation of these compounds in 1966.143,144 The interest 

in phosphabenzene derivatives as potential ligand candidates for transition metal 

catalysed reactions is due to several reasons, including the novelty of such applications, 

the ease of preparation, their stability, and the unique electronic properties of these 

systems. 
145 

Many complexes of phosphaberizenes are known, 146 and some examples are 

(4.13-4.16). Phosphabenzenes may vary their coordination mode according to the metal 

to which they are bound. 
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N 

P <4;: ý: ýCW3 
Me3C 

v Cr CMe3 
Me3C--'l 

Me3 

4.13 4.14 

--ýc 
Lý)Sime3 

p 

Fe 
ý9-7 

4.15 

0 

p 
I "P P-Fe""'p 

Pý 
%%% 

4.16 

In general there are three conventional binding modes: n I, n6, and mixed (Figure 

4.4). The nl-binding mode is typically observed with late transition metals in low 

oxidations states. 147 The n6 is favoured by early transition metals in low oxidation 

states. 148 Metals in the centre of the transition series tend to exhibit mixed binding. 145 

3 
R2 R4 p 

<: 'I'p-M 

p 

RP R5 MI 
MM 

11 11 
6 

mixed 

Figure 4.4 

Rhodium-catalysts modified with bulky monophosphabenzenes, phosphines and 

phosphonites have been compared in the hydroforTnylation of styrene (Equation 4.3). 97 

The phosphabenzene catalyst showed the highest activity and excellent regioselectivity 

to fonn the branched aldehyde product. 
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CHO 
H2/CO 

[Rh(acac)(CO)/L] 

L Ph 
P 

! 
o-Me, 

Ph 

(. 

But 

4.17 4.18 

Equation 4.3 

CHO 0'*ýý 

t PPh3 

4.19 

A series of phosphabenzenes (4.20-4.26), and their catalytic activity in the 

hydroformylation of terminal and internal olefins has also been reported. 97 

Ph Ph Ph Ph 

Me P Me Me'. ' P Ph Ph P Ph Pý PrI 

4.20 

Ph 

Ph/ýP' 2-Naphth 

4.21 

Ph 

2Naphtlý P 2-Naphth 

4.22 4.23 

4.24 4.25 4.26 

Me 

The study showed that phosphabenzene 4.26 provided the most active rhodiurn 

catalyst for the hydroformylation of I-octene. Even more impressive results were 

obtained in the hydroformylation of internal olefms including 1,1-disubstituted 

(Equation 4.4), trisubstituted (Equation 4.5) and tetrasubstituted alkenes (Equation 4.6). 
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di- 
Rh/L 

aldehyde selectivity > 99% 
regioselectivity > 99% 

CO/H2 

Equation 4.4 

tri- 
Rh/L 

COM2 

aldehyde selectivity > 99% 
regioselectivity > 99% 

tetra- 

4.3.3 Hydroformylation of epoxides 

Equation 4.6 

aldehyde selectivity > 99% 
regioselectivity > 99% 

The hydroformylation of epoxides provides an elegant and inexpensive pathway 

to P-hydroxyaldehydes that may easily be hydrogenated to 1,3-diols which have a wide 

variety of uses. 149 Recently, interest in 1,3-propanediol has grown for its potential 

application in industry as an intennediate in the production of polyester fibers and 

films. 149 

In the hydroformylation of epoxides (Equation 4.7), special attention in the design 

of the catalyst is needed to suppress side reactions such as isomerization and 

hydrogenation. 149 It has recently been reported that in the cobalt-catalyzed 

hydroformylation of ethylene oxide, 
149 

oxide chelating ligands e. g. 

bis(diphenylphosphffio)methane oxide (dppmO) are superior in terms of higher 

selectivities and yields compared to their phosphine analogues, e. g. 

bis(diphenylphosphino)methane (dppm). 

Equation 4.5 

Rb/L 

COM2 

105 



Chapter 4: Hydroformylation catabLsis with trioxa: phoWha-adamantanes 

0 
CO/H2 

OH 0 H2 
_00 

C02(CO)S/dppmo 

Equation 4.7 

4.4 Bicyclic phosphines for hydroformylation 

Trialkylphosphines such as tributylphosphine have been used as ligands for 

cobalt-catalyzed hydroformylation, but bicyclic phosphines have been preferred due to 

reduced volatility and catalyst stability. 90 

Sasol has reported" exceptionally good catalysts for the hydrofonnylation of 1- 

dodecene using a cobalt catalyst system with a family of bicyclic phosphines derived 

from (R)-(+)-limonene (Figure 4.5). 

Lim= 

Compound 
Abbreviation R 

Lim-H H 

Lim-C18 (CH2)17CH3 

Lim-CIO (CH2)9CH3 

Lim-CS (CH2)4CH3 

Lim-Aph (CH2)3C6H5 

Lim-ACN (CH2)2CN 

Lim-ABE (CH2)30CH2C6H5 

Lim-EVE (CH2)20CH2CH3 

Figure 4.5 

In 1992, the bicyclic water-soluble phosphine NORBOS-Na (4.27) was shown to 

be the most active catalyst in the hydroformylation of propene. 114 
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Na03S 

4.27 

Historically the most important class of bicyclic phosphines for hydroformylation 

are derivatives of 9-phosphabicyclononanes. The parent compounds are also known as 

phobanes (4.28) and (4.29). The mixture is synthesised by the hydrophosphination of 

1,5-cyclooctadiene with PH3 using a radical initiator to give the isomeric mixture (4.28) 

and (4.29) in quantitative yield in a ratio of approximately 2: 1 (Equation 4.8). 150,151 

P, 
HH 

PH3 
p 

Radical initiator 

4.28 4.29 

Equation 4.8 

The synthesis of phobanes was first reported by Shell in 1966,152-154 and this 

prompted the interest of other companies in these compounds. In 1977 Hoechst AG 155 

and in 1980 Nippon Chemical Industrial Co. 156 patented the synthesis of (4.28) and 

(4.29). 

The catalytic activity of the phosphines (4.30) and (4.31) in cobalt-catalysed 

hydroformylation of higher alkenes was also reported' 
53,154,157 

and these proved to be 

very active catalysts. 
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P, p R=Ph 

P;: ý R= (CH2) I 9CH3 

4.30 4.31 

Another compound in this family to show high activity in the cobalt-catalysed 

hydrofonnylation of alkenes was the bidentate ligand (4.32). 158 

N"N 
I \I 

4.32 

Diphosphine (4.33) below has been reported for the rhodium-catalyzed 

hydroformylation of 1-octene, 159 and in the hydroformylation of citronellene (Equation 

4.9). This reaction is of industrial interest as the hydroforinylation product is a useful 

raw material in the perfume industry. The ligand (4.33) was previously synthesised, by 

Fawcett et al. in 1993.160 

CHO 

Rh(COD)BF4/4.33 + CHO 

Equation 4.9 

I-- p 

R-N 
ý-Pl 

4.33 

R=Ph 
R= CH(CH3)Ph 
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4.5 Bite angle effects in hydroformylation 

Extensive research has been dedicated to fine tune stereoelectronic properties, 

pursuing higher activities and selectivities. 161 

Although there have been a wide variety of ligands studied for hydroformylation, 

consistent structure-activity relationships are still lacking. 161,162 The explanation for this 

is that a complex set of electronic and steric effects govern selectivity in 

hydroformylation. 

The terra "electronic effect" refers to the electronic properties of the ligand 

(basicity, n acceptor/donor capabilities) whereas steric effects describe ligand bulkiness. 

It has been said that diphosphine ligands generate two kinds of steric effects; those 

associated with ligand-ligand or ligand-substrate non-bonding interactions (non-bonding 

effects) and those directly related to the bite angle, which have been called orbital 

effects. 
161 

The trigonal bipyramidal rhodium complexes containing two coordinated 

phosphine ligands can exist in two isomeric forms as an equilibrium as shown in Figure 

4.6.163 In these forras the phosphine ligands coordinate in a diequatorial (ee) or a 

equatorial-apical (ea) fashion. 

H R3 1 

Rh-CO 

R3 Co 

Figure 4.6 Equilibrium ee-ea 

Bidentate ligands can have a preference for a specific geometry since the bite 

angle P (Figure 4.7) is strongly dependent on the bridge between the two bonding ligand 

atoms (see Section 1.3.2.2). 
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, 
ýridge-,, 

Figure 4.7 Bite angle 0 

Chelating ligands with P around 901, will stabilize ea (Figure 4.6) coordination in 

trigonal-bipirainidal geometry. 164 Whereas a ligand with P of 120" could stabilize ee 

coordination. This is critically important in hydroformylation where the ee coordination 

species is involved in the formation of the linear product in the hydroformylation cycle 

(Scheme 4.1). 163 

In the search to explain the bite angle effect, a series of xantphos ligands (Figure 

4.8) have been reported which were designed to ensure minimal variation in electronic 

properties and steric size. The bite angle (102-1211) was the only feature that was 

varied. 165 In the hydroformylation of 1-octene, an increase in activity and selectivity for 

linear aldehyde formation was observed with increasing natural bite angle. For styrene 

the same trend in selectivity for the linear aldehyde was found, although the selectivity 

was also found to be dependent on temperature and CO pressure. 165 
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The bite angle effect has been explained by showing that as the natural bite angle 

increases, the congestion around the metal atom also increases, which favours the less 

sterically demanding transition state, and driving the reaction towards the formation of 

the linear product. 161 A theoretical study of rhodium systems containing xantphos type 

ligands has shown that correlation between natural bite angle and regioselectivity takes 

place at the transition state for alkene insertion. 161 

The effect of the bite angle in the rhodium-catalyzed hydroformylation of I- 

octene and styrene was studied with a homologous series of bidentate phosphines 

(Figure 4.9) based on xanthene-like backbone ligands. 166 The series of ligands are based 

on rigid aromatic heterocycles. A comparison with BISBI shows that rigidity of the 
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ligand backbone is essential for obtaining high selectivity in hydroformylation 

reactions. 
166 

C 
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PPh2 PPh2 
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Figure 4.9 

generic structure 

In a systematic study, a series of phosphacyclic xantphos ligands (Figure 4.10) 

with bite angles ranging from 110* to 1261 have shown high activities in the 

hydrofonnylation of internal octenes. 167 The high activity was connected to the synergy 

of the low phosphine basicity and the wide bite angles of the ligands. The low 

phosphine basicity leads to the required high isomerization (ee: ea) and 

hydrofonnylation activity, while the large bite angle induces the high selectivity for the 

linear aldehyde fonnation. 
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Figure 4.10 

PSP-xantphos 

4.6 Hydroformylation catalysis with monodentate adamantyl cages 

The rhodium complexes of ligands (4.34) and (4.35) were tested as catalysts for 

the hydroformylation of hex- 1 -ene. 
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The hydroformylations were carried out in an autoclave. The catalyst was 

prepared in situ under N2 by dissolving [Rh(acac)(CO)2] and the ligand in THE 

Biphenyl was added in stoichiometric amounts as the internal standard for the analysis 

of the products by GC. The autoclave was operated remotely from a control panel where 

the temperature, time, CO and H2 pressure were set and monitored by a computer 

throughout the reaction period. The conditions were the same for each ligand. The data 

was analysed using a plot of syngas uptake versus time. The catalysis was also 

performed using PPh3 for comparison. 

The gas uptake for hydrofonnylation with PPh3 and (4.35) are plotted in Figure 

4.11. However due to problems with the autoclave the kinetic data for (4.34) is not 

suitable for plotting. The n: i ratio was measured by 1H NMR and GC after 100% 

conversion and the kinetic data gathered was used to calculate an average turnover 

frequency value for 40% conversion. 
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Figure 4.11 Gas uptake for hydroformylation of hex- I -ene 
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it can be seen in Figure 4.11 that the catalyst derived from ligand (4.35) is faster 

than PPh3- With (4.35), ca. 97% of the total syngas was consumed in 30 min, compared 

to PPh3 which used ca. 88% in almost 2 h. This result is very promising considering that 

[Rh(acac)(CO)21/PPh3 is a commercial catalyst for the hydroformylation process. The 

n: i ratio with (4.35) is lower than for (4.34) (see Table 4.1) suggesting that increasing 

the bulkiness does not lead to an increase in selectivity. The average turnover frequency 

with (4.34) and (4.35) is significantly higher than for PPh3 which means that the cage 

phosphine produces more of the active catalyst (see Table 4.1). 

Table 4.1 Results obtained in the hydroformylation of hex- I -ene 

Ligand Tumover Freq. /x 10 3 h-1 n: i ratio 

PPh3 0.3 3: 1 

Me CgPPh (4.34) 1.7 
Et CgPPh (4.35) 2.2 

4.7 Hydroformylation catalysis with bidentate adamantyl cages 

4.7.1 Catalysis with C3 backbone ligands 

1.6: 1 

1: 1 

The hydroformylation of hex- I -ene with catalysts derived from bidentate ligands 

was carried out and compared with the catalysis using 1,3-bis(diphenylphosphino)- 

propane 

q9 Oo 0-O pP 

p-P 

4.36 4.37 
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The results with (4.36) and (4.37) are given in Table 4.2 and plotted in Figure 

4.12. It is clear that the catalyst with (4.37) is faster than with (4.36) and also the 

reaction with (4-36) did not go to completion. After 90 min with ligand (4.37), 83% of 

the syngas had been consumed whereas with ligand (4.36), even after 6 h, only 52% had 

been consumed. 

L 

z 

0.5 

R C- == C'l C-4 -, W. 44-, -. 

Time (h) 

I- r 

dilpl, 

I.. 'sMeCage 

Figure 4.12 Syngas uptake for hydroformylation of hex- I -ene with C3 bidentate ligands 

Table 4.2 Results obtained in the hydroformylation of hex- I -ene withC3bidentate ligands 

Ligand % conversion n: i ratio 

1.3m'Cg (4.36) 52 1.2 

dppp (4.37) 92 1.4 
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4.7.2 Catalysis with C4 backbone ligands 

The ligands (4.38-4.40) were tested in the hydroformylation of hex-l-ene and 

the results plotted in Figure 4.13. 
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Figure 4.13 Kinetic data for the hydrofonnylation of hex- 1 -ene 

This plot shows that the three ligands tested (4.38), (4.39) and (4.40) have 

almost identical behaviour in terms of rate but the n: i ratios are significantly different 

indicating that the ligand is participating in directing the selectivity. 

Table 4.3 shows the conversion and n: i ratios. The bulkiest ligand (4.39) gave 

the highest conversion while the ligand (4.38) gave the highest n: i ratio. 
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Table 4.3 Results obtained in the hydrofonnylation of hex-1 -ene with C4 bidentate ligands 

Ligand Conversion n: i ratio 

dp b (4.3 8) 92.0 1.1 
lp 

1,4m'Cg (4.39) 90.6 2.5 

1,4 EtCg (4.40) 98.5 1.6 

4.8 Conclusion 

It is gratifying that during the course of investigating the chemistry of unusual 

cage phosphines we have invented a new class of bulky phosphine catalyst for 

hydroformylation. One of the new ligands described in this thesis, EtC gPPh gave the 

most active catalyst which was 5 times more active than the commercial PPh3 analogue. 

Variation in the cage phosphine structure should yield further improvements for 

hydroformylation catalysis and perhaps other type of catalysis. 

118 



Chapter 5 

Experimental 



Chapter 5: Experimental 

E. 1 Experimental: General experimental details 

Unless otherwise stated, all operations were carried out under a N2 atmosphere 

by standard Schlenk line techniques. Solvents were purified using the purification 

system shown in Figure 5.1. This system consists of 2 columns connected in series. The 

first column contains activated alumina, which removes polar impurities such as water 

and peroxides. The second is a column of supported copper catalyst (Q-5), which 

removes traces Of 02 to the ppm levels. Diethyl ether, THF and acetonitrile were 

purified using only the first column due to undesirable reactivity with the second 

column. These solvents were deoxygenated by bubbling N2 through them. Commercial 

reagents were used as supplied unless otherwise stated. Starting materials prepared by 

literature methods were [PdC12(NCPh)21,169 and [PtC12(cod)]. 170 

<-Activated alumina 

column 

<-Column of supported 

Copper catalyst 

<-Sol\ k2lit I-csCr%ol'I's 

Figure 5.1 

The Mass Spectrometry Service, University of Bristol, recorded electron Impact 

and Fast Atom Bombardment mass spectra on a MD800 and Auto spec. 

The following NMR spectrometers were used: 
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31p j1H) NMR spectra; Jeol A300 (121.4 MHz) with chemical shifts relative to 

high frequency of 85% H3PO4 

Jeol A400 (161.9 MHz) with chemical shiRs relative to 

high frequency of 85% H3PO4 

1H NMR spectra; Jeol A300 (300 MHz) with chemical shifts relative to 

tetramethylsilane 

Jeol A400 (400 MHz) with chemical shifts relative to 

tetrarnethylsilane 

13C ('Hj NMR spectra; Jeol A300 (75 MHz) with chemical shifts relative to 

tetramethylsilane 

Jeol A400 (100.6 MHz) with chemical shifts relative to 

tetramethylsilane 

19F('H) NMR spectra; Jeol A300 (282.6 MHz) with chemical shifts relative to 

high frequency of CFC13 

Spectra were recorded using deoxygenated CDC13 unless otherwise stated. 
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E. 2 Chapter 2: Bidentate tetramethyl-trioxa-phospha-adamantanes 

E. 2.1 Separation of meso- and rac-1,3-bis(madamphosphino)propane 

E. 2.1.1 Recrystallisation of mesolrac-(2.54) 

E. 21.1.1 Recrystallisation from a mixture of CH2CI2 and methanol 

Following the procedure described by pUgý13 a round-bottomed flask was 

connected to a condenser under N2. Meso/rac-1,3-bls(meadamphosphino)propane (2.54) 

(0.500 g, 1.1 mmol) was dissolved in hot CH202 (2 CM) , and then methanol (10 cm) 

was added dropwise until a turbid solution was observed. The mixture was allowed to 

cool to room temperature and then cooled in a refrigerator at 4 *C over 24 h to facilitate 

precipitation of rac-(2.54). The meso-isomer remained in solution. The white solid was 

collected by filtration and recrystallized again by the same procedure. The 31p j1H) 

NMR spectrLm of which showed two signals at -29.4 and -30.2 ppm corresponding to 

the two diastereoisomers in a ratio of ca. 3: 97 (meso: rac) with 60% recovery. 

E. 2.1.1.2 Recrystallisation from ethanol 

A mixture of mesolrac-(2.54) (0.501 g, 1.06 mmol), was placed in a 50 cm 3 

round-bottomed flask and hot (60 'C) ethanol (9.5 cm3) was slowly added. The flask 

was kept warm with a thermal mantle to reflux (80 'C) until the solid had dissolved. 

The resulting solution was allowed to cool to room temperature. After 24 h, a white 

precipitate was observed, the 31p j1H) NMR spectrum of which showed two signals at - 

29.4 and -30.2 ppm corresponding to the two diastereoisomers in a ratio of ca. 10: 90 

(meso: rac) with 76% recovery. 
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E. 2.1.1.3 Recrystallisation from methanol 

A mixture of mesolrac-(2.54) (0.100 g, 0.21 mmol), was dissolved by the slow 

addition in the minimum amount of boiling methanol (4 cm3). The resulting solution 

was allowed to cool to room temperature. After 1 h, a white precipitate was observed, 

the 31p 11H) NMR spectrum showed two signals at -29.5 and -30.2 ppm corresponding 

to the two diastereoisomers in a ratio of ca. 5: 95 (meso: rac) with 80% recovery. 

E. 2.1.2 Selective complexation of mesolrac-(2.54) 

E. Z1.2.1 Complexation with nickel(II) 

A mixture of mesolrac-(2.54) (0.560 g, 1.19 mmol) was added to a solution of 

NiCI2.6H20 (0.026 g, 0.11 mmol) in ethanol (5 cm 3) and the resulting solution was 

stirred for 2h to afford a purple precipitate. The nickel complex was filtered off and 

then added to an aqueous solution (5 CM3) of KCN (0.230 g, 3.5 mmol). Diethyl ether (5 

cm 3) was added to the solution to give two layers. The 31p('H} NMR spectrum of the 

ethereal layer showed two signals at -29.5 and -30.5 ppm corresponding to the two 

diastereoisomers in a ratio of ca 1: 1. 

E. 2.1.2.2 Complexation with platinum(II) 

To a solution Of [PtC12(cod)] (0.098 g, 0.21 mmol) in CH202 (5 CM 
3) 

was added 

dropwise mesolrac-(2.54) (0.195 g, 0.41 mmol) in CH202 (5 cm) and the resulting 

solution was stirred for 2h to afford a pale yellow precipitate. The platinum complex 

was filtered off and then added to an aqueous solution (5 cm 3) of KCN (0.230 g, 3.5 

mmol). Diethyl ether (5 cm) was added to the solution to give two layers. The 31p 11H) 

NMR spectrum of the ethereal layer showed two signals at -29.5 and -30.5 ppm 

corresponding to the two diastereoisomers in a ratio of ca. 3: 1 (meso: rac). 
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E. 2.1.2.3 Compkxation with palladium(II) 

A solution of [PdC12(NCPh)21 (0.025 9,0.06 mmol) in CH202 (5 cm) was 

added to a solution of mesolrac-(2.54) (0.05 6 g, 0.12 mmol) in CH202 (10 CM3 )andthe 

resulting mixture was stirred for 2h to afford a yellow precipitate. The product was 

collected by filtration and then added to an aqueous solution (5 cm3) of KCN (0.230 g, 

3.5 mmol). Diethyl ether (5 cm3) was added to the solution to give two layers. The 

31p (1H) NMR spectrum of the ethereal layer showed two signals at -29.5 and -30.5 

ppm corresponding to the two diastereoisomers in a ratio of ca. 5: 1 (meso: rac). 

E. 2.1.3 Attempted resolution of rac-1,3-bis(m'adamphosphino)propane 

Following the literature procedure, 81 a solution of bis-(u-chloro)-bis-[R-2-[l- 

(dimethylamino)ethyl]-naphthyl-C, Mdipalladium(II) (2.61) (0.080 g, 0.24 mmol) in 

methanol (10 cm3) was added to a solution of rac-(2.54) (0.056 g, 0.12 mmol) in 

methanol (10 cm 3 ), and the mixture was stirred for 2h under nitrogen. An excess of 

NH4PF6 (0.50 9) in water (10 cm3) was then added, and the mixture was stirred until 

dissolution was complete. The PI'H} NMR of the resulting solution showed various 

peaks between +20 and +30 ppm. 

E. 2.2 Synthesis and coordination chemistry of bidentate tetramethyl-trioxa- 

phospha-adamantanes 

E. 2.2.1 Synthesis of mesolrac-1,4-bis(me adamphosphino)butane (2.64) 

E. 2.2.1.1 Synthesis ofl, 4-bis(diethoxyphosphinyl)butane 

Adapting the method described in the literature, 82 using a Perkin triangle 

distillation apparatus, a solution of 1,4-dibromobutane (50 CM3,90.4 g, 0.42 mol) and 

triethylphosphite (189 cm 3,182.8 g, 1.10 mol) was stirred and heated to 160-170 T at 

atmospheric pressure for 5 h. During this time, bromoethane (ca. 70 cm) was collected 

by continuous distillation. The reaction mixture was then allowed to cool to room 
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temperature and then volatile impurities were removed in vacuo. Lower boiling 

fractions were distilled from the product under reduced pressure (0.21 mmHg, 95-110 

"C), leaving the 1,4-bis(diethoxyphosphinyl)butane as an air-stable, colourless, viscous 

oil (117.85 g, 85%), which crystallised slowly at 4 "C. The 31p j1H) NMR spectrum of 

the liquid showed a singlct at +32.6 ppm. 

E. 2.21.2 Synthesis of 1,4-diphosphinobutane 

A2 litre, 3-necked round-bottomed flask was fitted with a dropping funnel, 

mechanical stirrer and condenser. Adapting the method described in the literature, 83 1,4- 

bis(diethoxyphosphinyl)butane (47.0 g, 0.14 mol) was dissolved in diethyl. ether (140 

cm. 3). The solution was added cautiously, dropwise over 3h (strongly exothermic 

reaction) to a stirred, cooled (0 'C) suspension of lithium aluminium hydride (16.3 g, 

0.43 mol) in diethyl ether (350 cm3). The mixture was allowed to warm to room 

temperature and stirring was continued for a finther 96 h. The reaction mixture was then 

cooled again to 0 'C and water (25 cm 3) was added steadily over 1 h, (note, evolution of 

H2 gas). N2-saturated phosphoric acid (5M, 150 CM) was then added cautiously over 2 

h, resulting in the formation of two layers. The upper organic layer was separated, the 

aqueous phase was washed with diethyl ether (3 x 80 cm 3) 
, and the extracts combined 

and dried over anhydrous MgS04 overnight. A portion of this solution (ca. 100 cm) was 

transferred to a 250 cm3 flask fitted with a Vigreux column equipped for distillation 

and, as the diethyl ether was distilled, more solution was added. After the distillation 

was complete the remaining solvent was removed at reduced pressure (50 mmHg). The 

temperature of the distillation was between 152-154 'C, to afford 1,4- 

diphosphinobutane as a clear, colourless liquid with an unpleasant odour (12.1 g, 71%). 

The 31p I'H} NMR spectrum of the liquid showed a singlet at -135.4 ppm and the 31p 

NMR spectrum showed a triplet at - 13 5.2 ('J(PH) 190 Hz). 
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E. 2.2.1.3 Synthesis of mesolrac-1,4-bis(mý'adamphosphino)butane(2.64) 

1,4-Diphosphinobutane (2.8 cm3,2.6 g, 0.023 mol) was added dropwise, over 5 

min to a solution of 2,4-pentanedione (10 CM3,9.5 g, 0.095 mol) in aqueous HCI (60 

cm 3,5 M). A white solid began to precipitate after ca. 1 h. The reaction mixture was 

stirred for a finther 93 h, after which time the white solid product was filtered off in air, 

washed with water (3 x 20 cm 3) and dried in vacuo to afford mesolrac-(2.64) (8.8 g, 

79%). 

8p (121.4 MHz; CDC13) -28.4 (s), -28.5 (s) 

1.50 - 1.92 (16 H, m, CH2) 
8H (300 MHz; CDC13) 

I. 24 - 1.44 (24 H, m, CH3) 

8c (75 MHz; CDC13) 

C9 

00a 
1 -0 e CH3 

p 3C' \c CH2 HE Ch f P\CH-'ý- 12) 
32k 

21 

a 96.5 (s) 

b 95.7(s) 

c 72.2 (s), 72.1 (s) 

d 72.0 (s), 71.7 (s) 

e 44.5 (d, 'J(PC) 15.4) 

f 37.0(s) 

g 28.0 (d, lJ(PQ 23.06) 

h 27.9 (s), 27.7 (s) 

i 27.2, (d, 4J(PC) 13.83) 

j 26.8, (d, 4J(PQ 13.07) 

k 29.7-31.2 (m) 

1 20.7 (d, 1J(PQ 23.06) 

FAB mass spectrum: m/z 486 (701/o) (M) 

Elemental analysis (calc. ) C: 5 8.8 (59.2) H: 8.1 (8-3) 

E. 2.2.2 Synthesis of (2.64) from borane adduct 

n-Butyl lithium (3.1 cm3,1.6 M, 4.96 mmol) was added dropwise to a cooled 

solution (-5 "C) of meCgPH. BH3 (2.65) (1.0 g, 4.35 mmol) in TBIF (8 cm). The mixture 
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was allowed to warm to room temperature, and stirring was continued for a ftuther 2 h. 

The mixture was then cooled to -72 T and a solution of 1,4-dibromobutane (0.26 cm 3, 

0.47 g, 2.19 mmol) in THF (45 cm 3) was cautiously added dropwise over 5 min. Stirring 

was continued for a further 24 h to afford a colourless solution. The 31p (1H) NMR 

spectrm showed a broad signals at 12.5 ppm that correspond to the borane adduct of 

the product (2.66). To deprotect the product, Si02 (6.0 g) was added to the solution and 

stirred for 48 h. The solution was then filtered and the solvent removed in vacuo to 

afford the mesolrac-(2.64) in a ratio ca of 1: 2 in 62% of recovery. 

5p (121.4 MHz; CDC13) -28.4 (s), -28.5 (s) 

1.50 - 1.92 (16 H, m, CH2) 
8H (3 00 MHz; CDC13) 

1.24 - 1.44 (24 H, m, CHO 

A 96.5 (s) 

b 95.7 (s) 
8c (75 MHz; CDC13) 

c 72.2 (s), 72.1 (s) 

d 72.0 (s), 71.7 (s) 

e 44.5 (d, lJ(PQ 15.4) 

H3C f 37.0(s) 
c 

0 28.0 (d, 2J(PQ 23.06) 

1 -0 e CH3 

( ) 

h 27.9 (s), 27.7 (s) 
H3C f 

P\ CH2 
C CH: ý k1 H 

i 27.2, (d, 4J(PC) 13.83) 
3 

bI j 26.8, (d, 4J(PC) 13.07) 
2 

k 29.7-31.2 (m) 

1 20.7 (d, 'J(PQ 23.06) 

FAB mass spectnun: nl/z 486 (80%) (M+) 

Elemental analysis (calc. ) C: 58.8 (59.2) H: 8.1 (8.3) 
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E. 2.2.3 Dichloroplatinum(II) complex of (2.64) 

A solution Of [PtC12(cod)] (33.6 mg, 0.09 mmol) in CH2CI2 (5 cm3) was added to 

a solution of mesolrac-(2.64) (45 mg, 0.09 mmol) in CH202 (5 cm3). The resulting pale 

yellow solution was stirred for 4 h, after which time a pale yellow precipitate had 

formed. The 31p ('H} NMR spectrum of the solid showed a singlet at -4.9 pprn with 

platinum satellites ('J(PtP) 3513 Hz) corresponding to the diastereoisomers mesolrac- 

(2.67). 

5p (121.4 MHz; CDC13) -4.9 ( s) ('J(PtP) 3513 Hz) 

FAB mass spectrum: m/z 717 (M+_35CI) (99%) 

Elemental analysis (calc) C: 38.31 (38.73) H: 5.36 (5.04) 

E. 2.2.4 Dichloropalladium(II) complex of (2.64) 

A solution of [PdC12(NCPh)21 (34.7 mg, 0.09 mmol) in CH202 (5 cm3) was 

added to mesolrac-(2.64) (45 mg, 0.09 mmol) in CH202 (2 cm 3) 
. The yellow-orange 

solution was stirred for 5 h. The 31 PjIH} NMR spectrum showed different signals from 

4 to 6 ppm and 8 to 12 ppm. The elemental analysis of the product does not correspond 

to [PdC12(2.64)1,. 

5p (121.4 MHz; CDC13) 4-5 (m), 7-12 (m) 

FAB mass spectnim: m/z 627 (M+ _35CI) (50%) 

Elemental analysis (calc) C: 47.52 (43.42) H: 5.43 (6.07) 

E. 2.2.5 Synthesis of meso/rac-1,4-bis(hexafluoro-adamphosphino)butane (2-69) 

To a solution of 1,1,1-trifluoro-2,4-pentanedione (4.8 cm3,6.0 g, 40.5 mmol) in 

aqueous HCI (40 cm 3,5 M, 200 mmol) was added 1,4-phosphinobutane (I CM3 6.7 

minol) dropwise, over 5 min. The solution was stirred for 48 h, during which time an 
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off-white solid formed which was then filtered in air and washed with water (2 x 20 

cm3) to give crude meso/rac-1,4-bis(hexafluoroadamphosphino)butane (2.69) (3.4 g, 

72%). The 31p J'H) NMR spectrum of the solid showed two overlapping septets in a 

ratio of 1: 1 corresponding to the diastereoisomers mesolrac-(2.69). Recrystallization of 

the crude solid from methanol gave the pure white solid product mesolrac-(2.69) in ca. 

60% recovery. in a ratio of 1: 3 (meso: rac) 

8p (121.4 MHz; CDC13) 
-33.8 (septet), -33.9 (septet) 

1.90 - 2.40 (16 H, m, CH2) 
8H (300 MHz; CDC13) 

1.20 - 1.80 (12 H, m, CH3) 

A 125 (qd, 'J(FC), 2J(PQ 16.9) 

b 123 (qd, 'J(FC), 2J(PQ 8.5) 

c 96.1 (s) 
8c (75 MHz; CDC13) 

d 96.8 (s) 

e 76.6 (d, 'J(PC) 8.5), 76.5 (s) 11A, 
c 

0af 76.6 (d, 'J(PQ 8.5), 76.5 (s) 

-0 e CF3 g 35.2 (d, 2J(PQ 10.4) 
H3C 

&"Illr '\CH 
ý 1)2 f, 
-E12 h 29.2(s) F3C 2k 

b2i 27.4(s) 

j 27.1(s) 

k 25.8 - 26.3 (m) 

1 21.0 (d, 'J(PC) 24.6) 

74.8(d), 74.8(d) 3J(PF)15,16 
8F (286.2 MHz; CDC13) 

75A (d), 75.2 (d) 3J(PF) 15,16 

FAB mass spect=: m/z 702 (34%) (M), 683 (10%) (W - 
19F) 

Elemental analysis (calc. ) C: 40.54 (41.04) H: 3.67 (4.02) 
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E. 2.2.6 Attempted complexation of (2.69) with platinum(II) and palladium(II) 

The reaction of mesolrac-(2.69) (0.07 mmol, 50.0 mg) with [PtCI2(cod)] (0.07 

mmol, 26.2 mg) in CH202 (8 cm 3) gave a pale yellow solution. The solution was 

monitored by 31p (lH) NMR spectroscopy. After 2 h, the 31p {'H) NMR spectra showed 

two septets at -33.95 ppm, that corresponded to the free ligand. The solution was heated 

to reflux for I day, but no change in the 31p {'H) NMR was observed. 

The reaction of mesolrac-(2.69) (0.07 mmol, 50.0 mg) witli [PdC12(NCPh)21 

(0.07 mmol, 27.3 mg) CH202 (8 CM) gave an orange solid. The 31p{'H) NMR 

spectrum of the solid in CDC13 showed various species had formed with broad signals at 

8 ppm, 8.5 ppm. and a broad singlet at 9.3 ppm; these species were assigned to polymers 

and oligomers, formed in the solution. 

E. 2.2.7 Synthesis of meso/rac-1,5-bis(meadamphosphino)pentane (2.72) 

E. 2.27.1 Synthesis ofl, 5-bis(diethoxyphosphinyl)pentane (2.70) 

Adapting the literature, 82 using a Perkin triangle distillation apparatus, a solution 

of 1,5-dibromobutane (40 cm 3,79.6 g, 0.4 mol) and triethylphosphite (171.5 cm3,166.2 

g, 1.0 mol) was stirred and heated to 160-170 IC at atmospheric pressure for 5 h. During 

this time, bromoethane (ca. 60 cm 3) was collected by continuous distillation. The 

reaction mixture was then allowed to cool to room temperature and volatile impurities 

were removed in vacuo. Lower boiling fractions were distilled from the product under 

reduced pressure (0.21 mmHg, 100-120 T), leaving the 1,5-bis(diethoxyphosphinyl)- 

pentane (2.70) as an air-stable, colourless, viscous oil (121.5 g, 88%). The 31p 11H) 

NMR spectrum of the liquid showed a singlet at 34.4 ppm. 

E. 2.27.2 Synthesis ofl, 5-diphosphinopentane (2.71) 

A2 litre, 3-necked round-bottomed flask was fitted with a dropping funnel, 

mechanical stirrer and condenser. Adapting the method described in the literature, 83 1,5- 
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bis(diethoxyphosphinyl)pentane (2.70) (60.0 g, 0.17 mol) was dissolved in diethyl ether 

(140 cm). The solution was added cautiously, dropwise over 3h (strongly exothermic 

reaction) to a stirred, cooled (0 'C) suspension of lithium aluminium. hydride (19.8 g, 

0.50 mol) in diethyl ether (360 cm 3) 
. The mixture was allowed to warm to room 

temperature and stirring was continued for a further 96 h. The reaction mixture was then 

cooled again to 0T and water (25 cm3) was added steadily over 1 h, (note, evolution of 

H2 gas). N2-saturated hydrochloric acid (5M, 150 CM) was then added cautiously over 

2 h, resulting in the formation of two layers. The upper organic layer was separated, the 

aqueous phase was washed with diethyl ether (3 x 80 cm 3 ), and the organic extracts 

combined and dried over anhydrous MgS04. A portion of this solution (ca. 100 cm) 

was transferred to a 250 cm 3 flask fitted with a Vigreux column equipped for distillation 

and, as the diethyl ether was distilled, more solution was added. The product was 

distilled at 92 OC. After the distillation was complete the remaining solvent was 

removed under reduced pressure (50 mmHg), to afford 1,5-diphosphinopentane (2.71) 

as a clear, colourless liquid with an unpleasant odour (18.9 g, 80%). The 31p 11HI NMR 

spectrum showed a singlet at -13 6.4 ppm and the 31p NMR spectrum showed a triplet at 

-136.3 ppm ('J(PH) 189.9 Hz). 

E. 2.2.73 Synthesis of mesolrac-1,5-bis(Akadamphosphino)pentane(2.72) 

The diprimary phosphine 1,5-diphosphinopentane (2.70) (1 cm3,0.90 g, 60 

mmol) was added dropwise over 5 min to a solution of 2,4-pentanedione (3.6 cm. 3 3.6 

g, 40 mmol) in aqueous HCI (30 CM3,5 M). A white solid began to precipitate after ca. 

3 h. The reaction mixture was stirred for a further 4 d, after which time the white solid 

product was filtered in air, washed with water (3 x 20 cm 3) and dried in vacuo to afford 

mesolrac- 1,5-bis(meadwnphosphino)pentane (2.72) in a ratio of ca. 1: 1- 
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5p (121.4 MHz; CDC13) -28.31 (bs) 

1.40 - 2.20 18 H, CH2) 
5H (300 MHz; CDC13) 

1.12 - 1.34 24 H, CH3) 

a 96.5 (s) 

b 95.7 

8c (75 MHz; CDC13) 

C9 

00a 

-0 e CH3 
Hg3 Cf P\ CHH2 

H3C CH2 k CH2 
bm 

22 

c 72.1 (s), 72.0 (s) 

d 71.8(s) 

e 44.4 (d, 'J(PC) 15.4) 

f 37.0(s) 

g 28.0 (d, 2J(PQ 10.7) 

h 27.9 (s), 27.8 (s) 

ij= 26.8, (d, 4J(PC) 13.07) 

km= 33.0(m) 

1 20.7 (d, I J(PQ 21.53) 

FAB mass spectrum: m/z 500 (2%) (M) 

Elemental analysis (calc. ) C: 60.19 (59.97) H: 8.95 (8.46) 

E. 2.2.8 Dichloroplatinum(11) complex of (2.72) 

A solution of [PtCI2(cod)] (33.6 mg, 0.090 mmol) in CH202 (5 CM 3) was added 

to a solution of mesolrac-1,5-bis(Me adamphosphino)pentane (2.72) (45 mg, 0.090 

mmol) in CH202 (5 cm 3). The resulting pale yellow solution was stirred for 4 h. The 

solvent was removed in vacuo and the 31p{'Hl NMR spectrum showed a singlet at - 

1.33 ppm with broad platinum satellites ('J(PtP) 3513 Hz). Peaks at 0.9 ppm, 0.8 ppm 

and 0.5 ppm were also observed. 

5p (121.4 MHz; CDC13) -1.33 (s), 0.90 (S), 0.80 (S), 0.50 (S) 

FAB mass spectrum: m/z 731 - 
35 Cl) (30%) 
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E. 2.2.9 Synthesis meso/rac-1,5-bis(hexafluoro-adamphosphino)pentane (2.73) 

To a solution of 1,1,1-trifluoro-2,4-pentanedione (7.4 cm 3,9.2 g, 59.5 mmol) in 

aqueous HCI (40 cm3,5 M, 200 mmol) was added 1,5-diphosphinopentane (2.70) (0.5 

cm. 3,9.16 mmol) dropwise over 5 min. The solution was stirred for 96 h, during which 

time an off-white solid was produced. The off-white solid was filtered in air and washed 

with water (2 x 20 cm 3) to give crude meso/rac-1,5-bis(hexafluoro- 

adamphosphino)pentane (5.20 g, 73%). The 31p f1Hj NMR spectrum of the solid 

showed two signals at -33.1 and -33.2 ppm in a ratio of 1: 1 corresponding to the 

diastercoisomers meso/rac-1,5-bis(hexa-fluoroadamphosphino)pentane (2.73). 

Recrystallization of the crude solid from methanol gave pure white solid product 

mesolrac-(2.73) in ca. 70% recovery. 

-33.12 (sept), 3 J(PF) 
8p (121.4 MHz; CDC13) 

-33.18 (sept) 3J(PF) 

8H (300 MHz; CDC13) 
1.40 - 2.20 (18 H, m, CH2) 

1.12 - 1.34 (12 H, m, CH3) 

a 124.1 (qd, 'JFC 280.6,2RC 16.9) 

b 124.2 (qd, 'JFC 280.6,2 JPC 8.5) 

5c (75 MHz; CDC13) 

i 
H3L; 

C 

00 

j -0 e CF3 0 
H3C ', 

f P\C 
1C HF'2 

hF H2 k CH2 
m 

22 

c 95.2 (s) 

d 95.1(s) 

e 76.6 (d, 'J(PC) 10.2), 76.5 (s) 

f 76.5 (d, lJ(PQ 8.5), 76.4 (s) 

g 35.2 (d, 2J(PQ 10.4) 

h 29.2(s) 

i 27.4(s) 

j 27.1(s) 

k 25.8 - 26.3 (m) 

1 21.0 (d, 'J(PC) 24.6) 

32.0 (t, 3J(PC) 29.2) 
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FAB mass spectnim: m/z 681(92%) (M+ _ 
35CI) 

-77.0 (d), -77.0 (d) 3J (PF) 15,16 
8F (286.2 MHz; CDC13) 

-78.6 (d), -78.7 (d) 3 J(PF) 15,16 

Elemental analysis (calc. ) C: 41.95 (42.01) H: 3.90 (4.20) 
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Chapter 3: Experimental 

E. 3 Chapter 3: Mono- and bidentate, tetraethyl-trioxa-phospha-adamantanes 

E. 3.1 Synthesis of monodentate tetraethyl-trioxa-phospha-adamantanes 

E. 3.1.1 Synthesis of 1,3,5,7-tetraethyl-2,4,8-trioxa-6-phospha-adamantane (3.1) 

A 250 cm3,3-necked round-bottomed flask was connected with one inlet, 

switchable to N2 or phosphine gas, and an outlet to a bleach trap. A solution of 3,5- 

heptanedione (10 cm 3,9.36 g, 73 mmol) in aqueous HCI (100 cm3,8 M) was stirred 

under N2 overnight. The flask was cooled with an ethylene glycol / C02 bath to -12 T. 

PH3 gas was then bubbled through the solution for 6 h. After this time, the inlet was 

switched to N2 and the solution was allowed to warm up to room temperature. N2 was 

bubbled through the reaction mixture overnight to flush out the excess of phosphine gas 

remaining in the flask. A test with AgN03 solution on filter paper was carried out to 

check that the reaction mixture was free of phosphine gas. The solution was then cooled 

with an ice-salt bath and neutralized by the slow addition of N2-saturated NaOH 

solution (160 cm. 3,5 M) until pH = 7. N2-saturated diethyl ether (200 CM) was then 

added to the round-bottomed flask and two layers were formed. The ethereal layer was 

separated and the aqueous phase was washed with diethyl, ether (3 x 20 cm 3). The 

organic extracts were combined and the solvent was removed in vacuo to afford (3.1). 

The 31p NMR spectrum showed a doublet of multiplets at -57.9 ppm ('J(PH) 164.68 

Hz) corresponding to the secondary ethyl-cage phosphine in 75% recovery. 
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5p (121.4 MHz; CDC13) -57.9 dm, I J(PH) 164.68 

5H (300 MHz; CDC13) 1.40 - 2.20 (m, 18 H, CH2) 

0.8 - 1.34 (m, 12 H, CHO 

5c (75 MHz; CDC13) a 97.4 (s) 

b 97.1(s) 

k C 75.0 (s), 74.7 (s) 

, ýCH3 j 
. H2C d 73.6 (s), 73.5 (s) 

91 e 41.6 (d, 1J(PQ 13.4) 0 H3 
M0a /C 

H3C eC 
f 39.0 (d, 1J(PC) 13.8) 

-0 \i H2 
C P, 

4 

g 35.7 (s), 35.5(s) 
ý', I 

f H2 
H 

- - CH2 Z 
h 35.2 (s), 35.0 (s) 

b H3C 
n 33.5 (d, 4J(PC) 16.12) 

nk=m=6.9 - 6.0 (m) 

FAB mass spectrum: m/z 272 (M) 

Elemental analysis (calc. ) C: 61.31 (61.73) H: 8.90 (9.26) 

E. 3.1.2 Dichloroplatinum(II) complex of (3.1) 

To a solution Of [PtC12(cod)] (16 mg, 0.040 mmol) in CH2C12 (5 cm 3) was added 

a solution of (3.1) (60.0 mg, 0.020 mmol) in CH202 (5 CM 3). The pale yellow solution 

which formed was stirred for 4 h, after which time a pale yellow precipitate of 

[PtC12(3.1)] formed, which was filtered off . 
31p 11HI NMR spectrum of the solution 

yellow precipitate in CDC13 showed a signals at -1.4 and -1.7 ppm with platinum 

satellites ('J(PtP)) 3308 and 3305 Hz) that correspond to the secondary ethyl-cage 

phosphine mesolrac-[PtC12(EtC gPH)21 (3.2). 
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8p (121.4 MHz; CDC13) -1.4, (s) -1.7 (S) ('J(PtP) 3308 and 3305) 

FAB mass spectum: m/z 794 (M+ _ 
35CI) 

Elemental analysis (calc. ) C: 40.1 (40.53) H: 5.9 (6.03) 

E. 3.1.3 Dichloropalladium(11) complex of (3.1) 

To a solution of [PdCI2(NCPh)21 (42.4 mg, 0.11 mmol) in CH202 (5 CM 3) was 

added a solution of (3.1) (59.8 mg, 0.22 mmol) in CH202 (5 CM). The yellow solution 

was stirred for 4 h, afler which time a yellow precipitate Of [PtC12 (EtCgPH)21 formed, 

which was filtered off 31p {1H) NMR spectrum of the yellow precipitate in CDC13 

showed signals at -0.4 and -0.9 pprn that correspond to the secondary ethyl-cage 

phosphine meso1rac-[PdCl2(EtCgPH)21 (3.3). 

5p (121.4 MHz; CDC13) -0.4 (s), -0.9 (s) 

FAB mass spectrum: m/z 705 (M+ _ 
35CI) 

Elemental analysis (cale. ) C: 44.91 (45.40) H: 6.30 (6.75) 

E. 3.1.4 Synthesis of 1,3,5,7-tetraethyl-6-phenyl-2,4,8-trioxa-6-phospha- 

adamantane ( Et CgPPh) (3.4) 

In collaboration with Mr. Andrew Ward, a solution of 3,5-heptanedione (2.6 

cm3,1.5 g, 11.4 mmol) in N2-saturated aqueous H2S04 (10 CM3,12 M) was stirred for 

ca. 2 h. To this solution, phenylphosphine (0.5 cm 3,460 mg, 4.6 mmol) was added 

dropwise over 5 min. The reaction mixture was stirred for 5 h, after which time yellow 

3 oil drops had formed. The solution was neutralized with N2-saturated NaOH (80 cm , 

2.5 M) until pH =7 and then CHC13 (30 cm 3) was added to give two layers. The lower 

organic layer was separated and the aqueous phase was washed with CHC13 (3 x 20 
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cm), the extracts combined and the solvent was removed in vacuo. The crude product 

was passed through a (30 cm x2 cm) silica column under N2 using CH202 as eluent 

(250 cm 3) 
, and the solvent was removed in vacuo. The product was collected to afford 

EtC gPPh (3.4) (1.5 g, 92%) as a viscous white oil. 

8p (121.4 MHz; CDC13) -30.7(s) 

514 (300 MHz; CDC13) 7.73 - 7.81 (m, 2H, ArH), 

7.20 - 7.29 (m, 3H, ArH), 

1.65 - 1.96 (m, 12H, CH2) 

0.8 - 1.05 (m, 12H, CH3) 

5c (75 MHz; CDC13) 

k 

,, ICH3 
H2C 

c91 

m00a /CH3 
c 

_O eC 

f 

\i-p H2 cp 
H2 f 

P"'ýp 
0q 

p 

p 

CH2 
H3CZ bpq 

nq 

p 134.5 - 135.7 (m) 

q 128.1 - 129.4 (m) 

a =b 97.9 (s), 

e =f 97.0 (m), 

c =d 77.0 (s) 

h 76.7 (s), 

i 75.7(s) 

j 75.6(s), 

I =n= 31.9 - 34.3 (m) 

k=m=6.4-7.2(m). 

FAB mass spectrum: m/z 349 (M+ + H) 

Elemental analysis (calc. ) C: 68.50 (68.9) H: 7.9 (8.3) 

E. 3.1.5 Dichloropalladium(11) complex of (3.4) 

To a solution of [PdCI2(NCPh)21 (42.4 mg, 0.11 minol) in CH202 (2 CM 
3) 

was 

added a solution ofEtCgPPh (75 mg, 0.216 mmol) in CH202 (2 CM3 ). The pale yellow 

solution was stirred for 2 d, after which time a yellow precipitate was formed. The 

solvent was removed in vacuo leaving a yellow solid corresponding to [PdC12(EtCgpph] 

(3-5) (65 mg, 0.075 mmol, 70%). 
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8p (121.4 MHz; CDC13) 9.81 (s), 9.57 (s) 

IR u(Pd-Cl) 359 cm-1 

FAB mass spectrum: m/z 837 (M +- 35 CI), 802 (W -2 
35CI) 

Elemental analysis (calc. ) C: 55.90 (54.96) H: 7.54 (6.69) 

E. 3.1.6 Preliminary studies of the dichloroplatinum(II) complex of 'EtCgPPh 

A solution Of [PtC12(cod)] (33.6 mg, 0.09 mmol) in CH202 (5 cm 3) was added to 

a solution of EtC gPPh (62.6 mg, 0.18 mmol) in CH202 (5 cm, 3). The resulting pale 

yellow solution was stirred for 4 h. The 31p (1H) NMR spectrum showed a singlet at 4.2 

ppm with platinum satellites ('J(PtP) 2682 Hz)), assigned to the monomer (3.6) and 

15.3 with platinum satellites ('J(PtP) 4570 Hz) assigned to the dimer compound (3.7). 

E. 3.2 Synthesis of bidentate tetraethyl-trioxa-phospha-adamantanes 

E. 3.2.1 Attempted synthesis of 1,2-biS(E'adamphosphino)ethane (3.9) 

A solution of 3,5-heptanedione (5.5 cm 3,5.33 g, 41.6 mmol) in N2-saturated 

aqueous HCI (40 cm. 3,8 M) was stirred for ca. 3h at room temperature. To this solution, 

1,2-diphosphinoethane (1.3 cm 3,1.02 g, 10.8 mmol) was added dropwise over 5 min. 

The reaction mixture was stirred for a fin-ther 4 d, after which time yellow oil drops had 

formed. The solution was neutralized with N2-saturated NaOH (64 cm. 35 M) until pH = 

7 and then CHC13 (50 CM) was added to form two layers. The lower organic layer was 

separated and the aqueous phase was washed with CHC13 (3 x 20 cm). The extracts 

were combined and the solvent removed in vacuo to afford the 1,2-diphospha- 

adamantyl cage (3.9) (2.9 g, 85%). The 31p {1H) NMR spectrum of the organic layer 

showed a singlet at -0.9 ppm. 
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8p (121.4 MHz; CDC13) -0.9(s) 

2.1 - 1.8 (m, 4 H, CH2) 

5H (300 MHz; CDC13) 1.6 - 1.3 (m, 12H, CH) 

0.8 - 1.00 (m, 12 H, CH3) 

a 97.3 (s) 

8c (75 MHz; CDC13) 

I ---Ig 

b 74.5 (m) 

c 40 (t, lJ(PQ 39) 

d 36.5 (t, 2J(PQ 30) 

35.7 (t, 2J(PQ 10.4) 

p 

,: d 

c C-z k 
o-/ g 34.6.0 

i 

1-1 

bf 
31.9 (t, 'J(PC) 34,6) 

hi= 26.5 
fQf 

jk=8.2 (t, 3J(PC) 25.4) 

I=m=8.2(m) 

FAB mass spectrum: m/z 314 (M) 

Elemental analysis (calc. ) C: 61.39 (61.14) H: 9.34 (8.98) 

E. 3.2.2 Synthesis of meso/rac-1,3-bisetadamphosphino)propane (3.10) 

A solution of 3,5-heptanedione (6.2 cm 3,45.7 mmol) in N2-saturated aqueous 

H2S04 (25 CM3 ,8 M) was stirred for ca. 2h at room temperature. To this solution, 1,3- 

diphosphinopropane (1.0 cm. 3,0.82 g, 7.6 mmol) was added dropwise over 5 

min(preparation of the 1,3-diprimary phosphines was carried out in a similar way as the 

1,4-diprimary phosphine section E. 2.2.1.2). The reaction mixture was stirred for a 

finther 10 d, after which time oil drops had formed. The solution was neutralized with 

N2-saturated NaOH (80 cm. 3,5 M) until pH =7 and then CHC13 (45 cm 3) was added to 

form two layers. The upper organic layer was separated and the aqueous phase was 

washed with CHC13 (4 x 10 cm). The organic extracts were then combined and the 

solvent was removed in vacuo. The product was dissolved in toluene (8 cm 3) and then 
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the solvent and unreacted diketone was removed in vacuo. The crude product was 

passed through a (30 x2 cm) silica column with a mixture of CHC13/diethyl ether 70: 30. 

The product was collected as a pale yellow fraction and the solvent was removed in 

vacuo to afford mesolrac-(3.10) (2.5 g, 57%). 

8p (121.4 MHz; CDC13) -38.4(s) 

8H (300 MHz; CDC13) 
1.7 - 1.5 (m, 30 H, CH2) 

1.2 - 0.8 (m, 24 H, CH3) 

8c (75 MHz; CDC13) 

m 
i,,, CH3 

H2C 

C 
0ý 

c9 

(3C 

oe 
kj0- 

- P, 
H2 f 

H3C I'll 
CH2 

p 

a 96.5 (s) 

b 95.7 (s) 

c 72.2 (s), 72.1 (s) 

d 72.0 (s), 71.7 (s) 

e 44.5 (d, lJ(PQ 15.4) 
n 
CH3 g ýCH3 

37.0(s) 
, a 

-C f 

) 

28.0 (d, lJ(PQ 23.06) 
H2 k 

CH2ý, h C2 27.9 (s), 27.7 (s) 

i 27.2, (d, 4J(PQ 13.83) 
2j 26.8, (d, 4J(PC) 13.07) 

k 

ý 

29.7-31.2 (m) 

1 20.7 (d, 1J(PQ 23.06) 

FAB mass spectrum: m/z 584 (M+) 

Elemental analysis C: 43.34 (43.76) H: 6.6 (6.3) 

E. 3.2.3 Dichloroplatinum(II) of (3.10) 

To a solution Of [PtC12(cod)] (40 mg, 0.11 mmol) in CH202 (2 cm 3) was added a 

solution of mesolrac- 1,3-biS(E'adamphosphino)propane (64.2 mg, 0.11 mmol) in CH202 

(2 CM3) . The pale yellow solution was stirred for 3 h, after which time a yellow 
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precipitate formed. The solvent was removed in vacuo leaving a yellow solid 

corresponding to [PtCI2(3.1 0)]. 

-15.7 s1 tP) 3388) 
8p (121.4 MHz; CDC13) 

-19-15 (S) ('J(PtP) 3386) 

FAB mass spectrum: m/z 815 (M+ _ 
35CI) 

Elemental analysis (calc. ) C: 41.01 (41.63) H: 5.80 (6.55) 

E. 3.2.4 Dichloropalladium (11) complex of (3.10) 

To a solution of [PdC12(NCPh)21 (42.4 mg, 0.11 mmol) in CH202 (2 cm 3) was 

added a solution of meso/rac-1,3-biS(Eadamphosphino)propane (3.10) (126 mg, 0.216 

mmol) in CH202 (2 cm 3). The pale yellow solution was stirred for 3 h, after which time 

a yellow precipitate formed. The solvent was removed in vacuo leaving a yellow solid. 

The 31p J'H) NMR spectrum showed that several products had fonned, but two singlets 

at 0.4 and 2.7 ppm were assigned to the chelate products (3.12). 

8p (121.4 MHz; CDC13) 0.4 (s), 2.7(s) 

FAB mass spectrum: m/z 761 (M) 

E. 3.2.5 Synthesis of mesolrac-1,4-biq& adamphosphino)butane (3.13) 

A solution of 3,5-heptanedione (2.7 cm 3,2.63 g, 20.2 mmol) in N2-saturated 

aqueous H2SO4 (20 cm3,8 M) was stirred for ca. 2 h. To this solution, 1,4- 

diphosphinobutane (0.5 CM3,0.41 g, 3.4 mmol) was added dropwise over 5 min. The 

reaction mixture was then stirred for a further 10 d, after which time yellow oil drops 

had formed. The solution was neutralized with a N2-saturated solution of NaOH (64 

cm 3,5M) until pH =7 and then CHC13 (50 cm3) was added to form two layers. The 
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lower organic layer was separated and the aqueous phase was washed with CHC13 (3 x 

10 cm 3). The organic extracts were combined and the solvent removed in vacuo. The 

product was dissolved in toluene (8 cm) and then the solvent and unreacted diketone 

removed in vacuo. The crude product was passed through a 30 cm silica column with a 

mixture of CHC13/diethyl ether 70: 30. The product was collected as a pale yellow 

fraction and the solvent was removed in vacuo to afford mesolrac-(3.13) (1.7 g, 85%). 

8p (121.4 MHz; CDC13) -36.5 (s), -36.4 (s) 

1.8 - 1.5 (m, 32 H, CH2) 
5H (300 MHz; CDC13) 

1.3 - 0.8 (m, 24 H, CH3) 

a 97.6 (s) 

b 96.6 (s) 

c 75.3 (s), 75.1 (s) 

d 74.5 (s), 74.4 (s) 
öc (75 MHz; CDC13) 

e 38.9 (d, 'J(PC) 15.1) 
m 

�., 
CH3 g 34.3(s) H2C 

cn f 33.7 (d, 'J(PC) 22.6) 

000a /CH3 

cg'1 

h 31.9 (s), 31.8 (s) 
H3C 

eC -0 c0p 
H2 

) 

i 30.2, (d, IJPC) 13.7) 
Hf\c --ýCH 2 

--- 
CFH. 2k 

2 30.0, (d, 4J(PC) 13.5) 
CH2 

H3C b 
p 

k 29.6 (m) 
2 2 

1 20.4 (d, 'J(PC) 23.3) 

n =p 15.2 (s) 

m 6.4 (s) 

o 6.2(s) 

FAB mass spectram: m/z 596 (M+). 

Elemental analysis (calc. ) C: 64.36 (64.19) H: 9.78 (9.35) 
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E. 3.2.6 Dichloroplatinum(II) complex of (3.13) 

To a solution Of [PtC12(cod)] (63.6 mg, 0.17 mmol) in CH202 (2 cm 3) was 

added a solution of meso/rac-1,4-biS(E'adamphosphino)butane (3.12) (100 mg, 0.17 

mmol) in CH202 (2 cm3). The pale yellow solution was stirred for 3 h, after which time 

a pale yellow precipitate had formed. The solvent was removed in vacuo leaving a 

yellow solid corresponding to [PtCI2(3.13)]. The 31p j1H) NMR spectnun showed a 

signal at -3.9 with platinum satellites (IJ(PtP) 3420 Hz) corresponding to the mesolrac- 

diastcrcoisomers. 

8p (121.4 MHz; CDC13) -3.9 (s) ('J(PtP) 3420 Hz) 

FAB mass spcctrum: m/z 846 (M+_ 35CI). 

Elcmcntal analysis (calc. ) C: 43.96 (43.58) H: 6.78 (6.35) 

E. 3.2.7 Synthesis of meso/rac-1,5-bisCtadamphosphino)pentane (3.15) 

A solution of 3,5-heptanedione (3.9 cm 3,3.8 g, 29.7 mmol) in N2-saturated 

aqueous H2SO4 (25 cm 3,8 M) was stirred for ca. 2 h. To this solution, 1,5-bis- 

(phosphino)pentane (1.0 CM3,0.82 g, 6.6 mmol) was added dropwise over 5 min. The 

reaction mixture was then stirred for a flifther 10 d, after which time yellow oil drops 

had formed. The solution was neutralized with N2 saturated NaOH (80 cm3,5 M) until 

pH 7 and then CHC13 (45 cm 3) was added to form two layers. The lower organic layer 

was separated and the aqueous phase was washed with CHC13 (3 x 15 cm. 3 ). The organic 

extracts were combined and the solvent removed in vacuo. The crude product was 

passed through a 30 cm silica column with a mixture of CHC13/diethyl ether 70: 30, the 

product was collected as a pale yellow fraction and the solvent was removed in vacuo to 

afford mesolrac- (2.4) (3-2 g, 80%). The product was dissolved in toluene (8 cm 3) and 

then the solvent and unreacted, diketone removed in vacuo. The 31p['H) NMR spectrum 
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showed two signals at -36.7 and -36.6 ppm corresponding to the two diastereoisomers 

(3.15) in a ratio of ca 1: 1. 

SH (300 MHz; CDC13) 
1.8 -1.3(m, 34 H, CH2) 

1.3 - 0.7 (m, 24 H, CH3) 

a 97.5 (s) 

b 96.5 (s) 

8c (75 MHz; CDC13) c 72.2 (s), 72.1 (s) 

m d 72.0 (s), 71.7 (s) 

HI,,, 
CH3 

2C e 44.5 (d, 'J(PQ 15.4) 
9n 

g 37.0(s) 0 
00a ýCH3 

H3C eC f 28.0 (d, 'J(PC) 23.06) 
i" -0 H2 

p\ 
H2 U2 \CH-'-CH2 

CH2 
h 27.9 (s), 27.7 (s) 

2k CH2 q i 27.2 (d, 4J(PC) 13.83) 
H3C 

p j 26.8 (d, 4J(PC) 13.07) 

k 29.7-31.2 (m) 

1 20.7 (d, 'J(PQ 23.06) 

FAB mass spectrum: m/z 612 (M) 

Elemental analysis (calc. ) C: 41.01 (41.63) H: 5.80 (6.55) 

E. 3.2.8 Dichloroplatinum(II) compIex of (3.15) 

To a solution Of [PtC12(cod)] (59.8 mg, 0.16 mmol) in CH202 (2 cm 3) was 

added a solution of meso/rac-1,5-bis(Eadamphosphino)pentane (3.15) (100 mg, 0.16 

mmol) in CH202 (2 cm. 3) 
. The pale yellow solution was stirred for 3 h, after which time 

a pale yellow precipitate was formed. The solvent was removed in vacuo leaving a pale 

yellow solid corresponding to [PtCI2(3.15)], The 31p('Hl NMR spectrum showed a 

signal at 1.5 ppm. with platinum satellites ('J(PtP) 2684 Hz) corresponding to the 

meso/rac-diastereoisomers (3.16). 
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E. 3.2.9 Dichloropalladium(II) complex (3.15) 

To a solution of [PdCI2(NCPh)21 (61.6 mg, 0.16 mmol) in CH202 (2 cm) was 

added a solution of 1,5-bis(Etadwnphosphino)pentane (100 mg, 0.16 nimol) in CH202 

(2 cm3). The yellow solution was stirred for 2 d, after which time the 31p (1H) NMR 

spectrum showed signals from 9 ppm to 11.5 ppm. 

E. 3.2.1 0 Attempted synthesis of 1,3-biS(E'adamphosphino)propane (3.10) via BH3 

adduct 

n-Butyl lithium (3.1 cm3,1.6 M, 4.96 mmol) was added dropwise to a cooled (-5 

OC) solution of EtC gPH. BH3 (3.18) (0.5 g, 1.84 mmol) in THF (8 cm3). The mixture was 

allowed to warm to room temperature, and stirring was continued for a further 2 h. The 

31p f1H) NMR spectrurn showed a broad signals at -8.3 ppm that correspond to the 

borane adduct. The mixture was then cooled to -72 'C and a solution of 1,3- 

diiodopropane (0.54 g, 1.84 mmol) in THF (45 cm 3) was cautiously added dropwise 

over 5 min. Stirring was continued for a further 24 h at room temperature, the 31p (lH) 

NMR spectrum showed various peaks, one in 42% at -0.4 ppm, a peak corresponding to 

the free ligand ECgPH (3.1) at -59 ppm in 6%, and a peak corTesponding to the 

borane/lithium adduct in 21%. 
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Chapter 4: Experimental 

EA Hvdroformylation catalysis 

: "Rq 
W:, ý 

Control panel 

liquid inlet 

liquid outlet Syngas pressure 
am 

autoclave 

Figure 5.2 

The autoclave consists of a high pressure SS-316 pot (designed for 100 kg/cm 2 

pressure) with ports for N2 gas, liquid inlet, liquid outlet and pressure gauge. The liquid 

to be charged is fed into the pot and pressurised with N2 gas until its pressure is higher 

than the autoclave pressure and then the liquid is charged into the autoclave. For every 

ligand (0.086 mmol) the experiment was repeated exactly in the same way and the 

amount of ligand used was calculated relative to a fixed amount of [Rh(acac)(CO)2] and 

hex- I -ene (1.2 cm 
3). 

E. 4.1 Hydroformylation catalysis with monodentate trioxa-phospha-adamantanes 

E. 4.1.1 Hydroformylation catalysis of hex-l-ene using EtCgPPh (4-35) 

[Rh(acac)(CO)21 (5 mg, 0.019 mmol) was added to a solution of EtC gPPh (30 

nig, 0.086 mmol) in toluene and loaded into the autoclave. After Ih at 60'C and 10 bar 

syngas pressure, the hex-l-ene (1.2 cm 3) was injected and the autoclave brought up to 

20 bar syngas pressure. The reaction was monitored for 2.5 h by following the syngas 
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uptake from the ballast vessel. The autoclave was then allowed to cool and the reaction 

solution analysed by 1H NMR spectrum and GC. 

E. 4.2 Hydroformylation catalysis with bidentate trioxa-phospha-adamantanes 

E. 4.2.1 Hydroformylation catalysis of hex-l-ene using 1,3-bis(m'adamphosphino) 

propane 

[Rh(acac)(CO)21 (5 mg, 0.019 mmol) was added to a solution of 1,3-m'Cg (10.9 

mg, 0.023 mmol in toluene and loaded into the autoclave. After Ih at 60"C and 10 bar 

syngas pressure, the hex-l-ene (1.2 cm 3) was injected and the autoclave brought up to 

20 bar syngas pressure. The reaction was monitored for 6h by following the syngas 

uptake from the ballast vessel. The autoclave was then allowed to cool and the reaction 

solution analysed by 1H NMR spectrum and GC. 

E. 4.2.2 Hydroformylation catalysis of hex-l-ene using 1,3-bis(diphenylphosphino) 

propane 

[Rh(acac)(CO)21 (5 mg, 0.019 mmol) was added to a solution of dppp (30 mg, 

0.086 mmol) in toluene and loaded into the autoclave. After 1h at 60 `C and 10 bar 

syngas pressure, the hex-l-ene (1.2 cm) was injected and the autoclave brought up to 

20 bar syngas pressure. The reaction was monitored for 6h by following the syngas 

uptake from the ballast vessel. The autoclave was then allowed to cool and the reaction 

solution analysed by 1H NMR spectrum and GC. 

E. 4.2.3 Hydroformylation catalysis of hex-l-ene using 1,4-bis(m'adamphos- 

phino)butane 

[Rh(acac)(CO)21 (5 mg, 0.019 mmol) was added to a solution of 1,4-m'Cg (11.1 

mg, 0.023 mmol) in toluene and loaded into the autoclave. After 1h at 60 "C and 10 bar 

syngas pressure, the hex-l-ene (1.2 cm3) was injected and the autoclave brought up to 
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20 bar syngas pressure. The reaction was monitored for 6.4 h by following the syngas 

uptake from the ballast vessel. The autoclave was then allowed to cool the reaction 

solution analysed by 1H NMR spectrum and GC. 

E. 4.2.4 Hydroformylation catalysis of hex-l-ene using 1,4-biS(E'adamphosphino) 

butane 

[Rh(acac)(CO)21 (5 mg, 0.019 mmol) was added to a solution of 1,4-ECg (13.7 

mg, 0.023 mmol) in toluene and loaded into the autoclave. After 1h at 60 T and 10 bar 

syngas pressure, the hex-l-ene (1.2 cm3) was injected and the autoclave brought up to 

20 bar syngas pressure. The reaction was monitored for 6.4 h by following the syngas 

uptake from the ballast vessel. The autoclave was then allowed to cool and the reaction 

solution analysed by 1H NMR spectrum and GC. 

E. 4.2.5 Hydroformylation catalysis of hex-l-ene using 1,4-bis(diphenylphosphino) 

butane 

[Rh(acac)(CO)21 (5 mg, 0.019 mmol) was added to a solution of dppb (9.8 mg, 

0.023 mmol) in toluene and loaded into the autoclave. After 1h at 60 *C and 10 bar 

syngas pressure, the hex-l-ene (1.2 cm) was injected and the autoclave brought up to 

20 bar syngas pressure. The reaction was monitored for 6.4 h by following the syngas 

uptake from the ballast vessel. The autoclave was then allowed to cool and the reaction 

solution analysed by 111 NMR spectrum and GC. 
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A. 1 Crystal data and structure refinement for (2.58) nickel(II) complex of 1,3 

bis(meadamphosphino)propane 

Identification code 
Empirical formula 

Formula weight 
Temperature 

Wavelength 

Crystal system 
Space group 

Unit cell dimensions 

Volume 

Z 
Density (calculated) 

Absorption coefficient 
F(OOO) 

Crystal size 
0 range for data collection 

Index ranges 
Reflections collected 

Independent reflections 

perth 
C23H38Cl2NiO6P2 

602.08 

173(2) K 

0.71073 A 

Orthorhombic 

Cmc2(l) 

a= 26.140(13) A cc = 90' 

b=7.537(7) Ap= go- 

c= 13.782(12) Ay= 90" 

2715(4) A3 

4 

1.473Mg/m3 

1.065mm-1 

1264 

0.1 x 0.1 x 0.05 mm 

1.56 to 27.54' 

-33<=h<=33, -3<=k<=9, -17<=I<=15 
6990 

3069 [Rm, = 0.0897] 

Completeness to 0= 27.541 

Absorption correction 
Max. and min. transmission 

Refinement method 
Data / restraints / parameters 

Goodness-of-fit on F2 

" indices [for 2013reflections with >2u(j)] 

" indices (for all 3069data) 

Absolute structure (Flack) parameter 
Largest diff. peak and hole 

99.1% 

Semi-empirical from equivalents 

0.927971 and 0.763450 

Full-matrix least-squares on F1 

3069/1/164 

S=1.007 

R, = 0.0545, wF. 2 = 0.0894 

R, = 0.109 1, wF. 2= 0.1062 

0.07(3) 

0.542 and -0.569 eA-1 
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A. 2 Crystal data and structure reflnement for (2.67) platinum(II) complex 

of 1,4-bis(m`adam phosphino)butane 
Identification code Atlanta 

Empirical formula C26.501142.50CI9.5006P2Pt (disordered CH202) 

Formula weight 1050.91 

Temperature 173(2) K 

Wavelength 0.71073 A 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a= 12.127(3) A cc = 90" 

Volume 

z 

Density (calculated) 

Absorption coefficient 
F(OOO) 

Crystal size 
0 range for data collection 

Index ranges 
Reflections collected 
Independent reflections 

Completeness to 0= 24.001 

Absorption correction 

Max. and min. transmission 

Refinement method 
Data / restraints / parameters 

Goodness-of-fit on F2 

R indices[for 3658 reflections withI>2a(I)] 

R indices (for all 6262 data) 

Weighting scheme 

b= 21.224(6) A 
c= 15.594(4) A 

3994.5(19) A3 

4 

95.605(7)* 
900 

1.748 Mg/m 3 

4.265 mm-1 
2076 

0.10 x 0.05 x 0.05 mm 
1.63 to 24.00' 

-9<=h<=13, -24<=k<=23, -17<=1<=17 
19463 

6262 [Rint = 0.1388] 

99.9% 

Multiscan 

0.745559 and 0.266728 

Full-matrix least-squares on F2 

6262 / 36 / 432 

S=0.958 

Rl = 0.0673, wR2 = 0.1494 

Rl = 0.1329, wR2 = 0.180 1 

w- I= a2(FO2) + (ap)2 + (bp), 

where P= [max(F02,0) + 2Fc2]/3 

a=0.0935, b=0 

Largest diff. peak and hole 2.882 and -2.497 eA-3 
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A. 3 Crystal data and structure refinement for (2.69) 1,4-bis(hexafluoro- 

adamphosphino)butane 
Identification code bonn. 

Empirical formula C24H28FI206P2 

Formula weight 702.40 

Temperature 173(2) K 

Wavelength 0.71073 A 

Crystal system Monoclinic 

Space group P2(1)/n 

Unit cell dimensions a= 18.801(3) A a= 90* 
b=8.0293 (11) A = 93.067(3)' 
c= 19.220(3) A 90* 

Volume 2897.3(7) A' 

z 4 

Density (calculated) 1.610 Mg/M3 

Absorption coefficient 
F(OOO) 

Crystal size 

0 range for data collection 

Index ranges 
Reflections collected 
Independent reflections 

Completeness to 0= 27.50' 

Absorption correction 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F2 

R indices[for 2940 reflections with 1>2a(I)] 

R indices (for all 6600 data) 

Weighting scheme 

Largest diff. peak and hole 

0.266 mm-1 
1432 

0.10 x 0.05 x 0.05 mm 

1.56 to 27.50' 

-24<=h<= 18, -9<=k<= 10, -23 <=1<=24 

18266 

6600 [Rint = 0.11971 

99.1% 

None 

Full-matrix least-squares on F2 

6600/0/401 

S=0.932 

R1 = 0.0622, wR2 = 0.1118 

R1 = 0.1763, wR2 = 0.1455 

w-I = (12(FO2) + (ap)2 + (bp), 

where P= [max(F02,0) + 2Fc2]/3 

0.376 and -0.332 eK 
3 
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A. 4 Crystal data and structure refinement for (2.73) 1,5-bis(hexafluoro- 

adamphosphino)pentane (crystallographically twinned it was solved using the 

Windows NT program GEMINI. GEMINI Twinning Solution Program Suite, Version 1.0, 

2000, Bruker Advanced X-ray Solutions Inc. ) 

Identification code probe 
Empirical formula C25H30FI206P2 

Formula weight 716.43 

Temperature 100(2) K 

Wavelength 1.54178 A 

Crystal system Monoclinic 

Space group P2(1)/c 

Unit cell dimensions a=8.7850(3) A a= 90' 
b= 21.3936(7) A P= 98.416(2)1 

c= 15.4860(5) A 7= 90" 

Volume 2879.14(16) A3 

z 4 

Density (calculated) 

Absorption coefficient 
F(OOO) 

Crystal size 

0 range for data collection 

Index ranges 
Reflections collected 
Independent reflections 

Completeness to 0= 70.2 1 

Absorption correction 

1.653 Mg/M3 

2.477 mm-1 
1464 

0.25 x 0.02 x 0.02 mm 

3.55 to 70.21" 

-9<=h<=9, -25<=k<=25, -18<=I<= 17 

16998 

17139 [Rint = 0.00001 

85.7% 

None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 17139 /0/ 413 

Goodness-of-fit on F2 S=1.031 

R indices[for 12302 reflections with>2a(I)] R1 = 0.115 1, wR2 = 0.2782 

R indices (for all 17139 data) 

Weighting scheme 

Largest diff. peak and hole 

Rl = 0.1339, wR2 = 0.2940 

w-1 = c; 2(FO2) + (ap)2 

where P= [max(F02,0) + 2FC2]/3 

a=0.2000 
1.433 and -0.860 eA-3 
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A. 5 Crystal data and structure reflnement for (3.5) EtCgPPh 

Identification code 
Empirical formula 

Formula weight 
Temperature 

Wavelength 

Crystal system 
Space group 

Unit cell dimensions 

Volume 

z 

kirke 
C4oH28CI06PPd 

421.93 

293(2) K 

0.71073 A 

Triclinic 

P-1 

a=8.6852(13) A 
b=9.8884(14) A 
c= 11.9403(17) A 

1004.0(3) A3 

1 

Density (calculated) 

Absorption coefficient 
F(OOO) 

Crystal size 
0 range for data collection 

Index ranges 
Reflections collected 
Independent reflections 

Completeness to 0= 27.50" 

Absorption correction 

Refinement method 
Data / restraints / parameters 

Goodness-of-fit on F2 

R indices[for 3544 reflections withI>2cr(I)] 

R indices (for all 4576 data) 

Weighting scheme 

cc = 96.531(2)' 
= 98.137(2)' 
= 94.415(2)0 

1.396 Mg/M3 

0.718 mm-1 
426 

0.025 x 0.1 x 0.15 mm 
1.74 to 27.50' 

-1 1<=h<=l 1, -12<=k<=12, -15<=1<=15 
10673 

4576 [Rint = 0.03531 

99.1% 

None 

Full-matrix least-squares on F2 

4576/0/288 

S=1.063 

R1 = 0.0437, wR2 = 0.1199 

RI = 0.062 1, wR2 = 0.1319 

W-1 = cy2(FO2) + (ap)2 + (bp), 

where P= [max(F02,0) + 2FC2]/3 

Largest diff. peak and hole 0.945 and -1.450 eA-3 
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A. 6 Crystal data and structure refinement for palladium (3.12) complex(II) of 

1,, 3-biS(E'adamphosphino)propane 

Identification code 
Empirical formula 

Formula weight 
Temperature 

Wavelength 

Crystal system 
Space group 

Unit cell dimensions 

Volume 

z 

Density (calculated) 

Absorption coefficient 
F(OOO) 

Crystal size 
0 range for data collection 
Index ranges 
Reflections collected 
Independent reflections 

Completeness to 0= 20.010 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F2 

R indices [for I 10 1 reflections withI>2a(I)] 

R indices (for all 1642 data) 

Weighting scheme 

hwin 
C3lH54CI206P2Pd 

761.98 

173(2) K 

0.71073 A 

monoclinic 
P2(1)/m 

a=7.420(3) Aa= 90' 

b= 28.332(13) A= 93. 

c=8.223(4) A= 90, 

1725.4(13) A3 

2 

1.467 Mg/M3 

0.825 mm-1 
796 

0.1 x 0.05 x 025 mm 

1.44 to 20.01' 

-6<--h<=7, -27<=k<=23, -7<=1<=6 
5245 

1642 [Rint = 0.2389] 

99.5% 

Full-matrix least-squares on F2 

1642/0/148 

S=2.197 

Rl = 0.1572, wR2 = 0.3935 

Rl = 0.2049, wR2 = 0.4145 

w-1 = cy2(FO2) + (ap)2 + (bp), 

where P= [max(F02,0) + 2FC2]/3 

Largest diff. peak and hole 5.719 and -2.016 eA-3 
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A. 7 Crystal data and structure rerinement for (3.13) lq+bisýEtadamphos- 

phino)butane 

Identification code 
Empirical formula 

Formula weight 
Temperature 

Wavelength 

Crystal system 
Space group 

Unit cell dimensions 

Volume 

z 

diggory 

C3oH3003P2 

500.48 

100(2) K 

0.71073 A 

Triclinic 

P-1 

a=8.8569(18) A 
b=8.9903(18) A 

c= 12.127(2) A 

825.5(3) A3 

1 

Density (calculated) 

Absorption coefficient 
F(OOO) 

Crystal size 

0 range for data collection 

Index ranges 
Reflections collected 

Independent reflections 

Completeness to 0= 27.480 

Absorption correction 

Refinement method 
Data / restraints / parameters 

Goodness-of-fit on F2 

R. indices[for 2136 reflections with>2a(l)] 

R indices (for all 3773 data) 

Weighting scheme 

1.007 Mg/M3 

o. 155MM-1 

264 

0.10 x 0.05 x 0.025 mm 

a= 106.10(3)' 
p= 92.88(3)* 
y= 114.96(3)* 

1.78 to 27.48* 

- 11 <=h<-- 11, - 11 <=k<--l 1, -1 5<=I<-- 15 

9531 

3773 [Rint = 0.0644] 

99.7% 

None 

Full-matrix least-squares on F2 

3773/0/167 

S=1.178 

Rl = 0.1256, wR2 = 0.3481 

RI = 0.1784, wR2 = 0.3869 

w- I= cr2 (F02) + (ap)2 + (bp), 

where P= [max(F02,0) + 2FC2]/3 

Largest diff. peak and hole 2.625 and -0.664 eA-3 
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